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CO2 foam fracturing fluid is widely used in unconventional oil and gas production because
of its easy flowback and low damage to the reservoir. Nowadays, the fracturing process of
CO2 foam fracturing fluid injected by coiled tubing is widely used. However, the small
diameter of coiled tubing will cause a large frictional pressure loss in the process of fluid
flow, which is not beneficial to the development of fracturing construction. In this paper, the
temperature and pressure calculation model of gas, liquid, and solid three-phase fluid flow
in the wellbore under annulus injection is established. The model accuracy is verified by
comparing the calculation results with the existing gas, solid, and gas and liquid two-phase
model of CO2 fracturing. The calculation case of this paper shows that compared with the
tubing injection method, the annulus injection of CO2 foam fracturing fluid reduces the
friction by 3.06 MPa, and increases the wellbore pressure and temperature by 3.06 MPa
and 5.77°C, respectively. Increasing the injection temperature, proppant volumetric
concentration, and foam quality will increase the wellbore fluid temperature and make
the CO2 transition to the supercritical state while increasing the mass flow rate will do the
opposite. The research results verify the feasibility of the annulus injection of CO2 foam
fracturing fluid and provide a reference for the improvement of CO2 foam fracturing
technology in the field.
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INTRODUCTION

With the development of the economy, the exploitation of conventional oil and gas resources has
been unable to meet the energy consumption required by scientific and technological progress.
Therefore, the development focus has gradually shifted to low permeability and dense
unconventional oil and gas resources (Song et al., 2017; Li C et al., 2017; Tang et al., 2021; Tang
et al., 2020; Tan and Qiao, 2020; Zhang et al., 2021). Due to the low permeability of unconventional
reservoirs (Tang et al., 2019; Xie et al., 2020; Shao et al., 2019; Wang et al., 2020), application of
hydraulic fracturing technology for unconventional oil and gas production has many problems, such
as low flowback and damage to the reservoir, which has been unable to meet the technical
requirements of unconventional oil and gas development. CO2 fracturing is widely recognized
by engineers, experts, and scholars because it can achieve several times higher permeability than
hydraulic fracturing (Wang et al., 2012; He et al., 2016; Wanniarachchi et al., 2018; Cong et al., 2022),
and has little damage to the reservoir and easy flowback during fracturing (Gupta et al., 2005; Wang
et al., 2011; Yi et al., 2019). Nowadays, CO2 fracturing technology is mainly divided into CO2 foam
fracturing, CO2 dry fracturing, supercritical CO2 fracturing, CO2 dry foam fracturing, and the other
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special CO2 fracturing (Sun F et al., 2017). Compared with CO2

dry fracturing, CO2 foam fracturing has many advantages, such as
low construction difficult and technical equipment requirements,
and has been widely used. He et al. (2018) found through
fracturing tests that Supercritical CO2 can obtain lower
breakdown pressure than freshwater under the same pressure.
Carter et al. (1996), McAndrew et al. (2017), and Tong et al.
(2017, 2019) found through experiments that CO2 foam
fracturing fluid has a greater sand-carrying capacity than
water. Gu and Mohanty (2014) simulated the effect of foam
quality on fracture morphology by using the PKN model and
found that the length of cracks decreases with the increase of
foam quality, while the width increases. Friehauf and Sharma
(2009b) found through simulation that the foam quality is
between 0.3 and 0.5, and the optimal fracturing effect will be
obtained. A large number of studies have shown that CO2 foam
fracturing can effectively improve the fracturing effect of
unconventional reservoirs. However, when CO2 foam
fracturing is used, there is an interaction between the
rheological parameters of fracturing fluid in the wellbore and
the pressure and temperature (Guo and Zeng 2015; Friehauf and
Sharma 2009a; Song et al., 2017a; 2017b). How to accurately
calculate the rheological parameters of CO2 foam fracturing fluid
in wellbore and fracture and determine the fracturing fluid phase
has become an important prerequisite for accurately predicting
the shape of fracturing fractures. A lot of theoretical and
experimental studies have been done on CO2 foam fluids
(Sherif et al., 2016; Ahmed et al., 2017; Faroughi et al., 2018;
Moridis 2018; Yekeen et al., 2018). Li et al. (2008) established a
coupled mathematical model of density, pressure, and
temperature distribution of foam fluid flowing in the wellbore.
The analysis showed that foam quality had a great influence on
fluid parameters. However, although this model has a wider range
of application than previous models, the effect of proppant on
CO2 foam fracturing fluid flow in the wellbore is not considered.
An et al. (2014), Li Y et al. (2017), Luo et al. (2014) found through
foam rheological experiments that CO2 foam fracturing fluid
belongs to power-law fluid, whose viscosity increases with foam
quality and pressure, and decreases with temperature and shear
rate. Li et al. (2010) established a model of proppant flowing with
foam. Through Reynolds number to calculate the friction
coefficient of foam and proppant, and added them to obtain
the friction coefficient of three-phase fluid. For the CO2 injection
process, Cheng et al. (2013), and Shen et al. (2010) proposed
using coiled tubing to inject CO2, which is more conducive to the
transformation of CO2 into a supercritical state. With the
development of coiled tube fracturing technology, the coiled
tube sandblasting perforating annulus fracturing is one of the
most concerned and the most rapidly developing technologies
(Yu et al., 2013). Compared with tubing injection, annulus
injection can significantly reduce the friction caused by the
flow of fracturing fluid in the wellbore (Wang et al., 2010).

At present, although a variety of models for CO2 foam
fracturing fluids have been established, most of them only
consider the gas-liquid phase and ignore the influence of
proppant on temperature and pressure. When the CO2 foam
fracturing fluid flows in the wellbore, the friction between the

proppant and the pipe wall will cause serious frictional pressure
loss, and the proppant will also change the density and viscosity of
the fracturing fluid, so the two-phase model will produce large
errors in the calculation of temperature and pressure of CO2 foam
fracturing fluid in the wellbore. In this paper, the gas, liquid, and
solid three-phase flow model of CO2 foam fracturing fluid in the
wellbore was established to realize the accurate prediction of fluid
temperature and pressure during the flow process, which
provided a theoretical basis for the design of CO2 foam
fracturing parameters.

TEMPERATURE AND PRESSURE
CALCULATION MODEL IN WELLBORE

Model Assumptions
To establish the temperature and pressure calculation model for
the flow of CO2 foam fracturing fluid in the wellbore, the
following assumptions are proposed: 1) CO2 foam fracturing
fluid flow along the wellbore is treated as a one-dimensional flow;
2) The injection pressure, injection mass flow rate, and surface
temperature are assumed to be constant; 3) The gas phase, liquid
phase, and solid phase are present in the wellbore at the same
time; 4) The annulus fluid only has heat conduction, and the
effects of natural convection and radiation are ignored. According
to the construction characteristics of CO2 foam fracturing, a
physical model is established as shown in Figure 1 (Guo et al.,
2015).

Numerical Model
Proppant has a great influence on the temperature and pressure
of CO2 foam fracturing fluid flowing in the wellbore, so the CO2

foam two-phase flow equation needs to be corrected (Xu et al.,
2019). In this paper, the solid phase is coupled to the CO2 foam
two-phase flow model by volume averaging method, and the
governing equation of the steady state model of CO2 foam
fracturing fluid is established.

Heat Transfer Model
During CO2 foam fracturing fluid injection, the temperature
change depends on heat transfer down the tubing and heat
exchange between the fluid and the tubing wall. Therefore, the
energy conservation equation of CO2 foam fracturing fluid in the
tubing can be obtained (Sun X et al., 2017; Sun et al., 2018; Xu
et al., 2018):

−z(ρfCp,fQfTf)
zz

+ 2πrtu,ihf(Ttu − Tf ) � 0 (1)

where the subscripts “f,” “tu,” and “i” represent the CO2 foam
fracturing fluid, tubing, and inner radius, respectively; ρ represents
the density, kg/m3; T represents the temperature, °C; Cp represents
the specific heat capacity, J/(kg·°C); Q represent the mass flow rate,
kg/s; h represents the heat transfer coefficient between CO2 foam
fracturing fluid and tubing, W/(m2·°C).

Heat is transferred in the axial direction by conduction; the
heat exchange between the tubing wall and the fluid, and the heat
exchange between the tubing wall and the annulus fluid in the
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radial direction through conduction are factors that affect the
tubing temperature. The energy conservation equation of the
tubing is given by (Xu et al., 2019):

λtuπ(r2tu,o − r2tu,i) z2Ttu

zz2
+ 2πrtu,ihf(Tf − Ttu)

+ 2πrtu,o
λtu−an(rca1,i − rtu,i)/2 (Tan − Ttu)

� 0 (2)

where the subscripts “an” and “ca1” represent the annulus fluid and
the production casing, respectively; λtu-an represents the thermal
conductivity between the tubing and the annulus fluid, W/(m·°C);
the subscripts “o” represents the outer radius, respectively.

The temperature of the wellbore-formation system is
determined by the heat transfer in the axial direction through
conduction and the heat exchange between the phase layers.

λanπ(r2ca1,i − r2tu,o) z2Tan

zz2
+ 2πrtu,o

λtu−an(rca1,i − rtu,i)/2 (Ttu − Tan)

+2πrca1,i λan−ca3(rca1,o − rtu,o)/2 (Tca1 − Tan) � 0

(3)

λca1π(r2ca1,o − r2ca1,i) z2Tca1

zz2
+ 2πrca1,i

λan−ca1(rca1,o − rtu,o)/2 (Tan − Tca1)

+2πrca1,o λca1−ce1(rca2,i − rca1,i)/2 (Tce1 − Tca1) � 0

(4)

λfo
r

z

zr
(r zTfo

zr
) + λfo

z2Tfo

zz2
� 0 (5)

where the subscripts “ce1” and “fo” represent the cement layer
and the formation, respectively; λan-ca1 represents the thermal

conductivity between the annulus fluid and the production
casing, W/(m·°C); λca1-ce1 represents the thermal conductivity
between the production casing and the cement layer,
W/(m·°C).

Heat transfer of carbon dioxide foam fracturing fluid
mainly includes thermal conductivity coefficient, heat
transfer coefficient, and specific heat capacity, the
calculation formula is as follows:

λf � Γ(1 − Csf)λg + (1 − Γ)(1 − Csf)λl + Csfλs (6)

hf � Γ(1 − Csf)hg + (1 − Γ)(1 − Csf)hl + Csfhs (7)

Cp,f � (Γ(1 − Csf)ρgCp,g + (1 − Γ)(1 − Csf)ρlCp,l + ρsCsfCp,s)/ρf
(8)

where the subscripts “g,” “l,” and “s” represent the internal phase
and external phase and proppant, respectively; Csf represents the
proppant volumetric concentration; Γ represents the foam quality.

Pressure Model

zp

zz
− ρfg sin θ +

2ffρfv
2
f

2r
− ρfvfΔvf � 0 (9)

where p represents the pressure, MPa; g represents the gravity
acceleration, m/s2; θ represents the inclination angle; f represents
the friction coefficient; v represents the velocity, m/s; r represents
the radius, m; △v represents the speed difference between two
positions, m/s (Xu et al., 2019).

The velocity equation of CO2 foam fracturing fluid is given by:

vf � qg + ql + qs
πr2tu,i

(10)

where q represents the volume flow rate, m3/s.

FIGURE 1 | Diagram of the wellbore-formation system for CO2 foam fracturing fluid.
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The foam quality and proppant volumetric concentration are
given by:

Γ � Vg

Vg + Vl
� qg
qg + ql

(11)

Csf � Vs

Vg + Vl + Vs
(12)

where V represents the volume, m3.
The liquid phase density can be calculated as follows:

ρl � ρref +
ρref
β

(p − pref ) − ρrefα(T − Tref ) (13)

where the subscript “ref” represent the reference condition
(pref � 0.101325 MPa, Tref � 20°C); β represents the
isothermal volume modulus of the external phase, Pa; α
represents the volume expansion coefficient, °C−1. In this
paper, the external phase of CO2 foam fracturing fluid is
water, ρref � 1000 kg/m3, β � 2.2 × 109 Pa, α � 0.000207°C−1

(Xu et al., 2019).
According to volume averaging, gas, liquid, and proppant

mass are given by:

mg � VfΓ(1 − Csf)ρg (14)

ml � Vf(1 − Γ)(1 − Csf)ρl (15)

ms � VfCsfρs (16)

The density of CO2 foam fracturing fluid is given by:

ρf � (mg +ml +ms)/Vf (17)

where m represents the mass, kg.
Substituting Eqs. 14–16 into Eq. 17, the density of foam

fracturing fluid can be obtained:

ρf � Γ(1 − Csf)ρg + (1 − Γ)(1 − Csf)ρl + Csfρs (18)

CO2 properties are calculated by S-W model (Span and
Wagner 1996), because the model is more accurate.

Φ(δ, τ) � ΦO(δ, τ) + Φr(δ, τ) (19)

whereΦ represents the Helmholtz energy;ΦO represents the ideal
gas part of Helmholtz energy;Φr represents the residual fluid part
of Helmholtz energy; δ and τ represent the reduced density and
inverse reduced temperature, respectively.

Friction Calculation
For CO2 foam fracturing fluid, whose flow pattern has a direct
effect on the friction coefficient, when Re ≤ Rec, it is laminar flow;
otherwise, it is turbulent flow, where Rec � 3470−1370 n (Li et al.,
2010).

Re � ρf(2rtu,i)nv2−nf
K
8 (6n+2n )n (20)

The friction coefficient of CO2 foam fracturing fluid
containing proppant is calculated by the sum of fluid friction
coefficient and proppant friction coefficient.

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
fl � 16

Re
, Re≤Rec��

1
fl

√
� 4

n0.75
log[Re · f(1−n/2)

l ] − 0.4

n1.2
, Re>Rec

(21)

The calculation of the proppant friction coefficient is given by:

fs � 39.36
Re0.9907

( v2f
gds

)0.02968(ρs
ρf
)0.1403

C0.03844
sf (22)

Then, the friction coefficient of CO2 foam fracturing fluid
containing proppant is ff � fl + fs.

The friction of CO2 foam fracturing fluid flowing in the
wellbore is given by:

Ff � 2lρfffv2f
2r

(23)

where F represents the friction, Pa; l represents the casing length, m.

Boundary Conditions
Boundary conditions of the model:⎧⎪⎨⎪⎩ Qg � A

Ql � B
Csf � C

(24)

where A, B, and C are the initial values, respectively.

FIGURE 2 | Model solving flowchart.
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The model solving process is shown in Figure 2. The model is
divided into several elements, and it is assumed that the
properties of the fracturing fluid in each element are constant.
The initial fluid parameters such as phase state, density, and
viscosity are calculated from the initial values of pressure and
temperature. The new pressure distribution is obtained from the
initial fluid parameters. New fluid parameters are obtained from
the new pressure and initial temperature. The energy
conservation equation of the wellbore-formation system is
calculated with the new fluid parameters to obtain a new
temperature. Finally, the new temperature and pressure
distribution are compared with the old temperature and
pressure distribution to verify the convergence.

MODEL VERIFICATION

In this paper, the two-phase fluid temperature and pressure
calculation data of CO2 proppant and CO2 foam are used
because of the lack of gas, liquid, and solid phase field
measured data (Xu et al., 2019). The calculated data is
compared with the calculated results of the model to verify the
model’s accuracy. The calculation parameters are shown in
Table 1.

The model is validated with the CO2 proppant two-phase
model of Xu. The injection mass flow rate Qw is 80 kg/s; the
injection temperature ti, proppant volumetric concentration Csf,
and injection pressure Pi are −20°C, 0.2, and 40 MPa, respectively.
The comparison between the model calculation results of Xu et al.
and the simulation results in this paper is shown in Figure 3.

The bottom hole temperature calculated result by the model of
Xu and in this paper are −17.77°C and −17.74°C respectively, the
temperature difference is 0.03°C, the error is 0.18%, and the
average error of the whole well is 0.01%. The bottom hole
pressure calculated result by the model of Xu and in this
paper are 61.03 and 62.06 MPa, respectively, the pressure
difference is 1.03 MPa, the error is 1.03%, and the average
error of the whole well is 0.86%.

The model is validated with the CO2 foam two-phase model of
Xu. The injection mass flow rate Qw is 60 kg/s; the injection
temperature ti, foam quality Γ, and injection pressure Pi are 5°C,
0.75, and 40 MPa, respectively.

As shown in Figure 4, the bottom hole temperature calculated
result by the model of Xu et al. and in this paper are 11.26°C and
12.62°C respectively, the temperature difference is 1.36°C, the
error is 12.03%, and the average error of the whole well is 1.47%.
The bottom hole pressure calculated result by the model of Xu
and in this paper are 36.79 and 37 MPa, respectively, the pressure
difference is 0.21 MPa, the error is 0.58%, and the average error of
the whole well is 0.49%.

The comparison of the calculation results proves that the
model in this paper has good accuracy, indicating that the
model is suitable for CO2 foam fluid in the wellbore calculation.

COMPARISON OF INJECTION METHODS
OF CO2 FOAM FRACTURING FLUID

This section compares the temperature and pressure distribution
in the wellbore of the two injection methods with tubing-carrying

TABLE1 | The calculation parameters.

Parameters Values Parameters Values

Well depth(H)/m 4000 Geothermal gradient (tg)/°C m−1 0.03
Tubing ID (rtu,i)/m 0.1005 Tubing OD (rtu,o)/m 0.1143
Production casing ID (rca1,i)/m 0.1594 Production casing OD (rca1,o)/m 0.1778
Technical casing ID (rca2,i)/m 0.2266 Technical casing OD (rca2,o)/m 0.2445
Surface casing ID (rca3,i)/m 0.3204 Surface casing OD (rca3,o)/m 0.3397
Wellbore diameter(D)/m 0.5080 Casing/tubing thermal conductivity (λtc)/W m−1°C−1 44.7
Cement thermal conductivity (λce)/W m−1°C−1 0.52 Formation thermal conductivity (λfo)/W m−1°C−1 2.09

FIGURE 3 | Temperature and pressure distribution of CO2 proppant gas-solid two phases in the wellbore [(A): temperature profile; (B): pressure profile].
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proppant, annulus replenishes fracturing fluid, and annulus-
carrying proppant, tubing replenishes fracturing fluid, to
illustrate the impact of injection methods on wellbore fluid
temperature and pressure. The basic parameters of the
calculation are shown in Table 2.

The injectionmass flow rateQw is 80 kg/s, the foam quality Γ is
0.6, and the injection temperature ti, proppant volumetric
concentration Csf, and injection pressure Pi are 20°C, 0.2, and
40 MPa, respectively. Figure 5 shows the pressure and friction
changes of CO2 foam fracturing fluid in the wellbore. Figure 6

FIGURE 4 | Temperature and pressure distribution of CO2 foam gas-liquid two phases in the wellbore [(A): temperature profile; (B): pressure profile].

TABLE 2 | The basic parameters of calculation.

Parameters Values Parameters Values

Depth of kick off point(L)/m 1000 Geothermal gradient (tg)/°C m−1 0.03
Absolute tubing roughness(ε)/m 0.0000254 Formation surface temperature(t)/°C 20
Building radius(R)/m 1000 Well depth(H)/m 4000
Tubing ID (rtu,i)/m 0.1005 Tubing OD (rtu,o)/m 0.1143
Production casing ID (rca1,i)/m 0.1784 Production casing OD (rca1,o)/m 0.1937
Technical casing ID (rca2,i)/m 0.2502 Technical casing OD (rca2,o)/m 0.2731
Surface casing ID (rca3,i)/m 0.323 Surface casing OD (rca3,o)/m 0.3397
Wellbore diameter(D)/m 0.5080 Casing/tubing thermal conductivity (λtc)/W m−1°C−1 44.7
Cement thermal conductivity (λce)/W m−1°C−1 0.52 Formation thermal conductivity (λfo)/W m−1°C−1 2.09
Proppant density (ρs)/kg m−3 2500 Proppant diameter (ds)/m 0.0003
Proppant thermal conductivity (λs)/W m−1°C−1 10 Proppant specific heat capacity (Cs)/J kg−1°C−1 1000
Annulus fluid specific heat capacity (Can)/J kg−1°C−1 4190 Annulus fluid thermal conductivity (λan)/W m−1°C−1 0.58

FIGURE 5 | Changes of pressure and friction under different injection
methods.

FIGURE 6 | Changes in temperature and foam quality under different
injection methods.
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shows the changes in the temperature and foam quality in the
wellbore.

Figure 5 shows that the bottom hole pressure of annulus
injections and tubing injection are 64.02 and 60.95MPa,
respectively. The bottom hole pressure of annulus injection is
3.07MPa higher than that of tubing injection. The temperature
curve of Figure 6 shows that the bottom hole temperature is 31.43°C
and 25.66°C, respectively. The bottom hole temperature of the
annulus injection method is 5.77°C higher than that of the tubing
injection. The annulus cross-section is larger than that of the tubing,
so during the injection process, the friction of the annulus injection is
smaller than that of the tubing injection. Therefore, under the same
injection pressure, the annulus injection has a higher bottom hole
pressure. Xu’s study showed that the temperature increased with the
increase of foam quality. The foam quality curve of Figure 6 shows
that the foam quality of the annulus injection is greater than that of
the tubing injection after the wellbore reaches 2,000 m, so the
temperature in the annulus injection wellbore is higher than that
of the tubing injection. The above results show that the use of
annulus injection can achieve higher pressure, temperature, and
lower frictional pressure loss.

ANALYSIS OF THE FACTORS AFFECTING
THE TEMPERATURE AND PRESSURE OF
THE FLUID IN THE WELLBORE THROUGH
ANNULUS INJECTION

The Influence of Injection Pressure
The injection mass flow rate Qw is 70 kg/s, the foam quality Γ is 0.6,
and the injection temperature ti and proppant volumetric
concentration Csf are 20°C and 0.2, respectively. Change the
injection pressure Pi increases from 35 to 55MPa with an
interval of 5MPa, and analyze the influence of injection pressure
on temperature and pressure. Figure 7 shows the temperature and
pressure changes of CO2 foam fracturing fluid in the wellbore.

The pressure calculation results in Figure 7 show that the wellbore
pressure increases with the increase of well depth and stabilizes when
CO2 foam fracturing fluid reaches the horizontal section. Every 5MPa

increase in injection pressure, the pressure in the wellbore will increase
by 5MPa uniformly. The pressure change is mainly caused by the
increase in injection pressure. As the well depth increases, the pressure
of the CO2 foam fracturing fluid in the wellbore also gradually
increases. It can be seen from the temperature profile that the
injection pressure increases by 20MPa and the bottom hole
temperature increase does not exceed 0.2°C, indicating that the
temperature in the wellbore does not changewith the pressure change.

The Influence of Foam Quality
The injection mass flow rate Qw, injection temperature ti,
proppant volumetric concentration Csf, and injection pressure
Pi are 70 kg/s, 20°C, 0.2, and 40 MPa, respectively. Change the
foam quality Γ to increase from 0.5 to 0.9 with an interval of 0.1.

The results in Figure 8 show that changing the foam quality
mainly has a greater impact on the temperature in the wellbore.
The foam quality increases by 0.4, and the wellbore temperature
increases by 3.8°C, a growth of 12.3%. Analysis of the reasons
shows that the specific heat capacity of the gas phase is smaller than
that of the liquid phase. As the foam quality increases, the specific
heat capacity of CO2 foam fracturing fluid decreases, and the heat
required to increase the same temperature is reduced, increasing
the temperature of CO2 foam fracturing fluid in the wellbore. The
increase in foam quality has little effect on pressure changes.

The Influence of Mass Flow Rate
The injection temperature ti, proppant volumetric concentration Csf,
foam quality Γ, and injection pressure Pi are 20°C, 0.2, 0.6, and 40MPa,
respectively. Change the injectionmassflow rateQw to increase from70
to 230 kg/s with an interval of 40 kg/s. Figure 9 shows the temperature
and pressure changes of the CO2 foam fracturing fluid in the wellbore.

It can be seen from Figure 9 that the injection flow rate increases
by 190 kg/s, the bottomhole pressure reduces 12.35MPa, a decrease of
19.29%, and the bottomhole temperature reduces 7.42°C, a decrease of
23.61%. With the increase of the injection flow rate, the temperature
and pressure decrease drastically, the pressure decrease rate increases
with the increase of the injection flow rate, and the temperature
decrease rate decreases with the increase of the injection flow rate.
Analysis of the reasons shows that the increase of injection flow rate
will lead to insufficient heat transfer and temperature drop because the

FIGURE 7 | CO2 foam fracturing fluid pressure and temperature change with injection pressure [(A): pressure profile; (B): temperature profile].
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contact time between fracturing fluid and wellbore is reduced. The
increase of injection flow rate will also lead to frictional pressure loss
increase between fracturing fluid and wellbore, making the
pressure drop.

The Influence of Proppant Volumetric
Concentration
The injection mass flow rate Qw, injection temperature ti, foam
quality Γ, and injection pressure Pi are 70 kg/s, 20°C, 0.6, and
40 MPa, respectively. Change the proppant volumetric
concentration Csf to increase from 0.1 to 0.3 with an interval
of 0.05. The temperature and pressure changes of the CO2 foam
fracturing fluid in the wellbore after changing the proppant
volumetric concentration are shown in Figure 10.

Figure 10 pressure profile shows that the increase of the proppant
volumetric concentration causes the CO2 foam fracturing fluid
pressure to increase because the hydrostatic pressure and density of
the fracturing fluid increase with the proppant volumetric
concentration increase. The temperature calculation results show
that the bottom hole temperature only increases 3.13°C as the
proppant volumetric concentration increases 0.2 because the specific
heat capacity of the proppant is lower than that of theCO2 foam.As the

proppant volumetric concentration increases, the CO2 foam fracturing
fluid absorbs the same heat from the environment to obtain a higher
temperature, but the influence of proppant volumetric concentration
on bottom hole temperature is small.

The Influence of Injection Temperature
The injection mass flow rateQw, proppant volumetric concentration
Csf, foam quality Γ, and injection pressure Pi are 70 kg/s, 0.2, 0.6, and
40MPa, respectively. The injection temperature ti is 24, 25, 26, 27,
and 28°C. The influence of different injection temperatures on the
temperature and pressure of the CO2 foam fracturing fluid in the
wellbore is shown in Figure 11.

Figure 11 shows that the higher the injection temperature, the
higher the temperature in the wellbore. For every 1°C increase in the
injection temperature, the bottomhole temperature increases by 0.8°C.
Comparing the influence of injection temperature on the temperature
distribution of CO2 foam fracturing fluid in the wellbore, the pressure
change of the CO2 foam fracturing fluid in the wellbore is small.

The Influence of Geothermal Gradient
The injection mass flow rate Qw, proppant volumetric concentration
Csf, injection temperature ti, foam quality Γ, and injection pressure Pi
are 70 kg/s, 0.2, 20°C, 0.6, and 40MPa, respectively. Change the

FIGURE 8 | CO2 foam fracturing fluid pressure and temperature change with foam quality [(A): pressure profile; (B): temperature profile].

FIGURE 9 | CO2 foam fracturing fluid pressure and temperature change with mass flow rate [(A): pressure profile; (B): temperature profile].
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geothermal gradient to increase from 0.03°C/m to 0.05°C/m with an
interval of 0.005. Figure 12 shows the temperature and pressure
changes of CO2 foam fracturing fluid in the wellbore.

The increase of the geothermal gradient will cause the formation
temperature to rise. The temperature difference between formation
and wellbore CO2 foam fracturing fluid increases and heat transfer
increases. From the temperature calculation results in Figure 12,
the temperature in the wellbore gradually increases with the
geothermal gradient increase and the bottom hole temperature
increases by 1.4°C for every increase of the geothermal gradient by
0.005°C/m. The geothermal gradient has a small influence on the
pressure distribution in the wellbore.

Study on the Phase State of CO2 Foam
Fracturing Fluid in the Wellbore
According to the previous study, the pressure and temperature of
CO2 foam fracturing fluid increase with the increase of well depth.
When the pressure and temperature reach 7.38MPa and 31.1°C, the
CO2 phase will change to a supercritical state (Zhang et al., 2017).
Supercritical CO2 is a dense, low-viscosity fluid with excellent hole
cleaning capabilities. Kolle (2000) by studying the phase change of
CO2, the well depth when CO2 changes into a supercritical state can

be obtained, which provides a basis for the design of fracturing
parameters in the field. In this paper, the injection pressure has
exceeded 7.38MPa. If the temperature exceeds 31.1°C, it can indicate
that the CO2 has reached the supercritical state. Through the
random combination of the above six factors, the well depth
when the CO2 foam fracturing fluid reaches the critical
temperature under different factors is obtained.

Through analysis of the influence of six factors on supercritical state,
the main factors are proppant volumetric concentration Csf, foam
quality Γ, mass flow rate Qw, injection temperature ti and geothermal
gradient tg. Thesefive factors are randomly combined to obtain thewell
depth data when the CO2 foam fracturing fluid reaches the critical
temperature, as shown inTable 3, whereW is the well depth when the
CO2 foam fracturing fluid reaches the critical temperature, m.

After normalizing the above data, Eq. 25 is obtained by fitting,
where R2 � 0.997.

Wn � −0.77ti,n − 0.245Γn − 0.247tg,n − 0.184Csf,n + 0.11Qw,n

+ 1.137

(25)

It can be seen from Eq. 25 that the well depth when reaching
the critical temperature decreases with the increase of proppant

FIGURE 10 | CO2 foam fracturing fluid pressure and temperature change with proppant volumetric concentration [(A): pressure profile; (B): temperature profile].

FIGURE 11 | CO2 foam fracturing fluid pressure and temperature change with injection temperature [(A): pressure profile; (B): temperature profile].
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volumetric concentration, injection temperature, foam quality,
geothermal gradient, and injection temperature, and increases with
the increase of injection mass flow rate. In the design of fracturing
parameters, reducing the injection mass flow rate, increasing the
injection temperature, proppant volumetric concentration, and
foam quality, CO2 can be transformed into a supercritical state in
a shallow well depth to improve the fracturing effect.

CONCLUSION

Under the same conditions, compared with tubing injection, the
annulus injection of CO2 foam fracturing can effectively increase the
pressure and temperature in the wellbore and reduce the frictional
pressure loss during the flow of CO2 foam fracturing fluid.

The pressure and temperature in the wellbore of the annulus
injected CO2 foam fracturing fluid decrease with the increase of
the mass flow rate. The mass flow rate increased by 190 kg/s, and
the bottom hole pressure and temperature decreased by
12.35 MPa and 7.42°C, respectively. The increase of mass flow
rate is not conducive to the transformation of CO2 into a
supercritical state.

The proppant volumetric concentration, foam quality,
injection temperature, and geothermal gradient are positively
correlated with the temperature, while the injection flow rate is
negatively correlated with the temperature. Under the
permitting construction conditions, increasing the injection
temperature, proppant volumetric concentration, and foam
quality is conducive to the transition of CO2 to a
supercritical state.
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TABLE 3 | Well depth at supercritical.

ti/°C tg/°C/m Csf Γ Qw/kg/s W/m

22.69 0.038 0.16 0.85 71 3010
21.55 0.045 0.38 0.74 90 3160
24.06 0.032 0.34 0.94 72 2690
21 0.038 0.4 0.91 71 2880
23.79 0.036 0.32 0.68 77 3010
28.23 0.041 0.39 0.79 76 1730
24.76 0.047 0.19 0.98 83 2340
25.64 0.036 0.27 0.65 76 2910
21.22 0.036 0.21 0.65 73 3660
20.47 0.035 0.16 0.79 79 3920
25.22 0.049 0.35 0.59 86 2520
23.96 0.044 0.38 0.51 85 2960
25.2 0.042 0.36 0.72 77 2450
28.42 0.049 0.22 0.6 79 1760
28.29 0.032 0.11 0.52 85 2580
20.19 0.032 0.48 0.89 84 3480
26.66 0.041 0.24 0.51 81 2520
25.2 0.039 0.32 0.6 78 2720
23.12 0.045 0.22 0.6 73 2930
28.64 0.046 0.26 0.85 87 1640
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NOMENCLATURE

A initial values

B initial values

C initial values

Cp specific heat capacity, J/(kg°C)

Csf proppant volumetric concentration

d diameter, m

f friction coefficient

F friction, Pa

g gravity acceleration, m/s2

h heat transfer coefficient, W/(m2·°C)
H Well depth, m

ID inner diameter, m

K consistency index of power-law fluids, Pa·sn

l casing length, m

L Depth of kick off point, m

m Mass, kg

n flow behavior index of power-law fluids

OD outer diameter, m

p fluid pressure, MPa

Pi injection pressure, MPa

q volume flow rate, m3/s

Q mass flow rate, kg/s

Qw injection mass flow rate, kg/s

r radius, m

Re Reynolds number

Rec critical Reynolds number

tg Geothermal gradient, °C/m

ti injection temperature, °C

T temperature, °C

v fluid velocity, m/s

V volume, m3

W well depth when the CO2 foam fracturing fluid reaches the critical
temperature, m

z one-dimensional coordinate along the wellbore trajectory, m

Subscripts
an annulus fluid

ca1 production casing

ca2 technical casing

ca3 surface casing

ce1 cement layer for production casing

ce2 cement layer for technical casing

ce3 cement layer for surface casing

f CO2 foam fracturing fluid

fo formation

g internal phase

i inner radius

l external phase

n normalizing data

o outer radius

ref reference condition

s proppant

tu tubing

Greek letters
α volume expansion coefficient, °C−1

β isothermal volume modulus of the external phase, Pa

λtu-an thermal conductivity between the tubing and the annulus fluid,
W/(m·°C)
λan-ca1 thermal conductivity between the annulus fluid and the production
casing, W/(m·°C)
λca1-ce1 thermal conductivity between the production casing and the cement
layer, W/(m·°C)
θ inclination angle

ρ density of CO2 foam fracturing fluid, kg/m3

Γ foam quality

Φ the Helmholtz energy

ΦO
the ideal gas part of Helmholtz energy; represents

Φr
the residual fluid part of Helmholtz energy

δ the reduced density

τ the inverse reduced temperature

ε Absolute tubing roughness, m
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