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largest city in
Canada, Calgary
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pipeline industry
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World primary energy supply by source
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Net Zero

Pipelines for effective and
economic transmission of new
energies, contributing to the
net-zero target
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Today’s talk
focuses on
upstream
gathering
pipelines




Internal
corrosion is the
most important
mechanism

causing failure
of upstream
pipelines

6%

23% 46%

295

incidents

12%

Failure type
B Corrosion Internal
B Corrosion External

B Construction Deficiency Alberta Energy Regulator
B Other (AER), Pipeline
B Operator Error Performance in 2019,

Pipe Body Failure Calgary, Canada, Jul. 2020.



Internal corrosion of
pipelines is a complex
phenomenon.
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Fluid chemistry
CO,/H,S partial
pressure, solution pH,
salts, organic acids
(acetic acid), oil phase,
solid particles, etc.
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Operating condition

Temperature, pressure,
flow velocity, fluid
hydrodynamics, etc.
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Pipe geometry

Multiple factors affecting S
the corrosion processes elbow/bent, etc.
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Electrochemical cathodic reactions:

Chemical reactions:

C 2H' +2e=H, E57E°+—lnC2+
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. Ay 725 Cac - Cye Qilfield Corrosion Products
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HAc=H"+Ac Ke == Cone Cubic Fes Fe + HCO; = FeCOs + H* + 2e £ = +p Ing
Film formation: f‘gj Hexagonal Fe, S | fe s HCO- — FeCOn 1" 42 b RO G
o Pyrhotite | o| 2| | STy T e s T e 35T "t
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Fe** +C0O3;~ — FeCO;
— + 2
log H,S activity Fe + H,0 = Fe(OH), + 2H™ + 2e Es = 1 Gy




Thermodynamics of pipeline
internal corrosion

Evaluate corrosion likelihood under given
conditions and determine the dominant
partial reactions.

For chemical reactions, derive the reaction
equilibrium constants.

For electrochemical reactions,

— calculate standard electrode potentials
by Gibbs free energy.

— determine partial reaction potentials
by Nernst equation.

Constant

K; 145 () (2:27+5.65:x10° T;-8.06:10°°T; +0.075])
— 1D0Z58

K, = 0.00258

Py 3 G2 5 12
K3 — 3876 x -10—|b.4]—].594-10 T+8.52 10T —3.07x10"P- 04772~ +0.11800)
Ks = 1Q—110-61-4.9710 ;41331107 17 - 2,624 107 P-1.1661' # +.0.34661)
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( R G R 150065
Ke — 1\18-67257-0.0076792T ~6.50923 log Ty 5.2
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H* 0 co? —527.9
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Copper wire

02 [—0.25m/s
- ——0.5m/s
w —1mls
0.4+
3 ——1.5mis
G 06
= S
© -0.8+
I
L 1.0+
O
o
1.2+
_14 1 | 1 | 1
1E-6 1E-5 1E4 1E-3 0.01
Current Density (A/cm?)
(@ 0.0
02 [°C
—45°C
W g4 ——60°C
8 —75°C
g' -0.6 -
2
T -0.8 -
c
L 10t
o
a
1.2+
'14 T ToTrTTTTTT TorTrTTTT T TrTTThT LR |

1E-6

1E-6 1E-4 1E-3
Current Density (A/cm®)

0.01

Zimag (Ohms cm’)

Zimag (Ohms cm’)

\

10

—m—0.25 m/s
—eo—0.5m/s
—4—1.0m/s
—v—1.5m/s

WIS
| ..UJ.'

-10 0

10 20 30 40 50 BU 70 80 90 100
Zreal (Ohms cm )

90l (a)

—m—35°C
—e—45°C
—a—60°C
—v—75°C

347#

1
-10 0

10 20 30 40 50 60 70 80 90 100
Zreal (Ohms cm )




©

UNIVERSITY OF

CALGARY

04l E
® 08¢ -
3 1-- glacirods & 1 £
T gl 2-cleciode s 2 =
g 3-- alecirode &3 g
B 4--glectrode # 4 5
5 elecirode £ 5
A0F & dlecirode £ 6
7--alecirode & 7
0.6 L L L L L
42 L L L L i
10*° 10* 10* 107 107 10"

Current Density (A/cm®)

' em’




©

UNIVERSITY OF

CALGARY

Potential (V Vs. SCE)

1.04 1——1000rpm
: 2- - -2000rpm
3 ----3000rpm
1.2 4—-—- 4000rpm
) 5---—- 5000rpm
6----- 6000rpm
-1.44
T O il T
10° 10° 10" 10° 10°
Current Density (A/cm?)
1,11
i “ix i, nFAKC, " nFAky,Co
1 1

= RFACoko exp(—anF1/RT) ©

0.62nFAD}® w1/2y-1/8C4

i, (Alem?)

0.29 1 1000rpm, without oil .
0.1] % - -3000rpm, without ol A
3 - - - 5000rpm, without oil A
— 0.0 4--— 1000rpm, with 10% oil )
] 5---—- 3000rpm, with 10% oil A
@ 014 &----- 5000rpm, with 10% oil .
Wi
=
S 02
= 0.3
5
5 -0.44
o
0.5
08
07 . ; ; :
1E6 1E5 1E4 1E3 0.1
Current Densitv (Alem’)
0.0035
1 without oil
0.00304 o with 10% oil .
—— Linear fit
0.0025-
0.0020-
0.0015-
0.0010+
0.0005-
) l L T ) T U T T

-uz (radmfsm)

" (shm.em’)

o 0% oil
2 10% oil
& 30% oil

o\"'"fo

ﬁ"‘%

se R E o, o

o
o
OG‘

z :ohm.cm’}

= without oil
o with 10% woil
— Linear fit

.90

0.0028

T T T T
0.0029  0.0030

T T T T T
0.0031  0.0032 0.0033

T




UNIVERSITY OF

CALGARY

T=C+E

T=Cv+En+ G +E.
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X65 steel cylinder  In oilfeild formation
X65 steel wire _ water purged with
99.95% CO, at 60°C

2.0

\/
XA

Galvanic current (uA)

“'s'pﬁ‘}_'e‘v‘e‘;'):c 2.5/

° " »
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\\}\\ 0
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The galvanic coupling effect between the scale-covered steel
and bare steel at pores results in pitting corrosion.
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Pitting corrosion under sand
bed and its modeling for
prediction of pit growth
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= |n oil/gas industry, microbial corrosion has caused ~ 40% of all internal
corrosion events in pipelines.

Inorganic Solids
BaSO,

Gases Fes
co,
H,S

Production Platform

Bacteria

Terminal

Organic Acids
g

Acetic
Propiogic

\

Produced <
Water = B

- &

. "'. o® #'“c‘{jﬂii':'%l&"i‘f%
e v.‘."‘.:.-‘..,




Internal microbial corrosion
under deposit

Unique corrosive environments:
Deposit of a mixture of petroleum
sludge, sands, water, microorganism,
corrosion products, etc.

A dual role of the deposit in limited
supply of nutrients to bacteria and |
reduced disturbance to the biological = *
environment

Essential factors: Fluid flow, and
porosity of the deposit
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= Unique corrosive environments:

— A thin layer of electrolyte (or condensate water)

= Formation of a complete biofilm usually hard
= Deposit of corrosion products
= Essential factor: Electrolyte layer thickness

= |t will affect bacterial adhesion, corrosion reaction
mechanisms, corrosion product film, corrosion rate

= Difficulty in testing: Reproduce the thin electrolyte layer
containing bacteria and the formed biofilm
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Water chemistry

model for pipeline
corrosion prediction

INPUT

Pitzer model

equation of state T Protalr Pco, [Na"], [CIT. /

<

Fugacity Activity coefficients

= Solution pH is critical for coefficient
calculation of corrosion
rate in CO, corrosion
model.

[CO,], [H,CO3], [HCO47], [CO5?], [OHT], [H*]
— Sampling of solution for
pH measurements is

Yes
usually difficult, and pH =-log([H '.,) e S;IE:::pH
moreover, the measuring

results deviate from the
actual values.
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Validation of water chemistry modeling results




Water chemistry
model for corrosion
prediction

-
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Comparison of the
corrosion rate of X65
steel determined by
weight-loss testing
with the predicted
results by the
developed model
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mild steel

Bulk solution

Correction factors:

= Porosity of corrosion scale

= Erosive effect of sands

= Bacterial accelerating effect

Fe— Fe™ +2e

Ecarr _Erw( Fe)
ba(Fe]

ia(Fe) = iﬂ(Fe) 10

multi-physics field coupling model

(1) Fluid hydrodynamic sub-model
(Navier-Stokes equations )

p(%w ‘VV)=-Vp+uV¥V +F

V-V =0

(2) Mass-transfer sub-model
(Nernst-Planck equation)

9 _ V- [D?c—l’:‘: +Ec?q§]
dt kT

(3) Electrochemical corrosion sub-model
(Butler-Volmer equation)

2H" +2¢” > H,

2H,CO, +2¢ — H, +2HCO,

= +-d = +

tim{11°)

1 1 1 1 1 1

. . . F
Le(uyco,)  Ya(myco,)  him(m,c0,)




pH =5, pco, = 10,000 Pa pH=5,T=20°C
Qutput
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——30°C

—— r 0f ——40°C
Pipeline corrosion rate 00 : —=—pCO,=1Pa
Model Corrosion potential

—+—60°C —+—pCO,=10Pa
——pCO,=100 Pa
- Anodic/cathodic reaction
current densities
Current density
distributions

——pCO,=1000 Pa
—+—pCO,=10000 Pa
—+—pC0,=100000 Pa

Corrosion rate (mm/year)
Corrosion rate (mm/year)

5 [ 7
Flow velocity (m/s)

Flow velocity (m/s)

—s—Fe pH=5, pC02=10000 Pa, T=20 °C
— e H
——H,CO,

Modeling for pipeline CO,
corrosion rate

Current density (A!mz)

Flow velocity (m/s)




Internal corrosion
management

= |nternal corrosion models

— Locate corrosion occurrence,
especially pitting and erosive
corrosion

— Predict corrosion rate
— Predict pitting growth rate

= Corrosion mitigation and control
— Periodic pigging to clean
deposit/sludge

— The performance of
inhibitors/biocides is not satisfactory
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Pre- Indirect
assessment inspection

Model

Direct Post-
inspection assessment
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Pipeline internal corrosion: Mechanisms, modeling and management







