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Aiming at the problems of early leakage monitoring of urban nonmetallic pipelines and the large positioning error, an inverse
transient urban nonmetallic gas pipelines leakage location method based on Markov quantitative judgment was proposed. A
Markov flow state transition probability matrix was established based on the flow data under different pressures obtained by
experiments to quantitatively determine the pipeline leakage status. On this basis, an inverse transient leakage control equation
suitable for urban nonmetallic gas pipeline leakage location was constructed according to the actual. The difference between the
pressure and the calculated pressure was sought for the objective function. Finally, the objective function was optimized in
conjunction with the sequential quadratic programming (SQP) method to obtain the actual leakage parameters and calculate the
size and location of the leakage source. The results show that the inverse transient leakage localization method based on Markov’s
quantitative judgment can more accurately determine the leakage status of the pipeline and calculate the early leakage parameters

and leakage location of the gas pipeline, which improves the positioning accuracy.

1. Introduction

Nonmetallic pipelines have become the main materials for
urban transportation pipelines in recent years due to their
characteristics of corrosion resistance, high temperature
resistance, low friction, and wear resistance. They have
gradually replaced metal pipelines. According to relevant
statistics, nonmetallic pipelines currently account for more
than 70% of urban gas pipelines. Although nonmetallic
pipelines have strong corrosion resistance, there are also
problems with pipeline leakage caused by leakage and
breakage at the pipe joints, fracture of the pipe body,
shrinkage, and deformation of the inner liner of the pipeline.
At present, the leakage monitoring of buried pipelines in
most cities is still at the level of manual inspection. At the
same time, due to the differences in pipeline materials, many
methods for leak detection of metal pipelines are no longer
applicable to nonmetallic pipelines. Therefore, it is necessary
to study a leak diagnosis method and technology applicable

to urban nonmetallic pipelines to strengthen the risk
monitoring of urban nonmetallic pipelines.

Leakage measurement of buried pipelines has always
been a difficult subject to solve, especially in urban non-
metallic pipelines. There are still many problems to be
studied in leak detection and positioning technology, which
have caused widespread concern and achieved some results.
In 2007, Li Heng et al. applied the Markov chain method to
predict the aging of the anticorrosive layer of gas pipelines.
The experiment proves that through long-term verification
and regular summary, the accuracy of verification can be
greatly improved, but the extracted features cannot accu-
rately represent all useful information in the original data
[1]; In 2008, Jung and Karney compared and pointed out
that both the genetic algorithm and particle swarm opti-
mization (PSO) algorithms tend to provide relatively ac-
curate leakage calibration, but the calibration of the friction
coeflicient value is poor [2]. In 2008, Karney et al. combined
the inverse transient method with the frequency domain
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analysis of system response, the analysis of reflected tran-
sient signals, and other methods that do not rely on transient
models. The feasibility of the inverse transient method in the
pipe network was verified by numerical simulation. It is
mentioned that the positioning accuracy of the inverse
transient method is related to the establishment of the model
[3]. In 2011, Soares et al. combined hydraulic transient
analysis with an optimized model through inverse transient
analysis for nonmetallic pipe leakage monitoring and pro-
posed that the key factor for positioning is the accurate
calibration of the transient solver. The results show that, with
the dispersion of the system model, the accuracy of the
location of the leak is 4-15% of the total length of the
pipeline [4]. In 2012, Haghighi et al. applied the central
heuristic optimization (CFO) metaheuristic method to the
detection of pipeline leakage specifications and pipeline
friction coefficients, confirming that this method is better
than genetic algorithm (GA), particle swarm algorithm
(PSO), and ant colony optimization algorithm (ACO) [5]. In
2015, Huang et al. combined transient flow simulation and
simulated annealing (SA) methods to develop the leak de-
tection simulated annealing method (LDSA) and applied it
to real-life pipelines and numerically simulated synthetic
pipeline networks to verify its ability to identify leaks. The
results show that this method can accurately detect the
leakage of pores [6]. In 2016, Yu et al. combined gray theory
with Markov theory to predict the corrosion state of
pipelines. The results show that the method is simple in
calculation and high in accuracy, but still has great limi-
tations in engineering applications [7]. In 2016, Zhihong and
Baomin aimed at the characteristics of nonlinear and ran-
dom volatility of urban pipe network leakage rate data. Based
on the gray Markov chain model, the pipeline leakage rate
from 2005 to 2012 was the research object. A comparative
analysis is performed with the gray Markov chain. The
prediction results show that the prediction accuracy ob-
tained by the modified Markov chain model is higher [8]. In
2017, Liu combined the correlation function method with
ITA to determine the leakage point position by calculating
the node sensitivity coefficient and then applied the GA
algorithm to obtain the leakage amount through the inverse
transient model. The feasibility of the combination of the
two methods was verified through a large number of ex-
periments [9]. In 2017, Cai Yonggiao et al. established a
mathematical model of a gas-liquid two-phase flow leakage
system based on a two-fluid model and confirmed that the
numerical calculation results of the system are consistent
with the experimental data trends, which proves that the
model has a good applicability [10]. In 2017, Abdulshaheed
proved that the biggest problem in the use of the inverse
transient method is that the modeling of transients in the
system does not accurately reflect the actual situation, and
the calculated data and measured experimental data are very
different. The difference is mainly because the model does
not accurately consider the multidimensional effect of un-
stable friction [11]. In 2017, Chen et al. tested the transient
model of pipeline leakage through the characteristic line
method and confirmed that the positioning results calcu-
lated using the starting and ending pressure and flow results
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at the steady state after pipeline leakage are close to the real
values [12]. In 2019, Liu et al. proposed a new method for
leak detection based on Markov feature extraction and two-
stage. The experimental results show that the method has
higher accuracy and lower false alarm rate, but the calcu-
lation model needs to be adjusted for different pipelines, and
the adaptability is not strong [13].

The above studies have promoted the research of non-
metallic pipeline leakage monitoring, but most of them are
still in the laboratory research stage, and there are also many
problems such as incomplete acquisition of pipeline leakage
information, the inability to quantitatively analyze and judge
the pipeline leakage status, the inaccuracy of the inverse
transient model leading to large calculation error, and poor
applicability. In this paper, for gas pipelines in cities, a
method for locating inverse transient nonmetallic pipelines
based on quantitative judgment is explored. By establishing a
Markov flow state transition probability matrix to quanti-
tatively determine pipeline leakage, based on this, an inverse
transient leakage control equation suitable for urban gas
pipeline positioning analysis is constructed, and an objective
function is established based on the difference between the
actual pressure and the calculated pressure and finally
combined with the sequential quadratic programming
(SQP) method to accurately calculate the location of the
pipeline leak source.

2. Markov Chain Quantitative
Judgment Principle

The Markov Chain method can predict whether the future
state of the pipeline will leak through the data of the current
state of the pipeline. Since the leak state is irreversible, this
method can be used for pipeline leak monitoring. The idea of
applying it to the judgment of pipeline leakage is to convert
the original flow data into a parameter vector of the Markov
chain and extract the transfer characteristics of the Markov
chain to build a state transition probability matrix to predict
the trend of the pipeline flow. The rate of change of the flow
rate is compared with the rate of change of the actual
pipeline flow rate to determine whether the pipeline is
leaking or not.

2.1. Establishment of a State Transition Probability Matrix.
The first set of flow data is collected through the flow sensor
on the pipeline and the K flow rate (q;,4,,93>9u> - - ->9x)
changes are calculated. The flow change rate is defined as
follows:

AQ,,
qi = Q— X 100%,

n

q:(i=1,2,3,4,5...,K). (1)

Among them, i is an ordering of the collected K flow
change rates, AQ,, is the change amount of the flow at the
time point T, and the flow at the time point T,,_;, and Q,, is
the real-time flow in the time period T. The g; includes four
changing states. In the first state, the value of g; is 0, in-
dicating a nonleak state; in the second state, the value of g;
is 0-1 (%), indicating a small leakage state; in the third state,
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the value of g; is 1-3 (%), which indicates the leakage
expansion state; in the fourth state, the value of g; is 3-100
(%), which indicates the large leakage state. The states of the
first group of flow change rates are classified according to
the above four states, and the probability of transition from
one state to another among the K flow change rates is
counted in chronological order as each element of the P
matrix.

The number of flow change rates for the four states is n1,
n2, n3, and n4; the number of transitions from the first state
to the first, second, third, and fourth states is, respectively,
nll, n12, n13, and n14, and the transition probabilities are
pi = nylny, pyp =nplng, pry =ngs/ng, and py = nging
the number of transitions from the second state to the
second, third, and fourth states is, respectively, n22, n23, and
n24, and the transition probabilities are p,, =ny,/n,,
P23 = Nys/n,, and p,, = ny,/n,; the number of transitions
from the third state to the second, third, and fourth states is,
respectively, n32, n33, and #34, and the transition proba-
bilities are p;, = 13,/n3, ps3 = n33/n3, and ps, = n3,/n5; the
number of transitions from the fourth state to the second,
third, and fourth states is, respectively, n42, n43, and n44,
and the transition probabilities are p,, = 1,,/4, 43 = ny3/ny,
and p,, = ny,/4.

Then, the state transition probability matrix P in the
Markov chain is given by

Pu P P13 Pua
P 0 pr Pz P , )
0 ps P33 P

0 pi Paz Paa

and satisfies: n, +n, + ny + n, = K.

2.2. Quantitative Judgment of Pipeline Leakage

(1) As in Section 2.1 and under the same environmental
conditions, the second set of flow data is collected,
and the number of actual flow rate changes in each
interval at this time is set to the a; parameter vector
as follows:

[N NO NP @

Among them oc1 represents the first parameter
vector, and N N;l), N and N(1 represent the
quantity of the ﬂow change rates in the K flow change
rates in the first state, the second state, the third state,
and the fourth state, respectively.

(2) The Markov chain is calculated to obtain a f3; pa-
rameter vector based on the predicted flow change
rate based on the Markov chain in the future time
period, and its formula is given by

Br=arxP=[m® m® m® m®O] @

where m", m{V, m3(1 , and m.", respectively, rep-

resent the quantity of flow change rates in the first

state, the second state, the third state, and the fourth
state, which are obtained by prediction.

Among these K flow parameters, S is used as the
predicted state serial number, (S=1, 2, 3, 4), and the
state with the largest number of flow parameters is
selected, that is, Ng is selected as the predicted
pipeline state at this time, presented as the S, -th
state.

(3) Similarly to [2], the third set of flow data is collected.
Repeat the procedure described in Section 2.1, and
the number of actual flow change rates in each in-
terval at this time is set to the a, parameter vector as
follows:

a=[N® NP N® NP (5)

max

Among these K flow parameters, W is represented as
the actual pipeline state serial number (W=1, 2, 3,
4), and the state with the largest number of flow
parameters is selected, that is, Ny, is selected as the
pipeline is in the W, -th state.

(4) The value of the state sequence numbers S in the
predicted state Ng is compared with the value of
the state sequence numbers W in the actual state
NWmax.

@ If S=W=1, it is judged that the pipeline is in
normal operation

@ If S< W, it is judged that the pipeline is in the
early stage of starting leakage

® If S> W, it is judged that the pipeline is in the late
stage of starting leakage

@ If S= W#1, it is judged that the pipeline is in the
leakage stabilization stage

3. Inverse Transient Method for Nonmetallic
Pipeline Leak Location Method

Based on the Markov chain method to quantitatively de-
termine the leakage of the pipeline, the inverse transient
method is used to further determine whether each moni-
toring node has a leakage, so as to delineate the pipeline
where the leakage is at the node or between two nodes, and
continuously shorten the node distance for precise posi-
tioning. The principle of inverse transient method posi-
tioning is as follows.

3.1. Governing Equation. Gas continuity and equation of
motion [14]:

oM 1 o (M? op
?75(7)“‘& 2D4p (6)
dp oM
—_— —_= 7
T

where M is the gas flow rate, kg-s™'; A is the cross-sectional
area of the pipe, m?; P is the pressure, Pa; p is the gas density,



kgm™>; D is the inner diameter of the pipe, m; A is the
friction coefficient.

Solve the equations (6) and (7) by the characteristic line
method, and obtain two sets of characteristic line equations,
which are represented by C+ and C—:

1dp 1dM Aa’M|M]|
® o — —_—— — 8
tioartaa T oparp ®
dx
_ 9
T 9)
L, 1dp,1dM aMIM| (10)
" adt A dt  2DA2P 7
dx
& 11
- (11)

where a is the pressure wave velocity, m/s, and when the gas
pipe is isotherm, a is a fixed value.

The characteristic line grid is shown in Figure 1.
Equations (9) and (11) are C+ and C— characteristic lines AP
and BP, respectively; equations (8) and (10) are the com-
patibility equations for satisfying the respective character-
istic lines. The pipes are equally divided into N equal parts,
the step size is Ax, and the time step is At=aAx. Equations
(8) and (10) are integrated along the C+ characteristic line
AP and the C- characteristic line BP, respectively, wherein
the third term of the compatibility equation is the second-
order approximation, and the C+ characteristic line and the
C- characteristic line are obtained. Two nonlinear equations
on the feature line are as follows:

Aa*Ax MA|MA|+MP|MP| 0
4DA? P, P, v

a
PP—PA+X(MP—MA)+

2
Py Pp + 5 (Mp — My) yhaAx <MB|MB| +MP|MP|> = 0.

4DA>\ P, Py
(12)

The early leakage of urban pipelines can be regarded as
small hole leakage, and the gas leakage formula depends on
the flow velocity of the gas at the leakage port. Since the
pressure of the city gas pipeline is relatively low, the flow
velocity of the gas at the leak port is generally subsonic flow:

k(2
M= AR\ (i

where M; is the leaking leakage flow, kg-s™'; A, is the ef-
fective leakage area, m’, and Ae=CxAO0; C is the orifice
coeflicient, which is related to the shape of the leakage hole;
A, is the leaking hole area, m* P is the starting point
pressure of the pipeline, Pa; k is the adiabatic coefficient of
the gas, dimensionless; R is the gas constant, J-kg™"-K™'; T'is
the temperature of the gas, K.

Assuming that the monitoring node is a leak point, a leak
control equation is established to analyze the pressure and
flow data of the monitoring node. Taking the leak hole as a
node, the flow characteristic within the Ax distance before

(k+1)/ (k-1)
) , (13)
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FIGURE 1: Schematic diagram of the feature grid.

flowing into the leak hole satisfies formula (8), and the flow
characteristic within the Ax distance after flowing out of the
leak hole satisfies formula (10), before flowing through the
leak hole. The fluid parameter is subscripted as 1, and the
fluid parameter after flowing through the leak hole is sub-
scripted as 2, and the established leakage control equation is
as follows:

Aa?Ax (My|M,| M |M
PI_PA+£(M1_ a)+ @hx (M| A|+ M| =0,
A 4DA2\ P, P,

(14)
Aa*Ax ( Mg|My| M,|M
Py— P, + 2 (M, - Mp) + -2 slMs| MM
A 4DA2\ Py P,
(15)
k 2 (k+1)/ (k-1)
M, = AP —(—) : (16)
L ¢ d\jRT k+1
M, -M, =M,, (17)
P, =P,=P, (18)

where P; and M, are the fluid pressures at a distance before
flowing into the leak point, Pa, flow, kg-s™'; P, and M, are the
fluid pressures at a distance after the leak point, Pa, flow,
kg-s™'; P, is the pressure at the point of leakage, Pa.

3.2. Establishment of the Objective Function

(1) The least squares criterion objective function is de-
fined as follows:

M
E=min\} (P, - P})’, (19)

i=1

where E is the objective function; M is the time step; P;
is the calculated pressure, Pa; P; is the measured
pressure, Pa. By minimizing the objective function E to
zero, the effective leakage area that best fits the actual
situation is generated, and whether the node leaks is
determined according to the value of the effective area.
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(2) The friction coefficient in the pipe is determined as
follows:

The friction coefficient is calculated based on the
experimental data from the friction calculation
formula:

Blasius formula:
03164

- ReO.ZS : (20)

Among them, empirical formula is used in the Rey-
nolds coefficient calculation formula.

Empirical formula:

Re = 0.354 x &,
Dv
(21)
bt
P

where X is the friction coefficient, Re is the Reynolds
coefficient, Q, is the volume flow rate, m*/s; D is the
inner diameter of the pipe, m; » is the kinematic
viscosity, m°/s; y is the dynamic viscosity, Pa-s; p is
the gas density, kg:m ™.

(3) The reasonable range of leakage area is determined as
follows:

(22)

where A,; is the effective leakage area at node i; A, ., is
the maximum limit of the leakage area, determined as a
reasonable proportion of the cross-sectional area of the
pipeline.

3.3. Algorithm Optimization. Sequential quadratic pro-
gramming (SQP) algorithm is one of the most effective
methods for dealing with nonlinear programming problems.
It has the advantages of high computing efficiency and good
convergence. Because the objective function contains the
programming problem of the nonlinear function, it is op-
timized and converged by the SQP algorithm. The SQP
algorithm steps are as follows:

(1) Define the objective function E (x).
(2) Define the nonlinear constraints in the constraints.
(3) Determine the initial value X, of the iteration.

(4) Determine the upper and lower limits of the variables
and express them as VUB and VLB, respectively.

(5) Establish the main program. The function of non-
linear programming is fmincon, and run the
solution.

(6) At the end of the algorithm optimization, if the leak
area of the node is found to be nonzero, it is regarded
as a leaked state; otherwise it is regarded as a
nonleakage state.

(7) Accurate positioning of pipeline leaks.

4. Nonmetallic Pipeline Leak Diagnosis Models
and Procedures

4.1. Model Establishment. According to the characteristics of
urban gas pipelines, a Markov chain flow state transition
probability matrix is established for pipelines suspected of
leaking status, and the predicted flow status is compared
with the actual flow status to determine the pipeline leakage
quantitatively. An inverse transient analysis model suitable
for leakage location of nonmetallic gas pipelines in cities is
established, and the objective function is established based
on the difference between actual pressure and calculated
pressure and is optimized with the sequential quadratic
programming method (SQP) to ensure the calculation ef-
ficiency and convergence. The specific model is shown in
Figure 2 [15, 16].

4.2. Implementation Steps

Step 1: Markov quantitative leak determination

(1) By gradually closing the pipeline valve to generate a
transient flow, the first set of pipeline flow data is
collected to establish a Markov state transition
probability matrix

(2) Under the same environment, the second set of flow
data is collected, parameter vectors are calculated,
and the flow state of the pipeline in the next period is
predicted by combining the state transition proba-
bility matrix

(3) The predicted pipeline flow state is compared with
the actual state to judge whether the pipeline is
leaking
Step 2: dividing nodes
If it is judged that the pipeline is leaking, the leaking
pipe section will be divided into multiple monitoring

nodes to obtain the flow and pressure parameters at
the nodes

Step 3: establishment of the inverse transient posi-
tioning model

(1) The inverse transient leakage control equation is
established

(2) An objective function based on near-steady-state
flow data in pipeline leak monitoring is established

Step 4: algorithm optimization

The SQP algorithm is used to converge the objective
function, to find the flow difference between the two
ends of each node, and to calculate the effective
leakage area of the monitoring node

Step 5: positioning calculation

If the effective leakage area of only a single moni-
toring node is nonzero, the monitoring node is
judged to be a leakage point. If the effective leakage
areas of multiple monitoring nodes are nonzero, the
monitoring nodes of equal steps continue to be di-
vided between nonzero nodes. Repeat steps 2 to 4
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FIGURE 2: Leak diagnosis analysis model of urban buried non-
metallic pipelines.

until the distance between the two nodes meets the
requirements for locating the leakage of the pipeline.

The positioning accuracy is closely related to the
number of monitoring nodes. If it is judged that a
single node leaks, the leak point is considered to be
located at that node. If it is calculated that there are
multiple monitoring nodes leaking, continue to ar-
range multiple monitoring nodes with equal dis-
tances in the pipe section between these monitoring
nodes, and repeat the calculation until the termi-
nation step is reached when the distance between
each node meets the accuracy requirements. Find
nodes with nonzero effective leakage area for ac-
curate positioning.

5. Test Flow Field Analysis

The material of the test pipe section is a PPC pipe. The
total length of the pipe is 8 m and it has a U-shaped
structure. The diameter of the pipe is 0.0456 m, and the
working pressures are 0.3 MPa, 0.2 MPa, and 0.1 MPa. The
transmission medium is air at room temperature. The
pipeline structure is shown in Figure 3. An upstream flow
sensor 1, an upstream pressure sensor 2, and an upstream
infrasound sensor 3 are sequentially arranged at the inlet
end of the pipeline. A downstream flow sensor 6, a
downstream pressure sensor 5, and a downstream
infrasound sensor 4 are sequentially arranged at the outlet
end of the pipeline. The structure diagram is shown in
Figure 4. X; to X are monitoring nodes, the length of the
X,-X, tube section is 3.2 m, the length of the X,-X; tube
section is 1.6 m, and the length of the X3-X, tube section is
3.2m. The leakage hole is 0.6 m below the distance from
X5, and the leakage aperture is 0.004 m. The X is at the
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FIGURE 4: Schematic diagram of the test pipeline structure.

pipe inlet and the X, is at the pipe outlet. The X5 and X are
0.4m and 1.2m above the X,, respectively. The test am-
bient temperature is 24 degrees Celsius.

Under the inlet pressure of 0.1 MPa, 0.2 MPa, and
0.3 MPa, the pressure and flow changes at the head and
end of the pipeline under leaking and nonleaking con-
ditions were collected. The collected data are shown in
Figures 5-7. The polygonal line marked with a square
represents upstream flow, the polygonal line marked
with a circle is downstream flow, the polyline marked
with a positive triangle is upstream pressure, and the
polyline marked with an inverted triangle is downstream
pressure.

From Figures 5-7, and repeat the above test several
times: (1) When the pipeline is not leaking, the pressure at
the beginning and end of the pipeline is similar, and the
pressure of the entire pipeline is stable; when leaking, the
overall pressure in the pipeline decreases, and the difference
between upstream and downstream pressures is not obvious.
(2)When there is no leakage, the flow velocity at the head
and end of the pipeline is the same, and the flow velocity of
the entire pipeline is stable; when leaking, the flow rate at the
front end of the leak hole increases significantly, and the flow
rate at the rear end of the leak hole decreases slightly. After a
period of time, the flow at the front of the leak hole de-
creases, and the flow at both ends of the leak hole remains
the same, and the greater the inlet pressure, the greater the
flow difference.
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FIGURE 5: Pressure and flow data collection at 0.1 MPa leakage.
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6. Markov Chain Quantitative Leak Judgment

6.1. Establishment of a State Transition Probability Matrix.
The first set of flow data was collected from the leakage test
under an inlet pressure of 0.3 MPa in Section 5 which in-
cludes 2.66, 2.79, 2.81, 3.16, and 3.76 (m’/h). It was obtained
that the flow change rates at each time were ¢;=0,
q>=4.66%, q3=0.71%, and g,=11.06%; the flow change
rates in the four leakage states were n; =1, n, =1, n3 =0, and
Ny = 3.

Then, the state transition probability matrix P in the
Markov chain was as follows:

000 1
000 1

pP= (23)
0000
0 1/3 0 2/3

6.2. Quantitative Determination of Pipeline Leakage

(1) Under the same environmental conditions, the
second set of flow data was collected which includes
4.36,4.89, 5.33, 5.71, and 5.99 (m>/h). It was obtained
that the flow change rates at each time were
q1=13.67%, g, =10.84%, g5 =8.26%, q4 = 6.65%, and
qs =4.67%; the flow change rates in the four leakage
states were n, =0, n,=0, n3=0, and ny=5. Coding
the number of actual flow rate changes in each in-
terval at this time as a parameter vector, we obtain

a;=[00 0 5] (24)

(2) Calculated from the Markov chain, the parameter
vector f; of the predicted flow change rate based on
the Markov chain in the future period was as follows:

B, =[0 5/3 0 10/3]. (25)

Ng =N, it was predicted that the state of the
pipeline will be in the fourth state.

(3) As above, the third set of flow data was collected
which includes 6.24, 6.65, 6.81, 7.02, and 7.12 (m>/h).
It was obtained that the flow change rates at each
moment were ¢q;=4.01%, ¢,=6.17%, g;=2.35%,
q4=2.99%, and g5 =1.40%; the flow change rate in
the four leakage states were n; =0, n, =0, n3 =3, and

ny=2. We obtain:
a=[00 3 2] (26)

Ny, = Nj, it was predicted that the state of the
pipeline will be in the third state.

(4) The value of the state sequence numbers S in the

—m— Upstream flow
—e— Upstream pressure

FIGURE 7: Pressure and flow data collection at 0.3 MPa leakage.

—a— Downstream flow
—v— Downstream pressure

predicted state Ng was compared with the value of
the state sequence numbers W in the actual state

Ny

max



Since S > W, it was judged that the state was the later
stage of starting leakage. Similarly, the flow data
under the inlet pressure of 0.1 MPa and 0.2 MPa
were analyzed and calculated, and the results were
Ng =N, and Ny, = Nj, respectively. That was,
S>'W, it was determined that the test pipeline was
in the later stage of leakage.

MinE—l

(Aa*Ax (M3 + M3))/ (4DA?)
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7. Calculation of Pipeline Leakage Location by
Inverse Transient Method

7.1. Dividing Nodes. According to Figure 4, four nodes X,
X5, X3, and X, are first divided, and the step length was 1.6 m.
Calculate the leakage parameters of 4 nodes, respectively.

7.2. Establishment of the Objective Function

(1) According to the leakage control equation (15-19), the
difference between the calculated pressure of the node
and the real pressure was expressed as follows [17-19]:

T|P, = Py + (alA) (M, + M) — (alA) (M, + M,) — (\a>Ax/4ADA%) (M3/P,) + (M%/Py))

(2) Determination of the range of the effective leakage
area:

If the test leak hole radius was 2 mm, then take the
effective leak area when the leak hole radius was
3mm as the maximum limit of the leak area:

0<A,<2.82x107, (28)

(3) Determination of the friction coefficient in the
pipeline:
At 24 degrees Celsius, the dynamic viscosity of air is
1.83x10°Pa:s and the kinematic viscosity is
14364 x 10> m’/s. Bring the steady state data and
parameters without leakage into equation (20), and find
the friction coefficient in the pipeline was about 0.07.

7.3. Algorithm Optimization

(1) The data at the node X, were calculated, and the
pressure and flow data of the node X, the pressure
and flow data at Ax (1.6 m) at both ends of X,, and
the known parameters were substituted into equa-
tion (27). The test data at 0.3 MPa were taken as an
example, and the transient data were brought into
equation (27) to obtain the objective function:

| 26641111404.11 x (M7 + M3)

M E = s 26— 20829535 x (M, + M;) 14X 10,
(29)
(2) Definition of nonlinear constraints:
M, - M, >0,
My <My < Mg,z + Moy (30)
0, <M, <M, u

M| max is the maximum leakage amount obtained by
substituting the maximum restricted leakage area into
the leakage amount formula (16), which was 0.092 kg/s:

P.‘ (27)

S )
0 0/\ M, 0
<0.000635) (Ml ) ( 0.00893 )
< < .
0 M, 0.000635
(3) The flow M, and My of the 14th group of data was

taken as the initial calculated value, with the initial
value X, =1[0.00198, 0.000635].

(4) Determination of the upper and lower limits of
variables:

(31)

The data were calculated according to Step 2: VLB =
[0.000635, 0]; VUB =[0.00893, 0.000635].

(5) The flow difference between X, and X5 was calculated
to be 0.0033 kg/s, and the data were brought into
formula (16) to get the effective leakage area of
1.01 x 107> m”. According to the above steps, the flow
differences before and after nodes X; and X, were
calculated, respectively, as 0 and 0, so the effective
leakage areas of them were 0 and 0. The SQP al-
gorithm iterative diagrams of 4 nodes are shown in
Figures 8(a)-8(d).

7.4. Leak Location Calculation

(1) According to the calculated effective leakage areas of
the four nodes, the leakage point was located be-
tween nodes X, and X;.

(2) Since the leak point was between nodes X, and X,
two monitoring points X5 and X, were again set in
the pipe section between nodes X, and X3, and Ax
was taken as 0.4 m. According to the above process,
the flow differences before and after X5 and X were
calculated to be 0 and 0.0033kg/s, and effective
leakage areas were 0 and 1.01 x 10> m?. According
to the requirements of 4.2 node division and the
actual situation of the test pipeline, it was determined
that the leak point was on a pipe section 0.8 m long
before and after X, that was, the final location of the
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FIGURE 8: Iterative graph of algorithm for 4 nodes. (a) X, node algorithm iteration, (b) X, node algorithm iteration, (c) X5 node algorithm

iteration, and (d) X4 node algorithm iteration.

leak point was at X¢. Similarly, the data under the
inlet pressure of 0.2 MPa and 0.1 MPa were analyzed
according to the above steps, and finally the leak
point was located at Xg. The leakage parameters of
this node are shown in Table 1.

Repeat the test two more times under the same condi-
tions as the first test, and the exact calculation results of the
leak point are shown in Tables 2 and 3. The average absolute
calculation errors of the effective leakage area at the leakage
point under different inlet pressures obtained by 3 tests are
shown in Table 4.

It can be known from Tables 1 to 4 that the absolute
error for the effective area of the pipeline leakage is the
lowest 0.023 x 107> m?* and the highest 0.156 x 107> m”.

Under inlet pressures of 0.3 MPa, 0.2 MPa, and 0.1 MPa,
the average absolute errors of effective leakage area cal-
culated through multiple tests are 0.49 x 107> m?, 0.105 x
10° m? and 0.031 x 107> m*. Compared with the result of
the average absolute error of the antitransient method
modified by Gaussian function in [20] being 0.52x
107> m?, it can be seen that this method can be effectively
applied to urban nonmetallic natural gas pipelines.
However, the flowing medium in the pipeline is a com-
pressible fluid. The greater the pressure in the pipeline, the
greater the change in the density of the fluid in the
pipeline when a leak occurs, resulting in errors in the
calculation of the model. Therefore, in practical appli-
cations, data that are close to steady state in the transient
process should be selected for calculation.
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TaBLE 1: The first test of X5 node leakage parameters under different pressures.

Inlet pressure Flow difference Node pressure Effective node leakage area Real leakage area Absolute error
(MPa) (kg/s) (MPa) (m?) (m?) (m?)

0.3 0.0033 0.14 1.01x107° 1.256x107° 0.246 x 107
0.2 0.0029 0.11 1124x107° 1.256 x107° 0.132x107°
0.1 0.0012 0.04 1.279x107° 1.256 x107° 0.023x107°

TaBLE 2: The second test of X5 node leakage parameters under different pressures.

Inlet pressure Flow difference Node pressure Effective node leakage area Real leakage area Absolute error
(MPa) (kg/s) (MPa) (m?) (m?) (m®)

0.3 0.0027 0.1 1.151 x 107° 1.256x107° 0.105x107°
0.2 0.0031 0.1 1.32x107° 1.256x107° 0.064x107°
0.1 0.0017 0.06 1.208 x107° 1.256 x107° 0.048x107°

TaBLE 3: The third test of X5 node leakage parameters under different pressures.

Inlet pressure Flow difference Node pressure Effective node leakage area Real leakage area Absolute error
(MPa) (kg/s) (MPa) (m?) (m?) (m?)

0.3 0.0032 0.12 1.137x107° 1.256x107° 0.119x107°
0.2 0.0024 0.09 1.137x107° 1.256x107° 0.119x107°
0.1 0.0012 0.04 1.279%107° 1.256x107° 0.023x107°

TABLE 4: Absolute error under different pressures in three experiments.

Inlet pressure (MPa)

Absolute error (m?)

Average error (m?)

0.3 0.246x107° 0.105%x107° 0.119x107°
0.2 0.132x107° 0.064x107° 0.119x107°
0.1 0.023x107° 0.048 x107° 0.023x107°

0.156 x107°
0.105%x107°
0.031x107°

8. Conclusion

(1) By extracting the transfer characteristics of Markov

chains, the transition probability matrix of pipeline
changes can be obtained in real time, and the trend
development of pipeline flow changes can be pre-
dicted. By comparing the predicted changes in the
pipeline flow rate with the actual changes in the
pipeline flow rate, the leakage of the pipeline can be
judged. The Markov chain can monitor the changes
in pipeline flow in real time and reduce the false
alarm rate through prediction and comparison.

(2) According to the characteristics of the gas pipeline

gas medium, according to the gas motion and
continuity equations, specific boundary conditions
are given to establish an inverse transient location
analysis mathematical model suitable for gas pipeline
leakage monitoring. Selecting the characteristic line
method combined with the sequential quadratic
programming method to solve the pipeline leakage
model has certain convergence and improves the
accuracy of the model calculation.

(3) The judgment error for the effective area of pipeline

leakage can reach 0.023 x 10> - 0.156 x 10> m®. This
is because the flowing medium in the pipeline is a
compressible fluid. The greater the pressure in the

pipeline, the greater the change in the density of the
fluid in the pipeline when a leak occurs, causing
errors in the calculation of the model. Therefore, in
practical applications, data close to steady state
during the transient process should be selected for
calculation.

(4) Inverse transient leakage detection method is pro-
posed based on Markov’s quantitative judgment that
when conducting pipeline leak detection, it is nec-
essary to set as many equidistant nodes as possible to
ensure high positioning accuracy.
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