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Summary

Severe slugging is the condition at which the liquid slugs are formed and violently blow
out from the riser. It may lead to an unstable flow rate, causing the fluctuation of the gas
production. Thus, it should be avoided to prevent operational problems in the field. One
of the solutions is by using the multiphase dynamic flow simulators. This project aims to
implement a Graphical User Interface (GUI) of a simplified severe slugging model. The
work is based on a previous Matlab implemented in Python language and specialization
project. To achieve the objectives, the project was structured into three parts. The project
initiated with reviewing the previous severe slugging calculation, review well-known tran-
sition criteria. The second part of the project was implementing a GUI of the model by
considering several main features such as plot results, export, flow regime transition map
and severe slugging stability map. In the final step, a comparison between flow regime
maps and severe slugging stability maps was conducted. The project showed the success-
ful design and implementation of GUI that can simulate the flow regime map and severe
slugging stability map.
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Abbreviations

n = Number of step for numerical calculation
A = Area

dt = Time difference for numerical calculation
ts = Residence time of a slug passing a cross-section of the pipe
ty = Residence time of a bubble passing a cross-section of the pipe
oL = Liquid density (isothermal)

LI = Liquid viscosity (isothermal)

Co = Coefficient for bubble velocity

R = Gas constant

T = Temperature

MW = Molecular weight

D = Pipe diameter

Dy, = Hydraulic diameter

D, = Gas diameter in annular

Fp = Buoyancy force

Fr = Turbulent force

H = Liquid hold-up

h = Liquid height

L = Length

F, = Froude number

Ly = Pipeline length

Lp = Riser length

0 = Pipeline inclination

ogl = Gas-liquid surface tension

Poormai = Pipeline inlet pressure

Pt = Riser outlet pressure

Usgin = Gas phase inlet superficial velocity

Ustin = Liquid phase inlet superficial velocity
Clralve = Valve constant

PygR = Gas density in the riser

Pm = mixed density in the riser

PgL = Gas density in the pipeline

Py = QGas density

17} = Liquid density

a = Void fraction

Qs = Void fraction in the slug

ap = Void fraction in the bubble

B = Wet perimeter half-angle

" = Dynamic viscosity
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ULevel

Liquid level in the pipeline

Riser mixture level

Gravity

Reynolds number

Mixture level in the pipeline
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Friction factor

Dimensionless film thickness
Damping factor

Shear stress gas wall

Shear stress liquid wall

Shear stress gas-liquid interface
Gas wall perimeter

Liquid wall perimeter

Gas liquid interfacial perimeter
Slug fraction

Gas-liquid distribution slip in slug
Liquid level velocity in the pipeline
Gas velocity

Mixture velocity

Superficial gas velocity
Superficial liquid velocity

Gas velocity in the slug

Gas velocity in the bubble

Liquid velocity in the slug

Liquid velocity in the bubble
Bubble front propagation velocity
Slug front velocity

Vertical gas drift velocity in slug
Drift velocity of bubble in stagnant liquid




Chapter

Introduction

1.1 Background

Severe riser slugging also referred to as terrain slugging, is the phenomenon where large
liquid slugs are formed in risers and violently blow out periodically. This phenomenon
is highly undesirable due to high pressure and flow rate oscillation. The fluctuation of
gas production may cause flaring and reduce the production capacity of the field [Jansen
et al. (1996)]. Severe slugging is an operational problem that can be avoided. To prevent
the occurrence of severe slugging, a hydrodynamic model of severe slugging can be used
to design a new pipeline system or adjust the operation of an existing system. The de-
velopment of flow simulators such as OLGA and LedaFlow are available for multiphase
dynamic simulation. The simplified dynamic model can be constructed for the simple
flowline-riser system. The model can be useful for sensitivity analysis of various param-
eters such as diameter, inclination, lengths, pressure, etc. The model was developed on
basic physical principles and limited to how the slug generated at the base of the riser.

1.2 Objective

The objective of this project is to build a Graphical User Interface (GUI) of severe slugging
stability map and severe slugging generating map. The work is a continuation of the
specialization project. The project was divided into several tasks:

1. Review a previous Matlab implementation for flow regime map

2. Design the GUI for the flow regime map

3. Compare the result from generating map and severe slugging stability.
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Figure 1.1: Severe slugging mechanism [Nydal (2019)].

1.3 Severe Slugging Mechanism

Severe slugging occurs when there is a low point (downward upstream and upward down-
stream) for liquid accumulation in the pipeline, upstream stratified flows, sufficient up-
stream gas compressibility, and suitable flow rates. The severe slugging phenomenon
consists of a blowout, slug formation, gas compression, and slug production. The cycle of
severe slugging starts at the gas production continues until the gas velocity insufficient to
support liquid on the riser wall. The liquid begins to fall downward and accumulated until
it blocked the entrance of the riser (slug generation). After the liquid level reaches the top
of the riser, the pressure base of the riser still increases due to gas compressibility until
maximum value (gas compression). The bubble region of the slug starts to penetrate until
the bubble enters the separator. The liquid slug just exited the riser to the separator. The
gas that blocked at the base of riser starts to expand rapidly carrying liquid droplet to the
separator (blowout), and the cycle repeated. The mechanism is illustrated in Fig. 1.1. The
severe slugging generating map can be achieved from the experiment illustrated in Fig.
1.2. The difference between severe slugging and the normal slug is characterized by the
generation of liquid slugs at the base of the riser while normal slug is generated along the
length of the pipeline [Schmidt et al. (1980)]. The generating map has a similar purpose
as a flow regime map which able to predict the flow regime scenario at certain velocities.

2
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Figure 1.2: Severe slugging generating map at -5 pipeline inclination [Schmidt et al. (1980)].

1.4 Severe Slugging Prevention

Based on field measurements from the Gulf of Mexico, a decline in flow rate between
the subsea tree and the riser causes the slugging [Kashou (1996)]. Severe slugging can
generate slug length one or more of the riser length [Schmidt et al. (1985)]. A slug catcher
is used to process severe slugging or slugs. The process can be challenging to implement
when the size of the slugs is above the separator capacity which leads to liquid carry-over.
There are several attempts to control and eliminate severe slugging phenomenon. Some
of severe slugging elimination techniques are shown on Table. 1.1 [Yocum et al. (1973);
Tengesdal et al. (2003); De Salis et al. (1996)].

1.5 Software

In this section, the software that is used for this project is described. The main purpose of
the software is to create added features for the GUI of the severe slugging model.

1.5.1 Python

Python is a programming language for general-purpose use released in 1991. It is one of
the most popular programming languages and mainly used for the graphical user inter-
face (GUI), websites and application. Python has several advantages over Matlab for this
project such as it has a simpler syntax and open source. It is desirable that the product of
this project (GUI of severe slugging simulation) is license-free since the main objective is
for educational purpose. The libraries that are used for GUI features shown on Table. 1.2

3
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No. Techniques Method Drawback
| Increase separator | Increase back Decrease production capacity
pressure pressure up to 50%

> | Add choke valve Slightly increase Carefql choking is necessary
back pressure to avoid production reduction

3 | Gas - Iift Injection of gas at Increase frictional pressure loss
the bottom of the riser | and possibility for JT cooling

4 | Subsca separator Produce single phase Complpx configuration and
flow operation

5 Self - lifting Add small bypa§s line leﬁ.cult'les in practical
parallel to pipeline application

Table 1.1: Severe slugging elimination techniques.

1.5.2 Visual Studio Code

visual studio code is a development environment software for Python programming from
Microsoft. It has functionality for editing, analysis, debugging, and visualization capabili-
ties written in python. Basically it’s a program that allow the user to write the python script
and run them. There are also other development environment available such as Jupyter,
IDLE, Spyder, etc which also has its own advantages.

1.5.3 Excel

Excel is software from Microsoft office that allows the user to organize the data using
spreadsheets. In this project, the application of excel mainly used to save files of the
results from the simulation. Excel allows the users to organize, plot-specific diagram, and
calculate the data from the spreadsheet. Excel also includes sort and filter features that
are useful for more detailed analysis. To export the data from python to excel, the pandas
library is used for data indexing.

No. | Library Purpose

1 Pandas Create dataframe and write data from simulation to excel (export)
2 Matplotlib | Create 2D plot from simulation for the GUI

3 Tkinter Create and add features for the GUI

4 py2exe Create executable files (.exe) from python script

Table 1.2: Libraries and its purpose for the GUIL.
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Basic Theory

2.1 Flow Regime Map

2.1.1 Stratified Flow

Stratified flow occurs when the gas and liquid phase are separated. The geometry and
physical measure that will be used in the model are illustrated in Fig. 2.1. The geometrical
relationship between liquid holdup (H) and height (h) in a circular cross-section of the pipe
can be determined using the geometrical relationship of the wet perimeter half-angle (/3).

H= (5~ sin(26) @1

Re-arranging and using the approximation within error approximately 0.002 rad, the wet
perimeter half-angle can be given as [Biberg and Halvorsen (2000)]:

5=7rH+(327r) (1—2H + H5 — (1 — H)3) (2.2)

Figure 2.1: Cross sectional geometry for stratified flow [Kristiansen (2004)].
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The mass conservation equations in the stratified flow can be written with the assumption
for the absence of mass transfer between the phases, droplet entrainment and deposition.

9(Hp) n 1 9(HpUA)
ox A or

Dap,) 1 dlap,UyA)
ox A ox

=0 2.3)

=0 2.4)

With the assumptions of constant H, equal pressures for liquid and gas phases, as well as
ignore the terms for acceleration and convections the momentum conservation equations
in the stratified flow can be given. By eliminating both equations, it gives the hold-up
equation.

ap Slw Si . _
—H% — an + ZTZ + Hpigsind =0 (2.5)
ap Sqw Si .
g2t Z9w _ = = 2.
a&':c o Tgw ATZ + apggsind =0 (2.6)
SiTi o Snggw Slelw .
1 = 1 + " + Ha(sin®)(pr — pg) (2.7)

The friction factors on the wall can be estimated by using Reynolds numbers (Re) that for
each phase is given by,

U,po D
Re, = ~2Po=hg 2.8)
Hg
Uipo D
Rey = 2Pa=nt (2.9

i

where the hydraulic diameters for both gas and liquid phases in stratified flow are proposed
as follow [Agrawal et al. (1973)]:

Ay

Dpy = 45 = (2.10)
g 1
A

Dy = 4@1 .11

By using single-phase relations for friction factors, the gas-wall and liquid-wall friction
factors (\) can be estimated for laminar flow and turbulent flow [Kristiansen (2004), Haa-
land (1983)].

1
1.1172
[1‘810910 ( B+ ”f;g) }

1

1.1172
{—1.810910 (%9, + Eg%“) }

2.12)

)\tur,g =

Atur,l = (2.13)




2.1 Flow Regime Map

64
Nam.g = —— 2.14
l Nl Reg ( )
64
)\lam,l = Riel (215)

The final value for the friction factor will be chosen from the highest value between laminar
and turbulent flow case. For the interface friction, it often used its relationship with the
gas friction factor that neglected the waves [Russell et al. (1974)]

Ai = A, (2.16)

For the shear stress 7 between gas or liquid and pipe wall or the interface can be estimated
by,

Ag pg(Ug —U|U, — U

. =22 2.1
T, 1 5 (2.17)
_ A pUlUl
Tiw = 1 > (2.18)
Ay pgUs|U,|
o = 208 (2.19)

2.1.2 Slug Flow

A unit cell of slug flow consists of different regions, known as a long bubble followed by
liquid slug. The part of the slug bubble is considered as a stratified flow where the liquid
phase transported at the bottom of the pipe while no droplets entrained in the gas phase.
The liquid slug contains the gas bubbles that affected by the buoyancy forces [Kristiansen
(2004)]. The geometry and physical measures that will be used in the model are illustrated
in Fig. 2.2. The continuity across the slug and bubble can be given by [Fuchs (1997)],

Um = Usg + Usl (220)
Ugjsars + Uis(1—as) =Upn 2.21)
Ugpouy + Up(1 — ab) =U,, (2.22)

For the liquid phase, the continuity can be given with the assumptions for absences of

liquid droplets in the gas bubble and there is no gas mixed into the liquid film, as follows:

(1 — ab)(Uf - Ulb) = (1 - Ozs)(Uf - Uls) (2.23)

(1= ap)(Up — U) = (1 — as)(Up — Uls) (2.24)

The mass balance within the slug unit can be described in terms of the residence time of a

slug passing a cross-section of the pipe (t;) and bubble (t,) with assumptions of constant
s, Ugs and Uy

Usg (ts + tb) = Ugsasts + Ugbabtb (2.25)

Usi(ts +tp) = Uis(1 — as)ts + U (1 — an)ty (2.26)

7
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Figure 2.2: Slug unit model that consists of a liquid slug followed by a bubble [Kristiansen (2004)].

where

Ly = Uyt 2.27)
Ly = Upty (2.28)

The slug fraction (SF) can be determined by using the combined volume balances between
slug and bubble fronts.

L

SF=—"—
Ls+ Ly

(2.29)

Re-arranging both equations can give the relation for the slug fraction (SF) as follows:

Us — Up(1 — )

SEF =
Uis(1 — ag) — Upp(1 — )

(2.30)

A volume balance of liquid hold-up in the bubble and slug sections is used to determine
the average liquid hold-up in the slug flow.

a=SFoas+ (1 - SF)ay (2.31)

The void fraction in the slug («s) can be calculated from a universal model that includes
surface tension and liquid density by [Malnes (1987)],

Un

Qg = — 3 ———— (2.32)
gogi\ L1
83(79)4 +U,,
Malnes (1987) suggested that the gas-liquid slip relation as follows:
Ugs = SD(Uls + UOs) (233)




2.1 Flow Regime Map

where Sp is the gas-liquid distribution slip in slugs that can be estimated by,

1— g
Sp=—— 2.34
7095 —a; 239
Uys is the vertical gas drift velocity in slugs that can be estimated by,
(o= )]
Upe = 1.18 [W} 01— ) (2.35)
Py

By using the conservation of volume in the slug unit equation, the liquid velocity in slug
(Ujs) can be calculated once the Ug, is substituted and rearranged with Up,.

Um - aSSDUOS

Uy =
! (170zs)+OéSSD

(2.36)

Bendiksen (1984) suggested that the bubble front propagation velocity (Uy,) can be ex-
pressed in terms of superficial mixture velocity (U,) as follows:

Uy, = CoU,, + Uy (2.37)

where both the Cy and Uy value can be determined as a function of the pipe inclination
and Froude number (F;).

F, = _Un (2.38)
gD(pi—pg)
Pl
For F, > 3.6
Co=1.2 (2.39)
D _
Us = (—0.35sind) | $21PL=Pa) (2.40)
Pl
and F; < 3.6
Co = 1.05 + 0.15sin°0 (2.41)
D _
Uo = (—0.355in0 + 0.54cos0) | Z2PL=Pa) (2.42)

Pl

2.1.3 Annular Flow

Annular flow occurs when the gas streams along the center of the pipe while the liquid
flows around the pipe walls in the form of a film. The geometry and physical measures
that will be used in the model are illustrated in Fig. 2.3. For a steady-state in the annular

9



Chapter 2. Basic Theory

Figure 2.3: Geometry of annular flow with the assumption that there is no entrainment in the gas
flows and uniform thickness of liquid’s film around the pipe’s perimeter [Barnea (1986)].

flow, the momentum or force balance can be determined both in the liquid phase and the
gas phase [Alves et al. (1991)].

—Al% — TwStw + TiSi — prAigsin(0) = 0 (2.43)

—Ag% —TiS; — pgAggsin(f) =0 (2.44)

By equating and eliminating the pressure gradient from both equations, the combined
momentum equation for annular flow can be derived similar as in stratified flow.

1 1 . St
75 <Az + Ag) — g(p1 — pg)sin(6) — Tl“’AL; =0 (2.45)
The geometry relationships for the film flow can calculated from:
Siw =7D (2.46)
S; =7Dy (2.47)
where
D, = Dy« (2.48)
The relation of the shear stress (7}, and 7;) can be given as,
2
i = ,\l% (2.49)
U2
=L 2 (2.50)

10



2.2 Regime Transition Criteria

The gas-wall and liquid-wall friction factors (\) can be estimated for laminar flow and
turbulent flow using Wallis’s correlation [Barnea (1986)].

Atur.g = 0.046 (Re, )" (2.51)

Aturg = 0.046 (Rey)*” (2.52)
1.0

Atam.g = 16 (Re,) (2.53)

Aam, = 16 (Rez)l'o (2.54)

Wallis proposed the interface friction can be determined by,

A = Ag(1+150(1 — v/a)) (2.55)

2.2 Regime Transition Criteria

2.2.1 Stratified Stability

One of the theories that can be applied for the stratified stability analysis is a simplified
Kelvin-Helmholtz. In general, the instability occurs between two layers of fluid with dif-
ferent densities and flowing with two different velocities in horizontal parallel flat plates.
It could predict whether a small disturbance on the surface will lead to a stable or unstable
interface [Milne-Thomson (1996)]. Based on this analysis, it explained that the gravity
and surface tension forces tend to stabilize the flow while the relative motion of the two
layers produces a suction pressure force over the wave from the Bernoulli equation, which
tends to create instability for stratified flow. Thus, this theory is further developed a stabil-
ity criterion in terms of the propagation velocity of the waves and the wavelength [Shoham
(2005)]. Once the suction force is greater than the gravity force, the wave growth can oc-
cur and lead to an unstable stratified structure. The simplified equation for this transition
boundary can be determined as,

U, > (1 — hl) |:(Pl pg)gccs(é)lll 00
g =
d pgsi

the Bernoulli suction force is able to overcome the gravity force if the gas velocity (left-
hand side) is higher than the right-hand side expression, causing the unstable flow and thus
the transition from stratified into non-stratified flow occurs.

(2.56)

2.2.2  Slug Stability

The stability of the slug flow can be described by investigating the transition to a stratified
flow from the slug flow region [Kristiansen (2004)]. Other studies using the slug stability
in terms of the criterion where the slug front should propagate with a velocity equal or
higher than the bubble front (Us=Uy) [Bendiksen and Espedal (1992)]. The criterion for
slug stability can be expressed by,

Usg — asUygs

Qap — O

U, = 2.57)
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Figure 2.4: Holdup equation from stratified flow model and slug flow model at constant Us,.

where
Usg — Uysa
SF=1--29_"9°° (2.58)
Up(ap, — as)
During the transition between the slug and stratified flow,
Syp=0 (2.59)

The transition of the flow pattern occurs when the slug fraction equals to zero at the point
of hold-up continuity (SF = 0). In practice, the transition point can be determined by
crossing lines between hold up lines from the stratified model and hold up lines from the
slug flow model shown in Fig. 2.4. For example, from the figure, it can be concluded that
the minimum holdup for slug flow occurs at Ug=0.4. Therefore for this case, the transition
velocity between stratified and slug flow occur at Ug=0.4 and Ug=0.7.

2.2.3 Annular Stability

Blocking of the gas phase by the liquid waves can promote a transition from annular flow
into a slug flow. This condition can result due to two different mechanisms:

o Instability of annular flow

e Spontaneous blockage due to axial transfer of liquid in the film when the wave
growth on the liquid film.

Both instability criterion, as well as the spontaneous blockage criterion should be solved
simultaneously to determine the transition. The dimensionless film thickness (§) can
achieved from the void fraction.

1

5= 5 (1 _ \/a) (2.60)
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2.2 Regime Transition Criteria

Substituting to annular holdup equation becomes,

Z = g(p1 — pg)Dsin(0) (2.61)
Y = Cip (Rey) ™" (Ug)* ™™ (2.62)

g1 — 9\ (s — 52 — Ly [ (1=20)
7 = Z(1—26)(6 — 6?) 557 [(552)2} (2.63)

For the first mechanism, the instability occurs when the film is flown backward thus the
liquid accumulates cause blockage of the gas in the core, resulting in a transition into
slug flow. The instability can be determined at the locus of minimum points which can
be calculated by differentiating Eq. 2.63 and equating it to zero to find minimum film
thickness (d;n) as shown in Fig. 2.5 . The differential equation result as follows:

1 [(6—62)+ (1—20)2

Z[(1—26)2—-2(6 -6 — o7 DL

=0 (2.64)

The film minimum thickness can be obtained for a certain value of Us, and Uy which
considered as the transition velocity. The second mechanism is the spontaneous blockage
that can occur when the liquid flow rates are relatively high, resulting in a thick liquid film
that is enough to make the wave growth. In this case, the transition to a slug flow may
result from the blockage of the gas phase due to a formation of a liquid bridge across the
pipe cross-sectional area that is caused by the large wave. The transition to slug flow will
develop at a certain value of a [Barnea (1986)].

o < 0.76 (2.65)

However, there are limitations to instability criterion. Fig. 2.5 shows the relationship
between the minimum of the curves, corresponding to several inclinations. From the fig-
ure, it can be seen that it is not possible to find the minimum point in the horizontal and
downward pipeline. Therefore, only the spontaneous blockage mechanisms can occur in
downward inclinations.

2.2.4 Dispersed-Bubble Flow

Several studies proposed different mechanisms for the transition boundary to dispersed-
bubble flow for different types of flow in horizontal flow and vertical flow. The unified
model combines mechanisms that suitable for a wide range of inclination angles. Barnea
(1986) suggested that the transition occurs due to two mechanisms:

1. Bubble agglomeration
2. Migration of bubbles to the upper part of the pipe (creaming).

For transition due to bubble agglomeration mechanism, Taitel et al. (1980) and Barnea
et al. (1982) proposed that the transition to dispersed-bubble flow may happen in the con-
tinuous liquid phase once the turbulent forces overcome surface tension forces to disperse

13
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Figure 2.5: Relationships between dimensionless interfacial shear stress (i) and dimensionless film
thickness with different inclination angle (¢) [Barnea (1986)].

the gas phase into small bubbles. Based on several studies, the relation for the maximum
stable diameter of the dispersed bubbles can be determined as follows [Hinze (1955);
Calderbank (1959); Barnea (1986)]:

dmaz = (0.725 + 4.15v/a)(a/p) () 704 (2.66)

where ¢ for turbulent pipe flow can be given by,

22 ;5
£=5 U, (2.67)
This equation is only applied to the dispersed bubble regime when the size of the bubble is
small and it prevents agglomeration. However, when the bubble’s size is large enough to
cause distortion, the agglomeration may be enhanced and the transition from the dispersed-
bubble flow may occur. In this condition, the critical size of the bubble (dcp) can be
estimated as [Barnea et al. (1982)]:

0.5
dep =2 [0'40] (2.68)
(o0 = pg)g
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2.2 Regime Transition Criteria

Thus, the transition boundary from the dispersed-bubble can be yielded when the djax
is substituted with dcp. In other meanings, the dispersed-bubble flow occurs when the
turbulent forces can break the bubbles into small bubbles with a diameter less than the
critical diameter [(Shoham, 2005)].

dyax < dcp (2.69)

The transition due to bubble creaming occurs as when the turbulent forces overcome the
buoyancy forces, dispersing the bubbles, and thus promote the dispersed-bubble flow. Op-
positely, the buoyancy forces cause the bubbles to be lifted and concentrated in the upper
part of the pipe (creaming), which leads to the transition to slug flow. This condition is
illustrated in Fig. 2.6. The unified model for the bubble creaming’s mechanism analysis

Figure 2.6: Illustration of forces that applied in the dispersed-bubble flow on a single bubble in an
inclined pipe with angle 8: buoyancy force (Fg) and turbulent force (Fr).

is performed on a single bubble with diameter of dg and this mechanism occurs when the
critical bubble size (dcg) is large enough to cause creaming. This critical bubble size value
can be estimated using the balance between the turbulent and buoyancy forces that can be
given as [Shoham (2005); Barnea (1986); Levich (1962)]:

wd3
Fg=(p — pg)gcoseTB (2.70)
1 ’ 7Td2
Fr = 3 oU QTB 2.71)
where the U’ can be estimated:
~ A\ 08
(072) ~ U* = U, <;) 2.72)

When the buoyancy force is higher than the turbulent force, the transition to the slug flow
may occur and the critical bubble diameter for this transition can be estimated and the final
criterion for this transition is given by,

3 Pl )\m U2

dop = = —HL_Zmom 273
“F 7 8 (o — pg) geosh @73)

dyax < dcs (2.74)
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Chapter 2. Basic Theory

2.3 Severe Slugging Model

Simplified mathematical models are formulated to simulate severe slugging in L shape
riser. Several important parameters such as pressure, friction, hold up, velocity, etc. are
calculated for stability criteria. This parameter is determined as an averaged value at the
base of the riser. The geometry and physical measures that will be used in the model are
illustrated in Fig. 2.7. The performance of the model has been verified from experimental
data on air-water in s-riser [Martins da Silva et al. (2010)]. The assumptions that used for
the model are:

e Isothermal pipeline-riser system
e Ideal gas
e Incompressible liquid

e Gas-liquid interaction is neglected.

Cvalve

r Lg, Friction, ag,

ZR

T. Pnormal

Figure 2.7: Severe slugging modelling variable.

2.3.1 Mass Balance for Riser

The pressure at the base of the riser can be determined using mass balance for the gas
phase.

dMgL _ dngLLA
dt dt

= Gy — Gyn (2.75)
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2.3 Severe Slugging Model

Assuming isothermal, R’ is a specific gas constant at a specified temperature (T) and
molecular weight (MW).

RT

r_
RiMW

(2.76)

Using an ideal gas assumption, the relationship between density and pressure can be de-
termined,

P=Rp 2.77)

The mass fluxes can be converted into pressure equation and the inlet flux is specified
using pressure at normal condition. The mass flux for the riser section has an unknown
variable (Ug ). It will be determined based on three state equation.

Prorma

GgL = AUsginpnormal = AUsgin R l (2.73)
P

G = Usgr Apy = Usgr Az 2.79)

The hold up in the line (Ly ) can be computed from the stratified flow model. However, for
considerably long pipeline cases the change of (L) due to liquid penetrating is small and
can be neglected. The pressure equation based on mass balance at the riser becomes,

dP
LLE = Usgz'nPnormal - UsgLP (280)

2.3.2 Momentum Balance for Riser

The mixture velocity (Up,) in the riser can be determined using a mixture model for mo-
mentum balance. By neglecting interaction between gas and liquid (F;), only mixture
gravity and wall friction that affect mixture velocities.

dL Apm Un

o = A(P — P,yt) — 7SLs — (Gravity)A — Y A (2.81)

The friction term can be calculated by the shear stress between mixture phase and wall.
The additional friction such as choke valve and stagnant friction is also included and ex-
plained in later section.

1
TSL, = 5ApLU2

ZR
A— 2.82
m D ( )
The friction factor for the mixture phase are calculated using Haaland’s equation men-
tioned in Eq. 2.12. The gravity term is determined from the pipeline liquid level (z; ) and
riser mixture level (zg). The density for the riser is calculated as a mixture phase (bubbly
flow) while for the pipeline as liquid phase (stratified flow).

(Gravity) = —p1gzr, sin(0) + pmgzr (2.83)

17



Chapter 2. Basic Theory

The mixture level for the riser can be determined from the holdup.
ZR = —ZL+(1 —aR)LR (2.84)

while the liquid level in the pipeline can be calculated from integrating the change between
mixture velocity in riser and liquid velocity in the pipeline. Some limitations are applied
to avoid the flow back to the pipeline from the riser. Therefore, the following equation is
applied for z;. < Oorz, =0.

dz L
dt
The length of the slug is calculated by considering level and mixture density. The mixture
density is calculated using the holdup.

=Unm — Usiin (285)

Lspm = —ZLpPIL + LRpm (286)
pm = arpgr + (1 — agr)p (2.87)

2.3.3 Holdup Equation

The phase fraction for both pipeline and riser can be determined using the volume balance.
There are 4 new variables (Uggr, Uger, Ugr, Ugr) that can determined using three state
equation.

dLRaR

dt = UsgL - Ung (2.88)
dLp(1 —«
e AT (2.89)
t
Assuming incompressible flow, the holdup equation in the riser becomes,
dLra
2 (};t L = UsgL — Ung —Uar +Usr (290)

2.3.4 Three State Equation

The three-state describe on Table. 2.1 and illustrated in Fig. 2.8. The first state is the
blowout which can be determined by positive Uy, and z;,. During the blowout, the gas is
penetrated through the riser. The pressure at the bottom of the riser will decrease and U,
spike during the blowout. The equation for the gas velocity during this state is determined
using slip relation [Bendiksen et al. (1991)].

U, = 1.2U,, +0.35(gD)%° (2.91)

The second state is the slug generation determined by positive Uy, and negative z; . During
slug generation, the liquid level in the pipeline is increasing due to Ugj;, higher than Uy,.
At the current condition, the pressure is build up at the base of the riser. The third state
is determined by negative Uy, and negative z;. This state is the opposite of the second
state where the Uy, going back to the pipeline. Therefore the equation is the same for both
states.

18



2.3 Severe Slugging Model

Figure 2.8: Severe slugging three-state model.

State | Up, 7L Usel Uar | Ugr | Ugr

1 Un>0 | z.=0 | Upn— Ugin | UsLin OéRUg Um_Ung
2 Up>0 | zz<0 | O Un | Un 0

3 Upn<0 [ 22<0 | O Un Un 0

Table 2.1: Severe slugging three-state equations

2.3.5 Additional Friction

Two additional frictions added for the momentum balance. The first one is friction to
damp out 7, oscillation during slug generation (state 2). A new variable is defined as level
velocity (Uyeyer) for the pipeline which is the difference between Uy, and Ugy,.

dz L
Ulevet = —— = Up — Ugiin 292
level =~ ! (2.92)
The damping factor can be calculated as a level velocity function for the additional friction
terms. K is the damping factor which in this case, the value 10 is enough to reduce the
7, oscillation but still give negligible value to affect momentum balance during blowout
(state 1).

1 z
=5 (K)pUf a5 (2.93)

Choking was found to be able to eliminate severe slugging by acting through backpres-
sure. Choking can also increase the cycle time by reducing blowout velocity from the
riser [Jansen et al. (1996)]. The additional friction from choke could make the system
more stable to an acceptable level of oscillation until almost no oscillation. Choking can
be implemented to momentum balance as an additional friction term. Choking can be
formulated as a mixture velocity function by implementing a simple choke valve equation.

Wout = Cvf\/ derop (2.94)
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while C, and f are valve constant and opening, respectively. The simple choke equation as
an additional friction term for momentum balance can be computed.

Py = Cval'ueU»ranL (2.95)

while Cy,ye could have specific value determined from type of valve, cross section and
opening for multiphase flow case.
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Chapter

Methodology

3.1 Numerical Method

In general, two main problems need to be solved: severe slugging stability map and flow
regime map. Both of the models need different approaches therefore they also need to be
solved separately.

3.1.1 Numerical Integration

The numerical integration is necessary to solve the differential equation in the severe slug-
ging model. Euler’s method is implemented for numerical integration to solve the first-
order differential equation. Therefore the slug initiation based on full liquid at the riser is
necessary to start the model. The initial values for several parameters are tabulated in Ta-
ble. 3.1 The results are then stored for each step (i) with total n steps. The equations that
need to be solved using this method are the pressure equation (mass balance), flow equa-
tion (momentum balance), holdup equation (volume balance), and liquid level equation.

Parameter Initial Value | Unit Note

PyR 1 kg/m’

Pm 1000 kg/m?3 | Full liquid in the riser

QR 0 - Full liquid in the riser

P 261865 Pa Full liquid in the riser

2r 0 m

ULevel 0 m/s

PgL 2.6 kg/m? | From P/R*

Usgboundary | 1 m/s Transition from Uy, > 1 m/s

Table 3.1: Initial values for numerical calculations.
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At

P(i+1) = P(z) + E(Usginpnormal - UsgL(z)P(z)) (31)

At (TSLS) i .
Um(i+1) = m((ﬂm — Pout) — T(z) — (Gravity) iy — ¥)) + Um) 3.2)

At
OR(i4+1) = E(USQL@) —Usgr(i) — Uairiy + Usir@)) + @r() (3.3)
2ri+1) = At(Um — Ustin) + 21(s) 34
At — time (3.5)
Nstep ’

3.1.2 Boolean Function

The boolean function is implemented to solve the three-state model. The function value
is based on the given statement. The value for true is 1 and the value for false is 0. The
function is useful for a certain case such as three state equations and friction model based
on the Reynolds number.

0(True) =1 (3.6)
0(False) =0 (3.7)
UsgL = (Um — Uslm)(;(Um > 0)5(ZL > 0) (3.8)

Uar = (Usiind(z1, > 0) + Up8(21, < 0)8(Up, > 0) + Up6(U,y, < 0) (3.9)
Usgr = (arUy6(21 > 0) + Upnd(zr, < 0))3(Up, > 0) + Upnd(Upy < 0)  (3.10)
Ugr = (Um — OZRUg)(s(Um > 0)5(2L > 0) 3.11)

3.1.3 Bisection method

The bisection method is a known numerical method used to find root from continuous
function. For severe slugging stability map application, the bisection method used to find
the Uy, inlet boundary (root) from stability function (continuous function). The iteration
begins with one Uy inlet and two initial values of Uy, inlet (U, inlet a and U inlet b) that
give two opposite signs for the output of the function. For the flow regime map application,
the bisection method used to find void fraction («) of stratified, slug, and bubble flow as
the root. The iteration is illustrated on Fig. 3.1 [Mathews et al. (2004)].

a = Usgin (312)
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b= Usgin + Usteps (313)

In the next step, a new input value can be defined from the middle point between a and b.
If the input c gives positive results then ¢ will be the new a and if negative ¢ will be the
new b. The iteration will continue until fgpiliy(c) gives the value near zero then ¢ can be
defined as the Uy, inlet boundary. The results of this method are a series of data of Uy
inlet versus Uy, inlet at slug boundary condition.

a+b
= 3.14
c 5 (3.14)
a = ¢* (fstavitity(c) > 0) (3.15)
b=cx (fstability(c) < O) (316)
(a. f(a))
/ y=flx)
(r,0)
f } .
a ¢ b
(e, fle)
(b. f(b))

Figure 3.1: Illustration of bisection method.

3.2 User’s Input

In this section, the initial value and user’s input for the GUI are described. The data for
the user’s input default value is tabulated on Table. 3.2. Both the flow regime maps and
the severe slugging model shared the same input.

3.3 Algorithms

In this section, the algorithms for the numerical calculations are described. In general,
it consists of the algorithms for the severe slugging stability map and flows regime map.
Both of them involves bisection method algorithm with purpose to find the exact value of
Uysg and Uy that the transition will occur.
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Parameter Default Value | Unit
ol 900 kg/m?
Dg 5 kg/m?
10 0.001 Pa.s
fhg 0.0001 Pa.s
R* 100000 J/kg
D 0.05 m
Surface tension | 0.05 Jkg
Roughness 0.0000025 m

Ly, 200 m

Lp 15 m
Angle (0) -5 -
Prormal 100000 Pa
P, 100000 Pa
Usgmin 0 m/s
Usgmaz 50 m/s
Cval’ue 0 -
Ntep 100 -

Table 3.2: GUI user’s input.

3.3.1 Severe Slugging Stability Map

The first step of the algorithm for severe slugging stability map shown in Fig. 3.2. For each
iteration, the results of pressure at the bottom of the riser (Pyiser) Will be stored as a list for
the stability calculation. The second step is to analyze the results for each combination of
Use and Uy of the severe slugging unit. The overall algorithm for the slug stability map is
shown in Fig.3.3. To achieve the result, the calculation is programmed to solve the severe
slugging model for each combination of Uy and Uy. Therefore, the bisection method is
used to find the exact value of Uy and Uy that can determine stable-unstable criteria. The
algorithm for the bisection method is shown in Fig.3.4.

3.3.2 Flow Regime Map

For the flow regime map, the main iteration to find a combination of U, and Uy is iden-
tical. The difference can be found for each transition model that has unique transition
criteria such as a dispersed bubble. The first step of the algorithm begins with the holdup
equation either for the slug, annular, or stratified flow using the bisection method shown in
Fig. 3.5. In this case, the method is used to find void fraction («) at certain combination of
Usg and Uy, The second step is to check every combination of user-specified U, and Uy
that the transition will occur. For example, the input is U, at the range from 0 to 100 m/s
and the result will be Uy at transition line within 0 to 10. Both of the algorithms shown in
Fig. 3.6 and Fig. 3.7.
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Start

Severe Slugging

Y

Initial Value (ex: Um)
Input (b or ¢)
n=0

Usg=borc

Severe slugging equations P riser (n)
n=n+1

Stability aquations
Fb or Fe

End
Severe Slugging

Figure 3.2: A unit of severe slugging iteration for each Uy, and Uy;.
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Input (e Usl max)
n=0

N n=n+ Usl step
b = Usg min
a=bh
— b =b+ Usg step
Severe slugging Iteration

Bisection method iteration
Usl Transition (n)

|

Usl Transition (n) =n

Usg Transition (n)
Usl Transition (n})

True

n = nmax

Figure 3.3: Overall iteration to find each of Uy, and Uy at stable-unstable transition for severe
slugging.

26



3.3 Algorithms

Start
Bisection Method

Input: Tolerance (Tel)

Z=b-a
True
Z < Tol
False
c=(b-a)l2+a
Severe Slugging Flowsheet
Fc
True
False
b=c

f_‘%

Usg Transition =c

End

Bisection Method

Figure 3.4: Bisection method iteration to find the root (Us) that will give the value of F near zero.
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Start
Bisection for a

Initial value: a, dx

a=a+dx
b=a-dx
Holdup Equation

False

Z=b-a

True

Z = Tol

4 False

Y

c=(b-a)/l2+a
Holdup Equation
Fc

Figure 3.5: Bisection method iteration to find the root («) that will give the value of error from

holdup equation near zero.

False True

End

Bisection for a
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Start
Usl Transition Iteraticl

Input: Lowerbound,
Higherbound,
Tolerance

Z = Lowerbound - Higherbound
Usl = {Lowerbound +
Higherbound)/2

False

Lowerbound = Us| bisectvoid for a

False

Higherbound = Usl

Usl Transition = Usl

End

Usl Transition lteratio

Figure 3.6: Iteration to find Uy based on criteria from selected flow regime for each value of Us,.
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Start
Usg Transition
lteration

Input: Usg max, step
n=0

n=n+1
Usg = n*Usgstep

Usg transition (n)

Usl Transition Iteration Us! transition (n)

End
Usg Transition
Iteration

Figure 3.7: Overall iteration to find each of U, and Uy at selected flow regime transition.
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Discussion and Analysis

In this section, the final design of the Graphical User Interface (GUI), and the result of the
flow regime map and severe slugging stability map will be discussed. The sensitivity anal-
ysis was conducted for several chosen factors to observe their effect on the flow patterns
transition through the flow regime maps.

4.1 Graphical User Interface

The graphical user interface (GUI) for the model is shown in Fig. 4.1. The GUI has been
made in python using the Tkinter library and the plot using the Matplotlib library. The
GUI is divided into two main features that consist of a flow map and a holdup curve. The
resulting plot can show the selected transition line from the data storage up to two-curve
for each plot. For example, the left-hand side plot is the result of the transition map for
severe slugging stability, bubble-dispersed transition, and annular stability. The purpose
of this feature is to compare the selected stability curve at a different velocity. The middle
and right-hand side plot is a holdup equation for the selected flow regime and velocity.
The purpose of the export command is to store the data to an excel file for further analysis.

4.2 Severe Slugging Model

The results of the model show that it can simulate the three-state model of severe slugging
for the riser-pipeline system. Fig. 4.2, Fig. 4.3, Fig. 4.4 shows the result of the pressure
(P), mixture velocity in the riser (Uy,), and Holdup behaviors in time for specific inlet
velocity. The model allows the to distinguish between slug generation, gas compression,
and blowout. During slug generation, the liquid accumulates the riser which causes the
pressure and holdup increase while the top of the riser does not produce any liquid or
gas (Uy, = 0). After the holdup is maximum (H=1), the gas continues to compress at the
bottom of the riser until it reaches the maximum pressure (1.9 to 2.65 bar). The next stage
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Iransition Map

- @
Liquid Density kg/m3
Gas Density |5 kg/m3 .
Liquid Viscosity |0.001 Pas a9 { T Gt b
Gas Viscosity |0.0001 Pas -
Surface Tension |0.05 N/m 10 5 08 g
z H
Diameter  |0.05 m 3 %os
Roughness  |0.000025 m 5 H
fom P A H % 05
ngle %0 10° Sas 5
Line length (200 m k] 2.
Riserlength |15 m — Annular Stabily =
Pout 100000 Pa Bubble Stabilty /
10 —— Severe Slugging 03
Gas Constant 100000 Jkg
10° 100 05 10 15 20 05 10 15 20
Pnormal  [100000 Pa . Usq (mis) Ust (mis)
Valve Constant [0 ©
Usgmin |2 m/s Usl max (slug) [2 m/s Constant Usl  [1 m/s  ConstantUsg |1 m/s
Usgmax |50 m/s Curve 1 (blue) Flow Regime (blue) |Stratified | Flow Regime (blue) |Stratified v
Nstep  [100 - Curve2(red) Bubble test v Flow Regime (red)  [Slug | FlowRegime (red) [Slug v
Export Plot 1 Plot Slug Plot2 Plot 3

Figure 4.1: Graphical user interface (GUI) result from the model on default value input

is the blowout as the pressure and holdup decrease (1.4 to 1.9 bar increase) followed by an
acceleration of the liquid.

2.5

1.5
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Time (s)

Figure 4.2: Pressure at the bottom of the riser versus time at Uy, = 0.5 m/s, Ug = 0.3 m/s
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Figure 4.3: Mixture velocity at the riser versus time
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Figure 4.4: Holdup at the riser versus time

4.3 Severe Slugging Stability Criterion

Statistical analysis was formulated to determine severe slugging boundaries. The transition
between stable and unstable flow occurred during the increasing of the superficial velocity
of the liquid inlet (Ugj;,) to solve the superficial velocity of the gas inlet (Uggn). The series
of data of pressure for each time calculated from the severe slugging model was used for
this analysis. Response time is necessary to consider to avoid taking transient conditions
from severe slugging initiation. Therefore, the data used for this analysis is for half end, by
assuming a steady-state has been reached (Phyfeng). The criteria for stable flow are defined
by the value of Fstability-

X = [P(n/Q)v P(n/2+1)7 ...... s P(n)] 4.1
maz(X)

Forapitity = ———— — 1 4.2

tability mean(X) (4.2)

The result from the stability function will give the value positive for severe slugging, neg-
ative for steady-state, and near-zero at boundary condition. Stability tolerance (ST) is
defined as a boundary condition between steady-state and severe slugging. In this case, a
10% offset of pressure oscillation is acceptable as a boundary condition shown in g 45.

4.4 Flow Regime Maps

The result of the flow regime map that has been developed from the calculation for default
value input shown in gjg 46. There are several types of flow regimes that can occur. It
may depend on several factors such as flow rate of gas and liquid, the geometry of the pipe
(diameter, inclination, and wall wetting), fluid properties (density, viscosity, and surface
tension), and the system (pipe length and inlet conditions/flow development). As mention
before, the input of the simulation involves fluid properties which could change by pressure
oscillation in the system. Therefore sensitivity analysis of density, pipe inclination and
viscosity is made.
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Figure 4.6: Flow regime map result at the default value (see Chapter. 3)

4.4.1 Effect of Pipe Inclination

The simulation was conducted to study the effect of pipe inclination on the transition of
flow regimes by using two different negative angles. The results are shown in Fig. 4.7.
The results show that at a higher downward inclination, it is observed that the stratified
region is increasing while the slug region is decreasing. This condition may occur as the
liquid move faster at the downward inclination, resulting in a lower level of height so
that it requires a higher gas and liquid flow rates to obtain and keep the transition from
stratified to slug flow. Thus, it is expected that as the pipe is shifted downwards, the slug
region is decreasing [Kristiansen (2004)]. The effect of the pipe inclination is large at
the lower superficial gas velocity. This observation was agreed with a previous study by
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Kristiansen (2004) that the small changes in the pipe inclination may have a large effect on
the stratified-slug flow pattern transition, that are only observable at low gas flow rates at
which the gravitational effects are dominating. He also stated that for negative pipe angles,
there will be an increased tendency towards liquid stratification as the result of the gravity
forces that work in the same direction as the flow and it requires a higher liquid flow rate
to form slug flow.
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Figure 4.7: The effect of different pipe inclinations on the flow regimes in the pipeline

4.4.2 Effect of Density

The second factor that was chosen to be observed was the changes in different densities of
the gas phase, both in the pipeline and the riser case. For the pipeline, the flow regimes
were analyzed for stratified and slug flow while for the riser, annular and dispersed bubble
flow were observed. Their effects on the flow patterns can be seen in Fig. 4.8 and Fig. 4.9.

The simulation result for changing the gas densities in the pipeline at (=-1) pipe inclination
was observed that at the lower gas flow rate, the increase of gas density could decrease the
stratified flow region while the slug region remained the same. However, at the higher
gas flow rate, the slug region tended to reduce for a higher gas density. This condition is
expected as the higher gas density may increase the drag between the gas and liquid phase,
resulting in less hold-up in the pipe and thus decrease the tendency to slugging, and this
was observed at high pressure.

On the other hand, the simulation for the flow pattern transition in the riser with the same
different gas densities showed that the dispersed bubble region remained the same for two
different gas densities while the annular flow region tended to increase as the increase of
the gas density that can be observed at the higher gas flow rates.
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Figure 4.9: The effect of different gas densities on the flow regimes in the riser at §=90

4.4.3 Effect of Viscosity

The effect of changes in gas viscosity on the flow regime transitions was analyzed by do-
ing the simulations for two different values of gas viscosity in the riser as well as in the
pipeline. The results are presented in Fig. 4.10 and Fig. 4.11.

The simulation for the riser showed that the dispersed bubble flow regime did not change
for different gas viscosity at any gas flow rate. On the other hand, the effect was observed
for the annular regime at higher gas flow rates that the annular region increased at a higher
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Figure 4.11: The effect of different gas viscosity on the flow regime in the pipeline at f=-1

gas viscosity. For the pipeline simulation, at the lower gas flow rate, the stratified region
rose as the gas viscosity increased. However, the slug region tended to slightly decrease at
the higher gas viscosity and lower gas velocity.

The results for the effect of different liquid viscosity are presented in Fig. 4.12 and Fig.
4.13 in the riser and pipeline, respectively. In general, the simulations showed the oppo-
site conditions compared to the gas viscosity effect. In the riser, the higher liquid viscosity
could slightly decrease the annular flow region at the higher gas flow rate while at the
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Figure 4.13: The effect of different liquid viscosity on the flow regime in the pipeline at 6=-1

lower gas flow rate, it slightly increase the dispersed bubble region. For the pipeline, the
stratified region slowly began to reduce towards the higher gas velocity with the increasing
of liquid viscosity but the slug region increased for the higher liquid viscosity.

An increase in the liquid viscosity increases the stability of the interface in stratified flow,
causing the transition from stratified flow to slug flow to occur at higher liquid flow rates.
The higher critical Uy for high liquid viscosity reflects the increased resistance of the wall
to the liquid flow for a given Uy,. This indicates that increasing the liquid viscosity also
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4.5 Severe Slugging Stability Map

increases both the liquid wall shear stress and the interface shear stress. Increasing the
viscosity have the same effect as reducing the Reynolds number proclaimed in the equa-
tion which increases pipe wall friction. For stratified flow, only the liquid friction terms in
the holdup equation are affected, yielding a negative effect on the liquid holdup for given
conditions.

4.5 Severe Slugging Stability Map

The stability map is conducted to distinguish the regions between severe slugging and
steady-state regions. The comparison for the pipeline is presented in Fig. 4.14. The area
above the left-hand side severe slugging stability line is the unstable region while on the
right-hand side is the stable region. It is shown that a partial region of an unstable state is
inside the annular flow and dispersed bubble flow regime. In this region, liquid build up
in the riser that could lead to severe slugging does not occur. This can be proven by the
ability of gas penetration through the riser under annular flow or dispersed bubble.
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Figure 4.14: Comparison of severe slugging stability map with the flow regime in the riser (6=90)

The comparison for the pipeline is presented in Fig. 4.15. It is shown that a partial re-
gion of the unstable state is inside non-stratified flow in the pipeline. In this region, severe
slugging type I (slug length equals to the length of the riser) does not occur. To put the
system under severe slugging type I, an accumulation of a sufficient amount of liquid at the
riser base is necessary to create a full blockage. There is a possibility of severe slugging
type II (slug length less than the length of the riser) occurrence under the slug flow region
in the pipeline and unstable region. Severe slugging type II is qualitatively have shorter
oscillation than type 1. During the severe slugging type II, some of the gas penetrated at
the riser base which led to smaller pressure oscillation. The model of severe slugging in
this work is limited to full blockage at the riser base (type I), therefore it is not possible to
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simulate severe slugging type II stability.
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Chapter

Conclusion

The project aims to design the Graphical User Interface (GUI) in order to generate the
severe slugging stability map and sever slugging generating map. Based on the results of
the project, several points can be concluded as follows:

1. The simplified mathematical model is able to simulate the severe slugging condi-
tions.

2. Flow transition criteria is able to simulate flow regime map.

3. The Graphical User Interface (GUI) of the selected model has been implemented
using Python.

4. The GUI has three main features that consist of results plot, flow regime map and
severe slugging transition map.

In the end, the final design of the GUI can be constructed for the simple flow line-riser
system that is useful to avoid an operational problem caused by severe slugging. How-
ever, there is always a limitation in the design such as the fluid properties change due to
pressure oscillation that supposes to be taken into consideration the results. The model of
severe slugging is also limited to full blockage at the base riser, while other types of severe
slugging can also occur. This point can be useful for further work to design a better model
and more accurate results.
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Appendix

This appendix includes the python script for void fraction calculation, severe slugging
model and transition velocity calculation. The script for the void fraction are presented
for slug flow, annular flow, bubble flow and stratified flow. For the transition map, the
slug flow stability will be used as an example to represent bisection method and velocity
calculation script.

5.1 Void Fraction Calculation

5.1.1 Annular Flow

def annular () :
global Y, Z, voidannular, alfa_check, void_min

#Velocity

alfa = alfa_annular
alfa_check=alfa
U_1=U_sl/(l-alfa)
U_g=U_sg/alfa

#Geometry

S_l=diameterxpi
S_i=diameterxpi* (alfa)**(1/2)
d_f=(diameter/2)x (1l-alfa**(1/2))
Dh_1= (4% (l-alfa)=*A)/S_1
Dh_g=diameter-2xd_£f

#Friction
N_re_l=rho_l*abs(U_1)+Dh_1/vis_1
N_re_g=rho_g*abs (U_g) *Dh_g/vis_g

if N_re_g>4000:
C_g=0.046
n_g=0.2

else:
C_g=16
n_g=1

if N_re 1>4000:
C_1=0.0406
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n_1=0.2
else:

C_1=16

n_1=1

lambda_1l blasius=C_l1*N_re_ l*#*(-n_1)
lambda_g_blasius=C_1xN_re_g*x* (-n_g)
lambda_g=lambda_g_blasius
lambda_l=lambda_1l_blasius
lambda_i=lambda_gx* (1+150% (1-alfax*1/2))

F w=(1/2)*rho_l*lambda_lxabs (U_1)*U_1xS_1/ (A7)
F_i=(1/2) *rho_g*lambda_ixabs (U_g)» (U_g) *S_1i/ (A)
#Gravity

G_l=rho_lxg*sin (phi)

G_g=rho_g+*g+*sin (phi)

#Holdup equation
voidannular=-F_w/ (1-alfa)+F_1i*x(1/(l-alfa)+(1/alfa))
-(G_1-G_qg)

void_min=g* (rho_l-rho_g)+~diameter*sin (phi/2)
*x (3xalfa/2-1)-1/16%C_lxrho_1l* (rho_l1%Dh_1/vis_1)**(-n_1)
* (U_sl)x*x(2-n_1)x ((1/2+43xalfa/4)/(1/2-alfa/4) **3)

5.1.2 Stratified Flow

def stratified():
global void_strat, U_gTD, U_g, h_1, U_gKH, Usl_limit

#Geometry

theta=pi* (l-alfa)+ (3xpi/2)*(1-2*(l-alfa)+(l-alfa)
*x(1/3)—alfa**(1/3))
h_l=diameter= (1-cos (theta)) /2

S_l=thetaxdiameter
S_g=pixdiameter-S_1
S_i=diameter*sin (theta)

Dh_1=(4x(l-alfa)«A)/S_1
Dh_g= (4% (alfa)~*A)/(S_g+S_1i)

#Flow
U_1=U_sl/(l-alfa)
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U_g=U_sg/alfa

#Taitel Duckler

C_2=1-h_1l/diameter

A_g=alfax*A

U_gTD=C_2+* (g* (rho_l-rho_g) *A_g=*cos (phi) / (rho_g*S_1))
*%0.5

N_re_l=rho_l*abs(U_1l)*Dh_1/vis_1
N_re_g=rho_g*abs (U_g) *Dh_g/vis_g

#Friction Haaland (page 45)
lambda_1l_haaland=(1/(1.8xlog((6.9/N_re_1)+
(eps/ (3.7+«Dh_1))**1.11))) x*2
lambda_g_haaland=(1/(1.8%log((6.9/N_re_g)+
(eps/ (3.7+Dh_g) ) **1.11))) x*2

lambda_g=max (lambda_g_haaland, 64/N_re_g)
lambda_l=max (lambda_1l_haaland, 64/N_re_1)

lambda_i_haaland=lambda_g
lambda_i=(lambda_i_haaland)

F_l=rho_lxlambda_lx*abs (U_1)*U_1%S_1/(8*A)
F_g=rho_g*lambda_g=*abs (U_g) U _g*S_g/ (8%A)
F_i=rho_gxlambda_ix*abs (U_g-U_1) * (U_g-U_1) «S_1/ (8*A)

#Gravity
G_l=(1l-alfa)*rho_lxg*sin (phi)
G_g=alfaxrho_gx*g*sin (phi)

#Holdup equation

void_strat=F_i+(l-alfa)+F_g-alfaxF_l-alfax(l-alfa)
*sin (phi) % (rho_l-rho_g)

5.1.3 Bubble Flow

def bubble() :
global d_max, d_cb, d_cd, check_null, alfa

U_m=U_s1+U_sg
alfa=U_sg/U_m

rho_m=alfaxrho_g+(l-alfa)*rho_1
vis_m=alfa*vis_g+(l-alfa)x*vis_1




N_re_m=rho_m=*abs (U_m) xdiameter/vis_m

if N_re_m>4000:
C_m=0.046
n_m=0.2
else:
C_m=16
n_m=1

lambda_m_blasius=C_m*N_re m*#* (-n_m)
lambda_m=lambda_m_blasius
epsilon=2+lambda_m+U_mx+3/diameter

d_max=(0.725+4.15+xalfax+0.5) x (sigma/rho_1)
*%0.6* (epsilon)*xx-0.4

d_cd=2* (0.4*sigma/ ( (rho_l-rho_g) *g))**0.5
d_cb=(3/8)* (rho_1/ (rho_l-rho_g))

* (lambda_m+U_mx*2) / (gxcos (phi))

#fthere are 2 other equation

A=1.53«% (gxsigmax* (rho_l-rho_g) /rho_1*%2)**(1/4)
* (l-alfa)*%x0.5xsin (phi)

B=U_sg/alfa-1.2+U_m

check_null=A-B

5.1.4 Slug Flow

def slug{():
global H_slug, SF, U_t, U_gs, U_ls, alfa_s

#void fraction slug
alfa_s= (U_sg+U_sl)/ (83*(gxsigma/rho_1)
*%0.25+(U_sg+U_sl))

#slip relation

S D=(l-alfa_s)/(0.95-alfa_s) #distribution
U_os=1.18* (g*sigma= (rho_l-rho_g) /rho_l**2)
*x(1/4)*(1l-alfa_s)**(1/2)#rising velocity of gas
U_1ls=((U_sg+U_sl)-S_D=*alfa_sxU_os)/
(alfa_s*(S_D-1)+1)

U_gs=S_Dx* (U_1ls+U_os)
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U_ov=0.35% (gxdiameter* (rho_l-rho_g) /rho_1) ** (1/2)
U_oh=0.54+* (gxdiameter* (rho_l-rho_g) /rho_1)** (1/2)

Fr_1im=3.6
Fr=(U_sg+U_sl)/ (gxdiameter
* (rho_l-rho_g) /rho_1)*x0.5

_o_1
_o_1
_b_1

1.05+0.15% (sin(phi) ) **2
—-U_ov+*sin (phi)+U_ohxcos (phi)
C_o_1%(U_sg+tU_sl)+U_o_1

(el eiNe!

1.2
—-U_ov+*sin (phi)
C_o_2%(U_sg+tU_sl)+U_o_2

(e eiNe]

_0_2
_o_2
b 2

U_b=max (U_b_1, U_b_2)
U_t=U_b

#find alfa_b from stratified holdup equation
bisectvoid_bubble_slug()

#bubble velocity
U_gb=U_t-(alfa_s/alfa_b)* (U_t-U_gs)
U_lb=U_t-((l-alfa_s)/(l-alfa_b))*(U_t-U_1ls)

#slug geometry
SF=1-(U_sg-U_gs*alfa_s)/ (U_tx(alfa_b-alfa_s))
H_slug=SFx(l-alfa_s)+(1-SF)*(l-alfa_b)

5.2 Transition Map

In this chapter only bisection method for slug flow script will be presented. For other flow
regime transition such as stratified stability, the calculation routine that need to be change
are criteria to determine Uy during transition.

5.2.1 Bisection Method

def bisectvoid_strat () :
global alfa
data ()
x=0.5
dx=diameter/10
tol=le-5
a=x-dx
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alfa=a

stratified()

fa=void_strat

b=x+dx

alfa=b

stratified()

fb=void_strat

count=0

countmax=100

while (fa > 0)==(fb > 0):
count=count+1
dx=dx*2
a=x—-dx
a=max (a, le-06)
alfa=a
stratified()
fa=void_strat
if (fa > 0)!'=(fb > 0):

break
if count>=countmax:
break

b=x+dx
b=min (0.99999, b)
alfa=b
stratified()
fb=void_strat

count=0

while abs(b-a) > 2.0xtolxmax(abs(b),1.0):
c=a+0.5* (b-a)
alfa=c
stratified()
fc=void_strat
count=count+1

if (fb > 0)==(fc > 0):
b=c
fb=fc

else:
a=c
fa=fc

if count>=countmax:
break

alfa=b

5.2.2 Velocity Calculation
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def test_bendiksen_espedal_1(): #4 (SF=0)
global lowerbound, higherbound, U_sl

Accuracy=le-5
lowerbound=Usl_min_input
higherbound=5
countmax=100
count=0
while ((higherbound - lowerbound) > Accuracy ):
count=count+1l
U_sl= 0.5 (lowerbound+higherbound)
slug ()
bisectvoid_strat ()
H_strat=l-alfa
if count>=countmax:
break
if H_slug>=H_strat: #no slug
lowerbound=U_s1
else:
higherbound=U_sl

def maptrans_bendiksen_espedal_1(): #4
global bendiksen_1_Usl, bendiksen_1_Usg, U_sg
data ()

bendiksen_1_Usg=[0]*Usg_step_input
bendiksen_1_Usl=[0]*Usg_step_input
dx= (Usg_max_input-Usg_min_input) /Usg_step_input
U_sg=Usg_min_input
for i in range (0, nstep) :
U_sg=U_sg+dx
test_bendiksen_espedal_1()
U_sl= 0.5 (lowerbound+higherbound)
if U_s1<0:
bendiksen_1_Usl[i]=0
else:
bendiksen_1_Usl[i]=U_sl
bendiksen_1_Usg[i]=U_sg

5.3 Severe Slugging Stability
5.3.1 Severe Slugging Unit
def slug_boundary() :

global p_max_ratio, usg_r_max, usl_r_max
data ()
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Nstep=30000

DeltaT=0.01
p_res_boundary=[0] *Nstep
usg_r_res=[0]*Nstep
usl_r_res=[0]xNstep

#pipe geometry
D=diameter
A=pi+Dx*xx2/4
sinangle=sin (phi)

#Properties
Lambda=0.05
Rog_r=rho_g
Rol=rho_1
visl=vis_1

#Slip
S=1.2
uo=0.35xsqgrt (9.81xD)

#Initial value
Rom=Rol

alfa_r=0
p=p_out+Rom*9.81xL_r
p_bend=p_out
z=0.0001

U_level=0

Ug_r=0
Um=Uslin_boundary
Rog_1l=p/RT

for i in range (0,Nstep) :
#Start SlugStep

#Friction
Re=Rolxabs (Um) *xD/visl

#Friction Haaland (page 45)
lambda_haaland=(1/(1.8*1log((6.9/Re)
+(eps/ (3.7+D))**x1.11))) %2

#Friction Blasius

lambda_blasius=0.046% (Re)**0.2
lambda_blasius=max (lambda_blasius, 64/Re)
#Friction Moody
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lambda_moody=0.0055* (1+ (2*x1ed« (eps/D)
+1le6/Re) x* (1/3))
lambda_moody=max (lambda_moody, 64 /Re)

Lambda=lambda_haaland#x* (fric==2)
+lambda_blasius
* (fric==1)+lambda_moodyx* (fric==0)

Fric=0.5xLambda*xRol+«Umxabs (Um)
*(—z+(l-alfa_r)*L_r)/D

Lambda_stagnant=10
Fric_stagnant=0.5*Lambda_stagnant+«Rol*U_level
*abs (U_level) x (-z+(l-alfa_r)+L_r) /D

#Valve Friction
Fric_valve=without_pid«Rol+Um*xabs (Um)

Fric=Fric+Fric_stagnant

#Gravity

Grav_1=-Rolx9.81lxabs (z*sinangle)
Grav_r=Rom*9.81+L_r
Grav=Grav_1+Grav_r

#Simplification Variable (1)
LRo=-z*Rol+IL_r=*Rom

#U’s Value

Um_old=Um
Um=Um_old+DeltaTx ( (p-p_out)-Fric-Grav
-Fric_valve) /LRo

Ug_r=S*Um+uo

Usg_l=(Um-Uslin_boundary) = (Un>0) % (z>0)
Usl_1=(Uslin_boundary=* (z>0)

+Um* (z<0) ) * (Um>0) +Um=* (Um<0)
Usg_r=(alfa_rxUg_r* (z>0)

+Umx* (z<0) ) * (Um>0) +Um= (Um<0)
Usl_r=(Um-alfa_rxUg_r)* (Um>0) * (z>0)

U=Usg_1-Usg_r-Usl_1+Usl_r

#Alfa Value
alfa_r_old=alfa_r
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alfa _r=alfa_r_o0ld+0.5xDeltaT*U/ (-z+L_r)

alfa_r=max(0,alfa_r)
alfa_r=min(l,alfa_r)

#Gas Properties
Rog_1=p/RT

#Real Volume
L_g=L_1+z

#Level

U_level=(-Uslin_boundary+Um)

z_old=z

z=z_0ld+DeltaTxU_level
dHdt=((l-alfa_r)-(l-alfa_r_old))/DeltaT
z=(z<0) xz+ (z>0) xEPS
U_level=U_level* (z<0)

#Pressure Value

p_old=p

p=p_old+DeltaT* (Usgin_boundary
*Pnormal-Usg_l*p_old)/L_g-DeltaT
* (p_old*U_level) /L_g

#Mixture Density

Rog_r=Rog_1

Rom=alfa_r+*Rog_r+(l-alfa_r)*Rol

p_res_boundary[i]=p

usg_r_res[i]=Usg_r

usl_r_res[i]=Usl_r
p_res_half_mean=statistics.mean
(p_res_boundary[12500:2500017)
p_max_ratio=max (p_res_boundary[12500:250007)
/p_res_half_mean-1
usg_r_max=max (usg_r_res[10000:300007)
usl_r max=max(usl_r_ res[10000:30000])

5.3.2 Bisection Method

def boundary() :
global transition_Usg, transition_Usl, Usgin_boundary,
Uslin_boundary, nUsl_lines
#start
nUsl_lines=10
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Usl_step=(10-0)/10
Usg_step=1
Usl_boundary=0
transition _Usg=[0]*nUsl_lines
transition_Usl=[0]*nUsl_lines
for n in range (0,nUsl_lines):
Usl_boundary=Usl_boundary+Usl_step
tol=0.01
Usg_arg=1
dUsg_arg=Usg_step
Usl_arg=Usl_boundary
countMax=20
c=0
dx=dUsg_arg
x=Usg_arg
a=x
Usgin_boundary=a
Uslin_boundary=Usl_arg
slug_boundary ()
fa=p_max_ratio-0.1
b=x+dx
Usgin_boundary=b
Uslin_boundary=Usl_arg
slug_boundary ()
fb=p_max_ratio-0.1
count=0
while (fa>0)==(fb>0):
a=b
b=b+dx
Usgin_boundary=b
Uslin_boundary=Usl_arg
slug_boundary ()
fb=p_max_ratio-0.1
if (fa>0) !'=(£fb>0):
break
count=count+1
if (count>countMax) :
break
count=0

while abs (b-a)>2*tol*max (abs(b),1):

c=a+0.5% (b—-a)
Usgin_boundary=c
Uslin_boundary=Usl_arg
slug_boundary ()
fc=p_max_ratio-0.1
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if (fb>0)==(fc>0):
b=c
fb=fc
else:
a=c
fa=fc
count=count+1
if (count>countMax) :
break
Usg_boundary=c
transition_Usg[n]=Usg_boundary
transition_Usl[n]=Usl_boundary
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