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ABSTRACT

China-Kazakhstan pipeline is the first land import transnational crude oil
pipeline in China. It is also the only long-distance crude oil channel
connecting the resources in the west of Kazakhstan and the two refineries
in the east of Kazakhstan and exports to China. It undertakes the dual
responsibilities of crude oil supply of the two refineries in the east of
Kazakhstan and the crude oil guarantee of refineries in Western China. At
present, the annual throughput of China-Kazakhstan crude oil pipeline
accounts for about 20% of China's onshore crude oilimports. Therefore, the
pipeline’s safe, stable and efficient operation plays an important role in
ensuring the strategic security of energy in Western China. Since the China-
Kazakhstan crude oil pipeline has commissioned, it has been found that
there is slack flow in the pipeline under different working conditions, which
has a great impact on the safe and stable operation of the pipeline and the
measurement accuracy of commercial trade. In this paper, the causes of
slack flow in China-Kazakhstan crude oil pipeline are studied, the potential
location of slack flow is analyzed, and the boundary conditions of slack flow
condition are defined. At the same time, control strategies to avoid slack
flow under different conditions are formulated by using simulation
technology. The research results will provide direct technical case support
for reasonable formulation of operation scheme of China-Kazakhstan crude
oil pipeline system and terminal station inlet pressure control strategy, so as
to ensure safe, stable and efficient operation of the pipeline.

INTRODUCTION

The China-Kazakhstan crude oil pipeline starts from Atyrau in the west of Kazakhstan, passes
through Kenkiyak, Kumkol and Atasu, and ends at the oil pipeline of Alashankou metering
station in Xinjiang, China. In 2015, after the flowmeter of Alashankou, the terminal station of
China-Kazakhstan crude oil pipeline, was replaced from volumetric one into mass one, the
positive transmission error of the whole line was reduced. Through research and analysis, the
reason for the decrease of positive transmission error was that near the Alashankou high point,
the phenomenon of slack flow was caused after the upstream pump stopped, resulting in
foaming in the pipeline, which led to the measurement value of the volumetric flowmeter
being relatively high.
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The long-term existence of slack flow condition will cause erosion to the pipeline and affect
its safe operation. Therefore, it is necessary to carry out transiently simulated hydraulic
calculation for pipeline operation under different conditions and formulate the control strategy
of slack flow. The following problems were found in the research process:

(1) The whole pipeline of China-Kazakhstan crude oil pipeline has the characteristics of
complex oil source composition and great difference in physical properties of different oil
sources. Therefore, the physical properties of actual pipeline oil are uncertain.

(2) The simulation accuracy is not high, and the setting of parameters and simulation
calculation of simulation system in the design and operation stages has not really reflected
the pipeline state. During the actual operation of China-Kazakhstan pipeline, it is found
that the actual operation characteristics of pump units deviate greatly from the
performance curve promised or provided by the manufacturer, and the relative errors are
mostly between 5% and 15%. Therefore, the operators cannot master the actual energy
efficiency status of the units, which will affect the accuracy of the operation scheme
formulation and the accuracy of emergency rescue decision.

(3) Itis necessary to establish an accurate simulation model before to formulate an accurate
control strategy of slack flow, so that the research conclusions can be applied to the actual
operation.

In order to solve above problems effectively, the following contents are studied:

(1) During the period from October 19 to 24, 2019, crude oil samples were taken at
Alashankou metering station at the end of the pipeline and physical property tests were
carried out. According to 1SO3170, 400 ml crude oil was sampled manually for 6 days
and every 2 hours. A total of 4800 ml * 6 crude oil samples were completed. The physical
properties of oil samples from the pipeline was confirmed by test. On this basis, the study
was carried out.

(2) Study and formulate the calibration method of pump performance curve and complete the
curve correction. By optimizing the equation fitting the pump factory characteristics, the
head-flow characteristic parameters and efficiency-flow characteristic parameter curves
of the pump are fitted, and 24 pumps in the whole line are fitted; the calibration method
of factory characteristic curve of oil pump is studied, and the pump performance curve is
corrected by screening the steady-state historical operation data, and the pump
performance calculation and curve data automatic correction software are developed to
ensure the simulation accuracy deviation from the actual value is less than 3%;

(3) The whole line simulation model is established. According to the actual operation
situation of the whole line, the hydraulic and thermal calculation model of the pipeline is
established by using the SPS simulation system, and the hydraulic and thermal adjustment
is carried out by using the field data, so that the relative error between the simulation result
and the actual operation is within 3%.

(4) The method to determine the crossing point of pipeline transportation and the pipeline
section where slack flow could happen is put forward, based on which the inlet pressure
control strategy of Alashankou under different throughput steps is formulated to avoid the
generation of high point slack flow.



Int. Jnl. of Multiphysics Volume 15 - Number 4 - 2021 411

Through the above research, the simulation accuracy higher than 95% is achieved, and the
reliability of scheme decision-making is improved. At the same time, the control strategy of
slack flow of China-Kazakhstan crude oil pipeline is proposed by using transient simulation
technology to ensure the safe operation of the pipeline and the measurement accuracy reaches
the standard.

1. OIL PHYSICAL PROPERTY TEST

The whole pipeline of China-Kazakhstan crude oil pipeline has the characteristics of complex
oil source composition and great difference in physical properties of different oil sources.
Therefore, the physical properties of actual pipeline oil are uncertain. Crude oil was sampled
and physical properties were tested at Alashankou metering station at the end of the pipeline
from October 19 to 24, 2019. According to 1SO3170, 400ml crude oil was sampled manually
every 2 hours for 6 days. A total of 4800 ml * 6 crude oil samples were completed. The crude
oil samples were divided into two groups for testing, and the density, viscosity and viscosity-
temperature curve, abnormal point, condensation point, wax precipitation point, wax content,
wax precipitation at different temperatures, gel content, asphaltene content, water content and
specific heat capacity of the two groups were tested respectively. Because the density and
viscosity of oil properties have great influence on this study, this chapter only introduces the
test method and conclusion of density and viscosity of crude oil in detail [1-2].

1.1. Test execution standard and referred method

e SH/T 0604-2000: Determination of density of crude oil and petroleum products (U-
shaped vibrating tube method)

e SY/T 0520-2008: Determination of crude oil viscosity by rotating viscometer balance
method

e SY/T 0541-2009: Determination of crude oil pour point
e SY/T 7550-2012: Determination of wax, gel and asphaltene in crude oil

e SY/T 0545-2012: Determination of characteristic parameters of wax precipitation in
crude oil by differential scanning calorimetry

o NB/SH/T 0632-2014: Determination of specific heat capacity by differential scanning
calorimetry

o GB/T 8929-2006: Determination of water content in crude oil (distillation method)
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1.2. Crude oil density test

The density of oil was measured by U-shaped vibrating tube method. A small amount of
sample (generally less than 1 mL) is injected into the sample tube with controlled temperature.
The vibration frequency or period is recorded, and the density of the sample is calculated with
the obtained tube constant. The constant of the sample tube is determined by the vibration
frequency when the sample tube is filled with the calibration solution of known density. The
density of the two oil products is obtained through the test as shown in Table 1.

Table 1. Qil density test data

Qil number Density(20°C), g/cm’®
M-2019-1021 0.8577
M-2019-1022 0.8575

1.3. Qil viscosity test

The viscosity of oil was measured by rotating viscometer balance method. The principle of
this method is to make the surrounding fluid flow stably layer by layer by rotating the cylinder.
The viscous torque of the fluid will act on the cylinder. The relationship between the viscosity
and torque of the fluid can be expressed by formula (1) [3-5],

n=-— ()
where:
n - The viscosity of a fluid, in paseconds (Pa-s);
M - Viscous torque of fluid acting on cylinder, in NM (N-m);
w - The rotational speed of the cylinder, in radians per second (rad/s);
K - Flow field constant, unit: negative cubic meter (m-3).

According to the relationship between M and 7, w and y, the shear stress y on the
cylindrical flow layer is expressed by formula (2), and the viscosity or apparent viscosity is
calculated by formula (3) (for non-Newtonian fluid, n should be the apparent viscosity 7s).

tT=Z-a 2

T
n=s )
where:

y - Shear stress in Pascal (Pa);

Z - The instrument measures the system constant in Pascal (Pa);

a - Instrument indication;

y - Shear rate, in negative power second (s?)
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Table 2: Oil viscosity test data

QOil Number Viscosity (25°C), mPa-s
M-2019-1021 7.14
M-2019-1022 7.35

The viscosity-temperature characteristic curves of the two oils are shown in Fig. 1 and
Fig. 2.
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Figure 1. Viscosity-temperature characteristic curve of M-2019-1021 oil
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Figure 2. Viscosity temperature characteristic curve of M-2019-1022 oil

1.4. Conclusion of physical property test
The test results show that the oil has good physical properties and can meet the transportation
requirements at normal temperature. The following studies are based on the physical
properties of the oil. The test results of oil products are shown in Tables 3 and 4 [6-7].

Table 3. Qil test data

Test indicators

M-2019-1021 oil test
results

M-2019-1022 oil test
results

Density (20 °C), g/cm®
Viscosity (25 °C), MPa-s
Abnormal point, °C
Freezing point, °C

Wax precipitation point, °C
Wax content, %, at ~ (-40 °C)

Gel content, %
Asphaltene content, %
Water content, %

Specific heat capacity (25 °C), J/g-°C

0.8572
8.26
2.0
-10.5
18.6
3.68
1.09
0.54
0.162
2.464

0.8569
7.97
1.8
-11.5
18.7
3.24
1.15
0.60
0.092
2.490
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Table 4. Kinematic Viscosity test data

Temperatures (°C) Test result, mPa.s
M-2019-1021 M-2019-1022
-10°C 90.70 71.16
-5°C 60.81 50.96
0°C 34.77 32.69
5°C 22.89 23.62
10°C 16.15 17.85
15°C 11.94 13.85
20°C 9.60 11.15

2. CALIBRATE SIMULATION MODEL

The hydraulic and thermal calculation model of the pipeline is established by using SPS
simulation system, and the model is checked hydraulically and thermally by field data. The
relative error between the simulation result and the actual operation is within 3%;

Pump characteristic curve is not only the basis for calculating pump performance, but also
the theoretical basis for reflecting its performance. Combined with the actual situation of
China-Kazakhstan crude oil pipeline, through the research on the existing pump characteristic
curve of the whole line, it is found that the actual operation characteristics of the pump deviate
greatly from the performance curve provided by the manufacturer, which results in the
discrepancy between the simulation calculation results and the actual situation, which affects
the formulation of the optimal pump startup scheme of the whole line and the accuracy of
emergency decision-making. Therefore, it is necessary to correct the performance curve of oil
pump to improve the accuracy of normal and emergency operation plan. The calibration of
pump characteristic curve is the most important part of the simulation model calibration. In
this chapter, the calibration method is discussed in detail [8-10].

2.1. Data screening

In this paper, from the operation data of China-Kazakhstan crude oil pipeline for years, the
operation data with wide operation range, which can better reflect the difference between the
actual characteristics and the factory characteristics of the oil pump, is selected to correct the
pump characteristic curve. All the screened data were divided into two parts, 60% of which
were used to calculate the correction value of pump characteristics, and the remaining part
was used for verification. [11-12].

In order to ensure that the accuracy of pump characteristic curve is higher than 97%,
interval optimization method is used in this paper, that is, according to the characteristics of
most operation data and referring to the sample indexes including absolute error of pump head
and pump efficiency, the data points beyond a certain range are considered as potential error
points and are eliminated. The advantage of this method is that it is simple and easy to operate,
at the same time, it can ensure the quality of data and avoid the omission of wrong data or
excessive elimination of correct data.
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The interval optimization method first calculates the actual head and efficiency of the pump
according to the actual operation data, and calculates the average error value (formula 4) by
comparing the head and efficiency under the same throughput corresponding to the factory

performance curve.
N
|pro’ —pro|
) [ pro
=1

N

Err = 4
where:

Err — Average error.

pro’- Actual characteristics of pump.

pro - The pump characteristics calculated according to the characteristic curve provided by
the manufacturer, referred to as "factory characteristic parameters".

According to formula 4, the average error of the actual operation characteristics and factory
characteristics of the pump under different conditions is calculated, and then the average error
of N groups of data is obtained through the formula, and the average error line is drawn to
form the average error curve. The points on the average error line are the data + average error
corresponding to the output performance curve under different flow rates (public notice 5).

H=A—-BQ* ™+ Error (5)
where:
H - Head corresponding to average error line;
Q - Actual flow;

Error — Average error.

The average error line * (1 + 5%) defines two blue floating lines A and C, and the data
points outside the floating line range will be eliminated (as shown in Figure 3).
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Figure 3. Interval optimization method

Taking No.1 pump on site as an example, the specific steps are as follows:
Float the factory performance curve downward, and the point on the floating curve = the
point on the factory performance curve * (1-5%).

350

340

Factory performance curve

Floating curve

330

320

310

300

Head (H)

190
130
270
160

250
1400 1500 1600 1700 1300 1900 2000 2100 2200

Flow { m?fh)

Figure 4. Floating curve
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The field data sheet is arranged as follows:

Table 5. Arranged field data
Number Flow(m®/h) Head(H) Number Flow(m®/h) Head(H)

1 1813.68 301.12 43 1703.82 301.72
2 1715.59 305.92 44 1707.40 304.12
3 1663.53 307.12 45 1696.76 298.12
4 1654.22 305.92 46 1721.57 302.92
5 1670.83 302.32 47 1720.98 298.12
6 1677.06 305.92 48 1726.03 296.92
7 1527.99 308.33 49 1718.43 304.12
8 1642.60 304.72 50 1709.66 304.12
9 1635.98 304.72 51 1689.71 305.32
10 1641.72 297.52 52 1703.33 299.32
11 1737.60 291.52 53 1702.55 302.92
12 1791.42 298.72 54 1707.11 312.53
13 1802.50 299.92 55 1689.17 304.12
14 1802.40 301.12 56 1714.41 304.12
15 1798.04 301.12 57 1845.15 304.12
16 1774.41 301.12 58 1847.35 301.72
17 1794.26 297.52 59 1851.18 299.32
18 1799.31 304.72 60 1850.44 300.52
19 1796.76 302.32 61 1723.33 300.52
20 1794.90 298.72 62 1685.10 306.52
21 1779.90 302.32 63 1673.77 306.52
22 1785.83 299.92 64 1689.31 305.32
23 1791.23 301.12 65 1674.17 299.32
24 1786.52 302.32 66 1737.60 307.72
25 1780.69 302.32 67 1791.42 307.72
26 1789.41 299.92 68 1802.50 308.92
27 1789.75 301.12 69 1802.40 301.72
28 1788.24 302.32 70 1798.04 304.12
29 1783.09 303.52 71 1774.41 307.72
30 1665.98 303.52 72 1794.26 301.72
31 1728.14 299.32 73 1799.31 302.92
32 1723.24 299.32 74 1796.76 300.52
33 1734.80 305.32 75 1794.90 307.72
34 1702.75 304.12 76 1779.90 306.52
35 1697.84 304.12 77 1785.83 308.92
36 1730.34 305.32 78 1791.23 308.92
37 1734.17 299.32 79 1786.52 308.92
38 1729.17 304.12 80 1780.69 305.32
39 1717.84 306.52 81 1789.41 311.33
40 1736.52 310.12 82 1789.75 311.33
41 1744.07 304.12 83 1788.24 308.92

42 1718.58 304.12 84 1783.09 308.92
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The arranged data are drawn into a graph. The points outside the floating curve shown in
Figure 5 are outliers, which are considered as potential error points and are eliminated [13-
16].
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Figure 5 Interval optimization method

2.2. Optimal characteristic curve equation
The head performance and efficiency performance curve of the pump respectively represent
the head and efficiency corresponding to different flow under the same speed condition.
Therefore, the relationship between the two is fitted into an algebraic equation instead of
looking up the diagram to calculate the head and efficiency under the fixed flow more
conveniently and realize the dynamic measurement of the pump unit characteristics.

By studying the head-flow curve of the pump, two expression forms of head characteristic
curves are determined, as shown in (6) and (7). Formula (8) is the physical meaning expression
of pump head [17-18],

H=A-BQ*™ (6)
H=ay+a;Q + a,Q? (7

__ (Pp—P4)x10°
Pg

H

2_ .2
+ (Hp — Hy) + 22 t)
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where:

A, B - The constant determined by the least square method,;

Q - Pipe flow, m¥/h;

¢4, cg - Average velocity of liquid at pump inlet and outlet, m/s;

m - Flow pattern index, laminar flow M = 1, hydraulic smooth zone M = 0.25, mixed
friction zone M = 0.123, rough zone M = 0;

pa - Pump inlet pressure, MPa;

pg - Pump outlet pressure, MPa;

H, - Height of oil pump inlet pressure gauge based on ground, m;

Hp - Height of oil pump outlet pressure gauge based on ground, m.

Through a large number of data calculation and comparison, the error between formula (6)
and field data is small. And formula (6) takes into account the fluid flow pattern. As we all
know, the fluid flow pattern in the pipeline plays an important role in the temperature and
pressure drop of the pipeline. To sum up, the head flow equation is in the form of formula (6).
Since the distances from the actual pump inlet and outlet liquid level to the pump shaft center
are the same, equation (6) can be written as equation (9). Figure 3. shows the head flow
characteristic curve of constant speed pump:

_ 22
H=A-BQ*m="tE204 20 ©)

For two pumps with the same geometric dimensions or the same pump, when the speed
changes from n, to n,, according to the law of similarity, there are (the parameters of n, and
n, are represented by subscripts 1 and 2 respectively):

a_m Hi_ (ﬂ)z (10)

Q2 nz Hy nz

According to the above proportional formula, given the relevant parameters at n; speed,
the head-flow equation of speed n, is as follows:

H=a-p (%) ™" o (eokay hecd) o (12)° ()

According to the above equation, the head of the same or similar pump will change when
the speed changes. Figure 4 shows the head flow curve at different speeds [19-20].
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Figure 6. Head-flow characteristic curve under variable speed

2.3 Correction method of characteristic curve
The data for calculating the correction value of characteristic curve mainly selects the actual
data of field from February 2018 to June 2019. The operation is relatively stable, the data is
comprehensive and of high quality during this period, which can better reflect the difference
between the actual characteristics of the equipment and the factory characteristics. In this
study, the selected data were divided into two parts, 70% of which were used to calculate the
correction value of pump characteristics, and the remaining part was used for verification.
The basic idea of the correction of pump characteristic curve is image translation method,
that is, the actual characteristic parameters are best approximated by moving the factory
characteristic curve, so two correction quantities X and Y are introduced.
Taking the head-performance curve as an example, the original head curve of the head-
performance curve is assumed to be:

H=a-bQ'"s (12)

By moving X and Y units along the positive direction of the two coordinate axes, the head
curve can be as close as possible to the head characteristics reflected by the actual operation
data. The head curve after moving is as follows:

H=a-bQ-x)'""+y (13)
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The solution of correction quantity X and Y is the least square problem: if there are N
groups of pumping station’s head data points, X and Y need to be determined to satisfy (13)
[21-25],

fl,y) =minZiLila - b*(Q; = )"7° +y — H]? (14)
2.4. Correction of pump characteristic curve
A total of 47 data points are used to correct the head-flow curve of No.1 pump. Select 70% to
correct, that is, 33 data to correct, the remaining 14 data to verify. The relative error of No.1
pump is 0.03. The corrected head-flow equation is as follows:

H =266.126 —7.94 x 107> x Q175 — 13 (15)

The comparison of error distribution before and after correction is shown in Table 6, and
the correction meets the requirements.

Table 6. Error comparison

Head curve
After correction
Correction data Verification data
Before correction calculation calculation

g5 7% 2% % 0% 0% 0% 0% 0%
Absolute
error

Errorrange W05 W5-10 W10-15 W15-20 W20-25 Emorrange MO-5 M5-10 M10-15 1520 m20-25  Emorrange O3 W10 W1015 W1S20 WI025

0% 3% 0% Im%

Error range m0-002 MO02-004 004005 W>006 ETOTTENGE MO-002 MO02-004 MO04-006 W>006 EOrfange MO-0.02 NOO2-0.04 HO.04-006 W>006

Relative
error

Average
relative 6% 1.4%
error
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The following curve is drawn through the data before and after correction:
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Figure 7. Comparison before and after head correction

3. RESEARCH ON SLACK FLOW CONTROL

Stoner pipeline simulator/(SPS) is an advanced fluid simulation application, which can
simulate any existing or planned pipeline, simulate normal or abnormal conditions such as
pipeline rupture, equipment failure or others, and predict the results of various control
strategies. In this paper, the position of the crossing point and the pipe section under the
condition of slack flow is determined efficiently and accurately by using the SPS hydraulic
gradient diagram, and the response scheme of the slack flow condition under different
throughput steps is simulated, which has a good guiding role for the engineering practice [26-
29].

3.1. Position determination of slack flow pipe section

With the help of SPS simulation software, the hydraulic conditions of the whole line are
simulated. The possible position of the crossing point can be accurately found through the
simulation of the hydraulic gradient along the route, as shown in Fig. 8 and Fig. 9.

It is known from the above that after the liquid flow crosses the peak, the sum of the
potential energy depending on the natural fall of the terrain and the residual energy head after
crossing the high point is greater than the sum of the friction loss of the pipe section and the
converted head of the pressure set at the end point, and the slack flow condition will occur,
which is the crossing point. It is determined by calculating in the following whether there is a
slack flow condition under the designed throughput of China-Kazakhstan crude oil pipeline
and the minimum throughput to avoid the slack flow condition. [30-32]

Combining the mileage and elevation data from 11#station to terminal station with the
tangent point position of SPS hydraulic gradient map, it can be seen that the coordinates of
high point A are (147.21km, 568.999m), and the coordinates of terminal point B are
(171.63km, 346.280m) (abscissa is the distance from 11#station).

According to the basic data, the frictional loss can be calculated by selecting the
corresponding formula. The comprehensive parameter friction calculation formula is adopted,
i.e. Leapienzon formula. The frictional resistance calculation formula of each flow regime

area is shown in Table 7.
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Table 7. Formula for friction along the way
Flow pattern Reynolds number range Friction along the way (hf)
Laminar flow Re < 2000 hy = 4.15%L
Hydraulic 2000 < Re < Re. — 59.5 B Q175025
smooth zone es e = hy = 0.0246 — 77z —L
Q1'877V0'123
Mixed friction 665 — 765lge  hr = O-OSOZAWL
Turbulent  zone Re; <Re<Re; = ——— e
A=10%127]g— — 0,627
flow d
2
he = 0.0826AQ—SL
Rough zone Re, < Re b>
e\ 0.
A=011 (E)

According to the calculation, the whole pipeline is in the hydraulic smooth area, so the
formula of friction along the pipeline is as follows:

Q1'7SV0'25

hy = 0.0246 (16)

D475
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(1) Calculate whether there will be a slack flow condition under the designed throughput:
According to the data, the frictional resistance is 86.48m head, which is far less than 222.719m
head provided by potential energy. The friction loss cannot offset the sum of the head provided
by potential energy and the residual head when crossing the high point. If the corresponding
measures are not taken after the crossing point, the slack flow condition will occur, which will
affect the safe operation of the pipeline.

(2) Inverse calculation of the minimum throughput to avoid slack flow condition:
Assuming that the frictional resistance along the pipeline is equal to 222.719m of potential
energy. By introducing the friction calculation formula along the way, the minimum
throughput is 2.90MMt/A which is much larger than the designed capacity of China-
Kazakhstan crude oil pipeline. At present, the actual throughput of China-Kazakhstan crude
oil pipeline is less than the designed capacity. If no corresponding measures are taken, the
slack flow condition will exist for a long time and affect the efficient and safe operation of the
pipeline.

To sum up, it is very necessary to study the coping strategies of slack flow after crossing
point.

3.2. Slack flow control strategy

In order to adapt to the needs of eliminating residual energy and reducing dynamic pressure
under various working conditions, pressure control equipment with regulating capacity must
be installed at the proper position of downhill pipeline (generally by-pass installation mode is
adopted to pass the pig). Orifice throttling energy dissipation device and pressure regulating
device are two kinds of frequently used pressure control equipment.

According to the actual situation of China-Kazakhstan crude oil pipeline, the ratchet cage
axial flow pressure reducing valve produced by the Dutch Mokveld company is adopted in
Alashankou metering station. The phenomenon of slack flow can be eliminated by properly
controlling the inlet pressure of oil from the terminal station. Although some energy is wasted,
the pipeline can be operated in a safe range. SPS simulation software can be used to calculate
the critical pressure of China-Kazakhstan crude oil pipeline to avoid the slack flow condition.
In SPS, the terminal station is set as flow control. Under the condition of meeting the
transportation requirements, the terminal station pressure is the one under full flow condition,
and it is also the critical pressure to avoid slack flow condition. When the terminal station
pressure is set to be greater than the pressure, the slack flow condition can be avoided. [36-
37]. The following is an example of 2254.4m3/h (46500T/D) to simulate the critical pressure
to avoid the condition of slack flow:

(1) Firstly, the terminal station is set as flow control

Set the terminal station as flow control, that is, SPT is flow, and fill in the throughput scheme
to be tested, that is, the set value of SQ is 2254.4m3h (46500T/D).
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Detail ICDmmDn]NDte ]

Item Value Units Description
MAME E102 Unique device name
CNC 1118 Hydraulic connection

STYPE SALE - Sub-type
SPT Flow - Setpoint type

3Q [ 12254 40 M3/HR Flow setpoint
FPMIM -100.64 KPAG Lowest allowable pressure

PMAX 3447367 KPAG Highest allowable pressure
QMIN -66244 70 M3/HR Lowest allowable flow
QMAX 6624470 M3/HR Highest allowable flow

T+ [ ]10.72 DC Temperature

ELEV M Elevation

FLOWUNITS | M3/HR hd Flow units

PRATE KPA  Pressure rate-of-change limit
QRATE 0.00 M3/HR Flow rate-of-change limit

Figure 10. Flow control of terminal station

(2) According to the hydraulic gradient diagram to determine the optimal pump scheme
The green curve in the figure is the flow rate (STANDARD.FLOW). The blue curve is
elevation variation (ELEVATION), and the red curve is hydraulic gradient (HEAD):
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Figure 11. Hydraulic gradient along the way

(3) Control the high point pressure to 0.2MPa, and read the critical pressure combined with
the end point pressure change curve and the end point pressure change.

SPS can calculate the pressure value along the way. The critical pressure (high point pressure

is 0.2MPa) which can avoid under flow condition can be accurately read by reading terminal

station pressure versus time curve and terminal station pressure real-time change graph in

SPS, as shown in Fig. 12 and Fig. 13:
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Figure 12. Pressure curve of terminal station with time
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Figure 13. Real-time variation of end point pressure

As shown in Fig. 12 and Fig. 13, under the working condition of 2254.4m3/h, the critical
pressure to avoid slack flow condition is 1692.172kpa. If the set value of oil pressure at the
terminal station is set higher than the pressure value, the occurrence of slack flow condition
can be avoided.

In order to avoid the occurrence of slack flow condition, the critical pressure value under
different throughput steps is tested, and the terminal station pressure is set to be greater than
the pressure value under corresponding throughput conditions. The control pressure test
results under different throughput steps are shown in the table below [38-39]:
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Table 8. Pressure control table under different throughput steps
(md/h) 12745 1519.61 1617.65 1715.69 1813.73

Throughput 15004) 26 3.1 33 35 37
Critical pressure (MPa) 1.92 1.879 1.857 1.835 1.812
Throughput (md/h) 1911.76 2009.8 2107.84 2205.88 2303.92
(104t/d) 3.9 4.1 4.3 4.5 4.7
Critical pressure (MPa) 1.787 1.761 1.734 1.706 1.678

3.3. Development of calculation program for critical pressure of slack flow
In order to calculate the pressure control value to avoid slack flow under different throughput
steps, a program for calculating the critical pressure of slack flow is developed to calculate
the control pressure of slack flow under any throughput and different conditions.

[5 Slack flow control = | [=] 2%

Calculation of control pressure of slack flow

Please type in basic parameters:

Density (kg/m3) Oil temperature °rC
Throughput ( t/d) gory temperature C
Viscosity rate |1

Result:

Pressure (MPa)

Calculate Exit

Figure 14. Interface of slack flow calculation program
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Parameter input:

Density: density at 20 °C, kg / m?;

Oil temperature: the oil temperature here should be the one at the high point (crossing
point). Considering the small oil temperature change and the short distance from the high
point to the terminal station, it can be filled in according to the oil temperature change
rule from 11 # station to terminal station; generally, slightly higher or lower than the oil
temperature at the inlet station, that is, if the oil temperature from 11 # station to the
terminal station is in a descending process, the high point oil temperature is slightly
higher, if the oil temperature from 11 # station to terminal station rises, the input high
point oil temperature is slightly lower than that of the terminal station;

Throughput: is the daily one in kt / D, which can be input according to the actual on-site
throughput.

Earth temperature: is the earth temperature of the pipe section of the terminal station;

The viscosity ratio: it can be adjusted up and down according to the change of oil
properties.

(2) Result output
The running effect after inputting operation parameters is shown in Figure 15.

r |

[ Slack flow control = | [=] 22

Calculation of control pressure of slack flow

Please type in basic parameters:

Density |830 (kg/m3) Oil temperature |3 T
Throughput |34 ( xt/d) pory temperature |- c

Viscosity rate |1

Result:

Pressure (MPa)

Calculate Exit

Figure 15. Schematic diagram of operation effect
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(3) Comparative verification

In order to test the accuracy of the slack flow control program, the software simulation results
are compared with the SPS simulation results to verify the accuracy of the developed software.
Take 1274.5m3/h (26000t/h) condition as an example:

TIME = 1 14:03:00
STEF = 00:03:00
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Figure 16. SPS hydraulic gradient with throughput of 1274.5 (m?3/h)
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Figure 17. Pressure change curve of SPS terminal point with throughput of 1274.5
(m3/h)
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[ Slack flow control — | [=] 2Z

Calculation of control pressure of slack flow

Please type in basic parameters:

Density  [#5° (kg/m3) Oil temperature |15 C

Throughput |26 ( xt/d) oy temperature 14 C
Viscosity rate |1

Result:

Pressure 1.92 (MPa)

Calculate Exit

Figure 18. Calculation results of optimization software for throughput 1274.5 (m?3/h)

The result of SPS simulation is 1.926MPa, and the calculation result of optimization
software is 1.92MPa, and the error is 0.31%; through comparative calculation, it is found that
the relative error between the calculation result of optimized operation software and the
simulation result of SPS under different throughput steps is within 3%. Moreover, the
calculation program of slack flow critical pressure can realize the calculation of critical
pressure under different throughput, different environmental conditions and different physical
properties of oil products. It has the advantages of strong applicability and high calculation
accuracy. In the actual operation of the pipeline, the set value of terminal station pressure can
be set higher than above pressure value to avoid the occurrence of slack flow condition under
this throughput, to ensure the safe, efficient and stable operation of the pipeline.

4. CONCLUSION AND INNOVATION

In this paper, the dissatisfied flow in the pipeline is controlled by adjusting the critical pressure
in the pipeline. Because the operating temperature in the pipeline does not change much, the
main condition of fluid gas-liquid separation under the condition of multiple physical fields
in the pipeline is that the pressure is below the saturated vapor pressure of the fluid, especially
affected by the operating pressure in the pipeline.

Simulation technology is the basis of research on slack flow control strategy of China-
Kazakhstan crude oil pipeline. In this paper, the correction method of oil pump performance
curve is determined to ensure the accuracy of all research basis; from the perspective of macro
optimization, the control of pipeline slack flow condition is realized by studying the control
value of the minimum inlet pressure at the terminal station under different throughput, so as
to ensure the safe and stable operation; The specific innovation of this paper is as follows:
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(1) The physical properties of the oil for research were determined. The whole pipeline of
China-Kazakhstan crude oil pipeline has the characteristics of complex oil source
composition and great difference in physical properties of different oil sources.
Therefore, the physical properties of actual pipeline oil are uncertain. During the period
from October 19 to 24, 2019, crude oil samples were taken and physical properties tests
were carried out at Alashankou metering station at the end of the pipeline. According
to 1SO3170, the crude oil was sampled manually for 400ml every 2 hours, 6 consecutive
days. 4800ml * 6 crude oil samples were obtained. The physical properties of crude oil
are determined by testing the oil samples. From this, a series of research work was
carried out.

(2) Study and formulate the calibration method of pump performance curve and complete
the curve correction. By optimizing the equation fitting the pump factory characteristics,
the head-flow and efficiency-flow characteristic parameter curves of the pump are
fitted, and 24 pumps in the whole line are fitted; the calibration method of factory
characteristic curve of oil pump is studied, and the pump performance curve is corrected
by screening the steady-state historical operation data, and the pump performance
calculation and curve data automatic correction software are developed. The deviation
between the simulation and the actual value should not exceed 3%

(3) The whole line simulation model is established. According to the actual operation
situation of the whole line, the hydraulic and thermal calculation model of the pipeline
is established by using SPS simulation system, and the hydraulic and thermal
verification is carried out by using the field collected data, so that the relative error
between the simulation result and the actual operation is within 3%.

(4) The control strategy of slack flow at the high point of pipeline is studied. The potential
location of slack flow in pipeline is analyzed, the boundary condition of slack flow
condition is defined, the control method to avoid slack flow condition is determined,
and the calculation program of slack flow control is developed.
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