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Major shale gas exploration and development fields are located in the Sichuan basin. It requires huge water sources for shale gas
fracking, but the well sites are mostly in the hills, which limits the industrialization of shale gas development. CO2 foam fluids can
meet the requirements of fracking fluids and relieve water stress. It analyzed the feasibility of CO2 foaming fracturing for shale gas
formation fracturing, proposed a design philosophy for CO2 foaming fracturing, and optimized fracturing parameters such as
foam mass, proppant concentration, friction, and discharge rate. The flowchart of CO2 foam fracturing was established in,
where the fracture morphology and propagation behavior of CO2 foam fracturing were obtained from numerical simulations
comparable to the hydraulic fracture generated by conventional hydraulic fracturing. The CO2 foaming fracturing technique
can provide a discharge rate of 6.0m3/min and fluid volume and captures the volume effect of the current stimulated reservoir,
which needs to be improved. It can be considered an initial survey of CO2 foam fracturing available in the Sichuan Basin shale
formation, which may provide new methods and clues for stimulation.

1. Introduction

Shale gas reserves are abundant in China. It is predicted that
shale gas geological reserves in China are 134.42 trillion
square meters and the recoverable resource potential is
25.08 trillion square meters, which is roughly equivalent to
the 28 trillion squares of technology available in the United
States [1, 2]. According to the development experience of
the United States, the slick water volume fracturing technol-
ogy of horizontal well is the key core technology for efficient
development of shale gas reservoirs, but this fracturing tech-
nology needs to consume a lot of water, and the most favor-
able areas for shale gas exploration and development in
China are located in or adjacent to areas with long-term or

seasonal water shortage. Clay mineral content is relatively
abundant in domestic shale gas reservoirs, particularly in
domestic continental shale gas reservoirs. The mineral con-
tent of the clay is even greater than 60%. When traditional
water-based fracturing fluids invade shale reservoirs, clay
minerals expand with water and cause great permeability
damage to shale reservoirs [3–7]. In addition, domestic shale
gas formations are generally low in pressure. When conven-
tional water-based fracturing fluids are used for shale gas
development, water consumption is excessive, reservoir
damage is severe, and return rates are low. Therefore, for
developing shale gas reservoirs in China, it is impossible to
just copy foreign technology, and an advanced fracturing
technology with minor water consumption (or even no
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water), no pollution to the environment, and minor damage
to the reservoir is needed.

In order to overcome the shortcomings of conventional
fracturing technology, researchers began to study foam frac-
turing technology in the 1970s [8]. Since the first completion
of foam fracturing in Lincoln County, West Virginia, foam
fracturing technology has evolved from the original N2 foam
fracturing to the current CO2 foam fracturing. In 1986, a
60% CO2 foam fracturing fluid was used to fracture the car-
boniferous gas reservoir at Fez Dolf [9]. The buried depth of
the gas reservoir was 3400-3650 meters underground. After
fracturing, the natural gas production has increased by
approximately 12 times [10]. By the 1990s, about 90% of
gas wells and 30% of oil wells in the United States and Can-
ada had adopted CO2 foam fracturing technology [11].

Emrani et al. [12, 13] believed that foam is a two-phase
system consisting of liquid, compressible gas, and chemicals
(surfactant or polymer) to enhance fluid stability or viscos-
ity, and the trend of decreasing surface area leads to foam
degradation into separated gas and liquid phases. The CO2
foam fracturing fluid has the advantages of strong sand pack
ability, high viscosity, minimal water consumption, minor
reservoir damage, etc. and has achieved significant produc-
tion increasing in low-pressure and low-permeability
water-sensitive sandstone, coalbed methane, and shale gas
reservoir reconstruction [13–22].

Liquid CO2 can also be a good option for restoring flow
channels in wells with severe near borehole damage, or in res-
ervoirs with undesirable long fractures. Mazza [23] believes
that liquid CO2 is most suitable for low-pressure and dry gas
reservoir stimulation, because the previous fracturing fluid will
destroy gas permeability. Xiao et al. [24] and Wang et al. [25]
believe that foam has been widely used in unconventional res-
ervoir fracturing, and it has more advantages than water-based
fracturing fluid, such as less water consumption, rapid flow-
back, low filtration, and high sand carrying. Due to the signifi-
cant temperature difference between the reservoir rock and the
pumped fracturing fluid, the reservoir rock will be cooled.
Alqatahni et al. [26] believed that the cooling effect of fractur-
ing fluid may destroy the cementation in rock particles and
change the pore structure. Grundmann et al. [27] pointed out
that when the liquid nitrogen is heated to the reservoir temper-
ature, the liquid CO2/N2 is converted to the gas state, causing
its flow rate to increase by about eight times, which is helpful
to carry the proppant to the deeper position of the reservoir.
It is thought that extreme temperatures cause rock to contract
and water to expand, creating local stress differences that cause
cracks. Due to the inhomogeneous distribution of thermal
stress, numerous microscopic fractures can appear in the inte-
rior and on the surface of the rock [28]. Fu and Liu [29]
believed that the anhydrous fracturing technology is the key
to effectively improve the recovery of unconventional resources
and also solved the problems of reducing water consumption
and environmental pollution. They developed two main anhy-
drous fracturing fluids (foam and liquid CO2/N2) and intro-
duced the advantages and challenges of anhydrous fracturing,
fracturing mechanism, and fluid properties (such as stability
and rheology). Shen et al. [30] developed a clean high-
temperature-resistant CO2 foam fracturing fluid suitable for

shale reservoir fracturing, which significantly affects the field
trial of the Yanchang oilfield and the effect of increasing pro-
duction is significant.

Tan et al. [31] completed a large-scale true triaxial sand
fracturing experiment using the deep Longmaxi shale out-
crop in Sichuan Basin, China, studied the hydraulic fracture
(HF) propagation and proppant migration mechanism, and
discussed the interaction between vertical HF and bedding
plane (BP). They also used the extended finite element
method (XFEM) based on the viscous zone model (CZM)
to establish a numerical model of transversely isotropic lay-
ered shale with a transition zone and clarified the influence
of fracturing parameters on the longitudinal propagation
behavior of fracturing fractures [32]. Fu and Liu simulated
and studied the rheology and stability of CO2 foam under
high-temperature and high-pressure experimental condi-
tions [33]. Wang et al. [34] optimized the formula of CO2
gel fracturing fluid for shale gas reservoir with experiments
and studied the rheological characteristics of CO2 foam gel
fracturing fluid with different CO2 foam qualities under
two conditions of high temperature (65°C) and high pres-
sure (30MPa), as well as nonfoaming and foaming through
indoor pipe flow. Cai et al. [35] studied the fracture initia-
tion and extension behavior during supercritical carbon
dioxide injection fracturing, established an induced strain
model, and systematically studied the influencing factors of
fracture initiation.

The feasibility of CO2 foam fracturing for shale gas res-
ervoirs was analyzed in this paper. The application of CO2
foam fracturing techniques to shale gas reservoirs was dis-
cussed, and the designing parameters for CO2 foam fractur-
ing, fracture morphology, and spreading behavior were
studied. The aim is to provide fresh ideas and methods for
shale gas stimulation.

2. Simulation of CO2 Foam Fracturing Design

2.1. Ideas for Foam Fracturing Design. Given the current
research results and field construction experience of CO2
foam fracturing in China [36], combined with the goals
and ideas of shale reservoir fracturing in the Sichuan Basin,
the following ideas are proposed for CO2 foam fracturing
design:

(1) Foam quality of CO2 foam fracturing fluid: the foam
quality of CO2 foam should be selected according to
the characteristics of the reservoir, taking into
account the geometrical dimensions of the fracture,
reducing the secondary damage to the reservoir dur-
ing the fracturing process, and improving the frac-
ture conductivity and other geological and
engineering factors and the principle of economic
benefits of input and multioutput. No one-sided pur-
suit of high foam quality and increased construction
size are advocated

(2) CO2 foam pump injection volume: the determina-
tion of CO2 foam pump injection volume needs to
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take into account factors such as tube friction, sand
carrying performance, and foam quality

(3) CO2 foam fracturing design model: among the cur-
rently used fracturing software, FracPro 2012 is a
software that is widely used in fracturing optimiza-
tion design that includes a CO2 foam fracturing
design module. Quasi-3D fracturing models were
used to calculate the temperature profile of the bore-
hole, fracture, and CO2 foam mass

2.2. Key Parameters of the CO2 Foam Fracturing Design

2.2.1. Foam Quality. The CO2 foam mass is the ratio of the
gaseous CO2 to the total foam fracturing fluid at a certain
temperature and pressure. In general, CO2 foam fracturing
refers to foam mass greater than 52% to 70%, and when
the foam mass reaches 100%, it is called dry CO2 fracturing.
The foam mass of CO2 foam is a function of temperature
and pressure. The gas volume obeys the equation of the state
of a real gas:

Vg =
nZRT
P

: ð1Þ

When the gas turns from state 1 to state 2,

V
Vg1

=
Z2T2P1
Z1T1P2

: ð2Þ

Let the liquid volume be V1, which is defined by the def-
inition of foam quality:

V1 =Vg
1

Γ − 1

� �
: ð3Þ

Since the liquid is approximately incompressible, when
the gas state changes, the mass of pure foam fluid is calcu-
lated as

1
Γ2

= 1 − Γ1ð ÞZ1T1P2
Γ1Z2T2P1

+ 1: ð4Þ

When the foam fracturing fluid carries sand, the prop-
pant is uniformly distributed in the foam, which is a discon-
tinuous phase. This property can be thought of as the
internal phase of the fracturing fluid, with the liquid being
the external phase [37]. The foam mass of a foam fluid with
a proppant is calculated as follows:

Γs =
VI

VI +VOð Þ = Γ + 1 − Γð ÞCsf ,

Γs =
VI

VI +VOð Þ = Γ + 1 − Γð ÞCsf :

ð5Þ

For constant foam quality design, the design of a fracture
construction program in which constant jellium and liquid
CO2 displacements are injected into the well to maintain
foam quality, as is shown in Figure 1. The advantage is that

it is easy to construct and control. The downside is that it is
hard to take advantage of foam fracturing. For scope of
application, this is mainly used for fracturing construction
with low foam quality (CO2 is accompanied by fracturing).
For variable foam quality design, according to the fracturing
construction program, the discharge of jelly liquid is from
minor to large, liquid CO2 displacement is injected into the
well from large to minor, and foam quality is continuous
or phased (commonly from high to low). Pros are as follows:
taking full advantage of the foam’s low fluid loss and low
damage, as well as improved salability. Cons are as follows:
It is more difficult to refine fracking sand, and the construc-
tion process was more involved. Construction control is also
difficult. Application includes water sensitivity, water lock
damage formation, and construction to determine foam
fracture.

In constant internal phase, external phase design, phase
here refers to the three phases of gas, liquid, and solid in a
fracturing fluid. In the fracturing design, the design of the
relevant parameters and process for incorporating the prop-
pant (solid phase) into the CO2 (gas phase) is called constant
internal phase design (Figure 2). The converse is a constant
external phase design. Liquid CO2 has been converted into
gas in the formation. When calculating the foam mass, the
volume of the liquid CO2 foam is calculated according to
the gas state formula. The volume of liquid CO2 converted
to a gaseous state can be calculated from the formula for
the nonideal gas state by counting only its compression
coefficient.

2.2.2. CO2 Foam Quality and Sand Ratio Simulation. Most
fracturing fluids are non-Newtonian fluids. Fractured fluids
are often treated as power-law fluids in theoretical studies
and engineering calculations. The power-law model formu-
lation calculates the apparent viscosity of the fracturing fluid
[38].

η =
τ

γ
= Kγn−1: ð6Þ
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Figure 1: Pump rate and CO2 foam quality of variable quality.
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The shear rate at which a property settles in a fracturing
fluid is defined as

γP =
3υt
dp

: ð7Þ

The apparent viscosity can be calculated by substituting
formula (6) into formula (7).

η = Kγp
n−1 =

3υt
dp

 !n−1

: ð8Þ

The Reynolds number of proppant particles in fracturing
fluid can be calculated by substituting formula (8) into for-
mula (7).

NRe′ =
dnp3υt2−nPf

3n−1K
: ð9Þ

Substituting formulas (6) and (8) into formula (9), the
settling velocity of proppant particles in the laminar flow
region of the power-law fluid can be obtained [39].

υt =
gdn+1p PP−Pf

À Á
18K3n−1

" #1/n
 NRe′ ≤ 1: ð10Þ

The above formulas are the calculation formulas of the
settlement velocity of a single particle in a power-law fluid
under ideal conditions. There are certain deviations in prac-
tical application. Dazhi and Tanner [40] used a numerical
simulation method for spherical particles in the power law.
The settlement formula in the fluid is corrected, and the cor-
rection coefficient α for the resistance coefficient is obtained.
Experimental results show that the grain-to-sand ratio has a
large effect on the settling velocity, so the effect of the grain-
to-sand ratio must be taken into account when analyzing the

settling velocity. The formula commonly used to describe
the effect of sand ratio on settling velocity is as follows: uto
/uts = 1 + ACS or uto/uts = ð1 − CSÞm. The former formula
applies to the case where the sand ratio is less than 5%.
Because the sand ratio range is more than 5% in this exper-
iment, Therefore, using the form uto/uts = ð1 − CSÞm to fit the
computational correlation, the function form of the compu-
tational correlation can be obtained as

ut=ds
gds Ps−Plð Þ

18K ′ A + Bn′ + Cn′2
� �

2
4

3
5
1/n

1 − CSð Þm: ð11Þ

Based on formula (11), the above experimental results
are analyzed and processed, and the influence of sand ratio,
temperature, and foam quality on the settlement speed is
considered; the publicity is modified and fitted, as shown
in formula (12). Calculation of particle settling velocity cor-
relation is as follows:

ut=ds
gds Ps−Plð Þ

18K ′ 0:801 − 1:24n + 9:973n2ð Þ

" #1/n
1 − CSð Þ0:9896:

ð12Þ

The diameter of the spherical particle is replaced by the
equivalent diameter of the particle, which takes the value
ds = 0:5mm. The density of the proppant particles is about
1700 kg/m3. Figure 3 is a comparison of the calculated and
final measured values of the final settling velocity at the time
of foaming, with an associated average error of 13.2%. The
scope of application of this formula is as follows: 0 ≤ CS ≤
10%, 45% ≤ Γ ≤ 75%, 35 ° C ≤ T ≤ 80 ° C, and P = 10MPa.

2.2.3. Friction and Pressure Simulation. In the case of the
quantitative transfer of the momentum transfer between
the fluid phases, the frictional force at the phase interface,
and the shear rate cannot be quantitatively described. There-
fore, the effect of various physical and dynamical parameters
in the system on the friction drag coefficient can be
expressed by the following formula:

λ = f P, T , ρ, u,D:Lð Þ: ð13Þ

The dimensionless effect of each factor is available:

λ = f Re′
� �

: ð14Þ

The calculation of the turbulent smooth zone of non-
Newtonian fluids can also be combined with the Newtonian
fluid by expanding the generalized Reynolds number. The
coefficient of resistance λ for the smooth region of the tube
flow depends not only on the generalized Reynolds number
Re′ but also on n′. There are usually two calculation
methods.
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(1) Brassian-Type Empirical Formula.

λ =
a

Re′b
, ð15Þ

where a and b are functions of the flow index n′, and a
and corresponding to different n′ values can be derived in
the form of data fitting.

(2) Semiempirical Formula. A semiempirical formula for cal-
culating the drag coefficient λ of a non-Newtonian fluid tur-
bulent smooth zone according to the Karman formula:

1ffiffiffiffiffiffiffi
λ/4

p =
4

n′0:75
lg log10 Re′λ

4

1− n′/2ð Þð Þ" #
−

4
n′0:5

: ð16Þ

The theoretical calculations of formula (9) are consistent
with the experimental data. The experimental data range is
n′ = 0:36 ~ 1:00, Re′ = 2900 ~ 3600.

In this study, the fitting form of the first empirical for-
mula was selected, and the mathematical model of the fric-
tion coefficient of CO2 foam fracturing fluid was
established. The correlation between the frictional resistance
coefficient of CO2 foam fracturing fluid and the generalized
Reynolds number is obtained:

(1) In the case of no foaming:

λ = 50:917Re′−0:95255 ð17Þ

Figure 4(a) shows the fit of the friction coefficient to the
generalized Reynolds number. The correlation coefficient is

0.9983. The average margin of error is 1.10%. The scope of
application of this formula is 85 ≤ Re′ ≤ 2004, 45% ≤ ΓTH
≤ 75%, 0 ° C ≤ t ≤ 30 ° C, and 10MPa ≤ P ≤ 40MPa.

(2) In the case of foaming:

λ = 91:436Re′−1:07175 ð18Þ

Figure 4(b) shows the fit of the friction drag coefficient to
the generalized Reynolds number. The correlation coeffi-
cient was 0.9991 with an average error of 5.73%. The scope
of application of this formula is 74 ≤ Re′ ≤ 1142, 45% ≤ Γ
≤ 75%, 35 ° C ≤ t ≤ 80 ° C, and 10MPa ≤ P ≤ 40MPa.

According to the above two formulas, the friction of the
CO2 foam fracturing fluid under laminar flow conditions
can be predicted. Indoor pipe friction tests are limited to
friction tests in laminar flow conditions due to the limita-
tions of the experimental pipe and pump flow. In actual
fracking construction, the flow of fracked fluid in the pipe
is mostly turbulent [41]. For the frictional drag of CO2 foam
fracturing fluid in a tube under turbulent flow conditions,
this study predicts the frictional coefficient under turbulent
flow conditions based on the results of rheological tests in
laminar flow conditions combined with the Kemblowsk-
Kolodziejsk equation:

λ = 0:002225e
exp 0:572 1−n4:2ð Þ/n0:435ð Þ1−n4:2/n0:435ð Þ1000/Re ′
� �

/Re′ 0:314n2:3−0:064ð Þ
,

Re′ = ρVD
k

4n
3n + 1

� �n 8V
D

� � 1−nð Þ
,

ð19Þ

where λ is the friction coefficient, n is the flow index, k is
the consistency coefficient, Re′ is the generalized Reynolds
number, V is the flow rate (m/min), and D is the pipe diam-
eter (m).

When Re′ > 31600/n0:435, calculated using the following:

λ =
0:0791
Re′0:25

: ð20Þ

When predicting turbulent friction, first determine the
value of the flow index and consistency coefficient according
to working conditions, calculate the generalized Reynolds
number by substituting the equation, then calculate the fric-
tion coefficient, and finally calculate the pressure drop
according to the Darcy equation.

2.2.4. Construction Displacement. The construction displace-
ment is a key parameter in fracture design, which will affect
the pumping pressure and fracture geometry. The construc-
tion displacement mainly depends on factors such as frac-
ture injection mode, fracture column, wellhead pressure,
and fracture equipment power. The height of the break has
some influence. The displacement in the construction of liq-
uid CO2 foam fracturing depends primarily on the number
of liquid CO2 storage tanks at the well site. Since liquid
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CO2 storage tanks are not like regular acid storage tanks, the
construction displacement is limited.

After a certain pumping displacement of the ground, a
mixture of fracturing fluid and liquid CO2 enters the forma-
tion. Due to changes in the working environment such as
pressure and temperature, liquid CO2 begins to vaporize
and form foam, and the volume of the mixed fluid increases.
A certain amount of mixed fluid, consisting of ground frac-
turing fluid and liquid CO2, will expand in volume in the
formation environment, which is equivalent to an increase
in the bottom hole displacement. The equivalent bottom
hole foam fluid displacement is calculated as follows:

(1) The pressure of pumping CO2 from the ground is
35MPa, the temperature is 18°C, and the density ρ1
is 1060 kg/m3. If the displacement Q1 is 1.0m

3/min,
the mass per unit time passing through the cross-
sectional area of the tubing is Q =Q1▪ρ1 = 1050 ×
1:0 = 1050 kg/min

(2) When CO2 enters the reservoir, the temperature
increases and the volume expands. From the reser-
voir conditions (temperature: 43.6°C, pressure:
22.23MPa), the density ρ2 of CO2 is 810 kg/m3,

according to the conservation of CO2 mass, the
CO2 displacement Q2 under reservoir conditions is
Q2 =Q/ρ2 = 1060/810 = 1:309m3/min

(3) Under the condition of wellhead and reservoir con-
ditions, the density difference is small, that is, the
expansion is small, and it can be approximated that
the displacement under the wellhead condition and
the reservoir condition is still equal: QBase liquid = 1:0
m3/min

(4) Therefore, the foam quality of CO2 foam fracturing
fluid under reservoir conditions is as follows: Γ =
VCO2

/ðVCO2
+VBase liquidÞ = 1:309/ð1:309 + 1:0Þ =

56:7%

The equivalent bottom hole CO2 foam fracturing fluid
displacement is QEquivalent =Q2 +QBase liquid.

According to the above method, the equivalent CO2
foam displacement at the bottom of the well can be calcu-
lated, as shown in Table 1.

According to the test results of the rheological properties
of the CO2 foam fracturing fluid, before the liquid CO2 is not
vaporized, the CO2 has a “dilution” effect on the pure frac-
turing fluid, and the viscosity is lowered. To avoid the sedi-
mentation of the proppant in the sand-crushing fluid
entering the wellbore and near-well zone, the pumping dis-
placement of the cleaning fracturing fluid should not be
lower than 1.0m3/min; the viscosity of the CO2 foam frac-
turing fluid system is lower, to improve its carrying sand
capacity, and total pumping displacement of fracturing fluid
and liquid CO2 should not be lower than 2.0m3/min.
According to the injection method, the structure of the frac-
turing column, and the scale of the fracturing, the total con-
struction displacement is 2.5~ 5.0m3/min.

2.2.5. Preliquid Ratio. According to the “bubble quality”
design idea, the pumping ratio (foam quality) of liquid
CO2 in the preliquid phase is higher than that in the sand-
carrying stage. Taking this into account, the fraction of pre-
fluid foam fracturing is 25.0% to 35.0%.
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Figure 4: Matching relationship between the frictional factor and generalized Reynolds number.

Table 1: Relationship of CO2 foam rates on condition of ground
surface and downhole.

CO2 foam rates on the condition of
the ground surface (m3/min)

CO2 foam rates on
condition of downhole (m3/

min)

1.00 1.31

1.50 1.96

2.00 2.62

2.50 3.27

3.00 3.93

3.50 4.58

4.00 5.23

4.50 5.89

5.00 6.54
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2.2.6. Proppant Concentration (Sand Ratio). In order to
obtain an optimized fracture design, the efficiency of the
stimulation and conversion of the gas well is optimized,
and the optimized fracture length and conductivity are
obtained based on the characteristics of the reservoir and
its production capacity. However, parameters such as scale,
prefluid volume, displacement, and sand concentration in
the fracture design are strongly sensitive to the seam length
and fracture conductivity, with sand concentration being
the most sensitive to conductivity. Whether the sand con-
centration is reasonable will directly affect the effectiveness
and long-term and economic impact of fracking measures.

(1) Sand concentration optimization principle

The formula for calculating the dimensionless conduc-
tivity in the fracturing design is as follows:

Fcd =
kf wf

kLf
1 −Dð Þ, ð21Þ

where kf is the fracture permeability, mD; wf is the aver-
age fracture width closed on proppant, mm; k is the reservoir
permeability, mD; Lf is the fracture half-length, m; and D is
the fracture permeability damage coefficient.

There are many influencing factors involved in the for-
mula. Three key uncertain parameters of many factors
directly affect the final yield increase effect, which are the
dimensionless conductivity Fcd , the fractured support joint

length xf , and the guiding ability Kwf provided by the sup-
port fracture.

(2) Sand concentration optimization method

(a) Optimization of fracture support length

The determination of a reasonable support fracture
length is mainly determined by empirical methods and eco-
nomic optimization. There are many uncertainties in the
production capacity prediction results. Elkins proposed the
optimal slit length partitioning reference standard for differ-
ent permeability conditions without considering other fac-
tors. When using the fracture length criterion proposed by
Elkins et al. [36], it must be combined with reservoir-
specific characteristics and single-well scale optimization
results.

(b) Optimized design of sand pumping program

The ground sanding procedure is directly related to the
geometrical size of the sand-filled fracture and its conductiv-
ity distribution, which is also a fundamental factor affecting
the fracturing effect. Nolte’s liquid efficiency linear-sloped
ground sanding pump injection procedure is the theoretical
basis for obtaining an ideal sanding profile within a fracture.

(c) Sand concentration optimization steps

The sand concentration optimization step consists of
determining the optimal fracture length xf and scale, based
on the reference value of the fracture length required by Elk-
ins for different permeabilities, combined with the reservoir
permeability K , and the block optimization results. Accord-
ing to the formula, Fcd and reservoir permeability K and the
optimal fracture length xf calculate the actual fracture con-
ductivity ðKwÞf , or the remaining conductivity in the frac-
ture. Based on the reservoir parameters of the target layer
and the size of the fracture construction, see the linear slope
proposed by Nolte et al. [42]. The optimal sanding pumping
procedure is designed for sanding to obtain the average
ground sanding proppant concentration at the desired frac-
ture conductivity.

Based on the results of tests on the dynamic sand-
carrying performance of CO2 foam fracturing fluid, the vis-
cosity of CO2 foam fracturing fluid is lower, but the sand-
carrying capacity is comparable to that of acid crosslinked
silicone foam fracturing fluid. For CO2 foam fracturing in
shale gas reservoirs, a sand ratio of 18.0% to 22.0% is recom-
mended to ensure construction safety.

2.3. Fracturing Method and Column Design. For the design
of the fracturing method and the fracture column structure,
the construction friction during the fracture process must be
considered first. In fracture construction, frictional resis-
tance affects construction pressure, which affects construc-
tion safety and success rate. Friction is related to the type
of fracturing fluid, injection mode, displacement, and foam
mass.
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While CO2 foam fracturing, the CO2 foam mass during
pumping process should be firstly considered. The quality
of the foam is robust, and the fracturing fluid system has a
high viscosity and favorable sand-carrying properties. If the
displacement of the pumped liquid CO2 is large, it will be
pumped into the formation without blistering, reducing the
sand-carrying performance. Therefore, the use of a high-
displacement chamber injection method is not recom-
mended. Because CO2 foam fracturing fluid itself has high
frictional resistance, CO2 foam fracturing adopts the tubing
injection method, and 2 7/8″ and 3 1/2″ oil pipes are used
to simulate the relationship between friction and flow of
CO2 foam fracturing. Figure 5 shows that under the same
displacement, the frictional resistance injected by the 3 1/
2″ tubing is much smaller than that of the 2 7/8″ tubing.
From the perspective of reducing the friction of the fractur-
ing column and ensuring construction safety, the column of
CO2 foam fracturing selects 3 1/2″ tubing.

The goal of shale reservoir fracturing conversion in the
Sichuan Basin is to achieve large displacement and large-
scale volumetric fracturing conversion effects. From the per-
spective of constructive displacement and liquid scale, CO2
foam fracturing cannot achieve large displacements at this
stage. Construction requirements, and thus volume transfor-
mation effects, are difficult to achieve.

3. Construction Procedure for CO2
Foam Fracturing

The CO2 foam fracturing construction process is divided
into two main parts: the pumping procedure and the con-
struction process.

3.1. Pumping Procedure. Pumping procedures include frac-
ture fluid injection procedure and liquid CO2 phase injection
procedure. During the CO2 foam fracturing construction,
the proppant concentration (sand ratio) is inevitably
reduced after the sand-carrying liquid is mixed with the liq-
uid CO2. To improve the construction sand ratio, the design
concept of “constant internal phase” is adopted, that is, the
internal phase (CO2 gas+proppant) is balanced with the
external phase (freeze fracturing fluid) to ensure the viscos-
ity of the fracturing fluid is constant. When the proppant
concentration is increased, the displacement of the base fluid
of the jelly fracture fluid remains stable, and the displace-
ment of the liquid CO2 decreases correspondingly, with a
decrease equal to the absolute displacement of the proppant.
Although a constant internal phase can increase the sand
ratio, the improvement is limited. In the later stages of con-
struction, however, when the temperature of the fracturing
fluid in the formation is very low and the fraction of the
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foam fracturing fluid is becoming smaller and smaller, it is
necessary to make full use of the jelly fracturing fluid. The
sand carrying capacity increases the sand ratio. Therefore,
the design idea of “constant internal phase+variable foam
quality” is adopted, that is, when the proppant concentration
is increased, the displacement of the jelly fracturing fluid is
kept stable, the foam quality is gradually changed, and the
ratio of liquid CO2 increases with the sand ratio. Gradually
decreasing, to sufficiently utilize the sand carrying capacity
of the Jell-O fracturing fluid during the high sand ratio
phase, further increasing the sand ratio.

The initial CO2 foam mass of the fracture design is 75%.
The main reasons are as follows: (1) designing larger foam
quality in the initial stage, which can increase formation

energy and (2) reducing fracturing fluid loss and reducing
water-sensitive reservoir damage. The half-life of the foam
and the overall construction time are about 2-4 hours. When
the foam mass is 75%, the viscosity of the fracturing fluid is
the largest and the sand carries the best. As the construction
progresses, the temperature of the fracturing fluid in the for-
mation gradually decreases, the fraction of the foam fractur-
ing fluid becomes smaller and smaller, and the foam mass
becomes smaller and smaller. Therefore, it is necessary to
make full use of the sand carrying capacity of the jelly frac-
turing fluid to improve the sand ratio.

3.2. Construction Process. In the process of CO2 foam frac-
turing (Figures 6 and 7), the friction is high, so it is generally
preferred to select a large-sized fracturing string (such as a 3
1/2″ oil pipe or an oil jacket annulus).

3.3. Construction Displacement. When the construction dis-
placement is set to 4.0m3/min and the construction time is
100min, the fracture geometry is obtained as shown in
Figure 8. As can be seen from Figure 9, the fracture exten-
sion length of this model can reach about 100m with a max-
imum width of 6mm at the fracture center at the specified
construction displacement and construction time. Through-
out the fracture length direction, the fracture width gradu-
ally decreases. In terms of the trend, the trend of the
fracture width is that the decreasing range from the mouth
of the fracture to the tip gradually increases.

Figure 10 shows the variation of the fracture length and
width within 100min of construction. As the construction
time continues to increase, the fracture length and width
gradually increase, with the trend being that the increase is
larger in the early stages of construction. This is because
the construction time is short, the fracture extension dis-
tance is short, and the fracture wall area is small, so the fil-
tration effect is small and more fluid is involved in the
joint formation. However, as the construction time
increases, the fracture extension distance becomes longer
and the fracture wall area becomes larger, so the filtration
effect is enhanced, the number of filtrates increases, and
the fracture extension speed slows down, leading to a slow
increase in fracture length and width.

4. Conclusions

(1) Combined with the goal and idea of shale reservoir
fracturing in the Sichuan Basin, the pump design of
CO2 foam fracturing adopts “constant internal
phase+variable foam quality,” and the quality of con-
struction foam is controlled at 52%~75%

(2) Optimized the column and displacement design and
simulated the CO2 foam fracturing friction under
different displacements of 2 7/8″ and 3 1/2″ tubing.
The sand ratio was designed to be 18.0% to 22.0%
according to the sedimentation theory of CO2 foam
fracturing fluids. Depending on liquid CO2 storage,
column structure, and scale characteristics, a total
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construction displacement of 2.5~ 5.0m3/min is
preferred

(3) The CO2 foam fracturing pump injection procedure
and the construction process procedure was estab-
lished to provide a reference for testing the onsite
process technology. The fracture morphology of
CO₂ foam fracturing is simulated to obtain the frac-
ture spreading behavior at different construction dis-
placements and times, which can satisfy the fracture
length achieved by conventional fracturing
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