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ABSTRACT
SINGER, MARC, Ph.D., August 2013, Chemical and Biomolecular Engineering

Study and Modeling of the Localized Nature of Top of the Line Corrosion (320 pp.)

Director of Dissertation: Khairul Alam

The occurrence of localized corrosion in Top of the Line Corrosion (TLC) was investigated
both in sweet (CO,-dominated) and sour (H,S-dominated) environments. The focus of the work
was to understand the influence of the environmental parameters on localized corrosion at the
top of the line in order to develop a narrative of the mechanism.

The first part of this project presents the unique setup developed for the experimental
work. Several large scale flow loops were used to perform the tests in order to recreate the field
environments as closely as possible. The test section was designed using a carbon steel insert
exposed to three different levels of cooling at the same time. This concept was quite successful
in simulating realistic localized features. A series of long term exposure (one- to three-month)
experiments was conducted to investigate the controlling parameters. The occurrence of
localized corrosion could be very clearly correlated to the condensation rate, the gas
temperature and the organic acid content. Important observations on the morphology of
localized TLC features could be made, providing useful insight on the mechanisms involved.

The second part of the study attempted to link the presence or absence of a large
droplet on the steel surface to the extent of corrosion occurring underneath it. However, this
was not successful as no clear relationship could be established with certainty. Instead, the
water condensation rate was thought to control the corrosion and the overall aggressiveness of

the environment (CO,, acetic acid).
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Finally, a modeling approach was proposed for the prediction of the localized attack in a

top of the line corrosion scenario. The method was based on the observations made during the
experimental part of the work and presented a mechanism for the prediction of the onset and
propagation of localized corrosion. The FeCOj; saturation level played a key role in defining the
overall corrosiveness of the condensed water, while the condensation rate controlled the

degree of which localized attack is sustainable.



ACKNOWLEDGMENTS

| would like to express my appreciation to my advisor Dr. Khairul Alam, who always
showed tremendous support and faith in me. | would also like to thank the faculty members, Dr.
Valerie Young, Dr. Dina Lopez, Dr. Dusan Sormaz, Dr. Yoon-Seok Choi, Dr. Michael Prudich, Dr.
Greg Van Patten and Dr. Lauren McMills for serving on my PhD committee and for providing
invaluable guidance. | especially acknowledge Dr. Dusan Sormaz and Dr. Lauren McMills for
agreeing to join the committee so late in the process.

| would like to thank Dr. Srdjan Nesic, who has been a true mentor for me all these
years. It has been an honor to witness the amazing growth that the ICMT experienced under his
leadership and | certainly owe much of my professional and academic development to his
unwavering encouragements and his inspiring example.

My most sincere appreciation goes to my colleague (and soon to be Dr.) Bruce Brown,
whose enduring friendship means so much to me and whose support made every day of this
journey simply enjoyable.

| am also grateful to Dr. David Young who always followed my progress with sincere
interest and care and from whom | benefited greatly.

Great thanks go to all the graduate students who were part of the TLC Joint Industry
Project between 2006 and 2012, namely Dr. Ziru Zhang, Ms. Dezra Hinkson, Dr. Thunyaluk (Kod)
Pojtanabuntoeng, Ms. Ussama Kaewpradap, and Mr. Najmiddin Yaakob. It has been a pleasure
and an honor to work with them.

Special thanks also to my colleagues at the ICMT, namely Dr. Sonja Richter, Dr. Yoon
Seok Choi, Dr. Brian Kinsella for their camaraderie and support. | also benefitted immensely

from the outstanding quality of the current and former technical staff of the Institute: Mr. Al



Schubert, Mr. John Goettge, Mr. Danny Cain, Mr. Cody Shafer, Mr. Phil Bullington, Mr. Steve
Upton, and Mr. Alexis Barxias.

Much of the credit for creating such a wonderful working atmosphere at the Institute
goes to my fellow graduate and undergraduate students, visiting scholars, post-doctoral
researchers, staff members with whom | have been so fortunate to cross path. Among them, |
would like to especially acknowledge Mrs. Edie Chalfant and Mrs. Becky Gill.

| am very grateful to my parents Pierre and Nadine Singer, my brother Jerome Singer
and my sister Anne Scali for making me feel that home was never too far.

Finally, 1 would never have made it anywhere without the love and unconditional

support of my wife Emily, and the joy of having such a beautiful family.



TABLE OF CONTENTS

Page

LY o131 T PP UR PP 3
Vol 4aTe )NVl =To F= 40 =Y o SR 5
Iy o ] 1T ={ U T PRSPt 13
LISt OF £ADIES . ettt e s b e e abe e b e e ree e s e ea 30
CHAPTER 1 Introduction: Top of the line corrosion — a field reality .......cccccceevvveeennnn.n. 32
1.1 oL =Y <70 oSSR 33
1.2 CONAENSALION PrOCESS...ccuuviiiieeeeeeiitttreee e e s e ecrerreeeeeesartareeeeeesassstaeaeesesssssereeeseesannnsrennes 36
1.3 Water chemistry of HyO/CO2/H2S SYSTEM ....uviiiiiieiiecee ettt ettt e 39
1.3.1 BUSICS vttt 39
1.3.2 Special case of coNdenSed WAL ...........cuveeveeeeeeceiieiieeeeeeiiiieeereeeeeeciissrereaeens 41

1.4 (60e] g o 1Y o] 0 I o] o Lol =11 PP PP PP PPPPPPPPPPPPPP 42
1.5 (@foT g g1 ToTa I o] oY [¥ ot d - 1Y T PP 43
1.6 CO, top of the line corrosion field CaSeS......uccivccciiiieie it 45
1.7 H,S Top of the line corrosion field cases........cccceiieecciiiiiie e 49
1.8 [T SO 4 To T 01 o o o= S 52
1.9 Mitigation MEthOS .........uiiiiii e 53
CHAPTER 2 Gaps in the current understanding and research objectives....................... 56
2.1 Gaps in the current UNderstanding.......cccceeevciiiiiiiiee e e e 56
2.2 T CE 1ol a W] o [=Tot €1V =T U 58
2.3 Central NYPOLNESIS ...ccceieciieeeee e et e e e e e bb e e e e e e e arraees 58

2.4 DisSertation OULIING ..cooovviiiiieiiie 59



CHAPTER 3 Development of experimental setups for the study of TLC ........cceeeeunneenn. 60
3.1 (0] T 1=Te1 1Y/ RS UUUURRROE 60
3.2 LItErature FEVIEW . ..iii ittt e e st e e s s nreaeee s 60
3.2.1 SMall SCAle APPATALUS........ccocveeeeeeiiieeeeiiee ettt ssiaee s 60
3.21.1 GIASS CEII et 60
3.2.1.2 High-pressure eqUIPMENt ...........uviieiiiiiiciieiee e einene 66

3.2.2 LArge SCAIE SYSLOMS ...ttt a e e e e e st e e e e e e s saaaees 71

3.3 Original experimental setups used in this research Work ........cccccovviivieeeiiiiniciiieeeen, 73
3.3.1 Large scale flow 100 SELUP ..........ueeeecveeieeiiiaeecieeeeee et e e 73
3.3.1.1 Liquid Phase CoOmMPOSItION.......cuiiiiiciieeecciiee ettt e e tree e e evaee e 75
3.3.1.2 Gas Phase COMPOSITION ...ccccviiieeiiiee et 76
3.3.13 Chemistry in the condensed Water.......ccccccoecuvveeeeeeeiiiiineeee e, 76
33.14 Acetic Acid CONCENEratioN .....cocvevieiiiiiirieeeee e 76

3.3.15 Safety coNSIderations........cuevciieeiiiiee e 77

3.3.2 StaNAArd teSt SECEION ...........eeveeeeieeeiiesee ettt 77
3.3.3 Challenges related to the experimental design .............ccccveeeeeeccvvveeeeeeseenns 80
3.34 Test section focused on localized COrroSioN.............ccceeecvueeeeccereesiiieeesirenann, 81
3341 Experimental setup and procedure .......ccccvvveeeeeiieccciieeee e 81
3.3.4.2 Weight loss sample in flat slab .......ccoooviiiieiiii e, 82

3.343 Carbon steel insertin flat slab ......c.cooveriiiiiineee, 83
3.3.4.4 External CoOlNG SETUP .uvvevieieieiiieeee ettt e e e 84

335 Localized Corrosion Characterization ..............cccecceeesevesceeesseeesesesieenieennen. 86

3.3.6 Materials CRArACLEIIZATION .......uueeeeevieeeeiieieeeeeeeeeeeeiiieeeeeeeeeeeeeiaisesesesesevesenans 89



CHAPTER 4 Experimental study of uniform and localized TLC.......ccccceeecvieeiiiieeeccieeeens 93
4.1 (0] I =T YT TSRO UUURRROt 93
4.2 LItEratUre FEVIEW . ..iiii ittt e e e s s ee s 93
4.2.1 Experimental work on CO, top of the line corrosion.............cccececvvevecuvveennnen. 93
4.2.2 Experimental work on H,S top of the line corrosion.............cccccevueveneeenennn. 97

4.3 Parameteric study performed in flow loop using the standard test section............... 102
4.3.1 TESEMALLIX ettt 102
4.3.2 EXPEriMENtAl FESUILS c.......eeveeeeeeeeeeeeee ettt e e e e et aa e e e e e 105
4321 Influence of the CO, partial Pressure .......cccccecvveeeccieeeccciee e 105
43.2.2 Influence of gas VEIOCITY .....coevcviieieciiieccee e 110
43.2.3 Influence of the concentration of undissociated acetic acid................. 114
43.2.4 Influence of the condensation rate .......c.ccceeveeevieeniiinniccniecec e 117

4.3.2.5 Influence of the gas temperature.......ccocccvveeeeeeeecciiiieeec e, 120
4.3.2.6 Influence of the partial pressure of HyS.......coveiiiiiciiiiieiiiieee e 123
43.2.7 Combined effect of WCR and acetic acid concentration..........c.c.cc....... 128
43.2.8 Combined effect of pH,S and the acetic acid concentration................. 133

4.3.3 Y0102 o PN 141

4.4 Localized sweet TLC study in large scale flow loop using the steel insert................... 146
4.4.1 TESEMALLIX .ccoeviiiiiiiiiiiiiiiiiriiiceietc et 146
4.4.2 EXPErimentaQl rESUILS ............ueeeeeeeeeeeeeeeeeee et eeee e e etee et sea e 147
4421 Influence of the gas temperature and the water condensation rate.... 147
442.1.1 TEST #1 - Tgas=62°C et 147

44.2.1.2 TEST #2 - Tgas= 42°Curiiiiiiiiiiiniiiiiini s 163



44213 TEST #3 - Tgas™25°C ettt 174

44.2.2 Test #4 - Influence of the presence of acetic acid .......cccceeeeveuvvveeeeeennn. 186

4.4.3 SUMMIQTY oottt ettt e e et e ettt tte e s e e e e e e av s sse s s e e e aeseataans 195
CHAPTER 5 Direct observation of the condensation process ........ccccccvvevvveevicveeerinnenn. 202
5.1 (0] o [=Tot 41V PRSP 202
5.2 Indirect indication of the presence of droplets of condensed water......................... 202
5.3 oL g0 01T 0 =Y IEY = (U] o USRI 204
5.4 Example A: In-situ observation of the condensation process ........ccoceeeecvveeeereeeeennee. 206
5.5 Example B: In-situ observation of the condensation process .........cccceeevveeeeecvveeeennee 209
5.6 F N S {To F R =T g o =Y o RS 212
5.7 SUIMIMIAIY Lt e e e e e et e e e e e eet e s e e et e st e et eteeeeeeeeeeeeeeaeaeeeeeeeeeeeeeaeeeees 214
CHAPTER 6 Characteristics of localized features at the top of the line ........cccceceenne. 216
6.1 (0] oY [<To1 £ V7T ST UPPRRRRROt 216
6.2 1Y/ 1=7d g ToTo Fo] Lo} -4V 2SR 216
6.3 Analysis of localized feature characteristiCs ........ccecviiiiieiieecciieeee e, 217
6.3.1 OVEIQI VIBW ...t 217
6.3.2 SEM analysis of the corrosion product lQyer .............ccccccvvueeecvvveeecvenaeannnen. 218
6.3.3 Cross SeCtionQl ANAIYSIS ........cc...eveeeeeeeeeeeeeiieeeeeeeeecccteeee e e cceee e e e e e s s 220

6.4 General comments on properties of the FECO; layer........coovvveiiiiieeeciiieeecciiee e, 223
6.4.1 Initiation of localized COrrOSIiON ...........cccoeceueeeeecvieieeeciieeeeiee e 223
6.4.2 Localized cOrroSion GroWth...........ccueeeeeeeeeecciiueereeeeeeeciiieeeeeeeessiiisesesaeennsinns 224
6.4.3 Localized corrosion termination/sust@inability ..............cccceevveeveveeeveencnnen. 225

6.5 LU T 010 0T | VPP 226



CHAPTER 7 Descriptive model of localized corrosion at the top of the line................. 227
7.1 (0] oY [<To1 £ V7T USSP PPUPPRURIOE 227
7.2 LItEratUre FEVIEW...cii ittt e e e s s s ee s 227
7.2.1 Water condensation rate (WCR) prediction ..............ccoceecveecvevesvvescenninnnnn 227
7.2.11 Average WCR calculations considering water dropout ..........c.ccceeuveeen. 227
7.2.1.2 Local WCR calculations considering dropwise condensation theory ....228

7.2.2 Corrosion mechanisms under dewing conditions ............ccccceeeevvvvvveeeeeeecennns 231
7.2.2.1 Empirical and semi empirical modeling of top of the line corrosion.....231
7.2.2.2 Mechanistic modeling of top of the line corrosion ........cccceeecveeeenneen. 234

7.2.2.3 Modeling of localized cOrroSion ........cceecveeeeeciiie e 241

7.3 Descriptive model of [0€alized TLC ......ccoiiiiii i e 244
7.3.1 Summary of experimental 0bServations.............cccovueeeeeeeeeivviveveeeeeeeiiivvennnn 244
7.3.2 1Y oo =] [ oo K KPR SR 246
7.3.3 Model overall NArrAtiVe .............ccooveeeiieiiieieeiesiee et 250
7.3.4 Localized TLC model development..................uueeeeeeeeeciiiiveiaaeeeeciiiiienaaeeeainns 251
734.1 Step 1 — Initial UNIfOrm COrroSION .....cccccuvieieciiee e 252
7.3.4.2 Step 2 — Formation and breakdown of the FeCO; layer...........ccc.......... 254
7343 Step 3 — Determination of the sustainability of localized corrosion ..... 257
7.3.4.4 Step 4 — Localized corrosion propagation.........cccecveeeecciieeeicineeeecneeeenns 261

7.3.5 MOdel VAlIdQEION..........coueeeeieiieieeeeeeeese e 261
7.3.6 Model context and liMitQtions.............ccoceeeveercereeeciecieseeseeseereeseeeeae 264

7.4 YU T 010 0T | V2P 266

CHAPTER 8 Conclusions and recommendations for future development.................... 267



RETEIEINCES ...ttt st sa e st sae e et e et et et e e b e b e e bt e be e s e 270
APPENDIX A Momentum balance for flow regime prediction........c..ccceeeevvveeeeeeenennneee. 285
Al Momentum balance and determination of liquid holdUp.......cccccevveeeeeiiiiiiiieeeeee e, 285
A2 Transition between stratified and non-stratified ..........ccccoeveeriiiiiiie 289
A3 Transition between stratified-smooth and stratified-wavy........cccccceivriieniniieennnnen. 290
APPENDIX B Simulation of flow disturbance created by test section geometry .......... 292
B.1 INEFOAUCTION . e 292
B.2 (@] T =T YT SRPR 295
B.3 Problem simulation (Mesh Creation) .......cooveeeiiiiiiiiieiiiee e 296
B.4 SIMUIATION FESUILS ...t s s 298
B.5 CONCIUSIONS ettt ettt s e st st et et e et e et e e be e be e beesreennees 300
APPENDIX C Considerations on steel microstructure characteristics..........cccccvevveeneee 308
Cil (0] oY =T o1 £ V7T UPPRRUROt 308
C.2 1Y/ 1=14 ToTe Fo] Lo} -4V PSP PP 308
C3 RESUILS @NAIYSIS c.evviiiiiiiiie ettt e e e e s sbee e e s sabe e e s snbeeeesanees 309

C3.1 General Appearance of Corrosion AttQCK ...........eeeeevveeeecveeeeeiieeeeciveeeennen 309

C.3.2 Microstructural Analysis of Steel SAMPIES...........c.ceeeceeeeeecvieeeeeiiieeeecieeeenn, 309
CA4 SUIMIMIAIY Lottt e et e e ee e e e eeeeeeee e e e e e e e e e e e e eeeeeeeeeeeeeeaeeaeaeaeeeaeeraeaeeeeeens 311
APPENDIX D Heat balance derivation for dropwise condensation..........cccccccecvveeeneen. 312

APPENDIX E Description of the FREECORP Model .......cueevevciiieiiiiiiiieciieeeeieee e 317



13

LIST OF FIGURES
Page
Figure 1: Flow regime encountered in gas-liquid two-phase ion horizontal pipe (reproduced and
adapted from [1] — License number 3134411241350) ....cccceevueeeiererieesieenreeeceeeeseeeeseee e 35
Figure 2: Flow regime map generated for a mixture for air / water system VSL: Superficial liquid
velocity and VSG: Superficial gas velocity P=1.013bar, T=25°C, D=6", Inclination=0°
(T oo [UTol=Yo N oY o o T 2 ) ISP 36

Figure 3: Example of a pressure/temperature diagram representing the phase equilibrium for

Figure 4: Representation of offshore oil and gas production.........ccccceeeeeciiieecciie e, 38
Figure 5: Schematic representation of the locations along the pipeline affected by TLC
(Reproduced from [36] - © NACE international 1999) .......cccceeeevieiiiireeee e 46
Figure 6: Schematic representation of zones where TLC was experienced (Reproduced from [36]
- © NACE internationNal 1999) .....ccccuiiei ettt ettt e et e e e eetae e e eeateeeeetbeeeeeabaeaeeans 47
Figure 7: Typical ILI results for TLC — Most of the corrosion features are measured at the inlet of
the line (Reproduced from [44] - © NACE international 2012) .....ccccceevcvieeeecieeeccciee e, 48
Figure 8: Situation where “cold spot” corrosion can occur (Adapted from [46] - © NACE
INTErNAtIoNAl 2000).....uuiiieiiiiee ettt e et e e et e e e b e e e e abe e e e eaba e e e e are e e e ebaeeeeanraeeeennres 49

Figure 9: Corrosion in the upper part of the pipe (Reproduced from [49] - © NACE international

Figure 10: Cross-sectional diagram of the pipe failure (Reproduced from [50] - © NACE

INTEINATIONAL 1987)....uiiiciieeciieeetee ettt ettt e e te e et e e et e e s tae e s ateesbaeessaeesaseesnseeeaseeesnreenns 51



14

Figure 11: Representation of spray-pigging inside a flowline (Reproduced from [43] - © NACE
INTErNAtioNal 2003).....ccccciiiiieei et e e err e e e e e e e bbb e e e e e e e e e bbb e e e e e e e e e tbraaaaaaeens 54
Figure 12: Typical TLC failures in CO, dominated environment (Reproduced from [38] - © NACE
INTEINATIONAL 2006)......uiiiiiiiiiieeieee ettt e et e e e et e e e e e bbe e e e abaeeeeabeeaeeareeeeensreeeennres 56
Figure 13: TLC experimental device involving a cooled steel tube (Reproduced from [60] - ©
NACE international 2000).......cccuieeiiiiiee e e ecreeeeectre e e eeirteeeeetreeeeeetbeeeestaeeeeessaeeesassaeeeanreeans 61
Figure 14: TLC experimental device focused on the composition of the condensate (Reproduced
from [9] - © NACE international 2008) .........ccueeeiiiiieeeiiiee ettt e e et e e e evee e e eeatae e e eaeeeaens 62
Figure 15: Cooled finger probe concept (Reproduced from [62] - © NACE international 2012).63

Figure 16: Volatile inhibitor testing equipment (Reproduced from [56] - © NACE international

Figure 17: Experimental setup using Electrical Resistance (ER) probe (bottom) and water

condensation process on the lid (top) - (Reproduced from [56] - © NACE international

Figure 18: Experimental setup designed for the observation of condensation (Reproduced from
[63] - © NACE international 2011) .......ccocciiieieieee ettt e e e e e e e e are e e e eaaa e e e esaraee s 66

Figure 19: Autoclave setup designed by Olsen (Reproduced from [64] - © NACE international

Figure 21: Wet gas autoclave design proposed by Zhang (Reproduced from [65] - © NACE

INTErNAtioNal 2009)......uuiii et e e e e re e e e nbee e e e nreeeeenres 68



15

Figure 22: Quartz crystal microbalance design proposed by Jovancicevic (Reproduced from [67] -
© NACE international 2012) ...coccuviieieeee ettt e e e esrrre e e e e eeestaraeeeeeeessabssaaeeeeesenanes 69
Figure 23: 20L autoclave setup (left) and details of the sample holder (right) .......cccovvveeeerernnnnns 70
Figure 24: Small scale flow loop (top) and test section (bottom) proposed by Olsen (reproduced
from [64] - © NACE international 1991) .......cccuiieeiiiiieeiee ettt et e e aree e 71
Figure 25: Large scale flow loop proposed by Andersen and Dugstad (reproduced from [69] - ©
NACE internatioNal 2007 )......ccccuiiieeiiiee et e ettt e et e e e ette e e e tae e e e sabe e e e sabeeeesnsaeeeeassaeeessreeans 72
Figure 26: Test section proposed by Andersen and Nyborg (reproduced from [69] and [68] - ©
NACE international 2007 & 2009) .......cceiiiiiureeeeeeeeeiiireeeeeeeeeiiirreeeeeeeeesirerreeeesssssssrrereeeesennnns 72
Figure 27: Schematic of the TLC flow loop #1 30 m long, Stainless Steel 316L, Maximum gas
VRIOCITY: 17 M/ ettt ettt ettt e et e et e e e be e st e e ebae e sbeesabee e baeentseesabeesabesesseenanes 74
Figure 28: Schematic of the TLC flow loop #2 20 m long, Stainless Steel 316L, Maximum gas
VEIOCITY: 11 M/S ittt ettt et et ettt e st e st e stbeeabeeabeeabeeabeebeenbaesbeestaesasesasenans 74

Figure 29: Schematic of the H,S flow loop (reproduced from [73] - © NACE international 2002)

Figure 30: Typical TLC test section equipped with condensed water collector (bottom left)....... 78
Figure 31: Schematic view of the test section showing how corrosion samples are flush mounted
Ta Iy (o [ =T Lo VT A o Yo o F TR 78

Figure 32: a) Weight loss samples with Teflon coating at the back and the side and b) Sample

(aTe][o [T oo o] =4 U1 =1 d o AP 79
Figure 33: View of the edge mismatch involved in using a flat sample in a 4” ID pip€........cccuu... 80
Figure 34: Initial flat sIab test SECION ....ciiiiiii e e 82

Figure 35: Stainless steel with weight loss probe ports (top VIEW) ......evveiiiiiiiciee e, 82



16

Figure 36: Stainless steel with weight loss probe ports (left) and view of the edge mismatch
involved in using a flat sample in a flat slab (right)........cccovvieeiiiiiiii e, 83
Figure 37: Design of the carbon steel insert in stainless steel slab (a) and b)) and pictures of the
stainless steel slab (€) aNd d)) c.ueeiiieeie e s 83
Figure 38: Flat s1ab COOIING SELUP ..oovcuiiiiiiiiie e s e s nreee s 85

Figure 39: Stainless steel flat slab equipped with carbon steel insert and aluminum heat

exchanger, a) with or b) without thermal insulation ..........cccceoeciii e 85
Figure 40: Schematic representation of pitting COrroSioN.........cccceeeevieeecciiee e, 86
Figure 41: Schematic representation of mesa attack ........cccceeeieeiciiiee e, 87

Figure 42: Determination of the depth of localized corrosion features Free HAc= 1000 ppm and
condensation rate= 1 mL/m?*/s (P+: 3 bars, Vg= 5 m/s, pCO,= 2 bars, Tg: 70°C) .......couu....... 388
Figure 43: Evaluation of percentage of surface area affected by localized corrosion Free HAc=

1000 ppm and condensation rate= 1 mL/m?/s (PT: 3 bars, Vg= 5 m/s, pCO,= 2 bars, Tg: 70°C)

Figure 44: Microstructure of the X65 carbon steel a) longitudinal cut, b) transversal cut........... 90
Figure 45: Optical analysis - General microstructure of the steel grade used for the “flat slab”
EXPEIIMEINTES ..vvtiviiireieiiietttttrtatetrtererererer e et rereerrerettteeeteeeaeeeeeeeeeteraeaeaeaeaeeeeaeeeeeens 92
Figure 46: Corrosion regimes in CO,/H,S corrosion (reproduced from Pots [92] - © NACE
INTEINAtIONAI 2002) ...t e et e e e e e eebar e e e e e e ee e aarbaeeeeeeeeenatrarereeeeens 98
Figure 47: Corrosion product formation as a function of temperature and H,S (Reproduced
from [94] - © NACE international 2002) .........ceoeieiiirieeeeeeeeeiiireeee e e escrrreeeeeesessnrreeeeseessnannnes 99
Figure 48: General corrosion — Effect of the pCO, T,=70°C, [HAClfee=0Oppm, Vg=5m/s,

CONAENSALION FALEZ0.25 ML/MZ/S ettt eeeeeeeee et etee et et ete et eeeeeeeseeeeeeeeeseeeseseeeeeseseseeeeenenene 106



17

Figure 49: Surface analysis of corrosion product / pCO,= 2 bars (PT: 3 bars, Vg= 5 m/s, Free HAc:
0 ppm, Tg: 70°C, condensation rate= 0.25 mL/m?/s, Exposure time: 21 days).................. 106
Figure 50: Surface analysis of corrosion product / pCO,= 0.13 bar (PT: 3 bars, Vg= 5 m/s, Free
HAC: 0 ppm, Tg: 70°C, condensation rate= 0.25 ML/M2/S) wvveerereeeeeeeeeeereseeeeeeeeeeesenenn. 107
Figure 51: Surface analysis of corrosion product / pCO,= 2 bars (P+: 3 bars, Vg=5 m/s, Free HAc:
0 ppm, Tg: 70°C, condensation rate= 0.25 ML/MNZ/S) oot 108
Figure 52: Surface analysis with corrosion product / pCO,= 7 bars (PT: 7.3 bars, Vg= 5 m/s, Free
HAc: 0 ppm, Tg: 70°C, condensation rate= 0.25 mL/m?/s) Exposure time: 21 days........... 109
Figure 53: Localized corrosion - Effect of the pCO, T,=70°C, [HAC]fee=Oppm, V =5m/s,
Condensation rate=0.25 mL/mz/s, Exposure time: 21 days ....cccceeevveeeeiiiee e 110
Figure 54: View of the weight loss sample at the beginning of test, taken via a port installed at
the bottom Of the lNE .....iiieee et sbe e 111
Figure 55: Surface analysis with corrosion product / Vg=10m/s (P+: 3 bars, pCO,: 2 bars, Free HAc:
0 ppm, Tg: 70°C, condensation rate= 0.25 ML/MNZ/S) oot 113
Figure 56: General corrosion - Effect of the free HAc concentration pCO,=3bars, T,=70°C,
Condensation rate=0.25 mL/m?/s, VgmBM/S ittt 114
Figure 57: Surface analysis with corrosion product / Free HAc= 1000 ppm (Py: 3 bars, Vg=5 m/s,
pCO,= 2 bars, Tg: 70°C, condensation rate= 0.25 ML/MNZ/S) e, 116
Figure 58: Localized corrosion - Effect of the free HAc concentration pCO,=3bars, T,=70°C,
Condensation rate=0.25 mL/m?/s, Vg=5m/s, Exposure time: 21 days........ccceevevvrirerennnee 117
Figure 59: General corrosion — Effect of the condensation rate pCO,=3bars, T,=70°C,

[HACIiree=0PPM, Vgm5M/Suiniiiiiiiiicieiceice et 118



18

Figure 60: Surface analysis without corrosion product (Pr: 3 bars, Vg=5 m/s , pCO,= 2 bars, Tg:
70°C, Free HAc= 0 ppm, Water condensation rate= 1 mL/M%/S) e.vcveeeeeeeeeeeeeereeeeeesesenen. 119
Figure 61: Localized corrosion - Effect of the condensation rate pCO,=3 bars, T,=70°C,
[HAC]ree=0 ppm, V=5 m/s, Exposure time: 21 days .......ccceceeerereniereneeineneneseeseeeeeenee 120
Figure 62: General corrosion — Effect of the gas temperature pCO,=3bars, [HAC]#e.=0 ppm, V=5
M/S, CONAENSAION FALE=0.25 ML/M%/S vttt eeeeee e eeee et e ee et et et ee et et et et et et et et eeeeeeeeees 121
Figure 63: Surface analysis with corrosion product / Tg: 40°C (left) and T,: 80°C (right) (P+: 3 bars,
Vg= 5 m/s, pCO,= 2 bars, Free HAc: 0 ppm, condensation rate= 0.25 mL/m?*/s) Exposure

1010 T o 1= 1R 122
Figure 64: Localized corrosion - Effect of the gas temperature pCO,=3 bars, [HAC]te.=0 ppm, V=
5 m/s, Condensation rate=0.25 mL/m?/s, Exposure time: 21 days .......ccccceverrevererrernennns 123
Figure 65: Influence of the partial pressure of H,S Evolution of the general corrosion rate with
the partial pressure of H,S (Pr: 3 bars, pCO,: 2 bars, Free HAc: 0 ppm, T,: 70°C, WCR: 0.25
ml/m?/s, Vgl 5 M/S ettt ettt e b et nbe 124
Figure 66: Localized corrosion — Influence of the H,S partial pressure Pr: 3 bars, pCO,: 2 bars,
Free HAc: 0 ppm, T,: 70°C, WCR: 0.25 ml/m?/s, Vg: 5 m/s, Exposure time: 21 days.......... 124
Figure 67: Test 4 — CO, environment with traces of H,S — CO,/H,S: 500 (pCO,: 2 bars, pH,S: 0.004
bar, No Free HAc, T,: 70°C, WCR: 0.25 ml/m?/s, Vg: 5 m/s, Exposure time: 3 weeks)........ 126
Figure 68: Test 6 — CO, environment with H,S — CO,/H,S: 15 (pCO,: 2 bars, pH,S: 0.13 bar, No
Free HAc, T,: 70°C, WCR: 0.25 ml/m?/s, Vg: 5 m/s, Exposure time: 3 weeks)..........cceueee 127
Figure 69: General corrosion — Effect of HAc/Condensation rate pCO,=3 bars, T,=70°C, V,=5m/s

Set 1: Fixed [HAC]iee = 100 ppm and varying Condensation rate = 0.05, 0.25 and 1 mL/m?/s



19

Figure 70: Localized corrosion - Effect of HAc/Condensation rate pCO,= 3 bars, T,=70°C, V,=5m/s,
Exposure time: 21 days Set 1: Fixed [HAC]fee = 100 ppm and varying Condensation rate =
0.05, 0.25 @NG L ML /M%/S ctttttteeeeeeeeeeeee ettt ee ettt et ettt et et et et et et et eeeeeeseseeeseeesseeeseseseaeeenenens 129
Figure 71: General corrosion - Effect of HAc/Condensation rate pCO,=3 bars, Tg=70°C, Vg=5m/s,

Set 2: Fixed [HAC)fee = 1000 ppm and varying Condensation rate = 0.05, 0.25 and 1

Figure 72: Localized corrosion - Effect of HAc/Condensation rate pCO,=3 bars, T,=70°C, V,=5m/s,
Exposure time: 21 days Set 2: Fixed [HAC]ee = 1000 ppm and varying Condensation rate =
0.05, 0.25 AN 1 ML/M?/S cttriiriiriireiereeeeesneeeseese sttt 130

Figure 73: General corrosion — Effect of HAc/Condensation rate pCO,=3 bars, T;=70°C, Vg=5m/s
Set 3: Fixed Condensation rate = 0.05 mL/m?/s and varying [HAC]#ee = 0, 100, 1000 ppm131

Figure 74: Localized corrosion - Effect of HAc/Condensation rate pCO,=3bars, T;=70°C, Vg=5m/s,
Exposure time: 21 days Set 3: Fixed Condensation rate = 0.05 mL/m?%/s and varying
[HAC]free = 0, 100, 1000 PPM..reveeeeeeeeeeeeeeeesteeseeseeesseeeseeeseeseesssesessesesestesessesesssssesseseseseas 131

Figure 75: General corrosion — Effect of HAc/Condensation rate pCO,=3 bars, T,=70°C, V,=5m/s
Set 4: Fixed Condensation rate = 1 mL/m?/s and varying [HAC]ee = 0, 100, 1000 ppm ....132

Figure 76: Localized corrosion - Effect of HAc/Condensation rate pCO,=3 bars, T;=70°C, V,=5m/s,
Exposure time: 21 days Set 4: Fixed Condensation rate = 1 mL/m?/s and varying [HAClfree =
0, 100, 1000 PPIM .eutiritieirietteteenteesteesttesteesseesseesmeesmeesaeesaresabesabesabeebe e bt enbeenbeesbeesbeesseesaeenans 132

Figure 77: Surface analysis without corrosion product Free HAc= 1000 ppm and condensation

rate= 0.05 mL/m?/s (PT: 3 bars, Vg= 5 m/s, pCO,= 2 bars, T8: 70°C) ..vevvereueeeeeerererrernns 133



20

Figure 78: Combined effect of the partial pressure of H,S and the concentration of free HAc
Evolution of the general corrosion rate over time (Py: 3 bars, pCO;: 2 bars, pH,S: 0.004 bar,

Tg: 70°C, WCR: 0.25 MI/M2/S, Vgi 5 M/S) wovorveoceeeveesssessesessessessssesssesssssssasessssssesssssesssenens 135
Figure 79: Localized corrosion — Influence of the free HAc concentration in CO,/H,S environment
(Py: 3 bars, pCO,: 2 bars, pH,S: 0.004 bar, T,: 70°C, WCR: 0.25 ml/m?/s, Vg: 5 m/s, Exposure
TIMEI 20 AAYS) cuuriieiiiiiie ettt ettt e ettt e et e e et e e e e e ta e e e e e taeeeeeabaeeeeaabaeeeanreeeeanraeeeenraeaean 135
Figure 80: Combined effect of the partial pressure of H,S and the concentration of free HAc
Evolution of the general corrosion rate over time (P1: 3 bars, pCO,: 2 bars, pH,S: 0.13 bar,

Tg: 70°C, WCR: 0.25 MI/M?/S, Vgi 5 M/S) couivriveiiiiiisisesiesiessesiessessesssssessessessessssssssesssssesans 136
Figure 81: Combined effect of the partial pressure of H,S and the concentration of free HAc
Evolution of the general corrosion rate over time (Py: 3 bars, pCO,: 2 bars, Free HAc: 100
ppm, Tg: 70°C, WCR: 0.25 ml/m?/s, Vi 5 M/S) ceiiiiiiiictietee e 136
Figure 82: Combined effect of the partial pressure of H,S and the concentration of free HAc
Evolution of the general corrosion rate over time (Py: 3 bars, pCO,: 2 bars, Free HAc: 1000
ppm, T,: 70°C, WCR: 0.25 ml/m?/s, Vgl 5 M/S) ettt 137
Figure 83: Localized corrosion — Influence of the free HAc concentration in CO,/H,S environment
(Pr: 3 bars, pCO,: 2 bars, Free HAc: 1000ppm, Tz 70°C, Vg: 5 m/s, WCR: 0.25 ml/m?/s,
EXPOSUIE tiME: 21 dAYS) ceeureieeeiiiieeeiiiee ettt ettt e ettt e e e e tte e e e stte e e eeabae e e enbeeesenraeeeansseeeennses 137
Figure 84: Test 7 — CO, environment with traces of H,S and acetic acid — CO,/H,S: 500 (pCO,: 2

bars, pH,S: 4 mbar, Free HAc: 100 ppm, T,: 70°C, WCR: 0.25 ml/m?/s, Vg: 5 m/s, Exp. time: 3



21

Figure 85: Test 8 — CO, environment with traces of H,S and acetic acid — CO,/H,S: 500 (pCO,: 2
bars, pH,S: 4 mbar, Free HAc: 1000 ppm, T,: 70°C, WCR: 0.25 ml/m?/s, Vg: 5 m/s, Exp. time:
BIWEEKS) wreieiiiiiee et ee ettt ettt e e e e e e e bae e e e te e e e e breeeenbeeeeaaateeeeareeeeennres 139
Figure 86: Test 9 — CO, environment with H,S and acetic acid — CO,/H,S: 15 (pCO,: 2 bars, pH,S:

0.13 bar, Free HAc: 1000 ppm, Tg: 70°C, WCR: 0.25 ml/m?/s, Vg: 5 m/s, Exp. time: 3 weeks)

Figure 87 : Test #1 - C1018(l) insert — High condensation (0.76-0.95 mL/m?/s) Analysis of the
steel surface before cleaning of the corrosion product layer..........cccocovveeeciieeeicieeeccnneen. 149
Figure 88: SEM/EDS analysis of the corrosion product layer Medium condensation rate section
(0-36-0.47 MI/MN/S) cortiriireieeieeie ettt 150
Figure 89: Pourbaix Diagram for Fe/H,0/CO, system at different temperature (40 and 70°C) [98]
- Potential vs SHE - Area of interest is highlighted inred ........ccccceoeeiiiiieeeei e, 151
Figure 90: Test #1 - Steel surface after removal of the corrosion product layer..........ccccceee...... 152
Figure 91: Test #1 — C1018(l) insert — Surface profile analysis Upstream section - Low
cONdensation (0.12-0.15 ML/MZ/S) ceeurrrueeeeeeeeeeeteeeeeeeeeseeeeeeeeeseeseeeseesseseseesesesseeseseneeseees 154
Figure 92: Test #1 — C1018(l) insert — Surface profile analysis Upstream section - Medium
coNdensation (0.36-0.47 ML/MZ/S) cuuerreeeeeeeeeeeeeeeeeeeeeeeseseeeeeeeeeese e eeeeeses e e eeesesesseeesees 155
Figure 93: Test #1 — C1018(l) insert — Surface profile analysis ........ccoceeeecieeeecei e, 156
Figure 94: Test #1 - 3D profile of the bare steel surface High condensation rate section (0.76-
0.95 IM/IMNZ/S) ettt ettt ettt ettt ettt et et et et et et et et et et et et eeneann 157
Figure 95: Test #1 - Feature depth distribution over the entire scanned steel surface.............. 160

Figure 96: Test #1: Influence of the condensation rate on the localized corrosion rate............. 161



22

Figure 97: Test #1: Influence of the condensation rate and the exposure time on the pit/mesa

Figure 98: Test #1: Influence of the condensation rate on the percentage of the steel surface
area affected by l0calized COrrOSION .......uiiiiciiiiice e 163
Figure 99: Test #2 - Steel surface before removal of the corrosion product layer The flow
direction is from left tO Fight........ooo e 165
Figure 100: Test #2 — SEM/EDX analysis Cooled section - High condensation (0.23 ml/m?/s).... 166
Figure 101: Test #2 — X65 insert - Steel surface before removal of the corrosion product layer
The flow direction is from [eft to right......c.coeiviieiiiie e, 167
Figure 102: Test #2 — X65 insert — Surface profile analysis Upstream section - Low condensation
FALE: 0. L N /IN2/S oot e et e e e et et e s e e e et eeeeee e e et esees e e eseeeae e et eseaeneeseneneneeaes 168
Figure 103: Test #2 — X65 insert — Surface profile analysis Middle section - Medium condensation
FALET 0.15 M/ MNZ/S ettt ettt ettt et et et et et et et et et eteseeeeesesesessseeeseeeneseseseseeesenesenenenens 169
Figure 104: Test #2 — X65 insert — Surface profile analysis Downstream section — High
CONAENSALION FALE: 0.23 MU/ MZ/S oo eeeee e e et eeeesee et e eseseseseeeesesesessesessssssassasesenenes 170
Figure 105: Test #2 - Feature depth distribution over the entire scanned steel surface............. 172
Figure 106: Test #2 - X65 Weight loss sample Influence of the condensation rate on the localized
and average corrosion rate and pictures of the samples before and after the removal of the
oo T fol {o] o o] e Yo [V or =1V PSPPI 174
Figure 107: Test #3 - MEG CoOliNG SYSTEM ...cooiiuiiiiiciiee ettt e e 175
Figure 108: Test #3 - Steel surface before removal of the corrosion product layer The flow

direction is from 1eft tO Mgt ........oo o 176



23

Figure 109: Test #3 — SEM/EDX analysis Upstream section - Low condensation (0.038 ml/m?*/s)

Figure 110: Pourbaix Diagram for Fe/H,0/CO, system Potential vs SHE - Area of interest in
LoV T=d 0] F=d oY =Y I T o T f =T 1RSSR 177
Figure 111: Test #3 - Steel surface before removal of the corrosion product layer Upstream
section - Low condensation (0.038 MI/MZ/S) ceeeeeeeeeeeeeeeeeeeeeeeeeeesesereeeeeeseseeeeeessesesaens 178
Figure 112: Test #3 — X65 insert — Surface profile analysis Upstream section - Low condensation
(01038 MI/MNZ/S) teeeeeeeeeeeee e ettt e st es s e e et s e e e eeees s s e eeeeenneeeeeeeas 179
Figure 113: Test #3 — X65 insert — Surface profile analysis Middle section - Medium condensation
(0:059 MI/MZ/S) vttt 180
Figure 114: Test #3 — X65 insert — Surface profile analysis Cooled section - High condensation
(0.20D MI/MNZ/S) coteeeeeee ettt et et e et et et et e e st eeeeeeeeeseseseeeeeeesesseeseaesenesenesesesesesesenesenerenenes 181
Figure 115: Test #3 - Feature depth distribution over the entire scanned steel surface............. 183
Figure 116: Test #3 - X65 insert - Influence of the condensation rate on the pit/mesa depth...184
Figure 117: Test #3 - X65 Weight loss sample Influence of the condensation rate on the localized
and average corrosion rate and pictures of the samples with before the removal of the
(oo Y g1y (oY a1 o] o o [T 1 SR 185
Figure 118: Test #4 - C1018(lll) insert - Steel surface before removal of the corrosion product
layer -The flow direction is from left to right.........cccccviriiiiiii e, 187

Figure 119: Test #4 — SEM/EDX analysis Middle section — Medium condensation (0.4 ml/m?*/s)

Figure 120: Test #4 - C1018(lll) insert - Steel surface before removal of the corrosion product

layer - The flow direction is from left to right.......cccooeiiiii i, 189



24

Figure 121: Test #4 — C1018(lll) insert — Surface profile analysis Upstream section - Low
CONAENSALION FALE: 0.2 ML/MZ/S weeeeeeeeeeeeeeeeeeeeee et e et eeete et e e et eeeseeeeee e e ese e eeeeeeesesenenenenene 190
Figure 122: Test #4 — C1018(lll) insert — Surface profile analysis Middle section - Medium
CONAENSALION FALE: 0.4 ML M/S tereeeeeeeeeeeeeee oot e e e ereeeeeeseeeeeseesseseseseesssesessesesssessessasesenenes 191
Figure 123: Test #4 — C1018(lll) insert — Surface profile analysis Downstream section — High
CONAENSALION FALE: 0.7 ML/M/S tereeeeeeeeeeeeee et e e e e et eeeeseseseseesseseseseessseseseesessssssessssessnenes 192
Figure 124: Test #4 - Feature depth distribution over the entire scanned steel surface............. 194
Figure 125: Test #4 - Comparison between short and long term experiments Influence of the
condensation rate on the pit/mesa depth........coociiiciiiiiii i 195
Figure 126: Influence of the acetic acid concentration and condensation rate...........cccccveeenes 196
Figure 127: Influence of the acetic acid concentration and the water condensation rate Summary
OF FRSUIES .ttt sttt ettt e r e b e r e ne e s 198
Figure 128: Effect of the gas temperature and the WCR on the localized corrosion rate .......... 200
Figure 129: Influence of the gas temperature and the water condensation rate Summary of
FOSUIES .ttt ettt ettt ettt ettt e et e st e st e st e e e bt e e sa bt e st e e et et e bt e e s be e e be e e nee e s tee s reeenneeennre e 201
Figure 130: Indication of the presence of droplets or of the artificial accumulation of condensed
water (edge effect) at the same location on the surface of a sample Droplets of condensed
water can be trapped on the side the flat sample since it cannot be perfectly flushed with

the curved pipe surface (X65 samples before (left) and after (right) removal of the FeCO;

Figure 132: Test section equipped with video camera (left) — Observation of the condensation

process on a weight 105s sample (FHZNt) ..cocuvveeeii i 205



25

Figure 133: Localized corrosion test — Condensation process A droplet of condensed water

forms always at the Same 10CatiON .......uvviiiii i e e anees 206
Figure 134: Localized corrosion test — Condensation process — Falling droplet cycle................ 207
Figure 135: Surface analysis of the surface wetted by the droplet.........cccovvevciiiiiniiieiiiiieeens 208

Figure 136: Surface profile of the surface wetted by the droplet Weight loss samples after the

removal of the corrosion product [aYer.........uvveiiee i 209
Figure 137: X65 WL sample — Observation of the condensation process ........ccccceeecveeeeecvveeennns 210
Figure 138: X65 WL sample — EXposure time 99 days ......ccccceeveecuiiiieeeeecccirieeee e e eeeeieneeee e e e 211

Figure 139 : Test #4 — Artificial indentations created on the steel insert before the beginning of
10 LI T SR T RO OUPTPPRPRPRIN 212

Figure 140: Test #4 - C1018(lll) insert — Morphology of the artificial indentation after the end of

10 TSN q o 1= T o= o | RPN 213
Figure 141: Weight loss sample at the end of the test........cccocveiiiiiiii e, 217
Figure 142: XRD analysis identifying the presence of FECOz.....cccuvvieeeeiicciiiiiiie e 218
Figure 143: EDS analysis of the corrosion product layer and associated breakdowns ............... 219
Figure 144: Cross section analysis — Morphology of large localized features ..........ccccceeevveeennns 220
Figure 145: Cross section analysis — FeCO; coverage on the side of the localized feature......... 221
Figure 146: Cross section analysis — FesC coverage on the side of the localized feature............ 222
Figure 147: Cross section analysis - EDS Line scan (along the red lin€).......cccoecveeeeciieeeniieeenne, 223

Figure 148: Localized corrosion initiation FeCOs layer initial coverage after 2 days of exposure

Figure 149: Localized corrosion features growth underneath FeCO; layer T=70°C, WL X65, HAc=0

ppm, WCR= 1 mL/mM?/s, EXPOSUre time= 21 daysS........ccccecerevrerrerreersesireereeseeesssesesessessnenens 225



26

Figure 150: FeCO; top layer collapsing T=70°C, WL X65, HAc=1000 ppm, WCR= 1 ml/m?/s,
EXPOSUIE tiME= 21 dAYS vrveeeeeieiiiiiiieeeeeecciirteeeeeeeeetrreeeeeeeetabeeeeeeeeesassraseeseeessnssssaseeesennnsnns 225
Figure 151: FeCO; layer regaining coverage on the metal surface T=70°C, WL X65, HAc=1000
ppmM, WCR= 1 mI/M?/s , EXPOSUIe tiMe= 21 AAYS .cveveveeeeeeereeeeeeseeeeeeeseeseeeeeeeeneseeeseseesen 226
Figure 152: Transport, source and sink of Fe?* under a thin film of condensed water during TLC
(Reproduced from [75] - © NACE international 2003) .........cccoviieeiiiiieeeecieee e 235
Figure 153: The simplification from a 3D (droplet) to 1D (liquid film) approach reproduced from
(Reproduced from [83] - © NACE international 2007) ......cc.ceeeeiieeeeiiieeeecieee e ecieee e 238
Figure 154: Schematic of the corrosion calculations in a growing droplet .........ccccccvveeeeiiveennnns 240
Figure 155: Mechanism for initiation and growth of mesa attack (Reproduced from [116] - ©
NACE international 1998).......ccocouriiiiiiiieiiieeeeeeeeeeiitree e e e eeerateeeeeeeeeesbrareeeeeesassrsereseseennanns 242
Figure 156: Mechanism for initiation and growth of mesa attack (Reproduced from [118] - ©
NACE international 2004).......cccccuriiieeeeeeeiirieee e eecitrree e e e e eeeetrreeeeeeeesstrareeeeeesensssaseeeeeesnanns 243
Figure 157: Schematic representation of the galvanic corrosion approach........ccccceccvvvveenennn. 247
Figure 158: Fe’" concentration and pH at different FeCO; saturation levels and different
temperature - T=25°C, PCO2=3 Dars ..o e e e e e e s e ee e e e e e eanns 248
Figure 159: Fe®" concentration and pH at different FeCO; saturation levels and different
temperature - T=70°C, PCO2=3 Dars ..ot e e e e e s arre e e e e e e eanes 248
Figure 160: Schematic representation of the localized condensation approach......................... 249
Figure 161: Initial steps of uniform corrosion on “film-free” steel surface Tee=35°C, WCR=1
ml/m?/s, pCO,=3 bars, SSreco; Max=10 100% of the steel surface is corroded uniformly — No

(oYor=1 [ =Yo I'elo ] ¢ o 1Y (o] o NEUTTEERT RN TR 253



27

Figure 162: Formation of a uniform FeCO3 layer after short term exposure Tgas=70°C, WCR=0.25
ml/m2/s, pCO2=8 bars, Undissociated HAc=0 ppm Exposure time: 2 days — No Localized

Lolo o 1Y o o IO PP PP OPPPPP 255
Figure 163: Schematic representation of the initiation step of localized corrosion at the top of
BN TINE ettt e bbb e s b e e bt e e sabeeeabeeeare s 255
Figure 164: Unsustainable localized corrosion Tsee=35°C, WCR=0.05 ml/m?/s, pCO,=3 bars,
SStecos Max=10, A ocaiized=4% Localized corrosion cannot not be sustained on 50% of the
SUITACE AIBA .. ittt ettt e bt s bt e s he e s at e st e st st e eate et e et e e beenbeenbeenbeenbeens 258
Figure 165: Unsustainable localized corrosion Tgee=35°C, WCR=0.05 ml/m?/s, pCO,=3 bars,
SSrecos Max=10, A oiized=3% 3% of the steel surface can sustain localized corrosion at rate

(o) B 0 oY Y AV =T | SO OO U U OSSR RO PRI 259
Figure 166: Sustainable localized corrosion Tee=35°C, WCR=0.5 ml/m?*/s, pCO,=3 bars, SSrecos
max=10, A ociized=35% 35% of the steel surface can be corroded locally at a rate of 1

00100V AVZ=T= 1 SRR 260
Figure 167: Sustainable uniform corrosion Tgee=35°C, WCR=1.4 ml/m?/s, pCO,=3 bars, SSreco3
max=10, A ocalizea=100% 100% of the steel surface can sustain a corrosion of 1 mm/year.260
Figure 168: Model validation / Comparison between experimental data and model predictions
T e £ 1 1= D it O SRR 262
Figure 169: Model validation / Comparison between experimental data and model predictions
N e L 111 D i K O PR PRSURPTPPRRRY 263
Figure 170: Model validation / Comparison between experimental data and model predictions
SSrecos Max=10 at Tg,=60°C, SSrecos Max=26 at Tg,s=42°C and SSgecos max=53 at Tg,=25°C 264

Figure 171: Narrative of localized TLC - (Adapted from [118] - © NACE international 2004).....266



28
Figure 172: Schematic of the cross section of a pipe in gas-liquid two-phase flow (Ag: area coved

by gas, A.: area coved by liquid, Sg: wetted length of the gas phase, S.: wetted length of the

liquid phase, S;: the boundary length at gas-liquid interface, h,: liquid holdup) ................ 285
Figure 173: 4” ID stainless steel pipe with top part removed .........cccceeeeeiiiiieii e, 293
Figure 174: Difference in pipe curvature between 4” and a 30” ID PipeS....ccccceereeeeecccrrrreeeeeennnns 293
Figure 175: Schematic representation of the Flat Stainless steel Section........ccccccoeeeviieeneennnns 294
Figure 176: Frontal and cross sectional view of the Flat Stainless steel Section FSS .................. 294
Figure 177: Cross section representation of the stainless steel section ..........cccceeeceveeeeecieeenee, 294
Figure 178: Picture of the actual stainless steel section..........cccceeevcieeeieciie e, 295
Figure 179: Inside of the pipe — View of the leading edge of the slab ..........ccccoeiieiiirnnn 295
Figure 180: 3D approach — Mesh of slab (entire view and close-up on the slab) ........cccccuee.... 297

Figure 181: 3D approach — Velocity magnitude in m/s (mostly velocity | the direction of the flow)
—Vg: 5 mM/s Selection of VIEW Plane@S.......cccuiicieiieiiiieecee ettt 301
Figure 182: 3D approach — Velocity magnitude in m/s (mostly velocity | the direction of the flow)
—Vg: 5 m/s Selection of VIEW Plan@s.......cccueeeeieeieieeeceee ettt e 302
Figure 183: 3D approach — Velocity magnitude in m/s (mostly velocity | the direction of the flow)
—Vg: 5 m/s Selection of view planes — Details on the slab section.........ccccoeevvieeeeeeneennen. 303
Figure 184: 3D approach — Velocity magnitude in m/s (mostly velocity | the direction of the flow)
—Ve: 5 m/s Longitudinal plane - The flow direction is from left to right ............ccceeneenee. 304
Figure 185: 3D approach — Turbulence intensity (non dimensional ratio of velocities) — Vs: 5 m/s
Longitudinal plane - The flow direction is from left to right........ccccoeviiiiiiiiniiie 305
Figure 186: 3D approach — Velocity magnitude in m/s (mostly velocity | the direction of the flow)

—Ve: 10 m/s Longitudinal plane - The flow direction is from left to right ..............c..c........ 306



29

Figure 187: 3D approach — Turbulence intensity (non dimensional ratio of velocities) — Vg: 10
m/s Longitudinal plane - The flow direction is from left to right.........ccccccevieiveiienreennenne., 307
Figure 188: Optical analysis - General microstructure and general appearance of corrosion attack

at the bottom of a shallow pit observed in steel sample from Baseline Test #1 (C1018(l))

Figure 189: Optical analysis - General microstructure and general appearance of corrosion attack
at the bottom of a shallow pit observed in steel sample from Test #4 (C1018(lll)) ........... 311
Figure 190: Optical analysis - General microstructure and general appearance of corrosion attack
at the bottom of a shallow pit observed in steel sample from Test #2 (X65)...........cc........ 311
Figure 191: Temperature gradient for a single droplet (Reproduced from [83] - © NACE

INTEINAtIONAI 2007) ...ttt eeeebere e e e e e eetbbr e e e e e eeseabraaeeeeeesensarreereaesens 313



30

LIST OF TABLES
Page
Table 1: Chemical analysis of the cylindrical carbon steel samples used in the experiments....... 90
Table 2: Hardness (HRB) results of the X65 STEEI ......c.eeecueveiiieiiie ettt 90

Table 3: Chemical composition (wt.pct.) of steel samples used in the experiments C1018 steel
insert (1): Baseline Test #1; (111): TESTHA .....uvii ettt 91

Table 4: Chemical composition (wt.pct.) of steel samples used in the experiments X65 steel

insert used for Test #2 and for TeSt #3. ... s 91
Table 5: Baseline conditions for the parametric study™®.........ccoeeiiiiii i, 103
Table 6: Range of variables used for the parametric study .........ccceecveeieciiee e, 104
Table 7: Wall LEMPEIatUI......c.uveeiiiiee ettt e e e e et re e s et e e e s saa e e e e staeeessseeeeansaneean 104
Table 8: Summary of general and localized corrosion results — Sweet TLC series ........ccceeeeeenn.. 144
Table 9: Summary of general and localized corrosion results — Sour TLC series........cccovveeeeeeenn. 145
Table 10: Localized condensation/corrosion study - Test MatriX.......cccceeeeveeeeiveeeireeeeeeeeree e 146
Table 11: Test #1 — Test CONAITIONS ..ccuveeriiieiiieee e s s 148
Table 12 : Test #1 — Localized corrosion rate analysis ......ccccceeeeeiiiieeeee i 158
Table 13: Test #2 —TeSt CONAITIONS ...ccoviiiiiieiieee e e 164
Table 14 : Test #2 — Localized corrosion rate analysis ......ccccceeeeciiiiieeee i 171
Table 15: Test #3 - TeSt CONAItIONS .....eeviriiieiieieeeeree e 175
Table 16 : Test #3 — Localized corrosion rate analysis ........ccceeevieeeecieeeeiciee e e 182
Table 17: Test #4 - TEST CONAITIONS ....oouviriiiiiiiieeee et 186
Table 18 : Test #4 — Localized corrosion rate analysis ......ccccceeeeeciireeeeeeeiiiiiiereee e eeercirrreeeeeeeennns 193

Table 19: Test #4 - Corrosion analysis on the artificial holes.........cccveviiiiiiiiiiieii e, 214



Table 20: TLC feature characteristics study - Test conditions



32
CHAPTER 1 INTRODUCTION: TOP OF THE LINE CORROSION — A FIELD REALITY
Since the drilling and completion of the first oil well, the oil and gas industry has had to
battle many types of corrosion, some more serious than others. Top of the line corrosion (TLC) is
one of these types and probably one of the most recent to be discovered, as it was first
identified only in the 1990s. At that time, it was regarded as a curiosity more than a real
problem. However, top of the line corrosion has been progressively recognized as a major cause
of pipeline failure all over the world and has become the focus of intense research relating to its
mechanism, prevention and prediction.
The transportation of fluid is a critical step for the oil and gas industry. When the fluid
comes directly from the oil well, it is usually unprocessed and consists multiple phases, i.e., a
mixture of oil, solids, gas and water (as brine). The presence of water can lead to considerable
corrosion problems on the internal walls of the pipelines, though the use of corrosion inhibitors
dissolved in the oil or water phase can usually provide some protection if it is applied effectively.
The phenomena of interest in this study are related to the transportation of gas containing
condensable liquids (“wet gas”) and, more precisely, the corrosion issues that occur when
significant heat exchange is present between the pipelines and the surroundings (frozen land,
deep-sea water, etc.). The unprocessed water and hydrocarbon vapor flowing through the pipe
have the potential to condense particular components on the cold walls, one of them being
water, forming a thin film and/or droplets of liquid. The condensed water can contain corrosive
species such as organic acids and dissolved corrosive gases (e.g. carbon dioxide or hydrogen
sulfide). Typical carbon steels can corrode rapidly under these conditions, which could lead to a
loss of pipeline integrity and potential failure. Consequences exceed loss of production. The use

of standard corrosion inhibitors to combat TLC is usually inefficient since the inhibitors
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themselves are non-volatile and typically do not provide any protection to the top of the
pipeline, at least in stratified flow regime.

Top of the line corrosion is consequently a complex phenomenon for which several
processes interact:
e Fluid mechanics: Knowing the location of the gas and liquid phases on the cross section
of the pipe is the first step in determining whether TLC is an issue.
e Heat and mass transfer: TLC is the consequence of water vapor condensation on the
pipe wall, which is driven by a gradient of temperature across the pipe wall.
e Chemistry: Corrosive gases dissolve in the condensed water and generate a number of
species, some of them acidic, which can react to form corrosion products.
e Electrochemistry: The acidity of the condensed water drives the corrosion process.
The present chapter gives an in-depth description of the main mechanisms involved in
TLC, covering all the processes listed above, and also draws comparisons with reported field
experience.
1.1 Flowregime
The issue of TLC occurs only when specific flow conditions are met. Probably the most
important one is the flow regime. The transportation of fluids coming from the well involves a
mixture of gas (containing water vapor, hydrocarbon vapors, carbon dioxide, and hydrogen
sulfide), liquid hydrocarbon and water. At the temperatures and pressures encountered in
flowline conditions, the presence of liquid water in contact with the pipe steel is responsible for
corrosion. As mentioned earlier, the injection of corrosion inhibitor, often water soluble, does
provide effective protection against metal loss. Consequently, any parts of the pipe surface

wetted - even intermittently - by the inhibited water, should benefit from some level of
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protection. Some flow conditions lead to this kind of scenario while some others do not. The
most common type of flow encountered in the transport of unprocessed hydrocarbon fluids is
gas-oil-water three-phase flow (oil here meaning liquid hydrocarbons). Some fields may
generate little or no liquid hydrocarbons but they all produce non-condensable gas (light
hydrocarbons, CO,, etc.) and water vapor (saturated water vapor in most cases). When no liquid
hydrocarbon is produced, the flow type is described as gas-water two-phase flow.

Within gas-oil-water three-phase flow or gas-liquid two-phase flow, three major flow
regimes may be encountered. Their characteristics and corresponding flow conditions are
described below:

o Stratified flow (wavy or smooth): At low gas and liquid flow rates, the gas and liquid
phases are clearly segregated and the gas-liquid interface is smooth. With increased
liquid and gas velocity, waves can be initiated at the gas-liquid interface.

¢ Intermittent flow (slug or plug): At higher liquid velocity, the crests of the waves can
reach the top of the pipe, and a liquid connection (slug) between the top and the
bottom of the line is formed.

e Annular flow: When gas velocity increases but liquid velocity is kept low, droplets of
liquid are atomized and transported to the upper pipe wall surface, forming a liquid film
covering the whole circumference of the pipe, with the gas flowing in the core and the
majority of liquid flowing at the bottom.

These main flow regimes encountered in two-phase horizontal flow are described in
Figure 1. In an inclined or vertical pipeline, only the intermittent and annular flow regimes can

occur.
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Figure 1: Flow regime encountered in gas-liquid two-phase ion horizontal pipe
(reproduced and adapted from [1] — License number 3134411241350)

Only one of these flow regimes (stratified flow) leads to TLC issues. In the case of slug or
annular flow, the liquid phase (water or oil), which can be inhibited, is at least intermittently in
contact with the pipe surface.

It is therefore important to be able to predict under which conditions stratified flow will
be encountered along the length of a pipeline. The most widely accepted mechanism for the
transition between stratified and slug/annular flow is the wave-mixing mechanism developed by
Milne-Thomson et al. [2] and, later, Taitel et al. [3].

The basics of flow modeling calculations are shown in 0 and a flow map (Figure 2) can be
generated using this methodology. The model developed for the determination of the flow
regime transitions in intermittent flow (with annular and dispersed bubble) is not described in

this study.
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Figure 2: Flow regime map generated for a mixture for air / water system
VSL: Superficial liquid velocity and VSG: Superficial gas velocity
P=1.013bar, T=25°C, D=6", Inclination=0° (Reproduced from [4])

In terms of TLC, the area of risk is below the “stratified” line (black line in Figure 2),
where the gas and liquid flow rates are low enough that the water vapor can condense freely on
the upper pipe steel surface, while the bulk liquid water phase, which can be inhibited, stays at
the bottom of the line.

1.2 Condensation process

Liquid water, as brine, is always present in the well together with a variety of
hydrocarbons. Considering the many thousands of years it took for the fluids to accumulate,
water vapor can be assumed to be in equilibrium with the liquid water. This is also true for a
number of hydrocarbons, although the lighter ones (methane, ethane, etc.) are always in a
superheated state. As the fluids are extracted from the well through production tubing and
flowlines, the pressure and temperature decrease. A decrease in pressure tends to move the

equilibrium towards the super-heated zone (leading to more evaporation of the liquid water)
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while a decrease in temperature leads to the formation of water by condensation of the vapor

phase, as shown in Figure 3.
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Figure 3: Example of a pressure/temperature diagram representing the phase equilibrium for

water

These two changes in conditions “work” in opposite directions but, practically speaking,

the drop in temperature always has a much greater effect. Consequently, the water vapor

should always remain at saturation as long as the produced fluids are not artificially separated.

Gas and liquid treatment will effectively remove the water from the produced fluids but this

complex process is only typically done at the production facilities.

A simple representation of a typical off-shore oil and gas transport system is shown in

Figure 4. Since particular segments of the transmission infrastructure involve vertical tubing,

from the reservoir to the subsea wells, the flow regime is never stratified and no TLC should be

expected. However, once the fluid enters the flowlines, i.e., the sections of pipe between the

wells, the platform and the onshore facilities, stratified flow can be expected, depending on the

line topography. Under these conditions, there is no reason to believe that any inhibited water
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present at the bottom of the line could reach the top of the pipe, and TLC can therefore occur in

an un-mitigated environment.
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Figure 4: Representation of offshore oil and gas production

The top part of the pipeline will corrode if liquid water comes into contact with the steel
surface. This is why a significant amount of water vapor condensation is required for there to be
any significant amount of corrosion. In practical terms, the main factor affecting the amount of
water that can condense is the gas temperature; the hotter the fluid is, the higher is the
saturated water vapor pressure. However, other parameters do influence the process. The rate
of water condensation is dependent on not just the amount of water vapor carried in the gas
phase but also on the gradient of temperature with respect to the outside environment.
Thermal insulation or burial of the pipeline is particularly important, as it will limit the heat
transfer between the pipeline and the outside environment and consequently limit the rate of
water condensation. Finally, the nature of the outside environment also plays a role, as more
heat can be “extracted” from the produced fluid if the pipe is in contact with flowing water

(river or maritime current) as opposed to air or soil.
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In summary, several key factors can be identified in assessing whether a pipeline will
suffer from significant water condensation:
e The water vapor pressure of the produced fluid
e The gradient of temperature between the produced fluid and the outside environment
e The nature of the outside environment (air, sea or river)
e The extent of thermal insulation or pipeline burial
A detailed discussion of modeling approaches developed to determine the rate of
condensation is presented in Chapter 7.2.1.
1.3 Water chemistry of H,0/CO,/H,S system
1.3.1 Basics
Understanding the water chemistry is a necessary step in assessing the severity of a
corrosion attack. The basic principles of the H,0/CO,/H.S system are presented below, with a
special focus on condensed water. It should be noted that parts of this section are taken directly
from previous publications from the author of this dissertation [5].
The different chemical and electrochemical reactions involved in CO, corrosion are

described below:

e Water dissociation H,0, = H,+OH, Eq (1-1)
e Carbon dioxide dissolution COypy = COy Eq (1-2)
e Carbon dioxide hydration (slowest step) COZ(aq) + Hzo(z) = H2C03(aq) Eq (1-3)
e Carbonic acid dissociation H,COy,y = H (,y + HCO; ) Eq (1-4)

e Bicarbonate ion dissociation HCO; = H(, +COy .\ Eq (1-5)
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Organic acids are also often present in produced fluids. The most common and

abundant among them is acetic acid [6], a weak acid whose dissociation is expressed below:

e Acetic acid (HAc) dissociation CH,COOH = H,, +CH,COO ., Eq (1-6)

(aq)

In addition, as more and more field conditions involve the presence of large quantities
of H,S, the prediction of sour corrosion appears today as one of the most pressing matters in the
oil and gas industry [7]. The understanding of H,S corrosion mechanisms lags significantly and

majorly behind that of CO,, even though much effort has already been made in this direction [8].

Although H,S gas is about three times more soluble in water than CO, gas (at 25°C, K2 =0.1

sol

mol/L/bar and K% =0.03 mol/L/bar), the acidity constant for H,S is about four times lower

sol
than for carbonic acid (at 25°C, Kfzs =9.3-10* mol/L and KaHch" =4.6-10"" mol/L). Hence, the

effect of H,S gas on decreasing the solution pH is approximately the same as for CO, gas. The

different chemical and electrochemical reactions involved in H,S corrosion are described below:

e Hydrogen sulfide dissolution H,S,,) = H,S, Eq (1-7)
e Hydrogen sulfide dissociation H,S . =H,+HS,, Eq (1-8)
e Bisulfide dissociation HS,, =H ., +St, Eq (1-9)

In oil and gas production scenarios, the water phase may be formed by condensation of
water vapor, or due to the presence of formation water. In the latter case, the water contains
significant amounts of salts (chloride, sodium and calcium ions to cite the most common
species). The concentration of these salts can be measured if a liquid sample is taken, since they

stay in solution. This is not the case for carbonic and sulfide species, which leave the water
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phase when the sample is depressurized. The ex-situ measurement of pH is consequently of
limited value. The most reliable method for evaluating the in-situ pH is to measure species
concentrations and to back-calculate the pH of the water under realistic temperature and
CO,/H,S pressures. This can be performed by solving the electro-neutrality equation (Eq (1-10)),
considering the sum of the cations and anions concentrations as well as the iron concentration
are known. All the other terms can be expressed as a function of the hydrogen ions
concentration:

> alcation; [+ 2lFe* [+ |1 | = o™ |+ |m,co; |+ 2coi |+ |ms |+ 2ls* |+ [cr,coo |+ z y|Anion;” | Eq (1-10)

i

In the field, typical CO, contents range from 0.1 to 10 mol% (although much higher
concentrations have been reported). In terms of H,S, gas contents ranging from 5 to 5000 ppm
are also common. Considering that the production pressures and temperatures in flowlines
typically range from 30 to 200 bars and from 5 to 100°C, respectively, the pH of condensed
water should vary between 3 and 4.5 [9]. However the presence of formation water [10] and the
injection of a strong base (a common corrosion mitigation method) result in significantly higher
in-situ pH (practically between 6 and 8).

1.3.2 Special case of condensed water

The only difference between the chemical composition of the water at the bottom of
the line (brine) and the water at the top is the mineral content, which is nil in freshly condensed
water. In addition, any base injected in-line as part of a corrosion mitigation method would
typically have no effect at the top of the line. Consequently, the electro-neutrality equation for
condensed water becomes:

|7+ )= [or ~ |+ [H,c0; |+ 2|co 2 |+ S ~ |+ 2[s* |+ [cH ,co0 - | Eq (1-11)
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Determining the pH of the condensed water requires knowing the partial pressure of

acetic acid, in addition to the CO, and H,S content:

e Acetic acid (HAc) dissolution CH,COOH = CH,COOH Eq (1-12)

The typical pH value of freshly condensed water is consequently quite low and varies
between 3 and 4. However, as the corrosion process takes place, iron ions are released in
solution as acidity is consumed, which rapidly increases the pH; especially when the rate of
condensed water renewal is low.

1.4  Corrosion process

CO, corrosion has been extensively studied by many different investigators [11-24].
Consequently, the main corrosion mechanisms for this system are now well defined and have
been incorporated into prediction models [25,26].

The main cathodic and anodic reactions involved are listed below:

e Hydrogen ions reduction 2H' +2e — H,, Eq (1-13)
e Carbonic acid reduction 2H,CO,,,, +2¢" > 2HCO, ,,, + H,,, Eq (1-14)
e Undissociated acetic acid 2CH.COOH. - +2¢ — 2CH.COO. - + H
reduction 3 (ag) T 2€ 3 (aq) 2 EA(1-15)
e Hydrogen sulfide QH.S +2 —> H. +2HS- Eq (1-16)
reduction 27 (aq) 2(g) (aq)
e Iron oxidation Fe, — Fe(zjq) +2e Eq (1-17)

It should be noted that the acetic acid and, to some degree, the carbonic acid direct
reduction reactions are currently subject to debate regarding whether or not they actually occur

to any significant degree in the environment considered. It is understood that the presence of
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acetic acid leads to a considerable increase in the corrosion rate [6, 18]. However, two main
pathways have been presented in order to explain this effect:

1. Direct reduction - The acid is directly reduced at the metal surface
CH,COOH ,, — CH,COOH ,,, - CH,COO,,, + H+d and H: +e > H
2. The buffering effect — The weak acid present close to the metal surface first dissociates

CH ,COOH )‘——‘H{aq) + CH ,COO ,,, enabling for the proton reduction to occur

(ag (aq)’

+ + -
(H' & —>Hy +e —>H,)

Following the pathway of direct reduction, the concentration of acetic acid is directly
linked to the corrosion rate, as more acid leads to a higher steel dissolution rate. Considering
the buffering effect, the acetic acid only acts as a provider of hydrogen ions and the corrosion
rate will increase until it eventually falls under charge transfer control. Distinguishing between
the two pathways is not an easy task, but recent work seems to favor the buffering effect over
the direction reduction [19, 20]. Although it is too early to conclude, the same behavior can be
expected for the carbonic acid reduction.

In terms of the hydrogen reduction, the direct reduction at the metal surface has been
clearly observed through a number of experimental studies [21, 22].

1.5 Corrosion product layer

As a direct product of the dissolution of steel, the concentration of Fe’" ions can
increase in solution depending on the flow conditions. In a top of the line scenario, the Fe®*
concentration can quickly reach a relatively high level, especially if the rate of water
condensation is slow. In CO,/H,S/H,0 systems, two main families of corrosion product can form:

iron carbonate (FeCOj3) and iron sulfide (Fe,S,).
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2 _
e Iron carbonate precipitation Fe, "+ CO; (aq) = FeCO; Eq (1-18)

The choice of the expression of the equilibrium constant K, recos governing the iron
carbonate precipitation/dissolution is of importance, as many empirical equations exist. Recent
work proposed by Sun [27] suggests using the following equation derived from the work of

Greenberg [28] and Silva [29]:

2.1963

k

109K, .o, =—59.3498—0.041377x T, — +245724x10g(T, )+ 2.518x I*° —0.657x1  Eq (1-19)
with:  Ksp recos: Solubility constant for iron carbonate (mol?/1?)

Ti: Temperature (K)

I: lonic strength (mol/I)

The influence of acetic acid on the FeCOs; film characteristics and formation is not well

understood and no widely accepted theory has emerged [12-14].

e |ron sulfide formation

- by precipitation Fe(za*'q) +HS VELSTTEEN FeS , + H " () Eq (1-20)
- by direct reaction Fe +H,S — FeS+H,, Eq (1-21)

The chemical reactions proposed above are the most widely accepted [27] reactions
describing sulfide chemistry in aqueous solution. Other authors [30-32] have proposed different

pathways for FeS formation and dissolution. An example is the so called “direct” reaction:

Fe,+ H,S — FeS, + H, where it is assumed that iron dissolution does not occur; rather,

a fast oxidation of solid iron transforms it directly into solid iron sulfide attached to the steel
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surface. The mechanism of this reaction is still under investigation, including the role of various
species in the formation of the different types of iron sulfide compounds.

The uncertainty related to the expressions for the equilibrium constants involved in H,S
aqueous chemistry is much more acute than with CO, aqueous chemistry and it is therefore
necessary to state precisely what has been used in this work. Sun [27] postulated the following

equations were the most reliable:

—[634,27 +0.2709 Ty, —0.11132 %10 3 72 16719 o619 log Ty ]
Kys= 10 Tx from Suleimenov [33] Eq (1-22)
782.43+0.3617 ~1.6722x107 12 205657815 145 7411n Ty .
K, =10 T from Suleimenov [34] Eq (1-23)
2848.779
S 6.347+log(K;)
K, ,.=10 " from Benning [35] Eq (1-24)

with:  Kyys: Solubility constant of hydrogen sulfide (mol/l/bar)
K,: Dissociation constant of hydrogen sulfide (mol/l)
Kspmek:  Solubility limit of mackinawite (mol/I)
T: Temperature (K)

Sun [27] also stated that there was not yet a reliable expression for the second
dissociation constant K, and that the use of this constant to calculate the solubility limit should
be avoided altogether.

1.6  CO, top of the line corrosion field cases

A number of field cases attributed to TLC have been reported over the years, most of
them encountered in sweet (CO, dominated) environments. Gunaltun, who is one of the first
authors to identify TLC as a major field issue, describes in great detail a case of CO, TLC that

occurred in an onshore pipeline in Indonesia [36]. An extensive description of the field



46
parameters as well as a thorough interpretation of the underlying causes of corrosion was
presented. In line inspection (ILI) tools were used to identify three locations along the flowline

which suffered from extensive internal corrosion on the upper side of the pipe (Figure 5).
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Figure 5: Schematic representation of the locations along the pipeline affected by TLC
(Reproduced from [36] - © NACE international 1999)

These three zones corresponded to locations where the pipe was crossing a river delta,
where it was alternately buried and in contact with the flowing water. The CO, content in this
line was 4.7mol%, for a total pressure of 90 bars, and the inlet temperature was about 80°C.
Considering that the river water was at 25°C on average, this situation led to high local heat
exchange with the surrounding environment and consequently high water condensation rates.

Further analysis completed in 2000 by the same author [37] showed that the presence
of large quantities of acetic acid in the production water accelerated the corrosion rate.
Gunaltun added more insight into the TLC mechanisms by defining three main zones in the
pipeline (Figure 6):

- The bottom of the line: At this location, the corrosion can be lowered by the use of

inhibitors.
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- The top of the line: The water vapor condenses and forms droplets attached to the

pipe wall. A protective iron carbonate layer can be formed in certain cases (in CO,-

dominated environments), but inhibitors cannot reach the top of the pipe and are not
effective. Localized corrosion is the predominant form of corrosion.

- The side of the pipe: Due to gravity, the condensed water flows on the sidewall and

drains to the bottom. Although the corrosion is also uniform, there is no guarantee that

inhibitors could access this location and provide any protection.

Iron carbonate layer

River water

/777 ’ii/i

Figure 6: Schematic representation of zones where TLC was experienced
(Reproduced from [36] - © NACE international 1999)

The condensation rate was identified as a controlling parameter in TLC. The concept of
critical condensation, below which TLC was considered to be manageable, was introduced as an
engineering tool. This threshold value was presented as a helpful design tool but could not be
expected to be valid under every condition. It was set at 0.25 mL/m?/s, considering that the
condensation would happen on the upper half of the pipe only. If large quantities of organic acid
are present (above 2500 ppm of acetate containing species), this critical threshold [38] is

reduced to 0.025 mL/m?/s. Similar observations were made on four separate flowlines located
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in Europe [39] and the influence of organic acid was also reinforced. TLC is now a definitive
concern for the industry as a whole [40].

A large set of results of a field pipeline inspection was presented for a network of
offshore pipelines off the coast of Thailand [41 - 45], in a field containing high levels of CO,
(23mol% on average). The pipelines, ranging from 14” to 22” internal diameter, were operated
in stratified flow and were only naturally buried on approximately one third of their surface (the
pipes were sitting on the sea bed). Considering that the inlet fluid temperature could reach 90°C,
very high heat exchange with the sea water occurred (on average at 18°C). Since the fluid would
rapidly cool to ambient, severe water condensation only occurred on the first 500 meters of line.
TLC was identified as a serious issue leading to potential de-rating of the pipe or replacement of
entire sections. Features as deep as 30-60% of the original wall thickness were measured by
different types of ILI. The deepest features were located in the first 240 meters of line,
corresponding to the zone of high water condensation rate (Figure 7).

18
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Figure 7: Typical ILI results for TLC — Most of the corrosion features are measured at the inlet of
the line (Reproduced from [44] - © NACE international 2012)
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Kaewpradap [44] proposed a method to use these data to estimate the remaining life of

the pipeline. The notion of TLC stabilization was also introduced as consecutive ILI seemed to

show that the number and size of the corroded features did not seem to increase with time.

However, this observation was based only on highly inaccurate ILI measurements and was

therefore uncertain. Nevertheless, valuable information was presented about operating
practices and monitoring techniques used in the field to prevent top of the line corrosion.

Several more recent publications related to the same field were published in 2010 [46,

47]. The notion of “cold spot” corrosion was introduced, described as a worst-case TLC scenario.

This situation occurred when the pipe thermal insulation had to be removed to accommodate

the installation of sacrificial anodes, commonly used for external corrosion. This led to very high

local condensation rates, dramatic overall rates of corrosion and, ultimately to pipeline failure

(Figure 8).

Cold spot

Thermal insulation

— Anode

Welding

Figure 8: Situation where “cold spot” corrosion can occur
(Adapted from [46] - © NACE international 2010)
1.7 H,STop of the line corrosion field cases
There are only a handful of well-documented sour TLC field failures described in the

literature [48].
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The first ever reported TLC case was from a sour gas field in France, in 1963 [49]. A
serious corrosion issue (Figure 9) was discovered on the top part of a horizontal, buried 6”

pipeline transporting a mixture of light hydrocarbons and inhibited water under stratified flow.

Figure 9: Corrosion inte per part of the pipe
(Reproduced from [49] - © NACE international 1963)

The gas composition was 9% CO, and 15% H,S and the fluid temperature was between
35°C and 50°C. Under these conditions, the water condensation rate should have been
extremely low. The corrosion issue was identified as TLC and was mitigated by increasing the gas
flow rate in order to switch from stratified to annular flow regime.

Another case was also reported from a field in Canada [50, 51]: a 6” pipe made of API
5LX52 carrying produced gas (5.9 % of CO, and 0.3% of H,S) at an operating pressure of 68 bars.
The pipe was split open at the 4 o’clock position (Figure 10) in a straight longitudinal line for the
entire length of a pipe section. In the failed section, wall loss was measured up to 64% of the
original nominal wall thickness. The corrosion mechanism was identified as TLC due to the
condensation of water vapor in presence of acid gases and in the absence of hydrocarbon

condensate.
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Figure 10: Cross-sectional diagram of the pipe failure
(Reproduced from [50] - © NACE international 1987)

A third case was reported in North Dakota [52], again with low inlet temperatures
(below 40°C) and stratified flow regime. The gas contained 2.6 mole % CO, and 16.4 mole % H,S
at total pressure around 500 psi. The flow line (10” ID) was pigged every 5 days. The failure
occurred on the top of the line, in a segment immediately following an elevation drop.

A more recently reported pipe failure [53] involved a 6” ID onshore pipeline transporting
wet gas at 5.45% CO, and 2800 ppm H,S at the time of the rupture. The fluid temperature was
again quite low (15°C), which should have led to low water condensation rates. The line
ruptured after 8.5 years of operation with extensive reported wall loss (60 to 85%) on the upper
part of the pipe. It is important to mention that methanol injection was often used in these
cases for methane hydrate control and that it has been determined to be a contributing factor.
Due to its high solubility in methanol, oxygen was thought to be introduced in quantities
significant enough to impact H,S corrosion and lead to the formation of elemental sulfur.

Cases where TLC was not detected are also valuable. Two 8” ID wet gas flow lines (a few
kilometers long) transporting sour gas (although contents are not specified in the publication)

with respective inlet and outlet pressures at 116 bars and 107 bars did not suffer from TLC [37].



52
Inlet temperatures are reported at 63°C and 74°C with corresponding outlet temperatures at
29°C and 41°C. These lines have been in operation for 12 years and ultrasonic scanning showed
no sign of TLC.

Bonis [54] listed the main findings of a review of intelligent pigging operations
performed on offshore and onshore wet sour gas pipelines. The production conditions ranged
from 80 to 40°C inlet temperature, 50 to 20°C outlet temperature, 2 to 17% H,S, 3 to 10 % CO,
and 2-3 to 10 m/s. No indication of serious TLC was ever detected.

1.8 TLC monitoring

Several methods are used in the field in order to monitor corrosion.

The most commonly used, but also the most expensive, are called In Line Inspections (ILI)
and involve monitoring devices mounted on pipeline inspection gauges (also called pigs). This
method often requires considerable shut-down or slow-down of the production rate, and
consequent loss of revenue. Two main techniques are used [38, 42, 44]:

e Magnetic flux leakage (MFL), which detects pipeline defects through the magnetization
of the ferrous metal,

e Ultrasonic Testing (UT), which is based on measuring the ultrasonic signal propagated
through the pipe wall.

Other much less expensive methods involve the use of Electrical Resistance (ER) or
Weight Loss (WL) probes installed at specific locations in order to monitor the corrosion.
However, the relevance of the results is highly dependent on the location of the measurements,

which can only marginally represent pipeline conditions [55].
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1.9 Mitigation methods

Effective mitigation of TLC is a difficult and often costly process. The most common
method used in pipelines to control corrosion involves the continuous injection of chemical
corrosion inhibitor into the produced fluid. This method is efficient where the inhibitor can
remain in contact with the steel surface. However, in a TLC scenario (i.e. stratified flow), there is
no means for the inhibitor present in the bulk liquid phase at the bottom of the line to reach the
top of the pipe since the inhibitor is generally non-volatile and does not condense at the top of
the pipe. Continuous injection of inhibitor is consequently ineffective for TLC control, unless the
chemical has some volatile properties and can evaporate and then condense together with the
water at the top of the line. The development and use of Volatile Corrosion Inhibitor (VCI) for
field application is on-going and some limited success has been obtained [55]. However, finding
the chemical formulation which will retain sufficient inhibitive properties (usually held by long
chain molecules) while presenting superior volatility (more common for smaller molecules) has

proven to be a challenge [56].
Another common inhibitor application is through batch treatment: a plug of fluid
containing high content of inhibitor is circulated through the pipeline system between two
pipeline inspection gauges (also called pigs). Another similar method involves the use of

specially-designed spraying device [42], as shown in Figure 11.
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Figure 11: Representation of spray-pigging inside a flowline
(Reproduced from [43] - © NACE international 2003)

This technique can effectively control TLC since it provides a means for the inhibitor to
reach the top of the line provided that:

e The line is pig-able (most lines are not equipped with a pig launcher and receiver) .

e The batch treatment frequency is sufficient to maintain inhibitor coverage.

e The batch treatment is applied according to plan (since “pigging” leads to a decrease in
production flow rate and consequently revenue, batch treatment schedules are often
not respected).

More specific to TLC itself, an additional way to minimize corrosion is to decrease the
water condensation rate on the pipe wall by minimizing the temperature difference between
the gas and the pipe. This is typically done by applying an external coating (such as
polypropylene or concrete) on the pipeline before it is laid down. However, applying insulation
layers can be rather costly on long pipe sections. In addition, TLC issues are often discovered
after the fact. TLC mattresses have been developed and used in the field in order to address this
issue because they can locally decrease the water condensation rate [57, 58]. However, this

method is only effective for short pipelines: as the heat exchange with the outside environment
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is decreased, the produced fluid remains warmer and the water vapor could condense if the
additional thermal insulation is discontinued.

Finally, replacing certain sections of the carbon steel flowlines by Corrosion Resistance
Alloy (CRA) offers definitive protection against TLC. The section can be especially designed to
enhance cooling and force most of the water vapor to condense on these sections [59].
However, this solution is only economically viable on short pipelines, and severe corrosion

issues do exist at the transition between CRA and carbon steel lines.
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CHAPTER 2 GAPS IN THE CURRENT UNDERSTANDING AND RESEARCH OBIJECTIVES
2.1  Gaps in the current understanding

TLC is inherently a localized process. Pipe failures occur in specific areas along the line

and the corrosion is not usually extended to large sections. This localized aspect is often related
to situations where high condensation rates occur, i.e. where the gradient of temperature
between the produced fluid and the outside environment is large. In sweet environments (CO,-
dominated), the corrosion process is often characterized as a mesa attack: the steel is not
uniformly corroded but the pits are usually wide, often flat-bottomed and bare of any layers,

surrounded by areas with intact corrosion product layers (Figure 12).

Figure 12: Typical TLC failures in CO, dominated environment
(Reproduced from [38] - © NACE international 2006)

By comparison, the mode of the corrosion attack in a sour (H,S-dominated) system is

largely speculative, as both uniform and pitting corrosion have been encountered. The



57
mechanism of uniform H,S corrosion is subject to ongoing research [115] and is not well
understood; research on sour localized corrosion has not been significantly reported in the
literature. Consequently, the focus of this research work is put on failure mechanisms (localized
corrosion) in CO, dominated systems.

Although more and more work is being performed on the modeling of top of the line
corrosion (CHAPTER 7.2), the localized nature of TLC is still not well understood. The corrosion
features observed in the field can be so large that the corrosion process is often referred to as
“localized uniform corrosion” instead of a purely “localized corrosion”. The unique TLC scenario
where droplets of condensed water appear and are renewed continuously at the metal surface
must play a crucial role. It is likely that the condensation process initiates and promotes the
localized corrosion at the top of the line by challenging the protectiveness of the iron carbonate
layer.

There is a clear need to develop a better understanding of the mechanisms of sour and
sweet localized corrosion in order to provide more accurate predictions of the likelihood of
occurrence and the severity of the attack. This would have direct implications in pipeline design
and operation. To achieve this goal, it is also important to develop the right experimental tools.
No laboratory set up can perfectly represent the conditions in the field. While pure corrosion
issues have been successfully simulated in small scale set-ups, the flow conditions relative to a
30” ID pipeline are not easily reproducible.

While several different experimental setups have been used with some success at the
Institute for Corrosion and Multiphase Technology (ICMT) at Ohio University and elsewhere, it is

believed that significant improvements can be made in the way TLC is simulated.
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2.2 Research objectives
As mentioned above, since the present understanding of the localized nature of top of
the line corrosion is limited, more work needs to be done to identify the controlling mechanisms.
The objectives of the current project are stated as follows:

1. Devise new experimental setups and procedures, which can realistically simulate typical
top of the line corrosion (in terms of flow, geometry, corrosive environment,
condensation regime) as it is observed in the oil & gas field.

2. Investigate the effect of different influencing parameters on top of the line corrosion
(both uniform and localized rates), including:

- Effect of the flow velocity and condensation pattern

- Effect of the condensation rate

- Effect of the gas temperature

- Effect of the concentration of corrosive species (CO,, acetic acid, H,S)

3. Implement various methods to qualitatively and quantitatively characterize the
interaction between condensation pattern and corrosion attack and to define the
localized nature of top of the line corrosion processes.

4. Based on the experimental data, propose a new modeling approach for the prediction of
the localized attack in a top of the line corrosion scenario.

2.3 Central hypothesis
The main hypothesis is developed around the notion that, at least in sweet
environment, the water condensation rate (WCR) is the key parameter controlling the
protectiveness (or lack thereof) of the corrosion product layer at the top of the line. It governs

the change in water chemistry in the condensed water and dictates whether localized corrosion
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can be initiated and sustained. The rate of localized corrosion is, in turn, controlled by other
environmental parameters, such as the temperature and the content of corrosive gases. The
presence of the droplet of condensed water on the steel surface is also a key parameter in
defining where localized corrosion will occur.

2.4 Dissertation outline

CHAPTER 3 presents the efforts developed for the manufacture of an experimental test
setup capable of reproducing a realistic TLC scenario. It discusses the drawbacks and advantages
of existing apparatuses and describes the main characteristics of the design eventually selected
for this study.

The experimental results are then presented in detail in CHAPTER 4, focusing on the
influence of the controlling environmental parameters on the occurrence of localized corrosion.

The effect of the water condensation rate is clearly identified and is further studied in
CHAPTER 5, which takes a deeper look at the interaction between the presence of droplets of
condensed water and the extent of corrosion.

The morphology of typical localized TLC features, encountered in sweet environments, is
investigated in detail in CHAPTER 6, showing the presence of different corrosion product layers
and providing clues about the pit growth process.

Finally, the main observations gathered so far are summarized in CHAPTER 7, and a
narrative for the occurrence of localized TLC is proposed and converted into a physical model.
Simulation results are compared with experimental results, and the pros and cons of the
approach are discussed.

CHAPTER 8 presents the concluding remarks and the path forward.
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CHAPTER 3 DEVELOPMENT OF EXPERIMENTAL SETUPS FOR THE STUDY OF TLC
3.1 Obijective

The main objective of this chapter is to devise new experimental setup and procedures
that can simulate realistically typical top of the line corrosion (in terms of flow, geometry,
corrosive environment, condensation regime) as it is observed in the oil & gas field.

3.2 Literature review

Over the last 25 years, a number of researchers have proposed a variety of TLC-oriented
experimental devices, geared towards the study of some aspects of TLC. The equipment
designed in the present study was inspired by some of the devices. They are categorized into
two main groups: small scale setups (glass cell, autoclave, small scale flow loop) or large scale
flow systems.

3.2.1 Small scale apparatus
3.2.1.1 Glass cell

The development of glass cell setups for corrosion study holds many advantages as it
involves very versatile and low cost systems. Safety concerns related to high pressure and
temperature setups are also avoided. However, linkage between experimental results and field
reality is often more difficult to make.

In 2000, Pots et al. [60] developed an apparatus comprised of a carbon steel tube
mounted on a heat exchanger and inserted inside an atmospheric chamber containing wet CO,
(saturated water vapor and CO, gas). The water vapor would condense on the cooled steel tube
at a rate controlled by the cooling water flow rate (Figure 13). The condensed water was also
collected in a container underneath, enabling the measurement of the condensation rate and

the sampling of the condensed water for chemical analysis. Although the pressure rating of the
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device was atmospheric, a wide range of gas temperatures and water condensation rates could
be achieved (30-70°C and 0.1 to 1.5 mL/m?/s, respectively). Rates of corrosion were measured
by evaluating the difference in mass of the tube before and after the test (weight loss method)
and by visual observation of the steel surface. The main disadvantage of this system is that the
corrosion process occurred on the outside diameter of the relatively small tube (only a few mm
internal diameter), affecting the retention time of the condensed water and creating areas of
non-homogeneous corrosion. Nevertheless, this setup enabled the collection of condensed
water for pH and iron ion concentration analysis (although it can be argued that the composition

of the condensed water may have been altered by re-evaporation).

Water collection
for pH and Fe?®

Warm water

Figure 13: TLC experimental device involving a cooled steel tube
(Reproduced from [60] - © NACE international 2000)

In 2008, Hinkson et al. [9] published the results of a study focused on the composition of
the condensed water. A glass cell setup was constructed utilizing a heated container that would
generate water vapor, which would then condense when passing through a heat exchanger.
Using this sort of configuration, samples could be collected in vials for subsequent chemical
analysis, such as their pH and Fe®" ion concentration (Figure 14). This system was later upgraded
by inserting a carbon tube (coated on its outside) inside the heat exchanger in order to perform

TLC experiments. The corrosion rate was measured by weight loss method only.
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Figure 14: TLC experimental device focused on the composition of the condensate
(Reproduced from [9] - © NACE international 2008)

Cough et al. [61] and Oehler et al. [62] developed a very similar experimental design
involving a sample holder mounted with carbon steel pins exposed to the corrosive vapor phase
(Figure 15). The sample holder was externally cooled in order to force water condensation onto
the pins, which dripped and was collected in a condensed liquid container. The pins could also
be used for Linear Polarization Resistance (LPR) measurements. However, readings could not be
made unless the electrodes (working, reference and counter) were fully immersed in the
electrolyte, which is not the case in the vapor phase (as only a thin and poorly conductive liquid
film covers the metal surface). Consequently, they were intermittently lowered into the
condensed water reservoir for direct corrosion readings. It is important to mention that
accurate LPR readings require a strong electrolyte in order to minimize the solution resistance,
which is not the case for condensed water. Although this setup presented many advantages
(notably, two methods for corrosion measurements), the specific design of the metal samples
(vertical pins) and the intermittent reading of corrosion in the condensed water reservoir cannot

accurately represent the influence of environmental parameters such as condensation rate and
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temperature. This setup has been used primarily for the evaluation of the efficiency of
inhibitors. It is well-adapted for this because it only requires a black and white answer -- either

full protection or active corrosion.

Probe is lowered into the condensed
liquid for LPR measurements

: / Carbon steel pins are used for weight

loss (WL) measurements

! Condensed Liquid is sampled every 24
hours and analysed for:

=l - Acetic Acid Concentration
.. e e - Iron Concentration
- pH

25 mL of the Bulk Liquid is sampled
every 48 hours and analysed for:
The amount of sampled liquid is topped - Acetic Acid Concentration
up with a 1000 ppm HAc bulk solution - pH

Figure 15: Cooled finger probe concept
(Reproduced from [62] - © NACE international 2012)

Gunaltun et al. [56] published another comprehensive effort at evaluating the efficiency
of inhibitors using a variety of experimental setups. One of these innovative setups consists of a
heated reactor generating the water vapor and a “condensation cell”, where electrochemical
measurements are performed (Figure 16). These two main elements were connected in a loop
enabling control of condensation rate, temperature and water chemistry as well as online
corrosion measurements using an LPR setup. This rather complex setup obviously presented

many advantages, especially since the chemistry of the condensed water in contact with the
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sensing element (LPR probe) could be measured (pH and Fe®* concentration). However, the
condensed water accumulated on top of the electrodes, which were facing up instead of down.
The true effect of condensed water renewal was altered by this specific setup. In addition, LPR
measurements are not believed to give very accurate results in condensed water due to the

poor quality of the electrolyte.
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Figure 16: Volatile inhibitor testing equipment
(Reproduced from [56] - © NACE international 2010)

Another experimental glass cell design proposed by Gunaltun et al. [56] involved a
unique glass cell used for vapor generation and online corrosion measurement with a weight
loss steel sample and Electrical Resistance (ER) probe (Figure 17). The ER technique is more
appropriate for the study of TLC since it does not require a good electrolyte and a

reference/counter electrode setup. However, full coverage of the sensing element is still
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essential for accurate measurement of the corrosion rate. The ER and WL probes were flush
mounted to the bottom side of the lid facing down and the condensation process was observed
using a borescope (Figure 16). This specific setup is quite representative of a real case of TLC.
However, the condensed water accumulating on the surface of the corrosion sample could not

be collected for analysis, which represents a drawback.

Gas 1 and out (. \

pH probe

Corrosion probes

Cooling system

Thermocouples m hquid
and vapor phases

Weight loss
coupon
el ER probe

Figure 17: Experimental setup using Electrical Resistance (ER) probe (bottom) and water
condensation process on the lid (top) - (Reproduced from [56] - © NACE international 2010)
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Pojtanabuntoeng et al. [63] proposed a similar setup equipped with a borescope and a

WL sample for corrosion measurement. However, the cooling setup involved the innovative use
of a thermoelectric “Peltier” device, enabling better control of the local condensation rate on
the steel sample (Figure 18). Using this setup, the temperature of the corroding sample

(“coupon”) could be closely monitored.

" Heztsink
' /—— Peltier

Embedded thermistor coupon holder

Coupon

Lid

. D! water
Figure 18: Experimental setup designed for the observation of condensation
(Reproduced from [63] - © NACE international 2011)

3.2.1.2 High-pressure equipment
High-pressure systems obviously hold a high safety risk, but they also represent a
positive step in the direction of making experimental setups which are more representative of
field environments. As early as in 1991, Olsen proposed the first high-pressure autoclave
especially designed for the study of TLC [64]. The lid of the autoclave was cooled with water and
clamped with WL flushed samples (Figure 19). The partial pressure of CO, could be raised up to

5 bars.
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Figure 19: Autoclave setup designed by Olsen
(Reproduced from [64] - © NACE international 1991)

Another setup proposed by Oehler et al. [62] involved an inhibited coolant flowing

through a %4” steel tubing located inside an autoclave rated at 20 bars (Figure 20).
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Figure 20: Horizontal cooled tube concept
(Reproduced from [62] - © NACE international 2012)



68

The concept was similar to the approach developed by Pots et al. [60] and held similar
advantages and inconveniences (sample morphology). The water condensation rate could also
be evaluated by calculating the heat loss through the coolant liquid.

Zhang et al. [65] and Qin et al. [66] presented in two separate studies an original setup
which combined external cooling of the steel samples as well as rotation of the specimen. The
samples were “arc shaped” (108 mm diameter and 14 mm width) and mounted around the
rotating shaft. Consequently, vapor condensation occurred on the sides of the specimen with a

thin film or with droplets of condensed water sliding to the bottom of the autoclave (Figure 21).
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Figure 21: Wet gas autoclave design proposed by Zhang
(Reproduced from [65] - © NACE international 2009)

A rather innovative setup was proposed by Jovancicevic et al. [67]. It involved the use of

a Quartz Crystal Microbalance (QCM), a device in which the change in mass of a thin film
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deposited on a quartz crystal resonator is determined by measuring its change in frequency. The
QCM can accurately measure very small rates of iron dissolution (if the deposited film is made of
iron) and can, in theory, be adapted to measure the rate of water evaporation on the surface of
the sensing element. A small autoclave was adapted to include a QCM for evaluation of the
efficiency of corrosion inhibitors (Figure 22). Although the results are promising, many technical
challenges still exist in adapting this very specialized device to simulate representative

conditions.

Flanged port w/
electrical/cooling lines

QCM probe w/ crystal housing Cold drawer
Figure 22: Quartz crystal microbalance design proposed by Jovancicevic

(Reproduced from [67] - © NACE international 2012)

Another high-pressure setup was presented in 2011 by Singer et al. [48]. The 20L
autoclave made of alloy C-276 (UNS N10276) was specially manufactured to enable corrosion
measurements under condensing conditions. The top lid of the autoclave was equipped with an
internal cooling system and a sample holder plate (Figure 23). The design of the sample holder

enabled the study of the effect of the condensation rate in one single test. This was done by
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“hanging” some of the steel samples in the gas phase but a distance (15 cm) away from the

cooled plate.

Figure 23: 20L autoclave setup (left) and details of the sample holder (right)

The first attempt to add more representative flow conditions to a high-
pressure/temperature setup was performed in 1991 by Olsen et al. [64]. The flow loop consisted
of a gas booster connected to a reservoir and a set of 16 mm stainless steel tubing systems
(Figure 24). The gas flow rate could reach 5 m/s while the pressure of CO, was reported at 5
bars. The corrosion rate was measured on a 5cm long carbon steel tubing specimen using a
radioactive technique (scintillation detectors measuring the loss in activity -- i.e. metal loss -- of

neutron-activated specimens) capable of differentiating top and bottom of the line corrosion.
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Figure 24: Small scale flow loop (top) and test section (bottom) proposed by Olsen
(reproduced from [64] - © NACE international 1991)
3.2.2 Large scale systems

Although expensive to run and less versatile than smaller setups, high-
pressure/temperature large scale flow loops do represent the next step towards simulating real
field situations.

In 2007, Andersen et al. [68] and later Nyborg et al. [69] proposed a system enabling the
circulation of the gas phase from a high-pressure reservoir to a low-pressure reservoir,
containing the bulk liquid phase. A liquid pump/ejector setup ensured proper mixing between

the phases, such that the vapor phase was always in equilibrium with the bulk liquid phase. Only
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the gas phase circulated through the 55 mm ID piping. Several carbon steel pipes, from 1.8 to

5m in length, could be inserted in the flow loop and exposed to the moist gas (Figure 25).
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Figure 25: Large scale flow loop proposed by Andersen and Dugstad
(reproduced from [69] - © NACE international 2007)
The bottom inner area of the pipes (about 20% of the entire surface area) was painted
with corrosion resistance coating in order to differentiate between top and bottom of the line
corrosion. Water condensation was achieved by circulating water through cooling coils mounted

on the outside of the pipe (Figure 26).
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Figure 26: Test section proposed by Andersen and Nyborg
(reproduced from [69] and [68] - © NACE international 2007 & 2009)
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The rate of condensation was controlled by the flow rate of cooling water. A condensed
water collector placed downstream of the test section enabled the measurement of the
condensation rate as well as important chemical parameters (pH, iron, acetic acid
concentration). Visual inspection of the test pipes before and after the experiment as well as
continuous iron content monitoring were used for corrosion measurement.
3.3 Original experimental setups used in this research work
The large scale flow loops which have been developed for the purpose of the current
research work are described in detail in the following sections. Part of the content of this
chapter is taken directly from some of the author’s previous publications [70, 71, 72].
3.3.1 Large scale flow loop setup
The experiments presented throughout this study were carried out in three similar high-
temperature, high-pressure, 4” ID (0.1 m internal diameter) flow loops, all located in the
laboratory of the Institute for Corrosion and Multiphase Technology (ICMT) at Ohio University.
While one of these loops (H,S flow loop) was dedicated to experimental work in sour
environments and required dedicated operating and safety procedures, the other two (TLC flow
loop #1 and 2) were utilized for sweet (CO,) corrosion studies. These three setups were needed
to accommodate the number of experiments to be performed. These flow loops are all
comprised of the same main components: a large tank (1000L) holding the bulk liquid phase, a
gas blower (and in some cases a liquid pump), and a system of 4”ID (0.1 m internal diameter)
stainless steel pipes forming a loop. Each of these systems is about 30 meters in total length.
Various monitoring devices (pressure gauge, thermometers, gas flow meter, liquid sampling
device) are installed along the pipe system. Several test sections, where the actual corrosion

measurements are performed, are located along the pipe system. A detailed description of the
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experimental procedures is presented in the next sections. A schematic of each loop is shown in
Figure 27, Figure 28 and Figure 29 for the TLC flow loop #1, #2 and the H,S flow loop,

respectively.
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(reproduced from [73] - © NACE international 2002)
3.3.1.1 Liquid Phase Composition

The liquid phase was made up exclusively of de-ionized water containing in some cases
acetic acid; no salt was added. However, dissolved ferrous iron Fe®' build-up occurred
throughout the test due to the corrosion process on the carbon steel samples. The main liquid
phase in the tank was heated to the required temperature, according to the test matrix, using
immersion heaters. The vapor phase, containing water, acetic acid vapor, CO, and N, was
circulated through the pipe and no liquid from the tank was carried over. pH in the bulk liquid
phase (tank) was regularly monitored in the main liquid storage tank, and liquid samples were
also taken. Although the pH in the main tank could vary between tests from 3.5 to 4.8
depending on the conditions, there is no direct influence on the liquid composition at the top of
the line, which was always pure condensed water. In fact, the pH in the main tank had to be
considered only when evaluating the concentration of free acetic acid which, being a weak acid,

dissociates in aqueous environments.
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3.3.1.2 Gas Phase Composition

In almost all of the experiments, the gas phase was comprised of a mixture of CO, and

N, (2 bars of CO, and 0.7 bars of N,, with 0.3 bars of water vapor) for a total pressure of 3 bars.

For the H,S environment, the required amount of H,S was introduced in pure gas form at the

beginning of the test and checked regularly using a piston pump and low range standard

detection tubes. The trace amounts of H,S introduced in the loop were consumed fairly rapidly

by the corrosion process and the H,S partial pressure had to be adjusted almost every day to
maintain an accuracy of +20%.

3.3.1.3 Chemistry in the condensed water

There is no easy way to measure the evolution of the pH in the condensed water at the

top of the line. Initially, the fresh condensed liquid has a relatively low pH, as it is pure water

saturated with CO,. Calculations have shown that the pH can initially be as low as 3.0 to 3.5.

However, as the corrosion process proceeds, the iron concentration in the condensed water

droplet rises quickly. Depending on the water condensation rate, FeCO; saturation can also be
rapidly met inside the droplet.

3.3.1.4 Acetic Acid Concentration

The acetic acid (HAc) concentration was adjusted by adding a calculated amount of de-

oxygenated pure HAc into the tank. The acid would then dissociate to form acetate (Ac’) and

hydrogen ions (H'). The remaining amount of undissociated acetic acid (which depends on the

pH) could evaporate and would consequently control the concentration of total acetic acid

present in the condensed liquid at the top of the line. A comprehensive study on the

thermodynamics of water/HAc/liquid vapor equilibrium was published by Hinkson [9] in 2007.

This study shows that, within the range of parameters tested in the present study, the
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concentration of total acetate-containing species in the condensed water should be very similar
to or slightly lower than the concentration of undissociated acetic acid present at the bottom of
the line. It is not possible to provide a constant concentration of undissociated acetic acid in the
condensed water, as this depends on the pH of the droplets, which fluctuates considerably
during the condensation process due to the release of Fe®' ions in solution. A gradient of
concentration also exists between the outer envelope of the droplets (liquid/vapor interface)
and the steel surface. For clarity purposes, the concentration of acetic acid referred to in the
following is the one in the liquid phase at the bottom of the line (tank water).

3.3.1.5 Safety considerations

The main safety concern identified with the flow loop experiments in CO, environment
is high pressure. The loop itself is designed to handle 600 psi (40 bars) of total pressure.
Operational and emergency procedures are developed in order to avoid any mishandling of the
instrumentation (heater, gas blower, liquid pump) and to ensure the proper maintenance of the
facility.

For the flow loop tests in sour environments, the toxicity of H,S was an additional safety
concerns. The flow loop is housed in the ICMT H,S facilities which are fully equipped to ensure
the safety of operations. Operational, emergency procedures and job safety analysis were
performed on the equipment, and the personnel conducting the research were properly trained
to operate in H,S environments and in the use of self-contained breathing apparatus.

3.3.2 Standard test section

Specially-designed test sections enabled the insertion of cylindrical weight loss samples

made of carbon steel inside the flow system. The condensation conditions were simulated using

cooling coils wrapped around the pipe. The rate of water condensation was measured by
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collecting the condensed water downstream of the test section, using a 2” ID bottom port
connected to a graduated water trap. The test section, showing four top and four bottom ports,
as well as the condensed water collection device, is presented in Figure 30. A schematic of a

typical test section showing the position of corrosion probes is displayed in Figure 31.

Figure 30: Typical TLC test section equipped with condensed water collector (bottom left)

¥

i
a) Full view b) Cross sectional view

Figure 31: Schematic view of the test section showing how corrosion samples are flush mounted
inside the flow loop
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The weight loss samples were inserted into the corrosion environment as soon as the

system had reached steady state. The corrosion rates were measured with weight loss samples
made of APl X65 carbon steel. The cylindrical samples (0.76 cm internal diameter, 3.17 cm
external diameter and 0.5 cm thickness) were polished using isopropanol as a coolant with
silicon carbide abrasive papers up to 600 grit. After this preparation, they were covered with
liquid Teflon on the outer edges and bottom, leaving an exposed area of 7.44 cm” on top.
Following four to six hours of curing at ambient conditions, the samples were held at 200°C in an
oven for four hours. The uncovered steel surface was then re-polished with 600 grit silicon
carbide paper wetted with isopropanol, cleaned, dried, and weighed. The samples were then
flush mounted on the internal pipe wall of the loop using a specially designed probe holder

(Figure 32).

Coupon port
b)

Figure 32: a) Weight loss samples with Teflon coating
at the back and the side and b) Sample holder configuration

Therefore, only one face of each sample was in direct contact with the corrosive

environment. The exposure time was between 2 and 21 days in all experiments. Upon removal
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from the loop, the sample surface was flushed with isopropanol to facilitate dehydration and
then photographs of the surface were taken. The weight of the sample after each test was
registered, and the ASTM G1 standard cleaning procedure [74] was followed to remove the
corrosion products and to determine the corrosion rate by weight loss. Some samples were
preserved for corrosion product evaluation by scanning electron microscopy (SEM), energy
dispersive X-ray spectroscopy (EDS), Xray diffraction (XRD) or cross-section analysis.

3.3.3 Challenges related to the experimental design

No laboratory set up can perfectly represent the conditions in the field. While pure
corrosion issues have been successfully simulated in small scale set-ups, the flow conditions
relative to a 30” ID pipeline are not easily reproducible. Top of the line corrosion is as much a
flow regime and heat transfer issue as it is a corrosion issue. TLC occurs only in stratified flow,
but the way that the condensation process occurs at the top of the line (forming a thin flowing
liquid film, or a bigger stagnant droplet) is of prime importance. Using flat weight loss samples
flush mounted to a cylindrical 4” ID pipe creates conditions leading to preferential condensation

and areas where the condensed liquid is trapped artificially (Figure 33).

Figure 33: View of the edge mismatch involved in using a flat sample in a 4” ID pipe
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On the other hand, using long carbon steel spool pieces is a better representation of the
field conditions but it is inconvenient and more costly. In addition, the condensation process
happening at the top of a 30” ID pipeline cannot be reproduced perfectly by a 4” ID spool piece
because the wall curvature is different, leading to unrealistic wetting properties (smaller droplet
size, shorter droplet residence time, etc.). This artifact rendered the study of some experimental
parameters, namely the water condensation rate, difficult. Improvement of the experimental
setup was warranted, which is the focus of the next section.
3.3.4 Test section focused on localized corrosion
This section focuses on the design and development of a new test section aimed at:
e Minimizing the artificial accumulation of condensed water on the steel sample and,
e Enabling the proper experimental study of the effect of the condensation rate.
3.3.4.1 Experimental setup and procedure
The solution was to use a new design involving a steel insert installed on a flat slab. This
“flat slab” concept design aims at eliminating the unwanted edge effect by using a large piece of
carbon steel as a corrosion sample. It also correctly simulates the large pipe curvature of a 30”
ID (0.76 m internal diameter) pipeline -- a size commonly encountered in oil and gas fields —
which is much closer to a flat surface than the 4” ID pipe is. A portion of a pipe section was
especially manufactured in order to enable the insertion of a thick flat stainless steel slab about
1m long (Figure 34). The stainless steel slab and the pipe were sealed together using a thermally
resistant silicon resin. On top of the stainless steel slab lays an aluminum slab containing a
cooling system that enabled the control of the condensation rate. A computational fluid
dynamics study was completed in order to characterize the flow characteristics around the slab

(APPENDIX B).
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Figure 34: Initial flat slab test section

3.3.4.2 Weight loss sample in flat slab
Using pipeline steel samples flushed to a stainless steel flat slab represented a
compromise between the two previous designs (Figure 35 and Figure 36). Only the carbon steel
samples would undergo corrosion, since the slab itself was made of stainless steel. It enabled
the collection of corrosion rates and the analysis of the steel surface of the samples. At the same
time, unwanted edge effects encountered in the weight loss sample in 4” ID pipe design were
minimized but not completely resolved, as the samples were still not perfectly flushed with the

slab surface (Figure 36).

Figure 35: Stainless steel with weight loss probe ports (top view)
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e e, AR P
Figure 36: Stainless steel with weight loss probe ports (left) and view of the edge mismatch
involved in using a flat sample in a flat slab (right)
3.3.4.3 Carbon steel insert in flat slab
In order to improve the accuracy of the simulation (and especially the effect of

hydrodynamics), a new design was developed for the test section. It involved a flat sleeve of

carbon steel inserted into a stainless steel slab as shown in Figure 37.

Figure 37: Design of the carbon steel insert in stainless steel slab (a) and b)) and pictures of the
stainless steel slab (c) and d))
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This final setup had the advantages of exposing a large carbon steel surface to the
corrosive environment, more accurately simulating the curvature of a 20” or 30” ID (0.5 or 0.76
m internal diameter) pipe used in the field, and limiting the edge effects to a minimum. The
steel sample was also small enough that surface analysis could be performed later on.

One limitation was that the insert had to be installed before the test conditions were set
(pressure, temperature) and that the insert could be removed only when the test was
completed. Improvements in the experimental procedure were implemented in order to
optimize the duration of the insert installation and removal.

3.3.4.4 External cooling setup

Vapor phase condensation on the internal pipe wall was achieved by artificially cooling
specific segments of the loop (test sections) using coils wrapped around the pipe. Tap water was
circulated through the coils, and the flow rate was adjusted in order to reach the required
amount of cooling. The condensation rate was measured either using a water trap downstream
of the test section (similar setup as in Figure 30) or by measuring the difference in temperature
between the gas and the pipe wall's inner surface using a model developed by Zhang et al. [83].

For the localized condensation/corrosion study involving the carbon steel insert in a
stainless steel flat slab, three 20 cm long zones with different cooling areas were created (Figure
38): A well-insulated section {1}, a section not insulated but not subject to forced external

cooling {2}, and a section subject to high external cooling {3}.
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Flow direction

1.: No cooling - Insulation ‘-- L
2. Moderate cooling = No insulaton [\
3: High cooling - No insulation \ ‘ t

Figure 38: Flat slab cooling setup

A set of thermistors embedded in the stainless steel component was used to monitor
the steel temperature and compute the condensation rate on each section. Pictures of the

actual setup are shown in Figure 39.

Figure 39: Stainless steel flat slab equipped with carbon steel insert and aluminum heat
exchanger, a) with or b) without thermal insulation
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3.3.5 Localized Corrosion Characterization
Information on the occurrence and extent of localized corrosion was collected for each
test performed using a 3D surface profilometer. It is, therefore, important to clearly define the
parameters measured as follows.

Pitting corrosion: Generally, pits are deep and narrow, and either hemispherical or cup-

shaped. When pitting corrosion happens, a part of the material surface undergoes rapid attack
while most of the adjacent surface remains unaffected. As described in Figure 40, the criteria

used to define pitting corrosion are displayed below.

C
............F..}....... a: general corrosion depth
_I a b: pit depth after film removal

c: diameter of pit after film
b removal

Figure 40: Schematic representation of pitting corrosion

- the pit depth is 5 times bigger than the general corrosion depth (b >5a),
- the diameter of pit after film removal is smaller than the pit depth (c < b).

Mesa attack: Mesa attack is characterized by a wide and often flat-bottomed local
attack without protective corrosion film, surrounded by areas with intact corrosion product
layers (Figure 41). Generally, mesa attack starts as several small pits growing beneath the
porous corrosion product layer. These pits can then continue to grow beneath the corrosion
layer until its top is torn away by the mechanical forces of flow. Growth of the pits continues by

corrosion both laterally and in depth; then the original corrosion film is removed stepwise by the
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flow. Several such pits can be initiated during a short period of time and grow together into a
wide, flat-bottomed mesa attack feature. A galvanic effect between the film-free corroding
metal in the bottom of the mesa attack feature and the film-covered steel outside can increase

the corrosion rate in the mesa attack area.

C

.....‘.............}.... a: general corrosion depth
_I a b: pit depth after film removal

c: diameter of pit after film
b removal

Figure 41: Schematic representation of mesa attack

As described in Figure 41, the criteria used for mesa attack are:
- the mesa attack depth is 5 times bigger than general corrosion depth (b > 5a),
- the diameter of mesa is bigger than pit depth (c > b).

Percentage of sample surface affected by localized corrosion: Since weight loss steel

carbon samples are used in this study, it was found that the percentage of the sample surface
affected by localized corrosion (pitting and mesa attack together) constitutes an indication of
the likelihood of its occurrence.

An example of the analysis performed on each steel sample is shown in Figure 42 and
Figure 43. The results of a line profile (depth of features along selected line) are shown together
with the data used to determine the percentage of the steel surface area affected by localized
corrosion. Rates of localized corrosion are calculated by dividing the feature depth (average or

maximum pit depth) by the exposure time, and are given in mm/year.
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Surface profile Analysis
Top of the line - Exposure time: 21 days - After removal of the corrosion product layer

A
.

Pitting

4
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b) Mapping of the sample surface showing pitting and mesa attack depth along the red line
Figure 42: Determination of the depth of localized corrosion features
Free HAc= 1000 ppm and condensation rate= 1 mL/m?%/s
(P: 3 bars, Vg=5 m/s, pCO,= 2 bars, Tg: 70°C)
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Surface profile Analysis -
Top of the line - Exposure time: 21 days - After removal of the corrosion product layer
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Figure 43: Evaluation of percentage of surface area affected by localized corrosion
Free HAc= 1000 ppm and condensation rate= 1 mL/m?%/s
(PT: 3 bars, Vg= 5 m/s, pCO,= 2 bars, Tg: 70°C)
3.3.6 Materials Characterization

All of the corrosion samples were made of carbon steel types commonly encountered in
the oil and gas industry. Most of the experiments were conducted using American Petroleum
Institute (API) X65 steel samples from a single source: a field pipe line (33 cm outside diameter
pipe section, 3.8 inch thickness). The chemical analysis of this X65 steel, its microstructure

(quenched and tempered), and its hardness characteristics are presented in Table 1, Figure 44

and Table 2.
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Table 1: Chemical analysis of the cylindrical carbon steel samples used in the experiments

Element X65 Composition API 5L X65
(%) Standard (%)
C 0.13 <0.26
Mn 1.16 <1.40
P 0.009 <0.03
S 0.009 <0.03

(a) 1000X

(b) 1000X

Figure 44: Microstructure of the X65 carbon steel
a) longitudinal cut, b) transversal cut

Table 2: Hardness (HRB) results of the X65 steel

X65 longitudinal cut

X65 transversal cut

Average

90.7 kgf

64.8 kgf

Approx.Tensile Strength

90,000 psi for 90.7
kef HRB

56,000 psi for 65.7
kegf HRB

Tensile requirements

77,000psi (min)

77,000psi (min)

Yield Strength

65,000psi (min)

65,000psi (min)

The carbon steel inserts used in the “flat slab” test section concept were obtained from
three different batches of C1018 carbon steel. The chemical composition analysis, showing very

similar composition within the specification of C1018, is shown in Table 3.
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Table 3: Chemical composition (wt.pct.) of steel samples used in the experiments
C1018 steel insert (1): Baseline Test #1; (l11): Test #4

REQUIREMENTS

ELEMENT MIN MAX U} un
c 0.15 0.20 0.19% 0.19%
Cr 0.069% 0.070%
Cu 0.021% 0.022%
Mn 0.60 0.90 0.74% 0.75%
Mo 0.024% 0.024%
Ni 0.110% 0.116%
P 0.030 0.017% 0.018%
s 0.050 0.014% 0.016%
Si 0.012% 0.012%

Later on, a 20” ID (0.5 m internal diameter) API X65 section of pipe was obtained and all
new steel inserts were made from this source. The chemical composition analysis of this new

API X65 steel is shown in Table 4.

Table 4: Chemical composition (wt.pct.) of steel samples used in the experiments
X65 steel insert used for Test #2 and for Test #3.
REQUIREMENTS

ELEMENT MIN MAX ACTUAL
c 0.10 0.16 0.14%
Mn 1.10 140 1.39%
P 0.040 0.008%
S 0.050 0.008%
Si 0.36%

Figure 45 presents the microstructure of the different grades of steel used for the
inserts. All three samples present a ferritic-pearlitic microstructure, consisting of a mixture of
ferrite (white constituent) and pearlite colonies (black constituent). However, the steel samples
present differences in microstructure as it relates to the volume fraction, colony site and colony

density of the pearlite constituent. The steel sample from C1018 (I) contains the lowest volume
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fraction of pearlite out of all the characterized C1018 samples. Additionally, fewer pearlite
colonies are present in this sample and they are also smaller as compared to C1018(lll). The
volume fraction of pearlite and the pearlite colony size in the sample C1018(lll) seem to be
larger than those in the sample from the baseline C1018 (l). The X65 steel also presents a
ferritic-pearlitic microstructure. However, the grain size of this steel is much smaller than those
of the three C1018 samples. Additionally, the pearlite colonies have a higher density and are
much smaller in size. An analysis of the corrosion behavior of all the grades of steel used for the

“flat slab” test section design is shown in APPENDIX C.

a) C1018() b) C1018 (lIl)

c) X65 |
Figure 45: Optical analysis - General microstructure of the steel grade used for the “flat slab”
experiments
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CHAPTER 4 EXPERIMENTAL STUDY OF UNIFORM AND LOCALIZED TLC
4.1 Objective
The primary objective of this chapter is to investigate the effect of different influencing
parameters on top of the line corrosion (both uniform and localized rates), which include:
e Effect of flow velocity and condensation pattern
e Effect of the condensation rate
e Effect of the temperature
e Effect of the concentration of corrosive species (CO,, acetic acid, H,S)
4.2  Literature review
The present chapter presents a review of the laboratory work related to TLC published
over the years. Authors have frequently proposed a modeling approach to represent the
mechanism observed. These models are described in detail in Section 7.2.2. It should be noted
that parts of this section are taken directly from previously published works by the author of this
dissertation [71, 72].
4.2.1 Experimental work on CO, top of the line corrosion
In the past twenty years, TLC has been the subject of intensive research. Olsen et al. [64]
conducted a systematic experimental study on parameters influencing TLC in sweet conditions.
The formation of a protective FeCO; corrosion product layer was suggested to play a key role
(Section 1.5). The precipitation of FeCO; only occurs when the saturation level is above the value
of one. High levels of super-saturation in FeCO; could lead to very dense and protective FeCO;
as was the case at a high temperature (70°C) and a low condensation rate. The authors also
found that the competition between the rate of iron dissolution (i.e., the increase of Fe** ions in

the aqueous phase) and the water condensation rate controlled the extent of FeCO; film
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formation. At a high condensation rate, the saturation in FeCOs is more difficult to obtain due to
the rate of fresh water renewal.

In 2000, Pots et al. [60] conducted a series of experiments aimed at highlighting the
competition between the scale formation rate linked to the iron dissolution and the
condensation rate. Pots developed a corrosion prediction model for TLC based on the
calculation of the concentration of iron at saturation under film-forming conditions. The author
emphasized the importance of correctly evaluating the condensation rate in order to accurately
predict the corrosion rate.

In 2002, Vitse et al. [75-77] completed a thorough experimental and theoretical study
on TLC caused by carbon dioxide. Condensation and corrosion experiments were conducted in a
large-scale 4” ID flow loop, which represented a significant improvement on what had been
done before. This setup was later upgraded and improved for the purpose of the present study.
Vitse was able to link high gas temperatures to larger condensation rates and consequently to
corrosion rates at the top of the line. However, Vitse observed that the formation of FeCO; was
favored by high fluid temperature and could lead to a decrease in the corrosion rate. The
experiments also explored the effect of the gas velocity and partial pressure of CO,on TLC,
which play an important role in the water condensation rate and corrosion rate, respectively.
However, the experiments conducted by Vitse were all of relatively short duration (2-4 days)
and consequently could not capture the full extent of the corrosion, especially in terms of
localized corrosion, which often requires weeks of exposure. Nevertheless, Vitse’s corrosion
model constituted a considerable breakthrough in the understanding of the mechanisms

involved in TLC.
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Several experimental studies [70-80, 68] have been published on the effect of different
parameters such as acetic acid, Mono-Ethylene-Glycol (MEG) or pH control. However, these
experiments also had a relatively short exposure time and offered only limited data in terms of
localized corrosion. MEG is commonly used in gas fields in order to prevent the formation of
methane gas hydrate (a solid ice structure which can obstruct the flow). The presence of a large
quantity of MEG (typically 50 to 70 wt%) decreases the water vapor pressure, which effectively
inhibits hydrate formation. It also decreases the water condensation since the amount of water
vapor is lower. pH control (a method consisting of injecting a base in order to control the bulk
aqueous pH) was shown to have no real effect on TLC other than limiting the concentration of
undissociated acetic acid in the bulk liquid phase available for evaporation. The presence of
acetic acid was found to greatly affect TLC and mild steel corrosion in general [81].

Okafor et al. [82] proposed through his experimental study a mechanism for corrosion
under liquid droplets containing acetic acid. Okafor linked the initiation of localized corrosion
with the presence of protected and non-protected regions under drop-wise condensation. He
assumed the formation of a galvanic cell between the film-free regions, with those the regions
covered by a FeCO; film. It was the first attempt to differentiate general and localized corrosion
at the top of the line.

Strong advances in TLC research were published in 2007. Zhang et al. [83] published the
first fully mechanistic approach in TLC modeling, covering the three main processes involved in
top of the line corrosion phenomena: dropwise condensation, chemistry in the condensed water
and corrosion at the steel surface. Zhang’s approach represents one of the most advanced
attempts to model the mechanisms involved in TLC to date. It takes into account the most

important parameters in CO, TLC: condensation rate, gas temperature, CO, partial pressure, gas
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velocity and acetic acid concentration. Zhang actively participated in the collection of some of
the experimental data shown in the present study, and these data were used to validate his
model.

Singer [71] published the results of this experimental parametric study of sweet TLC
(CO, dominated) performed in 4”ID flow loops. This study summarized the effect of the most
influencing parameters on which the severity of the corrosion attack depends: the condensation
rate, the gas temperature, the gas flow rate, the CO, partial pressure and the presence of
organic acid. Information about both uniform and localized corrosion was collected through this
series of long-term experiments (3 weeks long). The experimental results (in addition to some
unedited data) are presented in Section 4.3, where the main findings are discussed in detail.

In 2011, Rotimi [84] conducted a series of long-term experiments (up to 6 weeks of
exposure) in an autoclave especially designed for TLC study. The effect of water condensation
and temperature was evaluated under different partial pressures of CO,. The author reported
that the uniform corrosion decreased as the temperature increased, due to the formation of a
more protective FeCO; layer. However, no information was reported on localized corrosion
although this type of corrosion was expected to play a big role in these conditions.

Since then, several experimental studies have been published on the characteristics of
the water condensation at the top of the line [9] and on the possible role of hydrocarbon
condensate [42]. It was found that the condensation of light hydrocarbons could not prevent
liquid water from reaching the hydrophilic steel surface.

Even though much progress has been made over the years in the understanding of TLC
mechanisms, none of the models proposed thus far tackles the occurrence and prediction of

localized corrosion. The first experimental study focusing on this aspect linked to TLC
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phenomena was published by Amri [85, 86], in an effort to relate pit growth and environmental
conditions. A conceptual model of pit propagation and growth was proposed, although more
validation work is clearly needed since the experimental work was not performed in a setup
designed to simulate a representative environment.

4.2.2 Experimental work on H,S top of the line corrosion

Although sour corrosion in general is one of the most important issues for the Oil & Gas
industry, very little experimental work has been dedicated to sour TLC. However, most of the
findings valid for bottom of the line corrosion are also true in a TLC scenario.

Some valuable experimental work has been conducted recently in order to determine
the effect of small amounts of H,S on the CO, corrosion of carbon steel [87-90]. It has been
shown that small amounts of H,S lead to a rapid and significant reduction of the CO, corrosion
rate. The reduction of the corrosion rate is usually associated with the formation of a corrosion
product layer on the metal surface, even if the bulk conditions for supersaturation of FeCO; or
FeS are not met. In the case of H,S, the analysis of the layer usually shows the presence of a very
thin mackinawite film. It has been reported that the formation of mackinawite on mild steel is a
very fast, direct surface reaction leading to a solid, adherent mackinawite layer [90-91].
Depending on various environmental factors, different thermodynamically stable types of FeS
can be formed. In some cases FeS film can be non-protective and result in localized attack. For
example, the formed layer can develop internal stresses which can lead to film fracture,
initiating an environment for potential localized attack. Generally, three regimes in CO,/H,S
systems have been classified based on the concentration of H,S [92], as shown in Figure 46. A
ratio of pCO,/pH,S of 500 has been proposed to define the transition. Nevertheless, the mixed

CO,/H,S zone has been reported to begin at a much smaller ratio than the one displayed in the
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graph [89]. Smith [93] recently performed a comprehensive analysis of the validity of this ratio
and pointed out it was extremely sensitive to the quality of the thermodynamic data used, and
that it should not be used as an “engineering tool”. Instead, efforts should be made on

predicting the occurrence of FeS and FeCOs.

""""" b e e e

A A A A A A
works-0 F
R e e o e e e e o o e e e e e i o e e e o e e e

H35 Regime
Sour

CO; + HS Regime
Mixed

N N A A A A,

CO4/pH3S = 500
oHaS ‘ pCOp

COq Regime
sweet

> pCO2

Figure 46: Corrosion regimes in CO,/H,S corrosion
(reproduced from Pots [92] - © NACE international 2002)

The chemistry of iron sulfide formation is very complex, and the corrosion product
characteristics and morphology can change with test conditions and time. This can lead to very
different corrosiveness scenarios. Smith [94] reported that there are four main forms of iron
sulfide commonly found in the field: mackinawite, pyrrhotite, cubic FeS and pyrite.

e Mackinawite is a metastable form of FeS that forms in the presence of small amounts of H,S.
e Pyrrhotite is believed to be more thermodynamically stable than mackinawite because the
pyrrhotite formation kinetics are much slower than those of mackinawite and it has been

reported to form from mackinawite.



99
e Cubic FeS is the least stable of the three FeS phases and is consequently favored by high
saturation levels (i.e. high concentration of Fe*"ions) and low temperatures (between 35
and 50°C).
e The formation of pyrite is associated with high H,S partial pressure and is believed to
require elemental sulfur.
The corrosion product map related to the formation of these three types of FeS film is

shown in Figure 47.

Oilfield Corrosion Products

Cubic FeS

Pyrrhotite

Pyrite

FeCO, Mackinawite

Temperature

Fe*?

log H,S activity
Figure 47: Corrosion product formation as a function of temperature and H,S
(Reproduced from [94] - © NACE international 2002)
The influence of organic acids on the relative protectiveness of iron sulfide films adds

another unknown to the problem since there is, to date, only one published paper on that

subject [95].
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As mentioned earlier, sour TLC has been the subject of focused research only recently. It
is fair to say that even “standard” (bottom of the line) sour corrosion is not very well understood
[8], making any attempt to understand sour TLC rather unclear.

Camacho [96] presented a series of short-term (2 to 4 days long) experiments carried
out in a 4”ID flow loop. The tests were performed at 3 bars total pressure, at 70°C and at a gas
velocity of 5m/s ensuring stratified flow. The condensation was kept constant at 0.25 mL/m?/s.
The presence of small quantities of H,S (up to 0.13 bar) led to a strong decrease in the general
corrosion rate compared to its pure CO, counterpart. The corrosion was strictly uniform and did
not seem to be greatly affected by the range of CO,/H,S ratio tested. An FeS layer was always
found to be the predominant corrosion product present on the carbon steel surface. As is
customary in top of the line corrosion testing, the short duration of the experiment made it
difficult to extrapolate laboratory corrosion rates to field reality.

Nyborg [69] presented a series of experiments in a 2”ID flow loop using carbon steel
tubes as corrosion samples. The tests were conducted at 25°C, with 0.02 bar of H,S and 10 bars
of CO,with 300 ppm of acetic acid. The experiments lasted for more than 30 days at very low
condensation rates (lower than 0.006 mL/m?/s). The corrosion rate was very stable during the
entire test duration. A porous and fluffy FeS film was found on top of a more protective FeCO3;
layer covering the metal surface. It was proposed that dissolved H,S acted as a “sink for ferrous
ions” by promptly forming an un-protective FeS layer and enabling the corrosion to continue,
albeit at a low rate (0.1 mm/year).

Pugh [97] performed experiments in an autoclave equipped with top of the line
corrosion capabilities. The aim was to simulate specific field conditions where TLC was observed.

The tests were conducted at 25 and 55°C and at condensation rates of 0.002 and 0.1 ml/m?/s
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respectively. The gas phase consisted of 2.4% CO, and 1.0% H,S and the tests were performed
over a 6 to 10 weeks period. The results showed that the corrosion rate was higher at a lower
temperature and lower condensation rate (25°C and 0.002 ml/m?/s) than at a higher
temperature and higher condensation rate (55°C and 0.1 ml/m?/s). In both cases, a mackinawite
film formed on the metal surface but had different characteristics depending on the
temperature; at 25°C, the film was fluffy, porous, crystalline with 500 nm grains and un-
protective; at 55°C, the film was denser, crystalline with 10 microns grains and protective. The
presence of organic acid increased the general corrosion rate and promoted localized corrosion,
especially where the FeS film was protective.

Singer [72], the author of this dissertation, continued Camacho’s work [96] and
conducted a parametric study in a 4” ID flow loop. The partial pressure of H,S (up to 0.13 bar)
and the acid acetic concentration (up to 1000 ppm) were studied in a series of 21-day
experiments. In the presence of H,S, the presence of acetic acid seemed to affect the integrity of
the FeS film and trigger the occurrence of localized corrosion initiation. The experimental results
are shown in details in section 4.3.

Singer [48] published another set of experiments, this time performed in a specially
designed autoclave for experiments performed under high H,S and CO, partial pressures (4 and
10 bars, respectively). Mackinawite, cubic FeS and troilite were identified as components of the
corrosion product layer, which seemed to be comprised of two distinct layers: a thin and dense
inner layer and a porous and thick outer layer. It was also shown that higher uniform corrosion
rates could be expected at lower gas temperatures and that the water condensation rate had

little effect on the corrosion results.



102
Although no firm conclusion can be made at this stage, some important characteristics
of sour TLC have been proposed:
e Sour TLC does not seem to be as serious or as common as sweet,
e The condensation rate may not be the main controlling parameter, as it is in sweet TLC,
e The severity of the attack seems to depend on the type and protectiveness of the iron
sulfide film formed at the condensed water/steel interface,
e Gas temperature could consequently be a key factor, as it directly affects the phase
identity and characteristics of the formed iron sulfide.
4.3  Parameteric study performed in flow loop using the standard test section
The experimental work presented in this section was performed using the large scale
flow loops described in Chapter 3.3. The “standard” test section, consisting of a 4" ID pipe
section equipped with several corrosion ports and presented in chapter 3.3.2 was used for this
part, both for sweet and sour experiments. As mentioned in section 3.3.3, the design of this test
section contained some flaws, creating artificial accumulation of condensed water on the side of
the steel samples due to the difference in curvature between the flat samples and the curved
pipe. These flaws notwithstanding, the author believes that the key effects of each influential
parameter were successfully determined, but advises that the numerical values of corrosion
rates should be employed with caution as they are probably conservative estimates. It should
be noted that parts of this section are taken directly from previously published publications
from the author of this dissertation [71, 72].
4.3.1 Test matrix
A useful approach towards understanding any mechanism is to select a baseline

condition and to vary one parameter at a time. That is what has been done throughout the work
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presented here. In addition, some tests have focused on the study of interacting effects
between parameters. This approach gives a better insight into the relative weight of each
parameter and helps in identifying specific areas of interest where the current understanding
remains limited.

The most important parameters were identified as follows: the gas velocity, the
undissociated acetic acid concentration, the water condensation rate, the CO, partial pressure,
the H,S partial pressure and the gas temperature. In addition, two interacting effects are
investigated: condensation rate / acetic acid and H,S partial pressure / Acetic acid.

Table 5 presents the experimental conditions of the baseline test. Each series of tests

proposes a variation of a single parameter around the baseline conditions.

Table 5: Baseline conditions for the parametric study*

Parameters Baseline conditions
Absolute pressure (bar) ** 3
pCO, (bar) 2
Gas temperature (°C) 70
Condensation rate (mL/m?/s) 0.25
Gas velocity (m/s) 5
pH.,S (bar) 0
Free HAc concentration in the tank (ppm) 0
Steel type AP| X65
Liquid phase composition DI water
pH (tank) 4.5
Test duration (weeks) 3

*Only the value of the parameters in italics are varied in this study
** Nitrogen is used as a makeup gas



Table 6 shows the range of values by which each parameter is varied.

Table 6: Range of variables used for the parametric study
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Parameters Range
Min Medium Max
pCO, (bar) 0.13 2 8
pH,S (bar) 0.004 (or 0) 0.07 0.13
Gas temperature (°C) 40 70 90
Condensation rate (mL/m?%/s) 0.05 0.25 1
Gas velocity (m/s) 5 10 15
Free HAc concentration in tank (ppm) 0 100 1000

During the experiment, some water accumulated at the bottom of the line due to the

water condensation forming a small liquid stream. The flow regime was observed through a high

pressure transparent window and was always stratified.

Another important aspect is the wall temperature at the top of the line where the

corrosion reaction takes place. This wall temperature is dependent on the gas temperature, the

condensation rate and, to a lesser extent, the total pressure and the gas velocity. The

corresponding values encountered in this experimental study are shown in Table 7. These values

are calculated using an approach developed by Zhang [83] which shows very good agreement

with experimental measurements.

Table 7: Wall temperature

Gas temperature (°C) Condensatizon rate Total pressure Wall temperature

(mL/m%/s) (bar) (°C)
70 0.03 69.8
70 0.25 68.2
70 1 63.2
40 0.25 33.5
70 0.25 0.13 68.3
70 0.25 67.8
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4.3.2 Experimental results
This section presents the corrosion rate results obtained for each of the tests performed.
Two types of information are displayed: the evolution of the average (uniform) corrosion rate
with time and the occurrence of localized corrosion. The average (uniform) corrosion rate is
calculated using the weight loss of a sample and the time of exposure. It gives an average
corrosion rate over the entire period of exposure. The localized corrosion graphs present
corrosion rates that are due to pitting or mesa attack and indicate the percentage of the surface
area of the sample affected by localized corrosion (pitting or mesa). The corresponding values
are obtained by performing a surface analysis on each sample with a 3D surface profilometer. As
localized corrosion is always more noticeable after longer exposure time, only the data obtained
with the "21 days" samples are presented.
The corrosion rate results are displayed in a series of graphs from Figure 48 to Figure 76.
Error bars represent the minimum and the maximum values obtained, and the number of
samples (i.e., the number of repeated measurements) is displayed on each graph.
4.3.2.1 Influence of the CO, partial pressure
In general, the higher the partial pressure of CO,, the higher the uniform corrosion will
be, as shown in Figure 48. At 2 bars partial pressure of CO,, a declining trend of the corrosion
attack with time is clearly visible and is due to the formation of a protective FeCO; film on the
surface of the sample (Figure 49). In this section, the corrosion product layers are characterized
mostly through EDS analysis and study of the crystals morphology, methods which are not
sufficient to identify the product phase (FeCO; for example). However, experimental work

described later in this document (Figure 142) supports the phases reported in this section. In



106
addition, the corrosion product identification was corroborated by analysis of Pourbaix diagrams

(Figure 89).

2.5
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Figure 48: General corrosion — Effect of the pCO,
Tg=70°C, [HAC]tree=Oppm, V,=5m/s, Condensation rate=0.25 mL/m?%/s

(a) WL sample after 21 days of exposure _ : N 1 7
before cleaning (b) FeCO3 Corrosion product layer X500

Figure 49: Surface analysis of corrosion product / pCO,= 2 bars
(PT: 3 bars, Vg= 5 m/s, Free HAc: 0 ppm, Tg: 70°C, condensation rate= 0.25 mL/m?/s,
Exposure time: 21 days)
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At lower partial pressure of CO, (0.13 bar), the conditions of FeCO; supersaturation

seem to be more difficult to reach, and the protective film does not form uniformly over the
entire steel surface (Figure 50), leading to a low but constant corrosion rate over time (around
0.4 mm/year). At higher partial pressure of CO,, the corrosion attack is initially more aggressive
but the uniform corrosion rate decreases with time to reach 0.3 mm/year after 21 days of

testing. Since all the conditions of FeCO; supersaturation (high Fe** and COs* concentration) can

easily be met, a dense and protective layer should form on the metal surface.

P ~

(a) FeCO3 Corrosion product Iayer-X50 . (b) FeCO; Corrosion product Iaer X500
after 14 days of exposure after 21 days of exposure

Figure 50: Surface analysis of corrosion product / pCO,=0.13 bar
(PT: 3 bars, Vg=5 m/s, Free HAc: 0 ppm, Tg: 70°C, condensation rate= 0.25 mL/m?/s)
However, local breakdowns in an otherwise rather uniform coverage of tightly packed
crystals are seen, like in Figure 51 which presents an example of this situation, obtained with 2
bars of CO,. Inside these breakdowns, the corrosion product is identified by EDS as iron carbide

with elements of the steel microstructure appearing (traces of Mo, Cr, Mn in Figure 51 d)).




) Corrosio prduct layer X65
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fa

c) EDS analysis of the corrosion layer - FeCOs

d) EDS analysis of the corrosion layer - FesC

Figure 51: Surface analysis of corrosion product / pCO,= 2 bars
(P7: 3 bars, Vg=5 m/s, Free HAc: 0 ppm, T,: 70°C, condensation rate= 0.25 mL/m?/s)

This layer does not offer protection against corrosion and deep localized features are

always encountered at these locations (Figure 52). Pitting corrosion was observed at partial

pressures of 2 and 7 bars, and it was stronger at 7 bars partial pressure of CO,. Both pitting

corrosion (narrow features) and mesa attack (wide features) are encountered on the metal

surface, as it is the case for all experiments performed in sweet environments. It is suspected

that pits grow in depth and in width and tend

features, whuch are then qualified as mesa attack.

to combine with each other, forming large



a) WL sample after 21 days of exposure
before cleanin

c) Computerized surface profile after cleaning of the sample, showing a large localized feature at
the location of the breakdown

Figure 52: Surface analysis with corrosion product / pCO,= 7 bars
(PT: 7.3 bars, Vg= 5 m/s, Free HAc: 0 ppm, Tg: 70°C, condensation rate= 0.25 mL/m?/s)
Exposure time: 21 days
The data presented in Figure 53 represent the extent of localized corrosion measured
for each sample. The average pitting rate, average mesa rate and average uniform corrosion
rates refers to the left axis with a unit in mm/year, while the percentage of the surface affected
by localized corrosion refers to the right axis with a unit in %. The figure shows that pitting and
mesa attack rates increase with increasing CO, partial pressure. Weaker pitting was observed at
0.13 bar partial pressure. In the case of CO, top of the line corrosion, the occurrence of localized

corrosion is strongly linked with the presence of a protective FeCO; layer, which undergoes

some breakdown due to higher local corrosiveness. The change in corrosiveness of the
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condensed liquid is due to the condensation process itself, which sees droplets of liquid
nucleate grow and eventually fall because of gravitational forces. During this process, the
chemistry in the droplet undergoes a significant increase in pH and in Fe** concentration, which
favors scale formation. Once the droplet reaches its maximum size and falls, a new droplet will
form with lower pH and more aggressive corrosiveness. The cycle is believed to challenge the
protectiveness of the FeCO; layer and lead to localized corrosion. Higher partial pressures of CO,
render the condensed water more corrosive (i.e., higher localized corrosion rates are
encountered). However, the percentage of surface area affected by localized corrosion remains

mostly unaffected by the CO, partial pressure (Figure 53).
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Figure 53: Localized corrosion - Effect of the pCO,

Tg=70°C, [HAcC]c=0ppm, V,=5m/s, Condensation rate=0.25 mL/m?/s, Exposure time: 21 days
4.3.2.2 Influence of gas velocity
The most visible influence of gas velocity appears to be on the condensation regime

which, in return, affects the way the corrosion process occurs. At low gas velocity (usually below
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5 m/s for the present experiments), the vapor condenses by forming stagnant droplets at the

top of the pipe (Figure 54).

Coupon flushed mounted
at the top of the line

Droplet of
condensed
liquid

Nylon screw

Figure 54: View of the weight loss sample at the beginning of test, taken via a port installed at
the bottom of the line

In these stagnant droplets, the FeCO; supersaturation can be very high, enabling the
formation of a dense protective layer. As the gas velocity increases, the condensation regime
switches gradually from stagnant to sliding droplet. In the sliding droplet mode, the droplets of
condensed liquid flow along the top of the pipe and eventually slide to the bottom. The sliding
droplets are not generally in contact with the carbon steel long enough to create an FeCO; layer
(as opposed to the stagnant droplet condensation regime). Instead, the droplets upstream of
the sample slide on the stainless steel part of the pipe and reach the sample without containing
any product of corrosion. Considering this very aggressive corrosiveness, a thick but non-
protective FesC film only forms on the liquid pathways that the sliding droplets create. It leads to

the formation of two different types of film at the top of the line: protective FeCO; on most of



112
the sample area and non-protective FesC on the preferential liquid pathways. Figure 55 clearly
shows these preferential liquid pathways at a gas velocity of 10 m/s, as highlighted in blue in
Figure 55 a). The weight loss method does not differentiate between the types of film and gives
an average corrosion rate across the entire surface of the samples. It is possible to correct the
space average corrosion rate by evaluating the percentage of surface coverage of both types of
film on the sample surface. However, this process can lead to a high margin of error and does
not bring any valuable additional information. Under the Fe;C layer (Figure 55 d) and f)), the
average corrosion rate can be as high as 10 mm/year. Under the parts of the samples covered by
a FeCO; layer (Figure 55 c) and e)), the situation resembles a more typical TLC scenario with a
much lower uniform corrosion rate and with some visible localized corrosion features; whereas
the corrosion under FesC is usually uniform. There was no clear influence of the gas velocity on
the extent of the localized corrosion, only on the condensation regime as discussed above. The
space average corrosion rate results do not appear in this dissertation as they do not help in
clarifying this particular phenomenon. There was no visible effect of the gas velocity on the top
of the line corrosion (uniform and localized corrosion) except for the change in condensation
regime discussed earlier.

Visual observations made during the experiment showed that the condensation regime
starts to change from stagnant droplet to sliding droplet at a gas velocity around 10 m/s (rivulets
of liquid form on the sample surface) for a total pressure of 3 bars. Since then, a more
comprehensive effort to understand and predict the transition zone between stagnant and
sliding droplets has been made. A model developed by Zhang [83] was presented in 2006 and

constitutes a good predictive tool for this kind of scenario.
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Figure 55: Surface analysis with corrosion product / Vg=10m/s

(Pr: 3 bars, pCO;: 2 bars, Free HAc: 0 ppm, T: 70°C, condensation rate= 0.25 mL/m?/s)
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In summary, once the condensation regime switches from stagnant to sliding droplet,

parts of the sample at the top of the line start to be heavily corroded at a rate similar to that at

the bottom of the line. However, the flow regime is not yet annular (which happens in our

experimental conditions at around 20 m/s), as the droplets flowing at the top are still exclusively

made of pure condensed water saturated with CO,. Additional issues related to droplet

transport from the bottom to the top of the line may be expected at high gas velocity. However,
no inquiry was made into this phenomenon during the study.

4.3.2.3 Influence of the concentration of undissociated acetic acid
The presence of 100 ppm of free acetic acid in the liquid phase of the tank does not
seem to have a strong impact on the average corrosion rate (Figure 56), as the corrosion rate is

almost identical between the two conditions.
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Figure 56: General corrosion - Effect of the free HAc concentration
pCO,=3bars, T,;=70°C, Condensation rate=0.25 mL/m?/s, Vg=5m/s
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The contribution to the overall cathodic reaction of such a small amount seems to be
minimal. However, as the free acetic acid concentration is increased to 1000 ppm, the average
corrosion rate increases significantly compared to lower concentrations. Furthermore, the
uniform corrosion rate does not decrease significantly with time and is still at around 2 mm/year
after the first week of exposure. The presence of acetic acid strongly promotes the occurrence
of pitting corrosion proportionate to the amount of acid in the solution (Figure 58).

With 1000 ppm of free acetic acid, the pitting and mesa attack rates are between 7.5
and 11 mm/year after 3 weeks of exposure. These rates are almost double the ones
encountered for the baseline case (no acetic acid) or with 100 ppm of acetic acid. The
percentage of surface area affected by localized corrosion jumps to 14% in the presence of 1000
ppm of acetic acid, while it is around 4% with 0 or 100 ppm. Once again, the presence of a
corrosion product layer offering protection at least on some parts of the steel surface, together
with a local change in chemistry and pH (due to the continuous renewal of condensed droplets),
are believed to be responsible for the occurrence of localized corrosion. Figure 57 a) and b)
present images of the steel surface before removal of the corrosion product layer and illustrates
the previous statement with apparent protection on most of the surface encountered together
with massive localized attack. Acetic acid, being a volatile weak acid, increases the corrosiveness
of the condensed water and challenges the integrity of the layer. Once again, although the layer
is identified as FeCOsand seems to be mostly made of tightly packed crystals (Figure 57 c) and
e)), numerous breakdowns are encountered which correspond to the location of the pits. Inside

these breakdowns, FesC is identified as the main corrosion product (Figure 57 d) and f)).
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Figure 57: Surface analysis with corrosion product / Free HAc= 1000 ppm
(P7: 3 bars, Vg=5 m/s, pCO,= 2 bars, Tg: 70°C, condensation rate= 0.25 mL/m?/s)
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Figure 58: Localized corrosion - Effect of the free HAc concentration
pCO,=3bars, T,=70°C, Condensation rate=0.25 mL/m?/s, Vg=5m/s, Exposure time: 21 days
4.3.2.4 Influence of the condensation rate

The average corrosion rate is expected to be lowest at the lowest condensation rate
(Figure 59) because the rate of renewal of condensed droplets is faster at higher condensation
rates. The saturation of FeCOs; is easier to achieve when droplets of liquid remain attached to
the metal surface for a longer time. Nevertheless, the effect of the water condensation rate was
not always clear in the conditions tested. The final average corrosion rate is about twice as high
at 1 mL/m%/s compared to 0.03 mL/m?/s, but the overall trend (uniform corrosion rate
decreasing with time) is rather similar in all cases (especially at 1 and 0.25 mL/m?/s). A stronger
contrast was expected, since a higher condensation rate is usually synonymous with a higher
general corrosion rate. The lack of stronger influence on the average corrosion rate is thought to
be due to the specific design of the sample holder. As mentioned previously, using flat weight

loss samples flush mounted to a cylindrical 4” ID pipe leads to areas on the samples where
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condensed water is artificially “trapped”, which could have diminished the effect of the water
condensation rate and led to a overestimation of the corrosion rate.

The influence of the condensation is much stronger on the localized attack as both
pitting rate and surface coverage by localized attack increase significantly when the
condensation rate increases from 0.05 to 1 mL/m?/s (Figure 61). The effect is even more
pronounced on the surface coverage by localized attack which increases from 2% at 0.05
mL/m?%/s to 14% at 1 mL/m?/s. Figure 60 shows one of the weight loss samples exposed for 21
days to the baseline environment and a condensation rate of 1 ml/m?/s. The corrosion product
layer has been removed and the steel surface presents numerous localized corrosion features.

Mesa attack seems to be predominant in this case with wide pits easily identifiable.
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Figure 59: General corrosion — Effect of the condensation rate
pCO,=3bars, T;=70°C, [HAC]free=0Oppm, Vg=5m/s
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Surface profile Analysis
Top of the line - Exposure time: 21 days - After removal of the corrosion product layer

Scan of the sample surface after removal of the corrosion product layer
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Figure 60: Surface analysis without corrosion product
(Pr: 3 bars, Vg=5 m/s, pCO,= 2 bars, T,: 70°C, Free HAc= 0 ppm, Water condensation rate= 1
mL/m?/s)
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Figure 61: Localized corrosion - Effect of the condensation rate
pCO,=3 bars, T;=70°C, [HAClfee=0 ppm, V=5 m/s, Exposure time: 21 days
4.3.2.5 Influence of the gas temperature

Since the corrosion reactions respond to temperature according to Arrhenius type laws,
the average corrosion rate decreases as the gas temperature decreases (Figure 62). This is
usually true if there is no protective layer forming at the surface of the steel (low pH). The
situation is, however, more complicated at the top of the line, as the presence of a protective
layer plays a role as well.

In the first days of testing, the corrosion rate is higher at 70°C or 80°C compared to 40°C
with average uniform corrosion rates at 1.2 and 0.5 mm/year, respectively. However, as time
goes by, the corrosion rate measured at 70°C decreases strongly. In contrast, at 40°C, the
corrosion rate starts at a low value (0.5 mm/year) but remains almost constant throughout the

test. This is explained by the properties of the film forming at the surface of the steel: a dense
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and protective FeCO; layer at 70°C and a more porous and less-protective FeCO; layer at 40°C
(Figure 63). The same reasoning applies for the test at 85°C, where it starts at the highest value
(above 1.5 mm/year) and significantly decreases with time to reach 0.5 mm/year after 17 days.
The corrosion product film is expected to be denser and more protective at a higher
temperature since the kinetics of FeCO; precipitation are faster, thus favoring the precipitation
of larger numbers of smaller crystals which pack more densely on the surface.

Moreover, at the top of the line, there was no sign of localized corrosion at 40°C or 85°C
while there was strong evidence of pitting at 70°C (Figure 64). It is clear that the properties of
the corrosion product film (rate of formation, density, integrity) are strongly linked to the

occurrence of localized corrosion.
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Figure 62: General corrosion — Effect of the gas temperature
pCO,=3bars, [HAClfee=0 ppm, V=5 m/s, Condensation rate=0.25 mL/m?/s
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Figure 63: Surface analysis with corrosion product / T,: 40°C (left) and T,: 80°C (right)
(P+: 3 bars, Vg= 5 m/s, pCO,= 2 bars, Free HAc: 0 ppm, condensation rate= 0.25 mL/m?/s)
Exposure time: 21 days
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Figure 64: Localized corrosion - Effect of the gas temperature
pCO,=3 bars, [HAClfee=0 ppm, Vg=5 m/s, Condensation rate=0.25 mL/m?/s,
Exposure time: 21 days
4.3.2.6 Influence of the partial pressure of H,S
Figure 65 and Figure 66 present information about general and localized corrosion in
environments containing H,S but no acetic acid. The presence of trace amounts of H,S
(pH,S=0.004 bar, CO,/H,S ratio: 500) clearly decreases the corrosion rate compared to a pure
CO, environment. This is generally explained by the formation of a very protective film of iron
sulfide on the surface of the metal. It is expected that further addition of H,S (partial pressure of
H,S up to 0.13 bar, CO,/H,S ratio: 15) should cause a gradual increase in the corrosion rate. This
is not obviously the case at the top of the line where it is difficult to identify a distinct trend. The
additional cathodic reaction may compete with an increase in protectiveness of the iron sulfide
film. It seems, however, that the corrosion decreases rapidly in the first 15 days and then
reverses this tendency and increases slightly. One of the main differences with a pure CO,

environment is that the corrosion process does not seem to slow down considerably, even if the
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severity of the attack is lower. No localized corrosion (pitting or mesa attack) was observed at

the top of the line in the conditions tested.
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Figure 65: Influence of the partial pressure of H,S
Evolution of the general corrosion rate with the partial pressure of H,S
(Pr: 3 bars, pCO;: 2 bars, Free HAc: 0 ppm, Tg: 70°C, WCR: 0.25 ml/m?/s, Vg: 5m/s
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Figure 66: Localized corrosion — Influence of the H,S partial pressure
P+: 3 bars, pCO,: 2 bars, Free HAc: 0 ppm, T,: 70°C, WCR: 0.25 ml/m?/s, Vg: 5 m/s,
Exposure time: 21 days
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SEM and EDS analysis of the corrosion layer formed in CO,/H,S environments without

acetic acid are shown in Figure 67 (pH,S= 0.004 bar, CO,/H,S ratio: 500) and Figure 68 (pH,S=
0.13 bar, CO,/H,S ratio: 15). In all cases, even though the tests were performed with 2 bars of
CO,, no FeCO; crystals could be clearly identified (although their presence cannot be ruled out).
Instead, a mostly macroscopically amorphous corrosion product layer covers the specimen
surface. The layer does not always appear to be homogeneous, especially at higher H,S partial
pressures where large parts of the product layer seem to have peeled off during the corrosion
process. In addition, peculiar features (which show obvious crystalline structure) were observed
but could not be clearly identified, as EDS analysis always shows peaks of similar intensity for
iron (Fe) and sulfur (S). In all cases, the steel was uniformly corroded and no localized corrosion

could be observed even after 21 days of exposure to the corrosive environment.
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(a) WL specimen after 21 days of exposure

(c) Corro

(b) WL specimen after removal of the layer

(d) Corrosion product X50 back scatter
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(g) Profilometer analysis after removal for the corrosion product layer

Figure 67: Test 4 — CO, environment with traces of H,S — CO,/H,S: 500
(pCO;: 2 bars, pH,S: 0.004 bar, No Free HAc, T,: 70°C, WCR: 0.25 ml/m?/s, Vg: 5 m/s, Exposure
time: 3 weeks)
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Figure 68: Test 6 — CO, environment with H,S — CO,/H,S: 15
(pCO,: 2 bars, pH,S: 0.13 bar, No Free HAc, T;: 70°C, WCR: 0.25 ml/m?/s, Vg: 5 m/s, Exposure
time: 3 weeks)
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4.3.2.7 Combined effect of WCR and acetic acid concentration

For clarity, the results are presented in four sets of graphs isolating one parameter each

Set 1: Fixed undissociated acetic acid concentration of 100 ppm and varying
condensation rate of 0.03, 0.25 and 1 mL/m?/s

Set 2: Fixed undissociated acetic acid concentration of 1000 ppm and varying
condensation rate of 0.03, 0.25 and 1 mL/m?*/s

Set 3: Fixed condensation rate of 0.05 mL/m?/s and varying undissociated acetic acid
concentration of 0, 100, 1000 ppm

Set 4: Fixed condensation rate of 1 mL/m?/s and varying undissociated acetic acid
concentration of 0, 100, 1000 ppm

The graphs related to each set are presented in Figure 69 to Figure 76. The clearest

observation is that the higher the concentration of free acetic acid and the condensation rate

are, the higher the risk for localized corrosion. Even if the condensation rate is low (0.05

ml/m?/s), 1000 ppm of free HAc will lead to high uniform corrosion rate and severe localized

attack (Figure 77). The opposite is also true for the condensation rate, but to a slightly lesser

extent. The notion of a critical condensation rate threshold below which no TLC is expected (or

where the TLC rate is acceptable) is not validated by these results. The condensation is clearly a

factor influencing the uniform corrosion and localized corrosion rate but cannot be extracted

alone and used as a design tool. The extent of TLC is rather the result of complex interactions

between all the parameters presented in this paper, and any comprehensive mitigation method

would require a good understanding of the mechanisms involved.



Corrosion rate / (mm/year)

Corrosion rate / (mml/year)

35
—=— HAc = 100 ppm - CondRate=0.05 mL/m2/s
3 A —e— HAc= 100 ppm - CondRate=0.25 mL/m2/s
HAc= 100 ppm - Corrected CondRate=1 mL/m2/s
2.5 A
5 2

2 4
1.5 1

1 4
0.5 -

0 T T T T T T T T T

O =~ N W P O OO N OO OO

0o 2 4 6 8 10 12 14 16 18 20 22 24
Exposure time (days)

Figure 69: General corrosion — Effect of HAc/Condensation rate
pCO,=3 bars, T;=70°C, Vg=5m/s
Set 1: Fixed [HAC]free = 100 ppm and
varying Condensation rate = 0.05, 0.25 and 1 mL/m?*/s

26

—&— Average uniform corrosion rate

—#— Average pitting corrosion rate

. —a— Average mesa corrosion rate

— » - % of surface area affected by localized corrosion

L 4

0O 01 02 03 04 05 06 07 08 09 1
Condensation rate / (ml/m2/s)
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Figure 72: Localized corrosion - Effect of HAc/Condensation rate
pCO,=3 bars, T,=70°C, V;=5m/s, Exposure time: 21 days
Set 2: Fixed [HAC]free = 1000 ppm and
varying Condensation rate = 0.05, 0.25 and 1 mL/m?*/s
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Figure 71: General corrosion - Effect of HAc/Condensation rate
pCO,=3 bars, T;=70°C, Vg=5m/s,
Set 2: Fixed [HAC]sree = 1000 ppm and
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Figure 73: General corrosion — Effect of HAc/Condensation rate
pCO,=3 bars, T;=70°C, Vg=5m/s
Set 3: Fixed Condensation rate = 0.05 mL/m?*/s and
varying [HAc]see = 0, 100, 1000 ppm
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Figure 74: Localized corrosion - Effect of HAc/Condensation rate
pCO,=3bars, T;=70°C, V,=5m/s, Exposure time: 21 days
Set 3: Fixed Condensation rate = 0.05 mL/m?/s and
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Figure 76: Localized corrosion - Effect of HAc/Condensation rate
pCO,=3 bars, T,=70°C, V;=5m/s, Exposure time: 21 days
Set 4: Fixed Condensation rate = 1 mL/m?/s and
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Surface profile Analysis
Top of the line - Exposure time: 21 days - After removal of the corrosion product layer

Mapping of the sample surface showing

Scan of the sample surface after removal of
localized corrosion

the corrosion product layer
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Surface profile along an arbitrary line (red line on the sample picture)
Figure 77: Surface analysis without corrosion product
Free HAc= 1000 ppm and condensation rate= 0.05 mL/m?/s
(PT: 3 bars, Vg=5 m/s, pCO,= 2 bars, Tg: 70°C)

4.3.2.8 Combined effect of pH,S and the acetic acid concentration
The influence of acetic acid on H,S TLC is shown in Figure 78 to Figure 83. As in a
CO,/H,S environment, the TLC rates remained more or less constant during the entire duration

of the test. While 100 ppm of free acetic acid seems to have little effect, the corrosion rate
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jumps from 0.3 to 1.8 mm/year with 0.004 bar of H,S when 1000 ppm of the weak acid is
present. It is interesting to note that, with traces of H,S (pH,5=0.004 bar, CO,/H,S ratio: 500),
the average top of the line corrosion rate after 21 days of exposure is similar to the one
obtained in pure CO, environment when a significant amount of free acetic acid is present
(Figure 82). Further increases in H,S partial pressure (0.13 bar of H,S, CO,/H,S ratio: 15) seem to
reverse this tendency and offer better protection against top of the line corrosion. The average
corrosion rate after 3 weeks of exposure is still three to four times higher with 1000 ppm of
acetic acid than without.

In the presence of acetic acid, some localized corrosion was observed, but only in the
form of small pits. The percentage area affected by pitting corrosion is usually very limited
(unlike in a pure CO, environment) and pitting rates do not exceed 4 mm/year, which barely
qualifies the corrosion as pitting in accordance with the definition presented in section 3.3.5.

The surface analysis associated with the influence of acetic acid on CO,/H,S top of the
line corrosion is shown in Figure 84 to Figure 86. The corrosion product layer at the top of the
line is made of FeS, as is usually the case at the top of the line in H,S environments. In all cases,
the film looks fairly uniform, quite porous and easily wiped off the surface of the specimen. The
film is also, in most cases, cracked; this cracking is believed to take place over time owing to
internal mechanical stresses. The corrosion process was then able to continue under the film.
FeCO; crystals were observed in these cracks. There is no clear difference in the EDS analysis
(identification of the film composition) performed for the tests with or without acetic acid. The
surface looks evenly corroded except for a few isolated pits, especially at higher concentrations
of acetic acid. Once again, the extent of localized corrosion seems to be negligible, with

maximum pitting rates close to average corrosion rates.
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Figure 78: Combined effect of the partial pressure of H,S and the concentration of free HAc

Evolution of the general corrosion rate over time

(Pr: 3 bars, pCO;: 2 bars, pH,S: 0.004 bar, T,: 70°C, WCR: 0.25 ml/m?%/s, Vg: 5 m/s)
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Figure 79: Localized corrosion — Influence of the free HAc concentration in CO,/H,S environment
(Pr: 3 bars, pCO;: 2 bars, pH,S: 0.004 bar, T,: 70°C, WCR: 0.25 ml/m?/s, Vg: 5m/s,

Exposure time: 21 days)
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Figure 80: Combined effect of the partial pressure of H,S and the concentration of free HAc

Evolution of the general corrosion rate over time

(Pr: 3 bars, pCO;: 2 bars, pH,S: 0.13 bar, T,: 70°C, WCR: 0.25 ml/m?/s, Vg: 5 m/s)

N
N o N
| | |

Corrosion rate / (mmlyear)
o
)]

—=— FreeHAc=100ppm / H2S=0bar
—e— FreeHAc=100ppm / H2S=0.004bar

4 6 8 10 12 14 16 18 20 22 24
Exposure time (days)

Figure 81: Combined effect of the partial pressure of H,S and the concentration of free HAc

(P7: 3 bars, pCO,: 2 bars, Free HAc: 100 ppm, T,: 70°C, WCR: 0.25 ml/m?/s, Vg: 5 m/s)

Evolution of the general corrosion rate over time
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Figure 82: Combined effect of the partial pressure of H,S and the concentration of free HAc
Evolution of the general corrosion rate over time
(Pr: 3 bars, pCO;: 2 bars, Free HAc: 1000 ppm, Tg: 70°C, WCR: 0.25 ml/m?/s, Vg: 5 m/s)
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Figure 83: Localized corrosion — Influence of the free HAc concentration in CO,/H,S environment
(Pr: 3 bars, pCO;: 2 bars, Free HAc: 1000ppm, T,: 70°C, Vg: 5 m/s, WCR: 0.25 ml/m?/s,
Exposure time: 21 days)
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(a) WL specimen after 21 days of exposure
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Figure 84: Test 7 — CO, environment with traces of H,S and acetic acid — CO,/H,S: 500

(pCO3: 2 bars, pH,S: 4 mbar, Free HAc: 100 ppm, T,: 70°C, WCR: 0.25 ml/m?%/s, Vg: 5 m/s, Exp.
time: 3 weeks)
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(a)
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(g) Profilometer analysis after removal for the corrosion product layer

Figure 85: Test 8 — CO, environment with traces of H,S and acetic acid — CO,/H,S: 500
(pCO;: 2 bars, pH,S: 4 mbar, Free HAc: 1000 ppm, T,: 70°C, WCR: 0.25 ml/m?/s, Vg: 5 m/s, Exp.
time: 3 weeks)
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(a) WL specimen after 21 days of exposure (b) WL specimen after removal of the layer
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(g) Profilometer analysis after removal for the corrosion product layer
Figure 86: Test 9 — CO, environment with H,S and acetic acid — CO,/H,S: 15
(pCO,: 2 bars, pH,S: 0.13 bar, Free HAc: 1000 ppm, T,: 70°C, WCR: 0.25 ml/m?/s, Vg: 5 m/s, Exp.
time: 3 weeks)
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4.3.3  Summary

The present experimental study performed in large scale flow loops, the results of which

are summarized in Table 8 and Table 9, highlights some important characteristics of sweet and
sour top of the line corrosion. TLC is a phenomenon that occurs only in stratified flow, although
two distinct condensation regimes are encountered: stagnant droplet condensation at low gas
velocity and sliding droplet condensation at higher gas velocity. The water vapor condenses at
the top of the line in the form of small water droplets, which follow a specific cycle: growth to
reach a critical size, falling to the bottom of the pipe due to gravity forces or sliding along the
pipeline, and renewal governed by the rate of condensation. It is also clear that TLC mechanisms
in sweet and sour corrosion are different. The summary of the experimental results is
consequently divided in two main parts: TLC in sweet environment and TLC in sour environment.

e TLCin sweet environment

The initial average corrosion rates are normally quite high but often decrease with time

to relatively low average values. This decrease is an indication of the precipitation on the metal
surface of a corrosion product layer made of FeCOs. This layer can provide some protection but
is also intrinsically linked to the initiation and propagation of localized corrosion. Two to three
weeks of exposure time are consequently necessary to catch these tendencies, as shorter
experiments may lead to unrealistically high general corrosion rates and may miss the
occurrence of localized corrosion altogether. In terms of general corrosion, a more aggressive
environment (high partial pressure of CO,, higher temperature, higher acetic acid content)
logically leads to higher initial corrosion rates. As the corrosion process occurs and iron ions are
released in solution, the water droplets can reach saturation in FeCO;. How quickly this

saturation is reached depends upon the temperature: experiments performed at lower gas
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temperatures (<40°C) lead to little to no FeCO; precipitation, and a lower but uniform and
relatively constant corrosion rate over time is observed. Higher gas temperatures (above 80°C)
seem to lead to a more rapid formation of the FeCOs layer. The saturation level with respect to
FeCO; also strongly depends on the water condensation, which continuously provides fresh and
acidic condensed water. The cycle of droplet renewal greatly affects the chemistry in the
condensed water (pH, FeCO; saturation level) and challenges the protectiveness of the FeCOs,
which seems to be substantially weakened by high acidity (provided in part by CO, but especially
acetic acid). Higher water condensation rates also prevent the formation of a stable corrosion
product layer and strongly affect the extent of localized corrosion. Small pits are generally
observed at the initial stages of the corrosion process and seem to grow together into wide, flat-
bottomed mesa attack features, which can affect rather large parts of the steel sample surface
area. Very high localized corrosion rates, often reaching 10-12 mm/year, are measured in the
presence of 1000 mg/L of acetic acid or at water condensation of 1 mL/m?%/s. Under certain
conditions, localized corrosion can be limited, such as at low condensation rates (<0.05
mL/m?/s), but only with little or no acetic acid present. In all conditions tested, the presence of a
large concentration of acetic acid always leads to tremendous localized corrosion rates, however
low the water condensation rate might be. The extent of top of the line corrosion is definitively
the result of complex interactions amongst all of these parameters. Threshold values, often used
as engineering guidelines in the industry, should be used with caution, and a solid understanding
of the mechanisms involved is a prerequisite for the development of effective TLC inhibition

programs.
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e TLCin sour environment

In the presence of H,S, the average corrosion rate at the top and the bottom of the line
starts at a low value and remains relatively constant over time.

The presence of trace amounts of H,S reduces the initial average corrosion rate
compared to a pure CO, environment. There is no clear influence of further additions of H,S (up
to 0.13 bar) on the average corrosion rate. No localized corrosion was observed in the presence
of H,S (up to 0.13 bar), considering an exposure time of 21 days.

The presence of acetic acid seems to affect the integrity of the FeS film and also to
strongly influence the general corrosion rate. The acetic acid seems to trigger the occurrence of
localized corrosion in the form of small pits. The maximum pitting rate measured falls close to

the average corrosion rate and is therefore considered to be mechanistically identical.



Table 8: Summary of general and localized corrosion results — Sweet TLC series
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Investigating Acetic acid WCR pCO, Gas temp. Acetic acid / WCR
General experimental conditions
Gas temperature (°C) 70 70 70 70 70 70 70 40 85 70 70 70 70
Gas velocity (m/s) 5
pCO, (bar) 2 2 2 2 2 013 | 7 2 2 2 2 2 2
pH,S (bar) 0
Free HAc in the tank (ppm) 0 100 ( 1000 0 0 0 0 0 0 100 | 100 | 1000 | 1000
Condensation rate (ml/m?%/s) 0.25 0.05 1 0.25 | 0.25 | 0.25 | 0.25 | 0.05 1 0.05 1
Style type X65
General corrosion over the entire sample surface area
Corrosion rate (mm/year) 034 1 0.38 | 2331022069037 03 0.61 ( 047 | 036 | 0.71 | 1.42 | 1.62
Pitting corrosion
Average pitting rate (mm/year) 23 | 335 | 73 [ 261 | 44 | 3.15 | 4.93 0 0 3.47 | 6.95 | 6.67 | 6.33
Max pitting rate (mm/year) 4351502 98 | 521 | 6.6 | 498 | 6.58 0 0 521 [ 869 | 833 | 7.5
Mesa Attack
Average mesa rate (mm/year) 56 | 335961 (261|624 | 3.5 | 6.57 0 0 0 7 6.67 | 6.67
Max mesa attack (mm/year) 6.3 5.02 | 12.3 | 3.56 6.6 | 4.72 | 8.22 0 0 0 8.7 10.8 | 9.16
Percentage of sample surface area affected by localized corrosion (Mesa + Pitting)
% of surface area 3.7 2 172 | 16 | 141 | 41 4 0 0 0.5 7 11.6 | 14.2




Table 9: Summary of general and localized corrosion results — Sour TLC series

145

Investigating

H2S partial pressure

H2S partial pressure/ Acetic acid

General experimental conditions

Gas temperature (°C) 70 70 70 70 70 70 70
Gas velocity (m/s) 5 5 5 5 5 5 5
pCO, (bar) 2 2 2 2 2 2 2
pH,S (bar) 0 0.004 0.07 0.13 0.004 0.07 0.13
Free HAc in the tank (ppm) 0 0 0 0 100 1000 1000
Condensation rate (ml/m?%/s) 0.25 0.25 0.25 0.25 0.25 0.25 0.25
Style type X65 X65 X65 X65 X65 X65 X65
General corrosion over the entire sample surface area

Corrosion rate (mm/year) ‘ 0.34 | 0.29 0.04 0.12 0.45 1.73 0.28
Pitting corrosion

Average pitting rate (mm/year) 2.26 0 0 0 0.7 2.28 2.96
Max pitting rate (mm/year) 4.34 0 0 0 0.87 3.86 4.52
Mesa Attack

Average mesa rate (mm/year) 5.56 0 0 0 0 0 0
Max mesa attack (mm/year) 6.26 0 0 0 0 0 0
Percentage of sample surface area affected by localized corrosion (Mesa + Pitting)

% of surface area | 36 0 | 0 | 0 | 08 1.01 5.43
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4.4  Localized sweet TLC study in large scale flow loop using the steel insert

The parametric study presented in section 4.3 raised a few unresolved aspects of TLC,

especially related to the effect of the water condensation rate. In order to answer the remaining

guestions, a new test section design was implemented. This new design, labeled “flat slab

concept” (described in details in Chapter 3.3.4), aims at eliminating the artificial edge effect

issue encountered in the previous design. The following chapter presents a summary of the
work performed to date.

4.4.1 Test matrix
The test matrix below (Table 10) was selected in order to investigate the effect of the
water condensation using an experimental setup designed to simulate the field environment

more realistically.

Table 10: Localized condensation/corrosion study - Test matrix
Common parameters:
Test duration: 3 months
Steel type: C1018(l), (1), (1) and APIX65
Corrosion measurement method: Weight loss sample and carbon steel insert
Condensation regime: Sliding droplet mode
Gas velocity: 2.5 m/s - pCO,= 2.7 bars - pH,S= 0 bar - P;= 3 bars

Test # 1 2 3 4
Investigating Gas temperature CO,/HACc
Steel type C1018(1) X65 X65 C1018(1N)
Tg (°C) 65 a5 25 65
Undissociated HAc (ppm) 0 0 0 1000
Low WCR (mL/m?/s) 0.13 0.1 0.04 0.2
Medium WCR (mL/m?%/s) 0.41 0.14 0.06 0.4
High WCR (mL/m?/s) 0.9 0.22 0.1 0.7
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Due to safety restrictions linked to the use of the special test section, the experimental
study was limited to sweet environments (CO, only). Three different condensation rates were
reproduced on the surface of the steel insert during each test.
4.4.2 Experimental results
This chapter presents a summary of the most relevant experimental work performed
with the new “flat slab” concept. It is divided into two main parts: the effect of the gas
temperature (section 4.4.2.1) or the presence of acetic acid (section 4.4.2.2).
4.4.2.1 Influence of the gas temperature and the water condensation rate
4.4.2.1.1 TEST #1 - Tyes=62°C
4.4.2.1.1.1 Experimental conditions
The experimental conditions of this baseline test are summarized in Table 11. The slab
was divided into three parts:
e The upstream part of the flat slab was well insulated with a condensation rate
calculated between 0.12 and 0.15 mL/m?/s.
e The middle part of the slab was neither insulated nor artificially cooled to produce a
condensation rate between 0.37 and 0.46 mL/m?/s.
e The downstream part of the slab was cooled with a condensation rate estimated
between 0.76 and 0.95 mL/m?/s.
This way, the same piece of carbon steel is exposed to low, medium and high

condensation rates for an extended period of time.



Table 11: Test #1 —
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Test conditions

Parameter Value / range
Steel type C1018(1)
Gas temperature 62°C
Total pressure 3bars
pCO, 2.7 bars
Free HAc concentration 0 ppm
Gas velocity 2-3m/s
Low condensation rate Between 0.12 and 0.15 mL/m?/s
(upstream section) Twal: 56-59°C
Medium condensation rate Between 0.37 and 0.46 mL/m?/s
(middle section) Twal: 52-54°C
High condensation rate Between 0.76 and 0.95 mL/m?/s
(Downstream section) Twan: 38-40°C
Exposure time 93 days

4.4.2.1.1.2 Surface analysis
4.4.2.1.1.2.1 Overview of the corrosion product layer characteristics

As shown in Figure 87 a), the part of the C1018 insert exposed to a low condensation
rate (0.12-0.15 mL/m?%/s) did not seem to be highly corroded (i.e., the corrosion product layer
was still fairly intact). The part of the insert exposed to a high condensation rate (0.76-0.95
mL/m?/s) in Figure 87 c) seemed much more affected by corrosion. Numerous breakdowns in
the layer (which is usually related to extensive localized corrosion) could be observed, especially
on the section exposed to higher water condensation rates. The yellow/orange color found on
part of the steel sample is a sign of the presence of iron oxide (most likely ferric oxide) which is
thought to have formed after the end of the experiment as the slab assembly was removed from
the loop. Operational procedures often require a few minutes before the steel insert, wetted by
droplets of condensed water saturated with species generated due to corrosion processes, can

be accessed and dried. In this elapsed time, the steel is exposed to air. During the experiment
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itself, great care is given to maintain the level of oxygen in the bulk liquid phase below 20 ppb so

as not to interfere with the corrosion process.

A
10 cm
Low condensation (0.12-0.15 mL/m?/s)
LR SR 4
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: et — = "
10cm
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High condensation (0.76-0.95 mL/m?/s)

Figure 87 : Test #1 - C1018(1) insert — High condensation (0.76-0.95 mL/m?/s)
Analysis of the steel surface before cleaning of the corrosion product layer
4.4.2.1.1.2.2 SEMY/EDS analysis of the corrosion product layer
Figure 88 presents the SEM/EDS analysis of the corrosion product layer commonly
found on the surface of the steel insert. No significant difference of the type and composition of

the layer was observed with regard to the change in water condensation rates. Although no X-
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ray diffraction analysis was performed on the surface of the steel insert, the corrosion product
layer is believed to be a mixture of iron carbonate and iron oxide. Once again, the iron oxide
(most likely ferric oxide Fe,03;) must have formed during the removal of the slab assembly at the
end of experiment, since no oxygen was present in the loop during the experiment. Some

crystals of FeCOj; could be seen underneath the ferric oxide layer (Figure 88 d)).

15kV X500 50pm 15kV X500 50pm
corrosion product x500

m t ] ] m
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c) EDS analysis of a) d) EDS analysis of b)

Figure 88: SEM/EDS analysis of the corrosion product layer
Medium condensation rate section (0.36-0.47 ml/m?/s)
Figure 89 shows the E-pH Pourbaix diagrams for the Fe/CO,/H,0 system at different
temperatures corresponding to the steel temperature experienced by the steel insert under the
different water condensation rates. These graphs were obtained from the work developed by

Tanupabrungsun [98]. It clearly shows that in the area of interest for this study (pH between 3
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and 7, temperature between 20 and 70°C and potential vs. saturated hydrogen electrode
between [SHE] -0.4 and -0.6 V), no corrosion product other that FeCOs; and Fe* ions is
thermodynamically stable. Ferric oxide (Fe,0s) requires higher potentail and pH to form and

magnetite (Fe;0,) appears at a much higher temperature [98].
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a) Temperature= 70°C, pCO,= 3 bars, [Fe**]= 500 ppm
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b) Temperature= 40°C, pCO,= 3 bars, [Fe**]= 500 ppm

Figure 89: Pourbaix Diagram for Fe/H,0/CO, system at different temperature (40 and 70°C) [98]
- Potential vs SHE - Area of interest is highlighted in red
4.4.2.1.1.2.3 3D surface profile of bare steel (after removal of the corrosion product layer)
These initial observations were confirmed with the surface analysis on the bare steel

shown in Figure 90 (once the corrosion product layer was removed by chemical means).
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10 cm
Low condensation (0.12-0.15 mL/m?/s)
10 cm
Medium condensation (0.36—0.47mL/m2/s)
10 cm
High condensation (0.76-0.95 mL/m?/s)

Figure 90: Test #1 - Steel surface after removal of the corrosion product layer

The section of the insert exposed to a low condensation rate did present some pitting
corrosion but the pits were fairly isolated. In the middle section exposed to a medium

condensation rate, the pitting density increased. The pits seemed to coalesce in the section
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exposed to a high condensation rate which also showed severe mesa attack (localized corrosion
with flat bottom features). The relationship between condensation rate and localized corrosion
is, therefore, clearly demonstrated in this experiment.

Average, minimum and maximum localized corrosion rates were extracted from the 3D
profile analysis, and the results are displayed below in Figure 91, Figure 92 and Figure 93. It is
important to mention that, due to the limitation of the instrument, only small areas of the insert
(1.5 cm by 2 cm) could be analyzed at once. These selected areas are thought to be

representative.
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Figure 91: Test #1 — C1018(l) insert — Surface profile analysis
Upstream section - Low condensation (0.12-0.15 mL/m?*/s)
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Figure 92: Test #1 — C1018(l) insert — Surface profile analysis
Upstream section - Medium condensation (0.36-0.47 mL/m?/s)
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Figure 93: Test #1 — C1018(l) insert — Surface profile analysis
Upstream section - High condensation (0.76-0.95 mL/m?/s)
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4.4.2.1.1.3 Corrosion rate analysis
The section of the insert exposed to a low condensation rate showed some pitting
corrosion but the pits were fairly isolated. In the middle section exposed to a medium
condensation rate, the pitting density increased. However, the pits coalesced in the high
condensation rate section which showed severe mesa attack, represented by localized corrosion
features with flat bottoms (Figure 94). These corrosion features very much resemble what is

observed in real field situations [38], as shown in Figure 12.
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Figure 94: Test #1 - 3D profile of the bare steel surface
High condensation rate section (0.76-0.95 ml/m?/s)

Feature characteristics could be extracted from the 3D profile analysis. The main results
are displayed in Table 12. An effort to collect statistical data of the pit depth distribution is also

presented.
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Table 12 : Test #1 — Localized corrosion rate analysis

Water condensation rate (mL/m?/s)
Parameter Unit Min Average Max
0.14mL/m?*/s | 0.42mL/m?/s | 0.86mL/m*/s
Average localized mm/year 2.61 5.56 6.24
corrosion rate
Max localized corrosion mm/year 3.48 6.26 6.97
Average feature depth pm 150 320 359
Max feature depth pum 200 360 401
Average feature mm 0.59 0.60 2.23
diameter
Arithmetic mean pm 13.4 23.2 340.0
Standard deviation pum 36.2 50.6 281.3
Root mean square Km 38.6 55.6 441.3
Skewness -8.8 -6.2 -1.6
Kurtosis 93.7 53.1 2.8
Pitting density cm™ 111 45.2 70.2
o)
% area affected by % 6.7 15.2 82.5
localized corrosion

The reference plane used for the profile analysis was set to fit the top of the steel
surface as much as possible. The following values were systematically computed: the average
and maximum feature depth and corresponding localized corrosion rates, the average feature
diameter (assuming a cylindrical shape), the pitting density (number of pits per unit area) and
the percentage area affected by localized corrosion.

The arithmetic mean p calculates the average depth of features with the top steel

surface as a reference, using the following equation:

S1e

= X; Eq (4-1)

n
i=1
Where: n: number of values

x: depth (um)
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The closer the arithmetic mean is to zero, the lower is the extent of localized corrosion,

in terms of depth and number of features.
The standard deviation 6 shows how much variation exists from the mean. High

standard deviation indicates that the feature depth is spread out over a wide range of values.

Eq (4-2)

The root mean square (RMS) is a representation of the magnitude of the variation in pit

depth over the entire surface area and it is calculated as follows:

RMS = Eq (4-3)

A low RMS number means that the corrosion features are either shallow or very few in
numbers. In the case of this study, a higher RMS number is an indication of a higher number of
deeper pits.

The skewness and kurtosis factors are used to characterize the shape of a distribution of
feature depths over the entire steel surface. The tallest bar on the distribution (Figure 95)
always expresses the percentage of surface area at the “zero” or “reference” level (top surface).

The skewness represents the extent to which the distribution leans to the left of this
reference plan. Skewness values are consequently negative in this case since the tail of the
distribution is almost always longer on the left side. A high absolute value of skewness is
obtained when deep isolated pits are present on the metal surface (long and thin left tail). To
the other extent, a skewness of zero is obtained when the surface is perfectly symmetrical (for

example, in the case of uniform corrosion) and when there is absolutely no pit. The kurtosis is a
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representation of the peak characteristics (width of the peak) and tail weight. It is always a
positive number that approaches zero as the distribution becomes flatter. For isolated, deep pits,
the kurtosis factor will be high. Heavily pitted surfaces, where the distribution tail is thick, will

have lower kurtosis factors.

Low condensation (0.12-0.15 mL/m?/s)

Medium condensation (0.36-0.47 mL/m?/s)

High condensation (0.76-0.95 mL/m?/s)

Figure 95: Test #1 - Feature depth distribution over the entire scanned steel surface
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The localized corrosion data are presented in Figure 96 and compared to experimental
data obtained during the parametric study under the same conditions but for an exposure time
of 21 days (Section 4.3.2.4). The “21-day” experimental data were obtained by performing a
surface profile scan on weight loss samples. Comparing the data obtained after 21 days and 93
days of exposure, the localized corrosion rates (or more accurately the steel penetration rates)

clearly increase with the water condensation rate but also decrease with time.

—o—Exposure time: 93 days

~
1

—a—Exposure time: 21 days

Localized corrosion rate / (mm/year)

O T T T T
0 0.2 0.4 0.6 0.8 1 1.2

Water condensation rate / (mL/m2/s)

Figure 96: Test #1: Influence of the condensation rate on the localized corrosion rate

Another way to compare the two sets of data is to plot the actual feature depth versus
the condensation rate (Figure 97). It is interesting to note that at condensation rates lower than
0.4 mL/m?/s, the average feature depth after 21 days and 93 days of exposure is very similar. It

could mean that the pit or mesa attack penetration rate significantly slowed down after 21 days
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of exposure. At a condensation rate of 1 mL/m?/s, the localized attack depth measured after 93
days of exposure is almost 50% higher than the one measured after 21 days of testing. The
hypothesis here is that TLC may have significantly slowed down at a condensation rate below
0.4 mL/m?/s while it did not at a condensation rate of 1 mL/m?/s. This is in some ways consistent
with field observations noting the existence of a “threshold” water condensation rate in sweet
environments below which TLC is not a lasting issue [37]. The maximum feature depths do show

the same trend, although the “threshold” water condensation rate seems to be much lower.

1200

—&—Exposure time: 93 days
1000 - —=—Exposure time: 21 days
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Water condensation rate / (mL/m2/s)

Figure 97: Test #1: Influence of the condensation rate and the exposure time
on the pit/mesa depth
The percentage area affected by localized corrosion could also be measured on the steel
and the results are displayed in Figure 98 and compared with data obtained for 21 days of

exposure.
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Figure 98: Test #1: Influence of the condensation rate on the percentage of the steel surface
area affected by localized corrosion

It is clear that, with time, a higher proportion of the steel surface area is corroded when
the water condensation rate is high. This is again in agreement with field observations which
seem to show that, although TLC corrosion features depth may not progress at a fixed rate, their
numbers do increase with time [42, 46]. As the features grow in number, they coalesce and the
steel surface becomes more uniformly attacked. This is clearly demonstrated by the data
collected in Table 12, which shows the number of pits per surface area increasing with
condensation rate, together with the average feature diameter. The maximum depth of the
feature does increase as well, but to a lesser extent.

4.4.2.1.2 TEST#2 - Tye=42°C
A second experiment was conducted at a lower temperature (42 instead of 62°C). The

primary objective was to investigate the range of test conditions (mainly temperature and water
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condensation rate) for which FeCO3; formation and localized corrosion would be encountered in
a TLC scenario.

4.4.2.1.2.1 Test conditions
The test conditions for Test #2 are shown in Table 13. The main differences from Test #1 are the
gas temperature (42 Instead of 62°C) and the range of water condensation rate, since the vapor

pressure is lower at 42°C compared of 62°C.

Table 13: Test #2 —Test conditions

Parameter Value / range
Steel type X65
Gas temperature 41.5°C
Total pressure 2.6 bars
pCO, 2.59 bars
Free HAc concentration 0 ppm
Gas velocity 1.8 m/s
pH in bulk liquid phase 4-4.8
Section# 1: Low condensation rate Between 0.09 and 0.11 mI/mz/s,
(upstream section) Twal: 35-36 °C
Section# 2: Medium condensation rate Between 0.14 and 0.15 ml/m?/s
(middle section) Twal: 32-33 °C
Section# 3: High condensation rate Between 0.22 and 0.23 ml/m?/s
(Cooled section) Twal: 25-26 °C
Test duration 2.4 months

4.4.2.1.2.2 Surface analysis
4.4.2.1.2.2.1 Overview of the corrosion product layer characteristics
The initial observation of the state of the slab immediately after the test showed that
the extent of corrosion seemed higher on the part exposed to higher WCR. More cracks in the
corrosion product layers were observed on the cooled section which is usually synonymous with

higher corrosion rate (Figure 99). A significant amount of iron oxide (most likely ferric oxide
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Fe,03) was also present on the steel surface, although the concentration of O, in the loop was

kept under 40 ppb during the test. It is thought that the oxide appeared during the slab removal

process, which can take several minutes.

a) Upstream section b) Middle section

Low condensation (0.1 ml/m?%/s) Medium condensation (0.15 ml/m?%/s)

c) Downstream section - High condensation (0.23 ml/m?/s)

Figure 99: Test #2 - Steel surface before removal of the corrosion product layer
The flow direction is from left to right

4.4.2.1.2.2.2 SEMY/EDS analysis of the corrosion product layer
The SEM/EDX analysis performed on different sections of the insert is shown in Figure
100. There is no major difference caused by the level of cooling. The corrosion product layer is
made of a mixture of iron carbonate (FeCOs), iron carbide (Fe;C) and iron oxide (most likely
Fe,03), the later being most probably formed at the end of the test during the steel insert
removal procedure. Most of the steel surface was covered with FeCOs, while FesC could be

found inside cracks in the FeCOs layer, as is commonly the case in a TLC scenario (Figure 57).
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Figure 100: Test #2 — SEM/EDX analysis
Cooled section - High condensation (0.23 ml/m?/s)

(3 [ - it 1 [ - ]

4.4.2.1.2.2.3 3D Surface profile analysis of bare steel
The surface of the steel insert, after removal of the corrosion product layer using
Clarke’s solution (inhibited HCI), is shown in Figure 101. The most striking observation is the
extent of localized corrosion (pitting) observed on the cooled section in particular and on the
entire slab in general. The cooled section is clearly more affected by pitting corrosion than any
other part, as was anticipated. However, the extent of TLC was expected to be less severe at this

lower temperature. Previous testing performed with weight loss samples showed no localized
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corrosion and a low/moderate uniform corrosion at the top of the line at a gas temperature of

40°C (Section 4.3.2.5).

a) Upstream section b) Middle section
Low condensation rate: 0.1 ml/m’/s Medium condensation rate: 0.15 ml/m?%/s

. o v
b) Downstream section — High condensation rate: 0.23 ml/m?/s

Figure 101: Test #2 — X65 insert - Steel surface before removal of the corrosion product layer
The flow direction is from left to right
Large areas of the X65 slab were scanned using a 3D surface profilometer, and data on
pit depth were collected (Figure 102, Figure 103 and Figure 104). The effect of the condensation
rate is clear, as the number of pits and the area affected by localized corrosion rate increases

with the condensation rate.
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Figure 102: Test #2 — X65 insert — Surface profile analysis
Upstream section - Low condensation rate: 0.1 mI/mZ/s
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Figure 103: Test #2 — X65 insert — Surface profile analysis
Middle section - Medium condensation rate: 0.15 ml/m?/s
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4.4.2.1.2.3 Corrosion rate analysis
As for Test #1, data relevant to the extent of localized corrosion could be extracted from
the 3D profile analysis. The main results are displayed in Table 14. The statistical analysis was

performed in a systematic manner and the same information was collected.

Table 14 : Test #2 — Localized corrosion rate analysis

Water condensation rate
Parameter Unit Min Average Max
0.11mL/m?*/s | 0.15mL/m?/s | 0.23 mL/m*/s
Average localized mm/year 0.64 0.96 1.13
corrosion rate
Max localized corrosion mm/year 1.72 2.11 2.38
Average feature depth pum 131.3 195.6 229.4
Max feature depth pm 350 430 485
Average feature mm 1.10 1.13 2.26
diameter
Arithmetic mean pm 14.69 20.30 71.34
Standard deviation pm 24.53 36.98 87.76
Root mean square pm 28.59 42.183 113.1
Skewness -5.22 -4.42 -2.14
Kurtosis 41.11 26.57 5.34
Pitting density cm™ 23.9 23.2 43.3
o)
% area affected by % 29.7 35.7 66.3
localized corrosion

The following observations can be made regarding the extent of localized corrosion:

e The influence of the water condensation rate is clear, with increasing feature depth,
pitting density, diameter and percentage area affected by localized corrosion at high
water condensation rate.

o The trend of skewness and kurtosis factors show once again that pits are isolated under

low WCR while they tend to coalesce at higher WCR (Figure 105).
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Figure 105: Test #2 - Feature depth distribution over the entire scanned steel surface

Concurrent tests performed with weight loss samples showed a different overall picture:

uniform corrosion was experienced on the cooled sample while localized corrosion appeared
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only at lower condensation rates (Figure 106). The initiation of localized attack is directly related
to the formation of a semi-protective FeCO; layer. With lower steel temperature conditions (due
to low gas temperature or/and high WCR), the kinetics of FeCO; precipitation should not favor
the formation of such a layer. The FeCO; solubility also increases which renders conditions for
super saturation more difficult to achieve. Instead a non-protective iron carbide layer could be
expected to form, leading to mostly uniform corrosion. Due to the lower temperature, the
kinetics of corrosion reactions should lead to a steady (uniform) but low rate of corrosion. On
the other hand, if the WCR is low enough, FeCO; can form at the metal surface even at a low
temperature and could lead to localized attack. The results obtained with the weight loss
samples corroborate this view: high uniform corrosion on the cooled samples, and localized
corrosion on the thermally insulated samples.

This is, however, not corroborated by the “steel insert” experimental results which
showed localized corrosion all along the steel surface, with higher penetration rates
encountered at higher WCRs. Although the conditions are supposed to be similar on both test
sections, it is possible that the cooling conditions experienced by the samples could have been
higher than the one applied on the steel insert, leading to a lower steel surface temperature.
The “sample” test section is not equipped with embedded thermistors, making accurate
measurements of WCR impossible.

At the “medium” WCR (0.15 mL/m?/s), the localized and uniform corrosion rates are
quite similar. Under these conditions, it is already not accurate to qualify the corrosion attack as
localized, as the entire steel surface corrodes at rates varying within a factor of 2 or 3. At higher

WCR (0.23 mL/m?/s), the corrosion attack is clearly uniform.
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Figure 106: Test #2 - X65 Weight loss sample
Influence of the condensation rate on the localized and average corrosion rate
and pictures of the samples before and after the removal of the corrosion product layer
4.4.2.1.3 TEST #3 - Tyes=25°C
A third experiment was conducted at an even lower temperature (25°C). The expected
result was to find mostly uniform corrosion at the high range of WCRs.

4.4.2.1.3.1 Test conditions

The test matrix for the experiments is shown below:




Table 15: Test #3 - Test conditions
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Parameter Value / range
Steel type X65
Gas temperature 25°C
Total pressure 2.7 bars
pCO, 2.7 bars
Free HAc concentration 0 ppm
Gas velocity 3.1 m/s
pH in bulk liquid phase 4-4.62
Section# 1: Low condensation rate 0.038 ml/m?*/s
(upstream section) Twal: 22.3 °C
Section# 2: Medium condensation rate 0.059 ml/m?/s
(middle section) Twan: 20.7 °C
Section# 3: High condensation rate 0.101 ml/m?/s
(Cooled section) Twan: 17 °C
Test duration 3 months

Instead of regular tap water, refrigerated glycol (set at 5°C) was used a coolant and

circulated through the test section cooling coils in order to ensure that the maximum WCR be

reached (Figure 107).

Figure 107: Test #3 - MEG Cooling system




4.4.2.1.3.2 Surface analysis

4.4.2.1.3.2.1 Overview of the corrosion product characteristics
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Preliminary observation of the state of the insert immediately after the end of the test

(before removal of the corrosion product layer) shows that the corrosion product uniformly

covers the surface of the steel exposed to low condensation rate (Figure 108). However, a very

loose and poorly adherent layer covers the section of the insert exposed to higher WCR (0.101

mL/m?/s). The layer appeared to have formed large flakes, and most of it actually fell off the

steel surface as the slab was being prepared for post-processing and analysis. The “bare” steel

surface underneath appeared to be uniformly corroded. It is also important to note that, for this

experiment, no trace of iron oxide could be seen on the metal surface, which is mostly due to an

improvement in the experimental procedures.

Upstream section
Low condensation (0.038 ml/m?/s)

c) Cooled ectio ; High condensation (0.101 ml/m?/s)

b) Middle setion

Medium condensation (0.059 ml/m?%/s)

10 cm

Figure 108: Test #3 - Steel surface before removal of the corrosion product layer

The flow direction is from left to right
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4.4.2.1.3.2.2 SEMY/EDS analysis of the corrosion product
As expected, the SEM/EDX analysis indentified the corrosion product as FeCOs (Figure
109). As shown in the Pourbaix diagram (Figure 110), and by validation via X-ray diffraction
characterization of observed corrosion products [98], no other corrosion product layer could be
expected in the range of pH and potential encountered in the study. Iron carbide (FesC) was

observed on some areas of the steel insert but this type of layer is more an indicator of high

corrosion rates and exists under any experimental conditions.
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Figure 109: Test #3 — SEM/EDX analysis
Upstream section - Low condensation (0.038 ml/m?/s)
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Figure 110: Pourbaix Diagram for Fe/H,0/CQO, system
Potential vs SHE - Area of interest in highlighted in red
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4.4.2.1.3.2.3 3D Surface profile analysis of bare steel

Analysis of the steel surface after the removal of the corrosion product layer showed
widespread localized corrosion of the middle section, exposed to a condensation rate of 0.06
mL/m?/s. The upstream area, exposed to the lowest water condensation rate, experienced
limited localized corrosion. On the other hand -- and contrary to the previous “steel insert”
experiments -- no sign of localized corrosion could be found on the area of high WCR.

Large areas of the X65 slab were scanned using a 3D surface profilometer, and data on
pit depth were collected (Figure 112, Figure 113 and Figure 114). As found earlier, the extent of
localized corrosion clearly increased with the WCR, but only up to a certain limit (between 0.06
and 0.1 mL/m?/s in this case). At the highest WCR tested, the steel surface was evenly corroded

and no trace of localized corrosion could be found.

a) Upstream section b) Middle section
Low condensation (0.038 ml/m?/s) Medium condensation (0.059 ml/m?/s)

A

c) Cooled section - High condensation (0.101 ml/m?/s)

Figure 111: Test #3 - Steel surface before removal of the corrosion product layer
Upstream section - Low condensation (0.038 ml/m?/s)
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Figure 112: Test #3 — X65 insert — Surface profile analysis
Upstream section - Low condensation (0.038 ml/m?/s)
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Figure 113: Test #3 — X65 insert — Surface profile analysis
Middle section - Medium condensation (0.059 ml/m?/s)
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Figure 114: Test #3 — X65 insert — Surface profile analysis
Cooled section - High condensation (0.101 ml/m?/s)
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4.4.2.1.3.3 Corrosion rate analysis
The data collected during the profile analysis of the steel inserts are collected and

displayed in Table 16, together with several statistical variables.

Table 16 : Test #3 — Localized corrosion rate analysis

Water condensation rate (mL/m?/s)
Parameter Unit Min Average Max
0.038 mL/m?/s | 0.059 mL/m?/s | 0.101 mL/m?/s
Average localized mm/year 0.18 0.51 0.1
corrosion rate
Max localized corrosion mm/year 0.47 1.13 0.15
Average feature depth pum 46.2 103.2 233
Max feature depth pum 120 230 30
Average feature mm 1.28 2.52 1.74
diameter
Arithmetic mean pum 6.04 29.16 6.65
Standard deviation pm 8.85 34.42 5.21
Root mean square pm 10.71 45.11 8.45
Skewness -4.17 -2.17 0.13
Kurtosis 29.57 5.75 3.11
Pitting density cm™ 8.2 27.3 0.2
o)
% area affected by % 25.4 64.2 100
localized corrosion

The following observations can be made regarding the extent of localized corrosion:

e Itis clear that the zone affected by the highest water condensation rate produced little
to no localized corrosion. The rest of the X65 insert did suffer from localized corrosion,
especially the middle section: extensive pitting was measured, but the pitting rate was
relatively low compared to previous tests.

e With WCR values below 0.06 mL/m?/s, the trend of skewness and kurtosis factor is

coherent with the presence of isolated pits, which tend to coalesce at higher WCR
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(Figure 115 a) and b)). However, if the WCR is above a certain threshold value (here
between 0.06 and 0.1 mL/m?/s), the skewness approaches zero and a positive value of
kurtosis factor is calculated -- all signs that the steel surface is evenly corroded and that

no localized corrosion is present.

Low condensation (0.038mL/m?/s)

) | ‘ ‘ { ‘ [T
o g — 1 il 1 1 | 1l | Los
5o =0 mho e B0 %0 166 1o 190 1S s Cile 1o o @6 78 @6 @5 @ 30 % 16§ =

------

Medium condensation (0.059 mL/m?/s)

High condensation (0.101 mL/m?/s)

Figure 115: Test #3 - Feature depth distribution over the entire scanned steel surface
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The 3D surface profilometer data are plotted with the condensation rate in Figure 116.
Localized corrosion is only sustainable in the presence of a semi-protective corrosion product
layer (here FeCO3), provided that this layer is adherent to the metal surface and can provide
protection on some part of the steel surface. At high WCR (> 0.1 mL/m?/s), the corrosion
product layer does not adhere to the metal surface and the corrosion can consequently only be

uniform in nature.

1.2

0.8 -

0.6 -

0.4 -

Localized corrosion rate / (mm/year)

O n T T T T T
0 0.02 0.04 0.06 0.08 0.1 0.12
Water condensation rate / (mL/m2/s)

Figure 116: Test #3 - X65 insert - Influence of the condensation rate on the pit/mesa depth

Figure 117 presents the results of the corrosion analysis performed on weight loss
samples present in the flow loop under identical conditions to those for the steel insert. The
average localized and uniform corrosion rates computed from the surface analysis are shown in
Figure 117. This time, the analysis of the weight loss samples and the steel insert yields the same

conclusions:
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e Where the corrosion product layer adheres to the metal surface (upstream and middle
sections), the presence of localized corrosion is evident.

e  Where the layer is clearly detached, the corrosion is uniform.
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M Average uniform corrosion rate
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Corrosion rate / (mm/year)
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Water condensation rate / (ml/m2/s)

Figure 117: Test #3 - X65 Weight loss sample
Influence of the condensation rate on the localized and average corrosion rate
and pictures of the samples with before the removal of the corrosion product
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4.4.2.2 Test #4 - Influence of the presence of acetic acid
A final experiment was performed in order to investigate the effect of a high content of
organic acid on TLC, under high gas temperature and high WCR conditions.
4.4.2.2.1.1 Test conditions
The test conditions are presented below, the main difference from the baseline Test #1
being the presence of 1000 ppm of free acetic acid in the main liquid tank. As for the baseline
test, the test section was divided into three zones exposed to different cooling rates leading to

different WCRs.

Table 17: Test #4 - Test conditions

Parameter Value / range
Steel type C1018(lI)
Gas temperature 59°C
Total pressure 3bars
pCO, 2.7 bars
Free HAc concentration 1000 ppm
Gas velocity 2-3m/s

Low condensation rate (upstream section)

0.2 mL/m?/s - Ta:52.7°C

Medium condensation rate (middle section)

0.4 mL/m?/s - Ta:47.1°C

High condensation rate (Downstream section)

0.7 mL/m?/s - Tan:35.9°C

Exposure time

93 days

4.4.2.2.1.2 Surface analysis
4.4.2.2.1.2.1 Overview of the corrosion product layer characteristics
Photographs of the C1018(lll) insert taken immediately after the end of test are shown
in Figure 118. A thin layer of iron oxide covers most of the steel surface. The oxygen level in the

loop was measured on several occasions during the test and was always below 10 ppb; it is
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believed that the iron oxide (most likely ferric oxide Fe,03;) was formed during the process of
removal of the flat slab, which can take several minutes. The same observation was made during
the previous tests but to a lower extent. The oxide layer was, however, very thin and superficial;

it would flake off very easily, leaving behind a gray layer, expected to be iron carbonate.

a) Upstream section - Low condensation rate: | b) Middle section - Medium condensation rate:
0.2 mL/m?/s 0.4 mL/m?/s

Downstream section — High condensation rate: 0.7 mL/mz/s

Figure 118: Test #4 - C1018(lll) insert - Steel surface before removal of the corrosion product
layer -The flow direction is from left to right

4.4.2.2.1.2.2 SEMY/EDS analysis of the corrosion product
The SEM/EDX analysis of the corrosion product film was performed on the different

sections of the insert (Figure 119).
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Figure 119: Test #4 — SEM/EDX analysis
Middle section — Medium condensation (0.4 ml/m?/s)

There was no major variation in the film characteristics between the sections exposed to

different condensation rates. The corrosion product layer is believed to be a mix of iron oxide

(most likely ferric oxide Fe,03), iron carbonate (FeCOs3) and iron carbide (FesC).

4.4.2.2.1.2.3 3D Surface profile analysis of bare steel

The surface profile analysis was performed on the steel samples after the removal of the

layer (Figure 120). The extent of the corrosion on the downstream section exposed to the

highest condensation rate was impressive. The upstream section seemed much less affected,

but in all cases pits were measured at similar maximum depths (800 to 1200 um). Pits became

more numerous as the condensation rate increased and tended to agglomerate together and

constitute mesa attack. Large areas of the C1018(lll) slab were scanned using a 3D surface

profilometer, and data on pit depth were collected (Figure 121, Figure 122 and Figure 123).
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a) Upstream section b) Middle section

Low condensation rate: 0.2 mL/mz/s Medium condensation rate: 0.4 mL/mZ/s
- ~r N

10 cm

v
c) Downstream section — High condensation rate: 0.7 mL/m?*/s

Figure 120: Test #4 - C1018(lll) insert - Steel surface before removal of the corrosion product
layer - The flow direction is from left to right
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Figure 121: Test #4 — C1018(llIl) insert — Surface profile analysis
Upstream section - Low condensation rate: 0.2 mL/mZ/s
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Figure 122: Test #4 — C1018(lll) insert — Surface profile analysis
Middle section - Medium condensation rate: 0.4 mL/m?/s
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Figure 123: Test #4 — C1018(lll) insert — Surface profile analysis
Downstream section — High condensation rate: 0.7 mL/mZ/s
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4.4.2.2.1.3 Corrosion rate analysis
The 3D surface analysis data are displayed in Table 18. They include, as previously,

statistical parameters qualifying the features relating to depth distribution.

Table 18 : Test #4 — Localized corrosion rate analysis

Water condensation rate (mL/m?/s)
Parameter Unit Min Average Max
0.2 mL/m?/s 0.4 mL/m?/s 0.7 mL/m?/s
Average localized mm/year 1.56 2.09 2.99
corrosion rate
Max localized corrosion mm/year 3.24 4.55 4.58
Average feature depth pum 396.8 532.8 762.2
Max feature depth pm 825 1160 1167
Average feature mm 0.64 1.46 3.18
diameter
Arithmetic mean pm 18.54 59.92 264.41
Standard deviation pm 37.26 141.56 313.86
Root mean square pm 41.62 153.72 410.39
Skewness -10.17 -5.14 -1.85
Kurtosis 148.62 30.53 3.61
Pitting density cm™ 4.90 12.36 16.12
o)
% area affected by % 6.15 20.86 72.13
localized corrosion

The following observations can be made regarding the extent of localized corrosion:

e Asin Test# 1, the influence of the WCR is clear. Feature depth, pitting density, diameter
and percentage of the area affected by localized corrosion increase with WCR.

e At high WCR, corrosion features are large and form mesa-type attack (large pits with flat
bottoms). The metal surface is so extensively corroded than the corrosion attack could

be labeled uniform.
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e The trend of skewness and kurtosis factor show that pits are isolated under low WCR

while they tend to coalesce at higher WCR (Figure 124).

7]
Low condensation (0.2 mL/m?/s)
=]
Medium condensation (0.4 mL/m?%/s)
=]
s | N = - =l
0 O = v 0 0 o 0 O

High condensation (0.7 mL/m?/s)

Figure 124: Test #4 - Feature depth distribution over the entire scanned steel surface
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Figure 125 shows the comparison between the pit depths results obtained for the short
term experiments performed with weight loss samples in similar conditions. As for Test #1, the
localized corrosion rates (or more precisely the steel penetration rates) are about four times
lower after 99 days of exposure as compared to 21 days of exposure. The presence of acetic acid
does not modify the overall trend although the feature depth is significantly higher, as shown in

the next section.

—&—Exposure time: 93 days

-
N
1

—#—Exposure time: 21 days

Localized corrosion rate / (mm/year)

0 0.2 0.4 0.6 0.8 1 1.2
Water condensation rate / (mL/m2/s)

Figure 125: Test #4 - Comparison between short and long term experiments
Influence of the condensation rate on the pit/mesa depth
4.4.3  Summary
This section presents a summary of the experimental results obtained with the “flat slab”
test section as well as some main comments of the effect of the WCR, the gas temperature and

the presence of acetic acid on the extent of localized corrosion at the top of the line.
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e Proof of concept
The “flat slab” test section, equipped with a steel insert, was successful in simulating TLC
without obvious edge effects and in capturing the effect of the condensation rate. Localized
corrosion could be very clearly observed on the steel surface and correlated to the WCR. On the
cooled section, pits still seemed to be growing in depth with time and also forming large clusters
with mesa attack characteristics. These observations are in agreement with field observation of
TLC.
¢ Influence of the presence of acetic acid
The presence of 1000 ppm of undissociated acetic acid did not completely change the

picture as compared with the baseline test (Figure 126).

/‘

—— Acetic acid=0 ppm

Localized corrosion rate / (mm/y)

—e— Acetic acid= 1000 ppm

0 0.2 0.4 0.6 0.8 1
Water condensationrate / (mL/m2/s)

Figure 126: Influence of the acetic acid concentration and condensation rate

However, the extent of the corrosion attack was more severe due to the presence of the

acetic acid. This is expected since the presence of an additional acid in solution decreases the pH
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of the condensed water, acts as a buffer (with related acetate) with regard to hydrogen ions and
increases the solubility of FeCOs;. Average and maximum pits depths are also consequently
higher in the presence of organic acid.

Statistical parameters are consistent with a wide variation in corrosion feature depth,
especially at high WCR (Figure 127 b)) and the presence of deep but isolated pits at lower WCR
((Figure 127 f)). The main effect of the presence of acetic acid is seen at high WCR on the
average feature diameter and the percentage area of the steel surface affected by localized
corrosion ((Figure 127 c) and e)). Since the solution is more aggressive, pits seem to cluster more
easily and mesa type attack is more wide spread. The decrease in pitting density with acetic acid

((Figure 127 d)) is due to the increase in feature size.
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Figure 127: Influence of the acetic acid concentration and the water condensation rate
Summary of results
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o Effect of temperature

This section presents a comparison of the experimental results obtained at different gas
temperature (62, 42 and 25°C). The tests were performed without acetic acid.

Figure 128 shows the effect of the water condensation on the localized corrosion rates
for several experiments performed at gas temperatures varying from 25 to 62°C. The water
condensation rate depends on the gradient of temperature between the outside environment
(steel surface) and the bulk gas. Consequently, the effect of water condensation and steel
surface or gas temperature cannot be treated separately. The following comments are made:

e Low water condensation rate is often associated with high steel surface temperature
(small gradient of temperature) and leads to the formation of an adherent and
protective FeCOs; layer. At very low gas temperature, kinetics of FeCO; formation are not
favored, but super saturation is still easily reached due to the relatively low rate for
condensed water renewal. FeCO; can precipitate and pits can initiate but do not seem
to progress with time.

e High water condensation rate is often associated with lower steel surface temperature
(larger gradient of temperature). Two sub-cases are then identified:

o If a partially adherent/protective FeCO; layer forms (due to moderate steel
temperature), localized corrosion is initiated and can be very severe.

o If the steel temperature is too low to form an adherent corrosion product layer,
localized corrosion cannot be initiated and the corrosion is uniform.

e At lower gas temperature, high WCRs are difficult to achieve, as the water vapor
pressure is lower. However, for a fixed WCR, the average and maximum localized

corrosion rates are only marginally higher at higher temperature.
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Figure 128: Effect of the gas temperature and the WCR on the localized corrosion rate

The main influence of the gas temperature is seen in the percentage area affected by
localized corrosion, which increases very rapidly with WCR at lower temperature (Figure 129 c)).
The corrosion attack switches from localized to uniform over a small variation of WCR. This is
reflected by an increase in FeCOj; solubility at low temperature and the difficulty to form an
adherent and protective corrosion product layer.

The maximum feature diameter is similar in all conditions tested but the features will be
correspondingly deeper at higher temperature (Figure 129 a) and e)).

There is also a logically greater variation in the feature depth distribution at higher
temperature (Figure 129 d)) since the features are often deeper and more isolated than at lower

temperature.
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Figure 129: Influence of the gas temperature and the water condensation rate

Summary of results
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CHAPTER 5 DIRECT OBSERVATION OF THE CONDENSATION PROCESS
5.1 Obijective
The objective of this section is to discuss the implementation of various methods and to
gualitatively and quantitatively characterize the interaction between condensation pattern and
corrosion attack. More specifically, this constitutes an investigation of the interaction between
the presence of droplets of condensed water and the extent of the corrosion attack. The
hypothesis is that, in dropwise condensation mode, the droplet will always tend to form at
specific locations on the steel surface (broken corrosion product film or location with higher
surface roughness). These locations would suffer from high condensed water renewal rate and
lead, inevitably, to severe localized corrosion.
5.2 Indirect indication of the presence of droplets of condensed water
Although the parametric study produced valuable information about the mechanisms of
TLC, it was flawed in the sense that the specific design of the test section was not ideally suited
to capture the effect of the condensation rate. As shown in Figure 33, edge effects between the
flat sample and the curved pipe wall lead to artificial accumulation of water on the sample
surface. The influence of the rate of droplet renewal was masked by this effect. However, this
situation is very representative of what would happen when a droplet is “trapped” and at the
same time constantly renewed with freshly condensed water. Figure 130 shows a few examples
of these cases where indications of the presence of droplets are very clear. Areas of the sample
surface affected by the accumulation of condensed water show evident signs of severe
corrosion:
e FeCOjeither heavily cracked or no existent, and evidence of Fe;C

e Steel surface under the corrosion layer product layer uniformly corroded at a high rate
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This situation is often intensified by the presence of large concentrations of acetic acid

acetic or by high WCRs. It is interesting to note that in some cases, localized corrosion was
clearly present on the rest of the sample surface, even though there was no sign of significant

water accumulation (Figure 77).

Tg= 70°C, WCR=0.25 ml/m?*/s, Undissociated acetic acid= 1000ppm,
Test duration= 21 days, Vg=5m/s

Tg=70°C, WCR=0.03 ml/m?/s, Undissociated acetic acid= Oppm,
Test duration= 14 days, Vg= 15m/s

Tg=70°C, WCR=1 ml/m?/s, Undissociated acetic acid= 1000ppm,
Test duration=14 days, Vg=5m/s

Figure 130: Indication of the presence of droplets or of the artificial accumulation of condensed
water (edge effect) at the same location on the surface of a sample
Droplets of condensed water can be trapped on the side the flat sample since it cannot be
perfectly flushed with the curved pipe surface
(X65 samples before (left) and after (right) removal of the FeCO; layer)
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The pitting rate, however, was always similar to the corrosion rate measured on the
areas exposed to high water accumulation. This means that the severity of the corrosion attack,
in terms of steel penetration rate, may be more governed by the corrosiveness of the
environment rather than the presence per se of large condensed water droplets.
5.3  Experimental setup
A novel high-pressure, high-temperature video camera was acquired for this study in

order to enable direct observation of the condensation and the corrosion processes (Figure 131).

Figure 131: In-situ video camera for live observation of corrosion phenomena

The video camera was especially designed to be mounted on the TLC test section, using
one of the bottom ports. Live visual observation of the corresponding top port was
consequently rendered possible (Figure 132).

This tool was essential in obtaining direct observation of the condensation process.
Under conditions of low gas velocity or low pressure, the droplets of condensed liquid that form
on the steel surface grow by condensation and then eventually reach their maximum size and
undergo detachment from the metal surface due to gravity forces. This represents the stagnant
droplet condensation mode. However, if the drag force is high enough (high gas velocity and gas
pressure), the droplets may start to slide on the steel surface before they reach their critical size.

This is called the sliding droplet condensation mode [83].
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Figure 132: Test section equipped with video camera (left) — Observation of the condensation
process on a weight loss sample (right)

These observations are important since the corrosion process happening at the top of
the line is directly affected by the condensation mode.

A number of experiments were performed in the newly developed flat slab test section
in order to capture the interaction between the condensation process and the extent of the
corrosion attack. The high temperature in-situ video camera was used to observe the
condensation process. Only relatively low water condensation rates could be tested, as higher
rates would lead the camera lens to be constantly obstructed by water.

A number of experiments were conducted, but the followings section only presents the
most relevant results related to three cases:

e Example A: Observation of the condensation process on a weight loss sample (Low

WCR).

e Example B: Observation of the condensation process on a weight loss sample (medium

WCR).

e Example C: Simulation of an artificial water trap on a steel insert.
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5.4  Example A: In-situ observation of the condensation process

|II

A “typical” TLC experiment, lasting 43 days, was performed in the TLC flow loop. The
experimental conditions were as follows: Py: 4.4 bars, pCO,: 4.2 bars, gas temperature: 62°C,
water condensation rate: 0.05 mL/m?/s, undissociated acetic acid: 1000 ppm, gas velocity: 2 m/s.
The X65 weight loss sample was inserted into the “flat slab” test section (Figure 35) at the
beginning of the experiment once the test conditions were stable. 1000 ppm of total acetic acid
was introduced into the loop two hours before the insertion of the weight loss samples. Pictures
and video clips of the condensation process happening on the exposed sample were taken every
2-3 days.

Figure 133 shows random pictures of the weight loss sample taken over the entire

duration of the experiment.

Day 23 Day 43
Figure 133: Localized corrosion test — Condensation process
A droplet of condensed water forms always at the same location
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Due to technical limitations, only the upper part of the sample can be seen. Small
droplets initially formed on the freshly polished surface of the sample, which eventually
coalesced together and wetted the surface uniformly. After a few days of testing, a single large
droplet could be seen on the right side of the picture. The rest of the surface was either covered
with smaller droplets or with a thinner film, while some part of the sample did not appear to be
wetted at all. The condensation is a heterogeneous process strongly influenced by nucleation
sites such as non-uniformity in the corrosion product scale. The droplet still seemed to always
form at the same location on the steel surface, as shown in Figure 133.
The large droplet went through the typical cycle of growth and fall, as can be seen in
Figure 134. Another droplet would always replace it at the exact same location on the steel
surface. The maximum droplet radius measured around 8 mm and the duration of the cycle

“growth/removal” could reach 20 to 60 minutes.

30 mm

A
v

t=4.2 min t =43 min
Figure 134: Localized corrosion test — Condensation process — Falling droplet cycle
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The sample was recovered at the end of the experiment and the corrosion product layer

was identified as FeCOsthrough EDS analysis. On the area covered by the droplet, the crystals

showed sharp edges and formed a dense layer (see Figure 135).

b) Corresponding area with film

-c) Corrosion product layer X500

L e T e e e ——

(L] - e in . “n Ll - “n '. v

d) EDS analysis of e)

Figure 135: Surface analysis of the surface wetted by the droplet

Once the layer was removed, some evidence of localized corrosion could be seen with

pits as deep as 220 um. This corresponded to an average pitting rate over the 43 days of testing

of around 1.8 mm/year, which is 9 times higher than the uniform corrosion rate, measured at

around 0.2 mm/year. However, the particular section of the sample, which was continuously

monitored and where a large droplet was continuously present, did not show any clear evidence

of localized corrosion (Figure 136). The maximum localized corrosion rate (if any) was measured

at around 0.7 mm/year which is only 3.5 times higher than the uniform corrosion rate and does

not constitute localized corrosion since the localized corrosion rate needs to be at least 5 times
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higher than the uniform corrosion rate to be classified as such. No clear link could be made
between the location of the droplet and the extent of the corrosion attack. This could be due to

the relatively low water condensation rate in this test (WCR: 0.05 mL/m?/s).

Figure 136: Surface profile of the surface wetted by the droplet
Weight loss samples after the removal of the corrosion product layer
5.5 Example B: In-situ observation of the condensation process
Another experiment was performed concurrently with Test #4 (Section 4.4.2.2). The
experimental conditions were as follows: P1: 4 bars, pCO,: 2.7 bars, Gas temperature: 59°C,
Water condensation rate: 0.2 mL/m?/s, undissociated acetic acid: 1000 ppm, gas velocity: 4 m/s.
Figure 137 presents photographs of the steel sample at different points in time during the
experiment. They show that the condensation regime on the steel sample was stagnant droplet
condensation and that a large droplet was always present on the steel surface more or less at

the same location on the sample.
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Day 79

Day 56

Day 96

Figure 137: X65 WL sample — Observation of the condensation process

Figure 138 shows the relative position of this droplet with regard to the localized

corrosion analyzed after the end of the experiment. It seems that pits are located in a more or

less random fashion with regard to the morphology of the water droplet. The extent of

corrosion on the edges of the droplet, where the fresh corrosive condensed liquid is more

quickly renewed, was not more severe than on the rest of the steel surface. It is also interesting

to note that, even after the removal of the corrosion product layer using inhibited acid, the pits

are still surrounded by a dark ring of what is believed to be remaining FeCOs. Although the rest

of the steel surface is easily cleaned, the corrosion product layer next to the pit seems to be

much denser.
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Picture of the droplet of condensed water super imposed on the sample steel surface after
removal of the corrosion product layer

Figure 138: X65 WL sample — Exposure time 99 days
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5.6  Artificial water trap

Another attempt to link condensation and corrosion process was made during the long
term Test #4 ((Section 4.4.2.2). The small indentations (1.7 mm deep) were drilled on the
upstream and downstream sections of the slab in order to develop artificial local areas where
the condensed water would be trapped (Figure 139). The local WCRs were expected to be
higher due to the lower steel thickness. However, the difference in WCR was neglected as most
of the temperature drop happens at the gas/liquid interface and not through the liquid or the
steel. The conditions are listed in Table 17 (P1: 3 bars, pCO,: 2.7 bars, gas temperature: 59°C,
undissociated acetic acid: 1000 ppm, gas velocity: 4 m/s). The water condensation rates were

set at 0.2 and 0.7 ml/m?/s at the location of the two artificial traps, respectively.

Surface profile scans of the indentations were performed before the beginning of the

tests (using molds) in order to document a reference depth.

Figure 139 : Test #4 — Artificial indetatin created on the steel insert before the beginning of
the test.
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Surface profile scans were also run after the end of the test and after the removal of the
corrosion product layer (Figure 140). No real difference in the extent of the corrosion attack
could be seen between the artificial indentation and the surrounding area. The area exposed to
a lower condensation rate suffered from the growth of small isolated pits. The area exposed to
the highest condensation rate experienced extensive pitting, but the localized corrosion did not

seem to be aggravated inside the artificial indentation.

Upstream se

\. 4

iy

Cooled section exposed to low condensation (0.7 mL/m?/s)

Figure 140: Test #4 - C1018(lll) insert — Morphology of the artificial indentation after the end of
the experiment



214

Table 19 shows the evolution of the depth of the artificial indentation with time on both

upstream and downstream sections. It appears that the indentation located on the section

exposed to the low condensation rate did not grow at all. On the downstream cooled section

(corresponding to a WCR of 0.7 mL/m?/s), the depth of the indentation increased by 184 um,

but that corresponds also to a somewhat lower corrosion rate (0.68 mm/year) than on the
surrounding areas (3.63 mm/year).

There was, therefore, no preferential corrosion inside the artificial indentations.

Table 19: Test #4 - Corrosion analysis on the artificial holes

. Average Average
. . . Pit . .
Initial Final Pit pit depth | corrosion
growth
depth | depth growth - on rate on
section section
um um um mm/year um mm/year
Upst ti
pstream section 1842 | 1856 14 0.05 681 2.51
Low condensation rate
D t ti
DOWNSLream section - 5193 | 2377 184 0.68 983 3.63
High condensation rate
5.7 Summary
It is clear from the experiments performed that, once the initial

nucleation/growth/coalescence cycle is completed, larger droplets always seem to form at the
same location on the steel surface. Once they reach their maximum size, they leave the location
(either by falling or sliding along the pipe), leaving a thin liquid layer behind, where condensed
water then accumulates preferentially. The steel surface between large droplets is usually

wetted by a thin continuous liquid film.
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However, the presence or absence of a large droplet on the steel surface cannot be
correlated directly to the extent of corrosion occurring underneath:

e In case of high water condensation rate, severe localized corrosion happens everywhere
on the steel surface, irrespective of where the large droplets are. Underneath the
droplet, the corrosion features are larger but seem to progress at the same rate as
anywhere else on the steel surface.

e In case of low condensation rate, isolated pitting could still be observed on the steel
surface but no correlation with the presence of a large droplet could be validated.

o Artificial “water traps” do not promote higher localized corrosion.

e The extent of corrosion is controlled by the rate of water condensation and the overall

aggressiveness of the environment (CO,, acetic acid).
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CHAPTER 6 CHARACTERISTICS OF LOCALIZED FEATURES AT THE TOP OF THE LINE
6.1 Objective

The objective of this chapter is to study the very peculiar morphology of typical localized

TLC features in order to gain insight into how localized corrosion is initiated and how it
progresses.

6.2 Methodology

A flow loop experiment was performed with the intent of collecting information about

localized corrosion characteristics. The experiment was performed using the flat slab equipped

with corrosion probe ports (Figure 36). The test conditions (Table 10) were selected for their

aggressiveness, in order to ensure that large localized features would be created.

Table 20: TLC feature characteristics study - Test conditions

Parameters Value
Steel type X65
Tg (°C) 70
Total pressure (bar) 4.3
pCO; (bar) 4
pH,S (bar) 0
Water condensation rate (mL/m?/s) 0.4-0.6
Undissociated HAc (ppm) 0
Gas velocity (m/s) 2.5

Corrosion measurement

Weight loss sample

Exposure time (days)

21
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The same procedure presented in Section 3.3 was followed, although the focus of this
experiment was not to measure the actual corrosion rate but more to preserve steel samples for
further SEM, EDS and XRD analysis.

General observations on the morphology of localized corrosion features are made based
on the results of this experiment, but other comments are derived from experience gathered
throughout the course of the present study.

6.3  Analysis of localized feature characteristics
6.3.1 Overall view

After the end of the experiment, the weight loss samples were visually inspected and
the typical grey corrosion product layer was present on the metal surface. The surface coverage
was largely uniform but breakdown of the corrosion product layer could also be seen, and be

indicative of potential localized corrosion (Figure 141).

Figure 141: Weight loss sample at the end of the test
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XRD analysis (Figure 142) clearly identified FeCO; as the sole component of the
corrosion product layer present on the metal surface. No iron oxide could be detected, either by

visual observation of the sample surface or by XRD analysis.
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Figure 142: XRD analysis identifying the presence of FeCO3;

6.3.2 SEM analysis of the corrosion product layer
The SEM analysis focused on several of the breakdown features and provided general
information on the composition of the layer and morphology of the pits. Some common
characteristics of these breakdown features are as follows:
e The top layer of the corrosion product is comprised of tightly packed crystals of FeCOs.
The size of the crystals varies between 10 and 20um (Figure 143 c) and e)).
e Several large breakdown features in the corrosion product layer are encountered. In
almost all of the cases, a more amorphous phase, identified as FesC, is present inside

these breakdown features (Figure 143 d) and f)).
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e After removal of the corrosion product layer, using inhibited acid [74], large localized
corrosion features are visible and can be clearly correlated with the location of the

FeCOj; breakdown.

X50 - 500um ]
a) Front view of a localized feature x50

F’u"‘. 15kV X500 5(fpm 11 59 SEI

-

"y L }- ‘--umnu Quariaires D

Arix Corvection.  ZAF

1 [} [ ] 1a ]

e) FeCO; crystals f) FesC
Figure 143: EDS analysis of the corrosion product layer and associated breakdowns
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6.3.3  Cross sectional analysis
The sample was mounted in epoxy and cut in order to perform a cross sectional analysis
of one of these breakdown features. The results are shown in Figure 144 to Figure 147. Once
again, several common characteristics are notable:
e A 20 to 70um thick FeCO; layer can clearly be seen on both sides of the localized feature,
which can itself reach a depth close to 400 um (Figure 144 a) and b)).
e The features can be quite wide and relatively flat bottomed. The actual pit can be much
larger than the layer breakdown would show.

e The pit is relatively empty. Often, the remainder of the FeCOs; layer can be seen

“hanging” on top of the pit, although there is nothing to support it.

a) Large localized corrosion feature X33 b) Back scatter of a) X33

Fe3C

FeCO;

c) Large localized corrosion feature X33

Figure 144: Cross section analysis — Morphology of large localized features
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e large amount of FeCO; crystals are encountered on the side walls of the pits (Figure
145). FeCO; seems to precipitate preferentially on already formed FeCO; crystals, rather

than on the bare steel surface. This is especially true if the corrosion rate is high and the

undermining effect considerable.

B o AN S : 5 . . A - . 50pm | .10_605E|_
a) FeCO; coverage back scatter X300 b) FeCO; coverage X500

X300 ~ 5pm 10 60 SEI
d) FeCOs coverage with visible pearlite
lamellae within the crystals X3000

15kV X1,000 ' 10 i
c) FeCO; covera

ge X1000

Figure 145: Cross section analysis — FeCO; coverage on the side of the localized feature

e On the areas well-covered by FeCOs;, the crystals can be tightly packed and form an
effective mass transfer barrier. Pearlite lamellae can be seen superimposed onto the

FeCO; crystal network (Figure 145 d)).
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e Fes;Cis identified at the bottom or at the center of the pit. This is not an indication that
the pH inside the pit is acidic. It is, rather, an indication that FeCO; did not precipitate at

that specific location (Figure 146).

a) FesC coverage back scatter X400 b) Fes;C coverage back scatter X1400

Figure 146: Cross section analysis — FesC coverage on the side of the localized feature

e Aline EDS performed at the steel/FeCOj; interface could not confirm the presence of an

iron oxide layer (Figure 147), contrary to what has been proposed elsewhere [122, 123].
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Figure 147: Cross section analysis - EDS Line scan (along the red line)
6.4  General comments on properties of the FeCO; layer

6.4.1 |Initiation of localized corrosion
In most of the TLC experiments performed, a very dense and tightly packed FeCO; layer
would form on the metal surface and provide effective protection against corrosion. However,
numerous breakdowns in the otherwise protective layer could be seen after long term exposure
to the corrosive environment.
No localized corrosion was ever observed on the steel samples after short term
exposure. However, there were signs that the FeCO; was not completely uniform on the entire

metal surface (Figure 148). The non-uniformity in the FeCO; coverage is mostly due to the rate
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of water renewal on the steel surface, which constantly brings new, aggressive condensed water
and alters the chemistry. Although pitting corrosion does not happen to any measureable extent

on short term exposure, non-uniformity in the FeCO; coverage is visible and could lead later on

to the initiation of localized corrosion.
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Tgas=70°C, pCO,=3 bars, WCR=0.25ml/m?/s, Tas=70°C, pCO,=3 bars, WCR=0.03ml/m*/s,
Pure Iron, Test duration 2 days X65, Test duration 2 days

Figure 148: Localized corrosion initiation
FeCOs layer initial coverage after 2 days of exposure
6.4.2 Localized corrosion growth
Figure 149 shows the 3D surface profile performed before and after the removal of the
corrosion product layer (Figure 149 a) and b), respectively). This experiment was performed
over a 21-day period. Although breakdowns of the layer could clearly be seen, areas affected by
high localized corrosion rates covered a much higher percentage of the surface. This shows that
localized corrosion grew in depth but also underneath the corrosion product layer. This

undermining effect could lead to the collapse of large portions of the FeCOs layer (Figure 150).
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a) 3D profile before removal of the corrosion | b) 3D profile before removal of the corrosion
product layer product layer

Figure 149: Localized corrosion features growth underneath FeCOs layer
T=70°C, WL X65, HAc=0 ppm, WCR= 1 mL/m?/s, Exposure time= 21 days

Figure 150: FeCO; top Iaye collapsing
T=70°C, WL X65, HAc=1000 ppm, WCR= 1 ml/m?/s, Exposure time= 21 days
6.4.3 Localized corrosion termination/sustainability

Figure 151 presents a cross section of a TLC localized feature, whose bottom part seems

to be well covered by a FeCO; layer, and therefore protected against further corrosion. This
shows that not all of the TLC features remain “active” throughout the exposure to the corrosive
environment. The reason behind such behavior is unclear but could be due to mass transfer
limitation which would make FeCOs precipitation more likely at the bottom of deep and narrow

localized features, while other shallower pits would continue to grow.
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Figure 151: FeCO; layer regaining coverage on the metal surface
T=70°C, WL X65, HAc=1000 ppm, WCR= 1 ml/m?/s , Exposure time= 21 days
6.5 Summary
TLC localized features can be wide and relatively flat bottomed. The actual pit can be
significantly larger than the corresponding FeCOs; layer breakdown that could be seen on top of
it before the removal of the layer. The pits are relatively empty, and layers of FeCO3 can be seen
“hanging” on top of the pit although there is little to mechanically support it. Large amounts of
FeCO; crystals are encountered on the side walls of the pits while the bottom part is bare steel.
FeCO; grows preferentially on already formed FeCOj; crystals, rather than on the steel surface.
Large pieces of FesC are identified at the bottom or at the center of the pit. This is not an
indication that the pH inside the pit is acidic. It is, rather, an indication that FeCO; did not

precipitate at that specific location.
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CHAPTER 7 DESCRIPTIVE MODEL OF LOCALIZED CORROSION AT THE TOP OF THE LINE
7.1 Objective

Based on the experimental data, a new modeling approach for the prediction of the

localized attack in a top of the line corrosion scenario is proposed.
7.2 Literature review

A full description of the literature review related to the modeling of the condensation
and corrosion processes is shown in Appendix B. The latest developments related to the
understanding of the localized corrosion mechanism in sweet environment, albeit not pertaining
to TLC, are also presented.

7.2.1 Water condensation rate (WCR) prediction
7.2.1.1 Average WCR calculations considering water dropout

The way most commercial flow assurance software predicts a WCR is by calculating the
overall heat loss over a small section of pipe, creating a temperature gradient profile, and then
calculating how much water drops out from the vapor over this section of pipe. The saturation
level of water carried in the gas phase is specifically modeled; any reduction in its vapor
pressure is presumed to be due to water condensing out of the system on the upper pipe wall.

Only the upper half of the pipe area is considered for the water condensation rate

calculations. The equation below is only valid for small sections of pipes:

Pin _ Pout
WC R =m . M water i vap vap
“ M, AL\ P

Eq (7-1)
Total
With  WCR: Water condensation rate [kg/m?%/s]

Mgas: Gas mass flow rate [kg/s]

Mgas and Myater: Molecular weight of gas phase and of water [kg/mol]
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P"..p and P°*',..: Vapor pressure at the inlet and outlet of the pipe section [bar]
A/2: Half of pipe perimeter [m]
L: Pipe length of the section considered [m]

The water that drops out is assumed to be the total amount of condensed water, but
the pipeline is a dynamic system and the gas phase cools more rapidly than the bulk liquid.
Therefore, while some water vapor condenses at the cold steel surface, some liquid water
should also evaporate at the warmer bulk liquid interface. The overall rate of water
accumulation that the above method calculates is actually the water condensed from the vapor
minus the water that evaporates from the bulk liquid. This approach does not separate the two,
and, consequently, can under-predict the actual water condensation rate happening locally at
the top of the pipe.

7.2.1.2 Local WCR calculations considering dropwise condensation theory

The phenomenon of dropwise condensation (as opposed to filmwise condensation) has
been studied extensively over the past sixty years. It can be described in terms of a four-stage
scenario [99]: nucleation, growth, coalescence and removal. It is now commonly accepted that
nucleation is an essential feature of dropwise condensation and that the existence of a thin film
of liquid between the droplets is not necessary [100]. An excellent review paper summarizing
the early findings in terms of mechanism and modeling was published by Rose [101] in 2002.
Rose has published several papers on the subject of dropwise condensation [102-104] over the
past thirty years. As dropwise condensation is a random process, the common approach is to
calculate the heat flux through a single droplet and to integrate the expression over an average

distribution of drop sizes:
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0=["q(IN()dr Eq (7-2)

With: Q: Total heat flux (W/m?)
q(r): Heat flux through an individual droplet of radius r (W/m?)
N(r)dr: Number of drops per area with radius between r and r+dr (m™)
Fmax aNd rmin: Maximum and minimum radii of droplet (m)

The total heat flux includes the heat transfer due to the phase change and the presence
of non-condensable gas. It has been reported that the main resistance for heat transfer comes
from the presence of non-condensable gas [105-107]. The relationship between total heat flux

and condensation rate can be stated in the following way [83]:

0=0,+0, =h,x(T -T#)+WCRx H , Eq (7-3)
with:  Q: Total heat flux (W/m?)

Qq: Heat flux through the gas boundary layer (W/m?)
Q.: Latent heat flux released by the phase change (W/m?)
hg: Heat transfer coefficient in the gas boundary layer (W/m?/K)

(Tbg -T* ): Temperature difference between bulk and vap/liq interface (K)

WCR: Water condensation rate (kg/m?/s)
Hs: Latent heat of evaporation/condensation (J/kg)
A full description of the methodology developed for the heat transfer derivation in
dropwise condensation is presented in APPENDIX D.
In 2007, Zhang [83] adapted the dropwise condensation theory to a pipeline situation
in which the presence of droplets of condensed water was clearly identified (top of the line

corrosion). It is important to mention that dropwise condensation is believed to happen at the
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11 to 1 o’clock position in the pipeline while the reminder of the surface is more likely to be
subject to filmwise condensation. Zhang added a mass balance of the water in order to calculate

the condensation rate:

M
WCR=p, B, x(xt —x)=p,B, x I, (P.(T)- P, (1)) Eq (7-4)
T

g
With: WCR: Water condensation rate (kg/m?/s)

Bg: Mass transfer coefficient in the gas boundary layer (m/s)

X,2: Mass fraction of water vapor in the bulk gas flow (kg./kg;)

x: Mass fraction of water vapor at the gas-liquid interface (kg./kg;)
pg : Density of gas (kgg/m3)

My and Mg: Molecular weight of the water and the gas mixture (g/mol)
P;: Total pressure (Pa)
P...: Saturation pressure as a function of temperature (Pa)

Zhang also improved the calculation of the maximum droplet radius by performing a
force balance on a single droplet. He could then calculate the condensation rate by solving the
equations above using an iterative method. This new approach is also able to take into account
the effect of non-condensable gas. A mechanistic corrosion model described in the following
section was then adapted by Zhang to the condensation scenario in order to predict the
corrosion rate.

In summary, the dropwise condensation approach calculates a local WCR, while the
water dropout approach (Section 7.2.1.1) calculates an overall water accumulation rate (or a net
water condensation rate). The dropwise condensation approach likewise only considers the

water that condenses from the vapor phase. Since the calculations are made locally at the
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surface of the pipe, the evaporation of water from the bulk is not taken into account. This is
why dropwise condensation can calculate greater WCRs than the water dropout approach.

A significant difference between the two approaches should only exist when there is a
considerable amount of produced water in the pipe. The heat carried in the water is much larger
than in the gas and it will prevent the fluid from rapidly cooling, acting as a constant source of
water vapor. If there is little liquid water produced in the line, the fluid will cool down rapidly
and the influence of evaporation will be reduced.

7.2.2  Corrosion mechanisms under dewing conditions

Some sections of this chapter are taken directly or slightly adapted from one of the

author’s publications [47].
7.2.2.1 Empirical and semi empirical modeling of top of the line corrosion

The first attempt to model TLC was made twenty years ago by Olsen et al. [64]. They
found that the competition between the corrosion and the condensation rates controlled the
FeCO; saturation level and, consequently, the extent of the corrosion attack. At high
temperature (70°C) and low condensation rate, a dense and protective FeCOs; is favored to form
rapidly. At high condensation rate, the saturation in FeCO3 is more difficult to obtain due to the
rate of fresh water renewal.

DeWaard et al. [108] proposed the first modeling approach to TLC based on his widely
used full pipe flow empirical equation. DeWaard introduced a correcting factor F.,nq=0.1 in order
to adapt his model to condensation conditions for condensation rates below an experimentally
determined critical rate of 0.25 mL/m?/s. The correlation proposed by DeWaard gives an

extremely conservative prediction. It is listed below:
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(5.8—@+0.67XIOQ(PC02 )

CR=F, x10 ' Fa (7-3)

With  pCO,: Partial pressure of CO, (bar)

T: Temperature (K)
Feong: 0.1
CR: Corrosion rate (mm/year)

In 2000, a new model was proposed by Pots et al. [60] which aimed at taking into
account the competition between the scale formation rate linked to the iron dissolution and the
condensation rate. The so called “supersaturation model” is based on the calculation of the
concentration of iron at saturation under film-forming conditions. The corrosion rate CR,
calculated using the formula below, is equated with the precipitation rate PR, calculated using
an equation developed by Van Hunnik et al. [109]. The concentration of Fe** which is present on

both sides of the equations (Eq (7-6) and Eq (7-7)) is calculated and re-inserted in the corrosion

rate equation.

CR =

M, x10° x 24 x 3600 x 365 N WCR
ke X[Fez ]supermtx— Eq (7_6)
p Carbonsteel w

With  CR: Corrosion rate (mm/y)
WCR: Water condensation rate (g/m?/s)
pw: Water density (g/m°)
[Fe“]supersat: Iron concentration at FeCOs; saturation (mol/L)
Mee: Iron molecular weight (55.847 g/mol)

Pearbonsteel: DENSity of a typical carbon steel (7860000 g/m?)

PR A xe K, x(s-maly - lrehlcor] £ (7-7)
=4 xeRl x x(s=1D@1-= = -
! i S and Ksp a
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With  PR: Precipitation rate converted in mol/m?*/s
A: Constant
Ea: Activation energy (KJ/mol)
R: Ideal gas constant (J/K/mol)
T: Temperature (K)
s: FeCOs saturation
Ksp: FeCOj; solubility product (mol*/m?)

A complete chemistry analysis, including the electro-neutrality equation, the
dissociation equations and the CO, solubility, also needed to be implemented. Pots et al. [60]
emphasized the importance of correctly evaluating the condensation rate in order to accurately
predict the corrosion rate. However, no clear guidelines on how to calculate it are provided.

More recently, in 2007, Nyborg et al. [110] developed a new empirical equation for TLC
prediction through experimental work. It is based on the concept that TLC is limited by the
amount of iron which can be dissolved in the thin film of condensing water. According to Nyborg,
the TLC rate can be modeled as proportional to the water condensation rate, the iron carbonate
solubility and a supersaturation factor. The empirical equation is displayed below and is valid
only for low acetic acid content (<0.001 Mol/L), low to medium carbon dioxide partial pressure

(<3 bars) and no H,S:

CR=0.004x WCRx [Fé** |x (125-0.09x T) Eq (7-8)

With  CR: Corrosion rate (mm/y)

WCR: Water condensation rate (g/m?%/s),
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[Fe®*]: Solubility of iron ions (ppmy)
T: Temperature (°C)
Nyborg notes that the solubility of iron ion is a function of temperature, total pressure,
CO, partial pressure and glycol concentration, and calculates this with an in-house pH and
solubility program. Although no detail is provided on how the condensation rate is calculated,
Nyborg stresses the importance of predicting an accurate condensation rate, as it will have a
much more pronounced effect on TLC than, for example, the CO, partial pressure
7.2.2.2 Mechanistic modeling of top of the line corrosion
As detailed below, a fair amount of research and modeling work has been done on TLC.
It should be noted that these works pertain almost exclusively to sweet (CO, dominated) TLC
and that no serious attempt to model sour (H,S dominated) TLC has been performed to date.
In 2002, Vitse et al. [75-77] completed a thorough experimental and theoretical study
on TLC due to carbon dioxide. Condensation and corrosion experiments were conducted in a
large scale 4” ID flow loop. Vitse developed two models and adapted them to a top of the line
scenario: a mechanistic film-wise condensation model based on Nusselt theory and a semi-
empirical corrosion model. The condensation model has a sound mechanistic approach and is
based on the assumption that a continuous film of liquid covers the steel surface at the top of
the line (film-wise condensation). Vitse acknowledges that, while this approach is valid to
estimate the condensation rate on the side of the pipe, it is not ideal to cover the condensation
process happening at the top (11 to 1 o’clock position), which is drop-wise. It has also been
reported by other authors that the condensation process in TLC is drop-wise condensation [37].
Nevertheless, the corrosion model constituted a considerable breakthrough in the

understanding of the mechanisms involved in TLC. Once the value of the condensation rate was
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obtained (see the previous chapter), Vitse conducted a Fe® flux balance in a controlled volume,
taking into account the fluxes of Fe’* created by corrosion, removed by FeCOj; precipitation and
transported by condensed water film convection. A schematic representation of this approach is

presented in Figure 152.

Corrosion

W

Y4
r 24 Fe
q_‘*_
MDischarge of Fe2+ Condensed
. e . b ] 1981 T4 T
via condensation walter Precipitation

Figure 152: Transport, source and sink of Fe** under a thin film of condensed water
during TLC (Reproduced from [75] - © NACE international 2003)

The equation used in the Fe®* flux balance is displayed below:

dlFe] _ L [cr- Pr-werx[Fe]] Eq (7-9)
&

With  Fe*": Concentration of iron ion (mol/m?)
t: Time (s)
CR: Corrosion rate (mol/m3/s)
PR: Precipitation rate (mol/m?/s)
WCR: Water condensation rate (m>/m?/s)

6: Liquid film thickness (m)
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The liquid film thickness is assumed to be constant and is not linked to the condensation

rate. Vitse calculated it with the following equation:

0.5
5= o Eq (7-10)
g X [IOI - pg )

With  g: Gravitational acceleration (m/s?)
o: Surface tension (N/m)
prand pg: Liquid and gas density respectively (kg/m3)
The corrosion rate is first calculated using the electrochemical model developed by
Nesic et al. in 1996 [25]. This mechanistic model takes into account the chemistry of the liquid
(i.e. pH, CO, solubility, etc) and the electrochemical reactions but does not cover the influence
of the FeCO; layer formation. The computational procedure gives the change in pH as the iron
concentration increases, and the corresponding corrosion rate is calculated, allowing the
prediction of the new concentration of iron ion at the next time step. The iteration continues
until no further change in the iron ion concentration is computed. Vitse modified his corrosion
equation in order to include the influence of corrosion product film on the corrosion rate once
the saturation in FeCO; is reached. It was done by introducing an empirical correcting factor K
which would represent the covering effect of the FeCOs film, underneath which no corrosion
would occur. This factor was determined experimentally but was correlated with the scaling

tendency (ratio of corrosion and precipitation rate).

@:%x[KXCR—(].—K)xPR—WCRx[FeZ+]] Eq (7-11)

With  Fe*": Concentration of iron ion (mol/m?)
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T: Time (s)
CR: Corrosion rate (mol/m?/s)
PR: Precipitation rate (mol/m?/s)
WCR: Water condensation rate (m?/m?/s)
6: Liquid film thickness (m)
K: Covering factor
The iteration procedure described above was used again until no significant change in
Fe®* concentration could be calculated. Vitse’s method gave insight into how to model TLC
phenomena and it constitutes a considerable improvement in the understanding of TLC without
being a fully mechanistic corrosion model.
In 2007, Zhang et al. [83] published the first fully mechanistic approach on TLC modeling.
The model covers the three main processes involved in top of the line corrosion phenomena:
dropwise condensation, chemistry in the condensed water and corrosion at the steel surface.
Since the condensation approach is drop-wise, the model is valid only for the 11-1 o’clock
position in a pipeline. The condensation model is based on the heat and mass transfer theory
and the approach is described in more detail in the previous chapter. The chemistry of the
condensed liquid is established through standard chemical and thermodynamic equations [9].
The corrosion model is adapted from the mechanistic CO, corrosion approach developed by
Nordsveen et al. [26] and Nesic et al. [111-112]. Zhang stated that, from a statistical point of
view, every point on the metal surface has the same probability of being covered by liquid
droplets and, consequently, the entire surface is subject to uniform corrosion. This simplifies the
mathematical approach from a three-dimensional situation (semi-hemispherical droplet) to a

one-dimensional situation (liquid layer), as shown in Figure 153.
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Figure 153: The simplification from a 3D (droplet) to 1D (liquid film) approach reproduced from
(Reproduced from [83] - © NACE international 2007)

In Zhang's approach, the droplet growth is simulated by an increase in the liquid film
with time until it reaches a calculated maximum size where the droplet disappears (falls or
slides). The calculation then restarts with a minimum film thickness (corresponding to the
minimum droplet size), and the cycle is carried out until the corrosion process reaches a steady
state. The corrosion module includes chemical reactions (dissociation, dissolution and
precipitation), transport of species to and away from the metal surface, and the electrochemical
reactions at the metal surface. The main equations used are summarized below and constitute a
set of non-linear coupled differential equations.

The expression for transport of species in the presence of chemical reactions, which is
valid both for the liquid in the droplet and the porous film, can be described using the species
conservation equation. Zhang simplifies the equation by assuming no convection (stagnant
droplet) and by considering the effect of migration to be insignificant. The overall species

conservation equation in the droplet becomes:

2
8@Ci ZD,- 0 (chi)_i_gRi Eq (7-12)
ot ox




239

With  C;: concentration of species i (mol/L),
€: volumetric porosity of the film, equal to 1 outside the corrosion layer,
K: Surface permeability of the film, equal to 1 outside the corrosion layer,
Di: Molecular diffusion of species i (m%/s),
Ri: source or sink of species i (mol/L/s),
t: time (s),
X: spatial coordinate (m).
The porosity € is calculated through a mass balance conducted on FeCO; and by using
the Van Hunnik equation [109] for FeCO; dissolution/precipitation rate:

oe M

FeCO4 R
o T T o Eq (7-13
ot Preco, ’ al )
With  Meecos: Iron carbonate molecular weight (kg/mol)
Precos: Iron carbonate density (k/m?)

Rrecos: Iron carbonate precipitation rate (mol/m?/s)

The flux of species participating in the corrosion reactions is calculated with the

following equation:

N, =- Eq (7-14)

With i current density for species j (A/m?)
n;: number of electrons exchanged for species j
F: faraday number (A.s/mol)

N;: Flux of species j (mol/m?*/s)
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The current density of each corrosive species can be expressed as a function of the

potential at the metal surface:

iE_Erev
i=+i, 10 Eq (7-15)

With  ig: exchange current density,
E.ev: reversible potential,
b: tafel slope.
Zhang stated that the growth of the droplet is simulated by controlling the position of

the vapor/liquid interface (vapor/liquid boundary layer) as shown in Figure 154.
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Figure 154: Schematic of the corrosion calculations in a growing droplet
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Zhang’s approach represents the most advanced attempt to model the mechanisms
involved in TLC to date. It takes into account the most important parameters in CO, TLC:
condensation rate, gas temperature, CO, partial pressure and acetic acid concentration.

Remita et al. [113] also extended the work proposed by Vitse et al. [77] and developed a
model for CO, corrosion under a thin liquid film. It follows a mechanistic approach for the
chemical and electrochemical side of the phenomena but assumes a homogeneous composition
within the film. Like Vitse, Remita introduces a covering factor 0 in order to take into account
the effect of FeCOs film formation, this factor being difficult to obtain.

Finally, overall guidelines on sweet and sour TLC prediction were proposed by Asher et
al. in 2011 [114]. The importance of modeling the chemistry and the physics of the corrosion
process was stressed. The corrosion model is based on the concept that, at steady state, the
corrosion flux (flux of iron ions away from the surface) is equal to the FeCO; precipitation flux
(i.e., flux of iron ions required to form the corrosion product layer). No specifics were given on
the algorithm or equations used.

7.2.2.3 Modeling of localized corrosion

Even though great progress has been made over the years in the understanding of the
TLC mechanisms, none of the models thus far tackle the occurrence and prediction of localized
corrosion in TLC.

The top of the line is not the only situation where localized corrosion is encountered.
Actually, a lot of research has already been undertaken on the study of mesa attack in single
phase flow (a situation related to the bottom of the line). One of the first experimental studies
on mesa attack [116] was conducted in 1998. The initiation and growth of the local attack on

carbon steel was monitored with a video camera. It was found that a prerequisite of any local
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attack is a formation of a partially protective FeCO; scale. Corrosion would initiate underneath
the porous layer and create small pits. The effect of flow was also found to be important in
removing the damaged corrosion product film, as described in the schematic below. The pits
would grow together and form larger mesa type features. The corrosion continues both laterally

and in depth as long as no protective scale is re-formed at the bottom of the mesa attack.

‘l !\ '\

Figure 155: Mechanism for initiation and growth of mesa attack
(Reproduced from [116] - © NACE international 1998)

The possibility of a galvanic affect between the bottom of the mesa attack feature (film-
free) and the surrounding area covered with FeCO; was also introduced. The induced difference
in potential could accelerate the corrosion rate of the exposed steel.

In 1999, Schmitt et al. [117] completed a study focused on the effect of flow on localized
attack growth. It was found that the wall shear stresses induced by the flow were an order of
magnitude too low to cause breakdown of the corrosion product. Schmitt also stated that the

conductivity of FeCO3; was too low to constitute a viable site for the cathodic reaction. This
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means that the cathodic and the anodic reaction sites should both be located at the active
surface of the mesa attack and that galvanic coupling should be unlikely.

Another strong advance in the understanding of CO, localized corrosion was achieved by
Sun and Nesic in 2000 [118]. A series of flow loop experiments performed at different partial
pressures of CO, and pH was used to identify a zone where localized corrosion occurrence and
propagation was most likely. Once again, the presence of a partially protective FeCO; was crucial,
as under film-free or fully protective film conditions, no localized corrosion was observed (Figure
156). The scaling tendency (ratio of precipitation and corrosion rate) was introduced to quantify
the likelihood of localized corrosion occurrence. The precipitation rate was directly derived for
the FeCO; saturation level in the bulk phase, which could also be used to evaluate the

protectiveness of the scale.

no film partially protective film fully protective film

High uniform attack Low/high uniform attack Low uniform attack

No localized attack Localized attack No localized attack

Figure 156: Mechanism for initiation and growth of mesa attack
(Reproduced from [118] - © NACE international 2004)
Another major contribution in the understanding of localized corrosion was proposed by
Han et al. in 2008 [119-122]. Using a novel experimental setup artificially simulating a pit, Han
could actually measure the difference in potential between the film-covered surface and the
film-free site of the bottom of the pit. He could also link the localized corrosion growth with a
saturation level between 0.5 and 2, as Sun et al. [118] did. More importantly, Han stipulated

that the pH of the solution trapped between the corrosion product layer and the steel was
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actually much higher than the pH in the bulk, leading to the formation of thin iron oxide (Fes0,)
film. This layer could provide an explanation for the significant increase in potential of the film-
covered “passive” surface and the establishment of a galvanic cell with the active site of the pit.
However, the existence of the iron oxide film has been debated, as attempts by several authors
to identify the oxide layer were inconclusive at best [121, 123].

In 2008, Amri [85, 86], performed similar experiments in an effort to relate pit growth
and environmental conditions, especially in the presence of acetic acid. It was found that the
growth of the pit was related to the depletion of the acetic acid concentration inside the pit. It
was also stated that the growth should stop once the pit reaches a certain depth. Many of the
observations made by the author were typical of a TLC scenario and were put forward to explain
TLC stabilization. Consequently, this study constituted the first attempt to adapt the localized
corrosion process to top of the line corrosion.

One of the objectives of this research work is to develop a mechanistic model for the
prediction of localized corrosion in a TLC scenario. This model is based on previous modeling
works mentioned in the literature review and on the knowledge acquired throughout the
experimental test matrices. The approaches and assumptions selected so far are discussed in
the section below.

7.3  Descriptive model of localized TLC
7.3.1 Summary of experimental observations

The experience gathered through the different experiments performed on this topic
highlight the following general comments on the characteristics of localized corrosion in CO,-
dominated TLC:

e Three main “modes” of corrosion are observed in CO,-dominated TLC:
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1. Little to no corrosion, neither uniform nor localized, is encountered due to the presence

of a protective FeCOj; layer on the entire steel surface area.

This case is often observed if the environment is not very aggressive (mainly low
WCR and acetic acid content but also low CO, partial pressure) and if the steel
temperature is high.

2. Localized corrosion, with varying rates, occurs on the steel surface, which is only

partially covered with protective FeCOs.

This case is encountered at moderate and high WCRs and in the presence of
acetic acid. The steel can have a 15-25°C temperature difference with the gas. Pitting
rates can reach several mm/year, depending mainly on the steel temperature, and the
bottom of the pit is often “FeCOs free”.

3. Uniform corrosion, affecting the entire steel surface area, can also be observed.

This case occurs at very low steel temperature (or/and very high WCR). Some type of
non-protective, non-adherent FeCO; layer can form. The steel corrodes uniformly but at
a low rate due to the low steel temperature.
There is no significant correlation between the mere presence of a droplet and the extent of
corrosion. Although droplets of condensed water always form at the same location on the
steel surface, no localized corrosion was observed in a number of cases. The steady supply
of freshly condensed liquid (i.e., corrosive liquid) seems to be the main parameter
responsible for the loss of protectiveness of the FeCOs layer.
The occurrence of localized corrosion is linked to the presence of a semi-protective
corrosion product layer. Pits observed are usually surrounded by areas that are not

corroded and covered with very dense and tightly packed FeCOs; crystals. As the corrosion
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process develops, pits grow laterally and in depth, undermining the FeCO; layer. Isolated
pits tend to coalesce and form large localized corrosion features.

7.3.2  Model basis
The corrosion features observed in the field can be so large than the corrosion process is
often referred to as a “localized uniform corrosion” instead of as purely “localized corrosion”.

In the first case, the corrosion mechanism is driven by the corrosiveness of the solution and

therefore by the process of water condensation. In the second case, it is driven by a difference

of potential between bare steel and steel covered with corrosion product film. These two
scenarios are discussed briefly below.

1. Localized corrosion - Galvanic corrosion approach: this mechanism involves a damaged
“protective” film and a difference in potential between the exposed steel and the
surrounding area covered by the corrosion product. The ensuing galvanic effect is the
driving force for the corrosion attack. The mechanism developed by Han [120, 122]
identified the presence of a thin iron oxide (Fe;0,4) film between the FeCO; layer and metal
surface, establishing a galvanic cell with the active site of the pit. The existence of this oxide
layer has been debated and the potential difference could simply be due to the presence of
FeCO; [123]. Several attempts were made in order to confirm the presence of this “layer” on
the FeCOs-covered area and its absence at the bottom of the pit with TLC steel samples
(Figure 157). They were performed by cutting a thin slice of material at the steel/FeCO;
interface of a cross section with a Focused lon Beam (FIB) followed by analysis of the
element distribution with a Transmission Electron Microscope (TEM). However, these
attempts were not successful due to technical difficulties related to the large thickness of

the FeCO; layer and the size of localized features typical for TLC. Simple line EDS scans
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performed on cross sections for this study (Figure 147) did not reveal the presence of an
iron oxide layer, although the instrument would not be accurate enough to detect changes

on a nanometer scale.

Area of Steel
localized
corrosion Thin oxide layer
(film free) between the
steel and the
FeCO; layer
FeCOs; Droplet of condensed

water

Figure 157: Schematic representation of the galvanic corrosion approach

In addition, this approach cannot be applied to the top of the line corrosion for the
main reason that the electrolyte is not sufficiently conductive to “carry” the current at any
significant level [124]. The condensed water is comprised of relatively low concentrations of
HCO5, COs* and OH ions, which are set by the chemistry of a CO, buffer. Fe’ ions are
indeed released due to the corrosion process but are also consumed by the formation of
FeCO;. The maximum concentration of Fe** is controlled by the saturation in FeCO3 and
cannot reach more than 200-400 ppm of “free” Fe®' ions in solution depending on the
temperature. Examples of the maximum concentration of Fe*" ions, which can be present at
FeCO; saturation, are shown in Figure 158 and Figure 159 at two different steel
temperatures (25 and 70°C). Any galvanic effect is consequently disregarded in the modeling

approach.
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Figure 158: Fe?* concentration and pH at different FeCO; saturation levels
and different temperature - T=25°C, pC0O,=3 bars
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2. Localized uniform corrosion - condensation approach: The corrosion is initiated by the
condensation of water vapor: the rates are high at the beginning of the process and
decrease as the pH of the condensed water increases. Conditions are met rapidly in order to
saturate the aqueous phase with regard to FeCO; and a layer forms on the steel surface. The
rate of droplet renewal then affects the FeCOj; saturation, which can lead to different
degrees (rates, surface coverage) of localized corrosion. It is possible that the effective
condensation rate is “artificially” increased by defects in the FeCOs layer (and consequent
capillary effects), where condensed water accumulates preferentially. However, it is not
believed that this could greatly affect the localized corrosion rates, as discussed in CHAPTER

5. This scenario is presented in the schematic below.

Area of
localized

corrosion x |
/"v‘—;'
FeCO, ’\ /

Condensed water

Figure 160: Schematic representation of the localized condensation approach

Experimental work clearly shows that the presence of large droplets of condensed water
does not affect the corrosion process as long as the rate of condensation is low. If the
environment is aggressive (high WCR, high HAc), localized corrosion is observed randomly on

the wetted metal surface. Locally higher water condensation rates can theoretically be achieved
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in specific places on the metal surface but this scenario is not required to lead to high levels of
localized corrosion.

7.3.3  Model overall narrative
The following narrative is then proposed to explain the initiation and propagation of
localized corrosion in a sweet TLC environment. It is inspired by an approach originally proposed

by Olsen [64].

1. The first drop of water condensing on the steel leads to uniform corrosion on the metal
surface. The corrosiveness of the water slowly reduces with time as Fe?" ions accumulate in
solution leading to an increase in pH. FesC is left behind as the product of the ferrite phase
dissolution.

2. If FeCOs saturation is never reached (due to low steel temperature, high organic acid
content and/or high condensation rate), the corrosion is uniform and the rate is constant,
controlled by the corrosion reaction kinetics.

3. If the FeCOs saturation level reaches one (or a slightly supersaturated level), FeCOs crystals
begin to precipitate and the uniform corrosion further decreases due to limitations in mass
transfer through the corrosion product layer. Higher condensation rates increase the time
needed to reach saturation and the steel is consequently exposed to the corrosive
environment for a longer time.

4. Since the uniform corrosion rate is now low and fresh water is constantly added, the bulk
liquid phase can become slightly under-saturated, leading part of the layer to re-dissolve.
The steel surface can become segregated between areas well-protected by the FeCO; layer

and areas suffering from “bare steel” corrosion.
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The chemistry in the condensed liquid cannot change with time (or can only oscillate around
the SSrecos level), as the excess Fe®* ions should rapidly either be consumed to form more
FeCO; or be diluted by the constant flux of condensed water. Consequently, the corrosion
rate, or more accurately the flux of Fe®" ions in mol/m?/s, becomes constant, controlled by
the FeCO; saturation.
Unless the Fe® solubility is very high (due to low steel temperature, high organic acid
content and/or high condensation rate), the corrosion rate corresponding to a chemistry “at
FeCO; saturation” is sustainable only on part of the steel surface — hence becoming localized
in nature.
Active corrosion occurs preferentially in areas where the FeCOs; layer is damaged or on steel.
FeCO; precipitation also happens preferentially on sites already covered with FeCOj; crystals.
The balance of the flux of Fe** ions (from corrosion and dilution in the condensed water)
controls how much of the steel surface can corrode actively and prevent any dissolution of
the already formed FeCOs. It also controls whether the localized corrosion will propagate or
cease.

7.3.4  Localized TLC model development

This section presents the details of the model of “uniform localized corrosion”

developed to describe the process of localized corrosion in sweet TLC environments. The model

narrative was implemented in a Visual Basic for Application format and linked to the FREECORP

platform which is described in APPENDIX E.

The model is based on the following assumptions:

The maximum level of FeCO; saturation inside the droplet cannot exceed a value of 10.



252

o This means that the droplet pH and Fe®* concentration also have maximum
“saturation” values set by the SSrecos.

o Intheory, SS¢.cos cannot exceed one as FeCO; should precipitate. However, practical
laboratory experience shows that super-saturation values of 5-10 are often
sustainable, especially at high temperature [125]. However, higher levels of super-
saturation can be maintained at lower temperatures.

o As a consequence, the bare steel corrosion rate, corresponding to this specific
environment, is constant once the chemistry inside the droplet is stable.

e On the FeCOs-covered steel surface, where the corrosion rate is assumed to be zero, the
active localized corrosion site experiences active corrosion. The electrochemical FREECORP
model [126] is used to calculate the corrosion on these “FeCOs-free” areas.

e The droplet is assumed to be homogenous. This assumption is valid except close to the
metal surface and at the liquid/vapor interface. The corrosion model FREECORP
incorporates the gradient of concentration at the metal surface through the use of the mass
transfer coefficient [126].

e The different chemical reactions involved in the CO,/H,0/CH;COOH system considered are
listed in Section 1.3 (H,S is not considered in this section):

7.3.4.1 Step 1 - Initial uniform corrosion

The first droplets of condensed water form at the steel surface due to the gradient of

temperature between the steel and the vapor phase. The vapor condenses, forming small

droplets, which rapidly coalesce to form larger droplets. The entire surface is wetted either by a

thin film or by large droplets.
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The chemistry of freshly condensed water is very aggressive and the steel corrodes

uniformly at a high rate initially. The release of Fe®" ions in solution leads to an increase in pH

and a consequent decease in corrosion. The dilution effect due to the continuous water

condensation retards the rise in Fe?* concentration. In theory, if the WCR is high enough, it could

prevent any significant buildup of the Fe*" concentration, but this is not practically observed
(except at low temperature).

Figure 161 represents the evolution of pH, SSiecos and corrosion rate during this initial

step. The FREECORP corrosion rate responds to the change in bulk droplet pH but also to the

rise in Fe** concentration and the formation of a not yet protective FeCO; on the entire steel

surface.
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Figure 161: Initial steps of uniform corrosion on “film-free” steel surface
Teteei=35°C, WCR=1 ml/m?*/s, pCO,=3 bars, SSreco3 max=10
100% of the steel surface is corroded uniformly — No localized corrosion

A mole balance is performed on the Fe**ion concentration in order to represent the

evolution of the system:

dlper] 1

P —WCR x [Fe** ]| Eq (7-16)

cr

BareSteel



254
With: Fe?": Concentration of iron ion (mol/m?)

d[Fe2+]: Small change in Fe?* concentration around the saturation value (mol/m?).

t: Time (s)

CReare steel: COrrosion rate calculated by Freecorp (mol/m?%/s)

WCR: Water condensation rate (m?/m?/s)

6: Liquid film thickness, assumed constant at 0.01 (m)

The actual volume of the condensed water film has no impact on the determination of
sustainability of localized corrosion. Consequently, the thickness of the liquid film is set at a
fixed value.

7.3.4.2 Step 2 — Formation and breakdown of the FeCOs layer

Once the FeCO; super saturation reaches the value of 10, the concentration of Fe*
cannot rise any further and any additional Fe** ions released in solution precipitate as FeCO; as
it cannot exist as “free” solution. A distinction is made here between the “free Fe** ions” (which
can exist freely in solution) and the “excess Fe** at saturation” (which should immediately
precipitate). It is understood that the reaction kinetics play an important role and that the
transition cannot be as sudden as proposed.

The FeCO; layer forms at the metal surface, initially uniformly since the droplet
chemistry is assumed to be uniform. This is verified by experimental evidence which shows a
rather uniform FeCOj; layer covering the entire metal surface of a steel sample exposed to TLC

for a short duration (1-2 days).
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Figure 162: Formation of a uniform FeCO3 layer after short term exposure
Tgas=70°C, WCR=0.25 ml/m2/s, pCO2=8 bars, Undissociated HAc=0 ppm
Exposure time: 2 days — No Localized corrosion

As the FeCO; forms on the metal surface, a mass transfer barrier is created, which
decreases the corrosion rate and consequently the flux of Fe®" ions in solution. The water
condensation is not affected by the FeCOs layer formation, diluting the Fe** concentration and
decreasing the SSFeCO;, which could reach an under-saturated level. The assumption here is
that the newly formed FeCOj;starts dissolving back into solution in order to maintain the FeCO;

saturation. The dissolution of FeCO3; may not be uniform on the steel surface and some areas

would expose the bare steel while others would remain covered, as shown in the drawing below.

Areas where FeCO; f.s ' fs
dissolved back in \. FeCO; layer
solution ! . - /

Flux of Fe** due
to corrosion
Droplet or film of
condensed water

Representation of
<+— freshly condensed

\ f / liquid

Representation of the dilution effect
of [Fe**] due to water condensation

Figure 163: Schematic representation of the initiation step of localized corrosion at the top of
the line
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The mole balance on the Fe?* concentration becomes, with the maximum surface area

affected by localized A ocalized COrrosion being an unknown variable:

d[Feh]:lX Al peatizea % CR

dt 5 ATatal
with  Ajgcaiized: Area not protected by FeCOs; (bare steel) (mz)

—WCR x [Fe2+ ] Eq (7-17)

BareSteel

Aroai: Area wetted by droplet (mz)
The FeCOj; precipitation rate should also be taken into account as a sink of Fe** ions. It is

calculated using the equation developed by Sun [27]:

Ey

PR=c¢ * x K, x(s~1) and [Fez+]>< [COaz_]

sp,FeCOy

with  PR: Precipitation rate converted in mol/m?/s

- Eq (7-18)
B: Constant (28.2)
Ea: Activation Energy (64850 J/mol)
R: Ideal gas law (J/K/mol)
s: FeCOs saturation
The choice of the expression of the equilibrium constant governing the iron carbonate
precipitation/dissolution (Ksp, reco3 )is also important, as many empirical equations exist. Recent
work proposed by Sun [27] suggests using the equation presented in Section 1.5.

Taking into account the precipitation rate, the mole balance on the Fe** concentration

becomes:
F 2+ 1 A ) A )
dlFet] 1 {L—’d X CRyy gt — (L ZLostizedy o R JCRx [Fe? | Eq (7-19)
dt o ATotal Total

with  PR: Precipitation rate (mol/m?/s)
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Since the FeCO; supersaturation is never allowed to exceed 10, the FeCOs precipitation
rate term has very little influence on the overall balanced equation.
Whether or not the localized corrosion will initiate is the topic of the next section.
7.3.4.3 Step 3 — Determination of the sustainability of localized corrosion
Once the FeCOs; saturation reaches the value of 10, it is not permitted by the model to
go further since it is assumed that any excess Fe®* ions will be used for FeCO; precipitation. At
that point, the chemistry in the condensed water reaches its “saturation level” and the pH and
the Fe®* concentration become constant, as is the flux of Fe?* generated by corrosion and the

2+ «

flux of Fe”™ “consumed” by precipitation.

Any buildup of Fe®* concentration above the saturation value translates into
overwhelming FeCOs precipitation and the impossibility of sustained localized corrosion. If the
Fe®* concentration oscillates around the saturation value, localized corrosion is possible.

The steady state version of Equation Eq (7-19) can be used as the criterion to determine

how much of the steel surface area can sustain localized corrosion (bare steel corrosion) under

the conditions simulated:

A calize A ocalize +
M X CRBareSteel - (1 - L—ld) X PR = WCR X [Fez ]Satumt[an Eq (7'20)
ATotal Total
A — ATntal ’ (WCR x lFez+ JSaruration + PR) Eq (7'21)
Focatized CRBareSteel - P R

The percentage of surface area affected by localized corrosion is set as an input and the
model predicts if localized corrosion is sustainable in this condition. In Figure 164, the

percentage area affected by localized corrosion is set at 50% (Aiocslized/Atota=50%). The
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concentration of Fe’* ions released in solution clearly exceeds the "saturation" concentration.

This is a sign that localized corrosion cannot be sustained on 50% of the surface area.
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Figure 164: Unsustainable localized corrosion

Tstee=35°C, WCR=0.05 ml/mz/s, pC02=3 bars, SSrecoz Max=10, A ocalized=4%

Localized corrosion cannot not be sustained on 50% of the surface area
Figure 165 to Figure 167 present examples on how the model calculates the likelihood

of localized corrosion based on environmental conditions.

- If less than 5% of the surface area remains “film-free” and actively corroded
(ALocatized/ Atota<5%), then it is likely that the localized corrosion will be unsustainable
(Figure 165). This is the case at very low WCRs. Because the WCR is never zero, the flux

of Fe*" ions coming from the steel cannot be zero, since the FeCO; saturation level has

to be maintained.
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If Alocalized/Atotal > 5%, sustainable localized corrosion is likely (Figure 166). In the
experiments performed for this study, this situation was clearly encountered at high
WCR and high steel temperature (above 0.4 mL/m?*/s and 30°C, respectively).
If 100% of the surface area can corrode (Aioized=Arotal), then the corrosion is purely
uniform (Figure 167). This is mostly the case at very low steel temperature, which is

often associated with very high WCR and low fluid temperature.
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Figure 165: Unsustainable localized corrosion
Teteei=35°C, WCR=0.05 ml/m?/s, pCO,=3 bars, SSrecos Max=10, Aiocalized=3%
3% of the steel surface can sustain localized corrosion at rate of 1 mm/year
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Figure 166: Sustainable localized corrosion
Taee=35°C, WCR=0.5 ml/m?/s, pCO,=3 bars, SStecos Max=10, Ajocalized=35%
35% of the steel surface can be corroded locally at a rate of 1 mm/year
200 4.5
180 - -4
160 - 35 =
— ©
£ 140 g
o F3 S
=Y ——EXxcess Fe2+ at saturation £
< 120 £
S ——Free Fe2+ in solution - 25Z
= 100 9
b= ¢ Localized corrosion rate 2 8
§ 80 €
£ 153
S 60 £
S
40 -1
20 - 0.5
0 T T T T T T T T 0
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

Time / (days)
Figure 167: Sustainable uniform corrosion
Teteei=35°C, WCR=1.4 ml/m?/s, pCO,=3 bars, SSrecos Max=10, Aiocalized=100%
100% of the steel surface can sustain a corrosion of 1 mm/year
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7.3.4.4 Step 4 — Localized corrosion propagation

The pit initially propagates in depth as the immediate surroundings are covered by
protective FeCOs3. However, it is expected that, as the localized process goes on, the corrosion
will also progress laterally, underneath the already existing FeCOs layer. Although the overall
flux of Fe* ions should remain constant in order to maintain the FeCO; saturation level, the
steel wall thickness loss rate will effectively decrease with time. Limitation in mass transfer may

also become significant depending on the overall morphology of the pit:

e Deep narrow pits would not be sustainable in this scenario.
e large mesa-type features are more likely to be encountered.
7.3.5 Model validation

The conditions of the experiments performed in Section 4.4 were used to validate the
model. Figure 168 presents the comparison between localized corrosion rates predicted by the
model and those measured during the experiments. The range of corrosion rate is in good
agreement, with lower gas temperatures generally leading to lower corrosion rates and higher
acetic acid content leading to higher corrosion rates. However, at a given gas temperature, the
model predicts lower corrosion rates as the steel temperature decreases (i.e. when the WCR is
increasing), which is contradictory to laboratory experience. The dependency of the FREECORP
model on temperature is not in question here. The discrepancy most likely comes from
simplifications made for the model regarding localized feature morphologies. In this approach,
corrosion rates are equated to steel penetration rates. Mass transfer limitations encountered
for narrow pits (often associated with low WCR and steel higher temperature) should limit the
steel penetration rate. This limitation should disappear when most of the steel surface is

affected by localized corrosion.
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Figure 168: Model validation / Comparison between experimental data and model predictions
SSrecoz Max=10

Figure 169 presents the comparison in terms of percentage area affected by localized
corrosion between predictions and experiments. At a maximum FeCO; supersaturation of 10,
there is quite good agreement at high gas temperatures (Tests #1 and #4 with Tg= 60°C).
However, the agreement is not as good at lower gas temperatures (Tests #2 and #3, with Tg,=
42 and 25°C, respectively). This discrepancy most likely comes from the assumption made about
the maximum FeCOj; supersaturation level that can be effectively sustained. While a number of
experimental data validate the SSrecoz maximum value of 10 at high temperatures [125],
published data obtained at lower temperatures are scarcer. However, it is fully expected that
the SSgecos maximum value should be higher as the temperature decreases, following the trend

of FeCO; solubility. Figure 170 presents simulation results obtained with different levels of
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SSrecos Maximum value:SSgecos Max=10 at Tg,=60°C; SSrecos Max=26 at Tg=42°C; and SSeecos

max=53 at Tg,=25°C. Here the agreement with experimental data is much better.
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Figure 169: Model validation / Comparison between experimental data and model predictions

SSFeCO3 max=10
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Figure 170: Model validation / Comparison between experimental data and model predictions

SSrecoz Max=10 at Tz,=60°C, SSrecos Max=26 at Ty=42°C and SSgecos Max=53 at Tg,=25°C

7.3.6  Model context and limitations

As mentioned earlier, the present model is inspired from an approach originally

developed by Olsen [64], the main concept being that the FeCO; layer needs to be challenged in

some way in order to enable the initiation of localized corrosion. In the case of TLC, the main

challenging “agent” is the renewal of freshly condensed water (i.e. the water condensation rate)

which requires active corrosion of the steel in order to maintian saturation in FeCOs. Several

modeling approaches, specific to TLC, have been proposed by Pots et al. [60], Nyborg et al. [110],

Vitse et al. [75-77] or Zhang et al. [83]. They all include the effect of the water condensation rate

and can predict with more or less accuracy the overall wall thickness loss of the pipeline.

However, these modeling efforts are all uniform corrosion in nature and do not consider the
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occurrence of localized corrosion in the TLC, which is quite unfortunate since TLC is inherently a

localized corrosion process. The present model aims at covering this gap by proposing an

explaination on how localized corrosion is initiated and grows with time. Overall, the corrosion

occurring at the bottom of active localized features is still uniform in nature as the steel surface

is bare of any corrosion product. Consequently, the different TLC prediction models proposed by

other authors are not unvalidated by the present model, which only attempt to address the

occurrence of localized corrosion.

model:

There are a number of limitations that need to be considered in this localized TLC

The model is highly dependent on the accuracy of the corrosion rate prediction at FeCO3
saturation (i.e. FREECORP model). Although the most widely accepted equation for
FeCO; precipitation rate and FeCOs solubility are used, the approach selected in
FREECORP to incorporate the effect of FeCOjs layer is still mostly empirical.

The model does not consider specific morphologies of the localized features (for
example, narrow or wide pits). In this sense, the model does not predict a steady state
localized wall thickness loss rate (i.e. steel penetration rate), as mass transfer limitations
could widely affect the results, especially if pits are narrow.

Surface pH values are reported to be one or two units higher at the steel surface than in
the bulk droplet [121]. This should create a considerable driving force for FeCO;
precipitation on the bare steel surface. However, this was not experimentally observed
at the surface of active localized corrosion features. The kinetics of FeCO; precipitation

versus steel dissolution could provide some explanation.
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7.4  Summary

A modeling approach, based on the observations made during the experimental part of
the work, was proposed for the prediction of the localized attack in a top of the line corrosion
scenario. A mechanism for the prediction of the onset and propagation of localized corrosion is
proposed. The concept of FeCOs saturation level is used as a key parameter in order to qualify
the corrosiveness of the condensed water, while the water condensation rate and the steel
temperature are defined as controlling to which degree (i.e., the percentage area affected by

localized corrosion) the localized attack is sustainable.

The model narrative is represented in Figure 171.

no film partially protective film fully prctective film

Higl uniform attack Low/high uniform attack Low uniform attack

No localized attack Localized attack No localized attack

100% = Ao 50% < A|,.<100% 50% < Ai,<5%

High WCR, high HAc,

No or non adherent
Moderate steel

Very low WCR, any

layer (Very low steel . Medium WCR, temperature
. temperature, Uniform . .
temperature) — Uniform . . Sustainable TLC No sustainable severe
. localized Corrosion
corrosion TLC

Sustainable TLC
Figure 171: Narrative of localized TLC - (Adapted from [118] - © NACE international 2004)
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CHAPTER 8 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE DEVELOPMENT

A number of large scale flow loop experiments were performed in order to investigate
the effect of different influencing parameters on top of the line corrosion (both uniform and
localized rates). This helped improve the understanding and build a narrative on how TLC occurs
is sweet and sour environments.

A new experimental setup (carbon steel inserts in flat slab) was also developed to
improve the quality of the experimental data. The new set of experiments was successful in
simulating TLC without obvious edge effects and in capturing the effect of the condensation rate.
Localized corrosion could be very clearly observed on the steel surface and correlated to the

condensation rate and the gas temperature.

Pitting/mesa corrosion is strongly related to the level of condensation applied to the

steel section.

- On the thermally insulated areas, localized corrosion is marginally observed but does
not grow with time after the first months of exposure.

- On the cooled section, pits still seem to be growing in depth with time and also form
clusters.

- In the presence of undissociated acetic acid, the extent of the corrosion attack was

much more severe compared to previous results obtained without acetic acid. Especially,

the condensation rate did not seem to have a strong effect on the maximum depth of

the corrosion features.

Despite several attempts, the presence or absence of a large droplet on the steel

surface could not be correlated directly to the extent of corrosion occurring underneath. It was
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therefore concluded that the corrosion is controlled only by the rate of water condensation and
the overall aggressiveness of the environment (CO,, acetic acid).

A modeling approach was proposed for the prediction of the localized attack in a top of
the line corrosion scenario. The method is based on the observation made during the
experimental part of the work and presents a mechanism for the prediction of the onset and
propagation of localized corrosion. The FeCO; saturation level plays a key role in defining the
overall corrosiveness of the condensed water. The condensation rate controls the degree to
which localized attack is sustainable.

The following points present a few recommendations on how this work could be
extended:

e Further study on the mechanisms of sour TLC is warranted. Especially of interest are the
correlation between the types of iron sulfide polymorphs that can form corrosion
product layers in relation to the extent of corrosion and the range of conditions where
iron sulfide and iron carbonate can both form at the metal surface.

e The chemistry of H,0/H,S/CO, systems should also be studied further, with a focus on
condensed water scenarios (i.e., weak electrolyte).

e Being able to measure the chemistry of the condensed water (pH, Fe®* ions
concentration), as the corrosion is occurring, would also be of great benefit, both in sour
and sweet systems. This would help further validate the model of localized corrosion
proposed in this work.

e The two dimensional modeling of the chemistry and the corrosion inside a pit would be
useful both in a CO, dominated TLC scenario and for CO, corrosion in general. The

specific geometry would have to be taken into account together with associated mass
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transfer limitations. This could also be extended to sour environments when the

knowledge is mature.
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APPENDIXA  MOMENTUM BALANCE FOR FLOW REGIME PREDICTION
A.1  Momentum balance and determination of liquid holdup
In stratified flow, liquid flows at the bottom of the line while gas flows concurrently at
the top. As in the cross section of a pipeline drawn in Figure 163, part of the volume is occupied

by the liquid, whereas the gas fills the remainder.

S,
Figure 172: Schematic of the cross section of a pipe in gas-liquid two-phase flow
(Ag: area coved by gas, A.: area coved by liquid, Sg: wetted length of the gas phase, S;: wetted
length of the liquid phase, S;: the boundary length at gas-liquid interface, h: liquid holdup)

Momentum balance equations were established on both phases according to Taitel [3].

—AL[z—I;j—TWLSL +7,8 +p,4,g5iIna=0 Eq (A-1)
—A; (%) —TyeSe + 7,8, + psA;gsina =0 Eq (A-2)
where:
T Shear stress at the interface of liquid-wall (zy,), gas-liquid (7;), and wall-gas (zys),
[Pa]
o Angle between the pipe and the horizontal (positive for downward flow), [°]
A: Area of the different phases in a cross section, [m?]

S: Wetted length of different phases, [m]
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oJB Liquid density, [kg/m?]
7% Liquid viscosity, [Pa s]

Pc: Gas density, [kg/m°]

Ug: Gas viscosity, [Pa s]
g: Gravity, [m/s’]
D: Pipe diameter, [m]

Pressure drop is the same for these two equations. Substituting one equation for
another one, the liquid holdup h, can be evaluated through the liquid and gas cross section
areas A and Ag.

TWGj_Z_TWLj_i-FTiSi[ALL_'—iJ-’-(pL —pG)gSina =0 Eq (A-3)

From the basic definition in flow dynamics, the conventional equation of the shear

stress on the gas side of a gas-liquid interface is:

‘pG '(UG _UL)'|UG _UL|

r =f Eq (A-4)
2

where:

f Interfacial friction factor at the gas side

Ug: Actual gas velocity, m/s

U Actual liquid velocity, m/s

Similarly, equations of the interfacial shear stress between gas and pipe wall and

between liquid and pipe wall are given, respectively:
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TG:fG% TL:prlejL
where:
fo: Gas/wall friction factor
fi: Liquid/wall friction factor

Usually, friction factors can be calculated through:

f = CL(pLDLUL J_n fi= CG(IOGDGUG jm

My He

where:

C: Constant (= 0.046 for turbulent flow or = 16 for laminar flow)

Cs: Constant (= 0.046 for turbulent flow or = 16 for laminar flow)

m: Constant (= 0.2 for turbulent flow or = 1 for laminar flow)

n: Constant (= 0.2 for turbulent flow or = 1 for laminar flow)

D;: Liquid hydraulic diameter, m

Dg: Gas hydraulic diameter, m

More specifically, the determination of these friction factors was refined when
appropriate depending on the Reynolds number. The approach developed by Zingrang [127] was
used to determine the friction factor (Fanning rather than Darcy-Weisbach friction factor). The
modifications are listed below:

For a gas or liquid Reynolds number below 2000:

16

! =Re

Eq (A-5)
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e For2000< (RegorRe,) < 2500:

-2
16 e 4518 e )" 69
= Max|—,4-|-2-1lo - -lo +— Eq (A-6
J = Max| oo [ 9(3.7-0 Re 9[(3_7_1)) Rem a (A-6)
where:
& Steel porosity, m

e For (Reg or Re,) > 2500:

-2
e 4518 e Y 69
—4.]—2.1 _ I8 22 Eq (A-7
! { 09(3.7-1) Re 09((3.7-1)] +Rem a (A7)

The determination of the interfacial friction factor f was developed based on an

approach proposed by Baker [128] and Shoham [129], as follows:

e Forinternal pipe diameter > 5”

1.11 -
f,=4-{-2-log & —4'518.Iog ( & j +6'9 Eq (A-8)
3.7-D Re, 3.7-D Re.
2
U 340
| 20 x| £ 2L | <0.005 then & =— %%
Pr Ogr pe U
U 2
If Pq. X He ' Yr >0.005 then
Pr Oy
2 0.3
U
170'O-GL' (pGJX(/LlG LJ
Pr Ogr
g =
' Pa 'UL2
where:
o6t Gas liquid surface tension, N/m

However, € = Max(g, g) and if &> 0.25 then £,=0.25 h,.

e Forinternal pipe diameter < 5”
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f, =0.0142 Eq (A-9)

Substituting all of the corresponding parameters into the momentum balance, the liquid

holdup can be determined by evaluating the geometrical parameters as follows:

) 2 0.5
A, ZDT[ﬂ— Cosl(l— ZZL D + [1— ZgL ] : [1—[1— ZgL j J Eq (A-10)

A, =A- A, Eq (A-11)
2h

S.=D- [7: - Cosl(l— —LD Eq (A-12)
D

S, =85-8, Eq (A-13)

2m\2)
&=D{L{L-5jj Eq (A-14)

A.2  Transition between stratified and non-stratified
As mentioned earlier, the most widely accepted mechanism for the transition between
stratified and slug/annular flow is the wave-mixing mechanism developed by Milne-Thomson [2]
and Taitel [3].
The transition criterion is developed through an analysis of the hydrodynamic
characteristics of the gas-liquid interface in the presence of unstable waves. According to Milne-
Thomson’s analysis, transition from stratified flow to intermittent/annular flow will happen

when waves can grow:

1/2
. L
Pc dh,

with:

2 2
A D E—COS_l(l—&j-i-(l— ZhL]- 1—[1—%j Eq (A-16)
4 D D D
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Z:Z =D- 1—(1— ZgL T Eq (A-17)
where:
Ug: Gas velocity, m/s
g: Gravity, m/s’

ol Density of the gas, kg/m?
o Density of the liquid, kg/m’*

hg: Liquid height in pipe (liquid holdup), m

o angle between the pipe and the horizontal (positive for downward flow), °
D: Pipe diameter, m
Ag: area covered by gas, m?

A.3  Transition between stratified-smooth and stratified-wavy

The stratified flow regime can be divided into two subdivisions: stratified-smooth and
stratified-wavy. At the transition between these two types of stratified flow, the gas flow
increases and starts forming waves but is still low enough that it does not lead to significant
wave growth (i.e., the waves do not reach the top of the pipe). The waves are initiated when the
gas/liquid interfacial shear stress can overcome viscous dissipation, holding the liquid phase
stable and smooth [3].

According to the criterion developed in Taitel’s work [3] (based on earlier work from
Jeffreys [130]), the transition from stratified-smooth to stratified-wavy occurs when the gas

velocity exceeds:

Eq (A-18)

1/2

U.> v, -g(p, _pc)'cos(a)}

G2
s pg-U,

with:



UL:

S:

VL:

Liquid velocity, m/s
Sheltering coefficient (set at 0.06) [131]

Liquid kinetic viscosity, m?/s
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APPENDIXB  SIMULATION OF FLOW DISTURBANCE CREATED BY TEST SECTION GEOMETRY
B.1 Introduction

Some concerns have been raised about the experimental errors induced by using flat
samples in a 4’ ID pipe. Unwanted artificial edge effects appeared in previous experiments,
consequently affecting the results obtained at the top of the line.

As a remedy, it was proposed to use a 4” ID carbon steel spool piece in the loop.
However, even if the edge effects were eliminated, the wall curvature corresponding to a 4” ID
pipe is still completely different from a 20” or 30” ID pipe typically found in the field. The wall
curvature is a very important parameter in TLC as it greatly influences the condensation regime.
On a curved surface (corresponding to a 4”), droplets tend to slide easily on the sides of the pipe.
On flatter surface (corresponding to 30” ID pipe), droplets can grow and remain attached to the
pipe wall for a much longer time.

Therefore, it was proposed to design a test section that would at once remove the edge
effects and also simulate a 30” pipe curvature at the top of the line. The top part of 4” ID
stainless steel pipe could be cut over a 1.5 — 2 meters length (see Figure 173) and replaced by a
flat stainless steel block (called slab). The difference of pipe curvature between 4” and 30” is so
large (see Figure 174) that it would be satisfactory to use a completely flat carbon steel block in
a 4”1D pipe. This way, the sample preparation would be also much easier, as there would be no

need to polish a curved sample.
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Figure 173: 4” ID stainless steel pipe with top part removed

re

”n ID

Figure 174: Difference in pipe curvature between 4” and a 30” ID pipes

Standard corrosion ports are drilled in the stainless steel piece to allow for the
introduction of weight loss or other corrosion measurement methods. This design is very similar
to a regular test section, the only difference being that the top part of the pipe is perfectly flat.
This way, the edge effects on the carbon steel samples would be avoided (as there is no
difference of curvature). Representations of the stainless steel section are shown in Figure 175,

Figure 176 and Figure 177.
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Figure 175: Schematic representation of the Flat Stainless steel Section

Figure 176: Frontal and cross sectional view of the Flat Stainless steel Section FSS

Figure 177: Cross section representation of the stainless steel section
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This design was used to build the test section, a photograph of which is shown in Figure
178. The next figure shows the inside of the pipe in the flow direction. The leading edge of the

slab, which has an angle of 45°, is clearly visible.

Figure 179: Inside of the pipe — View of the leading edge of the slab

B.2  Objectives
It is understood that the flow velocity in the “slab” section will be higher than in the

regular 4" ID pipe. It can be calculated and controlled. However, some concerns were raised as
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to whether the flow disturbance caused by the edge of the slab would lead to a non-fully
developed flow under the slab itself. This could lead to unrepresentative flow conditions in the
area closed to the corrosion ports. Consequently, corrosion results would be difficult to analyze,
because they could be affected by the peculiar flow instability.

The objective of this work is to simulate the flow conditions in this stainless steel section
and to evaluate the extent of the disturbance caused by the presence of the slab. This work is
done using the CAD software Fluent and Gambit.

The system is simulated in a 3D approach. Several gas velocities are tested while the
flow regime remains highly turbulent in all cases.

B.3  Problem simulation (mesh creation)

The pipe is created using the software Gambit.

A schematic of the mesh is shown Figure 180. The upstream section is shorter than the
downstream section since, as will be seen later, most of the flow disturbance occurs

downstream of the slab.
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Figure 180: 3D approach — Mesh of slab (entire view and close-up on the slab)
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B.4  Simulation results

The meshes created with Gambit are first scaled to the real dimension of the problem.
CO, was selected as the carrying gas and the total pressure was set at 3 bars. The standard k-
epsilon model was selected to model the turbulence. The total pressure was set at 3 bars
(experimental test conditions). The numerical method used to solve the Navier Stokes equation
was fully implicit.

The graphs shown below represent the profiles of velocity (or turbulence) once a steady
state has been reached. Two types of information are displayed in the following graphs:

e The velocity magnitude. This is the sum of the absolute values of the x, y, z velocities. In
the case of this study, it is very similar to the x- velocity.

e The turbulence intensity. This is the ratio between the root mean square of the
turbulent velocity fluctuations and the mean velocity. This value gives an indication of
the level of the turbulence based on the calculation of the turbulent energy.

The simulations were carried out for 5 and 10 m/s.

A typical 3D simulation enables the user to create a flow map of the entire volume
considered (in the case, the test section). An example of the type of results displayed is shown in
Figure 181. However, the portion of interest is located along the slab section on a longitudinal
cross section area (inside the pipe). It is therefore necessary to create imaginary planes of view
in order to study the “inside” of the pipe. The views selected are shown in Figure 182 and Figure
183.

It is also important to note that the black areas sometime observed on the flow maps
are most likely due to some graphical representation issues more than convergence instability of

the calculations. In fact, the mesh created with Gambit is “checked” by Fluent, and any error
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would be located early in the simulation. It is then believed that these black dots are due to
some limitations of the graphic capabilities of the computer.

The area of interest is the longitudinal cross section plane taken in the middle of the
slab. The results of the simulation for a gas velocity of 5 m/s are displayed in Figure 184 and
Figure 185. The results, associated with a gas velocity of 10 m/s, are shown in Figure 186 and
Figure 187.

It is clear that the flow is strongly disturbed by the presence of the slab. Under the slab
section, the gas velocity is locally increased by 30 to 50%, which is as expected. However, the
flow seems well established under the slab, meaning that there is no peculiar flow line observed.
Most of the disturbance actually appears downstream of the slab. The two leading edges of the
test section do highly affect the flow which, in return, will influence the corrosion process. Apart
from these edges, the horizontal portion of the slab does not seem affected by peculiar flow
lines or unexpectedly high level of turbulence.

The two simulations performed with the two gas velocities show very similar results. At
higher velocity, the turbulence fluctuation is carried out on a longer portion of the pipe.

However, even if common characteristics are observed, there are also fundamental
differences. It seems that the presence of the slab has, in general, a less dramatic effect on the
flow conditions. The gas velocity under the slab is at most only 30% greater compared to the
inlet velocity. The turbulence induced by the presence of the slab is also reduced, even if it
remains high close to the leading edges of the slab.

Overall, the flow seems well established under the slab, meaning that there is no

peculiar flow line observed. Most of the disturbance actually appears downstream of the slab.
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The two simulations performed with the two gas velocities show very similar results. At
higher velocity, the turbulence fluctuation is carried out on a longer portion of the pipe.

B.5 Conclusions

The presence of the slab section inside a regular 4” ID pipe does induce a strong change
in the flow conditions. The gas velocity increases locally by at least 30%, but the phenomenon is
completely expected and can be predicted and controlled.

There are no obvious local flow disturbances under the slab section that may cause
peculiar corrosion conditions. The flow is rapidly established and, apart from the two leading
edges of the slab, the level of turbulence is relatively constant at the locations where the
corrosion measurements are taken. It is recommended, however, to consider coating the
leading edges of the slab with Teflon. Even if they are valid, the severe corrosion issues expected
in these locations do not represent the phenomenon being reproduced (top of the line

corrosion).
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Figure 181: 3D approach — Velocity magnitude in m/s (mostly velocity | the direction of the flow) — Vgs: 5 m/s
Selection of view planes
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Figure 182: 3D approach — Velocity magnitude in m/s (mostly velocity | the direction of the flow) — Vgs: 5 m/s
Selection of view planes
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Figure 183: 3D approach — Velocity magnitude in m/s (mostly velocity | the direction of the flow) — Vgs: 5 m/s
Selection of view planes — Details on the slab section
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Figure 184: 3D approach — Velocity magnitude in m/s (mostly velocity | the direction of the flow) — Vgs: 5 m/s
Longitudinal plane - The flow direction is from left to right
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Figure 185: 3D approach — Turbulence intensity (non dimensional ratio of velocities) — Vs: 5 m/s
Longitudinal plane - The flow direction is from left to right
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Figure 186: 3D approach — Velocity magnitude in m/s (mostly velocity | the direction of the flow) — Vg: 10 m/s
Longitudinal plane - The flow direction is from left to right
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Figure 187: 3D approach — Turbulence intensity (non dimensional ratio of velocities) — Vs: 10 m/s
Longitudinal plane - The flow direction is from left to right
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APPENDIXC  CONSIDERATIONS ON STEEL MICROSTRUCTURE CHARACTERISTICS

The following section is extracted from an internal report completed in collaboration
with Dr Jose E. Ramirez from the Edison Welding institute [132].

C.1 Objectives

The long term experiments presented in section 4.4.2 were performed using carbon
steel inserts made of C1018 and X65. The two inserts made of C1018 came from suppliers (they
are labeled C1018(l) and C1018(lll)), while the X65 inserts were extruded from a single 20” ID
pipe spool. The chemical composition analysis is presented in Table 3 and Table 4. The C1018
steels showed very similar composition within the specification of C1018. The X65 was also
within specification.

The three steel samples (C1018(l), C1018(lll) and X65) were exposed to a CO,-containing
gas environment for a period of 3 months to evaluate their corrosion behavior. The
experimental conditions are summarized in Table 10. The main objective of this work was to
investigate if the differences in steel microstructure could significantly influence the long-term
corrosion behavior and consequently affect the results analysis.

C.2 Methodology

After exposure, the corrosion products covering the steel surface were removed by
treating the corroded surface with inhibited acid (Clarke’s solution: solution of HCI, antimony
trioxide, stannous chloride) in accordance with the ASTM G1-03 [74]. The analysis conducted
with these samples included evaluation of the general appearance of corrosion attack, and
analysis of the microstructure of the steel samples. For each of the three steel samples, a
section of the slab corresponding with the zone exposed to the highest condensation rate was

selected for microstructure analysis. The steel samples were mounted and polished using 320-
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to 800-grit papers and 0.05um colloidal silica. After that, the samples were etched with 2% nital
solution (2%volume nitric acid and 98% volume alcohol) to prepare them for microstructural
analysis. Only the surface analyses performed in Tests #1, #2 and #4 are considered in this
section, as the steel grade used for Test #2 and Test #3 is identical (X65).

C.3  Results analysis
C.3.1 General Appearance of Corrosion Attack
The appearance of the corrosion attack was different in each sample in terms of the
pitting density and size. In Test #1 (T,,s=62°C, no acetic acid), the corroded surface presented a
high density of medium size pits. In Test #2 (T,,s=42°C, no acetic acid), the overall corrosion
attack was lower in intensity due to the lower temperature, but numerous pits could still be
clearly observed on the metal surface. The corrosion attack in Test #4 (T,,s=59°C, 1000ppm of
acetic acid) was more severe as compared to the other two samples; it presented less density of
pits but much larger pits as compare to the Baseline Test #1. In some areas of Test #4 samples
the pitting attack is so severe that it resembles gross general corrosion attack.
C.3.2  Microstructural Analysis of Steel Samples
The general microstructure observed in the steel samples of Test #1, Test #2 and Test #4
are shown in Figure 188 to Figure 190. As mentioned earlier, all three samples present a ferritic-
pearlitic microstructure, consisting of a mixture of ferrite (white constituent) and pearlite
colonies (black constituent). However, the steel samples present differences in microstructure
as related to the volume fraction, colony site and colony density of the pearlite constituent. The
steel sample from Test #2 (X65) contains the lowest-volume fraction of pearlite out of the three
samples. Additionally, fewer pearlite colonies are present in this sample, and they are also

smaller as compared to the other two steel samples. The volume fraction of pearlite and the
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pearlite colony size in the sample from Test #4 (C1018(lIl)) seem to be larger than those in the
sample from Test #1 (C1018(l)).

In order to identify micro-structural features that may be associated with the nucleation
of the pitting attack in the steel samples, the area close to the bottom of a shallow pit was
examined at a magnification of 500X in each of the 3 steel samples and is shown in Figure 188 to
Figure 190. At this high magnification, the difference in volume fraction, density and colony size
of the pearlite between the steel samples is confirmed. However, no specific microstructural
feature or preferential attack of either phase -- ferrite or pearlite -- was observed in any of the
steel samples. The sheer size of the corrosion features, which can easily reach 400-800 pum in
depth or width, is more than one order of magnitude larger than the ferrite and pearlite
colonies. Under these conditions, the steel microstructure could have an effect on the initiation
of localized corrosion, at the early stage of the experiments. However, any effect that may exist

would completely disappear with time, especially under long-term exposure.

re and general appearance of
corrosion attack at the bottom of a shallow pit observed in steel sample from Baseline Test #1
(C1018(1))
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Figure 189: Optical analysis - General microstructure and general appearance of
corrosion attack at the bottom of a shallow pit observed in steel sample from Test #4 (C1018(lll))

at the bottom of a shallow pit observed in steel sample from Test #2 (X65)

C.4  Summary
In order to identify micro-structural features that may be associated with the nucleation
of the pitting attach in the steel samples, the area close to the bottom of a shallow pit was
examined at a maghnification of 500X and higher (with optical microscope and SEM) in each of
the 3 steel samples. The difference in volume fraction, density and colony size of the pearlite
between the steel samples is confirmed. However, no specific microstructural feature or
preferential attack of either phase -- ferrite or pearlite -- was observed in any of the steel

samples.
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APPENDIXD  HEAT BALANCE DERIVATION FOR DROPWISE CONDENSATION

The phenomenon of dropwise condensation has been studied extensively over the past

sixty years. It can be described in terms of a four-stage scenario [99]: nucleation, growth,
coalescence and removal. It is commonly accepted that that nucleation is an essential feature of
dropwise condensation and that the existence of a thin film of liquid between the droplets is not
necessary [100]. An excellent review paper summarizing the early findings in terms of
mechanism and modeling was published by Rose [101] in 2002. Rose has published several
papers on the subject of dropwise condensation [102-104] over the past thirty years. As
dropwise condensation is a random process, the common approach is to calculate the heat flux
through a single droplet and to integrate the expression over an average distribution of drop

sizes:

0=[""q(IN()dr Eq (0-1)

With:  Q: Total heat flux (W/m?)
q(r): Heat flux through an individual droplet of radius r (W/m?)
N(r)dr: Number of drops per area with radius between r and r+dr (m™)

Fmax @nd rmin: Maximum and minimum radii of droplet (m)

The total heat flux includes the heat transfer due to the phase change and the presence
of non-condensable gas. It has been reported that the main resistance for heat transfer comes
from the presence of non-condensable gas [105-107]. The relationship between total heat flux

and condensation rate can be stated in the following way [83]:
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0=0,+0, =h, x(T7 -T# )+ WCRxH Eq (D-2)

with:  Q: Total heat flux (W/m?)
Qg: Heat flux through the gas boundary layer (W/m?)
Q.: Latent heat flux released by the phase change (W/m?)

hg: Heat transfer coefficient in the gas boundary layer (W/m?/K)
(Tbg -T# ): Temperature difference between bulk and vap/lig interface (K)

WCR: Water condensation rate (kg/m?/s)
Heg: Latent heat of evaporation/condensation (J/kg)

The heat transfer theory applied to dropwise condensation is well understood and has
been described and applied by many authors [133-136]. The approach involves the calculation
of the heat resistances caused by the presence of non-condensable gas, the curvature of the
droplet, the vapor/liquid interface, the liquid thickness and the promoter surface itself.
Assuming that the shape of the drop is hemispherical, a basic representation of the scenario is

shown in the picture below:

(Tow: outer promoter temperature; Tiw: inner
promoter temperature; Tid: interfacial
temperature in the liquid side; Tig: interfacial
temperature in the gas side; Tbg: bulk gas
temperature)

Figure 191: Temperature gradient for a single droplet (Reproduced from [83] - © NACE
international 2007)
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The difference in temperature between the vapor and the condensing surface can be

expressed as:

AT = AT, + AT, + AT, + AT, Eq (D-3)

With  AT: Total temperature difference (Tig —TDW) (K)
AT.: Temperature drop due to droplet curvature (K)
AT;: Temperature drop at the vapor/liquid interface (T,.g - T,.d ) (K)
AT4: Temperature drop in the liquid layer (Tl.d - TI.W) (K)

AT,,: Temperature drop in the promoter layer (Tl.w — To"’) (K)

The different temperature drops are calculated this way:

e Temperature drop due to droplet curvature [134]

2T o
AT, =—— Eq (D-4)
Hyrp,
With r: radius of the droplet (m)
o: vapor-liquid surface tension (N/m)
Pw! water density (kg/m?)
e Temperature drop due to vapor/liquid interface [137]
q
AT, = Eq (D-5
2m2hi q ( )

With  h;: Heat transfer coefficient at the droplet interface (W/m?%/K)
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e Temperature drop through the liquid droplet [138]
gxr

AT, = Eq (D-6
d 4717”2kc q ( )
With k.. Water thermal conductivity (W/m/K)
e Temperature drop through the promoter layer [134]
gxL
AT, = L Eq (D-7
w 47Z7"2kp q ( )

With  k,: Promoter thermal conductivity (W/m/K)

L,: Thickness of the promoter layer (m)

Finally, the heat flux through a single droplet can be expressed by combining all of the

equations above:

(1o 20 |
ngrpw

_ Eq (D-8
q(r) . 1 L q (D-8)

+ +
4ur*k, 2mr’h, 47272kp

With  q(r): Heat flux through an individual droplet of radius r (W/m?)
The accepted dropsize distribution is derived from an expression developed by Le Fevre

[139] in 1966 and is commonly used by many authors [101, 102, 140, 141] in the following form:

N(r)dr = 1><[rj_3dr Eq (D-9)

2
SXTXF" X e \ P

With  N(r)dr: number of drops per area with radius between r and r+dr (m™)
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r: Radius of the droplet
rmax.  the maximum droplet radius, m

The final equation becomes:

Tig(l— HZU J_Taw 2
Tmax rpw 3
h, x (T ~T# )+ WCRxH , = fg <t [ 7| 4 Eq(-10)
. Fin r 1 Lﬁ 3mr Tinax \ Tmax
2 + 2 + 2
Ak, 2m°h, Am’k,

The expressions of the size of the smallest viable (thermodynamically) droplet is [142]:

2T o

Toin =77 Eq (D-11)
H . p, AT

With: T, Saturation temperature (K)

The maximum droplet size based on a dimensional analysis is expressed as [102]:

05
Vax :Kx[ o J Eq (D-12)
P8

With:  K: Experimentally defined constant close to unity

g: Gravitational acceleration (m/s?)
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APPENDIX E DESCRIPTION OF THE FREECORP MODEL

This chapter presents a summary of the modeling approach developed by Nesic for the
FREECORP software [126]. More details can be found in the original publication. Being freely
available online, the aim of this software is to provide the corrosion community with a sound
mechanistic model for prediction of CO, and H,S internal corrosion of carbon steel pipelines.
Although FREECORP is capable of predicting corrosion rates in complex environments, this
appendix focuses on the CO,/HAc electrochemical model developed from three main sources
[24], [115], [25].

e Chemical and electrochemical reactions

The chemical and electrochemical reactions involved in H,0/CO,/HAc system are
already presented in Sections 1.3, 1.4 and 1.5. These reactions are consequently not repeated
here.

e Numerical calculation for CO,/HAc corrosion

The equation enabling the calculation of the corrosion rate is obtained using the total
current density of the anodic or cathodic reactions:

iM
- pFenF

w,Fe

CR Eq (E-1)

With: CR: corrosion rate (unit conversion factors are needed for appropriate unit);
iy: anodic current density, [A/m?];

M, re: atomic mass of iron, [kg/mol];
Pr, : density of iron, [kg/m>];

n: number of moles of electrons involved in iron oxidation, [2 mol./mol];
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F: Faraday’s constant.

The current density for the only oxidation reaction considered (iron oxidation) is
expressed as follows:

E Erev,Fe
bFe Eq (E_z)

corr

la,Fe = lo,Fe x 10

With: i, r: current density of iron oxidation, [A/m?];
io,re: €xchange current density of iron oxidation, [A/m?];
E: corrosion potential, [V];
E.., re: reversible potential of iron oxidation, [V];

be.: Tafel slope of iron oxidation, [V].

The total current density is expressed by using the charge transfer and limiting current

density for each cathodic reaction,

1 1 1

=t Eq (E-3)

lc lct llim

With: i, : current density of any cathodic reaction, [A/m?];
i, component of charge transfer current density, [A/m?];

Iim : component of limiting current density , [A/m’];

The concentrations of species at the metal surface are, in general, different from the

ones in the bulk solution, as some species are consumed and other produced by the chemical
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and, especially, electrochemical reactions. Species travel due to the subsequent concentration
gradients at different speeds, governed by their respective diffusion coefficient and by the
overall turbulence level of the liquid flow. FREECORP takes into account this important
phenomenon by considering a mass transfer coefficient in the expression of the limiting current.

The charge transfer current density of the cathodic reactions is calculated as follows,

E,, -E

rev. corr.

.. b Eq (E-4)
Ly =1, X 10 ) nFeCO3

With:  i,: exchange current density of cathodic reactions, A/m?;
E . :reversible potential of cathodic reactions, V;
b :Tafel slope of cathodic reactions, V;

Nreco, * Scale factors due to formation of FeCOs.

The limiting current density of the cathodic reactions (except for the H,CO; reduction,

which is chemical reaction limited [126]) are expressed as follows:

.d _
Lim = 77FeC03 ’ kmFCj

Eq (E-5)

With, km : mass transfer coefficient of corrosive species, m/s;

c,: bulk concentration of corrosive species, mol/m?;

The effect of iron carbonate is simulated using an empirical relationship in the form of

the scale factors Nreco, 1O enhance the accuracy of predictions. These scale factors were

developed based on experimental data and are defined as follows:
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X
C per cco§*

07
Nreco, = (SSF6C03) with SSpco, =—F—— Eq (E-6)
SPFeCO,

With: Cppor concentration of Fe?* in bulk solution, mol/L;

c : concentration of CO5” in bulk solution, mol/L;

cor
SSrecos: Saturation level in FeCO;, -;

Ksprecoa: Solubility product in FeCOs, mol/L.

Solving the charge balance below enables the calculation of the corrosion potential, and

consequently the corrosion rate:

1 nc

iia = Eq (E-7)
1

1
With: i, i.: anodic and cathodic current density, respectively, A/m?;

ng, n: total numbers of anodic and cathodic reactions, respectively.
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