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Abstract: Supercritical CO2 fracturing has unique advantages for improving unconventional reservoir
recovery. Supercritical CO2 can penetrate deep into the reservoir and increase reservoir reform
volume, and it is less damaging to reservoir and easy to flow back. However, when the supercritical
CO2 flows as the sand-carrying fluid in the fracture, the settlement of the proppant is still worth
studying. Based on the study of supercritical CO2 density and viscosity properties, assuming
that the reservoir has been pressed out of the vertical crack by injecting prepad fluid, the proppant
characteristics in sand-carrying fluid under different conditions were studied by numerical simulation.
After the analysis, the proppant accumulation and backflow will occur at the end of the crack. Large
sand diameters, high fluid flow rates, high sand concentrations, high reservoir temperatures, and low
reservoir pressures can help to shorten deposition time, and the small particle size, high fluid flow
rate, low sand concentration, low reservoir temperature, and high reservoir pressure can help increase
the uniformity of sand deposition. Shortening the sand deposition time can help to complete the
fracturing efficiently, and increasing the deposition uniformity can improve the fracture conductivity.
This article has studied the proppant settling and crack formation characteristics. It is hoped that
this study can provide theoretical support for field fracturing and provide theoretical assistance to
relevant researchers.

Keywords: reservoir fracturing; supercritical CO2; sand-carrying fluid; proppant; settlement charac-
teristics

1. Introduction

Unconventional resources are an important area for oil and gas exploration and de-
velopment in the future, and there are many methods for reservoir modification and
stimulation at present [1]. CO2 fracturing is one of the core technologies for oil-gas indus-
trial development [2,3]. Since the 1980s, North America has used the fracturing fluid system
based on liquid CO2 for reservoir reconstruction. In 1981, hydrated ethanol/CO2 emulsions
were successfully used for fracturing in the Western Canadian Sedimentary Basin (WCSB),
and these fracturing fluids had completed more than 3000 fracturing operations in the
WCSB area by 2008 [4]. In 1993, the United States implemented a CO2 sand fracturing
operation in the Big Sandy field for the first time; since then, carbon dioxide fracturing
technology has gradually developed. CO2 fracturing has unique advantages over other
fracturing methods [5,6]. Experimental and site construction show that after CO2 fracturing,
the yield is five times higher than that of nitrogen foam fracturing [7,8].

When temperature and pressure conditions reach the critical point of carbon dioxide,
that is, the temperature is higher than 31.06 ◦C and the pressure is higher than 7.38 MPa, the
interface between gas and liquid carbon dioxide disappears completely and finally becomes
a compressible high-density fluid, i.e., supercritical carbon dioxide [9–11]. Supercritical
CO2 fracturing employs non-aqueous media (CO2, chemical reagents, etc.) as fracturing
fluids to fracture unconventional reservoirs. In theory, supercritical CO2 fracturing can
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produce more microcracks without causing clay expansion and reduce the negative impact
on the reservoir. At the same time, it can use unconventional reservoirs to store a large
amount of CO2 gas to achieve greenhouse gas emission reduction [12,13].

At present, domestic and foreign researchers have conducted a large number of SC-
CO2 applications in oil and natural gas development. Studies have shown that the proppant
suspension and sedimentation in fracturing fluid are crucial to fracture morphology and
conductivity capability. At present, the numerical models describing proppant transport
laws can be divided into two categories: continuum theory model and sedimentation theory
model. The continuum theory model treats the fracturing fluid and proppant particles as a
continuous medium to describe the fracturing fluid flow and proppant transport process.
Based on the continuum theory, Wasp and Aude (1970) used Froude number correlations
to calculate the deposition rate of particles in the mixed phase and compared the solid
suspension state under different transport conditions [14]. Wasp and Aude pointed out
that the inhomogeneity degree which can be tolerated in pipelines is dependent on the
specific application; Clifton and Wang (1988) obtained proppant transport equations by
establishing proppant motion equations and fracturing fluid motion equations [15]. Based
on the slurry transport and settling experiments, Barree and Conway (1994) obtained a
new slurry transport model and applied it to 3D fracture simulation [16]. Studies have
shown that the model has good accuracy in simulating the proppant slurry delivery process.
Sharma and Gadde (2005) presented a model of the proppant particle velocity in the channel
flow, indicating that the proppant has a retarding or accelerating effect relative to the fluid
depending on the ratio of the proppant size to the crack width [17]. Wood and Wheeler
et al. (2007) defined a Slurry Properties Index for a given proppant condition and fluid
composition [18]. Based on this index, the minimum horizontal flow rate required for
solid-phase suspension is deduced to guide the fracturing design.

However, for low-viscosity fracturing fluids, the sedimentation theory model is a
better choice. Proppants tend to settle in a low-viscosity fluid to form a packed bed. Based
on sedimentation theory, Clark and Quadir (1981) pointed out that the sedimentation rate
of particles in fracturing fluid is the main factor that determines the proppant distribution
in hydraulic fractures and predicts the terminal settling velocities of proppants under
different fracturing conditions [19]. Patankar et al. (2002) studied the influence of the lifting
force acting on the particle deposition through two-dimensional numerical simulations
and laboratory experiments and played a catalytic role in the study of proppant settle-
ment [20]. Gadde et al. (2004) proposed a new model for proppant transport and settlement
in hydraulic cracks and studied the influence of different factors on proppant settling
velocity [21]. At the same time, the new proppant settlement model was incorporated
into the three-dimensional hydraulic fracture simulator (UTFRAC-3D) [22,23]. The above
studies provide a good basis for revealing the motion of proppant in fracturing fluids.

In the field of fluid mechanics, the coupled computational fluid dynamics-discrete
element method (CFD-DEM) is gradually becoming widely used [24–26]. CFD represents
computational fluid dynamics, and DEM represents the discrete element method [27,28].
The fluid and solid are coupled through the exchange of momentum and energy. Because
DEM reveals the essence of particle motion, the coupled CFD-DEM has been widely used
in many applications related to fluid–particle interaction [29,30]. Considering the typical
heat transfer between particles and between fluids and particles, Zhang and Tahmasebi
(2019, 2018) established a coupling multiphysical and micromechanical model based on
DEM [24,25]. A series of studies have been performed on fluid flow and particle movement
in porous media. The CFD-DEM method is evidently very suitable for simulating the flow
characteristics of liquid and solid mixtures at the microscale and other flow conditions. The
above research provides theoretical support for the development of this study.

In the actual hydraulic fracturing process, because the fracturing conditions can reach
the CO2 critical point, the CO2 fracturing fluid will flow in a supercritical state in the
fracture. The physical parameters of the fracturing fluid will also change significantly with
temperature and pressure conditions. In this study, in order to describe the characteristics
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of proppant suspension and settling in SC-CO2 fracturing fluid, firstly the changes in
density and viscosity of supercritical carbon dioxide under different temperature and
pressure conditions were analyzed. Secondly, ICEM CFD and FLUENT software were
used to simulate the proppant settlement under different fracturing conditions. In the
current research, the application of ICEM CFD and FLUENT software mainly focuses on
the flow of liquid or the mixed fluid of liquid and solid and on the flow in the pipeline or
microporosity [31–34]. However, there is no research on the sedimentation of mixed fluid
in underground high-temperature and high-pressure fractures. Therefore, this study is
the first to obtain the settling characteristics of proppant in supercritical CO2 in reservoir
fractures.

2. The Change Characteristics of SC-CO2 Density and Viscosity

For carrying proppants, the density and viscosity of the fracturing fluid are important
factors that affect the ability of proppant to suspend and settle. The density and viscosity
of supercritical CO2 are greatly affected by pressure and temperature, and the flow of
CO2 fracturing fluid in the reservoir can easily reach the critical condition. Therefore, here
we analyze the effect of temperature and pressure on the density and viscosity of CO2
fracturing fluids.

2.1. SC-CO2 Density Variation

There is a connection between the density, pressure, volume, and amount of gas. For
actual gas, there is an interaction force between gas molecules, and the volume of actual
gas molecules cannot be ignored, which is quite different from the ideal gas state equation.
Table 1 shows the statistics of current actual gas state equations.

Table 1. Actual gas state equation.

Presenter State Equation

Van der Waals (VdW) (1887) P = RT
V−b −

a
V2

Redlich & Kwong (RK) equation (1949) P = RT
V−b −

a/
√

T
V(V+b)

Soave-Redlich-Kwong (SRK) (1972) P = RT
V−b −

a(T)
V(V+b)

Peng-Robinson (PR) (1976) P = RT
V−b −

a(T)
V(V+b)+b(V−b)

Patel-teja (PT) (1982) P = RT
V−b −

a(T)
V(V+b)+c(V−b)

Span & Wagner (1994) M·p(δ,τ)
ρRT = 1 + δφr

δ

As can be seen from Table 1, researchers have proposed a large number of actual gas
state equations such as RK, SRK, PR, and PT equations, etc., but different equations have
certain limitations [35,36] and only have better performance under certain temperature and
pressure conditions. In contrast, the Span & Wagner equation of state used experimental
data to fit the actual gas state equation in the form of Helmholtz free energy [37], which
has high accuracy and a wide range of uses overall. This model calculates temperatures up
to 1100 K (827 ◦C) and pressures up to 800 MPa (8000 bar) and can be used to calculate the
state parameters near the CO2 critical point. Meanwhile, in order to simplify the calculation,
the empirical formula proposed by Ouyang (2011) [38] was used.

The CO2 density expression is

ρCO2 = A0 + A1P + A2P2 + A3P3 + A4P4 (1)

where ρCO2 denotes CO2 density, kg/m3; P denotes the pressure, 0.0069 MPa; and A0 ∼ A4
denotes correlation coefficients, which can be obtained by

Ai = bi0 + bi1T + bi2T2 + bi3T3 + bi4T4 (i = 0, 1, 2, 3, 4) (2)
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where bi0 ∼ bi4 denotes correlation coefficients, which are given in Tables A1 and A2
(Appendix A), and T denotes the temperature, ◦C.

Figure 1 shows the influence of temperature and pressure on CO2 density.
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As shown in Figure 1, the density of SC-CO2 is between that of gaseous CO2 and
liquid CO2. At a certain temperature, SC-CO2 viscosity increases with increasing pressure,
and the increase in density is more pronounced at relatively low temperatures (40~60 ◦C),
while density changes gently under high pressure (above 15 MPa). When the pressure is
certain, the density of SC-CO2 is reduced by the increase in temperature and decreases
rapidly under low pressure (Around 10 MPa). The greater the density of the sand-carrying
fluid, the more favorable the suspension of the proppant. Therefore, in terms of SC-CO2
density, the sand-carrying fluid has a higher ability to carry proppant under conditions of
about 40 ◦C and high pressure.

2.2. SC-CO2 Viscosity Variation

In 1990, Vesovic et al. obtained a formula for calculating CO2 viscosity by analyzing
and summarizing a large amount of experimental data [39]. According to the experimental
data supplemented in the later period, in 1998 Fenghour revised the fitting formula of the
residual viscosity in Vesovic’s model, taking into account the effects of temperature and
density on the residual viscosity, and improved the model accuracy. As shown in Figure 2,
the variation of the viscosity of CO2 was obtained using the viscosity model proposed by
Fenghour (1998) [40].

The fluid viscosity is formed by the internal friction generated by the relative motion
between different molecules. According to the mechanism of viscosity, the viscosity can
represent the sum of zero-density viscosity, residual viscosity, and singular viscosity [41,42].
Among them, the ratio of singular viscosity to total viscosity is relatively low, generally
less than 0.01. The viscosity calculation formula can be expressed as

η(T, ρCO2) = η0 + ∆η(T, ρCO2) + ∆ηc(T, ρCO2) (3)

where η denotes total fluid viscosity, Pa·s; η0 denotes zero-density viscosity, Pa·s; ∆η
denotes residual viscosity, Pa·s; and ∆ηc denotes singular viscosity, Pa·s.

Among them, the zero-density viscosity calculation can be expressed as

η0(T) =
1.00697(T + 273.15)0.5

G′η(T′)
(4)
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where η0(T) denotes the zero-density viscosity, µPa·s, and G′η(T′) denotes the reduced
effective cross-section, which can be represented by the empirical equation

ln G′η(T′) =
4

∑
i=0

(ai ln(T′ + 273.15))i (5)

(T′ + 273.15) = k(T + 273.15)/ε, ε/k = 251.196K (6)

where T′ denotes the reduced temperature, ◦C; ε/k denotes the energy scaling parameter,
K; and a0 ∼ a4 denote empirical coefficients, which are listed in Table A3 (Appendix B).

The formula for calculating the residual viscosity is

4 η(ρCO2 , T) = d11ρCO2 + d21ρCO2
2 +

d64ρCO2
6

(T′ + 273.15)3 + d81ρCO2
8 +

d82ρCO2
8

(T′ + 273.15)
(7)

where d11, d21, d64, d81, d82 denote empirical coefficients, which are listed in Table A3
(Appendix B).

From Figure 2, the viscosity of SC-CO2 is about 0.02~0.12 cp. Under certain temper-
ature conditions, the SC-CO2 viscosity increases with increasing pressure and increases
faster at 40~60 ◦C. Meanwhile, under certain pressure conditions, the viscosity of SC-CO2
decreases with increasing temperature and decreases rapidly at 10~15 MPa. The higher the
viscosity of the sand-carrying fluid, the less likely the proppant is to settle and the more
beneficial it is to proppant suspension and migration. At conditions of similar density, high
pressure, and 40 ◦C, the proppant is better carried by the sand-carrying liquid.
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3. Numerical Simulation of Proppant Settlement

In this study, a shale gas well in China’s Sichuan Basin is analyzed as a case. The
fracturing construction and fracture diagrams are shown in Figure 3. The characteristics of
the shale gas reservoir are shown in Table 2.

First, the ICEM CFD is used to establish a long and narrow fracture model (90 m-long,
18 m-high, and 5 cm-wide rectangular rectangles), with one end as the fluid inlet and one
end as the closed boundary. The supercritical CO2 sand-carrying liquid entered from the
left side at a certain flow velocity (speed inlet boundary), and other boundaries were closed
boundaries. When the sand-carrying liquid volume filled the entire crack, the fluid stopped
entering ().

Then, the fluid parameters were set, including the selection of sand-carrying fluid
(supercritical CO2) and proppant (Ceramsites), as well as the particle size, density, and
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sand ratio. The parameters involved include sand diameter: 0.6 mm; sand concentration:
0.4; sand density: 2650 kg/m3.

Then, the fluid flow conditions were set, including temperature, pressure, and flow
rate. The flow conditions were temperature: 60 ◦C; pressure: 30 MPa; sand-carrying fluid
inlet flow rate: 1 m/s.

Finally, under the above conditions, the settlement characteristics of proppant at the
characteristic time points of the flow process (such as 20 s, 40 s, 60 s, 80 s, 100 s, 140 s) after
supercritical CO2 flows into the fracture were simulated.
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Table 2. Basic parameters of shale gas reservoir.

Parameter Value Parameter Value

Reservoir temperature 60 ◦C Reservoir pressure 30 MPa
Reservoir depth 3650 m Sand-carrying fluid Supercritical CO2

Porosity 1.38% Proppant Ceramsites

Gas layer thickness 34 m Sand-carrying fluid inlet
flow rate 1 m/s

Gas content 2.48 m3/t Sand diameter 0.6 mm
Organic carbon (TOC)

mass fraction 3.5% Sand concentration 0.4

Vitrinite reflectance 2.2% Sand density 2650 kg/m3

The key parameters involved in the model establishment process are shown in Table 2.
Figure 4 shows the sand concentration distribution cloud map at different times (20 s;

40 s; 60 s; 80 s; 100 s; 140 s). The flow conditions were temperature: 60 ◦C; pressure: 30 MPa;
sand diameter: 0.6 mm; sand-carrying fluid inlet flow rate: 1 m/s; sand concentration: 0.4;
sand density: 2650 kg/m3.

At a temperature of 60 ◦C and a pressure of 30 MPa, the supercritical CO2 has a
density of 829.78 kg/m3 and a viscosity of 0.0768 mPa·s. As can be seen from Figure 4,
when supercritical CO2 carries sand into the fracture, the liquid phase and sand will fall
under the action of gravity while flowing horizontally. While falling, it produces a forward
velocity that accelerates the sand flow. When the gravel reaches the top of the fracture, it
will also return due to impact on the wall and show stacking and reflux phenomena at the
end of crack. Due to the large differences in liquid- and solid-phase densities and small
CO2 viscosities, sedimentation will continue to occur during the sand flow. After a period
of time, when the fluid no longer enters the fracture, it tends to be stable.
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3.1. Solid Particle Diameter

In order to study the sedimentation characteristics of solid particles with different
sizes in the sand-carrying liquid, we set five different particle sizes: 0.00025 m; 0.0006 m;
0.001 m; 0.0015 m; and 0.002 m. The flow conditions were temperature: 60 ◦C; pressure:
30 MPa; inlet flow rate of sand-carrying fluid: 1 m/s; sand concentration: 0.4; sand density:
2650 kg/m3. The distribution of sand sedimentation after 80 min of flowing in the five
cases is as follows.

From Figures 5 and 6, it can be seen that the smaller the particle size, the faster the
particles flow with the liquid phase, and the particles will quickly reach the end of the
fracture and flow back. The smaller the particle size, the longer the particles are suspended
in the liquid phase and the less likely sedimentation is to occur. On the contrary, the
sand particles with a larger particle size finally reach a shorter deposition stability time.
However, the sand distribution in the cracks will be more uniform when the sand diameter
is small.
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3.2. Fluid Velocity

In order to study the sedimentation characteristics of solid particles under different
sand-carrying and solid-phase particle flow speeds, we set five different inlet velocity sizes:
0.5 m/s; 1 m/s; 1.5 m/s; 2 m/s; and 2.5 m. The flow conditions were temperature: 60 ◦C;
pressure: 30 MPa; solid particle diameter: 0.0006 m; sand concentration: 0.4; sand density:
2650 kg/m3. The sand distribution after 80 min in the five cases is as follows.

It can be seen from Figures 7 and 8 that the fluid velocity has a significant effect on
the sedimentation characteristics of solid particles. When the flow rate is low, the flow of
sand-carrying fluid and sand is relatively stable, and sand is more prone to sedimentation.
A lot of gravel does not reach the end of the crack and is deposited at the bottom. At high
flow rates, most of the sand will be deposited by hitting the trailing edge of the fracture,
and eventually the sand will be more evenly distributed. As can be seen from Figure 8, it
takes a long time for the sand deposition to stabilize at a low flow rate, and the deposition
stability time at a high flow rate significantly decreases. Due to the increased turbulence of
the fluid at high flow rates, the settling time becomes gentle at 1.25 m/s~2.25 m/s.
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3.3. Sand Concentration

For obtaining the sedimentation characteristics of solid particles under different sand
concentrations, we set five different sand concentrations: 0.2; 0.3; 0.4; 0.5; and 0.6. The flow
conditions were temperature: 60 ◦C; pressure: 30 MPa; solid particle diameter: 0.0006 m; in-
let flow rate of sand-carrying fluid: 1 m/s; sand density: 2650 kg/m3. The sand distribution
after 80 min in the five cases is as follows.

As can be seen from the Figures 9 and 10, the higher the sand concentration, the faster
the sand front moves. The higher the concentration of sand, the greater the overall density
of the sand-carrying liquid, the faster the settling velocity, and the shorter the settling time.
However, at high concentrations, sand tends to accumulate at the tail of the fracture, and
sand concentration at high concentrations is not as uniform as at low concentrations.
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3.4. Flow Temperature

In order to obtain the effect of flow temperature on sand deposition in sand-carrying
liquid, we set five different flow temperatures: 40 ◦C; 60 ◦C; 70 ◦C; 80 ◦C; and 100 ◦C. The
flow conditions were pressure: 30 MPa; solid particle diameter: 0.0006 m; inlet flow rate of
sand-carrying fluid: 1 m/s; sand concentration: 0.4; sand density: 2650 kg/m3. The sand
distribution after 80 min in the five cases is as follows.

In Figures 11 and 12, the flow temperature mainly affects the sedimentation of sand
by affecting the density and viscosity of supercritical CO2. When the pressure is constant
(30 MPa), the temperature increases from 40 ◦C to 100 ◦C, and the density and viscosity
gradually decrease. Therefore, the sand-carrying capacity of the liquid phase decreases
with increasing temperature, and the shorter the final settling time, the more uneven the
distribution of sand.
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Figure 12. SC-CO2 physical properties and sand settling time at different flow temperatures.

3.5. Average Pressure

In order to obtain the effect of average pressure on sand deposition in sand-carrying
liquid, we set five different flow temperatures: 20 MPa; 30 MPa; 40 MPa; 50 MPa; and
60 MPa. The flow conditions were flow temperature: 60 ◦C; solid particle diameter:
0.0006 m; inlet flow rate of sand-carrying fluid: 1 m/s; sand concentration: 0.4; sand
density: 2650 kg/m3. The sand distribution after 80 min in the five cases is as follows.

In Figures 13 and 14, pressure affects the density and viscosity of supercritical CO2.
When the flow temperature is 60 ◦C, the average pressure rises from 20 MPa to 60 MPa,
and the density and viscosity of supercritical CO2 gradually increase. At the same time, the
sand front moves faster, the sand-carrying capacity of the liquid phase increases slightly,
and the final stable time increases but the sand deposition uniformity increases.

In summary, solid particle diameter, fluid velocity, sand concentration, flow tempera-
ture, and average pressure all have an effect on the sedimentation of the proppant in the
fracture, and they will ultimately affect the fracturing process and the fracturing effect.
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4. Conclusions

This article studies the sedimentation characteristics of proppant in sand-carrying
fluid by numerical simulation during supercritical CO2 fracturing. Several meaningful
conclusions can be drawn:

(1) For cracks with a certain height and length, when the SC-CO2 sand-carrying liquid
enters the crack at a certain speed under the action of gravity and viscous forces, the
proppant will continuously deposit and the accumulation and backflow will occur at
the end of the crack.

(2) The large sand diameters, high fluid flow rates, high sand concentrations, high
reservoir temperatures, and low reservoir pressures can help to shorten deposition
time, and shortening the sand deposition time can help to complete the fracturing
efficiently.

(3) The small particle size, high fluid flow rate, low sand concentration, low reservoir tem-
perature, and high reservoir pressure help increase the uniformity of sand deposition,
and increasing the deposition uniformity can improve the fracture conductivity.

(4) According to the reservoir conditions, the reasonable adjustment of the fracturing
parameters can significantly improve the fracturing effect, and we hope that the results
of this study can play a guiding role in field construction.
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Appendix A. SC-CO2 Density Calculation Correlations

Table A1. Value of correlation coefficients bi0 ∼ bi4 (P ≤ 20.69 MPa).

Symbol bi0 bi1 bi2 bi3 bi4

i = 0 −2.15 × 105 1.17 × 104 −2.30× 102 1.97 −6.18 × 10−3

i = 1 4.76 × 102 −2.62 × 10 5.22 × 10−1 −4.49 × 10−3 1.42 × 10−5

i = 2 −3.71 × 10−1 2.07 × 10−2 −4.17 × 10−4 3.62 × 10−6 −1.16 × 10−8

i = 3 1.23 × 10−4 −6.93 × 10−6 1.41 × 10−7 −1.23 × 10−9 3.95 × 10−12

i = 4 −1.47 × 10−8 8.34 × 10−10 −1.70 × 10−11 1.50 × 10−13 −4.84 × 10−16

Table A2. Value of correlation coefficients bi0 ∼ bi4 (P > 20.69 MPa).

Symbol bi0 bi1 bi2 bi3 bi4

i = 0 6.90 × 102 2.73 −2.25 × 10−2 −4.65 × 10−3 3.44 × 10−5

i = 1 2.21 × 10−1 −6.55 × 10−3 5.98 × 10−5 2.27 × 10−6 −1.89 × 10−8

i = 2 −5.12 × 10−5 2.02 × 10−6 −2.31 × 10−8 −4.08 × 10−10 3.89 × 10−12

i = 3 5.52 × 10−9 −2.42 × 10−10 3.12 × 10−12 3.17 × 10−14 −3.56 × 10−16

i = 4 −2.18 × 10−13 1.01 × 10−14 −1.41 × 10−16 −8.96 × 10−19 1.22 × 10−20
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Appendix B. SC-CO2 Viscosity Correlations

Table A3. Viscosity calculation coefficients.

Coefficient Value Coefficient Value

a0 0.235156 d11 4.071119 × 10−3

a1 −0.491266 d21 7.198037 × 10−5

a2 0.05211155 d64 2.411697 × 10−17

a3 0.05347906 d81 2.971072 × 10−23

a4 −0.01537102 d82 −1.627888 × 10−23
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