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Abstract: Gas reservoirs discovered in the southern margin of the Junggar Basin generally have high
temperatures (up to 172.22 °C) and high pressures (up to 171.74 MPa). If using the PVT laboratory
to get the gas compressibility factor, data from the laboratory are so little that it will not satisfy the
demands of reservoir engineering calculations. There are many empirical correlations for calculating
the Z-factor; however, these correlations give large errors at high gas reservoir pressures. The errors
in estimating the Z-factor will lead to large errors in estimating all the other gas properties such as
gas formation volume factor, gas compressibility, and gas in place. In this paper, a new accurate
Z-factor correlation has been developed based on PVT data by correcting the high-pressure part of
the most commonly used Dranchuk-Purvis-Robinson Correlation. Multivariate nonlinear regression
is used to establish the independent variable function of pseudo-critical temperatures and pressures.
By comparing it with the PVT data, the DPR correlation is continuously corrected to be suitable for
ultra-deep gas reservoirs with HTHP. The new correlation can be used to determine the Z-factor at
any pressure range, especially for high pressures, and the error is less than 1% compared to the PVT
data. Then, based on the corrected Z-factor, the Cullender-Smith method is used to calculate the
bottom hole pressure in the middle of the reservoir. Finally, the Z-factor under reservoir conditions of
well H2 is predicted and the Z-factor chart at different temperatures is provided.

Keywords: southern margin of Junggar Basin; natural gas; gas compressibility factor; ultra-deep;
high temperature and high pressure; bottom-hole pressure

1. Introduction

Facing increasing energy demands, fossil fuel exploration and development have
been directed toward deep-layer unconventional oil and gas reservoirs [1,2]. Due to the
relatively high degree of thermal evolution, deep oil and gas resources are dominated
by natural gas, and these gas reservoirs generally have complex characteristics such as
strong ground stress, strong heterogeneity, and HTHP [3,4]. For example, the formation
depth of some gas reservoirs in Xinjiang, China is more than 8000 m, and the matrix has
characteristics of low porosity (the average porosity is 6%) and low permeability (the
average permeability is 0.05 x 1073 um?). The formation temperature is as high as 190 °C
(the average temperature is 143 °C), and the formation pressure is as high as 170 MPa (the
average pressure is 118 MPa). The ground stress is as high as 180 MPa (the average ground
stress is 130 MPa, and the stress difference is 60 MPa). For this kind of gas reservoir, it is
very important to accurately calculate the PVT property parameters of reservoir fluid. For
example, the gas Z-factor is of great significance to the production dynamic analysis and
dynamic reserve calculation in the process of oil and gas field development [5-8].

Generally speaking, the compressibility factor is a dimensionless quantity, and it has
different names such as the compressibility factor, gas super compressibility, Z-factor, and
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gas deviation factor [9]. It represents the deviation of a real gas from the ideal behavior,
and it is a function of temperature (T), pressure (P), and gas composition. It is generally
defined as the ratio of the actual volume of the gas (at its pressure and temperature) to the
ideal volume of the gas (at standard conditions) that its molecules do not have attraction
forces [10]. A Z-factor value of unity represents an ideal gas behavior [11]. At present, the
methods to obtain the gas Z-factor of high temperatures and high pressures mainly include
the experimental measurement method, the Standing-Katz chart method, and the formula
method. Among them, the experimental measurement method has a long test cycle, and
high experimental cost, and the test temperature and pressure range are limited by the
experimental conditions [12]. The experimental measurement method is usually used
less in well-test designs and interpretations to obtain the gas Z-factor. The Standing-Katz
chart is a diagram of the relationship of the Z-factor to the pseudo-critical temperature and
pseudo-critical pressure established experimentally by Standing and Katz (1942) [13]. At
the same time, the Standing-Katz chart is currently recognized by the industry as a highly
reliable method for calculating the gas Z-factor, but this method is difficult to implement
by programming. The formula method is the most common calculation method of the gas
Z-factor in well testing, and the formula method is convenient for computer programming,
but the application scope of different methods is different, and the applicable calculation
method needs to be preferred. Hall and Yarborough obtained a method for calculating
the gas Z-factor based on the Starling-Carnahan equation of state, called the H-Y method
(1973, 1974) [14,15]. Based on the Benedict-Webb-Rubin (1940) equation of state, Dranchuk,
Purvis, and Robinson (1973) obtained a method for calculating the gas Z-factor with eight
coefficients, namely the DPR method [16,17]. Based on the Starling-Carnahan equation
of state, Dranchuk and Abu-Kassem (1975) derived a calculation method for gas Z-factor
with 11 coefficients, namely the Dranchuk-Abu-Kassem method [18]. Beggs and Brill (1977)
proposed a method for calculating the gas Z-factor called the BB method [19]. Londono
et al. (2002) refitted the chart with an expanded data set resulting in a modified method
that can be used to accurately determine the Z-factor [20]. They provide two equations: one
fit to an expanded data set from the Standing-Katz Z-factor chart and another that included
single component data. Li et al. (2012) proposed a calculation method of the gas Z-factor
that is suitable for full temperature and pressure range by fitting the Standing-Katz chart.
Shariaty S. et al. (2019) proposed a new model for estimating the Z-factor [21]. Ekechukwu
G K. et al. (2019) obtained a novel mathematical correlation for the accurate prediction of
the Z-factor [22]. Hemmati-Sarapardeh A. et al. (2020) and Mogensen, K. et al. (2021) used
a lot of PVT data for modeling the Z-factor [23,24]. Wang Y. et al. (2022) and Towfighi S.
(2020) proposed an accurate correlation for calculating the Z-factor [25,26]. Unfortunately,
most of these Z-factor methods have a pressure range below 150 MPa. Moreover, to the
best of our knowledge, these correlations give large errors at high gas reservoir pressures,
and this error could be more than 100%. The error in estimating the Z-factor will lead to
large errors in estimating all the other gas properties such as gas formation volume factor,
gas compressibility, and gas in place [27].

To address the gap, based on the DPR correlation, the independent variable function of
pseudo-critical temperature and pseudo-critical pressure is established by the multivariate
nonlinear regression method. A Z-factor calculation method suitable for high-temperature
and high-pressure gas reservoirs is developed by correcting the high-pressure data in the
DPR correlation. Furthermore, we use the corrected Z-factor to calculate the bottom hole
pressure of well H1 based on the Cullender-Smith method [28]. Finally, the bottom hole
pressure of well H2 is calculated, the Z-factor of well H2 under formation conditions is
predicted, and the relationship between the Z-factor and pressure at different temperatures
is provided.

2. Methodology

In this study, the errors of different gas Z-factor calculation methods and experimental
data of well H1 under high-pressure conditions were compared. It is found that the
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calculation errors of different methods are large under ultrahigh-pressure conditions. Then,
based on the experimental data, the coefficients of the DPR method are corrected by the
multivariate nonlinear regression method to obtain a new DPR correlation. The new DPR
correlation is used to obtain the accurate gas Z-factor and calculate the bottom hole pressure.
Finally, the gas Z-factor and bottom hole pressure of a new well in the same oilfield block
under any temperature and pressure are predicted. The detailed calculation process is
shown in Figure 1.

Current calculation methods of Z-factor are not
suitable for HTHP reservoirs

Z-Factor Correction Based on experimental data
Calculation methods of ‘ [ Prediction
gas Z-factor Feasibility analysis of high pressure linear
extrapolation Z-Factor and bottom hole
; Dranchuk-Purvis-Robinson ‘ pressure prediction of new
1)) huk-Abu-K: . o

e Sttt Coefficients sensitivity analysis of DPR method exploration wells in the same
v'Hall-Yarborough i
S * oilfield block
v/Brill-Beggs Correction of DPR method by multivariate
v'Papay nonlinear regression
v'Cranmer

Corrected coefficients are substituted into the
DPR equation and calculated repeatedly until
the accuracy meets the requirements

{

Calculating the Z-factor and bottom hole
pressure at any temperature and pressure

Figure 1. Flowchart of gas Z-factor correction and prediction in ultra-deep gas reservoir with high
temperature and pressure.

2.1. Gas Z-Factor Correction

The highest formation pressure of the Qingshuihe formation gas reservoir in the
southern margin of the Junggar Basin is 170 MPa, the highest formation temperature is
172 °C, and the burial depth is between 7000 and 8000 m. It is an ultra-deep gas reservoir
with a high temperature and high pressure. For this kind of ultra-deep gas reservoir, due
to its formation pressure exceeding 120 MPa, the Z-factor error is close to 4.00%, and the
bottom hole pressure error is close to 3.00%, which brings great trouble to the early dynamic
reserve calculation, production performance analysis, and vertical pipe flow calculation of
the reservoir. If the calculation error of the Z-factor can be less than 0.50%, the calculation
results of dynamic reserves and vertical pipe flow will be greatly improved.

Standing and Katz have developed a chart (SKC) according to the theory of corre-
sponding states for calculating the Z-Factor which is widely used in high-temperature and
high-pressure gas reservoirs. The SKC has been digitalized by Poettmann and Carppenter
in the range of 0.2 < Ppr < 15 and 1.05 < Tpr < 3.0, which brings a lot of inconvenience
to the calculation of the ultra-high pressure gas Z-factor. Moreover, the calculation range
of various empirical formulas of the Z-factor cannot meet the Z-factor calculation require-
ments (Table 1) at 146.07 MPa and 158.63 °C of well H1 in the southern margin of the
Junggar Basin. Therefore, it is urgent to develop a new method that is suitable for the
calculation of the Z-factor under ultra-high-pressure conditions.
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Table 1. Recommended application range of natural gas Z-factor.
Method Pseudo-Reduced Temperature Pseudo-Reduced Pressure
Dranchuk-Purvis-Robinson 1.05 < Tpr <3.00 0.2 <Ppr <30
Dranchuk-Abu-Kassem 1.00 < Tpr < 3.00 02<Pp <18
Hall-Yarborough 1.00 < Tpr <3.00 0.2 <Ppr <25
Sarem 1.05 < Tpr <295 0.2 <Ppr <149
Brill-Beggs 1.05 < Tpr <3.00 0.2 <Ppr <20
Papay 1.05 < Tpr < 3.00 02 <Ppr <20
Cranmer 1.05 < Tpr < 3.00 02<Pp <15
H1 211 32.07

2.1.1. Feasibility Analysis of Linear Extrapolation

Some scholars believe that in the ultra-high-pressure stage, the Z-factor has a linear
relationship with pressure, and it can be obtained by linear extrapolation of high-pressure
stage data at different temperatures. The specific arguments are as follows.

According to thermodynamics, the general equation of the fluid state equation is:

P=Pr—Py 1)

where P is intermolecular interaction, MPa; Py is intermolecular repulsion, MPa; and P4 is
intermolecular attraction, MPa.
According to Equation (1), the general two-parameter state equation can be written as:

RT a

P= -
V—b V2Z4+ubV+wbh?

@

where R is State equation constant, R = 8.3145; T is temperature, K; V is volume, m3; and a
and b are empirical constants of the VDW state equation.

When u and w take different values, Equation (2) can be transformed into common
VDW, RK, SRK, and PR equations. According to the theory of molecular motion, there
are interactions between gas molecules. When the molecular spacing is large, the force
is generally gravitational, but as the molecules get closer, the gravity gradually weakens
and is mainly manifested as repulsion. At ultra-high pressures, gas molecules are in close
contact with each other. Due to the mutual repulsion between electron clouds and atomic
nuclei, the intermolecular force is prominently manifested as repulsion. Thus, Equation (2)
can be simplified to:

RT
P=_——
A" ®G)
Introducing the Z-factor
PV
Z=— 4
RT @)
Bring Equation (4) into Equation (3)
Pb
Z=1+ RT ®)

It can be seen from Equation (4) that when the gas molecules are under high pressure
and the intermolecular interaction is mainly manifested as a repulsive force, the Z-factor
changes linearly with pressure, and the slope is positive, that is, b/RT. Equation (4) is
theoretically applicable to pure components but can be generalized to mixtures by mixing
rules. By introducing a pseudo-reduced pressure and a pseudo-reduced temperature,
Equation (4) can be transformed to:

bPpc 1

Z=1+ "
RTpc Ty

Pyr (6)
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where:
Py = P/ Ppe @)
Tpr = T/ Tpe ®)
Ppc = inpci )
i=1
Tpc = Z xi T (10)
i=1

where py,, is pseudo-reduced pressure, dimensionless; T, is pseudo-reduced temperature,
dimensionless; pj. is pseudo critical pressure, MPa; T}, is pseudo critical temperature, K;
P.i is the critical pressure of component i, MPa; T,; is the critical temperature of component
i, K; and x; is mole fraction of component i.

It can be seen from Equation (6) that the Z-factor has a linear relationship with the
pseudo-reduced pressure at a given temperature or pseudo-reduced temperature. In
addition, according to the experimental data of well H1, when the pressure is greater than
60 MPa, the Z-factor and pressure at three temperatures (158.63 °C, 138.63 °C, and 118.63 °C)
show a linear relationship (Figure 2), and the correlation coefficient is 1. To sum up, under
the condition of ultra-high pressure, the linear extrapolation of the Z-factor according to the
data of the high-pressure stage is theoretically established or approximately established.

2.4
o T=158.63°C
22 ® T=13863°C
e T=11863°C
P Linear(T=158.63°C)
--------- Linear(T=138.63°C)
N pg | oo Linear(T=118.63°C)
1.6
T=158.63°C: y=0.0107x+0.6534 R*=1
L4 / T=138.63°C: y=0.0102x+0.6920 R*=1
% T=118.63°C: y=0.0097x+0.7276 R*=1
1.2
60 80 100 120 140 160

Pressure(MPa)

Figure 2. Regression relation curve of Z-factor experimental data of well H1 under high pressure.

2.1.2. Error Analysis of Z-Factor Empirical Formula

Well H1 is located in the southern margin of the Junggar Basin, Xinjiang. The formation
pressure of this well is 146.07 MPa, the formation temperature is 158.63 °C, and it is a
condensate gas reservoir with a buried depth of 7374 m. It belongs to a typical high-
temperature and high-pressure well. According to the composition of producing the well
stream, the experiment data of constant composition expansion (CCE), constant volume
depletion (CVD), and the compositions of natural gas are shown in Table 2, and the
parameters such as gas critical properties are shown in Table 3. Among them, the relative
density of the gas is 0.66, the dew point pressure is 53.76 MPa, and the critical condensation
temperature is 376.73 °C. Since the formation pressure is much higher than the dew
point pressure, the pressure drop will not appear as an obvious retrograde condensation
phenomenon, so there is a single-phase flow in the reservoir. It is particularly important
to accurately calculate the PVT parameters of such gas wells, which can provide accurate
pre-processing for subsequent well testing interpretation and productivity prediction.
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Table 2. The compositions of natural gas.

Compositions Cl C2 C3 I-C4 N-C4 I-C5 N-C5 C6 C7+ C02 N2
contents (%) 90.87 414 071 0.21 0.19 0.18 022 015 183 061 0.89

Table 3. Gas critical property parameters.

Parameter Value

Formation Pressure (MPa) 146.07
Formation Temperature (°C) 158.63
Critical Pressure (MPa) 32.03

Critical Temperature (°C) —-91.70
Dew-point Pressure (MPa) 53.76
Critical Condensation Temperature (°C) 376.73

Using the Z-factor calculation methods of the PVT module in commercial software,
these methods include the Dranchuk-Purvis-Robinson method, the Hall-Yarborough method,
the Brill-Beggs method, and the Standing and Cranmer method. From the linear extrapo-
lation of pressure to 160 MPa and comparison with experimental data from well H1, the
results show that the various empirical formulas have good fitting effects between the
pressure of 0-60 MPa (Figure 3a), but the calculation of the Z-factor after 60 MPa at three
temperature conditions completely deviates from the experimental data (Figure 3b,d), and
the error gradually increases with the increase of pressure. Although it seems that the error
between the HY method and experimental data is small at 158.63 °C, the calculation results
of the HY method gradually deviate from the experimental data at 138.63 °C and 118.63 °C.
Similarly, although it seems that the error between the BB method and experimental data
is small at 138.63 °C, the calculation results of the BB method gradually deviate from the
experimental data at 158.63 °C and 118.63 °C. The other calculation methods also have
large deviations from the experimental data of well H1 under high-pressure conditions.

Based on the above analysis, considering that the DPR method is the most widely
used for Z-factor calculation in commercial software and the DPR method is based on
the correlation obtained from the digitization of 1500 Standing-Katz experimental data
points with high applicability and accuracy, the DPR method is corrected to obtain a new
ultra-high-pressure Z-factor calculation method. The error results of the DPR method
and well H1 experimental data (Figure 4) show that the error increases gradually with
the increase of pressure after 60 MPa under three temperature conditions. Therefore, it is
considered to correct the DPR method from 60 Mpa based on experimental data.

2.1.3. Coefficients Sensitivity Analysis of DPR Method

Based on the Benedict-Webb-Rubin equation of state, Dranchuk, Purvis, and Robinson
(1973) introduced the gas-reduced density to calculate the gas Z-factor. The reduced density
is defined as the ratio of the density at a specific pressure and temperature to the density at
the critical pressure and temperature:

0 P/ZT

Przazm (11)

The Z-factor of the critical gas is about 0.27, and the reduced density expression can
be simplified as:
027 Py

Pr=—r7— (12)
" Z Ty
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2.4 24
Dranchuk-Purvis-Robinson

Dranchuk-Purvis-Robinson

Beggs and Brill Beggs and Brill

Hall-Yarborough Hall-Yarborough
2} Standing Standing

Cranmer Cranmer

® PVTdata 2 e PVTdata

N 1.6

N
1.6
1.2
08 L L . . . . . 12 L ' L '
0 20 40 60 80 100 120 140 160 60 80 100 120 140 160
Pressure(MPa) Pressure(MPa)
(a) (b)
24 24
Dranchuk-Purvis-Robinson Dranchuk-Purvis-Robinson
Beggs and Brill Beggs and Brill
Hall-Yarborough Hall-Yarborough
— Standing Standing
Cranmer Cranmer
2F e PVTdata 2 ® PVTdata
N N
16 1.6
12 L L L L 12 1 1 . )
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(c) (d)

Figure 3. Comparison between calculated results of Z-factor empirical formula and experimental data.
(a) Full pressure comparison at 158.63 °C. (b) High-pressure comparison, 158.63 °C. (¢) High-pressure
comparison, 138.63 °C. (d) High-pressure comparison, 118.63 °C.

4
—e—T=158.63°C
35 | _e=T=138.63°C
3 | —e=T=118.63°C
~25
)
5 2
=z
Ho1s
1
0.5
0
40 60 80 100 120 140 160

Pressure(MPa)

Figure 4. Error analysis of Z-factor under high pressure and three temperature conditions.
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The equation for calculating the reduced density:

Ts

L+ Ty pr+To - p2+ Ta - pf + [Ty pF - (1+ Ag - p? ) Jel~As#) ,
r

=0  (13)

where 4 4
Ty = A+ 22+ 22
1 1 Ty Ti’;r

T2:A4-|—7

A1 =0.31506237; Ay = —1.0467099; A3 = —0.57832729; A4 = 0.53530771;

As = —0.61232032; Ag = —0.10488813; A7 = 0.68157001; Ag = 0.68157001;

pr in Equation (13) needs to be solved by the Newton iteration method.

The DPR method contains eight coefficients of A;~Ag. The sensitivity analysis of
the coefficient value and Z-factor is performed. The value of the coefficient increases or
decreases by 0.02 each time. The influence range of each coefficient on the Z-factor is shown
in Figure 5.

From Figure 5, it can be seen that with the change of the coefficient A; value, the Z-
factor has different amplitude changes in the whole pressure range (0-160 MPa), which does
not meet the requirements of high-pressure correction, so correction A; is not considered.
The sensitivity analysis of A; and As shows that with the change of value, the Z-factor has
different amplitude changes (small change range) in the whole interval, without considering
the correction. After a small change in the value of A3, Ay, and Ag, the change in the Z-factor
is not obvious, and the correction is not considered.

The value of coefficient A4 varies between 0~10 MPa, and Z-factor is basically un-
changed. However, when the pressure is greater than 60 MPa, the Z-factor changes greatly
with pressure. A4 is more sensitive to high pressures and meets the requirements of cor-
rection. Similarly, the value of coefficient Ay changes between 0~40 MPa, and the Z-factor
is basically unchanged. However, when the pressure is greater than 60 MPa, the Z-factor
changes greatly with the pressure. A4 is more sensitive to high pressures, and it also meets
the requirements of correction. Therefore, the coefficients A4 and Ag are corrected by
multivariate nonlinear regression.

2.1.4. Correction of DPR Method by Multivariate Nonlinear Regression

In regression analysis, if there are two or more independent variables, it is called
multiple regression. In fact, a phenomenon is often associated with multiple factors. The
optimal combination of multiple independent variables to predict or estimate the dependent
variable is more effective and more realistic than using only one independent variable to
predict or estimate. This study specifies the multivariate nonlinear regression model (inline
function) as the DPR Correlation (13). It returns a vector of estimated coefficients for the
nonlinear regression of the responses in Z-factor on the predictors in p, using the model
DPR. The coefficients are estimated using iterative least squares estimation, with initial
values specified by A4 and Ag.

Based on the Z-factor experimental data at 158.63 °C, the new A4 and A¢ values are
obtained after regression. Then, the new A4 and A4 values are substituted into Equation (13)
to obtain a new reduced density. The above steps were repeated until the obtained A4 and
Ag values were stable at a constant value, that is, the accurate value after the final regression.
The specific calculation process is shown in Figure 6. After regression, Ay = 0.570799074
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and Ag= —0.067283104. The corrected coefficient is substituted into Equation (14) to obtain
the corrected DPR correlation. The comparison between the calculated Z-factor before and
after correction at 158.63 °C and the PVT data is shown in Figure 7.

2.8

—Al+0.04
—AI+OAO2

2.8

—— A _+0.04
— A _+0.02

[

0.8 L L L L L L L 08 L L L L A A A
0 20 40 60 80 100 120 140 160 20 40 60 80 100 120 140 160
Pressure(MPa) Pressure(MPa)
(a) (b)
2.8 28
_A3+0.04 _A4+0.O4
_A3+0.02

08 L L

2.8

60 80 100 120 140 160
Pressure(MPa)

(c)

—A5+0A04
—A5+0A02

1 I 1 I 1

60 80 100 120 140 160
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(e)

0.8

20 40
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0'80 20 40 60 80 100 120 140 160 0‘80 20 40 60 80 100 120 140  16C
Pressure(MPa) Pressure(MPa)
(8) (h)
Figure 5. Sensitivity analysis of coefficients Aj~Ag. (a) A1, (b) Ap, (c)A3, (d) A4, (e) As, (f) Ag, (8) A7,
(h) Ag.

Initial values for A, and A4

'

Initial values of reduced density
|

v
Calculation of reduced density by
formula(12)

k _ _k+l
2l Ak = gFH
LN o< i

A= 4
l Yes

New A4 and A6 obtained by
multivariate nonlinear regression
based on experimental data

'

k k+1
|A4 - A4

i

<& No

<&

l Yes
Modified DPR Equation

|

Accurate deviation factor at any
reservoir pressure and temperature

Figure 6. The flow chart of multivariate nonlinear regression.

The corrected DPR correlation is used to calculate the Z-factor at 138.63 °C and
118.63 °C. Compared with the uncorrected Z-factor and experimental data (Figure 8), the
calculated results of the corrected DPR correlation are more accurate, which verifies the
correctness of the corrected correlation and improves the applicability to the southern
margin of the Junggar Basin.
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24

Before Correction(T=158.63°C)

—— After Correction(T=158.63°C)
@ PVTData(T=158.63°C)

08 L L L L N L L
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Pressure(MPa)

Figure 7. Comparison of Z-factor with experimental data before and after correction at 158.63 °C.

2.4 2.4
Before Correction(T=138.63°C) Before Correction(T=118.63°C)
— After Correction(T=138.63°C) — After Correction(T=118.63°C)
® PVT Data(T=138.63°C) @ PVT Data(T=118.63°C)

08 L L L L L L L 08 L L L L L L L
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
Pressure(MPa) Pressure(MPa)

(a) (b)

Figure 8. Comparison of Z-factor with experimental data before and after correction (a) 138.63 °C
(b) 118.63 °C.

The comparison of the Z-factor error results at 158.63 °C, 138.63 °C, and 118.63 °C is
shown in Figures 9-11.

2.5
m Before Correction(T=158.63°C)
5
~ | mAfter Correction(T=158.63°C)
1.5
$
3 1
=
8]
0.5
0 |

PO PCIIC SC SR RN RN RN GC SN
LT AT H DT &N NN DN
Pressure(MPa)

Figure 9. Error comparison of Z-factor with experimental data before and after correction (158.63 °C).
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m Before Correction(T=138.63°C)
25 m After Correction(T=138.63°C)

Error(%)

Q
£ 9 @ N PN NN
Pressure(MPa)

Figure 10. Error comparison of Z-factor with experimental data before and after correction (138.63 °C).
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Figure 11. Error comparison of Z-factor with experimental data before and after correction (118.63 °C).

The detailed data are shown in Table 4. It can be seen that the effect is better after cor-
rection, and the error of Z-factor is less than 1%, which can greatly improve the calculation
accuracy of early dynamic reserves and vertical pipe flow.

Table 4. Error results analysis after Z-Factor correction.

T =158.63 °C T =138.63 °C T =118.63 °C
P PVT z Error (%) P PVT z Error (%) P PVT 4 Error (%)
146.07  2.1467  2.1439 0.13 146.07  2.1853  2.1842 0.05 146.07 22199  2.2295 0.43
140.07  2.0878 2.0865 0.06 140.02  2.1231 2.1235 0.02 140.01 2.1541 2.1655 0.53
129.98 1.9889 1.9894 0.03 130.01 2.0201 2.0225 0.12 130.03  2.0472  2.0597 0.61
120.04 1.8917  1.8932 0.08 120.03 19177  1.9212 0.18 120.02 1.9398 1.9528 0.67
110.05 1.7937  1.7960 0.13 110.04 1.8147 1.8193 0.25 110.01 1.8315 1.8453 0.75
100.01 1.6950 1.6979 0.17 99.97 1.7104 1.7160 0.33 100.04 1.7244 1.7376 0.77
90.00 1.5978 1.5997 0.12 90.03 1.6090 1.6137 0.29 90.01 1.6160 1.6289 0.80
80.02 1.5008 1.5017 0.06 80.05 1.5065 1.5109 0.29 80.03 1.5083 1.5205 0.81
70.03 1.4050 1.4039 0.08 69.96 1.4028 1.4073 0.32 70.02 1.4010 1.4122 0.80
64.83 1.3557  1.3533 0.18 60.00 1.3041 1.3060 0.15 60.00 1.2953 1.3048 0.73
60.00 1.3106 1.3066 0.31 59.03 1.2956 1.2962 0.05 59.01 1.2865 1.2943 0.61
59.90 1.3097  1.3056 0.31 58.01 1.2856 1.2860 0.03 58.03 1.2775 1.2839 0.50
58.90 1.2999 1.2960 0.30 55.61 1.2659 1.2619 0.32 57.08 1.2687 1.2739 0.41
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2.2. PVT Parameter Calculation

As we all know, the density of natural gas is used in the calculation of bottom hole
pressure. It is particularly significant to accurately calculate the density of natural gas.
The corrected Z-factor is substituted into Equation (15), and the accurate gas density (o,)
distribution with pressure at 158.63 °C can be obtained. The error analysis between the
corrected gas density and the experimental data of well H1 is shown in Figure 12, and the
error is within 1%, and the correction effect is better.

Gas Density (g/cm?)

0.4

PM[;

Ps = ZRT

0.1

~——Corrected Gas Density
o PVT data
4 Error

20 40 60 80 100
Pressure (MPa)

140

160

0.8

0.6

Error(%)

0.4

Figure 12. Error analysis of corrected gas density and experimental data.

Corrected Formation Volume Factor(m?/m?)

Figure 13. Error analysis of corrected formation volume factor and experimental data.

(14)

Similarly, substituting the corrected Z-factor into Equation (16) will get the accurate
formation volume factor (Bg). The error between the corrected formation volume factor
and the experimental data is within 0.5% (Figure 13), and the correction works very well.

0.141

0.121

0.101

0.081

0.061

0.041

0.021

0.001

g _ PeZT
§7 TP
—— Corrected Formation Volume Factor
o PVT data
A Error
A
A A
A A
A
A} A
A
'"7‘\—“—(_(5—(\—(“\_{\ <
20 40 60 80 100 120 140 160

Pressure (MPa)

0.5

Error(%)

(15)

In the PVT experiment of well H1, the isothermal compressibility coefficient (Cg) and
gas viscosity (yg) were not tested. The variation of the isothermal compressibility coefficient
and gas viscosity of well H1 with pressure is calculated by the relevant empirical formulas.
The predicted results are shown in Figure 14.
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Figure 14. (a) Gas coefficient of isothermal compressibility under different pressures. (b) Gas viscosity
under different pressures.

2.3. Bottom Hole Pressure Calculation of Gas Well

In this study, the Cullender-Smith method commonly used in dry gas reservoirs is
used to calculate the bottom hole pressure of gas wells. This method is calculated by the
numerical integration method, considering the common tubing production situation:

/ow P/(TZ)

P2, 1324x10-10f42
Pwh (ﬁ) +7D2

dp = 0.03416v,H (16)

According to Equation (17), the bottom hole pressure can be calculated by using the
piecewise integral numerical calculation method, that is, multiple calculation position
points are set from the wellhead to the bottom hole, and the pressure of each position
point is calculated from top to bottom according to the wellhead pressure, and finally the
bottom hole pressure is calculated. The trapezoidal method is applied to Equation (17).
Considering that the production is 0, the equation for calculating the bottom hole pressure
of the static gas column is obtained:

0.03416yH

A ORI

Pufa = P + 0.03416v.H
(%), + (7).

where, subscript 1 represents the upper position point of the adjacent calculated position
point, subscript 2 represents the lower position point, and subscript m represents the
middle position point of the two. The specific calculation steps are as follows:

(17)

(18)

(1) According to the wellhead pressure and temperature conditions, the value of the sub-
script 1 numerical term in the denominator of Equation (18) is calculated. Assuming
that the midpoint numerical term is equal to the subscript 1 numerical term, the initial
value of the pressure in the middle of the wellbore is calculated;

(2) According to the temperature in the middle of the wellbore and the above-calculated
pressure value, the numerical value of the subscript m in the denominator of Equation
(18) is calculated, and the pressure value in the middle of the wellbore is calculated
again according to Equation (18);

(3) Comparing the pressure difference between step (2) and the last calculation (the first
step is the estimation), if the difference is large, step (2) iterative calculation is repeated
until the calculation error meets the requirements;
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(4) After determining the pressure in the middle of the wellbore, the above steps are used
to further iteratively calculate the bottom hole pressure.

Substituting the corrected Z-factor and gas density of well H1 into Equation (18) for an
iterative solution, the wellbore pressure distribution of well H1 is obtained. The comparison
with the uncorrected wellbore pressure distribution is shown in Figure 15. When the buried
depth of the reservoir is 7374 m, the bottom hole pressure calculated by the uncorrected
Z-factor is 143.58 MPa, and the bottom hole pressure calculated by the corrected Z-factor
is 146.32 MPa. Compared with the actual measured value of 146.07 MPa, the corrected
Z-factor calculation result is closer to the actual value. It shows that this method can
obviously improve the calculation accuracy of bottom hole pressure and provide great help
for field construction.

Bottom Hole Pressure (MPa)

90 100 110 150 160

0

—o—After Correction  118.23

-1000 —o—Before Correction
-2000
-3000

-4000

Deepth (m)

-5000

-6000

-7000
146.32

-8000

Figure 15. Wellbore pressure distribution before and after correction.

3. Case Study and Prediction
3.1. Case 1

There are many publications devoted to correlations in explicit form for the Z-factor,
such as Wang Y. et al. (2022), the authors have analyzed the most widely used of them,
dating back to the '70s of the last century. They used a lot of measured compressibility
factor data to validate the accuracy of the proposed correlation in practice applications.
Under the condition of using the same natural gas composition, when Ppr is less than 30,
our results are close to their results (Figure 16), and it can validate the accuracy of our
method. However, when Ppr is between 30 and 40, the results of Wang Y. et al. have an
obvious upwarping phenomenon (Figure 17), which violates the linear law of pressure
and Z-factor under high-pressure conditions. Therefore, when Ppr is greater than 30, the
calculation results of this paper are more reliable.

3.2. Case 2

Similar to well H1, well H2 is also located in the Qingshuihe Formation in the southern
margin of the Junggar Basin, Xinjiang, and is close to well H1 (Figure 18). The depth of
the reservoir is 8079 m, but the pressure gauge is located at 7875 m of the reservoir. The
measured formation pressure at the pressure gauge position is 170.52 MPa, and the temper-
ature is 170.2 °C. It belongs to a typical ultra-deep gas reservoir with a high temperature
and high pressure.
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0.9
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Figure 16. Z-factor calculation results of this paper versus works from Wang Y. et al. (0.2 < Ppr < 30).
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Figure 18. Schematic diagram of the relative position of well H1 and well H2.

Due to the high temperature and pressure after downhole sampling in Well H2, PVT
experiments cannot be performed to analyze the composition of natural gas and related
parameters such as the Z-factor. Therefore, the PVT parameters of well H2 are calculated by
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using the method in this study with the same gas composition as well H1. First, the pressure
of the measured pressure gauge is converted to the wellhead, and the wellhead pressure
is 142.83 MPa. Then, the formation pressure at the depth of 8079 m is calculated to be
171.74 MPa, and the temperature is 172.22 °C. The wellbore pressure distribution is shown
in Figure 19. Finally, the relationship between the Z-factor and the pressure of well H2 under
reservoir conditions is calculated (Figure 20), and the Z-factor is 2.3548. The relationship
between the Z-factor and pressure at different temperatures is shown in Figure 21.

Bottom Hole Pressure (MPa)
140 145 150 155 160 165 170 175 180

-400 —o—Well H2
-1400
2400

-3400

Deepth (m)

-4400
-5400
-6400

7400 171.74
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Figure 19. Wellbore pressure distribution of well H2.
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Figure 20. Z-factor of H2 at 171.74 MPa and 172.22 °C.
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Figure 21. Z-factor chart at different temperatures.
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4. Conclusions

Based on the PVT laboratory data of well H1, we used the multivariate nonlinear
regression method to correct the high-pressure part of the DPR correlation to obtain a new
correlation, which will be suitable for the calculation of the Z-factor of ultra-deep gas reser-
voirs with high temperature and high pressure. When the PVT laboratory conditions cannot
reach ultra-high pressures and temperatures, the new correlation can greatly improve the
calculation efficiency and accuracy of the Z-factor, thus improving the calculation accuracy
of the single-well bottom hole pressure, production capacity, and dynamic reserves. The
contributions and conclusions of this work can be summarized as follows:

(1) The sensitivity analysis of DPR correlation shows that the coefficients A4 and A¢ are
sensitive to high pressure and satisfy the demand for correction. The new correlation
can be used to determine the Z-factor at any pressure range, especially for high
pressures, and the error is less than 1% compared to the PVT data;

(2) The error between the natural gas density calculated by the corrected Z-factor and the
PVT data is within 1%, and the error between the formation volume factor and the
PVT data is within 0.5%. At the same time, the variation trend of the gas isothermal
compressibility coefficient and gas viscosity of well H1 with pressure is predicted;

(3)  Under the condition of a formation depth of 7374 m, the bottom hole pressure calcu-
lated before and after the correction of the Z-factor is 143.58 MPa and 146.32 MPa,
respectively. Compared with the actual measured value of 146.07 MPa, the corrected
Z-factor is closer to the actual value;

(4) Itis predicted that the bottom hole pressure of well H2 is 171.84 MPa and the gas
Z-factor is 2.3548 when the formation depth is 8079 m, and the Z-factor chart at
different temperatures is provided.
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Nomenclature

V4 gas compressibility factor
Tpr pseudo-reduced temperature
Ppy pseudo-reduced pressure
P intermolecular interaction (MPa)
Pr intermolecular repulsion (MPa)
Py intermolecular attraction (MPa)
R state equation constant
T temperature (K)

1% Volume (m?)

a empirical constants of VDW state equation
b empirical constants of VDW state equation
Py pseudo critical pressure (MPa)

Tpc pseudo critical temperature (K)

Pei critical pressure of component i (MPa)
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T, critical temperature of component i (K)
X; mole fraction of component i

or gas reduced density

Pg gas density (g/cm3)

M, gas relative molecular weight

Bg formation volume factor (m3/m?)

Puf bottom hole pressure (MPa)

Puwh wellhead pressure (MPa)

D tubing inner-diameter (m)

f frictional coefficient

q rate of the gas (m3/d)

g gas relative density

H depth of tubing down to the middle of formation (m)

HTHP  high temperature and high pressure
DPR Dranchuk, Purvis, and Robinson
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