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Abstract

For a gas pipeline with multiple gas sources, the significance of tracking the composition of natural gas is increasing with the
implementation of X+1+X system for the natural gas industry in China. Mathematically, the tracking problem is usually
described by a system of partial differential equations (PDEs). The continuity equation on gas composition has been developed to
track natural gas composition according to the law of mass conservation. The algorithm resulting from the method of
characteristics (MOC) is proposed to solve the system of PDEs. Compared to the original MOC, numerical solutions of the
continuity equation on gas composition are obtained after the hydraulic calculation and thermal calculation. Moreover, different
combinations of boundary conditions for the MOC are derived, which could expand the range of application of the MOC and be
applicable to various operating conditions. The heating values of diverse gas sources have been determined following the
methods documented in 1SO 6976:2016. The case study of a gas pipeline in China verified the validity of the algorithm via the
commercial simulation software Pipeline Studio for Gas (TGNET). The heating value and gas composition obtained by the
algorithm can be used in the custody transfer metering of natural gas pipelines for Class B and C metering stations described in
GB/T 18603—2014.
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1. Introduction

The gas composition tracking issue for a gas pipeline net-
work is becoming more and more important with the diversi-
fication of gas sources, such as unconventional natural gas,
LNG, H, and biomethane. The wide range of gas sources and
the diversity of gas composition make the heating value of
natural gas vary by up to 27% [1]. Since the founding of
PipeChina, a multisource gas supply structure has gradually
been developed in China; although these different sources of

natural gas all comply with the quality requirements for gases
entering long-distance transportation gas pipelines (GB/T
37124-2018), there are typically differences between the
composition and heating value thereof. In order to ensure the
justice of trade custody transfer metering of natural gas from
multiple sources under mixed transmission conditions, energy
determination is an inevitable requirement, and there is no
doubt that the best solution to the issue at the moment is gas
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composition tracking.

Several methods have been proposed to track gas compo-
sition in a single pipeline or a pipeline network. Considering
hydrogen injection scenarios, Guandalini develops a transient
mathematical model for the variable-component natural gas
pipeline network [2, 3]. Based on the model, steady and tran-
sient analyses of the network are performed using the energy
flow rate as boundary conditions. However, the energy equa-
tion was not taken into account throughout the analysis pro-
cess. Chaczykowski constructs a one-dimensional unsteady
gas component tracking model, of which the temporal and
spatial partial derivatives are discretized in central difference
and compact finite difference schemes in Eulerian coordinates,
respectively, and the batch tracking algorithm in Lagrangian
coordinates is adopted to track the natural gas components [4,
5]. Osiadacz reviewed the steady and transient state modelling
methods of gas transmission networks for multi-energy sys-
tems and proposed a one-dimensional, non-isothermal natural
gas network simulation model employing the energy flow rate
as boundary conditions at the delivered nodes [6]. Di Fan
proposed a transient component tracking method for natural
gas pipeline networks based on the SIMPLE algorithm, which
comprised three parts: hydraulic calculation, thermal calcula-
tion and gas composition tracking [7, 8]. Matej Urh has pro-
posed a transient gas composition tracking model for binary
gas mixtures based on the implicit finite difference method of
6-scheme, which can effectively decrease the numerical dif-
fusion intensity with arbitrarily chosen implicitness [9]. Hy-
drogen concentration tracking is feasible considering complex
grid topologies using the 6-scheme method. M. Behba-
hani-Nejad and Alfredo BermUdez have created a numerical
simulation model for gas composition tracking in a gas
transportation network, in which there are two reasonable
assumptions: (1) the pipeline network temperature distribu-
tion is known, i.e. the gas temperature is given, so the energy
equation is not needed [10-12]. (2) the convective term is
neglected in the momentum equation because the Mach
number in the gas pipeline is small. Based on the two as-
sumptions, the model can be simplified to the system of a
one-dimensional nonlinear wave-like equation, and the finite
element solution is introduced to address these equations.
Zihang Zhang and Isam Saedi have developed a gas network
transient flow model with multiple hydrogen injections, in
which the continuity and momentum equations are considered
[13]. In order to track the mass fraction of H, transport along a
one-dimensional pipeline, the convection-diffusion equation
is introduced. The Newton-Raphson method with the implicit
difference scheme is adopted to solve these flow parameters.
Chen Wang and Dengji Zhou have established a natural pipe
network simulation model with hydrogen injection based on
the finite difference method [14]. As in the case of the pre-
vious study [13], only the continuity and momentum equa-
tions are taken into account. The heating value of hydrogen
doping is determined using a weighted average method.

In order to address the deficiencies in the above article, this
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paper proposes a transient simulation model of gas pipelines
based on the MOC to address the issue of gas composition
tracking.

This article is structured as follows: Section 2 presents the
overview of the MOC. In section 3, the gas composition
tracking model for transient gas pipelines is elaborated in
detail. The gas composition tracking governing equations are
described in section 3.1, and the characteristic equations are
derived in section 3.2. Section 3.3 gives a complete descrip-
tion of the initial and boundary conditions. In section 4, a case
study is provided to demonstrate the performance of the
suggested approach and a comparison between the commer-
cial simulation software and the MOC. Finally, some conclu-
sions and suggestions are drawn in section 5.

2. Methodology

The article presents a novel method for gas composition
tracking of gas pipelines using the MOC. Based on the
mathematical characteristics of the governing equations for
gas pipeline flow, the system of partial differential equations
(PDEs) is transformed into a set of ordinary differential
equations (ODESs) along its characteristic lines. As no analytic
solution can be found for these ODEs, numerical solutions
become crucial for designing, managing and operating gas
pipelines. Curvilinear integral or finite difference approxi-
mating is the most effective way to address these ODESs on the
characteristic lines. The characteristic difference mesh is
constructed by discretizing the gas pipeline, on which the
ODEs are transformed into the system of algebraic equations
about the flow-state parameters at these discrete nodes.
Solving the system of algebraic equations with definite con-
ditions, we can obtain those flow-state parameters at these
discrete nodes. The definite conditions typically include ini-
tial and boundary conditions, which give a detailed problem
description. The MOC has a distinct physical significance, the
boundary conditions of which are easy to handle, and its
computational accuracy is higher than other methods. How-
ever, the Courant-Friedrichs-Lewy (CFL) criterion limits the
ratio of time step to knot spacing, and the time step cannot be
taken to a large value with a small knot spacing, which leads
to an increase in computation.

3. Gas Composition Tracking Model for
Transient Gas Pipelines

This section presents a detailed mathematical model to
describe gas composition tracking. The main components of
the simulation model are governing equations and initial and
boundary conditions.

3.1. Governing Equations

For general pipe segments, the continuity, momentum, and
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energy equation [15] can be written as Egs. (1-3).
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where p is the gas density, kg/m®; A is the cross-sectional
area, m% p is the pressure, Pa; 4 is the hydraulic friction co-
efficient; d is the inner diameter of the pipe segment, m; g is
the gravity acceleration, 9.81m/s%; @ is the angle between the
pipe and the horizontal ground. h is the gas specific enthalpy,
J/kg; K is the overall heat transfer coefficient, W/(m? K); D is
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where py, is the mole gas density, kmol/m® or mol/L; R is the
mole gas constant, 8.3143 J/(mol K); Ay, Bo, Co, Do, Eo, &, b,
c, d, a, y are 11 parameters of the BWRS EOS; M is the gas
mole mass, kg/kmol or g/mol.

In order to track the gas composition, the continuity equa-
tion of compositions is adopted. It could be written as:

1 6(mcl)
4 ox
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ac;
=0or ‘+
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0 (6)

where ¢; is the gas mass fraction of the i-th component; w is
the gas velocity, m/s.

3.2. Characteristic Equations

The gas velocity cannot be calculated directly by the
standard volume flow rate used in custody transfer metering,
and the actual volume flow rate is difficult to access. So, in the
paper, the pressure p, the temperature T and the mass flow rate

i+
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the outer diameter of the pipe segment, m; T is the tempera-
ture, K; Ty is the natural ground temperature of the soil in
buried depth, K.

Density p, pressure p, and temperature T are determined
by the BWRS equation of state (EOS) [16], as described in

Eq. (4).
(4)
to time or space in the governing equations need to be elimi-

nated by differential equations of thermodynamics, such as ‘;—i,
dp oh oh

o a8 follows:
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The continuity, momentum and energy equations are
transformed into equations with the pressure p, the tempera-
ture T and the mass flow rate m as the primary solution vari-
ables. Those equations can be transformed as follows:
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Due to simplify the form of Egs. (11-13), let X = _E(ar

(14-16).
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where ¢, is the specific isobaric heat capacity, J/(kg K).
Arrange the partial derivative coefficients of the Eqgs. (14-16) as a matrix, as shown in Figure 1.
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Figure 1. The matrix of Partial derivative coefficients.

The partial derivatives with respect to time and space are 2) Right characteristic equation
denoted as matrix A and B, respectively, and matrix C is the
right-hand term of Eqgs. (14-16). (w=2="_4
dt PA
ma pY\ dp ma pX dT a dm
/ﬁ I 0 o - JI(”,TA'?)E‘,,—A'?;—;; (18)
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Calculate the eigenvalues of the matrix (471B):

w = 3.3. Discretization and Solution

_m _m
pA’ wz—p_A+a, (1)3—__(1

pA
3.3.1. Discretization

where a is the gas sonic velocity, a = (ﬂ _X_2> “ mis. As the characteristic line, the gas flow rate and the gas
Pl sonic velocity cannot be expressed explicitly in terms of the

time variable 7 and spatial variable x; it is almost impossible

to solve the characteristic equations directly by the integral
. - method. This section uses the explicit characteristic differ-

w=0 1 07, w,= (a —p% —:—T 1) : ence method combined with rectangular grids to determine
’ the numerical solution, as shown in Figure 2.

Calculate the eigenvectors of matrix (A~'B)T as the
combination coefficients of Egs. (14-16).

m ax T
wo= (et —or 1)
T
Based on the eigenvalues w;, @, w3 and the combination )
coefficients @i, @», @s, the Eqgs. (14-16) are converted into Ax A(j.n+1)
ODEs along the characteristic lines, i.e. characteristic equa- /’,'
Lo S
tions: o _ PR AT
1) Left characteristic equation R H
7/
G,/ M;' H
dx m v
Sw Tl (j—1.n) (j.n) (j+1.n)
_ma pr¥\dp , ma pX dT , a dm
!(1 pA p ) dt pA T drt A dt (17) (] X
_aX[A _m® _4KD(T-To)) _ (A m? o Figure 2. Explicit characteristic difference grid
l_ cpT [d 2p243 daz ] pa (d p2A2 +tg 51n9) g -BXP gnd.
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Discretizing the Egs. (17-19) on the Explicit characteristic
difference grids, as shown in Figure 2, we can obtain the
finite difference equations (20-22) as follows:

1) Left — AG
(A) - Ap* + (B) - AT* +(C) - Am* = (D) - At (20)
2) Right — AH
(E)-Ap~ —(B) - AT~ —(C)-Am~ = (F)- At (21)
3) Middle — AM
(G) - Ap® — (H) - AT® = (K) - AT (22)

where the symbol ( ) indicates the average value along the
characteristic line AG, AH, or AM.

(Ay=1-"2-7 (B ="2.2 (0) =,
— @X[A _mP kDT (2
<D)_cpr [d e = a(d pzA2+g sme)
ma Y X —

(E) =145 (F)="2-2,(G) =%,
_a’xa m? 4KD(T—Tp) A, m? i
Hy = 2|3 s~ pa (G i+ g - sind),
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(K) =X, (M) = pcy, (N) = a2 ; _EZ;“'

3.3.2. Inner Node and Boundary Conditions

The solution of the finite characteristic difference Egs.
(20-22) varies depending on the location of the mesh nodes.
Along the direction of the gas flow of the gas pipeline, the
upstream and downstream boundaries are noted as the left
and right boundaries, respectively. The nodes can thus be
divided into three categories: inner nodes and left and right
boundary nodes, which are discussed below.

1) Inner nodes

As shown in Figure 2, node A is the inner node to be de-
termined. Since the intersection nodes of the characteristic
lines and the difference grids are not exactly located on the
nodes, the interpolation factor #-Az/Ax is needed to calcu-
late the flow parameters of ¢, ¢y and ¢,,, where ¢
denotes the flow parameters, such as pressure p, temperature

@y By )\ /P
(Ey —(F) —G) || | =
Ky ) 0 )\ g

Thus, in solving Eq. (32), the flow parameters of node A
are acquired.

2) Left boundary condition

As shown in Figure 3, the left boundary node has only a

36

T, or mass flow rate m.
Egs. (23-25) can calculate the interpolation factor.

N =5[(ag +we) + (@1 +wi*h)] 23)
= =1 [(ay — wy) + (@ = wr)] (24)
no = 5 (wa + w*?) (25)

Initial iteration value of Egs. (23-25):
ny) = %[( LA wh) + (af +w))]

[0] —

W]‘T:Ll) + (a]n - an)]
;W)

Hence, the flow parameters of the intersection nodes can
be obtained through linear interpolation.

n %[(a}lﬂ -

[0] 1+w)

77+ ‘At

g = r + (1- ) gr (26)
¢ =52 (1-2=25) ¢ (27)
o =T, + (1 -2 g (28)

The average values of ¥, where ¥ denotes the characteris-
tic equation coefficients or right-hand side terms, were cal-
culated from the interpolated flow parameters ¢;, ¢y and
@, as listed below:

W), == (¥ +¥) (29)
(W) = (¥ +¥) (30)
@)y =5 (P +¥1) (31)

The linear algebraic equations for the flow parameters of
node A as described in Eq. (32):

(A) -pg +(B) - Tz +(C) -mg +(D) At

Y Py —(F) Ty —(G) -my + (H) - At
(K) - pu — (M) - Ty +(N) - At

(32)

right characteristic equation. Since there are three basic solu-

tion variables to be solved, two additional boundary condi-
tions are needed.
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A(j.n+1) Ax

H

(j.n)

(j+1Ln)

0 X

Figure 3. Left boundary condition schematic.

There are three options for the left boundary condition.
(1) Pressure and Temperature

vt _ 3 LG ra]
(G)

(2) Temperature and mass flow rate

nHl gy g [ (=T +(6) (]~ ) (1)

. 34
Py =pu 5 (34)
(3) Pressure and mass flow rate

T o, 4 (B} -pn)@(m} " —mn)—rar] gy

(F)

3) Right boundary condition

X

o
Figure 4. Right boundary condition schematic.

Pr_}l p/l pg),%

p[ll—ll

As shown in Figure 4, the right boundary node has two
characteristic equations, and there are three essential solution
variables to be solved, so one additional boundary condition
is needed.

There are also three options for the right boundary condition.

(1) Temperature

n+1 [0 (7] ~Tag) +(v) 1]

pj =bmt 0 (36)
PR (0 () e )
m = Me ©
(2) Pressure
N L ) miTY
J M (M) 37)
nt1 _ [0)-a7-(a)(p]} " ~p6) @)1 ~T6)]
= Me ()
(3) Mass flow rate
UBYNY+(DYM))-Ar—(CXM) (M) —mg ) +
n+1 _ UBXK)DMHAKM)DG+HEBYM)(T6=Twm)
J (BXK)+(A)M)) (38)
l [() (] ~pu)-(N)-a1]
n+1l _ J
U} =Ty + o

Considering the combination of left and right boundaries
in the solution process, there are C3xCi=9 combinations of
boundary conditions that the MOC can handle.

3.3.3. Initial Condition

The initial condition is the starting condition for the tran-
sient simulation of the pipeline segment, which can be de-
termined by the step marching method. As shown in Figure 5,
the pipeline is divided into small segments, and then the hy-
draulic-thermal parameters are calculated sequentially. The
temperature and pressure at the starting point are an ap-
proximation of the average temperature T,; and pressure p,; of
the small segment, respectively. The specific calculation
procedures are as follows:

pQ(l—l]
| ax |

B | e
pf_)l Pz

Poy Pz

Figure 5. The schematic of the step marching method.

(1) Divide the pipeline into subsections and round up N =
CEILING(L/AX);

(2)i =1, the temperature and pressure at the beginning of the
pipeline are used as T,; and pressure p,;, and the physical
parameters of gas can be calculated from the EOS. Then

the Ti.; and p;.; of the first subsection is obtained from the
hydraulic-thermal calculation.

(3)i=1i+1, let Ty(i) = T(i-1), py(i) = p(i-1), and then
perform step (2) to obtain the T(i) and p(i) of the i-th
subsection;
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(4) Following the procedure (2) and (3), the temperature
and pressure at each node of the pipeline are obtained.

3.3.4. The Continuity Equation on Gas Composition
The conservation of mass for each composition i of the

natural gas is expressed independently as the composition
continuity equation. On the difference grids shown in Figure
6, the explicit difference scheme is used to discretize the
composition continuity equations:

T
ntlg=——<s=—— Ax A(j.n+1)
At
n e ——
(j-1n) (j.n) (j+Ln)
0 X

Figure 6. The discretization of the continuity equation on gas composition.

@) = ()] =Wl @] = @f.] (39
= 2/5,3)
¢ = x;Mi/%;(xM;) (41)

Where x; and M; are the mole fraction and mole mass of the
natural gas component i, respectively, from the natural gas

3.3.6. Overall Solution Process

Ax A(j.n+1)

Calculate heating value from
ISO 6976:2016

Update x; using Eq. (40)

Slove Eq. (39), update ¢;

mole fraction, the natural gas heating value can be calculated
according to GB/T 11062—2020 (1SO 6976:2016 IDT).

3.3.5. Stability Criterion

The stability criterion [17, 18], due to the CFL criterion, is
that the domain of dependence on the exact solution is con-
tained within the domain of dependence on the numerical
solution, as follows:

. Ax
At < min ( )
1<isN \a+|wl|/;

(42)

Initial Condition

Calculate 5!,
) , 24 and 25

Determine ¢, ¢, and ¢, ,
using Egs. (26), (27) and (28)

Calculate average values (),
using Egs. (29), (30) and (31)

Determine T, p and m,
using Eq. (32)

Recalculate »,

and (25

sing Egs. (23), (24

Yes

Figure 7. The framework of gas composition tracking based on the MOC.
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The detailed calculation procedures for gas composition

tracking based on the MOC are as follows:

(1) The coefficients and their right-hand terms of the
characteristic difference equations are calculated from
the initial conditions;

(2) Solving the characteristic difference Egs. (20-22) to
yield the flow parameters at node A: T, p, and m.

(3) Solve the gas EOS Eq. (4) to obtain the density p and
update the gas flow rate w, sonic velocity a and other
physical parameters;

(4) Determine the composition continuity Eg. (39) and
update the natural gas composition;

(5) The coefficients of the characteristic difference equa-
tions are recalculated using the improved physical pa-
rameters.

(6) The improved flow parameters are the initial values for
the following iterative computation.

(7) Repeat the step (2-6) until a converged solution is ob-
tained.

The framework of gas composition tracking based on the

MOC is shown in Figure 7.

4. Case Study

In this section, one case will be presented to show the
performance of the proposed method.

A pipeline segment is 280 km in length. The outer and inner
diameter of the gas pipeline are 1016 mm and 981.2 mm, re-
spectively. The equivalent roughness of the inner pipe wall is
the 10 um. The pipeline upstream pressure is 10 MPa, and the
annual transmission capacity of the pipeline is 120x<10° m®.

The section of the pipeline transmission efficiency is 0.95, and
the upstream temperature is 55 <C. The average overall heat
transfer coefficient of the pipeline is 2.16 W/(m? K), and the
natural ground temperature of soil in buried depth is 12 <C.
The dynamic viscosity of the gas is 1.10125%10 ° Pa s, and the
upstream gas composition is shown in Table 1.

Table 1. Upstream gas composition.

Composition mole fraction %

CH, 97.739 95.126 92.302 88.243
N, 0.7022 0.6928 0.6843 0.7046
CO, 11131 1.1541 1.2140 1.3081
C, 0.401 2.991 2.7428 6.124
Cs 0.0405 0.0322 3.0531 3.6172
iC, 0.0012 0.0013 0.0014 0.0011
nC, 0.0021 0.0015 0.0014 0.0013
iC5 0.0002 0.0004 0.0003 0.0002
nC5 0.0005 0.0004 0.0004 0.0003
nCé 0.0002 0.0003 0.0003 0.0002

The downstream boundary condition can be determined by
the hourly asymmetry coefficient, as shown in Figure 8.

hourly asymmetry coefficient

0.6 §

0.5 4

04 +

0 2 4 6 8 10

12

14 16 18 20 22 24

Time(hour)

Figure 8. The hourly asymmetry coefficient versus time.
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CH4 mol%

C, mol%

Based on a natural gas pipeline segment as an example, a

C, mol%)

-0.5

100

98

96

94 |

90

88

1.0

0.5

0.0+

—MOC
—— TGNET
T T T T T T
0 5 10 15 20 25
Time(hour)
Figure 9. The mole fraction of CH, versus time.
— MOC
—— TGNET
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Figure 10. The mole fraction of C,Hg versus time.
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Figure 11. The mole fraction of C3Hg versus time.

transient simulation model for the tracking of natural gas
composition is established using the MOC. Set the
time-dependent data of natural gas components as the
boundary condition of the pipeline upstream. After 24 hours
of operation, the results, which are calculated by the MOC
and compared with the commercial simulation software
Pipeline Studio for Gas (TGNET) [19], are shown in Figure
9, Figure 10 and Figure 11.

Figure 9, Figure 10 and Figure 11 show the variation of
the mole fraction of CH,, C, and C; downstream of the pipe-
line, respectively. In this case, the results show that the im-
pact on gas composition changes the upstream of the pipeline,
which needs about 16 hours to affect the downstream. The
average absolute deviations between the MOC and TGNET
of the CH,, C, and C; mole fractions are 0.897%, 0.657%
and 0.508%, respectively, all less than 1%. Hence, the MOC
exhibits a comparable computational accuracy performance
to TGNET.

5. Conclusions and Recommendations

This article presents how natural gas composition tracking
can be achieved for the transient gas pipeline based on the
MOC. The main conclusions are as follows:

(1) According to the case study, the proposed method can
track gas composition, and the average absolute devia-
tions are within 1% compared with TGNET.

(2) Nine combinations of boundary conditions are derived,
which expands the range of application of the origin
MOC.

(3) The MOC can meet the demand for actual energy de-
termination requirements at Class B and C metering
stations.

(4) It could also provide a theoretical foundation for the
homemade gas pipeline simulation software, which
tracks gas composition.

In the future, the diversification of gas sources, such as
unconventional gas, LNG, and H, or biomethane injection,
will make the gas composition tracking issues more signifi-
cant. Herein we have the following recommendations:

(2) The non-pipe elements in the natural gas pipeline sys-
tem, such as compressors and valves, still need to be
taken into account.

(2) Parallel computing techniques can be employed to im-
prove computational efficiency and accelerate conver-
gence.

(3) To attenuate the constraints of the CFL criterion on the
time step and knot spacing, the implicit central differ-
ence method (ICDM) [20] can be applied in regions
where the gas composition has little change, while the
MOC is adopted in regions where the natural gas
composition changes dramatically.

(4) Tracking the gas composition of pipeline networks
with hydrogen injection is becoming increasingly es-
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sential because hydrogen is recognized worldwide as a
cleaner energy source than fossil fuels.

(5) More exact EQS, such as AGA8-92DC and
GERG-2008, can be utilized to calculate the thermo-
physical properties accurately.

Abbreviations

PDEs Partial Differential Equations
MOC Method Of Characteristics

CFL Courant-Friedrichs-Lewy

EOS Equation of State

ICDM Implicit Central Difference Method
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