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Abstract

This research considers the fundameuntalerstanding of physical and theoretical modelling
of wax deposition under dynamic conditionseleffect of physical environmeirg. the shear rate
and the associated shear stress aatl thensfemwas investigat using a custorbuilt bench top
Cold Rotating Finger (CRF) andQuartz Crystal Microbalanc®CM) with heat transfer. The
effect of chemical environment was studied by assessing wax deposition phenomena in the

presence of wadnhibitors using the aforem#&oned techniques.

The CRF with an inner rotating cylindas developed and characterised provide the
opportunity to study warleposition orcold surfaces in the region of high fluid shear strasd
laminar/transitionafluid flow. Time-dependentvax depositionstudy was performedat fixed
operating temperatures and CRF rotational speed ranging from 0 to 700hgmass of thevax
deposiedwas showrio decrease with the increase in the CRF rotational speed. At lovonaiati
speeds (<00 rpm), the reduction ithe amount ofleposited wax corresponded to a decrease in
the bulk oil temperature () with increasing CRF rotational speed reducing therefore the overall
temperature gradient driving for¢Ehe wax deposition d&w rotationalspeeds was then described
as a thermalhdriven process. At higher rotational spe€ds100 rpm) the change in temperature
was negligible withsloughingof wax layersvisually observed.The wax deposition at high
rotational speeds was then described aagkingdriven process. A diffusive mathematical
model based on molecular diffusioonsidering the heat transfer as governing wax deposition was
elaboratedassuming a linear solubility with temperatuFear high CRF rotational speeds the
molecular diffusbn model could not accurately describe the wax deposit maseeantbdelwas

modified to include a sloughing term, described in terms of wall shear stress.
X



The study of formation of the first incipient wax layer on a cold surface was not possible with
the CRF. Hence, a modified QCM with heat transfer across the quartz sensor was detelope
enable the understanding of the crystallization of the fiakane wax on a cold surface as well
as the effect of inhibitors on theatkane crystallization. The QW was able to detect the
deposition of wax crystals by analyzing the frequency aBiftompared to the resistance. A large
shift in the frequency (as compared to viscous frequency shift), all along with a small resistance,
indicates a rigid mass load dmetcrystal due to the crystallization of thalkane on the QCM

Sensor.

The researh considers the effect of the chemical environment on wax depdsytistudying
the performance of four ethylcellulosealkane wax inhibitors using the CRFthé static regime
(0 rpm), the thermalkdriven regime (100 rpm) and the sloughing regime ¢(@t). The inhibitors
were characterized by 3 different degree of substitution (DS =1, 0.6 and 0.4) and two alkyl pendant
chain lengths (C22 and C18). The preserfcmfubitors in a model solution of 5 wt% war-
dodecane/toluene (1:1) reduce the waxodé@mn with an inhibition that range from 10 to 35%
with inhibitors efficiencydepending on two main parameters: the structure of the inhibitor itself
(DS and penddralkyl chain) and the flow regime. The structure of the wax inhibitor determines
its abiity to interact with the fralkane wax molecules and inhibit their deposition. A higher degree
of substitution and a longer alkyl pendant chain induce a higlrederWaals interactiorwith
wax moleculesind a higher inhibitor efficiency, the inhibitom®ore effective with similar carbon
chain length, i.e. LMW +alkane A givenflow regime,howevermight promote the deposition of
heavier or lighter moleculeshangingtherefore the eiiency of the inhibitors as they amgore

effective forlighter wax.

Xi



Table of Contents

ACKNOWIEAGMENT ...t e e e e bbb Vi
Y 0111 = Vo O RPSR X
Table Of CONTENTS. ..ot ereea bbbt e e et e e e e e s seemt e e et e e aaaaeaeeeens Xil
S A0 T U SRR XViii
IS 0 N = 1o =SSP UUPPPPPPPPPPRRRRR XXV
NOMEBNCIATUIE..... ettt e e e e e e e e e e e e e amnns s s e e e e e e eeeeeeeeneeees XXV
T 10T [ Td 1o o PP PPPPPRP 1
I A = 7= T o | o 11 o SRS 1
1.2 Definition of Wax and Wax DepOSItIQN...........ccoeeiiiiiiiiiimme e ieee e e 5
1.3 Research Novelty and OpPOrtUNITIES ...........uuuuuiiiieiiieeeiiiieirrreee e s eeemre e eeeeeeas 7
1.4 Research Aim and ObJECHIVES. .......cciiiiiii e eeeeeeeeeee e 10
1.5 TheSiS OULINE......ccoiiiiiii e r e e e e e e e e e e e s et e e e e e e aaeee s 11
Chapter 2 Theoretical Background and Literature ReVIeW..............ccccovvvvviiiieeeeeeeeeeeeeee, 14
2.1 SYNOPSIS. c e eeeeeeeeei ettt eeanh————t— ettt ettt et e e e e e e eamr et e e e e e e e e e e e e e aaaaas 14
2.2 Effect of Operating Temperatures on Wax DepoSItion............cccvvvvvvimemrinievnnnnnne. 14

2.2.1 The Effect of the Temperature Gradient between the Bulk Oil and the Cold Surface
> 17

2.2.2 The Effect of the @mperature of the HOt Qil................ovvviiiiiicceeee 18
2.2.3 The Effect of Temperature of the Cold Surface............cccccoiiiieeeiiiinnn. 20
2.2.4 The Effect of the CooliNg RALE...........uuuiiiiiiiiiiiieeeiii e 21
2.3 Effect of surface on wax depoSItiOn...........ccoeoiiiiiiiiiiceeiie e 22
2.3.1 Surface materials: AGSION thEOIY.........ccuviiiiiiii e 23
2.3.2 Surface Wettability..........c..uuuiiiiiiiiiii e 25
2.3.3 SUIMACE FOUGNNESS. ..ottt e e e e e e 25

Xii



2.3.4 Thermal CONUCTIVILY.........coeieeiiiiiiiiimme e e e e errrne e e e e e e e e e e eeeeees 26

2.4 Effect of Flow Rate on Wax DepOSItION. .......ceviiiiiiiiiiiiiieeeiiiieeeeeeeee e 27
2.4.1 The Shear Dispersion as a Deposition Mechanism...............cccccoemeeiiiiiiinne 27
2.4.2 The Effect of Flow on HeatrNSTer...........ccvviiiii e 29
2.4.3 The Effect of Flow on Sloughing/Wax Removal..............cccceeevviieeeiiiiiieee e, 32
2.4.4 Effect of Flow Rate on Wax Deposit Compositian............ccc.vvvveveieeeiieeennnnnne. 33

2.5 Modelling WaX DEPOSITION. ........ccccuuiiiiiiiiiiimeeiiiiiieeeeree e e e e e e eeeesssereeeeeeeaeaaeaeeeeaens 35
2.5.1 Basics ofWax Deposition Models............cccoeeeiiiiiiiieeei e 35
2.5.2 Wax Deposition Algorithm.............coooiiiiiiiiiee e 38
2.5.3 SIoughing MOGEIIING.......uuiiiiiiiiiiiie e 47

2.6 WaX MaNQQEMENL...... .. ieeei ettt r e e e e e e e e e e e e ee e e enne 51
2.6.1 Chemical INNIDITOIS.......oiiiiiiie e 52
2.6.2 Types of Wax INhiDItOrS...........coooiiiiiiieeee e 52
2.6.3 Mechanism of Wax INiDItors. ... 55

2.7 CONCIUSIONS ...ttt e e e e e e e e e e s e e e e beeee e 58

Chapter 3 Experimental teChNIQUES............oooiiiiiiiii e 61
3.1.1 Avantium Crystal 16.........uuuiiiiiiiii e eeee e e e e e e e e e e 61
3.1.2 PE Clarus 500 GC/FID.......uuuuiiiiiiiiiiiiiis ettt 63
3.1.3 RREOMEIEIY....ceeiiiiiiiieee e eeene e 66
3.1.4 FTIR TRermMO iSLO . .ottt ittt ettt e et e e e e e e e e e nes 70
3.1.5 Scanning Electron Microscopy (SEM)..........cooioiiiiiiiiiiceeiie e 73

3.1.6 Elemental Analysis:Carbon, Hydrogen, Nitrogen, Sulphur and Oxygen Analysis

(1 1N 1S T ) TR TR TTPPPPPP 75
3.1.7 Thermogravimetric Analysis (TGA 4Shimadzu TGA 50):........cccoviiiivivvvrnnn. 77
3.1.8 Thermal IMagiNg.......ccceeiiiiiiiiii et e eene e e e e e e e aeene s 78



Chapter 4 Design and Test of a New Cold Rotating FingeApparatus to Study Wax

Deposition UNAEI SNEAL..........cooi i eeer e 81
RS V1 T0] ] - TP 81
4.2 INETOTUCTION ....ceiiiiiiitie e eeee e e e rme e e e e e s s e e e e smmme e s e e e e eeeas 81
4.3 Cold Rotating Finger: Description and Design of Teehnique................oeeeeeeeereeees 83
4.4 Characterisation 0f the CRE..........oooiii e 87

4.4.1 Temperature Characterisation of the CRE...........ccooiiiiimend 87
4.4.2 Hydrodynamic and Flow characterisation of the CRE...............ccoovirieeen0l 96
4.5 Materials and Experimental Methods..............ooovviiiiiee i 98
4.5.1 WaAX PrOBITIES ..ottt eee bbbttt e e e eeer e e e e e e e e e e e e e e e e e e e s s e e eeas 98
4.5.2 Wax Appearance Temperature measured by Light Transmission.............. 100
4.5.3 Wax Appearance Temperature measured by Rheology.........cccooeeeiiieeennnnne 100
4.5.4 Gas Chromatographlylame lonization Detection (GEID) .........ccccoeeeeeeeeennnnn. 101
4.5.5 Cryo-scanning Electron Microscope (CABEM)............ooovvvivvvviiiiiicceeeeenennnns 101
4.5.6 WaxX DEPOSITION TESIS ....ciiiiiiiiiiieieieie e 101
4.6 ReSUILS and DISCUSSION........cceieiiiiiiaiaiiimmee ettt e ees bbb e e e e e eeeeeean 105
4.6.1 Wax AppPeadnCe TEMPEIALE........cccvuuuiieiiii et e et e e e e enemr e eee 105
4.6.2 Results of Taguchi Method to Assess the Parameter Space...................... 109

4.6.3 Further Assessment of the Effect of @gteng Temperatures on Wax Depositiidi8

4.6.4 Systematic study to confirm the effectarlcois andgil hot ON Wax deposition at static

(oo o {1170 o R TSRO 120
4.6.5 Kinetic and Dynamic Studies of Wax deposition............cccccovvvvviemmiiiineeeenenns 122
A O g od U] o] o - 135

Chapter 5 Wax Deposition using a ColdRotating Finger: An Empirical and Theoretical

Assessment in Thermally Driven and Sloughing Regimes...........cccccoeiiviiiiieeee e, 138

o0 R S 10T 1] PRSP PSPPPIN 138



LYV 141 {0 Yo [¥{u 1 o] o TSRS 139

5.3 Materials and Experimental Methods...............cccouiiiimmmnii e 144
5.3.1 WAT measured by Crystal LG.........cccoeiiiiiiiiiiiieee e 144
5.3.2 CRF WaX DEPOSILION.......cccvviiiiiiiiiii ittt e e e e e emnmasn s s e e e e e e e e e aeeeees 144
5.3.3 Gas Chromatographiylamelonization Detection (GE&ID) ............ovvvveveiinennn. 145

5.4 Wax DepositiomModelling............ooiiiiiiiiiiiiiieen e 146

5.5 ReSUIS and DiSCUSSION. .......ccccuiiiiiiiiiiiieeeiiiiiii e e e e e e e eeeere e e e e e e e e e aaaeeeaaeeaaeaanee 150
5.5.1 Wax appearance temMPEIratll . .......ccoiiuuuiiiiiiiieeereeeiieeeerne e e ein e esimmmra e e 150
I VAV £ =T 1o 11 1] o USSR 152

5.6 CRF Wax Deposition MOdel.........coooiiiiiiiiieee e 158

5.7  CONCIUSIONS. ...ttt ettt ettt e e e e e e e e s ammt et e e e e e e e e e e e e e e e e e s mnne e e e e e e aane 162

Chapter 6 Performance of Ethylcellulosébased Inhibitors in Wax Management at

Different FIOW REQIMES.......uuuiiii i eeeei ettt smmme e eannees 163
G IS V7 10 LS L3S 163
(G072 | 11 (o o [8 Tox 1o o U PP UTTPPTP PP 163
6.3 Theory of Cellulose Modificationdilliamson Ether Synthesis............ccccccccoeeeee. 167
6.4 Materials and ExperimentSsethods..............iiiiiiiiii e e 168

6.4.1 Synthesis and Characterisation of INhibItOrS..........ccoooviiiiiiiiceciiicie 168
6.42 Preparation of Alkyl Ether Cellulose...............uuuiiiiiiiieeciiiiiii e 168
6.4.3 Fouriertransform Infrared (FTIR) Spectrometry...........cccuuvvevieiiieesivvvinienenne. 169
6.4.4 CarbonHydrogen Nitrogen,SulphurandOxygenAnalysis(CHNS-O)............. 170
6.4.5 Thermogravimetric Analysis (TGA)......couiuiiiii e 171
6.4.6 Testing ofthe Performance of Wax Inhibitors.............ccccooivviiiieeee e 171
6.5 RESUILS AN DISCUSSION.......uuiiiiiiiiiiiiiiiiieeeiiitbite ettt e et e e e e e s eeee e e e et e e e e e e e e e e e e e e e e e aanee 174
6.5.1 Synthesis of EC INNIDITOLS.........uuiiiiiiiiii e 174

XV



6.5.2 FourierTransform hfrared (FTIR) Spectrometry..............vvvveiiiiiccmeeenvnnnnnnnns 175

6.5.3 Elemental analysisCarbonHydrogenNitrogen SulphurandOxygenAnalysis

(CHNSO) ...ttt eeeee ettt ettt ee s eees e en e 177
6.5.4 Thermogravimetric ANAlYSIS.........ccooiiviiiiiiiiiieee s 179
6.5.5 Light Transmission: Crystallisation and Dissolution Curves......................... 181
6.5.6 CRF TESERESUILS......coiiiiiiiiiiiiie e 184
6.5.7 Deposit Chemical Composition (GEID) ...........ccoiiiiiiiiiiiiimeee e 190
6.6 CONCIUSONS.......iiiiiiiiee ittt e e eenr et e e e s e e e e e s s mem e e e e e e e aanes 194

Chapter 7 The Study of the Formaion of Incipient Wax Deposit using aQCM with Heat

LI 101 (] SO P PP P P RTRPPPPRR 196
7.1 SYNOPSIS. c e eeieeeeeeeee et eeee oo nnna bbbt et ettt ettt e s emen e e e et e et e e e e aeeeeaas 196
A7 111 7o 18 [ox 1 o] o DU P PP PPPPPPPPPN 196
7.3 QCM Instrument Development and TI@Q.............cooooiiiiiiiiice e 200

7.3.1 QCM Instrument DeVelOPMENL............uuuuuiiiiii i e ereeree e 200
7.3.2 QOCM TEOIY ittt ettt e e e e e eeer ettt e e e e e e e e e e e e e e e s s rmmne e e e e an 203
7.4 Materials and Experimental methods..............ccoiiiiiimemni 206
4 30 R 1Y/ 11 1 g T To o] [ To | 2 POPPPN: 206
7.4.2 WAT measured by Light TranSmiSSION.......cccoeeeieeeeiiiiiieeeii e 207
T.4.3 HT-QCM TSt .t ere e e e e e e e e aa e enana e 207
7.4.4 Wax DepoSitiorEXPEIMENL.........oooiiiiiiiiiiiteeee bbb eeeeeee e 208
7.5 RESUIS @Nd DiSCUSSION. .....coiiitiiiieeeiiiieeetitee e e e ettt e e e e e s rme et e e e e e s annneeeeeeamae 208
7.5.1 Wax Deposition EXPEIMENIS.........uuiiiiiiiiiiiii i ceeeies e et e e et s eeeeeenes 210
752 FrequencyTl ReaniAsatyasn.c.e...Di.a.g.lo...coooiiiiirinnnnnn. 215
4 T O o o4 [ 13 o] £ PP PPPPPP 222

Chapter 8 Conclusions and FUtUre WOrK..............coviiuiiiiiiiieeee e eeeen e 224

S T RSV 10T 0 1] RSSO PPPPPIN 224



8.2 Experimental and Theoretical Assessment of the Role of Flow Rate on Wax Deposition
USING the CRE ...t reea b e ettt e e e e emmr e e e e e e e e e e e aeeeeeens 224

8.3 Evaluation of the Role of Chemical Environment on Wax Management in the Identified

WaX DepPOSItioN REGIMES.......uuuiiiiiiii i e e e e e e e e e eeeer e e e e e e e e e e e e e e e eeeeeaesnnneees 226

8.4 An Insight into theMechanism of Incipient Wax Depit Formation using the QCM

TECNNIQUE . ... 227
8.5 Initial Investigations and Future WOrkK.............coooo oo e 228
8.5.1 Initial Experiments and ReSULILS...............ooovviiiiiieemeeeeeeceeeeee e 230
8.5.2 Effect of Asphaltene on Wax DepositiQn...........cceeeeeeiiiiiieeeeei e 231
8.5.3 Further investigations: mechanistic modelling for wax deposition............... 231

Y o] 011 0 o |3 PP TTTPP 233
9.1 AppendiX fOr Chapter 4............eeeiiiiiie e eeeer e e e e e e e e e e e e 233
9.1.1 Taguchi Method: Key Concepssid Terms...........cceeeeeiiiiiiiiiieene e eeeeeeeeeeviinnnns 233

9.1.2 System design: Determine the Number of Experimental Runs required and the
R (o= 1 | A NP PPPPUPRRR 236

9.1.3 Allocating Factrs to Columns and Constructing the Final Experimental Ma239

9.2 Apperdix for Chapler B........uuuiiiiiiii e eeeer e e e e e e e e aaaaaaaes 241
9.2.1 Wax Deposition Modelling: FUDeSCHPLiON..............vvvuiiiiii i 241
9.2.2 Matlab COUES.......cooiiiiiiiee e 248

9.3 ApPeNndiX fOr CRAPLET B........uuuiiiiiiiiiiiiiii et e e e e e e e 261
9.3.1 Mechanism of WilliamsofEther Synthesis.............ccoovviiiiiiiee e, 261

9.3.2 Sample of the Stoichiometric Calculation used for the Etherification of EC using
ALKYL BIOMIAE ...ttt erena bbbttt e e e e e e e e e e smr e e e e e e e e e eeeeas 262

R (=] (=] A (o =L TR RPRPRPR 263

Xvii



List of Figures

Figure 1.1 Coal, oil, and natural gas consumption by 2030 taken from Bai afd.Bai......... 2
Figure 1.2.a) Schematic of the change from onsharetfshore in petroleum production in the
late twentieth entury adapted from Huang et'dl b) Offshore oil production in the Gulf of

Mexico (GoM), adapted from The Energy Consultant GREUP.............cceevveeveevieeieecraeeenes 3
Figure 1.3.Areas reported to have wax deposition peofsl adapted from Huang et’al.......... 4
Figure 1.4.Schematic of molecular diffusion as a mechanism for wax deposition taken from
HUANG €L AL L oottt te e e remmnt e et e e e eteenteeneeareen) 6

Figure 2.1.Schematic of proposed structures of a ww#dxmnixture at various temperatures.
Temperature is greater than the cloud pdantemperature is just below the cloud pou)t;
temperature is between the cloudnp@nd the gelatio temperatured) temperature is just below

the gelation temperature taken from Singh €8.al............c.cccovvviiieieeeie e, 18
Figugtza 2.2.Comparison of deposit thickness as a function of oil temperature taken from Huang
B AL o it rr et e et e e e e e e e eaa—— e et e e e e e e e e e e e e e e e e e e e nnamnneaaaeaas 19
Figure 2.3.Comparison of depdsthickness as a function of coolant temperatuggyiahy While

Toil was maintained constant at 2D taken from Huang et &f..............c.ccoooe v eveeer e, 20
Figure 2.4.Crystal size evolution with temperature and cooling rate variations of a waxy
mixture taken from S0edarmo €B8L..............cccovii i 21
Figure 2.5.Mass of vax deposition per unit area depending on various coating of cold fingers,
adapted from JUAN EPAL...........c.ooeeie ettt eeee ettt anan e eee e 24

Figure 2.6.a) Mass of wax deposition per unit area depending on thermal contubfi mass
of wax deposition per unit area depending on coating thickness for polyurethane taken from Jung

L= | T 26
Figure 2.7.Comparison of deposit thickness as a function of theanil fate with constant
coolant and oil temperatures takeom Lu et alt’...............c.ccccoovieiiieeeceeee e 29
Figure 2.8.Sketches of the concentration profiles wajfsmall flow rateb) greater flow rate
162G A TR {00 0 T UK=Y= 31
Figure 2.9.Interface temperatures as a function of time for various flow rates eteuian of
flow loop taken from SiNgh €t &%..........ccviiiiiieie e, 32
Figure 2.10.Wax content of the gel deposit as a function of time for various flow rates taken
from SINGN €L A, ..ot 34
Figure 2.11.Schematic of the two types of wax that coptdentially caise wax deposition
taken from Huang et Ak ...........oooiiieeeee e 36
Figure 2.12.Schematic of the wax deposition process taken from Huand’t.al............... 38

Figure 2.13.General algorithm for wax deposition model, adopted from Huang'&t al......38
Figure 2.14.Conversion from the wax precipitation curve to the wax solubility curventiken

[ [U TV T TR =Y A = RSP ORRSY 44
Figure 2.15The impact of wax precipitation kinetics in the oil flow on wax deposition predicted
by the MWP taken from Huang et’al..............c.ccoeiiviivieeccece e A6
Figure 2.16.Molecular structure o) EVA, b) MA adopted from Billy et af3 126.136 .. 53

Figure 2.17.Generic structure of the polyethylepelyethylenepropgne (PEPEP) aggreates.
The crystallization of PE forms extended platelets, while the PEP hairs form brushes on both
sides taken from Lim €t 3f2...........ov oot 54
Figure 2.18.Modification process of @ paraffin crystal vih the polymeric wax inhibitog)

chemical structure of wak) crystal shape of wax structu®,crystal structur@f growing wax

Xvili



lattice,d) polymeric wax inhibitors with wakike componentsg) co-crystallization of wax
inhibitor, andf) sterically hndered wax structure taken from Lim et8l.................c............ 56
Figure 3.1.a) Apparatus of the Avantium Crystal 1), C16 vial with laser beam detecting
turbidity of the solution. Specification of the Crystal 16: Temperature rdrige 150 (°C), with
temperature accuracy of 0.1 °C, heating/cooling 020 °C/min and $tring speed of @ 1250

rpm taken from Technobi@rystallization Systems Websité...............ccccceeiiiieecececnenen, 62
Figure 3.2.Poly-thermal profile for temperature and transmission against the time fourmeps
the claud and clear points of the SOIULION. ..., 63

Figure 3.3.a) GC/FID - Perkin Elmer Clarus 500 G@ol equipmenb) Diagram of the FID
measuring principle adopted from British Standards Instifiteagrument: Perkin Elmer Clarus
500, column: Perkin Elmer Elite PS1 HT, column length: 15m * 0.53 i.d., 0.15 pum film
thickness, Carrier gas: Helium, Flow rate: 12 mL/nfiemperature: 35C, heat at 20C/min to
350°C. Sampling rate: 1.5625 PUS/S....uuuuuruiiiiiie i e ceeecieie et eeee e e e e e e e e e e e e e eeaaaanen 64
Figure 3.4.Example of wax Chromatogram indicatiggaphically retention times and timed
segments of Carbon followed by a table for retention time for Carbon chain length presented in
(o] 0] 70] g g F=1 (o | =10 1 VPP TTTTTPO 66
Figure 3.5.a) The TA rheometer used in the current study with (1) the rotational equipment
containing all the mechanical parts including the force transducer, and (2) Peltier element for
temperature control; it accommodates the houfsinthe rotatingpart (i.e., inner cylinder))

DIN standard bob geometry and a standard cupcpadloseup of the Peltier Concentric

Cylinder temperature system taken from TA instruments WéBSIte. ..........c..ccvevvvevveeeeernnes. 67
Figure 3.6.WAT measurement using the rheometer and Arrhenius equation adapted from Huang
L1 | USSR 69

Figure 3.7. a)FTIR - Thermo iS1() schematic of interferometer taken from Sun®¥........70
Figure 3.8.a) example of molecular vibration model taken from Sud®*) the process of
collecting an infrared spectrum in an-fH spectrometer (where Sam refers to sample and bkg

refers to bakground) taken from Thermofisher websfe...........c.cooeevveviieeee e 12
Figure 3.9.Schematic drawing &) the typical Scanning Electron Microscope (SEM) column,
andb) samplebeam interactions within a SEM takenrfraValock®®. ................c.cceeevvevieee.. 74
Figure 3.10.Helios G4 CX DualBeam SEM along with PP3010T e8f©M system.............75
Figure 3.11.Thermo Scientific FlaskEA2000 elemental analyser..............ccccoeeeeeivieeeeeennn. 76
Figure 3.12. a)TGA instrument) and example proximate analysis of TGA of the
decomposition of copper sulphate pentahydrate............cccoooeiiiieeciiiiiiiiiie e 78
Figure 3.13 AVIO's R300SR Series camera with a thermogram adopted from Avio wébsite
.......................................................................................................................................... 79
Figure 3.14.Measuring spatial resolution depending on the measurstgniie dopted from
AVIO WEDSITE 2. ... eeee ettt ettt eeee et e et e e ae e et eetesbnnteeteeteeneeneeee e 80
Figure 4.1. Schematic of tha) CRF with the rotary coupling providing effective rotary seal and
b) coolant circulation path inside the rotating shaft.................cccoiieeeiii e, 84
Figure 4.2. a)lmage of the CRF experimental agd; b) close up of the CRF) close up of the
(VL e [T o To S LRS- T 1] ] = PP 85

Figure 4.3. Schemat of a) the temperature profile in the CR¥),thermocouples position in the
bulk oil at a height of 5 and 20 mm from the top of the removable sample and at a distance 10
mm from the CRF towards the bulk at)dhermocouples position on the cdidger suface at a
height of 5 and 20 mm from the toptbe removable sample...............cooiiiiiiceeiie e, 88
Figure 4.4. Time-dependent temperature profile of (a)hee0f the CRF and (b) o (Average

TC1 and T2) with Teoid = 5°C and varying bulk temperature.& 40, 45, 50 and 5%C at 0



Figure 4.5. Time-dependent temperature profileafTsurfaceandb) Toi at operating conditions
corresponding to rbt = 45°C and varying Joi¢= 5, 10, 15 and 20C at 0 rpm. Symbol star show
values measured by thermal imaging at the same conditiQnS............ccooveeiieeciiiiiiieennnn 92

Figure 4.6.a) Time-dependent temperature profile ofi With Thot = 45°C and Toia= 5°C, for

varying rotational speeds between 0 and 700. ipymbol star show values measured by thermal
imaging at the same conditionB) Steady state temperatures @i With Thot = 45°C and Tod =

5°C, for varying rotational speeds between 0 and 700 rpm. Line is to guide the eye and takes the

form,0 W1 0 D wwithyo=34.85, A=532andB0.011......ccccccceeevvviirrirrrceeennnn, 94
Figure 4.7.Thermal imaging of the CRF immersed in dodecane oil with=T45°C and TFold—

R O = Ll =T aTo I 00 4 o PRSPPI 96
Figure 4.8. Azimuthal velocity near the wall, in wall units (U+, r+) obtained from DNS studies
taken from OstillaMONICO €t AP0, ......c.oiii e, a7
Figure 4.9.Carbon chain length distribution of the Low MolecWéeight (LMW) and High
Molecular Weight (HMW) waxes used throughout the Study...............cceiiiiiceceeivinnnnnnnnn. 99

Figure 4.10.a) Light transmission % (turbidity) adlkanewax-in-dodecane as a function of
temperature and wacontent at different cooling rates. The WAT is the temperature when the
light transmission is 90%) Comparison of WAT as a function of thékaneconcentrations
€00liNg rate and WaX CONTEIME. ........uiiiiiiiiiiee et mnee e eeeeas 106
Figure 4.11. a)Viscosity of wax solution as a function of temperature for 4.7, 9, 13 and 16.6
wt% alkanewax-in-dodecane during cooliffgom 60 °C to 0 °C at cooling rates of OG/min

and PC/min. The WAT is the temperature when the viscosity plateau de{iéite®sity
increases)h) Comparison of WAT as a function alkanewax content and cooling rates. Shear
rate is fixed at 50 radorresponding t0 637S........ccveiviiiiee e e 107
Figure 4.12.Summary of test rigbased on the proposed Taguchi methad.................... 110
Figure 4.13.Taguchi results showing the change in the mass gain as a functipthetgrl coid
andb) qiThot. Line on figure a is to guide the eyeddakes the formp & & & Values of the

constants are iMable 4-10..........ouiiiiiiiiii e e 115
Figure 4.14.Carbon chain length distribution of deposited wax as a functiapaf hotb)

CpTcold ............................................................................................................................... 117
Figure 4.15. a)The change in deposit mass as a function of the CRF RpPédrbon chain
length distribution of deposited wax as a function of RBM............cccoooiiiiiceeiiciiieeeenn 119

Figure 4.16. a)Time-dependent wax deposition for 9 and 13 wt% waxodecane atchia= 5

°C and Tot= 45°C at 0 rpm. Alsancluded is 9 wt% wasin-dodecane atchiqa= 2.4°C and Fot=
42.4°C. While (flotcoldiS constant, reducingcdiato accaunt for the lower WAT at 9 wt%
compared to 13 wt% wax results in a similar deposition prdfjlechematic ofgl hotand ol cold
corresponding to the abovementioned deposition eXperiments.................eeveeeeevvvvrnnnne. 121
Figure 4.17. a)Time-dependent wax deposition as a function of CRRimntal speed.

Experimental conditions: 9 wt#lkanewax-in-dodecane, J= 5°C and F = 45°C. Lines are to
guide the eye and takes the fon, w1 0 QY € ¢&) Mass of wax dposited at 30 min as a
function of the CRF rotational speed. Experimental conditions: Qalk&mewax-in-dodecane,

Teold = 5°C and Fot = 45°C. Lines are to guide the eye and takes the formgit 0 'Q Y& .
Values of the constants areliable 4-13. ... 122
Figure 4.18.9 wt% alkanewax-in-dodecane deposited on the CRF at O rpm for 30 min. With the
wax deposit formed, the sample is transferred to pure dodecane and rotated at 100, 200, 300 and

Y0 O 1] 10 gt IO N o 1| o 1O PP PP 127
Figure 4.19 Cryo-SEM images of wax deposits formed after 30 min uajl€rrpm ando) 200
10 1 0 PRSPPI 128

XX



Figure 4.20.The carbon chain length distribution of deposited wax as a function of tia)® at
rpmb) 100 rpmc) 200 rpmd) 500 rpm. Comparison of carbon chain length distributions as a

function of RPM at 30 min. Wax content Q%L .............ccuvuvrviiiiiimmeiieiiiiiieeeeeeeee e 129
Figure 4.21.Comparison of carbon chain length distributions as a function of RPM at 30 min.
WaAX CONTENT O WED...... ettt r e e e e e e e e e e e e emene e e ennnn e e e e 129

Figure 4.22. a)The carbon chain lengtdistribution of the lower and upper layefdtee

deposited wax. A comparison, in ddste, is made to the average chain length distribution of
deposit wax layer at 10 min 250 rph),a picture of the lower and the upper layers......... 132
Figure 4.23. a)The carbon chain length distribution of the inside and outside of the deposited
wax layers as described kigure 4.21and compared to the carbon chain length distributions of

a deposit wax at 200 rpm, 30 min and O rpm 15, i@ picture of thevax deposit with dash

line separating the inside and outside [aYers............cc.uuviiiiieemi e 134
Figure 5.1.a) Light transmission % (turbidity) as a function of temperature for 13 wttkane
wax-in-dodecane duringooling from 50°C to 20°C at different cooling rates. The WAT was
taken at the temperature when the light transmission equalledd@oémparison ofVAT as a
function of cooling rate with the data fitted using a trorder polynomial. The thermodynamic
WAT WAS 40.8PC. ..eeeeiiie ettt ettt e e e e e ettt e e e e smme e e e s be e e e e e e e nnssbeesamnmreeeeeannnsseeeean 151
Figure 5.2.a) Time-dependent wax deposition as a function of CRF rotational speed.
Experimental conditions: 13 wt%alkanewax-in-dodecane, &id = 5°C and ot = 45°C. Lines

are to guide the eye and take the fotm, 1 0 ‘Q 0. b) Schematic of the tengpature

profile in the CRFc) Mass of wax deposited at 60 min as a function of the CRF rotational speed.
Line is to guide the eye and takes the foim, <0t 0 'Q @ 6 d) Time-dependentemperature
profiles of T in the absence amtesence of wax witfinot = 45°C and TEog= 5°C and the CRF
rotational speed is varied betwen 0 and 700 rpm. Thermocouples TC1 and TC2 are positioned in
the bulk oil at a height of 5 and 20 mm from the top of the removable sample and at a distance 10
mm from the CRF test stace. Dash and solid lines represent the temperature profile of pure
dodecane oil and 13 wt% wdix-dodecane, respectively.............vvvveeiieiiiiecceviiiecceee e, 155
Figure 5.3 a) Carbon chain length distribution of the wax deposit as a function of time at 0, 100
and 700 rpm. The dashed lines represent the carbon chain length distributions of the low and
higher molecular weight wax fractiorts) Relative change in the cambchainlength distribution

with time (between 1 and 60 min) at 0, 100 and 700 rPML..........ccoeeeeeiiiiieemieieeeeeeeeeeeee 157
Figure 5.4. Time-dependent wax deposition as adtuon of CRF rotational speed.

Experimental conditionsl3 wt% nalkanewax-in-dodecane, &id = 5°C and Fot = 45°C. Data

fitted using the molecular diffusion model (EQ. 4.18) ... 159
Figure 5.5 Time-dependent wax deposition as a function of CR&imnal speed. Experimental
conditions: 13 wt% falkanewax-in-dodecane, &i¢ = 5°C and ot = 45°C. Data fitted using the

molecular diffusion + sloughing model (EQ. 4.25).........cccooviiiiiiiiiime e 161
Figure 6.1 Alkylation of EC using a bimoleculaucleophilic substitution (&) reaction with

=11 QY7 I o] (0] 121 o = RSP 168
Figure 6.2 Solubility test of 500 ppm EC in 25:75, 50:50, 60:40 and 75:25 dodecane:toluene
MIXTUre at ro0M tEMPEIALULE..........uuiiiieieeeet e e e e e e e e e e et s e e e e e eaaa e e e e eeessanmnees 172
Figure 6.3 Schenatic representation of the corshape EC inhibitors with varied alkyl pendant
(03 0= 11 o OSSP 174
Figure 6.4. FTIR spectrum o&) EC, EG1 ard EG2,b) EC, EG3 and ECA4....................... 175
Figure 6.5. TGA Thermal analysis curves representing mass loss (%) as a function of
temperature for EC, EC,EC-2,EC3 and EGA. ........ccoooiiiiieiieeecmmee e e 180

Figure 6.6. a) Crystallisation and dissolution curves as a function of temperature for 5 wt%
alkanewax-in-dodecane/toluene (1:1) with and without 500 ppmIEdiiring ©oling/heating

XXi



from 60°C to 0°C at 0.8C/min, b) 5wt% waxin-dodecane and toluene neat and treateéid wi
EC-1. The solutions were prepared, heated up tCA®r 4 hours to dissolve all wax and
inhibitor, then left over night to COOl dOWN..............oooiiiiiiiiieee s 182
Figure 6.7.Mass of thavax deposit and mass reduction percentage as a function of inhibitor
type, the CRF rotational speed and the inhibitor concentratiandc 50 ppm,b andd 500

ppm). Experimental conditions: 5 wttkanewax-in-toluene and dodecane;of = -5°C and

L 15 O PSP PPPRTROPPPR 185
Figure 6.8.Imagesof wax deposits formed after 30 min under Neat condition and in the
presence of 500 PPM EL ... e e an e 190

Figure 6.9.a) Carbon chain length distribution of the wax deposit of the neat solution at 0, 100
and 400 rpm. The dashed lines represent the carbon chain length distributions of the low and
higher molecular weight wax fraCtions...............oooi e 192
Figure 6.10.Carbon chain length distribution of the wax deposit as a function of inhibitor type
(500 ppm) at 0, 100 and 400m. The dashed lines represent the carntdwain length

distributions ofthelow and higher molecular weight wax fractioa3 EC-1 b) EC-2 ¢c) EC-3 a)

Figure 6.11.Carbon chain length distribution of the wax deposit in the presence-afdE@vo
concentréons: 50 and 500 ppra) Orpmb) 100 rpmc) 400 rpm. The dashed lines represent the
carbon chain length distributions of the low and higher molecular weight watiofrs......... 194
Figure 7.1 Modified QCM set up to provide cooling on the sensor surface and heating of the
continuously flowed Waxy $OUON. ............iiiiiii e e 201
Figure 7.2 Modified QCM FIOW diagram..........coooeiiiiiiiiiiiice e 201
Figure 7.3 a) Close up of modified HTQCM holder where the cooling fluid circuldtethe

axial flow cell adapter mounted on a crystal holdeBchematic representation of the liquid flow

pattern in the Axial Flow cell takert&hfordQCM200 manuaf® .................ccoeevvivvieeeeenee. 203
Figure 7.4 QCM resonance frequency shift from-éarwatera) without DE andb) with DE at
room temperature. Repeat measurements are shown by the differerédcipmbds........... 209

Figure 7.5. QCM frequency shiftrom airto-dodecane) without DE andb) with DE. The

dodecane and the DE fluid were pumped into the QCM measurement cell at room temperature.
Repeat mesurements are shown by the different coloured symbols............cccccoeviieeenes 210
Figure 7.6. a) QCM frequency shifts from a baseline of pure dodecane to 0.5 vefkane wax
dodecane (WAT = 12°C) with theaxy fluid at room temperature (bm) and thelowing DE

fluid at Tehitler = Troom 10, 0,-10,-20 °C,b) closeup of figure a..........ccceeeeeeeiiiiiciienn s 211
Figure 7.7. a) The mass deposited calculatgdSauerbrey eaition correponding to the

frequency shift from dodecane to 0.5 wt%alkane waxdodecane (WAT= 12°C) both atodm

with DE flowing at Tniter = 10, 0,-10,-20 °C,b) Induction time of frequency shift depending on
S RN 213
Figure 7.8. a) Explanation of interface viscosity and elasticity variation patterns usingfhe F
model adopted from Liu et & b) F-R plot of the QCM responses during the flow of 0.5 wt%
n-alkanewax-dodecane (WAT= 12°C) atobm with DE flowing at Thiter = 10, Q -10,-20 °C

with black |Iines representingvdodedafneoatoloe
viscous for dodecane and elastic for alkane respectively............ccccvvviieemniiiiiiiiiiieeeee. 217
Figure 7.9. F-R plot analysis of the QCM responses during the flow of 0.5 wtfkanewax-
dodecane (WAT= 12°C) at.cbmwith DE flowing ata) Tchiler = -20°Cb) Tchier = 0 & -10°C.

Stage | igdelimitated between 0 and ®ith a peak on faxand stage |l is deliitated between

XXii



Figure 7.10 F-R plot analysis of the QCM responses during the flow of 0.5 witfkanewax-
dodecane (WAT= 12°C) at.sbm With DE flowing at Thiler = 10°C.Stage | is delimitated

between 0 and:Svith a peak on faxand stage Il is delimitated betweepa®dS............... 221
Figure 8.1.A flow chart illustrating the plan of the future experimental work................. 229
Figure 8.2. CRF apparatus with the naxsualization rig............ccccceeeeeeeeiiiieeeiicieee e 230
Figure 9.1 An orthogonal array adapted from Sigmaquoffént...............ccccceevvieeerennne. 233

XXili



List of Tables

Table 4-1. Dimensions of the inner cylinder test cell and the outer jacketed beaker.......85

Table 4-2. Steady state temperatures @i &nd TsurfaceBt OrPM...ccciviiiieeiiiiiiiiiieeee s 91
Table 4-3. Steady state temperatures @i &nd Tsurface@t OrPM..cciviveeeeeeeiiiiiiiiiiiieeee s 92
Table 4-4. Similitude between Couette flow and pipe flows adopted from Zoagat*>....... 97
Table 4-5. Taguchi experimental matrix of factors affecting wax depositian.................. 102
Table 4-6. Taguchi exprimental matst of waxdeposition using CRE............ccccceeeeeeiinee. 104
Table 4-7. Wax mass deposit after 30 min for Taguchi experimental matrix.................. 105
Table 4-8. Compari®n of WAT measured by rheometer and turbidity testing as a function of
wax content and COOIING ML ... ...t eeeeee ettt rrne e e e e e e e e e e e e e 109
Table 4-9. Taguchi experimental matrix considered as a functiap®@fta n d codpT........ 114
Table 4-10. Values of the fitting curves constantsFofjure 4.13 ............cccevvvveieeeeieieenennnne. 115
Table 4-11. Taguchi runs rearranged by increasipdot and  epdand @mparison to wax
deposit chain length distribULIQN...............uuiiiii e 116
Table 4-12. Taguchi matrix rearranged by an increasing RPM of the CRE................... 119
Table 4-13. Values of the fitting curves constantsFagure 4.17. ...........ccccceeeeeieeeiesscceennnnns 123
Table 51. Wax deposition Studies in flOW..........coociiiiiiiiiiiieeiie e 143

Table 6-1. Name, ype and degree of substitution (DS) of the inhibitors synthesized.....175
Table 6-2. The wt% of C, Hand O in EC, EC EG2, EG3 and ECG4 with their degree of
substitution as gen and analysed lifie CHNSO anaysSiS........cccccoeeeeeeeiiiiiiiiieeene e 177
Table 6-3. Analysis of the number of atoms, their mass and weight percent in EC molddife.
Table 6-4. Temperatures of the maximum ratestioérmal degradation and weight loss
percentage for EC, EC, EG2, EC3 and E@..........ccooiiiiiiiiiiiiiiieemr e s 181
Table 6-5. Mass of thevax deposition and the lcalated mass reduction pengtage as a

function of inhibitor type and the CRF rotational speed. Experimental conditions: 50 ppm
inhibitor, 5 wt%alkanewax-in-toluene and dodecanegili = -5°C and Tt = 35°C.............. 185
Table 6-6. Mass of thevax deposit and the calculated mass reduction percentage as a function
of inhibitor type and the CRF rotational speed. Experimental conditions: 500 ppm inhibitor, 5

wt% alkanewax-in-toluene and dodecanegolli = -5°C and Thot = 35°C..cvvvveeeeeeeeeeeiiiiiiiis 186
Table 7-1. Comparison of Snax St and Sfor 0,-10 and-20°C..........ooooviiiiiiiiiiiieeen s 220
Table 9-1. An example of an orthogonalray adapted from Sigmadtient®™...................... 234
Table 9-2. Standard orthogonal array takbl&aguchi Method taken from Sigmaquotiéht. 235
Table 9-3. Taguchi experimatal matrix of factors affecting wax deposition..................... 236
Table 9-4. Degree of Feedom calculation for wax deposition experimental matrix........ 237
Table 95.0r t hogonal .Arnr.ay..o0f. L0216 . ... 238
Table96.A1 | ocating Factors .t.o..t.he..cal.umns238f LO61E
Table 9-7. Taguchi experimentanatrix of wax deposition using CRE..............cccccooviiieee 240
Table 9-8. Operating conditions and Oil Properties.............cveveiiiiiiieriiiii e 241

XXIV



De

Ea

PPT

Nomenclature

Deposit ara

Concentration

Solubility of the wax

Volume fraction concentration of wax
Diffusivity

Pipe hydraulic diameter

activation energy

Wax fraction in the deposit
Frequency

Friction factor

Fundamental mode oscillation frequency
Torque

Heat transfer coefficient

Inner diameter

Mass flux

Deposition rate constant

Molecular hat of the phas change
Mass

Overtone number

Pour point temperature

XXV

m2

g/L

g/L
dimensionless
m#/s

m

KJ/mol
dimensionles
Hz
dimensionless
Hz
dimensionless
W/(m?3K)

m

Kg/sm?.

kg/m?

KJ/mol

kg
dimensionless

K



r'wp

lcritical

R

S

Sh

Sc

Z

ol

Temperature

Time

Radius- Radial distance
Rate of wax deposition
Critical size of nucleus
Resistance
Supersaturationatio
Sherwood number
Schmidt number

Axial coordinate

Temperature difference

Interfacial surface tension

Density

Shear rate in the fluid at the wall

Deposit thickness
Eddy thermal diffusivity

Eddy mass diffusivity

Therma diffusivity of the oil

Viscosity

Couette friction factor
Linear velocity

Fluid kinematic viscosity
Boundary layer thickness

Concentration gradient

XXVI

Kals

m

Ohm
Dimensionless
Dimensionless
Dimensionless
m

K

N/m

kg/m®

S—l

m

m?'st

m?'st

m?'st

Pa.s
Dimensionless
m/s

m?/s

m

Kg/L



Nomenclature associated with thenathematical model

Kd

Ko

Ri

Ro
R
Ro
To
Th
Ts

Ti

Change in frequency of oscillation
Change in mass of the system
Shear modulus of quartz

Density of quartz

Oil heat capacity

Diameter of the CRF

Wax diffusivity

Height of he CRF

Heat transfer coefficient

Thermal conductivity of the deposit
Thermal conductivity of the oil
Total mass of the deposit

Mass of wax fraction in the deposit
Mass of oil fraction in the oil
Radiws of the inner cylinder

Radius of outer cylinder

Radius of the wax deposit

Radius of the boundary layer
Temperature of the oil

Temperature Hot

Temperature of the surface of the CRF

Temperature of the edepositinterface

XXVil

Hz

kg
g/cm.g
glem?

JIK

m?/s

cm
W/(m?2K)
W/m.K

W/m.K



Re
Nu

Pr

Abbreviations

ASTM
ATR
(CHNS-O)
C16
CRF

DE

EA

EC

FTIR
GC-FID
HPLC
HMW

LMW

Angular velocity

Reynolds number

Nusselt number

Prandtl number

Wax fraction in the deposit
Wax solubility derivative
density

Oil viscosity

rpm
Dimensionless
Dimensionless
Dimensionless
Dimensionless
g/L

Kg/m®

Pa.s

American Society for Testing and Materials.

Attenuated Total Reflectance

Carbon, Hydrogen, Nibgen, Sulphur and Oxygen Analysi:

Crystal 16

Cold rotating finger

Dielectric fluid

Elemenal analysis

Ethylcellulose

Fouriertransform Infrared

Gas ChromatographiyFlame ionisation detection

High-performance ligid chromatography

High molecular weight

Low molecular weight

XXVili


https://minerva.leeds.ac.uk/webapps/blackboard/content/listContent.jsp?course_id=_459712_1&content_id=_6201540_1

HT-QCM

MWP

MA

VA

OSPAR convention
OA

PTFE

PFPE

QCM

nm

SEM
TGA
WAT

Wit%

QCM with heatransfer
Interfaciallyactive asphaltene
Michigan wax predictor
Maleic acid

Vinyl Acetate

Oslo and Paris convention
Orthogonal array
Polytetrafluoroethylene
Perfluoropolyether

Quartz crystaiicrobalance
Rotation per minute
Nucleophilic substitution
Scanning electron microscopy
Thermogravimetric analysis
Wax appearance temperature

Weight percent

XXIX



Introduction

This chapter provides a brief introduction to wax deposition as a challenging flow
assurance problem in crude oil recovery. Subsequently, research novelty and research

objectives are highlighted, and an outline of the ifebapters is theprovided.

1.1 Background

Nowadays, oil is a primary resource for global energy consuntpfidiis versatile fossil
fuel has become indispensable to the development of modern sometirafsportation,
around 95% of fuel energy comes from petroleum proéuctsdditionally, the byproducts
of refined crude oil provide important petrochemical feedstocks for organic chemical products,
such as plastics and synthetic fillek$uman dependence on oil is overwhelming and thus far,
no viable alternative has been folirfc®. Between 202 and 2035, global energy consumption
is projected to rise by 41% based on core agsioms concerning emerging economies and
demographic growfh Although market shares of fossil fuels are converging, @emol
products are expected to constitute 27% of the total share by 2035, with oil demand continuing
to rise by approximately 1% each ye&igure 1.1 shows the projected expected consumption

of coal, oil, and natural gas by 2030.
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Figure 1.1 Coal, oil, and natural gas consumption by 2@8@&nfrom Bai and Bdt .

In the January 2020 update of its Shbetm Energy Outlook (STEO), the U.S. Energy
Information Administration (EIA) forecasts that U.S. crude oil production will avet8gg
million barrels per day (b/d) in 2020, a 9% increase from 2019 production levels, and 13.7

million b/d in 2021, a 3% increase from 2620

However, nowadays, the world is facing the crisis of exhaustiooon¥erional and
reachablefossil fuel. The increase in oil demand inevitably increases the demand for
production. With the depletion of relatively accessible onshore and offshore reserves (shallow
water), the search for oil has extended to deeper Wiltf. Figure 1.2). Taking the Gulf of
Mexico as an example, 20 million barrels (bbl.) (equivalent to ~3273184 cubic meters) of oil
was produced from offshore deep water in 1995. This number has risen to 800 million bbl.
(equivalent to ~130927392 cubic meters) in 260%
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Advances in upstream technologies have allowed for exploration and production in complex
subsea envonments. However, subsea oil recovery confronts engineers with a unique set of
challenges, specificallgoncerning flow assurancelow assurance is defined as an operation
that generates a reliable flow of fluids from the reservoir to the possleénd dealing with
the control of gas hydrates, wax, asphaltenes, and scales in pi3elihesoffshore petroleum
fluids are usually transported in lowigstance pipelines, which range fraems to hundreds of
kilometers before they eventually reach onshore processing facilities. Hence, flow assurance
challenges focus predominantly on the prevention and control of solid deposits that affect
efficient transportation of hydrocarbon fluid$he operation deals with formation and
deposition of gas hydrates, wax, asphaltenes, and scales that can redticikney of oil

and gas pipeliné$

USA Gulf of Mexico Production-Federal Waters
December 2020
Oil Production
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N

[N

Daily Oil Production (MMBOPD)
Q -
w wm

0
1996 2000 2005 2010 2015 2020

Figure 1.2. a) Schematic of the change from onshore to offshore in petroleum production in
the late twentieth century adapted from Huang &t &) Offshore oil production ithe Gulf
of Mexico (GoM), adaptedrom The Energy Consultant Grotfp

Under cold flow conditions, the natural presence-afkanes (waxes) in crude oil continues
to be one of the significant operational problems for subsea equipment, particularly in

pipelines®. Accumuldion of waxes may lead to production drawdown, and under severe



conditions, a risk for oil platform abandonm®nEigure 1.3 shows areas reported to have wax

deposition problems around the world.

Figure 1.3. Areas reported to have wax deposition problenepted fom Huang et ail.

As anexamplethe U.S. Minerals Management Service repoBeaccurrences of severe
wax-related pipeline plugging in the Gulf of Mexibetween the years 1992 and 260®ne
of the most severe cases weeported by EIf Aquitaine (now owned by Total) in which a
removal of avax-related pipeline blockage cost as much as $5 million. The remedidtiois
blockage resulted in a 4y shutdown of the pipeline, which addedadditional loss of $25
million of deferred revendé Thearguably most notorious incident might be from the Staffa
Field, Block 3/8b, UK North Sea, in which the problem of wax deposition, after several
unsuccessfuhttempts for remediation, eventually led to the abandonment dietteand its

platform'8, leading to an estimated losas much as $1 billida

Therefore, understanding wax asgion mechanism and working on economic solutions

for the management and remediation of wax deposition remains a key factor for subsea flow
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assurance strategiés® 2! Alkaneadherence to surfaces extend beythe oil and gas sector.

An abundance of analogous adhesion and deposition problems are often encountered in the
food, paint, biomedical, automotive, and marine industries, as well as in ffafkoanstance

in the energy sector, fuel derived from biomass lipids suchjagvea bl es and ani ma
received increasing attention as an-&cndly alternative for conventional fossil fég&l A
dominantexample of these biofuels is biodiesel, which is defined as a Fatty Acid Methyl Ester,

a product ohydrocarbon ralkane and other bgroducts. However, the use of such biodiesel

pose a problematic in cold flow environment due to the high crystallizatitre long chain
hydrocarbon at relatively high temperafidré. Also, in food industry, the crystallisation and
deposition of fatty acid derived dairy food andkaty pose a critical problem to the food

processing and properties of the final produét

1.2 Definition of Wax and Wax Deposition

Waxes are essentially mixtures of long chain hydrocarbons knovalkames wit carbon
numbers ranging fromalto 65 2° N-alkanes are the simplest saturated hydrocarbon having
the molecular formula en+2, Wheren represents the carbon number of thalkane.
Generally, ralkanes aranajor constituents of crude oil, typically comprisingg® wt % of
crude oit* %% Wax has a density of ~0.8 g/émnd a heat capacity of ~0.140 W/(m.K). At
reservoir conditions (@50 °C and 800Q5000 psi equialent to ~ 5061000 bar), ralkanes
with carbon numbers less than 10 typically exist in the vap@epimasubsea oil pipelines and
all other nalkanes with carbon numbers as high as 65 will enter the pipeline in the liquid
phasé® 3L As the crude oil leaves the reservoir and enters the pipeline, the solubility of n

alkanes drastically changes as a functioteafperatur& 3237, Several mechanisms farax



depositionhawe beenproposed in literature, among them, molecular diffusion explained in

Figure 1.4 is believed to a predominant mecharnisih 38 3%

________________ Pipecenterline ______ | > Precipitated wax crystals (solid)

Oil flow
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Figure 1.4. Schematic of molecular diffusion asmechanism fowax depositiortakenfrom

Huang et atl.

Moleculardiffusion suggests that the wax transported from the reselvdlissolved As
the bulk fluid is subjected to a radial temperature graduethia pipeline, crystallization of wax
occurs at the pipeline wall where temperature drops below the crystaflizainpeature of
the wax. The critical temperature at which t
Temper at ur e o oallizavdA af the walk eesults rinyassinaller concentration of
liguid wax near to the pipeline wall in comparison ttee bulk 0il°. The subsequent

concentration gradient betwed¢he bulk oil and the deposition surface induces molecular



diffusion of liquid wax from the bulk oil to thpipeline wallresulting in an incipient layer of

wax depost. The mass flux of wax can %Ymefollenst i mat e
— 0 — Eq.1.1

where,& m is the mass of wax deposih is diffusion coefficient of soluble wax moleculés,

is the waxconcentration and is the radial coordinate. Afteh¢ initial layer of wax deposit,

the boundary of the bulk fluidecomes the surface for wax deposittorence, further wax
precipitation results in deposit growth. As oil is constantly pumped through subsea pipelines,
liquid-phase alkanes continue to diffuse promoting the lupldbf wax depositThe wax
deposit oil interface temperature aehesthe WAT due to the insulation effect of the wax,

decreasing therefore the heat transfer driving force

1.3 ResearchNovelty and Opportu nities

Given the economic impact of wax depositiosubstantial research effort has been devoted
in the literatureo theoretically understand and practically model wax deposResearchers
have studiedvax deposition using simplified pilsicale labratory tests in well controlled
conditions, with an attempt to manipulate tinain parameters affecting wax deposition: wax
concentration,@gmperature gradient, flow rate, presence of impurities etc. Laboratory testing
equipment is categorized as: i) flow through systems arshich systems. A typical flow
through system (knowas a flow loop) consists of a feed vessel, pump andlpge test
section which is jacketed for coolant flow. Fllarough systems can provide temperature and
flow conditionssimilar to pipelinebut ae often expensivdime consumingnd complicated
to run andmaintain Alternatively, the batch system (commonly a cold finger test) has become
a standard test method because of its small volume, good control of thermal conditions and

ability to rapidly sceenseveralparameters. However, the cold finger method is often static
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anddoes not consgl the effect of flow on the wax depasit. To overcome thémitation of
the cold fingerthere has been various adaptations to introduce fluid sheare researchers
induce flow in acold finger device by using a stirring magnetic fl@ar animpeller:

42 However while fluid flow is inducedn the improved cold finger, thélow is not
representative nor compared ttee pipe flow environmentOther researche®**>*4studied
wax deposition under more realistic flow camatis by developing a cold finger with a couette
flow. Waxdepositiorrates were shown to better represent data (comparisondorthentional
cold finger method) obtainedsing a pilotscale flow loop. However, the wax deposition is

formed on the outestationary wall, in a region of low fluid shear stress.

Recognizing tk test method limitation, the current study developed a novel cold finger
method wherein the inner cglier rotates (axially) and is chilled simultaneously. Thisupet
allows wax deposito form in the region of high fluid shear stress and underdedihed flow
conditions. The new cold finger method is ¢c:
controlled temperature gradient and wedfined hydrodynamics at the deposition ao&f

allowing rapid screening of test parameters, with low cost anahmal testing time.

Reviewing the literature, the effect of flow remains urstedied which promotehe need
of providing greaer understanding. While most researchers agreed ooraa$e in the mass
deposit with flow rate, they give different expléna of the underlying phenomen@ome
researchers attribute the decrease in the wax deposition ovithdte to the change in the heat
and mass transfer with the fl6%’. The heat transfer wasquen to changander flow in both
the cold finger and flow loop experiments. The change in heat transfer (whether by an increase

in the cold surface temperatlt€® or a decrease in the bulk oil temperatf® “°due to the



convective heat transfer betwetre cold surfae and the hot flujdleads to decrease in the

thermal driven force responsible for wax deposition.

Shear removal asloughing causing a sudden removal of a layer of the deposit is another
justification for the decrease of the wax depadth flow rate” 4. Sloughing is originated from
the drag force appligoly the fluid to the wax particles adhering to the cold surface and it occurs
when the shear stress overcomes the cohesive and adhesivefftinieeslkanevax molecules
to the surfac®>. However, to the best of our knowledge, none of the researchers was able to

visualise sloughing during the wax deposition experiment.

Giving theambiguity of the dect of flow rate on wax deposition, the CRF was a custom
built designed technique to further investigate that effect and delimitating the contribution of
both the heat transfer and sloughing on wax deposition. The study was takentfuaibsess
the efect offlow on wax inhibitorsperformancen the flow regimes where the wax deposition
is led thermally or mechanically as well. While most studies focus on the mechanism of wax
inhibitors depending on their structure or the crude oihpaosition, very fewstudies

invedigated the effect of shear on the performance of wax inhiffitéts

The CRF couldhot be usethoweverto investigate the kinetics of wax deposition within the
first minute (the first incipient lgers) and thesffect of inhibitors on the formation of the
incipient wax layer on a cold surface. And despite the fact that wax deposition is an interfacial
problem, little attention in the literature has been dedicated to the surface processes that occur
in conjunction with wax deposit formatioli. Therefore, significant uncertdin exists

concerning the mechanism of incipient wax depositioheavery firststage and the deposition



of the first wax crystal on the metal surface. To allow further understanding of the mechanism
of the incipient wax deposit on a metal surface and the working mechanism of inhibitors, a
Quartz Crystal Microbalance (QQ techniquewas developedQCM is a surfacesensitive
instrument used for assessing film properties. Researéhievestigated the propertiesf
incipient wax layers using a QCM. It was propogédtthe incipient wax layer is formed by a
nucleation mechanism or surface adsorption. However, experimental conditions were
isothermal, and therefore not representative of thermodynamic conditioosmtedavith wa
depaition in subsea pipelings To imitate heat transfer isting in a pipeline, the QCM used

in this study featuresl@eat tansfer acrosthe quartz crystal. The QCM h#we unique ability

to determine the mass of wax depositing layers in real time while simultaneously giving

information about their viscoelastic properties.

1.4 ResearchAim and Objectives

The overall aim of thisresearch is tacharacterize wax deposition idifferent flow
environments and to determine the threshold between the thermslbagtingled regimes

and assess their respective contributions.

For this purpose, two custebuilt wax deposition seaips wih well-defined heat transfer
and hydrodynami were developed to simulate the temperature profile and flow in pipeline.
Biodegradablewax inhibitors were also synthesized and tested using the aforementioned

laboratory equipment.

The objectives of théhesis can beofmulated as the following:

10



1- Assess experimentally and theoretically the role of flegimein a cold rotating finger
and decouple a thermally driven wax deposition regime from a shear driven wax

deposition regime.

2- Evaluate the role dsiodegadablewax inhibitors in wax management in the identified

thermally driven and mechanically driven wax deposition regimes.

3- Provide an insight into the mechanism of incipient wax deposit formation and elucidate

the role of dispersant using a Quartz Crystadrobalancetechnique.

1.5 Thesis Outline

In Chapter 2, the literature review on the main parameters affecting wax deposition was
summarized with an emphasis on the gaps to be addressed. The effect of flovagate w
investigatedand the ambigity of the effect of flow regne/rate on the decrease in wax
depositionwas addressed’ he mathematical models describing and predicting wax deposition
based on heat and mass transfer were critically assasseell as the models considering the
effect of flow in terms of sloughingAlso, the wax management using wax inhibitors was

summarizedvith the main commercial wax inhibitors and their performances reported.

Chapter 3 was dedicated to describe the different experimental techniques used and the

specfic materals and methods werdescribed specifically in each chapter.

Chaptedd was dedicated to thesignand characterizatioof the CRFas a cell to study wax
deposition in a dynamic systeniihe cell was then tested usingnadel solution chosen

(dodecane andh-alkane wax @o-Css) and tested using a rapid screening and optimized
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experimental matrix called Taguchiaguchi study was followed with more systematic test to
emphasizethe effect of rotational speed on wax deposition. Chagteconcludes by
highlighting the controversil effect of theCRF rotational speed on wax deposition and

introduce chapter 5 as a study fully dedicated to this subject.

Chapter5 was dedicated to decouple the effect of flow in terms of heat transfer and
sloughing on wax depositio The CRF was opetiag up to a relatively high rotational speed
(700 rpm) and mass deposit, wax deposit composition and temperature profile of tbié bulk
were measured consequently. A mathematical model based on molecular diffusion was then
elaboratedo predict the masseposit in the specific geometry of the CRF and fitted over the
range of flow rates used. When the model failed to fit high rotatepesds, it was modified

to introduce the sloughing mechanism at high rotational speeds.

In Chapterg, in the same contéxf studying the effect oERF rotational speed on wax
deposition, screening of inhibitors at different rotational speeds was undertiafiitors
synthesized out of biodegradable materials, ethylcellulose, were testedthe CRFBoth
the mass andhe chemical composition of the wax deposit were assesshifierent rotational

speedsorresponding to both thermally driven and slonghiegimes.

In Chapter7, the wax deposition at early stages was investigated using a QCM waith he
transfer acrosie quartz sensor. The QCM was modified to allow a coolant fluid to flow from
the back of the quartz sensor and a hot fluid to circulatieeotop of the sensor. Wax deposition
was then studied by varying the heat transfer across twezgerystal and coparing the

frequency shift to the resistance change at different conditions. This study allows a new insight

12



into the understanding of theherent interfacial phenomenon associated with wax deposit

formation.
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Chapter 2 Theoretical Background and Literature Review

2.1 Synopsis

In this chapter, the current literature on wax deposition experiments and modelling will be
summarized. The effect of temperature and heat transfer as a main driving force for wax
deposition is presented and thentroversial effect of flow is also discess Current models
based on molecular diffusion mechanism to predict wax deposition are presented with an
emphasis on the sloughing models where possiblelit€Enature also review highlightsthe

different type®f wax inhibitorsas well and their mechanism.

The literature review shows a gap in the understanding of the effect of flow rate on wax
deposition. While researchers agree on the decrease of the wax deposit mass with higher flow
rate, they attribute thislecrease to eithethe change in heat transfer in the system due to
enhanced convectiaor to sloughing due to a higher wall shear stress. However, none of the
researchers were able to delineate the threshold between both efifietts observethe
sloughng. Mathematical modelling of sh a phenomenon was therefore mostly based on heat
transfer (or molecular diffusion) and few models introduce the sloughing as a contributor for
wax deposition prediction. The wax management using wax inhibitor also Idokthenental

understanding of #aworking principle of these chemicals under flow rate

2.2 Effect of Operating Temperatures onWax Deposition

To begin with, it is important to distinguish between the two phenoii@eaipitation and

deposition. Precipitationis a necessary, but not suffemt condition for deposition.
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Unfortunately, this issue seems to be a bit confused in common parlance in the oil industry.

Precipitation is, sometimes, incorrectly referred to as depogition

Wax precipitation is simply a thermodynamic phenomethaiis observed when the fluid
temperature is reduced below thecstled WAT>®'. As the flud temperature is further
reduced, more waxes precipitate out of solution, possibly leading to a point where the fluid

loses mobility due to gelatici¥ %8

Deposition is a result of the temperature gradient between the cold wall and the hot oil where
wax crystallizes on the surface leading to a concentration gradient framikhte the wall.

This mechanism is already explained as the molecular diffusion.

It has been shown by several researchers that two conditions must be met for wax deposition

to occur. These conditions are:

1. The oil temperature near the wall must be lothan he wax appearance temperature

(Toit < TwaT)
2. The wall temperature must be lower than the oil temperatuse<Toi)

Experiments performed with no radial heat flux{il=Tot) or an fi nwar do he

> Toil) have shown ndeposition taccu®®,

On the other handhe minimum size of the nucleus in wax crystallization, where it is

sustainable and capable for furtherwtio, is givenby the following relation:
i _ Eq.2.1

with Y'Y w0 "Y Y Eq.2.2
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where, ly is the molecular healf the phase changg,the interfacial surface tension. As it
is seen fronkq.2.1andEq.2.2,the temperature is a determinant factor in the reduction or the
increase of the critical size of faas and therefore in the probability of the formation of wax
crystal$®. Besidesth®&VA T, known al so as tihcharaiteripedbydvop oi n't

temperatures defined as follow:

Pour point the pour point represents the temperature of gelation undercsiadiitions.
In another words, it is the lowest temperature at which therduel will continue to flow,

thatoés the viscosity has not increased or it

Gelation temperaturethe gelation temperature is the temperature lathwthe fuel
becomes so viscous that i all byfiggaeity sooby pumping wi | |
through the oil lines. The gelation temperature is closely related to the pour point except that
the gelation temperature is also function of the steggplied on the system. The pour point is

the gelation temperature at izen rate for a system where no stress is appligd

Over the past few decades, many-¢gble experimental studies have been carried out to
study the effect of temperature on wax deposition. €ffect was tudied depending on the

following operatingemperatures

The temperature gradient between the bulk oil and the cold surface;

The temperature of the bulk of the oil;

The temperature of the cold surface;

The cooling rate.
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2.2.1 The Effect of the Tempeature Gradient between theBulk Oil and the Cold
Surface (4|

Molecular diffusion is regarded as the most prevalent deposition mechanism. In this

mechanism, the mass flux of the wax molecules at the interfackemaisit (from the oil

towards the depo3i(O — ) represents the loss of wax from the oil to

form a deposit. Among the parameters in the mass flux, the concentration gradient

(— ) can be approximated by apply thechain rule and using two parameters: the

radial temperature gradient—( ) and the solubility gradient—). The radial

temperature gradient has been the focus in previous studies where the therngafahoe has

beenconsidered as the major parameter to explain the temperature effects on wax d&position

62

Some researchers believed that the overall temperature difference between the hot crude oll
and the clwler surrounding is the governing factor for wax aipor?® 48 %3 Some other
researchers have proven that a higher overall temperature difference does not necessarily
correlate to the extent of wax depositidvihile ssmeresearchershowed the deposition rate
to increase as the temperature differential incre&s®d*® %6 other shoved the opposite

conclusiorwherethe deposition rate decrease the temperatudifferential increased % ¢/

To explain these contradictory results, the temperature gradient must be seen as the extent
between the operating temperatures and the WIKE larger the (WATTcoid) or the (Tbuk-

WAT), the higher the deposition ré&te®® °

17



2.2.2 The Effect of the Temperature of theHot Oil
According to Bi &nhesbulkamperathre tan luetchamdesizetioy

main conditions explainetielow:

- Hot flow (Toux > WAT): it refers to the case where the wsplvent nixture
temperature is higher than the WAT, where the thermal driving force is not sufficient

and the wax molecules are hard to crystallize in the bulk.

- Cold flow (WAT > Tou > PPT(pour point temperatu)k it refers to the case where
the waxsolvent mixtre is at a temperature below its WAT and above its PPT. The
heat transfer driving force is sufficient and the solute wax molecules crystallize. In
pipelines, the crystalizediax remains suspended in the flowing oil and formed a
slurry that is transportetthrough pipelines with no deposition of solids. Under cold

flow, the wax deposit mass decressgth the decreases in oil temperature.

Figure 2.1 shows schematically the proposed structures of aoMawrixture at the various

cited temperatures.

Figure 2.1. Schematic of proposed structures of a ww@mixture at various temperatures.
Temperature is greater than the cloud pobjtfemperature is just below the cloud poicjt;
temperature is between the cloud point andghlation temperature) temperature is just

below the gelation temperatusakenfrom Singh et af?.
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In hot flow conditions, whereplikx> WAT and molecular diffusion is the main deposition
mechanism, many researchers studied the effect of changing the bulk temperature while
keeping the cold temperature constant. All results predicted a reduttif@deposition with

increasing oil tempature at a constant coolant temperafafeFigure 2.2)52 64 7673,
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Figure 2.2. Comparison of deposit thickness as a function of oil temperaikeafrom Huang
et al®2

Quan et al* ®studied the wax content and carbon numbetridigtion in deposit under
different bulk oil temperatures and constant coolant temperature. Results show that the increase
in the bulk oil temperater under constant coolant temperature leads to the increase in the
dissolving ability of higher carbon numbcomponents in bulk oils. Hence, the concentration

of wax molecules with high carbon chain length increases in the deposit.

Many researchers invégated as well wax deposition under cold fi6wit has been

suggestedhat cold flow isan alternative technologipr decreasing solids deposition. Some
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patents deal with the remediation of wax deposition by operatidgrwold flow conditions
where a wax slurry is generated, precipitat
crude oil and will not adhere todlwalls™ "6 Bidmus and Mehrotfdcomparehe two sets of
deposition experiments col d powthadepositimasst pow
increased with a decrease i n Hokeeer, the depositr e t e

mass decresed with a decrease in the mixturenpeerature under. col d pow

2.2.3 The Effect of Temperature of theCold Surface
Many scholar®: 48 7 ™havestudied the effect of the coolant temperature under constant

bulk temperature on wax deposit and carbonrcleangthdistribution.
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Figure 2.3. Comparison of deposit thickness as a function of coolant temperajssig; While

Toi was maintained constant at ZDtakenfrom Huang et af?.

Results show that experiments with lower coolant temperature strengthens the driving force
of the wax molecules flusion from the bulk oil to the cold surface and improves of the ability

of wax molecules to precipitate on the cold surface, hence, the wax deposition in¢céases
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Figure 2.3). However, the decrease in the coolant temperatlow the low molecular weight
wax to crystallize. This leads to a wax deposit with ligttentage dbw carbon chaitength

WaX78—83.

2.2.4 The Effect of the Cooling Rate

Theeffect ofcooling rateon wax deposition was studied in the literature with respect to its
effect on the crystallization of the wax. First, cooling rate has a major effect amnysial
guantity,shape and sizé. has been claimed thatghier cooling rates resutt the precipitation
of smaller and highly populated wax crystals, creating a large number of nucleation
(crystallisation) sites; On the other hand, the crystallisation process is believesidwéeat
lower cooling rates leadg to the formation of meruniformlylarger wax crystal formatidfy
8 Figure 2.4 shows the wax crystal size as a function of temperature and cooling rate of a

waxy mixture, inferring that small crystals are formed at higher cooling rates.

1000
900 1 o CR=1°C/ min - MO 14
800 &~ CR =05°C/ min - MO 14
5 700 { o |
- % é ~O- CR=0.1°C/ min - MO 14
> 600 | _
@ 500 ] A ?
£ 400 |
£ \
S 300 - 3 {* 18
2l iy
100 R
SO0y
0 : : ;
25 275 325 375 425

Temperature, °C

Figure 2.4. Crystal size evolution with temperature and cooling rate variations of a waxy

mixturetakenfrom Soedarmo et &F.
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Besides, cooling rates Yabeen discussed to have an effect on the WAT and the gelation
temperature. While some researchegs Singh et a? claim that ooling rate does not affect
the cloud point ai is a molecular phenomenon but it affects the gelagéoperature of wakx,
a number of other experiments ciomf that the WAT of a waxy mixture decreases with
increasing the cooling rate. This change in the WAT is attributed to the effect of the cooling
rate on the supersaturation of the waxy solution tyreesponsible of the formation of the

first wax crystag*2: 90 9

2.3 Effect of surface on wax deposition

To perform a mechanistic study of wax deposition, cold surface properties should be
investigated as a majparameter affecting wax deposition. As stated before, wax deposition
requires the cold surface temperature to be less than WAT with a negative radial temperature
gradient. However, the intensity of wax deposition is also highly dependent on the affinity o
wax to the pipe surfaé® Theoretically, one offe most effective method to eradicate wax
deposition in subsea pipelines is to prevent conditions that promote the phenomenon on the
surface itself, i.e. wax repellent surface. Hence, the niche to synthesigghelziz pipeline
surfaces has been a targatffow assurance engineéfsTo date, industrial efforts to identify
effective antiwax surfaces have largely focused on existing materials and surfadecatauh
techniques, and have proceeded via a#materror methodology. In order to provide a current
perspective of the development of wapellent coating materials, staiéthe-art surfaces
used or tested for paraffin deposition control are sunaediin the following section as well

as afundamentalinderstanding of the adhesion mechanisms invétved
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2.3.1 Surface materials: Adhesion theory

In the oil andgas industries, internal tubular coatings are commonly used to prevent
corrosion of pipelines by carbon dioxide, hydrogerphide oxygen, chloride, and acidic
components. In the same perspective, an appropriately designedvalheoating for a
pipeline can effectively reduce wax deposition without retarding oil production and causing
financial losseslt is important to note however, surface materials must comply with other
property requirements relating to integrity, corrosion, abrasion and chen@taéss to certify
long-term operability?. Furthermore, pipeline surfaces need to be resistant to other deposits,

for example asphaltenes and sc&les

Researchers and industries have used a range eftickrand antadhesive coatings to
inhibit solid-liquid deposition phenomena. The literature summegompases several different
types of materials, from metal surface treatments to synthesized pd§mysre 2.5 shows
the mass deposit reduction as a function of three different coatings used: epoxy, polyurethane,

and Teflon PTFE.
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Figure 2.5. Mass of wax deposition per unit area depending on various coattotddingers,
adapted from Juan ef3l

Polyurethane coating, the most effective one, has a high wear resistamtgoantproved
roughness characteristiaadthermal insulation propertielt is widely used in theil industry
to control wax and scale deposition. Epoxy, is the most widely utilized coating to prevent the
corrosion of pipelines and has been suggestesha&ffective coating to control wax deposition
due to its the low free surface energy. PTFE (Pulyfieoroethylene) Coating is expected
reduce wax deposition because it has a characteristic fluoropolymer that exhibits a low free

surface energy®.

The physicalproperties of coatings that influence waxhasion aresurface wettability,

roughness and thermal insulafién
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2.3.2 Surface wettability

During crude oil transport and paraffin deposition on pipeline, the interaction fetkgedn
crude oil and pipeline surface plagms important role in paraffin deposition and friction loss.
The regular pipes, which have high free surface energy, can adsorb firmly the paraffin, asphalt,
etc., in crude oillt was postulated that treanount & wax deposition for a given temperature

difference decreases with decreasing free surface eaerg$)

In their work, Zhang et &° studial the influence o$everakoatings, such as polyvinylidene
fluoride (PVDF), silicone rubber, methyl acrylarene copolymer (MAS)polyurethane
(PU), epoxy resin (EP), on paraffin deposition prevention. The wettability characteaistics
the contact agle between coating surface and crude oil were measured. The wetting
characteristics of the surface have a sigairft influence on the amount of paraffin deposited.
The low surface energy of fluoroethylene polymer, silicone rubber and methyl actytatee
copolymer coatings, can increase the contact angle and decrease the steel surface wettability
against crudeib® The wettability differencef the coating would be related to their surface

composition, functional group and surface dedéity

2.3.3 Surface roughness

Research suggested that wface roughness had a pronounced effect on the amount of
deposit®. Surface roughness refers to the extent of the fine embosses on a sncfaesing
the roughness on steel and plastic surfaces has been shown to increase wax deposition, likely
resulting from the addition of heteraggous nucleation sites as wellsaagstrate where wax
deposition can take plaeResults obtained from an investigation performed by PattorPet al.

indicate that wax does not adheoethe pipe wall but is held in place by surface roughness
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and/or irreglarities. The smoother the surface, the more easily the embryonic deposit would

be removed from the surfae’s.

2.3.4 Thermal conductivity

Thermal conductivity refers to the property value for the amount of thewonaluction; a
low thermal condectivity for a coating can maintain the temperature of the inner wall of the
pipeline throughout the whole section. This leads to a decrease in the thermal driving force

between the deposition surface and the bulk oil, whscproportional to the rate ofax

deposition.

Figure 2.6a shows the effect of the thermal conductivity of 4 different coating on wax
deposition andrigure 2.6b shows a graph that presents the amount of wax deposition

comparedvith the thickness polyurethane coating
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Figure 2.6. a) Mass of wax deposition per unit area depending on thermal condub)ivitgss

of wax deposition per unit area depending on coating thickness for polyurs¢dkanefrom
Jung et af?,
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Results indicate thavax deposibn reduces as coating thickness increases and thermal
conductivity decreases. Jung et al. stated that theromaluctivity and coating thickness are,
of all the properties of internal hular coatings, the most influential factor in the changes

relating b the amount of wax deposititn

2.4 Effect of Flow Rate onWax Deposition

The effect of flow behavior on wax deposition is subject to controversiais$ism between
researchers at both theoretical and experimental levels. Until now, there has been no final

conclusion about the mechanism by which the ftegimeaffect wax depsition°.

2.4.1 The Shear Dispersion as aDepositionM echanism
Brown et al*® reported that the rate of wax deposition by shear dispersion is expected to be

governed by the following equation:
i @16 Eq.2.3

where k is the deposition rate constantjsthe volume fractio concentration of solid wax

at the wall, A is the deposition area, &nig the shear rate.

Theoretically,Eq. 2.3has been uskin the literature as a model for shear dispersion
mechanisth However, Azevedo & Teixeifanote that for oil flowing in a pipeline, the
concentration ofdid wax is highest at the wall and lowest in the bulk liquindse. Thus, the

natural direction for shear dispersion is away from the pipe wall.
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To understand the contribution of flow on wax deposition, several sthdes been
conducted in wax depositi loops under zero heat flux conditi®ri& In these studi oil and
wax mixtures were pumped through pipes, having inlet temperatures below the cloud point.
The pipe wall was either maintained isolated or le¢phe same temperature as the fluid, so as
to guarantee that there would be no heat flux from thetavéttle fluid. Under such conditions,
it was expected that solid crystals would be present throughout the flow and available for
deposition. Since theelat flux is zero, there can be no means for the molecular diffusion
mechanism to act. Also, since thes@o radial heat flux and, consequently, no radial diffusion
of liquid wax, there will be no concentration gradient of solid particles close to thevaih
Under zero heat flux conditions, the deposition would only be possible due to-edloeed
medanism, such as shear dispersion. All the experimental results available in the open
literature, however, have shown no deposition under zero heatdhuoitions. Researchers
have then concluded that the shear dispersion is not relevant to the depdsitioncrystals

but rather contributes to the decrease in the mass of the wax 8eposit

Undersimilar heat flux in most cases whereuttiple shear rates were studied, it was found
that, contrary tdeq. 2.3, the deposition rate decreased with increasing sheacfatégure
2.7)°% 99101 This decease in the wax deposition is refered to either the change in the heat
transfer across the deposition surface or the effect of sloughing that remove wax layers at a
relatively high shearate. Below is an extensive summary of both phenomena reporteal in th

literature.
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Figure 2.7. Comparison of deposit thickness as a function of the oil flow rate with constant
coolant and oil temperaturéakenfrom Lu et al?’.

2.4.2 The Effect of Flow on Heat Transfer

Many studies intuitively attribute the decrease of wax deposition with shear to the change
in the heat and mass transfer with the fldlve heat transfer was proven to change under flow
in both the cold finger anddw loop experimentsFor instance,a evaluate the effect of the
flow on wax deposition in a cold finger device, Bidmus and Metoparformed an
investigationabout the temperature change with rotational speed with several thermocouples
mounted in the bulk solution. The results show that, for a fixed cold fingerbalk
temperature, the temperature of the bulk decreases with increasing the shear rate due to
convective heat flux from the bulk solution to the cold finger. In their studies, Jerandgs
Weispfennid® observed an increase in the heat transfer from the cold finger with stirring speed
which leads to decrease in the bulk temperatdresimilar trend is observed in cold disk
experiments reported by Wu et?@l At higher flowrate the temperature difference betn
the bulk solution and the cold dislecreasesThis detriment effect is responsible for the

decrease in the wax deposition as the thermal driven force is weakened.
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Other research groups have made similar observations with flow loop deposition tests as
well'®4 Foglerandcavor ker s deMiet bipganiWae Predictoro (
this trend byanalyzingthe growth rate of the wax deposit in a series of flow loop experiments

from first principle$’. They stated that the change of the flow rate has three main effects:

Effect 1: An increase in oil floends toprovide a smaller boundary layer and a steeper

radial concentration profile, thereby increasing the masq¢fukigure 2.8).

Effect 2: Anincrease in oil flow causes more hot oil to be pumped through the pihe a
thus, leads to an increase in the temperature at the deposit interface. This increase in the
interfacial temperature causes the diffusivity at the interface to increase therelagimg the

mass flux.

Effect 3: An increase in oil flow results in @mcrease in temperature at the interfécfe
Figure 2.9), which leads to a higheoncentration of dissolved wax molecules at the interface.
This increase in interface concentration decreases the concentration differenea (C

Cinterfacd, thus decreasing the mass flux.
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At isothermal conditions, a faster deposition rate is observed with an increasing flow rate
because only effect 1 plays a role ireafing the radial mass flux. However, in the case of wax
deposition, which occurs under nmothermal conditions, the existence of effects 2 and 3
delineates how the interaction of heat transfer and the solubility curve can alter the conclusions
from isohermal conditions, which can result in the counterintuitive effects of the flow rate on

the growth rate of the wax deposit.

Indeed the rise in forced convection associated with an increase of rotation frequency
contributes to a steeper temperature peofat the liquid solid interface. This has two
antagonistic effects on the rate of wax deposition. First, the diffusion coefficient of alkane
molecules increaseshich has a positive impact on deposition rate. However, the rise in
temperature will increashe solubility of alkanes at the wax interface, this detrimental effect
for wax deposition is often regarded as the most influential input parameter for wax deposition

modelg?3 47 62
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Figure 2.9. Interface temperatures as a functairtime for various flow rates at migskction

of flow loop takenfrom Singh et af®.

2.4.3 The Effect of Flow on Sloughing/MWax Removal

Wax deposit is inevitably subjected to the shear forces due to the flow of the oil. While the
flux from thebulk to the wall causes deposition, the sloughing effect makes part of already
deposited wax to break fre&zevedo & Teixeird pointed out that shear dispersion may play
a role in wax deposit removal, which would affect the rate at which waecules
accumulatesThe thickness of deposit layer with sufficiently low mechanical strength can be
limited by sloughing. Sloughing is originated from the drag force applied bfjutideto the
wax particles that may overcome the adhesion. In particular, the removal of wax deposit by

shear forces becomes significant under turbulent flow conditions compared to laminar flow

Oﬁ:81, 102106.

Lu etal* stated thathe t er mi noelaorg yr eonfoviad d referred ei
continuous retardationinthebuldp of t he deposit by the fluid

to the sloughing that causes the sudden removal of a layer of the deposit, especiallgun the
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regime with réatively high Reynolds number$he possible explanations are either that the
increasing shear stress makes it more difficult for new wax molecules to adhere to the already
existing wax deposit or that the shear stress removes pdins alfeady depositewax'"’. If

the gel is formed statically, the crystalystal interactions that aiaitially weak havethe
opportunity to grow in strength and eventually gel, but this formation does not happen as easily
with the presence of a shear stress. In this situation, more wax crystals are needed to form the

necessary interactions to form a gehich would requirea lower temperature.

Besides, sloughing is believed to occur when the shear stress overcomes the cohesive and
adhesive forces of trekanewax molecules to the surf&@&. Sloughing is belieed to be a
function of a combination between both the operating temperature and sheafFsingsand
Mehrotrd® stated that at low temperature, the reduction rate in thickfesgposit layer would
not be obvious even at a large wall shear stress. But when the oil temperature and wall
temperature are increased, the wax layer was eindekigh rate up, with a lower shear stress.

For this process the temperature plays a kkyin sloughing. It is possible that the results are
related to the adhesion of deposit layer. With the increase of operating temperature, part of the
deposit lagr becomes soft and accordingly the adhesion stress declines. In this case, any soft
or loosedeposit layer would break down even if the shear stress at theligoiid interface is

not too large.

2.4.4 Effect of Flow Rate onWax DepositComposition
Further irvestigation on the effect of shear rate on wax deposition was undertaken by
analyzingthe wax deposit carbon chain length distribution usingFHEQZ. GGFID results

show a change in the chemical malgeof the deposit with shear ralZeposits oldined unde
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increased flow rate conditions were found to be harder, with higher solid content and lower
solvent or oil contenfcf. Figure 2.10)!® 31.42.48,70. 16810 pegjdesas the shear rate increases,

the percentage of low molecular weight wax decreases.

These results can be explained by three main scenarios:

First scenario concerns thieet of flow in terms of applyig a shear stress on the deposit
layer. With increasingtress, the oil liquid fraction of the deposit is squeezed out of the wax
deposit reducing both the total oil content as wethasoncentration of low molecular whig
already dissolved in the tragg oil Besides, the shear stress may lead to renudwedx from
the wax deposit. However, this removal may be selective. The higher the wax chain length, the
higher the totavan der Waals intermolecular forces and thghar the wax lattice energy.
Hence, with low molecular weight wax, the cohesive foraeslow enough to be overcome by

a shear stress at the interface of the wax layer.
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Figure 2.10. Wax content of the dge&leposit as a function of time for various flow rataisen
from Singh et af®
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The second scenario concerns the aging processi#tydte enhanced by théfect of flow.
The change in the chemical make can be explained hifie counter diffusion of lighter and
heavier constituents within the deposit, as proposed by Singh’. With the wax deposit
thickness being reduced by the flow, the temperature gradient across the wax layer increases

leading to a higher counter diffusion of wax within the gel layer inducing a higheroméent.

The third scenario corens the effect of flow on the temperature of the deposit suiffaee.
increase in the coolant temperature increases the dissolving ability of wax molecules and the

amount of low carbon number wax molecules dissolved arthendold stface increasé$ 3t
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2.5 Modelling Wax Deposition

A number of mathematical models has been developed in the litetatulescribe and
predict wax deposition. These models are mostly based on molecular difiestbianism and
have amain aim to predict the wax deposit thickness. The aim of this part of the literature
review is to write a comprehensive analysis of thlmentals of transport phenomena used
to derive wax deposition models and the use of moledliffusion mechanismas the

descriptive phenomena for wax deposition.

2.5.1 Basics ofWax Deposition M odels
The first two questions to answer and understand deepdyebderiving a wax deposition
model are questioned and answered by the pioneer group inathdeposition modehig,

Fogler group, in the University of Michig&n
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- What form of wax deposits?

- How wax deposits?

Wax present in the oil has two fornts. (Figure 2.11): Dissolved wax and precipitated wax
in suspension in the oil. Ofi¢se two types of waxvhich is the source for wax deposition at

the pipewall?

Pipe centerline

Dissolved wax

molecules
AAANAAANAAANAAAAAAN

Bulk oil o
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Precipitated wax particles

Deposit .J L _‘ :
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Figure 2.11. Schematic of the two types of wax that could potentially cause wax deposition

takenfrom Huang et atl.

This question was intensivebtudied between the980s and 2000s. During the early stage
of such investigation, the wax deposit formation mechanisms initially proposed by Burger et
al38and discussed earlier in the introduction, are based on the diffusion of either theediss
wax in the bulk oikolution or the prapitated wax in suspension in the oil solution. Molecular
diffusion mechanism states that wax deposition is due to the diffusion of soluble wax to the
cold surface, on the other harghear dispersion, Browniadiffusion and gravity s#ing
mechanisms atbute the wax deposition to the suspended wax molecules already precipitated
in the solution. However, the later mechanisms based on the diffusion of precipitated wax were

quickly identified to have insignifant impact on wax deposih and it was geneltg accepted
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that the molecular diffusion, based on diffusion of dissolved wax, is the main mechanism for
wax deposition. The precipitated wax crystals formed away from the wall do not seem to
contribute to théormation of the wax degsit but rather flowvith the oil to form a suspension

in the fluid mixture. Molecular diffusion was therefore used to model wax deposition in many

StUdieég’ 19, 11%113

Identifying molecular diffusion as the iprary mechanism for ax deposition, one can

answer then the second question: how does the wax deposits based on molecular Hiffusion?

Molecular diffusion mechanism attributes thiax dgposition to the diffusion of the dissolved
molecules of the waxy components toward the wEltle wax deposition depes on the
magnitude of the radial diffusion of dissolved wax through the boundary layer towards the cold
surface. This rate of diffusion determined by heat and mass transBasides the radial
diffusion of wax, it was found that@unter diffusion ppnomenon, in which wax molecules
diffuse into the gel deposit and oil molecules diffuse out of the deposit, is responsible for aging
as well The aging rate of the gel deposit depends on the wall temperature of the pipeline as

well asthe flow rate of theil°.

The molecular diffusion consisté 4 steps schematizedkiigure 2.12:

Step 1: Precipitation of dissolved wax molecules.

Step 2: Generation of radial concentration gradient of dissolved waxy components.
Step 3: Deposition of waxy components on the surface exkiagting deposit.

Step 4: Internal diffusion of waxy compents in the depostt
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Figure 2.12. Schematic of the wax deposition proctseenfrom Huang et atl.

2.5.2 Wax DepositionAlgorithm

Figure 2.13 shows the general algorithm for wax deposition modelling. The algorithm is
based on molecular diffusion mechanism and consists mainly of two stepslculation of
the heat transfer and related hydrodynamicsharacterizehe temperature proélin te
system; and the derivation of the mass growth rate through mass transfer calculations. The

main input of this algorithm are the operating conditions and oil properties.

: Input: : : Mass growth:
| Operating conditions ! - Mass transfer calculation
' and oil properties ! '

: Temperature profile: :
: Hydrodynamics and heat i
1 transfer calculations

Figure 2.13. General algathm for wax deposition modehdopted from Huang et &i.

Although models in the literature are based on the same algorithm scheme, however, the

difference reside mainly in the approach used to calculate the heat and mass transfer and the
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link between them to derive the masswgtto Three scenarios shall bensderdhere for wax

deposition:
(1) no precipitation of wax molecules in the oil until they reach the interface;
(2) instantaneous precipitation of wax molecules;

(3) slow precipitation of wax molecules.

These three smarios form the basis deposition models in the Literatuigased on these
3 scenarios, 3 different approaches used to model wax deposition in the literature as well as an
example of each model from the literatwi be discussedThe approaches anldet example

models to be dicussed are the following:

Scenario 1: The Chilte€olburn analogy approach: Example: Singh el al. model for wax

deposition under laminar flow in flowop'®.

Scenario 2: The Solubility approach: Example: Venkatesan and Fogler model for wax

deposition under turbulent flow in flow lo&.

Scenario 3: The wax precipitation kinetics approach. Example: Michigan Wax predictor

wax deposition modelling in flow loop under laminar and turbulent*ftew

2.5.2.1 Balance of theGel Layer
To cakulate the heat andass transfer, an energy and mass balance must be derived at the
wax deposit interface. The convective flux of wax molecules to the gel degdasiterface

has been formulated using the following mass and energy balances
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Energy balance (temperature profile):

Rate of change of temperature across the gel deposit = radial convective heat flux from the

bulk to the fluidgel interface

¢riQy %Y — Eq.24

whereri is theeffective radius of a pip&Q the inner convective heat transfer coefficient, T
the temperaturef the bulk, Tthe temperature at the interfacey i$ the temperature on the
wall, Ris the radius of a pipéQ is the thermal conductivity of the wax depdsit.Figure

2.12)°,

Mass balance (Growth rate):
Rate of change of wax in the gel deposit = radial convective flux of wax molecules from the
bulk to thefluid-gel interface
¢‘i 0" — ¢iQo6 6 Y Eq.25

where'O is the wax fraction in the deposit, is the density of the wax depos®, is the
inner convective mass transfer coefficiert, is the bulk concentration of waw, is the

solubility of the wax®.

In order to solve these heand mass transfer equations, the inner convective heat and mass
transfer coefficientQ and"Q must first be calculated. The calculation of the mass and heat

transfer define the approach used and its limitation.
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2.5.2.2 Scenario 1: The ChiltonColburn Analogy: Example of Singh el al.Model for
Wax Deposition Model under Laminar Flow

In two articles published in thChE Journal in 2000 and 2003%ingh et al., have explored
the wax deposition phenomenon using laboratory 4lmeps, and developedraathematical

model to predict the deposition under the laminar flow retjirfe

In order to estimate the transport rates, the famoustheaa n s f e r  a nGaol | obguyr nAoC h i
equation was used. The Chilt@olburn asumes an independent heat and mass transfer where
the Nusselt number is equated to the ReynafdsPrandtl numbers as
06 M8t vPoi” Eq.2.6
The mass transfer coefficient is calculated basedhe analogy between heat and mass
transfer using the analogous correlation for mass transfer hefmre the Pr number was
replaced by the Schmidt number Sc:
"Q 181 ¢6E YD Eq.2.7
Accordng to this analogy, the heat and mass transfer coefficients are calculated as follows

with Koil is the oil thermal conductivity:
Heat transfer coefficient:
Mnm — Eq.2.8

Mass taensfer coefficient, where [ is the diffusivity of the wax in the oil.

~

0 — Eq.2.9

Excellent agreement with the experimental data was found in the laminar flow regime where
theheat and mass transfer correlations used in this model are independent of each other. This

correlation for mass transfer above assumes that bulk precipitatismaioeccur during mass
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transfer. This decoupling of the heat and mass transfer neglecpsettipitation of wax
molecules in the oil phase and corresponds to Scenario (1) for molecular diffusion. However,
work has shown that for turbulent flow conditidhgs assumption is invalid. In turbulent flow
conditions, the heat and mass transfer arend®#pendent because there can be significant
precipitation of wax molecules in the oil phase. The precipitated wax particles do not deposit
on the pipe wall butather flow with the oil. More importantly, the precipitation of wax reduces
the amount of dmlved wax molecules in the oil that can be potentially transported to the wall
and deposit. Therefore, this approach of using independent heat and mass titdNBF@r (
correlations ( al sGolburmamalogy") averestintates tibe@dépbsitetet o n
by assuming all the wax to be dissolved in the bulk solution and available for diffusion and

deposition on the cold surface.

The Colburn analogy is a wekhown analogy for predicting the heat and masmsfer
coefficients in turbulent pipe flowHowever, this analogy is not applicable for predicting the
mass transfer rate in turbulent flows, where the concentration field is correlated to the
temperatureiéld. During the wax deposition process, the temperature gradient is directly
responsible foestablishing the concentration gradient as explained earlier. Thus, these fields
are not independent. The concentration boundary layer thickness is not indépenthen

temperature boundary layer thickness.

As a result, the heahass transfer analogys described earlier is not expected to hold.
Hence, an approach based on solubility to derive the-treassfer coefficient was used later

on for wax deposition naelling.
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2.5.2.3 Scenario 2: The SolubilityApproach: Example of Venkatesan and FogleiM odel
for Wax Deposition underTurbulent Flow in Flow Loop

Because heat and mass transfer occur simultaneously in the boundary layer, the wax
concentration profile is stronglynfluenced by the temperature protité When the
temperaturdalls below the cloud point temperature, precipitation of wax molecules occurs in
the thermaboundary layer. In order to take into account of this dependency, Venkatesan and
Fogler proposéd*a solubility method to calculate convective mass transfer rate when there
is a dependency between heat and mass trafbBemass transfer is dependent on heat transfer

based on the solubility of wax&T) as follows:

06 TI¢YE®P 0id Eq.2.10

S . Eq.2.11

The term on the rightand side oEq. 2.11is the slope of the wax solubility curve (C vs. T)
at the interfacéemperaturéSolubility curve is shown irfrigure 2.14). An assumption made
in taking this ratio is that the system is at thermodynamic equilibrium, that is, the kinetics of

alkaneprecipitation are much faster compared to the transport rates.

By combining the Nusselt number with the solubility of wax aswshin Eq.211, this
approach calculates the mass transfer rate (i.e., the Sherwood number) assuming that the
concentration of wax in the oil follows thermodynamic equilibrium with the pretapitsolid
wax particles. This assumption indicates that dumadial transportation, all the super
saturated wax molecules will precipitate instantaneously in the oil and form particles when they

reach a region where the temperature falls below the WA&sé precipitated wax particles
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will flow with the oil and nolonger contribute to deposition, which corresponds to Scenario
(2) as discussed in the previous secttrany timet, the Sherwood number can be calculated

using the tangent of the solubilityrve at the interface temperature multipliedytiy/oC.

However,byovepr edi cting the precipitation rate,
the remaining dissolved wax molecules in the boundary layer of the oil. These dissolved wax

molecules can eventually reach the wall and deposit. Therefus approach provides the

lower bound of the deposit thicknéss

Wax precipitation curve Wax solubility curve
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Figure 2.14. Conversion from the wax precipitation curve to the wax solubility ctaken
from Huang et at!
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2.5.2.4 Scenario 3: TheWax Precipitation Kinetics Approach: Example of Michigan
Wax Predictor Wax Deposition Modelling in Flow Loop under Laminar and
Turbulent Flow.
One of the primary limitations of the previous predictive deposition models is the

assumption ofhe complete absence of kinetic limitations in the rates of incipient gel formation

and deposit buildip**®,

Given these upper bound and lower bound provide physical limits of deposition modeling,
a depodion model that falls between these two bounds and accounts for the kinetics of the
precipitation of wax in the oil phase (Scenario (3)) is stdeded to better describe the
deposition phenomena in turbulent flow conditioMéeglecting crystallization kietics
considerations may lead to predictions of wax deposition in cases where a stable gel cannot
form, resulting in unnecessary capital expamdiss related t@lkane waxremediation and

control systems.

To quantify the effect of precipitation kinetics on wax deposition an upgraded deposition
model called the Michigan Wax Predictor (the MWP) was developed by Huang'&tal.
The MWHP first evaluates the heat and mass transfer lsinganumerically the following

equations.
Heat transfer:
Ww— -—1 - | — Eq.2.12

where Z is the axial coordinate, r is the radial coordinateeddy thermal diffusivity and

| thermal diffusivity of theoil.

Mass transfer:
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b— -—i- ©O — Qb6 & Y Eq.2.13

where - eddy mass diffusivity.

The last term on the rigitand side oEq. 213, accounts for the rate of precipitation of wax

in the oil, where kis the precipitation rate constant.

2.5
kl)recil)itation = 0 (no precipitation)
2.0
kprecipitation = 1.4 57! (kinetic precipitation)
1.54

1.0 .
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Figure 2.15 The impact of wax precipitation kinetics in the oil flow on wax deposition
predictedby the MWPtakenfrom Huang et atl.

It can be seen ikq. 213 that the precipitation rate constant, etermines the effect of
precipitation of wax molecutein the bulk oil on wax deposition. It should be noted that if no
precipitation of wax molecules occurs in the dik heat and mass transfer equatiegs212
andEg. 213 are not related; thus, the model reduces to the IHMT model agpgszbound
prediction. As kincreases and approaches infinity, the wax concentration becomes close to the

thermodynamic equilibrim concentration, &(T), which represents the lowbound
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solubility model(cf. Figure 2.15). The precipitation rate constan{@&r equivalently the growth
rate of wax nucleus in supersaturated solution) is Zeéh itemperature of oil is greater than
the WAT. When the otemperature is lower than the WAT, it is assumed that nucleation occurs

over a short time and the size of the nuclei quickly reaches the critical nucleus size.

2.5.3 SloughingModelling
There have éen several attempts made to empirically estimate the sheé#fenfy Some of

the widely cited models are listed below.

2.5.3.1 Kern and Seaton (1959)
The One of the earliest and widely used expression of shear removal modelling was based
on the fouling modebdf Kern and Seaton (1959). Kern and Seaton suggested that rate of

depositdés shear removal ( mr)ty)iams dgpasibtipcnedsi on a l
(S).
ai 0 T Y Eq.2.14

where Kz is a proportionality constant

2.5.3.2 Nazar Model (2001)
Nazar et al*® enhanced Kern and Seaton expression of fouling and proposed that the
removal rate() is proportional to theeposit massX ), wall shear streqs ), and inversely

proportianal to the wax deposit strength)( as follows:

o — Eq.2.15
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where "Q is a proportionality constant.

In this malel, aging (internal diffusion) was considered to be directly related to the
sloughing mechanism and was implicitly considered in the modelling through a parameter

called (Q)

Q — 8 Qv Eq.2.16

where Aiand Bare constants which depend on the

temperature difference across the wax deposit.

This model showed a good agreemwiih experimental data in laminar flow conditions.
However, he results of the model under turbulent flow conditions was only assessed
gualitatively by using some parametric studies, as no detailed experimental data is available.
fik:0 was considered corasit and is equal to 0.01, assuming that the sloughing effealy a

function of the flow hydrodynamics.

2.5.3.3 Tulsa Model (2004)
TUWAX was modifiedby Hernandez et al° by adding a shearemoval term to the
deposition model as follows:
O 0O p O 0 Eq.2.17
where U is thenet mass flux directed toward deposit growths theconvective mass flux

from bulk fluid to the interfacea) is theshear e mo v a | fl ux, Oisthsewam f unc

fraction in deposit.
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The shear removal term was considered to be constant with time, as the mechanism is not
yet fully understoodtiwas recommended to better understand this term to study its depende

as a function of shear stress, Reynolds number, and fluid viscosity.

2.5.3.4 Edmonds (2007) & Pan (2009)
This model is also a modified version of k&@aaton modef° incorporated the finding
found by Venkatesan et aP! that wax gel yield stressight be proportional to the mass

fraction of the wax layer raised to the power 2.3%) to the model, as follows:

5 Eq.2.18
whereg] is the deposit thickness, and k is a parameter

Panetal’?’added a parameter (U) to Edmonds equat

. Eq.2.19

This model was used when wax deposition rates estimated by molecular diffusion
overpredicts the experimental results, in which shear removal may not be neglected. However,
tuning seems toebimpossible to avoid, due to insufficient information in the literature about

shear removal or sloughing mechanism.

2.5.3.5 Huang et al. Model (2014)

Wang and Huan® ?*have developed a uied wax deposition model suited for most of
crude oils based on both theoretical analysis and the loop simulation of nine typical crude olls,
which explicitly incorporatedhe impat of shear stress near the pipe wall (at the solid/liquid
interface) on wax.
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o ppt & - - — Eq.2.20

where W is the wax deposition ratd, is the shear stress near the pipe wall. The shear
stress of the Newtonian fluid under turbulent flow can be calculated by the following equation
based on a turbulence correlation of the Darcy/Fanning fraction factor with the Reynolds

number on a smoothe:
t  t&T pTYP — Eq.2.21
If the flow is laminarthe shear stressan be expressed as:
T = Eq.2.22

where ‘ is theviscosity of tie crude oil, which can be determined by interpolation for the

viscositytemperature profile.

dC/dT is the change of dissolved wax concentration with respect to temperature near the

pipe wall and dT/dr is the radial temperature gradient thesgpipewall.

As stated abovemolecular diffusion is indeed the key mechanism that controls wax
deposition, but an accurate quantitative description of wax deposition also needs to take the

effects of shear stripping into account.

Wax deposit is inetably subgcted to the shear forces due to the flow of the oil. While the
flux from the bulk to the wall causes deposition, the sloughing effect makes part of already

deposited wax to break free.
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Simulating the wax removal by the shear forces can improgeunhderstinding of the
physics of wax deposition, thus help in the design of appropriate operation stratdtpmnand

improving chemicafs?

2.6 Wax Management

The petroleum industry practices several remediation strategies for managing wax
deposition. These are generally based on mechanical, thermal and chemical technologies.
Economic costsdr executing these technologies increases dramatically with ocean'8lepth
However, these technologies must be carried out to maintain flow assurance. One of the most
common methods of removing a wax deposit is through flowline pigging. This method employs
a mechanical pig, which scours the pipeline walls removing \epegit. Failitating pigging
requires significant forethought planning in the design of subsea pipelines and this strategy
may force subsea operations to shut down for several days, leading to significant production

losses’.

Thermal management involves the active heating or insulation of subsea piptliftds
can prevent wax from crystallizing to eliminate deposition altogethewever, this strategy
is often expensive and may not be practical, especially when transporting crude oil over long
distance¥®. Selecting an economically viable strategy is therefore central to subsea oil
recovery.A description of the chemical technologies, relevant to my thesis, will be discussed

herein in more detail.
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2.6.1 Chemicallnhibitors

As a result of their intrinsic siplicity, chemical inhibitors are an attractive remediation
technique for managing wax depasitin subsea systedisAlthough these technologies may
rarely eliminate the phenomenon altogether, the rate of deposiéin be reduced by high
percentag®. Improving their effectiveess further requires representative testing in conditions

closely matching to those in thelfi.

2.6.2 Types of Wax I nhibitors

In general, chemical additives can be categorized into different géottps

2.6.2.1 EVA Copolymers

EVA copolymergcf. Figure 2.16a) are comprise of chain of polyethylene (PE) polymers
copolymerized with Vinyl Acetate (VA). The effectiveness of EVA resides in the
complementary work of both the PE and the'¥A°. First, the nospolar alkyl chain (PE) of
the inhibitor interacts with thalkanewax, then the inhibitor co crystallize with wax into leng
chainalkanewith a polarity moiety end tail of VA. The VA creates a steric hindrance that
interferes with the alignment of new incoming wax molectilé®’ Besides, VA is a polar
compound consisting of 2 short alkyl groups and two active oxygen atoms. Molecular dynamic
simulation displays strongan der Wals interaction between the oxygen and the aliane
33,131 This will increase the solubility of wax and reduces the WAT. Significant relevance is
attributed therefore to the VAoatent of EVAS 127128 At low VA contents, EVA has higher
crystallinity potential and may crystallize out of the solution above the WAT acting as a
nucleating agent. At high VA content, the copolymer interacts with wax through co

crystallizaion and/or adsorptidi? 133
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The combtype EVA polymer consists of a polyvinyl babkne with different pendant alkyl
chains® 134 Compared to EVA, the crystallineayp of EVA are contained with the polymer

backbone making the comb gmlymer stronger inhibitors than EVA®

a b
R
Q. Q
Y 0 6)
|

o R

Figure 2.16. Molecular structure o) EVA, b) MA adopted fronBilly et al 33 126,136

2.6.2.2 Maleic Acid Comb Co-polymer

Comb copolymer¢cf. Figure 2.16b) are generally synthesized from one of two classes of
monomers, (meth) acrylate esternoaleic acidor both. In those copolymers, the alkyl side
chains interact with thalkanewaxes whilehe ester group interrupts wax crystal growth. The
length d the pendant chain in comb copolymer is the most crucial feature. A compatibility in
length between the alkyl pendant chain andalkanewax increases the efficacity of the wax
inhibitor, a sinilar length achieves an optimum inhibitn'3*14L, The longer the length of

alkyl chain, the higher the solubility of copolymer in the structuralianewaxZ 126, 142146
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2.6.2.3 Crystalline-Amorphous Polymers

Crystalline amorphauinhibitors(cf. Figure 2.17) have polyethylene crystalline group (PE)
and amorphous moieties such as polybutylene (PB) or polyethylene propylene (PEP)
The presence of two ngwolar groups (crystalline ngpolar group andraorphous notpolar

group) presents an exception case he standard structural characteristics of the wax

inhibit0r§3, 136, 147, 148

Crystalline amorphous polymers sadsemble into a micelée structure with a
crystalline core and amorphous brushes surrourtdmgore. The formed micelle may interact
with alkanewaxes through nucleation effect andagstallization, resulting imore abundant

albeit smaller wax crystals.

Self-Assembly
("hairy" plate)

Figure 2.17. Generic structure of thepolyethylenepolyethylenepropylene (REEP)
aggregates. The crystallization of PE forms extended platelets, while the PEP hairs form

brushes on both sidéskenfrom Lim et al*°,
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2.6.2.4 NanoHybrids Pour Point Depressant

Nanoparticles exhibit potential applications in polymer modification due to unique size,
high surface and quantum size effect. Research has been performed on the preparation of
polymeric nanocomposites via disgersof polymeric hanocomposites into polymer phase.
Compared with pure polymers, nanocomposite have an enhanced effect on reducing wax
deposition. The enhanced performance may be due to the following possible mechthlisms:
change in nucleation (the naraspcles serve as dispersed nucleation sitesgrygstallization
(the incorporation of nanoparticles into the wax crystals hinders their growth), or the adsorption
of nanoparticles on the surface of wax crystals (whmollulates or hinders the growth ofxv
crystals). In the presence of nanoparticles, the crystallized wax was found smaller and more

dispersetf®,

2.6.2.5 Surfactant

The conventionadurfactants are also known as waspersant. Similar mechanism between
surfactants and polymeric inhibitors are shown in many stbitifesBasically, the adsorption
of the wax dispersant molecules to the growing wax crystals impededgloenagation of
wax crystals and thermation of a tidimensional structure of wax. The hydrophobic chain is
responsible for the interaction between the surfactant and the wax chain and the hydrophilic
moieties hinder the crystal growth. The effectivenekshe surfactant increases witheth

increase in the hydrophobic chain length.

2.6.3 Mechanism ofWax I nhibitors
The mechanism of wax inhibitors was extensively explored in various stti¢fed® The

wax inhibitors are widely recognized for inteifey with the crystallization process of the wax
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(cf. Figure 2.18). A combination of interactions between the wax inhibitorsalkdnewaxes

involving nucleation, adsorption and solubilization are relevant.

Figure 2.18. Modification process of the paraffin ctgswith the polymeric wax inhibitog)
chemical structure of waXy) crystal shape of wax structure), crystal structure of growing
wax lattice,d) polymeric wax inhibitors with wakke componentse) co-crystallization of

wax inhibitor, and) stericaly hindered wax structureakenfrom Lim et al**°.

Despite the fadhese additives clearly work, there is an incomplete understanding regarding
the mechanisms which underptheir functionality. Dependent on the temperature of the

medium, the following mechanism may interfere.
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2.6.3.1 Nucleation

The molecules of both wax andhibitors undergo the nucleation process. The wax
molecules precipitate out from the oil phase belowctiorm crystalline nucleus (of a critical
size); thus, prompting the formation of a larger compound, specifically the wax crystal.
Meanwhile, the hily molecular weight of the inhibitor propels the crystalline nucleus te self
assemble into a miceHée aggregate exhibiting a crystalline core and soluble hairy brushes
surrounding the core. This eventually creates more subcritical nuclei, which reduce

supersaturation and prompt the formation of smaller wax crystals that remain stable in the oil

phaSéZG, 148, 151

2.6.3.2 Adsorption (co-crystallization)

The inhibitor cecrystallizes with wax molecules or adsorb on growing surfaces of
precipitated wax crystals. Adsorption of the inhibitor into wax crystals disturbs crysteig
of the waxcrystals or alter the morphology of growing crystals and delays the formation of

threedimensional crystafg 134 135 15256,

2.6.3.3 Solubilization
The van der Waals interaction between the polymehain and the wax increases the
solubility of wax in the crude oil, improves the dispersion of tiny wax crystals and eventually

reduces the WA 126 145,154
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2.7 Conclusiors

This chapter was dedicateddommariz and present the statd-the art researchn wax
deposition in production pipeline. The focus was mainly on the effect of operating parameters
such as temperature of the bulk oil, the cold surface andoibieng rate.The controversial
effect of flow re@imes on wax deposition was emphasized as well, stating therefore tha gaps
the literatureo be addressedVax deposition modelling was summarized wiflo@us on the
molecular diffusion models as it is believed to be the main governing mechanismxfor wa
deposition. A listing of the sloughing models and tthaiogress through literature was

undertaken. Finally, wax inhibitorgere described with their types and mechanisms.

From the literature review, the effecttemperatur@perating conditions is wetstablished
where generally, the increase in thet oil temperature or the cold surface temperature
decreases the deposition raldne temperature gradient is the main driving force for wax
depositionand it can be seen either as the extent betwedmthand cold temperature or the
extent between the WAT and the hot or cold temperature. Both temperature gradients should
be taken into consideration while analyzing temperature effect on wax depogditiertooling
rate was found to affect mainly thoeystallization process, making it slower or faster and
therefore affectingignificantly thecrystal size and thappearance of the first wax crystal in

the oil and the WAT.

The effect of surface was also evaleghia terms of three main parameters: scef
wettability, roughness and thermal conductivity. It has been demonstrated that high surface
free energy promotes wax deposition by increasing the adhesion forces between wax molecules

and the surface. Roughness on the other and provides sites otiondieawax tostrongly
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adhere to the surface. Thermal conductivity was evaluated as a crucial characteristic of the
surface as it controls the temperature driving force at the surface and the cooling of the bulk of

the oil.

The effect offlow regimeandflow rate on wax deposition was studiaith conclusions
stating mainly the decrease in the wax deposition with the increase of the flow rate. However,
the mechanism underlying tisbange in the wax deposition with the change in flow iglgoo
understoodWhile some researchers attribute the decrease in mass depusitienincrease
in the heat transfer in the deposition systeith @nincreasan the solubility of the wax at the
deposition interface, others attribute the decrease in #ssdepositionto sloughing due to
the removal of wax layers by shear stress applied on the deposition surface by the shearing

fluid. None was able to deteat show a sloughing effect though.

For the modelling of wax deposition, the focus was on thensamn of wax depsition
model based on molecular diffusidrhe moded consider eitherraindependent heat and mass
transferand succeed to predict wax deposition in the laminar flow regime or consider a
dependent heat and mass transfer for the predicfiarax depositia in the turbulent flow
regime. Models in the literature were furthemproved by applying the kinetic of wax
precipitation in the deposition model all along with slo&ubility curve. The effect of sloughing

was introduced in some modelsvasil.

Wax inhbitors were describeds a mean fowvax management. Literature shows thatsin
wax inhibitors contain a nepolar moiety and a polar moiety. The Apolar moiety is an alkyl

chain that cecrystallize with thealkanewax, while the polar mety alters thenorphology and
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the growth of the wax crystal. Prior to selection of a wax inhibitor, it is necessary to analyze
the carbon chain length and the molecular weight of both-¢biagn saturate@lkaneand
selected inhibitor considering that mastlymeric inhbitors emphasis on their compatibility

with thesealkanechain. Moreover, it is imperative to critically explore the selectivity of the
inhibitor depending on the composition of the crude oil is also recommended to seek for a

cleaner with sraller molecule®r nontoxic, biodegradable inhibitors.
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Chapter 3 Experimental techniques

This chapterintroduces the many experimental techniques used throughout the study to
characterise waxy model solution, the wax deposit and the syndinelgierformance studpf
wax inhibitors. The chapter is designed to provide theoretical background on the techniques
used whe further specific details on the experimental methodsugeteproducibility are

provided in the relevant materials and methods of eastlts chapter.

3.1.1 Avantium Crystal 16

A turbidimetric technique was undertaken to measure the WAT using AvantiutalClr§s
system. Avantium Crystal 16 is a multiple variable temperature reactors of 1 mL scale and
applied the turbidimetric technique to éet cloudy and clear points of a solution associated
with crystallization and dissolution phenomenon Fefjure 3.1). As seen irFigure 3.1a, this
automatic crystallisatio equipment can hold 16 (4 x 4) standard HPLC glass vials (11.5 mm
diameter, flat bottomed, 1.5 mL volume). It has 4 parallel units containing 4 individually heated
aluminium reactor blocks. Each unit can be heated and cooledazlibgtry a combinatiomf
Peltier elements and a heater. Crystallisation and dissolution temperatures were analysed
according to the solution turbidity profile as the temperature at which the transmission deviates
from 100 % due to the appearance of fmststals or the transission starts to increase from
0% to 100 % meaning the dissolution of soli

used to program and run each reactor block individually at specific operating corgfitions
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Figure 3.1. a) Apparatus of the Avanim Crystal 16p) C16 vial with laser beam detecting
turbidity of the solution. Specification of the Crystal 16: Temperature rarfge 150 (°C),
with temperature accuracy of 0.1 °C, heattogling of 0- 20 °C/min and stirring speed of 0

i 1250 rpm takn fromTechnobis Crystallization System&bsite®".

The experimental procedure consists of preparing 16 samples of 4 different concentrations
of wax and dodecane. The prepared solutions were then induced in the 1 mL scale transparent
vials with mini magnetistirrers. The prepared vials were set in the @aB in a way to have
4 different concentration on each block. A pttgrmal heating segment is then programmed
to detect the onset temperatures of dissolution and crystallisation by heating up and cooling
down the process. As an example, in this expemimthe heating cycle was first increased to
60 °C, above the expected dissolution temperature and then decreaséiwhi@h is below
the expected crystallization temperature. Additionally, constanirgpldas applied to the top
and bottom temperatufer an hour to ensure complete homogenization of the solution. The
four heating and cooling rates used were 0.5, 1, 2 &rdin for 4 model solutions with 3
sequences of cycle repeats to obtain repeatginhlity data. It should be noted that constant
stirring was applied to all vials at a speed of 700 rpm. This stirring was found to give good and

repeatable data on this specific equipment. A typical profile as obtained from Crystal 16 using
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poly-thermal method is displayed irFigure 3.2 highlighting the heating/cooling cycle
(temperature profile) and the transmission percentage (Turbidity). The temperature at which
the transmission falls from 100 % ¢®nsidered & the crystallization temperature and the

temperature at which the transmission is above 0% is considered as the dissolution temperature.
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Figure 3.2. Poly-thermal profile for temperature andamsmissionagainst the time for
measuring the cloud and clear points of the solution.

3.1.2 PE Clarus 500 GC/FID

Gas chromatography/flame ionisation detection (GC/FID) is a powerful technique for
separating, identification and quantification of the components in a mixtuie used for
analysis of organic liquid samples. This GC is fitted with arca@omn injectorand high
temperature column. It is set up to perform a number of standard liquid fuel tests including
carbon number analysis, simulated distillation, gasoimeengine oil and glycerol and

glycerides in biodiesel.
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Figure 3.3. a) GC/FID - Perkin Elmer Clarus 500 G@ol equipmenb) Diagram of the FID
measuring principle adopted from British Standards Instifitinstrument: Perkin Elmer
Clarus 500, column: Perkin Elmer Elite PS1 HT, columntlentpbm * 0.53 i.d., 0.15 pm film
thickness, Carrier gas: Helium, Rlaate: 12 mL/min. Temperature: 86, heat at 20C/min

to 350°C. Sampling rate: 1.5625 pts/s.

The measurement utilized by the FID is the ionization of organically bound carbon atoms
in a hydrogen flame. The ionization current measured by the FID deperide number of -C
atoms of organic compounds burning in the fuel gas flame, the form of bonding (straight chain
or branched chain) and of bonding partners. The response factor igiarfusf the specific
design of the detector and the adjusted opegatonditions. The main advantage of the FID is
that it responds strongly to organic carbon containing components and less to other inorganic
flue gas components (such as CO,.C0, HO). This technique also has a very good limit

of detection (partper-billion to low partspermillion level).
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Figure 3.3 shows the operational principle of FIDs. FIDs are comprised of a sample inlet,
hydrogen fuel inletcombustion chamber, and electrodes that provide the electric field and act
as an ion collector. The decomposed sample is vented through a chimaegteXie FID
measures electric current generated by the ions. Samples can be introduced into anr~ID eithe
directly or through a GC column. Hydrogen, air, and sample vapor are mixed in the combustion
chamber and burned. Because of the high temperatutes dfydrogesrich flame, organic
substances in the vapor are decomposed to hydrocarbon fragments ampg @nderies of
reactions including thermal fragmentation, cheomization, and ionic molecule and free
radical reactions to produce the charged geor ions. The quantity of ions produced is
proportional to the number of reduced carbon atoms prest flame and hence the number
of molecules. The ions move along the electrical field toward the electrodes where current is

produced when the ionstthem. This signal is then sent to the electronic signal proc¢ésor

159

Following the standard test method, ASTM D2887, the calibration was performed by
injecting known mixtures afi-alkanes (Supelco 0407XML, C8-C20; Supelco 04071ML,
C21-C40) to find the retention times, which are used by the data processing method to split the
chromatogram into ti med Figuser3)oTihe anea undex eachd s e g m
sggment is found and calculated as a percentage of the total area of all the identified segments

to give the carbon chain length distribution of the sample.
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CCL |Start time |End time
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Figure 3.4. Example of wax Chromatogram indicatiggaphically retention times and timed
segments of Carbon followed by a table for retention time for Carbon chain length presented

in chromatogram.

3.1.3 Rheometery

Discovery Hybrid HR2, manufactured by TA instruments is a rotational shear rheometer
used inthis study to determine the flow properties (viscosity versus temperature) of the model

solution and its WAT under flow experiment.

Viscosity is the mechanical property of fluids whidepends on the interaction between
molecules tending to resist flowluids with viscosity independent of shear rate are called
Newtonian fluid such as water and solutions of single phase low molecular weight. Fluids with
viscosity strongly depends oretghear rate are categorised asNewtonian and the study of
their béhavior is called rheolod{® 6%
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Hence, rheology is the study of flow and deformation of made Deformation and flow
are referred to as strain or strain ragspectively, and indicate the distance over which a body

moves under the influence of an external force, or sffess

A rheometer is a precision instrument that contains the material of interest in a geometric
configuration, controls the envirorent around it, and applies and measures wide ranges of
stress, strairand strain raté? The rheometer and the geometry usedimstudy can be seen
in Figure 3.5. All the tests have been carried out using elti® Concentric Cylinder

temperature system with DIN rotor and standard cup geometries.

b c

Lower Cup Geometry
Contains Sampie

Piatinum Resistance
Thermometer (PRT)

Peltier Hoating Elements

Heat Sink Fluid Jocke!

Heat Sink Connections

DN T O P Smar Swap™ Base
DIN Rotor & \x o :

Standard Cup

Figure 3.5. a) The TA rheometer used in the current study with (1) the rotational equipment
containing all the mechanical parts including the force transducer, and (2) Peltier element for
temperature control; it accommodates the housing fawotlating part (i.e., inrmecylinder);b)

DIN standard bob geometry and a standard cupcamdcloseup of the Peltier Concentric

Cylinder temperature system taken from TA instruments wébsite
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Concentric Cylinder geometries are commonly used for testing low viscosity fluids,
dispersions or any liquids that are palle into a cup. The ogentric cylinders geometry is a
Couette flow geometry where the inner part is rotating while the outer housing is kept

stationary. TC geometry was chosen to conduct this study because of the following:

- It provides a large surfa@ea to detect ansieasure low to medium viscosity of the

waxy model solution at high temperature.

- While the Vane and cup geometry provides larger surface area and higher sensitivity to

low viscosities, it may create a secondary flow that interfere witimsasurement.

- TheTC geometry provide a good host for the waxy solution especially at temperatures
below the WAT, where wax crystallize, and the solution exhibit a change in phase.
With a cone and plate geometry, the crystallizing wax may get out ofethmedry

leading toerrors in measurements.

- Itis capable to generate a heating/cooling to the solution with minimal evaporation and

loss of light component due to the use of sealing on the top.

The viscosity of model solution as a function of temperatare be described g the

following Arrheniustype equation:
S Yo 4 Eq.3.1
where  is the viscosity, A is arouneblx 10%, Ea is the activation energy typically in the
range of 1680 KJ/mol, R is the universahg constant and T is the temperafir@he model

solution exhibits a Newtonian behaviour above the WAT and aNswtonian behaviour

below the WAT due to the precipitation of wax.
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The rheometer is able to delineate the temperature at which the model solution dewiate fro
the Newtonian behaviour depending on change in viscosity as seiguiia 3.6. The WAT is

a function of the wax composition, the cooling rate and the presence of adglitives

U — Actual viscosity
Extrapolated based on
Arrhenius equation

WAT T

Figure 3.6. WAT measurement using the rheometer and Arrhenius equation adapted from

Huang et atl.

Using a rheometer, the model solution is cooled from T > WAT to T < WAT using a constant
coolingrate between of 0.5 and@Q/min and under constant rotatiper reciprocal secoffd

The first deviation in the viscosHgmperature curve is considered as the WAT.

The rheometer requires a sufficient amount of wax 8Bwt%) to crystallize in order
for the heat effect to be detectabBesides that, the change in the slope igr&tion of the
composition of the wax. A narrow range of carbon number will crystallize in a narrow
temperature range and give a sharp slope. However, a broader range of carbon number is likely

to give a graduaslopée.
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3.1.4 FTIR Thermo iS10
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Figure 3.7. a) FTIR - Thermo iS1() schematic of interferometer taken from Sunt>Y.

Fouriertransform infrared (FAr) spectrometry Thermo iS10 shown kigure 3.7a is a
technique that allows the analyst to investigate the functional groups present in a sample. The
attenuated total reflectance (ATR) sampling accessory is used for performing most analyses
quickly and easily without involved sample prepamatidKBr disc. The technique is relatively
quick and straightforward to perform but the interpretation of IR spectra is a science in itself.
Generally, both quantitative and qualitative analyses can be conducted using IR spectrometry.
In our study, FTIR wau®d to verify the etherification of the ethylcelullose by identifying the

presence of a new alkyl group in the ethylcellulose molecule.

The technique involves placing a sample on top of a diamond crystal (which has a high
refractive index) embedded in astiesssteel disk, called the DuraDisk. An infrared beam
from the spectrometer passes through the crystal and penetrates slightheisample to

permit analysis of strong infrared absorbing solutions. Ideally, when the targeted chemical is
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present irthe sample, IR absorption at characteristic wavelengths occurs. The intensity of IR
absorption for those wavelengths changes accordinthe concentration of the targeted
chemical. Signals are sent to the central processor for chemical identificatiaor and/

concentration determination (&figure 3.7b).

Organic molecules are composed of various atoms and function groups that are connected
to each other through different types of bonds. Each of these bonds \ilbeasgecific manner
at a certain frequency that fall within the IR region. When exposkatitation in the infrared
region of the electronagnetic spectrum, chemical bonds may undergo a number of transitions
such as stretching, rotation and vibratieigure 3.8a illustrates some of these vibration modes,

including stretching, i#plane bending, and cwof-plane bending.

In various chemicals, the same characteristic function group vibrates in the same fashion
and absorbs IR radiation of sameduency. Forxample, when the € bond vibrates in the
stretching fashion, it absorbs IR of 2800 to 3000'cihis range is called the group frequency
region. Different structures, however, may affect the vibration frequency of the characteristic

function group, restiing in different absorption characteristics.
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Figure 3.8. a) example of molecular vibration model taken from Sut®*h) the process of
collecting an infrared spectrum in anHH spectrometer (where Sanfers to sample and bkg

refers to background) taken from Thermofisher webSite

This feature makes it pos$e to identify the function groups in a molecule based on the
frequencies absorbed by the molecule when scanned through the entire IR spectrum by plotting
a spectrum of the amount of radiation absorbed against the wavelengibvefp before
placing any ample for scanning through IR, a background should first be taken on a clean
diamond (without any sample placed) in order to eliminate the interference of air and moisture
into the final spectrum. The identification of a substaand its structure can lbdetermined

through matching its IR absorption spectrum with spectra from the databasEgyicé

3.8b)164
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3.1.5 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is a highly versatile desiructive methodologies
for 2D and 3D materials characterizatidBEM is a type of lectron microscope that steaits
electrons onto a target surface and produces an image allowing the examination of the
morphologies (size and shape) of all samples (organic and inorganic materials) on a high spatial
resolution from nanoto microscale. SENMs composed mainly of lersy/stem, electron gun,
electron collector, visual and recording cathode ray tubes and electronics associated with them

(cf. Figure 3.9)1°,

The basic principles underpinnitige use of electron microscopydien the fact that the
solid sample is bombarded with electron beam generated by an electron gun located at the top
of the microscope. The beam travels down a vacuum zone, passes through electromagnetic
lenses and hit theample, resulting in energy loss aharacteristic Xays, backscattered,
secondary electrons and some other photons of various energies. The ejected signals (secondary
electrons, backscattered anera¢s) from the sample are collected by detectors thereaid
are converted into a sigirta produce a final image with a magnification and resolution of SEM

depend mainly on the working distance between the detector and the’$ample
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Electrons

Figure 3.9. Schematic drawing &) the typical Scanning Electron Microscoi&EM) column,

andb) samplebeam interactions within a SEM taken from Waf$€k

The morphology and surface structure of the wax deposit samples was characterised using
a highperformance cold field emission scanning electron rsawpe shown ifrigure 3.10.
It consists of a Helios G4 CX DualBeam SEM made by Thermofisher (formally FEI) with a
FIB attached to it and PP3010T cr«®EM system by Quorum Technologies allowing to take
images under cryogenic conditions. The details of the sample preparatiorpanitnental

procedure are detailed in chapter 4.
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Figure 3.10. Helios G4 CX DalBeam SEM along with PP3010T crgizM system.

3.1.6 Elemental Analysis: Carbon, Hydrogen, Nitrogen, Sulphur and OxygerAnalysis
(CHNS-0)

CHNS-O, a process also commonly knownedsmentabr ultimate analysids used to
guantify the percentage of elements in a sample. The principle of this technique is based on the
PregiDumas mdiod. All CHNS samples are weighted into tstif capsules and oxygen
analysis samples are weighted into silver capsules. The capsules are folded and gently crushed

to fully encapsulate the sample and remove air, then loaded onto the instrumesainaypiier

The Thermo Scientific Flash EA2000 elemental analyser showigiure 3.11is able to
determine carbon, hydrogen, nitrogen and sulfur (CHNS) in suitainhples to percentage
levels using the combustion methdkhe sample is dropped into a furnace at 900n a
continual flow of helium. Pure oxygen is added for a few seconds and the sample burns. The

combustion products pass through an oxidation/reducgantor to ensure they are in the
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correct form (CQ, H.0O, N2 and SQ) to be separated using a gas chromatography column, then

detected using thermal conductivity.

Figure 3.11. Thermo Scientific Flash EA2000 elemental analyser.

The Flash EA2000 is also able to determine the oxygen content. It does this by pyrolyzing
the sample at 106 under helium to release oxygen from the matrix. Tlyger passes over
carbon impregnatedith a catalyst and is reduced to form carbon monoxide, which is then

separated using gas chromatography and detéetéd

The combustion products are removed from the combustion chamber using helium as an
inert gas and they are separated using a chromatographicncaluihare detected on the

thermal coductivity detector (TCD) as an output signal. These signals are proportional to the
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concentration of the individual components in the mixture. The EA 2400 Data Manager, which

is SQL:-based software, was used for data ipaliating and exporting the results.

3.1.7 Thermogravimetric Analysis (TGA 4 - Shimadzu TGA 50):

Thermal analysis is a group of analytical techniques that gives valuable insights into the
physical and chemical properties of a sample. Thermogravimetric an@dggA3 is a thermal
analysis in whiclthe sample weight is monitored continuously against time and temperature
using microbalance in a controlled atmosphere under inert or reactive gases such as such as
nitrogen, argon, air and carbon dioxide. This techmigan be used to characterise any
materials (liquids or solids) that exhibit a weight change (loss or gain) with temperature as a
result of decomposition, dehydration, desorption, reduction and oxidation. T&GAihadzu
TGA 50 was employed in this work tainalyse the thermal stability of wanhibitors.Figure
3.12a illustrates the schematic diagram of the TGA used, which consists of a balance control
unit, mass flow controller unit, furee, loading/unloading samples (pan), and a temperature
programming facility connected with thermocouples. Samples typitdl§0 mg are inserted
into an empty crucible in a size approximately 3 to 8 mm and loaded. The crucible is then
positioned inside &urnace and a heating cycle (s) is applied. The temperature programme
consists of one or more ramp (s) from the initial penature (minimum of 3€C) to the final
temperature (maximum of 160Q) with a typical heating rates 0fZ5°C/min with hold perid

to be added if required.

The output data is plotted as mass of the sample with respect to time/temperature as seen in
the example inFigure 3.12b theanalysis of the data can give the measurement of weight

change between given times or temperature, measurement of the temperature or time at a given
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weight change or determination detonset, end set mmbint and inflection point of weight

change.

Decomposition of Copper Sulphate Pentahydrate

a b
12— Step -13 )
)/ ' mg
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Figure 3.12. a) TGA instrumentb) and example proximate analysis of TGA of the

decomposition of copper sulphate pentahydrate.

3.1.8 Thermal Imaging

Thermal imaging is the production of images by detecting, measuwuaind recording the
thermal (infrared) radiation emitted by objééts The infrared ray is a form of an
electromagnetic wave as well as a visual light or a radio wave. The wavelength band is 0.78 to
1000 em that i s | on g ethan tadicawavevandshe svdvelengthg ewre vy et
classified from the near infred to the far infrared region. The infrared ray is also energy
radiated by motions of atoms and molecules on the surface of object, in case the temperature
of the object is more than absolute zero degree. Thermal imaging relies on the infrared energy

emitted from the measured object due to the motion of atoms and molecules and converted into
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an electrical signal by the imaging sensor (microbolometer) and displayed as a color or black

& white thermal image.

Infrared camera can detect thermal radiation grmbuce colour images, termed as
thermograms. A thermogram contains temperature data, and allows to visualise temperature
differences across the object captured, using colour differences that are related to-a colour
temperature scaldzigure 3.13 shows AVIO's R300SR Series (R301WRAIU-C01) a high
resolution, multipurpose thermal imaging camera used to visualise the temperature gradient
across wax depd#n in the CRF. The camera has an operating temperature range between
T 40 an@fram®Orate of 60 Hz, 640 I 480 pixel

81l4e mnda an acciCt¥ty of N 1

Visual camera

Laser pointer

LED light

Focus rin
g Infrared lens

Figure 3.13. AVIO's R300SR Series camewith a thermogram adopted from Avio webéite
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The method is noeimvasive and nowlestructive, and does not require contact with the
objectexamined. The acquisition of the infrared images is quick and easy to perform; however,
variousprotocols, guidelines and checklist must be followed, for instance, attention should be
paid to the position of the camera, distance of the camera from #net obpturet’®. Figure

3.14 shows the field of view of AVIO's R300SR thermal camera used at different distance.

Field of View (V)

— Spatial Resolution

A of View (H)

Measuring distance (L)

Measuring
distance
(m)

Minimum detectable
Size
(H x V mm)

Horizontal
range
(m)

Vertical
range
(m)

0.1

0.12%x0.12

0.038

0.029

1.0

1.21x1.21

0.38

0.29

10

12x12

3.8

100

121x121

38

29

Figure 3.14. Measuring spatial resolution depending on the measuring distance adopted from

Avio websité™.

Realtime Image acquisition were occurring during wax deposition, while the camera is
positioned on a tripod, at a fixed location of 10 cm, wittaagle of 45 degree to the CRF. The
development of the image processing procedure was performedthsirsgftware InfReC

Analyzer NS9500 Professional.
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Chapter 4 Design and Test of a NewCold Rotating Finger:
Apparatus to Study Wax Deposition under Shea

4.1 Synopsis

A benchtop Cold Rotating Finger (CRF) was developed to sthdyeffect of fluid shear on
wax depositionAn inner rotating cylinder provides opportunity to study wax deposition on
surfaces in the region of high fluid shear stress (and lantiansitional flows). A model
system of linear4alkane (C20 to C45) dissolved in dodecane was used for the deposition tests
and an experimental matrix was elaborated using Taguchi statistical method to test the
functionality of the CRF against the maiarameters affdtng wax deposition. The CRF
resultsshows thatvax deposit mass decreased with a decrease in the wax wt%, an increase in
the rotational speed, and an increase in the cold surface and hot oil temperatuedsnetic
of wax deposition wasontlinear, with an initial rapid deposition (approximately linear)
followed by a slower rate as the deposit mass tends to sseaidywithin 30 min. The wax
deposit mass becomes limited by thermal insulation of the cold surface and not wax depletion.
Thewax deposit mgohology was studied by cngzanning electron microscopy with the static
deposit showing a layered structure (ridges) which diminished at 200 rpm, confirming a

denser, less porous deposit.

4.2 Introduction

Flow restriction in pipes by depasigy wax on coldsurfaces remains a significant problem

in petroleum production, with the mechanism of wax deposition dependent on numerous
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physicochemical parameters. One parameter that is not always representestaiddbsting

is fluid flow and its nfluence on waxdeposition. Flowthrough systems can provide such
conditions but are often more complicated to use and rapid screening is not viable. A typical
flow-through system consists of a feed vessel, pump andlqopetest section which is
jacketedfor coolant flav. Alternatively, the cold finger method has become an industry
standard because of its small volume, good contriiieyfnal conditions and ability to rapidly
screen chemicals However, the method is often static and does not consider the effect of fluid
hydrodynamics and shear on the wax deposit. To overcome this limitation there has been
various adaptations to introduce fluid shear. Jenning and Weispefennig combined the cold
finger and gentle fluid motion by stirring with a magnetic ffe&digher shear stress atfie
transition from laminar to turbulent flow has been achieved byngiwith impeller§® 42

While fluid flow is induced, the fluid stresses are highest at the impeller eddesoa the

depositing surface, the latter best representing the pipe flow environment.

Wu et al. developed atd disk method to attain high shear stresses at the wax deposit
interfac&’. The cold disk was positioned in the outer cylinder wall, with fluid flow induced by
a 2paddle mixer. While the effect of flow velocity on wax deposit mass was studied, the flow
patternin the mixing vessel induced by gaddle mixer is not knowmigo et al*’® modified
the colddisc method and proposed a spinadigc method to study fouling by fat deposits.
The spinningdisc method provided a wellefined flow condition but only attained laminar

flow and a shear stress that varied along the radius of thargpiutisc.

Zougarietaf*devel oped an fAOrganic Solids Depositd.i
deposition under realistic production and transportation condiffdvesmethod consistlof a

rotating cylinder submerged in a cold fluid chilled by an outer cylinder and could mimic
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production conditions in terms of Reynold numtiee (and wall shear stress. Wax deposition
rates were shown to better represent data (cosgueto the cold finger metkdd obtained using
a pilotscale flow loopHowever, the wax deposition is formed on the catationary wall, in

a region of low fluid shear stress.

Recognizing some test method limitations, the current study developetifangel method
wherein thenner cylinder rotates (axially) and is simultaneously chilled. Thisigetllows
wax deposits to form in the region of high fluid shear stress and undedefiekd flow

conditions. The new cold finger technique is termedblel Rotating Finger (CRF).

While developing the CRFEmphasis was placed on designamgl testing an experimental
setup that could meet the following key design criteria:

(1) Accurate temperature control, to ensure testing underdeiiied thermal auditions;

(2) Well-defined hglrodynamics, to allow testing under controlled flow conditions;

(3) Controlled shear at the wall, to enable the study of the effect of flow/shear stress on wax
deposition;

(4) Accuracy and precision of wax deposition measur¢@et characterisation, to ®ire
generation of reproducible and reliable data;

(5) Small sample volume;

(6) Ability to rapidly screen chemicahhibitor performance.

4.3 Cold Rotating Finger: Description and Design of theTechnique

The CRF as shown iRigure 4.1 was designed and developed to study and quantify the
deposition process at different temperatures and rotational speeds. The CRF is an advanced

version of the cold finger where both heat transfer and fluid dynamics are well defined and

83



controlled. Tke CRFs based on a Couette flow; the cell comprises of a central rotating cylinder
and an outer stationary cylinder with the process fluid occupying the annular space. The

rotation of the inner cylinder is amenable to precise control and reproduciblenexal

boundary conditior$*.
b Coolant
Rotary Coupling
Union
Timing Pulley
to Driveshaft
Cold Rotating
Shaft
Jacketed

Beaker

Figure 4.1. Schematic of th@) CRF with the rotary coupling providing effective rotary seal

andb) coolant circulation path inside the rotating shatft.

To replicate subsea conditions in terms @f hieat transfer, a temperaturadjent between
the inner and the outer cylinder is controlled. The outer wall of the sample cylinder is heated
and the wall of the inner cylinder is chilled to act as the wax deposition surface. This design
was based on twiactors: i) for a Couette flow ih an inner cylinder rotating, the flow in the
boundary layer of the deposition surface is very well defined; and ii) the wall shear stress,
which is a parameter influencing wax deposition is highest at the inner rotginger

interface, thus givingraincreased range of operating conditions.
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Jacketed
beaker

Figure 4.2. a) Image of the CRF experimental sgi; b) close up of the CRFK;) close up of
the wax deposit sample.

Table 4-1. Dimensions of the inner cylinder test cell and the outer jacketed beaker.

Inner cylinder test cell
Outer diameter 20 mm
Wall thickness 3 mm
Length 28 mm
Area 1759 mni
Outer jacketed beaker
Inner Diameter 66 mm
Height 21 mm
Volume 300 mL

A doubled jacketed beaker was used to regulate the temperature of the outer cylinder using
a heating bath (CW30, Jeio tech. Inc. Lab compani¢e@mperature range 550°C). However,
controlling the temperature of the inner cylinder was more tioatpd because of the rotating

cylinder. In the CRF, a rotary union and a set of timing pulleys were used to achieve surface
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cooling and rotation. To enablrotation, the inner cylinder and the motor were connected
through a belt and pulley mechanism. &t ef twotiming pulleys and a belt were fastened by

a driveshaft to an overhead stirrer (H&®RQUE Value 100), to precisely control the CRF
rotational sped between 0 and 700 rpm. The pulleys were tightened against the driveshaft and
the rotating fingeby grub screws to limit geometry slip. This setup allowed the inner cylinder

to rotate. Connecting a rotary union to the end of the inner cylinder, flniflaa in and out

of the rotating cylinder as shown kigure 4.2. A Deublin Series (5555094) rotary union

was chosen to provide a seal as coolaptimped via a refrigeration unit. A stationary supply
pipe was attached inside the rotary union to channel pumped coolant down the rotating finger
as shown inFigure 4.2 (length: 150mm, O.D.: 6.35mm). Due to exposure to a range of
solvents, the rotating finger was made out of 316L stak#issd; providing good corrosion
resistance. Using a lathe tool, the diameter of thiadsr was stepped down twic2)-16 mm

and 1611.5 mm. The first reduction in diameter was to prevent the shaft from moving axially
by choosing a diameter for the inner dimension of the two stabilizing bearings. The second step
improved heat transfer ohd deposit sample. A cylindeatdeposit surface was formed from
stainless steel 316L. An X65 carbon steel collar was screwed onto the bottom of the shaft to
lock in place the deposit surface. By designing a removable deposit surface, it allowed for easy
mass measurement and charastron of the wax deposit. Dimensions of the deposit sample
are shown inrable 4-1. A refrigeration unit (Grant LT ecoccol 100, temperature ra@§eo

150°C) was used to control thielet temperature of the rotating shaft. This was chosen based
on its 20 L capacity and 18 L/min flow rate; ensuring reliable thermal stability in experiments

(x0.1°C). The coolant was a Indixture of inhibited ethylene glyt and distilled water.
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4.4 Characterisation of the CRF

Characterising the temperature profile when using the CRF and the flow conditions was
undertaken as a first step before testing the CRF for wax deposition. The aim of the

characterisation was to bettdafine the operating condition$ the CRF.

4.4.1 Temperature Characterisation of the CRF

Wax deposition is a function of the temperature gradient between the hot oil and the cold
surface. The CRF was designed to mimic this temperature gradient by chilling the CRF surface
and by heating thbulk oil. As stated before, the CRF was chilled usangfrigeration unit
that circulate a water/glycol mixture in the inner pipe of the CRF allowing the outer surface of
the CRF to be chilled by conduction. On the other hand, the bulk oil is maintahéd d
jacketed beaker sat at the desired hot tenyreraising a heateHowever,setting the chiller
and the heater at therecisetemperatures, doesot necessaly lead to the same desired
temperature on th@epositionsurface of the CRF neither ingtbulk oiland this isdue tothe
heat transfer the hoil and the cold surface anlde heat loss to the environment through the
circulating systems. In order to have an understanding of the temperature profile in the CRF, a
series of experiments were w@nthken to measure, where possible, the temperattiie GRF
and the bulk oilFigure 4.3a shows a sketch of the temperature profile in the CRF and below
is the definition of each temperature.

Thot the Emperatee as set on the heater.

Toil: the temperature of the bulk oil.

Tcoid: the temperature as set on the chiller.

Tsurface the temperature on the outer surface of the CRF.

Tinterface the temperature of the interface of the cold surface and thal hot
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Figure 4.3. Schematic of) the temperature profile in the CR#), thermocouples position in
the bulk oil at a height of 5 and 20 mm from the top of the removable sample and at a distance
10 mm from the CRF towards the bulk an)dhermocouples position on the cold finger surface

at a height of 5 and 20 mm from the tdple removable sample.

A series of characterisation experiments were performed on a blank system with pure
dodecane (the choice of the solvent will be justifiethenmaterials section) in the absence of
alkanewax to prevent any change in the temperatprofile due to wax depositioThe
characterisation method consists of introducing a type K thermocouples (TC) probe (The
SE027 TC from Pico Technology is a PTirBulated, 0.2mm twisted pair conductor, 1.5mm
tip diameter, tip temperature measuremengeafrom-75°C to +250°C with a tolerance of
+1.5 °C), used with Pico Technology 38 thermocouple data logger. Tow TCs positioned
inside the bulk oil at the sameeight at a radial distance of 10 mm from the cylindrical
deposition sample (cFigure 4.3b), and another 2 TCs positioned at the top and bottom of the
CRF deposit sample at a distance of 5 and 20 mm from the top of the sanfilgufef4.3b).
Changes in duraceand Toi were monitored with timat three different operating conditions
until steady state:

1- Static conditions (0 rpm), fixed:dia and variable ot
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2- Static conditions (Orpm), fixednd: and variable oiq.
3- Dynamic conditions, fixed cbia and Thot. Perhaps, onlyloi was measured due to

challenges associated with inserting a TC on a rotating surface.

In an attempt to visualise the temperature gradient in the whole CRF system, and
recognising the difficulties to insert TC on the CRF while rotating, TC measuremeng
coupled with therral imaging technique. Thermal imaging consists of taking an overview
thermal image of the CRF at precise operating conditions using R300SR Thermal Camera (320
x 240,-40 to 500°C, 60Hz) and analysing the data using InfReC Anay&8500 Pro Program
(detals of the camera specifications, mode of operation and data analysis are found in

methodology section).

4.4.1.1 Time dependent temperature measurement ofslitaceand Toil at static conditions,
for a fixed Tcold and a changing ot

The first characterisation expment consists of measuringukaceand Toii for Teold = 5°C
and varying bulk temperatureol= 40, 45, 50 and 5% at O rpm as initial conditions. Time
dependent temperature measurement results are showigure 4.4 and steady state

temperatures are shownTable 4-2.

Results show that, initially, before immersing the CRF in the bulk gikade(measured in
the air) was equal to ~IC, which show a slight increaseiin the set temperatureot due to
heat loss to the surrounding environment and conduction through the CRF wall. Attime 0 s, as
soon as the CRF is immersed in the hot ailysFeincreases significantly to 15.2, 16.2, 18.1
and 20.6'C within the first30 s then uraceStarts tadecrease slightly until it reaches the steady

state temperature of 12.5, 13.8, 15.5 and 1C.8&spectively for o= 40, 45, 50 and 5%C
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within 10 min. The increase ofsiacein the first 30 s is due to the heat trangfem the hot

oil to the coldsurface due to natural convection. This heat transfer is initially large due to the
large difference between the hot stream and the cold stream; however, it takes a relatively long
time for the final temperatures to be estdigdi. The change insditaceafter 30 s is mainly due

to the change in thexTwith time. As discussed later in this paragraph,decreases when the

CRF is immersed in the hot oil, this decreasednifduces respectively a decrease itdce

until the system reaches steadytesta

35
a No wax —=—T, ., 40 (°C)
304 T .. =50°C —* -Fnét 45 (°C)
cold ™ ’ —4— T, 50 (°C)
25 | —v— T, 55 (°C)

TSurTace (OC)
>

| <— Submerged in oil
54 .
T Air
T T T ‘ T ‘ ‘ 301 ‘ T ‘ T T T
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time (s) Time (s)

Figure 4.4. Time-dependent temperature profile of (a)hce0f the CRF and (b) Il (Average
TC1 and TQ@) with Teoid = 5°C and varying bulk temperatureof 40, 45, ® and 55°C at 0
rpm.
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Table 4-2. Steady state temperatures @i and Tsurfaceat Orpm.

Teod (- Thot (  C Tsurface( @ Toi( C
5 40 12.5 35.5
5 45 13.8 38.5
5 50 15.5 449
5 55 17.8 49.7

Onthe other handrigure 4.4b shows that, initially, Ji was equal to the set temperature
Thotbecause the bulk oil was heated up on a separate hot plate to the desired temperature before
being poured into the ¢gheted keaker. At time 0 s, as soon as the CRF is immersed into the hot
oil, Toi decreases consistently, at the same cooling rate, fofsadlohditions and the decrease
in temperature is not as sharp asdce The relatively slow decrease igiTs due tothe large
volume of the bulk oil compared to the surface area of the cold immersed surface and to the
TC being positioned on a distance of 10 mm from the CRF. The steady state temperature is

reached within less the 10 min for all the set tempezatur
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4.4.1.2 Temperature dependent measurement of dirface and Toii measured at static
conditions, for a fixed Thot and a changing Told.

35 T_.5(C) 60
a No wax Tco\d 10 (°C) b No wax 2— T g9 (°C)
304 _ o . cold 55 —=— T 410 (°C)
* Thot =45°C —a— T4 15 (°C) 7 Thot 45°C —a—T,_,,15 (°C)
254 :!r vvvvvvvvvvvvv c addn T T 20 ( i) — Tmm 20 (°C)
—~ 50 =
O
o 20-
8 * = "
5 151
= *
10 f
<+—— Submerged in oil
5 354
T Air
T T T T T T T 30 T T T T T T T
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time (s) Time (s)

Figure 4.5. Time-dependent temperature profilea)fTsurfaceandb) Toil a operatng conditions
corresponding to bt = 45 °C and varying = 5, 10, 15 and 26C at 0 rpm. Symbol star

show values measured by thermal imaging at the same conditions.

Table 4-3. Steady state tempaures of T and Tsurfaceat Orpm.

Thot ( Teold( Tsurface( C Tot( C
45 5 13.8 37.8
45 10 17.6 38.5
45 15 21.2 39.7
45 20 25.2 40.7

The second characterisation experiment consists of measutiagand Toi for Thot = 45
°C and vaying Tcod= 5, 10, 12 and 20C at O rpm as initial conditions. Tirgependent
temperature measurement results are shownguare 4.5 and steady state temperatures are
shown inTable 4-3. Results show that, initially, before immersing the CRF in the bulk oll,
Tsurface(Measuredn the air) was equal to 6.8, 11.3, 15.9 and 2C@.6which shows a slight

increase from the set temperatuggdidue to heat loss to the enviroeant However, the loss
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seems to be more significant with lower set valuecgfi Tncreasing the temperatutiference

between the surrounding environment and the set cold temperature enhances the heat transfer
by natural convection between the cold aoeand the air and increases initialidace At time

0 s, as soon as the CRF is immersed into the hdisgihceincreases significantly to 15.9, 18.6,

22.1 and 25.9C within the first 60 s thensiiracestarts to decrease very slightly until itches

the steady state temperatures of 13.8, 17.6 and 21.2 antC2®&pectively for Joa= 5, 10,

15 and20°C within 10 min. Again, for constantil(45°C), Tsuraced 0 € SN 6t change cor
At steady state a difference of 7, 6.3, 5.3 and@lésween steady state and initial temperature

of TsurtacdS Observed respectively fogdkace(air) 6.8, 11.3, 15.9 and 20°6. Hence, the larger

the temperature difference between the hot oil and initiahck the greater the heat transfer

and thedeuation of Tsurftacefrom initial conditions.

Regarding %, Figure 4.5b shows that, initially, di was equal to the set temperaturg: T
because the bulk oil was heated up on a hot plate to the desiredatenepeefore inserting it
into the jacketed beaker. At time 0 s, as soon as the CRF is immersed into the hpst@htT
decreasing, however, this decrease occurs at the different cooling rates depending on the
corresponding dirface LOwer Tsurfaceinduces a higher cooling rate |@aver final steady state
and a longer time to reach steady state. Hence, again, this is due to a higher heat transfer rate

due to the larger temperature difference between the hot and the cold streams.

The star signs ifrigure 4.5 show the measurements taken and analysed using thermal
imaging camera at the same conditions. The thermal imaging data are in good agreement with
the TC measurement data innter of trends, however, thepown a slight decrease insitace
and a slight increase inil however, these differences are within the range of tolerance of both

measurement techniques and the error of the experimental procedure as well. One should note
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that the thermal imaging takéhe temperature of the surface of the oil and the CRF in contact
with the air, therefore, the temperature would not be consistent with the one measured by TC

at a depth of few millimetres from the surface.

A comparison betweeFigure 4.4 and Figure 4.5 shows the effect of changing.iTon
Tsurfaceand the effect of changingsufaceon Toil. A calculation of the average change in By
increasing Turraceshows a changef 0.96°C for evey increment of 2C in Tsurftace However,
the calculated average ofukaceChange is 1.6C for every increment of & in Toi. This
comparison allows to conclude that, in the CRF system, the change in bulk temperature has a
greatereffect on the heatansfer and therefore on wax deposition. This is due to the relatively

large volume of the bulk oil with respect to the deposition sample surface area.

4.4.1.3 Temperature dependent measurement of slirface and Toil at dynamic conditions,
at fixed Tcold and Thot

50 50
Q Tw=45°Cand T u=5C b T1.-45°Cand T = 5°C

—=—0rpm —s— 100 rpm —— 200 rpm
—v— 300 rpm 400 rpm 500 rpm
30 600 rpm —s— 700 rpm 30
0 100 200 300 400 3500 600 0 100 200 300 400 500 600 700
Time (s) RPM

Figure 4.6. a) Time-dependent temperature profile ofi With Thot = 45°C and Toa= 5°C, for

varying rotational speeds between 0 and 700 rpm. Symbol star show values measured by
thermd imaging at the same conditiors), Steady state temperatures @f With Thot = 45°C

and Teod = 5°C, for varying rotational speeds between 0 and 700 kgms. is to guide the eye

and takes the formp ® 0Q  withy,=34.85, A =52and B =-0.011.
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The effect of the rotational speed on the freats transfer in our CRF system was also
measured in{godecane in the absenceatitanewax. Resubk confirmed a reduction inoil
with increasing rotational speed and an increase in dbéng rate with rotational speed.
Figure 4.6b shows that atpm, Toi decreased to ~40°C (~10 min to attain stestdye values).

At 100 rpm, i decreased to ~36.5°C (~8 min) and above 400 rpmgdcreased to ~35°C
(~5 min) for all rpm. Unfortunately, slitacecould not be directly meased with TC due to

challenges associated with attaching a TC on a rotating surface.

The star signs ifrigure 4.6a show the measurements taken and analysed using thermal
imaging camera at the same conditions. fhieemal imaging data are in good agreement with
the TC measurement data in terms of trends, howthayr,show slight differences which are
again within the range of tolerance of both measurement techniques and the error of the
experimental procedure aslé&hermal imaging data dfigure 4.6a were taken by analysing
thermal images presented Figure 4.7. Figure 4.7 shows on scale of colour/temperature
ranging from 45 to 5 °C (pink to blue colour) the e in the CRF temperature with time for
0 and 100 rpm at the samesdand Thot. The images siw a change in the bulk solution colour
from pink at 1 min to light red at O rpm and dark red at 100 rpm at 10 min reflecting therefore
the decrease in the temmature with rotation. A careful examination of the thermal image of
100 rpm, 1 min, shows thah a bulk of hot oil (pink colour), there are waves of dark colour
released from the side of the CRF. These waves show the increase in the heat transker with t
rotational speed by forced convection from the cold surface into the bulk oil. The flumhmoti
enhances heat transfer and the higher the RPM, the higher the heat transfer rate. However, after
a critical RPM (400 rpm in our CRF operating conditionsg, likat transfer is less affected by

the RPM and the temperature profile seems to have a streit@l steady state temperature.
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The temperature profile of the CRF was characterised argh@ Tsurracewere identified to
be different from the set tempéwee Thot and Tow. This difference depends on the
hydrodynamics of the CRF and the differebetween the ot and Teole. It is very challenging
therefore to design our experiments at vaelfined and precisesl and Turfaceand therefore,
all our expeiments are going to be designed on the basisi@aid Teold keeping in mind the

temperature profiles ofskitaceand Toil for data analysis.

Figure 4.7. Thermal imaging of the CRF immersed in dodecane oil wigh=145°C and TFoic=
5°C at 0 and 100 rpm.

4.4.2 Hydrodynamic and Flow characterisation of the CRF

The CRF flow field is Couettdow type (azimuthal flow betweemvb cylinders) with a
certain degree of axial circulation. While different from pipe flow, similarity between Couette
flow and pipe flow has been demstrated irtheliteraturé’® 44 17° Fluid dynamics researchsa
shown thatthe boundary layer, where wax deposition is taking place, shares common
characteristics in most internal flows. OstiMonico et all’® conducted Direct Numerical

Simulations (DNS) for a variety of internal flows and observed a great similarity between their
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respective boundary layefSigure 4.8 illustrates the dimensionless cdorates in wall units

for these systemd.able 4-4 compares keylow parameters for Couette flow and pipe flow

processes amshows thesimilaritiesin bothtypes of flow,

30

20

10

0

10

T 10 10" 102 10 10¢

- TC(R2n=09

TC (E5)n = 0.5

Channel flow
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=== ZPG-BL (law of the wall)
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Figure 4.8. Azimuthal velocity near the wall, in wall units (U+, r+) obtained from DNS studies

takenfrom Ostilla-Ménico et alt’®

Table 4-4. Similitude betweerCouetteflow and pipe flowsadopted fronZougari et af?,

Parameter Pipe Couetteflow
50 ——
Reynolds number v &2 O 01 ‘ i
0 0
Wall shear stress + P, o~ + p w6 8
_ W U]
Friction factor P siiga0n P 6ad 1 gQ0 b
0 0
Hydrodynamic boundary 1 1YQ .. 1IyaQ
layer j ® O YQ 1 ol 1 Y

Where,w, the friction factoRe is the Reynolds number, De the pipe hydraulic diameter, fr

the fri

ction

factor, u
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q the CT friction f act gntheradiugohtiee Couetibwdell ry | avy

stationary deposition surface amthe radius of Couettibow cell.

It should be noted that the CRF has a limitation in replicating exactly the amount of wax
depositing for the given heat transfer. In fact, tstifugal forces arising from the spinning
cylinder direct the wax away from the cold finger. The mass depasdie be theneferred to
an apparent mass. This |l imitation, however,
CRF as a convenient agatus to study wax deposition as the CRF is meant to analyse the
trends of wax deposit mass at various flovesatather than quantifying the wax deposit mass

and compare to field results pilot-scale equipment

4.5 Materials and Experimental Methods

4.5.1 Wax Properties

A model waxy oil composed of low (Cao [manufacturer quoted distribution, Merck,
UK], melting point 58-62°C) and high (melting point €b1°C, Fisher Scientific, UK)
molecular weight solish-alkanes, and dodecane (Acros Organics, UK) with dibgipoint of
170-195°C and density of 0.751 g/émvas used throughout the study. The carbon chain length
distribution as measured by G&D is shown inFigure 4.9. Blending low and high molecular
weight waxes praaced a carbon chain length distribution represmet@f that found in crude

oils®,

Figure 4.9 shows the carbon chain length distribution of the LMW and HMW waxes as
well as their average. The mixture of LMW and HMW was chasehe pupose of having a
broad range of carbon chain length distribution close to the composition of wax in driwle oi

crude oil, wax is essentially a mixture of long chain hydrocarbons with carbon numbers ranging
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from 18 to 65 and nalkanes are gearally themajor constituentsThe wax mixture already
covers a broad range of wax and it is within our-ED limits of detection (C168C41) (more
information about the GEID working principles, analysis and limitations are found in
methodology sectionDn the othehand, several solvents (heptane, decane, dodecane, isopar,

mineral oil) of different carbon chain lengthdaviscosities were experimented to choose the

most suitable one for our model solution.

12— LMW
—e— HMW
—&— Average

10~

Peak area %

0 - T T T T T T T T T T
O N DS HOH A OO NDSDSHAHD N
CTFFIFIIPFPFFPF N
Carbon chain length distribution

Figure 4.9. Carbon chain length distribution of the Low Molecular Weight (LMW) and High
Molecular Weight (HMW) waxg used throughout the study.

Dodecane was chosen because it has a relatively high boiling point, reducing its evaporation
during experiments, it has carbon chain lengthi€much smaller than thalkanewax used
which helps to identify solvent peaks awdx peaksn the GC-FID spectrum. Dodecane is
cheap, available and already used in peerewed published papét8 Besides, in the range

of temperatur@peratingconditions(0 and 6(C), dodecane shows a good wax deposition data

that are quantifiable, measurable and with a degos t hi ckness that wWo ul

dimensions and the configuration of the CRF.
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4.5.2 Wax Appearance Temperature neasured by Light Transmission

The wax appearance temperatures (WAT) of 4.7, 9, 13 and 16.6-at%&ane-in-dodecane
(1:1 mass basis for low dnhigh molecular weight wax) were measured by turbidity
measurement performed at different cooling rates usi@gystal 16 apparatus (€enobis).
The Crystal 16 comprises sixteen sample wells split into four blocks. Each block is
independently temperatumontrolled and enables a range of cooling rates to be studied
simultaneously. Samples were added to 1 mL glads. The solution turldity (transmission
%) is measured as a function of temperature. Each test began by heating the samples to 60°C
and heldat that temperature for 30 min to ensure thermal equilibrium. Then the samples were
cooled at 0.5, 1, 2 and 3%@in to 0°C while stirrd using a magnetic flea at 700 rpm. The

WAT is taken to be the temperature at a light transmission of 90% (100%sgdrant).

4.5.3 Wax Appearance Temperaturemeasured byRhedogy

The wax appearance temperatures (WAT) of 4.7, 9nd3 6.6 wt% nalkane-in-dodecane
(1:1 mass basis for low and high molecular weight wax) were identified by viscosity
measurement performed different cooling rates using a TA DHR rheometer with
concentric cylinderdemperaturesystem. A DIN standard bob geometry and a saathatup
with Peltier temperature control for fast heating and cooling Peltier were used. Prior to loading,
the samplerad the measuring geometry were maintained &06@ assure wax is completely
dissolved idodecane. 18 mL of the sample is then loadelde grooved cup and kept for until
the temperature of the cup is stable aPG0AIl rheologyWAT measurements werarried
out using on flow mode and temperature ramp from 60°C to 10°C, at a frequerityanf/'$

and a ramp rate of 0.5 and@/min.
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4.5.4 Gas Chromatography-Flame lonization Detection (GGFID)

GC/FID (Perkin Elmer Clarus 500 GC), with hydrogen flame ards$ene as a reference,
was used for the analysis of the wax deposit. TheF&LCincluded an Elite M1 column of
length 15 m, inner diamet (ID) of 0.53 mm and a temperature range6®f to 340/36€C.
Approximately 0.2 g of the wax deposit was taken byirog a slice of the wax deposit from
the top to the bottom of the deposit samflbe wax sample was inserted into a Thermo
Scientific 1L mm norassembled amber crump top autosampler vial and storé€@ andil the
GC experiment was performed. On the exment day, approximately 1 mL of carbon

disulphide was added to the vial tostit/e completely the wax before entering the GC column.

4.5.5 Cryo-scanningElectron Microscope (CryoSEM)

Cryo-SEM was usetb study thenorphologyof wax deposits. Wax deposiuigre carefully
removed from the cylindrical tesample using a clean scalpeb. dvoid damaging the structure
of the wax deposit, twoertical lines of ~10mm were cut from the edge of the sample and the
scalpel slid between the sample and deposit suttacemove the wax layer. The wax layer
was placed in a freezing rivet and thenpée frozen in slushed nitrogen before transferring to
the SEM under vacuum. To study creestion of the wax layer, the sample was fractured
using a chilled knife. The sangd was sputter coated with Iridium and imaged using 2 kV at

0.1 nA.

4.5.6 Wax Deposition Tests
Solutions of 4.7, 9, 13 and 16.6 wax wt%atkanein-dodecane were used for deposition
tests. To prepare the wax solution, an equal amount of low and high molgeightalkane

wax was added to-dodecane at 60°C and held at temperature foutih all the wax had
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dissolved (visual assessment)e®™olution was then cooled to the desirgegdtd begin the wax
deposition test. Deposition tests were conducted iQ0aBL Pyrex jacketed beaker which
maintained the wax solution tite desired ot (under static condition) and monitored using a
K-type hermocouple (£ 0.5°C)The coolant fluid athe desired &id was pumped through the
CRF to chill the outer surface tiie CRF and initiate wax deposition. The mass of the wax
deposit on the cylindrical test sample was assessed by gravimetric measuFet@ning

each experiment, a scalpel was used to remove waxnal to the cylindrical test sample.
Mass deposited vgataken to be the difference in mass between the cylindrical test sample in

the absence and presence of wax. All wax deposition testsrurein triplicate.

4.5.6.1 Understand the Parameter Space adhe CRF: Taguchi experimentalapproach

As a first attempt toetst the functionality of the CRF for wax deposition studies, a screening
experimental matrix was designed based on four key parametectirgf wax deposition.
Those parameters were chosen basdgti@nmajor contribution to wax deposition phenomena
as eported in the literature. The 4 parameters and their related operating conditions are

presented inTable 45 bel ow where factors refer to fApa

Aparameter valueo.

Table 4-5. Taguchi experimental matrix of factors affecting wax deposition.

Factors Level 1 Level 2 Level 3 Level 4
Tead ( UC 5 10 15 20
Thot ( U C] 40 45 50 55
Wax (wt %) 4.7 9 13 16.6
RPM 0 50 100 150
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The operating condiins of ot and Teold Were chosen depending on the WAT of the wax
wt% and chosen to have @&o> Twat and Tola< Twat. An increment of $C between the
different values of flotand Teoidis chosen for consistency and for achieving mass deposit results
that are not within thexperimental error, with a deposit mass deviation higher than 1Q%o. T
and Teoqwere taken instead ofoiland Tsurfacebecause the characterisation of the temperature
profile in the CRF shows that the former temperatures are sity eantrolled nor dfined at
different operating conditions. They may change greatly depending on the RPM and the
operating conditions of the itler and the heater. As a starting point to test the functionality of

the CRF, taking fixed fbtand Teoiais Simpler to work with

The selection of the wax weight percentages was made according to real field data given in
the literature (wax % causingaw deposition problems in crude oil is between 2 and 20wt%
11 Rotational speeds wevariedfrom staticto 150 rpnto study the effetoof rotational speed

on wax deposition.

The study of the individual effect of the 4 key variables and their effects through traditional

statistcal method will lead to the following number of experimeantbe conducted:

T CUROA QI QaQE o

To reduce the number of experiments and maintain the quality of data collection, an
optimization approach called Taguchi Method was chosen.chailethod is an optimization
approach used to statisticalljap and design an experimental robust matrix teduce the
number of experiments, allow the study on the effects of multiple variables simultaneously

while maintaining the quality of data cetition. Taguchi Method was used as a rapid screening
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on the man factors affecting wax deposition with a smalimber of experiments for
optimizing future studies on wax deposition.
the experimental matrixra explained in the appendix sectidrable 4-6 presents the final

experimental matrix designed by Taguchi method.

Table 4-6. Taguchi experimental matrix of wabeposition using CRF.

Run Teold (°C) Thot (°C) Wax wt% RPM
1 5 40 4.7 0
2 5 45 9 50
3 5 50 13 100
4 5 55 16.6 150
5 10 40 9 100
6 10 45 4.7 150
7 10 50 16.6 0
8 10 55 13 50
9 15 40 13 150

10 15 45 16.6 100
11 15 50 4.7 50
12 15 55 9 0
13 20 40 16.6 50
14 20 45 13 0
15 20 50 9 150
16 20 55 4.7 100

The experimental matrix presents 16 experimentsh Eae of the matrix represents a run
(or an experiment) at specified operating conditidiadle 4-7 below shows the deposit mass
results for each experiment in triplicate. 30 min was chosen to be the experiment duration based
on temperature profile screening, where temperature steady state and deposition are believed

to be already achieved by thamhe.
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Table 4-7. Wax mass deposit after 30 nfor Taguchi experimental matrix

Run Test 1 (g) Test 2 (g) Test 3(Q) Av. mass Error (x g)
1 2.6 2.3 2.2 24 0.5
2 2.8 2.6 2.7 2.7 0.2
3 1.7 1.7 1.7 1.7 0.0
4 1.3 1.2 1.3 1.2 0.1
5 3.0 3.4 2.7 3.0 0.7
6 0.5 0.5 0.6 0.5 0.0
7 3.4 3.2 3.2 3.3 0.3
8 1.3 1.2 1.3 1.3 0.1
9 4.4 4.2 4.1 4.2 0.3
10 3.8 3.6 3.2 3.6 0.6
11 0.4 0.4 0.4 0.4 0.1
12 0.6 0.7 0.8 0.7 0.1
13 9.6 9.6 9.6 9.6 0.0
14 2.4 2.8 2.6 2.6 0.3
15 0.4 0.4 0.5 0.4 0.0
16 0.0 0.0 0.0 0.0 0.0

4.6 Results and Discussion

4.6.1 Wax AppearanceTemperature

As the temperature of the oil decreases at a controlled and specified cooling rate, the wax
starts to precipitate and form solid crystals. Tigghest terperature at which the first crystals
are observed and starts to drop out in the liquid bulk solution is called the WAT. Various
experimental techniques have been developed to assess the WAT based on the change in the
physical properties of theaxy solution during the formation of wax crystals, however, none

of the available techniques are able to detect the very first wax crystals. Precipitated wax
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crystals can be detected in different size, quantity and form. Crystal 16 and rheometer are the

two technique used in this study to determine the WAT.

45
1004 @ 3 05C/min b
—=— 16.6 wt%) —O— 1 Cimin
13 wt% —/\—2 Cimin
& 899 9wt 401 |25 cimin
< ——47wt% |
c
_% 60 4| ~0-0.5 C/min c&),
—O—1C/mi 4
E -2 C/Q:: 'E 35
% 404 | =~5Cmin [ =
E L |
204 . 30
0
T T T T T T 25 T T T
20 25 30 35 40 45 50 0 5 10 15 20

0,
Temperature (°C) Wax content (wt%)

Figure 4.10. a) Light transmission % (turbidity) adlkanewax-in-dodecane as a function of
temperature and wax content at different cooling rates. The WARE ietperature when the
light transmission is 90%) Comparison of WAT as a function of tiaékaneconcentrations
cooling rate and wax content.

The Crysal 16 is a turbidimetric method to detect the cloudy points by measuring the
transmission of a laséeeam through a solution under heating/cooling cycles. This technique
was chosen because it has a high resolution to detect crystal in nafagsize4.10a shows
data obtained from Crystal 16 for 4.7, 9, 13 and 16.6 wt%insaodecane cooled at rates
between 0.5 and 5°C/min from 6C to 10°C (graph shows only 50 to 2C for a better
resoluton of the graph). The WAT is taken at the temperaturenvithe transmission is 90%

andFigure 4.10b compares the WAT of all wax wt% as a function of caplate.

The measurement of the WAT in crystal 16 was compared to the WAT measured by a

rheometer which relies ohé change of the viscosity during the cooling process. Above the
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WAT, the crude oil behaves as a Newtonian fluid, and the viscosityisfiodependent of the
temperature change. As temperature is lowered below the WAT, the wax precipitates, and the
predpitated solids remain suspended in the bulk liquid. The suspended wax particles change

the viscosity.
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Figure 4.11. a) Viscosity of wax solution as a function of temperature for 4.7, 9, 13 and 16.6
wt% alkanewax-in-dodecane during cooling from 60 °C to 0 °C at cooling rates &fJbin

and PC/min. The WAT is the temperature whéme viscosity plateau deviates (Viscosity
increases)) Comparison of WAT as a function alkanewax content and cooling rat&hear

rate is fixed at 50 rad/s corresponding to 63 s

Determination of the WAT based on viscometry utilizes the chandkeirslope in the
viscosity vs. temperature curve. In a typical viscegtyperature experimental measurement
(cf. Figure 4.11), the oil sample is cooled from 60°C to 10°C at a rate of 0.5°C and 1°C/min
The change of viscosity as a function of temperature is measured undetaatciraguency
of 50 rad/s. Extrapolation from the Newtonian region is performed to deterh@né/AT.
Depending on the composition of the precipitatinglkane, the change in the slope of the
viscosityi temperature curve near the WAT can be either shagpaalual. If the precipitating

n-alkane only cotaininga narrow range of carbarhain lengththe change in the slope is
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likely to be sharp becauseatkanes precipitate in a narrow temperature range. Contrarily, if
the precipitating ralkane covers a e range of carbon numbers, as the case of our model
solution, the change in the slope is lik&d be gradual as thealkanes precipitate over a wider

temperature range.

Sometimes, the change in the slope can become difficult to identify when verwéittlis

precipitating, which will cause a significant underestimation of the WAT.

As seen inFigure 4.10 and Figure 4.11, the WAT is a great function of the wax
concentration and the cooling rate. The higher the wax concentration, the higher is the WAT,;
for the same cooling rate of 0°6/min, the WAT measureby C16 was shown to decrease
from 41.8 °C (16.6 wt%) to 36.2 °C (4.7 wt%) and the WAT measured by Rheometer decreases
from 39.5 °C (16.6 wt%) to 29.5 °C (4.7 wt%). To understand this effect, one should understand
the superauration which is the main dring force of crystallisation. The supersaturation is

described in terms of concentration driving ford® ( 6 6 ) or relative supersaturation

ratio (Y —), where C is the solution concentration at a specific temperature andhe

concentration taequilibrium with that temperature. Therefore, the increase in the solution
concentration ioreases the supersaturation which is an essential stage to form the nucleation
and the crystallisation process. With increasing cooling rates, the WAT was shdeandase

as well. The dependence of WAT on cooling rate is due to differences in crystéh gade

with temperature, with larger crystals formed at low cooling rates influencing solution
transmission or viscosity more than small crystals formed atdughing rates. Besides, low
cooling rates allow more time for the equipment to detect anygehan the solution
transmission or viscosity. Wax crystallisation is also a-iteeendent function, while being at

or below the WAT, the crystallisation startsdathe growth of the wax crystals continue even
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at a constant temperature, therefore, mone evgstals are expected to form in the tiygng

of low cooling rates.

4.6.1.1 Comparison between WAT Measurements

Table 4-8 summarizes WAT measured by rheometer and turbidity testing as a function of
wax contents and cooling rates. Due to the low size detection limit of the C16 method, it is
likely that C16 provides #thmost conservative measure of the WAT among the tethaus.
The sensitivity of the rheometer technique is lower than C16. In most cases, an amotint of 0.3
0.4 wt% solid material needs to have precipitated in order to cause a detectable deviation in the
viscosity of the solution, whereas the wax crystalsondye d t o grow to ~1 e&m
by C16, corresponding to ~0.1 wt% solid material in the litfui@herefore, the WAT

determined based on viscosity measurements is lower than the values determined by C16.

Table 4-8. Comparison of WAT measured by rheometer and turbidity testing as a function of

wax content and cooling rate.

Rheometer Tubidimeter
Wit% 4.7 9 13 16.6 4.7 9 13 16.6
0.5°C/min 29.5 34 37 39.5 30.9 36.2 39.6 41.8
1°C/min 27 32 36 37.5 30.2 36.1 38.9 41.1

4.6.2 Resultsof Taguchi Method to Assess the Parameter Space

The analysis of Taguchi results is based on calculating the mean of wax deposit mass for
each factor at every level lmpnsidering all the runs when this factevil appears. Taking
Teod factor and level 1 (&) as an example, the mean value of the wax deposit mass at every

experiment run at this factor/level is calculated by averaging the mass deposit of experiments
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where thisfactor/level appea(run1,2,3a nd 4 i n this case). The
levels are then plot iRigure 4.12. This figure shows the change in the wax deposit mass as a

function of 4 factors: wax wt%, RPMnd and Teolg.
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Figure 4.12. Summary of testuns based on the proposed Taguchi method.

One should note that the dataFigure 4.12 needs to be analysed qualitatively rather than
guantitaively. In fact, for quantitative measurements, the experiments are usually performed
by varying only one parameter. In Taguchi, thissistency is missedor instance, the study
of the factor Toiq at different levels, Hot, wax wt% and RPM needs to higed in systematic
studies but they are not in Taguchi matrix, as showmhable 4-6. This reduce Taguchi method
to a preliminary qualitative tool to assess the functionality of the CRF and to screen rapidly the

weight of each factor chosen on wax deposition.

4.6.2.1 Effect of Wax Content
Figure 4.12shows the change in the mass deposit with wax wt% and the significant increase

in the mass deposit with the wax wt%. The higher theentration of wax, the higher is the
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wax available for deposition. Besides, related back to the supersaturationt@xmiained in

the WAT measurements, the increase in the wax wt% increases the supersaturation driving
force for crystallisation and enhees crystallisation at higher temperatures. The wax is able to
crystallise up to a higher temperature when the coretén is higher. Hence, while the wax
deposit on the cold surface angekaceis increasing due to the insulation of the wax layer, a
higher wax concentration with higher WAT requires a thicker layer of wax in order for the
Tinterface t0 reach the WATTaguchi results shows that the increase in the mass deposit is
consistent between 4.7, 9, 13 wt% then becomes sharp with 16.6 wt%ncbmsistency may

be due to run number 13 (at 16.6 wt%) that shows the highest wax deposit mass in the 16 runs.
At run 13, the oil temperature githin the WAT rangeof 16.6 wt% waxin-dodecane solution

(Thot~40°C), which maximise the wax depositohT s wasnét the case for

4.6.2.2 Effect of CRF Rotational Speed

Figure 4.12 shows the change in the mass deposit with rotational speed. The mass deposit
seems to increase while changing the RPM from 0O to 50 rpm, then decreases for 100 and 150
rom. The change in the & deposit with rotational speed is already well studiethe
literature but not very well understood. Few researchers reported an increase in the mass
deposit at low rotational speed (or laminar flow). Cole and Jessen (1960) states that the wax
depositon increases with the increase of flow rate in laminaw ftlue to the availability of
more particles at the surface for deposition. When the flow regime becomes turbulent, the shear
flow mechanism becomes more prevalent and the wax deposition decreasgel add Jessen
(1958) reported that the amount of waspdsited for flow in a turbulent regime was lower than
that obtained for a laminar regifé&!’®. This trend can be compared topdsition under
isothermal conditions where a faster deposition rate is observednviticreasing flow rate

because only advection plays a role in affecting the radial mag4 towever, in the case of
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wax deposition, which occurs under Agnthermalconditions, the heat and mass transfer are
dependent especially in turbulent fliwhich can result in different effect of flow on the wax
deposition. Indeed, modofv studies show that the wax deposit mass decreases with increasing
flow rate. Some researchers attribute the mass reduction to the effect of sloipdlysigal
removal of wax) due to the increase of the wall shear stress, or densification of the agix dep

as oil is squeezed from the deposit when shéarfd'?*while others consider the effects of

flow on heat and mass transferin the presence of flow, the boundary layer thickness
decreased (with increasing fluid shear)ddhe heat transfer between the hot and cold
temperatures is enhanced which alter the thermal gradient and consequently the concentration
gradient of wax. Depending on the geometry, the flow may either increase the temperature at
the interface reducing thefore the deposition as in flow loBp*’ or decreasing the thermal
gradient between the hot and cold temperature which lead to lower wax deposition as in cold

finger apparatf8: 4> 46

4.6.2.3 Effect of Tcold

Regarding the effect of operating temperatorethe wax depositigithe anbysis of Figure
4.12 shows that the increase inol increases the mass deposit. This result is in complete
contradiction with the mechanism of wax deposition. Research confirmed that the decrease in
the Teod is the main driving force of wax deposition, thereforeéasing Foiashould lead to a
decreasé the wax deposition. The increase badincreases the wax solubility at the interface
depositoil and decreases the crystallisation of wax molecules. Results from literature show
that experiments with lower coalatemperature strengthens the drivilmgce of the wax
molecules diffusion from the bulk oil to the cold surface and improves of the ability wax

molecules to precipitate on the cold surface, hence, the wax deposition irféréases
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To explain the contradictory results of Taguchi in terms of the effect of the cold temperature
on wax depsition, a systematic analysis of the effect of the cold temperature on wax deposition
was made. In this analysis, the increaseahie cold temperature was only considered with

experiments having the same temperature gradient between the hot and coldtteaype

The effect ofT coild Wasanalysedor the same wax wt% arsimilar ¢p T(between the hot and
cold temperatufe Taking for instance 4.7 wt% wax solution and comparing experiments 1, 6,
11 and 16, havingcE 5, 10, 15and26C r especti vely and® ptlpeer at i n
mass of the wax deposit is 2.4, 0.5, 0.4 and&sgectively. These results are in line with the
literature and prove that the increase in the cold temperature leads to a decrease in the mass
deposit waxSimilar example can be taken for 9 wt% where experiments 2 and 12 are operating

atT=5and 1%Cwi t h @O and tHeOnass deposit is equal to 2.7 and 0.7 g respectively.

4.6.2.4 Effect of Thot

On the other hand, Taguchi results show that the increasg: ieads to a decrease in the
wax deposition, which is already confirmed in the literature. Fosdmee reason, increasing
Thot INnCreases the solubility of the wax molecules in the bulk and increasg.&s shown in
the T profile characterization dfi¢ CRF (cf.Figure 4.8), leading to less crystallizatiomea

deposition of wax molecules on the CRF.

4.6.3 Further Assessment ofhe Effect of Operating Tempeaatures on Wax Deposition
As the analysis of Taguchi results were not always consistent with the literature nor was the
mechanism of wax deposition, a rearrangatrof the results was made for further analysis.

For instance, theffect ofoperating temperatus@vastaken as a function of the extent between

113



the WAT and the hot or cold operating temperature o n

t hentb estd Hor-Tovdr) T

a n d codp TRda= Twat -Tcoid) instead of Togand T %8 % Based on that, the larger (WAT

Teold) and the smaller (b-WAT) lead to higher depositionrat®.e | o w,

PTEawer e

cal cul at ed

and

t he

f Oorntana@ c h

r unh&a nweechidpdsisasar r an

seen inTable 4-9. Calculations are based on the temperature operating conditragectorun

and the WAT presented ifable 4-8.

Table 4-9. Taguchi experimental matrix considered as a functiaplaf: and ol cold.

Run P hot (°C) Mass (g) Run @ TEold (°C) Mass (Q)
13 0.5 9.6 16 9.5 0.0
9 3 4.2 15 14 0.4
10 5.5 3.6 11 14.5 0.4
5 6 3.0 14 17 2.6
14 8 2.6 12 19 0.7
1 10.5 3.3 13 19.5 9.6
7 10.5 2.4 6 19.5 0.5
2 11 2.7 9 22 4.2
3 13 1.7 5 24 3.0
4 155 1.2 1 24.5 3.6
6 155 0.5 10 24.5 2.4
15 16 0.4 8 27 1.3
8 18 1.3 2 29 2.7
11 20.5 0.4 7 29.5 3.3
12 21 0.7 3 32 1.7
16 25.5 0.0 4 34.5 1.2

A plot of Table 4-7 results is shown ifigure 4.13.
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Figure 4.13. Taguchi results showing the change in the mass gain as a funciiptheor coid
andb) oThet. Line on figue a is to guide the eye and takes the fafm, ® & & Values of
the constants are ifable 4-10.

Table 4-10. Values of the fitting curves constantsFagure 4.13.

5
-0.22758
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Figure 4.13 shows the effect afilcold and gilheton the mass deposit as a function of the
extert of Thot and Teoid from the WAT.Figure 4.13a shows a linear relationship between the
mass deposit angil hot With negative slope showing a decreasing function of the mass with the
respecti ve ni The deereaseas sham angh Mmatch the resaultsdf earlier in the
previous analysigzigure 4.13b shows however a more complex relationship between the mass
deposit andpl coiq. While the trend looks like linear with a positive slopegitod < 20°C, the
massdeposit trend starts to change after thatgesging an exponential trend between 20 and
30 °C with an unexplained decrease in the mass giiigs O 300 AlthoughFigure 4.13b

doesndt strena of thanass depasit, however, it denies the results found by the first
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analysis of Taguchi where the mass deposit was a decreasing function of incgdiasing
Analysing Taguchi results based @i decrease the number of varying parameters perdmu
fact, when analysing the effect otdq with Taguchi, Tot, Wwt% and RPM aralreadychanging
simultaneously, therefore, the reliability of the data is low. Whilanalysing followingor,

the changing in wax wt%s eliminated which has already aept effect orthe mass deposit
NeverthelessThot and the RPMarestill changing which may still induce a great error in the

analysis.

4.6.3.1 Effect of gl cold and il hot 0N chemical composition

To highlight changes in the wax carbon chain lerdjgiribution of deposit santgs with
Pl cold aNAPIhot, tWo sets of 3 runs each were chosen with an incregdings andql ot and
compared in terms of wax composition. The set of runs are presentatilen4-11 and the
chemical compositionsf the wax deposits are presentedrigure 4.14. The mass fraons
of C20-C41n-alkanes were normalized on a solvéee basis then compared to those in the

original wax mixture composition represented in dasts.

Table 4-11. Taguchi runs rearranged by increas@bhot and ¢l cold@and comparison to wax

deposit chain length distribution.

@ Fot (°C) Run o Told (°C) Run
P ot 0.5 13 @ Fold1 14 15
o otz 13 3 P Fola2 22 9
o hots 21 12 o TFold3 29.5 7
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Figure 4.14. Carbon chain length distribution of deposited wax as a functi@) qilhot b)
ol cold.

Figure 4.14ashowshe effect of increasingil hoton the chemical composition of the deposit
wax. While nynca elasrigneg sifi ft towards the HMW
nearly at the WAT (a migible difference of 0.5°C), all the wax carbon chain length
crystdlizes at the deposibil interface leading to a deposit chemical composition similar to the
initial wax composition used innto aldrge exteotd e | s
(p TFos= 21°C), the LMW wax are readily soluble and hardly crystalliz¢he wax deposit.

This effect leads to a wax deposit with large amount of HMW wax.

Figure 4.14b shows the effect of increasinglciq and study the effect of coolant
temperature on the wax deposit chemical gosition. Results show that a shift towards the
HMW wax 1 s achi eve d Vihe indneasa in thecoalaetpsraturavith T
respect to the WATnhcreases the dissolving ability of wax molecules and the amount of LMW

wax molecules dissolved@und the cold surface increases. This leads to a wax deposit with

low percent of LMW wax.
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A comparison between the effeotf npaln d co@h the wax deposit chemical
composition shows that clearly the change is more significant with an incrébge Traking
t he same ma@mdzt208Ce amfdieggdZ°C) and comparing their effect on
the carbon chain length of the wax depasitec an s e e &gh=a2R °C fthe carbgnT
chain length distribution is still within the average disition of the initial wax. However,
wi t how gL °C, there is a grat shift in the chemical composition of the wax deposit
towards HMW wax. Ifthis isrelatal back to the temperature characterisation of the CRF, this
trendcan be justifiedy the facthat the change inndtinduces a higher effect onufacethan
the dhange in Toia does on & mainly due to the large volume of the bulk oil with the relatively

small surface area of the CRF.

Fixing gl hot and ¢l cold to study the effect ofRPM on massgain: Figure 4.15a showed
the results for the change in the mass deposit as a function of the RPM with a nearly constant
P TFota N d coWWith a constantp Fot @ N d codptfie factors of Hot, Teold and wax wt%are
constants making therefore the comparison as a function of RPM more reliable. The mass
deposit decreases with an increase in the RPM, which is a trend already widely observed in the
literature. This decrease is generally attributed tccti@nge in th heat and mass transfer in
the system or to sloughing. A more comprehensive test is presented later in the chapter to

discuss this resu(tf. 4.6.5)
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Table 4-12. Taguchi matrix rearranged by an increasing RPM of the CRF.

RPM o Eold (°C) o ot (°C) Mass deposit (g) Run
0 10.5 29.5 3.3 7
50 11 29 2.7 2
100 13 32 1.7 3
4 12 N
a b [’ N %g(ﬁg‘m
10+ t A I 100 rpm
=3 i N -
= ® 8- ! \\ PN
p 5 ! \ Y
=P o 4- , \
i !
2
0l : : : :
0 25 50 75 100

DN O N DN H A DN
NP T P

RPM Carbon chain length distribution

Figure 4.15. a) The change in deposit mass as a function of the CRF RPbarbon chain

length distribution of deposited wax as a function of RPM.

While an interesting trend is observed for the mass dewisi the chage in RPM, the
chemical composition of the wax deposit seems to stay within the average range of the initial
wax used with a slight shift towards the HMW with increasing RPM to 100 rpm. However, this
shift is still within the error and nobasidered sigficant. Increasing the RPM up to 100 rpm
doesndt seem to change the chemical composit
characterisation of the CRF still suggest a great change in the temperature profile in the system
with increasing RPM upa 100 rpm. Further systematic investigations on the effect of RPM

on the chemical composition is needed in order to make a clear analysis.
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As Taguchi was a qualitative tool for a preliminary assessment of wax deposition, further
robust andeliable expements were needed to study the effect of temperature and RPM on

wax deposition.

4.6.4 Systematic study to confirm the &ect of g cold @and gl ot ON Wax deposition at
static condition

Results from Taguchi suggest that the effect @k &nd Thot on wax deposition should be
seen relatively to the WAT of the wax solution and the magnitudered: and gl col. An
increase iMPlcoid and a decrease gl hot induce higher wax deposition. One can make the
hypothesis then that, at a fixgl cols andPlhot, Wax deposits at the same rate and magnitude
regardless the setold and Thotand the wax wt%. To verify this hypothesis, an experimers
conducted on the CRF, where for two wax wt% (9 and 13 wt%), deposition experiments were
conducted at theameqil cois and Pl hot. Figure 4.16b shows that for 13 wt% (WAT= 39°€),
operating at Joid = 5 °C and Thot = 45°C result ingdlcold = 34.6°C andgilhot = 5.4°C. To
compare with 9 wt% (WAT= 36.8C), operating at the same temperatures ¥ 5°C and ot
=45°C doesndt | ead t affcch &l.6% and®Ehm8.4 0 Tadasbed o f
wt% waxsolution experiment is performed at sag@ois andgilhot as 13 wt% with different

operating temperatures oli = 2°C and hot= 42°C).

To sum up, three experiments were performed as following:
Experiment A: 13 wt%, &id = 5°C and ot = 45°C (T cold = 34.6°C andgil hot = 5.4°C).
ExperimentB: 9 wt%, Teoid = 5°C and Tot = 45°C (g cold = 31.6°C anddlhot = 8.4°C).

Experiment C: 9 wt%, &id = 2°C and Tot = 42°C (0 cold = 34.6°C anddl'hot = 5.4°C).
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Figure 4.16. a) Time-dependent wax deposition for 9 and 13 wt% waxlodecane at chia=
5°C and TFot=45°C at 0 rpm. Also included is 9 wt% wax-dodecane atchia= 2.4°C and
Thot= 42.4°C. While (flhotcoidiS constant, reducingcdiato account for the lower WARt 9
wt% compared to 13 wt% wax results in a similar deposition prafilschematic ofgl hotand

T cold cOrresponding to the abovementioned deposition experiments.

Figure 4.16a showshe timedependent mass deposit of the 3 experiments. Results show
that the mass deposit of experiment A and B (9 and 13 wt%iwdadecane at the same
operating temperatures ok = 5 °C and Tot = 45°C)) give a large difference in the deposit
mass, wih an increase of 70% for 13 wt% at steady state. This large increase in the mass is
usually attributed to the higher concentration of wax in the 13 wt% wax solution and therefore
a hicher availability of wax molecules to deposit. However, results of erpat C show a
very close mass deposit to experiment A while operating with a 9 wt% wax instead of 13 wt%.
Experiment Ghows that the amount of wax availabées less impact on wax degition when
compared to the magnitude @i coild and T hot. Operating ithe same wax concentration with
a lower cold temperatuseith respect to the WA@&llow more wax to crystallise on the surface
of the CRF and need larger thickness for therkceto reach the WAT. Operating higher

Thot With respect to the WAT inceses the solubility of the wax in solution
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4.6.5 Kinetic and Dynamic Studies of Wax deposition

Further experiments were performed to study the kinetic of the wax deposition under
varying RPM. For. 9 wt% alkanewax-in-dodecane, = 5°C and T} = 45°C and rotabnal
speeds 00, 100, 200 and 50@m, wax deposits were collected at 1, 3, 5, 10, 1522@&nd
30 min to study the kinetics of deposition. Dynamic conditions at 0, 25, 50, 100, 150, 200, 250,

300 and 500 rpm were compared at 30 min.

0 rpm
100 rpm a

S
< >0OD

Mass deposit (g)
N

Mass deposit (g)
N

0 5 10 15 20 25 30 0 100 200 300 400 500
Time (min) CREF rotational speed (rpm)
Figure 4.17. a) Time-dependent wax deposition as a functiof CRF rotational speed.
Experimental conditions: 9 wt@lkanewax-in-dodecane, J= 5°C and | = 45°C. Lines are
to guide the eye and takes the form, @ 0Q 8b) Mass of wax deposited at 30 min
as a function of the CRF rotational speed. Experimental conditions: Salk&érewax-in-
dodecane, &is= 5°C and Fot = 45°C. Lines are to guide the eye and takes the forme

0Q . Values of the constants ameTable 4-13.
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Table 4-13

. Values of the fitting curves constantsFafjure 4.17.

Fig 4.17a Fig 4.17b
Constants 0 rpm 100 rpm 200 rpm 500 rpm
Yo 3.9 2.16 1.54 1.02 0.99
A -3.9 2.16 -1.54 -1.02 2.98
Ro -0.23 -0.38 -0.43 -0.2 -0.01

4.6.5.1 Wax Deposition Kineticsat Different CRF Rotational Speeds

Figure 4.17a shows the wax deposit mass as a function of time and at rotational speeds of
0, 100, 200 and 500 rpm. For all tests, > 50% of the deposited wax (of the mass deposit at 30
min) occurred withirl min. The initial rate of wax deposition is rapid and ba approximated
by a linear rate. Due to the experimental method, data at t < 1 min could not be attained with
good reproducibility. At t > 1 min the wax deposit rate is-tinear, and the depdsid mass
approaches a steadgyate value at t = 30 min. Beeen t = 5 min and 30 min, the deposited
mass increased by ~25%, ~18%, ~19% and ~25% for 0, 100, 200 and 500 rpm, respectively.
Under static condition (0 rpm), the wax deposited at 24 h (4.9 dirroexd the wax deposit

continue to grow, although at negjhle rates.

The wax deposition rate is attributed to the change in temperature at the wax-oiéposit
interface. Based on the molecular diffusion mechanism, wax deposition depends on radial
diffusion of wax molecules from the bulk fluid to the wax défpos interface. Radial diffusion
is induced by a temperature difference between the bulk oil (T > WAT) and the wax deposit
oil interface (T < WAT). While the temperature difference is initiallyth{reflecting the rapid

increase in wax deposit), the tpemature difference decreases with more wax deposited,
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thermally insulating the cold surface to the point when the temperature at the wax-déposit
interface is equal to WAT and further wax defiosi ceas&>. Alternatively, wax depositio

can cease if the wax in the bulk fluid is depleted. Basethe 9 wt% wain-dodecane, the

initial mass of wax in solution is 22.5 g. For 0 rpm, the mass deposited at 30 min was 3.9 g,
thus 83% of the initial wax content remains in solution and waxetleplcannot be attributed

to the decrease in wax depasitirate.

4.6.5.2 Wax Deposition Dynamics

Figure 4.17b compares the wax deposit mass at 30 minfasaion of the CRF rotational
speed between 0 and 500 rpm (the shear rate at 500 rpm i$ Fa€esl on a fluid visciyg of
0.00119 Pa.s, 9 wtdlkanewax-in-dodecane at 45°C). The wax deposit mass decreases with
increasing rotational speed, possibly attaining a minimum mass deposit at higher rotational
speeds (where the mass deposit is independent of rotational spneadigh higher rotational

speed$ave not yet been considered.

A decrease in wax deposit with increasing fluid flow is commonly observed and the
reduction in deposit mass is found at all flow conditions. The reduction in mass deposit is often
consideredo result from a decrease in ttieermal gradient between the fluid and cold surface

in flow and/or the effect of fluid shear stress on the wax deposit that removesvak

4.6.5.2.1 Heat Transfer Effect
An increag in rotational speed increases the heat transfer betwedmtHluid and cold

surface, reducing the temperature differelpe®veen the hot and the cold temparas In the
CRF, the temperature ofdodecane in the absence and presence of 9alt&hewax was
measured at different rotational speeds. Withs F 5°C and Fot = 45°C (initial condition
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before CRF is submerged in the test fluid), 3 thermocouples positioned at the top, centre and
bottom and at a radial distance of 10 mm from the cylindtiesi sample, confirmed a
reduction in fluid temperature witincreasing rotational speed. For O rprgy dlecreased to

~40°C (~10 min to attain steadyate values) and ~43.5°C (~10 min) in the absence and
presence of wax. At 100 rpmgildecreased to ~36 (~8 min, no wax) and ~42.5°C (~3 min,

wax) and at 700 rpnToi decreased to ~34°C (~5 min, no wax) and ~ 42°C (~1 min, Wag).
decrease in the oil temperature induce a decrease in the thermal gradient temperature between

the hot and cold temperatunesiucing the wax deposit.

The change in heat transfer digethe rotational speed is not linear, with a significant
reduction between 0 and 100 rpm and then an almost independen&®@trpm.At rpm
500, the decrease in wax deposit mass is not due heat transfer (giaoel Tsurfaceare less
independent of rpm) and may indicate that the further reduction in wax deposit mass at 500

rpm compared to 300 rpm likely results from drestfactor.

4.6.5.2.2 ShearRemoval
Shear removal describes either the retardation of continuous wax dep@E&ixomolecules

adhere less on the wax deposit) or sloughing (the removal of wax from the wax deposit).
Sloughing is thought to occur when the flsitear stress exceeds the wax yield stress causing

deformation of the wax layer and ablation of wax fromdbeposited layer.

For the CRF, sloughing as a function of rotational speed was studied on wax deposits formed
under static conditions for 30 mithé wax deposits were thick and retained ~85 vol% solvent).
After wax deposition, the CRF was submergegdure nrdodecane (no wax dissolved) and the

wax deposit rotated at 100, 200, 300 and 500 rpm for 10 min. To minimize dissolution of wax
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Toi was seta 32°C (below the WAT). GEID analysis of the qulodecane after the CRF was
submerged in pure dodecane 30rmin (no rotation) revealed only trace amounts of-C28,
and therefore the contribution of dissolution to changing wax deposit mass is cahsidere

negligible.

Figure 4.18 shows the wax deposit after rotating the cylindrical test sample for 10 min at
increasing rotational speeds. While the wax deposit at 100 rpm shows slight deformation of the
deposit (bllowing the standard protocol), the wax deposgass was within ~95% of the static
wax deposit, hence no measurable mass loss. With increasing rotational speed, the wax deposit
is visually deformed, and undulations were observed throughout the wax de@X rpm,
with the mass loss increasing By15%, ~20% and ~30% for 200, 300 and 500 rpm,

respectively.

While these results confirm the potential of sloughing, it should be noted that these
measurements were all conducted on wax deposits formegbat Ot iis not clear if sloughing
is a contribting factor when depositing at higher rotational speeds. While the wax deposit

layer is thinner at higher rotational speeds.
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Figure 4.18. 9 wt% alkanewax-in-dodecane deposited on the CRF at 0 rpm for 30 min. With
the wax deposit formed, the sample is transferred to pure dodecane and rotated at 100, 200,
300 and 500 rpm for 10 min.

4.6.5.3 Wax Deposit Structure

Cryo-SEM images of wax deposits formed undetist@ rpm) and dynamic (200 rpm)
conditions are shown iRigure 4.19. For static depositionF{gure 4.19a), the wax deposit
reveals an arrangement of thin sheetalkfnestacked together in parallel muléyers with
space in between where the solvent is occluded in thesdephe layer can be degied as a
semisolid (composite ohlkanewax and oil), with stepped morphology of wax layers that
result in ridges throughout the wax deposit. At 200 rpm, the stepped morphology of wax layers
is less visible with negligible posity throughout the waxyar (based on the uniformity of the
wax layer), indicating a denser wax deposit. In the absence of slierecrystallizes in
layers which consist of wax molecules having planar zigzag conformations, and this results in
the sepped morphology. In sheavax crystals are found to be smaller and have a tendency to
aggregate, which in the bulk fluid can lead to stronger netw8Pk¥! In Figure 4.1% the
wax deposit is visibly different to that formed under static condition and shows reduced stepped
morphology. The different morphology may be influenced by the fluid shear during wax
depo#ion and formation (rearrangement of wax crystals), andémsification of the wax

deposit layer through continued shear.
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Figure 4.19. Cryo-SEM images of wax deposits formed after 30 min urj€r rom and b)
200 rpm.

4.6.5.4 Wax Deposit Chemical Composition

The analysis of the chemical composition of the wax deposit at different rotational speeds
in a systenatic experimental procedure fixing all the operating conditions and varying only the
rotational speed igresented ifrigure 4.20. Figure 4.20a, b, ¢ and d shows the kifeethange
in the chemical composition of 0, 100, 200 and 500 rpm at times 1, 15 and 30 mirigumiée
4.21 shows the chemical composition of the wax deposit at steady state (30 min) for the range

of RPM as prewusly.
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Figure 4.20. The carbon chain length distritian of deposited wax as a function of timeaat

0 rpmb) 100 rpmc) 200 rpmd) 500 rpm. Comparison of carbon chain length distributions as

a function é RPM at 30 min. Wax content 9 wt%.
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Figure 4.21. Comparison of carbon chain length distributions as a function of RPM at 30 min.
Wax content 9 wt%.
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Figure 4.20 showsthat at time 1 min, the chemical composition of the all the wax deposits
fall within the average of the initial wax used in the model solution, however, only at 500 rpm
the carbon chain length falls within the LMW wax. At late time of 15 min and the&ieady
state at 30 min, the chemical composition starts to shift gradually to HMW wax, this shift is
negligible at O rpm, more prevalent at 100 rpm and very significant at 200 and 500 rpm. The
description of the carbon chain length distribution wité tdational speed allow us to define
three regimes for the change of the chemical composition with time and RPM. A first regime
(0 rpm), where the carbon chain length stays within the average composition with time, a
second regime ( 100 and 200 rpm), vende wax deposit is within the average composition
at early stages of wax deposition, then start to shift to the HMW wax with a critical time,
accelerated by the increase in the RPM (30 min for 100 rpm and 15 min for 20@noina)
third regime where # waxcomposition falls within the LMW wax at early times then shift
towards the HMW wax later on. In the first regime, all the wax carbon chain lengths are able
to crystallise as long as the temperature at the interface is below the WAT. As the rotational
sped increases, the deposition starts to be preferential to HMW after a critical time. Probably,
at early stage of the deposition, the temperature of the CRF is relatively low, allowing all the
wax to crystallise but also exhibiting a higan der Waal$orce between the wax molecules.

As the wax build up, the temperature at the interface depibsicreases and the LMW having

low vander Waals forces are less likely to adhere to the wax deposit. Besides, aging, which is
the counter diffusion of the oindthe wax molecules within the wax deposit, is enhanced by
the rotational speed, allowing the oil to be squeezed out of the wax bed taking out some soluble
LMW wax with it. In the third regime however, there is a different trend of preferential
adherene of LMW wax at time 1 min and a preferential adherence of the HMW at time 30

minutes. While the shift towards HMW with time can be explained by the aging process, and
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most probably the drag forces engendered by the rotational speed preventing the LNBV wax
deposit due to their weak interaction with similar molecules, the preferential deposition of the
LMW wax at time 1 min is exceptional. Most probably, the LMW wax molecules are more
easily pushed towards the inner cylinder by advection due to their siz@lind the high
intensity of the rotational speed. At time 1 min when the temperature of the CRF is low enough
for them to adhere to the cold wall, they will be predominant in the wax bed due to their
relatively high concentration at the vicinity of tG&®F.With the temperature at the depemit

interface increases, the LMW wax find it hard to adhere to the deposit at high wall shear stress.

The change in the chemical composition with rotational speed was further investigated with
an experiment thatims mainly to check whether the shift towards the HMW wax with
rotational speed is due to the depletion (lower availability) of the LMW wax after 15 min of
wax deposition or to the change in the temperature profile in the system that leads to a higher
solubility or low adhesion force of LMW wax. To do so, an experimgas conducted
consisting of depositing wax using a solution of 9 wt%-vagodecane at 250 rpm for 20 min
while the CRF is halfimmersed in the wain-dodecane solution. After 20 min, thdlfGRF
was then immersed in the solution for a further 10 min at same operating conditions. The

chemical composition of the lower and upper halves of the CRF were compared.
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Figure 4.22. a) The carbon chailength distribution of the lower and upper layers of the
deposited wax. A comparison, in dash line, is made to the average chain length distribution of

deposit wax layer at 10 min 250 rphb) a picture of the lower and the upper layers.

The chemical coposition of the lower half of the CRF was expected to be the same as the
standard chemical composition of a wax deposit at the same operating conditions. However,
after 20 min, if the LMW wax deplete, when immersing the full CRF, the chemical composition
of the new wax deposit would be also shifted towards the HMWre 4.22b shows a picture
of the CRF after the experiment. The bladid lines delimitatethe CRF deposition sample
and the daslgreyline in the mddle shows the limit between the half immersed initially and
the half immersed after 20 min. Using a scalpel, a wax layer was taken from the upper black
line to the dash line for the analysis oé thpper part of the wax deposit and a wax layer from
the dah line to the bottom black line was taken for the analysis of the composition of the lower
part of the wax deposiEigure 4.22a shows the carbon chain length distribution of the upper

and lower layers compared to a standard chemical composition of a wax deposit at 250 rpm,
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10 min at the same operating conditions as the suggested experiment. Résgitseid.22a

shows that for the lower part of the CRF, a shift towards the HMW is observed and this is in
harmony with the results previously obtained while increasing the rotasipeeat! of the CRF.

The upper layer, instead of exhibiy the same composition as the lower layer, shows a
composition that is within the standard composition of a wax deposit at 250 rpm at 10 min with
the same operating conditions. This result suggeatshb shift towards HMW after a critical

time (15 minin our operating conditions) is not due to the depletion of LMW wax but to the
increase in the temperature at depositnterface leading to a higher solubility wax or lower

vander Walls attractiofiorces of the LMW to the deposit.

Further investigatin on the effect of forced convection induced by the rotational speed on
wax deposition was conducted. The experimensagrinvestigate thaim of therotational
speedon the final deposit mass andidkness. As shown previously, a clearly lower mass
demsit and smaller wax deposit thickness deposits at higher rotational speed. One can assume
then that, while rotating, thenkracereach the WAT (Steady state) at smaller wax thickness.
One can suggethen that the wax composition at higher rotatiopaksl has a higher insulation
effect due to the change in the composition of the wax deposit with RPM. Or, that the
temperature in the system is changing with the rotational speed and leading torevilegs d
for wax deposition. An experiment was then segjgd to be performed to further emphasis the
effect of rotational speed on wax deposition. The experiment consists of performing a wax
deposition with 9 wt% of wain-dodecane at 200 rpm for 30 mind = 5°C and TFo= 45
°C), then stop rotation whikkhe CRF is still immersed in the wax solution and allow deposition
at the same operating conditions for another 15 min, then measure the wax deposit mass at the
end of the experiment (after 45 min). Téxperiment was chosen to be performed at 200 rpm

becaise previous investigations suggest that there is no sloughing at this rotational speed. 30
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min was chosen because it is the time needed for the system to reach steady state and the rate
of wax depositin is very low after. Therefore, when the rotatiorpstany major change to

the deposit mass is solely due to the changing in the hydrodynamics in the system. The

temperature of the bulk was monitored as well all along the experiment.

Bl nside layer
a Outside layer

= = Average 200 rpm 30min
— = Average 0 rpm 15min
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Figure 4.23. a) The @arbon chain length distribution of the inside and outside of the deposited
wax layers as described kigure 4.21 and compared to the carbon chandth distributions

of a deposit wax at 200 rpm, 30 min and 0 rpsnmin b) a picture of the wax deposit with
dash line separating the inside and outside layers.

Results shows that the wax deposit at 200 rpm reach a mass gain of ~ 1.5 g after 30 min and
when the rotation stops, a rapid wax crystallisation build upheméposit interface leads to a
final mass of 4.8 g after 15 miRkigure 4.23b shows tearly the boundaries between the wax
deposit formed at 200 rpm and the further bwipdat O rpm. Besides, the temperature in the
bulk solution shows a decrease with rotational speeds &€ 42 200 rpm and then a rapid

increase in the bkl oil was obsered after stopping the rotational speed to°@4 This
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experiment suggests that the change in the temperature profile with rotational speed is the main

driving force for less deposition at low rotational speeds.

A characterisation of theegposit composibn by GGFID was performed as well. At the end
the experiment, a scalpel was used to carefully cut a layer of the wax deposit formed at O rpm
from the Aoutside | ayero first; the | ayer wa
the two deposions and afterwards, the scalpel was used to remove any wax deposited at 0 rpm
and reach the inside layer deposited at 200 rpm to take another sample for analysis. As stated
before, the sample is taken in a longitudinal way to cover théevdeposit sanip from the
top to the bottom-igure 4.23a shows the carbon chain length distribution of inside and outside
layers and their comparison with the carlobain length distribution of a wax deposit formed
at the same operating conditions: dashed black line for a wax deposit formed at 280 rpm,
min and the dashed grey line for a wax deposit formed at O rpm, 15 min. Redgtitisine
4.23a show that the composition of the wax deposit formed at 200 rpm, followed by deposition
at 0 rpm exhibit a similarénd of similar deposition experiments perfedpreviously. At 200
rpm, the shift towards the HMW wax is therefore again proved to not be due to the depletion
of the LMW but to the change in the temperature profile in the system that makes the LMW

wax moe soluble and less adhesive at higher rotatispeeds.

4.7 Conclusiors

A novel Cold Rotating Finger representing a Couette flow has been developed to study wax
deposition. The CRF displays innovative success, which stems from its ability to provide fairly
controlled flow conditions and heat transferofiies, all along with rapid and economic
screening of different parameters affecting wax deposition. The design is validated through

preliminary testing using a screening and optimization method called Taguhbi
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experimental matrix has demonstratedfuigctionality to study the main factors affecting wax
deposition: wax wt%, RPM, nb: and Toe. Taguchi showed some general trends with good
agreement with the mechanism of wax deposition and with the literdtowever, more
systematic experiments weneeded and both kinetic and dynamic studies at-aefihed
operating conditions were considered then. The kinetic study showed an initial high deposition
rate (within 1 min) followed by a secondary slower depon rate as the wax deposits
approached sasly-state values (~30 min). Wax deposition kinetics are shown to be governed
by the temperature gradient between the bulk fluid and theoWamterface. Initially, the
temperature gradient is large and proescd high deposition rate of wax. As the wapakit
thickness increases the temperature gradient decreases and this results from the increased
thermal resistance of the wax deposit layer. The wax deposit approaches stttadglue
(deposit mass) anie¢ waxoil interface temperature approaches WAT. Dynamic studies
showed a decrease in the wax deposit mass with increasing rotational speed of the CRF. While
the reduction in mass can be attributed to a heat transfer and/or shear removal effect, in the
current studythe reduction in wax depositassis attributedto a predominantly heat transfer
effect. Increasing the rotational speed decreasgesid thereforedecreases the thermal
gradient between the hot and cold temperattihess decreasing thkermal diffusivity of wax
molecules. Whilehlis phenomenon describes behaviour at low rotational speeds, at 500 rpm
the fluid shear was shown to strongly deform and decrease the deposit mass of a wax layer
formed at O rpm. This introduces the possibitifyshear removal (sloughing) at higher RPM.

The analysis of the chemical composition of the wax deposit at different rotational speeds
shows the kinetic change in the chemical composition While initially, at time 1 min, the
chemical composition of all th@ax deposits fall within the average of tingial wax used in

the model solution, with time progressing, the chemical composition shift towards HMW with

increasing rotational speed. This behaviour may be attributed to an enhanced aging process due
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to the wall shear stress or a preferential wax ddmm of the HMW wax due to their high
intermolecular interactions at high temperatures. Deposit at 500 rpm shows a different trend
though, bouncing between a composition falling within the LMW wax carbom ¢éragth at

time 1 min and a composition withthe HMW wax carbon chain length at steady state. This
great change in the composition is attributed to thexistence of two effects: the advection

due to high drag forces enhancing the diffusion of LMW weathe deposition wall initially

and the walkhear stress overcoming the adhesion forces of the LMW wax and stripping them

off with the increase of the depaosil interface temperature.

137



Chapter 5 Wax Deposition using a Cold Rotating Fnger:
An Empirical and Theoretical Assessment in Thermally
Driven and Sloughing Regimes

5.1 Synopsis

Timedependentvax depositionon a rotating stainlesssteelsurfacewas studiedusing a
newly-built laboratory-scale Cold Rotating Finger (CRF). The CRFlues a chilled (Joid =
5°C) rotating inner cylinder and a jacketed beaker to heat the oil phase=(#5°C). Wax
deposition rates and pseudteady state deposit mass values were shown to depend on the
CRF rotational speed. Relative to the static {8stpm), the wax depdsnass decreased with
increasing rotational speed, reducing by 54% at Xpfth and 82% at 700 rpm. At low
rotational speeds, the reduction in deposited wax corresponded to changes in the by)k oil (T
and wax interface (Jtemperatues with increasing CRFotational speed. Such behavior was
well described by a diffusive model to account for the fluid motion in the CRF. The model
described the temperature profile in the boundary laygrconsidering the heat transfer
coefficient as aunction of the CRF rational speed, with heat transfer governing wax
deposition. Mss transfer was described by Fickos
temperature, and constant diffusivity determined from experimental data at the reference CRF
rotational speed of 100 rpnThe change in heat transfer governed the mass deposited, with
wax deposition at low rotational speeds described by a therrdalrgn process. At higher
rotational speeds, ofTwas independent of CRF rotation, although the wax depoais
continued to daease. Visual assessment of the CRF test revealed sloughing at CRF rotational

speeds of 400 rpm. For high CRF rotational speeds the molecular diffusion model could not

accurately describe the wax deposit mass and was modified to include a sloughifiyfderm,
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described in terms of the wall shear stress, deposit radius-amdhich wastaken to be an

adjustable parameter to describe the sloughing intensity.

5.2 Introduction

Crude oil is a complex mixture of saturates, aromatics, resins and asphalteres.iia
crude oil are particularly problematic due to their solubility decreasitigeasude oil coofs*.
At temperatures below the wax appearmtemperature (WAT)and dependent on surface

properties and fluid mechanics, wax deposits can restrict flow and eventually plug a Pipeline

114

Researchers often consider the effect of a temperature gradiesix depositioff: 48: 60 64
67.72 yet few studies consider the effect of flow on wax deposition ratesvarnddeposit
properties, se€able 5-1 for a summary of published dat®Vith few published pipeline tests,
due to challenges in construction, operation and an inability to rapidly test satinglstatic
cold finger method has be ubiquitously adopted as a standard test method, camgbgthe

effects of flow are rarely considered.

Most flow studies show the wax deposit mass decreases with increasing flow rate,
attributing mass reduction to the effects of slough{p@ysical removal of wax), or
densification of the wax deposit a8 i squeezed from the deposit when sherégl 124
Mehrotra and cavorkers® 110 ®stydied wa deposition in flow and concluded that wax
deposition is primarilyitermally driven in both laminar and turbulent flows. The steady state
depositlayer thickness (or mass) corresponded to the thermal driving force and thermal

resistance of the liquid phasnd deposit layer. Lu et al. observed reduced deposit thickness
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with increasing flow rate and considered the effects of heat and mass transfer with deposition
time*’. In the presence of flow, the boundary layer thickness decreased (with increasing fluid
shear) and the waregosit interface temperature increased. While the reduced boungary la
thickness led to a higher radial concentration gradient, and increased mass flux, the increased
flow rate also led to higher wax interface temperature due to an increased thermaitload

the latter reducing mass transfer.

Molecular diffusion is den considered the dominant mechanism responsible for wax
depositiod® 3% 114 describing waxmolecules diffusing towards eold surface. A radial
concentration gradient of dissolved wax molecules exists béfe/stem attains steady state,
when the temperature of the wax deposit interface equals the'\WABeveral studies have
developed mathematical models, solving for both heat and mass traosfiescribe \&x
deposition based on molecular diffusion thééry> 1% 38 111 l4yowever, studying wax
deposition under a zero or slightly negative thermal gradient (bulk oil temperature equal or
lower than the coolant temgagure), Yang et al. measuredxvdeposits on the pipe invert in
flow!®. The authors attributed the wax deposition to an accumulation of precipitated wax
particles which deposit on the pipe invert and form a yield strength deposit when the yield
stress exceadhe local fluid shear stredshe authors comment that molecular diffusion alone

cannot fully describe the observed behavior.

Singh et al. developed a comprehensive model to predict wax deposition and deposit
thickness in laminar floW* Good agreement between experiments and the model were found
when heat and magdransfer correlations wered@pendent of one another. Such an approach
was only valid for laminar flow and assumed the wax concentration gradient to be maximum

in the boundary layer. The approach of independent heat and mass transfer correlations (also
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known as {iCoburnaralcgdy") dver pradicts mass deposition in turbulent flow and
represented the uppbound of the deposit thickness, considering all wax to be dissolved and
able to deposit on a surfaée 62 14 For turbulent flows, a solubility approach was considered
by Venkatesan and Fogler to account for the effect of heatéramsfmass transféf. Since

both heat and mass transfer acsinultaneously in the boundary layer, the wax concentration
profile was strongly influenced by the temperatuiifg. As the temperature decreased below
the WAT, wax precipitates in the thermal boundary layer, thus, the concentration of the
dissolved vax in the boundary layer depends on the temperature pradigedBn the solubility
approach, the system is assuihe be at thermodynamic equilibrium, that is, the kinetics of
wax precipitation is instantaneous and much faster than the diffusion natex aholecules.

The solubility approach underestimates the amount of dissolved wax in the boundary layer and

represats the lowetbound of the deposit thickness.

Researchers have attempted to include precipitation kinetics into their deposititehs.
For example, the TUWAX model includes an additional kinetic precipitatiep at the wax
deposit interface. Unlike prvious models which assumed the wax concentration at the deposit
interface to be the equilibritiwvax concentration at the intera¢emperature, the TUWAX
kinetic model introduced a different condition such that the wax concentration at the deposit
interfece is not necessarily at thermodynamic equilibrium and follows a kinetic concentration
profile!!l, Huang etal. developed th#ichigan Wax Predictowhich describes the kinetics of
wax precipitation and applied it to the boundary tayfehe fluid instead of the pipe walhere
the oil is expected to experience drastic cooling while flowing in the pipélfiewith the
model applicable to both laland fieldscale testsThese more advancedodels are all a
variant of a deposition model where only the effects of flow on coupled heat and mass transfer

was studied.
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Wax deposits are subjected to shear forces when formed in a flowing pipeline. Under such
conditions wax can be removed from tlepdsit via sloughingdzevedo and Teixeira showed
shear dispersion to influence wax deposit removal, and thus the rate oépeesitdormatiofy
One of the earliest and ntowidely used expressions for shear removal was based on the
fouling model of Kern and Seaton (1959) The authors suggested that the rate of wax deposit
removal was proportional to the livahear stress and deposit thickness. This expression was
then developed further to better predict wax removal, including gitogperties such as the

deposit wax volume fractigt? 122

The current study considered CRF tests in static and dynamic conditiong. aJsiodel
waxy oil, the deposition rates and psewti®ady state wax deposit masses were revealed as the
flow transitioned fron static, laminar to secondary flow. The experimental data was fitted using
a deposition model based on molecular diffusion fh&drich accounted for the flow in the

CRF and modified to describe sloughing at high CRF rotational speeds.
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Table 5-1. Wax deposition studies in flow.

Deposition

PrudboHh%n

flow for small sample

Wall shear s#ss,

Study Experiment " Sample Summary o flow on wax deposition
conditions
Ji et al*®* Couette apparatus. Oute 07 250 rpm. Puyang crude Wax deposition studied in lanar flow. Increased rotational speed reduced
cylinder rotating, cooled inne Laminar flow oil, 15.36 wt% wax .d('eposition rate. Assumed the effect of rotation on temperature gradient]
cylinder stationary. wax. negligible.
Tinsley and Parallel plate channel Re, 160 and 320. Coo-CagWax in High shear stress led to initial rapid growth of the wax deposit which plate

Norpar 12 solvent|

in ~30 min. Low shear stress led to slower growth of the wax deposit but t

section 5.5 m length, 0.053 1
ID.

Wall shear stress,
1.9371 26.64 Pa.

volumes. 51 60 Pa. at 3 Wt%. wax layers. Wax content increasedthwaging time and composition shifted
higher cabon chain lengths.
Zougari and Shear cell based on Cylinder rotation 25 Light crude Trend of decreasing wax deposition with increasing wall shear stress. T|
co-workergs3. 44 Couette flow. Inner cylinder to 100 <. oil, 34° API,2.7 | live crude oil at constant rotational speed confirmed alinear deposition profilg
rotating and outer cylinder Shearstress at the Wt% wax. attributed todepletion of wax. Differaces in deposition dynamics attributed
stationary and cooled. deposit wall 5 to 49 Pa. fluid viscosity variation. Wax deposition reduced at higher pressures.
Lu et al*” Flow loop: chillel test Re, 9942 49710. North Sea olil, Experimenal and modelling approach confirmed a reduction in wax dej

4.5 wt% wax.

thickness with increasing oil flow rate. Accounted for &k with increasing
flow rate: i) reduced boundary layer thickness increases mass transfer; ii) ing
heat loading increasedi Bnd diffusivity from the bulk to the interface; ii
increased illeads to a higher dissolved weancentration at the interface. Effeq
1 and 2 increase growth rate, while effect 3 decreases growth rate.

Hoffman and
Amundsef?®’

Flow loop: chilled test
section 5.5 m length, 0.053 1
ID.

Volumetric flow
rate, 5i 25 n¥/h.
Shear s#ss,
57 89 Pa.

North Sea
waxy condensate,
4.5 wt% wax.

Higher flowrates led to thinner wax deposits after 50 h tests. Wax de
thickness strongly dependent on the surface temperature. Composition of t
deposit was sensitive to the surface tempeea with heavier fraction
preferentially depositing at higher surface temperatures, contributing to chg
deposit hardness. Calculating the pure wax thickness showed an increaq
decrease with increasing flow rates. The decrease was suggestatddo the)
effect of sheastress on wax molecule adhesion or removal of wax from the de

Mehrotra and
co-workerg09. 182

Flow loop: chilled test
section 0.1016 m length,
0.0254 m ID.

Re, 9000° 31000.

Norpar 13
solvent (Go-Cie)
andParowax (Go-
Ceo) at 7, 10, 15

Wax deposit thickness increased asymptotically witietbut overall the wa
deposit mass decreased and deposit wax content (soluble and insolubl
increased with increasing Re. Thermal steady state was atteithéd30 mins as|
the wax deposit interface temperature and WAT were almost equivalentd&ott
flow tests revealed negligible change to the wax deposit mass but an aging

Wi% wax. on deposit wax content.
Creek et af® Flow loop: chilled test Flow rates between Gulf of Wax deposition rate decreased with increasing flow rate. Depositig
section 50 m length, 0.4 8 and 320 n”lday. Mexico crude oil. | turbulent flow significantly less than laminar flows, with deposits formeg
m ID. 3 API. turbulent flows found to be harder with a lower oil content. Aging effects odxde
WAT = 48.9 | inturbulent flows which was attributed to an effect analogous to Ostwald rip
oC of small wax crystals.
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5.3 Materials and Experimental Methods

A model waxy oil composed of low §&Caso [manufacturer quoted distribution, Merck, UK],
melting point 5862°C) and high (melting point 631°C, Fisher Scientific, UK) molecular weight
solid paraffin waxes, and dodecane (Acros Organics, UK) with a boilimg piol70195°C and
density of 0.751 g/cfwas used throughout the study. The carbon chain length digiribas
measured by GEID is shown in Fig. 4. Blending low and high molecular weight waxes produced

a carbon chain length distribution represengatif’that found in crude ofts

5.3.1 WAT measured by Crystal 16

The WAT of 13 wt% nalkanein-dodecane (composed of 1:1 mass basis for low and high
molecular weight waxes) was meagsuby turbidity performed at different cooling rates using the
Crystal 16 apparatus (Technobis). The Crystal 16 comprises of sixteen sample weatt®$plr
blocks. Each block is independently temperatortrolled and enables a range of cooling rates
to be studied simultaneously. Samples were added to 1 mL glassTVialsolution turbidity
(transmission %) was measured as a function of temyseraEach test began by heating the
samples to 60°@Gnd held at temperature for 30 min to ensure thermali®gum. Then the
samples were cooled at 0.5, 1, 2 and A1 to0°C while stirred using a magnetic flea. The WAT
was taken to be themperature at a light transmission value of 90% (fully transparent sample =

100%).

5.3.2 CRF Wax Deposition
Waxy model oi$ of 13 wt% ralkanein-dodecane were used for all te§tke wax content was
selected as being the optimal to achieve reliable and edppeabass deposit measurements and to
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ensure the WAT remained within the temperature range of the TRjprepare th&vaxy oil, an
equal amount of low and high molecular weigkalkanewax was added to-dodecane at 60°C
and held at temperature for 1 htiball the wax dissolved (visual assessment). The solution was
then cooled to 45°C to begin the wax deposition Reposition tests were conducted using a 300
mL Pyrex jacketed beaker with the circulating oil maintained@t=T45°C. The temperatud

the waxy oil, B, was monitored using a-&pe thermocouple (x 0.5°C). The cold side (circulating
coolant fluid) was maintained atcdis = 5°C. Wax deposition was measured at CRF rotational
speeds of 0, 100, 200, 300, 400, 500, 600 andpf0and waxdeposits were collected &t 3, 5,

10, 15, 20, 25, 30 and 60 min to study the kinetics of deposkaiowing eachtest, a scalpel
was used to cut the wax deposit at the base and top of the cylindrical test sample, with the mass
difference between tHdank and wax deposited test sample determining the mass oflvaax

deposition tests were repeated in triplicate.

5.3.3 Gas Chromatography-Flame lonization Detection(GC-FID)

The compositiorof the wax deposit was measured by GC/FID (Perkin Elmer Clarus 500 GC)
using a hydrogen flame and kerosene as a reference. HrBEGcluded an Elite M1 column of
length 15 m, innerdiameter (ID) 0.53 mm and a temperature range 60 to 360C.
Approximately 0.2 g of the wax deposit was removed in the form of a slice that spanned the top
and bottom of the cylindrical test sample. After sample removal and prior to measurement, the
sample was stored af@ in a sealed glass vial toitigate the loss of anlight-ends. The wax
sample was placed in a Thermo Scientific 11 mm-assembled amber crump top autosampler
vial with ~1 mL carbon disulphide to completely dissolve the Wdpe composition of the wax
deposit was determined on dvanmt-free basis wherthe GGFID analyses were normalized by

omitting peak areas belowfc
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5.4 Wax Deposition Modelling

A mathematical model was developed to predict wax deposition in the CRF. The model was
based on the molecular diffusion mechanism ocagrim thethermal boundary layer adjacent to
the deposit. The diffusion rate was determined by writing the heat and mass balances, and optimum
configurations of the adjustable parameters were identified. The following assumptions were
considered: i) all tb main vaiables depend only on the radial coordinate r and on time t, and
variations along the longitudinal coordinate z (CRF axis) are negligible; ii) the wax solubility was
derived from an empirical equation developed by Singh ¥ &i) hydrodynamics calculations
were based on empirical equations fitted to the 100 rpm experimental data; iv) wax was treated as
a single component; v) wax diffusivity waensidered constant tuning parameter; vi) the latent
heat of crystallization was neglected; vii) the oil and wax were taken to have the same density, 800
kg/m?; viii) the wax deposit was formed by wax and oil with the wax fraction assumed independent

of time; andaviii) the lateral external wall of the outer cylinder is adiabatic (zero heat flux)

Mass growth is expressed as:

— 0— 0—8 Eq.5.1

wherem s the mass depositeD,the wax diffusivity,C the concentration of dissolved wax in
the boundary layer,the radial coordinate an the wax deposit layer thickness. The steady state

temperature in the three zones defineBigure 5.2b is given by:

Wax deposit ([):
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Yirb Y | T— EQ.5.2
Boundary layer (BL):

Yib YO —1 1— Eq.5.3
Bulk oil (B):

"Yild Y o8 Eq.5.4

where, tis the time,dJ Ti, Ty are the temperatures thfe CRF surface, wax depaosit interface
and boundary laydbulk oil interface, respectie Rs and R are the radii of the CRF and the

boundary layer, respectively.

Imposing thermal flux balance at the interfate

- 00— Eq.5.5

wherekyq andk, are the thermal conductivities of the wax deposit and oil, respectivetyhat
flux at the interfacéy is assumed to bgroportional to the temperature drop in Hondary layer

SO that:

Q—— QY Y Eq.5.6

whereh is the heat transfer coefficient. Hence,
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Y — Eq.5.7

6 —1 1T— Eq.5.8

Thermal balance at 'Y yields:

—  "QYQl Q— Eq.5.9

where R is the radius of the CRF outer cylindeythe heat capacity of oil angl the density of
the oil. Assuming the variation in the thickness lté wax deposit plus the boundary layer is

negligible Y Y Y):

"WYY Y Q — Eqg.5.10
where zero flu ati 'Y Is assumedCombining Eqs.%.1), (5.2), (5.6):

Y 0 Eq.5.11
where,

6 3 Eq.5.12
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with YY 'Y 'Y . Integration of the above wiftY T  “Y (the constant temperature of

the circulating hot fluid) provides:

YO Y Y YA@DPS Qo Eq.5.13
where,
QO . ——Q0o Eq.5.14
then,
— Y YA@D;—, 6 —Qo0 Ty T Eq.5.15

proving thatT, decreases with timélso,

— Y YAGDy— —Q0— y— —Q0 TmEQ516

implying thatT, decreases as the heat transfer (and hence the CRF rotational speed) increases.
Following Singh et af*? the solubility gradient is supposednstant and gien by the empirical

relation:

— 7 OdSY pwW Eq.5.17

where, a, b and d are constants and equal to #,92B7.95 and 5.98 respectively. Recalling

Eq.5.1, the mass growth rate is expressed as:
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— — YO Yo Eq.5.18

where”Y 0 A'Y 0 are given by Eqs5(7) and 6.13).

The heatransfer coefficient is calculated using the Nusselt number:

06 0Y U — Eq.5.19
where, Re is the Reynolds number Y(Q —), Pr the Prandtl number
(01 —), with constants L, m and n determined by fittihg tvax deposition data at 100 rpm.

5.5 Results and Discussio

5.5.1 Wax appearance temperature

Figure 5.1a shows data obtained using Crystal 16 for 13 nA8lkanewax-in-dodecane cooled

at rates between 0.5 and 5°C/miimne WAT was taken at the temperature when the transmission

equalled 90%Figure 5.1b compares the WAT as a function of the cooling rate. With increasing

cooling rate the WAT was shown to decrease from 39.6°C 66G5The depenaee of WAT on

cooling rate was due to i) differences in the crystal growth rate, with larger crystals formed at low
cooling rates affecting solution transmission more than smaller crystals formed at higher cooling

rated' 186 and ii) thermalag, which describes the relative rates of wax precipitation and cooling

(heat transfer), with lower cooling eat exhibiting reduced thermialg®. Fitting a polynomial to
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the cooling ratelependent WAT values and extrapolating the fit to anitefiynslow cooling rate

(dT/dt ~ 0) the WAT was 40.4°C. For all CRF experiments wih=T45°Cand Teoid = 5°C, To
remained above the WATFigure 5.2d, solid lines), hence wax precipitation in the bulk oil was

not expected and not observédhile light transmission was used to determine the WAT, rheology
and a changing fluid viscosity is often used to measure the WAT in crude oils. Such ankapproac
wasalso considered in the current study and the WAT was found to be ~2.5 °C lower than that
measured by light transmission. This difference is understandable given that light transmission is

sensitive to incipient wax precipitation, and rheology is il#rg0 an abundance of precipitated

wax.
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Figure 5.1. a) Light transmission % (turbidity) as a function of temperature for 13 wttlkane
wax-in-dodecane during cooling from 50°C to 20°C at different cooling rates. The WAT was taken
at the temperature when the light tnaunssion equalled 90%.) Comparison of WAT as a function

of cooling rate with the data fitted using a thowdler polynomal. The thermodynamic WAT was
40.4°C.

151



5.5.2 Wax Deposition

Figure 5.2a compares the rate of wd&position as a function of CRF rotational spleetiveen
0 and 700 rpm. For all tests, more than 50% of the total wax deposited occurred within 1 min of
the 60 min test, and the initial rate (within 1 min) of wax deposition can be linearly approximated.
At t > 1 min the rate of wax deposition became-hioear, and the deposited mass approached a
pseudesteady state value at t ~60 min. Between t = 5 min and 60 min, the wax deposit mass
increased by ~25% at all CRF rotational speeds. While the mass dbepasited decreased with
increasing CRF rotationapeeds, significant reductions in the wax deposit mass occurred between
0-100 rpm and 10@00 rpm Figure 5.2b). Thereafter, smaller incremental redons in thevax

deposit mass were measured with slight differences still measured aRRMb. Fitting an

exponential decayHgure 5.2c,® & 0'Q "), good agreement to the fit is observed when the
CREF rotatioml speed 300 rpm, with the mass of wax deposited diverging from the simple fit at

higher rotational speeds.

For all experimental conditions (CRRPM  700; apparent Re 4893 and appararnwall
shear stress 0.19 Pa), the amount of wax deposited ad become independent of the CRF
rotational speed. The continued decrease in deposited wax with increasing fluid shear has been
observed in several studies.(Table 5-1), and this behaviour is attributed to &dt transfer effect:
changing thermal gradiebetween the wax interface and bulk fluid temperatmd,ii) sloughing

effect; mechanical removal of wix*7: 62

To understand the heat transfer effect, a typaraperature profile for the CRF is schematically
shown inFigure 5.2b, whereTco, Ts, Ti, To, To, Thot describe the temperatures at the cold side

(Teaid = 5°C), CRF surface, waail interface, boundary laydyulk oil interface, bulk oil and initial
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bulk fluid temperature, taken to equale= 45°C. Four zones carehbdentified: i)YT between

Teoid and Ts which describes heat transfer through the CRF test samp¥&; between Tand T

which represents the wax deposit; ¥iJ between Tand T, which represets boundary layer; and

iv) YT between T and T, which repesents the bulk fluid temperature which is considered to be
radially constant. The system is considered adiabatic at the outer wall of the jacketed beaker. Based
on the molecular diffusion modebhdial mass diffusion occurs only within the boundary IiRer

, Ry]. Hence at t = 0, /= Ts (no wax deposit) and the mass diffusion effect is strongest, promoting
fast wax deposition. As the wax layer builds up, the insulating effect of the wax layer leads to an
increase in T hence mass diffusion is weakeraadl the mass of wax deposited Insgio plateau

as T = WAT!Z, |t should benoted that the pseuekieady state values for wax deposited are not a
result of wax depletion with 73% of the initial wax content remaining in solution after 60 min for

CRF =0 rpm.

While Tsand T could not be accurdiemeasured during CRF rotation, Was measured in the
absence and presence of wa8 Wt% n-alkanewax-in-dodecang as a function of the CRF
rotational speed Higure 5.2d). Tb was measured by averaging two tenaperes, with
thermocouples positioned at the top and base of the cylindrical test section and at a radial distance
10 mm from the test section surfacé. Figure 5.2d inset). The test protocol involved attaining
steady baseline temperatures fesdand Thot before submerging the CRF in the jacketed beaker.
This protocol led to a drift ingluntil a new thermal equilium was achieved=gure 5.2d). The
decrease in Jto a new equilibrium temperature would lower the rate of molecular diffusion, and

this effect was enhanced by the increased fluid mixing at higher CRF rotational speeds.
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With wax added to fdlodecane, and the insulating effect gra3 the wax layer degits, the
effect of CRF rotational speed opViias considered to be negligibté, Figure 5.2d. It should be
noted that during wax deposition, Temaned above WAT (WAT = 40.4°C) thus no wax

precipitation was observed in the bulk fluid

Moreover, the wax deposit mass continued to decrease with increasing CRF rotational speed
(Figure 5.2c), and attempts to measure the density of the wax deposit at 60 min deposition showed
little variation with CRF rotational speed, 77520 kg/n¥. Therefore, a thinner wax deposit at
higher CRFrotational speed is asmed to be less insulating andwould decrease. Relative to
one another, &T; should be larger at 700 rpm compared to 500 rpm, and thus the mass transfer
from the bulk fluid to the wax interface should be greater. However, tee afavax deposited

wasless, hence, mass diffusion alone cannot completely describe the wax deposition kinetics.

Shear removal considers both tie¢éardation of wax deposition, as wax molecules adhere less
to the wax deposit, and sloughing which ddsesithe physical removaf wax from a deposit®
While sloughing of the wax depibgould not be quantiéid, visual assessment of the CRF test
revealed wax particles being agitated in the CRF test beaker at CRF rotational speeds of 400 rpm
and higher (see Supplementary Information Vide&bwt% rralkanewax-in-dodecane, &ia=5°C
and Thot = 45°C,500 rpm aBB min 30 s). Sincedexceeded the WAT at all rotational speeds, such

observations were attributed to the onset of sloughing.
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Figure 5.2. a) Time-dependent wax deposition as a function of CRF rotatispeed.
Experimental conditions: 13 wt¥talkanewax-in-dodecane, &iq = 5°C and ot = 45°C. Lines
are to guide the eye and take the fofm, & ©6Q 7 .b) Schematic of the temperature profile

in the CRFc) Mass of wax deposited at 60 mas a function of the CRF rotational speed. Line

is to guide the eye and takes the fotn, @ 0'Q ~. d) Time-dependentemperature profiles

of To in the absence amtesence of wax withnb: = 45°C and o= 5°C and the CRF rotational
speed is varied betwen 0 and 700 rdmermocouples TC1 and TC2 are positioned in the bulk oll
at a height of 5 and 20 mm from the top of the removable sample and at a distancdrbhmm
the CRF test surfacBash and solid lines represent the temperagiuvéle of pure dodecane oil

and 13 wt% waxn-dodecane, respectively
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GC-FID was used to measure the composition of the wax deposit as a function of time and CRF
rotational speedA typical composition of the wax deposit included strong signals foboashain
lengths between £-Cs1 and weak signals for carbon chain lengths betwegtCg (only trace
amounts), hence the latter was neglected in further anafygige 5.3a shows the composition
of the deposite wax to be partly timelepandent, with the effect enhanced at higher CRF rotational
speed (700 rpm). The dashed line§igure 5.3a represent the carbon chain length distributions
of the low and high molecular gt waxes used in the model oil. At 700 rpm, the carbon chain
length distribution of the deposited wax is seen to shift towards the higher carbon chain length
distribution with the effect progressively observed at 106hdhin. While there may be a siani
effect at lower CRF rotational speeds, the difference between carbon chain length distributions at

the 3time intervals is less apparent.
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Figure 5.3. a) Carbon chain length distribution of the wax deposit as a function of time at 0, 100
and 700 rpm. The dashed lines represent the carbon chain length distributions of the low and higher
molecular weight wax fraction®) Relative change in the carbon chamdth distribution with

time (between 1 and 60 min) at 0, 100 and 700 rpm.

The wax deposit aging effect has previously befeserved andiscussed by Singh et &land
Fong and Mehrotf&? whenstudying wax deposition in pipe flowhen a wax network forms a
gel, the gel is composed of both wax molecules (both precipitated and soluble) and oil molecules.
During the initial deposit formation, the wax contehthe deposit is low (significant ditaction
within the deposit), and with time oil is displaced and the wax content of the deposit increases.
The gradual increase in wax content results from soluble wax molecules diffusing into the wax
network and prepitating on the wax surface, thus degpng oil. The precipitating wax is
governed by the wax solubility in the oil, with lower molecular weight waxes being more soluble
than higher molecular weight waxes. The difference in solubility leads to thedteurar weight

wax molecules being exied with the oil, hence not only does the wax content of the deposit
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increase, but the composition shifts to the higher molecular weight fraction. Differentiating
between wax molecules that remain soluble and tti@deprecipitate is described by théical

carbon number (CCN). In the current stuBligure 5.3b shows the relative change (from 1 to 60
min) in the carbon chain length distribution with time at 0, 100 and 700 rpm. Based on the shift
in carbon chain length distribution, the CCN was approximated by the critical carbon length which
shows a sigfiicantly higher peak area (%) at 60 min relative to 1 min. With increasing CRF
rotational speed, the CCN shifted slightly towards a higher carbon chain length with CCN equal
to C35 at 700 rpm. Since the effect is less significant at 0 and 100 rpm, thHeangrshift in
carbon chain length distribution at higher CRF rotational speed is likely attributed to the effect
shear removal, with high shear preferentially removing the low molecular weight fraction due to

weakened/an der Waals forces and reducetiesion within the deposit®

5.6 CRF Wax Deposition Model

The newly developed CRF pesiion model was compared to experimental data at different
CRF rotational speeds. As showrFigure 5.4, the model reasonably describes the psesidady
state wax deposit mass up to 300 rpm. A slight over prediction of the deposited wax at short times
(200 and 300 rpm) is due to the assumption that wax solubility varies linearly with temperature
which is areasonable simplification in the range of tenaperes consideredncreasing the CRF
rotational speed changes the heat transfer in the boundary layer where wax diffusion and
deposition occurs. While the model considers wax diffusivity as a cdreta independent of
temperature (which is a reasonaagsumption based on the more significant effect of the thermal
gradient’), and wax solubility is taken to be a linear function of temperature; changes in wax

deposited mass are only influenced by the changing heatdrasoefficienth, which increases
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with increasing CRF rotational speed. The increasdéads to a decrea in T, as described by

Eq.5.16, and decreases the thermal gradigh, = To-Ti.
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Figure 5.4. Time-dependent wax deposition as a function of CRF rotational speed. Experimental
conditions: 13 wt%n-alkanewax-in-dodecane, &id = 5°C and Fot = 45°C. Data fitted usindhe

molecular diffusion model (E&.18).

At CRF rotational speeds 400 rpm, the pseuedsteady state wax deposition cannot be
predicted by adjusting the heat transfer coefficient in the molecular diffusion modé.1B).
likely confirming the increasg contribution of shear removal, and inogoagreement with
experimental observationsf. Figure 5.2c. To account for these effects, the model was modified
by introducing a shear removal teri¥p . This termconsidered shear removal to be a function of
the changing wax deposit thickness and the temperature/viscosity of the wax-diépusitface
as a function of time. An increase in wax deposit thickneds\jth time increases the sloughing
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rate"Y0 as described in E&.25, where the magnitude of R proportional to the magnitude of
sloughing. Moreover, an increase in the temperature of the wax depasierface (T) with time
decreases the sloughing rate by decreasing the wall shear stressagnitude of these opposed

effects governs the deese of sloughing during wax deposition.

Contribution of Sloughing: In order to account for sloughing, the model was modified to

include a sloughing terfivo as follows:

a0 00 YO Eq.5.20

where, O 0 is the deposition rate (E§.18) andY0 is the sloughing rate:

Yo o —sfsY Eq.5.21

wheredis a fitting parameter describing the sloughing intensithe wall shear stressté

— , with] the angular velocity), andi fhe radius of the wax deposit.

ao _ 01 Q . — —"Y] &8y Q Eq.5.22
where the viscosity, * Y, and is a decreasing function
constant):
© Eq.5.23
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So that,

ao O] Q |, — —Qf Eq.5.24
ao O] Q ., 6 —Q Eq.5.25
where,0 — ——) and is ditting parameter.

Accounting for the sloughing effectyo , the modified wax deposition model was able to
reasonably predict the wax deposition kinetics at CRF rotational speeds of 400, 500 and 700 rpm.
While the same value of.Qvas used for 400 arisDO rpm, the value was adjusted slightly at 700
rpm to fit the expemental data, suggesting that the linear model for sloughing could not reliably
predict wax deposition at very high CRF rotational speeds, possibly due-tmeanty at large

wall shearstress values.

1 400 rpm | 500 rpm | | 700 rpm
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Figure 5.5. Time-dependent wax deposition as a function of CRF rotational speed. Experimental
conditions: 13 wt%-alkanewax-in-dodecane, &is = 5°C and ot = 45°C. Data fitted using the

molecular diffusion + sloughing model (E§25).
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5.7 Conclusiors

A cold rotatingfinger (CRF) testing device was built to study wax deposition in Couette flow.
Using a model waxy oil composed of a blend of low and high molecular wegmjknewax-in-
dodecane, the kinetics of wax deposition wemshto be consistent at all CRF radaial speeds,
with an initial fast wax deposition rate followed by a secondary slower deposition rate, attaining
pseudesteady state after 60 min. The mass of wax deposited (at 60 min) was shown to decrease
with increasng CRF rotational speeds, with thelative change in mass of deposited wax more
significant at lower CRF rotational speeds. Such data was suitably described by a molecular
diffusion model with the CRF rotational speed being an adjustable parameterimihishing
thermal driving force atigher CRF rotational speeds meant the continual decrease in the mass of
wax deposited was attributed to a secondary sloughing effect. While difficult to quantitatively
measure, sloughing was observed at CRF rotatiopeéds 400 rpm. Such observations
corresponded to conditions when the molecular diffusion model failed to predict the {steadp
state wax deposited. The wax deposition model was modified to include a sloughing term based
on the wall shear stress, dsfigadius and a fitting parameterdescribe the sloughing intensity.

With inclusion of the sloughing term, wax deposition kinetics could be predicted at higher CRF
rotational speeds. The study demonstrated the application of the CRF which meetsaiedesi
features of a standard cold dier, but provides additional capability to study wax deposition in

flow, with the high rotational speeds of the CRF accessing the sloughing regime.
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Chapter 6 Performance ofEthylcellulose basedInhibitors in
Wax M anagementat Different Flow Regimes

6.1 Synopsis

Four inhibitors based on biodegradable ethylcellulose wéhous pendant chain sizes (C18
and C22) and degree of substitution were synthesisethandharacterized by Fourier transform
infrared spectroscopyelemental analgis and thermogravimetric analysis to confirm the
structure, degree of substitution and thermal stabilltge inhibitors wergested usinga model
solution of 5wt% ralkanes waxn-dodecane/toluene (1:1) artlde CRF at 30 min for 50 an®8
ppm inhibitords concentrati ondivemanegime&l00 s at i c
and sloughing regime (400 rpmiResults showed that ailhhibitors exhibit an efficiencythat
depends ortheir structureas compared to the chemical compositiaf the wax deposiiThe
inhibitors having a higher degree of substitution and longer alkyl pendant chain (C22) exhibit the
best performance reducing waxpasition up to 35% at static regimehis is due to a highesan
der Waals interaction between th#ibitor and the ralkane wax.Besides, inhibitors show a
preferential inhibition for LMW wax due to similarities between their chain lengtiesefficieng
was shown to decline with the increase of the rotational speedo the change in the chemical
composition of the wax deposit with less LMW wax depositing at higher rotational pesidss,
the incorporation of the ethylcellulose inhibitor in thexweposit make it stiffer and more resilient

to shear stress, decreasing therefore the sloughiegteh the sloughing regime.

6.2 Introduction

Mitigation of wax deposition problem is often in the form of mechanical, or chemical treatments

and economics arthe main driving force on whether to employ a mechanical solution or chemical
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solutior?. Mechanical pigging is the most widely used method to control wax deposition, however,
it requires significant forethought plannimgthe design of subsea pipelines and may force subsea
operations to shut down for several days, leading to significadtiption losse$?®. Thereforejf

the economic returns of reduced pigging frequency and decregmeddction downtime is
substantial, then the usealkaneinhibitors will outweigh pigging. In cases where pigging cannot
be deployed, chemical solutions may be the only economical solution left to calkiok

depositior®’.

On the other handthemical inhibitors are considered an attractive remediation technique for
managing wax deposition in subsea systémdthough these technologies may rarely eliminate
the phenomenon altogether, the rate of deposition can be reduced signiffeamtiyconceptual
standpoint, thealkane inhibitors are designed to interfere with the wax nucleation and
crystallisation proces® They are commdy used to stop the growth of wax crystals by co
crystallizing with the nativalkanewax in the crude to deform the crystal morphology. These
chemicals have a polymeric structure that typically contain (1) a hydrophobic portion that can co
crystalizewih t he crude o0il 6s wax forming component
restict the degree of corystallisation and thus sterically hinder the growth of the crystals,
preventing further agglomeration, network formation or deposition. The coomehtthemical
inhibitors used in the industry include, but are not limited to, etleyleinyl acetate (EVA)

copolymers, polyalkyl acrylates/methacrylates and maleic anhydride polyolefin copdffniets

Chemial solutions however face a majtwo challengs: First, the performance of wax

inhibitors under pipeline conditions i.e. flow is poaulyderstood, and second most inhibiesed
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are synthetics and faceslith more restrictions and increased awarenesscaged with the

chemical hazard and risk management of the use of chemicals in Oil & Gas industry.

While few studies consider tiedfect of flow on the performance of wax inhibitors, some results
are also contradictories or not well explain®idzuan ¢ al. % performed a research on the
performanceof 4 commercial wax inhibitors in the cold finger, at static, 400 and 600 rpm. The
inhibitors showed best performance on 400 nith respect to static and 600 rpm with no clear
explanatiof®. Tinsley et aP? stated that the presence of inhibitors in the wax gel layer influence
its yield stress ahits ability to be limited by mechanical erosion. Jenning & @érformed more
detailed experiment in that term and thegeitved, using the cold finger and working at different
shear rates, thaheé percent inhibition of the amount of total deposight (deposited wax with
entrained crude oil) did not always increase with increasing shear trexgghdecreasing in many
cases. This is not related to a reduction of inhibitor performance but rather due to variation in the
untreated deposit referencélshear. As the amount of entrained crude oil in a deposit decreases
with increasing shear, the percent change on the tegpalsit weight (deposited wax plus entrained
crude oil) will wvary for a paraff iwaxspeadsi bi t or
These experiments leave a lot of room for further investigations into the wax inhibitors

performance under flow

On the other handhe Convention for the Protection of the Marine Environment of the North

East Atlantic OSPARConventim’, which is the current legislativestrument regulating

" The OSPAR Convention was concluded at Paris on 22 Seeteir@B2. It combines and up
dates the 1972 Oslo Convention on dumping waste at sea and the 1974 Paris Conventien on land
based sources of marine pollution. The name isvige a combination of "Osloand "Paris".
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international cooperation on environmental protection in the Neast Alantic, have adopted a

wide range of programmes and measures to reduce pollution from all phases of offshide oil

gas activities. Within the OSPR, the Harmonised Mandatory Control Scheme (HMCS) for offshore
chemicals implemented in 2001 has the intantd enable the endser to justify his selection of
chemicals based on their environmental performance, heneetively promote the continuous

shift toward the use of less hazardous products. The general view point was that the focus of the
environmeital impact should be on the replacement chemical but that it is important to consider
how it compares against theplaced candidate for substitution. Compliance with these regulatory
requirements has required the offshore suppliers to develop new anatizaachemistries to

meet the increasingly stringent environmental requireriénts

Within this perspective, Green chemistry approach is growingllyapnd the replacement of
petroleum derived materials with Bibmsed materials is greatly enhanced with a special attention
given to polysadtarides polymers, a renewable and almost inexhaustible source of raw material.
Polysaccharides polymers (guar gustarch, cellulose derivatives etc.) can be modified into
various derivatives by substituting the reactive hydrogen from free hydroxyl gaboupg the
macromolecular backbone with different reactive functional groups. Modification of
polysaccharides polyens and its derivatives can provide a significant method to alter its physical

and chemical properties for a specific end use while maintpitsrbiodegradibility®+1%3,

OSPAR Commissionwhich is made up of repsentatives of the Governmentshe 15 signatory
nations, and representatives of the European Commission, representing the European Union
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Polysaccharides polymers and its derivatives find great importance in a wide range of
applications in the petroleum industry due to thew loxicity and characteristics. They were
reported previously as important components in drilling fluids, they are used as components in
several formulations for corrosion inhibition, enhanced oil recovery, viscosity improvers and
dispersant formulation®%,. Cellulose derivatives are used especially as demulsifier to break up

W/O emulsion¥®, as aviscosifier in fluid$” and crystallisation inhibitotg’,

In this researchethylcellulose polymer, a cellulose derivative with enhanced solybiiit
organic solvents, was modifieid accommodatalkyl chainthat can interact with wax\Vax
control additives were then evaluated by measuring the mass of the wax deposit in the CRF at
different inhibitor concentrations and degree of alkyl substitufidve performance of the EC
based inhibitor was then compaiadlifferent flow regimes, stic (Orpm), thermallhdriven (100

rpm) and sloughing driven (400 rpm) regimes.

6.3 Theory of CelluloseM odification: Williamson Ether Synthesis

The modification ofethylcellulose (EC) was performed using a bimolecular nucleophilic
substitution (§2) reaction with alkyl bromide. The reaction is shown schematicaijgure 6.1.
As the hydroxyl groups react with alkyl bromide in the presencedifisohydroxide, the oxygens
of EC are first deprotonated to @ns by sodium hydroxide, and then these react with alkyl

bromide by &2 reaction in one step.
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Ethylcellulose I-Bromooctadecane or 1-Bromodocosane R=Cgor Cyy

Figure 6.1. Alkylation of EC using a bimolecular nucleophilic substitutionZBreaction with

alkyl bromide.

6.4 Materials and Experimental Methods

6.4.1 Synthesis andCharacterisation of Inhibitors
Ethylcellulose (EC) 4cp (Sigmaldrich Co.) with a mean particle sizedf0 e m was used
backbone chain polymer;Bromooctadecane (C18) aneBtomodocosane (Sigmaldrich Co.)
were used as alkylating agents for the modification of EC.-tinhethylacetamide DMAc (VWR)
as a solvent ahlithium chloride LiCl (>98%, Alfa Aeg3, as a salt were used in order to obtain
clear cellulose solutions. NaOH pillets (Duksan,Korea) were used for making the cellulose

solutions alkaline.

6.4.2 Preparation of Alkyl Ether Cellulose

2 g of EC were suspend&d 90mL of DMAc with stirring for 2 h al20*C. The EC/DMAc
suspension was then cooled to:80After adding 3.6 g of welllried LiCl as a salt, the suspension
was stirred with cooling to room temperature overnight. The addition of 6 g of finely gra®id N
powder was carried out undendrogen amosphere, and the solution was stirred for 1 h at room

temperature.
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For a high degree of alkylation, excess volume of Alkyl bromide as alkylating agent, was added
to the suspension in 2 steps. In the firgb skenL of alkyl bromide was addeding a syinge with
stirring at room temperature. After 2 h, 2 mL of alkyl bromide was added, and the temperature was
increased to about AT and stirred for 10 h. The reaction was then left to cool overnight and the
sugpension was precipitated in methgrdtered 2 times with methanol. The obtained samples
were dried at room temperature for 3 days, then soaked in water for few hours and filtered in
vacuum until the PH of the water reacB.7The samples were then driadzacuo overnight at 60
°C. For bwer degre of alkylation, a stoichiometric volume of 5 mL of alkyl bromide was added

on 2 steps, 4 mL then 1 mL.

To distinguish chemisorption from physisorption, octane and dodecane were applied as control
reagents. Thesame procedure for the reactionsmgerforme with octadecane, and the FTIR
spectra also be obtained with no specific changed peaks, meaning that the substitution reaction
was not successfully performed with alkane reactant. (Stoichiometric calculagdnsappendix

of Chapter 6).

6.4.3 Fourier-transform Infrared (FTIR) Spectrometry

ATR-FTIR spectroscopyhermo iS10was used to confirm the structure of the synthesised
inhibitors. The etherification of the ethylcelullose was verified by identifyingptiesence of a
new alkyl group in te EC moleale spectraThetechniquanvolvesplacingthe EC sampleontop
of adiamondcrystal(which hasa high refractiveindex)embeddedn a stainlesssteeldisk, called

the DuraDisk.An infraredbeamfrom the spectometerpasseshroughthe crystaland penetrées
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slightly into the EC sampleo permitanalysisof stronginfraredabsorbingsolutions.Ideally,when
thetargetedchemicalis presenin thesample IR absorptiorat characteristivavelength®ccurs.

FTIR spectraof EC andthe modified EC are presentd in Figure 6.4.

6.4.4 Carbon, Hydrogen, Nitro gen, Sulphur and OxygenAnalysis (CHNS-O)

To quantify the percentage of substitution in the modified cellulose, CNHS and O were
guantified before and after the substitution reaction. The modified and originaéEGveighted
into soft tin capsules (foA€HNS contenj or silver capsules (for O contg@nThe capsules were
folded and gently crushed to fully encapsulate the sample and remove air, then loaded onto the
instrument autesamplerFor CHNS contenthe samplewasdroppedinto a furnaceat 900°C in
a continualflow of helium. Pureoxygenis addedfor a few secondsandthe sampleburns.The
combustiorproductspassthroughanoxidation/reductiomreactorto ensuretheyarein the correct
form (COz, H20, N2 andS(Oy) to be separatedisinga gaschromatogaphycolumn,thendetected
using thermal corductivity. For O quantification, the sample wpgrolyzedat 1060 °C under
helium to releaseoxygenfrom the matrix. The oxygenpassesver carbonimpregnatedwvith a
catalyst and is reducedto form carbon monoxde, which is then separatedusing gas
chromabgraphyanddetected®” %8 The combustion productse removed from the combustion
chamber using helium as an inert gas and they are separated using a chromatographic column and
are detected on the thermal conductivity detector (TCD) as an output signal.sigreds are
proportional to the concentratiaf the individual components in the mixture. The EA 2400 Data
Manager, which is SQbased software, was used for data manipulating and exporting the results.

Results are analysed and presentethible 6-1.
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6.4.5 Thermogravimetric Analysis (TGA)

TGA 4 - Shimadzu TGA 50 was employed to analyse the thermal stability of wax inhibitors.
Samples typically ~10 mg mgere inserted into an empty alumina dhle. The crucible is then
positioned inside a furnace Wwihitrogen flow at 50 mL/min. The temperature programme consists
of one ramp from the initial temperature (%D to the final temperature (50CQ) with a heating
rate of 1’C/min with no hold pedd added. The output dasplotted as mass of the samplieh

respect to temperature as seeRigure 6.5.

6.4.6 Testing of thePerformance of Wax I nhibitors

All experiments were carried out with prepared mixturesleébnewaxes in a petroleum
solvent. Solicalkanewax of low (Go-Cao [manufacturer quoted distribution, Merck, UK], melting
point 5862°C) andhigh (melting point 65/1°C, Fisher Scientific, UK) molecular weight solid
paraffin waxes, dodecane (Acros Organics, UK) with a boiling point 6fLl9B0C and density of
0.751 g/cm, and toluene (Fisher scientific) with a boiling point of 111°C (purity%-and
density of 0.86%/cm® were used throughout the study. All chemicals were used without further

purification.

6.4.6.1 WAT Measurements usind.ight Transmission

The WAT of 5 wt%wax-in-dodecane and toluene (composed of 1:1 mass basis for low and
high molecuar weight waxes) was measured by turbidity using the Crystal 16 apparatus
(Technobis). The solution turbidity (transmission %) was measured as a function of temperature.
Two solutons were prepared with the first beingeatn-alkanein-dodecane solutiowithout any

additives, the second containing a 500 ppm oflEEach test began by heating the samples to
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60°C and held at temperature for 30 min to ensure thermal equilibriuem e samples were
cooled at 0.5 °@min to 0°C while stirred using a magneflea. The plot of the crystallizing and

dissolution curves are presentedrigure 6.6.

6.4.6.2 CRF DepositionTest

Model solution: 5wt% wax model solution was used for the CRF tests. Model solution was
chosen based oa good solubility of the wax inhibitors and quantifiable and medmerwax
deposition mass data. The introduction of toluene in the model solution was to enhance the
solubility of the EC. Solubility test of 500 ppm EC in 25:75, 50:50, 60:40 and 75:25
dodecane:toluene mixture was perfornadoom temperaturas seen ifrigure 6.2 and EC shows

a good solubility with a toluene percentage > 50%.

0 60:40

75:25

Figure 6.2. Solubility test of 500 ppm EC in 25:75, 50:50, 60:40 and 75:25 dodecane:toluene

mixtureat room temperature.
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CRF Test matix: The CRF equipment was used to evaluate the wax inhibition of the
polymers. In total, four wax mibitors (EG1, EG2, EG3 and EC4), and wo concentrations (50
and 500 ppm) were used. The procedure consists of dissolving the amount of inhibitdrineede
5mL toluene by heat and sonication in a sonication bath (100 W) for 10 min. The inhibitar is the
transferred to the sample solution and stirred at 500 rpm 4 #& two hours until the solution
becomes clear. Neat or treated model solution istifa@sferred in a jacketed beaker of 300 mL
set at 38C (>WAT= 24°C). The CRF, which is set &°C is then immersed in the waxy solution
for 30 minutes6°C was chosen to produce a thick layer of wax with repeatable data).The CRF
was then raised and theax deposit sample is weighted before and after deposition. The wax
inhibition was calculated by agparing the wax deposit weight of the blank waxy solution (without
wax inhibitors) to the treated waxy solution (with wax inhibitor) using the followingusoyu
b "O¥N® 'QOGQAEIZI Q' Q6 o Q¢ ¢

WOE " QAN £UMBOOOQ QN0 ROEA0 WQ'QN €0 D QQQO0 QU Q
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6.4.6.3 GasChromatography-Flame lonization Detection(GC-FID)

GC/FID (Perkin Elmer Clarus 500 GC), with hydrogtamfe and kerosene as a reference, was
used for the analysis of the wax deposit. TheBL included an Elite M1 column of length 15
m, inner diameter (IPof 0.53 mm and a temperature range6@f to 340/3608C. Approximately
0.2 g of the wax deposit waakien by cutting a slice of the wax deposit from the top to the bottom
of the deposit sample. The wax sample was inserted into a Thermo Scientific 1Jomnm n

assembled amber crump top autosampler vial and storetCaintil the GC experiment was
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performed.On the experiment day, approximately 1 mL of carbon disulphide was added to the

vial to dissolve completely the wax before entering the GC column.

6.5 Resuls andDiscussion

6.5.1 Synthesis of ECInhibitors

In total 4 ECbased inhibitors were successfully synthediasing a bimolecular nucleophilic
substitution (§2) reaction with alkyl bromideThe polymers differed in the length of the alkyl
chains attached to @ntral backbone and the degree of substitution of the alkyl chain to each
polymer.Figure 6.3 shows a schematic representation of the two polyrershe alkyl pendant

chain is outside the EC backbones, thelitbi is classified asombshape inhibitof?,

(C1g) (C22)

Figure 6.3. Schematic representation of tbemb-shapeEC inhibitorswith varied alkylpendant

chain.

The chemical structures of the inhibitors were identified using Fourier transform infrared, the

degree of substitution was calated by elemental analysis and thermal stability of inhibitors with
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respect to EC was stuatl using TGA. BelowTable 6-1 shows the name and the specification of

each inhibitor.

Table 6-1. Name, type and degree of substitution (DS) of the inhibitors synthesized.

Name Inhibitor type DS
EC-1 High DS C22 EC 1

EC-2 Low DS C22 EC 0.6
EC-3 High DS C18 EC 0.6
EC4 Low DS C18 EC 0.4

6.5.2 Fourier-Transform Infrared (FT IR) Spectrometry
FTIR was used as a mean to confirm the substitution reaction and the modification of the EC
by mainly identifying and confirming the presence of the alkyl group geglre 6.4 shows the

EC spectrum as compared to-ECEG2, EG3 and ECGA.

a oH CH cH, COC b ox CH CH, CcOC
1000-2995 cm™' 2900 cm™”! 1300 em-* 1100 cm! 4000-2995 cm™" 2900 cm™ 1300 em™ 1100 cm’”
b by oo Vo
s W
9 EC-2 W EC-4
5
b= EC-3
£
& EC-1
o
|_
4000 3000 2000 1000 0 4000 3000 2000 1000 0

Wave number (cm™) Wave number (cm™)

Figure 6.4. FTIR spectrunof a) EC, EG1 and EG2, b) EC, EG3 and EGL.
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The ECstructure, used as a reference in the both FTIR spestis characterised mainly by
the hydroxyl OH) and the ethyl grouf-he OH peak at 3700 chresulting from the ~50% of the
initial cellulose backbone OH content (Ethylcellulose is characterise8%yetherification of the
initial OH present in the cellose).Theethyl groups correspond to the sp3Gtretching vibration
at ~2900 crit, CHs in-plane bending at ~1300 EMCH, bending at ~1470 crhand CH rocking

at 720 crhl.

All the inhibitors exhibit a change in the main 2 peaks, the OH and CH peaks characteristic of
the initial EC. The OH content of E& etherified ard replaced i a long alkyl group. The alkyl
group length and concentration are proportional to the inteoisihe GH stretching. Hence, the
spectrum shows a sharp absorption at ~2900 evith an intensity order of EAQ>EG2>EG
3>EG4. This result is in accordaneath the chemical structure of each inhibitor where ERas
the higher degree of substitutiontlivthe higher chain length (C22), while EChas the lower
degree of substitution with the low chain length (C18). The interpretation of the OH group is more
complicated. For E and EC4, corresponding to the low degree of substitution for each chain
length, there is a decrease in the OH absorbance peak due to the decrease in the OH concentration.
EC-1 and EC3 however, shows a broad large absorbance pedkd@H group and a shift in the
peak towards lower absorbance. This increase in the absorlsamgiea result of an increase in
the OH group because the alkyl group characterised bidak@sorbance 2900 ¢his present in
the IR spectrum with a larger gde corresponding to a higher degree of alkylation thar2 B@d
EC-4. The increase in the intatysof the OH group and its shift can be explained by a lower H
bonding resulting in a more absorbance of the OH group. Hydrogen bonding weakenrll the O
bond anl its absorption frequency will be lower then. The high degree of alkylation results in less

OH groups and lower degree of H bonding. The association band is broad because the hydroxyl
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groups are associated in aggregates of various sizes and shapesdepetite OH environment.

This produces a spectrum of closely spaced @bsorption frequenci&$.

6.5.3 Elemental analysis: Carbon, Hydrogen, Nitrogen, Sulphur and Oxygen Analysis
(CHNS-0O)

Although alkyl substitution presence can be judged from FTIRtspneaccurate percentage of
alkyl group in each EC monomer would be determined by el@in@malysis. Listed ifable 6-2

the wt% of C, H and O in eadi EC and the four EC inhibitors with their degree of substitution.

Table 6-2. The wt% of C, H and Gn EC, EC1, EG2, EG3 and ECG4 with their degree of

substitution as giveand analyselly the CHNSO analysis.

Sample name| C (wt %) H (wt %) | Oxygen (wt %) DS
EC 52.9 7.9 39.2 0.0
EC 53.8 8.0 38.3 0.0

EC-1 74.9 12.1 13.1 1.0
EC1 74.4 12.6 13.1 1.0
EC-2 70.7 11.6 17.6 0.6
EC-2 70.9 11.8 17.4 0.6
EC-3 68.3 11.5 20.2 0.6
EC-3 68.0 11.8 20.2 0.6
EC4 65.6 11.2 23.2 0.4
EC4 64.2 11.6 24.2 0.4

The degree of substitution (DS) of alkylated EC was calculated from the % [O] and % [C]
values determirteby elemental. Below is axplanation with a sample example of DS calculation
The Ethylcellulose monomer with a degree of ethyl substitution of (~49% assumed 50%), has the
following number of atoms: 5 Oxygens, A total of 9 Carbons (6 Carbons in themobsoule and

assuming a suitution of half the OH group by an ethyl group, then it will have an extra 3
177


https://minerva.leeds.ac.uk/webapps/blackboard/content/listContent.jsp?course_id=_459712_1&content_id=_6201540_1
https://minerva.leeds.ac.uk/webapps/blackboard/content/listContent.jsp?course_id=_459712_1&content_id=_6201540_1

carbons), and a total of 16 H & from the main backbone, 1.5 H from the remaining non

substituted OH and 7.5 from the ethyl substituted group).

Therefore, a molecule of EC ighe following atoms and mass percentages:

Table 6-3. Analysis of the number of atoms, their mass and weight percent in EC molecule.

EC molecule| Number of atoms | Massof atoms | Wt% of atoms
@] 5 80 39.2
C 9 108 52.9
H 16 16 7.8
Total 204 100

The degree of alkyl substitution of C18/C22 shoulddr® for an EC and the maximum degree
of substitution can reach 1.5 because only 1.5 OH are free to react in an EC monomer.

The degee of substitution was calculated following the steps below, takind BE an
example:

Step 1: Use the Oxyggrercentage in the sample to calculate the percentage of C in the EC

backbone (without any substitution)

For one EC molecule, for each 39.2 wBpthere is a corresponding 52.9 wt% C.

Therefore, for 13.1 wt% O, there is

yow e+, Pl P#HEWA T 1 AAOG v
b8 QOBHHOQHE &0 ° pé v e

PO QO EAQDOANQ O@&

PP

Step 2: Calculate the percentage of C of the substitgtiaurps:
178



PEQEN 6 I 0 QO OVEDDHAE PO QOOOOOQOERR p® LRP

Step 3:Calculate the total number of the C18/C22 substitutions:
Each substitution has either 22 carbons or 18 carbons. For C22 substitution:
) Pér;‘gzé‘hﬁ:é i Q060 Q¢ ¢,

O &HE G ONS6 O QO 6 Qe CHlL 0 wi 0'WO OO0 NQE €

Step 4: Calculate the total number of EC backbone monomers
Each EC unit has 5 O, therefore, the number of EC units is:

Y& CROGIG DEQDBO OO QCBELEEGE A ROTL p @TU CcB O & QO |

Step 5: Calculate the degreesobstitutions is equal to the number of substitutions divided by

the number of EC monomers.

"YE OEXG QT 6 G O QE
"YE 080G w00 € QO i ¢
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The synthesised inhibitors with different degyref substitution will allow to assess both the
effect of the length of alkyl chain substitution as well as the percentage of aligtltstion on

inhibition.

6.5.4 Thermogravimetric Analysis

The thermal stability of EC, EQ, EG2, EC3 and E@! is necessaryni determining their
temperature range of use and thermal degradation. It gives information about their chemical
composition as wellanfirming the chemical structure of each inhibiteigure 6.5 presents the

TGA experimental data for EC, EGC EG2, EC3 and E& where the measurement of weight
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change is given as a function of temperature. The temperatures of the maximum rates of thermal

degradation (Tmagxand weight loss percentage are giirefiable 6-4.

100 - (FETYYYTvyRy —=—EC |
. ™ |——ECH
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; |
@ 40-
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Figure 6.5. TGA Thermal analysis curvespresenting mass loss (%) as a function of temperature
for EC, EG1, EG2, EC3 and E€l.

Results from T@ show that all inhibitors are thermally stable below 220wvhich allow the
use of the inhibitors in the production wadre where the temperature reaches °C36° without
exhibiting any degradation at these conditions. Besides, they show that the addition of the alkyl
chain decreases the thetrstability of the inhibitor due to the change in the chemical structures.
EC undergoes one thermal degradation cyclke a/jpeak at 368C and a residue of 17%. With the
addition of an alkyl chain, the inhibitors show perhaps two thermal degradatios cymeto

independent degradation steps corresponding to the alkyl chain degradation first and the

ethylcellulose backbongecond.
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Table 6-4. Temperatures of the maximum rates of thermal degradation andt\weglpercentage
for EC, EC1, EG2, EC3 and E€!.

T'max (°C) | Weight loss (%) | T?max | Weight loss
(%)
EC 360.66 93.41 - -
EC-1 293.55 40.93 345.36 54.18
EC-2 289.76 26.69 336.38 67.28
EC-3 242.57 15.50 355.96 77.2
EC-4 229.81 8.312 341.6 85.81

WhileFigure 6.5 shows that E€! has the closest thermal degradation behaviour to the original
EC with high stability and EQ the first to degradd,able 6-4 shows however that E€ is the
less stable with degradation of thkyl chain starting at ~238% while ECG1 is the most stable
with the thermal degradation starting at ~2@0 EG4 has a low degred substitution of C18,
the degradationfaC18 results only in the loss of ~8% of the total mass of the inhibitorsfdhesre
the thermal degradation curve of #Gs very similar to EC. EG having a slightly higher degree
of substitution starts the degiation process at ~24C with a mass low of 15%. On the other
hand, EG1, with the highest degree of substitution @relhigher chain length number C22 exhibit
the highest resistance to temperature due to more heat required to degrade C22 than C18 chain,
however, the high percentage of alkyl chain in the inhibitor leads to a remarkable mass loss of
~40% of the inhibitorweight making the E€ TGA curve significantly different from EC.

Similarly EG2 shows a weight loss of ~27% at a similar temperatudegfadatiof’* 1,

6.5.5 Light Transmission: Crystallisation and Dissolution Curves
The WAT of 5 wt% paraffin waxn-dodecane/toluene was obtained using G@iys6 with a
cooling rate of 0.5°C/mirkigure 6.6a shows the crystallization and dissolutiorveisrof neat and
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treated solution in the presence of-ECThe WAT taken at the temperature when the transmission
equalled 90% shows a WAT~ 24 °Gtlwvand without the presence of EC additive, demonstrating

t hat EC doesnoét act ausleatimgu agénte paetipitategl beffore hhie vaxt o r

crystals.
Crystallisation curves Dissolution curves| | . Neat model solution Treated model solution
10041 a with EC1
S 80-
S
S 601
L
§ 40
o
= 201
0 Neat solution
T —— 500 ppm EC1

18 20 22 24 26 28 30 32
Temperature (°C)

Figure 6.6. a) Crystallisation and dissolution curves as a function of temperature for akea¥te
wax-in-dodecane/toluene (1:1) with and without 500 ppmIEdliring cooling/heating from 60°C
to 0°C at 0.5°C/min, b) 5wt% waxin-dodecane and toluene neat and treateti WiC-1. The

solutions were prepared, heated up t8@%or 4 hours to dissolve all wax and inhibitor, then left
over night to cool down.

The WAT measurement in the presence of inhibitors is used by some researctiers
literature to assess the effe€inhibitors on wax deposition. A decrease in the WAT would induce
a decrease in the wax deposit and an increase in the efficacity of the wax ifihit5toi®®
However,some other research&s?% 29%ound that the assessment of inhibitors is not restricted
to the WAT. Trasi et al°’ studied tle effect of cellulosic polymers on the nucleation behaviour of
supersaturated acetaminophen using Crystal 16 combined with Crystalline Particle Viewer/image

analysis. While the induction time (time taken for the first particulates to betddtby the caara
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corresponding to the WAT in our case similar to that observed for blank solution, the rate of
increase in the number of particles, and the total particle count observed is much lower. Cellulosic
polymers were clearly the best polymfer decreasinghucleation kinetics. The impact of a
polymer on the supersaturation profile depends not only on its effect on nucleation, but also on its
ability to suppress crystal growth once nuclei have formed. Pederséffeisald 12 different wax
inhibitor chemicals, to survey thefe€ts of wax inkbitor on viscosity, WAT and PPTThe
researchefound that the chemicals used to inhibit waxes in the waxy crude oil had insignificant
effect on the wax appearance temperature. In contrary, evident changes were observed on viscosity
and pair point temperare of the crude oil. The inhibitors to some extent hindered the wax crystals

from forming network structure with oil entrapped witiih

To gain beter understandopof action mechanism of the EC inhibitors, the analysis of the rate
of crystallisation and rate of dissolution with and without the presence -df &@gests that the
inhibitor retard the precipitation of waxes undergoing cooling conditadfecting thezfore the
rate of precipitation and the pour point temperatBesides, the dissolution temperature of the
treated solution was slightly lower (by °C) and fastersuggesting that the ET inhibitor

hindered the wax crystals from formiagsolidnetworkstructure

To investigate the effect of the ECon the viscosity of the model solution, two model solutions
were prepared similarly with one treated with 500 ppmlE®oth solutions were stirred and
heated at 8 °C for 3 hours and theleft to cool dow overnight. The soluti@viscosites were
compared by visual inspection as seerfFigure 6.6b. Figure 6.6b shows a clear difference
between the neat and the treated solution in tefmscosity. While in the neat solution, wax was

forming a rigid wax crystal network inducing a high viscous solutiath large crystals. The
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treated solution was almost clear of wax crystals with a small amount of small shattered crystals
predpitatedat the bottom of the jar. The presence of E@hibitor resulted in smaller structure
of waxes crystals, with a lowendency of the nucleus of the waxes to combine together forming

a gef%s,

Yang et af?® explain this effect by the ecrystallization process when the wax inhibitor
molecules disrupt the crystallization process and modify the growth of wax crystals. The paraffin
wax molecules adsorb on the surface of inhibitors with similamgcal structwe, which are then
bound together and subsequently form a wax crystal lattice structure in the crude oil. This alters
the morphology of growing wax crystals and delays the formation of-thneensional crystals.

Tiny sphericallike crystalqaltered in shpe from large platdéike crystals) are expected to increase

the flowability?%% 20%

6.5.6 CRF Test Results

The total mass deposit as well as the percentage of mass oadagta function of inhibitor
type (EC1, EG2, EG2 and EC3), inhibitor concentrations (50 and 500 ppm) and CRF rotational
speeds are reported figure 6.7. Figure 6.7 shows that a general trend of degse in the total
mass deposit is observed with the presence of inhibitors at all conditions, and the order of wax
inhibitor performance is in the followingeguence in descending order: - BE€EG2>ECG3>EC

4. The reduction in mass varies according tonhéitor type, concentration and flow conditions.
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Figure 6.7. Mass of thevax deposiaind mass reductiorepcentageas a function of inhibitor type
the CRF rotational speeghd the inhibitor concentratiom @ndc 50 ppm,b andd 500 ppm)

Experimental condition& wt% alkanewax-in-toluene and dodecanesili=-5°C and Fot= 35°C.

Table 6-5. Mass of thavax depositiorand the calculated mass reduction perceraagefunction
of inhibitor type and the CRF rotational speed. Expental conditions: 50 ppm inhibitds,wt%
alkanewax-in-toluene and dodecane;ol = -5°C and Fot= 35°C.

50 ppm Mass (g) Mass reduction (%)
0 rpm 100 rpm 400 rpm 0 rpm 100 rpm 400rpm
EC-1 1.92 1.3 0.62 28.94 17.60 14.29
EC-2 2.05 1.43 0.66 24.20 11.77 9.54
EC-3 2.29 1.48 0.65 15.249 8.81 10.45
EC-4 2.30 1.49 0.70 14.66 7.86 3.91
Neat 2.71 1.63 0.73 0 0 0
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Table 6-6. Mass of thevax depositind the calculated mass reduction perceraagefunction of

inhibitor type and the CRF rotational speed. Experimental conditions: 500 ppm inFBwttsi

alkanewax-in-toluene and dodecane;dd = -5°C and ot = 35°C.

500 ppm Mass (g) Mass reduction (%)
0 rpm 100 rpm | 400 rpm 0 rpm 100 rpm 400 rpm

EC-1 1.76 1.13 0.53 35.01 30.57 28.09
EC-2 1.86 1.22 0.58 31.39 24.87 20.54
EC-3 1.95 1.19 0.64 27.90 26.85 12.41
EC-4 2.10 1.29 0.68 22.34 2083 6.59
Neat 2.70 1.63 0.73 0 0 0

The difference in the wax inhibitorso

perfor

structures mainly with the degree of substitution of the EC backbone and the length of the alkyl

chain substitution. Relia shows that the higher degree obstitution and the longer the alkyl

pendantchain leads to higher performance. For instance;1B&th the highest degree of

substitution and alkyl pendant chgddS=1 and alkyl chain = C22hows an inhibition that gs

up to 35% whereas E€ with the lowest degree of substitution and alkyl pendant chiai~0.4

and alkyl chain = C18inhibits up to 22% only. The performance of the wax inhibitor depends

greatly on their ability to interact with wax molecules. Thisratéon is driven byan der Waals

attraction between the alkpendantchain and the wax molecule. The longer the algghdant

chainand the more abundarihe stronger is thean der Waals interaction between the inhibitor

and the wax molecules. Previstudies have revedlghat pendant chains of polymers play a

distinct role in enhancing the performance of wax inhibitors. The higher similarity between the

pendant chain structure and wax constituents results in the better perfoih&tdeelating back

to the wax carbon chain length distrifmn of the model solutio(cf. Figure 4.9), C22 has a greater
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similarity to the alkane composition that C18 and is expetiedefore to interact better witim-

alkanein the solution or the deposit

Besides, for the same size of pendant chain group, in this cateaB€ EG2, increasing the
proportion of thgpendant chaimmproves the performance of the additive. This effeexpectd,
given that then-alkanein the solution or in the wax depotéd to interact witt\lkyl side chains

while EC backbonénterrupt wax crystal growth.

Results show that the increase in the wax inhibitor concentration induces a higher raduction
the massof the waxdeposit. For instance, ECshows a reduction of 10%, 29% and 35% in the
mass deposit at 5, 50 and 500 ppm respectively at O rpm. However, the decrease in the mass deposit
doesnot correspond to t he ratagWhileathedcencewotritionc h a n g e
increases by 10 folds between 50 and 500 ppm, the wax degzhgiesdy 6% only. An optimum
wax inhibitor concentration should be therefore worked out between 50 and 500 ppm. Literature
reports different results from thefedt ofinhibitor concentration on inhibition performance, with
most of results showing inhibitots perform better at higher concentrati®h® while others

show little differenceor lower performancat higter inhibitor concentratior 29

The variance in flow regime between static, thermdiiyen and sloughing regimes plays a
vital role in the inhibitor performance as well. While inhibitors showbtst perfomanceat static
conditions (3522% for 500 ppm and 294% for 50 ppm), the pefmance of the inhibitors
decreases with the increase of the CRF rotational speed in both thesmadly regime (100 rpm
with a maximum inhibition of 30%) and sloughing regi(d@0 rpm with a maximum inhibition

of 28%). In dynamic flow, the performancethe inhibitors is affectetly two main parameters,
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the temperature change in the CRF system with the rotational speledtie change in the chemical
composition of the wax g@sit with the changef the CRFthe rotational speed. As shown in
chapter4 (Figure 4.3), at 100 rpm, the temperature of the bulk oil dropped significantly between
0 and 100 rpm. This drop in the temperatoray reduce the solubility of the inhibitors in the
solution making themess effective. In literature, the performance of a chemical inhibitor is
reported to béemperaturelependerit®. The paraffin inhibitors were effége at high temperature
and became insignificant at lower temperatufé® cooling rate also significantly influences the
effectiveness ofvax inhibitors increasing cooling rat@t higker rotational speedpay weaken

the interactions between the wakiitoitor and paraffin waxes, thus reducing the effectiveness of

inhibitor2e,

Besides, previousesultsreported in chaptet (cf. Figure 5.3) show that theotational speed
has a great impact on the chemical composition of the wax deposit with a shift towards the high
molecular weigt wax. The inhibitor wi alkyl pendant chain of C18 and C22 are more likely to
interact with low molecular weight wax due to higher similarity in chain length than the high
molecular weight wax making them less efficient with inhibiting wax depositiodymamic
conditions. Simar observations in the literatuage reported where the inhibitors were also
observed to be ineffective for higher molecular weight paraffin contents with higher carbon
numbers (C34 and above). However, the inhibitor had anteffesmaller carbon contes in

paraffin and on the total amount of deposited w&es

In the sloughing regiméhe effect of wax inhibitors is controversial in the literature depending
on thetype ofinhibitor itself and the operating conditions. Some researdiéosnd that shear

results in alecline of the effectiveness of the inhibitor. The result may be understood in the context
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of crystal crystal bonds, which wheruptured by forced shearing do not reform. Hence, shear
stabilizd waxy oil d o e sshavt a benefit from chemically treated environment. Other
researchef§ >2concluded that the inhibition effectiveness of wax inhibitors increases consistently

with increasing shear. Paraffinhibitors are chemicals that incorporate into wax deposit structures
and alter the deposités ability to cohesivel
weakens the deposit allowing removal of the deposit by $besms present in flow staeng®. In

our particular case, the wax deposit is less likely to be sloughed with the incorpofatinlose

which is congilered to be a superior material for reinforcement due to its rigidity and stiffiess

It should be noted that the percage of wax deposihhibition reported inTable 6-5 and

Table 6-6 is calculated basedn the amount of total deposit weight fabesited wax with
entrained crude oil)This calculation doesot give any exact percentage of the wax deposition
reduction Jenning et al* reported that the inhibitor performand& not always increase with
increasing shear, even decreasing in many cases. This is not related to a reduction of inhibitor
performance but rather due to vanat in the untreated deposit referenggh shear. As the
amount of entrained crude oil in a deposit decreases with increasing shear, the percent change on
the total deposit weight (deposited wax plus entrained crude oil) will vary for a paraffin inhibitor
effect on a fixed amount of depositerax specief8. In our caselooking atFigure 6.8 thatshows
the wax deposit at Orpm in neat conditions and in the presence of 500 ppnthe@nages show
clearly the high porosity of the wax depasitthe presence of the ECinhibitor suggesting a
higher amount of oil entrapped and less wax@etageTherefore, our study should be carefully
taken to further investigations into the exact amouraiadne wax (without oil) change with the

presence of inhibitoat allflow regimes.
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Neat EC-1 500ppm

Figure 6.8. Images of wax depoéits formed after 30 min under Neat conditioim #mel presence
of 500 ppm ECL.

6.5.7 DepositChemical Composition (GC-FID)

GC-FID was used to measure the composition of the wax deposit as a function of inhibitor type
inhibitor concentratio and CRF rotational speed. A typical composition of the wax deposit
included strong signals for carbon chain lengths betweeiC4{ and weak signals for carbon
chain lengths betweens&£Css (only trace amounts), hence the latter was neglected in further
analysis.It should be noted thélhe composition of the wax deposit was determined on a selvent
free basis where the GEID analyses were normalized by omitting peak areas belowTGe
anal ysis doesnét account t hege atthe difierent aperatiighe c¢ h

conditions.

Figure 6.9 shows the composition of the deposited waa neat solution asfunction of CRF
rotational speds at 0, 100 and 400 rpmThe dashed lines represent the carbon chain length
distributions of the low and high molecular weight waxes used in the noddéls discussed

previously,the carbon chain length distribution of the deposited wax is seen to shift towards the
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higher carbon chain length distributiom&n the CRF change from statiodgnamic regime (100
rpm) andthe shift becomes more significatt400 rpm.Thechange in thehemical composition
is mainly due taaging accelerated by the flow which impligisplacement of the oil outside the
wax deposit by the force of shear stress. @kgelledoil contains soluble LMW +alkanewhich
enrich the wa deposit with HMW ralkane(cf. Figure 5.3). Figure 6.9 is to be compared to
Figure 6.10 representing the change in the chemioammposition of he wax deposit in the

presence of the 4 wax inhibitors at 500 ppm.

Figure 6.10shows thathe presence of the inhibitors has an impact on the chemical composition
of the wax depositt 0 and 100pm, the neat solution shows a high percentage of LiMMkane
in its spectrum, this percentage decreadaethe presence of the wax inhibitosgth the lowest
percentage of LMW falkane found in the wax deposit of BECThis resultonfirmsthat the wax
inhibitor is selective for LMWh-alkane and less effective for the hegimalkane chain length. As
discussed previously, trekyl pendant chain of the inhibitehows optimum performance when
it is compatible with the length of theatkane in solutionThis result suggest as well that the wax
inhibitor interact with the wa moleculesmostly in solution, preventing them from depositing
rather than carystallizing with the ralkane in the wax deposit and cause steric hindrariee.
change in the percentagé LMW n-alkane in the wax deposg proportional to the degree of
substitution with maximum inhibition for EQ (DS=1), similar inhibition for E2 and EC3

(DS=0.6) and low inhibition for E@ (DS=0.4).

At 400 rpm,EC-1, EG2, EG3 shows minimal prenice of the LMW alkane anihe wax
deposit falls mainly within the HMVWdlkane composition. This resudt due to the presence of a

smallconcentration of LMW ralkanethat can deposit at 400 rpfas seen from the neat deposit)

191



and the inhibitors EQ, EG2 and EC3 prevent them all from depositinghese resultshow that
the decrease in the wax inhibition percahhigher CRF rotational speedue to thehange in
the chemical composition of the wax deposit itself. Beinly mcHMW alkane, the inhibits are

less effectiven preventing the HMW wax from depositing on the cold surface
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Figure 6.9. a) Carbon chain length distribution of the wax depos$ithe neat solutioat 0, 100

and 400 rpm. The dastl lines represent the carbon chain length distributions of the low and higher
molecular weight wax fractions
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Figure 6.10. Carbon chain length distribution of the wax depasita function of inhibitorype
(500 ppm)at O 100and 400pm. The dashed lines represent the carbon chain length distributions
of the low and higher molecular weight wax fracticmsEC-1 b) EC-2 ¢) EC-3 a) EC-4.

Figure 6.11 shows the #ect of the concentration &0 and 500 ppniEC-1 on the chemical
composition of the wax deposit at D00and 400 rpm. Resulthiew that at O rpm, thmhibitor
concentration has a great effect on the wax deposit composition. The khgharhibitor
con@ntration, the lower is the concentration of LM\Aalkane.This observation is similar but
less expressed for 100 rpiHowever, & 400 rpm, the concentration of the wax inhibitor has a
minimal effect on the composition of the wax depasitalready only bow percentage of LMW

wax may deposit.
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Figure 6.11. Carbon chain length distribution of the wax deposithe presencef EC-1 at two
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concentration: 50 and 500 ppma) Orpmb) 100 rpmc) 400 rpm.The daked lines represent the

carbon chain length distributions of the low and higher molecular weight waiofra

6.6 Conclusiors

Four ethylcellulosederivatve wax deposition inhibitors were synthesized witlriantlength

of the alkyl pendant chains (C18 dnC22) andvariantdegree of substitution

The

nhi

chemical structureand thermal stabilitywere confirmed by FTIR spectroscopy, Elemental

analysisandTGA. Using a model waxy oil composed of a blend of low and high molecular weight

paraffin waxin-dodecane/toluene (1:1), the WAT of the solution was measured with and without

bi

the presence of inhibitor and the mass of wax deposition was tested using the CRF for a test of 30

minutes at 0, 100 and 400 rpm using 50 and 500 ppm of each inhibitor. Thelvé4iot change

in the presence of inhibitor, however, the crystallisation kinetic was faster in the neat solution and

the inhibitor acceleratithe dissolution of the wax in the solutiddn the CRF, all four polymeric

additives exhibit good efficiencysawax depsition reducerat all flow regimes however the

chemical structuref the inhibitor and the flow regimesere significant parametsiinfluenang

the efficiency of the wax inhibitorWith respect to the inhibitor chemical structuttee best
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perfaomancewas attributed to the inhibitor with the higbiedegree of substitution and longer
pendant chain (C228C-1 with inhibition of 35% at Orpm compared to 22% only for-E( his

is can be related to a better interaction of the polymer addittv& with then-akanemolecules
through the longand abundanalkyl pendantchairs. The wax inhibitor with a shorter pendant
chainand lower degree of substituti®&C-4 exhibits a weakewvan der Waals bond with the wax

in the solution According to the flow regies, thenhibitors efficiencywas the highest at 0 rpm
and decrease gradually with 100 and 400 rpm. dé&dsease in efficiendg related to the change

in the chemical composition of the wax deposit at different flow regimes. At 0 rpm, the wax deposit
is rich with LMW n-alkane, therefore, the wax inhibitor is highly efficient preventing these LMW
n-alkane from depositing. The chemical composition of the wax degad@sipmin the absencas
compared to the neat solutiashowsa shift towards the HMW -alkane. Athigher CRF speed,

the shift towards HMW +alkane in the presence of the inhibitor is less significant as already, in
the neat wax deposit, the amount of LM\Aalkane is small. The GEID results show that the
reduction in the inhibitor efficiencis due tathe decrease of the potential concentration of LMW

n-alkane that may deposit in the dynamic regime.
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Chapter 7 The Study of the Formation of I ncipient Wax
Deposit using aQCM with Heat Transfer

7.1 Synopsis

The formation ofhe incipient wa deposit on a cold surface was studied usingiartz crystal
microbalance with heat transfer across the crystal {®ICM) and a model system of linearn
alkane (C20 to C40) dissolved in dodecane to 0.5 wt% set to room tempefatimechanism
of wax adsrption was studied byaryingthe temperature of the cooling fluid tedh, 10, 0,-10
and-20°C and measuring the frequen@nd resistance changeResults show that the decrease
in the coolant temperaturgives a smaller induction time for wax crystadition attributed to a
higher supersaturatioat higher cooling ratesBesides, the frequency shift decreases significantly
with relatively small change in the resistance, evidencing a solid mass adsorbing on the QCM

crystal.

7.2 Introduction

Themechanisnof incipient wax depositiom norrisothermal systerand thefirst stage ofwax

crystalformationon a cold surfaceis not very wellinvestigated experimnetafy 2%

Various hypothes are often proposed in thierature, concerning the incipient wax deposition
mechanism. The first hypothesis postulates that waxes initidligra onto a metal deposition
surface. The adsorbed organic layer then establishes a hydrophobic surface for the co

crystallization of wars from solution. The second hypothesis postulates that the incipient wax
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deposits form aa gel, which adhere to thaeposition surface. A third hypothesis states that wax
crystals become mechanically entrapped by the roughness of the inner pipe wveale.surf
Concurrently, growing paraffin crystals in the bulk fluid near the interface agglomerate and form
a coherent getogether with the crystals entrapped at the metal sdffa€® To date, wax
deposition invesggations have not been able to confirm either of these hypothesized mechanisms.
Because of the lack of fundamental knowledge of the incipient paraffin deposition mechanism,

forecasts for whethigoaraffin deposition will occur in a given pipeline are ofeore:,

Experimental evidences of alkane adsorption at dwmjidd interfaces using scanning
tunnelling microscopy (STM), neutron diffraction, and sum frequency genergigeirometry
techniques indicate that linear alkane molecules adsorb from liquitiosolunto various solids,
including gold, graphite, quartz, WSand MoS, suggesting that an adsorption mechanism is
feasiblél® 21t A number of molecular simulation investigations have demonstrated that paraffin
molecules adsorb to solid interfaces as #&IHowever, delineating the competing hypothesis
based on these findings is challenging because the techniques mentionedperated at
isothermal conditions different to wax deposition thermal condition. gperimental evidences
based on a surface technique capable of isolating the interfacial wax layer at non isothermal

conditions are required.

On the other handhe CRFoperating at different rotational speeds, coupled with REZ
analysis, emphasisedetlthange in the mechanical properties and the shear modulus of the wax
deposit layer in the different flow regimes and their behavior at different flow shear stress,
howe\er, there was no mean in our laboratory or in the literature to measure the vigcoelas
properties of the wax deposit layer situ, while the wax layer is forming and rheological

proprieties were mostly investigated in bUIR® 52
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Herein comes a technique that could be useful in order &siligate the wax deposition on
surface and the properties of the viscoelastic wax deposition layer, the Quartz Crystal
Microbalance (QCM). The QCMiessentially an ultrasensitive mass balance that consists of a dip
probe which contains a thin Adut quart sheet with two electrodes plated onto it. When an
alternating current is passed through the two electrodes, the crystal oscillates at a ct@racteri
frequency. When the crystal sensor is exposed to a new medium of different physical properties,
it expaiences a shift in its resonance that is proportional to the properties of the new medium.
Traditionally the QCM has beenused asaquasseddevc e f or measuring s mal
per unit area as its name suggests, however the device since bad #gtended to include
measurements in liquid environments where the shift in crystal resonance was found to be

proportional to the product of tiviscosity and density for a neadsorbing Newtonian flufd®

The quartz crystal microbalance (QCM) was chosen as a potential candidate because of its
unique ability to determine thmass of wax depositing layers in real time while simultaneously
giving information about their viscoelaspooperties. In contrast to conventional techniques based
on property changes in the solid or solution phase, the proposed QCM technique simUjtaneous
exploits property changes in both the solid and solution phases, such as the solid mass and liquid
viscosty. It has the ability to analyse the crystallization processes, the induction time of
nucleation, the type of adsorption pattéihat the wax patiicles exhibit and the mechanism of
formation of the first wax layer. Most importantly, it is can measugevibcoelastic properties of

the wax layer formed on a metal surfacaituin real time.

In the literature, few studies have been considering the QCM for wax deposition $tades.

et al>® investigated the properties of incipientix layersat the solidiquid interface between
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stainless steel and model petroleum fluids using a QCho#thermal conditionsMonitored
changes in resonance dreency and energy dissipation of the quartz crystal resonator immersed
in the model fluids tedifferent wax concentrations confirm that no continual deposition of paraffin
components occurs at isothermal conditions. Solid paraffin crystals dispersadionssthow no
adherence to the stainlesteel surfaceliu et al?** developedn isothermaQCM for the insitu
analysis of the cooling csyallisation processes of a model solution at supersaturation, induction
point of crystal naleation and crystal growth. The observation and the results show that QCM
response followed a monotonically shifting path that depended on the viscosity chamge whe
cooling the solution. However, the frequency and resistant varied significantly at tletiond

point of crystal nucleation as the viscous liquid film on the sensor suddenly shifts to an elastic
solid phase. Thereafter, the QCM responses are mainisottedtby the suspension viscosity due

to simultaneous crystal nucleation and growth wittthier cooling.Burgass et & 26 have
developed a small volume testing facility based on QCM for measuring wax phase equilibria and
optimising inhibitor deployment. The QCM was locatigoled to create a temperature gradient
between bulk fluid and the surfacé the QCM, simulatig pipeine wall cooling effect. The
developed device needs 35 ml of fluid and can work at high pressure conditions, simulating the
effect of pressure and dissolved gas on wax phase behaviour and adhesion ter®lagess.

used the QCM to determine WAT/WDwith and without inhibitors at atmospheric and high
pressure by measuring changes in resonance frequencies with temperature reduced continuously

to find the WAT and by stepeating or continuous heating at a slow rate to determine WDT.

The present resezh investigation stems from the need to understand the mechanism by which
wax deposits initially adhere to solid surfaces in petroleum systems. A new QCM with heat transfer
(HT-QCM) is developed for studying wax deposition, and promises to provide nigltimgo

the role of surface chemistry in the formation of incipient wax deposits. The current study presents
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a new QCM technique in which a temperature gradient is imposed in the direction normal to the
deposition surface. The deposition chamber usedh& exgriments is also designed to
accommodate a continuous flow of fluid across the crystal surface, qualitatively emulating the
heat, mass, and momentum transfer conditions associated with wax deposition in oil pipelines. The
new QCM technique is apptigo investigate the physical nature of incipient wax deposits formed

on gold sensor surface to study the crystallisation/deposition behaviour of the wax under heat
transfer conditions and to induce the viscoelastic properties of the waxragitu at varying

temperature conditioR%.

7.3 QCM Instrument Development and Theory

7.3.1 QCM Instrument Development

A QCM200 probe (Stanford Research Systen@&Alhotsing a 25.4 mm, 5 MHz goldoated
sensor was modified and used for wax deposition studies. A special fluid chamber was designed
with the capability to impose a temperature gradient in the fluid regions above the piezoelectric
guartz crystal. The fid chanber is positioned between a lower thermal block and an upper thermal
block, such that an applied temperature difference between the upper and lower blocks results in

a temperature gradient in the vertical direction.
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Figure 7.1. Modified QCM set up to provide cooling on the sensor surface and heating of the

continuously flowed waxy solution.

Figure 7.2. Modified QCM Flow diagram

The lower thermal block, which is the air chamber just below the QCM sensor, is filled with
cooling liquid. Thecooling liquid is a dielectric fluid (DE), a type of n@onductive liquid to

avoid shortcut current between detectors on both sides of the QCMesu&alden DE, low
201





























































































































































































