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Abstract: In order to realize the safe transportation of liquefied ethane pipeline in the Oilfield of
China, it is necessary to fully study the process of pipeline replacement, operation and shutdown. The
accurate calculation of physical property parameters and critical parameters is the basis of studying
the gas-liquid two-phase flow and heat and mass transfer process of liquefied ethane in the pipeline.
In this paper, different equations of states (EOSs) were used to predict the physical properties (such as
density, dew point and dynamic viscosity) of ethane or ethane mixture, and the predicted results were
compared with the corresponding experimental data from the literature. The prediction performance
of different EOSs were evaluated by using two evaluation indicators, including average absolute
deviation (AAD) and average relative deviation (ARD). The results showed that the PR-Peneloux
EOS has the best performance for predicting the density of CHy-CyHg-Ny mixture with an ARD value
of 4.46%; for predicting the dew point, the BWRS EOS exhibits the superior performance with an
ARD value of 0.58%; and for predicting dynamic viscosity, the SuperTRAPP formula has the smallest
calculation error, with an ARD value of 1.33%. Considering the comparison results of the calculation
accuracy of density, dew point and dynamic viscosity of ethane or ethane mixture by using different
EQOSs, PR-Peneloux EOS was recommended to calculate the phase characteristics in the process of
ethane pipeline replacement operation. The phase characteristics of ethane for pipeline transport in
the oilfield of China were obtained. The critical temperature is 32.79°C and the critical pressure is
4.97 MPa.

Keywords: ethane pipeline; equation of state; physical properties; phase characteristics

1. Introduction

Ethane (CyHg) is used as a raw material to produce ethylene, which is the most
important basic raw material for the petrochemical industry [1-4]. It can be used to produce
almost all chemical products with a critical pressure and critical temperature of 4.88 MPa
and 32.25 °C, respectively, which can be transported by a liquid phase or gas phase in
pipelines. Compared with the gas phase ethane transportation method, the liquid phase
ethane transportation method has the advantages of large transportation capacity and high
economy [5-7]. Liquid phase ethane pipelines have been built in some countries [8-10]. In
China, Petrochina Company proposes to transport ethane by means of liquefaction, and
plans to build a long-distance ethane pipeline. Since the liquefied ethane is a saturated
liquid in the pipeline, it is easy to vaporize due to external temperature disturbance or
internal pressure fluctuation, forming a two-phase flow in the pipeline, which is obviously
different from the conventional crude oil and natural gas pipelines [11,12]. In addition,
this can cause some transportation problems such as pipeline vibration, ultra-pressure
and equipment damage. At present, the production process and methods for natural gas,
refined oil, liquefied petroleum gas and other media cannot solve the technical problems of
the liquid phase ethane transportation pipeline.
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In order to realize the safe transportation of liquefied ethane pipelines, it is necessary
to fully study the process of pipeline replacement, operation and shutdown. Pressure
and temperature are the basis for the safe transportation of liquefied ethane pipelines.
When the transportation pressure of liquefied ethane is lower than the critical pressure of
commercial ethane or the temperature is higher than its critical temperature, vaporization
of liquefied ethane in the pipeline will occur, which will endanger the safe transportation
of the pipeline. The accurate calculation of ethane physical property parameters is the
key factor to accurately predict the flow parameters of liquefied ethane pipelines, such as
temperature, pressure and flow rate.

Commonly, the equation of state (EOS) is used to obtain the physical properties of pure
gas or a mixture of gases. For example, PR EOS and GERG-2008 EOS were employed to
calculate the bubble point of pure ethane, and the PR EOS showed a superior performance
with an average deviation of 0.41% [13]. Later, GERG-2008 EOS was used to calculate the
density of the mixture of propane and hydrogen with different mixed ratios, and the results
also showed that the GERG-2008 EOS can effectively predict the density of the mixture
gas [14]. In addition, Vitali et al. [15] employed GERG-2008 EOS to predict the vapor-liquid
equilibrium and density of the CO,-rich mixture. A quantitative estimation was conducted,
and the results showed that the GERG-2008 EOS was more accurate in the description of
both vapor-liquid equilibrium and density when compared with cubic EOS. Except for the
prediction of the bubble point, density and vapor-liquid equilibrium of the above gases,
Seo et al. [16] used extended Redlich-Kwong-Peng-Robinson (eRK-PR) EOS to predict
the thermodynamic properties of JP-10, which is an important fuel in the petroleum and
aviation industries. The results showed that the eRK-PR EOS predicts the thermodynamic
properties of JP-10 more accurately than the other EOSs. The above results show that EOS
can be used to calculate the key physical parameters with good accuracy. However, the
prediction performance of EOSs for the physical properties and phase characteristics of
ethane mixture are still unclear. The accurate calculation of physical property parameters
depends on the applicability of the EOS to the calculation of ethane parameters. In addition,
the EOS is also the basis of the study of ethane phase characteristics, which determines the
accuracy of the calculation of critical pressure and critical temperature of ethane, and further
affects the safe replacement of the liquefied ethane pipeline into production, operation
and shutdown.

This paper conducted relevant research to address the issues of inaccurate prediction
accuracy of physical property parameters in CHy-CpHg-Nj mixture and unclear phase state
change law during the replacement process of liquid-phase ethane pipeline. For the first
time, seven EOSs (PR, PR-Peneloux and SRK) were evaluated based on experimental data
for predicting density and dew point of CH4-C;Hg-Np mixture. In addition, LBC, Pedersen
and Super TRAPP equations were also evaluated for predicting viscosity. Furthermore,
utilizing the preferred equation of state, we were able to predict the physical property
parameters of the mixture under varying concentration ratios, pressures and temperatures
during the operation of the liquid ethane pipeline. Finally, the key physical property
parameters of liquid ethane in relevant oil fields and the phase transition rules during
pipeline operation are presented. The research findings provide a theoretical foundation
for safe displacement operations of liquid-phase ethane pipelines and subsequent technical
standards formulation for easily vaporized substance pipelines.

2. PVT EOSs Based on Thermodynamics
2.1. Cubic-Type PVT EOS

For the cubic-type PVT EOS, if the incompressibility of the liquid is considered, as V
approaches some parameter b, P goes to infinity, and then the general cubic form of P is:

RT 6(V—rn)

P= —
V—b V246V +e

)



Processes 2023, 11, 2283

30f18

The parameters such as b, 8, 7,  and ¢ in Equation (1) can be constants including zero,
or they can vary with temperature or composition. The values of common cubic-type PVT
equation of state parameters are listed in Tables 1 and 2.

Table 1. Parameter values of cubic PVT EOS for pure component.

Equation of State

) Pure Component
Functional Form

a b

RK p_ RT _ __a g QuRTE b — uRT,

[17] Vb T% V(V+b) P, P,

SRK RT R2T2 RT,

[18] P=v5 — v a= 042748 < b = 0.08664 5

PR _ RT R2T2 RT,

[19] P= 9% — v mven a = 045724~ b = 0.07780%5
SRK-Peneloux [20] p=XRT _ _a R2T? b= 0.08664%

PR-Peneloux [20]

V=b ~ V(V+b)

p=RT _ a

a= 0427485 o

R R2T? RT,
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Table 2. Parameter values of cubic PVT EOS for mixed component.

Equation of State

. Mixed Component
Functional Form

a b
R P=v% - @ = (Cyad®)’ b=Lyibi
SRK [18] P=v% — virm - ;;yiw(mﬂj)m(lfﬂﬂ b = 0.0866475
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[20]
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where V is molar volume, m®/mol; R is the gas constant, 8.314 ] /(mol-k); P is pressure, Pa; T is pressure, K; Z is
the compression factor; 4 and b are characteristic parameters; y; is the molar fraction of component 7; Kj; is the
bivariate interaction coefficient; T, is the critical temperature of natural gas, K; and P, is the volume translation
coefficient.

2.2. Non-Cubic PVT EOS
(1) BWRS EOS

Based on a large number of experimental data, Starling et al. [21] modified the BWR
equation and proposed a BWRS equation with higher accuracy for predicting the thermo-
dynamic parameters of various hydrocarbon mixtures, which is expressed as follows

Co , Do Ep

P=pRT+ (ART — By~ 04+ 20 BN o (e V3 a(as p6+£(1+7p2>exp<—7p2) @)
72 T T4 T T T2

where P is pressure, Pa; T is pressure, K; p is density kg/m?; and R is the gas constant,
8.314 ]/ (mol-k). Ao, Bo, Co, Do, Eg,a, b, ¢, d, o, 7y are state parameters.

() LKPEOS

On the basis of the multi-parameter BWRS EOS, LKP EOS was proposed [22], which
can simultaneously calculate the fugacity coefficients of vapor-liquid two-phase

_ 70 W () _ 5(0)
Z=7 +w(7)(z zZ ) 3)
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where z is compression factor; T is eccentricity factor; p, is pressure ratio; V, is molar
volume ratio; T, is temperature ratio; the superscript “0” is a simple fluid parameter; and
the superscript “R” is the reference fluid parameter.

(3) GERG-2008 EOS

The GERG-2008 EOS is also used as a standard to calculate the thermodynamic
properties of natural gas. GERG-2008 EOS is generally expressed by Helmholtz free energy,
which are given by [23]

(T X) = (0 T,X) +(0T,X) ®
B N

a%(p, T,X) = Y X [ay(p, T)+Ln(Xy) ©)
i—1

o' (6,7, X) = g (6,7, X) + A’ (5, T, X) (7)

where X is the molar fraction of each component in the mixture, %; J is density variable;
and 7 is temperature variable.

The above EOS adopts the Van der Waals mixing rule when analyzing and calculating
the physical properties of the gas mixture. Considering that non-polar molecules (such
as, water) are involved in the process of replacing N, with ethane in the liquid phase, the
whole system is in a non-polar system. Therefore, the Van der Waals mixing rule can be
used for correlation analysis and the calculation of the physical properties of the mixed
gas. For hydrocarbon mixture systems, Van der Waals mixing rules are generally used to
calculate the gravitational parameters and volume terms, which are given by [24]:

Ay —

1

ng®

Y zizj(aia))"° (1 = ky) ®)
=

n
b =Y zib; )
i-1

The RK equation can obtain a certain degree of accuracy when calculating the heat
capacity of pure components and mixtures, but the accuracy of the RK equation is often
not ideal when considering the calculation of multi-component gas-liquid equilibrium.
In addition, the American Gas Association (AGA) proposed the AgA8-92DC equation to
calculate the compressibility coefficient of natural gas (namely, AGAS8 equation), but this
equation is mainly applicable to the calculation condition of methane content being not
less than 70% and the temperature being higher than —10 °C. Therefore, RK equation and
AGAS equation are not considered in the calculation of this paper. The CPA equation of
state is also often used to complete the physical property calculation, but is no different
from the SRK equation of state in the calculation of non-polar molecules such as CHy, C;Hg
and Ny, so it is not considered separately.

In summary, it is preliminarily concluded that SRK, PR, BWRS, LKP and GREG2008
EOS can be used to calculate the phase characteristics of C;Hg and CoHg-Ny mixed compo-
nent gases. Next, the applicability and accuracy of each equation of state for mixed gases
will be further explored, thus laying a foundation for the next phase characteristics research.

3. EOS Evaluation for Predicting Physical Properties

To evaluate the calculation accuracy of each EOS on the physical properties of liquid
ethane, it is necessary to calculate the data of different physical properties, such as density
and viscosity, dew point, etc. and compared with the corresponding experimental data, so
as to select the most accurate equation of state and lay the foundation for the subsequent
research on the phase characteristic of ethane. Based on the above considerations, in order
to quantitatively analyze the prediction accuracy of each equation of state, some commonly
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used model evaluation parameters, such as average absolute deviation (AAD) and average
relative deviation (ARD), are defined as follows

N
AAD = 4§ .21 cal _ 2P (10)
1=
N cal __, €Xp
ARD = L Y. v % | % 100% (11)

where N is the total number of the data samples; yfal and nyp represent the calculated

value and experimental data, respectively. The smaller the calculated values of AAD and
ARD, the better the prediction performance of the EOSs.

3.1. Evaluation of EOSs for Predicting Density

In this study, the empirical formula, PR EOS, PR-Peneloux EOS, SRK EOS, SRK-
Peneloux EOS, BWRS EOS, LKP EOS, GREG-2008 EOS are used to predict the density of
the CH4-CyHg-Nj mixture. The calculation accuracy of the density of the CHy-CyHg-Nj
mixture is validated and analyzed. Experimental data of different mixed concentrations of
CH4-CyHg-Ny mixture under different pressure and temperature conditions are derived
from Funke’s work, and it is employed to validate the calculation results of the above em-
pirical formulas. The density data of CH4-CyHg-N; mixture under different temperatures,
pressures and molar concentrations in the experiments by Funke et al. [25] is used in this
work, which is listed in Table 3.

Table 3. Experimental data of density of CH4-CpHg-Np mixture.

Molar Molar Molar

C‘(/)vr?;li(tlil:)is Tem?)ecr?ture P{;Z;‘;;e Concentration  Concentration = Concentration ]3(:;;1?;
of CHy (%) of CoHg (%) of N; (%)
1# —181.15 0.1383 - 96.70 3.30 650.50
24 —181.15 1.0394 - 95.20 4.80 651.30
3# —181.15 0.1591 88.40 - 11.60 451.00
4# —181.05 0.2737 29.10 54.50 16.40 586.40
S# —181.05 0.276 82.60 9.30 8.10 491.10
o# —181.05 0.2785 87.90 5.40 6.70 471.20
7# —181.05 1.0988 60.10 29.30 10.60 527.20
8# —181.05 1.1005 75.20 6.20 18.60 478.30
o# —179.15 0.274 40.50 50.60 8.90 569.70
10# —179.15 0.2764 68.00 19.30 12.70 455.10
11# —179.15 0.543 20.60 61.80 17.60 614.60
124 —179.15 0.5685 72.40 10.60 17.00 475.30
13# —179.15 0.5687 62.00 24.40 13.60 517.30
144 —179.15 0.8281 75.60 8.20 16.20 474.70
154 —179.15 1.0976 41.10 15.90 43.00 606.80
16# —177.15 0.106 17.70 80.30 2.00 607.50
17# —177.15 0.164 48.00 45.80 6.20 565.30
18# —177.15 0.2763 79.40 18.20 2.40 471.00
194 —177.15 1.1081 56.90 20.60 22.50 521.50
204# —177.15 1.1088 68.60 6.70 24.70 472.50

It can be clearly seen from Table 1 that the concentration of C;Hg plays a leading
role in the density change of the CH4-C,;Hg-Np mixture. The higher the concentration of
CyHg, the higher the density of the CHy-CyHg-N, mixture. In addition, it can be found that
when the pressure and temperature are constant, the density of the CH4-CyHg-Ny mixture
increases by 1.48% for every 1% increase in the C,Hg concentration. The density increase
of the CH4-C,Hg-N; mixture is mainly because the density of C;Hg is higher than that of
CH4 and Ny (under standard conditions, the density of CoHg is 1.356 kg / m?, the density of
CH,4 is 0.717 kg/ m? and the density of Ny is 1.251 kg/ m?). Therefore, when the pressure
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and temperature are constant or the range of change is low, the density of CH4-C,Hg-Np
mixture is shown to increase with the increase of the concentration of CoHg.

The density of CH4-CpHg-N, mixture of twenty samples in Table 3 are calculated using
PR EOS, PR-Peneloux EOS, SRK EOS, SRK-Peneloux EOS, BWRS EOS, LKP EOS and GREG-
2008 EOS at different experimental temperatures, pressures and molar concentrations.
The empirical formulas were used to calculate the mixture density, and the results were
compared with experimental data from Funke et al. [25], as shown in Figure 1. It can
be found that the calculated value of density of CH4-CoHg-Ny mixture using different
empirical formula possess different accuracies. Furthermore, it also can be seen that in most
working conditions (temperature in the range of —179~—181 °C, pressure in the range of
0.1~1.1 MPa), the prediction of density of the CH4-C,Hg-N, mixture by the above empirical
formulas have a certain degree of accuracy.

1000
900 |
800 [
700 [
600 |
500 [
400 [
300
200 F
100 -

ol

[ ] Experimental data [l PR [___] PR Peneloux [l SRK
[ ]1SRK Pencloux [l BWRS[ ] LKP [ ] GREG2008

Density (kg/m®)

1# 2# 3# 4# S# o T# 8# o# 10#
Working conditions (a)

1000
r [ | Experimental datalll PR | PR Peneloux{lll SRK

900
L[] SRK Pencloux[lllll BWRS[__ | LKP[[ ] GREG2008
800 -

700 |
600 [ il
500 |
400 [
300 [
200 |
100 |

Density (kg/m’)

11#  12#  13# 14# 15# 16# 17# 18# 19# 20#
Working conditions (b)

Figure 1. Comparisons of the density of methane, ethane and N; mixtures at different working
conditions. (a) 1#-10#; (b) 11#-20#.

In order to further evaluate the calculation accuracy of the above empirical formulas,
the AAD and ARD are calculated and analyzed, as shown in Figure 1. It can be clearly seen
from Figure 2a that the value of AAD for predicting the density of CHy-CyHg-Ny mixture
by PR EOS, PR-Peneloux EOS, SRK EOS, SRK-Peneloux EOS, BWRS EOS, LKP EOS and
GREG-2008 EOS are 89.94, 22.82, 45.31, 56.43, 52.63, 67.92 and 66.69, respectively. Obviously,
the PR EOS has the worst performance for predicting the density of CHy-CyHg-N; mixture;
this is because the gas to be calculated is a mixture of ethane, methane and Ny, and the
coefficient a, reflecting the attraction between different molecules, and the coefficient b,
reflecting the repulsive force in the PR EOS, are out of alignment when calculating the
density parameters of the mixed components, resulting in the density values calculated by
the PR EOS all being higher than the corresponding experimental values.
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Figure 2. AAD and ARD for predicting the density of CHy-CyHg-Ny mixture using PR EOS, PR-
Peneloux EOS, SRK EOS, SRK-Peneloux EOS, BWRS EOS, LKP EOS and GREG-2008 EOS. (a) AAD;
(b) ARD.

On the contrary, the PR-Peneloux EOS has the best performance for predicting the
density of CH4-CyHg-N; mixture. This is because compared with the PR EOS, the vol-
ume translation coefficient c is introduced into the PR-Peneloux EOS, which can further
modify the characteristic parameters in the equation and improve the accuracy of density
calculation of the PR EOS in the low temperature liquid state. Figure 2b shows the ARD of
the density of CH4-CyHg-Nj, mixture using the empirical formula, PR EOS, PR-Peneloux
EOS, SRK EOS, SRK-Peneloux EOS, BWRS EOS, LKP EOS and GREG-2008 EOS compared
with the experimental data. It can be found that the value of ARD for all EOSs is less
than 20%. This illustrates that the PR EOS, PR-Peneloux EOS, SRK EOS, SRK-Peneloux
EOS, BWRS EOS, LKP EOS and GREG-2008 EOS are capable of accurately predicting the
density of CH4-CyHg-Ny mixture in the conditions of —179~—181 °C and 0.1~1.1 MPa.
PR-Peneloux EOS can give the best prediction of the density of CH4-CyHg-Nj mixture with
an ARD of 4.46%, which is smaller than 8.89% of SRK EOS, 10.07% of BWRS EOS, 11.08% of
SRK-Peneloux EOS, 12.66% of GREG-2008 EOS, 13.06% of LKP EOS and 17.5% of PR EOS.

Based on the above analysis, we can draw the conclusion that the above EOSs can
efficiency predict the density of CH4-C,Hg-N, mixture and the prediction accuracy is in the
order of PR-Peneloux EOS > SRK EOS > BWRS EOS > SRK-Peneloux EOS > GREG-2008
EOS > LKP EOS > PR EOS.

3.2. Evaluation of EOSs for Predicting Dew Point

The phase state envelope diagram of C,Hg-N, mixed components is composed of a
dew point curve and bubble point curve, which is an important basis for analyzing and
judging the phase state of CoHg, N, and C,Hg-Np mixed components. The experimental
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data of dew point of ethane-N, mixed components by Bier et al. [26] and Syed et al. [27] are
collected, which can be divided into 5 groups with 64 sets of data of different temperatures
and pressure working conditions, as shown in Table 4. In the same way, these experimental
data are used to validate the calculation results of the EOSs.

Table 4. Experimental data of dew point of C;Hg-Ny mixture.

1# 2# 3# a# 54
No. Ce,n, = 95.02 Cc,n, = 84.99 Cc,n, = 6831 Ce,n, = 49.82 Cc,n, = 30.00
Cn,=4.98 Cn,=15.01 Cn,=31.69 Cn,=50.18 Cn,= 70.00
K KPa K KPa K KPa K KPa K KPa
1 22862 72496 21624 52280  210.83 56373 20525 71351 19252 598.32
2 25531 163137 22740 83331 22165 83049 21624 104572  199.84  798.01
3 26630 220325 23839 114373 23298  1250.02 22740 159590  207.87  1194.13
4 27851 301541 24973 1628.64 24432 180029 23839  2407.46 21606  1742.86
5 287.75 373896  261.07 222248 25531 254648 24676 308699  224.61  2531.43
6 29421 430861  269.44 283666 26351  3313.09 25514 420231 23037  3296.84
7 29874 487733 27589 334095  269.09  3947.68  259.67 503249  233.68  3930.33
8 300.84 518339  283.05 408526 27310 449436  263.68 603671 23822 513091
9 30171 540001  287.93  4697.72 27572  4909.62 26578 732328  240.83  5960.14
10 - - 29212 535343 27886  5477.66 26386 958827 24153  6810.23
11 - - 29438  5833.88 28217 654691 25828 1091464 24240  8009.01
12 - - 29473 624803 28252  7069.99  250.78  12,043.93  239.44  10,840.03
13 - - - - 28235  7897.85  240.14  12,692.36 23229  12,274.54
14 - - - - 280.08  8397.88 - - 22234 13,010.48
15 - - - - 27816  8636.62 - - - -

Figure 3 shows the comparison of dew point of C;Hg-N, mixture between experi-
mental data and calculation results by different EOSs under different working conditions
(pressure: 0.52~13.01 MPa, temperature 192.52~301.7 K). Obviously, all the predicted values
of all EOSs almost coincide with the corresponding experimental data when the concentra-
tion of ethane is higher than 84%, as shown in Figure 3a,b. However, with the continuous
decrease of ethane concentration (ranging from 49.82% to 84.99%), some deviations be-
tween the predicted values of the EOSs and the experimental data began to appear, and
the smaller the concentration of ethane, the greater the deviation, as shown in Figure 3c¢,d.
However, when the concentration of ethane is lower 49.82%, the deviation between the
predicted value and the experimental value of the equation of state begins to decrease. In
addition, it also can be found from Figure 3 that BWRS EOS can accurately predict the dew
point value of C;Hg-N; mixture for all ethane and Ny mixed ratios.
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Figure 3. Comparison of dew point at different molar concentration ratio of C;Hg and Nj:
(a) Cc,H, = 95.02, Cn, = 4.98; (b) Cc,1, = 84.99, Cn, = 15.01; (¢) Cc,H, = 68.31, CN, = 31.69;
(d) Cc,p, = 49.82, C;, = 50.18 ; (e) Ce,py, = 30.00, C, = 70.00.

To better evaluate the performance of EOSs for predicting the dew point of C;Hg-N»
mixture, the AAD and ARD of different EOSs are calculated, as shown in Figure 4. From
Figure 4, it is seen that the AAD and ARD values of SRK EOS are the smallest among all
EQOSs under the working conditions of 1# (Cc,1,=95.02, Cy, = 4.98) and 2# (Cc,p,= 84.99,
Cn, = 15.01). This illustrates that the SRK EOS has the best performance for predicting the
dew point of C;Hg-N, mixture with a higher concentration of C;Hg (>84.99%). However,
when the concentration of C,Hj is less than 84.99%, the AAD and ARD values of BWRS
EOS are the smallest among all EOSs. That is to say, the BWRS EOS has the best calculation

accuracy for dew point of C;Hg-N; mixture under the above conditions.
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Figure 4. AAD and ARD for predicting the dew point of C;Hg-N, mixture using PR EOS, PR-
Peneloux EOS, SRK EOS, SRK-Peneloux EOS, BWRS EOS, LKP EOS and GREG-2008 EOS under
different working conditions. (a) AAD; (b) ARD.

In order to select the optimal EOS applicable to all working conditions, the values
of AAD and ARD under above five working conditions are averaged again, as shown in
Figure 5. Obviously, the average AAD and ARD values of BWRS EOS are the smallest, with
values of 1.40 and 0.58%, respectively. Namely, the BWRS EOS has the best performance
for predicting the dew point of C;Hg-Ny mixture regardless of the mixed ratio of CoHg and
Nj. On the contrary, the LKP EOS exhibits the worst performance for predicting the dew
point of C;Hg-N; mixture, and the corresponding values of AAD and ARD are 3.75 and
1.50%, respectively. The reason for this is that in the process of calculating the dew point of
CyHg-Nj mixture, the mixing rule used in the LKP EOS to calculate the multi-comp virtual
critical parameters has a deviation, which lead to a large deviation in the LKP EOS.
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Figure 5. Average AAD and ARD for predicting the dew point of CHy-CHg-N, mixture using PR
EOS, PR-Peneloux EOS, SRK EOS, SRK-Peneloux EOS, BWRS EOS, LKP EOS and GREG-2008 EOS.
3.3. Evaluation of EOSs for Predicting Dynamic Viscosity

The dynamic viscosity calculation is very different from the density calculation when
calculating the physical properties of the components. The density value can be directly
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obtained by relying on the EOSs. However, due to the complexity of the gaseous compo-
nents in the oilfield and the dynamic viscosity also being a parameter related to density,
pressure and temperature, if the EOS is directly used for dynamic viscosity calculation,
there is a certain error in the calculation of density which will lead to the deviation of
dynamic viscosity calculation results. Therefore, for predicting dynamic viscosity, a special
empirical formula or semi-empirical formula is often used in filed engineering to solve the
dynamic viscosity value, such as mixing rule, LBC (Lohrenz-Bray-Clark) [28], Pedersen [29]
and SuperTRAPP equations based on TRAPP equations, etc. These empirical equations
have built-in reference gases such as methane, propane, etc. In summary, the EOS and
the viscosity equation are combined for calculating the parameters used in the viscosity
equation. The experimental data of dynamic viscosities from Carr et al.’s [30] work are
employed to validate the prediction performance of the EOSs, which is listed in Table 5.

Table 5. Experimental data of dynamic of C;Hg-Njp mixture.

N Molar Concentration of C;Hg Molar Concentration of N, Dynamic Viscosity
o.
(%) (%) (Pa-s)
1# 1.62 98.38 17.67
2# 9.33 90.67 17.00
3# 19.88 80.12 16.05
4# 30.22 69.78 15.19
5# 39.76 60.24 14.41
off 49.29 50.71 13.66
7# 59.84 40.16 12.86
8# 70.18 29.82 12.14
o 79.92 20.08 11.46
10# 90.06 9.94 10.85

Figure 6 presents the comparison of dynamic viscosity between the predicted results
and experimental data at a different molar concentration ratio of CoHg and Nj. Clearly, all
empirical formulas predict dynamic viscosity with good accuracy under the conditions
of atmospheric pressure and temperature of 300 K. The AAD and ARD results for the
prediction of dynamic viscosity using different empirical formulas is shown in Figure 7.

24
[ ] Experimental data [0 Mixing rules

20k [ JPedersen [ JLBC[__]SuperTRAPP

16 mH T

12 L o -

Dynamic viscosity (Pa-s)

1 1 1 1 1 1 1 1 1 1
1# 2# 3# 4# S# o6 TH 8% 9# 10#
Scheme number

Figure 6. Comparison of dynamic viscosity of CoHg-N, with different molar concentration.
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Figure 7. AAD and ARD for predicting the dynamic viscosity of CoHg-N, mixture. (a) AAD; (b) ARD.

It can be found from Figure 7 that among the above empirical formulas, the Super-
TRAPP formula has the smallest calculation error, with AAD and ARD values of 0.16 and
1.33%, respectively. The reason for this is that the SuperTRAPP formula is an extended
prediction model of propane as a reference fluid. The viscosity values of propane and
ethane are similar under the same working condition. Therefore, in the concentration
system dominated by ethane, the calculated viscosity is closer to the experimental value.
On the contrary, the Pedersen formula has the largest calculation error, with AAD and ARD
values of 0.57 and 4.36%, respectively. The SuperTRAPP formula is recommended for the
calculation of dynamic viscosity. The calculated viscosity of the Pedersen equation is higher
than the experimental value when the ethane concentration is less than 10%, but with the
increase of ethane concentration, the calculated viscosity is lower than the experimental
value. This may be because the Pedersen formula is a relative EOS, which is based on the
viscosity change rule of the reference substance liquid methane to predict the viscosity of
other substances.

3.4. Phase Characteristic of CoHg or Ny Component

According to the definition of the U.S. Energy Information Administration (EIA),
commercial ethane is ethane with a content of 95% or more used in the market. The ethane
product produced by the Oilfield of China is composed of 97% ethane, 1.5% methane and
1.5% propane, which belongs to commercial ethane. The phase state of commercial ethane
in the Oilfield of China and pure Nj are calculated using PR-Peneloux-EQOS, as shown in
Figures 8 and 9.
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Figure 9. Phase change diagram of purity Nj (100% Ny).

It can be seen from Figure 8 that the critical temperature and pressure of commercial
ethane in the Oilfield of China are 32.79 °C and 4.97 MPa, respectively. Meanwhile, the
critical temperature and pressure of Nj are —145.39 °C and 3.30 MPa, respectively, as can
be found in Figure 9. In pipeline replacement production state, liquefied ethane is more
likely to undergo a gas-liquid phase change than natural gas. The gas-phase ethane formed
by vaporization may also be liquefied again, resulting in the occurrence of a gas-liquid
two-phase flow, which greatly reduces the safety and pipeline transportation efficiency in
the process of transportation. Figure 9 reveals that pure N; has a lower critical temperature
and a higher critical pressure, so it is difficult to form gas-liquid two-phase flow under
normal pipeline transportation conditions. In the process of replacing N, with liquid-phase
ethane, the content of N, drops from 100% to 0%, while the content of ethane rises from 0%
to 100%. In this replacement process, the proportion of each component of the mixed gas is
complicated, so it is still necessary to further study the phase characteristics of the mixed
components of ethane and N; based on the study of the phase states of ethane and Nj.
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3.5. Phase Characteristic of CyHg-Ny Mixed Component

In the process of replacing nitrogen with liquid-phase ethane, due to the large differ-
ence in the physical properties of the two media inside the pipeline, high purity liquid-phase
ethane will vaporize after contacting nitrogen to form gas-phase ethane, methane and other
components. These gases will be mixed with nitrogen to form a new mixed gas, and with
the continuous progress of the ethane replacement process, the proportion of nitrogen
components in the mixture gas will continue to decrease. In addition, components such as
ethane and methane in high-purity ethane will continue to increase until the proportion
of nitrogen in the mixture gas inside the pipeline decreases to 0% and the proportion of
high-purity ethane becomes 100%. Then, it can be considered that the nitrogen replacement
is completed. At this time, the pipeline is full of high-purity ethane, as shown in Figure 10.

—
High purity ethane — Pure nitrogen
—

High purity ethane
concentration |

Pure nitrogen

concentration
Component 100 9% 80 70 60 50 40 30 20 10 0
concentration (%) | | | ] - L 1 1 1 Ly

Figure 10. Concentration gradient during nitrogen replacement process.

During the whole replacement process, with the continuous progress of replacement
construction, the proportion of gas components inside the pipeline is constantly changing.
Therefore, it is necessary to carry out phase-state characteristics research on the high
purity ethane and nitrogen gas with different mixing ratios and to lay the foundation for
the subsequent research on the mixing state and flow process of high-purity ethane and
nitrogen gas in the replacement process.

Figure 11 shows the phase diagram of C;Hg-N; with different mixing ratios calculated
using PR-Peneloux EOS. As can be seen, the physical properties of ethane are changed after
being mixed with nitrogen. Its virtual critical pressure keeps increasing, while the virtual
critical temperature keeps decreasing, which results in the enlarging of the gas-liquid
two-phase region. The normal transportation pressure in the liquid-phase ethane pipeline
is 5~8 MPa, while in the ethane replacement operation, the pipeline pressure ranges from
0 MPa to 15 MPa and the temperature is between —50~40 °C. Therefore, based on this
consideration, the phase diagram of C;Hg-Nj in actual operating conditions is given, as
shown in Figure 11b. According to Figure 1b, the critical parameters of CoHg-N, mixed
gas with different mixing ratios within the actual working conditions can be clarified and
the phase state of the pipeline transportation medium can be determined according to
the pressure and temperature at different stages of displacement production. In addition,
although nitrogen can be dissolved in ethane, the dissolution condition is very harsh. When
the pressure is normal pressure and the temperature drops to 90 K, the molar proportion
of nitrogen after dissolution is only 7%, and when the temperature rises to 110 K, the
molar proportion is only 3%. Therefore, the component of nitrogen dissolved in liquid-
phase ethane can be ignored when calculating the physical parameters of the pipeline
replacement medium and flow process under the pressure and temperature conditions of
the displacement production process.
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Figure 11. Phase diagram of C;Hg-N, with different mixing ratios. (a) —200 °C~200 °C;
(b) —50 °C~70 °C.

4. Conclusions

In this paper, different EOSs were used to predict the physical properties (such as
density, dew point and dynamic viscosity) of ethane or ethane mixture, and the prediction
performance was evaluated by two evaluation indicators, including average absolute
deviation (AAD) and average relative deviation (ARD). Then, the phase characteristics of
ethane or ethane mixture in the process of ethane pipeline replacement operation were
obtained based on the optimal EOS. The main conclusions are as follows:

(1) PR-Peneloux EOS, SRK EOS, BWRS EOS, SRK-Peneloux EOS, GREG-2008 EOS, LKP
EOS and PR EOS can efficiently predict the density of CH4-Cy;Hg-Ny mixture with
the ARD values within 20%. The prediction accuracy is in the order of PR-Peneloux
EOS > SRK EOS > BWRS EOS > SRK-Peneloux EOS > GREG-2008 EOS > LKP EOS
> PR EOS.

(2) All EOSs can accurately predict the dew point of the C;Hg-N; mixture when the
concentration of ethane is greater than 84%. The BWRS EOS has the best performance
with an average ARD value of 0.58%, regardless of the mixed ratio of C;Hg and N».

(3) Mixing rules, the Pedersen formula, LBC formula and SuperTRAPP formula can
predict dynamic viscosity with good accuracy under the conditions of atmospheric
pressure and temperature of 300 K. SuperTRAPP formula has the smallest calculation
error, with AAD and ARD values of 0.16 and 1.33%.

(4) The critical temperature and pressure of commercial ethane in the oilfield of China
are 32.79 °C and 4.97 MPa, respectively. It is difficult to avoid gas-liquid two-phase
flow during the production process of long-distance liquefied ethane pipelines, so
further research is needed for this special working condition to ensure the smooth
production and operation of the pipeline.
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Nomenclatures

K;j bivariate interaction coefficient

Yi molar fraction of component i

T, critical temperature of natural gas, K

P, volume translation coefficient
pr pressure ratio
V, molar volume ratio
T, temperature ratio
1% molar volume, m3/mol
R gas constant, 8.314 J/(mol-k)
z compression factor
R gas constant, 8.314 J/(mol-k)
X molar fraction of each component in the mixture, %
yf"l calculated value

e experimental data

Glreek Symbols

1) density variable

T temperature variable
Abbreviation

AAD average absolute deviation
ARD average relative deviation
CyHg ethane

EOS equation of state

N, Nitrogen
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