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Abstract

In this thesis, a 7-field Lagrangian slug capturing and slug tracking model with higher order
methods and an adaptive grid is investigated for predicting the behaviour of two-phase gas-
liquid flow in multiphase flow pipelines. The model is capable of simulating both
compressible and incompressible slugs, and pigs. The model has the possibility to simulate
gas-liquid flow, including a liquid droplet field in the gas and entrained gas in the liquid.
Walls consisting of multiple layers of different materials can be added to the pipes, and the
energy equations for both the pipe walls and the fluids are solved. The mass, momentum and
energy equations are solved in an iterative manner. Several additional tools and features have
also been developed, like a steady state solver for the velocity, holdup, pressure and
temperature, a unit-cell model which can be used as a standalone tool or as a sub-grid model
in the dynamic model, fully period boundary conditions, curved pipe geometry, usage of
tabulated PVT-files, and modelling of interfacial mass transfer. Higher order schemes are
available for both spatial and temporal discretization. Different details in the two-fluid model
have also been investigated, amongst other how to handle changes in the pipe cross-sectional
area correctly for the border movement and level gradient. It is also shown how the upwind
velocity must be modified by scaling factors to obtain the correct Bernoulli effect in the case
of incompressible flow.

The work resulted in four papers. In Paper 1 the model was tested against large scale
experimental data, and was shown to give good predictions of the slugging periods after
including a liquid droplet field and including the separator in the simulations. In Paper 3 the
slug capturing capabilities of the model are tested against experimental data from a medium
scale flow loop, related to a project investigating cleaning of water distribution systems by
use of slug flow. Paper 2 investigate the ability of higher order spatial and temporal schemes
in detecting ill-posedness in the two-fluid model. Paper 4 is a continuation of Paper 2, and
analyse the accuracy, stability and damping properties of different time integration schemes

for the two-fluid model.
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1 Introduction

In the petroleum industry, multiphase flow occurs when transporting oil and gas (and possibly
water) in the same pipe through long multiphase pipeline systems. The behaviour of the flow
can take many forms (flow patterns), depending on several parameters like fluid velocities,
pipe diameter, pipe inclination, and the fluid properties. The fluid properties are again
dependent on the pressure and temperature in the system, especially the gas density and the
fluid viscosity. Certain flow patterns can cause significantly reduced production, or even such
operational challenges that the pipeline must be abandoned. It is therefore of crucial
importance to be able to predict the behaviour of the flow when investigating how to design
the pipeline. The simplest of the flow patterns is stratified smooth flow, where the gas and
liquid are separated by a clear and flat interface. Increasing the fluid velocities will increase
the interfacial friction between the phases and result in waves forming on the interface. This
flow pattern is referred to as stratified wavy flow. Depending on the conditions, these waves
might become unstable, and grow large until they bridge the entire pipe cross-section and
create a liquid plug. The gas pressure can then build up behind the liquid plug and accelerate
it to high velocities through the pipe. This flow pattern is called hydrodynamic slug flow
(sometimes just referred to as slug flow), and consists of alternating gas regions (Taylor
bubbles) and liquid plugs (slugs). Such slugs results in increased wall friction and pressure
loss, decreased production, and might even cause mechanical damage to the pipes. When a
liquid blockage of the pipe cross-section occurs because of the pipe geometry, the flow is
referred to as terrain slugging. Liquid then typically accumulates in low-points due to the pipe
elevation. When liquid slugs accumulate at the bottom of a riser, the slug might grow
depending on the gas velocity and upstream gas compressibility. When the pressure
overcomes the hydrostatic pressure of the liquid in the riser, the gas will start to push the slug
through the riser, and when the Taylor bubble enters the riser the slug is violently blown out.
This type of slugging is called severe slugging, or riser-induced slugging. It is important to be
able to predict the frequency and liquid volume of such severe slugs, especially for the design
of slug catchers in receiving facilities so that they are not overfilled.

For a slug being pushed from the left to the right by the preceding Taylor bubble, the velocity
of the left end of the slug (bubble nose) will be that of the nose of the Taylor bubble. The right



end of the slug typically absorbs liquid (slug front) from the liquid below the upstream Taylor
bubble, but this depends on several parameters like the difference in liquid velocity between
the slug and the film below the Taylor bubble. It might happen that both ends of a slug are
fronts absorbing liquid, or both ends might be Taylor-bubble noses. Empirical correlations to
predict the velocity of a Taylor bubble nose has been extensively investigated; see for
instance [1-6]. When simulating gas-liquid flow in petroleum pipelines, the so-called two-
fluid model is used [7, 8]. This is a one-dimensional model, which is a result of averaging the
three-dimensional Navier-Stokes equations since a full three-dimensional simulation of a
pipeline would take an unreasonably long time. In the two-fluid model the slug velocity is a
result of a combined effect of amongst others friction models and the numerical scheme.
Previous work ([9]) has shown how the interfacial friction model in the commercial simulator
LedaFlow ([10, 11]) had to be tuned at high holdup values to obtain slug velocities that

corresponds with the aforementioned well-established slug velocity correlations.

This study is an extension of the work of Kjelaas and Kjeldby [12, 13], and presents a
Lagrangian slug tracking model where the slug control volume velocity is set according to
well established bubble nose velocity correlations. This automatically gives the desired
velocities for the Taylor-bubbles, and enables sharp gas-liquid fronts at the slugs with no
numerical diffusion. This allows for the use of a coarse grid for the slugs, giving fast
simulations without the need for a sub-grid model like the unit-cell model concept ([14])
typically used by commercial simulators, like LedaFlow and OLGA [15]. However, one of
the biggest challenges in the simulation of multiphase flow is how to initiate the slugs. Two
different approaches can be used in the Sluggit model: Either initiate slugs on a coarse grid
using mechanistic initiation criteria, or use a fine grid to resolve the natural growth of waves
into slugs (so called slug capturing, first presented by Issa [16], and used by among others
LedaFlow). Both approaches have their advantages and disadvantages. The initiation
approach is fast, but is dependent of good correlations for when and how often to create a
slug. The slug capturing approach on the other hand is significantly slower due to the fine grid
and consequently reduced time step, but has the advantage that the natural growth of waves
and slugs emerges from of solving the one-dimensional conservation equations for mass and

momentum on a fine grid. The slug capturing approach however has the disadvantage that the



two-fluid model can become ill-posed and yield grid-dependent solutions, which is still an

unresolved issue.

In this Ph.D., a 7-field Lagrangian slug capturing and slug tracking model with higher order
discretization methods has been investigated. In Paper 1 the model is compared with large
scale experimental data. Furthermore, the effect of a droplet field and entrained gas in the
slugs on the prediction of severe slugging was investigated. The effect of accounting for a
finite size of the process facilities was also studied and shown to have a significant effect on
the predicted slugging periods. In Paper 3, a combination of slug tracking and slug capturing
has been tested and compared to experimental data. In Paper 2 and Paper 4, the effect of
different higher order temporal and spatial methods on the prediction of the ill-posedness in
the two-fluid model is investigated. The stability, accuracy and damping properties of
different time integration methods are also studied, among others by a von Neumann analysis.
Several details of the two-fluid model are also investigated in this thesis, among others:
e How to handle changes in the cross-sectional area in a two-fluid model with moving
borders
e How to properly integrate the control volumes for a control volume than spans
different pipes with different properties
e How to correctly obtain the correct Bernoulli effect when there are area changes

e How the level gradient term has to be modified when there are area changes

The model has several other capabilities, for some of them unfortunately there was not
enough time left to use for publications. A unit-cell model that can also be used as a steady
state solver is presented, used among others in Paper 2. The energy equations for the pipe
walls and for a two-fluid model with moving borders are implemented, which together with
the capabilities of periodic boundary conditions, compressible slugs, void in slug and
interfacial mass transfer can be used to simulate heat exchange systems. This work will be
continued by another Ph.D. student. The model also has the capability to use a bent pipe
geometry, tabulated PVT-files, pigging, and several other features explained in Appendix
Appendix C. A set of test cases that demonstrates and verifies some of the basic physics and
functionality in the model are presented in Appendix Appendix B. The details of the Sluggit

model are described in section 2.



2  Model description

The model is written in C++, using object oriented programming. Control volumes are
represented by objects, like bubble section, slug section or pig section objects. Similarly,
different types of border objects represent the borders (cell-faces) between the section objects

(cell centres).

There are three different types of sections in the presented model: Bubble sections, slug
sections and pig sections. There are two different concepts in the model for how the slugs are
handled that requires different treatment in the equations: One where the slugs are treated as
incompressible and one where the slugs are compressible. These are be referred to as the
model with incompressible and compressible slugs respectively throughout the thesis. Pigs are
treated as incompressible objects, similar to the incompressible slugs. As shown in the
inheritance diagram in Figure 2, the incompressible slugs and pigs both inherit from a
common incompressible plug base class, which in turn inherit from the general plug section
class. The compressible slugs also inherit from the general plug section class, so that a plug

section might be either compressible or incompressible.

The section and border objects are stored as linked lists, where one object has pointers to the
previous and next objects in the list. In addition, consecutive sections of the same type
belongs to the same unit. A unit contains pointers to the first and last section in the unit, and
each section in the unit contain a pointer to the unit it belongs to. Bubble sections and
compressible slugs are stored in bubble section units and compressible slug units respectively,
while all types of incompressible plugs are stored in an incompressible plug unit. The main
purpose of the unit class is that a consecutive list of incompressible objects will have the same
velocity, and consequently the momentum equation is solved over the entire incompressible
plug unit. The other types of units are only used as tools for traversing the lists of linked

objects. The different sections and the unit concept is illustrated in Figure 1.



Bubble unit nr. 1 Incompressible plug unit Bubble unit nr. 2

T ) L1

Bubble sections Incompressible Pig Bubble sections
slug section section

Pig-bubble border
Bubble-bubble border Bubble-slug border Slug-pig border '9-bu

Figure 1: Illustration of the border, section and unit objects.

The mass, pressure, momentum and energy equations are described in section 2.9, but a short
description of the momentum and pressure control volume classes will be presented here.

As shown in Figure 2 the unit class inherits from the momentum control volume class, which
means that it has the possibility to be a part of the momentum equation system. The same
applies for the border and section objects, which also inherit from the momentum control
volume class. Note that momentum is not solved for the sections even though the section class
inherits from the momentum control volume class. Similarly, the pressure equation is not
solved for the border objects even though they inherit from the pressure control volume class,
where the pressure variable is stored. This is done amongst others to have access to the
velocity and pressure variables for these objects, but these variables are then calculated for
instance as averages from the neighbouring objects where the respective variables are defined
and solved. Another reason for the presented inheritance hierarchy is that one has the
possibility to easily test other types of grids. Depending on the grid, each object that inherits
from the momentum or pressure control volume classes must implement a function that
specifies if momentum and pressure is solved or not. If momentum or pressure is not solved, a
function must be implemented that calculates these variables from neighbouring objects
where the variables are defined. In addition, a function must be implemented that returns a
pointer to the next or previous momentum or pressure control volume. These functions are
used to traverse the list of objects for which momentum or pressure are solved. Currently,
only a staggered grid is implemented. The momentum and pressure control volume classes in
turn inherit from a common control volume base class. This is done as there are some
common variables for all control volumes regardless of type, like mass, length, and the

absolute position at the start and end of the control volume.
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2.1 Phase subscripts and mixture formulations

The Sluggit code has 7 fields implemented. The fields are:

Gas bubbles in oil (go), gas bubbles in water (gw), continuous oil in mixture liquid (o/),
continuous water in mixture liquid (w/), continuous gas in mixture gas (gg), oil droplets in
mixture gas (og) and water droplets in mixture gas (wg). The energy and momentum
equations are solved for the mixture liquid (/) and mixture gas (g) fields, while the velocities
for the sub-fields are calculated from slip relations. A sub-field is defined as a field that is not
a mixture field (the 7 aforementioned fields). The mass equations are solved for all sub-fields.

The mixture relations are as follows:

Mixture liquid:
o =a,+ta, +a,+a,
_ pgoagn + pgwagw + polaol + pwlaw[ (1)
=
al
Mixture gas:

ag = (Zgg +060g +0!Wg
_ Pee@e F Pog@og + Pug@g ()

g
ag

Mixture fields are referred to by the subscript &, while sub-fields are referred to by f. Three-
phase flow or oil-water flow has not been in the scope of this thesis, and consequently the oil

in water and water in oil fields are missing.

2.2 Grid

The employed grid is a staggered grid, where the masses, densities and pressure are stored in
the section centres, while the velocities are stored at the borders. The mass and pressure
equations are solved for the sections, while momentum is solved at the borders. For the
incompressible plugs however, momentum is solved over the entire incompressible plug unit

(non-staggered).



2.3 Indexing convention

The time index for the current and next time step is represented by n and n+1 respectively,

and is shown as an upper index with the variables. Variables defined between time » and n+1

1 . .
are referred to by n + > for instance the volume covered by a border as it moves from

position x” to x"*'. Subscript j denotes values defined at the control volume centre, while
subscripts J-1 and J denote values at the left and right face of the control volume. Subscripts
Jj-1 and j+1 represents the values at the previous and next control volumes.

The indexing convention for the mass, pressure and energy equations is shown in Figure 3.

1 J1 j J

Figure 3: Indexing convention for the mass, pressure and energy equations.

The momentum indexing convention for bubble-bubble borders and incompressible plugs are

shown in Figure 4 and Figure 5.

F1od1 g

Figure 4: Indexing convention for the momentum equation for bubble-bubble borders.

J-1 J-1 j J j+1

Figure 5: Indexing convention for the momentum equation for incompressible plugs.

For compressible slugs the momentum is solved at the slug borders, but the momentum
control volume is modified compared to the bubble-bubble borders. To avoid having any

continuous gas in the momentum control volume for the compressible slugs, the extent of the

8



left part of the control volume for a bubble-slug border is set to zero (the standard being that
the control volume extends half way into each neighbouring section). This means that the left
end and centre of the control volume is the same location, as shown in Figure 6. This also
means that the velocity at the left end-point is no longer undefined, and there is no need to use
a convection scheme at this location. Similarly, the extent of the right part of the control
volume for a slug-bubble border is also set to zero. As will be described further below by
equation (4), the mass residing in this control volume is then no longer simply the average of

the neighbouring section masses.

j j+1 j+2
J-1 J+1

Figure 6: Indexing convention for the momentum equation for compressible slugs.

Since the control volume for the plugs does not extend into the neighbouring bubble sections,
there will be a part of these bubble sections that is not covered by any momentum control
volume. If the control volume for instance for a bubble-bubble border to the right of a slug-
bubble border extends only half way into the bubble section to the left, the left half of the
bubble section (to the right of the slug) would not be included in any momentum equation.
The momentum leaving one control volume would then not be equal to the momentum
entering the next, and momentum would not be conserved. One could possibly also miss
momentum from mass sources if they are located at a location not covered by any control
volume. Consequently, the control volume for a bubble-bubble border next to a plug border is

extended all the way to the plug, as illustrated in Figure 5 and Figure 6.

Note that for the regular bubble-bubble border control volumes, the extent into the
neighbouring sections is not necessarily equal to half of the length of the section, but rather
the length that gives half of the section volume. For a section with a constant cross-sectional
area this will be identical to half the section length, but not for a section spanning pipes with
different diameters as illustrated in Figure 7. This is also described in more detail in the grid

management section (section 2.15).



J+1

Figure 7: Illustration of a section spanning multiple pipes. Section J+1 spans two pipes
with different diameters (but equal lengths). The right part of the border control volume
for the border at index j+1 will extend a length that corresponds to half of the volume of

section J+1.

The reason for choosing the control volume length of the borders based on volume is to
simplify the calculation of properties for the border control volume that are not defined within

the border control volume. For instance, the mass in a border control volume is calculated as:

M;=0.5M, +0.5M, 3)

This will only be the case if the left and right half of the control volume spans half of the left

and right section volumes.

Properties in a border control volume calculated from section values, for instance mass, can

then be calculated as follows:

Mj =w, M, +w,M, 4

Here w,_, and w, are weighting factors representing the fraction of the section volume
covered of the left and right section. For instance, if the left part of the border control volume

extends the entire left section, w,_, equals one, while if the left part has zero extent like for a

compressible slug border, w, , equals zero.
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2.4 CFL criterion

The time step in the simulations can either be constant, or calculated from the Courant-

Friedrichs-Lewy (CFL) condition [17], which is the default option:

CFL = B < | 5)
Ax

Here u___is the maximum velocity of all sub-fields.

max
Equation (5) can also be written as:

u, At < Ax (6)

This means that the fluid in any cell should not move further than the length of the grid cell. If
not, the fluid in one cell could move past the next cell during one time step, so that the next
cell would never experience/feel that fluid moving by at all. It is possible to use larger time
steps than this, but this would result in more diffusion and a less accurate result. The larger
the CFL number, the closer an answer to a steady state like situation one will get. The CFL-
criterion must be evaluated in all of the sections in the system, and the minimum time step
obtained must be used.

Taking into account that the borders might move, the following criterion (using the indexing

convention for the bubble-bubble borders):

(x/._] + uh,j_lAt) < (x‘,. + um.At) < (xm + u,h_MAt) @)
This can be written as two separate criteria:
Atg—( 5 )
Uy jy — Uy ;
®)
X..,—X.

At < I 52 B S
(uk,j - ”h,,,'+1>
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The two criteria in equation (8) involves three borders (two sections). For a single section, the

following criteria applies:

)

These two criteria describe that a lump of fluid located near a border should not move past the
new positions of the neighbouring borders within one time step. Note that these criteria
should only be included if the result is positive. A negative result simply means that the
border is moving away faster than the fluid, so that a lump of fluid will never be able to move
past the neighbouring border regardless of the time step (a negative time step would be
required, which is unphysical). One can also see from equation (9) that when the fluid

velocity and border velocity approaches the same value, the time step can be arbitrarily large.

The minimum time step calculated from equation (9) for all sub-field velocities will then be
the limiting time step. Finally, the time step found from equation (9) is multiplied by a user-

specified constant, which is the applied CFL number.

2.5 Volume fraction error

After solving the mass, momentum and energy equations, the phase fractions (holdups) are
computed by dividing the specific masses by the densities (found from the associated

equation of state with the new temperature and pressure):

M, (10)
o, =—=
s oV
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When doing so, one will find that the sum of the phase fractions in a cell might not sum

exactly to 1:

We define the volume calculated from the masses and densities as:

M.
Vp:z_f

7 Py

We define the volume error, which is the difference between the total volume calculated from

the masses and densities subtracted by the physical volume.

AV, =V -V

err el

We also define a relative error called the volume fraction error by dividing the volume error

by the physical volume:

This reflects the fact that there is a discrepancy between the fluid densities (found from the
pressure and temperature) and the fluid masses (found from the mass equations). We can try
to correct for this problem by adding a source term in the pressure equation in the next time

step:

AV

\PVH'] — err.

Atn+l

This term ensures that mass is conserved over time, and that the sum of the phase fractions

stays close to one.

13
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Note that the volume fraction error is calculated by summing all sub-fields, and not only the

mixtures fields.

2.6 Spatial convection schemes

Sometimes a variable is needed at a location where it is not defined, for instance the velocity
at the section centre, or density or holdup at the borders. Advanced methods exists that takes
into account the characteristic speeds the information in the system will travel with, both the
pressure waves and fluid waves. This requires the use of a Riemann-solver, for instance a
Roe-solver [18] which recognizes shock waves and transports all characteristics nicely. This
is however a much more cumbersome approach and requires the construction of a matrix at
each cell-face. Instead, the commonly used flux-limiter (convection scheme) approach is used
in the Sluggit code. Multiple flux-limiters are implemented, amongst others the first order
upwind scheme (FOU) [19] and the formally third order upwind NOTABLE scheme [20].
The remaining limiters are described further below in Table 1.

Any variable that is calculated from a convection scheme is shown with a "hat" above, for
instance upwind velocity at a section centre (# ) or the upwind specific mass at the borders
(). The calculation of a variable with the first order upwind scheme can be performed by
the use of the upwind coefficient X , which is defined such that it has the value 1 if the
information at the location travels from left to right, and zero if the information travels from

right to left.

This can be calculated as follows:
X =O.5(1+sign(u,ffj] —u) )) (16)

The sign function returns the sign of the input. Note that in the current code the sign function

is designed to return zero if the input is zero, which means that the upwind coefficient will get
n+l n+l

avalue of 0.5 1f u,”; ==u,, . This will give symmetric solutions in the rare cases of exactly

equal velocities.
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A general variable @ can then be calculated at a location J where it is not defined as follows

(using the indexing convention for the mass equation):

Doy = X0+ (1- X o) (17)
The NOTABLE scheme is implemented similarly as the FOU scheme, and consists of a first
order upwind part using new values plus a third order term using values from time step n:

(i)jD]VOTABLE = ci)j?)fou +DWF} (FJ )(q);l'ﬂ - (Dj) (18)

In equation (18) and in the following explanations of the NOTABLE scheme the direction of
the flow is assumed from left to right. The variable DWF is called the Downwind Weighting
Factor, and is defined by:

DWE] (";J) — (DJ _~rJ
1-7,
@, = 01’713 + szjz +oy7y (19)
= (D,,’;_CDZ;I
(Dj+1 _(Dj—l

If the grid size is not uniform, the coefficients c¢;, ¢z and ¢3 in the NOTABLE scheme are

functions of the ratios of the grid sizes:

nz%ﬂ
J
r = ij
Z_Ax.f—l
T=(r+1) (5+1)
_rf(rf—i—4r1 +4)+2r1r2 +4r, +1 (20)
a Y(r, +1)
o= Crrn ) (445 + 2573+ 3)
? Y(r, +1)
. (25 +1)+ 35+ 5, + 657, +3
T Y
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If the grid ratios 7, and 7, equals 1 (uniform grid), the coefficients c,, ¢, and ¢, from

equation (20) becomes 1, -2.5 and 2.5 respectively.

The Downwind Weighting Factor is similar to the more commonly used flux limiters, and are
related as shown in equation (24). If the DWF parameter is zero the first order upwind scheme
is recovered, while a value of one gives the downwind value. If the value of DWF is outside

the interval 0 — 1, the first order upwind scheme is used.

Note that the ratio 7 in equation (19) for the NOTABLE scheme is not the same ratio as is
typically used in flux limiters (which is the ratio of the consecutive gradients.), but is the same
ratio as defined by Leonard [21], which introduced the Normalized Variable Formulation
(NVF). Gaskell and Lau [22] in addition introduced the Convection Boundedness Criterion

(CBQ), specifying the necessary conditions for a limiter to give monotone solutions.

A general approach for using a higher order flux limiter ¥ can be expressed by the first order
upwind value, plus an anti-diffusive term using values from the previous time step (here the

flow is assumed to go from left to right):

2 n+ 2 n+ 1 n n n n

CDJ 1 :q)J,I-l”OU-'_E\PJ (FJ)((DJ'_(D/A) (21)
The ratio ;' is the ratio of the consecutive gradients, first introduced by Sweby [23]:

P —P;
Ax,
e (22)
Q-

i

J=LJj
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Normally one assumes equal grid spacing, and equation (22) simplifies and can be related to

the ratio 7:

-0 17

n Jj+l1
= " —P" ~n
J Jj-1 }':/
or (23)
L1
J T on
r+1

Furthermore, one has the following relation between the DWF factor and the flux limiter ¥ :

1

DWF" (op’;1 —cb';) :5\1'3 (qaf; —CDj._l)
W' = 2DW, j—( i ;):2rJDWFJ” -
(@) -5,)

The most commonly used limiters are the so-called Total Variation Diminishing (TVD)

limiters [24], which ensures to preserve monotonicity and does not create unphysical
oscillations. That is, if ®” monotonically increasing (or decreasing) in space, then so is ®"*'.

0< ‘P(r)ﬁmin(Zr,Z) r>0

25

v (r) =0 r<0 25)
From equation (25) we can see that the first order upwind scheme is actually a TVD scheme
(¥ =0). For a TVD limiter to be second order accurate, the following conditions must be
satisfied:

(r) <1 0<r<li
(26)
< (r) <r rzl

TVD schemes that in addition have a slope of 0.75 at » =1 are formally third order accurate
(on a uniform grid). Some limiters are also said to be symmetric, if they fulfil the condition

rY (lj =¥ (r). Physically this means that increasing and decreasing gradients are treated
r
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equally. It is important that 7 is limited to be larger than or equal to zero, as a negative sign

means a local change of sign of the consecutive gradients, and we revert to the first order

upwind scheme. If the value of r is one, the gradients are equal and we have a linear slope.

Several limiters can be chosen in the Sluggit framework, listed in Table 1. Note that some

limiters use 7, and some use 7. The limiters have mainly been found in the following places:

[23, 25-30]. Not all of these limiters fulfil the criteria to be classified as TVD, and not all are

symmetric. A symmetric limiter is indicated with capital letter S in the comments in Table 1.

In Figure 8 - Figure 12 the limiter functions are plotted together with the second order TVD

region. Note that the actual order of accuracy of the presented limiters will not necessarily be

the same as the formal accuracy listed in Table 1, but will also depend on the truncation error.

Table 1: Flux limiters implemented in the Sluggit program.

Limiter ¥ Id Order Comment
FOU 0 0 1 TVD (First
order upwind)
NOTABLE Same as IsNaS, but the formulation in 1 3 TVD (Same as
equations (18)-(19) will be used instead. IsNaS)
Central min ( r, 2.0) 3 2
IsNaS (r+|r])(1.57+0.5) 4 3 TVD
(1+ r)2 (Identical to
NOTABLE)
Van Albada iy 2 2 TVD, S
41
Ospre 1.5r(r+l) 5 2 TVD, S
rPar+l
Van Leer r+ | r| 12 2 TVD, S
r+1
Superbee max (O, max (min (27,1), min (r, 2))) 8 2 TVD, S
MinMod max (0’ min(r,l)) 6 2 TVD, S

18



Monotonized
Central

Sweby

Osher

Umist

Koren

Smart

H_QUICK

Charm

HCUS

Van Albada2

SOU

Lax Wendroff
Fromm

VONOS

max(O, min(min(Zr,O.S + O.Sr),2))

max (O, max (min ( Boverst 1) ,min (” > Pyweby ))

max (0,min(r, 8,,,,))

a =min (2r, 0.25+ 0.75r)
b=min (0.75+0.25r,2)
max (0, min(a,b))

max (0, min (min [2;”,%) , 2D

max(O,min(Zr,min(0.75r+0.25,4)))

2(r+|r|)

r+3
r(l+3r)
(l+r)2

l.5(r+|r|)
r+2

2r
1+

0.5

19

10

11

15

17

19

20
21
22

TVD, S

TVD, S

TVD

TVD, S

TVD

TVD

TVD

TVD

Second order

upwind



UICK 23 3
Q %(%(1+2?)—FJ
SMART % ( 107 — F) 0<7< 3 24 2 Bounded
r 74 QUICK
%(—(Hzf)—fJ 358
78 74 "6
1 dcrsl
6
ACUTE 7 25 3
o ~r)(1—(1—F)(l—Sf(f—O.S)(f—OJS:
r
ACUTER _; % 3
AU ~r)[—%+(7—1+(—28+15F)FjFJr
r

Figure 8 - Figure 12 shows the limiter functions together with the second order TVD region.
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Figure 8: TVD region and limiter function for limiters with id 0-3.

q
3 T T T T

— [sNaS (4)
= Ospre (5)
2.5 = MinMod (6) : : ]
Sweby (p=1.50) (7)

Figure 9: TVD region and limiter function for limiters with id 4-7.
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Figure 10: TVD region and limiter function for limiters with id 8-11.

21



[~

= Van Leer (12)
— Umist (13)

2.5H = MonotonizedCentral (14) H : B
HCUS (15)

Figure 11: TVD region and limiter function for limiters with id 12-15.
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Figure 12: TVD region and limiter function for limiters with id 16-19.
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Figure 13: TVD region and limiter function for limiters with id 20-23.
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Figure 14: TVD region and limiter function for limiters with id 24-26.

The higher order flux limiters are only used when all three variables that are present in the
calculation comes from bubble-bubble borders (upwind velocity) or bubble sections (upwind
mass or specific enthalpy). If plugs are involved, a first order upwind value is used. The
reason for this is that a slug might typically be much longer than the order control volumes
involved in the calculation.

The water-faucet test-case as proposed by [31] was tested for the limiters presented in Table 1
to check their performance and to check that they had been implemented correctly. This test
case consists of a 12 m long -90° inclined pipe with an inner diameter of 1 m. The initial

conditions are ¢, = 0.8 and u, =10 m/s, with stagnant gas. The liquid velocity at the inlet is

10 m/s, while the gas flow rate is zero. The wall and interfacial friction is turned off, and the
gas and liquid densities are 1.16 and 1000 kg/m3 respectively. The liquid is incompressible,
and the gas compressibility was set to 1e-8 kg/m3/Pa to give an approximately incompressible
gas phase. Because of the effect from gravity the initial column of liquid with a holdup of 0.8
will stretch and become thinner, with a volume fraction discontinuity propagating towards the

exit.
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Figure 15: Illustration of the water-faucet test case.

This problem has the following analytical solutions for the liquid holdup and liquid velocity:

Ziollio — x<x, +ut+0.5g8
a, = \/Zg(x—xo)—i-u,o (27)
o, otherwise
n+2g(x - < x, +ut+0.5g8
U = { Uy g(x xo) X=Xy T Uy 4 (28)

u,+ gt otherwise

Here x, is in the middle of the inlet section (at —0.5Ax ), while u,, and «,, are 10 m/s and 0.8

respectively. The simulated and theoretical values for the gas void fraction at time 0.33 s are
shown for simulations with 128 and 1024 grid points in Figure 16 and Figure 17. The limiters
have been plotted sorted on the average deviation from the analytical solution, in decreasing
order. The default semi-implicit discretization of the Sluggit code was used, with backward

Euler time integration.
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Figure 16: Gas void fraction from the simulations and from theory with the different
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Ponsitinn Im1

flux limiters for the water-faucet test case for 128 grid points, at time 0.33 s.
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Figure 17: Gas void fraction from the simulations and from theory with the different
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flux limiters for the water-faucet test case for 1024 grid points, at time 0.33 s.
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It can be difficult to distinguish the results for the different limiters in Figure 16 and Figure
17, except for the first and second order upwind schemes and the VONOS limiter in the
bottom right plot which gives a significantly worse result than the rest. The accuracy of a
limiter will be affected by the truncation error and is not simply given by the formal order of
accuracy, and is most likely somewhat dependent on the selected test case. The results will
also be dependent on the discretization of the framework in which they are implemented. It
can however be seen that increasing the grid density from 128 to 1024 grid points, the
simulation results are closer to the theoretical value. Further extensive testing would probably
be required to distinguish the performance of the different limiters, perhaps also using more
difficult test cases as robustness is just as important as the accuracy. The results at least
indicates that the implementation of the different limiters seems to work well in the Sluggit
framework, and that the higher order limiters gives better results than the basic first order

upwind scheme as expected.

2.6.1 Special upwind coefficients

For certain cases the upwind coefficients are not calculated according to equation (16). For
bubble-plug or plug-bubble borders, the upwind coefficients are set to zero and one
respectively, to make the upwind specific mass point to that of the slug. This is done for both
slug fronts and slug tails, and for pigs. This is because the velocities at the slug border
belongs to the slug, and consequently the specific mass of the slug should be used to get a
consistent mass flux. The same applies for a closed inlet or outlet border, where the upwind

coefficients are set to one and zero respectively.
These hardcoded upwind coefficients are however only used for the specific mass, while
upwind velocities and enthalpies needed for the convection of momentum and energy should

be calculated normally according to equation (16) and (17).

Note that for slugs the use of hardcoded upwind coefficients should only be done for the

continuous oil and water fields (o/ and w/). For the entrained fields one should calculate the
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upwind coefficients as normal. The only purpose of the forced upwind approach is that the

slug velocity is associated with the correct phase fractions at the slug borders.

2.7 Time integration schemes

The default numerical scheme in the Sluggit code for time integration is the implicit first
order backward Euler method (BDF1), though the second order accurate Crank-
Nicolson/trapezoidal (CN) and Backwards Euler method (BDF2) can also be used. These

three methods are all unconditionally stable and can be presented by equation (29), showing
the time integration y = F (y):

n+l

n n—-1
ay  tay tayy
At

=(1-©)F(y"")+6F (y") (29)
Table 2 shows the different coefficients for the different time integration schemes.

Table 2: Coefficients for the different time integration schemes.

Method a, a, a, ®
BDF1 1 -1 0 1
BDF2 1.5 -2 0.5 1
CN 1 -1 0 0.5

Note that both the BDF2 and CN methods needs a fully implicit discretization for the entire
momentum equation to be second order accurate, and that the CN method is only
unconditionally stable for 0.5 < ® <1. The default discretization in the Sluggit code is semi-
implicit as this gives a relatively simple analytical Jacobian, but using a fully implicit
discretization is also possible. The Jacobian is then calculated as for the semi-implicit
discretization, and is updated with the newest available values in the iteration procedure.
Ideally the correct Jacobian should have been calculated immediately, so convergence issues

might thus happen in certain cases with the fully implicit schemes. It is however possible to
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calculate the Jacobian numerically using finite differences, though this is somewhat slower.
Using the BDF2 method with the Sluggit code is nevertheless problematic since it requires
values from two time levels back, and it is not straightforward what these values should be
after having performed grid management operations. The Crank-Nicolson method should
however be fine to use as it only uses values from the previous time step, but this has not been
tested much when plugs and grid management is involved. It should however work fine when
only bubble sections are involved, like in the test cases presented in Paper 4. An improved
version of the BDF2 scheme also exists as shown by [32], and is obtained by taking one half
of the BDF2 and BDF3 coefficients. In this thesis, we refer to this method as the BDF2.5
method. This method includes one more time level than BDF2, and yields the optimal A-
stable and L-stable BDF method. The BDF2 and BDF2.5 methods have only been used in
Paper 4, and the BDF2.5 method is only available in the Matlab model used for the

simulations in Paper 4.

The CN method is however not L-stable, meaning that it does not damp unresolved high
frequency waves. This means that it can give oscillations in the pressure, unless the time step
is small enough to resolve the pressure waves (which is typically not the case). Testing with
the simulations presented in Paper 4 showed that a value of 0.5 for ® would typically give
unstable results, and that a value 0.55 seemed much better to use. The CN method has a lower
truncation error than BDF2 when ® is 0.5, but in the test cases in Paper 4 BDF2 becomes
slightly more accurate if using a value of 0.55. The local truncation errors for the CN and

BDF2 scheme are shown in equation (30).

CN (@ - lj ALF" + (9 - lj AELF"+0 (At“)
2 2 3 .
(ry +1) (30)

BDF2 _—
6r,, (21’& + 1)

ALF" + O(A#)

Here, 7,

. 1s the ratio of the previous and current time step. When the time step is constant, the

. . . 2 . .
leading coefficient of the truncation error of BDF2 becomes e It is interesting to note that

an increase in the time step causes the leading coefficient of the truncation error of BDF2 to
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decrease, while a decrease in time step increases the coefficient. It is also interesting to see
that the coefficient in the limit of » — o goes to TR which is the same coefficient as that

of Crank-Nicolson with ® =0.5. This is also the optimal possible value for an implicit A-
stable method (second Dahlquist barrier).

Note that the BDF2 method suffers from a start-up problem, as it uses values from two time
steps back. Another method must thus be used in the first time step. Furthermore, the
coefficients for BDF2 as presented in Table 2 are only valid for a constant time step. When
the time step is not constant, the coefficients becomes functions of the previous time step

values, see for instance [33-36] who all obtain the same solution:

a, = 2r, +1

r, +1
a,=—(r, +1)

72 (1)

a, =—="—

r, +1

Atn+1
T =g

Furthermore, as shown by [36], the ratio r,, must be smaller than 1+ \/5 for the BDF2

method to be convergent and stable (for ODE's), while [37] reports an upper bound for PDE's
of approximately 1.91. Testing with the simulations presented in Paper 4 however showed no
problems using higher ratios than this. The coefficients for the BDF2.5 scheme are also
functions of the time step ratios. This derived in the section presenting Paper 4.
The stability of the different time integration schemes can be illustrated by investigating the
test equation
y=ay (32)

where A can be complex. The exact solution to this equation ( y = ™

) will grow in time if
Re(AAf) >0, and decay if Re(AAr) <0. A method that has the property that |G| <1 for

Re(AAt) <0 is called an A-stable method.
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Furthermore, we can define that amplification G from one time step to the next as:

n+l
G=|— (33)
y
The solution for G for the test equation is a second order polynomial:
G*(ay— A1)+ G (a, - AAt(1-©))+a, =0 (34)

Methods that in addition has the property that G — 0 as Re(AAr) — —oo are called L-stable.

This means, that unresolved high frequency oscillations will be damped. Both the BDF1 and
BDF2 methods are L-stable, but Crank-Nicolson is not (G —1 as Re(AAt) — —). This

means that the Crank-Nicolson method is prone to oscillations in the pressure since the time
step associated with resolving the acoustic pressure waves is much smaller than the typical
time steps used with the two-fluid model. Contour plots of the amplification G for the
different time integration methods are shown in Figure 18. If G is less than 1, the solution will

be damped in time.
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Figure 18: Stability plots of the BDF1, BDF2, CN and BDF2.5 time integration methods.
The plots at the top shows from left to right the BDF1 and BDF2 methods, while the
middle plots shows the CN method with ® =0.5 and ® =0.55 respectively. The lower
left plot shows the BDF2.5 method, and the lower right plot shows the exact solution.

|GJ>1 is shown as a single colour.
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Depending on the axis limits, the plots shown in Figure 18 can however give a false
perception that the CN method gives a much more correct amplification compared to the
BDF2 method. The larger the axis limits, the more pronounced this difference will seem. For
slug capturing however, the time step is typically controlled by the CFL criterion for the gas

and liquid velocities, which will result in AAf = AAx < Ax . This also means that the finer the

u

max
grid, the closer to the origin the value of AA¢ will lie. Zooming in closer around the origin
gives a different perspective of the BDF2 method, as shown in Figure 19. Note also that a red
colour in the right half plane just means an amplification larger than 1 (since G > 1 is limited
to 1), and does not necessarily mean the same amplification as the exact solution. This is
illustrated in Figure 19, where the colour shows the deviation from the exact solution instead

of the magnitude of G.
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Figure 19: The amplification factor for BDF2 (left column) and the Crank-Nicolson
method with ¢ = 0.55 (right column). In the first row the colour shows log(G) —
log(Gexact )), while the second row shows G with reduced axis limits and with G > 1 given

a single colour. The colour in the last row shows G — Gexact with reduced axis limits.
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Increasing © for the CN method can improve the L-stability, at the cost of somewhat reduced

order of accuracy (see equation (30)). The amplification in the limit of L-stability for the CN

method as function of ® becomes G = 1-© , and is plotted in Figure 20.

[—Amplification for CN at Re(AAt)—>- |
0.8}
_06f
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0[]

Figure 20: Amplification for the Crank-Nicolson method in the limit for L-stability as

function of ®, for the presented test equation.

As mentioned, the BDF2 scheme is dependent on the ratio of the previous and current time
step. This does not only affect the leading coefficient in the truncation error, but also affects
the stability region as shown in Figure 21. With an increase in the time step (> 1), the region
of correct instability in the right half planes is improved, and the truncation error decreases.
However, the method is then no longer A-stable. Instead the method becomes so-called

A(a )-stable, meaning that the instability region stretches somewhat into the left half plane
(which is incorrect). The parameter & describes the angle at the stability boundary at the
origin, with o = 90 meaning a fully A-stable method. If the time step is decreased (» < 1), the
region of correct instability in the right half plane decreases towards that of backward Euler,

and the truncation error increases.
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Figure 21: Stability region of BDF2 as function of the time step ratio r. The white area

illustrates amplification larger than 1.

2.8 Pipe geometry

2.8.1 Walls

Different walls with multiple wall layers might be added to the pipeline, to simulate radial
heat transfer. Each pipeline wall will be divided into a certain number of wall sections,
calculated from a user-specified length (Lwan). If not specified, the grid coefficient that
controls the minimum bubble section length is used instead to calculate the number of
sections.

The number of wall sections n are then calculated by:

wallsecs

wall

L.
M allsecs = MMAX (round [ﬂ] ) 1] , where L is the length of the pipe.
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Each wall section will have as many wall layers as there are walls defined for this pipe. It is
possible to specify different wall options for different pipes in a simulation. One pipe might
be without walls, another pipe might have one wall, and other pipes can have multiple wall

layers. See section 2.9.5 for a description of the calculation of the wall heat transfer.

Wall Wall Wall

Wall layer 2 in section 1 section2 section 3
wall section 1

Wall layer 1 in
wall section 1

Figure 22: Illustration of a single section in the computational grid, with one wall

divided into S wall sections. Each wall section consists of two wall layers.

2.8.2  Curved pipe geometry

It is possible to use bent pipe sections in the Sluggit framework, as illustrated in Figure 23. To
use a bent pipe in a simulation one must specify both a bend angle (in radians), and a bend
radius (Ry). The length of the pipe segment will then be calculated as bend radius * bend
angle. Just as for regular pipe segments, the angle at the start of the pipe must also be

specified. This is the angle specified as @, in Figure 23.
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Figure 23: Bent pipe geometry.

For a bent pipe, the local inclination in the pipe is a function of position:
s
6(x)=6 +R7(x—xo) 35)

Here &, is the inclination (in radians) at the start of the bent pipe (at x = x,)). The
coefficient s equals 1 if the pipe has a low-point (is concave), and -1 if the pipe is convex. R,
is the bend radius of the pipe, and x, is the absolute location at the start of the pipe. For bent

pipes one must then take into account that the inclination is a function of position when
integrating the basic momentum equation over the momentum control volume. This is
described in section 2.9.4.1. Testing however showed quite similar results when using bent
pipe segments compared to just using straight pipe segments, so straight pipe segments has
mainly been used in the simulations presented in this study. The bent geometry framework is
however described and taken into account in the derivation of the momentum and energy

equations, which involves integrals over the pipe inclination.
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2.8.3 Geometrical relations

The wetted angle f, of the stratified liquid layer is required to calculate among others the

interfacial and wall perimeters, and can be found by solving the following equation:

B, —sin(,)cos(,)

T

—a=0 (36)

Figure 24: Geometrical relations in stratified flow.

Equation (36) is solved by Newton's method, using the Biberg approximation [38] shown in

equation (37) as the initial guess.

3 [N
ﬂl,biherg =7ne + (37”)3 (1 - 20‘1 + a13 - a;j (37)

The interfacial (g/), liquid (/) and gas (g) perimeters and liquid height for stratified flow are
given by:
S,=Dsinp S, =Dp S,=Dr-S,

38
h,z?(l—cosﬂl) %)

38



For annular flow, the corresponding relations are:

g _{ﬂ'D -, a,=0

« 0 a,>0
D >0
s,:{” ! (39)
0 a==0
7D a,==0
S =
& 0 >0

(40)
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2.9 Equations
29.1 Some general comments

2.9.1.1 Control volume integration

In the derivation of the finite volume representation of the mass, momentum, pressure and
energy equations, the basic conservation equations are integrated over the control volume. In
the Sluggit framework, a control volume might span different pipes, with different properties
like cross sectional area or inclination. To take into account the possibility that the different
pipes might have different properties, the integration over a control volume is split up into a
sum of integrals (split at the static borders, which are the borders that separates different pipe
segments. This is illustrated for a slug control volume in Figure 25. For a general property @,

this can be written as:

chdV = jfcpdAdx =4, Ucbdx + jcpdx + Tcpdx + jCDdx + f@dx} A1)
v, a b c d e

A a

We refer to the different parts within the control volume as sub control volumes. For instance,
the slug control volume shown in Figure 25 consists of five sub control volumes.

e

Figure 25: The integration locations for a slug control volume. The integral over the slug

control volume can be split into integrals from positions a-b, b-c, c-d, d-e and e-f.
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2.9.1.2 Cross sectional area

The cross sectional pipe area is needed many places in the equations to be solved, amongst
others in the mass and momentum fluxes. For borders located at the junction between two
different pipes, the minimum area of the area from the pipe to the left and to the right of the
border is used. For most borders, the pipe to the left and right will be the same pipe. For static
borders however this will not be the case, as these borders separate different pipes. Unless
specified otherwise, any cross sectional border area is the minimum of the left and right areas.

Note that the diameter and perimeter at static borders should also then be the minimum value.

2.9.1.3 Average velocity in a control volume

Since the momentum control volume might consist of pipes with different cross sectional
areas, the velocity we solve for will be the average velocity within the control volume. This
can also be defined as the volume flow in the control volume divided by the average cross

sectional area:

S

w, === (42)

e

<

It is here assumed that the density is constant within the control volume, which gives a

constant volume flow. The average cross sectional area is defined by:

V.. TVa _
A_:i%: ik:Agk (43)
; _

J

We can use the following relation between the volume flow at a local point within the control

volume, and the volume flow through the average area ( 4, ;) in the control volume to find

the velocity at any point:

uk,j,lacalAk,j,lmral = uk,jAk,j
3 4, y (44)
Uy jiocal = YUy j
k,j,local
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Since the phase fraction is the same everywhere inside a section even if it spans multiple

pipes, we can simplify further and write:

A, . Ao . 1
Ui jdocal = Ui — Uy ;—— B = W~ (45)
Ak,/',luvul Ai,/ocalak,/' Ai,/ocal
To simplify, we call this area ratio for 4:
A,
at=— (46)

! ‘Aj,local
For an example, see Figure 7 where the local area at the border represented by index j+1 is
different than the control volume area for the same border. Assuming no border movement,

the mass flux though this border is defined as m, 4, This mass flux is present in

iUk 1 ocal *

the pressure equation, but we do not solve for u, ,, and convert to the control volume velocity

instead which is the velocity we solve for: m, 4, u, ., <
., local

For incompressible plugs, equation (45) will be exact and has to be used since the density is
constant and the volume flow has to be the same everywhere. This scaling will be used
wherever the local velocity is needed (like in the momentum fluxes), to convert to the velocity

through the control volume which is the variable we solve for.
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2.9.2 Mass equation

The mass/continuity equation integrated over the control volume for sub-field f reads:

dM . rsre
7j * SB py(uy—u,) mdd, =M 47

Ay

Some illustrations of the different control volumes can be found in section 2.3.

The term M represents the contributions from possible mass sources or sinks, and the total

effect of all types of entrainment and deposition.

The discretized mass equation reads:

Mn+1 _Mn
s [ _ antl n n+l n+l ~An+l n n+l n+l °fsre
Al = mf,J—lAJ—l (uf,J—l - ub,J—l) My, 4; (uf,J Uy, ) +M7 (48)

The BDF2 and Crank-Nicolson time integration methods can also be used for the mass

equation, see equation (29).

In equation (48), ¥ the total cell volume, V', = & is the fluid volume, A7, the fluid mass, 4
the pipe cross sectional area, u . the fluid velocity, u, the border velocity, while m is the
specific mass defined as:
Py M,

4

My =Py =—p—=

v (49)

The terms p, and «, represents the fluid density and phase fraction respectively.

The mass equation is solved for all sections, regardless of type.
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2.9.3 Pressure equation

The mass and momentum equations for gas and liquid results in as many equations are there
are unknown masses and velocities. The new pressure in the momentum equation is however
also unknown, and consequently another equation is needed to close the system of equations.
The pressure equation is obtained by combining the mass equations, an equation of state of

the form p = p(p,T), and using the fact that the phase fractions should sum to 1. The

transient term in the mass equation (equation (47)) is first expanded by the product rule:

o d(pV). . .
v, d(pV), _ [%j %{@J Dty s, Lo~ G, (u, - ) dd,

= ¢t Py
i di op ), o \ar ) a |7 a
(50)

Dividing the resulting equation by the density p, and summing over all sub-fields, gives the

Ay

pressure equation:

“fsre

v, ap/.j dp, {8,0,} de M
=L Ly L L L —p u) -n,d4,, |= (1)
; 2, H di 95 f ARZZAEDY P

op ), ar \or ) dr ol = p,

. . o «dV, ar
By carrying out the summation of the volume derivative 27 = e we get:
I
V.|\(ép,\ dp, (op,) dT 1
y| L (_,j _,,{__, ANV 5 L () mtty =3 M (52
7\ o |\ op 7, dt oT ) dt d T Pr P,
Using the Reynold's transport theorem for a variable Y :
ijV j Zav+ j Yn-u,dA (53)
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The time derivative of the volume in equation (52) can be written as:

a dj dv = j dV+jn u,dA = (A’ - A5 uy! ) (54

RL]
dt

We then get:

n+l n n+l n+l
P —PiNV 9Py Vii (9P} 9Ty ¢ nwi o !
: = + " +(Aju,, — A
At z n . z n ( J bJ J-1 bJ l)
!

k pf,j ap k :Of,j or dt
(55)
+Z |: An+1An( n+l HZ;I) A;H—Jl 1An ( ;H—Jl , ulr;:—/]_l)] Z /J + \Pn+l
S ,0 1 S ,0 [
A source term ‘P’/’.*' has also been included to correct for the volume fraction error from the
last time step (see section 2.5).
The pressure equation can be rewritten to yield an expression for the new pressure, as
function of amongst others the old pressure and the new velocities.
We then get:
n+l n o__ _
p; —p;=Ap;=
1 A n+l n n+l n+l An+l gn n+l n+l rsre
Z B |: f+J Ay ( f+J1_ub;l) +A ( /+J_”b+1)+Mf,j:|+
7 Py
n+l
\Pm—l (An n+l —A" u n+l ) ZV : ap/ i ATf (56)
i Uy g IR p” ar At
At - 2

ZE {6/’“]
7P op ),

The BDF2 and Crank-Nicolson time integration methods can also be used for the pressure
equation. Note that the mass equation written in the form of equation (29) should then be the

starting point for the derivation of the pressure equation.
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For BDF?2 this will result in the following additional terms:

At 1 . .
> —(~(a,+a) M} —a,M}") (57)

Zﬂ [apf,/] 7Py
T

7 P\ op

The coefficients a,,a,and a, are defined in equation (29) .

This was found to give identical results to simulations where no pressure equation was used,
using instead that the phase fractions should sum to one as a constraint to close the system of
equations together with a numerical Jacobian. In other words, the extra term presented in
equation (57) seems to be correct. If the Crank-Nicolson method is to be used, any terms
originating from the time derivative (volume time derivative and the term including the

temperature) should not be multiplied by the implicit fraction ® (see equation (29)).

Equation (56) now contains the new sub-field velocities (/"' ), while we want to solve for

n+l

the new mixture velocities (z; "' ). We thus express the new sub-field velocities by a linear

slip-relation with the new mixture velocities:

n+l __ n n+l n
U, = C/',sl[puk +U_/',slip

(58)
See section 2.10.3 for a description of the coefficients in the slip relation.
The new border velocity is also related to the mixture velocities by a linear relationship:

'y =Cop '} + Co, gy + Uy (59)
See section 2.12 for a description of the border velocity coefficients.
The new volume and the mass flux terms containing the new masses are evaluated using the
new values for section volume and mass, which are kept and updated in each iteration on the

system of equations. These terms will thus be converging to the correct final value in each

iteration. The iteration procedure is described in more detail in section 2.14.
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It should be noted that there is an assumption in the pressure equation that the new density

can be calculated as:

op op
n+l — +_fA "r‘—fAT
P =Pt AT,

(60)
One can in other words get a slightly different density by using equation (60) than what one
would get from using the equation of state directly. Consequently, the fluid densities are

updated using equation (60) in the iteration procedure, to ensure convergence of the volume
fraction error. However, after the iteration procedure is finished the densities are calculated
directly from the equation of state. Depending on the equation of state, this might introduce a
small amount of volume fraction error. For a linear equation of state however the results

should be exactly the same. This issue is illustrated with an artificial equation of state (could

be the pressure vs density points from a PVT-file), as shown in Figure 26. The temperature is

assumed constant in this example.

6.5[_e—Equation of state, p = p(p) ‘ ‘ ‘ T
B Estimated density at time ¢**]
6| M Actual density at time £"** .
M Densily at time ¢*
— 5.51
)
E
2 % ]
2
‘w» 451 ]
c
a
4t A
3.5 B
3t |
25 3 35 4 4.5 5 55 6

Pressure [bar]

Figure 26: Illustration of an artificial equation of state, showing density calculated using

the pressure derivative and the density calculated directly from the equation of state.
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2.9.3.1 Area changes

If a border moves past different cross sectional areas during a time step, the pressure equation
as presented in equation (56) will not be correct, due to several reasons that will be discussed

in the following sections.

2.9.3.1.1 Volume time derivative

The terms that originate from the volume derivative will not be correct when a border moves
through a region with area changes. Equation (61) shows how this should be calculated for
one of the borders in a section. To account for changes in the cross-sectional area, we can use
that the average cross-sectional area multiplied by the average border velocity during the time

step should equal the volume the border will move past:

1
——=u, A4 (61)

(62)

1 1
n+— n+—
Ax, ? is the distance covered by this border during this time step, #, ? is the average border

1
n+—
velocity during this time step, while ¥, ? is the total volume the border has moved by from

time ¢” to ¢"*'. The time index n +% is here used to indicate a property which is defined
between time » and n+1.

The problem now is that we do not know the distance and volume that the border will move

by until we have solved the momentum equations. This can however be incorporated as part
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of the iteration procedure described in section 0, by storing the average area a border moves at
the end of each volume fraction iteration.

The average border velocity during the time step is also unknown until we have solved the
momentum equations, and must also be a part of the iteration procedure. To be able to relate
the border velocity in the volume time derivative term implicitly to the new mixture velocity,
we define the average border velocity during one time step as the new border velocity times a

scaling constant:

n

M +1
, > =u o, (63)
The scaling constant is updated at the end of each volume fraction iteration, and is defined as:

1
n+—

_A'xb2 1

64
@e At u) (¢4

The volume time derivative term will then still be related implicitly to the new mixture

velocities, and will converge towards the actual volume change per time:

1 1 1 1
n+— +— n+— n+—

1 " 2 2
dV _ Z/_erEZ’HE _ un+lw b _ un+l Axb 1 Vh _ Vb
) — % W 1~ % n+l 1
dt sy At u, nt= At

Ax, ?

2.9.3.1.2 Local velocity vs. control volume velocity

The pressure equation needs the mass flux through the end-points of the pressure control
volume, which is the area at the borders. The new velocity through the area at the location of
the borders are needed, but the velocity in the momentum control volume is defined through
the average momentum control volume area and not necessarily at area where we need the
mass flux. This is particularly important for incompressible plugs. In other words, the velocity

in the mass flux that enters the equation is not necessarily the velocity solve for. To fix this
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we approximate the local velocity through the area where the mass flux is needed by an area-

scaling constant, as described in section 2.9.1.3.

All mixture field velocities in the pressure equation will thus be multiplied by the area ratio

factor a” (see equation (46)), to convert the local velocities to control volume velocities.

To simplify the final expression of the pressure equation that takes into account area changes
we also define a border velocity which includes the area-scaling factor:

*n+l __ n * o n+l n * n+l n
w,; = Coazu) ;s + G, azug; +Ug (65)

2.9.3.1.3 Slug border mass fluxes

The mass flux terms as they are formulated in equation (56) are not correct when a slug
border moves past area changes (see section 2.12.6). As described in section 2.12, the slug
border mass fluxes will be calculated differently when there are area changes, and this mass
flux will be stored at the end of each time step. In the pressure equation however we want to
relate the mass fluxes implicitly to the new velocities, so we keep the mass flux terms as

shown in equation (56), but multiply them by a scaling constant ( x, ) which relates them to

the actually used and stored slug border mass flux. This scaling constant is updated at the end

of each volume fraction iteration, and is defined as:

n+l
n+l Q.vlug,k,j 66
fii = An (Cn a*urﬁ-l + Un _ u*n+l) ( )
J slip. [, J"k.j slip.f»j b,j

Here Qg , . is the actually used volume flux for the slug, as described in section 2.12.
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2.9.3.1.4 Final form of the pressure equation

The final form of the pressure equation, including a correction of the volume time derivative,
slug border mass fluxes, and the local velocity to control volume velocity conversion

becomes:

+1
P =P =Ap; =
‘rsrc 1 1 n+l
Lo gl | gy e 72, Vis (9P, ) AT,
z +¥ - AJ ubla)h/_AJ—luhl—la)bJ—l -
pn . 1 2 > 5 B = pn ) aT At
At ST S P
n+l
Y Vi [apf,j )
n
AN
An+l gn n * n+l n #n+1 n+l
1 m/,JAJ (Csltp,f,JaJuk,f,J + Uslip,f,] —Uyy )Kf,J

>

n | _pyntl n n * n+l n _ gl n+l
Pri mf,J—lAJ—l(Cslip,f,J—laJ—luk,f,J—l +Uslip,f,.l—l ub,J—l)Kf,J—l

n+l
3 Vi (apf,j ]
T,

7P ap

—At

(67)

f

When there are no changes in the cross-sectional area all of the scaling constants becomes 1,

and equation (67) reduces to equation (56).
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294 Momentum equation

2.9.4.1 Derivation and discretization

We start by integrating the momentum conservation equation ([39]) for the mixture field &

over a general momentum control volume (denoted by j):

d op;
EV;[/ Pi AV + Sf) Pr; (u,w. - ub,j)uk,jdA = —V!/%dl/

A

(68)
ﬁ(hk’]. COS 0) . - src, src
—j pk.ngdV_ _[ 7, dA— j Ty iwandA— J Py, &sin0dV + I Pr iy dV
Vi.j A A Vij Ve
We include the hydrostatic variation of pressure in the control volume as follows ([39]):
opi; b, 6(hkjcosz9)
) = By og— 2 7 69
ox ox Pr8 ox (69
Here, A, ; is the fluid height of phase k in section j and p, ; is the common pressure at the
interface (from now on just referred to as p ).
We can then write:
d\M, u, .
( ;t] k,j) + @ pk,j (uk,j - ub,j)uk,jdA =
o ( ) (70)
6]9 a hk, j COS@ 3 ‘rsrc, src
VSl VI i gtV - ,J 7, dA~ Akj Ty wandA— ij pe,gsinédv + M u’

For straight sections, not spanning multiple pipes with different inclinations, the inclination
does not change along the section length. For bent pipes however, and for sections spanning
multiple pipes, the inclination is dependent on the position, and we must evaluate the integrals

over cos@ and sin@ properly. In general, all the integrals over the phase volume in equation

52



(70) are evaluated as a sum over integrals over the different pipes within the control volume,
as described in section 2.9.1.1.
For the gravitational term, we get (assuming in this example that the section spans two pipes,

thus being made up of two sub control volumes with lengths L, and L,, and leaving out the

gravitational acceleration g):

[ pysin@av = [ p, sin6ddx
Vi L A

=4, [j pysin0dx + [ p, sin ede (71)
L L,

=p, A4, {j sin @dx + J sin de}
L,

L

When ¢ is not a function of the distance x, equation (71) simplifies to:

A, { [sin@dx + 4,, [ sin de} = p A, (L +1L,)sind
L L

(72)
=p, A4, (L, +L,)sind =M, sin6
The integral over the sine term for a bent pipe from position x, to x, is shown in equation
(73).
f sin@(x)dx & —cos(6(x,))+cos(0(x,)) (73)
: s
The wall shear stress term is also split into a sum of integrals over the different pipe
segments:
I T a4 = jrk,vtvall,lSk,ldx + _[ Thatt 25%.28% = T s Sl + T puan 250 2L
Ay L L
Sk,wall,lﬂ‘k,wall,lpkLl |uk,1|uk,1 Sk,wal/,z/lk,wau,zpk,zLz |uk,2|uk,2
- 5 + 3 (74)

=0.125p, |:Sk,wall,lﬂ’k,wall,lL1 |uk,1|uk,l + Sk,wnlz,z/lk,walz,zl'z |uk,2|uk,2]
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This will also take into account different pipe properties like roughness and cross-sectional
area in the different sub control volumes. The friction is weighted between the annular and

stratified friction models, weighting by sin® (@) . The friction models are described in section

2.10.1.
The weighting of the friction factor multiplied by phase perimeter becomes (note that if any
liquid is present, the gas will experience zero wall friction in annular flow, only interfacial

friction):

Asatt Sk = sin” (9) (/,l’k,wall,annuS kannu ) + (1 —sin’ (‘9 )) (/lk,wau,mmSk,mz) (75)

Here, strat and annu are short for stratified and annular respectively.
Including this in the integration over the control volume, the integration over a sub control

volume in equation (74) becomes:

_[ TpaSpadx = MT Sk 10X =
L %
0.125p, |”k,1 | U | Attt strarSi s siar "2[" (1 —sin’ (9 (x))) AxX A 2o it S anm II sin” (6’ (x) ) dx

X1 RIN

(76)

Currently, the same wall friction model is used for both stratified and annular flow. The

integral over the shear stress in a control volume then becomes:

I Tessar /S A8 = 01250, 3 A |”k,j Skstratjs + Wanmi,j.oS k,annu,_/,.v)
s

b (77
= O lzspk,j uk,j Z ﬂ'k,wall,i,s (VVstrat,/,sSk,strat,j,s + W:Jnnu,j,sS k,annu,j,s )

K

u, (W

strat,j,s

U,

The summation in equation (77) over the index s represents the summation over sub control

volumes within a control volume.
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The weighting factors W, , and W, are defined as:

trat annu

w, = T sin” O(x)dx
j‘ (78)
Wora = I(l —sin’ H(x))dx = (6 =x) =W,

X

For a straight pipe the inclination is not a function of position, and we get:

W, =(x, —x,)sin’ @ = Lsin® @
(79)
Wea =L (l —sin’ 9)
For a bent pipe, we get:
sin (26 (x
VVannu = Osx - ( ( ))
25 (80)
R, .
W:tmt = (x2 - ‘xl) - VVannu
Note that for negative inclinations, weuse W, =0 and W =1.
Similarly to the wall friction, the interfacial friction factor is also weighted between the
stratified and annular models, and summed over the sub control volumes:
I 7, ,d4=
Ay 81

+W

annu, j,s*"i,annu,j,s i,annu,j,s

(uk,j,s - um,;/‘,s ) (Wrtrat,j,sﬂ’i,srmt,j,sSi,strar,j,s

01250, > | ;. —u,,,

Note that the integrated weighting factors W are lengths.
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For the interfacial shear stress, different friction factors is used for stratified and annular flow

(see section 2.10.1).

The momentum flux term becomes:

J. Pr,j (“k,_/ Uy, )”k./dA =m; 4, (“/‘,J —Uy, ) up —my A, (“/‘,J—l Uy ) Upsn o (82)
i

The momentum flux terms are summed over all of the sub-fields f for the mixture field £,
relating the sub-field velocities to the mixture field by slip relations. If there is only one sub-
field, or if no-slip is used between the sub-fields and the mixture field, the result should be the
same as using the mixture field values directly (some speedup can however be gained if not

summing up all the sub-fields).

The level gradient term is evaluated as a sum of level gradient terms over each static border

within a section:

ka‘COSH(x)%(x)dV = PkAk‘[COSH(x)%(x)dx
Vi x 1 X
A (83)
= P4, UCOS 0, (X)ahk’é—Z(x)dx + Icos 0, (x)—a’ah“g3 (x) xj +
x L

7 X

Here sub-script 12 means between pipe nr. 1 and pipe nr. 2, and so forth. To account for
variations in cross sectional pipe area, each individual level gradient term in equation (83) is

evaluated as (here showing the level gradient between pipe 1 and pipe 2):

| cos9(x)%(x)d ~ (b, + Az, )eos(x,) ~ (i, + Az, )cosB(x,) (84)
X

R

In equation (84) a possible difference in the pipe diameter between the two pipes has been

included to correct the level gradient, in the term Az, = (O.SD,._1 -0.5D, + Ah,-_u) . The variable
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Ah,_, . in this term is a possible user-specified height offset between the centres of the two

pipes. This offset can have values in the range:

—L+ =2 <AR, < ﬂ+&

12 =

‘D D
- (85)

The default is Ak, =0, so that the pipes are connected at the pipe centres.

Figure 27 and Figure 28 shows a test case with a change in the pipe diameter (0.1 and 0.2 m),
to test the implementation of the level gradient term. The first test case use 128 straight pipe
segments to form an arc starting at -80 degrees and ending at +80 degrees, while the second
test case utilize the bent pipe framework to create the same geometry using only 2 pipes. The
total length is 2 m, and a constant time step of 0.01 s is used. Three different offsets between
the pipe centres at the location of the area change were used: 0.05, 0, and -0.05 m. This
corresponds to the pipes being connected at the bottom, centre and top respectively. The
initial condition is some liquid distributed in the middle of the pipe, but not with a horizontal
interface. It can be seen from Figure 27 and Figure 28 that the proposed level gradient will
make the gas and liquid level stabilize with a horizontal and flat interface in all cases, as

expected.

T

Figure 27: Fluids at rest in a system with 128 sections and 128 straight pipes, with
different pipe diameters in the left and right parts of the system.
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Figure 28: Fluids at rest in a system with 128 sections and two bent pipe segments, with

different pipe diameters in the left and right parts of the system.

As an alternative to summing up the integrated friction, gravity and level gradient terms over
the different pipe segments, one could use average values. For instance for a border separating

two straight pipes with two different inclinations 6, and 6,, the corresponding gravitational

term for the integration approach and the average values approach would become as shown in

equations (86) and (87) respectively:

F

v = Mg (L1 sin(6,)+L, sin(@z)) (86)

L+L

1 2

F

Lo =M gsin(0.5(6,+6,)) (87)
Similarly one could use the average pipe properties, holdups and phase perimeters in the

friction terms, and average inclination for the cosine term in the level gradient. A comparison
between these two methods have been performed, using a pipe geometry with first a negative
inclination of -3 degrees and then a positive inclination of 60 degrees. Both pipes have an

equal diameter of 0.05 m, and lengths of 4 m. The initial liquid holdup is set to 0.02

everywhere. No flow rates are specified, so that after the simulation starts the holdup will start

accumulating in the low point. Three different test cases were run: One with a constant grid
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size of 0.125 m, one where the grid size alternates between 0.1 and 0.3 m, and one where the
grid size alternates between 0.1 m and 0.9 m. The simulations were run for 200 s, and the

results are shown in Figure 29 - Figure 35.

MY IS

Figure 29: Liquid holdup at time 200 s for the test case with a constant grid size. The left

image shows the result for the integration approach, while the right result is for using

average values. The pipe diameter is scaled by a factor of 10 for better illustration.
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Figure 30: Liquid holdup in the last section in the negative inclined pipe plotted against
time for a test case with liquid accumulating in a low point. The grid size is

approximately 0.14 m.

Figure 29 shows that the result obtained with the integration approach looks more physical
than the result from using average values, with a more linear slope of the liquid level in the
low point. Furthermore, it can be seen from Figure 30 that the liquid in the low point

oscillates and never comes to rest when using the average values approach, while the
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integration approach stabilizes at a constant value. The results from the simulation using a

grid size of 0.1 m and 0.3 m are show in Figure 31 - Figure 33.

Figure 31: Oscillating liquid holdup at two different time levels for the test case with an
alternating grid size of 0.1 and 0.3 m. Both images shows the approach using average

values. The pipe diameter is scaled by a factor of 10 for better illustration.

Figure 32: Liquid holdup at time 200 s for the test case with an alternating grid size of
0.1 and 0.3 m for the integration approach. The pipe diameter is scaled by a factor of 10

for better illustration.
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Figure 33: Liquid holdup in the last section in the negative inclined pipe plotted against
time for a test case with liquid accumulating in a low point. The grid size is alternating

between 0.1 and 0.3 m.

Figure 31 - Figure 33 shows that the results for the test case with an alternating grid size of
0.1 m and 0.3 m are similar to the test case with a constant grid size, with a more physical
looking linear slope of the liquid level in the low point for the integration approach. For this
test case however the amplitude of the oscillations in the holdup from using the average

values approach is much larger than in the test case with a constant grid size.

Similar results are seen in the final test case, with the largest grid size ratio (0.1 and 0.9 m),
shown in Figure 34 - Figure 36. The liquid level stabilizes for the integration approach, while
oscillations are seen with the average approach with an even larger amplitude than in the

previous test case.
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Figure 34: Oscillating liquid holdup at two different time levels for the test case with an
alternating grid size of 0.1 and 0.9 m. Both images shows the approach using average

values. The pipe diameter is scaled by a factor of 10 for better illustration.

Figure 35: Liquid holdup at time 200 s for the test case with an alternating grid size of
0.1 and 0.9 m for the integration approach. The pipe diameter is scaled by a factor of 10

for better illustration.
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Figure 36: Liquid holdup in the last section in the negative inclined pipe plotted against
time for a test case with liquid accumulating in a low point. The grid size is alternating

between 0.1 and 0.9 m.
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A more detailed inspection of the presented test cases showed that it is the wall friction term
that makes the biggest difference between the integration approach and the approach using
average values. The biggest difference was not surprisingly found at the static border
separating the pipes with different inclinations. The reason for this is that there will be a very
small holdup value in the right half control volume of the static border. When integrating up
the friction from the different parts, the right half has a very low holdup and will obtain a
quite small hydraulic diameter and Reynolds number. This will lead to a relatively large
laminar friction factor, which makes the total liquid wall friction for the static border
relatively large. If using average values however the low liquid holdup value in the right half
will not be used, and one will get a much smaller friction because the average holdup is used.
This might sound somewhat counter-intuitive, but seems to lead to a more physically correct
result. Both approaches however use a quite long time before the oscillations die out, but this
is a well-known problem in the two fluid model. The friction models are defined for steady
state flow, and gives a too small value for this highly dynamic test case. This issue is
discussed for instance in [40], where dynamic friction models are tested for simulations of
oscillating liquid in a u-tube geometry.

From reasoning one can also see that the integrated gravitational term is probably better than
just using the average inclination: If the length of the right half of the control volume goes to

zero (L, — 0 in equations (86) and (87)) the gravitational term using the average inclination

in equation (87) remains the same, while the integrated gravity term in equation (86) goes

towards M, gsin(6),).
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The final (semi-implicit) discretized version of the momentum equation becomes:

n+l n+1 no_n
M -M;

k.j Y.

At

n+l 4n n+l n+l \ An+l n+l n n+l n+l An+l
+Z|:m 4; ( Uy )ufJ - m/,J—lAJ—l (uf,J—l Uy )“(/‘,J-]}

n+l n+l

_ ij(pj le) ZM&M sren

k,j,s k/v
]

n+l n n n n
_O 125pk/ ukj ukj Z}’k wall, j, r( strat,j, rSk Jstrat,j,s +VVanm¢j s‘Skannuj r)
n+l n+l n n n n n
_0 lzspg jz|uL J m J (ukj um,j)(VVstrat,j,sﬂ’i,:trat,j,SSi,strat,j,s + VVanm{ JsS tannuj SSI ,annu,j, s)

1 .
—P:,ngk,/Z(ths cos@, —h ., cosb, ) - M,f)ng—n I s1n(6’/ (x))dx

i Ln

¢n n+l n+l¢ + 2 § 2 z userfwces
e,j e/ * d/ d,j pert,s valve,s minorlosses,s

The BDF2 and Crank-Nicolson time integration methods can also be used for the momentum

equation, see equation (29).

Here the effect on momentum from all types of entrainment and deposition rates has been
added, and the effect from additional losses like valves, contraction and expansion losses,
perturbations and user-defined forces (see Appendix C.2 - Appendix C.4). The velocity of the

field the entrainment is taken from is named 2.”*', while the velocity of the field the
deposition rate comes from is named "} . Note that the sign of the entrainment and

deposition terms will be different in the gas and liquid momentum equations. For instance, oil
droplets in the gas will have a positive sign in the mixture gas momentum equation, and a
negative sign in the mixture liquid momentum equation. For gas bubbles in oil, the sign is
positive for mixture liquid and negative for mixture gas. In general, if the entrained sub-field

belongs to the mixture field for the equation we look at, the sign is positive.

By splitting the new velocities into the old value plus a difference, the momentum equation

gives a banded matrix for the change in the gas and liquid velocities at the borders. Note that
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though the momentum equation is solved for velocity, it is still formulated as a conservation

equation for momentum.

The mass flux terms containing the new masses, volumes and velocities in equation (88) are
not split up into an old value plus a change term. These terms are instead evaluated using the
new values for mass, volume and velocity, which are kept and updated in each iteration on the
system of equations. These terms will thus be converging to the correct final value in each
iteration. Newton's method can alternatively be used to solve the system of equations. The

solution procedure is described in more detail in section 2.14.1.

It is also possible to use a fully implicit momentum equation. However, this will result in a
much more complicated analytical Jacobian, which is not implemented. The new values for
each non-linear term in the momentum equation will instead be used in each new iteration,
converging towards a fully implicit solution. This is not the ideal way to solve a fully implicit
system, and one might encounter convergence issues. It is however also possible to calculate

the Jacobian numerically, though this will typically be much slower.

2.9.4.2 Explicit momentum equation

To specify the velocity for a momentum control volume explicitly, the coefficients in the

momentum equation are updated as follows:

ck,diag = 1

_ ntl _ n
rhs, = (uk u,{)

(89)

Here ¢, . 1s the diagonal coefficient, while rhs, is the right hand side.

h a_
This will yield a solution Au, == (u" ~uy).
Ck,diag
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This is done for the mass flow boundaries, and for incompressible plugs (the entire
incompressible plug unit) that are in contact with a mass flow boundary. The mass flow

boundaries are described in section 2.9.6.2.

2.9.4.3 Section velocities

Section velocities are updated after the velocities for the borders have been solved, and are
calculated as the average between the neighbouring border velocities. For incompressible plug
sections however, the velocity is calculated from the volume flow in the plug unit using the

local cross sectional area, as described in section 2.12.4.

2.9.4.4 Area changes

To take into account variations in the cross-sectional area, let us have a look at the first term
in equation (68), since a control volume might span pipes with different properties.
By carrying out the integration over the sub control volumes (denoted by s) for control

volume j, we get:

d d d
EV;[ Pt AV = Z{pk,j I uk,jdVJ = E(pk,jgAk,j,suk,j,sLj,xj (90)

Ve

As an example to illustrate the use of the sub control volume indexing, s=2 and j=1 would

mean sub control volume number 2 in control volume number 1.

As described in section 2.9.1.3 in equation (45), we approximate the local velocity to be equal

to the control volume velocity scaled by the average control volume area to the local area.

66



We then get:

d d 4,
Z[pk,jz[Ak,j,suk,j,sLj,s ]) = Z[pk,jz|:Ak,j,suk,j A : Lj,s :U =
s s 2 JsS

1)

d — d — d d
E(p/(,juk,jAk,jz[Lj,s ]] = E(pk,juk,jAk,ij) = E(pk,juk,ij,/) = E(Mk,juk,j)

This is the same result as when not taking into account changes in area.

The velocities used when summing up the wall and interfacial friction terms in the momentum
equation are all scaled by the area ratio factor o (see equation (46)), so that a part of the

control volume with a smaller cross sectional area will get a larger velocity and higher

friction.

The other type of velocity scaling is related to the upwind velocities. Instead of calculating the
upwind velocity at the locations where the new velocities are not defined, the upwind volume
flow is calculated instead. This is also done for the higher order upwind schemes/flux limiters.
The velocity can then be calculated from the upwind volume flow, by dividing by the cross-
sectional area at the location where we need the velocity. This was found to give the correct
pressure profile in a single phase incompressible test case without friction, a case which can

be calculated using the Bernoulli equation [41]:
.,
Epu + pgh+ p = const (92)

As described in section 2.9.3.1.2 regarding the pressure equation, scaling factors to convert
from local velocity to control volume velocity in the pressure equation are also necessary to

include to obtain the correct results. This will be illustrated in the following plots.
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In the case of a horizontal pipe the gravity term drops out of the Bernoulli equation, and the

pressure at location A2 in Figure 37 can be calculated as:

P =p1+%p(uf—u22)=

2
1 u, A
pﬁl)ﬁgﬂ{bff{j‘j }= (93)
2

| A
b +Ep”1 _Z

It the following calculations it will be shown that using the upwind volume flow and then
dividing by the local area gives the correct Bernoulli pressure effect in the case of
incompressible flow without friction. The following derivation is for the default discretization
in Sluggit, where the momentum fluxes consists of one velocity from a central difference

multiplied by one velocity from a general flux limiter.

In the following derivation we use the first order upwind scheme, and assume flow from left
to right. A simulation test case is also presented, showing that the proposed scaling gives the
desired pressure field. The test case geometry is shown in Figure 37, and consists of single
phase flow with nearly incompressible gas (compressibility 1e-8 kg/Pa) with a density of 1
kg/m3, and with a velocity of 1 m/s at the inlet border. The pipe diameter in the large and

small part of the pipe is 0.1 and 0.025 m respectively, which gives 4, =164, . Since the flow
is nearly incompressible, this also gives u, = 16w, . A constant pressure boundary of 101300

Pa is used at the outlet. No additional losses due to expansion/contraction is enabled.
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Figure 37: Frictionless horizontal test case with an area reduction by a factor of 16.

The result of the simulation is shown below in Figure 38.
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Figure 38: Pressure field for incompressible gas flow in a geometry with changes in

cross-sectional area, using the FOU and NOTABLE convection schemes.
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It can be seen that the pressure field exactly matches the Bernoulli equation, except for in the

sections in contact with the area change (sections indicated by J-1 and J in Figure 37) where

there is an entrance effect. In the other sections with the smaller cross sectional area, the

pressure field is correct. The results from using the third order NOTABLE scheme is also

included, which gives the same result as the first order upwind scheme. This indicates that the
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proposed scaling of the upwind velocities can also be used with higher order schemes. It will
now be derived analytically how these results are obtained, for the first order scheme (a
similar derivation can be made for higher order upwind schemes). For the static border

between 4, and A4, denoted by index j, the momentum equation for incompressible flow

without losses becomes (this expression is general for all borders):

. . (p,—p,.)

pAuu, —pA, u, u, = _V_,' JAx = _Aj,avg (pj - pJ—l)
J

u.A. u._ A

pAu, 114 s —pA, u,, - _Aj,avg (pj _pj—l)
g 1

0 0

pAu, A_ - pAu, 7 = _Aj,avg (p./ - p./—l)

J

pQu, — pQu, | = _Aj,avg (p./ - p./—l)

(pQuJ—l - pQuJ)

1

P, =Pt

J.avg

Here we have replaced the upwind velocities by the velocities in the left control volume,
assuming flow from left to right. The average area of the control volume for the border at

index j is named 4, .,

and becomes: 4, =0.5(4 +4,)=0.5(164,+ 4,)=8.54,.
Equation (94) will be used to calculate expressions for the pressure at indexes from J-2 to
J+1, showing that the total pressure drop matches that given by the Bernoulli equation.

In equation (94) it has been used that the volume flow Q is constant throughout the domain,
and inserted the scaling of the upwind volume flow divided by local area for the upwind

velocity.
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For the border before the static border at the area change (index j-1) we get:

A/’—],avg (pJ—l - pJ—Z) =pQu, ,—pQu, ,

4, (pJ—l _pJ—Z) = gQ(”l +u1)—§Q(u1 +”J’)

P P
4, (pj—l _pH) = EQul _EQ”j
Au,

A] (pJ—] _pjfz) = %Alulz _§Alul 95)
Jaavg
P A
4, (pJ—l - pjfz) = 3”12‘41 [1 - Aj,;vg ]
A
Pra=Pi +§u12 (1 _A_lj
J.avg
This expression gives a pressure drop of 0.4416 Pa, which is exactly what is obtained in the
simulation.
For the static border between 4, and A, , at index j, we get:
A_/',avg (p./ - p.]—l) = pQu, , — pQu,
P P
Aj,avg (pJ _p‘lfl) :EQ(MI +uj)_3Q(uj +u2)
Aj,avg (pJ - pl—l) = §Qu1 _gQuz (96)

P P
A.f,avg (pJ _pJ—I) :EA]MIZ —EAlu]uz

Py =P +£u12i(1_ij

This gives a pressure drop of 14.1319 Pa, also consistent with the simulation.

For the border to the right of the static border, at index j+1, we get:
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pQ”J _pQ“J+1
O(u, +1,) =20, +u,)

Aj+l,avg (pJ+1 Py

4, (p./+1 - p./) =

<

+

<
N

4, (pj+1 - pj) = 7

<
N

P
Auu; —Eu,Al
4, (pj+1 - pj) =

A
Pja=D, +£”12 : (

N D N

Combining equation (95) and (96), we get for the total pressure drop from index J-2 to J:

P 2 4 4,
= +=u 1-—1
Py =D 2y [ 4,

J.avg

A A A
oo B 2 A (14

A Jj.avg AZ

J.avg

P;=Pj +£”l - 2 " 5 [l_iJj
2 Aj,avg Aj,avg AZ

P A )
Py=pP;o+t | 1=
2 Aj,angZ

(98)

(S}

Combining equation (98) and (97), the total pressure drop from index J-2 to J+1 becomes:

Al A4 A
Pia=P; +£”12_1(_1_—1]
2 AZ Aj,avg AZ

P2 A4 P 24| 4 4
= +=u [ l-——————|+=u —_—
Pra=P; 5 ] o y

A Al 4 A
pJ+l:pJ—2+§u12 1_A IA +A_1[A 1 _A_lJ]
Jj.avg“ 72 2 j.avg 2

P =P +§”12 1__1] =P +§(”12 —u;)

99)

72



This expression proves that the total pressure drop from the section in Figure 37 marked by
index J-2 to the section marked by index J+1 equals exactly that of the Bernoulli equation.
The proposed scaling only consists of area ratios, which means that there will be no
modifications when there are no changes in the cross-sectional pipe area. The derivation also
shows that to obtain the correct Bernoulli pressure drop, the region with the smaller area must
be split up into a minimum of three sections, as there will be an inlet effect in the first section
within the region with an area change. Note also that in this derivation it is assumed for the
momentum fluxes that one velocity is from a general flux limiter, while the other velocity is a
central difference. If the square value of the upwind velocity is used instead, equations (95) -
(100) does not apply and other modifications of the momentum flux would be necessary to

obtain the correct pressure field.

Simulations without the previously discussed scaling factors applied were also run, and the

results are shown Figure 39.
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Figure 39: Pressure field for incompressible gas flow in a geometry with changes in
cross-sectional area, with different settings for the area scaling factors in the

simulations.
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From Figure 39 it can be seen that turning off the upwind area scaling factors gives the correct
result from the outlet and until the middle of the constriction, whereupon the pressure field
deviates from the analytical result to a too large value. For the case with both the upwind
scaling and the local velocity scaling in the pressure equation turned off, the result is even
worse. The pressure field is correct from the outlet pressure boundary and until the location
with a change in cross sectional area, but from this point the pressure field deviates from the
Bernoulli equation. In opposite to only disabling the upwind scaling factors, the pressure

inside the constriction is now wrong.

The same simulations as shown in Figure 39 were also run with a compressible gas, and with

the friction enabled. The Bernoulli equation for compressible flow reads:
15 1
Eplul +pgh+p = Epzuz + prghy + p, + by, (100)

Here, 5, is the head loss between points 1 and 2. The same method as for incompressible

loss
flow was used in the compressible simulations, which will be an ok assumption as long as the
head loss in equation (101) is relatively small compared to the other terms.

In these simulations the grid was refined to get more points when plotting to make it easier to
visualize the pressure field inside the constriction, and the compressibility was set to 1e-5

kg/Pa. These results are presented in Figure 40.
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Figure 40: Pressure field for compressible gas flow in a geometry with changes in cross-

sectional area, with different settings for the area scaling factors in the simulations.

It can be seen from Figure 40 that the first order and third order upwind schemes with all area
scaling factors enabled give an identical result also in the case of compressible flow.
Disabling the scaling factors gives the wrong pressure field, just as for the incompressible
case. In opposite to the incompressible case, the two different scaling settings now give a
different pressure in the start of the pipe. It can also be seen that the effect from disabling the
scaling of the local velocities in the pressure equation seems to give a larger error than

disabling the scaling of the upwind velocity.
The proposed scaling of the upwind velocities are as mentioned derived for the case of one

central difference multiplied by a general flux limiter value. In the case of using the square of

the flux limiter value, the scaling needs to be different.
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2.9.5 Energy equation

The energy equation is solved for the mixture gas and mixture liquid, and for the pipe wall
segments. The energy equation is solved for the change in specific enthalpy, which is stored
in the cell centres. The temperature can then be calculated from the heat capacity and the new
specific enthalpy for an ideal fluid, or from finding the temperature that corresponds to the

enthalpy in the PVT-file.

We start by integrating the energy equation over the control volume ¥, for (phase k):

d u u;
Z{Mk [hk +7kﬂ+ A_[ o (u, —ub){hk +7k)dA =

%_ _[ pkubdA + j Tkude + j kVTdA +M;"VC h;"" +

src 2
(ukz ) _Mkukg%jsin(ﬁ(x))dx

4 4, 4, L

(101)

Here, / is the specific enthalpy, k is the conductivity, T is the temperature, while /' and u’
are the specific enthalpy and velocity of a fluid mass source. The heat transfer terms to for
instance the other fluid and to the pipe walls are introduced as a sum of the different

contributions in the final form of the energy equation, which is shown in equation (109).

The pressure integral is (to first order):

[ panda=(p) [udd+ [ (p,~(p))u,dd =
()9 1y ) 222

dt ox

(102)

Here, the values in brackets ( > are averaged values.
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Removing the averaging brackets to simplify, the energy equation can be written:

d u’ u’
E[Mk [hk +7"D+ /{ 2 (1, —ub)[hk +7"jdA =

v, (71;_% a—ij+ J Ty dA+ Aj KVTdA+ M| I +% —Mkukgzlsm(@ (x))dx

(103)

The wall shear stress should not be included as it does not perform any work (velocity is zero
at surface of the control volume, at the wall), it is only the interfacial shear stress that
performs work. Following the same integration procedure for the interfacial friction as shown

section 2.9.4.1, we get:

n+l o on+l

uk,j u

[ zda=0.12507""

4, s

n+l n+l n+l
(w7 )W, (104)

m,j

Here the interfacial friction term has been simplified to make the expression shorter, by using:

W0 = (W oA oSt + WP s (105)

> strat,j,s" i, strat,j,s""i,strat,j,s annu,j,s”"i,annu,j,s i,annu,j,s

It is also assumed that the interface velocity is equal to the liquid velocity (27" =u,3").

Just as is done in the momentum equation, the convective terms are summed over all of the
sub-fields f for the mixture field %, relating the sub-field velocities to the mixture field by slip
relations. It is also implemented to not sum up the sub-fields and just use the mixture field
directly. Note that if a slip relation other than no-slip is used for instance for the droplet field
of for the gas bubbles in liquid, it will be incorrect to not sum up the sub-fields as different
fields can move with different velocities. In summing up the contribution from the individual
sub-fields, the energy equation can then no longer be solved directly as a linear system of

equations for the change in the specific mixture enthalpy. This is because there is no simple
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way of relating the specific sub-field enthalpy to the specific mixture field enthalpy in a one-
to-one relation (which in opposite is possible with the sub-field velocities in the momentum

equation). The specific mixture enthalpy is related to all sub-fields, as shown in equation
(107).

M, by ;= ZflM riltr (106)

To solve the energy equation properly when slip relations other than no-slip is used, Newton's
method is applied. The derivative of the specific sub-field enthalpy with respect to the specific
mixture enthalpy is then needed as we still solve for the change in specific mixture enthalpy,

and is calculated as follows:

ahf ahf
oh, Oh. e ey
_f:_fa_T: or _ or (107)
oh, OT oh, ©Oh, Z&%

or — M, oT

The enthalpy temperature derivatives in equation (108) are calculated from the tabulated data

in the specified PVT-files, or as the specified heat capacities for ideal fluids.
The fluid energy equations and the pipe wall energy equations are solved separately and

repeatedly (due to the fluid-wall heat transfer), until the maximum residual is lower than a

user-specified tolerance (default being 0.01).
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The discretized version of the energy equation becomes (including the summation of the

convective fluxes):

M M}
[M,fjh,;’;w 2’“ (u;;fj‘)zJ—[M,ijh;’,, ;’(uk.,)z)
At

DY ATICE g ) A 3 )2]
A =) B 50 )=

n+l n+l n+l
p p; p' e Py, P
k.j b.j

At L

J

n+l n+l n+l
”k j T U ) Lj

-0. 125W"3pgj2|uk]

SN I 7 1.
200, M h;f;+(”k7f) =M uifg T [ sin(0(x))dx

J L

4 | hy L+ (u ) ¥, h (MT/) (108)

The BDF2 and Crank-Nicolson time integration methods can also be used for the energy
equation, see equation (29).

The integral that involves the inclination in the gravity term is not shown in discretized form,
as it depends on the type of pipe being used (straight/bent).

The section control volume velocity #,"' in equation (109) is calculated as the average of the

section borders.

The different heat transfer terms Q, , are described in section 2.9.5.1.

There is no coupling between the wall layers in the axial direction, and hence the energy

equation for each wall section can be solved independently.
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Since we solve one energy equation for each mixture field and not for the individual sub-
fields, we only know the mixture enthalpies. The specific mixture enthalpy itself can however
not be used to calculate the temperature directly. It is however possible to calculate the
individual specific sub-field enthalpies from the mixture, by assuming that all sub-fields in the
mixture field have the same temperature. For instance for oil in mixture gas, water in mixture

gas and continuous gas in mixture gas we then have:

T,=T,, =T, =T (109)

Using the definition of the specific mixture enthalpy (equation (107)), we get an equation for

the unknown temperature:

ST )= M (T ) = Mg (7)< 0 (110)
4

Here the masses and specific mixture enthalpy is known; only the individual specific sub-field

enthalpies are unknown. This equation is easily solved with for instance Newton's method.

2.9.5.1 Heat transfer

The heat transfer terms in the energy equation require some special treatment in terms of
implementation. One of the main difficulties regarding heat transfer lies in the fact that the
sections in the pipeline might move during each time step (see section 2.11), while the wall
sections for the pipeline walls remains fixed. There might then be a mismatch between these
two grids, and the control volumes will generally have a varying number of neighbours that

their energy equation is coupled to.
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To ease the calculations of the heat transfer coefficients, the following class hierarchy is

used:

Wall&mbientBoundary |

ArnbientBoundary

| FluidyvallBoundary | GasLiguidBoundary_Bubble |
ThermalBoundary GasLiguidBoundary GasLiquidBoundary_Pig |
| SectionSectionThermalBoundary | [ GasLiguidBoundary_Slug |

WallWallBoundary

Figure 41: Class hierarchy for the thermal boundaries.

The base class ThermalBoundary represents a general heat transfer boundary between two
control volumes, which may be either the gas or liquid within a section, or a pipe wall layer

within a pipe wall section. The derived subclasses represent specific types of thermal

boundaries (the class names are assumed to be self-explanatory). Before the energy equations

can be solved, each section must perform some management related to FluidWallBoundary

objects (boundaries between the fluids and the innermost pipeline wall). This management

makes sure that each overlap (full or partial) between a section and the neighbouring pipe wall

section is always represented by two ThermalBoundary objects, one for each fluid. This is

illustrated in Figure 42.
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Wall section 1 Wall section 2 Wall section 3

Figure 42: Schematic illustration of fluid-wall thermal boundaries. This section is in
contact with three wall sections (two of them only partially), yielding three thermal

boundaries between each mixture field and the wall.

The temperature is solved implicitly between the wall layers within one wall section, yielding
an equation system with 1 lower and 1 upper diagonal, and as many equations are there are

wall layers.

Ciwall  Crwall2 0 0 Ah Arhs wall |
wall |1
Covalt €2 wall2 0 0 AA _ Arhs . 5 11
O 0 wall,2 | — Ar l’l s ( )
Cwalz  Cawall3 AR wall 3
wall 3
O O c4,wal],3 C4,wal],4 Ah Arhs wall 4
wall 4

Heat transfer is calculated between different wall layers, between the innermost wall layer and
the fluids, between the outermost wall layer and the ambient, between sections in the axial
direction, and between the gas and liquid within one section. If no walls are specified, there

will be no heat transfer with the surroundings.
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The general formulation for steady state heat conduction between two objects can be

expressed by the thermal resistivity and the temperature difference:

0=-0,= (112)

cond ,tot

Here R is the total combined thermal resistivity, and Q is the heat transfer (in Watt). 7,

cond ,tot
is the temperature of the object to calculate the heat transfer for, and 7, is the temperature of
the other object involved in the heat exchange. Note that the heat gained by the first object is
the same as the heat lost by the second object. The different calculations of the total thermal

resistivity are shown in sections 2.9.5.1.1 - 2.9.5.1.3.

The heat transfer between the current object (k) and other object (m) is added to the right hand

side and diagonal in the energy equation matrix as shown in equation (114):

_ n+l n+l
hk,desired - hk (pk b Tm )
I’hs _ k desired - hl? (1 13)
k Rn+] n+l n+l Tn+]
cond jm€k  \Pr >Lk
. 1
diag,

= n+l n+l n+l n+l
Rmnd ,kmck (pk H T;c )

The same procedure is also done for the other object (subscript 7). In equation (114)

h, (p,T) is a function that returns the specific mixture enthalpy (see equation (107)) for the
mixture phase £, as function of pressure and temperature. The parameter ¢, is the mixture

heat capacity, defined by:

1
CII:H (p’T) = Mn+l §M;»HC/- (an’TnH) (1 14)
k
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The new value for the temperature and pressure is used as shown in equation (114) in each
iteration, making the heat transfer implicit instead of explicit.

It is necessary to formulate the heat transfer coefficients as shown in equation (114) both to
make the heat transfer to be correct when the mixture field consists of multiple fluids, and to
make the calculations correct when using a real fluid with a PVT-file instead of an ideal fluid.
When only one fluid is present in the mixture field and when using an ideal fluid (pipe walls
and pigs will always be a single "fluid" with ideal fluid properties), equation (114) simplifies.

The heat capacity is then constant, and the specific enthalpy can be calculated from:
M tear (T) = Cridearl (115)

We then get:
Tn+l

hk,desired = ck,ideal m

n n+l n n+l n
rhs — hk,desired B hk — Tm Ck,ideal - T}f ck,ideal — Tm - T;{
k

(116)

n+l

n+l n+l
R ck,[deal R ck,ideal cond km

cond Jkm cond ,km

= Rn+1

cond km ck Jideal
This would give a change in specific enthalpy of:

L -1
_ rhsk _ R:(:zld,km _ n+l n
Ahk - diagk - 1 - Ck,ideal (Tm T;( ) (1 17)
Rn+l c

cond ,km™ k ideal

The thermal resistivity is not used in equation (118), but will be used if the diagonal and right
hand side in the matrix contains values from other parts of the energy equation (which will
always be the case). The thermal resistance then acts as a weight for the different energy
exchange processes that are added to the matrix. Note also that the new value for the
temperature of the other object is used. This is mainly important when the time step is large,
and will then stabilize the heat transfer process. Testing showed that using the old temperature

(explicit heat transfer) would give the correct trend for the temperature calculations, but with
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oscillations when the time step becomes large. Calculating the heat capacity for equation
(114) based on new or old values for the temperature and pressure however showed little

differences in the results (the mass should however be new values).

Note that pigs are treated similarly as the mixture liquid in a slug, but with the thermal

conductance, heat capacity and surface conductivity as specified for the pig material.

2.9.5.1.1 Wall-wall heat transfer

Figure 43: Illustration of a pipe with two pipe walls with different temperatures.

The heat equation at steady state for radial heat transfer in a cylinder [42] is given by equation

(119):
li(krd—Tj=O (118)

Here £ is the thermal conductivity of the wall.
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The radial temperature distribution can be found by integrating equation (119) twice:
T(r)=C/lnr+cC, (119)

Using the boundary conditions 7' () =1, and T (r,) =T, (see Figure 43) we get:

J+T2 (120)

Fourier's law gives the heat transfer as function of the temperature distribution:

0 =qd= —kA‘;—f (121)

Here 4 =2zrL is the surface area for a wall segment of length L.
Combining Fourier's law and equation (121), we can find the heat flux between two wall

layers from:

Q - _ TI — TZ
Rcond,tot

122
ln(r”] ln(rzj (122)
Lo i), w1

 k2zL  k2zL  h

R

cond ,tot contact

Here 7 is at the middle of the inner wall layer, 7, is at the connection between the wall

layers, and r, is at the middle of the outer wall layer. 4 _, .is the thermal contact

contact
conductance, which can optionally be specified for the walls. The contact between two walls
will typically never be a perfect smooth surface, but consist of gaps and contact points. This

value typically has to be determined experimentally.
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Currently there is no heat transfer between walls in the axial direction, but this will typically
be much smaller than the radial heat transfer. The ratio of the areas where the radial and axial
heat transfer occur is of order of wall length to wall thickness L/w, which is typically several

orders of magnitude.

2.9.5.1.2 Fluid-wall heat transfer

For the heat transfer between the mixture gas and the pipe wall the properties of the
continuous gas field is used, while for the mixture liquid the contributions from the
continuous oil and continuous water fields are summed up.

The heat transfer between the innermost wall layer and field f'is calculated as follows:

In D+w,u
1 D
+

| zDLh,,,  2xLk
R - S,

cond ,tot, f

wall

(123)

7D

Here k,,, and w, , are the thermal conductivity and width/thickness of the innermost wall

layer respectively. The factor —Z) is the ratio of the surface area covered by the fluid to the
/3

total pipe surface area, a factor that should be multiplied by each of the area in each individual
thermal resistivity. For single phase flow this factor will be one, while it is zero when the
phase fraction goes to zero. To account for bent pipes and section spanning multiple pipes, the
perimeters used to calculate the surface area are integrated/summed over the different sub-
control volumes, taking into account the weighting between annular and stratified flow as
function of inclination.

The parameter £ is the surface conductivity between field f'and the wall, which can be

k,wall

specified by the user.
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If not specified, the surface conductivity is calculated from the correlation of Gnielinski [43]

and the Gnielinski correlation if the Reynolds number is below 2300:

Nu forced Jlam =3.66
0.1254, Re, Pr,

Nu forced ur (Re / ) = I [ ) ]

1+12.7(0.1254, )2 | Pr,>—1

tur

Nu Re, >2300
Nu, . =9 Re
forced f

3300 (Nu,, (2300)-Nu,, )+Nu,, Re, <2300

k Nu

h‘/‘,wall,/orced = D
h.f

Here, Nu is the Nusselt number, the ratio of convective to conductive heat transfer, while A,

is the friction factor calculated using the Haaland correlation (equation (145)). D, is the

hydraulic diameter, and Pr is the Prandtl number, defined by the ratio of momentum

diffusivity (kinematic viscosity) to thermal diffusivity:

pr. = St

!
k,

All variables in equation (125) are evaluated at time step n+1, and the average temperature
between the fluid and the wall is used in all calculations where the temperature is needed.

Note that this surface conductance value is for forced convection.
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(124)
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For free/natural convection, a correlation found in the LedaFlow user manual is used [44],

based on correlations for a vertical plate with height H adapted to a circular pipe:

H-= min[SD,L]

cos(6)
op
g’Df]—I3 Twall - Tf| -
oT
Gr = .
Hy
) 025
3 Pr, 025
N pecsan = ! Gr, Pr
free,lam 4 [5(1 +2 pr?.5+ 2 Prf )J ( ! f)
1
3
Gr, Pr
S
Nuﬁ‘ee tur 5
2 \9
16
300| 1+ (05]
Pr "
Nu o0 — Nug
Nu free = Nu free Jam + Sree,tur free,lam
‘ o Grf Pr "
l+exp| 1- 2100 (126)
h = M
fwall, free H

Here Gr is the Grashof number, the ratio of buoyancy to viscous forces.

Finally, the combined surface conductance between the fluid and wall is calculated from:

_ 2 2
h_f wall — \/hf ,wall, forced + h_f ,wall, free (127)
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2.9.5.1.3 Wall-ambient heat transfer

The heat transfer between the outermost wall layer and the ambient is calculated similarly as

the heat transfer between the fluids and the innermost wall layer:

ln Dwall outer
1 1 D

= + (128)
7D Lh 2xLk

wall outer wall

R

cond ,tot wall amb

Here D is the diameter of the outermost wall layer, while 4 is the user-specified

wall outer wall ,amb

surface conductivity between the wall and the ambient fluid. If specified to not use user-
specified U-values, the wall-ambient heat transfer coefficient is calculated from the

correlation of Churchill and Bernstein [45]

4
1 1 S\s
2 3 3
Nuwall amb 03 + WRG—W; 1 + ( Reamb \]
’ v | (282000
3
1+( 0.4 j
Pramb
D
Reamb = M (129)
amb
_ Nuwali,ambkamb

wall ,amb —

wall ,outer

Note that equation (130) needs certain variables describing the ambient fluid, in addition to
the ambient temperature: The density, viscosity, thermal conductivity, heat capacity, and

velocity of the ambient fluid.

Since these variables are given constant values, the result from equation (130) will be the

same constant through the entire simulation.
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2.9.5.1.4 Radial fluid-fluid heat transfer

For the heat transfer between the mixture gas and mixture liquid the properties of the
continuous gas field and continuous oil field is used if oil is present. If oil is not present, the
continuous water field is used for the liquid.

The gas-liquid thermal resistivity is calculated by:

1 1
Rcond,lot =max ’ ( 1 30)
hySyL hySy L

gl,min

Here £, is the user-specified gas-liquid thermal conductivity S, is the gas-liquid interfacial

perimeter and L is the length of the section. S

/min 18 @ minimum gas-liquid interfacial

gl,min

perimeter calculated from a holdup value of 0.01, used to set a lower limit on the heat
transfer. This will make a mixture field with a low phase fraction obtain the temperature of

the other mixture field.

2.9.5.1.5 Axial fluid-fluid heat transfer

Heat transfer is also calculated between continuous fields of the same type in the axial
direction.
The thermal resistivity for field & between section j and the next section (j+1) is calculated

using the average of the neighbouring phase areas as the contact area:

Ly 1 [O.SLj+0.5Lj+l] 31
7 O'S(A/,j“LA/,m) kpy o kpga

cond ,tot ,k

This heat transfer will typically be much smaller than the radial heat transfer, but can be

important for instance if a pipeline is shut down.
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2.9.6 Boundary conditions

Two types of boundary conditions are available in the presented model: An open boundary
with a constant pressure (typically the outlet), and a closed boundary with specified mass rates
entering (typically the inlet).

The temperature is user-specified and is assumed constant in both the inlet and outlet section

regardless of the type of boundary condition that is used.

The user can specify the length of the inlet and outlet sections directly. If not specified, the
lengths are calculated as the average between the minimum and maximum bubble length
coefficients. It is also possible to update the lengths of the inlet and outlet sections to that of

the neighbouring sections during the simulation.

2.9.6.1 Constant pressure boundary

The constant pressure boundary needs a user-specified pressure. In the following examples
the outlet is assumed to be the constant pressure boundary, but the inlet can be treated
similarly. To obtain a smooth pressure, holdup and velocity profile at the open outlet
boundary the part of the momentum control volume for the border at the pressure boundary
has zero extent into the outlet section, which makes the velocity at the control volume end-
point being chosen from the outlet border. This is equivalent to using a Neumann boundary
condition with a zero derivative for the velocity, holdup and enthalpy, and is just a relatively
simple way of obtaining this with the functionality of changing the control volume extent.
The pressure gradient will not be zero, and the specified outlet pressure will be used as the
pressure at the outlet border. Since the control volume end-point is at a border, the specific
mass is unknown and must be determined using a flux limiter. If the flow is going out of the
system the specific mass will be chosen from inside the pipe, and if the flow is going into the
system the specific mass calculated from the user specified holdup values in the outlet section
are used (default being an empty cell with only gas). For a description of the extent of the
momentum control volumes see for instance Figure 6, and for an illustration of the smooth

profiles obtained with this boundary condition for a horizontal test case see Figure 44 and
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Figure 53. The test case is described in section 2.16.2. The small deviations from the linear fit
seen at the outlet in Figure 44 most likely comes from the effect of assuming a zero derivative

of the holdup at the outlet.
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Figure 44: The end of the pipeline in a transient simulation of a horizontal pipe, at

steady state.

2.9.6.2 Mass flow boundary

For a closed inlet or outlet border the gas, oil and water mass rates needs to be specified
(default is 0). In the following examples it is assumed that the inlet is the closed mass flow
boundary, but the outlet can be treated similarly. Since the variable we solve the momentum
equation for is velocity and not momentum, we need the velocities at the mass flow boundary.

These are calculated from the mass flow rate, phase area and density as follows:

u, = (132)
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The mixture liquid velocity is calculated as the mass weighted velocity from the continuous
oil and water fields (only continuous field mass rates can be specified at the boundary). One
important question is what density and holdup to use for the inlet section in equation (133),
for which there are several possibilities. One possibility is to calculate the inlet holdup (and
pressure) from the steady state solver. Note that this does not mean that the remaining
sections in the pipeline will start from the steady state solution. Another possibility that is
implemented is for the user to specify the inlet pressure directly, and calculate the holdups
from the unit-cell model (this is the default option). There is also a possibility implemented
where the mass (and holdup and pressure) in the inlet section are copied from the
neighbouring section at the end of each time step (this is enabled as default as well). The
phase fractions that are copied into the inlet section are limited not to be too small, to avoid
unrealistically large velocities (since we divide by the holdup in equation (133)). Each phase
fraction is limited to be minimum 0.5 times the no-slip phase fraction (ratio of phase volume
flow to total volume flow). Note that this will only make the phase fraction and velocity
change at the inlet, while the mass flow rate will remain constant. An option is also available
where constant user-specified holdups are used in the inlet section. This functionality is

needed for instance in the water-faucet test case presented in section 2.6.

It is also possible to add multiple mass sources or sinks at any location in the pipe.

2.9.6.3 Periodic boundaries

It is also possible to use periodic boundaries in the Sluggit code. The inlet and outlet border
will then be the same border object. This leads to the first and last section in the pipeline
affecting each other, and one will get coefficients in the corners of the matrix of equations.
There are two options to deal with such a matrix with corner elements, as the matrix can no
longer be stored as a banded matrix (at least with the banded matrix format being used in
Sluggit):

Either the entire full matrix must be stored, or the procedure of Sherman-Morrison can be
used, which is faster and requires less storage. The Sherman-Morrison method is described in
section 2.9.7.1. In a periodic system there will then be no pressure boundaries, and no mass

flow boundaries. To inject or remove fluids from the pipeline one would thus have to use
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mass sources or sinks. One might also need a driving force, at least in a horizontal case for the
fluids to move. The user specified force described in section Appendix C.4 can be used for
this purpose.

Figure 45 shows a wave in a periodic system, taken from a test case from Paper 2.

Figure 45: Image of a wave in a horizontal pipe with periodic boundaries and a driving

pressure force.

2.9.7 Generic equation class

To ease the calculation of which index in the matrix system of equations to access when
updating the different equations, a generic equation class was constructed (named
NPhaseEquation). The inheritance diagram for this class is shown in Figure 46, showing all

of the different equation types used in Sluggit.

FluidEnergyEquation
FieldClass |y ‘———l ‘

—‘ FluidConserationEguation E

- MassEquation

MomentumEgquation |

| MNPhaseEquation

ConservationEquation PipeEnergyEquation |

Figure 46: Inheritance diagram for the generic equation class.
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Both the mass equation and fluid energy equation have their values stored in the sections, and
derive from the fluid conservation equation, which keeps a pointer to the section they
represent. Both the fluid conservation equation and the pipe energy equation inherit from the
conservation equation class, which is used to update the energy equation systems. Both the
conservation equation and momentum equation classes in turn inherit from the general
equation class (NPhaseEquation) described in this section. In addition, the momentum
equation and fluid conservation equation inherit from the field class, which is used to keep
track of which phase the equation represents (mixture gas, mixture oil, mixture water, or any
of the sub-fields). The pipe energy equation however does not inherit from the field class, as it

does not represent any fluid.

The details of how the indexes for the coefficients in the banded matrix are calculated will be
described here, as it might be of interest for others working on similar problems.
The generic equation class takes two inputs, the first being the number of variables to solve

for, which will be referred to by N,

Lariabies - 101S number will be one for the mass equation, two
for a two-phase momentum equation, three for a three-phase momentum equation, etc.
Furthermore this class requires an integer input called the variable index, which will be

for

referred to by the symbol N, ;... for the variable that belongs to this equation, and N,

index Jindex
the other variables to be solved. The variable index parameter is mainly used to calculate the
offset in the arrays between different variables. For a three-phase system one can for instance
give the gas a variable index of 0, oil could be 1, and water 2. The numbers could just as well
have been 10, 11 and 12, what is important is the offset between the numbers. In the current
C++ code the variable indexes are simply a list of enumerated values describing the different
sub-fields and mixture fields.

In addition, it is possible to specify how many neighbouring cells are affected by this equation

(N

neighbor

). The default is one (only nearest neighbours) for both the mass, momentum and

energy equations, but for higher order convection schemes this number could be higher

(typically two, meaning next nearest neighbours are included).
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The number of diagonals in the banded matrix can be calculated from:
Ndiug = Nvuriubly.\' (Nn(*ihgh()r + 1) - 1 (133)

It is here assumed a symmetric banded matrix with the same number of lower and upper

diagonals, which will be the case for the two-fluid model.

The number of columns required for storing the non-zero coefficients in the banded matrix

can now be calculated from equation (135):

=2N, +1 (134)

column diag

For the mass equation and a two-phase momentum equation affecting only nearest

neighbouring sections, this gives three and seven columns respectively.

The number of rows must however be calculated by custom functions for each equation type,
and will depend on the number of control volumes for the different equations (which might
change in the Sluggit code due to grid management). If the full matrix is stored instead of a
banded matrix, the number of columns will equal the number of rows.

Before updating the different equations, each equation must be connected/appended as a new
row in the system of equations. When doing this, information about which row this equation

is located at will be stored in the generic class (n,,, ).

The different indexes in the current row to be accessed can now easily be calculated from the
available information. Note that for some of the coefficients, the variable indexes must be
specified. An example of this can be when accessing the coefficient for gas from the liquid

momentum equation, for instance when updating the effect from interfacial friction.
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Table 3: How to calculate the index in an equation row for different equation

coefficients.
Coefficient Index
Current variable, left equation _

> q Ndiag Nneihgbavaariables

ther variable, left ion _ _

O erva ab ¢ 1€ equat 0 Ndiug Nneihgbavaariahle.\' + Nk,indﬁx Nm,index
Current variable, current equation N g = Moy
Other variable, current equation Noiae + Neindex = N index
Current variable, next equation

’ d Ndiag + Nneihgbovaariables
Other variable, next equation

’ q Ndiag + Nneihgbovaariables + Nk,index - Nm,index

If the full matrix is stored instead of a banded matrix, a banded matrix index ind, ,, can be

converted to a full matrix index ind ,, from:

Sfull

ind g =n,,, +ind,,..—N ., (135)

For periodic boundaries, the modulus operator must also be applied to the matrix index:
ind_/ulz =mod (indfull o N cotumn ) (136)
mod(x, y) = x —(floor(x/ y)) y (137)

An example of how the banded matrix for the change in gas and liquid velocity for the
momentum equation looks is shown in equation (139). The number of variables to solve for is
2 and the number of affected neighbours is 1, so the number of upper and lower diagonals

according to equation (134) will be 2(1+1)—1=3. The number of columns in the banded

matrix to store the non-zero coefficients becomes according to equation (135): 2-3+1=7.
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Note that the coefficients marked with * will only be non-zero for a system with periodic

boundaries.
. .
Cria Corl Ciz Cain Crin ColN
* *
Cio Conn Ciop Cgnn Cion Conn
Cra1 Cez1 Cisp Cean €33 Ce33
Cran Coar  Crap Coap Cras Coas
Crso Cgsn Cis3 Ces3 Cisa Cosa
Cr62 Cap2 Cio3 Co63 Croa Co4
Cnvan—a  Conana Cnvana Cenanva Cnvan Con-sn
Cvan—2 Cenoana Cnoana Conoana Cnvan Cenan
* *
Cinag Conaip Cnan-t Conana Cnan  Conaan
* *
Cinga ConNp2 CINN-1 Co NN-1 CInN CoN N
rhs,,
rhsg’1
rhs, ,
rhsg’2
rhs;
rhsg’M1
rhs,
rhsg’N
(138)
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2.9.7.1 Matrix solvers

The system of equations is solved by LU-decomposition for both banded and full matrixes.
According to [46], the number of operations needed to solve a banded system of equations

with LU-decomposition is (3N —2)(N- +N?

variables variables

), where N is the number of rows. For a
full matrix on the other hand, the number of operations is of order % N?. When solving a

system with periodic boundary conditions, corner elements appears as illustrated in equation
(139). Solving such a matrix would typically result in filling in non-zero values in large parts
of the matrix, and require similar number of operations as a full matrix. Instead of doing this,
the Sherman-Morrison algorithm has been implemented to handle periodic systems [47]. This
method looks at the matrix to be solved (A ) as a banded matrix, plus the product of two

vectors containing the corner elements:

A=A"+uv' (139)
o _ ;
0 0
u=| V= ' (140)
Ay, Ay ly
_ANJ i _AI,N/7_

The matrix A" contains the banded part of A, slightly modified: The coefficients at (1,1) and

at (N-N, N-N.

variables >

) to (~,N) are modified. The coefficient » can be arbitrarily

variables

chosen as it only affects the numerical accuracy, and is currently set to 1.
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The solution to Ax =b can then be found by first solving A’y =b and A'Z=u, and then

computing the solution X as:
x:y—{&}z (141)

Note that the two dot-products in equation (142) forms two sums that must be calculated first.
The method only works to remove one row of the lower left corner elements and one column
of the upper right corner elements, but can be called recursively to remove larger blocks of
corner elements. Equation (141) shows the u and v vectors after removing the lower left

row and upper right column of the corner elements. In general, the coefficients j and 1 in the

u and v vectors will be at the same position as the row/column of corner elements to be

removed. Above this index u and Vv are zero, while the bottom coefficients equals the lower

left and upper right parts of A to be removed. A" will be similar to A , but with »

subtracted at the same diagonal index as were it is located in u. In addition, the vector
product of uv’ is subtracted in the bottom right corner. For the matrix shown in equation

(139), calling the Sherman-Morrison method once will create a matrix A’ with Clnins €l

¢,y and ¢, removed. When then trying to solve A’y =b and A'z=u, A’ still contains

some corner elements, and the Sherman-Morrison method is applied once more. For a system

of equations where N is the number of variables to solve for, the blocks of corner

variables

N\

elements will be of size N, XN, This requires a total of 2™ —1] calls to the

var iables variables *

Sherman-Morrison routine, resulting in approximately

(2Nva,,ubm — 1)(3N - 2)(N

variables

SEN.

Va”.ab,esz) operations. This is typically far less than the
%N ? operations if using the full matrix.

Figure 47 shows a comparison of the performance of the Sherman-Morrison method and the
LU-decomposition method using a full matrix for some test matrixes, and the theoretical

values. The obtained simulation time ratios does not match exactly the theoretical ones, most
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likely because the ratio from the simulations are based on the computational time while the
theoretical ratios are calculated from the number of operations. The results however seem to
follow the correct trend, showing that it is possible to obtain a gain of several orders of

magnitude for large periodic systems.

10*
Theory (m=1)
Theory (m=3)
2 Theory (m=5)
10° - Limt b

=N
o
=]

@  Test simulations (m=1)

@  Test simulations (m=3)

@ Test (m=5)
([ ]

Sherman-Morrison / full matrix [-]
S
%

10’ 102 10% 10*
N [#]

Figure 47: Theoretical and simulated values for the relative computational time between

the Sherman-Morrison method and LU-decomposition using the full matrix.
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2.10 Closure models

This section presents the necessary closure models required to close the system of equations,

like friction and entrainment models.

2.10.1 Friction models

Friction models are needed to account for the friction between the gas and liquid phases and

the pipe wall, and for the friction at the interphase between the gas and liquid.

The wall shear stress is expressed by the Darcy friction factor definition [48]:
1
Theowall = gﬂ‘k,wallpkuk |uk | (142)

Here A

+way 18 the friction factor, which is described in more detail by equations (145) and

(146). The interfacial shear stress is modelled similarly to the wall friction:

1
L= gﬂipg (uk _um) Uy _um| (143)

For friction factors, we use the Haaland and Hagen-Poiseuille friction factors ([41, 49]), for

turbulent and laminar flow respectively:

2
69 (&/D. )"
At = [_1-810&0 [R_ek-}_(?)—;k] (144)

64

k,wall =
Re,

(145)
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Here ¢ is the hydraulic roughness, and Re, is the Reynolds number for phase £:

oD,
Hy

Re, = (146)

The parameter D, , is the hydraulic diameter for phase k, while £z, represents the dynamic

fluid viscosity. For the gas phase, we use:

D’
- 147
S+, (147)
For the liquid, we use:
p -7 (148)
h.k S[

To achieve continuity, we use the maximum value of the laminar and turbulent friction
factors, as long as the Reynolds number is above a minimum limit. The minimum limit is set
to 300 in the Sluggit code. For stratified flow we apply the interfacial friction factor

correlation of Andritsos and Hanratty [50]:

149
& =2 [1 + 15\/% (Z’éﬁ - 1]} au, >u,,, (1)

The critical velocity u,_ . is defined as:

g,crit

p ,atm
ug,cr[t = 5 &2 (150)
Pe
Here p, . 1s the gas density at atmospheric pressure.
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For annular flow, we use the correlation of Moeck [51]:
5 1.42
A :0.02[1+1458(51j ] (151)

Here, ¢, is the mean film thickness in annular flow (see equation (40)).
Furthermore, we limit the relative film thickness % in equation (152) to be maximum 0.2,

which is the maximum experimental value the correlation is defined for.
The interfacial friction factor is weighted between the stratified and annular models by using

the inclination (see section 2.9.4.1).

2.10.1.1 Pig friction

The wall friction for pigs is modelled after the relatively simple model of Cordell [52], where

the driving force of the pig equals the friction force:

nD?

AP = FRICTION - D

(152)
AP =

This gives a constant friction force per circumference. The factor K is most likely a function
of amongst others the pig material, and will be different for different pigs. The pig friction is

consequently given by:

K Vpig
Fie = (B)L_ (153)

pig
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The wall friction is thus independent of velocity, and will be applied as an explicit term. The
sign of the friction term is however taken from the current velocity, or from the current

pressure gradient over the pig if the current velocity is zero:

sign(—Apf,,-g )F fric u;ig =0

F‘L:)lasll,pig = . . ( 1 54)
sign (u;’n . ) F,.  otherwise

The wall friction for the pigs will be applied after all other updates has been done to the
momentum equation. One can then use the current value of the right hand side if the
momentum equation as an estimate of the other forces acting on the pig. If the wall friction
force is larger than the other forces (smaller than if it the velocity negative), the equation
coefficients are reset and the pig is explicitly given a velocity of zero (as described in section
2.9.4.2). This will typically happen when then simulation starts: The pressure force will build

up until it overcomes the friction forces on the pig, and first then will the pig start to move.

The mass and velocity of the pig take the same place as the mixture liquid velocity and oil
mass in the system of equations. The mass of a solid pig should not change during a
simulation, so the pig borders will travel with the mixture liquid velocity, giving a zero mass

flux at the borders.

2.10.2 Entrainment and deposition rates

It is possible to include multiple dispersed/entrained fields in the Sluggit model: Both liquid
droplets in the gas, and gas in liquid in both slugs and in the bubble sections. Note that all
types of entrainment and deposition described in this section are handled as source terms in

the mass, momentum, pressure and energy equations.
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2.10.2.1 Liquid droplets

For entrainment in both horizontal and vertical flow and for deposition in vertical flow we use
the correlations of Govan [53], presented for entrainment and deposition of oil in equation
(156). The entrainment correlation for vertical flow has been multiplied by a factor of 2
compared to the original correlation presented by Govan, as this was found to give better
predictions of the slugging periods and liquid holdup in testing against experimental data.

For deposition in horizontal flow a linear relationship with the deposition constant and droplet
field concentration is used. Like for the wall and interfacial friction, the entrainment rates are
weighted between the horizontal and vertical models by the weighting factor in equation (78)
as an attempt to interpolate the entrainment and deposition rates for inclinations between
horizontal and vertical configurations.

0.316
2
¢B,v:LS-2-5.75-10{(max[Reo—Rem,,O])sz“[} o p.u
/ Do-gop;g g gg| gg|

+0.424988 | Lol
Re, - a,p, uO1|D Re - exps.xstm 04249;/”[\/;
luol
CO
LS-0.18C,,, —2.<03
b= o (155)
v c ~0.65 c
LS-0.083] == C,es —£>03
pgg pgg
¢e,h = 0'5¢e,v

¢d,h = LS ! kD,hCOg

The entrainment and deposition rates for water are calculated similarly as for oil. In equation

(156) &

go

is the gas-oil interfacial tension, and C,, is the droplet field concentration, given

by:

C =—c%=_tosTos (156)
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The deposition velocity constant for horizontal flow (%, , ) is set to 0.1 m/s. Both the

entrainment and deposition correlations have been multiplied by the control volume length L
and pipe perimeter S to get entrainment and deposition rates in the correct units (converting

from mass rate per length and surface area kg/(m?’s) to kg/s).

2.10.2.2 Gas bubbles

The entrainment and deposition rates for gas bubbles in the oil film is presented here (the
rates for gas bubbles in water are be calculated similarly). The entrainment rate of gas bubbles
into the liquid film is by default zero. Most likely some entrainment will happen due to waves
breaking, but currently the only way gas bubbles can enter into the liquid film is from the
mass flux leaving a slug border (bubble-nose). Void in slug must in other words be enabled to

obtain any gas in the liquid film in the bubble section.

For the deposition rate, we first need to find the terminal velocity of the gas bubbles in the

liquid. This can be obtained from a force balance on a gas bubble between gravity and drag:

2= 4D,g (pol B pg)cos 0
hee 3C'Dpal

(157)

Here, D, is the bubble diameter, and «, , is the terminal velocity.
The drag coefficient can be estimated from the correlation of Clift and Gauvin [54] shown in
equation (159), valid for Re, <3-10°. In lack of a better alternative, equation (159) is also

used above this range, but limited give a minimum value of 0.19. This is a value reported by

Clift and Gauvin, which the drag coefficient approaches at high Reynolds numbers.

(158)

0.687
C, = max[zzt%,o.wj

Re,
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The gas-bubble Reynolds number is defined by the bubble diameter and terminal velocity,

and the continuous liquid density and viscosity:

Re, = Lat'rDs (159)

lual

Since there will be a distribution of bubble diameters of varying size, we use the Sauter mean

droplet diameter (D, = ds, ) in equation (158). The Sauter mean diameter represents the size

of the larger bubbles that contain most of the volume. This is in many correlations dependent
on the energy dissipation, but for simplicity we use a more simplified model as presented in
the TRAC-M theory manual [55] shown in equation (161). This might be a too simple model,

and could be improved in further work.

(160)
g(pz _pg)

Together equations (158) - (161) gives a non-linear equation for the terminal velocity, which
is solved by Newton's method. After the terminal velocity has been calculated, the mass rate
of gas bubbles out of the liquid film is calculated from:

(161)

¢d,g{7 = mgoAgnuT,gn = mgOSgoLuT,go

Here 4,, is the gas-oil interfacial area.

In vertical flow, the gravity no longer acts to make the bubbles rise out of the liquid film and
into the gas. Instead, the gravity acts on the gas bubbles in the direction parallel to the flow,
which has to be implemented by slip relations between the entrained field and the continuous
liquid field. Consequently, the deposition rate of gas bubbles from the liquid film in vertical

flow will be zero due to the cosine term in equation (158).
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In vertical flow it might still happen that a lot of entrained gas accumulates in a liquid film,
even if slip relations are applied. To avoid the gas in liquid fraction becoming too large, the

following adjustment of the deposition rate is made:

ol

a M
Pioo = max[go Ay 4, MAX ((i—O.Sj,OJlJ (162)
| ’ a At

2.10.2.3 Slug front entrainment

Several correlations are available in the literature for the entrainment of gas into a slug front:
Nydal and Andreussi [56], Ullmann and Brauner [57], Skartlien et al. [58], Manolis [59] and
Chanson [60]. Based on relatively simple testing and from the results obtained by the tests
performed by Bonizzi and Issa [61] a modified version of the correlation of Chanson was
chosen. The model is modified with the inclusion of a critical Weber number as suggested by

Ullmann and Brauner, and is shown in equation (164).

= [ 16 |6)<45
~|90-16] 16]=45
022 Eox02

36, =3+ Eo-cos@
0.25 Eo<0.2

We, = 100~- 0.6
d

cr

2
We=p, (ul,front - ul,bub) D/oy,

(1245 Fr<7 (0018 Fr<7
V14 Fr=7 °7 0014 Fr>7

|”/, front Wi pub

A/ gAl,bub / Si,bub

¢
y = pgg,bubAl,bub |ul,front ~ U pp| 6 MAX (FI’ -1 O) We = We”
slugfront 0 We < Wecr (1 63)

Fr=
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Here Eo is the E6tvos number (see equation (183)), while We is the Weber number.

The entrainment rate is set to zero if the Froude number is less than one, or if the liquid in the
film is not going into the slug front. Note also that the resulting entrainment rate was found to
be too large if using the actual front velocity (border velocity at the slug front), while the

results seemed more reasonable by using the liquid velocity at the slug front (v, ,,,,)-

Note that void in slug can be enabled even if slug front entrainment is disabled, but gas can
then only enter slugs either through mass sources, or from when converting a bubble to slug

by distributing the gas present in the bubble as gas in the liquid slug.

2.10.3 Slip relations

Slip relations relate the velocity of the sub-fields to the mixture fields:

u;'ﬂ = C7,s1ipu:+l + U.’/I'.Slip (164)
By default no-slip is applied (C, ,, =1, U, ,, =0), except for the gas bubbles in liquid for

which the Malnes slip relation [62] is default. Equation (166) shows the Malnes slip relation

(here shown for the gas in oil field).

_ l-q,
S 095-a,,
s, (165)

D

C

go,slip =

Por = P e
U oty = SD1.18£0'gug4j (o, sind)z
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2.11 Hydrodynamic slugs and slug initiation

How to initiate or capture hydrodynamic slugs is still one of the most challenging tasks in
gas-liquid simulations with the two-fluid model. There are typically three different

approaches:

1. Using the unit-cell model as a sub-grid model
2. Applying a fine grid to capture the natural growth of waves into slugs

3. Initiating slugs on a course grid using mechanistic initiation criteria

All three approaches can be used in the Sluggit framework, though they all have their
shortcomings. The unit-cell model will only give the average friction terms to use in the
momentum equation, treating the slug flow in a statistical manner and assuming steady state
flow in each section. Information like slug length and slug frequency is thus not possible to

obtain. The unit-cell model is described in section 2.15.

A promising approach is using so-called slug capturing, through the accurate numerical
solution of the one-dimensional two-fluid model, typically employing higher order
discretization schemes. This approach is believed to be capable of describing the transition
from stratified flow to slug flow, see for instance the work by Issa [16, 63] and publications
from the commercial simulator LedaFlow [9, 64, 65]. If the conditions are correct, small
instabilities on the gas-liquid interface will become unstable and grow, either to stable waves,
or to slugs. The downside of this approach is that using a fine grid means increased
computational time. In addition, there are still some unresolved issues regarding the
mathematical properties of the two-fluid model: The model can become ill-posed, which
means that the solution will be dependent on the grid size. In opposite, a well-posed problem

has the following properties:
1. A solution exists

2. The solution is unique

3. The solution's behaviour changes continuously with the initial conditions.
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The characteristic roots of the mass and momentum equations shown in equation (167) gives
the Inviscid Kelvin-Helmholtz limit [66] (also called the well-posedness criterion), the limit
for when the eigenvalues for the system of equations becomes complex and the model is ill-
posed. The model is then no longer hyperbolic, but becomes elliptic (or mixed

hyperbolic/elliptic).

o, a;\P.—P
(ug—u,)" < [p—z+p—ZJLa—alcgcos(¢9) (166)
oh,

When the model becomes ill-posed, the growth rates increase exponentially as the wavelength
shrinks to zero, which is unphysical. The reason for why the two-model can become ill-posed
is that several terms are dropped in the averaging the full three-dimensional equation to the
one-dimensional two-fluid model. The paper of Sanderse et al. [67] clearly shows how some
of the skipped terms have to be reintroduced (re-introduced from data from CFD-simulations)
to get the correct results for a relatively simple simulation of the drift velocity of a Taylor
bubble in a channel. The commercial simulator LedaFlow used a different approach, and
showed how the interfacial friction can be tuned to give the correct drift velocity [9]. The
papers from Sanderse and LedaFlow are not directly related to the ill-posedness of the two-
fluid model, but clearly illustrates that some basic physics has been lost in the averaging.
Several attempts has been made to try to regularize the two-fluid model to cope with the ill-
posedness, like adding numerical viscosity, surface tension and artificial interfacial pressure.
For a review of such regularization techniques, see for instance the study of Fullmer [68].
Another approach is to employ a two-pressure model as investigated by among others
Munkejord [69], but this method also seems to have its drawbacks. Though some of these
attempts might help stabilize the two-fluid model, they all have their drawbacks, and some of
the approaches even lack a good physical justification. In other words, the problem of an ill-
posed the two-fluid model is yet to be solved.

Using a first order discretization for instance for the convective terms like the first order
upwind scheme will yield a round-off error of similar form as when adding artificial
numerical viscosity. This will stabilize the model, but also makes it more diffusive.

Furthermore, one does not have control of what the numerical viscosity will be, and it will
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change with the grid size. One could in other words get similar results by using a higher order
scheme and explicitly adding some numerical viscosity, using a larger grid size and thus also

a larger time step.

It should also be noted that the two-fluid model is unconditionally ill-posed if the hydrostatic

level gradient term is not included (which will always be the case in vertical flow).

The third possible way of dealing with hydrodynamic slugs is to use mechanistic initiation
criteria. Two initiation criteria are implemented in Sluggit to insert slug section objects

depending on the flow conditions.
One is based on the instability of stratified flow (equation (167)), and the other on the

existence of slug flow derived by Bendiksen and Espedal [70] which is based on that the slug

front velocity at steady state must be larger than the nose/tail velocity:

ug,x/ug

ag,bub - ag,slug

u, <u gbub (167)

g,bub
g.bub - ag,:lug

Note that in the limit of zero gas in the slug, equation (168) reduces to u, <u,,,, . This

criterion is currently only implemented to work with no void in slug. Note also that this is
only a necessary criterion, but not a sufficient criterion for slug flow to occur. This criterion

must in other words be used together with for instance the well-posedness criterion.

The slugs that are initiated are created in the middle of the bubble section, with a user-

specified length in multiple of pipe diameters.

The commercial simulator OLGA has until recently initiated slugs in its slug tracking model
from a user-specified delay constant and initiation frequency, which makes the result
dependent on the user input and has been subject for criticism. Lawrence et al. [71, 72]
however recently presented an improved slug initation model for OLGA, where the only

required user input is the length of a short and stable slug. The initiation model is
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implemented as a conservation equation for the number of initiated slugs similar to the
continuity equation, with the birth and death rate of the slugs as the source terms. The model
is obviously dependent on good correlations for the birth rate and death rate, which are not
given in full form in the papers. This type of initiation model has not yet been investigated in

the Sluggit framework, but could be an alternative to investigate in future work.

2.12 Plug boundary movement

Slugs normally have a front and a tail, where liquid is absorbed at the front and shed at the
tail. Hence, the velocities of the edges of a slug are generally not equal to the slug’s bulk
velocity. In this simplified approach, where slugs are confined within a single control volume,
it is necessary to apply closure relations to determine the velocities of slug front and slug tail.
(i.e. at the borders in Figure 5). The border velocities are expressed by a linear relationship
with the liquid mixture velocity:

u, = Cou, ; +U, (168)

The purpose of applying a moving grid is to make the grid coincide exactly with the edges of
the slugs and plugs. Consequently, the border velocity coefficients are computed according to

the relations supplied below.

The movement of the slug edges is related to the liquid velocity in the slug. If the slug did not
lose or accumulate liquid in any way, the slug border velocity would simply equal the slug’s

liquid velocity.

2.12.1 Critical bubble turning velocity

In order to determine whether a slug border is a slug front or a bubble nose, one must apply
some kind of bubble turning criterion. In the current work, the criterion is based on the
assumption that bubbles tend to move in the opposite direction of the pressure gradient. This
criterion has been shown to predict the bubble turning point quite well in [73, 74]. The bubble

will thus turn when the gravitational forces balance the friction forces over the slug body:
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u A .S

0125 crit” “wa .
P eritwall V] =|plgsm0| (169)

ucri t

A

Note that this expression gives the absolute value of the critical velocity, for simplicity. The
correct sign will be applied after calculating the absolute value.
In laminar flow this equation has a simple analytical solution, by using the laminar friction

factor from equation (146):

D’ |sin @
ucrit lam = /)lg—|| (170)
’ 2
For turbulent flow however, when using the Haaland equation (equation (145)), we get a non-

linear equation for the critical velocity:

e 6.9u e/D\™"
Uy e +1.8(2gD]sin 6])2 logw[p,Du 1 +( % j =0 (171)

crit tur
This can be easily solved with for instance Newton's method.

To determine if the laminar or turbulent critical velocity should be used, we first calculate the
laminar critical velocity, and calculate the corresponding Reynolds number and friction factor.
We then calculate the turbulent friction factor, using the critical velocity obtained from the
laminar theory. If this turbulent friction factor is larger than the laminar friction factor, and the
Reynolds number is above 300, we go on to solve equation (172). If not, we return the critical
velocity calculated from the laminar theory.

Finally, the correct sign is of the critical velocity is applied by:

U,y 020
o crit,abs 172
Weri { u 0<0 (172)

crit ,abs

A slug border can then be determined to be a bubble nose or a slug front as shown in Table 4.
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Table 4: How to determine if a slug border is a bubble nose.

Slug-bubble Bubble-slug

Nose criterion u,, 2u u,, <u,

crit

2.12.2  Slug front velocity

For slug fronts, the liquid mass balance across the slug front must be fulfilled.

x(t) x(t+Ar)
|

——
ul,slug g

(ui,sfﬂg T U pusbie )At I I Vi= 4 pusvie (”1 stug Uy pubble ) At

RAY, | |
; -
Ag;bubbx’e

Figure 48: A slug front moving to the right, into the neighbouring bubble section.
During a time step Az, the slug front will move a distance u, At into the neighbouring

bubble section. The slug front will then have absorbed the following liquid volume from the

neighbouring bubble section:

Vi= (ul»szug U bbb ) Al,bubbleAt (173)

The slug front must then be moved an additional distance to make room for this volume, as

illustrated in Figure 48.
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The velocity of the slug front is calculated by:

U + Al ,bubble (

front = ul,s[ug A
g,bubble

U g — ”l,bubble)

a/,bubble ( ( 1 74)

= ul,slug + 1,slug - ul,bubble)

ag ,bubble

_ 1 " Uy pubbie 1 pubble
- u/ Jslug

1=, 1= e

Note that equation (175) is only used if liquid is going into the slug front. If the front is not
absorbing liquid it is assumed to be a front moving with the mixture liquid velocity, and we

set C,; =1 and U, =0.

Note also that the velocity of the liquid going into the slug front is not taken as the liquid
velocity in the bubble section next to the slug front. The velocity in this section is calculated
as the average between the velocity at the slug border and the neighbouring bubble-bubble
border, which means that this section velocity is coupled to the velocity in the slug. In reality,
the liquid going into a slug front has no information about the velocity in the slug.

Consequently the value for u,,,,,, is taken from the mixture liquid velocity in the

neighbouring bubble-bubble border.

Equation (175) is a linear relationship with the liquid mixture velocity in the slug, and we get

the following coefficients:

Ufrom‘ = C()lul,slug + UO
1
C, = ; (175)
o,
U, = —O Y puvble
l-a,

118



Note that the calculations above are only valid when there are no area changes. How the
calculations are performed to account for changes in the cross-sectional pipe area is described

in section 2.12.4.

When moving an incompressible slug front border, an additional movement Ax_, might be

necessary to make room for the liquid that enter the slug from possible mass sources inside

the slug:

AV, = ZM_’c

P (176)
Axsrc - AI/SYC

A

If there are changes in the cross-sectional area, the length needed to distribute the volume
from the source is calculated numerically. This term is only included for incompressible
slugs, since no pressure equation is solved. For compressible slugs the mass source terms
enters as normal through the pressure equation, which again affects the new mixture liquid
velocity and new border velocity.

It might happen that both the left and right slug borders are bubble-noses, in other words no
slug fronts exist. The source term contribution will then be included for one of the bubble-

nose borders.

2.12.3 Bubble nose velocity

A bubble nose velocity relation for inclined pipes has been proposed by Bendiksen [1] on the

form:

u, =Cou, +U, 177)
The drift velocity U, can be represented as split up into the vertical and horizontal

components:

u,=U,, +U,, (178)
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A similar model to that of Bendiksen is implemented in the Sluggit code, on the form:

u,=COu, +U,, +sgn, |U,,| Fr<3s

u, =C0,u, +U,, Fr>3.5
C0, =(C,, +0.15sin’())
€0, =Cp, 179)
U, = F, sin(@) | 2 =) o
Py
U,, = F,, cos(0) MgD
Py

The coefficients C,,and C,

o varies depending on the conditions of the flow, and are
described in more detail further below. The variable Fr is the Froude number, which is the

ratio of inertia to gravitational forces:

Fr=u |— P 180
U eD(pi-p,) (0

The parameter sgn, is +1 or -1, depending on the orientation of the bubble-nose. If the nose is

pointing left it is -1, and +1 if the nose is pointing to the right. The sign of the vertical drift
velocity is automatically correct since it is multiplied by sin (&) (for inclinations within
+90°).

The Taylor-bubble tends to travel along the top of the pipe, instead of being symmetric
around the pipe centre line. This effect is represented by the first equation in equation (180),
where the Froude number is low. When the velocity is increased, the bubble nose is forced

towards the centre of the pipe, and the second equation in equation (180) is used.
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Instead of using the Froude number directly to calculate the transition from the low Froude
number to the high Froude number region, the velocity at which the transition occur can be

calculated by:

UO,h

Y R — 181
U tim ‘COZ—COI‘ (181)

If the absolute value of the liquid mixture velocity is larger than «, ,, , the high Froude

number coefficient is used.

The coefficients F, and F in equation (180) are related to the horizontal and vertical drift
velocity of the Taylor bubble. Benjamin [2] calculated the coefficient for the horizontal drift
velocity (£, ) to be 0.542, but this calculation does not take into account the liquid viscosity.
Jeyachandra et al [4] performed experiments using different liquid viscosities, and proposed a

viscosity dependent correlation for the horizontal drift velocity coefficient, which is used in

the Sluggit framework:

PO A

H
P =P, )gD’
E0=—( L, (182)
Oy
F o= 0.538(-13.7Aﬂ“'6E5’“‘)

rh

Ar and Eo are the Archimedes and E6tvos numbers respectively, describing the ratio of
gravitational to viscous forces, and the ratio of buoyancy to surface tension forces.
Dumitrescu [3] computed the approximate shape of a bubble rising in a vertical tube from
theoretical considerations. By ignoring the frictional and capillary effects, and by considering
only the potential and kinetic energy of the liquid falling around the bubble, the approximate
solution for the liquid flow around the top of the bubble was determined by both Dumitrescu
and Davies & Taylor. The solution published by Dumitrescu gives a value of 0.351 for the

vertical drift velocity coefficient, a value that has been widely used.
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Joseph [5, 6] presented an analytical expression for the rise velocity of a spherical cap bubble
to account for the effect of liquid viscosity, which we used for the vertical drift velocity

coefficient in the Sluggit code:

1+8 16 2 "
F, _ 8u (48 V2f, ] +322—”13(1+85)} (183)
3p gD’ 3 pgD"  pigD

Here, s is a parameter describing the deviation of the free surface from perfect sphericity, in
other words related to the shape of the bubble. The bubble nose is more pointed when s < 0
and blunted when s > 0. This factor is not known, and in the Sluggit code we use s=0.2228
which will give approximately the value of Dumitrescu for zero viscosity (as long as the pipe
diameter is not too small).

The parameters C,,and C,, in equation (180) captures the effect of the velocity profile, in

which the fluid velocity at the centre of the pipe is greater than the average velocity, making
the bubble front propagate faster than the mixture. To calculate these coefficients we use a
method proposed by Nuland [75]. We define Re; as the transition Reynolds number,
calculated from where the maximum value of the laminar and turbulent friction factors gives a
transition from laminar to turbulent flow. The Reynolds number Re; gives the limit for
turbulent flow and is set to 3000, while Reg, is the Reynolds number in the slug. For

Resug<Re; we assume laminar flow, and set C,,and C,,

equal to 2.

Chen [76] showed that for turbulent flows (Resug™>Rer), the ratio between the maximum

velocity and the mean velocity in single phase flow can be calculated as:

(n+1)(2n+1)
COtur = T "
g (184)
n=x,|—
f
The parameter n represents the inverse exponent in the power law velocity profile:
1
R—r\»
u=u_ - 185
(% -
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The friction factor f is the turbulent friction factor using the Darcy friction factor
formulation, while K is the von Karman constant (=0.41). We use the friction factor in the
slug for f. This expression is valid for both hydraulic smooth and rough regimes. In the
transitional region between laminar and turbulent flow (Re; <Resug<Rewr) we use the

following interpolation method:

Re
Re

_ Reslug B tr

Retur_
=wC,

Otur

(186)

ir

C +(1-w)C,

Otr lam

The value of C, can be

Olam

is set to 2. It should be noted that according to Wallis [77], C

Olam

even higher than 2 for fully laminar flow, but the exact behaviour has yet to be determined.

The user can specify both the value of C,,, , and the transitional and fully turbulent Reynolds

lam >

numbers. The fully turbulent values of C, and C,, (C,,, ) are 1.05 and 1.2, respectively, and

the calculation of the transitional coefficient C, is limited to not be smaller than this.

If however the bubble motion is in the opposite direction of the flow, the mixture velocity

profile is directed in the opposite direction of the bubble nose, and a lower value for C, and

C,, 1s expected (referred to here as C ). This will happen for the following

counter—current
conditions:

1. For a slug-bubble border that has been determined to be a bubble-nose and u, is larger

than zero.

2. For a bubble-slug border that has been determined to be a bubble-nose, and w, is less

than zero.

Experimental results [78] suggest a value near 1 in such cases. The default value in Sluggit is

set to 0.98.

To sum up, when the coefficients has been calculated the procedure is as shown in Table 5.
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Table 5: Summary of cases in nose-velocity calculation.

Condition

Case

Coefficients

Left pointing nose and u, >0

or right pointing nose and

Counter-current flow

C, =C

0,counter—current

Uy =U,, +sgn, |U0,h|

U <0
ot <, 1| Low Froude number case | C,, = CO,

Uy =U,, +sgn,|U, |
e High Froude number case | C,, = CO0,

U,=U,,

Note that the calculations above are only valid when there are no area changes. How the

calculations are performed to account for changes in the cross-sectional pipe area is described

in section 2.12.4.

2.12.3.1 Wake effect

It is also possible to include a wake effect on the bubble-nose velocity. The C, and U,

coefficients of the bubble-nose border will then be multiplied by the wake effect factor W.
Currently the correlation of Moissis and Griffith [79] is implemented, where L is the length of

the slug unit and D is the pipe diameter:

—106%
w :[1+8e j
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2.12.4 Plug-plug border velocities

For plug-plug borders, the border coefficients C,, and U, are set to 1 and 0 respectively, so

that the border velocity will equal the mixture liquid velocity. This will be the case for both
slug-slug borders, pig-pig borders, slug-pig borders and pig-slug borders, for both

compressible and incompressible slugs.

2.12.5 Incompressible plug unit velocities

As mentioned in section 2.3, the velocities are solved for the slug unit for incompressible

slugs, and not for the slug borders. If the slug unit consists of different cross sectional areas,

the velocity we solve for is defined through the average area of the slug unit (% ).

Since the slugs are incompressible, we can calculate the volume flow through the slug unit as:

I/s u
Q],slug = ﬁul,slug = As/ugul,slug (188)

'slug

The velocity at any point in the slug unit can then be calculated by using the local area at the

location we want the velocity:

_ Ql,.vlug

ul Jocal — A
local

(189)

If the cross sectional area is the same everywhere in the slug, the velocities are the same at all

locations in the slug. See also section 2.9.1.3.
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2.12.6 Plug movement and area changes

After solving the new velocities in the slug and calculating the new border velocities, the
borders are moved a distance Ax:

Ax =u)"' At (190)

This is however only valid when there are no area changes. The new border velocity u,*' is

the new velocity at the new position, and not the average velocity the borders moves by from
time n to n+1. If there are area changes in the region the border moves, the mixture liquid
velocity in the slug and thus also the border velocity might have different values at the

different cross sectional areas in the region the border is going to move.

Sections 2.12.6.1 and 2.12.6.2 describe how the border movement should be performed to
account for area changes for a bubble-nose and a slug front respectively. Common for both
the movement of the bubble-nose and the slug front is that the volume flux in/out of the
border is stored, and used directly in the momentum and mass equations instead of the regular

flux terms. The stored volume flux is named Q, .. ..., - That is, instead of calculating the
mass flux from m, 4, (u—u,), we calculate the mass flux as 7,0, .. ... - The stored fluxes

are updated in each volume fraction iteration. In the pressure equation however we want to
keep the original formulation of the mass fluxes and relate them to the change in velocity to
add implicitness to the momentum equation. If there are area changes, the stored flux will
typically be different than the original flux formulation, so that a set of scaling constants are

needed in the pressure equation (described in section 2.9.4.4).

2.12.6.1 Bubble-nose movement and area changes
The velocity at the bubble-nose is defined at the old area ( 4" ), where the border velocity

coefficients were calculated. To be able to calculate how far the border should move, we start

by calculating the expected volume the border should pass by. This can be done by first
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calculating the new mixture velocities in the slug, but using the old cross sectional area where

the velocity was defined, and then calculate a new temporary border velocity from this:

n+l

* 1,slug
up = Zhte

A (191)

u, =u,C,+U,
The expected volume this border should move past will then be:
V:=u,A"At (192)

The length (in the correct direction) from the old position that corresponds to this volume is
then calculated numerically, and this will be the length this border should move. If the cross
sectional areas are the same everywhere, this result will be identical to equation (191).

The volume flux at the bubble-nose border that will be stored for usage in the mass,

momentum and energy equations will be:

O gsores = A" (1] — 1) (193)

The new border velocity defined at the new location of the border must be scaled by the ratio
of the new area to the old area for the bubble-nose (this is not necessary for the slug-front).

Since the liquid velocity is already scaled (see equation (190)), only U, is left to scale. The

new border velocity for the bubble-nose can thus be calculated as:

n+l

n+l — C(;z]u[nﬂ + Jj Un ) (194)

Upubple-nose An 0.j
J
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2.12.6.2 Slug front movement and area changes

A similar approach as for the bubble-nose is used, where we try to calculate the expected
volume the border should move past and then find the corresponding length. The calculation

for the slug front however becomes more difficult, because the different parts of C, and U,

that comes from how much liquid the front will shed or take up will be different for different
cross sectional areas (see section 0). To get this correct, we calculate and sum up the different
contributions from the volumes illustrated in Figure 48 in individual steps numerically instead

of simplifying them analytically into the C, and U, coefficients. Note that these volumes will

have a sign, so that some volumes are negative.

First we calculate the volume the slug front will move past if it moves with the new liquid

velocity, calculated using the old area:

v

Siront,1

—u A" At (195)

Next the length (in the direction «; goes) that gives the volume 1/, is calculated

ont,l

numerically, which we name Ax This is the length the front would have moved if it

Sfront,1 *
moves with the new liquid velocity, and we forget about there being any liquid in the
neighbouring bubble section. The next step is to calculate the liquid exchange with the
neighbouring bubble, taking into account that the liquid in the bubble is also moving. Two

volumes are then needed. The first we call

firont,2 2

and is the liquid volume exchange between

the slug front and the bubble if we assume that the liquid in the bubble is not moving. This

volume is calculated numerically from position x}  to x}  +Ax

front

and is assigned the

front,1

. This corresponds to the term A At in equation (174).

same sign as the sign of 1, ) bubbie 1 siug

front 1
Note that the positions, holdup and other values used in these calculations should be from
time step n, and not new values. This is because C, and U, are defined using old values, and

only the new liquid velocity should be from time step n+1. The next term is also related to the

liquid exchange between the slug front and the bubble, and comes from that the liquid in the
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bubble might be moving. This corresponds to the term A4, ;.4 ypie

At in equation (174).

Since this volume calculation is performed in the same region as we can calculate it

firont,2 2

as:

_ Vﬁ'unt,?? 1
V/;~am,3 == Uy A (196)

front,1

The net volume exchange over the slug front border can then be found by summing up the

three calculated volumes:

Vv

front = V/)‘ont,]

+V

front 2

+V

front,3

(197)

To make room for this volume, it is distributed in the gas region in the neighbouring bubble

section. This is also calculated numerically, and gives the final length the front should be

Vi

moved which we name Ax,,, ,. This calculation corresponds to the term in Figure

g.,bubble
48. The total length the slug front should move can then be calculated as

Ax, . —=Ax + Ax

front front,1 Sront,2 *

The volume that will be stored as the volume flux through the slug front can now be

to x"

front

calculated as the total volume from position x" + Ax

front

+ Ax

front,1 front *

This procedure gives the same result as equation (191) if there are no changes in cross

sectional area (this has been tested).

2.12.6.3 Example of plug movement and area changes

It is easy to see how the plug border movement would become wrong if not using the
proposed procedure. In this simple example an incompressible slug is in contact with the inlet

mass flow boundary at time t=0 seconds, with the front of the slug located at 0.499999 m. The
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geometry consists of two pipes of length 0.5 m, with pipe diameters 0.1 and 0.05 m which
results in a four times smaller cross sectional area for the second pipe. These two cross

sectional area will be referred to as 4; and A respectively. The liquid density equals 1000
kg/m? and is constant, and the water mass flow is set to give a velocity of 1 m/s at the first

cross sectional area (approximately 7.854 kg/s). This gives a volume flow Q, of 0.007854

m?¥/s. Since this is a slug front not absorbing liquid, the border velocity coefficients C, and

U, becomes 1 and 0 respectively.

Figure 49: An incompressible slug moving from one cross sectional area into a four
times smaller area. The top and bottom images correspond to times 0 and 0.1 seconds

respectively. In the bottom image the slug front has moved a distance 0.4 m to the right.

The time step Az in the simulation is set to 0.1 s, which means that a volume of Q,At =

0.0007854 m? will enter the pipe during each time step. If we define the new border velocity

at the cross sectional area at time step 7, the new border velocity u, would equal the new

liquid velocity u, at this location (since C, =1 and U, =0 ), which would be u, = Q. 1 m/s.
1

This wold result in the border moving a distance Ax =u,At = 0.1 m, which would be wrong
and yield a volume fraction error of 14.3 % in the slug. The correct result would be
approximately Ax = oar 0.4 m. Defining the border velocity at the cross sectional area at
time step n+1 would give an approximately correct result for this case, but would in many
other cases not be correct. For instance in the case where the slug front starts at position
0.40001 m, and ends up at approximately position 0.50001 m. It is in simply not possible to

express the distance the border should move as function of a border velocity defined at a

130



single point. Instead, the volume the plug borders should cover are calculated, and the
distance corresponding to these volumes numerically calculated as described in sections
2.12.6.1and 2.12.6.2. In addition, the correct scaling constants are applied to transform the
border velocity used in the pressure equation from a locally defined velocity to the average

border velocity between times n and n+1.

2.12.7 Pressure gradient over plugs

As shown in Figure 5, Figure 6 and Figure 50, the momentum control volume of the plugs is
non-staggered and does not extend into the neighbouring bubble sections. Consequently, the
pressure is no longer defined at the end-point of the plug momentum control volume (at the
plug borders). The same will be true for the pressure at the end-point of the momentum
control volume of the neighbouring bubble-bubble border, which is extended all the way to

the plug.

i1 J-1 i J i+1

Figure 50: Indexing and pressures for the momentum equations next to a plug.

We will here look at an example for the right border of slug.
The default approach is to approximate the pressure at the plug border (index J-1) by the
pressure in the bubble section (P1), but it is also possible to approximate the pressure by

extrapolation assuming a linear pressure gradient from pressure P2 to P1.
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The extrapolation for the pressure at index J-1, used both for the pressure gradient over the

slug at index j-1 and for the bubble-bubble border at index j, becomes:

p,-p
P;a= D _40-5%

0.5(x1 +x2)
P~ P (198)
p,—p,———————0.5x
% __P,=P _ ’ ] 0'5(x1 +x2) ] __DP=D 1— 0.5x,
ox  (x,+0.5x,) (x,+0.5x,) (x,+0.5x,) 0.5(x, +x,)

New values (from time step n+1) are used for the both the pressure and lengths in equation
(199), which are updated after each iteration on the system of equations.

The same interpolation can also be performed for the momentum control volumes next to a
closed border since the control volume extent is modified also there. After solving the system
of momentum equations the estimated pressure gradient is compared to the actual pressure
gradient, and is said to be converged if the absolute value of the difference is less than the
user-specified tolerance (default value 5 Pa/m).

Testing has however shown that including this interpolation does not give much difference in
the results, though this might be case dependent. The cases marked as "case B" in Paper 1
were simulated with and without the pressure extrapolation enabled, and the slugging periods
did not change much. The pressure signal at the start of the pipeline is plotted for a selected
case in Figure 51, and it can be seen that the difference between the two simulations is quite
small. The simulation run-time is however about 30 % larger when including the pressure
extrapolation, as the pressure interpolation becomes a part of the iteration procedure to solve

the system of equations.
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22 Case B, USG=0.49 m/s, USL=0.49 m/s
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Figure 51: Simulated and experimental pressure for a selected experiment from Paper 1,
showing simulations both with and without pressure extrapolation at closed borders and

at slug borders.

2.13 Interfacial mass transfer

The interfacial mass-transfer model applied in Sluggit is the same as described in [80]. This
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. By defining the

mass fraction at equilibrium as:

R, =—"% (199)
Tomy+my

, the mass transfer rate for field f may be computed as:
d OR OR, . OR OR
Bl | d_p+ ot 6_p6_x+ S d_T+ Oy | o ox (m +ml) (200)
dt op J)pdt \ op ),oxor \ o ) dt or ), ox ot |* *

133



The term [%) Z—p represents the phase transfer from a mass present in a section owing to
p T t

pressure change in that section, while the term R, ) % Ox represents the mass transfer
dp ), Ox ot

caused by mass flowing from one section to the next. The gas mass fraction at equilibrium

(R,) must be specified, from a PVT-file.

Including interfacial mass transfer in the simulation is currently only available as a part of the
volume fraction error iteration procedure, due to the way the computed mass changes are
handled which will soon be described. Thus the effect on interfacial mass transfer from the
energy equations will only be included if the energy equations are also a part of the volume
fraction error iteration procedure. In addition, a minimum of two volume fraction error
iterations must be used.

The reason for this is that after mass, pressure, momentum and energy has been solved, the
interfacial mass transfer is computed and stored in the same arrays as contains the mass
source terms. The mass, pressure, momentum and energy equations will thus not feel the
effect from interfacial mass transfer until the next iteration, where it will enter through the
source terms. At the end of iteration nr. 2 new values for the interfacial mass transfer will be
computed and replace the current interfacial mass transfer values in the array containing the
source terms, and this procedure is repeated until convergence. The iteration procedure will
then converge the interfacial mass transfer as an implicit contribution.

Interfacial mass transfer will occur because a lump of fluid experience a change in pressure
and temperature (or just one of them). For a specific section, this effect is computed both for
fluids that remains in the section, enters the section from the left, or enter the section from the
right. In addition, the effect is included for all types of source terms entering the section, from
both mass sources and from other physical processes that are treated like source terms. This
could be entrainment or deposition, slug front entrainment, slug-tail bubble-disengagement,
and bubble-disengagement from the liquid film. The interfacial mass transfer for a sub-field

phase f'can then be calculated as follows:

de,IFM = M/' I:Rs (pnew’ T;ww) - Rs (pold’ Told ):| (201)
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Here A1, represents the mass of the lump of fluid that experience a change in pressure and

temperature from p_,, and T, to p,. and 7, while dM represents the resulting

fAFPM
mass transfer in kg.

Note that if the field is a gas field (gas in oil, gas in water or gas in mixture gas), a positive
change in gas mass fraction (R;) would mean gas turning into gas. This would in other words

not represent any interfacial mass transfer, so for the result to be used dM must be

SAFM

negative for the gas phase. Similarly, the mass transfer must be positive for liquid.

Gas mass originating from interfacial mass transfer in a slug section is put as gas in
liquid/void fraction in the slug. An overview of the field that will receive mass from another
field during an interfacial mass transfer process is shown in Table 6.

Note that the interfacial mass transfer is currently computed assuming two-phase flow, and
will not work if both gas, oil and water are present. This would require that the PVT-file also

contain information about the water mass fraction.

Table 6: Overview of the receiving field in an evaporation or condensation process.

Evaporating or condensating field Receiving field

GG OL or WL

oG GG

WG GG

OL GG (GO for slugs)
WL GG (GW for slugs)
GO OL

GW WL
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2.14 Computational sequence

The computational sequence in Sluggit is as follows:

List 1: Computational sequence in the Sluggit code

1. Calculate and store values needed for iteration procedure
2. Solve equations with iteration procedure

3. Grid management

First, the current values for most parameters are stored as backup in all of the border and
section objects. Then the border velocity and slip relation coefficients are computed, and all
of the explicitly treated terms are calculated and stored to avoid unnecessary re-calculations of

these (see the momentum equation in equation (88)).

2.14.1 Solving the system of equations

The iteration procedure to solve the system of equations is as follows:
List 2: Default solution procedure for the system of equations

1. Insert pressure equation into momentum equation and solve new velocities
Insert new velocities into pressure equation and calculate new pressure
Move borders

Solve mass equation and update holdup

Solve energy equation (if specified as a part of the iteration procedure)
Update densities, other physical quantities and holdup

Calculate and store interfacial mass transfer

e A o

If a fully implicit simulation is desired, re-calculate the necessary terms that are
treated explicitly in the default scheme and stored before the iteration procedure

9. Repeat until convergence, using new values for the non-linear terms
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Depending on the settings, the energy equation is solved as a part of the iteration procedure,
and if the simulation is specified as not being isothermal. If it is specified not to iterate on the
energy equations, they will be solved after the iteration procedure is finished. The effect of
temperature will then be felt by the system through the volume fraction error in the pressure

equation in the next time step.

At the end of each iteration a set of stopping criteria are checked:

List 3: Convergence criteria when solving the system of equations

1. The maximum volume fraction error in the system must be smaller than the user-
specified tolerance

2. The maximum equation residual from the pressure and momentum equations must be
below the limits given by the user (the default is a huge number to disable this check
and only use the volume fraction error)

3. Other special criteria, like convergence of the volume flow in incompressible plugs
which can be an issue for explicitly updated slugs with changes in cross-sectional area.
If specified to do pressure gradient extrapolation as described in section 2.12.7 this is

also checked to converge.

If all of the stopping criteria are satisfied, or the maximum number of allowed iterations is

reached, the iteration procedure is stopped.

Note that the residuals should be computed after all of the different equation systems have
been solved. If the iteration procedure is not able to converge, the time step is re-evaluated

using a lower value for Ar.

It is also implemented to solve the mass, momentum and pressure equations all at once using
Newton's method, which in certain cases can be significantly faster (for instance in the
periodic Kelvin-Helmholtz simulations presented in Paper 2). This depends most likely on
both the case itself and the limit for the convergence criteria.

The energy equation will however not be included together with mass, momentum and

pressure, and is solved separately as normal.

137



2.14.2 Grid management and time step control

After the system of equations has been successfully solved, the next thing to do is to convert,
remove or split sections. Long sections are split into smaller sections depending on user
specified criteria, and sections might be removed based on different rules. They can be
merged with similar sections if the length is too small, or converted from one section type to
another for instance if the holdup in a bubble has become so large that it should be converted
to a slug. This is all described in more detail in section 2.15.

The total mass of each phase in the pipeline is now stored, and will be used to check the mass
conservation in the next time step. The results are now written to the output files, depending
on the write interval. Next it is checked if any of the commands specified in the input file
should be executed.

Finally the next value for the next time step A is calculated from the CFL criterion, as
described in section 2.4. Depending on the interval specified in the input file, the current state
of the entire simulation is dumped to a binary restart file, which can be used to restart the

simulation from this point in time.

2.15 Unit-cell model

A unit-cell model has been implemented in the Sluggit framework, which can be used as a
sub-grid model when using a large grid, or compiled separately and used as a stand-alone
point-model. The concept of a unit-cell model was initially introduced by Dukler and

Hubbard, see [14]. The current model is inspired by the work in Smith et al [81].

Lg Ls

<_><——> U
%%&g%%%&\a,_)""@%
long bubble |  slug
(- Ugs Uis

Figure 52: Schematic description of slug flow in a circular pipe.
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The unit-cell model assumes fully developed flow, a train of Taylor-bubbles and slugs in a
periodic frame of reference moving with the bubble nose velocity. The velocities and
densities of each phase are assumed constant along the pipe, which gives the following

equations for the volume flux:

aU,+(1-a,)U,=U,
(202)
a,U,, + (1-a,)U, =U,
Here o ,and ¢, are the void fractions in the slug and bubble regions, Uis and Ugs are liquid
and gas velocities in the slug, and Uy and Uy are liquid and gas velocities in the bubble
region. In addition, continuity of the volume flux across the Taylor bubble nose gives:
a& (Ugs - Ub) = ab (Ugb - Ub) (203)
(I-a)U,-U)=(1-a,)U,-U,)
Combining equations (203) and (204) one gets the following equation for the superficial
velocities in the bubble region and slug region:
Usgs = asUm
U, =(1-2,)U,
sls ( s ) m (204)
Usgb = Usgs + Ub (ab - as)
Uslb = Um - Usgb
The slug fraction SF which describes the ratio of the length of the slug region to the bubble
region and can be calculated by:
Uu,6-U
SF =—% (205)
U:g: - Usgb
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A slug fraction between 0 and 1 corresponds to slug flow, while a slug fraction larger than 1
corresponds to bubbly-flow (no bubble-region). Stratified flow corresponds to a slug fraction
less than 1. At steady state conditions, the following momentum balance for the gas and liquid

is obtained in the bubble-region:

4 8_p+ A1p1K|”1|”l

"Ax +7,,8, - 7,8, — pAgsind =0
206
ap AgpgK|ug|ug ; o
Aga-i-T-l- ngSg + TiSi _'DgAggSlne =0

Here the effect from losses due to for instance valves and expansion/contraction losses has

also been added (summing up all K-factors). The term with the K-factor includes a length

Ax , which is the length of the section we solve the unit-cell for (% will then be an

additional input to the point model).

Combining the two momentum equations and eliminating the pressure gradient, the following

implicit equation for the liquid holdup in the bubble region is obtained:

S, S 1 1 . K
f(Hl) = Tlvgj_rwlj+TiSi £Z+A_\J_(pl _pg)g81n0+E(pg |”g|”g _p1|u1|”1)=0
g 1 1

g

(207)

For consistency, the same friction models as are used in the dynamic model are used in the
point model framework. Certain additional correlations are needed in the steady state point
model: The entrained droplet fraction and the slug void fraction at steady state. In the
dynamic model the entrainment mass rates are needed, while the point model needs steady
state values. For consistency, the values at steady state given by the correlations used in the
point model should match the values one would get when reaching steady state in a dynamic
simulation. Since the entrainment and deposition rates of droplet entrainment are equal at
steady state conditions, one possibility is to use the equations for the entrainment and

deposition rates and solve for the entrained fraction that gives equal rates (the same applies
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for flux of gas entrainment in and out of the slugs). This was tested for the droplet
entrainment and deposition rate correlation of Govan [53] described in section 2.10, but
proved to be difficult. It was found that the correlations of Govan has multiple solutions, and
in certain straight pipe test cases with dynamic simulations the entrained fraction was
fluctuating between two steady state values. Consequently the point-model does not yet work
with entrainment enabled. In addition, for void in slug the correlations used in the point model
will not give the same steady state value as what will be reached at steady state conditions in a
dynamic simulation. Instead the void in slug is calculated from the correlation of Gregory

[82], shown in equation (209). Note also that no-slip is assumed in the point model.

o =1- | (208)

Here U,, is the mixture velocity of gas and liquid.

Getting the steady state entrainment fraction and slug void fraction consistent with the
dynamic simulations has simply not been a priority, as the point-model is used mainly as a
steady state solver to be able to start a dynamic simulation from steady state conditions (see
section 2.16 regarding the steady state solver). It is however also possible to use the point-
model as a sub-grid model in the dynamic simulations. The point-model will then be solved
for each sub-section/pipe within each momentum control volume. The wall and interfacial
friction from the point-model solution is then used instead of the regular friction terms in the
dynamic simulation. Note that when the point-model predicts stratified flow, the result will be
the same as for the regular friction terms described in section 2.10.1.

The wall shear stress integrated over a sub control volume can then be calculated from the
unit-cell model as shown in equation (210) by using the wall shear stress in both the bubble-

zone and in the slug.

J. TwardA =L (Sk,bubbleTk,wall,UC,bubble (1 -SF ) + St stug Tt ve stugSE ) (209)

4
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The interfacial shear stress integrated over a sub control volume to be used in the dynamic
momentum equation is back-calculated from the steady state momentum balance, including

the total wall friction from both the bubble-zone and the slug as shown in equation (211).

<p/ _ pg)g Sin 9 _ ng’buhhk, Sg,bubb[e (1 _ SF) + z_w[’buhhk) Sl,bubble SF +7 Sl,slug (1 _ SF)

wl,slug
g,bubble 1,bubble 1,slug
J 7dA=L

4 1 N 1
A/ ,bubble Ag,huhb/e

(210)

Note that additional losses from for instance valves are not included in equation (211), but are
instead included directly in the dynamic momentum equation. Both the wall and interfacial
shear stress are still treated implicit when calculated from the unit-cell model. The resulting
wall and interfacial shear stress are divided by the velocity and velocity difference between
gas and liquid respectively, so that they can be applied to both the diagonal and right hand

side in the momentum equation instead of only being an explicit term on the right hand side.
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2.16 Steady state solver

2.16.1 Momentum

The unit-cell model presented in section 2.15 can be used to initialize a simulation with steady
state holdup, velocities and pressure. The steady state solver currently only works with a
closed inlet and open outlet, for which the unit-cell model is solved for each section in the
pipeline, starting from the last cell. The unit-cell model requires superficial velocities as input,
which can be found from the mass rate, density and cross-sectional area. At steady state the
mass rate will be constant in each section in the pipeline, so that the mass rate in any section
can be found by summing the mass rate in each section starting with the mass flow specified
at the closed inlet border. Mass sources or mass sinks located in the pipeline are also included
in the calculation. Since the superficial velocity (and fluid properties) is calculated from the
density, but the density is a function of the pressure which is still unknown, solution of the
steady state solver becomes and iterative procedure. The iteration procedure to solve for the

steady state in a section is as follows:

List 4: Iterative procedure to solve pressure, velocity and holdup using the unit-cell

model, starting at the last section.

1. Calculate the pressure from the pressure gradient (0 in the first iteration) and the
pressure in the section to the right

Calculate fluid properties

Calculate superficial velocities from mass rate, density and area

Solve unit-cell model

vk »wn

Update average holdup and slug fraction weighted velocities, and store pressure
gradient
6. Set masses from density and holdup

7. Repeat until change in pressure is below specified tolerance.
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Since the steady state solver is solved non-staggered for the sections, while the momentum in
the dynamic solver is solved staggered at the borders, the velocities at the borders are
calculated from the section velocities after the steady state solver is finished. Note that the
temperature is not a part of the steady state solver, and will be as specified from the initial

conditions. It is also possible to force a stratified solution for the steady state solver.

The number of sections used by the steady state solver is set by using a grid coefficient
calculated as the maximum of the specified minimum bubble coefficient and 100 times the
mean pipe diameter in the pipeline. However, it is also ensured that no less than 16 sections
are used. It is also ensured that no sections spans multiple pipes in the steady state solver;
sections are split at all static borders. After the steady state solver is finished, sections might
be merged or split again to obtain the grid one will get by using the regular grid coefficients.

The user can however also specify not to modify the grid when calculating the steady state.

Additional losses due to valves or expansion/contraction losses are also added to the point
model by K-values (see equation (207)). User-specified forces (see section Appendix C.4)
does not affect the steady state momentum balance, so there is no point adding them to the
unit-cell model. The pressure drop is however included in the steady state solver when
calculating the pressure in one cell by the pressure drop and the pressure in the cell to the

right.

2.16.2 Energy

The steady state solver can also calculate the steady state temperature profile in the pipe. At
steady state conditions, and assuming flow from left to right with a first order upwind scheme,

the energy equation becomes:

M:;lh:J;l — Mn+l hn+l

kg1, j-1

| @11)
—M;,j“:fflg%j sm(@(x))dx

i L

sre
u, .
‘rsre sre ( ka])
+220,, M| I+ >
m
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Here the mass fluxes in and out of the section has been simplified and replaced by the

symbols A7;*' and Az;"' respectively. At steady state the mass flux in and out of a section

are related as follows:

Mk,J :Mk,il—l +M/f)j (212)

Equation (212) is a linear equation for the steady state specific enthalpy in section j:

rn+ 1 n+ ‘rn+ n+
{Mk’ljl ' ; R:;nld,/t’mclzlJrl (I)ZJrl H 71k”“) hk’jl ) Mk’.ll_lhk,jl_l
13)

hk (p/}:+1 ’ T’:H ) -0 “fsre sre (u};rj )2 no o on+l 1 :
+Z R)7+l n+l ( n+l T}:‘”) +Mksj hksf + 2 _ka/'u/‘»/'gL_ljl.l_‘[ SIn(e(x))dx

C Pi >

m cond km ™~k

Here equation (114) has been inserted for the heat transfer terms, yielding coefficients
multiplied by the steady state specific enthalpy. Note that in the dynamic energy equation we
solve for the change in specific enthalpy, which results in an additional term with the specific
enthalpy from the previous time step on the right hand side. This term is however not
included in the right hand side in the steady state energy equation, as we solve directly for the
specific enthalpy (term shown as a zero on the right hand side on purpose). In opposite to
when solving for pressure, velocity and holdup where we start at the outlet and iterate towards
the inlet, the steady state energy equation must be solved in the opposite direction. As the
flow goes from left to right and the temperature and mass flow through the inlet border is

constant, starting with the first section we can calculate the specific enthalpy 4;"!! from

equation (214) by using the known specific enthalpy and mass flow in the left section.
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The following iterative procedure is used:

List 5: Iterative procedure to solve the specific enthalpy/temperature in the pipeline,

starting at the first section.

1.

2
3.
4

Update the energy equation for the all pipe walls
Calculate the fluid heat transfer terms for all sections

Solve pipe energy equation and update pipe wall specific enthalpy & temperature

. For all section starting from the first one, solve equation (214) for the specific

enthalpy using the specific enthalpy and mass flow in the left section

Repeat until convergence of the specific enthalpy for all sections and pipe walls

If specified to calculate the steady state condition, and the simulation is specified as non-

isothermal, the steady state temperature field will be calculated in addition to pressure,

velocity and holdup. Together this becomes a nested iterative procedure:

List 6: Iterative procedure to solve the steady state pressure, velocity, holdup and

temperature.

1.

Converge pressure, velocity and holdup from the point model for all sections as
described in List 4.

Converge specific enthalpy/temperature for all sections and pipe wall as described in
List 5.

Repeat until convergence

An example comparing the result from the steady state solver and the dynamic solution is

shown in Figure 53. Note that the dynamic simulation starts from conditions given by the

steady state solver. The test case is a horizontal pipe of length 10000 m with inner diameter

0.146 m and outlet pressure is 10 bar, using water and air mass rates of 20 kg/s and 0.2 kg/s

respectively. Two wall layers are used (steel and PVC), with an ambient temperature of 350

Kelvin and an inlet temperature of 260 Kelvin. 128 sections have been used, both for the

fluids and for the pipe walls. As can be seen in Figure 53, the dynamic result is quite similar
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to the result of the steady state solver. The temperature can be seen to be increasing from the

inlet, as the fluids have more time to heat through the pipe walls.
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Figure 53: Steady state solution vs dynamic solution for a horizontal pipe test case.
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2.17 Grid management

Since some of the control volumes are moving, sections can both grow and decrease in length.
Because of this, certain grid management operations are needed: short sections are merged
together with neighbouring sections of similar type, and long sections might be split into two
shorter sections. Sections might also be converted from one type to another, for instance from

bubble to slug, or slug to bubble.

2.17.1  Splitting

A section might be split into two smaller sections, if its length exceeds a user-specified
length. There are in total four different user-specified coefficients that controls the splitting of
slug and bubble sections. These are minimum and maximum coefficients for both bubble
sections and for slugs. Bubble sections spanning static borders (i.e. bubble sections spanning
multiple pipes) are tried to always be split at the static borders, unless any of the resulting
section lengths after splitting is smaller than the specified minimum length. An example of
this can be seen in Figure 54, where the small bubble section in the middle of the image is
part of the larger bubble section to the left, since its length is shorter than the specified limit.
Slug sections are not split at static borders. There is usually no reason to splitting the
incompressible plugs, since the momentum balance is calculated over the entire plug unit
anyways. The only reason for splitting incompressible plugs would be to get a better
temperature profile over the incompressible plug unit. Splitting incompressible slug sections
is thus not enabled by default. For compressible slugs on the other hand one can obtain a

better pressure profile and distribution of gas bubbles in the slug by enabling the splitting.
A section will be merged with a neighbouring section of the same type if the length is smaller

than the minimum grid coefficient, and split in two if the section length is larger than the

maximum value of twice the minimum grid coefficient and the maximum grid coefficient.
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Consequently, the length ( Ax ) of a section is bounded by the range shown in equation (215):

Ax,, S Ax < maX(2 -Ax, Axmax) (214)

min ?

Since it is possible to specify minimum and maximum coefficients at each different pipe, both
the minimum and maximum coefficient is taken as the minimum value from all pipes present

within the section.

Static border

Figure 54: Example of a bubble section not being split at the static border in the middle
of the image, since the length of the bubble section to the right of the static border would
have become smaller than the minimum specified length. There is a difference in the

pipe inclination to the left and right of the static border.

2.17.1.1 Avoiding single bubble sections between slugs

If a bubble section is located between two slugs, it will always be split in two. This is due to
the fact that the momentum equation for the slugs is evaluated over the entire slug unit, and
one would then end up not solving the momentum for single bubble sections between slugs.
Single bubbles between a slug and a closed border will also always be split for the same
reason. Since the slug border to the left and right of such a bubble-bubble border will typically
move, one of the bubble sections would typically in the next time step becomes so small that
it would have been merged with the neighbouring bubble, which would have been split at the
middle again to avoid a single bubble section between slugs. This will work fine, but lead to

unnecessary many merging and splitting operations. To avoid this it is possible to apply a
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velocity also to the bubble-bubble borders located between two slug borders. Ideally, this
velocity should be so that the bubble-bubble border moves to the middle between the new
positions of the slug borders. It will however complicate the equations to do this fully
implicit, so the velocity of the bubble-bubble border is approximated using the current

velocities of the neighbouring slug borders:

n+l

n n
X)L R Xy, + Ay,

X xx + Aty (215)
(051 x) )
b At

This will make the bubble-bubble borders located between two moving slug borders move

approximately to the middle between the new positions of the slug borders.

Two bubble sections
between slug borders

N\

Figure 55: Illustration of two bubble sections moving between two slug sections.

150



2.17.2 Removal of sections

There are typically two ways a section can be removed as part of the grid management:
1. The length has become too small

2. The holdup has reached a specific limit

2.17.2.1 Length related removal

2.17.2.1.1 Bubble sections

If the length of a bubble section becomes smaller than the user-specified limit and if there is
another bubble section on either side, they will be merged as long as the holdup in the
neighbouring bubble sections is below the limit for conversion to slug. Short bubble sections
between slugs and an open inlet or outlet will only be removed if they are travelling out of the
pipeline, and if the length is shorter than a certain limit. If there is a slug section on both sides
of the bubble section, there are several scenarios: If void in slug is enabled and the liquid
holdup in the bubble section is above the user-specified limit, the bubble section will be
converted to a slug section and the gas mass set as gas in liquid in the slug. If void in slug is

not enabled, the gas mass will be removed and the bubble merged with one of the slugs.

2.17.2.1.2 Slug sections

Similar to the bubble sections a slug section will be merged with a neighbouring slug if the
length is shorter than the minimum slug length coefficient. If there are no slugs on either side
and the length becomes shorter than the user specified slug-kill limit, the slug section is first
converted to a bubble section, which is then merged with one of the neighbouring bubble
sections. The exception is when a slug is between a bubble section and an open inlet or outlet.
Short slug sections between a bubble section and an open inlet or outlet will only be removed

if they are travelling out of the pipeline, and if the length is shorter than a user-specified limit.
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2.17.2.1.3 Merging

When merging two sections together, the middle border separating the two sections are
removed and a new section created from the original two.

For bubble sections, the pressure in the new section is calculated as follows from the previous
pressures and gas volumes:

_ prg,l + szg,z

(216)
ngl + Vg,2

For compressible slugs however the new pressure is calculated as shown in equation (217),

but using the liquid volume.

2.17.2.2 Holdup related removal

If the liquid holdup in a bubble section has become larger than the user-specified limit, it will
be converted to a slug section. If void in slug is enabled, the gas present in the bubble section
will be put as gas bubbles in the liquid. Otherwise, the gas is distributed in the neighbouring
sections, and the borders of the section are moved to make the section volume exactly equal to

the mixture liquid volume (liquid holdup equals 1).

It might happen that the length of a bubble section is too small, and that the holdup has
become larger than the user-specified limit simultaneously. In this case it is important to
choose the correct way to remove the bubble section. If there is a slug on either side, or the
length of the bubble is larger than the minimum specified slug length, the bubble should be
converted to slug. If not, the bubble will be killed based on the length criteria, and merged
with a neighbouring bubble section. There can also be several other situations where one will

have to choose between different removal criteria, but these will not be described here.
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Short bubble with

a high liquid holdup \>

Figure 56: Illustration of a case when a bubble section has both become shorter than the
minimum specified length, and has a liquid holdup higher than the specified limit for

conversion to slug at the same time.

For slug sections on the other hand, the mixture liquid holdup will never decrease and always
sum to 1 due to the way the slug borders are moved. If liquid is being drained from the slug,
the slug will just become shorter in length. There is however also a limit for the maximum gas
in liquid fraction in the slug (0.8). If the phase fraction of gas in liquid is larger than this limit,

the slug will be converted to a bubble section.

2.17.2.3 Removal of pigs

Like slugs, a short pigs between a bubble section and an open inlet or outlet will only be
removed if they are travelling out of the pipeline, and if the length is shorter than what is
specified by a certain limit. Note that the pig typically has a constant mass during the
simulation, but it is allowed to change mass when in contact with an open inlet or outlet to
make it move out of the pipeline. If a pig has started to move out of the pipeline and then

turns to move into the pipeline again, it will also be removed.
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2.17.3 Inlet or outlet related removal

For the sections in contact with an open inlet or outlet, it is checked if a new bubble section or
slug section should be inserted between the section itself and the inlet/outlet border. This
might happen for instance if a slug that was previously moving out of the outlet has turned,
and the holdup in the outlet section is smaller than the limit for conversion to slug. A bubble
section will then be inserted between the slug and the outlet. Similarly one might have to
insert a slug section between a bubble section and the outlet, if the holdup is the outlet section

is larger than the conversion limit to slug.

2.17.4 Stopping slugs

When there are diameter changes in the pipeline, it might be unphysical for a slug to survive
travelling past a large increase in pipe diameter. A typical example of this can be a slug
entering a separator, which a slug would never survive in real life. This is for instance used in
the simulations in Paper 1. It is possible for the user to specify certain locations (static border
locations) in the pipeline where slugs should be killed. Slug borders that move past this
location will then be stopped at the static border. The slug border will then have a zero
velocity, so that there will be a net flux out of the slug front. The slug will then typically
become smaller and smaller until it is so short that it is removed. If the velocity at the slug
border that is stopped at the static border changes direction, the slug border is allowed to

move as normal again.
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Figure 57: Image of a slug entering a separator. The right end of the slug has been

stopped at the entrance to the separator.

2.17.5 Conservation of momentum and energy

When splitting, merging or converting sections, case is taken to ensure that momentum and

energy is conserved.

For instance, the specific enthalpy in the new section when merging two sections is calculated
as shown in equation (218) for each field (numbers 1 and 2 here referring to the two sections

to be merged):

_ Mk,lhk,l + Mk,zh/f.z

hk
M +M,

(217)
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The new temperature for each phase is then calculated from the new specific enthalpy. When
splitting a section in two parts, the specific enthalpy remains unchanged (since specific
enthalpy is energy per mass).

Regarding the conservation of momentum, what is important is that the momentum is updated
in the momentum control volumes where the momentum is solved. Conserving the
momentum for the two sections that are merged and updating the velocity in the new section
would not have any effect, as momentum is not used/solved for the sections. One simple
example is when only bubble sections exist: When merging two bubble sections a bubble-
bubble border where momentum is solved will be removed, and this momentum is then
distributed to the neighbouring bubble-bubble borders. The total momentum in the
momentum control volumes and total mass times specific enthalpy in the sections for each
mixture field is calculated and stored both before and after the grid management, so one can
check that these properties are conserved during the grid management. Figure 58 shows the
difference in total momentum and total mass times specific enthalpy for a selected simulation
from Paper 1. It can be seen that both momentum and energy is conserved within a quite
small numerical error though many different types of grid management operations happen
during this simulation. Note that in opposite to the simulations in Paper 1, this simulation was

run with the energy equations enabled with an adiabatic pipe wall.

<o Case B, USG=0.49 m/s, USL=0.49 m/s
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Figure 58: Conservation of momentum and energy during grid management for a

selected simulation from Paper 1.
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2.18 Fluid properties

Several different fluid properties are needed in the simulations for the gas, oil and water.
These properties can be specified either as constant user defined values, assuming

incompressible liquid, or by specifying the path to PVT-files.

2.18.1 Constant fluid properties

The default in Sluggit is to use constant fluid properties, except for the gas density. Assuming

ideal gas law, the gas density can calculated from equation (219).

ngas

o7 (218)

Py =

Here, M, is a user-specified constant, and R is the ideal gas constant, which equals

8.3143

K Alternatively, it is possible to specify analytical functions for the fluid
mol -

densities and viscosities in the input file. These functions are specified as text, and will be
evaluated using the script functionality in the QtScript module in the Qt framework [83]. The
function must be a text string, and the variables p and T are available in the script,

representing the pressure (in Pa) and temperature (in Kelvin).

2.18.2 PVT-files

The fluid properties in Sluggit can also be specified by using PVT-files, for instance
generated from PVT-programs like PVTSim Nova [84]. Note that to simulate incompressible
slugs, the liquid must be treated as incompressible. The oil and water densities will thus still
be taken from the global constant variables, even if a PVT-file with compressible densities is

specified.
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Appendix A Useful relations

The starting point for derivation of conservation equations in fluid mechanics is the Reynolds
transport theorem. The transport of an arbitrary property @ through a control volume y *

with surface 4* is ([41]):
d o¢
— V=|—dV+ | ¢u, ndd 219
a9 =[5 [ 219)

The outward pointing normal vector of 4* is denoted n, while the surface of the volume

travels at velocity u,. Another fundamental relation is the Gauss divergence theorem:
[(V-F)ay =[(F-n)ia (220)
vV A

By dividing the Reynolds transport theorem for phase & by the volume and assuming that V' is

fixed, we get:

1 (04 1
4 —[Z2av += [ gu, n,d4 (221)
thjk V,;[at VA-["" k

We now introduce the concept of a volume averaged quantity (sometimes also called the

extensive average, (¢, )) and intrinsic averaged quantity (<¢k >i) ([39D:
j $dv = J $dv =, (4,) (222)

Here we have also used the definition of the volume phase fraction:

%

> (223)

o, =



Re-arranging, we can now write equation (222) as:

og\_og) 1.
<at >_ bl j dou, -n,dA (224)

Equation (225) is useful when volume averaging transient terms. A similar expression for
spatial derivatives can be obtained by use of Slattery's theorem ([85]). The complete

derivation will not be shown here, but the result is ([39]):

Vg )=V(g, +l g, -n,dA (225)
Vv
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Appendix B Demonstration simulations

This section presents simulations that demonstrates different capabilities of the Sluggit code.
For instance, section Appendix B.2 compares the difference from doing simulations with

incompressible and compressible slugs.

Appendix B.1 Single phase pressure drop

This case study shows the pressure drop in single phase water and single phase gas flow. The
fluid enters through a mass flow boundary at the inlet, while a pressure boundary with a
constant pressure of 101300 Pa is used at the outlet. For the gas, the reverse case is also
shown just to illustrate that this also works and gives the same result (mass flow boundary at
outlet and pressure boundary at inlet). For the single phase gas the mass flow is 0.0238 kg/s,
which gives a velocity of 10 m/s (the pipe diameter is 0.05 m). For the single phase water
case, the mass flow and corresponding velocity are 1.9618 kg/s and 1 m/s respectively. Note
that in the water case, the holdup limit for conversion to slug was set to a large number larger
than one to never convert the bubble section to a slug object. The theoretical and simulated
pressure gradient is shown in the title in Figure 59 and Figure 60, and can be seen to match
each other exactly. This is of course not a surprising result, but is nevertheless presented here
to prove that the basic physics in the code is correct. Figure 60 also shows that the case with

reversed flow direction gives the same result as the normal case.
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Profile plot for time 100 s
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Figure 59: Pressure drop from single phase water flow, using a pressure boundary of

101300 Pa at the outlet.

Profile plot for time 100 s
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Figure 60: Pressure drop from single phase gas flow, showing results for both flow from
left to right and flow from right to left. The simulation with flow from right to left is

plotted reversed.

166



Appendix B.2 Symmetry test number 1

This case study presents the results from simulations of liquid flowing from left to right and
right to left, to check that the code handles this symmetrically. Two test cases are presented
here, one with an open inlet and outlet, and one with closed inlet and outlet. The pipe has an
inner diameter of 0.2 m and is inclined by 10 degrees (see visualization in Figure 61, Figure
62, Figure 64 and Figure 65). Figure 63 and Figure 66 shows the holdup in the two cases,
compared to the holdup from the simulation with reversed flow direction. It can be seen that
the difference in the holdup when comparing against a simulation performed in the opposite
direction is quite small, indicating that the code handles the flow symmetrically. Note that the
weighting between the stratified and annular friction models are handled symmetrically in

these simulations (see discussion below equation (80)).

E—

Figure 61: Visualization of the holdup in a pipe with liquid sliding left at times 0 seconds

and 2 seconds. The pipe is open in both ends.
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Figure 62: Visualization of the holdup in a pipe with liquid sliding right at times 0

seconds and 2 seconds. The pipe is open in both ends.

Symmetric case, liquid sliding left and right with open outlets.
Max difference = 2.6845e-12
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Figure 63: Liquid holdup plotted against time for different positons in the pipe, for both

flow from left to right and right to left in a pipe with open inlet and open outlet.
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Figure 64: Visualization of the holdup in a pipe with liquid sliding left at times 0 seconds

and 1.6 seconds. The pipe is closed in both ends.

LI

Figure 65: Visualization of the holdup in a pipe with liquid sliding right at times 0

seconds and 1.6 seconds. The pipe is closed in both ends.
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Symmetric case, liquid sliding left and right with closed outlets.
Max difference = 3.527e-13

I holdup at 0.25 m (Sliding leff)
s holdup at 5.75 m (Sliding right, plotted reversed)

g' i : : I holdup at 1.45 m (Sliding left)
% 0.5 |l - S = holdup at 4.55 m (Sliding right, plotted reversed)
I
o ,,,,,,,,,,, . T o
0 2 4 6 8 10 12
1 T T ) S
% : : _ holdup at 2.65 m (Sliding Ieﬂ)
% 0.5 immimimt———— " R — holdup at 3.35 m (Sliding rlghl. plotted reversed)
I
0 2 4 6 8 10 12
1 T T )
g' : : _ holdup at 3.85 m (Sliding Ieﬂ)
% (1) R R R s holdup at 2.15 m (Sliding right, plotted reversed)
I .
0 2 4 6 8 1 0 12
a 1777 T S T L ) S B
3 ] holdup at5.05 m (Sliding lelt)
% 0.5 bmmmimmaa - : R R <oooili.. | e— holdup at 0.95 m (Sliding right, plotted reversed) L
T . ;

Time [s]

Figure 66: Liquid holdup plotted against time for different positons in the pipe, for both
flow from left to right and right to left in a pipe with closed inlet and closed outlet.

Appendix B.3 Simulations with gas-oil compared to simulations with gas-water

This case study presents simulations of two-phase gas-water flow compared to gas-oil flow
when using the same fluid properties for oil and water (meaning that the results should be
identical). The simulations were performed with the energy equations and wall-heat transfer
enabled, droplet entrainment, and with gas in the liquid in the bubble sections and in the slugs
enabled. The mass rates used for gas and liquid were 0.0021 and 0.295 kg/s respectively. The
simulations are performed using a s-shaped riser geometry, as shown in Figure 67. Figure 68
shows a comparison between the gas and liquid temperature in the oil and water case at two
positions in the pipe. It can be seen that the difference in results are zero, which indicates an

identical result. The oil and water field are in other words treated similarly, as expected.
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Figure 67: Geometry of s-shaped riser test case.
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Figure 68: Comparison of the gas and liquid temperature for the oil and water

simulations in the s-shaped riser.
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Appendix B.4 Incompressible vs compressible slugs

This study presents the results from simulations of a severe slugging experiment from Paper
1, showing the difference in slugging period using incompressible slugs, compressible slugs,
compressible slugs with gas in liquid, and compressible slugs with gas in liquid and the
energy equations enabled. The simulation with the energy equations enabled were run without
any heat transfer with the pipe walls. For the simulations with compressible liquid, the liquid
density was modelled by the following equation: 680—6.75- p-107" , with p being the

pressure in Pa. The results from the different simulations are compared to the experimental

data in Figure 69.
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Figure 69: Experimental vs simulated pressure in the start of the pipeline for a selected

experiment from Paper 1 with USG=0.97 m/s and USL=1.37 m/s.
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Figure 70: Figure showing the riser and separator in a simulation from Paper 1, with

compressible slugs, gas in liquid and the energy equations enabled.

From Figure 69 it can be seen that there is not much difference in the results, though this
could probably vary depending in the chosen experiment. The temperature was found to
fluctuate most at the star of the pipeline due to the pressure fluctuations, but relatively short
into the pipeline the entrainment, deposition, and gas-liquid heat transfer made the gas and
liquid obtain quite similar temperatures. These results shows that the model works and runs

fine also when the more advanced models like gas in liquid and energy equation are enabled.

Appendix B.5 Periodic boundaries with moving borders

This simulation simply illustrates that the model works as it should when there are moving
borders and periodic boundaries (closed loop). The pipeline is 20 m long, with 0.05 m inner
diameter everywhere. The initial conditions is gas everywhere, except for a slug or pig from 1
m to 2 m with initial velocity 1 m/s. Friction is turned off, and the left and right end of the

slug and pig are forced to move with C, =1 and U, =0 which ensures no mass-flux across
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the slug border (otherwise the slug would shed liquid and die quite fast). The simulation is run
using both compressible and incompressible slugs, and a pig. In the case with a pig the
density of the pig was set to the same as the slugs (1000 kg/m3). Figure 72 shows the holdup
in the first section and total momentum in the system as plotted against time. It can be seen
that the momentum is conserved within a small numerical error, and that the three different

simulations with compressible and incompressible slugs and pigs give the same result.

Figure 71: Periodic system with a single slug. The images shows the simulation after 0, 5,

10, 15 and 20 seconds respectively from top to bottom.
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Figure 72: Holdup and total momentum as function to time at position 0 m in a periodic
system. The three rows correspond to the case with a compressible slug, an

incompressible slug, and pig respectively.
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Appendix B.6 Symmetry test number 2

This section presents two simulations of terrain slugging in a s-shaped riser. The first
simulation is run using a mass flow boundary at the inlet and a pressure boundary at the
outlet, while the second case is run with a mass flow boundary at the outlet and a pressure
boundary at the inlet, with the geometry reversed. The pressure boundary was set to
atmospheric pressure, while mass sources with mass rates of 0.295 kg/s and 0.0021 kg/s were
used for the oil and gas respectively. The two simulations are illustrated in Figure 73 and
Figure 74, and a comparison of the pressure in the buffer tank between the two simulations is
presented in Figure 75. It can be seen that the pressure signals are quite similar, and follow the
same trend with approximately the same slugging period. The small difference most likely
comes from the grid management. The grid management should be symmetric, but since the
sections and checked from left to right in both cases slightly different management operations
might happen (like a section being merged to the left instead of the right). It was also tested
increasing the gas mass rate to 0.021 kg/s, which resulted in only stratified or annular flow.

The results then became identical as no grid management operations happened.

Figure 73: Terrain slugging in a s-shaped riser (time = 100 seconds).
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Figure 74: Terrain slugging in a s-shaped riser, reversed direction (time = 100 seconds).
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Figure 75: Comparison of the pressure in the buffer tank between the simulations of the

s-shaped riser in the normal and reversed direction.
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Appendix C Additional forces

Appendix C.1Perturbations

It is possible to add perturbation forces at multiple locations in a simulation. This can be
useful for instance if using a fine grid to try to capture the growth of waves, by initiating some
disturbances that will either die, or grow if the conditions for growth are correct. In real-life
system there will typically always be some disturbance, amongst others from turbulence, so
adding such perturbation forces should be physically ok to do as long as the force is not too
large. Note that the perturbation is only applied to the liquid phase.

The level gradient term is used to give the order of magnitude of the perturbation force. By
using the mass and average liquid height in a momentum control volume, the perturbation

force is calculated by:

h
Fren = Mg =11, X (226)

pert rand

Here the number I1,_, is a random number between -1 and 1, X is a fraction between 0 and 1,

h, is the average liquid height and Ax is the length of the control volume.

A custom random number generator (a simple linear congruential generator) has also been
created and is used to generate the random numbers for the perturbations. This is done to be
able to save and restore the state of the generator, for instance when re-evaluating the time

step or if stopping and restarting a simulation.

Appendix C.2 Valves

Valves can be added to the simulation. Currently the valve works by specifying a constant K-

factor, which determines the pressure loss as shown in equation (228).
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1
Apvalve = EpkKulf (227)

The valve force is included in the momentum equation related implicitly to the new velocity

as shown in equation

LM,fK u
2Ax

n

Ap
—_n valve __
F, valve — I/k - k

! (228)

Appendix C.3 Expansion and contraction losses

When the flow enters either a contraction or an expansion in the pipe, additional losses can be
added to the momentum equation. This is done with the use of K-values, similar to what is
done for valves. Equation (230) and (231) show the K-values for expansion and contraction

losses, respectively [86, 87].

2\2
D
Kexpansion = {1 - [_]J ] (229)
D2
D 2
Kcomrac ion — 05 1- _Zj (230)

In equation (230) D, > D, , while in equation (231) D, < D,.

Note that a perfect sudden expansion or contraction is assumed here (instant transition from

D, to D,).
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The loss from either equation can be calculated similar to the valve losses, from:

1
_ n n+l
Apminorlosses - EK|uk,D,min uk,D‘min
(231)
1
_ n n n+l
minorlosses 2AX MkK uk,D,min uk,D,min

Note that the loss is defined using the velocity in the part with the smallest diameter. Relating
the velocity in the small diameter part to the average velocity in the momentum control

volume by Au, A

"D, min °

= Ui, min we get:

Fminorlosses = E (232)

Appendix C.4 User defined forces

It is also possible to add user defined forces that will be added to the momentum equation.

This can for instance be necessary when performing a simulation with periodic boundary

.. . .. . OP rioree |
conditions, as one will then need a driving force to move the fluids. If a force (M] is
X

specified, it will be applied to both the mixture field as follows:

oP
_ userforce
=, e

P, (233)

userforce
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This study presents a Lagrangian slug tracking model for prediction of slug flow in multiphase flow
pipelines. Simulations are compared with severe slugging experiments from the SINTEF Large Scale Mul-
tiphase Laboratory with 0.189 m inner diameter and a length of about 1000 m. The fluids used in the
experiments are nitrogen and naphtha, and the system pressure is 25 bar. The model is shown to give
fast and accurate results within the experimental accuracy without the need for a sub-grid model, as
long as the grid size is not too large around the riser bottom where the liquid blockage occurs. It is also
shown that simulations using a constant pressure boundary condition at the outlet are not always ade-
quate, as the pressure fluctuations in the receiving facilities can significantly affect the flow. Furthermore,
we show that the inclusion of a droplet field has a significant impact on the predicted slugging periods.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Multiphase flow is the flow of two or more phases in the same
channel/pipe. The behavior of the flow can take many forms (flow
patterns), depending on several parameters like fluid velocities,
pipe diameter, pipe inclination, and the fluid properties. The fluid
properties are again dependent on the pressure and temperature
changes in the system, especially the gas density and the fluid vis-
cosity. The simplest of the flow patterns is stratified smooth flow,
where the gas and liquid are separated by a clear and flat interface.
Increasing the fluid velocities will increase the interfacial friction
between the phases and result in waves forming on the interface.
This flow pattern is referred to as stratified wavy flow. Depending
on the conditions, these waves might become unstable, and grow
large until they bridge the entire pipe cross-section and create a
liquid plug. The gas pressure can then build up behind the liquid
plug and accelerate it to high velocities through the pipe. This flow
pattern is called hydrodynamic slug flow (sometimes just referred
to as slug flow), and consists of alternating gas regions (Taylor bub-
bles) and liquid plugs (slugs). When a liquid blockage of the pipe
cross-section occurs because of the pipe geometry, the flow is re-
ferred to as terrain-slugging. Liquid then typically accumulates in
low-points due to the pipe elevation. When liquid slugs accumu-
late at the bottom of a riser, the slug might grow depending on
the gas velocity and upstream gas compressibility. When the pres-

* Corresponding author.
E-mail addresses: ivar.eskerud@gmail.com (LE. Smith), ole.j.nydal@ntnu.no (0.
Nydal).

http://dx.doi.org/10.1016/j.ijmultiphaseflow.2016.06.014
0301-9322/© 2016 Elsevier Ltd. All rights reserved.

sure overcomes the hydrostatic pressure of the liquid in the riser,
the gas will start to push the slug through the riser, and when the
Taylor bubble enters the riser the slug is violently blown out. This
type of slugging is called severe slugging, or riser-induced slugging.
It is important to be able to predict the frequency and liquid vol-
ume of such severe slugs, especially for the design of slug catchers
in receiving facilities so that they are not overfilled.

For a slug being pushed from the left to the right by the pre-
ceding Taylor bubble, the velocity of the left end of the slug (bub-
ble nose) will be that of the nose of the Taylor bubble. The right
end of the slug typically absorbs liquid (slug front) from the liq-
uid below the upstream Taylor bubble, but this depends on several
parameters like the difference in liquid velocity between the slug
and the film below the Taylor bubble. It might happen that both
ends of a slug are fronts absorbing liquid, or both ends might be
Taylor-bubble noses. Empirical correlations to predict the velocity
of a Taylor bubble nose has been extensively investigated; see for
instance (Bendiksen, 1984; Benjamin, 1968; Dumitrescu, 1943; Jey-
achandra et al.,, 2012; Joseph, 2003). In the two-fluid model the
slug velocity is a result of a combined effect of among others fric-
tion models and the numerical scheme. Previous work (Kjglaas et
al., 2013) has shown how the interfacial friction models in the
commercial simulator LedaFlow (Kongsberg Oil and Gas Technolo-
gies, 2015; SINTEF, 2015) had to be tuned at high holdup values to
obtain slug velocities that corresponds with well-established slug
velocity correlations (Bendiksen, 1984).

This study presents the performance of a Lagrangian slug track-
ing model, where the slug control volume velocity is set accord-
ing to well established bubble nose velocity correlations. This
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0°, 521 m -2°,65m

Fig. 1. Illustration of the geometry used in the simulations (not correct scale).

Table 1

Pipeline geometry for the simulations. The inner diameter used in the sim-
ulations is 0.189 m for all pipes, and the hydraulic roughness is 29 jum. The
exception is the separator which was modeled with an inner diameter of 2 m.

Length [m] 30 334 521 65 54 32.85
Cumulative length (m) 30 364 885 950 1004  1036.85
Inclination (°) -5 -1 0 -2 90 -90

* About 107 m of pipe is added to the first 30 m long section, to include
the volume present in the gas feed line.

automatically gives the desired velocities for the slugs, and enables
sharp gas-liquid fronts at the slugs with reduced numerical diffu-
sion. This allows for the use of a coarse grid, giving fast simulations
without the need for a sub-grid model like the unit-cell model
concept (Dukler and Hubbard, 1975) typically used by commercial
simulators. The model presented in this paper is an extension of
the model framework described in Kjeldby (2013).

2. Experiments
2.1. Experimental facility

Experiments were carried out in the SINTEF Large Scale Multi-
phase Laboratory in 1988, using nitrogen and naphtha as fluids at
a nominal pressure of about 25bar. The data are presented with
permission from SINTEF. The flow loop consists of pipes with both
0.189 m and 0.194 m inner diameter, but for simplicity 0.189 m has
been used for all pipes in the simulations. The pipeline consists
among others of a 522 m long horizontal section, followed by a
65 m long -2° inclined part, and a 54 m tall riser. A smaller separa-
tor (~7m?3) is located at the top of the riser, before the fluids are
returned to the main separator through the 0.6 m inner diameter
drop-leg. The total length of the flow loop is about 1000 m. In the
simulations the volumes of the smaller separator and the drop-leg
has been combined with the large separator. The pipeline geome-
try used in the simulations is listed in Table 1, and illustrated in
Fig. 1. The total gas volumes upstream and downstream the riser
are shown in Table 2.

2.2. Fluid properties

The fluid properties for the naphtha and nitrogen used in the
experiments are shown in Table 3.

Pipeli T
@ DP-calls :
O Narow beam gammal
4l SRS i
0 <

Helght [m]
S

7

H

500
Length [m]

Fig. 2. Positions of gamma densitometers and dp-cells in the pipeline. The gas feed
line is not included, so that the mixing point of the gas and liquid is located at the
coordinates (0,0).

Table 2
Relevant gas volumes in the experimental facility.

Section Volume (m?3)
Upstream mixing point 3
Flowline upstream riser bottom  26.6
Downstream riser 51.6
Table 3
Fluid properties for nitrogen saturated naphtha and nitrogen at 20 bar
and 30°C.
Density Viscosity Gas-liquid
(kg/m?) (cP) surface tension
(mN/m)
Liquid (naphtha) 680 0.28 15.8
Gas (nitrogen) 23.6 1.7e-2

The nitrogen density is modeled after a linear correlation given
in the experimental report from SINTEF, and is shown in Eq. (1):

pg =049 +1.1532p (M

Here p is the pressure in bar, and the resulting gas density is in
kg/m3. The other fluid properties were modeled as constant values
(thus incompressible liquid). The temperature was kept at approx-
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Fig. 3. Comparison of the average slugging period between the experiments and the simulations with 4 m grid size around the riser (case A), plotted against USL for different
values of USG. The simulations are performed with a constant pressure boundary. The error bars represent 15% deviation.

imately 30°C in all experiments, and varied typically with at most
+1.5 °C within an experiment.

2.3. Instrumentation

The gas and liquid flow rates were measured with vortex me-
ters and turbine meters respectively. Multiple vortex meters and
multiple turbine meters were used, coupled in parallel in the feed
lines. The gas and liquid flow meters were calibrated to give su-
perficial gas and liquid velocities (USG and USL) directly as out-
put instead of volumetric flow rates. The gas and liquid mass rates
to be used in the simulations were calculated from the measured
superficial velocities by using the fluid densities calculated from
pressure and temperature measurements at the flow meters and
the cross sectional pipe area. Each experiment was run with a con-
stant gas and liquid mass flow rate. Automatic control valves were
installed in the feed lines to try to keep the flow rate constant
during the subsequent pressure buildup and blowout in the severe
slugging cycles. Unfortunately these valves did not work as well
as expected, which resulted in an increase in the flow rates dur-
ing blowout. The maximum value of both the gas and liquid flow
rates typically varied with about 5-15% from the average flow rate.
The flow rates used in the simulations were chosen as the aver-
age value one would get if removing these peaks. This has to be
regarded as an uncertainty in the experiments, but how large un-
certainty this translates to for the slugging period is not known.

Both holdup and pressure were measured at multiple loca-
tions along the pipeline. The holdup was measured using both

Table 4
Measurement uncertainties.

Instrument Uncertainty

0.65% of measured value
0.6% of measured value
0.05 (absolute value)
0.003 bar (0.1% of range)

USG (vortex meters)

USL (turbine meters)

Narrow beam gamma densitometer
Differential pressure cell

fast volume weight meters and narrow beam gamma densitome-
ters, giving in total 13 holdup measurements distributed along the
pipeline. The pressure was measured by differential pressure cells
(dp-cells) connected to a common reference line filled with nitro-
gen, so that the absolute pressure at any location could be ob-
tained by subtracting the differential measurement from the ab-
solute pressure in the reference line. In total 13 dp-cells were dis-
tributed along the pipeline. The locations of the gamma densito-
meters and dp-cells are shown in Fig. 2.

The uncertainty for the narrow beam gamma densitometers is
not reported, but from other experimental campaigns the repeata-
bility of the narrow beam gammas has been reported to be around
0.02-0.03 in absolute value. The actual uncertainty might be even
higher than this for intermediate holdup values, so it is estimated
that the uncertainty can be as large as 0.05 in absolute value. The
holdup measurements are however not of primary interest in this
study, as the focus is on the prediction of the severe slugging pe-
riod. The uncertainty of the dp-cells was 0.1% of the range, approx-
imately 0.003 bar (Table 4).
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Fig. 4. Comparison of the average slugging period between the experiments and the closed loop simulations with 4 m grid size around the riser (case B), plotted against

USL for different values of USG. The error bars represent 15% deviation.

3. Simulations

The numerical model is described in detail in Appendix A.

The experiments are simulated both using an open outlet with
a constant pressure boundary condition, and as a closed loop sys-
tem. One of the main concerns in the presented simulations is
what pressure to use for the constant pressure boundary, since we
know that the pressure in the separator will fluctuate with the se-
vere slugging. This is simply a limitation of simulations using this
type of boundary condition when simulating this type of experi-
ments. As will be shown, it is not always possible to get correct
results with a constant pressure boundary condition for the type
of experiments that is presented in this study.

In the closed loop system the gas and liquid exit the separa-
tor by the use of mass sinks, with the same mass flow rates that
are fed into the start of the pipeline as shown in Fig. 1. The to-
tal available volume in the separator and other process facilities is
reported to be 51.6 m3. However in the simulations the separator
was made twice as large (103.2m?), and filled initially with 75%
liquid. The reason for this is to avoid that the liquid mass sink in
the separator is running out of liquid. The exact amount of liquid
present in the system was not known, but was found by varying
the initial amount of liquid in the separator until the pressure am-
plitudes both in the separator and before the riser corresponded
with the experiments. An initial liquid holdup of 75% in the sep-
arator showed to give good results for all experiments, indicating
that the total amount of liquid present in the system is constant.
The amount of liquid present in the separator at steady state in
each experiment will however vary, which also means that the
available compressible gas volume in the separator will vary. To

Table 5
Overview of boundary conditions used in simulations.

Case type Inlet border ~ Outlet border boundary
boundary
Open outlet ~ Mass flow Constant pressure in outlet section
specified (ghost section to the right of the outlet
border). The unknown velocity in the
outlet section is extrapolated from the
outlet border.
Closed loop ~ Mass flow Mass flow specified
specified

include the volume of the gas feed line (3 m3) in the simulations,
an extra length of about 107 m was added to the first 30 m long
-5° inclined section. The total volume upstream the bottom of the
riser is then approximately 29.6 m3. An overview of the different
boundary conditions used in the simulations are shown in Table 5.

3.1. Boundary conditions

The constant pressure at the open outlet boundary was set
equal to the average experimentally measured pressure in the sep-
arator, while the velocity in the outlet section (ghost cell) was cal-
culated by extrapolating the velocity in the last cell. The liquid
holdup in the outlet section was constant and set to 0 in the simu-
lations with an open outlet. Note that the separator is not included
in the simulations with the open outlet boundary. The open outlet
rather represents the entrance to the separator, which has a fixed
pressure. It should also be noted that when a mass flow bound-
ary was used for the inlet border and outlet border, the mass flow
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Fig. 5. Comparison of the average slugging period between the experiments and the closed loop simulations with 1 m grid size around the riser (case C), plotted against

USL for different values of USG. The error bars represent 15% deviation.

were in all cases set to 0. Instead the fluids enter and leave the sys-
tem through mass sources and mass sinks, at the locations marked
in Fig. 1. This was done among others to make the liquid enter af-
ter the gas feed line, and to be able to remove gas from the top
of the separator as the gas phase in the separator is not in contact
with the outlet border (which in the simulations is at the bottom
of the -90° inclined separator).

3.2. Grid size

A large grid size (grid coefficient Ax,yppe = 100m = 529 D) was
used for the first 885 m, while a finer grid was used in the -2° in-
clined section before the riser and in the riser, to be able to cap-
ture the liquid buildup and subsequent blockage. Simulations were
run with both 4m and 1 m grid coefficients at these locations. For
an explanation of the numerical grid see Eq. (10) in Appendix A.1.
All cases were also run both with and without liquid droplet en-
trainment enabled. It is well known that correct modeling of the
droplet field can be of high importance in multiphase flow simula-
tions, but this study specifically shows the effect the droplet field
has on severe slugging. The case with an open outlet with a con-
stant pressure boundary condition was only run with a 4m grid
size. An overview of the simulation setups are shown in Table 6.

Note that a 4m grid coefficient means that the grid size can
vary from 4-8 m, as described by Eq. (10). The corresponding range
for the 1 m grid coefficient is 1-2 m, and 100-200m for a 100 m
grid coefficient.

The closed loop simulations were as mentioned started with
the separator filled with 75% liquid. When starting a simulation
the liquid will start to distribute throughout the pipeline, and af-
ter some time the pressure fluctuations will reach a statistically

Table 6
Grid coefficients used in the different simulations.

Case name  First 885m 65m long Riser Closed
-2° inclined loop
part before
riser

A 100m (529 D) 4m(21D) 4m(21D)  No

B 100m (529 D) 4m(21D)  4m(21D)  Yes

d 100m (529 D) 1m (5D) 1m (5 D) Yes

steady state condition with steady amplitude and slugging period.
The experiments were reported to been run with a minimum of
45 min stabilization time. All simulations were run for 5000 s (al-
most 84 min), and the last 1000s were chosen for comparison
with the slugging period from the experiments measured at the
inlet. Shorter stabilization times should be expected with increas-
ing superficial mixture velocity, but for simplicity all simulations
were run for the same amount of time. The simulations that were
simulated with an open outlet were also simulated for the same
amount of time, with the same stabilization time.

4. Results without droplet entrainment

The slugging period from the simulations with an open out-
let (case A) are compared to the experimental values in Fig. 3. It
can be seen that the slugging period is significantly overestimated
for the experiments with lowest USL. For higher values of USL the
slugging period is predicted within 15% deviation for most exper-
iments, though somewhat underpredicted for the largest values of
USL.



250 LE. Smith, OJ. Nydal/International Journal of Multiphase Flow 85 (2016) 245-257

Grid coefficient = 4 m (case A)

O T T T T T :
: : : : -l Exp. USG=0.42 m/s
200+ - - R T S 0O Sim. USG-0.42m/s,
@ Exp. USG=0.49 m/s
O Sim. USG=0.49 m/s
B0F - < EXPUSG=097TTI/S‘
<] Sim. USG=0.97 m/s
V' Exp. USG=1.41 m/s
160k @ T -/ - Sim. USG=1.41 m/s| |
KX
B A0 T .
-
g 120
5 O _
g <.
7}
FOO - e T -
N RIEIE SHIR St S THITC SRR T F) £ SRR SR o E
: : : hd
6O i VR SRR S -
40 | I | 1 I 1
02 04 0.6 0.8 1 1.2 1.4 1.6

USL [m/s]

Fig. 6. Comparison of the average slugging period between the experiments and the simulations with 4 m grid size around the riser (case A), plotted against USL for different
values of USG. The simulations are performed with a constant pressure boundary, and with liquid droplet entrainment enabled. The error bars represent 15% deviation.
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Fig. 7. Difference in slugging period (T) between experiments and the case with
a constant pressure boundary and entrainment enabled, plotted against the mean
available gas volume in the separator. The gas volume is obtained from the closed
loop simulations (case C).

To improve the results, the experiments were simulated as a
closed loop system as previously described. Fig. 4 shows the com-
parison of the average slugging period from the experiments and
simulations, with a 4m grid coefficient around the riser (case B).
These results show that though some of the experiments are pre-
dicted within the estimated uncertainty, the slugging period is sys-
tematically under-estimated for most experiments. The slugging
periods for some of the lowest USL values are however significantly
improved in comparison with the simulations with an open outlet.

In general, only a few of the experiments can be said to be well
predicted.

To check if the results were improved with a finer grid, the sim-
ulations were also run with a 1 m grid coefficient around the riser
area (case C). These results are shown below in Fig. 5.

The results show a similar trend as for the 4 m grid case: The
slugging period is systematically underpredicted, especially for low
values of USG. In general, the closed loop simulations without en-
trainment show a too low slugging period. A too low slugging pe-
riod means that the liquid blockage at the bottom of the riser oc-
cur too early, so that the pressure buildup starts too early. It was
hypothesized that the liquid transport out of the riser was too
small, leading to too much liquid falling back down the riser and
creating a liquid blockage too early. This will be investigated in the
following section.

4.1. Results with droplet entrainment

Liquid droplet entrainment was included in the model, to test
if this would remedy the problem with a too early liquid block-
age. The correlations for the entrainment and deposition rates are
presented in Appendix A.1.2.

The results from the simulations with entrainment with a con-
stant pressure boundary condition are shown in Fig. 6.

For the simulations with medium and high USL the slugging
periods are predicted quite well, but the slugging periods at low
USL are severely overpredicted and the results compare even less
favorable than the results without entrainment. Under certain
conditions, it is clear that a constant pressure boundary is not
adequate. In Fig. 7 the difference in slugging period between
the experiments and the simulations with entrainment and a



LE. Smith, 0. Nydal/International Journal of Multiphase Flow 85 (2016) 245-257 251

Grid coefficient = 4 m (case B)

T T T T T I
3 3 B - Exp. USG=0.42 m/s
D1 1] R T R -0 Sim. USG=0.42 m/s Ll
@ Exp. USG=0.49 m/s
O Sim. USG=0.49 m/s
180 T < Exp. USG=0.97 m/s| |
—<]-- Sim. USG=0.97 m/s
V' Exp.USG=1.41 m/s
160F @ e X/ Sim. USG=1.41 m/s Ll
8 140 l —————————— O T R EEEERREES .
2
: 1
& 120 SRR SRR A A A 1
g
»

100 e R 1
g R T T .
B0 e g Sl .
40 | I 1 | I |

0.2 0.4 0.6 0.8 1 1.2 14 1.6

USL [m/s]

Fig. 8. Comparison of the average slugging period between the experiments and the closed loop simulations with 4 m grid size around the riser (case B), plotted against
USL for different values of USG. Liquid droplet entrainment is enabled. The error bars represent 15% deviation.

constant pressure boundary are plotted against the mean available
gas volume in the separator (obtained from the corresponding
closed loop simulations with entrainment). One can clearly see
that the deviation in slugging period between the simulations
and experiments increases as the available compressible volume
in the separator is decreasing. The reason for this is most likely
that the pressure in the separator will increase faster during
blowout when the available compressible gas volume is smaller.
The increasing separator pressure acts as a decelerating force on
the slug being blown out, and the blowout process stops earlier.
In addition, after the riser bend has been blocked, gas is drained
from the separator while no or little gas is allowed to pass the
liquid blockage. This will result in a decreasing pressure in the
separator during the buildup period, which acts as a suction force
on the slug in the riser. These two effects are not captured when
using a constant pressure boundary, which results in a longer
blowout time and too large pressure amplitudes and slugging
periods.

The results for the closed loop simulations with entrainment
are shown below in Figs. 8 and 9 respectively.

The results shown in Figs. 8 and 9 indicate that including liquid
droplet entrainment improves the predicted slugging periods for
the closed loop simulations, most likely due to more liquid being
transported as droplets in the gas phase during blowout. The
results are more or less independent of the grid size used in
the simulations. Though the improvement is not as large as the
improvement found from using the correct boundary conditions,
a systematic improvement is seen for all experiments (comparing
Figs. 4 and 5 with Figs. 8 and 9). The average deviation from
the experimental slugging period for simulation cases B and C

decreases from about 12% without entrainment, to about 4% with
entrainment.

Comparing the results with a closed loop system with the re-
sults with a constant pressure boundary there is a significant im-
provement of the predicted slugging periods, especially for the ex-
periments with the lowest values of USL. These are the experi-
ments with the smallest amount of gas in the separator shown
in Fig. 7. The predicted and experimental pressure fluctuations at
the inlet for the experiment with USL=0.47 m/s and USG=1m/s
is shown in Fig. 10, and clearly shows the difference in results be-
tween a constant pressure boundary and using a closed loop sys-
tem.

Including entrainment also acts as increased interfacial friction
due to momentum exchange between the gas and liquid, acceler-
ating the liquid. It is therefore possible that a modified interfacial
friction correlation could have given a similar improvement in the
results, in combination with including droplet entrainment. It is
however difficult to quantify the relative contributions of the inter-
facial friction and the entrainment from the available experimental
data. The entrainment was not measured in the experiments, but
comparing the holdup at the top of the riser between the simula-
tions and experiments indicates that the hypothesis that too much
liquid falls back down the riser due to the lack of a droplet field is
correct. Fig. 11 shows the holdup at the top of the riser for a se-
lected experiment, showing the simulation results both with and
without entrainment. It is clear that both the predicted holdup
and slugging period are significantly improved by adding a droplet
field. With a droplet field the holdup becomes lower during each
blowout, meaning that more liquid is transported out of the riser
as hypothesized.



252 LE. Smith, OJ. Nydal/International Journal of Multiphase Flow 85 (2016) 245-257

Grid coefficient = 1 m (case C)

T T T T T I
‘ ‘ 3 3 - @ - Exp. USG=0.42 m/s
700 1| I R R R -0 Sim.USG-O.42m/s,
@ Exp. USG=0.49 m/s
O Sim. USG=0.49 m/s
B0f - < EXPUSG=097TTI/S‘
<] Sim. USG=0.97 m/s
3 -V Exp. USG=1.41 m/s
160 @b -V Sim. USG=1.41 m/s| |
B A0 O .
g
2 1
By T20[ e T ]
o
3
»
00 L T «
BOF o e T «
RS R franer % ———————— -
40 | I | 1 I 1
0.2 0.4 0.6 0.8 1 1.2 14 1.6

USL [m/s]

Fig. 9. Comparison of the average slugging period between the experiments and the closed loop simulations with 1m grid size around the riser (case C), plotted against
USL for different values of USG. Liquid droplet entrainment is enabled. The error bars represent 15% deviation.

4.2. Simulation speed

The results presented in this paper shows that the use of a La-
grangian slug tracking model can give good predictions of the se-
vere slugging period, also when using a relatively coarse grid. The
simulation speed of the current model is presented in Fig. 12. The
simulations were run on a laptop computer with 16 GB RAM and a
2.4 GHz Intel i7-4900MQ CPU. The CPU time (time to run a simu-
lation) is dependent on many other factors than just the specifica-
tions of the RAM and CPU, but at least give an illustration of the
order of magnitude of the CPU time compared to real time. The
volume fraction error tolerance for solving the mass and momen-
tum equations is 0.001 in all simulations, the same as used in all
simulations in this study.

For the simulations with the lowest superficial mixture veloci-
ties the CPU time is about 900 times faster than real time, mean-
ing that simulating 5000 s of real time would take approximately
5.5 s of computational time. The CPU time increases with increas-
ing mixture velocity, as the gas and liquid velocities in the pipeline
becomes higher resulting in a lower time step from the CFL cri-
terion. As the time until stable pressure oscillations are reached
decreases and the slugging frequency increases with increasing su-
perficial mixture velocity the CPU time could have been decreased,
but for simplicity all experiments were run for the same amount
of time.

5. Conclusions

Simulations of a pipeline riser system using a Lagrangian slug
tracking model have been presented. With the correct boundary

conditions and inclusion of liquid droplet entrainment, the pre-
sented model is shown to give fast and accurate predictions of the
severe slugging period. The results show that modeling the out-
let as an open boundary with a constant pressure can lead to the
slugging period being severely overpredicted, especially when the
available compressible gas volume in the receiving facilities be-
comes small. The decelerating pressure force from the gas in the
separator on the slugs being blown out is then not captured, and
the blowout period will last too long. The importance of including
liquid droplet entrainment is illustrated, which can significantly af-
fect the amount of liquid being transported out of the riser during
blowout. Liquid droplet entrainment also acts as increased interfa-
cial friction, which also plays an important role in accelerating the
liquid in the riser during blowout. Together the combined effect or
entrainment and increased interfacial friction in the riser increases
the amount of liquid being transported out during blowout. This
decreases the amount of liquid falling back down the riser, and
leads to a longer time before liquid blockage in the riser bottom
occur and a new pressure buildup period starts. Without a droplet
field the liquid blockage occur too early, and the slugging period is
predicted too low.
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signal of the open outlet simulation for better comparison.

Appendix A. Model description

The model presented in this study is a finite volume Lagrangian
slug tracking model based on a previously published model con-
cept (Nydal and Banerjee, 1996). The model is written in C++, us-
ing object oriented programming. Control volumes are represented
by objects, like a bubble-section object and slug-section object.
Similarly, the borders (cell-faces) between objects are represented
by different types of border objects. When the liquid holdup in a
bubble section approaches a user defined limit (set to 0.98 in the
current study), the bubble section is converted to a slug section
object.

A.1. Mass, momentum and pressure equation

The mass, pressure and momentum equations are all inte-
grated over the gas and liquid control volumes, and are shown in
Eqs. (4)-(11). A first order upwind convection scheme (Courant
et al, 1952) is used where new values are needed at loca-
tions where they are not defined. These upwind values are
marked by a “hat” (#) above the variable. Superscript n and
n+1 represent current and next time index, respectively. Sub-
scripts j denotes values defined at the control volume cen-
ter, while subscripts J-1 and ] denote values at the left and
right face of the control volume. Subscripts j-1 and j+1
represents the values at the previous and next control vol-
umes. The indexing convention for the momentum equation
for the bubble-bubble borders and for the slugs are shown in
Figs. 13 and 14 respectively. The mass equation is solved for all of

the section objects regardless of type, while the momentum equa-
tion is solved for the border objects (staggered grid). For slug sec-
tions however, the momentum equation is solved over the entire
slug body, and not at the slug borders. Consequently the control
volumes of the neighboring bubble-bubble borders are extended
all the way to the slug to make the control volumes start exactly
at the end of the previous control volume.

Momentum is solved for the mixture liquid and mixture gas ve-
locity, while the mass equation is solved for all sub-fields. By sub-
field is meant the individual fields that together make a mixture
field, for instance oil droplets and pure gas in mixture gas field.
The sub-fields are denoted by f, while the mixture fields are de-
noted by k. The time step is controlled by the Courant-Friedrichs—
Lewy (CFL) criterion (Courant et al., 1928), modified to account for
the movement of the control volume borders. This yields the fol-
lowing two criteria to be evaluated for all sub-field velocities at
each grid cell (using the indexing convention for the borders):

AX] ) AX] (2)
(Upj_q —uyj) (ugj—upjr1)

Here Cg is the user specified CFL-number for the simulation
(0.8 in the current study), while uj, is the border velocity. These
two criteria describe that a fluid particle located near a border
should not move past the new positions of the neighboring borders
within one time step. Note that these criteria should only be in-
cluded if the result is positive. A negative result simply means that
the border is moving away faster than the fluid, so that a fluid par-
ticle will never move past the neighboring border regardless of the
time step (a negative time step would be required, which is un-

At < Cepr - At < Cepr -



LE. Smith, OJ. Nydal/International Journal of Multiphase Flow 85 (2016) 245-257

254
Grid coefficient =4 m
Phase fractions at position 992 m
1.4 T T T T T T T T T
— Experiment (Qil)
= = = Sjmulation with entrainment (Qil)
‘ ‘ = @ = Simulation with entrainment (Qil droplets)
12 Sy oo Simulation without entrainment (Oil) 1
1 SRty B B [ ¥ T 7 1y
RN v SR - SRCTE Y
T :~ Y/ : :~ , E ] :~
< Vi : i z N . - N _
-§ 0.8 g N ' - 1 < : : :
3] f N : : B : :
£ | : : : /. : ! s Ui : 1 :
© - : 1 - . R : z 1 N
E 0.6 'Il """" o ol " R N /] : s ]
o t Y oo ] : s
B o ! ERSL 1 LR
: 'S ‘ ! L 7 Iy
04y S T A : I 2 E;" v 7
] ’
’ ’ “
02F - . ™ - ,, ~ ',' . "~ )
) : AL W7~ b "~ @ / e~
: 4 \ : ~ . : ] -’ ~ o SO
e [} ~ [} : Se ! :
0 S 1 . \ \ Yoo #' i
4120 4140 4160 4180 4200 4220 4240 4260 4280

Time [s]

Fig. 11. Comparison of the predicted and experimentally measured holdup in the riser for a selected experiment. USG = 0.97 m/s, USL = 1.37 m/s. The simulations are run

with as a closed loop with a 4 m grid coefficient (case B).

Grid cosfficient = 4 m

T T T

Reelfime / CPU Sme |-]
58883333538

12 14 18 18 2 22 24 28
USG + USL [mfs]

Fig. 12. Real time divided by CPU time as function of superficial mixture velocity.
The simulations are all run as a closed loop, using a 4 m grid size around the riser
area (case B). All simulations were run for 5000 s.

physical). One can also see from Eq. (2) that when the fluid veloc-
ity and border velocity approaches the same value, the time step

can be arbitrary large.
The continuity/mass equation for a sub-field f is obtained from

the Reynolds transport theorem (White, 2011):

oM .
th % prup —up) -npdAps = Mi* (3)
Aoy

Fig. 13. Indexing convention for the momentum equation for bubble-bubble bor-

ders.

i1 J-1 i J j+1

Fig. 14. Indexing convention for the momentum equation for slugs.

Here Mj!j represent the contributions from mass sources, sinks,
entrainment and deposition, while Ay is the boundary area and uy,

the velocity of the boundary.
The discretized mass equation for sub-field f reads:

MM M
fi fi 241 1 1
A = AL (g —uggh)

Sn+1an (n+1 n+1 gsrc
A (UG - )t + M )

Here Vj is the fluid volume, V the total cell volume, M; the fluid
mass, A the pipe cross sectional area, uy the fluid velocity, u;, the
border velocity, while m is the specific mass defined as:

— pap = PVr My
my = proyp === (5)
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The terms py and o represent the fluid density and phase frac-
tion respectively.

The pressure equation is obtained by expanding the time
derivative of mass in the Eq. (3) by the product-rule:

BMf _ B(pV)f _ Bpf 3pf Bpf an 3Vf
ae = o | \aw ) e P ) o | Prae
- M}" 7?§pf(uf — ) - ngdAyg (6)

App

Eq. (6) is then divided by the density p;, and summed over all
sub-fields.

Using that the sum of all sub-field volumes should sum to the
total cell volume, the sum of the individual volume time derivative
terms becomes:

AV, AV
f 1 1
; At AL (Afupy" — AL 9

Here the time derivative of the total cell volume has been ex-
pressed by the movement of the left and right cell borders. The
final discretized pressure equation is shown in Eq. (8):

P p = A

. A g () an () e (At gt
vy *?m[’“u VA (it =gt ) = gAY (gt — gt M) (A - AL gt

(%))

= At

(8)

In Eq. (8) the variation of density with temperature has been
left out for simplicity, as no temperature calculations are per-
formed in the simulations since the experiments were kept at a
constant temperature; besides, all the sub-fields have a common
pressure. The term W is the volume error correction term which
is described in Eq. (12), while the last term represents the volume
time derivative. Since we solve for the momentum of the mixture
fields and not for each sub-field, the velocity of each sub-field is
related to the corresponding mixture field by a linear slip relation.
We also express the new border velocities by a linear relation with
the new mixture liquid velocity:

1 +1
Ut = Gaip, st ™ + Usiip

n+1 __ n+1
=G + U,

In the present study we apply Cyp ;=1 and U, ;=0 (no-
slip), meaning that all sub-fields travel with the same velocity as
the mixture field.

Since some of the control volumes are moving, sections can
both grow and decrease in length. Because of this, certain grid
management operations are needed: short sections are merged to-
gether with neighboring sections of similar type, and long sections
might be split into two shorter sections. Sections might also be
converted from one type to another, for instance from bubble to
slug, or slug to bubble. The grid management is controlled by a
grid coefficient for the bubble sections, named Axyppe- A bubble
section is merged with a neighboring bubble section if the length
is smaller than the grid coefficient, and split in two if the section
length is larger than twice the grid coefficient. Consequently, the
length (Ax) of a bubble section is bounded by the range shown in
Eq. (10):

(9)

AXpubble < AX < 2 - AXpypple (10)

Slug sections are never split, but are converted to a bubble sec-
tion when they become smaller than a minimum length (set to
0.1 m in the presented simulations). Because of these grid manage-
ment operations, some sections can span multiple pipes that could

possibly have different properties. As an example, a single slug
control volume around the riser bend might be located partially in
the near horizontal part before the riser, and partially in the riser.
To account for this, the integration over the momentum equation
control volume is split up into a sum of integrals over each dif-
ferent pipe segment. This integral is represented by a summation
over the subscript index s in the momentum equation, which is
shown below in Eq. (11). For instance, L; is the length of the entire
control volume, while L; s is the length of pipe segment s within
the control volume.

n uﬁy B uﬂj + M;:le B M;ZJ untl

ki At At ki
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The terms on the right hand ride represent: Pressure gradient,
source/sink terms, wall friction, interfacial friction, hydraulic level
gradient, gravity, and entrainment and deposition. 6 is the pipe in-
clination, Sk and S; are the fluid-wall and interfacial perimeters,
and hy, the fluid height. A, and A; are the fluid-wall and interfa-
cial friction factors, and W is a weighting factor between stratified
and annular flow which will be described together with the fric-
tion models in the following section. uy is the velocity of the mass
source or sink. For mass sinks the velocity is set equal to the fluid
velocity in the cell the sink is located. ¢, and ¢4 are entrainment
and deposition rates, while u; and uy are the velocities of the lig-
uid film and droplet field respectively (related to the mixture field
velocity by a slip relation as shown in Eq. (9)).
The implicit mass, momentum and pressure equations are
solved by the following iterative procedure:

1. Insert the pressure equation for the unknown change in pres-
sure in the momentum equation, and solve for new veloci-
ties

. Back-substitute the new velocities in the pressure equation

to calculate the new pressure

Calculate new border velocities and move borders to new po-

sitions

4. Solve mass equation for change in mass, and update densities
and holdup

. Repeat until the volume fraction error is below specified tol-
erance, using new values for mass and velocity as a new
guess for the non-linear terms in the momentum and pres-
sure equation

N

w

w

Unless the system of equations is solved exactly within machine
precision, the volume obtained from the masses and densities will
not sum exactly to the physical volume (meaning that the holdups
do not sum exactly to 1). This error is called the volume fraction
error. This discrepancy is corrected for in the next time step, by
adding the current volume error in each grid cell as a source term
in the pressure equation. This ensures that the sum of the phase
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fractions will stay close to 1. In this study the volume fraction error
was always ensured to converge below 0.001. The volume fraction
error (Verr) and pressure equation correction term (Wy) are shown
below in Eq. (12).

”
s My i

yn 1 ”/' ' wntl _ T (12)

err = v fi = AT

A.11. Friction models

Both the wall friction factor (1;) and interfacial friction factor
(A;) are weighted between the horizontal and vertical friction mod-
els, depending on the inclination:

AS =Wy (0) (MoSv) + (1 = Wy(0)) (A1Sh) (13)
Here S represents the fluid-wall perimeter for the wall friction,
and the interfacial perimeter for the interfacial friction. Subscripts

v and h represent vertical and horizontal. This vertical weighting
factor is defined by:

W, = sin®(0) (14)
For negative inclinations we use W, = 0. The wall and interfa-

cial shear stress is expressed by the Darcy friction factor definition
(Moody, 1944):
Tiwall = g OkUElUe] T = 1405 (Ux — Um)|Ug — U] (15)
Here up, is the velocity of the other mixture field. For the wall
friction factor, we use the Haaland and Hagen-Poiseuille friction
factors (Haaland, 1983; White, 2011), for turbulent and laminar
flow respectively:
-2

1.1
B 6.9 [ &/Duar\ "
)Lk = [ —1.8log; E + (? (16)
64
Mgl = —— (17)
k. wall Rek

Here, ¢ is the hydraulic roughness, Re, is the Reynolds number,
and Dy i is the hydraulic diameter:

Rek = %:kuk Dhyd.g = % Dhyd.l = % (]8)
where p, represents the dynamic fluid viscosity. To achieve con-
tinuity between the laminar and turbulent friction factors, we use
the maximum value of Eqs. (16) and (17). For the interfacial fric-
tion factor in horizontal flow we use the following correlation
(Andritsos and Hanratty, 1987):

Aip = )"gO aglugl < Ug crit

)\th)xgo[]+15\/7((z|:il )]
Pgatm
Pg

AglUg| > Ug cri (19)
Ug crit = 5

Here pg qm is the gas density at atmospheric pressure, h; is the
liquid height and D the inner pipe diameter. The interfacial friction
factor for vertical flow (Moeck and Stachiewicz, 1972) is presented
in Eq. (20).

s 1.42
Aip=002[1+ 1458(5) (20)

Here, §, is the mean film thickness in annular flow:

a,=g(1fﬂ) (21)

We limit the relative film thickness in Eq. (20) to be maximum
0.2, which is the maximum experimental value it is defined for.

A.1.2. Entrainment and deposition rates

For entrainment in both horizontal and vertical flow and for
deposition in vertical flow we use the correlations presented in

Eq. (22) (Govan, 1990). The entrainment correlation for vertical
flow has been multiplied by a factor of 2 compared to the original
correlation presented by Govan, as this was found to give better
predictions of the slugging periods and liquid holdup. The purpose
of this is not to tune existing correlations to the presented exper-
imental data, but to illustrate the effect of having a good entrain-
ment model when simulating severe slugging.

For deposition in horizontal flow we use a linear relation-
ship with the deposition constant and droplet field concentration.
Like for the wall and interfacial friction, the entrainment rates
are weighted between the horizontal and vertical models by the
weighting factor in Eq. (14) as an attempt to interpolate the en-
trainment and deposition rates for inclinations between horizontal
and vertical configurations.

0.316
oy =15-2-5.75. 10*5[(maX[Re0, — Reg, 0]) L4 ]

Dogopdy
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lgg [ Pol
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¢d. E] —0.65
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@an = LS - kp nCog
(22)

Here the subscript ol refers to oil in mixture liquid, og refers to
oil in mixture gas, while gg refers to gas in mixture gas. o g is the
gas-oil interfacial tension, and Cog is the droplet field concentra-
tion, given by:

Co = Mog _ _Poglog (23)
Vg Uog + Qlgg

The deposition velocity constant for horizontal flow (kp, ) is set
to 0.1 m/s. Both the entrainment and deposition correlations have
been multiplied by the control volume length L and pipe perime-
ter S to get entrainment and deposition rates in the correct units
(converting from mass rate per length and surface area kg/(m?s)
to kg/s).

A.2. Slug border velocities

The coefficients Cy and Uy in Eq. (9) which relate the slug bor-
der velocity to the mixture liquid velocity are dependent on if the
slug border is a Taylor bubble nose, or a slug front. For other bor-
ders than slug borders these coefficients are set to 0, meaning no
movement.

A.2.1. Bubble-nose criterion

In order to determine whether a slug border is a slug front or
a bubble nose, one must apply a bubble turning criterion. In the
presented model the criterion is based on the assumption that the
Taylor bubble tends to move in the opposite direction of the pres-
sure gradient. This criterion has been shown to predict the bub-
ble turning point quite well in (Johansen and Nydal, 2005; Nydal,
1998). The bubble will thus turn when the gravitational forces bal-
ance the friction forces at the bubble nose. This can be expressed
as:

0~125pl |um't | ucrit}‘lsl
A
Here, u is the absolute value of the critical velocity for which
the bubble turns while g is the gravitational acceleration. In lam-
inar flow this equation has a simple analytical solution, by using
the laminar friction factor from Eq. (17):

= |pigsin0| (24)
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Table 7
Procedure to determine if a slug border is a bubble nose.

Slug-bubble
(right slug border)

Bubble-slug
(left slug border)

Nose criterion [Ucrie [Sign(6) < uiug [Ucrie [sign(6) > u1ug

_ pgD?|sind|

Ucrit,lam = 32,“«1 (25)

For turbulent flow however, when using the Haaland equation
(Eq. (16)), we get an implicit equation for the critical velocity:

. 3 6.9u, g/D\'M
Ucrit eur + 1.8(2gD]sinO1]) ? 1o 74.(7) =0
crit, tur (2gD| b} glo[plDucrit,tur 37
(26)

This equation is easily solved with, for instance, Newton’s
method. To determine whether the laminar or the turbulent crit-
ical velocity should be used, we first calculate the critical lami-
nar velocity, and then calculate the corresponding Reynolds num-
ber and friction factor using the critical laminar velocity. We then
calculate the turbulent friction factor, using the critical velocity ob-
tained from the laminar theory. If this turbulent friction factor is
larger than the laminar friction factor and the Reynolds number is
above 300, we assume that the turbulent friction model should be
used and go on to solve Eq. (26). If not, we use the critical velocity
calculated from the laminar friction model. Finally the correct sign
is applied: for positive inclinations the critical velocity is negative,
while it is positive for negative inclinations. The procedure shown
in Table 7 can then be used to determine if the slug border is a
nose.

A border that is not a nose is set to be a slug front. Note that
it might happen that both the left and right borders of a slug are
fronts, or both might be noses.

A.2.2. Slug front velocity

The velocity of a slug front is calculated from a mass balance
across the front, giving the following linear relation with the slug
velocity:

Al bubbl
Ufrontzulslu+ 20222 (u —u
slug 1.slug 1,bubble
Agbubble( )
Cor Uo
—_—~—
———
—uy 1 4 ZUbubbleQlL bubbe @)
= U slug
1 — & pupbre 1 — & puble

The slug front will absorb liquid both because it is moving and
because the liquid in the neighboring bubble is moving. To accom-
modate for this liquid, the absorbed liquid is distributed on top of
the liquid in the neighboring bubble.

Note that Eq. (27) is only used if liquid is going into the slug
front. If we have a slug front that is not absorbing liquid it is as-
sumed to be a front moving with the mixture liquid velocity, and
we set Cp; =1 and Uy = 0.

A.2.3. Bubble nose velocity
A bubble velocity relation for inclined pipes has been proposed
(Bendiksen, 1984) of the form:

up = Coptty + Uoy + Upp (28)

Here Uy, and Uy, represents the vertical and horizontal compo-
nents of the drift velocity. A similar model to that of Bendiksen is
implemented in the presented model:

up = Coaty +Ugp +sgnylUpn| F<3.5
up = Coouy +Upy E=35
Co1 = (1.05+0.15sin° ()
Cop =12
U = 0351 sin(8), | L =P gp
Pi
Upp = 0.542 cos(0) @gD (29)
1

The parameters Cy 1 and Cp  in Eq. (29) capture the effect of
the velocity profile, in which the fluid velocity at the center of the
pipe is greater than the average velocity, making the bubble front
propagate faster than the mixture. If the mixture velocity profile
is directed in the opposite direction of the bubble nose, a lower
value for Cp 1 and Cy , is expected. Based on the experimental re-
sults from Bendiksen (1984), a value of 0.98 is used in such cases.
Fr is the Froude number, which represents the ratio of inertia to
gravitational forces:

4l
ey | P 30
gD (o — pg) (30)

The parameter sgny, in Eq. (29) is -1 if the nose is pointing left,
and +1 if the nose is pointing to the right. The Taylor bubble tends
to travel along the top of the pipe, instead of being symmetric
around the pipe center line. This effect is represented by the first
line in Eq. (29), when the Froude number is low. When the veloc-
ity is increased, the bubble nose is forced toward the center of the
pipe, and the second line in Eq. (29) is used. For simplicity, we use
the maximum value of these two relations.
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Abstract

In this paper the capability of the two-fluid model to describe the transition from stratified to slug flow is investigated, by
employing three different numerical discretization techniques: classical finite volume, discontinuous Galerkin, and a Lagrangian
finite volume approach. It is shown that stratified wavy flow can transition from well-posed to ill-posed following the Kelvin-
Helmholtz instability mechanism. In the ill-posed regime grid convergence cannot be obtained. However, with low order
discretization methods, or coarse grids and time steps, well-posed numerical solutions can still be obtained. Such solutions should
however be critically assessed because they seem to be physical while in fact they are meaningless. The conditional well-posedness

of the two-fluid model therefore requires a careful discretization in order to use it for slug capturing.

Keywords: two-fluid model, slug capturing, well-posedness, finite volume method

1. Introduction

In the petroleum industry multiphase flow occurs when
transporting oil and gas through long multiphase pipeline
systems. The behaviour of the flow can take many forms,
depending on parameters like fluid velocities, pipe properties
and fluid properties. An important flow regime is slug flow, in
which liquid pockets, separated by gas bubbles, propagate in an
alternating fashion with high speed along the pipeline. Such
slugs have a large influence on the sizing of receiving facilities
such as slug catchers or separators. The industry uses various
flow models for simulating slug flow, but there is a need for
increased accuracy. A promising approach is using so-called
slug capturing, through the accurate numerical solution of the
one-dimensional two-fluid model. This approach is believed to
be capable of describing the transition from stratified flow to
slug flow, see e.g. Ref. [1].

One of the issues in the transition from stratified flow to
slug flow is that the two-fluid model can become ill-posed, see
e.g. Ref. [2] and Ref [3]. Reference [2] mainly focuses on the
effect of the spatial discretization and employs an
incompressible model. Reference [3] also discusses the
incompressible model and performs linear and nonlinear
stability analyses. In this paper we instead consider the full
compressible model and study several spatial and the temporal
discretization methods and on ill-posedness and on convergence
and stability. The paper is organized as follows: in section 2 the
two-fluid model equations are explained, in section 3 the
different discretization methods are presented, and in section 4
results are shown for the Kelvin-Helmholtz instability

2. Governing equations of the two-fluid model

The governing equations of the one-dimensional two-fluid
model consist of a mass and momentum conservation equation
for each phase:
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0
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supplemented with the constraint ZAk = A . Here A is the is
k

cross-sectional area occupied by phase k. The density and the
velocity of phase k are denoted by pj, and uy respectively. LGy,
represents the hydraulic level gradient term, which can be
expressed in conservative form by integrating the hydrostatic
pressure over the cross-sectional phase area Aj. The level
gradient term for the gas and liquid phase will thus read (van
Zwieten et al., Ref [4]):

LG, = g(pkg cosO(h4, ii}jlj&')] ®
ox 12

Note that this model is more complete than the one in Ref. [2]
since we take compressibility into account in all terms,
including the level gradient term.

Figure 1: Schematic two-phase stratified pipe flow. (a) The
cross-section shows the definition of the perimeters and the
interface height h which is defined relative to the pipe center.
(b) Cross-section indicating the pipe coordinate x and
inclination angle 6.

We assume an isothermal system, so that the density of the gas
and liquid phases are given by an equation of state which is a
function of pressure only.
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2.1. Friction models

The wall and interfacial shear stress are expressed by the
Fanning friction factor definition:

1.
E.fkpkuk [ | ify=w

1 if ye{G,L
Efzrnp(;(uk_uy)luk_uyl vet }

We model the friction factor fj, of phase k with the pipe wall
with Churchill’s relation (Ref [5]):
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Here ¢ is the hydraulic pipe roughness, Re, is the Reynolds

number,

D,
Re, = Pt D )
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and D,, is the hydraulic diameter:
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The interfacial friction factor f,, is calculated by:
Sow =max{ f,0.014} ®
3. Discretization techniques

Three different numerical discretization techniques are
investigated in this paper: classical finite volume (CFV),
discontinuous Galerkin (DG), and a Lagrangian finite volume
(LFV) approach. The discontinuous Galerkin method combines
features of both finite element and finite volume methods. The
CFV and LFV methods share many similarities, though several
aspects like discretization, solution procedure and pressure-
velocity coupling are treated differently. The LFV model is also
capable of employing moving control volumes, though this
aspect of the model is not of primary focus in this study and is
thus not described in the LFV model description. All three
models employ a staggered grid, illustrated in Figure 2.

Pk, V’\’
- ® Pk -

Uk,i—1/2 A Uk,i+1/2

Pk,i Kyi-l: Pk i+1

® Pk,i —>» ® Pk, i+1

Ak.l uk!”'*‘l/2 Ak‘z+l
1 L 1 1 x:
Ti-1/2 T; Tit1/2 Tig1

Figure 2: Staggered grid lay-out that is used for the finite
volume schemes.

The discrete equations for the mass and momentum equations of
the three aforementioned models are presented in the following
sections. Super-script #n will be used to denote the time index,
sub-script i represents the spatial index, while sub-script &
represents the gas or liquid phase. A "hat" symbol (") is placed
above unknown new variables where a convection scheme like
upwind or central difference is used.

3.1. Classical Finite Volume (CFV)

In this section the discretization of the classical finite
volume approach will be explained. First the spatial
discretization is discussed, followed by the temporal
discretization. Finally, the interpolation of unknown quantities
is discussed.

Mass conservation equation:

The mass conservation equation is discretized by integrating
Eqn (1) over the p-volume 7, . In our 1D framework this

results in an integral in the x-direction which yields:

d

Z(pk.in,i)+(pA)kYH]/z Uy i) 7(pA)k_l.71’,2 Ui =0 ©)

Momentum conservation equation:

In a similar way we integrate Equation (2) over the u-volume (
Veisia ) to obtain
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LGg,i+1/2 is the discrete level gradient. For the gas phase the
discrete level gradient is calculated as:

P P
LGy, =808 0| p i | 1A +=55 | —pg, | hdg +—2%
' ' 12 i+l ' 12 i
an
The level gradient of the liquid phase is approximated in a

similar fashion. For the central scheme, the unknown variables
are calculated by:
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For the FOU scheme, any unknown variable ¢ is taken from
the direction the flow is coming. Since the velocities are all

positive in the current test case, we get:

$, =4 (13)
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Time integration:

In order to advance the two-fluid model in time, a composite
vector U which contains mass and momentum at all grid points
is created. If we define My; = pr;Vy; and Pyiyi/2 =
Pr,i+1/2Uk,i+1/2Vi,iv1/2> this vector, for N grid points, will
have the form:

U=[Mg s Mgy, Mg gy s Mg s (14)
P(G,m 2)5°* 'aP((;.N+1/2)’P(L,m/zp- J '})(L,NH 2)]T

The complete semi-discrete system can be then written as:

dU

——=F@) 1s)

dt

In this formulation we substituted the constraint to close the
system. The temporal discretization used for the classical finite
volume scheme is a BDF scheme:

é(aoU”” +aU"+a,U"" )= BF(U") (16)

We will consider two BDF schemes. The first one is a BDF1
scheme, which is essentially a backward Euler scheme. For
BDF1 the coefficients read: ay =1, a; = —1,a, =0 and § =
1. The second scheme we consider is the second order BDF2
scheme  with  coefficients ay = 1,a; = —4/3, a, = 1/3
and = 2/3.

For both the BDF1 and BDF2 scheme Eqn (16) constitutes a
nonlinear system that needs to be solved for U1, which we
achieve by using a Newton approach. The fact that the system is
solved for U™, which contains the mass and momentum at
each grid point, guarantees mass and momentum conservation
independent of time step and grid size.

3.2. Lagrangian Finite Volume (LFV)

The LFV code is also a finite volume method, like the CFV
code, but features some distinct differences:

- Possibility to use moving control volumes (not used in the
current study).

- The constraint is implemented via a pressure equation.

- The squared velocity in the convective momentum term
consists of one central interpolation multiplied by a
selected convection scheme, like first order upwind. The
CFV model on the other hand uses the squared value of
the selected convection scheme.

Mass conservation equation:

M -M;

ki _ antl n o on+l A+l n nl
AL _mk.,:—l/ZAv—l/Zuk,i—l/Z My 12 2% a2 17)

Here, m, is the specific mass, defined by:

M
m = P, 0y :7k (18)

while ¢, and V are the hold-up fractions and total cell volume
respectively.

Momentum conservation equation:
The momentum equation is solved for the change in velocity:
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The level gradient term is discretized identical to what is done
in the CFV method.

Time integration and pressure-velocity coupling:

In contrast to the CFV code, the LFV code implements the
constraint by deriving a pressure equation. This equation is
obtained by expanding the time derivative of mass in the
continuous mass equation, Eqn (1), by the product rule, dividing
by the fluid density and summing this equation over all phases:

1 A+l n n+l
Z Vel |( omi Pt —pr _ Z 1| M Al iy, Sy
A[ A~ n+l n n+l 4
T

" P .
& Pri op E\ P | =M i Al o

(20)
The term ¥ represents a correction for a possible volume
fraction error from the previous time step:

Z]Z— -
w_ k Pri

v A 21)
The momentum equation (Eqn (19)) first is solved for the
change in velocity, using Eqn (20) to eliminate the unknown
new pressure directly by substitution. After the momentum
equation has been solved, the new velocity is inserted in the
pressure equation (Eqn (20)) to obtain the change in pressure.
The mass equation is then solved for the change in mass, and
the procedure is repeated the volume fraction error (deviation
from 1 in the sum of hold-up fractions) drops below 1e-8 in all
simulations.
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3.3. Discontinuous Galerkin (DG)

The third discretization scheme is the space-time Discontinuous
Galerkin Finite Element Method (short DG) described in Ref
[4]. A DG scheme is similar to a (continuous) Finite Element
scheme with the notable exception that basis functions are dis-
continuous at element edges. This enables the use of stabiliza-
tion mechanisms developed for Finite Volume schemes and
naturally allows for nonconforming meshes. Due to being part
of the family of Finite Element Methods it is relatively easy to
construct a high-order scheme by increasing the order of the ba-
sis functions.

In this paper we use a third-order, piecewise polynomial basis in
both space and time, which gives a fourth-order accurate
scheme for linear pde's or non-linear pde's with sufficiently
smooth solutions. We use a structured, equidistant mesh with
rectangular elements encompassing the complete space-time
domain. Due to the structure of the mesh and causality in time,
it is not necessary to solve the discrete problem on the complete
mesh at once. Instead we separate the mesh in a sequence of
time-slabs consisting of all elements with the same time interval
and solve the discrete problem per time-slab, starting with the
first. Note that this procedure is very similar to the time step-
ping methods used for the Finite Volume schemes, with the dif-
ference that with DG a solution is obtained for an entire time-
slab at once while with the Finite Volume schemes a solution is
obtained at a single point in time per iteration.

The stabilization method is adaptation of Roe's method: as a
reference state for linearization we use the average solution val-
ue at the element edges and the eigenvalue problem is solved
numerically. The complete non-linear discrete system for one
time-slab is solved using Newton's method and the linear
subproblem using a sparse, direct solver. For more details we
refer the reader to van Zwieten et al. (Ref [4]).

4. Results

4.1. Introduction

The test case we discuss considers the evolution of
stratified flow to slug flow according to the Kelvin-Helmholtz
instability mechanism, and is the same as described in the study
by Liao et al. (Ref [2]) and van Zwieten et al. (Ref [4]). We
investigate the effect of the different discretization methods on
the growth of an initially smooth wave.

The pipeline and fluid properties are given in
Table 1. L is the pipe length, D is the inner pipe diameter, 6 is

the pipe inclination and ¢ the pipe roughness.

Table 1: Pipeline and fluid properties.

where p,, and p,, are 10° Paand 1.1614 kg/m* respectively.

The initial condition is a sinusoidal wave with the mean value
and amplitude for the primitive variables listed in Table 2. The
wave number is k=27 m™' and the angular frequency @ is
approximately 8.484 s'
Zwieten et al. (Ref [4]).

. For more information we refer to van

Table 2: Initial conditions.

UG mean  UGamp  Uimean  Uiamp % mean Qamp B b,

L D 6 3 P Hy H
[m] [m] [°] [m] [kg/m’] Pa's Pa's
1 0.078 0 le-8 1000 1.8e-5 8.9¢-4

The liquid phase is assumed to be incompressible with density
p, - The density of the gas phase is given by:
_ PPy

Pe , (22)
Py

[nvs] [mvs] [ows] [m/s] [-] [-] [Pa] Pa
1382 0.25 1 7e-3 05 001 10° 37

The mean values were computed by choosing the gas velocity
and liquid holdup, and computing the resulting liquid velocity
and pressure gradient from the steady state momentum balance
obtained by combining the gas and liquid momentum equations,
eliminating the pressure gradient (balancing friction and
gravity). These initial values result in a required pressure
gradient of 74.23 Pa/m, which was added as driving force
(source term) to the momentum equations. Periodic boundary
conditions are applied.

By computing the characteristic roots of the system of mass and
momentum equations, the following well-posedness criterion
can be obtained:

I A AV
(ug—u,) <[pL+pG} 5, goos(6) 23)
oh,

This criterion is identical to the Inviscid Kelvin-Helmholtz
criterion (IKH) derived by Barnea and Taitel (Ref [6]), and
gives the inviscid limit at which the two-fluid model becomes
ill-posed (characteristic roots becomes complex).

According to Eqn (23), the test case is well-posed at the initial
conditions specified in Table 2. However, a more detailed
eigenvalue analysis shows that the initial condition is in the
(viscous) well-posed unstable region, and consequently the
initial perturbations will grow.

Well-poscd, unstable

Viscous: Well-posed, stable

L I
r L 1
L L 1
I T 1
. ) — AU

T
Well-posed

Ill-posed

Inviscid:

Figure 3: Schematic of stability and well-posedness limits for
the two-fluid model.

4.2. Convergence behaviour in well-posed and ill-posed
regions

Simulations were run with the different codes, with 40, 80 and
160 grid cells. The time step for each grid is calculated based on

the CFL criterion for the liquid velocity: Az :CFLLE. The
uL

liquid CFL number ( CFL, ) was calculated to be approximately
0.9875, based on the initial wave number and angular
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frequency, so that we get an integer cycle of the sinusoidal
wave after each 60 time steps.

On the left side of Figure 4 the liquid hold-up at different time
instances is shown, corresponding to 1, 4 and 7 cycles of the
wave moving through the domain. In black the exact analytical
solution to the linearized system is added as a reference (note
that this is only valid for small times). On the right side two of
the four eigenvalues of the two-fluid model are shown (the
other two correspond to fast pressure waves associated with
acoustics, which are of less importance here). It can be seen that
when time increases, the amplitude of the hold-up wave starts to
grow. In Figure 4 (a) and (b) we clearly see convergence upon
mesh refinement. We also observe that the higher order
methods are much more accurate, although a fair comparison
requires that we take into account the effect of computational
time. In Figure 4 (c) the wave steepens and nonlinear effects are
important. It can be seen that in the neighbourhood of the
steepening, the real part of the eigenvalues are becoming equal.
Closer inspection reveals that the eigenvalues are forming a
complex conjugate pair. This indicates that the two-fluid model
is not hyperbolic anymore and it therefore becomes ill-posed;
Eqn (23) is violated. Related to this is that in the ill-posed
region the different discretizations do not converge upon mesh
refinement. This means that in essence the results of the two-
fluid model have become meaningless. It can be noted that the
fourth-order DG scheme already shows ill-posedness for the
medium grid N=80, while the other schemes are still well-posed
for N=80.
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Figure 4: Wave evolution in terms of liquid hold-up and real
part of eigenvalues after (a) 1, (b) 4 and (c) 7 cycles. LFV
results are depicted with circles (o), CFV (BDF2) results are
depicted with squares (0), and DG results are depicted with
triangles (V).

4.3. Influence of discretization method on predicting ill-
posedness

We further investigate the effect of the discretization on ill-
posedness by comparing the time instance at which complex
eigenvalues first appear, 7.. For this study we focus on

different discretization techniques using solely the CFV
scheme. Figure 5 shows that, when the time step goes to zero,
all methods converge towards the same ¢, . Note that the grid is

refined simultaneously with the time step since the CFL number
is kept fixed.

When the time step increases, we observe that the lowest order
methods start to deviate first. 7. rapidly increases, until a time

step is reached for which complex eigenvalues are not found
anymore. For time steps larger than this critical time step the
simulations are well-posed, even though a refined — and
therefore more accurate — simulation would indicate an ill-
posed problem.

It is clear that this is an undesirable situation, since one can
obtain seemingly meaningful results with a coarse grid or a low
order discretization method, that are in fact meaningless. The
advantage of higher order methods such as BDF2 instead of
BDF1 (Backward Euler) is very clear here: with BDF2 we still
obtain the ‘correct’ ill-posedness at time steps and grid sizes
that are around 10 times larger than with BDF1. The advantage
of BDF2 is not only apparent in terms of improved accuracy,
but also, and maybe more importantly, in capturing the correct
mathematical properties of the two-fluid model.

25 T T
CFV CD BDF2
—=—CFV CD BDF1
—&—CFV FOU BDF2
20 - |[—=—CFV FOU BDF1 1

0 . ‘
103 102
At[s]
Figure 5: Time instance at which complex eigenvalues first
appear, as function of time step, for different discretization
methods.

5. Conclusions

In this paper we have investigated the growth of waves in
stratified flow as a model for the transition of stratified flow to
slug flow in multiphase flow pipelines. In particular, we have
studied the effect of different discretization methods on the
wave growth and on the onset of ill-posedness.

By studying the behaviour of the eigenvalues of the system
of equations in space and time, it appears that during wave
steepening the eigenvalues become complex. When
simultaneously refining grid and time step, subsequent solutions
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do not converge, i.e. they do not become grid independent when
the eigenvalues are complex. However, given the same initial
conditions, well-posed solutions can still be obtained when
using low order discretization methods or coarse grids or time
steps, although this is undesirable.

The current paper therefore indicates that initially well-
posed, but unstable, waves in a stratified flow can grow to
become ill-posed, before they have reached the top of the pipe,
i.e. before stratified flow has transitioned to slug flow. This
indicates that the transition from stratified flow to slug flow, at
least for the conditions investigated in this paper, cannot be
captured with the two-fluid model, since the model becomes ill-
posed. The ill-posedness of the model manifests itself in a lack
of convergence upon grid and time step refinement, which
essentially renders the simulation results in the ill-posed regime
useless. We have shown in this paper that, depending on the
discretization method employed, well-posed solutions might
still be obtained when using low order discretizations or coarse
grids, as typically used in practical studies with commercial
simulators. Such solutions should however be critically assessed
because they can appear to be physical while in fact they are
meaningless.

A number of options are available in literature to
circumvent the ill-posedness of the two-fluid model, e.g. the
inclusion of surface tension, axial diffusion, a virtual mass
force, or a momentum flux parameter. For future work we
recommend to investigate the effect of such terms on the
transition from stratified to slug flow.
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Additional simulations presented at ICMF

Some additional simulations that are not included in the conference paper were also presented
at the ICMF conference. These simulations are of a 10 km straight and horizontal pipe, with
an inner diameter of 0.146 m. and a pressure boundary at the outlet of 10 bar. The temperature
remained constant in all simulations. Three flow rate combinations were used, with a gas
mass flow rate of 0.2 kg/s in all cases, while the water mass flow rate was 20, 5 and 2.5 kg/s.
The steady state solver was used to specify the initial conditions, and after 1000 seconds the
gas mass flow rate was increased to 0.4 kg/s over a period of 10 seconds. This creates a
holdup wave that will move from the inlet to the outlet. All three flow rate combinations were
run with the first order upwind scheme, and the third order NOTABLE scheme, with grid
sizes of 128, 256, 512, 1024, 2048, 4096 and 8192 cells. This resulted in a total of 42
simulations. A constant time step was used in all simulations, keeping the CFL number
constant ( Az = 10 seconds for grid density 128 cells). Figure 76 shows and example of the
holdup wave moving through the pipeline, for the case of a water mass flow rate of 2.5 kg/s. It
can be seen that the higher order NOTABLE method gives a sharper front, as expected. As
the grid density is increased, the results of the lower order and higher order method converges
to a similar result. Similarly to what was shown in the conference paper for the time
integration, Figure 77 shows the time it takes until complex eigenvalues occur and the
simulation becomes ill-posed. The case with a water mass flow rate of 2.5 kg/s stays well-
posed for both schemes at all grid sizes. The case with a water mass flow rate of 5 kg/s
becomes ill-posed after the gas rate has been increased, while the case with a water mass rate
of 20 kg/s is ill-posed already from the start. In opposite to what is presented in the
conference paper, this study focus on the spatial discretization and not the time integration. A
similar result is however seen: The lower order methods can give a seemingly well-posed
result in cases where the actual result should be ill-posed. It can be seen that using a higher
order method will give the correct ill-posed result on a coarser grid than the lower order
method. It can also be seen that the lower and higher order methods are converging to the

same results at the finest grid size.
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Figure 76: The front of the holdup wave moving through the pipe after the gas mass rate

has been increased.
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Figure 77: Time until complex eigenvalues occur as function of grid size, for the first
and third order upwind schemes. A value of 5000 means that the simulation never
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Abstract

When transporting gas and liquid in the same pipe, waves might become unstable and grow until they bridge the entire pipe
cross-section. This flow pattern is called slug flow, and consists of alternating pockets of gas and liquid plugs propagating at high
speed through the pipeline. Simulation of slug flow is a topic widely investigated in the oil and gas industry, where slug flow is not
desired due to its chaotic nature and increased wall shear stress. The method for cleaning water mains known as air scouring uses
this increase of wall shear stress in order to get high efficiency in particle, scale, biofilm and tubercle removal. This is believed to
be more effective than unidirectional flushing and to use up to 40 % less water. The efficiency of the cleaning depends on the
characteristics of the slugs such as length, velocity and frequency, which are determined by amongst others the water and air
superficial velocities, interface friction, fluid properties and pipe properties. The use of slug flow simulation may help to obtain the
optimal slug flow characteristics for every sequences of air scouring in order to save both time and water, and ensure the most
efficient cleaning of the water mains.

Sluggit is a computational slug flow simulator developed at NTNU for the oil and gas industry. The objective of our work was
to validate its predictions for slug flow characteristics within water distribution systems. Slug flow is generated with tap-water and
compressed air in a 50 m long PVC pipe with 150 mm of internal diameter. Water distribution system conditions, such as pressure
and exit diameter are reproduced. The slug characteristics from the experiments are recorded, and compared with the predictions
of Sluggit.
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Nomenclature

D Pipe diameter [m]

g Gravitational acceleration [m/s?]
Unix Mixture velocity

1. Introduction

Maintaining water distribution systems (WDS) in good condition is necessary for many reasons: keeping water
clear and odorless, preventing disinfectant's concentration from lowering rapidly, and avoiding pressure loss because
of tubercles or incrustations [1]. Many solutions have been developed through the years such as conventional flushing,
air scouring or swabbing, but unidirectional flushing remains the most popular thanks to its low ratio of cost to
effectivity [2]. Yet this method also has limitations in efficiency, especially if the network pressure is low, and uses a
lot of drinking water [2-4].

Air scouring of water mains is performed in a way close to unidirectional flushing, but compressed air is introduced
through a hydrant at the beginning of the section to rinse, as shown in Fig. 1 [2, 4, 5]. This method has some advantages
over unidirectional flushing as it is more aggressive (thus more efficient in particles, biofilm, tubercles and
incrustations removal due to increased liquid velocity in the slugs and increased wall shear stress), uses as much as
40% less water and doesn't depend on the network pressure. However, it also has disadvantages such as its
aggressiveness which doesn't suit to any fragile networks, and the fact that more labor is necessary to close the users'
valves during the operation. Because of this reason, which may also imply the need of finding an alternative temporary
source of water, air scouring of water mains has a cost which is two to three times higher than unidirectional flushing
[2-4, 6].

Air scouring has existed for decades [5], but its operation mainly remains the same nowadays, only based on the
manual use of the compressor and the network's valves to generate slug flow within the pipe to be cleaned. Settings
are based on charts and judging if slug flow is reached or not is only based on the listening of the water exiting from
the outlet hydrant [2, 4, 5].

When gas and liquid are flowing together in the same pipe and high enough velocities, the interfacial friction
between them result in waves forming on the interface. Depending on the conditions, these waves might become
unstable, and grow large until they bridge the entire pipe cross-section and create a liquid plug (slug) [7]. The gas
pressure can then build up behind the liquid slug and accelerate it to high velocities through the pipe. This flow

inlet outlet
hydrant hydrant
air cooler air

valve partially and filters compressor

opened : ¥ valve closed

S

- .

//////////////////////////////

Fig. 1. Illustration of air scouring of water mains.
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pattern is called hydrodynamic slug flow (sometimes just referred to as slug flow), and consists of alternating gas
regions (Taylor bubbles) and liquid plugs (slugs). The modelling of gas-liquid flow and especially the ability to predict
slug flow has been investigated extensively in both the oil and gas industry and in the nuclear reactor industry. The
modelling is performed using one-dimensional (1D) averaged conservation equations, as performing a full three
dimensional CFD (computational fluid dynamics) simulation of an entire pipeline would take an unreasonable long
time and consume a vast amount of computer memory and hard drive space. The 1D averaged equations for mass and
momentum conservation of gas-liquid flow are typically referred to as the "two-fluid model". The most commonly
used approach is using a coarse grid, together with a sub-grid model which treats slug flow in a statistical manner
based on experimental correlations. This type of modelling is often reffered to as the "unit-cell model" approach,
based on the concept presented by Dukler and Hubbard [8, 9]. It can only predict the statistical fraction of the pipe
covered by slugs (slug fraction) but neither slug length nor slug frequency. Another modelling approach is the so-
called slug tracking method [10, 11], which uses Lagrangian tracking of individual slugs and an adaptive grid to avoid
numerical diffusion. The slug tracking models are typically also used on a coarse grid and typically use mechanistic
initiation criteria to initiate slugs, like the well-posedness criterion [12]. Though slug tracking has been applied a lot
in the oil and gas industry, some concerns have been raised with respect to the predictive power of using mechanistic
initiation criteria [13]. A relatively new approach for modelling of slug flows referred to as "slug capturing" was first
proposed by Issa [14, 15]. In slug capturing the two-fluid model is solved on a fine grid, eliminating the need for a
sub-grid model. If the conditions are there for slug flow, it is believed that waves will grow naturally from instabilities
and develop into slugs. One of the difficulties with the slug capturing approach is that the resulting slug velocities is
a result of both the numerical methods and friction models. Previous work [16] has shown how the interfacial friction
models in the commercial oil and gas simulator LedaFlow [17, 18] had to be tuned at high holdup values to obtain
slug velocities that corresponds with well-established slug velocity correlations [19]. In addition, there are still some
unresolved issues related to the rate of wave growth and grid convergence when refining the grid [20]. The model
presented in this study, called Sluggit, is a continuation of the work of [21], and uses a combination of slug capturing
and slug tracking: a fine grid is applied for waves to naturally develop and grow into slugs, and the resulting slugs are
then tracked using an adaptive grid. A detailed description of the model can be found in [22].

Water, air and pipe characteristics influence the slug velocity, length and frequency. These characteristics can in
turn have an impact on the efficiency of the rinsing. This publication describes a part of a wider project dedicated to
the comparison of air scouring of water mains versus unidirectional flushing for sedimented and electrostatically
adhered particles removal. We aim here to validate the accuracy of Sluggit for the prediction of slug characteristics in
a 150 mm inner diameter (ID) water distribution pipe in a lab setup. The objective is to afterwards be able to use
simulation tools like Sluggit to predict the optimal air and water settings during real air scouring of water mains
operations in order to get the optimal slug flow characteristics, yielding the most efficient removal of particles while
saving both water and time.

2. Experimental setup

Experiments were conducted in a PVC loop as shown in Fig. 2. Slugs are formed along a 48 m long (from water
injection to outlet 90°) horizontal 150 mm ID PVC pipe having a U-shape due to two long 90° radius bends. Water is
pumped from an open tank with a centrifugal pump while air is injected with a rotary screw compressor through a
19 mm ID rubber pipe. Water and air mix within a 100-150 mm ID tee: water comes from the bottom through the
vertical 100 mm ID while air comes from a horizontal 150 mm ID, where the 19 mm ID rubber pipe is connected
upstream on the top of the PVC pipe. In order to prevent the compressor from introducing oil in the test loop, air is
cooled then filtered by a three-stage filtration (coarse, fine and active carbon). The final air temperature is measured
in order to have the best possible estimate of the air mass flow rate. Water flow is measured with a magnetic flowmeter
(Endresst+Hauser Proline Promag SOW, precision 0.5%) while volumetric air flow is measured by a rotameter (Cole-
Parmer Valved Acrylic Flowmeter, 400-3400 LPM, precision +2%). The end of the loop is made of
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Symbols:

@150 mm PVC horizontal pipe

2100 mm
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@150 mm transparent PVC horizontal pipe
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Fig. 2. llustration of the test loop
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a 6 m long 100 mm ID PVC pipe entering vertically down into an open tank directly connected to the first one. To be
as close as possible to real network conditions, the outlet valve situated on the 100 mm ID pipe is partially closed in
order to simulate the same head loss as obtain from a 100 mm to 63.5 mm reduction in diameter, the latter
corresponding to a standard hydrant outlet diameter in Canada [23]. Also, following recommendations of [2] and [5],
air pressure right upstream the inlet is set a little less than 0.5 bar below water pressure (see Table 1 for test
case conditions). Two test cases, named A and B, were conducted. Note that while performing test case B the
compressor was at its maximum capacity. Two 2 m long transparent PVC sections were installed in order to observe
the slugs. The first window is situated 20 m downstream the water injection, while the second window is located at
44 m. Slugs are studied by recording 15 minute long videos at 120 images per second with a Sony a7s camera. Two
visual marks were created on each transparent section, separated by 1.165 m at the first window and 1.130 m at the
second. Slug velocities are calculated by counting the number of images separating the instant their front and the
bubble nose reach each mark. Considering previous data and that the highest mean velocity observed was 6.76 m/s,
we estimate the precision of this method as being £5%. Because of the proximity of the second transparent section
with the 100 mm ID pipe and the outlet valve, we did not consider bubble nose velocities at this section as the slugs
were disturbed by these changes in diameter. Fig. 3 shows the front of a slug as observed at the second transparent
section during case A.

Two experiments were conducted at different gas and liquid velocities, and compared with results from the
simulations. The test cases are described in Table 1. All experiments were run at a temperature of 10 °C, and
the pressure in the outlet tank was atmospheric. The simulations were performed with mass flow rates as input,
calculated from the measured volumetric flow rates, pipe cross sectional area and fluid densities. A constant pressure
outlet boundary was used, with atmospheric pressure. Four different grid sizes were tested: 4, 2, 1 and 0.5 times the
pipe diameter.

P ——
Flow direction

Fig. 3. A slug front formed at the second transparent window in case A.
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Table 1. Experimental test cases. The pressures are differential related to atmospheric pressure.

Case name Air pressure [bar] Water pressure [bar] Air mass rate [kg/s] Water mass rate [kg/s]
A 2.4 3.0 0.051 5.5
B 2.0 3.1 0.092 10.79

The results from the simulations with Sluggit are compared with the experimental measurements in Fig. 4 - Fig. 6.
Fig. 4 shows the slug frequency, while Fig. 5 and Fig. 6 show the slug velocity for case A and B, respectively.
Appendix A shows the repartition of front and nose velocity during simulation at finest grid and experiment for each
case and each position. The theoretical nose velocity included in Fig. 5 and Fig. 6 is calculated from the correlation
presented in [19], which for a horizontal pipe reads:

mix > 1 : Osumix

u, =max(1.2u +0.542 gD) (1.1)

Here u

mix

is the mixture velocity of gas + liquid, while D is the pipe diameter.
2.1. Case A

For the case with the lowest flow rates (case A), it can be seen from Fig. 4 that the slug frequency from the
simulations does not compare that well with the slug frequency from the experiments. For the case with the larger
flow rate however, the slug frequency is shown to approach the experimental value at both positions in the pipe when
refining the grid size. In case A slug flow was observed in the experiments already a few meters after the mixing point

of gas and liquid by opening and investigating one of the manometer taps on the pipe. This could mean
x=200m x=44.0m

: Grid size [mu Grid size [D]
Fig. 4. Slugging frequency from the simulations compared with the experimental values, as function of grid size in units of pipe diameter.
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Fig. 5. Comparison of slug velocities between the simulation and experiment for case A as function of grid size in units of pipe diameter.
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Fig. 6. Comparison of slug velocities between the simulation and experiment for case B as function of grid size in units of pipe diameter.
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that slugs are being formed at the inlet, by the configuration of how the gas and liquid are introduced together into the
test section. This hypothesis is also supported by the fact that the experimental slug frequency is decreasing from the
first to the last transparent window (black dashed line in Fig. 4). The slug frequency from the simulations is however
increasing with increasing distance, as more slugs are allowed to develop from the initial stratified flow introduced at
the inlet. The two-fluid model is not capable of predicting such inlet generated slug flow, which would probably
require fine scale modelling with detailed information about the inlet configuration. However, far into the pipeline the
inlet generated slugs should not matter; the flow should then have developed into a steady state flow statistically
speaking, with slug frequency and velocities as if the gas and liquid were introduced in a controlled stratified manner.
It can also be seen in Fig. 4 that the bubble-nose velocity from the simulations and experiments match relatively well
though they are not close to the theoretical value for fully developed slugs. A possible reason for this discrepancy
could be that the slugs are still developing and have not reached a steady length and velocity, while the theoretical
correlation (equation (1.1)) is only valid for fully developed flow. The fact that the experimental front velocity matches
the theoretical nose velocity quite well is most likely a coincidence; this should only be the case when the front and
nose velocities are the same, after the slugs have reached a stable length and velocity.

Looking at position 44 m there is a much better correspondence in slug velocity between the experiments and
simulations. Note that the experimental nose velocity has been left out from the plot at this location, as the slugs have
entered the vertical outlet pipe and are in contact with the outlet valve when the bubble-nose reaches the second
window. The theoretical correlation shown in equation (1.1) is only valid for a Taylor bubble in fully developed flow
in a single straight pipe and can thus not be used. It might then even happen that the left end of the slug is no longer a
bubble-nose, it could also be a slug front if the liquid behind it is moving faster than the slug since the slug is being
slowed down by the valve. The slug frequency at 44 m is now closer to the experimental value for case A, but not as
large. The reason for this could be that slugs created by the inlet configuration still affects the flow so that a fully
developed flow is not yet reached at 44 m. In the simulations however it can be seen that the front and nose velocities
are quite similar at the second transparent window, meaning that the slugs in the simulations might have reached a
steady length.

2.2. Case B

For the case with larger flow rates there is a quite good match of the slugging frequency, at the finest grid. This is
however one of the difficult issues with slug modelling that is yet to be fully understood: the results are dependent on
the grid size, and previous studies have shown how the wave growth in the two-fluid model changes with the grid size
[20]. The study of [20] also illustrates how several attempts that has been made over the last decades to try to fix this
issue, but so far no good solution can be said to exist. Consequently, some testing is required to determine the adequate
grid size to use for a specific model implementation.

Looking at the velocities at 20 m, one can see that the simulation nose velocity is not that far from the theoretical
value (from equation (1.1)). Furthermore, the front velocity is not that far off the experimental value. The experimental
nose velocity is not that close to the simulations or theory, which could be because the slugs are still not fully
developed at this location. At location 44 m one can see similar results as at 20 m, but the simulation nose velocity is
even closer to the theoretical value and quite close to the front velocity.

3. Conclusions

Experiments with air and water has been presented and compared with simulations from a Lagrangian slug tracking
model (Sluggit). The results indicate that the slug frequency obtained from the simulations is strongly dependent on
the grid size, while the slug velocity is less sensitive to this. The experiments also indicate that how the gas and liquid
are introduced might create slugs directly at the inlet, which can yield a different slug frequency than what one would
get from introducing the fluids in a stratified and controlled manner. In the latter case, slugs are being created from
growing instabilities, which should be the dominating mechanism for slug flow far into the pipes.
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The match in simulated and observed velocity is already encouraging from an air scouring point of view, as shear
stress, which depends on the water velocity, is a major factor for sediment removal. Further work is needed in order
to get a more accurate match in frequency, as the number of slugs scouring the pipe might also be an important factor.

Next steps of the project will be the study of the slugs’ characteristics that have the greatest impact on pipe cleaning,
and their behaviour in real network.
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Appendix A. Repartition of front and nose velocity

Case A Case B
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Simulation nose velocity [m/s]
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Nose velocity at 20 m
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10 15 20
Experimental front velocity [m/s]

5 3 35 4 45
Experimental front velocity [m/s]
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In this paper we analyse different time integration methods for the two-fluid model and propose the
BDF2 method as the preferred choice to simulate transient compressible multiphase flow in pipelines.
Compared to the prevailing Backward Euler method, the BDF2 scheme has a significantly better accu-
racy (second order) while retaining the important property of unconditional linear stability (A-stability).
In addition, it is capable of damping unresolved frequencies such as acoustic waves present in the com-
pressible model (L-stability), opposite to the commonly used Crank-Nicolson method. The stability prop-
erties of the two-fluid model and of several discretizations in space and time have been investigated by
eigenvalue analysis of the continuous equations, of the semi-discrete equations, and of the fully discrete
BDF2 equations. A method for performing an automatic von Neumann stability analysis is proposed that ob-
Discrete flow pattern map tains the growth rate of the discretization methods without requiring symbolic manipulations and that

Stability . can be applied without detailed knowledge of the source code.
Von Neumann analysis

Keywords:
Two-fluid model
Time integration method

The strong performance of BDF2 is illustrated via several test cases related to the Kelvin-Helmholtz in-
stability. A novel concept called Discrete Flow Pattern Map (DFPM) is introduced which describes the
effective well-posed unstable flow regime as determined by the discretization method. Backward Euler in-
troduces so much numerical diffusion that the theoretically well-posed unstable regime becomes numer-
ically stable (at practical grid and timestep resolution). BDF2 accurately identifies the stability boundary,
and reveals that in the nonlinear regime ill-posedness can occur when starting from well-posed unsta-
ble solutions. The well-posed unstable regime obtained in nonlinear simulations is therefore in practice
much smaller than the theoretical one, which might severely limit the application of the two-fluid model
for simulating the transition from stratified flow to slug flow. This should be taken very seriously into
account when interpreting results from any slug-capturing simulations.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction supports of the pipeline system and on the sizing of the down-

stream facilities such as separators (or slug catchers), compres-

In the petroleum industry multiphase flow occurs when trans-
porting oil and gas through long multiphase pipeline systems. The
behaviour of the flow can take many forms, depending on param-
eters like fluid velocities, pipe properties and fluid properties. An
important flow regime is (hydrodynamic) slug flow, in which lig-
uid pockets, separated by gas bubbles, propagate in an alternat-
ing fashion with high speed along the pipeline. Such slugs have a
large influence on the sizing of receiving facilities such as required
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sors, pumps, and heat exchangers. The industry uses various flow
models for simulating slug flow, but there is a need for increased
accuracy. A promising approach is using so-called slug capturing,
through the accurate numerical solution of the one-dimensional
two-fluid model. Although this two-fluid model can become ill-
posed, this approach is believed to be capable of describing the
transition from stratified flow to slug flow, see e.g. Issa and Kempf
(2003). The use of the compressible two-fluid model is necessary
to generate slugs at the right frequency (Issa and Kempf, 2003).
Since the slug capturing approach is based on accurate solu-
tions of the underlying model, higher order (higher than 1) nu-
merical schemes or fine meshes are typically employed in both
space and time. Different spatial discretization schemes have been
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used for the two-fluid model, for example the second-order cen-
tral scheme (Liao et al., 2008), the QUICK scheme, a Roe scheme
(Akselsen, 2016), a pseudo-spectral scheme (Holmas, 2010), and a
Discontinuous Galerkin method (van Zwieten et al., 2015). The sta-
bility and accuracy properties of several of these schemes have
been investigated recently by Fullmer et al. (2014); Liao et al.
(2008); Lopez de Bertodano et al. (2017) and Akselsen (2016). In
all cases the incompressible model is discussed.

For the time integration of the two-fluid model, the workhorse
in both industrial and academic codes has been the first order
Backward Euler method, due to its stability and damping proper-
ties (Bendiksen et al., 1991; Danielson et al., 2005; Issa and Kempf,
2003; Montini, 2011). The large numerical diffusion, however, re-
quires small time steps; the CFL number based on the liquid veloc-
ity is not on the order of 1 but has to be much smaller (Issa and
Kempf, 2003; Liao et al., 2008). Only a few sources mention higher
order time integration methods for the two-fluid model. Kjolaas
et al. (2013) mention that the slug-capturing module in LedaFlow
(a commercial pipe flow simulator) uses the second order Crank-
Nicolson method. Zou et al. (2015) employ the BDF2 (Backward
Differentiation Formula) method for the two-fluid model to sim-
ulate the water faucet problem and found that it was superior to
the first order Backward Euler method. However, a temporal accu-
racy study was only performed for a linear advection case, and for
the other test cases the ‘basic’ two-fluid model (without level gra-
dient terms) was used, which is unconditionally ill-posed. Also the
commercial nuclear safety code RELAP-7 (Berry et al., 2015) advises
BDF2 as the time integration method. However, almost no details
are given on the stability, accuracy and damping properties of the
numerical time integration method.

The purpose of this paper is to analyse different time integra-
tion methods for the compressible two-fluid model in terms of ac-
curacy, stability and damping properties, and to use them to con-
struct so-called discrete flow pattern maps. In particular, we show
that BDF2 is preferred over Backward Euler and Crank-Nicolson
because it combines second order accuracy with L-stability (filter-
ing of acoustic waves at large time steps).

The paper is organized as follows: first, in Section 2 the two-
fluid model is explained in terms of eigenvalues, stability and flow
pattern maps. Section 3 describes the spatial (central, upwind)
and temporal (Backward Euler, Crank-Nicolson, BDF2) discretiza-
tions used in this work. In Section 4 the stability and accuracy
of the time integration methods are discussed by computing the
eigenvalues of the spatial discretization and the stability domain
of the time integration methods. Section 5 presents a von Neu-
mann analysis applied to the fully discrete problem and a novel
method to assess the stability without requiring symbolic ma-
nipulations. Section 6 presents three test cases: linear, nonlinear
and acoustic wave growth based on Kelvin-Helmholtz instabilities.
Section 7 provides concluding remarks.

2. Governing equations and characteristics
2.1. Compressible two-fluid model

The two-fluid model can be derived by considering mass and
momentum balances for the stratified flow of oil and gas in a
pipeline. The major assumption in the derivation is that of one-
dimensional, stratified flow, with the transverse hydrostatic pres-
sure variation introduced via level gradient terms. Furthermore, we
assume isothermal flow so that no energy equation is required,
and surface tension is neglected. In contrast to the incompressible
model, which is commonly discussed in literature, we allow the
gas phase to be compressible (the extension to compressible liquid
is straightforward). This leads to the presence of acoustic waves in
the solution, which in turn has an effect on the choice of time in-

tegration method, as will become clear later. With these assump-
tions, the two fluid model consists of the conservation equations
for mass and momentum for the gas and liquid phase, reading:

d d

i (Pghg) + s (pggAg) =0 M
d d
77 (PAD + - (oA = 0 (2)

3 d
3t (pgtigAg) + s (PguéAg)

ap

= 7EAg + LGg — TPy — ToPy — PgAggs + FoodyAgs 3)

d b
% (oA + P (piu?A)

d
= DA LG+ TPy — TP — o + Froay, (4)
supplemented with the volume equation:
Ag+A =A. (5)

s is the spatial coordinate along the centerline of the pipe. The

driving pressure force Fy,qy = —% in the gas and liquid mo-
mentum equations is required for the simulations that involve pe-
riodic boundary conditions. The friction models are described in
Appendix A.2. The level gradient (LG) terms differ from the in-
compressible case and were derived and shown by us in van Zwi-
eten et al. (2015); a similar form was presented in Masella et al.
(1998):

JHG, 1

16, = 5%, HG, = puga R- WA+ 73], (6)
0HG 1

16 = 5t HG: = | R— - 3] (7)

In Eqs. (1)-(7), the subscript 8 denotes the phase, either gas (8 =
g) or liquid (B =1). pg denotes the density of phase BAg the cross-
sectional area occupied by phase B, R the pipe radius, h the height
of the liquid layer measured from the bottom of the pipe, ug the
phase velocity, p the pressure at the interface, 7g the shear stress
(with the wall or at the interface), g the gravitational constant, ¢
the local inclination of the pipeline with respect to the horizontal,
gn=gcosg and g5 = gsing. A; (or Ag) and h are related by a non-
linear algebraic expression since the pipeline has a circular cross-
section (for channel flow one simply has h = A;). Similarly, the wet-
ted and interfacial perimeters Pg, P; and Py can be expressed in
terms of the hold-up or the interface height (see Appendix A.1 for
more details). As a result, the two-fluid model features five equa-
tions with five unknowns (Ag, A;, ug, u;, p). Depending on the ve-
locity difference between the phases, the two-fluid model is well-
posed or ill-posed (Barnea and Taitel, 1994; Lyczkowski et al., 1978;
Stewart and Wendroff, 1984), as will be discussed in the next
section.

2.2. Characteristics
The governing equations of the two-fluid model can be writ-

ten in quasi-linear form in terms of the primitive variables W ¢ RY
(g=4)

w=|"] (8)
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reading
ow ow
A(W)W +B(W)¥ +C(W) =0. (9)

The eigenvalues can be found by substituting wave-like solutions
in the homogeneous part of the equations (Drew and Passman,
1998; Hirsch, 1994), i.e. W = We!(ss+D)  Jeading to

det(n:A + nsB) = 0. (10)

By letting A = —n;/ng (:%) this can be seen as the generalized
eigenvalue problem

det(B - AA) = 0. (11)

Compact expressions for the eigenvalues are difficult to obtain an-
alytically since the characteristic equation is quartic. Evje and Fldt-
ten (2003) derived approximate expressions using a perturbation
technique suggested by Toumi and Kumbaro (1996), but did not in-
clude the level gradient terms (while their inclusion is essential for
well-posedness). When considering an incompressible liquid and a
compressible gas, while neglecting the hydraulic gradient term in
the gas phase and using the ‘incompressible’ form of the hydraulic
gradient of the liquid phase, a simple expression for the charac-
teristic equation can be obtained (see also Figueiredo et al., 2017):

JHG,
Ag(c2 — (A —ug)?) <W11 + (A — u,)2> + At pg(A —ug)? = 0.
(12)

Here c; is the speed of sound of the gas phase (,og:p/cé). In
our simulations we continuously check the well-posedness of the
model by computing the eigenvalues from a quartic which is sim-
ilar to (12), but which includes all compressibility and hydraulic
gradient effects. When complex eigenvalues are encountered, the
simulation is stopped, since we take the view of Drew and Pass-
man (1998) that the original initial boundary value problem has
become meaningless. The four eigenvalues are typically ordered as
follows:

A S A2 < A3 < g, (13)

where A; and A4 are related to the speed of sound of the gas, and
X, and A3 are related to the convective wave speeds. The problem
contains therefore two distinctly different time scales:

[A1]. 124l > |22, 23], (14)

with a typical ratio of ©(10%) - ©(103). For slightly compressible
flow, the eigenvalues A, and A3 are expected to be close to the
incompressible expressions, see for example (Bonizzi, 2003). These
incompressible roots are given by

u)*+
Ay = M (15)
P
where, in the notation from Akselsen (2016):
e G &
= A + A (16)
and
_ . oh  pgp 2
5—\/,0 (pl—pg)gnafal—@(ug—ul) . (17)

The incompressible two-fluid model is therefore well-posed as

long as the velocity difference between the phases is smaller than

the ‘inviscid Kelvin-Helmholtz’ limit (IKH) (Liao et al., 2008):
(p1—pg)  Oh

(ug —u)? < AUy = ngnw- (18)

The compressibility of the gas hardly changes this limit (Bonizzi,
2003). The compressible two-fluid model under consideration is
therefore conditionally well-posed. Several remedies have been
proposed to make it unconditionally well-posed:

o An artificial interfacial pressure term (Evje and Flatten, 2003);
this is a mathematical ‘trick’ which eliminates the growth of
interfacial waves due to Kelvin-Helmholtz instabilities (Fullmer
et al., 2014; Liao et al., 2008).

Surface tension (Ramshaw and Trapp, 1978); next to well-posed
the model is also stable for small scale perturbations below a
cut-off wavelength. However, between this cut-off wavelength
and the IKH wavelength the model is unstable (Fullmer et al.,
2014) and when sufficiently fine grids are used in numerical
simulations, these short-wavelength instabilities are resolved
and will grow (Holmas, 2008).

Diffusive terms, either artificial (Holmas, 2008) or physical
(Fullmer et al., 2014). Although this has certain advantages,
such as nonlinear stability, the growth rate for short waves
is very large, making the model practically ill-posed (Fullmer
et al.,, 2014).

Other approaches are the use of a virtual mass force (Montini,
2011), a momentum flux parameter (Song, 2003; Song and Ishii,
2001) and a two-pressure model (Fitt, 1989; Ransom and Hicks,
1984; 1988). The ‘best’ remedy is still the subject of debate in the
two-fluid model community. In this paper the focus is on the accu-
rate time-integration of the conditionally well-posed model (1)-(4)
and we do not make attempts to make the model unconditionally
well-posed.

2.3. Stability

To investigate the stability of the equations of the two-fluid
model we take the following approach (Montini, 2011; Ramshaw
and Trapp, 1978): linearization of the governing equations around
a reference state, assuming a travelling wave solution for the per-
turbations, and determining the dispersion relation to identify the
stability. A similar approach is taken in Liao et al. (2008) and
Fullmer et al. (2014).

We linearize the governing equations by writing W = Wy + W
(where W « W), using the fact that the reference state (indicated
by (.)o) satisfies the equations, and neglecting products of distur-
bances. The linearized equations then read:

oW oW ~
AOW +BOW =GCW, (19)
where Ag =A(Wp), By =B(Wp), and = (J5),. It is cumber-

some to determine C analytically due to the presence of the fric-
tion factors, see Eq. (A.7), and in general we determine it numeri-
cally.

The perturbation is assumed to be of a wave like form: W =
gel@=ks) - with @ being the angular frequency and k the wave
number. This leads to

(Ao - (Iw) — By - (Ik) — Cp)eel@=k) = 0. (20)
For non-trivial solutions we need
det(Ap - (Iw) — By - (Ik) —Cy) = 0. (21)

This yields the dispersion relation w(k). In the absence of source
terms (Cp = 0), the condition for stability (Im(w) = 0) is equiva-
lent to the IKH well-posedness limit (18) obtained from the eigen-
value analysis. The dispersion analysis presented here is based on
the full set of conservation equations and the resulting KH instabil-
ity is therefore a so-called dynamic instability (Lopez-de-Bertodano
et al, 2013). When source terms are included, the stability con-
dition differs from the well-posedness criterion and the stability
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Table 1
Parameter values used in the example of the Kelvin-
Helmholtz problem.

Parameter Value Unit
o 0.5 [-1
Ug 13.815 m/s
u 1 m/s
P 1000 kg/m3
R 0.039 m

Po 10° N/m?
Cg 293.43 m/s
g 9.8 m/s?
g 1.8-10° Pas
o 8.9.10* Pas
€ 10-8 m
Foody 74.225 Pa/m

limit is commonly known as the viscous Kelvin-Helmholtz (VKH)
stability limit. This ‘viscous’ instability is similar to the kinematic
waves in shallow water theory (Whitham, 1974) and the continuity
waves of Wallis (1969).

2.4. Flow pattern map

An example of the IKH and VKH stability boundaries will be
given here for the compressible equations in terms of a flow pat-
tern map. We consider the Kelvin-Helmholtz instability problem,
at the same conditions as proposed and analyzed by Liao et al.
(2008). A horizontal pipe with a length of one meter is taken
(¢ =0) and its diameter is 78 mm. The density of the gas is given
by a perfect gas relation,

p

==, (22)
Pg Cg
where ¢g is taken such that for p = py we have pg = 1.1614 kg/m?.
The density of the liquid is constant (incompressible). The superfi-
cial liquid velocity is set at 0.5 m/s, and the superficial gas velocity
at ugg = 6.908 m/s. The liquid hold-up, gas velocity, liquid veloc-
ity and pressure gradient follow from the steady state momentum
balance and are given, together with other parameters, in Table 1.
Note that € is the hydraulic wall roughness, and p is the fluid vis-
cosity.

Liao et al. (2008) report that the stability limit (18) for the in-
compressible model is AUy = 16.0768 m/s. In the compressible
model the stability limit slightly changes to AUy = 16.0355 m/s.
Since at the current conditions AU = 12.815 m/s, the model is
well-posed and stable. Note that we have employed Biberg’s ap-
proximate relation for «(h), see Eq. (A.5), which leads to a small
difference in the stability limit compared to the nonlinear relation.

We consider a single wave with k=27 on a domain
s € [0, 1] m. The dispersion analysis, Eq. (20), then leads to 4 waves
with the following eigenvalues and angular frequencies:

-279.80 ~1758.05 4511
sl 089 |e oo 227 L[ 059 |y
=l 134 |™> =| sa4s —0.351 | /%
307.40 1931.47 4711
(23)

The fact that all eigenvalues are real indicates that the initial con-
dition is indeed well-posed, with Aq 4 close to the speed of sound
of the gas and A, 3 close to the liquid velocity. The angular fre-
quencies indicate that out of the four waves there is one unstable
mode, w3, which will grow in time.

When repeating this analysis for different superficial liquid and
gas velocities the neutral IKH and VKH stability boundaries can
be constructed according to Im(w) =0 - see Fig. 1. These neu-
tral stability boundaries are independent of the wave number k

ill-posed o =09 s

10°

"wm
>
=]
F 107
1072 . .
107 10° 10’
Ugg [m/s]

Fig. 1. Flow pattern map based on Kelvin-Helmholtz instabilities. The symbols o, OJ
and v correspond to the lines in Fig. 2.

(Barnea and Taitel, 1994; Prosperetti and Tryggvason, 2007). In be-
tween the inviscid and viscous stability curves we have a well-
posed, unstable solution of the two-fluid model, in which transi-
tion from stratified flow to slug flow can possibly occur. The condi-
tions given in Table 1 are indicated by ‘current conditions’ and they
are in this well-posed, unstable regime. Lines of constant hold-
up are indicated by dashes in Fig. 1. The resulting flow pattern
map and lines are similar to those of Barnea and Taitel (1993). In
Fig. 2 the dispersion relation associated to the current conditions is
shown (square symbol), together with the dispersion relation for a
point in the well-posed stable regime (round symbol) and a point
in the ill-posed regime (triangle). On the left (Fig. 2a) w is plotted
as a function of wavelength A, in a similar way as in Fullmer et al.
(2014). This confirms that for short waves (A — 0) the ill-posed
model possesses unbounded growth, whereas the well-posed un-
stable model has a bounded growth rate (Im(w3) = —0.35/s). In all
cases the most unstable w is shown, which corresponds to w3 (for
the stable case this is the least stable mode). On the right (Fig. 2b)
the same plot is shown, but now as a function of k, similar to
Liao et al. (2008). This latter form of the dispersion relation will
be used in our numerical results.

3. Spatial and temporal discretization
3.1. Finite volume method on a staggered grid

As mentioned in the introduction, many options are available
for the spatial discretization of the two-fluid model, such as fi-
nite difference methods (Fullmer et al, 2014; Liao et al., 2008),
pseudo-spectral methods (Holmads, 2010), and characteristics meth-
ods (Akselsen, 2016). We discretize the two-fluid model, Eqs. (1)-
(4), by using a finite volume method on a staggered grid. As in-
dicated in Fig. 3, the staggered grid consists of both p-volumes,
QP, and u-volumes, Q. Each volume consists of a liquid and a gas
phase: Q = Q; U g, for both u- and p-volumes.

We start with conservation of mass for a phase 8 (B is liquid
or gas). Integration of Eq. (1) in s-direction over a p-volume gives:

d
3t (P8.128.1) + (PpAg),. Ui = (PpAB) 5.y pUpi-12 =0,
(24)
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Fig. 3. Staggered grid layout.

with the finite volume size given by
Qﬂ,i :AﬂjASi. (25)

The term (pgAg)is1/2 requires interpolation from neighbouring
values, which is described below. For conservation of momentum
we proceed in a similar way. Integration of (3) in s-direction over
a u-volume gives:

d
a (0.ir12Upis129p.0012) + (PﬁA,ﬁs),-+1 (upir1)?

*(PﬂAﬁ)i(uﬁ,i)z = —Agir12(Pis1 — Pi) + LGgiv12

>

—Pp.i+1/2828.i+1/28s — Tgy.iv1/2P8y.ir12A8i41.2

ye{L.G.W}
v#B
+Ag.i+1/2F0dy ASiza )2, (26)
where
Qpiv12 = Apiv128Siv1/2, (27)

and the level gradient terms for the gas and liquid are given by (+
for gas, — for liquid)

1 1
LGp 12 = gcos(tp)((hA‘g + ﬁPg,)i - (hAﬂ + ﬁP;’)H)’ (28)

Several terms in (24) and (26) require approximation. All terms
that are not part of the convective terms are interpolated us-
i . 1 . .
ing a central scheme, e.g. Ag .12 = ;(Ag;+Ag,1). The convec-
tive terms, on the other hand, require more care in order to
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Dispersion relation for well-posed stable, well-posed unstable, and ill-posed model, corresponding to the points shown in Fig. 1.

prevent numerical oscillations. Since the system under consider-
ation is (conditionally) hyperbolic, the wave directions have to be
taken into account in the differencing scheme, e.g. by using a Roe
method (Akselsen, 2016; Morin et al., 2013). In this work the fo-
cus is on the time integration method and we employ standard
spatial discretization methods for the convective quantities: first
order upwind or second order central. The central scheme is accu-
rate and stable in our computations since the solutions to the test
cases are sufficiently smooth, i.e. we are not simulating disconti-
nuities or flow transitions.

The spatial discretization presented in this section leads to a
semi-discrete system, only depending on time, which can be writ-
ten as

du

dt

where U =U(t) e RN is the vector of conserved variables. For pe-
riodic boundary conditions, which we will consider, it reads

U= [(pgAgAs)l,...,Na (01A1AS)1,..N. (PgAgUg AS) 112, N=1/2,
T
(P1A1U1A5)1/2,.‘.,N71/2]~ (30)

We use U instead of W in a discrete setting to ensure discrete con-
servation properties.

—FU), (29)

3.2. Temporal discretization

Eq. (29) forms a system of ordinary differential equations which
can be integrated in time with many different time integration
methods (Butcher, 2003; Hairer et al, 2008). A common distinc-
tion is between multi-stage methods (Runge-Kutta) and multi-
step methods (Adams, Backward Differentiation Formula (BDF)).
Within both classes there is a distinction between explicit and
implicit methods. Due to the strong time step restriction for ex-
plicit methods (caused by the acoustic speeds A; and A,4), we con-
sider implicit methods. For the two-fluid model, the Backward Eu-
ler method is widely applied because of its unconditional numeri-
cal stability characteristics, although it has the disadvantage of be-
ing only first-order accurate, which introduces a significant amount
of numerical diffusion. To construct a second order method that
keeps the good stability properties, one can see Backward Euler
as a member of the family of implicit Runge-Kutta methods, as
a member of the Adams-Moulton methods, or as member of the
BDF methods. A second order extension of Backward Euler can be
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Table 2

Parameter values for time integration meth-

ods.
scheme aop a; a 6
Backward Euler 1 -1 0 1
BDF2 3 2 1
Crank-Nicolson 1 -1 0 1

sought in each of these families. We restrict ourselves to Crank-
Nicolson and BDF2, which are both second order accurate and un-
conditionally stable. Backward Euler, Crank-Nicolson and BDF2 can
all be gathered under the following expression:

aOU”“ +a; U™ + Cle'F1
At

=OFU™!,t™1) + (1 -0)FU", t").
(31)

with the parameter values given in Table 2. The local truncation
error for the methods is given by

- (9 - %) AF 4+ (%9 - %) ABF +O(AtY,  (32)

m

Tior2 = g ACF” 4 O(AE). (33)

The leading error constant of Crank-Nicolson is 11—2 which is
smaller than that of BDF2.

Eq. (31) is a system of nonlinear equations and application
of Newton’s method leads to the following linear system that is

solved at each time step:

m m n n-1
[%Iie(aiw }Auz{aou +aU" + U

ou At
—OFU™, t") - (1 —Q)F(U",t”)], (34)

where m is the iteration counter. If the direct evaluation of F in
terms of U is not possible - for example in the case of a non-
linear equation of state, when the pressure cannot easily be ob-
tained from the density - we solve Eq. (34) in terms of W, which
requires the evaluation of an additional Jacobian. Solving system
(34) has roughly the same computational cost for Backward Euler,
Crank-Nicolson and BDF2. This is because the evaluation of the Ja-
cobian is the most expensive part, which is the same for all meth-
ods since they are all implicit in time. From an implementation
point of view, BDF2 can be implemented relatively easily in an ex-
isting code that uses Backward Euler, because the only extra re-
quired variable is U"-1.

The BDF2 method suffers from a start-up problem: U™ is
not available at the first time step, which is therefore computed
with Backward Euler. Note that for variable time steps the coef-
ficients of the BDF2 method become dependent on the time step
ratio. Another issue of BDF2 is the fact that it is not uncondition-
ally monotone (neither is Crank-Nicolson), and therefore under- or
overshoots can appear near discontinuities (Hundsdorfer and Ver-
wer, 2007; Zou et al., 2015). Adaptive time stepping or locally us-
ing Backward Euler are possible solutions to this issue. In the test
cases reported here this was not required.

3.3. Reference solution with explicit Runge-Kutta method

A highly accurate reference solution in time is obtained by em-
ploying an explicit Runge-Kutta method. Explicit methods are nor-
mally not of interest for the compressible equations due to the
time step restriction associated with the acoustic waves, but in the
case that these waves are to be resolved (as we will do in one

Table 3
Case definition for analysis of stiffness of semi-discrete equa-
tions.
Case N ug, usg [m/s] ¢ [m/s] Convective terms
I 40 0.5, 6.908 Cg 0 Central
lla 20 0.5, 6.908 Cg 0 Central
IIb 80 0.5, 6.908 Cg 0 Central
Illa 40 0.5, 6.908 0.1 ¢g0 Central
1lIb 40 0.5, 6.908 10 ¢cg0 Central
v 40 0.5, 6.908 Cg0 Upwind
\' 40 0.05, 0.829 Cg0 Central

of the test cases), they provide a cheap and highly accurate alter-
native to implicit methods. A general s-stage explicit Runge-Kutta
method applied to (29) reads:

s
U™ =U"+ Aty biF (U t), (35)

i=1
where

S
Ui:Un-‘rAfZa,'jF(Uj,tj), t =t"+ G At. (36)
j=1

We have used a three-stage, third order strong-stability preserving
Runge-Kutta method (Gottlieb et al., 2001) with the following non-
zero coefficients: ay; =1, a1 =asy =}, by =by =}, by = 4.
4. Time scales, stability and stiffness
4.1. Spectrum of the spatial discretization

The distinct time scales of the problem, see Eq. (14), make the
semi-discrete Eqs. (29) stiff: some terms in the differential equa-
tions lead to very fast transients, while others are much slower. In
order to investigate the stiffness induced by the problem and the
spatial discretization (without including the effect of the temporal
discretization yet) we look at the eigenvalues of the semi-discrete
equations. Similar to the stability analysis of Section 2.3, we lin-
earize the semi-discrete equations around a background state (for
example the initial condition): U(t) = Uy + U (t), which gives
dg
dt —
with J = (8E), e RIN<N. Diagonalization of J = KDK-' leads to
the following set of decoupled equations:
dz ~
Fri DZ, (38)
where Z =K-'U. The matrix D is a diagonal matrix with the
eigenvalues p of J. These eigenvalues p are the discrete approx-
imation of the eigenvalues of only the spatial derivatives of the
two-fluid model equations, based on Fourier analysis. For example,
a convective term of the form c% leads to purely imaginary eigen-
values of the form —cl. Diffusive phenomena on the other hand
are associated to negative real eigenvalues, and unstable solutions
to Re(i) > 0. Therefore, in contrast to the eigenvalues A of the
continuous equations, complex eigenvalues p of the semi-discrete
equations are not associated to well- or ill-posedness.

We investigate the behaviour of the eigenvalues w of the spa-
tial discretization by performing parametric studies on the well-
posed, unstable Kelvin-Helmholtz problem for which the condi-
tions where given in Table 1. The considered cases are specified
in Table 3. Case I in Table 3 with N = 40 finite volumes and a cen-
tral discretization of the convective terms is considered as the base
case. Four additional cases are defined, in which the effect of the
grid size, gas compressibility, upwind scheme and VKH stability on

Jo, (37)
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Fig. 4. Eigenvalues for case 1.

the eigenvalues is investigated. The eigenvalues u(J) are computed
numerically with Matlab for all cases.

The 4N (=160) eigenvalues for case I are shown in Fig. 4, with
zoomed-in details for the ~ 2N acoustic modes and ~ 2N con-
vective modes in Figs. 5a and 5 b, respectively. Some convective
modes have a positive real part, indicating that certain solution
components will grow in time. The central discretization thus cap-
tures the fact that the initial condition is in the well-posed unsta-
ble regime. The real part of the acoustic eigenvalues corresponds to
the imaginary part of the angular frequencies w; and w4 (see Eq.
(23)). Similarly, the real part of the convective eigenvalues corre-
sponds to the imaginary part of @, and ws3. The imaginary parts
of the acoustic and convective eigenvalues differ by several or-
ders of magnitude. This corresponds to the fact that the acoustic
modes have a much higher frequency than the convective modes.
The semi-discrete equation system is therefore stiff and requires a
suitable time integration method, as will be detailed in Section 4.

The stiffness of the problem depends on the grid size. This is
shown in Fig. 5, which compares the eigenvalues for 20 grid points
(6 a) and for 80 grid points (6 b). The finer the grid, the larger
the imaginary part of the eigenvalues, and the higher the frequen-
cies that can be represented numerically. The scaling of the imagi-
nary part of the eigenvalues is linear in the number of grid points,
and when an explicit time integration method is used this leads
to a CFL-type stability condition: At = O(As). The fact that the
real part of the eigenvalues is not affected by the grid size con-
firms that there is no numerical diffusion added when the central
scheme for the convective terms is employed.

Next to the grid size, the gas compressibility has a large effect
on the stiffness of the problem. Figs. 7 show the results for a more
compressible (Fig. 7b) and a less compressible (Fig. 7b) case. The
larger the degree of incompressibility, the higher the ratio between
the imaginary part of the eigenvalues of the acoustic and convec-
tive modes. The effect of making the gas more incompressible is
similar to refining the grid: the scaling of the imaginary part of
the eigenvalues is linear in the speed of sound of the gas.

It is now interesting to see how the eigenvalues change when
the first-order upwind spatial discretization, instead of the central
discretization, is considered. Fig. 8 shows that the real part of the
eigenvalues of both the acoustic and convective modes has grown
enormously, indicating the numerical damping caused by the up-
wind scheme. The damping of the first order upwind method is in
fact so large that almost all unstable modes have shifted to the left
half of the complex plane. These observations are in line with Liao
et al. (2008), who favour the central discretization for the accurate
prediction of the stability of the two-fluid model.

Lastly, we consider the case where the superficial velocities
are reduced so that the initial condition is in the well-posed sta-
ble regime. Fig. 9 shows that, employing once again the central
scheme, all eigenvalues have a negative real part. This indicates
a stable solution, in agreement with its position in the flow pat-
tern map. The eigenvalues are organized in two ellipses, which is
typical for travelling waves that are damped in time. Note that all
the eigenvalues fall on the imaginary axis when the source terms
are switched off (giving the inviscid two-fluid model) and the cen-
tral scheme is used; this means that the solution consists of pure
travelling waves. Thus, the friction terms in the equations are re-
sponsible for the damping of both the acoustic and the convective
waves.

4.2. Stability properties of the time integration methods

For a stable time integration of the semi-discrete two-fluid
model, the eigenvalues of the spatial discretization shown in
Figs. 4-9 should fall inside the stability region of the time in-
tegration method. This stability region follows by application of
the time integration method described by Eq. (31) to a linear test
equation (as derived from Eq. (38)):

v(t) = uv(t), peC, (39)
and computing the amplification factor:

vnH
C@) = || z=nAt (40)

This amplification factor indicates whether the numerical solution
will grow in time. The exact solution to Eq. (39) is stable when
Re(t) < 0. A time integration scheme that inherits this property
is called unconditionally stable or A-stable when stable solutions
to the ODE (39) are obtained in a stable manner by the time in-
tegration method, for all choices of At. This can be expressed as:

$A$-stable: G(z) <1 for Re(z) <O. (41)

Next to A-stability, the concept of L-stability is important since
we are dealing with a stiff system. L-stability indicates whether
unresolved (very high) frequencies are damped by the numerical
method. In terms of the amplification factor G it reads

$L$-stable: G(z) - 0 when Re(z) - —oo. (42)

Application of the time integration method expressed by Eq.
(31) to the test Eq. (39) leads to the following equation for G:

(o — LALO)G? + (a; — uAL(1 — 6))G +ap = 0. (43)

The amplification factor can be displayed as a contour in the com-
plex z = At space (see any standard textbook on time integra-
tion methods, e.g. Butcher (2003); Hairer et al. (2008)). Here we
take a slightly different approach: we set a certain time step and
display G in complex p space instead of wAt space. This allows
direct comparison with the eigenvalues of the semi-discrete equa-
tions (see case I in Fig. 4). For the specific case that the time step is
based on the liquid velocity (At = 1/40 s), and not on the speed of
sound, Figs. 10a-10 c¢ show the eigenvalue locations and the corre-
sponding amplification factor. The vertical axis is on log-scale and
only the positive imaginary part is shown (all eigenvalues appear
as complex conjugates). Fig. 10 shows that all the three consid-
ered methods are A-stable, since G < 1 in the left half part of the
complex plane. Crank-Nicolson is the only method which will give,
independent of At, the correct unstable solutions to (39) for all z
when Re(z) > 0. For BDF2 and Backward Euler the time step has to
be sufficiently small so that the eigenvalues move into the region
G > 1. Since the two-fluid model with friction terms can exhibit
unstable solutions (Fig. 5b), with eigenvalues in the right-half of
the complex plane, this is a desirable feature.
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However, the amount of damping that Crank-Nicolson has on
the acoustic modes is not favourable. Consider the largest u (in ab-
solute sense), then the amplification factors for At = 1/40 s are:

Gexact = 0.8914, Gy = 1.0000, (44)
(45)

Gpprz = 0.0304, Ggg = 0.00174.

Although the amplification factor of Crank-Nicolson is closest to
the exact solution (due to its lowest truncation error), it does not
possess any damping. At a time step based on the liquid velocity,
which in the 1 m long pipe can track the liquid velocity but not the
acoustic velocity, the acoustic waves are not resolved and damping
is a necessity to prevent unphysical oscillations.
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5. Von Neumann analysis on the fully discrete equations
. v — elkms, o= elkms, G ¥ 48
5.1. Introduction Vm m m = (48)

In the previous sections the eigenvalues of the continuous and
semi-discrete equations were discussed. In the fully discrete case
a stability analysis can be performed that is very similar to the
one applied to the continuous case (Section 2.3). This is known as
von Neumann stability analysis (Morton and Mayers, 2005), which
can be seen as the discrete counterpart of the Kelvin-Helmholtz
stability analysis (Akselsen, 2016). It is applicable in case of lin-
ear, constant coefficient partial differential equations with periodic
boundary conditions. We employ therefore the linearized equa-
tions (37) in order to be able to apply the von Neumann analy-
sis. As an example, we first consider the equations that result from
applying the Backward Euler method:

ﬁnﬂ _ ,jn

_ Jjn+1
A SJUT

(46)
where U contains the conservative variables defined on the stag-
gered grid as shown in Fig. 3.

In the von Neumann analysis, which is essentially a discrete
Fourier analysis (Morton and Mayers, 2005), the solution is as-
sumed to consist of a finite sum of discrete waves, each with a
different wave number:

07 = ¥V, (47)

where m indicates the mode number, kp, the wave number of
mode m, G e C9%9 the amplification matrix of mode m, and ¥,
CY the Fourier coefficients of mode m of the initial condition. g = 4
is the dimension of the problem. The fact that we employ an am-
plification matrix is similar to the approach followed by Fullmer
et al. (2014), but slightly different from the scalar amplification fac-
tor considered by Liao et al. (2008). We will comment later on the
relation between the two. Note that for simplified problems (such
as a scalar convection-diffusion equation), the matrix J is circulant,
which means that there is a direct connection between the discrete
Fourier transform and the eigendecomposition (38). Unfortunately,
the spatially discretized two-fluid model equations do not result in
a matrix with circulant structure.

Since Eq. (46) is linear it suffices to consider a single mode
(V")m (consisting of solution components at grid points i and
i+ 1/2 due to the staggering) to analyse the stability properties of
the discretization method:

n+1 n n+1
Vi Vi N Vi
Vai Vai Vaj
: - : =AtY J; J (49)
V3Ai+1/2 V3.1‘+1/2 ]_Z]]U V3,j+1/2
V4,i+1/2 m V4,i+1/2 m V4,j+1/2 m

Since J contains the spatial discretization it is very sparse. Substi-
tuting the Fourier expansion (48) into Eq. (49), omitting the sub-
script m, and dividing each equation by the complex exponential
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in space, yields the compact expression

n+1 n+1
Vri Vri Vri
Vo Vo i Vyi
” .2.1 ’ .2.1 _ Al’M(eIk"‘s‘) ’ 42,1 (50)
3i+1/2 3.i+1/2 3.i+1/2
Vait12 Vait12 Vaiv12

Eq. (50) is useful in a fully analytical point approach, whereas Eq.
(49) is the equation that can be used when performing symbolic
operations in our coding environment. The notation M(e'kmsi) in-
dicates the action of the spatial discretization on a complex expo-
nential and is called the discrete Fourier symbol; it follows when
substituting a discrete exponential in the discretization method
and subsequently dividing it by this discrete exponential. For ex-
ample, if a central discretization is used for the convective term in
the mass equation for the gas, i.e.

Vn+1 _ Vn+1
1 3,i+1/2 ~ V3,i-1/2
ir -V = —AfiAs , (51)
then the Fourier representation is
Un+1 e'kmsm/z _ vn+1elkms,» 12
n+1 no__ 3 3
vy v = —AL oo A . (52)
and the matrix entry is
Isin(km As/2
M, 3 = _M. (53)
' As/2

The full matrix is similar to the one presented by Liao et al. (2008),
but much more elaborate due to the fact that we employ a 4 x 4
system including compressibility effects. In Section 5.3 a method
will be proposed which circumvents the explicit formulation of

this matrix. We write Eq. (50) in the following generic form, us-
ing a notation similar to Fullmer et al. (2014):
Nv*t!l = 00", or vt =Nlov", (54)
where for Backward Euler: N =1 — AtM, and O = I. The amplifica-
tion matrix is given by
G=N"0. (55)
Stability depends on the spectral radius of G, i.e. the maximum ab-
solute value of the (complex) eigenvalues A; of G. These eigenval-
ues ¢ follow from the eigenvalue problem
det(NAc —0) =0, (56)
and a scalar amplification factor can be defined as G = max; |A¢,l.
The amplification matrix G is the one used by Fullmer et al. (2014),
whereas the amplification factor A is used by Liao et al. (2008). G
contains the growth and frequency components of all waves, which
allows the reconstruction of the full solution, which is not possi-
ble with Ag. In Section 5.3 we will obtain the amplification factors
from simulation data only, and this requires the use of the full G.
Once the amplification matrix G and the Fourier coefficients v
of the initial condition are known, the solution at a time instance
t" in terms of Fourier coefficients is obtained from
v, =GhDm, or VH!=Guuh. (57)
G contains information about the growth of the solution (diffusive
errors), and about the shift (dispersive errors) of the solution in
time.
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5.2. Extension to BDF2 and Crank-Nicolson

For the BDF2 scheme, Eq. (50) becomes
Nv™! + Ov* + Pv1 =0, (58)

where N = aqpl — AtM, O = a41, P = a,I. This equation can be writ-
ten as

al — AtM 0 (v (ol —ad V"
0 I v )T 0 vl )
or: Nw™! = Ow", (59)

from which the definition of G follows:

s (- -1 -1
G:NAO:( ﬂl(aoll+M) az(aol()+M) ) (60)

This is a particular case of the more generic linear multistep meth-
ods analysed in Hundsdorfer and Verwer (2007). The eigenvalues
of G follow from the determinant equation

det(Nig — 0) = det((agl — AtM)AZ + ajhgl + ax) =0.  (61)
Note the similarity with the scalar amplification Eq. (43). When
including the Crank-Nicolson method this can be generalized to

det <a0 +a1G '+ a,G?
At

I-(OM+(1- 9)MG’1)> =0, (62)

where we write G instead of Ag.

5.3. Amplification factor from simulation data

In this section we propose an alternative, novel method to ob-
tain the von Neumann amplification factors without the need of
doing symbolic manipulations, as this can be cumbersome for non-
linear models with elaborate closure relations, such as in the case
of the two-fluid model. The idea is to perform a simulation with
a small-amplitude harmonic as initial condition and to derive the
amplification matrix by comparing the Fourier transform of the so-
lution at a certain time level to the Fourier transform of solutions
at previous time levels. We call this the automatic von Neumann
analysis, in contrast to the classical symbolic von Neumann analy-
sis that uses symbolic manipulations. First, the Fourier coefficients
v, of mode m are determined from the numerical solution V by a
discrete Fourier transform, similar to Eq. (48):

v = Y et A, (63)

Given the solutions v™*1 and v", the coefficients of the matrix can-
not be determined from (57), since we have q equations for g2 un-
knowns. We therefore perform q time steps and write

v?ﬂﬂ v vnm+qu — am v l}nr,;l N Unmﬂ—q )
] | M |
(64)
or
Q#:rl — CmQ(,:p (65)

from which the matrix G, can be readily determined:

Gn=Qr (@) (66)

We write G instead of G to distinguish between the symbolic and
the automatic von Neumann analysis. For the BDF2 scheme, G e
C29%29, and the system of equations is extended to

utou v v o
] | ] |
— G,
] | ] |
v vnm—l vr;rl—Zq v&—] -2 U?H*ZQ
| | | |
(67)

In order to construct Q! and Q}3, it suffices to take 2q time steps
and to store the Fourier coefficients at each time step (of course,
one can also store the entire solution and calculate the Fourier
coefficients afterwards). Once G is determined, the absolute value
of its eigenvalues can be investigated. This has to be done for all
wavenumbers, either by rerunning the simulation with an initial
condition for each different wave, or performing one simulation
with a single initial condition composed of all wavenumbers. This
is a simple and fast procedure given that only 2q = 8 time steps
are necessary to reconstruct G. In practice, we have noted that due
to the high condition number of Q" inaccurate results are some-
times obtained. This can be resolved by increasing the number of
time instances in the analysis to for example 4q, which works well
in our simulations. The matrices Q" and Q"*! then become non-
square and the solution of (67) should be interpreted in a least-
squares sense.

To summarize, in this section we have explained two tech-
niques, symbolic and automatic von Neumann analysis. This will
be demonstrated for the Kelvin-Helmholtz instability case in
Section 6.1. The first is the classic analysis: substitution of a Fourier
series in the discretization matrix and investigating the resulting
amplification matrix and its eigenvalues. We have done this by
using the symbolic toolbox of Matlab and by direct substitution
of the complex exponentials into our code to arrive at symbolic
expressions for the amplification matrix. The second technique is
based on substituting sinusoidal wave perturbations in the initial
conditions, and running the code for several time steps. This can be
used to check the outcome of the first technique, but also to obtain
amplification matrices for black-box solvers (for instance commer-
cial codes).

6. Results for various test cases

In this section we report the results of four test cases. The first
three are related to the Kelvin-Helmholtz instability: the first one
considers steady state flow with a small but unstable perturbation
in a single wave to validate the linear stability (von Neumann) and
accuracy of the time integration methods. The second case con-
siders the same instability but with a much larger perturbation
to study the nonlinear wave growth and the identification of ill-
posedness. The third case considers stiffness by including pertur-
bations in both the convective and acoustic waves, and we inves-
tigate how the time integrators resolve the acoustics. Lastly, in the
fourth test case the propagation of a hold-up wave is investigated,
and all the previously investigated concepts of stability, accuracy,
ill-posedness and resolution of acoustics are considered. The four
cases will be referred to as A, B, C, and D, respectively.
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6.1. Kelvin-Helmholtz: Linear wave growth

6.1.1. Modified wave number analysis

We consider the Kelvin-Helmbholtz instability for the test prob-
lem described in Section 2.4 and with the conditions given in
Table 1. The exact solution to the linearized system of equations
(19) is given by

W(s t) =Wo+ ) Re[gel@t=]. (68)
J

The initial condition is obtained by a small perturbation in the lig-
uid hold-up: & = 1075, The perturbation vector &3 is taken to be
the eigenvector associated to the angular frequency w3 (Liao et al.,
2008):

1-1072
7.005-10-3 — 1.1025 - 1031
2.497 1071 +1.186 - 1031
-3.619 — 6.550 - 1071

e3=10"* (69)

First we perform a consistency check: simultaneous grid and
time step refinement for a fixed wave number k = 2 with
c,~1—>AmAs=l, (70)

N
where C is the dimensionless time step, similar to the CFL num-
ber (which strictly is a stability condition). k = 27 is the smallest
wave number that can presented on our periodic simulation do-
main. The exact growth rate, Im(w3) = —0.35, is compared to the
numerically computed growth rates as obtained from the symbolic
and the automatic von Neumann analysis:

_ In@min im(A(Gn))) I (min (Im(A(Gn)))

[ =
N At v At

(71)

Even though only a single wave is triggered due to the initial per-
turbation in &3, the discrete amplification matrix G still has four
eigenvalues. This is because the Fourier transform of the initial
condition does not consist of a single wave, but of four waves. We
are interested in the one that is largest in magnitude, since it indi-
cates whether the numerical solution is stable or not. However, in
contrast to the classical von Neumann analysis, in this study un-
stable solutions are not necessarily unwanted, since the differen-
tial equation itself has an unstable behaviour (Fullmer et al., 2014),
which might be associated to slug flow.

Fig. 11 shows the comparison of w3 to wyy and @y, for dif-
ferent grids and discretization schemes. Fig. 11a shows that all
time discretization methods converge to the exact growth rate
upon grid refinement. However, for coarse grids, the Backward
Euler method predicts a positive @ (damped solutions), whereas
BDF2 and Crank-Nicolson correctly predict growing solutions (al-
beit with a reduced growth rate). In Fig. 11b this is made more
quantitative by computing the error of the discrete models com-
pared to the exact value:

1N = |w3 — wyl. (72)

It is clear that the use of Backward Euler or the use of the first
order upwind scheme limits the accuracy to first order. Fig. 11b
also indicates that for very fine meshes there is a slight discrep-
ancy between the symbolic and automatic von Neumann analysis.
This is related to the matrix inversion required for the reconstruc-
tion (66) in the automatic von Neumann analysis, which can suf-
fer from numerical inaccuracies. For the main purpose of the von
Neumann analysis, namely investigating the behaviour of the nu-
merical growth rate or dispersion error as function of phase angle
(¢ = kAs), this is not an issue.

Secondly, we investigate how waves grow in time, depending
on the wave number k and the spatial and temporal discretization.
The number of grid points is fixed (As =1/160 m). The shortest
wavelength that can be represented on the grid is 2As (Nyquist
limit), corresponding to the wavenumber k = 77 /As, and phase an-
gle ¢ = w. The wave number analysis provides insight into how
well waves of different frequency are resolved by the time inte-
gration method. It is similar to the analysis for spatial discretiza-
tion methods done by Liao et al. (2008). Fig. 12a shows the growth
rate G = max |A(G)| which compares well with the results of Liao
et al. (2008). In addition, Fig. 12b shows the growth rate wyy in-
stead of the amplification factor, which includes the exact solution
(denoted by the black dashed line). This line corresponds to the
dashed line previously shown in Fig. 2b. It is perhaps not surpris-
ing to see that Crank-Nicolson (‘central in time’) with a central
scheme in space leads to an accurate prediction of G. In fact, when
performing the analysis without friction terms (in the well-posed
stable regime), the Crank-Nicolson / central combination leads to
G =1 independent of the wavenumber. This is a well-known result
for advection equations and also holds for the two-fluid model
without source terms. However, the presence of source terms leads
to unstable solutions; their growth rate can be captured by the nu-
merical scheme though, with the accuracy of the time integration
method. Furthermore, G =1 does not mean that the numerical is
exact, but that there are only dispersive errors and no diffusive er-
Tors.

For each wavenumber k the corresponding growth rate wj
is negative. This agrees with the stability-hyperbolicity theorem
(Prosperetti and Tryggvason, 2007) which says that the neutral sta-
bility limit is independent of the wavenumber. The case of k = 27
from Fig. 11 is highlighted as the black vertical line in Fig. 12. For
¢ < 1072 all numerical methods perform well - this corresponds
to long, low frequency waves which are well resolved. For larger
¢ the numerical damping of all methods becomes apparent. The
kinks in the amplification factor and the growth rate are due to
the fact that a different eigenvalue (see Eq. (71)) becomes domi-
nant.

6.1.2. Linearized discrete flow pattern map prediction

In this section we propose a novel way for displaying the
performance of numerical methods, which we call ‘Discrete Flow
Pattern Maps’ (DFPM), that uses the growth rate determination
method developed for the automatic von Neumann analysis (Eq.
(66)). Whereas traditional flow pattern maps, such as the one in
Fig. 1, display stable and unstable regimes based on the properties
of the differential equations, the DFPM displays the effective stabil-
ity regions that result when the discrete equations are solved, with
a certain numerical method and a certain grid and time resolution.
Such a map is of crucial importance as an indication whether a dis-
cretization method is able to correctly capture the well-posed un-
stable regime (and the potential transition to slug flow) or whether
numerical diffusion overwhelms the physical growth of instabili-
ties.

The DFPM can be constructed in the same way in which we
constructed the flow pattern map in Fig. 1. We employ a sequence
of superficial liquid and gas velocities, solve the discrete equations
with a small perturbation as initial condition and determine the
growth rate @,y from (66) and (71). The stability boundary is given
by Im(dyy) = 0. Fig. 13a shows the VKH stability boundary for
Backward Euler and BDF2 for two different grids (and associated
time steps). It can be seen that BDF2 captures the exact stabil-
ity boundary very accurately on all grids. On the other hand, the
effective stability region given by Backward Euler is much larger
(note the log scale) than the actual stability region of the differen-
tial equations, due to the large amount of artificial diffusion added
by Backward Euler. For example, for N =40, and at a superficial
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Fig. 11. Comparison of the growth rate and the error in the growth rate for different discretization methods as a function of the grid size. Squares: automatic von Neumann
analysis, lines: symbolic von Neumann analysis. Dashed lines: first order upwind, solid lines: second order central.
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Fig. 13. Discrete flow pattern maps (DFPM).
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gas velocity of usg = 10 m/s, the two-fluid model predicts growing
waves at a superficial liquid velocity of ug = 0.15 m/s, but with
Backward Euler the wave growth is only apparent when the super-
ficial liquid is increased to ug = 0.6 m/s (already at the ill-posed
boundary).

Any simulation starting above the ill-posedness boundary will
directly be marked as ill-posed, because our ill-posedness indica-
tor is based on the evaluation of the eigenvalues of the differen-
tial equations, see Eq. (12). However, it is possible that, due to
nonlinear effects, simulations that start in the well-posed unsta-
ble regime grow into the ill-posed regime. This is investigated in
the next section.

6.2. Kelvin-Helmholtz: Nonlinear wave growth

In this section the simulation from Section 6.1 is repeated, but
with a larger perturbation: & = 1072, and &3 = 10%es. This causes
the simulation to quickly enter the nonlinear regime, in which
waves steepen, possibly leading to slug formation but potentially
also to ill-posedness. Based on the results of the previous section,
we select BDF2 with N =80 to assess the growth of initial per-
turbations into the nonlinear regime and whether this leads to
ill-posed results. Note that this is different from a previous paper
(Hendrix et al., 2016), in which we have assessed the ‘time to ill-
posedness’ as a metric to compare different time integration meth-
ods. In the present study the focus is on whether well-posed un-
stable solutions can be obtained for long time integration periods.

Similar to the linear case, we perform simulations with the
two-fluid model with a central discretization for a range of superfi-
cial gas and liquid velocities but now until t = 100 s and only with
a central discretization of the convective terms. Ill-posedness is in-
vestigated by checking if the eigenvalues of the differential equa-
tion are real or complex at the conditions predicted by the nu-
merical simulation. If a complex eigenvalue occurs at any point in
space or time the corresponding point in the flow pattern map is
marked ill-posed. Fig. 13b shows that the resulting numerical ill-
posedness boundary has shifted significantly into the well-posed
unstable regime as compared to the ill-posedness boundary of the
differential equations (indicated by IKH in Fig. 13b). It appears that
a large part of the well-posed unstable regime of the flow pattern
map gives ill-posed solutions when actual numerical simulations are
performed. An example of a simulation which turns ill-posed is
case A in Fig. 13b, which corresponds to the conditions studied in
Section 6.1 for linear perturbations. The nonlinear behaviour of the
hold-up fraction «; in space and time is shown in Fig. 14 for this
case. The solution becomes ill-posed already after approximately 5
s. The liquid hold-up fraction as a function of time at s=1 m is
shown in Fig. 15a.

In addition to case A, three other cases (B, C, and D) are indi-
cated in Fig. 13b which exhibit qualitatively different solution be-
haviour. Case B in Fig. 15b starts in the well-posed unstable regime,
like case A, but after initial growth (as predicted by linear theory)
stabilizes and forms a wave with a constant amplitude and fre-
quency. Its shape and position in the flow pattern map indicate
that this could be a so-called continuous ‘roll wave’: a particu-
lar solution to the two-fluid model which is constant in a refer-
ence frame moving with the flow (Barnea and Taitel, 1993; Holmas,
2010; Johnson, 2005). To check that this is not a numerical artefact,
we have confirmed the roll wave presence with a simulation on a
much finer grid (N = 640). Case C and D are both in the well-posed
stable regime, where initial perturbations are damped according to
the linear theory. This happens indeed for case D. However, for
case C, the damping is very small (Im(ws3) = 0.01) and nonlinear
effects lead to wave growth and the appearance of new harmon-
ics. The oscillation frequency is now lower because the real part of
w3 has decreased. Within the time period of 100 s displayed in the

Fig. 14. Solution in space and time for case A, simulated with BDF2: well-posed
unstable solution becoming ill-posed (indicated in red). The blue curve is shown
in Fig. 15a. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

plot it is unclear if the wave damps out. Continued simulation un-
til 1000 s reveals that the wave eventually damps out, like in case
D.

We note that the current simulation results are obtained based
on a number of simplifications compared to pipeline simulations
on actual geometries. First, we employed initial perturbations ac-
cording to the eigenvector &3. This means that the perturbations
immediately grow according to linear theory until nonlinear ef-
fects take over. Second, we used a single wave with wavenumber
k =2m. Other wavenumbers will have different frequencies and
growth rates and can lead to qualitatively different behaviour (al-
though the VKH and IKH boundaries are independent of wavenum-
ber). Furthermore, the periodic boundary conditions and size of the
domain limit the frequencies that can be represented on the do-
main. Lastly, we note the black region in Fig. 13b, which indicates
the region where the liquid reaches the top of the pipeline. This
is not necessarily ill-posed, but outside the scope of our investiga-
tion.

6.3. Kelvin-Helmholtz: Acoustic wave problem

In this test the Kelvin-Helmholtz instability problem from
Section 6.2 is extended to take into account acoustic waves, which
were not present in previous studies (e.g. Fullmer et al.,, 2014; Liao
et al, 2008) as these used the incompressibility assumption. We
propose this acoustic wave problem as test case for pipeline sim-
ulation codes that solve the compressible two-fluid model. In or-
der to demonstrate the acoustic filtering capabilities of BDF2 we
choose two waves (see Eq. (23)): (i) a slow, right moving, un-
stable (growing) wave with frequency ws = 8.48 — 0.35I, and (ii)
a fast, left moving, stable (damped) wave with frequency w; =
—1758.05 + 4.511. This extends Section 6.1 where only a single
wave was considered. The hold-up fraction for the slow wave is
again 10-6, whereas the hold-up fraction for the fast wave is 10~2.
As before, the perturbations €; and &3 are taken as the eigenvec-
tors that follow from the dispersion analysis:

1.107%
-5.616-10~* +1.435 . 10-6]
-4.624-10"" +4.876 1073 |

1.577 -10? — 1.2761

&1 =
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(b) Case B: Well-posed unstable solution becomes stationary (roll waves). usg = 21.16 m/s, ug = 0.07
m/s, ws = 8.32 — 0.141.
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(c) Case C: Well-posed stable solution grows, encounters nonlinear effects and then damps. usy = 0.23
m/s, ug = 0.015 m/s, wy = 3.73 + 0.011.
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(d) Case D: Well-posed stable solution damps in time. wus, = 13.28 m/s, ugy = 0.033 m/s, ws =
5.35 + 0.181.

Fig. 15. Numerical solutions for cases A-D as indicated in Fig. 13b, simulated using BDF2.

1.102 ods, is given in Figs. 16-18. A central scheme has been used to dis-
7.005-10-3 — 1.1025 - 10-3] 73 cretize the convective terms. The short time scale is closely related
& = 2.497-10~!' +1.186 - 1073] (73) to the speed of sound in the gas and we define a dimensionless
—3.619 — 6.550 - 10~1] time step of % based on this time scale:
The particular choice for hold-up fractions leads to the following 1 1As 5
combined wave system: Ce= 5~ At = 5o 4.26-107s,  tend, = 400At ~ 0.017s.
g
o A slow, right moving, growing liquid hold-up fraction wave. (74)

o A fast, left moving, pressure wave, which is damped in time, so
that after long periods a slow, right moving, growing pressure
wave becomes dominant.

The long time period is based on the initial liquid velocity, and we
define a dimensionless time step and end time based on this time

« A slow, right moving, growing wave in the liquid velocity, per- scale:
. . L A
Ellirrz;(idbzlft smaller amplitude, fast left moving wave, which is C=1- At= us —0.0255s, fonat = 0.255. (75)
. I

e A fast, left moving, damped wave in the gas velocity, per-
turbed by a smaller amplitude, slow right-moving, growing
wave, which becomes dominant for long periods.

Note that the gas velocity is around 14 m/s, which gives a dimen-

sionless time step based on the gas velocity of approximately 14.
First, we investigate the resolution of the acoustic waves on the
A qualitative impression of the behaviour of the numerical solu- short time scale. Fig. 16 displays the solution obtained with BDF2

tion for short and long time periods, for different integration meth- until tepg .. The liquid hold-up fraction «; clearly shows the slow
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Fig. 16. Solution of acoustic wave problem in s —t diagrams. BDF2, C.=0.5.

right moving wave associated with ws. The pressure, on the other
hand, displays the fast wave moving to the left. The liquid and
gas velocity show predominantly the left and right moving wave,
respectively, but with perturbations in the other wave. The solu-
tion is quantitatively the same as the solutions obtained with the
Crank-Nicolson scheme and with the Runge-Kutta method (refer-
ence solution) at this C. = %: both BDF2 and Crank-Nicolson are
well able to resolve acoustic waves at a time step based on the
speed of sound in the gas.

Secondly, we increase the time step and take C; = 1, which is
common in many practical computations in which the accurate
resolution of acoustic waves is not important. Fig. 17 shows that
BDF?2 effectively kills the acoustic waves during the first time steps,
and only the hold-up wave remains. This corresponds to the ampli-
fication factor (45) and the results in Fig. 10b. On the other hand,
Fig. 18 shows that when Crank-Nicolson is employed with this in-
creased time step, a non-physical oscillation in the pressure ap-
pears which is not damped in time. This oscillation also becomes
apparent in the gas velocity and to a lesser extent in the liquid
velocity. The hold-up wave is hardly affected. Therefore, although
Crank-Nicolson gives stable results (it is an A-stable method), it
does not damp out unresolved transients (it is not L-stable). This
confirms the results from Eq. (44) and in Fig. 10c.

Fig. 19 compares the results for different time integration meth-
ods in a single plot at t = 1 s and C; = 1. The reference solution has
been obtained with the explicit Runge-Kutta method with C. = 0.5
and its temporal error can be considered negligible. The BDF2 and
CN schemes are both giving an accurate prediction for the liquid
hold-up fraction and the liquid velocity. However, in both the pres-
sure and the gas velocity, the prediction of Crank-Nicolson is very
far off. This renders the Crank-Nicolson scheme essentially useless
in these situations. Slightly increasing the value of 6 (for example

to 0.55), will improve the long time behaviour since some damping
is introduced. However, this does not work on short time scales,
and comes at a price of reduced accuracy. Backward Euler does not
suffer from oscillations, though it has severely damped the ampli-
tude of the wave. Overall, BDF2 performs best for this test case
since it has the best balance between acoustic damping properties
and accuracy.

7. Conclusions

In this paper we have analysed several time integration meth-
ods for the compressible two-fluid model with the goal to simulate
stratified wavy flow and slug flow in pipelines in a so-called ‘slug
capturing’ approach. The study was focussed on obtaining insight
into the numerical pitfalls and requirements. Thereto a theoretical
analysis on the differential equations and the discretized equations
was given, in particular with respect to their stability properties.
The analysis has been demonstrated for a number of test cases.

We conclude that the BDF2 method is a robust time integra-
tor for the two-fluid model and it outperforms the commonly
used Backward Euler method and the second order Crank-Nicolson
method. This is due to a combination of its second order accu-
racy, A-stability and L-stability. These properties make that BDF2
can be used for the time integration of unsteady problems with a
CFL number of 1 based on the liquid velocity, while not suffering
from numerical oscillations that arise from acoustic wave propaga-
tion.

To facilitate the comparison and understanding of the time in-
tegration methods, several techniques have been proposed which
have not been applied to the two-fluid model before. First, the
eigenvalues of the spatial discretization have been investigated and
it is shown how the stiffness depends linearly on the speed of
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sound and on the number of grid points. The central scheme is
more accurate than the upwind scheme and captures the unstable
region accurately. The comparison of the stability regions of the
time integration methods shows the difference in damping prop-
erties between Backward Euler or BDF2 and Crank-Nicolson. Sec-
ond, a new automatic von Neumann analysis technique has been
developed as tool for direct evaluation of the stability of the dis-
crete models by running a computer code without requiring sym-
bolic manipulations. This makes it very flexible since it can be di-
rectly applied when more physics (e.g. surface tension or axial dif-
fusion) or other spatial discretization methods are included. Third,
we have proposed the use of Discrete Flow Pattern Maps (DFPM) to
indicate to what extent discretization methods (for a certain choice
of the number of grid points and the size of the time step) are able
to reproduce the flow pattern maps that are based on the stability
of the differential equations.

Several test cases have been used in which these techniques
are used to compare BDF2 to other time integration methods: lin-
ear, nonlinear and acoustic Kelvin-Helmholtz instabilities. Accuracy
tests and von Neumann analysis have shown its second order accu-
racy and comparable stability properties as Crank-Nicolson. BDF2
is slightly more diffusive than Crank-Nicolson but much more ac-
curate than Backward Euler. The acoustic wave test shows that
BDF2 is able to give accurate solutions, whether acoustic waves are
resolved or not, whereas Crank-Nicolson leads to non-physical so-
lutions. The ability of BDF2 to handle unresolved transients will
also be important when dealing with other types of stiffness, for
example caused by terms with small time scales (e.g. phase tran-
sition) or algebraic equations (e.g. the drift-flux model).

The Discrete Flow Pattern Map reveals that the effective well-
posed unstable region is well captured by BDF2 but completely
missed by Backward Euler, at least for the considered grid and time
step resolutions. Simulations in the nonlinear regime furthermore
have indicated that ill-posedness can occur when starting from the
unstable regime. The implication is that the actual well-posed un-
stable regime for nonlinear simulations can be much smaller than
the theoretical one, which can limit the application of the two-
fluid model for simulating the stratified-slug flow transition.

We note that the DFPM as presented here is based on simula-
tions in an idealized setting, with a simple geometry, initial condi-
tions, and boundary conditions. In future work we plan to employ
the BDF2 method to further study the formation of slug flow and
ill-posedness issues under actual pipeline conditions.

In this paper we have relied on relatively standard spatial dis-
cretization techniques, since the focus is on the time discretization
methods. Improvements in the spatial discretization (for example a
method based on a Roe linearization) are needed to resolve discon-
tinuities accurately and to capture the transition to locally single
phase (slug) flow. Since the analysis in this paper does not require
special properties of the spatial scheme, we expect that BDF2 can
be applied to such discretization schemes without difficulty.
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liquid

Fig. A.20. Stratified flow layout and definitions.

Appendix A. Two-fluid model details
A.l. Geometry
The following geometric identities are used to express the wall

perimeters, interfacial perimeter, and liquid height in terms of the
wetted angle y, (Fig. A.20):

Py =Dsiny,, (A1)
B =Dy, (A2)
Py =D(T —W). (A3)
h= %D(l —CoSYy). (A4)

We use Biberg’s approximation (Biberg, 1999) to express «; in
terms of y, (this avoids the iterative solution of a nonlinear equa-
tion):

1
y,:na,-q—(%r)z(l —2a,+ot,% —aé). (A5)

A.2. Friction models

The wall (subscript w) and interfacial (subscript gl) shear stress
are expressed by the Fanning friction factor definition:

. %fgpﬁuﬁluﬁl wall (AG)
3 fapg(ug —uy)|ug —u, | interfacial

The friction factor fg of phase B with the pipe wall is modeled
with the Churchill relation (Churchill, 1977):

L
i

8 12
— = -1.5
fs=2 (Reﬁ) +((A+B) , (A7)
. 09 1 16
€

A=|2.457In (@> + .27m , (A.8)

16
B (37530) _ (A.9)

Reﬁ

Here € is the hydraulic pipe roughness, Reg is the Reynolds num-
ber,

_ PpUpDnp

Re
B Ip

(A10)

and Dyg is the hydraulic diameter:

w ifg=1

(A11)
4A .
i fA=8

Dhﬂ =

The interfacial friction factor fy is calculated by (Liao et al,, 2008):

fg = max{ f,0.014}. (A12)
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Additional work and comments to Paper 4

For the simulations in this paper, a relatively simple and lightweight implementation of the
two-fluid model was created in Matlab without any tracking functionality. The reason for
doing this is that the Sluggit model is mainly implemented with a semi-implicit discretization,
with an analytical Jacobian. It is also possible to do fully implicit simulations with Sluggit,
but this functionality was developed along with this paper and is not as well tested. The
simulations in this paper are focused on a fully implicit discretization in a straight pipe and a
periodic domain. Consequently, it was faster and simpler to create a lightweight Matlab model
for the simulations for this study.

The Matlab model is made for a single pipe with a constant inclination, with periodic
boundary conditions. The model can use the same spatial and temporal schemes as described
in this thesis in sections 2.6 and 2.7. In addition, the Matlab model can use the third and
fourth order explicit Runge-Kutta time integration methods. Furthermore, the Matlab model
utilize the concept of Automatic Differentiation [88] to calculate the Jacobian, which were
found to give a significant speedup compared to calculating the Jacobian by finite differences
in Matlab. The remaining details of the Matlab model is given by the model descriptions in

the paper.

A significant amount of work was done when writing Paper 4, but in the end the paper ended
up having too much material and some had to be left out. This material is briefly presented
here (using the same notations as in the paper). Some background information from Paper 4 is
also required to fully understand this following material. All of the following simulations are

for the Kelvin-Helmbholtz test case described in Paper 4.

A von Neumann analysis was performed, as described in the paper. This analysis was done in
a general manner, without assuming anything about the spatial convection schemes.
Furthermore the analysis in general in the sense that both the BDF1, BDF2 and CN methods
are accounted for. The resulting matrix (M’ ) for the amplification factor G is shown in
equations (235) and (236) (the matrix was split in two as it became quite large). Depending on

if BDF1 or BDF2 is used, and if the gas-compressibility is included, the matrix results in a
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, g 1 D
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g

OF,
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u
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In these expressions, the liquid is assumed incompressible while the gas is compressible. Note

1
however that the terms in M’(4,4) , which include the gas compressibility (—- ) typically
Cg

are small compared to the first term ( e, ), which arises from the pressure gradient. If the

terms including the gas compressibility are ignored, a similar expression as M'(3,4) for the

incompressible liquid is found.



The friction terms, gravitational force and driving pressure force are gathered in F, :

. iy
Fy=AsPyt,, £ AsP,t, +gsin(@) pydyAs - %Aﬂm (236)

The derivatives of F, are determined by numerical differentiation. The linearized level

gradient term is given by (minus for gas, plus for liquid):

LG, =Fgp, cos(0)e” (O.S(Dlg +Da,K K, ) —§K4K52K6)

1

K = 2(3—7[)3 -7
2
1
3z )3
e (7)
K, =0.5588463977399147 (237)

1 1
K, =cos(0¢,K1 +(1-a,)3K, - K, —Kzaﬁ]

1 1
K =sin (0:11(1 +(1-)3K,-K, - Kzaﬁj

2 2

K,=K,(1-2,)5 - K, + K}

The flux limiters for the mass and momentum equation ¥, and ¥, are described in

mass m

equation (21), and takes a normalized variable r as input (equation (22)). Inserting a mean

value plus a perturbation in equation (21), we get for
_ b
r=e (238)
This is independent of the time level the values for @ are taken from (as long as they are all

from the same time step). The flux limiters ¥ to be inserted in the amplification matrix M’

are shown below for the FOU, central and NOTABLE schemes.



FOU 0

CD e’ (239)
20, b
NOTABLE ¢ *¢_
(1 +e )

It should also be straightforward to add more time levels to the time integration: Including the

BDF3 (or BDF2.5) method, the brackets containing the a-coefficients in matrix simply reads

[ao +a,G"' +a,G7 + a3G73J . This could more conveniently be expressed by the general form

Zal.G_" for n time levels.

i=0

The amplification factor G obtained from the von Neumann analysis for the Kelvin-

Helmholtz test case described in Paper 4 are shown in Figure 78 - Figure 80 for different
spatial and temporal methods, as function of ¢ = kAx = 27Ax = 277[ . The analytical

amplification factor for the wave equation used in the test case is also shown.
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Figure 78: Amplification factor G for the first order upwind scheme, for different time

integration methods. From top left to bottom right: N=20, 80, 320 and 1280 grid cells.
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Figure 79: Amplification factor G for the NOTABLE scheme, for different time
integration methods. From top left to bottom right: N=20, 80, 320 and 1280 grid cells.
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Figure 80: Amplification factor G for the central scheme, for different time integration

methods. From top left to bottom right: N=20, 80, 320 and 1280 grid cells.



From Figure 78 - Figure 80 it can be seen that the FOU scheme is much more diffusive than
the NOTABLE and central schemes, as expected. It is also evident that the BDF1 time
integration method is more diffusive than the BDF2 and CN methods. Furthermore on can see
that the FOU scheme is the only scheme that can give a too large amplification (see for
instance N=80). This is somewhat counter-intuitive, as the FOU scheme is typically thought
of as being too diffusive. This effect was however also observed in the simulations. The CN
method with ® = 0.5 is the most accurate time integration method, while BDF2 and CN with

® = 0.55 are nearly identical.

The results from the von Neumann analysis were also compared with the amplification
obtained from the simulations, to check that the results are consistent. This comparison is

shown in Figure 81 and Figure 82. Instead of comparing with the amplification factor G, these

1
plots shows the amplification factor G', which is the amplification per second: G'= G*'. The

von Neumann analysis is seen to accurately predict the amplification factor in the simulations,

as expected.
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Figure 81: Comparison between the amplification factor G' from the von Neumann
analysis for the Kelvin-Helmholtz test case and the amplification obtained from the

simulations for the BDF1 and BDF2 methods.
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Figure 82: Comparison between the amplification factor G' from the von Neumann
analysis for the Kelvin-Helmholtz test case and the amplification obtained from the

simulations for the BDF1 and CN methods.

Similarly to what was presented in Paper 3, the time until the simulation becomes ill-posed
are presented as function of time step. The CFL number is kept constant, so that plotting

against the time step is similar to plotting against the grid size.
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Figure 83: Time instance at which complex eigenvalues first appear, as function of time

step, for different discretization methods (BDF1 and BDF2).
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Figure 84: Time instance at which complex eigenvalues first appear, as function of time

step, for different discretization methods (BDF1 and CN).

From Figure 83 and Figure 84 one can see that most of the different discretizations converge
to the same solution as the grid is refined. For the first order upwind convection scheme
however, it can be seen that the simulations with higher order time integration methods
(BDF2 and CN) does not seem to converge to the same value as the remaining simulations.
When using the BDF1 time integration method however, the simulations with the FOU
scheme seems to converge to the correct value. Furthermore one can see that the CN method
with ® = 0.5 shows the worst performance, and gives ill-posed results too early in the
simulations. The reason for this is most likely that this method has amplification 1 for the
unresolved pressure waves, so that unphysical inaccuracies that occurs in the pressure are not
damped, and affects the gas density and holdup creating a growing disturbance. One can also
see that by using higher order methods one will get the correct ill-posed results at a much

coarser grid/time step than with the lower order methods.

A comparison was also made between the BDF2, CN (® = 0.55) and BDF2.5 time
integration methods, by plotting the holdup at location 0 m against time as shown in Figure 85
and Figure 86 (zoomed to well-posed region). These plots shows that all schemes are
predicting the wave growth quite well in the well-posed regime. The CN method is slightly
worse than the others in predicting the wave growth/amplitude, while it is slightly better than
the others at predicting the wave speed (see the location of the peaks in the holdup signal). It
can also be seen that the BDF2.5 method predicts a slightly too large wave growth. It is also



worthwhile noting the differences between BDF2 and CN in the ill-posed regime: BDF2
predicts a larger amplitude than CN for the waves, which looks more similar to the analytical
result (which is only valid the well-posed regime). The bottom of the wave crests from the
CN method are seen to have a higher holdup value. The wave speed is also seen to change for
the CN method as it enters the ill-posed regime, while the BDF2 method keeps a similar wave

speed as in the well-posed region. It is however not known how the exact solution should look

like in the ill-posed regime...
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Figure 85: Holdup at location 0 m as function of time, for the BDF2, CN and BDF2.5
time integration methods. The NOTABLE scheme was used for convection of both mass

and momentum, and the number of grid points are 40.
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Figure 86: Holdup at location 0 m as function of time, for the BDF2, CN and BDF2.5
time integration methods showing only the time-region where the simulations are well-
posed. The NOTABLE scheme was used for convection of both mass and momentum,

and the number of grid points are 40.

Furthermore, many different discretizations of the two-fluid model was simulated and

compared. The following properties were varied:

List 7: Discretization parameters that were varied

1. The time integration method for mass (CN with ® = 0.45 or BDF2)
The time integration method for momentum (CN with ® = 0.45 or BDF2)

Fully implicit or fully explicit momentum fluxes

EallS

Fully implicit or semi-explicit source terms (using one new velocity or velocity
difference for wall and interfacial friction if semi-implicit). The level gradient and
gravitational force were either fully implicit or explicit.

5. Using the mass flux in the momentum equation as an average of the mass equation
fluxes, or using the specific mass defined at the momentum control volume end-

points.

The number of grid points used was 40, and the pressure gradient, driving pressure force and

the mass equation were treated as normal (that is, fully implicit for BDF2 and weighted



between implicit and explicit for CN). The time step was based on both fluid velocities, which
in practice means that the gas velocity controls the time step. Note that this is in opposite to
most of the simulations presented in Paper 4, where the time step is based on the liquid
velocity. The CFL number used was 0.8, which resulted in the fluid-CFL criterion always

being obeyed (which is necessary when using explicit momentum fluxes). In total List 7

results in 2° =32 unique discretization combinations. The NOTABLE scheme was used for
convection of both mass and momentum. For explicit momentum however, the FOU scheme
was used as experience showed that higher order limiters could be problematic to use with
explicit convection. The simulations focused on capturing the correct wave growth in the
well-posed part of the simulation. If the results became ill-posed, or the holdup level became
larger than 0.8 or smaller than 0.2 the simulation was stopped. The results are shown in

Figure 87 - Figure 94.

0.6
0.58 - i
0.56 - —
0.54
_ 052
T
s
3 0.5
o
=
0.48
0.46
Analytical
044 - | ——CN -
—— BDF2
042 - BDF2 for mass, CN for momentum -
CN for mass, BDF2 for momentum
0.4 | | | | | | | | |
0 0.5 1 15 2 25 3 35 4 45 5

Time [s]

Figure 87: Results for the simulations with explicit momentum fluxes, explicit source-

terms, and using the average mass flux from the mass equation in the momentum fluxes.
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Figure 88: Results for the simulations with explicit momentum fluxes, explicit source-
terms, and using the specific mass defined at the control volume end-point for the

momentum fluxes.
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Figure 89: Results for the simulations with explicit momentum fluxes, implicit source-

terms, and using the average mass flux from the mass equation in the momentum fluxes.
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Figure 90: Results for the simulations with explicit momentum fluxes, implicit source-
terms, and using the specific mass defined at the control volume end-point for the

momentum fluxes.
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Figure 91: Results for the simulations with implicit momentum fluxes, explicit source-

terms, and using the average mass flux from the mass equation in the momentum fluxes.
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Figure 92: Results for the simulations with implicit momentum fluxes, explicit source-
terms, and using the specific mass defined at the control volume end-point for the

momentum fluxes.
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Figure 93: Results for the simulations with implicit momentum fluxes, implicit source-

terms, and using the average mass flux from the mass equation in the momentum fluxes.
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Figure 94: Results for the simulations with implicit momentum fluxes, implicit source-
terms, and using the specific mass defined at the control volume end-point for the

momentum fluxes.

The results from Figure 87 - Figure 94 shows that most of the simulations fail at capturing the
well-posed wave growth, which indicates that those discretizations might not be a good idea
to use as they do not represent an accurate and stable solution of the two-fluid model. The
only discretizations that are able to capture the correct wave growth are the fully implicit
simulations in Figure 93 and Figure 94. The difference between these two figures is the
calculation of the mass-fluxes used in the momentum fluxes, which for this test-case only
results in a negligible difference. Comparing the four different combinations of time
integration methods within one figure, one can see that using BDF2 for the mass equation and
CN for momentum seems to give a somewhat smaller wave growth than for the other cases. In
opposite, it seems that using BDF2 for momentum and CN for mass seems to result in a too
large wave growth. Using the same time integration method for both mass and momentum
however seems to give the best results. Furthermore, one can see that using CN for both mass

and momentum gives a slightly better prediction of the wave speed, while BDF2 is slightly



better at predicting the wave growth/height. The differences between using a pure BDF2 or

CN method are however quite small.

The BDF2.5 time integration scheme (taking the average of BDF2 and BDF3) was initially
also used in this paper, but was left out. To obtain the coefficients for the blended BDF2.5
method for a varying time step, we need expressions for the coefficients for both the BDF2
and BDF3 methods as function of the time step ratios. The coefficients for BDF2 are easily
found in the literature, and are shown in equation (31). The coefficients for the BDF3 method
with a varying time step are however not typically described in the literature, but can be

obtained in a similar way as for BDF2. We start by expressing the BDF3 method as:

U =—aqU" —a, U™ —a, U7+ AU (240)

The local truncation error d” is given by:

A" =U"-U(")=-q,U" e, U -, U+ A" —a, U -U(") (241

n-1

We now do a Taylor expansion about step 7, and for third order accuracy we require that
the derivatives up to third order should vanish. This gives four equations and four unknowns,

as shown in equation (243):

U (-a,-a,,-a,,-1)=0
U (@, A e, (A6 + A )+ BAE — AL = 0
n-1)? n-1 n-2\? n\?
0| o (Atz ) o (As +2At ) +ﬂ(At")2—(A;) 0 o)
n-1)? n-1 n-2)? ) n\3
ol T e ) )

Here the time step ratios are defined by equation (244):



rAl Atn 1 1: tﬂ tnfl (243)
aa AL =t
AT A2 2
This gives the following coefficients:
A (a2 e
A"l r 1(3 r ) +2r +1y
() v 2 +1)(A,) ()
a”:( 1) (o (3 +4)+ 20+ 1) (244)
() (' (2 +1) (20 41))
a, =
rre! (3r +4)+2rA"t 1

a,=—(a, +a,,+1)

Dividing equation (241) by /5 and re-arranging gives the coefficients for BDF3 of the same

form as has been used for the other time integration methods in this thesis:

a, U™ +aU" +a,U"" +a,U"” = pAr"U™! (245)

The a coefficients for BDF3 are given by equation (247).

(246)

For a constant time step equation (247) gives a, = %, a=-3,a,=15and aq, = —%. The

coefficients for the BDF2.5 scheme for a varying time step can now also be calculated, by
taking half of the BDF2 and BDF3 coefficients given by equations (31) and (247) (with
a, =0 for BDF2).





