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ABSTRACT

Determining the venting time of a gas trunk pipeline segment provides an important basis for formu-
lating an emergency plan in the advent of unexpected accidents. As the natural gas venting process
corresponds to the transient flow, it is necessary to establish a transient hydraulic-thermal simulation
model in order to determine the venting time. In this paper, based on two kinds of venting scenarios in
which there is only one venting point in the venting system of a gas trunk pipeline segment—namely,
where the venting point is either at one of the two ends or at the junction of two gas trunk pipeline
segments—transient hydraulic-thermal simulation models are established. The models consist of gas
flow governing equations, the gas state equation, gas physical property equations, initial conditions, and
appropriate boundary conditions. The implicit central difference method is used to discretize the gas
flow partial differential equations, and the trust-region-dogleg algorithm is used to solve the equations
corresponding to each time step, in order to dynamically simulate the whole venting process. The
judgment condition for the end of the venting process is that the average pressure of gas trunk pipeline
segment is less than 0.11 MPa (actual pressure). Comparing the simulation results of the proposed model
with those of the OLGA software and real operational data, we find that the venting time error is less
than 10%. On this basis, a venting valve opening control principle is proposed, which prevents the venting
noise from exceeded the specified noise value (85 dB) in the venting design of domestic gas pipeline
projects. The established calculation model for venting time (dynamic simulation model) for a gas trunk
pipeline segment and the proposed opening control principle of venting valve provide reference for the
optimal operation of gas pipeline venting systems.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

formulate a maintenance or emergency response plan that is
technically feasible, economically reasonable, and meets HSE re-

The natural gas venting system is an important part of gas
pipeline stations and valve chambers, guaranteeing the safe and
reliable operation of the pipeline. When a gas pipeline is put into
production, it is often necessary to carry out natural gas venting
operations under emergency response or equipment/facility
maintenance scenarios, where the natural gas in the relevant
pipeline segments and equipment is vented into the atmosphere
through the venting system (Liu et al., 2015; Pu et al., 2014; Li et al.,
2019; Ettouney et al., 2012; Soltanieh et al., 2016). In order to
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quirements, it is required to accurately grasp and reasonably con-
trol the venting time and natural gas venting volume of the venting
object (e.g., pipeline segment or gas station).

At present, researches about simulation of natural gas pipeline
are mainly focused on leakage simulation (Zuo et al., 2015; Chen
et al,, 2020), supply security and resilience analysis (Su et al.,
2022; Zhu et al, 2021), peak shaving and optimization (Chen
et al., 2021; Meng et al., 2022), but there are only a few studies
focusing on the venting process of gas pipeline. There are three
main models for calculating the natural gas venting time for a gas
trunk pipeline segment. The first model is based on the assumption
that the entire venting flow process is in a critical flow state, where
the calculation formula for the venting time is shown in Eq. (1)
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Nomenclature

t the venting time, s

w the valve opening

D1 the absolute pressure of the gas in the pipeline before

venting, MPa

k the specific heat ratio of natural gas

T the gas temperature of venting pipe, K

G the relative density of natural gas

L the distance of block valves, km

Z the compression factor

p the gas density, kg/m3

M the gas mass flow in the pipe section, kg/ s

A the friction coefficient

s the elevation, m

K the overall heat transfer coefficient, W/ (m? e K)

To the ambient temperature, K

Ax the space step

Mg the gas relative molecular mass, kg/kmol

D; the J-T effect coefficient of gas, K/MPa

Din the inlet gas pressures of the resistance element, Pa

K, the valve flow coefficient

Pout the gas density at the outlet of the resistance
element, kg/m3

Qout the actual gas volume flow at the outlet of the
resistance element, m3/s

Tout the outlet gas temperatures of the resistance
element, K

Mout the outlet gas mass flow of the resistance element,
kg/s

D out the outlet gas J-T effect coefficient of the resistance
element, K/MPa

Tenv the ambient temperature, K

Denv the atmospheric pressure, Pa

a the gas speed of sound, m/s

Wmn the mechanical power, W

U the gas flow rate at the outlet of the venting riser, m/
s

To the atmospheric temperature, K

Ma the gas Mach number at the outlet of the venting
riser

Ly the sound pressure level at the observed point, dB

r the distance from the observed point to the outlet of

the venting riser (this paper take the value 50 m)

1% the volume of vented pipe segment, m>

F the cross-sectional area of venting pipe, m?

D2 the absolute pressure of the gas in the pipeline after
venting, MPa

R the gas constant, J/(kg'K)

P the initial pressure of the vented pipe segment, MPa

D the inner diameter of the vented pipe segment, mm

f the valve resistance factor

d the inside diameter of the venting pipe, mm

A the flow area of the pipe segment, m?

X length along the pipeline, m

h the gas enthalpy, J/kg

g the gravitational acceleration, m/s?

T the gas temperature, K

Tep the gas temperature, °C

At the time step

R the gas constant (equal to 8.314 kJ/(kmol e K))

ho the enthalpy of the ideal gas, k]/kg

G the specific constant pressure heat capacity,
KJ/(kg -K)

Dout the outlet gas pressures of the resistance element, Pa

Pin the gas density at the inlet of the resistance element,
kg/m3

Qin the actual gas volume flow at the inlet of the
resistance element, m3/s

Tin the inlet gas temperatures of the resistance element,
K

M;, the inlet gas mass flow of the resistance element,
kg/s

Diin the inlet gas J-T effect coefficient of the resistance
element, K/MPa

Tini the gas initial temperature of gas trunk pipeline
segment, K

Dini the gas initial pressure of gas trunk pipeline segment,
Pa

kr the polytropic process index

W, the total sound power, W

n the sound efficiency

Do the atmospheric density, kg/m®

Kq the sound power factor (the value is about 5 * 1073)

Ly the total sound power level at the outlet of the
venting riser, dB

DI the directivity index (the value is —6 under the
subsonic flow and —1 under the critical flow)

(Sichuan Petroleum Design Institute, 1974). As the influence of the
non-critical flow state on the venting time during the venting
process is not considered, the venting time calculated by this model
may be shorter than the actual venting time.

P1
hle

kReT (i)

Another formula for calculating the venting time in a critical
flow model is shown in Eq. (2) (Sichuan Petroleum Administration
and Southwest Petroleum Institute, 1995). Compared with Eq. (1),
this empirical formula considers the resistant effect of the valve on
the venting gas, adding a valve resistance factor f.

f=—* (1)

k+1

-1

. 0.191974pP{'/> G05p2Lf
B 60Zd2

(2)

3017

The second calculation model of the venting time is based on the
Fanno equation (Lin et al., 2019; Lou et al.,, 2014; Bai et al., 2015).
The basic idea is as follows: according to the initial pressure p; of
the gas trunk pipeline segment and the pressure pg at the end of the
venting process, take a certain micro-pressure decrease value Ap to
divide the pressure interval [pq, pg] into equal parts [p1,(p1 — Ap)],
[(p1 —Ap), (p1 —2Ap)] and so on. First, we calculate the venting time
for the average pressure of the trunk pipeline segment to change in
each sub-interval; that is, the time corresponding to the decrease of
the average pressure in the pipeline from p; — ke Ap to p; — (k +
1) e Ap. The total venting time for the system is equal to the sum of
the venting times corresponding to all pressure sub-intervals. In
particular, the time that the average pressure of the pipeline takes
to change in a sub-interval is equal to the change of the gas volume
in the pipe segment during the process divided by the instanta-
neous venting rate. When calculating the instantaneous venting
rate, it is assumed that the thermodynamic process of the gas
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entering the venting pipe inlet from the trunk pipeline segment is
an adiabatic expansion process. The instantaneous venting rate is
calculated using friction- and adiabatic-based one-dimensional
flow equations (i.e., the Fanno equation, which can be derived from
the continuity equation, momentum equation, energy equation, gas
state equation, and physical parameter calculation formula (Lin
et al,, 2019; Lou et al., 2014; Bai et al., 2015; Wei et al., 2021).

The third method involves performing unsteady hydrothermal
simulation of the venting process, in order to determine the venting
time according to the variation in some simulation parameters (e.g.,
the flow rate of the venting riser outlet, pressure of the gas trunk
pipeline, and so on). In previous research (Liu et al., 2014), the
venting process of a gas trunk pipeline segment was simulated
based on the unsteady hydraulic thermal simulation model and the
characteristic line algorithm, in order to calculate the venting time.
The boundary conditions used were that the pressure and tem-
perature of the venting riser outlet were respectively equal to the
atmospheric pressure and the ambient temperature, and the tem-
perature of each node of the gas trunk pipeline segment was always
equal to the ambient temperature. Through analysis, it was found
that the deviation between the venting time calculated using this
method and the actual venting time was about 10%. Due to the
short venting pipe of the station venting system, in order to ensure
the stability of the algorithm, only a short time step (e.g., 0.01s) can
be selected when using the characteristic line method, while the
venting time of a gas trunk pipeline segment is usually long (e.g.,
several hours). Therefore, using the characteristic line method to
simulate the scene requires a large amount of calculation. In
addition, hydraulic—thermal simulation model of gas trunk pipe-
line segment venting can also be established based on commercial
software (e.g., TGNET, HYSYS, OLGA, SPS, and so on) (Qiao et al,,
2013; Zhang, 2021; Pei et al., 2014; Jia et al., 2016). As some soft-
ware, such as SPS and TGNET, do not possess the functionality to
simulate the venting process of gas trunk pipeline segments, in
previous researches (Xiong et al., 2014; Li et al., 2018), the simu-
lation of the venting process was approximated by simulating
leakage or distribution scenarios. As the boundary conditions in
leakage or distribution scenarios are inconsistent with the bound-
ary conditions in actual venting scenarios, the simulation results of
these software may deviate from the actual situation, to a certain
extent. In addition, some simulation software takes a long time to
simulate the venting scene (e.g., the time spent by OLGA software
to simulate the example in this paper was 27 min), making them
difficult to apply for calculation of the venting time in emergency
situations.

In summary, calculation models for the venting time based on
critical flow or Fanno equation approaches have been simplified, to
varying degrees, such that these two models cannot accurately and
comprehensively reflect the venting process of a natural gas pipe-
line segment. Meanwhile, considering methods based on unsteady
hydraulic—thermal simulation, the characteristic line method used
in the existing literature has low solution efficiency, while com-
mercial software have shortcomings such as an inability to simulate
the venting scene equivalently or cumbersome simulation time.
Therefore, it is necessary to conduct an in-depth analysis of the
venting system and its simulation method for natural gas trunk
pipeline segments, in view of the above deficiencies, in order to
propose a more applicable and efficient method for simulating the
venting process of a natural gas trunk pipeline segment, allowing
for accurate calculation of the venting time. There are three main
difficulties associated with this problem:

(1) For the venting of a gas trunk pipeline segment, appropriate
boundary conditions need to be selected, in order to satisfy
the closure of the system of equations.

3018
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(2) As the flow rate at the outlet of the venting riser usually
cannot exceed the speed of sound, there are two possible
conditions for the boundary conditions at the outlet of the
venting riser (known pressure or flow rate at the outlet), and
switching between the two boundary conditions needs to be
considered during simulation.

(3) For the solution algorithm of the simulation model, the
simulation efficiency should be improved as much as
possible, under the premise of satisfying the solution sta-
bility conditions.

In this paper, we propose specific solutions for the above diffi-
culties, and establish a simulation model for the venting of a natural
gas trunk pipeline segment. Based on this model, the venting time
of the natural gas trunk pipeline segment can be determined. The
remainder of this paper is structured as follows: In Section 2, the
venting simulation model is introduced, including the general idea
of modeling, basic equations, boundary conditions, initial condi-
tions, and simulation logic. In Section 3, a venting example, the
simulation results of the corresponding program in this paper, and
OLGA simulation results and real operational data are compared
and analyzed. In Section 4, based on the established venting
simulation model, an opening control method for venting valves is
proposed. Section 5 provides our conclusions.

2. Simulation model
2.1. Basic idea

In order to accurately calculate the venting time of a natural gas
trunk pipeline segment, in this paper, we consider two kinds of
venting scenarios, in which there is only one venting point in the
venting system of a gas trunk pipeline segment: the venting point is
either at one of the two ends of the segment or at the junction of
two gas trunk pipeline segments. Transient hydraulic—thermal
simulation models are established for both cases. The models
consist of gas flow partial differential equations, the gas state
equation, gas physical property equations, initial conditions, and
appropriate boundary conditions. As the venting time for a gas
trunk pipeline segment is generally long (ranging from tens of
minutes to several hours), in order to shorten the simulation time, a
slightly larger time step should be selected. Furthermore, to adapt
to the short pipeline in the venting system, it is necessary to ensure
that the solution method used for the simulation model has good
stability. As the implicit central difference method unconditionally
satisfies the computational stability, this method is used to dis-
cretize the gas flow partial differential equation. Then, we intro-
duce the gas state equation, gas physical property equations, initial
conditions, and boundary conditions, ensuring that the mathe-
matical equations corresponding to each time step in the simula-
tion model are closed. Then, we apply a non-linear system of
equations solver function to solve the system of equations at each
time step in the simulation model. Thus, the dynamic simulation of
the entire venting process of the natural gas trunk pipeline
segment is realized, and the venting time of the natural gas trunk
pipeline segment is obtained, according to the change of the
pressure of the trunk pipeline segment (it can be considered that
the venting process ends when the actual average pressure in the
trunk pipeline segment is lower than 0.11 MPa).

For the two kinds of venting scenarios studied in this paper, the
difference mainly lies in the boundary conditions. The gas flow
governing equations, the gas state equation, gas physical property
equations, and initial conditions of the two models are consistent.
Sections 2.2-2.4 introduce the above mentioned general equations,
initial conditions, and boundary conditions for the two venting
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models, respectively. Section 2.5 discusses the closure of the
simulation model equations, and details the logic structure of the
simulation program.

2.2. Gas flow partial differential equations and implicit differential
discrete

The gas flow governing equations include continuity, mo-
mentum, and energy equations (Li and Huang, 2016; Chen et al,,
2020), as follows:

Petroleum Science 19 (2022) 3016—3028
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2.3. Gas state equation and physical calculation formula
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or p 2A%p x| A 2A%p Huang, 2016). In order to ensure that the density unit (kmol/m?)
Mds  4K(T —Tp) and the pressure unit (kPa) in the gas state equation are consistent
A ag - d 0 (5) with Egs. (6)—(8), the density and pressure in the original gas state

The partial differential Egs. (3)—(5) can be discretized by the
implicit central difference method, which has the advantage of
unconditional stability compared with characteristics method

(Chaczykowski and Zarodkiewicz, 2017; Elaoud et al, 2017;
Helgaker et al., 2014).The discretized equations are:
(1) Continuity equation
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(2) Momentum equation

equation were transformed, where the transformed equation is
shown in Eq. (9).
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Ao, Bo, Co, Do, Eg, a, b, ¢, d, «, and v can be calculated according to
the gas composition (Li and Huang, 2016).

The gas properties involved in the venting simulation process
include the enthalpy of natural gas and the Joule-Thomson (J-T)

M,
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effect coefficient. Under given temperature and pressure condi-
tions, the enthalpy of the actual gas is equal to the enthalpy of the
ideal gas under the conditions plus the isothermal enthalpy dif-
ference. The formulas for calculating the enthalpy and isothermal
enthalpy difference of an ideal gas are shown in Eqs. (11) and (12),
respectively, where the values of the coefficients A, B, C, D, E, Fin Eq.
(11) and Ao, Bg, Co, Do, Eo, a, b, ¢, d, @, v in Eq. (12) can be found in the
literature (Li and Huang, 2016).

(1)
h=1000% |0+~~~ (10)
Mg
h® =A + BT + CT? + DT> + ET* + FT? (11)
4C, 5Dy 6F
0 0 0 0 p
h—h :(BORT—ZAO—ﬁ+ﬁ,F)*(Vg)

3 2 p\?2 6 7d p\°
#(orr-30-7)(6gy) +o(Gersr) (us)

e OR
(12)
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The formula for the J-T effect coefficient D; is shown in Eq. (13),
where the specific constant pressure heat capacity C, of the gas can
be calculated according to Eq. (14).
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The first type is at the position of the resistance element (e.g., the
venting valve), the second type is at the intersection of the gas
trunk pipeline segments (e.g., when the venting point is at the
junction of the two pipe segments, the intersection of the gas trunk
pipeline segment and the venting pipeline), and the third type is
the closed end of the shut-off valve and the outlet of the venting
riser.

For the first type of boundary condition, we only consider the
venting valve as a resistance element in the venting system, and
ignore the friction loss at resistance elements such as reducers and
elbows. The venting valve must satisfy the pressure drop formula
(Zhang, 1994), the temperature drop formula, and the mass flow
balance formula, given by Egs. 15—17:

12.96*107  (Qin + Qout\ 2 (Pin + Pout
DPin — Pout = K2 *g*( S D) ) ( = D) Ou) (15)
D; iy + D;
Tin - Tout :(““24‘@‘“)*(1_7“1 - pout)*lo_6 (16)
M, — Moyt =0 17)

For the second type of boundary condition, such as the case of
the intersection shown in Fig. 1, there are four boundary conditions,
described as follows:

(1) The pressure at the junction is equal (including two bound-
ary conditions); that is, p; = p and p, = ps.

(2) The mass flow into the intersection is equal to the mass flow
out of the intersection; that is, M + My = Ms.

(3) The gas mixing temperature calculation formula, as shown in
Eq. (18), is satisfied at the intersection.

C,=
p o T5.08

2.4. Boundary and initial conditions

There are generally three types of boundary condition involved
in the single-point venting system of a gas trunk pipeline segment.

Fig. 1. Schematic diagram corresponding to the boundary conditions at the intersec-
tion of gas trunk pipeline segments.

3020

(14)

_MiTy + MyTy

T3 M] +M2

(18)
The third type of boundary conditions requires the following:

(1) The mass flow at the closed end of the shut-off valve is 0.
(2) The gas state change at the closed end of the shut-off valve is
a polytropic process, as shown in Eq. (19). The polytropic
process index kr can be determined according to the initial
and final conditions (the final temperature is equal to the
ambient temperature, and the final pressure is equal to the
atmospheric pressure).
kT_—l

(o)

(3) As the gas flow state of the venting process will go through
the states of critical flow and subsonic flow, the boundary
condition at the outlet of the venting riser is that the pres-
sure is equal to atmospheric pressure or the flow rate is equal

Tenv _

Tini

env

Dini

(19)
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Fig. 2. Schematic diagram for the closure analysis of the system of equations in the single-point venting scenario (the venting point is at one of the two ends).

@-d

e
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Fig. 3. Schematic diagram for the closure analysis of the system of equations in the single-point venting scenario (the venting point is at the junction of the two gas trunk pipeline

segments).

to the local speed of sound. The specific idea is as follows:
first, use the outlet pressure equal to atmospheric pressure as
the boundary condition. If the calculated outlet velocity is
less than or equal to the local speed of sound, the pressure
boundary condition is reasonable for the current time step;
otherwise, the outlet boundary condition needs to be
switched to the outlet velocity equal to the local speed of
sound. The speed of sound at the outlet of the venting riser
can be calculated according to Eq. (20) (Li and Huang, 2016).

a=vVZRT

Before venting, the upstream and downstream shut-off valves of
the gas trunk pipeline segment must be turned off. As the gas in the
trunk pipeline segment usually stabilizes within a short time after
the shut-off valves are closed, we assume that the gas in the trunk
pipeline segment is stable at the initial time of venting (i.e., the
initial mass flow of each node of the trunk pipeline segment is O,
and the initial pressure is equal to the gas equilibrium pressure). For
each node of the venting system pipeline downstream behind the
venting valve, the initial pressure is equal to the atmospheric
pressure and the initial temperature is equal to the ambient
temperature.

(20)

2.5. Closure analysis and the logical structure of simulation model

The simplified topology diagram of the single-point venting
scenario in which the venting point at one of the two ends is shown
in Fig. 2. The trunk pipeline segment is divided into N— 1 sections,
the venting pipeline is divided into two small sections (down-
stream of the gas trunk pipeline segment to the venting valve inlet,
and the venting valve outlet to the bottom of the venting riser), the
venting riser is regarded as a small segment. The unknowns at each
time step in the simulation model are the density p, temperature T,

3021

mass flow M, pressure p, and enthalpy h of each node, such that
there are 5(N +4) unknowns in the simulation model at each time
step. There are N + 2 pipe sections in this system, so there are
3(N +2) basic pipe flow equations at each time step. For each time
step, the gas state equation and enthalpy calculation formula at
each node must be considered, including 2(N +4) equations. In
addition, there are 3 boundary conditions at the venting valve, 2
boundary conditions at the closed end, and 1 boundary condition at
the outlet of the venting riser, for a total of 6 boundary conditions.
In this venting scenario, the number of equations in the simulation
model is equal to the number of unknowns at each time step, so the
equations in the simulation model are closed.

The simplified topology diagram of the single-point venting
scenario in which the venting point is at the junction of two gas
trunk pipeline segments is shown in Fig. 3, where the unknowns at
each time step in the simulation model are the density p, temper-
ature T, mass flow M, pressure p, and enthalpy h of each node, such
that there are 5(2N +5) unknowns in the simulation model at each
time step. There are 2N + 1 pipe sections in this system, so there are
3(2N +1) basic pipe flow equations at each time step. For each time
step, the gas state equation and enthalpy calculation formula at
each node must be considered, including 2(2N +5) equations. In
addition, there are 4 boundary conditions at the intersection of gas
trunk pipeline segments, 3 boundary conditions at the venting
valve, 2 boundary conditions at each closed end, and 1 boundary
condition at the outlet of the venting riser, for a total of 12 boundary
conditions. Thus, in this venting scenario, the number of equations
in the simulation model is equal to the number of unknowns at
each time step, so the equations in the simulation model are also
closed.

The trust-region-dogleg algorithm can be used to solve the non-
linear system of equations at each time step. If the actual average
pressure of the gas trunk pipeline segments is lower than 0.11 MPa,
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Simulation starts

Node division, call the physical

Enter basic parameters (pipe parameters, property calculation subroutin to
A gas composition, initial pressure and calculate the initial moment parameters

lemperature, etc.) and valve opening scheme of each node

!

Determine the space step and time |
step for the current time step [

|

Build a system of equations
(1) Gas pipe flow equation
(2) Initial condition of venting pipe section
(3) Boundary conditions of closed-end

(4) Riser outlet boundary (pressure equal to

atmospheric pressure)
(5) Boundary conditions of vent valve
(6) Boundary conditions at the junction (if exist)

l Switch (4) to the riser outlet flow rate
equal to the local speed of sound

| Solve the system of equations

s the riser outlet velocity less’
than the local speed of sound?.

The calculation of the current time step is
completed, and enter the next time step .

Is the average pressure of vented
pipe less than 0.11 MPa?

Simulation ends

Fig. 4. Logical structure of single-point venting simulation program.

Table 1
Parameters of the gas trunk pipeline segment and venting system pipeline.

composition is detailed in Table 2. The initial pressure and tem-
perature of the gas before venting in the trunk pipeline segments
were 2.8 MPa and 286 K, respectively. The total heat transfer co-
efficient of the pipeline was 1.1 W/(m?  K). The relationship be-

Trunk pipeline Venting pipeline Venting riser

;ie;,f’ td};'aﬁeter_ mm ;g'(?oo goo ;go tween the flow coefficient and the opening of the venting valve is
wall thickness, mm ~ 10.3 7.5 7.5 shown in Table 3. It was assumed that the opening of the venting
Roughness, mm 0.01 0.46 0.46 valve increased linearly from 0% to 100% from O to 5 min. During the
simulation, the time step of the simulation was 30 s, the spatial step

of the gas trunk pipeline segments was 2 km, and the venting

Table 2 pipeline was divided into two small sections (downstream of the

Gas composition. gas trunk pipeline segment to the venting valve inlet, and the

Composition Mole fraction, % venting valve outlet to the bottom of the venting riser). The venting
Methane 975 riser was regarded as a small segment.

Ethane 0.2

Propane 0.2

Nitrogen 1.6 3.2. Comparison and analysis of simulation results

Carbon dioxide 0.5

Based on the model shown in Fig. 2 and the basic conditions in
Section 3.1, the proposed method's simulation results and those of
the OLGA software are shown in Fig. 5, including the venting riser
outlet flow rate, accumulated gas volume flow in standard state,
trunk pipeline mid-point pressure, and venting riser outlet pres-
sure. The corresponding venting times with the two simulation
methods were 96.5 min and 103.5 min, respectively, with relative
deviation of 6.8%. Considering the curves of accumulated gas vol-
ume flow and the trunk pipeline mid-point pressure with time, our
results were in good agreement with the OLGA software simulation
results. As for the curve of the venting riser outlet flow rate and the
venting riser outlet pressure with time, the change trends of the
proposed method and that of the OLGA software simulation were
basically the same, but there was a certain difference between the
results in the middle period. The reason for this may be that, when
the OLGA software simulates the scenario, the logic for processing

Table 3
Relationship between the flow coefficient and the opening of the venting valve.

Opening 100 9 80 70 60 50 40 30 20 10 5
Flow coefficient 1000 760 500 350 220 150 110 80 40 20 10

the venting process simulation ends. The logical structure of the
single-point venting simulation program is shown in Fig. 4.

3. Case study

3.1. Basic conditions of the example

The basic parameters of the trunk pipeline segments and the
venting system pipeline are provided in Table 1, while the gas

the boundary conditions of the venting riser outlet is different than
that considered in this paper. In addition, the method for
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Fig. 5. Our simulation results and OLGA simulation results under the example conditions (the venting point is at one of the two ends).
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Fig. 6. Our simulation results and OLGA simulation results under the example conditions (the venting point is at the junction of two gas trunk pipeline segments).

determining the polytropic process index of the closed end in this
paper was also inconsistent with that of the OLGA software, as it
was found that the polytropic process index of the closed end in the
OLGA simulation results changed with time. To a certain extent, the
results obtained based on the two simulation methods were not
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completely consistent.

Based on the model shown in Fig. 3, it was assumed that the
length of the upstream and downstream trunk pipeline segments
bounded by the venting system pipeline was 8 km (the rest of the
basic conditions were the same as Section 3.1). In this case, the
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proposed method's simulation results and those based on OLGA are
shown in Fig. 6. The corresponding venting times for the two
methods were 93.5 min and 99 min, respectively, with a relative
deviation of 5.6%. In this venting scenario, the deviations in the flow
rate and pressure at the outlet of the venting riser with time cor-
responding to the two simulation methods were similar to those
observed in Fig. 5. The reason for this deviation may also be due to
the boundary conditions for the closed end and the outlet of the
venting riser under the two simulation methods being inconsistent.
In OLGA, the boundary conditions at the outlet of the venting riser
were the initial boundary conditions. However, during the venting
process, the adjustment rules for the boundary conditions at the
outlet of the venting riser are not yet clear. In the proposed model,
the boundary condition of the outlet of the venting riser was set as
a switching setting, considering the local speed of sound and at-
mospheric pressure.

Comparing the venting times for the corresponding examples in
Figs. 5 and 6, we found that when the initial pressure, initial tem-
perature, and total volume of natural gas of the gas trunk pipeline
segment were the same, the venting time corresponding to the
cases where the venting point is at the mid-point of the trunk
pipeline segment and when the venting point was at one of the two
ends were basically the same. It can be seen that, for the single-
point venting of the horizontal trunk pipeline segment, when the
other conditions are the same, the impact of the position of the
venting point on the venting time is small.

In addition, by simulating multiple sets of examples, it was
found that the venting time of the single-point venting scenario
with the venting point at the junction of two gas trunk pipeline
segments was slightly shorter (about 3% of the total venting time)
than that where the venting point is located at one of the ends of
the trunk pipeline segment, under the same basic conditions. To
determine the reason why the venting was slightly faster in the
former scenario, the pressure step method can be used for analysis:

The pressure variation range of the gas trunk pipeline segment
during the whole venting process was divided into a series of de-
pressurization intervals considering the micro-element pressure
step size. For each micro-element de-pressurization interval, the
endpoint pressure corresponds to the average pressure of the pipe
section. Whether the venting point is at the junction of the two gas

70

Venting point at one of the two ends
Venting point at the junction

60 -

50 -

40

30 1

20 1

Venting riser outlet mass flow rate, kg/s

0 f T T T T T
40 60 80 100

Time, minute

Fig. 7. Comparison of venting riser outlet mass flow rate between the two single-point
venting scenarios.
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trunk pipeline segments or at one of the two ends of the trunk
pipeline segment, the average venting flow (determined by time-
based averaging) for each venting point in the depressurization
interval is mainly determined by the average pressure in the
depressurization interval; that is, the venting flow rate with the
venting point at the junction is approximately equal to that when
the venting point is at the end, and the total gas flow of the two
venting scenarios is equal. The amount of natural gas venting cor-
responding to the same pressure reduction interval is fixed and, so,
the venting time in the two venting scenarios is approximately
equal. In addition, the gas at both ends of the trunk pipeline
segment flows to the middle when the venting point is at the
junction of the two gas trunk pipeline segments, while the gas
flows from one side of the trunk pipeline segment to the other
when the venting point is at one of the two ends of the trunk
pipeline segment. From the viewpoint of flow friction, when
considering the same depressurization interval, the gas corre-
sponding to the depressurization interval with the venting point at
the junction has a shorter flow distance and a smaller average
friction loss, such that the average venting flow rate when the
venting point is at the junction should be slightly higher than when
the venting point is at the end (as shown in Fig. 7). Correspondingly,
the venting time observed when the venting point was at the
junction was slightly shorter than when the venting point was at
the end.

The above calculation cases were all comparisons between the
proposed model's results and those of OLGA. In order to further
verify the accuracy of the established model, it was compared with
actual on-site venting data. The results indicated that the error
between the calculation results of the established model and the
actual venting data was less than 10%. The calculation examples and
comparison results are detailed in Table 4.

4. Venting valve opening control method

The venting valve is a key component in the venting system, and
the valve opening scheme is an important factor affecting the
venting time. Previous studies (Li et al., 2019; Bai et al., 2015; Zhang,
2021) have conducted simulation calculations by formulating a
valve opening scheme in advance (e.g., opening the venting valve
slowly and then quickly, opening the valve in multiple stages), and
obtained the effect of the valve opening or the valve opening
scheme on the venting time. It is considered that, during the
venting process, by continuously adjusting the opening of the
venting valve, the maximum instantaneous venting flow rate, the
venting Mach number, and the noise and venting riser vibration
generated during the venting process can be significantly reduced;
however, in an actual venting scenario, due to the different venting
processes, it is impossible to formulate a suitable valve opening
scheme to meet all venting scenarios in advance. In addition, the
staff at the scene generally control the venting process by observing
the noise of the venting riser, the height of the venting flame, or the
vibration of the venting pipe, and manually operating the venting
valve by virtue of experience. As the staff at the scene cannot
accurately understand the specific flow state of the gas during the
venting process, and the formulation of a valve opening scheme
lacks accurate judgment criteria, the valve opening scheme may be
easily affected by the experience of the operator, the surrounding
environment of the venting pipe, and other factors. In summary,
the development of a venting valve adjustment method through
formulating a valve opening scheme in advance or relying on
operator experience has great limitations. Therefore, it is advisable
to further study the opening control method of the venting valve
during the venting process, in order to realize the flexible and
precise adjustment of the venting valve in the venting process.



L-L. Zuo, A.-T. Jin, Q. Chen et al.

Table 4
Comparison of established model results with the actual venting data.

Petroleum Science 19 (2022) 3016—3028

Number Items The vented pipe segment

SZ distribution station—HGT valve

LZ valve chamber—H1 valve

LQ distribution station—YCL distribution

chamber chamber station
1 Diameter, mm 660 660 660
2 Pipe length, km 304 25 11.7
3 Pressure before venting, MPa 3.33 3.54 2.53
4 Pressure after venting, MPa 0.15 0.15 0.2
5 Venting point location SZ distribution station, and HGT valve  LZ valve chamber, and H1 valve LQ distribution station, and YCL distribution
chamber chamber station
6 On-site emptying time, min 97 81 28
7 Established model emptying time, 93 76 30.5
min
8 Relative error 4.1% 6.2% 8.9%

Enter basic parameters (pipe parameters, gas composition,
initial pressure and temperature, etc.) and valve opening
scheme, solve the system of equations.

!

number) at the cu

Calculate the gas flow parameters of venting riser outlet
(velocity, mass flowrate, density, temperature and Mach
rrent time step.

A

Critical flow
(1) Calculate the pressure ratio to determine the
sound efficiency n;
(2) Calculate the gas mechanical flow power W,,;
(3) Calculate the total sound power W,;
(4) Calculate the total sound power level L, at the
outlet of the venting riser;
(5) Directivity index DI=-1.

Is the Mach number
less than 1?

A 4

Subsonic flow

the outlet of the venting riser;
(4) Directivity index DI/= 6.

(1) Calculate the gas mechanical flow power

2) balculate the total sound power W,;
(3) Calculate the total sound power level L,, at

\—V Calculate the total sound pressure level L, 4—]

less than the

Keep the current valve opening value unchanged

Is the valve op

Make the opening
equal to 100

Is the total sound pressure level L,

than 100 (fully open)?

set value?
Yes

The current valve opening degree is
increased by a certain value

ening greater

No

Y
\—b{ Enter the next time step calculation

Fig. 8. Diagram of the valve opening control logic in the simulation program.

4.1. Control method

In view of the shortcomings of current venting valve control
methods, based on the venting simulation model established in
Section 2, a balance point for the valve opening was determined at
each simulation time step, which can allow the venting operation
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to meet the requirements regarding noise (according to domestic
relevant design requirements for the venting of the gas trunk
pipeline segment, the maximum noise of continuous venting in a
restricted area should not be higher than 85 dB (CDP-G-NGP-PR-
102-2016-1, 2016)), as well as ensuring that the venting process is
safe and stable. The specific idea is that, at each time step, according
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Fig. 9. Relationship between sound efficiency and pressure ratio at the outlet of the
venting riser under critical flow discharge conditions.
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to the flow parameters (i.e., gas flow velocity, Mach number, mass
flow rate, and temperature) at the venting riser outlet, we calculate
and judge whether the noise at the outlet of the venting riser at the
current time step meets the required noise setting value (<85 dB). If
the noise at the outlet of the venting riser at the current time step
meets the requirement, the opening of venting valve will be auto-
matically increased, according to a set adjustment amplitude value;
if the noise does not meet the set value requirements, the opening
of the venting valve will remain unchanged. The valve opening
control logic in the simulation program is shown in Fig. 8.

Regarding Fig. 8, the noise calculation formula is shown in Egs.
21-25. When the gas velocity at the venting riser outlet is subsonic,
the jet noise is mainly turbulent noise, and there is an efficiency
coefficient relationship between the sound power generated in the
free space and the mechanical flow power, as shown in Eq. (21). The
sound efficiency can be calculated using the empirical formula
recommended by the API, as shown in Eq. (23), following which we
can calculate the total sound power (Ma, 1983).

Wa=1Wn (21)

The mechanical power of the gas flow is equal to its convective

—— Result of using the valve opening control logic
Result in Section 3.2
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Fig. 10. Comparison between the results obtained using the valve opening control logic and the example results in Section 3.2.
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energy when the cross-section is circular:

_ pUPrd?  MU?
-8 2

For subsonic flow, the sound efficiency can be calculated using
the following expression:

(R (o

When the gas velocity at the outlet of the venting riser is the
critical speed of sound, there will be congestion and, in addition to
the turbulent noise, the jet noise will also include shock noise.
Meanwhile, the sound efficiency needs to be obtained, as shown in
Fig. 9, and the total sound power is the sum of the turbulent sound
power and the shock sound power, which can be calculated using
Eq. (25).

The total sound power level of the gas flow at the outlet of the
venting riser can be expressed as:

W (22)

Ly =10log;oWq + 120 (24)

The total sound pressure level can be expressed as:

Ly = Ly + DI — 10 logo (47rr2>Wa (25)

4.2. Results comparison and discussion

Based on the model shown in Fig. 3, we took the initial valve
opening as 50% (with the rest of the basic conditions as detailed in
Section 3.1), the preset sound pressure as 80 dB, and the set
adjustment amplitude value as 1%. A comparison between the re-
sults when using the valve opening control logic (shown in Fig. 8)
and the example results in Section 3.2 is shown in Fig. 10.

According to the comparison between the results obtained us-
ing the valve opening control logic and the example results in
Section 3.2, the analysis is as follows:

(1) As shown in Fig. 10(a), in the venting scheme regulated by
the valve-opening control logic, the valve was opened in
multiple stages during the venting process, where the valve-
opening action was initially slow, then became fast. In this
example, the cumulative venting time was 286.5 min, longer
than the 96.5 min for the venting scheme in which the
venting valve is opened linearly from 0% to 100% from O to
5 min (as described in Section 3.2).

(2) As shown in Fig. 10(b), in the venting scheme regulated by
the valve-opening control logic, the total sound pressure at
the outlet of the venting riser meets the specified re-
quirements (<85 dB) during the entire venting process;
while, in the example of Section 3.2, there was a period of
time in which the specified maximum sound pressure
(85 dB) was exceeded, which lasted for about 70 min; in
particular, the maximum sound pressure reached 120 dB.
The venting process regulated by the valve opening control
logic avoids the noise problem existing in the traditional
manual valve opening operations, thus reducing the adverse
impact on the environment.

(3) As shown in Fig. 10(c), in the venting scheme regulated by
the valve opening control logic, the maximum temperature
drop of the venting riser was much lower than the maximum
temperature drop corresponding to the valve opening
scheme in Section 3.2. The venting scheme regulated by the
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valve opening control logic can avoid or reduce the occur-
rence of ice blockages in the venting pipe, thus protecting the
venting pipe and related equipment.

(4) As shown in Fig. 10(d), in the venting scheme regulated by
the valve opening control logic, the pressure drop rate in the
gas trunk pipeline segment was more gradual than the cor-
responding pressure drop rate in Section 3.2, thus protecting
the gas trunk pipeline segment.

(5) As shown in Fig. 10(e) and (f), in the venting scheme regu-
lated by the valve opening control logic, the mass flow rate at
the outlet of the venting riser was more stable (basically
maintained in the range of 5—7 kg/s), the Mach number
during the entire venting process was lower than 1, and the
gas flow state in the entire venting process was subsonic
flow, thus being more stable than the gas flow state corre-
sponding to Section 3.2. The venting scheme regulated by the
valve opening control logic, by adjusting the opening of the
venting valve several times, reduces the maximum venting
flow to the greatest extent, avoids or reduces vibration of the
venting pipe, and protects the venting pipe and related
equipment.

(6) The venting scheme regulated by valve opening control logic
can be realized through the automatic control system of the
station, avoiding the threat posed to the operator's health
due to the noise and vibration generated during the venting
process. In addition, in the venting scheme regulated by the
valve opening control logic, the formulation of the valve
opening scheme includes accurate judgment criteria (i.e., the
venting simulation mathematical model, noise calculation
algorithm, and valve opening control logic), and the valve
opening scheme will not be affected by the surrounding
environment of the venting pipe and other factors.

5. Conclusions

In this paper, based on two kinds of venting scenarios consid-
ering only one venting point in the venting system of a gas trunk
pipeline segment, transient hydraulic—thermal simulation models
were established to calculate the venting time of the gas trunk
pipeline segment. Furthermore, based on this model, a method for
venting valve opening control was proposed. The following con-
clusions can be drawn:

(1) Due to the short pipeline of the station venting system, when
simulating the venting process of the gas trunk pipeline
segment, in order to ensure the stability of the algorithm, it is
recommended to use the implicit central difference method,
which unconditionally satisfies the computational stability
requirement. By increasing the calculation step, the calcula-
tion efficiency can be improved and the simulation time can
be shortened. For example, according to the basic conditions
of the calculation example detailed in Section 3.1, with little
difference in the calculation results of the venting time,
when the time step is 30 s, the calculation time is 675.2 s and,
when the time step is 60 s, the calculation time is 364.6 s.

(2) In order to ensure that the mathematical equations of the
venting simulation model are closed, two boundary condi-
tions need to be set at the closed end of the gas trunk
pipeline segment. In addition, as the gas flow velocity at the
outlet of the venting riser cannot be higher than the speed of
sound, it is necessary to consider switching of the pressure
and speed of sound boundary conditions at the outlet of the
venting riser.

(3) For the single-point venting of a horizontal gas trunk pipe-
line segment, under the same basic conditions, the impact of
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the venting point position on the venting time is small. In
addition, under the same basic conditions, the venting time
obtained when the venting point is at the junction of two gas
trunk pipeline segments is slightly shorter (about 3% of the
total venting time) than when the venting point is located at
one of the ends of the trunk pipeline segment.

(4) In the venting scheme regulated by the valve opening control
logic, during the venting process, the opening of the venting
valve is automatically adjusted according to the flow state of
the venting gas, allowing for minimization of the maximum
venting flow, the maximum temperature drop of the venting
riser, and the sound pressure at the outlet of the venting
riser; in this example, the maximum sound pressure at the
outlet of the riser was reduced by 32%, the maximum tem-
perature drop of the riser was reduced by 45%, and negative
effects such as vibration, noise, ice blockage, and so on were
avoided, improving the safety of the venting process.
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