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Abstract

Modeling of gas pipeline usually considers that the gas flow is isothermal (or adiabatic) and that pressure changes
occur instantaneously (quasi steady state approach). However, these assumptions are not valid in many important
transient applications (changes of inlet and outlet flows/pressures, starting and stopping of compressors, changes of
controller set points, among others). Besides, the gas properties are likely to depend simultaneously on the pipe position
and on the operation time. For this reason, a mathematical model is presented and implemented in this paper in order to
describe the gas flow in pipeline when pressure and temperature transients cannot be neglected. The model is used
afterwards as a tool for reconciliation of available measured data.

1. Introduction

The gas flow in pipeline networks is inherently unsteady, given the frequent disturbances on the pipeline
operation conditions, such as those related to changes of inlet and outlet flows/pressures, starting and stopping of
compressors, changes of controller set points, among others. Therefore, the works that assume the validity of the steady
state hypothesis cannot be used in many important transient applications. In addition, it is commonly assumed that gas
properties (density, specific heat, heat conductivity and composition) remain constant during the flow (Osiadacz, 2001;
Tabkhi, 2008). However, it must be noted that the gas density exerts a direct effect on the gas velocity and head loss
computations. Besides, the specific heat and heat conductivity affect heat transfer calculations (Bachman, 2003).
Additionally, it is known that natural gas is a complex mixture of hydrocarbons, whose composition is subject to
natural fluctuations and depends on the feed conditions. Modification of the gas composition certainly affects the
remaining properties of the fluid. Finally, heat transfer effects are usually neglected during modeling of gas pipeline
networks, which may lead to severe model limitations when disturbances are frequent and/or the pipelines are long, as
the pipeline and the environment exchange heat (Bachman, 2003). Therefore, there are incentives for development and
implementation of rigorous flow models for gas pipeline networks.

Dynamic pipeline models have been recently proposed by different authors and solved numerically with the
help of the method of characteristics (Rao and Eswaran, 1993, Kessal, 2000), of finite difference schemes (Thorley and
Tiley, 1987), of finite volume techniques (Greyvenstein, 2002; Osiadacz and Chaczykowski, 2001) and, more recently,
of the TVD (total variation diminishing) method (Zhou and Adewumi, 2000; Ibraheem and Adewumi, 1999). However,
in all these cases some of the model limitations discussed above have been introduced into the model structure. For this
reason, the main objective of the present paper is the presentation of a mathematical model for gas flow in pipelines,
based on the dynamic mass, momentum and energy balances and on the rigorous determination of the gas properties
along the flow. The model is solved with the help of a finite difference scheme for discretization of the spatial
coordinate. The resulting set of ordinary differential equations is solved numerically. As shown in the following
sections, the proposed numerical scheme can provide solutions in reasonable simulation times, allowing for model
implementations in real time. As an example, the model is used afterwards for reconciliation of available measured
data.
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2. Modeling

The non-isothermal pipeline model equations are described elsewhere (Chapman, 2003) and are concisely
presented below. As the flow velocities are high and the temperature variations along the length of real pipelines are
not very steep, radial gradients are neglected.

Mass Balance Equation
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In Equations (1-3), % is the gas enthalpy, v is the gas velocity, p is the gas density, P is the gas pressure, 4 is
the cross-section area of the pipeline, g is the acceleration of gravity, 6 is the elevation angle, Q is the flow of heat into
the pipeline, w is given by
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and f'is the friction factor (see Reddy, 2006), given by
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The gas density can be described in the form
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and the enthalpy can be defined as
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where Cp is the heat capacity at constant pressure (assumed to be a function of temperature as a linear combination of
the heat capacities of the individual components). Inserting Equations (6-7) into Equations (1-3), after some algebraic
manipulations one can obtain
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where
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=5 a2 ]

The gas compressibility factor (Z) can be computed as (see Elsharkawy, 2000)
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where P, is the reduced pressure, 7, is the reduced temperature and
P
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Equations (12-13) were solved simultaneously with a standard Newton-Raphson procedure. The reduced pressure and
reduced temperature were calculated with the available gas composition as (see Elsharkawy, 2000, Piper et al., 1993):
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where y; € {szs »Ycors Vo } Y € {yc1 s Veass Ve }, and o and P are constants (see Table 1).
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Table 1 — Coefficients for Equations (14-15) (see Piper et al., 1993).

i o; Bi

0 5.2073E-02 -3.9741E-01
1 1.0160E00 1.0503E+00
2 8.6961E-01 9.6592E-02
3 7.2646E-01 7.8569E-01
4 8.5101E-01 9.8211E-01
5 0.0 0.0

6 2.0818E-02 4.5536E-01
7 -1.506E-04 -3.7684E-03

Model equations were solved with the help of finite-difference schemes, as described by Pinto and Lage
(2001). As a consequence, spatial derivatives were replaced by the finite-difference approximations presented in
Equations (20-22) over a grid of interpolating points. The resulting set of ordinary differential equations was solved
numerically on the time domain with the code DASSL (Pretzel, 1982), using a relative precision of 1.0x107 for all
variables. It is important to emphasize that pressure, velocity and gas temperature profiles were calculated
simultaneously, as all model equations are coupled. (Despite that, the energy equation is usually decoupled from the
other balance equations in most commercial simulators.) It is also important to notice that the model was implemented
in FORTRAN in a standard desktop computer (Pentium Dual Core @ 2.2GHz, 2 Gb RAM). In all cases, it took less
than 10 seconds to perform the simulations, which allows for real time analysis of actual operation data. For this reason,
the model is used as a toll for reconciliation of measure data, as shown afterwards.
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3. Results

In order to perform the simulations, real data obtained from the first section of the Brazil-Bolivia gas pipeline
were used. This section has 127 Km of length, diameter of 32°, discharge and suction pressures of 99 bar and 71 bar,
respectively and soil temperature of 15°C. Typical gas compositions and inlet gas temperatures can be obtained from
technical publications and are not presented here for lack of space (Santos, 1997). Preliminary grid analysis indicated
that 30 discretization points were sufficient to provide accurate model simulations. It was assumed that initial
temperatures were equal to the feed temperature (50 °C) and that the flow pressure decreased linearly along the
pipeline. Figure 1 shows the dynamic trajectories of volumetric flowrates and temperatures along the simulation time at
the discharge of the pipeline segment. It can be observed that the dynamic profiles evolve slowly, because of the length
of the pipeline, so that the gas flow along the pipeline reaches the steady-state condition after 500 min of simulation. It
can be observed that the flow temperature reaches the soil temperature at steady-state condition, as it might already be
expected.
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Figure 1 — Dynamic trajectories of the volumetric flowrate (a) and temperature (b) along the simulation time.

Figure 2a shows the pressure profiles along the analyzed pipeline section. One may observe that the steady-
state profile is essentially linear, as assumed initially. For this reason, when the linear profile is assumed as the initial
condition, one cannot observe significant changes along the transient response. Figure 2b shows the very slow changes
of the temperature profiles along the pipeline, when it is assumed that the initial gas temperature is equal to the feed
temperature. As the average soil temperature (assumed here to be equal do 15 °C) is lower than the feed temperature,
one observes the continuous decrease of the gas temperature along the time and along the pipeline. Given the pressure,
temperature and compressibility factor variations, gas density falls from 93 Kg/m’ to 63 Kg/m® along the gas flow,
clearly showing that assumption of constant gas properties is not adequate.
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Figure 2 — Dynamic of pressure (a) and temperature (b) along the pipeline

In order to illustrate the importance of taking the soil temperature into consideration during simulations, the
soil temperature profile along the pipeline was defined as shown in Figure 3, based on real temperature variations
observed along the year. As shown in Figure 4, the obtained dynamic profiles for gas temperature and compressibility
factor are completely different from the previous ones. This clearly shows that heat transfer rates cannot be neglected
during simulations, given the very large pipeline length.
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Figure 3 — Soil temperature profile along the pipeline (Santos, 1997).
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Figure 4 — Dynamic profiles for: (a) gas temperature and (b) compressibility factor. Initial temperatures were assumed
to be equal to the gas feed temperature. The soil temperature is shown in Figure 3.

The importance of taking detailed gas composition into consideration during simulations is illustrated in
Figure 5. As the composition of propane (C3) increases, one may observe a very significant decrease of the
compressibility factor along the whole dynamic trajectory. As a consequence, the presence of heavier compounds leads
to distinct volumetric flow rates, as shown in Figure 6. In both cases, model predictions agree very well with available
operation data (Santos, 1997). Therefore, one may conclude that gas composition must be updated continuously during
model-based analysis of pipeline operation conditions
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Figure 5 — Dynamic Z profiles for different gas compositions.
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Figure 6 — Dynamic volumetric flow rate profiles for different gas compositions

As the model can provide reliable simulation results in real time, it can be used as a tool for reconciliation of
measured data along the pipeline. In order to illustrate this application, it was assumed that temperature, pressure and
flowrate measurements were available at the charge and discharge points, as usual. The data reconciliation procedure
was performed as described by Prata et al. (2009), although details are not presented here for lack of space. In short, a
stochastic algorithm was used to minimize the deviations between measured and calculated values at the two reference
points. Results are presented in Figures 7(a-d) for the analyzed variables. It can be seen that data reconciliation can be

performed successfully, encouraging the implementation of the proposed model and procedures in real gas compression
stations.
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Figure 7 — Data reconciliation results for (a) soil temperature (b) inlet gas flow (c) outlet gas flow (d) gas temperature
4. Conclusions

A rigorous dynamic model was presented and implemented to describe the gas flow in pipelines. The
implemented model was able to describe real operation data available for the first section of the Brazil-Bolivia gas
pipeline. Model simulations indicate that varying flow temperatures and gas compositions may exert significant
influence on the obtained results, which justify the implementation of more complex mathematical structures for

7



Rio Pipeline Conference and Exposition 2009

analysis of real data. Despite that, model simulations can be performed in real time in a standard desktop computer. As
a consequence, the model can be used successfully as a tool for reconciliation of measured data available at gas
compression stations.
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