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ABSTRACT

Gas hydrates are crystalline compounds comprised of a network of hydrogen bonded water

cages that can trap small gas molecules. These compounds areformed at the high pressure

and low temperature conditions typically found in deep-water oil and gas pipelines. Gas

hydrate formation in deep-water pipelines can lead to blockages, which can result in major

environmental, safety, and economic hazards. This thesis focused on mitigating the formation

of hydrate plugs in oil and gas pipelines. Speci�cally, the primary goal of this thesis work

was to improve the understanding of hydrate bedding transitions by using three di�erent

approaches: mechanistic, statistical and machine learning (arti�cial neural networks, ANN).

With the mechanistic approach, this thesis provided new insights into the important in-

terconnection between partial water dispersion, agglomeration and hydrate bedding. This

was achieved by developing a quantitative bedding framework that could consider water

dispersion and agglomeration. A proposed model for the dispersion of water droplets in

continuous oil phase systems included the prediction of thetype and extent of water dis-

persion in a partially dispersed system; available literature models predicted thedispersion

type (fully versus partially dispersed). In the statistical approach, 125 
owloop tests with

approximately 5000 datapoints were analyzed and risk maps were generated. The analysis

showed that linear regression models could be inadequate inpredicting the hydrate plugging

transitions in the 
owloop. As an alternative, two initial Art i�cial Neural Network (ANN)

based models (to account for nonlinear behavior of pluggingtransitions) were developed to

quantify hydrate plugging risks. Mechanistic and ANN models developed during this thesis

work could potentially aid in the development of an e�ectivehydrate management strategy.

Using the mechanistic approach, 
owloop experiments performed using di�erent oils in-

dicated that hydrate agglomeration was intrinsically coupled to bedding. Additionally, large

water droplets and partial water dispersion led to an early onset of bedding. Based on these
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two �ndings, a conceptual bedding framework was proposed byconsidering the e�ect of

water dispersion and agglomeration. The new framework useda transient hydrate agglom-

eration model to generate a distribution of hydrate agglomerates as a function of droplet size

distribution, particle cohesion force, shear and hydrate formation rate. The new mechanistic

bedding framework predicted the onset of bedding with reasonable accuracy (coe�cient of

determination = 89%) for experiments performed at the ExxonMobil 
owloop facility from

2014-16.

Flowloop experiments showed that pressure drop due to 
uid 
ow increased signi�cantly

after a certain hydrate concentration, de�ned as� transition , which was considered a trigger

point leading to hydrate bedding and plugging. Using the statistical approach, the 
owloop

hydrate plugging transitions (� transition ) were analyzed empirically using the pressure drop,

particle size, mass 
ow rate and gamma-ray density measurements. A statistical approach

was undertaken to determine the� transition from previous 125 
owloop tests, performed under

various operating conditions. Data analyses suggested that the � transition could serve as a pre-

cursor to hydrate bedding. Tests with the King Ranch Condensate took signi�cantly shorter

times and lower hydrate fractions to reach the plugging transition criteria compared to the

crude oil (with natural surfactants). Data analyses also suggested that low water cut, high

mixture velocity, low Gas-Oil Ratio (GOR), and the injection of anti-agglomerants (AAs)

can increase the� transition values and lead to safer hydrate transportation. It was observed

that statistical linear regression models had limited accuracy (maximum R2
adj: =72%) in the

prediction of � transition .

In the third approach to overcome the limitations of the previous statistical approach

for predicting � transition , two Arti�cial Neural Network (ANN) based models were proposed

to quantify the plugging transitions in the subsea 
owlines. The ANN based models were

able to estimate the relative pressure drop and a binary class of failure to determine the

\plug" or \no plug" case due to increasing hydrate concentrations in the 
owloops. The

ANN classi�cation model also resulted in superior predictionaccuracies as compared to the
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other classi�cation models (Logistic Regression, Decision Tree, Support Vector Machine, and

K-Nearest Neighbor). It was suggested that arti�cial neural network could be potentially

useful as one of the tools for a hydrate management solution.

During this thesis work, it was observed that the three approaches had their own unique

advantages and disadvantages. The mechanistic risk model was able to explain the under-

lying physics involved in the dispersion, agglomeration (population balance model, PBM)

and bedding processes. The mechanistic model was computationally intensive, as it required

several numerical iterations while solving the di�erential equations with the agglomeration

and breakage kernels. The statistical plugging risk model based on multiple linear regression

had less complexity and was easy to interpret, but gave poor predictability. The arti�cial

neural network based risk models showed greater accuracy inpredicting the plugging tran-

sitions, but had complex network architecture and were di�cult to interpret. Nevertheless,

given the complexity of hydrate particle transportability, these multiple approaches can con-

tribute to an improved understanding and ultimate implementation of an e�ective hydrate

management strategy.
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CHAPTER 1

INTRODUCTION

1.1 Gas Hydrates in Flow Assurance

Gas hydrates (also known as clathrate hydrates) are nonstoichiometric compounds formed

by hydrogen-bonded water molecules that can encapsulate suitably sized guest molecules

[1].The polyhedral cages of water are capable of trapping hydrophobic gas molecules under

suitable pressure and temperature conditions. These gas molecules are considered guest

molecules as they occupy the host water cavities, as shown inFigure 1.1. It should be noted

that there are no chemical bonds between the guest and host molecules, only weak van der

Waals interactions [1].

Figure 1.1: Schematic of a typical polyhedral hydrate (small) cage drawn using Vesta [2]. The
oxygen atom (red) of each water molecule is shown at each of the vertices of the pentagon.

Several compounds such as methane, butane, carbon dioxide,and hydrogen sul�de have

been observed to form clathrate hydrates. So far, more than 130 compounds [3] are known

to form hydrates under suitable thermodynamic conditions.Priestley �rst discovered gas

hydrates in 1778 during an experiment of bubbling sulfur dioxide (SO2) through water near

the ice point [1]. About 30 years later, in 1811, Sir Humphrey Davy formed chlorine hydrate
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crystals. In August 1934, E.G. Hammerschmidt, a scientist employed with Texoma Natural

Gas Company in Fritch, Texas, observed solid hydrate plugs during a routine inspection

of a US gas pipeline. Hammerschmidt was the �rst researcher to identify that these were

gas hydrate plugs and not ice plugs, as was commonly believedby researchers of his time.

Hammerschmidt's discovery was an important breakthrough inthe investigation of hydrate

plugs in oil and gas pipelines. In 1963, a drilling operationin the Makogon well in Yakutia

by Russian scientists suggested hydrates as a potential source of vast energy [4].

1.2 Hydrates as Energy Resource

Hydrate structures worldwide may have about 20,000 trillioncubic meter of natural gas

[5]. Figure 1.2 shows locations of gas hydrate �elds worldwide including the global in-place

gas hydrates that appear to occur at high concentrations in sand-rich reservoirs [6].

Figure 1.2: Gas hydrates potential resources by global regions. This �gure includes the global
in-place gas hydrates that appear to occur at high concentrations in sand-rich reservoirs
reproduced from Johnson [6].

It is reported by the US Geological Survey (USGS) that several countries are pursuing

national programs that could lead to the potential future commercialization of natural gas

production from methane hydrate to expand their domestic energy resources [7].
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1.3 Molecular Structure of Gas Hydrates

The most common natural gas hydrates structures can be classi�ed into three types of

structures: cubic structure I (sI, primitive cubic), cubicstructure II (sII, face centered cubic),

and structure H (hexagonal). The type of structure formed isdependent mainly on the guest

molecule size. The unit cell of sI consists of 46 water molecules, forming two small cages

(512) and six large cages (51262). A 512 cage is a structure comprised of 12 pentagons, while a

51262 cage is comprised of 12 pentagons and 2 hexagons connected with each other. Di�erent

cages and crystalline structures of clathrate gas hydrates are shown in Figure 1.3.

Figure 1.3: A schematic of three major types of hydrate structures, drawn using Vesta [2]
software, modi�ed from Warrier et al. [8].

The hydrate structure encountered most commonly in oil and gas operations is sII, in

which propane favors the large (51264) cages, while methane can occupy both the small (512)

and large cages. The unit cell of sII consists of sixteen 512 and eight 51264 cages. Similarly, the
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sH structure consists of three 512, two 435663 and one 51268 cages. Although other structural

types such as sT type and semiclathrate hydrates have been reported, their presence has

been limited to laboratory studies [1].

1.4 Hydrates in Flow Assurance

Gas hydrates are a major 
ow assurance problem in oil and gas transportation. In o�shore

production systems, the high pressure and low temperature conditions are conducive to

hydrate formation since water and gas are typically available in 
owlines. Hydrate formation

in these 
owlines could lead to formation of hydrate plugs, which can cause greater risks of


ow blockages. Remediation of a hydrate plug can be expensive, unsafe, and time-consuming

depending on the location and extent of the blockage. Additionally, hydrates pose a major

safety risk during the dislodgement process of a hydrate plug. A hydrate plug can travel

down the 
owline at high speed due to di�erential pressure across the plug [9]. Figure 1.4

shows hydrate mass being dislodged from a slug catcher unit.

Figure 1.4: Gas hydrate mass being dislodged from a slug catcher unit, reproduced from
Koh et al. [9].

An unsafe hydrate dissociation could lead to catastrophic failure, resulting in equipment

damage, injury, or even loss of life.
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1.4.1 Previous Hydrate Transportability Studies

Previous researchers studied hydrate transportability inoil and water continuous systems

as a function of system and 
uid properties. Turner [10] hypothesized that hydrate formation

in the oil continuous system could be initiated at the water /oil interface, with water

dispersing in oil as droplets and then a hydrate shell formingat the oil and water droplet

interface (Figure 1.5).

Figure 1.5: A conceptual picture of hydrate plugging in oil continuous systems, modi�ed
from Turner and Abrahamson [11].

Turner developed an empirical droplet size correlation to calculate the mean size of water

droplets. Later, Turner and Abrahamson [11] provided a conceptual model for hydrate

formation and plugging in an oil continuous system.

Boxall [12] modi�ed the droplet size model by introducing a correlation that considers

the type of 
ow sub-regimes (viscous vs. inertial). In the oil continuous systems, hydrate

agglomeration was hypothesized as one of the leading causesfor hydrate plug formation, due

to increases in slurry viscosity.

Hydrate formation and transportability studies with higher water content systems have

signi�cant practical implications due to the increasing number of mature �elds with high

water fraction [13]. Greaves [14] and Joshi [15] investigated higher water content systems

(i.e., > 50 vol.% water). One of the key �ndings from Greaves' work wasthat hydrate

formation and dissociation can have a signi�cant impact on emulsion destabilization. Greaves

observed in a variety of experiments that WO (water-in-oil)emulsions are destabilized by
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hydrate formation, but OW (oil-in-water) emulsions are not[16].

Joshi et al. [15] also investigated higher water cut systems (water vol. � 85 %) in the

XoM (ExxonMobil, Friendswood, TX) and TU (University of Tulsa, Tulsa, OK) 
owloops

and concluded that the pressure drop due to 
uid 
ow in the 
owloop increased signi�cantly

after a certain hydrate concentration, de�ned as� transition , which was considered a trigger

point leading to hydrate plugging (Figure 1.6). Joshi also suggested the� transition point as a

precursor to bedding in the 
owloops.

Figure 1.6: Pump4 P (pressure drop) as a function of hydrate volume fraction, reproduced
from Joshi et al. [15].

Empirical correlations have been previously developed to determine� transition as a function

of the 
ow properties. For high water cut systems, a correlation between � transition and

mixture velocity (vmix ) was proposed by Joshi [17].

� T ransition = 10:76 vmix + 0:36 (1.1)

Grasso [18] studied both oil and water continuous systems and modi�ed Joshi's correla-

tion, by proposing that � transition is a function of Reynolds number (Re) and liquid loading

(LL). Equation 1.2 gives Grasso's correlation.
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� T ransition = 1:7 � 10� 4 [Re(1 + 0:001LL )] � 2:54 (1.2)

Vijayamohan [19] studied partially dispersed systems and proposed a correlation (Equa-

tion 1.3) based on the TU 
owloop experiments with MO 350T, MO70FG and kerosene.

� T ransition = 4:31
�

D vmix � mix

� mix

� 0:13

(LL:WC )1:2
�

� oil � mix

� oil � water

� 0:11� � oil

� water

� 0:053

(1.3)

Chaudhari [20] developed correlations for the king ranch condensate (Equation 1.4) and

the oil continuous systems (Equation 1.5).

� T ransition = 2( Re:LL )0:91

 
Water F raction

Condensate F raction

! 0:60

10� 6 (1.4)

� T ransition = 2 � 10� 3 � � packing �
��

� oil vmix dpipe

� oil

�
� (1 � LL )

� 0:52� � oil voil

� oil � water

� 0:27

(1.5)

where, � packing is the hydrate packing fraction, which is assumed to be 0.52,� oil is the

density of the oil phase;� oil is the viscosity of the oil phase; vmix is the mixture velocity of

the 
uids; d pipe is the diameter of the pipe;� oilwater is the oil-water interfacial tension, and

voil is the linear velocity of the oil phase.

Boxall and Davies developed the kinetic and transport models within CSMHyK-OLGA r ,

respectively. Zerpa [21] was the �rst to initiate the development of a comprehensive model in

CSMHyK-OLGA r , which incorporates both the hydrate growth and transportability models.

The latter is a transient multiphase 
ow simulator that considers the hydrate formation

kinetics coupled to multiphase 
ow modeling with hydrate agglomeration. Aman [22] and

Zerpa developed a standalone model, HyFast, which incorporates the hydrate formation

kinetic models.

Grasso [18] continued these investigations over a wide range of water cuts and observed

that hydrate transportability is a function of mixture velocity, liquid loading, and water

volume fraction. The main conclusion from such studies was that hydrate formation and
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plugging mechanisms could depend upon the 
uid and system properties (continuous phase,

Reynolds number, liquid loading, water cut, etc.), and existing models within CSMHyK were

not able to predict an accurate pressure drop as observed from these 
owloop tests.

Recently, Vijayamohan [23] and Majid et al. [24] studied partially dispersed systems

(PDS), characterized by the presence of a free water layer atthe bottom of the pipe surface.

These studies identi�ed that the partially dispersed systems have greater plugging risks,

compared to either of the oil- or water-continuous systems.

Flowloop tests conducted for partially dispersed systems indicated that water dispersion

could be a key factor for hydrate growth and transportability investigations.

1.4.2 Extent of Water Dispersion in Partially Dispersed Syst ems

Published data [25] suggest that for a water-in-oil dispersion, the mean size of water

droplets increases with increasing water volume fraction.Figures 1.7a and 1.7b show in-

creasing droplet sizes with increasing water volume fractions.

Figure 1.7: a) Water droplet size increases with increasing water cut (WC) in a mixer,
reproduced from Rueger et al. [25], b) Water droplet size increases with increasing WC in a

owloop, reproduced from Souza et al. [26].

These studies indicated that the mean water droplet size is a�ected by the water volume

fraction present in the system (
owloop or a mixer). However,there is no quantitative

model (reported in the open literature) that can predict theextent of water dispersion in a

partially dispersed system. The liquid-liquid dispersionmodels from Brauner [27] and Cai
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et al. [28] are helpful in estimating the type of dispersion (partial or full dispersion) based

on the maximum droplet size, but cannot quantify theextent or degree of water dispersion

in an oil phase. Chapter 3 discusses a binary classi�cation approach, which can quantify the

extent of water dispersion in a partially dispersed system.

1.4.3 Mechanistic Hydrate Bedding Model for Partially and Fully Dispe rsed
Systems

A sound understanding of the physical mechanisms of hydratebedding is critical to im-

prove the accuracy of CSM-CHR modeling programs (i.e., CSMHyK-OLGA r ) , particularly

for systems with bedding and partial water dispersion. With over a decade of research work

from Turner [10], Davies [29], Boxall [12], Joshi [15] , Zerpa[21], Grasso [18] , and Chaud-

hari [20], a modi�ed conceptual picture of hydrate plug formation was recently proposed

[30]. This conceptual picture (Figure 1.8) was based on the original work by Turner and

Abrahamson (2005), followed by continued learning from these researchers, as well as from

the analysis of recent 
owloop data (in 2014-16). Recent 
owloop tests (discussed in Chap-

ter 2 and 4) provided greater insights into the mechanistic understanding of hydrate plug

formation.

Figure 1.8: Proposed conceptual picture illustrating majorhydrate plugging mechanisms in
an oil continuous system [30] (modi�ed from the original conceptual picture of Turner and
Abrahamson [10]
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As shown in the Figure 1.8, water droplets could be �rst entrained in the oil phase in an

oil continuous system. As the 
uids are cooled below the hydrate equilibrium temperature,

formation of hydrate shells [10] may take place at the interface of water droplets and the

hydrocarbon oil phase, which is saturated with the hydrate former gas. Hydrate particles

can agglomerate, which could lead to an increase in the slurry viscosity, or the occurrence of

hydrate bedding, deposition, or jamming phenomena. These phenomena are de�ned below.

ˆ Viscosi�cation: Increasing slurry viscosity due to hydrate formation.

ˆ Bedding: Gravitational segregation of hydrate particles, accumulating at the bottom

of the pipe.

ˆ Deposition: Hydrate particles adhering to the pipe surface (bottom or top).

ˆ Jamming: Hydrate particles blocking the 
ow by any of the above mechanisms.

For this thesis work, the bedding phenomenon is being investigated in detail. Bedding of

hydrate particles was considered one key mechanism leadingto hydrate plugging in 
owloops

[18, 19, 15]. Modeling of hydrate bedding in partially and fully dispersed systems is a chal-

lenging problem. The CSMHyK-OLGAr model in its current form assumes full dispersion

of water droplets in the continuous oil phase, and therefore, is not applicable for a partially

dispersed system.

Hernandez [31] proposed a comprehensive hydrate bedding model based on the solid-

liquid 
ow model earlier proposed by Doron and Barnea [32]. Doron and Barnea [32] observed

three di�erent 
ow patterns: heterogeneous 
ow, 
ow with a moving bed, and 
ow with a

stationary bed. Hernandez proposed a bedding framework (Figure 1.9) that accounted for

the mixture velocity, hydrate concentration, and hydrate agglomerate size [31]. This model

could compute the thickness of stationary and moving beds from the force balance earlier

presented by Doron and Barnea [32]. Figure 1.9 provides the layout of Hernandez's bedding

model considering three discrete conditions: no bedding, moving beds with no stationary

beds, and both stationary and moving beds. In Figure 1.9,vm is mixture velocity, vsl is

liquid super�cial velocity, Cs is concentration of hydrate,dA is maximum agglomerate size,
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µL is viscosity of suspension,ysb is height of stationary bed layer,ymb is height of moving

bed layer,yh is height of heterogeneous layer,Ch is hydrate concentration in heterogeneous

layer, vmb is velocity of moving bed layer,vbc is critical bed velocity, and DP is pressure

drop.

One key advantage of this model is its 
exibility to considerthe moving beds along with

the stationary beds. However, one of the key challenges in implementing this model is its

dependence on the steady state hydrate agglomeration model[33].

Figure 1.9: Bedding model 
ow chart reproduced from Hernandez[31].

It is observed that the dependence of bedding models on a steady state agglomeration

model presents a signi�cant challenge to accurate predictions of hydrate bedding. One reason

for this observation is that agglomerate size predicted from such a steady state agglomeration

model decreases with increasing hydrate volume fraction [34]. However, the particle size

(focused beam re
ectance measurement, FBRM) data in Figure 1.10 suggest an opposite

trend is true. This problem is addressed inChapter 5 by incorporating a transient population
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balance model to consider the dynamic aspects of hydrate agglomeration.

Figure 1.10: Measured and predicted hydrate agglomerate size from Camargo and Palermo
model [33].

As shown in Figure 1.10, existing particle agglomeration models in CSMHyK may not

be appropriate to capture a bedding mechanism (See Chapter 5 for more details). Hydrate

bedding is currently not considered in the CSMHyK models. Therefore, greater deviations

are expected in the pressure drop predicted from CSMHyK models for experiments with bed-

ding. Figure 1.11 shows the predicted and measured pressure drop (4 P) from the 
owloop

experiments performed at 9.4 ft/s, 30 vol.% WC (left) and 5.7ft/s, 50 vol.% WC (right). A

higher discrepancy in the predicted and measured4 P is attributed to the inability of the

current CSMHyK-OLGA r models to consider bedding.

Consideration of appropriate particle agglomeration models, partial water dispersion and

bedding could improve the current under-estimation of pressure drop in CSMHyK's existing

models. In the 
owloop tests performed at the XoM and TU (2014-16, in this work) test

facility, hydrate bedding was observed to be a function of water dispersion, mixture velocity,
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Figure 1.11: Measured and predicted pressure drop (4 P) pro�les; Higher deviations are
observed between the predicted and measured4 P for experiments with bedding.

water cut, 
uid properties and hydrate agglomeration(see Chapters 2-4).

By incorporating the physical and transport properties of the system, Chapter 5 presents

a new bedding framework (Figure 1.12) to consider transient hydrate agglomeration. The

new bedding framework can consider the partial dispersion of water and utilizes a population

balance model to consider transient agglomeration. The agglomerate size distribution is

computed from the droplet size distribution, shear, interfacial tension, particle cohesion

force and hydrate growth rate. Based on the critical size of the suspension computed from

Turian's model [35], a binary classi�cation algorithm is used to segregate the agglomerate size

distribution into two parts. The �rst part contains sizes larger than the critical size (bedding)

and the second contains sizes smaller than the critical size(suspension). The critical volume

fraction of hydrate at the onset of hydrate bedding is obtained from the numerical solution,

which stems from the intersection of cumulative probability distribution and critical size

pro�les. By solving the intersection of cumulative probabilities of hydrate agglomerate size

distribution and the critical size curves from Turian's model, this framework (Figure 1.12)

can determine the bedding transition point that leads to greater hydrate plugging risks.

This framework (Figure 1.12) will be used throughout this thesis to discuss hydrate

bedding and plugging risks.

13



Figure 1.12: The new hydrate bedding risk framework.

1.4.4 Motivation for Development of Empirical Hydrate Bedding Risk Models

In a parallel approach to the mechanistic modeling, a data driven approach has been also

undertaken to predict the plugging transition (� transition ) that leads to greater bedding and

plugging risks. Table 1.1 shows the experimental conditions under which previous 
owloop

tests were performed by the Center for Hydrate Research of theColorado School of Mines

(CSM-CHR) from 2004-2016. Table 1.1. CSM-CHR 
owloop experimental matrix.

Table 1.1: Experimental matrix of 
owloop tests performed by the Center for Hydrate
Research from 2004-2016.

Flowloop Oil Gas WC [%] LL [%] Mix. Vel [ft/s] Salt [%]
XoM Conroe Methane 5-90 50/60/90 2.4-9.4 0/5
XoM Conroe + BS* Methane 35 95 4.3 0
XoM MO350T TCG** 50 70 2.4-5.7 3.5
XoM Condensate Methane 25/50/75 50/80 2.4-8.2 3.5
XoM None Methane 100 50/95 2.4-7.5 0/3.5
TU MO350T TCG 50/65/80 50/70/90 2.3-7.2 3.5
TU MO70T TCG 50/65/80 50/70/90 2.3-7.2 3.5
TU Conroe TCG 25 50/75 9.4 3.5
TU Kerosene TCG 50/65/80 50/70 2.3-5.5 3.5

*BS = Bright Stock, **TCG =Tulsa City Gas
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Using the previous CSM-CHR 
owloop data, Chapter 6 discusses the dependence of

� transition as a function of water cut, GOR (Gas-Oil Ratio), and mixture velocity. � transition

was earlier observed to be a precursor to hydrate bedding (Figure 1.6). Chapter 6 shows

that linear regression models may have a limited accuracy topredict the � transition , given the

complexity of physics involved in hydrate transportability. As an alternative, the arti�cial

neural network model is presented in Chapter 7 to empirically predict the � transition point

from the 
owloop data depository (approximately 5000 datapoints).

1.5 Thesis Overall Objectives

The key goal of this thesis work is to improve the conceptual understanding of hydrate

bedding in oil and gas pipelines, and to provide mechanisticand empirical models to deter-

mine the conditions that can lead to bedding. The thesis aimsto understand the intercon-

nections between water dispersion, particle agglomeration and bedding. Speci�c objectives

of this thesis work are given below.

(A) Mechanistic Bedding Model Development

ˆ Predict the extent of partial water dispersion and its connection to hydrate bedding.

ˆ Investigate the interconnection between bedding, water dispersion, and hydrate ag-

glomeration.

ˆ Estimate the hydrate volume fraction at which bedding occurs; determine the bedding

and suspension fractions using a binary classi�cation approach.

(B) Empirical Bedding Risks Models with the CSM-CHR Flowloop Data

ˆ Develop risk maps by statistically determining the transitioning hydrate volume frac-

tion ( � transition ) as a function of 
ow variables.

ˆ Apply machine learning/ arti�cial neural network methods to determine the class of

failure to determine a \plug" or \no plug" case (failure is de�ned when hydrate volume

fraction (� ) > � transition ).
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1.6 Thesis Outline

Chapter 1 outlines the key motivations of this thesis, along with a general introduction

and an overall literature review on gas hydrate bedding and plugging mechanisms.

Chapter 2 provides a mechanistic approach to discuss the interconnection between the

partial water dispersion and bedding by using the 
owloop data and PVM (Particle Vision

and Measurement) images; presents a conceptual picture of hydrate bedding and plugging in

a partially dispersed system.

Chapter 3 provides a discussion towards water dispersion modeling in a partially dis-

persed system along with a quantitative framework to determine the type and extent of water

dispersion.

Chapter 4 discusses the 
owloop experiments to investigate the interconnection between

the hydrate agglomeration, water dispersion and bedding.

Chapter 5 details a quantitative framework to determine hydrate bedding by considering

transient agglomeration with the Population Balance Modeling. Bedding framework also

determines the minimum hydrate volume fraction that can lead to the onset of bedding.

Chapter 6 utilizes a 13-year 
owloop data repository (approximately 5000 datapoints)

to statistically determine a high-risk boundary for hydrate transportability by calculating the

hydrate volume fraction (� transition ) which can lead to greater bedding and plugging risks. Hy-

drate plugging risks maps are developed and the e�ects of di�erent 
ow variables on� transition

are discussed.

Chapter 7 provides an application of machine learning / arti�cial neural network methods

to determine the relative pressure drop (a ratio of pressure drop during hydrate formation and

pressure drop at the hydrate onset) and the class of failure (failure is de�ned when hydrate

volume fraction > � transition ).

Chapter 8 presents the overall conclusion of this thesis work.

Chapter 9 o�ers recommendations and future directions for this research.
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CHAPTER 2

HYDRATE BEDDING MECHANISMS IN PARTIALLY DISPERSED SYSTEMS

Abstract

Gas hydrates are considered a major 
ow assurance challengein subsea 
owlines. They

can agglomerate rapidly and can form hydrate blockages. Therisk of hydrate-associated

blockages could be higher for transient (shut-in/restart)operations compared to the contin-

uous production. Often in o�shore production, there are unplanned shut-ins that could lead

to increased operational hazards. Despite the practical importance, few studies have ad-

dressed the hydrate plugging mechanisms during a transientoperation involving the shut-in

when water can be partially dispersed.

Under both continuous pumping and transient conditions, 
owloop tests were conducted

for three di�erent water fractions (30, 50, 90 vol.%) using Conroe crude oil from 2014 (referred

as Conroe14), at 5 wt.% salinity, across a wide range of mixture velocities (2.4 -9.4 ft/s).

Pressure drop, and mass 
ow rate measurements suggested that a transient test could result

in an earlier onset of hydrate bedding, occurring approximately twice as fast, and leading

to a higher relative pressure drop when compared to the corresponding continuous pumping

tests.

Droplet imaging (using a Particle Vision and Measurement or PVM probe) suggested

larger water droplets (100-300µm) during the shut-in as compared to the continuous pumping

tests (� 40µm) at 50 and 90 vol.% water fraction (WC or water cut). For the tests performed

using a demulsi�er at 200 ppm, PVM images suggested larger water droplets (100-600µm)

as compared to the test with no demulsi�er (water droplet size < 20 µm). The test using a

demulsi�er (or emulsion breaker) resulted in higher pressure drops and lower mass 
ow rates

compared to a test with no demulsi�er, indicating poor hydrate transportability when water

was partially dispersed.
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Flowloop viewport images showed the presence of a free water layer during a 24-hour

shut-in at 50 and 90 vol.% WC. Transient tests at 90 vol.% WC showed greater pressure

drops compared to the corresponding continuous pumping tests. Droplet imaging suggested

that larger water droplets and a partial dispersion of waterin transient tests could lead

to poor hydrate transportability. The 
owloop test analyses presented in this work can

potentially aid in an improved mechanistic understanding of transient operations, involving

the unplanned shut-ins and restarts.

The text and work presented in this chapter has been reproduced/modi�ed from Srivastava

et al., OTC paper no. 27849 [30].

2.1 Introduction

Gas hydrates are crystalline solids that can form when waterand gas come into contact

at high pressure (e.g.,> 1000 psia) and low temperature (e.g., 39°F) conditions [1]. There

is growing interest in the oil and gas industry to consider hydrate management methods

for di�erent operating conditions [36]. An e�ective hydrate management strategy requires a

sound understanding of hydrate transportability and how itmay be a�ected during the con-

tinuous pumping, shut-in, and restart operations. Often in the o�shore industry, there are

unplanned shut-in and restart (transient) operations thatcould lead to increased operational

hazards. During such transient operations, hydrate plugging risks can be greater compared

to the continuous oil and gas production [37, 38, 39]. Much ofthe reported research work

has focused on continuous productions [40, 41, 42, 43, 24]. Therefore, there is a need to

investigate the mechanisms of hydrate growth and transportability in transient operations

involving the restart after a shut-in period. To address this knowledge gap, detailed droplet

image analyses during the transient experiments were performed to analyze the role of dis-

persion of water on hydrate particle transportability in a partially dispersed system [23, 24].

The overall aim of this work is to apply the knowledge gathered from the 
owloop tests

analyses to improve the overall conceptual understanding ofhydrate plugging mechanism in

transient operations.
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In the conceptual picture of hydrate plugging, water entrainment was suggested by Turner

and Abrahamson [10] as one of the main stages for hydrate plugging in oil continuous systems

(Figure 1.8). Published 
owloop results suggest greater pressure dropsfor the partially

dispersed systems as compared to the oil- or water-continuous systems [23]. In a partially

dispersed system, there is a layer of free water that is not dispersed in the oil phase in addition

to the dispersed water droplets [19]. Full understanding ofhydrate plugging mechanisms in

partially dispersed systems is still lacking. In the current work, hydrate bedding mechanisms

in a partially dispersed system is investigated using waterdroplet imaging in combination

with the pressure drop and mass 
ow rate measurements for thetests performed in a 
owloop.

2.2 Material and Methods

2.2.1 Experimental Setup

In this work, a pilot scale 
owloop [44] was used to investigate hydrate formation and

transportability. The total length of the 
owloop is 275 feet (excluding the vertical risers

not used in these tests), with an internal diameter of 3.8 inches (Figure 2.1).

Figure 2.1: Schematic of the XoM 
owloop facility, modi�ed from Turner [44].
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This 
owloop is equipped with a Particle Vision and Measurement (PVM) probe, two

view ports, pressure transducers, temperature sensors, and a Coriolis 
owmeter. A multi-

phase sliding vane pump with positive displacement is used to circulate the 
uids at the

desired mixture velocity.

2.2.2 Experiment Variables

Flowloop experiments were performed using methane, brine, and a sample of Conroe

crude oil from 2014 (Conroe14, API gravity: 33.21, viscosity: 4.2 centipoise at 68°F) at

60 vol.% liquid loading. Brine containing 5 wt. % of commercial sea salt was used for

all the tests. Methane gas (99.99% purity) was used as the hydrate former. The mode of

the experiment changes from constant pressure to constant volume upon consumption of

all gas in the accumulator (volume: 120 gallons). To investigate the e�ect of unplanned

shutdowns, di�erent experimental procedures were performed at each water cut and mixture

velocity under continuous pumping (CP) and transient (shut-in and restart or RS) conditions.

Experiments with the emulsion breaker or demulsi�er (DE) were performed at 200 ppm using

50 vol.% WC at 5.7 ft/s under both CP and RS modes.

2.2.3 Experiment Procedure (Continuous Pumping, CP)

In this mode, the 
owloop is initially pressurized to 1000 psig by injecting methane gas

after being charged with 60 vol. % liquid loading. The systemtemperature is initially set

at 98 °F. The pump is started and set to a certain pump speed to run the experiment at

the desired mixture velocity. The system is cooled down by setting the temperature of the

control chamber to 38°F, while maintaining constant pressure (1000 psig) and the desired

pump speed. The initial hydrate equilibrium temperature isabout 46 °F for this system at

1000 psig. To study the hydrate formation and transportability, the pump is allowed to run

at constant speed with a setpoint temperature of 38°F for about 12 hours. After the 12-hour

period, the system is heated up by increasing the temperature of the control chamber back

to 98 °F, while maintaining a constant pressure in the loop. However,if the system plugs
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(indicated by limited 
uid 
ow and large 
uctuations/incre ases in the pressure drop) during

the hydrate formation period, the system is heated to 98°F for hydrate dissociation.

2.2.4 Experiment Procedure (Transient, RS)

In this mode, the 
owloop is initially pressurized to 1000 psig of methane gas, after being

charged with liquids at 60 vol.% liquid loading. Next, the 
owloop is cooled down by setting

the temperature of the control chamber to 38°F. Fluids are within the hydrate stable region

at this temperature and pressure. During this cooling process, the pressure is maintained

at 1000 psig, and the pump remains turned o�. The system remains in this cold shut-in

condition (shut-in, no 
uid 
ow) for 24 hours. After the 24-hour shut-in period, the pump

is restarted at the desired pump speed and is allowed to run for 12 hours. Next, hydrates

are dissociated by heating up the loop at constant pressure.However, if the 
owloop plugs

(indicated by limited 
uid 
ow and large 
uctuations/incre ases in the pressure drop) during

the hydrate formation period, the system is heated back to 98°F for hydrate dissociation.

2.2.5 Flowloop Data Analyses Approach

Hydrate transportability at di�erent mixture velocities an d water volume fractions is

assessed in terms of pressure drop (4 P) and relative pressure drop (4 PRel: ) for di�erent

experimental conditions. Relative pressure drop is de�nedin Equation (2.1) as the ratio

of the pressure drop4 P (with hydrates) and the pressure drop at hydrate onset (with no

hydrates). Relative pressure drop (4 PRel: ) helps to interpret the changes in the pressure

drop only due to the presence of hydrate particles.

Relative pressure drop (�PRel:) =
� P(�)

� P(at Hydrate Onset )
(2.1)

A higher transportability is de�ned by a relative pressure drop value being approximately

1, with fewer 
uctuations. An increasing pressure drop, withmore 
uctuations, is interpreted

as reduced transportability of the system. The hydrate volume fraction (HVF, � ) is de�ned

as the total volume of hydrates relative to the total suspension volume (Equation 2.2).
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HV F (�) =
Hydrate V olume

Oil V olume + Water V olume + Hydrate V olume
(2.2)

Mass 
ow rate (MFR) is analyzed to understand the 
ow characteristics for di�erent

experimental conditions. Mass 
ow rates are measured by theCoriolis 
owmeter as shown

in Figure 2.1. When 
uid moves through the 
ow sensor's tubes, Coriolis forces are induced

which cause the 
ow tubes to twist in opposition to each other. Two sine waves are gen-

erated by the twists and their time di�erence is measured. Their time di�erence is directly

proportional to the total mass 
ow rate [45] of suspension. Mass 
ow rate measurements are

analyzed simultaneously with the pressure drop data. An increasing pressure drop with de-

creasing mass 
ow rate measurements suggests hydrate mass is accumulated in the 
owloop

(i.e., bedding). For all the analyses for continuous pumping tests, time 0 is taken as the time

at hydrate onset, which is con�rmed by a simultaneous decrease in the volume of the gas

accumulator and an increase in 
uid temperature (due to the exothermic reaction of hydrate

formation). For the transient plots, time 0 is taken at the time of pump restart after the

shut-in period (as negligible hydrate formation was observed during the shut-in).

2.2.6 Experimental Matrix

An experimental matrix for the transient 
owloop test matrix is presented in Table 2.1.

2.3 Results and Discussion

This section outlines the key results obtained in the 
owloop tests performed under

continuous pumping (CP) and transient (RS) conditions using Conroe14 crude oil and brine

solution (at 5 wt. % sea-salt). These tests included di�erent water cuts (30, 50, 90 vol. %)

and a range of mixture velocities (2.4-9.4 ft/s). The PVM images are analyzed in combination

with the pressure drop and mass 
ow rate measurements.
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Table 2.1: Experimental matrix of 
owloop tests performed using Conroe14.

Exp. # Water Cut [%] *V mix: [ft/s] Chemical Dosage **CP/ Transient
1 30 3.7 None Transient
2 30 5.7 None Transient
3 30 9.4 None Transient
4 50 2.4 None Transient
5 50 5.7 None Transient
6 50 9.4 None Transient
7 90 2.4 None Transient
8 90 5.7 None Transient
9 90 9.4 None Transient
10 50 5.7 Demulsi�er (200 ppm) CP
11 50 5.7 Demulsi�er (200 ppm) Transient

*V mix: = Mixture Velocity, **CP = Continuous Pumping

2.3.1 Water Droplet Imaging at 50% WC with CP and RS Tests

A continuous pumping test at 50 vol.% WC did not show signi�cant di�erences in the

water droplet images upon hydrate onset (at 5.7 ft/s) (Figure2.2a and 2.2b). PVM images

in Figure 2.2 show that a �ne water-in-oil (w/o) emulsion was formed, with water droplet

sizes remaining at around< 20 microns for the continuous pumping test (at 50 vol.% WC

and 5.7 ft/s).

Figure 2.2: PVM images during a continuous pumping test: (a) before hydrate onset (b)
after hydrate onset, for 50 % WC at 5.7 ft/s using Conroe14 in the oil phase at 60 vol.%
liquid loading, 5 wt.% salt. No signi�cant di�erence in water droplet sizes could be observed
in the PVM images at 50% WC under CP conditions.
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PVM images of the continuous pumping test (Figure 2.2) were in contrast to those in the

transient test (Figure 2.3) performed under similar conditions. Before pump restart, in the

transient test (Figure 2.3a), water droplets could be clearly detected. However, within 30

seconds of pump restart, water droplets could no longer be clearly seen (Figure 2.3b), and

it was suggested that a free water phase was formed, as also discussed below.

Figure 2.3: PVM images during a transient test: (a) during shut-in (b) after pump restart
and hydrate onset; at 50 % WC at 5.7 ft/s using Conroe14 in the oil phase at 60 vol.% liquid
loading, and 5 wt.% salt. (a) Large PVM images (90-150µm) before the pump restart, (b)
a disruption of interfaces and fewer water droplets can be seen after the restart, indicating
destabilization of water-oil interfaces under transient conditions.

During the transient test, it was observed that the initial hydrate growth occurred more

rapidly compared to that in the continuous pumping test (Figure 2.4a and 2.4b). It is

suggested that a sudden and rapid initial hydrate formationrate during a transient test

could lead to the destabilization of water-oil interfaces in a transient test as observed from

the PVM images. Rapid hydrate growth in the transient experiments were observed at both

mixture velocities, 2.4 (Figure 2.4a) and 5.7 ft/s (Figure 2.4b).

2.3.2 Partial Dispersion of Water During Shut-In

A layer of free water could be seen during a 24-hr shut-in at 50and 90 vol.% WC. Figure

2.5 shows two distinct layers of oil (on the top, with water droplets dispersed in the oil phase)

and water (on the bottom) after a 24-hr shut-in performed forthe 50 vol.% WC system. It

is suggested that water could be partially dispersed duringa transient experiment.
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Figure 2.4: Traces of hydrate volume fraction as a function oftime during a continuous
pumping and transient test: (a) at 2.4 ft/s (b) at 5.7 ft/s; tests conducted with 50 % WC
using Conroe14 in the oil phase at 60 vol.% liquid loading, and 5 wt.% salt. Rapid initial
hydrate growth is observed in the transient tests compared to the continuous pumping test at
50% WC.

Figure 2.5: Two distinct phases, a free water phase at the bottom and an oil-continuous
phase at the top (water droplets dispersed in the oil phase asin Figure 2.3) can be seen after
a 24-hr shut-in for the 50 vol.% WC system.Water can be seen as being partially dispersed
during a transient experiment under the shut-in condition.
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2.3.3 Hydrate Bedding Investigations Using Water-in-Conroe14 Disper sion

Figure 2.6a shows the relative pressure drop (4 PRel: ) and mass 
ow rate (MFR) as a

function of time for the transient, and three repeat continuous pumping tests at 5.7 ft/s and

50 vol.% WC. Figure 2.6a indicates that for a transient test, the average4 PRel: starts to

increase rapidly at about 25 minutes. Figure 2.6b shows that the average mass 
ow rate

starts to decrease at the same time. Three repeat tests were performed in the continuous

pumping or CP mode. For all continuous pumping tests, the increase in4 PRel: and decrease

in mass 
ow rate occurred at about 70-85 minutes (Figure 2.6, black dotted line).

Figure 2.6: Pro�les of (a) relative pressure drop,4 PRel: and mass 
ow rate, (b) MFR as
a function of time; for three repeat continuous pumping (CP1, CP2, CP3) tests and one
transient (RS) test, using 50 vol.% WC at 5.7 ft/s for Conroe14 at 60 vol.% LL, with 5
wt.% salt. 4 PRel: and mass 
ow rate results indicate thatbedding onset for a transient test
could be occurring signi�cantly faster compared to the continuous pumping tests (at the given
conditions).

These results indicate that hydrate beds form earlier in a transient test (about twice as

fast for the current runs) than in a continuous pumping test.Additionally, the view port

observations suggested the presence of a non-moving hydrate mass at the bottom of the pipe

during the bedding phenomenon in the three repeat continuous pumping and the transient

tests.
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2.3.4 Hydrate Bedding Investigations Using a Demulsi�er

Figure 2.7 shows the traces of pressure drop and mass 
ow rate as a function of hydrate

volume fraction for the test using a demulsi�er at 200 ppm (plotted in red), and for the

test without a demulsi�er (plotted in blue) using 50 vol.% WC at 5.7 ft/s. Figure 2.7a

indicates there is a higher pressure drop or greater frictional losses in a partially dispersed

system (test using a demulsi�er or emulsion breaker) compared to a fully dispersed and well

emulsi�ed system. Figure 2.7b indicates the onset of beddingoccurring at lower hydrate

volume fraction (5 vol.%) in the demulsi�ed system comparedto that in the well emulsi�ed

system (bedding occurs at approximately 12 vol.% of hydrates).

Figure 2.7: Comparison of (a) pressure drops as a function of hydrate volume fraction, (b)
mass 
ow rates as a function of hydrate volume fraction; for the test with a demulsi�er at 200
ppm using 50 % WC at 5.7 ft/s using Conroe14 in the oil phase at 60 vol.% liquid loading,
and 5 wt.% salt. Pressure drop and mass 
ow rate data indicate that bedding onset for a
demulsi�ed, partially dispersed system could occur at lower hydrate volume fraction compared
to that for a well emulsi�ed, fully dispersed system.

PVM images (Figure 2.8a) collected during a test using a demulsi�er indicated larger

water droplets compared with the test without a demulsi�er (Figure 2.8b). The demulsi-

�er agent promotes the coalescence of water droplets, accelerating the process of emulsion

breaking of a water-in-oil dispersion [46].
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Figure 2.8: PVM images during a test with 50 % WC using Conroe14 in the oil phase at
60 vol.% liquid loading, and 5 wt.% salt (a) with a 200 ppm demulsi�er and (b) without a
demulsi�er: (a) Large droplets (100-600µm) can be seen with the test using a demulsi�er
(b) Small droplets (< 20 µm) with the test without a demulsi�er. Larger water droplets can
be seen in the demulsi�ed system.

It was earlier suggested that large water droplets and the presence of free water could

lead to greater water occlusion between hydrate particles [47, 23]. Greater agglomeration

could lead to a rapid onset of hydrate bedding as observed in the test using a demulsi�er.

2.3.5 Water Droplet Imaging Show Free Water Layer (90 %WC)

Figures 2.9a and 2.9b show images collected from the PVM probe during a shut-in test

at 90 vol.% WC. PVM images indicate water droplets of sizes 100-300 µm with a presence

of a free water phase during a transient test. Images from the
owloop viewport con�rmed

the distinct free water phase during a 24-hr shut-in.

Images from the viewport showed the distinct free water phase during a 24-hr shut-

in. When the pump is restarted, rapid hydrate formation begins as the system is already

within the hydrate stability region. With the restart, a sudden mixing between the water

and oil phases begin, resulting in a rapid consumption of gasdue to formation of hydrates.

Figures 2.10a and 2.10b suggest ahigher initial hydrate formation rate in the transient tests

compared to the continuous pumping tests at both 2.4 ft/s and5.7 ft/s at 90 vol.% WC.

Figures 2.10a and 2.10b support the hypothesis earlier observed with the 50 vol.% WC

(Figures 2.4a and 2.4b), that hydrate formation can occur more rapidly in a transient test
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Figure 2.9: PVM images during a test under the shut-in conditions at 90 % WC using
Conroe14 in the oil phase at 60 vol.% liquid loading, and 5 wt.% salt. Free water and larger
water droplets (100-300µm) can be seen from the PVM images during the shut-in. Figure
2.9 suggestswater is partially dispersed (present both in the free layer and in the dispersed
forms) during the shut-in.

Figure 2.10: Hydrate volume fraction as a function of time during a continuous pumping and
transient test: (a) at 2.4 ft/s (b) at 5.7 ft/s using Conroe14in the oil phase with 90 % WC
at 60 vol.% liquid loading with 5 wt.% salt. Rapid initial hydrate growth can occur in the
transient tests compared to the continuous pumping tests atboth mixture velocities of 2.4
ft/s and 5.7 ft/s. Hydrate growth for continuous pumping at 2.4 ft/s (left) is plotted in light
blue, restart in black, for continuous pumping at 5.7 ft/s (right) plotted in dark blue, and
for restart plotted in brown traces. Rapid initial hydrate growth is observed in the transient
tests compared to the continuous pumping test at 90% WC.
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compared to a corresponding continuous pumping test. The rate of initial hydrate formation

in the �rst 30 minutes was found to be signi�cantly higher (Figure 2.11) in a transient test

compared to a corresponding continuous pumping test.

Figure 2.11 shows a bar plot of the initial hydrate growth rates in the �rst 30 minutes

for both the transient and continuous pumping tests performed at 50 and 90 vol.% WC at

2.4 and 5.7 ft/s. Rapid hydrate formation rates in the transient (RS) tests are observed at

both water cuts (50 and 90 vol.% WC) and both mixture velocities (2.4 and 5.7 ft/s).

Figure 2.11: Bar plots of initial hydrate growth rates (m3/ hour) during �rst 30 minutes for
the 4 continuous pumping tests and 4 transient tests (on restart) using 50 and 90 vol.% WC
at 2.4 and 5.7 ft/s for Conroe14 at 60 vol.% liquid loading with 5 wt.% salt. Hydrate growth
rates can be greater in the transient (RS) tests compared to the continuous pumping (CP)
tests.

It is further suggested that a sudden pump restart followed with rapid hydrate formation

could disrupt interfaces of water droplets suspended in theoil phase in a transient test

(Figure 2.12). Figure 2.12 shows PVM images collected a few moments before the pump

restart (Figure 2.12a), as well as after the pump restart (Figure 2.12b) using 90 vol.% WC

at 2.4 ft/s. Figure 2.12b indicates that the disruption of interfaces can occur upon the pump

restart. Figures 2.12a and 2.12b suggest that a process of disruption of interfaces could occur

during the pump restart at both water cuts (50 and 90 vol.% WC)at the restart.
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Figure 2.12: PVM images during a test under transient conditions at 90 vol.% WC for
Conroe14 at 60 vol.% liquid loading (LL), and 5 wt.% salt. Before the pump restart (a) large
water droplets approximately 100-300µm can be seen (red circle) (b) after the pump restart,
fewer droplets and a disruption of interfaces can be observed under transient conditions.

Due to a rapid hydrate formation process in combination withthe greater hydrate ag-

glomeration resulting from a partial dispersion of water, relative pressure drop in a transient

test could be higher compared to a continuous pumping test at90 vol.% WC. Figures 2.13a

and 2.13b show the traces of relative pressure drop plotted for 90 vol.% WC at 2.4 and 5.7

ft/s, respectively. Transient tests indicate a hydrate plugging condition at the end of the

tests, while no plugging was observed for the continuous pumping tests.

No signi�cant changes in water droplets were observed during initial hydrate formation

in a continuous pumping test at 50 vol.% WC (Figure 2.2). In contrast, for the continuous

pumping test at 90 vol.% WC, PVM images suggested the disruption of interfaces could

be triggered by a rapid hydrate formation. Water droplets ofabout 40 µm sizes could be

seen before the hydrate onset (Figure 2.14a). After the hydrate onset, fewer droplets could

be seen (Figure 2.14b). Images taken at other mixture velocities (at 5.7 and 9.4 ft/s) also

suggested a similar phenomenon.

To test the hypothesis of emulsion destabilization occurring at 90 vol.% WC under the

continuous pumping conditions, pressure drop data was analyzed [24]. Data analysis sug-

gested a sudden decrease in the pressure drop measurements immediately following the onset

of hydrate formation. Figure 2.15 shows pressure drop tracesat 9.4 ft/s (green), 5.7 ft/s
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Figure 2.13: Relative pressure drop traces as a function of hydrate volume fraction (a) at
2.4 ft/s (b) 5.7 ft/s for the continuous pumping and transient tests using 90 vol.% WC, 60
vol.% LL with 5 wt.% salt. Relative pressure drop is greater for the transient tests compared
to the continuous pumping or CP tests.

Figure 2.14: PVM images during a continuous pumping test at 90 vol.% WC: (a) before
hydrate onset (b) after hydrate onset at 2.4 ft/s for Conroe14 using 60 vol.% LL, with 5
wt.% salt. Before the hydrate onset, water droplets are approximately 40µm and greater in
number (Figure a) and after the onset (Figure b)fewer droplets and a destabilization of water-
oil interfaces can be observed during hydrate formation at 90% WC under CP conditions.
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(blue), and 2.4 ft/s (red) for the continuous pumping tests performed at 90 vol.% WC. At

time zero, which is the hydrate onset point, there is a sharp decrease in the pressure drop

measurements, indicating a decrease in the mixture viscosity due to emulsion breaking. Be-

fore time 0, is the period of cooling that continues to increase the oil viscosity until the onset

of hydrate formation at time 0 (Figure 2.15). It was hypothesized by Majid et al. [47] that

hydrate onset can trigger destabilization of a water-in-oil emulsion at 90 vol.% WC under a

continuous pumping test mode.

Figure 2.15: Pressure drop traces as a function of time at 2.4,5.7, 9.4 ft/s using 90 vol.% WC,
60 vol.% LL with 5 wt.% salt. Hydrate formation can change the emulsion characteristics
as indicated from the reduction in pressure drop[47].

Emulsion destabilization at 90 vol.% WC was observed underboth continuous pumping

and transient conditions. For 50 vol.% WC, emulsion destabilization was only observed

under transient conditions. Based on the PVM image analysis and gas consumption data, it

is suggested that in a transient test, rapid hydrate formation and partial water dispersion can

lead to poor transportability due to greater hydrate particle agglomeration. Consequently,

higher agglomeration could lead to quicker bedding onset (50 vol.% WC) and greater e�ective

viscosity (at 90 vol.% WC). Vijayamohan [23] and Majid et al. [24, 47] suggested that

partial water dispersion can enhance water occlusion between hydrate particles. The data

33



analysis performed in this work (See Chapter 3 and 4) supported the hypothesis of greater

agglomeration in the partially dispersed systems [23, 47].It is proposed that the phenomenon

of higher e�ective slurry viscosity can be associated with higher agglomeration due to greater

water occlusion between the hydrate particles in a partially dispersed system. Rapid initial

hydrate formation in combination with the greater agglomeration and faster bedding could be

among key mechanisms to cause a poor transportability of hydrates in a partially dispersed

system.

2.3.6 E�ect of Mixture Velocity under Transient Conditions

Figures 2.16a, 2.16b, and 2.16c show the traces of relative4 P as a function of hydrate

volume fraction for three di�erent water cuts (30, 50, 90 vol.%) under transient test con-

ditions. These results indicate that the 
uctuations in relative pressure drop decrease with

increasing mixture velocity, for all water cuts.

Figure 2.16: Comparison of relative4 P as a function of hydrate volume fraction, at di�erent
mixture velocities for (a) 30 vol. %, (b) 50 vol. %, and (c) 90 vol. % WC for RS, transient
tests using Conroe14 at 60 vol. % LL with 5 wt. % salt.Increasing mixture velocity decreases
the 
uctuations in relative 4 P and improves hydrate particle transportability.

Higher mixture velocity decreases the droplet and particle sizes, and increases the disper-

sion of water and hydrate particles. Figures 2.17a and 2.17b show the PVM images collected

at 2.4 and 9.4 ft/s with 50 vol.% WC under transient conditions. Figure 2.17a indicates

that the hydrate agglomerate size at 2.4 ft/s is about 500-600 µm. However, at 9.4 ft/s, the
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agglomerate size is about 75-100µm at 50 vol.% water cut (Figure 2.17b).

Figure 2.17: PVM images for RS, transient tests for 50 vol. % water cut at: (a) 2.4 ft/s (b)
9.4 ft/s. Smaller agglomerate size is obtained at higher mixture velocity.

It is suggested that with increasing mixture velocities, the increased inertial shear forces

may break down the hydrate agglomerates and form a transportable hydrate slurry. A higher

mixture velocity also prevents settling of hydrate particles, since the carrier 
uid velocity

could provide the required hydrodynamic lift forces to overcome the gravitational forces. It

should be noted that at 9.4 ft/s, there is no free water phase and water is fully dispersed.

For the 9.4 ft/s experiments, the average relative4 P (approximately 1 for all water cuts)

pro�les suggested a greater transportability and low plugging risks. The 
owloop viewport

observations indicated a well-disperesed hydrate slurry at 9.4 ft/s for all water cuts. Higher

dispersion of water droplets and hydrate particles enhanced the overall hydrate particle

transportability in the carrier 
uid phase and led to an operation with low plugging risks.

2.3.7 Conceptual Picture Modi�cation

Data analyses suggested that during shut-in, water droplets may settle at the bottom of

the pipe and may not be fully dispersed in the oil phase. A conceptual picture (Figure 2.18)

of hydrate plugging in partially dispersed system is modi�ed from Turner and Abrahamson

[10], Vijayamohan [19], and Majid et al. [47].

A sudden pump restart can lead to rapid initial hydrate formation, which can partially

destabilize the interfaces between water droplets and oil phases. Emulsion destabilization

can trigger the migration of water from the droplet form to the free water form towards the
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Figure 2.18: New conceptual picture of hydrate plugging in partially and fully dispersed
systems, modi�ed from Turner and Abrahamson [10], Vijayamohan [19], and Majid et al.
[47].

bottom of the pipe. A partial dispersion of water can also lead to a greater agglomeration

between hydrate particles. In a transient test, relative pressure drop could therefore be

greater due to greater agglomeration and bedding, thereby resulting in reduced hydrate

particle transportability in the system.

Key Limitations

It was assumed that the smaller droplets (not detectable from the PVM probe) did not

contribute for the emulsion destabilization process.

Conclusions

Flowloop tests were performed under continuous pumping (CP), and transient (RS) test

conditions using Conroe14 crude oil and brine solution (at 5wt. % sea-salt). These tests

included di�erent water cuts (30, 50, 90 vol. %) and a range ofmixture velocities (2.4-9.4

ft/s). The PVM image analyses indicate that in the transient tests, hydrate formation may

cause destabilization of water droplets dispersed in an oilphase (with 50 and 90 vol.% WC)

promoting emulsion breakage. However, in the continuous pumping tests (under similar

conditions), no signi�cant change in the dispersion of water droplets in Conroe14 oil was ob-
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served at 50 vol.% WC. The pressure drop and mass 
ow rate measurements further suggest

that the transient test could result in a faster onset of hydrate bedding, and may lead to a

higher relative pressure drop when compared to the continuous pumping test. Measurements

indicated higher pressure drops and faster bedding for a test with the demulsi�er compared

to a test with no demulsi�er. Tests with the demulsi�er suggested that large water droplets

with a presence of free water layer can result in poor transportability of hydrates. For the

transient tests, increasing mixture velocities from 2.4 to9.4 ft/s signi�cantly decreases the


uctuations and magnitude of relative pressure drop, and promotes the dispersion and trans-

portability of hydrates. The analyses from these 
owloop experiments indicate that for the

transient tests, rapid hydrate formation, followed by the emulsion destabilization and partial

dispersion of water could cause an early increase in pressure drop; thereby suggesting greater

operational risks in transient tests compared to the continuous pumping operations.
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CHAPTER 3

NEW MODEL TO PREDICT FREE WATER FRACTION IN PARTIALLY DISPERSED

SYSTEMS

Abstract

Water dispersion is an important parameter in the investigation of hydrate bedding and

plugging mechanisms, as partially dispersed systems present greater risks to hydrate trans-

portability. A complete quantitative characterization of partially dispersed system is still

lacking. To address this knowledge gap, extensive water-in-oil dispersion tests were per-

formed across a wide range of mixture velocities (2.4-9.4 ft/s) in two pilot scale 
owloops.

One 
owloop was equipped with two particle size measurementprobes: for chord length

distribution the Focused Beam Re
ectance Measurement (FBRM), and for droplet imaging

data the Particle Vision and Measurement (PVM).

PVM images and FBRM chord length measurements indicate largermean droplet sizes

with water-in-mineral oil (MO350T) dispersions compared to those with water-in-Conroe16

dispersions at all mixture velocities. Mean water droplet sizes at 80 vol. % water fraction

(water cut, WC) with Conroe16 (Conroe crude oil from 2016) are approximately twice as

large when compared to those at 50 vol.% WC using Conroe16 at all mixture velocities.

Based on the critical size (at which the summation of buoyancy and lift forces on a droplet

equals the downward gravitational force) obtained by a force balance, a binary classi�cation

method was developed to determine the dispersed and free phase volume fractions. The

model developed in the current work advances the previous dispersion models by quantifying

the extent (%) of free water; existing literature models predicted only the type of dispersion.

The new modeling approach can quantify thetype and extent of dispersionearlier reported

visually (qualitatively) from the TU (University of Tulsa) 
 owloop tests.
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Experiments and modeling results suggest that low liquid velocity, low oil density, high

water volume fraction and high interfacial tension promotethe formation of a free water

layer. Based on the modeling results and experimental data,a modi�ed conceptual picture

of blockage formation in partially dispersed system is presented. This work can potentially

improve the mechanistic understanding of hydrate transportability in a partially dispersed

systems.

3.1 Introduction

The extent of water-in-oil dispersion can in
uence hydrateformation as it provides the

necessary interfacial area for hydrate formation and growth. Previous 
owloop tests indi-

cated that partially dispersed systems (containing a free water layer) have poor hydrate

transportability compared to the fully dispersed water- oroil-continuous system [23, 24].

Despite this knowledge, a full quantitative description ofhydrate plugging in partially dis-

persed systems is not yet available. Currently, CSMHyK-OLGAr models can only consider a

complete dispersion of water in a continuous oil phase. These models underestimate pressure

losses during hydrate formation when water is partially dispersed. Therefore, it is important

to characterize the extent of water dispersion as a functionof 
ow properties.

3.1.1 Background

A conceptual picture [23] of a partially dispersed system ispresented in Figure 3.1. Water

is partially entrained in the oil phase as shown in this conceptual picture. There exists a

layer of free water that is not dispersed in the oil phase.

Flowloop test analyses [23] showed that partially dispersedsystems have higher pressure

drops in comparison to the water- or oil-continuous systems(Figure 3.2 ).

It was further suggested [24, 23] that a partially dispersedsystem can have greater oc-

clusion of free water between hydrate particles, leading togreater bedding and plugging.

Data analyses in this work using a demulsi�er at 200 ppm supported the hypothesis that a

partially dispersed system posed greater plugging risks compared to a fully dispersed system
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Figure 3.1: Conceptual picture of plugging in a partially dispersed system [23, 24], modi�ed
from Turner and Abrahamson [10].

Figure 3.2: Relative pressure drops for partially dispersed, water-and oil-continuous systems
at 70 vol.% liquid loading (LL), 1500 psig pressure with MO350T in the oil phase. Higher
relative pressure drop is observed for the partially dispersed system (50% WC, 2.3 ft/s)
compared to the water (80% WC, 5.5 ft/s) or oil-continuous (30% WC, 5.5 ft/s) systems
[23].
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(See Figure 2.7 in Chapter 2). In this chapter, an e�ort is made to quantify the extent of

partial water dispersion using a critical droplet size model obtained by a force balance.

3.2 Material and Methods

3.2.1 Experimental Setup

Please seeFigure 2.1 for the details about the 
owloop facility.

3.2.2 Experiment Matrix for Dispersion Tests

Three di�erent dispersion systems were prepared using 50 vol.% water-in-Conroe16, 50

vol.% water-in-mineral oil 350T (MO350T) and 80 vol.% water-in-Conroe16 crude oil for the

tests conducted at the XoM 
owloop. A wide range of mixture velocities (Table 3.1) were

used to record the measurements of droplet sizes from di�erent dispersion systems.

Table 3.1: 2016 dispersion tests at the XoM and TU 
owloops.

Oil WC [%] Vmix [ft/s] LL [%] Flowloop
Conroe16 50/80 2.4-9.4 60 XoM
MO350T 50 2.4-9.4 70 XoM
MO350T 30/50/80 2.4-5.7 70 TU
MO70T 30/50/80 2.4-5.7 70 TU
Kerosene 30/50/80 2.4-5.7 70 TU

WC = Water Cut, V mix =Mixture Velocity, LL=Liquid Loading

Tests were conducted using constant pressure and temperature conditions with no hy-

drates. To ensure that the system reached a steady-state condition during the dispersion

tests, the FBRM mean size and pressure drop measurements needed to reach an approxi-

mately constant value.

3.3 Results and Discussion

In this section, 
owloop data from the FBRM and PVM probes are analyzed and a

binary classi�cation model to segregate the distribution of droplets by their critical size is

presented. Modeling results to determine the extent of partial dispersion are compared with
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the experimental visual observation of the dispersion tests performed at the TU (University

of Tulsa) 
owloop. Finally, a modi�ed conceptual picture of partially dispersed system is

presented.

3.3.1 Modeling of Free Water Fraction Using Flowloop Data

Three di�erent dispersion tests suggest that the largest droplet sizes are present with

water-in-MO350T at 50 vol.% WC compared to that with water-in-Conroe16 at 80 and 50

vol.% WC (Figure 3.3a). The mean droplet size is calculated from the correlation between the

FBRM chord length and mean size proposed by Boxall [48]. Figure3.3b shows a cumulative

probability pro�le of droplet size distributions (using FBRM data) for three dispersion tests.

For a given droplet size, water-in-Conroe16 at 50 vol.% WC has the highest cumulative

probability compared to that of water-in-Conroe16 at 80 vol.% WC and water-in-MO350T

at 50 vol.% WC (Figure 3.3b).

Figure 3.3: Mean droplet size (a) and cumulative probability(b) pro�les obtained using the
FBRM chord length data for three di�erent dispersions (water-in-Conroe16 at 50 and 80
vol.% WC using 60 vol.% LL at 2.4 ft/s, and water-in-MO350T dispersions at 50%WC and
70 vol.% LL using 2.4 ft/s); (a) Highest mean droplet sizes for water-in-MO350T dispersion
systems; (b) Highest cumulative probability for water-in-Conroe16 dispersion at 50 vol.%
WC.

It should be noted that the interfacial tension (IFT) betweenwater and MO350T is

approximately 3 times higher [19] than that of water-in-Conroe16 emulsion systems, as Con-
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roe16 has natural surfactants which help lower the IFT between water and Conroe16. Figure

3.4 shows a conceptual picture of shear forces acting against the interfacial forces to break

the droplets. A higher interfacial tension between the dispersed and continuous phases leads

to a larger droplet size under given conditions.

Figure 3.4: Conceptual representation of shear forces working against the interfacial forces
for the breakage of a water droplet suspended in an oil phase.

As the droplet size increases, the resultant downward forceson a droplet increase with

the cube of the diameter (Figure 3.5). In a moving 
uid, lift and buoyancy forces acting on a

droplet balance the downward gravitational force. Figure 3.5 shows a force balance on a single

water droplet suspended in the continuous oil phase. It is suggested that if the summation

of lift and buoyancy forces is large enough to neutralize thedownward gravitational force,

the droplet will remain suspended in the continuous oil phase [49].

Figure 3.5: Force balance on a single water droplet suspendedin an oil phase adapted from
Nicholas [49]. dw is water droplet size,� w is water density, � o is oil density. The buoyancy
force (FBuoy ) and lift force (FLif t ) balance the gravitational force (FG) for a water droplet
to remain suspended in the oil phase.
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The necessary condition for droplet suspension could be expressed in Equation 3.1.

FBuoy + FLif t � FG (3.1)

The droplet critical size (dc) can be de�ned by the size at which the summation of

buoyancy and lift forces on a droplet equal the downward gravitational force. Thus a critical

size expression (Equation 3.2) for the droplet suspension can be obtained by equating the

upward and downward forces (Taniere et al. [50] and Mei [51]).

dc = 3
� o

(� w � � o)g
CL v02 (3.2)

wherev' is the droplet slip velocity depending on the boundary layerthickness and free

stream velocity, � w is water density, � o is oil density, andCL is the lift coe�cient. Droplets

smaller than the critical size are likely to be stable in the suspended oil phase. Droplets larger

than the critical size will segregate downwards to the bottom of the pipe due to dominating

gravitational forces. A binary classi�cation method can beapplied to segregate the droplets

that could be bigger than the critical size under the given conditions. To quantify the

cumulative volumetric fraction, the Rosin-Rammler distribution function (Equation 3.3) can

be used, as suggested by Angeli and Hewitt [52].

VF = 1 � exp
�

� 2:996
�

d
d95

� n �
(3.3)

Here, VF is the cumulative volume fraction of droplets smaller than the droplet size,d,

for a given size corresponding to the 95th percentile (d95). Published data suggests that the

water-in-oil droplet sizes can be represented with a Rosin-Rammler distribution [53, 54, 52].

Additionally, the Ohio University droplet database [53] suggests that n can be approxi-

mately considered as 2.2 for such systems. A binary classi�cation of droplet size distribution

corresponding to sizes smaller than the critical size can provide information regarding the

dispersed phase volume fraction. Using the cumulative probability plots generated from the

FBRM data, d95 can be estimated (Figure 3.6).
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Figure 3.6: Determination ofd95 using the FBRM cumulative probability distribution as a
function of droplet size for three di�erent dispersion systems. d95 is highest for the water-
in-MO350T dispersion systems.

Figure 3.6 shows thatd95 is highest for the water-in-MO350T dispersion systems. Once

d95 is known, dispersed and free phase fractions can be estimated by replacingd with dc in

Equation 3.3 (thus providing Equations 3.4 and 3.5).

VDispersed = 1 � exp
�

� 2:996
�

dc

d95

� n �
(3.4)

VF ree Layer = 1 � VDispersed (3.5)

Cumulative volume fraction calculations are plotted in Figure 3.7. The distribution of

droplets can be classi�ed into two sizes: larger and smallerthan the critical size (Figure 3.7).

The binary classi�cation approach shown in Figure 3.7 suggests that 45% volume of water

droplets is below the critical size for water-in-Conroe16 at 80 vol.% WC. The summation

of lift and buoyancy forces on these droplets dominate over the gravitational forces. These

droplets are more likely to be stable in the dispersed form. For the remaining 55% of

water present in the system, higher gravitational forces would lead to the migration of water

towards the bottom of the pipe. The extent of water dispersion can depend upon the

droplet size distribution, water volume fraction, 
ow conditions, and interfacial properties.
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Figure 3.7: Cumulative volume fraction as a function of droplet size for Water-in-Conroe16
at 80 vol.% WC,60 vol.% LL at 2.4 ft/s. The binary classi�cation method based on the droplet
critical size is applied to quantify the extent of dispersion for water-in-Conroe16 system.
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This binary classi�cation approach is applied to predict thedispersed volume fraction in the

remaining datasets. Figures 3.8a and 3.8b show that by increasing mixture velocity from

2.4 to 3.7 ft/s, the dispersion of water for water-in-MO350Tat 50 vol.% WC can increase

from 29 to 69 vol.%, for water-in-Conroe16 at 80 vol.% WC from45 to 89 vol.% , and for

water-in-Conroe16 at 50 vol.% WC from 91% to 99 vol.%.

Figure 3.8: Predicted dispersed volume fraction at 2.4 and 3.7 ft/s for the three dispersion
systems;Conroe16 at 50 vol.% WC has higher dispersion compared to that with Conroe16 at
80 vol.% WC and MO350T at 50 vol. %WC.

3.3.2 Model for Extent of Water Dispersion

The approach presented in section 3.3.1 is only useful when the droplet size distribution

data from particle measurement probes such as FBRM or PVM are available. Usually in a

subsea operation, droplet and particle size data are not available. In such situations,d95 can

be computed using the droplet size models available in literature. One such model that was

found to be closely applicable to estimate thed95 is from Cai et al. [28]. This model relates

the maximum droplet size as a function of di�erent 
ow variables (Equation 3.6),

dmax

D
= 2:22We� 0:6

�
WC

1 � WC

� 0:6�
� m

� o(1 � WC)
f

� � 0:4

(3.6)

where,dmax is maximum droplet size,D is pipe diameter,We is Weber number,WC is water

cut, � m is mixture density, � o is oil density, andf is the liquid phase friction factor computed
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using the Blasius equation [55] with the approach suggestedby Taitel and Dukler [56]. It is

assumed thatd95 can be related with a number of 
ow variables as given by Equation 3.7.

d95

D
/ We� 0:6

�
WC

1 � WC

� 0:6�
� m

� o(1 � WC)
f

� � 0:4

(3.7)

d95 for unknown systems can be computed from a knownd95 (measured using the FBRM

probe for water-in-MO350T system at 50 vol.% WC in the XoM 
owloop) using Equation

3.8.

(d95)2

(d95)1

=
D2

D1

�
We2

We1

� � 0:6�
WC2

WC1

� 0:6�
1 � WC1

1 � WC2

� 0:2�
� m2

� m 1

� o1

� o2

f 2

f 1

� � 0:4

(3.8)

Onced95 is known,dc can be estimated from Equation 3.2. Table 3.2 shows predictions of

the extent (%) and type of dispersion from the 
owloop tests.Note: the model developed in

this thesis work advances the previous models [27, 28] by additionally quantifying the extent

(% Fw) of free water. These dispersion tests were performed at the TU 
owloop and ared

oil soluble dye was used to distinguish between the oil and water phases (SeeFigure 4.2).

Table 3.2 shows that the new dispersion model can reasonablycapture the type of dis-

persion (partially or fully dispersed) depending on the 
ow conditions, water content, and

oil-water interfacial properties. Dispersion of water-in-oil was assumed to bepartial if the

predicted extent of free water was greater than 10 vol.%. Oilproperties used in these tests

are listed in Table 3.3.

A sensitivity study was performed to show how di�erent oil properties could a�ect the ex-

tent of water dispersion. Three di�erent oils (King Ranch Condensate, Conroe and Caratinga

crude oils) were used in the sensitivity study. As shown in Figure 3.9, the free water content

strongly depends on the oil density, viscosity and interfacial tension (IFT). Caratinga crude

oil has a higher density and viscosity compared to the King Ranch Condensate and the Con-

roe crude oil. The dispersion model predicts that Caratingacan provide a better dispersion

of water-in-oil compared to the King Ranch Condensate (KRC), or Conroe crude oil at the

same mixture velocity. Figure 3.9 suggests that water-in-Caratinga crude oil attains almost

the full dispersion at approximately 4 ft/s, whereas almosttwice the mixture velocity is re-
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Table 3.2: TU 
owloop dispersion tests, 2013 [19].

Exp. Fluid LL WC Vmix Dispersion (TU Exp.) % Fw Pred Disp:T ype

1 MO350T 0.7 0.5 2.3 Partially Dispersed 57% Correct
2 MO350T 0.7 0.8 2.3 Partially Dispersed 70% Correct
3 MO350T 0.7 0.5 2.3 Partially Dispersed 77% Correct
4 MO350T 0.7 0.65 2.3 Partially Dispersed 81% Correct
5 MO350T 0.7 0.8 3.9 Partially Dispersed 29% Correct
6 MO350T 0.7 0.65 2.3 Partially Dispersed 81% Correct
7 MO350T 0.9 0.8 2.3 Partially Dispersed 76% Correct
8 MO350T 0.5 0.8 2.3 Partially Dispersed 97% Correct
9 MO70T 0.7 0.8 2.3 Partially Dispersed 74% Correct
10 MO70T 0.5 0.8 2.3 Partially Dispersed 94% Correct
11 MO70T 0.5 0.8 5.5 Completely Dispersed 8% Correct
12 MO70T 0.7 0.65 2.3 Partially Dispersed 68% Correct
13 Kerosene 0.7 0.8 2.3 Partially Dispersed 85% Correct
14 Kerosene 0.5 0.8 2.3 Partially Dispersed 97% Correct
15 MO350T 0.7 0.8 5.5 Completely Dispersed 1% Correct
16 MO350T 0.7 0.65 5.5 Completely Dispersed 0% Correct
17 MO350T 0.7 0.65 5.5 Completely Dispersed 0% Correct
18 Kerosene 0.5 0.8 5.5 Completely Dispersed 27% Incorrect
19 MO350T 0.9 0.8 5.5 Completely Dispersed 0% Correct
20 MO70T 0.5 0.8 5.5 Completely Dispersed 10% Correct
21 MO70T 0.7 0.8 5.5 Completely Dispersed 1% Correct
22 MO70T 0.7 0.65 7.2 Completely Dispersed 0% Correct
23 Kerosene 0.7 0.8 5.5 Completely Dispersed 9% Correct

Dispersion (TU Exp.) = Type of dispersion observed visually in TU 
owloop tests [19],
% Fw =% Extent of free water predicted from the new model,

Pred Disp:T ype =Type of dispersion predicted from the new model.
Vmix = Mixture Velocity [ft/s], WC=Water Cut (fraction), LL=Liqu id Loading (fraction)

Table 3.3: Properties of oil used for the TU dispersion tests[19].

Property MO350T MO70T Kerosene
Density [kg/m3] 863 860 770
Viscosity [cP] 59.1 10.5 1.6

Interfacial Tension [mN/m] 53 46.5 11.2
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quired to attain a full dispersion condition for the water-in-King Ranch Condensate (KRC)

dispersion system.

Figure 3.9: Free water content (% Fw) predicted for 3 di�erent water-in-oil emulsion systems.
Caratinga crude oil dispersion has lower free water fraction compared to Conroe or King
Ranch Condensate dispersion.

Table 3.4 provides the physical properties of oils used in the sensitivity study. High oil

density and low water-oil interfacial tension promote the dispersion of water in the oil phase,

as calculated from the new dispersion model.

Table 3.4: Oil properties for the dispersion model sensitivity study [19].

Property King Ranch Condensate [49] Conroe [18] Caratinga [18, 57]
Density [kg/m3] 700 842 914
Viscosity [cP] 0.5 3.1 924

Interfacial Tension [mN/m] 29 15 18

3.3.3 Mechanistic Description of Partial Water Dispersion

Experimental and modeling results indicate that partiallydispersed systems contain large

water droplets due to high water-oil interfacial tension orlow shear conditions. Droplet size

distribution measurements (FBRM data) suggest that partially dispersed systems have lower
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cumulative probability (lower droplet counts or frequency) as compared to the fully dispersed

systems under similar conditions (Figure 3.6). Figure 3.3 indicates that a lower cumulative

probability could occur at high water-oil interfacial tension and/or at high water cut. Equa-

tion 3.2 indicates that smaller droplet critical sizes can occur at low liquid velocities, or low

oil densities. Figure 3.10 shows that a smaller droplet critical size could promote the partial

dispersion of water (by increasing the likelihood of distribution shifting towards the right

side of the critical size).

Figure 3.10: A mechanistic description of partial water dispersion that depends on the critical
droplet size and the cumulative probability distribution. Smaller critical sizes (associated
with low liquid velocity and low oil density) and low cumulative probabilities (associated with
high WC, high IFT, and/or low velocity) can lead to a partial or incomplete dispersion of
water in the oil phase.

Key Limitations/Assumptions

The proposed dispersion model ignores the transient aspects of droplet reformation, co-

alescence, and/or breakage. There are uncertainties associated with the chord length mea-

surements from the FBRM probe; this model is currently not able to account for such

uncertainties. The model predictions of the extent of dispersion have not yet been validated
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quantitatively with experiments. It is suggested that future studies including the visual cell/

autoclave with conductivity sensors could be deployed to validate the extent of dispersion.

Conclusions

A quantitative characterization of the partially dispersed systems is presented by con-

ducting water-in-oil dispersion tests in a pilot scale 
owloop at 50 and 80 vol.% WC using

a range of mixture velocities (2.4-9.4 ft/s). FBRM chord length measurements indicate the

largest water droplets occur with water-in-MO350T at 50 vol.% WC compared with water-

in-Conroe16 at 50 and 80 vol.% WC across all mixture velocities. Mean water droplet sizes

at 80 vol. % WC are approximately twice as large in comparisonto those with the 50 vol.%

WC (using Conroe16 crude oil in oil phase). Based on the critical size model obtained with

a force balance on a suspended droplet, a binary classi�cation method was developed to

determine the dispersed and free phase volume fractions. The new dispersion model could

predict the type and extent of partial dispersionearlier reported visually (and qualitatively)

at the TU 
owloop. Experiments and modeling results suggestthat smaller critical sizes (as-

sociated with low velocity and low oil density) and lower cumulative probabilities (associated

with high WC, high IFT, low velocity) of droplet size distributions could lead to a partial

dispersion of water in the oil phase. With a quantitative characterization of water disper-

sion, this work can potentially advance the understanding and future modeling of hydrate

transportability in the partially dispersed systems.
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CHAPTER 4

MECHANISTIC BEDDING MODEL DEVELOPMENT: BEDDING IS CONTROLLED

BY AGGLOMERATION

Abstract

Previous 
owloop test results (See Chapter 2) indicated hydrate bedding as one key

mechanism that can cause blockage formation in subsea 
owlines. Bedding was observed in

these tests for mixture velocities� 5.7 ft/s at 50 vol.% water cut. The onset of bedding led

to increasing pressure drops (4 P) and decreasing mass 
ow rates (MFR) in the 
owloop. To

further investigate bedding, four di�erent oil phases weretested in two di�erent 
owloops

using mineral oil 350T (MO350T) at 50% WC, mineral oil 70T (MO70T) at 50% WC, Con-

roe16 (Conroe crude oil from 2016) at 50%WC and Conroe16 at 80% WC. Tests performed

using Conroe16 at 50 vol.% WC showed decreasing particle counts and reducing mass 
ow

rates during bedding. Fluid sampling analyses from water-in-MO70T dispersion suggested

hydrates did not 
ow with oil when the hydrate volume fraction was � 0.14 , indicating ac-

cumulation and bedding in the 
owloop. A ramping test with Conroe16 suggested that beds

formed at 3.7 ft/s could not be fully resuspended if there wassome residence time (approx-

imately 4 hours) for beds to adhere to the wall. FBRM chord length distributions showed

signi�cant increases in the mean particle size, indicatingrapid hydrate agglomeration before

hydrate bedding for all tests at 50 vol.% WC. PVM images indicated that hydrate onset

for water-in-MO350T systems could trigger the formation oflarge water droplets (300-500

µm) and emulsion destablization. PVM images in combination with the FBRM data indi-

cated that greater agglomeration in MO350T could lead to an early bedding with MO350T

dispersions compared to that with Conroe16 dispersions. One major conclusion from these


owloop tests is that bedding is controlled by hydrate agglomeration.
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4.1 Introduction

Previous 
owloop tests [30] suggested the occurrence of hydrate bedding for mixture

velocities� 5.7 ft/s (with experiments performed using water-in-Conroe14 systems). Figure

4.1b shows the traces of decreasing mass 
ow rates and increasing relative pressure drops

during bedding (for 3 repeat experiments performed at 5.7 ft/s using Conroe14). Additional

tests performed with water-in-Conroe16 systems suggest bedding occurs at mixture velocity�

5.7 ft/s for the given conditions. The test performed at 9.4 ft/s indicated minimal bedding

(Figure 4.1a).

Figure 4.1: (a) Relative pressure drop and mass 
ow rate pro�les for tests conducted at three
di�erent mixture velocities using Conroe16 in oil phase, with 50% WC, at 60% LL and 5
wt.% salinity (b) Pressure drop and mass 
ow rate pro�les forthree repeat tests performed
at 5.7 ft/s using Conroe14 in oil phase, with 50% WC, at 60% LL and 5 wt.% salinity.
Bedding is observed for mixture velocities� 5.7 ft/s with Conroe crude oils.

In the current chapter, bedding is investigated with the hydrate particle size analyses to

understand the role of hydrate agglomeration in bedding. Inaddition, key results from the

controlled hydrate volume tests, including the 
uid sampleanalyses are presented to discuss

bedding. Finally, a new quantitative model of hydrate bedding is presented.
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4.2 Materials and Method

4.2.1 Experimental Set-up

Tests were conducted at two pilot scale 
owloops located at the ExxonMobil (XoM) and

the Tulsa University (TU) test facilities. Pleasesee Figure 2.1for the details on the XoM


owloop. The TU 
owloop facility [31] comprises a 2.9" internal diameter stainless steel

pipe (schedule 80), 162 feet long (Figure 4.2). The loop is jacketed, and the temperature is

controlled by glycol coolant 
uids circulating in the jacket. The temperature of the coolant


uids can be varied from 80 to 32ºF. The pressure in the loop can be controlled by injecting

gas through the gas line located on the discharge side of the pump. The 
owloop has a

maximum working pressure of 2200 psia. A 3.5 wt. % sodium chloride solution (density

of 1024 kg/m3) was used in the aqueous phase. The gas addition tests were conducted

to investigate the e�ect of hydrate particle concentrationon the pressure drop at various

mixture velocities (i.e., 2.3, 3.9 and 5.5 ft/s).To better distinguish the water and oil phases,

a red oil soluble dye (10 ppm) was used in all the experiments. The TU 
owloop schematic

is given in Figure 4.2. In all experiments performed at the TU 
owloop, the liquid loading

was kept at 70 vol.%.

Figure 4.2: Schematic of the Tulsa University (TU) 
owloop, modi�ed from Hernandez [31].
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4.2.2 Experiment Matrix

For the tests performed at the XoM 
owloop, a wider range of mixture velocities (2.4-9.4

ft/s) were used with two di�erent 
uids (Conroe crude and MO350T) at two di�erent liquid

loadings (LL, 60 and 70 vol%). Gas addition experiments wereperformed with mineral oil

70T (MO70T, Crystal Plus-Food Grade) and Tulsa city naturalgas [19] at 50 and 80 vol.%

WC at 2.4, 3.9 and 5.5 ft/s. Table 4.1 provides a summary of thetest matrix.

Table 4.1: Experimental matrix of the 
owloop gas addition tests.

Flowloop Vmix [ft/s] Gas WC [%] LL [%] HC Phase **Steps
XoM 2.4-9.4 Methane 50 60 Conroe16 3
XoM 2.4-9.4 Methane 80 60 Conroe16 2
TU 2.3-5.7 TCG* 50 70 MO70T 7
TU 2.3-5.7 TCG* 80 70 MO70T 8

*TCG =Tulsa city gas, **Steps = Number of gas injection steps,
XoM=ExxonMobil 
owloop, TU=University of Tulsa 
owloop.

The experiments at the XoM 
owloop had a wider range of mixturevelocities (2.4-9.4

ft/s), but a fewer number of gas injection steps. The XoM and TU
owloops were initially

pressurized to 1000 psig of methane gas and Tulsa city gas, respectively. The pumping and

gas injection procedures are further illustrated in Figures4.3 (XoM) and 4.4 (TU).

The system temperature was initially set to 80°F. The pump was started and set to

the desired pump speed. The system was cooled down to the desired temperature, while

maintaining the required pressure and pump speed. Hydrates were formed with a controlled

amount of gas in the system, and then the pump speed was changed while the 
uids re-

mained within the hydrate stability zone. Gradual gas injection allowed the desired hydrate

concentration in the system. The hydrate transportabilityat di�erent mixture velocities and

water volume fractions is assessed in terms of pressure drop(4 P) and relative pressure drop

(4 PRel: ) for di�erent experimental conditions. The relative pressure drop is the pressure

drop relative to the pressure drop at the time of hydrate onset. A higher transportability

is de�ned by a relative pressure drop value close to 1, with less 
uctuations. The mass 
ow
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Figure 4.3: Ramping and gas addition procedure for the XoM tests, performed at 50 and 80
vol.% WC, 60 vol.% LL, Conroe16 with methane using 5 wt.% salinity.

Figure 4.4: Ramping and gas addition procedure for the TU tests, performed at 50 and 80
vol.% WC, 70 vol.% LL, MO70T with Tulsa city gas using 3.5 wt.%salinity.
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rate (MFR) is measured from the Coriolis 
ow meter installed in the ExxonMobil 
owloop

(Figure 2.1). At the TU 
owloop, three gamma-ray densitometers (NDR) were used to

measure the suspension density (Figure 4.2).

4.3 Results and Discussion

This section outlines the key results obtained in the 
owloop tests performed using Con-

roe16, MO350T, and MO70T oils. These tests included di�erentwater cuts (50 and 80 vol.

%) and a range of mixture velocities (2.4-9.4 ft/s). The chord length distribution data mea-

sured from the FBRM probe were analyzed in combination with the pressure drop and mass


ow rate measurements. The key test results are illustratedin the following subsections.

4.3.1 Agglomeration Controls Hydrate Bedding

Figure 4.5 shows pressure drop (blue trace) and mass 
ow rate (red trace) in the top plot,

hydrate volume fraction (green trace) and mean particle size (black trace) in the bottom plot,

all as a function of time (for tests with 50 vol.% water cut at 5.7 ft/s with Conroe16 crude

oil). Figure 4.5 shows increasing pressure drop and decreasing MFR at the onset of hydrate

bedding (at approximately 90 minutes).

As shown in Figure 4.5, the mean particle size increases signi�cantly at the onset of

hydrate formation, indicating hydrate agglomeration. Themass 
ow rate starts to decrease

following the decrease in mean particle size, suggesting the settling of large hydrate ag-

glomerates. A similar trend was also observed at 3.7 and 2.4 ft/s mixture velocities. All

experiments with bedding exhibited a stationary mass of hydrates at the bottom of the


owloop. To further investigate bedding, pressure drop, mass 
ow rate and particle size

data were compared between MO350T and Conroe16 oils.

4.3.2 Rapid Agglomeration in MO350T Leads to Faster Bedding

Data analyses presented in Figure 4.6a suggests increasing pressure drops (top) and

decreasing mass 
ow rates (bottom) corresponding to the onset of bedding for MO350T and
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Figure 4.5: The relative4 P , mass 
ow rate, hydrate volume fraction, and mean size traces
at 5.7 ft/s for Conroe16, with 50% WC, at 60% LL, 5 wt.% salinity. Signi�cant agglomeration
observed prior to hydrate bedding.

Conroe16 dispersion systems. Figure 4.6a (bottom) suggestsan earlier bedding onset with

MO350T (25 minutes) compared to the Conroe16 (80 minutes) at 50 vol.% WC and 3.7 ft/s.

Figure 4.6b shows higher pressure drops (top) for MO350T compared to Conroe16 at 5.7

ft/s. Bedding is observed earlier for the MO350T system compared to that for the Conroe16

system, as shown in Figure 4.6b (bottom).

Figures 4.7a, b present the pro�les of mean particle sizes (bottom) and the hydrate volume

fraction (top) as a function of time at both 3.7 and 5.7 ft/s. Faster hydrate agglomeration is

observed with water-in-MO350T compared to that with water-in-Conroe16 at both velocities

(3.7 and 5.7 ft/s).

It is suggested that natural surfactants in Conroe16 may contribute to the delay in ag-

glomeration, whereas no surfactants are present in MO350T.Additionally, a lower interfacial

tension (IFT) between water and Conroe16 compared to that between water and MO350T

provides a �ner water dispersion (See Chapter 3), which could also result in smaller hydrate
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Figure 4.6: 4 P and mass 
ow rate pro�les for Conroe16 (green) and MO350T (red) at 3.7
ft/s (left) and 5.7 ft/s (right) for Conroe16 at 60% liquid loading (LL) and MO350T at 70%
LL with 50% WC and 5 wt.% salinity. Bedding onset for MO350T occurs earlier as compared
to that for Conroe16 at both mixture velocities.

Figure 4.7: 4 P and mass 
ow rate pro�les for Conroe16 (green) and MO350T (red) at
3.7 ft/s (left) and 5.7 ft/s (right) using Conroe16 at 60% liquid loading (LL) and MO350T
at 70% LL with 50% WC and 5 wt.% salinity. Faster agglomeration occurs with MO350T
compared to that with Conroe16.
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particles in Conroe16. Data presented in Figures 4.6 and 4.7 indicate that the faster agglom-

eration in MO350T systems can result in an earlier bedding onset (compared to that with

Conroe16 systems). Next, pressure drop and mass 
ow rates were analyzed as a function of

hydrate volume fraction to investigate if bedding occurs ata lower hydrate volume fraction

for MO350T systems as a result of greater agglomeration (Figures 4.8a, b).

Figure 4.8: 4 P and mass 
ow rate traces for MO350T (top) and Conroe16 (bottom) at 3.7
ft/s and 5.7 ft/s for MO350T at 70% LL and Conroe16 at 60% LL with 50% WC and 5
wt.% salinity. Bedding with MO350T occurs at a lower hydrate volume fraction compared to
Conroe16.

Data analyses suggest that bedding occurs with MO350T at a lower hydrate volume

fraction compared to that with Conroe16. Bedding with MO350T occurs when hydrate

volume fractions are 0.06 and 0.15, compared to that when hydrate volume fractions are

0.12 and 0.23 with Conroe16 for 3.7 and 5.7 ft/s, respectively (Figure 4.8). Figures 4.6-4.8

suggest that higher particle agglomeration in MO350T dispersion systems (as compared to

Conroe14) results in greater bedding and reduced hydrate particle transportability.

For additional insight on the possible mechanism of hydrateplugging in these two systems,

droplet/particle size data are analyzed using the PVM images. Figure 4.9 presents PVM

images of water droplets dispersed in MO350T (left) and Conroe16 (right) oils.

PVM images (Figures 4.9a,b) suggest larger water droplets arepresent with the MO350T

dispersion compared to those within the Conroe16 dispersion at 3.7 ft/s. Next, as shown in
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Figure 4.9: PVM images of water droplets (highlighted by red circles) at 3.7 ft/s for MO
350T (left, 60-90µ water droplets) and Conroe16 (right,< 20µ water droplets) using MO350T
at 70% LL and Conroe16 at 60% LL with 50% WC and 5 wt.% salinity.PVM data suggest
that larger water droplets are observed with MO350T compared to those with Conroe16.

Figures 4.10a and 4.10b,larger hydrate agglomerates (400-600µ) can be seen with MO350T

compared to those withConroe16 (50-150µ) at 5.7 ft/s and 50% WC, indicating that large

water droplets and an absence of natural surfactants can lead to greater agglomerationin

MO350T systems.

Additionally, hydrate induced phase separation was observed through the PVM imaging

for water-in-MO350T dispersion at the hydrate onset.

4.3.3 Hydrate Induced Phase Separation for Water-in-MO350T Systems

Tests performed using water-in-MO350T at 50% WC suggest theformation of large

droplets (300-500µm) and possible settling of water droplets after hydrate onset at 5.7 ft/s

(Figure 4.11).

Previous studies [14, 47, 58, 59] suggested that hydrate formation can a�ect an emul-

sion's characteristics. The current tests contribute further to the knowledge of hydrate

induced phase separation in a 
owloop. PVM images indicate that hydrate onset for water-

in-MO350T systems could lead to the formation of larger water droplets. Many of these

large droplets would migrate towards the bottom surface as free water and promote water
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Figure 4.10: PVM images for water-in-MO350T (a) and water-in-Conroe16 (b) at 5.7 ft/s.
Hydrate particles (opaque) are highlighted by red circles and water droplets (with 6 laser
dots) are highlighted by blue circles.Larger agglomerates (400-600µ) are present in MO350T
system compared to those in Conroe16 (50-150µ) system.

Figure 4.11: Water droplets observed via PVM images in MO350T using 50 vol.% WC, 5.7
ft/s, 70 vol.% LL, 5 wt.% salt. Large water droplets (300-500µm) formed upon hydrate onset
can lead to formation of free water phase in MO350T systems.
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occlusion and hydrate agglomeration.

Figure 4.12 presents a modi�ed conceptual picture of hydrateplugging in partially dis-

persed systems by incorporating the coalescence of water droplets at the hydrate onset.

Figure 4.12: Modi�ed conceptual picture (from Turner [10] and Abrahamson) of blockage
formation in partially dispersed systems. Water droplet coalescence taking place at the
hydrate onset can lead to formation of large droplets and releasing free water, which can
enhance hydrate particle agglomeration via greater water occlusion. Faster agglomeration via
greater water occlusion could lead to an earlier bedding onset for partially dispersed systems.

4.3.4 Minimum Agglomeration/Bedding under High Shear Conditions

Figures 4.13a,b,c show pressure drops (4 P), mass 
ow rates (top), and particle size

distributions (bottom) as a function of hydrate volume fraction (HVF) for the tests performed

using (a) 50% WC at 5.7 ft/s under a continuous pumping (CP) condition, (b) 50% WC

at 9.4 ft/s under a restart (RS) condition, and (c) 80% WC at 9.4 ft/s under a continuous

pumping (CP) condition. The FBRM data from 50% WC test at 5.7 ft/s indicates high

agglomeration occurring after hydrate onset (Figure 4.13a,bottom).

Bedding was observed in the test at 5.7 ft/s when HVF approaches 0.21 as shown in

Figure 4.13a (top). For the test performed at 9.4 ft/s, the pressure drop and mass 
ow rates

did not show a signi�cant change, indicatingminimal bedding in that experiment (Figure

4.13b, top). The mean particle size started to decrease whenHVF approaches 0.08 in this

experiment performed under the restart condition (Figure 4.13b, bottom). For 80 vol.% WC

(Figure 4.13 c, top), although there was an increase in the4 P (pressure drop) after HVF
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Figure 4.13: 4 P and mass 
ow rates as a function of HVF (top) and traces of particle size
distribution as a function of HVF (bottom) for (a) 50 vol.% WC at 5.7 ft/s, (b) 50 vol.%
WC at 9.4 ft/s, (c) 80 vol.% WC at 9.4 ft/s (all tests used Conroe16, with 60 vol.% LL, at 5
wt.% salt); (1) High agglomeration at 5.7 ft/s at 50 vol.% WC leads tobedding and plugging,
(2) low agglomeration (decreasing mean size when HVF> 0.08) at 9.4 ft/s for 50 vol.% WC
test leads tohigh transportability and reduced relative pressure drop. (3) Increasing mean
size and high particle counts (viscosi�cation ) lead to blockage formation at 80 vol.% WC at
9.4 ft/s.
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> 0.14, the mass 
ow rate did not reduce signi�cantly (in contrast with the test at 50 vol.%

WC and 5.7 ft/s, Figure 4.13a). An increasing mean particle size and high counts of smaller

particles (< 50 microns) for the test with 80 vol.% WC at 9.4 ft/s suggestedviscosi�cation

(instead bedding) as the plugging mechanism in this test (Figure 4.13c).

4.3.5 Bedding Observed from Controlled Hydrate Formation Tests

Experiments were also performed at a �xed hydrate volume fraction to understand the

behavior of relative pressure drop as a function of mixture velocity at a constant hydrate

concentration. Figure 4.14a suggests the relative pressuredrop increases with increasing

hydrate volume fractions, but decreases with increasing mixture velocity (using Conroe16

and methane). For tests conducted at mixture velocities greater than 5.7 ft/s, the relative

pressure drop stabilizes to a value closer to 1, indicating that hydrate slurry could have

a similar viscosity (and minimal bedding) to no hydrate formation conditions (water-in-

Conroe16). For the same set of experiments, the mass 
ow rates (measured from the Coriolis


ow meter) are plotted as a function of HVF (hydrate volume fraction with respect to the

suspension volume) and mixture velocity (Figure 4.14b).

Figure 4.14: Relative pressure drop (a) and mass 
ow rate (b) as a function of mixture
velocity for tests conducted at XoM for three di�erent HVFs. The mass 
ow rate decreases
for velocities < 5.7 ft/s and HVF > 0.25 (for water-in-Conroe16) at the XoM 
owloop.
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The analysis from the mass 
ow rate measurements suggests that minimum 
ow rates and

high pressure drops occur for mixture velocities< 5.7 ft/s and HVF > 0.25. It is suggested

that hydrate bedding could be occurring at HVF> 0.25 for velocities< 5.7 ft/s. Also, from

the 
owloop viewport, stationery beds could be observed at mixture velocities < 5.7 ft/s.

A wider range of gas injection experiments, but with a di�erent 
uid (MO70T, and Tulsa

city gas), were performed in the TU 
owloop. The results obtained from the TU 
owloop

tests (Figure 4.15) provide important insights on pressure drop behavior at di�erent hydrate

volume fractions and mixture velocities. Figure 4.15 presents the pro�les of relative pressure

drop as a function of mixture velocity for di�erent hydrate volume fractions. Upon increasing

the hydrate volume fraction, the relative pressure drop in the system increases, suggesting

increased 
ow resistances at higher HVFs.

Figure 4.15: Relative pressure drop pro�les as a function of mixture velocity for di�erent
hydrate volume fractions, for MO70T at 50 vol.% WC, 70 vol.% LL, and 3.5% salinity in
the TU 
owloop. Relative pressure drop increases with increasing hydrate volume fraction
(HVF) with respect to the suspension volume at the TU 
owloop.

Figure 4.15 suggests that for hydrate volume fractions> 0.14, there is a signi�cant

increase in the relative pressure drop (at 50 vol.% WC, with 70 vol.% LL, using MO70T). This

observation suggests that at higher hydrate concentration, the resistance to 
ow increases
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signi�cantly after a certain hydrate concentration. This observation may imply that for HVF

� 0.14, hydrates can 
ow in the liquid phase with the least 
ow resistances for water-in-

MO70T dispersion systems at 50 vol.% WC and 70 vol.% LL (Figure4.15).

4.3.6 Bedding Indicated from MO70T Fluid Samples

Fluid sample analyses (with water-in-MO70T dispersion at the TU 
owloop) in combi-

nation with the traces of pressure drop (red), normalized densities (blue), and the mixture

velocity (black) are presented in Figure 4.16 (at 50 vol.% WC).

Figure 4.16: Pressure drop, normalized densities, and mixture velocity pro�les with respect
to time, for MO70T at 50 vol.% WC, 70 vol.% LL, and 3.5% salinity at the TU 
owloop.
Fluid sampling suggests primarily oil 
owing for HVF> 0.14, indicating hydrate bedding.

In this test, stepwise gas injection was performed with 50 vol.% WC using MO70T at

70 vol.% LL. As the gas addition proceeds, the hydrate concentration increases, leading

to the pressure drop increasing. The normalized density (obtained from the gamma-ray

densitometer) starts to decrease from 4-8 hours (Figure 4.16), and at the same time the

sampling suggests mostly oil 
owing in the 
owloop. These results suggest that hydrate

particles could be bedding in the 
owloop for HVF> 0.14 (for the test performed at 50
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vol.% WC).

However, for the test performed at 80 vol.% WC (Figure 4.17), the sampling performed

even in the �nal hours (t > 16 hrs.) suggested that hydrates could be partially 
owing in

the carrier phase 
uid, since water is present in all of thesecollected 
uid samples.

Figure 4.17: Pressure drop, relative densities, and mixturevelocity pro�les with respect
to time, for MO70T at 80 vol.% WC, 70 vol.% LL, and 3.5% salinity at the TU 
owloop.
Sampling showed a mixture of oil and water present (for t> 16 hours), indicating hydrates
and water were 
owing with the oil.

The density data indicates a non-declining trend which further supports the hypothesis

that for 80 vol. % WC, hydrates may be 
owing with the carrier liquid phase. These test

results indicated that bedding depends upon water volume fraction present in the test.

4.3.7 FBRM Counts Data Indicate Bedding

To get deeper insights into the bedding phenomenon, the particle size distribution from

the ramping tests at the XoM 
owloop were analyzed. Controlled hydrate volume ramping

tests at the XoM 
owloop included formation of hydrates from astatic cool down condition

to a restart at 1200 rpm, until the hydrate fraction in the loop reached a nearly constant
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value (HVF=0.4). Pump speed was then reduced in a stepwise manner from 9.4 ft/s (1200

rpm) to 2.4 ft/s (350 rpm), and then increased up again to 9.4 ft/s (1200 rpm). During this

ramping process, mass 
owrate, pressure drop and particle size measurements were analyzed.

Figure 4.18 shows the traces of mixture velocities, mass 
ow rates, and particle counts for

the ramping test (with 50 vol.% WC in Conroe16 at 60 vol.% LL inXoM 
owloop). Data

analysis suggests the minimal mass 
ow rates occurred for mixture velocities < 5.7 ft/s.

However, a rapid increase in the mass 
ow rates was observed (t=960 minutes) for mixture

velocities � 5.7 ft/s, indicating a possibility of re-suspension of hydrate particles. When

the mixture velocity is increased again to 9.4 ft/s, the mass
ow rate appears to be fully

recovered, suggesting that hydrate particles were re-suspended.

FBRM particle size distribution data are presented for the same tests (Figure 4.18). The

distribution was divided into two groups to identify a trend in the count data during the

change in the pump speed. Smaller sized particles (< 50 micron) did not show a signi�cant

change in the counts upon the decrease/increase in pump speed. However, the counts of

larger agglomerates (� 50 micron) showed a subsequent decrease and increase as the pump

speed was decreased and increased, respectively. Figure 4.18 suggests that particles of chord

length � 50µm (eq. diameter [48] approximately 400µm) settle down when the pump speed

is reduced below 5.7 ft/s.

Figure 4.18 indicates that smaller sizes of particles (with chord length < 50 µm) could

remain suspended even at low pump speed. The particle size data presented in Figure 4.18

indicates that bedding is a function of mixture velocity andparticle size distribution.

4.3.8 Ramping Indicates Irreversible Beds (Deposits)

In another experiment performed at 500 rpm (3.7 ft/s), hydrates were allowed to form

and settle �rst. During this period, hydrate beds adhered atthe bottom of pipe before a

change in pump speed. Nearly 4 hours after bedding, the pump speed was increased from

3.7 ft/s (500 rpm) to 9.4 ft/s (1200 rpm) in a stepwise manner.The relative pressure drop

is plotted in red (hydrate formed at 500 rpm) and green (hydrate formed at 1200 rpm)
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Figure 4.18: Mass 
ow rate, pump speed pro�les, and particle counts with respect to time for
tests with Conroe16, with 50% WC, at 60% LL, 5 wt.% salinity.Decreasing FBRM counts
for particles � 50 µm for all speed< 5.7 ft/s suggest bedding at XoM 
owloop.

respectively in Figure 4.19.

The green traces of relative pressure drop at 7 and 9.4 ft/s are approximately 1. In con-

trast, the ramping test with hydrate formation at 500 rpm (3.7 ft/s) shows a higher relative

pressure drop (red traces) at mixture velocities 7.0 and 9.4ft/s (relative 4 P > 1). Figure

4.19 suggests that beds could not be fully re-suspended, even when the mixture velocity was

increased to 9.4 ft/s, if the beds were allowed to stay at the wall for approximately 4 hours.

In this situation, beds could partially behave like deposits and therefore do not move at

higher mixture velocities (7, 9.4 ft/s).

Conclusions

Hydrate bedding led to increasing pressure drops (4 P) and decreasing mass 
ow rates

(MFR) for all mixture velocities � 5.7 ft/s at 50 vol.% WC for four di�erent hydrocarbon


uids (MO 350T, MO 70T, Conroe16 and Conroe14). Mean particle size measurements

obtained from the FBRM probe indicated an increase in mean particle size before the bedding

onset. This observation suggested that rapid particle agglomeration could be a precursor to
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Figure 4.19: Relative4 P as a function of mixture velocity for tests conducted for two
ramping experiments using Conroe16, 50% WC, at 60% LL, 5 wt.%salinity. Higher relative
pressure drops with hydrate formation at 500 rpm compared to those at 1200 rpm (at 7 and
9.4 ft/s) indicate formation of hydrate deposits.

hydrate bedding. Controlled hydrate volume ramping tests performed with Conroe16 and

MO70T at 50 vol.% WC showed increasing pressure drops, decreasing particle counts and

reducing mass 
ow rates during bedding. Fluid sampling analyses from the tests at 50 vol.%

WC using MO70T showed no water or hydrates were present for HVF� 0.14, indicating

accumulation/bedding of hydrates in the 
owloop. The ramping test analyses suggest that

beds formed at 3.7 ft/s using Conroe16 could not be fully re-suspended even when the pump

speed was increased to 9.4 ft/s, if there was some residence time for beds to adhere to the wall.

The chord length distribution measured from the FBRM probe showed signi�cant increases

in the mean particle size, indicating rapid hydrate agglomeration before hydrate bedding for

all tests at 50 vol.% WC. PVM images indicated that hydrate onset for water-in-MO350T

systems could lead to the formation of larger water droplets(300-500µm). PVM images

in combination with the FBRM data indicated that large agglomerates in MO350T could

lead to an early bedding with the MO350T dispersion comparedto that with the Conroe16

dispersion. Data analyses suggested that hydrate bedding is closely interconnected with
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hydrate particle agglomeration.
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CHAPTER 5

NEW HYDRATE BEDDING RISK FRAMEWORK

Abstract

Flowloop data indicated that hydrate agglomeration is coupled to bedding. Large water

droplets and partial water dispersion led to an early onset of bedding due to greater agglom-

eration (See Chapters 2-4). Incorporating the knowledge from recent 
owloop experiments,

a conceptual bedding framework is proposed that can consider the e�ect of droplet size dis-

tribution and hydrate particle agglomeration. The new framework uses a transient hydrate

agglomeration model and generates a distribution of hydrate agglomerates as a function of

water droplet size distribution, particle cohesion force,shear, and hydrate formation rate.

The distribution of agglomerates is then divided into two parts: one part contains sizes larger

than the critical size (bedding), and the second part contains sizes smaller than the critical

size (suspension). The new framework could predict the onset of bedding with reasonable

accuracy for experiments performed at the ExxonMobil 
owloop facility from 2014-16.

5.1 Bedding Model Development

5.1.1 Steady-State Agglomerate Size Predictions Inconsistent with Data

It was observed that a steady state agglomeration model may not be appropriate to

develop a bedding model. One reason for this observation is that agglomerate size predicted

from such a model decreases with increasing hydrate volume fraction [33]. However, the

FBRM data on Figure 5.1 suggested an opposite trend is true.

As shown in Figure 5.1, existing particle agglomeration models in CSMHyK may not be

appropriate to capture a bedding mechanism, i.e., the Camargo and Palermo (C&P) model

[33].

Equation 5.1 shows the C&P correlation between the maximum agglomerate size (dAmax )

as a function of cohesive force (F a), droplet size (dp), shear rate (
 ), suspension viscosity
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Figure 5.1: Measured and predicted hydrate agglomerate size; steady state agglomerate
size predicted using the CSMHyK/ C&P model decreases with increasing hydrate volume
fraction.

(µ), and fractal dimension (fr ).

dA max =

 
Fa(dp)2� f r

�


! 1
4� f r

(5.1)

Equation 5.1 suggests that increasing suspension viscosity due to hydrate formation can

lead to decreasing maximum agglomerate diameter if other parameters remained constant

[33, 34]. A modi�cation to C&P (Modi�ed C&P model) can be proposed by using the oil

viscosity (as suggested by Muhle [60]) instead of the suspension viscosity (Equation 5.2).

dA max =

 
Fa(dp)2� f r

� 0


! 1
4� f r

(5.2)

It should be noted that both equations 5.1 and 5.2 assume steady-state and laminar 
ow

conditions to estimate the maximum agglomerate size.

5.1.2 Transient Hydrate Agglomeration Coupled Bedding Framework

A new transient hydrate agglomeration model is developed based on the population

balance modeling (PBM) theory �rst proposed by Smoluchowski [61]. The current model
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(conceptually represented in Figure 5.2) considers three di�erent kernels (growth, agglomer-

ation, and breakage) to capture the dynamic aspect of hydrate agglomeration as suggested

by Balakin et al. [34, 62] and Herri et al. [63].

Figure 5.2: Population Balance Model (PBM) conceptual picture modi�ed from Diemer et
al. [64] to consider hydrate growth, agglomeration, and breakage.

The agglomeration and breakage kernels can be related with the 
ow conditions and

system properties (Equation 5.3),

Agglomeration=Breakage kernel =f (N; �; �; 
; �; F a) (5.3)

where,N is the total number of particles,� is the collision frequency of particles,µ is the

viscosity of the continuous phase,
 is the shear rate,� is the hydrate volume fraction, and

Fa is the hydrate particle cohesion force. The di�erential equation in the population balance

model is expressed with the vector summation (Equation 5.4)of kernels of hydrate growth

(G), agglomeration (A) and breakage (B).

@N(r; t )
@t

= G(t) � A (r; t ) + B (r; t ) (5.4)

Hydrate agglomeration is a�ected by the particle collision and 
uid shear. Using the

agglomeration kernel expressions from Hounslow et al. [65] and Balakin et al. [62], the
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agglomeration model (Equation 5.5) considers the evolution of hydrate particle size distri-

bution via the 0th moment of the particle size distribution (M0). M0 can be described as the

total number of particles per unit volume of suspension.

dM0 (r; t )
dt

= B �
16
3

�
M 3M 0 + N; (5.5)

where,� , the collision e�ciency is the probability that a given collision leads to agglom-

eration [62]. B is the rate of hydrodynamic fragmentation ofhydrate agglomerates. The

third moment of particle size distribution M3 re
ects the hydrate volume fraction and is

estimated from Equation 5.6. N is the rate of hydrate formation and 
 is the shear rate.

M 3 =
3� hyd

4�
(5.6)

The agglomerate size can be related with the 0th and 3rd moment of particle size distri-

bution using Equation 5.7 as suggested by Balakin et al. [62].

da

2
=

�
M 3

M 0

� 1=3

(5.7)

Using the collision frequency expression for cluster-cluster agglomeration by Potanin

[62, 66], the collision frequency can be estimated with the simpli�ed equation (Equation

5.8).

� = 1:0668� 0:067(da=d0) (5.8)

The rate of fragmentation (B) can be estimated using the power-law breakage kernel

(Equation 5.9) as suggested by Soos et al. [67], Balakin et al. [62], and Marchisio et al. [68].

B = Beq
 yM 3; (5.9)

where, y is a constant parameter which can be taken as 2.89 as suggested by Balakin

et al. [62], and Beq is the fragmentation rate when the system has reached a steady-state

condition, or there is no change in the total number of particles [62]. Beq is estimated by

replacing 0 fordM0/dt in (Equation 5.5), thus resulting in Equation 5.10.

Beq =
16
3

� eq
 1� y 8M eq
3

deq
a

; (5.10)

77



where,� eq, Meq
3 , and deq

a are the collision frequency, the 3rd moment of particle size distri-

bution, and the agglomerate size under steady-state conditions, respectively. Additionally,

deq
a is numerically solved from the Camargo and Palermo model [33] using Equation 5.11.

�
da

eq

dp

� (4� f r )

=
Fa

�
1 � �

� max

�
da

eq

dp

� 3� f r
� 2

dp
2� 0


�
1 � �

�
da

eq

dp

� (3� f r )
� (5.11)

Here,� max is the maxmum packing fraction and is equal to 4/7,fr is the fractal dimension

and can be considered as 2.5 as suggested in the Camargo and Palermo model. Fa is the

hydrate particle cohesive force anddp is the droplet size.Meq
3 is computed from the 
owloop

data in the present work,� eq can be calculated from the equilibrium size of the agglomerate,

deq
a ; and is given by Equation 5.12 [62].

� eq = 1:3276
�

da
eq

d0

� � 0:421

(5.12)

By using Equations 5.3 to 5.12, mean agglomerate size is obtained by numerically solving

[34, 62] using the Runge Kutta 4th order method [69]; results are presented in Figure 5.3.

Figure 5.3: Measured and predicted mean hydrate agglomeratesize using an initial droplet
size (dp)=10µ, cohesive force (Fa)=25mN/m, viscosity=4 cP, fractal ( f r )=2.5; additionally,
Modi�ed C&P model with dp =5µ is shown in light blue traces. The population balance
model is sensitive to cohesive forces, higher (red) at 25 and lower at 0.1 mN/m (blue).
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As shown in Figure 5.3, the population balance model is able to predict the mean hydrate

agglomerate size as a function of hydrate volume fraction reasonably well.

5.1.3 Overview of Critical Velocity Models

This section is concerned with the critical velocity duringslurry 
ow through pipes con-

taining particle suspensions. The critical velocity (Vc) is de�ned as the minimum velocity

at which the solids form a bed at the bottom of the pipe from fully suspended 
ows [35]. It

is also referred to as the minimum carrier velocity that is required to keep the particles sus-

pended in the 
ow. One of the earlier critical velocity models (Equation 5.13) was proposed

by Durand in 1953 [70] for sand-water system.

Vc = FR [2g(s � 1)D]1=2 (5.13)

Here, FR is a dimensionless parameter known as modi�ed Froude number, which varies

with the solid concentration and particle diameter;s is the ratio of solid and liquid phase

densities, andD is the pipe diameter. Doron et al. [71] and Hernandez [31] investigated

stationary and moving beds (conceptually represented in Figure 5.4).

Figure 5.4: Conceptual representation of stationary and moving beds.

Critical bed velocity (Vbc) was de�ned by Doron et al. [71] as the moving bed velocity

at which the settled particles are at the verge of rolling.Vbc is given by Equation 5.14 for a

horizontal pipe (angle of inclination=0).
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Vbc =

vu
u
t 0:779(� S � � L )gdA

h
Cmb

ymb
dA

+ (1 � Cmb)
i

� L CD
; (5.14)

where, � liq and � gas are the liquid and gas phase densities,dA is the particle diameter,

Cmb is the volumetric solid concentration in the moving bed layer, which is assumed to be

0.52, andymb is the height of the moving bed layer. The particles that moveslower than the

critical bed velocity (Vbc) would remain in the stationary layer. Limited data exists towards

an experimental validation of Equation 5.14.

Turian et al. [35] derived a critical velocity equation based on the energy balance ap-

proach. Experimental data containing 864 critical velocity datapoints, representing a broad

variety of solid materials and pertaining to wide ranges of the variables were used to develop

the �nal critical velocity equation.

Table 5.1: Experimental data used in developing Turian critical velocity model [72].

Suspension � s � Liq � dp Dpipe C s [%] Data [#]
Coal/Water 1.3-1.4 1.0 1.1-1.2 200-370 5.2-31.5 20-50 41
Sand/Water 2.65 0.98-1.0 0.47-1.3 175-500 5.2-31.5 5-42 127
Sand/Glycol 2.65 1.1-1.35 5.6-38 200-500 5.24 5-42 91
Sand/Water 2.65 1.0 0.98 250-2040 2.6-14 1-25 50

Iron/Kerosene 5.25 0.9 1.9-2.0 138 1.9 1-18 12
Limestone/Water 2.76 1.0 0.98-1.12 100-415 5.2-14 12-40 21

Potash/Brine 1.98 1.13-1.15 1.14-1.2 300-400 5.2-26.3 30-50 15
� s= Solid Density x 10� 3 [kg/m3], � Liq = Suspension Density x 10� 3 [kg/m3],

� =Fluid Viscosity x 103 [kg/m-s], dp=Particle Size x 106 [m], Dpipe= Pipe Dia. [cm]

The critical velocity equation presented by Turian model [72, 35] is given in Equation

5.15.

V c
p

gD � (s � 1)
= 1:85� C0:1536 � (1 � C)0:3564(d=D)� 0:378NRe

0:09x0:3; (5.15)

where,D is the pipe diameter,s is the density ratio of solid and liquid phases,C is the

solid concentration,d is the particle diameter andx is the parameter for eddy 
uctuations in

the 
ow. After calculating the critical velocities, liquid velocities are required to determine
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from the mixture velocity by applying the drift 
ux model [73, 22]. The required condition

for bedding to occur is if particle velocity< critical velocity. It is assumed that hydrate

particles move with the liquid and there is no slip between the suspended hydrates and

carrier liquid phase. To split the mixture velocity into linear gas and liquid phase velocities,

the simpli�ed drift 
ux model [73, 22] is applied (Equations 5.16-5.18).

UODF = 0:4

s �
9:81:DP ipe(� liq � � gas)

� liq

�
; (5.16)

vgas = 1:2vmix + UODF ; (5.17)

vliq =
vmix � � gasvgas

1 � � gas
; (5.18)

where,UODF is the drift-
ux parameter, v mix is the user de�ned average linear mixture

velocity, � gas is the volume fraction of gas in the pipeline.� liq and � gas are the liquid and gas

phase densities. The coe�cient 1.2 is the second drift-
ux parameter proposed by Danielson

[73].

Figure 5.5 shows simulation results with liquid and criticalvelocity pro�les generated

using the Drift 
ux [22] and Turian [72] models.

In the development of the bedding model, the Turian criticalvelocity model [72, 35]was

used due to its validation over a large experimental database.

5.1.4 Transient Agglomeration Enabled Hydrate Bedding Risk Framew ork

In the new bedding framework (Figure 5.6), the mean water droplet size can be computed

using the droplet size models available in the literature. Using the dispersion modeling

approach suggested in Chapter 3, the extent of partial waterdispersion can be computed. A

cumulative probability distribution of hydrate agglomerates can be generated using the mean

droplet size, cohesive force, hydrate volume fraction, andshear via the population balance

model. Turian's model [72] is then used to determine the critical particle size that can be

suspended at the given 
ow conditions. Bedding occurs for agglomerates larger than the

critical size of the suspension, as determined from Turian's model. Under no slip condition
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Figure 5.5: Calculated critical (Turian) and liquid velocities (Drift Flux) as a function of
particle diameter.

between the liquid and hydrates before the bedding onset, hydrates are assumed to be 
owing

in the suspension phase with the liquid velocity. The cumulative probability distribution plot

is obtained using the population balance model (Figure 5.7). The transition to bedding is

determined by numerically solving the intersection of the cumulative probability distribution

function and Turian's critical size model curve (Bedding Risk Framework, Figure 5.6).

Figure 5.6 shows the proposed mechanistic framework that candetermine the hydrate

volume fraction at which bedding occurs for di�erent dispersion systems. By predicting the

onset to bedding, this framework could be used to determine operational envelopes to avoid

bedding in the 
owlines.

5.1.5 Bedding Framework Simulation Results

Figure 5.7 presents a screen shot from a MATLAB based bedding user-interface that

has been developed in this thesis work, following the bedding risk framework presented in

Figure 5.6. The MATLAB bedding user-interface provides a stand-alone tool to determine

if bedding occurs in the system. The �rst inputs to this framework are mixture velocity,
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Figure 5.6: New Hydrate Bedding Risk Framework.


uid density, pipe diameter, viscosity, and water-oil IFT (Figure 5.7). A cumulative size

distribution using the droplet model from Boxall et al. [48]is generated based on these

inputs. The droplet size distribution is then fed to a population balance model along with

the inputs using hydrate particle cohesive force, shear, and hydrate growth rate. The mean

agglomerate size is computed using the population balance model (shown in the middle

plot for the given conditions). The output from the PBM model is subsequently used to

generate a cumulative probability distribution of hydrateagglomerates. In the �nal part,

Turian's critical velocity model is applied to determine the critical agglomerate size that

can be suspended under given 
ow conditions. By numericallysolving the intersection of

critical agglomerate size and the cumulative distributionfunction, the onset of bedding is

determined (Figure 5.7).

This newly developed algorithm is used as a point model to predict the bedding onset and

pressure drops by estimating the bedding and suspension fractions. The proposed framework

can be used to determine the operating boundaries/conditions to avoid hydrate bedding.The

new bedding framework could be helpful in sketching out safe operating boundaries that can

avoid hydrate bedding in a given 
ow system.The prediction of hydrate bedding from this

new framework is observed to match well with the test data from XoM 2014-16 
owloop
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Figure 5.7: MATLAB screenshot of hydrate bedding risk model.

experiments (Figure 5.8). Figure 5.8 presents the� bedding (hydrate volume fraction at which

hydrate agglomerates begin to settle) predicted from the bedding interface plotted as a func-

tion of the � bedding observed from the 
owloop data. Figure 5.8 suggests the new framework

can predict the bedding onset with reasonable accuracy (R2=0.89).

Key Limitations/Assumptions

The bedding framework currently does not consider moving beds. This feature can be in-

corporated by applying the dynamic adhesion force model [74, 75]. The dynamic force model

is based on high-pressure micromechanical force measurements performed at the Center for

Hydrate Research at Colorado School of Mines. An adhesion force model can be applied to

the bedded hydrates by using a force balance approach previously suggested by Nicholas [49].

This includes considering the high-pressure micromechanical adhesion force measurements

and introducing the particle-wall transient force in the force balance equation.

Conclusions

A new bedding model framework is proposed that can consider water dispersion, agglom-

eration and bedding. The new framework uses a transient hydrate agglomeration model to

generate a time-dependent size distribution of hydrate agglomerates based on water droplet
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Figure 5.8: Predicted� bedding as a function of observed� bedding from the 
owloop data.
Experimental � bedding data was analyzed from the ExxonMobil 
owloop tests for which the
mass 
ow rate measurements were available.Modeling results indicate that the bedding
framework is able to predict the onset of bedding with reasonable accuracy (R2=0.89).

size distribution, particle cohesion force, shear and hydrate formation rate. By classifying

the cumulative probability distribution of hydrate agglomerates by their critical size, the

new MATLAB based user interface is able to predict the beddingonset. The new framework

predicted the bedding onset with reasonable accuracy.
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CHAPTER 6

DECIPHERING PLUGGING TRANSITION AND DEVELOPING RISK MAPS USING

STATISTICAL REGRESSION MODELS

Abstract Flowloop hydrate plugging transitions (� transition ) were analyzed using the

pressure drop, particle size, mass 
ow rate, and gamma-ray density measurements. A sta-

tistical approach is adopted to determine the� transition for the previous 125 
owloop tests,

performed under various operating conditions. The� transition point was identi�ed as the

hydrate volume fraction at which the slope of the relative pressure drop versus hydrate vol-

ume fraction curve changed signi�cantly. Data analyses suggested that � transition could be

a precursor to hydrate bedding. High� transition values can indicate low risk of bedding and

plugging in a 
ow system. � transition values increase with increasing mixture velocity, but

decrease with increasing water cut and Gas-Oil Ratio (GOR).Preliminary trends suggested

that tests with the King Ranch Condensate took signi�cantlyshorter times and lower hydrate

fractions to reach the plugging transition criteria compared to the crude oil (with natural

surfactants). Data analyses also suggested that low water cut, high mixture velocity and

the injection of anti-agglomerants (AAs) can increase the� transition values. Modeling results

indicated that linear regression models may be inadequate to predict the hydrate plugging

transitions, given the complexities involved in hydrate particle transportability. A stepwise

regression process was used to determine the statisticallysigni�cant parameters of the full

quadratic equation. Modeling results suggest that a quadratic model (stepwise regression)

could improve the prediction accuracy (R:2adj increased by 28%) compared to a linear model

to predict � transition values.

6.1 Introduction

Previous hydrate researchers [17, 19, 18, 28], de�ned� transition as the hydrate volume

fraction at which the relative pressure drop signi�cantly changed with respect to the hydrate
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volume fraction in the 
owloop tests. Based on visual observations, Joshi [17] reported that

at the � transition point, the slurry changed from a homogeneous 
ow to a heterogeneous 
ow

(See Figure 6.1, also shown in Section 1.4.1). At that time, limited information was available

to investigate this observation in more detail (i.e., FBRM particle size data in combination

with the PVM images and mass 
ow rate measurements were not available at that time).

Hence, the hypothesis of� transition could be only based on the pressure drop measurements

and visual observations through the 
owloop viewports.

Figure 6.1: Pump �P (pressure drop) as a function of hydrate volume fraction (HVF);
� transition identi�ed at the HVF at which 4 P slope with respect to hydrate volume fraction
changed, reproduced from Joshi [17].

In 2016, for the �rst time, the XoM 
owloop was equipped with both the PVM and FBRM

probes, thereby enabling the collection of reliable information about how agglomeration could

a�ect the mass 
ow rate and pressure drop in the 
owloop. Additionally, new 
owloop

experiments were designed in a more controlled manner (constant hydrate volume ramping

tests), thereby providing new insights into� transition and bedding mechanisms. Figure 6.2

(also shown in Section 4.3.1) illustrates how particle agglomeration and mass 
ow ratescan

change at the� transition point, in addition to the changes in pressure drop slopes.
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Figure 6.2: The �P, mass 
ow rate, hydrate volume fraction andFBRM mean size pro�les at
3.7 ft/s for Conroe16 in the oil phase, with 50% WC, at 60% LL, 5wt.% salinity. Signi�cant
agglomeration leads to� transition and hydrate bedding at approximately 75 minutes.

Pressure drop (blue), mass 
ow rate (red), and FBRM mean size (black trace) were

analyzed to investigate the� transition for a test performed at 3.7 ft/s at the XoM 
owloop

facility. Data from the chord length (FBRM) measurements suggested that signi�cant hy-

drate agglomeration could result in the plugging transition (� transition ). At this point, visual

observations from the view port suggested a change in the 
owregime from ahomogeneous

to heterogeneous
ow|as observed by Joshi [17]. It is further suggested that asthe hydrate

concentration in the liquid phase increased, this resultedin a higher slurry viscosity which

could lead to increasing slip velocity between the liquid and gas phases, causing a transition

from strati�ed 
ow to intermittent 
ow. The viewport observ ations later (time > 130 mins,

at � > � transition ) suggested a transition from an intermittent 
ow to a regimeof limited hy-

drate particle transportability, with mostly gas 
ow. At th is time, non-moving hydrate beds

could be seen in the bottom portion of the 
owloop. It is suggested that for � > � transition ,

the bed of hydrate agglomerates could adhere to the wall and exhibit negligible movement.
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Low mass 
ow rate measurements, in combination with the viewport observations, support

this hypothesis. To further test the hypothesis of change of
ow regime at � transition , addi-

tional 
owloop tests were conducted at the TU 
owloop using MO350T with 50% WC at

5.5 ft/s (Figure 6.3).

Figure 6.3: The �P, density, and HVF at 5.5 ft/s for MO350T with 50 % WC, at 70% LL,
3.5 wt.% salinity. Increasing 4 P and density 
uctuations when� > � transition .

Figure 6.3 shows that near the� transition point (at approximately 14 minutes), the pressure

drop slope signi�cantly changed. It should be noted that theTU 
owloop (Figure 4.2) is

uniquely equipped with the multiple density sensors (NDR1, NDR2, NDR3), used to record

the 
uid density at di�erent locations in the 
owloop. Densi ty measurements at a given

time and at two di�erent locations provided additional insights about the 
ow regime in

the 
owloop. Figure 6.4 shows the density measurements from the two probes NDR1 and

NDR2, indicating the alternating high and low-density values with periodic patterns.

The periodic high and low values of density measured during� > � transition suggested

that there could be an intermittent 
ow regime. The data collected from the TU 
owloop

further supported the hypothesis that the 
ow regime can change from strati�ed 
ow to
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Figure 6.4: NDR1 and NDR2 density measurements at the TU 
owloopfor MO350T at
50% WC, and 5.5 ft/s. Periodic patterns in density suggest an intermittent 
ow for� >
� transition .

intermittent 
ow for �> � transition . The 
owloop eventually plugged after the pressure drop

reached a value which was above the limit of safe operation (4 P > 75 psi, Figure 6.3).

6.2 Statistical Approach for Determination of Plugging Transition

CSM-CHR has 200+ 
owloop datasets (125 used in this analysis)from two di�erent


owloop facilities over a wide range of experiments performed from 2004 to 2016. To iden-

tify the point of � transition , the coe�cient of determination (R 2) was used across various

experiments. A high� transition value indicateslow risk of bedding and plugging, wheras a low

value suggests bedding and plugging can occur at low hydratevolume fraction (i.e., high

risk of bedding and plugging). Figure 6.5 shows a plot of relative pressure drop as a function

of hydrate volume fraction. � transition points were identi�ed using the statistical analysis of

the slope between the relative pressure drop and hydrate volume fraction (HVF). The �rst

change of slope identi�ed the� transition point when the coe�cient of determination (R2) of

the slope was> 0.85, and the regression was statistically signi�cant at 85% of con�dence

interval (Figure 6.5). The data analysis in Figure 6.5 indicated that � transition increased with

increasing mixture velocities.� transition values were determined for 125 
owloop datasets.
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Figure 6.5: � transition identi�ed as HVF at which relative �P slope changed for tests with
Conroe14 (2.4, 5.7, 9.4 ft/s) and Conroe16 (3.7 ft/s) at the XoM 
owloop. � transition values
increase with increasing mixture velocity.

6.3 Plugging Risk Maps Based on CSM-CHR Flowloop Data

Table 6.1 gives a summary of the 
owloop tests performed at the two 
owloop facilities

(XoM, TU) from 2004-16; the table shows a wide variety of experimental conditions under

which 
owloop tests were performed by the CSM-CHR (ColoradoSchool of Mines-Center

for Hydrate Research).

Table 6.1: Flowloop test matrix (Center for Hydrate Research), 2004-16.

Flowloop Oil Gas WC [%] LL [%] Mix. Vel [ft/s] Salt [%]
XoM Conroe Methane 5-90 50/60/90 2.4-9.4 0/5
XoM Conroe + BS* Methane 5/35 54/90 2.5/4.6 0
XoM MO350T TCG** 50 70 2.4-5.7 3.5
XoM Condensate Methane 25/50/75 50/80 2.4-8.2 3.5
XoM None Methane 100 50/95 2.4-7.5 0/3.5
TU MO350T TCG 50/65/80 50/70/90 2.3-7.2 3.5
TU MO70T TCG 50/65/80 50/70/90 2.3-7.2 3.5
TU Conroe TCG 25 50/75 9.4 3.5
TU Kerosene TCG 50/65/80 50/70 2.3-5.5 3.5

*BS = Bright Stock, **TCG =Tulsa City Gas
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Flowloop contour risk maps using the relative pressure drop (Figure 6.6) and� transition

values (Figure 6.7) were generated from the 
owloop data collected in the XoM 
owloop using

all Conroe crude oils (four di�erent Conroe crude oils used from 2004-16). The contour plot

in Figure 6.6 suggests that relative pressure drop (�PRel: ) increased with increasing hydrate

volume fraction, but decreased with increasing mixture velocities for all tests using Conroe

crude oils.

Figure 6.6: Contour plots from CSM-CHR 
owloop data repositary for the �P Rel: ; � PRel:

values increased with increasing hydrate volume fraction and decreasing mixture velocity for
tests conducted using Conroe crude oils.

Contour plots as shown in Figure 6.7 suggest that� transition increased with increasing

mixture velocities, but decreased when the GOR and water cuts increased. An increas-

ing � transition value can be interpreted as a reduction in plugging risks at agiven hydrate

concentration.

To visualize the transitioning times to reach the plugging concentration (� transition ), the

dimensionless time (t transition ) was de�ned in Equation 6.1,

t transition = (time to reach the � T ransition )
d�
dt

(6.1)
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Figure 6.7: Contour plots from CSM-CHR 
owloop data repositary for the � transition ;
� transition values increased with increasing mixture velocity and decreasing GORs and wa-
ter cuts.

Here, d�=dt is the slope of the hydrate volume fraction versus time plot (obtained from


owloop data). � transition values are plotted with respect to thet transition values in Figure

6.8.

Preliminary trends suggested that King Ranch Condensate (KRC) tests took shorter

times and lower hydrate concentrations to reach the plugging transitions; whereas tests

with Conroe crude oils (with natural surfactants) took longer times and higher hydrate

concentrations to reach the transition. This further illustrates that the carrier phase 
uid

properties can signi�cantly a�ect the hydrate plugging risk transitions. King Ranch Con-

densates show lower resistance to hydrate bedding and plugging (or higher risk of bedding

and plugging). Conroe crude oils at high mixture velocities or 2% AA have highest� transition

and t transition values (high resistance to plug, low risk of bedding and plugging). High mix-

ture velocities > 5.7 ft/s and AA injection could lead to longert transition times and higher

� transition values. Conroe crude oil tests with high water volume fraction at low mixture

velocities (WC > 70 vol.%, v < 5.75 ft/s, blue spheres) plugged with lower� transition and

shorter t transition values.
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Figure 6.8: Risk-Map (XoM 
owloop). King Ranch Condensates (KRC) show the lowest re-
sistance to hydrate plugging. Conroe crude oil at high mixture velocities or 2 vol.% AA have
highest � transition and t transition values (high resistance to plug, safer hydrate particle trans-
portability). Mineral oil 350T (MO350T) with no natural or a rti�cial surfactants showed
intermediate risks (between Conroe crude oils and KRC) for the given conditions.

6.4 Predicting Plugging Transition using Linear Regression Models

In the �nal piece of this chapter, two linear regression models were used to predict the

� transition , observed in the 
owloop data. Seven test input variables were used based on the

engineering judgement and available data to predict the� transition . These were water cut

(WC), mixture velocity (MV), Gas-Oil Ratio (GOR), oil viscosity (VIS), oil speci�c gravity

(Sp.G), interfacial-tension (IFT) between water and oil, and hydrate particle cohesive force

(Fa). Regression coe�cients were analyzed using a 85% con�dence interval. The �rst model

is a linear model and is given by Equation 6.2.

� T ransition = � 0:11WC + 0:017MV + 0:0007V IS + 0:614Sp: G
� 0:002IFT � 0:00004Fa + 0:000002GOR � 0:34

(6.2)

Equation 6.2 provides an interpretation of the nature of dependence of� transition on the

independent variables. A positive correlation between� transition and mixture velocity, oil

viscosity, speci�c gravity, and Gas-Oil Ratio is obtained,whereas a negative correlation is
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obtained between� transition and water cut, water-oil interfacial tension, and hydrate particle

cohesive force. The signs of the regression equation help inthe interpretation of the type

of relationship between the dependent and independent variables. The Equation 6.2 aids

understanding of how increasing water cut, interfacial tension, and hydrate cohesive force

can increase the plugging risks, but increasing mixture velocity, oil viscosity and speci�c

gravity can decrease the plugging risks. However, the prediction accuracy of the simple

regression model could be limited. The regression results are presented in Table 6.2.

Table 6.2: Outputs from a linear regression model to predictthe � transition .

Factors Coe�cients Error t statistic P-Value
WC (fraction) -0.11 0.058 -1.971 0.053

MV (ft/s) 0.0175 0.004 4.697 0.000
GOR (scf/stbo) 2.62E-6 0.000 0.281 0.780

VIS (cP) 7.12E-04 0.000 1.644 0.105
Sp.G (kg/m3) 6.14E-01 0.365 1.684 0.097
IFT (mN/m) -2.33E-03 0.001 -3.791 0.000
Fa (mN/m) -4.18E-05 0.000 -0.145 0.885

Intercept -3.39E-01 0.275 -1.233 0.222

The regression outputs in Table 6.2 suggest that water cut, mixture velocity, viscosity,

speci�c gravity, and IFT are statistically signi�cant at the 85% con�dence interval (showing

high t-statistic and low P-values). Figure 6.9 shows a plot for the predicted and observed

� transition values. Figure 6.9 suggests that a linear model may not be ableto accurately predict

the � transition observed in the 
owloop tests, given the complexity of hydrate transportability.

A 45-degree line is plotted to show the accuracy of the linearregression model with respect

to the 
owloop data. The predicted � transition values are plotted in red stars for the observed

� transition values from the 
owloop data. The regression outputs suggest the adjusted R-

squared value =0.44, indicating that a linear regression model may have limited accuracy in

predicting the plugging transitions.

The second model was a full quadratic equation involving thewater cut, mixture velocity,

Gas-Oil Ratio, oil viscosity, oil speci�c gravity, interfacial-tension between water and oil,
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Figure 6.9: Predicted� transition as a function of the observed� transition using a linear model
(Equation 6.2).

and hydrate particle cohesive force. A stepwise regressionprocess was used to determine the

statistically signi�cant parameters of the full quadratic equation. A full quadratic (stepwise

regression) model includes the interaction terms between the input variables. Equation 6.3

presents the output from a full quadratic model.

� T ransition = k1 + k2WC + k3MV + k4GOR + k5V IS + k6SpGravity + k7Fa

+ k8V IS � SpGravity + k9MV 2 + k10GOR2 + k11V IS2 + k12Fa
2 (6.3)

Table 6.3 presents the outputs from a stepwise regression model to interpret the statistical

signi�cance of the terms used in Equation 6.3. The regression outputs in Table 6.3 suggest

that water cut, mixture velocity, viscosity, speci�c gravity, IFT, cohesive force, and GOR

are statistically signi�cant at 85% of con�dence interval (showing high t-statistic and low

P-values). Figure 6.10 shows a plot for the predicted and observed � transition values. Figures

6.9 and 6.10 suggest that a quadratic model could improve theprediction accuracy (R:2adj

increased by 28%) when compared to a linear model.

Key Assumptions/ Limitations

In this chapter, linear regression models (linear and quadratic methods) were applied.

Other statistical models, such as regularized and non-linear regression models were not used
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Table 6.3: Outputs from a quadratic (stepwise regression) model to predict the � transition .

Parameters Value Std. Error t statistic P-Value
k1 -1.27 0.66 -1.93 5.85E-02
k2 -0.12 0.05 -2.25 2.82E-02
k3 -0.04 0.01 -2.93 4.71E-03
k4 5.19E-05 2.28E-05 -2.28 2.58E-02
k5 -0.56 0.29 -1.97 5.36E-02
k6 2.40 0.96 2.49 1.53E-02
k7 -0.01 1.45E-03 -5.02 4.40E-06
k8 0.67 0.34 1.95 5.54E-02
k9 4.83E-03 1.15E-03 4.20 8.49E-05
k10 9.44E-09 3.03E-09 3.12 2.74E-03
k11 4.55E-04 2.05E-04 2.22 3.01E-02
k12 5.30E-05 1.05E-05 5.03 4.17E-06

Figure 6.10: Predicted� transition as a function of the observed� transition using a full quadratic
(stepwise regression) model as shown in Equation 6.3.Modeling results suggest that a
quadratic model (stepwise regression) could improve the prediction accuracy compared to
a linear model in predicting� transition .
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in the current work, but could be useful to be applied in future studies. To improve the

limitations of prediction accuracy, two arti�cial neural network based models (considering

regression and classi�cation) are presented in Chapter 7.

Conclusions

Flowloop data from 2004-2016 were analyzed using the pressure drop, particle size, mass


ow rate and gamma-ray density measurements. A statistical approach was applied to de-

termine the � transition for the previous 
owloop tests, performed under various operating

conditions. Data analysis suggested that the� transition could serve as a precursor to hydrate

bedding. High � transition values can indicate low risk of bedding and plugging in a 
ow sys-

tem. The � transition values increased with increasing mixture velocity, but decreased with

increasing water cut and Gas-Oil Ratio (GOR). Data analysissuggested that tests with King

Ranch Condensate took signi�cantly shorter times and lowerhydrate fractions to reach to

the plugging transition criteria compared to Conroe crude oil (with natural surfactants).

Data analyses also suggested that low water cut, high mixture velocity and the injection of

AAs (anti-agglomerants) can increase the� transition and t transition values. Modeling results

indicated that although a linear regression model may have limited prediction accuracies,

it could still provide an approximate qualitative interpretation of the relationship between

the dependent and independent variables. Modeling resultssuggest that a quadratic model

(stepwise regression) could improve the prediction accuracy (R:2adj increased by 28%) com-

pared to a linear model to predict� transition values.
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CHAPTER 7

ARTIFICIAL NEURAL NETWORK MODELING TO PREDICT HYDRATE BEDDING

RISKS

Abstract

Two new Arti�cial Neural Network (ANN) models are proposed to quantify the risks of

hydrate blockage formation in the subsea 
owlines. The proposed ANN models are trained

with data from the 
owloop tests (approximately 5000 datapoints) performed by the CSM-

CHR at two 
owloop facilities (at the ExxonMobil and University of Tulsa ) over the last

13 years (2004-2016). The objective of this chapter is to develop a model that can estimate

the relative pressure drop and risk of failure due to increasing hydrate concentrations in

a 
owline. The hydrate risk assessment approach includes applying supervised machine

learning based ANN models to predict hydrate plugging risks. The ANN models developed in

this chapter used eight independent variables, which were selected based on available 
owloop

data and engineering judgement gathered from last 13 years of 
owloop experiments. The

output variables are relative pressure drop and a binary class of failure to predict a hydrate

plug (1 for a \plug" and 0 for \no plug").

Modeling results suggest that the ANN regression model is ableto predict the relative

pressure drop with a high correlation coe�cient (R=99.4%, in the test datasets) with respect

to the experimental data. The ANN classi�cation model could predict the class of failure with

a high accuracy (98.8% in the test datasets). The ANN model alsohad superior accuracies

as compared to the other classi�cation models (Logistic Regression, Decision Tree, Support

Vector Machine, and K-Nearest Neighbor). Data analyses suggest that an ANN model could

serve as a useful tool to predict the risk of hydrate blockageformation in subsea 
owlines.

It is suggested that such studies could be potentially useful towards an e�ective hydrate

management strategy.
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7.1 Introduction

Kinnari et al. [36] proposed the framework for sound engineering practices towards

hydrate management (Figure 7.1). In this approach, Kinnari et al. proposed that the future

of hydrate management could include avoiding external hydrate management measures.

Figure 7.1: Hydrate management framework reproduced from Kinnari et al. [36].

This approach could include identifying the safe concentration of hydrates which can be

transported at a given 
ow condition without using chemicals. An application of arti�cial

neural network models could be a precursor to such goals of achieving hydrate management

without using any external measures. Chapter 6 showed that statistical linear regression

models may have limitations in accurately predicting the risk transition due to hydrate

formation. The goal of this work is to investigate if supervised machine learning based

methods, such as arti�cial neural networks, could help in predicting the high-risk transition

due to hydrate formation. This current work involves the useof the 
owloop data repository

at the CSM-CHR that includes a wide range of experimental conditions (See Table 6.1,
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Chapter 6). Data collected from the previous 
owloop tests have been used to train the

arti�cial neural network to predict two output variables: r elative pressure drop and a binary

class to predict a \plug" or \no plug" case.

7.2 Material and Methods

7.2.1 Experimental Setup

Please seeChapters 2-4for the 
owloop schematics and descriptions, andChapter 6 for

the experimental matrix of tests that were performed and arebeing used in this Arti�cial

Neural Network (ANN) modeling approach.

7.3 Arti�cial Neural Network (ANN) Model Development

7.3.1 Network Architecture

Eight input variables were selected to determine the relative pressure drop and class of

failure with dichotomous outcomes ( a \plug" or \no plug"). The input variables were water

cut (WC), mixture velocity, Gas-Oil Ratio (GOR), oil viscosity, oil speci�c gravity, interfa-

cial tension (IFT) between water and oil, hydrate volume fraction (HVF, � ), and hydrate

particle cohesive force (Fa). Two di�erent modeling approaches were chosen|regression

and classi�cation. For both models, 1 hidden layer containing 25 neurons was used. To pre-

dict the relative pressure drop, the ANN regression model was used (Figure 7.2). A binary

classi�cation-based ANN model was used to predict the class offailure to determine if the

given 
ow conditions led to a hydrate blockage (plug) or a safe 
ow scenario (no plug) as

shown in Figure 7.3. The class of failure (CoF) is de�ned as 1 if the hydrate volume fraction

(� ) is > � transition .

7.3.2 Methodology

A matrix of data was created from the 
owloop data repositorywith approximately 5000

datapoints collected from the CSM-CHR 
owloop tests performed during 2004-16. Input

variables were selected based on the engineering knowledgeobtained from the 
owloop data
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Figure 7.2: Network architecture to predict4 PRel: (Relative Pressure Drop)using the ANN
regression model.

Figure 7.3: Network architecture to predictClass of Failure (CoF) using the ANN classi�-
cation model.
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analysis (See Chapters 4, 6). Data samples were divided into three parts.

Training: Training datasets were used by the network to adjust the weights to minimize

the errors.

Validation: Validation datasets were used to measure network generalization and to

stop training when the generalization did not improve training.

Test: Test datasets had no e�ect on training, but they provided an independent measure

of network performance during and after the training. The current neural network allocated

70% of data into the training; the remaining 30% of datapoints were equally divided into

the validation and testing datasets.

7.4 Results and Discussion

This section presents the results obtained from the two ANN models of relative pressure

drop and a binary class of failure to determine a \plug" or \noplug" case.

7.4.1 ANN Relative Pressure Drop Predictions Show High Accuracy

The ANN outputs of relative pressure drop with respect to the measured data for the

training (a), validation (b), test (c) and overall (d) scenarios are presented in Figure 7.4.

A 45-degree line is also plotted to visualize the accuracy of�tting. The results suggest

that for the training datasets, the ANN model can achieve a coe�cient of correlation (R)

close to 99.7%. For the validation and test datasets, the ANN model can achieve a coe�cient

of correlation (R) value close to 99.4% in the test and validation datasets. Figure 7.4 shows

that the arti�cial neural network based regression model could predict the 
owloop relative

pressure drop with high accuracies (coe�ecient of correlation > 0.99).

7.4.2 Simulating ANN Relative Pressure Drop Model

Figure 7.5 shows the prediction of relative pressure drop as afunction of (a) hydrate

volume fraction, (b) cohesive force, and (c) mixture velocity for given input conditions. As

shown in Figure 7.5, an ANN regression model can capture the correct relative pressure drop
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Figure 7.4: Predicted (ANN model) and measured relative pressure drop values shown for
the training (a), validation (b), test (c) and overall (d) datasets. ANN regression model
predicts the 
owloop relative pressure drop with high coe�cient of correlation values (R>
0.99) in training, validation, and test datasets.

104



trend as observed from the 
owloop data (7.5a). Figures 7.5b and c show simulations from

the ANN regression model to predict the relative pressure dropas a function of cohesive

force and mixture velocity, for the given conditions.

Figure 7.5: Predicted relative pressure drop (ANN regression model) as a function of (a)
hydrate volume fraction, (b) cohesive force, and (c) mixture velocity. ANN regression model
can capture the correct relative pressure drop trend as observed from the 
owloop data
(7.5a). Predicted sensitivity (from the ANN regression model) of relative pressure drop as a
function of cohesive force and mixture velocity is presented in 7.5b and c. Modeling results
indicate that an ANN regression model could capture the correct trend in the 
owloop data.

These modeling results suggest that decreasing hydrate volume fraction, reducing co-

hesive force and increasing mixture velocity can decrease the relative pressure drop in the
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owloop as predicted from the ANN regression model.

7.4.3 Predicting \Plug" or \No Plug" Classes using Machine Learning/ ANN
Models

Figure 7.6 (modi�ed from section 6.2) presents an approach toclassify the \no plug"

versus \plug" scenarios based on the� transition . Failure is de�ned when the hydrate volume

fraction (� ) is > � transition .

Figure 7.6: � transition identi�ed as HVF at which relative 4 P slope changed for tests with
Conroe14 (2.4, 5.7, 9.4 ft/s) and Conroe16 (3.7 ft/s) at the XoM 
owloop.

� transition could be used to identify the class of failure (CoF) when � > � transition . The


owloop test matrix was prepared with the CoF being the dependent variable. The input

variables were water cut (WC), mixture velocity, Gas-Oil Ratio (GOR), oil viscosity, oil

speci�c gravity, interfacial tension (IFT), hydrate volume fraction (HVF, � ), and hydrate

particle cohesive force (Fa). Using a classi�cation ANN model (Figure 7.3), CoF was pre-

dicted and the results were compared with the four statistical and machine learning models

(Logistic regression, Decision Tree, Support Vector Machine, and K-Nearest Neighbor).

To assess the performance of di�erent classi�cation models, model accuracy [76] was

calculated for each model using Equation 7.1. The statistical toolbox in MATLAB was used
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to perform these computations.

Accuracy =
Number of Correct Assessment

Total Assessment
(7.1)

Figure 7.7 shows the results of model accuracies calculated for di�erent classi�cation

models, which were applied to predict the \plug" versus \no plug" scenarios. Modeling

results indicate that an ANN binary classi�cation model can predict these classes (0,1) with

high accuracy (Figure 7.7).

Figure 7.7: Prediction ofCoF using statistical and machine learning models (logistic re-
gression, decision tree, support vector machine, k-nearest neighbor, and arti�cial neural
network). The ANN model shows a higher accuracy (in the test datasets) compared with four
other classi�cation models.

It should be noted that the number of �tting parameters used in the Arti�cial Neural

Network model were highest (201), but lowest in the logistic regression model (9). Increasing

the number of �tting parameters can increase the risk of over�tting in a predictive model.

To check the over�tting issues, cross-entropy (negative log-likelihood or logarithmic error)

was computed for the training, validation and test datasets. Figure 7.8 shows a plot of

cross-entropy as a function of the completed number of iterations for the training, validation

and test datasets.
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Figure 7.8: Logarithmic error or cross-entropy plotted as a function of completed number (#)
of iterations in the training, validation, and test datasets.The solution at which lowest error
was obtained for the validation and test datasets was considered the ANN model solution
(with optimized weights) to generate simulations.

The best performance of the network is obtained at iteration# 150 when the validation

and test errors are minimal. Figure 7.9 shows a plot of % error in the test datasets as

a function of total number of neurons used in the ANN classi�cation model. Based on

the analysis illustrated in Figure 7.9, the ANN classi�cation model was optimized with 25

neurons to minimize any over�tting issues.

Key Limitations/Assumptions

The current ANN models considered eight independent variables based on the available


owloop data. It is suggested that additional independent variables, such as free water

fraction and subcooling could be included in the future ANN models. Including additional


owloop/�eld data could enhance the appplicability of future ANN models.

Conclusions

Arti�cial Neural Network based empirical models were proposedto quantify the risks of

hydrate blockage formation during oil/gas production. Using approximately 5000 datapoints
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Figure 7.9: % Error (in the test dataset) as a function of neurons used in the hidden layer.

obtained from the CSM-CHR 
owloop data, two ANN models were developed. The 
owloop

tests used in the ANN models were performed at two di�erent facilities (at the XoM and TU


owloops) over the last 13 years (2004-2016). The output variables were relative pressure

drop and a binary class of failure to determine a \plug" or \noplug" cases. Supervised

machine learning was used to optimize the weights, so that anadaptable neural network

could predict the risks associated with hydrate plugging. Modeling results suggested that

ANN models could predict the risk of hydrate blockage formation from the 
owloop data

with high accuracy. It is suggested that such studies could be potentially useful towards a

successful hydrate management strategy.
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CHAPTER 8

OVERALL CONCLUSIONS

The primary goal of this thesis work was to improve the understanding of hydrate bed-

ding transitions by using three di�erent approaches: mechanistic, statistical and machine

learning (arti�cial neural networks, ANN). This thesis provided new mechanistic insights

into the important interconnection between partial water dispersion, agglomeration and hy-

drate bedding. This was achieved by developing a quantitative bedding framework that

could consider the e�ect of water dispersion and agglomeration. The new dispersion model

included the prediction of thetype and extentof water dispersion in a partially dispersed

system. In the statistical approach, 125 
owloop tests withapproximately 5000 datapoints

were analyzed and risk maps were generated. It was observed that linear regression models

had limited accuracy in predicting the plugging transitions in the 
owloop. As an alterna-

tive, two initial Arti�cial Neural Network (ANN) based models were developed to quantify

the plugging transitions. Mechanistic and ANN models developed during this thesis work

could potentially aid in development of an e�ective hydratemanagement strategy.

Using the mechanistic approach, 
owloop experiments performed using di�erent oils in-

dicated that hydrate agglomeration was intrinsically coupled to bedding. Additionally, large

water droplets and partial water dispersion led to an early onset of bedding. Based on these

two �ndings, a conceptual bedding framework was proposed by considering the e�ect of water

dispersion and agglomeration. The new framework used a transient hydrate agglomeration

model to generate the distribution of hydrate agglomeratesas a function of droplet size dis-

tribution, particle cohesion force, shear and hydrate formation rate. The new mechanistic

bedding framework predicted the onset of bedding with reasonable accuracy for experiments

performed at the ExxonMobil 
owloop facility from 2014-2016.
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Under the statistical approach, the 
owloop hydrate plugging transitions were analyzed

empirically using the pressure drop, particle size, mass 
ow rate and gamma-ray density

measurements. A statistical approach was undertaken to determine the � transition for the

previous 125 
owloop tests, performed under various operating conditions. Data analyses

suggested that� transition could serve as a precursor to hydrate bedding. Tests with theKing

Ranch Condensate took signi�cantly shorter times and lowerhydrate fractions to reach

the plugging transition criteria compared to the crude oil (with natural surfactants). Data

analyses also suggested that low water cut, high mixture velocity, low Gas-Oil Ratio (GOR),

and the injection of AAs (anti-agglomerants) can increase the� transition and lead to safer

hydrate transportation. It was observed that statistical linear regression models had limited

accuracy (maximum R2
adj: =72%) in the prediction of � transition .

In the third approach to overcome the limitations of the previous statistical approach

for predicting � transition , two new initial Arti�cial Neural Network (ANN) based models

were proposed to quantify the plugging transitions in the subsea 
owlines. The ANN based

models were able to estimate the relative pressure drop and abinary class of failure due to

increasing hydrate concentrations in a 
owline. The ANN model also had superior accuracies

as compared to the other classi�cation models (Logistic Regression, Decision Tree, Support

Vector Machine, and K-Nearest Neighbor). It was suggested that arti�cial neural network

could be potentially useful as one of the tools for an e�ective hydrate management solution.

During this thesis work, it was observed that the three approaches had their own unique

advantages and disadvantages. The mechanistic risk model was able to explain the under-

lying physics involved in the dispersion, agglomeration (population balance model, PBM)

and bedding processes. The mechanistic model was computationally intensive, as it required

several numerical iterations while solving the di�erential equations with the agglomeration

and breakage kernels. The statistical plugging risk model based on multiple linear regression

had less complexity and was easy to interpret, but gave poor predictability. The arti�cial

neural network based risk models showed greater accuracy inpredicting the plugging tran-
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sitions, but had complex network architecture and were di�cult to interpret. Nevertheless,

given the complexity of hydrate particle transportability, these multiple approaches can con-

tribute to an improved understanding and ultimate implementation of a successful hydrate

management strategy.
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CHAPTER 9

RECOMMENDATIONS AND FUTURE DIRECTIONS

The work performed in this thesis suggested an interconnection between partial water

dispersion, agglomeration and hydrate bedding. This thesis also provided a quantitative

framework to investigate the bedding transition with threedi�erent approaches: mechanistic,

statistical and machine learning (arti�cial neural network modeling). This work exposed

some new questions, which are further needed to be addressedto advance the understanding

of hydrate particle transportability and associated plugging risks.

9.1 Droplet Size Models to Account for Water Volume Fractions

Chapters 2 and 3 suggested that the water droplet size distribution can a�ect the extent

of partial dispersion (i.e., free water + dispersed water),which in turn can a�ect the hydrate

particle transportability. Experimental data and modeling results in Chapter 3 suggested

that water cut a�ects water droplet size. This phenomenon was also observed in other

published results (See Section 1.4.2 in Chapter 1). The current CSMHyK-OLGA r droplet

size model does not consider the e�ect of water cut on the droplet size distribution. The

liquid-liquid dispersion models suggested by Brauner [27]and Cai et al. [28] could help to

improve the prediction of droplet sizes, since these modelsconsider the e�ect of water volume

fraction on the droplet size predictions.

9.2 Dispersion Model Validations from Benchtop Experiments

The proposed dispersion model ignores the transient aspects of droplet reformation, co-

alescence, and/or breakage. There are uncertainties associated with the chord length mea-

surements from the FBRM probe; this model is currently not able to account for such

uncertainties. The model predictions of the extent of dispersion have not yet been validated

quantitatively with experimental data, and can be undertaken in future studies.
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9.3 Transient Aspects of Dispersion and Bedding

Chapter 4 showed that agglomeration could a�ect hydrate bedding. Future studies on

the kinetics of hydrate agglomeration and bedding could shed light on these closely inter-

connected processes. The current bedding framework (in Chapter 5) considers the transient

hydrate agglomeration model. However, the mean droplet sizeand critical velocity models

are still steady-state models. Further work is required to investigate the transient aspects

of dispersion and settling processes. After a transient model is obtained for these coupled

bedding and dispersion processes, validation with the experimental data is required. Some of

these transient models could be computationally intensive, therefore an engineering solution

to these models is recommended.

9.4 Consideration of Moving Beds

The bedding framework currently does not consider moving beds. This feature can be in-

corporated by applying the dynamic adhesion force model [74, 75]. The dynamic force model

is based on high-pressure micromechanical force measurements performed at the Center for

Hydrate Research at Colorado School of Mines. An adhesion force model can be applied to

the bedded hydrates by using a force balance approach previously suggested by Nicholas [49].

This includes considering the high-pressure micromechanical adhesion force measurements

and introducing the particle-wall transient force in the force balance equation.

9.5 Engineering Solution to Hydrate Agglomerate Size Models

The current population balance model (PBM in Chapter 5) includes numerical solutions

to the di�erential equations for solving the kernels of hydrate formation, agglomeration and

breakage in real time. Although more accurate, the numericalPBM solution is computa-

tionally intensive and could cause signi�cantly longer runtimes during CSMHyK-OLGAr

simulations. Thus, it is suggested that an engineering solution needs to be developed, by

deploying the statistical regression models. After the simulated results are obtained from

the MATLAB based PBM model, linear and non-linear regressionmodels could help develop
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a simpli�ed correlation for the mean hydrate agglomerate size as a function of independent

variables that the population balance model currently considers. Such agglomerate size

engineering correlations may reduce the computation time in CSMHyK-OLGA r simulations.

9.6 Extension of Bedding Framework to Consider Hydrate Deposition

It is suggested that the new dispersion and bedding frameworks could be extended to

include the hydrate particle deposition phenomenon. In a similar approach as suggested

in Chapters 3 and 5, a tertiary classi�cation can be introduced to split the cumulative

probability distribution of droplets and hydrate agglomerates into three size bins: small,

intermediate, and large. Deposition velocity [77, 78] could be used to divide up the droplet

and particle size distribution to the suspension and deposition layers. This approach is a

similar to the one suggested in Chapters 5 (critical beddingvelocity was used to divide up

the distribution of hydrate particles between the suspension and bedding layers; similarly

deposition velocity can be used to divide up the suspension and deposition layers). This

approach may help in the development of a comprehensive hydrate transportability model,

including partial water dispersion, bedding and deposition.

9.7 Advancement of Statistical Models

Chapter 6 showed two regression models (linear and quadratic-stepwise) to predict the

� transition points. Future studies could include identifying the dimensionless groups and run-

ning a non-linear regression to optimize the statistical prediction by combining it with the

physical phenomena. TheBuckingham-pi method can be used to identify the dimensionless

groups.

9.8 Utilization of CSM-CHR Lab / Field Data to Validate ANN Models

Chapter 6 showed the 
owloop risk maps for the tests performed by the CSM-CHR in

the 
owloop facilities. It may be helpful to generate similar plots with the available �eld

test datasets to compare the results obtained in Chapter 6. It is further suggested that
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CSM-CHR lab/�eld test datasets could be utilized to develop aholistic ANN based hydrate

growth and transportability model. It is suggested that additional independent variables,

such as free water fraction and subcooling could be includedin the future ANN models

to improve the applicability of the current models. Additionally, a sensitivity analysis of

dependent variables (relative pressure drop, hydrate growth, and � transition ) as a function

of independent variables could help the future applicationof the ANN models in hydrate

plugging risk assessment.

9.9 Mechanistic Dimensionless Parameters for Future ANN Models

Future studies could include identifying the dimensionlessgroups using theBuckingham-

pi method and using these groups as the input neurons in the ANN/ supervised machine

learning models. This can help combine the mechanistic approach with the empirical mod-

eling to improve the overall applicability and interpretation of the future arti�cial neural

network models.

9.10 Testing Advanced Algorithms for Newly Developed ANN Models

The ANN modeling work showed promising results in Chapter 7. Itis recommended

that the ANN work should be continued, and the newly developed ANNmodels should be

tested against more robust algorithms with the additional lab and �eld datasets to continue

improving the reliability of the newly developed ANN risk models. These would be useful in

the development of predictive analytical tools that can mitigate risks associated with hydrate

management.
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