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Abstract

In carbon capture and storage (CCS) systems, the wellbore serves as a critical connecting
channel between CO; surface capture facilities and underground storage formations. Accu-
rate prediction of the temperature, pressure, and physical properties of CO; fluid within the
wellbore is essential for its safe sequestration. In this study, a coupled temperature—pressure-
phase prediction model for CO; injection wells is established based on the conservation
laws of mass, energy, and momentum, combined with the PR-TWU equation of state. The
maximum errors in temperature and pressure for the CO, injection case well are only 4.57%
and 2.05%, respectively, verifying the accuracy of the model. The distribution and variation
in temperature, pressure, and physical property parameters in the CO, injection wellbore
are systematically investigated. The results show that with increasing well depth, the
temperature, pressure, and flow velocity of CO; fluid exhibit an increasing trend, while its
density and viscosity gradually decrease. During CO, injection, the well depth at which the
CO; phase transition occurs is closely related to the critical temperature of CO, (31.04 °C).
Wellbore pressure is mainly controlled by injection pressure, whereas injection temperature
and injection rate are the key parameters affecting wellbore temperature and CO, phase
transition. The findings can provide a theoretical basis for the optimization of injection
parameters and the integrity evaluation of CO, sequestration injection wells.

Keywords: CO, storage; injection well; temperature and pressure distribution; CO,
physical property; phase state prediction; injection parameter optimization

1. Introduction

With the increasing severity of global climate change, reducing carbon dioxide (CO,)
emissions has become a critical issue for countries addressing environmental crises. Carbon
capture and storage (CCS) technology, as an effective mitigation measure, has gained
increasing attention in recent years [1-4]. Among the various components of CCS, the
design and management of CO; injection wells are key to achieving efficient storage.
In practical operations, the temperature and pressure characteristics of injection wells
directly affect the CO, storage efficiency and its long-term safety [5-8]. Therefore, a
systematic study of the coupled temperature and pressure behaviors during the CO,
injection process is of great significance for optimizing injection practices and ensuring
storage safety. The pathways for underground CO; sequestration include deep saline
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aquifers, basalt formations, unmineable coal seams, and depleted oil and gas reservoirs [9].
During the carbon storage process, CO; is injected into deep underground rock formations
in a supercritical state, and the temperature and pressure conditions of the formation
are altered due to the injection process. According to thermodynamic principles, the
injected CO, interacts with the surrounding rock, leading to changes in temperature and
pressure in localized areas. This coupling effect determines the flow, diffusion, and storage
capacity of CO,. Related studies have shown that accurately predicting the changes in
temperature and pressure can not only optimize injection strategies and improve CO,
storage efficiency but also reduce the potential risk of leakage, ensuring ecological and
environmental safety [10,11].

Currently, temperature and pressure in CO; injection wells primarily focus on theo-
retical models. Sun et al. [12] optimized the calculation method for CO, thermodynamic
properties under supercritical CO, drilling wellbore temperature and pressure conditions.
Based on the variation laws of CO, properties within the wellbore, they established a
system of fluid flow control equations for supercritical CO, drilling wellbores using the
thermodynamic properties of supercritical CO, on the flow behavior inside the wellbore.
Song et al. [13] considered the effects of axial heat transfer within the wellbore and the tem-
perature changes in the surrounding rock on the flow field. They established a circulation
flow model for CO, wellbores, enabling the coupled calculation and analysis of pressure
parameters, temperature parameters, and CO, thermodynamic properties in the flow field.
Their study found that the critical depth at which CO; in a continuous pipe transitions from
liquid to supercritical state was 780 m, and CO, in the annulus could always remain in
the supercritical state. Li et al. [14] developed a supercritical CO, fracturing wellbore flow
analytical model based on the Span-Wagner equation of state and the Feng-hour transport
property model, combining mass, momentum, and energy conservation equations. By
iteratively solving for pressure, temperature, and the interactions between the tubing, an-
nulus, and formation, they achieved dual coupling numerical solutions for both well depth
and radial direction. The study revealed that in large-flow supercritical CO, fracturing
processes, the impact of frictional heat generation on wellbore temperature and pressure
should be considered. Wu et al. [15] addressed the temperature and pressure sensitivity
of supercritical CO; fracturing fluid properties by establishing an unstable pressure field
model for supercritical CO, fracturing fluid in the pipe-annulus co-injection wellbore, con-
sidering the Joule-Thomson effect, axial heat conduction, and wellbore temperature and
pressure. They modified the model and obtained the temperature and pressure variation
laws of supercritical CO, fracturing fluid in the wellbore under co-injection conditions.
Yang et al. [16] developed a coupled wellbore CO, simulation model with momentum
conservation, mass continuity and steady-state heat transfer equations; validated it via
field-measured data, identified key influencing factors and provided a practical framework
for optimizing injection strategies to boost CO, storage capacity and hydrocarbon recovery
efficiency. Sang et al. [17] systematically investigated the influence patterns and underlying
mechanisms of formation dip angle, CO, injection strategy, and their synergistic effects on
the CO, wellbore leakage process. Cai et al. [18] presented a two-dimensional, transient
model to simulate the flow and thermal behavior of CO; within a fracturing wellbore. It
captured the temporal evolution of temperature, pressure, flow velocity, and fluid density,
enabling detailed analysis of phase transitions along different tubing sections.

Although existing studies have explored the temperature, pressure, and flow behavior
in CO; injection wells to some extent, the effects of CO, phase changes and frictional
resistance on pressure variation have not been thoroughly investigated. To address this
issue, this study develops a comprehensive coupled temperature-pressure phase prediction
model for CO; injection wells based on the conservation laws of mass, energy, and momen-
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tum, combined with the PR-TWU equation of state. The model accounts for the influences
of CO, density, phase change, frictional resistance, and other factors on temperature and
pressure, and systematically investigates the effects of different injection parameters on
the wellbore temperature—pressure-phase behavior. The results of this study can provide a
theoretical basis for the design and operation of CO, sequestration injection wells, injection
parameter optimization, and integrity evaluation.

2. Mathematical Model
2.1. Basic Assumptions

During the CO, injection process, the CO; fluid flows from the surface wellhead to
the bottom-hole formation, inducing variations in the temperature and pressure within the
wellbore. The flowing CO, fluid is subjected to gravitational force, frictional resistance and
acceleration pressure drop, which exerts a governing influence on the pressure distribution
characteristics in the wellbore. Convective heat exchange of the CO, fluid occurs inside the
tubing string, and radial heat exchange takes place simultaneously between the CO, fluid
and the wellbore heat transfer units (including the tubing/casing string, annular protective
fluid, cement sheath and formation). A schematic diagram illustrating the flow and heat
transfer of CO; in the CO; injection wellbore is presented in Figure 1.
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Figure 1. CO; flow and heat transfer within the injection wellbore.

To develop a predictive model for the temperature and pressure of CO, fluid in
injection wellbores, the following assumptions are made for the CO; injection process:

(1) The CO; fluid in the tubing string is treated as one-dimensional flow;

(2) The axis of the wellbore structure is collinear;

(3) Physical parameters remain uniform across the same cross-section;

(4) Heat transfer in the wellbore is unsteady-state;

(5) The radial heat transfer effect in the wellbore is significantly stronger than the axial
one, and the axial heat transfer of the wellbore is neglected.

2.2. CO;, Physical Property Parameter Model

CO, can exist in four states—gaseous, liquid, solid and supercritical states—depending
on the variations in temperature and pressure, with its phase diagram shown in Figure 2.

https:/ /doi.org/10.3390/pr14050778


https://doi.org/10.3390/pr14050778

Processes 2026, 14, 778

40f17

500 = i
soild |
1
L 1 ..
100 1 supercritical
< 1
=] Taui 1
S liquid |
~ 1
g 1k
5 VS _ . _ 4 B
% . critical point
= ' (304.19, 7.38)
A 1
Lol i gas
05 triple point !
(216.58,0.52) !
0.1 (] 1 lI 1 1 L

200 250 300 350 400 450 500
Temperature/K

Figure 2. CO; phase states.

The thermophysical properties of CO, vary significantly with changes in temperature
and pressure. For the calculation of CO, thermophysical properties, existing methods
mainly include the Peng—Robinson (PR) [19], Soave-Redlich—-Kwong (SRK) [20], Span—
Wagner [21] and Vesovic [22] models, the Fenghour et al. equation [23], and the calculation
methods based on Helmholtz free energy, Gibbs free energy and other thermodynamic
functions [24]. However, these methods suffer from drawbacks such as large calculation
errors or excessive computational complexity. By introducing a temperature correlation
function, the PR-TWU equation of state (EOS) significantly improves the accuracy of
thermophysical property prediction over a wide temperature range and exhibits excellent
precision under high-pressure conditions. It is also capable of accurately predicting the
thermophysical properties of CO, under near-critical and supercritical conditions, thus
meeting the requirements of engineering applications. To accurately characterize the
thermophysical properties of CO, fluid, this study solves for the density and specific heat
capacity of CO; based on the PR-TWU EOS, and adopts the Fenghour and Vesovic models
to calculate the viscosity and thermal conductivity of CO,, respectively.

The PR-TWU equation of state is expressed as follows:

_RT an(T)
PoV =0 VIV1b)+b(V-0) @

where p is the density of CO, fluid, kg/m3; R is the gas constant, J/(mol-K); T is the
temperature CO, fluid, °C; V is the molar volume of CO; fluid, in m3/mol; and «(T), a and
b are calculation parameters.

The compressibility factor Z of the PR-TWU equation of state can be expressed as a
cubic equation, with its expression given by

Z3+(B71)ZZ+(A—3B2728)Z+(B3+BZ—AB):0 )

where Z is the compression factor of the CO, fluid, dimensionless; A is the attractive force
parameter, dimensionless; and B is a co-volume parameter, dimensionless.

The PR-TWU equation (Equation (2)) can be applied to determine the phase state of
CO;, fluid at a given temperature and pressure. When the real roots of Equation (2) are a
single value, three distinct unequal values, and three equal values, the phase states of CO,
correspond to a single phase (vapor or liquid), a vapor-liquid two-phase, and a supercritical
phase, respectively.
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where M is the relative molecular mass of the CO; fluid, g/mol.

Under low-pressure conditions, the intermolecular interactions of the CO, fluid ap-
proach zero, and the isobaric specific heat capacity is a function of temperature in this
case. The expression for the isobaric specific heat capacity under low-pressure conditions is
given by [24]:

Cpi = By +2C,T + 3D, T + 4E, T + 5F,T* (4)

where C,; is the ideal isobaric specific heat capacity under low-pressure conditions,
J/(mol-°C); By, Cp, Dy, Ep, and F, are constants.

Under high-pressure conditions, the intermolecular interactions of the CO, fluid
cannot be neglected. Based on the relationship between the constant-pressure and constant-
enthalpy differences and the equation of state, the expression for the residual isobaric
specific heat capacity under high-pressure conditions can be derived as follows:

*In¢
AC, = —RT( — ) )
P
V+(1-v2)b _ . . .
where In¢ = % - 2¢§bRT ln(ViEHg;b) + Zz1 —In(Z — B); AG, is the residual iso-

baric specific heat capacity under high-pressure conditions, J/(mol-°C); and ¢ is the
fugacity coefficient.

The specific heat capacity of the CO; fluid is the sum of the ideal specific heat capacity
and the residual specific heat capacity, i.e.,

Cp = Cpi + AC, (6)

According to the semi-empirical parametric equation derived by Fenghour et al., the
viscosity model for CO; fluid is given as [23]

#(T,p) = po(T) + Au(T, p) + Auc(T, p) )

where y is the viscosity of the CO, fluid, Pa-s; j is the viscosity value at low pressure,
Pa; Ay is the viscosity increment caused by the increase in density, Pa-s; and Ay, is the
viscosity increment induced near the critical point, Pa-s.

Based on the semi-empirical parametric equation derived by Vesovic, the thermal
conductivity of CO, fluid is given by [22]

k(T,p) = ko(T) + AK(T, p) + Ake(T, p) (8)

where k is the thermal conductivity of CO, fluid, W/(m-°C); kj is the thermal conductivity
at low pressure, W/(m-°C); Ak is the increase in thermal conductivity caused by the rise in
density, W/(m-°C); and Ak, is the increase in thermal conductivity induced by the vicinity
of the critical point, W/(m-°C).

2.3. CO, Temperature Field Model

During the CO; injection process, heat exchange occurs in both radial and axial direc-
tions between the CO, and the wellbore components, including the tubing, annular fluid,
cement sheath, and surrounding formation. Based on the principle of energy conservation,
and considering the fluid heat content Q, internal energy Ej,, transferred heat E,,, and
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mechanical energy Ene, the energy conservation equation for the CO, elemental fluid
within a differential time interval dt and a wellbore segment dz can be expressed as

dEin | dEs,  dEme
at At dz

dQ = ©)

According to the fundamental assumption of one-dimensional radial unsteady-state

heat conduction, the radial heat transfer in the wellbore is governed by the following
differential equation:

T 19T 19T

o Tror wor

where T represents the wellbore temperature, °C; r represents the radius of the wellbore, m;

(10)

and « is the thermal diffusivity coefficient, s/ m?2.
Equation (9) is solved using the method proposed by Hasan [25], leading to the
temperature equation of the CO, fluid inside the wellbore:

dT T 0
f o w . ) f . gcos
dt — m(1+Cr) {LR(Tf Tﬂ) T e ¢y ] (1)

where

v do d 27 rsoUtke
¢ =gccosf+ EE - C]d—z, Lr = ZUCp(MMMD)

where T represents the temperature of the CO; fluid, °C; w represents the mass flow rate of
the COy, fluid, in kg/s; m represents the mass of CO; fluid per unit length in the wellbore,
kg/m; Cr is the heat storage coefficient, dimensionless; Ly is the relaxation distance, m;
T stands for formation temperature, °C; ¢ is an intermediate variable, °C/m; g is the
acceleration due to gravity, m/s?; 6 is the well inclination angle, °; cp is the specific heat
capacity at constant pressure of the CO, fluid, J/(kg-°C); g represents the geothermal
gradient, °C/m; v represents the flow velocity of the CO, fluid, in m/s; Cj is the Joule-
Thomson coefficient, °C/Pa; r, is the outer radius of the CO; injection pipe string, m; Uy
is the overall heat transfer coefficient, W/ (mz'OC) ; ke is the thermal conductivity of the
formation, W/(m-°C); and Tp is a dimensionless time function.

Integrating Equation (10), the analytical solution for the temperature distribution of
the CO; fluid in the wellbore is obtained as

wtlp

4) m z—
Tf = Tei — TR |:1 —e (1+CT):| |:1 — e( L)LR:| (12)

where L represents the depth of the wellbore, m.

2.4. CO;, Pressure Field Model

The pressure of CO, within the wellbore is influenced by its temperature and thermo-
physical properties. Based on the law of mass conservation, the continuity equation for an
elemental control volume of CO; fluid in the wellbore is expressed as

dov %_

p@—H}dZ =0 (13)

According to the principle of momentum conservation, the rate of momentum change
in the elemental CO; fluid is equal to the resultant external forces acting upon it. The
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primary forces include gravitational force, frictional resistance, and acceleration-induced
pressure drop. Therefore, the total pressure gradient of the CO, fluid can be expressed as

dp v? do
- _ 0 i g 14
4z~ PeeosbFpfy -+ (14)
where f is the friction coefficient, dimensionless; rg; is the inner radius of the CO, injection
string, m.
The friction coefficient in Equation (6) is calculated by
N PR VR (L - (15)
- 8\ 2r; T Re09

where ¢ represents the absolute roughness of the CO; injection pipe wall, dimensionless;
Re is the Reynolds number, and is dimensionless.

Based on the established coupling model for CO; physical properties, temperature,
and pressure fields, iterative calculations are performed using a self-developed Python
3.14 program following the procedure of initial value determination, model substitution,
result comparison and accuracy verification. The model calculation flowchart is shown
in Figure 3. The computations are conducted on a workstation equipped with an Intel
i7-13700 K (16-core) CPU and 32 GB of RAM, with an average computational time of 27.47 s
for a single simulation run.

Input basic parameters and divide the unit grid
!

Determine the initial temperature Ty ;
and initial pressure py, ; of the unit grid
!

Calculate the physical property
parameters of CO, fluid of the unit grid
i

To=T} Perform cou;li?g c;lculation the’ j=j+1
pﬂ):P/ temperature /. and pressure py

Ty - Tp ;| and
pr - Py 1 <10

Grid indexj > N

[ Output the results, end ]

Figure 3. Model calculation flowchart.

3. Field Case Validation
3.1. Basic Data

Taking a CO, injection well (S-well) in D Qilfield in China as an example, this study
investigates the distribution characteristics of temperature, pressure and thermophysical
properties of CO, along the wellbore during the injection operation. The basic data used
for the calculations are summarized in Table 1.
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Table 1. Basic data of the S-well.

Parameter Unit Value
Outer diameter of the casing mm 139.70
Wall thickness of the casing mm 7.72
Depth of the casing m 2176.0
Outer diameter of the cement sheath mm 234.50
Cement top depth m 1428.0
Outer diameter of the tubing mm 73.02
Wall thickness of the tubing mm 5.51
Depth under the tubing m 2100.0
Packer depth m 1920
Formation pressure MPa 22.6
Formation temperature °C 75.0
Thermal conductivity of formation W-(m~1.eCc™1) 2.0
Thermal diffusion coefficient of formation m?2-h~! 0.0037
Thermal conductivity of the cement sheath W-(m~1.eCc™h 0.75
Radiation heat transfer coefficient in the annular W-(m~2.°C™1) 5.0
Convective heat transfer coefficient in the annular W-(m~2.°C1) 6.0
Thermal conductivity of the string W-(m~1.eC™1 45.0
Injection temperature °C 0.0
Injection pressure MPa 26.0
Injection time d 100.0
Injection rate t-d~! 40.0

3.2. Model Verification

A comparison between the field-measured data and the model predictions is presented
in Figure 4. As shown in Figure 4, the maximum relative errors in the predicted temperature
and pressure along the CO, injection well are 4.57% and 2.05%, respectively. The accuracy
and applicability of the model proposed in this paper have been verified.

Temperature/°C
00 20 40 60 80 100
500 |
=
< 1000 |
=3
Q
-]
3 1500
= v Measured temperature
2000 b Predicted temperature
4 Measured pressure
Predicted pressure
2500 1 1 1 1 1
20 25 30 35 40 45 50
Pressure/MPa

Figure 4. Comparison results of model verification.

3.3. Result Analysis

The wellbore temperature and pressure profiles of the CO, injection well are presented
in Figure 5. As can be seen from Figure 5a, at short injection times, the wellbore temperature
decreases due to the effect of the injection temperature difference; with the increase in
injection time, the radial heat exchange in the wellbore gradually stabilizes, and the wellbore
temperature also tends to be stable. This is because the CO; fluid exchanges heat with the
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wellbore and formation under the influence of injection time, and the heat exchange rate
gradually stabilizes with increasing injection time. The wellbore temperature distribution
basically reaches a steady state at an injection time of 30 days. It can be observed from
Figure 5b that the wellbore pressure increases linearly with the increase in well depth,
which is attributed to the fact that the gravity of the injected CO, fluid dominates over
the frictional pressure. Injection time has a negligible effect on wellbore pressure. With
the increase in injection time, the decrease in wellbore temperature leads to a slight rise
in bottom-hole pressure, the mechanism of which is that the temperature drop reduces
the density of CO, in the wellbore. A comparison of Figure 5a,b shows that pressure
reaches a steady state much faster than temperature; although temperature variation alters
the physical property parameters of CO, in the wellbore, such variation exerts a minor
influence on wellbore pressure.

Temperature/°C Pressure/MPa

80 6 50 4l
@]
< 60 £
(5]
E 02y 38
£ 40 40 g
g 2 35 35
[}
g 20 30 £ 30
= 32
0 20 25
2000 2000

1500 100 | | 1500 100 |29
1000 s0 0 1000 0
500 25 0 500 25 26
Well depth/m 0 0 Time/d Well depth/m 0 0 Time/d
(a) Temperature (b) Pressure

Figure 5. Temperature and pressure profile of CO, injection well.

The variation patterns of physical properties of CO, fluid, including flow velocity,
density, viscosity and phase state, are depicted in Figure 6. As shown in Figure 6a, the
flow velocity increases gradually with increasing well depth; at short injection times, the
fluctuation of flow velocity at the same well depth is induced by the disturbance from the
unstable temperature field. The flow velocity of CO; fluid ranges from 0.146 to 0.179 m/s.
It can be seen from Figure 6b that the density decreases progressively with the increase in
well depth; with the extension of injection time, the density at the same well depth rises
rapidly at first and then gradually approaches a steady state, with the overall density range
of CO, fluid being 851 to 1042 kg/m?>. As illustrated in Figure 6¢, the viscosity shows a
gradual decrease with increasing well depth; similarly, the viscosity at the same well depth
increases rapidly initially and then stabilizes gradually with prolonged injection time, and
the viscosity of the CO; fluid varies from 0.087 to 0.142 mPa-s. It is indicated in Figure 6d
that with the increase in injection time, the well depth at which CO; fluid transforms from
the liquid phase to the supercritical phase increases rapidly at first and then rises slowly
until it stabilizes gradually. The phase state of CO, fluid is governed by temperature and
pressure conditions, and the well depth for its phase transition ranges from 560 to 870 m, a
mechanism that is closely associated with the critical temperature of CO, (31.04 °C). With
the increase in injection time, the critical well depth for the phase transition of CO, fluid
increases by 55.4%.
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Figure 6. Physical property parameters of CO, fluid.

3.4. Sensitivity Analysis

To investigate the impact of varying CO; injection parameters, a fixed injection du-
ration of 30 days was employed. The effects of different injection temperatures, injection
pressures, and injection rates on the variations in wellbore temperature, pressure, and
phase behavior were systematically analyzed.

3.4.1. Effect of Injection Temperature

The variation law of wellbore temperature under different injection temperatures is
illustrated in Figure 7. As can be seen from the figure, the temperature inside the tubing
decreases with the reduction in CO, injection temperature, indicating a significant effect
of CO; injection temperature on wellbore temperature. At the bottom-hole position, the
maximum increase in wellbore temperature under different CO, injection temperatures
reaches 1.60 °C. Owing to the temperature difference between the injection fluid and the
formation, the temperature inside the tubing rises markedly at a well depth ranging from
0 to approximately 450 m, where radial heat exchange dominates the heat transfer process.
In the depth interval from 450 m to the bottom of the well, the temperature inside the
tubing exhibits a linear increasing trend; here, the temperature difference between the fluid
and the formation is small, and axial heat exchange becomes the dominant mode. The
temperature increment becomes progressively weaker with increasing well depth, which
is attributed to the decreasing temperature difference between the injected CO, and the
formation, leading to a reduction in the heat exchange rate.

The variation law of wellbore pressure under different injection temperatures is il-
lustrated in Figure 8. It can be seen from Figure 8 that the pressure in the tubing string
increases linearly with the increase in well depth. At the bottom-hole position, the max-
imum reduction in wellbore pressure is merely 0.23 MPa under different CO, injection
temperatures. The density of CO, decreases under high-temperature conditions, which in
turn leads to a reduction in bottom-hole pressure. Since the effect of different CO, injection
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temperatures on the CO; density in the wellbore is slight, their influence on the wellbore

pressure is also negligible.

Temperature/°C
—40 60 80
0 :
500
g
= 1000 |
o
Q
= 1500 e
o I ——-20°C
= ——-10°C
2000 —— 0%
—— 10°C
2500

Figure 7. Wellbore temperature variation under different injection temperatures.

Pressure/MPa

025 30 35 40 45 50
' I 4|1 42 43 |44 45 46
1700
500 + 1800
E 1900
= 1000} 2000
& 2100
=)
B 1500 —=—-30°C
3 ——=20°C \
———10°C \
2000 . geg -
—— 10°C
2500

Figure 8. Wellbore pressure variation under different injection temperatures.

The phase distribution law of CO; under different injection temperatures is illustrated
in Figure 9. It can be seen from Figure 9 that with the decrease in injection temperature,
the well depth at which the CO, fluid transitions from the liquid phase to the supercritical
phase decreases accordingly. Owing to the combined effects of temperature and pressure
conditions, the well depth for the phase transition of CO, fluid reduces from 890 m to
790 m, with a reduction amplitude of 11.2%. Since different injection temperatures exert
only a minor influence on the wellbore temperature and pressure, their impact on the CO,

phase state is also insignificant.

Injection temperature/°C
-30 —20 —10 0 10

500 -

1000

Well depth/m
2

2000

Supercritical ] Liquid

2500

Figure 9. Phase distribution of CO, under different injection temperatures.

https:/ /doi.org/10.3390/pr14050778


https://doi.org/10.3390/pr14050778

Processes 2026, 14, 778

12 of 17

3.4.2. Effect of Injection Pressure

The variation law of wellbore temperature under different injection pressures is il-
lustrated in Figure 10. It can be seen from Figure 10 that an increase in injection pressure
only causes a slight decrease in bottom-hole temperature, and its influence on wellbore
temperature is extremely minor. At the bottom-hole position, the maximum reduction in
wellbore temperature is merely 0.16 °C under different CO, injection pressures. Although
the flow velocity of CO; fluid increases under high-pressure conditions, which shortens
the heat exchange time, the injection rate of 30 t/d is relatively low in this case, and the
effect of pressure on the thermophysical parameters related to CO, heat transfer is also
negligible. For these reasons, the influence of injection pressure on wellbore temperature is
extremely small.
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Figure 10. Wellbore temperature variation under different injection pressures.

The variation law of wellbore pressure under different injection pressures is illustrated
in Figure 11. It can be seen from Figure 11 that the wellbore pressure increases significantly
with the rise in injection pressure, indicating a remarkable influence of injection pressure
on wellbore pressure. At the bottom-hole position, the maximum increase in wellbore
pressure reaches 5.96 MPa with the increase in injection pressure, corresponding to an
increase in amplitude of 84.2%. Owing to the low CO, injection rate, the pressure gradient
is slightly affected by the injection pressure. The increase in CO, density under high-
pressure conditions will raise the hydrostatic column pressure of the CO; fluid, meaning
that adjusting the injection pressure can effectively enhance the bottom-hole pressure.
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Figure 11. Wellbore pressure variation under different injection pressures.
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The phase distribution law of CO, under different injection pressures is illustrated in
Figure 12. It can be seen from Figure 12 that with the increase in injection pressure, the well
depth at which the CO; fluid undergoes phase transition increases slightly at first and then
decreases marginally. This phenomenon is mainly caused by the variation in the well depth
corresponding to the critical temperature of CO; (31.04 °C) in the wellbore under different
injection pressures. Under different injection pressures, the maximum variation amplitude
of the well depth for the CO, fluid phase transition is 6.2%. Since the injection pressure
exceeds the critical pressure of the CO, fluid, its influence on the CO; phase state is minor.

Injection pressure/MPa
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Figure 12. Phase distribution of CO, under different injection pressures.

3.4.3. Effect of Injection Rate

The variation law of wellbore temperature under different injection rates is illustrated
in Figure 13. It can be seen from Figure 13 that the CO, injection rate exerts an extremely
significant influence on the wellbore temperature, and the temperature in the tubing string
decreases gradually with the increase in the CO, injection rate. This is mainly because
under the condition of a high injection rate, the high flow velocity shortens the time for
convective heat transfer between the CO; fluid and the tubing string and heat conduction
in the wellbore; accordingly, the heat loss is lower, leading to a lower wellbore temperature.
At the bottom-hole position, the maximum reduction in wellbore temperature reaches
2.90 °C under different CO, injection rates.

Temperature/°C
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Figure 13. Wellbore temperature variation under different injection rates.

The variation law of wellbore pressure under different injection rates is illustrated in
Figure 14. It can be seen from Figure 14 that the bottom-hole pressure decreases gradually
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with the increase in the CO; injection rate. Under the condition of a high injection rate, the
temperature of the CO, fluid is lower, and the reduction in its density will lead to a decrease
in hydrostatic pressure; meanwhile, a high injection rate will increase the frictional pressure
loss, resulting in a lower bottom-hole pressure when these effects are superimposed. At
the bottom-hole position, the maximum increase in wellbore pressure is merely 0.26 MPa
under different CO, injection rates. Thus, the CO; injection rate exerts a minor influence
on the wellbore pressure.
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Figure 14. Wellbore pressure variation under different injection rates.

The phase distribution law of CO, under different injection rates is illustrated in
Figure 15. It can be seen from Figure 15 that the well depth at which the CO, fluid
undergoes phase transition increases gradually with the rise in the CO; injection rate.
This phenomenon stems from the variation in the well depth corresponding to the critical
temperature of CO; (31.04 °C) in the wellbore under the condition of a high injection rate.
The well depth for the CO; fluid phase transition increases from 500 m to 1210 m, with an
increase in amplitude of 142.0%. The CO; injection rate exerts a remarkable influence on
the CO; phase state, which is attributed to the significant effect of the injection rate on the
wellbore temperature.
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Figure 15. Phase distribution of CO, under different injection rates.

The effects of different injection parameters on wellbore temperature, pressure and
CO, phase state are analyzed and summarized in Table 2. It can be seen from Table 2 that the
order of the influence degree of different injection parameters on wellbore temperature from
the highest to the lowest is as follows: injection temperature, injection pressure, injection
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rate. For wellbore pressure, the order of influence degree from the highest to the lowest
is: injection pressure, injection rate, injection temperature. As for the CO, phase state, the
order of influence degree from the highest to the lowest is: injection rate, injection pressure,
injection temperature. In the optimization of CO; injection parameters, it is recommended
to optimize the injection temperature and injection rate for wellbore temperature regulation;
optimize the injection pressure alone for wellbore pressure adjustment; and optimize the
injection rate and injection temperature for CO; phase state control.

Table 2. Analysis of the influence of different injection parameters.

Influencing Parameters Change in Influence Bottom-Hole Temperature Bottom-Hole Pressure Phase Transition Well Depth
Parameter Change Change
Injection temperature Increase by 10 °C Maximum increase of 1.60 °C Maximum decrease of 0.23 MPa Maximum decrease of 30 m
Injection pressure Increase by 5 MPa Maximum decrease of 0.16 °C Maximum increase of 5.96 MPa Max.lmum increase of 50 m,
Maximum decrease of 20 m
Injection rate Increase by 20 t/d Maximum decrease of 2.90 °C Maximum increase of 0.26 MPa Maximum increase of 230 m

4. Conclusions

(1) Based on the conservation laws of mass, energy and momentum for CO; fluid, a
coupled prediction model for wellbore temperature—pressure-phase state of CO,
injection wells was established in combination with the PR-TWU phase equilibrium
equation. A comparison between the field-measured and predicted results of CO,
injection wells shows that the maximum relative errors of temperature and pressure
are 4.57% and 2.05%, respectively, which verifies the accuracy of the proposed model
in this study.

(2) During the CO; injection process, the temperature, pressure and flow velocity of
CO; fluid in the wellbore increase with the rise in well depth, while the density and
viscosity decrease accordingly. With the increase in injection time, in contrast to the
wellbore pressure reaching a steady state instantaneously, the wellbore temperature
and the well depth of the CO; fluid phase transition decrease rapidly at first and then
gradually tend to be stable.

(3) The wellbore pressure is mainly regulated by the injection pressure, while the in-
jection temperature and injection rate are the key parameters affecting the wellbore
temperature and CO; phase transition. The phase transition of CO, at the critical
temperature of 31.04 °C is the key reason for the variation in the well depth of phase
transition in CO, injection wells.

(4) This study investigates the coupled distribution laws of temperature, pressure, phase
state and other parameters of CO, in the injection wellbore for carbon capture and
storage (CCS). However, the effects of unsteady heat transfer and impure CO, flow
conditions are not involved. It is recommended that further in-depth research be
conducted in subsequent studies.
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