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Abstract

CO: pipeline transportation is a key link in the development of carbon capture,
utilization and storage (CCUS) technology. Due to the presence of impurities in the gas
source and the special transportation conditions, hydrates are prone to form during the
pipeline transportation of COz. Therefore, pigging operations need to be carried out to
ensure the safe and smooth operation of the pipeline. Based on the CO: pipeline pigging
parameters in the carbon capture and storage process of Kingsnorth, a pigging
numerical model with the help of the pigging theory and pigging module of OLGA
software was constructed in this study. The model verification results show that under
the basic and full transportation volume conditions, the relative errors of the simulated
values and the on-site detection values of the pigging time of the supercritical/dense-
phase CO:z pipeline and the pigging speed atthe pipeline outletare 4.20%, 4.17%, 3.17%,
and 3.86% respectively, all within the acceptable range of the project. Based on this
model, a simulation study was conducted on the pigging work of a certain supercritical
CO:2 long-distance pipeline. The results show that the pigging effect of the intelligent
pigging device is superior to that of the polyurethane mechanical pigging device. The
pipeline pigging model established in this research can accurately predict the pigging
performance of CO2 long-distance pipelines, providing a research method and guidance
for the optimization of CO2 pigging devices.
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1. INTRODUCTION

In the crucial global process of actively moving towards a low-carbon economy, carbon
capture, utilization and storage technologies, with their outstanding emission reduction
efficiency, have become the most efficient means of CO2 reduction in the world at present,
playing a pivotal role in this major transformation [1]. CO2 transportation, as the core link for
the complete realization of CCUS technology, has a decisive impact on the implementation of the
entire CO:2 reduction strategy [2]. Its main transportation methods include tank truck
transportation, pipeline transportation, and sea transportation [3]. Among them, pipeline
transportation is more economical and reliable compared to the other two transportation
methods, which makes it the main way for long-distance land transportation of CO2 in CCUS
projects at home and abroad [4].

CO2 pipeline transportation can be carried out in gaseous, liquid, supercritical/dense phase
forms. The three phase forms of transportation are suitable for different working conditions.

Due to the critical temperature of CO2 being 31.4 ‘C, long-distance pipelines are prone to
crossing the critical temperature during normal transportation, causing phase changes.
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Moreover, the CO2z gas source itself contains impurities, so the formation of hydrates is
inevitable [5]. Therefore, in order not to affect the normal transportation of the CO2 pipeline, it
is necessary to clear the CO2 pipeline. Most of the time, a pigging device is used for pigging to
ensure that the CO2 is dehydrated during commissioning and pigging, and to remove the
accumulated hydrates in the pipeline, thereby improving the transportation efficiency.

In recent years, scholars at home and abroad have also begun to pay attention to the pigging
devices used in CO2 pipeline pigging. Lima [6] et al. demonstrated through short-distance
pipeline pigging experiments that the parameter crucial for pigging device auxiliary leakage
detection, namely the pigging device speed, can be determined by commonly used monitoring
parameters. Their research utilized pipeline pressure sensors and monitoring data to
determine the speed of the pigging device, and then compared the pigging effects under
different pigging device speeds. Ramsen [7] etal. conducted a study on the pigging operation of
a COz pipeline over 200 kilometers long in the Bamus Oil and Gas field CCS project. Under dense -
phase conditions, they used OLGA software to simulate the operating speed and time of the
pigging device. The results show that the operation of the pigging device requires a speed
between 0.5 m/s and 3m/s to prevent the pigging device from getting stuck in the pipeline or
being damaged due to excessive speed. A research team conducted a study on the pigging
operations of gas transmission pipelines [8]. In this study, the pigging effect was mainly
evaluated by analyzing the running time and traveling distance of the pipeline pig. The team
employed the volumetric method in combination with pipeline average pressure correction to
calculate the running time and traveling distance of the pig. A comparison between the
calculated results and the actual arrival time of the pig at the receiving terminal reveals that the
calculation error is merely 5 minutes, which validates the effectiveness of the proposed
calculation method.

To sum up, most of the domestic research on pigging technology is focused on oil and gas
pipelines, while the related research on pigging of long-distance CO2 pipelines is still relatively
scarce. There are relatively more maintenance and inspection of long-distance CO2 pipelines
abroad, but the focus is mainly on the research and application of new pigging devices and safe
pigging operations. No detailed research has been conducted on the removal of accumulated
dirt from the pipelines. In addition, the analysis of other factors affecting the pigging effectand
the measures to improve the efficiency of pigging operations are still not perfect. For this
purpose, this paper took the long-distance CO2 pipeline as the object, focused on the operation
of the pigging device, established a pigging model using OLGA software and verified and
analyzed the model. Finally, a simulation study on the pigging of a certain supercritical CO2 long-
distance pipeline was conducted, and pigging suggestions were put forward to achieve safe and
efficient pigging.

2. ESTABLISHMENT OF THE CO: PIPELINE PIGGING MODEL

In long-distance CO, pipelines, the temperature and pressure vary with the transportation
distance, and CO, is prone to form hydrates with free water and impurities. Although European
research institutions recommend that the moisture content of the gas source be controlled
within 500ppm, the formation of hydrates is inevitable due to the cost of capture and
dehydration as well as the condensation caused by temperature drop during transportation.
Hydrates can cause gas-solid two-phase flow and erode the pipe wall. After accumulation, they
can easily reduce the transportation efficiency and even clog the pipeline. It is necessary to
predict through the hydrate phase equilibrium curve to determine the formation location and
time of hydrates. For sections that need to be cleaned, pigging equipment should be used for
pigging. As many scholars have studied the determination of the formation time and location of
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hydrates, this article focuses on the theoretical basis of pipe pigging and the establishment of
models.

2.1. Theoretical Basis of Pipeline Pigging

During the pigging operation, the pigging device operates by the thrust generated by the
pressurized fluid. The specific principle is to use the pressure of the fluid in the pipeline to drive
the pigging device to run, in order to remove the dirt in front of the pigging device. The
parameters required during the pigging operation include driving pressure, the amount of
water in the pipeline before and after the pigging device, the operating speed of the pigging
device, and the time taken to complete the pipeline. When the operating speed of the pigging
device is within the range of the CO2 pipeline pigging operation speed (0.5 to 3m/s), the shorter
the pigging time used for the pigging operation, the more stable the operating speed and the
more thorough the quality of the hydrates removed, the more ideal the pigging operation effect
will be, providing a certain basis for the subsequent judgment of the pigging operation effect.

2.1.1. Frictional Force Acting on the Pigging Device

(1) Static friction force

The static friction force between the pigging device and the pipe wall is F . For a static pigging
device, the static friction force mustbe overcome when it starts to move. The pigging device will
only move when the pressure difference of the pigging device is large enough.

(2) Pipe wall friction force

The formula for the frictional force exerted by the pig on the pipe wall due to their contact is
as follows:

E, = max(O, Fy —fW|Up|) -sgn(Up) (1)

Where, F, is the static friction force, N, f represents the tube wall friction coefficient,
Ns/m, U, is the pipeline pigging device speed, m/s.
As the speed Uy of the pig increases, the contact between the pig and the pipe wall decreases,

and the friction between the pig and the pipe wall also reduces. This effectcan be approximately
represented by the wall friction coefficient.

(3) Viscous friction force

When the pig moves, the fluid film around the pig causes viscous friction. This friction is
calculated using the following formula.

F;‘l :flUp+f2Up|Up| (2)

Where, c is the linear friction coefficient, Ns/m, f, stands for the second friction coefficient,
Nsz/mz2.
2.1.2. Leakage During Pipeline Pigging Operations

There are two different types of leaks during the pigging operation. For the subsequent

simulation, the leakage during the operation of the pig is characterized by changing the gap
between the pig and the pipe wall.

(1) Leakage caused by pressure drop

Due to the pressure drop on the pig, the liquid can be pushed from the rear of the pig to the
front. The pressure drop caused by the volume flow rate is given by the following formula:
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AP,
Uy = (cp1 . —ppi) . sgn(APpig) (3)

In which, c,; represents the leakage coefficient, 4P;, stands for the pressure drop on the
pig, N/m? and p is the working medium density, kg/m3

(2) Leakage caused by sliding (reverse leakage)

Due to the sliding between the pig and the surrounding fluid, some of the fluid in front of the
pig will not be carried away by the pig but will leak between the pig and the pipe wall. When
the gap between the pig and the pipe wall is very narrow, when calculating the flow rate of the
fluid film passing through the pig, the effects of gravity and pressure gradient can be ignored.

Assuming laminar flow velocity v, = 1—123, The average velocity of the fluid is:

Q0 = n(0*-D5) v, (4)

4

Where, D and D, are the inner diameter and outer diameter of the pipe of the pig,
respectively, m.

2.1.3. Pipeline Pigging Calculation Equation

The OLGA software was used to simulate the pigging process of long-distance CO, pipelines
in this manuscript. Since there are water hydrates and CO, media in the pipeline, which are not
a single substance, a two-fluid model is selected in the simulation. This model can more
accurately reproduce the pigging process and provide data support for evaluating the pigging
effect. The basic mathematical equations of the two-fluid model mainly consist of the mass
conservation equation, the momentum conservation equation, and the energy conservation
equation [11]. The formulas are as follows:

(1) Mass conservation equation
Gas phase mass conservation equation:

P P
E(Vgpg) = _%E(Al{quvg) +, + G (5)

Wall surface liquid phase mass conservation equation:

a 19 14
E(VLPL) = _ZZ(AVLPLUL)-I_lpg VL+LVD Y. +Yp + G, (6)
Droplet mass conservation equation:
a 19 Vp
E(VDpL) = _ZE(AVLPLUD)-I_"/)g v+ — Y. +Yp +Gp (7)

In which, t represents Calculate the time, s. d stands for the differential of space. V, V;, V,
respectively represent the volume fractions of the gas phase, liquid film, and liquid droplet
phases. pg,p,, pp respectively represent the densities of the gas phase, liquid film, and liquid
droplet phases, kg-m-3. A represents the cross-sectional area of the pipeline's flow passage, m2.
v, vy, Vp respectively represent Different phase transmission speeds, m's'l.ys represents the
inter-phase mass transfer occurring within the quality unit, kg'm3. G, G,, G, respectively
represent the given different phase state mass sources, kg-m3.
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(2) Momentum conservation equation
Gas-phase and droplet momentum conservation equations:

i(V pgv +VypLvp) = —li ~(4y, pgvg2 + AV, p,v,%) — (v, + vD)g—'; +, 5—;

(8)
2 gpgl | g4A__’11pg|v | T4-A (Vgpg+]/l,pL)g Cosa-l_l)bevi_wDVD
For the liquid film, the following momentum conservation equation is satisfied:
a 1 S 1 S;

v, .
+V,p.9 cosa —l/)g mva —wevi +YpVp = Vi, — pg)g <L sina

In which, v, represents Relative speed, m/s. a represents the angle between the pipeline
axis and the vertical line. i represents the interface between the gas-liquid two-phase main
body. S,,S,,S, respectively represent the respective interfacial wetting areas between the gas
phase, liquid film, and gas-liquid two-phase mixture, m; When the liquid film evaporates, for
example, 1pg > 0, Then, v, = v,. When the droplet evaporates, for example, z/)g < 0, Then,
v, = Vp. When the gas phase condenses, for example, ¥, < 0, Then, v, =v;.

(3) Energy conservation equation
Regarding the conservation equation for gas-liquid mixtures:

1 1 1
{mg (Eg +Evg2 +ghj+mL [EL +5sz +ghﬂ+m0 (ED +§vD2 +ghj=HS +U

7 1, 1, R
_Z[mgngHg-i—Evg +ghj+vaL[HL+5vL +ghj+mDvD(HD+EvD +gh

(10)

In which, E represents the unit mass internal energy of each phase, J/kg. H represents
elevation, m. Hsrepresents the enthalpy of the quality source, ]. U represents heat transfer
through the pipe wall, ]. m,, m;, m, respectively represent the unit mass of the gas phase,
liquid film, and liquid droplet phases, kg.

2.2. Establishment of the Pigging Model for Long-Distance CO: Pipelines

Based on the above gas pigging theory foundation and the OLGA calculation equation, using
the hydrate model as the initial condition for the pigging simulation process, a CO2 long-distance
pipeline pigging model was established [12]. The specific process of establishing the pigging
model is as follows:

(1) By combining the specific pipeline project parameters, the CO2 long-distance pipeline
hydrate generation model was established using the OLGA software [13].

(2) On the pipeline FLOWPATH in the above OLGA software established CO2 hydrate model,
the FA-MODELS-PIG module was added.

(3) Set the pigging sending time (INSERTTIME).

(4) Set the receiving and sending positions (LAUNCHPOSITION, TRAPPOSITION) respectively.

(5) The sending LAUNCH is setnear the pipeline inlet, and the receiving TRAP is set near the
pipeline outlet.

(6) The pigging attributes are set as follows: Different types of pigging devices have different
attributes, mainly reflected in the setting of the pigging device's mass and bypass rate, mainly

5
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including attributes such as MASS (on-site pigging device mass), WALLFRICTION (friction
coefficient between the pigging device and the inner wall of the pipeline), and STAEICFORCE
(maximum static friction force); other dynamic parameters can be set according to default
values.

(7) During the operation of the pigging device in the CO2 long-distance pipeline, the key data
thatneed to be monitored include: UPIG and ZZPIG (pigging device speed and running distance),
PT and TM (pressure and temperature along the pipeline), the cumulative amount of hydrate in
the pipeline before the pigging operation, and the cumulative amount of hydrate removed, etc.

3. VALIDATION OF THE PIPELINE PIGGING MODEL

To verify the feasibility of the pigging model for long-distance CO2 pipelines, the pigging
parameters of the CO: pipeline during the carbon capture and storage process in Kingsnorth
[14] were compared with the simulation values. The pigging model of Kingsnorth established
by the pigging module in the OLGA software is shown in Figure 1.

. \_ \ Platform >
\ Ktngsnorth/— Onshore &

Landfall-Valve

Offshore
Figure 1. Kingsnorth Pipeline OLGA pigging model

The total length of this CO2 pipeline is 277 kilometers, including 7 kilometers of the onshore
section and 270 kilometers of the underwater pipeline. The pipe diameter is 914 mm. Under
the basic flow rate (6600 t/d) and the full flow rate (26400 t/d), the inlet temperature, inlet
pressure and pipe material are as follows: 40 °C, 15 MPa, X80; The basic parameters of the OLGA
pigging device, including static force, wall friction force, linear friction force, secondary friction
force, pigging device mass, and leakage coefficient, are set as: 1000 N, 1000 N, 10 Ns/m, 0
Ns2/m?, 140 kg, and O.

Based on the data provided by the project, a simplified pipeline topography was input into
OLGA. Under the Kingsnorth dense-phase operation condition, the inlet flow rate of CO:2
remained at the normal operating state. The monitoring results were referenced from
(Transient Analysis - Pigging (Pipeline), KCP-GNS-FAS-DRP-0006), which used flow meters to
monitor the running speed and running time of the pig at the pipeline outlet. During the basic
throughput, the running speed of the pig at the pipeline outlet was 0.48 m/s and the running
time was 123 hours; during the full throughput, the running speed of the pig at the outlet was
1.26 m/s and the running time was 52 hours. The simulation values and monitoring results of
CO2 pipeline pigging under supercritical/dense-phase conditions are shown in Figure 2.
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Figure 2. Simulated and monitored values of supercritical/dense-phase CO2 pigging

As shown in Figure 2, in the supercritical/dense-phase COz pipeline transportation, at the
basic flow rate, the OLGA simulation value of the pig running speed at the pipeline outlet is 0.03
m/s faster than the monitoring value, with an error percentage of 4.20%; the simulation value
of the pig running time is 5 hours faster than the monitoring value, with an error percentage of
4.17%. Since this pig pigging simulation did not consider the pig getting stuck in the pipeline or
the certain gap between the pig sealing parts and the pipe wall, etc., this OLGA pigging model
simulation speed was slightly greater than the actual monitoring value, and the pigging
simulation time was less than the actual monitoring time. Additionally, for the absolute error
value of 5 hours, according to the reports of multiple CO2 pipeline pigging by foreign experts
such as Skone [15], when the pigging operation time of the long-distance pipeline exceeds 5
days, the error between the simulated pigging time using the OLGA software and the actual time
can be within =5 hours, which can be used as a reference for pigging reception. Therefore, for

the 5-hour pigging time simulated under the basic flow rate of the 277 km pipeline, the error is
within the acceptable range.

When transporting CO: at full flow rate, driving the pig to clean the pipeline, the OLGA
simulation value of the pig running speed at the pipeline outlet is 0.04 m/s faster than the
monitoring value, with an error percentage of 3.17%; the simulation value of the pig running

7
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time is 2 hours faster than the monitoring value, with an error percentage of 3.86%. Since the
running speed of the pig in the full flow rate is 1.26 m/s, which is more in line with the
reasonable running speed range of 0.5 m/s to 3 m/s for the pig, the simulation results are closer
to the actual monitoring results.

Therefore, using the OLGA software to simulate the pigging operation of the CO: long-
distance pipeline under supercritical/dense-phase conditions, whether it is under the basic
flow rate or the full flow rate, the running of the pig is compared with the actual monitoring
running speed and running time, the error is small and within a certain range, thereby verifying
the accuracy and effectiveness of the CO2 long-distance pipeline pigging simulation method
using the OLGA software, and having certain reference value for accurately receiving the pig
using pig catcher within the predetermined time.

4. A STUDY ON THE PIGGING PERFORMANCE OF A LONG-DISTANCE CO:
PIPELINE

For the pigging operation of the long-distance CO2 pipeline, due to the influence of the pig
type, this chapter adopts an intelligent pig to simulate the pigging performance under
supercritical conditions. It analyzes the running speed, running time, and the content of
hydrates removed under the corresponding conditions, as well as the changes in pipeline
temperature and pressure parameters. The pipeline parameters are selected from a certain
oilfield project, with a total length of 42 km, the lowest altitude being 1321m and the highest
being 1630m. The terrain parameters are shown in Figure 3.
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Figure 3. Topographic parameter map of the pipeline

Taking into account the drying characteristics, supercritical properties, and various types of
pigging devices of COz in long-distance pipelines, in accordance with the CO2 pipeline design
standards and the selection criteria for pigging devices [16], it was confirmed that the
intelligent pigging devices was recommended for the supercritical/dense-phase transportation.
Referred to SY/T0533-94 [17], an intelligent pigging device was selected according to the
pipeline structural and operating condition parameters with a mass of 200 kg, a maximum wall
friction force of 1000 N, a maximum single discharge volume of 158.3 kg, and a leakage
coefficient of 0.1. The pigging performance was simulated using the pigging module of the OLGA
software, Based on the verified pigging modeling method for CO:2 long-distance pipelines,
inputting the basic parameters of the CO:2 pipeline and the basic parameters of the pig, the
specific parameters of the pigging operation under the supercritical/ dense-phase conditions
were obtained, including the pigging running speed, average speed, pigging position, running
distance and pipeline temperature and pressure. The pigging effect is analyzed and compared.
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Figure 4. Operating Parameters of the intelligent pigging device

As shown in Figure 4, for the simulation of pipeline pigging with the intelligent pig in the
supercritical/dense-phase transportation condition, the pig was launched at 2 hours and was
received by the collector at 23 hours. It operated throughout the pipeline for approximately 21
hours. The operating speed of the pig was about 0.5 m/s, and it maintained a relatively stable
speed after 15 km.
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Figure 5. shows the volume of hydrates removed by the intelligent pigging device

As shown in Figure 5, the total amount of hydrate in the pipeline before the pigging operation
reached approximately 5 kg. After the intelligent pigging operation, only 1.4 kg remained. The
amount of hydrate cleared by the intelligent pigging device in one operation was approximately
3.6 kg.

In conclusion, for CO2 pipeline transportation of pigging under supercritical/ dense-phase
conditions, the simulation results show that the intelligent pigging device can perform full-line
pigging in the pipeline. The volume of hydrate removed by the intelligent pigging device is 3.6
kg, and the average speed is approximately 0.55 m/s. Furthermore, the intelligent pigging
device can simultaneously conduct inspections inside the pipeline. Therefore, this pigging
device is particularly recommended for use in supercritical/dense transportation pipelines.

5. CONCLUSIONS

Regarding the problems such as decreased transportation efficiency and pipeline blockage
caused by hydrate formation in the CO2long-distance pipelines in CCUS system, this study relies
on the CO2 pipeline pigging parameters during the Kingsnorth carbon capture and storage
process, and uses the OLGA software to establish a CO2 long-distance pipeline pigging model. It
systematically explores the pigging effects of the intelligent pigs in the supercritical/dense-
phase transportation pipeline. The main conclusions are as follows:
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1) This paper uses the OLGA software combined with the parameters of an oilfield project to
establish a hydrate formation model for the CO: long-distance pipeline, provides relevant
pigging theoretical basis and OLGA calculation equations, and uses this hydrate model as the
initial condition for the pigging simulation process, establishing a CO2 long-distance pipeline
pigging model.

2) Based on the CO: pipeline pigging parameters in the Kingsnorth carbon capture and
storage process, using the OLGA software to simulate data analysis and comparison verification
reveals that under the basic flow rate and full flow rate two working conditions, the maximum
relative errors of the pigging time and the speed of the pigging device at the pipeline outlet in
the supercritical / dense-phase CO, pipeline simulation results compared with the measured
values are 4.20%, 4.17%, 3.17% and 3.86% respectively, all meeting the acceptable error
requirements. In summary, using the OLGA software to simulate the pigging operation of the
CO2 long-distance pipeline in the supercritical working condition has certain accuracy and
effectiveness.

3) By applying the established CO2 pipeline pigging operation model, the pigging effect of the
intelligent pig in the supercritical/dense-phase state was analyzed. The study shows that in the
supercritical CO: pipeline pigging process, the running speed of the intelligent pig is
approximately 0.55 m/s, and the mass of hydrates removed is 3.6 kg.
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