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SLUG FLOW INITIATION IN FLUID FLOW MODELS
[0001]
Background

[0002] Slug flow is a type of multiphase flow that can occur in fluid transport lines. More
particularly, slug flow is an intermittent flow in which regions of separated flow with large
gas pockets alternate with regions of dispersed flow ("slugs") in which small gas bubbles are
dispersed into the liquid. The separated flow may be stratified flow in pipelines that are
oriented horizontally or with relatively small inclination to the horizontal, or annular flow in
other cases. The various types of slug flow may be generally referred to by the conditions that
lead to their creation. For example, operational or "start-up" slugs may occur after flow
through a pipeline is started, e.g., after stopping flow, such that liquid has settled to low points
in the pipe, and then restarting the flow. Similarly, terrain slugs may be caused by the
topography of the pipelines, and hydrodynamic slugs may be caused during "normal"
conditions by the presence of one or more regions where there is too much liquid for

separated flow to be stable and too little liquid for bubbly flow.
Summary

[0003] According to an aspect of the present disclosure, there is provided a method for
modeling slug flow, comprising: receiving a fluid flow model comprising a representation of
one or more conduits and a multiphase fluid flow therein; determining, using a processor, a
slug birth rate in the multiphase fluid flow, wherein the slug birth rate is determined based at
least partially on a difference between a slug front velocity and a slug tail velocity; initiating a
slug in the fluid flow model based at least partially on the slug birth rate; and displaying data

representative of the slug flow in the model.

[0003a] According to another aspect of the present disclosure, there is provided a
computing system, comprising: one or more processors; and a memory system comprising one
or more non-transitory computer-readable media storing instructions that, when executed by

at least one of the one or more processors, cause the computing system to perform operations,

1
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the operations comprising: receiving a fluid flow model comprising a representation of one or
more conduits and a multiphase fluid flow therein; determining a slug birth rate in the
multiphase fluid flow, wherein the slug birth rate is determined based at least partially on a
difference between a slug front velocity and a slug tail velocity; initiating a slug in the fluid
flow model based at least partially on the slug birth rate; and displaying data representative of
the slug flow in the model.

[0003b] According to another aspect of the present disclosure, there is provided a
non-transitory computer-readable medium storing instructions that, when executed by at least
one processor of a computing system, cause the computing system to perform operations, the
operations comprising: receiving a fluid flow model comprising a representation of one or
more conduits and a multiphase fluid flow therein; determining a slug birth rate in the
multiphase fluid flow, wherein the slug birth rate is determined based at least partially on a
difference between a slug front velocity and a slug tail velocity; initiating a slug in the fluid
flow model based at least partially on the slug birth rate; and displaying data representative of
the slug flow in the model.

[0003¢c] Embodiments of the disclosure may provide systems, methods, and computer-
readable media for modeling slug flow, e.g., in a pipeline. The method includes receiving a
fluid flow model comprising a representation of one or more conduits and a multiphase fluid
flow therein, and determining a slug birth rate in the multiphase fluid flow. The slug birth rate
is determined based at least partially on a difference between a slug front velocity and a slug
tail velocity. The method also includes initiating a slug in the fluid flow model based at least
partially on the slug birth rate, and displaying data representative of the slug flow in the

model.

la
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[0004] It will be appreciated that this summary is intended merely to introduce some aspects of
the present methods, systems, and media, which are more fully described and/or claimed below.

Accordingly, this summary is not intended to be limiting.

Brief Description of the Drawings

[0005] The accompanying drawings illustrate embodiments of the present teachings and
together with the description, serve to explain the principles of the present teachings. In
the figures:

[0006] Figure 1 illustrates an example of a system that includes various management
components to manage various aspects of a pipeline environment, according to an embodiment.
[0007] Figure 2 illustrates a flowchart of a method for modeling slug flow in a multiphase
flow, according to an embodiment.

[0008] Figure 3 illustrates another flowchart of a method for modeling slug flow in a
multiphase flow, according to an embodiment.

[0009] Figure 4 illustrates a schematic view of a computing system, according to an

embodiment.

Detailed Deseription

[0010] Reference will now be made in detail to embodiments, examples of which are
illustrated in the accompanying drawings and figures. In the following detailed description,
numerous specific details are set forth in order to provide a thorough understanding of the
invention. However, it will be apparent to one of ordinary skill in the art that the invention may
be practiced without these specific details. In other instances, well-known methods, procedures,
components, circuits, and networks have not been described in detail so as not to unnecessarily
obscure aspects of the embodiments.

[0011] Tt will also be understood that, although the terms first, second, etc., may be used herein
to describe various elements, these elements should not be limited by these terms. These terms
are only used to distinguish one element from another. For example, a first object or step could
be termed a second object or step, and, similarly, a second object or step could be termed a first

object or step, without departing from the scope of the invention. The first object or step, and the
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second object or step, are both, objects or steps, respectively, but they are not to be considered
the same object or step.

[0012] The terminology used in the description of the invention herein is for the purpose of
describing particular embodiments only and is not intended to be limiting of the invention. As
used in the description of the invention and the appended claims, the singular forms “a,” “an”
and “the” are intended to include the plural forms as well, unless the context clearly indicates
otherwisc. It will also be understood that the term *“and/or” as used herein refers to and
cncompasscs any and all possible combinations of onc or more of the associated listed items. 1t
will be further understood that the terms “includes,” “including,” “comprises” and/or
“comprising,” when used in this specification, specify the presence of stated features, integers,
steps, operations, elements, and/or components, but do not preclude the presence or addition of
one or more other features, integers, steps, operations, elements, components, and/or groups
thereof. Further, as used herein, the term “if” may be construed to mean “when” or “upon” or
“in response to determining” or “in response to detecting,” depending on the context.

[0013] Attention is now directed to processing procedures, methods, techniques, and
workflows that are in accordance with some embodiments. Some operations in the processing
procedures, methods, techniques, and workflows disclosed herein may be combined and/or the
order of some operations may be changed.

[0014] Multiphase flow, including slug flow, may be modeled and simulated. Multi-
dimensional simulation presents a challenge, however, as it may require an impractical amount
of computing resources and/or time. Thus, at least for long pipelines, one-dimensional models
may be employed, in which properties of the flow are averaged over the pipe cross-section. The
model then describes how these averaged propertics vary along the pipeline and with time.

[0015] Such models may implement various strategies for modeling slug flow. For example,
m “slug tracking,” the boundaries (front and tail) of the slugs are followed as they propagate
along the pipe. Thus, the slugs and separated zones are represented on a Lagrangian grid, which
is superimposed on the Eulerian grid used to solve the basic equations. In another example,
“slug capturing,” the underlying equations are resolved on a fine Eulerian grid, including the
growth of large waves and the formation of slugs, so that each slug is represented.

[0016] These models may provide satisfactory results in a wide variety of contexts. However,

some such methods of slug flow modeling and simulation may include long computation times,
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accuracy and/or stability issues, and/or tuning to match experimental or otherwise measured
datasets, such as by using an iterative, trial-and-error process.

[0017] Figure 1 illustrates an example of a system 100 that includes various management
components 110 to manage various aspects of a pipeline environment 150 (e.g., an environment
that includes wells, transportation lines, risers, chokes, valves, separators, etc.). For example, the
management components 110 may allow for direct or indirect management of design, operations,
control, optimization, ctc., with respect to the pipeline environment 150. In turn, further
information about the pipeline environment 150 may become available as feedback 160 (e.g.,
optionally as input to one or more of the management components 110).

[0018] In the example of Figure 1, the management components 110 include a pipeline
configuration component 112, an additional information component 114 (e.g., fluid measurement
data), a processing component 116, a simulation component 120, an attribute component 130, an
analysis/visualization component 142 and a workflow component 144. In operation, pipeline
configuration data and other information provided per the components 112 and 114 may be input
to the simulation component 120.

[0019] In an example embodiment, the simulation component 120 may rely on pipeline
components or “entities” 122. The pipeline components 122 may include pipe structures and/or
equipment. In the system 100, the components 122 can include virtual representations of actual
physical components that are reconstructed for purposes of simulation. The components 122
may include components based on data acquired via sensing, observation, etc. (e.g., the pipeline
configuration 112 and other information 114). An entity may be characterized by one or more
propertics (¢.g., a pipeline model may be characterized by changes in pressure, heat transfer, pipe
inclination and geometry, ctc.). Such propertics may represent one or more measurements (€.g.,
acquired data), calculations, etc.

[0020] In an example embodiment, the simulation component 120 may operate in conjunction
with a software framework such as an object-based framework. In such a framework, entities
may include entities based on pre-defined classes to facilitate modeling and simulation. A
commercially available example of an object-based framework is the MICROSOFT® NET®
framework (Redmond, Washington), which provides a set of extensible object classes. In the
NET® framework, an object class encapsulates a module of reusable code and associated data

structures. Object classes can be used to instantiate object instances for use by a program, script,
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etc. For example, borchole classes may define objects for representing boreholes based on well
data.

[0021] In the example of Figure 1, the simulation component 120 may process information to
conform to one or more attributes specified by the attribute component 130, which may include a
library of attributes. Such processing may occur prior to input to the simulation component 120
(c.g., consider the processing component 116). As an example, the simulation component 120
may perform operations on input information based on one or more attributes specified by the
attribute component 130. In an example embodiment, the simulation component 120 may
construct one or more models of the pipeline environment 150, which may be relied on to
simulate behavior of the pipeline environment 150 (e.g., responsive to one or more acts, whether
natural or artificial). In the example of Figure 1, the analysis/visualization component 142 may
allow for interaction with a model or model-based results (e.g., simulation results, etc.). As an
example, output from the simulation component 120 may be input to one or more other
workflows, as indicated by a workflow component 144.

[0022] As an example, the simulation component 120 may include one or more features of a
simulator such as a simulator provided in OLGA" (Schlumberger Limited, Houston Texas.
Further, in an example embodiment, the management components 110 may include features of a
commercially available framework such as OLGA" or the PETREL® seismic to simulation
software framework (Schlumberger Limited, Houston, Texas). The PETREL® framework
provides components that allow for optimization of exploration and development operations.
The PETREL® framework includes seismic to simulation software components that can output
information for use in increasing reservoir performance, for example, by improving assct tcam
productivity. Through usc of such a framework, various profcssionals (c.g., gcophysicists,
geologists, pipeline engineers, and reservoir engineers) can develop collaborative workflows and
integrate operations to streamline processes. Such a framework may be considered an
application and may be considered a data-driven application (e.g., where data is input for
purposes of modeling, simulating, etc.).

[0023] In an example embodiment, various aspects of the management components 110 may
include add-ons or plug-ins that operate according to specifications of a framework environment.
For example, a commercially available framework environment marketed as the OCEAN®

framework environment (Schlumberger Limited, Houston, Texas) allows for integration of add-
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ons (or plug-ins) into OLGA"® or a PETREL® framework workflow. The OCEAN® framework
environment leverages NET® tools (Microsoft Corporation, Redmond, Washington) and offers
stable, user-friendly interfaces for efficient development. In an example embodiment, various
components may be implemented as add-ons (or plug-ins) that conform to and operate according
to specifications of a framework environment (e.g., according to application programming
interface (API) specifications, etc.).

[0024] Figurc 1 also shows an cxample of a framework 170 that includes a model simulation
layer 180 along with a framework services layer 190, a framework core layer 195 and a modules
layer 175. The framework 170 may include the commercially-available OCEAN® framework
where the model simulation layer 180 may be ecither OLGA® or the commercially-available
PETREL® model-centric software package that hosts OCEAN® framework applications. In an
example embodiment, the PETREL® software may be considered a data-driven application. The
PETREL® software can include a framework for model building and visualization.

[0025] As an example, a framework may include features for implementing one or more mesh
generation techniques. For example, a framework may include an input component for receipt of
information from interpretation of pipeline configuration, one or more attributes based at least in
part on pipeline configuration, log data, image data, etc. Such a framework may include a mesh
generation component that processes input information, optionally in conjunction with other
information, to generate a mesh.

[0026] In the example of Figure 1, the model simulation layer 180 may provide domain objects
182, act as a data source 184, provide for rendering 186 and provide for various user interfaces
188. Rendering 186 may provide a graphical environment in which applications can display
their data while the user interfaces 188 may provide a common look and feel for application user
interface components.

[0027] As an example, the domain objects 182 can include entity objects, property objects and
optionally other objects. Entity objects may be used to geometrically represent wells, surfaces,
bodies, reservoirs, etc., while property objects may be used to provide property values as well as
data versions and display parameters. For example, an entity object may represent a well where
a property object provides log information as well as version information and display

information (e.g., to display the well as part of a model).
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[0028] In the example of Figure 1, data may be stored in one or more data sources (or data
stores, generally physical data storage devices), which may be at the same or different physical
sites and accessible via one or more networks. The model simulation layer 180 may be
configured to model projects. As such, a particular project may be stored where stored project
information may include inputs, models, results and cases. Thus, upon completion of a modeling
session, a user may store a project. At a later time, the project can be accessed and restored
using the model simulation layer 180, which can recrcate instances of the relevant domain
objects.

[0029] In the example of Figure 1, the pipeline environment 150 may be outfitted with any of a
varicty of sensors, detectors, actuators, etc. For example, equipment 152 may include
communication circuitry to receive and to transmit information with respect to one or more
networks 155. Such information may include information associated with downhole equipment
154, which may be equipment to acquire information, to assist with resource recovery, etc. Such
equipment may include storage and communication circuitry to store and to communicate data,
instructions, etc. As an example, one or more satellites may be provided for purposes of
communications, data acquisition, etc. For example, Figure 1 shows a satellite in
communication with the network 155 that may be configured for communications, noting that
the satellite may additionally or alternatively include circuitry for imagery (e.g., spatial, spectral,
temporal, radiometric, etc.).

[0030] Figure 1 also shows the geologic environment 150 as optionally including equipment
157 and 158 associated with a well. As an example, the equipment 157 and/or 158 may include
components, a system, systems, ctc. for pipeline condition monitoring, scnsing, valve
modulation, pump control, analysis of pipeline data, assessment of one or more pipelines 156,
etc. The pipelines 156 may include at least a portion of the well, and may form part of, or be
representative of, a network of pipes which may transport a production fluid (e.g., hydrocarbon)
from one location to another.

[0031] As mentioned, the system 100 may be used to perform one or more workflows. A
workflow may be a process that includes a number of worksteps. A workstep may operate on
data, for example, to create new data, to update existing data, etc. As an example, a workstep
may operate on one or more inputs and create one or more results, for example, based on one or

more algorithms. As an example, a system may include a workflow editor for creation, editing,
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executing, etc. of a workflow. In such an example, the workflow editor may provide for
selection of one or more pre-defined worksteps, one or more customized worksteps, etc. As an
example, a workflow may be a workflow implementable in OLGA® or the PETREL® software,
for example, that operates on pipeline configuration, seismic attribute(s), etc. As an example, a
workflow may be a process implementable in the OCEAN® framework. As an example, a
workflow may include one or more worksteps that access a module such as a plug-in (e.g.,
cxternal exccutable code, ctc.).

[0032] Figurc 2 illustratcs a flowchart of a method 200 for modeling a slug flow, c.g., in a
multiphase fluid flow model, according to an embodiment. The method 200 may be employed
as part of a fluid flow or pipeline model. The model may include representations of one or more
fluid conduits (e.g., pipes, wells) and/or other pipeline equipment (compressors, pumps,
separators, slug catchers, etc.). Such models may be representative of real-world, physical
pipelines systems, or may be constructed as part of the planning of such systems.

[0033] Accordingly, in some embodiments, the method 200 may include creating a fluid flow
model, such as by using OLGA® or any other suitable pipeline modeling/simulation system. In
another embodiment, the method 200 may include receiving a completed fluid flow model.
Either case may be considered as part of receiving a fluid flow model, e.g., as at 202. As
indicated, the model may include a representation of one or more conduits, as well as a flow of
multiphase fluid therein. The conduits may be modeled, e.g., according to geometry (e.g.,
diameter, length, etc.), pressure change, elevation gain, heat transfer, and/or the like. For the
remainder of the present description, the model is described in terms of “pipes”; however, it will
be readily apparent that the disclosure is not limited to pipes and may apply to any type of fluid
conduit. In an embodiment, the multiphase fluid flow may be modeled based on the parameters
of the pipes (and/or other equipment), as well as the underlying equations of mass, state, energy,
etc.

[0034] The method 200 may also include determining a slug birth rate in the multiphase fluid
flow, as at 204. The slug birth rate may be determined based on one or more of a variety of
factors, which may be provided as part of a slug birth rate model. The birth rate, generally
referred to as ‘B’ herein, may thus represent the number of new slugs per length of pipe per

second.
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[0035] The slug birth rate may be zero unless conditions exist that allow slugs to form. A first
one of such conditions may be known as a “minimum slip criterion” or “slug growth criterion.”
More particularly, in an embodiment, the minimum slip criterion may be satisfied if, were a slug
to be introduced into the flow, the velocity of the slug front ¥ would exceed the velocity of the
slug tail Vr (i.e., Vg — Vr> 0). The difference between Vr and V' may represent a mean growth
rate of slugs, and may also be representative of a distance from the minimum slip boundary, or
the degree of instability of the local separated flow. Accordingly, the value of the difference
may represent a driving force, and thus an increasing probability, for new slugs to form, as will
be described below. For a slug to be counted (e.g., in the determination of &, below) it may have
a length of at least the pipe diameter D. Thus, the time for a slug to form may scale as D/(Vy—
V1), and the rate at which new slugs form may scale as (Vg — V7)/D.

[0036] To determine slug tail velocity Vr, a correlation for slug tail velocity V7 may be
implemented in terms of mixture velocity u;, gravity g, pipe diameter D, inclination angle above

the horizontal &, and/or other quantities. Accordingly, slug tail velocity V7 may be defined as:

Ve=f(uu g D, 0, ..) (1
[0037] The slug front velocity VF may be given by a mass balance across the slug front:
(Ve —ugs)ats = (Vp —ugp)age (2)

Solving equation (2) for Vr:
Vp = —“gigjjjgj“gs (3)

where afg and ufg represent the cross-sectional holdup and cross-sectional mean velocity of gas
at the front of the slug, respectively, and a’p and uly represent the same quantities at the tail of
the zone of separated flow immediately ahead of the slug. Further, equations (2) and (3) may be
evaluated when slugs are not present. In such case, values for alg and ufs may be provided
(e.g., as hypothetical values), while a%, and u%, may take values corresponding to the separated
flow.

[0038] When the minimum slip criterion (first condition) is satisfied, slugs may grow from the
slug precursors, if such precursors arc available (second condition). The spatial frequency of
slug formation may thus be proportional to the number of large waves (or slug precursors) per

unit pipe length Ny. Howcver, the presence (or proximity) of slugs may decrcase the subscquent

formation of slugs, and thus the birth rate B may take into consideration slugs that have already
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formed. Accordingly, the second condition that may be satisfied in order for slug flow to exist
may be that the density of slugs present in the pipe N (slugs per unit length of pipe) may not
exceed the density of large wave slug precursors (i.c., Nyy— N> 0).

[0039] To determine the number of slug precursors or large waves, a delay constant may be
implemented. As such, the density of large wave slug precursors Ny may be estimated, as Ny =
ur/(Vre2D), where €2 1s the delay constant and u; is the local mean liquid velocity. In another
embodiment, a mechanistic model for slug initiation frequency may be employed. For example,
at the threshold of slug formation, the wave profile may be considered to be similar to the tail
profile of an incipient slug, and the wave speed may approach the slug tail velocity. As such, the
wavelength of the slug may be estimated using a quasi-steady slug tail profile model. The local
slug density N at a particular grid point or control volume may be estimated based on the
distances to the nearest slugs (if any) in each direction along the pipeline. If no slugs exist in
either direction, then the slug density is zero.

[0040] In an embodiment, the wave profile may be obtained by solving a first order, ordinary
differential equation for liquid holdup (<),

dayw _ Z ~
2 "7 4)

[0041] This may represent a reduced form of a steady-state, two- (or more) fluid model, which
may be based at least in part on an assumption that the wave (slug precursor) propagates without
changing shape. As such, the flow may be considered quasi-steady in a frame of reference
moving with the tail speed. In equation (4), & represents the spatial coordinate measured
backwards from the wave crest (tail of the slug precursor). In the two-fluid model, Z represents
the equilibrium terms: friction and the axial component of gravity, which in the case where the

separated flow is stratified are according to equation (5):

L, Jgsind?
{o, = pg lgsmd 5)

[0042] The denominator Y in equation (4) may represent one or more non-equilibrium terms,

such as inertial and hydraulic gradient terms, which, for stratified flow, may be:

(6)

10



CA 02931473 2016-05-24

WO 2015/077783 PCT/US2014/067442

[0043] The terms 7w, 7w, and 7w represent the shear stresses between the gas and liquid,
between the liquid and the pipe wall, and between the gas and the pipe wall, respectively, while
Siw, Srw, and Sgw represent the corresponding perimeter lengths, and the subscript “B” denotes
“wave.” A is the pipe cross-sectional area, fig;and fig; are the superficial velocities of liquid and
gas, respectively, relative to the moving frame of reference, p; and pg are the liquid and gas
densities, respectively, g is the acceleration of gravity and @represents the angle of inclination of
the pipc above the horizontal.

[0044] The mean holdup may be determined by integration over the wave profile:

e g B )
LR {

»

where Ly is the distance between the tail of one slug precursor and the front of the next. Further,
the slug length of the slug precursor may be set to zero, or any other value, for example a length
of a few diameters, in order to determine the frequency of slug precursors. Moreover, an

approximate solution may be introduced for the wave profile in the exponential form, as equation

(8):

3 p

G = B ()= 2 + §<s:ﬂ e (8)
where afy, is a hypothetical equilibrium holdup achieved for a very long wave tail, &
— o, Z — 0, and a}y, is the hold up at the wave crest (slug tail), which may be set equal to the
slug body holdup of the incipient slug. When the void in the slug is neglected, af,, may be set
to unity. As such, the mean holdup value of the liquid corresponding to the approximate profile

may be:

& i o N i 3
Ay ¥ Oy i@ v«@f:,v} §} —e ) &)

T
Ty

i

[0045] In an embodiment, the product KLy may be about three (or another, moderately large
number), so that the stratified zone is long enough for the liquid level to approach the
cquilibrium value and the exponential term in equation (9) may be neglected. In such a case, Ly
may be determined from:

Iox iw (10)
33

Lage ™

g, o LE
) lgnf {."‘{.{'j’?’
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[0046] To estimate the value of £, the spatial derivative of the exponential profile may be given
as:

Ae¥ o o N\ g i -
L{;;A:L =R i\‘f";sx-‘ G \‘;C =g {{‘(W g } an
20 )

so that a value of the exponential coefficient £ may be estimated from

s - - ~

T i Ao | ~1 A

Here, af, may be a reference value of the holdup taken at a point along the profile. In an
embodiment, the value of @k, may be selected such that the half-angle §subtended by the liquid
layer at the pipe center is between the equilibrium value &% and the value of the slug tail 67,

weighted by a fraction c:

oK A (i op 13

GY =0T ey {\{) T } a3
[0047] The fraction ¢x may serve as a tuning variable in the model. The value may be
predetermined or received, e.g., from a user, as part of the method 200. For example, the
fraction may be set as 0.18, but in other embodiments, may be any other suitable number. The
holdup may be given in terms of the half angle 6by azw= (6 — cosd sind)/ x.

[0048] An cstimate for the number of precursor waves per unit length may thus be:

(14)

where ¢y may be a free tuning parameter, which may be set, for example, as 1.
[0049] When the wave propagates without change of form, the liquid flux relative to the

moving frame of reference may be constant along the wave profile, such that:

~
o s
e T H

(15)
where 41, = V), — ;s 1s the liquid velocity (measured backwards) relative to the wave crest
(slug tail) and ti5; =V, — ug, is the corresponding superficial velocity. Continuity of liquid
holdup and flux across the slug tail may give afy, = als and Gg, = (Vy, — uls)al, where alg

and uj ¢ are the holdup and velocity of liquid, respectively, at the tail of the slug precursor (e.g.,

12
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the crest of the wave). In some embodiments, gas entrainment may be ignored, and alg =~ 1,
8° = m, and uls = uy, such that fig; ~ Vi, — u,,, where uy, is a local mixture velocity.

[0050] The mean liquid flux in the wave may be determined as:

NENEOTE (16)

4 = :;w j {p_ss‘--'a}_ w T Hg }g*;; =Py — g (7)
- "’;?’" :.::
yielding:
Moo ™
T (18)

in which ¢ 1s the mean gas velocity

[0051] For a developing flow, the liquid holdup a; and the flux ¢; may be determined
independently. As such, the wave velocity Vi, which may be equal to the gas velocity ug in the
case with no gas entrainment, may differ from the slug tail velocity V. This potential
inconsistency may be resolved in at least two ways. First, in a steady flow, the wave velocity
may be equal to the slug tail velocity, ¥ = V', which may be regarded as an approximation for
unsteady flow. In such case, the wave model may take @, to be the local value of «; (and may
not usc the liquid flux g;). Sccond, a local valuc for the liquid flux g, may be determined, and
cquation (18) may be employed to obtain an adjusted value for the mean holdup corresponding

to the wavy flow:

Ty=1- —“MV'T"L (19)

In this case, the wave model may use a liquid holdup value a;y, corresponding to the local value
of q;(and may not use a;).

[0052] In some embodiments, determining a slug death rate model may not be needed, as a
slug may simply be considered to be dead with its characteristic length Lg approaches zero. In
other embodiments, a slug death rate may be determined. If slugs are present, and the slug tail

velocity Vris greater than the slug front velocity Vr, the slugs may decrease in length. The mean

13
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front and tail velocity of relatively short slugs may be considered generally constant, thus the
model may neglect slugs for which the tail velocity differs from the standard form. Thus, the
rate at which the slugs disappear may be proportional to (V; — V)Y (0). The function ¥(Ls)
represents the probability density function of slugs of length Lg, and yA0) represents the
probability density of slugs of zero (or substantially zero) length. In some embodiments, (0)
may bc proportional to N/ L_5 thus the death ratec may be cstimated by

P=c, NI =1 s b, (20)

7
.3..,3

where ¢p is another dimensionless constant that may be tuned to data. Further, to avoid a

potential singularity when Lg — 0, an upper bound may be imposed for the slug death rate D by
adding a constant to the denominator, such as the pipe diameter, thereby yielding:

D =¢, —=—, R (21)

Lo+1}
[0053] In an embodiment, if both of the first condition (minimum slip criterion) and second
conditions (available precursors) are satisfied, the birth rate B may be determined according to
the following equation:
B=2(Ny = NYV, V) (22)

[0054] In equation (22), D represents the pipe diameter, and cp is a constant of proportionality
that is determined by matching the model with experimental data and/or field data. The birth
rate model gives the birth rate B in terms of at least two factors, which represent the degree of
instability of the local stratified flow, and the spatial density of slug precursors (slugs/meter).
[0055] The method 200 may then proceed to initiating a slug flow in the fluid flow model
based at least partially on the slug birth rate, as at 206. In an embodiment, initiating slug flow
may be conducted according to a population equation, which may employ the birth rate and/or

death rate calculated above. An example of such a population equation may be as follows:

N a
~+ 5:(NU)=B~-D (23)
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where N is the number of slugs per unit pipe length, Uy is the advection velocity, B is the slug
birth rate, and D is the slug death rate. In some embodiments, as mentioned above, a model for
slug death may be omitted; as length approaches zero, the slug may be considered dead.
[0056] In an embodiment, the simulation of the fluid flow model may proceed according to
time steps Atf, where the equations describing the state of the cells or control volumes (ec.g.,
lengths of pipe) of the model are resolved after one, some, or cach time step. Further, the
number of new slugs formed may be generally described in terms of the birth rate B, the control
volume length Az and the time step Az as:

AN =B Az At. (24)
[0057] However, the pipe length Az and/or the time step A¢ may be relatively short, such that
AN is generally less than one and greater than or equal to zero. Accordingly, embodiments of the
present method 200 may employ the AN value as a probability. For example, the method 200
may include generating a random or psuedo-random number X, which may be uniformly
distributed on the interval [0, 1]. When AN > X, a slug may be initiated, and if AN < X, a slug
may not be initiated.
[0058] When one or more slug flows at one or more lengths of pipe, at a time step, are
resolved, the method 200 may include displaying data representative of the slug flow, as at 208.
This may take any onc or more of a varicty of forms and may result in a representation of an
underlying object changing, based on the simulation. For example, one or more slugs may be
graphically represented in a pipe. In another embodiment, a frequency of slug flow, e.g., as a
plot, may be created and/or modified according to the method 200. In another embodiment, a
slug length distribution, e.g., as a plot, may be created and/or modified according to the method
200. In other embodiments, other types of graphical displays based on data from the underlying
actual or hypothetical physical pipeline system may be provided.
[0059] Figure 3 illustrates a flowchart of a method 300 for modeling slug flow in a multiphase
flow, according to an embodiment. In an embodiment, the method 300 illustrated in Figure 3
may be a more detailed view of the method 200 of Figure 2, which may employ one or more of
the calculation techniques described above. In other embodiments, however, the method 300
may proceed using different calculation techniques.
[0060] In an embodiment, the method 300 may begin by receiving a fluid flow model, as at
302, e.g., a model of a system of fluid conduits (e.g., pipes and/or other structures) through
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which flow is transported. The flow may be multiphase, meaning that it contains two or more
phases selected from the group including of a gas, a liquid, and a number of other immiscible
liquids. The method 300 may receive the model as already complete or may include constructing
at least a portion of the model.

[0061] The method 300 may include conducting one or more aspects iteratively, e.g., as part of
a sequence that may be based upon time steps in a simulation using the model. The time steps
may be sct at any time value. Accordingly, the method 300 may generally proceed by making
calculations and updating the model after a certain amount of time passes in the model.

[0062] As part of such an iterative sequence, for example, the method 300 may include
determining a slug front velocity for the multiphase flow in one, some, or each section of the
pipe, for the time step, as at 304. The slug front velocity V' may be determined as generally
described above. Further, the method 300 may include determining a slug tail velocity Vr, as at
306, again as generally described above.

[0063] The method 300 may then determine whether the slug front velocity exceeds the slug
tail velocity, as at 308. For example, the method 300 at 308 may include determining whether
the minimum slip criterion is met. If it is not, the method 300 may move to the next time step (or
to a next length of pipe, etc.). When the determination at 308 is “YES’, the method 300 may
proceed to determining a number of slug precursors Ny, as at 310. In an embodiment, this may
be conducted as described above.

[0064] The method 300 may then determine whether the number (density) of slugs & is less
than the number (density) of slug precursors N, as at 312. If the number of slugs N is greater
than the number of slug precursors Ny (e.g., the determination at 312 is “NO’), the method 300
may determine that the sccond condition is not met, and thus no slugs will be initiated at this
time step, at this pipe length, and may thus move to the next pipe length or time step. On the
other hand, if the number of slugs N is not greater than the number of slug precursors (¢.g., the
determination at 312 is “YES’), the method 300 may continue to determining a slug birth rate, as
at 314. The slug birth rate B model may be determined as described above, for example.

[0065] The method 300 may then probabilistically initiate a slug based at least partially on the
birth rate B, e.g., at least partially on the difference between the slug front velocity and the slug
tail velocity, as at 316. For example, the greater the birth rate and/or the greater the difference

between the front and tail velocities, the higher the likelihood of a slug initiation. However, slug
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initiation, even in high-probability situations, may not be a certainty. Thus, in some cases, such
probabilistic initiation may not actually result in a slug being initiated, but in others, it may.
[0066] Whether a slug flow is initiated or not, the method 300 may, in some embodiments,
determine whether to proceed to another round of analysis, e.g., at another pipe length and/or
another time step, as at 318. If no further analysis is required, the method 300 may terminate
(and control may be passed, e.g., to other methods). If analysis at another pipe length or time
step 1s desired, the method 300 may loop back to 304. 1f a time step is advanced, the fluid flow
model may thus be updated, such that new values for the slug front velocity and slug tail
velocity, among other things, may be calculated for a given length of pipe.

[0067] In some embodiments, the methods of the present disclosure may be executed by a
computing system. Figure 4 illustrates an example of such a computing system 400, in
accordance with some embodiments. The computing system 400 may include a computer or
computer system 401A, which may be an individual computer system 401A or an arrangement
of distributed computer systems. The computer system 401A includes one or more analysis
modules 402 that are configured to perform various tasks according to some embodiments, such
as one or more methods disclosed herein. To perform these various tasks, the analysis module
402 executes independently, or in coordination with, one or more processors 404, which is (or
are) connected to one or more storage media 406. The processor(s) 404 is (or are) also
connected to a network interface 407 to allow the computer system 401A to communicate over a
data network 409 with one or more additional computer systems and/or computing systems, such
as 401B, 401C, and/or 401D (note that computer systems 401B, 401C and/or 401D may or may
not share the same architecture as computer system 401A, and may be located in different
physical locations, c.g., computer systems 401A and 401B may be located in a processing
facility, while in communication with one or more computer systems such as 401C and/or 401D
that are located in one or more data centers, and/or located in varying countries on different
continents).

[0068] A processor may include a microprocessor, microcontroller, processor module or
subsystem, programmable integrated circuit, programmable gate array, or another control or
computing device.

[0069] The storage media 406 may be implemented as one or more computer-readable or

machine-readable storage media. Note that while in the example embodiment of Figure 4
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storage media 406 is depicted as within computer system 401A, in some embodiments, storage
media 406 may be distributed within and/or across multiple internal and/or external enclosures of
computing system 401A and/or additional computing systems. Storage media 406 may include
one or more different forms of memory including semiconductor memory devices such as
dynamic or static random access memories (DRAMs or SRAMs), erasable and programmable
read-only memories (EPROMSs), electrically erasable and programmable read-only memories
(EEPROMSs) and flash memorics, magnetic disks such as fixed, floppy and removable disks,
other magnetic media including tape, optical media such as compact disks (CDs) or digital video
disks (DVDs), BLUERAY"® disks, or other types of optical storage, or other types of storage
devices. Note that the instructions discussed above may be provided on one computer-readable
or machine-readable storage medium, or alternatively, may be provided on multiple computer-
readable or machine-readable storage media distributed in a large system having possibly plural
nodes. Such computer-readable or machine-readable storage medium or media is (are)
considered to be part of an article (or article of manufacture). An article or article of
manufacture may refer to any manufactured single component or multiple components. The
storage medium or media may be located either in the machine running the machine-readable
instructions, or located at a remote site from which machine-readable instructions may be
downloaded over a network for execution.

[0070] In some embodiments, computing system 400 contains one or more slug initiation
module(s) 408. In the example of computing system 400, computer system 401A includes the
slug initiation module 408. In some embodiments, a single slug initiation module may be used to
perform some or all aspects of one or more embodiments of the methods disclosed herein. In
alternate embodiments, a plurality of slug initiation modules may be used to perform some or all
aspects of methods herein.

[0071] Tt should be appreciated that computing system 400 is only one example of a computing
system, and that computing system 400 may have more or fewer components than shown, may
combine additional components not depicted in the example embodiment of Figure 4, and/or
computing system 400 may have a different configuration or arrangement of the components
depicted in Figure 4. The various components shown in Figure 4 may be implemented in
hardware, software, or a combination of both hardware and software, including one or more

signal processing and/or application specific integrated circuits.
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[0072] Further, the steps in the processing methods described herein may be implemented by
running one or more functional modules in information processing apparatus such as general
purpose processors or application specific chips, such as ASICs, FPGAs, PLDs, or other
appropriate devices. These modules, combinations of these modules, and/or their combination
with general hardware are all included within the scope of protection of the invention.

[0073] It is important to recognize that fluid flow interpretations, models, and/or other
interpretation aids may be refined in an iterative fashion; this concept is applicable to the
methods discussed herein. This may include use of feedback loops exccuted on an algorithmic
basis, such as at a computing device (¢.g., computing system 400, Figure 4), and/or through
manual control by a user who may make determinations regarding whether a given step, action,
template, model, or set of curves has become sufficiently accurate for the evaluation of the flow
under consideration.

[0074] The foregoing description, for purpose of explanation, has been described with
reference to specific embodiments. However, the illustrative discussions above are not intended
to be exhaustive or to limit the invention to the precise forms disclosed. Many modifications and
variations are possible in view of the above teachings. Moreover, the order in which the
elements of the methods described herein are illustrated and described may be re-arranged,
and/or two or more elements may occur simultancously. The embodiments were chosen and
described in order to best explain the principals of the invention and its practical applications, to
thereby enable others skilled in the art to best utilize the invention and various embodiments with

various modifications as are suited to the particular use contemplated.
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CLAIMS:
1. A method for modeling slug flow, comprising:

receiving a fluid flow model comprising a representation of one or more conduits

and a multiphase fluid flow therein;

determining, using a processor, a slug birth rate in the multiphase fluid flow, wherein
the slug birth rate is determined based at least partially on a difference between a slug front

velocity and a slug tail velocity;

mitiating a slug in the fluid flow model based at least partially on the slug birth rate;

and
displaying data representative of the slug flow in the model.

2. The method of claim 1, wherein initiating the slug in the model comprises

determining that a minimum slip condition is satisfied by the multiphase fluid flow.

3. The method of claim 2, further comprising calculating the minimum slip condition
based at least partially on a difference between a slug front velocity and a slug tail velocity,
wherein the minimum slip condition is satisfied when the slug front velocity is greater than

the slug tail velocity.
4, The method of claim 1, wherein initiating the slug comprises:

determining a probability of slug formation by determining a number of slugs for
one or more lengths of conduit for one or more time steps based at least in part on the slug

birth rate;
generating a threshold number;
determining that the probability of slug formation exceeds the threshold number; and
in response, initiating the slug in the model at the one or more lengths of conduit.

5. The method of claim 4, wherein the threshold number is a random or pseudo-random

number selected in a predetermined range of numbers.
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6. The method of claim 4, wherein determining the slug birth rate comprises:

determining a first difference between a velocity of a slug front and a velocity of a

slug tail;

determining a second difference between a maximum number density of slug

precursors and a local number density of slugs for the one or more Iengths of conduit; and

determining the slug birth rate based on the first difference, the second difference,

and a diameter of the one or more Iengths of conduit.

7. The method of claim 6, wherein initiating a slug comprises probabilistically
mitiating a slug based on a probability of slug initiation, wherein the probability of slug

initiation increases when the first difference or the second difference increases.

8. The method of claim 1, wherein determining the slug birth rate comprises
determining the slug birth ratc based at least in part on a degrec of instability of local

separated flow and a spatial density of slug precursors.
9. A computing system, comprising:
one or more processors; and

a memory system comprising one or more non-transitory computer-readable media
storing instructions that, when exccuted by at least one of the one or more processors, cause

the computing system to perform operations, the operations comprising:

receiving a fluid flow model comprising a representation of one or more

conduits and a multiphase fluid flow therein;

determining a slug birth rate in the multiphase fluid flow, wherein the slug
birth rate is determined based at least partially on a difference between a slug front

velocity and a slug tail velocity;

mitiating a slug in the fluid flow model based at least partially on the slug
birth ratc; and

displaying data representative of the slug flow in the model.
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10.  The system of claim 9, wherein initiating the slug in the model comprises

determining that a minimum slip condition is satisfied by the multiphase fluid flow.

11.  The system of claim 10, wherein the operations further comprise calculating the
minimum slip condition based at least partially on a difference between a slug front velocity
and a slug tail velocity, wherein the minimum slip condition is satisfied when the slug front

velocity is greater than the slug tail velocity.
12.  The system of claim 9, wherein initiating the slug comprises:

determining a probability of slug formation by determining a number of slugs for
one or more lengths of conduit for one or more time steps based at least in part on the slug

birth rate;
generating a threshold number;
determining that the probability of slug formation exceeds the threshold number; and
in response, initiating the slug in the model at the one or more lengths of conduit.

13.  The system of claim 12, wherein the threshold number is a random or pseudo-

random number selected in a predetermined range of numbers.
14.  The system of claim 12, wherein determining the slug birth rate comprises:

determining a first difference between a velocity of a slug front and a velocity of a

slug tail;

determining a second difference between a maximum number density of slug

precursors and a local number density of slugs for the one or more lengths of conduit; and

determining the slug birth rate based on the first difference, the second difference,

and a diameter of the one or more Iengths of conduit.

15.  The system of claim 14, wherein initiating a slug comprises probabilistically
mitiating a slug based on a probability of slug initiation, wherein the probability of slug

initiation increases when the first difference or the second difference increases.
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16.  The system of claim 9, wherein determining the slug birth rate comprises
determining the slug birth ratc based at least in part on a degrec of instability of local

separated flow and a spatial density of slug precursors.

17. A non-transitory computer-readable medium storing instructions that, when
executed by at least one processor of a computing system, cause the computing system to

perform operations, the operations comprising:

receiving a fluid flow model comprising a representation of one or more conduits

and a multiphase fluid flow therein;

determining a slug birth rate in the multiphase fluid flow, wherein the slug birth rate
is determined based at least partially on a difference between a slug front velocity and a slug

tail velocity;

mitiating a slug in the fluid flow model based at least partially on the slug birth rate;

and
displaying data representative of the slug flow in the model.
18.  The medium of claim 17, wherein initiating the slug comprises:

determining a probability of slug formation by determining a number of slugs for
one or more lengths of conduit for one or more time steps based at least in part on the slug

birth rate;
generating a threshold number;
determining that the probability of slug formation exceeds the threshold number; and
in response, initiating the slug in the model at the one or more lengths of conduit.
19. The medium of claim 17, wherein determining the slug birth rate comprises:

determining a first difference between a velocity of a slug front and a velocity of a

slug tail;

determining a second difference between a maximum number density of slug

precursors and a local number density of slugs for one or more lengths of conduit; and
23

Date Regue/Date Received 2022-02-28



81797193

determining the slug birth rate based on the first difference, the second difference,

and a diameter of the one or more Iengths of conduit.

20.  The medium of claim 19, wherein initiating a slug comprises probabilistically
initiating a slug based on a probability of slug initiation, wherein the probability of slug

initiation increases when the first difference or the second difference increases.

21. The method of any one of claims 1-8, wherein initiating the slug in the model
comprises determining that a minimum slip condition is satisfied by the multiphase fluid

flow.

22.  The method of claim 2 or claim 21, further comprising calculating the minimum slip
condition based at least partially on a difference between a slug front velocity and a slug tail
velocity, wherein the minimum slip condition is satisfied when the slug front velocity is

greater than the slug tail velocity.

23. The method of any one of claims 1 to 8, 21 or 22, wherein initiating the slug

comprises:

determining a probability of slug formation by determining a number of slugs for
one or more lengths of conduit for one or more time steps based at Ieast in part on the slug

birth rate;
generating a threshold number;
determining that the probability of slug formation exceeds the threshold number; and
in response, initiating the slug in the model at the one or more lengths of conduit.

24. The method of claim 4 or claim 23, wherein the threshold number is a random or

pseudo-random number selected in a predetermined range of numbers.

25. The method of any one of claims 4, 5, 23, or 24, wherein determining the slug birth

rate comprises:

dctermining a first difference between a velocity of a slug front and a velocity of a

slug tail;
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determining a second difference between a maximum number density of slug

precursors and a local number density of slugs for the one or more lengths of conduit; and

determining the slug birth rate based on the first difference, the second difference,

and a diameter of the one or more Iengths of conduit.

26.  The method of claim 6 or 25, wherein initiating a slug comprises probabilistically
initiating a slug based on a probability of slug initiation, wherein the probability of slug

initiation increases when the first difference or the second difference increases.

27. The method of any one of claims 1 to 8, or 21 to 26, wherein determining the slug
birth rate comprises determining the slug birth rate based at Ieast in part on a degree of

mstability of local separated flow and a spatial density of slug precursors.

28.  The system of any one of claims 9 to 16, wherein initiating the slug in the model
comprises determining that a minimum slip condition is satisfied by the multiphase fluid

flow.

29.  The system of claim 10 or claim 28, wherecin the operations further comprise
calculating the minimum slip condition based at least partially on a difference between a
slug front velocity and a slug tail velocity, wherein the minimum slip condition is satisfied

when the slug front velocity is greater than the slug tail velocity.

30.  The system of any one of claims 9 to 16, 28 or 29, wherein initiating the slug

comprises:

determining a probability of slug formation by determining a number of slugs for
one or more lengths of conduit for one or more time steps based at Icast in part on the slug

birth rate;
generating a threshold number;
determining that the probability of slug formation exceeds the threshold number; and
in response, initiating the slug in the model at the one or more lengths of conduit.

31.  The system of claim 12 or claim 30, wherein the threshold number is a random or

pseudo-random number selected in a predetermined range of numbers.
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32. The system of any one of claims 12, 13, 30 or 31, wherein determining the slug birth

rate comprises:

determining a first difference between a velocity of a slug front and a velocity of a

slug tail;

determining a second difference between a maximum number density of slug

precursors and a local number density of slugs for the one or more lengths of conduit; and

determining the slug birth rate based on the first difference, the second difference,

and a diameter of the one or more Iengths of conduit.

33.  The system of claim 14 or claim 32, wherein initiating a slug comprises
probabilistically initiating a slug based on a probability of slug initiation, wherein the
probability of slug initiation increases when the first difference or the second difference

mcreases.

34.  The system of any one of claims 9 to 16, or 28 to 33, wherein determining the slug
birth rate comprises determining the slug birth rate based at Ieast in part on a degree of

mstability of local separated flow and a spatial density of slug precursors.
35.  The medium of any one of claims 17 to 20, wherein initiating the slug comprises:

determining a probability of slug formation by determining a number of slugs for
one or more lengths of conduit for one or more time steps based at least in part on the slug

birth rate;
generating a threshold number;
determining that the probability of slug formation exceeds the threshold number; and
in response, initiating the slug in the model at the one or more lengths of conduit.

36.  The medium of any one of claims 17 to 20, wherein determining the slug birth rate

comprises:

determining a first difference between a velocity of a slug front and a velocity of a

slug tail;
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determining a second difference between a maximum number density of slug

precursors and a local number density of slugs for one or more lengths of conduit; and

determining the slug birth rate based on the first difference, the second difference,

and a diameter of the one or more Iengths of conduit.

37. The medium of claim 19 or claim 36, wherein initiating a slug comprises
probabilistically initiating a slug based on a probability of slug initiation, wherein the
probability of slug initiation increases when the first difference or the second difference

increases.
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