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ABSTRACT

Subsea owlines that transport hydrocarbons from wellhead to the pocessing facility face issues from
solid deposits such as hydrates, waxes, asphaltenes, etc. The solidgbsits not only a ect the production
but also pose a safety concern; thus, ow assurance is signi cantly irportant in designing and operating
subsea oil and gas production. In most subsea oil and gas operations, gas hydzatform at high pressure and
low temperature conditions, causing the risk of plugging owlines,with a undesirable impact on production.
Over the years, the oil and gas industry has shifted their perspectie from hydrate avoidance to hydrate
management given several parameters such as production facility, pragttion chemistry, economic and en-
vironmental concerns. Thus, understanding the level of hydrate rsk associated with subsea owlines is an
important in developing e cient hydrate management techniques. In the past, hydrate formation models
were developed for various ow-systems (e.g., oil dominated, water domated, and gas dominated) present
in the oil and gas production. The objective of this research is to extad the application of the present
hydrate prediction models for assessing the hydrate risk associadewith subsea owlines that are prone to
hydrate formation. It involves a novel approach for developing quantitative hydrate risk models based on
the conceptual models built from the qualitative knowledge obtainedfrom experimental studies. A compre-
hensive hydrate risk model, that ranks the hydrate risk associatedwvith the subsea production system as a
function of time, hydrates, and several other parameters, which accourfor inertial, viscous, interfacial forces
acting on the ow-system, is developed for oil dominated and condensatsystems. The hydrate plugging
risk for water dominated systems is successfully modeled usinghe Colorado School of Mines Hydrate Flow
Assurance Tool (CSMHyYFAST). It is found that CSMHyFAST can be used as a sceening tool in order to
reduce the parametric study that may require a long duration of time using The Colorado School of Mines
Hydrate Kinetic Model (CSMHyK). The evolution of the hydrate plugging risk along owline-riser systems
is modeled for steady state and transient operations considering the ect of several critical parameters such
as oil-hydrate slip, duration of shut-in, and water droplet size on a sulsea tieback system. This research
presents a novel platform for quanti cation of the hydrate plugging risk, which in-turn will play an important
role in improving and optimizing current hydrate management strategies. The predictive strength of the
hydrate risk quanti cation and hydrate prediction models will have a signi cant impact on ow assurance
engineering and design with respect to building safe and e cient tydrate management techniques for future

deep-water developments.
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CHAPTER 1
INTRODUCTION

This chapter presents basic information about gas hydrates and the role tay play in the o shore oil and

gas production. A brief summary of this thesis is also described toards the end of this chapter.
1.1 Natural Gas Hydrates

Natural gas hydrates are termed \Clathrates or inclusion compounds". These a& networks of hydrogen-
bonded water molecules cages that can trap small para n guest molecules, sin as methane, ethane, and
propane. Hydrates form at low temperatures and high pressures. Figure 1.(a) illustrates one of the cage like
structures of the gas hydrate clathrates. Figure 1.1 (b) shows a pictte of the burning gas from a methane

hydrate, which illustrates that the gas has been stored in the hydratestructure.

Figure 1.1: An illustration of the gas hydrates a) cage structure of the hydroge bonded water molecules
with a guest molecule b) a \burning snow ball" (Hester, 2007).

The cages of the hydrogen bonded water molecules are typically formed byemtagonal and hexagonal
faces, and sometimes by square faces depending on the crystal struct. The three main gas hydrate
structures are structure | (sl), structure Il (sll), and struc ture H (sH) shown in Figure 1.2. The unit cell of
sl hydrate consists of 46 water molecules, forming two small cages 3, where 5 represents the number of
sides per face and 12 is the number of faces per cage, as suggested by Je ({¥984). The di erent cages and

crystalline structures are shown in Figure 1.2. Small hydrocarbon macules such as methane and ethane



can stabilize gas hydrate structure sl. However, sll is the commonlydrmed gas hydrate structure in oil and
gas pipelines because of the presence of larger hydrocarbon moleculds propane and iso-butane that can

t into large cages of sll, but do not t into large cage of sl (Sloan et al., 2010).
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Figure 1.2: Three major hydrate structures sl, sll and sH with respetive building blocks (Walsh, 2011).

Gas hydrates have found important applications in many areas.
1. Flow assurance in the oil and gas industry (Gudmundsson, 2002; Sloan et aR010; Sum et al., 2009).

2. Potential source of natural gas (i.e., methane) from permafrost and deepes natural gas hydrate

deposits (Grace et al., 2008).
3. Energy storage and transportation (Nogami et al., 2008; Sloan Jr and Koh, 2007).
4. An important key to study climate change (Dickens, 2003).
1.2 Hydrates in Flow Assurance

Sloan (2003) has stated that over US$200 million are spent by the oil and gas indust annually in order
to prevent the hydrate-related problems to maintain an uninterrupted ow of oil and gas. O shore oil and
gas pipelines face problems not only from hydrate formation but also from otbr solid phases (e.g., waxes,

asphaltenes and inorganic scales) throughout the production of oil and gas. Tése products are detrimental



to oil and gas carrying pipelines, which eventually make the ow assuance one of the important departments
in the oil and gas industry.

In 1934, Hammerschmidt found that gas hydrates were causing hydrate plugs inatural gas transmission
pipelines well above the ice forming temperature. This fact droe the oil and gas industry towards gas
hydrate research in a practical way (Hammerschmidt, 1934). Subsea lowetmperatures and high pressures
are the perfect conditions for hydrate formation. Hence, hydrate formatbn can occur in subsea pipelines and
eventually form a plug in the pipeline as shown in Figure 1.3. This hyrate blockage a ects the production
in an adverse way causing the industry to face signi cant nancial peralties due to loss of production.
Removing hydrate blockage is a great challenge from the safety perspixe. Any type of mishandling or
error in removing the hydrate blockage via slug catcher poses a ris&f damaging the host facility or even loss

of human life. Hence, gas hydrates are one of the most challenging problems the ow assurance industry.

Figure 1.3: Hydrate plug being removed from a pig-catcher a) Cross seadnal view of the plugged pipeline
b) Removed hydrate plug. Petrobras , Campos Basin, Brazil in 2001 (Photo courtesy of Petrobras).

Various ow assurance strategies are undertaken by the industry to miigate hydrate plugging issues
depending on the circumstances. These strategies cover a wide iety of both hydrate prevention as well
as remediation strategies. A typical ow assurance strategy used to avai hydrate formation is the injection
of Thermodynamic Hydrate Inhibitors (THI), such as methanol (MeOH) or mon oethylene glycol (MEG).
There is a competition between THIs and water molecules for hydrogen bating which makes hydrate
formation to be thermodynamically unfeasible, thereby inhibiting the hydrate onset/growth. THIs shift the
hydrate equilibrium curve to harsher conditions (i.e., lower temperature and higher pressure is needed to
form hydrates). A typical hydrate equilibrium curve at di erent M eOH concentrations is shown in Figure 1.4.
A black solid curve shown in Figure 1.4 depicts the operation conditios of the pipeline in terms of pressure
and temperature. It can be clearly seen from Figure 1.4 that a signi cantportion of the owline is inside the

hydrate stable region when there is no MeOH present in the systemA MeOH concentration of 20 wt.% or



more is necessary to inhibit the hydrate formation in this owline system. The selection of THI depends on
the type of uids produced as well as on the economics of the downstreamrocessing facilities (Brustad et al.,
2005). Phase equilibrium studies in the presence of various thermodwmic inhibitors has yielded a wide
variety of Pressure-Temperature (P-T) equilibrium data, which has aided the development of various PVT
packages like CSMGem-(Ballard and Sloan, 2004), DBRHydrate-(DBR-Schlumbrger, DBR-Schlumberger),
Multi ash-(KBC, KBC), PVTSim-(Calsep, Calsep) and HydraFLASH-(Mazlou m et al., 2011). Additionally,

Astergaard et al. (2005) have also developed a general correlation in order torgdict the decrease in the
hydrate dissociation temperature in the presence of salts (i.e., NalCand CaCl,) and organic inhibitors (i.e.,

Ethylene Glycol, Triethylene Glycol).
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Figure 1.4: Typical subsea owline pressure-temperature conditbns from wellhead to platform superimposed
on the gas hydrate hydrate equilibrium curve for di erent MeOH concentrations (Sloan Jr and Koh, 2007).

In regular operations, a large amount of THIs is required to inhibit the hydrate formation in a subsea
owline. Large quantities of added chemicals lead to both economic and erixonmental concerns (Frostman
et al., 2003). To overcome this problem, a wide research has been done abdbe development of the low
dosage hydrate inhibitors (LDHI), which can be used at lower concentratons (Chua et al., 2012; Daraboina
et al., 2013; Frostman et al., 2003; Kelland*, 2006; Lou et al., 2012; Shari et al., 2014; Webbe2013; Webber
and Nagappayya, 2015). There are mainly two types of LDHI present: 1) Kinetic Hydate Inhibitors (KHI),
which mainly delay the hydrate nucleation and crystal growth, and 2) Anti-agglomerants (AA), which prevent
the hydrate particles from agglomerating and forming a plug by altering the interfacial properties. LDHIs
have attracted the oil and gas industry due to the important reasons sumnarized by Frostman et al. (2003)

as given below,

1. Lower capital costs



2. Lower operating and intervention costs
3. Acceleration and maximization in production
4. Increased nal recovery

Clark et al. (2005) and Tian et al. (2011) have described the e ective usage of LDH{KHI and AA) on var-
ious cases in 0 shore gas condensate systems under a wide variety of opéngt conditions. In literature, it is
also shown that an insu cient supply of AAs was responsbile for hydrate blockage formation in the Longhorn
gas-condensate eld operation (Patel et al., 2011). On the similar lines, gini cant reduction in the chemical
cost (MeOH) was observed by Fu et al. (2001), when KHI (poly [vinylmethylactamide/vinylcaprolactum] -
poly[VIMA/VCAP]) was applied in the eld application. As per the observati ons from Glenat et al. (2004),
Hydrate risk was lowered successfully by the application of KHI and Corosion Inhibitor (Cl) in South Pars
Project-Iran.

Direct Electrical Heating (DEH) and depressurization are the common tehniques to dissociate the hy-
drate plugs. CSMPIlug is a tool available that can provide a quick estinate of the time required to dissociate
the hydrate plug due to depressurization (Bollavaram et al., 2003; Sloan eal., 2010; Sum et al., 2013). An
experimental study presented by Tzotzi et al. (2014) demonstrates thesafe procedures (i.e., avoiding pressure
build-up) in hydrate management using Electrical Trace Heating (ETH). An overall review describing the
comparison of ETH, DEH, and other active heating techniques involved in lydrate plug management is pre-
sented by McDermott et al. (2014) with the help of eld case studies. Ina growing number of situations for
preventing hydrate blockages, hydrate risk management is more econoral than hydrate avoidance. Thus,
the oil and gas industry is currently transitioning from using hydrat e avoidance methods (injection of THIS)

to risk management methods (Sloan, 2005).
1.3 Thesis Objectives and Scope

Oil dominated systems (i.e., water dispersed in the oil phase) as swn in Figure 1.5 are commonly
encountered during the initial stages of a well's life where the amont of produced water is relatively low.
However, this type of ow pattern is a function of oil properties, salt content, temperature, surfactants
present (natural or arti cial), and ow parameters associated with the system. Oil dominated owlines are
proven to be prone to hydrate formation at subsea low temperatures andigh pressure conditions, thereby
leading to hydrate-related ow assurance issues. My thesis work Wli mainly focus on study of the systems
where all water present is dispersed in the continuous oil phase.

As stated, in oil dominated systems, water is present in the form of dipersed droplets along with a

free gas phase. At high pressure and low temperature conditions, hydte shells are formed around the
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Figure 1.5: Cross sectional view of the pipeline depicting an oil continous system with complete water
dispersion.

dispersed water droplets thus converting the water droplets to hyrate particles as shown in Figure 1.6.
These partially converted and fully converted particles can remain lomogeneously dispersed in the continuous
oil phase depending on ow conditions. Once a certain hydrate concenation is reached, the probability
of the hydrate particles coming in contact with each other increases. Aghese hydrate particles come in
contact, the cohesive force between hydrate particles, via liquidapillary bridge, induces agglomeration. The
agglomeration process can result in the formation of a large hydrate mass in th owline, thus increasing
the viscosity of the overall system. This large hydrate mass eventu®y may result in settling/accumulation
and formation of a moving and/or stationary bed thereby leading to the formation of a hydrate plug in a

pipeline.

Water Entrainment  Hydrate Growth Agglomeration Bedding/Plugging

Figure 1.6: Conceptual picture depicting hydrate formation, growth, aggbmeration, and plugging phenomena
in water dispersed oil continuous systems.

My doctoral thesis focuses on the investigation of the physical phenoena (hydrate growth, agglomer-
ation, settling, and bedding) involved in the process of hydrate plugformation. It is a great challenge to
decouple these phenomena. My aim is to understand the physical phemena that characterize the three
di erent stages of pipeline plugging risk in oil dominated systems as sown in Figure 1.8. The purpose of
this particular work is to understand the transition of oil dominated sy stem from low risk to intermediate

risk followed by a high hydrate plugging risk. Di erent phases involved in subsea tieback design are shown



in Figure 1.7. We can see that rst two phases shown in Figure 1.7 mainly dcus on assessing the ow
assurance risks (e.g., hydrate formation, plugging) and developing mitjation or/and management strategies
to overcome these issues. Signicant e orts have been made to delap the hydrate risk model that can
evaluate the hydrate plugging risk associated with the pipeline in erms of easily measurable parameters like
liquid loading, water cut, mixture velocity, and other uid propert ies, and subsequently, it will also address
the rst two important phases in subsea tieback design as shown in Fjure 1.7. The main contribution of my
thesis is understanding and developing methods and tools for hydrat risk assessment, which is a signi cant

advancement in the hydrate management aspect of the ow assurance diggline.
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Figure 1.7: Roadmap for subsea tieback design (Song et al., 2008).
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Figure 1.8: lllustration of typical pressure drop data obtained from the ow loop hydrate experiments as a
function of the liquid phase hydrate volume fraction for water dispersed oil continuous systems projected on
the conceptual model categorizing hydrate plugging risk.



Summary of the accomplishments of this thesis are,

Developed a standalone CSMHyFAST-hydrate formation model for water domimted system as a part
of understanding and evaluating the hydrate plugging risk for water domnated systems. This tool is
bench marked against ow loop data available from ExxonMobil owloop facility for high water cut

systems. This model is available in the form of user friendly inteface for performing hydrate related

calculations.

Assessed the reliability of the hydrate risk assessment model byombined analysis with CSMHyFAST
and CSMHyK tools.

Developed a conceptual model that classi es the oil dominated system (involving hydrates) into dif-
ferent levels (low, intermediate, and high) of hydrate plugging rik by understanding the governing
physical phenomena/forces occurring in each risk level based on thexgerimental results obtained

from the owloop tests.

Built a mathematical model/correlation to quantify the transition bet ween the important/initial stages
of hydrate plugging risk that gives the early signs of hydrate blockage forration using easily accessi-

ble/measurable quantities.

" Implemented the hydrate risk model in CSMHyK-OLGA" (Transient Multiphase Flow Simulator),
and developed guidelines and work ow for its application for the real eld case studies. This involves

hydrate risk assessment over Caratinga eld and BP eld operations.
1.4 Outline of Thesis

Chapter 2 presents the motivation for the work that is presented in this thesis. This chapter basically re-
views various items that include basics of multiphase ow, hydrate isk management techniques, and relevant
approaches followed by the researchers. Additionally, the multiplase ow modeling basis for how OLGA
works is also described. An overview over the multiphase ow willaid in developing an understanding of
the di erent hydrodynamic phenomena occurring in the oil dominated owlines carrying hydrates, which
in-turn will help develop a hydrate plugging risk conceptual picture. A short review over the hydrate risk
assessment approach described in the literature will provide a gabstarting platform in the development of
the mathematical modeling of hydrate-related phenomena. Basic mulphase modeling concepts that discuss
the development of OLGA" are also presented in order to understand the link between multipase ow and

the incorporation of a hydrate risk model.



Chapter 3 describes the experimental section of this thesis, whh involves the description of the Exxon-
Mobil and University of Tulsa owloop facility that are utilized to obt ain the valuable hydrate-related data.
Detailed experimental procedure, instrumentation and experimeatal matrix is also presented in this chapter.

Chapter 4 includes the modeling of the hydrate formation for water domnated systems using a standalone
tool-CSMHyYFAST. This chapter describes the conceptual understanthg of the water dominated systems
that are seen in the oil and gas production. Understanding the hydrate fomation mechanism for such
systems aids in the development of the concentration driven hydrategrowth model. This chapter also covers
the basic mathematical modeling and work ow that enables CSMHyYFAST to function. In Chapter 4, the
ExxonMobil owloop experiments, which are discussed in Chapter 3are used to validate the CSMHyFAST-
water dominated model. Additionally, it is shown that CSMHyYFAST can be used to determine the onset of
hydrate plugging risk for water dominated systems.

In Chapter 5, hydrate plugging risk analysis study is presented. CSNHyFAST-oil dominated model for
hydrate formation is employed in order to study humerous hydrate forrmation cases, which consists of a wide
variety of liquid loading, water cut, and mixture velocity. The speedy nature of the CSMHyFAST simulations
has allowed us to perform a large number of simulations to study the hychte formation phenomena. The
worst scenarios where large amount of hydrates form are later modeled ugjrcomplex and detailed CSMHyK-
OLGA" simulations. Hydrate risk assessment criteria developed by Zerpat al. (2012) is tested over the
simulations performed by both tools-CSMHyFAST and CSMHyK-OLGA " . During this analysis, it is found
that CSMHyFAST can be used as a precursor to CSMHyK-OLGA simulation, which is time-consuming
and complex in order to save time and increase the e ciency.

Chapter 6 presents the conceptual work ow for the development of thehydrate risk model. In this
chapter, we present a brief description about the approach followeddr analyzing the ExxonMobil owloop
tests for studying the hydrate risk. We quantify the initial trans ition of hydrate plugging risk from low
to intermediate/high level using liquid loading, water cut, mixtur e velocity, and other easily accessible
parameters. This chapter also discusses the parametric study penfmed over the correlation developed for
the hydrate plugging risk transition. We conclude this chapter with a successful validation study of hydrate
risk model on the owloop experiment performed in University of Tulsa with Mineral Oil uid system.

Chapter 7 discusses the application of the hydrate risk assessmentadel developed in Chapter 6. In
this chapter, we have shown the interaction of the hydrate risk moal with CSMHyK-OLGA " . We have
demonstrated steady state and transient (i.e., shut-in/restart) operations with Caratinga eld case that face
hydrate-related issues. A hydrate risk model, when applied to tlese studies shows the evolution of the
hydrate plugging risk as a function of time and the amount of hydrates along he owline-riser system. This

chapter also describes the e ect of water droplet diameter, durationof shut-in, and hydrate-oil slip on the



hydrate accumulation with the help of hydrate risk assessment modeframework. In conclusion, it is shown
that the hydrate risk assessment model developed in this thesis ds in foreseeing the risk that may incur in
the owline-riser system due to hydrates.

Chapter 8 presents the application of CSMHyK-OLGA" in modeling the real eld observations of an
unexpected pressure increase that caused an unplanned shut-dowhis particular eld was operated by
BP, which faced some mechanical problems during the planned shutaivn operation. Seawater entered the
owline-riser system during the shutdown and this is succestilly modeled in OLGA" by matching the
pressure traces at the riser bottom and riser top. This owline-riser system experienced an unexpected
increase in the pressure at the bottom of the riser due to the rapid famation of hydrates. The result of this
hydrate formation and an unexpected pressure rise that caused an unghned shut-down of the production
is successfully modeled using CSMHyK-OLGA .

Chapter 9 and Chapter 10 describe the summary, conclusions, and the ggestions for future research.
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CHAPTER 2
BACKGROUND ON MULTIPHASE FLOW MODELING WITH OLGA " AND HYDRATE PLUGGING
RISK

This chapter presents a brief overview of multiphase ow that includes the understanding of the ow
regimes in the horizontal and vertical owlines. Towards the end of this thesis, case studies that present the
modeling of the hydrate-related phenomena with OLGA are discussed, thus, in addition to the review of
the multiphase ow, concepts behind the multiphase ow modeling with OLGA " are also covered brie y in
this chapter, which allows one to understand more about the OLGA multiphase ow modeling.

This chapter will shed light on the importance of the hydrate risk assessment from the hydrate manage-
ment perspective and related e orts taken by the ow assurance commuity in the past. There are numerous
elegant ways in which the hydrate risk related to the owlines carrying hydrates is studied in literature. As
this research deals with the hydrate risk quanti cation, a brief discussion on various ways of understanding

hydrate risk in literature provides a great background.
2.1 Review of Hydrate Management-Hydrate Plugging Risk

Hydrate management term was introduced by Statoil in the mid and late 1990s 1 order to improve the
design and the operational practice to tackle the hydrate related ow assirance problems (Kinnari et al.,
2014). The contrast between the hydrate management and the hydrate avoidarcis shown in Figure 2.1.
In the case of the hydrate avoidance method, the owline is not allowe to enter in the hydrate favorable
region by any means (e.g., addition of chemicals, heating techniquesOn the contrary, in case of the hydrate
management, the system can enter in the hydrate formation region; howear, certain operational measures
are needed to be taken to avoid any ow assurance problems due to hydras. Selection of either of these
strategies is purely based on the operational conditions, economic and thenvironmental regulations set for
the operation in various regions all over the world.

In order to develop the e ective management strategies, one should hava complete understanding of the
type and the level of ow assurance risks that the owlines producing oil and gas will encounter. Once the ow
assurance engineer has a good understanding of the ow assurance riglesg., hydrates, waxes, asphaltenes
etc.), he/she nds himself in a better position to apply feasible, economical, and safe management strategies
without compromising the integrity of the pipeline.

One can represent the hydrate plugging risk associated with oil and gasipeline in various styles. Certain

styles, which are of main interest, are discussed in this chapter.
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Figure 2.1: Comparison of hydrate avoidance vs. hydrate management, adapteddm Kinnari et al. (2014).

2.1.1 Experimental Approach: Understanding Fluid Properties

One of the approaches that represents the hydrate plugging risk is theinderstanding of the plugging
properties of the oil along with water and hydrates. In such cases, variosi experimental techniques (e.g.,
autoclave, rocking cells, micromechanical force apparatus) are uiited to show the plugging tendency of
the oil at various operating conditions (Brani, 2013). Note that the observation s obtained for such type
of hydrate plugging analysis are applicable for the steady state conditionsand depicts the end result of
the operation. Along the similar lines, plugging and non plugging oils concgt illustrated by Gupta et al.
(2011) with the help of experiments performed in stirred high presste cell introduced a new term called
Hydrate Plug Resistant Oil (HyPRO) in order to assess the plugging terdency of the crude oils and showed
that the hydrate plugging tendency increases as the water cut of the sstem increases. Hemmingsen et al.
(2008) studied the hydrate plugging potential using StatoilHydro ow simulator in the presence of MEG and
MeOH underinhibited systems. Hydrate plugging risk was found to ircrease with increase in the inhibitor
concentration up-to a concentration of 10-15 wt.% and then decreased at higdr concentrations due to the
decrease in the capillary forces at higher inhibitor concentrations astown in Figure 2.2 (Hemmingsen
et al., 2008; Kinnari et al., 2014). Kinnari et al. (2014) have mentioned that the water content and pipeline
length are the two important parameters in the understanding of the hydrate plugging risk. Based on the
experiences from Statoil, (Kinnari et al., 2014) summarized that the hydate plugging risk increases with
increasing water content, pipeline length, and operational parameters Gao (2009) studied the hydrate risk
from the uids performance perspective at higher water cuts in the pesence of AAs and suggested that

the salinity plays a signi cant role in managing the hydrate risk at high water cuts based on rocking cell
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experiments. Autoclave experiments performed by hoon Sohn et a(2015) with decane showed that moderate
water cuts (40%-60%) poses high hydrate plugging risk, which later can beeduced by the injection of the
hydrate inhibitor (i.e., MEG). Additionally, hydrate formation risk in the gas phase at the top of pipelines

was evaluated experimentally for both, uninhibited and inhibited (i.e., KHI) systems (Nazeri et al., 2014).

High degree of
agglomeration

Hydrate plugging potential

Transportable
hydrate slurry

0 5 20 50
MEG concentration (wt%)

Figure 2.2: Plot of hydrate plugging tendency as a function of inhibitor (MEG) concentration, adapted from
Kinnari et al. (2014, 2015).

It has been reported by Creek et al. (2011) that the hydrate blockage risk dr long transport lines is
reduced based on the hydrate fraction present in the dispersing @lmainly because of low Gas to Oil Ratio
(GOR), salinity, and the heat transfer limitations provided by the insulation on the pipeline. Additionally, the
hydrate risk assessment and management approaches developed and deplbyn the eld were successfully
demonstrated by Camargo et al. (2004); Harun et al. (2008); Zerpa et al. (2012). Dejeanteal. (2005)
illustrated a comprehensive way of integration of ow assurance (e.g.hydrates, waxes etc.) in overall risk

management picture for deep o shore elds.
2.1.2 Quantitative Approach: Understanding Behavior of Hydrates in Flo w

Other approaches mentioned in the literature involve a quantitative evaluation of the hydrate plugging
risk as a function of time and operation variables. This type of approach take into consideration more of
a quantitative perspective, which is supported by experimentalobservations for hydrate plugging risk. This

approach is mainly driven by the potential bene ts for industrial oper ations facing hydrate-related problems
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in real time. In addition, such approach can be used in order to develop aafe design for the subsea oil and
gas production system from a ow assurance of pipelines perspectiveWe have outlined a few examples,
which follows the modeling approach used in past for assessing and managithe hydrate plugging risk.

Wang et al. (2010a,b) presents the predictive model for the hydrate rik assessment developed for tetrahy-
drofuran (THF) and hydrochloro urocarbon-141b (HCFC-141b) hydrate-formers. Wang et al. (2010a,b) de-
scribes the development of the dimensionless numbec,), which assesses the competition between agglom-
eration/separation tendency of the hydrate particles versus kineticenergy of the uids. The dimensionless
parameter proposed by Wang et al. (2010a,b) is given by,

: v2
mixture mixture =2

Ch 2.1)

~ D critical particte
where nixwre IS the density of the mixture; Vmixwre IS the mixture velocity; D is the pipe diameter;
dpariicle IS the diameter of the hydrate monomer/aggregate; ciical IS the critical concentration of the
hydrate particles in the system at which a sudden increase in the gssure drop is observed, and is the
sum of the agglomerating forces, which can be used in the form of yield s8s and can be obtained from
the pressure drop data or from experimental techniques as discussdy Webb et al. (2012). In this model,
Ch value will determine the fate of the system. When theC;, value is greater than 1, the hydrate particle
separation force is higher compared to the hydrate agglomeration, thus rergting the system in low risk. On
the contrary, C;, value less than 1 signals the high risk of plugging due to the dominance ohe agglomeration
over the hydrate transporting forces. Even though this model can forsee the hydrate risk, it is di cult to
get hold of the reliable yield stress values for natural gas hydrate formex. Additionally, it would not be
possible to deploy this model for other uids because of lack of consifation of interfacial properties. The
idea associated with this model serves as the starting platform for his thesis for introducing simpli ed
dimensionless parameters for the hydrate plugging risk modeling fooil continuous systems.

Kinnari et al. (2014) introduced the Hydrate Kinetics Technology (HKT) us ed by Statoil, which mainly
uses the risk based approach for hydrate management. HKT uses the concepf induction time (i.e., time
required for nucleation of hydrates) coupled with the information on the hydrate transportability, water
content, and the pipeline con guration in understanding the hydrate plugging risk associated with the ow
system. An idea about the magnitude of the induction time can be obtainedfrom hydrates equilibrium P-T
for hydrates as shown in Figure 2.3. HKT moves the hydrate equilibriumcurve to harsher conditions, thus
increasing the safe operational time and thereby provides an additionatime window to plan for possible
hydrate management strategies. According to Kinnari et al. (2014), HKT provides an e ective platform
for optimizing operational strategies of the present production systens that faces hydrate related problems.

More about HKT can be found in Kinnari et al. (2014).
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Figure 2.3: Typical hydrate induction time plot for oil systems; green: long induction time (longer than 12
hours.), yellow: intermediate induction time (1 to 12 hours), and red: very short induction time (less than
1 hour), adapted from Kinnari et al. (2014).

Another quantitative approach to understand the hydrate risk is desciibed by Morgan et al. (2015) where a
framework called Risk Based Flow Assurance Toolkit (RIBFAT) is presented to quantify the risk scenarios for
various ow assurance challenges related to hydrates and its applicatiomowards the real eld developments.
RIBFAT uses the probabilistic approach to calculate the hydrate plugging risk, and requires an input of the
eld data (i.e., location, temperature, water depth, uid descri ption), system components, and operations
planned, proposed problem mitigation or remediation strategies, and the pbability calculation models. As
the development of RIBFAT is in incipient stages, it has a great potenial to be one of the important hydrate
management tool in the near future. As RIiBFAT follows the probabilisti c approach, its validation on the
real life operation will require enormous amount of data.

Hydrate risk assessment and quanti cation also involves the understading of the interaction forces (e.g.,
inertia, viscous, adhesion, and collision) acting on the hydrate parttles owing in the oil-water slurry.
Understanding and decoupling of the forces present in the ow systm involving hydrates is a signi cant
component in the development of the hydrate risk assessment tool. Bnslation of the particle settling models
presented by Kekpinar and Gegds (2001); Oroskar and Turian (1980); Phillips (1980); Shook and Roco
(2015) that provide the critical velocity required for the ow of solid particles in hydrate risk quanti cation
framework can quantify the safe ow rates for the hydrate particles to remain suspended without causing
any risk of deposition or forming a blockage. Similarly, the hydrate plwgging risk can also be presented by
the extent of bedding/settling of hydrates for which the models present in the literature can provide a path

forward (Doron and Barnea, 1993; Gillies et al., 1991; Hernandez, 2006).
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2.2

Review on Multiphase Flow

Towards the end of this thesis, multiphase ow modeling of hydrate formation using CSMHyK module

coupled with transient multiphase ow simulator OLGA " is presented. In addition to that, the hydrate

risk assessment model which is a major outcome of this thesis is alémplemented on the steady state and

transient production cases using CSMHyK-OLGA' . Thus, understanding the basics of the multiphase ow

and the relevant modeling approach utilized by OLGA' is of signi cant importance.

2.2.1 Flow Regimes

Understanding the ow regime and the generation of the ow regime maps fortwo phase/multiphase

ow system is an integral part of the research conducted in the area of mliiphase ow (Barnea et al., 1980;

G.B,,

1969; Hegde et al., 2015). Figure 2.4 illustrates the simplest version dhe ow regime map for two

phase ow. The ow regime map shown in Figure 2.4 is for the ow of air-water mixture in a horizontal

0.05 meter diameter pipe (Weisman, 1983). Dierent ow regimes shown m the ow regime map can be

visualized from Figure 2.4 (right).

1.

Bubble ow: In this ow regime, the liquid is a continuous phase, and there is a dispersion of bubbles

within the liquid phase. The bubbles rise to the top of the horizontal tube due to buoyancy e ects.

. Plug ow: The gas bubbles present in the continuous liquid phase ¢gin and form larger gas plugs.

These plugs also ow towards the top part of the horizontal pipe due to gravity e ects.

. Stratied ow: This ow regime is characterized by the separated ow of the gas in the upper part

and liquid in the lower part of the pipe. This type of ow occurs at low velocities.

. Strati ed wavy ow: This is special type of stratied ow which o ccurs at relatively higher velocities.

In this type of ow, one can see the appearance of the waves at the two phasboundary thereby causing

more friction between two phases.

. Slug ow: The waves present in the ow reach to the top of the pipethereby closing the gas movement

path at the top. Slug regime arises due to the large di erence in the momntum of the phases, which

is caused by the large velocity di erence.

. Annular ow: In this ow regime, liquid forms a coat all around the pipe wall and gas travels in the

middle section of the pipe. This ow regime occurs when gas velogjt is relatively higher than the

liquid velocity thus breaks the liquid Im to form thin layer on t he pipe wall surface.

. Disperse ow: In this case, the amount of liquid is very less whih is present in the form of the liquid

droplets in a continuous ow of gas phase
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Figure 2.4: Conceptual picture for the two phase ow regimes in the horkontal ow (left). Flow regime map
for air-water ow in horizontal pipe (right), adapted from G.B. (1969).

When the pipe is oriented vertically, two phase ow regimes are foun to be slightly di erent than shown
in Figure 2.4. Figure 2.5 (right) depicts the ow regime map for the two phase air-water ow in a vertical
pipe of 0.03 meter diameter. The schematics of the two phase ow regingepresent in the vertical pipe that

can be related to the ow regime map are shown in Figure 2.5 (left).

1. Bubbly ow: In this ow regime, gas bubbles are present in the liquid dominated ow and are mostly
evenly distributed. For this regime, the gas phase velocity is reltively similar to the liquid phase

velocity

2. Slug ow: The gas bubbles coalesce to form big voids of gas in the centef the pipe. This ow regime

is generally unstable causing pressure shocks and vibrations in thape.

3. Churn ow: This ow regime is characterized by the ow of gas at the center of the pipe. The velocity

of the gas in this ow regime is very high thus pushes the liquid on thepipe wall.
4. Annular ow: In this ow regime, liquid forms uniform layer toward s the pipe wall.

5. Disperse ow: Similar to the disperse ow in the horizontal pipes, the liquid content is very low and

is distributed in the form of droplets.

Additional complexity to the ow regimes that are presented earlier can be envisioned by introducing a
solid phase. The ow regimes for the solid-liquid-gas phase can be vislized from Figure 2.6. Hegde et al.
(2015) have demonstrated the modi cation in the two phase ow regime mapsdue to the introduction of

solid (e.g., hydrate) phase by the application of a simple hydrodynami slug ow model.

1. Homogeneous ow regime: This ow regime is characterized by low/modeate volume fraction of the

solids and well mixed ow. In the homogeneous ow regime, the solid paricles are generally small so
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that their settling velocity is less than the turbulent mixing velocities of the uids. In general, in the

homogeneous ow regime, the size of the solid particles is in the order ahicrons or less.

2. Heterogeneous ow regime: The size of the solid particles is larger thathat of the solids particles
present in the homogeneous ow regime. Due to the larger size, the parles starts to settle down
on the pipe wall thus generating the concentration gradient in the verical direction towards the pipe
wall. The ow system is on the verge of formation of the solid bed, which § a good indication of the

transition of the heterogeneous ow regime to saltation.

3. Saltation ow regime: This ow regime is explained by the formation of the solid bed at the bottom
of the pipe. This regime can be classi ed in two ways based on the tranportation of the solid bed. It

involves the movement of the bed or the movement of the particles, wich are in suspension.

This type of solid-liquid-gas ow is well studied by various researters in the past and more details about
the ow regime, ow regime transition, and ow characteristics can also be found in Shook and Roco (2015);
Zandi (2013); Zandi and Govatos (1967).

Figure 2.7 presents the ow regime analysis when oil phase is preseatong with gas and water (Spedding
et al., 2005). These systems are also more complex compared to pure two plkasw because of the presence
of the third immiscible liquid phase. The main focus of this thess includes analysis of the hydrate formation
in the oil dominated systems; thus, a brief overview of the ow regimes present in the oil dominated systems
will assist in understanding the ow behavior in such systems ina comprehensive style. From Spedding
et al. (2005), (1-5) schematics shown in Figure 2.7 are classi ed as interrtient ow. Based on the ow

rate of the gas, regimes can be classi ed as plug separated (1) or plug digped (2). Increase in the gas
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Figure 2.6: Conceptual picture for the ow regimes in the three phase ow with gas, liquid, and solid phases,
adapted from G.B. (1969).

ow rate causes the regime transition to (3) and (4) where foaming due to he gas phase can be clearly
seen. These ow regimes can be denoted as slug separated (3) or the sldigpersed (4). The pattern shown
in (5) is called as blow through slug, which is characterized by the presure loss uctuations pattern. The
ow regime depicted from (6 to 9) are classi ed as strati ed regimes where the separated ow of the liquid
and the gas phase is clearly seen. Among the stratied ow regimes, (6) and7) are identi ed as classical
smooth strati ed and strati ed wavy regimes respectively. Flow r egimes shown in (8) and (9) are special
types of stratied ow regimes, which are strati ed roll wave dispe rsed and strati ed roll wave dispersed
droplet regime respectively. The main di erence between (6,7) and8,9) is the fashion in which the liquid
phase is present in those speci ¢ regimes. Flow regime (10) and (11) are amlar type ows where (10) shows
the annular separated ow regime, and the annular dispersed regime ish®wn by (11). Flow regime shown
by (12) is denoted as broken Im which is present when the ow approache near the inversion point. As
the system approaches inversion point, the dominant phase is strippefrom the pipe wall and is replaced by

other liquid phase.
2.2.2 Multiphase Flow Modeling with OLGA r

This section presents a brief overview of the mathematical approachmplemented for multiphase ow
modeling performed with OLGA" . OLGA" utilizes separate empirical correlations for void fraction, pressure
drop, and ow regimes. Systematic application of the continuity and momentum balance equations on the
bulk liquid, gas, and liquid droplets phase is an integral part of OLGA" modeling.

Mass conservation equations included in extended two- uid model OL@\" are shown in Equation 2.2

through Equation 2.4.

~ For gas phase
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@ 1
@E gas gas): K@éA gas gangas)+ gas + Ggas (2.2)

~ For liquid phase at wall

@ 1 @ o
@{ liquid  liquid ) = K@éA liquid liquid Viquid ) g ﬁ et d+ Giguid (2.3)
~ For liquid droplets
@ 1 @ droplet

@E droplet  liquid ): K@%A droplet liquid Vdroplet ) g + e dt Gdroplet (2.4)

droplet t  droplet
where stands for the volume fraction of the phase, is density, v is velocity, p is pressure, andA is the
cross sectional area of the pipe. ¢ is mass transfer rate between the phases,. is the entertainment rate,
4 is the deposition rate, G stands for possible mass source for a speci ¢ phase.
Momentum conservation equations are presented for three di erent plases mainly for gas, liquid droplets

and liquid bulk. They are shown in Equation 2.5 through Equation 2.8,

" For gas phase

@( V, ) = @p £7@ A V2 } J vV, J vV, Sgas
@t gas gas Vgas gas @z A@z gas gasVgas gas 2 gas gas gas AN
1 . . Sinterfa&:e
interface é gas J Vrel | Vrel T + gas gasgcoS + gasVa I:droplet (2-5)
" For liquid droplets
@ @p 1@ 2
@t(vdroplet liquid Vdroplet ) = droplet @Z K@ZA droplet  liquid Vdroplet + droplet  liquid gcos
droplet 2
Va+ entrained interface droplet Vdroplet + Fdroplet ( -6)
liquid t  droplet
~ Gas and liquid droplets combined
@ 1@ 2 2
@t( gas gangas + droplet  liquid Vdroplet ) = K@Z A gas gangas + A droplet  liquid Vdroplet
1 Sinterface 1 S
. . . . gas
interface é gas ] Vrel | Vrel T gas é gas ] Vgas ] Vgas K"'( gas gas + droplet liquid )
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droplet p
gcos + g Va ( gas* droplet) —_ * entrained interface
liquid +  droplet @z

droplet Vdroplet 2.7)

When Equation 2.5 and Equation 2.6 are combined, we get Equation 2.7.

" For liquid phase at wall

@ 1@ 2 1 : . Squuid
@t( liquid  liquid Viiquid ) = K@ZA liquid  liquid Viiquid liqud 5 liquid J Viiquid ] Viiquid aA
1 Sinterface liqui
. . quid
+ interface 5 liquid J Vrel ] Vrel ———— % liquid liquid 9COS g Va
2 4A liquid + droplet
entrained interface T liquid -+ droplet Vdroplet
@z
@ Jiquid ;
liquid d( liquid gas) 0 @z sin (2.8)

where stands for the pipe inclination with vertical, S stands for wetted perimeter for a given phasev, is
based on the mass transfer rate.

Case 1: Evaporation from liquid Im ; va= Viiquid

Case 2: Evaporation from liquid droplets ;Va= Vdroplet

Case 3: Condensation Va= Vgas

All conservation equations presented earlier are applicable for all ow egimes. However, certain simpli-
cations are needed to modify the equations,

In case of slug or dispersed bubble ow,
Varopet =0&  dgroplet =0 (2.9

In case of slug regime, frictional pressure drop consists of the prag® drop due to liquid slug, slug bubble,
and liquid Im. Another important parameter involved in the momentum e quation is ve , Which is calculated

using Equation 2.10,

Vgas = Rudistribution  (Viiquid + Vrel ) (2.10)
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where Rgisribution 1S the distribution slip and discussed in detail by Bendiksen etal. (1991). The droplet

velocity, Vgroplet IS given by,
Vdroplet = Vgas  Vo:droplet COS (2.11)

where Vo.aroplet 1S the fall velocity of the droplets. Viperrace  iNvolved in the momentum equations is approx-
imated using Viiquid -

In order to solve for pressure and phase velocities, OLGA expands the mas conversation equations given
by Equation 2.2 through Equation 2.4 with respect to pressure, tempeature, and composition. Thus, the

nal modeling equation, which consists of pressure and phase ux is gien by Equation 2.12,

#
gas @gas + 1 gas @quuid @p: 1 @ gas gangas)
gas @p TR gas liquid @p TR gas @t A gas @z
1 @ iquid liquid Viquid ) 1 @ droplet liquid Vdroplet ) N 1 1
A liquid @z A liquid @z 985 gas liquid
1 1
+ Ggas + Giiguid —— * Gdroplet (2.12)
gas liquid droplet

where Ryas stands for the mass fraction of gas. The densities involved in the conseation equation shown

above are calculated at givenp , T, and Rgas.

The energy conservation equation employed by OLGA is given by Equation 2.13,

1 1 1
2 2 2
@t mgas Egas + évgas + gh + mquuid Equuid + évliquid + gh + mdroplet Edroplet + évdroplet + gh

1 1
2 2
= @z MgasVgas Hgas + évgas +gh + Miguid Viquid  Hiquid + évliquid +gh

1 2
+mdroplet Vdroplet Hdroplet + évdroplet + gh + Hsources + U (2-13)

where E is the internal energy per unit mass;h is elevation; Hsources is the enthalpy from mass sources, and
U is the heat transfer from pipe walls. For g5 calculation, Bendiksen et al. (1991) can be referred.
OLGA" can perform wide variety of thermal calculations for various cases (e.g.,nsulated wall, wall
composed of di erent materials). In addition to that, heat transfer coe cient is calculated within OLGA " .
Fluid properties (e.g., densities, viscosity, surface tensionenthalpies, heat capacities, and thermal capacities)

are provided in the form of tables as a function of temperature and presage. These properties are computed
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by the commercial thermodynamic packages (e.g., PVTSirh, MultiFlash " ), which use any of the EOS
available.

The equations summarized above are the governing equations. Interfad friction factor ( interfaciar ) iS
calculated based on the ow regime present in the system (Bendikseet al., 1991; Wallis, 1970). Entrainment
and deposition models (¢; 4) used in OLGA" by Bendiksen et al. (1991) are adapted from the work
presented in literature by Andreussi and Bendiksen (1989); Dallman etal. (1984); Laurinat et al. (1984).

The most important step in the development of a simulator is the seletion of a stable numerical solution
scheme. OLGA employs robust numerical solution scheme in order to solve di erefial equations simulta-
neously. OLGA" applies nite di erence staggered mesh method with Courant Friedrich Levy Criterion for
limiting the timestep t while performing the calculations.

More details on the ow regime transition and the closure relationshipsinvolved in OLGA" modeling

can be found in Bendiksen et al. (1991).
2.3  Summary

This chapter has summarized the background of the hydrate risk assessant techniques studied in liter-
ature. It covers various approaches followed by di erent researcher in order to understand hydrate risk as
a critical step towards the understanding and improvement of the lydrate management techniques. These
approaches involved acquiring knowledge about the reservoir uids bleavior with respect to plugging of
the system thereby, generally forecasting the end result of the opation. On the other hand, the hydrate
risk assessment approach based on the quanti cation of the extent of theafety associated with the ow of
hydrates can give the real time risk assessment of the oil and gas owlireecarrying hydrates. Quantitative
tools that can be potentially available for the hydrate risk assessmenwill also eventually be bene cial in
improving the present design and operational measures to handle therpblems related to hydrates.

This chapter has also presented a brief overview of the ow regime®bserved in a basic two phase
horizontal and vertical ow. Additionally, ow regimes observed in thr ee phase ow involving solids and oil
have also been reviewed, which in-turn, will assist in analyzinghe owloop multiphase experiments discussed
later in this thesis. Modeling of the hydrate risk for the real eld operations with OLGA" is an integral
contribution of this thesis; thus, the basic modeling equations (3., equation of continuity, momentum, and

energy) involved in the multiphase ow modeling with OLGA " have also been summarized.
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CHAPTER 3
FLOWLOOP EXPERIMENTS: METHOD AND PROCEDURE

The experimental data utilized for the development and validation of the hydrate plugging risk model
is available from the two large scale high pressure owloop facilitiesthe ExxonMobil Upstream Research
Company ow loop located at Friendswood, Texas, and the University of Tulsa hydrate ow loop facility at
Tulsa, Oklahoma (this owloop was originally owned by the Marathon Qil Te chnology Center in Littleton,
Colorado). This chapter discusses about the owloop facilities, the @tailed experimental procedure of oil-gas-
water-hydrate multiphase ow experiment, materials used, and the experimental matrix that represents the
available data. These data obtained from the high pressure owloop facity are valuable for the development
of the conceptual and mathematical models associated with di erent leels of hydrate plugging risk occurring
as a function of time in a owline. As the owloop datasets are the closes$ possible substitute for the real
eld operational data, it plays an important role in the development of pre liminary hydrate management and
avoidance models. The hydrate risk model developed based on this dais described in detailed in Chapter

4,
3.1 ExxonMobil Flowloop Facility

The schematic of the ExxonMobil owloop to study the hydrate related phenomenon (formation &
dissociation) in multiphase ow systems is shown in Figure 3.1. Thé owloop has an internal diameter of
3.826 inches (4 in. nominal size). The total length of the owloop is 314 feke(95 meters). The uids are
displaced by a multiphase sliding-vane pump, specially designedtminimize shear on hydrate particles and
can operate at rotation speeds between 300 to 1500 rpm (equivalent to 0.8 to 3tB/s uid mixture velocities).
The owloop is located inside a temperature controlled room, whichcan operate in the range from 90F
to 25°F (273 to 269 K). The maximum operating pressure of this loop is 2000 psi (13.79 Fg). While
performing constant pressure experiments, to maintain the constanpressure during the hydrate formation,
a piston-driven gas accumulator is used for continuous gas injection, whh can handle the volumes up to 120
gallons. This gas accumulator is connected to the owloop near the suctioside of the pump. The position of
the piston inside the gas accumulator is controlled by a Hydraulic PowetUnit (HPU). The owloop consists
of a port where a patrticle size analyzer probe (Focused Beam Re ectaecMicroscope-FBRM or Particle
Video Microscope-PVM) can be installed for the visualization of the entrained gas bubbles, droplets and the
hydrate particles in the continuous phase. This owloop also has the povision of a mass ow and density

meter.
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Figure 3.1: Schematics of the ExxonMobil Flowloop (Friendswood, TX) (oshi et al., 2013).

The average pressure of the loop, pressure drop across the pump/loopyexage temperature inside the
loop, and amount of gas injected into the loop during cooling and hydrate érmation are the important
measurable parameters for this owloop system. The loop pressure nasurement accuracy is 0.06 psig using
the pressure transducer which is located on the line connectinghie gas accumulator to the owloop. A
di erential pressure transducer is located across the pump and is tilized to measure the pressure drop
across the loop. This pressure transducer has an accuracy of 0.12 psi. Twitermocouples with an accuracy
of 0.02F are used to measure the temperature of the loop which are located at #hsuction and the discharge
of the pump aligned towards the center of the pipe. In addition to that there are four extra thermocouples
available in four directions to con rm the average temperature of the loop. The amount of gas injected into
the loop is indirectly measured by the position of the piston, whichis related to the accumulator volume.
The owloop incorporates two viewports, each equipped with a digital camera and a light source on the
opposite sides for video recording. The viewports are cubic expansidmoxes with a vertical circular viewing
area of 4 inches in diameter.

There are mainly two stages involved in the experimental procedurehat are followed for these owloop
tests. In the rst step, the loop is charged with the experimental uids i.e., adding the desired amount of oll
and water, and pressurizing the owloop with methane gas to the desied operation pressure. The uids are
circulated in the loop at least for two hours. During these two hours ofcirculation, mixing and saturation

of the phases is achieved at ambient temperature. In second step, ¢hexperimental conditions as desired
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are set. This is done by setting constant pressure operation in the HPUthe pump speed, and the cold
room temperature. After the test is completed, the temperature israised above the hydrate equilibrium
temperature or to a very high value like 7®F (294 K) and held constant. These data were obtained in two
sets of experiments performed by graduate students from the Centefior Hydrate Research, Colorado School
of Mines in the ExxonMobil owloop (Zerpa, 2013). The rst set of experim ents was performed in the fall
of 2010, and consisted of pure water (100% water cut) and methane gas experimernits study the hydrate

formation mechanism in water-dominated systems, and modeling restd are presented in Joshi et al. (2013).
Table 3.1 presents the experiments performed in the fall of 2010. Theduid loading values used in this set
of experiments were 50, 75 and 90% of the owloop volume. The mixture veldties used in the experiments
were 1, 1.75 and 2 m/s. In all experiments the operation pressure was seb t1000 psig (6.89 MPa) and was
maintained constant by injection of the gas from the gas accumulator. Ambienttemperature of the owloop

was set to 32F (274 K).

Table 3.1: List of ExxonMobil owloop experiments performed with water and methane gas in Fall 2010.

Experiment # Liquid loading Water cut Mixture velocity

(%) (%) (m/s)

1 50 100 1.0

2 50 100 1.75

3 50 100 2.5

4 75 100 1.0

5 75 100 1.75

6 75 100 2.5

7 90 100 2.5

The second set of experiments performed in the fall of 2011 is shown ireble 3.2, Table 3.3, and Table 3.4,
which consisted of variety of water and oil dominated systems. Table 3.3lows the list of the oil-dominated
systems with Conroe oil as the oil phase and Table 3.4 shows the list of prriments where King Ranch
Condensate was used as the oil phase. In this thesis work, we focus onettConroe oil and King Ranch
Condensate experiments for the development of the hydrate pluggingisk model whereas the high water cut
experiments are utilized for the hydrate formation model developmet in the standalone framework. Boxall
(2009) has listed basic properties for the Conroe oil and King Ranch Condease. The hydrate plugging
mechanism is di erent because of the variation in the dispersion pheomena for the experiments in which
King Ranch condensate was used. Lab scale experiments performed ugi€onroe oil show the dispersion
capability of Conroe oil. Inversion point for Conroe oil was found to be 95%, vkich means that Conore oil
can form oil continuous system upto 95% water concentration, whereas for Kig Ranch Condensate, inversion

point is lower than Conroe oil.
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Table 3.2: List of ExxonMobil owloop experiments performed with water and methane gas in Fall 2011.

Experiment # Liquid loading Water cut Mixture velocity

(%) (%) (m/s)
1 50 100 1.0
2 50 100 1.75
3 75 100 0.75
4 75 100 1.0
5 75 100 2.0
6 95 100 1.0
7 95 100 2.0
8 95 100 25

Table 3.3: List of ExxonMobil owloop experiments performed with Conroe oil, water, and methane gas in
Fall 2011

Experiment # Liquid loading Water cut Mixture velocity

(%) (%) (m/s)
1 50 15 1.0
2 50 15 1.75
3 50 15 2.0
4 50 15 25
5 50 15 3.0
6 75 15 1.0
7 75 15 1.75
8 75 15 25
9 90 15 1.0
10 90 15 1.75
11 90 15 25
12 50 90 1.0
13 50 90 1.75
14 50 90 25
15 50 75 1.0
16 50 75 25

Table 3.4: List of ExxonMobil owloop experiments performed with King Ranch condensate,water, and
methane gas in Fall 2011.

Experiment # Liquid loading Water cut Mixture velocity

(%) (%) (m/s)
1 50 25 1.0
2 50 25 1.75
3 50 25 25
4 80 25 1.0
5 50 25 1.75
6 50 25 25
7 50 50 1.0
8 50 50 1.75
9 50 50 25
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3.2 Tulsa Flowloop Facility

One of the experiments performed at University of Tulsa owloop faciity in 2013 is used to validate the
hydrate plugging risk model developed in this thesis work. This owloop facility is located in the University
of Tulsa (North Campus) in Tulsa, Oklahoma (often abbreviated as TU owlo op). The internal diameter of
this loop is 2.9 inches (3 in. nominal size). The total length of this bop is 50 meters and this owloop is
placed on a robust wired frame which can handle the inclinations upto +- of 8 . The owloop schematic is
shown in Figure 3.2. The pump used to ow the liquids in the loop is the commercially used Leistritz pump
model. The cooling of the loop is carried out by circulating the coolamhin the jackets around the loop. This
cooling jacket can control the temperature of the loop in the range of 178 (350 K) to 25°F (270 K). The
maximum operating pressure of the loop is 2000 psig (13.8 MPa). An external gasjection line is utilized
for the injection of the gas to maintain constant pressure for the constantpressure experiments. This gas
injection at TU owloop is of manual type unlike in Exxonmobil owloop f acility where the gas injection is

in automated manner.
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Figure 3.2: Schematic of University of Tulsa owloop (Joshi, 2012).

The owloop is equipped with ve thermocouples denoted by TR, which are located at various positions
of the loop as shown in Figure 3.2. These thermocouples can measure themperature of the system with

an accuracy of 0.02F. Pressure transducers (PR3 and PR4) placed at the suction and dis@rge of the
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pump have an accuracy of 0.06 psig whereas di erential pressure transiter (PDR8) placed across the pump
works with an accuracy of 0.025 psi. To measure the average density of the ids inside the loop at a
speci ¢ location, gamma-ray densitometers are provided (NDR1, NDR2, NDR3). A moving densitometer is
provided in the upper arm of the owloop as shown in Figure 3.2. This eglipment is useful to con rm the
ow pattern and to perform the calculation of the slug length and slug count in the owloop. There are four
view ports provided on the loop where a video recording can be done toapture the real time ow of the
uids in the loop which in turn will be useful to relate the ow ph enomena with the actual data obtained
from the experiment.

First step of the experimental procedure is to charge the loop withdesired amount of oil, water and
gas. The oil used to perform these experiments is Mineral oil 350T. Tubs city gas is used as a hydrate
former. Composition of this gas is shown in Table 3.5. Once the loop is chardewith the uids, the system
pressure is reached to 1500 psi (10.3 MPa) by injection of the gas. The uislare circulated at the ambient
temperature for couple of hours to saturate the phases. Once this pra&tlure is completed, the loop is
cooled from 72F (295 K) (ambient temperature) to 38°F (276 K) (set-point temperature) with the help of
the coolant circulating in the jacket. The cooling rate of approximately 40°F/hour is set for this cooling
procedure. Once the hydrate formation is achieved, the experimedris run for the desired time or is shut o
provided the experiment pressure drop reached to a maximum alloable value. After the completion of the

experiment, the system is depressurized and the liquids are dined by tilting the loop to a certain extent.

Table 3.5: Composition of TU natural gas.

Component Comoposition
(mole%)
Methane 94.99
Ethane 2.35
Propane 0.38
Carbon-dioxide 1.23
Nitrogen 1.05

3.3  Summary

The details on the ExxonMobil owloop facility located in Friendswo od, TX and the University of Tulsa
owloop facility located in North Campus, University of Tulsa, Tulsa, O klahoma have been discussed in
detail in this chapter. These facilities were used to perform thehigh pressure oil-water-gas-hydrate phase
experiments that are used for the development of the hydrate formationand related plugging risk model for
the oil and gas pipelines. Hydrate equilibrium conditions at a desiredexperimental pressure were reached

by continuous cooling of the loop. Hydrate onset was con rmed by the insjction of the temperature traces
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and the visualization through the side view ports provided on the owloop. To ensure safety and smooth
completion of the experiment, critical operating parameters like pessure, temperature, and pressure drop
were continuously monitored throughout the progress of the experimerd. The calculation of the amount of
hydrates formed in a system at a particular time in the experiment is performed using the gas consumption
data. Pressure drop and the hydrate volume fraction for an experiment hae been utilized to develop the
conceptual and mathematical hydrate plugging risk model. Chapter 5 and @apter 6 explain the work ow to
develop the hydrate plugging risk model, which is later applied to asess the hydrate plugging risk associated

with oil and gas pipelines.

31



CHAPTER 4
CSMHYFAST: DEVELOPMENT OF HYDRATE GROWTH MODEL AND RISK ASSESSMENT FOR
WATER DOMINATED SYSTEMS

Part of this chapter will be submitted for a publication in a peer reviewed journal with minor changes.
Piyush N. Chaudhari®2, Luis E. Zerpa®, Amadeu K. Sum'4

This chapter explains the modeling of hydrate formation and evaluation ofhydrate plugging onset, also
known as hydrate plugging risk for high water cut systems using a standlone tool, CSMHyFAST. The
Center for Hydrate Research (CHR) has developed a tool called CSMHyFAST d calculate the hydrate
related phenomena of formation, growth, relative viscosity, and pressre drop for oil dominated systems
(Aman et al., 2015). In CSMHyFAST, hydrate formation physics is coupled with the multiphase ow in a
simplistic manner with the use of standalone models to demonstratehie hydrate related phenomena. This
chapter will discuss the models involved in CSMHyYFAST to capture the hydrate formation and plugging for
water dominated systems.

High water cut systems mimic cases where oil/gas elds have matured andite amount of water produced
has increased signi cantly (Gluyas and Hichens, 2003). Worldwide oil prodction is about 75 million b/d
with water production estimates varying between 300-400 million b/d (Di Lullo et al., 2002). This high
water production not only increases the lifting and water disposal cost but also increases the risk of hydrate
formation in the subsea oil and gas pipelines. The hydrate formation modedeveloped by Boxall et al.
(2009) can tackle the physics involved in the hydrate formation mechanis for oil dominated ow systems
where oil is in a continuous phase and where water is present in the for of dispersed droplets. For water
dominated systems, the present model does not perform well (Zeg 2013). The model we developed is
however shown to be performing well in predicting the hydrate brmation for higher water cut systems. This
model is based on the work performed by Joshi (2012), which involves hydte formation modeling for high
water cut systems coupled with OLGA" . In this chapter, we focus on modeling similar type of systems
by coupling the simple standalone heat transfer and uid ow models instead of importing any multiphase

ow information from OLGA " . The high water cut hydrate formation model developed in CSMHyFAST is
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2Primary researcher and author
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able to deliver the information on the ow behavior, hydrate phenomena, and plugging scenarios for water

dominated oil and gas owline systems.
4.1 Hydrate Formation Model

As the oil content in higher water cut systems is very low or in some case absent altogether, the
complexity is not present due to the emulsi cation of the oil and water phase. These systems can be
depicted as shown in Figure 4.1 where the owline mainly consists othe smooth ow of water and gas
phases. In such systems, gas is entrained in the continuous water phaf the form of dispersed gas bubbles.

The size of the gas bubbles is governed by the hydrodynamics of the w system.

Water Entrainment Hydrate Growth Agglomeration Plugging

Figure 4.1: Conceptual picture for the hydrate formation in multiphase ow systems involving free water
and gas (Joshi et al., 2013).

Skovborg and Rasmussen (1994) developed a rst pass mass transfer modeldtudy the hydrate formation
rate in a stirred reactor. For such systems, the controlling resisance in the process of hydrate formation
is the dissolution of the guest molecule (hydrate-former) in water (%ovborg and Rasmussen, 1994). The
hydrate formation mechanism in high water cut systems mainly follows hree important steps, which are

shown in Figure 4.2,
1. Dissolution of gas (hydrate-former) species in water phase.
2. Diusion of gas species from bulk water phase to hydrate crystal.
3. Kinetics of hydrate formation from gas and water.

The governing equation for the hydrate formation in high water cut systams is given by,

dngas

dt = I(LAgas liquid (Csot Csal hyd) (4.1)

where d"d% is the rate of gas consumption, which also implies the rate of hydrate forration in the system;

kL is the mass transfer coe cient; Agas iiquid IS the surface area between gas and water available for mass
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Hydrate

Figure 4.2: Conceptual picture depicting the mass transfer mechania for the hydrate formation in high
water cut systems.

transfer; Csq is the concentration of the guest molecule in the solution, andCsq nyg is the concentration
of guest molecule in equilibrium with hydrates. These concentratbns are calculated using a commercial
thermodynamic package such as MultiasH or PVTSim-Nova" for a wide range of pressure and tempera-
ture. These packages provide an external le, which is made availableluring the simulation. Based on the
pressure and temperature encountered in the calculation, an iterabn is performed to get an appropriate
value of the concentration and then is used for further calculation. Csoi  Csol nya) represents the driving
force for hydrate formation. Calculation of k. follows the systematic approach based on the uid dynamics

and is well described in Joshi (2012).

V,
ki = L 4.2
wherev, is the characteristic liquid phase velocity which is given by Equation 4.3 shown below,
r
v, = ! (4.3)

liquid
i involved in Equation 4.3 is the interfacial stress between gas and watephase and is calculated as shown

in Equation 4.6. In Equation 4.2, Nsc is the Schmidt number and is calculated as shown in Equation 4.4,

NSC — liquid (4.4)
liquid Dgas liquid

In all of the equations above the properties that have liquid as a subgipt are taken as water properties
because in this case water is a continuous and dominant phaseDgas iiqud IS the e ective di usivity of
the gas (hydrate-former) in the water phase. For this work, methane is sed as a hydrate-former and the
di usion coe cient of methane in water can be calculated using the Wilke-Chang correlation provided in

Wilke and Chang (1955), and is shown in Equation 4.5.

o 8 0aM)=T

Dgas ligua =74 1 Vv 06

(4.5)

where x, is an associate parameter and is used as 2.6, when water is used as a solvét,js the molecular

weight of the solvent, T is the temperature of the system; is the viscosity of the solution, andV is the
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molar volume of the solute at normal boiling point. Equation 4.6 is used to catulate the interfacial stress

involved in equation 4.3,

= f gas(Vga52 Viiquid )? (4.6)

The interfacial factor denoted by f; in Equation 4.6 is assumed to be a constant number and is taken to be
0.022 for a water-gas system.

One of the most important parameters that govern the hydrate formation rate is the surface area available
for the mass transfer. In this model, preliminary attempts were made to capture the surface area in case
of the strati ed and slug ow regime as shown in Figure 4.3. Zerpa (2013) preents the description on the

di erent ow regimes present in the multiphase ow in a comprehensive style.

a) Stratified flow a) Slug flow

Figure 4.3: Conceptual picture depicting the strati ed regime (left) and the slug ow regime (right) scenarios
observed in gas-water ow systems (Andreussi and Bendiksen, 1989; Zeap2013).

In order to obtain the interfacial area for the strati ed case, one has to @lculate the embracing angle of
the liquid phase in the pipeline, which is shown as . In order to obtain , the height of the liquid phase in

pipe (Hiiquia ) is calculated using Equation 4.7.
Hiqud =  liquid Opipe (4.7)

Hiquia can be now utilized to obtain by using equation 4.8,

_ cos Hr : Hiiquid ) (4.8)

r2 . 2Hiquig Sin
Alqud = = 2 2sin +(L

5 ; ) (4.9

where Ajiquid IS the cross-section wetted area, which will be used later to obtainhe super cial velocity from
the linear phase velocity calculated from the Drift- ux model di scussed in the later part of this section. The

interfacial area available for mass transfer in the case of stratied ow regime is given by Equation 4.9.

Agas liquid :2rsin( )L (4.10)
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where Agas iquid IS the area between gas and water available for mass transfer, which is @rided by the
dispersed gas bubblesy is radius of the pipe, andL is the length of the pipe. As shown in Figure 4.3
(right), there is a signi cant increase in the surface area availablefor mass transfer, which is provided by the
entrained gas bubbles in the liquid slug body. The liquid holdup n the slug, Hisug , is calculated using the
correlation provided by Gregory et al. (1978) as given in Equation 4.11. There arether correlations also
available in the literature to obtain the liquid holdup in the slug b ody (Abdul-Majeed, 2000; Zhang et al.,
2003).
1

Vmix
+ 8:66

The size of the entrained gas bubblesdypne is calculated by Equation 4.12 provided by Hesketh et al.

Hisg = 139 (4.12)

(1987).
|
06 o6 e
dbubb|e =0:86 Wec;it 03 02 o1 ULl (412)
c d ¢ sg

where W et is the critical Weber number, which is equal to 1, is the water- gas interfacial tension; is
the density of the uid; subscript ¢ and d stand for the continuous and dispersed phase respectivelyJ is
the mixture velocity, and dyipe is the diameter of the pipe. Holdup of the gas present in a given slug is gén

by Hg:siug , and can be obtained fromH 5y as shown in Equation 4.13.
Hislwg + Hgsiyg =1 (4.13)
Once the diameter of the pipe is known, the total humber of the bubbés per unit volume present in

the slug body can be calculated usingH .s1ig , @and the volume of an individual bubble. So,Nppnes Can be

calculated using Equation 4.14.

Hg:siug = Nbubble Vbubble (4.14)

Voubble = d Bupple (4.15)

Ultimately, Agas iquia for the slug ow regime can be calculated conceptually using Equation 4.6, which

can be further simpli ed as shown in Equation 4.17.

Agas liquid = Nbubble Abubble Vpipe (4.16)

Agas tiquid = Npubble O fuppe T 2L (4.17)

The interfacial area available for the mass transfer is provided by tle gas bubbles present in the liquid
slug. This surface area is signi cantly higher than the actual area avaihble in the stratied ow regime.
Equation 4.12 plays an important role in capturing the increased surfacearea available due to the dispersion

of the gas bubbles in the slug body.
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4.2 Mathematical Modeling in CSMHyFAST

The water dominated model presented in Section 4.1 has been incorpord in CSMHyFAST framework.
Among the wide spectrum of the high water cut systems, rstly, we hase mainly chosen 100% water cut
systems for this study. We have also considered high water cut systns having low percentage of oil content
in the liquid phase in this modeling study later in this chapter. The 100% water cut system is a ow system
where water is present as a continuous phase and entrained gas bubblesaslispersed phase. This system
can be seen from Figure 4.1.

The primary start-up Graphical User Interface (GUI) for CSMHyFAST is sh own in Figure 4.4. User
can specify the input parameters like liquid loading, water cut, initial temperature, ambient temperature,
and the pressure of the system. In addition, user has to specify theow rate and the pipeline geometry in
terms of the total length, diameter, and the angle of inclination. The transport pane shown in Figure 4.4

allows the user to specify the uid properties (i.e., density, viscosity, and interfacial properties), heat transfer

properties, and gas composition.

Hydrate Formation Model load Save Restore Help About GQuit

© Qil Dominated Mode! (0-80% WC)
& Water Dominated Mode! (100% WC)

Input Parameters

Flowloop Length (it} 350
Flowloop Inner Diameter (in): 4
Mixture Velocity (f/s): 3
Lig Loading 70  Water Cut 100
Total Simulation Time (min.): a0
Pipe Inclination (deg): 0

System Conditions
Initial Temperature (deg. F): 80
Set Temperature (deg.F). 39 [3

System Pressure (psia):

2000
2000

Calculated System Properties
Please select variables to print:
¥ Rel Viscosity

[J Cohesion Force

[ Temperature
W Vol. Frac. (all phases)

[l Mass Balance [ Droplet Size

i Flow Regime [0 Shear Rate

M Phase Velocities

¥ Pressure Drop

. Advanced
’)) Caleulate

[ Aggregate Diameter

._ranspurt

Advance

d

¢ Droplet Size from System Conditions

) Constant Size (microns):

Ite owth Moc
) Kinetic Equation - Standard Canstants

_ Kinetic Equation - Custom Constants

9 Dynamic Cohesive Forces

2 Constant Force (mN/m): 50

B Fluids are at constant velocity
O Phases are at same velocity
Pressure Drop Models

% Mukherjee-Brill {multi-phase)
* Lockhari-Martinelli (stratified)
_ Muller-Steinhagen (stratified)

Calculation Parameters
Simulation Step Size (sec.): 10

Transport
Fluid Properties
Fluid Type Viscous Crude Qil ~
Fluid Density (Ibfft"3): 36
Fluid Viscosity (cP):
Water-Fluid Interfacial

Tension (dynes/cm):
Gas Density (Ib/ft"3): 35
Gas Viscosity (cP): 02
Water Density (Ib/"3): 622
Water Viscosity (cP): 1

Heat Transfer Parameter
Pipe Heat Transfer 4
Coefficient (BTU/R"2/hr/F):
Gas Selection
Hydrate equilibrium conditions will be
calculated using (mol%)

100% CH4 v

O Constant Pressure (gas injection)

Figure 4.4: Primary start-up screen for CSMHyFAST with di erent inpu t options available.

The modeling of hydrate formation phenomena in CSMHyFAST follows a sytematic approach, which
involves solving of mass conservation equation coupled with the energyatance. The schematics of the

working algorithm of the CSMHyFAST is shown in Figure 4.5. The important step in hydrate formation
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modeling is obtaining the temperature pro le of the system. The erergy balance equation used in order to
obtain the temperature is given by Equation 4.18 (Cazarez-Candia and \asqez-Cruz, 2005). The system
temperature is calculated at each timestep to account for both, the inernal heat generation due to exothermic

hydrate formation process and the heat transfer to the surrounding emironment.

g s B o -

4 Temporal loop ™.

Phase
velocity

Input — | Surface Area Temperature

* Liquid loading
= Water cut
* Initial temperature

2 .
Systgm pressure Less than desired k= Subcooling
* Ambient temperature o
. . >
* Pipeline geometry 8
. ©
Flow rate S Hydrate favorable
J
g
Maximum time T Hydrate
Output

\Time formation

Mass balance

!

Flow Regime

|

Hydrate
\ plugging onset

» Temperature profile

* Phase fractions

* Pressure profile

* Gas added

* Hydrate plugging
onset

e e e
s

Figure 4.5: Flow chart for the work ow of water dominated model in CSMHyFAST.

The energy balance equation for the overall process is given by,

@H @H _ 1 @P @v ,@v . q d pipe
ot + v ax ” @t V@t Y @x V(g Sin oA (4.18)

where H¢ is the mixture enthalpy (volumetrically averaged); t is time; x is length parameter (not used in

the owloop calculation as we use moving uid box approach); is the pipe inclination; q is the heat ux
through the pipeline wall; v is the uid velocity, and A is the cross sectional area of the pipe. The heat
generated from the hydrate formation is also added to the heat balance in e&ctimestep. The amount of
heat generated due to the hydrate formation is given by Equation 4.19.

hydrate Ac X dt

QE;hydrate hhydrate (4- 19)
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= Uoverall (Ti 1 Tamb) (4.20)

T 1 Vmix 9Sin q d pipe QE:hydrate
' dt Cp Cp avgAc Cp (4.21)

where Npydrae IS the hydrate number for a given hydrate-former, and  hnyarae  is the enthalpy change for

—dmdi‘as is the hydrate formation rate calculated

the hydrate formation; nydrate IS the density of the hydrates;
by the gas consumption during the hydrate formation process; x is the step length, and Qg pydrate IS the
total heat generated due to the hydrate formation process.T; is the temperature of the uids at the current
timestep, and similarly T; 1 is the temperature for the previous timestep. C, is the average heat capacity
of the system, which is calculated by the volumetric average methody taking in to consideration the heat
capacity of the individual phases. Ugeran IS the pipeline heat transfer coe cient and T,y is the ambient
temperature. %’ term present in the Equation 4.18 can be simpli ed and equated to 0 for onstant pressure
experiments so can the terms,%; and %( , which also do not play any role in this case as the discretization
along the pipe is not considered.

CSMHyYFAST is capable to take into account a constant ambient temperatureor an ambient temperature
series where the ambient temperature changes as a function of time.He ambient temperature series function
is very useful in modeling the owloop tests where the ambient Emperature of the system changes with
respect to time based on the cooling of the owloop room or the coolant aving in the jacket around
the loop. The temperature ambient series option, available in CSMHyRST, is shown in Figure 4.6. The
temperature of the system is estimated and later used to determinghe mass of the gas consumed in the
next timestep from the hydrate formation given by the Equation 4.21. The hydrate formation equations are
adapted from the previous section in this chapter. CSMHYFAST employsthe drift ux model to split the
mixed uid owrate into the linear gas and condensed phase velocities as shown by Equation 4.22 and 4.23

(Danielson et al., 2012; Nicklin et al., 1962).

gq:)ipe( liquid gas) 0%

Uaift  fux =0:4 (4.22)
liquid
Vgas = 1:2Vmix + Ugriftflux (4.23)
Vmi V,
Viiquid = mix  gasTgas (4.24)
liquid
o A
Vg = VI|qU|d liquid (4.25)
Ac
Vg + Vsg = 1 (426)
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Figure 4.6: Ambient temperature series input option provided in CSMHyFAST.

where Ugrit  fiux IS @ semi-empirical drift ux criterion, and  jiquig is the density of the total liquid phase.
For gas water systems, jquid IS referred to the density of the water phase before the hydrate forration.

gas IS the density of the gas phaseynmix is the linear mixture velocity of the uids, which is provided b y the
user; gas is the volume fraction of the gas phase in the system (i.e., holdup of gas pise in the pipeline); vy
is the super cial liquid velocity, and  jquia IS the volume fraction of the liquid phase present in the pipeline.
The drift- ux parameter shown in Equation 4.23 is de ned by Danielson et al. (2012), and is adapted for
the gas-water systems which are of main interest of this work. The drif ux model fails to converge for the
liquid phase volume fractions less than 30%. For such cases, the modeilvassume the no-slip condition, and
the gas phase velocity will be similar to the liquid phase velocity However, this assumption is unrealistic.
This phase velocity calculation is performed at each timestep so thateceleration of the uid due to the
hydrate formation can also be considered.

Based on the individual phase velocities, Mukherjee and Brill (1985) Gteria are applied to determine
the ow regime (i.e., strati ed, slug, or dispersed bubbly), which in-turn determines the e ective surface
area provided by the gas bubbles for the hydrate formation based on Equatins 4.10 and 4.17. Once the
hydrate formation subcooling (Teq  Tisystem ) iS reached, hydrate onset is achieved and CSMHyFAST
employs Equation 4.1 to determine the amount of gas consumed during # hydrate formation process. An
overall mass balance on a system at a given timestep gives the amount of imidual phases present in the

system. An easy calculation check is always performed in the algorithma ensure that there is enough
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amount of gas and water present in the system to form the hydrates. After grforming the mass balance and
updating the quantities of gas, water, and hydrate phase, the algorithm peforms another calculation with
Redlich-Kwong-Soave (RKS)-Equation of State (EOS) to determine the gas pressure in the system.

There are a few key assumptions associated with the mathematical motieg framework presented in

Section 4.1 and Section 4.2.
1. Hydrate formation takes place only from the free gas present in the systa.

2. Strati ed wavy ow regime is not considered, thus the area provided by the gas-liquid interface at the

borderline in the liquid slug body is not considered in this calcuation procedure.
3. Water properties are constant and gas properties are calculated using RB-EOS.

4. In slug ow regime, the size of entrained gas bubbles is constant. Bable size distribution is not

considered.
4.3 Hydrate Plugging Risk/Onset for 100% Water Cut Systems

Along with the temperature, pressure, and phase fraction pro le, CSMHyFAST is capable of the calcu-
lation of the hydrate plugging onset ( gansiton ) for high water cut systems. gansiion  Can also be termed
as the transition from low risk to higher risk for high water cut systems as shown in Figure 4.7. This gure
depicts the transportability of the hydrates as a function of the solids concentration in gas-water systems.
From Figure 4.7, three regions can be identi ed, where region | shows tht the homogeneous distribution of
hydrates where hydrates do not signi cantly a ect the pressure drop, region Il shows a sudden increase in
the pressure drop because of the settling/bedding of the hydrate paitles, and lastly, region Il shows the
high uctuations in the pressure drop due to the slugs of gas and solid-fuid mixtures. In this work, the
hydrate plugging onset is the hydrate concentration in the liquid phas at which the pressure drop behavior
changes from region | (homogeneous) to region Il (heterogeneous), denoted agansiion - This phenomena
is well described by Joshi (2012).

A correlation to predict the transition from homogeneous dispersion to leterogeneous dispersion presented
by Newitt et al. (1955) is shown in Equation 4.27.

Viansiton = (1800gthipe Vi) * (4.27)

3 #
(1 hydrate ) g(% hydrate liquid
36Kz hydrate liquid

V = (4.28)

In the equation above, Viransition IS the transition velocity and is a function of g, which is the acceleration

due to gravity; dyipe Which is the diameter of the pipe, andV;, which is the terminal velocity. The terminal
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Figure 4.7: Mechanism for the hydrates distribution and its e ect on the pressure drop (Joshi et al., 2013).

velocity is evaluated using Equation 4.28 where nygrae IS the hydrate volume fraction in the liquid phase;
d, is the diameter of the solid particle, and K, is an empirical constant equal to 5 (Abulnaga, 2002).
Particle diameter that was calculated using Equations 4.27, 4.28 and an expamnental investigation (using
PVM images (Grasso, 2012)) for the hydrate particles diameter con rm that the sudden change in the
pressure drop is not due to the change in the viscosity of the systemut is the e ect of the hydrate particle
concentration, which causes the transition from the homogeneous to hetegeneous regime.

A correlation to demonstrate this transition (  yansiion ) Was developed by Joshi (2012) as a function of
the Reynolds number, which was later modi ed by Grasso (2012) is given Y Equation 4.29. The correlation

developed Grasso (2012) is a function of not only the Reynolds number but 8b liquid loading of the system.
vansiton = 1:7 10 *[Re(1+0:00ILL)] 2:54 (4.29)

where LL stands for the liquid loading (i.e., in volume percentage (%)) de ned as the amount of liquids
present with respect to the total volume of the system. The Reynold number (Re) is calculated using the

density of water ( water ), Mixture velocity, diameter of the pipe (dpipe ), and viscosity of water waer -
4.4 CSMHyFAST-Hydrate Growth Model & Hydrate Plugging Onset Validation

The CSMHyFAST model described in Section 4.1 and 4.2 was validated ovethe set of ExxonMobil
experiments. These experiments cover 100% water cut cases and cas@th some amount of oil present
in the system. These sets of experiments are well tabulated in Takl 3.1, Table 3.2, Chapter 3. The
experimental matrix and the standard experimental procedure are decribed in Chapter 3. Preliminary

calculations, which discuss the calculation of the amount of hydrates faned in the loop are presented in
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Appendix A. The basic approach for the validation of the model mainly involves obtaining the temperature
pro le for the system during the cooling phase followed by the onsetof hydrate formation. The pressure of
the system was calculated using the RKS-EQOS, as mentioned in Seoti 4.2. A provision of the gas addition
was also available for the modeling of a constant pressure experimentThe owloop was set up in such
a way that the ambient temperature decreases at every timestep oncthe cooling is started. An ambient
temperature series provided in CSMHyYFAST was used to account for thehanges in the ambient temperature
for the heat transfer modeling purposes, aiming to match the expemental temperature pro le.

The modeling results for ExxonMobil (XoM)-2011 and 2010 experiments are shwn in gures below.
Figure 4.8 shows the validation of CSMHyFAST over the experiment perbrmed at constant pressure 1000
psig, liquid loading of 50%, water cut of 100% and mixture velocity of 1 m/s. Ths experiment was performed

with 3.5 wt.% synthetic salt present in the aqueous phase.
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Figure 4.8: CSMHyFAST- High water cut model validation for XoM-2011 experiment with 50% liquid
loading, 100% water cut, ow loop pressure 1000 psig, and 1 m/s mixture veloty. Left-Temperature pro le
(ambient and owloop temperature), Right-overall hydrate volume fr action in owloop (Experiment #1,
Table 3.2).

As shown in Figure 4.8 (left), initially, the owloop temperature i s at 9C°F which is almost similar
to the room temperature in which the owloop is located. The room starts cooling as the set point of
38°F was set. The loop temperature starts decreasing as the loop gets coldeThis heat transfer mainly
consists of the conductive heat transfer through the loop walls and the bat transfer due to convection,
which consists of internal and external convection. Among these two hat transfer mechanisms, convective

heat transfer is the governing mechanism, and heat transfer due to catuction is less compared to overall
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convection. As this particular experiment is a constant pressure egeriment, gas is constantly added with
decrease in the loop temperature. At approximately 75 minutes, theslope of the temperature curve changes
and stays constant as shown in Figure 4.8; this point is called as the onsetf hydrate formation, which is
well captured by the model by specifying the subcooling for the oset of hydrate formation. This change
in the slope of the temperature pro le is attributed to the excess heat generation in the system because of
the exothermic hydrate formation process captured by Equation 4.1, whth is also shown in a mathematical
manner under Section 4.1. In all, the heat transfer model incorporatedri CSMHYFAST algorithm is able to
predict the temperature pro le of the owloop accurately during th e cooling of the owloop as well as after
the hydrate formation. It is evident from Figure 4.8 (right) that the amou nt of hydrates calculated by the
model explained in Equation 4.1 in terms of the overall hydrate volumefraction are in good agreement with
the experimentally measured hydrate volume fraction. This particuar experiment shown in Figure 4.8 lies
in the strati ed region as predicted by Mukherjee and Brill (1985) crit erion incorporated in CSMHyFAST;
thus, the surface area calculations are performed as explained by Equan 4.10 given in Section 4.2.

CSMHyFAST-water dominated model was also validated over the set of exp@ments performed back in
Fall 2010 tabulated in Table 3.1. The validation results for one of these expéments are shown in Figure 4.11.
The validation and modeling results for the rest of the 100% water cut exgriments performed in Fall 2010
are not shown here. However, the overall error in the prediction of tke hydrate volume fraction is shown and
well described in the later portion of this chapter.

Figure 4.9 shows the loop temperature predicted by CSMHyFAST, and tle hydrate volume fraction for
the experiment performed in Fall 2010 in ExxonMobil owloop. This experiment was performed with 50%
liquid loading, 100% water cut, and mixture velocity as 2.5 m/s. From Figure 4.9 (left), one can see that
the loop temperature follows the ambient temperature and the hydrae onset occurs at 53 minutes from the
start of the experiment. In this experiment, the temperature rise at the hydrate onset is very evident, and
it can be seen as a small kink in the temperature pro le at 53 minutes afer the start of the experiment. An
approximate increase of SF in the temperature is observed due to the hydrate formation in both experiment
and modeled results. This signi cant increase in the temperaturewas found in this experiment unlike the
earlier experiment shown in Figure 4.8 because of the better heat dsipation at higher velocity (i.e., 2.5 m/s)
compared to the lower mixture velocity (i.e., 1 m/s). In overall, CSMHyFAST captures the temperature
pro le very well not only during the cooling but also after the hydrat e onset. The amount of hydrates
formed during the experiment is in agreement with the modeled rsults with some extent of deviation.
This deviation in the hydrate volume fraction starts after some time haselapsed after the hydrate onset as
shown in Figure 4.9 (right). CSMHyFAST underpredicts the hydrates formed in this particular experiment.

Note that this experiment was performed at higher velocity, thus rerdering the ow system in a slug ow
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Figure 4.9: CSMHyFAST- High water cut model validation for XoM-2010 experiment with 50% liquid

loading, 100% water cut, ow loop pressure 1000 psig, and 2.5 m/s mixture veldty. Left-Temperature
pro le (ambient and owloop temperature), Right-overall hydrate vol ume fraction in owloop (Experiment
#3, Table 3.1).

region. As a result, high level of turbulence in the system leads to aexcess entrainment of the gas bubbles.
In this case, the underprediction of the interfacial area could be onef the important reasons behind the
underprediction in the amount of the hydrates formed in the system.

CSMHyFAST validation over the experiment performed with 75% liquid |1oading, 100% water cut, and
1 m/s mixture velocity is shown in Figure 4.10. This experiment has ahigher liquid loading compared to
the earlier modeling results discussed in Figure 4.8 and Figure 4.90ne can see from Figure 4.10 (right)
that there is some deviation between experimental and the modeletemperature pro le. Likewise there are
some discrepancies in the prediction of the hydrate volume fractiondr this particular experiment as can be
seen from Figure 4.10 (right). From this experiment, one can understad the importance of the subcooling
available for the hydrate formation. In simple words, subcooling is tte di erence between the equilibrium
temperature and the system temperature at a given pressure. The tdrate onset captured by the model
takes place at a lower subcooling than the actual subcooling at which ta hydrate onset is found to occur in
the experiment. It is di cult to model and assign the exact subcooling at which the hydrate onset occurs
because the hydrate onset is stochastic in nature (Sloan et al., 2010). Hower, in most of the cases, in order
to capture the onset of hydrate formation accurately in the model, an appopriate value of the subcooling

was used (i.e., subcooling of 63 suggested by Matthews et al. (2000)).
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Figure 4.10: CSMHyFAST- High water cut model validation for XoM-2011 experiment with 75% liquid
loading, 100% water cut, ow loop pressure 1000 psig, and 1 m/s mixture veloty. Left-Loop temperature
pro le, Right-overall hydrate volume fraction in owloop (Experime nt #4, Table 3.2).

CSMHyFAST validation results for the experiment performed with similar initial conditions discussed in
Figure 4.10 are shown in Figure 4.11. The only di erence is that the mixtue velocity is 2 m/s compared
to 1 m/s shown in Figure 4.10. Figure 4.11 (right) shows the hydrate volumefraction modeling where one
can see that the rate of hydrate formation is very high at the hydrate onset,which is attributed to the
rapid increase in the hydrate volume fraction by 3 vol.% in a very shorttime. Figure 4.11 (left) shows that
the CSMHyFAST- heat transfer model is able to capture the temperature of the system during the cooling
process; however, it overpredicts the temperature rise at hydite onset unlike the other cases discussed
earlier in this section. The increase in the temperature at the hydate onset captured by the model in this
case is signi cantly higher than the previous cases because the hydratformation rate is higher at a higher
mixture velocity compared to the lower velocity cases when the est of the experimental parameters are
kept constant. Since the hydrate formation rate is faster at 2 m/s, a large anount of heat is generated
during this process and can be clearly seen by the distinct incigse in the temperature at the hydrate onset
in Figure 4.11 (left). An overprediction of the hydrate formation rate at t he hydrate onset is also one of
the important reasons for the unexpected temperature rise capturedy the model. In addition, the rate of
the heat transfer from the loop to the surrounding environment is laver than the rate at which the heat
is generated due to hydrate formation process, thus giving rise to aigher temperature rise at the hydrate

onset. In this particular experiment, the temperature captured by the model after the hydrate onset just

46



follows the hydrate equilibrium temperature as the heat transfer to the surrounding environment is slower
than the heat generated due to the hydrate formation in the system. A god match between experimental
and predicted results for the key parameters such as temperature antydrate volume fraction is observed.
Thus, the simplistic approach involved in the modeling of the hydrate-related phenomena using CSMHyFAST

and the results obtained for 100 % water cut systems shown in Figure 4.9,igure 4.10, and Figure 4.11 are

acceptable.
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Figure 4.11: CSMHyFAST- High water cut model validation for XoM-2011 experiment with 75% liquid
loading, 100% water cut, ow loop pressure 1000 psig, and 2 m/s mixture veloty. Left-Loop temperature
pro le, Right-overall hydrate volume fraction in owloop (Experime nt #5, Table 3.2).

The modeling results with CSMHYFAST shown until now are mainly for 100% water cut systems. Mul-
tiphase ow systems with some amount of oil can be called as high water cutystems. These type cases are
also modeled using the water dominated model developed in CSMHyFASTFigure 4.12 shows the modeling
of the temperature and the hydrate formation for a system where the ligid phase contains 10% oil phase,
50% liquid loading, and 1 m/s mixture velocity. In other words, this experiment is a good example for
shifting the modeling e orts from 100% water cut cases towards the casewhere oil can also be present. For
such experiments, one can see that from Figure 4.12, the temperature pie before the hydrate onset is
well captured like the 100% water cut experiments; however, it is dcult to see the temperature increase
at the hydrate onset as seen from the experimental observations. The ldyate volume fraction predicted
by CSMHyFAST is far o from the experimental observations. We can see fromFigure 4.12 (right) that

CSMHyFAST underpredicts the amount of hydrates formed in the owloop throughout the experiment.
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The underprediction of the hydrate amount is obvious, at this point, the model does not consider any extra
surface area available for the hydrate formation other than the area prowied by the entrained gas bubbles.
For the systems containing oil, an extra area provided by the water doplets dispersed in the oil phase as well

as the dissolved gas in the oil needs to be taken into account while penfming the surface area calculations.
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Figure 4.12: CSCSMHyYFAST - High water cut model validation for XoM-2011 experimeat with 50% liquid
loading, 90% water cut, ow loop pressure 1000 psig, and 1 m/s mixture veloty. Left-Loop temperature
pro le, Right-overall hydrate volume fraction in owloop (Experime nt #12, Table 3.3).

Another owloop experiment with a presence of some extra amount of oil ompared to the previous case
was modeled with CSMHyFAST as shown in Figure 4.13. The modeling restd shown in Figure 4.13 are
for the experimental conditions of 50% liquid loading, 75% water cut, and 1 m/smixture velocity. For this
case, even though the temperature pro le is in good agreement with the@xperimental data, one can see that,
the hydrate phase fraction has a very high deviation from the experimetally calculated hydrate amount.
An underprediction of the hydrate amount for this case is a clear indicaton and con rmation of the lack
of surface area availability in the presence of the oil phase. Similaranclusions are stated for the previous
modeling case as well. The change in the ow and mixing pattern in thepresence of oil are not considered
in the model. They are important to nd the source of the deviation in t he prediction of the amount of
hydrates formed in the loop.

In order to con rm the overall accuracy of the model, an absolute predition error in terms of the hydrate
volume fraction (  nyd:experimental hyd:.csmHyFasT ) iS calculated for the 100% water cut experiments.

Figure 4.14 shows the error hyg.error , Which will be helpful to analyze the experiments. It can be seerhat
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Figure 4.13: CSMHyFAST- High water cut model validation for XoM-2011 experiment with 50 vol.% liquid
loading, 75 vol.% water cut, ow loop pressure 1000 psig, and 1 m/s mixture viocity. Left-Loop temperature
pro le, Right-overall hydrate volume fraction in owloop (Experime nt #15, Table 3.3).

the maximum prediction error is : 0.1 of the hydrate volume fraction. It is evident from Figure 4.14 that

hyd:error  INCreases as the time elapses after the onset of hydrate formation. Thesrce of this error might
be the uncertain hydrodynamic phenomena (settling/bedding of hydate particles) occurring in the system,
which is not captured by the model, which in-turn a ects the parameters like the surface area provided by
the gas bubbles and the mass transfer resistance.

This model also provides the calculation of ansiion  USiNg Equation 4.29, which describes the hydrate

plugging onset in terms of the hydrate fraction for a given case. gansiion Calculated by CSMHyFAST
is within 17% deviation from experimentally observed yansiion @S seen from some of the cases shown in

Table 4.1.

Table 4.1:  yansion  Calculated by CSMHyYFAST as a function of the Reynolds number and liquidloading
and its comparison with the experimental observations.

Case transition transition Error
(Experiment) (CSMHyFAST) (%)
2010-50LL, 2m/s 0.276 0.282 2.4
2011-50LL, 1m/s 0.082 0.085 3.7
2011-75LL, 1m/s 0.082 0.096 17.3
2011-75LL,0.75m/s 0.061 0.063 4.6
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45 Summary

This chapter has presented CSMHyFAST-hydrate formation modeling forhigh water cut systems with
detailed explanation of all the mathematical equations coupled together tat solve energy and mass balance
for the system of interest. In addition, hydrate plugging risk transition presented in terms of ansition
has also been implemented in CSMHyFAST to obtain the hydrate plugging oset hydrate amount for water
dominated systems. CSMHyFAST employs simple and speedy algorithm copared to CSMHyK-OLGA " to
calculate the hydrate related phenomena for high water cut systems.tlhas been shown that the heat transfer
model employed in CSMHyYFAST captures the cooling of the loop accuratly for various cases. Capturing the
hydrate onset temperature using the heat transfer model has been foul to be an integral step of the model
to obtain the overall temperature pro le and corresponding hydrate growth in the owloop experiments.
From the modeling results presented in this chapter, it is evignt that the model can capture the overall
temperature pro le accurately for 100% water cut experiments. The hydate growth model, which predicts
the formation of hydrates in terms of the hydrate volume fraction, are in good agreement for 100% water
cut systems. It has been found that more amount of hydrates are formed at Igher mixture velocity due to
better mixing and higher surface area availability. This e ect has been also successfully predicted by the
hydrate formation model. The validation shows that the surface area avdable for the mass transfer is one
of the critical parameters to model the hydrate growth for 100% water cut ystems. The presence of oil in
the system alters the ow and the mixing pattern of the system therefore, the model developed in this work
poses limitations and underpredicts the hydrate growth for the sysems where some amount of oil is also

present.
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CHAPTER 5
CSMHYFAST-A SCREENING TOOL & ASSESSMENT OF HYDRATE PLUGGING RISK

Part of this chapter will be submitted for a publication in a peer reviewed journal with minor changes.
Piyush N. Chaudhari®?, Luis E. Zerpa®, Amadeu K. Sum'4

This chapter discusses the hydrate plugging risk assessment perfned using the present hydrate ow
assurance tools for the oil and gas pipelines carrying hydrates. The asswent is based on the hydrate
risk evaluation criteria developed by Zerpa et al. (2012). Simple and spedy calculations performed by
CSMHyFAST are advantageous over time consuming and complex proceduresviolved in CSMHyK-OLGA '
calculations. This chapter will mainly assess the credibility of the present hydrate plugging risk criteria
available in literature and its acceptability with respect to the di erent ow assurance tools. At the beginning
of this thesis, di erent ways of assessing the hydrate plugging ris with the help of the experimental and
mathematical techniques were discussed. In this work, CSMHyYFASTS mainly being utilized for the hydrate
plugging risk assessment and based on its performance with respect the stated plugging risk criteria in
literature, a new platform for the comprehensive hydrate plugging rek model will be developed. As the oil
and gas industry is now shifting the protocol from preventing hydrate formation to hydrate management,

this study attracts the interest of the ow assurance community.
5.1 Hydrate Plugging Risk Assessment with CSMHyK-OLGA r

This section consists of an introduction of the oil dominated ow systems that are of main interest of this
thesis; the hydrate formation model, and typical cases are presentetth describe the hydrate plugging scenario.
Detailed simulations, analysis, and the hydrate plugging risk critelia developed for the oil dominated systems

are presented by Zerpa et al. (2012).
5.1.1 Hydrate Formation in Oil Dominated Systems

In oil dominated ow systems, water is assumed to be dispersed as drdgts in the continuous oil phase.
For such oil dominated systems, the hydrate formation kinetics modelwas developed and later was coupled
with OLGA " based on the conceptual picture presented in Figure 5.1.

The mechanism of the hydrate plug formation is divided in four major steps (Zerpa et al., 2012),

1Graduate student and Associate Professor, respectively, D epartment of Chemical and Biological Engineering, Colorad o School
of Mines, Golden, CO, USA

2Primary researcher and author

3 Assistant Professor, Department of Petroleum Engineering , Colorado School of Mines, Golden, CO, USA
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Entrainment Hydrate Growth Agglomeration Plugging ”

Figure 5.1: Conceptual model for hydrate formation in the multiphase ow systems considering water, oil,
and gas (Boxall et al., 2009).

1. Entrainment of water: This step involves formation of a stable water-n-oil emulsion due to the dis-
persion of the water droplets into the continuous oil phase. Zerpa et al(2010) have shown di erent
parameters, which include temperature, salinity, alkaline carbon mmber, and the concentration of

co-surfactant like alcohol that a ect the stability and the type of emuls ion.

2. Growth of the hydrate phase: Once hydrate favorable temperature angbressure conditions are reached,
the dispersed water droplets are converted to hydrates by the formaon of thin hydrate shells around

them.

3. Agglomeration of hydrate particles: When the water droplets transformedto hydrate particles, these
particles interact and will likely stick to each other through the for mation of a capillary bridge. Due

to the agglomeration of hydrate particles, the size of the hydrate particks increases.

4. Plugging: As the hydrate mass increases in the system, the viscositf the owable slurry increases and

eventually reaches a very high value, thereby making it di cult for the slurry to ow in the pipeline.

Based on the mechanism stated above, Boxall et al. (2009) developed the hgate formation model for

such systems as given by Equation 5.1.

d “gas k2
— == = uk
it uk, exp ”

As Tsup (5.1)

where intrinsic rate constants (k; and k) in Equation 5.1 are regressed from Bishnoi's laboratory data
(Englezos et al., 1987; Vysniauskas and Bishnoi, 1983, 1985\ is the surface area available for the hydrate
formation, which is provided by the dispersed water droplets, andu is a tted parameter (i.e., 1/500). Surface
area between water and the hydrocarbon phase is calculated by OLGA using Hinze's correlation (Hinze,
1955). The driving force for the hydrate formation is subcooling, calculatel as the di erence between the
system temperature and the hydrate equilibrium temperature at a given pressure. Once water droplets have
been converted to hydrate particles, they start agglomerating to form hrge agglomerates, thereby increasing

the slurry viscosity. The agglomerate size is calculated by the modepresented by Camargo and Palermo

53



(2002), based on the steady state balance between the inter-particle cosien force and the uid ow shear

forces.
g 3 2
dA 4 f Fa 1 max a
S — (5.2)
p d
d’% o 1 ﬁ

where da is the hydrate agglomerate diameter;d, is hydrate monomer particle diameter; is the hydrate
particle volume fraction; nax is the maximum hydrate particle volume fraction to which particles can pack
(4/7); f is the fractal dimension, which accounts for the porosity of the aggregated articles, assumed as 2.5;
Fa is the inter particle cohesion force; ¢ is the oil viscosity, and is shear rate. In the past, cohesion force
was either assumed to be temperature dependant (Taylor et al., 2007) or 50 NYm based on the capillary
attraction between the hydrate particles and liquid bridge obtained from Camargo and Palermo (2002).
Development of the cohesion force model enables the calculation of theydamic particle cohesion force as

shown conceptually in Figure 5.2 (Aman, 2012; Zerpa, 2013).

Figure 5.2: Schematics of the capillary bridge present between the lirate particles (Aman, 2012)

Dynamic particle cohesion force is shown in Equation 5.3,

Fa _ 2 coHser2
R 1+ 25

2f slv

sin sin( p+ ) SR 3 T

(5.3)

where R is the harmonic mean radius of the particle radiiR; and Ry; is the water oil interfacial tension;
p is the wetting angle of the water on the particle surface;H+ is the total height of the liquid bridge; d is the
immersion depth; is the embracing angle, andfg, is a generic three-phase free energy term. An e ective

volume fraction of the agglomerated hydrate particles is calculated usingequation 5.4, subsequently Mill's

equation provides the calculation of relative viscosity as given in Eqation 5.5 where ¢+ Is the e ective
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volume fraction of hydrates; max is the packing volume fraction of hydrates;d, is hydrate particle/monomer

diameter; da is agglomerate diameter, and  is relative viscosity (Mills, 1985).

d 3 f
eff = de (5.9
p
1
e = (5.5)

5.1.2 Hydrate Risk Assessment with CSMHyK-OLGA (Zerpa et al., 2012)

The information presented in this section regarding Caratinga subsedieback-geometry and uid prop-
erties, operating conditions and the hydrate risk criteria is adapatel from Zerpa et al. (2012).

The model described in the previous subsection is utilized to aess the hydrate risk associated with the
pipeline. Boxall et al. (2009) showed that CSMHyK-OLGA" can predict the location and the time of hydrate
blockage formation using deciding parameters like the hydrate volumdraction and relative viscosity. As the
industry is shifting its paradigm from hydrate blockage avoidance to tydrate management, the quanti cation
of the hydrate plugging risk of pipelines becomes very important (Sloan2005). CSMHyK-OLGA"™ was
utilized to perform the hydrate plugging risk analysis on a typical well/ owline/riser geometry from the
Caratinga eld, located in Campos Basin, Brazil (Zerpa et al., 2012). Figure 5.3 shows the geometry of
the Caratinga eld owline-riser system. Continuous oil and gas production occurs through a slanted well
with a diameter of 5 inches, in a departure of 2000 meters and a depth of 1800eters The owline which
is connected to the well consists of a straight horizontal pipeline wh a diameter of 0.15 meters with a
slight uphill slope of approximately 1°. The owline is approximately 13 kilometers in length which is later
connected to the riser that transports the uids produced from well to the platform or Floating Production

Storage and O oading vessel (FPSO).

Table 5.1: Properties and composition of Caratinga Crude oil (Spblom et al.,2010).

Property Value

Density (kg/m 3) 914
Viscosity of dead oil (Pa.s) 0.262
Viscosity of live oil (Pa.s) 0.0095

Interfaction tension (MN/m) 23

Asphaltene content (%) 6.2
Saturates content (%) 39.8

Resin content (%) 14.3

Table 5.1 represents the summary of the Caratinga crude oil propertiegand its composition (Spblom
et al., 2010). Figure 5.4 describes the operating pressure and temperati conditions for the oil and gas

production from the Caratinga eld at steady state. One can see from Figue 5.4 that a certain portion
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Figure 5.3: Geometry of well, owline, and riser from the Caratinga eld located in Campos basin, Brazil,
adapted from Zerpa et al. (2012).

of the owline lies inside the hydrate equilibrium zone where the chances of hydrate formation from the

thermodynamics point of view are very high.

With geometry, uids, and the equilibrium temperature-pressur e curve known, CSMHyK-OLGA" (ver-
sion 6.3) simulations were performed for di erent production Gas-Oil Ratio (GOR) and water cuts using
the oil dominated model as explained in detail in Section 5.1.1. The hydate plugging criterion is classi ed

from three performance measures (Prowine -pressure drop along the owline, nyq-overall hydrate volume

fraction, and -hydrate slurry relative viscosity) as given in Table 5.2.

Table 5.2: Criteria for identifying level of hydrate risk in owlin e (Zerpa et al., 2012).

Risk Ptiowline  (PSi) hyd () r (5)
Low Ptiowiine < 500 hyd < 0.10 r < 10
Intermediate 300<  Priowiine < 500 0.10< hyg < 0.40 10< , < 100
High Ptiowiine > 500 hyd = 0.40 ¢ > 100

As explained above in Table 5.2, risk can be categorized in three levels.
1. Low risk : Hydrates are considered to be easily transported through theowline.

2. Intermediate risk: It is assumed that the hydrates could still ow through the owline but represent the

risk at any restriction or because of the changes in the ow pattern, whee hydrates can accumulate,

jam, and plug the line.

3. High risk: The uid ow stops due to the formation of highly viscous hyd rate slurry.

56



12 T | E—

10 — O
) Wellhead
1
—~ 8} . Flowline Steady State i
Qa_s } Operating Conditions
P 1
~ (]
) ]
2 1
g '
o 4f ) m
4

S Hydrate Equillibrium Curve
4

2r opsides

1 1 1 1 1 1
—(1)0 0 10 20 30 i 40 50 60
Temperature ( C)

Figure 5.4: Pressure-temperature plot highlighting the owline operating conditions for steady state opera-
tion and the hydrate equilibrium curve (Zerpa et al., 2012).

With the help of aforementioned criteria regarding hydrate plugging risk, Zerpa et al. (2012) have shown

only three cases that include variation of liquid loading, GOR, and water ats that fall under di erent risk

criteria.
5.2 Hydrate Plugging Risk Assessment and Screening Analysis with CS MHyFAST

Zerpa et al. (2012) discussed only three production cases given the hgate risk criteria in Table 5.2. In
order to validate and study the credibility of the criteria discussed in Table 5.2, the hydrate risk assessment
study similar to the one presented by Zerpa et al. (2012) was performedsing CSMHyFAST as well. The
motivation behind performing this hydrate risk assessment study vas to show the application of CSMHyFAST
as a screening tool and as a precursor to the complex CSMHyK-OLGA simulations. Simplicity associated
with the sub-models involved in CSMHyFAST allows speedy calculatons of the hydrate volume fraction
and the relative viscosity. The CSMHyFAST-hydrate formation model for the oil dominated systems is also

based on the equations presented in Section 5.1.1. The CSMHyFAST-oil domated model used to predict
the hydrate formation in oil dominated systems is developed by Aman et al.(2015). Aman et al. (2015)

have validated CSMHyFAST-oil dominated hydrate formation model on seveal crude oil and condensate

experiments performed in the facility at ExxonMobil.
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By utilizing the advantageous performance of CSMHyFAST over CSMHyK-OLGA'" , several hydrate for-
mation cases varying liquid loading, water cut, and pressures were stlied. The simulation study performed
using CSMHyFAST employs a straight portion of the owline from the Car atinga eld geometry as shown
in Figure 5.3. A simpli ed picture of the tieback used for the CSMHyFAST simulation study is shown in
Figure 5.5. In Figure 5.5, point 1 is the wellhead where the hot uids praduced from the well arrive and

point 2 is the end of the straight owline or the base of the riser.

Wellhead
Tieback

Straight flowline

Inlet

Figure 5.5: Conceptual picture of the owline used in CSMHyFAST simulations.

The crude oil selected to perform this simulation study is Caratingacrude oil. Since the GUI of CSMHy-
FAST is simple and does not support the comprehensive uid propertes electronic le as required by OLGA ,
the input uid properties are averaged along the pipeline length at the operating pressure and temperature.

The uid properties used for the CSMHyYFAST calculations are shown in Table 5.3.

Table 5.3: Average bulk properties of crude oil used in CSMHyFAST simulatons.

Property Value
Density (kg/m 3) 890
Viscosity oil (Pa.s) 0.0021
Interfacial tension (mN/m) 23

The gas properties used in this study are also averaged properties. Ehdensity of the gas is a function
of the temperature and pressure. This calculation is performed intmally in CSMHyFAST using RKS-EOS.
The viscosity of the gas used in the calculation is 0.0013 cP. The simulatianperformed in CSMHyFAST
cover the liquid loading variation from 30% to 80%, water cuts from 20% to 80% , andhe system pressure
of 1600, 2000, and 2500 psia as shown in Table 5.4. The wellhead temperature was setl#F (333.13
K), and ambient temperature was set at 39.2F (277.15 K). Other owline parameters were obtained from
Table 5.1. The pipe diameter of the owline is 6 inches (0.0254 meters)and the length of the pipeline is 6.2
miles (: 10 kilometers). The parameters varying for the CSMHyFAST simulation study are summarised in

Table 5.4.
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Table 5.4: Inlet parameters for CSMHyFAST simulations

Property Value
Straight pipeline length 6.2 miles
Pipeline diameter 6 inches
Liquid loading 30% - 80%
Water cut 20% - 80%
Pressure 1600, 2000, 2500 psia
Wellhead Temperature 140F
Ambient Temperature 39.2°F

The time required to reach the steady state conditions is approximaéd by the residence time calculation
performed using the pipeline length and mixture velocity. Resilence time of the uid is the ratio of the
pipeline length and the uid mixture velocity. Based on the range shown in Table 5.4, a total of 189

simulations are performed using CSMHyFAST. The key assumptions are gan as below,

1. Constant averaged pressure approach was used along the owline in CSMIAST. As there is no
spatial discritization in CSMHyFAST, it is di cult to assign inlet and  outlet pressure of the owline.
As shown in Figure 5.6, one can use the averaged pressure calculated frofmetbase pressure drop,
which can be obtained from OLGA' . This assumption holds true because every single control volume
shown in Figure 5.6 is very small and allows one to assume constant prese for the control volume.

One can also assume that the small control volume traverses along the patine and exists at the outlet.

2. Simulations are performed only up to the residence time, calculat by the pipeline length and the

mixture velocity.

3. CSM hydrate kinetics model (for oil dominated systems based on the quations in Section 5.1.1)

integrated with CSMHyFAST is utilized for the hydrate phase calculati ons.

P, <> P.. CSMHyK-OLGA®

Pavg CSMHyFAST

Residence Time —>

Figure 5.6: Conceptual picture depicting the di erence between he pressure calculation approach involved
in OLGA' , and CSMHyFAST.

The next important step before we can actually perform the hydrate sirulations is the selection of the

hydrate equilibrium curve. As CSMHYFAST does not provide the custom input of the gas composition and
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relevant calculation of the hydrate equilibrium curve, it is di cu It to use the hydrate equilibrium conditions
for the exact gas composition used in the Caratinga eld operation. On the otter hand, CSMHyK-OLGA'

can utilize the hydrate equilibrium conditions for the actual gas compodtions by coupling the P-T curve
obtained from any of the thermodynamic packages (Multi ash® or PVTSim-Nova® ). In order to select the
hydrate equilibrium conditions for CSMHyFAST simulations, the hydr ate equilibrium curve, which mimics
the actual gas hydrate equilibrium curve is chosen from the availablegas compositions provided in CSMHy-
FAST. It was found that among the di erent options provided for the selection of the gas composition in
CSMHyFAST, pure methane hydrate equilibrium curve closely reserbles the actual gas equilibrium condi-

tions as shown in Figure 5.7.
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Figure 5.7: Hydrate equilibrium curve used to predict the hydrate formation pressure and temperature in
CSMHyFAST and CSMHyK-OLGA " simulations.

All simulations performed with CSMHYFAST were analyzed with respectto the hydrate volume fraction
and relative viscosity of the system. The amount of hydrates formed in he pipeline during the residence
time were analyzed against the increase in the relative viscosity du# the hydrate formation as shown in
Figure 5.8. As shown in Figure 5.8, the simulations performed using CSMyFAST results in a wide spectrum
of hydrate volume fraction (0 to 1). Relative hydrate volume fraction is de ned as the hydrate volume fraction
with respect to the liquid or condensed phase only. As the relative iscosity of the system mainly depends
on the liquid phase present in the system, relative viscosity is pesented as a function of the relative hydrate

volume fraction. One can see from Figure 5.8 that the relative viscosityof the system increases with an
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increase in the relative hydrate volume fraction. At maximum packing volume fraction, the relative viscosity
of the system reaches a very high value (in nite value), which is seas 4000 in CSMHyK-OLGA" algorithm,
whereas it is limited to 400 in CSMHyFAST.

400 T od LI v L} hd L] b L]
Total Simulations: 189

300 |- -

200 | -

Relative Viscosity

0.1 0.2 0.3 0.4 0.5 0.6
Relative Hydrate Volume Fraction
(Liquid Phase)

Figure 5.8: Scatter plot summarizing the hydrate fraction (calculated with respect to the liquid phase)
and the relative viscosity for CSMHyFAST simulations performed at various liquid loading, water cut, and
system pressure.

Out of 189 simulations performed in CSMHyFAST, some random cases were seted for hydrate plugging
risk assessment as shown in Figure 5.9. These cases are termed as woestecscenarios for hydrate blockage
formation. The cases selected out of 189 simulations cover a wide range ofdmate volume fraction and
relative viscosity. The selected cases as shown in Figure 5.9 weremslated with the complex physics
associated with CSMHyK-OLGA' -oil dominated model. Simulations performed with CSMHyK-OLGA" for
the worst cases selected from CSMHyFAST will show the applicabilityof CSMHyFAST in screening hydrate
plug formation cases. The simulations performed with CSMHyK-OLGA" and hydrate risk categorization
for the respective cases would later con rm the acceptance of the hydite risk criteria developed by Zerpa
et al. (2012) as shown in Table 5.2.

The simulation performed with CSMHyK-OLGA " for one of the worst cases shown by blue square marker
in Figure 5.9 is illustrated with the help of Figure 5.10 and Figure 5.11. The simulation results shown in
Figure 5.10 and Figure 5.11 are for the case with liquid loading 80%, and water ¢wf 20%. Figure 5.10

shows the temperature pro le obtained from OLGA" for the respective case.
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Figure 5.9: Scatter plot summarizing the hydrate fraction (calculated with respect to liquid phase) and the
relative viscosity for CSMHyFAST simulations performed at various liquid loading, water cut, and system
pressure. Few selected cases for rigorous simulations using CSMHyBEGA" are also shown.
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Figure 5.10: Temperature pro le along the owline obtained from a CSMHyK- OLGA" simulation performed
for the case with 80% liquid loading, and 20% water cut. This case is seleadrom 189 simulations performed
with CSMHyFAST.
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We can see from Figure 5.10 that the temperature of the pipeline at the wihead is 14®F, which is similar
to the temperature used for CSMHyFAST simulations. The ambient temperature for the owline at the
bottom of the sea is around 39F. As the uids pass the wellhead location, the temperature of the uid along
the owline decreases due to the heat transfer occurring betwagthe hot uids owing through the pipeline
and the subsea cold water as shown in Figure 5.10. As the temperature of theids decreases below the
hydrate equilibrium curve, hydrate formation occurs once su cient subcooling is available. This phenomenon
can be seen by an increase in the temperature in Figure 5.10. The tempaure of the uids follow the hydrate
equilibrium temperature for a few kilometers along the pipeline die to the rapid hydrate formation and the
heat transfer limitations. After 5 kilometers, as the heat transfer dominates, the temperature of the uid in
the owline decreases. The distribution of the phases during thg simulation is shown in Figure 5.11, which
holds an important key in explaining the temperature behavior along the pipeline.

We can see from Figure 5.11 that the gas and water holdup at the wellhead is 20% arib% respectively.
Once hydrates form, water and gas is consumed. As a result, the hydrateolume fraction in the owline
increases and the volume fraction of the gas and water starts decreasing abBosvn in Figure 5.11. Water
coming from the wellhead is consumed at 1 kilometer after the wellheadlue to the favorable hydrate
formation temperature and pressure conditions. After 4 kilometers fom the wellhead along the pipeline,
water is consumed due to further hydrate formation phenomenon as showin Figure 5.11. Note that this is
the point where we can see the maximum amount of hydrates formed. The hdrate volume fraction remains
constant after this point, as there is no water present in the owline to form more hydrates. As a result, the
owline system becomes water limited. We can notice form Figure 5.10 ad Figure 5.11 that the temperature
also starts decreasing after water is completely consumed.

Computational time required by OLGA" to perform hydrates simulations shown in Figure 5.10 and
Figure 5.11 is approximately 15 minutes, whereas a similar calculationsi completed within a few seconds
using CSMHyFAST, which has relatively simpler simulation platform compared to CSMHyK-OLGA" . As
CSMHyK-OLGA " simulations are more complex and time consuming, CSMHyFAST can be used tscreen
numerous hydrate formation cases using the work ow presented in ths section.

The simulation study described in this section presents the staing platform and the simulation guide-
lines/work ow for CSMHYFAST where it can be used as a screening tool forscreening hydrate formation
cases in the worst scenarios as well as an e ective precursor for the CFWK-OLGA " simulations. Out of
total number of simulations, a few simulation cases in which a substanal amount hydrates are formed poten-
tially lead to hydrate blockage formation scenario. These cases are callegk 'worst cases/scenarios'. Worst
cases selected from the CSMHYFAST hydrate formation parametric studycan be further studied and ana-

lyzed in a detailed manner with the help of CSMHyK-OLGA" simulations. Thus, the overall time invested
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Figure 5.11: Phase distribution along the owline for a CSMHyK-OLGA" simulation performed for the
case with 80% liquid loading, and 20% water cut. This case is selected from 1&@mulations performed with
CSMHyFAST.

in order to perform numerous CSMHyK-OLGA" simulations can be signi cantly reduced by employing the
selective approach using CSMHyFAST.
Though CSMHyFAST is relatively fast compared to CSMHyK-OLGA " in terms of hydrates calculations,

there are some limitations associated with it.

1. Fluid interaction across the control volumes along the owline is not mnsidered; thus, the hydrate
related calculations for the owline systems are performed using costant pressure approach for a uid

packet.
2. CSMHyFAST does not consider the evolution of gas from the crude oil phase dbw pressure.

3. CSMHyFAST is not able to predict the exact location of the hydrate plug due to the absence of spatial

discretization.

Figure 5.12 shows the categorization of all the simulations performed in CAHyFAST and CSMHyK-
OLGA'" in three levels of hydrate plugging risk. It can be seen that the prede ned plugging risk criteria
by Zerpa et al. (2012) agrees well for the low risk, intermediate risk, ad the high risk for the simulations
performed in CSMHyK-OLGA' . On the contrary, the same criteria is not in good agreement with the
simulations performed in CSMHyFAST. Some cases that are categorized as higtisk cases in CSMHyK-

OLGA" do not classify under the high risk bracket in CSMHyFAST simulations.
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Figure 5.12: Comparison between the results obtained from CSMHyFAST and CEBIHyK-OLGA for the
hydrate plugging risk based on the criteria shown in Table 5.2. Rectangs separate the level of the hydrate
plugging risk according to criteria given in Table 5.2.

Comparison between CSMHyK-OLGA" and CSMHyFAST regarding the hydrate plugging risk criteria
is shown in Figure 5.13. This gure shows the comparison of the overall hgrate volume fraction calculated
by both computing platforms. Figure 5.13 also represents the hydrate isk brackets that depict the hydrate
plugging risk criteria. From Figure 5.13, it was concluded that although both computing platforms are able
to capture the intermediate hydrate plugging risk region reasonably w# based on the overall hydrate volume
fraction, they fail to agree in the high hydrate plugging risk region. Sinplistic modeling approach used in
CSMHyFAST may be one of the reasons for this inconsistency. Thus, the ydrate plugging risk criteria
discussed by Zerpa et al. (2012) is found to be limited for CSMHyK-OLGA .

Though the hydrate plugging risk criteria developed by Zerpa et al. 012), which is discussed in Table 5.2
is based on parameters like overall hydrate volume fraction, relative iscosity, and pressure drop give an
insight about the level of the hydrate risk associated with the pipelne plugging, this study con rms that
this criteria cannot be generalized. There are several unaccountedhgsical phenomena occurring in the olil
and gas ow systems that needs careful attention, and in depth considextion to develop the comprehensive

understanding of the hydrate plugging risk.

1. Though the risk decision parameters like overall hydrate volume fration, relative viscosity, and the

pressure drop are important, they cannot be tied altogether at the same tine to decide the hydrate

plugging risk.
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Figure 5.13: Comparison between the results obtained from CSMHyFAST and SMHyK-OLGA " for the
hydrate plugging risk based on the criteria shown in Table 5.2. Rectangs separate the level of the hydrate
plugging risk according to criteria given in Table 5.2.

2. Viscosity is a uid/slurry speci c property. Its behavior over the temperature varies for di erent oils;
as a result, it a ects the ow behavior. So, using relative viscosity as a deciding parameter could be

misleading.

3. Out of three deciding parameters, though the relative viscosity reects the magnitude of the pressure
drop, itis a di cult quantity to measure in areal eld; thus, getti ng an idea about the hydrate plugging

risk prior to an actual eld operation is not possible.

4. Though overall hydrate volume fraction can act as one of the decision makingarameters, it will
vary with the di erent ow systems (i.e., complete water disper sed system, partially dispersed system,
low water cut systems, and high water cut systems). In such case, ashé¢ mechanism responsible
for the hydrate formation leading to the owline plugging mechanisms are di erent, focusing only on
the overall hydrate volume fraction can hide the important multiphase ow related phenomena (e.g.,

agglomeration, settling, accumulation, and bedding).

In order to address these questions and improve the understandingbout the hydrate plugging risk,
one has to analyze the basic mechanism of hydrates plugging in oil dominateslystems. To develop the
conceptual picture of the hydrate plugging risk for the oil dominated systems, a set of owloop experiments

listed in Chapter 3, Section 3.1, Table 3.3 will be utilized.
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5.3 Summary

This chapter has presented a summary of the hydrate formation model imolved in CSMHyK-OLGA '
and CSMHyFAST for oil dominated systems. A quick glimpse on the hydrate isk assessment studies and
the hydrate risk criteria developed by Zerpa et al. (2012) using CSMHK-OLGA " is discussed briey.
CSMHyFAST has been applied over a wide spectrum of liquid loading, wate cut, and system pressure
conditions in order to study the hydrate plugging risk phenomenon . The simple and user-friendly approach
involved in CSMHyFAST tool allows one to perform numerous hydrate related calculations in a short duration
of time. Selective worst cases which involve substantial amount of hydtes when studied with CSMHyK-
OLGA" show that the hydrate risk criteria developed by Zerpa et al. (2012) holl true mostly for CSMHyK-
OLGA' - hydrate risk assessment. This study has concluded that the hydra risk criteria presented in terms
of overall hydrate volume fraction, relative viscosity and pressure dop of the system, though hold good to
predict the hydrate risk; there are some systems where this créria may not be applicable. Comprehensive
simulation studies using CSMHyYFAST show that CSMHyFAST can be utilized to screen numerous oil and
gas production systems where hydrates may hinder the ow assuranceMNorst scenario cases selected after the
screening analysis from CSMHyFAST can be assesed further by complex dnn-detailed CSMHyK-OLGA '
simulations. On the whole, it has been seen that CSMHyFAST can be used aa screening tool and an

e ective precursor to CSMHyK-OLGA " simulations.
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CHAPTER 6
DEVELOPMENT OF THE HYDRATE RISK MODEL

Part of this chapter will be submitted for a publication in a peer reviewed journal with minor changes.
Piyush N. Chaudharit2, Luis E. Zerpa®, Amadeu K. Sum'4

There is a need for the development of a comprehensive hydrate risknodel in order to overcome the
limitations associated with the prediction of the hydrate plugging risk from the models that were presented
in literature (Wang et al., 2010b; Zerpa et al., 2012). For this purpose, expements performed in the
ExxonMobil owloop using Conroe crude oil were utilized to underdand and decouple various hydrodynamic
phenomena (i.e., settling/bedding/deposition) that occur due to the presence of hydrates. The results of these
experiments were analyzed in a detailed fashion to develop the congial model of the hydrate plugging risk,
which is later discussed in this chapter. The pressure drop acroghe pump and amount of hydrates formed
in the system are the critical decision making parameters. This theis work deploys a novel way of assessing
the hydrate plugging risk in oil and gas owlines. Systematic analysis ofthe pressure drop as a function of
time and the hydrate volume fraction is a critical step in the development of a mathematical model for the
hydrate plugging risk. This chapter presents the overall path follaved for the development of the conceptual

and mathematical framework to predict the hydrate plugging risk assocated with oil dominated systems.
6.1 ExxonMobil Flowloop Tests Analysis

In order to address the limitations stated in Section 5.1.2, the physial phenomena that occur during the
transition of the dispersed water droplets to hydrate particles supension that can lead to the formation of
the hydrate blockage in a pipeline need to be investigated. One can ake use of the ExxonMobil owloop
tests performed for oil continuous systems to understand the trangion of the hydrate plugging risk. The
100% water cut experiments conducted by Joshi et al. (2013) were used as aasgiing platform to build the

relevant understanding for the di erent levels of risk involved in the oil continuous systems
6.1.1 Hydrate Plugging Risk for 100% water cut systems

As the owloop experiments portray to a certain extent the real el d scenarios, the owloop experimental

data are valuable for investigating the hydrate risk. The idea behindanalyzing this data is to identify the
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2Primary researcher and author

3 Assistant Professor, Department of Petroleum Engineering , Colorado School of Mines, Golden, CO, USA
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di erent phenomena like settling/accumulation, and hydrate beddin g that occurs in the completely dispersed
oil dominated system at di erent ow conditions. This analysis will h elp in decoupling these phenomena
for oil continuous ow systems, thereby providing a conceptual stat for the development of a mathematical

model.
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Figure 6.1: Classi cation of the pressure drop and the hydrate volume fration curve obtained from Exxon-
Mobil owloop test in dierent level of hydrate plugging regions that d epict low/intermediate, high, and
plugging risks. The gure is modi ed from Joshi (2012).

We classi ed the hydrate plugging risk regions for 100% water cut systemsvith the help of a ow regime
transition as shown in Figure 6.1. In Figure 6.1, it can be seen that the presure drop remains constant until
rransion  Where a small amount of hydrates are present in the system. As these Hyates are homogeneously
dispersed in the system, the risk of pipeline plugging is low unt yansiion  Was reached; hence it is classi ed
as the low risk region. After yansiion , the pressure drop starts rising smoothly, conceptually explaied
by the heterogeneous dispersion of the hydrates present in the ligd phase. This region is classi ed as a
higher risk region. The heterogeneous dispersion and the relative inease in the amount of hydrates that
form hydrate beds that ow in the form of slugs will give rise to abrupt uctuations in the pressure drop
pro le. This gives an indication of the presence of a hydrate plug in the system. For this particular system
the plugging risk analysis is well modeled by Joshi (2012)-qansiion  COrrelation and is discussed in Chapter

4, Section 4.2.
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6.1.2 Oil Dominated Systems

Based on the idea presented for 100% water cut systems in Section 6.1.1, ddminated owloop experi-
ments given in Table 3.3 were analyzed to determine the hydrate pluggig risk regions. Temperature pro le,
and hydrate volume fraction (in liquid phase) for one of these oil dominatel systems is shown in Figure 6.2.
Similar analysis for the rest of the experiments is shown in Appendi D.

Figure 6.2 shows the temperature trace of the owloop experiment pgormed with 50% liquid loading,
90% water cut, and 1 m/s of mixture velocity. An initial portion of the temp erature trace shows the cooling
of the owloop. Hydrate onset takes place at 110 minutes when favorable sutooling (Teq Tsys) is achieved.
The hydrate formation onset is observed by a small increase in the temgrature because of the exothermic
nature of the hydrate formation reaction (Sloan Jr and Koh, 2007). After the hydrate onset, the hydrate
volume fraction in the system increases. This is the hydrate growthperiod. Similar characteristics are shown
in Figure 4.10 for the water dominated systems as well. For the same expienent, the pressure drop across

the pump is shown by Figure 6.3.
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Figure 6.2: Temperature trace and the hydrate volume fraction (liquid phase) for an oil dominated owloop
experiment performed with 50% liquid loading, 90% water cut, and 1 m/s mixure velocity.
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It is evident from Figure 6.3 that the pressure drop increases slighy during the cooling period due to
the increase in the viscosity of the oil. At the same time, the oil phas becomes more saturated due to the
dissolution of the hydrate former gas. There is a slight rise in the visosity because viscosity-temperature
e ect dominates the saturation of the oil phase. As a result, an increasen the pressure drop during the
cooling period can be observed. At the onset of the hydrate formation (e., shown by a vertical dashed
green line in Figure 6.3), the temperature of the system increases. Alight decrease in the density of the
system may be caused either by an increase in the temperature or a dden consumption of water and gas
to form hydrates. This phenomenon leads to an unexpected decrease the pressure drop at the hydrate
onset. An overall density decrease at the onset of the hydrate formation as also observed from the owloop
experiments performed by Wenging et al. (2013) using diesel oil and natal gas systems. Though this
unusual phenomenon occurs in all oil dominated experiments, detaitk scienti ¢ explanations are yet to be

clearly provided by the ow assurance community.
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Figure 6.3: Temperature, hydrate volume fraction (liquid phase), and gessure drop across the pump for an
oil dominated owloop experiment performed with 50% liquid loading, 90% water cut, and 1 m/s mixture
velocity.

In order to proceed with the hydrate plugging risk analysis for oil domhnated systems, it is important

to compare the experimental results for the oil dominated systems wh 100% water cut systems. This
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comparison will not only be helpful to identify the key di erences for the plugging mechanism but also
provide a basis for the detailed investigation of oil dominated systera. From Figure 6.4, it is seen that in oil

dominated systems, the pressure drop does not behave exactly silauily to the pressure drop for the 100%
water cut systems. As explained in Section 6.1.1 and shown in Figure 6.deft), the pressure drop remains
constant until a certain amount of hydrates are present in the system.We categorize this region as the low
risk region. Later, the pressure drop increases smoothly, which ishewn as intermediate or high risk. For

oil dominated systems, the pressure drop actually decreases for a shqgreriod of time and then increases
smoothly. In the later stage, we can see large uctuations in the pressie drop. These di erences in the
pressure drop behavior are mainly attributed to the presence of theoil phase. The presence of the the oil
phase not only changes the ow behavior but also a ects the hydrate formaton and the plugging mechanism.
This analysis con rms that the concept and correlation available for yansiion ,» Which is developed for the

water-dominated systems, cannot be directly applied to quantify the hydrate plugging risk in oil dominated

systems.
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Figure 6.4: Pressure drop and the hydrate volume fraction (liquid) forwater dominated and oil dominated
systems. left: 100% water cut experiment, right: 75% water cut experent.

As the conceptual model shown in Figure 5.1 does not portray the actual penomena related to the
hydrate plugging for oil dominated systems, signi cant e orts were made towards the development of a
conceptual picture for the hydrate plugging risk in these systems.For this purpose, the pressure drop data
for oil continuous experiments performed in the ExxonMobil owloop shown in Table 3.3 were analyzed. A
detailed observation over one of the experiments is shown in Figure 6. A similar type of analysis in the form
of the pressure drop and hydrate volume fraction plots is given in Append D. The pressure drop behavior

for the oil continuous systems can be divided primarily into three d erent levels of hydrate plugging risk
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regions as shown in Figure 6.5. In region I, a decrease or steadiness in theessure drop after the hydrate
onset is observed and it can be classi ed as a low risk region. A charactistic of region Il is a smooth increase
in the pressure drop of the system for some period of time. During tls time frame, some extra amount of
hydrates are formed in the system. This region is classi ed as an intanediate risk of plugging and later, in
region Ill, the pressure drop uctuations are very large which implies a high risk or plugging phenomenon.
Note that low risk and high risk regions can be noticed and segregated easilyyhereas the intermediate
hydrate risk region can be called as a metastable state during the progrsesof the experiment. Thus, for
all further references, intermediate hydrate risk can be under®od as a precursor to the high risk/plugging
scenario. A conceptual model for the overall phenomena is developed éis shown in Figure 6.6, which holds
a signi cant importance in modeling of the transition of the hydrate pl ugging risk regions for oil dominated

systems.
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Figure 6.5: Pressure drop across the pump after the onset of hydrate formain that shows the classi cation
of the plugging risk regions for 50% liquid loading, 75% water cut, and 1 m/s mixtire velocity;(l) green: low
risk (I1), brown: intermediate risk (I11), and red: high risk/pl ugging.

6.1.3 Conceptual Model for Hydrate Plugging Risk in Oil Dominated System S

An analysis performed on the owloop tests explained in Section 6.1.2 isn integral step in developing

a conceptual picture for the hydrate plugging risk in completely digpersed systems. Figure 6.6 shows a
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snapshot of the oil dominated owline as a function of time after hydrate onset. It explains the physical

understanding for the hydrate plugging risk regions as shown in Figures.5.

Figure 6.6: Conceptual picture of the oil dominated system highlighting di erent levels of the hydrate
plugging risk with respect to the size and amount of hydrate particles (I) low risk, (Il) intermediate risk,
and (111) high risk.

As shown in Figure 6.6, three levels of hydrate plugging risk in terms ofimescale of operation, hydrate
amount, and the ow parameters are explained.

Region | (Low Risk):  This region shows an interaction between oil, water, and hydrate partites just
after the hydrate onset occurred. We can see that a small amount of hydras are present at this stage. The
hydrates are also smaller in size. This region is mainly characterizetly the homogeneous dispersion of the
hydrate particles. During this stage, the pressure drop of the sysm does not rise rapidly and stays more or
less constant. However, in some cases a small decrease in the presdinop is observed. An unusual decrease
in the pressure drop at the onset of hydrate formation can be explained de to the increase in temperature
at the hydrate onset leading to the change in the viscosity and densityof the overall system.

Region Il (Intermediate Risk): As time progresses after the onset of the hydrate formation, the
system still stays inside the hydrate equilibrium temperature region at a given pressure as shown by the
temperature trace in Figure 6.3. At this point, further conversion of water droplets increases the number
of hydrate particles present in the system. As the hydrate particlepopulation increases, the pressure drop

starts increasing smoothly as shown in Figure 6.5. At this point, the gstem transitions from homogeneous
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dispersion to heterogeneous dispersion of hydrates. This region is tadl as the intermediate risk region, as
the ow has not completely ceased at this point. However, the conditiors in intermediate risk warn about

the high risk scenario that may arise in the near future. Thus, we cdlthis stage a metastable stage. From
a conservative point of view and in terms of the safety of an operation, thisstage can also be partially
considered a high risk stage. Furthermore, according to the conceptl picture, during region II, hydrate

particles are on the verge of agglomeration due to the formation of liquid caplary bridges (Aman et al.,

2011).

Region Il (High Risk/Plugging): This region is a high risk/plugging region mainly characterized
by the large increase in the pressure drop of the system in the form ofafge uctuations. These large
uctuations imply that the pump is operating with an intermittent ow of highly dense, viscous uid that
mainly consists of hydrate agglomerates. During the transition from regionll to region Ill, we can see that
the sticking of the hydrate particles increases signi cantly, which can also be called the fast agglomeration
phase. Agglomeration gives rise to bigger chunks/agglomerates of hydrate parfies as shown in Figure 6.6
(11M). Hydrate agglomerates are responsible for the higher level of installity present in the system. It may
cause an alteration in the ow regime as explained by Rao (2013); Rao et al. (2013) #reby, inducing large
slugs of liquid. These variably sized agglomerates can be carried away the form of hydrate dunes driven
by the large slugs of liquid owing in the pipeline. This combined eect of slugs and the presence of hydrates
results in the large amplitude of uctuations in the pressure drop.

In other scenario, if the system does not have enough energy to carry éhhydrate agglomerates, hydrates
cannot stay as suspension. As a result, the hydrates settle at the botim of the owline as shown in Figure 6.6
(1. This is called the accumulation of the hydrate agglomerates/particles at the bottom of the pipeline.
The large accumulation forms the bed of hydrates at the bottom of the pipeine as shown in Figure 6.6 (lII).
Freely moving hydrate particles collide with the hydrate bed and in some cases, they stick to the bed, and
consequently, the hydrate bed grows. If enough energy is availableh& bed of particles can move in the bulk
liquid. The slow moving beds in the bulk and along the wall, which ae accompanied by large agglomerates,
are responsible for the large uctuations in the pressure drop at high rsk/plugging region.

Based on the classi cation of the hydrate plugging risk presented, we &n modify the conceptual model
described in Figure 5.1 from a hydrate plugging risk point of view as shan in Figure 6.7.

The conceptual model shown in Figure 6.7 clari es the mechanism asstated with di erent levels of
hydrate plugging risk for an oil dominated system. Thus, the conceptualmodel will stand as the starting

hypothesis for the development of the mathematical hydrate plugging rsk model for such systems.
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Intermediate Risk

Figure 6.7: Conceptual model for the oil continuous system classifyingli erent levels of hydrate plugging
risk: low risk, intermediate risk, and high risk.

6.2 Quanti cation of Hydrate Plugging Risk Transition |

A successful quanti cation of the transition from region | to region Il can provide an idea about the
safe time window for the operation when hydrates are present in the sstem. Additionally, it can warn
ow assurance engineer about the possible worst case scenario that maygaur in the operation. Thus, the
guanti cation of a transition from region | to region |l is of utmost importanc e.

The hydrate plugging risk transition from region | to region Il as shown in Figure 6.8 for the owloop
experiments was quanti ed in terms of easily accessible systenmelated parameters that can be presented in
terms of dimensionless quantities. Such parameters are liquid loadg, water cut, ow rate (i.e., mixture
velocity), emulsi cation properties, pipeline geometry (i.e., pipeline diameter, pipeline length), and uid
properties (i.e., density, interfacial tension, and viscosity). For this purpose, the Buckingham-Pi theorem

was employed to obtain the dimensionless parameters related to theransition.

Low Risk Intermediate Risk

Homogenous dispersion Heterogeneous dispersion
Small hydrates (size) large hydrates (size)
Less hydrates (amount) More hydrates (amount)

Figure 6.8: Hydrate plugging risk transition from low risk (Region 1) to in termediate or higher risk (Region
I1) with respect to size and amount of hydrates.

76



The hydrate volume fraction at the risk transition was calculated from the pressure drop and hydrate
volume fraction data for all ExxonMobil owloop experiments for oil conti nuous systems. A two-fold increase
in the pressure drop of the system serves the criterion in order tabtain the risk transition as shown in
Figure 6.9. The plugging risk transition hydrate volume fraction for region | is obtained for all owloop
experiments listed in Table 3.3. There is an uncertainty associateavith the transition points as the pressure
drop data is not for smooth all experiments. Thus, the uncertainty/error was calculated using the propagation

of error approach.
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Figure 6.9: Identi cation of the hydrate volume fraction at the hydrate pl ugging risk transition |, Hydrate
volume fraction denoted by yellow circle is the actual transition poirt.

In order to use the propagation of error concept, the transition point basedon the criterion stated above
was selected. This point separates the low and intermediate risk gions based on the pressure drop increase
as shown in Figure 6.9. Linear regression was performed to obtain the slope @rthe intercept values for
the pressure drop behavior in the low and intermediate risk regions The standard error associated with the
calculation of the slope and the intercept, which will be used to calalate the uncertainty associated with
the transition point was obtained. For linear regression purpose, we can asime the equation of the tted

straight line for the low risk region and intermediate risk region shown by Equation 6.1 and Equation 6.2.

P

M hydgy + D (6.1)

Pi

Mi hyai + 0 (6.2)
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m=m m (6.3)

b=h b (6.4)

where P, and P; is the pressure drop in the low risk and intermediate risk region repectively; likewise

hyd; and nyg; are the hydrate volume fractions in the low and intermediate risk regon respectively; m
and b stand for the slope and the intercept of the respective lines.

We assume that m and b stands for the standard error associated withm and b as shown in Equation

6.1 and 6.2.

m = m mi (6.5)

b= b b (6.6)

We can calculate the actual transition point denoted by nyg:transiion  » Which is shown by a yellow circle
in Figure 6.9 and the uncertainty (i.e., error) hyd;T , associated with it by Equation 6.7.

S
o 2 0
hyd;T _ m b
- = 0 -0
hyd;transition m b

2
(6.7)

A similar calculation was performed for all oil continuous ExxonMobil owl oop experiments shown in
Table 3.3 in Chapter 3. The risk transition hydrate volume fraction and th e corresponding standard error for
these experiments are shown in Figure 6.10. Note that there are some traiti®n points shown in Figure 6.10
that have very large errors associated with them. The larger uctuations in the pressure drop for slug ow
regime scenario (i.e., higher mixture velocity) create di cult y in applying the linear regression approach to
obtain the risk transition point; thus, we observe a large error in the @lculation of the risk transition hydrate
volume fraction is observed. (i.e., pressure drop vs. hydrate volum fraction plots for all experiments used
in this study are shown in Appendix D)

The Buckingham-Pi theorm, when applied to this study shows that the transition will be mainly depen-
dent on the Reynolds number (i.e., ow parameter) and the Capillary number (i.e., uid parameter) of the

system. It can be formulated as shown in Equation 6.8,

—ydiansiton__ 1, (Re) (Ca) (6.8)
packing

where Re is the Reynolds number of the carrier phaseCa is the Capillary number; nygransiion 1S the
transition hydrate volume fraction, which is shown in Figure 6.10. ,acking IS the packing hydrate volume
fraction assumed as 0.52, and,, , and are the correlation constants, which are determined by the linear
regression performed over the set of experimental data available. Teén correlation involving Re and Ca is

shown in Equation 6.9.
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Figure 6.10: Hydrate volume fraction at the hydrate plugging risk transition for the owloop experiments
performed with oil continuous systems. Error is calculated using Eqation 6.7.

hyd;transition =0:002 (Ref 1 LL g)0:52 (Ca)0:27 (6.9)
packing

where LL is the liquid loading of the system. We have includedLL term in this correlation in order to

incorporate the amount of liquid, which is responsible for the transpotation of hydrates in the owline.

. - Ve de 0:52 e 0:27
_hydiransiton _ _ y.qgp ol Ymix Bpipe 9 ) 4 _ ool (6.10)

packing oil oil water

where o is density of the oil phase; o is the viscosity of the oil phase;vmix is the mixture velocity of the
uids; dpipe is the diameter of the pipe; i water iS the oil-water interfacial tension, and vy is the linear
velocity of the oil phase, which is calculated using the drift- ux model (Danielson et al., 2012).

As seen from Figure 6.11, a goodness of t for this correlation is not 100%, but wean say that the risk
transition correlation is in reasonable agreement with the experimenlly observed risk transition points in
terms of the hydrate volume fraction.

An error associated with the calculation of the hydrate volume fraction at alow risk to intermediate or
higher risk transition for oil continuous systems is shown in Figure 611. The error suggests that the transition
is di cult to locate for all experiments. We introduce a new parameter called the Hydrate Plugging Risk
Evaluator (HRE) as shown in Equation 6.11, which involves hydrate volume fiaction as one of the parameters.

HRE can be used as the generalized parameter to quantify the plugging tisfor oil dominated systems.
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Equation 6.11 represents the hydrate plugging risk evaluator, which ighe next step after the quanti -
cation of the transition point in terms of the hydrate volume fraction. Th e term in the numerator shown in
Equation 6.11 involves the hydrate volume fraction with respect to theliquid phase. It can be seen that the
term in the numerator is the ratio of hydrates to the hydrate-free liquid with respect to the total amount of
liquid present in the system. It simply shows the capacity of theliquid to carry the hydrate particles. Thus,
HRE represents the state of the system with respect to the hydrateplugging risk. Equation 6.11 developed
on the basis of the owloop data shows that the plugging risk transition is concentrated at the HRE value of
: 2.25 1 as shown in Figure 6.12. For a given system, the amount of hydrates that coespond to the HRE
value less than 2.25, are actually present in the pipeline in the form of bmogeneous dispersion, whereas the
amount of hydrates corresponding to the HRE value higher than 2.25 will imgy the transition of the system
from low to intermediate or higher risk. A negative standard deviation obtained for HRE is a conservative
estimate of the hydrate volume fraction at the hydrate plugging risk transition. As a result, an uncertainty

associated with the plugging risk transition is also taken into consi@ration by using HRE and standard
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deviation as a conservative estimate for the hydrate plugging risk trangion.

4 T T T F) T

o
[$)]
T

+ Standard Deviation |

.......

w
T
1

N
(&)
T
I

*

_Average L
*

N

=i
(9]

.- S'tlandard Deviation |

Hydrate Plugging Risk Evaluator
T

o
[$))
T
I

I L ! I L
0 2 4 6 8 10

Experiment #

Figure 6.12: Scatter plot of the HRE for the ExxonMobil owloop experiments performed with oil continuous
systems. Average HRE: 2.25.

There are a few assumptions associated with the analysis and the hydratrisk quanti cation.

1. The correlation presented for HRE is purely based on the oil continuousystems where water is present

in the form of dispersed water droplets and is applicable to only theseystems.
2. Packing hydrate volume fraction is assumed to be 0.52.

3. Hydrate deposition (i.e., hydrate wall growth mechanism) is not consilered in this study, as this

phenomenon is not yet completely understood.
4. The uid systems with phase inversion are not considered.

5. In-built models utilized to calculate the individual phase velocity (i.e., oil phase velocity) do not work

for liquid loadings less than 30%.
6.2.1 Parametric Studies (Liquid Loading, Mixture Velocity, and Int erfacial Tension)

Though the approach involved in the development of HRE is purely empircal, the HRE concept captures

the physics associated with the parameters such as mixture velagj liquid loading, and interfacial tension
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very well. The Reynolds number shows the competition between th inertial and the viscous forces. Thus, it
re ects the e ect of the mixture velocity on the hydrate risk tran sition from low risk to intermediate/higher
risk. As seen from Figure 6.13, for a constant liquid loading and water cut ashe mixture velocity increases,
according to the HRE correlation, the HRE approach shows that the plugging rsk transition is delayed in
terms of the hydrate volume fraction. At lower mixture velocity of 1 m/s, the hydrate risk transition occurs
when the hydrate volume fraction is 0.075, whereas the hydrate volume frdon is found to increase with
an increase in the mixture velocity. A ow system with a higher velocity of 3.5 m/s can carry around 0.19
of the hydrate volume fraction before it transitions from low risk to intermediate/higher risk. Thus, we can
say that the hydrate-carrying capacity of the system increases signiantly with an increase in the mixture
velocity. As the mixture velocity increases, the inertial forces dominate over the viscous forces; thus, the

hydrate transport capacity of the system increases.
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Figure 6.13: HRE approach showing the e ect of the mixture velocity on the hydrate plugging risk transition.

By de nition, liquid loading is the amount of liquids (i.e., owable phase) present in the system. High
liquid loading implies higher energy associated with the system. Lkewise, the capacity of the liquid to
keep the hydrate particles in dispersion increases. As a resultpf the systems with higher liquid loading,
a hydrate risk transition will occur at higher hydrate amounts. When a parametric study was performed
using Equation 6.11 with respect to the liquid loading, we can see thatle hydrate volume fraction at which
the plugging risk transition occurs is high for higher liquid loading. A ow system with 35% liquid loading
can carry 6% of hydrate volume, whereas for a system with 65% liquid loadingny hydrate amount below
12.5% is in the low risk/safe region. The e ect of liquid loading that was experimentally observed by Grasso

(2015) is also con rmed using the HRE approach as shown in Figure 6.14.
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Figure 6.14: HRE approach showing the e ect of the liquid loading on the hydate plugging risk transition.

Furthermore, the capillary number accounts for the properties of theoil as well as re ecting the e ect
of the oil-water interfacial tension (IFT) on the hydrate risk transit ion. As a result, the capillary number
takes into account the e ect of the natural surfactants present in the oil phase. As the interfacial tension
decreases, the chances of forming larger agglomerates are less, and as altethe ow system can carry
more hydrates safely at lower IFT as seen from Figure 6.15. We can see fromdtire 6.15 that the system
with lower interfacial tension remains safe even if the amount of hydates is higher. On the other hand,
when surfactants are not present in the oil phase the presence of a sthamount of hydrates can drive the

hydrate plugging transition to a higher risk .
6.2.2 Validation of the Hydrate Risk Evaluator

Development of every mathematical model/correlation needs validation lefore it can be implemented for
prediction purposes. This section presents the validation of HRE pdpbrmed on two sets of experimental
data. For this purpose, we have utilized the owloop experiment peformed at the ExxonMobil facility in
2004 (Turner, 2005). The details about the owloop facility are presented n Chapter 3, Section 3.1. This
particular experiment was performed with Conroe oil as the oil phase, Wich has the viscosity of 3.1 cP and
density of 800 kg/m3. Methane gas was used as the hydrate-former. Interfacial tension for Cooe oil and
water system in the presence of 3.5 wt.% salt is 25 mN/m. The experimanused for the validation was
performed with 54% liquid loading, 35% water cut, and 1.3 m/s of mixture velccity. The operating pressure
of this experiment was 1000 psig. Figure 6.16 shows the hydrate volume friagn at plugging risk transition

for the respective experiment. We can see that the risk transitionoccurs at the hydrate volume fraction
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Figure 6.15: HRE approach showing the e ect of the interfacial tension on tle hydrate plugging risk transi-
tion.

value of 0.1. Table 6.1 shows the experimentally observed value of the Hyate volume fraction at which
the hydrate plugging risk transition occurs. HRE predicts the hydrate plugging risk transition within 0.04
absolute hydrate volume fraction error.

Figure 6.17 shows the validation of HRE for an experiment that was performedat the University of Tulsa
(TU) owloop in 2013 (Vijayamohan et al., 2014, 2015). The details on this owloop are explained in Chapter
3, Section 3.2. This particular experiment was performed with Mineraloil 350T (Crystal Plus 350T). The
viscosity and density of MO350T is 65 cP and 863 kg/ni respectively. Tulsa city gas (i.e., mainly methane,
ethane, and propane mixture) was used as the hydrate-former in all the)@eriments. The interfacial tension
for MO350T and water is 50 mN/m. This experiment was performed with 70% liquid loading, 30% water
cut, and 1.7 m/s mixture velocity. Table 6.1 shows the comparison between the experimentally observed
and correlated value of the hydrate volume fraction at which the plugging isk transition occurs. It is seen

that the error between the correlated and experimentally measured fdrate volume fraction is very small.

Table 6.1: Experimental and correlated hydrate volume fraction at hydrate plugging risk transition.

Flowloop Year hyd hyd Error
(Experimental) (Correlated)
ExxonMobil 2004 0.14 0.10 0.04
University of Tulsa 2013 0.05 0.055 0.005

As seen earlier, the HRE correlation was developed using the Conroe oibatinuous experiments per-

formed in the ExxonMobil owloop facility. An application of the hydrate risk model presented by HRE
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Figure 6.16: HRE validation on the ExxonMobil owloop experiment performed with Conroe crude oil and
methane gas in 2004. Star symbol represents the plugging risk transition poi captured by the hydrate risk
model.
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85



over the TU owloop validates the risk assessment approach for a di eent owloop system. As the uid
used in the TU owloop test (MO350T) has dierent properties compared to Conroe crude oil used in
the ExxonMobil owloop owloop, validation of HRE over di erent owlo ops and uids systems are also

con rmed.
6.3 Summary

This chapter has presented the development of a mathematical modebf the hydrate risk transition for
oil continuous systems, which have water in the form of dispersed wat droplets. This model was developed
by using the pressure drop and hydrate amount data obtained from the ExonMobil owloop facility. As the
transition from a safe to unsafe operating region is always an important stg in performing any preventive
measures, the mathematical model developed in this work mainly capttes the risk transition from low risk
to intermediate/higher risk. It has been shown that HRE, which is a measure of the hydrate plugging risk
is a function of various forces (i.e., inertia, viscous, and interfa@l) present in the ow system that are
responsible for either smooth ow of hydrate or the formation of hydrate plugs. HRE has been found to
be dependent on the liquid loading, mixture velocity, and interfadal tension of the oil-water system. Water
cut is not considered a primary parameter in this work due to the lack ofdata for di erent water cuts. It
has been concluded that the hydrate plugging risk of the system deceses with an increase in the mixture
velocity and amount of hydrate carrying liquid phase present in the ystem; however, it increases in the

absence of surfactants in the oil phase.
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CHAPTER 7
APPLICATION OF THE HYDRATE RISK MODEL ON FIELD SCALE SIMULATION

Part of this chapter will be submitted for a publication in a peer reviewed journal with minor changes.
Piyush N. Chaudhari®?, Luis E. Zerpa®, Amadeu K. Sum'4

This chapter presents an application of the hydrate risk model that is developed based on the high
pressure owloop experiments performed at the ExxonMobil owloop facility for oil dominated systems.
Chapter 6 showed the details on the development of HRE, which is a dimnsionless number based on the
interaction between the di erent forces acting on the owline system that governs the type of ow (e.g.,
smooth ow with hydrates or settling/accumulation/bedding of hydrates ).

In this chapter, we show the implementation of the newly developechydrate risk model with CSMHyK-
OLGA'" . An integration of the hydrate risk model with CSMHyK-OLGA " allows measurement of the risk
associated with owlines that produce oil and gas. A few speci ¢ caseshat are prone to hydrate formation
are demonstrated in this chapter where one can see the distinct trarition of the owline from low to high
hydrate plugging risk as a function of the duration of the production and owline length. The evolution of
the hydrate plugging risk in the presence of hydrates is shown ovehe Caratinga subsea tieback-steady state
and transient (shut-in/restart) operations. In addition, the e ect of important parameters such as water
droplet size, shut-in duration time, and oil-hydrate slip that play important roles in forming the hydrate

blockage in the pipeline is also studied.
7.1 Simulation Case Description & OLGA " Model Development

In order to demonstrate the contribution of the hydrate risk model to oil and gas industry operations, we
have shown an application of HRE over steady state and transient produdbn operations. For this purpose,
we have again revisited the Caratinga eld located in Campos basin, Braj which is presented in detail
in Chapter 5. Section 5.1.2 discusses the geometry of the Caratinga eldhiterms of owline-riser length,
diameter, and the inclinations associated with it. Similar geometry ard uid conditions are used in this
study. In this particular case study, we will perform the steady state and transient OLGA" simulations in

order to demonstrate the strength of the hydrate risk model developd in this work.
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Figure 7.1: Geometry of the well, owline, and riser from the the Caratinga eld located in Campos basin
in Brazil (Zerpa et al., 2012).

The Caratinga eld model was built in the OLGA " framework in order to perform the steady state
and transient hydrate formation modeling. The model built in OLGA " for the Caratinga eld is shown in
Figure 7.2. WELL-1 is the production well, and is the source of the oil and gas CRT-28 is for the well
production tubing, which originates from the well and ends at the welhead location. The wellhead valve
is denoted by MASTER, and the riser top valve is denoted by CHOKE. P-48 tat depicts the host facility.
The bottomhole pressure and temperature were de ned as 4094 psia and 162 respectively. Shut-in and

restart was forced by the systematic operation of MASTER and CHOKE valves asa function of time.

Ethanol

POCO M% CHOKE3
& DO

CRT-28 Flow-CRT-28
WELL-1

Figure 7.2: OLGA" model for steady state and transient operation for the Caratinga eld.

7.2 Implementation of Hydrate Risk Evaluator

As shown in Figure 7.3, the multiphase ow parameters will be obtained fom OLGA" . CSMHyK module
will provide the hydrate amount formed in the system based on the hydate kinetics equations. With the
help of all the uid ow properties obtained from CSMHyK-OLGA ' , we can apply the hydrate plugging

risk evaluator for the the calculation of the hydrate risk for owlines t hat are prone to hydrate formation.
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OLGA® CSMHyK
Transient Multiphase Hydrate Kinetic
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Hydrate Plugging
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Figure 7.3: Work ow for the implementation of the hydrate risk model wi th CSMHyK-OLGA ' .

7.3 Hydrate Risk Evaluation in Steady State Operation

Based on the OLGA model shown in Figure 7.2, a simulation was performed in order to empipthe
hydrate risk model on a steady state operation performed with CSMHyK-QLGA'" . The steady state case
with a liquid loading of 90%, and water cut of 30% was modeled in OLGA . The mixture velocity for this
particular case predicted from OLGA" was: 0.3 m/s, which is very low compared to usual eld operations.
This OLGA" case is found to reach steady state conditions after 20 hours. The propees of the Caratinga
uid, which will be required to generate the HRE pro le as a function of time and owline-riser length are
shown in Table 5.1, Chapter 5. Note that the hydrate fraction is also one of themost important parameters
required for the HRE calculation as shown in Equation 6.11.

The hydrate plugging risk predicted by Equation 6.11 as a function of owline length for this particular
case is shown in Figure 7.4. We can see from Figure 7.4 that the hydrate ksevaluated along the owline
changes as a function of time and was observed to reach the steady state deetproduction approaches steady
state. After 0.5 hour in the production, a hydrate formation event was obsrved in the owline-riser system.
As a consequence, we can see from Figure 7.4 that the HRE correlation preté the risk associated with
the owline-riser system due to the appearance of hydrates in OLGA model. A very low mixture velocity
predicted by OLGA" is the main reason for the hydrate risk that is predicted by HRE just after 0.5 hours
of operation. Due to the low mixture velocity, even though there are snall amounts of hydrates present in
the system, lack of transporting forces limit the transportation.

The evolution of the hydrate risk over the Caratinga owline-riser system can be seen from Figure 7.4.
As the hydrate mass increases in the system, the hydrate risk magnitle changes along the owline. After
20 hours into the operation, the hydrate mass and the uid ow reaches a $eady state, which is also shown

by the at nature of the HRE curve. At that time, based on the amount of hydr ates, and the ow properties
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of the system, we can say that the system has transitioned from low ris to intermediate/high risk. As a
result, it needs special attention in order to prevent the hydrate blockage formation that may occur in near

future.
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Figure 7.4: Hydrate risk model (HRE) predictions along the owline-ri ser system for a steady state simu-
lation performed on Caratinga eld geometry. HRE curves at various time-steps show the evolution of the
hydrate risk until the steady state (i.e., 20 hours) is reached.

Figure 7.5 illustrates the HRE behavior as a function of time in the middle location of the Caratinga
owline. On the verge of the start of the production, it is dicultt o compute HRE due to the unstable
solutions obtained from OLGA" . As a result, we can see high HRE prediction at initial conditions. Once
the ow stabilizes, and hydrates form in the system based on the CSMHIK-OLGA "™ model. HRE predicts
the corresponding hydrate plugging risk based on the competition bet@en the inertial and the viscous
forces present in the system. Increase in water and gas conversion leatb more hydrate mass formation;
as a consequence, HRE increase is also observed, which is evideminir Figure 7.5. After : 9 hours of the
production, the HRE value reaches the maximum, which depicts the ow system transition to high hydrate
plugging risk region. The e ect of very low mixture velocity is also re ected from Figure 7.5. It can be seen
that the middle portion of the owline transitions to a higher risk re gion at HRE value of 2.25 just few hours
after the production has started. Once the steady state is achievedHiRE value reaches an equilibrium (i.e.,
HRE : 8) based on the amount of hydrates present in the system.

Mixture velocity has a signi cant e ect on the prediction of the hyd rate plugging risk based on the HRE
approach, which is well illustrated by Figure 7.6. Figure 7.6 shows thehydrate risk predicted by HRE and

mixture velocity of the uids as a function of the hydrates formed in the middle of the Caratinga owline.

90



HRE

O 1 1 1
0 5 10 15 20

Time (hours)

Figure 7.5: Hydrate risk model (HRE) predictions at the middle location in the Caratinga owline.

As mentioned earlier, due to the instabilities experienced by OL@\" simulator, it was di cult to obtain the
parameters required for the HRE correlation at initial time-steps. As aresult, we can see from Figure 7.6
that the mixture velocity at this particular location is negative, wh ich gives rise to an overall negative uid
mixture velocity in the system. As shown in Figure 7.6, at hydrate fraction of : 0.025, the mixture velocity

of the uids increases from 0 to 0.4 m/s. Due to this increase in the nwxture velocity, a signi cant drop

in the HRE value from 4 to : 1.8 can be observed. However, as the hydrate fraction increases from 0.025
to 0.035, the hydrate risk predicted by HRE does not decrease even thougthere is a small increase in the
mixture velocity. During this time, the e ect of increase in th e hydrate fraction dominates over the increase
in the transporting capacity (i.e., mixture velocity); thus, th e increase in the hydrate fraction drives HRE
prediction towards the high hydrate risk region. Furthermore, as hydrate fraction in the slurry increases,

the hydrate plugging risk predicted by HRE correlation becomes a soleunction of the hydrate amount.
7.4 Hydrate Risk Evaluation in Transient (shut-in/restart) Operation

The OLGA"™ model developed in the previous section was used for the shut-in ancestart operation.
Our main focus is to monitor the ow of water, gas, oil, and hydrate phases in the owline-riser system from
wellhead valve to FPSO during the transient operation.

In order to perform the shut-in and restart simulations, a steady state where hydrates do not pose any
issue in the owline was modeled. The steady state simulation willlater be modi ed to demonstrate the
transition to shut-in/restart conditions. OLGA " version 7.2 was utilized to simulate the steady state process

over the Caratinga eld geometry shown in Figure 7.7. Figure 7.7 (left) ows the pressure and temperature

91



HRE

Mixture Velocity

HRE or Mixture Velocity (m/s)

o = N w N (62} (22 ~l [e¢]
T
L

1 1 1
0.02 0.04 0.6 0.08
Hydrate Fraction in Slurry

KN
o

Figure 7.6: Plot of HRE and mixture velocity as a function of the hydrate volume fraction for steady state
case in the middle of Caratinga owline.

pro le along the owline after 20 hours of steady state operation. We can sedhat the temperature of the
uids decreases along the owline due to the heat transfer betweerthe hot uids inside the pipeline and the
cold ambient conditions. The equilibrium temperature curve shown in Figure 7.7 (left) was obtained using
MultiFlash " PVT package. From Figure 7.7 (left), we can see that the temperature of the owline-riser is
attempted to maintain above the hydrate equilibrium conditions. The owline is not able to cool further
down to match the exact subsea conditions due to the heat transfer mitations forced by the insulation that
is provided on the owline in OLGA " model. For some portion of the owline as seen from Figure 7.7 (left),
even though the temperature of the uids fall in the hydrate equilib rium temperature conditions, hydrates do
not form. Hydrate formation was forcefully restricted as the hydrate onsé subcooling (Tsys  Teq) Of 6.5°F is
not achieved. At steady state conditions, phase holdup along the owlire can be seen from Figure 7.7 (right)
where one can observe the void fraction, water volume fraction, and oil volme fraction to be approximately
25%, 25%, and 50% respectively at the wellhead location.

Once steady state was achieved, we can simulate the shut-in and restaconditions using OLGA" .
OLGA" model performed the shut-in and the subsequent restart by operatig the wellhead and FPSO valve
in a systematic manner. The wellhead and FPSO valve are completely oked over the span of 40 minutes
and 10 minutes respectively. Once the wellhead and FPSO valve weri@ shut-in conditions, there was no
uid movement as well as no production of new hot uids. Figure 7.8 shaws the drop in the temperature at
di erent locations like wellhead, owline middle, and riser mid dle along the owline as the shut-in progresses.

As there are no new uids coming in the owline-riser system, originally present uids start to cool down due
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Figure 7.7: Steady state hydrate free production operation simulated byOLGA" on the Caratinga eld.
Left: System temperature, system pressure, and corresponding eijbrium temperature pro le along the
owline-riser system; Right: Phase (oil, water, and gas) distribution along the owline riser system.

to the subsea low temperatures. We can see from Figure 7.8 that the teperature reaches an equilibrium
value of : 42°F, which is more or less close to the subsea temperature. Cool-dowime is the time required

for the system to enter into the hydrate equilibrium zone (Bai and Bai, 2005). In this case, cool-down time
for the upstream location in the owline-riser system is approximately 5 hours.

Figure 7.9 shows the phase holdups after 48 hours of the shut-in perioduring the shut-in process, gas
travels towards the riser and the owline starts to accumulate with the liquids as seen from Figure 7.9. In
addition, due to the density di erence between oil and water, and the inclination of the owline, oil and
water phases start to separate. The humps seen in the oil and water prods are the respective phase fronts
moving due to the gravity e ect at stagnant conditions. The movement of the phase front is solely due to
the gravitational e ects.

Once the shut-in operation was successfully completed over the ped of 48 hours, a restart was attempted
in OLGA model" . In order to restart the production, the wellhead and the FPSO valves were scheduled to
open in a systematic manner. The valve opening schedule is shown Figure 7.10 and is adapted from (Zerpa
et al., 2012). These two valves were advised to open in a very short timepan to avoid the instantaneous
surge of liquids that may destroy the host facility. By doing so, we canalso control the draw-down pressure
and it can be controlled e ciently.

As soon as the valves open, OLGA simulates the ow of the uids that enter in the owline-riser sy stem

from the wellhead location. As these uids are produced from the subsrface well, due to the geothermal

93



Figure 7.8: Temperature pro le at the wellhead, owline middle, and riser middle locations along the owline
as a function of the time at shut-in condition.

Figure 7.9: Phase distribution showing the holdup of oil, water, and gas alog the owline-riser system after
48 hours of shut-in operation.
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Figure 7.10: Wellhead and FPSO valve opening schedule (Zerpa et al., 2012).

gradient, the temperature of the uids was high. During the shut-in operation, the owline was at subsea low
temperature. The mixing of the phases occurs once the uids are prduced after the gradual opening of the
wellhead valve. A combined e ect of low uid temperature and vigorous uid mixing cause the hydrate onset
in the owline-riser system. We can see the rapid hydrate formationprocess captured by CSMHyK-OLGA'
model in Figure 7.11 at di erent time-steps after the owline-ris er system has restarted.

At 5 minutes after restart, from Figure 7.11, we can see that the hydratesare formed at the wellhead
solely due to the gradual mixing of the gas-water phase. At the wellheaddcation, the hydrate phase occupies
: 10% of the total slurry volume, whereas the hydrates formed along the resbf owline are very minimal.
The wellhead valve was not opened completely 5 minutes after the reatt; thus, only the wellhead location
experiences the maximum amount of hydrate formation. On the other hand,towards the downstream
locations, hydrate onset is not observed because the uids are more or de stagnant (i.e., very minimal
velocity) due to the lack of uid motion, which is responsible for the lack of mixing of the phases.

The distribution of hydrates along the owline-riser system at 20 minutes after the restart can be seen
from Figure 7.11. The amount of hydrates modeled by CSMHyK-OLGA are the combined outcome of the
hydrates formed due to the presence of low temperatures and the swcient mixing of the gas-water phase as
well as hydrate dissociation at the wellhead due to the production of bt uids.

At 120 minutes after restart, we can see from Figure 7.10 that the wellhad valve is completely opened,
which causes the production to reach the maximum capacity. Due to hgher velocity of the uids at 120

minutes, vigorous mixing of the uids is achieved, which causes theapid formation of hydrates. Figure 7.12
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illustrates the rapid formation of the hydrates at 120 minutes after the restart. The hydrate fraction modeled

by CSMHyK-OLGA " reached: 20% at 120 minutes after the restart.
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Figure 7.11: Hydrate fraction in the slurry along the owline-riser system at 5 minutes, 20 minutes, and 120
minutes after the restart of the production.

We can employ the hydrate risk model shown by Equation 6.11 to asses$fi¢ hydrate risk associated with
the owline-riser system at various time-steps after restart. We can see the hydrate plugging risk predicted
by the model on the owline-riser carrying hydrates at di erent t ime frames after the restart in Figure 7.12.
We can see that at 5 minutes after the restart, the hydrate plugging rik captured by the hydrate risk model
in terms of HRE is very high at the wellhead location. The reason for the hijh hydrate risk at the wellhead
location is the rapid formation of hydrates and the lack of uid ow for trans portation of hydrates. As a
result, a very small amount of hydrates shift the hydrate risk represented by HRE more towards the risk
transition. In conclusion, it can be seen that at 5 minutes, the wellread location has a higher probability of
falling in the higher hydrate risk region.

At 20 minutes after the restart, we can see that the owline-riser gystem is below the hydrate risk
transition region. We can relate this to the hydrate fraction shown in Figure 7.11. Even though there
is a small amount of hydrate mass present in the owline, according to he hydrate risk model, the ow
rate computed by OLGA" at 20 minutes is su cient to transport the hydrates without posing any hydrate
plugging risk. The relative viscosity captured by the CSMHyK-OLGA" model is very small, which also
conrms the low risk due to the hydrates at 20 minutes after the restart. Note that HRE is a strong

function of the uid velocity; therefore, hydrate transportation u id velocity required for the dispersion of
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the hydrates can in-turn keep the system in the low hydrate risk region.

Figure 7.12: Hydrate risk model (HRE) and the relative viscosity (from CSMHyK-OLGA " ) predictions
along the owline-riser system at 5 minutes, 20 minutes, and 120 mintes after restart for the Caratinga
eld.

At 120 minutes after the restart, we can see from Figure 7.12 that the upstam region of the owline-riser
system has transitioned to a higher risk region. This transition is evdent due to the increased conversion of
water and gas to form more hydrate mass in the owline. At : 2 miles from the wellhead location, the peak
captured by HRE shows that the hydrates present at that location have hgher plugging risk potential based
on the ow conditions. The hydrates that cause the risk transition at : 2 miles from the wellhead location
comprises the hydrates formed at that particular location as well as the lgdrates that are transported from
the upstream region over the period of 120 minutes. An increase in theefative viscosity also signals the

high hydrate risk at the same location at 120 minutes after the restart.
7.5 Parameters A ecting Hydrate Plugging Risk

Shut-in/restart are one of the worst situations in the subsea oil and gas poduction from the hydrate
formation point of view as mentioned by (Kinnari et al., 2014). In this section, the e ect of the parameters
that play a signi cant role in forming hydrate blockages in the subsea owlines is demonstrated. These
parameters include water droplet size, duration of the shut-in operaiton, and hydrate-oil slip. These param-
eters have a signi cant e ect on the probability and the location of the hydrate blockage formation in the
real eld operations. CSMHyK-OLGA " was employed to study the e ect of these parameters on the restart
operation. Note that all hydrate formation results that will be presented in this chapter hereafter are purely

for the restart operations.
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7.5.1 E ect of Water Droplet Size

OLGA" functionality provides a control over the water droplet size, which is one of the important
parameters in modeling the hydrate formation for oil dominated system.As per the discussion presented in
Chapter 5, Section 5.1.1, surface area provided by the water droplets gi/s an important role in understanding
the mechanism of the hydrate formation for oil dominated system. The e et of the water droplet size is
later translated in terms of the potential of the hydrate plugging risk with the help of the HRE approach
developed in this thesis work.

Figure 7.13 shows the amount of hydrates formed along the owline at 5 hoursfter the production has
restarted. The rate of the hydrate formation is higher for the case wherehe water droplets are 40mm in
size, whereas the hydrates form relatively slowly for the case wherwater droplet diameter is restricted to
2000mm. As the uid system forms water in oil emulsion, shear generated on theestart governs the size of
the water droplets. Higher shear gives rise to the smaller water droplks that lead to the faster formation
of hydrates thereby causing the worst-case scenario in hydrate blage formation. However, at restart, if
the valves are partially opened, the ow will not give rise to high shearin the system, which in-turn will
lead to the generation of the bigger water droplets. Relatively slower fidrate formation for the bigger water
droplets will keep the owline away from the possibility of the hy drate blockage formation immediately after

the restart.

Figure 7.13: Hydrate volume fraction predictions from CSMHyK-OLGA" for the water droplet size of 40
mm, 400 nm, and 2000mm at 5 hours after restart.
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The hydrate plugging risk analysis was performed by employing HRE comlation over the results shown
in Figure 7.13. This is well explained by Figure 7.14 and Figure 7.15. As showm Figure 7.14, we have
selected 40mm and 400 nm cases for the HRE analysis. Figure 7.14 illustrates the hydrate risk mdeling
results for the 40 nm water droplet diameter case. Likewise, the results obtained for thecase where the
water droplet size was controlled to 400mm are presented in Figure 7.15. From Figure 7.14, we can see that
the hydrate risk is concentrated in a: 1.75 mile to 4 mile region of the owline at 2 hours after the restart
has initiated. As time progresses and the restart was continued, we caresg that at 5 hours the hydrate risk
shown in Figure 7.14 occupies larger portion of the owline compared to hat of 2 hours case. As the restart
further progresses, the upper most region of the owline is under tle high hydrate plugging risk. Note that
for the case studied in this study, the amount of hydrates formed werevery high, due to which the hydrate
risk is quanti ed by very large values of HRE; however, the owline-riser system after: 5 miles is under the

low risk as shown in Figure 7.14.

30 T T T T
5 hrs.

N
()]
)
1

20F

15

10F

Hydrate Risk Evaluator (-)

Transition

6 8
Pipeline Length (miles)

Figure 7.14: Hydrate risk model (HRE) predictions for hydrate risk for the water droplet diameter of 40mm
case at di erent time-steps after the restart along the Caratinga owline-riser system.

Similar analysis was performed for a case where water droplet diameteras controlled to 400 mm in
OLGA" model. When we compare Figure 7.14 and Figure 7.15, we can see that at 2 hoursefthe restart,
any signi cant change in the hydrate risk predictions by the HRE model is not observed. However, in the
case where the water droplet diameter is 400m, the hydrate risk at 5 hours after the restart shifts more
towards the downstream location in the owline-riser system. The owline-riser system from 1 mile through

: 7 miles has a high hydrate risk potential when the water droplet diameer was controlled to 400mm.
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Figure 7.15: Hydrate risk assessment model (HRE) predictions for hydrat risk for the water droplet diameter
of 400 mm case at di erent time-steps after the restart along the Caratinga owline-riser system.

The shift in the hydrate plugging risk towards the downstream location seen in the case of 406m is due
to better transportability of the hydrates. When the water droplet d iameter is 40nm, the hydrate formation
rate is very high compared to the hydrate formation rate when the water dioplet size is 400mm. Due to
the rapid formation of hydrates, the relative viscosity at that particul ar location increases rapidly, thereby
decreasing the mixture velocity of the uids. A decrease in the nixture velocity restricts the transportability
of the hydrates, which in-turn accumulates the hydrates in the upsream region of the owline. However,
due to the lower hydrate formation rate, relative viscosity increaseobserved in the 400nm water droplet
diameter case is slower compared to 46m. As a result, decrease in the mixture velocity is gradual, which
allows the transportation of the hydrates towards downstream region (ie., up-to : 7 miles) at 5 hours after

the restart.
7.5.2 E ect of Shut-in Duration

There are various reasons that can cause shut-in in the real eld operatiost The shut-in of the owline
can be planned where some operational changes are needed to be done and thedpction is ceased as per
the safety protocols, whereas naturally occurring hurricanes, stans, or some abnormal parametric trends
(i.e., increase in pressure drop, temperature) may impose an unghned shut-in.

During the shut-in state, the uids inside the pipeline are in stagnant conditions. The only movement

possible is due to the gravity and the density di erence betweeroil, water, and gas phase. From Figure 7.16
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Figure 7.16: Gas, oil, and water holdup along the pipeline after 1 day of shuin period (left). Gas, oil, and
water holdup along the pipeline after 10 days of shut-in period (righy.
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we can see the distribution of oil, gas, and water phases along the pipeklnafter 1 and 10 days of shut-in
period. For simplicity, we denote 1 day of shut-in as the \short shutin" and 10 days of shut-in period as
the \long shut-in". From Figure 7.16, we can notice that gas travels towards the riser during the shut-in
conditions irrespective of the shut-in duration. The oil{water separation depends strongly on the duration
of the shut-in as it can be seen from Figure 7.16. For the short shut-in caseve can see that the small uphill
portion of the pipeline is occupied completely by oil (from 5.5 milesto 7.2 miles) and the rest of the owline
is lled equally with water and oil phases. On the other hand, for the long shut-in case, the maximum
portion of the water phase is separated out from the oil-water mixture. The longer portion of the uphill
section is occupied with oil (from 2.2 miles to 7.2 miles) and the resof the downhill section is mainly lled
with water with some traces of oil on the downstream side of the pipelie. At this location, one can expect
more separation of the phases if the shut-in is continued longer than 10 gg. Hence, we can conclude that
the separation of the oil-water phases increases along the owline dueotan increase in the shut-in duration.
The state of the oil-water mixture can also be determined in terms of he dispersed and continuous phases
based on the dispersion models present in OLGA.

In order to study the dispersion of the oil-water mixture during th e shut-in, a geometry that can better
demonstrate the dispersion is shown in Figure 7.17. This geometry corsts of the owline of 5.5 miles
containing a low-spot at the center (i.e., approximately at 2.5 mileg and a riser with an elevation of 1000
feet from the bottom of the sea oor. For simplicity, the rest of the geometrical (e.g., diameter) and operating
parameters (e.g., pressure, temperature) are adapted from the Caratigpa eld case as discussed in Section
7.1.

Figure 7.17 shows the holdup of the water phase, which is present as a donuous phase along the owline
during the steady state and shut-in. Water continuous fraction is a palameter in OLGA" that denotes the
fraction of the water present as the continuous phase with respect tote total amount of water. We can
easily calculate the amount of water that is dispersed in the continuousoil phase based on the continuous
water fraction and the total amount of water present in the owline. From F igure 7.17, it can be seen that
the amount of water present in a continuous fashion is approximately 10% inupstream and 23% in the
downstream region of the pipeline at steady state conditions. As seendm Figure 7.17, once the shut-in was
imposed, a small peak seen at the low-spot after 1 hour of shut-in showscrease in the amount of continuous
water fraction at the low-spot. As the shut-in continues, separation baween oil and water increases, and
one can see that the low-spot completely lled with water after 24 hoursof shut-in period. The upstream
and downstream sections of the low-spot are also observed to Il up wh water as shown in Figure 7.17. As
the separated water phase is prone to hydrate formation and is detrimeral in terms of the hydrate blockage

formation suggested by Vijayamohan et al. (2014), the geometry containing low4sots have a higher risk of
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Figure 7.17: Hold up of water that is present in the continuous fashion along tle pipeline at the steady state
and shut-in for the low-spot geometry. These predictions are from OLGA simulations.
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hydrate blockage formation in the subsea operations.

Figure 7.18: Hydrate volume fraction along the Caratinga owline at 2 hours after the restart with 1 day
and 10 days of shut-in periods.

Figure 7.18 shows the amount of hydrates that were formed at 2 hours. aftertte restart for short and
long shut-in cases. We can see that for the long shut-in case, the maxium amount of hydrates formed in
the pipeline are 5 vol.% higher compared to the short shut-in case. Té increase in the amount of hydrates
can be related to more separated water phase in the case of long shut-in. Mgn the owline was restarted
after prolonged shut-in, the separated water gets dispersed in the toming new uids from wellhead and
has a higher tendency to rapidly form hydrates due to vigorous mixing.This gives rise to the higher amount
of hydrates for the long shut-in periods. In conclusion, it can be seaethat hydrate formation can be more
problematic for the restarts that follow very long shut-in periods; thus, needing a special attention in order
to avoid the hydrate blockage formation.

7.5.3 E ect of Oil-Hydrate Slip (COil)
Hydrate-oil slip (COil) is an empirical parameter, which is de ned as the ratio of the hydrate velocity to
the continuous oil phase velocity.
coil = Yhydrate 7.1)
Voil
COil takes into consideration the relative movement of the hydratesand oil (i.e., continuous phase in

which the hydrates are dispersed). COil as 0, corresponds to the stainary hydrate phase, whereas COiIl
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as 1 implies that the hydrates move at the same velocity as the oil phaséen past, similar modeling studies
involving hydrate-water slip (CWater) were performed on the Werner Bolley eld (Rao, 2013).

The hydrate-oil slip can be modeled using the COil parameter proviled in HYDRATEOPTIONS module
in CSMHyK-OLGA ' . Figure 7.19 shows the hydrate phase distribution, which also impks the transporta-
tion of the hydrates along the owline for two cases. In one case, hydrate travel at the same velocity as
the oil phase (i.e., COIl = 1) and in the other case hydrate phase veloty is 90% slower than the oil phase
velocity (i.e., COil = 0.1). As the Caratinga geometry has an uphill slope, we can see that the hydrates are
transported to the longer distance in the uphill section of the owline when COQOil is 1, whereas when COQil is
0.1, hydrates move very slowly compared to the carrier oil phase due tthe slip between hydrates and the

oil phase; thus, they give rise to the accumulation of hydrates in the @wnhill section of the pipeline at 4

hours after restart.

Figure 7.19: E ect of COil on the transportation of hydrates along the pipeline at 4 hours after restart for
COil of 1 and 0.1.

Similar understanding can be inferred from Figure 7.20 where we can sethat at the middle section of
the owline (i.e., : 4 miles from the wellhead location) accumulation of the hydrates when ©il is kept as
0.1; on the other hand, for the case with COil as 1, hydrates can already been sbrved by the middle section
of the owline and they passed that location at 3.5 hours. The e ect of CQil is more pronounced for the

geometry with low-spots where the low-spots are prone to the signi ant accumulation of hydrates at low

hydrate oil slip values..
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Figure 7.20: Hydrate volume fraction at the middle of the owline as a function of time after restart at COil
values of 1 and 0.1.

We have also shown the importance of the hydrate slip parameter in tamns of the hydrates risk associated
with the owline. Figure 7.21 shows the hydrate risk calculated by the HRE approach at 2 hours after the
restart for di erent COIil values. It is evident from Figure 7.21 that f or both COil cases, the system is in
the low hydrate risk region. Though signi cant di erences were not observed in both cases at 2 hours after
restart, we can see that at lower COil value, the hydrate accumulation kegins earlier along owline section.

When the restart was continued for 4 hours, we can see drastic changestime hydrate risk predictions over
the owline-riser system. It can be seen from Figure 7.22 that both cass with COil of 0.1 and 1, exceeds the
hydrate risk transition value and warns high plugging risk due to hydrates. When COil is smaller, we can see
that the hydrate risk is concentrated in the upstream region of the owline due to the lack of transportation
of the hydrates. However, at higher COil value the hydrate risk shifts towards the downstream region of the
owline due to the movement of hydrates along with the oil phase.

Figure 7.23 and Figure 7.24 discusses the e ect of the COil parameter at tiee di erent time-steps after
restart. This analysis is similar to the analysis provided in Figure 7.21 and Figure 7.22. One obvious
conclusion is that there is a systematic evolution of the hydrate riskover the owline-riser system as time
elapsed after the restart. For both cases where COil is 0.1 and 1, owlia riser system transitions from no
risk to low risk and later into high hydrate plugging risk. However, from both Figure 7.23 and Figure 7.24,
we can see that the portion of the owline that may face the hydrate blodkage issues can be determined

by the COil parameter. Thus, HRE analysis when coupled with COil as oneof the critical parameters can
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Figure 7.21: Hydrate risk predictions from the hydrate risk model (HRE) for COil as 1 and 0.1 at 2 hours
after the restart along the Caratinga owline-riser system.
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Figure 7.22: Hydrate risk predictions from the hydrate risk model (HRE) for COil as 1 and 0.1 at 4 hours
after the restart along the Caratinga owline-riser system.
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give us the safe time window for operation after restart. From a conservave mindset, HRE analysis, when
performed on the systems that are prone to hydrate formation, allows us at only to foresee the risk that

the system may face in the future but also suggest the necessary chages for avoiding the same.
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Figure 7.23: Hydrate risk predictions from the hydrate risk model (HRE) for COil as 1 at 0.25 hours, 2
hours, and 4 hours after the restart along the Caratinga owline-riser g/stem.

7.6 Mechanism of Hydrate Plug/Risk Formation in Transient Operations

The overall conceptual understanding of the transient operations stdied in this section can be well
explained by Figure 7.25 and Figure 7.26. Figure 7.25 shows the ow behavioas the system transitions
from the steady state well dispersed ow to the shut-in case wherghe phases are separated at stagnant
conditions.

Two di erent scenarios can exist based on the stability of water-in-ol (w/0) emulsion in the case of shut-
in operation. The conceptual picture shown in Figure 7.25 can be dividé in two timescales with respect
to no-touch time and cool-down time. No-touch time is the minimum cooldown time that is available for
the operators to correct any problems without having to take any action to protect the subsea system from
hydrates (Bai and Bai, 2005). The presence of the natural surfactants dictats the stability of w/o emulsion.
In case of the unstable w/o emulsion, during shut-in until no-touch time is reached, coalescence of water
droplets takes place to form bigger water droplets in a shorter duration oftime due to no ow conditions.

These bigger droplets start settling in the continuous water phase tlereby giving rise to the free water.
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Figure 7.24: Hydrate risk predictions from the hydrate risk model (HRE) for CQil as 0.1 at 0.25 hours, 2
hours, and 4 hours after the restart along the Caratinga owline-riser ystem of Caratinga eld.

Figure 7.25: Conceptual pictures of the oil dominated owline transitioning from a steady state to shut-in
(a) Steady state system, (b) and (c) Unstable and stable w/o emulsion reggectively, until no-touch time after
shut-in, (d) and (e) Unstable and stable w/o emulsion respectively vithin the hydrate stability zone after
shut-in.
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The system eventually leads to the separation of the oil and water phasesHowever, in the case of the
stable w/o emulsions, coalescence of the water droplets doesn't takdgre as soon as the shut-in conditions
are imposed. The water droplets stay in stable dispersed fashion at nmw conditions due to the natural
surfactants present in the oil phase (Zerpa et al., 2010). Separation of theil-water phases may occur in
case of the stable emulsions at longer timescales. As the system enténsthe hydrate equilibrium region,
one can expect a thin hydrate layer formation on the water surface. Siniar observations were also shown
by Grasso (2015) from the experiments performed with mineral oil and wate system in the rocking cell. As
there is no shear in the system at the shut-in conditions, the hydate formation is negligible and slow due

to the lack of mixing of the phases.

Figure 7.26: Conceptual pictures of the oil dominated owline that transitions from shut-in to restart. (a)
After long shut-in duration, (b) Immediately after the restart, and ( c) few hours after the restart.

Figure 7.26 shows the conceptual understanding of the owline as it tansitions from the long shut-in
condition to the restart conditions. A thin layer of hydrate may form at the interface for the long shut-in
periods as shown in Figure 7.26-(a). On restart, free gas bubbles that aneroduced at the wellhead entrain
in the stagnant phases. A thin layer of hydrate that is formed during the shut-in scenario is broken due
to the shear produced at the restart conditions. This gives rise to he crumpled ball hydrates with a large
amount of occluded water. On restart, the hydrates form mainly by two mechanisms, rst being the hydrate
formation on the entrained gas bubbles suggested by Joshi (2012) and secondby the interface provided by
the dispersed water droplets as shown in Figure 7.26-(b). Rapid formatin of hydrates on restart eventually
leads to the hydrate plug formation as shown in Figure 7.26-(c). If the tme required for rapid formation of
hydrates at a certain location in the pipeline is smaller than the time required for the hot uids to reach
the same location, one can con dently say that the hydrate plug will form at that particular location, which

may later cause an unplanned shut-down of the pipeline.
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7.7 Summary

Steady state and transient (shut-in/restart) hydrate formation model ing has been performed successfully
using OLGA" on the Caratinga eld geometry. An application of the hydrate risk model has been extended
from the owloop studies to the Caratinga eld oil and gas production operation. CSMHyK-OLGA " has
been coupled with the HRE correlation, which quanti es the hydrate risk associated with the owline as a
function of time and the owline length in case of steady state and restat operation. It has been found that
the amount of hydrates and the potential to transport them along the owli ne are signi cantly important
parameters, which govern the risk posed by the hydrates. HRE also deamstrates the e ect of the water
droplet diameter, duration of the shut-in, and the oil-hydrate slip from the hydrate risk perspective on
the restart operation. The hydrate risk assessment approach and the workw presented in this chapter
holds an important key for designing safe eld operations in the future ard in developing e ective hydrate

management strategies.
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CHAPTER 8
MODELING OF HYDRATE FORMATION RISK ON A REAL FIELD CASE USING CSMHYK

This chapter presents an application of CSMHyK-OLGA" to predict the risk posed by hydrates during
the shut-down/restart operation. Until now, CSMHyK-OLGA " model has been applied for the prediction
of hydrate formation in large scale industrial owloops as shown by Zerpa(2013). CSMHyK-OLGA" has
also been applied to predict hydrate formation in steady state operatios on a long subsea tieback where
Davies et al. (2009) have shown that CSMHyK is a convenient tool in estimting order of magnitude of
the time-scale for hydrate blockage formation. Similar applications are ado demonstrated by Boxall et al.
(2009) where the hydrate plug formation potential in a virtual subsea tieback is shown to be a function of
the amount of thermodynamic inhibitors injected. In addition, Zerp a et al. (2011) have discussed modeling
of the transient (shut-in/restart) operations and best practices to avoid hydrate plug formation in oil and gas
pipelines. All the cases discussed earlier demonstrate the capaibjyl and strengths of the CSMHyK-OLGA '
model, but they lack validation with actual eld test results. Rao (2013) demonstrated an application of
CSMHyK-OLGA ' , which involved the e ect of the hydrate-water slip factor (' CWater ' variable in OLGA " )
in predicting the pressure drop for Werner-Bolley eld operations (Matthews et al., 2000).

In this work, we have shown a similar application where CSMHyK-OLGA" was employed to predict the
hydrate formation risk and subsequent e ects on the oil and gas productn. The multiphase ow modeling
involved in this work was performed using OLGA' . It involved the steady state oil and gas production,
planned shut-down, and subsequent unplanned shut-down of the mduction due to an unexpected water

ingress in the eld operation.
8.1 Introduction of the Field(Hill et al., 2010)

The information presented in this section regarding this particular eld case is obtained from (Hill et al.,
2010). The eld studied in this chapter is operated by BP, which produces: 200 MMtonnes oil and gas per
year. There is a network of wells connected to a owline-riser sy®m, which is then connected to a host

facility that processes oil, associated water, and gas.
8.1.1 Fluids Speci cation

The crude oil produced from this eld has a speci ¢ gravity of 0.865 (equivalent to 32°API) with 701-954
SCF/STB (125-170 Sn¥/Sm? ) GOR. The viscosity of the crude oil is 30 cP at 59F during shut-down. The

owline inlet pressure during the steady state operation is 870-1500 psi. The inlet temperature is in the
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range of 140-185F. The temperature of the owline system generally drops down to 37-39F. The produced
water from this eld has a chloride content of 80-115,000 mg/l. This system can le categorized as an oil
dominated system, because the maximum value of water cut achieved ding the eld operation is low, which

is : 11%.
8.1.2 Geometry/ Con guration of Field

The production system has a owline of : 8 miles of total length. This owline has a low spot like
geometry, which includes two sections with a change of inclination at he half-way point. The rst section
is : 4 miles long and has a downhill slope of 0.38°. The second section has a slope oflin the opposite
direction (uphill side) with the total length of : 4 miles. The second section of the owline is connected to
the riser base (RB). This system receives the uids from three nanifolds located at the starting point (M23),

: 1.5 miles (M22), and: 3.8 miles (M21) from the upstream end. The riser is connected to the ownstream
section of the owline, which is at : 4000 feet depth from the riser top (RT) location. The geometry of
this owline-riser system and the well locations are shown in Figue 8.1. Based on the aforementioned

parameters, the OLGA" model was developed and adapted from Hill et al. (2010).

Figure 8.1: Geometry of the owline-riser system (BP eld). Left: G eometry of the owline till RB depicting
two sections of the pipeline with an inclination in the opposite direction. M21, M22, M33 are three manifolds
producing oil and gas, which is later transported towards the riser bas; Right: Geometry of the riser that
is connected to the owline on the upstream side and to the host facity on the downstream side, adapted
from Hill et al. (2010).
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8.1.3 On-Field Data Collection Instrumentation

Several types of instruments were available along the owline-risr system for data collection. Pressure
and temperature data were measured at the wellheads and on the manifoldressure temperature instru-
mentation was also available along the owline at each manifold and at RB-aboe and below the gas injection
eye. There was a provision for measuring the pressure and temperatel on the host facility at RT and in

the slug-catcher.
8.1.4 Strategies for Avoiding Risk of Hydrate Formation

In order to avoid the formation of the hydrates, wet insulation was provided. There was a provision for
displacement of the dead oil during the system shut-down as the sysm had longer (: 12 hours) cool-down
times. In addition, methanol injection was also available to protect the wellhead jumpers, manifold, and

manifold- owline connection.
8.2 Sequence of Events

In order to understand this particular eld case and relevant modeling in detail, we have presented the
key events that occurred during the eld operation. A detailed discussion of the events is presented later in
this chapter.

Day 1 : Start of the operation. Steady state was achieved. Steady state-uninteupted production of oil
and gas

Day 2 : Planned shut-down of the system after achieving steady state. Demssurization and uid
segregation occurred

Day 2-Day 8 : Seawater entered the subsea system, which lled many miles of th owline

Day 8 : Restart of production, which caused the forward movement of the oil-vater-gas interface.
Pressure at RB increased to an unexpected value causing shut-dovaf the system.

The hydrate risk associated with the owline-riser system, which resulted in the unusual pressure rise at

the RB, was modeled using OLGA .
8.2.1 Steady State Operation - Start of Production

Figure 8.2 shows the superimposition of the predicted pressure artémperature curves, operating pressure
and temperature data points measured from the pressure, and temperate gauges installed along the owline
at manifolds (M21, M22, and M23). We can see from Figure 8.2 that OLGA predicts v 900 psi of pressure
drop (P) and v 26°F of temperature drop ( T) for the owline section from M21 to RT. Simi larly, between

the extreme manifolds (M21 and M23) OLGA" predicts v 20 psi P and v 25°F of T as can be seen from
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Figure 8.2. The maximum deviation between the observations from the et and OLGA" predictions for
pressure and temperature isv 200 psi andv 30°F respectively. Overall, it can be seen that OLGA steady
state P and T measurements are in reasonable agreement with the operating data reported by Hill et al.

(2010).

Figure 8.2: Temperature and pressure observations from eld (Circleddata points) at the steady state
conditions along the owline-riser vs. OLGA" (solid lines) predictions. Modeled and recreated using the
data points available in Hill et al. (2010).

8.2.2 Planned Shut-down Operation

Once the steady state production as shown in Figure 8.2 is achievedhé system was forced to shut-down.
Shut-down of the system was carried out by closing the production fom the wells (M21, M22, and M23) in
the OLGA'" framework and shutting o the RT valve midway through the shut-down operation. The system
depressurized during this process as shown in Figure 8.4. Figure8shows the transition of the owline-riser
system from the steady state to shut-down conditions. We can see thathe pro le for the pressure is at
at three di erent locations in the owline-riser system until 2. 5 hours. After 2.5 hours, the sources are shut

0 in order to continue the shut-down operation, which can also be seerby the decrease in the pressure in
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Figure 8.3: Pictorial view of the owline-riser system showing the ow of oil-water-gas phases during the
steady state operation; green: gas, brown: oil, and blue: water. This piorial view is created based on the
holdup results obtained from OLGA" .

Figure 8.4. As there is no production during this time, the system ©ols down simultaneously due to the
transfer of heat to the subsea water, which is a colder temperature.

Figure 8.5 shows the di erence in pressure as a function of time dung the progress of the shut-down
operation. On the verge of the start of the shut-down operation, we can sethat the pressure di erence is
s 200 psi between the RB and M21 locations. The pressure di erence beten the M21 and RB locations
decreases as a function of time due to shut-down and is in good agreentemith the predictions from
OLGA" . OLGA'" does not perform well in predicting the dierence in the pressue between the two
consecutive manifolds, M21 and M22. After approximately one day, the presure at M21 and RB is observed
to approach equilibrium, which is also well captured by OLGA" as shown in Figure 8.4.

Figure 8.6 shows the liquid holdup predicted by OLGA' during the shut-down of the owline-riser system
as explained in the discussion earlier. The uneven spots in the oline-riser system are lled with liquid
as soon as the shut-down of the system is imposed, which can also be rseehen the liquid holdup reaches
1 as shown in Figure 8.6. However, the maximum portion of the owline dowstream is occupied by gas.
Based on the liquid hold up prediction from OLGA' , one can simply visualize the owline-riser system as
shown in Figure 8.7, where distinct segregation between the uids (digas-water) and interface between the

respective phases are shown.
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Figure 8.4: Pressure pro le at M21, RB, and RT during the shut-down opermation. Solid lines are OLGA
predictions and circled data points are the eld observations obtainedfrom Hill et al. (2010).

Figure 8.5: Pressure di erence between di erent locations along tle owline-riser system during the shut-
down operation. Solid lines are OLGA predictions and circled data points are obtained from Hill et al.
(2010).
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Figure 8.6: Liquid holdup along the owline system during shut-down operation. Shaded area shows the
accumulation of the liquid along the owline. Figure is recreated from (Hill et al., 2010).

Figure 8.7: Pictorial view of the owline-riser system showing the gas and water phase during the shut-
down process. This pictorial view is created based on the holdup redts shown in Figure 8.6 obtained from
OLGA' .
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8.2.3 Modeling of Seawater Ingress During Planned Shut-down

This section describes one of the important events that occurred diing the eld operation. During
eld trial, the owline-riser system faced an unexpected shut-down right after an attempt to the restart the
owline-riser system on Day 8. The attempt for restart followed the shut-down operation described in Section
8.2.2. During the eld trial, this particular unplanned shut-down w as actually a result of an unexpected
pressure rise at RB location. An investigation on the unexpected presure rise led to the detailed analysis
on 8 day long planned shut-down operation.

Under the planned shut-down conditions, the system depressuread quickly as shown in Figure 8.8. During
this time, the owline-riser system cooled down as expected. Bt after 2 days, an unexpected rise in the

pressure at M21 and RB was observed in the eld as shown in Figure 8.8.

Figure 8.8: Pressure at RB, M21, and RT during the shut-down period. 8lid lines are the predictions from
OLGA" and the circled data points are obtained from Hill et al. (2010).

Figure 8.8 shows the pressure pro le modeled by OLGA during the complete shut-down period at RB,
M21, and RT locations. The pressure of the system is initially observe to decrease due to the depressur-
ization during the shut-down operation. Once the pressure is eqlibriated and the system is cooled, the
pressure pro le at any location in the owline is expected to remain at. But as seen from Figure 8.8, after
around 2 days during shut-down, pressure at RB and M21 locations in@ases. This pressure continues to

increase slowly until the third day. The pressure gradient change at the time when the RT valve is closed
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as mentioned previously in Section 8.2.2. We can see from Figure 8.8 that ¢hpressure rises faster after the
riser valve is closed.

As per the investigations mentioned in Hill et al. (2010), an incorrectly installed clamp at the manifold
M21 had caused some mechanical problems at M21. As a result, seawater ergdrthe subsea owline-riser
system, which caused an unexpected rise in the pressure after yi@.

The seawater ingress at M21 location is modeled by providing an exteial water source at the same
location (i.e., M21) in the OLGA" framework. In order to model the water ingress, pressure data colleed
at M21 and RB locations was used as a monitoring variable. The pressure at M2and RB locations was
matched with the observations from the eld in order to nd the water i ngress rate. The OLGA modeling
study shows the water ingress rate during the shut-down to bes 360 gal/hr. OLGA" predicts s 200 psi at
M21 and s 60 psi di erence in the pressure at the RB location over the periodof s 6 days after shut-down.
This particular modeling exercise is performed with an assumptionof a constant water ingress rate. We
can see from Figure 8.8 that the pressure predicted by OLGA at M21 and RB agrees with the operating
pressure data reasonably well. A slow pressure rise seen right aftthe water ingress can be explained due to
the sea-water entering into the system. Since, the density of war that is entering is higher than that of the
oil, the rise in pressure is observed. Once the RT valve is closethe owline-riser system acts as a closed
system, due to which the pressure starts rising rapidly. An incease in the pressure gradient suggest that the
owline is lled completely with water and the riser is on the verge of getting lled with water. During this
process, as water is denser than the oil phase, it pushes oil from thew spot location to both upstream and
downstream locations as seen from the pictorial view in Figure 8.9. Figwe 8.9 also shows the location of
the sea water ingress and the distribution of the phases in the owlhe based on the holdup results obtained

from OLGA"™ modeling.
8.2.4 Planned Restart Operation (Day 8) - Hydrate Blockage Formation Risk

The owline-riser system remained in the shut-down condition for more than a week as mentioned earlier.
In the OLGA"™ model, the owline-riser system was restarted systematically afer a week of shut-down by
opening the RT valve, which was shut-o in midway during the shut-down period. In order to prevent the
mechanical failure and an instantaneous liquid surge, speci ¢ valve openg schedule is used. Valve opening
schedule is shown in Figure 8.10 in terms of the fractional valve openmas a function of time after restart.
An idea presented by Zerpa et al. (2012) was utilized in order to obtain tke appropriate valve opening
schedule. We can see from Figure 8.10 that the RT valve is opened slowbnd the production starts after
: 0.5 hour. The production eventually picks up over the period of 2.5 lours when the valve is completely set

open.
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Figure 8.9: Pictorial view of the owline-riser system showing the distribution of gas, water, and oil after
the water-ingress and the water ingress location during the shut-den process. This pictorial view is created
based on the holdup results obtained from OLGA .

Figure 8.10: Wellhead and the riser top valve opening schedule on the rzst operation after the completion
of 8 days of shut-down period.
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8.3 Modeling of the Hydrate Formation Risk on Restart Operation

This section presents the modeling results obtained after the retart operation. One can expect the risk
of gas hydrate formation and subsequent hydrate blockage formation in the @vline on the restart conditions
given the owline conditions (e.g., temperature, pressure, and ud accumulation) during the shut-down.

The owline-riser experiences the following conditions durirg shut-down.

1. As shown in Figure 8.7 pictorially and predicted by OLGA'" , segregation of the uids is observed.
Water pushes oil towards the upstream and downstream locations from th low spot as shown in

Figure 8.9.

2. The owline temperature decreases due to the heat loss to the ambint sea and an insu cient supply
of newly produced hot uids. As a result, the owline temperature falls under the hydrate formation

region as shown in Figure 8.11.

3. Once the turbulence (i.e., mixing of phases) is achieved in theowline during the restart ramp-up,

presence of water phase and very low temperatures can trigger the rapidydrate formation process.

We applied CSMHyK-OLGA" in order to model the risk associated with hydrate formation in the owline
on restart conditions. This model will be utilized to capture the hydrate growth based on the sub-cooling
available in the system. Basics related to CSMHyK-OLGA hydrate formation modeling equations are
provided in Section 5.1.1 in Chapter 5.

Figure 8.11 shows the hydrate equilibrium curve for the uids usedin this eld case. The Multiash '
PVT package was utilized in order to generate the hydrate equilibrium RT curve. Note that in Figure 8.11,
during the shut-down, the temperature falls in the hydrate favorable region. The equilibrium curve shown
in Figure 8.11 was provided to OLGA' to assess the risk of hydrate formation along the owline during the
restart simulations. This curve was also utilized to calculate the diving force required for hydrate formation.

The CSMHyK-OLGA "™ model is utilized to calculate the amount of hydrate mass formed as a fuction
of time and the owline-riser length. The owline-riser system is restarted by opening the RT valve. At that
instant, three wells (i.e., M21, M22, and M23) present in the production network are also allowed to produce
uids. Once the three manifolds start producing, a stagnant layer of the oil and water start moving in the
downstream direction due to an increase in the uid movement. Themovement of the uids may disturb
the interface between the oil and water phases depending on the lelvef turbulence present in the system.

Figure 8.12 presents the temperature pro le at the RB location in the owline obtained from CSMHyK-
OLGA"™ modeling. The hydrate equilibrium temperature is 52F at the shut-down conditions and changes

to 70°F when 3 hours have elapsed after the restart of operation. The increasa the hydrate equilibrium
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Figure 8.11: Hydrate equilibrium curve created using Multi ash” for the uids produced from the BP eld
case. The circle shows the operating conditions on restart which Ige well under the hydrates formation
region. Shaded red region shows the hydrate favorable region and shaded greregion is the hydrate free
region.

temperature is observed due to an increase in the pressure of thesgm on the restart. Figure 8.12 shows
that the RB temperature is 40°F at the shut-down conditions, which is more or less close to the sules
temperature. On the verge of the restart of production, subcooling ofl5°F is available. There is a very
large probability that the availability of higher subcooling can trigger t he hydrate formation when su cient
mixing of the uids is achieved. As seen from Figure 8.12, 1 hour after resrt, an increase in the hydrate
equilibrium temperature is observed due to an increase in the pigsure of the system. At this time, the valve
is not completely open due to which the production is in slow ramp upmode; as a result, there is not enough
mixing of the phases. Although there is no hydrate formation at the RB loation until 2 hours after restart,
the risk of hydrate formation at other upstream positions still exists.

The temperature pro le presented in Figure 8.12 shows that OLGA predicts the hydrate onset event at
the RB location at 2 and 2.5 hours after restart. A steep increase obserekin the temperature curve is due
to the heat generated in the system because of an instantaneous hydratermation process. At the second
hydrate formation event, which occurs at 2.5 hours after restart, the €mperature at RB increases rapidly
and reaches the hydrate equilibrium temperature shifting the sywtem to the heat transfer limited mode. This
rapid increase in the temperature is solely due to the rapid formationof hydrates at RB. The instantaneous

hydrate formation is achieved by the turbulent mixing of the gas and watea phase. The phases mix when
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the production has reached its maximum value after the production vales are set open to 100% .

Figure 8.12: Flowline temperature and the hydrate equilibrium temperature at RB location in the owline
as a function of the time after restart.

Figure 8.13 shows the risk associated due to hydrates formed in the siem as a function of time at
the RB, manifold, and RT locations. We can see that the hydrate onset evet does not occur at M21.
As the production is restarted, M21, M22, and M23 start producing, which in-turn causes the movement
of the oil-water interface from M21 location towards the downstream direction. At M21, even though the
shut-down temperature is below the hydrate equilibrium tempeature, the hydrate formation event does not
occur due to the lack of mixing of phases. As time progresses during start, hot uids produced at M21
avoid the hydrate formation at that particular location. We can see multip le hydrate onset events at the
RB location, which is also in agreement with the observations from the émperature pro le obtained from
OLGA'" . The rst hydrate onset occurs after 2 hours as seen from Figure 8.13. Athis time, the RB location
comprises 3% of the hydrates compared to the total volume. As time progress, hydrates are transported
along the owline. This is the main reason for the decrease in the hydate amount at the RB after the
rst hydrate onset event. At 2.5 hours, as seen from Figure 8.12 and Figure8.13, the second hydrate onset
event is predicted by OLGA" . During the second hydrate onset, the hydrate volume fraction reache to
. 23%, which is relatively higher compared to the earlier hydrate onset gent. Based on the hydrate onset
and the transportability of hydrates, the RT location is observed to have the hydrate volume fraction of 7%

compared to the overall volume. Figure 8.13 also implies the risk of plgging the owline-riser system due
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to hydrate formation.

Figure 8.13: Plot of hydrate volume fraction (implied hydrate plugging risk) predicted by CSMHyK-OLGA '
at di erent locations along the pipeline as a function of time after regart. M21, RT-1, and RB stands for
manifold, riser top, and riser base.

Figure 8.14 represents the predicted hydrate volume fraction showtin Figure 8.13. We can see a move-
ment of the interface between the uids when M21, M22, and M23 start prodicing oil and gas. The RB
location is a ected the most due to the formation of hydrates. In other words, the RB location poses higher
risk of hydrate blockage formation. Note that the pictorial view shows the owline lled with a particular
single phase at various locations. We can see from Figure 8.13 that at the RB, 23%f the total volume
is occupied by the hydrates, whereas the rest of the volume of the peline is lled with other liquids (i.e.,
mainly oil and unconverted water).

Figure 8.15 shows the prediction of the pressure variation compared tohte real eld observations at dif-
ferent locations when the system transitions from shut-down to retart conditions. The pressure is stabilized
during the shut-down process as shown is Figure 8.15 and the modedj results are in reasonable agreement
with the eld observations. Initially, at the 0.0 hour, the owline i s at shut-down conditions as can be seen
from Figure 8.15. As explained earlier, the rst step involved in restarting the operation is opening of the RT
valve according to the valve opening schedule shown in Figure 8.10. As a@sult, the pressure at various loca-
tions along the owline-riser system decreases for some period ofrtie until the sources (i.e., M21, M22, and

M23 ) are restarted. Once the production starts, the system starts @livering new uids, thereby increasing
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Figure 8.14: Pictorial view of the owline-riser system showing thedistribution of oil, gas, water, and hydrate
phases after the hydrate formation on restart. This pictorial view is created based on the holdup results
obtained from OLGA' .

the pressure of the system. We can see from Figure 8.15 that the restaend source opening operation is
performed at : 1 hour. Though the pressure predicted by OLGA is not in good agreement with the eld
observations, OLGA" predictions capture the pressure variation trends after the restat very well as seen
from Figure 8.15. This pressure rise is a combined e ect of the static éad, due to the movement of the
oil-water interface along the riser, as well as the formation of hydrates hat give rise to a viscous multiphase
slurry.

We can see from Figure 8.15 that the pressure at the RB reaches a very higlalue (: 2300 psia, predicted
and observed) after: 3 hours, which suggests the risk of hydrate plugging in the pipeline According to the
safety protocol, the pressure observed at the RB exceeds the safe wel thereby imposing an unexpected
shut-down of the operation. The pressure at the RB and M21 locations redt a stable value because of the
unexpected shut-down of the system. CSMHyK-OLGA model, when applied for this particular system,
also shows the rise in the pressure after 3 hours, which is in good agreement with the observed results from
the eld. In order to investigate and understand this unexpected pressure rise, which creates the hydrate risk
situation at the RB, we have discussed the phase holdup results obtaed from OLGA" for oil, water, and
hydrate phase along the riser. These results are discussed at thref erent timestamps of 2.5, 2.6, and 2.7
hours. These timestamps perfectly lie in the vicinity of the unexpected pressure rise shown in Figure 8.15.

Figure 8.16 shows the distribution of the condensed phases (i.e., pivater, and hydrates) along the riser

geometry at the timestamp of 2.5 hours based on Figure 8.15. At this time, thepressure of the system is
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Figure 8.15: Pressure predictions from OLGA at M21, RB, and RT locations when the subsea owline-riser
system transitions from shut-down to restart conditions and followed by an unplanned shutdown due to an
unexpected pressure rise. Solid lines represent the predions from OLGA" and the circled data-points are
the actual eld observations obtained from Hill et al. (2010).
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below the approved safety protocol value, which allows the owlineriser system to continue to produce. At
this particular timestamp, as predicted by OLGA" , the riser is lled with water. It can be seen that the
hold up of the water phase decreases along the riser con guration. At thigime, the hydrate formation risk
is captured by the rst hydrate onset event, which is also explainal earlier. But the amount of hydrates
formed during the rst hydrate onset are very small; thus, its e ect is not re ected in the pressure captured
at the RB location. The phase distribution/phase movement at 2.5 hours imestamp along the riser is shown
in Figure 8.17 where we can see that the riser is lled with oil, water,and gas. As the amount of hydrate
mass is much less in the riser as shown in Figure 8.17, the risk of hydratblockage formation at 2.5 hours is
substantially decreased. Note that the hydrate plugging risk discussd here is purely based on the amount

of hydrates present at a particular timestamp.

Figure 8.16: Plot of water and hydrate phase distribution along the riser at 25 hours timestamp shown in
Figure 8.15.

Similar to the discussions regarding the hydrate risk along the rise described in Figure 8.16 and Fig-
ure 8.17, we have shown the hold up of water and hydrate phase at 2.6 hours tiestamp (i.e., : 6 minutes
after 2.5 hours timestamp) in Figure 8.15. We can see that there is a subattial increase in the hydrate
holdup at the RB location in Figure 8.18, which increases the risk of hydate plug formation. This is purely
due to the second hydrate onset event that is captured by the CSMHyYKOLGA"™ model. The hydrate phase
holdup pro le depicts the transportation of the hydrates towards the RT location as a function of time. As

a consequence of the hydrate formation and transportation, water hold up alog the riser decreases at this
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Figure 8.17: Pictorial view of the distribution of the water and hydrate phase along the riser at 2.5 hours
timestamp shown in Figure 8.15. This pictorial view is created based onhe holdup results obtained from
OLGA' .

particular timestamp. According to the results obtained from OLGA" , the riser is lled with the newly
formed hydrate phase. This gives rise to a viscous hydrate slurry. igure 8.13 implies an increased hydrate
blockage formation risk at the RB location due to a signi cant increase inthe amount of hydrates. The
results shown in Figure 8.18 can also be viewed in the form of a schematas shown in Figure 8.19 where
we can see the locations that have a higher hydrate risk potential.

Similarly, a timestamp, which is in the real vicinity of the unexp ected pressure rise and subsequent
unplanned shut-down is shown in Figure 8.20 and Figure 8.21. Observatianfrom the eld and OLGA'
modeled pressure exceeds the safe value for pressure at 2.7 hourestep shown in Figure 8.20, which is also
an indication of a higher hydrate plugging risk. 2.7 hours is the closestimestamp that we could choose from
OLGA" simulations for showing the movement and the e ect of the phases pr&ent in the riser con guration,
which ultimately a ect the pressure at the RB. Figure 8.20 shows that there is a further decrease in the
water hold up near the RB location, which is later found to increase alonghe riser. Based on the simulation
results, we rmly believe that a signi cant portion of the riser volu me is lled with water. During this
time, hydrates formed in the previous timestamp are further transported along the riser where they are
transported towards the RT location. At this time, we can see that the hydrate volume fraction in the riser
is : 0.17. The rest of the riser volume is occupied by oil and gas phases, shownFigure 8.20. As compared
to the hydrate risk scenario at the 2.6 hours timestamp, a rise in theamount of hydrates along the riser
has created the potential of the formation of the hydrate blockage in the réer. We can visualize the actual

situation from Figure 8.21 where we can see that, unlike the earlier tirestamp of 2.6 hours, the hydrates

129



Figure 8.18: Plot of water and hydrate phase distribution along the riser at 26 hours timestamp in Fig-
ure 8.15.

Figure 8.19: Pictorial view of the distribution of the water and hydrate phase along the riser at 2.6 hours
timestamp from Figure 8.15. This pictorial view is created based on the halup results obtained from
OLGA" .
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are distributed along the riser system; thus, giving rise to a visous hydrate slurry. We rmly believe that
the pressure rise at RB location is a combined e ect of the static presure head, due to the denser water
phase, and the viscous oil, water, and hydrate slurry. In order to con m that the presence of hydrates is
responsible for the increase in the pressure at the RB location, wedve shown OLGA simulations where

formation of the hydrates is forcefully restricted.

Figure 8.20: Plot of water and hydrate phase distribution along the riser at 27 hours timestamp from
Figure 8.15.

Figure 8.22 shows the pressure predicted by OLGA at the RB, M21, and RT locations during the
transition of the owline-riser system from shut-down to restart conditions in the absence of the hydrate
formation. Figure 8.22 can be analyzed in the similar fashion as in Figure 8.15. Netthat the CSMHyK model
is not applied in order to obtain the results shown in Figure 8.22. In theabsence of hydrate formation, even
though the pressure temperature conditions that are favorable for hydate formation are achieved, hydrate
formation is forcefully restricted in simulations. As a result, we can see from Figure 8.22 that the pressure
at the RB does not reach a higher/unsafe value after. 3 hours and it does not pose any risk on the regular
operation. Similarly, the pressure actually decreases as the water aohn present in the riser is received
at the host facility. As a result, the production approaches steady stae. Steady state conditions for this
process can be visualized from the pressure traces after2.7 hours as shown in Figure 8.22. In conclusion,
it can be seen from Figure 8.15 and Figure 8.22 that the pressure surge after3 hours during restart, which

implies the hydrate blockage formation risk is not solely due to the novement of water-oil interface in the
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Figure 8.21: Pictorial view of the distribution of the water and hydrate phase along the riser at 2.7 hours
timestamp in Figure 8.15. This pictorial view is created based on the holdp results obtained from OLGA" .

riser but also has a signi cant contribution from the viscous hydrate durry that is formed during restart.
8.4 Summary

This chapter has summarized a real eld application where the CSMHyK-OLGA"™ model is used to
predict the hydrate formation event and hydrate plugging risk, which is responsible for the subsequent
unexpected pressure rise resulting in an unplanned shut-dowf the owline. This particular study has
been performed over a BP eld, which includes the production fom three manifolds further connected to
a owline-riser system. Modeling results obtained from OLGA" for the steady state operation have been
validated over the eld results obtained from Hill et al. (2010). Subsea vater entrance in the owline-riser
system during the shut-down has also been modeled by the intragttion of a water source at manifold M21
in the OLGA" model. The modeled water ingress rate has been found to kie360 gal/hr in order to achieve
the pressure increase that is observed from the eld results. Th@OLGA" modeling results for the restart
operation have captured the pressure rise observed from the eld mults. The distribution of the phases and
their relative movements have shown that an unexpected presserrise beyond the safe operation limit and
the following subsequent unplanned shut-down of the owline-iser system is due to the mixed e ect, which
involves the movement of the water column and the formation of a viscous ydrate slurry in the riser. In
conclusion, this study has shown the modeling and consequences dfet hydrate blockage formation using

the CSMHyK-OLGA " model on a real eld case.
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Figure 8.22: Pressure predictions from OLGA (solid lines) comparison with observations from eld oper-
ation (circled data points obtained from Hill et al. (2010)) at M21, RB, and RT loc ations when the subsea
owline-riser system transitions from shut-down to restart conditions in the absence of hydrates.
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CHAPTER 9
SUMMARY AND CONCLUSIONS

This dissertation contributes towards solving hydrate blockage formation issues that hinder the uninter-
rupted ow of oil and gas resulting in ow assurance. Flow assurance isone of the critical sectors in the
oil and gas industry, which requires understanding of the basic sciece that includes knowledge about the
reservoir uids, their behavior as a function of temperature, presure and their interaction with other chemi-
cals. Additionally, during the design of new elds, ow assurance plays an important role in the preliminary
stages, which include sizing of pipeline, selection of thermal indation and selection of inhibitors based on
the reservoir uid properties in designing safe operation.

As the industry is shifting from applying hydrate avoidance methods to accepting hydrate management
technigues, current available mathematical tools play a signi cant role in developing and improving present
hydrate management techniques. From an economic perspective, in ordéo apply any hydrate manage-
ment solution (i.e., injection of LDHI, THI, and KI), one has to have know ledge about the risk posed by
hydrates on the production system. The tools that capture the hydrate-related phenomena (i.e., CSMHyK,
CSMHyFAST) are able to estimate the quantity of hydrates formed during the operation; however, they
do not provide a quantitative measure of hydrate plugging risk as the hylrates accumulate in the system.
Lack of understanding about the risk will hinder the development of e ective hydrate management strategies
and safe production design. Through this thesis, we have developed rrovel approach for the hydrate risk
assessment and quanti cation for various ow systems with the help of &perimental knowledge as well as
provided guidelines on its application with the present hydrate quanti cation tools.

The main conclusions that can be drawn from the research conducted forhis thesis are:

1. CSMHyFAST-hydrate formation model for water dominated system was devéoped. Simple mathemat-
ical sub-models and user friendly nature makes CSMHyFAST advantageousver CSMHyK-OLGA " .
This hydrate formation model was benchmarked against the experimentaldata obtained from the
ExxonMobil owloop facility for water dominated and 100% water cut systems. The prediction error

for the model is within 0.1 absolute hydrate fraction.
2. User friendly GUI for CSMHyYFAST was developed for the operation of water doninated model.

3. The hydrate risk for water dominated systems, which is measured irterms of the hydrate amount is
called as hydrate plugging onset was successfully modeled using CSlYFAST water dominated model

framework.
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4.

10.

11.

Relative viscosity of the uid in the presence of hydrates is di c ult to measure in real eld operations

and can be a misleading parameter from the hydrate risk assessment psgrective.

. CSMHyFAST can be used as a screening to tool to select the worst scaos for detailed and in-

depth CSMHyK-OLGA " simulations from several ow cases that face hydrate issues. As a reguyl

CSMHyFAST can become a successful precursor for CSMHyK-OLGA simulations.

. The owloop experiments performed at ExxonMobil owloop facility with Conroe oil (i.e., oil dom-

inated systems) were revisited in order to understand and decoupl the physical phenomena (i.e.,
emulsi cation, agglomeration, accumulation, and settling/bedding) occurring the ow-system in pres-
ence of hydrates. The conceptual picture for hydrate plugging risk foroil dominated systems was

developed based on the pressure drop observations as a function of hydeatraction and time.

. Based on the conceptual model for hydrate plugging risk, the hydrate isk model (i.e., Hydrate Risk

Evaluator) was developed and validated. This model comprised of easily aessible and measurable
parameters like liquid loading, mixture velocity, uid propertie s. A competition between the forces
that favor hydrate growth (i.e., agglomeration, deposition) and smooth uid ow (i.e., inertia, collision)

acting on the hydrate ow system is an integral component of this model.

. Though the hydrate risk model follows an empirical approach, it captues the physics associated with

the parameters that govern the ow system. The hydrate risk decreass with an increase in the mixture
velocity due to better transportability of hydrates, and decreaseswith an increase in the hydrate carrier
phase (i.e. liquid loading) present in the system. Additionally, the presence of surfactants, which is
one of the factors that govern the interfacial tension and in-turn agglomeraton of hydrates decreases

the hydrate plugging risk of the systems by keeping the hydrate paricles dispersed.

. The hydrate risk model has been successfully coupled with CSMH§+OLGA " to predict the hydrate

risk evolution on a subsea tieback as a function time and amount of hydrate along the owline-riser

length for steady state and transient operation.

Water droplet size is one of the important parameters that a ect the hydrate blockage formation in
transient operation. According to the model predictions, the ow system with a smaller water droplet

size is prone to a higher hydrate risk after restart.

Oil-hydrate slip is a critical parameter for determining the region of the owline-riser system that

posses high risk of hydrates accumulation. This parameter depends on ¢hinteraction between hydrates
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12.

13.

and the type of oil; thus, experimental study that can focus on evaluaton of the oil-hydrate slip is

challenging.

The hydrate risk model, when applied on restart conditions to undestand the e ect of duration of
shut-in showed that longer shut-ins are more problematic in terms of fdrate-related issues compared

to shorter shut-ins due to more separation between oil and water.

The hydrate risk model can be used in order to design e cient hydiate management- ow assurance

strategies.
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CHAPTER 10
SUGGESTIONS FOR FUTURE RESEARCH

In this work, a novel comprehensive model that can predict the hglrate plugging risk for oil dominated
systems and condensate systems is developed based on the experitabdata collected in the high pressure
owloop apparatus. This model overcomes the limitations associated wth the hydrate risk assessment
approach proposed by Zerpa et al. (2012) and provides an improved picturéor the hydrate risk assessment.
Even though an application regarding its employment over the real eld scenarios is demonstrated in this
work, generalized guidelines about its industry-wide use need to é developed. The hydrate risk model
developed during this research is an outcome of the rst pass e orts takn in order to solve the hydrate-
related problems faced by the oil and gas industry, thus it holds a signcant potential for improvements in
incorporating various missing parameters and validation over eld case twdies.

Furthermore, there are a few speci ¢ suggestions outlined in this lsapter that are related to the improve-
ment of the hydrate risk model as well as the components and tools (e.gGSMHyFAST, CSMHyK-OLGA " )

closely related to the hydrate risk assessment model.
10.1 Improvements in the Hydrate Risk Model

A hydrate risk model developed in this research work classi es thdow and intermediate/high hydrate
plugging risk region in terms of easily accessible parameters (e.g.gliid loading, mixture velocity, and inter-
facial tension). The interfacial tension is the only parameter that may take into account the agglomeration
phenomena occurring in the system. With agglomeration being one of theritical steps in the hydrate block-
age formation, interfacial tension parameter solely may not be enough to adass the agglomeration in the oil
dominated systems. The incorporation of agglomeration physics in terms ofahesive forces present between
the hydrate particles, growth of hydrate agglomerate, and the size of the ydrate agglomerate would improve
the present quanti cation of the hydrate plugging risk and make it much more generalized for various ow
systems. During this improvement process, keeping the nal ersion of hydrate risk assessment model simple

and easily acceptable by the industry colleagues remains challenging.
10.2 Unied Model for Hydrate Plugging Risk

Vijayamohan et al. (2015) and Joshi (2012) have discussed the hydrate risk caltation approach for
partially dispersed and water dominated systems respectively. Tis theis discussed hydrate risk quanti -

cation for oil dominated systems and condensates (presented in AppendiC) Future research can involve
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unifying the hydrate risk models developed for various systems. nl order to achieve this, signi cant e orts

will be required to understand the common physical phenomena occaung in all systems. In addition, a
dimensionless parameter that can determine the type of ow system€.g., oil dominated, water dominated,
and patrtially dispersed) as a function of the uid properties and shearrate in the system can be included in
the present version of the hydrate risk assessment tool. A comprehsive hydrate risk model irrespective of
the type of ow systems would be a great contribution towards understanding the hydrate risk for oil and

gas producing owlines.
10.3 Hydrate Prediction Model for Hydrate Deposition & Partially Disper sed Systems

The current version of CSMHyK-OLGA" , which is used to show the hydrate growth phenomena in real
eld scenarios as discussed in Chapter 7 and Chapter 8, do not considerytirate growth on the pipe wall.
Hydrate growth on the pipe wall ultimately results in solid hydrate deposits. Hatton (2002) has shown the
evidence of a solid hydrate deposit formation on the wall as well as the foration of hydrates in the bulk liquid
during the owloop experiments performed at the Southwest Researh Institute (SWRI) in San Antonio,
TX. A hydrate deposition model for the gas dominated systems is incorporatd in CSMHyK-OLGA " plugin
platform (Rao, 2013; Zerpa, 2013); however, CSMHyK lacks the hydrate depositiomodel for the bulk liquid
systems. Signi cant e orts are required in developing the hydrate deposition model similar to the model
that is presented in the work performed by Grasso (2015). Its succesdfimplementation in current version
of CSMHyK will have a great impact in the direction of hydrate formation/de position modeling.

In addition, the hydrate growth model for partially dispersed systems needs to be developed and incor-
porated in CSMHyK. Vijayamohan et al. (2014) have shown that partially dispersed systems are the worst
case scenarios in terms of hydrate blockage formation. Thus, the modehat can predict the hydrate growth
in the partially dispersed systems in terms of mass transfer and heatransfer resistance will be a valuable

contribution in establishing an overall comprehensive CSMHyK hydiate formation model.
10.4 Improvements in the Work ow of the Applications of Hydrate Formation Models

Presently, CSMHyK only utilizes a case speci ¢ hydrate formation madel (i.e., speci ed or selected by
user) for the prediction of the hydrate-related phenomena in oil and gasowlines. The conceptual picture
for the oil dominated and water dominated system is shown in Figure 10.1. Ingeneral, very long owlines
producing oil and gas may experience di erent ow systems (e.g., didominated or water dominated) in
di erent parts of the owline based on the topography, ow regime, and th e presence of chemicals. As a
result, application of a speci ¢ hydrate formation model will pose limitations in the overall modeling e orts.

As a consequence, the hydrate formation predicted by the model in aegtain portions of the owline may
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not be reliable.

Figure 10.1: Schematics depicting the area in the owline that is govened by the oil dominated and water
dominated ow system.

In order to improve the prediction of hydrate amount from the modeling perspective, a few modi cations
in the CSMHyK-OLGA " work ow can be included. A parameter that can calculate the water continuous
fraction inside OLGA" framework would play an important role in assigning a particular hydrate formation
scheme along the spatially discretized owline. This will have asigni cant impact in modeling overall hydrate

formation in long subsea tiebacks based on the presence of a speci ow system.
10.5 From Steady State Towards Shut-in/restart

The abundant hydrate formation knowledge in the steady state operation isshifting the industry minds
towards understanding the transient operations. The time has come tanvestigate the hydrate formation
during the shut-in/restart process on a lab scale apparatus (e.g., autolave, mini owloop). This can lead to
large owloop high pressure experiments. The shut-in/ restart hydrate formation modeling performed using
CSMHyK-OLGA " in this thesis assumes the uniform diameter of the water droplets at apeci ¢ timestep.
This assumption may not hold true during the restart process. Afterthe restart, change in the water droplet
size distribution can be observed in the system as a function of timeafter the restart due to increase in
the shear present in the system. During the restart conditions, aninvestigation of the water droplet size
distribution will be a critical step for this particular direction of research, which will ultimately develop the
droplet size distribution models, thus aiding in an accurate predction of the hydrate formation on restart

operations.
10.6 Incorporation of LDHI and Validation

In order to develop e ective hydrate management techniques, one shdd have a detailed understanding
of the mechanism that AAs and KHIs induce on hydrate formation. The e orts in determining the cohesive
force between the hydrate particles are intensively taken at the Ceter for Hydrate Research using Micro-

mechanical Force (MMF) apparatus. MMF experiments that determine the forces of attraction between
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the hydrate particles in the presence of AAs will explore the perfornance and the e ect of AAs on the
agglomeration of hydrate particles. The e ect of AA can be translated in preent CSMHyK-OLGA " model
in order to perform the simulations for the real eld operations. A proof of concept for the application of
AA mechanism coupled with CSMHyK-OLGA" is presented in Appendix B. In the future, validation of the
application of AA physics coupled with CSMHyK-OLGA " on the real eld operations can be performed to
transform the lab-scale knowledge about AAs to real eld applications. Thefuture work will involve several
high pressure MMF experiments in the presence of crude oil systes and various commercial AAs present in
chemical industry. Additionally, in the future, MMF apparatus can als o be utilized to rank AAs according

to their performance in avoiding the hydrate agglomeration.
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APPENDIX A
CALCULATION OF HYDRATE FRACTION FOR FLOWLOOP EXPERIMENTS

This section describes the calculation of the hydrate volume fractionat any given point of time in the
owloop. The pressure of the loop decreases as gas is consumed due tethydrate formation. In order
to perform a constant pressure experiment, gas is injected using gasccumulator provided in ExxonMobil
owloop

At time = 0, the total moles of water present in the loop (Ny,o0 10opt =0 ) Was calculated based on the
measured mass of water charged initially and the molecular weight of waterriy,o ioop;t =0 ). This is shown

in Equation A.1
NH,0 loopit=0 = MH,0 loop;t =0 MW4y,0 (A1)

At any time t, the moles of methane present in the loop fich, 100p;t ) Was calculated based on the system
conditions like the volume available for gas VcH, 1oop:it ), Pressure Pigop:t ) and temperature (Tigop;t ) USING
Equation A.2. Compressibility factor (Zsrk.t ) at any time t, was calculated using the Soave - Redlich-Kwong
equation of state.

Veh 4 loop;t I:>Ioop;t (A 2)
ZSRK;t R Tloop;t '

NcH, loopt =

Equations A.3 through A.7 were used to calculate the moles of gas convertedthydrates (Nch, consumed:t )
. The moles of hydrates formed were calculated by multiplying the moés of gas converted to hydrate by
the stoichiometric ratio that was obtained using CSMGem. The moles of lgdrate formed (Nhygrate;r ) Were
then converted to volume of hydrates {/hydrare )Y multiplying with the density of hydrate ( Nnydrateyr ), also

obtained from CSMGem.

M NcH, injected;t = NcH, injected;t NcH, injected;t Mt (A-3)

Mnch 4 loopst = NCH, loop;t NcH, loopt Mt (A.4)

NCcH, consumedt = NCH, consumedit Mt M NcH, loop;t + M NcH, injected;t (A-5)
nhydrate;t = khydration NcH, consumed:t (A-6)

Vhydrate;t = hydrate Nhydrate;t (A-7)

Gas and water amount in the loop decreases as hydrate formation progresseshd volume of water left

in the loop was calculated using Equations A.8 and A.9
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NH,0 remainingt = NH,0 loop;t 7 NcH, consumed;t (A-8)

VHZO remaining;t = r'|H20 remaining;t water (A_9)
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APPENDIX B
CASE STUDY: INCORPORATION OF ANTI-AGGLOMERANTS PHYSICS IN CSMHYK-OLGA '

Current capabilities of the CSMHyK-OLGA " model include the prediction of hydrate-related phenomena
in oil dominated and water dominated systems. Additionally, it is capable of designing subsea operations
that involve Thermodynamic Hydrate Inhibitors (THI) to avoid hydrate formation. However, CSMHyK-
OLGA" lacks incorporation of Low Dosage Hydrate Inhibitors (LDHI)-Anti-Agglomerants (AAs ). At the
current stage, OLGA" does not include any functionality that involves injection of AAs. Signi cant e orts
were made to implement AAphysics, studied at the laboratory scale, inb CSMHyK-OLGA ' . As a result,
it will enable the user to model AA injection (in water) based on the water cut and system requirements to

avoid hydrate plug formation.
B.1 Method Used to Implement AA Injection in CSMHyK-OLGA r

The performance of various AAs, in the presence of cyclopentane hydratewas studied by Brown using a
Micromechanical Force (MMF) apparatus (Brown, 2015). Details on AAs can also bdound in Brown (2015).
Cohesion force measurements as a function of AA concentration were utiléd to develop a correlation, which
can be incorporated in CSMHyK. AAs mainly modify cohesive forces presdrbetween the hydrate particles
as a function of AA concentration in water. Cohesion forces were tted to the AA concentration to obtain
Equation B.1 for AA concentrations less than 0.18 vol.%. Equation B.2 is appkable at AA concentrations

larger than 0.18 vol%.

Cohesive Force=0:1993 (AAConc:) %49 (B.1)

Cohesive Force = 0:0024 (AAConc:) %16 (B.2)

Figure B.1 illustrates incorporation of AA physics in the CSMHyK modul e in OLGA" . As CSMHyK
does not have any provision for AA injection, of the THI tracking option is used, which is available in
OLGA'" . The THI tracking module allows one to obtain the concentration of the THI species in the water
phase. By making use of the inhibitor concentration, one can implementAA tracking. Note that AAs are
just imaginary species in this case, which are incorporated by makinghanges in cohesive forces. Cohesion
forces are modi ed along the owline, given the concentration of AAs injected at the wellhead. As a result,
in the presence of AAs, one can expect a drastic change in the relative sgosity of the system. Injection of
AAs and subsequent changes in the relative viscosity based on the cohesiforces are demonstrated on the

Caratinga subsea tieback.
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Figure B.1: Work ow involved in incorporation of AA-physics in CSMHyK-OLG A" .

AA physics coupled with CSMHyK-OLGA ® using the THI-tracking module was applied to demonstrate
the e ect of AAs on hydrate plug formation. This particular case study was performed on the Caratinga
subsea tieback & uids, which were well explained in Chapter 5. A ¢eady state case was simulated using
CSMHyK-OLGA " . Initially, at the wellhead, the liquid loading was 80 vol.%, and water cut was 50 vol.%.
Once the steady state was achieved after 10 hours, water, gas, and hydrateldup at wellhead location is
: 0.6, 0.09, 0.00, respectively. The wellhead temperature is 158 (70°C). The water owrate calculated by
OLGA® at the wellhead location is: 158500 gal/day (600 n¥/day).

B.2 Results and Discussions

As shown in Figure B.2, the subsea tieback experiences hydrate forion along the owline, thus AA
injection is necessary to overcome issues that may arise due to hyate formation. In order to avoid hydrate
plug formation, AA concentration of : 0.5 wt.% is injected at the wellhead location at a owrate of 0.06
Ib/s (0.03 kg/s), given the water ow rate of 158500 gal/day (600 m3/day). As hydrate formation is not
a ected by AA, the hydrate amount predicted by CSMHyK-OLGA " remains unchanged, as a function of
AA. As the AA injection starts, AA travels along the owline in the water p hase. The AA concentration can
be successfully tracked and is shown in Figure B.3 along the owlia. AA reaches towards the downstream
region with a maximum in the middle location of the owline-riser sy stem.

Figure B.3 shows the relative viscosity of the system when AA is preent and absent. It can be seen
that the relative viscosity is higher and reaches: 15, when AA is not present in the water phase. However,
the relative viscosity of the system is reduced by: 80% in the presence of AAs. This is mainly due to the

reduction in the cohesive force that is captured by Equation B.1 and B2, as a function of AA concentration
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along the owline-riser system. Figure B.3 shows that the relative viscosity of uids in the case when AA is
injected increases near the downstream location. This is due to thfact that AA has not completely reached
the downstream location. As a result, the concentration of AA is very lov near the downstream location,

thereby leading to an increase in the cohesion forces, which resuh a higher relative viscosity.

Figure B.2: Phase fraction obtained from OLGA" at steady state after 10 hours.

B.3 Summary

A proof of concept on modeling AA injection using CSMHyK-OLGA" has been demonstrated success-
fully. The knowledge about AA performance and its e ect on cohesive fores between hydrate particles
obtained from lab-scale studies has been successfully extended aa@plied for modeling AA injection on
the subsea tieback. The THI tracking module and cohesive force caltations, which are present in the
CSMHyK-OLGA " 7.2 version have been modied in order to incorporate AA injection. An appropriate
AA injection based on the water owrate has shown that the relative viscosity of the system is signi cantly
reduced in the presence of AAs. In the future, real eld case studig involving AA injection can be studied,

which will help to validate the implementation of AAs in CSMHyK-OLGA " .
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Figure B.3: Relative viscosity & AA concentration along the owline-ri ser system when AA is injected.
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APPENDIX C
HYDRATE RISK QUANTIFICATION FOR CONDENSATE SYSTEMS

Part of this appendix will be submitted for a publication in a peer reviewed journal with minor changes.
Piyush N. Chaudharit?, Luis E. Zerpa®, Amadeu K. Sum'4

This section presents the hydrate risk quanti cation for condensate ow systems. Natural gas condensate
is a low-density mixture of hydrocarbon liquids that are present asgaseous components in the uids produced
from the oil and gas well. In this study, we have focused on King Ranch 6ndensate systems for quantifying
the hydrate plugging transition similar to the analysis performed for conroe oil systems discussed in Chapter
6. Similar understanding as presented in Chapter 6, Section 6.2 is enfigyed for condensate systems for the
development of the hydrate risk model. As the ow behavior and the plugging characteristics of condensate
are di erent than that of conroe oil systems, it is di cult to apply th e correlation developed for oil domi-
nated systems for condensates. In order to design the correlation for thcondensate systems, the owloop
experiments performed in the ExxonMobil owloop are utlised. The experimental matrix of the condensate

experiments analyzed in this work is shown in Table 3.4.
C.1 Flowloop Experiments for a Condensate Systems

King Ranch Condensate (KRC) has a lower density compared to conroe ade oil. The density of KRC
is 660 kg/m3. The viscosity of KRC is 0.2 cP, and the IFT measured at the atmosphericconditions in
present of water is 28 mN/m Grasso (2015). The procedure involved in perfoning the owloop experiment
with condensate system is exactly similar to that of conroe oil expements. Condensate experiments are
also analyzed in the similar fashion to the analysis of conroe oil experiemnts. Figure C.1 presents the
hydrate growth and the pressure drop traces for a typical owloop expeiment performed with KRC. The
experimental results shown in Figure C.1 are for the experiment prformed with 50% liquid loading, 75%
water cut, and 1.75 m/s of mixture velocity. The hydrate volume fraction trace shown in Figure C.1 shows
a smooth growth of hydrates after the hydrate onset, which is denotedcby the hydrate growth phase. At
the same time, due to lower viscosity of condensate, the pressureaap is very low before the hydrate onset;

however, after hydrate formation, the pressure drop starts rising. Oice the hydrate onset is achieved, some

1Graduate student and Associate Professor, respectively, D epartment of Chemical and Biological Engineering, Colorad o School
of Mines, Golden, CO, USA

2Primary researcher and author

3 Assistant Professor, Department of Petroleum Engineering , Colorado School of Mines, Golden, CO, USA
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region in the pressure drop trace is characterized by a constant presee drop, where the pressure drop
remains constant even though there are some amount of hydrates present the system. This is similar to
the phenomena discussed in Section 6.1.2 for conroe oil systems, walhiis denoted by the low risk region
where the pressure drop increases slightly. As the hydrate amount reases, the pressure drop of the system
rises smoothly and later starts uctuating as shown in Figure C.1. An owerall physical understanding about
the pressure drop behavior for the condensate system can be related the discussion provided in Section

6.1.2.

Figure C.1: Plot of hydrate volume fraction and pressure drop as a functiorof time for ExxonMobil owloop
experiment performed at 50% liquid loading, 75% water cut, and 1.75 m/s mixtue velocity at 1000 psig.

C.2 Hydrate Risk Transition - Likelihood of Hydrate Plugging Transition

For condensate systems, hydrate risk transition point is called as thdikelihood of plugging transition
shown in Figure C.2, which is analogous to the risk transition hydrate faction for Conroe oil systems. Fig-
ure C.2 shows the classi cation of the pressure drop data collectecbf owloop experiments with condensate
systems as a function of hydrates formed in the system.

Hydrate risk transition hydrate volume fraction based on the pressure dop-hydrate volume fraction data
is shown in Figure C.2. This plot is similar to the plot shown in Figure 6.10 for conroe oil systems. Criteria
and mathematical analysis shown in Section 6.2 are employed in order to ¢din the hydrate fraction and
corresponding error at the likelihood of transition. The results obtained for condensate systems are shown in
Figure C.3. The error bar associated with the transition point shown in Figure C.3 represents the uncertainty

associated with the likelihood of transition hydrate fraction, which is calculated by the propagation of error.
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Figure C.2: Depiction of region | (low risk) and region Il (intermediate/high) risk based on the plot of
pressure drop as a function of hydrate volume fraction for ExxonMobil owloop experiment performed at
50% liquid loading, 75% water cut, and 1.75 m/s mixture velocity at 1000 psig.

The series of equations used for calculating the hydrate volume fraabin at the transition are presented in

Equation 6.1 through Equation 6.7 in Section 6.2.

Figure C.3: Plot of hydrate volume fraction at likelihood of hydrate risk transition for ExxonMobil owloop
experiments performed with KRC Table 3.4.

We quantify the hydrate fraction at the likelihood of risk transition for condensate systems with easily

accessible and measurable parameters. The governing equation is sholy Equation C.1

trans condensate — kcondensate (pl) ¢ (pZ) ¢ (C-l)
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where wans condensate IS the hydrate fraction at the likelihood of risk transition for condensate systems,
Kcondensate » C; C are constants, andp;; p, are parameters that are related to the likelihood of risk transition.
These parameters will be obtained from easily accessible and measurelgjuantities (e.g., liquid loading, water
cut, and uid properties etc.). For condensate systems, detailed tial and error analysis has shown thatp,and
p. comprise Reynolds number, liquid loading, and fraction of water and condesate phases. The formulation
shown in Equation C.1 can be simpli ed to Equation C.2,

wcC

1 wc WC) ¢ (C.2)

trans  condensate — kcondensate (REZLL) ¢ (
W ater Fraction

Cc
Condensate F raction) (C3)

— . c
trans condensate — I(condensate (Re-l—l—) (

whereRe is the Reynolds number of the ow, LL is the liquid loading, and WC is the water cut of the system.
Based on the parameters determined for the condensate systems, andetthydrate fraction at the likelihood
of transition for all condensate experiments, the constants involvedn the Equation C.3 are determined.

W ater F raction 0:60

=2 10°% (Re:LL)%®%: .
trans - condensate ( ) (CondensateFractlon

(C.4)

After mathematical analysis, it is found that Keondensae » C; C are respectively 2 10 6; 0.91, and 0.60.
From Equation C.4, we can see that the risk transition from low to intermediate/higher hydrate plugging risk
for condensate systems depends on the ow behavior of the system, vwdh is denoted by Reynolds number,
amount of hydrate carrying phase denoted by liquid loading, and water to codensate ratio.

The accuracy of the correlation shown in Equation C.4 is illustrated in Figure C.4. We can see from
Figure C.4 that the the correlation ts the hydrate fraction at the like lihood of plugging transition for
condensate systems reasonably well. The error in the predicted tragition hydrate fraction lies within ~ 15%
of the experimentally observed hydrate fraction at the likelihood of plugging transition. The dotted lines
depicting the error shown in Figure C.4 do not stand for the simple sandard deviation but are calculated

using Equation C.5,

%Error = trans  correlated trans  experimental (C,5)

trans  experimental

The parameters involved in the correlation shown in Equation C.4 werecalculated based on the amount
of shear rate and the water cut of the system. The amount of shear will detenine the type of ow (e.g.,
strati ed or dispersed) and the water cut will be responsible in degermining the continuous and dispersed
phase present in the system. We have classi ed shear in a low/medm and high shear range, similarly the
water cut as low, medium, and high (i.e., after inversion point. The mixture properties are calculated using

the weighted average method as shown in Equation C.6 and Equation C.7,
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Figure C.4: Plot of accuracy of the correlation for hydrate volume fraction at likelihood of hydrate risk
transition for condensate systems.

=]
i
mix — |=|% (CG)
i=1 i
P
_ i
mix = I_%pi (C.7)

Table C.1: Density and viscosity calculation for Reynolds number.

Water cut Density/Viscosity
Low KRC High shear
Mixture properties Low/medium shear
Medium _ KRC _ High_shear
Mixture properties Low/medium shear
High _ Water _ High_shear
Mixture Properties Low/medium shear

As shown in Table C.1, the density and the viscosity involved in the Reynolds number is estimated based
on the water cut and the amount of shear present in the system. The amounbf shear is based on the

experimental observations where mixture velocity of 2 m/s or higher § considered as a high shear case. It
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is also assumed that at high shear, complete dispersion of the phases ishaved based on the water cut of
the system. At such conditions, the density and the viscosity of the system is governed by the continuous
phase of the system. For KRC systems, inversion point at which the caimuous phase changes from the

condensate phase to water phase is assumed a$0%.

C.3 Parametric Study

The correlation developed for the condensate system as shown in Equati C.4 includes parameters like
Re#, liquid loading, and water cut. This section will discuss the e ect of each parameter on the hydrate
risk for condensate systems. Figure C.5 illustrates the e ect of tle mixture velocity on the likelihood of
hydrate plugging transition. E ect of the mixture velocity is mainl y explained by the presence of Re# in
the correlation shown in Equation C.4. We can see that as the mixture veadcity of the uids increases, the
hydrate plugging likelihood estimator increases. The hydrate tranportability increases with an increase in

the mixture velocity. Similar trends are also captured by the hydrate risk model developed for the condensate

system.

Figure C.5: Plot of hydrate plugging likelihood estimator presented n terms of hydrate fraction as a function
of mixture velocity.

The hydrate plugging likelihood estimator hydrate volume fraction at the hydrate risk transition for
condensate systems is a function of the Water to Condensate Ratio (WCR This factor considers the
relative amount of the condensate and the water phase present in the siam. WCR is one of the important
parameters because the physical properties of water and condensate aretrvery similar thereby playing a

signi cant role in forming the hydrate blockage in condenstae ow systtms. Figure C.6 shows the e ect of
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the water to condensate ratio at low mixture velocity (e.g., 1 m/s). We can see that at low mixture velocity,
as WCR increases, the likelihood of plugging transition hydrate fracton increases irrespective of the liquid
loading of the system. At low uid velocity it is di cult to achiev e the dispersion of the uids. As a result,
the separated phase (i.e., strati ed ) ow in the overall liquid ph ase is observed. Similar observations are also
shown by Vijayamohan et al. (2014) and Straume (2014) with the experimental stdies performed with low
viscosity condensate like uids. Water-condensate ow at low and highWCR but at low mixture velocity

can be visualized from the Figure C.7.

Figure C.6: Plot of hydrate plugging likelihood estimator presented n terms of hydrate fraction as a function
of water to condensate ratio at mixture velocity of 1 m/s.

At low WCR, due to the low mixture velocity, we can see liquid ow comprising a thin layer of water
with a thick layer of condensate owing above it. Note that the density of the condensate is lower than the
water phase; thus, condensate remains on the top of free water phase. Fanch low WCR case, the hydrate
plugging likelihood estimator hydrate fraction is low as shown in Figue C.8. At low WCR case, hydrates
formed in the system will accumulate on the pipe wall as shown in Figue C.9 and the pressure drop rise
will be the sole function of the reduction in the pipe diameter due b the hydrate deposit formation on the
pipe wall, whereas at high WCR case, as the amount of water is large; as a resuthe hydrate formed in
the system can not settle due to the higher density of the water phaseompared to hydrates. As a result,
hydrates will prefer to remain in the dispersion as shown in FigureC.9 and the pressure drop rise will be
mostly due to the viscosi cation or changes in the properties of the uids in the system. For such case, it is
generally observed that the pressure drop rise is slower compared the pressure drop rise observed due to

the reduction in the pipe diameter resulting from the formation of a hydrate deposit on the pipewall Crowe
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Clayton T. (2005).

Figure C.7: Schematics of the condensate, water, and gas ow at low and high WR at low mixture velocity.

On the similar lines, the e ect of WCR on the likelihood of the hydrate plugging transition hydrate
volume fraction at high mixture velocity is shown in Figure C.8. Note that at high mixture velocity, the
density and the viscosity involved in the Re# calculation are based on he continuous phase present in the
ow system. At high mixture velocity, condensate ow system can be visualized as shown in Figure C.9.
At low WCR and high mixture velocity condensate remains as the contiruous phase and the dispersion of
water is achieved Straume (2014). For such case, once the hydrates are forthalenser hydrate phase settles
on the pipe wall as shown in Figure C.9. However, when WCR is high, theriversion in the continuous
phase is taken in to account. As a result, at high WCR, water acts as a continous phase. This is purely
based on the inversion point, which inturn depends on the natural sufactants present in the condensate
phase. For KRC, we have assumed the inversion point to be higher than 50%f the water cut. Once the
continuous phase is changed from the condensate to water, the Re# calcation is performed based on the
density and the viscosity of water phase. Thus, in Figure C.8, we can gea decrease in the likelihood of
plugging transition hydrate fraction after a certain WCR value. From Figu re C.8, it is observed that the
hydrate plugging transition likelihood estimator is lower when the continuous phase is water. This also
implies that the transportability of the hydrates increases with an increase in the viscosity of the continuous
phase, because the viscosity of water is higher than that of the condensat Similar interpretation regarding
the relationship between the transportability and the viscosity of the continuous phase is also presented by
Vijayamohan et al. (2015) based on the owloop experiments performed in Uniersity of Tulsa.

Lastly, the e ect of liquid loading on the prediction of the hydrate plu gging likelihood estimator hydrate
fraction is shown in Figure C.10. It can be seen from Figure C.10 that the ncrease in the liquid loading
results in an increase in the hydrate fraction at which the hydrate risk transition occurs from low to interme-
diate/high hydrate plugging risk. Thus, it can be deduced that the sysgem with higher amount of hydrates
carrying phase can increase the capacity of the ow system to keep hydtes in the dispersion. Moreover,
as the liquid loading increases, the energy associated with the symh also increases as stated by Grasso

(2014), thus increasing the capacity of the system to transport the hydates without a ecting the pressure
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Figure C.8: Plot of hydrate plugging likelihood estimator presented h terms of hydrate fraction as a function
of water to condensate ratio at mixture velocity of 2.5 m/s.

Figure C.9: Schematics of the condensate, water, and gas ow at low and high WR at high mixture velocity.
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drop drastically .

Figure C.10: Plot of hydrate plugging likelihood estimator presented n terms of hydrate fraction as a
function of liquid loading at mixture velocity of 1 m/s.

C.4 Summary

This chapter has summarized a systematic quanti cation of the hydraterisk in Condensate systems. The
guanti cation has been successfully performed based on the analysis dfie pressure drop data obtained
from ExxonMobil owloop experiments performed in Fall 2011 with King R anch Condensate. We have
characterized the hydrate plugging risk transition in terms of a likelihood of plugging transition hydrate
fraction, which in future may involve more development and improvanent based on the availability of the
experimental data for condensate systems. The model/correlation dealoped to quantify the hydrate fraction
at a likelihood of hydrate plugging transition has been found to be a stong function of the liquid loading,
water to condensate ratio, and the mixture velocity. It has been show that the dependence of the hydrate
fraction at plugging transition is in the direct relation with the mixt ure velocity and the liquid loading,

whereas the e ect of the WCR depends on the water cut and the amount of skar present in the system.
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APPENDIX D
PLOTS USED TO ANALYSE FLOWLOOP EXPERIMENTS

This Appendix presents the plots used for analysing oil dominated ExeonMobil owloop experiments
performed with Conroe Oil in Fall 2011. The experimental matrix is presnted in Chapter 3, Table 3.4.
The plots shown in this chpater include the temperature trace of the uids in the owloop, hydrate volume
fraction (i.e. hydrates formed in the loop), and the pressure drop aonss the pump as a function of time.

Yellow dotted line shown depicts the hydrate onset event as well asudden decrease in the pressure drop
occuring right after the hydrate onset which is discussed in detdiin Chapter 6, Section 6.2. The gures

listed in this appendix summarise the e ect of liquid loading, water cut and mixture velocity
D.1 E ect of Water Cut

~ Magnitude of pressure drop is higher for higher water cut (i.e. high wate cut leads to formation of

thick emulsion)

Temperature rise after hydrate onset lowers viscosity resultingn lowering of pressure drop

Figure D.1: E ect of water cut: Plots of temperature, hydrate volume fr action, and pressure drop for the
owloop experiment performed with Conroe oil and methane gas at 1000 psig. @ Left: 50% liquid loading,
15% water cut, 2.5 m/s, Right: 50% liquid loading, 90% water cut, 2.5 m/s.

D.2 E ect of Mixture Velocity

~ Higher pressure drop for higher velocity

165



Figure D.2: E ect of water cut: Plots of temperature, hydrate volume fr action, and pressure drop for the
owloop experiment performed with Conroe oil and methane gas at 1000 psig. @ Left: 50% liquid loading,
15% water cut, 1.75 m/s, Right: 50% liquid loading, 90% water cut, 1.75 m/s.

Figure D.3: E ect of water cut: Plots of temperature, hydrate volume fr action, and pressure drop for the
owloop experiment performed with Conroe oil and methane gas at 1000 psig. @ Left: 50% liquid loading,
15% water cut, 1 m/s, Middle: 50% liquid loading, 75% water cut, 1 m/s, Right: 50% liquid loading, 90%
water cut, 1m/s.
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" Temperature-viscosity relationship gets dominated by velocity e ect at higher velocities
" Higher uctuations in the pressure drop at higher velocities becauseof slug ow regime

" Pressure drop right after hydrate onset is not clearly visible at highe velocity

Figure D.4: E ect of mixture velocity: Plots of temperature, hydrat e volume fraction, and pressure drop
for the owloop experiment performed with Conroe oil and methane gas at 100(sig. On Left: 50% liquid
loading, 15% water cut, 1 m/s, Right: 50% liquid loading, 15% water cut, 1.75 m/s.

Figure D.5: E ect of mixture velocity: Plots of temperature, hydrat e volume fraction, and pressure drop
for the owloop experiment performed with Conroe oil and methane gas at 100Qosig. On Left: 50% liquid
loading, 15% water cut, 2.5 m/s, Right: 50% liquid loading, 15% water cut, 3 m/s.

D.3 E ect of Liquid Loading

" High liquid loading represnet higher magnitude of pressure drop.

" Temperature-viscosity relationship holds true as shown in Sectior6.1.2.
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Figure D.6: E ect of mixture velocity: Plots of temperature, hydrat e volume fraction, and pressure drop
for the owloop experiment performed with Conroe oil and methane gas at 100(Qpsig. On Left: 50% liquid

loading, 90% water cut, 1 m/s, Middle: 50% liquid loading, 90% water cut, 1.75 m/s Right: 50% liquid

loading, 90% water cut, 2.5 m/s.

" Competition between density and viscosity e ect could be an importart key to explain pressure decrease

after hydrate onset.

Figure D.7: E ect of liquid loading: Plots of temperature, hydrate volum e fraction, and pressure drop for
the owloop experiment performed with Conroe oil and methane gas at 1000 dg. On Left: 50% liquid
loading, 15% water cut, 1.75 m/s, Right: 75% liquid loading, 15% water cut, 1.75 m/s.

The plots shown above are utilised to develop the conceptual pictue for hydrate plugging risk classi ed
in low, intermediate, and high level. Three di erent levels of plugging risk discusses in Chapter 6 basically
depend on the pressure drop data behavior which is a pure function dhe hydrate related activity occuring

in the system.
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Figure D.8: E ect of liquid loading: Plots of temperature, hydrate volum e fraction, and pressure drop for
the owloop experiment performed with Conroe oil and methane gas at 1000 dg. On Left: 50% liquid
loading, 15% water cut, 1 m/s, Right: 90% liquid loading, 15% water cut, 1 m/s.
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APPENDIX E
CODE FOR CSMHYFAST WATER DOMINATED MODEL

This Appendix presents the code developed for modeling the watedominated systems with CSMHy-
FAST. This model was developed in CSMHyYFAST using VB.NET. We have presented the code that focusses
on modeling water dominated systems here. Details about rest of the ndels are presented by Aman et al.

(2015).

' HIGH WATER MODEL EQUATIONS =====

If (water _model = True) Then

If TX(i) < Teq(i) Then' Start wrting the terms here

SUP_VEL _water = VSL ' Super cial Velocity of the Liquid phase m/s

VEL water = SUP _VEL _water / PhiWater(i - 1) ' Velocity of the liquid phase m/s

‘Calculation of di usivity of methane at various temperatures

DWATER = 0.0001 * ((0.000000074 * (18 * 2.6) ~ 0.5 * TX(i)) / ((muwater * 1000) * 36.98 ~ 0.6)) '
mn"2/s

N_SC.water = muwater / (rhowater * DWATER) ' Schmidt Number Calculation

tau_int = 0.022 * rhogas * ((VEL _water) ~ 2) / 2 ' Interfacial Stress

v_Istar = (tau _int / rhowater) » 0.5 ' Frictional velocity of liquid phase m/s

K_massfw(i) = v _star / (N _SC_water) ~ 0.5 ' Mass transfer coe cient m/s

If (PressureSeries = False) Then

DEL _C(i - 1) = Concdi (TX(i - 1), SRKp(i - 1)) ' Concentration Dierence at Tan d P in mol/m3

Else

DEL _C(i - 1) = Concdi (TX(i - 1), PressS(i - 1)) ' Concentration Dierence at T and P in mol/m3

End If

If (DEL _C(i - 1) = 123456789) Then

Exit Sub

End

If nGAScon(i) = (Halt * Agl(i - 1) * K _massfw(i - 1) * DEL _C(i - 1)) ' gas consumed (mols/sec)

Else

nGAScon(i) = 0 ' no hydrate is formed if the system is above the equilbrium temperature

End If

Surface area —==—==
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If (FRM(i) = 4 Or FRM(i) = 2) Then 'FRM is ow regime indicator 4: bubb le 2: slug,1: strati ed

HLs =1/ (1 + (MVI / 8.66) * 1.39)

dbubbletemp = (0.072 ~ 0.6 / (rhowater * 0.3 * rhogas ~ 0.2 * muwater ~ 0.1)) * (2 * PipeRad) ~ 0.5/
(VSL ~ 1.1)

dbubble = 0.86 * (1.1 ~ 0.6) * dbubbletemp

nbubble = (1 - HLs) * 6 / (3.14 * dbubble * 3)

Agl(i) = nbubble * 3.14 * dbubble * dbubble * pi * PipeRad * PipeRad * Pi peLength

VSL = PhiWater(i) * VL(i) ' VL(i) * ALiq(i - 1) / (3.1415 * (PipeRad " 2))

VSG = PhiGas(i) * VG(i) " Agas / (3.1415 * (PipeRad * 2)

Else

'Surface area calculation (STRATIFIED AREA)

HLiq = (1 - PhiGas(i)) * 2 * PipeRad

Thetaliq = 2 * Math.Acos((PipeRad - HLiq) / PipeRad)

ALiq = (PipeRad * 2) * 0.5 * (ThetaLiq - 2 * Math.Sin(ThetaLig/2) +  _ (2 * HLig * Math.Sin(ThetaLiq
/ 2) | PipeRad))

PLiq = PipeRad * ThetaLiqg ' wetted perimeter (in m)

LigRad = ALiq / PLiq

Agl(i) = (4 * Math.Sin(ThetalLiq / 2)) / (pi * PipeRad * 2) * pi * PipeRad * Pi peRad * PipeLength _
'updated surface area in m2

" wetted perimeter for gas phase

Hgas = (1 - LL) * (2 * PipeRad) ' height of gas phase in line cross-section (in m)

ThetaGas = 2 * Math.Acos((PipeRad - Hgas) / PipeRad) ' embracing angle of gas phas in line

Agas = (PipeRad » 2) * (ThetaGas - Math.Sin(ThetaGas)) / 2 ' cross-section wetted area (in m”2)

Pgas = PipeRad * ThetaGas ' wetted perimeter (in m)

GasRad = Agas / Pgas ' hydraulic radius of gas phase

Qw = VL(i - 1) * ALig

VSL = Qw / (3.14 * PipeRad * PipeRad)

Qg = VG(i - 1) * Agas VSG = Qg / (3.14 * PipeRad * PipeRad)

End If

phitransiion is only for water cut model====

If (water _model = True) Then ReMix = (rhowater * MVI * PipeRad * 2 / muwater) 'P  hitrans = 0.000184
* ReMix - 2.0065 phitrans_val = 0.00017 * (ReMix * (1 + 0.001 * LL)) - 2.54

phitrans _val = Math.Round(phitrans _val, 2)
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If (phitrans _val > 51)
Then Phitrans.Text = 51 ' Maximum packing volume fraction
Else Phitrans.Text = phitrans _val Phitranstemp(i) = phitrans _val

End If
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