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Abstract

Ethane is different from natural gas, crude oil, etc., its critical temperature is low, and it is easy to change
phase with the change of ambient temperature. Therefore, it is necessary to increase the constraint condition
to ensure that ethane is in the gas phase. Therefore, based on the optimization principle, the calculation model
of the economical flow rate of the ethane transport pipeline including the ethane phase, the pipeline stability,
and the compressor pressure ratio constraint is established with the lowest annual cost of the gas phase ethane
pipeline. Solve the problem with the lowest cost. The gas-phase ethane transmission pipeline proposed in
Tarim Oilfield is analyzed as an example. The results show that the economical flow rate of the pipeline under
different working conditions ranges from 3 to 7 m/s, which guides the selection of the diameter of the
Tarimethane pipeline. The economic design, safe operation and management of the ethane pipeline provide
the basis.
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1. Introduction

In the petrochemical industry, ethylene is an important raw material, and there are many derivatives,
including polyethylene, ethylene glycol, styrene, etc., and ethane is the most economical material for ethylene
[1-3]. In natural gas production, the main purpose of ethane removal is to make the natural gas's hydrocarbon
dew point meet the external demand, rather than the large-scale use of ethane. However, in recent years, in the
development of the Tarim Oilfield, a large number of high-temperature and high-pressure condensate gas
fields such as Dina and Yaha have been discovered, and the volume of ethane in the produced condensate gas
is higher than 5%, which is a large-scale removal of B. The use of alkane for scale application provides good
resource conditions. For long-distance onshore transport of large amounts of ethane, pipeline transport is the
most convenient and economical means of transport.

A large number of ethane pipeline systems that can match natural and crude oil pipelines have been
established abroad, mainly in Australia, North America, and the Middle East. For example, North American
EPP (Enterprise Products Partners)'s "Aegis" ethane pipeline system[4], Alberta ethane collection system,
Australia APA's Momba-Sydney liquid phase ethane pipeline[5], Saudi Aramco's gas-rich ethane transfer
pipeline[6], etc., these pipelines are more than hundreds of kilometers in length. In the long-distance ethane
pipeline that has been built, there are both liquid phase transportation and gas-phase transportation. In contrast,
China's long-distance ethane pipeline is still in its infancy. Compared with the liquid phase transportation
mode, the gas phase transportation method is simpler, so this paper mainly studies the gas phase pipeline.

The economical flow rate is a fundamental parameter that is important in the design and operation of a gas
phase ethane pipeline. At present, the design standards for gas pipelines at home and abroad are mainly for the
establishment of natural gas, and the design standards and specifications for gas-phase ethane pipelines have
not yet been formed[7-9]. The research on the economical flow rate of gas-phase ethane pipelines is rarely
reported. Although the design of gas-phase ethane pipeline can refer to the relevant standards of natural gas
transmission pipeline, the physical parameters such as bubble point, dew point, viscosity and density of ethane
are quite different from those of natural gas, liquefied petroleum gas and crude oil, and the related pipelines.
The energy consumption of transportation must be different. Especially for commercial ethane with a purity
of more than 95%, the critical pressure and critical temperature are about 4.9 MPa and 32 °C, respectively. It
is easy to change phase at normal temperature and cause flow safety problems such as pipeline effusion and
slug flow. Therefore, in determining the economical flow rate of the gas phase ethane delivery pipeline, it is
necessary to consider not only the economic factors such as operating energy consumption but also the
gas-liquid phase change factor of ethane. To this end, it is necessary to combine the physical property
parameters of ethane and the transportation process to clarify the economical flow rate of the long-distance
pipeline of the gas-phase ethane and provide guidance for the safe, economical and efficient design and
operation management of the gas-phase ethane pipeline.

2. Gas-phase ethane pipeline transportation process

In natural gas processing plants, ethane is generally derived from natural gas de-light hydrocarbon plants,
mostly in a gas phase with high temperature and low pressure. Before entering the pipeline, the gas phase
ethane needs to be pressurized to meet the pipeline requirements. During the transportation process, ethane is
kept in the gas phase and continuously conveyed by the compressor pressurization. The pipe delivery process
is shown in Fig.1. The critical pressure of ethane is 4.88 MPa and the critical temperature is 32.25 ° C. It
should be controlled at 2~2.5 MPa during the transportation process and the temperature is controlled at
0~25 °C. Otherwise, it is easy to cause the gas phase ethane to liquefy, enter the liquid phase or supercritical
state, and form multiphase flow to affect the normal operation of the pipeline and equipment.
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Fig. 1. Gas-phase ethane pipeline transportation process.1- valve; 2- compressor.
3. Economic flow rate calculation model

The investment cost of the gas phase ethane long-distance pipeline construction is high, the pipeline
operation time is long, and the operation and maintenance cost is large. Whether the economic operation flow
rate of the ethane pipeline can be determined is directly related to whether the pipeline construction is
economically feasible. To determine the economic flow rate of the pipeline, the principle to be followed is that
the total investment cost of the pipeline is the lowest, so an optimization model needs to be established to
obtain the economic flow rate.

Combined with the characteristics of long-distance pipeline construction and operation, the total investment
cost of the long-distance gas pipeline of ethane can be obtained, including construction cost and operation cost.
The construction cost includes pipeline construction, land cost, gas station construction, etc. The operating
cost includes the compressor unit. The electricity cost of the valve room is equal[10-13]. According to the
above characteristics, the annual equivalent cost of the gas phase ethane long-distance pipeline is used as the
objective function, and the mathematical expression is as shown in the formula:

S:(SA+SB)-E+SC+SD (1)
3.1 Annual equivalent Pipeline Investment (SA)
The construction cost of the ethane pipeline is mainly comprised of construction cost independent of

pipeline diameter, cost of anti-corrosion coating and pipe material, etc [11,12]. The specific formula is as
follows:

S, =(a,+aD+a,6(D-9d)+a,Dn+a,(D-25))-L 2
3.2 Annual Equivalent Station Investment (SB)
For the long-distance gaseous ethane pipeline, it is also considered that intermediate pressurization and
compressor station. Station construction investment can be divided into two parts, one is station construction

costs, including office buildings, fire facilities and so on, and the other is the compressor as well as other
equipment investment. The formula for investment in station construction can be expressed as follows:

S, =m-(b, +H,N) 3)

Note: In practice, the arguments of by and b, varies in different compressor station due to their various
versions and specifications as well as different types of connection. Therefore, to unify all arguments and
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simplify the model, all compressor stations considered the same standard one.
For the booster station, according to the gas ethane piping in the low-pressure transmission, the electrically
driven centrifugal compressor can be chosen, its power can be decided as follows:

__ 4k T 10 4
N_n(k—l) QZT(g 1] 10 (4)

3.3 Operation and maintenance costs (SC)
It is necessary to invest to maintain the day-to-day operation of pipelines and stations after they are
completed and put into operation. Therefore, the operation and maintenance costs are calculated from the end

of the construction. According to the economic evaluation of Pipeline Engineering, the annual operation cost
of pipeline and stations can be calculated as follows:

S. =C,S, +C.Sy (5)
3.4 Annual Energy Consumption Cost(SD)

The annual energy consumption of the station mainly includes the electricity cost of the compressor, and
the remaining electricity cost can be calculated by the additional energy consumption factor. The formula is:

S, =mAY_NH %24 (6)
3.5 Annual Equivalent Factor(E)

Given that the time cost of the pipeline and the station in combination with annual energy consumption cost,
the annual equivalent factor is adopted to unify the cost formula as follows:

i(1+4,)
(1+i,) -1

E= )

4. Piping constraint conditions

A long-distance gas transmission pipeline, generally, is a complex hydraulic system. In the process design,
the corresponding constraints must be met to achieve the goal of safe operation after construction. The
pipeline design is a matter of optimization, in which various constraints should be factored into, including
phase state constraints, pipeline strength constraints, hydraulic constraints, pipe specifications, and compressor
spacing, etc.

(1). Phase Constraints

Phase state constraint means that the pressure at any temperature in the gas phase is less than the related
dew-point pressure at that temperature. The constraints are as follows:

(P, T)<(P,,T,.) ®)

dew’ ~dew

(2). Pipeline Strength Constraint
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Because the maximum pressure is located at the outlet of the compressor station, the constraint pressure in
the constraint condition is chosen as the outlet pressure of the compressor station. The Piping strength
constraint formula is as follows:

5> PD
20, pFt

)

(3). Pipe and pipe specification constraint

The pipes used in gas pipelines are manufactured according to a certain standard series, so the pipe
diameter and wall thickness are not continuous variables, but discrete values that are compatible with the
specifications, so the pipeline The pipe diameter and wall thickness should be selected from the relevant
standards for the specified pipe diameter and wall thickness.

DcD, 5c& (10)

(4). Pipeline stability constraint
The instability of the cross-section of the long-distance pipeline should be considered when it is buried.
The stability constraint is as follows:

ms%:gsuo (11)

(5). Power constraint of compressors

To make sure that the compressor work in a high-efficiency area working area and improve the working
efficiency, the range of the compressor's pressure ratio has to be determined before the compressor station's
pressure ratio is determined. Therefore, the compressor station pressure ratio should be in a certain range, as
shown in the following formula:

Emin SES Epgy (12)

min
(6). Hydraulic condition constraint
When the piped gas flows in the pipe, it will be subjected to frictional resistance, resulting in a change in
the gas transporting capacity, so the gas flowing in the pipe needs to meet the corresponding hydraulic

conditions.
The overall constraint model is:

minS=(S, +S;) - E+S. +S,
B <P,
5> PD

ZGx(th (13)
st{DcD, §c&

s0<2-F <120

e . <g<leg

min max
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Solve the mathematical model according to the following diagram.
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Fig. 2. Calculation method flow chart
5. Case Studies
5.1 Case 1

Case analysis of the Lunnan-to-Korla gas-phase ethane pipeline proposed by Tarim Oilfield. The length of
the pipeline is 125km, the terrain is flat and the total output is 2286 t/d. The outlet pressure is 2.1 MPa and the
minimum inlet pressure is 1.2 MPa, meanwhile, the outlet temperature is 29 °C above the ambient temperature
which is 20 °C in summer while 3°C in winter. The detail ethane components are shown in Table 1 below.
Referring to the economic evaluation arguments of domestic oil and gas company projects and relevant
documents or literature!"*'*!, the values of each economic parameter are determined, as shown in Table 2
below.

Table 1. Composition of Ethane Products

Composition proportion (mol%)
Cl 1.426
C2 96.262

C3 2.282
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Table 2. Economic Arguments

Economic arguments Parameter value
Cost factor independent to the diameter 52.0639
Construct cost factor of pipeline 0.8244683

The cost factor of pipeline materials 0.62

The cost factor of external anti-corrosion coating 8

The cost factor of internal anticorrosion coating 4
Cost factor independent to station buildings 588.9
Cost factor related to power equipment 1.36
annual operating maintenance factor of pipeline 0.02
annual operating maintenance factor of station 0.02

After all, after the optimization calculation, the optimal solution is shown in the following tablet, the
economic flow rate of the pipeline is 4.4 m/s. The starting pressure is 2.1 MPa and the starting temperature is
29 °C, which is namely the outlet pressure and temperature of ethane plant, hence no extra compressor or heat
exchanger is needed. The profile of pressure and temperature in the whole line is shown in fig.3 below, which
meets the requirement for gaseous ethane transmission.

Table 3. Optimal delivery scheme

Pipe diameter /mm flow rate /(m/s) pump station inner coating outer coating
559%6.4 4.4 no no yes

Bubble line
Dew point line
Summer
Winter

Pressure (MPa)
<

-60 -40 -20 0 20 40
Temperature (‘C)

Fig. 3. profile of pressure and temperature

Through the analysis of the economic model, it can be concluded that pipeline throughput and distance are
the two most important factors affecting the model. Therefore, to decide the optimal method, specifically,
optimal economic flow rate, it must be done that changing the two parameters and forming various schemes to

compare economic estimate. As shown in Fig.4 and Fig.5, the economical flow rate of ethane pipeline range is
3 ~ Tm/s.
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Fig. 5. economic flow rate with different transmission distance

5.2 Case 2

The length of the pipeline is 4300km, and the elevation along the pipeline is as shown in fig.6. The total
output is 4000t/d. The pressure of the ethane plant is 2.0 MPa, the minimum pit pressure is 1.2 MPa, the
starting temperature is 29.0 ° C, and the ambient temperature is 3 to 20.0 ° C. The composition of the
transport medium is shown in Table 1, and the values of the economic parameters are shown in Table 2.

140
1200-
1oog -‘/\\,«/ \

J h /-\‘\
B0 Wy

Fig. 6. elevation distribution along the pipeline
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Nomenclature

S the total cost of the gas pipeline, yuan/year

Sp the annual investment in the pipeline, yuan

Sg the annual investment in the construction of the station, yuan

Sc  the annual operation and maintenance cost, yuan/year

Sp energy consumption, yuan/year

E  the annual comprehensive conversion factor

ao the cost coefficient irrespective of the pipe diameter, yuan/km

a, the pipeline construction cost coefficient proportional to the pipe diameter, yuan/(m.km)
a, the pipe cost coefficient proportional to the pipe weight, yuan/(t.km)

a;  the external anti-corrosion cost coefficient proportional to the outer diameter, yuan /(m”km)
a;  the cost coefficient of the inner coating proportional to the inner diameter, yuan /(m”.km)
D the outer diameter of the pipe, m

&  the wall thickness of the pipe, m

p  the pipe density, t/m’

L  the length of the pipe, km

by the station construction fee unrelated to power, yuan

b; the equipment investment coefficient related to equipment power, yuan / kW

N the power of the compressor station, kW

m the number of compressor stations

k  gas multivariate index

n the variable efficiency of the compressor

€  the pressure ratio of the compressor station

Q the displacement of the compressor station under standard conditions, Nm®/d

Z  the gas compression coefficient at the inlet state of the compressor station

T  the gas temperature at the inlet state of the gas station, K

C, the annual operation and maintenance factor of the pipeline, yr

C, the annual operation and maintenance factor of the station, yr™

A the additional coefficient of energy consumption

Y. the electricity price, ¥/(kW<h)

N the compressor station power, kW

Hy the number of days of operation, d

y  the design life of the pipeline, year

ip  the internal rate of return, generally taken as 0.12~0.15, 1/a

Py the time running pressure corresponding to a certain temperature of the pipeline
Pyew the dew point pressure of the ethane delivered at this temperature

P the pressure of the pipeline

os; pipe minimum yield strength, MPa

F  the strength design factor

E, the ratio of the pipe diameter to the wall thickness, and is generally between 80 and 120
€mn the lower limit of the compression ratio of the compressor station

€max the upper limit of the compression ratio of the compressor station
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By optimizing the calculation, the optimal solution is shown in the table4 below. The economical flow rate
of pipeline transportation is 4.7m/s. Change the output, form a variety of programs, and get the economic flow
rate under different working conditions, as shown in the figure. As can be seen from the fig.7, the economic
flow rate in this example is between 3.5 and 5.5 m/s.

Table 4. Optimal delivery scheme

Pipe diameter /mm flow rate /(m/s) pump station inner coating outer coating
660%9 4.7 22 no yes

B, B

5.0

401

a5 T T T T T T T T 1
1000 MK 3000 4000 5000 6000 TOOO BOO0 9000 [0OOD
. .

Fig. 7. economic flow rate under different inputs

5.3 Case 3

The length of the pipeline is 1000km, and the terrain is flat and the total output is 4000t/d. The pressure of
the ethane plant is 1.8 MPa, the minimum pit pressure is 1.3 MPa, the starting temperature is 33 ° C, and the
ambient temperature is 3-15 © C. The composition of the transport medium is shown in Table 1, and the
values of the economic parameters are shown in Table 2.

Through optimization calculation, the economical flow rate of pipeline transportation under the optimal
scheme is 4.6m/s. Change the output, form a variety of programs, and get the economic flow rate under
different working conditions, as shown in the fig.8. The figure shows. The economic flow rate under this
example is between 3.0 and 5.0 m/s.

Table 5. Optimal delivery scheme

Pipe diameter /mm flow rate /(m/s) pump station inner coating outer coating

660x9 4.6 6 no yes
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Fig. 8. economic flow rate under different inputs

In summary, the economical flow rate of the gas phase ethane pipeline is 3~7m/s. In contrast, the economic
flow rate of conventional natural gas pipelines is 7~15m/s, the flow rate of crude oil is 1-2m/s, and the
economic flow rate of ethane pipelines is between conventional natural gas and crude oil pipelines. between.
This is mainly because commercial ethane and density are between natural gas and crude oil. The friction loss
generated under the same output is inevitably between natural gas and crude oil, and the corresponding
economic flow rate will not exceed the crude oil and natural gas pipeline. The scope. The economical flow
rate of the established Saudi Aramco NGP gas-phase ethane pipeline is about 4.5~9.14 m/s, which is
consistent with the calculation results in this paper.

Fig.4 and Fig.5 also show that the economic flow rate of the ethane transfer line fluctuates within a range,

which is formed by the influence of the standard pipe diameter of the pipe. For example, in Fig.4, the
conditions such as the transport distance of 125 km are the same as in the example, and only the pipeline
output is changed. When the output is 5500-6500t/d, the outer diameter of the pipe is 610mm, which is the
optimal pipe diameter. At this time, the economic flow rate increases with the increase of the output. When
the output is increased to 6500 t/d, the optimal pipe outer diameter is increased from 610 mm to 660 mm, the
pipe flow rate is decreased, and then increases with the increase in the number. In Fig.5, the conditions such
as the pipe volume of 2286t/d are the same as in the example, and only the conveying distance is changed.
When the conveying distance is 210-270km, as the conveying distance increases, the flow rate can be reduced
by increasing the pipe diameter to reduce the friction loss. At this time, the cost of increasing the pipe
diameter is less than the construction and operation cost of the gas station, so the pipe flow rate is reduced.
However, when the conveying distance reaches 280km, the cost of increasing the pipe diameter is greater than
the construction and operation cost of the compressor station. At this time, the pressure station can be
increased, the pipe diameter can be reduced, and the pipe flow rate can be increased accordingly.

6. Conclusion

(1) Considering the ethane physical property and gas-phase pipeline transportation process, based on the
optimization principle, the lowest annual cost of the gas phase ethane delivery pipeline is established as the
objective function, including the ethane phase, pipeline stability, pipeline strength, and compressor pressure
ratio constraint. The economical flow rate calculation model of the ethane transfer pipeline.

(2) The model was applied to the proposed Tarim gas-phase ethane pipeline, which guided the selection of
the flow rate of the Tarimethane pipeline. And by changing the conveying conditions, the economical flow
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rate under various schemes is 3~7m/s, which is consistent with the flow rate of pipelines built at home and
abroad and has a guiding role for the construction of gas-phase ethane pipelines.

(3) At present, the theoretical design, and calculation of the gas phase ethane pipeline transportation
process are carried out, and there is not enough practical argumentation. In the future, the actual economic
situation and different pipeline materials in different regions can be combined to further refine the model and
establish a more complete economic flow calculation model for the gas phase ethane pipeline.
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