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i Importance of Corrosion in Oil and Gas Industry

O Introduction of oil and gas industry

Oil and Gas Field
Upstream

Transmission Pipeline

Middlestream

Oil Refinery

Downstream
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| Importance of Corrosion in Oil and Gas Industry

O Infrastructures of oil and gas industry

Downhole Gathering System Transmission| Oil Refinery

System Pipeline System

System

Drill Pipe N Pipeline .

: Pipeline Pipeline
Tubing Tanks
Tanks Pressure Vessels

Casing P V. I Pressure Vessels
ressure Vessels Valves

Tools Valves
Valves

Tubular Goods are the lifelines of the oil and gas industry.




i Importance of Corrosion in Oil and Gas Industry

O Corrosion is an interdiscipline in oil and gas industry

Mathematics

Organic

Chemistry Chemistry

Gas
Production

Heat Electro-
Treatment Chemistry

Metallic Polymer Oil and Gas
Metallurgy Materials Chemistry Transportation
Fracture Oil
@ .deChanics -
Elastic
Mechanics
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i Importance of Corrosion in Oil and Gas Industry

Uniform Corrosion Stress corrosion cracking

Pitting Corrosion Sulfide Corrosion Cracking

Erosion-Corrosion

High Temp. High Pressure Corrosion

Coupling Corrosion
Under-deposit Corrosion

~Erosion

- Differential Aeration Corrosion

~Hydrogen Induced Cracking-

{_Corrosion Under Insulation
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Importance of Corrosion in Oil and Gas Industry

Deformation

Stress

) Corrosion Failure Third
) Cracking modes Party
Damage
Quality
Defects

Over 60% failures of tubular goods used in oil and gas industry are related to corrosion.
7/73



| Importance of Corrosion in Oil and Gas Industry

O The cost of corrosion is more than money

Safety Environment Economy
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i Typical corrosion failures of downhole tubing and gathering pipeline
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Gathering Pipe Corrosion Perforation Clad Pipe Weld Corrosion Gathering Pipe Erosion-Corrosion Clad Pipe Bursting
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o Case 1: Downhole Tubing Corrosion Due to Acidizing

Research Activities

Tubing material(CS, 13Cr, CRAS)
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Acidizing Fracture Acidizing process is highly

Enhance oil & gas production corrosive to tubing
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. Case 2: Drill pipe, tubing, casing, gathering pipeline SCC due to H,S

Lol

Research Activities

Anti-SCC material R&D

Test method optimization

OCTG manufacturing process

optimization

| New chemicals R&D
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Typical H,S induced SCC of tubular goods used in oil and gas field
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Case 3: Downhole tubing SCC due to pack fluid

) |

CaCl,, NaBr, CaBr, ., ZnBr, Research Activities

HCOONa, HCOOK, HCOOCs Pack fluid selection and quality
control
Phosphate

Na,PO,. K,PO,+K,CrO,
Test method optimization

Tubing material optimization

OCTG manufacturing process

v i
sl |
R Weighd (Rt + SEBHIR) + 3% Weighd (Rt + ES) + /232 +CO2

13Cr Tubing SCC 13Cr Tubing SCC simulation
30~50 billion RMB lost of each well in various pack fluid

optimization
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Case 4: Tubing and gathering pipeline erosion-corrosion

Potentiostat and
scan generator
|

Research Activities

\/

Self-design test facility

Electolfte  petorence Counter
Electrode  Electrode

Impinging jet Full-scale test loop with HPHT

CFD simulation optimization
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Flow loop CFD Simulation

t=40.0s

Materials or coatings with

T ] ) resistance to abrasion
Erosion-corrosion caused by high

pressure high velocity fluids Erosion-corrosion test methods
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Case 5: Gathering Pipeline Under-deposit Corrosion
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Nonmetallic composite pipe

Research Activities

New inhibitor and coating

Nonmetallic composite and clad pipe

Small-diameter pipe inspection tools

Quick repair techniques
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| MIC in shale gas due to fracturing fluid

HYDRAULIC FRACTURING

Hydraulic Fracturing, often referred to as simply “fracking,” is a process where thousands of gallons of
water, sand and a mixture of chemicals are injected at o oly high 1 ground, This mixture
is used to extract and harvest the natural gas from shale rock formations deep in the ground, This process
has become controversial in the news today. While it has many positive benefits, such as a quick solution
for increasing the supply, it also may poise risks to the environment and communitites.
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Extracted gas is funneled
into a holdng tank where
Itis distributed to various

aquifiers ] groundwater
f contamination

e cv»ome water, kill
b.\clen.\ and dissolve

”Hydrofracking" zone

Mixture reaches the
end of the well where
the pressure couses
nearby shale rock to

Hydraulic fracturing in shale gas exploitation, ten thousand tons of water (Fracture fluid)and one

thousand tons of sand are needed for a single well.
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| MIC in shale gas due to fracturing fluid

> Fracture fluid was repeatedly used for hydraulic fracturing, which could breed

various bacteria, SRB, TGB, FB, etc.
» The MIC frequently occurred, the CR is prohibitively high, 5mm thick tubing was

perforated within 58 days in CNPC and Sinopec shale gas well.
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| MIC in shale gas due to fracturing fluid

MIC Failure Analysis of Gathering Pipeline
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| MIC in shale gas due to fracturing fluid

The CNPC-TGRI MIC lab is capable of conducting SRB, FB TGB culture, isolation,

sterilization, and analysis, as well as the MIC test under various conditions.

Fluorescence ‘icroscope
»

a3 E Ol FHGE S
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' MIC in shale gas due to fracturing fluid

ISO/AWI 21055 Corrosion of metals and alloys — Test method for microbiologically

influenced corrosion of oil and gas transmission pipelines is the first ISO standard related to

pipeline MIC test method.

cas™

BE W fx '

T/CSTM-5Q-2022-00626+

TC 1ISO/TC 156

ISO/AWI 271055

Corrosion of metals and alloys — Test method
for microbiologically influenced corrosion of oil
and gas transmission pipelines

ISO/AWI 21055
Corrosion of metals and alloys —Test method for microbiologically
influenced corrosion of oil and gas transmission pipelines

5o A A AR e R RS 6 B4
Dr. Juntao Yuan {ﬁﬁjﬁ"

CNPC Tubular Goods Research Institute Lab v ev ion method of b. icides for control of microbial corrosion
in oil and gas fields~
-

ISO/AWI 21055
ISO Standard for ISO TC 156 Summer Annual Conference CSTM Standard of
Pipeline MIC Test Method in Switzerland, 2023 Bactericide Test Method
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' Corrosion in CCUS-CO, Oil Displacement
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Why we care CCUS? Why ‘U’ is oil displacement? Why concern corrosion?
Utilization and Storage “d‘u;;\\; :‘:‘;’.?5::‘:‘ “‘\:2,"‘;:‘ caroon E E ¢ Eﬂﬁ:mﬁco&@m—:‘l’gﬁﬁﬁ RIEARNS

SRR, HERY, coﬂmalnx‘l

CCUS-EORSAA .
e
T3 DRtk A 2 B A S |

% - COEASHARERNEA

E =
;é cog) Tomsanans || NPANGNS
+ APy RECUERT |

3
i#

w2 % 7N
MEFEF2030EZBH#EHZE DS

A R
2% omasHaAYEA | | SR
O~ COMASHARBLMRA

q ) O COTREMRGNILA

\
O COmEASA

GCOFRARRIESS THERCOINNARS L
U 0RfNER  RRNLARAR

TV gETRE FuE SR BAETE (
CCUS) AHUEEIEIE,

Schematic Diagram of CO, Oil Displacement

CO, Storage 1 I
Enhanced Oil Recovery i Corrosion is one of the ten
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i Corrosion in CCUS-CO, Oil Displacement

Long- "
distance 32
transmission pump -
€O, gas pipeline co, COMPIESsOr | Injection
source transport well
P
_ .“p\l\'“
\n\er'“o ‘e59°' Downhole
string
_ Gathering
002d recovery ( Oil gas | pipeline Producing
evice separation
well
Natural Crude
gas ol
Schematic Diagram of the CO, QOil CO, pipeline
Displacement (parallel to ground) (Vertical to ground)

Pipeline and tubing are the lifelines of CCUS-CO, oil displacement.
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Corrosion in CCUS-CO, Qil Displacement

Conventional CO, Corrosion  CCUS-CO, Corrosion

Supercritical CO, induced tubing and casing corrosion

CO, containing acidic impurities induced SCC (Coal-fired power plants)

Supercritical CO, injection led to low temperature

4 Supercritical CO, induced packer rubber failure
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i Corrosion in CCUS-CO, Oil Displacement

CCUS-CO,

corrosion
|
Corrosion Fracture Scaling Rubber Low
sealing temperature

CO, corrosion Selection of R&D and Stress Under-deposit R&D and Expansion and Low-
of anti-corrosion evaluation of corrosion corrosion evaluation of cracking temperature
| string/pipeline = materials of . corrosion | crackingof [ mechanism ,. scale inhibitor .| mechanism of mechanical
string/pipeline inhibitor string rubber tube properties of

pipes




Corrosion in CCUS-CO, Qil Displacement

O The Influence of CO, Pressure on Corrosion Rate
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Corrosion in CCUS-CO, Qil Displacement

O The Influence of impurity on Corrosion Rate

» Single Impurity: SO, >H,S >0,
» Multi-impurities (H,S$/0,/S0,): 0,+S0O,+H,S > SO,+H,S > 0,+S0O, > O, + H,S
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' Corrosion in CCUS-CO, Oil Displacement

L PIPYIIO XXX

¢ PIPHIIO XXX

O The Influence of impurity on stress corrosion cracking

Acidic impurities induced SCC failures were founded in several oilfields.
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' Corrosion in CCUS-CO, Oil Displacement
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i Corrosion in CCUS-CO, Oil Displacement

O The Influence of Low Temp. on Tubing Mechanical Performance

» The lowest temp. in oilfield is -20°C when CO, was injected.

» CO, injection has no substantial influence on N80/P110 tubing mechanical performance.
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Corrosion in CCUS-CO, Oil Displacement

CO, Pipeline

Corrosion of supercritical CO, and
gas containing impurities

Fracture control of supercritical CO,
pipeline

Micro-leakage monitoring and
detection of supercritical CO, pipeline
Safety evaluation of supercritical C
pipeline

CO,-enhanced
Oil Production String /

Corrosion and scaling of supercritical CO,
and gas containing impurities

Stress corrosion cracking of acid gas
containing impurities

Crevice corrosion of threaded joint of string
Failure of packer rubber tube caused by
supercritical CO,

CO, Injection Tubing

Thread seal of supercritical CO, string
Failure of packer rubber tube caused by
supercritical CO,

Fatigue of CO, multi-round injection and
production string

Deterioration of mechanical properties of
pipes caused by low-temperature CO,
injection

Christmas tree safety caused by phase state
and temperature changes

Sealing reliability of packer caused by
phase state and temperature changes

CO,-enhanced
oil gathering pipeline

Corrosion of supercritical/high-concentration
CO, pipeline
Scaling of
CO, pipeline
Failure of supercritical/high-concentration CO,
pipeline joint

supercritical/high-concentration

Matching between supercritical CO, pipeline “‘

and non-metallic pipes
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— H, induced damage to transportation and storage infrastructure

________________________________________________________________________________________________________________________________________________________________________________________________________________________

Why we need H,? | Which infrastructures can be || Why we need to re-investigate |
| potentially damaged by H,? | hydrogen damage? '
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Carbon Peak and Neutrality
Hydrogen is considered an
extremely clean energy
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Liquified H, Vessel Solid H, Storage



| H, induced damage to transportation and storage infrastructure

The differences between Gaseous Hydrogen and Cathodic Hydrogen *

can derive hydrogen permeating
parameters in “gaseous”
environments.

and constant-flux model are well
established for derivation of
“cathodic” hydrogen permeating
parameters.

absorption

The amount of “gaseous” hydrogen o The amount of “cathodic” hydrogen Cy e G Strain-induced martensite
that adsorbs and absorb to steels is that adsorbs and absorbs to steels is I (Low-Nic) I (Low-Nizq)
usually limited. usually substantial. | I HIS? | HI%2
The “gaseous” H,,./H,,. process is o The “cathodic” H,4./H,,. process is § | |
sometimes reversible. basically one-way. H . y
The results obtained from “gaseous” o The results obtained from H I |
hydrogen-charging are frequently electrochemical hydrogen-charging : 1
scatter, and sometimes, even are usually reproducible. H I fTace mu:l
controversial. H B crick Crack growth Internal-H r Lrack growth,

Highlight 7: The testing results upon electrochemical hydrogen-charging are not Austenite | Austenite |

applicable to “gaseous” hydrogen conditions. (a) (b

Gap[_1: The standardized method for “gaseous” hydrogen-charging testing is yet established.
‘ ‘Gaseous’ ‘Cathodic”

“Gaseous” hydrogen, once o “Cathodic” hydrogen, once hydrogen hydrogen
permeating into steels, mostly permeating into steels, rapidly Amount generated
occupies tetrahedral void sites in Fe accumulate both lattice void sites to adsorb on steel Limited Substantial
lattice. The H,,, then diffuse towards and metallurgical traps, while a surface
varigus hydrogen Braps. diffusive process Is neg“gible. Permeation FGEA S D tnneetL One way from adsorption
There is no well-accepted model that © Both constant-concentration model pathway i e toyabsorption °

Testing results

Scattering, and
sometimes, controversial

Reproducible

Numerical model
to derive hydrogen

None

Constant concentration

Gap 2: The numerical models enabling analysis of “gaseous” permeating behavior
and quantification of hydrogen permeating parameters are yet developed.

model and constant flux
model

permeating
parameters
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i H, induced damage to transportation and storage infrastructure

Cathodic Hydrogen Test Facilities VS Gaseous Hydrogen Test Facilities

HPHT H, SSRT Test HPHT H, Permeation Test HTDS Test System
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H, induced damage to transportation and storage infrastructure

O The Influence of H, on Mechanical Properties
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H, induced damage to transportation and storage infrastructure

O Hydrogen Permeation

HTHP Gaseous H Permeation Test System

O Hydrogen Content

HTDS H Content Test System
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| Case 1: Corrosion and Scale Inhibitors

O Various problems encountered in oil and gas field

Foaming Stratification Poor Compatibility with other

Additives

% 4
5 B

Poor Compatibility with Poor Solubility Inhibitor Type Mis-choose
MDEA 40/73



Corrosion and Scale Inhibitors

Case 1l

O Inhibitor molecular design and synthesis
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| Case 1: Corrosion

and Scale Inhibitors

O Inhibitor Types

Acidizing Inhibitor
TG200%%! HSEEE IR

FEMFRATG201/TG201-11, M2007EFFH4(ER, ‘
ELAEEEAHBENA105F, BYS T RIFAIOMT
SN, AESRIBTIB R AN —TEXMER

Gathering Pipeline Inhibitor (CO,/H,S/CI)
TG500&7%! HBmEERsZ%

FEFEATG510. TG512, TG520. TG530, 7 .
SERF=EE I9iES, HEUS T RIFISER, B
BUN FZAI2TG530

Downhole Tubing Inhibitor
1670055 sHERT @)

FEMRNATHEHTGT05, RRINMRR TS
AR PRIIZESL HERTZR )RR

Injection water Inhibitor (O, and SRB)
‘ TG300&%5! 5K (iFK) &R
FEWFRASATG301, Hit#E20185F 3B AT IEEAHE
Ti Alloy Inhibitor
TGA400R%! IAEEEIEF

FENATHRAESHEERUFIIRE, EEsSENA

Circulating Water Inhibitor
TG5005%! fEHRIKZFe R

FENATFLWENKRS, BTRTHSHESS
Refinery Inhibitor (High Temperature)

TG600 Y5R35

BRIEENANTmARAERREERE
IRFITG60T, FERKRAMHE N
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| Case 1: Corrosion and Scale Inhibitors

O Inhibitor Applications

Various types of inhibitor have been applied in Tarim Oilfield, Changqing Oilfield,

Qinghai Oilfield since 2007, over 400 oil & gas wells, and over 5000 km gathering

pipelines.
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i Case 2: Room Temperature Curing Organic Coatings with No Solvent

O Various problems encountered in oil and gas field

_ — betF e
Pinhole ‘ Cracking ’

Room Temperature Curing— Energy Saving (No Need Electric Heat)

No Solvent—Environmental Friendly (No Toxic Chemicals) 44/73



Case 2: Room Temperature Curing Organic Coatings with No Solvent

O Coating Molecular Design and Synthesis
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i Case 2: Room Temperature Curing Organic Coatings with No Solvent

O Coating Lab Test and Spray

RIG KK B ECO,TE REERH S ES-COATHE
i ck O, 88 H.STRE 2w =R cl- CO,BE HSHE =E
4 (mg/L} {(MPa) {MPa) c) S ImaiL) (MPa) {MPa) <
I8~ 31877 08 05 %0 IR- 80059 12 035 120

Sam—

MEAZEL Ml

BERREL MBEhR& EENRERTER &

AREIZERE [ WA H NS H S B H BN H ARG
[ Hlon % 18 H AT H Hantr H W iR
o) e TRk V e '<‘ N AdnAE AR

Coating Spray Process in Factory Joint Design for Coated Line Pipes 46/73




i Case 2: Room Temperature Curing Organic Coatings with No Solvent

O Coating Applications

Tanks and Vessels

EDE=R. HEEAE
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i Case 3: Seamless Metallurgically Lined Pipe

O Two Types of Lined Pipe Used in Oil and Gas Field

B HE (Backingsteel)

,’,- o XNk S £iM44El (Carbon steel or alloyed steel)

/

R o #fkTHEBE (Mechanical properties)

l tHE/ZE (Lined/clad)
T AR (R
o fiiHERE (Corrosion performance)
m S8%3I0 (Composite type)
o {ES (Lined: mechanical bond)

® JAEE S (Clad: metallurgical bond)

Mechanical Metallurgically
Lined Pipe Clad Pipe

%TE'CE‘*% I’El%‘\‘.%::%
(NWES (BEHT) |




i Case 3: Seamless Metallurgically Lined Pipe

O The Failures of Mechanically Lined Pipe

Onshore Oilfield Offshore Oilfield
ELHSHINEEE (FREHEHE) BLLASHSKEE (FighaEHE)

e, . e §

-

YREEFFE2Weld Joint Cracking ¥R4ERSMWeld Joint Corrosion NEBE A BE LN TEE -



Case 3: Seamless Metallurgically Lined Pipe

O Manufacturing and Products

2Cr13, 3Cri3,

K55 Martensite
N80 X42 Super 13Cr etc Diameter:
R95 X52 304, 304L., 321, D60.5mm-~
Austenit
L.80 X46 Hetemie 316L etc DP406mm APL SCT Oil and gas
C90 60 i . sl drilli d
X Dual phase 2205, 2507 etc Thickness: oy 51 rtiing an
T9S X65 4.24mm~31 GB 6369 production
C110 X70 J5mm
P110 X80 Nickel 825, G3 etc
P110SS

§h#F Drill Pipe HEE Tubing/Casing gEiE Gathering Pipe B Fittings
50/73



Case 3: Seamless Metallurgically Lined Pipe

OO0 Fundamental Research

Stainless steel

Carbon steel

~
C
9 §
@D
o
< = <
(=
=
=
N
@
«— C [ =
2
[
-
<— C
>

825Alloy

» w
i °
T T

o
o
T

Critical shear strength, T/GPa

Nickel based alloy

Interface

Carbon steel

5 L
-0.04 -0.02

0.00

0.02

Distance to interface, d/mm

*Financially Supported by NSFC and CNPC

Carbon steel

Nickel based alloy

Interface

-0.04 -0.02 0.00 0.02

Distance to interface, d/pm

— Grain boundary of SS
- Grain boundary of CS
€ Carbon atom

& Precipitate

-C K== O K®m AlK-®SSiK® Mol 88 TiK — CrK &= MK/

FeK ®= CoK &= NiK &= CuK

®

825

0.0
—=— 880°C + 590°C
---910°C + 610°C

. —-a-= 1050°C + 650°C

de/dt, wt%/pm
S
o
T

Tempering time, t/min

G . v = o % T T

--C K == O K- AlK-wm-SiK-® Mol ® TiK= Crk® MnK |
FeK 8 CoK == NiK == CuK
20007 1o i p T E =0

\ ‘

1600 , A

1 By

®
&

L *.
¥
800 '..
{ }
A }2 - *
2 H a
400

‘},46 160 '_130_-260_ |
P110

P v

835 [ S

20 um Field of View

Model 1

Model 4

(T

!

wl Cr -

,\‘ W

bt \
l
’ ’ distance, d ,.: =
" Mo f
T bl
ap 1 ity
N
o :“dmarw\-.dy.: “

Model 2

.
o =
SRS
s "
w| TR
. - A
Soaa
Model 5

1400

70

ot

{
|
f
{

)

J’

— Fek

distance, djum

wl
/*h rw'\“'. ].\

Ni

\

J

i\
N
l

— NiK

Yo

distance, djum

@

] ®

51/73



Case 3: Seamless Metallurgically Lined Pipe

O Standard and Pilot project

1

INTERNATIONAL 1SO
STANDARD 24139-1

Petroleum and natural gas
industries — Corrosion resistant alloy
clad bends and fittings for pipeline
transportation system —

Part 1:

Clad bends

et du gaz naturs) — Goudes

1 INTERNATIONAL 1SO
STANDARD 24139-2

Petroleum and natural gas
industries — Corrosion resistant alloy
clad bends and fittings for pipeline
transportation system —

Part 2:

Clad fittings

Industrses du péerote ¢ du

- SOEMER il EE BRASSER  WEAN

O R | BN Wy WA e RIS A G U EOE SR K 106 s 2

e

TEAERRERER EHSIAE P i

ARTENEEE ST EF
S TFR RSN | Bw#:2023&78318 6:22 | wEE ;5775 MR
IR . SRR 316G 105 + 3L6L, A S TR TS

A T R G 1 S000HERITTTIR | FoFRET HRH MRIT IR AR DR SR,

FERSFFEANDARD | SEFFERLIS RO A2 A S | ELch R MO (dyRe o5 S5 o 2 T R SR
FRIGO%IA L. 75 L (HEHT (&SRS R ) | AR
EFHERE | SN | —RETFRINAPRPIRE | ARIERIRIER | ERmFRErRESR
WHGRIE . RSB RAERIT TR, A, MBI TR A S | EES S e
BEE IS BESKER, H RIS (IR, SRIC ) FORRESITIHY ARG,

FHRHE - MEE , TR IORS S IR T P RGOS + 316155 TR R S A L BD
ST 8 S B RA G RS - EBAIG LOS TR S PI BRI 3 1L TN IIURES S | RIS N Tamibss
SR, SN TALE | /S U TS ol TARTR T S 45T AR,

e 0 o G O S A T ST AR S T ST (ARG 47 S 8 M RIRGAT TR G 8 A RS | T
20226555 T Se PSRBT (EEOS AR AERG I | IX304SRELIBIIMISUR | LERBRIZAPI Spec SDP
PR, HISRRE R RAZRER10m , EPCTERREF20m,

MR AT 5105+ 3161 A Tl E T RIS Eth , BUATF
BOOOMTRIFFFR | F—HISAAIT 10000345 BRAIHIFIT |, 2A NIRERIE. WIREHSE =
PR, (RIRER AT AR T .

miLE%
Drill Pipe (Thread Design and Machining) Applied in Sinopec Northwest Oilfield 52/73




i Case 3: Seamless Metallurgically Lined Pipe

O Standard and Pilot project

RIFI53H7 | Ecﬁw T
Tublng and Casmg (Thread Design and Machmlng) Applled in Changqlng O|If|eld

HRER AR g IiEs &R Eh it

L245N+316L Eh—I /B HE ©159%x(5+1.5) mm 1.6 km 65% 7Kl 2.5MPa 1250 m3/d
P
BEEAE mmtb—ADTIE 089x@.5+LS)mm  L6km  32%RKE  3.0MPa  280mvd

= ﬁtéﬂ (55-—5. \‘m;m!—\'osza) T 'f—m (mg \093&4'1343) o 1S RENEA AR ORRERRE

Gathering Pipeline (Joint Design and Welding) Applied in Changqing Oilfield 53/73
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- Challenges for Corrosion and Protection in Oil & Gas Industry

Challenge 1: The prerequisite of corrosion protection in oil and gas industry, economically acceptable
Is the first priority, and then technically requiring the corrosion resistance as high as it can be

{[ 14 |]
NJJ} u)’

2 ~ s 3 4, X_3%
- al “

Money is indeed a problem

Money is not a big problem 55/73



_ Challenges for Corrosion and Protection in Oil & Gas Industry

Challenge 2: The balance between cost and performance (Corrosion Resistance)

Carbon Austenite/Martensite .Duplex R
Steel Stainless Steel Stainless Steel S

8~10 thousand RMB/ton 30~50 thousand RMB/ton 100~150 thousand RMB/ton 200~400 thousand RMB/on

——————————————————————————————————————————————————————————————————————————————————————————————————————————————————

LR L WE— BATKERESEER, SARAN: EHRASERXRRRENEE |

> FES. BATRARASNSLREN, BARAN: BHRE.

Single Well Production :I__ Material Selection |

Corrosion Environment

(P %

TEWHE S/l EERE BREM DOERAEE UHRES  BEA4% (028, 825 . 625, 63)
LEBA 0 psane WM

FQ00HT) & GURG) W Q00FT) R (<10

____________________________________________________________________________________________________________

_______________________________________________________________________________________________________

Input and output ratio Material Selection ~ Failure Probability
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_ Challenges for Corrosion and Protection in Oil & Gas Industry

Challenge 3: The discrepancy between lab test and field application

Lab Simulation Test Field Application Influencing factors

. Coupon surface state

Sample geometry and structure

l Flow pattern

Load/stress condition

Liquid and gaseous fluid

CO2/H2S partial Pressure

Macro/Micro Defects

Test methods and facilities

NO SCC happened SCC happened

57/73



_ Challenges for Corrosion and Protection in Oil & Gas Industry

Challenge 4: How to improve the long-lasting corrosion resistance of coatings

Before Use Service After Certain Time

Organic

Coating > >
Metallic

Coating S

58/73



. Challenges for Corrosion and Protection in Oil & Gas Indus

I

Challenge 5: How to improve the accuracy of the remaining life prediction
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T ourine

01 Importance of Corrosion in Oil and Gas Industry

02 Corrosion Case Study in Oil and Gas Field

Corrosion Case Study in Unconventional and New Energy

Corrosion Protection Techniques Developed by TGRI

Challenges for Corrosion and Protection in Oil & Gas Industry

Brief Introduction of CNPC TGRI Corrosion Research Team
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i The Mission of CNPC TGRI Corrosion Research Team

The Doctor of Oil & Gas Facilities: Protect the tubing/casing, pipeline, tanks and vessels from corrosion

Tubing and Casing Pipeline

(Vertical to ground) (Parallel to ground) Tanks and Vessels

__1Why corrosion 2 How to investigate 3 How to prevention 4 How to inspect or__5 what mitigation should be
occur? corrosion? before corrosion? monitor corrosion?  done to reduce corrosion?

a [T Erm OSSR ] iy R um ﬂﬂﬁ%ﬁlﬁtﬂﬁlﬁ?] agm ETE?’EET&D{W}?]E
ﬂﬂ' WHRE 7 5 i [T A8 o

Five

Things {4:




i The Corrosion Research Methodology of CNPC TGRI Corrosion Research Team

Small Scale Coupon Full Scale Tubular Coupon Field Pilot Test for
Screening Test Test for fithess-for-service Approve

J".iiuiit-_u

ERISHIE




i The Member of CNPC TGRI Corrosion Research Team

» 35 Employees
> 17 PhDs
> 9 Research Teams

MEX-FRIMEKZ
B, BIPAGEA

University of Calgary, Canada
PhD, Director

-
i\\\ ]
2 b, X5 | oy tmkE FREEEER
Lh e SRR B, HAmE . MR

Institute of Metal
Research, Academia
Sinica, PhD, MIC

Kyushu University, Japan Tohoku University, Japan Peking University
PhD, H, Material PhD, H, Material PhD, Chemicals R&D

)
'

FpRlREEFr BEZBEAF BEZBERTF BEZBEXF

Ht, oFiItE Et, REEH iHt, SEets o, MBMRSS
Institute of Metal Xian Jiaotong University  Xian Jiaotong University Xian Jiaotong University
Research, Academia PhD, Erosion-Corrosion PhD, H, Material PhD, Technical Service

Sinica, PhD, DFT 63/73



The Member of CNPC TGRI Corrosion Research Team

|
Oil and Gas Field
Corrosion Team

- —
o 4 Aol £

r

Pipeline Corrosion

Team h—
Refinery Corrosion )
. i - e\ ST
MIC C . T i (A LS MERE RRETIKE BIIXZ
orrosion ieam B, ERlGaH gL, e 5L, hEREM gL, mSHEMH
Northwestern Polytechnical Beijing University of Harbin Institute of Xiamen University, PhD, Oil
University, PhD, Advanced Aeronaut|c§ and Astronaflutlcs, Technology, PhD, Oil and and Gas Field Corrosion
Chemicals R&D Team Coating R&D PhD, Refinery Corrosion Gas Field Corrosion

Coating R&D Team

H2 Material Team

OROINIORUREAIWENE =

CCUS Corrosion Team REGHAS ISRETEAY KEAZ FEESEAY
EtEixE, S5H8 gL, iHHERE® 5L, i®EHAL gL, FEiAL
China Petroleum University, Harbin Engineering Changan University, PhD, Xian Jiaotong University,
Technician Team PhD, Composite Pipe University, PhD, Oil and Gas Coating R&D PhD, Coating R&D
Field Corrosion 64/73



The Research Areas of CNPC TGRI Corrosion Research Team

Corrosion and Protection of
Downhole Tubing and Casing

M SEFTHEERMITARSEEEERAR
> EM BT R TR B B AR

> MEEHIEM KRB MR A
> HEEBHENERERERATLZNA

» MHEERNREEFLEME

> EET A R MR

> HHEELFRRMS ST L RN
> BUEBRRERA RN BT
AR, &M EERET B
> AEIB B MBEARZF S R RS E AR A
> MERgmGHIENR

> AR B SR T ROR
> B EE R ERR/BREMA RAEERARUR
FRESMRALXENR

Corrosion and Protection of
Refinery Pipeline and Equipment

X

G

Corrosion and Protection of

Gathering and Transmission Pipeline

B RIT AR
> NEIRG BB AL TS R RS S TR A

HSEW K EBR M S AR AR

> MSIEEERE TR Efﬂﬁﬁﬂﬁ%ﬁlﬁ:‘%

> SR E P A9 I Pl SR AR Tt s MR Dh 5 2 e
BEfL

> KinESAAEE R R mAGaERATR. HRES

> EEIMAIE BRIV R BRR SRAPRR

JEE MM S FEFEERI & & i KB af s

> CCUSIE phH IR 53 B XUBS V6

> SR E ML TR

> K. COy BR. N,y ZILRREHEREMIT
h BGaERE AR

> MASH,S. CO,. HEBEMITASHNENR
> ZFNHM-REEM L

> BRESEERE AN R AR A

Corrosion and Protection of

Unconventional and New Energy
65/73



| The Facilities of CNPC TGRI Corrosion Research Team

1. Autoclave

Autoclave Cortest, USA, 5 Sets) Autoclave (Dalian, China, 15 Sets) Twined-Autoclave (Dalian, China, 1 Set)
70MPa/350°C/H,S/CO,/5m/s 30MPa/250°C/H,S/CO,/3m/s 30MPa/250°C/H,S/CO,/3m/s
» Autoclave(650°C/70MPa/H,S+CO,+H, ): Underground Coal Gasification, Shale oil In-situ
Transformation, heavy oil thermal recovery, etc.
» Autoclave(-50 °C~300 °C/70MPa/H,S+CO, ): CCUS-CO, Pipeline, Tubing, Rubber sealing.
66/73



| The Facilities of CNPC TGRI Corrosion Research Team

2. Electrochemistry Workstation

=R
i

4000A §
‘ e

High Pressure High Temperature Micro-Scanning

. . . _ Rotating Disk Electrode Array Electrode
Electrochemistry Workstation Electrochemistry Workstation
Facility TYPE SETS CAPACITY

Tradition Electrochemistry
Workstation
Micro-Scanning

Princeton P4000A, Wuhan Cortest 5 OCP, Polarization, Potentiostat, EIS, etc.

Electrochemistry Workstation vErsEs LA 1 SHED SR, B, S
Rotating Disk Electrode Pine 1 50~10000rpm
High Pressure High Temperature Princeton P4000A+CroTest 1 OCP, Polarization, Potentiostat, EIS, etc.
Electrochemistry Workstation Autocalve Under 0~35MPa, 0~350°C
Array Electrode / 1 1~1000Hz
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i The Facilities of CNPC TGRI Corrosion Research Team

3. SCC Test Facilities

The List of All the SCC Room Temperature and High Temperature and Full-Scale Tubing/Pipe
Test Facilities Atmospheric Pressure Test High Pressure Test Test
[RRERNADEEENRE] [“‘E'.%‘ESCCEB&%E] [EiEEESCCEISER) KQR‘ISCCMEI
Bk REEHAESN Tl 1 ik |

MAF RS $SE
mESH, CHF. REERRR | |0
i BERERNTRG -
BERUIENTRG -
195 TR W i iR 1 R G 14
BRETREFANEKEN 26
e SHSEPRREHEML R RS 1E
SPRBEH LR 2% B
EFHRGBITNRG 1%
O,+H,SER ) B2 77 i Dl it 3% 5E
REmE U 155 1Y S -

Ry RMA%E (DCPD) 16




| The Facilities of CNPC TGRI Corrosion Research Team

3. Full-Scale Tubing SCC Test Facilities

The full-scale tubing SCC test method has been approved as the AMPP Standard.

" 3 )
ce Nl
L L SO0 N SV LR VT B0 R0 P B b
L)
Gec™
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o RRIGARERTIEME D RSCRTTE | Tost mothod for b scal teosle
"W T, . 11t o o e v orvben by o oy oo nieg | §7268 COMORON tegEag of hubiny
Q/S\-IGR( e a8 casing - SP2156

k| FHEANAERETREAF RO LEL

ARRERERTENRNLARAL
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| The Facilities of CNPC TGRI Corrosion Research Team

3. Full Ring Ovalization SCC Test Facilities
The Determination of the susceptibility to cracking of line pipe in sour service-Full

ring ovalization test method has been approved as the China National Standard.

0.300 (m)
]

0075 0.225

1.944e+08
1.805e+08
1.666e+08
1.527e+08
1.388e+08
1.250e+08
1.111e+08
9.719e+07
8.331e+07
6.943e+07
5.555e+07
4.166e+07
2.778e+07

1.390e+07
1.618e+04
[Pa]

- -

Large Diameter Pipe ~ Small Diameter Pipe  Stress FE Simulation Cracking Characterization0 ;
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| The Facilities of CNPC TGRI Corrosion Research Team

4. Gaseous Hydrogen Test Facilities
HPHT H, SSRT Test HPHT H, Permeation Test HTDS Test System

[ERaSESERIIEHHELINRS] [SESESSSSEXLNRR] [RRIfZSEERSSHMNRS]

STREFELIFSEEMHTFIISER, WidEBHEESESHEPNS AJLABRBAFERSNSERI G
A TSIESHIRIEREERN(H, 5 @ BETH, SRS HRE. 8 HNES S8, SaRNMARNET
HEhih, (KEES. RO BRSNS 3iEEE. SERY. BENTES. 5. JUBRSSHiTA.




| The Facilities of CNPC TGRI Corrosion Research Team

5. MIC Test Facilities

Automatic Colony Counter [ F|U0"Yscence W”CI'OSCOPG

5
=] ‘

! b - ~ 125 '
ce Microscopy Analyzer Spectrophotometer
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Thank you for your attention!

Anqging(Andy) Fu, PhD/Professor/Director
+86-29-81887902 fuanqging@cnpc.com.cn
CNPC Tubular Goods Research Institute
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