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Abstract

At present, intumescent coatings represent a mainstream solution for protecting load-bearing

structural steel systems during a fire. Upon heating, intumescent coatings swell to form a

thick low-density and low-thermal-conductivity porous char that prevents the substrate ma-

terial from reaching high temperatures that may compromise structural integrity and stability.

Within the structural fire safety engineering practice, the performance of intumescent coat-

ings is commonly assessed adopting simplified engineering methods solely based on the

standard temperature-time fire curve in fire resistance furnace tests. However, numerous

researchers have emphasised the limitations of this methodology due to the influence of sev-

eral factors, such as the fire heating conditions, on the intumescent process and the overall

insulation effectiveness. Consequently, the current design framework does not represent an

adequate design practice to ensure the fire safety of structures. In a world moving towards

performance-based engineering solutions, there is a need for explicitly understanding how

different factors (e.g. heating conditions) may influence the effectiveness of intumescent

coatings.

This research study aimed at building the fundamentals for developing robust engineer-

ing methods for the performance-based design of structural elements protected with intu-

mescent coatings, considering their effectiveness for a wide range of potential conditions.

Various studies were carried out in order to understand how different factors affect the per-

formance of intumescent coatings. An experimental methodology was proposed to analyse

their performance through a detailed characterisation of the thermo-physical response dur-

ing thermal exposure. Steel plates coated with a commercial solvent-based thin intumescent

coating were exposed to various well-defined and highly-repeatable heating conditions in ac-

cordance with the Heat-Transfer Rate Inducing System (H-TRIS) test method. The influence

of the applied initial Dry Film Thickness (DFT) and the substrate thermal conditions were

also investigated. Moreover, complementary studies using standard experimental meth-

odologies were conducted in order to characterise the intumescent coating by defining its

physical, thermal and optical properties and studying the chemical reactions and the thermal

decomposition processes at different temperatures and under different heating regimes.



Experimental results showed that the tested intumescent coating required incident heat

fluxes higher than 20-23 kW/m2 in order to initiate the swelling process. Thresholds for

the onset of swelling in terms of steel (100-250°C) and coating (350-500°C) temperatures

were defined and it was found that the onset of swelling is directly influenced by the heat-

ing conditions and the initial coating thickness. The H-TRIS experiments also evidenced

how the swelling process and the resulting swelled coating thickness govern the thermal

and physical response of intumescent coatings, therefore their effectiveness. In particular,

the heating conditions govern the swelling rate of the intumescent coating, while the initial

coating thickness governs the maximum swelled coating thickness.

During swelling, the coated steel plates tended to 300-350°C, while their temperature in-

creased above 350°C when the swelling process was completed. As confirmed by the

thermo-gravimetric analysis, this temperature range corresponds to the coating swelling re-

action, which typically occurs around 350-400°C and it can be considered completed above

400°C. These outcomes suggest that the swelling reaction occurs in the proximity to the

substrate-coating interface: the virgin coating swells and protects the substrate by displacing

the already-swelled coating towards the direction of the heat source. This was confirmed by

the experiments involving different substrate thermal conditions. The physical and thermal

properties of the substrate control the capacity of the system to concentrate/dissipate heat

at the substrate-coating interface, consequently the temperature evolution of the reacting

coating and the swelling process. Accordingly, high swelling rates were recorded for insu-

lating substrate conditions (timber), while low swelling rates for conditions characterised by

significant heat losses (water-cooled heat sink).

Based on the experimental results, a finite-difference heat transfer model was formulated

in order to simulate the thermal and physical response of swelling intumescent coatings.

The coating swelling was implemented by adding finite elements at the substrate-coating

interface and the intumescent coating was modelled as swelled porous char with constant

material properties. Following this approach, the modelling of intumescent coatings mainly

became a quasi steady-state physical problem, largely driven by a correct prediction of the

coating swelling rate and the evolution of the swelled coating thickness: empirical correla-

tions were derived based on the experimental outcomes. Consequently, the coating material



properties have limited influence and the model loses accuracy for transient states. Never-

theless, for the tested experimental conditions, the model is capable of generally describing

the heat transfer through swelling intumescent coatings by predicting the evolution of the

coating surface and steel temperatures.

The experimental and modelling research presented herein shows how the thermal and

physical response of intumescent coatings can be predicted by gauging their swelling pro-

cess and implementing a simplified finite-difference heat transfer model. The swelling pro-

cess and the resulting swelled coating thickness govern the effectiveness of thin intumescent

coatings. Different factors (e.g. heating conditions) affect the swelling process in different

ways (e.g. swelling rate), therefore the insulating effectiveness.
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Chapter 1. Introduction

1.1 Background

The continuously growing urbanisation and world population are pushing for the develop-

ment of vertical cities and the construction of high-rise buildings. In these cases fire safety

may be a concern because, along with assuring an appropriate fire safety strategy for the

safe evacuation of the building occupants, the structural integrity and stability must be en-

sured in the event of a fire [1]. For this purpose, steel represents an optimal construction

material due to its ductility, weight-strength ratio, durability and potential for modular con-

structibility [2]. However, as all other construction materials, the stability and integrity of

steel structures may be compromised during and after a fire due to loss of strength and

stiffness, as well as thermally induced forces and displacements [3].

The application of thermal barriers characterised by low thermal conductivity is the tradi-

tional solution to reduce the temperature increase of the load-bearing structure during a fire

[4]. Conventional solutions, such as gypsum plasterboards or cementitious spray-on sys-

tems, are usually deemed to be relatively inexpensive and easy to apply, but aesthetically

unpleasant and an undesirable choice for the modern slender structures with visible steel-

work. The unique advantages of intumescent coatings (also known as reactive coatings),

such as the low impact on the attractive architectural appearance of bare steel structures

and their flexibility for both on- and off-site applications, have fostered their success and

extensive use all over the world [5-7].

Consequently, intumescent coatings nowadays represent a dominant fire safety solution for

protecting load-bearing structural steel systems during fire. Furthermore, their unique ad-

vantages pushed the construction industry into looking at the possibility of applying intu-

mescent coatings to protect different substrate materials. For example, the application of

intumescent coatings can mitigate the destructive effects of fire-induced concrete spalling,

prevent surface ignition and reduce the charring rate within wooden elements [8-9].

Intumescent coatings are thermally reactive materials, usually composed of a combination of

organic and inorganic components bound together in a polymer matrix [10-11]. At ambient

temperature, intumescent coatings appear as a pigmented thin coating, applied to a Dry

Film Thickness (DFT) in the order of few millimetres (thin intumescent coatings, usually

solvent-based or waterborne) or few centimetres (thick intumescent coatings, usually epoxy-
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based) [5]. When exposed to sufficient heat, they swell to form a thick low-density and

low-thermal-conductivity porous char that prevents the substrate material from reaching high

temperatures [12]. Thin intumescent coatings can swell up to 100 times their initial thickness

following typical reaction stages in the so-called intumescent process [13].

1.2 Research gaps and motivation

Within the structural fire safety engineering practice, the performance of intumescent coat-

ings is commonly assessed based on the standard fire resistance test in furnaces. In these

tests, the temperature experienced by coated samples exposed to the standard temperature-

time fire curve are recorded up to failure (however it is defined) [14-17]. Based on these tem-

peratures, simplified implicit engineering methods (tabulated fire ratings or effective thermal

conductivity method) are typically adopted for the structural fire safety design [13]. However,

intumescent coatings are chemically reactive materials and numerous researchers have em-

phasised the influence of the several factors, such as heating conditions, on the intumescent

process and the overall insulation effectiveness [10-13, 18-21]. In particular, slow-growing

fires or low heating regimes may have a negative impact on the insulating performance of

intumescent coatings by causing an incomplete swelling, or even melting and delamination

[12, 19].

As a consequence, the current procedures do not represent a comprehensive design prac-

tice for fire-safe structures. They do not fully assess the effectiveness of intumescent coat-

ings through a thorough understanding of the physical and thermal behaviour of swelling

intumescent coatings. Prior studies have highlighted how the current design procedures

may be excessively conservative or severely on the unsafe side and there is no clear under-

standing on whether the results obtained during a standard fire resistance furnace test can

or cannot be extended to other conditions [22]. Most importantly, these simplified engineer-

ing methods simulate the temperature evolution of coated samples in furnaces exposed to

a single heating scenario, not addressing the whole range of potential heating regimes oc-

curring in a fire. In a world moving towards performance-based engineering solutions, there

is an extreme need for fundamentally understanding how different factors may influence

the effectiveness of intumescent coatings, for instance heating conditions and applied initial
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coating thickness. By obtaining this scientific and practical knowledge, it will be possible to

formulate and validate models able to produce realistic and reliable predictions. This will

enable performance-based engineering solutions for a robust design of fire-safe structures

that explicitly considers the effectiveness of intumescent coatings under a range of potential

conditions [13].

The available literature presents limited research studies that have looked at assessing the

effectiveness of intumescent coatings through their thermal and physical behaviour [13].

This progress is commonly inhibited by inadequate testing methodologies and experimental

setups. In particular, the current expensive and time consuming large-scale procedures

based on standard fire resistance tests in furnaces have been questioned due to the poor

repeatability and the uncertain thermal boundary conditions imposed on test samples [23-

24]. Furthermore, the closed environment of standard furnaces does not allow for accurate

visual inspection of test samples during the heating exposure, a key aspect to comprehend

the thermo-physical response of intumescent coatings [19]. Finally, the concept of standard

fire as unique testing fire condition clearly defines the expected performance of intumescent

coatings and therefore it inhibits advances in developing new effective products for a wide

range of conditions [12].
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1.3 Research objectives

Intending to contribute towards engineering solutions for the robust performance-based

design of fire-safe structures protected with intumescent coatings, the research project aimed

at investigating fundamental aspects related to the behaviour of intumescent coatings for a

wide range of potential conditions. Within the scope of this research project, various studies

using standard and novel experimental methodologies were carried out in order to under-

stand how the effectiveness of thin intumescent coatings may be affected by different factors.

Figure 1.1 presents a schematic overview of the research project. In particular, the research

project aims at:

• Developing an experimental methodology to systematically study the effectiveness of

thin intumescent coatings for a wide range of potential physical and thermal conditions.

• Experimentally gauging the effectiveness of thin intumescent coatings through a de-

tailed characterisation of their thermal and physical response during the heating ex-

posure.

• Characterising thin intumescent coatings by defining their thermo-physical properties,

the chemical reactions and thermal decomposition processes at different temperatures

and under different heating conditions.

• Understanding the conditions and temperature ranges that promote the onset of swell-

ing for thin intumescent coatings.

• Studying the influence of different factors on the effectiveness of thin intumescent coat-

ings: heating conditions, applied initial coating thickness and substrate thermal condi-

tions.

• Formulating a finite-difference model able to simulate the thermal and physical re-

sponse of thin intumescent coatings for a wide range of potential physical and thermal

conditions.

• Producing fundamental outcomes for proposing a rigorous performance-based design

framework which explicitly considers the effectiveness of intumescent coatings for a

wide range of potential conditions.
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Figure 1.1: Schematic illustration of the research project.
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1.4 Thesis outline

This thesis is composed of nine chapters and four appendices. Each chapter was con-

ceived as a standalone chapter and thus some notes are repeated in a number of chapters,

wherever they are relevant. In this section each chapter, aside from the current introductory

chapter, is briefly described.

Chapter 2 - Literature review

A literature review highlights how the mainstream use of intumescent coatings for the design

of fire-safe structures has fostered the recent extensive research into the development of

effective intumescent coatings and the assessment of their performance as thermal barrier

to structural elements and materials. Numerous researchers have proposed comprehens-

ive approached and methodologies to overcome the challenges related to the current design

framework based on standard fire resistance furnace testing. The literature review describes

the most recent developments in the field of testing and assessment of the effectiveness of

intumescent coatings. Apart from the chemical formulation, the substrate boundary con-

ditions, the applied initial coating thickness, the heating conditions and the testing meth-

odology appear to be the key governing factors and all of them should be considered for

performance-based design methods in structural fire safety engineering.

Chapter 3 - Material and methods

An experimental methodology aimed at analysing the effectiveness of intumescent coat-

ings is presented. The methodology is based on the Heat-Transfer Rate Inducing System

(H-TRIS) test method and it uses arrays of high-performance radiant panels coupled with

a computer-controlled linear motion system to impose well-defined and highly-repeatable

thermal boundary conditions at the exposed surface of test samples. The experimental

methodology is proposed to study various fundamental aspects related to intumescent coat-

ings for a wide range of conditions in terms of heating exposures, applied initial coating

thickness and substrate characteristics. The experimental setup is purposely instrumented

in order to systematically gauge all the possible information to describe the thermal and

physical response of intumescent coatings during the heating exposure.
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Chapter 4 - Material characterisation

A set of complementary studies using standard experimental methodologies is presented in

order to characterise different aspects of a solvent-based thin intumescent coating, chosen

as product exemplar. The Thermo-Gravimetric Analysis (TGA) and Differental Scanning

Calorimetry (DSC) experiments uniquely identify the product by investigating the chemical

reactions and thermal decomposition processes occurring in the intumescent coating at dif-

ferent temperatures and under different heating regimes. Experiments involving the Transi-

ent Plane Source (TPS), the Laser Flash Analysis (LFA) and the Integrating Sphere System

(ISS) enable the quantification of the physical, thermal and optical properties of the intu-

mescent coating at ambient and elevated temperatures. These experiments are proposed

in order to integrate the experiments conducted using the H-TRIS test method and achieve a

preliminary understanding on how heat transfer and thermal processes develop in the tested

intumescent coating.

Chapter 5 - Onset of swelling

This chapter investigates the onset of swelling for thin intumescent coatings, a key feature

for providing effective thermal insulation to the protected substrate. Steel plates coated

with the thin intumescent coating are exposed to a wide range of heating conditions using

the H-TRIS test method. The onset of swelling is examined by analysing the evolution of

the swelled coating thickness and substrate temperatures. The experimental study focuses

on defining the conditions that promote or prevent the onset of swelling for thin intumes-

cent coatings, for example by specifying a critical constant incident heat flux and defining

thresholds in terms of steel and coating temperatures. The influence of the heating condi-

tions and the applied initial coating thickness on the problem is also investigated. Finally,

a first simplified finite-difference heat transfer model is formulated in order to simulate the

temperature increase of uncoated and coated steel samples prior to onset of swelling.

Chapter 6 - Influence of heating conditions and initial coating thickness

Adopting the experimental methodology using the H-TRIS test method, this chapter analyses

the effectiveness of the thin intumescent coatings through a detailed characterisation of their

thermal and physical response. Steel plates coated with the thin intumescent coating are
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exposed to a wide range of heating conditions. In addition, the influence of the applied initial

coating thickness is studied. These aspects are investigated by comparing the evolution of

the steel temperature, the swelled coating thickness, the coating surface temperature and

the in-depth temperature profiles within the swelling intumescent coating during the thermal

exposure. The experimental study aims at understanding how different factors may influence

the swelling reaction and the effectiveness of thin intumescent coatings.

Chapter 7 - Influence of substrate thermal conditions

Adopting the experimental methodology using the H-TRIS test method, this chapter focuses

on the influence of the substrate thermal conditions on the behaviour of thin intumescent

coatings. Steel plates coated with the thin intumescent coating are exposed to a constant

incident heat flux of 50 kW/m2 and different substrate thermal conditions are simulated us-

ing different samples holders: insulating conditions and three conditions involving a water-

cooled heat sink with different cooling rates. The same experiments are also performed on

timber samples coated with the same thin intumescent coating. The effects of the substrate

thermal conditions are investigated by comparing the evolution of the substrate temperat-

ure, the coating surface temperature and the swelled coating thickness. The experimental

study aims at understanding the effects of the substrate thermal conditions on the effective-

ness of thin intumescent coatings, in particular examining in depth their swelling mechanism.

Chapter 8 - Heat transfer modelling

Based on the experimental outcomes, a finite-difference heat transfer model is formulated

in order to simulate the thermal and physical response of swelling intumescent coatings

applied on steel plates for the tested ranges of heating conditions and applied initial coat-

ing thickness. In general, the numerical model aims at offering a engineering tool for the

performance-based design of fire-safe structures protected with thin intumescent coatings.

The chapter describes the process for the formulation of the heat transfer model with all its

simplifications and assumptions. In particular, the swelling of thin intumescent coating is

implemented by adding finite elements and the intumescent coating is modelled as swelled

porous char with constant material properties. Accordingly, the effectiveness of thin intu-

mescent coatings is primarily dependent on their ability to develop swelled porous char and
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the proposed model mainly relies on a correct prediction of the coating swelling rate and the

evolution of the swelled coating thickness. The model accuracy is assessed by comparing

the evolution of the steel substrate temperature, the coating surface temperature, the swelled

coating thickness and the in-depth temperature profiles within the sweling intumescent coat-

ing during the thermal exposure. An extended sensitivity analysis and external validation

are also performed in order to assess the model accuracy with respect some key governing

parameters and understand its limitations.

Chapter 9 - Conclusions and recommendations for future research

The main conclusions drawn on the basis of the research studies presented and discussed

within this thesis are highlighted and commented. Recommendations for future research

on the behaviour of thin intumescent coatings for the design of fire-safe structures are also

presented.
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Chapter 2. Literature review

2.1 Fire safety of structures

Every year, building fires are the worldwide cause of numerous deaths, along with tre-

mendous economic and social impact [1]. Despite the perceived low occurrence of fires

in buildings, a fire event can have disastrous consequences; hence, an appropriate fire

safety strategy must be considered in situations where fire may be a problem (e.g. high-rise

structures). At the backbone of the fire safety in buildings, structural integrity during and

after a fire has to be ensured [2]. Therefore, structural integrity and stability represent a core

aspect of the fire safety strategy and it must be considered among all the other aspects of

the design process of a fire-safe structure [3].

For example, steel structures are a mainstream building structural system and the Council

on Tall Buildings and Urban Habitat (CTBUH) recently reported that the worldwide 54% of

composite multi-level projects over 200 metres comprises a steel frame with metal decking

[4]. The benefits of high strength-weight ratio and ductility enable engineers with the possib-

ility for designing fascinating slim and light structures. Moreover, the modular nature of steel

structures allows for reduced construction costs, both temporal and economic [5].

However, as all other building construction materials, the structural integrity of steel struc-

tures can be compromised during and after fire. In particular, steel experiences significant

strength and stiffness reduction at elevated temperatures. According to Eurocode design

guidelines [6], at temperatures of 550-600°C structural steel retains about 50% of its ambi-

ent temperature strength. Also, steel has a high thermal conductivity; hence, steel structures

are perceived as solids elements that may heat up rapidly during fire.

Traditionally, the behaviour of steel structures in fire has been understood to be dominated

by the effects of strength loss induced by heat. However, structural systems can possess

enormous reserves of strength by adopting large-displacements configurations [7]. This was

evidenced by the relatively appropriate residual capacity after the Cardington full-scale fire

tests on a composite steel framed structure [8]. However, the same series of fire tests high-

lighted that thermal expansions and large deflections of steel members induce particular

negative and potentially dangerous actions on heated structures [7]. In particular, thermally

induced forces and displacements during fire can become critical to the point of govern-

ing the structural performance and they can induce deformations and thermal stresses that
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could cause structural instability and/or progressive failure [2, 7, 9].

Structural fire safety engineering can be used to manage the risks associated with partial or

complete structural collapse during or after a fire in a building. As regards to steel structures,

the application of thermal barriers is a widely used method to avoid steel from reaching

critical temperatures during fire. This is usually done by covering or wrapping the structural

members with low density and low thermal conductivity materials that can reduce the rate of

temperature increase of the load-bearing steel structure [2]. Traditionally, there had been a

range of commercially available thermal barrier solutions that encapsulate steel structures

using concrete encasement, calcium silicate or gypsum plaster boards, cementitious spray-

on systems or flexible fire blankets.

These conventional fire safety solutions are relatively inexpensive and they can be easily

adopted for a wide range of applications. Nevertheless, they are usually deemed to be

aesthetically unpleasant and therefore they do not represent the most desirable choice for

slender and light buildings with visible steelwork [10]. For this reason, the steel industry

experienced a rapid growth in the use of intumescent coatings.

2.2 Intumescent coatings

Intumescent coatings (also known as reactive coatings) are nowadays a mainstream solution

used to protect load-bearing structural steel systems during fire [11]. In 2016, the Dow

Jones predicted that "the intumescent coatings market size is forecast to be worth $1.16

billion by 2022 [...] and to reach 145.6 kilo tons by 2022" [12]. The rapid growth in the use

of intumescent coatings in the built environment is associated with the low impact in the

attractive architectural appearance of bare steel structures, along with their light-weight and

their flexibility for both on- and off-site applications [13-15].

Upon heating, intumescent coatings swell to form a low density and low thermal conductivity

foamed char (Figure 2.1); hence, preventing temperature increase of steel that could cause

structural instability and/or progressive failure [16, 17].

Intumescent coatings are thermally reactive materials, usually composed of a combination of

organic and inorganic components bound together in a polymer matrix [19-21]. Intumescent

coatings formulations are usually composed of an acid source ("catalyst"), a carbonaceous
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Figure 2.1: Steel profile section protected with a thin intumescent coating, before (left) and after (right) fire

testing [18].

compound ("carbonific"), a blowing agent ("spumific"), binders and additives: their functions

have been widely described in the literature and during the last decades the formulations

have been optimized so as to form an effective protective char. Innovative improvements are

continuously proposed within the intumescent coating industry: the inclusion of pigments to

provide better weather proofing ability and decorative surface finish [22]; the use of fibres

of different natures as hybrid reinforcement to increase the coating mechanical strength

[23]; the introduction of nano-silica to promote the formation of a more compact char layer

[24]; the substitution of the carbon source with vegetable compounds, as ginger powder and

coffee husk [25]; the addition of fillers, nanoparticles, silicones, resins and flame retardants.

These are just a few examples of the enormous effort that the research community focused

on intumescent coatings is taking for the development of better, more efficient and reliable

coating formulations [11, 16, 26-29].

The composition of thin intumescent coatings is typically solvent-based or water-based and

they are usually applied to a Dry Film Thickness (DFT), no thicker than a few millimetres.

They are mainly applied in the built environment and used for cellulosic fire conditions. On

the other hand, thick intumescent coatings are usually epoxy-based (two-component sys-

tems) and applied to thicknesses in the order of few centimetres. Unlike the thin ones, thick

intumescent coatings have mainly industrial application and they are used for hydrocarbon

fire conditions [11, 15].

Intumescent coatings are usually applied in three different components: primer, base coat

and top-coat. The primer ensures good adhesion between the metal substrate and the
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coating and provides increased corrosion resistance [30]. The top-coat can be required for

decorative or durability reasons when exposed to weathering and aggressive environment

[11]. The application procedure represents a key aspect for the effectiveness of intumescent

coatings. Before application, the substrate has to be appropriately prepared and cleaned

from any contaminants in order to create a rough surface and facilitate the application and

adhesion of the coating [31]. Nowadays, steel members are usually coated by airless spray

application, fast method that can be applied also to irregular shapes [32]. They can be

also applied using conventional methods, such as brush and rollers. The application of the

coating in an accurate thickness on steel sections is always a complicated procedure due to

its dependency on several conditions (e.g. temperature, humidity). The quality of the final

product must be always verified and the minimum required thickness ensured [18].

2.2.1 The intumescent process

The intumescent process by which intumescent coatings react, swell and char can be de-

scribed by the different stages shown in Figure 2.2. According to several studies, the follow-

ing stages of intumescence may be defined [20, 21, 29, 33-35]:

Figure 2.2: Schematic of the various stages of the intumescent process.

1. Thermal decomposition (melting zone) - when the coating is exposed to a heat source

and reaches a critical temperature, the inorganic acid source undergoes a thermal

decomposition: the surface melts and converts into a viscous fluid [36].
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2. Swelling (reaction zone) - the blowing agent is then activated, causing an endothermic

reaction that absorbs heat from the substrate and decomposes to release a large

amount of gaseous products. The gas bubbles are trapped in the coating, causing the

molten matrix to swell up to 100 times its original thickness and forming a low density

and low thermal conductivity porous media that acts as thermal barrier for the metal

substrate [37]. The swelling process continues until the blowing agent is exhausted or

the carbon matrix is not viscous enough to continue to confine the gas bubbles.

3. Char formation (charring zone) - as the temperature increases, the porous media

hardens and releases the residual volatiles to form char. At this stage, the char struc-

ture is highly carbonaceous and is usually characterised by a black/grey colour at the

exposed surface.

4. Char structural changes (char degradation zone) - the carbonaceous char is oxidised

and CO2 is released: the black and compact char structure slowing changes into a

white brittle dusty foam at the exposed surface.

Figure 2.3: Threshold temperature for the different stages of the intumescent process.

The classification of stages and zones and their respective threshold temperature have been

reported to occur within a range of temperatures (Figure 2.3), influenced by variation in

coatings formulations and fire testing procedures adopted by different researchers [19, 33,

35, 36, 38-48]. The evolution of the four stages is strongly dependent on the composition

of the chemicals and their mixture. However, the order and the matching of the chemical
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and physical processes are essential, as they must happen in an appropriate sequence,

as the temperature is raised [36]. In particular, the onset of swelling as the initiation of the

swelling phase has a key role in the development of the intumescent char structure. It usually

defines the end of the melting zone and the beginning of the reaction zone [49]. According

to the above-mentioned prior studies, the onset of swelling can occur in a wide range of

temperatures, typically when the coating is between 200 and 300°C.

2.3 Literature review objectives

During the past decades, the fire research community has extensively investigated the per-

formance of intumescent coatings used in steel structures. The majority of prior research

studies can be defined by two categories: (1) studies focused on the chemistry of intu-

mescent coatings and (2) studies focused on assessing the fire performance of intumes-

cent coatings as thermal barrier to structural elements. The first category, led by chemists,

widely developed and invented new ingredients and formulations to improve the physical and

thermal behaviour of intumescent coatings exposed to heat. The second category, led by fire

safety engineers and scientists, investigated the heat transfer and the overall effectiveness

of intumescent coatings as fire safety solution for different structural elements and materials.

The state-of-the-art of chemical mixtures and formulations of intumescent coatings have

been reviewed by several researchers [11, 28, 29, 35]. However, in the literature no compre-

hensive review is available on the enormous amount of research studies focused on the fire

performance of steel elements protected with intumescent coatings. This review covers the

more recent developments in the field of fire testing and analysis of the fire performance of

steel elements protected with intumescent coatings.

2.4 Current design framework

The current design framework for demonstrating integrity of structural systems during and

after fire is based on compliance with the standard fire resistance furnace test (Figure 2.4).

Single full-scale structural members, loaded or unloaded, are tested to failure (however this

is defined) under a standard heating condition (Figure 2.5), defined by a temporal evolution
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of temperature inside the furnace [50-52]. As many other structural components and mater-

ials, the performance of a load-bearing steel elements protected with intumescent coatings

is typically assessed based on compliance with the standard fire resistance furnace test,

where single coated elements are usually exposed to the cellulosic fire curve from one or all

sides. In other applications, different standard curves may be the required: for example, the

hydrocarbon fire curve for applications in the oil and gas industry (Figure 2.5) [53-55].

Figure 2.4: Example of unloaded

standard fire resistance furnace test

[18]. Figure 2.5: Prescribed temperature-time fire curves.

The failure criteria for steel structures is usually based on the Method of Critical Temper-

atures (MCT) [6]. The fire resistance level of the protected steel element is defined based

on the time when a critical temperature is reached, usually defined as the temperature at

which the single structural member no longer withstand its given loading. The failure criteria

for structural steel is at the discretion of the designer charged with designing for the fire-

safe structure. A fire-safe design is executed considering the structural capacity at ambient

temperature and, in particular, the utilization factor of each structural member during fire.

Nevertheless, the steel critical temperature is often prescribed around 550-600°C, based on

the assumption that, due to safety factors, most of the structural elements are loaded at 50%

of their ambient temperature capacity and a failure will occur when the materials had a 50%

reduction in strength [6, 56].
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2.4.1 Tabulated fire ratings

The outcomes from a series of standard fire resistance furnace tests can be used to build

tabulated fire ratings (refer to Table 2.1), where manufacturers present the minimum re-

quired DFT of the intumescent product for achieving a time to reach a critical temperature

in the standard fire resistance furnace test [2, 53]. In order to design a fire-safe structure,

engineers choose the optimal solution from tabulated ratings based on the following input

parameters:

• target fire resistance rating;

• critical design temperature, either prescribed or based on utilization factors;

• steel section factor, which is in essence the ratio between exposed surface and volume

of the protected steel element (Ap/V );

• type of cross-section (open or closed sections); and

• element type (mainly beams or columns).

Table 2.1: Example of tabulated fire ratings for the design of steel structural element protected with

intumescent coatings.

Table 2.1 offers an example of the process to design a steel structural element protected

with intumescent coatings using tabulated fire ratings: in order to ensure a fire resistance

rating of R60 to a steel I-beam with a section factor equal to 120 m−1, the structural element
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requires an applied DFT of intumescent coating equal to 0.65 mm, assuming a steel critical

temperature of 550°C (corresponding to a utilization factor of 0.6, according to Eurocode

[6]).

2.4.2 Effective thermal conductivity method

Another tool for designing fire-safe steel structures using intumescent coatings is the European

assessment method based on the concept of effective thermal conductivity (Annex E of EN

13381-8 [53]). This design method is based on a lumped capacitance 1D heat transfer

approximation of the transient heat conduction equation, where a low-density insulation ma-

terial, such as swelled intumescent coatings, is approximated as a thermal mass included

between the fire gas temperature Tg and the protected steel temperature Ts The complex

thermal-physical behaviour of intumescent coatings is simplified in an effective parameter,

neglecting the change in thickness and assuming the thermal capacitance of the coating

negligible compared to the protected steel (Figure 2.6). According to this method, the effect-

ive thermal conductivity of an intumescent coating λp at time t can be determined with the

following formulation:

λp = dpcp,sρs
V

Ap

T t+∆t
s − T ts[

T t+∆t
g − T ts

]
∆t

(2.1)

where dp is the applied initial dry film thickness of intumescent coating [m], cp,s is the specific

heat capacity of steel [J/kgK], ρs is the density of steel [kg/m3], Ap/V is the section factor

of the protected steel member [m−1], T t+∆t
s is the steel temperature at time t + ∆t [K], T ts

is the steel temperature at time t [K], T t+∆t
g is the fire gas temperature at time t + ∆t [K]

and ∆t is the time increment [sec]. The resulting temperature-dependent effective thermal

conductivity defines an equivalent thermal barrier provided by the intumescent coating to the

steel substrate during a standard fire resistance furnace test.
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Figure 2.6: Schematic of the simplified heat transfer problem for the effective thermal conductivity method.

2.5 Key challenges for the design of structures protected

with intumescent coatings

The concept of fire resistance was first introduced at the beginning of the 20th century and

the testing framework has only slightly changed over the years [57]. This concept is based

on the time-to-failure of single elements tested in the standard fire resistance furnace test.

During the last decades, the relevance of using the standard temperature-time fire curve

and standard fire resistance furnace tests have been questioned due to high operating costs,

poor repeatability, inappropriate thermal boundary conditions and poor statistical confidence

[58, 59]. Also in the case of intumescent coatings, standard fire resistance tests always

require extensive time and economical effort because of the large number of full-scale tests

required to cover the vast range of steel configurations and coating thicknesses necessary

for approval and material classification [60, 61].

In addition, unlike other non-reactive fire protection systems, numerous research studies

have emphasised the influence of heating conditions on the performance of intumescent

coatings (Figure 2.7). Intumescent coatings are chemically reactive materials and their

thermo-physical behaviour have shown to be influenced by the testing fire exposure [17,

20, 21, 33, 58, 62-67]. Particularly, some researchers have shown that slow-growing fires

or low heating regimes may cause an incomplete swelling of the reactive coating, or even

facilitate melting and/or delamination. These phenomena can have a negative impact on the
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overall effectiveness of the intumescent coating and lead to unsatisfactory insulation to the

steel structure [17, 58, 67].

Figure 2.7: The influence of the heating conditions on the fire performance of thin intumescent coatings: char

structures obtained from different cone calorimeter tests: 1) prior to heating; 2-4) PaintA and 5-7) PaintB

under 20, 40 and 60 kW/m2 [18].

However, the current design framework wrongly assumes that the thermo-physical proper-

ties of intumescent coatings are independent of the fire conditions. Normally, the standard

furnace fire resistance test is the only considered fire scenario and its results are extended

to all the other conditions. Nevertheless, owing the reactive nature of intumescent coatings,

the results obtained from standard fire resistance tests may not be consistent and reliable

under different sets of heating conditions [21, 33, 68]. The current design procedures do

not represent a rigorous design practice for fire-safe steel structure: they are overly simpli-

fied, sometimes excessively conservative, sometimes severely on the unsafe side [64, 69].

The assessment of the performance of intumescent coatings under several potential fire

conditions should be the common practice for determining whether the insulating properties

obtained from the standard tests could be used in other fire scenarios. Each product and

formulation would behave differently, even in an opposite manner [67].

The concept of standard fire as only testing fire scenario also inhibits advances in under-

standing how reactive coatings behave in non-standard fire conditions [17]. The worldwide

success of intumescent coatings as a fire safety solution boosted manufacturers to develop

innovative intumescent coatings products and compositions [22-25]. However, there is a

severe shortcoming in these research studies related to the expected performance and the

testing procedures. Novel products are usually tested according to the standard fire expos-
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ure and, consequently, the industry aims at developing new intumescent coating products to

pass these kinds of tests, in which the fire exposure is fixed and it is not a governing variable

[19].

The engineering community have also strongly criticised the assumptions and limitations

of the currently available engineering tools for the design of intumescent coatings. For in-

stance, numerous uncertainties are related to the tabulated fire ratings. The embedded im-

plicit safety factors do not ensure a clear level of safety and the linear interpolations between

different tests have been questioned due to the clear non-linear relationship between the

intumescent performance and several factors, such as section factor and applied DFT. The

importance of applying the right amount of coating has been recently underlined, emphas-

ising the possible dangerous effects: the steel section may not have sufficient fire protec-

tion in case of a lower DFT, while a too thick DFT may promote coating delamination and

falling off [70]. Moreover, the European effective thermal conductivity method treats intu-

mescent coatings as chemically non-reactive materials because it implicitly assumes that

their thermo-physical properties are temperature-dependent only and the rate of heating

(e.g. due to different fire conditions, different coating thickness, different section factors) has

little effect [63]. The method simplifies the response of intumescent coatings by considering

the applied initial thickness and inaccurate physical and thermal properties, e.g. thermal

capacity and density. Therefore, the effective thermal conductivity does not clearly repres-

ent the effectiveness of intumescent coatings because it incorporates several phenomena

that occur in the intumescent process, such as endo- and exothermic reactions [62]. Its

strong simplifications are reflected by the high variance of the values reported in literature:

in few studies, values lower than thermal conductivity of air were reported [71]. Lastly, the

assumption of adiabatic conditions on the steel member (1D heat transfer or perfect 4-sided

exposure) and the evaluation of the coating temperature as average value between the gas

phase temperature of the fire and the steel substrate temperature have been arguments of

debate.

Furthermore, the tabulated ratings based on the fire resistance concept only clearly show the

final time of reaching the steel critical temperature. This completely ignores the time evolu-

tion of the temperature in the structural member during the fire exposure, from ambient up to

the critical limit. As a consequence, the only possible methods which can be adopted for the
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structural fire design are simplified procedures, such as the method of critical temperatures

[6]. In this method, the structural fire design is performed on individual structural members

rather than considering the entire structural system. Besides, the method does not consider

the mechanical boundary conditions of the structural elements, such as members free or

restrained to thermal expansion. Therefore, the design of structural fire protection does not

investigate the overall stability and the interaction between structural members during the

fire event. These simplifications on the unsafe side omit dangerous destructive effects like

thermally-induced forces and displacements in a fire event [7, 64].

In addition, the current design framework does not consider the influence of certain second-

ary factors that affect the performance of intumescent coatings. An example is the effect of

the atmospheric oxygen content during fire testing. According to the standard procedure, the

atmosphere surrounding the test sample in a standard furnace shall have an oxygen con-

centration above 4% when testing non-combustible materials [54]. Griffin et al. have demon-

strated how the oxygen content of the exposing atmosphere can significantly affect the mode

and rate of char formation and degradation, thus affect the thermal shielding property of the

intumescent coating [39]. Considering different test environments would be optimal to invest-

igate how standard fire ratings may be applied to situations with different oxygen content.

The location of the gas burners inside the furnace and the consequent convective flows are

another important aspect, since they govern the coating char detachment.

Finally, since most of the chemical components in the intumescent formulations are organic,

they react with the exposed environment and their effectiveness deteriorates with time. Par-

ticularly, intumescent coatings suffer from solar radiation, moisture cycles and thermal fa-

tigue, along with any atmospheric contaminants. As the fire protection performance must be

ensured throughout the entire life of the building structure, there is a necessity to investigate

the long-term durability of intumescent coatings exposed to different environmental condi-

tions. Many studies have reported the vulnerability of intumescent coatings to ageing and

weathering [72]. For example, the swelling ratio of a degraded coating can be reduced by

over 70% and the steel temperature can increase by about 200°C, compared to the fresh

coating [73]. In the case of seawater exposure, the fire-resistant properties can be drastic-

ally lost only after one month of immersion [74]. Also, ageing in indoor environments can

severely reduce the insulting and reactive properties of intumescent coatings and there is
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a necessity to renovate intumescent coatings in existing old buildings [75, 76]. However,

the current design framework does not take into account the degradation of intumescent

coatings in time: the design assessment and testing are performed only on virgin coatings

and there are no existing regulations on how to verify the intumescent reactivity of degraded

coatings [68].

2.6 Relevant research studies

During the last decades, many researchers have been involved in the study of the per-

formance of intumescent coatings in terms of thermal shielding to the substrate material.

In order to overcome the challenges of the current design framework, numerous research

studies have proposed comprehensive approaches and methodologies to investigate the ef-

fectiveness of intumescent coatings exposed to different heating conditions and tested using

different experimental set-ups.

2.6.1 Standard fire resistance furnaces

Testing single protected steel and composite elements using furnaces of different sizes is

still the prevalent methodology to assess the effectiveness of intumescent coatings. Past

researchers have exposed a large variety of test samples to the standard temperature-

time curve in furnaces, from bench scale to large scale. Concrete-steel composite joints,

steel plates, welded and bolted steel connections, steel columns, concrete-filled steel hollow

structural sections and steel cellular beams are examples of structural systems tested in

furnaces in order to understand the performance of virgin or degraded intumescent coatings

exposed to fire [68, 69, 73, 77-83]. In the majority of the research studies, the standard

fire curve is the main heating condition imposed on unloaded protected samples and the

evolution of protected steel temperatures is the only control parameter of performance.

However, some other researchers started implementing different non-standard temperature-

time fire curves in furnace testing. The European smouldering fire or slow heating curve

represents a first regulated attempt to assess the fire performance of intumescent coatings

under slow-growing fires (Figure 2.5) [53]: it is characterised by a low heating regime for the

first 20 minutes and then it continues following the standard fire curve [17, 63, 75, 76, 80,
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81]. Other researchers tested coated steel plates under different temperature-time curves,

such as the European parametric fire curves (more or less severe than the standard fire) or

large-power fires in large spaces according to the Chinese code [21, 33, 84, 85].

2.6.2 Cone calorimeter

Due to the high costs and time-consuming nature of standard furnace testing, several re-

searchers started developing bench-scale and laboratory-scale experiments to investigate

the intumescent coating behaviour under different fire conditions. A conventional technique

is to expose coated steel samples to constant radiant heat fluxes using a cone calorimeter

[62, 86]. In a more controlled testing environment, the thermal shielding capacity of intu-

mescent coatings has been carefully studied with respect to several factors, such as the

imposed external heat flux, the coating thickness, the sample size and the role of the back

thermal boundary conditions [60, 87, 88]. Few researchers also combined the cone calor-

imeter with novel techniques: for example, Wang et al. used thermographic phosphors in

order to measure the intumescent coating surface temperature and consequently calculate

the transient thermal conductivity [89, 90].

However, more recently few researchers started underling the limitations of cone calorimetry

testing. Firstly, results from cone calorimeter investigations can be hardly compared due to

differences in the test configurations. For instance, Fateh et al. showed how the distance

between the sample and the bottom of the cone heater can affect the results, especially the

back surface temperature of substrate materials [91]. Moreover, recent evidence suggests

that the incident heat fluxes are distributed non-uniformly over the exposed top surface of

test samples due to the unique geometry configuration between the truncated cone-shaped

emitter and the squared recipient [92, 93]. Finally, this methodology suffers uncertainties in

terms of net heat flux absorbed by the test sample during the swelling process: the external

heat flux changes as the exposed coating surface moves closer to the cone heater and the

swelling causes exposure of the perimeter phases [94].
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2.6.3 Other experimental methods

Other researchers proposed innovative test methods and/or experimental set-ups in order

to investigate different aspects of the performance of intumescent coatings under various

heating conditions:

• The mechanical resistance of intumescent chars was studied by Jimenez et al. using a

Bunsen burner and several novel methodologies to measure the compressive strength

were compared by Reshetnikov et al. [95, 96].

• Fry studied different intumescent coatings applied on circular thin steel plates using

an improved cone heater setup: using a laser beam, he was able to instantly evaluate

the coating swelling and raise/lower the sample holder in order to maintain a constant

incident heat flux at the sample surface [97].

• Calabrese et al. suggested the use of temperature sensors placed directly inside the

swelling intumescent char exposed to a constant radiant heat flux: in this way, the

thermal conductivity of the intumescent layer was calculated using the in-depth meas-

urements following an inverse heat conduction problem approach [71, 98, 99].

• McNamee et al. experimentally investigated the coating effectiveness using two innov-

ative experimental setups, which exposed the intumescent coatings to a horizontal flow

as in a ceiling jet and to a vertical flow as in a fire plume [58].

• Morys et al. presented a complementary testing approach based a modified muffle

furnace known as STT Mufu+ (Standard Temperature Time Muffle Furnace): small

vertical plates can be efficiently tested under the standard temperature-time curve and

the apparatus can be combined with other equipment, such as mechanical testing or

high-temperature endoscope [100-102].

• Elliott et al. proposed to apply the H-TRIS (Heat-Transfer Rate Inducing System)

method for studying the performance of reactive coatings subjected to different time-

histories of incident radiant heat flux [17, 103]. The fire test method directly controls

the thermal boundary conditions imposed on a test sample by moving an array of

high-performance radiant panels: the approach offers considerable advantages over

traditional testing in terms of reliability, repeatability, versatility, speed and costs and
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it enables the visual inspection of test samples during fire testing (e.g. swelling rate).

This approach was also adopted by Lucherini et al. that investigated the onset of swell-

ing of thin intumescent coatings under a wide range of potential heating conditions [49,

104].

As a conclusion, the limitations of the current experimental framework inspired the research

community to develop such a large variety of innovative experimental setups. Each test

method tackles specific research gap and it optimises the investigation of particular aspects

related to intumescent coatings. However, they are not widely adopted and the steel in-

dustry and the research community looking at the use of intumescence have not agreed on

a universal testing methodology yet.

2.6.4 Numerical and computational modelling

The swelling of intumescent coatings under heat is a complicated multicomponent phe-

nomenon, involving a complex combination of different material phases, mixtures and re-

actions. Many variables are extremely difficult to measure and the intumescent process is

hard to describe. However, many researchers attempted to develop several numerical and

mathematical models of various complexities in order to simulate the intumescent process

and the heat transfer through swelling intumescent systems.

Starting from the innovative model developed by Cagliostro et al. based on mass and heat

transfer and fundamental chemical reaction kinetics within a non-reacted coating, many one-

dimensional mathematical models have been implemented during the last decades [105].

Starting from different assumptions, each of them is able to simulate different aspects of the

complex behaviour of intumescent coatings. For instance, using small-scale or large-scale

experimental data, they can evaluate the thermal conductivity or the thermal resistance of in-

tumescent chars or they can describe the heat transfer within intumescent coatings based on

chemical kinetics, mass and energy conservation [19, 39, 61, 106, 107]. Researchers sim-

plified the problem in different ways, like identifying independent global chemical reactions

(e.g. melting, swelling and charring) or subdividing the coating into independent components

(e.g. solid char, pores and gas phase) [19, 108, 109]. Other simple models are able to eval-

uate the fire resistance of various structural systems by predicting the temperature evolution
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with good approximation based on the concept of equivalent constant thermal resistance or

effective constant thermal conductivity [20, 65]. Also, few researchers implemented models

able to accurately describe the heat transfer and swelling process of intumescent coatings

using standard and non-standard furnace tests data [33, 87, 110]. These models require few

input parameters derived from experimental data. However, these parameters are usually

based on standard furnace testing only and they are difficult to directly quantify, such as the

coating melting temperature or the intumescent char porosity. More recently, researchers fo-

cused on developing semi-empirical procedures for performance-based design calculations

[64]. For example, Cirpici et al. created a revolutionary multi-layer model able to predict the

intumescent coating behaviour and effective thermal conductivity under different conditions

(steel section factor and applied initial DFT), also considering the different fire conditions

[63]. Finally, few researchers focused on approximating the temperature profile within swell-

ing intumescent coatings and the model implemented by Hsu represents the first example of

comparison between predicted and measured in-depth temperature profiles within swelling

coatings [111, 112].

Finally, some researchers also attempted to model the behaviour of steel structures protec-

ted with intumescent coatings using different finite-element software. TNO-Diana, SAFIR16

and ABAQUS are the most common FEM software adopted in different studies aimed at

simulating the failure modes and/or temperature evolutions of various protected samples

exposed to fire [75, 83, 114, 115]. However, due to the complexity of the intumescent re-

action, this software relies on several assumptions. For instance, common simplifications

are modelling a constant geometry mesh and a temperature-dependent effective thermal

conductivity function that considers the phase change from the original solid coating into the

swelled coating. In most of the cases, the coating insulating properties are estimated only

considering the standard fire exposure. As a conclusion, these models still have many un-

certainties related to input parameters and material properties and they must be used with

great care and critical eye.

As in the case of testing methods, a countless amount of numerical and computational

models of various complexities can be found in literature. However, a universal simple, rather

than complex model that can simulate the performance of intumescent coating has not yet

been developed or, at least, it has not been generalised for the vast variety of available
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commercial products and potential fire conditions.

2.7 Analysis and discussion

2.7.1 Key governing factors

Huge efforts taken by past researchers have yielded a deep understanding of intumescent

coatings used in the construction industry. From the extensive review shown herein, it is pos-

sible to point out the main factors that govern the performance and effectiveness of intumes-

cent coatings used for the design of fire-safe load-bearing steel structures. Nevertheless, it

is usually difficult to establish a clear general trend among past research studies and some

outcomes of past research studies even contradict each other. As already mentioned in the

motivation, the influence of different chemical formulations of intumescent coatings is not in

the scope of this review. According to the extensive review shown herein, the key governing

factors are:

• Substrate boundary conditions. They are a key parameter that governs how rapid

the temperature of a steel section may increase during a fire or cool after burnout.

The common way to quantify them is through the section factor Ap/V , calculated as

the ratio between the section perimeter exposed to fire and the area or mass of the

heated steel [2]. A larger section factor usually results in a rapid increase in the steel

temperature [79]. As regards intumescent coatings, researchers have found out that

a high section factor leads to a faster swelling and greater swelling ratios [33, 97]. On

the other hand, the influence of the section factor on the coating thermal conductivity

is not clear: sometimes, coatings had higher thermal conductivity for higher section

factors; sometimes, lower [65, 66].

• Applied coating thickness. The applied thickness of the intumescent coating on a

steel element is normally the control parameter for ensuring the required level of fire

protection. It is usually quantified as wet film thickness (WFT) during the application

process, but engineers usually design for a certain Dry Film Thickness (DFT). Many

assume that a higher DFT always guarantees a higher level of thermal protection,

given by a lower limiting steel temperature. However, increasing the DFT does not
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always yield to an insulation property benefit [21]. Also, outcomes of past research

have shown that the increase in performance is marginal for a higher DFT [17, 71, 98,

99]. Contrarily, outcomes of other experimental investigations showed that a higher

DFT might produce higher thermal conductivity [63, 65, 66]. This can be confirmed

by research studies where lower DFTs have shown a more rapid swelling and higher

swelling ratios due to the complete development of the intumescent char [33, 60, 97].

Without any doubt, higher DFTs have a higher potential of adhesion failure or facilitate

the pull-back phenomenon at web openings in cellular beams [75, 82].

• Heating conditions. Numerous experimental investigations have highlighted many in-

fluencing aspects related to the heating conditions, however these are controlled or

measured. Outcomes of research studies have evidenced how varied heating con-

ditions can lead to different char structures, swelling ratios and overall swelling pro-

cesses [21, 33, 88, 110]. For instance, Cirpici et al. registered lower swelling ratios

and higher effective thermal conductivities for higher heating rates, while Fry evaluated

higher thermal conductivities for higher heat fluxes [63, 97]. In general, when exposed

to fast-growing fires, intumescent coatings undergo a more complete reaction to pro-

duce desired swelled char structures [33]. In particular, the complete development of

the intumescent coating tested by Han et al. was achieved for incident radiant heat

fluxes above 35 kW/m2, while Lucherini et al. showed that the minimum incident heat

flux to reach onset of swelling was above 23 kW/m2 [49, 60]. In addition, for temper-

atures above 600-700°C, the carbonaceous char loses its strength and compactness

due to thermal oxygenation [102]. On the contrary, when exposed to slow-growing

fires, intumescent coatings are not able to fully react to form the desired swelled char

and they have inadequate performances [21, 33]. In a few cases, during experimental

testing, low heating regimes even caused melting and delamination of the coating or

char cracking with incomplete swelling [17, 67].

• Fire test method. Numerous researchers have underlined how the fire testing method

can influence the experimental outcomes of a research study on intumescent coatings

[62, 67, 100]. Discrepancies can mainly come from different testing apparatus used

(e.g. standard furnaces, cone calorimeter) and the corresponding testing conditions.

For instance, the influence of the oxygen concentration on the intumescent chemical
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kinetics justifies the different results from tests conducted in a well-ventilated air atmo-

sphere (e.g. cone calorimeter) and the ones conducted in the low oxygen environment

of standard furnaces [61, 91, 110]. In a similar manner, testing environments with dif-

ferent turbulence and convective flows can affect the coating adhesion, falling off and

pull-back phenomena [58, 82].

Moreover, other characteristics of the protected steel member can also affect the insulat-

ing performance of intumescent coatings. The shape of the steel profile cross-section is an

example: prior studies showed how the degradation and the crack formation on the intu-

mescent char after long-term heating can be influenced by the steel profile shape, convex

or concave [116]. Also, as already mentioned, cellular beams suffer pull-back phenomena

at web openings [82, 83]. Finally, past experimental studies have shown that orientation of

the coated steel sample can influence the intumescent process due to the variation of the

main direction of migration of the gases released by the blowing agent (difference between

a beam and a column orientation).

All the mentioned governing factors are based on the assumption that the type and thick-

ness of the intumescent coating and its components (primer, coating and topcoat) are cor-

rectly specified, applied and well-maintained. The application process represents a delicate

stage and it requires accurate keeping and diligent checks. Practitioners reported increas-

ing cases of unsuccessful application, such as incompatible products or insufficient applied

DFTs [58]. For instance, experience showed applications of intumescent coatings in con-

fined spaces where physical obstacles prevented the swelling: for this reason, current engin-

eering guidelines suggest to allow a swelling zone equal to 50 times the dry film thickness

for thin intumescent coatings and 10-15 times the dry film thickness for thick intumescent

coatings.

Finally, is worth highlighting the relevance of ensuring the durability of intumescent coatings

during the entire design life of the structure. This is relevant to other fire protection solutions

used in the built environment, likewise susceptible to long-term damages and deterioration,

such as fire-rated boards and other spray-on systems. The current design framework does

not take into account the long-term durability and performance of intumescent coatings.

Periodical and diligent vigilance should somehow become a common practice in a similar

manner as a revision of corrosion protection is periodically carried out, enforced by the
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owners or possibly by the regulatory authorities having jurisdiction.

2.7.2 Design methods proposed in recent research studies

Apart from the regulated design framework, the research community is proposing new design

methodologies for the assessment of the performance of intumescent coatings exposed to

different fire conditions. Most of them focus on quantifying the insulating capacity by evaluat-

ing different forms of the coating thermal conductivity. In the literature, three main definitions

of thermal conductivity can be identified:

• Effective thermal conductivity. The European method presented in Section 2.4.2 eval-

uates the coating thermal conductivity considering the initial dry film thickness of the

coating [53]. The methodology incorporates several phenomena and strongly simpli-

fies the intumescent coating response, but it is able to accurately reproduce the tem-

perature evolution of the protected steel substrate. Cirpici et al. demonstrated how the

values extracted from standard fire tests may be used to predict the steel temperatures

for heating conditions less severe than the standard fire because the prediction results

are on the safe side; however, the same results should not be used for more severe

conditions because they will be unsafe [63]. Based on the envelope of experimental

data, Elliott et al. proposed a methodology based on a steel-temperature-dependent

"design" effective thermal conductivity curve [18]. This concept can be applied to any

commercially available product and it can be used in the engineering practice. Figure

2.8 shows an example of the envelope obtained using the effective thermal conductivity

curves found in the available literature.

• Effective constant thermal conductivity. Li et al. presented how protected steel tem-

peratures can be calculated using the concept of effective constant thermal conductiv-

ity, defined as the temperature-averaged value of the temperature-dependent effective

thermal conductivity within the temperature range of interest for fire resistance design

of steel structures, usually 400-600°C [65]. The value obtained from the standard test

can be obtained for each type of intumescent coating and it may be used for various

fire conditions as long as the steel temperature is higher than 400°C [66]. In addition,

the effects of different factors, such as steel section factor and DFT, can be incorpor-
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ated through regression analysis. As in the previous case, using the effective constant

thermal conductivity simplifies the design process, but it does not represent any funda-

mental physical property of the coating [66]. The recent publication from Li et al. was

used to build Figure 2.9, where the most frequent values of constant effective thermal

conductivity are calculated from a large number of fire tests on different steel sections

protected with different intumescent coatings [66].

• Apparent thermal conductivity. Contrarily to effective values, the apparent thermal

conductivity is evaluated considering the actual swelled coating thickness and relying

on measurements of the in-depth temperatures within the swelled coating. Starting

from experimental measurements, inverse heat transfer models are usually implemen-

ted in order to calculate the apparent thermal conductivity of intumescent coatings

[71]. This methodology has been adopted in only a few research studies because of

the experimental difficulties related to gauging accurate measurements of the in-depth

temperature distributions without disturbing the swelling process. However, the appar-

ent thermal conductivity enables the explicit calculation of the transient temperature

gradients within swelled intumescent coatings using simple heat transfer finite-element

models.

Figure 2.8: Effective thermal conductivity curves found in literature [17, 33, 65-67, 69, 75-77] and possible

design methodology based on the envelope of experimental data.
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Figure 2.9: Constant effective thermal conductivity values calculated from a large number of fire tests on

different steel sections protected with intumescent coatings (after Li et al. [66]).

2.8 Concluding remarks

The mainstream use of intumescent coatings used for the fire-safe design of steel structures

has fostered extensive research into the development of effective intumescent coatings and

the assessment of their performance during fire. Within the intumescent coating industry,

researchers are continuously proposing new intumescent formulations that aim at delivering

more efficient and reliable protective coatings. On the other hand, the fire-safe design of

structural elements protected with intumescent coatings is still based on compliance with

the standard fire resistance test in furnaces. Simplified implicit engineering methods (tab-

ulated fire ratings or effective thermal conductivity method) based on a single fire scenario

represented by the standard temperature-time fire curve are commonly adopted. However,

numerous researchers have emphasised the potential influence of the heating conditions on

the insulation effectiveness of intumescent coatings and some studies have actually shown

how fire exposures different to the standard one may result in incomplete (or ineffective)

swelling, melting or delamination of the intumescent coating. Due to its over-simplifications,

limitations and uncertainties, the research community has extensively questioned the cur-

rent design framework on multiple grounds. In order to overcome the abovementioned chal-

lenges, numerous researchers have completed comprehensive studies to investigate the

effectiveness of intumescent coatings during fire, proposing different methodologies and us-
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ing different experimental setups (e.g. cone calorimeters, widely used in fire safety science).

Each approach has tackled specific research gaps and it has optimised the investigation of

particular aspects related to intumescence.

The literature review presented herein showed the numerous variables that influence the

complex response of intumescent coatings during fire: the thermal conditions of the sub-

strate (e.g. steel structure), the applied coating thickness (wet or dry), the heating condi-

tions and the fire test methodology. This work demonstrates that current engineering tools

for designing fire-safe steel structures protected with intumescent coatings do not take into

account most of the relevant variables relevant to the performance of intumescent coatings

during fire.

The world is moving towards performance-based engineering solutions and this approach

is currently becoming a common method in the space of structural fire safety engineering

design. The rapid growth in the use of intumescent coatings is demanding performance-

based engineering tools able to produce realistic and reliable predictions. However, the

effectiveness of intumescent coatings has traditionally been assessed, in practice and re-

search, without a fundamental understanding of the complex thermo-physical response.

It is needed that the research and practising communities move away from the rigid concept

of standard fire resistance tests in furnaces for product development. Testing in a furnace

has historically demonstrated to be time-consuming and resource-demanding and the over-

reliance on standard fire testing and ratings hinder the growth of our understanding into

the real fire performance of intumescent coatings, like any other fire protection solutions.

The work shown herein demonstrated the need for scientific and practical knowledge on the

thermal and physical behaviour of intumescent coatings under a range of heating scenarios

(or fire scenarios) and not under a single heating scenario.

Different testing methods and different experimental setups can be adopted in order to tackle

specific research gaps. Each methodology or setup has specific advantages and it can be

more suitable for investigating certain aspects related to intumescence. However, research-

ers and practitioners must be aware of the shortcomings of each methodology and the lim-

itations of the conclusions that can be drawn following a certain approach. For example,

the testing environment around test methods similar to H-TRIS allows for continuous visual
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inspection of fire-tested samples and careful control of the imposed thermal boundary con-

ditions.

The research community should aim at defining a common methodology for a rigorous and

systematic testing and design environment that allows the explicit quantification of the ef-

fectiveness of intumescent coatings exposed to various potential fire conditions. This will

enable the growth of empirical knowledge on the fire behaviour of intumescent coatings in

non-standard fire conditions. Simple rather than complex models should be formulated to

quantify the dependency on thermal and physical properties of intumescent coatings ex-

posed to different heating conditions and to produce realistic and reliable predictions of the

fire performance of steel structures protected with intumescent coatings. All these tools

would help to improve the design of fire-safe steel structures and simplify the current ex-

pensive and time-consuming large-scale test procedure.
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3.1 Introduction and background

The structural and fire safety engineering practice is moving towards performance-based

designs and rigorous processes for the explicit fire-safe design of structures protected with

intumescent coatings are extremely needed [1-3]. Numerous researchers have questioned

the relevance of standard fire resistance furnace testing due to high operating costs, poor

repeatability and inappropriate thermal boundary conditions [4]. As a consequence, sev-

eral studies have proposed comprehensive approaches and experimental methodologies

to investigate the behaviour of intumescent coatings exposed to various heating conditions

and using different experimental set-ups. Due to specific advantages, different approaches

and methodologies were proposed to tackle certain research gaps related to intumescence.

However, researchers and practitioners must be aware of the shortcomings of each method-

ology and the limitations of the conclusions that can be drawn following a certain approach.

For example, the cone calorimeter has been extensively adopted to study the performance

of intumescent coatings under a well-defined incident heat flux in a open environment [5-7].

However, in the case of intumescent coatings, cone calorimetry testing suffers uncertainties

in terms of net heat flux absorbed by the test sample during the swelling process: the ex-

ternal heat flux changes as the exposed coating surface moves closer to the cone heater

and the swelling causes exposure of the perimeter phases [8]. On the other hand, small-

scale experiments (e.g. TGA and DSC) are useful and reliable methodologies for studying

the thermal decomposition of intumescent coatings and optimising their formulations, but

they are not able to capture their swelling process [9-10]. As a conclusion, in the available

literature many fundamental aspects related to intumescent coatings and their effectivness

are still not fully understood and the research community has not agreed on specific testing

methodologies yet.

The current chapter presents an experimental methodology designed for investigating the

behaviour of intumescent coatings exposed to well-defined and highly-repeatable thermal

boundary conditions. The methodology is based on the Heat-Transfer Rate Inducing Sys-

tem (H-TRIS) test method and uses arrays of high performance radiant panels coupled with

computer-controlled linear motion systems to directly control the time-history of incident ra-

diant heat flux at the exposed surface of real-scale coated samples. The methodology is
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proposed to study fundamental aspects related to intumescence, such as the swelling and

the thermo-physical response of intumescent coatings under a wide range of conditions in

terms of heating or sample characteristics.

3.2 Experimental methodology

3.2.1 Heat-Transfer Rate Inducing System (H-TRIS) test method

In order to investigate and quantify the effectiveness of intumescent coatings exposed to

a wide range of heating conditions, the Heat-Transfer Rate Inducing System (H-TRIS) test

method was chosen as the appropriate experimental methodology [11]. The approach offers

considerable advantages over conventional furnace testing in terms of reliability, repeatab-

ility, versatility, speed and costs [11]. In addition, H-TRIS allows for the direct and inde-

pendent control of the thermal boundary conditions imposed on test samples by controlling

a specified time-history of incident radiant heat flux at its exposed surface. This is possible

by controlling the relative position between the exposed surface of the test sample and an

array of high performance radiant panels coupled with a computer-controlled mechanical

linear motion system [11]. In this way, H-TRIS can potentially impose any well-defined time-

history of incident radiant heat flux, limited by the maximum and minimum proximities to the

exposed surface of the test sample (minimum and maximum heat flux). Also, thanks to its

open environment, the methodology enables the visual inspection of test samples during the

heating exposure, technically challenging during a standard furnace test. More specifically,

the H-TRIS test method allows for the measurement of the swelled coating thickness, a key

aspect to comprehend the behaviour of intumescent coatings [1].

3.2.2 Assembly of H-TRIS test methods

Throughout the research project, three experimental setups based on the H-TRIS test method

have been designed and assembled at the University of Queensland. The various versions

of the H-TRIS test method represent different stages of the research project and they differ in

size and ranges of thermal exposure, consequently each of them can have specific research

applications:
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Figure 3.1: Large-scale H-TRIS at the Structures Laboratory of The University of Queensland.

Figure 3.2: Bench-scale H-TRIS 1.0 at the Fire Laboratory of The University of Queensland.

Figure 3.3: Bench-scale H-TRIS 2.0 at the Fire Laboratory of The University of Queensland.
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• Large-scale H-TRIS: composed of sixteen 150 x 200 mm2 high-performance radiant

panels (3.5 mm thick sintered metal fibre medium) creating a 600 x 800 mm2 radiant

heat source and able to impose heat fluxes up to 180 kW/m2 (Figure 3.1).

• Bench-scale H-TRIS 1.0: composed of a single 355 x 355 mm2 (14” x 14”) high-

performance radiant panel (thin ceramic fibre medium) and able to impose heat fluxes

up to 60 kW/m2 (Figure 3.2).

• Bench-scale H-TRIS 2.0 (updated version): composed of four 150 x 200 mm2 high-

performance radiant panels (3.5 mm thick sintered metal fibre medium) creating a 300

x 400 mm2 radiant heat source and able to impose heat fluxes up to 120 kW/m2 (Figure

3.3).

All the radiant panels are fired by a air-natural gas mixture and they were mounted on linear

motion systems that control the relative position between the radiant panels and the target

exposed surface of the test sample. The systems are moved using a computer-controlled

rotary stepper motor and they are programmed to automatically control the position of the

radiant panels with high speed and accuracy. The mechanical linear motion systems have

different dimensions based on the size of the H-TRIS apparatus. The Large-scale H-TRIS

is composed of two linear rails 3500 mm long with a total travelling stroke of 3000 mm,

while the two linear rails of the Bench-scale H-TRIS are 1500 mm long and they have a total

travelling stroke of 1180 mm.

In addition, the Bench-scale H-TRIS is mounted on a special supporting table that was

designed to allow for the rotation of the experimental plane. The inclination of the linear

motion system, the sample holder and the radiant panel can be adjusted, from a horizontal to

a vertical configuration, at steps of 15°, from 0° to 90° (Figure 3.4). In vertical configuration,

the orientation of the linear motion system can also be rotated, allowing for experiments

with the radiant panels array moving upwards or downwards (Figure 3.5). The system was

designed to be fully modular and facilitate research studies aimed at understanding the

influence of orientation, gravity and convective flows on test samples exposed to different

heating regimes.
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Figure 3.4: Possible experimental configurations of the Bench-scale H-TRIS: from horizontal (left) to vertical

configuration (right) (Bench-scale H-TRIS 1.0).

Figure 3.5: Possible experimental configurations of the Bench-scale H-TRIS: vertical configuration with

radiant panels array moving downwards (left), horizontal configuration (centre) and vertical configuration with

radiant panels array moving upwards (right) (Bench-scale H-TRIS 2.0).

3.2.3 Thermal boundary conditions

Within the scope of this work, the heat transfer is considered unidimensional, following the

main direction of the heat flow coming from the radiant panels into the target sample surface.

In general, the thermal boundary conditions imposed on the exposed surface of test samples

in accordance with the H-TRIS test method can be described as [11]:

q̇′′net = α · q̇′′inc − q̇′′loss = α · q̇′′inc − hconv(Tsurf − T∞) + F12εσ(T 4
surf − T 4

∞) (3.1)

where q̇′′net is the net heat flux absorbed by the exposed test sample [W/m2], α is the ab-

sorptivity of the exposed test sample [-], q̇′′inc is the incident radiant heat flux at the exposed

surface of the test sample [W/m2], q̇′′loss is the heat losses at the exposed surface of the test

sample due to convection and radiation [W/m2], hconv is the convective heat transfer coeffi-

cient [W/m2K], Tsurf is the surface temperature [K], T∞ is the ambient temperature [K], F12:

view factor [-], ε is the emissivity of the exposed test sample [-] and σ is the Stefan-Boltzmann
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constant (5.67 · 10−8 W/m2K4).

The H-TRIS test method is able to accurately control the thermal boundary conditions at

the exposed surface by simply moving the radiant panels array towards or away from the

sample as necessary. In other terms, the H-TRIS can directly control the time-history of

incident heat flux q̇′′inc at the exposed surface of the test sample during the thermal exposure

[11]. Alternately, if an accurate heat transfer model (analytical or numerical) of the tested

sample can be implemented, H-TRIS is able to impose specific time-histories of net heat

flux q̇′′net by estimating the heat flux losses q̇′′loss as:

q̇′′loss = hconv(Tsurf − T∞) + F12εσ(T 4
surf − T 4

∞) (3.2)

Figure 3.6 offers a simplified schematic of the thermal boundary conditions imposed by the

H-TRIS test method on the exposed surface of a test sample.

Figure 3.6: Simplified schematic illustration of

the thermal boundary conditions imposed by the

H-TRIS test method at the exposed surface of

the test sample (drawn not in scale).

Figure 3.7: Simplified schematic illustration of

thermal boundary conditions measured during

the calibration procedure using a heat flux gauge

(drawn not in scale).

3.2.4 Calibration procedure

In a pre-testing calibration procedure, the incident radiant heat flux defined by the relative

position of the radiant panels array and the exposed surface of the test sample is measured

using a water-cooled Schimidt-Boelter heat flux gauge (Figure 3.7) [11]. The heat flux gauge

is placed at the centre of the target surface and it is mounted on a self-cooling cylindrical
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probe in order to minimise the influence of convective flows near the gauge and avoid any

damage to the instrumentation due to high temperatures [12-13]. Measurements at various

positions are collected to generate a curve of incident radiant heat flux versus stand-off

distance x from the radiant panels array (Figure 3.8).

Figure 3.8: H-TRIS calibration procedure (Bench-scale H-TRIS 2.0).

Figure 3.9 shows typical calibration curves of the three assembled H-TRIS apparatus. The

error bars represent the range of deviation of the heat flux measurements due to the spatial

distribution and the heat flux gauge accuracy. Based on their configurations, the three H-

TRIS apparatus can reach different maximum heat flux values due to their size and the

minimum proximity to the exposed surface of the test sample. The maximum incident heat

fluxes are around 180 kW/m2 for the Large-scale H-TRIS, 60 kW/m2 for the Bench-scale H-

TRIS 1.0 and 110 kW/m2 for the Bench-scale H-TRIS 2.0. Consequently, they can be used

to impose different ranges of time-histories of incident radiant heat flux with different spacial

distributions on the sample target surface.

All the radiant panels are set to operate at a certain constant panel temperature by controlling

the natural gas flow to combustion mixture using a mass flow controller. Accordingly, each

H-TRIS apparatus can be associated to a characteristic calibration curve. However, the

calibration procedure may be influenced by various environmental factors, such as ambient

temperature and humidity [11]. Consequently, the pre-test calibration procedure should be

conducted before each set of experiments in order to ensure the consistency of the thermal

boundary conditions imposed on test samples between various repetitions.
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Figure 3.9: Large-scale, Bench-scale 1.0 and Bench-scale 2.0 H-TRIS calibration curves: incident radiant

heat flux at the target surface of the test sample versus stand-off distance from the radiant panels array.

In addition, the same procedure is periodically repeated at different locations on the target

exposed surface in order to assess the spatial distribution of the thermal boundary condi-

tions. The spacial distribution is directly dependent on the geometry of the system and the

view factor, particularly on the ratio between the area of the target surface and the one of

the radiant panels array [14]. Based on the assembled H-TRIS apparatus, a good practice

is to choose the dimensions of the test sample (exposed surface) and the stand-off distance

between the sample and the radiant panels in a way to ensure the spacial distribution of

incident radiant heat flux better than 90% uniform.

The definition of the thermal boundary conditions imposed by the H-TRIS test method as-

sumes a heat flux exclusively based on radiative heat transfer. Accordingly, H-TRIS should

operate in order to avoid other modes of heat transfer to the test sample, such as convec-

tion or conduction. In particular, in order to avoid convective heat transfer between the test

samples and the convective hot gases released by the radiant panels, a sufficient spacial

separation between the radiant panels array and the exposure surface of the test sample

must be ensured [15]. Depending on the different H-TRIS apparatus and test sample di-

mensions, a minimum distance to ensure radiative heat transfer and free convection at the

sample surface can be calculated following conventional calculations or can be estimated
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using thermal camera imaging as shown in Figure 3.10 [14, 16].

Figure 3.10: Thermal image obtained using an Infra-Red camera (Bench-scale H-TRIS 2.0, radiant panels -

test sample distance = 200 mm).

3.3 Application to thin intumescent coatings

The H-TRIS test method was originally developed to study the propensity of high-strength

concrete for explosive heat-induced spalling [11]. In the last decade, numerous research-

driven and product development projects across multiple institutions (The University of Ed-

inburgh, The University of Queensland, Technical University of Denmark...) have been un-

dertaken using the H-TRIS test method for studying the fire-related aspects of various con-

struction materials and system assemblies [1, 17-20]. Within the research study herein, the

H-TRIS test method is adopted for studying the behaviour and effectiveness of thin intu-

mescent coatings under a wide range of conditions in terms of heating, applied initial thick-

ness and substrate characteristics. By accurately quantifying and controlling the thermal

boundary conditions, thin intumescent coatings and key aspects related to intumescence

are comprehensively investigated.

For example, as mentioned in the introduction section, some research studies have shown

that a slow heating regime may have a negative impact on the insulating performance of intu-

mescent coatings, or even show propensity for melting and/or delamination of the protection

material. In particular, slow fires and low heating rates may also cause an incomplete swell-

ing of the reactive material, leading to an unsatisfactory insulation to the protected structure
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[1, 21-22]. Within this research project, the H-TRIS test method is adopted in order to in-

vestigate the onset of swelling of thin intumescent coatings exposed to slow fires, thus low

time-histories of incident radiant heat flux. The careful control on the thermal boundary

conditions will allow for a holistic understanding of the conditions that led to the initiation of

the swelling process of thin intumescent coatings. Furthermore, thanks to the H-TRIS open

environment, melting and delamination phenomena can be monitored and recorded.

In addition, there are limited research studies that have performed a comprehensive ex-

perimental gauging of the complex response of thin intumescent coating during thermal

exposure (refer to Chapter 2). Within this research project, the H-TRIS test method is also

embraced in order to characterise the thermal and physical response of thin intumescent

coatings exposed to various heating conditions. In particular, thanks to its open environ-

ment, H-TRIS allows for the measurement of the real-time thickness of the swelled coat-

ing, the temperature evolution of the protected substrate material and the transient thermal

gradient within the swelling intumescent coating. Using high-density and precision thermal

sensors and various instrumentations, several aspects related to the effectiveness of thin

intumescent coatings can be investigated and comprehended thanks to the advantages in-

troduced by the H-TRIS test method compared to traditional furnace testing.

3.3.1 Test samples

The main test samples used in this research study were 200 x 200 mm2 mild carbon steel

plates, 10 mm thick, resulting in a section factor Ap/V (i.e. ratio between exposed surface

and volume of steel) equal to 100 m−1 (Figure 3.11). Based on the assembled H-TRIS, the

sample dimensions were chosen in order to achieve a surface distribution of incident radiant

heat flux on the sample surface with a deviation lower than 10%.

Figure 3.11: Test samples: unprotected steel plates (left) and coated steel plates (right).
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The steel plates were first prepared for the application of the thin intumescent coating. The

steel plates were cleaned and de-greased in order to remove salts, loose friable materials

and any other contaminants. When the sample was dry, the top surface was sand-blasted

in order to create a rough surface and facilitate the application and adhesion of the coating.

A "Sa2.5 - Near white metal" surface preparation grade was ensured, complying with the

Swedish Standard SIS 05 59 00 and the International Standard ISO 8501-1 [23-24].

The steel plates were professionally coated with a thin layer of intumescent coating by a re-

gistered contractor (Figure 3.12). The fire protection product is a commercially available

solvent-based intumescent coating. The product is usually designed for structural steel

members in the build environment for an internal, semi-exposed or external use and it is

suitable for off-sire and on-site application. It is a fast-track coating and it does not require a

primer in low-aggressive environments. According to the design specifications, the intumes-

cent coating can provide up to 120 minutes fire protection to universal steel sections and

cellular beams. The coating can be applied to a maximum Dry Film Thickness (DFT) of 6.5

mm. Unfortunately, the commercial name and formulation of the thin intumescent coating

can not be shared due to confidentiality agreements.

Figure 3.12: Application of the intumescent coating on steel plates using airless spray equipment.

The thin intumescent coating was applied in one hand using airless spray equipment, without

the use of any primer or topcoat (Figure 3.12). The test samples were dried at ambient tem-

perature for about 1 week and then stored in a cold and dry environment. The preparation of

test samples happened in two sessions throughout the research project: January 2017 and

April 2018. In total, about 230 test samples were prepared and coated.

The initial target Dry Film Thicknesses (DFT) were 1000, 2000 and 3000 µm with an accur-
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acy of ± 10%. In order to understand the quality of the executed work and the uniformity

of the coating on the test samples, after one month of curing, the dry film thicknesses were

measured by using a non-destructive coating thickness gauge (Elcometer 456) at five dif-

ferent locations (Figure 3.13): at the four plate corners and the plate centre. The measured

values underlined the high difficulty of applying intumescent coatings in an accurate Dry Film

Thickness (DFT): the procedure is thorny, dependent on several conditions (atmospheric

pressure, temperature, humidity, applying device...) and difficult to control with good accur-

acy and repeatability. In general, the measured DFTs varied in a range between 800 and

3400 µm. In order to ensure the repeatability and compatibility between the different exper-

iments, the test samples were selected based on the on the mean DFT measured over the

steel plate surface and categorised into different groups (typically "Low DFT", "Medium DFT

and "High DFT"). In this document, the mean DFT values and their accuracy calculated for

each coated steel plate are reported in each chapter, in the material and methods section.

Figure 3.13: Dry film thickness (DFT) measuring procedure using the non-destructive coating thickness

gauge Elecometer 456 (device accuracy: ± 10 µm).

3.3.2 Description of the experiments

Depending on the different experimental investigations, uncoated and coated steel plates

were individually tested using the H-TRIS test method (Figure 3.14). The test samples

were exposed to a range of heating conditions, defined by time-histories of incident radiant

heat flux: (1) constant incident radiant heat flux varying between 10 and 90 kW/m2 and (2)

linearly-increasing incident radiant heat flux between 0.5 and 3 kW/m2min. All the experi-

ments lasted for 30 or 60 minutes. The heating conditions were explicitly chosen in order
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to subject the intumescent coating to various ranges of temperatures and heating rates,

studying different aspects related to intumescence.

Figure 3.14: Detailed schematisation of the experimental setup based on the H-TRIS test method

(Bench-scale H-TRIS 2.0).

Figure 3.15: Detailed schematisation of the custom-built sample holder reproducing adiabatic thermal

boundary conditions at the unexposed surface of the test sample.

During the thermal exposure, custom-built sample holders were used in order to hold the

test sample aligned with the centre-point of the radiant panels array, in vertical orientation.
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In most of the experiments, in order to replicate adiabatic thermal boundary conditions, heat

losses at the back of the test sample were minimised by insulating the unexposed surface of

test samples using a layer of 20 mm thick ceramic wool (ISOLITE ISOWOOL 1000 BLANKET

100) and 13 mm thick plasterboard (Knauf FireShield). The sample holder shown in Figure

3.15 was generally used, but in some experimental investigations (e.g. study on the effects

of substrate thermal conditions), other custom-built sample holders were involved.

3.3.3 Instrumentation

Within this research study, the experimental setup based on coated steel plates and the

H-TRIS test method was systematically instrumented in different ways based on the study

objectives. In general, the experimental setup was instrumented in order to carefully gauge

different aspects of the thermal and physical response of the intumescent coating during

the heating exposure. For instance, several K-type thermocouples were installed in the

test samples in order to measure the temperature evolution of the coated steel plate and

the transient temperature profile within the intumescent coating. Moreover, the thickness

of the swelled intumescent coating was measured by image processing of video footages

taken using a high-resolution camera placed at the side of the test sample, aligned with the

surface of the test sample. Finally, in some research studies, an Infra-Red camera was used

in order to estimate the temperature evolution of the exposed coating surface.

A detailed description of the experimental setup and the implemented instrumentation is

reported in each chapter, in the material and methods section.

3.4 Conclusions

In order to overcome the challenges and shortcomings of conventional fire testing, an experi-

mental methodology aimed at analysing the effectiveness of intumescent coatings is presen-

ted. The methodology is based on the Heat-Transfer Rate Inducing System (H-TRIS), a well-

established test method that enables the careful quantification and control of the thermal

boundary conditions imposed on the exposed surface of test samples with high repeatability

and low costs. Using a computer-controlled linear motion system, the apparatus controls the

relative position between an array of high performance radiant panels and the test sample
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in order to replicate well-defined time-histories of heat flux (incident or net).

The described experimental methodology is proposed to study the behaviour and effect-

iveness of thin intumescent coatings under a wide range of conditions in terms of heating,

applied initial thickness and substrate characteristics. Experimental campaigns using steel

plates coated with a commercially available solvent-based thin intumescent coating aim at

comprehensively understanding various aspects related to intumescence in order to con-

tribute towards performance-based design of fire-safe structures. For instance, the H-TRIS

test method is adopted to investigate the onset of swelling and assess the effectiveness

of intumescent coatings. The experimental setup was extensively instrumented in order

to characterise the thermal and physical response of intumescent coatings during heating

exposure by measuring the real-time swelled coating thickness, the exposed surface tem-

perature, the substrate temperature and the in-depth transient temperature profile within its

thickness.
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4.1 Introduction and background

The literature review has highlighted how practitioners and researchers have developed sev-

eral simplified formulas or mathematical/numerical models in order to predict and replicate

the thermal barrier provided by swelling intumescent coatings to structural elements during

fire. These models have a key role for the development of performance-based design solu-

tions, which are becoming more popular and a common trend in the space of structural fire

safety engineering design.

The current design framework offers only one regulated engineering method for the performance-

based design of fire-safe steel structures protected with intumescent coatings: the European

assessment method based on the concept of effective thermal conductivity (Annex E of EN

13381-8) [1]. This method simplifies the heat transfer through a reactive coating into an

effective parameter (λeff ) that replicates an equivalent thermal barrier provided by the intu-

mescent coating to the steel substrate. The method is fully empirical as it relies on exper-

imental measurements obtained in standard fire resistance furnace tests. In addition, this

method is usually applied for standard fire conditions, whose results can not typically be

extended to other heating conditions due to reactive nature of intumescent coatings.

In the last decades, many other models and design tools have been developed by the re-

search community in order to overcome the limitations of the current design framework.

However, none of these models has never been universally agreed or internationally regu-

lated. Consequently, they are not widely adopted, also because of their limited application or

high complexity. Moreover, all these models and formulations require a number of paramet-

ers and material properties to simulate the behaviour of intumescent coatings exposed to

fire conditions. Due to the different approaches and methodologies, each model is based on

different parameters and material properties, which sometimes are even defined differently

(e.g. thermal conductivity). This yield to specific models that can be hardy generalised and

differ case by case and for each intumescent product.

This lack of harmonisation and generalisation created confusion in the definition and evalu-

ation of the physical and thermal properties of intumescent coatings, fundamental paramet-

ers for the development of any heat transfer model. Table 4.1 reports an extended literature

review of the main material properties of intumescent coatings available in the literature.
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Table 4.1: Review of the material properties of intumescent coatings available in literature.

Source Data type Swelling Ratio Thermal conductivity Heat capacity Density Emissivity

dc/DFT [-] λ [W/mK] cp [J/kgK] ρ [kg/m3] ε [-]

Weisheim 2019 [2] Exp.+Mod. 34-44 0.10-1.40 - 50-1300 0.80

de Silva 2019 [3] Exp. 18-32 0.01-0.05(λeff ) 1200 200 0.95

Wang 2019 [4] Exp. 9-32 0.01-0.10(λeff ) - - -

Luangtriratana 2018 [5] Exp. 2-26 0.09-0.53 - - -

Kang 2018 [6] Exp.+Mod. - 0.05-0.40(λapp) - - -

Bozzoli 2018 [7] Exp.+Mod. - 0.25-0.45(λapp) - - -

Lucherini 2018 [8-9] Exp. 10-83 0.03-0.50(Reff ) - 1300 0.92

Xu 2018 [10] Exp. 5-43 0.01-0.03(λeff,const) - - -

Kang 2017 [11] Exp.+Mod. 9-11 0.10-1.60(λeff ) - f(T ) 0.77

Li 2017 [12] Exp. - 0.01-0.05(λeff,const) - - -

Cirpici 2016 [13] Exp. 5-37 0.10-1.20(λapp) - - -

0.01-0.50(λeff )

Li 2016 [14] Exp. - 0.01-0.04(λeff,const) - - 0.92

Nadjai 2016 [15] Exp.+Mod. - λeff 1000 1300 -

Bilotta 2016 [16-17] Exp.+Mod. - 53.3(virgin) 1200 200 0.95

0.01-0.04(λeff )

Kolsek 2015 [19] Exp.+Mod. - f(DFT,A/V ) 1000 100 -

Wang 2015 [19] Exp. 10-24 0.01-0.12(λeff ) - - -

Elliott 2014 [20] Exp. 19-48 0.05-0.35(λeff ) - - -

Rush 2014 [21] Exp. - 0.35-0.50(λeff ) - - -

EN13381-8 2013 [1] - - λeff 1000 100 -

Gardelle 2013 [222] Exp. 10-34 0.22-0.50 - - -

Muller 2013 [23] Exp. - 0.05-0.45 - - -

Wang 2013 [24] Exp. 10-46 0.01-0.20(λeff ) - - -

Gardelle 2012 [25] Exp. - 0.13-0.35 - - 0.92

Zhang 2012 [26-27] Mod. 15-50 - 1884 1400 -

Li 2012 [28] Exp.+Mod. - 0.03-0.06(Reff,const) - - 0.92

Wang 2012 [29] Exp.+Mod. 10-46 0.01-0.15(λeff ) - - -

Staggs 2012 [30] Exp.+Mod. 10-12 0.36(char) 1498(virgin) 1200(virgin) -

0.026(gas) 2170(gas) 1(gas)

0.009(rad) 663(char) 1186(char)

Staggs 2010 [31] Mod. - 0.10-0.50(λeff ) - - -

Griffin 2010 [32] Exp.+Mod. 10-60 0.20-0.24(virgin) 1500(virgin) 1100-1270(virgin) 0.92

f(T )(gas) f(T )(gas) f(T )(gas)

Dai 2010 [33] Exp. - 0.01-0.50(λeff ) 1000 1300 -

Opstad 2010 [34] Exp.+Mod. - 0.02-0.08 840 1600 -

Yuan 2009 [35] Exp.+Mod. 10-60 0.05-0.50(λeff ) 1884 1340-1400 1.00

Bartholmai 2007 [36] Exp.+Mod. - 0.06-0.20(Reff ) 1 1 0.95

Omrane 2007 [37] Exp.+Mod. 30-70 - 1000 1000 0.92

Griffin 2005 [38] Exp.+Mod. 5-25 0.005-0.20(R/d) - - -

Wang 2005 [39] Mod. - <0.10(λeff ) 1000 1000 0.92

Bartholmai 2003 [40] Exp.+Mod. - 0.01-0.30(Reff ) 1 1 0.95

Bourbigot 1999 [41] Exp.+Mod. - 0.60-1.00 2800-5300 - -

Henderson 1985 [42] Exp.+Mod. - 0.70-1.00(virgin) f(T )(virgin) 1810(virgin) 0.90

0.70-2.00(char) f(T )(char) 880-1440(char)

Anderson 1985 [43] Exp.+Mod. 2-10 2.31(virgin) 840 1490 -

0.83(char)
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The thermal conductivity usually represents the main performance criteria for an intumes-

cent coating as it estimates its insulating capacity. However, due to the complex thermo-

physical response, the evaluation of the thermal conductivity, as well as any other material

property, is very challenging for swelling intumescent coatings. As a consequence, many

researchers made an effort to evaluate this specific parameter in many different ways and

making numerous assumptions [2-43]. The effective thermal conductivity λeff in accordance

with the European assessment method is the most common way to evaluate the thermal con-

ductivity of intumescent coatings [1, 3-4, 11, 13, 15, 16-17, 19-21, 24, 29, 31, 33, 35, 39].

The insulating capacity is simplified in an effective parameter, which incorporates the swell-

ing of the intumescent coating, as well as several phenomena that occur in the intumescent

process, such as endo- and exothermic reactions. In a few cases, the effective thermal res-

istanceReff was preferred [8-9, 36, 40]. Other researchers proposed the concept of effective

constant thermal conductivity λeff,const calculated within the temperature range of interest for

fire-safe design of steel structures (400-600°C) [10, 12, 14, 28]. Contrarily to effective val-

ues, other research studies evaluated the apparent thermal conductivity λapp considering the

actual swelled coating thickness and sometimes using in-depth temperature measurements

within the swelled coating [6-7, 13]. Finally, only in a few research studies, the steady-state

thermal conductivity was measured, for example using a TPS equipment [5, 22-23].

In many of the mentioned heat transfer models and formulations, the thermal capacitance

of the intumescent coating is neglected in comparison with the thermal capacitance of the

protected steel element. For example, this is the case of the European effective thermal

conductivity method [1]. In these methods, the evaluation of the specific heat capacity cp

and the density ρ of the intumescent coating has a marginal importance. Rarely, the specific

heat capacity is calculated through Differential Scanning Calorimetry (DSC) experiments

and analysis [2]. The same concepts apply to the density of the intumescent coating which

is rarely evaluated starting from mass/volume measurements and Thermo-Gravimetric Ana-

lysis (TGA) experiments [2].

Finally, the optical properties of materials, particularly emissivity and absorptivity, have a key

role in thermal radiation and heat transfer: they govern the radiative heat transfer and heat

losses between emitting surfaces. In the case of intumescent coatings, the optical properties

are usually disregarded because the swelling coating is assumed as thermally thick material,
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therefore its surface temperature can be approximated with the fire gas phase temperature

(e.g. European effective thermal conductivity method [1]). In other cases, the absorptivity

and emissivity of intumescent coatings are assumed a priori or implicitly obtained through

the calibration of numerical models [37].

Generally, the research community has produced a vast amount of heat transfer models and

formulations aimed at reproducing the response of intumescent coatings during fire. How-

ever, the material properties have never been universally defined and each specific model

relies on its assumptions and characteristic parameters, which are often hard to evaluate

(e.g. coating porosity and melting temperature) and they may differ product by product.

Within the scope of this research, a set of complementary studies using standard experi-

mental methodologies were conducted in order to integrate the experiments conducted us-

ing the H-TRIS test method and achieve a preliminary understanding of the physical, thermal

and optical properties of the tested intumescent coating at ambient and elevated temperat-

ures. The experiments also investigated the chemical reactions and the thermal decom-

position processes occurring in the intumescent coating at different temperatures and under

different heating regimes. These studies represented a starting point for the material char-

acterisation and modelling of any heat transfer process involving the tested intumescent

coating.

4.2 Experimental methodologies

4.2.1 Thermo-Gravimetric Analysis (TGA)

Thermo-Gravimetric Analysis (TGA) is a common technique used to quantify the decom-

position processes that a certain material experiences at different temperatures. These

processes are determined in terms of mass loss with respect to temperature increases. This

understanding is fundamental to characterise the performance of various materials under

severe heating conditions. A thermogravimetric analyser commonly consists of a furnace

where small samples contained in crucibles (order of a few milligrams) are placed on a cal-

ibrated load cell which records the evolution of the sample mass as a function of the sample

temperature (temperature-varying experiments) or as a function of time (isothermal experi-
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ments). Due to the small size of the tested sample and the relatively low heating rates, the

influence of heat transfer is marginalised, hence the samples are not expected to experi-

ence a significant thermal gradient. In addition, the environment inside the furnace can be

controlled in a way to create an oxidising atmosphere (air flow) or a reducing atmosphere

(nitrogen flow) [44-45].

Thermo-Gravimetric Analysis (TGA) was performed on small powder samples of dry intu-

mescent coating (8-10 mg). The test samples were prepared by finely cutting a small piece

of dry intumescent coating and creating a fine homogeneous powder. The main aim of

these experiments was to study the thermal decomposition of the intumescent coating and

understand at which temperature ranges the different reactions occur, particularly the intu-

mescent swelling reaction. The TGA experiments were carried out using a PerkinElmer STA

6000 (Figure 4.1). The intumescent coating was tested in the temperature range 30-900°C

under four different constant heating rates: 5, 10, 20 and 30°C/min. Experiments were re-

peated twice in order to check the repeatability of the results. In addition, the influence of

the surrounding atmosphere (air or nitrogen) was investigated. In all experiments, the flow

rate of the atmospheric gas was kept equal to 20 ml/min.

4.2.2 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) is usually performed in parallel to the Thermo-

Gravimetric Analysis (TGA) in order to achieve a better understanding of the decomposi-

tion processes and phase changes of a certain material from the calorimetric point of view.

DSC is a common technique to quantify the heat flows related to the thermal degradation

processes that a certain material experiences at different temperatures. Similarly to a ther-

mogravimetric analyser, the apparatus consists of a furnace where small samples contained

in crucibles (order of a few milligrams) are located. In this case, a heat flux gauge is provided

in order to measure the heat flows experienced by the sample crucible. The outcome is the

evolution of the heat flow as a function of the sample temperature (temperature-varying ex-

periments) or as a function of time (isothermal experiments). Similarly to TGA, in these

experiments the influence of heat transfer is marginalised and the effects of different atmo-

spheres (oxidising or reducing) can be investigated. Due to the close similarity of the two

experiments, TGA and DSC are sometimes coupled in the same equipment: in this case, it
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is known as Simultaneous Thermal Analysis (STA) [44, 46].

Differential Scanning Calorimetry (DSC) was performed on small powder samples of dry in-

tumescent coating (8-10 mg). The test samples were prepared in the same way as for TGA

experiments. The main aim of these experiments was to study the reactivity of the intumes-

cent coating in terms of calorimetry. In particular, the experiments focused on quantifying

the heat flow experienced by the sample in order to increase its own temperature, while

it was experiencing different phases changes and reactions, such as melting and swelling.

The DSC experiments were carried out using a Thermal Analysis (TA) Instrument Q2000

(Figure 4.2). The intumescent coating was tested under a constant heating rate of 10°C/min

in reducing atmosphere (nitrogen) and in the temperature range 30-500°C. The experiment

was repeated four times in order to check the repeatability of the results. In all experiments,

the flow rate of the nitrogen was kept equal to 50 ml/min.

Figure 4.1: PerkinElmer STA 6000 for

Thermo-Gravimetric Analysis (TGA).

Figure 4.2: Thermal Analysis (TA) Instrument Q2000

for Differential Scanning Calorimetry (DSC).

4.2.3 Transient Plane Source (TPS)

A series of experiments using the Transient Plane Source (TPS) equipment was conducted

in order to estimate the physical and thermal properties of the intumescent coating. The

Transient Plane Source (TPS) method is a transient technique used for thermal character-

isation of solid materials. This method is based on a transiently heated plane sensor that

conducts electrical impulses and measures the thermal transport properties of materials,

such as thermal conductivity, thermal diffusivity and volumetric specific heat capacity. Dif-

ference sensors (size or type) can be used based on the testing temperature range, the

dimensions of the test sample and the thermal properties of the tested material. Particu-
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larly, the sensor radius is usually selected depending on the sample thickness and material

properties. The technique assumes semi-infinite solids and consequently the thermal wave

produced by the sensor has to be contained within the sample thickness. Therefore, certain

sensors are suitable for certain materials with specific sample dimensions. The testing time

and power are usually set accordingly. The experiments are usually performed at ambient

temperature using a dedicated sample holder, but the same process can be conducted at

elevated temperature using a dedicated furnace and heat-resistant sensors [47-48].

The experiments using the Transient Plane Source (TPS) equipment were performed on

several bench-scale prisms of intumescent coatings, cut in size depending on the type of

measurement. The TPS experiments were carried out using a Hot Disk Thermal Constants

Analyser TPS 1500 S (Figure 4.3a). Experiments were repeated at least twice for each

different configuration and sample in order to check the repeatability of the results. The

following groups of TPS experiments were conducted:

• Experiments at ambient temperature on solid prisms of dry intumescent coating. The

samples dimensions were 100 x 60 x 18 mm3 and the experiments were conducted in

open environment (air) using the dedicated sample holder (Figure 4.3b).

• Experiments at ambient temperature on swelled porous chars of the intumescent coat-

ing obtained from the H-TRIS experiments. The measurement was carried out by pla-

cing the sensor between two outer surfaces of the swelled porous char (Figure 4.3c) or

in-between the swelled porous char (Figure 4.3d). The test samples had sightly differ-

ent dimensions, but the thickness was always higher than 20 mm. As in the previous

case, the experiments were conducted in open environment (air) using the dedicated

sample holder.

• Experiments at elevated temperatures on solid prisms of dry intumescent coating. The

initial sample dimensions were 100 x 60 x 13 mm3. The experiments were conducted

under nitrogen-rich environment using the dedicated small cylindrical furnace (Figure

4.3e). Since the confined space of the cylindrical furnace did not allow the complete

swelling of the intumescent coating, the experiments were performed for temperatures

presumed to be below swelling conditions; hence, below 250°C. The measurements

were conducted at 50°C intervals, after a stabilisation time of at least 30 min.
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Depending on the dimensions and the thermo-physical properties of the test sample, the

testing power and time was set accordingly with a trial and error process. In general, the

experiments were conducted using the Kapton5465 (3.189 mm radius) or the Kapton5501

sensor (6.403 mm radius) and applying a testing power 20-160 mW for a duration of 20-160

sec.

Figure 4.3: a) Hot Disk Thermal Constants Analyser TPS 1500 S equipment; b) Experiments at ambient

temperature on solid prisms; c) d) Experiments at ambient temperature on swelled porous chars

(surface-surface and inter-char); e) Experiments at elevated temperatures on solid prisms.

4.2.4 Laser Flash Analysis (LFA)

Another standard methodology to evaluate the thermal properties of materials is the Laser

Flash Analysis (LFA). The technique adopts equivalent principles to the TPS method, but

the LFA methodology uses laser technology to measure the thermal transport properties of

solid or liquid materials. During the experiments, test samples are heated by an electrical

furnace with a constant heating rate and thermal properties of materials are measured using

a pulsed laser and an Infra-Red detector. In this way, the LFA method allows for fast and re-

liable measurement of thermal diffusivity and thermal conductivity of materials over a broad

temperature range (-120°C to 2800°C) [49-50].

In collaboration with Netzsch, a series of LFA experiments were conducted to measure the

thermal and physical properties of the intumescent coating and compare them to the one
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obtained following the TPS method. Bench-scale circular disks of solid dry intumescent

coating (12.7 mm diameter, 3 mm thick) were tested in a nitrogen-rich environment. The

experiment was carried out once using the NETZSCH Laser Flash Apparatus LFA 467 Hy-

perFlash (Figure 4.4). Prior to the measurement, the front and the back of the sample were

coated with graphite to enhance the emission/absorption properties of the sample. Since

the LFA methodology assumes constant physical properties of the test sample (i.e. con-

stant thickness), the swelling of the intumescent coatings would have produced results with

significant errors. Consequently, as in the TPS case, the experiments were performed for

temperatures presumed to be below swelling conditions; hence, below 250°C.

4.2.5 Integrating Sphere System (ISS)

Integrating Sphere System (ISS) is an experimental equipment used for measuring the dif-

fuse reflection and diffuse transmission of a wide range of materials. The integrating sphere

is a hollow sphere coated with highly reflective and optically diffuse material (e.g. gold).

Inside the sphere light is often introduced by using a laser beam: light enters the sphere

and it is reflected several times by the wall of the sphere, resulting in ideal uniform illumina-

tion. Test samples are mounted behind an aperture, usually along the radius of the sphere,

and they are illuminated by the reflected light. In order to determine the sample reflectance,

the radiance inside the sphere measured by a detector is compared to the radiance obtained

when the sample is replaced by a reflectance standard illuminated with the same light source

at the same intensity. In this way, the diffuse reflection and diffuse transmission of solid and

liquid materials can be measured [51-52].

The optical properties of the intumescent coating were studied using an Integrating Sphere

System (ISS) apparatus (PIKE Upward IntegratIR) coupled with an FTIR (Fourier-Transform

Infrared Spectroscopy) apparatus (Figure 4.5). All the experiments were performed at ambi-

ent temperature in open environment (air) and they were arranged according to the following

groups:

• Experiments on dry intumescent coating. Thin sheets or small solid prisms of dry

intumescent coating were tested by placing them on the sample port of the integrating

sphere apparatus.
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• Experiments on swelled porous chars of the intumescent coating obtained from the H-

TRIS experiments. The measurements were carried out by placing the swelled porous

char of the intumescent coating on the sample port of the integrating sphere appar-

atus. The tested surface was always the one exposed to the thermal radiation in the

H-TRIS experiments. These experiments were conducted in order to evaluate the re-

sidual reflectivity of the intumescent coating with different degrees of degradation due

to thermal exposure.

The reflectivity of the virgin and degraded intumescent coating was measured in a range of

wavelengths included between 2 and 20 µm. This range covers most of the total thermal

radiation emitted by a typical building fire, usually characterised by high soot content. This

range is commonly included in the near-infrared and mid-infrared radiations [53-54].

Figure 4.4: NETZSCH Laser Flash Apparatus LFA

467 HyperFlash.

Figure 4.5: Integrating Sphere System (ISS)

apparatus (PIKE Upward IntegratIR).

4.3 Experimental results

4.3.1 Material characterisation (TGA and DSC)

Figure 4.6 and Figure 4.7 present the results obtained from the TGA experiments in terms

of normalised mass and its derivative (DTG curve) in reducing (nitrogen) and oxidising (air)

atmosphere respectively. According to the available literature, the TGA results highlight

that the product tested in this experimental study has similar characteristics to typical in-

tumescent formulations [27, 32, 38, 55-59]. The most common intumescent formulations
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are typically composed of a combination of ammonium polyphosphate (APP) as carbon-

isation catalyst, pentaerythritol (PER) as carbonisation agent, melamine (MEL) as blowing

agent and acrylic resin as carbonic agent and binder. Based on the TGA results, the tested

intumescent coating behaves like a APP–PER–MEL system, which typically decomposes

according to the following stages:

• "Thermal decomposition zone" or "melting zone" - the carbonisation catalyst (e.g.

APP) and carbonisation agent (e.g. PER) transform their crystalline structure and melt

at temperatures between 200 and 300°C, increasing the coating viscosity and releas-

ing volatiles. This reaction can be associated with the first peak in the DTG curves,

which produces a mass loss of about 20%.

• "Reaction zone" or "swelling zone" - the further decomposition and interaction of the

different chemical compounds lead to the formation of the expanded char structure by

esterification. The blowing agent (e.g. MEL) is activated and it releases large quantities

of non-flammable gases (e.g. NH3 and CO2), which are trapped within the coating to

cause the molten matrix to swell into a "honeycomb" char structure. The second peak

in the DTG curves denotes this process at temperatures between 300 and 400°C,

producing a mass loss of about 20-25%.

• "Char degradation zone" or Char structural changes zone - at temperatures above

550°C, the expanded carbonaceous char further degrades and starts to decompose.

The carbon in the porous char structure is oxidised, CO2 is formed and released from

the system. The decomposition of the intumescent char can be associated with the two

small peaks in the DTG curves in oxidising atmosphere: a first reaction was detected

at about 650°C and a second reaction at about 750°C. The oxidation reactions usually

produce a minor mass loss (about 5-10%). At the end of this stage, only the inorganic

content of the coating remain, about 40-45% of the initial mass.

The single reactions of the different compounds are often difficult to outline because of the

synergic effect of blowing agent, carbonization catalyst and agent due to their similar de-

composition and reaction temperatures. However, the effectiveness of intumescent coatings

mainly depends on the formation of swelled porous char, which is triggered by reactions

among ammonium polyphosphate, pentaerythritol and melamine.
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Figure 4.6: TGA experiments in reducing atmosphere (nitrogen) under different heating rates.

Figure 4.7: TGA experiments in oxidising atmosphere (air) under different heating rates.

In general, it is important to underline that the intumescent swelling reaction (second DTG

peak) typically occurs at temperatures between 300 and 400°C and the main reactions of

the intumescent coating can be considered to be completed at about 400-450°C. At that

temperature the main decomposing and swelling reactions are completed: the majority of

the mass has been lost (about 40%), seeing the significant amount of inorganic compounds

(about 40-45%). The different atmospheres do not affect the temperature range for the main

reactions (∼200-400°C). However, an oxidising atmosphere results in reactions shifting to-
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wards lower temperatures with a lower reaction rate compared to a reducing atmosphere.

In addition, as expected, the oxidation stage of the intumescent char is only detected in air

atmosphere for coating temperatures above 550°C. Lastly, higher heating rates cause reac-

tions to shift to higher temperatures: this effect is minor for onset temperatures, but it is more

pronounced for peak temperatures [44].

Aside from the decomposition processes detected through the TGA results, the DSC ex-

periments help to better understand the thermal degradation and phase changes of the

intumescent coating from a calorimetric aspect. Figure 4.8 compares the results obtained

from the TGA experiments to the ones obtained from the DSC experiments, carried out in

reducing atmosphere (nitrogen), under an heating rate of 10°C/min and in the temperature

interval 30-500°C. The DSC results are presented in terms of heat flow, namely the heat

absorbed by the test sample to increase its temperature, divided by its own mass.

Figure 4.8: Comparison between the DTG curve (above) and DSC curve (below, endothermic reaction ↑) in

reducing atmosphere (nitrogen) under 10°C/min.

Firstly, conversely to the TGA experiments, the DSC results highlight a scarce repeatability

and reliability, likely due to an incorrect calibration of the equipment. Therefore, no assess-

ment of the enthalpy of the different reactions is presented. However, the DSC curves are
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useful to understand the general calorimetric characteristics of the different reactions occur-

ring within the tested intumescent coating.

The DSC experiments evidence a first endothermic reaction happening in the intumescent

coating at about 190°C. This peak defines the beginning of the first reaction detected from

the TGA experiments ("melting zone"). The reaction represents the melting of the acrylic

resin, the carbonisation agent and the carbonisation catalyst: these compounds are sub-

jected to a phase change (no mass loss) as they transform their crystal structure [55, 60].

Since the reaction occurs for each experiment at a specific temperature (around 190°C), it

appears thermally stable.

The second (about 250°C) and third endothermic peaks (about 330°C) are dominated by

the decomposition of the blowing agent, the release of gaseous products and the formation

of the expanded char structure by esterification. This process is triggered by endothermic

reactions among ammonium polyphosphate, pentaerythritol, melamine and acrylic resin [2,

55, 61]. At similar temperature, about 370°C, an exothermic peak is also recorded, but the

available literature does not provide sufficient information regarding this reaction. In general,

the main intumescent reactions occurring at the temperature range 200-400°C are typically

endothermic.

Above 400°C, the performed DSC experiments does not provide a clear understanding of the

reaction occurring in the intumescent coating. However, in oxygen-rich atmosphere, oxida-

tion reactions are expected to happen above 550°C, as confirmed by the TGA experiments.

These reactions are typically characterized by exothermic peaks due to the oxidation of the

swelled porous char and the release of carbon dioxide [55].

4.3.2 Thermal and physical properties (TPS and LFA)

Prior to swelling

The final average values of thermal conductivity, thermal diffusivity and specific heat capa-

city of the intumescent coating measured for temperatures up to 250°C using the TPS and

LFA test methods are collected in Table 4.2 and shown in Figure 4.9. This research study

constitutes the first application of the LFA method to intumescent coatings, while a few re-

searchers has already measured the thermal properties of intumescent coatings using the
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TPS method [5, 22-23].

The experimental outcomes obtained from the two test methods produced results with good

agreement. In the available literature, similar values were evaluated on different intumescent

products following the TPS method [5, 22-23]. These results also confirm the small influence

of temperature on the thermal properties of the coatings prior to swelling: at 250°C the

main degradation processes have not started yet or they are at a preliminary stage [23]. In

particular, the thermal conductivity slightly decreases for higher temperatures, starting from

about 0.50 W/mK at ambient temperature to about 0.30 W/mK at 250°C.

In addition, the density of the virgin dry intumescent coating at ambient temperature was

evaluated by simple mass/volume measurements: ρc = 1500 ± 100 kg/m3. According to

its characterisation, the intumescent coating is expected to maintain this density until the

temperature that triggers the first degradation reaction (about 200°C) is reached.

Table 4.2: Pre-swelling thermal and physical properties of the tested intumescent coating according to TPS

and LFA methodologies.

T[°C] λc [W/mK] αc [mm2/s] cp,c [J/kgK] ρc[kg/m3]

TPS

25 0.501 0.25 1293 1500
50 0.494 0.235 1364 1500

100 0.484 0.207 1540 1500
150 0.458 0.181 1692 1500
200 0.336 0.124 1860 -

LFA

30 0.503 0.245 1375 1500
44 0.496 0.235 1410 1500
66 0.495 0.236 1402 1500
87 0.465 0.188 1667 1500

109 0.452 0.173 1762 1500
131 0.440 0.172 1724 1500
154 0.433 0.156 1855 1500
178 0.354 0.129 1829 1500
201 0.326 0.124 1759 -
224 0.308 0.119 1736 -
245 0.304 0.120 1686 -

Swelled coating char

The influence of elevated temperatures on the thermal properties of intumescent coatings

have been previously evidenced by a few research studies involving the TPS method [5, 22-

23]. These experiments showed how temperatures below onset of swelling (200-250°C) only
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Figure 4.9: Average values of thermal conductivity, thermal diffusivity and specific heat capacity of the tested

intumescent coating obtained from the TPS and LFA experiments.

slightly affect the thermal properties of intumescent coatings, such as the thermal conduct-

ivity. Above these temperatures, the material starts the swelling process and, consequently,

the material properties change. For instance, the thermal conductivity is usually around

0.40-0.50 W/mK at ambient temperature, then start decisively decreasing around 200°C

(0.20-0.40 W/mK) and it reaches minimum values around 400°C (0.05-0.15 W/mK), when

the swelling process is expected to be completed. Above 400°C, the porous char structure

does not change significantly, but the thermal conductivity typically starts increasing due to

conduction phenomena in the solid part and radiation within the voids of the char [31].

The experimental results presented herein estimate the residual thermal properties of the

intumescent coating exposed to different heating conditions. Surprisingly, it was found that

the thermal conductivity, the thermal diffusivity and the specific heat capacity are included

in small numerical ranges and they do not appear to be affected by the heating conditions

imposed by the H-TRIS test method (refer to Table 4.3). These experimental results high-

light the substantial similarity between the porous char structures obtained from experiments

performed under different heating conditions. This finding contradicts the experimental out-

comes previously presented, but the measured values are comparable to the ones available

in the literature for swelled intumescent coatings (above 400°C) [5, 22-23]. Unfortunately,

the resulting thermal properties can not be associated with a certain temperature because

during the experiments the intumescent coating experienced different temperature ranges,
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which varied in time and according to the imposed heating regime.

Similarly to ambient temperature, the density of the swelled coating char was evaluated by

simple mass/volume measurements. As in the case of the thermal properties, the density

of the swelled coating char was found to be very similar for all the swelled porous chars

obtained from the H-TRIS experiments, regardless of the heating condition or the initial

thickness.

Table 4.3: Thermal and physical properties of the intumescent coating porous char according to the TPS

methodology.

λc [W/mK] αc [mm2/s] cp,c [J/kgK] ρc[kg/m3]
0.043 ± 0.008 0.588 ± 0.295 1550 ± 300 50 ± 8

4.3.3 Optical properties (ISS)

Measuring the reflectivity and absorptivity of solid materials at elevated temperatures is tech-

nically challenging and only a few research studies have been published regarding this topic

[52, 62]. In the experimental study presented herein, all the measurements were conducted

on the coating samples at ambient temperature and the influence of different degradation

levels at the coating surface was investigated. As in the case of the TPS experiments on

swelled coating chars, the residual properties were evaluated at ambient temperature and

the results assume that the coating reflectivity is mainly affected by the the level of degrad-

ation due to thermal exposure. This constitutes the first attempt to measure the optical

properties of virgin and degraded intumescent coatings using an integrating sphere.

Figure 4.10 shows the reflectivity measurements for different wavelengths for the virgin intu-

mescent coating at ambient temperature. On the other hand, Figure 4.11 reports the resid-

ual reflectivity measurements for the intumescent coatings obtained from the experiments

involving the H-TRIS test method. Over the wavelength spectrum 2-20 µm, the samples ob-

tained from the H-TRIS experiments highlighted different reflectivity curves, affected by the

thermal exposure. In particular, the influence of the thermal degradation on the reflectivity

of intumescent coating chars appeared more relevant at low wavelengths (2-6 µm). Nev-

ertheless, all the reflectivity curves fluctuate around 10%, both for ambient and elevated

temperatures.
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Figure 4.10: Reflectivity values as function of

wavelength and average value for virgin intumescent

coating (ambient temperature).

Figure 4.11: Reflectivity values as function of

wavelength for intumescent coatings tested using

H-TRIS (elevated temperatures).

In order to quantify the optical properties of the tested material, the intumescent coating was

assumed to be an opaque material (i.e. null transmissivity) and to behave as grey body (i.e.

emissivity equal to absorptivity) [63]. Consequently, the radiation balance at the surface of

the tested material can be simplified as follow:

ρ+ α + τ = 1 ⇒ ρ+ α = 1 ⇒ α = ε = 1− ρ (4.1)

where ρ is the material reflectivity [-], α is the material absorptivity [-], τ is the material

transmissivity [-] and ε is the material emissivity [-]. Following Equation 4.1, it is possible to

calculate the average values of reflectivity ρc, absorptivity αc and emissivity εc of the tested

intumescent coating. The variation of the coating reflectivity ρc and the coating absorptivity

αc with different levels of degradations due to exposure to various constant incident radiant

heat fluxes are shown in Figure 4.12.

At ambient temperature, the reflectivity of the intumescent coating is only slightly affected

by the radiation wavelength and the measured average emissivity and absorptivity values

are in line with the ones available in the literature (0.92-0.95) [37, 40]. On the other hand,

as regards degraded coatings, the exposure to thermal radiation changed the superficial

structure and characteristics of the intumescent coating, yielding to a change in the residual

optical properties. In particular, exposures to higher heat fluxes produced higher reflectivity
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Figure 4.12: Average values of the residual reflectivity and absorptivity of the tested intumescent coating

exposed to different constant incident radiant heat fluxes using the H-TRIS test method.

and lower absorptivity. Generally, the values of reflectivity and absorptivity of the tested

intumescent coating varies within specific ranges:

• Intumescent coating reflectivity - ρc = 0.07- 0.14

• Intumescent coating absorptivity/emissivity - αc = εc = 0.86 - 0.93

4.4 Conclusions

The current chapter presents a set of complementary studies carried out on the intumescent

coating using standard experimental methodologies. The main aim of these experiments

is to characterised the selected intumescent coating and quantify the physical, thermal and

optical properties of the tested intumescent coating at ambient and elevated temperatures.

Through the results obtained from the TGA and DSC experiments, it was found that the

tested product has similar characteristics to typical intumescent formulations (e.g. APP-

PER-MEL). In these typical formulations, the main thermal decomposition reactions occur at

temperature included between 200 and 400°C. These reactions are typically endothermic.

In particular, the intumescent swelling reaction typically happens at temperatures between

300 and 400°C and the main reactions of the intumescent coating can be considered to
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be completed at about 400-450°C. Above 550°C and in a oxygen-rich environment, the

expanded carbonaceous char further degrades and is subjected to exothermic oxidation,

releasing carbon dioxide and producing a minor mass loss. Above 800°C, all the reactions

are completed and a significant amount of inorganic compound is left (about 40-45% the

initial mass).

The experiments conducted using the TPS and LFA equipment estimated the thermal and

physical properties of the intumescent coating. The two set of experiments adopted two

different methodologies, but they produced similar results. The thermal properties of the

intumescent coating prior to swelling are in good agreement with the values available in the

literature and they are only slightly influenced by temperature. As regards the experiments

carried out on the swelled porous chars, the residual thermal properties of the intumescent

coating did not appear to be directly affected by the heating conditions imposed by the H-

TRIS test method.

The optical properties of the intumescent coating were measured using an integrating sphere

system. Over the wavelength 2-20 µm, the reflectivity of the intumescent coating appeared

to be more affected at low wavelengths. In general, the average absorptivity and emissivity

values of the tested intumescent coating vary within the range 0.86-0.93, depending on the

heating conditions imposed at the coating surface.

In conclusion, the complementary studies described herein provided a preliminary under-

standing of the material characterisation and thermo-physical properties of the intumescent

coating, a starting point for modelling any heat transfer process through the tested material.
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Chapter 5. Onset of swelling

5.1 Introduction and background

The literature review have emphasised the influence of heating conditions on the overall

performance of thin intumescent coatings [1-5]. Particularly, some researchers have found

out that slow growing fires may be a potential cause of vulnerability by producing incomplete

swelling or melting/delamination of thin intumescent coatings prior to char formation [3-4].

The onset (or initiation) of swelling is key for assuring the effectiveness of thin intumescent

coatings for providing thermal insulation to the substrate material during fire. The onset of

swelling can be defined as the stage that the intumescent coating undergoes at the end of

the melting phase and the initiation of the intumescent swelling process. Past experimental

studies have shown that thin intumescent coatings usually start the swelling process at tem-

peratures in the range of 200-300°C [6-9]. While the fire performance of thin intumescent

coatings has been extensively studied at medium and large scales using different fire testing

methodologies (e.g. varied furnace and cone calorimeter), the onset of swelling has been

mainly studied at a small scale. Thermo-Gravimetric Analysis (TGA) represents the main

testing methodology to understanding the degradation processes of thin intumescent coat-

ings and to engineer effective intumescent formulations [10-11]. However, in TGA testing,

test samples are in the order of milligrams and the heating rate is relatively low; hence,

the influence of heat transfer is marginalised. Consequently, there is limited research stud-

ies that have performed detailed analysis of the swelling processes for real-scale samples

protected with thin intumescent coatings.

The study presented herein investigates the onset of swelling for a commercially available

thin intumescent coating applied on steel plates and exposed to a wide range of heating

conditions. Experiments were performed using an array of radiant panels for controlling

incident radiant heat flux at the exposed surface of coated steel samples. This experimental

technique allows for the direct and precise control of the thermal boundary conditions at

the exposed surface of tested samples. Within the scope of this research study, the onset

of swelling was defined based on two conditions: (1) visual observation of swelling during

heating or (2) time-history of the steel temperature. Research outcomes derived from this

work defined a threshold for the onset of swelling in terms of steel and coating temperatures

and it concluded that the onset of swelling is directly influenced by the heating conditions at
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the exposed surface and the applied initial DFT.

5.2 Experimental investigation

5.2.1 Experimental methodology

The test method used for this study aims at performing an accurate control of the heating

conditions imposed on the test samples, ensuring high repeatability between tests. The

Heat-Transfer Rate Inducing System (H-TRIS) test method was chosen for this purpose

[12]. This test method controls the relative position between the target exposed surface of

the test sample and an array of radiant panels, controlled with a computer-controlled linear

motion system (see Figure 5.1). Within the limits of the minimum proximity to the exposed

surface, test samples can be exposed to any specified time-history of incident radiant heat

flux. The test setup used within the scope of this work was assembled by combining four

high-performance natural-gas-fired radiant heater mounted on a supporting frame, forming

a 300 x 400 mm2 radiant heat source (see Figure 5.1). This setup enables a high and

stable heating system with outstanding thermal homogeneity of the emitting surface. In the

configuration used within the scope of this study, the H-TRIS test method imposes incident

radiant heat fluxes between 5 and 100 kW/m2. In the pre-test calibration of the test setup, the

range of deviation of the incident radiant heat flux at the target surface of test samples was

measured and estimated equal to ± 10% [12]. In addition, the experimental methodology

enables the visual inspection of the test samples during testing (e.g. for gauging the rate of

coating swelling), technically challenging during a conventional standard furnace test.

5.2.2 Experimental campaign (test samples)

The test samples used in this experimental study were 200 x 200 mm2 mild carbon steel

plates, 10 mm thick, resulting in a section factor Ap/V (i.e. ratio between exposed surface

and volume of steel) equal to 100 m−1. Samples were coated with a commercially available

solvent-based thin intumescent coating. The product is designed for structural steel used in

the build environment for internal, semi-exposed or external use and suitable for off-site and

on-site application. It is a fast-track and self-priming coating. The steel plates were prepared
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Figure 5.1: Illustration of the experimental setup based on the H-TRIS test method (Bench-scale H-TRIS 2.0).

at a "Sa2.5 - Near white metal" surface preparation grade and coated by a registered pro-

fessional contractor using airless spray equipment [13]. Based on the average applied DFT

measured with a non-destructive film thickness gauge, test samples were categorised into

three groups (Table 5.1):

1. "Low DFT" – 1.00 mm (± 0.20 mm)

2. "Medium DFT" – 1.80 mm (± 0.20 mm)

3. "High DFT" – 2.80 mm (± 0.20 mm)

Individual uncoated and coated test samples were tested using H-TRIS test method. Test

samples were fire tested for 30 minutes to different levels of constant incident radiant heat

flux, varying between 10 and 90 kW/m2 (Table 5.1). During testing, a custom-built sample

holder frame was used (see Figure 5.1). In order to aim for adiabatic thermal conditions at

the back (unexposed surface) of the test sample and therefore minimise heat losses, the

unexposed surface of test samples were insulated using a layer of 20 mm thick mineral wool

and 13 mm thick plaster board.

5.2.3 Instrumentation

Up to three K-type thermocouples were attached to unexposed surface of the test samples

in order to record the evolution of the steel temperature during testing. The transient rate

of swelling of the coating was measured by image processing of videos taken using a high-

resolution camera placed at the side of the test sample, aligned with the surface of the test
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Table 5.1: Test matrix of the experimental study.

Heating conditions Number of repeat tests DFTmean [mm]

"Low DFT"

10 kW/m2 1 0.887
25 kW/m2 2 1.062, 1.204
40 kW/m2 2 0.996, 1.069
50 kW/m2 2 1.194, 1.196
70 kW/m2 2 1.162, 1.198
90 kW/m2 3 1.134, 1.146, 1.146

"Medium DFT"

10 kW/m2 2 1.620, 1.712
16 kW/m2 1 1.622
20 kW/m2 2 1.568, 1.869
23 kW/m2 2 1.732, 1.842
25 kW/m2 2 1.638, 1.786
27 kW/m2 2 1.690, 1.823
35 kW/m2 2 1.605, 1.906
40 kW/m2 2 1.680, 1.816
50 kW/m2 2 1.794, 1.920
55 kW/m2 2 1.772, 1.914
70 kW/m2 2 1.712, 1.898
90 kW/m2 3 1.630, 1.770, 1.870

"High DFT"

10 kW/m2 1 2.716
25 kW/m2 2 2.714, 2.902
40 kW/m2 2 2.750, 2.822
50 kW/m2 2 2.854, 2.866
70 kW/m2 2 2.878, 2.954
90 kW/m2 3 2.992, 3.038, 3.086

sample. The real-time measurement of the coating swelling was also used for continuously

controlling the relative distance between the coating swelling front and the array of radiant

panels during testing. This was done to assure that incident radiant heat flux at the exposed

surface of test samples was maintained to the specified level during the full duration of the

test. In addition, the temperature of the exposed surface of test samples was measured

using an Infra-Red camera.

5.3 Heat transfer model

In order to investigate the thermal conditions that influence and yield onset of swelling of

thin intumescent coatings, a heat transfer model was formulated for describing the thermal

conditions of test samples prior to swelling. The finite-difference model is based on the
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numerical method developed by Emmons and Dusinberre, presented in detail in Appendix C

[14-15]. The model explicitly solves a one-dimensional heat conduction problem by resolving

energy-balance equations in the main direction of the heat flow. The model is discretised in

a two-layer material with a total thickness equal to L1 + L2, intumescent coating and steel

respectively. The model is discretised into N nodes, corresponding to N elements having a

thickness of ∆x (Figure 5.2). Boundary elements (exposed surface and unexposed surface)

have a thickness of ∆x/2.

Figure 5.2: Schematic representation of the discretisation of the two-layers material heat transfer model.

The thermal boundary conditions at the exposed surface of test samples was experimentally

controlled by a defining the incident radiant heat flux at the exposed surface. Hence, the

model described herein was defined by equivalent conditions at the exposed surface using

conventional correlations: incident radiant heat flux (q̇′′inc) at the surface element with con-

vective and radiative heat flux losses from the exposed surface (q̇′′conv and q̇′′rad). Adiabatic

conditions were assumed at the unexposed surface. In order to take into account the heat

flux losses due to thermal processes in the coating, a volumetric heat source term ġ′′′c was

introduced: positive for absorbed heat (endothermic reactions) and negative for generated

heat (exothermic reaction). Energy-balance equations are formulated at each node, thus

each element. The following formulas can be derived to calculate the evolution of the tem-

perature of each node j for each time step i, according to the type of element (see Figure

5.2).

Surface element (coating)

T i+1
1 = T i1 + 2∆t

ρccp,c∆x

[
αcq̇

′′
inc − λc

T i1 − T i2
∆x − hconv

(
T i1 − T∞

)
− εcσ

(
T i1

4 − T 4
∞

)
− ġ′′′c ∆x

2

]
(5.1)
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Middle element (coating)

T i+1
j = T ij + λc∆t

ρccp,c∆x2

[
T ij−1 − 2T ij + T ij+1 −

ġ′′′c ∆x2

2

]
(5.2)

Interface element (coating - steel)

T i+1
j = T ij + ∆t

(ρccp,c + ρscp,s)∆x2

[
λcT

i
j−1 − (λc + λs)T ij + λsT

i
j+1 −

ġ′′′c ∆x2

2

]
(5.3)

Middle element (steel)

T i+1
j = T ij + λs∆t

ρscp,s∆x2

[
T ij−1 − 2T ij + T ij+1

]
(5.4)

End element (steel)

T i+1
N = T iN + 2λs∆t

ρscp,s∆x2

[
T iN−1 − T iN

]
(5.5)

where T ij is the temperature of the node j at time i [K], ∆t is the time increment [sec], ∆x

is the space discretisation [m], q̇′′inc is the incident heat flux [W/m2], ġ′′′c is the volumetric

generated/absorbed heat flux [W/m3], ρc / ρs is the density of coating / steel [kg/m3], cp,c / cp,s

is the specific heat capacity of coating / steel [J/kgK], λc / λs is the thermal conductivity of

coating / steel [W/mK], αc is the absorptivity of coating [-], εc is the emissivity of coating [-],

hconv is the convective heat transfer coefficient [W/m2K], T∞ is the ambient temperature [K]

and σ is the Stefan-Boltzmann constant [5.67 · 10−8 W/m2K4].

Since explicit finite-element methods can be unconditionally stable and they can diverge

from reaching a steady state solution, a stability criterion has to be introduced. According to

Dusinberre, the time step of iteration ∆t must be lower than the following limits [15]:

∆t ≤ ρcp∆x2

2λ ∆t ≤ ρcp∆x2

2(htot∆x+ λ) (5.6)

The stability criterion was solved for different combinations of the thermal properties of the

intumescent coating and steel. On the other hand, the convective hconv and total htot heat

transfer coefficients were estimated using empirical correlations found in the literature [16].
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5.4 Criteria for onset of swelling

As above-mentioned, the onset of swelling for a thin intumescent coating is usually defined

as the completion of the melting phase and the initiation of the reaction phase, which results

in the intumescent swelling process. However, to the authors’ knowledge, there is no con-

sensus on describing the threshold for onset of swelling for thin intumescent coatings during

heating. Within the scope of the work described herein, the experimental setup described

in Section 5.2 was conceived in order to capture the onset of swelling for thin intumescent

coatings exposed to various heating conditions. Particularly, the onset of swelling for thin

intumescent coatings was described in accordance with the two following criteria:

1. Swelling criterion. The onset of swelling occurs upon a minimum measured coating

swelling. According to the minimum thickness that could be accurately measured in

the described experimental setup, a threshold of 3 mm was set (Figure 5.3).

tswell ⇒ dc ≥ 3mm (5.7)

2. Steel temperature criterion. The onset of swelling occurs at the moment when the

second derivative of the evolution in time of the coated steel temperature is at its global

minimum value. Physically, this moment in time represents a rapid drop in the rate of

steel temperature increment, which is caused by the initiation of the coating swelling

(Figure 5.3). The finite-difference derivation was performed according to different time

increments, from 10 to 60 seconds, and the final time for onset of swelling was defined

as the average between all of them.

tswell ⇒ min
∂2Ts
∂t2

(5.8)
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Figure 5.3: Swelling and steel temperature criteria for onset of swelling applied to the experimental data of

two coated test samples exposed to a constant incident radiant heat flux of 40 kW/m2 ("Medium DFT").

5.5 Analysis and results

5.5.1 Experimental validation of the heat transfer model

In order to solve the heat transfer model described in Section 5.3, the thermal and physical

properties of the thin intumescent coating and steel were defined. Regarding the steel, the

thermal and physical properties of carbon steel were defined according to Eurocode 3 [17]:

• Density: ρs = 7850 kg/m3

• Absorptivity: αs = 0.75

• Specific heat capacity: cp,s(T ) according to clause 3.4.1.2

• Thermal conductivity: λs(T ) according to clause 3.4.1.3

The values of thermal conductivity, thermal diffusivity and specific heat capacity of the in-

tumescent coating as measured using the TPS, LFA and ISS methodologies have been

presented in Section 4.3.2 (prior to swelling) and Section 4.3.3:

• Density: ρc = 1500 kg/m3

• Absorptivity: αc = 0.92

• Specific heat capacity: cp,c(T ) according to Table 4.2 and Figure 4.9.
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• Thermal conductivity: λc(T ) according to Table 4.2 and Figure 4.9.

In order to verify the validity of the model and measured physical and thermal properties,

the heat transfer model described herein was experimentally validated using data related

to steel temperatures during fire testing. The model was validated for the conditions of

uncoated steel samples and the case of steel samples coated with a 2 mm thin intumes-

cent coating. The following equations were used for defining the specific heat capacity, the

thermal conductivity and the volumetric absorbed heat due to endothermic reaction of the

intumescent coating that eventually results in swelling:

cp,c = −0.0243 · T 2
c + 8.3602 · Tc + 1089.3 (5.9)

λc = −2 · 10−6 · T 2
c − 0.0004 · Tc + 0.5214 (5.10)

ġ′′′c = 2.4 · 104 · Tc for 200oC ≤ Tc ≤ 300oC (5.11)

The graphs in Figure 5.4 and Figure 5.5 show good agreement between the experimental

measurements and the heat transfer model. Regarding the uncoated tests (at 25, 40 and

70 kW/m2), the agreement between the experimental measurements and the heat transfer

model verified the validity of the assumption of adiabatic conditions at the unexposed sur-

face and proved the accuracy of the calibration of the test method. Since no swelling was

recorded due to the low temperatures, the case of 10 kW/m2 was selected for validating the

heat transfer model replicating the thermal conditions of steel samples with thin intumescent

coating prior to swelling. The good agreement between the experimental and modelling

data confirms the accuracy of the thermal and physical properties of the thin intumescent

coating prior to swelling and of the thermal boundary conditions during fire testing. The

thermal properties of the intumescent coating and the corresponding formulations (refer to

Equations 5.9, 5.10 and 5.11) are accurate and have been validated only for the tested intu-

mescent coating prior to swelling – tested at an incident heat flux of 10 kW/m2 and up to a

temperature of the coating of 250°C. In the case of higher heat fluxes, the temperature at the

coating surface and within the coating itself rapidly increases and the coating initiates the

swelling reaction at different rates based on the imposed heating conditions. Due to swelling

occurring during testing and the model not accounting for this physical/chemical change of

the intumescent coating, the heat transfer model diverges from the experimental data and it
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is no longer valid. Particularly, due to the swelling process of the intumescent coating, the

thermal conductivity is expected to decrease and the specific heat capacity is expected to

increase due to the endothermic intumescent reaction.

Figure 5.4: Steel temperatures comparison

between experimental measurements and values

computed using the described heat transfer

model: uncoated steel plates exposed to 25, 40

and 70 kW/m2.

Figure 5.5: Steel temperatures comparison

between experimental measurements and values

computed using the described heat transfer

model: steel plates coated with a 2 mm thin

intumescent coating and exposed to 10 kW/m2.

5.5.2 Onset of swelling

According to the two previous criteria, the time to onset of swelling under different incident

radiant heat fluxes was evaluated for all the test samples coated with a "Medium DFT" of

thin intumescent coating. Figure 5.6 shows how time to onset of swelling decreases with in-

creasing heat fluxes and how the two criteria are fully comparable. Particularly, the minimum

incident heat flux to reach onset of swelling during the fire testing was found to be equal to

23 kW/m2 and no onset of swelling was recorded for samples below 20 kW/m2. Similarly, to

the concept of critical heat flux for ignition, the critical incident heat flux for swelling to occur

for the tested thin intumescent coating was found to be included between 20 and 23 kW/m2.
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Figure 5.6: Time to onset of swelling for different incident constant heat fluxes, according to the two criteria

("Medium DFT").

5.5.3 Net heat flux and accumulated thermal energy flux at onset of

swelling

The evolution of the onset of swelling under different heat fluxes confirmed that the heat-

ing conditions experienced by the coated test samples during fire testing have a key role in

this problem. Accordingly, using the heat transfer model described in Section 5.3, the time-

history of net heat flux at the exposed surface was investigated. The net heat flux q̇′′net was

calculated by subtracting the estimated heat losses q̇′′loss,tot (sum of the convective q̇′′loss,conv

and radiative q̇′′loss,rad components) from the incident heat flux q̇′′inc. From this, the accumulat-

ive thermal energy flux E ′′th absorbed by the test sample at onset of swelling was evaluated

as the area underneath the net heat flux curve (Figure 5.7):

E ′′th =
∫ tswell

0
q̇′′netdt (5.12)

The adopted heat transfer model enabled to calculate the accumulative thermal energy flux

at onset of swelling for all the test samples coated with a "Medium DFT" of thin intumescent

coating. Figure 5.8 shows how the tested thin intumescent coating required higher energy for

reaching onset of swelling at low and high heat fluxes, while heat fluxes around 50 kW/m2

represented an optimal point of minimum energy. In addition, it was found that onset of
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Figure 5.7: Incident radiant heat flux, heat losses (convective, radiative and total) and accumulative thermal

energy flux for a typical test sample coated with a 2 mm thin intumescent coating and exposed to a constant

incident radiant heat flux of 40 kW/m2.

Figure 5.8: Accumulated net thermal energy flux at onset of swelling for different incident constant heat

fluxes, according to the two criteria ("Medium DFT").

swelling only occurred above a minimum net thermal energy flux equal 9 MJ/m2 according

to the swelling criterion, while 7 MJ/m2 according to the steel temperature criterion.
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5.5.4 Steel and coating temperatures at onset of swelling

The steel temperature at the time when the onset of swelling was achieved was evaluated for

all the test samples coated with a "Medium DFT" of thin intumescent coating in accordance

with the two criteria. Once again, the compatibility of the two criteria was confirmed. The

tested thin intumescent coating initiated the swelling process for steel temperatures included

between 100 and 260°C and it required higher steel temperatures at lower heat fluxes (see

Figure 5.9). The error bars in Figure 5.9 represent the accuracy of the steel temperatures

within the same experiment, measured with different K-type thermocouples.

Figure 5.9: Steel temperature at onset of

swelling for different incident constant heat

fluxes, according to the two criteria ("Medium

DFT").

Figure 5.10: Mean coating temperature at onset

of swelling for different incident constant heat

fluxes, according to the two criteria ("Medium

DFT").

For samples tested at constant incident heat fluxes of 25, 40, 50, 70 and 90 kW/m2, the

surface temperature of the thin intumescent coating was measured using an Infra-Red cam-

era. In the post-test analysis, the coating surface temperature was evaluated by setting a

constant coating emissivity εc equal to 0.92 and averaging the coating temperature over a 50

x 50 mm2 area, placed at the centre of the test sample (Figure 5.11). Subsequently, "mean

coating temperature" was calculated as the average between the coating surface temper-

ature and the steel temperature. Figure 5.10 shows the "mean coating temperature" at the

onset of swelling for all the test samples coated with a "Medium DFT" of thin intumescent

coating. The "mean coating temperature" varies between 350 and 500°C and results evid-
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ence the increase of the "mean coating temperature" at higher heat fluxes. The error bars

in Figure 5.10 represent the accuracy of the measured temperatures, obtained as average

between the error of the steel temperature (due to different K-type thermocouples) and the

error of the coating surface temperature (maximum and minimum values over the control

area).

Figure 5.11: Post-test analysis of the coating surface temperatures using an Infra-Red camera.

5.5.5 Influence of the applied initial DFT

All the previous results were obtained by analysing the experiments carried out for all the

test samples coated with a "Medium DFT" of thin intumescent coating. Secondly, the same

analyses were performed for the two other groups of test samples, "Low DFT" and "High

DFT". Regarding the time to onset of swelling and the accumulated thermal energy flux at

onset of swelling, similar graphs to the ones in Figure 5.9 and Figure 5.10 were obtained.

No significant differences to the conclusions drawn for the "Medium DFT" test samples were

outlined. On the contrary, the applied initial DFT significantly influenced the steel temperat-

ure and "mean coating temperature" at onset of swelling. Figure 5.12 and Figure 5.13 show

this concept, according to the swelling criterion. Compared to the "Medium DFT" case, the

onset of swelling occurred at higher ranges of steel temperatures (170-260°C) and "mean

coating temperatures" (360-510°C) for all the test samples coated with a "Low DFT", while

at lower ranges of steel temperatures (90-200°C) and "mean coating temperatures" (370-

480°C) for all the test samples coated with a "High DFT". This difference was more obvious

for the steel temperatures, rather than the "mean coating temperatures".
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Figure 5.12: Influence of the applied initial DFT

on the steel temperature at onset of swelling for

different incident constant heat fluxes, according

to the swelling criterion.

Figure 5.13: Influence of the applied initial DFT

on the coating temperature at onset of swelling

for different incident constant heat fluxes,

according to the swelling criterion.

5.6 Conclusions

The current study presented a systematic investigation on the onset of swelling for thin intu-

mescent coatings applied on steel plates. Tests samples coated with three different DFTs of

a commercially available thin intumescent coating were fire tested under varied levels of in-

cident radiant heat flux. From the results analysed herein, the following concluding remarks

can be drawn:

• The finite-difference model shown herein is capable of simulating the temperature in-

crease of coated steel plates prior to swelling.

• The onset of swelling for thin intumescent coatings can be assessed according to two

criteria, one related to the minimum coating swelling and one related to the time-history

of the coated steel temperatures.

• The critical incident heat flux for onset of swelling for the tested thin intumescent coat-

ing was found to be between 20 and 23 kW/m2.

• For the occurrence of onset of swelling, the tested thin intumescent coating requires

at least 7 MJ/m2 of accumulative thermal energy flux, defined as the net heat flux

absorbed by test samples during heating.
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• This experimental study confirms that the onset of swelling of thin intumescent coatings

is directly influenced by the heating conditions (or type of fire). For samples coated with

"Medium DFT" (1.54 – 2.01 mm), the onset of swelling occurred for steel temperatures

between 100 and 260°C and "mean coating temperatures" between 350 and 500°C.

• The onset of swelling of thin intumescent coatings is also influenced by the applied

initial dry film thickness. For samples coated with a "Low DFT" (0.89 – 1.20 mm), the

onset of swelling occurred for steel temperatures between 170 and 260°C and "mean

coating temperatures" between 360 and 510°C. For samples coated with a "High DFT"

(2.71 – 3.04 mm), the onset of swelling occurred for steel temperatures between 90

and 200°C, and a "mean coating temperatures" between 370 and 480°C.

The experimental study presented herein shows that the onset of swelling is a complex

aspect of the behaviour of thin intumescent coatings exposed to fire. The problem appears

to be governed by a combination of the time-history of the net heat flux, total net thermal

energy, applied DFT and temperatures of the substrate and coating.
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6.1 Introduction and background

Within the structural and fire safety engineering practice, the insulating capacity of intu-

mescent coatings is commonly assessed using two simplified engineering design methods

based on exposure to the standard temperature-time fire curve in a furnace [1-4]. These

methods are developed based on experimentally-measured temperatures of coated steel

samples tested in a standard fire resistance test. The first method consists of creating

tabulated fire ratings, where manufacturers offer design tables that list the minimum DFTs

required to ensure a certain level of fire protection (i.e. the steel temperature remains below

a certain predefined critical value in the standard fire resistance furnace test). Alternat-

ively, the European effective thermal conductivity method can be used to simulate the heat

transfer from the fire into the steel using a lumped capacitance approximation of the transi-

ent heat conduction problem [4]. This method assumes that the intumescent coating does

not expand, but it experiences a transient change of its thermal conductivity. The resulting

temperature-dependent effective thermal conductivity of the intumescent coating estimates

an equivalent thermal barrier to the protected structure and this method implicitly assumes

that the thermo-physical properties of the intumescent coating only depend on the tem-

perature. However, intumescent coatings are chemically reactive materials and numerous

researchers have emphasised the influence of the heating conditions on the intumescent

process and the overall insulating effectiveness [5-10]. In particular, slow-growing fires or

low heating regimes may have a negative impact on the insulating performance of intumes-

cent coatings by causing incomplete swelling or even melting and delamination [5, 9].

As a consequence, the current procedures do not represent a comprehensive design prac-

tice to ensure the fire safety of structures. They do not fully assess the effectiveness of intu-

mescent coatings through a detailed characterisation of the heat transfer within the swelling

coating. Most importantly, these simplified engineering methods simulate the temperature

evolution of coated samples in furnaces exposed to a single heating scenario, not addressing

the whole range of potential heating regimes occurring in a fire. In a world moving towards

performance-based engineering solutions, there is a need for explicitly understanding how

different factors may influence the effectiveness of intumescent coatings, e.g. heating condi-

tions and applied initial thickness. By obtaining this scientific and practical knowledge, it will
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be possible to formulate and validate models able to produce realistic and reliable predictions

for the design of fire-safe structures.

The available literature presents limited research studies that have looked at assessing

the effectiveness of intumescent coatings through their thermo-physical response (refer to

Chapter 2). This progress is commonly inhibited by inadequate testing methodologies and

experimental setups. In particular, standard fire resistance tests in furnaces have been ques-

tioned due to the poor repeatability and the uncertain thermal boundary conditions imposed

on test samples [11-12]. In addition, the closed environment of standard furnaces does not

allow for accurate visual inspection of test samples during the heating exposure, a key aspect

to comprehend the thermo-physical response of intumescent coatings. A few researchers

have proposed various approaches and methodologies to analyse the heat transfer within in-

tumescent coatings by placing in-depth thermocouples within intumescent coatings [13-15].

However, this methodology has been adopted in only a few cases because of the exper-

imental difficulties related to gauging accurate measurements of the in-depth temperature

distributions without disturbing the swelling process.

The study presented herein shows an experimental methodology aimed at analysing the

effectiveness of intumescent coatings through a detailed characterisation of their thermo-

physical response. In particular, the influences of different heating conditions and the applied

initial thickness were investigated. Steel plates coated with a commercial solvent-based thin

intumescent coating were exposed to well-defined and highly-repeatable heating conditions

using the Heat-Transfer Rate Inducing System (H-TRIS) test method. Test samples were

thoroughly instrumented in order to measure the real-time swelled coating thickness, the

exposed surface temperature, the substrate temperature and the in-depth transient temper-

ature profile within the intumescent coating.

6.2 Experimental investigation

6.2.1 Experimental methodology

The experimental methodology was chosen in order to have direct control and quantification

of the thermal boundary conditions imposed on the test samples, ensuring high repeatability
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between experiments at low economic and temporal costs. The Heat-Transfer Rate Indu-

cing System (H-TRIS) offers these advantages over conventional testing, therefore it was

selected as the appropriate experimental methodology [12]. H-TRIS accurately controls the

relative position between the target exposed surface of the test sample and the surface of an

array of radiant panels, moving on a computer-controlled linear motion system (Figure 6.1).

In this way, H-TRIS is able to impose a well-defined time-history of incident radiant heat flux

on the exposed surface of the test sample. In addition, thanks to its open environment, H-

TRIS allows for the visual inspection of the test samples during the heating exposure (e.g.

measuring the swelled coating thickness). The H-TRIS assembled for this specific research

study was composed of four high-performance natural-gas-fired radiant panels mounted on

a supporting frame and creating a 300 x 400 mm2 radiant heat source (Figure 6.1). In this

configuration, the apparatus can impose a wide range of incident radiant heat fluxes included

between 5 and 100 kW/m2 (refer to Chapter 3).

Figure 6.1: Illustration of the experimental setup based on the H-TRIS test method (Bench-scale H-TRIS 2.0).

6.2.2 Test samples and description of the experiments

The samples used in this experimental study are 200 x 200 mm2, 10 mm thick mild car-

bon steel plates, resulting in a section factor Ap/V (i.e. ratio between exposed surface and

volume of steel) equal to 100 m−1 (Figure 6.1). Based on the assembled H-TRIS, the sample

dimensions were chosen in order to achieve a surface distribution of incident radiant heat flux

on the sample surface with a deviation lower than 10%. The steel plates were professionally

coated with a solvent-based thin intumescent coating. The product is commercialised world-
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wide for providing up to 120 minutes fire resistance to universal steel sections and cellular

beams. It is commonly used in the built environment for internal, semi-exposed or external

use and it is suitable for off-site and on-site application. The coating is a fast-track and self-

priming coating, therefore it was applied in one hand using airless spray equipment, without

the use of any primer or topcoat. After one month of curing, the applied DFT was measured

using a non-destructive film thickness gauge at five different locations (at each corner and

the centre of each coated plate). Based on the mean DFT measured over the steel plate

surface, the test samples were selected to be categorised into three groups:

1. "Low DFT" – 1.00 mm (± 0.20 mm)

2. "Medium DFT" – 1.80 mm (± 0.20 mm)

3. "High DFT" – 2.90 mm (± 0.20 mm)

Table 6.1: Test matrix of the experimental study.

Sample group Heating conditions Number of repetitions DFTmean [mm]

"Low DFT"

10 kW/m2 1 0.887
25 kW/m2 2 1.062, 1.204
40 kW/m2 2 0.996, 1.069
50 kW/m2 2 1.194, 1.1196
70 kW/m2 2 1.162, 1.198
90 kW/m2 3 1.134, 1.146, 1.146

"Medium DFT"

10 kW/m2 2 1.620, 1.712
25 kW/m2 2 1.638, 1.786
40 kW/m2 2 1.680, 1.816
50 kW/m2 3 1.794, 1.920, 2.014
70 kW/m2 2 1.712, 1.898
90 kW/m2 3 1.630, 1.770, 1.870

"High DFT"

10 kW/m2 1 2.716
25 kW/m2 2 2.714, 2.902
40 kW/m2 2 2.750, 2.822
50 kW/m2 2 2.854, 2.866
70 kW/m2 2 2.878, 2.954
90 kW/m2 3 2.992, 3.038, 3.086

Using the H-TRIS test method, coated samples were individually tested for 60 minutes under

different levels of constant incident radiant heat flux: 10, 25, 40, 50, 70 and 90 kW/m2 (Table

6.1). The heating conditions were explicitly chosen in order to subject the intumescent coat-

ing to various ranges of temperatures and heating rates, triggering the swelling reaction in
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different ways. Particularly, based on a previous research study, a constant incident radiant

heat flux of 10 kW/m2 was expected not to initiate the swelling process of the intumescent

coating (refer to Chapter 5). During the heating exposure, a custom-built steel frame was

used in order to hold the test sample aligned with the centre-point of the array of radiant

panels, in a vertical orientation (Figure 6.1). In order to replicate repeatable thermal bound-

ary conditions, heat losses at the back of the test sample were minimised by insulating the

unexposed surface of test samples using a layer of 20 mm thick ceramic wool (ISOLITE

ISOWOOL blanket) and 13 mm thick plasterboard (Knauf FireShield).

6.2.3 Instrumentation

The experimental setup was instrumented in order to systematically gauge all the possible

information necessary to describe the thermo-physical response of the intumescent coating

during the heating exposure.

1. The thickness of the swelled intumescent coating was measured by image processing

of video footages taken using a high-resolution camera placed at the side of the test

sample, aligned with the surface of the test sample (Figure 6.2). The swelled coating

thickness was estimated in correspondence of the central area of test samples, there-

fore disregarding edge effects at the sample boundaries. The real-time measurement

of the coating thickness was also used for continuously adjusting the relative distance

between the intumescent coating surface and the array of radiant panels. In this way,

the incident radiant heat flux at the exposed surface of the test sample was maintained

to the specified value during the full duration of experiments.

2. Up to seven K-type thermocouples (1.5 mm diameter) were installed in the test sample

in order to measure the transient temperature profile within the intumescent coating.

Prior to testing, 1.8 mm holes were drilled through the steel plate in order to allow

the insertion of the in-depth thermocouples from the rear of the test sample (Figure

6.2). Preliminary tests evidenced that, if the thermocouples were placed at the be-

ginning of the heating exposure, they would have perturbed the swelling process and

the development of the intumescent char. Therefore, the thermocouples were inser-

ted at specific locations within the swelling coating during the heating exposure. The

122



Chapter 6. Influence of heating conditions and initial coating thickness

real-time measurement of the swelled coating thickness was used to understand when

a thermocouple could be inserted at a certain depth. The thermocouples were posi-

tioned at depths multiple of 5 mm from the interface between the coating and the steel

plate: 5, 10, 15, 20, 25, 30, 35 mm. Particular care was taken in order not to dam-

age the surface crust developed by the intumescent coating, which represents a key

feature for the development of an effective thermal barrier [9].

3. The temperature of the steel plate was measured using up to three K-type thermo-

couples attached to the unexposed surface of the test samples (Figure 6.2).

4. The exposed surface temperature of the intumescent coating was measured using an

Infra-Red camera (model FLIR SC655: 16-bit 640 x 480 pixel resolution at 50 Hz,

spectral range 7.5 - 14 µm, temperature range up to 2000°C) (Figure 6.2).

Figure 6.2: Different aspects of the experimental setup designed to gauge the thermo-physical response of

intumescent coatings during heating exposure.

6.3 Experimental results

6.3.1 Steel temperatures and swelled coating thickness

The performance of intumescent coatings was firstly characterised according to the evolu-

tion of the steel temperatures and the swelled coating thicknesses during the thermal ex-
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posure. Figure 6.3 shows the evolution of the steel temperatures and the swelled coating

thicknesses for all the different experiments carried out on coated samples. The good re-

peatability between experiments was confirmed by the agreement of the temperature read-

ings and the estimations of the swelled coating thickness. Throughout all the experiments,

the steel temperatures measured using thermocouples had deviations lower than 10%, the

central area of the test samples swelled rather homogeneously and the swelled coating thick-

nesses were measured with an accuracy of ± 2 mm. For simplicity and neatness of graphical

visualisation, only the average values are displayed in this manuscript. In the graphs, the

same colour collects all the experiments with the same heating conditions, while continuous,

dashed and dotted lines report single experimental repetitions.

As regards the steel temperatures, most of the coated steel plates reached a steady-state

temperature by the end of the heating exposure. However, in a few cases, the steel never

reached a quasi-steady state temperature and the temperature kept increasing during the

heating exposure, such as 50, 70 and 90 kW/m2 for "Low DFT" and 70 and 90 kW/m2 for

"Medium DFT". This aspect can be directly associated with the completion of the swelling

process of the intumescent coating: in these cases, the coating completed the swelling

process before the end of the experiment. In other cases, where the coating continuously

swelled during the experiments, the steel plates tended to a similar range of steady-state

temperatures, included between 300 and 350°C. The external incident heat flux had a minor

influence. On the other hand, a higher applied initial DFT foreseeably produced a lower

steady-state steel temperature due to the thicker porous char.

With regards to the swelled coating thicknesses, right after the application of the incident

heat flux, the intumescent coating quickly started swelling with different rates depending

on the heating conditions, i.e. the slope/derivative of the thickness-time curve (Figure 6.3).

As expected, the samples exposed to 10 kW/m2 did not practically swell, regardless of the

applied initial DFT. For the higher heat fluxes, the swelling rate of the intumescent coating

appeared to be directly influenced by the external incident heat flux, while independent on

the applied initial DFT. On the contrary, the applied initial DFT governed the maximum thick-

ness that the coating could have reachedd during the thermal exposure. In particular, test

samples coated with "Low DFT", "Medium DFT" and "High DFT" swelled up to about 30

mm, 40 mm and 65 mm, respectively. Figure 6.4 shows the typical porous chars developed
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Figure 6.3: Comparison of the evolution of the coated steel temperatures and the swelled coating thickness

for different applied initial DFTs and different constant incident heat fluxes.

by the intumescent coating at the end of the thermal exposure (more pictures are available

in Appendix B): as shown in Figure 6.3, a thicker intumescent porous char was produced

for a higher constant incident heat flux. In order to emphasise the difference between differ-
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ent heating conditions, Figure 6.4 reports the test samples coated with "High DFT": in this

case, the intumescent coating was able to swell throughout the whole duration of the heat-

ing exposure and develop the thickest porous chars (within the limits of this experimental

study). For high heat fluxes, Figure 6.4 also highlights the oxidation reactions occurring at

the surface of the intumescent coating: the char turned into ash at the coating surface crust,

characterised by a white/grey colour. This phenomenon can be clearly observed for constant

incident heat fluxes of 70 and 90 kW/m2, partially for 50 kW/m2. Figire 6.4 also shows that

typical porous chars formed into a dome-like shape, in some cases (40 kW/m2) more than

others. However, the char shape had a minor influence on the experimental outcomes of this

research study because all the temperature and swelling measurements were concentrated

in the central area of the test sample, where even temperature and homogenous swelling

were observed. In addition, the one-dimensional heat transfer was ensured due to the small

view factor of the sample edges compared to the exposed surface of the intumescent coat-

ing.

10 kW/m2 25 kW/m2 40 kW/m2

50 kW/m2 70 kW/m2 90 kW/m2

Figure 6.4: Typical porous chars developed by the intumescent coating at the end of the thermal exposure for

different constant incident heat fluxes ("High DFT").

6.3.2 Coating surface temperature

In a post-test analysis, the temperature evolution at the exposed surface of the intumescent

coating was evaluated by processing the data obtained by the Infra-Red camera. The coat-

ing emissivity value was set equal to 0.90 and the coating temperature was averaged over
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a 50 x 50 mm2 area, placed at the centre of the test sample (refer to Figure 5.11). The

emissivity value has a key role in this process and it can significantly influence the results.

Consequently, a sensitivity analysis of the surface emissivity value of the intumescent coat-

ing was performed: the same procedure was repeated for varying coating emissivity 0.90 ±

0.05, accordingly to the average values found in a previous research study (spectral range 2

- 20 µm) (refer to Chapter 4). Figure 6.5 shows the envelopes of the measured temperatures

at the coating surface in all the experiments carried out under different heating conditions

and applied initial DFTs: all the different temperature curves are available in Appendix A.

The continuous lines report the average temperatures calculated with an emissivity equal

to 0.90, while the dotted lines define the envelopes obtained from the sensitivity analysis

(maximum values: ε = 0.85; minimum values: ε = 0.95).

During the different experiments, the coating behaved like a low thermal inertia material by

quickly reaching a specific surface temperature depending on the external heat flux and

keeping a quasi-constant temperature during the rest of the heating exposure (thermally

thick material characterised by a high Biot number). As expected, higher coating surface

temperatures were measured for higher external constant incident heat fluxes. The ap-

plied initial DFT did not significantly influence the evolution of the coating surface temper-

ature. In the second part of the heating exposure, the measured temperature gradually

decreased, particularly for higher heat fluxes. This aspect could be related to the reduction

in the emissivity due to the oxidation of the coating surface, which can be visually assessed

through the colour change (white/grey). Another reason could be related to the migration

of the oxidation front within the intumescent porous char: once the oxidation reaction (exo-

thermic) is completed, the surface temperature decreases. Without any doubt, the lower

surface temperatures measured in the cases of 70 and 90 kW/m2 can be directly associated

with oxidation processes taking place at the coating surface. For heat fluxes higher than 50

kW/m2, the measured surface temperatures were above 700°C: at this temperature range,

oxidation is expected. This aspect is confirmed by the TGA results in oxidising atmosphere

and photographs of the intumescent porous chars (Figure 6.4), but it certainly needs fur-

ther investigation to clarify the effects of the surface oxidation on the emissivity of swelling

intumescent coatings.
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Figure 6.5: Envelopes of the temperature evolution at the coating surface for the different external constant

incident heat fluxes (all experiments with different applied initial DFTs are included).

6.3.3 In-depth temperature profiles

The heat transfer within swelling intumescent coatings was then investigated analysing the

evolution of the in-depth temperature profiles: all the different temperature curves are avail-

able in Appendix A. First, the agreement of the temperature readings between different

experimental repetitions confirmed the good repeatability. In addition, the results highlighted

the success of the designed experimental methodology able to accurately gauge the thermo-

physical response of intumescent coatings. Comparisons between experiments with and

without in-depth thermocouples also confirmed the minor interference of the installed instru-

mentation.

Figure 6.6 shows the temperature profiles measured at the end of the heating exposure for

all the different experiments on coated samples. The temperature profiles can be assumed

as steady-state if the swelling process of the intumescent coating was completed. The in-

depth temperatures at different depths within the intumescent coating are reported with the

average surface temperatures (ε = 0.90). For visualisation purposes, the error bars were

omitted from the graphs. However, the in-depth thermocouples were placed within the intu-

mescent coating with an accuracy ± 2 mm and the measured in-depth temperatures had a
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Figure 6.6: Comparison of the measured

temperature profiles at the end of the heating

exposure for different applied initial DFTs and

different constant incident heat fluxes.

Figure 6.7: Swelled coating thicknesses as a

function of the coated steel temperature for different

applied initial DFTs and different constant incident

heat fluxes.
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deviation lower than 10%. The steady-state temperature profiles shown in Figure 6.6 had

similar thermal gradients (slope of the in-depth temperature profile) within the intumescent

coating. This aspect suggested that the intumescent porous char had similar thermal and

physical properties, regardless of the imposed heating conditions. As already explained in

the previous section, after the first transient period, the coating surface temperature can be

considered as constant and it can be directly related to the external constant incident heat

flux. Regarding the steel substrate, if the coating underwent continuous swelling, the steel

temperature remained within a similar range (300-350°C). Consequently, the thermal gradi-

ent with the intumescent coating was governed by the swelled coating thickness. Since the

extremes of the intumescent coating can be considered to have a quasi-constant temperat-

ure, further swelling resulted in stretching the thermal gradient between the steel substrate

and the coating surface. This aspect is highlighted in Figure 6.8 at 50 kW/m2, a steel plate

coated with "High DFT" continuously swelled during the heating exposure and the steel tem-

perature did not overcome 350°C. On the other hand, at 50 kW/m2, a steel plate coated with

"Low DFT" completed the swelling reaction after about 30-35 minutes of heating exposure

and, beginning from that moment, the steel temperature started increasing above 350°C.

Figure 6.8: Comparison of the evolution of the temperature profiles (in-depth and surface) at different instants

during the heating exposure with different applied initial DFTs exposed to 50 kW/m2.
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6.4 Analysis and discussion

So far, the experimental investigation has underlined how the evolutions of the substrate

temperature and the swelled coating thickness are closely related and they have key roles

in the understanding and the assessment of the effectiveness of intumescent coatings. Fig-

ure 6.7 reports the evolution of the swelled coating thicknesses as a function of the coated

steel temperature for different applied initial DFTs and heating conditions. The experimental

results confirmed how, in case of continuous swelling, the coated steel plates asymptotically

tended to a similar temperature range included between 300 and 350°C, regardless of the

heating condition or the applied initial DFT. Contrarily, when the coating completed the swell-

ing process, the steel temperatures increased above this threshold. This aspect is supported

by the results obtained by TGA: the intumescent swelling reaction occurs at temperatures

between 350 and 400°C and it can be considered to be completed at about 400°C.

The evolution of coated steel temperatures provides a first assessment of the coating effect-

iveness: i.e. the colder the steel, the better thermal insulation. In turn, as shown in Figure

6.7, the coated steel temperatures can be directly linked to the coating swelling process.

Therefore, it can be concluded that the swelling process and the resulting swelled thick-

ness govern the thermo-physical response of intumescent coatings, thus their effectiveness.

In particular, the coated steel temperature acts as an indicator of the swelling process of

intumescent coatings: if the steel temperature overcomes 350°C, the swelling reaction is

completed. This aspect has been verified also by a close investigation of the recorded video

footage. This experimental outcome suggests that the swelling reaction takes place close

to the steel substrate: particularly, about the interface between the steel and the applied

intumescent coating. The intumescent coating swells and insulates the steel substrate by

displacing the already-swelled coating towards the direction of the heat source. The swell-

ing reaction continues at the virgin coating located behind the swelled porous char and in

the proximity to the steel substrate. This process lasts until the intumescent coating is fully

consumed, which can be directly related to the applied initial DFT. As a conclusion, the steel

temperature can be directly associated with the swelling process because it defines the tem-

perature experienced by the virgin coating, which is located behind the swelled porous char

and sustains the swelling reaction.

131



Chapter 6. Influence of heating conditions and initial coating thickness

The non-unique relationship between the steel temperature and the swelled coating thick-

ness shown in Figure 6.7 may be explained by the direct influence of the heating conditions.

In particular, experimental results highlighted that higher external incident heat fluxes pro-

duced higher coating thicknesses while the steel remains at the same temperature. Assum-

ing similar thermal and physical properties of the intumescent porous char (as discussed in

Section 6.3.3), a higher net heat flux to the virgin coating, which sustains the swelling reac-

tion, is expected. Consequently, a higher incident heat flux at the coating surface provides

higher net heat flux to the swelling reaction, thus it governs the swelling rate. For instance,

an incident heat flux of 10 kW/m2 did not trigger the swelling reaction due to the low steel

temperatures (below 300°C) and the low net heat flux received by the virgin coating.

Nevertheless, the experimental study presented herein emphasised how the swelling pro-

cess and the resulting swelled thickness govern the thermo-physical response of intumes-

cent coatings, thus their effectiveness. In particular, the influence of heating conditions and

the applied initial DFT can be clearly outlined and empirical correlations can be derived.

First, the applied initial DFT governs the maximum swelled thickness that the intumescent

coating could have reached during the thermal exposure. The applied initial DFT provides

a quantification of the intumescent material that can potentially swell and hence produces

porous char. Figure 6.9 defines a possible linear correlation between the applied initial DFT

and the maximum swelled thickness of the intumescent coating after the completion of the

swelling process. Regarding the heating conditions, the external incident heat flux at the

coating surface governs the swelling rate of intumescent coatings. Figure 6.10 defines a

possible linear correlation between the constant incident heat flux and the swelling rate of

the intumescent coating. In this calculation, the swelling rate of the intumescent coating was

linearised from the onset of swelling until the instant when the maximum swelled thickness

was reached. Theoretically, it should be possible to correlate the swelling rate to more fun-

damental parameters, such as the net flux through the swelled porous char and received

by the virgin coating that sustains the swelling reaction. The process would be possible

only by formulating a heat transfer model. However, the thermal and physical properties

of intumescent porous chars should be defined in order to estimate such parameters. This

aspect is outside the scope of the current manuscript, but future studies will focus on that.

As a conclusion, this experimental investigation presented how the swelling of intumescent
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coatings, which is the main factor that governs their thermos-physical response and their

effectiveness, can be predicted starting from well-defined thermal boundary conditions at

the coating surface and applied initial DFT.

Figure 6.9: Empirical correlation between the applied

initial DFT and the maximum swelled thickness of the

intumescent coating.

Figure 6.10: Empirical correlation between the

external incident constant heat flux and the swelling

rate of the intumescent coating.

6.5 Conclusions

The current practice of designing steel structures protected with intumescent coatings offers

simplified engineering methods able to simulate the temperature evolution of coated steel

samples tested in furnaces and exposed a single heating scenario. However, in a world mov-

ing towards performance-based solutions, there is a need for explicitly understanding how

different factors may influence the effectiveness of intumescent coatings. The study presen-

ted herein shows an experimental methodology aimed at analysing the effectiveness of intu-

mescent coatings through a detailed characterisation of their thermo-physical response for a

range of heating conditions and applied initial Dry Film Thickness (DFT). Steel plates coated

with a commercial solvent-based thin intumescent coating were exposed to well-defined and

highly-repeatable heating conditions using radiant panels and in accordance with the Heat-

Transfer Rate Inducing System (H-TRIS) test method. Experimental results demonstrate

high repeatability between experiments and the ability to measure real-time swelled coating
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thickness, the exposed surface temperature, the steel temperature and the in-depth transi-

ent temperature profile within the intumescent coating. From the experimental results, the

following concluding remarks can be drawn:

• The swelling process and the resulting swelled thickness govern the thermo-physical

response of intumescent coatings, thus their effectiveness. During swelling, the tem-

perature of coated steel plates asymptotically tends to a temperature range between

300 and 350°C, regardless of the heating condition or the applied initial DFT. When the

coating completes its swelling process, the steel temperature increases above 350°C.

This aspect is supported by the material characterisation obtained by TGA experi-

ments: the swelling reaction occurs at temperatures between 350 and 400°C and it

can be considered to be completed at about 400°C.

• The swelling reaction occurs in the proximity to the steel-coating interface. The in-

tumescent coating swells and insulates the steel substrate by displacing the already-

swelled coating towards the direction of the heat source. This explains why coated

steel temperature acts as an indicator of the swelling process of intumescent coatings.

• The measured in-depth temperature profiles within the swelling coating suggest that

the intumescent porous char has similar thermal and physical properties, regardless

of the heating conditions or the applied initial DFT. The thermal gradient within the

intumescent coating is governed by the swelled coating thickness.

• The heating conditions and the initial thickness differently influence the swelling pro-

cess of intumescent coatings: the applied initial DFT governs the maximum swelled

thickness, while the external incident heat flux at the coating surface governs the swell-

ing rate. Using the empirical correlations derived based on the experimental results,

the swelling of the tested intumescent coating can be predicted.

Future studies should focus on quantifying the thermal and physical properties of the intu-

mescent porous char and implementing heat transfer models able to simulate the response

of intumescent coatings. In particular, it would be interesting to understand if the net heat

flux to the virgin coating, which is located behind the swelled porous char and sustains the

swelling reaction, may be correlated to the swelling rate. Finally, the authors believe that

the product tested in this experimental study represents a common behaviour of typical thin
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intumescent coatings commercially available in the market. However, other products with

different formulations should be investigated before generalising research outcomes.
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7.1 Introduction and background

The majority of the research studies related to intumescent coatings can be generally di-

vided into two main categories. The first category, led by chemists and chemical engineers,

focuses on the development and invention of new formulations and ingredients for more

effective and reliable intumescent coatings [1-4]. The second category, led by fire safety

engineers, focuses on investigating the overall insulating effectiveness of intumescent coat-

ings as thermal barrier for different structural elements and materials (refer to Chapter 2).

Based on the research goal, the swelling of intumescent coatings is studied and assessed in

different manners. Researchers focused on intumescent formulations usually investigate the

coating swelling at a small scale. New ingredients and compounds are added and the swell-

ing reaction is analysed in terms of mass loss (Thermo-Gravimetric Analysis, TGA), calori-

metry (Differential Scanning Calorimetry, DSC) or spectroscopy (Fourier-Transform Infrared

spectroscopy) [4-7]. On the contrary, within fire safety engineering practice, the insulating

performance of intumescent coatings is usually assessed at medium and large scales using

furnaces of various sizes [8-13]. These experiments mainly focus on measuring the tem-

perature evolution of coated samples and this parameter is adopted as main performance

criteria (i.e. failure is defined as a critical temperature for each specific case). For instance,

according to the European method based on the concept of effective thermal conductivity,

the complex thermal-physical response of intumescent coatings is simplified in an effective

parameter [14-15]. The temperature-dependent effective thermal conductivity defines an

equivalent thermal barrier provided by the intumescent coating to the substrate material un-

der a certain heating regime [16-19]. This parameter incorporates several phenomena that

occur in the intumescent coating, such as the swelling process, endo- and exothermic reac-

tions [12]. In this way, the swelling of intumescent coatings is indirectly assessed in terms of

a lower temperature rise in the protected material.

In general, the available literature presents limited research studies that have performed de-

tailed analysis of the swelling process of intumescent coatings for real-scale coated samples.

Research studies have highlighted the complexities in comprehensively gauging the swelling

process of intumescent coatings, both from the physical and thermal aspects. In particular,

several challenges are usually experienced in experimentally measuring the actual swelled
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coating thickness and defining the triggering conditions for the swelling reaction. The re-

search study presented in Chapter 5 investigated how the thermal conditions at the surface

of coated steel plates affect the onset of swelling for thin intumescent coatings. Research

outcomes defined the temperature ranges for which the swelling reaction was initiated, in

terms of temperature experienced by the coating and the steel substrate. However, this

research only reported the temperature thresholds for onset of swelling, but the swelling

mechanism for medium-scale coated samples was not generally comprehended. In partic-

ular, how different thermal conditions at the exposed or unexposed side of the intumescent

coating would influence the coating swelling was not fully understood. For example, within

the research and regulatory community, ideal adiabatic boundary conditions in all surfaces

deemed unexposed usually represent the target conditions, e.g. in standard fire resistance

furnace tests [14-15]. Structural elements coated with intumescent coatings are commonly

tested in configurations where samples are exposed from all surfaces/sides (e.g. I-profiles)

or one-side exposure (e.g. plates). In the two testing configurations, the unexposed sur-

face(s) are usually kept under adiabatic (or close to adiabatic) conditions by placing insu-

lation material in direct contact with the unexposed surface(s) of the test sample. Since

the swelling mechanism is still not fully understood, there is limited understanding on how

imposing different thermal conditions at the coating boundaries may influence the swelling

process and, in general, the effectiveness of intumescent coatings.

The experimental study presented herein aimed at investigating the influence of the sub-

strate thermal conditions and the effects that this can have on the behaviour of intumescent

coatings. Within the scope of this work, steel plates coated with a commercial solvent-based

thin intumescent coating were tested using high-performance radiant panels in accordance

with the Heat-Transfer Rate Inducing System (H-TRIS) test method. Firstly, the influence

of different thermal conditions of steel substrates was investigated using different sample

holders that simulate different thermal boundary conditions at the unexposed surface of the

test sample. Secondly, the response of the intumescent coating applied on timber substrate

and exposed to the same heating conditions was analysed. The described experimental

results give a better understanding of the swelling process of intumescent coatings and the

influence of the substrate thermal conditions. In particular, they evidence the direct influence

of the substrate temperature on the coating swelling, thus the effectiveness of intumescent
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coatings. Substrate thermal conditions that do not enable the rise of the substrate temper-

ature can limit the coating swelling and therefore its effectiveness.

7.2 Experimental investigation

7.2.1 Experimental methodology

The methodology adopted in this experimental study is based on the Heat-Transfer Rate

Inducing System (H-TRIS) proposed by Maluk et al., a well-established test method ad-

opted in research-driven and product development projects for investigating the thermal

behaviour of different materials at elevated temperatures [20]. The methodology utilises

high-performance radiant panels and it enables the accurate control of the thermal bound-

ary conditions imposed on the test samples with high repeatability and low costs compared

with traditional furnace testing. Using a computer-controlled linear motion system, H-TRIS

controls the relative position between the target exposed surface of the test sample and an

array of radiant panels. In this way, within the limits of minimum and maximum proximities to

the exposed surface, test samples can be exposed to any specified time-history of incident

radiant heat flux. The experimental setup used within the scope of this work was assembled

by combining four high-performance natural-gas-fired radiant heater mounted on a support-

ing frame, forming a 300 x 400 mm2 radiant heat source and able to impose incident radiant

heat fluxes up to 100 kW/m2 (see Figure 7.1). Moreover, the experimental methodology en-

ables the visual inspection of the test samples during the thermal exposure (e.g. measuring

the swelled coating thickness), technically challenging during conventional standard furnace

tests [16].

7.2.2 Test samples

The test samples used in this experimental study were 200 x 200 mm2 mild carbon steel

plates with a thickness of 10 mm, resulting in a section factor Ap/V (i.e. ratio between the

exposed surface and volume of steel) equal to 100 m−1. Based on the assembled array of

radiant panels and a theoretical study on view factors of radiant surfaces, the sample di-

mensions were chosen in order to achieve a surface distribution of incident radiant heat flux
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Figure 7.1: Experimental setup based on the H-TRIS test method (Bench-scale 2.0, "Sample holder A").

Table 7.1: Test matrix of the experimental study.

Sample ID Substrate thermal conditions DFTmean [mm]
CP-ISP-01

Insulating
1.920

CP-ISP-02 2.074
CP-ISP-03 2.014
CP-HSC1-01

Heat sink, low rate
2.140

CP-HSC1-02 2.216
CP-HSC1-03 2.226
CP-HSC2-01

Heat sink, medium rate
2.230

CP-HSC2-02 2.130
CP-HSC2-03 2.256
CP-HSC3-01

Heat sink, high rate
2.162

CP-HSC3-02 2.300
CP-HSC3-03 2.300

on the sample surface with a deviation lower than 10%. Steel samples were prepared and

coated with a thin layer of a commercial solvent-based intumescent coating by a registered

professional contractor using airless spray equipment. The product is available in the world-

wide market and it is commonly designed for providing up to 120 minutes fire resistance to

universal steel sections and cellular beams. It is used for internal, semi-exposed or external

applications and it is suitable for off-site and on-site application. The coating was applied

in one hand without the use of any primer or topcoat in accordance to the manufacturer

guidelines (fast-track coating). After 1 month of curing, the DFT applied on test samples

were measured using a non-destructive film thickness gauge at five different locations. The
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samples were selected in order to have a mean applied DFT in the range 2.10 ± 0.20 mm:

the measured values are listed in Table 7.1.

7.2.3 Experimental setup

The coated steel samples were individually tested using the described H-TRIS test method.

Test samples were exposed for 60 minutes to a constant incident radiant heat flux of 50

kW/m2 at the coated surface. Based on previous research, the heating condition was chosen

to ensure a range of temperatures and heating rates higher than the thresholds for onset

of swelling of typical thin intumescent coatings (refer to Chapter 5). During the thermal

exposure, custom-built sample holders were used in order to hold the test sample aligned

with the centre-point of the array of radiant panels, in vertical orientation (Figure 7.1). In

particular, two different sample holders were used in order to control the thermal boundary

conditions at the unexposed surface of the test sample:

1. Sample holder A – Insulating conditions (Figure 7.2a). This setup aims at reproducing

adiabatic thermal boundary conditions at the unexposed surface of the test sample.

In order to minimise the heat losses, the test sample was insulated at the back us-

ing a layer of 20 mm thick ceramic wool (ISOLITE ISOWOOL 1000 BLANKET 100,

bulk density 96 kg/m3) and 13 mm thick plasterboard (Knauf FireShield). The sample

position was secured using a squared stainless steel frame around the sample edges.

2. Sample holder B – Heat sink conditions (Figure 7.2b). A heat sink was in contact

with the unexposed surface of the test sample. The heat sink was a 20 mm thick mild

carbon steel plate adjacent to a 10 mm thick cavity. This cavity was designed to allow

for the circulation of chilled water (about 20°C). The water cavity was included between

the heat sink and the 8 mm thick back mild carbon steel plate and contained by a 10

mm steel board frame. Water circulated inside the cavity thanks to a 1/4" inlet and 1/4"

outlet. The water flow into the water cavity was controlled using a volumetric water

flow meter. The test sample was secured in place using four steel clamps, two at the

bottom and two at the lateral sides of the test sample.

Using the two described sample holders, the experimental investigation was carried out by

imposing four different thermal boundary conditions at the unexposed surface of the test

144



Chapter 7. Influence of substrate thermal conditions

sample (refer to Table 7.1):

1. Insulated steel plate (ISP) – Heat losses at the unexposed surface of the test sample

were minimised by using Sample holder A.

2. Steel plate with heat sink, low rate (HSC1) – The thermal mass represented by the

heat sink was added using the Sample holder B. No water circulated inside the cavity.

3. Steel plate with heat sink, medium rate (HSC2) – The heat sink was cooled by a minor

water flow, controlled at 0.5 litres per minute (Sample holder B).

4. Steel plate with heat sink, high rate (HSC3) – The heat sink was kept cold by a signi-

ficant continuous water flow, controlled at 10 litres per minute (Sample holder B).

Figure 7.2: Detailed schematisation of sample holders: a) Sample holder A reproducing insulating conditions;

b) Sample holder B reproducing different levels of heat exchange at the unexposed surface of the test sample.

7.2.4 Instrumentation

Up to three K-type thermocouples were attached to the unexposed surface of the test

samples in order to measure the evolution of the steel temperature during the thermal ex-

posure. In the cases of experiments with the Sample holder B, two K-type thermocouples

were placed inside the heat sink at mid-depth by drilling 1.5 mm holes from the lateral side.

The thickness of the swelling intumescent coating was measured by image processing of

video footages taken using a high-resolution video camera placed at the side of the test

sample, aligned with the surface of the test sample (Figure 7.3). The real-time measure-

ment of the swelled coating thickness was also used for continuously adjusting the relative
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distance between the intumescent coating surface and the array of radiant panels during the

heating exposure. This was done to assure that incident radiant heat flux at the exposed

surface of test samples was maintained to the specified value during the full duration of the

experiments. In addition, the exposed surface temperature of the intumescent coating was

measured using an Infra-Red camera (model DLIR SC655: 16-bit 640 x 480 pixel resolution

at 50 Hz, spectral range 7.5 – 14 µm, temperature range up to 2000°C) (Figure 7.3).

Figure 7.3: Experimental setup designed to gauge the swelled coating thickness and the surface temperature

of intumescent coatings during heating exposure (Sample holder B).

7.3 Preliminary investigations

Before running the main experimental investigation, a few preliminary studies were conduc-

ted in order to understand the robustness of the proposed methodology. Following the exper-

imental setup described above, uncoated steel plates were exposed to a constant incident

radiant heat flux of 50 kW/m2 for 30 minutes. The aim of these studies was to understand if

the four different thermal boundary conditions would have exposed the steel to a good variety

of temperatures, ranging between two extreme cases: insulating conditions and heat sink

cooled by a significant continuous water flow. Figure 7.4 shows the temperature evolution of

uncoated steel samples for the four different thermal boundary conditions at the unexposed

surface. The four different conditions leaded to a four distinctive quasi-steady state steel

temperatures: about 640°C for insulating conditions and about 430°C, 300°C and 240°C for
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conditions involving the heat sink, respectively. This aspect proved the good definition of the

different experimental conditions.

In addition, the experimental results were compared to the solution of a lumped capacitance

approximation of transient heat conduction problem for an uncoated steel plate subjected

to well-defined thermal boundary conditions [21]. The thermal boundary conditions at the

exposed surface were defined by the imposed constant incident radiant heat flux (q̇′′
inc) and

the resulting convective (q̇′′
conv) and radiative (q̇′′

rad) heat losses to the surrounding environ-

ment. The thermal boundary conditions at the unexposed surface were assumed as ideal

adiabatic conditions. General correlations and thermal and physical material properties of

carbon steel from the available literature were used [15, 21]. The good agreement between

the heat transfer model and the experimental measurements of the steel substrate temperat-

ure supports the assumptions of the thermal conditions at the sample boundaries: minimised

heat losses at the unexposed surface and the specified incident radiant heat flux (50 kW/m2)

imposed by the H-TRIS test method.

Figure 7.4: Comparison of the steel temperature evolution for the four different thermal conditions of the steel

substrate.
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7.4 Analysis and results

7.4.1 Visual observations

Thanks to its open environment, the experimental setup based on H-TRIS test method al-

lowed for the visual inspection of the test samples during thermal exposure. As shown in

Figure 7.5, upon heating, the coating underwent different phases, typical of intumescent re-

actions [22]. First, the virgin intumescent coating softens and gradually decompose: this can

be observed by the change in colour from white to dark/black and the release of volatiles

("Thermal decomposition zone"). After that, the coating gradually swells ("Swelling zone")

and forms a carbonaceous porous char ("Char formation zone"). Finally, the oxidation reac-

tions occur at the surface of the coating: the intumescent porous char progressively turns

into a white/grey colour. In addition, during this final stage, the formation of cracks on the

intumescent coating surface is observed: the cracks represent a key vulnerability for the

thermal barrier provided by the intumescent coating ("Char degradation zone") [22].

Figure 7.5: Different phases of the intumescent coating during thermal exposure (sample CP-HSC2-02).

7.4.2 Steel temperatures

The temperature evolution of coated steel samples for the four different thermal boundary

conditions was recorded by using thermocouples positioned at the unexposed surface of the

test samples. Figure 7.6 shows the evolution of the steel temperatures for all the experiments

carried out on coated samples. The good repeatability between experiments was confirmed

by the agreement of the different temperature readings. Throughout all the experiments, the

steel temperatures measured using thermocouples has deviations lower than± 20°C. Figure
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7.6 reports the average values of the steel temperatures. In the graphs, the same colour

collects all the experiments with the same substrate thermal conditions, while continuous,

dashed and dotted lines report single experimental repetitions.

As predicted in the preliminary investigation on uncoated samples, the four different con-

ditions leaded to a four distinctive quasi-steady state steel temperatures: about 340°C for

insulating conditions and about 250°C, 150°C and 100°C for the experiments involving the

heat sink with low (HSC1), medium (HSC2) and high water-cooling rate (HSC3), respectively.

This aspect confirmed the good definition of the different experimental conditions aiming at

exposing the steel plates to a range of temperatures. However, test samples with different

substrate thermal conditions achieved the quasi-steady state steel temperature at different

instants during the thermal exposure.

Figure 7.6: Comparison of the steel temperature evolution for the four different thermal conditions of the steel

substrate.

7.4.3 Coating surface temperatures

The temperature evolution at the exposed surface of the intumescent coating was evalu-

ated by post-processing the data obtained using the Infra-Red camera. The coating surface

temperature was evaluated by setting a coating emissivity equal to 0.90 and the coating

temperature was averaged over a 50 x 50 mm2 area, placed at the centre of the test sample.

The emissivity value has a key role in this process and experimental results can be signific-
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antly influenced by this parameter. Therefore, a sensitivity analysis of the surface emissivity

value of the intumescent coating was performed: the same procedure was repeated for vary-

ing coating emissivity 0.90 ± 0.02, according to the values found in the available literature

[12, 23]. Figure 7.7 shows the envelope of the temperatures measured at the coating sur-

face in all the experiments carried out on coated samples. During the different experiments,

the coating behaved like a low thermal inertia material (thermally thick characterised by a

high Biot number) by quickly reaching a certain surface temperature (650-700°C) and keep-

ing a quasi-constant temperature during the rest of the heating exposure. The substrate

thermal conditions did not have a significant effect on the evolution of the coating surface

temperature. As expected, the surface temperature of the intumescent coating remained

quasi-constant under the same imposed incident heat flux, after an initial transient period

(first 5 minutes).

Figure 7.7: Envelope of the temperature evolution at the coating surface for the four different thermal

conditions of the steel substrate.

7.4.4 Coating swelling

The time-history of coating swelling at the centre of each sample was estimated through im-

age processing of high-resolution video footages. In most experiments, the central area of

test samples swelled rather homogeneously and the swelled coating thickness was meas-

ured with an accuracy of ± 2 mm. Figure 7.8 shows the evolution of the swelled coating
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thickness for all the experiments carried out on coated samples. Right after the application

of the incident radiant heat flux, the intumescent coating started swelling with different rates

depending on the substrate thermal conditions, i.e. the slope/derivative of the swelled coat-

ing thickness-time curve. In the case of insulating conditions at the unexposed surface of test

samples (ISP), the intumescent coating continuously swelled during the thermal exposure,

reaching a maximum thickness of about 50 mm. In the case of different thermal boundary

conditions applied using the water-cooled heat sink, the swelling rate decreased for more

extreme cooling conditions. In particular, the maximum thicknesses reached at the end of

the thermal exposure were about 18 mm, 7 mm or 5 mm for the experiments involving the

heat sink with low (HSC1), medium (HSC2) and high water-cooling rate (HSC3), respect-

ively. As a result, the substrate thermal conditions appear to directly govern the swelling of

intumescent coatings.

Figure 7.8: Comparison of the evolution of the swelled coating thickness for the four different thermal

conditions of the steel substrate.

This aspect was also confirmed by the char structures produced by the intumescent coating

at the end of the thermal exposure. Figure 7.9 shows photographs of typical porous char de-

veloped by the intumescent coating at the end of the thermal exposure. The char structures

confirmed that the substrate thermal conditions can significantly influence the swelling of

intumescent coatings. In the case of insulating conditions, the intumescent coating swelled

homogenously and created a thick, dense and compact carbonaceous porous media able
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to effectively protect the substrate material from the thermal exposure. On the other hand,

for conditions involving the heat sink, the intumescent coating scarcely swelled and formed

a thin carbonaceous layer. In these cases, a large amount of virgin un-reacted coating was

observed in the final intumescent char. Figure 7.10 shows how only the portion of the in-

tumescent coating close to the surface reacted, recognisable by colour changes. On the

contrary, the portion of intumescent coating close to the steel did not react due to the signi-

ficant thermal losses due to conduction through the coating and towards the heat sink. In all

experiments, in the proximity of the coating surface, it is possible to observe char oxidation:

the carbonaceous char turned into ash at the coating crust, characterised by a white-grey

colour compared to the dark/black colour of the coating char. Since the surface temperat-

ures exceeded 600°C, oxidation was expected to occur at the coating surface due to the

H-TRIS oxygen-rich environment. Based on previous research, it is important to underline

that the oxygen content of the exposing atmosphere can have affected the mode and rate of

char formation and degradation [24].

CP-ISP-01 CP-HSC1-03

CP-HSC2-01 CP-HSC3-01

Figure 7.9: Comparison of typical char sections produced by the intumescent coating at the end of the

thermal exposure.
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Figure 7.10: Details of the final intumescent char (sample CP-HSC3-01).

7.5 Analysis and discussion

As underlined in the previous paragraphs, the thermal boundary conditions at the unexposed

surface of the test sample appear to directly govern the swelling of intumescent coatings. In

particular, each thermal condition of the steel substrate can be associated with a certain

evolution of the steel substrate temperature and the swelled coating thickness. Figure 7.11

shows the swelled coating thickness as a function of the steel substrate temperature for the

four different experimental setups conducted on coated samples. The plot highlights a direct

relationship between the substrate temperature and the swelled coating thickness under the

same thermal exposure (50 kW/m2). At the same steel temperature, the swelled coating

had a very similar thickness for all the different thermal conditions of steel. Particularly, in

the experiments involving the water-cooled heat sink, the reduced coating swelling can be

related to the low temperature experienced by the steel plates.

The described experimental results give a better understanding of the swelling process of

intumescent coatings and the influence of the substrate thermal conditions. Figure 7.12

shows a simplified schematisation of the thermal conditions of tested samples. Upon heat-

ing, the swelled intumescent char, characterised by low thermal conductivity and low density

(thermally thick characterised by a high Biot number), quickly reaches a quasi-steady state

temperature at the surface (Tsurf ) and experiences a steep thermal gradient within its thick-

ness. Within the depth of the intumescent coating, the unreacted virgin coating is located

behind the swelled porous char and close to the interface between the steel and the ap-

plied coating. At this specific interface, the swelling reaction typically take place. When the

virgin coating is above a certain temperature range, the material degrades and chemical
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Figure 7.11: Comparison of the evolution of the swelled coating thickness as a function of the substrate

temperature for the four different thermal conditions of the steel substrate.

reactions occur. In these processes, a large amount of gases are usually produced by the

activation of the blowing agent, key compound contained in typical intumescent formula-

tions. The released gases are trapped within the coating thanks to the distinctive physical

and mechanical properties (e.g. density and viscosity). The entrapment of gases repres-

ent a fundamental process during intumescence in order to optimise the coating swelling.

Several researchers have highlighted how the order and the matching of the chemical and

physical processes are essential, as they must happen in an appropriate sequence, as the

temperature is raised [4-5].

The reacting virgin coating located next to the steel-coating interface is characterised by a

low Biot number due to the relatively high thermal conductivity (compared to the swelled

intumescent char) and the limited physical thickness. Consequently, the virgin intumescent

coating behaves as a thermally thin material and its temperature can be approximated with

the temperature of the steel substrate (Ts). Accordingly, the substrate temperature can be

directly related to the swelling process because it defines the temperature experienced by

the reacting virgin coating, which is located behind the swelled porous char and sustains the

swelling process. In particular, the intumescent coating swells and insulates the substrate by

displacing the already-swelled coating towards the direction of the heat source. This aspect

was also verified by a close investigation of the recorded video footages. As a conclusion, the
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Figure 7.12: Schematisation of the mechanism of coating swelling.

substrate temperature governs the swelling of intumescent coatings and thermal conditions

that do not enable the temperature rise in the substrate material can limit the coating swelling

and therefore its effectiveness.

7.6 Application to different substrate material: timber

The research community is currently looking into the possibility of applying intumescent

coatings to protect substrate materials different from steel. For instance, researchers are

exploring the advantages of applying intumescent coatings on concrete elements to mitigate

the destructive effects of fire-induced spalling and reduce the heat penetration thought the

concrete into the steel reinforcements [25-26]. In addition, other recent studies have shown

that intumescent coatings can be efficiently applied on timber to prevent the occurrence of

surface ignition, reduce the flame spread, delay the onset of timber charring and decrease

the charring rate within wooden elements [27]. In particular, a research study focused on

the application of intumescent coatings on timber elements was recently published [28].

The exploratory investigation adopted the same experimental methodology based on the

H-TRIS test method to study the behaviour of coated Cross-Laminated Timber (CLT) blocks

subjected to the same heating conditions: a constant incident radiant heat flux of 50 kW/m2

for 60 minutes. The test samples had also identical dimensions of the exposed surface, 200

155



Chapter 7. Influence of substrate thermal conditions

x 200 mm2. Test samples were 100 mm thick, composed of 5 lamellae (20 mm thick each) of

Australian softwood. The tested product was the same commercially available solvent-based

thin intumescent coating, applied to a mean Dry Film Thickness (DFT) in a similar range:

2.10 ± 0.20 mm (samples series S21). This research study provides the perfect ground to

apply the experimental outcomes presented herein to the case of coated timber samples.

Analogously to this experimental study, the time-history of the coating swelling at the centre

of each sample was estimated through image processing of high-resolution video footages.

Figure 7.13 compares the evolution of the swelled coating thickness for all the experiments

carried out on coated samples with different substrate thermal conditions, including timber.

Contrarily, regarding the evolution of the substrate temperatures, it is difficult to produce a

similar plot to the one presented in Figure 7.6 for the timber case. This is related to the diffi-

culties of estimating the temperature evolution in the proximity of the coating-timber interface

and the uncertainties related to measuring in-depth temperatures within a low conductivity

material like timber [28-29]. Consequently, for the timber case, it is not possible to pro-

duce similar plots to the ones shown in Figure 7.6 and Figure 7.11. Finally, considering

the identical heating conditions, the application of different substrate conditions using timber

is expected to have a minor influence on the temperature evolution of the exposed coating

surface.

Figure 7.13 highlights how the timber sample defined another substrate thermal condition

for the intumescent coating, fundamentally different to the ones involving steel plates. The

comparison of the evolution of the swelled coating thickness confirms that the substrate

thermal conditions influence the swelling of intumescent coatings. In the timber case, right

after the application of the incident radiant heat flux, the intumescent coating rapidly swelled

with a high rate (i.e. slope/derivative of the thickness-time curve), even greater than the one

measured for coated steel plates with insulating conditions. In addition, the swelling process

quickly concluded during the thermal exposure (at about 25 minutes), while in the other

cases the intumescent coating continuously swelled during whole duration of the experiment.

The main explanation of the different behaviour of the swelling intumescent coating can be

directly associated with the thermal conditions produced by the timber substrate. Timber is

a low thermal inertia material: when exposed to a heat flux, timber tends to conduct less

heat through its thickness and increase its temperature in the proximity of its surface. On the
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contrary, steel is commonly a thermally thin material due to its high thermal conductivity. As

a consequence, the temperature evolution at the substrate-coating interface is expected to

increase more rapidly than the steel cases. Following the principles explained in the previous

section, the substrate thermal conditions influenced the swelling of the intumescent coating

and, in particular, the timber substrate accelerated the swelling process: it created a faster

rise of the temperature experienced by the reacting virgin coating, which is located behind

the swelled porous char and sustains the swelling process.

Figure 7.13: Comparison of the evolution of the swelled coating thickness for the different substrate thermal

conditions.

In general, the swelling of intumescent coatings and therefore their effectiveness are gov-

erned by the thermal conditions of the substrate and, in particular, by the physical and

thermal properties of substrate system. These characteristics control the temperature evolu-

tion at the substrate-coating interface, hence the virgin intumescent coating which regulates

the swelling reaction. Within the scope of this experimental study, the heating conditions

at the exposed surface of the intumescent coating were fixed to a constant incident radiant

heat flux of 50 kW/m2. From this surface thermal exposure, the tested intumescent coat-

ing was expected to receive a similar amount of energy for the different substrate thermal

conditions. However, the different substrate thermal conditions controlled the capacity of the

system to concentrate and dissipate heat in the proximity of the substrate-coating interface.

In this way, the substrate thermal conditions controlled the temperature evolution of the re-
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acting intumescent coating and they consequently governed the swelling process. Figure

7.14 offers a schematic explanation of the different substrate thermal conditions. The use of

steel plates, insulated or in contact with the water-cooled heat sink, or timber blocks control

the net heat flux into the reacting intumescent coating, defined as control volume within the

scope of this experimental study. From the case that allowed faster coating swelling to the

case that essentially prevented coating swelling, the different substrate thermal conditions

can be explained as in the following (refer to Figure 7.14):

1. Timber. The low thermal inertia of timber limits the conduction through its thickness

(q̇′′
back) and it enables fast temperature rise in the proximity of its surface. Consequently,

the intumescent coating quickly reaches onset of swelling and it has a high swelling

rate.

2. Insulated steel plate. The steel plate behaves as a thermally thin material due to

the high thermal conductivity of steel and the limited physical thickness of the plate.

Accordingly, no thermal gradient is expected to develop within the plate thickness.

The heat losses at the unexposed surface of the test sample are minimised by the

insulation material (q̇′′
back). The steel plate quickly increases its temperature, but it is

damped by the relatively high thermal mass of the steel plate (q̇′′
s ), compared to the

coating. Consequently, the intumescent coating swells with a lower rate compared to

the timber case.

3. Steel plate with water-cooled heat sink. As in the insulated case, the steel plate be-

haves as a thermally thin material and it increases its temperature according to the

thermal mass of the steel plate (q̇′′
s ). However, in this case, significant heat losses are

caused by the water-cooled heat sink in contact with the unexposed surface of the test

sample (q̇′′
back). The steel temperature rise is directly governed by the heat losses in-

duced by the heat sink. Consequently, the intumescent coating swells with lower rates

compared to the insulated steel plate case and the swelling rate decreases with higher

cooling due to greater water flows.
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1.

2.

3.

Figure 7.14: Schematisation of the different substrate thermal conditions.
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Similar concepts could be extended for different substrate materials and steel/timber sub-

strates with different characteristics. For instance, in the case of a thinner steel plate with

insulating conditions at the unexposed surface, the temperature of the coated steel plate

is expected to rise faster than the case of a thicker steel plate due to the lower thermal

mass. Consequently, the swelling rate of the intumescent coating is expected to be included

between the one measured for the timber substrate (upper bound) and the one measured

for the insulating conditions of a thicker steel plate (lower bound). Similarly, in the case of

a concrete substrate, the swelling rate of the intumescent coating is expected to be slightly

lower to the timber case because of the higher thermal inertia of concrete, compared to tim-

ber. Nevertheless, it is important to underline that this experimental study did not investigate

the potential consequences of adhesion issues between the steel/timber substrate and the

tested intumescent coating. The experimental outcomes highlighted within this research as-

sumed good adhesion at the substrate-coating interface. In the case of different materials

or intumescent product, particular attention should be paid for ensuring the good adhesion

between the substrate and the protection materials. For instance, in the cited research, the

timber charring was avoided by applying a thick intumescent coating (samples series S21)

and keeping the temperature within the timber samples below 300°C. Future studies should

aim at inspecting this specific aspect.

Unfortunately, within the scope of this experimental study, the substrate thermal conditions

can be only explained and analysed in a qualitative manner. The quantification of the thermal

conditions obtained involving different substrate systems would be possible only by formu-

lating detailed and complex heat transfer models. However, the problem is characterised

by many uncertainties and unknown variables (e.g. thermal and physical properties of the

intumescent coating) that make it too complicated and prevent any experimental validation.

Overall, future performance-based designs of different systems protected with intumescent

coatings should involve the selection of accurate thermal conditions. This experimental study

highlighted how the substrate thermal conditions can influence the swelling of intumescent

coatings, therefore their effectiveness. At the testing and design stages, the thermal bound-

ary conditions at the exposed and back surfaces of the intumescent coating should be

defined with great care. Specifically, the thermal boundary conditions should be as close

as possible to the design scenario or they should target the closest critical scenario in order
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to ensure the safe design of intumescent coatings applied on different substrate materials.

7.7 Conclusions

The designed experimental setup and the systematic testing of coated test samples under

controlled and highly repeatable heating conditions (at the heated and unheated surface

of test samples) enabled the careful investigation of the influence of the substrate thermal

conditions and the effects that this can have on the behaviour of thin intumescent coatings.

Within the scope of this work, steel plates coated with a commercial solvent-based thin

intumescent coating were exposed to a constant incident radiant heat flux of 50 kW/m2 using

high-performance radiant panels in accordance with the Heat-Transfer Rate Inducing System

(H-TRIS) test method. Firstly, the influence of different thermal conditions of steel substrates

was investigated using different sample holders that simulate four different thermal boundary

conditions at the unexposed surface of the test sample. Secondly, the response of the

intumescent coating applied on timber substrate and exposed to the same heating conditions

was analysed.

From the experimental results described herein, the following concluding remarks can be

drawn:

• The thermal boundary conditions at the unexposed surface of the test sample directly

govern the swelling of intumescent coatings, thus their effectiveness. In particular,

under the same thermal exposure (50 kW/m2), a direct relationship can be established

between the substrate temperature and the swelled coating thickness.

• The described experimental results give a better understanding of the swelling process

of intumescent coatings. The swelling reaction takes place at the virgin coating located

behind the swelled porous char and close to the interface between the applied coating

and the substrate material. The intumescent coating swells and insulates the substrate

by displacing the already-swelled coating towards the direction of the heat source.

• The evolution of the substrate temperature governs the swelling of intumescent coat-

ings because it defines the temperature experienced by the reacting virgin coating

located close to the substrate-coating interface.
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• The physical and thermal conditions of the substrate control the capacity of the system

to concentrate and dissipate heat in the proximity of the substrate-coating interface.

In this way, the substrate thermal conditions govern the temperature evolution of the

reacting intumescent coating and consequently the swelling process. Accordingly, the

highest swelling rate was recorded for the timber substrate (low thermal inertia), while

the lowest swelling rate was recorded for the water-cooled heat sink with the highest

cooling rate (high heat losses).

In general, this experimental investigation highlighted the importance of selecting accurate

thermal conditions for the performance-based design of different systems protected with in-

tumescent coatings. The thermal boundary conditions affect the swelling of intumescent

coatings, therefore this needs to be considered when extrapolating test results used to char-

acterise performance. As regards the section factor, different section geometries are usually

tested within a certain range (e.g. 25-350 m−1) and it is accepted that it is a conservative

practice to extend the results to lower values. While this is correct if a colder section is

assumed to have better performance, if the desired outcome was the prediction of the tem-

perature, then the results of this experimental study show that it is necessary to consider

a different level of swelling. This will also apply to extrapolation to smaller sections. As a

conclusion, the thermal boundary conditions at the exposed and back surfaces of the intu-

mescent coating should be defined and analysed with great care, as close as possible to the

design scenario in order to ensure a robust and safe design.
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8.1 Introduction and background

The literature review has highlighted how several researchers have proposed different nu-

merical and mathematical models of various complexities in order to simulate the behaviour

of swelling intumescent coatings under thermal exposure (refer to Chapter 2). However,

these models and design tools have not been universally generalised or internationally reg-

ulated because of their limited application, the high complexity or the contrasting results,

considering the wide range of products available in the market. Within the structural fire

safety practice, these methods are particularly focused on the accurate prediction of the

temperature evolution of the substrate material protected by the intumescent coating. This

problem is usually solved by treating the coating as inert material (no swelling) and estimat-

ing its temperature-dependent thermal and physical properties as equivalent thermal barrier

to the protected substrate (e.g. effective thermal conductivity method) [1].

The research studies presented in Chapter 5, Chapter 6 and Chapter 7 proposed an ex-

perimental methodology aimed at analysing the effectiveness of thin intumescent coatings

through a detailed characterisation of their thermo-physical response adopting the Heat-

Transfer Rate Inducing System (H-TRIS) test method [2]. The experimental outcomes showed

how the heating conditions, the substrate thermal conditions and the applied initial coat-

ing thickness affect the behaviour of the tested commercial solvent-based thin intumescent

coating. In particular, the research studies demonstrated that the effectiveness of thin in-

tumescent coatings is primarily controlled by the swelling process and the resulting swelled

coating thickness. Accordingly, the swelling of thin intumescent coatings is influenced by

several factors in different manners: for example, it was found that the heating conditions

govern the swelling rate of the intumescent coating, while the applied initial thickness gov-

erns the maximum thickness that the coating can potentially achieve during the thermal

exposure.

Based on these experimental outcomes, the research study presented herein investigates

the development of a simplified heat transfer model that allows to simulate the thermal and

physical response of swelling intumescent coatings for a range of conditions and scen-

arios (e.g. heating conditions and applied initial coating thickness). This chapter ana-

lyses the assumptions and simplifications that are introduced in the formulation of the heat
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transfer model and assesses the validity of the proposed approach for the potential use in

performance-based design engineering methods.

8.2 Modelling approach

The development of a numerical model able to simulate the heat transfer through swelling

intumescent coatings represents a crucial aspect for design purposes because it aims at

quantifying the thermal and physical properties of thermal barriers developed by thin intu-

mescent coatings to protect substrate materials. In contrast to the experimental methodolo-

gies presented in Chapter 4 that evaluate several material properties in specific conditions

(e.g. TPS and LFA), this model aims at providing good predictions of the thermal and phys-

ical response of thin intumescent coatings during the thermal exposure (see Figure 8.1).

Following this approach, the main aim of the heat transfer model is to simulate and evaluate

the effectiveness of thin intumescent coatings in order to define performance-based design

engineering methods.

Figure 8.1: Simplified schematic illustration of the heat transfer problem within swelling intumescent coatings

exposed to an incident heat flux imposed by a radiant panel.

The proposed heat transfer model is based and validated on the experimental campaign

carried out on 10mm-thick steel plates coated with a commercial solvent-based thin intu-

mescent coating presented in Chapter 6. Particularly, the experimental study focused on

analysing the effectiveness of thin intumescent coatings through a detailed characterisation
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of their thermo-physical response and investigated the influence of different heating condi-

tions and applied initial coating thicknesses.

The phenomenon of intumescence is very challenging to model due to the complex thermo-

psysical response of reactive coatings that may be influenced by various factors (e.g. heat-

ing conditions). Due to the complex nature of the problem, the heat transfer model involves

several assumptions and simplifications which are derived following the experimental cam-

paigns and their outcomes:

• The model focuses on solving the one-dimensional heat conduction problem by resolv-

ing energy-balance equations based on fundamental physical principles. All the exper-

imental setups and testing campaigns were initially conceived and designed to simplify

the heat transfer to a one-dimensional problem following the main direction of the heat

flow, starting from the coating surface, through the swelling intumescent coating and

towards the protected substrate material.

• The model discretises the intumescent coating in finite elements and corresponding

nodes. The swelling of thin intumescent coatings is modelled by adding finite elements

in the proximity to the substrate-coating interface where the virgin coating is located

and sustains the swelling reaction. Empirical correlations are introduced to predict the

evolution of the swelled coating thickness during the thermal exposure.

• The model assumes that the effectiveness of the thermal barrier provided by the intu-

mescent coating is mainly dependent on the ability of developing swelled porous char.

The intumescent coating is approximated as swelled porous char with specific con-

stant material properties. The resulting material properties do not correspond to exact

values, but they are lumped into effective properties that enable an accurate prediction

of the thermal and physical evolution of the tested samples under specific conditions.

In particular, the thermal conductivity of the swelled porous char undergoes an optim-

isation process to increase the model fitting using multiple scenarios.

• The model relies on the accurate definition of the thermal conditions at the coating

boundaries (surface and substrate). The thermal boundary conditions at the exposed

coating surface were defined by the time-history of incident heat flux imposed by the H-

TRIS test method and the corresponding convective and radiative heat flux losses with
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the surrounding environment. On the other hand, the substrate thermal conditions at

the unexposed coating surface were defined by a steel plate treated as thermally-thin

thermal mass with adiabatic thermal boundary conditions.

Starting from the inputs and assumptions described above, the heat transfer model aims at

quantifying the effectiveness of thin intumescent coatings for a wide range of potential condi-

tions, in terms of heating exposure and applied initial coating thickness. The insulating per-

formance is analysed by defining the thermal and physical response of swelling intumescent

coatings during the thermal exposure. In particular, the objective of the heat transfer model

is to predict the thermal gradient within swelling intumescent coatings by simulating the evol-

ution of the surface and substrate temperatures and the swelled coating thickness. This

enables a fundamental understanding on the effectiveness of the thermal barrier provided

by thin intumescent coatings to various substrate materials. Also, it provides an estimation of

the evolution of the substrate temperature during thermal exposure, which is the key aspect

to study the behaviour of structural elements protected with thin intumescent coatings.

8.3 Derivation of the heat transfer model

Starting from the model formulation presented in Chapter 5 (used for assessing the thermal

behaviour prior to swelling), the heat transfer model was similarly defined as a finite-difference

numerical model based on the Crank-Nicolson method, a finite-difference method able to

solve the one-dimensional heat conduction equation [3-4]. Contrarily to the explicit numer-

ical method developed by Emmons and Dusinberre, the Crank-Nicolson method is a second-

order method in time, and implicit in time and numerically stable. Consequently, it does not

require stability criteria. The formulation is based on building a system of N linear equations

and N variables (i.e. temperatures of each node at the step i + 1), based on the following

governing equation:

T i+1
j = T ij + ∆t

2

(
dT

dt

∣∣∣∣i
j

+ dT

dt

∣∣∣∣i+1

j

)
(8.1)

where T ij is the temperature of the node j at time i [K], dT
dt

∣∣∣∣i
j

is the temperature variation of

the node j at time i [K/sec] and ∆t is the time increment [sec]. The Crank-Nicolson method

requires the derivation of the temperature variation over time dT
dt

for each element j of the
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discretisation at time steps i and i+ 1. The defined system of equations forms a tridiagonal

matrix system, which simplifies and significantly reduces the computational cost of the model

[3-4].

The main aim of the heat transfer model is to simulate and evaluate the effectiveness of

thin intumescent coatings. For this reason and differently to the previous case, the model is

discretised in a single-layer material (intumescent coating only) with a total thickness equal

to L, which corresponds to the actual coating thickness dc. The material discretisation is

organised in finite N elements, similarly for the case of the explicit heat transfer model. All

the N elements are represented by N nodes. The interior elements have the node placed

in the element’s centre and they have a thickness of ∆x. On the other hand, the boundary

elements (surface element and end element) have the node placed at the element’s edge

and they have a thickness of ∆x/2. No interface elements are considered.

Figure 8.2: Schematic illustration of the single-layer material heat transfer model including the thermal

boundary conditions.

Analogously to the previous model, equivalent assumptions, boundary conditions and mater-

ial properties were defined in order to represent the problem defined in the different thermal

experiments. Generally, the thermal boundary conditions at the exposed surface of test

samples were defined by the time-history of incident heat flux imposed by the H-TRIS test

method (q̇′′
inc) with convective and radiative heat flux losses (q̇′′

conv and q̇
′′
rad) with the sur-

rounding environment. These thermal boundary conditions were modelled using conven-

tional correlations available in the literature (refer to Appendix C) [5]. Adiabatic conditions

were assumed at the unexposed surface. Due to thermally-thin nature of the substrate steel

plate (high thermal conductivity and low physical thickness, low Biot number), it was lumped

into a thermal mass connected to the coating end element and characterised by no thermal
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gradient and a single temperature, which corresponds to the same temperature of the steel-

coating interface. Figure 8.2 illustrates the heat transfer model based on the single-layer

material space domain discretisation and the described thermal boundary conditions, gen-

erally adopted in the current research study.

Starting from energy-balance equations at each node, thus each element, the following

formulas for surface, middle and end elements (thus nodes) were derived. The obtained

formulas allow to build and solve the tridiagonal matrix system aimed at calculating the tem-

perature evolution of each node j for each time step i, depending on the type of element

(either surface, middle or end). The various governing equations were systematically organ-

ised into a specific order: unknown variables (T i+1
j ) and their parameters on the left-hand

side, known parameters on the right side. The derivation and assumptions of each of the

following formulas is presented in detail in Appendix D.

Surface element: know time-history of incident heat flux.

T i+1
1

[
1 + Foi1 + htot∆t

ρccp,c∆x

]
+ T i+1

2

[
−Foi1

]
=

T i1 + Foi1
(
T i2 − T i1

)
+ αc∆t
ρccp,c∆x

(
q̇

′′i
inc + q̇

′′i+1
inc

)
+ htot∆t
ρccp,c∆x

(
2T∞ − T i1

) (8.2)

Middle element: pure conduction.

T i+1
j−1

[
−
Foij

2

]
+ T i+1

j

[
1 + Foij

]
+ T i+1

j+1

[
−
Foij

2

]
=

T ij +
Foij

2
(
T ij−1 − 2T ij + T ij+1

)
+ dFoij

(
T ij+1 − T ij−1

)2
(8.3)

End element: thermally thin material with adiabatic thermal boundary conditions.

T i+1
N−1

[
−FoniN

]
+ T i+1

N

[
1 + FoniN

]
= T iN + FoniN

(
T iN−1 − T iN

)
(8.4)

where T ij is the temperature of the node j at time i [K], ∆t is the time increment [sec], ∆x is

the space discretisation thickness [m], q̇′′i
inc is the incident heat flux [W/m2] at time i, ρc is the

density of the intumescent coating [kg/m3], cp,c is the specific heat capacity of the intumes-

cent coating [J/kgK], λc is the thermal conductivity of the intumescent coating [W/mK], αc is

the absorptivity of the intumescent coating [-] and T∞ is the ambient temperature [K].

Within the derivation of the heat transfer model, different parameters are obtained and they

have a key role in the mathematical formulation. First, a simplified formulation of the Fourier
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number Foij [-] for each node j at time i can be expressed as:

Foij = λc∆t
ρccp,c∆x2 (8.5)

If the thermal conductivity is not constant (first-derivative different from zero), the Fourier

number derivative dFoij [K−1] can be expressed as:

dFoij = dλc
dT
· ∆t

4ρccp,c∆x2 (8.6)

where dλ
dT

is the derivative of the temperature-dependent thermal conductivity of the node j

at time i.

In the specific case of an end element connected to a thermally-thin thermal mass (steel

plate), the Fourier number FoniN [-] for the end node N at time i can be expressed as:

FoniN = λc∆t
∆x [∆xρccp,c + 2dsρscp,s]

(8.7)

where ds is the steel plate thickness [m], ρs is the density of steel [kg/m3] and cp,s is the

specific heat capacity of steel [J/kgK].

Finally, the radiative and convective losses were lumped into a unique heat transfer coeffi-

cient, known as total heat transfer coefficient htot [W/m2K], which can be expressed as:

htot(T i1) = hconv(T i1) + εcσ
(T i1)4 − T 4

∞
T i1 − T∞

= hconv(T i1) + εcσ
[
(T i1)2 + T 2

∞

] (
T i1 + T∞

)
(8.8)

where hconv is the convective heat transfer coefficient [W/m2K], εc is the emissivity of the

intumescent coating [-] and σ is the Stefan-Boltzmann constant (5.67 · 10−8 W/m2K4).

Throughout the development of the current project, other heat transfer models were for-

mulated in order to comprehend the influence of different factors in the physical and thermal

problem. For completeness, the heat transfer models with different assumptions and thermal

boundary conditions are presented in the Appendix D.

8.3.1 Heat transfer model prior to swelling

As already presented in Chapter 5, the finite-difference heat transfer model described in

Section 5.3 is capable of simulating the temperature increase of uncoated and coated steel

plated prior to onset of swelling. This model is based on the numerical method developed

by Emmons and Dusinberre and it is presented in detail in Appendix C [6-7]. This model
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is discretised in a two-layer material (intumescent coating and steel) and it solves the one-

dimensional heat conduction problem in the main direction of the heat flow. A similar implicit

heat transfer model was formulated based on the Crank-Nicolson method using equivalent

boundary conditions, assumptions and material properties. However, prior to onset of swell-

ing, the heat transfer problem is heavily transient and the thermal processes taking place

in the intumescent coating (i.e. endo- and exo-thermic reactions) have a key importance.

Consequently, they were considered in the problem by introducing a volumetric heat source

term ġ
′′′
c , analogous to the one presented in Section 5.5.

In order to solve the described heat transfer model, equivalent material properties were

defined. Regarding the steel, the thermal and physical properties of carbon steel were

defined in accordance with Eurocode 3 [8]:

• Thermal conductivity: λs(T ) [W/mK] according to clause 3.4.1.3

• Density: ρs = 7850 kg/m3

• Specific heat capacity: cp,s(T ) [J/kgK] according to clause 3.4.1.2

• Absorptivity/Emissivity: αs = εs = 0.75

Regarding the intumescent coating, the thermal and physical properties prior to swelling

were defined in accordance with the material characterisation presented in Chapter 4:

• Thermal conductivity: λc = −2 · 10−6 · T 2
c − 0.0004 · Tc + 0.5214 [W/mK]

• Density: ρc = 1500 kg/m3

• Specific heat capacity: cp,c = −0.0243 · T 2
c + 8.3602 · Tc + 1089.3 [J/kgK]

• Absorptivity/Emissivity: αc = εc = 0.92

• Volumetric heat source term: ġ′′′c = 2.4 · 104 · Tc [W/m3] for 200oC ≤ Tc ≤ 300oC

Similarly to what presented in Chapter 5, the heat transfer model was validated for coated

steel plates exposed to a constant incident heat flux of 10 kW/m2 and uncoated steel plates

exposed to various constant incident heat fluxes. The model was benchmarked based on

the temperature evolution of coated or uncoated steel plates. Similar graphs to Figure 5.4

and Figure 5.5 were produced. The good agreement between the experimental and the

predicted temperatures verified the validity of the assumption of adiabatic conditions at the
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unexposed surface, the accuracy of the heat flux calibration of the H-TRIS test method and

the adopted material properties (steel and intumescent coating prior to swelling).

8.3.2 Heat transfer model including swelling

In Chapter 6 and Chapter 7, the current research study has emphasised how the effect-

iveness of thin intumescent coatings is mainly influenced by the swelling process and the

resulting swelled coating thickness. In particular, the swelling reaction occurs in the proxim-

ity to the steel-coating interface where the virgin coating is located and sustains the process.

In this way, the swelling intumescent coating insulates the protected substrate by displacing

the already-swelled coating toward the direction of the heat source. This explains why the

swelling of intumescent coatings and the substrate temperature are strictly related. Following

these experimental outcomes, the previous heat transfer model (prior to swelling) is exten-

ded in order to include the swelling of thin intumescent coatings. First of all, the swelling

reaction is modelled by adding finite elements of the same thickness ∆x at the steel-coating

interface, in particular next to the coating end element. The new added element is intro-

duced at the same temperature of the previous coating end element and the temperature of

the new second-last coating element is calculated as the average value between the temper-

atures of the two adjacent elements. In this way, the protective thermal barrier developed by

the intumescent coating increases its thickness during the thermal exposure following cer-

tain empirical correlations presented in the section below. In accordance with this approach,

the size of the tridiagonal matrix system continuously increases following the swelling of the

intumescent coating. Figure 8.3 offers a schematic illustration of the modelling approach

described herein.

Definition of the swelled coating thickness

Chapter 6 has outlined how the heating conditions and the applied initial thickness affect

the swelling of the tested intumescent coating: the external incident heat flux governs the

swelling rate of the intumescent coating, while the applied initial DFT governs the maximum

swelled coating thickness that the intumescent coating could reach during the thermal ex-

posure. Figure 6.9 and Figure 6.10 proposed empirical correlations to predict the evolution

of the swelled coating thickness during the thermal exposure, starting from well-defined
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Figure 8.3: Schematic illustration of the heat transfer model formulated for swelling intumescent coatings.

177



Chapter 8. Heat transfer modelling

thermal boundary conditions at the coating surface and the applied initial coating thickness.

In particular, the maximum swelled coating thickness of the intumescent coating dmax [mm]

can be expressed as a function of the applied initial DFT [mm]:

dmax = 17.7 ·DFT + 10.6 (8.9)

On the other hand, starting from the linear formulation presented in Figure 6.10, the fitting

of the empirical correlation between the constant incident heat flux and the swelling rate of

the intumescent coating was improved by introducing a second-order polynomial equation

and increasing the R-squared value (refer to Figure 8.4). In addition, considering the out-

comes presented in Chapter 5, the swelling rate of the intumescent coating was assumed

null for external heat fluxes lower than the critical incident heat flux for onset of swelling

(20-23 kW/m2). As a result, the swelling rate of the intumescent coating ḋc [mm/min] can be

expressed as a function of the incident heat flux:

ḋc =


0 if q̇

′′
inc < 20kW/m2

−0.0001 ·
(
q̇

′′
inc

)2
+ 0.0280 · q̇′′

inc − 0.3320 if q̇
′′
inc ≥ 20kW/m2

(8.10)

Figure 8.4: Improved empirical correlation for predicting the swelling rate of the intumescent coating as a

function of the external incident constant heat flux.

Accordingly, the evolution of the swelled thickness of the intumescent coating dc(t) [mm]
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during thermal exposure can be predicted using the following expression:

dc(t) =


DFT + ḋc∆t if DFT + ḋc∆t ≤ dmax

dmax

(8.11)

where dmax is the maximum swelled coating thickness [mm], DFT is the applied initial dry

film thickness [mm], dc(∆t) is the swelled coating thickness at the time increment ∆t [mm],

∆t is the time increment (from the beginning of the thermal exposure) [min] and q̇
′′
inc is the

constant incident heat flux [kW/m2]. It is important to underline that, for simplicity, the swelling

rate was linearised during the whole thermal exposure: the onset of swelling was considered

at time zero, at the application of the external heat flux. The time to onset of swelling was not

included due to its minor influence on the whole heat transfer problem (only a few minutes

in the cases which registered relevant swelling).

Employing Equation 8.9, Equation 8.10 and Equation 8.11, the evolution of the swelled thick-

ness of the tested intumescent coating during thermal exposure can be calculated for all the

experimental cases presented in Chapter 6: six different constant incident heat fluxes (10,

25, 40, 50, 70 and 90 kW/m2) and three different applied initial DFTs ("Low DFT", "Medium

DFT" and "High DFT"). In accordance with the measured mean DFTs, the initial thickness

of the intumescent coating was set equal to 1.0 mm, 1.8 mm or 2.9 mm for "Low DFT", "Me-

dium DFT" or "High DFT", respectively. Figure 8.5 compares the experimentally-measured

swelled coating thickness and the one predicted using the described empirical correlations.

The empirical model occasionally under- or over-estimates the swelled coating thickness,

especially for extreme cases (e.g. 90 kW/m2, "High DFT"). However, the overall trend for

predicting the evolution of the swelled coating thickness for different applied initial DFTs

and different constant incident heat fluxes is captured by using the described correlations.

The implications of adopting these empirical models will be faced in the sensitivity analysis

presented in Section 8.4.3.

Definition of the intumescent coating’s properties

As highlighted in Chapter 6, the measured in-depth temperature profiles showed how the

intumescent porous chars obtained from different heating conditions have similar properties

and the thermal gradient within the swelling intumescent coating is mainly governed by the
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Figure 8.5: Comparison between the experimentally-measured swelled coating thickness and the one

predicted using empirical correlations for different applied initial DFTs and different constant incident heat

fluxes.

swelled coating thickness. This was also confirmed by the TPS experiments on intumescent

porous chars presented in Chapter 4. Thus, the material properties involved in the current
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heat transfer model were defined in accordance with these experimental outcomes.

Since the heat transfer problem is governed by an accurate prediction of the swelling process

and the swelled coating thickness, the model is based on the assumption that the effective-

ness of the thermal barrier provided by the intumescent coating is mainly dependent on the

ability of developing porous char. For simplicity, the swelling intumescent coating is directly

approximated as porous char with specific constant material properties. Defining precise

temperature-dependent material properties would have increased the accuracy of the heat

transfer model. However, since the problem is primarily controlled by the swelling process,

the heat transfer model is approximated in order to offer a simplified solution characterised

by a few governing parameters.

In order to understand the relevance of each single thermal and physical property in the

heat transfer problem, a sensitivity analysis was carried out starting from the material prop-

erties of coating porous chars estimated in Chapter 4. The model accuracy was evaluated

based on the the Root-Mean-Square Error (RMSE) between the experimentally-measured

temperature evolution of coated steel plates (Ts,exp) compared to the predicted temperature

evolution using the described heat transfer model (Ts,mod), evaluated at 1 min time-intervals:

RMSE(Ts) =
√

Σ(Ts,exp − Ts,mod)2

N
(8.12)

The model was benchmarked against the temperature evolution of the coated steel plate be-

cause the substrate temperature represents the main performance criteria for most applica-

tions in structural fire safety engineering. In each case, a sign was given to the Root-Mean-

Square Error (RMSE): positive RMSE represents a over-prediction of the steel temperature,

while a negative RMSE represents a under-prediction of the steel temperature. Figure 8.6

reports the results obtained from the sensitivity analysis with respect to the thermal conduct-

ivity, density, specific heat capacity and absorptivity/emissivity of the intumescent coating.

The sensitivity analysis revealed clear trends. The density, the specific heat capacity and

the absorptivity/emissivity of the intumescent coating have a minor influence on the accur-

acy of the heat transfer model, while the thermal conductivity plays a key role in the prob-

lem. This outcome was quite predictable due to the nature of the heat transfer problem.

Following this approach, the modelling of swelling intumescent coatings becomes a phys-

ical problem, largely driven by an accurate prediction of the swelled coating thickness. The
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heat transfer problem turns into quasi steady-state due to the highly-insulating properties of

the intumescent coating (high Biot number), the applied constant incident heat flux and the

relatively-high swelling speed, compared to the penetration speed of the heat wave within

the swelling intumescent coating. In this way, the thermal transient state is disregarded and

the model focuses on solving a quasi steady-state heat transfer problem. This assumption is

more valid for high heat fluxes because at low heat fluxes the thermal transient phenomena

(change in density, specific heat capacity...) control the problem. For instance, the heating

condition that did not trigger swelling (10 kW/m2) underlined a minor dependency on the

thermal conductivity of the intumescent coating: this case is fundamentally different to the

swelling cases because it is governed by transient phenomena, which are neglected in the

proposed model.

Figure 8.6: Sensitivity analysis with respect to the thermal conductivity, density, specific heat capacity and

absorptivity/emissivity of the intumescent coating ("Medium DFT").
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Following the outcomes from the material characterisation presented in Chapter 4 and the

sensitivity analysis, the thermal and physical properties of the intumescent coating were

defined as:

• Density: ρc = 50 kg/m3

• Specific heat capacity: cp,c = 1550 J/kgK

• Absorptivity/Emissivity: αc = εc = 0.90 (average value within the 0.86-0.93 range eval-

uated using the Integrating Sphere System (ISS) in Section 4.3.3)

It is noteworthy that, due to the definition of a quasi steady-state thermal problem and the

omission of transient phenomena, the heat source term (volumetric heat source term ġ
′′′
c )

introduced for the heat transfer model prior to swelling was removed. As highlighted by

the sensitivity analysis, transient phenomena (e.g. endothermic or exothermic reactions)

become secondary within the defined thermo-physical problem.

On the contrary, in order to obtain an accurate prediction of the thermal and physical beha-

viour of the tested intumescent coating, the thermal conductivity was lumped into an effect-

ive value and subjected to an optimisation process. As highlighted in the sensitivity analysis

shown in Figure 8.6, no specific value of the thermal conductivity is able to eliminate the

discrepancy (zero deviation) between the model and the experimental measurements for

all the different heating conditions. A similar trend was also detected for different initial

thicknesses, "Low DFT" and "High DFT". Consequently, the thermal conductivity of the intu-

mescent coating was chosen based on the minimum total Root-Mean-Square Error (RMSE)

between the experimentally-measured and predicted temperature evolutions of coated steel

plates, summed for all the different heating conditions (RMSE absolute values). Figure 8.7

displays the results obtained from this analysis, carried out for all the different DFTs. The

values of thermal conductivity that produced the minimum total errors were 0.16 W/mK for

"Medium DFT" and "High DFT", and 0.17 W/mK for "Low DFT". Therefore, the thermal con-

ductivity of the intumescent coating λc was set equal to 0.16 W/mK. Adding or removing the

deviation related to the case of 10 kW/m2 was marginal due to the different fundamental

nature of the problem (no swelling): anyway, it has been included for completeness.
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Figure 8.7: Total Root-Mean-Square Error (RMSE) for different thermal conductivity values of the

intumescent coating ("Medium DFT").

8.4 Modelling results and validation

8.4.1 Steel and coating surface temperatures

Employing the described empirical correlations, assumptions and material properties, the

numerical model was implemented in order to solve the heat transfer problem for all the

experimental cases presented in Chapter 6. Figure 8.8, Figure 8.9 and Figure 8.10 show the

modelling results for the six different constant incident heat fluxes and three different applied

initial DFTs. In particular, the reported plots compare the evolution of the experimentally-

measured coating surface and steel temperatures to the ones predicted using the described

heat transfer model.

The modelling results highlight the ability of the numerical model to characterise the heat

transfer problem within the swelling intumescent coating. Regarding the steel temperat-

ures, the prediction accuracy varies for different cases. In general, for low heat fluxes, the

steel temperatures are over-predicted and the model accuracy increases for higher heat

fluxes. For very high heat fluxes (e.g. 70 and 90 kW/m2), the steel temperatures are under-

predicted. A similar trend is detected for the various applied initial DFTs, but more accurate

predictions are usually obtained for higher values (e.g. "High DFT"). This aspect is em-

phasised in Figure 8.11 and it is the result of the optimisation process carried out on the

thermal conductivity of the intumescent coating. The error throughout the whole problem
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Figure 8.8: Comparison between the experimentally-measured coating surface and steel temperatures and

the ones predicted using the described heat transfer model (10 and 25 kW/m2).

is minimised and it has been balanced between over-predicted cases (positive RMSE) and

under-predicted cases (negative RMSE). However, within the structural fire safety engin-

eering practice, an under-estimation of the steel temperatures may imply a potential failure

on the unsafe side. Optimisation processes for the definition of the thermal conductivity of
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Figure 8.9: Comparison between the experimentally-measured coating surface and steel temperatures and

the ones predicted using the described heat transfer model (40 and 50 kW/m2).

the intumescent coating, similar to the on presented herein, could be implemented in or-

der to consistently predict the steel temperatures on the safe side (over-prediction, positive

RMSE). For instance, this process was repeated for a value of thermal conductivity equal to

0.20 W/mK and the model deviations are reported in Figure 8.12.
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Figure 8.10: Comparison between the experimentally-measured coating surface and steel temperatures and

the ones predicted using the described heat transfer model (70 and 90 kW/m2).

Figure 8.8, Figure 8.9 and Figure 8.10 also compare the temperature evolution at the coating

surface. The general trend is captured, but the surface temperatures are generally under-

estimated. This could be related to different aspects. The first reason could be related

to oxidation taking place at the coating surface in the oxygen-rich environment of the H-
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Figure 8.11: Root-Mean-Square Error (RMSE) for

different constant incident heat fluxes and applied

initial DFTs (λc = 0.16 W/mK).

Figure 8.12: Root-Mean-Square Error (RMSE) for

different constant incident heat fluxes and applied

initial DFTs (λc = 0.20 W/mK).

TRIS test method. The TGA experiments presented in Section 4.3.1 underlined how, in the

presence of oxygen and for temperatures above 550°C, the intumescent coating undergoes

oxidation reactions. Since the proposed model does not consider any oxidation process,

the surface temperature may be under-estimated. Another reason could be related to the

accuracy of the imposed thermal boundary conditions: the constant incident heat flux at

the sample surface was applied with an accuracy of ± 10%. Finally, the predicted surface

temperature and the surface temperature measured using the IR camera strongly rely on a

correct definition of the surface properties of the intumescent coating, especially absorptivity

and emissivity. These parameters control the net heat flux received by the test samples by

defining the absorbed heat by the intumescent coating and the radiation losses at the coating

surface. However, as shown in Figure 8.6, absorptivity and emissivity have a minor influence

in the calculation of the protected steel temperatures. The current model employs a constant

average value, independent of the material temperature and the radiation wavelength: this

assumption may be another potential cause of deviation between the experimental and the

modelled cases. Moreover, due to its quasi steady-state nature, the proposed model poorly

predicts the initial transient phase of the heat transfer problem: this aspect is more obvious

for low heat fluxes, while for high heat fluxes is less evident.

In general, the heat transfer model is capable of describing the heat transfer within the swell-

ing intumescent coating because it is able to restrict the problem by defining the two edges
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of the thermal gradient. As already discussed, the thermal gradient within the intumescent

coating is mainly governed by the swelled coating thickness and the thermal boundary con-

ditions at the coating surface. The surface coating temperature depends on the heating

conditions and the coating swelling results in stretching the thermal gradient between the

steel substrate and the coating surface. It is noteworthy that the application of the numerical

model to the case of 10 kW/m2, along with all the cases that do not trigger the swelling of

the intumescent coating, loses significance. In these cases, the heat transfer problem is

primarily transient and other models as the one presented for prior to swelling represent a

preferable option.

8.4.2 In-depth temperature profiles

Using the experimental measurements and adopting the described heat transfer model, it

is also possible to investigate the evolution of the in-depth temperature profiles within the

swelling coating during the thermal exposure. Figure 8.13 reports the comparison between

the experimentally-measured and predicted in-depth temperature profiles. For neatness of

graphical visualisation, three instants during the thermal exposure were selected and plot-

ted: 10, 30 and 60 minutes. Furthermore, the graphs only report the average in-depth

temperature profile, evaluated between different experimental repetitions: all the different

temperature curves are available in Appendix A. In Figure 8.13, the accuracy of each exper-

imental measurement was provided using error bars at the last data point (coating surface).

The horizontal error bars represent the accuracy of the location of the in-depth thermocouple

and the evaluation of the swelled thickness of the intumescent coating (± 2 mm). On the

contrary, the vertical error bars represent the accuracy of the surface coating temperature

and the maximum temperature discrepancy between different experimental repetitions. The

case of "Medium DFT" was chosen as example: similar conclusions can be drawn from

different initial applied DFTs.

The first significant characteristic of the in-depth temperature profiles obtained from the nu-

merical model is their linearity. Common heat transfer problems of insulation materials (high

Biot number) with well-defined thermal properties and constant geometrical dimensions (e.g.

thickness) are usually constituted by a transient phase and a steady-state phase [5]. At

the beginning of any thermal exposure, the transient phase is generally characterised by
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Figure 8.13: Comparison between the experimentally-measured in-depth temperature profiles (steel and

coating) and the ones predicted using the described heat transfer model at different instants during the

heating exposure ("Medium DFT").

a curved in-depth thermal profile due to transient phenomena (e.g. heat capacitance vs.

thermal conduction) occurring within the insulation material. Successively, the in-depth tem-

perature profile gradually tends to equilibrium, characterised by a linear gradient according
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to the thermo-physical properties and the thermal boundary conditions of the insulation ma-

terial. However, based on the assumptions and the definition of the heat transfer problem,

this case is essentially different. As highlighted in the definition of the coating properties,

within the current study the modelling of swelling intumescent coatings becomes a physical

problem, mainly driven by the definition of the swelled coating thickness. The heat trans-

fer problem is actually quasi steady-state due to the highly-insulating material properties,

the applied constant incident heat flux and the relatively-high swelling rate, compared to the

penetration speed of the heat wave within the intumescent coating. Following these assump-

tions, the duration of the transient phase is minimal and a quasi steady-state linear thermal

gradient within the intumescent coating is obtained based on its swelled thickness.

The plots in Figure 8.13 underline this discrepancy between the experimentally-measured

and predicted in-depth temperature profiles. The difference is foreseeably more significant

in the first part of the thermal exposure (e.g. 10 min) and for lower constant incident heat

fluxes (e.g. 25 kW/m2): the cases in which transient phenomena are more relevant. Despite

the shape, the thermal gradient within the intumescent coating is generally captured: this

is the direct consequence of a good prediction of the temperature evolutions at the coating

surface and steel substrate.

In addition, it is important to stress the fact the in-depth temperatures obtained using K-

type thermocouples are subjected to significant errors because of the measurement char-

acteristics. Several researchers have highlighted how the in-depth measurements within

a low-conductivity material may be significantly affected by the measuring methodology.

In particular, the relatively-big size of the used K-type thermocouples (1.5 mm diameter),

the positioning of the in-depth thermocouples in parallel to the main direction of the heat

transfer (from the rear of test samples) and the possible creation of an air-gap around the

thermocouple head may have introduced considerable errors to the in-depth temperature

measurements [9-11]. The magnitude of the error is difficult to quantify, but it is important to

acknowledge it for different applications or future studies.

Another important point regarding the evolution of the in-depth temperature profiles is the

presence of in-depth oxidation within the swelling intumescent coating. This aspect can be

noticed in the experimentally-measured thermal profile for 90 kW/m2, especially for the 30

minutes instant (Figure 8.13), and the evolution of the in-depth temperatures for high heat
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fluxes (reported in Appendix A). As already discussed, the adopted heat transfer model

disregards this phenomenon due to its high complexity and this topic is outside the scope of

this research study.

8.4.3 Sensitivity and uncertainty analysis

After checking the modelling results with respect to the surface and steel temperatures and

the in-depth thermal profiles, the accuracy of the numerical model was verified through a

sensitivity analysis with respect to some key governing factors embedded in the model as-

sumptions and simplifications. As discussed in Section 8.3.2 and shown in Figure 8.6, the

density, the specific heat capacity and the absorptivity/emissivity of the intumescent coating

have a minor influence on the accuracy of the heat transfer model, while the thermal con-

ductivity plays a key role in the problem. The model discrepancy and convergence in regards

to the thermal conductivity have been already confronted in Section 8.3.2. The sensitivity

analysis presented herein investigates the influence of the accurate definition of certain key

parameters on the modelling results. In particular, this analysis focuses on the implications

of the accuracy of the constant incident heat flux, the initial applied dry film thickness and

the adopted empirical correlation for the calculation of the swelling rate of the intumescent

coating. The heating conditions of a constant incident heat flux of 50 kW/m2 and an applied

initial thickness "Medium DFT" were chosen as exemplar case.

The first sensitivity parameter is the incident heat flux. The section describing the exper-

imental setup based on the radiant exposure of the H-TRIS test method reports that the

distribution of the incident heat flux on the sample surface had an accuracy and of ± 10%:

in the case of 50 kW/m2, an accuracy of ± 5 kW/m2. Within the heat transfer model, the

incident heat flux has a key role in the definition of the heating conditions and the prediction

of the swelling rate of the intumescent coating during the thermal exposure. Figure 8.14

shows how the evolution of the swelled coating thickness slightly changes, but the resulting

steel temperatures are practically identical. As a conclusion, the numerical model appears

to be robust with respect to the incident heat flux.

The second sensitivity parameters is the applied initial Dry Film Thickness (DFT). In the H-

TRIS experiments, the coated steel plated were categorised into three DFT groups ("Low

DFT", "Medium DFT" and "High DFT") with an accuracy of ± 0.20 mm. In the case of
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Figure 8.14: Sensitivity analysis with respect to the incident heat flux (50 kW/m2, "Medium DFT").

"Medium DFT" (1.80 mm), the average DFT of the test samples was included in the range

between 1.60 mm and 2.00 mm. Within the heat transfer model, the initial thickness has a

key role in the determination of the maximum swelled thickness that the intumescent coating

can achieve during the thermal exposure. Figure 8.15 shows how the maximum swelled

coating thickness sightly changes, but the resulting steel temperatures are very similar. As a

conclusion, the numerical model appears to be robust with respect to the applied initial DFT.

Figure 8.15: Sensitivity analysis with respect to the applied initial DFT (50 kW/m2, "Medium DFT").

The third and final sensitivity parameters is the swelling rate of the intumescent coating

and, in particular, the empirical correlation defined based on Figure 8.4 and Equation 8.4

which evaluates the coating swelling rate based on the external incident heat flux. However,

within the same heating conditions, the experimental values were included between an upper

and lower bound. In the case of 50 kW/m2, Equation 8.4 estimates a coating swelling rate
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equal to 0.82 mm/min. However, throughout all the experimental repetitions, this value was

included between 0.78 mm/min (lower bound) and 0.96 mm/min (upper bound). Figure 8.16

shows how the modelling results are influenced by the definition of the coating swelling

rate. The evolution of the swelled coating thickness slightly changes, but the resulting steel

temperatures are affected as well. As a conclusion, the sensitivity analysis underlined how

the heat transfer model is particularly sensitive to the coating swelling rate and it requires a

careful definition of it.

Figure 8.16: Sensitivity analysis with respect to the swelling rate (50 kW/m2, "Medium DFT").

In order to obtain a better understanding of the influence of these parameters on the heat

transfer problem, the sensitivity analysis with respect to the incident heat flux, the applied

initial DFT and the swelling rate of the intumescent coating was extended for all the dif-

ferent experimental heating conditions. Figure 8.17 offers an overview on how the model

convergence is affected by the three parameters. The plots confirm that the accuracy of the

constant incident heat flux (± 10%) and the the applied initial DFT (± 0.20 mm) has a minor

effect. On the contrary, Figure 8.17 underlines how the heat transfer model is especially

sensitive to the coating swelling rate: the discrepancy increases for higher incident heat

fluxes, where a bigger scattering of the experimental swelling rates was registered (refer to

Figure 8.4). As a conclusion, the sensitivity analysis stresses the importance of carefully

predicting the swelling rate and swelled coating thickness, which are the main governing

factors of the effectiveness of thin intumescent coatings.
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Figure 8.17: Sensitivity analysis with respect to the incident heat flux, the applied initial DFT and the swelling

rate of the intumescent coating for different constant incident heat fluxes ("Medium DFT").

8.5 External validation of the heat transfer model for dif-

ferent time-histories of incident heat flux

The proposed heat transfer model has been formulated based on experiments involving

coated steel plates exposed to different levels of constant incident radiant heat fluxes using

the Heat-Transfer Rate Inducing System (H-TRIS) test method. Subsequently, a new set of

experiments based on different time-histories of incident heat flux was carried out in order

to extend the knowledge related to the performance of intumescent coatings under non-

standard heating conditions and validate the applicability of the proposed model.
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8.5.1 Experimental methodology, test samples and description of the

experiments

Similarly to the previous experimental campaign described in Section 6.2, steel plates were

prepared and coated with the same commercially available solvent-based thin intumescent

coating following the procedure explained in Chapter 3. The test samples were selected to

have a mean applied DFT in the range 1.80 ± 0.20 mm and be part of the "Medium DFT"

group. In accordance with the Heat-Transfer Rate Inducing System (H-TRIS) test method,

individual coated test samples were exposed to different time-histories of incident radiant

heat flux for 60 minutes as shown in Figure 8.18. The heating conditions were characterised

by different linear-increasing time-histories of incident heat flux. Particularly, in the first 30

minutes, the rate of heat flux rise was 3.000, 0.917, 1.833 and 0.667 kW/m2min for "Linear

1", "Linear 2", "Linear 3" and "Linear 4", respectively. The heating conditions were chosen

in order to expose the intumescent coating to various ranges of temperature and heating

rate, essentially different from the ones imposed by the constant incident heat fluxes. The

same sample holder and instrumentations as in the experiments described in Section 6.2

were used.

Figure 8.18: Time-histories of linear-increasing incident heat flux.
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8.5.2 Experimental results

As analogously presented in Section 6.3, the evolutions of the average steel temperatures

and the swelled coating thickness during the thermal exposure for different heating condi-

tions are shown in Figure 8.19: as in previous chapters, the same colour collects all the

experiments with the same heating conditions, while continuous and dashed lines report

single experimental repetitions.

The H-TRIS test method and the designed experimental setup offered great repeatability

between experiments and, in general, similar conclusions to the one discussed in Chapter 6

can be drawn. For instance, the experiments confirmed that during continuous swelling the

steel plates tended to the similar temperature range included between 300 and 350°C. Only

in the case of "Linear 1", the intumescent coating completed the swelling process after about

45 minutes of thermal exposure and then the steel temperature increased above 350°C.

The experiments confirmed that different heating conditions cause different swelling rates

and swelled coating thicknesses. In particular, thicker coating thicknesses were registered

for higher heat fluxes and generally for a higher amount of thermal energy provided to the

reactive coating: pictures of typical porous chars developed by the intumescent coating at

the end of the heating exposure can be found in Appendix B. In some experiments, due

to the low heat fluxes in the first part of the thermal exposure, the onset of swelling was

significantly delayed and only happened for incident heat fluxes about or above 20 kW/m2.

Figure 8.19: Comparison of the evolution of the coated steel temperatures and the swelled coating thickness

for different linear-increasing incident heat fluxes (experimental, "Medium DFT").
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Figure 8.20: Envelopes of the temperature evolution at the coating surface for different linear-increasing

incident heat fluxes (experimental, "Medium DFT").

The evolution of the surface coating temperature was analysed in an equivalent way to the

one presented in Section 6.3.2. Figure 8.20 reports the envelopes of the measured temper-

atures for all the experiments carries out under linear-increasing time-histories of incident

heat flux: all the different temperature curves are available in Appendix A. Since the thermal

surface conditions were mostly changing during the heating exposure, the coating surface

reached quasi-constant temperatures only in a few cases ("Linear 1" and "Linear 2") and

each heating condition produced unique temperature curves. Similar outcomes to ones

presented in Section 6.3.2 can be also inferred, as well as similar conclusions to Section

6.3.3 can be drawn in regards the evolution of the in-depth temperature profiles: all the

different temperatures curves are available in Appendix A.

8.5.3 Modelling results and validation

Similarly to Section 8.4.1, the numerical model was implemented in order to solve the heat

transfer problem for the experimental cases involving linear-increasing time-histories of in-

cident heat flux, adopting the same assumptions and material properties. Figure 8.21 shows

the modelling results for the four different heating conditions. In particular, the reported plots

compare the evolution of the experimentally-measured coating surface and steel temperat-

ures to the ones predicted using the described heat transfer model. Besides, the evolution

of the swelled coating thickness is also compared: experimentally-measured against the
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modelling curves obtained using the empirical correlations described in Section 8.3.2.
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Figure 8.21: Comparison between the experimental and predicted coating surface and steel temperatures

and swelled coating thicknesses for different linear-increasing incident heat fluxes ("Medium DFT").

The presented modelling results highlight that, under heating conditions different to a con-

stant incident heat flux, the numerical model is able to predict the thermal and physical

behaviour of the intumescent coating in broad terms because only the general trends of the

steel and coating surface temperatures are captured. Similar to the previous cases, the sur-

face temperature at the coating surface is generally under-predicted due to analogous reas-

ons explained in Section 8.4.1. However, the steel temperatures are always over-predicted,

most likely due to the under-prediction of the swelled coating thickness. This is a direct

consequence of the transient nature of the heating conditions based on linear-increasing

incident heat fluxes. As previously discussed, the heat transfer model was conceived and

validated based on constant incident heat fluxes. Consequently, the numerical model is more

accurate for steady-state or quasi steady-state conditions. These are the cases in which the

Biot number of the intumescent coating is high (Bi � 10): the swelled coating is thermally

thick and it has reached its maximum temperature in equilibrium with the external sources of

heat. This behaviour is more evident for high constant heat fluxes (shorter transient phase).

On the other hand, the numerical model has limitations for thermal conditions involving tran-

sient phenomena. These are the cases in which the Biot number of the intumescent coating

is low (Bi� 1): the swelled coating is thin (no relevant swelling) and this behaviour is more

relevant for low constant heat fluxes (longer transient phase) or time-varying heat fluxes [12-

13]. Consequently, due to transiently-varying nature of linear-increasing heat flux expos-

ures, the model is not able to capture the behaviour of the intumescent coating, in particular
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the coating swelling based on the proposed empirical correlations. This issue introduces

a "delay" in the evolution of the swelled coating thickness: this can be noticed in Figure

8.21 where the experimental and predicted slopes of the swelled coating thickness curves

are significantly different. However, in the periods of constant incident heat flux (second 30

minutes in the "Linear 1" and "Linear 2" exposures), the swelling rate is well predicted, but

the model suffers the error introduced during the transient phase. These outcomes underline

the model limitations and point out the aspects in which the model requires improvements.

Figure 8.22: Comparison between the experimentally-measured coating surface and steel temperatures and

the ones predicted using the described heat transfer model with experimental swelled coating thicknesses for

different linear-increasing incident heat fluxes ("Medium DFT").

Since the heat transfer problem is mainly governed by the swelling of the intumescent coat-

ing, the first way to improve the numerical model is by increasing the prediction accuracy of

the swelled coating thickness. For example, Figure 8.22 reports the modelling results ob-

tained using the experimentally-measured swelled coating thicknesses instead of using the
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empirical correlations. The resulting coating surface temperatures are unchanged, but the

evolution of the steel temperatures underwent a significant improvement. In particular, sim-

ilar conclusions to the one presented in Section 8.4.1 can be drawn: adopting the defined

thermal conductivity, the steel temperatures are under-predicted for high heat fluxes and

over-predicted for low heat fluxes. Also in this case, the optimisation of the thermal conduct-

ivity value can be carried out in order to improve the results based on the analysis goals.

Nevertheless, within the proposed heat transfer model, these outcomes confirm again the

key importance of predicting the swelling process of the intumescent coating and the result-

ing swelled coating thickness.

8.6 Analysis and discussion

Applications and benefits of the model

In a world moving towards performance-based engineering solutions, the current study pro-

poses a comprehensive heat transfer model for simulating the complex behaviour of thin

intumescent coatings under a range of different potential conditions, in terms of heating con-

ditions, applied initial thickness and substrate characteristics. In particular, the experimental

studies have produced an explicit understanding about how different factors may influence

the effectiveness of thin intumescent coatings thought a detailed characterisation of their

thermal and physical response. The numerical model represents an engineering tool able

to predict the temperature evolution within swelling intumescent coatings and it can be em-

ployed in order to investigate the temperature evolution within protected structural elements

and the effects of material degradation, thermally-induced forces and displacements in com-

plex structural systems. In addition, the research project has highlighted which aspects have

a key role in the effectiveness of thin intumescent coatings and shall be considered for a rig-

orous and systematic design process. The heat transfer model, based on energy-balance

equations and fundamental physical principles, can be potentially extended to many applica-

tions and adapted to be implemented in the main commercial finite-difference software (e.g.

ABAQUS and SAFIR16). For examples, the material properties of the intumescent coating

can be defined as in Section 8.3.2 and the coating swelling can be simulated using a coef-

ficient of thermal expansion dependent on the heating conditions (e.g. incident-heat-flux
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dependent).

Model shortcomings

The proposed heat transfer model carries a series of assumptions, simplifications and limita-

tions based on the performed experimental studies and the model formulation. For instance,

the numerical model was validated for a range of constant incident heat fluxes (10-90 kW/m2)

and applied initial DFTs (0.90 - 3.10 mm) and it would be interesting to investigate if the out-

comes presented in this research can be extended to wider ranges. Moreover, the heat

transfer model was formulated in accordance with the adopted experimental methodology,

the Heat-Transfer Rate Inducing System (H-TRIS) test method. This allowed for accurate

and direct control of the thermal boundary conditions imposed on test samples with high re-

peatability and low costs, but enforced one-dimensional heat transfer in a oxygen-rich envir-

onment, introducing additional simplifications and opening further research questions. For

instance, additional experimental studies could have clarified the influence of oxygen and

coating oxidation on the behaviour of thin intumescent coatings. In addition, the presented

experimental investigations focused on one-dimensional heat transfer for coated samples

and the research outcomes should be extended to real-scale coated structural elements,

such as protected steel sections, in order to include large-scale effects (e.g. crack forma-

tion).

The tested thin intumescent coating as exemplar

Considering the wide variety of products available in the market, the experimental and mod-

elling outcomes presented herein may change for different intumescent coatings. Within this

research study, a solvent-based thin intumescent coating was chosen as product exemplar.

Unfortunately, the commercial name and the specific components of the tested intumescent

coating cannot be disclosed due to proprietary reasons, but it is important to underline the

fundamental nature of this research. This research provides an essential assessment pro-

cedure applicable to any coating and the results are therefore useful examples of the key

information that can be extracted. In that sense, this research study should remain product-

independent and the specific coating just an example of application.

Nevertheless, Chapter 4 has presented the material characterisation of the tested intumes-
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cent coating through various experimental methodologies, especially Thermo-Gravimetric

Analysis (TGA) and Differential Scanning Calorimetry (DSC). These results uniquely identify

the characteristics of the intumescent formulation by defining the chemical reactions and

thermal decomposition processes that the material experiences at different temperatures

and under different heating regimes. The results obtained by the material characterisation

constitute a unique fingerprint against which other products can be compared. For example,

the available literature offers a vast amount of TGA data to compare different intumescent

products [14-33]. In particular, according to the extended literature review and the mater-

ial characterisation, the behaviour of the tested intumescent coating was defined as "typ-

ical" because its composition was found alike the most common intumescent formulation

based on the combination of ammonium polyphosphate (APP) as carbonisation catalyst,

pentaerythritol (PER) as carbonisation agent, melamine (MEL) as blowing agent and acrylic

resin as carbonic agent and binder. For example, in these formulations the intumescent

swelling reaction typically occurs at temperatures between 300 and 400°C and the main

reactions can be considered completed above 400-450°C.

No doubt, extensive experimental and modelling campaigns should be performed on differ-

ent commercially available products and formulations in order to comprehend if the presen-

ted research outcomes can be generalised. This understanding will increase the knowledge

of the behaviour and effectiveness of intumescent coatings and enable the definition of sys-

tematic testing methodologies and performance-based engineering solutions for the fire-safe

design of structures protected with intumescent coatings.

Future model improvements

The heat transfer model can be certainly improved under different aspects. As shown in

Section 8.5, the heat transfer model requires improvements for the prediction of transient

phases and phenomena. Furthermore, the empirical correlations proposed for the evalu-

ation of the coating swelling rate and the resulting swelled coating thickness were based

on heating conditions of constant incident heat fluxes: quasi-constant swelling rates were

registered, most likely as a result of quasi-constant net heat fluxed provided to the swelling

reaction. Accordingly, it should be possible to correlate the swelling process of thin intu-

mescent coatings (e.g. swelling rate ḋc) to more fundamental parameters. An example is
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the net heat flux received by the virgin coating (q̇′′
net), which is located in the proximity to

the substrate-coating interface and sustains the swelling reaction. As shown in Figure 8.23,

the virgin coating can act as control volume and a detailed heat transfer model may be able

to evaluate the heat flux that penetrates the swelled porous char and reaches the swelling

material, and the heat flux that dissipates at the substrate based on its thermal conditions.

This concept can be expressed as:

ḋc = f
(
ṁ

′′) ⇒ ṁ
′′ = C

q̇
′′
net

∆Hr

= C
q̇

′′
in − q̇

′′
back

∆Hr

(8.13)

where ḋc is the coating swelling rate [mm/min], ṁ′′ is the mass reaction rate [kg/sm2], C is

a constant [-], q̇′′
net is the net heat flux into the swelling reaction [kW/m2], ∆Hr is the heat

of reaction [J/kg], q̇′′
in is the total heat flux into the swelling reaction [kW/m2] and q̇

′′
back is the

total heat flux leaving the swelling reaction [kW/m2]. However, due to the complex nature of

the behaviour of intumescent coatings, the presented heat transfer model was formulated

with several assumptions and simplifications: it effectively predicts the coating and substrate

temperatures, but it is not able to accurately describe the thermal and physical phenomena

in detail and estimate q̇′′
net.

Figure 8.23: Schematisation of the swelling mechanism of thin intumescent coatings based on the concept of

net heat flux received by the virgin coating.

The literature review also underlined that the substrate thermal conditions play a key role in

the performance of thin intumescent coatings. In the case of steel structures, this aspect is
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usually associated with the steel section factor Ap/V and it quantifies how rapidly the steel

substrate increases its temperature, based on the evaluation of received heat (i.e. exposed

surface area) and the steel thermal mass (i.e. volume). In this case, it is assumed that the

steel element has no heat losses and all the heat is associated with the temperature rise of

the steel thermal mass. A similar concept can be applied to other substrate materials, such

as timber, by evaluating the heat received by the substrate (q̇′′
in) and the substrate thermal

losses (q̇′′
back). This topic was investigated in Chapter 7 and extensively explained in Section

7.6. The experimental outcomes evidenced how the substrate thermal conditions govern

the swelling of thin intumescent coatings, thus their effectiveness in protecting load-bearing

structural elements. However, due to the high complexity, this aspect was not included in the

heat transfer model, but it is discussed herein according to Figure 8.24 and Figure 8.25.

Figure 8.24: Influence of the constant incident heat

flux on the swelling rate of the intumescent coating,

under the same substrate thermal conditions (ISP:

insulated steel plate).

Figure 8.25: Influence of the substrate thermal

conditions on the swelling rate of the intumescent

coating, under the same constant incident heat flux

(50 kW/m2).

The two plots, obtained elaborating Figure 6.10 and Figure 7.13 respectively, highlight how

the swelling rate of the intumescent coating is affected by the incident heat flux at the ex-

posed surface of test samples (q̇′′
inc) and the substrate thermal conditions at the unexposed

surface (q̇′′
back). The incident heat flux at the exposed surface controls the amount of heat

that penetrates through the intumescent porous char and reaches the reacting virgin coat-

ing. On the other hand, the substrate thermal conditions control the capacity of the substrate

to concentrate or dissipate heat in the proximity of the reacting virgin coating. Consequently,
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these two parameters control the temperature evolution of the reacting virgin coating and

they govern the swelling process of the intumescent coating. Unfortunately, within the scope

of this research project, the extreme complexity of the heat transfer problem does not allow

for the quantification of the net heat flux received by the reacting virgin coating (q̇′′
net) and this

topic is analysed only in a qualitative manner. The problem is characterised by many uncer-

tainties and unknown variables that complicate the problem and prevent any experimental

validation. However, the current research have emphasised the importance of considering

both the thermal boundary conditions at the exposed surface and at the protected substrate

for a robust performance-based design of thin intumescent coatings.

Design principles for thin intumescent coatings

This study aims at contributing to build the principles for developing engineering methods for

the performance-based design of structural elements protected with thin intumescent coat-

ings, taking into account their effectiveness for a wide range of potential conditions (e.g.

fire scenarios, applied initial DFT...). In particular, the current research have shown how

the effectiveness of thin intumescent coatings is mainly governed by the coating swelling

process and the resulting swelled coating thickness. This concept should be always taken

into account for the definition of any design practice and the proposition of any testing en-

vironment. Any approach and methodology aimed at assessing the performance of thin

intumescent coatings should focus on the evolution of the swelled coating thickness as ex-

plicit quantification of their effectiveness. In particular, a rigorous and systematic testing

and design methodology should consider the conditions that promote the swelling of intu-

mescenti coating and the conditions in which the reactive coating is ineffective. Theoretical

or empirical correlations may be formulated in order to simulate the swelling process. In

addition, based on the research outcomes of this study, the same methodologies should

concentrate in carefully measuring the temperature evolution of the substrate material and

defining/controlling the thermal conditions at the coating boundaries: for example, the sur-

face conditions in terms of an incident heat flux and the substrate conditions in terms of

thermal mass, heat losses or the thermo-physical properties of the coated substrate. Due to

the extreme difficulty and the limited influence of the thermal and physical properties of the

intumescent porous char, minor effort should be made to measure the in-depth temperature
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profiles within swelling intumescent coatings. The research study has demonstrated how

the thermal gradient is mainly controlled by the thermal conditions at the coating boundaries

and the swelled coating thickness.

Within this research study, the experimental setup based on the Heat-Transfer Rate Inducing

System (H-TRIS) test method offered considerable advantages to investigate the effective-

ness of thin intumescent coatings. The H-TRIS open environment allowed for the real-time

measurement of the swelled coating thickness and this enabled the continuous and direct

control of the thermal boundary conditions at the exposed surface of the intumescent coat-

ing during the whole thermal experiment. In addition, the experimental results obtained by

adopting the H-TRIS test method reported high reliability and repeatability between experi-

ments at low economic and temporal costs compared to conventional furnace fire testing.

After carefully understanding the swelling process under different thermal (e.g. heating or

substrate) and physical (e.g. initial thickness) conditions, more research should focus on

other aspects that govern the performance of thin intumescent coatings. For example, ex-

perimental studies may investigate the stickability of the intumescent coating to the protec-

ted substrate, the mechanical strength of the intumescent porous char, the degradation and

cracking of the intumescent porous char at elevated temperatures, or the performance of

thin intumescent coatings exposed to degrading agents such as weathering and temperat-

ure fluctuations.

8.7 Conclusions

The heat transfer model presented herein aims at simulating the thermal and physical be-

haviour of thin intumescent coatings under thermal exposure for a wide range of potential

conditions, in terms of heating exposure and applied initial coating thickness. The model

solves the one-dimensional heat conduction problem by resolving energy-balanced equa-

tions using the finite-difference Crank-Nicolson method. The heat transfer model was formu-

lated according to the experimental outcomes obtained by testing steel plates coated with

a commercially available solvent-based thin intumescent coatings using the Heat-Transfer

Inducing System (H-TRIS) test method. Accordingly, the swelling of the intumescent coat-

ing was implemented by adding finite elements in the proximity of the substrate-coating
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interface, where the swelling process takes place and insulates the protected substrate by

displacing the already-swelled coating char towards the direction of the heat source. The

intumescent coating was modelled as swelled porous char with constant material properties

obtained from complementary studies using standard experimental methodologies (TPS,

LFA and ISS). Empirical correlations based on the influence of the heating conditions and

the applied initial coating thickness were introduced to predict the evolution of the swelled

coating thickness during the thermal exposure. Based on equivalent assumptions and sim-

plifications, a similar heat transfer model was formulated in order to simulate the temperature

increase of uncoated and coated samples prior to onset of swelling: for instance, the test

samples subjected to constant incident heat fluxes less severe than the critical one for onset

of swelling (10 kW/m2).

From the results obtained from the heat transfer model, the following concluding remarks

can be drawn:

• The insulating performance and effectiveness of thin intumescent coatings are mainly

governed by the swelling process and ability of developing swelled porous char. Sensit-

ivity analyses underlined how the heat transfer becomes a physical problem: the model

accuracy is primarily dependent on the correct prediction of the coating swelling rate

and the evolution of the swelled coating thickness during the thermal exposure. On

the contrary, the thermal and physical properties of the swelled coating char affect the

heat transfer model in a limited manner.

• The heat transfer model is capable of characterising the heat transfer through swelling

intumescent coatings, especially by predicting the evolution of coating surface and

steel temperatures. The prediction accuracy varied for different cases and the thermal

conductivity of the intumescent coating was turned into an effective parameter in order

to adjust the error between the model and the experiments. When the discrepancy is

minimised, the surface temperatures are under-estimated, while the steel temperatures

are over-estimated for low heat fluxes and under-estimated for high heat fluxes.

• Based on the model assumptions and simplifications, the formulated model defined a

quasi steady-state thermal problem: the swelled coating achieves a quasi-steady sur-

face temperature in equilibrium with external heat source due to its high Biot number.
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The heating conditions based on constant incident heat fluxes, the material properties

of the intumescent coating characterised by low thermal conductivity (high Biot num-

ber) and the relatively-high swelling rate compared to the penetration speed of the heat

wave within the swelling coating reduced the impact of transient states and transient

phenomena. Consequently, the model solves steady-state heat transfer problems and

loses accuracy for the cases driven by transient phenomena: phases before onset of

swelling (low Biot number), low heat fluxes (longer transient phase) and heating condi-

tions characterise by varying incident heat flux.

• The evolution of the in-depth temperature profiles tends to steady-state conditions and

they become linear: this aspect introduces additional error between the predicted and

experimental results. However, since the model is able to accurately simulate the sur-

face and steel temperatures, as well as the evolution of the swelled coating thickness,

the thermal gradient within the swelling intumescent coating is correctly predicted, des-

pite the profile shape and during transient phases.

After carefully understanding the swelling process under different thermal (e.g. heating or

substrate) and physical (e.g. initial thickness) conditions, more research should focus on

other aspects that govern the performance of thin intumescent coatings. For example, ex-

perimental studies may investigate the stickability of the intumescent coating to the protec-

ted substrate, the mechanical strength of the intumescent porous char, the degradation and

cracking of the intumescent porous char at elevated temperatures, or the performance of

thin intumescent coatings exposed to degrading agents such as weathering and temperat-

ure fluctuations.
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Chapter 9. Conclusions and recommendations for future research

9.1 Summary of the main conclusions

A number of conclusions can be drawn on the basis of the research studies presented and

discussed within this thesis. The key summary points and conclusions are highlighted below:

• An experimental methodology was proposed to analyse the effectiveness of intumes-

cent coatings through a detailed characterisation of their thermo-physical response.

In particular, the influences of different heating conditions (constant incident heat flux

10-90 kW/m2) and the applied initial thickness (dry film thickness 1-3 mm) were invest-

igated. Steel plates coated with a commercial solvent-based thin intumescent coating

were exposed to well-defined and highly-repeatable thermal conditions in accordance

with the Heat-Transfer Rate Inducing System (H-TRIS) test method. The experimental

setup was instrumented in order to gauge the thermo-physical response of the intu-

mescent coating during the heating exposure: the real-time swelled coating thickness,

the exposed surface temperature, the substrate temperature and the in-depth transient

temperature profile within the intumescent coating.

• The Thermo-Gravimetric Analysis (TGA) and Differental Scanning Calorimetry (DSC)

experiments were carried out in order to investigate the chemical reactions and thermal

decomposition processes occurring in the intumescent coatings at different temperat-

ures and under different heating regimes. It was found that the tested product has sim-

ilar characteristics to "typical" intumescent formulations (e.g. APP-PER-MEL systems):

the main thermal decomposition reactions occur at temperatures included between

200 and 400°C, including the swelling reaction which typically happens between 300

and 400°C.

• Experiments involving the Transient Plane Source (TPS) and the Laser Flash Ana-

lysis (LFA) equipment evaluated the physical and thermal properties of the intumes-

cent coating. Prior to onset of swelling, thermal conductivity, specific heat capacity

and density are only slightly influenced by temperature, but they drastically change for

swelled intumescent porous chars. On the other hand, the Integrating Sphere System

(ISS) enabled the evaluation of the optical surface properties: the average absorptiv-

ity and emissivity of the intumescent coating were found to be in the range 0.86-0.93,

216



Chapter 9. Conclusions and recommendations for future research

depending on the heating conditions.

• The onset of swelling for thin intumescent coatings represents a key feature for provid-

ing thermal insulation to the protected substrate and this research study showed how it

can defined based on the visual observation of swelled coating thickness and the tem-

perature evolution of the steel plate. According to these criteria, the tested intumescent

coating required a constant incident heat flux higher than 20-23 kW/m2 for initiating the

swelling process. Thresholds for the onset of swelling in terms of steel (100-250°C) and

mean coating temperatures (350-500°C) were derived and it was found that the onset

of swelling is directly influenced by the heating conditions and the applied initial coat-

ing thickness. A first simplified finite-difference heat transfer model was formulated and

validated in order to simulate the temperature increase of uncoated and coated steel

samples prior to onset of swelling (e.g. 10 kW/m2).

• The H-TRIS experiments evidenced how the swelling process and the resulting swelled

coating thickness govern the thermo-physical response of thin intumescent coatings,

thus their effectiveness. This explains why the substrate temperature and the swelling

process are closely related. The swelling reaction occurs at the virgin coating located

behind the swelled porous char and close to the interface between the applied coating

and the substrate material. The intumescent coating swells and insulates the protected

substrate by displacing the already-swelled coating towards the direction of the heat

source. In all the cases involving coated steel plates, during swelling, the steel temper-

ature asymptotically tended to a temperature range between 300 and 350°C. When the

coating completed its swelling process, the steel temperature increased above 350°C.

This aspect is supported by the TGA experiments: the intumescent swelling reaction

is typically completed for temperatures around 400°C.

• The heating conditions and the applied initial coating thickness differently influence

the swelling process of thin intumescent coatings, therefore their effectiveness. The

external incident heat flux at the coating surface governs the swelling rate, while the

applied initial coating thickness governs the maximum swelled thickness that the intu-

mescent coating can reach during the thermal exposure. Empirical correlations based

on these experimental outcomes were derived to predict the evolution of the swelled
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coating thickness during thermal exposure.

• The swelling and the effectiveness of thin intumescent coatings is also influenced by

the substrate thermal conditions. The physical and thermal properties of the substrate

controls the capacity of the system to concentrate or dissipate heat in the proximity of

the coating-substrate interface. Consequently, the substrate temperature controls the

swelling of intumescent coatings because it defines the temperature experienced by

the reacting virgin coating located in the proximity to the substrate-coating interface.

Accordingly, high swelling rates were recorded for insulating conditions (timber sub-

strate), while low swelling rates for conditions characterised by significant heat losses

(steel plate with water-cooled heat sink).

• Based on the experimental results, the finite-difference heat transfer model was expan-

ded to simulate the thermal and physical response of swelling intumescent coatings for

the tested ranges of constant incident heat flux and applied initial coating thickness.

The swelling of thin intumescent coatings was implemented by adding finite elements in

the proximity of the substrate-coating interface and the intumescent coating was mod-

elled as swelled porous char with constant material properties. The described model is

capable of generally describing the heat transfer through swelling intumescent coatings

by predicting the evolution of the coating surface and steel temperatures. The model

accuracy is primarily dependent on the correct prediction of the coating swelling rate

and the evolution of the swelled coating thickness: in this case, empirical correlations

were derived based on the experimental outcomes.

• The heating conditions based on constant incident heat fluxes, the highly-insulating

material properties of the intumescent coating and the relatively-high swelling rate

compared to the penetration speed of the heat wave within the swelling coating defined

a quasi steady-state thermal problem which minimised the impact of transient states

and transient phenomena. The model is mainly governed by the ability of the intumes-

cent coating to develop porous char and the coating material properties have limited

influence. Consequently, the model solves steady-state heat transfer problems (linear

thermal gradients) and loses accuracy for the cases driven by transient phenomena,

such as phases before onset of swelling and heating conditions characterise by varying
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incident heat flux.

9.2 Recommendations for future research

Although the knowledge related to thin intumescent coatings has been increased by the

research studies presented and discussed within this thesis, further research is required in

order to achieve a general understanding of behaviour of thin intumescent coatings for the

design of fire-safe structures. A number of recommendations to continue and extend the

research presented in this thesis are highlighted below:

• The presented experimental and modelling outcomes have been analysed and valid-

ated within certain ranges of the problem variables, which can be directly associated to

the definition of the experimental campaigns. For example, the experimental studies fo-

cused on a range of constant incident heat fluxes included between 10 and 90 kW/m2,

a range of applied initial Dry Film Thickness (DFT) included between 1 and 3 mm and

a range of substrate thermal conditions defined by the two extremes: timber substrate

and a 10mm-thick steel plate with a water-cooled heat sink. These ranges define the

boundaries of the experimental and modelling outcomes obtained within this thesis.

Future research should investigate if these results can be extended to wider ranges.

However, researchers should always consider reasonable ranges of applications: for

instance, the maximum and minimum applied initial Dry Film Thickness (DFT) of a cer-

tain product is usually prescribed by the manufacturer and fire safety engineers can

suggest the range of potential heating regimes that an intumescent coating may be

exposed in certain applications.

• This research project have highlighted how the swelling process and the ability of the

intumescent coating to develop thick swelled porous char govern their effectiveness.

As a consequence, any model aimed at simulating the response of intumescent coat-

ings is primarily dependent on a correct prediction of the coating swelling rate and the

evolution of the swelled coating thickness. The presented heat transfer model adopted

empirical correlations obtained from experiments under constant incident heat fluxes

and it was found that these outcomes can be poorly applied in different heating condi-

tions (e.g. time-histories of varying incident heat fluxes). Future research should focus
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on correlating the swelling process of thin intumescent coatings (e.g. swelling rate)

to more fundamental parameters: for instance, the neat heat flux through the swelled

porous char and received by the reacting virgin coating located in the proximity to

substrate-coating interface. In this improvement, the influence of the substrate thermal

conditions should also be included. This process would require a detailed and complex

heat transfer model: an initial theoretical attempt is presented at the end of Chapter 8.

If the problem becomes too complex and with too many uncertainties, fully-empirical

correlations can be derived as in this research study.

• This research has been proposed as fundamental study on a solvent-based thin in-

tumescent coating: it provides an essential assessment procedure applicable to any

coating and the results are therefore useful examples of the key outcomes that can

be extracted. Consequently, this research should remain product-independent and the

specific coating just an example chosen from the vast range of worldwide commercially

available products. However, in order to generalise the presented research outcomes,

extensive experimental and modelling campaigns should be performed on different

commercial products and formulations. The material characterisation of the intumes-

cent coating (particularly TGA and DSC) constitutes a unique fingerprint against which

other products can be compared. The available literature offers a vast amount of TGA

data to compare different intumescent products: this resource may be used as first

assessment criteria to understand if various intumescent coatings with similar material

characteristics follow a certain performance trend.

• The definition of the experimental setup based on the H-TRIS test method offered

several advantages compared to other experimental methodologies, but it did not con-

sider certain factors that might have affected the behaviour of thin intumescent coat-

ings and the research outcomes. The first aspect is the oxygen-rich environmental

of the H-TRIS test method: further research should focus on understanding the influ-

ence of oxygen and the coating oxidation on the swelling of thin intumescent coatings.

Moreover, the H-TRIS test method uses bench-scale test samples and simplifies the

heat transfer problem to one-dimension. Once the one-dimensional behaviour is com-

prehended, experimental studies should investigate the behaviour of real-scale coated
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structural elements, involving a multi-dimensional heat transfer. For example, the study

of coated steel columns or beams with a 3-sided or 4-sided thermal exposure may fa-

cilitate the understanding of large scale effects, such as the presence of edges, crack

formation, char detachment and coating melting/delamination.

• Many other aspects related to the performance of thin intumescent coatings are still not

fully understood and require further research. As an example, since the swelling and

the resulting swelled coating thickness has a key importance in the effectiveness of

thin intumescent coatings, researchers should investigate how their performance is af-

fected when the coating swelling is obstructed by the presence of a physical obstacles

or barriers. Another crucial aspect is related to the long-term durability of the reactive

coatings. Intumescent coatings suffer from solar radiation, moisture cycles, temperat-

ure fluctuations and atmospheric contaminants and their degradation should be taken

into account in the design of effective coatings throughout the entire life of structures.

Researchers should propose a methodology to quantify the "reactivity" of the degraded

intumescent coatings, compared to the virgin one. All the above-mentioned aspects

should be carefully investigated and analysed in order to achieve a fundamental un-

derstanding on how different factors may influence the effectiveness of intumescent

coatings and should be considered in performance-based design methodologies.
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Additional experimental results

This appendix collects all the additional experimental results (e.g. temporal evolution of steel,

in-depth and surface temperatures...) that, due to space restrictions, have been omitted from

the main body of the current document. The following experimental results are presented

for completeness. In the following graphs, as in the other plots presented in the current

document, the same colour collects all the experiments with the same heating conditions or

applied initial DFT, while continuous, dashed and dotted lines reports single experimental

repetitions.
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Steel and in-depth coating temperatures

Figure A.1: Comparison of measured steel and in-depth coating temperatures for different constant incident

heat fluxes ("Low DFT").
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Figure A.2: Comparison of measured steel and in-depth coating temperatures for different constant incident

heat fluxes ("Medium DFT").
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Figure A.3: Comparison of measured steel and in-depth coating temperatures for different constant incident

heat fluxes ("High DFT").
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Figure A.4: Comparison of measured steel and in-depth coating temperatures for different linear-increasing

incident heat fluxes ("Medium DFT").
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Coating surface temperatures (IR camera)

Figure A.5: Experimentally measured surface coating temperatures for different constant incident heat fluxes

(IR camera post-processing).
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Figure A.6: Experimentally measured surface coating temperatures for different linear-increasing incident

heat fluxes (IR camera post-processing).
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Coating porous chars pictures

50 kW/m2, "Low DFT" 50 kW/m2, "Medium DFT" 50 kW/m2, "High DFT"

70 kW/m2, "Low DFT" 70 kW/m2, "Medium DFT" 70 kW/m2, "High DFT"

90 kW/m2, "Low DFT" 90 kW/m2, "Medium DFT" 90 kW/m2, "High DFT"

Figure B.1: Comparison between typical porous chars (sections) developed by the intumescent coating at

the end of the thermal exposure for different constant incident heat fluxes and applied initial thickness.
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10 kW/m2, "Low DFT" 10 kW/m2, "Medium DFT" 10 kW/m2, "High DFT"

25 kW/m2, "Low DFT" 25 kW/m2, "Medium DFT" 25 kW/m2, "High DFT"

40 kW/m2, "Low DFT" 40 kW/m2, "Medium DFT" 40 kW/m2, "High DFT"

50 kW/m2, "Low DFT" 50 kW/m2, "Medium DFT" 50 kW/m2, "High DFT"

70 kW/m2, "Low DFT" 70 kW/m2, "Medium DFT" 70 kW/m2, "High DFT"

90 kW/m2, "Low DFT" 90 kW/m2, "Medium DFT" 90 kW/m2, "High DFT"

Figure B.2: Comparison between typical porous chars (whole) developed by the intumescent coating at the

end of the thermal exposure for different constant incident heat fluxes and applied initial thickness.
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50 kW/m2, ISP 50 kW/m2, HSC1

50 kW/m2, HSC2 50 kW/m2, HSC3

Figure B.3: Comparison between typical porous chars (sections) developed by the intumescent coating at

the end of the thermal exposure with different substrate thermal conditions ("Medium DFT").

50 kW/m2, ISP 50 kW/m2, HSC1

50 kW/m2, HSC2 50 kW/m2, HSC3

Figure B.4: Comparison between typical porous chars (whole) developed by the intumescent coating at the

end of the thermal exposure with different substrate thermal conditions ("Medium DFT").
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Linear 1 Linear 2

Linear 3 Linear 4

Figure B.5: Comparison between typical porous chars (whole) developed by the intumescent coating at the

end of the thermal exposure for different linear-increasing incident heat fluxes ("Medium DFT").
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Explicit heat transfer modelling

An explicit one-dimensional heat transfer model is formulated in order to simulate and un-

derstand the thermal conditions and the heat transfer within the tested materials (steel plate

only, intumescent coating only or coated steel plate). The model is based on the finite-

difference method developed by Emmons and Dusinberre and it explicitly solves the heat

conduction problem by resolving energy-balance equations in the main direction of the heat

flow [1,2].

Material discretisation

Single-layer material

The discretisation of a single-layer material of thickness L is based on N elements. All

the elements are represented by nodes. The interior elements have the node placed in

the element’s centre and they have a thickness of ∆x. On the other hand, the boundary

elements (surface element and end element) have the node placed at the element’s edge

and they have a thickness of ∆x/2. A schematic representation of the single-layer material

space domain discretisation is shown in Figure C.1.

Two-layers material

The discretisation of a two-layers material of thickness L1 + L2 is based on N elements.

All the elements are represented by nodes. The interior elements have the node placed in

the element’s centre and they have a thickness of ∆x. The interface element has the node

placed on the interface surface between the two different layers and it has a thickness of
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∆x. On the other hand, the boundary elements (surface element and end element) have the

node placed at the element’s edge and they have a thickness of ∆x/2. For simplicity, ∆x

is the same in both materials. A schematic representation of the two-layers material space

domain discretisation is shown in Figure C.2. The same approach considered for a two-

layers material can be extended to any composite material composed of different materials

and layers.

Figure C.1: Single-layer material space domain discretisation.

Figure C.2: Two-layers material space domain discretisation.

Thermal boundary conditions

The direction of the heat flow follows the increment of the element index j, which runs from 1

(surface element) toN (end element). The H-TRIS test method exposed the tested materials

to a incident heat flux q̇′′inc at the surface element. Also, it has heat flux losses q̇′′loss at the

surface elements due to radiation q̇′′rad and convection q̇′′conv with the surrounding environment.

Adiabatic conductions are assumed at the back face of the tested material. Figure C.3 shows

a schematic representation of the two-layers material space domain discretisation with the

thermal boundary conditions at the surface and end elements.
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Figure C.3: Two-layers material space domain discretisation with a schematic representation of the thermal

boundary conditions at the surface and end elements.

Heat transfer principles and fundamental laws

The heat transfer and the thermal boundary conditions are modelled using conventional

correlations available in the literature [3].

Conduction

Heat transfer through conduction is governed by Fourier’s law:

q̇′′cond = −λ∆T
∆x = −λTj+1 − Tj

L
(C.1)

where q̇′′conv is the conductive heat flux [W/m2], λ is the thermal conductivity [W/mK], Tj+1 is

the temperature of the node j + 1 [K], Tj is the temperature of the node j [K] and L is the

characteristic length [m].

Radiation

Heat transfer through radiation is governed by the Stefan-Boltzmann’s law:

q̇′′rad = F12εσ(T 4
surf − T 4

∞) (C.2)

where q̇′′rad is the radiative heat flux [W/m2], F12 is the view factor [-], ε is the emissivity [-], σ

is the Stefan-Boltzmann constant (5.67 · 10−8 W/m2K4), Tsurf is the surface temperature [K]

and T∞ is the ambient (fluid) temperature [K].
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Convection

Heat transfer through convection is governed by the Newton’s law of cooling:

q̇′′conv = hconv(Tsurf − T∞) (C.3)

where q̇′′conv is the convective heat flux [W/m2], hconv is the convective heat transfer coefficient

[W/m2K], Tsurf is the surface temperature [K] and T∞ is the ambient (fluid) temperature [K].

The convective heat transfer coefficient hconv is the key parameter that empirically estimates

the convection between a hot surface and a moving fluid. In the literature empirical correla-

tions are available for most engineering applications [3]. The most common form to calculate

the convective heat transfer coefficient hconv of a vertical plate can expressed as:

hconv = NuL λair
L

(C.4)

where NuL is the Nusselt number [-], λair is the air thermal conductivity [W/mK] and L is the

characteristic length of the geometry [m].

According to Churcill and Chu [4], the following correlations are suitable for evaluating the

Nusselt number NuL (convection vs. conduction heat transfer) in the most engineering

calculations:

NuL =


0.68 + 0.670Ra1/4

L

[1 + (0.492/Pr)9/16]4/9
if RaL ≤ 109

0.825 + 0.387Ra1/6
L

[1 + (0.492/Pr)9/16]8/27

2

if RaL ≥ 109
(C.5)

RaL = gβair(Tsurf − T∞)L3

νairαair
(C.6)

Pr = νair
αair

(C.7)

βair = 1
Tfilm

(C.8)

Tfilm = Tsurf + T∞
2 (C.9)

where RaL is the Rayleigh number [-] (conduction vs. convection heat transfer), Pr is the

Prandlt number [-] (momentum vs. thermal diffusivity), g is the gravitational acceleration
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(9.81 m/s2), νair is the air kinematic viscosity [m2/s], αair is the air thermal diffusivity [m2/s],

βair is the air volumetric thermal expansion coefficient [K−1, Tfilm is the film temperature [K]

and Tsurf is the surface temperature [K].

Using the temperature dependent tabulated values suggested by Incropera et al. [3], the

following Lagrangian polynomial approximations can be used to calculate the air thermal

conductivity λair, the air kinematic viscosity νair and the air thermal diffusivity αair.

λair =− 2.733 · 10−3 + 1.240 · 10−4 · Tf − 1.363 · 10−7 · T 2
f

+ 2.112 · 10−10 · T 3
f − 2.326 · 10−13 · T 4

f

+ 1.277 · 10−16 · T 5
f − 2.471 · 10−20 · T 6

f

(C.10)

νair =− 2.164 · 10−5 + 2.172 · 10−7 · Tf − 6.066 · 10−10 · T 2
f

+ 1.359 · 10−12 · T 3
f − 1.366 · 10−15 · T 4

f

+ 6.636 · 10−19 · T 5
f − 1.236 · 10−22 · T 6

f

(C.11)

αair =− 1.601 · 10−5 + 1.556 · 10−7 · Tf − 3.187 · 10−10 · T 2
f

+ 1.111 · 10−12 · T 3
f − 1.373 · 10−15 · T 4

f

+ 7.581 · 10−19 · T 5
f − 1.497 · 10−22 · T 6

f

(C.12)

Numerical stability

Explicit finite-element methods can be unconditionally stable, therefore they can diverge

from reaching a steady state solution if their stability is not ensured. A stability criterion has

to be introduced. According to Dusinberre [2] the time step of iteration must be lower than

the following limits:

∆t ≤ ρcp∆x2

2λ ∆t ≤ ρcp∆x2

2[htot∆x+ λ] (C.13)

where htot is the total heat transfer coefficient [W/m2K], which can be calculated as:

htot = σε(T 2
j + T 2

∞)(Tj + T∞) + hconv (C.14)

In case of a multi-layer heat transfer model, the values of ρ, cp, λ and htot have to be defined

in a way to obtain minimum values of ∆t.
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Derivation of governing equations (without heat source term)

Starting from energy-balance equations at each node, thus each element, the following for-

mulas can be derived to calculate the temperature evolution of each node (surface, middle,

interface and end) for each time step i.

Surface element

T i+1
1 = T i1 + 2∆t

ρcp∆x

[
αq̇′′inc − λ

T i1 − T i2
∆x − hconv(T i1 − T∞)− F12εσ(T i41 − T 4

∞)
]

(C.15)

Middle element

T i+1
j = T ij + λ∆t

ρcp∆x2

[
T ij−1 − 2T ij + T ij+1

]
(C.16)

End element

T i+1
n = T in + 2λ∆t

ρcp∆x2

[
T in−1 − T in

]
(C.17)

Interface element (multi-layer)

T i+1
j = T ij + ∆t

(ρ1cp1 + ρ2cp2)∆x2

[
λ1T

i
j−1 − (λ1 + λ2)T ij + λ2T

i
j+1

]
(C.18)

where T ij is the temperature of node j at time i [K], ∆t is the time step [sec], ρk is the density

of material k [kg/m3], cp,k is the specific heat capacity of material k [J/kgK], ∆x is the dis-

cretisation thickness [m], α: surface absorptivity [-], q̇′′inc is the incident heat flux [W/m2], λk is

the thermal conductivity of material k [W/mK], hconv is the convective heat transfer coefficient

[W/m2K], T∞ is the ambient temperature [K], F12 is the view factor [-], ε is the surface material

emissivity [-] and σ is the Stefan-Boltzmann constant (5.67 · 10−8 W/m2K4).

In this case, the problem assumes a pure conduction problem: all the heat received by

a certain element is conducted through its own thickness or used for increasing its own

temperature (specific heat capacity). In addition, as any other finite-difference method, the

current model is depended on the definition of the model discretisation: a smaller spacial

discretisation ∆x (consequently smaller time step ∆t following the numerical stability) usually

produces more accurate results, but it requires and utilises a high computational power.
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Derivation of governing equations (with heat source term)

In order to take into account the heat losses due to thermal processes occurring within the

materials, a volumetric heat source term ġ′′′ [W/m3] is introduced: positive for absorbed

heat (endothermic reactions) and negative for generated heat (exothermic reaction). All the

previous equations can be re-derived as:

Surface element

T i+1
1 = T i1 + 2∆t

ρcp∆x

[
αq̇′′inc − λ

T i1 − T i2
∆x − hconv(T i1 − T∞)− F12εσ(T i41 − T 4

∞)− ġ′′′∆x2

]
(C.19)

Middle element

T i+1
j = T ij + ∆t

ρcp∆x2

[
λ(T ij−1 − 2T ij + T ij+1)− ġ′′′∆x2

]
(C.20)

End element

T i+1
n = T in + 2∆t

ρcp∆x2

[
λ(T in−1 − T in)− ġ′′′∆x

2

2

]
(C.21)

Interface element (multi-layer)

T i+1
j = T ij + ∆t

(ρ1cp1 + ρ2cp2)∆x2

[
λ1T

i
j−1 − (λ1 + λ2)T ij + λ2T

i
j+1 − (ġ′′′1 + ġ′′′2 )∆x2

2

]
(C.22)

where T ij is the temperature of node j at time i [K], ∆t is the time step [sec], ρk is the

density of material k [kg/m3], cp,k is the specific heat capacity of material k [J/kgK], ∆x is the

discretisation thickness [m], α: surface absorptivity [-], q̇′′inc is the incident heat flux [W/m2],

λk is the thermal conductivity of material k [W/mK], hconv is the convective heat transfer

coefficient [W/m2K], T∞ is the ambient temperature [K], F12 is the view factor [-], ε is the

surface material emissivity [-], σ is the Stefan-Boltzmann constant (5.67 · 10−8 W/m2K4) and

ġ′′′k is the volumetric heat source term of material k [W/m3].
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Implicit heat transfer modelling

Start from the first simplified explicit heat transfer model presented in Appendix C, an implicit

one-dimensional heat transfer model is formulated in order to simulate and understand the

thermal conditions and the heat transfer within the tested materials (steel plate only, intu-

mescent coating only or coated steel plate). Contrarily to the previous one, this heat transfer

model is based on the Crank-Nicolson method, a finite-difference method able to solve one-

dimensional heat conduction equations [1,2]. The method is a second-order method in time

and implicit in time and numerically stable. The formulation is based on building a system of

N linear equations and N variables (i.e. temperatures of each node at the step j+ 1), based

on the following equation:

T i+1
j = T ij + ∆t

2

(
dT

dt

∣∣∣∣i
j

+ dT

dt

∣∣∣∣i+1

j

)
(D.1)

where T ij is the temperature of the node j at time i [K], dT
dt

∣∣∣∣i
j

is the temperature variation of

the node j at time i [K/sec] and ∆t is the time increment [sec].

The Crank-Nicolson method requires the derivation of the temperature variation over time
dT
dt

for each element j of the discretisation at time steps i and i + 1. The defined system of

equations forms a tridiagonal matrix system, which simplifies and reduces the computational

cost of the model significantly.

Material discretisation

The material discretisation is organised in finite elements, similarly for the case of the explicit

heat transfer model. In this case, the discretisation is set as a single-layer material of thick-



Appendix D

ness L is based on N elements. All the elements are represented by nodes. The interior

elements have the node placed in the element’s centre and they have a thickness of ∆x. On

the other hand, the boundary elements (surface element and end element) have the node

placed at the element’s edge and they have a thickness of ∆x/2. No interface elements

are considered. A schematic representation of the space domain discretisation is shown in

Figure D.1. As for the explicit model, a multi-layer material discretisation can be applied to

any number of layers, but it will not be presented herein.

Figure D.1: Single-layer material space domain discretisation.

Derivation of governing equations

Similarly to the explicit case presented in Appendix C, the heat is transferred one-dimensionally

following the increment of the element index j, starting from 1 (surface element) to N (end

element). The heat transfer and the thermal boundary conditions are modelled using con-

ventional correlations available in the literature, following the the principles and fundamental

laws presented in Appendix C. However, in this case, the thermal boundary conditions at

the surface and end elements of the tested material differ based on the specific problem. In

particular, the thermal boundary conditions at the surface element can be described as:

• A known time-history of incident heat flux q̇′′inc with corresponding heat flux losses q̇′′loss

due to radiation q̇′′rad and convection q̇′′conv with the surrounding environment.

• Known temperature T1(t).

On the contrary, the thermal boundary conditions at the end element can be described as:

• Adiabatic thermal boundary conditions.
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• Thermally thin material (steel plate) with adiabatic thermal boundary conditions.

• Known temperature TN(t).

In order to simply the problem, the model assumes a pure conduction problem and it does

not include any heat generation/absorption (heat source term) within the material elements.

In addition, the thermal and physical material properties are lumped into effective properties

in order to predict the thermal evolution of the tested samples.

Starting from energy-balance equations at each node, thus each element, different formu-

las are derived based on the specific problem, dependent on the definition of the thermal

boundary conditions and material properties. The obtained formulas allow to build tridiag-

onal matrix systems in order to calculate the temperature evolution of each node (surface,

middle and end) for each time step i. In order to build the tridiagonal matrix system, the

equation are systematically organised in a specific order: unknown variables and their para-

meters on the left-hand side, known parameters on the right-hand side.

Also in this case, the model precision depends on the model discretisation, but there are no

restictions on the definition of the spacial discretisation ∆x and the time step ∆t because

the implicit method is numerically stable.

Within the derivation of the heat transfer model, different parameters are obtained and they

have a key role in the mathematical formulation. First, a simplified formulation of the Fourier

number Foij for each node j at time i can be expressed as:

Foij =
λ(T ij )∆t

ρ(T ij )cp(T ij )∆x2 (D.2)

where λ(T ij ) [W/mK], ρ(T ij ) [kg/m3] and cp(T ij ) [J/kgK] are respectively the temperature-

dependent thermal conductivity, density and specific heat capacity of the node j at time

i, ∆t is the time increment [sec] and ∆x is the space discretisation thickness [m]. It should

be noted that in this appendix the thermal and physical properties are described as temper-

ature dependent.
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Due to the non-linearity introduced by temperature dependence on the thermal conductivity,

the Fourier number derivative dFoij is defined as:

dFoij =
dλ(T ij )
dT

· ∆t
4ρ(T ij )cp(T ij )∆x2 (D.3)

where
dλ(T i

j )
dT

is the derivative of the temperature-dependent thermal conductivity of the node

j at time i.

Finally, the total heat transfer coefficient htot can be calculated as:

htot(T i1) = hconv(T i1) + εσ
(T i1)4 − T 4

∞
T i1 − T∞

= hconv(T i1) + εσ
[
(T i1)2 + T 2

∞

] (
T i1 + T∞

)
(D.4)

where hconv is the convective heat transfer coefficient [W/m2K], ε is the emissivity [-], σ is the

Stefan-Boltzmann constant (5.67·10−8 W/m2K4), T i1 is the temperature of the surface element

at time i [K] and T∞ is the ambient temperature [K].

The following pages present the derivation of the heat transfer formulations, starting from

simple energy-balance equations for each single element (surface, middle and end) towards

obtaining the equations constituting the tridiagonal matrix system, organised as parameters

matrix, unknowns vector and known parameters vector. Depending on the heat transfer

problem, the initial assumptions are different, as well as the number of equations and number

of variables.
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Surface element

Known time-history of incident heat flux

αq̇
′′

inc − htot (T1 − T∞) = ρcp
∆x
2
∂T1

∂t
+ λ(T1 − T2)

∆x

∂T1

∂t
= 2αq̇′′

inc

ρcp∆x
+ 2htot
ρcp∆x

(T∞ − T1) + 2λ
ρcp∆x2 (T2 − T1)

Crank-Nicolson method T i+1
1 = T i1 + ∆t

2

(
dT

dt

∣∣∣∣i
1

+ dT

dt

∣∣∣∣i+1

1

)

T i+1
1 = T i1 + ∆t

2

[
2αq̇′′i

inc

ρcp∆x
+ 2htot
ρcp∆x

(
T∞ − T i1

)
+ 2λ
ρcp∆x2

(
T i2 − T i1

)]

+∆t
2

[
2αq̇′′i+1

inc

ρcp∆x
+ 2htot
ρcp∆x

(
T∞ − T i+1

1

)
+ 2λ
ρcp∆x2

(
T i+1

2 − T i+1
1

)]

Fourier number Foi1 = λ(T i1)∆t
ρ(T i1)cp(T i1)∆x2

T i+1
1 = T i1 + Foi1

(
T i2 − T i1 + T i+1

2 − T i+1
1

)
+ α∆t
ρcp∆x

(
q̇

′′i
inc + q̇

′′i+1
inc

)
+ htot∆t
ρcp∆x

(
2T∞ − T i1 − T i+1

1

)

T i+1
1

[
1 + Foi1 + htot(T i1)∆t

ρ(T i1)cp(T i1)∆x

]
+ T i+1

2

[
−Foi1

]
=

T i1 + Foi1
(
T i2 − T i1

)
+ α∆t
ρ(T i1)cp(T i1)∆x

(
q̇

′′i
inc + q̇

′′i+1
inc

)
+ htot(T i1)∆t
ρ(T i1)cp(T i1)∆x

(
2T∞ − T i1

) (D.5)
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Middle element

Known temperature at the surface

λ(T1 − T2)
∆x = ρcp∆x

∂T2

∂t
+ λ(T2 − T3)

∆x

∂T2

∂t
= λ

ρcp∆x2 (T1 − 2T2 + T3)

Crank-Nicolson method T i+1
2 = T i2 + ∆t

2

(
dT

dt

∣∣∣∣i
2

+ dT

dt

∣∣∣∣i+1

2

)

T i+1
2 = T i2 + ∆t

2
λ

ρcp∆x2

[(
T i1 − 2T i2 + T i3

)
+
(
T i+1

1 − 2T i+1
2 + T i+1

3

)]

Fourier number Foi2 = λ(T i2)∆t
ρ(T i2)cp(T i2)∆x2

T i+1
2 = T i2 + Foi2

2
(
T i1 − 2T i2 + T i3 + T i+1

1 − 2T i+1
2 + T i+1

3

)

T i+1
2

[
1 + Foi2

]
+ T i+1

3

[
−Fo

i
2

2

]
= T i2 + Foi2

2
(
T i1 − 2T i2 + T i3 + T i+1

1

)
(D.6)
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Pure conduction

∂ (λ · ∂T )
∂x2 = ρcp

∂T

∂t

λ(T )∂
2T

∂x2 + ∂λ

∂x
· ∂T
∂x

= ρcp
∂T

∂t

λ(T )∂
2T

∂x2 + ∂λ

∂T
·
(
∂T

∂x

)2

= ρcp
∂T

∂t

Central difference method
∂2T

∂x2 = Tj−1 − 2Tj + Tj+1

∆x2

Differentiation
(
∂T

∂x

)2

=
(
Tj+1 − Tj−1

2∆x

)2

∂Tj
∂t

= λ(Tj−1 − 2Tj + Tj+1)
ρcp∆x2 + 1

ρcp
· dλ
dT
·
(
Tj+1 − Tj−1

2∆x

)2

Crank-Nicolson method T i+1
j = T ij + ∆t

2

(
dT

dt

∣∣∣∣i
j

+ dT

dt

∣∣∣∣i+1

j

)

Fourier number Foij =
λ(T ij )∆t

ρ(T ij )cp(T ij )∆x2

Fourier number derivative dFoij =
dλ(T ij )
dT

· ∆t
4ρ(T ij )cp(T ij )∆x2

T i+1
j−1

[
−
Foij

2

]
+ T i+1

j

[
1 + Foij

]
+ T i+1

j+1

[
−
Foij

2

]
=

T ij +
Foij

2
(
T ij−1 − 2T ij + T ij+1

)
+ dFoij

(
T ij+1 − T ij−1

)2
(D.7)
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Known temperature at the back face

λ(TN−2 − TN−1)
∆x = ρcp∆x

∂TN−1

∂t
+ λ(TN−1 − TN)

∆x

∂TN−1

∂t
= λ

ρcp∆x2 (TN−2 − 2TN−1 + TN)

Crank-Nicolson method T i+1
N−1 = T iN−1 + ∆t

2

(
dT

dt

∣∣∣∣i
N−1

+ dT

dt

∣∣∣∣i+1

N−1

)

T i+1
N−1 = T iN−1 + ∆t

2
λ

ρcp∆x2

[(
T iN−2 − 2T iN−1 + T iN

)
+
(
T i+1
N−2 − 2T i+1

N−1 + T i+1
N

)]

Fourier number FoiN−1 = λ(T iN−1)∆t
ρ(T iN−1)cp(T iN−1)∆x2

T i+1
N−1 = T iN−1 + FoiN−1

2
(
T iN−2 − 2T iN−1 + T iN + T i+1

N−2 − 2T i+1
N−1 + T i+1

N

)

T i+1
N−2

[
−
FoiN−1

2

]
+ T i+1

N−1

[
1 + FoiN−1

]
= T iN−1 + FoiN−1

2
(
T iN−2 − 2T iN−1 + T iN + T i+1

N

)
(D.8)
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End element

Adiabatic thermal boundary conditions

λ(TN−1 − TN)
∆x = ρcp

∆x
2
∂TN
∂t

∂TN
∂t

= 2λ
ρcp∆x2 (TN−1 − TN)

Crank-Nicolson method T i+1
N = T iN + ∆t

2

(
dT

dt

∣∣∣∣i
N

+ dT

dt

∣∣∣∣i+1

N

)

T i+1
N = T iN + ∆t

2

2λ
(
T iN−1 − T iN

)
ρcp∆x2 +

2λ
(
T i+1
N−1 − T i+1

N

)
ρcp∆x2



Fourier number FoiN = λ(T iN)∆t
ρ(T iN)cp(T iN)∆x2

T i+1
N = T iN + FoiN

(
T iN−1 − T iN + T iN−1 − T i+1

N

)

T i+1
N−1

[
−FoiN

]
+ T i+1

N

[
1 + FoiN

]
= T iN + FoiN

(
T iN−1 − T iN

)
(D.9)
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Thermally thin material with adiabatic thermal boundary conditions

λ(TN−1 − TN)
∆x = ρcp

∆x
2
∂TN
∂t

+ ρ2cp,2d2
∂TN
∂t

∂TN
∂t

= λ (TN−1 − TN)
∆x · 1

ρcp
∆x
2 + ρ2cp,2d2

Crank-Nicolson method T i+1
N = T iN + ∆t

2

(
dT

dt

∣∣∣∣i
N

+ dT

dt

∣∣∣∣i+1

N

)

T i+1
N = T iN + ∆t

2

λ
(
T iN−1 − T iN

)
∆x +

λ
(
T i+1
N−1 − T i+1

N

)
∆x

 · 1
ρcp

∆x
2 + ρ2cp,2d2

Fourier number FoniN = λ(T iN)∆t
∆x [∆xρ(T iN)cp(T iN) + 2d2ρ2(T iN)cp,2(T iN)]

T i+1
N = T iN + FoniN

(
T iN−1 − T iN + T iN−1 − T i+1

N

)

T i+1
N−1

[
−FoniN

]
+ T i+1

N

[
1 + FoniN

]
= T iN + FoniN

(
T iN−1 − T iN

)
(D.10)
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1. Single-layer material with known time-history of incident heat flux at

the surface and adiabatic thermal boundary conditions at the back face

Surface element

T i+1
1

[
1 + Foi1 + htot(T i1)∆t

ρ(T i1)cp(T i1)∆x

]
+ T i+1

2

[
−Foi1

]
=

T i1 + Foi1
(
T i2 − T i1

)
+ α∆t
ρ(T i1)cp(T i1)∆x

(
q̇

′′i
inc + q̇

′′i+1
inc

)
+ htot(T i1)∆t
ρ(T i1)cp(T i1)∆x

(
2T∞ − T i1

) (D.11)

Middle element

T i+1
j−1

[
−
Foij

2

]
+ T i+1

j

[
1 + Foij

]
+ T i+1

j+1

[
−
Foij

2

]
=

T ij +
Foij

2
(
T ij−1 − 2T ij + T ij+1

)
+ dFoij

(
T ij+1 − T ij−1

)2
(D.12)

End element

T i+1
N−1

[
−FoiN

]
+ T i+1

N

[
1 + FoiN

]
= T iN + FoiN

(
T iN−1 − T iN

)
(D.13)

253



Appendix D

A
·

x
=

B
[N
×

N
]

[N
×

1]
[N
×

1]

                         1
+
F
oi 1

+
h

t
o

t
(T

i 1
)∆
t

ρ
(T

i 1
)c

p
(T
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2. Single-layer material with known time-history of incident heat flux at

the surface and thermally thin material with adiabatic thermal boundary

conditions at the back face
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3. Single-layer material with known time-history of incident heat flux at

the surface and known temperature at the back face

Surface element
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End element

T iN = known(experimental) (D.23)
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4. Single-layer material with known temperature at the surface and

known temperature at the back face

Surface element
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End element
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