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Abstract: The oil and gas phase behavior of high temperature is complex and changeable, which is
usually obtained by PVT experiments. The accuracy of the experiment data plays a crucial role in
the reserve evaluation and development plan of oil and gas reservoirs. However, the current PVT
experiment consistency checks are not suitable for high-temperature reservoir conditions. This paper
proposes a systematic check method for the PVT experiment data consistency at high temperature.
These checks revise the material balance method, Hoffman method, and equilibrium constant method
by using the equilibrium constant calculation method at high temperature. The consistency check of
component data and constant volume depletion experiment data is carried out by combining the three
improved methods with the component check method, so as to judge the experiment data accurately.
In this paper, two high-temperature reservoir fluids—gas condensate sample fluid X and volatile
oil sample fluid Y—are selected to carry out consistency checks with component data and constant
volume depletion data. This check method is of great significance to study the phase behavior of
formation oil and gas at high temperature, especially for volatile oil and gas condensate fluid.

Keywords: high temperature; PVT experiment; volatile oil; gas condensate; consistency check

1. Introduction

As one of the most basic reservoir fluids experiments, the PVT experiment can provide
an important basis for reservoir development policy design and oil field production plan-
ning [1–3], especially for gas condensate reservoirs and volatile oil reservoirs [4–6]. There
are huge reserves of gas condensate and volatile oil all over the world, with high production
value [7–9]. The Arun field, one of several huge gas condensate reservoirs, is estimated
to hold 481.39 km3 of volumetric original gas in place. The current production gas rate
is about 2.3 × 106 m3/d with 2400 bbl/d of condensate oil in the Arun field [10]. The
Cupiagua field, also a huge gas condensate reservoir, produces an average of 2.7 × 106 m3

gas per day and a maximum of 1.9 × 105 barrels of condensate oil per day [11]. In the
Eagle Ford shale reservoir, the oil rate of a single well in a volatile oil block can produce up
to 1200 bbl/d in early time [12]. Due to the high content of medium components [13–15],
complex phase changes will occur during the development process of light oil reservoirs
and heavy gas reservoirs such as volatile oil reservoirs, gas condensate reservoirs, and
some unconventional reservoirs [16–18]. Therefore, the PVT experiments which can reflect
the fluid phase behaviors play an indispensable role in oil and gas production [19–22]. The
accuracy of PVT experiment data is vital to the development and research of oil and gas
reservoirs, especially gas condensate reservoirs and volatile oil reservoirs.

PVT experiments generally include differential liberation experiment [23], constant
composition expansion experiment (CCE) [24], constant volume depletion experiment
(CVD) [25], swelling test [26], etc. These experiments are able to characterize the changes of
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formation fluid physical parameters such as component composition, density, viscosity, and
saturation pressure during the reservoir development process [27–29]. Therefore, only in-
fallible PVT experimental data can accurately represent formation fluid properties [30–32].

For the research into PVT experiment data accuracy, Hoffman et al. [33] proposed
that the consistency of formation fluid component data could be judged by the curve
drawn based on the defined Hoffman factor and the equilibrium constant measured by
the formation fluid experiment. Bashbush [34] proposed that the components of the
fluid system under different pressures, the equilibrium constant k, and the molecular
weight of heavy components were calculated by the material balance method, and then
the consistency of the fluid component data was verified by the equilibrium constant k.
Whitson et al. [35] proposed that the material balance method could be applied to the
constant volume depletion (CVD) experiment to judge the accuracy of CVD experiment
data. Akpabio et al. [36] proposed that the consistency of CVD experiment data could be
checked by the content of each component under different depletion pressures.

The accuracy of PVT experiment results is significant for the study of the phase
characteristics of formation fluids [37–39]. However, the current methods are all aimed
at reservoirs at normal temperature. There is still no systematic method for checking
the accuracy of PVT experiment data at high temperature. In this paper, the material
balance method, Hoffman method, and equilibrium constant method are modified by
using the equilibrium constant calculation method at high temperature. A set of systemic
consistency check methods for PVT experiment data is proposed for high-temperature
oil and gas reservoirs combined with the three methods and the component verification
method. This paper also takes the PVT experiment data of two groups of sampling fluids
as examples to compare the consistency check results and proves that the consistency
check method is accurate and reliable. This method can provide an important basis for the
accuracy of PVT experiment data. What is more, the method provides an effective reference
for the analysis of phase characteristics of high temperature formation fluids, especially
gas condensate and volatile oil. It is of great significance for reservoir development and
reservoir scheme design.

2. Check Method

In this paper, a systematic check method for the accuracy of PVT experiment data for
oil and gas reservoirs at high temperature is proposed. The high temperature equilibrium
constant calculation method is used to modify the material balance method, Hoffman
method, and equilibrium constant method. The modified material balance method and
the modified Hoffman method are used to verify the consistency of component data. The
component check method and the modified equilibrium constant method are used to verify
the consistency of the constant volume depletion experiment data. Through the above four
processes, the PVT experiment data is comprehensively checked.

2.1. Component Consistency Check

The component data of the sampled fluid is expressed as the composition of light,
medium, and heavy components of an oil-gas fluid system, usually determining the
component phase characteristics of the fluid system. The component consistency check is
divided into two processes: material balance method and Hoffman method. The material
balance method evaluates component data according to the law of the whole component.
The Hoffman method focuses on the evaluation of each component data. It is different for
the properties of the component data evaluated by the two component consistency check
methods. Therefore, the high accuracy of the fluid component data can be indicated only
when both check methods show strong consistency.

2.1.1. Material Balance Method

The material balance method mainly checks the consistency between fluid components
and gas phase and liquid phase components in the separator through the principle of
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material balance [34]. According to the liquid phase mole fraction xi, gas phase mole
fraction yi, and global mole fraction zi of the sampling fluid, the following equation can
be deduced: yi

zi
= −L· xi

zi
+ F (1)

A line with slope −L and intercept F can be drawn from xi and yi of the sampling
fluid. If the linear correlation coefficient is less than 0.95 and more components in the figure
deviate from the trend line, it indicates that the overall consistency of component data in
the fluid system is poor and the accuracy is low. However, this method is not applicable to
oil and gas reservoir fluids at high temperature because the effect of high temperature on
calculating xi and yi is not included.

In this paper, the calculation method of equilibrium constant at high temperature is
used to improve it [40]. Firstly, according to the fugacity equation,

fsi
g = fsi

l (2)

Assuming that there is no interaction between dissolved gas and oil in the liquid
phase, then:

ln
(

ysi
xsi

)
= ln Psat

si +
vsi(P − P0i)

RT
− ln(ϕsiP) (3)

According to the Clausius-Clapeyron equation, the saturation pressure is estimated as:

ln Psat
si = A

−∆Hvapi
RT

(4)

Substitute Equation (4) into Equation (3), the equilibrium constant ki is:

ki = exp[
−A∆Hvapi + vsi(P − P0i)

RT
− ln(ϕsiP)] (5)

By substituting the equilibrium constant ki into the material balance method for
correction, the improved material balance method is:

kixi
zi

= −L
xi
zi

+ F (6)

where ki is equilibrium constant for component i, ∆Hvapi is the enthalpy change of com-
ponent i in the gas phase, vsi is the partial molar volume of the solvent at the infinite
dilution of component i, ϕsi is the fugacity coefficient of component i, Ai is a constant which
is determined by the chemical properties of component i, P is the pressure during the
experiment, P0i is the reference pressure of component i, T is the absolute temperature, R is
the universal gas constant. Equation (5) considers the effect of enthalpy change during the
phase change of components. Therefore, this equation has high applicability to the phase
change law at high temperatures.

The equilibrium constant of component i under experimental conditions can be cal-
culated by substituting experimental parameters into Equation (5). Then, with xi/zi of
each component as the abscissa and kixi/zi of each component as the ordinate, a scatter
plot corresponding to each component can be obtained. Then, the scatter points of each
component are fitted linearly, and a line with slope −L and intercept F can be drawn. If
the scatter points of each component fit this line less than 0.95, it indicates that the overall
consistency of the component data is poor. The improved material balance method has
higher accuracy for the consistency check of fluid component data in high temperature
reservoirs and improves the check effect.
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2.1.2. Hoffman Method

Hoffman et al. [33] distinguish the consistency of component data by a semi-log curve
drawn by Fi factor and equilibrium constant ki. The formula for calculating the Fi factor is:

Fi =

1
Tbi

− 1
Ts

1
Tbi

− 1
Tci

·lg pci
psc

(7)

where Tbi is the boiling temperature of component i, Tci is the critical temperature of
component i, Ts is the separator temperature, pci is the critical pressure of component i, and
psc is the pressure of standard conditions.

According to the equilibrium constant ki and the Fi factor of each component, a straight
line is drawn. The linear equation is:

lgki = A0 + A1Fi (8)

This line is a line with slope A1 and intercept A0. Like the discriminant process of the
material balance method, the Hoffman method also determines whether the component
data of the fluid system are consistent through the degree of component deviation. If the
component data points deviate from the straight line seriously and the linear correlation
coefficient is less than 0.95, this method indicates that the component data of the fluid
system lack consistency. Unlike the material balance method, the Hoffman method can
be accurate for the data points of each component. However, the Hoffman method does
not apply to non-hydrocarbon and heavy components. Same as the material balance
method, the Hoffman method also uses the calculation method at normal temperature
when calculating the equilibrium constant ki. Therefore, this method is not suitable for
reservoir fluids at high temperature.

In this paper, the high-temperature equilibrium constant method is used to improve
Hoffman’s method, that is, Equation (5) is substituted into Equation (8). Then, the equation
of the line is:

lg
{

exp[
−A∆Hvapi + vsi(P − P0i)

RT
− ln(ϕsiP)]

}
= Ao + A1Fi (9)

By substituting each parameter of the experiment into Equations (7) and (5), the Fi
and equilibrium constant ki of each component can be calculated. With Fi as the abscissa
and lgki as the ordinate, a scatter plot of each component can be drawn. Similar to the
material balance method, the scatter points of each component are fitted linearly, and a line
with slope A0 and intercept A1 can be drawn. If the points of each component are close
to the trend line and the linear correlation coefficient is greater than 0.95, it indicates that
the data of this component are consistent and the experiment is accurate. The improved
Hoffman method is more suitable for the consistency check of fluid composition data at
high temperature reservoirs due to the use of the equilibrium constant calculation method
at high temperature.

2.2. Constant Volume Depletion Experiment Consistency Check

The constant volume depletion (CVD) experiment measures the content of each com-
ponent in two phases under different pressures [35,41]. The experiment data are equivalent
to the content of each component when the component reaches phase equilibrium un-
der each depletion pressure. The consistency check procedure of the constant volume
depletion experiment is to process the data of each depletion pressure obtained from the
CVD experiment, and then draw the result data into curves to judge the accuracy of the
CVD experiment data. Common methods include the component check method and the
equilibrium constant method.



Processes 2023, 11, 2727 5 of 13

2.2.1. Component Check Method

The component check method is judged by the semi-log curve formed by zi and
depletion pressures in the CVD experiment [36]. With the lgzi of each component under
each pressure as the ordinate and depletion pressures as the abscissa, a graph of the
logarithm of the content of each component under each depletion pressure can be drawn.
Normally, the curve of the heavy component will show a slight jump phenomenon. In
addition to the heavy component, if the corresponding curve of a component shows obvious
jump phenomenon and poor monotonicity, this method indicates that the CVD experiment
data of this component are not reasonable. When the curve of a certain component appears
to jump phenomenon, it proves that the content of the component changes unreasonably
with the depletion pressure. The measurement error is larger at the pressure corresponding
to the curves jump. The process of the component check method is relatively simple. The
original experiment data can be checked without calculation. However, the component
check method may lead to more component lines jumping for some heavy volatile oil fluids.
Therefore, the consistency of the CVD experiment data needs to be further verified by the
equilibrium constant method.

2.2.2. Equilibrium Constant Method

The equilibrium constant method mainly determines the consistency of CVD experi-
ment data by calculating the equilibrium constants of each component in phase equilibrium
under each pressure [42]. However, in the process of this method, the calculation of the
equilibrium constant at high temperature is not used. In this paper, the equilibrium constant
method which is suitable for high temperature reservoirs is used.

According to Equation (5), the equilibrium constant of each component under each
depletion pressure can be calculated. The semi-log curve of depletion pressure and equilib-
rium constant can be drawn:

lg(exp[
−A∆Hvapi + vsi(P − P0i)

RT
− ln(ϕsiP)]) ∼ P (10)

By substituting each parameter of the CVD experiment into Equation (5), the equi-
librium constant ki of each component can be calculated. With depletion pressures as the
abscissa and the lgki of each component as the ordinate, a graph of lgki of each component
under each depletion pressure can be drawn. Similar to the component check method, if
the curves of each component show obvious jumping phenomenon and weak monotonicity,
the consistency of the CVD experiment data of the fluid system is low. And when the
curve of a certain component appears to jump phenomenon, it proves that the content of
the component changes unreasonably with the depletion pressure. It is also due to the
excessive error of pressure measurement in a certain range that the curves of this part
appear to jump phenomenon. Compared with the component check method, the process
of the equilibrium constant method is complicated. This method needs to calculate the
equilibrium constant of each component under each pressure. However, the consistency
check of the equilibrium constant method is more accurate. Due to the limitations of the
component check method for heavy components, the check results of the equilibrium
constant method are more reliable. Moreover, the improved equilibrium constant method
is more suitable for the check of reservoirs with higher temperature.

2.3. Check Steps

The consistency check method process of the PVT experiment data is shown in Figure 1.
The method checks the component data and the constant volume depletion experiment
data, respectively, to judge the accuracy of the PVT experiment data of the fluid. The
method is divided into the following six steps:

(1) Calculate the data of each component using the improved material balance method.
The data points of each component are calculated and form a trend line. Check
whether each component data point deviates from the trend line, whether the linear
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correlation coefficient is greater than 0.95, and whether the overall consistency of the
component is strong.

(2) Calculate the data of each component using the improved Hoffman method. Similar
to step (1), the data points of each component are calculated and form a trend line.
Check whether the data points of non-heavy hydrocarbon components deviate from
the trend line and whether the linear correlation coefficient is greater than 0.95.

(3) If the plots formed in steps (1) and (2) all show that the data points do not deviate from
the trend line and the linear correlation coefficient is greater than 0.95, it indicates that
the consistency of this fluid system component data is strong. The accuracy of the
component data is proved to be high.

(4) According to the component data under different depletion pressures and depletion
pressures of the CVD experiment data, draw the semi-log curve plot. Check whether
the curves of each component cross each other and whether the monotonicity is strong
to conduct preliminary verification of the CVD experiment data.

(5) Calculate the CVD experiment data using the improved equilibrium constant method.
Similar to step (4), the semi-log curves plot of all components at different deple-
tion pressures is drawn. Check whether each component curve jumps and crosses
each other.

(6) If the plots drawn in steps (4) and (5) all show that the curves do not jump or cross each
other and the monotonicity of the curves is strong, it indicates that the consistency
of the CVD experiment data is strong. The accuracy of the CVD experiment data is
proved to be high.
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3. Method Application

In this paper, this PVT consistency check method is used to check the fluid PVT data
consistency of high temperature oil and gas reservoirs including component data and CVD
experiment data of gas condensate fluid X and volatile oil fluid Y.

3.1. Gas Condensate
3.1.1. Fluid and Reservoir Properties

In this study, the gas condensate fluid X is used as the sampling fluid for the consistency
study of the PVT experiment. The reservoir and fluid properties of fluid X are shown in
Table 1. The reservoir where fluid X is located is a typical gas condensate reservoir with
high temperature and pressure. The fluid system is characterized by a high content of
medium components and sufficient elastic energy. The component content data of sampling
fluid X are obtained through the PVT experiment, as shown in Table 2.
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Table 1. Reservoir parameters for sample fluid X.

Reservoir Parameters Value

Reservoir pressure, MPa 121.68
Reservoir temperature, ◦C 138.2
Saturation pressure, MPa 51.48
Liquid molecular weight 173

Liquid density (20 ◦C), kg/m3 827.34

Table 2. The composition of fluid X.

Component CO2 N2 C1 C2 C3 iC4 nC4

Fluid X,
mol% 0.175 1.058 90.134 5.216 1.847 0.183 0.208

Component iC5 nC5 C6 C7 C8 C9 C10+

Fluid X,
mol% 0.542 0.107 0.046 0.043 0.037 0.078 0.326

A flash experiment was carried out for fluid X. Firstly, the component content of
fluid X was measured. Fluid X was then placed in a separator and subjected to formation
temperature and pressure conditions. Then, the temperature and pressure of the separator
were lowered to the surface ground temperature and pressure condition, and the content of
the gas and liquid of each component was measured. Then, the constant volume depletion
experiment was carried out on fluid X. Fluid X was placed in a constant volume container
and subjected to formation temperature and saturation pressure. The pressure was then
continuously lowered to measure the content of each component of the well fluid.

Fluid X is the gas condensate fluid containing more C1. In the formation, the phase
change of the fluid X component is complex. Therefore, the accuracy of the PVT experiment
data is particularly significant.

3.1.2. Check Result

The consistency result of fluid X checked by the material balance method is shown
in Figure 2a. The component data points of fluid X deviate from the trend line seriously,
and its linear correlation coefficient is less than 0.95. It is proved that the consistency of the
component data of fluid X is poor due to large errors in the overall component data. The
consistency result of fluid X checked by the Hoffman method is shown in Figure 2b. There
is an analog between the pure liquid vapor pressure of a dissolved component and lgki.
As a result, the points of components tend to be connected to a straight line. In Figure 2,
the points of components are connected into a straight line which proves that there is a
large measurement error. The Hoffman method showed that some component data points
(such as C3, C6, and C7) deviate far from the trend line indicating the low consistency of
the component data. It is presumed that there were measurement errors for the C3, C6,
and C7 component data during the flash experiment, resulting in the low accuracy of the
component data. Therefore, the experiment needs to be carried out again on fluid X.

Figure 2c,d shows the check results of the original consistency check method. The
accuracy of the original consistency check results is low, and the errors of C3, C6, and
C7 data cannot be checked under high temperature reservoir conditions. Therefore, the
method proposed in this paper is more suitable for fluids in high-temperature reservoir
conditions than the original method.

The consistency results of the CVD experiment checked by the component check
method and the equilibrium constant method are shown in Figure 3. The curves formed
by the CVD experiment data of fluid X are weak in monotonicity and cross each other
without any regularity. Therefore, the consistency of the CVD experiment data of fluid
X is poor, which could not provide a reference for the phase characteristics of the actual
reservoir fluid. When the depletion pressure is between 28–36 MPa, the curves of some
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components intersect. It is proved that there are large errors in measuring the content of
some components of 28–36 MPa, resulting in the poor accuracy of the CVD experiment.
The CVD experiment for fluid X should also be carried out again.
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Figure 3c shows the check result of the original consistency check method. Although
the overall curve overlaps slightly, there is basically no crossover phenomenon. And
when the depletion pressure is 28–36 MPa, the curve does not cross. It is proved that the
accuracy of the original consistency check method is low, and it cannot check the error
when the depletion pressure is 28–36 MPa. Therefore, the method proposed in this paper is
more suitable for formation fluids under high temperature reservoir conditions than the
original method.

After explaining to field personnel that the PVT experiment results of fluid X have
poor accuracy, the PVT experiment of fluid X was carried out again. The consistency of the
PVT experiment results is checked again in this paper.

The consistency results of the component data of fluid X after re-experiment are shown
in Figure 4. In the material balance method check diagram and the Hoffman method
check diagram, compared with the previous fluid component data check results, all the
component data points of fluid X after re-experiment do not deviate from the trend line.
Therefore, it is judged that the component data of fluid X after re-experiment is more
consistent and accurate than the previous experiment results.
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The consistency check of the CVD experiment for fluid X after the re-experiment is
shown in Figure 5. Both the component check method and the equilibrium constant method
show that the check curves of the fluid X CVD experiment data after the re-experiment
are smoother than those of the previous experiment data. The curves of each component
basically do not cross each other. Therefore, the CVD experiment of fluid X after the
re-experiment is more consistent.
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3.2. Volatile Oil
3.2.1. Fluid and Reservoir Properties

In this study, the volatile oil fluid Y is used as the sampling fluid for the consistency
study of the PVT experiment. The reservoir and fluid properties of fluid Y are shown in
Table 3. The component content data of fluid Y are shown in Table 4. Similar to fluid X,
fluid Y also carries out a flash experiment and a constant volume depletion experiment.
The experiment steps and conditions for fluid Y are the same as for fluid X.

Table 3. Reservoir parameters for fluid Y.

Reservoir Parameters Value

Reservoir pressure, MPa 147.8
Reservoir temperature, ◦C 124.3
Saturation pressure, MPa 32.76
Liquid molecular weight 157

Liquid density (20 ◦C), kg/m3 762.1

Table 4. The composition of fluid Y.

Component CO2 N2 C1 C2 C3 iC4 nC4

Fluid Y,
mol% 1.78 0.45 55.48 10.43 4.48 1.78 2.63

Component iC5 nC5 C6 C7 C8 C9 C10+

Fluid Y,
mol% 1.17 2.06 2.79 2.62 1.76 3.43 9.14

The reservoir where fluid Y is located is a typical high temperature and pressure
volatile oil reservoir with a complex phase change of fluid. Therefore, the fluid Y consistency
check of the PVT experiment is indispensable.

3.2.2. Check Result

The consistency result of the fluid Y component data checked by the material balance
method is shown in Figure 6a. The component data points of fluid Y are basically on the
trend line. It is proved that the component data of fluid Y are consistent as a whole. The
consistency result of the fluid Y component data checked by the Hoffman method is shown
in Figure 6b. The data points of the non-heavy hydrocarbon components of fluid Y do not
deviate much from the trend line. It indicates that the consistency is also strong for some
component data points of fluid Y. The results of the two methods show that the component
content data of fluid Y are reasonable and accurate.
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The consistency results of the CVD experiment for fluid Y are shown in Figure 7. Both
the component check method and the equilibrium constant method show that the CVD
experiment data of fluid Y are consistent. There is no crossover between the curves of each
component and the unsmooth curves. It is proved that the CVD experiment consistency of
fluid Y is strong. Therefore, the CVD experiment data of fluid Y are accurate and reliable.
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4. Conclusions

Aiming at the problem of how the current consistency check method for the PVT
experiment is not suitable for high temperature reservoirs, this paper proposes a set of
systematic check methods for the PVT experiment data of high-temperature reservoir fluid.
This method improves the material balance method, the Hoffman method, and the equilib-
rium constant method using the calculation of equilibrium constant at high temperature.
The accuracy of the PVT experiment data is judged by checking the consistency of the com-
ponent data and the CVD experiment data using this method. This method can accurately
check the accuracy of the PVT experiment and make it more accurate to characterize the
phase change of formation fluid. Therefore, it further provides an important reference for
the accuracy of reservoir development policy and production index forecasting. Based
on the consistency check of the PVT experiment results of two sampling fluids in high
temperature reservoirs, the following conclusions are drawn:

(1) This method improves the consistency check method for the PVT experiment by
using the equilibrium constant calculation method at high temperature. The check results
show that this method can better adapt to the PVT experiment data of reservoir fluids at
high temperature.

(2) This method is used to check the two sampling fluids at high temperature reservoirs.
For gas condensate fluid X, the consistency of the PVT experiment data is low. Then, the PVT
experiment results of fluid X after re-experiment are checked again. The consistency check
results of the component data and the CVD experiment data show that the accuracy of the
re-experiment data of fluid X is higher. For volatile oil fluid Y, the check results show that
the component data and the CVD experiment data of fluid Y are accurate. The above two
sampling fluids prove that the method can be well applied to high temperature reservoirs.
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Abbreviations

xi liquid phase mole fraction of component i
yi gas phase mole fraction of component i
zi global mole fraction of component i
ki equilibrium constant of component i
∆Hvapi enthalpy change of component i in the gas phase, kJ/mol
vsi partial molar volume of solvent at infinite dilution of component i, m3/mol
ϕsi fugacity coefficient of component i
Ai constant, determined by the chemical properties of component i
P pressure during the experiment, kPa
P0i reference pressure of component i, kPa
T absolute temperature, K
R universal gas constant, kJ/(K·mol)
Tbi boiling temperature of component i, K
Tci critical temperature of component i, K
Ts separator temperature, K
pci critical pressure of component i, kPa
psc pressure of standard conditions, kPa
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