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ABSTRACT

Plugging of pipelines and processing equipment has severe economical consequences and
poses safety concerns. It is therefore of great interest to prevent the formation of gas hydrates.
There are a variety of methods of hydrate prevention which are classified cither as
thermodynamic or kinetic inhibition methods.This study aims to shed some light on
Enhancement of kinetic Inhibitor (PVP) with addition of Polyethylene Oxide (PEO).
This study is an experimental study, which the objective is to demonstrate the impact of
polyethylene oxide (PEO) on the performance of known kinetic hydrate inhibitor (KHI).
Comparison will be conducted on the induction time for crystallization of gas hydrate
containing various concentrations of PEQ together with the known KHI which in this study is
PVP. The experiment is being conducted using Pyris 1 DSC which use is to measure the heat
flow into or from the samples as it is heated, cooled or held under isothermal conditions. The
outcome of this study is mainly to find the most favorable concentration of the mixture of
KHI and PEO that will exhibit the strongest inhibition by highest time delayed in gas hydrate
formation. The study expects to find that as the concentration of the mixture of PEO and PVP
increases, the induction time for gas hydrate crystallization increases, but after a certain point,
the induction time would be constant. From the results of this study, the knowledge of how
PEO and PVP mixture affects the performance of gas hydrate inhibition, may help oil and gas

industry to solve problems in flow assurance.

iv



TABLE OF CONTENTS

ADBSIFACE ..o s esetecsenres s eecmen e sene e st aaere s bt s bt e st s se e et s et eases s e rre e ere s enatenans iv
Table OF COMMEIIES ....c.eoviiecicere ettt ettt sttt b et emapes e ees st bmsn s e esebaes v
LSE Of FIZUTOS oot s s s s e s et eoe s eenben et ene e vii
LAST OF TADIES vttt b e ea et aenaes viii
1.1 Background of STAY ...ccooeeiiieriecciiinrrvecerene s rree e cans e e e s e saesne bt asrese st vrns 1
1.2 Problem Statement .......c.ccocoeviiiinininceecnnncrncnnens cererereeer et a s b ebt bbb bn e e nereee 2
1.3 Objectives and Scope of STHAY ..ot ccee e 2
1.4 Relevancy of StUAY ..ot ena bt s s nane 3
1.5 Feasibility of Study within the Scope and Time Frame .........cc.coconcemmmiinnicnniinsennes 3
2.0 LITERATURE REVIEW ........cccovvrcnnn .................................................................... 5
2.1 Gas HYATAE -ttt nae e et a ettt 5
2.2 Hydrate INRibitors ... e eeee e s eabesne s ae s enenes 8
2.3 Kinetic Hydrate InhiDIOTS ......covomioiieeeceerceee et en e e een a8
2.4 PolyvinyIpYITOHAONE ....vvvieverriecrrrrererienirinesests s ssssessesen s sssaasesrssssosassrsessssesssensed
2.5 Polyethylene 0Xide ... 10
3.0 RESEARCH METHODOLDKTY ...t ceiteeeteeres s reeemessessrnsnes e s e e enseas 12
3.0 Project ACLVILIES ..o e cer e s st sre e s st e s sae s e s st e s e e se e s ms s e ceneennansnesrnesrsnans 12
3.2 Key MIleSIONe ....ocooiiiiiiiicicinii et e ae s s b st st 15
3.3 GAnt CRETT ..ottt et st e sk sa g e s e en s na e s ssnennens 17
FA TO0] e e e bt bt s e s 19



4.0 RESULTS AND DISCUSSION ...oiiicinrrrenrececentnesereesssereesesasessssessrssncsessoenins 21
4.1 Results and DISCUSSIONS ....eccueriereericrmreeeserses et sttt saes st sess s sessstomsassssescns 21
4.2 UNCEIAIMNLIES .....oeeeeeriiiestcnesseeses s sss st st e s et st nt s s saeasss s sraaassrasbnsnnsasebeasessmses 27

5.0 CONCLUSION, FUTURE WORK AND RECOMMENDATIONS...........ccooveenirinn 29

6.0 REFERENCES ..o iciiiiteneeeeseee s sens e sseseesesss s s s essecsmnsssssssssssasssesenssenes 30

vi



Figure 1
Figure 2

Figure 3
Figure 4
Figure 5
Figure 6
Figure 7

Figure 8
Figure 9

Figure 10
Figure 11
Figure 12
Figure 13

LIST OF FIGURES

Gas hydrate formation process (Tang et al., 2010)

Cages and their coordination number in clathrate structures I, Il and H
(Khalik, 2009)

PEO and PVP that were used in the experiment

Samples of the mixture: 0.1wt%, 0.3wt%, 0.5wt% and 0.7wt%
Flowchart Representation of Project Key Milestones

The Gantt Chart for the Research Semester

The Gantt Chart for Experimental Work Semester

(Legend: Completed: JJl] Ongoing : BN )

Pyris 1 DSC at Block 17, UTP

DSC system, DSC Machine, DSC Cooling Unit, Data Gathering, Gas
Supply

Ramped Mode graph

Ramped Mode graph for 0.1wt%

Isothermal Mode graph

The peak of the curves in Isothermal Mode graph

vil



Table }
Table 2
Table 3
Table 4
Table 5

LIST OF TABLES

Mass of PEO corresponds to weight percentage
Elaboration on the Key Milestones

Hydrate Formation

Hydrate Dissociation

Highest time delayed with respect to concentration of PVP-PEO mixture

viit



1.0

1.1

INTRODUCTION

Background of Study

Natural gas hydrates creates problems in the production, transportation, and
processing of natural gases. It becomes critical as producers drill in deeper waters and
in cooler waters. The past decade has seen the gas and oil industry moving towards
deep-water exploration and production currently over 10,000 feet of water depth,
where pressures and temperatures are ideal for hydrate formation (Huoa et al., 2001).
The hydrates can form in a wellbore while the fluids go through pressure and
temperature indnced phase changes near the mud line. The hydrates also form in the
flow lines from subsea completions to the separation facilities (Talaghat, 2011). This

has brought new challenges for hydrate prevention in transportation.

Due to the value of the infrastructures mvolved, safety considerations and
production requirements, oil and gas companies are necessarily cautious about new
technologies, particularly where data for their effectiveness are scarce. There have
been many field trials to assess the performance of thermodynamic hydrate inhibitors
(THI), kinetic hydrate inhibitors (KHls), and anti-agglomerates (AAs), and there are
fields where they are now routinely used as part of the hydrate mitigation strategy
(Kozielski et al., 2007). However, the target is always moving, and in order to make
new fields viable the technology must also improve without significant increases in

cost.

Several methods are known to prevent hydrate formation and subsequent
problems in pipeline and other processing equipments. Physical methods have been
used such as increasing gas temperature in the pipeline, drying the gas before
introduction into the pipeline, and lowering the gas pressure in the system. However,
these techniques are either costly or are undesirable due to the loss of efficiency, and
production. Chemical procedures have also been used. Alternatively, the addition of
methanol or glycols may be used. Today, attempts are therefore being made to replace
thermodynamic inhibitors by adding, at temperature and pressure ranges in which gas

hydrates can form, additives in amounts of less than 2% which either delay the gas

hydrate formation (Talaghat, 2011).



1.2

1.3

As for this study, it focuses on the additive PEO mixed with known kinetic
hydrate inhibitor which is PVP. This study will contribute to the knowledge of the use
of PVP with the addition of PEO of various concentrations, in terms of ifs

effectiveness in altering the induction time of gas hydrate crystallization.

Problem Statement

Formation of hydrates in production pipeline must be inhibited and dissolved for gas
production to occur. The operator must maintain the well and production lines free of
hydrates at all times for efficiency of production and transportation. The difficulty of
finding effective hydrate control method in a system at hydrate conditions is
complicated in offshore environments due to the absence control over the fluid
composition, bottom hole pressure, and temperature. Moreover, the well operator has
only a limited control over the wellhead pressure. In order to handle the problems,
hydrate inhibitor are used. Hydrate inhibitors are classified into three groups;
thermodynamic inhibitors (THI), kinetic inhibitors (KHI) and anti-agglomerates
(AA). The effectiveness of THI is well known, but large concentrations are needed,
which sometimes impact project economics. KHIs are effective at lower
concentrations than THis, but they do not perform well at pipeline or well shut-in
conditions, or at higher subcooling. Therefore, this project aims to find the most
effective ratio of PEO and known KHI which is PVP, as hydrate inhibitors that will
exhibit the strongest inhibition by highest time delayed in gas hydrate formation.

Objective and Scope of Study

The objectives of this study are:
¢ To compare the induction time for crystallization of the hydrate system with

the addition of PEQ at different concentration,

¢ To determine the effective ratio of PEO and PVP as hydrate inhibitors.

The scope of this study is to find the most cffective ratio of PEQ and PVP as
hydrate inhibitors that will exhibit the strongest inhibition by highest time delayed in

gas hydrate formation.



1.4

1.5

Relevancy of the Project

This study will produce a general relationship between an independent variable
(concentration of the mixture of PEO and PVP) and a dependant variable (induction
time for crystallization of the gas hydrate system containing the mixture). This
relationship will give an idea on how the independent variable will increase or

decrease the induction time for crystallization in gas hydrate system,
Feasibility of the Project within the Scope and Time frame

Strategies have been investigated to combat hydrate plugs and to ensure
regular flow in oil and gas operations which includes mechanical, thermal, hydraulic
and chemical methods. The chemical method involves the injection of thermodynamic
inhibitors such as alcohols, glycols, aqueous electrolytes or a combination of these
and others. The injections of these chemicals shift the equilibrium temperature and

thus prevent gas hydrate crystallisation/formation at the pipeline working conditions.

Although the methods have proved to be effective in preventing gas hydrate
formation and are currently the most commonly used in the oil and gas industry the
usage of glycol or methanol is usually associated with high operating capital costs.
Large volumes of the inhibitors are required and the cost associated with the operation

and recovery of the inhibitors is very high.

Driven by the need to cut operating cost and reduce the environmental impact
of operating oil and gas facilities, many recent research and development activities
have been focused on the design and development of novel, cheap and
environmentally friendly low dosage hydrate inhibitors (LDHIs) (Ding et al., 2009).
KHI and AA are categorized in LDHIs. As for this project, PVP is one type of KHIs.

From the results of this study, the knowledge of how PEO and PVP mixture
affects the performance of gas hydrate inhibition, may help petroleum engineers to

optimize production and transportation of reservoir to the refineries.



The study is expected to be feasible after much deliberation based on below:

» All equipments, tools and materials are readily available at the university labs,
and thus there is no wastage of time in ordering and waiting for their arrival.

e The scope consists of varying an independent variable to see the effect on a
dependant variable. The form of this study is a straight forward experimental
research, and thus should be simple to conduct.

e A limited amount of formulations will be prepared, in order to fit within the
time frame, hence proper research must be done into the formulation
calculations beforehand. Result collected from experiments will be analyzed

and discussed.

The literature review will be covered in the next section, followed by the description of the
research methodology in the following part, as well as the current progress. The results will

be then discussed. The conclusions of the study are summarized in the fast section.



2.0

2.1

LITERATURE REVIEW

Gas Hydrate

Gas clathrate hydrates were first identified in 1810 by Sir Humphrey Davy in
the chiorine and water system which later in 1934, clathrate hydrates were extensively
studied when Hammerschmidt found that natural gas transport lines could be blocked
by the formation of clathrate hydrates (Talaghat, 2011). The occurrence of natural gas
hydrates in subsea gas pipelines should be highly noted because these solids causes
high economic loss and ecological risks, as well as potential safety hazards to
exploration and transmission personnel. Besides that, they also have technological

importance in separation processes, fue! transportation and storage (Koh, 2001).

The prevention of gas hydrate plugging of flow lines is considered one of the
main production issues to deal with in deepwater field developments as it is most
commonly encountered in subsea, cold climate wet gas, and multiphase pipelines. Gas
hydrates are formed during drilling, completion, and workover operations as well as
in gas-processing facilities, gas injection lines, and aqueous chemical injection in gas
lift lines by right pressure and temperature conditions (Taylor and Francis Group,
2009).

Clathrate hydrates or gas hydrates are crystalline solid compounds that are
formed in mixtures of water and non- or slightly polar low molecular weight gases or
volatile liquids and when subjected to appropriate temperature and pressure
conditions (Khalik, 2009). Sloan (1998) concluded that the ice-like clathrate solids are
formed at elevated pressures and at lower temperatures. However, Frostman et al.
(2003} stated that the temperature below which hydrates can form increases with

increasing pressure and can sometimes be as high as 30 °C.

Gas hydrates are formed when hydrogen bonded water molecules form cage-
like structures, known as cavities in the crystalline lattice. These cavities have to be at
least partially filled with the hydrate-forming molecules, also known as the ‘guest
molecules’, in order to stabilize the structure. Different gas hydrate structures can be

formed, depending on the type and the size of guest molecule presents. Clathrate
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hydrate structures are distinguished by the types of cavities that are formed and the
distribution of those cavities in a unit cell (Khalik, 2009).

Gas hydrate formation can be divided into gas dissolution, hydrate nucleation
and agglomeration stages as shown in Figure 1. Under the condition of gas hydrate
formation, water molecules form quasi-cavities by hydrogen bonds. When gases
dissolve, gas molecules are entrapped into these quasi-cavities to form labile clusters.
These clusters could agglomerate together, which are in quasi-equilibrium with labile
clusters until the species reach a critical radius to form stable hydrate nuclei. Finally
the hydrates grow catastrophically when hydrate nuclei agglomerate (Tang et al.,
2010).

ar ; = aggiomeration b : At i «
waer table cluster matastabie cluster crysiai nucigus gas hydrie aggiomsrason |
aggiomeraton

dissalution

nucleatcn

Figure I Gas hydrate formation process {Tang et al., 2010)

Hydrate structures are classified into three categories based on the geometries
of their constituent water cages: cubic structures I and I1 and hexagonal structure H, as
shown in Figure 2. Each crystalline structure contains geometrically distinct water
cages with different size cavities which typically accommodate only one guest
molecule ranging in diameter from 0.40 - 0.90 nm. Structure I (SI) hydrates are the
most commonly encountered naturally occurring hydrate structure which encases
small diameter molecules (0.40 - 0.55 nm) such as methane or ethane gas. Structures
IT (SII) and H (SH) hydrates accommodate larger guest molecules, typically propane
or iso-butane for SII or combinations of methane gas and nexohexane or cycloheptane

for SH, but are less prevalent in nature.



For SI hydrates, the unit cell consists of 46 water molecules arranged into two
small dodecahedral cages ( each with twelve pentagonal faces) and six large
tetradecahedral cages (each with two hexagonal and twelve pentagonal faces ).
Assuming full occupancy, the ideal molar guest to water ratio for an SI hydrate is 1:
5.75 (Harrison, 2010).

Strweture ]

Figure 2: Cages and their coordination number in clathrate structures I, H and H (Khalik,
2009)




22

221

Hydrate Inhibitors

Chemical treatment to prevent hydrate plugging can be accomplished with
three different classes of chemical, all of which are now used in the field;
thermodynamic hydrate inhibitors (THIs), kinetic hydrate inhibitors (KHIs), and anti-
agglomerants (AAS).

The last two categories are known collectively as low-dosage hydrate
inhibitors (LDHIs), reflecting the much lower dosage requirements compared with
THIs; THIs are used at high concentrations (10-60 wt %), KHIs and AAs are added at
low concentrations {<1 wt %). Both KHIs and AAs are usually polymers with
surfactant properties (Karaaslan and Parlaktuna, 2002 and Sloan and Koh, 2008).

Deepwater reservoirs require the use of kinetic inhibitors or anti-aggiomerants,
which inhibit the crystals’ growth, both by preventing agglomeration of the nuclei and
by creation of many crystallization centers, leading to a suspension of hydrates that
can be transported through pipes. These inhibitors are surfactant polymers such as

PVP and acrylic polymers, among others (Lucas et al., 2009).

Kinetic Hydrate Inhibitors

In the 1990s there was substantial research into compounds found to delay the
hydrate formation rate, known as kinetic hydrate inhibitors (Kozielski et al., 2007).
The key components in all known KHI formulations are water-soluble polymers often
with other smaller organic molecules added as performance enhancers, also known as

synergists (E. Dendy Sloan and Carolyn A. Koh, 2008).

KHIs do not shift the hydrate equilibrium conditions; rather, they decrease the
rate at which hydrates form, preventing plugs for a period longer than the free water
residence time in a gas line. KHIs are effective at lower concentrations than THIs, but
they do not perform well at pipeline/well shut-in conditions or at higher subcooling
(i.e. AT, the difference between hydrate equilibrium temperature and operating
temperature at a given pressure). As hydrocarbon exploration moves to deeper water,

inhibitors effective at larger AT are necessary (Huoa et al., 2001).
8



2.2.2

Generally, the polymers show little partitioning to liquid hydrocarbon phases,
yet these phases often affect KHI performance. In subsea multiphase transportation,
this enables produced fluids to be transported to the process facilities before gas
hydrate formation and deposition occurs in the line. Thus, any need for long shut-ins

will be critical in determining the field applicability of a KHI.

Normally field applications of most of the commercial KHIs are limited to a
maximum of 9-10°C (16-18°F) subcooling in the production line because the
required delay time before hydrate formation is most often in the regions of days.
Higher subcoolings (driving forces) would give shorter delay times before hydrate
formation occurred. Thus, KHls are not applicable for most deepwater fields where
the subcooling and pressure are both high. Of course, if the residence time of the

produced fluids is small, it may be possible to nse KHIs at higher snbcoolings than 9-
10°C (16-18°F).

KHis have been used commercially in the field since about 1995. They are
added at low concentrations, less than 1 wt.% of the water phase and often around
0.3-0.5 wt.%. This can be contrasted with the 20-60 wt.% needed for THIs such as
methanol or glycols. In one field application, CAPEX savings of U.S5.$40 million
were realized by choosing KHI technology instead of methanol injection and

regeneration. Many water-soluble polymers have been shown to work as KHis (Sloan
and Koh, 2008).

Polyvinylpyrrolidene

The first KHI to be discovered is polyvinylpyrrolidone (PVP). The
performance of KHls is sometimes quoted as the subcooling at which a multiphase
fluid can be transported without hydrate formation for a period (hold time) of 48 hata
given pressure. For PVP, without any synergists, that subcooling is only 3-4° C

(5.4-7.2°F) at 70-90 bar.
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The mechanism by which PVP and other improved KHIs work is the subject
of debate. Two major mechanisms have been proposed. The first suggests that KHI
polymers perturb the water structure to such a degree that gas hydrate particles cannot
grow to the critical nuclear size, at which point growth becomes spontaneous.
Molecular modeling studies indicate that this happens for some KHIs including PVP.
However, a neutron diffraction study showed that PVP does not affect the water

structure in propane-water systems before and during gas hydrate formation.

The second mechanism suggests that KHI polymers adsorb onto the surfaces
of growing hydrate particles limiting their growth, and possibly deforming the hydrate
cavities. This can occur before or after the particles reach the critical nuclear size so

they can act as nucleation and crystal growth inhibitors (Sloan and Koh, 2008).

Jensen et al. found addition of PVP to the aqueous phase could slightly reduce
the gas dissolution rate, but the induction times were substantially prolonged upon
addition of PVP. Tang et al. (2010) concluded that the prolongation of induction times
according to the model was regarded to be due to a change in the nuclei-subsirate

contact angle.

Polyethylene oxide

Polyethylene oxide (PEQ) is a non-ionic, water-soluble, lincar polymer. It has
a general chemical formula of (—CH~CHz—O-) —, where » indicates the number of
repeating units. PEO has relatively high melting point, good structural integrity, low
glass transition temperature, which permits ion transport at ambient temperatures, low

toxicity and biocompatibility (Saboormaleki et al., 2004).
It is a white to off-white powder obtainable in several grades, varying in

viscosity profile in an aqueous isopropy! alcohol solution (Talaghat, 2011). It may

contain a suitable antioxidant (Costello et al., 1999).

Phase separation of a dilute aqueous PEO solution occurs at a temperature

close to 100 -C. The phase separation temperature is often known as the cloud point

10



temperature (CPT). It is defined as the temperature at which a homogenous aqueous
PEO solution starts to turn cloudy. It signifies the phase separation of the PEO-H:20

system into two phases; a polymer-rich and a poijmer-lean phase.

PEQO in water exhibits an inverse solubility—temperature relationship. As the
temperature increases, the PEO—water system separates into two phases; a polymer-
rich phase and a polymer-lean phase. However, under certain conditions, the PEO—
water system exhibits a closed solubility gap (Talaghat, 2010). Previous work has
shown that PEO is a weak thermodynamic inhibitor (Englezos and Ngan, 1994,
Englezos and Hall, 1994). Furthermore, it has been considered to be unable to exhibit
kinetic inhibition by itself (King et al., 2000).

PEO has been characterized as having a moderate tensile modulus, high
elongation and ability to orient when stressed. Its solubility in various solvents is a
function of its molecular weight and temperature (Mohd Nasir et al., 2005). The PEO
products found to be most effective in various papermaking applications are those
having very high molecular mass, much in excess of one million grams per mole.
Polyethylene oxide is wsually received as dry granules. These need to be dispersed

with care, using a dilution ratio of at least 100 and avoidance of excessive shear (Lee
and Englezos, 2005).

PEO is also highly hydrophilic and characterized with flocculent, thickening,
sustained-release, lubrication, dispersing, and water-retention properties. Grades of
PEO differ according to their molecular weight, which range from 200 to 7310.
Products with molecular weights befow 25,000 are viscous liquids or waxy solids and
are commonly referred to as polyethylene glycols (PEGs). PEO resins are made
commercially by the catalytic polymerization of ethylene oxide in the presence of
metallic catalyst systems. Uses of PEO include mucoadhesives, water-soluble films,
rheology control agents and thickeners, and additives in pharmaceutical products
{Dhawan et al., 2005).

i1



3.0 RESEARCH METHODOLOGY

The main objective of this project is to experimentally study the effect of the mixture of PEO
and PVP towards hydrate inhibition, in order to find the most effective ratio of PEO and PVP
as hydrate inhibitors that will exhibit the strongest inhibition by highest time delayed in gas

hydrate formation.
3.1  Project Activities

The experimental work is divided into two parts which are the preparation of PEO and
PVP mixtures and the use of the mixture into DSC. Below are the details of each part.

Preparation of PEO and PVP Mixtures

There are four samples for this experiment, labelled as 0.1wt%, 0.3wt%, 0.5wt% and
0.7wt%. All of the samples are the mixture of 100mi Dulang crude oil, 30ml distilled
water, ().112g PVP, and calculated mass of PEO based on the weight percentage.

Mass of PEO, x is calculated using the formula below;

X
~ Mass of Crude 0il +Mass of Distilled Water +Mass of PVP +x

wtl X100%

The mass of PEO used for the samples in this experiment is calculated and tabulated
in Table 1.

12



Table 1: Mass of PEO corresponds to weight percentage.

0.1 0.130
0.3 0.392
0.5 0.654
0.7 0.920

For the preparation of 0.1wt% sample, the experimental procedures are given as

follows:

. At the beginning of the operation, in the presence of kinetic inhibitors and PEO as
an additive, the typical kinetic inhibitor (PVP) and additive (PEO) are added to the
distilled water in a beaker to produce the desired weight percent concentration of
inhibitor and additive in the aqueous solution. Mass measurement of 0.112g PVP

and 0.130g PEO were done using a digital weighing machine.

Figure 3: PEO (left) and PVP (right) that were used in the experiment.




2. Later the solution is poured into a beaker that contained 100ml crude oil. The
mixture was stirred again before inserted into a sample container and proceed to

the experiment using DSC.

3. Step | and 2 were repeated for 0.3wt%, 0.5wt% and 0.7wt%.

Experiment using DSC

|. In this experiment, the DSC uses Nitrogen as the supply gas for hydrate formation.

2. The mixture is first stirred due to the separation of two layers which is crude oil

layer and PEO-PVP mixture layer before being operated into DSC.

Figure 4: Samples of the mixture. From left to right: 0.1wt%, 0.3w1%. 0.5w1% and 0.7wt%.

3. The operating conditions for DSC in this experiment mentioned below;
i) COOLING

From room temperature to -25°C at rate 1°C/min

i) HEATING

Heating back from -25°C to room temperature at rate 1°C/min

iii) ISOTHERMAL

Cooling to -25°C then hold it for 2 hours



4. The induction time and heat flow are recorded for both Cooling-Heating Mode

and Isothermal Mode.

32 Key Milestone

Figure 5 below describes the overall milestones and general flow of this project.

Report Writing

(To be compteted)

Figure 5: Flowchart Representation of Project Key Milestones




Table 2: Elaboration on the Key Milestones

Title Selection }
(Complete)

Preliminary Research

1

(Complete)

Hardware /
Experimental Setup

(Complete)

Experimental Work
(Ongoing)

Analysis of Results
(To be completed)

Discussion of Analysis
(To be completed)

Report Writing
(To be completed)

Selection of the most appropriate final year project title.

Performing initial ground work in obtaining information regarding the
project and its elements like fundamental theories and concepts,
hardware, software and other verifications. Also includes critical
literature survey to enhance knowledge about advances and previous
studies regarding gas hydrate, and kinetic inhibitors, among others. Initial
tools/equipments that are required are identified.

Selection and design of experimental apparatus, materials, and

procedures and learn how to operate hardware. Involves booking for the

use of hardware in the lab. If necessary, it involves also the purchasing of
surfactants (or other items, if necessary). Cable termination, instrument

setup and PC/Laptop initializations are done.

~ A mixture of crude oil and solution of PVP-PEO will be produced for this

experiment to create the simulation of gas hydrate system. The
independent variable which is the concentration of the mixture PEO-PVP
will be manipulated. Their changing effect on the induction time of the
gas hydrate system will be monitored and measured using the DSC.

Results are then recorded and tabulated.

The data from the experiment for both induction time of hydrate
' crystallization and heat flow in the system is used to plot graphs. The

curves will provide an illustration of their relationships.

Discussion of the findings from the results obtained. The results are
studied to conclude which concentration of the mixture PEO-PVP is the
most optimal in inhibiting the occurrence of gas hydrate. Determination if
the objectives are met.

Cdmpi!atibn of all research findings, literature reviews, experimental

- works and outcomes into a final report.



Gantt Chart
There are two semesters in the completion of this project. The research semester and

the experimental work semester. There are two Gantt Charts below for each of the

semesters:
No |Detail/ Week 4 10 |11 {12 |13 |14
1 |Project title selection
2. |Preliminary research

work

Extended Proposal
submission

Study on fundamental
concepts related to the
project

Study on effect of PVP
and PEO on the
induction time for
crystallization in hydrate
systems

»

Seminar (optional)

Mid-semester break

Study on effect of PVP
and PEO concentration
change on the induction
time for crystallization in
hydrate systems

Viva: Project defence and
Progress Evaluation

Preparation of interim
report

10.

Submission of interim

report

Figure 6: The Gantt Chart for the Research Semester




No [Detail/ Week 4 6 [9 [10 [11 |12 [13 [14

1 |Gathering real data and
understand significance
of provided data

2. |Understand data input
and application of the
data

3. |Purchasing and booking
of the materials and tools
for the experiment

4. |Conduct the experiment
in the lab

5. [Preparation of progress
report

6. [Submission of progress
report

7. |Gathering all data and
discuss the outcome of the
experiment

8. |Preparation of final
report

|9. [Submission of final report

10. [EDX

11. |Oral presentation

12. |Delivery of Report to
External Examiner

Figure 7: The Gantt Chart for Experimental Work Semester

( Legend: Completed: [l Ongoing: [
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3.4

Tool

There equipment needed in this project to conduct the experiment in
order to investigate the effect of PVP and PEO concentration to the induction
time for crystallization in gas hydrate system is the Pyris 1 DSC manufactured

by PerkinElmer Instruments, shown in Figure 8 below.

Figure 8: Pyris | DSC at Block 17, UTP

Differential Scanning Calorimetry (DSC) measures the heat flow into or from
a sample as it is heated, cooled or held under isothermal conditions (Sichina,

2000).

DSC provides valuable and important information for this project which are:
. Crystallization times and temperatures

® Heats of melting and crystallization

Gas supply that is used for the hydrate formation in this project is Nitrogen.



Figure 9: From left to right: (above) DSC system, DSC Machine, DSC Cooling Unit,
(below) Data Gathering, Gas Supply

Other materials used in this experiment are digital weighing machine,

magnetic stirrer, and laboratory apparatus such as beaker and spatula.



4.0

4.1

RESULT AND DISCUSSION

Results and Discussion

This experiment expects the results on the influence of concentration of the
mixture of PEO and PVP on the point of view, decrease water accessibility for guest,
hence, decreased induction time for crystallization of the gas hydrate system, which

are done based on the literature review.

The induction time of gas hydrate nucleation is an important characteristic in
evaluating the inhibition effect of kinetic hydrate inhibitors. The induction time is
defined as the time taken for hydrates to be detected macroscopically, after nucleation

and onset of growth have occurred (Khalik, 2010).

The study expects to find that as the concentration increases, the induction is

delayed, but after a certain point, the induction time would be constant.

Talaghat (2011) concluded that addition of high molecular weight PEO to a
kinetic hydrate inhibitor solution was found to enhance the performance of the kinetic
hydrate inhibitor by an order of magnitude in some cases. The rate of gas
consumption during gas hydrate formation in the absence of the kinetic hydrate

inhibitor (fresh water) is seen to be faster.

As for the inclusion of PEO in the solution, from the macroscopic point of
view, increase subcooling and from the microscopic for detecting the first appearance
of stable hydrate crystal or induction time increases (Talaghat, 2009). The result of
PEO on the performance of KHI (PVP) is remarkable. The kinetic hydrate inhibitor
causes only a small reduction in the hydrate crystal growth rate. This indicates that the
inclusion of PEO in the inhibitor solution impacts the induction time for nucleation

and not the growth of the hydrate crystals (Talaghat, 2010).

Sloan and Koh (2008) stated that hydrate nucleation is a process during which

small cluster of hydrate nuclei grow and disperse in an attempt to achieve critical size

21

&



4.1.1

for continuous growth. This nucleation step is a microscopic phenomenon involving

tens of thousands of molecules.

Lee and Englezos (2005) concluded that the mixture of PVP and PEO
extended the induction time for a period less than one hour, which is classified as very
weak inhibitors. In comparison for PVP solution with PVP-PEO solution as hydrate
inhibitor, the induction time for PVP is 6.6min while for PVP-PEO solution, the

induction time is 7.3min. Thus the addition of PEO prolongs the hydrate formation,

Two types of graphs are obtained based on the experiment using DSC, which
are Ramped Mode graph and Isothermal Mode graph.

Ramped Mode

The operation condition undergone by the samples using DSC to obtain
Ramped Mode graph is cooling from room temperature to -25°C at rate 1°C/min

followed by heating back from -25°C to room temperature at rate 1°C/min.

Talaghat (2011) explains that when hydrate crystallisation occurs by
progressive nucleation (hydrate crystallisation proceeds by progressive nucleation
when the hydrate crystallites are continuously nucleated during the process), inclusion
the kinetic hydrate inhibitors into solution, from the macroscopic point of view, they
delay the first appearance of stable hydrate crystal, and from the microscopic point of

view, they adsorb on hydrate crystal faces to block crystal growth.

This causes hydrate to remain as small crystals and sterically block guest
diffusion. Hence, the required time for detectable volume of hydrate phase or

induction time delay.

As for this experiment, the responsiveness of the mixture PVP and PEO can be
observed from DSC results by its transitions in both heating and cooling runs shown

in Figure 10.

o
o



Figure 10: Ramped Mode graph.

Interestingly, the slope of the curves is similar which indicates same crystal

growth rates. However, the point which rapid drop occurs is different with respect to

the concentration. This can be seen by the temperatures of hydrate formation and

hydrate dissociation at Figure 10, summarized in numerical value in Table 3 and 4.

Table 3: Hydrate Formation

Concentration (wt%) Temperature (°C)
0.1 -23.9
0.3 -23.4
0.5 237
0.7 -23.8

Table 4: Hydrate Dissociation

Concentration (wt%) Temperature (°C)
0.1 28.6
0.3 28.8
0.5 28.5
0.7 28.6
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Figure 11: Ramped Mode graph for 0.1wt%

Hydrate formation is an exothermic process. Based on Figure 11, during
heating, an endothermic peak is observed at 28°C while a corresponding exothermic
peak appears at -23°C during cooling. The observed endothermic peak in the DSC

scan is an indication of a phase transition.

A shoulder peak is observed during the cooling cycle. This means the polymer
solution behaves differently during cooling from its behaviour during heating, due to

different kinetics of association and dissociation of gas hydrate.
The temperatures are almost the same for all the concentrations both for

hydrate formation and hydrate dissociation. This is due to the small margin of PEO

weight difference used for each concentration.
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4.1.2 Isothermal Mode

For Isothermal Mode, the samples undergo cooling to -25°C and then being
hold for 2 hours. This mode will show the highest time delayed for the crystallization
of hydrate to occur.

Isothermal Mode ]|
|
|

Heat Flow (mW)

Time (min) |

Figure 12: Isothermal Mode graph

As shown in Figure 12, the pattern of the graphs is the same. The peak
indicates that the hydrate is started to be dissociated which the inhibition using PVP
with the addition of PEO is beginning to work.

As discussed before, the DSC measurements of PVP-PEO solutions give rise

to a large endothermic transformation peak with increasing temperature.

Figure 13 portrays a clearer image of the curves which differ by the position
of the peak, with respect to the concentration. The curves differ by either being shifted
upward or downward, left or right, depending on the concentration of the mixture of

PVP and PEO.
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Isothermal Mode

—0.10%
—0.30%
—0.50%
—0.70%

Heat Flow [mW)

118 11.82 1184 1186 11.68 119 1ns2
Time (min)

Figure 13: The peak of the curves in Isothermal Mode graph

For this experiment, the curve that is shifted to the right indicates highest time
delayed, shown by the mixture of PVP and PEO at 0.1 wt% concentration, indicated
by the blue line. The time delayed in minute for each concentration is shown in Table
J.

Table 5: Highest time delayed with respect to concentration of PVP-PEQ mixture

Concentration (wt%) Highest Heat Flow Endo Up Highest Time Delayed
(mW) (min)
0.1 224 11.87
0.3 22.3 11.85
0.5 22.8 11.86
0.7 22.7 11.86
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4.2

It is expected that 0.7 wt% would be the optimum concentration, based on the
expected hypothesis which is as the concentration increases, the time delayed for
hydrate formation also increases. However, due to the uncertainties which will be

discussed later, (0.1 wt% is the optimum concentration for this experiment.

Uncertainties

The results obtained do not follow the hypothesis made which is as the
concentration of PVP-PEQ increases, the time delayed for hydrate formation also

increases. Below are the explanations of the situation.

Ugur Karaaslan and Mahmut Parlaktuna (2002) concluded that, from their
experiment, although 0.01 wt% PVP solution retarded the hydrate formation for a
period of 40-45 minutes, after that time the hydrate formation accelerated, indicating

that the inhibitor lost its efficiency.

As for this experiment, the samples are tested only after three weeks since the
preparation of the samples are made. This is due to the long queue for the students to
use the equipment which is DSC. Unknown reaction in sample may occur hence
change the properties of the inhibitor. This contributes to the uncertainties in the result

of the experiment.

Besides that, separate layers between the crude oil and the solution of PVP-
PEO are formed due to density difference. When the samples are to be tested using
DSC, it needs to be shaken for it to be mixed well. However, this process does not use

proper stirrer. This also contributes to the uncertainties of mixing the sample.

The use of Nitrogen gives different result than the normally experimented for
hydrate inhibition researches. Nitrogen has different composition with methane and
carbon dioxide thus the temperature given is much higher than the expected

temperatures.
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For the inhibition to take place effectively, the concentration of 0.7 wt% PVP
should be used. However, 0.1 wt% PVP was used thus the hydrate inhibition does not
really give much difference. In order to see a bigger impact, the research should be
continued with 0.7 wt% PVP which is 0.787g PVP instead of 0.112g.

Lastly, due to time constraint, experiments were not repeated thus error of

accuracy is possible.
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50 CONCLUSION, FUTURE WORK AND RECOMMENDATIONS

This study has able to achieve the objectives which is to compare the
induction time for crystailization of the hydrate system with the addition of PEO at
different concentrations which are 0.1, 0.3, 0.5, and 0.7 wt%. Based on the Ramped
Mode graph and [sothermal Mode graph, the effective ratio of PVP with the addition
of PEO as hydrate inhibitor is 0.1 wt% with time delayed 11.87min.

Due to the uncertainties as well as for the improvement of this study, below
are the recommendations for future work;

e Carry out the experiment as soon as the preparation of the samples is
completed.

* Conduct the experiment at reservoir condition.

» Use methane as the carrier gas for hydrate formation.

o Use the 0.7 wt% concentration which gives optimum hydrate inhibition
compared to the experimented 0.1 wt% in this study.

This study will contribute to the knowledge of the use of kinetic inhibitors in

gas hydrate inhibition, in terms of how its effectiveness in inhibiting gas hydrate

formation is influenced by the concentration of the mixture containing PEO and PVP.
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