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Os hidratos sdo um problema central na garantia de escoamento, pois esses s6lidos
podem se formar e bloquear tubula¢des mais rapidamente do que outros tipos de depdsi-
tos solidos. As simulagdes computacionais combinam conhecimentos em modelagem de
escoamento e caracterizacdo de fluidos para desenvolver estratégias que garantam a taxa
de producdo e a seguranca durante as operacdes. O modelo Drift-Flux, definido como
um sistema de equacgdes algébrico-diferenciais, foi utilizado para realizar simulagdes de
escoamento multifasico em estado estacionario, em concordancia com o conhecido simu-
lador comercial OLGA®. O modelo de van der Waals e Platteuw e a simulacio composi-
cional obtiveram resultados que correspondem aos obtidos pelo software Multiflash™
para curvas de formacgdo de hidratos e caracterizacdo de fluidos. A inclusdo da equacdo
de conservacdo de hidratos e sua fracao nas propriedades de mistura do fluido, utilizando o
modelo Drift-Flux, permitiu observar a formacao de hidratos na regido do riser. Os mode-
los de agregacgdo e dissociagc@o previram comportamentos que estao em concordancia com
a literatura. Os resultados sugerem o potencial de desenvolvimento de uma ferramenta
que efetue simulacdes para fins de garantia de escoamento, compreendendo aspectos ter-
modinamicos e cinéticos da formacgao e dissociagao de hidratos em sistemas dominados

por 6leo sem a presenga de inibidores.
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Gas hydrates are a central issue in flow assurance because these solids can form and
block pipes more quickly than other types of solid deposits. Computational simulations
combine expertise in flow modeling and fluid characterization to develop strategies for
ensuring optimal production rates and monitoring operations. The Drift-Flux Model,
set as a differential-algebraic equations system, was used to perform steady-state multi-
phase flow simulations that were consistent with the well-known commercial simulator,
OLGA®. The van der Waals and Platteuw model, along with compositional simulation
techniques, were used to obtain results for hydrate formation curves and fluid character-

ization that were consistent with those obtained from Multiflash™

software. By incor-
porating the hydrate conservative equation and fraction into the fluid mixture properties
in the Drift-Flux Model, it was possible to observe crystal formation in the riser section.
The aggregation and dissociation models predicted behaviors that were consistent with
the literature. These results suggest the potential to develop a flow assurance simulat-
ing tool that includes the thermodynamic and kinetic aspects of hydrate formation and

dissociation in oil-dominated systems without inhibitors.

vii



Contents

[List of Figures| X
[List of Tables| XV
[List of Symbols| xvii
[List of Abbreviations| Xix
(I__Introduction 1
[L1Generalmotivationsl . . . . . . . ... ... .. ... ... ... 2
(1.2 Objectives and contribution| . . . . . . . . . .. ... . Lo L. 3
(L3 Structureofthetext . . . . . . . ... ... .. ... ... 4

2 Gas hydrates in the O&G industry| 5
[2.1 Gas hydrates characteristics|. . . . . . . .. ... ... ... ....... 7
2.1.1 Hydrate structuref . . . . . . . ... .. ... ... ........ 7

[2.1.2 Guest molecules in natural gas| . . . . ... ... .. ... .... 9

[2.2  Thermodynamics of gas hydrates| . . . . . ... ... ... ... ..... 10
[2.2.1  Hydrates equilibrium curves| . . . . . ... ... ... ... ... 11

2.3 Kinetics of gas hydrates|. . . . . .. ... ... ... ... ... ... 16
[2.3.1 Oil-dommnated systems| . . . . . ... ... ... ... ... ... 17

[2.3.2 Water properties and hydrate formation| . . . . .. ... ... .. 19

233 Nucleation| . ... ... ... ... .. ... . 20

2.3.4 Hydrate growth| . . . . ... ... ... .. o0 oL 21

2.3.5 Hydrateslurryl . . ... ... .. ... .. ... ... 27

2.4 Multi-phase flow mmpipelnes| . . . . . .. .. ... o0 29
[2.4.1  Multi-phase flowmodels| . . . . . .. ... ... .. ... 29

[2.4.2 Hydrodynamic models with hydrates| . . .. ... ... ... .. 34

2.5  Flwid characterization| . . . . . . . . . ... .. Lo L 37
[2.5.1 Three-phase flash calculations| . . . . ... ... ... .. .... 37

viii



3  Methodology|

(3.1 Thermodynamic aspects| . . . . . . . .. .. .. ... ... ..

[3.1.1 Methodology for calculating hydrate stability curve|. . . . . . . .

[3.1.2 Methodology for calculating fluid properties| . . .. ... .. ..

[3.1.3  Case studies for hydrate stability curvel . . . . . ... ... ...

[3.1.4  Case study for fluid properties| . . . . . .. ... ... ... ...

3.2 Kineticaspects| . . . . . . . ...
[3.2.1  Modifications to include hydrates in the DEM| . . . . . . . . . ..
[3.2.2  DAE systemused in DASSLC| . . . . ... ... ... ......
[3.2.3  Modification 1n gas consumption equation|. . . . . . . . . . . . .

[3.2.4  Hydrates properties| . . . . . ... ... . ... ..........

[3.2.5 Agglomerationmodel] . . . ... .. ... ..o

[3.2.6  Flowregimes| . . . . . ... ... ... ... ... ... .. ...

[3.2.7  Case studies for kinetics of hydrate formation| . . . . . . . . . ..

I Resul IdG onl
M1 CaseStudy 1| . . . .. . L
M2 CaseStudy 2l . . . .. . .
M3 CaseStudy 3| . . . . . . ..
M4 CaseStudy 4l . . . .. . L
4.5 CaseStudy S| . . . ... L

5 Conclusionl

A" vdW-P model parameters|

B~ Complementary equations |

(C Modified fluid complementary datal

[References|

X

43
43
43
46
47
49
51
51
53
55
56
57
58
59

62
62
63
69
75
79

83

84

85
85
86

87

89



List of Figures

IR

Schematic representation of the steps involved 1n predicting hydrate for-

mation and dissociation 1n pipelines. The highlighted box emphasizes the

contribution of this work to the continued research aimed at improving

the understanding of multi-phase flow in production pipelines.| . . . . . .

21

Flow assurance techniques commonly employed 1n strategies for gas

hydrate control. The gray boxes separate the techniques according to

their application 1n hydrate prevention, management, and remediation.

Adapted from KINNARI ez al[(2014).) . . . . . . . .. ... .. ..

)

Phase diagrams of two-component systems, showing (a) methane—water

or nitrogen—water system, a phase diagram with one quadruple point (Q)

and (b) hydrocarbon—water system, which presents an upper quadruple

point (Q,). The diagrams illustrate the following phases: 1ce (I), liquid

(Lw for water and Lyc for hydrocarbon), vapor (V), and hydrate (H), as

well as their equilibria. The 1ntersection points between the lines repre-

sent quadruple points (Q; and Q,) where four phases coexist. Adapted

from SLOAN e KOH (2008)).| . . . . . .. ... ... ... ... ...

11

D3

Operational conditions of subsea pipelines and hydrate stability regions.

The solid gray line represents pipeline operational conditions from a

deepwater wellhead to the processing facility. The shaded envelope 1n-

dicates the hydrate stability curve. Each shaded curve represents the

equilibrium conditions containing different amounts of thermodynamic

hydrate inhibitors. Adapted from SLOAN e KOH|(2008). | . .. ... ..

!

Schematic representation of hydrate formation in oil-dominated sys-

tems, mcluding water droplet dispersion 1n the continuous o1l phase, hy-

drate shell formation, followed by extensive agglomeration and plugging.

Adapted from [ZERPA et al.|(2012).] . . . . . . . ... ...

n3

Schematic representation of an o1l-dominated system commonly found in

young wells, showing the movement of saturated fluid from the reservoir

to the processing facility. The diagram highlights the riser region, where

multi-phase flow occurs and hydrate formation can be observed.| . . . . .




P.6

A comparison of hydrate formation and crystallization phenomena. (a)

The crystallization process of a solution with a general concentration

(Csonuion) 18 shown by the dashed horizontal line. The solid black line rep-

resents the saturation curve, which separates the dissolved solute (right

side) from the metastable region (left side). (b) The hydrate formation

process, the solid black line represents the hydrate stability curve, and

the zone within the hydrate domain 1s thermodynamically favorable for

hydrate formation. Adapted from SLOAN e KOH|(2008).[. . . . . . . ..

19

n7

Mechanisms 1nvolved 1n hydrate growth according to the Shrinking Core

Model. The arrows indicate where each mechanism exerts a significant

influence on the hydrate growth process. Adapted from [ZERPA et al.|

012)). . . o

23

Schematic representation of the sponge-like structure of hydrate particles,

as proposed by BASSANT ez al.| (2019). The classification of particles as

"wet" and "dry" depends on whether water fills the capillaries.| . . . . . .

29

[llustration of the accumulation process in the sponge-like structure

model. The figure shows the formation of a water bridge between par-

[2.10 Conceptual illustration comparing the predicted particle diameter (d,,) and

agglomerate diameter (d4 ) using the agglomeration model for a methane

hydrate system.| . . . . . . .. ... ... ...

PRl

Representation of a unit cell and the mechanistic depiction of slug flows

as applied 1n the Slug Flow Model.| . . . . . .. ... ... ... ... ..

B

Bi-phase flash flowsheet for a known temperature, pressure, and overall

composition. The dashed arrow indicates the interactive internal algo-

rithm to solve Rachford-Ricefor .| . . . .. ... ... ... ......

Flowsheet to obtain agglomeration diameter and effective hydrate vol-

ume fraction from agglomeration model proposed by [CAMARGO e

[ PALERMO[(2002)] . . « v v vt e e

Study Case 1 Result: A comparison of hydrate formation curves obtained

from previous studies and the present work, using an algorithm 1mple-

® N * Taren .-. R .

of CO, and was suitable for sll structure. The solid black line represents

the prediction from MultiﬂashTM, the black asterisks denote the results

of GUEDES] (2023)), and the black circles show the results obtained from

this work. The dash-dotted line represents the bubble point curve pre-

dicted by Multiflash'™, corresponding to the transition between the liquid

and biphasicregions.| . . . . . ... ... oL o

xi



@2

Case Study 2 Result: Sour natural gas containing 1.74% of CO, and

0.84% of N,. The black and red solid lines respectively represent the hy-

drate stability curves predicted by the C-G model (MEKALA e SANG-

WAL 2014} and the vdW-P model (this work). The circles indicate the

experimental data reported in MEKALA e SANGWAI (2014).] . . . . ..

A3

Case Study 2 Result: Sour natural gas containing 0.51% of CO, and

0.43% of N,. The black and red solid lines respectively represent the hy-

drate stability curves predicted by the C-G model (MEKALA e SANG-

WAL 2014} and the vdW-P model (this work). The circles indicate the

experimental data reported in MEKALA e SANGWAI (2014).| . . . . ..

a4

Case Study 2 Result: Sour natural gas containing 31.4% of CO,. The

black and red solid lines respectively represent the hydrate stability curves

predicted by the C-G model (MEKALA e SANGWAL 2014) and the

vdW-P model (this work). The circles indicate the experimental data re-

ported inMEKALA ¢ SANGWAT(2014)] . . . . o oot

@3

Case Study 2 Result: Sour natural gas containing 3.19% of CO, and

9.59% of N,. The black and red solid lines respectively represent the hy-

drate stability curves predicted by the C-G model (MEKALA e SANG-

WAL, 2014) and the vdW-P model (this work). The circles indicate the

experimental data reported in MEKALA e SANGWAI (2014).| . . . . ..

76

Case Study 2 Result: Sour natural gas containing 12.6% of CO, and 5.4%

of H>S. The black and red solid lines respectively represent the hydrate

stability curves predicted by the C-G model (MEKALA e SANGWALI,

[2014) and the vdW-P model (this work). The circles indicate the experi-

mental data reported in MEKALA e SANGWAI (2014), . . ... .. ..

a7

Case Study 2 Result: Sour natural gas containing 12% of CO, and 8% of

H,S. The black and red solid lines respectively represent the hydrate sta-

bility curves predicted by the C-G model (MEKALA e SANGWAL 2014)

and the vdW-P model (this work). The circles indicate the experimental

data reported inMEKALA e SANGWAT(20T4)] . . . ... .......

73

Comparison of the vapor void fraction profile along the pipeline for the

steady-state flow simulation based on Caratinga field well geometry and

fluid properties. The solid black line represents the gas phase fraction

obtained from OLGA® using fluid properties data from Multiflash'™. The

solid red line shows the result obtained from this work implementing the

proposed methodology in MATLAB®| . . . . . ... . ... ... ....

Xii



4.9  Comparison of vapor phase (a) viscosity profile, (b) density profile, (c)

velocity profile, and (d) enthalpy profile along the pipeline for the steady-

state flow simulation based on Caratinga field well geometry and fluid

OLGA® using fluid properties data from Multiflash' ™. The solid red line

shows the results obtained from this work implementing the proposed

methodology in MATLAB® |. . . . . . . .. . ... ... ... ...... 71
.10 Comparison of o1l phase (a) fraction, (b) viscosity profile, (c) density pro-

|
|
|
properties. The solid black line represents the results obtained from |
|
|

file, and (d) enthalpy profile along the pipeline for the steady-state flow

stmulation based on Caratinga field well geometry and fluid properties.

fluid properties data from Multiflash' ™. The solid red line shows the re-

|
|
|
The solid black line represents the results obtained from OLGA® using |
|
|

sults obtained from this work implementing the proposed methodology in
MATLAB®] . . . . 73

.11 Comparison of aqueous phase ((a) fraction, (b) viscosity profile, (¢) den-

sity profile, and (d) enthalpy profile along the pipeline for the steady-state

|
|
flow simulation based on Caratinga field well geometry and fluid prop- |
erties. The solid black line represents the results obtained from OLGA® |
|
|

using fluid properties data from Multiflash'™ . The solid red line shows

the results obtained from this work implementing the proposed method-
ology in MATLAB®|. . . . . . . . . . ... 74

.12 Comparison between the steady-state operational conditions of Caratinga |

the modified fluid. The asterisk indicates the operational conditions re-
ported 1n [ZERPA' (2013) for the original Caratinga fluid using the soft-

conditions of the modified fluid obtained, respectively, from OLGA® and
MATLAB®. The black and red dashed lines represent the hydrate stability
obtained, respectively, from Multiflash' ™ and MATLAB®|. . . . . . . .. 75

.13 Temperature profile along the pipeline obtained for steady-state simula-

|
|
|
ware OLGA®. The black and red solid lines represent the operational |
|
|

tion. The asterisk indicates the temperature along the pipeline reported 1n
ZERPA|(2013) for the original Caratinga fluid using the software OLGA®.

|
|
|
The red solid and dashed lines represent, respectively, the fluid tempera- |
|
|
|

ture profile and the equilibrium temperature for hydrate formation, both
obtained from this work using MATLAB®. The blue solid curve high-

lights the section where the nucleation exceeds 3.5K and where positive

subcooling 1sobserved.| . . . . . . ... ... o o oL 77

Xiii



L]

Operational conditions and the hydrate stability curve were obtained

from this work, implemented in MATLAB®, for the modified fluid and

Caratinga field geometry. The red solid and dashed lines represent the

pressure vs. temperature profile along the pipeline and the hydrate forma-

tion curve, respectively. The dash-dotted line indicates the bubble point

curve for the modified fluid obtained from Multiflash'™. The blue line

highlights the pipeline section where the kinetics of hydrate formation

satisfy the activation criteria.| . . . . . . . . .. ... ... ... ... ..

78

a1

Comparison between temperature profiles in steady-state simulations with

and without hydrate formation 1n the riser section, obtained from this

work using the methodology implemented in MATLAB®. The black and

red solid lines represent the temperature profiles along the riser, respec-

tively, without and with hydrate formation. The red dashed line shows the

hydrate formation equilibrium temperature and the blue dashed line refers

to the hydrate volumetric fraction.| . . . . . ... ... ... ... ....

@16

Comparison between the hydrate volumetric fraction derived from the

mass conservation equations (black solid line) and the effective hydrate

volume fraction obtained from the agglomerate model (red dashed line)

A17

Effects of hydrate volumetric fraction in relative viscosity observed in

the riser section. The solid black line show the relative viscosity and the

dashed red line refer to the effective hydrate volumetric fraction.| . . . . .

X1V

81



List of Tables

2.1 Typical gas hydrate structures in the O&G industry (sl and sll) and their

characteristics, including the Jeffrey (1984) nomenclature, number of

cages per structure, average cage radius, number of water molecules per

cavity, cage types (small and large), and volume of unit cell. Adapted

1rom X IS

(2.2 Ratio of molecular diameter to cavity diameter and frequency of princi-

pal natural gas components according to the cavities they fill in hydrate

structures sl and sll. Adapted from CARROL (2009).f . . . . . . ... ..

10

(3.1 Composition of light o1l fluid and pure component properties data ob-

tained from Multiflash'™. Reproduced from GUEDES|(2023)| . . . . . .

46

[3.2  Molar composition of sour natural gas used in Case Study 2, contain-

ing varying amounts of CO,, H,S, and H,. Adapted from MEKALA e

[ SANGWAI(2014)] . . . . . o o

[3.3  Saturates, aromatics, asphaltenes, and resins fractions from the SARA

analysis and density of Caratinga crude oil. Adapted from SJOBLOM

etal. (2010).. . . . . . ..

[3.4  Pure component properties and composition of the pseudo-fluid based on

crude o1l from Caratinga field without resins. Data obtained from Multi-

flash ™| . .

50

(3.5 Intrinsic formation and dissociation Kinetic constants for the first-order |

rate kinetic model used in Eq. (3.19). Adapted from (RAO[2013)] . . . . 56
[3.6 Caratinga well geometry data ZERPA/(2013)] . . . ... ... ... ... 60
(3.7 Pipeline material properties| . . . . . . . ... ... oL 60
[3.8 Caratinga case study description.| . . . . . . .. ... ... ... ... .. 60
4.1 Summary of relative error for the hydrate equilibrium curve in Case Study |
2, comparing the result from this work, C-G model, and the experimental |
data reported in MEKALA e SANGWAI (2014). . . ... ... ... .. 64
IA.1 Ay and By; parameters from MUNCK et al.| (1988) for Eq. (2.5).) . . . . . 84

XV



[A.2 Reference values of a physical constant from MUNCK ef al.| (1988) to |

BQ O] - o o oo e e 84

IC.1 Binary interaction parameters obtained from Multiflash'™ library| . . . . 88

XVvi



List of Symbols

Api, By Langmuir parameters (K/Pa, K), p. [T5]
Cyi Langmuir coefficient (1/Pa), p. [15]
Fouw Frictional loss of pressure (kg/m?/s?), p. [31]
Nava Avogradro’s number (molecules/mol), p. [56]
Ofn Heat exchange rate between the fluid and the neighborhood
(W/m?3), p.
R Universal gas constant (J/mol/K) , p. [14]
T Temperature (K), p. [I4]
Yii Fractional occupancies (dimensionless), p. [14]
AT, Subcooling (K), p.
Ahjyq Enthalpy change of hydrate formation (J/kg of gas), p.
I, Vapor mass transfer rate (kg/m%s), p. [31]
Olpyd Hydrate volumetric fraction (dimensionless), p. @
By Vaporized mass fraction (dimensionless), p.
ﬁff ! Slip velocity of vapor phase (m/s), p.
u Viscosity (Pa.s), p.
p Density (kg/m3), p.
o Oil-water interfacial tension (N/m), p.
0 Angle (°), p.
ny Hydration number (kg of gas/kg of water), p. [26]
u Chemical potential (J/mol), p.

Xvii



Vi Cavity per water molecules ratio (dimensionless), p. [I4]

T Shear rate (1/s), p. [2§|

Ag Particle surface area (m?m3), p. [21]

D, Pipe inner diameter (m), p.

Fa Cohesion force (mN/m), p. [2§]
P Pressure (Pa), p. [I5]

Uneat Overall heat transfer coefficient (W/m?/K), p. 33|
U Velocity (m/s), p.
Vv Molar volume (m3/mol), p.
wcC Water cut (%), p. [26]

cp Heat capacity (J/mol/K), p. [I3]

da Particle agglomerate diameter (m), p.

d, Particle diameter (m), p.
e Roughness (m), p. [59
f Fugacity (Pa), p. [14]
h Enthalpy (J/mol), p. [15]

xviii



List of Abbreviations

C-G

CAPEX

CPA

CSM

DAE

DEH

DFM

EoS

FA

HEN

HON

HSM

K-S

LDHI

OPEX

PR

PVT

SAFT

SRK

TFM

Chen-Guo, p.[12]

Capital expenditure, p. []]

Cubic-Plus Association, p. [I4]
Colorado School of Mines, p. @]
Differential-algebraic equation, p.
Direct electrical heating, p. 3]
Drift-Flux Model, p. [31]

Equation of state, p. [I4]

Flow assurance, p. [3]

Heterogeneous Nucleation, p.
Homogeneous Nucleation, p. [20]
Hydrodynamic Slug Flow Model, p. [33|
Klauda-Slander, p. [12]

Low-dosage hydrate inhibitors, p. [0]
Operating expenditure, p. [5]
Peng-Robinson, p. [[4]

Pressure, volume, and temperature, p. @
Statistical Associating Fluid Theory, p. [I4]
Soave-Redlich-Kwong, p.

Two-Fluid Model, p. [29]

Xix



THI Thermodynamic hydrate inhibitors, p. [0
wC Water cut, p.

vdW-P van der Waals and Platteeuw, p. @

XX



Chapter 1
Introduction

Gas hydrates are the central issue in flow assurance because these solid formations and
blockages occur faster than other solid deposits. Hydrate formation can occur in pro-
duction lines, wells, and other equipment; however, this work studied their appearance
in offshore production pipelines. The industry manages hydrate formation by avoiding
thermodynamic conditions that are favorable for their crystallization.

To achieve this, the combination of several techniques significantly impacts the
CAPEX. Furthermore, hydrate remediation is even more expensive due to the produc-
tion stop time and the equipment required to unblock the lines.

Consequently, petroleum industry efforts have intensified to describe hydrates’ for-
mation and dissociation for flow assurance purposes. The petroleum industry generally
uses the term “gas hydrate” to refer to a crystalline solid — that resembles ice — compound
of natural gas and water at high pressures and temperatures greater than 0°C (CARROL,
2009).

The literature on hydrates formation equilibrium (i.e., pressure, temperature, and com-
position) with and without inhibitors is well-established, while the kinetics remains chal-
lenging.

Offshore pipelines are designed to operate outside the hydrate formation zone, mainly
using insulation and injection of thermodynamic hydrate inhibitors (KOH er al., 2011a,
SLOAN e KOH, [2008). However, avoidance management can be uneconomical and tech-
nically unfeasible in subsea conditions due to the long tie-back (KOH et al., 2011a).

As an alternative, risk management strategies look to control the time-dependent prop-
erties of gas hydrates. That means using kinetics aspects to allow the particle to form, but
preventing the hydrate blockage in the pipeline (KOH ez al.,|2011b). Three effects may in-
fluence the kinetics of hydrate formation: intrinsic kinetic, mass transfer, and heat transfer
phenomena.

The prediction of hydrates formation in the pipeline require some expertise, such as:
(1) fluid characterization, (2) design of hydrate stability curves, (3) knowledge of flow

conditions (i.e., pressure, temperature, and velocity), and (4) a suitable model that de-



scribes the hydrate formation and dissociation mechanism.

The hydrate formation in pipelines is a time-dependent phenomenon and is more sig-
nificant in start-up and shutdown processes (KOH ef al., 2011a). Closed-source software
programs perform steady-state and dynamic flow simulations, which are essential for de-
signing and monitoring production processes. These tools usually are combined with
others, to obtain the fluid properties and hydrate stability curves.

The literature presents hydrate formation models developed for oil-dominated systems
(BASSANI, 2017, BASSANI et al., 2019, FERREIRA, 2018}, SHI ez al.| 2011, TURNER
et al., 2005, ZERPA| 2013). However, due to the challenge of modeling several coexisting
phenomena, the previous works neglected the combination of mechanisms that describe
gas hydrate kinetics.

Model validation typically involves experimental data from flow loop facilities, due
to the lack of blockage data from production pipelines. In addition, the description of
fluid properties is inadequate to reproduce real scenarios. Finally, most kinetics models
are limited to a single methane hydrate, which has a structure and properties inconsistent
with natural gas hydrates — which contain a mixture of gases.

TEIXEIRA|(2016) suggests that the Drift-Flux Model — using a differential-algebraic
system — has potential to outperform the well-known Two-Fluid Model for simulating
multi-phase flow in pipelines. This suggestion is supported by the successful application
of Drift-Flux Model in an iterative algorithm to fit operational conditions to measure data
from offshore fields in real-time applications (GOES et al., 2023).

Furthermore, the Drift-Flux Model was used in a steady-state hydrate avoidance strat-
egy, combining three-phase flash calculations and hydrate stability analyses (GUEDES|
2023)). Finally, Drift-Flux Model can also predict the liquid-gas slip velocity independent
of the flow pattern correlations. (GUEDES| 2023, GOES et al.,2023)).

This work aimed to incorporate the hydrate phase and its properties into the steady-
state Drift-Flux Model to predict multi-phase flow in offshore pipelines susceptible to
natural gas hydrate formation in oil-dominated systems. To achieve this, the model in-
tegrated the thermodynamic and kinetic aspects of hydrate formation and dissociation
within pipelines in the absence of inhibitors.

The objectives of this work were twofold: (1) to quantify the impact of crystalliza-
tion on flow properties, and (2) to investigate whether this approach could reproduce the

behavior observed in both academic literature and well-established software programs.

1.1 General motivations

The Campos and Santos Basins comprise 95% of the Brazilian proved reservoirs (ANP,
2021). The pre-salt reservoirs in these basins have a high concentration of CO,, which

can create favorable conditions for hydrate formation. Additionally, the Santos Basin has



a higher fraction of CO, compared to the Campos Basin. In the Santos Basin, the levels
can reach up to 80% while the Campos Basin has a lower CO; content of around 5%.

Hydrate formation poses significant issues such as production loss and expensive re-
mediation strategies. To mitigate these problems, the O&G industry implements avoid-
ance strategies, particularly through the use of thermodynamic hydrate inhibitors. How-
ever, the industry aims to reduce both the volume and cost of inhibitor injection to ensure
safe exploration operations within the hydrate formation domain.

In this context, kinetic models play a fundamental role in risk management and re-
mediation strategies. Despite this, the kinetics of hydrates in relation to thermodynamics
appears to be ill-defined (CARDOSO et al., 2015, SLOAN e KOH, 2008, ZHANG et al.,
2022).

1.2 Objectives and contribution

Figure [I.1] summarizes the aspects and steps required to predict hydrate formation in
pipelines. First, a multi-phase flow model describes the interaction between phases in
equilibrium and provides information about pressure, temperature, and mass flow rates.
Then, thermodynamic and kinetic aspects are incorporated to support prevention, control,

and remediation strategies against hydrate blockages.

Multi-phase flow model
Determine pipeline pressure,
temperature, and mass flow

rates.
Thermodynamic aspects ) Kinetic aspects
Support control and remediation Support prevention and control
strategies. ) strategies. )

e N
Formation and dissociation
Update phase masses.

Fluid characterization
Calculate the thermodynamic
\properties of the fluid.

J N J
e ili ™ 4 . .

Hydrate stability curve Dispersion effects
Determine pressure and *» Measure agglomerate diameter
temperature conditions favorable and effective viscosity.

\_for hydrate formation. ) N\ Y

Contribution

Figure 1.1: Schematic representation of the steps involved in predicting hydrate formation
and dissociation in pipelines. The highlighted box emphasizes the contribution of this
work to the continued research aimed at improving the understanding of multi-phase flow
in production pipelines.



Thermodynamic aspects determine the fluid PVT properties and estimate the hydrate
stability curve. Kinetic aspects describe the rate at which the formation and dissociation
phenomena occur, while the effects of dispersion on fluid properties are predicted by a
rheology model. The kinetic model varies depending on the type of emulsion in which
the hydrate particle growth occurs, typically classified as oil-, water-, or gas-dominated
systems.

This work continues the research aimed at developing a flow assurance simulation tool
that can describe the multi-phase flow in production pipelines (GUEDES, 2023, GUEDES
et al., 2020, GOES et al., 2023, TEIXEIRA, 2016, TEIXEIRA et al., [2015). The previ-
ous works determined a simple, but accurate, model to simulate the multi-phase flow in
pipelines in agreement with the well-known software OLGA®.

The hydrodynamic model includes a thermodynamic model which characterizes a
Newtonian and compressible fluid. In addition, the hydrate stability curve is evaluated
simultaneously with the flow conditions to verify whether the pipe section is within the
hydrate formation domain.

This work proposes combining kinetic and thermodynamic aspects of hydrates into
a steady-state multi-phase flow simulator. To achieve this, a kinetics model and hydrate
conservative equations were included into the Drift-Flux Model.

The modified model was able to identify the sections of the pipeline prone to block-
ages and quantify the amount of crystals formed. Finally, to ensure the accuracy of the
results, several case studies were conducted to analyze the agreement of the results with

the literature and commercial software programs.

1.3 Structure of the text

A review of the stages required to model gas hydrates in pipelines is presented in Chapter
2. Chapter 3 describes the methods, equations, and algorithms used to model hydrate
formation and dissociation into the Drift-Flux Model. This chapter also presents planned
case studies to investigate the limitations of this work and to suggest improvements. The

results are discussed in Chapter 4, and the conclusions are presented in Chapter 5.



Chapter 2

Gas hydrates in the O&G industry

The Second World War impacted the fluid transport logistics and the demand for natu-
ral gas, leading to a shift in exploration towards offshore fields (SLOAN e KOH, 2008).
Simultaneously, the flow dynamics for production and transport of fluids became increas-
ingly complex, providing opportunities for flow assurance (FA) science to find room for
improvement (BOMBA et al.,|[2018).

Flow assurance is an engineering discipline focused on ensuring the safe and unin-
terrupted production of fluids from the reservoir to the point of delivery. The optimal
structure and production conditions for each system are based on designing, controlling,
and monitoring the flow processes (BOMBA et al.,[2018)), taking into account the follow-

ing areas:

(a) Operational, focusing on steady-state and dynamic multi-phase flow simulations,
(b) Integrity, addressing issues such as erosion, fatigue, and corrosion,

(c) Blockage or increased frictional losses due to emulsions and solids deposition (i.e.,
wax precipitation, asphaltene deposition, scaling, sand deposition, and hydrate for-

mation), and

(d) Design and operation procedures.

Regarding solid deposits, controlling gas hydrates constitutes a significant part of the
CAPEX and OPEX for a subsea exploration project (CARDOSO et al., 2015, ZHANG
et al., 2022)). Predicting and controlling gas hydrates formation in a flowline is essential
for field design and production.

Five strategies are usually applied for gas hydrates control: (1) process solutions, (2)
hydraulic methods, (3) thermal methods, (4) chemical methods, and (5) no hydrate control
measures. Figure 2.T|presents a list of FA techniques commonly used in each strategy for
gas hydrate control (KINNARI ef al.| 2014)).

The insulation design and injecting thermodynamic hydrate inhibitors (THI) are the

typical techniques to ensure operation outside the hydrate stability domain. However, the
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Figure 2.1: Flow assurance techniques commonly employed in strategies for gas hydrate
control. The gray boxes separate the techniques according to their application in hydrate
prevention, management, and remediation. Adapted from KINNARI ez al.| (2014).

THI injection may be technically unfeasible in offshore pipelines (KOH et al., 2011a,
/HANG et al.,2022). Thus, the insulation requires another complementary method.

Instead of avoiding hydrate formation, the new FA approach focuses on risk manage-
ment strategies that allow safe operation within the hydrate stability domain by preventing
blockages using time-dependent properties (CARDOSO et al.| 2015).

To achieve this, risk management strategies aim to use low-dosage hydrate inhibitors
(LDHIs) that require a lower volume of inhibitor injection to prevent hydrate blockages
compared to THI (KOH et al., 2011a, ZHANG et al.,[2022).

There are two categories of LDHIs: kinetic hydrate inhibitors and anti-agglomerate.
The first prevents the nucleation stage, while the second functions similarly to a surfactant,
leading to a suspension of water drops.

In the present work, the focus was on implementing the following stages required to
simulate hydrate formation in production pipelines: (1) obtaining fluid composition and
characterization, (2) describing the flow conditions within the pipeline (i.e., pressure, tem-
perature, and velocity), (3) designing hydrate equilibrium diagrams, and (4) conducting
crystallization analysis. For this reason, the application of control methods is beyond the
scope of this work but can be included in future studies.

In relation to the first and second stages, commercial software programs, such as
Multiflash™ and PVTsim®, typically organize fluid properties in tables for a range of
pressures and temperatures. This information is then fed into another software, such as

OLGA®, which simulates multi-phase flow within the pipeline, either dynamically or in a



steady state.

Conversely, the literature presents studies employing simplified hydraulic and thermal
equations, with fluid properties determined under assumptions of incompressible fluid or
ideal gas behavior.

Details about the stages to simulate hydrate formation in production pipelines are

presented in this chapter, which is structured with the following sections:

* Section 2.1 presents the main information about gas hydrate structure and the com-

ponent found in the O&G industry.

* Section 2.2 reviews the theory used to obtain the hydrate stability curve, which is
used to predict temperature and pressure favorable for hydrate formation according

to the components, fluid composition, and type of hydrate structure.

* Section 2.3 reviews the kinetic models available in the literature to measure gas

hydrates formation.

* Section 2.4 presents the hydrodynamic models found in the literature to simulate
multi-phase flow in pipes and their application in predicting hydrate formation and

dissociation.

* Section 2.5 presents the literature performing three-phase flash calculations to ob-
tain the fluid composition and support the analysis of the hydrate stability curve.

2.1 Gas hydrates characteristics

Understanding guest and host molecules is essential for analyzing hydrate formation and
dissociation. Such data is necessary to predict the type of crystal structure, which affect
the shape of the hydrate stability curve.

This section presents the theory of hydrate structures and their main components in
the petroleum and natural gas industry. This information leads to properties that impact

flow simulations, which are among the objectives of this work.

2.1.1 Hydrate structure

Clathrates are substances formed by two components: host molecules and guest
molecules. Host molecules form stabilized structures by enclosing a guest molecule
within them (CARROL, 2009).

In gas hydrates structures, the host molecules refer to water molecules, while the
compounds stabilizing the crystal are called “guest molecules” or “formers” (CARROL,
2009). This crystal formation occurs due to the unusual behavior of water molecules at

low temperatures.



The hydrogen bonds between water molecules enable the formation of non-linear
structures, known as cages or cavities. These cavities are larger compared to those found
in ice structures. Consequently, the hydrate lattice remains intact, not collapsing due to
repulsive forces, even after the occupation by guest molecules (SLOAN e KOH, 2008)).

The composition of hydrates is non-stoichiometric; the degree of saturation is deter-
mined by pressure and temperature (CARROLL 2009, KOH ez al.,2011a, SLOAN e KOH,
2008). As a consequence, gas hydrates can form even without guest molecules occupying
all the cavities in the hydrate lattice. However, if there are not enough filled cages, the
lattice collapses and does not form crystals (CARROL, 2009, KOH et al., 201 1a).

Three well-known hydrate structures exist: sl or Type I, sII or Type II, and sH or
Type H (CARROL! 2009, [KOH et al., 2011a, SLOAN e KOH, 2008). Each structure has
different cages and formers involved, and the arrangement of the crystal determines the
gas hydrate properties (SLOAN e KOH, [2008). Table [2.1]shows the typical gas hydrates

structures and their characteristics.

Table 2.1: Typical gas hydrate structures in the O&G industry (sI and sII) and their char-
acteristics, including the Jeffrey (1984) nomenclature, number of cages per structure, av-
erage cage radius, number of water molecules per cavity, cage types (small and large),
and volume of unit cell. Adapted from|GUEDES] (2023).

sI structure sII structure
Properties
Small cavity Large cavity Small cavity Large cavity
-3 > —r _:"‘-—-—-‘
Ny |y | R | SN
Polyhedral structure L\ A ﬁ\' P \[t l /
\ <Y ___/ Q’ \ <Y __/ ‘w{ ’17
Nomenclature Jeffrey 512 51262 512 51264
(1984)°
Cages per unit cell 6 2 16 8
Average cavity radius *? 3.95 4.33 391 4.73
(A)
Variation in radius (%) # 34 144 5.5 1.73
Number of H,O/cavity P 46 136
Volume of unit cell (m?) ® 1.728x10°%7 5.178x10°%7

4 Data available in|[SLOAN e KOH]| (2008).
b Data available in|[CARROL/(2009).

The sl and slI structures are typically encountered in the O&G industry because their

formers are commonly found in natural gas (KOH et al.| |2011a). Knowledge about hy-



drate structure is essential to predict the hydrate formation curve and apply suitable man-
agement techniques.

Usually, natural gas in offshore pipelines forms slII hydrates (SLOAN e KOH, [2008)).
The sH structure requires two sizes of formers to stabilize the crystal, and the larger guest
molecule is uncommon in natural gas. As a result, the sH structure is not included in the
scope of this work.

The combination of guest molecule size and cavity diameter determines the crystal
structure (KOH et al.| [2011a). The structure sl is constructed of 46 water molecules, and
is composed of dodecahedron (small) and tetrakaidecahedron (large) cages. The struc-
ture slI consists of 136 water molecules, and is composed of dodecahedron (small) and
hexakaidecahedron (large) cages.

The Jeffrey (1984) terminology, n;, represents the polyhedral structures of hydrate
cavities. For these polyhedra, n; is the number of edges in face type ’i’, and m; is the
number of faces with n; edges (SLOAN e KOH, 2008)). The small cavity (5'?) is a dodec-
ahedron, a polyhedron with twelve pentagonal faces. This cage is present in all hydrate
types.

The dodecahedron structure requires twenty water molecules connected through hy-
drogen bonds, with oxygen atoms in each vertex. Table shows that 52 is almost
spherical because it has a low percentage variation in radius (SLOAN e KOH, 2008).
This cavity will be filled if the guest molecules have a proper size — a radius around 3.95
A and 3.91 A in structures sl and s, respectively. Molecules with a radius less than 3.0
A are too small to fill any cavity (SLOAN e KOH, [2008).

The large cavity in sI, 5'262, is a tetrakaidecahedron with twelve pentagonal faces and
two hexagonal faces. The tetrakaidecahedron is similar to an ellipsoid and features the
most non-spherical (14.4%) geometry in sl or sII (SLOAN e KOH, 2008). This cavity
has an average radius of 4.33 A and can accommodate molecules smaller than 6.0 A in
diameter.

The large cavity in sII, 526, is a hexakaidecahedron with twelve pentagonal faces
and four hexagonal faces. Therefore, the hexakaidecahedron can be stabilized with
molecules as large as 6.6 A in diameter, even if the small cavities remain empty (CAR-
ROL, 2009, SLOAN e KOH, 2008).

2.1.2 Guest molecules in natural gas

The principal molecules that comprise natural gas are nitrogen (N;), carbon dioxide
(CO»), hydrogen sulfide (H,S), methane (CHy), ethane (C,Hg), propane (C3Hg), and
butane (i-C4H;o and n-C4H;o) (SLOAN e KOH,[2008). All of these substances may form
gas hydrates and fill specific cages.

Table shows the molecular diameter of these formers and which cavity each



molecule fills. The structures sl and sII can be formed with only one type of guest
molecule. Nitrogen, carbon dioxide, hydrogen sulfide, and methane can occupy large
and small cavities in both structures (CARROLL [2009).

Table 2.2: Ratio of molecular diameter to cavity diameter and frequency of principal
natural gas components according to the cavities they fill in hydrate structures sl and slI.
Adapted from (CARROL (2009).

Dinotecutar/Dfree cavity Frequency in cavity

Guest . 13

molecule Diameter’ (A) sI structure sII structure sI structure sII structure
512 51262 512 5126* | Small | Large | Small | Large

N, 4.1 0.804 | 0.700 | 0.817* | 0.616%* v v v v
CO» 5.12 1.00* | 0.834* 1.02 0.769 v v v v
H,S 4.58 0.898* | 0.782* | 0.912 | 0.687 v v v v
CH4 4.36 0.855*% | 0.744* | 0.868 | 0.655 v v v v
CyHg 5.5 1.08 0.939%* 1.10 0.826 X v X v
CsHg 6.28 1.23 1.07 1.25 0.943%* X X X v
i-C4Hyg 6.5 1.27 1.11 1.29 0.976* X X X v
n-C4Hjg 7.1 1.39 1.21 1.41 1.07 X X X v

I Molecular diameter.

* Cavities filled by one type of hydrate former.

Usually, molecules larger than n-butane cannot form hydrates. However, as an excep-
tion, n-butane in the presence of another guest molecule can fill the large cavity in the
Type II structure (CARROL! 2009). More information about guest molecules is available
in[CARROL (2009).

Guest molecules like carbon dioxide, hydrogen sulfide, and nitrogen bring non-
idealities to gas hydrate stability prediction. More details are provided in the following

section.

2.2 Thermodynamics of gas hydrates

Accurate predictions of phase equilibrium are crucial for the safe and efficient design of
process facilities in the O&G industry, as well as for the development of effective safety
hazard strategies.

Because hydrate equilibrium temperature and pressure are predictable, operational
risk conditions can be avoided, serving as the primary safety approach. This section
presents the methods for obtaining a hydrate stability curve, reviews the characteristics of

these phase diagrams, and discusses widely used software programs.
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2.2.1 Hydrates equilibrium curves

Eq. (2.1) shows the Gibbs Phase’s Rule, which represents a criterion for determining the

equilibrium phases coexisting in a phase diagram.

F=C-P+2 2.1

where F is the number of intensive variables needed to specify the system, C is the number
of components in the system, and P is the number of phases in the system. Usually,
the phase equilibrium is represented in terms of pressure and temperature because these
variables are commonly measured in processes.

Phase diagrams are helpful for flow assurance because they predict the conditions
that favor the guest molecules — of adequate size — to become entrapped in a crystal
structure formed by water molecules (CARROL, 2009, |KOH et al., 2011a). In addition,
the hydrate stability curve is essential for predicting whether operational conditions are
inside or outside the hydrate zone.

Figure 2.2] shows phase diagrams containing two components. Figure[2.2)(a) presents
a phase diagram with one quadruple point (Q;) and Figure [2.2|(b) presents a system with
an upper quadruple point (Q5).

(a) (b)
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Figure 2.2: Phase diagrams of two-component systems, showing (a) methane—water
or nitrogen—water system, a phase diagram with one quadruple point (Q;) and (b)
hydrocarbon—water system, which presents an upper quadruple point (Q;). The diagrams
illustrate the following phases: ice (I), liquid (Lw for water and Lyc for hydrocarbon),
vapor (V), and hydrate (H), as well as their equilibria. The intersection points between the
lines represent quadruple points (Q; and Q;) where four phases coexist. Adapted from
SLOAN e KOH]| (2008).

By Gibbs Phase’s Rule, the number of phases will set the number of intensive variables
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needed to specify the system (F = 4 — P). The pressure versus temperature diagram
contains four phases: ice (I), liquid (Lw for water and Lyc for hydrocarbon), vapor (V),
and hydrate (H).

The surface region illustrates the bi-phase equilibrium, the lines represent three-phase
equilibrium, and the intersection point between the lines shows the quadruple point, where
four phases coexist. Methane and nitrogen gas hydrates have only one quadruple point
(Q1), while other formers in natural gas also have an upper quadruple point (Q;). The Q;
temperature approximates 273K for all gas hydrates (SLOAN e KOH, |2008)).

The lines connected to these points have different inclinations, so the prediction of
phase equilibrium requires a suitable method according to the component, composition,
and type of hydrate structure. The hydrate equilibrium curve divides the P vs. T diagram
into two regions: to the right of the curve is the hydrate-free region; to the left is the
hydrate-formation area.

The curve’s shape may change with the fluid composition, the type of hydrate struc-
ture, and the percentage of inhibitors. This work did not incorporate hydrate avoidance
strategies involving thermodynamic or kinetic inhibitors, but such aspects can be included
in future studies.

Figure [2.3]illustrates the fluid pressure vs. temperature profile in the subsea pipeline
and the hydrate stability regions. The solid gray line represents pipeline operational con-
ditions from a deepwater wellhead to the processing facility. The shaded envelopes are
the hydrate-formation curves for different amounts of THI. Any fluid within the pipeline
section in the hydrate-formation domain may form gas hydrates, resulting in plugging.

The combination of hydrates structures and statistical thermodynamics knowledge
allowed the development of phenomenological models to describe the thermodynamics
of gas hydrates. Only the stable hydrate phase (sI or sII) results in a minimum of Gibbs
energy (CARROL, 2009). In the O&G pipelines, type II structure is expected due to
natural gas components (KOH et al., 2011a,[SLOAN e KOH, 2008).

There are three main thermodynamic models to predict gas hydrates equilibrium: (1)
the van der Waals and Platteeuw model (vdW-P), (2) the Chen-Guo model (C-G), and (3)
the Klauda-Slander model (K-S). The second and third models are derivations from the
vdW-P model but do not consider the reference state of the empty hydrate lattice.

The hypothesis of this empty hydrate lattice requires reference parameters and empir-
ical correlations, which are obtained from the regression analysis of experimental data.
In the vdW-P model, the hydrate formation conditions occur under the equality of water
and hydrate phases’ chemical potentials; instead, the C-G and K-S models use equality of
fugacity.

The fugacity-based approach eliminated the need for reference parameters, thus mini-
mizing the use of empirical relations (KLAUDA e SANDLER| 2000, WANG et al., 2021)).

In addition, the K-S model simplified some parameters related to equilibrium phases and
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Figure 2.3: Operational conditions of subsea pipelines and hydrate stability regions. The
solid gray line represents pipeline operational conditions from a deepwater wellhead to
the processing facility. The shaded envelope indicates the hydrate stability curve. Each
shaded curve represents the equilibrium conditions containing different amounts of ther-
modynamic hydrate inhibitors. Adapted from SLOAN e KOH) (2008)).

improved the accuracy of the previous models over a wide temperature range; however, it
is limited to single guest hydrates (KLAUDA e SANDLER, 2000).

The C-G model applies a two-step mechanism, first a quasi-equilibrium reaction and
then equilibrium adsorption, also used in vdW-P theory. This method connects the hydrate
properties with guest molecule — a limitation on vdW-P. The equilibrium diagram derived
from this method can be applied to the kinetics of hydrate formation, using the difference
in fugacity as a driving force (SHI ez al., 2011).

The C-G model considers complexities in the formation and dissociation of sour gases
(MEKALA e SANGWAL 2014, ZARENEZHAD e ZIAEE, 2013). The literature shows
applications of the C-G model for phase equilibrium containing organic inhibitors (LI
et al., 2021)), salts, and ionic liquid inhibitors (WANG et al., 2021).

For this work, complex scenarios involving inhibitors or components that cause inac-
curacies are out of scope. However, the vdW-P model has seen extensive improvement
over the years (MEDEIROS et al., 2020) and is applied to well-known commercial soft-
ware programs that support industrial operations and training (BALLARD e SLOAN,
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2004b).

Several modifications demonstrated that the vdW-P model could be suitable for phase
equilibrium and stability analysis (KHAN et al., 2018, SEGTOVICH et al., 2016), even
in the presence of organic inhibitors (BALLARD e SLOAN, [2004bl, CHIN et al., 2013
and electrolytic additives (CHIN et al., 2013]).

The vdW-P model applies the following assumption in statistical thermodynamics
(MEDEIROS et al., 2020):

* The host molecules have a separate contribution to the free energy of clathrate from

the rest of the system.
* Guest molecules are located individually within the cage in the lattice.

* Host molecules surround the guest molecule, but the interaction between guest

molecules in different cages is negligible.

The approach to describe the thermodynamics of hydrates formation includes two
steps: first, pure water (@, liquid or ice phase) forms an empty hydrate lattice (s, a
hypothetical state), and then this structure is filled to produce the hydrate phase (H).
The equilibrium of hydrate formation occurs when the chemical potential of water (u,,)
between the existing phases (@ and H) is equal, as shown in Eq. (2.2)):

uli —ul) = (ull —ul) + (uff —u) 2.2)

The first term on the right side of Eq. can be described by the van der Waals and
Platteuw model (PLATTEEUW e VAN DER WAALS| 1958)). This model corresponds to
the relationship between the chemical potential of water in the gas hydrate structure and
the hypothetical empty hydrate lattice phases.

For a mixture of gas hydrates, PARRISH e PRAUSNITZ (1972) modified the vdW-P
model as shown in Eq. (2.3):

ull —ul =RT Y viln (1 -y Yki> (2.3)
i=1 k=1

where v; is the number of cavities of type i (see Table [2.1]) and ¥}, is the probability of

guest molecule k occupies the cavity type i. The fractional occupancy, ¥;;, can be obtained

using Eq. (2.4]):
Crifi

N 1+Zj:1Cjifj

where f} is the component’s fugacity and Cy; is the Langmuir coefficient of guest molecule

Yii (2.4)

k in the cage type i. The fluid phase fugacity can be calculated using an equation of state
(EOS) such as Soave-Redlich-Kwong (SRK), Peng-Robinson (PR), Cubic-Plus Associa-
tion (CPA), Statistical Associating Fluid Theory (SAFT), efc.

14



The Langmuir coefficient quantifies the guest-host molecule interactions used to ob-
tain fractional occupancies in Eq. (2.4). The coefficient varies with temperature and
gas composition. Moreover, it depends on the lattice volume and the number of host
molecules of the lattice (SEGTOVICH et al., 2016). The temperature correlation given
by Eq. (2.5)) can be used to determine the Langmuir coefficient.

Ag By
Cri = %exp (%) (2.5)

where Ay; and By; are the Langmuir parameters of a single or a mixture of gas hydrates.
The second term on the right side of Eq. (2.2) is determined by the classical thermo-

dynamics of pure water (i.e., liquid or ice phase) in a transition from @ to ¢ condition, as
shown in Eq. (2.6):

AuZ~® . Augiw(Po, T()) AV*~®

w

RT RT, RT

A= 20 _ Ty Acp*= @0 1 1 Acp*~ @0 T
— —— 4 — — (=) 6
() G (5 )n(z) oo

where u is the chemical potential, P is the pressure, T is the temperature, 4 is the enthalpy,

AP

cp is the heat capacity, R is the universal gas constant, and V is the molar volume. » — @
represents the change from a pure water phase to a hydrate phase, and the subscripts 0
and w represent the reference state and water, respectively.

Considering the vdW-P model assumptions, two factors describe the phenomenon of
a guest molecule in the lattice (MEDEIROS et al.| 2020): (1) the degree of freedom of
the enclosed molecule, and (2) the interaction between the guest and the host molecules.

The vdW-P model’s main limitations occur due to assumptions that do not account for
the following effects(KHAN et al., 2018, MEDEIROS et al., 2020, MEKALA e SANG-
WAL [2014):

(a) The interactions between guest molecules,

(b) The effect of hydrogen bonding,

(c) Electrolyte contributions, and

(d) Variations in lattice volume and radius of the cages.

Quadrupolar or polar formers, such as CO, and H,S, lead to complexities in predict-
ing the hydrate formation and dissociation conditions due to: (1) their solubility in water,
which increases the inaccuracy in predicting hydrate dissociation (ZARENEZHAD e ZI-
AEE, 2013), and (2) the polarity, which affects the interaction between guest molecules
in the hydrate lattice (MEKALA e SANGWAL [2014).
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As aresult, these components remain stable in hydrate structure at higher temperatures
and lower pressures than other guest molecules in natural gas (MEKALA e SANGWALI
2014). Another inaccuracy occurs related to multiple occupations of N> molecules in the
lattice, which is a limitation of vdW-P assumptions.

Modifying the Langmuir coefficient’s calculations is a common way to deal with in-
accuracy (MEDEIROS et al., 2020). The calculation methods for Langmuir coefficient’s,
Cii, may use statistical techniques and potential models. The original vdW-P model ac-
counted for the pairwise interaction of molecules using the Lenard-Jones and Devonshire
equation, which presents better results for spherical molecules.

Kihara potential varied the previous spherical symmetrical potential, adding more pa-
rameters capable of considering the shapes of different molecules. Next, the Langmuir
parameters would be obtained using the square well potential function (MEDEIROS ez al.,
2020). In 1988, the parameters were obtained from experimental data applicable to natu-
ral gas and oil (MUNCK et al.,|1988).

There are commercial software programs designed for industrial analyses, which are
capable of predicting fluid properties as well as hydrate formation curves. Then, flow
simulators use this information as input to perform FA studies, for example.

Regarding the design of hydrate formation conditions, the following well-known soft-
ware are used to predict the thermodynamic stable hydrate structures and cage occupancy:
PVTsim® (Calsep A/S), Multiflash™ (Infochem Computer Services Ltd.), and CSMGem
(Colorado School of Mines) (BALLARD e SLOAN, 2004b, BOMBA et al., 2018, KOH
et al.,[2011b).

They all use the van der Waals and Platteuw theory to predict hydrate formation. The
performance of the software programs above was compared with experimental data of
hydrate formation for uninhibited and inhibited systems (i.e., methanol and salts) (BAL-
LARD e SLOAN, 2004b). The authors reported significant errors for the vdW-P model
related to higher amounts of inhibitors, salts, and H,S (BALLARD e SLOAN| 2004b).

According to BALLARD e SLOAN (2004b), Multiflash™ provided good tempera-
ture equilibrium predictions compared to experimental data for uninhibited systems of
multi-components hydrates, conditions which are the subject of this work. The literature
also suggests that Multiflash™ provided acceptable results in systems containing a low
concentration of HpS or pure H;S hydrate in sl structure (BALLARD e SLOAN| 2004b,
KHAN et al., 2018).

2.3 Kinetics of gas hydrates

Favorable thermodynamic conditions do not guarantee the immediate formation of hy-
drates. The current trend and challenge in the O&G industry involve operating with solid

formation, but avoiding blockages using risk management strategies rather than avoidance
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management.

Kinetics describes the time-dependent properties that govern the processes of nucle-
ation, growth, massive agglomeration, and eventual plugging by hydrates. The mecha-
nism of hydrate formation is intrinsically connected to the emulsion where hydrate parti-
cles form and grow. The following section provides an overview of the general concept

of the kinetics of gas hydrate formation.

2.3.1 Oil-dominated systems

There are three domains in which hydrate formation may be observed in pipelines: oil-,
water-, and gas-dominated systems (ZERPA er al.,2012). The first is related to low gas-to-
liquid ratios, forming water-in-oil (W/O) emulsions. The second system is characterized
by high water cut (WC), leading to oil-in-water (O/W) emulsions. In such scenarios,
mass transfer models are usually applied to describe the gas diffusion in the liquid phase
(DUAN et al.,[2021, SAKURALI et al., 2022, |SHI et al., 2011, ZERPA et al.| 2012).

Finally, the last system has high gas-to-liquid ratios and requires more fundamen-
tal work to understand the mechanism governing hydrate growth (ZERPA et al., [2012).
The present work focuses on modeling hydrates formation in oil-dominated systems be-
cause our fluid characterization methodology is limited to low WC. Thus, water- and
gas-dominated systems are outside the scope of this work.

Three phases (i.e., gas, water, and oil) coexist in the pipeline, adding complexity to
hydrate formation models. It is important to highlight that gas and water phases must
be present for hydrate formation. Figure [2.4] illustrates the following steps of hydrate
formation in oil-dominated systems (KOH ez al.,|2011a, ZERPA et al.,[2012):

1. First, water droplets are dispersed in the continuous oil phase (W/O emulsions),
2. Gas is consumed, forming a hydrate film between the water and oil interface,

3. The water droplet is fully converted to gas hydrate particles that may begin to ag-

glomerate, and
4. The plug formed can block the pipeline, requiring remediation methods.

Figure [2.5]illustrates the hydrate formation in oil-dominated systems, which are com-
mon in young wells. In this picture, a saturated fluid flows from the wellhead to the
floating production storage and offloading (FPSO) at the surface. The multi-phase flow
usually occurs close to the riser region due to a decrease in temperature and pressure.

In oil-dominated systems, it is assumed that water is dispersed within the continuous
oil phase, typically accounting for less than 50% WC (CARDOSO et all 2015, KOH
et al., 2011a). Hydrate formation can occur at nucleation sites, such as changes in pipe

geometry, control devices, or sand deposits, where free water tends to accumulate. In
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Figure 2.4: Schematic representation of hydrate formation in oil-dominated systems, in-
cluding water droplet dispersion in the continuous oil phase, hydrate shell formation,
followed by extensive agglomeration and plugging. Adapted from ZERPA et al.| (2012).
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Figure 2.5: Schematic representation of an oil-dominated system commonly found in
young wells, showing the movement of saturated fluid from the reservoir to the process-
ing facility. The diagram highlights the riser region, where multi-phase flow occurs and
hydrate formation can be observed.

general, production operations within oil-dominated systems have a low risk of hydrate
blockage. This is because hydrates often dissociate during depressurization in the riser
section.

In production operations, blockage scenarios are common during start-ups and shut-
downs when free water accumulates and temperature decreases (CARROL, 2009, KOH
et al., 2011a). An elevated water cut (WC) can also raise the risk of hydrate formation
(WANG et al., 20184, ZERPA et al., [2012). A dynamic study is required to measure the
risk of blockage during production stops.

The literature contains growth models involving intrinsic kinetics, heat, and mass
transfer mechanisms inside and outside the water droplets (GONG et al., 2010, SHI ez al.,
2011, ZERPA et al.,2012). Each mechanism plays a role at different times during hydrate

formation.
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2.3.2 Water properties and hydrate formation

Figure [2.6]illustrates a typical comparison between hydrate formation and crystallization
phenomena. Figure [2.6](a) displays the crystallization process of a solution containing a
general concentration, indicated by the dashed horizontal line labeled Cigjsion -

The thermodynamics of crystal nucleation and growth in the crystallization process
depend on the degree of supersaturation and temperature. On the right side of the equi-

librium curve, represented by the solid black line called saturation, the solute is fully

dissolved.
(a) (b)
— saturation line — equilibrium line
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c
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Figure 2.6: A comparison of hydrate formation and crystallization phenomena. (a) The
crystallization process of a solution with a general concentration (Csoysion) 1S Shown by
the dashed horizontal line. The solid black line represents the saturation curve, which
separates the dissolved solute (right side) from the metastable region (left side). (b) The
hydrate formation process, the solid black line represents the hydrate stability curve, and
the zone within the hydrate domain is thermodynamically favorable for hydrate formation.
Adapted from SLOAN e KOH (2008).

However, if the solution is cooled to the region left of the equilibrium line, the sol-
vent contains more dissolved solute than can be accommodated. This zone between the
saturation curve and supersaturated limit curves is called the metastable or supersaturated
region.

Spontaneous crystallization is unlikely in the supersaturated region; however, growth
may occur in the case of a disturbance (SLOAN e KOH, 2008)). Beyond the supersat-
uration limit, spontaneous salt precipitation from the solution occurs in the unstable or

labile region. Hydrates do not have a spinodal line as illustrated by Figure[2.6|(b) , but the
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literature suggests that nucleation occurs in the labile region due to the high driving force
(SLOAN e KOH, 2008).

Similarly, hydrate formation comprises nucleation and growth stages, which are de-
scribed in this chapter. The concept of subcooling as a driving force is crucial in un-
derstanding hydrate formation. Subcooling refers to the temperature difference between
hydrate equilibrium and the current operating condition, maintaining a constant pressure
(ATgp = TeZy d_ T) (ARIMANDI et al., 2005, VYSNIAUSKAS e BISHNOIL, 1983).

Under subcooling conditions, water molecules display unusual behavior. The water is
considered subcooled when it exists in the liquid phase at temperatures below the freezing
point. In such conditions, water is called metastable, which means a non-equilibrium
condition that exists for an extended period (SLOAN e KOH, 2008]).

At low temperatures, water molecules exhibit reduced entropy and increased volume,
unlike other substances. Furthermore, natural gas solubility experiments in water demon-
strate a decrease in entropy (SLOAN e KOH, [2008).

These observations relate to water molecules not forming bonds with guest compo-
nents, causing local disruptions in the solution. As a result, the water molecules reorga-
nize into small cages surrounding the solute (KE ez al., 2019, SLOAN e KOH, 2008).

The degree of lattice structuring and the solubility of guest molecules are influenced
by temperature and pressure. According to MAKOGON (2010), one volume of methane
hydrate at 0°C and 26bar contains 164 volumes of gas. This information supports the

reason why the solubility of guest molecules increase in water solutions.

2.3.3 Nucleation

The nucleation stage is a dynamic and stochastic process occurring at a molecular level,
which makes it challenging to observe experimentally (CUI ez al., 2019, KE et al., 2019,
SLOAN e KOH, 2008). During nucleation, the crystal nuclei overcome the free energy
barrier and reach a critical size that is energetically favorable for continuous growth.

There are two types of nucleation: homogeneous (HON) and heterogeneous (HEN).
HON is a solidification process without impurities, involving only the solute and nuclei
crystals. On the other hand, HEN occurs in the presence of impurities, interfaces, and
foreign particles or surfaces.

Consequently, HEN requires fewer molecules to reach the critical site and has a lower
free energy barrier than HON (KE er al.| 2019, SLOAN e KOH, 2008). The literature
suggests that HEN occurs more frequently in industrial processes (SANZ et al., 2013,
SLOAN e KOH, 2008).

Two methodologies are usually employed to study hydrate nucleation: (1) maintain-
ing constant temperature and degree of subcooling, and (2) conducting constant cooling

experiments. The subcooling is the usual nucleation’s driving force (ARJMANDI et al.|
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2005, [VYSNIAUSKAS e BISHNOYI, 1983)); however, some studies have also used free
Gibbs energy (ANKLAN e FIROOZABADI, 2004, SLOAN e KOH, 2008)) and saturation
degree (KASHCHIEV e FIROOZABADI, [2002) as alternatives.

Concerning hydrates formation in offshore pipelines, the nucleation stage within the
hydrate domain is assumed to be instantaneous once the critical subcooling is achieved —
areported value above 3.5K (BOXALL et al., 2009, TURNER et al., 2005, ZERPA et al.,
2012)). Given this assumption, the modeling description of nucleation falls outside the
scope of this work. More details on the nucleation mechanism and other aspects can be
found in [KE et al.| (2019).

2.3.4 Hydrate growth

After nucleation, the crystals that have formed initiate the growth stage. During this
stage, a massive accumulation of nuclei can potentially lead to hydrate plugging. This
phenomenon may be governed by surface mechanisms such as kinetic rates (AL-OTAIBI
et al., 2010, BASSANI et al., 2019, CLARKE e BISHNOIL, 2005, ENGLEZOS et al.,
1987a.b, LEKVAM e RUOFF, 1993, TURNER et al., 2005, [VYSNIAUSKAS e BISH-
NOI, [1983] |1985)), mass transfer, heat transfer (GONG er al., 2010, SHI et al., 2011],
/ERPA et al.,[2012), or a combination of these mechanisms.

The growth of hydrates was investigated through pioneer studies that carried out
isothermal and isobaric experiments in semi-batch stirred tank reactors (ENGLEZOS
et al., |1987ab, VYSNIAUSKAS e BISHNOIL 1983, 1985). These experiments were
conducted in water-dominated systems, utilizing methane and ethane gas hydrates or a
mixture of both.

Eq. presents the semi-empirical kinetic model proposed by VYSNIAUSKAS e
BISHNOI (1983, 1985)). This model is based on an Arrhenius-type reaction rate, which is
described as a function of the total surface area of the gas-water interface, the water and

gas monomers at the interface, and the concentration of the critical clusters:

AE c

sub

where L is a lumped pre-exponential constant, Ay is the surface area, AE, is the activation
energy, c¢; and c; are arbitrary constants to account for the effects of subcooling on the
rates, ATy, 1s the subcooling temperature, and 7y represents the overall reaction order
concerning the pressure of the system.

The second exponential term in Eq. represents the concentration of the critical
cluster, which is based on a Boltzmann distribution relation applicable to any crystalliza-
tion process. The concentration of water and gas monomers at the interface depends on

temperature and pressure.
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The model prediction was limited to the experimental pressure and temperature ranges
(VYSNIAUSKAS e BISHNOIL |1983] [1985)). Lower experimental rates presented the
most significant errors, suggesting that the reaction was controlled by forming clusters at
the interface.

Further, ENGLEZOS et al.| (1987a.b)) proposed a model based on the crystallization
theory coupled with the two-film theory for gas absorption into the liquid bulk phase.
The authors assumed that the growth of hydrate particles is composed of two steps: (1)
the transportation of gas molecules to the bulk liquid phase, and (2) gas molecules are
incorporated into the cages through an absorption process at the hydrate interface.

The model’s driving force is the difference between the gas fugacity and the three-

phase equilibrium fugacity. The rate of growth per particle is shown in Eq. (2.8):

dn; N
(d—’) = KA(fP = £) (2.8)
t)p
and . -
-4 2.
Kk kg (29)

where dn;/dt is the number of gas molecules consumed per second, K~ is the hydrate
formation growth constant, f;? is the fugacity of component i in the bulk liquid, £;¢ is the
equilibrium fugacity of component i in the liquid at the hydrate interface, k, is the reaction
rate constant (absorption process), and k, is the mass transfer coefficient through the film
around the particle (diffusion process).

The Center for Hydrates Research at the Colorado School of Mines (CSM) devel-
oped two models for oil-dominated systems (CSMHyK), which were incorporated into
the standard multi-phase flow simulator OLGA® (BOXALL et al., 2009, TURNER et al.,
2005, ZERPA et al., 2012). The first CSMHyK model utilizes first-order kinetics defined
by Eq. (2.10) (TURNER et al.| [2005):

dmygg k
% = —ukiexp (T2

sys

)AS(ATsub) (2.10)

Mgas

where dT is the gas consumption rate during hydrate formation, u is the scaling factor
parameter, k; and k» are the intrinsic kinetic rate constants, Ty is the system temperature,
and Ay is the surface area between the water and oil phases.

The values for reaction constants were regressed from experimental data for methane
and ethane gas consumption rates (ENGLEZOS et al.,|1987ab, VYSNIAUSKAS e BISH-
NOI, 1983} 1985). The reaction rate calculated from laboratory data differed from the
results obtained in flow loop facilities. This discrepancy arose because the data were
obtained in water-dominated systems and assumed sl structure.

The scaling factor parameter adjusted the consumption rate from a water-dominated
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to an oil-dominated system (TURNER ez al., 2005)). Furthermore, the literature suggested
that the oil-water interface introduces mass and heat transfer resistance to the process
(TURNER et al., 2005).

Despite these limitations, the first-order rate kinetic model was effectively applied to
validate experimental data on hydrate formation in both water- (RAO| [2013) and gas-
dominated systems (WANG et al., [2018b). The simplicity of this model makes it an
attractive starting point for incorporating hydrate formation prediction into multi-phase
flow models for various system dominances.

Multi-phase and multi-component systems bring additional relevance to heat trans-
fer and mass transfer resistances. The second model developed by CSM, known as the
Shrinking Core Model, is illustrated in Figure

Mass and heat transfer through
e \/ boundary layer
\

,/ \ Mass and heat transfer through
\ ; hydrate shell
\\ /

N Growth on the interior of the

hydrate shell

Figure 2.7: Mechanisms involved in hydrate growth according to the Shrinking Core
Model. The arrows indicate where each mechanism exerts a significant influence on the
hydrate growth process. Adapted from ZERPA et al. (2012).

After the nucleation stage, a hydrate shell forms and hydrate growth can be governed
by either mass or heat transfer within the shell, or by the boundary layer surrounding the
particle (ZERPA et al.| 2012). The slowest driving force in the process determines the
rate of hydrate growth.

There are four equations to calculate the external and internal mass and heat resis-
tances in oil-dominated systems (ZERPA et al., 2012):

1. External heat particle resistance:

d HYDX,,;MA
< Mgas > = hhearAsATyp ( £ ) (2.11)
dt ext heat HY DXgusMA + HY DX,y qrerMA

2. Internal heat diffusion across hydrate shell:

(d Mgas ) . keom pAsATsub ( H YDXgasM A
int heat

= 2.12
dr 8(rp/rw)AH HYDXgasMA—i—HYDXWmerMA) (2.12)

where kcomp 1s the hydrate shell heat transfer coefficient with porosity €, given by
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the following equation, which assumes the pores are filled with water:
kcomp = Ekyater + (1 - S)khyd (2.13)

3. External mass particle resistance:

dm
( dgas) = kmassAs (Cbulk - Ceq) (2 14)
! ext,mass

4. Internal mass diffusion across hydrate shell:

dmgas> DAAS
— = < (Cpuir = Ceq) (2.15)
< dr ext,mass S(FP/I”W) M “

where k., 18 the mass transfer coefficient, /., 1s the heat transfer coefficient, Cpyj; 18
the guest hydrate concentration in the bulk phase, C,, is the guest hydrate concentration
in the water phase in the presence of hydrates, HYDX gas and HYDX_ water are the con-
centration of gas and water in the hydrate phase, respectively, D, is the gas molecules’
diffusivity in the hydrate shell, § is the shell thickness, 7, and r,, are the particle and water
core radius, respectively.

These models do not combine the formation mechanisms and only consider methane
hydrate formation. The Shrinking Core Model also presents an inconsistency in the mass
balance. The quasi-equilibrium hypothesis assumes that the methane concentration at the
water-hydrate and hydrate-oil interfaces is the same (FERREIRA| 2018). Nevertheless,
the solubility of gas differs between oil and aqueous solutions.

An analogous Hydrate Shell Model utilized the previous mass transfer resistances.
However, the mathematical equation for heat transfer in this model is not well-described
(GONG et al., 2010, SHI et al., 2011). The internal and external mass resistances were
combined into the intrinsic kinetic rate (GONG et al.| 2010, [SHI et al. [2011).

The gas consumption rate, in the Hydrate Shell Model, is calculated using the differ-
ence in fugacity as the driving force. The methane fugacity is redefined as a function of
the gas concentration and Henry’s law constant (GONG et al., 2010). The gas consump-
tion at the interface is given by Eq. (2.16)):

dngas 2 (Ce— Ceq)
—2= | =4nR°KH——~ 2.16
( dt ) e Cyo (2.16)

Ngas

where dT is the consumed gas molar rate, R, is the radius of the water droplet, H is the
Henry constant, K is the a combined rate parameter given by ENGLEZOS et al. (1987a,b),
Ce, Ceq, and C,,, are, respectively, the concentration of methane in the aqueous phase, the

concentration of methane in the hydrate phase, and water concentration in the aqueous
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phase.

Alternatively, for a mixture of methane, ethane, and propane hydrates, the fugacity
was rewritten in terms of the concentration parameter given by Eq. (2.17) (SHI et al.,
2011):

QP

Y =Q.CY (2.17)

where @; is the fugacity coefficient of the gas i, y; is the molar fraction of gas i; C;" and
C? are, respectively, the concentration of gas i in the aqueous and oil phase. Then, the

intrinsic rate was combined with the internal mass transfer as follows (SHI er al.|, [2011)):

d N
( ’Z‘”) =47R2 Y [ki(QCY — QIC)] (2.18)
i=1

where k; is the rate constant of i component. The rate constant and diffusivity values were
obtained from experimental data and assumed to be equal for all components.

The author adopted a quasi-equilibrium assumption for the mass balance at the sur-
face (GONG et al., 2010, SHI et al.l 2011). With this assumption, it becomes possible
to express the inner diameter in terms of diffusivity and concentration given a specific
external diameter. The external consumption presumes that internal and external shell di-
ameters are interconnected through capillaries filled with water, which is instantaneously
converted into hydrates (SHI ez al.| 2011)).

All previous models consider the formation of a hydrate shell around water droplets.
Furthermore, the accumulation process occurs through a water bridge between the hydrate
particle or nuclei, as illustrated in Figure 2.4 BASSANTI ef al| (2019) considered the
hydrate shell model as “static” because it neglects the rotation and vibration movement of
particles within the flow.

Using a new interpretation of experimental observations involving hydrate formation,
BASSANI et al.| (2019) proposed a sponge-like structure, rather than a shell, to explain
the hydrate growth stage. This model suggests that a "dynamic" continuous flow forms
a highly porous and hydrophilic hydrate particle, also called a sponge-like structure, as
illustrated in Figure 2.§]

The classification of particles as “wet” and “dry” depends on whether water fills the
capillaries. Without surfactant, water is expelled from the porous particle (wet) due to
capillary forces; however, in the presence of surfactant, the oil phase penetrates the capil-
laries, preventing interaction between particles (dry).

For wet particles, the accumulation process occurs on a particle scale, as shown in
Figure 2.9 After the collision, a water bridge is formed between the porous particles. If
they remain together for a sufficient time, the connecting bridge crystallizes, resulting in

particle agglomeration.
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Figure 2.8: Schematic representation of the sponge-like structure of hydrate particles, as
proposed by BASSANI et al.| (2019). The classification of particles as "wet" and "dry"
depends on whether water fills the capillaries.
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Figure 2.9: Illustration of the accumulation process in the sponge-like structure model.
The figure shows the formation of a water bridge between particles after the collision.

The phenomenological model for water- and oil-dominated systems is limited by gas
consumption in the capillary walls and a decrease in porosity over time, as demonstrated
in Eq. (2.19). The authors assumed an sl structure and a single methane hydrate. The
model was validated using flow loop data from a mixture containing methane, with a 32%
WC, and light oil.

dn wcy, Mpyq
_ﬂ:kl l\/ Hwa(fg_feq)exp _kZ(nH+1)—y(

dt p Phyd

fg_feq)t (2-19)

where WC is the water cut, V; is the liquid volume (i.e, water and oil), r, is the particle
size, H,, is the Henry constant of the gas inside water, D,, is the gas diffusivity in water,
(fo — feq) is the driving force, f; is the gas fugacity at system temperature and pressure,
feq 1s the gas fugacity at the equilibrium pressure related to system temperature, ppyq is
the hydrate density, ng is the hydration number, M,, is the average molar mass of water,
and ¢ is the time.

The parameters k; and k; are given by Eq. and Eq. (2.21). They include
microscale parameters related to: gas distribution inside the continuous phase (c0), initial
porosity of hydrates (&;,), proportionality constant of crystallization law (k;), capillary
radius (r.), and birth-to-death ratio of capillaries (1).

ki

ki = 600y €y 2 (2.20)
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k:
ky=(1-A)— (2.21)

Ve
These parameters are obtained from the asymptote and curve of experimental data on
gas consumption over time. The values for a light oil continuous flow, reported by BAS-

SANI et al.|(2020), were k; = 7.76x10™ (mol/(m?sPa))"/? and k, = 1.56x10°° mol/(m?sPa).

2.3.5 Hydrate slurry

An agglomeration model proposed by CAMARGO e PALERMO) (2002) is based on a
balance between cohesion and shear forces. The first is an attractive force that promotes
an increase in the size of hydrate aggregates, while the latter is a disruptive force that acts
to break up these aggregates.

Initially, it was assumed that the particle was spherical with a diameter of 40um
(ZERPA et al., 2012). Further, BOXALL et al. (2012) proposed a method to predict
the particle diameter from Reynolds and Weber numbers, given by Eq. (2.22)) and Eq.

(2.23)), respectively:

DU
Re — ”“ Po (2.22)
0
D,U?
We — pro (2.23)

The particle diameter is determined by Eq. (2.24) depending on the type of flow sub-

range:
g = 0.063DpWe’3/ 5. We < 0.067Re>/*, inertial sub-range (224)
0.016D},/ 2We_l, otherwise, viscous sub-range .

where Re is the Reynolds number, We is the Weber number, D), pipe internal diameter,
U i1s the fluid velocity, p, 1s the density of the oil phase, U, is the oil viscosity, o is the
oil-water interfacial tension, and d,, is the particle diameter.

Once hydrate particles form in the oil phase via water droplets, these particles can
agglomerate and form high hydrate masses. The diameter of the aggregated particle can
be calculated using Eq. (2.25) (CAMARGO e PALERMO, 2002):

(3-)72
Opyd da
Fo|l— o/max d_
hyd P

(3-1)
2 da
dp UoT |1 — Otya dr

(2.25)

a0\
dp B

where d, is the particle agglomerate diameter, F', is the inter-particle cohesion force (as-
sumed to be equal to 50 mN/m (ZERPA et al., 2012)), 04,4 is the hydrate particle volume

fraction, O‘Z;fix is the maximum volume fraction (assumed to be equal to 4/7 (TURNER
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et al, 2005, ZERPA et all, [2012)), 7 is the shear rate, and f is the fractal dimension —
assumed to be equal to 2.5 (TURNER et al, 2005, ZERPA et al. 2012).

Figure @ compares the size of the particle diameter (d,) and the agglomerate di-

ameter (d4). The particle diameter is assumed to be equal to the water droplet diameter
dispersed in the oil continuous phase, and the agglomerate diameter is the result of the
balance between cohesion and shear forces during the massive accumulation of hydrate

particles formed and reacting nuclei.

Particle diameter ~ Agglomerate diameter

Figure 2.10: Conceptual illustration comparing the predicted particle diameter (d),) and
agglomerate diameter (d4) using the agglomeration model for a methane hydrate system.

For the Shrinking Core Model, a correlation given by Eq. (2.26)) calculates the cohe-

sion force as a function of the temperature:

d
Fa= 7” [0.0017 — ATy, +0.0007] (2.26)

The plugging phenomenon occurs when the maximum viscosity is reached. Beyond
this point, a plug may form, potentially blocking a production line. This phenomenon was
calculated using the model of relative viscosity of the suspension (BOXALL ef al.| 2009,

TURNER et al. 2005, ZERPA et al.,2012), as shown in Eq. (2.27):

11—/t
hyd

W= —yz (2.27)
of!

| hyd

o

where U, is the relative viscosity of the hydrate slurry, and Ot;g is the effective hydrate
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volume fraction obtained from Eq. (2.28):
(3-/)
da
) = tyya (%) (2.28)

Analysis of hydrate slurry rheology, drawing upon both experimental data and model-
ing, has observed a significant increase in relative viscosity for hydrate volume fractions
up to 40%—-50% (MAIJID et al,2018), a phenomenon not predicted by Eq. (2.25).

This observation indicates potential areas of improvement, including the incorporation
of particle shape and roughness effects, as well as the development of a more precise

method for estimating the particle effective volume fraction (MAJID ez al.,[2018).

2.4 Multi-phase flow in pipelines

Modeling hydrate formation in pipelines requires predicting the interaction between gas,
liquid, and solid phases in flow. This is complex due to the number of co-occurring
phenomena.

Mass, momentum, and energy conservation equations are combined with constitutive
equations to describe the essential effects of the multi-phase flow. A suitable tool must be
able to predict pressure, temperature, and velocity variables in the pipeline using govern-
ing and constitutive equations.

The multi-phase flow model can be applied for both steady-state and transient analy-
ses. Steady-state analysis enables the investigation of a system’s production performance
and operation. In contrast, transient analysis involves monitoring operations and develop-
ing strategies to ensure optimal production levels.

The following section reviews the main multi-phase flow models available in the lit-
erature and their application in predicting hydrate formation in pipelines. This work only

applies steady-state analyses; none of the following equations include the transient terms.

2.4.1 Multi-phase flow models

Two-Fluid Model (TFM) comprises six differential conservation equations and three alge-
braic equations. It is considered the most detailed bi-phase flow model (GUEDES, [2023)).
Each phase (i.e., liquid and gas) has mass, momentum, and energy equations, as shown in

Eq. 2:29) - Eq. 2.34):

Liquid phase conservation equation:

d(oypUp)

=T 2.29
e v (2.29)
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Vapor phase conservation equation:

d U,
d(awpyUy) _ T, (2.30)
dx
Liquid phase momentum equation:
d(oypU? dP :
d(eipiUp) = —ay—— — oyp;sin(0) — Fyy, + [,U); — Fi + Fuy (2.31)
dx dx
Vapor phase momentum equation:
d U? dpP :
dapUy) o AP sin(6) — Foy— TuUsi+ Fo— Fuy (2.32)
dx dx
Liquid phase energy equation:
d(oypUih dP
d(upiUity) _ Tk + Qno(1—7) + ogUy— (2.33)
dx dx

Vapor phase energy equation:

d(o,p,Ushy)

Ix (2.34)

=Dy +Ouw(1— 1)+ avUvd_P
dx
where « is the phase void fraction , p is the density, U is the velocity, 0 is the inclination
angle, I'), is the vapor mass transfer rate, F}, and F,,, are the friction volumetric forces,
Fj; and F,; are the frictional and interfacial drag volumetric forces, Fjyy and Fypy are is
the virtual mass forces, / is the enthalpy, 97 and 7, are the fraction of heat exchange with
the wall that results in the heat transfer Q;,, and Q,,,, respectively. The subscripts /, v, [i,
lv refer, respectively, to liquid phase, vapor phase, liquid interface, and vapor interface.

The model is completed by interfacial balance equations shown in Eq. (2.35) — Eq.

.37):

I+1,=0 (2.35)
—U,; + U, =0 (2.36)
- %va - '}/lQlw + l_‘v(hv - hl) =0 (2.37)

The heat exchange between the phases and the wall (Qpy, and Qyy,) are calculated as

shown in Eq. (2.38):

>0
O = Qiw Lo (2.38)
QVW? FV<0
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The variable }; and ¥, are calculated based on the value of I',, as shown in Eq. (2.39)
and Eq. (2.40), which uses the energy interfacial balance equation.

Fv (hv_hl) l" > 0
p=g 9w 777 (2.39)
0, otherwise

Ly (hy—hy) ,<0
Yy = Qw7 v (2.40)

0, otherwise

The interfacial average velocities, Uj; and U,;, are described by Eq. (2.41):

U, IN>0
Ui=U;=U;= (2.41)
v, I,<0

The Drift-Flux Model (DFM) consists of four differential conservation equations and
one constitutive kinematic equation concerning the mean drift velocity. The mixture of
liquid and gas phases has equations for mass, momentum, and energy balances, repre-
sented respectively by Eq. (2.42), Eq. (2.44), and Eq. (2.45). Additionally, there is
a mass equation for the vapor phase and a constitutive kinematic equation, represented
respectively in Eq. (2.43) and Eq. (2.46).

Mixture mass balance:

d(PmUn)

mER 242
Ix (2.42)

Vapor phase mass balance:

(2.43)

d(0pyUn) r d (PP qfi
dx dx

— o

Mixture momentum balance:

d(pmUZ)  dP d ([ 0WwPvPL  ifi\2
IR wp ) @4

—___ngSin(e)_me_d_x apm "

Mixture energy balance:

d(PmUmhm) d QyPvP; d dp oy (Pl - Pv>
mzmTm) - = h, — h )P + == U, + = B pdft (245
d.x Qfl’l dx pm ( 1% [ )Vv + dx + i vv ( )
Empirical constitutive equation:
P = (01 o+ (Co+ 1) Un, (2.46)

where Fy,, is the frictional pressure loss, Oy, is the heat exchange rate between the fluid

ft

and the neighborhood, ﬁf is the slip velocity of the vapor phase in relation to the mixture,
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the subscript m refers to the mixture, and (ﬁff t)a, and Cy are model parameters.

The relationships between phase velocities, mixture velocity, and drift slip velocity
are shown in Appendix [B| Frictional loss is described by an empirical model commonly
found in the literature (RAO, 2013, [ZERPA, 2013); detailed equations can be found in
Appendix [B| A detailed description of the TFM and DFM can be found in [TEIXEIRA
(2016).

A single-phase liquid flow is expected in oil-dominated pipelines (i.e., wellhead and
flowline) because the pressure is higher than the fluid bubble point. Multi-phase flow oc-
curs near the riser region due to decreased temperature and pressure. Since the flow starts
monophasic, a single-flow model should be incorporated (GUEDES, 2023, GOES et al.,
2023). Eq. (2.47) — Eq. (2.49) present the mass, momentum, and energy conservation
equations for a single liquid flow:

Single liquid mass balance:

d
dx
Single liquid momentum balance:
d(pmU? dp ,
% = _a_plgsnl(e) — Finw (2.43)
Single liquid energy balance:
d(piUihy) dp
= U— 2.49
e Orm+U e (2.49)

The transition between single- and two-phase flow models is governed by the vapor-
ized mass fraction, f3,, (GUEDES, 2023, GOES et al., 2023). B, is obtained in the flash
calculations by multiplying the vapor separation factor and the mixture molar weight ratio
(GUEDES, 2023)).

Eq. summarizes the shift condition applied in the constitutive kinetic equation:

dft
12 +(Co+1), >0
pdft = 0 et o+ 1), A (2.50)

0, P <0

Eq. (2.51) summarizes the shift condition applied in friction loss calculation (see
Appendix [B):

2(dP 0
o (@) B> (2.51)

The heat exchange between the fluid and its neighborhood is described by Eq. (2.52)
(GUEDES, 2023, |GOES et al., 2023):
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Uheat(Tneigh - T)

O =4 D (2.52)
p

where T is the temperature, Uy, is the overall heat transfer coefficient, and the sub-
script neigh refers to neighborhood temperature (for seawater, we assumed 7T),.;q5 €qual
277.15K).
The vapor mass generation is evaluated by Eq. (GUEDES| 2023, GOES et al.,
2023):
dpy

I = memd_ (2-53)
X

Most literature on multi-phase flow with hydrates applies the Hydrodynamic Slug
Flow Model (HSM). This model considers an intermittent flow of unit cells, as illustrated
in Figure Unit cells take into account a periodic flow in time and space, comprising
two zones: liquid slug (Ls) and elongated bubble (Lp). The combination of each unit
cell’s zone and three phases (i.e., gas, liquid, and hydrate) can model different aspects of

multi-phase flow in the pipeline.
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000
Gas bubble 0o S
i Liquid slug i
:: Unit cell g

Figure 2.11: Representation of a unit cell and the mechanistic depiction of slug flows as
applied in the Slug Flow Model.

The TFM and DFM described above balance the conservative equations through the
phase void fraction. In HSM, the conservation equations are balanced using the holdup
— the volume fraction occupied by the liquid or gas phase. This approach rewrites the
equations by adding the sectional pipe area and the phase holdup.

BASSANI (2017) provides a comprehensive evaluation and application of HSM,
which was classified based on the following factors: (1) the approach employed to achieve
the modeling solution, (2) the use of steady-state or dynamic simulations, and (3) the pipe
inclination, which was considered in the application.

TFM, DFM, and HSM require correlations that describe the phases’ flow patterns. The
flow pattern represents the type of interaction between liquid and gas phases. Empirical
correlations and mechanistic models predict the flow pattern and complete the equations

system of multi-phase models. However, the models’ validity depends on pipe inclination
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and the experimental conditions of obtained data for the flow pattern (TEIXEIRA| 2016).

The TFM is suitable for predicting dispersed flow regimes and is useful for studying
hydrate growth in these types of flow regimes. The HSM, on the other hand, accounts
for the complex interaction between liquid and gas phases in slug flow. It is particularly
helpful in studying the risk of hydrate formation and deposition in an intermittent slug
flow. Meanwhile, the DFM is a simplified model compared to the others and is ideal for
homogeneous flow regimes where the phases are well-mixed.

Despite its simplicity, this work aims to apply the DFM to predict hydrate formation,
taking into account its advantages such as requiring fewer equations and assumptions,
making it easier to implement and solve numerically. It also requires less computational
effort than other complex models and uses fewer parameters, making it more robust for
practical applications.

Additionally, although the DFM is suitable for homogeneous flow regimes, the distri-
bution parameter and drift velocity can be adjusted to predict the dispersed flow. Finally,
the kinetic model can be integrated with mass- and heat-transfer terms in the mixture

conservation equations.

2.4.2 Hydrodynamic models with hydrates

OLGA® is the O&G industry-standard tool for transient multi-phase flow simulation
(KOH et al.| 2011b). It uses the TFM and applies a numerical solution scheme that
spatially discretizes the pipeline into multiple control volumes. This well-known soft-
ware program applies the rigorous bi-phase model and contains a separate module that
analyzes hydrate formation in oil- and water-dominated systems using the CSM models.

In GONG et al.| (2010), the one-dimensional TFM applied the holdup to measure
hydrate formation using the Hydrate Shell Model shown in Eq. (2.16). The research
was limited to a horizontal pipe and stratified flow simulation, considering only methane
hydrate formation.

An extension of this work included the mixture of gas hydrates consumed during hy-
drate formation and defined the concentration parameter as shown in Eq. (SHI
et al.,2011). The results suggest that the diffusivity parameter in the mass transfer mech-
anism is critical in predicting hydrate formation. The authors did not apply agglomeration
or deposition models.

The HSM was applied using slip velocity to complete the equation describing the
dynamic multi-phase model with hydrate formation in oil- (ZERPA, 2013) and water-
dominated systems (RAO, 2013). ZERPA|(2013)) considered only the liquid-gas slip ve-
locity, assuming no slip between the liquid-hydrate phases.

In contrast, RAO) (2013) used a flow pattern to describe the solid-particle interaction

with the liquid phase and obtained the liquid-hydrate slip velocity as a function of hydrate
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holdup. ZERPA| (2013)) and RAO) (2013]) used tables of fluid properties generated from
thermodynamic software programs in their multi-phase models.

The first-order intrinsic kinetic rate shown in Eq. was used to measure hydrate
formation in [ZERPA! (2013) and RAO| (2013). In |[ZERPA! (2013), plugging risks were
analyzed by considering pressure drop, hydrate volume fraction, and relative viscosity
resulting from the agglomeration model mentioned in Section 2.3.3. RAO|(2013)) included
the gas hydrate layer deposition on the pipeline surface in water-dominated systems.

The authors emphasized that reasonable multi-phase hydrodynamic and kinetic mod-
els are necessary to measure the hydrate fraction and its effects on flow temperature, pres-
sure, and velocity. Their research was limited to methane gas hydrate and sl structure.
Their work suggested the importance of mass and heat transfer in the model to predict the
growth and deposition phenomena.

On the other hand, BASSANI| (2017) presented a steady-state mechanical approach
in HSM to simulate hydrate formation in oil-dominated systems. The simulation was
limited to a horizontal pipe and slug flow patterns. Analytic expressions described the
temperature, pressure, and heat transfer coefficient along the pipeline. This research only
accounted for mass and heat transfer related to hydrate formation, ignoring vaporization.
The liquid phase was assumed to be incompressible, and the gas phase used a real gas
model.

BASSANI (2017) predicted the hydrate formation using the intrinsic kinetic model;
the associated hydrodynamic model did not incorporate accumulation and deposition phe-
nomena. It was assumed that water and hydrate phases were dispersed in the oil phase,
thereby forming a homogeneous dispersion. The authors suggested that heterogeneous
dispersion is required to analyze pressure drop induced by hydrate formation for hydrate
volumetric fractions exceeding 13% (BASSANI, 2017).

In FERREIRA| (2018), the TFM coupled with a population balance model, dynami-
cally predicted hydrate formation in oil-dominated systems. The prediction was limited
to the pipe section favorable to hydrate formation and not along the pipeline (FERREIRA|
2018)).

The methodology assumed all phases were incompressible and neglected mass trans-
fer between phases. This approach, using particle population, observed variation in pres-
sure drops of around 170% due to hydrate formation (FERREIRA/ 2018)). The author did
not include deposition prediction.

None of the available models were capable of combining intrinsic kinetic, heat, and
mass resistances. However, they clarified the coexistence of mechanisms (GONG et al.,
2010, SHI et al., 2011, ZERPA et al., 2012), expanded the model for former mixtures
in natural gas (SHI et all 2011)), and suggested that higher WCs (ZERPA et al.| 2012)
and diffusivity (GONG et al., 2010, SHI ez al., 2011) strongly affect hydrate formation in

oil-dominated systems.
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Concerning FA steady-state analysis, TEIXEIRA (2016) compared different one-
dimensional multi-phase flow models. The phase equilibrium conditions were calcu-
lated for a hydrocarbon mixture without hydrate formation. Regularization functions
addressed the existing discontinuities in the transitions between the flow patterns (TEIX-
EIRA| 2016).

In[TEIXEIRA|(2016), a differential-algebraic equation (DAE) approach was used for
the numeric solution rather than the usual marching algorithm. The Drift-Flux Model
demonstrated superiority over the TFM, making the DFM an attractive option due to its
simpler equations and faster performance (GC)ES et al., 2023, TEIXEIRA, [2016).

The authors proposed a dynamic solution using the transverse method of lines with
the two-point backward method. A preliminary study indicated that the DAE proposal
could provide efficient dynamic simulation (TEIXEIRA| 2016). However, the method for
estimating the integration step requires improvement.

In the study by |(GUEDES et al.| (2020), a one-dimensional homogeneous model was
employed in conjunction with fluid characterization to design pipelines avoiding the
hydrate-formation domain. The correlation used to calculate the pressure drop incor-
porated regularization functions proposed by TEIXEIRA et al|(2015). The pipeline in-
sulation design strategies, applied to full-scale industrial conditions, demonstrated excel-
lent concurrence with a standard software program commonly used in the O&G industry
(GUEDES et al., 2020).

DFM was applied in an iterative algorithm to fit operational conditions from offshore
field data. Using fluid data and pipeline geometry information, the algorithm returns
the pipe wall roughness, which fits the pressure and temperature drop corresponding to
real-time operational conditions (GOES er al., 2023)). Other works fitted the temperature
profile by adjusting the overall heat transfer coefficient (RAO, 2013, ZERPA| 2013)).

In GUEDES (2023), the DFM assisted the steady-state analysis that evaluated the
temperature difference between the hydrate equilibrium and pipeline sections. The hydro-
dynamic model considered compressible phases, and the fluid properties were calculated
using a methodology that agreed with the commercial software Multiflash™. In addition,
the three-phase flash calculation included hydrate stability analysis (GUEDES, [2023)).

The kinetics of hydrate is a time-dependent phenomenon; the steady-state approach
cannot observe the temporal deposition of hydrate in pipelines. However, this work aims
to evaluate if the Drift-Flux Model set as a DAE system in steady state can predict the local
effects of hydrate formation in oil-dominated pipelines. This work aims to contribute
to the previous research, including the crystallization of gas hydrate under kinetic and
thermodynamic aspects reviewed in this chapter.

The approach proposed in this work first obtained the fluid composition and hydrate
stability curve using the methodology proposed in GUEDES|(2015)) and|GUEDES| (2023)),

respectively. The hydrodynamic model included the mass and heat phase transfer, allow-
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ing a shift from single- to two-phase flow along the pipeline (GUEDES, 2023, GOES
et al., 2023)). This included the mass and heat effects due to vaporization, which are
usually neglected in the literature simulating hydrate formation.

Modifications in the steady-state DFM were proposed to include the hydrate phase
and properties. The DAE system was solved using the same methodology employed
in TEIXEIRA| (2016), GUEDES| (2023)), and GOES et al. (2023)). More details of the
methodology applied are provided in the next chapter.

2.5 Fluid characterization

There are two pillars of FA: production chemistry and multi-phase flow modeling
(BOMBA et al.l 2018). Production chemistry includes simulations and modeling tech-
niques to obtain fluid characterization. Fluid characterization is required to perform any
analyses in FA. This section presents the literature on flash calculations and methods to
obtain the separation factors and composition of gas, aqueous, and oil phases.

This work required bi- and three-phase flash algorithms. The bi-phase flash, involving
the oil liquid and gas phase, was combined with the hydrate equilibrium diagram men-
tioned in Section 2.2, while the three-phase flash returns the component compositions for

each phase (i.e., gas, aqueous, and oil), which are needed to obtain fluid properties.

2.5.1 Three-phase flash calculations

A three-phase flash algorithm was needed to obtain the component compositions for each
phase, the vapor fraction, and the liquid ratio between the oil and aqueous phases. Phase
equilibrium procedures available in the literature provide algorithms to obtain the fluid
composition and each phase fraction from a known overall system composition, temper-
ature, and pressure (ANDRADE, |1991, BALLARD e SLOAN, 2004a, (GUEDES, 2023,
GUPTA et al.,|1991, SEGTOVICH et al.,2016).

Flash algorithms described the equilibrium condition using equality of fugacity of
components in each phase (ANDRADE, 1991, (GUEDES], 2023)) or minimization of free
Gibbs energy (BALLARD e SLOAN, 2004a, GUPTA et al., 1991, SEGTOVICH et al.,
2016).

The free Gibbs energy criterion guarantees the global minimum, thereby facilitating
the identification of stable phases in equilibrium. Although it is somewhat complex, the
fugacity criterion is often preferred due to its rapid computation, making it an attractive
alternative. On the other hand, additional criteria to analyze single and two-phase equi-
librium remain indispensable (NELSON} [1987).

Both approaches used mass balance equations to describe the fractions of each com-

ponent and phase. The vapor and liquid fractions can be included using separation factors
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that inform the phases’ volumetric fractions (ANDRADE, 1991, GUEDES| 2015)).

The Rachford-Rice equations were used to couple the phase composition with sepa-
ration factors (ANDRADE, |1991, |(GUEDES, [2023) or stability variables (BALLARD e
SLOAN;, 2004a, GUPTA et al., 1991, SEGTOVICH et al.| 2016). The Newton-Raphson
method is frequently used to accelerate convergence (BALLARD e SLOAN, 2004a, NEL-
SON, 1987).

The mass balance, including separation factors to perform three-phase flash calcula-
tions, is described below for an oil-, aqueous-, and vapor-phase equilibrium (EL,Ly, V).
The vapor phase is represented as V, and the liquid oil and aqueous phases are represented
as L — the subscript o and w identify the phase rich in hydrocarbon and water, respectively.

Overall material balance:

L,+L,+V=F (2.54)

Material balance for a three-phase flash:
x{Ly+x;'Ly,+yiV = ziF (2.55)

Phases mole fractions relations:

n n n
Yar=Yur=Y = (2.56)
i=1 i=1 i=1
Relation between molar fractions and equilibrium constants:
vi=K!x{ = K'x’ (2.57)
Vapor separation factor:
%
= — 2.58
(== (2.58)
Liquid separation factor:
L,
= 2.59
b= (259

where the symbols { and f are the vapor and liquid separation factors, respectively. K;,
xi, and y; are, respectively, the equilibrium constant, liquid molar fraction, and the vapor
molar fraction of component i.

The literature details all the steps to connect the mass balances, molar fractions, sepa-
rations factors, and equilibrium constants (ANDRADE, |1991, GUEDES, 2023)). The final
equations are shown below:

Oil-phase mole fraction:

— i (2.60)

B(1—8) + (1= B)(1 =) + K¢

=9

KW

1
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Aqueous-phase mole fraction:

= % (2.61)

K
ZPU=8)+(1=B)(1-§)+K'¢

Vapor-phase mole fraction:
Zi
yi = (2.62)
B(I_C>+ (1 —ﬁ)(l—C)H;
K¢ K"

l l

From Eq. (2.60), Eq. (2.6I), and Eq. (2.62) were possible to write the following
Rachford-Rice equations:

fi(€,B) =i (x] —)’i):i KZ;“_K"O) =0 (2.63)
i=1 i=1 i
B(l—C)+K—;(1—ﬁ)(1—C)+K,~"C

P )
LEB) =Y -x)=Y ’ =0 (264

i=1 i=1 K?
B— )+ (1= B)(1 =) + KPS
(5 )
} ; i\ g K
f3(€7ﬁ):;(xzw_)’i):; — —0 (265
- "B - 0) (1 B)(1- 0+ K7C

Therefore, Eq. (2.60), Eq. (2.61), Eq. (2.63), Eq. (2.64), and Eq. (2.65) obtain the

separation fraction using the Newton-Raphson method, then calculate the component’s

equilibrium composition. However, the number o equilibrium phases must be determined
before applying the algorithm (NELSON, |1987).

The number of phases could be obtained from bubble and dew point applied in equa-
tions Eq. (2.63), Eq. (2.64), and Eq. (NELSON|, [1987)). For a single-phase (V,
L,, or Ly), the equilibrium criteria summarized below inform the necessary and sufficient
conditions:

1. Vapor-phase (V):
n
<j
ZF—1<OandK——1<O (2.66)

4 1
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2. Liquid oil-phase (L,):

n Kp
zK{ —1 < 0and i;ziK—fw -1<0 (2.67)

n
= 1

i=1

3. Liquid aqueous-phase (Ly):

n
K
Y uK—1<0and } 5i-5—1<0 (2.68)

n w
i=1 i=

1 i

The test for the existence of a single liquid or vapor phase should be performed before
the two-phase test since it does not require iterative calculation. However, dew and bubble
point provides only the necessary conditions for two-phase equilibrium. To obtain suffi-

cient conditions, separations factors for the liquid oil- and aqueous phases were defined

by Eq. (2.69) and Eq. (2.70), respectively:

L()

vi=— (2.69)
LW

v =— (2.70)

The literature details each step that links the overall mass balances, molar fractions,
new separation factors, and equilibrium constants (ANDRADE, 1991, NELSON, 1987).
Then, the equations are reformulated as Rachford-Rice functions in Eq. and Eq.
(2.72)), suitable for numerical solutions (NELSON] [1987):

n ZiKW(l —K-0>
| _ ; i 2.71
01(v1,y2) ;KQK;V+W1K;V(1—Kf)+sz;’(1—K,W) @.71)
O2(y1,vn) =Y ot : 272

i=1 K;)Klw"{'l//lKiw(l_Kio)—i_lI&Kio(l_Kiw>

The functions above describe the lateral of a three-phase triangular diagram. The
internal part was evaluated using the functions P given by Eq. (2.73), Eq. (2.74), and Eq.
(2.75). Functions P are combinations of Eq. (2.71)), Eq. (2.72), and separations factor (y;
and y») (NELSON;, 1987).

Pi(y1,v2) = =y 01(v1, ¥2) — v2 02 (W1, W) (2.73)
P(y1,y2) = (1= y1)01 (w1, ¥2) — v202(y1, y2) (2.74)
P3(y1,y2) = —y101(y1,¥2) + (1 = v2) 02 (w1, v2) (2.75)

Finally, the necessary and sufficient criteria for two-phase are summarized below:
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1. Vapor and liquid oil-phases (EL,V):

n

Zi
ZKZO 1 >0and Z;Z,K"—1>O
=

02(y1,0) < 0 at the root of Q;(y1,0)
2. Vapor and liquid aqueous-phases (ELy, V):

n

<i
ZKW 1 >0and ,;ZZKW_1>O
01(0,y) < 0 at the root of Q>(0, y»)
3. Liquid oil and liquid aqueous-phases (EL,Ly):

w

" K}
;z,-K —1>0and Zz,ﬁ—wo

l_

01 (1,1 —yq) > 0 at the root of
Q1(y1,1—y1)—Oa(y1,1 —yy) =

(2.76)

(2.77)

(2.78)

ANDRADE](1991)) suggests the following procedure to perform the three-phase flash

algorithm :

(a) Estimate initial guess values for the equilibrium constants.

Methods to estimate

these values can be found in the literature depending on the level of information

about mixture equilibrium composition. More details are found in|GUEDES] (2023))

and ANDRADE (1991).

(b) Determine the number of equilibrium phases:

1) test single phase conditions from Eq. (2.66), Eq. (2.67), and Eq. (2.63),

2) test two-phase conditions from Eq. (2.76)), Eq. (2.77), and Eq. (2.78)),

3) calculate three-phase equilibrium from Eq. (2.63)), Eq. (2.64), and Eq. (2.65).

(c) Obtain the separation factors from Eq. (2.58) and Eq. (2.59),

(d) Calculate the component’s equilibrium fractions from Eq. (2.60), Eq. (2.61)), and

Eq. (2.62),

(e) Evaluate a convergence test by comparing the old and new values for the compo-

nents’ equilibrium fractions.

In ANDRADE (1991), the three-phase flash methodology was applied in separation

processes to obtain the equilibrium compositions of systems involving water and organic
molecules. Additionally, GUEDES (2023) combined the bi-phase flash (EL,V) with the
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vdW-P model to predict the equilibrium temperature of hydrate formation. Subsequently,
the authors calculated the temperature difference between the hydrate equilibrium and the
corresponding pipeline section in order to propose strategies to avoid hydrate formation.

As previously discussed, thermodynamics software employed in fluid flow analyses
typically organizes fluid properties into tablesfor a range of pressure and temperature.
This information is then incorporated into a separate software program that simulates
multi-phase flow within pipelines, either dynamically or under steady state conditions.

Similarly, GUEDES]| (2023) utilized a three-phase flash algorithm to compile x;°, x;",
vi» €, and B into tables for a range of pressure and temperature. This information was then
incorporated into a steady-state multi-phase flow model to evaluate operating conditions
in production lines favorable to hydrates formation (GUEDES, 2023).

For a specific pressure and temperature condition in production pipelines, fluid prop-
erties were calculated utilizing suitable methodologies (APIL, 1997, GUEDES, 2015,
LOHRENZ et al., 1964, RAIZI, 2005, WHITSON e BRULE, 2000). This was achieved
by interpolating fluid compositions and phase fractions that satisfied the multi-phase
model solution.

The results regarding flow and fluid characterization, for a light oil and low WC,
agreed with well-known commercial software programs used for FA purposes (GUEDES,
2023). However, a disadvantage of this approach is its dependence on commercial soft-
ware to obtain pure component properties and binary interaction parameters.

In a different approach, GUPTA et al.| (1991) employed free Gibbs energy to deter-
mine equilibrium compositions and phase fractions for multi-phase reacting and non-
reacting systems.

Additionally, other work in the literature has combined multi-phase flash calculations
with simultaneous stability analysis related to gas hydrates (BALLARD e SLOAN| 20044,
SEGTOVICH et al., |2016). This method provided a comprehensive phase diagram —
including hydrate formation within the ice phase — and computed the composition of the
hydrate phase (SEGTOVICH et al., 2016).

In the context of steady-state flow simulation, the equilibrium temperature of hydrate
formation was the only necessary parameter. Consequently, the methodology described
by |GUEDES (2023) was well-suited to the objectives of this work.

The phase stability analysis using free Gibbs energy was not required for the prelimi-
nary goals of this work. However, it could serve as an alternative approach for generating

a complete phase diagram without the need for commercial software support.

42



Chapter 3

Methodology

The focus of this work was to simulate steady-state multi-phase flow in offshore pipelines
prone to natural gas hydrates formation in oil-dominated systems without inhibitors. This
chapter presents the methodology employed in this work, which is divided into thermo-
dynamic and kinetic aspects.

The thermodynamic aspect, presented in Section 3.1, describes the methods used to
obtain the hydrate stability curve, fluid properties, and three-phase flash data fed in the
hydrodynamic model. The kinetic aspect, presented in Section 3.2, details the modifica-
tions implemented in the DFM to incorporate the hydrate phase. In addition, each section

proposed case studies to evaluate the methodology of this work in both aspects.

3.1 Thermodynamic aspects

3.1.1 Methodology for calculating hydrate stability curve

The hydrate stability curve is derived using a MATLAB® algorithm, which calculates the
equilibrium temperature for hydrate formation by considering the fluid composition and
the system pressure throughout the pipeline.

This algorithm determines the temperature that minimizes Eq. (2.2, shown in Section
2.2, which represents the equilibrium of hydrate formation derived from the equality of
the chemical potential of water between hydrate and pure water phases. The equality of
the chemical potential of water and hydrate phase was obtained from the liquid or vapor
component’s fugacity and the fugacity of the empty lattice using the vdW-P model.

To minimize the chemical potential — represented by the difference of Eq. (2.3) and
Eq. — the algorithm applies the fzero function in MATLAB®. This work utilized the
modified vdW-P model for mixtures proposed by PARRISH e PRAUSNITZ (1972). The
fugacity of the components was calculated using the PR EoS in combination with the van
der Waals one-fluid rule for mixtures.

To calculate the Langmuir coefficient, required to solve the vdW-P model, parameters
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from MUNCK et al| (1988)) were applied in Eq. (2.5) (see Table [A.T] in Appendix [A).
The subscript » in Eq. indicates the liquid or ice phase of pure water, which de-
termines the parameters applied for the chemical potential, enthalpy, molar volume, and
heat capacity at the reference state (see Table[A.2]in Appendix [A)).

Only values for liquid water were used in this research, valid for temperatures from
250K to 305K and pressures from 0 to 50.7MPa. The reference state in Eq. (2.6) is the
triple point of pure water, characterized by a pressure of 612.619Pa and a temperature of
273.19K.

According to MUNCK et al.| (1988), the water fraction in the vapor and liquid oil
phases are negligible. As a result, the algorithm calculating the hydrate stability curve
assumes an absence of water in the overall composition for flash calculations. There-
fore, the three-phase flash mass balance equations were simplified to the two-phase flash
equations as shown in Eq. (3.1) — Eq. (3.3):

Oil-phase mole fraction:
0 Zi

o — 3.1
T oy
Vapor-phase mole fraction:
K7z
e B B 3.2
Sum of overall composition:
Yu=1 (3.3)
i=1

From Eq. (3.1) — Eq. (3.3) were possible to write the Rachford-Rice equation given
by Eq. (3.4). To solve this equation and obtain new values for {, the Newton-Raphson

method was applied.
- zi(KY—1)

ReS(C> :l:ZI 1—C+CK,-U

The initial guess values in this algorithm used Eq. (3.5) to calculate the initial equi-

(3.4)

librium constants.

Ko = exp(5.37(1+w) (1 =T, 1)) 35)

Pri
where, w; is the acentric factor of component i, P,; = (P/P,;) is the reduced pressure, 7,; =
(T /T;) is the reduced temperature, P, and T, are the critical pressure and temperature of
component i. All the pure component properties are shown in Table [3.1]

The bi-phase flash, which involves oil in liquid and vapor phases, was applied to de-
termine the separation factor and fluid composition given a known temperature, pressure,
and overall composition, as illustrated in Figure The dashed arrow — connecting the
Rachford-Rice step and the second flowsheet — indicates the interactive internal algorithm

to solve Rachford-Rice for (.
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The separation factor, {, indicates the phase with the highest concentration of guest
molecules. In the case of a single liquid phase, x;° is used to calculate the fugacity of the
component in Eq. (2.4). Otherwise, for the single vapor phase or bi-phase, y; is used in
the calculations. A tolerance equal to 10 was applied to both decision steps illustrated

in Figure 3.1] and set a maximum value of 100 iterations for j and k loops.

Input
T,P, z

Initial Guess
o ¢[=0]=05 e
> Kj=0] from | _________ | Cmrlc(lazl guess
Eq. (3.5) ! | Chi+k=01=C )

______________ Yoo

| Solve Rachford- .

\ 4

" Ricefore Calculate new ¢
j=j+1 l k=k+1
lcul -
7'y Calculate X, y | 7 [+ 1]+

from Eq. (3.1)
Calculate yy.q
from Eq. (3.2)

no [+1][k]|>tol?2

. | Chil= Ol k] |

Calculate Kig.q
from Eq. (2.57)

Figure 3.1: Bi-phase flash flowsheet for a known temperature, pressure, and overall com-
position. The dashed arrow indicates the interactive internal algorithm to solve Rachford-
Rice for .

In summary, the algorithm implemented in MATLAB® for obtaining the hydrate for-

mation curve requires the following inputs:

1. The type of hydrate structure (sl or slI) to be predicted.

2. A guess temperature, Tg; ez, used in the bi-phase flash.
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3. A pressure value, which is assumed to be the equilibrium pressure for hydrate for-

mation.

In addition, the algorithm requires access to the following data to perform the calcu-

lations:

1. The overall fluid composition, excluding water.

2. Pure components properties data. Table [3.1] contains pure component properties

used in this work.

3. Ay and By; parameters from MUNCK et al.| (1988) for Eq. (2.5), shown in Table
[A.T] (see Appendix [A).

4. Reference values of a physical constant from MUNCK et al.| (1988)) for Eq. (2.6),
shown in Table[A.2](see Appendix [A).

5. The reference state used in Eq. (2.6), were Py = 612.619Pa and Ty = 273.19K.

Table 3.1: Composition of light oil fluid and pure component properties data obtained
from Multiflash™. Reproduced from GUEDES (2023).

Molar Critical Critical Critical  Acentric Molar

Component fraction  pressure  temperature volume factor weight
(adm) (Pa) (K) (m3/kg) (adm) (kg/kgmol)

CO, 0.84 7377300 304.12 0.0021 0.223 0.044

N, 0.19 3395800 126.19 0.0031 0.0372 0.028

CH4 52.89 4599200 190.56 0.0061 0.0104 0.016

CyHg 6.81 4871800 305.33 0.0048 0.0991 0.030

C;Hg 3.68 4247660 369.85 0.0045 0.152 0.044

i-C4Hjo 0.82 3640000 407.85 0.0044  0.1844 0.058
n-C4Hjg 1.88 3796000 425.16 0.0043  0.1985 0.058

1-CsHj, 0.9 3377000 460.45 0.0042 0.227 0.072
n-CsHjs 1.04 3366500 469.70 0.0043  0.2513 0.072
CesHi4 1.58 3018100 507.82 0.0042  0.2979 0.086
Cy 19.58 1668193 732.07 0.0039  0.6739 0.228
H,0 10 22120000 647.30 0.0031 0.344 0.018

adm: dimensionless

3.1.2 Methodology for calculating fluid properties

In the case studies planned in Sections 3.1.3 and 3.1.4, the initial fluid composition is
known. In such circumstances, WHITSON e BRULE (2000) suggests employing com-

positional simulation. That approach defines the vapor fraction in the mixture and phase
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composition through balance calculations based on the properties of pure components
(WHITSON e BRULE;, 2000).

The properties of the fluid (i.e., density, viscosity, surface tension, enthalpy, heat ca-
pacity, and thermal conductivity) can be calculated from suitable methods (RAIZI, [2005)).
The enthalpies of the liquid and vapor phases were determined via the residual properties
using the PR EoS, as recommended by API (1997).

The PR EoS was employed to obtain the densities of the liquid and vapor phases
(RAIZI, 2005), while the viscosities of the liquid and vapor phases were determined using
the method proposed by LOHRENZ e? al.|(1964)). The PR EoS was extended for mixtures,
utilizing a quadratic mixing rule.

The binary interaction component required for the mixing rule was obtained from
MEKALA e SANGWALI (2014) or using data from Multiflash™ (see Table in Ap-
pendix C). More comprehensive details about the correlations and equations employed
for the calculation of fluid properties can be found in|GUEDES| (2015).

3.1.3 Case studies for hydrate stability curve

The following case studies were proposed to evaluate the applicability and performance

of the methodology, described in Section 3.1.1, to obtain the hydrate stability curve:

a) Case Study 1: This case study aims to reproduce the hydrate formation curve for
a system containing a small amount of CO,, available in GUEDES| (2023)). The
results are then compared with those generated by the software Multiflash™, which
is recognized for providing accurate predictions for uninhibited multi-component
hydrate systems (BALLARD e SLOAN| 2004b)).

b) Case Study 2: The goal of this case study is to evaluate the limitations of the vdWP
model prediction by comparing it with another thermodynamic model used to ob-
tain the hydrate stability curve. This study also aims to evaluate complexities caused

by components such as of CO,, H,S, and H».

The methodology presented in Section 3.1.1 is similar to the one applied by GUEDES
(2023) for the management of hydrate formation conditions. GUEDES| (2023) evaluated
multi-phase flow in pipelines under thermodynamic conditions susceptible to hydrate for-
mation. The prediction was in agreement with those generated by Multiflash™.

The gas hydrate prediction in Multiflash™ employs the vdW-P model combined with
CPA EoS to describe the fluid phases. Langmuir coefficients are estimated as functions
of temperature and adjustable parameters, similar to the method shown in Eq. (2.5).
However, in Multiflash™, these parameters are regressed from experimental hydrate dis-

sociation data, and these values are not accessible to the user.
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The fluid composition in Case Study 1 contains a mixture of hydrates formers (i.e.,
methane, ethane, propane, i-butane, n-butane, and carbon dioxide). Table provides
details on the light oil molar composition used in Case Study 1, as well as the pure com-
ponent properties employed in both case studies.

However, the fluid utilized in(GUEDES| (2023)) contained a low concentration of CO,.
Consequently, Case Study 2 investigated the accuracy of the methodology when applied to
sour natural gas with different concentrations of CO,, H,S, and H,, as detailed in Table
3.2l Additionally, the results are compared with those obtained using the C-G model
approach, available in MEKALA e SANGWALI (2014).

Table 3.2: Molar composition of sour natural gas used in Case Study 2, containing varying
amounts of CO,, H,S, and H,. Adapted from MEKALA e SANGWAI (2014).

GAS N2 C02 st C1 C2 C3 i—C4 n—C4 i—CS I’l—Cs C6+

1 - 314 - 525 812 474 131 1.88 - - -
2 084 174 - 8419 876 335 032 06 008 0.08 0.02
3 043 0.51 - 5932 425 1.6l - - - - -
4 959 319 - 8632 0.78 0.03 001 0.018 001 0.01 0.07
5 - 126 54 82 - - - - - - -
6 - 12 8 80 - - - - - - -

— not applicable

MEKALA e SANGWALI (2014) evaluated the performance of the C-G model in pre-
dicting hydrate formation conditions by comparing its results with experimental data de-
rived from sour natural gas. The authors employed the PR EoS to calculate the fugacity of
each component and utilized the Kihara potential to determine the Langmuir coefficients.

In summary, the objective of Case Study 1 was to replicate the results presented in
GUEDES | (2023) and Multiflash™ for a light oil system, and to subsequently discuss any
similarities or discrepancies. On the other hand, the objective of Case Study 2 was to in-
vestigate the limitations of the proposed methodology by contrasting it with an alternative
approach that suggested improve the accuracy in the presence of complexities caused by
components such as CO,, H,S, and H».

In both case studies, the sl structure was used as input and the guess temperature was
equal to 300K. The verification of MATLAB® result was measured using the relative error
(REP) given by Eq. (3.6)). The superscript ref refers to reference hydrate equilibrium tem-
perature data obtained from Multiflash™,(GUEDES| (2023), or MEKALA e SANGWAI
(2014). The superscript MTLB refers to MATLAB® result obtained in this work.

ref _ oMTLB
|Thyd,eq Thyd,eq

ref
Lhyieq

REP =

(3.6)
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3.1.4 Case study for fluid properties

As mentioned in Chapter 2, there is a lack of fluid characterization in research dedicated to
hydrate formation simulations. This work proposed the following case study to evaluate
the applicability and performance of the three-phase flash calculations implemented in
MATLAB®. This analysis will focus on obtaining phase composition, separation factors,

and fluid properties.

a) Case Study 3: This study aims to obtain fluid properties profile along the pipeline
using real fluid data from the literature, applicable to oil-dominated systems (RAO,
2013, |STOBLOM et al., 2010, ZERPA, 2013).

The SARA analysis, shown in Table [3.3] characterized the crude oil from the
Caratinga field. This method quantifies the fluid’s hydrocarbon fractions according to the
following groups: saturates, aromatics, asphaltenes, and resins. The details of the SARA
analysis and information of the components present in the Caratinga fluid are available in
SJOBLOM et al.|(2010) and RAO (2013), respectively.

Table [3.3]indicates that the original fluid contains resins, a component not supported
in the methodology of this work for obtaining fluid properties. Furthermore, the hydro-
dynamic model assumes a Newtonian fluid; a hypothesis valid for fluid with a maximum
molecular weight of 5000kg/kgmol (TEIXEIRA| 2016).

Table 3.3: Saturates, aromatics, asphaltenes, and resins fractions from the SARA analysis
and density of Caratinga crude oil. Adapted from SJOBLOM et al.|(2010).

Property Value

Density (kg/m?) 914.0
Asphaltene content (%) 6.2
Saturates content (%) 39.8

Aromatic content (%) 39.8

Resin content (%) 14.3

The crude fluid documented in the literature consists of 36 hydrocarbon components
(RAO,2013). The thermodynamic model employed in this work uses the pure component
properties and mixing rules to characterize the fluid. However, managing such a large
number of parameters for each component is impractical, especially as some of them are
not readily available. In such cases, commercial software represents minor heavy fractions
using a pseudo-component.

Originally, the pseudo-component was generated by separating the distillation curve
according to the boiling point, with each subinterval representing a mixture of hydrocar-

bons included in that set. An alternative approach is to generate the pseudo-component
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based on SARA analysis and density information. In this study, SARA analysis, den-
sity, and original fluid composition data were employed in Multiflash™ to generate the
pseudo-component, C;,, which comprise the remaining twenty-five heavy fractions of
the original fluid.

This work adapted the pseudo-fluid composition by removing the resin fraction, as
detailed in Table [3.4] This reformulation is suitable for three-phase flash calculations and
the fluid characterization methods employed. The algorithm utilized for the three-phase

flash is described in Section 2.5.1, and the pure components data are shown in Table[3.4]

Table 3.4: Pure component properties and composition of the pseudo-fluid based on crude
oil from Caratinga field without resins. Data obtained from Multiflash™.

Molecular Critical Critical ~ Acentric Critical
Component \(?)VWS ;2)/1(7; weight temperature  pressure factor volume
(kg/kg mol) k) (Pa) (adm) (m3kgmol)
CH4 29.648 20.7536 16.0428 190.5640 4599200  0.0104 162.6600
Cs 0.403  0.2821 44.0956 369.8500 4247660  0.1520 220.4780
i-Cy4 0.541  0.3787 58.1222 407.8500 3640000  0.1844 224.3520
n-Cy4 1.646  1.1522 58.1222 425.1600 3796000  0.1985 227.8391
i-Cs 1.345  0.9415 72.1488 460.4500 3377000  0.2270 235.7803
n-Cs 1.799 1.2593 72.1488 469.7000 3366500  0.2513 232.0001
Cs 3345  2.3415 80.7112 512.8682 3145284  0.2822 246.3140
C; 7.941  5.5587 93.5069 541.8461 3125247 0.3112 251.1573
Cs 6.117  4.2819 105.3183 567.2513 2958243 0.3455 252.3766
Co 5.871  4.1097 119.0982 593.9460 2740094  0.3885 252.4134
Cio 5.007  3.5049 133.8625 619.6445 2524469 0.4354 251.9252
Cri+ 36.337 254359  227.1037 737.0574 1664200  0.6992 248.7055
H,0 0 30 18.0152 647.3000 22120000  0.3440 322.0001

adm: dimensionless

The method for estimating the equilibrium constants follows recommendations from
ANDRADE (1991)). An initial vapor-phase mole fraction was obtained by assuming a bi-
phase flash without water, following the same steps illustrated in Figure[3.1] To obtain the
initial oil-phase mole fractions and water-phase mole fractions, each phase was assumed
to be rich in methane and water, respectively.

Subsequently, the methodology suggested by ]ANDRADE] (1991) was employed to
compute the component mole fractions in the raffinate and extract phases. Finally, the
phases’ mole fractions were used in Eq. to obtain the guess equilibrium constants
required in the three-phase flash algorithm.

This procedure to obtain the initial guess was applied at the lower pressure in each
temperature to ensure the method’s applicability. For subsequent pressures, the previous

xi%, x;, and y; were used as the initial guess to initiate the three-phase flash algorithm.
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The three-phase flash results were compiled into a table containing x;°, x;", y;, £, and
B for a range of pressure and temperature between 1x10°Pa to 1.2x107Pa and 270K to
340K respectively. In this table, each row is associated with a fixed temperature, and every
n-th column corresponds to a specific pressure, where n is the number of components in
the fluid.

The constructed table was then fed into the steady-state DFM to evaluate the opera-
tional conditions in production lines favorable for hydrate formation. Similarly, Multi-
flash™ generated the fluid properties table which was input into OLGA®.

In summary, Case Study 3 aimed to compare the fluid properties and phase fractions
obtained from the methodology proposed in this work with those derived from commer-
cial software dedicated to multi-phase flow and multi-component fluid characterization.
Consequently, this study investigated whether the flash calculations and correlations used
to determine fluid properties were adequate to characterize fluids similar to those encoun-

tered in real operations.

3.2 Kinetic aspects

3.2.1 Modifications to include hydrates in the DFM

The present work proposed to include the effects of hydrates formation in the DFM under
steady-state conditions. The objective was to analyze whether this approach could repro-
duce the behavior observed in the literature regarding hydrate formation in oil-dominated
systems.

The following hypotheses were applied to simplify the addition of the hydrate phase
into the DFM:

(i) Steady-state and unidimensional flow;
(i1) Newtonian fluid;
(iii) Liquid and gas are compressible and described by PR EoS;

(iv) A first-order rate kinetic model, shown in Eq. (2.10), was applied. It does not pre-
vent the application of other models in future works. As mentioned in Section 2.3,
this model is usually a starting point for introducing hydrate formation prediction

into multi-phase flow models;

(v) Only gas methane is consumed to form hydrates. Consequently, all hydrates pa-

rameter refers to sl structure and methane gas properties;

(vi) The deposition phenomenon is neglected. It is assumed that hydrate particles are
suspended in the liquid phase (i.e., water and oil) forming a homogeneous disper-

sion.

51



(vii) No-slip condition exists between the hydrate-liquid and hydrate-gas phases. The
hydrates velocity is equal to the liquid phase velocity (see Eq. [B.17] in Appendix
B);

(viii) Hydrate formation does not occur in the single-phase liquid flow.

Section 2.3 provides an introduction to the kinetic models used to predict hydrate
formation and dissociation rates. The gas consumption rate described in Eq. (2.10) was
denoted as R,y in the modified DFM, as shown in Eq. (3.7):

dt

k
= —ukiexp ( 2

sys

) As(TeZyd - Tsys) = _Rgas (37)

Eq. (3.8) corresponds to the rate of hydrate formation. The subscript g refers to the

consumption of gas hydrate (i.e., methane). The terms preceding the gas consumption

rate, d";f“s, refer to the mass of hydrates formed. For methane hydrates, we apply the
following pseudo-stoichiometric equation: CH4 + ngH,0O 1 +ny Hyd.
dmhyd MW dmgas
— =—(1 — =R 3.8
It ( +”H)Mg 7 hyd (3.8)

where Rj,,4 represents the hydrate formation rate. The conservation equations of the DFM
were modified to incorporate the terms for hydrate mass and energy generation. Eq. (3.9)

integrates the gas consumption rate into the vapor phase mass balance:

d(avvam) d (oupvpr ~d
i 0 T ) R (3.9)

Eq. (3.10) presents the hydrate continuity equation, which incorporates Eq. (3.8) and
assumes that the hydrate velocity equals the liquid velocity. To integrate Eq. (3.10) into
the DFM, Eq. was rewritten in terms of the mixture velocity. The liquid velocity

in Eq. (3.10) was replaced with the mixture velocity. The resulting equation is shown in

Eq. (3.T1):

d(o, U,
( hyddphyd ) = Rpya (3.10)
X
dy dPpya d g
_ahydphydd_xm - O‘hydUmd—xy - phydUmd—xy - Rhyd 3
(3.11)

1 dG2 Gy dOCV .
Ti—a)dx T(—a)l dr
Where G, is described by Eq. (3.12):

0

G>

a, o
_ OnydPryd Oy Py ﬁf ft (3.12)

Pn

The energy source term associated with hydrate formation, denoted as Qjyq4, is given
by Eq. (3.13). This heat, added to the system, is incorporated into the mixture energy
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balance, as shown in Eq. (3.14):

thd = _Ahhyngas (3.13)
d(pmUnh, d |o N
(pmdxm m) _ an . E { vPvPI (hv . hl)vﬁlf’]
" (3.14)
dP (04 —
+_ |:Um+ V(pl pV)\/}\;lft:| +thd
dx -

The mixture properties have been revised to incorporate the hydrate void fraction, as
represented in Eq. (3.13) — Eq. (3.17). In the absence of hydrates, the mixture properties

return in terms of liquid and gas phase fractions.

P = 0 (Py — 1) + Oy (Piya — P1) + Py (3.15)
1
Un = p_[av(vag - plUl> + (thdUl(phyd — pl) +plUl] (3.16)
1
hw = p—[av(pvhg —pihy) + ahyd(phydhhyd —pihy) + pihy) (3.17)

The agglomeration model, given by Eq. (2.25)) and discussed in Section 2.3.3, was
employed to evaluate the pressure loss due to hydrate particles. The hydrate slurry influ-
ences friction loss and results in an increased pressure drop.

There is no explicit equation denoting water consumption. The impact of hydrate
formation is evidenced in the reduction of the liquid phase fraction. This represents a
limitation that could be explored in future studies. In this work simulation, the quantity
of water was not completely consumed. The reaction was constrained by the availability

of the gas phase from the vaporization process.

3.2.2 DAE system used in DASSL.C

The modified DFM outlined in Section 3.2.1 was written into a DAE system and solved
using the DASSLC numerical integrator (SECCHI, [2012) in MATLAB®. In the absence
of hydrates, the DAE system used is identical to the one described by GUEDES (2023)).
However, in the presence of hydrates, the model is configured to account for the variables

and their derivatives as follows:

dP
* y(1)=P;yp(1) = Ir
d
* y(2) =0 yp(2) = d—iv
du,,
* y(3) =Un: yp(3) = s
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dpm

* y(4) = pm; yp(4) = e

s s dpy
y(5) =pv;yp(5) = i

dGy

* ¥(6) =G yp(6) = ——

v
dx

A~d
« y(7) =% yp(7) =

dT

* y(8) =T;yp(8) = .

dhy

* ¥(9) = hy; yp(9) = o

dh,

* y(10) = hy; 10) =

dh

e y(11) = hy; 1) =—
y(11) =l yp(11) =

dBy

* y(12) = Bys yp(12) = T

dmgqs

dx

° )’(13) :mgas§yp(13) =

d0lpyg
dx

* y(14) = apya; yp(14) =

dphyd

* ¥(15) = ppya: yp(15) = 7

dG,

* y(16) = Gy; 16) = —
y(16) = Gas yp(16) =~

Where G is given in terms of spatial derivative, as shown in Eq. (3.18)):

G = @vﬁfﬂ (3.18)

s res(1) = —y(3)yp(4) —y(4)yp(3)
o res(2) =Ty — Rgas — y(2)y(5)yp(3) —¥(2)y(3)yp(5) — y(5)y(3)yp(2) — yp(6)
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e res(3) = —y(4)gsin(6) — Fp

6)y(7
%ﬂ?@) —y(3)>yp(4) = 2y(4)y(3)yp(3) —yp(1)

+ res(d) = y(4)  pie

« res(5) = y(5) — piete

* res(6) = y(6) — G§¢

+ res(7) =»(7) ~ "

* res(8) = Om + Onya + [y(10) — y(11)]yp(6) — y(6)yp(10) + y(6)yp(11) +
(1) [y<3>y<2)[p PO o~ soname) -

y(4)y(3)yp(9)

« res(9) = y(9) - hi'¢

s res(10) = y(10) — h¢@le

o res(11) = y(11) — hele

« res(12) = y(12) - By

* res(13) = Uiyp(13) + Rgas

* res(14) = —y(14)y(15)yp(4) — y(14)y(4)yp(15) — y(15)y(4)yp(14) — Rpya +

1 y(16)
0 _y(z)yp(16) + TP _y(z)]zyp(l“)

e res(15) = y(15) — peaic

* res(16) = y(16) — G5l¢

3.2.3 Modification in gas consumption equation

AMggs

g , used in the gas consumption residue, was obtained by modifying the gas
X

consumption rate, Rggs, in terms of the liquid phase velocity. This adjustment allows the

The term

model to monitor the movement of particles along the pipeline, as shown in Eq. (3.19):

dmges _ Vdmges 1 L[ M,
dx U dt U U

Table [3.5] presents the values of the intrinsic kinetic formation and dissociation con-
stants employed in Eq. (3.19).

55



Table 3.5: Intrinsic formation and dissociation kinetic constants for the first-order rate
kinetic model used in Eq. (3.19). Adapted from (RAO, 2013).

ki ko
(kg/m?/K/s) (K)

Formation  exp(41.1393) -13616.2288
Dissociation  exp(57.9886) -16695.4770

The nucleation subcooling temperature was assumed to be 3.5K, which means the
reaction is activated when subcooling achieves a value above this threshold (TURNER
et al., 2005, ZERPA et al., [2012). When the hydrate nucleation subcooling condition is
met (AT, > 3.5K), the hydrate formation reaction is activated. However, if the nucle-
ation subcooling condition was previously met and the subcooling subsequently becomes

negative, the hydrate dissociation reaction is initiated.

3.2.4 Hydrates properties

As discussed in Chapter 2, hydrate formation is non-stoichiometric, leading to variable
properties. The molecular weight of gas hydrates was calculated based on the degree of
saturation within the crystal structure (CARROL),[2009), as shown in Eq. (3.20):

(MM, + X5 LY, YijoiM,)

Myyq =
’ Ny +XY, Y0

(3.20)

The density can be calculated from the relation between the degree of saturation and
the crystal volume (CARROL, 2009) given by Eq. (3.22):

(NwMy + X5 T, YijoiM;)
N, avaVcell

Phya = (3.21)
where M,, is the water average molar mass, pjy, is the hydrate density, Y;; is the frac-
tional occupation of cavity i by component j (see Section 2.2), N,, is the number of wa-
ter molecules per unit cell (see Table 2.1)), v; is the number of type i cavities per water
molecule in the unit cell (see Table [2.1)), V.. is the volume of the unit cell (see Table
, Ngyq 1s the Avogradro’s number (6.023x10% molecules/mol). The subscripts N and
¢ represent, respectively, the number of cavity types in the unit cell (2 for both sI and sII)
and the number of components in the hydrate phase.

The enthalpy of the hydrate is expressed as a function of the heat of the reaction and

the component’s enthalpy at the system’s temperature and pressure (ZERPA, 2013), as

shown in Eq. (3.22) :

/’lg +ngh,, + Ahhyd
1 +ny

where £ is the specific enthalpy, ng is the hydration number (assumed 5.85 for sl struc-

hiya = (3.22)
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ture), and Ahy,y, is the heat of reaction of hydrate formation (equal to -4175.4x103 J/kg of
gas). The subscripts g, w, and hyd correspond to gas, water, and hydrate. In the proposed
methodology, the hydrate particles are composed of water and methane molecules, so the

enthalpies of these components were used.

3.2.5 Agglomeration model

To simplify the solution of Eq. (2.23), the original equation was rewritten into two alge-
braic equations, as demonstrated in Eq. (3.23) and Eq. (3.24):

2
R[] .
U douod (1- agl]) (ol ) |

oy = oya (dafdp) (3.24)

Figure [3.2] provides a summary of the algorithm used to obtain the particle agglomer-

ate diameter and effective hydrate volume fraction using the equations above.

a Input

dp1 Fa1 uoa 61 ahydy

max eff,new
_ ahyd and ahyd

\ 4

Update a7 ¢

> eff,old _ _eff,new
Xnya = Xpya

A 4

j=j+1 Obtain d}°" using Eq. (3.23)

A 4

Obtainaflf,’;’ "*Wusing Eq. (3.24)

eff,new _ _eff,old

>
Ayya Apyg | >tol?

yes
dA = d‘zlew

eff _ _eff,new
[ahyd = Qpyg

Figure 3.2: Flowsheet to obtain agglomeration diameter and effective hydrate volume
fraction from agglomeration model proposed by CAMARGO e PALERMO (2002).
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The value of a}’l’;‘éx is equal to 4/7 and f is equal to 2.5 (ZERPA et al., 2012). The initial
guess for a;g assumes a value 30% bigger than a4 obtained from the mass balance in
the DFM. The hydrate particle diameter is obtained from Eq. (2.24). The shear rate is
calculated using the shear stress and viscosity relation, assuming Newtonian fluid in the

oil phase. Finally, the cohesion force is calculated using Eq. (2.26).

3.2.6 Flow regimes

As mentioned in Chapter 2, most of the works in the literature to predict hydrate formation

in pipelines were limited to a specific flow pattern and pipe inclination. For the DFM,

BHAGWAT e GHAJARI| (2014) suggested a method independent of flow map regimes to

obtain the drift-flux parameters (ﬁff t)a and Cy (GUEDES|, 2023, |(GOES et al., 2023).
The drift-flux distribution parameter, Cy, is given by Eq. (3.25):

2\ (o) 2/5
1+ (pv/p1)
2 /2) 14cos@ +Coi
—Pv/ P
= 3.25
€0 = T (Re,, /1000) 15 (1000/Re;, 2 (3:25)

where Reg, is the two-phase Reynolds number, given by Eq. (3.26), and 6 is the pipe

orientation term.

Re;, = (3.26)

Co,; 1s defined by Eq. in terms of gas-to-liquid phase density ratio, the gas
volumetric flow fraction (19, given by Eq. (3.28)), the two-phase flow quality (y, provided
by Eq. (3.29)), the Froude number (Fy,, provided by Eq. (3.30)), C; which is determined
by the pipe geometry, given by Eq. (3.31), and the two-phase flow friction factor (fi,,

given by Eq. (3.32)),

0, 0° >0 > —50°

Coq = and Frye <0.1  (3.27)
(C1 —Cry/Py P)[(2.6 =)0 — /F1(1 = %), otherwise
O = U (3.28)
Usv +Ulv
P - (3.29)
vasv +plUlv

Fry =] —_ Uv (3.30)

pr—pPvy/gDcos 6
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0.2, for circular pipes
C = (3.31)
0.4, for square ducts

For turbulent flows, the Fanning friction factor can be calculated from Eq. (3.32)) and

Eq. (3.33) (CHEN, [1979)):
1

77
11008 0.8981
(e/Dp)" 1% (7.149) ] } 533

Jp (3.32)

e 5.0452
3.7065D  Re;,

2.8257 Req

Jfn=—2logio {

dfl>

The drift velocity parameter, (¥,”") 4, was obtained using a function dependent on pipe

diameter, inclination angle, fluid properties, vapor flow rates, and vapor void fraction, as

shown in Eq. (3.34):

gD(p; —
(p971y , = (0.35sin 6 4 0.45cos H) w(l — )" CC3C, (3.34)
I
where C», C3, and Cy are defined by Eq. (3.35) — Eq. (3.37). The variables account,
respectively, for the effects of liquid phase dynamic viscosity on the drift velocity, a cor-
rection factor in the drift velocity related to pipe diameter, and a correction to assure

positive value for drift velocity.

0434 (14;/0.001) > 10
, . >
G = { Togio(p/0.001) M (3.35)
1, (w/0.001) < 10
(La/0.025)%°, La > 0.025
Cy = (3.36)
1, La <0.025
-1, 0°>6 > —-50%and Fry <0.1
Cy= (3.37)
1, otherwise
The term La is the Laplace variable, given by Eq. (3.38):
1
La= |—2—— (3.38)
g(pi—pv) D

3.2.7 Case studies for kinetics of hydrate formation

This work proposed a modification into the steady-state DFM to predict hydrates forma-
tion in pipelines. The following case studies are designed to investigate the applicability
and performance of the modified DFM implemented in MATLAB®:
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a) Case Study 4: This study aims to evaluate the steady-state simulation without hy-
drates. The objective is to compare the agreement between operational conditions
obtained from the DFM in MATLAB®, TFM in OLGA®, and the data in the litera-
ture for an oil-dominated system favorable to hydrate formation (ZERPA, 2013).

b) Case Study 5: This case study aims to analyze the risk of pipeline plugging using
the agglomeration model. The impact of hydrate formation is assessed by changes

in the effective hydrate volume fraction and relative viscosity.

Case Studies 4 and 5 were based on the Caratinga well geometry, material, and inputs
available in ZERPA| (2013)). Table [3.6] presents the geometry of a Brazilian well in the
Caratinga field located in Campos Basin. Table shows pipeline material properties
required to perform the simulation in OLGA® and in MATLAB®.

Table 3.6: Caratinga well geometry (ZERPA, 2013)).

Pipe section X (m) y (m) Angle (°) Roughness* (m) Diameter (m)
Start 2000 -1166.51 0
Flowline 01  10866.60 -1155.74 0.07
Flowline 02 13876.43 -1136.71 0.36
Flowline 03  15482.07 -1080.11 2.02
Riser 01 16064.54 -915.643 15.76
Riser 02 16890.73 0 47.94

2x107 0.1524

* value reported in|GOES er al.{(2023).

Table 3.7: Pipeline material properties.

Density”  Specific heat™ Thermal conductivity”
(kg/m?) (J/kg/K) (Wm/K)

Flowline and riser 7850 500 50

* value reported in GOES et al. (2023).

The simulation considered a non-insulated flowline and riser. The pipeline roughness
follows the data available in the literature for similar study conditions (GOES et al . 2023).
Table summarizes the inputs used in the steady-state multi-phase flow models. The
overall heat transfer coefficient, shown in Table @, fitted the temperature profile, as
suggested by ZERPA!(2013)) and RAO) (2013)).

Table 3.8: Caratinga case study description.

WC Tin Pin Pout Wv Wo Ww Uheat
(%) (K) (bar) (bar)  (kg/s) (kg/s)  (kgls)  (W/mZK)

30 5653 87.72 19.14 0.014323 0.07083 0.48588 20
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The objective of Case Study 4 was to investigate if the predictions made by the DFM
and the TFM were similar concerning the temperature, pressure, and velocity profiles. It
also aimed to identify pipeline sections that are favorable for hydrate formation accord-
ing to the methodology shown in Section 3.2. Case Study 5 aimed to measure hydrate
formation and dissociation in risk areas and evaluate whether these behaviors align with

observations reported in the literature.
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Chapter 4

Result and discussion

4.1 Case Study 1

Case Study 1 analyzed the methodology detailed in Section 3.1.1 for obtaining the hydrate
equilibrium temperature. The objective was to replicate the results observed in GUEDES
(2023)) and discuss any similarities or discrepancies with results from the commercial
software Multiflash™.

Figure [.1] illustrate the comparison of hydrate equilibrium curves derived from
GUEDES | (2023), Multiflash™, and the algorithm developed for this study, implemented
in MATLAB®. The fluid that was evaluated contained a mixture of natural gas hydrates
with a small concentration of CO,. For this study, the equilibrium for hydrate formation
assumed slI structure.

In Figure the solid and dash-dotted black lines symbolize, respectively, the hy-
drate formation curve and the bubble point curve predicted by software Multiflash™. The
black asterisk and circle present the results obtained, respectively, from GUEDES| (2023))
and this work, both implemented in MATLAB®.

The average relative error presented less than a 0.3% divergence between this work
and GUEDES]| (2023) results, given the identical methodology utilized to derive a hydrate
stability curve. Furthermore, the algorithm implemented in MATLAB® indicated less than
a 1% discrepancy with the Multiflash™
GUEDES| (2023).

The minor discrepancy between the results of this study and those obtained from

predictions, paralleling the results reported in

GUEDES| (2023) was considered negligible. The error was attributed to potential im-
precision in extracting data from the original source figures. The aligned results validate
the successful replication of the previous methodology, implemented in MATLAB®, for
predicting the thermodynamic conditions favorable for hydrate formation.

Regarding the comparison with Multiflash™, the observed discrepancies could be

associated with two methodological differences: (1) the commercial software employs
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Figure 4.1: Study Case 1 Result: A comparison of hydrate formation curves obtained
from previous studies and the present work, using an algorithm implemented in MAT-
LAB®. The fluid considered contained a low concentration of CO, and was suitable for
sIT structure. The solid black line represents the prediction from Multiflash™, the black
asterisks denote the results of GUEDES] (2023)), and the black circles show the results
obtained from this work. The dash-dotted line represents the bubble point curve predicted
by Multiflash™, corresponding to the transition between the liquid and biphasic regions.

the CPA EoS, while this work methodology utilizes the PR EoS and (2) Langmuir pa-
rameters in the commercial software are regressed from experimental data and are not
user-accessible.

The fluid under consideration does not exhibit a significant effect of hydrogen bond-
ing or association of components. This implies that the observed discrepancy between
Multiflash™ and MATLAB® results arises due to the updated parameters used to obtain
the Langmuir coefficient, which likely enhanced prediction accuracy in the commercial

software.

4.2 Case Study 2

Case Study 1 successfully demonstrated the reproduction of the methodology used to

determine the thermodynamic conditions favorable for hydrate formation in production
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lines. Case Study 2 aimed to explore the limitations of the current approach in addressing
complexities introduced by certain guest molecules. In addition, this case study compared
the discrepancies between this approach and another thermodynamic model available in
the literature.

As detailed in Section 3.1.3, MEKALA e SANGWALI (2014) evaluated the perfor-
mance of the C-G model against experimental data. The researcher employed the PR EoS
and Kihara’s potential to predict the hydrate stability curve for sII structure in differrent
sour natural gas compositions.

Table summarizes the relative error between the experimental data (second row)
and the predictions of the C-G model (third row) for the gases listed in Table[3.2] Figures
4.2 to illustrate the comparison among experimental data, predictions from the C-G

model, and those from the vdW-P model for each sour natural gas composition.

Table 4.1: Summary of relative error for the hydrate equilibrium curve in Case Study 2,
comparing the result from this work, C-G model, and the experimental data reported in
MEKALA e SANGWAI (2014).

GAS 1 2 3 4 5 6
REP 1 (%) | 0.0845 0.2373 0.2007 1.0911 1.1623 1.3139
REP 2 (%) | 0.2614 0.3535 0.2933 1.0376 1.1650 1.3133

REP I: relative error between experimental data and vdW-P model results.

REP 2: relative error between predictions of the vdW-P model and the C-G model.

In all the figures, the circles represent the corresponding experimental data reported by
MEKALA e SANGWALI|(2014)), while the black and red solid lines respectively represent
the predictions for the hydrate stability curve obtained from the C-G model and the vdW-P
model.

Figure .2 and Figure .3|display the predictions for GAS 2 and GAS 3, respectively.
In both cases, the natural gas mixture contains fractions of CO, and N; lower than 2%
and 1%, respectively. The goal of this investigation was to confirm that the methodology
employed in this work could accurately predict thermodynamic conditions in scenarios
similar to Case Study 1.

The results for both GAS 2 and GAS 3 were satisfactory, showing good agreement
with experimental data and the C-G model. The REP for the experimental data in GAS 2
and GAS 3 were 0.2373% and 0.2007%, respectively. When the C-G model was used as
a reference, the REP were 0.3535% for GAS 2 and 0.2933% for GAS 3.

This result implies that the C-G model and the vdW-P model exhibit similar per-
formances when dealing with natural gas with a low fraction of CO, and N, at lower
pressures (below 2MPa) and temperatures (between 273K and 296K).
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Figure 4.2: Case Study 2 Result: Sour natural gas containing 1.74% of CO, and 0.84%
of N,. The black and red solid lines respectively represent the hydrate stability curves
predicted by the C-G model (MEKALA e SANGWAL [2014) and the vdW-P model (this
work). The circles indicate the experimental data reported in MEKALA e SANGWAI
(2014).
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Figure 4.3: Case Study 2 Result: Sour natural gas containing 0.51% of CO, and 0.43%
of N,. The black and red solid lines respectively represent the hydrate stability curves
predicted by the C-G model (MEKALA e SANGWAL [2014) and the vdW-P model (this
work). The circles indicate the experimental data reported in MEKALA e SANGWAI
(2014).
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The subsequent investigations aimed to explore the impacts of increasing the compo-
sition of Np, CO,, and H,S, separately. Figure illustrates the predictions for GAS
1, which contains a higher fraction of CO, with the absence of N, and H;S. The aver-
age relative errors compared to experimental data and the C-G model were 0.0845% and
0.2614%, respectively.

05 x10°
' O  Experimental data from Adisasmito and Sloan (1992)
Hydrate stability curve - C-G model (Mekala and Sangwai, 2014)
2 Hydrate stability curve - vdW-P model (this work) )
1.8 :
16 :
©
a
o 14F 4
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o
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0.6 o 4
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Temperature [K]

Figure 4.4: Case Study 2 Result: Sour natural gas containing 31.4% of CO,. The black
and red solid lines respectively represent the hydrate stability curves predicted by the C-
G model (MEKALA e SANGWALI, 2014) and the vdW-P model (this work). The circles
indicate the experimental data reported in MEKALA e SANGWAI (2014)).

The result suggests that the proposed methodology is suitable for natural gases with
higher CO, content within the indicated temperature and pressure range. This is relevant
given that the fluid composition bears similarities to that found in Brazilian fields. How-
ever, the experimental pressure range was relatively low compared to common operational
conditions in offshore pipelines.

The objective of the following comparison was to evaluate the inaccuracies related to
multiple occupancies when increasing the content of Ny. Figure 4.5 depicts the predic-
tions for GAS 4, which contains a higher fraction of N, a low fraction of CO,, and no
H,S. The REP values, when compared to experimental data and the C-G model, were
1.0911% and 1.0376%, respectively.

The observed errors were larger than in previous examples; however, they remained
below 1.1% for both references. These errors suggest that inaccuracies due to multiple
occupancies become more pronounced in the vdW-P model with an increase in both tem-
perature and pressure. As observed in Figure 4.5] the C-G model aligns with the exper-
imental data, which implies that the use of the Kihara potential may improve prediction
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Figure 4.5: Case Study 2 Result: Sour natural gas containing 3.19% of CO, and 9.59%
of N,. The black and red solid lines respectively represent the hydrate stability curves
predicted by the C-G model (MEKALA e SANGWAL [2014) and the vdW-P model (this
work). The circles indicate the experimental data reported in MEKALA e SANGWAI
(2014).

accuracy in scenarios with larger amount of Nj.

Finally, the last investigation aimed to evaluate the impact of an increased concentra-
tion of H,S, which is a polar molecule and can act as an acid in solution. Figures [4.6]
and 4./ present the predictions for GAS 5 and GAS 6, which contain CO, and H;,S. The
average relative errors when compared with experimental data and the C-G model were
less than 1.16% and 1.31% in each reference, respectively.

Once again, the C-G model aligned with the experimental data, reinforcing the advan-
tage of employing the Kihara potential in these scenarios. Another approach is to use the
CPA EoS to predict the interaction between polar molecules and the impact of ions.

The available experimental data were characterized by a pressure range lower than
that typically observed in offshore reservoirs; however, the objective of analyzing model
performance was effectively achieved. Inaccuracies mentioned in the literature caused by
the presence of CO;, Ny, and H;S guest molecules when predicting the hydrate stability
curve using the vdW-P model could be observed.

Upon analyzing the relative error between experimental data, predictions from the C-
G model employed by MEKALA e SANGWAI (2014), and predictions generated in this
work using the vdW-P model implemented in MATLAB®, it becomes apparent that the
approach of this work demonstrated a larger error when handling higher quantities of N,
and H,S.
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Figure 4.6: Case Study 2 Result: Sour natural gas containing 12.6% of CO, and 5.4%
of H,S. The black and red solid lines respectively represent the hydrate stability curves
predicted by the C-G model (MEKALA e SANGWAL [2014) and the vdW-P model (this
work). The circles indicate the experimental data reported in MEKALA e SANGWAI

(2014).
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Figure 4.7: Case Study 2 Result: Sour natural gas containing 12% of CO; and 8% of H,S.
The black and red solid lines respectively represent the hydrate stability curves predicted
by the C-G model (MEKALA e SANGWALI 2014) and the vdW-P model (this work).
The circles indicate the experimental data reported in MEKALA e SANGWALI (2014).
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On the other hand, the C-G model presented better results, reinforcing the potential
of Kihara potential in predicting the Langmuir coefficients in such scenarios. Further
research could address these limitations by utilizing the same Kihara potential and expand
the methodology to other flow assurance scenarios.

This advancement would enable the prediction of the hydrate stability curve for typical
oil found in the Santos Basin, which contains a significant amount of CO, and impurities.
The fluid utilized in Case Studies 3, 4, and 5 does not contain any significant content
of these guest components, which often introduce inaccuracies and complex scenarios.

Therefore, the chosen methodology appears suitable for the objectives of this work.

4.3 Case Study 3

Most of the works in the literature dedicated to predicting hydrate formation use simpli-
fied models to obtain fluid properties, which often deviate significantly from real-world
scenarios. To contribute to prediction closer to real-world operations, this work suggests
applying the thermodynamic models used by GUEDES| (2015) and the three-phase flash
proposed by GUEDES (2023) to obtain the fluid properties used as input in the hydrody-
namic model.

The fluids used in Case Studies 3, 4, and 5 were based on Caratinga field data avail-
able in SJOBLOM et al.|(2010) and RAO (2013). The original fluid was adapted with a
pseudo-component that comprised twenty-five heavy fractions. Moreover, the resin frac-
tion presented in the original fluid was neglected to fit the correlations used in this work’s
methodology. The code implemented in MATLAB® for this work and the commercial
software Multiflash™ applied the same thermodynamic model according to the recom-
mendation in Section 3.1.2.

The methodology of this work generated a table containing the compositions and frac-
tions of the three phases for a range of temperatures and pressure suitable for further hy-
drodynamic simulation. These table values were interpolated to calculate the fluid prop-
erties corresponding to the multi-phase flow pressure and temperature along the pipeline.

Similarly, Multiflash™ generated the fluid properties table for a range of temperature
and pressure that was input into OLGA®. The software OLGA® employs the TFM to
determine the operating condition in the steady-state simulation, while this work utilizes
the DFM, implemented in MATLAB®.

Figure .8 presents a comparison of the vapor void fraction profiles along the pipeline,
obtained from OLGA® (black solid lines) and MATLAB® (red solid lines). This figure
clearly illustrates that in the flowline section (prior to the 14km mark), the vapor fraction
profile predicted by MATLAB® initially begins as non-zero but subsequently reduces to
zero, while the results from OLGA® remain non-zero, but less than 0.05.

In Case Study 4, it will be shown that the temperature and pressure profiles along
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the flowlines section from OLGA® and MATLAB® are almost identical. However, when
considering the results derived from the thermodynamic methodology to obtain the fluid
properties, the vapor void fraction profile along the pipeline becomes important for the

comprehension of subsequent results.
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Figure 4.8: Comparison of the vapor void fraction profile along the pipeline for the steady-
state flow simulation based on Caratinga field well geometry and fluid properties. The
solid black line represents the gas phase fraction obtained from OLGA® using fluid prop-
erties data from Multiflash™. The solid red line shows the result obtained from this work
implementing the proposed methodology in MATLAB®.

Typically, for young wells, the fluid is saturated at reservoir conditions. However, due
to the simplifications employed in this work, the starting conditions predicted in Multi-
flash™ were multiphasic. This observation suggests that, for similar temperature and

h™ was more sensitive to vapor

pressure, the three-phase flash calculation in Multiflas
phase appearance, even in the flowline. Conversely, the methodology of this work for
three-phase flash calculations was unable to predict this low amount of gas.

Figure {.9] — Figure {.T1] show the phase properties profile (i.e., fraction, viscosity,
density, and enthalpy) for vapor, liquid oil, and liquid water, respectively. In all the figures
the results for properties profile obtained from OLGA® and MATLAB® are represented by

the solid black and red lines, respectively.
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Figure 4.9: Comparison of vapor phase (a) viscosity profile, (b) density profile, (c) velocity profile, and (d) enthalpy profile along the pipeline for the
steady-state flow simulation based on Caratinga field well geometry and fluid properties. The solid black line represents the results obtained from
OLGA® using fluid properties data from Multiflash™. The solid red line shows the results obtained from this work implementing the proposed
methodology in MATLAB®.



The vapor phase results presented in Figure 4.9] suggest that the property profiles ob-
tained using the EoS PR in MATLAB® and Multiflash™ were consistent and exhibited
similar behavior in response to changes in temperature and pressure along the pipeline.

This consistency implies that the parameters used in the correlations for gas phase
properties were similar. The most notable divergence was observed in the vapor velocity,
as displayed in Figure 4.9] (c). This behavior is a consequence of the high sensitivity of
OLGA® simulation to small changes in gas fraction observed in Figure

The sensitivity to flow pattern and vapor fraction in OLGA® simulation can also be
discerned in the liquid oil and aqueous phase as demonstrated in Figure (a) and
Figure 4.11](a), respectively.

Furthermore, when using Multiflash™ as a reference, Figures (a) and (a)
imply that liquid fractions could be under-predicted by up to 15% in the three-phase flash.
This discrepancy was observed due to the difference between the predicted aqueous and
oil fractions from OLGA® and MATLAB®. This degree of imprecision in the three-phase
flash prediction can directly affect the mixture properties utilized in the DFM.

With regard to density calculated using the PR EoS show in Figure 4.9] (b), Figure
(c) and Figure (c), the results obtained from MATLAB® and Multiflash™ were
consistent considering the response to changes in temperature and pressure. The discrep-
ancy in the vapor, oil, and water enthalpy results, show in Figure (d), Figure (d)
and Figure {.11] (d), was likely attributable to differences in their reference states.

In Figure (b), the water viscosity correlation implemented in MATLAB® exhibited
significant sensitivity to temperature changes, predominantly seen in the riser sections.
Further investigation is recommended to assure its applicability to the aqueous phase.

The higher WC applied in this work, compared to the one used in (GUEDES) (2023),
allowed for the identification of this limitation in the three-phase flash algorithm method-
ology, which also impacts mixture properties in the hydrodynamic methodology. A sug-
gestion for future work, building on observations made in Case Study 2, involves the
utilization of a different EoS to enhance the accuracy of the three-phase flash model.

A recommendation for future work is to implement the CPA EoS in flash calculations.
This could potentially enhance the accuracy of hydrate stability curve predictions in sys-
tems containing higher amounts of H,S, as well as account for complexities associated
with a larger water cut, such as water-hydrocarbon interactions and polar effects.

In accordance with the objectives of this case study, the results were satisfactory.
However, the three-phase flash model methodology employed requires further refinement.
While phase compositions corresponded to the values observed in Multiflash™, the sep-
aration factors were consistently under-predicted.

Moreover, from a practical perspective, there is room for improvement to reduce the
time required for generating the table with the fluid properties. While Multiflash™ re-

quired a few minutes the MATLAB® approach necessitated several hours.
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4.4 Case Study 4

Case Study 4 evaluated the performance of the DFM implemented in MATLAB®, with a
focus on (1) reproducing the operational conditions reported in ZERPA| (2013) and (2)
measuring the agreement with OLGA® using the same steady-state inputs described in
Section 3.2.7. Whereas ZERPA|(2013) used the original Caratinga fluid, both this study
and the comparison in OLGA® applied the modified fluid detailed in Section 3.1.4.

Figure {.12] illustrates the comparison between operational conditions reported in
ZERPA (2013) and the results obtained from both OLGA® and MATLAB®, according
to the inputs described in Section 3.2.7. The illustration also includes the hydrate stability
curves for the modified fluid obtained from Multiflash™ and MATLAB®.
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Figure 4.12: Comparison between the steady-state operational conditions of Caratinga
field reported in ZERPA| (2013)) and the pressure vs. temperature profile for the modified
fluid obtained from OLGA® and MATLAB®. The dash-dotted line represents bubble point
curve obtained from Multiflash™ for the modified fluid. The asterisk indicates the op-
erational conditions reported in ZERPA|(2013) for the original Caratinga fluid using the
software OLGA®. The black and red solid lines represent the operational conditions of
the modified fluid obtained, respectively, from OLGA® and MATLAB®. The black and
red dashed lines represent the hydrate stability obtained, respectively, from Multiflash™
and MATLAB®.
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In Figure .12] the dash-dotted line intersecting the operational conditions represents
the bubble point curve for the modified fluid, obtained from Multiflash™. Additionally,
the hydrate stability curves for the modified fluid, derived from Multiflash™ and MAT-
LAB®, are shown by the black and red dashed lines, respectively.

The prediction of hydrate stability assumes methane as the guest molecule, forming
sI structure. The results align with those of Case Study 1, indicating an average error of
less than 0.64% between the commercial software and the approach taken in this work.

In Figure [4.12] the asterisk indicates the operational conditions reported in ZERPA
(2013) for the original Caratinga fluid using the software OLGA®. The black and red solid
lines represent the operational conditions of the modified fluid obtained, respectively,
from OLGA® and MATLAB®.

Taking the results from ZERPA|(2013) (represented by the asterisks) as the reference,
the original fluid started in a saturated state and transitioned to a multi-phase state near
the riser region. This behavior aligns with the characteristics of oil-dominated systems
discussed in Section 2.3.1.

On the other hand, the modified fluid initially exhibited multi-phase flow, subse-
quently transitioning to a saturated state due to the temperature drop in the high-pressure
flowline. Approaching the riser, the depressurization conditions facilitated vaporization,
resulting in the multi-phase flow.

The observed 10% discrepancy in pressure for the original fluid, shown in Figure[d.12]
may be a consequence of the modification applied to the fluid. Despite this difference,
it did not have a significant impact on the study since the gas remained outside the area
where hydrate formation occurs.

In Figure the discrepancy in temperature drop between MATLAB® and OLGA®
observed in the riser section likely originates from the under-prediction of phase fractions
observed in Case Study 3. Typically, liquids possess a higher heat capacity and are less
susceptible to temperature variations. Considering that the methodology of this study
consistently under-predicted the liquid phase fraction in the pipeline, it is plausible that
the overall heat capacity of the mixture was lower in comparison to the one in OLGA®
combined with Multiflash™ data.

With regard to the impact of the vapor phase noted in Case Study 3, TFM in combina-
tion with Multiflash™ demonstrated higher fluctuation in the prediction of oil and liquid
phase fractions. Conversely, the DFM approach employed in MATLAB® delivered stable
results across the entirety of the pipeline geometry, as illustrated in Figure 4.10] (a) and
Figure (a).

These fluctuations could be attributed to the flow pattern predicted by OLGA® for
this pipeline segment. In the proposed methodology, the slip drift velocity, presented in
Section 3.2.6, is not dependent on flow patterns but takes into account pipe geometry and

fluid properties.
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Despite these observations, the temperature and pressure profiles obtained from
OLGA® via TFM and from MATLAB® via DFM were congruent. This preliminary com-
parison demostrated the ability of DFM to achieve results comparable to those derived
from TFM in OLGA®, as corroborated by previous studies (GUEDES, 2023, GOES et al.,
2023, TEIXEIRA, |2016)). The following investigation aimed to verify the sections favor-
able for hydrate formation, taking into consideration the criteria specified in Sections
3.1.1 and 3.2.3.

Figure .13 shows the temperature profile along the pipeline for the steady-state sim-
ulation based on Caratinga field data. The asterisks refer to the temperature profile along
the pipeline reported in ZERPA! (2013). The red solid line represents the temperature
profile, while the red dashed line refers to the hydrates equilibrium temperature, both
obtained from MATLAB®.
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Figure 4.13: Temperature profile along the pipeline obtained for steady-state simulation.
The asterisk indicates the temperature along the pipeline reported in [ZERPA' (2013)) for
the original Caratinga fluid using the software OLGA®. The red solid and dashed lines
represent, respectively, the fluid temperature profile and the equilibrium temperature for
hydrate formation, both obtained from this work using MATLAB®. The blue solid curve

highlights the section where the nucleation exceeds 3.5K and where positive subcooling
is observed.

The blue solid line on the temperature profile delineates the pipeline section where the
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subcooling exceeds 3.5K, meeting the criterion to activate the hydrate formation kinetic
model. However, the activation of the kinetic model should be confined to regions where
the thermodynamic conditions are also satisfied.

Figure[d.14]presents the operational conditions in a steady-state predicted by this work
methodology, implemented in MATLAB®. The dash-dotted line intersecting the opera-
tional conditions corresponds to the bubble point curve obtained from Multiflash™. The
red solid and dashed lines represent the pressure vs. temperature profile along the pipeline

and the hydrate formation curve, respectively.
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Figure 4.14: Operational conditions and the hydrate stability curve were obtained from
this work, implemented in MATLAB®, for the modified fluid and Caratinga field geome-
try. The red solid and dashed lines represent the pressure vs. temperature profile along
the pipeline and the hydrate formation curve, respectively. The dash-dotted line indicates
the bubble point curve for the modified fluid obtained from Multiflash™. The blue line
highlights the pipeline section where the kinetics of hydrate formation satisfy the activa-
tion criteria.

The highlighted blue solid line represents the section where the following criteria are
met: (1) the operational conditions are within the hydrate formation zone, (2) the critical
subcooling was reached, and (3) there are free gas and water phases. The sequential

application of these criteria prevents the erroneous activation of the hydrate kinetic model
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in the flowline section that satisfies the second and third criteria.

As illustrated in Figure it is apparent that near the bubble curve, the phase transi-
tion predicted by our methodology is overestimated in comparison to Multiflash™. This
observation reinforces the recommendations made in Case Study 3 to improve the three-
phase flash accuracy. Given that the steady-state DFM can predict the regions favorable
for hydrate formation, the final case study aims to quantify the mass of hydrates formed

and dissociated, as well as evaluate the risk of pipeline plugging.

4.5 Case Study 5

In this case study, the kinetic model described in Section 3.2.3 was applied to analyze the
risk of plugging in the riser section. Figure . 15|compared the temperature profiles for the
steady-state simulation, both with and without hydrate formation in the riser section. In
addition, the figure includes the curve for the hydrate volumetric fraction obtained from

the hydrodynamic model, as well as comments to guide understanding of the co-occurring

phenomena.
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Figure 4.15: Comparison between temperature profiles in steady-state simulations with
and without hydrate formation in the riser section, obtained from this work using the
methodology implemented in MATLAB®. The black and red solid lines represent the
temperature profiles along the riser, respectively, without and with hydrate formation.
The red dashed line shows the hydrate formation equilibrium temperature and the blue
dashed line refers to the hydrate volumetric fraction.

79



The vertical black dashed lines delineate the boundary where hydrate formation ends
and hydrate dissociation begins. The temperature profiles obtained from the steady-state
energy conservative equation with and without hydrates formation are shown as the black
and red solid lines, respectively. The red and blue dashed lines show, respectively, the
hydrate formation equilibrium temperature and the hydrate volumetric fraction.

On the left side of the boundary, upon activation of the kinetic model, it is possible to
observe an increase in hydrate volumetric fraction obtained from the hydrate continuity
equation in DFM. In the riser section, energy is released due to hydrate formation, while
energy is absorbed dueto oil vaporization.

The mixture energy balance equation in the DFM accounts for the energy released
post hydrate formation and the energy consumed during vaporization. The difference in
magnitude between the temperatures represented by the red and black solid lines illus-
trates this phenomenon during hydrate formation.

The rate of gas consumption decreases as the subcooling in the riser section drops due
to (1) the decrease in hydrate equilibrium temperature and (2) the reduction in system
temperature caused by vaporization.

Conversely, on the right side, when the subcooling becomes negative and the oper-
ational conditions shift outside the hydrate formation curve, the dissociation model is
activated by the change in intrinsic kinetic constants, as outlined in Section 3.2.3. During
the dissociation process, the hydrates melt, absorbing system energy proportional to the
subcooling and particle diameter. A rapid decrease in temperature is noticeable due to the
simultaneous phenomena of vaporization and hydrate dissociation in the riser.

Once all the hydrates have melted, the hydrate volumetric fraction returns to zero, and
the DFM describes the multi-phase flow containing liquid and gas. This study indicates a
low risk of plugging because the hydrates that formed were dissociated in the riser before
plugging could occur.

The kinetic model successfully accounts for the phenomena of hydrate formation and
dissociation. Consequently, the subsequent analysis evaluated the impact of the agglom-
eration model detailed in Section 3.2.5. Figure contrasts the hydrate volumetric
fraction derived from DFM with the effective hydrate volumetric fraction established by
Eq. (2.28).

This comparison indicated identical values, likely attributed to the sensitivity of the
agglomeration model to the ratio between the agglomerate diameter and particle diameter.
As a result, there was no adjustment to the effective hydrate volume fraction using the
methodology outlined in Section 2.3.5.

Additionally, Figure demonstrates the influence of the effective hydrate volu-
metric fraction on the relative viscosity. The relative viscosity, a dimensionless number,
represents the ratio of oil viscosity to dispersion viscosity. When the hydrate volumetric

fraction reached its peak, the relative viscosity was approximately 1.4.
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Figure 4.16: Comparison between the hydrate volumetric fraction derived from the mass
conservation equations (black solid line) and the effective hydrate volume fraction ob-
tained from the agglomerate model (red dashed line) in the riser section.
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to the effective hydrate volumetric fraction.
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Consequently, the pressure drop due to hydrate formation was not expressive because
the impact in relative viscosity was not significant. This observation agrees with the
literature observation, which suggests developing an agglomeration model that includes
the effect of particle shape and roughness to estimate the effective volume fraction. This
case presented a low-risk plugging, which could be solved using insulation — the standard
avoidance management in pipelines.

The kinetic model applied in this work accounts for methane hydrate consumption
and used properties of the sl structure. In addition, the intrinsic kinetic model did not
comprise other mechanisms involved in hydrate formation was used. Furthermore, the
hydrodynamic model used was in a steady state, which limits the applicability of remedi-
ation strategies that require a time-dependent aspect of hydrates formation.

Nevertheless, it was demonstrated that for a homogeneous dispersion, the DFM in the
steady state, when coupled with a simple kinetic model, is capable of replicating hydrate
formation and dissociation phenomena, corresponding with observations reported in the
literature.

Given the simultaneous simulation of kinetic and thermodynamic aspects, some sug-
gestions for improvement in future works include: (1) calculating the hydrate number
from the fractional occupancies provided by the vdW-P model instead of using the con-
stant value reported in the literature, (2) expanding the model for dynamic simulations,
and (3) applying the kinetic model proposed by BASSANI et al.| (2019) to perform reme-

diation strategies in oil-dominated systems.

82



Chapter 5
Conclusion

This work aligns with the trend of research groups developing their own flow assurance
tools. Concerning this statement, the Drift-Flux Model was formulated as a differential-
algebraic system solved by numerical integration. It was then applied to perform steady-
state simulations to predict operational conditions, pipeline design, and management
strategies that agreed with the well-known multi-phase flow simulator in the O&G in-
dustry.

The thermodynamic models applied to predict hydrate formation curves and fluid
characterization were suitable for the proposed case studies. However, the results sug-
gested that the three-phase flash underestimated the liquid fractions by around 15%. There
is a need to improve the time efficiency in generating the table with equilibrium data to
make this tool competitive with others available in the literature.

Despite this, the thermodynamic contributions of this work open the possibility of
studying fluids with compositions similar to those found in oil fields, a limitation prevalent
in most previous works. Furthermore, improving the three-phase flash for liquids allows
for the characterization of fluids with larger water cut, providing an opportunity to study
the influence of these conditions on hydrate formation using the kinetic model.

The Drift-Flux Model enabled the observation of hydrate formation and dissociation
in the riser section. The behavior of hydrate growth, aggregation, and dissociation corre-
sponded to observations in the literature, with the addition of mass transfer due to vapor-
ization, a factor often neglected.

This study also successfully combined thermodynamic and kinetic aspects, which are
typically studied separately due to their complexity, and achieved results in line with those
obtained from commercial software.

Future work could incorporate the slip velocity between hydrate-liquid phases and
model heterogeneous dispersion to evaluate its effects on pressure drop. Furthermore,
the kinetic model could be extended to include other mechanisms involved in hydrate

formation in oil-dominated systems, as outlined in the literature.
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Appendix A

vdW-P model parameters

Table A.1: Ay; and By; parameters from MUNCK ez al.| (1988) for Eq. |D

Structure I Structure II
Component Small cavity Large cavity Small cavity Large cavity
Ax10% | Bx10® | Ax10® | Bix10® | Aux108 | Bix10® | Agx10® | Byx10?

N» 1.617 2.905 6.078 2.431 0.1742 3.082 18.00 1.728
CO, 0.2474 3.410 42.46 2.813 0.0845 3.615 851.0 2.025
H,S 0.0250 4.568 16.34 3.737 0.0298 4.878 87.2 2.633
CHy 0.7228 3.187 23.35 2.653 0.2207 3.453 100.0 1.916
C,Hg 0 0 3.039 3.861 0 0 240.0 2.967
C3Hg 0 0 0 0 0 0 5.455 4.638
i-C4Hjo 0 0 0 0 0 0 189.3 3.80
n-C4Hjo 0 0 0 0 0 0 30.51 3.699

Aj; has dimension of [K/Pa] and Bj; of [K].

Table A.2: Reference values of a physical constant from MUNCK et al.| (1988) to Eq.

Property Unit Structure I | Structure II
ula -0 J/mol 1.264 883
Ahlia-0 J/mol -4.858 -5.201
Ahice -0 J/mol 1.151 808
AV 1 e fmol 4.6 5.0
AVee0 | emd/mol 3.0 34
Acy:0 | J/mol/K 39.16 39.16

84



Appendix B

Complementary equations

B.1 Frictional loss

<dp)
dx |
2 f()

<dp>
dx
)

(logro(pvp; 12, 02 +2.5))?
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Appendix C

Modified fluid complementary data
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