
1

Surface Fouling processes in 
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OUTLINE
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Wax formation

• Long standing problem, particularly in deep sea pipeline

• N-alkanes with carbon number ranging from about 20 to 70

• Uneven precipitation of paraffin in the near wall region due to 
temperature gradient
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Wax formation

• Cold Rotating Finger
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Wax formation
• Effect of flow on fouling:

• With increase flow, the mass transfer of alkane molecules increases (+)

• Forced convection associated with an increased RPM contributes to a 

steeper temperature gradient at L/S interface (-) 

• With increase flow, the wall shear stress increases (-)

The overall growth behaviour of wax results of a competition between the 
aforementioned effects with an outcome often challenging to predict. 
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Wax formation
• Effect of flow on mass gain:
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• Solids deposition is a thermally driven 
process
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Wax formation
• Effect of flow on the chemical composition of the deposit:

C21 C23 C25 C27 C29 C31 C33 C35 C37 C39 C41
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Wax formation
• Effect of flow on structure of the deposit:
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Wax formation
• Effect of flow on mechanical removal of deposit:

• Soft wax layer by deposited under static condition for 30 minutes and then immersed in 

dodecane and applying a wall shear stress of 0.89 Pa (500 rpm) for 10 minutes. 

• Hard wax layer by deposited under at 200 RPM) for 30 minutes and then immersed in 

dodecane and applying a wall shear stress of 0.89 Pa (500 rpm) for 10 minutes. 

reduction of 40% in the mass gain reduction of 16% in the mass gain

• No deposit removal observed at 250 RPM for 10 minutes. 
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Wax formation
• Summary:

mechanical removal of wax is not very significant within a small wall shear stress (<0.3 Pa). 

The decrease in the mass gain with rpm is attributed mainly to the change in the heat transfer 

with forced convection and the removal of the oil entrapped inside the wax deposit.

• Increasing RPM affect mass transfer, heat transfer and mechanical stripping, 

decoupling the each effect is critical to develop better mitigation strategies.

• Increasing RPM affect the physico-chemical  properties of the fouling layers, this is of 

paramount importance to optimise cleaning procedures.



Wax formation

Full Model and Mathematical Implementation 
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• Wall shear stress, 

Which flow parameter(s) is relevant to the fouling
process investigated?

• Mass transfer,

• Heat transfer,

• Residence time,

• …

• Final notes:



Full Model and Mathematical Implementation 
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Thank You



Prediction material dissolution rates 
in pipelines with relevance to acid 

cleaning

Dr Richard Barker

Institute of Functional Surfaces



Profile
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2009 - MEng in Mechanical Engineering – University of Leeds

2013 – PhD in subject of Material Science – University of Leeds – Shell UK Ltd
• Largely experimental
• Electrochemical techniques to decipher corrosion mechanisms
• Development of corrosion prediction tools for offshore pipelines
• Evaluation of inhibitor mechanisms, recommendations in relation to corrosion 

management strategies

2013 to present – Research and Teaching Fellow – Institute of Functional Surfaces
• Largely experimental, although some computational work
• Worked with over 20 oil and gas companies on various projects – linking 

laboratory studies to the field, improvement of understanding/control of 
various corrosion mechanisms, development of bespoke systems and prediction 
tools (mechanistic and empirical).

• Other active corrosion areas: carbon capture and storage, geothermal and 
automotive/aviation.



Relevance to cleaning and 
decontamination
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• Mineral scaling/Corrosion product 
deposition and its removal

• This can pose a huge problem in the 
energy sector e.g. desalination, oil and 
gas transport with water injection, 
geothermal processes

• Carbonates
• Sulphates
• Silicates

• Sometimes such layers are useful
• Magnetite in PWRs
• FeCO3 – pH stabilisation for oil

gas

Two challenges
• Understanding/predicting desired removal rates – acid cleaning
• Understanding/predicting unwanted removal – local chemical/mechanical 

disruption to the protective corrosion product/layer – leading to localised 
corrosion

Top (jfi.uchicago.edu) Bottom (Song et al.)



Scenario
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What is the effect of geometry, 

surface topography and fluid 

mechanics on the removal process?
Mechanical removal Chemical removal



Challenges and opportunities
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• Importance of mass-transfer in dissolution processes

• Challenge 1 – Catering for complex geometries
• Opportunity for Computational Fluid Dynamics (CFD)

• Challenge 2 – Accounting for surface topography
• High fidelity CFD modelling

• Final note – decoupling chemical and mechanical effects



Importance of fluid flow in dissolution

Full Model and Mathematical Implementation 

• When modelling or trying to understand the dissolution of a surface or material 

under a flowing environment, consideration must be afforded to:

• The elementary dissolution reactions as a function of the water chemistry

• The mass transfer characteristics

• The bulk water chemistry  - the equilibrium and rate constants

• From a mechanistic modelling perspective, the state-of-the-art approach is to 

describe the mass-transfer of each chemical specie using the Nernst-Planck 

Equation. This equation provides the building blocks of any comprehensive 

mechanistic model (accounting for diffusion, convection and electromigration)

18



Importance of fluid flow in dissolution

Full Model and Mathematical Implementation 

• Unlike more simple expressions for dissolution processes, the Nernst-Planck 

equation requires knowledge of the velocity field in the fluid near the metal 

surface.

• For something such as a rotating disc, analytical solutions can be derived:

• However, for practical applications, such as pipe flow, conditions vary dramatically 

compared to the laminar conditions described in the equations above. This is 

primarily due to turbulent mixing.

• For turbulent flow, one has to rely on empirical correlations describing the level of 

mixing in the mass-transfer boundary layer.

19



Challenge Number 1 – Catering for 
complex geometries

Full Model and Mathematical Implementation 

• The empirical correlations typically take the form of the Sherwood number, 

represented as a function of the Schmidt and Reynolds number, eg.

𝐒𝐡 = 𝟎. 𝟎𝟕𝟗𝟏 𝐑𝐞𝟎.𝟕𝟎𝐒𝐜𝟎.𝟑𝟓𝟔

• The use of such models have shown to be accurate for predictions in straight 

pipes. However, such systems have well defined hydrodynamics, meaning that 

mass-transfer is constant across the entire geometry.

• However, more complex geometries have been shown to experience local 

variation in mass-transfer, limiting applicability of models to more complex flow 

scenarios.

• Disturbances to flow caused by such changes increase local turbulence and 

mass-transfer, components with abrupt changes more susceptible to local 

dissolution.

• Complex flow geometries often do not have well-defined relationships for 

determining mass transfer coefficients that can be universally applied, and 

variation through the geometry prevents simple calculation of a single coefficient.20



Opportunity – Use of CFD to 
determine mass-transfer

Full Model and Mathematical Implementation 

• Example is a rapid expansion

• The convection-diffusion equation, 
assuming steady-state conditions and no 
production of H+ by chemical reaction, is 
defined as 

𝑁[H+] = 𝛻 ∙ 𝑐[H+]𝐔 − 𝐷[H+]𝛻
2𝑐[H+]

• Turbulent diffusivity is also accounted 

for.

• The mass transfer coefficient is 

expressed as:

𝑘𝑚 =
𝑁[H+]

𝑐𝑏[H+] − 𝑐𝑤[H+]

21



Opportunity – Use of CFD to 
determine mass-transfer

Full Model and Mathematical Implementation 
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Opportunity – Use of CFD to 
determine mass-transfer

Full Model and Mathematical Implementation 
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Challenge Number 2 – Accounting for 
surface topography

Full Model and Mathematical Implementation 

• The generation of the aforementioned mass-transfer coefficients are for 

hydraulically smooth surfaces, and validated against ‘smooth’ specimens flush 

mounted into a ‘smooth’ expansion fitting.

• Although the models cater for complex geometry, they fail to account for surface 

irregularities on a micro-scale. 

• Rough pipeline surfaces are ubiquitous in industry. They can develop due to 

corrosion, precipitation/accumulation of products or erosion. 

• The generation of a ‘rough’ surface is pretty much inevitable.

• Again, empirical correlations are developed for roughness, but these are limited to 

regular geometries (longitudinal/lateral grooves).

24



Challenge Number 2 – Accounting for 
surface topography

Full Model and Mathematical Implementation 

• Our research
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Challenge Number 2 – Accounting for 
surface topography

Full Model and Mathematical Implementation 

• Our research
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Challenge Number 2 – Accounting for 
surface topography of irregular surfaces

Full Model and Mathematical Implementation 

• Rough surfaces can be regular or irregular/random. 

• Most regular rough surfaces are built from simple geometric patterns which 

possess one or a small number of characteristic length scales. They are the 

product of deliberate surface design e.g. surface dimples on heat exchangers, 

riblet surfaces for drag reduction.

• Most engineering rough surfaces are irregular due to the nature of the processes 

which create them.

• Despite this, most fundamental research on turbulent flow over rough surfaces has 

been concentrated on highly regular surfaces. These are easy to built and to 

represent in direct numerical simulation codes. They also have a clearly defined 

roughness height and are easy to reproduce.

• But, they do not resemble irregular rough surfaces.

27



Challenge Number 2 – Accounting for 
surface topography of irregular surfaces

Full Model and Mathematical Implementation 

• With the advent of better moulding techniques and 3d printing, rough walls have 

started to be used in turbulent flow experiments.

• Only a limited number of highly resolved numerical studies have been performed 

on turbulent flow over irregular surfaces. (Napoli et al., Busse et al.)

• In such simulations, surface modification and filtering usually need to be imposed 

to satisfy boundary conditions and/or limit computational expense.

• Single value decomposition

• Low pass Fourier filtering 

• Low pass Fourier filtering enables 

the generation of smoothly varying 

surfaces which obey periodic boundary 

conditions.

• Integrating such models/relationships

into Nernst-Planck relationships to 

determine dissolution rate variation on 

a mm/micron scale would be the state-

of-the-art approach 28



Final note

Full Model and Mathematical Implementation 

• Increasing fluid flow rate can not only increase chemical dissolution, but also 

initiate chemical removal.

• Isolating these effects in an experimental scenario is quite challenging.

• Furthermore, these effects can be synergistic.
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Thank you
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