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Abstract

The aim of the present study is the numerical modelling of the dynamic behaviour of high-pressure natural-gas flow in pipelines.

The numerical simulation was performed by solving the conservation equations, for one-dimensional compressible flow, using the

Runge–Kutta discontinuous Galerkin method, with third-order approximation in space and time. The boundary conditions were

imposed using a new weak formulation based on the characteristic variables. The occurrence of pressure oscillations in natural-

gas pipelines was studied as a result of the compression wave originated by the rapid closure of downstream shut-off valves. The

effect of the partial reflection of pressure waves was also analyzed in the transition between pipes of different cross-sectional areas.

� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

In the analysis of unsteady flow in gas pipelines we

observe the occurrence of rapid and slow disturbances.

In general, slow disturbances are originated by pressure

and mass-flow fluctuations as a result of the cyclic vari-
ation in the gas demand along the day. These distur-

bances are associated with the compression and

expansion of the gas in the pipeline and they are usually

studied with simplified computational models, which ne-

glect the variation of the fluid kinetic energy (ignoring

the convection term in the momentum equation) (Thor-

ley and Tiley, 1987). Rapid disturbances are associated

with wave effects caused by events such as the sharp clo-
sure of a shut-off valve, the system startup or the pipe-

line rupture.
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Numerical simulation of fast transients have been

performed by using the method of characteristics (Rao

and Eswaran, 1993, Kessal, 2000), the finite difference

(Thorley and Tiley, 1987) and the finite volume methods

(Greyvenstein, 2002; Osiadacz and Chaczykowski, 2001)

and, more recently, the total variation diminishing
(TVD) finite volume method (Zhou and Adewumi,

2000; Ibraheem and Adewumi, 1999). The accuracy of

the above methods was restricted to second-order.

High-order methods can provide a way to signifi-

cantly improve the accuracy of the numerical solution

of rapid transient flow in gas pipelines due to their

ability to capture strong gradients of the exact solution

without producing spurious oscillations. Comprehen-
sive reviews of high-order accurate methods for the

numerical solution of compressible fluid flow are pre-

sented in Abgrall et al. (1999), Cockburn (1999) and

Shu (1999). The Runge–Kutta discontinuous Galerkin

(RKDG) method has an important advantage over

other high-order methods: the discontinuous Galerkin

space-discretization permits simple generalization of

the degree of approximation to nth-order, since no
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Nomenclature

Roman symbols

a ðcp=.Þ
1
2, speed of sound

A cross-sectional area

A flux Jacobian, Eq. (6)

Cp specific heat at constant pressure

Cv specific heat at constant volume

E specific stagnation energy

F flux vector, Eq. (3)

H E + p/., specific stagnation enthalpy

H flux function, Eq. (8)
L left set of eigenvectors of A

Lh time derivative of Uh, Eq. (11)

p static pressure

p0 stagnation pressure

Pi(x) Legendre polynomial of degree i

PRV pressure regulator valve

oQ auxiliary variables

R gas constant
R right set of eigenvectors of A

S source term, Eq. (3)

t time

T absolute temperature

TSV turbine shut-off valves

oU conservative variables, Eq. (2)

u flow velocity

vh discrete test functions
oV primitive variables

oW characteristic variables, Eq. (16)

x distance along pipeline

Z compressibility factor

Greeks

c Cp/Cv, specific heats ratio

D variation

l viscosity

K set of eigenvalues of A

X computational domain

sw wall shear stress
h integration parameter

. density

Subscripts

in inlet values

h approximate solution

j element number

max maximum value
N number of elements

out outlet values

Superscripts

� left state

+ right state

i vector component

k degree of the approximate solution
n time step
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special treatment of the boundary conditions is re-

quired to achieve uniform high-order accuracy (Cockburn,

1999).

In this paper, we consider gradually varying cross-
sectional area along the duct and the effect of fluid fric-

tion in the flow model to study the occurrence of rapid

disturbances in high-pressure natural-gas flow in pipe-

lines, using a high-order RKDG method, developed at

Instituto Superior Técnico, for the calculation of rapid

transients in gas pipelines. The boundary conditions

are imposed using a new characteristic formulation,

which allows the accurate simulation of the transient
flow conditions, as a result of the sharp closure of valves

in pipelines, as well as the steady-state initial conditions.

The mathematical model considers the following

assumptions: the flow is compressible and one-dimen-

sional; the flow includes rapid transients; the flow is adi-

abatic (consistent with the previous assumption); the

fluid entropy may vary as function of the pipe length,

x, and the time, t; variations in potential energy may
be ignored; the viscous effects are modelled by consider-

ing the pipeline-wall shear stress; the pipeline cross-sec-
tional area is a function of x only (rigid wall), within the

limitations consistent with one-dimensional flow; the

heat diffusion in the fluid is neglected.
2. Equations for one-dimensional compressible flow

We consider an element of volume A(x)dx, where

A(x) is the cross-sectional area of the duct. In an inertial

frame of reference, the equations describing one-dimen-

sional adiabatic compressible gas flow can be written in

the so-called conservative form

otUþ oxF ¼ S; ð1Þ
with x 2 [0,L] and t 2 ½0;T�. The vector of conservative
variables, U, the flux vector, F, and the source term, S,

associated with the area change and the effect of fluid

friction, are given by

U ¼
U 0

U 1

U 2

0
B@

1
CA ¼

.A

.uA

.EA

0
B@

1
CA; ð2Þ
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F ¼
F 0

F 1

F 2

0
B@

1
CA ¼

.uA

.u2Aþ pA

.uHA

0
B@

1
CA;

S ¼
S0

S1

S2

0
B@

1
CA ¼

0

pdxA� swpD

0

0
B@

1
CA. ð3Þ

The system of equations (1) is subject to suitable

initial conditions U0(x) = U(x, 0), and to boundary con-
ditions U0(t) = U(0, t) and UL(t) = U(L, t) (to be intro-

duced in Section 4). The variables of the system are:

the density, .; the flow velocity, u; the pressure, p; the

specific total energy, E; and the specific total enthalpy,

H = E + p/.. The first equation is known as the equation

of continuity and states the conservation of mass. The

second equation results from the momentum conserva-

tion. The third equation expresses the conservation of
energy within the control volume. To close the system,

we use the equation of state p = Z.RT, where R is the

gas constant and Z is the compressibility factor (Z = 1

for a perfect gas). This equation introduces an addi-

tional variable, the temperature of the fluid, T. If we

assume that the compressibility factor, Z, and the spe-

cific heat at constant pressure, Cp, are constant, in the

range of the pressure and the temperature of the flow,
we get the following relationships E = CvT + u2/2, H =

CpT + u2/2 and ZR = Cp � Cv that close the system.

Therefore, the pressure can be written as p = (c � 1)

(.E � .u2/2), where c = Cp/Cv.
3. The Runge–Kutta discontinuous Galerkin method

3.1. Weak formulation

Let us split the computational domain X = [0,L] in N

equally spaced finite elements, Ij = (xj�1/2,xj+1/2), with

length Dx = L/N. We seek an approximate solution

Uh of U such that, for a given time instant t 2 [0,T],

Uh(t) belongs to a finite dimensional space V h ¼ V k
h �

fv 2 L2ð0; LÞ : vjIj 2 PkðIjÞ; j ¼ 1; . . . ;Ng, where Pk(Ij)

is the space of the polynomials in Ij of degree at most
k. To find the approximate solution Uh, let us use a weak

formulation as follows. We begin by multiplying each

equation i of the system (1) by an arbitrary smooth func-

tion v, and then integrate in Ij. Afterwards, we integrate

by parts and get (Cockburn and Shu, 1989)Z
Ij

otUhiðx; tÞvhðxÞdx�
Z
Ij

F i Uhðx; tÞð ÞoxvhðxÞdx

þHiðUhðxjþ1=2; tÞÞvhðx�jþ1=2Þ �HiðUhðxj�1=2; tÞÞvhðxþj�1=2Þ

¼
Z
Ij

SivðxÞdx; ð4Þ
where the functions v were replaced by discrete test func-

tions vh, belonging to the space Vh, the exact solution U

by the approximate solution Uh, and the non-linear flux,

F (U(xj+1/2, t)), by a numerical flux function

HðUh xjþ1=2; t
� �

Þ ¼
H 0

H 1

H 2

0
B@

1
CA ¼H U x�jþ1=2; t

� �
;U xþjþ1=2; t

� �� �

ð5Þ

to be defined later.

3.2. Energy stable flux function

The system of equations (1) may be written in the

quasi-linear form

otUþ AoxU ¼ S; ð6Þ
with

A¼ oF

oU
¼

0 1 0
1
2
u2ðc� 3Þ �uðc� 3Þ c� 1

u3ðc� 1Þ� cuE � 3
2
u2ðc� 1Þþ cE cu

0
B@

1
CA.

ð7Þ
The matrix A can be decomposed by means of a sim-

ilarity transformation A = RKL, where R = L�1 and K
are, respectively, the matrices of the right set of eigen-

vectors and the set of eigenvalues (see Hirsch, 1990 for

details).

Given two states U�
jþ1=2 ¼ Uðx�jþ1=2Þ and Uþ

jþ1=2 ¼
Uðxþjþ1=2Þ, a stable energy-flux function, for the Riemann

problem, is given by (Barth, 1999, Barth and Charrier,

2001)

Hjþ1=2 ¼
1

2
Fþ
jþ1=2 þ F�

jþ1=2 � j�Aj Uþ
jþ1=2 �U�

jþ1=2

� �� �
;

ð8Þ
with

�jAj ¼ 1

2

Z 1

�1

jAð�UðhÞÞjdh; ð9Þ

where (9) is defined in the usual matrix sense via

eigensystem decomposition jAj = RjKjL and �UðhÞ ¼
ð1� hÞU�

jþ1=2=2þ ð1þ hÞUþ
jþ1=2=2. Barth (1999) has

shown that the matrix (9) can be evaluated using a

Gauss–Legendre quadrature with p points.

3.3. System of equations and time integration

Following Cockburn (1999), we choose the Legendre

polynomials, Pi(x), as local shape functions. The

approximate solution of kth-order order is then given by

Uhiðx; tÞ ¼
Xk

m¼0

Um
hi
ðtÞPmðxÞ. ð10Þ
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Replacing (10) in (4), we obtain a diagonal system of

linear equations with k + 1 unknowns per element Ij,

otUh ¼ Lh; ð11Þ

to be determined at each time-step.
To discretize the system of differential equations (11)

in time, we use an explicit third-order total variation

diminishing (TVD) Runge–Kutta scheme (Cockburn,

1999),

U
ð1Þ
h ¼ Un

h þ DtLh Un
h

� �
;

U
ð2Þ
h ¼ 3

4
Un

h þ
1

4
U

ð1Þ
h þ 1

4
DtLh U

ð1Þ
h

� �
;

Unþ1
h ¼ 1

3
Un

h þ
2

3
U

ð2Þ
h þ 2

3
DtLh U

ð2Þ
h

� �
;

ð12Þ

under the stability condition Dt 6 Dxf1K
�1
max. Cockburn

and Shu (1989) suggest f1 = (2k + 1)�1. All the integrals

that appear in the system of equations (11) are evaluated
numerically using a Gauss–Legendre quadrature with p

points (Cockburn, 1999).
4. Boundary conditions

The Runge–Kutta discontinuous Galerkin method

allows a simple implementation of the boundary condi-

tions when they are imposed through flux functions

HðUÞ1=2ðtÞ ¼ H UinðtÞ;U xþ1=2; t
� �� �

ð13Þ

and

HðUÞNþ1=2ðtÞ ¼ H U x�Nþ1=2; t
� �

;UoutðtÞ
� �

; ð14Þ

at the inlet, x�1=2, and outlet, xþNþ1=2, sections. The states

Uin(t) and Uout(t) are evaluated according to the pre-

scribed boundary condition.

The system of equations (1) can be written in the

characteristic form, otWþ KoxW ¼ eS, with oW = LoU

and eS ¼ LS. We select well-posed boundary conditions

by prescribing the characteristic variables whose convec-
tion velocity direction is towards the interior of the do-

main at the boundary. In this way, the number of

boundary conditions is a function of the signs of the

eigenvalues of K.
The boundary conditions are simpler to implement

if we consider the set of primitive variables, V =

(.A uA pA)T, which are related to the set of conserva-

tive variables by

oU

oV
¼

1 0 0

u . 0
1
2
u2 .u 1

c�1

0
B@

1
CA. ð15Þ

The characteristic variables, written as functions of

the primitive variables, take the form
oW ¼
oW 1

oW 2

oW 3

0
B@

1
CA ¼ oW

oV
oV ¼

oð.AÞ � a�2oðpAÞ
oðuAÞ þ ð.aÞ�1

oðpAÞ
oðuAÞ � ð.aÞ�1

oðpAÞ

0
B@

1
CA;

ð16Þ
where the Jacobian matrix of the transformation is given

by

oW

oV
¼

l1

l2

l3

0
B@

1
CA ¼

1 0 �a�2

0 1 ð.aÞ�1

0 1 �ð.aÞ�1

0
B@

1
CA. ð17Þ
4.1. Initial conditions for transient flow

The initial conditions for transient flow are given by

the steady-state flow solution, for prescribed inlet and

outlet conditions. This steady-state solution is obtained

by running the solver that implements the above formu-
lation, starting from an arbitrary physically consistent

initial condition and imposing the following steady-state

boundary conditions, until the desired degree of conver-

gence is achieved.

4.1.1. Inlet boundary conditions for steady-state

The inlet boundary conditions for steady-state consist

in imposing the stagnation specific enthalpy, H, and the
stagnation pressure, p0, defined as

p0A ¼ pA 1þ 1

2
ðc� 1Þ u

2

a2

� �cðc�1Þ�1

. ð18Þ

The third equation is determined from the character-

istic property that is convected outwards with respect to
the domain, oW3, resulting in an inlet state given by

UinðtÞ ¼ Uðxþ1=2; tÞ þ
oU

oV

oV

oQ

����
in

DQin; ð19Þ

with

oQin ¼ oðHAÞ oðp0AÞ oW 3ð ÞT; ð20Þ

oQ

oV

����
in

¼ oV

oQ

����
in

� ��1

¼

oðHAÞ
oð.AÞ

oðHAÞ
oðuAÞ

oðHAÞ
oðpAÞ

oðp0AÞ
oð.AÞ

oðp0AÞ
oðuAÞ

oðp0AÞ
oðpAÞ

0 1 �ð.aÞ�1

0
BBBBB@

1
CCCCCA;

ð21Þ

and

DQin ¼
ðHAÞin � ðHAÞðxþ1=2; tÞ
ðp0AÞin � ðp0AÞðxþ1=2; tÞ

0

0
B@

1
CA. ð22Þ

The third row of the Jacobian matrix (21) is taken from

the third row, l3, of the matrix (17). The derivatives that
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appear in the Jacobian matrix (21) are evaluated

analytically.

4.1.2. Outlet boundary conditions for steady-state

As outlet boundary condition we impose the mass

flow, (.uA)s. The other two boundary conditions to be
imposed are the characteristic variables that are con-

vected towards the exterior of the domain, oW2 and

oW3, from which we obtain

UsðtÞ ¼ Uðx�Nþ1=2; tÞ þ
oU

oQ

����
out

DQout; ð23Þ

with oQout = (o(.uA) oW2 oW3)
T, and

DQout ¼ ð.uAÞout � ð.uAÞðx�Nþ1=2; tÞ 0 0
� �T

. ð24Þ

The Jacobian matrix, (oU/oQout), is determined in an

analogous way to the previous case.

4.2. Transient flow

4.2.1. Inlet boundary conditions for opened

gas-pressure regulators

For opened gas-pressure regulators in transient flow,

as inlet boundary conditions we impose (p.�1)in(t)

(which is proportional to the static temperature T) and

the mass flow, (.uA)in(t), as functions of the time. The

third equation is given by the third characteristic, giving

UinðtÞ ¼ Uðxþ1=2; tÞ þ
oU

oQ

����
in

DQin; ð25Þ

with oQin = (o(p.�1) o(.uA) oW3)
T, and

DQin ¼
ðp.�1ÞinðtÞ � ðp.�1Þðxþ1=2; tÞ
ð.uAÞinðtÞ � ð.uAÞðxþ1=2; tÞ

0

0
B@

1
CA. ð26Þ
4.2.2. Inlet boundary condition for closed

gas-pressure regulators

When the gas-pressure regulator is closed, the bound-

ary condition is similar to a solid wall condition,
(.uA)in(t) = 0, resulting in

UinðtÞ ¼ U xþ1=2; t
� �

þ oU

oQ

����
in

DQin; ð27Þ

with oQin ¼ ðoð.uAÞ oW 2 oW 3ÞT, and
DQin ¼ �ð.uAÞ xþ1=2; t

� �
0 0

� �T

. ð28Þ
Table 1

Gas properties in working conditions, p = 33 bar and T = 15 �C

R 440.7 m2/(s2 K)

Z 0.934 –

c 1.417 –

l 1.182 · 10�5 kg/(ms)
4.2.3. Outlet boundary condition for opened

shut-off valve

The boundary condition for an opened shut-off valve

is equivalent to the boundary condition (23), with the

mass flow changing in time

DQout ¼ ð.uAÞoutðtÞ � ð.uAÞ x�Nþ1=2; t
� �

0 0
� �T

.

ð29Þ
4.2.4. Outlet boundary condition for closed shut-off valve

The outlet boundary condition for a closed shut-off

valve is imposed in an analogous way to the previous

boundary condition, considering zero mass flow.
5. Results

To illustrate the dynamic behaviour of high-pressure

gas flow in pipelines, typical flow conditions were con-

sidered for a natural-gas supply pipeline, between the

pressure-reducing (and metering) station and the emer-

gency shut-off valves, upstream of a combined-cycle

power-plant with three turbine-generator sets, with an
installed capacity of 3 · 400 MW. In the design of this

type of supply line, one key aspect is the dynamic behav-

iour of the system in the event of a sudden (emergency)

shut-off of one or more valves of the turbine-generator

sets. In this case, the pressure in the supply pipeline

may reach excessive values and trigger the protective

shut-off valves of the pressure-regulator station. To

avoid this occurrence, it is necessary to conciliate the dy-
namic characteristics of the pressure regulator and the

shut-off valves with the gas velocity, the volume and

the length of the pipeline. As initial conditions, we as-

sume a mass flow _minitial ¼ 52.8 kg=s (225,000 m3(n)/h),

a static temperature T = 15 �C and an absolute pressure

p = 33 bar, at the exit of the pressure regulator valve.

Properties of the natural gas used in the calculations

are presented in Table 1.
Two parameters were used to characterize the dy-

namic response of the valves: the reaction time (time

taken to start the valve actuation after sensing a pressure

perturbation) and the actuation time (time interval be-

tween the initial and the final positions of the valve).

For the shut-off valves we considered the actuation time

only. In any case, linear variation of the mass-flow was

assumed during the valve transient.
Six examples were considered including two pipeline

lengths, L = 350 m (cases 1–4) and L = 1600 m (cases 5

and 6), typical (cases 1, 2, 5 and 6) and high-speed (cases

3 and 4) dynamic characteristics for the pressure-regula-

tor and the shut-off valves, and total (cases 1–5) and par-

tial (case 6) closure conditions for the shut-off valves.

For simulation purposes, the pipelines were split into

three elements, of different length and diameter, whose
geometries are described in Table 2. Excluding case 2,

the pipeline element diameters were selected to provide



Table 2

Pipeline geometry: Li, length of element i; Di, diameter of element i

Case L1 [m] L2 [m] L3 [m] D1 [m] D2 [m] D3 [m]

1 100 150 100 0.400 0.400 0.400

2 100 150 100 0.400 1.000 0.400

3 100 150 100 0.400 0.400 0.400

4 170 10 170 0.400 0.949 0.400

5 100 1200 300 0.300 0.500 0.400

6 100 1200 300 0.300 0.500 0.400
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gas flow velocities within the typical range, for this type

of flow, in steady-state conditions, between 10 and 30 m/s.
A linear variation of the area along 4 m of duct length

was assumed for the transition between elements with

different cross-sectional areas.

Numerical results were obtained with third-order

accuracy in time and space using second degree local

basis functions and the TVD Runge–Kutta scheme

(Eq. (12)). Figs. 1–4 show plots of the numerically ob-

tained results for the mass-flow and the pressure distri-
bution, as functions of time, for two sections at the

exit of the pressure regulator valve (PRV) and immedi-

ately upstream of the emergency turbine shut-off valves
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(TSV). Case 1 refers to a supply line consisting of a sin-

gle constant diameter pipeline, D = 0.4 m, and length

L = 350 m, equipped with pressure regulator and shut-

off valves, with dynamic characteristics typical of those

normally found for valves of that size (Table 3). The cal-

culation assumes the most severe condition of simulta-
neous closure of the three turbine shut-off valves. A

pressure-wave front propagating towards the pressure

regulator valve is generated just after the valves closure,

keeping behind it a pressure increase of 1.7 bar, for

t = 0.25 s, Figs. 1 and 2. For the considered pipeline

length, the wave pressure reaches the pressure regulator

valve after 0.85 s. The numerical results clearly show the

interaction of the pressure wave, generated by the rapid
closure of the turbine emergency shut-off valves, with

the pressure regulator valve. The value for the maximum

pressure predicted at the exit of the pressure regulator

valve is 44.2 bar, which is reached 9.3 s after the valve

closure. In the above example, the increase in mass in

the system, due to the delay in the pressure regulator

valve actuation relative to the turbine shut-off valves

closure, originates a pressure increase much higher than
that due to the pressure wave produced by the rapid
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Fig. 3. Pressure distribution downstream of the pressure regulator valve (PRV) and upstream of the emergency turbine shut-off valves (TSV), as

function of time, for cases 3 and 4.
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Fig. 4. Pressure distribution downstream of the pressure regulator valve (PRV) and upstream of the emergency turbine shut-off valves (TSV), as

function of time, for cases 5 and 6.

Table 3

Boundary conditions: _minitial, initial mass flow rate; _mfinal, final mass

flow rate; treaction, pressure regulator reaction time; tactuation, pressure

regulator actuation time; tshut-off, shut-off valve closure time

Case _minitial

[m3(n)/h]

_mfinal

[m3(n)/h]

treaction
[s]

tactuation
[s]

tshut-off
[s]

1 225,000 0 2.00 5.00 0.25

2 225,000 0 2.00 5.00 0.25

3 225,000 0 0.20 0.50 0.20

4 225,000 0 0.20 0.50 0.20

5 225,000 0 2.00 5.00 0.25

6 225,000 150,000 2.00 5.00 0.25
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closure of the turbine shut-off valves. This over-pressure,

by mass accumulation, may be largely reduced by an
appropriate increase in the pipeline volume, as shown

by the numerically obtained results for case 2, Fig. 2,

where an intermediate 150 m element of the original

pipeline was replaced by a 1.0 m diameter element of

the same length, keeping all the remaining conditions.

In this case, the transition between pipes of different

cross-sectional areas introduce partial wave reflections

that combine with the pressure oscillations due to the
closure of the valves, giving an irregular wave pressure

distribution, Fig. 2. Mass-flow fluctuations shown in

the graphs of Fig. 1, for cases 1 and 2, result from the

use of a weak formulation to impose boundary

conditions.

In case 3, we consider the simple case-1 pipeline

equipped with high-speed pressure regulator and shut-

off valves, keeping all the remaining conditions un-
changed. In this case, the over-pressure due to mass

accumulation is small when compared with the wave-

pressure amplitude, Fig. 3. Results for case 4 show that

inserting a small expansion chamber in the pipeline, with

length L2 = 10 m and diameter D2 = 0.949 m, is an effec-

tive way of introducing partial reflections of the pressure

wave and decreasing the maximum pressure value within

the system, Fig. 3.
Cases 5 and 6 refer to a longer pipeline in compari-

son with the length of the pipelines considered in earlier

examples. In case 5 we consider the simultaneous clo-

sure of the turbine shut-off valves of the three turbo-

generator sets. Under theses conditions, the results of

the numerical simulation, plotted in Fig. 4, show that

the volume of the pipeline is now sufficiently large for



Case 5

0.0

2.0

4.0

6.0

8.0

10.0

t [s]

0 200 400 600 800 1000 1200 1400 1600

x [m]

Fig. 5. Isolines of pressure for the first 10 s after the turbine shut-off valves closure, as function of the pipeline position, for case 5.
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the pressure increase due to mass accumulation to be

similar to the wave pressure amplitude. The pressure

irregularities observed in the pressure evolution are
due to the partial reflection of the pressure wave at

the zone of transition between pipeline elements of

different cross-sectional areas, as can be seen in the

isolines of Fig. 5. In case 6 we consider the simultaneous

partial closure of the protective turbine valves to

provide a reduction of the flow rate to 2/3 of its initial

value, keeping the remaining conditions unchanged. In

this case, the results from the numerical simulation
show that the new equilibrium flow conditions are

rapidly achieved, with relatively weak pressure fluctua-

tions, Fig. 4.
6. Conclusions

The dynamic behaviour of high-pressure natural-gas
flow in pipelines was computed with third-order accu-

racy in space and time, by solving the one-dimensional

time-dependent compressible-flow equations with the

Runge–Kutta discontinuous Galerkin method.

The boundary conditions were imposed using a new

weak formulation based on the characteristic variables.

This formulation allowed the prediction of accurate re-

sults for both steady and transient flow conditions.
The extension of the boundary conditions to two- and

three-dimensional flows is straightforward by consid-

ering the eigenvectors associated with the perturba-

tions propagated in the direction normal to the

boundary.

The occurrence of pressure oscillations in natural-gas

pipelines was studied as a result of the compression

wave originated by the rapid closure of downstream
shut-off valves. The effect of the partial reflection of

pressure waves was also analyzed in the transition
between pipes of different cross-sectional areas. The

numerical results show that the value of maximum pres-

sure in the pipeline is mainly dependent on the dynamic
characteristics of the pressure regulator and the shut-off

valves, the pipeline volume, and on the change in the

duct cross-sectional area.
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