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ABSTRACT
This research study presents a heat transfer model aimed at simulating the thermal and physical

response of intumescent coatings. The numerical model is inspired from the outcomes of an
experimental study focused on analysing the insulating effectiveness of a commercial intumescent
coating for a range of heating conditions and initial coating thickness. The model solves the one-
dimensional heat conduction problem using the finite-difference Crank-Nicolson method, and it
assumes that the effectiveness of intumescent coatings is mainly dependent on their ability to develop
swelled porous char. The coating swelling is implemented in the model by adopting an approach
based on expanding the mesh representing the physical domain in the proximity to the substrate-
coating interface. The model described herein offers researchers and engineers a tool to predict the
heat transfer of swelling intumescent coatings (i.e., thermal gradient). Outcomes of the analysis
shown herein demonstrate that the heat conduction within intumescent coatings is governed by the
physical coating swelling and the thermal conditions at the coating-substrate interface. The numerical
model shows that its accuracy is highly influenced by the coating thickness ahead of the reaction
zone. Consequently, the coating swelling rate plays a key role, while the thermo-physical properties
of the intumescent coating have a secondary effect. According to its assumptions, the model defines
a quasi-steady-state thermal problem: it is more accurate for conditions close to steady-state (e.g.,
high heat fluxes), but it loses accuracy for cases characterised by transient phenomena (e.g., phases

prior to the onset of swelling and low heat fluxes).
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1 INTRODUCTION AND BACKGROUND
In recent times, various fire safety solutions have become a common practice to ensure the stability

and integrity of structural systems in the event of a fire. For example, the application of different
thermal barriers characterised by low thermal conductivity, such as gypsum plaster-boards or
cementitious spray-on systems, is a widely used method to limit the rate of temperature increase
within structural elements exposed to fire [Buchanan 2017]. Fundamentally different from
conventional applications, intumescent coatings (also known as “reactive coatings’) represent an
innovative fire safety solution for protecting load-bearing structural steel systems during fire.
Conventional solutions are usually deemed relatively inexpensive and easy to apply, but aesthetically
unpleasant and undesirable for the modern slender structures with visible steelwork. The unique
advantages of intumescent coatings, such as the attractive appearance of visible structures,
lightweight, ease and flexibility for both on- and off-site applications, have fostered their success and
extensive use worldwide [Weil 2011, Puri 2017]. Furthermore, the construction industry has been
looking at the possibility of applying intumescent coatings to protect different substrate materials.
For example, it was found that the application of intumescent coatings can mitigate the destructive
effects of fire-induced concrete spalling, prevent surface ignition and reduce the charring rate of

wooden elements [LLu 2017, Lucherini 2019].

Intumescent coatings are thermally reactive materials, usually composed of a combination of organic
and inorganic components bound together in a polymer matrix [Mariappan 2016]. At ambient
temperature, these systems appear as a pigmented thin coating, applied to a Dry Film Thickness
(DFT) in the order of few millimetres (thin intumescent coatings) or few centimetres (thick
intumescent coatings). When exposed to heat, they can swell to form a thick, low-density and highly-
insulating porous char that prevents the substrate material from reaching high temperatures that can
compromise structural stability and integrity. Thin intumescent coatings can swell up to 100 times
their initial thickness following typical reaction stages in the so-called “intumescent process”

[Lucherini 2019].

Over the past decades, the research community has extensively investigated the behaviour of
intumescent coatings exposed to fire conditions and adopted different experimental methodologies to
understand the effects of different factors on the swelling of intumescent coatings [Lucherini 2019,
Dreyer 2021]. The final goal is to develop performance-based design methodologies to quantify the
effectiveness of intumescent coatings as a thermal barrier for structural elements [Kolsek 2015]. Since
intumescent coatings are chemically-reactive materials, the research community has demonstrated

that several factors influence the intumescent process and the overall insulation effectiveness: for



instance, the heating exposure, the substrate thermal conditions and the applied initial thickness, as
well as the chemical formulation [Lucherini 2019, Lucherini 2018, Li12012, Wang 2015, Elliott 2014,
Zhang 2012, Zhang 2012, Lucherini 2021, Lucherini 2020, de Silva 2019, de Silva 2020]. However,
despite the complexity of the behaviour of these materials, the insulating capacity of intumescent
coatings is typically assessed based on a single exposure in standard furnace fire resistance tests
[ISO834:1999, EN1363-1:2012]. In these tests, real-scale coated samples are exposed to the standard
temperature-time fire curve and, based on the recorded temperatures, simplified engineering methods
(e.g. tabulated fire ratings and effective thermal conductivity method) are commonly adopted for

design purposes [EN 13381-8:2013].

The swelling of intumescent coatings under heat is a phenomenon involving a complex combination
of different material phases, mixtures and reactions. Many variables are extremely difficult to
measure, and the intumescent process is hard to predict. Small-scale or large-scale experimental data
can be used to describe the heat transfer and swelling process of intumescent coatings based on
chemical kinetics, mass and energy conservation [Zhang 2012, Zhang 2012, Yuan 2009, Staggs 2012,
Griffin 2010, Bourbigot 1999, Anderson 1985, Anderson 1988].

Various numerical and mathematical models covering a range of complexities have been developed
to simulate the swelling behaviour and the heat transfer through swelling intumescent coatings under
thermal exposure [Lucherini 2019]. However, due to the significant complexity and the wide range
of products available in the market, researchers have followed different approaches and adopted
various methodologies to investigate this topic [Cagliostro 1975]. The problem can be simplified 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) [Yuan 2009, Di Blasi 2004, Di Blasi 2001]. While these models have all been shown to have
some predictive capacity, they all require many input parameters, of which some need to be derived
from complex experimental data that in an indirect manner, such as the coating melting temperature

or the intumescent char porosity.

The complex and uncertain quantification of input parameters forces designers and researchers to rely
on highly-simplified numerical models. The development of more precise models is primarily
hindered by the lack of experimental studies that explicitly quantify the thermal (in-depth temperature
gradient and surface temperature) and physical aspects (swelled coating thickness) of swelling
intumescent coatings during the thermal exposure [Lucherini 2019]. These features are usually only
implicitly considered, starting from the temperature evolution of the protected substrate material

(typically steel).



The most common approach simply aims at predicting the temperature evolution of the substrate
material (e.g., steel) protected by the intumescent coating. This problem is usually solved by treating
the coating as an inert material (no swelling) and estimating effective material properties as an
equivalent thermal barrier to the protected substrate. Typically, the majority of the thermal and
physical properties of the intumescent coating are kept constant, while a temperature-dependent
thermal resistance or thermal conductivity is estimated [Elliott 2014, de Silva 2019, de Silva 2020,
EN 13381-8:2013, L1 2012, Li 2016, Cirpici 2016]. Consequently, the effective material properties
do not correctly represent the thermo-physical response of intumescent coatings. As a result, these
models show a high variance of the values reported in the literature; in a few studies, even values
lower than the thermal conductivity of air were reported [Lucherini 2019]. Similar approaches are
also commonly used when adopting various commercial finite-element software (e.g., TNO-Diana,
SAFIR and ABAQUS) to simulate the temperature evolutions and consequent failure modes of

various protected structural elements exposed to fire [Bilotta 2016, Nandjai 2016, Weisheim 2019].

Recent research studies proposed an experimental methodology aimed at analysing the effectiveness
of intumescent coatings through a detailed characterisation of their thermal and physical response:
this was obtained by measuring the evolution of the swelled coating thickness, the substrate and the
coating surface temperatures, and the transient in-depth temperature profile [Lucherini 2021]. In
accordance with the Heat-Transfer Rate Inducing System (H-TRIS) test method, uncoated and coated
steel plates were tested using a movable array of radiant panels [Lucherini 2021, Maluk 2019,
Lucherini 2017]. The experimental outcomes offered an explicit understanding on how the heating
conditions, the substrate thermal conditions and the applied initial coating thickness affect the
behaviour of a commercial solvent-based thin intumescent coating, already examined in other
research investigations and having similar characteristics to typical intumescent formulations based
on the APP-PER-MEL system [Lucherini 2019, Lucherini 2019, Lucherini 2021, Lucherini 2020,
Lucherini 2020, Wang 2006, Lucherini 2019, Lucherini 2022]. The experimental results also serve
as the basis for developing a first heat transfer model to analyse and simulate the temperature increase

of uncoated and coated steel samples prior to the onset of swelling [Lucherini 2019].

The objective of this research study is to propose a new heat transfer model based on the more precise
measurements and well defined boundary conditions. The heat transfer model presented herein is
inspired from the above-mentioned experimental campaigns on intumescent-coated steel plates
carried out by Lucherini et al. [Lucherini 2021, Lucherini 2020, Lucherini 2019]. The numerical

model offers an engineering tool to predict the thermal gradient within swelling intumescent coatings



and the temperature evolution of the coating surface and the protected substrate (i.e., steel) that covers
a greater number of variables to previous models and a range of conditions and scenarios, in terms of

heating conditions and applied initial coating thickness.



2  DESCRIPTION OF THE NUMERICAL HEAT MODEL

2.1 General approach and assumptions

The model focuses on solving the one-dimensional heat conduction problem (starting from the
coating heated surface, through the swelling coating and towards the protected substrate material) by
resolving heat conservation equation for a non-reacting, non-porous opaque solid medium [Incropera
2006]. The heat conservation equation is solved using a finite-difference numerical model based on
the Crank-Nicolson method, which is implicit in time, numerically stable and computationally

efficient [Crank 1996, Hidalgo 2015].

The physical domain is discretised into a single-layer material (intumescent coating only) with a total
thickness equal to L, which corresponds to the actual coating thickness d. (virgin or swelled). As
shown in Figure 1, the material discretisation is organised into finite N elements represented by N
nodes. The interior elements have the node placed in the element’s centre, and they have a thickness
of Ax. 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 Ax/2. No interface elements are considered.

‘ Intumescent coating ‘ Steel plate
fraa 1| 2 3 -1 j+1 N-2|N-1|N Gross =0
.1 \ NKTIT#RS
qihe — 9——» ® ® ® ® ® ® ® ——€c
., / I~~~
qmny Ax  Ax Ax T Ax Ax Ax Ax Ax  Ax
2 2
L (d) d,

Figure 1. Schematic illustration of the single-layer material heat transfer model including the thermal boundary
conditions.
The model relies on the accurate definition of the thermal conditions at the coating boundaries (refer
to Figure 1). The thermal boundary condition at the exposed surface is defined by the time-history of
incident heat flux imposed by the H-TRIS test method (g;,,.) with convective and radiative heat flux
losses (qeony and g,,4) to the surrounding environment at ambient temperature [Lucherini 2017,
Maluk 2019]. The thermal boundary conditions are modelled using conventional correlations
available in the literature [ Lucherini 2020, Incropera 2006]. Since the unexposed surface of the coated
steel plates was insulated using low thermal inertia materials, adiabatic conditions were assumed.
Due to the thermally-thin nature of the substrate steel plate (low Biot number), it was lumped into a

thermal mass connected to the coating end element. The coating end element is characterised by a

single temperature, which corresponds to the same temperature of the steel-coating interface.



The experimental results emphasised how the swelling process and the resulting swelled thickness
govern the thermal and physical response of intumescent coatings [Lucherini 2021]. Accordingly, the
model assumes that the insulating effectiveness of the thermal barrier provided by the intumescent
coating is mainly dependent on the ability to develop swelled porous char. The intumescent coating
1s modelled as a swelling solid media with constant material properties. Due to the limited dimensions
and mass of the intumescent coating, the model does not include any heat generation/absorption (heat

source term) within the material elements.

The swelling of the intumescent coating is modelled by increasing the thickness of the protective
thermal barrier by adding finite elements to the coating discretisation, in particular in proximity to
the substrate-coating interface. In this way, the protective thermal barrier developed by the
intumescent coating increases its thickness during thermal exposure. Empirical correlations
(discussed in Section 2.3) are introduced to predict the evolution of the swelled coating thickness

during thermal exposure [Lucherini 2021, Lucherini 2020].

Starting from the heat conservation equation at each node, thus each element, N linear equations with
N variables (i.e., temperatures of each node at specific time step) can be defined. The defined system
of equations forms a tridiagonal matrix system, which is solved to calculate the temperature evolution
of each node for each time step. The detailed derivation of the governing equations and numerical

heat transfer model can be found in [Lucherini 2020].

2.2 Implementing the swelling of the intumescent coating

In accordance with the presented experimental outcomes [Lucherini 2021], the swelling of
intumescent coatings is implemented in the heat transfer model in a manner that the swelling reaction
occurs in the proximity to the substrate-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. In other words, the
thermal gradient within the intumescent coating is stretched from the substrate due to the coating
swelling. This is the main reason why, when the swelling reaction is occurring, the protected substrate
remains within the temperature range at which the intumescent coating typically undergoes the
swelling reaction (300-400°C), while the substrate temperature increases above this threshold once
the swelling process is completed [Lucherini 2021, Lucherini 2020, Wang 2006]. Accordingly, the
swelling of the intumescent coating is modelled by adding finite elements of the same thickness Ax
at the steel-coating interface, in particular next to the coating end element. Figure 2 offers a schematic

illustration of the modelling approach. Adaptive mesh (fixed N elements but increasing Ax) was not



considered as a modelling option because it would not have correctly represented the physics

observed in the experimental campaign.

The newly added element is introduced at the same temperature as the previous coating end element.
The temperature of the new second-last coating element is calculated as the average value between
the temperatures 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 the empirical
correlations defined in Section 2.3. Following this approach, the size of the tridiagonal matrix system
to calculate the temperature evolution of each node for each time step continuously increases until

the swelling reaction of the intumescent coating is completed.
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Figure 2. Schematic illustration of the heat transfer model formulated for swelling intumescent coatings.



2.3 Definition of the swelled coating thickness

The experimental campaign demonstrated that the 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 exposure [Lucherini 2021]. The empirical
correlations shown in Figure 3 and Figure 4 were proposed to predict the evolution of the swelled
coating thickness during the thermal exposure, starting from a well-defined thermal boundary
condition (i.e. incident heat flux) at the coating surface and the applied initial coating thickness

[Lucherini 2021].
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Figure 3. Empirical correlation for predicting the
maximum swelled thickness of the intumescent coating
as a function of the applied initial DFT.

Figure 4. Empirical correlation for predicting the swelling
rate of the intumescent coating as a function of the
constant incident heat flux.

Accordingly, as shown in Figure 3, the maximum swelled coating thickness of the intumescent

coating d,, 4, [mm] can be expressed as a function of the applied initial DF'T [mm]:

=17.7-DFT + 10.6 (1)

dm ax

The same experimental results evidenced how an empirical correlation can be used to link the constant
incident heat flux and the swelling rate of the intumescent coating, as shown in Figure 4. Also,
considering the outcomes presented by another research study, the same intumescent coating required
incident heat fluxes higher than 20-23 kW/m? to initiate the swelling process [Lucherini 2019].
Consequently, the swelling rate of the intumescent coating was assumed null for incident heat fluxes

lower than this critical incident heat flux for the onset of swelling. As a result, the swelling rate of the

intumescent coating d, [mm/min] can be expressed as a function of the incident heat flux g/ .:
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0 if g/ . < 20 KW/m?

inc
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2

In conclusion, the evolution of the swelled thickness of the intumescent coating d.(t) [mm] during

thermal exposure can be predicted using the following expression:

DFT 4+ d.At if DFT 4 d.At < d g, (3)

de(t) = { . :
Amax if DFT + d At > dppgy

where d,,,4, 1S the maximum swelled coating thickness [mm], DFT is the applied initial dry film

thickness [mm], d.(t) is the swelled coating thickness at the time increment At [mm], At is the time

increment (from the beginning of the thermal exposure) [min] and §;;,. is the constant incident heat
flux [kW/m?]. 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), and the
swelling rate was considered constant. 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

significant swelling).

2.4 Definition of the material properties

The proposed heat transfer model relies on the assumption that the insulating effectiveness of the
intumescent coating is mainly governed by its ability to develop swelled porous char [Lucherini
2021]. Consequently, the thermo-physical properties of the intumescent coating, especially the ones
of the swelled porous char, have a secondary role compared to the swelling process and the resulting
swelled coating thickness. In addition, the experimental study has evidenced that the intumescent
porous chars obtained from different experimental conditions have similar thermo-physical
properties. This was also confirmed by the experimental results obtained using techniques aimed at
estimating the thermal transport properties of the intumescent porous char: Transient Plane Source
(TPS) and Laser Flash Analysis (LFA) equipment [Lucherini 2020, ISO 22007-2:2015, ISO 22007-
4:2008]. Thus, the material properties of the intumescent coating used in the current heat transfer
model were defined based on these experimental outcomes. For simplicity, the swelling intumescent
coating is directly approximated as swelled porous char with constant material properties. Defining
precise temperature-dependent material properties can increase the accuracy of the heat transfer
model. However, since the problem is primarily controlled by the swelling process, the heat transfer
model is approximated to offer a simplified solution characterised by a few governing parameters

(lower complexity).
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Following the outcomes from the described experimental studies [Lucherini 2021, Lucherini 2020,

Lucherini 2019], the thermal and physical properties of the intumescent coating were defined as:

e Thermal conductivity: A, = 0.16 W/mK

e Density: p.= 50 kg/m?

e Specific heat capacity: ¢, (T) = 1550 J/kgK
e Absorptivity/Emissivity: a. = &, = 0.90

In particular, each material property of the swelled coating char was estimated differently. The
thermal conductivity was defined based on sensitivity analysis discussed in Section 4. The density
was evaluated by simple mass/volume measurements on the swelled porous chars obtained from the
bench-scale experiments [Lucherini 2021, Lucherini 2020]. The specific heat capacity was
determined based on the experimental results on the thermal transport properties of the intumescent
coating at ambient and elevated temperatures using the Transient Plane Source (TPS) and Laser Flash
Analysis (LFA) techniques [ Lucherini 2020, Lucherini 2019, ISO 22007-2:2015, ISO 22007-4:2008].
Finally, the coating absorptivity/emissivity was calculated as the average value within the 0.86-0.93
range evaluated using the Integrating Sphere System (ISS) [Lucherini 2020, Lucherini 2019, Seifter
2011]. The proposed 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 can undergo an optimisation process to increase the model prediction under multiple scenarios,
presented in Section 4. In the same section, the implications of adopting these material properties and

the sensitivity of the proposed heat transfer model to these parameters are also discussed.

Lastly, as regards to the steel substrate, the thermal and physical properties of carbon steel were

defined in accordance with Eurocode 3 [EN 1993-1-2:2005]:

e Thermal conductivity: A;(T) [W/mK] according to clause 3.4.1.3
e Density: p;= 7850 kg/m’
e Specific heat capacity: ¢, ;(T)[J/kgK] according to clause 3.4.1.2

12



3 MODELLING RESULTS AND EXPERIMENTAL COMPARISON
The numerical model was implemented to solve the heat transfer problem for all the experimental

cases reported in [Lucherini 2021]: six different constant incident heat fluxes (10, 25, 40, 50, 70 and
90 kW/m?) and three different applied initial DFTs (“Low DFT”, “Medium DFT”, and “High DFT").

In the following sections, the main modelling results are presented and commented.

3.1 Swelled coating thickness

The evolution of the swelled thickness of the tested intumescent coating during thermal exposure can
be calculated using Equation 1, Equation 2, and Equation 3. In accordance with the measured mean
DFTs for the three groups of test samples, the initial thickness of the intumescent coating was set
equal to 1.0 mm, 1.8 mm or 2.9 mm for “Low DFT”, “Medium DFT” or “High DFT”, respectively.
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Figure 5 compares the experimentally-measured swelled coating thickness and the one predicted
using the described empirical correlations for a sample set of experiments (50 kW/m?). As can be
seen, the model is capable of predicting the trends but it ocassionaly under- or over-predicts the
swelled coating thickness. The same trend was observed for all other experiments. The implications
of adopting the described empirical correlations are discussed in detail in the sensitivity analysis

presented in Section 4.
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Figure 5. Comparison between the evolution of the experimentally-measured swelled coating thickness and the one

predicted using empirical correlations (50 kW/m?, different applied initial DFTs).

3.2 Coating surface and substrate temperatures
Once assessed the evolution of the swelled coating thickness during thermal exposure, the analysis

investigates the two extremes of the thermal gradient within the swelling intumescent coating: the
coating surface temperature and the steel substrate temperature.
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Figure 6 compares the evolution of the experimentally-measured coating surface and steel substrate
temperatures to the ones predicted using the described heat transfer model for a sample set of
experiments (50 kW/m?, “Medium DFT”). Regarding the steel substrate, similarly to the swelled
coating thickness, the model is capable of predicting the trends but it ocassionaly under- or over-
predicts the steel temperature. The same trend was observed for all other experiments. However, the
discrepancy between the experimental and modelled temperatures is directly related to the definition
of the thermal conductivity of the intumescent coating, discussed in detail in the sensitivity analysis

presented in Section 4.
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The experimental surface temperature is reported as the envelope of the measured temperatures at the
coating surface evaluated by post-processing the data obtained by an Infra-Red camera: averaged
over the central area of the test sample and the envelopes were obtained from a sensitivity analysis
on the coating emissivity (maximum values: € = 0.85; minimum values: € = 0.95) [Lucherini 2021,
Lucherini 2020]. In general, the surface temperature trend is captured, but the surface temperatures
are generally underestimated. 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-TRIS
test method. The available literature underlines how, in the presence of oxygen and for temperatures
above 550°C, the intumescent coating undergoes oxidation reactions [Lucherini 2021, Lucherini
2020]. 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% [Lucherini 2021, Lucherini 2020]. Moreover, 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 [ Lucherini 2021,
Lucherini 2020]. 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. The
current model employs a constant average value (0.90), 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. Lastly, since the intumescent coating is immediately modelled
as swelled porous char with highly-insulating properties and no transient phenomena (from virgin
coating towards swelling coating and swelled porous char) are considered in the model, the proposed
model poorly predicts the initial transient phase of the heat transfer problem. In this phase, the
intumescent coating gradually increases its surface temperature and commences the swelling process.
Since this phase is more rapid for high heat fluxes, this underprediction is more evident for low heat

fluxes.

In general, the heat transfer model can describe the heat transfer within the swelling intumescent
coating because it restricts the problem by defining the two edges of the thermal gradient. The thermal
gradient within the intumescent coating is mainly governed by the swelled coating thickness and the
thermal boundary conditions 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 [Lucherini 2021, Lucherini 2020]. It is noteworthy that the

application of the numerical model to the case of 10 kW/m?, along with all the cases that do not trigger
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the swelling of the intumescent coating, loses relevance. In these cases, the heat transfer problem is
primarily transient and other models such as the one proposed for conditions prior to onset of swelling

[Lucherini 2019] represents a preferable option.
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Figure 6. Comparison between the experimentally-measured coating surface and steel temperatures and
the ones predicted using the described heat transfer model (50 kW/m?, “Medium DFT”).

3.3 Coating in-depth temperatures

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
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Figure 7 reports the comparison between the experimentally-measured and predicted in-depth temperature profiles for a
sample set of experiments (50 kW/m?, “Medium DFT”). For neatness of graphical visualisation, three instants during
the thermal exposure were selected and plotted: 10, 30 and 60 minutes. Furthermore, the graphs only report the average
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in-depth temperature profile, evaluated between different experimental repetitions: all the different temperature curves
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Figure 7, the accuracy of each experimental 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)
[Lucherini 2021, Lucherini 2020]. On the other hand, the vertical error bars represent the accuracy of
the surface coating temperature and the maximum temperature discrepancy between different

experimental repetitions [Lucherini 2021, Lucherini 2020].

The first significant characteristic of the in-depth temperature profiles obtained from the numerical
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 [Incropera 2006]. At the beginning
of any thermal exposure, the transient phase is generally characterised by 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 temperature profile gradually tends to equilibrium,
characterised by a linear gradient according to the thermo-physical properties and the thermal
boundary conditions of the insulation material (if constant). 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 transfer problem is actually quasi-steady-state due to the highly-insulating
material properties of the coating porous char, the applied constant incident heat flux and the
relatively-high coating swelling rate, compared to the penetration speed of the heat wave within the
intumescent coating. Following these assumptions, the duration of the transient phase is minimal, the
coating surface quicky achieves thermal equilibrium with the external conditions, and a quasi-steady-

state linear thermal gradient within the intumescent coating is obtained based on its swelled thickness.
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Consequently, the discrepancy between the experimentally-measured and predicted in-depth
temperature profiles is foreseeably more significant in the first part of the thermal exposure and for
lower constant incident heat fluxes, hence 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 that the in-depth temperatures obtained using K-type
thermocouples are subjected to significant errors because of the measurement characteristics
[Lucherini 2021, Lucherini 2020]. 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 [Beck 1962,
Pope 2021]. 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, typically observed for high heat fluxes
[Lucherini 2020]. As already discussed, the adopted heat transfer model disregards this phenomenon

due to its high complexity, and this topic falls outside the scope of this research study.
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Figure 7. 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(50 kW/m?,
“Medium DFT”).

4 SENSITIVITY AND UNCERTAINTY ANALYSIS
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The accuracy of the numerical model was verified through a sensitivity and uncertainty analysis to
some key governing factors embedded in the model assumptions and simplifications. This analysis
focuses on how the material properties of the intumescent coating and other main modelling
parameters, such as the imposed incident heat flux, the applied initial coating thickness (DFT) and

the coating swelling rate, were defined.

The model accuracy was evaluated based on the Root-Mean-Square Error (RMSE) between the

experimentally-measured temperature evolution of coated steel plates (Tsey,) compared to the

predicted one using the described heat transfer model (T ,04), €valuated at 1 min time-intervals:

Z(Ts,exp - Ts,mod)2 (4)
N

RMSE(T,) = +

The model was benchmarked against the temperature evolution of the coated steel plate because the
substrate temperature represents the main performance criteria for most applications in fire safety
engineering. In each case, a sign was given to the Root-Mean- Square Error (RMSE) to record if the
model under- or over-predicts the experimental measurements. Positive RMSE represents a model
over-prediction of the steel temperatures, while a negative RMSE represents a model under-prediction

of the steel temperatures.

4.1 Material properties

Since the proposed model is mainly based on heat conduction, the sensitivity and uncertainty analysis
first focuses on understanding the relevance of each single thermal and physical property defined in
the heat transfer problem and described in Section 2.4. This analysis is mainly carried out on the
material properties of coating porous chars. The same analysis on the material properties of steel has
minor importance, considering that the steel properties are well-defined and have a minimal

uncertainty, particularly for temperatures below 500°C [EN 1993-1-2:2005].
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Figure 8. Sensitivity analysis with respect to the thermal conductivity, density, specific heat capacity and
absorptivity/emissivity of the intumescent coating ( “Medium DFT").
Figure 8 reports the results obtained from the sensitivity analysis with respect to the thermal
conductivity, density, specific heat capacity and absorptivity/emissivity of the intumescent coating
for different incident heat fluxes and the “Medium DFT” exemplar case. 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 accuracy of the heat transfer model, while the
thermal conductivity plays a key role in the problem. This outcome was expected as the problem can
be described as a quasi-steady state conduction heat transfer problem, where the volumetric heat
capacity plays no role. As already highlighted by the in-depth temperature profiles, given its
characteristics, the model focuses on solving a quasi-steady-state heat transfer problem and the

transient thermal states dominated by the kinetics of the reaction are overlooked.

Specific attention was paid to the definition of the constant thermal conductivity of the swelled porous
char described in Section 2.4. More specifically, it was subjected to an optimisation process. As
highlighted in the sensitivity analysis shown in Figure 8, no specific value of the thermal conductivity

is able to eliminate the discrepancy (zero deviation) between the model and the experimental
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measurements for all the examined conditions. A similar trend was observed for the different heating
conditions, except for 10 kW/m? (fundamentally different), and for the different initial thicknesses,
“Low DFT” and “High DFT” (not presented here). In order to estimate the minimum discrepancy,
the total Root-Mean-Square Error ), RMSE (T,) between the experimentally-measured and predicted
temperature evolutions of coated steel plates was calculated as the sum of RMSE absolute values for
all the different heating conditions. Figure 9 displays the results obtained from this analysis,
separately carried out for the different DFTs. The values of thermal conductivity that produced the
minimum total error were 0.16 W/mK for “Medium DFT” and “High DFT”, and 0.17 W/mK for
“Low DFT”. Therefore, the thermal conductivity of the intumescent coating A, was set equal to 0.16
W/mK. Adding or removing the deviation related to the case of 10 kW/m? was marginal due to the

different fundamental nature of the problem (no swelling).
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Figure 9. Total Root-Mean-Square Error (RMSE) for different thermal conductivity values of the intumescent coating.

This definition of the thermal conductivity of the intumescent coating implies that the error
throughout the whole problem is minimised, and the model-experiments discrepancy is balanced
between over- and under-predicted cases. Figure 10 highlights this aspect: the steel temperatures are
generally over-predicted (positive RMSE) for lower heat fluxes, while they are under-predicted
(negative RMSE) for higher heat fluxes. In general, the numerical model has good accuracy in solving
the heat transfer problem. However, within the structural fire safety engineering 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 the intumescent coating, similar to the one
presented herein, could be implemented 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 11.
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Figure 11. Root-Mean-Square Error (RMSE) for
different constant incident heat fluxes and applied initial

DFTs (4, = 0.16 W/mK). DFTs (4, = 0.20 W/mK).

4.2  Other model inputs

The sensitivity analysis presented herein investigates the influence of uncertainty in other key
parameters on the modelling results for a sample set of experiments. In particular, this analysis
focuses on the implications of the definition of the surface thermal boundary conditions (i.e., incident
heat flux), the initial coating thickness and the adopted empirical correlations for the calculation of
the swelling rate of the intumescent coating. The heating conditions of a constant incident heat flux

of 50 kW/m? and an applied initial thickness “Medium DFT’were chosen as an exemplar case.

First, the experimental 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 of £ 10% [Lucherini
2021, Lucherini 2020]: in the case of 50 kW/m?, an accuracy of + 5 kW/m?. Within the heat transfer
model, the incident heat flux has a key role in the definition of the heating conditions because it is the
heat transfer governing force and it defines the swelling rate of the intumescent coating (refer to
Section 2.3). Figure 12 shows how considering the incident heat flux accuracy has a minimal
influence on the evolution of the swelled coating thickness, but the resulting steel temperatures are
practically identical. In conclusion, the numerical model appears to be robust with respect to the

incident heat flux.
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Figure 12. Sensitivity analysis with respect to the incident heat flux (50 kW/m?, "Medium DFT").

Second, in the experiments on coated steel plates, the test samples were categorised into three DFT
groups (“Low DFT”, “Medium DFT” and “High DFT”’) with an accuracy of £ 0.20 mm [Lucherini
2021, Lucherini 2020]. In the case of “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 defined heat transfer model,
the initial thickness governs the maximum swelled thickness that the intumescent coating can achieve
during the thermal exposure (refer to Section 2.3). Figure 13 shows how the maximum swelled
coating thickness slightly changes depending on the accuracy of the initial coating DFT, but the
resulting steel temperatures are only slightly affected (£ 10°C). In conclusion, the numerical model

appears to be robust concerning the applied initial coating DFT.
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Figure 13. Sensitivity analysis with respect to the applied initial DFT (50 kW/m?, "Medium DFT").

Lastly, the different experimental repetitions highlighted that, within the same heating conditions, the
coating swelling rate of the intumescent coating was included within a certain range, defined by an
upper and lower bound (see Figure 4). In the case of 50 kW/m?, swelling rates between 0.78 mm/min

(lower bound) and 0.96 mm/min (upper bound) were measured. However, Equation 2 defined a
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unique value equal to 0.82 mm/min. Figure 14 shows how the modelling results are influenced by the
definition of the coating swelling rate. The evolution of the swelled coating thickness has a slightly
different slope (i.e., swelling rate), but the coating reaches the same final swelled thickness. However,
this has a more important influence on the resulting steel temperature (£ 30°C) compared to the
external heat flux and initial coating thickness. In conclusion, the sensitivity analysis underlined how
the heat transfer model is particularly sensitive to the coating swelling rate, and it consequently

requires a careful definition and treatment of it.
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Figure 14. Sensitivity analysis with respect to the swelling rate (50 kW/m?, "Medium DFT").

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 experimental heating conditions. Figure 15
offers an overview of how the model convergence is affected by the three parameters. The plots
confirm that uncertainty in constant incident heat flux (£ 10%) and the applied initial DFT (£ 0.20
mm) has a minor effect. On the contrary, Figure 15 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 4).
In conclusion, this 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

intumescent coatings.
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intumescent coating for different constant incident heat fluxes ("Medium DFT").

5 CONCLUSIONS
The modelling study presented herein proposes a heat transfer model aimed at simulating the thermal

and physical behaviour of intumescent coatings under thermal exposure. The heat transfer model is
formulated based on the experimental outcomes obtained by testing steel plates coated with a
commercial solvent-based intumescent coating for a range of heating conditions and initial coating
thickness using the Heat-Transfer Inducing System (H-TRIS) test method. The model solves the one-
dimensional heat conduction problem by resolving the energy conservation equation adopting the
finite-difference Crank-Nicolson method. As per the experimental outcomes, the model assumes that
the effectiveness of the thermal barrier provided by the intumescent coating is mainly dependent on
the ability to develop swelled porous char, defined with specific constant material properties. The
swelling of the intumescent coating is implemented by adopting a novel approach based on adding
finite elements in the proximity of the substrate-coating 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. Empirical correlations based on the well-defined thermal conditions at
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the coating boundaries and the applied initial coating thickness are introduced to predict the evolution

of the swelled coating thickness during the thermal exposure.

From the results obtained from the heat transfer model, the following concluding remarks can be

drawn:

The insulating performance and effectiveness of intumescent coatings are mainly governed
by the swelling process and the resulting swelled coating thickness. Sensitivity analyses
underlined how the heat transfer becomes a physical problem. The model accuracy is
primarily dependent on the correct prediction of the evolution of the swelled coating thickness
(i.e., swelling rate). On the contrary, the thermo-physical properties of the intumescent porous
char have a secondary role.

The heat transfer model is capable of characterising the heat transfer through swelling
intumescent coatings by predicting the evolution of coating surface and substrate steel
temperatures, and the evolution of the swelled coating thickness. In this way, the thermal
gradient within the swelling intumescent coating is correctly predicted, despite the profile
shape. The prediction accuracy varied for different cases, and it can be adjusted following an
optimisation process on the thermal conductivity of the intumescent coating.

Based on the model assumptions and simplifications, the formulated model defines a quasi-
steady-state thermal problem. The highly-insulating swelled coating acts as thermally-thick
material rapidly achieving a quasi-steady surface temperature in equilibrium with the constant
incident heat flux (high Biot number). Consequently, the duration of transient phases and
transient phenomena are minimised, and linear thermal gradients are obtained.

The heat transfer model is more accurate for conditions close to steady-state, for example,
high heat fluxes, characterised by high swelling rates (high Biot number). On the contrary,
the model loses accuracy for cases characterised by transient phenomena: phases prior to the
onset of swelling (low Biot number) and low heat fluxes (longer transient phase and low

swelling rates).

This study aims at building the principles for developing engineering methods for the performance-

based design of steel structures protected by intumescent coatings, taking into account their

effectiveness for a wide range of potential conditions (e.g., fire scenarios, initial coating thickness...).

This research provides an essential modelling procedure 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, considering the wide variety of products and formulations available in the market,
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similar experimental and modelling campaigns should be performed on different commercially
available products and formulations to comprehend if the presented research outcomes can be

generalised.
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