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Abstract 
Corrosion under insulation of carbon steel pipework is a significant problem in thermal process 

industries.  Review of literature has shown that corrosion under insulation is influenced by water 

ingress into insulation materials.  This study analyses the effect of rainwater ingress into fibrous and 

closed cell elastomer insulation materials used in the insulation of small diameter carbon steel 

pipework in service applications in the South Wales coastal region.  Building on previous studies it 

considers the effect that cyclic temperature service has on the water retention of insulation materials 

and the development of corrosion under insulation.  An environmental test was conducted over a 

period of 12 weeks simulating insulated carbon steel pipework in both temperature cyclic and ambient 

conditions in the presence of rainwater.  The analysis completed demonstrated that water retention 

within thermal insulation and the development of corrosion under insulation in cyclic temperature 

service was more severe than that in ambient conditions.  The results indicated that the test insulation 

materials subject to temperature cyclic conditions see a reduction in hydrophobic properties, leading 

to an increase in water retention and development of corrosion under insulation.  The integrity of 

weather barriers associated with insulation systems is considered of prime importance in mitigating 

against water ingress.  Further research should be considered in analysing the degradation of thermal 

insulation hydrophobic properties in temperature cyclic service. 
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1.0 Introduction 
Carbon steel pipework is used extensively within manufacturing facilities for the transfer of process 

fluids between process stages or for the provision of thermal fluids for heating or cooling of the 

process as necessary.  Where a temperature differential exists between the fluid conveyed within the 

pipe and the ambient environment, energy losses occur, such energy losses increase significantly with 

an increase in temperature differential and the area of pipe exposed.  To improve efficiency insulation 

is typically fitted to the external surfaces of pipe, which can reduce energy losses by 90% (U.S. 

Department of Energy , 2012).  However, the fitting of insulation frequently presents another problem 

in the form of localised corrosion referred to as Corrosion Under Insulation (CUI). 

Corrosion Under Insulation (CUI) occurs as a result of water penetrating into insulation material and 

migrating towards the pipe surface.  The water in conjunction with oxygen and other compounds 

within the insulation material such as water-soluble chloride salts form an electrolyte allowing 

corrosion to take place, the rate of corrosion being influenced by the temperature of the pipe system 

and the process if cyclic in nature.  

The global costs associated with loss due to corrosion in general are significant and have been subject 

of many investigations and studies.  A study undertaken in 1949 suggested that the annual costs due 

to corrosion at that time were US$5.5 Billion equivalent to 2.5% of US GPD, which was made up of 

direct losses due to providing protection to metal surfaces and the cost of replacement, and indirect 

losses such as loss of production (Uhlig, 1949).  More recently a report published by the National 

Association of Corrosion Engineers (NACE) estimates the global cost of corrosion to be US $2.5 trillion, 

equivalent to 3.4% of global GPD in 2013 (NACE, 2016).  A study undertaken in China in 2017 suggested 

that the cost of corrosion in China was in the region of US $310 Billion, equivalent to 3.3% of China’s 

GDP (Baorong, et al., 2017). 

The understanding and assessment of the causes and effects of corrosion is an important part of the 

role of a pressure system engineer with responsibility for the assessment and examination of in-

service pressure systems in varied industrial and manufacturing sectors across the UK.  CUI that effects 

low pressure service steam pipework in process installations is of particular interest due to the 

intermittent and cyclic nature of operation, such service pipework often goes overlooked where 

planned preventative maintenance schedules focus on the larger process system vessels and pipework 

during planned maintenance outages.  The study focuses on the development of CUI in thermally 

insulated service pipework in the South Wales coastal region. 
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1.1 Problem Definition 
Corrosion Under Insulation (CUI) occurs on steels when covered by insultation in the presences of 

water, it exhibits itself as a server form of localised corrosion, which if left uncorrected often results 

in loss of containment, unscheduled plant shutdown, and ongoing preventative maintenance costs 

(Winnik, 2008).  The severity of corrosion is influenced by environmental and operating conditions, 

with the introduction of chlorides in coastal areas and cyclic operating temperatures exacerbating the 

problem (HSE, 2013).  Water and other contaminants such as chlorides primarily enter the insulation 

material due to a failure in the outer environmental barrier, caused by incorrect installation and 

maintenance procedures, or inadequacies in design (NACE, 2010). 

 
Figure 1.1 Localised CUI on pipework (BoilerRock, 2017) 
 

1.2 Project Aim 
The effect of rainwater ingress on thermal insulation associated with process service pipework in cyclic 

temperature applications where CUI is present as a degradation mechanism in manufacturing facilities 

in the South Wales coastal region has not been widely reported.  

The intention of this research project is to contribute to the understanding of the effect of rainwater 

ingress and retention within thermal insulation materials in cyclic temperature applications and the 

effect on the development of CUI on carbon steel pipework located in manufacturing facilities in the 

South Wales coastal region.  Carbon steel pipework is routinely specified as process service pipework 

in the diameter range of 12mm – 50mm and is used for the distribution of low-pressure steam and 

hot water for process heating and cleaning applications.  

The research project investigates a range of factors to ascertain if the specification of thermal 

insulation materials in cyclic temperature applications where rainwater ingress is present has an 

influence on water retention and the development of CUI. 
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1.3 Project Objectives 
The objectives of this research project are defined as: 

1. Evaluate the effect of cyclic temperature change within thermal insulation and water 

retention where rainwater is introduced into the insulation material. 

2. Evaluate the effect of cyclic temperature change and the development of CUI on thermally 

insulated carbon steel pipework where rainwater is introduced into the insulation material. 

3. Draw conclusions and make recommendations based on the findings of the investigation. 

1.4 Research Question and Hypothesis 
From the project aim and objectives the following research question and hypothesis is developed 

1.4.1 Research Question 
What effect does cyclic temperature change have on the water retention of thermal insulation 

material and the development of CUI on thermally insulated carbon steel pipework where rainwater 

is introduced into the insulation material? 

1.4.2 Hypothesis 
Cyclic temperature change will increase the water retention of thermal insulation material and 

development of CUI on thermally insulated carbon steel pipework where rainwater is introduced into 

the insulation material. 

 

1.5 Background of problem (Reasons and Relevance of the project) 

1.5.1 Reasons 
The condition of the insulation system and the associated environment barrier are of critical 

importance in mitigating against the onset of CUI.  However, in practice this proves difficult to manage 

effectively due the very nature of pipe system geometry, associated supports, valves, and other 

components which form part of a typical service pipe system.  The potential for water ingress is high 

due to poor installation and maintenance practices.  The extent of CUI within petrochemical refineries 

has been estimated to cost as much as 40 to 60% of pipework maintenance, which in turn accounts 

for 10% of a typical refinery maintenance budget (Fitzgerald & Winnik, 2005).   

1.5.2 Relevance 
Undetected corrosion can lead to a loss of containment and the uncontrolled release of hazardous 

fluids, a study undertaken by ExxonMobile found that in 80% of incidents in pipe systems CUI was 

identified as a contributory factor (Fitzgerald, et al., 2003).  Such failures can result in much larger 

loses where the process fluid is flammable, and the pipe system forms part of a larger refining unit.  

One such example occurred in 2006, at an established petrochemical refinery on the US Gulf coast.  A 

leaking 100mm diameter process line containing hydrocarbon fluids was identified as the cause of a 

major fire within the refining complex, destroying half of the unit in which the pipe was located, the 

cost of replacement was in the region of US$50 million (Anderson, 2010). 

1.6 Project Plan 
The project is scheduled in accordance with a Gantt chart project plan, a copy of the plan is included 

within Appendix 1 for reference. 
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2.0 Literature Review 

2.1 Corrosion Under Insulation 
Corrosion Under Insulation (CUI) is a serious problem affecting process piping within refineries and 

other industries conveying process fluids, due to the significance of the problem both the American 

Petroleum Institute (API) and the National Association of Corrosion Engineers (NACE) outline causes 

and methods of mitigation, which are detailed within the following respective publications; API 570 

Piping Inspection Code: In-service Inspection, Rating, Repair, and Alteration of Piping Systems.  API 

571 Damage Mechanisms Affecting Fixed Equipment in the Refining Industry, and NACE Corrosion 

control in the refining industry.  Both organisations confirm the temperature range over which CUI is 

likely to occur in carbon steel as between -12°C and 175°C and highlight contributing causes as water 

ingress through the insulation external weather cladding, and cyclic temperature operation.  The rate 

of corrosion being significant where the surface metal temperature is between 100°C and 121°C (API, 

2016), (API, 2011), (NACE, 2010).   

Whilst the position on general corrosion and degradation mechanism of both API and NACE align with 

respect to CUI, the position taken by API alters when addressing CUI specifically in API 583 Corrosion 

Under Insulation and Fireproofing.  A lower range of between 77°C and 110°C is stated, API cite the 

reason being due to the process temperature being stated in many cases, rather the actual metal 

temperature at the pipe/insulation interface.  API point out that a critical factor in CUI is the presence 

of an aqueous layer on the metal surface covered by insulation, which can occur during a period of 

operation, either on or offline (API, 2019).  The contradiction in positions of recognised authorities in 

asset integrity management suggest there is wider misconceptions with respect to the conditions 

under which CUI is likely to occur.  A review of published experimental reports cites the simulated 

temperatures as process temperatures, not actual surface metal/insulation interface temperature.  

Failures in pipework can be attributed to failure in a corrosion control system, Cosham, et al. describe 

a system combining the environment, coating condition and rapid corrosion which ultimately lead to 

corrosion failure, importantly the failure is not due to corrosion alone, but a failure in the corrosion 

control system.  (Cosham, et al., 2007).   

The application of suitable coating systems to process pipework as a barrier between the metal pipe 

and insulation is considered as an effective means of managing CUI, with Thermal Spray Aluminium 

(TSA) and organic coatings finding application in both process pipe and vessel protection throughout 

the petrochemical industries (Bahadori, 2014).  A laboratory investigation comparing the corrosion 

resistance of an unprotected steel pipe section and a section where protected by TSA in a cyclic 

environment insulated with mineral wool confirms the effectiveness of TSA, the results indicating that 

the corrosion rate of pipe protected with TSA are reduced to 0.003 mm/year, a significant 

improvement over the unprotected pipe in the same environment where a corrosion rate of 1.0 

mm/year was observed (Kane, et al., 2008).  However, whilst there are significant gains in utilising 

TSA, the preparation, application and protection against damage of the coating system requires 

careful control to avoid localised corrosion rates of up to 0.03 mm/year. 

TSA also has practical limitations with respect to pipe diameter and the effective coating using manual 

application methods, with some systems limited to diameters above 75mm (Praxair, 2010).  Pipe 

diameters associated with low pressure service steam distribution are typically in the range of 12mm 

– 50mm and are also subject to installation in restricted areas often routed around main process pipe 
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and vessel systems.  This restricted access can potentially cause set up problems for manual TSA 

application (Ashrafizadeh, et al., 2016), and the level of surface preparation required before 

application of TSA (Bock, 2015).  In most cases the manufactures applied coating is relied on for 

corrosion protection. 

A case study undertaken on the failure of a refinery carbon steel process line due to CUI operating at 

90°C supports the view of failure being attributed to a failure in the corrosion control system.  The 

failure resulting due to aggressive localised corrosion where water had collected at the lowest point 

due to inadequate installation techniques, the remainder of the pipe system inclusive of coating and 

insulation system being in good order.  The plant was located in a coastal area, on close examination 

of the corroded pipe evidence of chloride and sodium contamination was evident (Geary, 2013).  An 

estimated corrosion rate of 0.6mm/year was suggested, correlating with figures published by NACE 

indicating temperatures over 80dec can result in corrosion rates of 0.75mm/y and above (NACE, 

2010).  The introduction of drainage openings within the outer insulation casing allowing the 

insulation to drain of water was shown to have a limited influence on CUI, and possible could 

accelerate the effect (Pojtanabuntoeng, et al., 2015). 

Whilst corrosion in open systems decreases with an increase in temperature, the same is not true of 

corrosion which takes place under insulation, an increase in temperature correlates to an increase in 

corrosion, behaving in the same way corrosion would be expected within a closed system (Reichert, 

1998).  

Several published papers describe testing in accordance with the ASTM standard ASTM G189 – 

Standard Guide for Laboratory Simulation of Corrosion Under Insulation, which describes a laboratory 

test cell set up to simulate a temperature cyclic environment which cycles between a wet period of 

20 hours at 60°C, and a dry period of 4 hours at 150°C, which runs over a period of 72 hours.  Where 

water is introduced as the test fluid into the area between the pipe wall and thermal insulation.  

However, ASTM cautions against standard laboratory tests not considering actual service conditions, 

often presenting an inaccurate representation of the development of CUI where actual rates of 

corrosion are in excess of those developed in laboratory conditions (ASTM, 2013).  This position is 

shared by Begg (2016), who proposed an alternative corrosion test which reflects field conditions with 

respect to geometry and wet/dry temperature cycles over a period of 60 days (Begg, 2018). 

Burhani, et al. (2016)  supports the position suggesting that the most influential factors in CUI are 

cyclic operating conditions with temperatures up to 120°C from ambient, where the most sever 

corrosion takes place at temperatures between 100°C and 120°C, their study also suggests that water 

retention within the insulation material is greater in this temperature range as it is less likely to dry 

completely (Burhani, et al., 2016). 

Field tests undertaken in Norway during 2010 and 2015 assessing mineral wool and cellular glass 

insulation with seawater used as the wetting medium identified that the test samples subject to cyclic 

changes in temperature exhibited significant CUI compared to the samples which remained at ambient 

temperatures.  Both tests were run over a three-month period with the earlier test focusing on 

insulated pipe subject to an operational temperature of 105°C and immersion for 30 minutes in 

seawater (NACE-Jubail, 2015).  And the later subjecting insulated pipe to cyclic heating and cooling 

between ambient and 150°C, and intermittent wetting by sea (Haraldsen, 2010).  A further study 

suggests the rate of corrosion increased with an increase of seawater introduced to the insulation 



 

6 
 

material (Eltai, et al., 2016).  The findings of both studies which utilised seawater as the fluid medium 

are supported by the results of a simulation where an increase in the rate of CUI in carbon steel was 

found where the test solution contained an increasing concentration of NaCl (Tang, et al., 2012).  The 

area of CUI in marine environments appears to be well reported with a further investigation setting 

out an experimental design and proposed predictive model to study CUI in harsh marine environments 

(Caines, et al., 2015). 

An investigation into the failure of a section of 50mm diameter process pipework due to corrosion 

under insulation in cyclic temperature service operating between ambient and 240°C for a period of 5 

hours per month found that the rate of corrosion was significant at 3mm/year.  The root cause analysis 

conducted found that the breakdown in the insulation weather barrier was a significant contributory 

factor in addition to the cyclic service and cited a failure in the risk-based inspection process as the 

reason the corrosion remained undetected, the pipework was replaced with a personal protective 

mesh as opposed to thermal insulation (Ifezue, et al., 2014).  The investigation supports the positions 

of Burhani, et al, regarding temperature cyclic operation, and Cosham, et al, with respect to a failure 

in the maintenance system. 

A study undertaken of pipework totalling 11km in length within major gas processing plants in 

Malaysia identified that in 60% of cases where CUI had occurred the pipework was less than 50mm in 

diameter (Burhani, et al., 2019), the study supports the position that smaller diameter pipework is 

often overlooked when specifying protective coatings such as TSA due to the difficulties of application 

to smaller diameter pipework. 

Water vapour diffusion was analysed in a study of water permeability in semi-closed and closed cell 

insulation and the effect on corrosion rates attributed to CUI in a cyclic system in line with laboratory 

simulation described in ASTM G189.  The study found that water permeable material which was able 

to dry where water could escape had low corrosion rates compared to those of semi-closed and closed 

cell construction (Rasmussen, 2017).  However, the advantage may be lost when considered in actual 

operating environments as external temperatures below freezing can damage the structure of thermal 

insulation which contains water (Bahadori, 2014). 

Fibre insulation materials such as mineral wool are water repellent, however water can be held within 

the spaces between the fibres, resulting in water migration towards the pipe surface.  This is overcome 

by using additives within the insulation binder which repel water from between the fibres giving the 

finished insulation product hydrophobic properties.  Oil based additives begin to lose effectiveness 

above 150°C and silicone based above 250°C (DuBose, 2020).  Inorganic resin additives are also used 

which have effective working temperatures up to 250°C.  Whilst manufactures tests support the 

effectiveness of the additives discussed with respect to water repellent properties (Zwaag & 

Rasmussen, 2018), caution is clearly required in the specification of insulation material in addition to 

that of the installation and maintenance requirements with respect to water ingress. 

The external influence of marine and near coastal atmospheres and the effect of chloride and 

dissolved solids is well reported in the earlier literature with respect to CUI.  However, chlorides can 

also be found within mineral derived insulation material along with other dissolvable solids which are 

able to leach out when the insulation material becomes wet (Ahluwalia, 2006), this in turn increases 

corrosive attack in areas remote from coastal regions. 

 



 

7 
 

2.2 Mechanisms of Corrosion 
Corrosion Under Insulation is a severe localised form of atmospheric corrosion which takes place due 

to an electrochemical reaction that occurs in the presence of water and contaminants forming an 

electrolyte in an aqueous solution.  Water which passes through the weather barrier of a thermal 

insulation material migrates inwards towards the metallic pipe surface, through the joins and 

penetrations in material of closed cell construction, and additionally between the fibres of glass and 

rock wool materials.  If the surface temperature of the pipe is such that the water remains in its vapour 

phase, corrosion is significantly reduced as an electrode potential cannot form on the metallic surface.  

However, where the surface temperature of the pipe is such that the water condenses allowing water 

to collect on the pipe surface in its liquid phase an electrode potential can form, which in turn presents 

the conditions under which electrochemical corrosion will occur (Groysman, 2010). 

As the water forms an electrolyte on the metallic pipe surface the electrochemical corrosion that takes 

place is described as aqueous corrosion.  Aqueous corrosion consists of four component parts 

(Edwards, 2013). 

1. An electrolyte which consists of cations and anions. 

2. A metallic material through which electrons pass. 

3. The anode where corrosion and rust occur. 

4. The cathode where oxygen is reduced. 

 The mechanism of aqueous corrosion which takes place on a steel pipe surface is described in figure 

2.1 below. 

 
Figure 2.1 Depiction of aqueous Corrosion of Steel pipe surface 
 

The corrosion of the steel pipe surface is described by the following equations. 
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2.2.1 Anodic Reaction 
The corrosion of the pipe wall takes place at the anodic sites where in contact with the electrolyte as 

described by reaction (2.1). 

 
Fe → Fe2+ + 2e (2.1) 

 
The iron (Fe) within the steel is oxidized producing ferrous ions (Fe2+) which transfer into the 

electrolyte solution, and electrons which flow through the pipe wall to the cathodic sites which has a 

greater electrical potential.   To maintain an equilibrium, and for further corrosion of the pipe wall to 

take place, the electrons which are produced as part of the anodic reaction are consumed as part of 

another reaction which occurs simultaneously at the cathode. 

2.2.2 Cathodic Reaction 
The simultaneous reaction which occurs at the cathodic sites of the pipe wall are described by reaction 

(2.2). 

𝑂2 + 2𝐻2𝑂 + 4𝑒 → 4𝑂𝐻−  (2.2) 

 

Oxygen molecules within the space between the insulation and pipe surfaces which is present within 

the cathodic areas react with the electrons discarded as part of the anodic reaction and water to 

produce hydroxyl anions (OH-) during a reduction process. 

2.2.3 Redox Reaction 
Reactions that take place simultaneously at both the anodic and cathodic areas are known as a redox 

reaction.  Where each reaction is either a reduction where electrons are gained, or oxidation where 

electrons are lost (Schmitz, 2017).  The anodic reaction (2.1) and cathodic reaction (2.2) can be 

combined to form a balanced equation (2.3), as the electrons are lost as part of the anodic reaction 

and gained by the cathodic reaction.  Corrosion of the pipe wall cannot take place unless both 

reactions occur. 

2𝐹𝑒 + 𝑂2 +  2𝐻2𝑂 →  2𝐹𝑒2+ + 4𝑂𝐻− (2.3) 

 

2.2.4 Conversion to Hydrated Ferric Oxide (Rust)  
As the anodic and cathodic areas are separated by negligible distances and further abundant Oxygen 

molecules remain present in the area of the anode, the ferrous ions (Fe2+) precipitate out of the 

electrolyte solution and form hydrated ferric oxide (Ahmad, 2006) through the series of reactions 

described below. 

The hydroxyl anions (OH-) produced by the cathodic reaction (2.2) and the ferrous ions (Fe2+) of the 

anodic reaction (2.1) react to form ferrous (II) hydroxide as described by reaction (2.4). 

2𝐹𝑒2+ +  4𝑂𝐻−  →  2Fe(OH)2  (2.4) 

The ferrous (II) hydroxide from reaction (2.4) reacts with further Oxygen and water molecules present 

to form ferrous (III) hydroxide as described by reaction (2.5). 

4Fe(OH)2 +  𝑂2 +   2𝐻2𝑂 →  4Fe(OH)3  (2.5) 
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Hydrated ferric oxide (Fe2O3.H2O) is formed by the reaction between ferrous (III) hydroxide from 

reaction (2.5) and further Oxygen molecules present and is described by reaction (2.6). 

4Fe(OH)3 +  𝑂2  →  2Fe2O3 . 𝐻2𝑂 + 2𝐻2𝑂 (2.6) 

The resulting hydrated ferric oxide (Fe2O3.H2O) is commonly referred to as rust with a distinctive 

reddish-brown colour. 

2.3 Other Parameters Influencing Corrosion 
Whilst section 2.2 sets out the mechanism of corrosion under insulation due to water ingress other 

parameters influences the rate at which that corrosion occurs and are considered as follows 

2.3.1 Relative Humidity 
For aqueous atmospheric corrosion to occur water must be present for an electrolyte to form on a 

metallic pipe surface.  Water is present in air, which can condense on the pipe surface, the amount of 

water present is described by the relative humidity, the ratio between the actual vapour pressure and 

saturation pressure of water in air (Ahmad, 2006).  The rate of corrosion increasing significantly from 

80%, however in marine environments this can be lower at around 35%. 

2.3.2 Time of Wetness 
The time during which the metallic pipe surface is wet is considered as the main factor which 

influences both the corrosion mechanism and rate of corrosion (Groysman, 2010), if water cannot 

collect on the pipe surface an electrochemical cell cannot form without a suitable electrolyte.  This is 

most critical where the relative humidity is greater than 80% at temperatures of 0°C and above.  The 

corrosion rate during dry periods being of one to two orders of magnitudes lower (Landolt, 2007). 

2.3.3 Chloride Content of the Electrolyte 
Chlorides present within the electrolyte increase the ionic conductivity of the aqueous solution 

present on the pipe surface, which in turn increases the rate of corrosion (Ahmad, 2006).  The increase 

in chloride content of both rainwater and atmospheric air that is blown in land from the sea represents 

a significant source of chlorides that influences corrosion under insulation.  The location where 

corrosion is present in proximity to the cost has a significant effect, Ahmad suggests that the additional 

chloride present can be seen up to 10km inland. 

The study focuses on the effect of corrosion under insulation in the South Wales coastal region, no 

direct data was available from accessible sources with respect to chloride content and conductivity of 

rainwater in this region within the 10km zone from the shoreline.  However, to form a relative 

comparison for information in support of the literature review table 2.1 describes data retrieved 

during 2020 from the Department for Environment Food and Rural Affairs UKEAP: Precip-Net 

monitoring network, which monitors the composition of rainwater from 38 sites across the UK 

(Department for Environment Food & Rural Affairs, 2020).  The comparison being drawn between the 

coastal monitoring station at Goonhilly, located on the southern coast of Cornwall, which is located 

geographically in a similar position to Swansea on the South Wales coast, both being exposed to the 

prevailing winds from the north Atlantic, generally from the South West to South South West 

(Department of Enery and Climate Change, 2009) and within 10km of the shore.  And the nearest 

Precip-Net monitoring station inland to Swansea located at Crai in the upper Swansea valley.  
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Precip-Net 
Station 

Location Closest point 
to coast (km) 

Bearing Average 
Conductivity  

Average 
Chloride 

Yes Goonhilly 4.9 km 159° 45.7µS/cm 13.4mg/l 

No Test site 
(Swansea) 

2.4 km 169° --------------- ------------ 

Yes Crai  
Reservoir 2 

34 km 208° 20.4 µS/cm 4.5mg/l 

Table 2.1 Coastal and inland comparison of rainwater chloride content and conductivity  

An increase in chloride concentration within the aqueous solution is shown to increase the formation 

of pitting during corrosion (Ahmad, 2006), also chloride salts which are left present on the metal 

surface during the dry phase reduce the saturation pressure of air containing moisture, which in turn 

reduces the relative humidity at which corrosion occurs (Landolt, 2007). 
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3.0 Methodology  

3.1 Experimentation Design 
The social and travel restrictions in place due to the current Covid-19 pandemic have significantly 

impacted on the design of the experimentation.  It has not been possible to utilise the university 

laboratory facilities to run a laboratory experiment.  The instrumentation which has been sourced 

independently to measure variables during the experimentation period is not of laboratory standard 

or calibrated to a known traceable nation standard, to provide a level of credibility to readings 

obtained the instruments have been refenced against known conditions where possible.  

Therefore, due to the constrains a cross sectional quasi-experimental approach is applied to the study 

with the intention of undertaking an explanatory analysis, it is acknowledged that the sample size is 

limited. 

3.1.1 Dependant and Independent Variables 
As the research investigates the cause-and-effect relationship between rainwater and the 

development of CUI, and the water retention of insulation materials, in temperature dependant 

conditions the dependant and independent variables are identified and considered to ensure 

appropriate controls are in place, detailed in Table 3.1. 

Question 
 

Independent Variable Dependent Variable 

Effect of cyclic temperature 
change and the development 
of CUI on thermally insulated 
carbon steel pipework where 
water is introduced into the 
insulation material. 
 
 

Cyclic temperature change 
between ambient conditions 
and 140°C 

Development of CUI 

Effect of cyclic temperature 
change within thermal 
insulation and water retention 
where water is introduced into 
the insulation material. 
 
 

Cyclic temperature change 
between ambient conditions 
and 140°C 

Volume of water retention 
within insulation material 

Table 3.1 Independent and dependant variables 
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3.1.2 Confounding Variables 
The confounding variables which are identified and potentially influence the research cause-and-

effect relationship, and the respective control measures put in place to support validity in the findings 

of the analysis are set out in Table 3.2. 

Question 
 

Confounding Variable Control Measure 

Effect of cyclic temperature 
change and the development 
of CUI, and water retention of 
insulation material, on 
thermally insulated carbon 
steel pipework where water is 
introduced into the insulation 
material. 
 

Variation in volume of water 
which enters the insulation 
material.  An increase or 
decrease in the volume of 
water entering the insulation 
material influences the 
development of CUI. 

Control experimentally: 
Volume of water is monitored 
and introduced at a controlled 
rate, 2 drops/minute.  Water 
enters the insulation via a 
6mm diameter hole made in 
each of the samples at the 
longitudinal central point of 
the top dead center position.  
Monitored daily by manually 
observation and adjustment of 
flow control, as necessary.  
 
 
 

 Variation in volume of water 
which drains naturally from 
the insulation material.  An 
increase or decrease in the 
volume of water draining 
naturally from the insulation 
material influences the 
development of CUI. 
 
 
 

Control experimentally: The 
insulation samples are 
prepared so that the cut ends 
have no environmental barrier 
in place, allowing water to 
drain naturally.  Monitored 
daily by manually observation. 

 Variation in upper 
temperature limit.  
Temperature in excess of 
140°C would not be expected 
in process service pipework in 
cyclic temperature 
applications.  Excess 
temperature will result in 
unexpected drying of 
insulation material.  An 
increase or decrease in the 
volume of water entering the 
insulation material influences 
the development of CUI. 
 
 
 

Control experimentally: 
Heating module controlled by 
PID controller.  Controller set 
point and process variable 
monitored daily.  Process 
variable temperature verified 
weekly against temperature 
measurements record by 
datalogger. 
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 Variation in heating cycle time.  
The experiment simulates 
process service pipework in 
cyclic temperature 
applications where the heating 
service is applied for two 
periods of 3 hours, equally 
separated in a 24-hour period.  
Heating periods in excess of 
those defined will result in 
unexpected drying of 
insulation material.  An 
increase or decrease in the 
volume of water within the 
insulation material influences 
the development of CUI. 
 
 
 

Control experimentally: 
Heating cycle time controlled 
by microcontroller.  Heating 
cycle time observed daily.  The 
heating cycle period verified 
weekly against temperature 
measurements record by 
datalogger. 
 

Table 3.2 Confounding Variables and Control Measures 

3.1.3 Duration and Condition of Experimentation 
The duration of the experimentation, 12 weeks, aligns with studies discussed within the reviewed 

literature suggesting that laboratory tests do not simulate service conditions and expected 

development of CUI in such applications. 

The 12-week experimentation simulates insulated carbon steel pipe exposed to ingress of rainwater 

both in ambient and temperature cyclic conditions. 

The temperature and duration of the heat cycle, temperature cyclic condition, is based on a typical 

batch process application where a service, steam at 140°C (Saturated steam at 2.6 barg), is required 

on a cyclic basis, 3 hours, for heating and cleaning purposes.   

A test environment is set up consisting of an environmental tank where test samples of insulted pipe 

subject to ambient and cyclic conditions are exposed to a controlled volume of applied rainwater.  The 

coastal city of Swansea receives an average rainfall of 1321mm/year, the average ambient air 

temperature being 10.1°C (Climate-Data.org, 2020), the experimentation reflecting the average 

rainfall.  The environmental tank also ensures that each sample is exposed to the same external 

conditions.   

Both qualitative and quantitative methods are proposed in testing the hypothesis and observations 

and data is recorded accordingly. 
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3.1.4 Pipe and Insulation Samples 
The pipe and insulation material selected align with that commonly specified for service applications 

in process industries and are set out as defined below, the datasheets are contained within the 

respective appendices for information as listed.  No external weather cladding or protection is 

specified as part of the experimentation, which would normally be fitted over the insulation material 

facing the external environment, as external weather cladding or protection is not considered as part 

of the study. 

Samples 

• Carbon Steel pipe: Tata Install Plus S235GT hot finished tube 48.3mm OD (Appendix 2) 

• Rock Mineral Fibre Insulation: Knauf HPS 035 AluR (Appendix 3) 

• Glass Wool Insulation: Isover CLIMPIPE Section Alu2 (Appendix 4) 

• Closed-Cell Elastomer Foam Insulation: Union foam Eutobatex AT (Appendix 5) 

The test samples are set up within the environmental tank with the cyclic samples positioned above 

the ambient samples so as to mitigate against the effect of heat lost from the cyclic samples being 

gained by the ambient samples. 

Top row of samples 

• Sample 1 – Cyclic - Rock Mineral Fibre Insulation 

• Sample 2 – Cyclic - Glass Wool Insulation 

• Sample 3 – Cyclic - Closed-Cell Elastomer Foam Insulation 

Bottom row of samples 

• Sample 4 – Ambient - Rock Mineral Fibre Insulation 

• Sample 5 – Ambient - Glass Wool Insulation 

• Sample 6 – Ambient - Closed-Cell Elastomer Foam Insulation 

• Sample 7 – Ambient – Uninsulated reference pipe  
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3.2 Experimentation Preparation 

3.2.1 Pipe Sample Preparation 
The carbon steel pipe samples are sourced from the same supplied length of stock material to ensure 

the consistency of the material grade, the stock material being supplied with an external standard 

protective coating of Tata Steel red paint. 

Each of the pipe samples are cut to a length of 60mm, half of the external protective coating as 

supplied is removed (180-0°) to expose the bare parent pipe material using a 120-grit abrasive flap 

sanding disc, ASTM G4 suggests that 120-grit abrasive will produce an acceptable finish (ASTM, 1995).  

The top position (0°) is marked on each end of the cut sample in addition to a sample reference using 

a paint marker pen.  

The samples are placed in an oven at 120°C for 1 hour before the mass is recorded. 

 
Figure 3.1 Pipe sample preparation 
 

3.2.2 Insulation Material Preparation 
The insulation material samples are sourced from the same supplied length of stock insulation to 

ensure consistency, the diameter of the insulation corresponds with manufactures specification for 

48.3mm OD tube.   

Each of the insulation material samples are cut to a length of 150mm.  A 6mm diameter hole is formed 

centrally through the insulation material at the top position (0°), where the bottom position (180°) is 

taken as the formed longitudinal split which facilitates fitting. 

The samples are placed in an oven at 120°C for 1 hour before the mass is recorded. 
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Figure 3.2 Insulation sample preparation, rock mineral fibre shown. 

 
Figure 3.3 Sectional view of pipe/insulation sample assembled.  
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3.2.3 Experiment Test Environment Apparatus  
The experiment is undertaken at a location 2.5km from the coastline in a northerly direction from the 

coastal city of Swansea.  The experimental environment consists of the following apparatus. 

3.2.3.1 Rainwater Catch Tank 

The rainwater catch tank is located externally; rainwater is collected directly into the tank through a 

perforated cover.  The capacity of the catch tank is 40 litres and is manufactured from polypropylene.  

3.2.3.2 Environmental Tank 

The environmental tank is located within an uninsulated and unheated external outbuilding which has 

open ventilation allowing the free circulation of external air at ambient temperature and humidity.  

The capacity of the environmental tank is 80 litres and is manufactured from polypropylene.  

3.2.3.3 Support Arrangement 

The samples are support above the environmental tank water level by stainless steel wire.  The 

samples being arranged in two rows, the top row is heated cyclically, the bottom row is unheated and 

remain at ambient conditions.  The pipe sample and insulation are retained in position using a plastic 

retaining clip.  Figure 3.4 shows samples placed in the environmental tank prior to filling with water.  

The orientation of the uninsulated sample is just visible in the lower left of the image. 

 
Figure 3.4 Samples arranged in environmental tank. 
 

 

 

 

 

 

 



 

18 
 

3.2.3.4 Water Distribution System 

The rainwater collected within the rainwater catch tank is transferred into the environmental tank to 

establish a working volume of 20 litres at the start of the experimentation. 

A small centrifugal fish tank pump (300litres/hour) is submersed below the water level of the 

environmental tank and distributes water through 4mm diameter PVC tubing to each of the 

suspended samples.  The flow of water is controlled by a nylon needle valve so that each sample 

receives water at the rate of 2 drops/minute, a plastic funnel being partially inserted into the hole 

formed in the insulation material allows the drop rate to be monitored daily.  The volume of each 

water droplet was estimated as ≈ 0.06ml.  To establish an estimation of the water volume droplet an 

average was taken over 3 sperate mass measurements where 30 drops were collected into a beaker 

from the outlet of a needle valve.  Over a 24-hour period each sample receives ≈ 173 ml of water 

which is able to drain out of the bottom of the insulation material where the split is present at the 

180° position and is recirculated within the environmental tank.  The water distribution system is 

described in figures 3.5 and 3.6. 

The recirculation of rainwater contained within the environmental tank aligns with studies discussed 

within the literature review, the working volume is manually observed on a weekly basis and 

maintained at 20 litres by transferring rainwater from the rainwater catch tank to allow for water loss 

due to evaporation.  

 
Figure 3.5 Diagram of water distribution within environmental tank 
 

The volume of rainwater which each sample is exposed to over the period of experimentation is 14.5 

litres, this being greater than would be expected to fall on the surface area of the insulation sample 

over a period of an average year under normal rainfall conditions at 13.2 litres over an area of 100cm2. 
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Figure 3.6 Water distribution system in place within environmental tank. 
 

3.2.4 Control and Monitoring - Cyclic Heating Unit 
The top row of pipe samples within the environmental tank are subject to a periodic heating cycle 

which mimics a typical service application in a process environment.  The duration of each heat cycle 

is 3 hours, on completion of the heat cycle the pipe sample cools naturally to ambient conditions. 

The cyclic heating unit consist of the following components, which operate at 12 volts and below.  The 

Arduino microcontroller was specified as it allows the development of bespoke code scripts which 

meet the requirements of sample heating control and data logging within the experiment (Arduino, 

2020). 

3.2.4.1 PTC Heating Element 

The internal volume of the pipe sample contains air as the heat transfer fluid and is heated by a 12-

volt 22w PTC (Positive Temperature Coefficient) heating element rated at 220°C.  A PTC heating 

element is specific as it is considered safer than other electrical heating methods due to the self-

regulating nature of PTC.  The maximum temperature cannot be exceeded as the resistance of the 

heating element increases with temperature to the point where it acts as an insulator (DBK, 2020). 

 
Figure 3.7 PTC Heating element  
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3.2.4.2 Microcontroller – Temperature Control 

An Arduino Uno microcontroller is used to control the duration of the heating period of each pipe 

sample subject to cyclic heating within a 24-hour period and the setpoint temperature at 140°C.  A 

real time clock (DS3231) provides the reference for each of the heating cycles within a 24-hour period 

and are defined as follows with each of the pipe samples being subject to two heating periods of three 

hours. 

• Channel A – 0900-1200hrs (Sample 1 - Rock Mineral Fibre Insulation) 

• Channel B – 1300-1600hrs (Sample 2 - Glass Wool Insulation) 

• Channel C – 1700-2000hrs (Sample 3 - Closed-Cell Elastomer Foam Insulation) 

• Channel A – 2100-0000hrs (Sample 1 - Rock Mineral Fibre Insulation) 

• Channel B – 0100-0400hrs (Sample 2 - Glass Wool Insulation) 

• Channel C – 0500-0800hrs (Sample 3 - Closed-Cell Elastomer Foam Insulation) 

A simple PID (Proportional, Integral and Derivative) control script runs during each of the periods 

defined above, the setpoint temperature of the internal fluid of the pipe and PTC heating element is 

monitored by a thermocouple and provides feedback to the PID control loop via a thermocouple 

amplifier (MAX6675).  The PTC heating element is controlled by a relay unit which receives its control 

signal from the microcontroller. 

The assembled PTC heating element and thermocouple are detailed in figure 3.8, where both parts 

are fixed to the stainless-steel support rod.  The heating unit in operation is detailed in figure 3.9, the 

LCD screen to the right shows Channel A on a heat cycle.  The units to the lower left are the 

thermocouple amplifiers, lower right relay unit. 

 
Figure 3.8 PTC element and thermocouple assembly 
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Figure 3.9 Heat cycle controller operating (Units to left of image) 
 

3.2.4.3 Microcontroller - Datalogger 

An Arduino Nano microcontroller is used to control the datalogger with an output to an LCD display 

and SD card.  The environmental tank ambient air temperature and relative humidity is established 

using a combined temperature and humidity sensor (DHT22).  The external surface temperature of 

the pipe sample insulation interface is established using a NTC 100k thermistor, the thermistor is foil 

wrapped to provide protection from the corrosive environment present at the interface between the 

pipe surface and insulation.  The values record for the ambient air temperature and humidity and the 

respective cyclically heated pipe samples is written to the SD card at one-minute intervals. 

The datalogger is independent of the microcontroller used for the cyclic heating unit. 

Figure 3.10 details the LCD output of the datalogger (Lower LCD), the white wires to the left are the 

leads associated with the thermistors, the white unit in the lower left is the ambient temperature and 

humidity sensor. 

 
Figure 3.10 Datalogger in operation (Lower LCD) 
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3.2.4.4 Cyclic Heating Pipe Sample Assembly 

The assembled cyclic heating sample with PID feedback thermocouple, datalogger thermistor and PTC 

element leads visible are detailed in figure 3.11 below.  The void space between the pipe sample and 

each end of insulation sample and respective clip supports is filled with thermal insulation to improve 

thermal efficiency during the period of experimentation. 

 
Figure 3.11 Pipe sample assembled for cyclic heating. 
 

The sectional diagram in figure 3.12 details the position of the respective parts that make up the cyclic 

heating pipe samples.  The respective items being: 1. Support rod, 2. PID feedback thermocouple, 3. 

Datalogger thermistor, 4. PTC heating element, 5. Pipe sample, 6. Insulation sample.  The datalogger 

thermistor is located at the midpoint 90° position on the coating pipe surface to insulation interface. 

 
Figure 3.12 Cyclic heating sample diagram. 
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3.2.5 Other Instruments 
The following instruments are used to record observations undertaken during the duration of 

experimentation. 

• Portable pH, conductivity, temperature and dissolved solids meters.  Utilised for monitoring 

the water quality within the environmental and rainwater catch tanks on a weekly basis. 

• Electronic scales – resolution 0.1g.  Utilised for establishing the mass of pipe and insulation 

samples at the start and end of experimentation.  

 

3.3 Experimentation Monitoring 
During the 12-week period over which the corrosion experiment is conducted (5th October – 28th 

December) the following observation are made and recorded. 

• Daily – Water drop rate from flow control valves (2 drops/minute) 

• Weekly – Data download from datalogger SD card (Environment Tank) 

o Ambient air temperature 

o Ambient air relative humidity 

o Channel A – Pipe/insulation interface temperature (Sample 1) 

o Channel B – Pipe/insulation interface temperature (Sample 2) 

o Channel C – Pipe/insulation interface temperature (Sample 3) 

• Weekly – Environmental and rainwater catch tanks 

o pH 

o Total dissolved solids 

o Conductivity  

o Temperature 

o Volume of rainwater made up in environmental tank 

• Start/Finish  

o Mass – Pipe sample 

o Mass – Insulation sample 

The weekly datalogger download and portable instruments used for water quality reading is described 

in figure 3.13. 

 
Figure 3.13 Weekly datalogger downloads and water quality measurement instruments 
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3.4 Conclusion of Experimentation Period 
At the end of the 12-week duration on the 28th of December the cyclic heating controller is switched 

off and the water circulation pump left running for a further 24-hour period to allow all samples to 

normalise to ambient conditions and allow for the uptake of any water into the insulation material 

which may have been displaced from the insulation samples subject to cyclic heating. 

On conclusion of the 24-hour period under ambient conditions all sample assemblies are removed 

from the environmental tank and disassembled into component parts of insulation and pipe for macro 

analysis as described in section 4.3. 

The metallographic analysis and associated preparation of samples described in section 4.5 is 

undertaken at the Zurich Engineering laboratory in Wolverhampton.  Zurich Engineering made the 

facilities available to the author to undertake both visual microscopic examination and energy 

dispersive x-ray spectroscopy as part of the study. 
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4.0 Results 
The following results section sets out the data recorded, and observations made over the duration of 

the 12-week experimentation, and of the individual samples at the start and end of the period. 

4.1 Environmental and Rainwater Tanks 
Tables 4.1 and 4.2 describe the respective weekly monitoring readings taken for water quality within 

the environmental and rainwater tanks.  As the measuring instruments used were supplied un-

calibrated a reference test was made at the time of the weekly measurement against a portable water 

supply and the readings compared to that published by the local water supply company in Swansea 

(Welsh Water, 2020), the reference test results, and published data are provided in Appendix 2 within 

tables 9.1 and 9.2 for information. 

Date pH 
Temperature 

(°C) tds (mg/l) 
Conductivity 

(µS/cm) 

04/10/2020 7 12.4 14 14 

11/10/2020 7 10.8 15 16 

18/10/2020 7 6.2 13 12 

25/10/2020 7 6.5 15 14 

01/11/2020 7 10.8 17 34 

08/11/2020 7 10.1 17 34 

15/11/2020 7 9 18 36 

22/11/2020 7 5.8 16 32 

29/11/2020 7 4.2 15 30 

06/12/2020 7 2.2 14 24 

13/12/2020 7 4.4 12 24 

20/12/2020 7 4.4 10 20 

27/12/2020 7 2 11 22 

Average 7 6.83 14.38 24 

Median 7 6.2 15 24 

Table 4.1 Rainwater tank – Water Quality Readings 

The rainwater quality readings observed during the period of experimentation remained within 

expected values and consistent with published data reviewed. 
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Date pH 
Temperature 

(°C) tds (mg/l) 
Conductivity 

(µS/cm) 
Makeup water 
(l) 

04/10/2020 7 12.8 14 14 0 

11/10/2020 7 11.4 15 22 2 

18/10/2020 7 6.2 15 26 1 

25/10/2020 7 8.4 15 30 1 

01/11/2020 7 11.8 36 72 2 

08/11/2020 7 10.6 42 84 1 

15/11/2020 7 10 49 98 2 

22/11/2020 7 7.8 51 102 1 

29/11/2020 7 6 54 110 1 

06/12/2020 7 3.4 51 102 1 

13/12/2020 7 4.4 54 108 2 

20/12/2020 7 5.8 58 116 1 

27/12/2020 7 5 64 126 1 

Average 7 7.97 39.85 77.69 Total 

Median 7 7.8 49 98 16 

Table 4.2 Environmental Tank – Water Quality and Makeup Readings 

The reading taken for the total dissolved solids and conductivity within the environmental tank are 

seen to increase throughout the duration of the experimentation in relation to the rainwater tank and 

are described in a graphical format in figures 4.1 and 4.2.  No change was noted in pH in any of the 

readings taken across both tanks within the accuracy of the instrument used. 

 

Figure 4.1 Rainwater Tank vs Environmental Tank tds Readings 
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Figure 4.2 Rainwater Tank vs Environmental Tank Conductivity Readings 
 

4.2 Cyclic Temperature Control and Datalogging 
The datalogger output was reviewed weekly over the 12-week experimentation period to ensure that 

the duration and temperature of the heating cycle for the cyclic temperature test samples remained 

within the desired range, the set point of the temperature controller being 140°C, the measured 

values from the datalogger recorded the interface temperature between the pipe surface and 

insulation material and can be seen to trend at temperatures below the controller set point across the 

three cyclic channels, A, B and C in figure 4.3 which is a random sample of a 12-hour period over which 

the heating cycle occurs.   

 

Figure 4.3 Plot of sample heating cycles over 12-hour period 
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The range of variation within the recorded values of temperature was anticipated due to the simplistic 

nature of the both the electronic components and temperature monitoring script written for the 

Arduino microcontroller allowing for available memory to process readings taken across 3 channels, 

however it clearly demonstrates the duration and profile of the temperature cycle for each of the 

samples subject to cyclic heating and cooling.  The normalisation period at the end of the 12-week 

cyclic experimentation period is described in figure 4.4. 

 

Figure 4.4 Plot of a heating cycles and normalization period at end of experimentation 
 

The full dataset from the datalogger download was analysed in excel and the average readings taken 

over the 12-week experimentation period are set out below in table 4.3.  The average figures for both 

ambient temperature and relative humidity consider the full recoded data range for the respective 

channels.  The average figures for each of the cyclic channel’s A, B and C considers the recorded data 

during the soak period of the heating cycle.  The ambient and ramp temperature figures are omitted 

from the average calculation.  

Datalogger - 12 Week Period Average   

Ambient 
Temperature (°C) 

Relative Humidity (%) Channel A (°C) Channel B (°C) Channel C (°C) 

9.6 95.9 112.3 105.8 118.7 

Table 4.3 Datalogger – 12-week period average readings 

None of the measured cyclic channels recorded an interface temperature which aligned with the 

heating controller set point for any significant period over the period of experimentation.  Both the 

fibre-based samples interface temperatures, Sample 1 – Rock fibre (Channel A), and Sample 2 – Glass 

fibre (Channel B), consistently registering lower interface temperatures than Sample 3 – Closed cell 

elastomer (Channel C) over the period of experimentation. 
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4.3 Mass of Pipe and Insulation Samples 
The scales used to measure the mass of the samples was supplied un-calibrated, a test mass of known 

value was used as a test reference.  The samples are placed in an oven 120°C for 1 hour and 130°C for 

4 hours respectively at the start and end of the experimentation period where dry measurements are 

recorded.  Differences in measured starting mass for same material type is due to samples being rough 

sawn from stock material to the specified length. 

4.3.1 Pipe Samples at Start of Experimentation 

Pipe Measured Mass (g) - Start of Experimentation       

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Sample 7 

238.8 246.1 249.1 247.5 234 246.3 253 

Table 4.4 Pipe samples measured mass at start of experimentation. 

 

4.3.2 Insulation Samples at Start of Experimentation 

Insulation Measured Mass (g) - Start of Experimentation       

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Sample 7 

86.2 100.5 43.8 102.1 78.7 39.8 *** 

Table 4.5 Insulation samples measured mass at start of experimentation. 

 

4.3.3 Pipe Samples at End of Experimentation 
The figures presented in table 4.6 are in relation to the starting mass from table 4.4.  The figure for 

gain between dry and wet conditions is where the sample mass is measured in the as removed 

condition from the environmental tank before being drying.  The pipe sample mass after drying was 

recoded before and after the removal of loose material by vacuuming and light brushing. 

 Pipe Measured Mass (g) - End of Experimentation     

 Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Sample 7 

Mass (Start) table 4.4 238.8 246.1 249.1 247.5 234 246.3 253 

Mass (Wet) 242.4 252.4 252.2 250.5 236.5 247 253 

Mass (Dry) 240.2 248.7 251.4 248.3 234.8 246.4 253 

Mass (Dry – vacuumed) 239.2 246.9 250 246.8 233.7 246.1 253 

Gain (Dry - Wet) 3.6 6.3 3.1 3 2.5 0.7 0 

Gain (Dry) 1.4 2.6 2.3 0.8 0.8 0.1 0 

Gain (Dry - Vacuumed) 0.4 0.8 0.9 -0.7 -0.3 -0.2 0 

Table 4.6 Pipe samples measured mass at end of experimentation.  

The samples have seen an increase in mass in all cases except for sample 7 (taking the accuracy of the 

scale used into account), this is expected as the oxide (rust) produced during the corrosion process 

gains mass, due to the reaction of iron with both oxygen and water forming the oxide of iron as 

described by the equations in section 2.2.5. 

Where the samples are dried the increased mass is seen to reduce as the residual water held on the 

surfaces of the formed oxide and metal surfaces is driven off.  Where the loose oxide is brushed off 
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the mass gain is further reduced, where hard oxide remains, or the sample is shown to have lost mass 

where only loose oxide was present, and the corroded metal surface is exposed. 

4.3.4 Insulation Samples at End of Experimentation 
The figures presented in table 4.7 are in relation to the starting mass from table 4.5.  The figure for 

gain being where the sample is removed in the wet condition.  The figure for loss being on completion 

of the drying period.   

 Insulation Measured Mass (g) - End of Experimentation     

 Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Sample 7 

Mass (Start) table 4.5 86.2 100.5 43.8 102.1 78.7 39.8 *** 

Mass (Wet) 199.2 248.2 64.2 193.6 134 47.1 *** 

Mass (Dry) 84.7 95.4 43.4 101.9 78.5 39.8 *** 

Gain (Dry - Wet) 113 147.7 20.4 91.5 55.3 7.3 *** 

Loss (Dry) -1.5 -5.1 -0.4 -0.2 -0.2 0 *** 

Table 4.7 Insulation samples measured mass at end of experimentation. 

The samples in all cases see an increase in mass due to water retention during the period of 

experimentation. The samples subject to cyclic heating conditions have retained a greater volume of 

water over the period.  Some loss of the fibrous insulation material was expected due to handling and 

binding with the oxide formed on the pipe surface which was removed at the time of cleaning the pipe 

sample as described in section 4.3.3. 

4.4 Visual Macro Examination of Samples  
The following images depict the samples after removal from the environmental tank and drying.  The 

lighting, camera exposure and position is consistent for all images.  Figure 4.5 depicts all samples after 

completion of experimentation period. 

 
Figure 4.5 Pipe Sample set at end of experimentation period 
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The following sections describe the visual observations made on the pipe and insulation samples on 

completion of the experimentation period. 

4.4.1 Sample 1 – Cyclic - Rock Mineral Fibre Insulation 
Localised areas of slight surface corrosion and deposits of attached oxide is seen on the sample pipe 

coating surface where breakage of the manufacturers surface coating is breached exposing the 

metallic surface as seen in figure 4.6, the areas where the coating is breached is consistent with the 

as supplied condition of the sample pipe.  The preparation surface is subject to moderate uniform 

corrosion over all the prepared surface, with areas of attached oxide and scale still present to a 

moderate thickness which was not able to be removed by light mechanical cleaning, as seen in figure 

4.9.  A clear termination between the coating and preparation surfaces is visible in figures 4.7 and 4.8.  

The insulation material is found in a condition consistent with its as new application, with minor de-

bonding of fibres due to attachment to surface, oxide and scale formed, and where the insulation is 

layered up, and handling as detailed in figure 4.10. 

 

 
Figure 4.6 Pipe Sample 1 Cyclic – Rock mineral fibre insulation – Coating surface.  
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Figure 4.7 Pipe Sample 1 Cyclic – Rock mineral fibre insulation – Lower 180°  
 
 

 
Figure 4.8 Pipe Sample 1 Cyclic – Rock mineral fibre insulation – Upper 0° 
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Figure 4.9 Pipe Sample 1 Cyclic - Rock mineral fibre insulation – Preparation surface. 
 

 
Figure 4.10 Insulation Sample 1 Cyclic - Rock mineral fibre insulation – Inner surface. 
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4.4.2 Sample 2 – Cyclic - Glass Wool Insulation 
The coating face of the pipe sample has significant areas of localised corrosion and attached oxide 

where the manufacturers surface coating is breached, further corrosion is noted where the protective 

surface coating has broken down during the period of experimentation as seen in figure 4.11.  The 

preparation surface is subject to significant unform corrosion over all the prepared surface, with 

significant areas of attached oxide and scale present to a significant thickness which was not able to 

be removed by light mechanical cleaning as seen in figure 4.14.  A termination between the coating 

and preparation surfaces is visible in figures 4.12 and 4.13.  The insulation material is generally found 

in a condition consistent with its as new application, with some de-bonding of fibres due to 

attachment to surface and where oxide and scale formed, also where water was noted to have 

collected between the layup of the insulation, and on removal and handling as detailed in figure 4.15.  

Areas of deposited dissolved solids are noted on all surfaces and are visible as white deposits on the 

respective pipe sample images. 

 

 
Figure 4.11 Pipe Sample 2 Cyclic – Glass wool insulation – Coating surface. 
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Figure 4.12 Pipe Sample 2 Cyclic – Glass wool insulation - Lower 180° 
 

 
Figure 4.13 Pipe Sample 2 Cyclic – Glass wool insulation - Upper 0° 
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Figure 4.14 Pipe Sample 2 Cyclic – Glass wool insulation - Preparation surface. 
 

 
Figure 4.15 Insulation Sample 2 Cyclic – Glass wool insulation – Inner surface. 
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4.4.3 Sample 3 – Cyclic - Closed-Cell Elastomer Foam Insulation 
Localised areas of slight surface staining, corrosion and deposits of attached oxide is seen on the 

sample pipe coating surface where breakage of the manufacturers surface coating is breached as seen 

in figure 4.16, the areas where the coating is breached is consistent with the as supplied condition of 

the sample pipe, with additional corrosion noted where further parts of the protective coating have 

broken down during the period of experimentation.  The preparation surface is subject to moderate 

uniform corrosion over all the prepared surface, with isolated visible large shallow pitting, with areas 

of attached oxide and scale still present to a minimal thickness which was generally able to be removed 

by light mechanical cleaning, as seen in figure 4.19.  The termination between the coating and 

preparation surfaces is not clearly visible in figures 4.17 and 4.18.  The insulation material is found to 

have deteriorated significantly on both the outer and inner surfaces as depicted in figures 4.20 and 

4.21 respectively from the as new application condition, with significant shrinkage and contraction 

noted to the cellular structure. 

 

 
Figure 4.16 Pipe Sample 3 Cyclic – Closed-cell elastomer foam insulation – Coating surface. 
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Figure 4.17 Pipe Sample 3 Cyclic – Closed-cell elastomer foam insulation - Lower 180° 
 

 
Figure 4.18 Pipe Sample 3 Cyclic – Closed-cell elastomer foam insulation – Upper 0° 
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Figure 4.19 Pipe Sample 3 Cyclic – Closed-cell elastomer foam insulation – Preparation surface. 
 

 
Figure 4.20 Insulation Sample 3 Cyclic – Closed-cell elastomer foam insulation – Outer surface. 
 



 

40 
 

 
Figure 4.21 Insulation Sample 3 Cyclic – Closed-cell elastomer foam insulation – Inner surface. 
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4.4.4 Sample 4 – Ambient - Rock Mineral Fibre Insulation 
Some isolated areas of slight surface corrosion on the sample pipe surface where breakage of the 

manufacturers surface coating is breached exposing the metallic surface, however other parts where 

surface breakage of the protective coating has occurred has not been subject to visually observed 

corrosion, as seen in figure 4.22.  The preparation surface has areas of both superficial surface 

corrosion, and localised uniform corrosion with slight deposits of attached oxide and scale which was 

not able to be removed by light mechanical cleaning, interspaced between areas where no visible 

surface corrosion is present as seen in figure 4.25.  A clear termination between the coating and 

preparation surfaces is visible in figures 4.23 and 4.24.  The insulation material is found in a condition 

consistent with its as new application, with minor de-bonding of fibres due to attachment to surface, 

oxide and scale formed, and handling as detailed in figure 4.26, staining of the surfaces in contact with 

the metallic pipe surface is also noted. 

 

 
Figure 4.22 Pipe Sample 4 Ambient - Rock Mineral Fibre Insulation – Coating surface. 
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Figure 4.23 Pipe Sample 4 Ambient - Rock Mineral Fibre Insulation - Lower 180° 
 

 
Figure 4.24 Pipe Sample 4 Ambient - Rock Mineral Fibre Insulation - Upper 0° 
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Figure 4.25 Pipe Sample 4 Ambient - Rock Mineral Fibre Insulation – Preparation surface. 
 

 

 
Figure 4.26 Insulation Sample 4 - Rock Mineral Fibre Insulation – Inner surface. 
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4.4.5 Sample 5 – Ambient - Glass Wool Insulation 
Isolated areas of slight surface corrosion on the sample pipe surface where breakage of the 

manufacturers surface coating is breached exposing the metallic surface, other areas where surface 

breakage of the protective coating has occurred has not been subject to visually observable corrosion, 

as seen in figure 4.27.  The preparation surface has areas of localised uniform corrosion with deposits 

of attached oxide and scale which was not able to be removed by light mechanical cleaning where 

there is contact with the insulation material, as seen by the pattern of visible corrosion mirroring the 

insulation surface in contact with the pipe, areas interspaced between corrosion have no visible 

surface corrosion present as seen in figure 4.30.  A clear termination between the coating and 

preparation surfaces is visible in figures 4.28 and 4.29.  The insulation material is found in a condition 

consistent with its as new application, with minor de-bonding of fibres due to attachment to surface, 

oxide and scale formed, and handling as detailed in figure 4.31. 

 

 
Figure 4.27 Pipe Sample 5 Ambient – Glass wool insulation – Coating surface. 
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Figure 4.28 Pipe Sample 5 Ambient – Glass wool insulation - Lower 180° 
 

 
Figure 4.29 Pipe Sample 5 Ambient – Glass wool insulation - Upper 0° 
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Figure 4.30 Pipe Sample 5 Ambient – Glass wool insulation – Preparation surface. 
 

 
Figure 4.31 Insulation Sample 5 Ambient - Glass wool insulation – Inner surface. 
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4.4.6 Sample 6 – Ambient - Closed-Cell Elastomer Foam Insulation 
Localised areas of slight surface staining, corrosion and deposits of attached oxide is seen on the 

sample pipe coating surface where breakage of the manufacturers surface coating is breached as seen 

in figure 4.32, with isolated areas of additional corrosion noted where further parts of the protective 

coating have broken down during the period of experimentation.  The preparation surface is subject 

to moderate uniform corrosion over the prepared surface where in contact with the insulation 

material, with isolated visible large shallow pitting, areas of attached oxide and scale still present to a 

minimal thickness which was generally able to be removed by light mechanical cleaning, as seen in 

figure 4.35. Other parts not in contact with the insulation material are affected by isolated areas of 

superficial surface corrosion. The termination between the coating and preparation surfaces is visible 

in figures 4.33 and 4.34.  The insulation material is found to have deteriorated slightly on the inner 

surfaces as depicted in figures 4.37 where the pipe has been in close contact.  Externally the insulation 

is found in a condition consistent with its as new application as detailed in figure 4.36. 

 

 
Figure 4.32 Pipe Sample 6 Ambient - Closed-cell elastomer foam insulation – Coating surface. 
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Figure 4.33 Pipe Sample 6 Ambient - Closed-cell elastomer foam insulation – Lower 180° 
 

 
Figure 4.34 Pipe Sample 6 Ambient - Closed-cell elastomer foam insulation - Upper 0° 
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Figure 4.35 Pipe Sample 6 Ambient - Closed-cell elastomer foam insulation – Preparation surface. 
 

 
Figure 4.36 Insulation Sample 6 Ambient – Closed-cell elastomer foam insulation – Outer surface. 
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Figure 4.37 Insulation Sample 6 Ambient – Closed-cell elastomer foam insulation – Inner surface. 
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4.4.7 Sample 7 – Ambient - Uninsulated reference pipe 
Sample 7 was not covered with thermal insulation; the sample being exposed to ambient conditions 

within the environmental tank and subject to the same volume of recirculated rainwater as the 

insulated pipe samples.  Some isolated areas of slight surface corrosion are noted on the sample pipe 

surface where breakage of the manufacturers surface coating is breached exposing the metallic 

surface, however other parts where surface breakage of the protective coating has occurred has not 

been subject to visually observed corrosion, as seen in figure 4.38.  The preparation surface has areas 

of both superficial surface corrosion, and localised pitting corrosion with slight deposits of attached 

oxide and scale which was not able to be removed by light mechanical cleaning, the axial extremities 

of the pipe sample where no visible surface corrosion is present is generally in areas where 

recirculated rainwater was not in contact with the pipe surface as seen in figure 4.41.  A clear 

termination between the coating and preparation surfaces is visible in figures 4.40, whilst a clear 

termination is also noted in figure 4.39 further localised general surface corrosion, oxide and scaling 

is found where the surface water applied forms into droplets before returning to the environmental 

test tank sump.   

 

 
Figure 4.38 Pipe Sample 7 Ambient – Uninsulated – Coating surface. 
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Figure 4.39 Pipe Sample 7 Ambient – Uninsulated - Lower 180° 
 

 
Figure 4.40 Pipe Sample 7 Ambient – Uninsulated - Upper 0° 
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Figure 4.41 Pipe Sample 7 Ambient – Uninsulated – Preparation surface. 
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4.5 Metallographic Examination of Samples by Optical Microscopy 
Each of the samples is sectioned for metallographic examination by removing a test coupon from the 

preparation surface at the midpoint of the 270° position as detailed in figure 4.42. 

 
Figure 4.42 Position of metallographic test coupons within pipe sample 
 

The test coupon (20mm x 5mm) is mounted in a Bakelite puck, each of the pucks holding two samples, 

except for sample 7 which is mounted exclusively.  The samples are polished through successive steps 

to a 1-micron mirror finish.  Figure 4.43 describes the samples mounted in bakerite pucks in 

preparation for metallographic examination by optical microscopy. 

Each of the samples is viewed at 50x and 200x magnification in the unetched condition, the samples 

are then subject to etchant (5% nitric acid) before viewing at x500 magnification. 

The etchant is used on the samples at 500x magnification to highlight the grain boundaries within the 

metal sample to aid in the identification of any intergranular and/or transgranular corrosion.  The 

darker bulk area in the image is Bakelite puck material.  The products of corrosion appearing in the 

interface between the puck material and steel, note that the un-etched metal surface appears white 

to grey in the images due to the mirror finish, the etched images clearly showing the grain structure 

of the steel. 

 

Figure 4.43 Pipe samples prepared for metallographic optical microscopy examination. 
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The following sections describe the visual observations during the optical microscopy examination on 

the pipe samples on completion of the experimentation period. 

4.5.1 Sample 1 – Cyclic - Rock Mineral Fibre Insulation 
The preparation surface is subject to regular aggressive pitting corrosion, which occurs consistently 

over the sample as described in the 50x image detailed in figure 4.44, the products of corrosion 

forming a continuous oxide layer up to 50-70 microns in places, the oxide layer is found with multiply 

fractures which propagating to the exposed steel surface as seen in figures 4.44 and 4.45.  No 

intergranular or transgranular corrosion is seen to originate from the corrosion pits into the grain 

boundaries of the exposed steel as detailed in figure 4.46.   

 

 
Figure 4.44 Pipe Sample 1 Cyclic – Rock mineral fibre insulation – 50x magnification. 
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Figure 4.45 Pipe Sample 1 Cyclic – Rock mineral fibre insulation – 200x magnification. 
 

 
Figure 4.46 Pipe Sample 1 Cyclic – Rock mineral fibre insulation – 500x magnification. 
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4.5.2 Sample 2 – Cyclic - Glass Wool Insulation 
The preparation surface is subject to regular aggressive pitting corrosion, which occurs consistently 

over the sample as described in the 50x image detailed in figure 4.47, the products of corrosion 

forming a continuous oxide layer up to 80-120 microns in places, the oxide layer is found with multiply 

fractures which propagating to the exposed steel surface as seen in figures 4.48 and 4.49.  No 

intergranular or transgranular corrosion is seen to originate from the corrosion pits into the grain 

boundaries of the exposed steel as detailed in figure 4.49.   

 

 
Figure 4.47 Pipe Sample 2 Cyclic – Glass wool insulation – 50x magnification. 
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Figure 4.48 Pipe Sample 2 Cyclic – Glass wool insulation – 200x magnification. 
 

 
Figure 4.49 Pipe Sample 2 Cyclic – Glass wool insulation – 500x magnification. 
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4.5.3 Sample 3 – Cyclic - Closed-Cell Elastomer Foam Insulation 
The preparation surface is subject to regular pitting corrosion, which occurs consistently over the 

sample as described in the 50x image detailed in figure 4.50, the products of corrosion forming a 

continuous oxide layer up to 40-60 microns in places, the oxide layer is found with multiple fractures 

which propagating to the exposed steel surface as seen in figures 4.51 and 4.52.  No intergranular or 

transgranular corrosion is seen to originate from the corrosion pits into the grain boundaries of the 

exposed steel as detailed in figure 4.52.   

 

 
Figure 4.50 Pipe Sample 3 Cyclic – Closed-cell elastomer foam insulation – 50x magnification. 
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Figure 4.51 Pipe Sample 3 Cyclic – Closed-cell elastomer foam insulation – 200x magnification. 
 

 
Figure 4.52 Pipe Sample 3 Cyclic – Closed-cell elastomer foam insulation – 500x magnification. 
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4.5.4 Sample 4 – Ambient - Rock Mineral Fibre Insulation 
The preparation surface is subject to regular minor pitting corrosion, which occurs consistently over 

the sample as described in the 50x image detailed in figure 4.53, the products of corrosion forming a 

continuous oxide layer up to 10-20 microns in places, the oxide layer is found generally intact with no 

fractures propagating to the exposed steel surface as seen in figures 4.54 and 4.55.  No intergranular 

or transgranular corrosion is seen to originate from the corrosion pits into the grain boundaries of the 

exposed steel as detailed in figure 4.55.   

 

 
Figure 4.53 Pipe Sample 4 Ambient - Rock Mineral Fibre Insulation – 50x magnification. 
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Figure 4.54 Pipe Sample 4 Ambient - Rock Mineral Fibre Insulation – 200x magnification. 
 

 
Figure 4.55 Pipe Sample 4 Ambient - Rock Mineral Fibre Insulation – 500x magnification. 
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4.5.5 Sample 5 – Ambient - Glass Wool Insulation 
The preparation surface is subject to regular moderate pitting corrosion, with isolated areas of 

aggressive pitting corrosion, both occurring consistently over the sample as described in the 50x image 

detailed in figure 4.56, the products of corrosion forming a continuous oxide layer up to 5-10 microns, 

increasing to 20-40 microns in places, the oxide layer is found generally intact with no fractures 

propagating to the exposed steel surface as seen in figures 4.57 and 4.58.  No intergranular or 

transgranular corrosion is seen to originate from the corrosion pits into the grain boundaries of the 

exposed steel as detailed in figure 4.55.   

 

 
Figure 4.56 Pipe Sample 5 Ambient – Glass wool insulation – 50x magnification. 
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Figure 4.57 Pipe Sample 5 Ambient – Glass wool insulation – 200x magnification. 
 

 
Figure 4.58 Pipe Sample 5 Ambient – Glass wool insulation – 500x magnification. 
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4.5.6 Sample 6 – Ambient - Closed-Cell Elastomer Foam Insulation 
The preparation surface is subject to regular minor pitting corrosion, with isolated areas of aggressive 

pitting corrosion, both occurring consistently over the sample as described in the 50x image detailed 

in figure 4.59, the products of corrosion forming a continuous oxide layer up to 5-10 microns, 

increasing to 20-40 microns in places, the oxide layer is found generally intact with no fractures 

propagating to the exposed steel surface as seen in figures 4.60 and 4.61.  No intergranular or 

transgranular corrosion is seen to originate from the corrosion pits into the grain boundaries of the 

exposed steel as detailed in figure 4.61.   

 

 
Figure 4.59 Pipe Sample 6 Ambient - Closed-cell elastomer foam insulation – 50x magnification. 
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Figure 4.60 Pipe Sample 6 Ambient - Closed-cell elastomer foam insulation – 200x magnification. 
 

 
Figure 4.61 Pipe Sample 6 Ambient - Closed-cell elastomer foam insulation – 500x magnification. 
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4.5.7 Sample 7 – Ambient - Uninsulated reference pipe 
The preparation surface is subject to isolated areas of aggressive pitting corrosion occurring 

consistently over the sample as described in the 50x image detailed in figure 4.62, the products of 

corrosion forming oxide layers up to 50 microns within the formed pits, the oxide layer is found 

generally intact with isolated fractures propagating to the exposed steel surface in places as seen in 

figures 4.63.  No intergranular or transgranular corrosion is seen to originate from the corrosion pits 

into the grain boundaries of the exposed steel as detailed in figure 4.64.   

Figures 4.65 and 4.66 detail the inner surface of the pipe wall, mill scale present for manufacture is 

seen uniformly up to 5 microns. 

 

 
Figure 4.62 Pipe Sample 7 Ambient – Uninsulated – 50x magnification. 
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Figure 4.63 Pipe Sample 7 Ambient – Uninsulated – 200x magnification. 
 

 
Figure 4.64 Pipe Sample 7 Ambient – Uninsulated – 5000x magnification. 
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Figure 4.65 Pipe Sample 7 Ambient – Uninsulated – Inner wall 50x magnification. 
 

 
Figure 4.66 Pipe Sample 7 Ambient – Uninsulated – Inner wall 200x magnification. 
 

 

 

 



 

70 
 

4.6 Energy Dispersive X-Ray Spectroscopy 
A further set of test coupons extracted from the preparation surface as described in figure 4.42 of 

section 4.5 is prepared for energy dispersive x-ray spectroscopy (EDX) analysis. 

The EDX analysis is undertaken using a scanning electron microscope (SEM) with an EDX function.  As 

the samples have already been examined using conventional optical microscopy the higher 

magnification available with SEM was not considered necessary as part of this study, and only the EDX 

function is utilised.  Figure 4.67 describes the SEM and EDX sample chamber. 

 
Figure 4.67 SEM and EDX sample chamber 
 

EXD allows the elemental composition analysis of a materials surface to be undertaken and provides 

a spectrum of the elements present within the sample area.  Whilst the technique can be used to 

determine the presence of elements, the results are relative to all elements present on the sample.   

The individual pipe samples are shown in figure 4.68 in preparation for analysis, the samples number 

1 through to 7 in a clockwise rotation from the zero position.  The samples are not subject to any 

surface preparation after the test coupon is removed from the pipe sample.   
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Figure 4.68 Sample preparation for EDX 
 

The results of the EDX analysis were consistent across all samples, with trace elemental indications of 

silica, sodium, calcium, magnesium and chlorine at comparable levels in relation the iron and carbon 

of the pipe material.  The trace elements being consistent with dissolved minerals found in rainwater, 

and also mineral derived insulation materials. 
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5.0 Discussion 
Corrosion under insulation of carbon steel pipework in process manufacturing systems presents a 

significant problem for operators, where left unmanaged it often results in significant maintenance 

costs, and wider environmental implications due to loss of containment.   

This study considered the effect that cyclic temperature change, typical of service pipework associated 

with process systems, has on the water retention of thermal insulation material and the development 

of corrosion under insulation on thermally insulated carbon steel pipe where rainwater in the South 

Wales coastal region was introduced into fibrous and closed cell elastomer insulation materials. 

The hypothesis of the study proposed that cyclic temperature change will increase the water retention 

of thermal insulation material and development of corrosion under insulation on thermally insulated 

carbon steel pipework where water is introduced into the insulation material. 

The study demonstrates a correlation between both the development of corrosion under insulation 

of carbon steel and the water retention of insulation material where subject to cyclic temperature 

conditions in the presence of introduced rainwater.  The results indicate that both the development 

of corrosion and water retention of insulation increase when subject to cyclic temperature conditions.  

However due to the small sample size and specific insulation material types the generalisability is 

limited. 

5.1 Insulation Water Retention 
Over the 12-week period of experimentation all of the insulation samples displayed an increase in 

water retention, with those subject to cyclic heating and cooling displaying a further increase in water 

retention as described in table 4.7 of section 4.3.4  

The fibre insulation materials, rock mineral wool and glass wool, in both the case of cyclic heating and 

ambient conditions, retained a significant amount of water, with cyclic samples able to retain water 

equivalent in excess of its starting mass, and those subject to ambient conditions below its starting 

mass.  The closed cell elastomer material following the same pattern, however with a reduced water 

retention.  

Whist manufacturers of fibrous insulation materials promote the hydrophobic properties and the 

ability to repel water at ambient and elevated temperatures, the results of the study confirm that in 

the case of the insulation materials tested water retention is still present where free drainage from 

the insulation is provided. DuBose (2019), suggests that water repellent additives combined with 

insulation materials start to lose their hydrophobic properties and effectiveness above 150°C for oil 

based, and 250°C for silicon-based additives.  Considering the pipe/insulation interface temperatures 

recorded over the duration of the experimentation as set out in table 4.3 of section 4.2 the average 

interface temperatures for the rock mineral wool and glass wool, 112.3°C and 105°C respectively, are 

considerably lower than those put forward by Dubose (2019), and therefore would suggest that water 

repellent additives start to lose their hydrophobic properties at much lower temperatures.   

Debonding of the insulation material in both rock mineral wool and glass wool can be clearly seen in 

the cyclic sample images described in figures 4.10 and 4.15 of sections 4.4.1 and 4.4.2 respectively.  

Which is not present to the same extent as seen in the ambient sample images of figures 4.26 and 

4.31 of sections 4.4.4 and 4.4.5.  The debonding confirms the breakdown of the insulation binder and 

water repellent additive.  The spaces created by the debonding of the insulation fibres allowing 
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additional water to be retained in the cyclic samples over that of the ambient samples, accounting for 

the increase in wet mass as described in table 4.  Previous research completed by Burhani, et al (2016) 

suggest that water retention is greater in insulation materials at temperatures between 100°C and 

120°C as its less likely to dry completely in cyclic service, this study supports the position of Burhani, 

et al, and additionally provides an explanation for additional water retention which affects drying time 

in that the breakdown of the insulation creates voids for further water retention.  The cyclic rock 

mineral wool and glass wool samples were observed to hold 41% and 76% more water respectively 

than the corresponding ambient sample at the end of the experimentation period. 

 While previous research conducted by Pojtanabuntoeng, et al (2015) pointed out that drain holes 

may have a limited influence on corrosion under insulation, the results demonstrate that water 

retention in insulation material influences the rate of corrosion, rather than the ability of water to 

drain away freely due to lack of adequate drainage provisions during the installation process.  During 

the period of experimentation the water was observed to drain freely, however importantly the water 

that did drain away was that which could not be held once the insulation had become saturated. 

The closed cell elastomer insulation whilst holding less water than both the rock mineral wool and 

glass wool in both cyclic and ambient conditions as described in table 4.7 did not meet with the 

manufacturers stated performance criteria for temperature.  The insulation having a rated upper 

temperature limit of 150°C, in excess of the cyclic experimental internal pipe temperature at 140°C, 

and the measured average pipe/insulation interface temperature at 118.7°C.  The deterioration noted 

on both the external and internal surfaces of the cyclic insulation sample being significant as detailed 

in figures 4.20 and 4.21 of section 4.4.3, when compared to the ambient sample detailed in figures 

4.36 and 4.37 of section 4.4.6.  The close cell construction being severally affected during the cyclic 

heating cycles, the cyclic sample retaining 28% more water than the ambient sample.  

The integrity of the closed cell structure of elastomer insulation materials has a significant effect on 

its ability to mitigate against water ingress and retention.  Earlier observation by Bahadori (2014), 

regarding low temperature damage to the insulation structure and its effectiveness against water 

retention highlight the weaknesses of such materials in certain applications, this study demonstrates 

that there are limitations at higher operating temperatures.  This would certainly question the 

performance ability of such materials in extreme applications. 

An increase in dissolved solids and conductivity was seen in the recirculated rainwater of the 

environmental test tank, which was in excess of that recorded over the same period within the 

rainwater tank as illustrated in table 4.1 of section 4.1.  Whilst the dissolved solids and conductivity 

for the collected rainwater at the location of the experimentation in Swansea South Wales generally 

agreed with the relative comparison of UKEAP:Precip-Net data, it was not possible to clearly establish 

which insulation materials had contributed to the increase in dissolved solids and conductivity within 

the environmental tank and confirm the observation of Ahlumalia (2006).   

The energy dispersive x-ray spectroscopy undertaken on the pipe sample test coupons was 

inconclusive and indicated comparable levels of silica, sodium, calcium, magnesium and chlorine 

across all the test samples. This highlighted a limitation in the design of the experimentation, 

specifically in that the recirculated rainwater within the environmental tank is common to all samples 

and in turn invalidated the energy dispersive x-ray spectroscopy analysis.  Whilst this ruled out any 

further understanding of the effect of rainwater contamination and insulation leeching with respect 
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to individual samples within the environmental tank, the overall experimentation with respect to 

water retention remains valid across the sample group, with a caveat that the increase in 

concentration of dissolved solids is likely to accelerate the rate of corrosion across the sample set 

during the period of experimentation. 

The mass analysis undertaken at the end of experimentation indicated that sample 2, cyclic glass wool, 

had lost 5.1g during the period, while the others had lost between 0.2 and 1.5g which could be 

attributed to mechanical cleaning as part of sample preparation. Whilst sample 2 had lost the greatest 

mass to the recirculating rainwater it was not clear if this sample was solely responsible for the 

increase in dissolved solids and conductivity within the environmental tank. 

5.2 Development of Corrosion 
All of the steel pipe samples were seen to develop corrosion on the bare metal preparation surfaces 

over the 12-week period of experimentation, the pipe samples which were subject to cyclic heating 

and cooling were found to have more advanced corrosion over a greater surface area than the pipe 

samples subject to ambient conditions only, the mass gain and loss of each sample being described in 

table 4.6 of section 4.3.3. 

The samples subject to cyclic heating and cooling were found have active corrosion over all of the bare 

metal preparation surface covered by insulation, the ambient samples however displayed areas both 

affected and not affect by corrosion.  On microscopic examination the areas of corrosion of the cyclic 

samples were found to have highly developed corrosion pitting with an oxide covering three to four 

times thicker than the ambient sample, the oxide was found to have multiple fractures which were 

observed to run to the exposed metal surface, the fracturing of the oxide was not observed on the 

samples covered by insulation remaining at ambient temperatures. 

The repeated heating and cooling of the cyclic samples results in a fracture of the oxide layer allowing 

fresh electrolyte to enter the pit, and corrosion to continue.  Importantly this is not corrosion fatigue 

of the steel pipe material, which would have been evident as a crack propagating into the steel from 

the surface, containing corrosion products.  No evidence is seen during the microscopic analysis as 

detailed in section 4.5 of intergranular or transgranular corrosion and fatigue cracking.  The fractures 

within the oxide layer providing space for the electrolyte to be retained during the heating cycle, which 

would increase the time of wetness, a factor which Groysman (2010) describes as the main factor in 

influencing the corrosion mechanism and rate of corrosion.  

The widespread corrosion over the preparation surfaces which are subject to cyclic heating would 

suggest that during the heating phase the water is driven away from the surface to be replaced again 

on cooling, the cyclic nature of the process and wicking effect of the fibrous material drawing more 

water into the body of the insulation sample, and diffusion through the material to all of the surface 

in contact with the steel pipe material.  The breakdown of the closed cell elastomer insulation during 

the cyclic process similarly allowing water retention in the same way within the body of the material.  

The increased corrosion activity in the cyclic samples confirm the position of Burhani, et al (2016).  The 

observations do not fit in with the theory of Rasmussen (2017), who suggest that the corrosion rate 

would be lower where permeable material could dry.  In line with the hypothesis there is a clear 

increase in the development of corrosion under insulation where the sample is subject to cyclic 

temperature change.  The source of available water and likelihood of incomplete drying between 

heating cycles is only exacerbated by the deterioration of the insulation material discussed previously.   
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The change in mass observed between the cyclic an ambient sample as set out in table 4.6 of section 

4.3.3 suggests that all insulated pipe samples gained mass during the corrosion process as expected 

and indicated a loss of parent material where the product of corrosion was easily removed.  However, 

it was not possible to determine the rate of corrosion of individual samples or draw a comparison 

between samples, this is due to the nature of sample preparation and means of measurement 

available during the experimentation.  The rate of corrosion would also likely be effected by the 

common nature of rainwater recirculation discussed with respect to the insulation materials, and it is 

therefore considered that the experimentation design as applied during this study would not give a 

true representation of the rate of corrosion over the period of experimentation. 

While some of the previous research reviewed within literature describe corrosion taking place at 

higher temperatures due to the quotation of system temperature set points, this investigation 

additionally monitored the pipe/insulation interface temperature, the findings confirm the position of 

API (2019) with respect to significant corrosion occurring at lower temperatures, quoting the range of 

77-110°C.  Considering table 4.3 in section 4.2, the average surface interface temperate for channel B, 

which monitored sample 2 (Cyclic - glass wool) was 105.8°C during the heating soak period, sample 2 

was found to be the most effected during the period of experimentation, with significant corrosion 

taking place over all parts of the exposed preparation surface.  While samples 1, channel A, and 3, 

channel C, having higher surface interface temperatures, 112.3°C and 118.7°C respectively, displayed 

less aggressive corrosion over the exposed preparation surface.  However, the findings contradict the 

claims of Landolt (2007), who suggest that the rate of corrosion is lower during periods of dryness.  

During the period of experimentation each cyclic sample experienced a two dry periods of 3 hours in 

a 24-hour cycle, and in all cases the sample was observed to have developed more severe corrosion 

than the ambient non-cyclic sample. 

The observed results of the study confirm that cyclic temperature change between ambient conditions 

and a pipe/insulation interface temperature up to 120°C have a significant influence on the 

development of corrosion under insulation on carbon steel pipework where fibrous insulation 

materials are specified.  This aligns with claims of both Burhani, et al (2016) and Nace-Jubail (2015), 

where previous studies have drawn the same conclusion.  However, whilst previous research has focus 

on fibrous rock and glass wool insulation materials, the results of this study demonstrate the 

unsuitability of certain closed cell insulation materials in temperature cyclic service where significant 

corrosion is also likely in applications reflecting the experimentation design. 

It was not possible to determine the effect of increased chloride concentration on each of the 

individual samples as discuss previously due to the limitation of the common recirculation of rainwater 

within the environmental test tank, and that the energy dispersive x-ray spectroscopy undertaken on 

the pipe sample test coupons was inconclusive in that chloride was present in the spectrum of all test 

coupons analysed.  However, the results have confirmed that chlorides were present in the test 

environment and increased over the duration of experimentation by way of the weekly monitoring as 

described in section 4.1.  From the visual macro-observations undertaken on sample 2 it was noted 

that dissolved solids had collected on the pipe surface during the cyclic heating and cooling, which 

would have contributed to increasing the ionic activity within the electrolyte present on the pipe 

surface and pipe/insulation interface.  The increase in ionic activity within the electrolyte leading to 

an increase in corrosion as described by Ahmad (2006), this supports the visual findings with respect 

to sample 2 being subject to the most aggressive corrosion within the sample set.  The period of 



 

76 
 

corrosion on sample 2 during the wet phase of the cycle is likely to be extended when consideration 

is given to the position of Landolt (2007) with respect to relative humidity, the concentration of 

dissolved solids present on the metallic surface reducing the point at which corrosion occurs due to 

relative humidity. 

The importance of the protective coating applied to the steel pipe surface during manufacture is 

demonstrated during the period of experimentation.  With the exception of sample 2 which has been 

subject to further breakdown, the protective coating is generally in good order for the other samples 

with only superficial corrosion present where the coating is breached before the start of 

experimentation.  Whilst the literature review discussed the benefits of thermal spray aluminium as a 

protective coating for larger diameter process pipe, its application is limited in smaller diameter 

service pipework, this study focusing on service pipework of 50mm diameter.  The results of the study 

therefore confirm the importance of maintaining the integrity of the manufacture applied protective 

coating system during installation where the pipe is overlaid with insulation material, and at further 

points where maintenance is completed which may cause a breach in the coating system.  

Sample 7 was included within the experimentation as an uninsulated reference to compare effects of 

corrosion under ambient conditions.  Whilst isolated pitting corrosion has taken place over the upper 

parts, and was significantly less than all other samples where covered by insulation, the observations 

would confirm the position of Ahmad (2006) regarding an increase in corrosion where the relative 

humidity is greater than 80% at temperatures 0°C and above, as the environmental tank ambient 

conditions where averaged over the duration of experimentation were observed as 95.9%  and 9.6°C  

respectively as detailed in table 4.3 of section 4.2.  This would confirm the importance of maintaining 

a protective coating on the metallic pipe surface in cases where breaks in the application of insulation 

are present, or where the insulation has been removed to mitigate against corrosion.  The localised 

corrosion over the lower part where water formed into droplets aligns with the statement made by 

Groysman (2016) regarding the time of wetness influencing the rate of corrosion.  The observations 

strengthen the finding of this study with respect to water retention at the metallic pipe 

surface/insulation interface influencing the development of corrosion under insulation.  

The introduction of an air gap at the pipe surface to insulation interface would likely contribute to 

reducing the extent of the development of corrosion as the rainwater which forms the electrolyte on 

the metallic pipe surface is held within the thermal insulation material, rather than the insulation 

material holding the rainwater against the metallic pipe surface.  This is clearly seen in the macro 

comparison of the cyclic and ambient sample with respected to corrosion, where the wicking that has 

occurred in the cyclic samples has drawn the rainwater further over the pipe sample.  An air gap would 

facilitate faster drying times due to an increase in the pipe surface temperature, thereby reducing the 

time of wetness and relative humidity at the pipe/insulation interface.  Potentially an air gap may also 

aid in reducing the thermal insulation material temperature and mitigating against the reduction in 

the hydrophobic properties. 

 

 

 

 



 

77 
 

6.0 Conclusion 
This research study aimed to identify the effect cyclic temperature change has on the water retention 

of thermal insulation material and the development of corrosion under insulation on thermally 

insulated carbon steel pipework where rainwater from the South Wales coastal region is introduced 

into the insulation material.   

Due to the unprecedented disruption caused by the Covid-19 pandemic and the uncertainty caused 

by restrictions in travel and attending university as normal, the design of the research study and 

experimentation was developed around facilities and materials available remote from the university 

laboratory setting.  Due to the limitations on apparatus and sample size an explanatory analysis was 

undertaken applying a cross sectional quasi-experimental design to test the study hypothesis and 

provide an answer to the research question. 

Based on the empirical evidence gathered during the period of experimentation it can be concluded 

that cyclic temperature change in small diameter carbon steel process pipework affects both the water 

retention of insulation materials and the development of corrosion under insulation, where rainwater 

in the South Wales coastal region is introduced into the insulation material. 

The experimentation method attempted to simulate a meaningful test environment further to the 

observations raised in previous work discussed within the literature review with respect to the 

duration of the experimentation period.  The results of the research clearly confirmed the proposed 

hypothesis, but also raises the question of the suitability of recirculating the test medium within the 

environmental test tank.  Whilst the recirculated rainwater confirmed that corrosion would take place, 

the limitation of not isolating the supply of rainwater and the effect on individual samples was 

exposed.   

While the quasi-experimental design limits the generalisability of the results due to the limited sample 

size and common rainwater re-circulation, the method provides a clear insight into the effect that 

cyclic temperature operation and rainwater ingress have on both mineral fibre and closed cell 

elastomer insulation materials and water retention and the development of corrosion under 

insulation. 

The results of this study confirm the findings of other studies considered as part of the literature 

review with respect to corrosion under insulation being more aggressive at temperatures between 

70-120°C, and additionally identify a weakness in the suitability of the sample insulation materials in 

temperature cyclic service consistent with process service applications and their stated hydrophobic 

properties. 

From an in-service operational and maintenance perspective the findings of the study highlight the 

importance of the views of Cosham, et al. (2007) with respect to a failure in the corrosion control 

system.  Whilst the study purposely set out to understand the effect of rainwater ingress, the 

importance of mitigating against rainwater ingress to the metallic pipe surface in the first place cannot 

be overstated.  Both the pipe coating system and insulation weather barrier playing a key part in 

reducing the development and onset of corrosion under insulation.  
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7.0 Recommendations and Further Work 
Based on the conclusion drawn from the study undertaken and to aid in the further understanding of 

the effect of rainwater ingress into insulation materials future studies may wish to consider the 

following identified during this study 

Limitations 

1. The sample size should be increased to support confidence in the findings and generalisability. 

2. To better understand the effect of rainwater on individual samples the influence of common 

rainwater recirculation should be considered as a confounding variable. 

3. The rate of corrosion should be considered as dependant variable. 

Building on findings 

1. Both the fibre-based insulation materials, rock mineral wool and glass wool, and the closed 

cell elastomer insulation material were observed to start to break down in temperature cyclic 

service at temperatures lower that the maximum operating temperature stated by the 

manufacture.  Further study may wish to consider the suitability of insulation materials in 

temperature cyclic service. 

2. An air gap introduced at the interface between the metallic pipe surface and insulation 

material may reduce the impact of corrosion under insulation.  Further study may wish to 

consider the effect the introduction of an air gap at the metallic pipe surface to insulation 

material interface has on the development of corrosion under insulation.   

From an operational perspective the following recommendations are made with respect to small 

diameter thermally insulated service pipework and mitigation against corrosion under insulation 

1. The outer weather barrier/membrane associated with a thermal insulation system is of critical 

importance in stopping water entering insulation material.  The integrity of such systems 

should be maintained to the highest standard both during installation and maintenance to 

prevent water ingress.  This study has demonstrated that insulation in both cyclic and ambient 

conditions retains water even when drainage facilities are provided, and that corrosion under 

insulation develops in both cases. 

2. Pipe sections specified for small bore service application are typically supplied with an 

external protective coating that is effective in delaying and reducing the effect of corrosion 

under insulation.  However, where the coating system is breached or removed as part of 

installation, maintenance or modification suitable precautions should be taken to identify the 

breached areas and apply a further layer of protective coating before application of insulation 

and return to service.  The study has demonstrated that corrosion under insulation can 

develop significantly under certain conditions over a relativity short period of time where the 

protective coating is removed. 

3. Where thermal insulation is specified for personnel protection over thermal efficiency 

consideration should be given to protection by other means, such as barrier or caging. 

4. To mitigate against the wicking of water through insulation material onto previously 

unaffected parts of the pipe surface consideration should be given to introducing an air gap 

at the interface between the pipe surface and insulation material using suitable standoff 

supports. 
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9.1 Appendix 1 – Project Plan (Gantt Chart) 

Major Project M7X01373 - Project Plan
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9.2 Appendix 2 – Steel tube: Tata Steel Install Plus S235GT 
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9.3 Appendix 3 – Rock Mineral Fibre Insulation: Knauf HPS 035 AluR 

 

 

 

 



 

88 
 

 

 

 

 

 



 

89 
 

9.4 Appendix 4 – Glass Wool Insulation: Isover CLIMPIPE Section Alu2 
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9.5 Appendix 5 – Closed-Cell Elastomer Foam Insulation: Union foam Eutobatex AT 
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9.6 Appendix 6 – Portable Water Quality Reference Readings 

9.6.1 Portable Water Reference Tests during Experimentation  

Date pH 
Temperature 

(°C) tds (mg/l) 
Conductivity 

(µS/cm) 

04/10/2020 7 13.6 70 120 

11/10/2020 7 12.4 74 134 

18/10/2020 7 11.8 72 144 

25/10/2020 7 11.6 64 144 

01/11/2020 7 11.6 66 132 

08/11/2020 7 10.4 64 126 

15/11/2020 7 9 63 124 

22/11/2020 7 9.8 61 122 

29/11/2020 7 8.2 58 116 

06/12/2020 7 7.2 55 114 

13/12/2020 7 6.4 57 114 

20/12/2020 7 7 57 114 

27/12/2020 7 6.8 53 108 

Average 7 9.68 62.62 124 

Median 7 9.8 63 122 

 Table 9.1 Portable Water Reference Tests  
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9.6.2 Published Portable Water Quality Data 
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