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the constitutive closures can be very different between these
models for steam and those applicable to decompression of
long petroleum pipelines. Thus, it is insufficient to directly
apply the steam solutions to facilities involved in the
production and transportation of petroleum fluids, where multi-
component hydrocarbon mixtures and high ratio of length to
diameter are common. Nevertheless, such fundamental research
has laid the path for applications in the petroleum and chemical
process industries.

Relatively less attention has been given to studies that are
relevant to pipeline decompression using petroleum fluids.
Over last 25 years, only a few published papers have addressed
specifically the problems of decompression in long pipeline
carrying petroleum fluids. The proposed theoretical models
range from a simple semi-empirical model™ through the
homogeneous equilibrium model (HEM) [UZMIN70N26127)
@EIB2AGN 1o the two-fluid model® 1?4, All models consider
pipeline decompression as one-dimensional flow. The
empirical model is generally considered to be accurate for
specific experimental setups that have similar parameters
throughout the system. The HEM is a step more advanced and
generalized for fluid flow in pipelines where thermodynamic
equilibrium is approximately achieved. There are many
successes in applying this model to pipeline decompressions of
high-pressure natural gas system where dispersed flow results
when condensation occurs. The two-fluid model is the most
general flow model for two-phase flow in pipes. It can include
mathematical representations for various decompression
phenomena that occur during the decompression process, such
as thermal-hydrodynamic non-equilibrium, phase slip, different
phase pressure and temperature etc. The major difficulty for
this type of model is the mathematical closure of the model.

All models mentioned above do not couple the hydraulic
simulation with the transient heat transfer from surrounding.
Many of them assume constant wall temperature to simulate the
heat conduction. The duration of typical long pipeline
decompression is in an order of hours. The thermal capacitance
of pipe and heat transfer from surrounding can have appreciable
effect on the decompression behavior of hydraulic simulation.

In this paper, a transient pseudo-homogeneous multi-
component equilibrium model is developed to study flow
behavior coupled with heat transfer for a buried natural gas
pipeline during decompression. A numerical scheme is
developed that efficiently solves the resulting conservation
equations simultaneously.

DECOMPRESSION PROCESS

Depending on initial conditions, various characteristics can
be observed during the decompression process. Figure 1
illustrates the characteristics of decompression wave
propagation. When a rupture occurs, the fluid escapes from the
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pipe and accelerates the flow to the local sonic velocity, at
which the first decompression wave propagates through the
undisturbed fluid. A series of pressure waves forms inside the
pipe and travel upstream from the break location. The actual
wave propagation velocity is the local sonic velocity minus the
fluid flow velocity. If the pressure in the pipe is high enough to
maintain the mass discharge, the flow will be choked at the
rupture location with a steep pressure decrease. The choked
flow prevents pressure waves generated downstream of the
pipeline break from travelling upstream inside the pipeline.

Initially, the viscous dissipation and wall heat transfer do
not have enough time to take effect. As the decompression
wave propagates along the pipeline, it causes the fluid to
experience an incremental expansion resulting in a slight lower
pressure and temperature. The pressure at closed end is
unchanged until the first wave arrives. The decreasing pressure
and temperature rapidly reaches the saturation conditions of the
fluid, which is given as the saturation characteristic line
(Figure 1). Owing to the non-equilibrium effects during rapid
decompression, the equilibrium condensation of fluid may not
take place at this line. Further expansion results in a super-
saturation state of the fluid, which reaches the maximum along
the particle path at the condensation front line. Time t, and t,
corresponding to location x; and X, represent the degree of fluid
supersaturation of the decompression system. The positive
slope of the particle path indicates that the fluid flows in a
direction opposite to that of decompression waves. These
waves result in expansions of fluid and produce a continuous
decrease of local sonic velocity and increase of fluid flow
velocity.

The decompression then enters into a quasi-steady state
flow, which, for a long pipeline, is the primary period of mass
discharge. This period has the greatest impact and practical
importance on the consequence analysis of the decompression
process. The flow is still choked at the open end of the pipe.
Two-phase flow starts at the choked plane and quickly reaches
the whole pipeline along the condensation front line (Figure 1).
The local sonic velocity of fluid decreases significantly when
the mixture crosses the phase boundary. The cooling effect of
fluid expansion results in large temperature difference between
the pipe wall and flowing fluid leading to intensive heat
transfer on the interface, which lowers the temperature of the
pipe wall. For a buried pipeline, the surrounding soil acts as a
protective layer that can also affect the heat transfer behavior
appreciably. As the cooling rate reduces due to decreasing
pressure, the effects of heat generation, heat transfers from
surrounding and capacitance of pipe steel gradually balance and
then dominate the process, resulting in slowly recovery of the
fluid temperature.

When the pressure at the pipe exit drops to the atmospheric
pressure, the fluid flow from the pipe ceases to be choked. Only
a small amount of fluid remains in the pipe at this time. The
viscous dissipation dominates the rest of the mass discharging
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process. The fluid exit pressure remains constant, which
becomes a boundary condition for the hydraulic flow. The fluid
flow velocity gradually reduces to zero to end the
decompression process.

MODEL FORMULATION

For a long natural gas pipeline, the decompression duration
is in an order of hours. The effect of heat transfer from the
surrounding soil is significant due to the large temperature
difference between the fluid and the pipe wall, thus, must be
taken into account for a complete description of this process. In
this paper, the hydrodynamic model is coupled with the heat
transfer model as described below.

Decompression Flow Model

A long pipeline has a large length to diameter ratio. It is
reasonable to assume the hydraulic flow to be one-dimensional.
For a natural gas system, the potential liquid fraction is small
and the flow velocity is high. The flowing fluid is considered at
thermodynamic equilibrium for each phase and mixture,
implying the fluid system is single-phase flow or two-phase
dispersed flow with no phase slip and equal pressure and
temperature for each phase. For an equilibrium system, the
two-phase interfacial mass transfer is considered instantaneous.
The overall mixture composition is assumed to be constant
along the pipeline. The conservation equations can be given as:

Mass balance:

Dp ov

Dt “ox W
Momentum balance:
Dv 0P Ops .
—+——+4—— pgsind=0 2
Por ax ax B @
Energy balance:
Dh DP oy .
——— - Vv——+ =0 3
Dr Dr 27 Voy TV @
and an equation of state:
P=f(pT) @
and the thermodynamic relation:
h=f(P.T) ®)

The set of conservation equations (Eq.1-3) has 4
unknowns with 3 equations. The equation of state (Eq.4)
provides the 4® equation, but it also introduces a 5® unknown,
T. The thermodynamic relation (Eq.5) is the 5® equation to

1237

close the entire system. In this paper, the BWRS equation of
state is employed.

The closure of the model requires the evaluation of sonic
velocity, friction factor and mixture properties etc. The viscous
dissipation is given as [\

(©)

For a two-phase system, the friction factor f is calculated
using the Colebrook correlation [ with the mixture fluid
properties. The heat conduction through the pipe wall into the
fluid system is:

U
0= 47(Tp -T) %)

It should be noted that all thermodynamic properties,
including mass density and enthalpy, used in the model
formulation are the homogeneous mixture properties when the
fluid system is in the two-phase region.

Heat Transfer Model

For the decompression of a long pipeline, the time scale is
in an order of hours. The heat transfer will be significant
enough to affect the decompression behavior of the fluid in the
pipe. Due to the rapid flowing fluid during decompression, the
convection dominates the process. The temperature gradient in
axial direction is much smaller than that in the radial direction,
thus, the thermal gradients and consequently heat transfer
within the pipe in axial direction is negligible compared to the
radial gradients.

Figure 2 shows the cross-sectional two-dimensional heat
transfer domain of a buried pipeline. By using the steady state
shape factor™), the domain can be mapped into an equivalent
one-dimensional heat transfer problem. The steady state heat
transfer in the radial direction of a pipe can be considered as an
infinite horizontal circular channel in semi-infinite solid, which
is given as:

g=SKT-T,) ®)
where the shape factor S is:
§=— 22 ©)

cosh™ (—21)
d

For a circular pipe in a cylindrical domain, the shape factor is:

2z

cosh"(d

> — D>d
+D°
2dD ]

S= (10)
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The burial depth of a pipeline can then be mapped into the
cylindrical soil domain by equating shape factors, which gives:

D =2y+44y* - d? (§8))

Consequently, the solution is transformed into a one-
dimensijonal heat transfer problem. The validity of this process
will be demonstrated in the results of this simulation for buried
pipes. Thus, the heat conduction surrounding the pipe can be
expressed as one-dimensional in the radial direction:

o 2n 12 20) @

SPE- ror or

Thus, the pipeline and surrounding soil can be divided into a
number of isothermal slices that are coupled with the
hydrodynamic model.

Boundary Conditions

For hydrodynamic flow model, the boundary conditions
can be determined from the characteristic lines for the set of
conservation equations. There are 3 real eigenvalues that can be
obtained at choking plane!®1?™:

A23=V,via 13)

The method of characteristics indicates that at a boundary,
where one characteristic propagates into the domain, then the
value of one dependent flow-field variable must be specified at
that boundary. If one characteristic line propagates out of the
domain, the value of another dependent flow-field variable
must be allowed to float at the boundary. The streamline plays
the same role as the characteristic direction'". Thus, at the exit
plane, one boundary condition has to be specified. When the
exit pressure at x=L is higher than the external pressure, the
fluid flow will be choked. The sonic velocity is used as a
boundary condition and the other variables allow floating.
When the exit pressure is equal to the exterior pressure, the
choking condition no longer holds and the condition is replaced
by a constant exit pressure (sub-sonic flow):

{vlm =a (P >PR) "
P _,=P (Puy=PR)
and the closed end at x=0:

V., =0 15)

At the pipe wall, the heat addition to the fluid system is
determined from Eq.(7). The sonic velocity is calculated along

the isentropic thermodynamic path wusing numerical
differentiation due to two-phase flow.
a2 =22 (16)

Ap|,
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For one-dimensional heat transfer at the radial direction,
the third kind boundary condition is considered on the internal
interface between the fluid and pipe, which is given as:

ar;
dr

r=r,

k =U®, -T) an

For two-phase flow system, the heat transfer coefficient U
should account for two-phase flow. In this work, the mixture
properties are used to calculate U. For the external boundary, a
constant temperature is used:

L, =T (18)

NUMERICAL SOLUTION TECHNIQUE

Numerous numerical methods can be found in
computational fluid dynamics. Methods based on
characteristics are useful when the systems are hyperbolic and
the compatibility and characteristic equations can be derived
easily. The pros and cons of various numerical methods can be
found in many textbooks!''®). In this work, the semi-implicit
finite difference method is used to solve the coupling set of
hydrodynamic and heat transfer equations (Eq.1-5, and 12). In
this method, the primary variable in each equation is treated
implicitly. Other variables in the equation are treated explicitly.
With the central difference for the numerical discretization, a
tri-band matrix can be formulated for each equation in the
following form:

Aeu=S§ 19)
where
Cl D] 0 O 0 ul Sl
B2 C2 D3 O 0 u2 Sz
A={0 " - .. 0 ju=| : ||S= (20)
0 0 B, G Dy Upy Syt
0 0 0 B, C, u, S,

which can be solved efficiently using Thomas algorithm ).

RESULTS AND DISCUSSION
Validation

The model was validated using pipe burst test data®), The
pipe outside diameter is 1219 mm with wall-thickness 13.71
mm. The pipe was buried below surface estimated to be 1 m.
The test section was 57.72 m long. Initial natural gas
temperature was measured at —5°C, and pressure at 8143 kPa.
The test gas contained primarily methane (85.71%), ethane
(7.94%) and propane (4.27%). Pressure transducers were
placed along the pipeline. The experimental results show clear
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two-phase discontinuity in the pressure range 6,000-6,140 kPa.
The time for such a short length of pipe to decompress is less
than one second. The heat transfer was not measured during the
experiment.

The calculation was made using 100 spatial grid points
along the pipeline. An equilibrium fluid property table was
generated using the BWRS equation of state. The property
tables include quantities such as mass density, sonic velocity,
Cp, Cv, enthalpy as functions of pressure and temperature. The
total calculation time for this system was of an order of
minutes.

Figure 3 shows the predicted pressure profile in
comparison with the experimental data. Good agreement is
evident including the two-phase effect at the pressure around
6,000 kPa. The discrepancy arises at the later time probably due
to the assumption of full-bore break without fracture
propagation, while the experimental ductile fracture has a
different configuration of exit geometry.

Long Pipeline Simulation Result

The model validated above is used to predict the
decompression behavior of a long buried pipeline. The
simulation is performed on the same kind of pipe as in the field
test except the length extended to 35 km long. The initial
pressure is 20,786 kPa and temperature 0°C. 700 grid blocks
are used for the simulation. Figure 4 shows the pressure
profiles at different time during the decompression. It clearly
exhibits the choked effect and pressure wave reflection from
the intact end. Figure 5 depicts the fluid velocity profiles at the
corresponding times. The fluid exit pressure and temperature
are plotted in Figure 6 and velocity in Figure 7. Within seconds
after starting the decompression, the fluid pressure drops to
approximately 5,000 kPa and temperature reduces to —60°C.
The fluid flow is choked at a velocity between 230 m/s and 300
m/s. The continuous expansion of fluid decreases the pressure,
and the temperature is cooled down and approaches —100°C.
At time 1,500 s, the pressure lowers to about 500 kPa and the
cooling rate of expansion fluid is reduced, the viscous heat
generation and heat transfer effects begin to dominate the
process. This is indicated by the recovering of the exit fluid
temperature. The fluid flow remains choked until the
simulation time reaches about 2,500 s. At this time, the flow
becomes sub sonic with continuing decrease of flow velocity
and increase rate of fluid temperature recovery at a constant
exterior pressure.

Figure 8 and 9 present the radial temperature profiles in the
pipe and the surrounding soil at the mid point and exit point of
the pipeline. The first 2 points of linear profile in each line are
temperatures within the pipe wall. The temperature gradient
within the pipe degrades over times from sharp increase at 1 s
to flat at 3,000 s. The thermal penetration to the surrounding
soil is approximately 20 cm. This suggests that the boundary
condition at r=R, in Eq. (18) is valid and has no appreciable

impact on the heat transfer calculation. This also implies that
the domain transformation in Eq. (11) is valid. Heat flow from
the ground surface to pipe during this period is therefore
negligible and the ground heat flux does not influence final
pipe wall temperature.

Assuming the average temperature drop of 50°C for the
pipe and 10 cm thermal penetration to the surrounding soil
during the decompression, the amount of heat transfer to the
gas is well over 2x10° kJ. Thus, The inclusion of transient heat
transfer is necessary for to accurately model the decompression
of natural gas pipelines. The temperature reduction on the pipe
wall due to fluid expansion can be crucial for the proper design
of pipeline to prevent brittle behavior of the pipe steel.

CONCLUSIONS

A decompression flow model is formulated and coupled
with a one-dimensional heat transfer model in the surrounding
soil. The thermal capacitance of the pipe steel and soil are
accounted for in the simulation. The flow model is validated
with a pipeline burst test data that results in good agreements
(Figure 3).

For a long pipeline, the decompression can last over an
hour. The effect of heat transfer is significant and should be
considered in the modeling process (Figure 6).

The thermal penetration to cool down the surrounding soil
is less than 20 cm during the decompression (Figure 9). The
effect of the surface heat flux is negligible for a buried pipeline
during the decompression.
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NOMENCLATURE

sonic velocity (m/s)

tri-band matrix

heat capacity (J/kg.K)

pipe inside diameter (m)

soil domain external diameter (m)
Fanning friction factor

gravity (nv/s®)

enthalpy (J/kg)

thermal conductivity (W/m.K)
friction pressure (Pa)

pressure (Pa)

external pressure (Pa)

exit fluid exit pressure (Pa)

rate of heat transfer per unit volume of fluid (J/m*s.K)
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T radial coordinate

T, pipe inside radius (m)

R, soil domain radius (m)

S shape factor

S solution vector

t time (s)

T fluid temperature (K)

T, ground surface temperature (K)

T, pipe inside temperature (K)

T soil temperature (K)

u variable vector

U pipe-fluid interface heat transfer coefficient (W/m>K)

v velocity (my/s)

X coordinate

y depth of cover (m)

Greek symbol

P fluid mass density (kg/m®)

Ps soil mass density (kg/m")

2 pipeline inclination (°)

A eigenvalues
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Figure 2: Heat Transfer Domain Transformation
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