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Abstract

Gas hydrate are often foundn the systems foproduction ofpetroleum,natural gas and
water systems, which is highly undieable In some systems the hydrai@an formrapidly
into large plugs and agglomerate in the $mortation lines and blockage the systems,
egecially, in the deep seand permafrst regions Generally,hydrates plug agglomeration
has been preventedising one of three methodsincluding antiagglomerationin which
surfactantareused as anigglaneratants

In this thesis experiments have beenrmhcted to observe the behaviok cyclopentane
hydrates and provide datan the morphologykinetics and he determination ohydration
numbers. Cyclopentane hydraggstens havebeen investigatetb determinethe effects of
three additives usefbr enhancing the kinetic rate usingo types of surfactants (5%0°M
span20and 5x10'M tween20) and an organic mpound (4 wt% tetrahydrofuran; THF) in
two different ratiosof water to hydrate forman order to achieve a broad experimental data

set for systematic evaluatiolm this systems, we have is used 3.5 wt% of saline water

The results showhat the morpholgy of cyclopentanéydratesduring the formation depesd

on thetype of the surfactants, while the tetrahydrofuran does not have a visual effect on the
hydratemorphology The determined hydration numbers adunctionof the emulsion type
(formed by thesurfactantsand the contribution of the tetrahydrofuran in the hydrate cavities
as a guest molecul@vaterin oil emulsion causes higher hydration numivehnile oil in water
emulsion causes lowene The formation timeneasurementsf cyclopentane hydres show

that the addition of THF into the cyclopentane hydrate system in presence or absent of
surfactants, promotes the hydrate formatibne addition of surfactantdfacted the hydrate
formation according to the emulsion tyge, which tween2Q which forms an oil in water

emulsionhas faster formatiorate than span20, which forms a water in oil emulsion.
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Chapter 1 Introduction

1.1 Gas hydrates

1.1.1 Background

In 1810 gas hydrate watefined as a crystalline solid whighformed bya combination of
both gas and wateat low temperaturenli 1811 Sir Humphrey Davig creditedfor the first
hydratediscoveredvhen he publishetiis paper and stated thetilorine gasis more readily
dissolved infrozenwaterthan pure water30 yearsbeforethat time, Joseph Priestley 187
observedthe freezing of SQin water but that was naifficially documented. Over a long
period hydrae was considered purely of academic interéstas considered aslaboratory
made substance. d8t researchers were trying to identify the compowtidch formed
hydrate, determine the ratio between the water molecules and the gas mpéewiadésothe
physcal propertiesof the hydratgSloan and Kol2008) It was observe that natural gases
and water were freezing in highemperature and pressutiean the adinary freezing point of
water,and the solid crystallinsubstancef gas hydratewhich resembles ordinary snow in
appearace canaccumulate and compresstime transportation pipeline and plug the line
This problem has been first descridgdHammersmitiL934, and since thaesearcherbave
became more interestin the gas hydrate field. In the 196fsvas recognized that hydrate
can occur in both deep sea and permafrost region. dist®very makes the hydrate more
interesing for reseachers toinvestigatein potential source of energy gas transportation as

well as potential soursaf climate change and gdwzard(Sloan and Koh 2008)

1.1.2 Physical properties and Crystal structure

A gas hydrate is a lattice structure with sevardrstitial cavities. The structumnsiss of a
water molecule cage (host), which surro@ndas moleculéguest). he water moleculeare
held together by hydrogen bdngd to form a crystalline solid, whiclooks like ice §ee
Figure 1.1)above the frezing point of wate(Ripmeester and Ratcliffe 1990yhe hydrate
types depends on the guest moleculasd there arenore than 100 compounds which form
clathrae hydrates with water moleculéSloan and Koh 2008All these guests formne of

the three kmwn hydrate structurestructure I, structure Il or hexagonal structure H. The
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smaller moleales and natural gases (suchmathane, ethane, propane, carbon dioxide and s
on) form either structure | or structure, Nvhich is the most abundant in the nauSome
liquids (such asmeohexanandcyclopentane in i presences of methane as a help fyas)
structure H.

Figure 1.1 Simpleillustration of a gas molecule containgide a water molecule mgas
hydrate. Thdigure is adapted from the webgeof Schlumberger

The hydrate compositi@and structures have been studiedibing different techniques such
as Raman spectroscopy, NMR aneray diffractionas describedy Circone(2003), and
several other authoiscluding Schickset al.(2010) An overviewof the three knowrydrate
structures is given in Figure 2L. As the figure shows the nomenclature i€ for
dodecahedral cavity where the 5 is the number of edges andHE2riamber of faces, which
means thatthe structure has twelvepertagonal faces.In similar way, 56° for
tetrakaidecahedral cavity has twelve pgunal and two hexagonal faces, &5d6* for

hexakaidecahedral ¢y has twelve pentagonal and fduexagonal.

As it shows inFigurel.2, light gases compound such as mathaethane, COand others can

form hydrate structure |, while the heavy gas compound such as propane, butane,
cyclopentaneand other natural gases forrhgdrate structure llGas hydrate structure H
formed by the combinatiorof heavy gas with light ga& which the light gas is known as a

help gasandmethane is the most common help gathe structure



6 Methane, ethane,
carbon dioxide....
Water molecule ‘cage’ @ — rbon dioxide
56 S

tructure |

Propane, iso-butane,
natural gas....

o
¢

Gas molecule
(e.g. methane) Methane + neohexane,

methane + cycloheptane....

Figure 1.2 An overview ofthe three known hydrate structures. Tirgure is taken from the
web page of Ingute of Petroleum Engineering Heri@{att University: Cetre for Gas

Hydrate Research

1.1.3 Hydration numbers

Scientists were very interested retdetermination of hydratiamumber in the first ecade of
hydrate discovery amentioned inSection 1.11. In 1810 Davy reportedhat the chloine
hydratecontains 10 water molecules per molecule of chlorared Faraday confirmedhis
observationin 1823. Recentlyby using spectroscopic methoflgich asX-ray and neutron
diffraction) the plysical structure and the hydratiorumber has beendetermined asit is
shownin Tablel.1 and Figure3. For examplethe stricture 1l has two types of cavities
(small and &rge) which have different numbers of cavities per unit cell (16 for the small and
8 for the large) So the ratio between the guest mailecamd the water molecule per cavity,
for the larger cavitywill be 8 guestmolecules andL36 water molecules, which i guest

molecule ped 7 watermoleculeqSloanand Koh2008)



Table 1.1 Hydrate cavity descriptions and number of water per @tlit c

Hydrate Crystal structure I [l H

Cavity Small| Large| Small | Large| Small| Medium | Large
Description 52 |5 |5 |5%" |5 |4°%5°%° |56°
Number of cavities per unit ce 2 6 16 8 3 2 1
Average cavity radius (A) 3,95 4,33 [3,91 [4,73 | 3,91 | 4,06 5,71
Coordination number 20 24 20 28 20 20 36
Number of water per unit cell | 46 136 34

*Number of oxygen's at the periphery of each cayBjoan 2003)

Cavities

Size (A Hydrate
former occupied
3
No hydrates
A
512 4 51254
a| <«
> 525 H2O
- =
G —
Cx=DdESD
5274 H,O 512 4 51252
=
S
e
— 72/3 HaO
n =
S51254
—
2
= - s g
No S or Sl
hydrates

Figure 1.3 Guest molecule sizes vsawuties occupied. The line is the size of the guest
molecules in the ydrate. The figure copied from Sloan (Sloan 2008)clopentane forms

(5'%6") of structure Il hydrate which means tfitatontairs 17H,0.



1.2 Hydrate formation

The hydrate formation occurs when theegtuand the host molecules meet at low temperature
and high pressurebut also occur at low temperature (greater than 0C°) anhdtmospheric
pressureas inficyclopentane hydrabe The phase behaviatepends irthe type of the guest
molecule andhe purity of thewater(Lundgaard and Mollerufp991), ashown n Figure 1.4

Eﬂ s
— 15 | e
o Hydrate+Liquid o
= 2
@ < -
= 10 | . & L
= O
m *L‘-ﬂ_‘__a—"’--’
e arate
[ 8 5 B Hq_ " u N
- Liquid+Gas
ﬂ i 1 i 1 i i
273 278 283 283 293

Tem perature (K)

Figure 1.4 A simple illustration of gas hydrate phase diagrdime figure is taken from the
web page of Institute of Petroleum Engineering Hevittt University: Centre for Gas

Hydrate Research.
The hydrate formatiogoes through two maisteps
1. Hydrate nucleation.

2. Hydrate growth.

1.2.1 Hydrate nucleation process

The hydrate nucleation procesg#yich requires the initial formation of a concentrated zone of
disordered gasess the first step irthe hydrate formatiarAfter thatthe hydrate nuclei grows
and dispersein order to achieve the criticalze of hydrate to continue growinf.arge and
Ribeiro 2008 describe the nucleation theory based on kinetic and thermodynamic preperti
of gas hydrate nucleatiorSloan(2008 presentd two hypotheses, labile clustand local
structuring The labile cluster hypothesis indicatbat there are many labile rings formed by

water under certain temperature and pressure, and the water molecules will form a labile
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cluster around the gas moleges during the gas dissolutionh&se clusters will agglomerate
until reaching the critical size of the clust@he local structuring hypothesis the result of
molecular dynamic simulatiomethodsand by using this method oman predict favorable
nucleation mechanisms by calatihg the formation free energy

The nucleation step is critical because it can take to initiate hydrate growthnlorder to
accelerate the induction timehich is the timehefirst hydrate is observediydrate seeds can

be adced to the hydration system when the formation temperature achieved and stabilized
Small pieces of ice, clay, chalk and etarcbe used as a hydrate seeds.

1.2.2 Hydrate growth process

After the hydrate nuclei hawaabilized anddrmeda critical 9ze of nucleiin a sypersaturated
solution, te hydrate growth rate becomes straightforward and the nucles tstastiild up
until it becomes stableydrate.Selim and Sloa§1987)suggested a molecular mechanism for
the hydrate growth of hydrate of metigain a liquid film surrounding saturated gadiquid
interface( found in Sloan and Koh 20G&hd mentioned that it is unpublished woré} it is
shown in the Figure 5.

Figure 1.5 A mechanism for the molean growth of hydrate crystals. Thigure is taken
from Sloan and Kol{2007)



Here, nuicleusA absorls water into the initial cage and forms B, the methigrabsorbed into

the partial cage structure B to form C, the water bond partially cages the methane and the
water molecules diffuse to therpally cage and completely cages the methane by hydrogen
bondng to form E which is similar to nucleué and continusto forms untilit reaches the
critical size of hydratéSloan and Koh 2007)

1.3 Cyclopentane as a hydrate formation

Cyclopentane (CP} a nearly water immiscible compound that forms structure Sl hydrate at
atmospheric presire with and without help ga@ohammadi and Richon 2009). The
equilibrium tempeature for cyclopentane hydrateamospheric pressure has been tested by
several goups and the ressltwere in between 7 C° to 7°€. Dirdal and his co work$ound

that the cyclopentankydrate can be kept in a fridge below T7to stop it decomposing
(Dirdal et al. 2012), which is above the ice point. This is useful to ensurehdératis no ice
present in thehydrate sysm. Corak 2011) reported that there are different kinetic of
cyclopentane hydrate formation at different degrees of subcooling, and she shows that the
kinetics of cyclopentane hydrate formation in subcoolingoB5 CA is signi ycant
the kinetic of subcooling of 3.6 C°. The chemical formula of cyclopentane hydrate for the
ideal hydration is given as CP/17/®l as is shown in Figure 1Ahd the illustration of the

chemical structure of cyclopentane i®®im in figure 1.6.

Figure 1.6: Cyclopentane structure

1.4 THF as a hydrate formation

Tetrahydrofuran (THF) is water miscible organic liquid, which forms strudturgdrate with
water at atmospheric pressure or with moderated low presBigare 17 illustrate the
chemical structure of THFIt has chemical formula for the ideal hydration number
THF/17H,0. Adding of THF in the hydratlerming systemseduces the equilibrium pressure
for the hydrate formation by coexisting with other hydrate syst@viakinol et al. 2005)
Floruse et al.(2004) and Lee et &005) mentioned that the stability of THF hydrate as a



second guest can stabilize the hydrogen cluster and makes it possible to store hydrogen
molecules within the clathrate at low pressure ambiant temperature. Recently, Torre
(2012) found that THF can be used as additive to speed up the hydrate formation and
promotes the formation of the single €i@ydrate by mixing C@ THF. In this work, THF

has been tested as additive to cyclopenkyeae systenmo enhance the kinetics.

Figure 1.7: Tetrahydrofuran structure

1.5 Driving forces for hydrate formation

In order to define and study the driving forces fos ggdrate formation, Kashchie2(q02)
suggested a detail picture based on threegshagstem at fixed temperature anessure as it
shown in Figure 1.8 The system consistd onegas component, aqueous solution of the gas

and the resulting hydrate of the gas.

(P,T) = const.

Gas ggH
Solution = Hgs+Nw Hw
Hydrate hU

Figure 1.8 Threephase system of or@mponent gas, aqueosslution of the gas and gas

hydrateat constant temperature. This figure is taken and modified Kashchie(2002).

In the presence of one gawlecule () with n, water molecule®f the solution forra one
building unitof Gn,H0.

G +n\H,O0 ——G. nHO (1)



Where Hgs, pw and pns are the chemical potentiafor the gas, the water moleculesd the
hydrate building unit in the solutipnespectively (see Figude8).

According to thermodynamic phasie driving force for a new phase formation defined as
fthe difference between the chemical potentials for the old and the new pKaséshiev
and Firoozabad{2002). So the difference betwegps andthe hydrate phaseyy, is called

supersaturation.
B U= Phs - Hh = Hgs + MwHw - M (2)

The nucleation and &growth of hydrate formatiorequirea supersaturated solution to take

place. Inthis situation,the value ofB u must be greater than zerwhich meanghat the

chemical potential of the old phasegreater than the new phaseh&B | is equal to zero

that meansthe system is ipphaseequilibriumand the solution is saturated, i.@thy phases

can coexistHowever,when theB p is less than zero the solutienll be undersaturated and

the formation will not happen, thereforeetvalue oB p will be minus(-B p), which means

that is the drivingdrce of hydrate dissolutiofikashchiev andriroozabadi 2002)

1.6 Influence of temperature and pressure on hydrate

format ion

From the experimental works arttiermodynamic theory the temperature and presarge
considered the most important factordiydrate formatiorflLederhoset al.199%6). A pressure

temperature plot of hydrate formation and dissolutishisvn inthis Figure 1.9

At the_: beginning the system (point 1) is cooled until it reaslsuitabletemperature and
pressure to wherthe first hydrate formed (point 2). ¥Wén the onsetyrate is formed the
temperature is held caiast while the pressure dropery fast due to the formation of hydrate
and consuming of the gas phasettsat hydrate formation occurs between point 2 and point
3. Heating the system at pointl&ads to the hyrate dissociation at constant pressure umntil
reaches point 4Because of the dissociation releases the gas piespressure will increase
quickly and the temperatureincreases slowlyuntil it achieves equilibrium at point 5
(Lederhos et al. 1996).
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Figure 1.9 Influence of temperature and pressure on hydrate formatidrdissociation. The
figure is taken fronb.ederho<et al. (1996).

1.7 Surfactants as hydrate wettability modifiers

Recently, the gas and oil industry faces a challenge to pregwemmbleum and gas
transportation lines fronthe formation ofhydrate plugsespeciallyin the deep water and
permafrost regions, where the temperature and pressure are suitable for forming a hydrate
phase. In order to prevent the hydrate blockage, thetkatds have been developed. The first
method is thermodynamic inhibitors, which prevents the hydrate formation by changing the
temperature and pressure equilibrium by adding thermodynamic inhisiprsons. This
method achievegood results but it hasigh economical costs. The second method is kinetic
inhibitors, which does not prevented the hydrate formation but delays the hydrate formation
so that the plug takes long period to form in the presence of kinetic inhibitors. This method
does no suit well at pipeline shut in conditions or at high subcooling. Tiied methodis
antragglomeration, which isapplied by adding surface active componentgsuch as
surfactants) to the hydrate system to prevent the accumulation of hydrate by reducing the
strong afractive hydrogefbonding between the hydrate particles. It also makes the hydrate
particles disperse as small masses in the continuous liquid phase in the transportation lines.
The last method gives good results at higlceobng and shut in conditior{gluo et al 2001)

and (Heiland et al. 2005). Due to themphiphilic property of the surfactants, which means
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that the surfactants consists of both hydrophilic ardrdphobic groups (see Figure 1),10
can cause very stable emulsionstle oitin-water (o) and the watem-oil (w/o) type
according to the affinity of the surfactants toward the water or the oil plBasks and
Lumsdon 2000). Emulsions determined pparticles wettability by measuring the contact
angle of the parties on the o#water inteface(Binks and Lumsdo2000).

Figure 1.10: A simple illustration of surfactant Figure taken from web page of Textile

learner.

In this study, theeffects of two surfactants in cyclopentane hydrate system haege
determined. The surfactants weedested ¢ represent different CMC and B values, which

is the CMCCritical Micelle Concentratioidefined as the minimum concentration of the
surfactantsto make themassociatein agueous solutior(Priev et al.2001), ad HLB
fiHydrophilic-Lipophilic Balance® is the measurement of size and strength of the hydrophilic

and lipohilic groupsin emulsifiers(Gr i f yn 1949) .

1.7.1 Span20

Span20(sorbitan monolaurate) is an ester sorbitan which is a nonproteic emulsifiers with
stronger hydrophaic than hydrophit characte(Marquez et al. 2007). It is a liquid at room
temperature. Table 1.2 shows some propertiepan2) and Figure 1.1%5hows its chemical

structure.

11



Table 1.2: The properties of spa0.

Name sorbitan monolaurat
Formula Cis Hz4 Os

Molecular mass 346.46 g/mol
Physical condition in room temperaty Yellow liquid
Solubility in water Very low solubility
Solubility in oil Soluble

CMC in water 6.13x10° M

CMC in ol O°M

HLB- value 8.6

Wo’\(D"'GH

HO OH

Figure 1.11: Simple illustration oSpan20

As it is shown in Figure 1.1Ikpan2Qcontains of 12 carbon atoms and tow oxygen atoms at
the tail of thecomponentwhichmakes the sp@0® more hydrophobic than hydrdft At the
head, spa20 has six carbon atoms and four oxygen atoms, whids the sorbitan ester
hydrophilic proprietiesSo the head part which is mgrelarizedwill be soluble at the water

phase, and the tail part will be soluble in tligogbase(Peltonen and Muusi 2000).

Marquez(2007) mentioned that sp2t can be used in preparation of water in oil emulsion at
low water contents, between 10 and 15 % watedat higher than 20% content of water can
prepare w/o/w emulsion. Othstudies indicate that sp2 can be used to prepare oil in
wateremulsions, whichmakes the affinity of the ater phase more complex fac{@pawale
and Burgess 1998).
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1.7.2 Tween 20

TweerR0 (polyoxyethylene sorbitan monolaurate) is an ester sorbitan which has hydrophilic
characterandis liquid at room temperature. Table EBows some propertied tween20 and
Figure 1.1Zhows its chemical structure.

As Figure 1.12shows,tween20has ahydrophobic tail, which caists of 12 hydrocarbon
units. Also it has hydrophilic part, whick the biggest part in the molecule composed of three

hydroxyl groups that have in total 26hylene oxide

Due to high HLB value, 16.#ween20is classified as water soluble and forms oil in water
emusion (Velev et al.1994). Tween20has ability to partipate in self organizing processes
on the surface to giveore moleculeand make a densadsorbed phase in the surfaset is
illustrated in Figure 1.1&hen et al. 2011).

Table 1.3: Propertieof tween20

Name Polyoksyetylen sorbitan monolaura
Formula Csg H114 Ozs
Molecular mass 1227,54 g/mol

Physical condition in room temperaty Yellow liquid

Solubility in water Soluble
Solubility in oil slightly soluble
CMC in water 8,04x10° M
HLB- value 16,7
0
O\/}‘O)k/\/\/\/\/\
w
@) OH
0 X

HO\E_/\O Z O/\);OH

Figure 1.12 Chemical structure of Teer20.

WX+y+2=20
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Figure 1.13 lllustrations of the adsorptioof tween20on ahydrophobic surface. Black color
represents the alkyl tail and light blue is ttyslrophilic head group.

1.8 Influence of salinity on hydrate formation

Salt have a thermodynamic inhitis propety in hydrate formation (Sloa008) andHui et
al. 2007).Severalhydrate formers has been investigated using saherhydrate formatting

water phaséDuan et al2006).

The clusters bounded by stro6glumbicbonds that made by interactittge salt ions and the
water molecules dipole iv decrease the water moleculésat would be available for the
hydrate formerand the solubility of the hydrate former will decrease due to the clustering of
the water and salt molecules in which calfedting-outd. So the hydrate formation system

that used saline wateequired lover subcooling (Coralk011)

1.9 Aim of study

To test that theyclopentane hydratsystem issuitable for studies of hydrataorphology
and wetting as a function of additivemnd to investigate the effect of two surfactants and a

promoter inthe system

1.9.1 The tested systems
The systermcontain 3.5% ofNaClin water. The proportion of cyclopentane to water in one
of the systems is %; while the proportion in the other stgm is1:3 of volumes The

subcooling temperatune all of the systems is configured to b& °C
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Pure system + °Mgwsfactannaddedto thdphd&sdthadit is soluble in.

1. Cyclopentane and saline water.

2. Span20 solved inyclopentane andasinewater.

3. Tween20solved in saline water and cyclopentane.

4. The three system abe by adding (4wt %THF in each.

1.9.2 Measured parameters for each experiment
Temperature curve to shatlve time before the hydrate formation, the rate of crystallisation

and the heat gerstedduring the formation
Hydration numberHow much water per cyclopentane molecule in the formed hydrates

Morphology of the hydratesi_umps or fisnowo T usingpictures for documentation.
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Chapter 2 Methods and

experiments

In this chapter the description of methods and experiments has described briefly. All
experiments have been done at the Department of Chemistry, UiB using the equipments
available in the laboratories at the department. The chesnisad in this project atisted in

Table A.2.

2.1 Preparation of solutions

For preparation of the samplassal mainly pipettes fromiEM Techolor Volumetric
Pipettes, for pL pipetting the iThermo Scientific pipetteused,for detailsaboutthe weight
used weightiiMettler Toledo AX205 Delta Rangg n d i K E R N3 NE1g¢@ fo Qveight

the chemicals.

The concentration have beeaslaulated by using

x G
# CT, W p
O + WU 0O + WU C
U U

Which is C in (g/L)is the concentration, w (g) is the weight, Mw is molecular mass and V
(L)is the volume C,andV, is the concentration and the volume of sample a@ahdVy is

the concatration and volume of sample b
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Table 2.1: Description of slution preparations in the experiments

Solution Solution Solvent NaCl Span20 | Tween20 | THF%

number Name (weight%) | (M) (M)

1 Saline water | Water 3.5 - - -

2 Span20 Cyclopentane | - 0.005 - -

3 Tween20 Saline water | - - 0.0005 -

4 THF in | Saline water | - - - 4
Saline water

5 THF in | Tweend - - - 4
Tween20 solution

2.1.1 Preparation of the cooling liquid
Glycol hasstrongthermodynamic property which has thbility to stabilize the temperature
in the cooling bathand the coolindiquids areprepaed by mixing glycol with water as it is

shown in Table 2.2.

Table2.2 amount of glycol and distilled water used for preparathe cooling liquid.

Solution Glycol | Distilled water
Amount (L) | 5 20

2.2 Experimental method for hydrate production

A simple experimental setup used, adopted from Corak et al. (2011) as its shown in Figure
2.1. There wasmetal standplacedbeside thecooling bath to hold the reactoa (found
bottomedthree necks flask00m), the whole flaskrisertedin the cooling liquid except the

necks The reactor fittedwith a paddle stirrerconnected to an Itda Turrax stirrer. Two
temperature senseinsertedinto the necksnumber 1 and 3o control the temperature inside

the reactor during the hydrate formatiofhe cooling bath was set at51C° in order to
achieve stable saboling temperature in theeactor and in the cooling liquid'he cooling
bath"Thermo ScientificV26" which is supported by a thermometer and a stiltas been

used(see Figure 2.2)
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- acquisition
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Ultra turrax stirrer
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Cooling
bath ]

N

The level of ! , ---- Thermometer
cooling liquid \t ----- Reactor

Figure 2.1Schematic diagram of the experimental seffigure taken from D. Corak
2017 with added numbers

Figure 2.2 The experimental setup ustd hydrateinvestigation.

2.2.1 Temperature logger

The Testo logge(Testo 176t2) is used in this woas a thermometewhich is supported by
two temperature sensors to record the temptera (see Figure 2.3)and send it to the
computer, m order tomake sure thathe temperature inside the reackept within the stable

hydrate regiorfas shown in Section 1.6).
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Figure 2.3 The Testo loggefTesto176t2) with the sensor, used to contied temperature in
the hydrate system.

2.2.2 Centrifuge

The centrifugeas used to remove thexcess salinevater on the hydrate samples (some of the
excess saline water has been already removed by the vacuum suction and the hydrate has been
transferred ito tubes). After that the samples will be transfer@dample asses in order to

be quantified. We have used the Universal 320 centri{iiggure 2.4)by configuring the

rotor speeds it is shown in Table 2.3emperature and time to desirable numénedues

that achieve good separation results, as desciib€drak(2011).

Figure 2.4 Universal 320 centrifuge use to separate the excess water.
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Table 2.3 The centrifuge configurations.

RotationRPM | 9000

Time min 5

Temperature C| -5

2.3 Hydrate formation

The diagram below describes the experiment steps.

[Mixture of solutions J

Cooling

Initiating hydrate formation
Monitoring temperature

[ Hydrate slurry }

Sampling
Vacuum suction

Waste . Remove excess brine F

{ Hydrate sample W

Centrifugation

Melting

| \

Quantification by Quantification by
GC evaporation

Figure 2.6 The flow diagram of the experimental steps.

2.3.1 Experimental procedure
In this work, cyclopentane hydrate system has been tested in four experimental sstems

mentioned in Sean 1.9.1

The solutiongsee Table 2.13re transferred to the reactor in different ratios as it described in

Table 2.4, and mixed in specified ratios at 500 RPM, by putting a rotor, which is connected to
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a metal stand beside it, over the reactor. Then gblutions cooled down during the
continuous stirring to the specified temperature. The temperature should be within in the
stable hydrate region (see Section 1.3).

Two temperature sensoese inserted imo thereactor(necks 1 and 3). Before startinge
Ultra Turraxstirrer, we check the system if all is wegllhe cooling temperatuyéhe stirrerand
the rotation speed of theltth Turrax stirrer). Becausef there isany contact of the stirrer
with the flask, itcan change the rotati@mpeel, as it expins in Section 3.1,Jand can occur
corrosion oreither the stirrer or the flaskll must be linked tightly in order to prevent from
any change in the different experiments).

Then we &artedthe paddle stirrerconnect the temperature senstorshe compter and set the
Testo program in the computer

Table 2.4: Amount of solution used to form the hydrate:

Ratio | Saline Cyclopentane| Span20(ml)] Tween20 THF in | THF in
water(ml) | (ml) (ml) water Tween20

(ml) (ml)

1:3 | 270 90 - - - -

1:5 | 250 50 - - - -

1:3 | 270 - 90 - - -

1:5 | 250 - 50 - - -

1:3 |- 90 - 270 - -

15 |- 50 - 250 - -

15 |- 50 - - 250 -

15 |- - 50 - 250 -

15 |- 50 - - - 250

When thetemperature inside the reactor becostedle (about 27C°), a small piece of ids
added to the reamtto initiate the hydrate formatiorfter few minutesof the induction time

the hydrateswill start forming. We let the formation continue until the temperature passes a
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maximum and returns to stable temperataseit shown in [gure 27 which showsan

example oftherecorded temperature of cyclopentane hydrates formation.

2.2

Temperature (° C)

-
N
L

=
o
1

I
©

- . . -
10 20 30 40
Time (min)

(=]

Fig. 2.7 An example of recorded temperature date of cyclopentane hydrate forijt2mik
2011)

While the hydrate is formingwe bring 12 plastic tubesand fill each with either 7small
compresses or 2 medium and one si@thpresses (see Figure 2a8)d put it in ice.

Figure 2.8 The tube and Compresses used in the Experiment.
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Two of 20ml and four of 5ml volume glasses halyeen veighted and putin ice. After the
tempeature hadeen stablgpaddle stirreis stoppedthe reactois takenout asit is shown in
figure 2.9, andthe hydratdransferredo the vacuum suctiofWe let it there for about 5 to 10

minutes to dry from the excess water

Figure 2.9: lllustrate he reactofThreenecks glass) with hydrate after forming.

We fill the 12 plastic tubes withydrate from the vacuum filtecover the tubes and put it

backonthe ice.

Figure 2.1Q The hydrate in tube before it transferred to the Centrifuge.

We put three pars oplastic tubes in theentrifuge, which iconfigured as it shown in Table
2.3. After that wetransfer the dry hydrate from the plastic tstethe20mlweighted glasss

andwe takesmall amount from one of the plastic tglie one of 2mglassesWe weidt the
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