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ABSTRACT

In the transport of gas-liquid mixtures, where the amount of liquid condensate is low, a stratified flow-
pattern is predicted by mechanistic two-phase flow models. In this case, the momentum balance be-
tween liquid and the gas phases is the key relation for the calculation of the steady state flow equilibrium
and the existing liquid hold-up. The latter value is particularly important at low production rates for
pipelines with a large number of upward and downward inclined pipe segments (making V shaped
sections) where liquid can easily accumulate in the lower parts. The error in predicting the liquid in-
ventory has critical consequences on the evaluation of the total pressure drop along the pipeline. The
results obtained from steady state simulation can be far from reality or, at least, cannot be reproduced by
a dynamic simulation of the same operating conditions. These topics are analysed using a multiphase
flow simulator developed by the author (XPSIM, eXtended Process SIMulation) which can perform
compositional and fluid-mechanical analysis at the same time. Steady state and dynamic simulations are
developed for the Ormen-Lange pipeline (about 120 km long): large differences are found between the

steady state and dynamic solutions.
© 2019 Southwest Petroleum University. Production and hosting by Elsevier B.V. on behalf of KeAi
Communications Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In this study, we will consider the gas-liquid stratified flow,
which is often encountered in the transportation of hydrocarbon
mixtures classified as ‘gas-condensate’. These mixtures are
formed by light hydrocarbons (methane, ethane and propane)
accompanied by small amounts of heavier fractions (from hexane
to n-decane). The amount of the liquid volume fraction, formed
during the transportation, depends on the initial liquid fraction
entering the pipeline (from wellheads, flow-lines, gas-liquid
separators, etc.), on the initial thermodynamic conditions (pres-
sure and temperature), from the pipeline geometry and from the
heat-transfer conditions (external temperature, insulation, etc.). A
liquid fraction can be initially absent and appears during the
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transportation due to fluid cooling, as a results of the Joule-
Thomson effect related to pressure decrease, and the heat
exchanged with the external ambient, particularly in cold climate
regions or winter conditions. The liquid fraction so generated, will
tend to accumulate in the V-shaped segment of the pipelines and
in up-hill segments. Along up-hill segments, the local liquid hold-
up will tend to increase, so the actual liquid velocity becomes
lower; vice versa, the gas actual velocity will increase providing
the drag force required to move forward the liquid phase of higher
density. When the pipeline inclination is not very steep, the
stratified liquid can generate long waves without the generation
of slug flow. Though the average liquid holdup is low, the values
calculated by one simulator can be very different from those ob-
tained by another simulator. The paper presents a discussion of
the difference of calculated values obtained by a steady state so-
lution with respect to those generated by a dynamic simulation
extended in a long period.

2. Stratified flow models

The mathematical equations underlying the theory of multi-
phase flow are described in many textbooks and mentioned by
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most of the studies dealing with this subject. We only report a few
important references such as [1—4]. The solution of gas-liquid flow
in pipes is obtained as the integration of a system of partial dif-
ferential equations, which include material, momentum and en-
ergy balances. For this discussion, we only rewrite the momentum
balance equation of phase k (usually 1 refers to the gas phase and 2
to the liquid one), which, for a given control volume, can be
expressed as:
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where P defines the pressure in the control volume, p the phase
density, o the phase volume fraction, u the phase velocity and ¢ is
the inclination of the pipe, My is the drag force between phase k
and phase j and My is the frictional pressure drop of phase k with
the pipe wall. The drag force between the liquid and gas phases
satisfies the condition:

Mj, = =M.

The mechanistic description of stratified gas-liquid flow is
usually the starting point for the analysis of flow stability and how
it may evolve into different flow patterns such as slug-flow, annular
and bubble flow. For the mathematical description of equilibrium
stratified gas-liquid flow we can refer to historical fundamental
paper from Taitel and Duckler [5]. By setting the time derivative to
zero, the momentum Equation (1) for the liquid and gas phases can
be written as:
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here A; and A¢ define the pipe sections occupied by the liquid and
gas phases. The drag force is rewritten in terms of the shear stress of
the phase on the pipe wall 7, S is the pipe perimeter wetted by the
phase, pi the density, ¢ the pipe inclination and g the gravity.

For the solution of the steady state case, the time derivative is
set to zero and the pressure drop for the gas and liquid phases
should be equal to a common value. Hence a single equation is
obtained:
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This equation is solved numerically with respect to the liquid
volume fraction (liquid holdup):

o= AL
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Shear stresses are evaluated in a conventional manner:
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The interphase shear stress is calculated using the gas properties
and the difference of the velocity between the two phases.
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The liquid and gas friction factors are calculated from:
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and hydraulic diameters are evaluated as:
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The most frequent coefficients found in literature are:

Cc = C, = 0.046 with n = m = 0.2 for turbulent flow
Cc = Cp = 16 with n = m = 1.0 for laminar flow

The gas-liquid shear stress, used by Eq. (7), is often assumed
equal to the gas-wall friction factor.

To perform a real simulation, we must consider the total fluid
flowrate as a sum of the liquid and gas mass flows as:

Wr =W+ W, (12)

and the total volume flow rate can be calculated as:

Qr=Q+Q (13)
with:
We Wi
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Phase velocities are given by:

ug = % (15)
w = (16)

The liquid holdup calculated by solving eq. (4) will be different
by the no-slip holdup:

hno—sli = L

P Us + Usg
calculated on the basis of gas and liquid surface velocities and
assuming the two phases move at the same velocity. In a steady
state calculation, the vapor and liquid flowrates are always
assumed to be constant and fluid equations are integrated along the
pipeline length taking into account pressure and temperature
changes on the thermodynamic status of the fluid mixture. For the
numerical integration of equations, the pipeline is subdivided into
segments and the integration algorithm is applied to each segment
until the final segment is reached. By assuming a total flowrate and
initial pressure and temperature (Pp and Tp) values, the fluid dy-
namic equations are integrated for each pipeline segment obtaining
new values of temperature and pressure i.e. Ty and P;. By repeating
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this procedure for all the segments, one can calculate the final
temperature and pressure values at the pipeline exit. It is worth-
while to note that the outlet temperature and pressure are calcu-
lated by assuming constant liquid and gas flowrates equal to the
input value, whichever the pipeline length and profile could be; in
particular, possible reverse flow is never considered. This constraint
is almost never satisfied in a real world. One should notice that
when the pipeline is inclined an equilibrium status can never be
obtained, due to pressure, phase velocity and hold-up oscillations
which change independently. In particular in each section of the
pipeline the liquid should have a positive velocity exactly equal to
the positive flowrate Q°,. In a real case a liquid back flow should be
considered.

3. Areal case—Ormen Lange pipeline

In the following discussion of the stratified flow simulation, the
Ormen Lange project is used for the analysis of the results obtained
from steady state and dynamic simulations. A number of docu-
ments and other material, presented and discussed in various
congresses and technical workshops, can be easily found on the
web [6,7]. Ormen Lange is a gas field located in the North-Sea about
120 km offshore the Norway coast. When started, this was the first
deep-water project in Norway (-850-1100 m), the deepest pro-
duction wells in Europe and the Norway's biggest industrial project.
The system is composed by a gas condensate field and a 120 km
long subsea to shore tie-back multiphase transport of unprocessed
well stream. The pipeline has an internal diameter of 0.690 m and
its length extends up to about 121 km and reaching the coast with
an inclination up to 12°. The initial sea-bed depth is —889 m and
the delivery point on the coast is at 12 m; the detail pipeline profile
is included in Fig. 1.

Owing to its importance, the Ormen-Lange pipeline has been
the subject of various studies and is also considered a benchmark of
the most important simulation codes (e.g. Olga, Ledaflow, etc.) used
in the multiphase transport engineering. The average fluid
composition is presented by the next Table 1.

The phase-envelope of this composition is shown on the next
Fig. 2, where bubble-point and dew-point equilibrium lines are
supplemented by calculations at constant vapor fractions equal to
0.90, 0.95, 0.97, 0.99 and 0.995.

All the calculations have been performed using a multiphase
flow simulator developed by the author (XPSIM, eXtended Process
SIMulation) [8] which can perform compositional and fluid-
mechanical analysis at the same time. The XPSIM dynamic op-
tion can calculate vapor-liquid two-phase flow taking into account
the fluid compositions and using state of the art thermodynamic
methods for the calculation of phase properties. The simulation
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Fig. 1. Ormen Lange pipeline elevation profile.
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Table 1

Ormen Lange fluid composition.

No Component Molar fraction No  Component Molar fraction
1 Water 0.005510 15  o-Xylene 0.004000
2 Nitrogen 0.003381 16  n-Heptane 0.002600
3 Carbon dioxide  0.004181 17  n-Octane 0.002130
4 Methane 0.919448 18 n-Nonane 0.000930
5 Ethane 0.034296 19  n-Decane 0.000930
6 Propane 0.012032 20 n-Cl1 0.000400
7 [so-Butane 0.002680 21 n-C12 0.000400
8 n-Butane 0.003181 22  n-Ci3 0.0003300
9 i-Pentane 0.001490 23 n-Cl4 0.000200
10  n-Pentane 0.001290 24  n-Cl15 0.000200
11  n-Hexane 0.002330 25 n-Cl6 0.000130
12 Benzene 0.000530 26 NC17-NC18  0.000200
13 Toluene 0.00060 27  NC19-NC20 0.000200
14  p-Xylene 0.00040

has been carried out using the Peng-Robinson (PR) equation of
state [9] for vapor-liquid equilibrium calculations and the Lee-
Kesler model (LK) [10] for the calculation of thermal properties
(enthalpy, entropy and heat-capacity) and phase densities.

4. Steady state simulation

The steady state calculation is performed for a production of
720,000 kg/h, the fluid is entering the pipeline at 171 bar and 74 °C.
The final calculated pressure is 122.9 bar and the fluid temperature
16.8 °C. Thermal calculations are performed using an overall heat
transfer coefficient of 4.0 W*m?/°C. The steady-state calculation
generates the pressure, temperature and hold-up profile shown on
Fig. 3. Some of the initial and final operating parameters obtained
by the steady state simulation are summarized in Table 2.

Most relevant results obtained are presented in the following
graphs. Fig. 3 summarizes the pressure, temperature and liquid
holdup profile along the pipeline. Maximum values of the liquid
holdup are extremely important from the design and operation
point of view. Since maximum values are well below 0.5, this
suggests that the flow pattern should remain stratified and that
slug flow, if generated in the steepest segments, should have
limited extension. This is confirmed by Fig. 4 which shows how the
flow pattern (stratified = 1, slug = 2) changes along the pipeline
profile and that slug flow is generated only where the pipeline
inclination increases.
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Fig. 2. Phase envelope of fluid composition of Table 1.
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Fig. 3. Steady state results. Pressure x , temperature A, liquid hold-up #.

Table 2
Summary of operating conditions.
Initial Final

Pressure, bar 171.0 122.0
Temperature, °C 74.0 16.8
Depth, m —889 12
Liquid holdup 0.035 0.065
Surface velocity, m/s 4.18 4.20
Gas velocity, m/s 4.31 4.43
Liquid velocity, m/s 0.64 0.98

One of the main steady state results is the amount of liquid
contained in the pipeline at a given operating condition. This value
is critical for the analysis of start-up and shutdown operations,
pigging, hydrate inhibition, etc. In the present case, the total
pipeline volume is 45,517 m>, the calculated liquid inventory is
4353 m> (so the average holdup is 0.0956) and the total liquid
weight is 2,989,133 kg.

The gas and liquid velocities are presented on Fig. 5.

For a steady state calculation the average fluid velocity (surface
velocity) is 4.1 m/s.

5. Dynamic simulation

For the verification of the steady state results presented in the
previous chapter, a dynamic simulation of the same system has
been setup. The mathematical framework is described by the
author in previous studies [11,12] and is not repeated here. We only
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Fig. 5. Weight flowrates and velocities of the gas and liquid phases.

emphasize that the compositional approach requires to update the
total fluid composition in each pipe volume at each time step and to
evaluate the thermodynamic equilibrium with the resulting pres-
sure and temperature. Pressure waves results from the integration
of the momentum equations taking into account phase compress-
ibility. Material balances are defined by the phases (liquid and va-
por) material flows. Vapor-liquid equilibrium is obtained as the
results of both material balances and pressure changes. The drag
forces are calculated using the same equations presented for steady
state; however the fundamental difference is that gas and liquid
velocities are not defined by the fixed flowrate value and can as-
sume independent values, in particular the liquid is allowed to flow
back in uphill segments. Steady state results are used to initialize
the dynamic simulation: i.e. at time O the values of pressure, tem-
perature and liquid holdup are those presented by Fig. 3. The total
inlet flow-rate is kept constant at 720,000 kg/h. The outlet pressure
is initially set at the value obtained by the steady state simulation
(122.9 bar) for 30 min and is subsequently decreased reaching a
final value of 120 bar at 1 h. It is a standard practice to perform
dynamic simulation by setting a final pressure value; the scope is to
model the fluid as entering a gas-liquid separator or a slug catcher.
The pipeline inlet pressure will change as a function of the pipeline
capacity depending on liquid accumulation, pressure fluctuations,
etc. The final scope is to find if the steady profile is reproduced by
dynamic simulation or whether dynamic simulation will identify a
different stationary status. A key point is to decide how long (sec-
onds, minutes, hours or days) the dynamic simulation should
continue. An initial estimate can be calculated on the basis of the
‘fluid travel time’ criteria. Considering for the gas phase an average
velocity of 5 m/s one can find that the ‘vapor travel time’ is about
7 h. For the liquid phase, by considering an average velocity of
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Fig. 6. Total liquid content vs simulation time.
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1.5 m/s, one obtains an average time interval required to go through
the entire pipeline is about 22 h. Thus the dynamic simulation
required to verify the steady state should be extended at least 24 h.
In a first simulation extended for 24 h a sharp decrease of the liquid
content was found starting from about after 16 h and continuing up
to 24 h. Hence to find whether a different stationary state do really
exist, the simulation was extended to 48 h. The initial integration
time step is set at 0.1 s; however this value is automatically
adjusted by the algorithm with a lower limit of 0.01 s and an upper
limit of 4 s. Process variables are measured by virtual instruments
and are collected every 4 s. The pipeline internal profile is collected
as plotter graphs with a 2 h frequency. The computation time
required is large; while steady state simulation takes a few seconds
the dynamic simulation requires about 6 h to complete on the same
multiprocessor workstation. The results obtained from the dynamic
simulation are largely different from the values generated by the
steady state simulation. In particular, the final total liquid content
reaches a stationary value around 1,344,000 kg, as shown on Fig. 6.
The final pressure and holdup profiles, together with the elevation
profile, are presented on Fig. 7. An additional result shown on Fig. 8
is the graph of the pipeline inlet pressure: its value, though oscil-
lating, presents a steady decrease along the dynamic simulation
period.

6. Conclusions

This study has presented and discussed some critical differences
between a steady state and a dynamic simulation of stratified gas-
liquid flow in long pipelines. Steady state calculations can give quite
poor information about the flow of a two-phase gas-liquid mixture
in long transmission pipelines. In particular, liquid holdup values
are derived from equilibrium constraints that are rarely satisfied in
the real world. Consequently the verification of a steady state, using
dynamic simulation, can converge to a different pipeline operating
point since a different set of equations are solved: i.e. the steady
state pressure profile should allow phase velocities to match
exactly a fixed flow-rate value. In the case study discussed, the

Elapsed time/hr

Fig. 8. Pipeline inlet pressure vs simulation time.

liquid inventory calculated by steady-state is about 2,900,000 kg
while the dynamic simulation identifies a stationary operating
point with only 1,300,000 kg of liquid. For the same mass flowrate
of 720,000 kg/h, also the required upstream pressure decreases
from 171 bar to 161 bar. This study, performed using a composi-
tional simulator, presents results superior to what is found in other
papers where industrial cases are often described with incomplete
data. A compositional analysis of the fluid flow requires the actual
compositions of the phases entering the pipeline: these data are
frequently not available due to missing instrumentation. Besides,
the actual composition can be quite different from that used in the
design phase owing to the change of flow-rates from various wells.
Therefore, it is almost impossible to compare or verify simulation
results with field values when complete operating data are not
available.
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