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ABSTRACT.A numerical method developed to solve the problem of pipeline transport of real gas, when a pressure
change in time is specified at the inlet, and a change in the mass flow of gas is output. Unlike other works, the height of
the axis of the gas pipeline varies depending on the distance.

Using the new desired natural logarithm of the reduced gas density, the degree of unknowns in the momentum
conservation equation reduced, according to which the directional pressure change is due to the local and convective
components of the gas inertia force, the quadratic law of resistance and gravity. Using this equation and the equation of
conservation of mass, the equations compiled for traveling along the stream and against the flow of waves.

For the numerical solution of the system of equations, an implicit scheme is used and the directions of
propagation of the forward and backward waves are taken into account. Simple dependences are proposed to
approximate the boundary condition for pressure, and to satisfy the boundary condition for mass flow, a transcendental
equation is constructed with respect to the inlet flow rate. To solve the latter, a sequential approximation algorithm
based on the Newton tangent method has been developed. Due to the nonlinearity of convective terms and the
resistance force, an iterative process is organized for a fixed time step. As an initial condition, it is proposed to use a
numerical solution of the momentum conservation equation in a stationary setting at a constant gas mass flow rate.

The results of computational experiment for various options of the route and indicators of the object are
presented.

KEYWORDS.gas pipeline, force factors, laws of conservation of momentum and mass, traveling wave method,
numerical method, tangent method, iteration method, computational experiment.

I. INTRODUCTION

The decrease in operating costs of the pipeline network is closely related to the increase in capital investment
in its creation. Practice shows that those projects that have undergone preliminary testing in terms of economics,
reliability, ecology and other indicators are supported. In the course of design work, these factors are analyzed
comprehensively and at the same time, the role of mathematical modeling and computational experiment is quite
significant.

In the mathematical modeling of linear networks of gas pipelines, they rely on the laws of conservation of
mass, momentum and energy of the transported gas [1], which are formed in the framework of a quasi-one-dimensional
approach and contain terms up to the fourth degree unknown (in the energy conservation equation). The relations
closing these laws in the form of the equation of state of the real gas and the Redlich-Kwong equation also contain
terms with the third degree.

Point elements of network (blowers, taps, jumpers, chokes, consumer connection points, etc.) usually lead to
an abrupt change in one or more gas indicators.

Using a quasi-one-dimensional approach when compiling a mathematical model of an object allows to avoid
solving problems of three-dimensional flows, but the problems are complicated due to the complicated topology of the
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gas pipeline and the factors taken into account [2,3]. The use of various models of turbulent two-phase flow, taking into
account changes in the state of aggregation of the transported medium [4-6], leads to a significant complication of the
tasks. Heat transfer with the environment [7-10], transients, leakage from the gas pipeline and other factors [11-18] can
lead to a change in the internal structure and composition of the equations involved.

In certain intervals of indicators, superchargers [13] can work, there is a need to use a looped network [15] and
other complicating elements.

The main and booster compressor stations operating in the main gas pipelines network create such a degree of
compression of the transported gas that is sufficient to overcome the frictional force and deliver gas to the consumer
with a pressure that is greater than the minimum allowable and necessary gas flow rate [19]. In this regard, the issues of
transition to large pipeline diameters and high operating pressures in the network are relevant. Both of these factors, as
the analysis of the equations show, contribute to a smaller loss of hydrostatic pressure, which is a measure of the energy
consumption of the main gas pipeline network. Due to these two factors, the volume of transported gas accumulated in
the network increases, which is very useful for smoothing pressure surges and short-term peaks in gas consumption
without involving additional gas sources and compression tools.

Studies in the above and other works were carried out by numerical methods.

In this paper, we propose a method for solving the problem of the gas-dynamic state of a linear section of a
relief main gas pipeline according to changes in time of the inlet pressure and outlet gas flow.

The equations of conservation of momentum and gas mass by introducing auxiliary functions are transformed
to the equations of the forward and backward traveling waves. The obtained equations are approximated by an implicit
scheme taking into account the direction of propagation of disturbances and are presented in the form of recurrence
dependencies. When the boundary condition is realized in the form of a given mass flow rate, a transcendental equation
for the flow velocity is compiled, which is solved by the tangent method. Because the system of equations is nonlinear,
then when solving it for a fixed time, an iterative process was organized.

Separate results of a computational experiment are presented.

The task is as follows. Suppose that a gas main with a length of llaid along the route, the leveling height of

Zl(X) which varies with distance. The diameter of the pipeline D and the coefficient of friction A resistance are

constant, which correspond to the developed turbulent flow regime. At the inlet of the gas pipeline, the law of pressure
change is set, and at the end of the section, the law of change in mass flow is set.

Considering the temperature of the transported gas to be constant, it is necessary to develop a numerical
method for solving the nonlinear equations of pipeline transport of real gas.

Il. SIGNIFICANCE OF THE SYSTEM

A numerical method developed to solve the problem of pipeline transport of real gas, when a pressure change
in time is specified at the inlet, and a change in the mass flow of gas is output. Unlike other works, the height of the
axis of the gas pipeline varies depending on the distance. The study of literature survey is presented in section IlI,
methodology is explained in section 1V, section V covers the experimental results of the study, and section VI discusses
the future study and conclusion.

I1l. METHODOLOGY

We compose a mathematical model of the problem. The equations of conservation of momentum and mass in
an elementary section of a gas pipeline with a length | and diameter D are written in quasi-one-dimensional form [1, 19,
20]:
ou ou  op A

—+ pU—+— = ——— pu’ — pg sina,

Pa Mo Tax T p TP 1)
9P, opu_q

ot ox

Here p, U, P — cross-sectional average values of density, velocity and gas pressure in the cross section x at
a time t; A — coefficient of friction in the quadratic law of resistance; § — gravitational acceleration;

. dz, . _ _ Lo
SIna = &, Z = Zl(X) — leveling height of the pipeline axis.
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The equation of state of a real gas, taking into account the average value of the coefficient of gas
compressibility Z, is written as [1]:

p=2ZRTp=p, )
where R, T — reduced gas constant and gas temperature; ¥ = N squared velocity of propagation of small

pressure disturbances in a gaseous medium.
At the entrance to the site, the law of pressure change over time is set:

P(0.1) = p, (1), 3)
and at the exit from the site - the change in mass gas flow rate over time:

M(l,t) =M, (t). (4)
The mass flow rate, usually used to lower the degree of unknowns in system (1), has the form:

M (x,t) = f u(x,t) p(x,t), (5)

2 . . . . .
where f =zD / 4— cross-sectional area of a gas pipeline. D and f can have piecewise constant values

and this only affects the resistance force in the equation of conservation of momentum.

Usually, the introduction of mass flow rate [2,3,19] reduces the degree of unknown in the equations of
conservation of momentum and mass. At the same time, convection and resistance forces remain in the form of
members with a second degree of unknowns. In this case, to lower the degree of equations, an auxiliary function was
introduced [20]

p(x1) ’ (6)

e

o(x,t)=In

which is often used in solving linear and nonlinear problems of acoustics (here p. — gas density, for

example, under normal conditions). In this case, equations (1), taking into account the equation of state of the real gas
(2), take the form:
ou ou  ,0p A o, .
—+U—+C"—=—-——U"—gsine,
a M C xT pt T (7)
6_¢7+6_u+ u %9 =0.
ot ox OX
We pass to the equations of the forward and backward traveling waves. To obtain the direct wave equation, we
add the first equation with the second equation of the system (7), previously multiplied by ¢. The backward wave
equation is obtained in a similar way, but the second equation of system (7) is preliminarily multiplied by —c:

A2 (g 22D L gsing, ©®)
=cp) (42O Az ging,
ot OX 2D

As a result, we obtain a system of equations

%+(u+c)@=—iu2 -gsina,

ox 2D 9)
%+(u —c)iz—iu2 - gsina,
ot OX 2D
where
f,(x,t) =u(x,t) +co(x,t), f,(xt)=u(xt)—cep(x,t) (10)

— new desired functions.
If the values of f,(X,t) and f,(X,t) are known, then the gas indicators are determined by the formulas
£,0x,0) + f,(x, 1)

u(x,t)=f,

Copyright to IJARSET www.ijarset.com 13842


http://www.ijarset.com/

ISSN: 2350-0328
International Journal of Advanced Research in Science,
Engineering and Technology
Vol. 7, Issue 5, May 2020

fL(x,t)- 5 (X,t)
pxt)=pe *
p(X,t) = yo(X,1).
The boundary conditions for the new system of equations will be returned in the course of the description of
the method of numerical solution of the problem.

To solve the problem numerically, we first represent the system of equations (9) in dimensionless variables.
As the scales of distance, time and flow velocity, we take the length of the section as I, the travel time of the section

wave as |/c and the speed of sound are taken C. Functions f,(X,t) and f,(X,t) are become dimensionless with the

involvement of C. To make the density and pressure dimensionless, the characteristic values of o, and P. = czp*
are used. As the result, from (9) we obtained the system:

?—+(1 _)—:—%UZ—S—:sina, a
11

iz—(l—ﬁ)iz= A g2 g,

ot ox 2D c?

Discrete coordinates i, N with constant steps 7 and h, grid functions f,", f,), T", 5", sing; are

introduced.
An implicit scheme was used to approximate the equations. The convective terms were approximated taking

into account the direction of the distribution of disturbances: f — left to right (ascending index 1), and f — from

right to left. The right-hand sides were taken as arithmetic mean for the nodes participating in the approximation of the

convective term:
Fn+l n n+l f Fn+l

fli _f1i+(1+ )1| 1i-1 ="
T

1i?

Fn+l Fn Fnl En+l
fim =1, f f .

_(1_l]in) 2|+1h 2i :(D;i'
Here

n ﬂzl ~n ~n gl H i

q)li :—4D|:(u| )2 + ulil)z:I_E(SIn ai + SN ai71)1
LAl gl o i

! =__4D[( DEEN (N } 2Cz(smoei+smoci_l).

The speed values highlighted in the form l]in will be returned later. Assuming that the value f_lg+1 is known,
the values of """ were found by the formula for i =1...N
Frl_ o+ i+ ool
1+o(+0")

where o =17/h.

Similarly, considering known fzr;Jl, fzriHl was calculated when 1 =N —1...0 by the formula
oot _ f+o@-0") 1 + 7 ),
: 1+o(l-0)

Then we turned to determine the values of f,0"and T,3".

When X =0 condition is given p(0,t) = p,(t). Therefore @)™ =1In (pg*l/p*). In addition, we assume

that the value of 0™ =T, — @™ is known.
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1 _ f_n+1 n+l1 and f n+1 n+l n+1

+ @ ~— P
At the second end of the site, i.e. when X =1, the condltion for mass flow is given:

f p(l,t)u(l,t) =M, (t).

Passing to dimensionless and discrete variables, we obtain

From here we find U, "

—n+l —n+1 1
p£+ u’:‘1+ :an+ ,
where M, (1) =Q (M) =Q".
. fc
3 r — FnHl_on+l
Assuming the value fy" =Ty"™ — @y ™is known, defining o™ = f™" —Uy™ and, py™* =e™ ™ the

boundary condition is reduced to the transcendental equation
— _ph+l _fntl
U,:Jrle e _ Q|n+1 e fin .
We composed an auxiliary function

F@@)=Q"e ™ —ge™.
This function, due to the negative value of the derivative
F'(0)=-(1-T)e™,
monotonously decreases in its domain of definition U € [0;1]. When U =0 function F(T) has a positive

value, and @« = 1 — when negative. Accordingly, the equation has a unique solution. And we can find it by the Newton
tangent method.

The tangent passing through the point (Uﬁ,F(Uﬁ)) where K = 0,1, 2... — the ordinal number of

approximation and UE, =0 has an angular coefficient

F@) = F(__Q_Ekw“-

Because when U =0, the curve F () crosses the abscissa axis, i.e. F(T5") =0, then for Ty we
obtain the formula

1 fn+1 —k
—k+l ok N g —Uy
Uy =Uy+ —
1-0y
The refinement process continues until at least one of the conditions ‘F(U,L“l)‘ <10 and
‘Uﬁ” — Y| <10, Because ™" and T} are known, then we calculate the missing elements: @™ = f™ — T ™,
£ n+l —n+1 n+l
f LAY

Let us return to the notation l]i" that was used in approximating the equations for fl and f2 as well as their
right-hand sides. It means the value of the dimensionless flow rate of the previous M -approximation, T, f"*,
£ and (oiml. mean the values of the present M-+1 approximation of the sought. In the zeroth approximation l]in

taken from the results N - time layer, and in subsequent M+1 approximations l]in taken from previous M -
approximation N+1- time layer. A consistent approach is considered achieved while fulfilling the conditions
max;_, <&, and max,_, y ‘(go,”+1 — (™)™

ay — g™ <&,. After that, we can go to the next (N+1) st

time layer.
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It is proposed to determine the initial condition of the problem from the first equation of system (1), which for

ou

E =0 (i.e., when passing to the stationary equation) takes the form:
dp dpu* 1 , .
—+——+—puU” + pgsina =0.
dx dx 2D puTpd

Assuming a constant mass flow rate at t =0
M (x,0) = f u(x,0) p(x,0)=const
using the gas equation of state, the last equation is reduced to a dimensionless form [3]

dp _ Gsinap®+Ap

dx A-p*
~ gl - IMZ — yM?
WhereG:g—,Az 4 > 02, :7/2 02
y 2Df “p; fop:
Integrating this equation under the condition E(O, O) = Eg numerically
—0 —0 (G_S”’](Zl(ﬁlo)2 +1—\) ﬁio
P=P +h = o2 '
A-(p;
we find the values of dimensionless pressure in the computational nodes i =1..N. Next, we calculate
_ M, 1 .
P’ = In(ﬁioﬂ), o’ = : & — at i =0..N . According to them, the values of
P<C b,

0_=0, 0 £0_—0_ 0
f, =0 +¢ , f,, =0"—@’ . are calculated.
IV. EXPERIMENTAL RESULTS

Based on the presented algorithm, a calculation program was developed and a computational experiment was
conducted for various options for the values of inlet pressure, outlet mass flow rate, and site performance.

The dimensionless steps amounted to 7 =0.0002and h = 0.001. The main calculations were carried out for

| =20.0 km, p=>5.6MPaand M, =250.0 kg/s. The choice of such a section length is justified by the fact that at

large distances the friction force prevails, and at small distances, the components of the inertia of the gas, when it is
possible to simplify the equation of conservation of momentum, we discard minor terms.

As constant calculation took 4 =0.028, T =300.0 K, Z=0.92, ¢=378.21 m/s. Reduced gas
constant R, took for methane.

Track profiles were taken linear: horizontal (Sina =0.0), with positive slope  (Sina =0.1), negative
slope (sina =-0.25) and, unlike [20], the curved path according to Fig. 1.

Copyright to IJARSET www.ijarset.com 13845


http://www.ijarset.com/

ISSN: 2350-0328

International Journal of Advanced Research in Science,
Engineering and Technology
Vol. 7, Issue 5, May 2020

O T T T T T T T T T T
)\ 0,2 04 0,6 0,8 / 1
-200 \ /
-400 /
-600 \\ /
§ -800

N \/

-1000

Fig. 1. The profile of the curved path depending on dimensionless distance x at greatest depth H=1000 m.

The initial pressure distribution in the stationary flow regime at P = 5.6 MPa and MO =250.0 kg/s for four

route options are shown in Fig. 2. The top line corresponds to the case Sin a =—0.25 = const . According to [3],
with significant negative slopes of the path, a “post-passage” mode is formed when the potential energy of gas gravity
compensates for the friction forces, and the excess energy of the gravitational force is accumulated in the form of
potential gas compression energy. In other words, downstream pressure is

75
70
65

®©

< 60

= 55 T

o \ ________
%0 \---- -------
45 \
40 T T T T T T T
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increasing.
Fig. 2.Initial pressure distributions for four route options.| = 20.0km, P = 5.6 MPa and

M, =250.0kg/s, 1 =0.028, T =300.0 K, Z =0.92, c=378.21 mis.

The lower curve corresponds to a constant positive slope of the track Sinc = 0.1. In this case, the pressure

loss in the section will be greater than in the horizontal section, i.e. at Sina = 0.0 (bottom second line).
The total pressure loss in the curved path (the second curve from the top) and in the horizontal path is
approximately the same. In a curved path, the pressure curve is not monotonic. With a decrease in the height of the axis

of the gas pipeline (at 0 <X <0.2) pressure begins to increase. In a horizontal section (at 0.2<X <0.3) the

pressure curve is parallel to the pressure curve obtained at Sina = 0.0. When lifting the track (at 0.6 <X <1) the
pressure drops more intensively, since in this section energy is additionally spent on lifting gas along the route.

We confine ourselves to presenting the results of the case when P =5.6 MPa, MO =250.0 kg/s and
M (l ,t) =300.0 kg/s, when the intensity of gas extraction from the end of the curved section increases by 20%. The

Figure 3 shows the mass flow isolines with an interval of 5 kg / s up to the time t =3l /C.
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Fig. 3. The mass flow isolines in a curved section in time interval (O; 3l /C) . Data see fig. 2

Reconfiguration of the mass flow begins at the end of the section where there was an instant increase in mass
flow. The mass flow jump begins to move upstream with a velocity of c. Therefore, the mass flow isolines at the point

(O; 20) have a common tangent. This means that at small distances the influence of the friction force is still
insignificant. At t =1/c, those. at T =1, given at t =0at the end of the section, the mass flow jump reaches the
inlet section X =0. At t =0.3l /¢ the deviation of isolines from the wave line of the mass flow jump is already

observed.
Shown in fig. 3 isolines of the mass flow rate of gas display the picture before time t =3l /¢ ~159 seconds.

Before reaching the disturbances of the beginning of the section with respect to the hydrodynamic flow velocity, a time
equal to /U, ~2000 seconds, and to establish the mode to a homogeneous mass flow of gas in the area

M (6, t) =300.0xgl/s it takes several times more than this time.
7
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Fig. 4. Pressure plots along the length of the curved section at
different values of dimensionless time. Data see fig. 4.

Fig. 4.shows pressure plots for different dimensionless calculation times. They indicate that before reaching

the beginning of the plot, pressure perturbation graphs have common parts that contract over time (the top four curves).
The increase in gas mass flow at the end of the section leads to a decrease in pressure with the expiration of time,
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starting from the end of the section. But the general nature of the graphs, associated with the relief of the track, remains
valid.

12
u(x,t)
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—— ‘ X
8 — T T T T
0 10 15 20

Fig. 5.The distribution of flow velocity along the length of the section of 20 km at various values of
dimensionless time. Data see fig. 3.

We present the velocity plots for the case under consideration (Fig. 6). According to the object model, the flow
rate is inversely proportional to hydrostatic pressure. The bottom curve in fig. 6.corresponds to the second from above
pressure curve in the stationary case: an increase in the pressure graph (Fig. 3.) leads to a decrease in the flow velocity
(Fig. 6.) and vice versa. In this case, the propagation of the jump in mass flow formed at the end of the section is more
pronounced.

The second curve below, which is built for T =0.2, determines an abrupt increase in flow velocity at the end

of the section. This curve for X = 0.2 closes with the initial velocity curve, i.e. at T =0.2the wave reaches the cross

section X =0.2. At T =0.5 the wave reaches almost half the length of the section (the third curve from the bottom),
but it is significantly deformed due to the friction force and gas compressibility.
In general, there is a restructuring of the gas-dynamic parameters of the site, which leads to a stationary case

with a constant mass flow M (X, t) =300.0xgls.

Similar results, but with smoother transitions, were obtained for straight-line gas pipeline routes with
sina =0.0, sina =0.1and sina =—0.25 at various values of inlet pressure and outlet mass flow rate of gas.

Within the dimensionless values of the steps of numerical integration 7 =0.0002 and h =0.001 for the
newly formed equations, results are obtained for stepwise (up to 20% of the initial) and smooth changes in the mass
flow rate at the outlet of the section. At the same time, small changes in the inlet pressure lead to large changes in the
mass flow rate and flow rate, which requires a thorough study of the properties of the proposed numerical method.

V. CONCLUSION AND FUTURE WORK

A numerical method is proposed for solving a system of nonlinear equations of pipeline transport of real gas
with reduction to the equations of traveling forward and backward waves. In the equation of conservation of
momentum, the quadratic law of friction resistance and the path change in the height of the axis of the gas pipeline,
which leads to a change in the action of the force of gravity, are taken into account, and they differ from the equations
of linear and nonlinear acoustics.

The equations are solved by using an implicit scheme and taking into account the direction of propagation of
the forward and backward traveling waves, where, unlike in [20], the boundary values of pressure and mass flow, as
well as the slope of the path, are not constant. The nonlinear boundary condition for mass flow is reduced to a
transcendental equation for velocity, which is solved by the Newton tangent method.

Due to the nonlinearity of the equations, an iterative process is organized. The results of a stationary problem
with a constant gas mass flow at constant and variable slope of the route are presented, which demonstrated various
options for the directional change in pressure, including pressure increase with significant negative slopes of route.
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A computational experiment was carried out for the average length of a section with a given relief line and the
features of the propagation of a mass flow rate of gas generated at the end of the gas pipeline section over the section
were studied. It was revealed that with smooth changes in the boundary indicators, the pressure gradient, especially
with large diameters of the pipeline, is formed mainly under the influence of gravity.

The method is relevant from the point of view of an adequate description of the energy intensity and reliability
of the pipeline gas transportation process, as well as the pneumatic drive with various boundary conditions.
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