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ABSTRACT

Transient analysis of gas flow in pipeline was studied. Finite Element Method based on
ANSYS FLOTRAN was used to account for changes in pressure, temperature and flow
rate. Compressibility factor function of temperature and pressure was considered. For non-
isothermal transient results, the pressure and the flowrate gave wave propagation as a result
of slow transients created by demand condition at the outlet end of custody transfer. Results
obtained were in agreement with the demand restrictions at the outlet end of custody
transfer indicating that the predictions are accurate and reliable. The results demonstrated
that the Finite Element Method gave accurate prediction of pressure, temperature and
flowrate in transient gas studies. For steady state non-isothermal model, results showed that
the magnitude of the average pressure drop was higher when pressure was predicted with
constant compressibility factor, but the same average pressure drop was reduced when the
pressure was predicted with variable compressibility factor, z. Since compressibility factor
is a function of temperature and pressure, the above findings signifies that in the case when
gas temperature does not stabilize, the prediction of pressure with isothermal model and
constant compressibility factor will lead to significant errors.
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Introduction
Modelling and simulation of gas flow in pipelines has been handled by many investigators. Some
have analysed the gas flow as

Steady state isothermal

Steady state non-isothermal

Transient

In this work the gas flow in pipelines is analysed as transient non-isothermal

Analyzing the gas flow as transient means to predict the changes in the flow parameters with respect
to time. It has several advantages:

% To satisfy contractual agreement between the operators
«+ Predict the flow scenario at the delivery point
«» Assist to make pre-definition of turbo compressors that best fits a system

< Assist in performing failure analysis on the pipeline to foresee how the system would cope,
define screening capacity and define much better maintenance procedure.

+« The modeling of a physical gas transmission system leads to partial differential equations
as will be seen latter in the mathematical development.

< In the subject of transient modeling and simulation of gas flow through pipelines, the
problem has to do with seeking an efficient numerical scheme that enhances the solution of
the partial differential equations obtained from the conservation of mass, conservation of
momentum and conservation of energy in order to produce effective, reliable and accurate
results [28].

+ Runge-Kutta method, method of lines, finite difference and finite volume have all been
used

« These methods have shown to produce adequate engineering results for the unsteady flow
equation especially with the observation of pressure, temperature and flow rate oscillations

< It is not the objective of this study to apply the conventional route for the analysis of
transient flow in pipe distributing systems but to apply Finite Element to simulate the same
problem.

The main objectives of this study shall be:

< To model a non-isothermal pipeline thermal model that considers steady heat transfer and
compressibility factor as a function of pressure and temperature.

< To treat the partial differential equations of gas flow model by finite element method and
solve the problem numerically by means of the finite element software package Ansys
Flotran.

+»+ Relate the results to those of Osiadacz et al.[10]
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Methodology of Study

A two-data set on physical gas distribution system was used for the present study to analyze the
transient behavior in the flow of the gas through the pipeline. One of the data set is the West Africa
Gas Pipeline (WAGP) system. The WAGP system is a 570 Km offshore single pipeline system
from Nigeria to Ghana through Benin and Togo. The system operates with a diameter of 0.508 m,
fixed inlet pressure of 15.3 M Pa and an initial flow rate of 5.30 MMm®/D. The WAGP system
parameters are provided in S1.

The second data is the test by Osiadacz et al [5] carried out to analyze isothermal and nonisothermal
model on the pipeline hydraulics. These tests were carried out for gas transmission system described
by Osiadacz [5] and Chaczykowski [12]. Calculations were done for the Yamal — Europe pipelines
mainly for the 122 Km pipe section between Kondratki and Wloclawek compressor stations on
polish territory. This is a typical onshore gas transmission system with a maximum operating
pressure of 8.4MPa. The distance between the compressor stations is 122 Km and the pipe diameter
is 1383.6 mm. The average roughness of the pipe, € = 0.03 mm. The Osiadacz system parameters
provided in S2, S3 and S4 Source: osiadacz system [5]

Transient Gas Flow Model in Pipeline

The basic equations governing the flow of natural gas in pipelines are the continuity equation, the
momentum equation, the energy equation and the equation of state. In practice, the form of the
mathematical model varies with assumptions made with regards to the condition of operation of the
network.

Control volume

Figurel: Shows a gas flow through a control volume of a pipe.

In the diagram above, P = the pressure flowing into the control volume measured in Pascal, q =
volumetric flowrate into the control volume measured in mmcd, P+AP = pressure flowing out of
the control volume, t = pipe wall stress, 6 = angle of inclination of pipe, dx = length of control
volume.
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From the consideration of mass, momentum and energy, modelling of gas flow lead to the following
partial differential equations.

The Models
Transient non-isothermal flow of gas in a pipeline is described in this study by system of equations:
dp d(pw)
Jt ox M
op_fowlwl __a(w) a(pw?) -
) ox D pg 5t T e
0 0 fpA[w]?
E (pAc,T)dx = o (pAwc,T)dx + de + k (T —Ty)dx ... ... 3)
14
p

The developments underlying the above equation are provided on supplementary S5, S6,
S7 and S8.

NUMERICAL SOLUTION OF TRANSIENT EQUATION BY FINITE ELEMENT
METHOD

Type of PDE to be solve are:

= Hyperbolic

= Non-linear

= Primary challenge is to create an equation that approximate the equation to be solved, but
is numerically stable.

= The finite element (FE) method is a good choice for solving the PDE

= Several FE based compressible and incompressible fluid dynamics algorithms have been
developed under the category of stabilized methods.

= One of such finite element method is the Characteristic Based Split (CBS) Scheme which
is the method chosen for this study.

Treatment of Model Equations in CBS Format
The detailed CBS treatment is shown in S9.

The summary of CBS procedure used in this work is shown below.
= Convert the flow equations into conservative forms using set of codes
= Convert the conservative equations into non-dimensional forms

= Apply Characteristic-Galerkin method to the equations to stabilize the pressures and
convection quantity in the equations

=  Find an intermediate momentum in Split A

= Drop the pressure term and calculate the intermediate velocity

= Calculate the pressure and correct the intermediate velocity

= (Calculate the temperature

=  Apply spatial approximations and Standard Galerkin type FE to solve the equations

= Transform all equations into Matrix
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= Codes in Ansys Flotran were written to obtain flow prediction.

Transforming all the four equations into matrix we obtain:

[(C, +5L — AtK,) (6"+5p) 0 ]
| P Zt [(T
. | G 0,At (GM;lcT +5GMp — H) 0 i pi=
Ky T
| TT (C, — AtK,,) (Crpe, + Ky — AtKyrpcy) |
fi
{fz
f3
That is
= [kKl{a}={f}
Where

fi = =M At7'ATU + (f + Atfy) — GTO,AP
fo = [M, + At?0,0,H]|ApAt™ — 6,0,AtGM;*GTAp — 6,GAT + f,
fs = —MgAEAt™ — f,

WAGP data and Osiadacz data on single pipeline was used for the simulation.

The choice of CBS Scheme is based on having a procedure for dealing with the pressure instability
in the compressible flow problem. Other advantages include:

Having ability to reduce oscillations in convection dominated flow problems
Ability to paralyze codes and its small memory requirement during program implementation.

Applications: Solution Implementation

The construction of solution to engineering problems using finite element analysis (FEA) requires
either the development of a computer program based on FEA formulation or the use of a
commercially available-general purpose FEA program. In this work, a computational fluid
dynamics (CFD) model based on a commercial code ANSYS FLOTRAN was used for the
numerical simulation of the steady and transient flow of gas through pipeline.

An ANSYS Parametric Design Language (APDL) code was written to establish the numerical
simulation generating a two-dimensional mesh of 1500 nodes. The ANSYS Parametric Design
language conducts the simulation by using the generated nodes and elements to generate solution
to the gas flow problem. The pressure, velocity and the temperature are solved iteratively to
convergence. The ANSYS Parametric Design Language code can be referred in the appendix.

During FLOTRAN solution process, ANSYS obtained an approximate solution to the momentum
equation and used them as forcing functions to solve the pressure equation based on the
conservation of mass. The resulting pressures were then used to update the velocities so that the
velocity field conserves mass. To solve the energy equation, ANSYS FLOTRAN solved for the
temperature equation and used it to update the temperature dependent properties. As FLOTRAN
simulation proceeds, ANSYS calculated convergence monitors for each degree of freedom for
every global iteration. Convergence monitors were computed for velocity (VX, VY), pressure
(PRES) and temperature (TEMP).
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Convergence monitors are a normalized measure of the solutions rate of change from iteration to
iteration. It represents the sum of changes of the variable calculated from the results between the
k™ iteration and the previous (k-1)™ iteration divided by the sum of the current values. The problem
statement and data that were used in the ANSY'S simulation are given herein below.

Application of Model Solutions : Transient Conditions

The example considered is an onshore single horizontal pipe of 122Km, 1.3836 m diameter with an
initial pressure of 8.4MPa and inlet temperature of 315.65 K. The system has a variable flow
demand at the outlet end given by a function f (t). Details of the system are shown in Table 1.3 as
follows:
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Parameter
Flow under standard conditions
Length of Pipeline
Cross sectional area of Pipeline
Average Pipe roughness, €
Diameter of Pipeline
Density of Gas at normal conditions
Density of soil
Thermal conductivity of soil, A
Specific heat at constant pressure, Cp
Specific heat at constant volume, Cv
Thermal conductivity, A
Heat transfer coefficient, kL
Initial Temperature of Gas
Initial Pressure
Gas dynamic viscosity, 1
Gas Constant, R

Source: Osiadacz, 2001

P(0,t) = 8.4MPa

Q(L,t) = f(t)
T(0,t) = 315.65

Boundary condition

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 July 2018

Value
2019950 m3/h
122 Km
1.5035 m2
0.03 mm
1.3836 m
0.7156 Kg/m3
1640 Kg/m3
1.0 WmK
2278 J/Kg K
1759 J/Kg K
0.034 WmK
25 W/(mK)
315.65 K

8.4 MPa

d0i:10.20944/preprints201807.0150.v1

1.35 pPaS/0.0135 cp

8314 J/(Kmol K)

Where the function f (t) is periodic in nature. The outlet boundary function was converted into flow

per second.

Application of Model Solutions: West African Gas Pipeline Project

The example considered is an offshore single horizontal pipe of 570Km, 0.508 m diameter with an
initial pressure and flow rate of 15.3 M Pa and 5.30 MMCM/D respectively. The system has a
variable flow demand at the outlet given by a function fig 3.3. Details of the system are given Table

1as follows:
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Parameter

Optimum flow rate

Distance of Pipeline

Onshore Diameter of Pipeline
Pipe roughness

Cross sectional area

Value

13.10 MMcm/d
570 km

508 mm

0.015 mm
0.202 m2

Density of gas 0.7841 Kg/m3
Temperature of gas 288.15 K
Initial Flowrate, Q(0,t) 5.3 MMcmv/d
Initial Pressure, P(0,t) 15.3 MPa

Gas Viscosity

0.105e-04 Pas

Gas molecular weight

18.58 Kg/Kmol

Gas constant

447.63 J/(Kmol K)

Heat capacity at constant pressure, Cp 2278 J/(Kg K)
Heat capacity at constant volume, Cv 1759 J/(Kg K)
Heating value 39.31MJ/m3
Wobbe index 1,347.48 MJ/m3

Source: www.wagpco.com/

The ANSYS Parametric Design Language code base on FORTRAN was written for the transient

simulation.
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Fig 1: Boundary condition function at x=L for Osiadacz data
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Fig. 2: Boundary condition function at x = L. for WAGP
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Results and Discussion
Numerical simulation was carried out using ANSYS FLOTRAN for the values of the system given
in Table 1.1 and 1.3. A function V (L, t) = f (t) was imposed at the outlet boundary and V (L, t)

shown in fig 3.2 is defined by f (t)= 4.74 + 2.4 sin (%) The same problem was simulated by

Osiadacz [5] except that the outlet boundary function f(t) was changed in the present work. ANSY'S
FLOTRAN gave erroneous results for table functions such as the outlet boundary function used by

Osiadacz [5] therefore a function f(t) that works well with FLOTRAN was used. For the West

Africa Gas Pipeline system, an outlet boundary function f (t)=2.1 + 2 sin (%) was used to satisfy

the system’s operating restriction of 4.5 m/s optimum velocity (fig 3.3). With regards to the
boundary conditions of the problem, the inlet gas pressure, inlet temperature, inlet flow rate
(converted to velocity) and density was kept fixed by reason of uniform flow whiles the flow rate
at the outlet was varied with a 72-hour cycle to reflect the changes in consumer demand within three
days (fig 3.2). In the simulation, density and viscosity were varied.

The numerical simulation was performed with a 2-D axisymmetric mesh made up of 1500 nodes
and 1616 elements with a FLOTRAN fluid element, fluid-141. Four different transient simulations
were performed for system details outlined in Table 1.The first case (case 1) was the simulation
with an initial gas temperature of 315.65 K, the second (case 2) was the simulation with an inlet gas
temperature of 303.15 K, the third (case 3) was the one with an initial gas temperature of 285.15 K
and the final case (case 4) was the simulation of the West African Gas Pipeline system with an
initial temperature of 303.15 K. The results of the simulations are presented in fig 3 to fig 4.59.
Figures 4.1 - 4.8 show the contour plot and profile of the gas pressure along the pipe length.

T AN
HOEL SCLTTICRE
= i JOUL Z2E& 2011
f‘i‘iﬁffﬂ 11227
TIME=T2
FRES

FuiE
SME = EBROE+OT

L5l

WFEEEHOT WTFTFEEAOT WFEIEA4TT WEL11E4+O7 WEINEH+DT
L TEREADT S TEEFEADT CEOLEAD? SEELEA4DT LSEEOEADT

Chmanpeurl #=oan ol TEmpsretoars dilsbrikabidcn ek bhe foar ssobilions o bhe Sl
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Fig 10 : Pressure versus pipeline length at time t = 96 hrs for WAGP

It is observed in fig 4.1 — 4.8 that the pressure decreased with increased pipe length along the profile
from the upstream to downstream. The contour behaviors demonstrate steady state pressure results
at time, t=72 hrs. Several steady state results at different times could be obtained and compared.
The profile trend is consistent with literature and the result of Osiadacz [5, op. cit.]. In all profiles,
pressure decreased monotonically from inlet to outlet of pipe due to pressure drop in the flow
direction.

Temperature contours and profiles (fig 4.12 — 4.20) along the pipeline from the inlet to the outlet
are depicted. Those of temperature contour plots are illustrated in fig. 4.13, 4.15, 4.17 and 4.19.
From the graph and contour plots, it is seen that the temperature records a sharp decrease in value
from the initial 315.65 K to about 291 K for case 1 in fig. 4.13 at a distance of about 10 km. From
there it becomes stable and constant between the distance of about 11 km to 100 km. Between 100
km and 122 km there is a discontinuity in the trend. The observed discontinuity may be explained
by two phenomena: Joule Thompson effect and heat transfer between the gas and the surroundings.
By Joule Thompson effect, the temperature predictions of all simulations gradually drop below the
ambient temperature when the heat transfer coefficient is kept constant [22]. The heat transfer
coefficient in this simulation was isotropic and constant. Temperature profile along the pipeline
should therefore approach the ambient temperature asymptotically or decrease below the ambient
temperature as observed in fig. 4.14, 4.16, 4.18 and 4.20. However, when the size of the mesh is
increased it is believed that the predictions would be more accurate than previous. In a long pipeline
flow simulation the temperature would eventually stabilize and assume an asymptotic behavior
close with the ambient or ground temperature. It is anticipated that when the pipeline length is
extended the temperature would again stabilize and assume an asymptotic behavior. Nevertheless,
the temperature prediction in gas flow in pipelines cannot always stabilize [59]. In comparing the
numerical results to the analytical steady state results (fig 4.60 —4.65), it is found that the numerical
results agree with the analytical results.
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Fig 17: Contour plot of gas temperature at time t =96 hrs for WAGP
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18


http://dx.doi.org/10.20944/preprints201807.0150.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 July 2018 d0i:10.20944/preprints201807.0150.v1

In all these behavior of the temperature and pressure, the velocity contours and profiles from inlet
to outlet as shown in fig 4.25 — 4.32 are not constant but varying according to the varying flow
conditions at the outlet.
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Fig 19: Contour plot of gas velocity at time, t =72 hrs (T0=315.65K)
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Fig 21: Contour plot of gas velocity at time t = 72hrs T0 =303.15 K
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Fig 23: Contour plot of gas velocity at time, t =72 hrs (T0=285.15 K)
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Fig 25: Contour plot of gas velocity at time t = 96 hrs for WAGP

1
BRETL
FIEF=180
FOE =1
T IME=S
EETH FLOT
Foml=1%5% !
HOnE=3% o
TELO £
4.8
4.2
A8
FRLO, = 5
.4
1.8
1.2
L&
& [l
I ENE N e} vl BN AZER ER
B TR ZRER S S
LI STENCE., i
Trenzisnt snelyzis of gee £l dn 23 pipslins

Fig 26: Velocity versus pipeline length at time t =96 hrs for WAGP

In the case of the transient results, all the transient pressures at x=L from case 1 to case 4 showed
that outlet pressure profiles increased with decreased velocity profiles and vice versa (fig 4.33 —
4.40). The initial oscillations in outlet pressures are expected because the flow model is non-linear
and initially turbulent with average Reynolds number of over 350000. Secondly, in the initial stages
the system has not yet attained the actual value of the flow demand imposed at the outlet. Therefore,
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for about 15 hrs as can be observed in fig 4.33 — 4.40, the system was adjusting to the flow. After
about 15hrs that the system attained stability, pressure responded appropriately to the demand flow
at the outlet. The transient pressure results are consistent with the results in literature [5, 6, 9, 13].
The results with time indicated that the pressures responded appropriately to velocity flow behavior.
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Fig 27: Velocity changes at x = L depicting the function f(t) (T0=315.65K)
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Fig 28: Pressure changes at x =L (T0=315.65K)
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Fig 30: Pressure changes at x=L (T0=303.15 K)
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Fig 32: Pressure changes at x =L (T0=285.15 K)
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Fig 33: Velocity changes at x =L (WAGP)
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Fig 34: Pressure changes at x=L (WAGP)

For transient temperature results at x=L, both case 1, case 2 and case 4 showed a curve with the
same trend except case 3 that showed constant straight line at T=285.15 K. This behavior for case
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3 is explained by the fact that temperature conditions at the inlet and ground are the same (fig. 4.43)
compared to the fig 4.41 — 4.42 and 4.44 which is gradually changing. The transient temperature
profiles (fig 4.41 — 4.42 and 4.44) approaches the ground temperature gradually with time but still
subject to small changes in value. The plots show that longer time would results in more temperature
losses to the ground by reason of heat transfer and Joule Thompson cooling and the end result would
be that the temperatures would fall below the ground or ambient temperature with time as seen in
fig 4. 41 or be asymptotic with the ground temperature with time as pictured in fig 4.44. This result
establishes that transient gas flow temperatures are a function of both time and distance.
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Fig 35: Temperature changes at x = L (T0=315.65 K)
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Fig. 36: Temperature changes at x=L (T0=303.15 K)
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Fig 37: Temperature changes at x=L (T0=285.15 K)
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Fig 38: Temperature changes at x = L for WAGP

So far, it is pressure, temperature and velocity results at the pipeline outlet that has been discussed.
It is expedient at this point to examine the flow behavior at the other point of the flow. In order to
appreciate the flow behavior at various point of the flow, a comparative analysis of the flow
behavior was done at the inlet, outlet, symmetry and the surface boundary. Fig 4.45 — 4.56
showcase the comparative results at various point of the pipeline. However, to be able to understand
the graphs, the following keys are necessary:

1 - Inlet
2 - Outlet
3 - Symmetry (region where vy = 0)

4 - Surface condition (region of no-slip condition)
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Fig 39: Comparison of velocity at the four sections of the flow (T0=315.65K)
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Fig 40: Comparison of pressure at the four sections of the flow (T0=315.65K)

30


http://dx.doi.org/10.20944/preprints201807.0150.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 July 2018 d0i:10.20944/preprints201807.0150.v1

T AN

UL 2& 2011

TERE- 1 18:01 0450
TEMP—2
TEMP—3
TERE- 4
Pt I =
FlEslE
b3 e -3
P
e

TEHP, B aup ys

2EEL1R

L1

TRY.15 \___—

EER.1S

Crangpewrl #oax of Temgsretoars diztrikobicn ek the four ssobicns of the fleowm
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Fig 43: Comparison of pressure changes at the four sections (T0=303.15K)
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Fig 44: Comparison of temperature changes at the four sections (T0=303.15K)
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Fig 46: Comparison of pressure changes at the four sections (T0=285.15 K)
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Fig 47: Comparison of temperature changes at the four section (T0=285.15 K)

PRSI

TRIO-2
VELO-1
VELO-3
TELO-4

FELL,  wdE g

(

<>
>
A

Trenzisnt soelyzis of gee Elow dn 23 plpslins

Fig 48: Comparison of Velocity changes at the four sections of flow (WAGP)
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Fig 49: Comparison of Pressure changes at the four sections of flow (WAGP)
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Fig 50: Comparison of Temperature changes at the four sections of flow (WAGP)

To ascertain the degree of turbulence in the simulation, the magnitude of turbulence in the flow
from inlet to outlet was plotted as shown in fig 4.57 — 4.59 for the various cases of simulation

examined.
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Fig 51: Contour plot of turbulent kinetic energy at time, t =72 hrs (T0=315.65K)
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Fig 52: Contour plot of turbulent Kinetic energy at time t =72 hrs T0 = 303.15 K
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Fig 53: Contour plot of turbulent kinetic energy at time t =72 hrs for T0 =285.15 K

The turbulence plots indicate that turbulence was high at the initial stages of the simulation. This
turbulence in the initial stages of the flow is possibly responsible for the initial high oscillations in

pressures.
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Steady State Analytical Results:
In order to validate the numerical results, steady state analytical results are presented here below.
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Fig 54: Temperature profile along pipeline for WAGP
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Fig 55: Pressure profile along pipeline for WAGP
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Fig 56: Velocity profile along the pipeline for WAGP
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Fig 57: Comparison of Temperature profile versus pipe Length for Osiadacz system
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Fig 58: Comparison of steady state pressures with pipe length.
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Fig 59: Comparison of Velocity profiles with Pipe Length

Conclusions

Transient studies with non-isothermal pipeline model that considers steady heat transfer and
compressibility factor as function of pressure and temperature was studied. Three partial differential
equation obtained from conservation of mass, conservation of momentum equation and
conservation of energy gave predictions for gas flow pressure, temperature and flowrate when
Ansys based Finite Element method was used to simulate.
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For non-isothermal steady state, it was found that there was steady drop in gas pressure as the
natural gas travelled from upstream to downstream; the higher the initial gas temperature, the higher
the average pressure drop and vice versa. It was also found that the magnitude of the average
pressure drop was higher when pressure was predicted with constant compressibility factor, z, but
the same average pressure drop was reduced when the pressure was predicted with variable
compressibility factor, z, for the non-isothermal results. Since compressibility factor is a function
of temperature and pressure, the above findings signifies that in the case when gas temperature does
not stabilize, the prediction of pressure with isothermal model and constant compressibility factor
will lead to significant errors.

Results for density prediction along the pipeline from upstream to downstream were found to follow
similar profile pattern as the pressure signifying that the gas density varies directly proportional to
the pressure according to the equation of state. Therefore we form an opinion that, along the
pipeline, the fluid density decreases as the pressure drops.

For temperature prediction, it was seen that the temperature of the gas cools as it travels from
upstream to downstream until it becomes asymtotic or near to the ambient temperature signifying
that the gas temperature in a flowing pipeline is not constant but varies along the pipeline. This
shows that using isothermal models for predictions of pressure may give significant errors but non-
isothermal predictions will give accurate results.

In viscosity results, it was found that increased temperature results in increased dynamic viscosity.

For non-isothermal transient results, the pressure and the flowrate (velocity) gave wave propagation
as a result of slow transients created by demand condition at the outlet end of custody transfer.
Results obtained were in agreement with the demand restrictions at the outlet end of custody transfer
indicating that the predictions are accurate and reliable. All the results demonstrated that the Finite
Element Method gives accurate prediction of pressure, temperature and flowrate in transient gas
studies.

It is concluded that the transient non-isothermal model leads to accurate prediction of state variables
and the inclusion of a variable compressibility factor in non-isothermal predictions results in
accurate predictions and has significant effect on the pressure. Hence Finite Element Method is
suitable for the prediction of pressure, temperature and flowrate in gas flow studies.
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