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Abstract: As the natural gas pipeline network becomes larger and more complicated, a stricter
requirement of computation efficiency for the large and complicated network transient simulation
should be proposed. The adaptive time step method has been widely used in the transient simulation
of natural gas pipeline networks as a significant way to improve computation efficiency. However,
the trial calculation process, which is the most time-consuming process in time step adjustment, was
used to adjust the time step in these methods, reducing the efficiency of time step adjustment. In
order to reduce the number of trial calculations, and improve the calculation efficiency, an improved
adaptive time step method is proposed, which proposes the concept of energy number and judges
the energy number of the boundary conditions after judging whether the variation of the pipeline
state is tolerable. A comparison between the adaptive time step method and the improved adaptive
time step method in the restart process of natural gas pipelines and an actual operation of the XB
section in China shows the accuracy, effect, and efficiency of the improved adaptive time step method.
The results show that with the same accuracy, 27% fewer trial calculation processes and 24.95% fewer
time levels are needed in the improved time step method.

Keywords: adaptive time step; pipeline transient simulation; natural gas

1. Introduction

With the scale and complexity of the natural gas pipeline network increasing, the
transient simulation of the natural gas pipeline network plays a more significant role in
minimizing fuel consumption [1], pressure amplitude estimation in a gas pipeline [2],
composition tracking [3], evaluating the effects of hydrogen blending on the characteristics
of the natural gas pipeline and pipe network [4], and many other fields in the natural gas
pipeline network. Since the middle of the 19th century, it has been studied extensively
and abundant research results have been obtained, such as different numerical methods
for solving the governing equations of natural gas transient simulation. Since the time
step and the space step are relatively independent [5], which makes it possible to use
a larger time step for a long-term natural gas pipeline transient simulation, it has been
widely accepted in commercial network simulation software, and its convenient property
also provides support for the adaptive time step. However, the transient simulation of
natural gas pipelines requires a set of nonlinear equations to be solved at each time level.
The matrix becomes quite large for a complicated pipe network, and the time to solve the
matrix becomes excessive [6]. Therefore, lots of studies have been devoted to improving
the transient simulation efficiency of the natural gas pipeline.

The convective term has been changed from being neglected [6] in the early stage to
being linearized at the previous time level by Taylor expansion [7,8]. To weaken the connec-
tion between the hydraulic system of the governing equations and their thermodynamic
system, the decoupled solution strategy was proposed [9], which increased the efficiency
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by 20%. The density and velocity were taken as the dependent variables, by which the
calculated efficiency could be improved by 1.5 times [10]. In recent years, an approach
based on the intelligent algorithm was proposed, whose resolving time was more than
two hundred times faster than that of the traditional algorithm [11]. Based on the divide
and conquer concept, Wang proposed a fast simulation method, whose efficiency was
1.5 times higher than that of SPS [12]. Recently, the GPU-accelerated transient simulation
method for natural gas pipeline networks was proposed, and its speed-up ratio was up to
57.57 compared with that of SPS [13]. Devices were modelled as modes instead of the graph
edge, which made numerical solutions simpler and the computation costs cheaper [14].

The above-mentioned methods have greatly improved the efficiency of natural gas
transient simulation. However, these methods have a common feature in that the fixed
time step was used. Since the time step could be adjusted by the adaptive time step
method according to the system state changes, that is, when the system state changes
dramatically, a smaller time step is applied to accurately describe the system changes, and
when the system changes slowly, a larger time step should be used to quickly complete the
simulation process due to the slow system state changes. The benefits of the adaptive time
step are that it improves the balance between accuracy and efficiency, as well as enhances
the reliability of numerical computations [15]. Based on the advantage of the adaptive
time step, it has been widely used to solve various engineering problems, such as solving
the incompressible Navier-Stokes equations [16], fluid—structure interaction solvers [17],
and transient diffusion equation [18]. However, in the field of natural gas pipe network
simulation, corresponding research has been gradually developed in recent years. An
adaptive method of lines algorithm was formulated for the solution of Euler equations [19],
which was developed based on the method of lines, and its time step was restricted by the
spatial step. The technical overview provided by Energy Solutions International details
that Pipeline Studio uses a dynamic time step to maintain accuracy and stability [20],
whereas no relevant technical details have been retrieved. The time step is dependent on
the local error technique [21]. In order to improve the sensitivity of truncation error to mass
flow change, Wang [22] improved the estimation of truncation error. However, transient
simulation calculation, which is the most time-consuming step, is used to judge whether
the estimated time step is appropriate in all of these methods. In other words, when the
time step needs to be reduced, the most time-consuming step will be performed many
times, which leads to a low time step adjustment efficiency.

As the state of the pipeline network is changed due to the drastic change in boundary
conditions, this paper proposes an adaptive time step strategy for the natural gas pipeline
network, which takes boundary conditions into consideration. In addition, the trial cal-
culation processes are optimized, and the efficiency of the time step adaptive process is
improved in this method.

Firstly, the implicit finite difference method is briefly introduced. Then, the improved
adaptive time step strategy for the simulation process is presented. Finally, the performance
of the improved adaptive time step method is evaluated by numerical experiments.

2. Implicit Finite Difference Method

In comparison to pipelines, non-pipeline equipment such as compressors, valves,
and heat exchangers tends to have smaller geometric dimensions. Therefore, in the tran-
sient simulation of the natural gas pipe network, the transient simulation of pipelines is
mainly discussed. The transient simulation of non-pipeline equipment can be found in the
references [23,24].

2.1. Governing Equations

The governing equations for the transient simulation of natural gas pipelines are
constituted by the continuity equation, momentum equation, and energy equation, which
can be written in a universal form [22], as shown in Equation (1). In addition, it can
be linearized about the previous time level based on the Taylor expansion, ignoring the
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infinitesimal terms of second-order or more, as shown in Equation (2); the parameters of
the universal form are shown in Table 1.
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where p is pressure, m is mass flow rate, T is the temperature, A is the cross-sectional
area of the section, K is the total heat transfer coefficient, d is the inner diameter, D is the
pipe outer diameter, A is friction, p is density, ¢, is the constant-volume specific heat, g is
gravitational acceleration, w is velocity, T, is ambient temperature, 6 is the inclination angle
of the pipe, t is time, and x is the spatial coordinate. B, U and F are the parameters of the
previous time step, and they are the given parameters.

Table 1. Parameters in Equations (1) and (2).
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2.2. Discretization

Different from the explicit method, the implicit difference method has no limit on
the time step, so the implicit difference scheme discrete is employed for the dynamic
simulation of natural gas pipelines. The decoupled solution strategy [9] is adopted because
of its advantages of high efficiency and high precision. The hydraulic and thermodynamic
equations are discretized, respectively.

2.2.1. Hydraulic Equations

For the hydraulic equations, each pipe section is approximated by algebraic expres-
sions. Pipe section i means the section between grid points i and i + 1. For section i, the
following discretization is conducted.

o _ Ul —ul, Ul -y o
ot 2At
ou _ uf —up” @)
ox Ax
_ +uf
U= 1+12 (5)
i+1 i+1
Uiyl )
5 (6)

The discretization can be obtained by substituting the discretization (3)—(6) into the
governing Equation (2):
CEUW ™ + DW= H; 7)

I B 1( dBoU OF
CEf—zm‘MU(amax‘am) ®
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where I is a 2 x 2 identity matrix.

2.2.2. Thermodynamic Equation

For the thermodynamic equation, the following discretization is conducted, in which
the convection term is discretized by the upwind scheme, while the time derivative term is
discretized by the forward difference scheme [8].
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As much the same, the discretization is obtained by substituting the discretization
(11)—(14) into the governing Equation (2):

UPT]' | + CET + DW,T},; = H; (15)
UP; = —max(w} 0)L (16)
1 4 Ax
(1 oF a1
1
DW,; = fmax(fw?,O)E (18)
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2.2.3. Boundary Conditions

The boundary conditions are always related to the actual pipe network system. The
boundary conditions of pipes are shown in Table 2.

Table 2. Boundary conditions.

Hydraulic Equations Thermodynamic Equation
Inlet of the pipe p=p(t) orm =m(t) T =T(¢)
Outlet of the pipe p=p(t) orm =m(t) None

3. Improved Adaptive Time Step Method

The boundary conditions are always given for the transient simulation, and the state
change in the natural gas pipeline system is caused by that of boundary conditions. Thus,
the boundary conditions are taken into consideration to improve the efficiency of the
adaptive time step strategy.
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3.1. The Procedures of the Improved Adaptive Time Strategy

The steps of the improved adaptive time method are shown in Figure 1.
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Figure 1. Steps of the improved adaptive time method.

Step 1. Use the known time step At*! to conduct the pipeline transient simula-
tion at the (j + 1)th time level through Equations (7) and (15), which is the most time-
consuming step.

Step 2. Estimate the local error of the (j + 1)th time level.

» , ,
g = ot -], (20)

where sjﬁl is the local error; @/ is the state of the natural gas pipeline at the jth time level.

Step 3. Compare the local error s]fl with that of tolerable error TOL;:

If EJ;H > 0-TOL;, it means that the error is intolerable; then, the time step is reduced
by AtH! = %‘H, returning to conduct the pipeline transient simulation at the (j + 1)th
time level. This means if the error is intolerable, the most time-consuming step will be
executed again with the reduced time step.

If sjﬁl < 6-TOLy, the error is tolerable, and the next time step AtI12 is calculated by a
PID controller, which is shown in Equation (21).

B1 B2 s j+1\ P3
A2 = (TQLt> (TO.Lt> <€f. ) AHT (21)
j+1 J J
€t € Sf
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where 1, B2 and B3 are the parameters of the controller, respectively. H211b controllers [21]
are adopted in this paper; f1 = 0.25, B2 = 0.25, B3 = —0.25,and 0 = 2.
Then, the error caused by the change of boundary conditions is estimated.

A Ll || 22)

where (S{H is the error caused by the change in boundary conditions, and ¢/ is the en-
ergy number.

Step 4. Compare the value (5{+l with the tolerable error TOL?.

If (5{“ > TOLy, the error in the (j + 1)th time level is intolerable. Then, the time step is
reduced to AT = M; and the boundary conditions with the new time step are updated
and the error (22) is re-estimated.

If (SIZH < TOL;, go to Step 1, as At+2 should be used in the transient simulation of the
next time level.

3.2. The Energy Number

There are various types of boundary conditions for natural gas pipe network sim-
ulation such as pressure (Pa) and mass flow (kg/s), which lead to different dimensions
in the boundary conditions. The change in boundary conditions ultimately causes the
change in system energy. Therefore, the concept of energy number ¢ is proposed for the
dimensionless process. The energy number of boundary conditions for different parameters
is shown in Table 3.

Table 3. The energy number of different devices.

Boundary Conditions Energy Number
Pressure (Pa) é
Mass flow (kg/s) =

Temperature (K)

3.3. Notes
e  The value of 6 is always greater than 1, because of the H211b controller. Equation (21)
itself has the function of adjusting the time step. When SJtH < TOL;, the values of

j+1
&

time layer will decrease, which also plays a role in adjusting the time step. Compared

with the estimation method of AH+1 = M
which is the first point of improvement.

e  Energy number, ¢, is a synthetic parameter that needs to be calculated after the
transient simulation of each time layer. It can directly judge whether the time step
adjustment is appropriate, rather than changing the pipe network state [2], so as to
reduce the calculation of transient simulation in the process of adjusting the time step
and improve the efficiency of the time step adjustment, which is the second point
of improvement.

The time step should be in a suitable range to avoid time steps too small or large.
The tolerable error should also be suitable. Referring to the adaptive simulation of
the natural gas pipeline [22], the tolerable errors are set as TOL] = ||p||, x 1073,

TOL! = ||m||, x 1071, and TOL? = 0.001.

P1 B2
<TOL’) and &]L* in Equation (21) are less than 1, and the time step of the next
3

", the change in time step is relatively mild,

4. Results and Discussion

It has been proved that the adaptive time step could reduce the computing time to
complete the simulation, ensuring calculation accuracy compared to that of the fixed time
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step. Therefore, the accuracy, effect, and efficiency of both the improved adaptive time
step method and the adaptive time step method are compared with the help of a virtual
pipeline and an actual pipeline in this section.

4.1. The Virtual Pipeline

In the virtual pipeline simulation, the time step adjustment process is discussed
when boundary conditions change suddenly, and the accuracy, effect, and efficiency of the
improved method are compared.

4.1.1. Simulation Case

The state equation and resistance equation are the BWRS equations [25] and the
Colebrook formula [26]. The standard state is 101.325 kPa and 20 °C. The simulation
conditions are listed in Table 4. In addition, the components of the studied natural gas are
shown in Table 5.

Table 4. Simulation conditions.

. . Ground Total Heat
Length  Diameter Thickness Roughness Temperature Transfer Coefficient
24 km 323 mm 8 mm 0.02286 mm 15°C 0.5 W/ (m2-K)
Table 5. Components of the studied natural gas.
CH,4 CyHg C3;H;g N, CO;
97.07 0.17 0.02 0.71 2.03

The spatial mesh size is the certain value of 0.4 km. The initial conditions are that the
flow rate, temperature, and pressure are 0 Nm?3/h, 15 °C, and 3 MPa, respectively. The
outlet flow rate changes suddenly from 0 Nm?/h to 1.0 x 10° Nm3/h at the beginning,
jumps to 0.5 x 10° Nm? /h at the 24th hour, and then jumps to 0.1 x 10° Nm?3/h at the 48th
hour; one more time, the inlet temperature jumps from 15 °C to 30 °C at the beginning and
jumps to 40 °C at the 24th hour, as shown in Figure 2. The inlet pressure remains 3 MPa
during the entire 72 h.

1.0

0.5 - 28

Flow (10°m*h)

Temperature ("C)

0.0 Flow at outlet 1%

Temperature at inlet

1 T 1 T T 1 T T 1 T 1 1 T 1
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
time (h)

Figure 2. Boundary conditions.

The rapid change in the boundary conditions will cause a drastic change in the pipeline
states. Therefore, the moments that the pipeline boundary conditions change dramatically
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O(105Nm/h)

are the Oth, 24th and 48th hours, respectively. So, the transient simulation and time step
adjustment at the corresponding time were analyzed.

4.1.2. The Computational Accuracy

The inlet flow rate, outlet pressure, and outlet temperature were compared and are
shown in Figure 3, where the adaptive method refers to the numerical results obtained
by both the adaptive time step and the special step proposed by Wang [22]. The adaptive
time step method refers to the results obtained only by the adaptive time step without
the consideration of boundary conditions, and the improved time step method refers to
the numerical results obtained by the improved adaptive time step method proposed in
this paper.

50

O- Adaptive time step method

f Adaptive method
— Improved adaptive time step metho

e

30 | Adaptive method
O- Adaptive time step method

P(MPa)
0C)

Adaptive method
l»_g— Adaptive time step method.

— Improved adaptive time step mothod

o

S

T T
3.0 24.0 255

time (h)

(a)

n

T T T T T T T T T
48.0 495 0.0 1.5 3.0 24.0 255 48.0 49.5

time (h)
()

Figure 3. The result of the simulation. (a) The flow rate at the inlet; (b) The pressure at the outlet;

(c) The temperature at the outlet.

Figure 3 clearly shows the parameter situation during the entire 72 h simulation. (1) All
three methods can describe the changes in the network system. (2) The inlet flow rate,
the inlet pressure, and the outlet temperature are all in good agreement with those of the
adaptive method prosed by Wang.

4.1.3. The Effect

The effect of the improved method was analyzed, and the results are shown in Figure 4.
At the beginning of the simulation, the time step increased slowly from 1 s to 1000 s until
approaching the 24th hour. When the boundary conditions changed, the time step rapidly
decreased from 1000 s to 1 s, then increased again to 3600 s, and remained constant until
approaching the 48th hour. Then, the time step gradually reduced to 1 s, then increased
gradually. The time step changed with the change in the pipeline state. The more drastic
the change in the pipeline state was, the shorter the time step was. In comparison to the
adaptive time step method, the improved adaptive time method has a similar effect in
terms of time step adaptation. This is because the same time step adjustment strategy is
used in both methods when the boundary conditions are not changed.

4.1.4. The Efficiency

As solving equations is applied to Step 1, Step 1 is the most time-consuming step in
the entire time step adjustment process. In order to analyze the efficiency of the improved
method, the number of times executed by Step 1 is performed during the time step adjust-
ment, especially when the boundary conditions change. It is clearly shown in Figure 5 that
both the methods adjust the time step without trial calculation from the Oth hour to the
50th hour, except for the 24th hour and the 48th hour. At the 24th hour, the adaptive time
step method adjusts the time step from 1000 s to 1 s, and the time step adjustment program
is executed five times, but the improved adaptive time step method is only executed three
times. In addition, at the 48th hour, the adaptive time step method requires execution up to
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seven times; however, the improved adaptive time step method requires execution only
once, which means that the efficiency of the improved adaptive time step method is much
higher compared to the adaptive time step method.

10,000 7/ 7F
—0O— Adaptive time step method
—O— Improved adaptive time step method| O\i
1000
~~
Zz
(o)
L 100
[72]
Q
£
=
10

0.0 1.5 3.0 24.0 25.5 48.0 49.5
time (h)

Figure 4. The time step versus time.

8 /{/{ /,;’{
O Adaptive time step method .
o Improved adaptive time step method
6 -
” o
£
w44 [}
£
k=
= o O
[&]
2
Hoo24
rlmmmm:::m:t inimmmnn ———iieisnnm R inliL it
0-
Ly Iy
T T T T 7T T T T T T T T
0.0 L5 3.0 24.0 25.5 48.0 49.5
time (h)

Figure 5. The execution times versus time.

4.2. The Actual Pipeline

As the boundary conditions in the virtual pipeline case remained constant for a long
time, the efficiency of the improved method was not fully reflected. Therefore, the operation
data of the XB pipeline in China were employed for further tests.

4.2.1. Simulation Case

The length, inner diameter, thickness, and roughness of the pipeline are 11.4 km,
412 mm, 8 mm and 0.02286 mm, respectively. As the XB section is the end of the pipeline,
the transportation temperature remains constant, considered as isothermal transportation,
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and the natural gas temperature is 15 °C. The standard state, equation of state, and friction
coefficient formula are all the same as the virtual pipeline simulation case. The detail
components of the natural gas are listed in Table 6.

Table 6. Components of the natural gas.

CH4 CyHg C3Hg H,S CO,
96.65 1.8 0.45 0.45 0.65

The inlet of the pipeline is equipped with a pressure transmitter, and the outlet is
equipped with both a pressure transmitter and a flow transmitter. The sampling period
of the data acquisition system is 30 s, and the measured values of pipeline inlet pressure
and outlet flow rate from 00:00 to 24:00 are taken as the boundary conditions. The flow rate
of the outlet changes dramatically at the Oth hour, 7th hour, 18th hour and 22nd hour, but
changes slowly at other times. For the influence of the pipeline upstream, the pressure at
the inlet increased from 2.3 MPa to 2.42 MPa, then decreased to 2 MPa, and finally increased
to 2.05 MPa, as shown in Figure 6.

Flowat outlet
Pressure at inlet

Pressure (MPa)

Flow (kg/s)

T T T T
0 10 20

Time (h)
Figure 6. The boundary conditions of the XB pipeline.

4.2.2. The Computational Accuracy

The outlet pressure was selected as the comparison parameter to verify the accuracy
of the improved method, and the result is shown in Figure 7. The pressures calculated
by both the adaptive time step method and the improved adaptive time step method are
basically the same because their mathematical models are the same, but only the time step
is different. In comparison to the measured pressure, the pressure relative errors of both the
adaptive time step and the improved adaptive time step at the last moment are all 0.184%,
which means the improved adaptive time step method can accurately describe the change
process of the pipeline within 24 h, and its calculation accuracy is the same as that of the
adaptive time step method.

As shown in Figure 8, the time step of both methods can be adjusted with the change
of the pipe state, and the time step of the improved adaptive time step method is larger
than that of the adaptive time step, from the 1st hour to the 4th hour. This means that
in the dynamic simulation, except for the process from the 1st hour to the 4th hour, the
time steps of the two methods have the same trend. The computing level of the improved
adaptive time step method is lower than that of the adaptive time step method, that is, the
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efficiency of the improved adaptive time step method is higher than that of the adaptive
time step method.

24
Measured pressure
53 —— Adaptive time step
= ' —— Improved adaptive time step
¥
P
~ 2.2 4
€L
=
=
£/}
47}
E 135
g 214 2380 —n—ﬁ:‘(ﬁ?np:: ::::
=] 3 |-o— Improved adeptive fime step
L ERERE
= g G
% % 1340
[:H] 2:09 5:;;: j/@/aj/q
E 1330
194
13
64 E:E 63 ]
Time ()
1.8 I v I I I v I I
0 5 10 15 20 25

Time (h)
Figure 7. The pressure at outlet versus time.

4.2.3. The Effect

The change in time step was also analyzed as shown in Figure 8.

700 - —0O— Adaptive time step

—o— Improved adaptive time ste
oo ] f% p p P

500 +

400 +

300

Time step(s)

200

100 4

Figure 8. The time step versus time.

4.2.4. The Efficiency

The execution times of the time step adjustment program were analyzed, and the
results are shown in Figure 9. In most cases, the execution times of the time step adjust-
ment program for the improved adaptive time step method are lower than that of the
adaptive time step method, which means that the efficiency of the improved adaptive time

step method is much higher than that of the adaptive time step method in adjusting the
time step.
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Figure 9. Execution time versus time.

For the 24 h transient simulation process, the total times and time levels of the time
step adjustment program executed by both methods are shown in Table 7. The total number
of executions indicates the total number of times that Step 1 was performed. In addition,
the number of time levels means the total number of time levels for completing the 24 h
simulation. Since simulation needs to be performed at least once at each time level, the
difference between the total number of executions and the time levels indicates extra
executions when the time step is adjusted during the 24 h simulation process.

Table 7. Total execution and total time levels.

Total Number of The Number of .
. . The Difference
Executions Time Levels
Adaptive time step method 2174 2008 166
Improved adaptive time step method 1587 1507 80

It is clear that the total number of executions for both methods is 2174 and 1587, re-
spectively, which means that Step 1 was performed 2174 times and 1587 times, respectively,
during the 24 h transient simulation. In addition, the number of time levels for both meth-
ods are 2008 and 1507, respectively. The differences between the total number of executions
and the number of time levels for both methods are 166 and 80, respectively, which means
that the total number of executions, the number of time levels and the difference of the
improved adaptive time step method are 27.00%, 24.95%, and 51.81%, respectively, less than
that of the adaptive time step method. So, in other words, the efficiency of the improved
adaptive time step method is 27% higher than that of the adaptive time step method.

4.3. Discussion

It can be ascertained from the above two cases that the improved adaptive time
step method can adjust the time step according to the transient simulation changes of
the boundary conditions, which does not affect the simulation results and can describe
the dynamic simulation process of the pipeline well. When the boundary conditions are
constant, both the adaptive time step method and the improved method are consistent
for time step adjustment, while for the conditions with drastic boundary conditions, the
improved method has a higher efficiency, because the improved method takes the boundary
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conditions into consideration and reduces the number of times in Step 1, which is the most
time-consuming step in the natural gas transient simulation. In the production process
of the actual pipeline, the consumption of users and the start and stop of the compressor
situation change frequently. Therefore, for the actual pipeline, the improved method is
more efficient for adjusting the time step.

5. Conclusions

The improved adaptive time step method for natural gas pipeline transient simulation
takes the boundary conditions into consideration, improving the computation efficiency
in the time step adjustment process. In addition, the advantages of the proposed method
were evaluated by both a virtual pipeline simulation case and an actual operation of the XB
section in China. Conclusions can be reached as follows:

e  High accuracy. In the virtual transient case, the accuracy of the results obtained by the
improved time step method is almost the same as that in reference [22]. In addition, in
the actual transient case, the pressure relative errors of the improved method at the
last moment are only 0.184%.

e Acceptable effect and high efficiency. The improved time step method can not only
adjust the time step according to the state change of the pipeline but can also consider
the change in boundary conditions. When the boundary conditions change rapidly,
the time step is adjusted more efficiently.
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