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ABSTRACT

The aim of this paper is to find optimal
solutions for flow assurance of oil and gas mixture
in an undersea pipeline. This study is applied to
25 km pipeline from the Ca Ngu Vang oiffield to the
central processing platform number 3 of the Bach
Ho oilfield. From the conservation equations of
mass, momentum and energy, together with the
theoretical basis of the flow regime, fluid
properties, as well as pipeline geometry and
properties, two simulations with different flow rates

were developed: 1) Slug tracking simulation to
predict the formation of slugs: frequency, length
and surge volumes. The simulation results helped
to find optimal solutions for the reception capability
of the slug catcher; 2) Thermal hydraulic
simulation to predict the evolution of temperature
and pressure in the pipeline in order to help
choosing the suitable pour point depressant (PPD)
chemicals.
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1. INTRODUCTION

Exploration activities in recent years showed that
many oilfields in Vietham have small reserves of about
50-100 million barrels. Development of such small
oilfields presents numerous difficulties due to high
risks, high investment and operating costs over a unit of
recovery. Research of practical solutions for the
development of small oilfields in Vietham is therefore
important and urgent in current period.

One of the best solutions to reduce the cost is to
develop connectivity between oilfields: after being
extracted from small oilfields, gas and oil are not
immediately processed but directly transported to a
central processing platform. The optimization of the
multiphase transport in this study derived from practical
needs for 25 km undersea pipeline connecting Ca Ngu
Vang (CNV) oilfield to Central Processing Platform 3
(CPP3) of Bach Ho oilfield (Figure 1). With such a long
pipeline, the flow is accompanied by high potential risk,

for instance the paraffin and hydrate deposit, the
formation of slugs, or changes in temperature, pressure
and flow rates during the operation of the pipeline. For
consequence, the pipeline will be clogged; the flow is
perturbed, which reduces the transport capacity of the
system. We all know that a pipeline’s capacity is one of
the most important parameters in any design
specification. Hence, the most difficult challenge in the
connectivity solution is how to deal with all these issues
important to maintaining the fluid flow from inlet to
outlet. This work is sometimes called flow assurance,
which will help to find out technological options in
order to establish appropriate control measures;
planning of pipelines cleaning; as well as pipelines
maintenance. For our work, we will study the
multiphase flow assurance of an oil-gas mixture in
subsea pipeline of 25 km length from CNV oilfield to
CPP3 at Bach Ho oilfield.
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Figure 1. Scheme of the pipeline from Ca Ngu Vang
Wellhead Platform to Central Processing Platform 3 of Bach
Ho oilfield [1].

Flow assurance — making sure the fluid flows as
intended — relies heavily on mathematical models and
the simulations they enable. Simulating the flow and
everything affecting it contributes to problem
prevention and efficiency, from feasibility studies
through detailed engineering to operation. Results
coming out of such simulations need to be verified as
reliably as possible.

In our study, two simulations were built and run using
field data. For the first one, a slug tracking module was
built and helped to determine the frequency and length
of the slugs, as well as the surge volume which can help
to design the slug catcher at the outlet of the pipeline.
The slug catcher is used for avoiding the flood occurring
at the outlet due to accumulation of the slugs. For the
second one, a thermal hydraulic simulation was built
and helped to forecast changes in pressure and
temperature which can help to choose the suitable PPD
chemicals that prevent the formation of wax in the
pipeline. We also varied the flow rates to see how they
affect the results. This study has therefore a high
practical aspect and hence can be directly applied in the
field. Although the choice of PPD for CNV crude oil
was already studied in the work of Do [1], this author
did not study the slug tracking behavior in the pipeline.
Slug tracking is therefore the most important
contribution of our study about flow assurance in the
pipeline connecting CNV oilfield to CPP3.

2. THEORETICAL BACKGROUND

2.1. Slug initiation mechanism

Slugs initiate along pipelines under three slugging
mechanisms, namely hydrodynamic slugging, terrain
slugging and severe slugging, depending on the pipeline
geometrical configuration. In this study, we investigate

the slug frequency in a pipeline that is generated under
hydrodynamic and terrain slugging only.

Slugs forming in horizontal pipes are called
hydrodynamic slugs, and tend to be relatively short,
typically less than 500 pipe diameters [2].
Hydrodynamic slugging is described as the slugging
mechanism caused by a flow disturbance to the gas-
liquid interface in a stratified flow close to the pipeline
entrance region. The pressure reduction un the stratified
gas channel due to the gas acceleration results in a
suction force acting on the liquid phase which
overcomes the gravity and surface tension forces acting
on the liquid layer. This force is called Bernoulli effect.
This mechanism is the Kelvin-Helmholtz stability
criterion for transition to slug flow [3]. As a result, a
new wave is generated which grows to form a slug.
Hydrodynamically, Taitel and Dukler [3] related the
slug frequency to the time it takes for a slug to be
initiated at the pipe entrance region. Figure 2 depicts
the slug initiation process, as a small wave forms on the
interface and grows to block the pipe cross section,
forming a slug. Behind the formed slug, the liquid level
drops because of liquid being swept into the slug body.
The time required for the dropped liquid level to rebuild
for a new slug to be triggered is the inverse of slug
frequency.

Terrain slugging is caused by the hilly—terrain
configuration of a pipeline, where liquid accumulates
and blocks the lower dip, resulting in an initiated slug.
The mechanism of terrain slugging is governed by a
flooding phenomenon and is promoted by the upward
inclination angle (Figure 3). Liquid has a tendency to
flow towards the low point and block the gas. The gas
pressure builds until the gas reaches the low point and
begins to escape into the liquid-filled uphill section.
Once that occurs, the liquid column carried by the gas
gets shorter and shorter, and it becomes easier for the
pressure to push it further upwards. As a result, both the
liquid and the gas accelerate out of the pipe.

Neither the downhill nor the uphill parts need to be as
steep as illustrated here, a degree of elevation can be
sufficient for this to happen. It can occur at any low
point in the pipe, it does not have to be near the outlet.
Risers may create these sorts of slugs if the seabed in
front of the riser slopes downwards. Terrain generated
slugs can have periods of several hours.
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Figure 2. The process of hydrodynamic slug formation [3].
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Figure 3. The process of terrain slug formation [2].

Slugs are generally unwanted because they can create
significant pressure fluctuations, and they can also lead
to gas and liquid arriving at the processing facilities
unevenly, causing tanks to flood. Since gases have
lower density and therefore lower heat capacity than
liquids, gases cool faster, so the temperature reduction
during periods of high gas content can more easily cause
hydrates to form. The increased intermittent liquid
velocity can also accelerate corrosion. In brief, not only
slug leads to flooding at the receive end but it also
creates pressure transients and increase deposits and
corrosion.

2.2. Conservation equations

For two-phase flow in pipes, most of the analysis and
simulations is based on solving the equations of
conservation of mass, momentum and energy for each
phase. We detail these equations in the following.

2.2.1. Continuity equation
For the gas phase:
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For liquid droplets:
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Subscripts G, L, I and D indicate gas, liquid, interface
and droplets, respectively

o, +a,

Og,Q ,0p :gas, liquid film and liquid droplets
volume fractions

Vg, Vi, Vp :velocity (m/s)

A : pipe cross-sectional area

\/; : mass-transfer rate between the phases

., Y, - the entrainment and deposition rate

Gt : possible mass source of phase f
2.2.2. Momentum equation
For the gas phase and liquid droplets:
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For the liquid phase at the wall:
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QL : pipe inclination with the vertical

S, St and S : wetted perimeters of the gas, liquid and
interface

2.2.3. Energy conservation equation
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E : internal energy per unit mass

h : elevation

Hs : enthalpy from mass source

U : heat transfer from pipe walls

2.2.4. Other equations

The simulations also uses other equations that we do
not detail here but the lecturer is invited to read the
paper of Kjell H. Bendlksen et al. [4] for further details
about the pressure equation and the interfacial mass
transfer equations. The pressure equation may be solved
simultaneously with the conservation equations for the
pressure and phase velocities and thus allow a stepwise
time integration. The applied interface mass-transfer
model can treat both normal condensation or
evaporation and retrograde condensation in which a
heavy phase condenses from the gas phase as the
pressure drops.

2.3. Slug frequency predictive model

A slug frequency predictive model, empirical or
mechanistic, is an essential part of any slug flow model.

Some authors suggested that the slug frequency can be
correlated to a Froude number based on different
parameters such as superficial liquid velocity, or the
time taken for a slug to be initiated at the pipe entrance
region, or the pipe’s geometry, etc.. Several
correlations have been developed to predict slug
frequency, ranging from simple correlations such as
Gregory and Scott [5] and Heywood and Richardson [6]
to more complicated ones that take into account the pipe
length and mechanistic variables, such as the Shea et al.
[7] and Hill and Wood [8] correlations. We present
below the correlation of Shea et al. [7] as an example.
These authors developed a slug frequency correlation as
a function of pipe length (measured from the pipeline
inlet), which is not included in any other published slug
frequency correlation:

_0.47v®

S d1.2 L[)p.55

F (7)

Fs is the Froude number; vsi is the velocity of the
superficial liquid; d and Lp are respectively the diameter
and length of the pipe.

Although this correlation has no theoretical basis and
is a pure curve fitting, their validation study with large
laboratory and field data shows a fair agreement, with
76% of the predictions lying within a factor of 2 of the
data, and 95% of the predictions within a factor of 3 of
the data. The Shea et al. [7] correlation was originally
developed and used for slug tracking to tune the delay
constant (minimum time duration between two
generated slugs).

3. PIPELINE GEOMETRY AND FLUID
PROPERTIES

The geometrical properties of the pipeline, as well
as the properties of the crude oil extracted from CNV
oilfield are respectively presented in Table 1 and Table
2. These properties were served as entry data for the
simulations. It is important to have a detailed mapping
of elevations of the pipeline on the seabed, which is very
critical for a slug tracking research. However, this is not
a simple task to archive in reality, especially for such a
long pipe (25 km). Hence, simplifications in modeling
of pipeline’s geometry are unavoidable. In this study,
we used the pipeline’s geometry provided in the work
of Do [1].
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Table 1. Geometrical and technical characteristics of the pipeline.

Description Specification
Outer diameter (mm) 273.1
Wall thickness (mm) 20.1
Inner diameter (mm) 2329
Riser's height at the inlet (CNV WHP) (m) 55
Riser's height at the outlet (CPP 3) (m) 46.5
Insulation layer 419 mm PU
Ambient temperature (°C) 24
Convective heat transfer mean coefficient (W/m>.C) | 1913
Concrete coating 53.5 mm
Thermal conductivity of concrete coating (W/mK) 2.0
Pipelines steel API 5L X65
Thermal conductivity of pipelines steel (W/mK) 45.0

Table 2. Properties of the crude oil extracted from CNV oilfield.

Description

Specification

API at 60°F

43.3-44.6

Density at 15°C

0.8071 g/mL

Dynamiec viscosity at 60°C

2.322 est

Pour point

30°C

‘Wax Appearance Temperature (WAT)

64°C

Gas 0il Ratio

2694 scf/bbl

‘Water content

0.32%

Asphaltene content

<0.05%

Paraffin content

18.10%

4. RESULTS AND DISCUSSIONS

The simulated results of slug tracking after 24 hours
are presented in Figures 4, 5 and 6. We can draw some
following observations:

a) For all the flow rates varying from 2000 to
7000 bbl/day, we observe clearly the formation of slugs
at the outlet of the pipeline (Figure 4).

b) The maximum surge volume increases when
the flow rate at inlet decreases (Figure 5). From the
results, we deduce that the volume of the slug catcher at
the outlet must be at least 100 m® (630 bbl) in order to
avoid flooding.

c) When the flow rate at the inlet decreases, the
number of slugs decreases, as well as the frequency
(Figure 6). However, as we already mentioned at point

b: the surge volume increases when the flow rates
decreases. For this reason, working at high rate of flow
may be better for the equipment (to avoid large surge
volume which can induce high hydraulic hammer). The
simulated results of the thermal hydraulic simulation to
predict the evolution of temperature and pressure in the
pipeline are presented in Table 3. We note that the
temperature of the liquid in the pipeline is lower than
the WAT. This requires the use of PPD in order to lower
the WAT to avoid formation of wax which can reduce
significantly the transport capacity of the pipeline.
According to Do [1], the most suitable PPD for CNV
crude oil is EC6509A. This PPD can decrease the pour
point of CNV crude oil from 33 to 18°C, which is well
below the temperature at the outlet of the pipeline.
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Figure 4. Total liquid mass flow rate at the outlet of the pipeline.

Trang 107



SCIENCE & TECHNOLOGY DEVELOPMENT, Vol 17, No.K5- 2014

.
-
.

)

) ) o
et

“ J\{\J\[\{\W\(\R it aco0 ALy
.

Figure 5. Surge liquid volume at the outlet of the
pipeline.
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Figure 6. Total number of slugs in the pipeline.

Table 3. Summary of results of thermal hydraulic simulation in the pipeline.

Q v (bbl/d) 7000 4000 2000
P cnw (bar) 493 44 3 19.3
P cops (bar) 40 40 17
T env (CC) 64 42 30
T cepp3 (°C) 39 26 24

5. CONCLUSIONS

This study has shown that the formation of slugs in
such a long pipe with different points of elevation is
unavoidable, no matter what the flow rate at the inlet is.
The only way to reduce the impact of slugs to the
equipment at the outlet is to design a slug catcher
capable to capture the maximum surge volume which is

about 630 bbl. The study also showed the necessity of
using a PPD chemical (EC6509A in this case) in order
to lower the WAT of the liquid, if not, the paraffin
would be formed in the pipeline during operation and
this can perturb significantly the transport capacity of
the system

Bao dam dong chay trong dwdng 6ng dan
dau tr mé Ca Ngw Vang t&i gian x& ly trung

tam s6 3 mé Bach Hb

e Pham Son Tung

Trwdng Pai hoc Bach Khoa, PHQG-HCM

e Mai Cao Léan
Trwdng Pai hoc Bach Khoa, PHQG-HCM

Pai hoc Qeenland, Uc

TOM TAT

Bai viét nay c6 muc dich fim ra gidi phap téi
wu trong viéc ddm bdo dong chady cda hén hop déu
va khi trong cac duwong dng dan ddu dudi bién néi
chung va cho 25 km dwong 6ng tir mé Ca Ngcr
Vang téi dan xe¢ Iy trung tam sé 3 ctia mé Bach Hé

néi riéng. Tir céc phuong trinh bdo toan khéi
lwrong, déng lwong va nédng lwrong, cung voéi co’ s¢
ly thuyét ciia ché do dong chdy da pha, tinh chat
chét lwu, ciing nhuw céc tinh chét hinh hoc va nhiét
hoc ciia duong éng, hai md hinh héa véi cac fuu
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lwrong dong chay khac nhau da duwoc xay dung: 1)
M6 hinh thee nhat c6 muc dich theo ddi sy hinh
thanh dong chdy dang niit I6ng dé dw doan céac chi
s nhuw tdn xudt xudt hién, chiéu dai nat Idng va
thé tich tran. Két qud md phdng cé y nghia thuc té
cao trong viéc tim ra thé tich téi wu cho kha nang
tiép nhan cda thiét bj chia tach d4u-khi tai ddu ra

(slug catcher/separator); 2) M&é hinh the hai
nghién ciu vé cac qua trinh nhiét thady déng luc
trong duong éng nham du doén s thay déi cda
nhiét d6 va ap sudét, ttr dé cé gidi phép thich hop
trong thure té khi lza chon héa chét lam gidm nhiét
do déng dac cia dau.

Tirkhoéa: Bdo ddm dong chdy, M6 hinh héa dong chdy da pha, Dong chdy dang nuit 16ng, Thiét bj bat

nut Iéng.
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