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ABSTRACT

The transmission medium of natural gas gathering and transportation pipelines usually contains cor-
rosive gases, which will cause serious corrosion on the inner wall of the pipelines when they coexist with
water. Therefore, it is necessary to add corrosion inhibitor to form a protective film to protect the
pipeline. The distribution of corrosion inhibitors in a gathering and transportation pipeline in Moxi gas
field was studied by combining experiment and simulation. The Pearson function was used to calculate
the experimental and simulation results, and the correlation was more than 80%, indicating a high degree
of agreement. The simulation results show that: @ The larger the pipe angle, filling speed and gas flow
rate, the smaller the particle size, the better the distribution of corrosion inhibitor particles in the pipe.
The filling amount will affect the concentration, but the distribution trend is unchanged; @ A method to
determine the filling mode based on the loss was proposed, and for this pipeline, the loss of corrosion
inhibitor was determined to be 5.31 x 107> kg/s, and the filling amount was recommended to be
adjusted to 20 L/h, which has certain guiding significance for the actual filling strategy of pipeline
corrosion inhibitor.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0).

1. Introduction

fields (Han et al., 2022; Jaya et al., 2010; Cui et al., 2021). After at-
omization, the corrosion inhibitor is filled into the pipeline

In recent years, with the increase in natural gas demand, its
exploitation intensity and utilization degree have been continu-
ously improved (Guo et al., 2022; Wang et al., 2022). Natural gas
contains H,S, CO,, and other acid gases, which will form acid liquid
with free water in the pipeline (Qi et al, 2019). The flow and
retention of acid in the pipeline will cause serious corrosion
problems, mainly manifested as uniform corrosion, localized
corrosion and erosion corrosion. Corrosion inhibitor have the ad-
vantages of less dosage, good effect and convenient use, and are
widely applied in oil and gas fields, aviation, construction and other
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dispersed throughout the pipeline under the influence of gas tur-
bulence and molecular diffusion. However, the corrosion inhibitor
droplet itself cannot form a continuous film to protect the pipeline,
so the method of refill after pre-filming is generally adopted. The
pre-filming process generally uses the pipeline pressure difference
to move the pig in the pipeline, and evenly applies the corrosion
inhibitor to the inner wall to form a thin continuous film (Jing et al.,
2018). Then, the atomized corrosion inhibitor is sprayed into the
pipeline by continuous or intermittent filling to supplement the
continuous film. The scouring effect caused by the gas flow will lead
to problems, such as thinning and destruction of continuous film,
reducing the protective effect. Therefore, it is necessary to study the
distribution law of corrosion inhibitor to provide technical support
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for the pre-filming process. Since it is difficult to obtain the con-
centration distribution inside the pipeline, the concentration of the
corrosion inhibitor is generally detected at the outlet of the pipeline
(Rojas and Ojeda, 2009). Scholars at home and abroad have done a
lot of research and analysis on corrosion inhibitor, as shown in
Table 1.

As can be seen from Table 1, the relevant researches on corrosion
inhibitor are mainly divided into two categories. The first category
is to analyze the concentration of corrosion inhibitor from a one-
dimensional analytical method. For example, Longwell and Weiss
(1953) proposed to use the diffusion equation to obtain the con-
centration distribution downstream of the nozzle. Zheng et al.
(1999) corrected Longwell atomization concentration formula and
obtained the distribution formula of corrosion inhibitor atomiza-
tion concentration in natural gas pipelines. Gupta and Torrilhon
(2016) study the diffusion velocity in gas mixtures and find a
relaxation phenomenon. Due to the limitations of the one-
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dimensional analytical method itself, the accuracy of describing
the corrosion inhibitor filling process is low. With the development
of computational fluid dynamics, many scholars proposed to use
the CFD method to establish a model and analyze gas-liquid and
gas-solid two-phase flow. For example, Quentin et al. (2021) pro-
posed the influence of surface roughness should be considered
when analyzing liquid film in the process of spray formation of
liquid film, Yu et al. (2021) according to the atomization charac-
teristics of nozzles, a method for predicting droplet breakage is
proposed. Liu et al. (2021a) used the DPM model to study the effect
of particles on pipeline erosion and verified that the model can
effectively simulate particle motion behaviors. Guan et al. (2015)
used the Mixture model to study the liquid transport in natural
gas pipelines, and proposed that the liquid film movement is
attributed to the combined action of centrifugal force and gravity.
Tao et al. (2019) proved that the use of DPM model has certain
accuracy by simulating the process of spray formation of the liquid

Table 1
Research status of pipeline corrosion inhibitor.
Analysis Results or conclusions References
perspectives
One- He believed that the liquid after passing through the nozzle would cause a difference in the concentration distribution downstream, Longwell et al.
dimensional and the diffusion equation could be used to find the concentration distribution downstream of the nozzle. (1953)

By modifying the "Longwell atomization concentration formula", the distribution formula of the corrosion inhibitor atomization

Zheng et al. (1999)

concentration in the natural gas pipeline is obtained, and the undetermined constants in the formula are corrected.
By studying the atomization distribution of the corrosion inhibitor in the pipeline, it is proposed that a set of modified "Longwell Jing et al. (2018)
diffusion models" is established based on the theory of gravity settlement and relaxation, and the experimental deviation of which is

small.

The study is carried out on diffusion velocity and relaxation in binary gas mixtures by Boltzmann collision integral.
The corrosion inhibition performance of imidazoline derivatives on J55 steel in oilfield formation water saturated with CO, was

Gupta et al. (2016)
Singh et al. (2019)

studied. The addition of corrosion inhibitor reduces the current density of the cathode and anode and improves the impedance

parameters.
Three-

Inhibition effect of thioureidoimidazoline inhibitor for the flow accelerated corrosion at different locations of X65 carbon steel elbow Zeng et al. (2015)

dimensional was studied by array electrode and computational fluid dynamics simulation.
The liquid transport and film flow in a low-pressure natural gas pipeline are studied by using a mixture model. It is proposed that the Guan et al. (2015)
formation of liquid film and the movement of droplets are attributed to centrifugal force and gravity.
The diffusion process of liquid film formed by high pressure spray on a flat plate was studied. The influence of liquid film is analyzed Quentin et al.

from many angles.

According to the atomization characteristics of the nozzle, a method for predicting droplet rupture was proposed, and its

practicability was verified by experiments.

(2021)
Yu et al. (2021)

The corrosion behavior of cross section with variable diameter was studied by computational fluid dynamics (CFD) method, and the Zhong et al. (2020)
relationship between the flow rate and corrosion rate was determined by experiments.

The overflow phenomenon in an inclined pipe is studied, and the simulation results verify that the model can provide a deeper

Chen et al. (2015)

understanding of the liquid film structure in the gas-liquid two-phase flow than the experiment.

Three-
dimensional can effectively simulate particle movement behaviors.

The Discrete phase model (DPM) was adopted to study the effect of particles on pipeline erosion, and it was verified that the model Liu et al. (2021a)

The newly developed model is used to simulate the powder prepared by gas atomization, and visualize the continuous liquid and Luo et al. (2021)

droplet crushing and defect formation process.

Based on the CFD method, a numerical calculation program is established to obtain the specific film thickness of the elbow through Liu et al. (2019)

the mechanical film model.

Volume of Fluid (VOF) and Euler-Euler method is used to simulate the three-dimensional transient annulus. It is proposed that the Farokhipour et al.

liquid film in three-phase flow is helpful to reduce the erosion damage, compared with that in two-phase flow.

(2020)

By simulating the liquid disintegration process in the three-phase system, a new numerical simulation method of liquid jet spraying (Edelbauer. 2017)
in the nozzle is proposed, and the feasibility of such a method is verified by comparison.

The gas-liquid separation process in axial flow cyclone is simulated by combining the Euler-Lagrange method with the surface film Deng et al. (2019)
model. The surface droplets will move to the wall under the action of centrifugal force to form a thin liquid film.

The discrete phase model is combined with the boundary conditions of the wall film to simulate the liquid atomization and spray Tao et al. (2009)
process, and the influence of different parameters on the liquid film is analyzed. The simulation results are compared with the

experimental data in the literature. The error is small.

CFD method is used to analyze the perforation failure of atmospheric distillation column pipeline system, and provide theoretical Quan et al. (2022)

guidance.

The effects of bubble detachment time and particle entrainment under the wettability of gas nozzle materials were investigated Xu et al. (2013)

using DPM and VOF models.

Aiming at the serious corrosion problem of gas collecting station, the distribution mechanism of liquid film was analyzed by

establishing the model of Euler wall film and multiphase flow.

Liu et al. (2022a)

Regarding the liquid load problem caused by insufficient gas production in the wellbore of gas wells, the CFD method is used to  Adaze et al. (2019)
simulate the relationship between liquid film reversal and gas flow rate in a two-phase co-current annular pipeline.

The theoretical model of VOF and continuous surface force is adopted to discuss the interfacial movement, exploring the liquid

Lee et al. (2020)

dispersion and film properties of the horizontal tubes under spray impact.

Three-
dimensional diameter pipes is studied.

By establishing a CFD model of atomized stratified flow, the transport of water droplets in the gas-liquid multiphase system in large- Verdin et al. (2014)
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film. To sum up, many scholars have used the CFD method to
simulate the internal flow of the pipeline, but there is a lack of
corresponding experiments to verify the accuracy. Especially for the
research on the distribution of corrosion inhibitor, most scholars
only carried out a single experiment or simulation. Therefore, this
study adopts the method of combining numerical simulation and
experiment to study the distribution law of corrosion inhibitor in
3D flow field, and provides certain technical support for on-site
corrosion inhibitor process and pipeline safe operation (Liu et al.,
2022b, 20224d).

This paper independently designed a set of experimental
equipment to analyze the field corrosion inhibitor process, through
the analysis of the filling process and then put forward the opti-
mization and improvement measures, simulation analysis of the
corrosion inhibitor loss under the pre-film process, and combined
with the independent programming software to propose a filling
strategy different from the field experience formula. In the second
part of the article, the experimental part is introduced, including
experimental equipment and testing methods. And using the
Pearson function in statistics, the corrosion inhibitor concentration
in the simulation results is linked with the electrochemical
impedance spectroscopy experiment and the polarization curve,
and the correlation between the two is calculated to verify the
accuracy of the simulation. The third part mainly introduces the
model and model parameters in the actual case. The fourth part
mainly combines the Mixture model and the DPM model according
to the field process to simulate the distribution law of corrosion
inhibitor injection under the influence of different factors, and
analyze the selection of corrosion inhibitor loss and injection
method under the pre-coating process.

2. Experiment and model validation

The corrosion inhibitor is atomized by the storage tank and
passed into the pipeline under the action of pump pressure, and
then adsorbed on the pipe wall to form a protective film to slow
down the corrosion of the pipeline. In this part, parameters such as
electrode impedance value and corrosion current at different po-
sitions are obtained by electrochemical experiments, and correla-
tion analysis with numerical simulation corrosion inhibitor
concentration is carried out to find a suitable calculation model.

2.1. Experimental setup and testing

2.1.1. Experimental device
By combining the on-site corrosion inhibitor filling conditions, a

Flow direction

—p

(3 Nitrogen generator

)

(D Air compressor

(® Atomizing system
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set of experimental equipment to simulate the distribution of
corrosion inhibitor in gathering and transportation pipelines was
independently designed, as shown in Fig. 1. The material of the pipe
selected for the experimental device is organic glass. The specifi-
cations of the pipe are the outer diameter (D) of 30 mm, the wall
thickness of 5 mm, the radius of curvature of the elbow 45 mm
(1.5D), the length of the uphill section of 1 m, and the length of the
horizontal section 2 m. According to the simulation results, holes
are drilled in different positions of the pipeline, and the working
electrodes made of L360 carbon steel are installed and taken out for
electrochemical test after continuous feeding of the corrosion in-
hibitor. The gas in the experiment is generated by the air
compressor, and the moisture in the air is removed by the refrig-
erated dryer. After the corrosion inhibitor is atomized by the porous
ultrasonic atomization system (®), it is sucked and carried by the
Venturi proportional mixer (®) to the tube to form a film. The
device can perform experiments such as corrosion inhibitor
apparent experiment, electrochemical experiment and surface
analysis.

2.1.2. Experimental steps

The corrosion inhibitor used in this experiment is mainly
composed of compounds with sulfur containing imidazoline as the
main material and water as the auxiliary material. Its concentration
in the experiment is controlled at 500 mg/L. By drilling holes and
installing electrodes in multiple locations of the experimental
pipeline, electrochemical impedance and polarization curve tests
were performed to evaluate the effect of the inhibitor (as shown in
Fig. 2), and the distribution results were compared with the three-
dimensional numerical simulation results to verify the accuracy of
the model.

Firstly, start the inhibitor atomization system, and open the air
compressor to continuously fill the experimental gas. Take out the
electrodes at different positions, in turn, dry them at room tem-
perature of 25 °C, and put them into a four-mouth flask together
with the reference electrode and auxiliary electrode for the
experimental test to obtain the resistance value and corrosion
current intensity at different positions of the pipeline. Specifically,
the electrochemical impedance spectrum is fitted by ZView2 and
ZSimDemo software, with the scanning speed of the polarization
curve of 0.5 mV/s, the sinusoidal alternating amplitude 10 mV, and
the frequency from 1 x 10°> Hz—0.05 Hz.

2.1.3. Model validation
By extracting the corrosion inhibitor concentration at different
positions in the numerical simulation, the impedance value of the

@0 Ultrasonic atomizer @ Recycling pipe

(8 Experimental pipe

Fig. 1. Experimental device.
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E3

E2

Fig. 2. Electrode punching position.

electrochemical test and the corrosion current are analyzed for
correlation, and the model is numerically verified. The test results
of AC impedance spectrum were fitted using the circuit diagram
shown in Fig. 3, and the fitting errors were shown in Table 2.

According to the relationship between OCP and time shown in
Fig. 4, when the time was in the 1800s, the OCP of each group was
stable, indicating that the corrosion inhibitor had been adsorbed on
the electrode surface and was in a state of equilibrium. Therefore,
this time was used in the subsequent experiments. The electro-
chemical test results are shown in Fig. 5. For the polarization curve,
the stable Eqcp value + 0.25 V is usually used as the measurement
range of the Tafel curve, and the scanning speed is 0.5 mV/s. The
linear part of the logarithmic Tafel plot is extrapolated to intersect
at a point, which is defined as an approximation of the corrosion
current icorr and the corresponding corrosion potential Ecop. Eq. (1)
is used to calculate the corrosion inhibition rate (n) (Chai et al,,
2020), and the results of which are shown in Table 2.

iO 71'1'
n:w x 100%
leorr

(1)

Rct

Fig. 3. EIS fitting circuit diagram.
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where %), represents the corrosion current density in the absence
of corrosion inhibitor, pA/cm?, il is the corrosion current density
in the presence of corrosion inhibitor, pA/cm?.

It can be seen from Table 2 that the charge transfer resistance R
increases significantly after adding the corrosion inhibitor
compared with the blank experiment. It shows that the corrosion
inhibitor has a good inhibitory effect on the corrosion of carbon
steel. The impedance value of the blank group was 147.1 Q-cm? and
the impedance value of the No. 3 electrode was 139.4 Q-cm?, which
had no significant difference, indicating that there was no corrosion
inhibitor at the No. 3 electrode. According to the measured data of
the remaining electrodes, it can be found that with the increase of
the corrosion inhibitor concentration, the impedance value of each
electrode also increases, and the extreme value of impedance 955.5
Q-cm? appears at the No. 6 electrode. Since there is no corrosion
inhibitor at the No. 3 electrode position, there is no significant
difference in the corrosion current between the No. 3 electrode and
the blank group, and the calculated corrosion inhibition rate can be
considered to be caused by experimental errors. The corrosion in-
hibitor concentration is the largest at the No. 6 electrode, the
corrosion current measured in the experiment is 8.80 pA/cm?, and
the corrosion inhibition rate reaches 91.1%, indicating that the
electrochemical corrosion reaction rate on the electrode surface is
significantly slowed down.

The three-dimensional calculation model of the test pipe section
is established. The pipe angle is 15°, the length of the straight pipe
section is 2 m, the length of the uphill section is 1m, and the
bending radius (R:) is 45 mm. In this paper, the Mixture model of
multiphase flow and the discrete phase model in the computational
fluid dynamics software Fluent were used for coupled calculations,
and the RNG k-¢ model was chosen for the turbulence model. The
selected model is descryibed later. The gas flow rate is 2 m/s, the gas
density is 1.225 kg/m>, and the viscosity is 1.7894 x 107> kg/(m-s).
By measuring the quality difference of corrosion inhibitor before
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Table 2

Electrochemical test results and corrosion inhibition rate.

Petroleum Science 20 (2023) 1857—1873

Electrode Ret, Q-cm? Error, % Corrosion current density icor, HA/cm? Corrosion inhibition rate 7, %
Blank 147.1 0.48 99.76 -
1 470.0 0.82 31.52 68.4
2 279.8 1.07 58.51 413
3 139.4 6.04 91.25 8.5
4 395.9 47 3455 65.4
5 681.9 1.40 21.97 78.0
6 955.5 1.72 8.80 91.1
7 507.5 3.10 29.67 703
8 323.6 0.87 4423 55.7
-056 straight pipe section and the uphill section are both 20 m, the
058 Blank radius of curvature of the elbow (R) is 0.4095 m, and the curvature
Ef ratio (R¢/D) is 1.5. To make the simulation results closer to the actual
060 1 situation, it should be ensured as much as possible that the calcu-
0,62 - lation model conditions are consistent with the parameters of the
- gathering pipeline during operation. The setting of key parameters
e of the pipeline calculation model are shown in Table 3.
W' ~0es LS e
%)
% -0.68
S
= 070 - :
m 3.2. Mathematical model
-0.72 47
074 3.2.1. Multiphase flow model
e The Mixture model is a simplified multiphase flow model. The
-0.76 continuous phase can be fluid or particles and is regarded as a
078 continuum interspersed with each other. It is suitable for studying
low-load particle flow and sedimentation processes interspersed
=080 ‘ ' ' : between the two phases. In this study, there is a certain velocity
0 1000 2000 3000 4000

Fig. 4. Relationship between OCP and time.

and after the experiment, the injection quantity of corrosion in-
hibitor is 3.3 x 107> kg/s, and the particle size conforms to the
Rosin-Rammler distribution of 0.1-10 pm. Pearson function in
statistics was adopted to analyze the correlation between the
concentration of corrosion inhibitor at each electrode and the
impedance value in electrochemical test and the corrosion current
respectively. The error between the corrosion inhibitor concentra-
tion and the electrochemical impedance value is 2%. Since the
addition of corrosion inhibitor can inhibit the negative and anode of
the electrochemical corrosion reaction (Meeusen et al., 2020), the
concentration of corrosion inhibitor is negatively correlated with
the corrosion current. Therefore, the absolute value is taken as the
correlation between the two, that is, the correlation is 80%, as
shown in Fig. 6. The simulation results were verified by electro-
chemical test of corrosion inhibitor, and the correlation between
simulation and experiment was high, that is, the simulation results
had high credibility.

3. Case introduction
3.1. Model and simulation parameters

A gathering pipeline in Moxi was put into operation in July 2014,
and the current starting pressure of the pipeline is 7.35 MPa.
Combined with the routing conditions provided on site, taking a
15° pipe section as an example, the calculation model is shown in
Fig. 7. The diameter of the pipe (D) is 0.273 m, the length of the
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difference between the gas and liquid phases in the field, and the
corrosion inhibitor droplets will mix with the liquid phase in the
multiphase flow. Therefore, combined with the field conditions, it is
found that the Mixture model is more in line with the simulation
requirements.

Assuming that the volume deformation rate of the fluid in the
tube is 0, that is, the fluid is incompressible, the continuity equation
of the Mixture model is as follows (Bagheri and Sari, 2022).

%(pm)JrV' (Pm7m) =0 2)

n
-
> Pr Uk
k=1

—
Vm=

Pm 3)

n
Pm= Z AP (4)
k=1

where p,,, is the average density of the mixed-phase; v’ is the
average velocity of the mixed-phase; a;, the volume fraction of the k
phase; v, the velocity of the k phase; n the number of phases;
> k.1 = 1. The momentum equation of the Mixture model is as
follows.

V- (pm7m7m> = —Vp+V- [Mm (V?m + 7;)]
+ pmg + ? +V- <zn: akpk7dr,k7dr,k)

k=1

(5)
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(b) Electrochemical polarization curve of 15° pipeline

Fig. 5. Test results of pipes with an inclination of 15°

® Blank
E1
= E2
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. 6004 o E8
g Fitting
a
N 400
-
200 A
0 e T T T T
0 200 400 600 800 1000
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(a) Electrochemical impedance spectrogram of 15 ° pipeline
n
Mm = E ek (6)
k=1
— — —
Vark=TVk— Vm (7)

where p,,, g and F are the gravitational body force and the external
body force, respectively; u, is the mixing viscosity coefficient;
Vg k the drift velocity of the k-phase.

3.2.2. Discrete phase model

Due to the small volume fraction of the simulated corrosion
inhibitor droplet particles, the discrete phase model (DPM) and
Euler-Lagrange method are used to simulate the flow field and
monitor the droplet trajectory (Li et al., 2018; Chen et al., 2022). The
equation of motion of discrete phase particles is expressed as
follows.

35

I Experimental impedance value
1000 4 —=— simulated Corrosion inhibitor concentration

800 -4

600 -

400 +

Impedance value Ry, Q-cm?

200

Corrosion inhibitor concentration, x10-2 kg/m?®

Electrode number

(a) Simulated corrosion inhibitor concentration and
experimental impedance value analysis

duy

dt :FD(U—UP) +

Wmfp ®)

p

where Fp(u —up) is the drag force in per unit mass of corrosion
inhibitor droplet, N; u and uj are respectively the stream velocity
and the corrosion inhibitor droplet velocity, m/s; g the gravitational
acceleration, m/s?; pp and p respectively the inhibitor density and
the gas phase density, kg/m>; fp the other forces on per unit mass
droplets, N.

3.2.3. Turbulence model

In this study, when using Fluent to calculate turbulence, the
effects of turbulent kinetic energy and turbulent dissipation rate
are considered. The accuracy of the RNG k-¢ model is improved due
to the addition of a condition to the standard k-¢ and has higher
confidence and accuracy in a wide range of flows (Mompean, 1998;
Liu et al.,, 2022c). It is in line with the complex situation of the
distribution of corrosion inhibitor in the gathering pipeline in this

125 35
Experimental corrosion current
Simulated Corrosion inhibitor concentration

30

=)
=]
s

r 25

=y
o
s

r 20

Corrosion currenticorr, pA/cm?
&
o
.

b
Corrosion inhibitor concentration, x10-2 kg/m?®

Electrode number

(b) Simulated corrosion inhibitor concentration and
experimental corrosion current analysis

Fig. 6. Correlation analysis between simulation and experimental results.
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i
.

Fig. 7. Computational model diagram.

Table 3
Setting of key parameters.

Parameter Numerical value

0.6679, kg/m?

998.2, kg/m?

1-20, pm(Rosin-Rammler)
0.00148, kg/s

Gas phase density

Liquid Density

Corrosion inhibitor particle size
Corrosion inhibitor filling volume

Pipe diameter 273, mm
Pipeline pressure 7, MPa
Liquid content 0.074

study. The turbulent flow equation is as follows.

ok o L. 0k .
pu; 87(,787)(1[(#+07k)87x]] + Gy, — pe
0 d 2 (9)
e 9 Hey O £ e
pui 0X; GXJ' [(# + (yg) axj] + ClSGkk C2gP k
k2
be=pCug (10)

where k is the TKE, ¢ is the TKE dissipation rate, Gy is the generation
of turbulent kinetic energy due to the mean velocity gradients, u,
the turbulent viscosity. According to the renormalization group
(RNG) theory, by default C;, = 1.42, G, = 1.68.

3.2.4. Boundary condition setting

Given the flow rate and outlet pressure in the pipe, the inlet
surface is set to velocity-inlet and the outlet condition is set to
pressure-outlet. By default, all variables are evenly flowing, and the
mixture model in the multiphase flow is selected to simulate the
continuous phase (Peng et al., 2021). In the actual working condi-
tion, under the action of pump pressure, the atomized corrosion
inhibitor is sprayed into the pipe through the nozzle, and the less
volume can meet the anticorrosion requiements, so the DPM model
is used to simulate the corrosion inhibitor. The corrosion inhibitor
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will settle in the pipe until a film is formed on the pipe wall. The no-
slip wall is selected, and the boundary condition is set as a trap.

3.2.5. Solving algorithm

The finite volume method (FVM) is used to discretize the control
volume, and Fluent is used as the numerical solver. In the solution
process, the pressure-based implicit solution is selected, the flow is
steady, the SIMPLE algorithm is used to couple the pressure and
velocity, and the Second Order Upwind discrete format is used for
the momentum, turbulent kinetic energy, and turbulent dissipation
rate to improve the calculation accuracy (Liu et al., 2021b). Due to
the effect of liquid surface tension, the implicit body force is
considered to improve the convergence of the solution.

3.3. Meshing and independence verification

The gas-liquid two-phase flow is mainly in the natural gas
gathering and transportation pipeline, where the flow situation is
very complicated. The domestic corrosion inhibitor process re-
quires the formation of a protective film with a thickness of
0.1-0.2 mm on the inner wall of the pipeline. As the flow of the
corrosion inhibitor film is along the wall, the boundary layer divi-
sion of the grid near the wall of the pipeline is beneficial to
capturing the flow characteristics near the fluid boundary. Since the
flow velocity at the elbow of the pipeline changes greatly, to ensure
that the numerical simulation results are more in line with the
actual situation, it is necessary to divide the calculation model
reasonably. The structured grid is selected to mesh all the models
used. Taking the 15° elbow as an example, under the parameters in
Table 3, the maximum inhibitor concentration on the wall and the
center concentration of plane 6 are selected as indicators to verify
the independence of the grid. The results are shown in Table 4.
When the number of grids reaches 4,028,665, the error of the
maximum inhibitor concentration is only 1 x 10, meeting the
requirements of grid independence. The grid division is shown in
Fig. 8.
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4. Results and discussion
4.1. Analysis of internal flow field in pipeline

Although the geometric model of the elbow is relatively simple,
the internal flow pattern of the elbow is very complex. According to
the Bernoulli equation, when the fluid passes through the outside
of the elbow, the fluid velocity decreases and the static pressure
increases, and the changing trend on the inside of the elbow is
opposite to that on the outside. Under the joint action of centrifugal
force field and pressure gradient, a secondary flow, also known as
Dean vortex, will flow from the outside to the inside near the wall.
To analyze the influence of the internal flow field of the pipeline on
the distribution of the corrosion inhibitor, the section at the middle
of the elbow and the outlet of the elbow at different angles are
selected for analysis, as shown in Fig. 9 (a, ¢, and e are the middle of
the elbow at 10°, 15°, and 20°, respectively, b, d, and f are the elbow
outlet at 10°, 15°, and 20°, respectively). It can be seen from Fig. 9
that the existence of the vortex makes the corrosion inhibitor
settled at the bottom of the pipe at the end of the straight pipe
section to be carried up again, so that the distribution of the
corrosion inhibitor passing through the elbow gradually tends to be
uniform. With the increase of the pipe angle, the maximum gas
velocity in the middle of the head gradually moves upward, and
demonstrates an increasing trend at 20°. The corrosion inhibitor at
the bottom of the pipe follows the gas flow, and the vortices at
different positions at the same angle show the vortex moving to
both sides, and the vortex core tends to become smaller.

4.2. Analysis of influencing factors of the continuous filling process

4.2.1. Influence of pipeline angle on corrosion inhibitor distribution

According to the situation of the pipeline, the undulation angle
of the whole pipeline is 0—20°, and the influence of different angles
(5°, 10°, 15°, 20°) on the distribution of the corrosion inhibitor is
considered. In the case of the angles of 15°, with the continuous
phase of methane and water, the DPM model is adopted. The gas
flow rate is 7 m/s, the liquid flow rate 1.5 m/s, and the filling volume
of the corrosion inhibitor 6 L/h. To observe the distribution of
corrosion inhibitor in the 15° pipeline more intuitively, the pipe
wall is selected as the research object to observe the distribution of
corrosion inhibitor, as shown in Fig. 10.

It can be seen from Fig. 10 that the concentration of the corro-
sion inhibitor at the pipe wall varies greatly, and only some pipe
sections have the feature of uniform distribution of the corrosion
inhibitor along the circumference of the pipe. As the flow distance
gradually increases, the concentration of the inhibitor at the top of
the pipe decreases continuously. When the fluid passes through the
elbow, the corrosion inhibitor rises again, causing the concentra-
tion of the corrosion inhibitor in the upper part of the pipeline to
increase rapidly, and then decrease with the increase of the flow
distance. Since the fluid is affected by gravity during the flow, the
corrosion inhibitor continues to settle, causing the concentration of
the inhibitor at the bottom of the pipeline to be much greater than
that at the top. When the fluid flows through the elbow, the in-
fluence of the secondary flow gradually increases, resulting in a
large increase in the concentration of the corrosion inhibitor in the
upper part of the pipeline.

To analyze the corrosion inhibitor concentration inside the
pipeline, a total of 9 sections as shown in Fig. 7 were selected to
analyze the distribution of the corrosion inhibitor concentration in
each section, as shown in Fig. 11.

According to the analysis in Fig. 11, the corrosion inhibitor is
sprayed in the form of a surface from the inlet, and a uniform
annular protective film is formed at the inlet. In the straight pipe
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section, due to the influence of gravity, the corrosion inhibitor
sprays gradually settles. The larger particle settles first in the front
part of the pipe, while the smaller particle follows the airflow. The
maximum value of the corrosion inhibitor at the cross-section ap-
pears at the bottom of the pipeline, and the concentration distri-
bution of the corrosion inhibitor at other positions is more uniform.
However, when the fluid passes through the elbow, the concen-
tration of the corrosion inhibitor at the top of the pipeline decreases
sharply, at the same time, in the upslope section of the pipeline, the
distribution of the corrosion inhibitor shows a "groove" shape, and
the peak value of the corrosion inhibitor appears in the section near
the elbow in the upper half of the pipe. This is due to the phe-
nomenon of secondary flow after passing through the elbow which
causes the corrosion inhibitor settled at the bottom of the straight
pipe section to be carried up to the middle and upper part of the
pipeline, while the corrosion inhibitor accumulates in the middle
and lower part of the farther section.

To further analyze the distribution of corrosion inhibitor at
different angles, some planes (Plane 4, Plane 5, Plane 6) at other
angles are selected for demonstration, and the cloud diagram of the
corrosion inhibitor distribution is shown in Fig. 12.

According to Fig. 12, as the angle of the pipe increases, the dis-
tribution of the corrosion inhibitor in the pipe is gradually uniform.
And it can be seen from b, e and h that when the angle of the
pipeline rises from 5° to 20°, the extent of the rise of the corrosion
inhibitor in the section after passing through the elbow also
gradually increases. It is shown that the maximum value of the
corrosion inhibitor concentration in the section basically appears at
the top of the pipeline and gradually moves upward, and the con-
centration in the middle and lower parts decreases accordingly.
This is because the secondary flow carries the corrosion inhibitor
from the bottom to the middle and upper parts after passing
through the elbow.

To further observe the distribution of inhibitor concentration
along the circumference of the pipeline, Plane 2 and Plane 5 at
different angles are extracted for analysis. The selection rule fol-
lowed the right-hand rule. The direction is determined by 12 points
of the clock on the pipe wall, and 12 points represent 0°, as shown
in Fig. 13. The calculation results were imported into the post-
processing software, and the concentration of the corrosion in-
hibitor at the section is extracted to establish a radar chart, as
shown in Fig. 14.

It can be seen from Fig. 14 that the concentration of the corro-
sion inhibitor on the wall is concentrated at 90°—270° at the po-
sition of the straight pipe 10 m away from the inlet, and the
concentration is higher at the bottom of the straight pipe. Under the
influence of gravity, the corrosion inhibitor of the upper part settles
to the middle and lower parts. It can be seen from Plane 5 of all
angles that parts of the corrosion inhibitor settled at the bottom are
carried up to the middle and upper part of the pipeline after passing
through the elbow due to the secondary flow. With the increase of
the pipeline angle, the concentration distribution of the corrosion
inhibitor is more uniform. After the 20° pipeline elbow, the
corrosion inhibitor settled at the bottom of the pipe is strongly
affected by the secondary flow intensity, resulting in the uniform
distribution of the corrosion inhibitor in the entire circumference at
Plane 5.

4.2.2. Influence of filling volume on the distribution of corrosion
inhibitor

The volume of corrosion inhibitor filled directly affects the
concentration contained in the pipe wall, thereby affecting the
corrosion rate. The distribution of corrosion inhibitor in the pipe-
line is numerically simulated under different filling rate conditions.
According to the field data, the influence of the corrosion inhibitor
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Table 4

Grid independence verification.
Grid number 1827319 2484275 3116995 4028665 5809468 6305832
Maximum inhibitor concentration, kg/m?> 0.017913 0.018563 0.020963 0.020968 0.020967 0.020968
error 14.57% 11.40% 0.024% — 0.005% 0
Plane6 DPM Concentration, kg/m? 0.001877 0.001983 0.002017 0.002049 0.002049 0.002050
error 8.394% 3.22% 1.56% — 0 0.05%
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Fig. 10. Concentration distribution of corrosion inhibitor on the pipe wall.

filling volume on its distribution is analyzed after increasing from
5 L/h to 15 L/h. The extracted data points are 0.15 mm above and
below the pipe wall, and a point is extracted every 3 m, as shown in
Fig. 15. Corrosion inhibitor concentration at each point is shown in
Fig. 16.

It can be seen from Fig. 16(a) that under the same filling volume,
the corrosion inhibitor concentrations at the upper and bottom
parts gradually decrease, and the gas turbulence causes a local
small-scale rise, but the overall trend gradually decreases. When
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the filling volume increased from 5 L/h to 15 L/h, with the increase
of the corrosion inhibitor filling volume, the concentration at each
extraction point increases correspondingly, showing a positive
correlation. It is indicated that the increase of the filling volume will
increase the concentration of the corrosion inhibitor in the pipe,
but the distribution trend of the corrosion inhibitor is basically
unchanged.

4.2.3. Influence of gas flow rate on inhibitor distribution

The flow rate of pipeline gas is an important factor affecting the
distribution of corrosion inhibitor. In this section, the flow field and
distribution problems are analyzed under different flow rates of the
pipeline and the gas flow rate ratio is 3—9 m/s. For the particle size,
the R-R distribution (Rossing-Lammler distribution) is adopted,
with the maximum particle size of 20 um, the minimum particle
size of 1 pm, and the average of 9 pm. The parameters such as the
filling volume are set according to Table 3, and the concentration of
the corrosion inhibitor at each point is extracted for analysis. The
obtained curve is shown in Fig. 17.

As can be seen from Fig. 17(a), with the increase of flow rate, the
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Fig. 11. Concentration distribution of corrosion inhibitor at 15° sections.
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concentration of corrosion inhibitor at the top of the pipeline
gradually increases, indicating that its corrosion inhibition effi-
ciency is higher. This is because the larger the gas flow rate, the
stronger the gas carrying droplet ability, the longer the film forming
distance, and the longer the protection distance at the top of the
pipeline. Therefore, there is a proportional relationship between
the top corrosion inhibitor concentration and the gas flow rate, but
the overall trend is to decrease with the extension of the pipeline
distance. According to Fig. 17(b), the corrosion inhibitor concen-
tration at the bottom of the pipeline is inversely proportional to the
gas flow rate, that is, the lower the gas flow rate, the higher the
corrosion inhibitor concentration at the bottom of the pipeline.
Under the action of gravity, the particles show a tendency to
sediment from the top to the bottom of the pipe. The lower the gas
flow rate, the faster the particles settle, resulting in the higher
concentration of the corrosion inhibitor at the bottom of the pipe,
and the shorter the distance of corrosion inhibitor film formation in
the pipe. In this regard, the protective distance of the film within
the pipe is reduced.
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4.2.4. Influence of filling rate on inhibitor distribution

After the corrosion inhibitor is atomized by the nozzle of the
filling port, it is filled into the pipeline at different filling speeds
under different pump pressures. In this section, the distribution of
the corrosion inhibitor at different filling speeds is analyzed. The
inhibitor concentration at each point is shown in Fig. 18.

The concentration of corrosion inhibitor at the top of the pipe-
line showed an upward trend with the increase in the filling rate.
With the increase of the initial velocity of the corrosion inhibitor, its
sedimentation velocity decreases and the migration distance in-
creases, extending the protection distance at the top of the pipeline.
It can be seen from Fig. 18(b) that the distribution law of the
corrosion inhibitor at the bottom of the pipeline is opposite to that
at the top. As the distance increases, the overall concentration
shows a downward trend, and with the increase of the filling rate,
the concentration gradually decreases. Due to the decrease in the
filling speed, the initial speed of the droplets is slow, the kinetic
energy generated is smaller, the sedimentation speed is faster, and
the concentration at the bottom is greater. As a result, there is less
concentration in the back part of the pipeline, which is not
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Fig. 12. Cloud map of corrosion inhibitor distribution at different angles.
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conducive to the film formation of the corrosion inhibitor in the
pipeline.

4.2.5. Influence of particle size on the distribution of corrosion
inhibitor

The corrosion inhibitor particles are mainly affected by gravity
in the pipe and are also affected by the flow of gas in the pipeline.
These two factors are related to the distribution of the corrosion
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0.15 mm

0.15 mm

Fig. 15. Schematic diagram of extraction line.

inhibitor. Under different droplet size conditions, the concentration
distribution of the corrosion inhibitor at the top and bottom of the
pipeline is shown in Fig. 19. At the top of the pipeline, as the particle
size increases, the concentration gradually decreases. The larger the
particle size of the corrosion inhibitor particles, the more obvious
the effect of gravity, and the shorter the distance of the top film
formation under the same pipeline conditions.

The distribution law at the bottom of the pipeline is opposite to
that at the top. Due to the different degrees of gravity in the
pipeline and the gas carrying capacity of different particle sizes in
the pipeline, the local variation trend is different. However, in
general, as the particle size decreases, the concentration of the
corrosion inhibitor at the bottom of the pipeline is lower, indicating
that more particles are carried to the back of the pipeline to form a
film. Overall, there is an obvious distribution law, that is, the
smaller the particle size, the lower the concentration at each point
at the bottom, indicating that the smaller particle size settles more
slowly, and the longer the film-forming distance is, the more
conducive to the distribution of the corrosion inhibitor in the pipe,
thus prolonging the protection distance.

By analyzing the influence of different factors on the distribu-
tion of corrosion inhibitor in the continuous filling process, it can be
seen that the angle of the pipe has the greatest influence, and the
front end of the elbow is mainly affected by gravity and gradually
settles to the middle and lower parts of the pipeline. After passing
through the elbow, with the increase of the angle, the degree of the
corrosion inhibitor being carried up also increases, and the better
its distribution in the pipe, the more conducive to the formation of
the corrosion inhibitor film. For the same pipeline angle, particle
size is the main influencing factor. As the carrying capacity of the
same gas flow rate is limited, the migration distance of the corro-
sion inhibitor with a larger particle size is reduced, which is not
conducive to the migration of the corrosion inhibitor to the back of
the pipeline to form a film. Therefore, it can be analyzed from the
perspective of the pipeline during the pipeline design period, and
for the pipeline that has been built, the particle size generated by
the corrosion inhibitor nozzle can be studied.

4.3. Analysis of corrosion inhibitor filling strategy

With the increase in the operating life of the pipeline, a certain
amount of corrosion products will form and scale inside the pipe-
line, resulting in uneven electrochemical properties of the inner
wall of the pipeline which causes local corrosion and perforation.
Therefore, when the natural gas gathering and transportation
pipeline is put into use and pigging is carried out, the pipeline will
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Fig. 16. Concentration map of corrosion inhibitor at each point under different filling volume.

be treated with corrosion inhibitor pre-film, mainly through the
pressure difference between the front and rear of the pipeline to
move the pig, forming a thin film on the pipe wall. Before calcu-
lation, a layer of corrosion inhibitor film is evenly coated on the
inner wall of the pipeline by using the patch function of the soft-
ware. As can be seen from Fig. 20, when the gas flow rate is greater
than 4 m/s, the corrosion inhibitor of the pipe wall is seriously
damaged, so 4 m/s is selected as the critical flow rate. To quantify
the corrosion inhibitor defect at different positions of the pipeline,
the data of the corrosion inhibitor volume fraction is extracted
according to Fig. 15, as shown in Fig. 21.

It can be seen from Fig. 21 that the volume fraction of the
corrosion inhibitor on the wall of the pipeline varies little, the
volume distribution of the liquid film is relatively regular, the vol-
ume fraction of the corrosion inhibitor in the pipe section fluctuates
between 0.8 and 1, and the overall volume can reach more than 0.8,
indicating that the irregular turbulent motion of the airflow in the
pipe. Since the liquid film will be damaged under the erosion of the
pipeline fluid, it is necessary to analyze the loss of the corrosion
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inhibitor in the pipeline to determine the loss of the corrosion in-
hibitor. The loss value is mainly calculated by numerical simulation
and innovative self-programming software, as shown in Fig. 22. The
loss calculation formula is shown in Equations 11-14.

Qmi1 =pA1 7' (11)

Qn2 =CgAr Vg (12)
Q1 7g —T% (*+R2) 7g"RO

C=Zmpx® " oopx (13)

Ay =A— A (14)

Where, Qn1 is the loss of corrosion inhibitor in the liquid phase, kg/
s; p is the density of corrosion inhibitor, kg/m?; A is the cross-
sectional area of the corrosion inhibitor liquid film at the outlet of
the pipeline, m?; 7'y is the average flow rate of corrosion inhibitor
liquid film at the outlet section of the pipeline, m/s; Q3 is the loss
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Fig. 17. Concentration of corrosion inhibitor at each point under different gas flow rates.
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Fig. 19. Corrosion inhibitor concentration at each point under different particle sizes.

of corrosion inhibitor in the gas phase, kg/s; Cg is the concentration
of corrosion inhibitor in gas, kg/m>; A; is the flow area of natural
gas in the pipe, m?%; Vg is the gas flow rate, m/s; D; is the turbulent
diffusion coefficient, m?/s; X is the axial distance of corrosion in-
hibitor movement, m; r is the radial coordinate, m; Ry is the radius
of the centrifugal nozzle as an imaginary ring source, m; Iy is the
first kind of zero order Bessel function; A is the cross-sectional area
of the pipe outlet, m>.

Through calculation, the corrosion inhibitor loss in the current
liquid phase is 5.31 x 107> kg/s, and the loss of corrosion inhibitor
in the gas phase is 2.59 x 10~° kg/s. Based on the law of mass
conservation, it is recommended to increase the filling volume of
corrosion inhibitor to 20 L/h to ensure that corrosion inhibitor loss
and filling volume are conserved. The filling method of corrosion
inhibitor is mainly related to the loss volume and loss time.
Through analysis, it is determined that intermittent filling or
continuous filling is adopted. For this working condition, the rela-
tionship between loss and time under the intermittent filling
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process is shown in Fig. 23.

According to the above analysis, when the flow rate is kept
within 4 m/s, the integrity of the inhibitor liquid film on the pipe
wall is high. It is found that when the volume fraction of the in-
hibitor fluctuates between 0.8 and 1, the pipeline can be effectively
protected. Therefore, taking 0.8 as the critical value of the volume
fraction of the corrosion inhibitor, it is considered that when the
corrosion inhibitor is lost by 20%, it is necessary to replenish it.
Through calculation, it is necessary to fill the inside of the pipeline
every 9.5 h, and the filling volume should be greater than 20 L/h.
The current filling volume of 6.3 L/h cannot ensure the integrity of
the corrosion inhibitor film. Since the loss of the corrosion inhibitor
in the liquid phase is 5.31 x 1073 kg/s, and the mass flow rate of the
20 L/h filling volume is 5.56 x 10~3 kg/s, if the filling volume of the
corrosion inhibitor is increased to 20 L/h, the use of continuous
filling can ensure the continuous integrity of the pipeline corrosion
inhibitor film.



E.-B. Liu, H. Tang, Y.-H. Zhang et al.

Corrosion inhibitor volume fraction

Corrosion inhibitor concentration, kg/s.m?

Fi

S.

Phase2. Volume fraction
Wall

Petroleum Science 20 (2023) 1857—1873

L e T s G LW SILls Il 5m/s
EAXET Sl R LT o NS ALl IO emis

Fig. 20. Volume fraction of corrosion inhibitor under different gas flow rates.
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5. Conclusion

(1) Independently design a set of experimental device, which

can perform distribution experiments, electrochemical ex-
periments and surface morphology analysis, etc. Through the
above experiments, the distribution of corrosion inhibitor in
the pipeline, the impedance value at different positions and
the corrosion inhibition efficiency and other parameters can
be obtained. This device has the advantages of easy mea-
surement, wide application and high simplicity.

(2) Through the comparative analysis of the parameters

measured in the experiment and the numerical simulation
model, the correlation degree is more than 80%, and the
correlation is high, that is, the simulation results have certain
credibility.

(3) From the simulation results, it can be seen that the distri-

bution law of the corrosion inhibitor is proportional to the
gas flow rate, the filling rate, and the pipe angle, and is
inversely proportional to the particle size. Specifically, the
larger the filling rate, the larger the pipe angle, and the
smaller the particle size, the more uniform the corrosion
inhibitor is distributed in the pipe. But increasing the filling
volume of the corrosion inhibitor will not affect the uniform
distribution in the pipe. Since the gas flow rate is
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proportional to the shear force, in actual engineering appli-
cation, the corrosion inhibitor can be uniformly distributed
and formed into a film in the pipeline by controlling the
particle size, pipeline angle, and filling speed, to achieve the
expected effect.

(4) For the corrosion inhibitor injection strategy, it is mostly
determined by empirical methods in the field. In this study,
by combining independent programming and numerical
simulation, a method to determine the filling method is
proposed, which is based on the principle of mass conser-
vation of loss and filling. This method provides some sug-
gestions for the filling volume and filling cycle of corrosion
inhibitor in the field.
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