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1

Welcome to the EFC Working Party Meeting

"Corrosion in Refinery and Petrochemistry" 
WP15

9 September 2020

EFC WP15 annual meeting 9 September 2020

EFC WP15 annual meeting  11 September 2019  Seville - Spain
2

EFC Working Parties

• WP 1: Corrosion Inhibition
• WP 3: High Temperature 
• WP 4: Nuclear Corrosion
• WP 5: Environmental Sensitive Fracture
• WP 6: Surface Science and Mechanisms of corrosion and protection
• WP 7: Education
• WP 8: Testing
• WP 9: Marine Corrosion
• WP 10: Microbial Corrosion
• WP 11: Corrosion of reinforcement in concrete
•WP 14: Coatings
• WP 15: Corrosion in the refinery  and petrochemistry industry 

(created in sept. 96 with John Harston as first chairman)
• WP 16: Cathodic protection
• WP 17: Automotive
• WP 18: Tribocorrosion
• WP 19: Corrosion of polymer materials
• WP 20: Corrosion by drinking waters
• WP 21: Corrosion of archaeological and historical artefacts
• WP 22: Corrosion control in  aerospace
• WP 23: Corrosion reliability of Electronics
• WP24: CO2 Corrosion in industrial applications
• Task Force on atmospheric corrosion
• NewTask Force Corrosion in green energies applications

http://www.efcweb.org
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3

European Federation of Corrosion  (EFC)

• Federation of 29 National Associations

• 22 Working Parties (WP) and 2 Task Forces

• Annual Corrosion congress « Eurocorr »

• Thematic workshops and symposiums

• Working Party meetings (for WP15  twice a year)

• Publications

for more information http://www.efcweb.org

Presentation of the activities of WP15

EFC WP15 annual meeting 9 September 2020

4

EFC Working Party 15  « Corrosion in Refinery and 
Petrochemistry » Activities

Chairman: Francois Ropital Deputy Chairman: Johan Van Roij

Information Exchange – Forum for Technology
Sharing of refinery materials /corrosion experiences by operating company 
representatives (ie corrosion atlas).
Sharing materials/ corrosion/ protection/ monitoring information by providers 

Eurocorr Conferences : organization of refinery session and joint session with 
other WPs  (2021 Budapest-Hungary, 2022 Berlin-Germany, 2023 Brussels-
Belgium)

WP Meetings
One WP 15 working party meeting in Spring, 
One meeting at Eurocorr in September in conjunction with the conference, 

Publications - Guidelines 

Web site : https://efcweb.org/Scientific+Groups/WP15_+Corrosion+in+the+Refinery
+and+Petrochemistry+Industry-p-38.html

EFC WP15 annual meeting 9 September 2020
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EFC Working Party 15  « Corrosion in Refinery and 
Petrochemistry »

List of the WP15 spring meetings : 

10 April 2003 Pernis - NL (Shell) 
8-9 March 2004 Milan -Italy (ENI)
17-18 March 2005 Trondheim- Norway (Statoil)
31 March 2006 Porto Maghera - Italy (ENI)
26 April 2007 Paris - France (Total)
15 April 2008 Leiden -NL (Nalco)
23 April 2009 Vienna - Austria (Borealis)
22 June 2010 Budapest - Hungary (MOL)
14 April 2011 Paris - France (EFC Head offices)
26 April 2012 Amsterdam - NL (Shell)
9 April 2013 Paris - France (Total)
8 April 2014 Mechelen - Belgium (Borealis)
14 April 2015 Leiden -NL (Nalco)
26 April 2016 Paris - France (Total)
13 April 2017 Frankfurt - Germany (EFC Head offices)
3 May 2018 Dalmine - Italy (Tenaris)
10 April 2019 Roma - Italy (Rina CSM)

6

Publications from WP15 – Forum Platform

•EFC Guideline n° 55 Corrosion Under Insulation  Editor: Gino de Landtsheer
The 3rd revision is now available
https://www.elsevier.com/books/corrosion-under-insulation-cui-guidelines/de-
landtsheer/978-0-12-823332-0

Proposal of a web global forum platform on the EFC website to exchange on CUI 
questions in relation with Nace CINI

Proposal of an EFC Webinar on CUI  (e.g. CUI and RBI methodology in practice, new 
insulation materials,....) ?

EFC WP15 annual meeting 9 September 2020
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Publications from WP15

•EFC Guideline n° 46 on corrosion in amine units Editor: Johan van Roij
The final document will be sent soon to the publisher

• Best practice guideline on corrosion in sea water cooling systems (joint document 
WP9 Marine Corrosion and WP15)
In progress by a task force : first version in November 2020

Thank you to all the contributors for their work

EFC WP15 annual meeting 9 September 2020

8

Session at vitrual Eurocorr 2020

“Corrosion in refinery and petrochemistry” on

Wednesday 9 September 14h00 to 16h20

EFC WP15 annual meeting 9 September 2020
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Information : 
Future conferences related to refinery corrosion

19-23 April 2021
CORROSION 2021 NACE Conf Salt Lake City

19-23 September 2021
EUROCORR 2021 Budapest Hungary

28 August-1 September 2022
EUROCORR 2022 Berlin Germany

27-31 August 2023
EUROCORR 2023 Brussels Belgium

Look at the Website: https://efcweb.org/Events.html

EFC WP15 annual meeting 9 September 2020

10

Joining  EFC WP15 activities

If you are not on the list of WP15 members and you want to join you can

•Fill the EFC Friend form https://efcweb.org/friendsform.html

•Or send an email to francois.ropital@ifpen.fr

EFC Web site :https://efcweb.org/

EFC WP15 annual meeting 9 September 2020
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Costs-effective proactive CUI Management; 
wish or truth? 

 
(Geert Wijnants) 
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EFC virtual Meeting 
9 September 2020. 

Corrosion under isolation 

Samenvatting WCM projectgroep CUI 
Rob de Heus (Sitech) 
Paul van Kempen (WCM) 
Geert Henk Wijnants (Stork) 
Egbert Stremmelaar (ION)   
Maarten Robers (DEKRA) 

Costs-effective proactive CUI Management; wish or truth? 

Review original in Dutch? https://www.youtube.com/watch?v=Zsv-UaJXVos&t=162s 

https://www.youtube.com/watch?v=Zsv-UaJXVos&t=162s
https://www.youtube.com/watch?v=Zsv-UaJXVos&t=162s
https://www.youtube.com/watch?v=Zsv-UaJXVos&t=162s


Network for Smart Maintenance 

CUI Project, information sessie, Sept. 9th  2020 

Geert Henk Wijnants 
Principal consultant. Secretaris WG BP CUI Management 

Corrosion 
under 

Insulation 

Présentateur
Commentaires de présentation
Deze presentatie is een verkorte versie van het webpresentatie van de oplevering van het project. Dit is op Youtube nog na te kijken, zie https://www.youtube.com/watch?v=Zsv-UaJXVos&t=162s



Our goal: make our partners maintenance world champions  

World Class Assets 
 

CUI 22-06-2020 

Maintenance 

Asset Management 

Life Cycle Management 

Competiveneness 

Safety 

Sustainability 



We believe in  
Open Innovation 

Cross-sectoral cooperation 

Cooperation of companies, knowledge & 
education institutes and government 

Fieldlabs & projects Knowledgde and info Lobby & politics Network         
 

CUI 22-06-2020 



Pre-amble CUI Project 

CUI-I 
…2015 

CUI-II 
eind 2016 

CUI-II 
3-12-2018 

CUI 22-06-2020 

http://www.hexion.com/home.aspx
https://www.google.nl/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwiEkcWHhoHfAhUE3KQKHaAoD2kQjRx6BAgBEAU&url=https://openline.nl/nieuws/2017/6/kantoorautomatisering-oci&psig=AOvVaw1aYfdekHobNhmTcgfACvlZ&ust=1543836709705748


Objectives CUI project 

“The 'Prevention and Detection of Corrosion under Insulation' project aims to establish industry 
practices with which COI can be established and controlled more accurately and predictably. 
These practices include: NDT (non destructive testing), Coating and Risk Based CUI practices. ” 
 
“The results of the working groups transcend the legal bases from the Pressure Equipment 
(Commodities Act) Decree 2016 and also the practical rules for pressure equipment.” 
 
 
“…based on this, a new plant manager could be explained, in a manner of speaking, how we 
currently approach CUI as 'BV Netherlands'. " 
 
  

CUI 22-06-2020 

Présentateur
Commentaires de présentation
Enkele algemene uitgangspunten op basis waarvan het project is opgestart.



Participating 
Industry 

Steering group 
Rob de Heus, Sitech 
Geert Henk Wijnants / Ferry Visser, Stork 
Maarten Robers, Dekra  
Age Balt, Dow 
Pieter Raes, KI<Mpi 
Arie van Stappen, BP 
Bert Goffings, Sabic 
Danny Schepkens, Borealisgroup 
Casper Wassink, KINT 
Jacko Aerts, DSM 
Johan Sentjens, Temati 
Egbert Stremmelaar, Vereniging ION 
Marc Schoonacker, BASF 
Patric de Konink, OCI Nitrogen 
Peter Bareman, VNCI 
Ruben van de Wijer, Shell 
Jo van Montfort, Bjond 
Jan Heerings, HISconsult 
Paul van Kempen, WCM 

Workgroup NDT 
Maarten Robers, Dekra (chairman) 
Jan Heerings, HISconsult (technical secretary) 
Rob van den Boogaart, Air Liquide 
Gerd De Smedt, BASF 
Rino van Voren, Dow 
Marcel Warnier, Sitech 
Cees Smits, Shinetsu 
Casper Wassink, KINT 

Workgroup Coatings 
Egbert Stremmelaar, ION (chairman) 
Jo van Montfort, Bjond (technical secretary) 
Marco Arentshorst, Cuijpers 
Rene Spier, Fluor 
Erik Scheper, Venko 
Olaf Smale, Venko 
Jo Neefs, Iris 
Peter Janssen tijdelijk namens Bert Wolfs, Sitech 
Johan Sentjens, Temati 

Workgroup Risk Based CUI 
Bert Goffings / Jan Nijboer, Sabic (chairman) 
Geert Henk Wijnants, Stork (technical secretary) 
Danny Schepkens, Borealis 
Richard Bosselaar, Yara 
Peter Janssen, Sitech 
Jacko Aerts, DSM CUI 22-06-2020 

https://www.google.nl/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwiEkcWHhoHfAhUE3KQKHaAoD2kQjRx6BAgBEAU&url=https://openline.nl/nieuws/2017/6/kantoorautomatisering-oci&psig=AOvVaw1aYfdekHobNhmTcgfACvlZ&ust=1543836709705748


Ambition is in line with the Safety Delta Netherlands program 

To be the safest country in terms of process industry by 

2030.  

3 theme’s: 

• Early stage leak detection 

• The factor “human" (human action) 

• Aging Assets, Corrosion under insulation 

Knowledge Innovation 

CUI 22-06-2020 

NETHERLANDS 



Planning 

CUI Safety Deal II 
validate tools CUI-I 

continue workgroups 

CUI Safety Deal III 
broad distribution of knowledge 

products & implementation support 

• Implementation projects with current 
results 

• Data collection from practice on service 
life of coatings, moisture measurements, 
coating status, insulation, base material, 
etc. 

• Continue current working groups to keep 
results up to date, learn from incidents, 
best practices, etc. 

• Make interfaces to CUI best practice tools 
more user-friendly 

• Make WCM material legible and user-
friendly 

• Develop SDN knowledge center as a 
concept based on CUI case material, incl. 
Deployment matters environment 

• CUI implementation helpdesk 
• Strengthen rollout through regional safety 

networks or develop alternatives for 
reaching the workplace 

• Qualifying NDT techniques (collaboration 
/ knowledge teams) 

• Introduce best practices to EU standard 
EFC55 

SDN High level 
meeting 

with demo CUI project icw 
Deployment matters 

11 feb. 
CUI meeting 

internal 

24 march 
CUI meeting 

external 

May 2020 Sept. 2020 

22 June  
CUI webinar 

CUI SDN Initiative 
Innovation & research 

mid November 2020 CUI 22-06-2020 

https://www.google.nl/imgres?imgurl=https://buccaneerdelft.com/wp-content/uploads/2018/03/Screen-Shot-2018-04-05-at-14.48.04-1.png&imgrefurl=https://buccaneerdelft.com/welcome-deployment-matters-buccaneer-delft/&docid=rv27V4Hs02xGKM&tbnid=2q0l7Apk-AIMJM:&vet=10ahUKEwjYgrf-8JnnAhXOeZoKHWhaC7EQMwhJKAMwAw..i&w=787&h=768&bih=824&biw=1600&q=deployment%20matters&ved=0ahUKEwjYgrf-8JnnAhXOeZoKHWhaC7EQMwhJKAMwAw&iact=mrc&uact=8


More information (incl. Project deliverables) is 
available on the WCM website 

CUI 22-06-2020 



 WCM Project Corrosion under Insulation  

Algehele context van het project 



Corrosion under insulation 
A very specific corrosion problem 

 
• External threat to all isolated assets 
• Cause water (vapor) in case of leakage and changing temperatures. 
• Temperature range between -10 and +175 degrees 
• Poor insulation is a breeding ground for a corrosive environment 

 
• Invisible -> inspect more extensively than necessary 
• Inspection (at height) -> high costs and tendency to delay 

 
 
 
 

 
Threat always present, extensive  so can it be postponed? 



Corrosion under insulation 
Invisible Assassin 

 
• Safety risk for the entire process industry and environment 
• Invisible and therefore difficult to locate failure mechanism 
• Leads to unplanned downtime of assets 
• Control is associated with high maintenance and downtime costs 

(hundreds of millions of euros annually in the Netherlands) 
 
 
 
 
 
 
 

Assassin who is well worth fighting 



Common approach for CUI 
 

• Calamity bad for the company, bad for the entire sector 
• Industry feels responsibility and struggles with an approach. 
• Broad perception that an effective approach to COI is lacking 

 
• Much knowledge available within companies, but approach differs 
• Lots of literature available, plenty of options 
• Behavior coating, effective method NDT insufficiently available 
• Risk based approach (RBI) not yet developed 
• Awareness for COI is too meager 
 
 
 
 
 
 
 

 
Enough reasons for WCM to start a joint CUI project 

 
 

 
 

Présentateur
Commentaires de présentation
RdH: 	Graag groot kruis door plaatje zetten



Inter-sectoral CUI Cooperation 
By using proven knowledge from the industry 

Présentateur
Commentaires de présentation
RdH:	Compleet maken

https://www.google.nl/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwiEkcWHhoHfAhUE3KQKHaAoD2kQjRx6BAgBEAU&url=https://openline.nl/nieuws/2017/6/kantoorautomatisering-oci&psig=AOvVaw1aYfdekHobNhmTcgfACvlZ&ust=1543836709705748


AIM CUI-project 
 

• COI from unpredictable to manageable management 
system 

• Create broad support within the Netherlands and beyond 
• Use shared knowledge, while retaining your own choices 
• Decision model can be properly integrated within existing 

standards of Asset owners 

Develop a decision model (best practice) 
for cost-effective control 
of the risk of corrosion under insulation 



Workgroups CUI-project 
 Non-destructive testing (NDT) 

Quantification of the effectiveness of inspection techniques 
 
Coatings 
Insight into the duration of protection of coatings 
 
Risk Based CUI Management 
Prioritization method based on CUI risk associated with 
environment, condition and level of isolation 
 



Project results 
Management decision model / Best Industry Practice for and by the total industry 

The main components of- or modules in- the management decision model: 
 Standardized method for mapping risks 
 The decision model in which risks from corrosion speed, coating life 

and applied inspection method are integrated. 
 Gradation of CUI corrosion rate and risk assessment 
 Assessment of the condition of isolation, effect on risk 
 Effectiveness of NDT, influence on risk 
 Awareness presentation in which the usefulness, necessity and impact 

of a CUI management program are highlighted. 
 The best practice description according to “ISO high level structure” for 

RBI COI. 

Présentateur
Commentaires de présentation
Volgende sheets graag in dezelfde volgorde met icoon + exacte tekst uit deze sheet verder voorzien van kleiner plaatje en meer toelichtende tekst. Ik heb dat al zo veel mogelijk gedaan, graag reviewen.
MARJA: Kunnen we bij deze volgende sheets bij ieder een URL naar de tool maken ???? Dat betekent dat we de tools dan ook ergens beschikbaar maken. De basis daarvoor zijn de sheets van Geert Henk.
MARJA, GEERT HENK: de detailpresentatie zou logischer ingedeeld moeten worden en duidelijk moeten maken HOE de verschillende resultaten en in welke volgorde deze in de integrale spreadsheet in gevoerd moeten worden. Dat zou dan ook de hele presentatie en de werkwijze een stuk kunnen verduidelijken. Nu wordt dat als probleem gezien door de regiegroep, zij kunnen ook de werkvolgorde niet goed bepalen. We maken daarvoor nog een separate werkdag met de voorzitters van de werkgroepen om dit te testen en de workflow helder te maken�
Het NDO tool ontbrak, vraag is welke de goede is. Graag aanpassing door NDO werkgroepvoorzitter



CUI: Assessment of risk level 

 Requirements: 
 
• Standardized method 

 
• Agreement with legal framework 

 
• In line with an international perspective 

 
EN 16996 (European approach wrt inspections) 
(adapted on some small details) 



CUI: Condition assessment insulation 
 Assessment of the condition of 

insulation, effect on risk 
 
• Condition classification of the visual 

state of the sheeting according to 
NEN 2767 

• Standard characterization was absent 
• Correct / False assessment nuanced 

in 6 classes 
• Moistening = Trigger criterion 



CUI: Integration of influencing factors 

 

 

 

Coating Quality 

Employee Environmental conditions 



CUI: Applied coating service-lifetimes 

 
Influencing factors: 
Experience 
Quality of application 
Accessibility     * 
Level of management  ** 
 
 
 
 
 
 
*  : through additional extra –x yr. reduction 
**: through specific reductionfactor depending of generation of coating. 



CUI: Applied Corrosion rates 
 Gradation of COI corrosion rate 

and risk assessment, depending 
on parameters: 
 

• Temperature (steel) 
• Wet-dry cycles 
• Corrosion classes (‘salty’) 
• Type of insulation 
 

 

(Unprotected) 
METAL 

WATER & 
CORROSIVE 
CHEMICALS 

OXYGEN 

Cor- rosion 



CUI: Effectivity of inspection techniques 
 

Effective and efficient NDT plan: 
 
• Risk determines required effectiveness of the inspection plan 

• API 581 basic (effectiveness class A to E) 
• With follow-up, this leads to risk reduction 

 
• Costs of access to the property are dominant 

• Life cycle calculation for inspection and maintenance regime 
(reference numbers) 

 
• Many construction, access and damage details only become 

apparent in the field 
• Pre-inspection in preparation for NDT or Selection of NDT 

technique in the field 
 

• % Area coverage more important than accurate measurement 
• Potential locations based on design and damaged insulation 
• Then still considerable risk not covered 

 
• Eligibility filter helps with initial selection of technique 

• Work out together with NDO Specialist 
 



CUI: Effectivity inspection techniques 
 
 Required effectiveness 
• Leads to required coverage 
 
Intended purpose 
• Moisture, corrosion, wall thickness 
 
Object type and geometry 
• Pipeline, vessel, branches, ... 
• Nominal wall thickness 
 
Accessibility 
 
First estimate what should be 
applied 



CUI: Integration of influencing factors 

 The decision model in which risks are 
integrated. 
• Effect of failure 
• Influence of coating lifespan rating 
• Corrosion rate assessment 
• Effectiveness of NDT 

 
2 “tool versions”: 
#1: reveals in which manner the various 
aspects are connected. 
#2: tabular form, for planning purposes.  

 



CUI: Integration of influencing factors 

Cost effective and proactive? #How?. 
• Risk of doing nothing 
• Consideration in advance by LCC with 

respects to   Inspection   or   Upgrade 
• Traceable effectiveness through an open 

approach 
• Based on effectiveness of “chain links” 

 
2 “types of result”: 
• “As-is” risk in the current situation 
• “To-be” risk and costs in case of effective 

control 
 



CUI: Best practice CUI management 

 
The best practice description for RB CUI. 

 
 

• Based on ISO HLS (High Level Structure) 
 

• Integration in Asset Management structure of 
ISO 55001 
 

 
 



Now: Start with CUI-projects   

Workshops CUI 
• Relay workshops 
 
 
Kick-start CUI-projects 
• First launch / approach 
• Intensive consultancy 

 
 

Review CUI-approach 
• GAP Analysis of the applied method 

Présentateur
Commentaires de présentation
Relay = estafette



Current status of users (complete or partly).   
Partly 
• All 15 companies (Asset Owners / Service suppliers) from the project 
 (have used their own, already applied approaches) 
 
Complete 
• Shell Catalysts (BE) 

 
Other downloads (end Aug. ‘20) 
• Akzo Nobel Eng 
• BosQman 
• Corio 
• CorrosionRadar 
• Endures 
• Engie 
• Forbo 
• Fuji 
• Indorama 
 
Review CUI-approach by means of short GAP Analysis (4 days processing time) 
• Nog yet applied 

• Lloyds 
• Mainnovation 
• Maxgrip 
• Merck 
• Nederlandse Gasunie 
• Neste 
• Nouryon 
• Rockwool 
• Solvay 

• Sirris 
• Synerlogic 
• Synres 
• Tata 
• Taqa 
• TNO 
• Umicore 
• Vandemoortele 
• VIB 
• Yara 

Présentateur
Commentaires de présentation
Air Liquide
BASF
Borealis
Cuijpers
DEKRA
DOW
DSM
Fluor
HIS Consult
Iris
Sabic
Shin Etsu
Sitech
STORK
Venko



Now: Objective with respect to dissemination   

EFC 55 & RB CUI Best Practise (BP) 
• Provide available info for use & feedback 
• Supply tooling as add-on to manuals / guidelines 
• By BP, focus on application rather than information 
• Adaptability to one’s own approach by modular setup 
• Capability to benchmark w.r.t. BP 
 
Question in this phase 
• How do you appraise what you’ve seen? 
• What do you miss? 
• Are you willing to support dissemination in a joint effort? 
• Which aspect(s) should be implemented on short notice (focus) 

 
Review CUI-approach 
• GAP Analysis of the applied methods for optimized fit-for-purpose approach 

Présentateur
Commentaires de présentation
Relay = estafette



Thanks for you attention 

More information: www.worldclassmaintenance.com 
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Digitalisation with corrosion monitoring: uses 
cases for CUI, coatings, RBI 

 
(Pratfull Sharma) 
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Digitalisation with 

Corrosion Monitoring

Use Cases to CUI, 

Coatings and RBI 

Dr Prafull Sharma, CorrosionRADAR Ltd (UK)                             www.corrosionradar.com

EFC Work Party 15

Corrosion In Refinery and Petrochemicals

Annual Meeting

Online



CorrosionRADAR Ltd. 2

1. Why – Introduction

2. What – Solution

3. Where – Case Studies

4. How – ROI

AGENDA 
Objective - Content
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1. WHY -

Introduction
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The era of Inspection 4.0 
ENABLED BY IIOT AND PREDICTIVE ANALYTICS

Statistics, RBI
Manual observation,

Leaks

Inspection 1.0 Inspection 3.0
Visualisation, 

NDT instruments

Inspection 2.0

Manual Automated

Detection Prediction

Reaction

Automated, 

Analytics, Prediction

Inspection 4.0

Prevention
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Predictive Corrosion Management - Opportunity
ENABLED BY IIOT AND PREDICTIVE ANALYTICS

PERIODIC
MANUAL

INSPECTION

CURRENT PRACTICE
Reactive

• Labour Intensive

• Unscheduled Shutdowns

• Safety Risk

• High cost

REACTIVE MAINTENANCE

HUMAN
JUDGEMENT + 
GUESSED RISK

• Minimal labour effort

• Scheduled Maintenance

• Improved safety

• Reduced cost 

PREDICTIVE MAINTENANCE

AUTOMATED
RISK PROFILING

CONTINUOUS
MONITORING

Sensors

Connectivity

Knowledgebase

Analytics / ML

Automated, 

Analytics, Prediction

Inspection 4.0



CorrosionRADAR Ltd. 6

First Application - Corrosion Under Insulation (CUI)
CUI IS THE FIRST STRATEGIC TARGET SEGMENT FOR CR 

CUI is #1 asset integrity issue in O&G and Petrochemicals

10% of the overall offshore platforms maintenance cost

60% of all pipeline failures are due to CUI

How CUI happens

Water ingress
into insulation

Unpredictable location Suitable temperature



CorrosionRADAR Ltd. 7

2. WHAT -

Solution 
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CorrosionRADAR Solution
PREDICTIVE CORROSION MANAGEMENT USING IIOT

PREDICTCONNECTDETECT

Distributed Corrosion & Moisture Sensors

Long Range Coverage

Cost Effective Installation

Covering Complex Pipe works 

Long-Life Battery Powered

Remote Wireless Communications

Continuous Monitoring

Dashboard for Actionable Intelligence

Predictive Asset Management

Asset life extension

Effective Risk Management

Historical Data & Analytics

CR Moisture

CR Corrosion

CR Coating**

Wireless Data

CR Digital Twin*

CR On-Premises

CR Cloud CR Analytics

Other Sensor**

Transmitters

IIOT protocols

*Prototype **Future products

CR Prediction

CR ADR ML*

CR SCC Risk*

CR CoatingLife
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Helical 
Configuration

Line 
Configuration

Mesh 
Configuration

Embedded 
Sensors

Long-range 
& Modular 

(each sensor unit 

can cover up to 

100 m)

Unaffected 
by Complex 
Geometries 
(e.g. vessels, pipe 

bends, flanges...)

Cost Effective 
for Mass 

Deployment

Monitoring 

Storage tanks

Monitoring Vessels

Detect - Sensors
CORROSION AND MOISTURE SENSORS FOR PREDICTIVE CUI 

MANAGEMENT

Sensors Type 1) Corrosion 2) Moisture

Sensor Length 1) Up to 100m 2) 50m

Temperature Range -50 to 1) +300 °C 2)+200 °C 

Sensors
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Connect - Electronics
ATEX COMPLIANT PRODUCT FOR HAZARDOUS ENVIRONMENT

ATEX/IECEx Certification II 2 GD
Ex db IIB+H2 T3-T6 Gb
Ex tb IIIC T85°C - T150°C Db

Ingress Protection IP66

Power Source Mains

Temperature Range (°C) - 20 to +60  

Communications Wireless: Wifi/Cellular/WirelessHART/LoRa
Other options: USB

Approx. Dimensions (mm):  284H X 245W X 169D (Without Antenna)

Approx. Weight 11.2 Kg

Corrosion & Moisture Monitoring System - Electronics 
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Predict - Analytics Platforms

CR Predict Add-on Algorithm Products

CR Predict IIOT Cloud platform CR Predict Digital Twin platformCR Predict On-Prem Software platform

CR Automated Defect Recognition 
Module using Machine Learning 

CUI Prediction Module
enabled by new improved models 

CR Analytics Module 
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3. WHERE –

Case Studies



Case Study A
PRODUCTION COLUMN CORROSION MONITORING (ATEX)
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Installed layout of both CR Corrosion and Moisture monitoring systems

Case Study B
INSTALLATION OF CR SYSTEMS

1.0m

1.5m

2.5m

0.5m1.0m

1.0m

Corrosion sensor (10m)

Moisture sensor (10.5m)

Corrosion Bridge Cable (10m)
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Anomaly detected on 02.08.19

Sensor start

Sensor end

Reduced reflection 

from sensor end

Data after 9 months 
CORROSION AND MOISTURE MONITORING SYSTEMS

CorrosionRADAR Ltd. 15

Water indications

Sensor start
Sensor end

Shift in sensor end 

indicates water 

presence

Corrosion Sensor

Moisture Sensor
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CUI Monitoring
(Corrosion & Moisture)

Data Driven 
RBI

Optimised 
Maintenance

Less human 
intervention

Reduced assets  
Risk

Early 
Detection

Reduced 
unplanned 
Shutdowns

Leak 
Prevention

Reduced 
maintenance cost

CUI
PREVENTION

PREDICTIVE
MAINTENANCE

Benefits of CUI Monitoring  
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CoF from exiting RBI 

Dynamic PoF
Probability of failure 

for CUI 

From CR sensor signal 

readings and inputs coming 

from the characteristics of the 

asset

CoF
VL L M H VH

SAFETY Negligible 

impact

Minor imp. 

personnel

Medical 

treatment 
Serious injury Fatalities

FINANCIAL
Negligible 

business 

impact

<100 00 eur

business 

impact

100 000 to 1 M 

eur
1 to 10 M eur > 10 M eur

Existing data should be used to 

assign a consequence of failure 

(CoF) to obtain the CUI risk. 

Advice on this can be found in 

DNVGLRPG101.

Dynamic 
CUI risk

Dynamic CUI risk assessment with CR sensors
From Probability of failure to Risk assessment:

5x5 RISK MATRIX
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Dynamic RBI

Enabling Dynamic RBI for CUI
Optimizing inspections and safety with field inputs

Static RBI

• Is not periodically updated

• Does not reflect field conditions

• Scope for optimisation

• Asset 1

• Asset 2

• Asset 3

Year 1 ~ Year 5

Year 1

Year 5

• Periodic updates (manual or automated) 

• Incorporates field conditions (moisture)

• Optimised inspection cycles

Enabled by 

CorrosionRADAR 

monitoring 

system
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Higher resolution of RBI - Scenario

TODAY

1 year 2 year 3 year 4 year 5 year 6 year 7 year

TOTAL PoF CUI RISK

Pipe 
length

6 
month

12 
month

18 
month

24 
month

30 
month

36 
month

42 
month

48 
month

54 
month

60 
month

66 
month

72 
month

78 
month

84 
month

0 VL VL VL VL VL VL VL L L L L L VH VH

0.5 VL VL VL VL VL VL VL L L L L L VH VH

1 VL VL VL VL VL VL VL L L L L L VH VH

1.5 VL VL VL VL VL VL VL L L L L L VH VH

2 VL VL VL VL VL VL VL L L L L L VH VH

2.5 VL VL VL VL VL VL VL L L L L L VH VH

3 VL VL VL VL VL VL VL L L L L L VH VH

3.5 VL VL VL VL VL VL VL L L L L L VH VH

4 VL VL VL VL VL VL VL L L L L L VH VH

4.5 VL VL VL VL VL VL VL L L L L L VH VH

5 VL VL VL VL VL VL VL L L L L L VH VH

5.5 VL VL VL VL VL VL VL L L L L L VH VH

6 VL VL VL VL VL VL VL L L L L L VH VH

6.5 VL VL VL VL VL VL VL L L L L L VH VH

7 VL VL VL VL VL VL VL L L L L L VH VH

7.5 VL VL VL VL VL VL VL L L L L L VH VH

8 VL VL VL VL VL VL VL L L L L L VH VH

8.5 VL VL VL VL VL VL VL L L L L L VH VH

9 VL VL VL VL VL VL VL L L L L L VH VH

9.5 VL VL VL VL VL VL VL L L L L L VH VH

10 VL VL VL VL VL VL VL L L L L L VH VH

10.5 VL VL VL VL VL VL VL L L L L L VH VH

Dynamic CUI risk with CR sensorsStatic CUI risk

Risk assessment 

update year 4
Assessing the CUI 

risk year 1
Continuously monitored 

Risk assessment 

update year 7

Probability of failure due to CUI:

✔ Material barrier

✔ Coating barrier

✔ Water wetting barrier

✔ Design barrier

Probability of failure due to CUI dependent on:

✔ Material barrier

✔ Coating barrier

✔ Water wetting barrier

✔ Design barrier

Input data from the characteristics of the asset

Conclusion:

Today there is very low probability of failure due to CUI from 

0 to 2.5 m pipe and from 3.5 and 10.5 m. And low PoF 

between 2.5 and 3.5 m.

Conclusion:

Today there is Very High probability of failure due 

to CUI along the 10.5 m pipe.

Static Dynamic

Higher Resolution 
(location and time)

TODAY

1 year 2 year 3 year 4 year 5 year 6 year 7 year

TOTAL PoF dynamic CUI RISK

Pipe 
length 

6 
month

12 
month

18 
month

24 
month

30 
month

36 
month

42 
month

48 
month

54 
month

60 
month

66 
month

72 
month

78 
month

84 
month

0 VL VL VL VL VL VL VL VL VL VL VL VL VL VL

0.5 VL VL VL VL VL VL VL VL VL VL VL VL VL VL

1 M M H M M M M M M M M VL VL VL

1.5 VL VL VL VL VL VL VL VL VL VL VL VL VL VL

2 VL VL VL VL VL VL VL VL VL VL VL VL VL VL

2.5 VL VL VL L VL VL VL VL L VL M M H H

3 VL VL VL VL VL VL VL VL L VL M M H H

3.5 VL VL VL VL L VL L VL VL VL VL VL VL VL

4 VL VL VL VL L VL VL L L VL VL VL VL VL

4.5 VL VL L VL VL VL VL VL L VL VL VL VL VL

5 M L VL VL VL VL VL VL VL VL VL VL VL VL

5.5 M L VL VL VL VL VL VL VL VL VL VL VL VL

6 VL VL VL VL VL L L M M L VL VL VL VL

6.5 VL VL VL VL VL L VL VL L VL VL VL VL VL

7 VL VL VL VL VL VL VL VL VL VL VL VL VL VL

7.5 VL L VL VL VL VL VL VL VL VL VL VL VL VL

8 VL VL VL VL VL VL VL VL L VL VL VL VL VL

8.5 VL VL L VL VL VL VL VL L VL VL VL VL VL

9 VL VL VL VL VL VL VL VL VL VL VL VL VL VL

9.5 VL VL VL VL VL VL VL VL VL VL VL VL VL VL

10 VL VL VL VL VL VL VL VL VL VL VL VL VL VL

10.5 VL VL VL VL VL VL VL VL VL VL VL VL VL VL



Dynamic CUI risk assessment with CR sensors
Assessing the Probability of Failure for CUI based in 4 CUI barriers
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— A. Material barrier:
• — material type

• — material surface temperature

• — temperature fluctuations

• — contaminants

— B. Coating barrier:
• — coating age

• — coating type

• — quality control and workmanship

• — wetting conditions

• — temperature

— C. Water wetting barrier:
• — location

• — dewpoint temperature

• — insulation system

• — workmanship

• — maintenance routines

— D. Design barrier:
• — wall thickness

• — pipe dimensions

• — inspection method, extent, timing and results.

CR moisture sensor 
signal

CR temperature 
sensor signal

Dynamic CUI 
Probability of 

failure
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4. HOW –

ROI
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Target Use cases – Pipes and Equipments
Asset 1 – Pipeline xxxxxx Asset 4 – Vessel xxxx

Asset 3 – Vessel xxxxx

Asset 2 – Pipeline xxxxxxx

<4” NS

<80 DegC

<100m section

>8” NS

>80 DegC

<100m section

Surface area = xxxx Sq Meter

Surface area = xxxx 

Sq Meter

Typical Weighting:

Economics

Type of equipment: 

Vessel; Column; Heat Exchanger; Storage tank;Pipeline

Size of equipment:

Length; Diameter; Height

Conditions:

Temperature; Humidity; Fluctuations; Age



Template of Cost Benefit Analysis per asset  

Manual inspection 

cost per meter (or 

square meter) of 

asset

Input

Length of pipeline to 

be considered for 

analysis 

Input

Inspection cycles (4 

years in this case)

Input

Total % of length of 

pipeline manually 

inspected (Status quo)

Input

Total % of length 

inspected when with 

CorrosioRADAR

Input

Manual cost of 

inspection (status 

quo)

Output

Reduced cost of 

inspection with 

CorrosionRADAR

Output

Net Savings

Output Output

Manual inspection 

cost vs Reduced cost 

with CorrosionRADAR

*Other benefits:
● Loss of containment

● Quality assurance

● Reduced maintenance repair scope

● Increased interval

● Zero unplanned shutdown / disaster

● Modernisation & Transformation alignment
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Benefits of CR CUI Monitoring System   

COST RISK
ESTIMATED 

MAINTENANCE 
COST SAVINGS: 

30-45%



Key Takeaways

• Predictive CUI monitoring System – Corrosion and Moisture sensors

• Cost Benefit Analysis and ROI calculations are attractive

• Pilots - From Pilot to scale up

• Consultancy - Digitalisation and predictive corrosion management

• Organising a dedicated seminar for your company

• Business Model - CAPEX or OPEX whichever suits you (e.g. Data as a Service)

Please contact us at info@corrosionradar.com
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Asset Integrity Management : Digital solutions 
from PPG 

 

(Chris Magel and Michael Kuhn) 
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Appendix 6 

Non-intrusive corrosion-erosion monitoring 
solutions to enhance operational profitability in 

the alkykation units 
 

(Peter Fischbacher) 
 
 

Minutes of EFC WP15 Corrosion in the Refinery Industry  9 September 2020 



Emerson Corrosion & Erosion
Permasense

Non-Intrusive Corrosion/Erosion
Monitoring Solutions to Enhance  
Operational Profitability in the 
Alkylation Unit

Peter Fischbacher - BDM Europe
Office - Seregno / Italy

Peter.Fischbacher@emerson.com



Corrosion Monitoring – Why?

Philadelphia refinery (PES) fire in 2019
• Old, corroded pipe led to Philadelphia refinery 

fire

• Highly toxic chemical hydrofluoric acid (HF) that 
escaped into the atmosphere via a leak caused 
by corrosion
(© 2019 Thomson Reuters)

Permanent corrosion monitoring reports corrosion events in real time, so that remedial 
actions can be taken before unplanned incidents occur!

Link: https://uk.reuters.com/article/us-pes-bankruptcy-investigation/old-corroded-pipe-led-to-philadelphia-
refinery-fire-chemical-safety-board-idUKKBN1WV1TW



Avoid Corrosion & Erosion Process and Personal Safety Consequences 

3

Process Safety (PSM)
• Pipe Ruptures

• Equipment Failures

• Loss of Containment
Personal & Occupational Safety
• Personnel incidents on scaffolding
• Exposure to heat and potentially toxic environments

Emerson Confidential

Process safety incident

Sources: OSHA, Chemical Safety Board (CSB) 



Challenges to Asset Integrity Are Impacting Safety

4Emerson Confidential

Internal Piping Corrosion in Normal Operation is a Large Contributor to Process Safety

Source: LMA; Common Causes of Major Losses in the Onshore Oil, 
Gas & Petrochemical Industries; September 2016 Source: AFPM Quarterly Safety Webinar

API 754 Data – Tier 1 and 2 Events



Thickness Monitoring Data for Root Cause Analysis of Corrosion Events and 

Turnaround Scope and Timing Improvement

Root Cause Analysis Predictive Maintenance

to
d
a
y



Alkylation Unit



HF  Alkylation – Customer Case Studies

•Main Fractionator – proof of increased corrosion rates due 
to acid carry over

• Iron Fluoride Scale – detection of iron fluoride scale 

17



HF  Alkylation – Case Study 1: Increased corrosion rates due to acid carry over 

Monitoring Location: Exit Header Line

Solution: Permasense ET210

 No corrosion expected at this location

 Carbon steel selected as no HF should be
present

 Corrosion monitoring used to confirm health of
unit/ normal operation & turnaround planning

 High corrosion rates observed, alerting team to
corrosion due to acid carry over

 Data from multiple sensors used to assess
severity and spread of the corrosion caused

 Team were able to identify root cause and take
corrective action before metal loss reached
critical level

 Continued to monitor corrosion rate after the
event to ensure that stable operation had been
restored

18

Permasense ET210



HF  Alkylation – Case Study 2: Iron fluoride Scale

41

Iron Fluoride Scale

- Material & highly concentrated acid can form a stable

iron fluoride layer which provides an adequate

corrosion protection. Upon contact with acid/water mix,

a unstable and non-protective hydrate scale is formed,

which swells and gets detached from the equipment

Solution: Permasense 

- Permasense is used to identify the presence of iron

fluoride scale inside the piping system

- Scale build-up inside in the piping distorts the

ultrasonic reflection. Approximately 30% of sensors

installed at HF Alkylation units are affected by this and

therefore it can be also detected by ultrasonic sensors.

Iron fluoride scale build-up identified by an increased

wall thickness over time.



Avoid major incidents

Optimize operations

Reduce OPEX safely

Emerson solutions help meet future 

business demands  safely

SAVE $100,000s

GENERATE $$  
MILLIONS

AVOID SPENDING/LOSSES $$$  
TENS OF MILLIONS+
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Enhanced surface heat transfer tubing in hard 
to work corrosion resistant alloys  

 
(Mathieu Lheureux) 
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EUROCORR – WP15

Enhanced surface heat transfer tubing in 
hard to work, corrosion resistant 

alloys

09/09/2020



NEOTISS PRESENTATION OUTLINES

• NEOTISS general presentation

• When enhanced tube can support 

material selection

• When do you use enhanced tube

• Manufacturing Process 

• References



1 Who is NEOTISS?



NEOTISS GENERAL PRESENTATION 

A global presence built over the years

1976
France, Les 
Laumes Les Laumes

France

Morristown

1997
USA, 
Morristown

USA

Morristown

Brunswick

2008
USA, Brunswick
Merged with 

Morristown in 

2013

United States

1996
China, Changzhou

China

Changzhou

2004
South Korea, 
Poseung
JV with Poongsan

South Korea

Hyderabad

2006
India, 
Hyderabad

India

2007
China,Changzhou
Automotive
Merged with 

Changzhou in 2019

China

Changzhou

Development close to markets with strong local partners

From Vallourec ro Neotiss
2016



OUR PRODUCTS

Grade

Shape

Enhancement

Titanium Stainless Steel High Nickel Alloys Brass

Straight U-Bent

Smooth Finned Helix

Round Oval

DimpledRibbed



OUR LOCATIONS

Titanium

Stainless Steel

Finned tubes

Auto Stainless Steel

Production capabilities

Plant (Neotiss)

China – Changzhou

Titanium
▪ TIG welding lines

Stainless Steel EGR
▪ Welding lines

▪ Corrugation lines

Stainless Steel
▪ TIG welding lines

▪ Laser welding lines

U-bending

Titanium
▪ TIG welding line

India – Hyderabad

Stainless Steel
▪ TIG welding lines

U-bending

Stainless Steel EGR
▪ Welding lines

▪ Corrugation lines

Titanium
▪ TIG welding lines

France – Les Laumes

Stainless Steel
▪ TIG welding lines

▪ Laser welding lines

Enhanced Tubes

U-bending

3 Dimension bending

Nickel Base Alloys
▪ Laser welding lines

Titanium 
▪ TIG welding lines

USA - Morristown

Stainless Steel
▪ TIG welding lines

▪ Laser welding lines

Enhanced Tubes

U-bending

Nickel Base Alloys
▪ Laser welding lines

Nickel Base Alloys

Bending



2
When enhanced tubes
can support material
selection…



Overhead condenser refinery – Debottleneck / Retrofit

• Operational conditions of the bundle: 

• Shellside : HC Vapor Condensing

• Tubeside: Cooling water

• Tube bundle material: CuNi 90/10

• Issues: 

• Corrosion existing on CuNi tubes

• Limited run time (cleaning every 4 months)

• Additional challenges:

• Need to increase the duty by 40%

• No space to add new shells

• Solution:

• Material: Titanium Gr 2 to address crevice corrosion 

• Technology: helix exchanger to reduce fooling

• Technology: low finned tubes to increase the duty

• Results: 
• No corrosion issue
• Run time: 3 years
• Duty increased by 40%

CASE STUDIES



Methanol vaporizer – Debottleneck
• Operational conditions of the bundle: 

• Shellside : Condensing steam

• Tubeside: Methane droplet + Methanol Liquid

• Vertical flow down

• Tube bundle material: Carbon Steel

• Issues: 

• Corrosion existing on the Carbon Steel tubes

• Additional challenge:

• 100% vaporization mandatory

• Solution: 

• Material: stainless steel to address corrosion

• Technology: inner ribs to compensate the loss 
of performance in the material choice

• Results: 
• No corrosion issue
• 100% vaporization

CASE STUDIES



3 When do you use
enhanced tubes



FINNED TUBE: A TOOL FOR PROCESS INTENSIFICATION

• Shell side controlling heat 

transfer

• Space is limiting

• Debottlenecking 

• Close temperature approach

BARE TUBE

FIN TUBE

SHELL SIDE

TUBE SIDE



4 Manufacturing
process



OUR MANUFACTURING PROCESS

Straight enhanced surface heat transfer welded tubing

100% integrated from strip to finished tube

Welded tubes manufacturing process

Seamless tubes



OUR MANUFACTURING PROCESS

e  pitchFin height

Wall thickness
Root D. ODID

Proprietary Tooling produced in 

house to very tight tolerances 
Very smooth Fin Profile 

with no stress risers  



TYPES OF FINNED TUBES AVAILABLE

Low-fin OD Smooth Bore

Low-fin OD Spiral Groove ID THERMO-B Boiling

THERMO-C Condensing

Smooth OD Spiral Groove ID Finned and U-bent

• Carbon steel

• Titanium

• Zirconium

• High Nickel Alloys

• Duplex Stainless Steel

• Austenitic Stainless 

Steel

• Ferritic Stainless Steel

• Copper-Nickel Alloys



5 References



REFERENCES OF MAJORS USING ENHANCED TUBES 

Company Location Neotiss Fin Tube 
Bundles in Service

Worldwide 300

Worldwide 130

Worldwide 90

Worldwide 42

USA 24

Worldwide 45

Indonesia 32

Maylasia 6

Saudi Arabia 12

Norway 14

Worldwde 15

Qatar 24

http://www.exxonmobil.com/
http://www.dow.com/
http://www.shell.com/
http://www.bp.com/home.do?categoryId=1&contentId=2006973
http://www2.dupont.com/DuPont_Home/en_US/index.html
http://www.eastman.com/default.htm
http://www.sabic.com/
http://www.statoilhydro.com/en/
http://www.qatargas.com/Default.aspx
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Fitness for purpose evaluation of hydrogen 

production Unit centrifugally cast tubes; post 
exposure metallographic and mechanical test 

 
(Marco De Marco) 
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Fitness for Purpose Evaluation of Hydrogen Production Unit
Centrifugally Cast Tubes:

“Post Exposure” Metallographic and Mechanical Test

Marco Palombo, Marco De Marco, Gianluigi Cosso – IIS



Furnace Tubes applied in
Hydrogen production plants

• Fe, Cr, Ni, C based alloys; addition of other
elements  as micro-alloing (e.g. Nb, Ti)

• Centrifugally Cast

• Service T : 850 – 950 °C

• Service stresses: typically 10 + 15 MPa (as
hoop stress)

• Vertical arrangement e filled with catalyst

• Design life 105 hrs ( 11 years)

• → severe working conditions



Steam reforming reactions: some chemistry

Endothermic

• Absorbs heat
• Controls tube Skin Temperature



Steam reforming furnace

CAT
Filled

External
Internal



Alloys characteristics

• Creep resistance

• High temperature corrosion (Oxidation,
carburization, metal dusting)

• Acceptable Ductility at high temperature

• Acceptable weldability (also after aging)



Typical damage mechanisms

• Creep failure
o Normal End of Life (EoL)
o Overheating (overfiring, flame

impingement, CAT related problems)

• Thermal fatigue

• Thermal shock

• Stress Corrosion Cracking (SCC)

• Dissimilar weld cracking



1. HOT BAND
2. TIGER TAILING
3. GIRAF NECKING
4. HOT TUBE
5. CAT SETTLING

Difficult to predict EoL: overheating



Flame impingement

"Flame
impingement"

Working
burner

Bad working
burner

• Related to burner
control and
maintenance



Catalyst Tube : example of failure during service

Tube service life of 50000
hours

Same furnace, different failure mechanisms (50000 hrs e 3000 hrs)
 Long term and short term
Material= 25Cr 35Ni Nb Ti
T service = 938 °C
Hoop stress = 10.5 MPa
Furnace service life = 50000 hours

Tube service life of 3000
hours



Creep Damage – Microstructural evolution

Phases evolution Voids- Cracks evolution
• I creep
• II creep
• III creep

As-cast

50000 hr



1

2

3

4

1: Matrix
2: Primary Chromium carbide
3: G-phase (Ni-Nb-Si)
4: Nb, Ti carbide

Coalescence of primary carbides,
precipitation of secondary carbides
and  new phases

Examination of aged microstructure
50000 hr service life



Hydrogen production plant: integrity assessment

 Inspection and NDT to check actual condition as best as possible
 Materials testing from samples (Cut out)
 Remaining Life Assessment - RLA
 Remaining life estimation on the basis of the results
 Service history
 Actual material degradation
 Future service conditions

 Engineering evaluation



TOOLS
 Non Destructive Tests - NDT (PoD)
 Diametrical growth (expansion  with creep) – Best for II/III creep
 Wall thickness measurements (deformation with creep) - Best for III creep
 Replication (advanced creep stages, aligned micro-voids, micro- and macro cracks)

- Best for II/III creeps (external surface only !)
 Radiography (macro-cracking) - Best for III creep
 Eddy current - Best for III creep
 Ultrasonic test (attenuation and scattering; creep cracking) - Best for III creep

 Destructive test on tube samples – short time test ( t,  $)
 Mechanical properties (short term, not time dependent)
 Hardness
 Microstructure

 Destructive test on tube samples – medium/long time test ( t,  $)
 Creep test (long term, time dependent)



Creep stages and NDT

* Laser diameter measurement



Creep tests permit to obtain details of actual creep resistance for
materials (aged)  and consumed life.

Different creep curves (with same test parameters) for different
service histories of tube material

RLA BASED on creep tests



Post-exposure data of tube
samples taken from service

36 tests  with  5000 duration
at different T and s.

Post exposure data → analysis of results with LARSON MILLER

Interrupted

On-going



Comparison with as-cast
materials (Manufacturer
brochure data)

Post exposure data → analysis of results with LARSON MILLER

Interrupted

On-going

As cast



Interrupted

On-going

Guguloth et al

As cast

Comparison data from
literature



Experimental data
interpolation (polynomial)

Post exposure data → analysis of results with LARSON MILLER

Interrupted
On-going
Guguloth et al
Best fit 1
Best fit 2

As cast



Sample Description

As-cast Primary eutectic carbides;
HV > 200.

Slightly degraded

Slight carbide coalescence, scattered precipitation
of secondary carbides;
HV > 170;
Creep-rupture elongation ≤ 10%;
Slight diametric deformation (from NDT) < 2 %

Moderately degraded

Carbide coalescence, extensive precipitation of
secondary carbides;
HV < 170;
Creep-rupture elongation > 30%;
Diametric deformation (from NDT) >2%.

As-Cast Slightly
degraded

Moderately degraded

Microstructural degradation  vs. Creep behavior



Fitting Curves and material degradation



Remaining Life assessment approach

Master curve for as cast material (new) RLA assessment



Remaining life assessment approach – Creep curves From
metallurgical evaluation

“as-cast” average  “as-cast”, lower
bound

“Mod. degraded”
curve

“Slightly degraded”
curve

curve curve (in red in Fig. 6) (in green in Fig. 6)

tR (hours) tR (hours) tR (hours) tR (hours)

> 106 942,700 39,100 115,700

Operating conditions: σop = 12 MPa, Top = 950°C,



Conclusions

 Post exposure data analysis:
• Metallographic examinations (macro- e micro)
• Dimensional check
• Short term mechanical test (hardness, tensile)

 Definition of "state od degradation":
• Association with one of defined MASTER CURVE (as cast, slightly

degraded e moderately degraded )

 RLA assessment and programming of maintenance/inspection

More economical and less time consuming  test than medium-long creep
test.

 Fast answer to the plant (Coupled with NdT)



 As cast curve can be less conservative and not applicable to post exposure
materials

 Future works long term creep (10 ÷ 20 kh) of materials cut-out from
service

• Validation of Green and red fit "post exposure" Master curves

Conclusions



 

Appendix 9 

 
Case studies of corrosion at oil refineries and 
petrochemical plants and mitigation actions  
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Case studies of corrosion at oil refineries and 
petrochemical plants and mitigation actions

Pavlodar Oil Chemistry Refinery – V. Rodionov, Zh. Bekshenov, G. Burumbaeva

JSC “D.V. Sokolskiy Institute of Fuel, Catalysis and Electrochemistry” –

A. Abilmagzhanov, A. Nefedov, N. Kenzin, D. Zhanabaev

KBR – P. Chernyavskiy, M. Arslanov, R. Vinogradov

Eurocorr 2020

WP15 meeting
September 9, 2020



The aim:

• Provide an overview of the current status of corrosion 
situation at the sites observed in FSU* and Europe

• Share investigations made

• Analyze few case studies and mitigation/remedy actions 
made

*FSU = Former Soviet Union



KBR’s areas of expertise:

• International experience in corrosion studies as a 

Consulting and Engineering company 

• Troubleshooting integrity, reliability and corrosion 

problems

• Large engineering data base including metallurgical 

experience in severe applications



Continue KBR’s areas of expertise:
• Investigations following major incidents and awareness of industrial 

incidents

• Partnering with other engineering companies, consultants and 
research institutes:

Collaboration with JSC “D.V. Sokolskiy Institute of Fuels, 
Catalysis and Electrochemistry” (Almaty, Kazakhstan) for 
corrosion studies in Pavlodar Oil Chemistry Refinery 



Two categories of oil refineries:

• Sites that use the marketing scheme processing opportunity crude 
oils and other feedstock available on the market that can change 
within few days.

• Sites that process crude from one source with stable and predictable 
feed composition and qualities (provided by suppliers).

Whichever scheme is used, each plant does require internal standard 
on selection of MOC* (previously developed in FSU* guiding materials 
are out-of-date and don’t consider some corrosion phenomena). 

*MOC = Materials of construction; FSU = Former Soviet Union



• The most frequently seen site wide issues:

• Improper selection of materials 

• Various slops processed with unknown qualities and limited understanding of 
impact on fouling and corrosion under deposits

• Limited capabilities of labs to analyze corrosion deposits

• Absence of practice to avoid corrosion during units’ shutdowns 

• Gaps in the documented procedure for coupon installation and data analysis 
identified at some sites

• Issues with proper arrangement of insulation and CUI*

*CUI = Corrosion under insulation



Cooling water is the most commonly seen issue at all refineries 
observed to date.

Typical problems with site cooling water systems:

• insufficient biological treatment and formation of biofouling

• poor filtration of returned water

• insufficient monitoring of chemicals dosing

• fouling of CW* pipelines and HE* with biological sludge 

• no inhibitor to protect some components (e.g. copper alloys)

*CW = Cooling water; HE = Heat exchanger



Case Study 1:        Corrosion of overhead condenser at NHT*

• Materials: Tubes – Brass ЛОМш70-1-0.05 (C44300). Tube sheet - 09G2S steel (A 561 Gr70). 

• System: NHT overhead condenser

• Appearance: deposits, scale and pits in headers, tube sheet and nozzles  of heat exchanger.

• Time from cleaning: 1 year

• Details: calculated velocity of CW in tubes is 0.06 m/s. The system was dirty when chemical 
treatment started. No chemical cleaning or passivation at start of program. Microbe number was not 
defined.

*NHT = Naphtha Hydrotreating Unit



Continue Case 1:

Chemical treatment program: Zn/phosphates. NaOCl as a biocide.

Addition of water from WWTP* unit.

No inhibitor for Cu alloys.

Physicochemical analysis of deposits: organic components (8 % wt.), which assumes the presence 

of microbiological part (there was no leak of hydrocarbons). Inorganics - 89 % wt.

Corrosion is probably the result of iron bacteria and SRB activity.

Mitigation actions: microbiological analyses of water and deposits, cleaning of CW pipelines, increase 

of CW velocities in water coolers and chemical treatment of CW system. 

Use of coating and sacrificial anodes was recommended in the header.

*WWTP = Waste Water Treatment Plant; SRB = Sulphate Reducing Bacteria



• Material: 2.25Cr-1Mo-0.25V Vanadium enhanced alloy.

• System: Heavy Wall Ammonia Converter. 200°C, 16.68 MPa. Mixture of 
H2, N2 and NH3.

• Time to failure: 1.5 year.

Case Study 2:           Ammonia production (ammonia synthesis loop)

• Appearance: Transverse crack in circumferential weld. The picture in the centre represents the 

macrograph of plane near the center of the plug sample. The cracking terminates in the base metal and 

is transverse to the weld direction.



Continue Case Study 2: Ammonia Converter

• Details: Twenty eight (28) start-up and shut-downs during 1.5 year 
of operation due to the problems with the upstream gasifier.

• Cause: the combined effects of high residual stresses remained in 
the weld due to improper PWHT*. This coupled with operation and 
hydrogen being presented in the weld, led to the fracture of the weld.

• Remedy action was to repair the weld using the recommended 
monitoring thermocouple locations for PWHT*.

*Post Weld Heat Treatment



Case Study 3. Sea water pipeline

• Material: 304 SS.

• System: Sea water pipeline from heat exchanger 70°C, 0.5 MPa

• Time to failure: 6 months

• Appearance: Holes, pits, and deep crevices 



Continue Case Study 3: Sea water pipeline

• Details: onshore refinery with no access to sources of fresh water. Sea 
water is used as cooling medium. Chloride content is 35,000 ppm.

• Cause: wrong selection of susceptible to pitting corrosion material. 

• Remedy action was to replace the damaged pipeline with 

INCOLOY© 825 (40% Ni, 22% Cr, 3% Mo, 2% Cu, 1% Ti).



Conclusions

• Some gaps with regards to best practices in the area of corrosion 
control and mitigation exist at FSU oil refineries

• Typical issues arise from chemical treatment programs, selection of 
materials of construction and welding control procedures

• Technical advisory with strong knowledge of process features, 
corrosion mechanisms and mitigation actions and the right metallurgy 
application coupled with the modern corrosion monitoring systems
are required
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Abstract 

 
    Organic corrosion inhibitors have been applied for decades to mitigate corrosion in 

pipelines which transport multi-phase gas-condensate flow from offshore platforms to 

onshore facilities. There is always a minimum allowable residual concentration of 

corrosion inhibitors according to the recommendations of the inhibitor’s manufacturer or 

the corrosion engineer in charge. Lack of recommended standard for the measurement of 

the maximum level of residual inhibitor concentration may result in operational issues in 

downstream equipment. In some refineries of south pars gas field, frequent loss of thermal 

performance was experienced in the reboiler of the condensate stabilizer column which 

forced frequent unplanned unit shutdowns. In internal inspection, bulky and sticky black 

sludge observed on the tubes of the reboiler. Analytical chemistry was carried out to 

analyze the different compounds of the sludge and determine their origin. Gas 

chromatography results on the taken field sample and simulated condensate and inhibitor’s 

samples revealed that the main component of the sticky sludge was the active component 

of the imidazoline-amide based corrosion inhibitor. At elevated temperatures (i.e. in 

reboilers), the active component of corrosion inhibitors has significant adherence property 

and are able to act like a glue to bind corrosion products and salts to the high temperature 

surfaces and impose operational issues due to pressure drop across the system or 

decreasing thermal efficiency of the heat exchangers. 

 

 
Key Words: Corrosion inhibitor, residual concentration, operational issues
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Introduction 

 
   In oil and gas industries, the corrosion issue has always been of great importance, 

with consequences similar result to those of natural disaster. Corrosion normally occurs in 

oil and gas pipelines. Since the pipelines play the role of transporting oil and gas from the 

wellheads to the processing facilities, they are exposed to the continuous threat of corrosion 

from the date of commissioning up to the decommissioning or abandonment. Corrosion 

inhibitors are one of the mediums applied to minimize corrosion in petroleum industry. For 

an optimum inhibition to be achieved, the inhibitors must be added above a certain minimum 

concentration [1]. It is however important to emphasize that the inhibitor efficiency is highly 

dependent on its capability to be present in the water phase and reach the pipe wall. 

Therefore, for a given corrosion inhibitor injection rate, there is a need to quantify the 

amounts of the active components present in the water and oil phase [2]. 

In most applications where corrosion inhibitors are used to mitigate CO2/H2S corrosion, 

more than a single phase is present in the system. Therefore, when the inhibitor is applied, 

its components are inevitably distributed between the phases mainly the oil, the brine and 

the solids [3]. The film forming inhibitors are used in industries to create a molecular layer 

right on the surface of the steel and aliphatic tail as a second layer in hydrocarbon to prevent 

water from contacting the steel surface and causing corrosion [4]. The adsorption-type 

inhibitors reduce corrosion rate by forming layers of hydrophobic film on metal surface, 

which hinders transfer of substance and charges related to corrosion reactions. They are 

usually organic and the most widely used are the nitrogen-containing compounds, for 

example amines, amides, quaternary ammonium salts, imidazolines and their derivatives, 

salts of nitrogenous molecules with carboxylic acids, polyoxyalkylated nitrogen-containing 

compounds, nitrogen heterocyclic and compounds containing phosphorus, sulfur and oxygen 

[5-7]. Imidazoline, as a type of corrosion inhibitor, is most commonly used for protecting oil 

wells, gas wells or pipelines from CO2 corrosion due to its good adsorption character and the 

formation of a chemical film on the surface of iron and steel. The molecular structure of 

imidazoline is shown in Figure 1. It consists of three parts: a five-atom ring with nitrogen 

element (part A), a long hydrocarbon chain (part B, R1) and a pendant side chain with an 

active Functional group (part C, R2). R1 is also called hydrophobic branched chain, and R2 

is called hydrophilic branched chain.  Hydrophobic branched chain R1 moves away from the 

metal surface and forms hydrophobic layers in solution, these hydrophobic layers hamper 

the contact of corrosive medium and the metal surface, slow down the corrosion. Hydrophilic 

branched chain R2 mostly contains N, O and other heteroatoms, which can achieve stable 

chemical adsorption on the surface of metal, so as to slow down the corrosion rate [8]. 
 

 

 



 

  

Figure 1. Scheme of an imidazoline molecule 
 

These corrosion inhibitors are usually injected into the flow stream as a mixture of chemicals 

containing surfactant molecules. The so-called “active component” in this mixture is most 

commonly an organic surfactant compound(s) with an amphiphilic molecular structure, 

consisting of a polar head group and nonpolar hydrophobic tail. The polar head is often based 

on nitrogen-containing groups, such as amines, amides, quaternary ammonium, or 

imidazoline- based salts as well as other functional groups containing oxygen, phosphorus, 

and/or sulfur atoms. The length of a hydrocarbon tail which is attached to a polar group 

typically varies between 12 and 18 carbon atoms. The function of the polar head-groups is 

to provide a bonding between inhibitor molecules and the steel surface. Hydrophobic tails 

are facing the solution, are thought to be important in establishment of self-assembled 

layer(s) of corrosion inhibitors on the metal surface and key to the protection they offer [9]. 

The injected corrosion inhibitor in sea-lines of south pars gas complex was analyzed by 

FTIR1 Spectroscopy in order to find out its functional groups. FTIR spectra of this inhibitor 

is shown in Figure 2. 
 

 
 

 
1 Fourier Transform Infrared Spectroscopy 

Figure 2: FTIR spectra of the fresh corrosion inhibitor 



 

 In Table 1, functional groups assigned to the major peaks of the FTIR spectra have been 

illustrated. 
 

 

 

699 1014 1118 1377 1643 2852 2929 3420 
Wavenumber     

(Cm-1) 

C=C C-N C-N S=O C=N CH2 CH2 N-H 
Functional 

Group 

 

According to Table 1, the band at 1643 Cm-1 is the characteristic stretching vibration of C=N 

in the imidazoline ring. N-H bands detected at 3420 Cm-1, can be related to the amide active 

component of the inhibitor. Transmittance in the region of 1118 and 1014 Cm-1 can be 

assigned to C-N stretching vibrations. The band appeared at 2929 Cm-1 in the spectra can be 

assigned to the CH2 stretching vibrations and band at 1377 Cm-1 is assigned to unconjugated 

S=O which is able to bond their free electrons with vacant “d” orbital of iron surface atoms 

and reinforce inhibitor bonding to the iron surface [10]. 

FTIR investigations on the samples of corrosion inhibitor which was applied in the sea-lines 

of South Pars Gas Complex identified its composition as a mixture of amides, imidazoline 

ring and salts of amines. So, this corrosion inhibitor is an imidazoline-amide based inhibitor. 

The injection rate depends on the gas flow rate, so that it is normally injected in the rate of 

20–25 lit/hr. In order to make sure that the pipeline is under the corrosion control beside the 

annual measurement of the weight loss corrosion coupons (i.e. installed at the end of the 

pipeline) and scheduled inspections by NDT2 methods, also a daily laboratory measurement 

of the residual concentration of the corrosion inhibitor are done. This laboratory 

measurement is carried out on the samples taken from the water phase of the liquid bottles 

at the end of the pipelines in slug catcher. According to the recommendations of the 

inhibitor’s manufacturer, the minimum allowable residual of the corrosion inhibitor in the 

samples taken from the end of the sea-lines must be 400 – 600 ppm, however there is no 

allowable upper limit for this concentration. 

Piping flow diagram of the sea-lines and slug catcher has been illustrated in Figure 3. As it 

is observed on this flow diagram, a multi-phase wet gas-condensate flow has been 

transported by sea-lines from offshore platforms to the onshore facilities. The first unit which 

receives this multi-phase flow is called a finger type slug catcher. In this unit, sour gas stream 

is separated from the top of the inclined pipelines in the first section of the fingers and 

transported to gas treating units to be sweetened and at the end of the slug catcher, water 

phase and hydrocarbon condensate mix together and transported to condensate stabilization 

unit in order to reduce the vapor pressure of the condensate by removing its lighter 

 
2 Non-Destructive Test 

Table 1: Assignment of functional groups in FTIR spectra of the fresh inhibitor 



 

components and adjust its reid vapor pressure according to the required product 

specifications. 

 

 
 

 

Piping flow diagram of the condensate stabilization unit has been illustrated in Figure 4. The 

raw condensate from the slug catchers is preheated, then flashed before going through a 

desalter. Duty of this equipment is to remove the free aqueous phase, which can be salted or 

not, from the hydrocarbon phase so that in downstream of the desalter the maximum 

allowable water content shall be 500 ppmv and maximum 10 mg/l of the salt content. After 

passing the desalter, raw condensate enters into the stabilization column. 

 

 

 
 

Figure 3: Piping flow diagram of platform pipelines to the slug catcher unit in onshore refinery 

 

Figure 4: Piping flow diagram of condensate stabilization unit 



 

At the bottom of this column, some of the liquid is circulated through a reboiler to add heat 

to the tower. As the gas goes up from tray to tray, more and more of the heavy ends get 

stripped out of the gas at each tray and the gas becomes richer in the light components and 

leaner in the heavy ends. Operating temperature of this reboiler is approximately 1700 C.  

Decreasing in thermal performance of this reboiler was reported by the operator frequently 

which forced the operator to shutdown the unit in order to investigate the reasons of this 

issue. First internal inspections, revealed that all the tubes and tube spacings were 

accumulated by bulky and sticky sludge so that no adequate heat surface was prepared and 

the thermal performance of the reboiler was dropped. 

 

 

Methods of investigation 

  

In order to analyze the origin of the sludge, it was decided to use analytical chemistry method 

by gas chromatography in order to analyze different components of the sludge. As it is shown 

in Figure 5, sludge consisted of two parts: a clear aqueous phase and a sticky and gritty black 

phase.  

 

  

Figure 5: Sample taken from the surface of the tubes and SEM image of its black phase [11] 

 

In order to analyze all components of the sludge, the clear aqueous phase was separated from 

the sticky and gritty black phase. Since the appearance of this aqueous phase was similar to 

the hydrocarbon condensate, so it was decided to take a sample of fresh hydrocarbon 

condensate and compare gas chromatograms of this sample with the clear aqueous phase of 

the field sample. Gas chromatograms of these two samples has been illustrated in Figure 6. 

As it is obvious there is an acceptable agreement in the peaks of the two samples and the 

clear aqueous phase could be the remained condensate on the tube bundle which was not 

drained completely and left on the tubes and sludges. 

https://www.sciencedirect.com/topics/engineering/reboilers


 

 
 

 

 
 

Analyzing sticky and gritty black sludge 
 

Since the black sludge seemed to be containing solid particles like grit, so it was decided to 

separate the solid particles and analyze the solid part and sticky viscous parts separately. In 

order to do this, all the sample of gritty and sticky black sludge was dissolved in methanol 

as a solvent because organic corrosion inhibitors like imidazoline-amide based inhibitors are 

soluble in methanol and the appearance of the sticky and viscous part was like the applied 

corrosion inhibitor.  After dissolving in the methanol, the sample was filtered to separate the 

solid parts and then heated in the oven to evaporate its remained volatile parts. Separated 

solid and viscous parts have been shown in Figure 7. 

 

 

  
 

Figure 7: Separated parts of sticky and gritty sample: A: Sticky and viscous part after 

dissolving in methanol and heating in oven, B: Solid part after methanol dissolving, 

filtering and heating in oven [11] 

 

Figure 6: Gas chromatogram for the aqueous phase of field sample and condensate sample [11] 

 



 

Analyzing solid particles of the black sludge 
 

Gravimetric measurements revealed that the solid particles made up approximately 55 wt.% 

of the sticky and gritty sludge. EDX3 spectroscopy was employed for the analysis of the solid 

particles. Results of EDX analysis has been shown in Figure 8.  

 

 
 

 

As it is clear in Figure 8, the main elements were Fe, S, P, K, Na, O and C. The high carbon 

content observed for one sample likely represents crystalized heavy hydrocarbons from the 

condensate which were insoluble in methanol or possibly carbonized corrosion inhibitor 

active component which was remained on the solid particles. Fe and S elements could be the 

common corrosion product in sour services which form iron sulfide and sometimes are not 

able to form a stable film on the surface of the steel and circulate in the system. Other 

elements like K, P, Cl and Na are the salts of the production water which can be present in 

the stream when the desalter is not in service or is not working efficiently.  

 

Analyzing sticky black sludge 
 

As it is obvious in Figure , since the appearance of oven-dried methanol filtered viscous 

part was similar to the poly-amide resins used in corrosion inhibitors, therefore, a sample 

of the fresh corrosion inhibitor was taken and heated to elevated field temperatures (i.e. 1700 

C) to simulate solvent/volatiles loss (see Figure 9).  

 

 
3 Energy Dispersive X-ray 

Figure 8: Results of EDX analysis on the solid sample [11] 

 



 

 

 

 

 

In Figure 10, the chromatogram of the simulated sample and field sample has been 

illustrated. The good agreement between the peaks confirmed that the other constituent and 

binder for black solid part of the reboiler could be the active poly-amide component of the 

corrosion inhibitor which remained when the solvent (Methanol) was evaporated. 

 
 

 

 

  

 

 

Figure 9: Viscous samples: A: sticky and viscous sample after dissolving in Methanol and 

heating in oven, B: Simulated fresh inhibitor’s sample after heating to simulate solvent loss [11] 

 

Figure 10: Gas chromatogram of simulated fresh corrosion inhibitor sample and 

sticky field sample after dissolving in methanol and heating in oven [11] 

 

 



 

Results & Discussion 

 

• Gas chromatography results identified that the clear aqueous phase of the field 

sample was the condensate left in the reboiler. 

 

• Sticky sludge consisted of two parts including gritty parts and salts plus the active 

component of the corrosion inhibitor. 
 

• Results of Energy Dispersive X-ray analysis revealed that the main components of 

the gritty part of the field sample was the iron sulfide which is a common corrosion 

product in sour services containing H2S. 
 

 

• Gas chromatography results revealed that the corrosion inhibitor was the main cause 

of sticky sludge formation on the tubes of the reboiler and decreasing its heat 

efficiency. 

 

• Due to the partitioning behavior of the corrosion inhibitor in condensate phase and 

exposing to high temperatures in reboilers, inhibitors can be decomposed to their 

active component which acts as a glue to bind corrosion products and Salts on the hot 

surfaces and reduce thermal performance of the reboiler. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Conclusion 

 

• Because of the partitioning behavior of the corrosion inhibitor in the condensate 

phase and the probability of inhibitor’s decomposition at elevated temperatures and 

causing operational issues in the reboiler of stabilization unit it is strictly required 

to have a recommended standard code for getting a reliable measurement of the 

residual concentration of inhibitors in both aqueous and hydrocarbon phases. Lack 

of a standard code for residual measurement would result in erroneous or not 

reliable data which is able to mislead the corrosion engineer and cause operational 

problems and impose unplanned unit shutdowns and considerable maintenance 

costs. 

 

• It is recommended to have a maximum allowable residual concentration of 

corrosion Inhibitors in both aqueous and condensate phase to prevent operational 

problems. This maximum concentration cab be specified based on the experience 

for a determined flow characteristic in each refinery and it would not be a constant 

value for all the identical refineries. 
 

• One of the key performance factors in selecting corrosion inhibitors is their thermal 

stability in simulated laboratory conditions. Operating conditions at highest 

temperatures of the units (for example in the reboilers) shall be taken into account 

as key factor in evaluating and qualifying corrosion inhibitors. 
 

• Organic corrosion inhibitors like imidazoline-amide based inhibitors at elevated 

temperatures decomposes to their active components which are really sticky and 

are able to act like a glue to bind the salts or solid particles on the hot surfaces. The 

critical concentration of corrosion inhibitor which may cause this problem shall be 

measured by field experience in order to prevent operational issues in heat 

exchangers. 
 

• Desalters play a key role in condensate stabilization unit by removing free waters 

and salts from the condensate and in the case that it is not in service the salts 

carrying in the free water can be bind to the active component of inhibitor at high 

temperatures on the reboiler tubes and form a bulky and sticky sludge. 
 

• This is not true to say that “the higher the concentration of the corrosion inhibitor, 

the better the protection”, because the reliable and optimum corrosion inhibitor 

concentration is the concentration in which not only the corrosion rate is under the 

control but also no operational problem occurs. 
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