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Abstract

Intumescent paints are widely used as passive fire protective materials in the building sector, primarily
with regard to steel framed structures. The fire resistance of commercial intumescent coatings is
typically tested experimentally using expensive and time consuming large-scale tests; conversely, the
increasingly common performance-based fire safety engineering approach requires the development of
techniques to generalize and predict the behavior of these protective materials. Recently, an
experimental and data processing technique based on temperature measurements of the growing char
layer and on the formulation of the inverse heat conduction problem within the system, has been
proposed. This investigation indicated that an accurate and complete modeling approach is required to
make robust predictions in the processing of the experimental data. In this paper, an enhanced
procedure for estimating the apparent thermal conductivity of the intumescent paint is proposed and
validated. The analysis presented in this study, performed with a physical and chemical
characterization of the intumescent paint, allows estimation of the apparent thermal conductivity of the
char layer with good approximation, thereby providing important information for assessing the fire
protective capability of the coating under the fire safety engineering approach.

Keywords: apparent thermal conductivity, parameter estimation, Inverse Heat Conduction Problems
(IHCP), fire safety engineering

1. Introduction

In the fire safety engineering field, an increasing interest in passive fire protective materials has been
observed in recent years (see [1-4]). Regarding modern building construction, which is mostly
dominated by steel framed structures, the performance-based fire safety design approach is often based
on the use of passive fire protective materials, either reactive or non-reactive, such as plaster or
calcium silicate boards, mortars and intumescent coatings. Among these techniques, intumescent
coatings are certainly the most competitive because of several advantages; assuring the desired fire
resistance requirement and simultaneously be easily applied on-site to complex shapes, having an
attractive surface finish, being lightweight and cost that is not excessive.

Intumescent paints, both solvent or water based [5-8], are typically applied with a thickness ranging
from 1 to 8 millimeters and are designed to not burn and perform under severe conditions with the aim
of maintaining a steel integrity between 1 and 3 hours in case of fire [9,10].

The fire resistance of a commercial coating is usually tested experimentally using large-scale tests.
Under this approach, each commercial coating-beam configuration has to be tested one-by-one, with
possible interpolation in accordance with the assessment methods. However, high operation costs,
poor repeatability, unrealistic and/or inappropriate boundary conditions, and poor statistical
confidence persist as common issues regarding the use of standard fire resistance tests [7].



On the other hand, performance-based structural fire engineering is increasingly common, and has
become more widely accepted as a method of structural fire resistance design. According to this
approach, it is important to accurately understand and predict the performance of reactive coatings [6].
Several methods for performance-based fire engineering design have been studied and applied to the
fire resistance capability of structural elements protected with intumescent coatings. Most of these
methods are based on numerical modeling under the assumption of equivalent thermal properties of
the reactive material.

Several works have been presented on this topic in the literature [1,2,7], and most of them proposed to
describe the thermal behavior of the reactive material by solving the unsteady energy balance in the
system. According to this methodology, the directly measured parameters are the temperature of steel
substrate and the gas temperature of the gas furnace or the heat flux released by a cone calorimeter.
Note that under this approach, either the equivalent thermal resistance [11] or the thermal conductivity
are generally determined [12,13]. Regarding the thermal conductivity, either the effective value
(referred to as the initial dry film thickness of the coating), or the apparent value (referred to as the
expanded coating thickness) are generally considered. In most of the investigations presented in the
literature, the thermal conductivity of the coating is reported as a function of temperature (see [12]).
Recently, Li et al. [14] suggested the use of temperature averaged effective thermal conductivity to
predict the temperature history of protected steel sections. The concept of effective thermal
conductivity based on the initial dry film thickness derives from the approach adopted in Eurocode EN
1993-1-2, in which a simple equation that links this quantity to the temperature increase of steel with
respect to a normalized fire curve is suggested [15].

This approach, although widely adopted in engineering design practice, provides an imprecise
description of the thermal behavior of the protective layer, since it incorporates several phenomena
that occur in the intumescence process into the effective thermal conductivity, which is reflected in
extremely high variability of the values reported in the literature for this quantity [16].

This variability can be justified by observing that the thermal conductivity of the intumescent coating
is expected to depend on the heating condition that strongly affects the intumescence process, on
temperature (i.e., time) and on the initial film thickness.

Most of the experimental methodologies adopted in the above referenced papers suffer from the
weakness correlated to the determination of free boundary variables of the intumescent layer or from
other simplifying assumptions [17]. In particular, determining the net heat flux absorbed by the
coating layer is complex, because of the uncertainty in parameters that characterize its thermal
interaction with the surrounding environment, such as the coefficients of absorption, reflection and
emission of the surface, the view factor towards the environment, surrounding temperature and
convection coefficient. Moreover, the presence of exothermic and/or endothermic phenomena causes
modeling this problem to be very complex [4].

To overcome this problem, recently Calabrese et al. [7,17] suggested an innovative experimental
methodology based on the use of temperature sensors placed directly inside the expanding intumescent
layer and on an approximate measurement of the net heat flux though the system. This approach,
coupled with the formulation of the Inverse Heat Conduction Problem (IHCP) within the system [ 18-
23], does not require the definition of the free boundary variables of the intumescent layer and the
apparent thermal conductivity of the reactive material becomes the only parameter of the paint that has
to be estimated.

In this paper, the inverse problem approach methodology is adopted and its robustness in predicting
the temperature-time history of steel specimens coated with water based intumescent coatings is
verified under cone calorimeter test conditions. The estimation procedure proposed in [17] is improved
to better estimate the apparent thermal conductivity of the char layer of the intumescent paint. In
particular, enhanced modeling of the experimental setup and thermal boundary conditions has been
developed to accurately quantify the net heat flux that flows through the intumescent layer. This
information enables a robust formulation of the IHCP within the system, which is based on the direct
measurement of the temperature response of the layer during the intumescent phase. To validate the



proposed procedure, a numerical model is developed within the Comsol Multiphysics® 5
environment.

Moreover, the proposed procedure has been applied to the thermal characterization of two steel
specimens coated with water-based intumescent coatings subject to cone calorimeter tests. Finally, the
characterization of the reactive material behavior is completed with a description of the chemical and
physical changes occurring during the intumescence process.

2. Experimental Setup

The paint adopted in this analysis is a water-based intumescent coating (PROMAPAINT by Promat),
with ingredients consisting of a PVC polymeric resin with additives such as titanium Dioxide,
Melamine, 2-Butoxyethanol and others. First, a physical and chemical characterization of the
intumescent paint has been performed: in particular, a Differential Scanning Calorimetric (by a
PerkinElmer DSC7) and a Thermo-Gravimetric Analysis (by a Seiko Instruments Exstar 6000 TGA)
have been performed to investigate the changes occurring in the physical and chemical properties of
the material as a function of increasing temperature.

Further, an analysis focusing on the thermal characterization of the reactive layer has been carried out.
The paint was deposited with a Dry Film Thickness (DFT) of 0.8 mm and 1 mm on square steel plates,
4 mm thick and 100 mm wide, as shown in Fig. 1(a). The specimens were subjected to cone
calorimeter (by Fire Testing Technology Ldt.) tests under a condition characterized by a nominal
radiant heat flux of 50 kW/m?.

A specimen holder made of 200 mm thick low-density calcium silicate board to minimize and control
heat losses toward the environment, was used as a cradle for the specimens, as shown in Fig. 1(b). The
temperature of the steel plate, foam layer and calcium silicate layer was measured using K-type
thermocouples, as sketched in Fig. 1(c). The temperature in the foam layer was measured using three
thermocouples, labeled 7C;, TC; and TC;s placed at different distances z;, z> and z; from the steel plate
surface, as shown in Fig. 1(c).

These temperature sensors, shown in Fig. 1(b), were installed through 1.5 mm holes, passing through
the sample holder and the coated steel specimen. This arrangement prevents the thermocouples from
moving during the growth of the intumescent. The optimized horizontal distances between 7C;, TC,
and 7C; were obtained by a numerical simulation to minimize the reciprocal influence of the
thermocouples and the border effects. The temperature of the steel plate 7, was acquired using two K-
type thermocouples located on the uncoated surface of the plate, halfway between the edge and the
center. Two additional thermocouples were placed at the calcium silicate-metal plate interface and
between the calcium silicate and metal holder, with the aim of estimating the amount of thermal
energy lost through the base of the cradle (see Fig. 1(c)).

3. Problem Statement
3.1 Model description and governing equations

The system under investigation includes the steel plate, thermal insulating calcium silicate substrate
and intumescent paint that expands with time by forming the char layer. The system is subjected to the
radiant heat flux generated by the cone calorimeter, while exchanging heat with the environment. To
estimate the additional thermal resistance opposed by the intumescent paint, i.e., to estimate the fire
protection capability of the coating, accurate knowledge of the thermal conductivity of the charred
stratum is required. In the ideal situation, this important thermal property could be directly calculated
by applying Fourier’s law, i.e., measuring the net heat flux though the system and the temperature
spatial gradient in some locations. Unfortunately, it is not possible to implement this simple approach
within the system under investigation because of the following reasons:



- determining the net heat flux absorbed by the coating layer is difficult due to the uncertainty in
the parameters which characterize its thermal interaction with the surrounding environment,
such as the coefficients of absorption, reflection and emission of the surface, view factor
towards the environment, surrounding temperature and convection coefficient;

- the local in situ measurement of the char layer temperature suffers from the disturbance
caused by the sensors themselves in the sense that a non-negligible heat flux along the
thermocouple probes may produce an altered temperature field, compared to the value
detectable in their absence.

To overcome these problems, a strategy to correctly reconstruct the net heat flux though the system is
developed and this information is adopted as a boundary condition of the IHCP in the system that
includes the char layer and thermocouple probes as well, by assuming the thermal conductivity of the
char layer is an unknown parameter. To correctly reconstruct the effective heat flux distribution within
the char layer, it is important to consider the detailed structure of the thermocouple probe, as sketched
in Fig. 2. In particular, modeling the metal sheath that protects the sensing element is important, due to
its low thermal resistance.

The energy balance of the system, in which the char is considered to reach a thickness L, is then
described by the following equation with reference to the domain and coordinate system schematized
in Fig. 2(a)

aT (M
pCp E: V- AVT

where density p, specific heat at constant pressure ¢, and thermal conductivity A assume the
appropriate values for each material, i.e., char layer and thermocouple probe elements.

The boundary conditions adopted to complete the equation are a Dirichlet and a Neumann boundary
condition at the lower and upper boundary of the char layer, respectively, as follows:

T(x,y,z=0)=T, (2)
aT (x,y,Z,t) _
A 1., =1 3)

where T is the temperature of the steel substrate measured and ¢ is the net heat flux though the
system. Continuity condition for the thermal field has been considered at the interface between the
different materials. An adiabatic condition on all of the lateral sides of the specimens was assumed,
while the initial temperature 7;, was imposed as follows:

T(x,y,z,t =0) =Ty “4)

Concerning the heat flux g transmitted through the protective layer, Calabrese et al. [17] noted that it
can be estimated with good approximation when the intumescent layer has completely developed and
when it assumes an approximately constant value due to the negligible heat capacity of the coating and
the calcium silicate insulating layer.

However, to better estimate the heat flux, also in the transient region, the model proposed in [17] has
been improved by considering the heat stored by both the steel substrate and the calcium silicate
insulating layers and the heat lost through the sidewalls. In this condition, the energy balance of the
steel plate is as follows:

_ (QS + Qc,bottom + Qc,side + Ql,bottom + Ql,side)

1 )




where Q is the heat absorbed by the steel substrate, Q cbottom and Q c.side AT€ the heat absorbed by the
calcium silicate layers (i.e., the bottom layer and the sidewalls, respectively), Q,},it0m a0d Q) 4,

indicate the heat lost through the bottom wall and the sidewalls, respectively, and Ay is the surface
area of the steel plate (i.e., A = [2, see Figure 1 (a)).

Note that the assumption of negligible heat losses in the experiments aimed at the estimation of the
equivalent thermal conductivity is a fundamental hypothesis of many researchers, i.e., in Mesquita et
al. [24] and Anderson et al. [25]. Disregarding the heat losses in the energy balance equation of the
steel plate (Eq. (5)) may result in an underestimation of the heat flux through the foam layer and, as a
consequence, may result in an equivalent thermal conductivity value less than the actual value.

The heat absorbed by the steel and the calcium silicate layers can be evaluated by considering the
density, specific heat and volume of each material and by evaluating the temperature time variation of
both the steel plate and calcium silicate layers, as follows:

dT, ) dT,
QS=AS.SS.:DS.CS.E=;T.SSIPS.CS.E T
Qc,bottom = Ac,bottom *ScPcCct d_tc =1? “SePcCet d_tc (6)
daT, _ dT,

Qc,side = Ac,side *S¢tPcCe E 4(L+sc)he-scepe-ce - E

where p, Cs, Sg are the density, specific heat and thickness of the steel, having temperature T, while
Po Cc» Sc and A are the density, specific heat and the thickness of calcium silicate layers, having
temperature T..

To estimate the contribution of the sidewalls, the calcium silicate layers have been considered
rectangular fins; therefore, the height (4.) adopted in the evaluation of sidewalls surface area has been
set equal to 0.5s, [26].

The heat losses through the bottom wall and the sidewalls are evaluated as follows:

Ae 5 Ac
Ql,bottom = Ac,bottom S_ ' (Ts - Tc) = (l + Zsc) T (Ts - Tc)
c c
A )
Ql,side = Ac,side = (Ts - Tc) =4(l+2s.) h, S_C ' (Ts - Tc)
c c

whre A, is the thermal conductivity of the calcium silicate layers.
3.2 Parameter estimation procedure applied to the characterization of intumescent paint

Regarding the problem described by Eqgs. (1-7), all the physical and thermal properties, except A,, are
considered known quantities, while 7; and 7T, (i.e., the steel and calcium silicate temperature) are
measured variables. Therefore, the required information, i.e., A, is estimated by inversely solving Egs.
(1-7) by adopting the measured 7, and 7. time histories as input data and imposing suitable constraints.
In particular, in the approach presented here, the constraints of the IHCP have been formulated by
forcing, under the least square approach, the thermocouples simulated response to match the measured
data values. This technique is well-known in the literature within the general approach of parameter
estimation procedures [18,23]. The optimal value of the unknown parameter was then determined by
minimizing the following target function under the usual least square approach:
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1
F(la) = Nz {[Tcl,exp - TCl,sim(la)]z + [TCZ,exp - TCZ,sim(la)]z + [TC3,exp - TC3,sim (ﬂa)]z} (8)

i=1

where N represents the number of time steps, subscripts exp and sim indicate the experimental and
simulated temperatures of the three thermocouples 7C;, TC> and 7TCj3 placed within the intumescent
and 4, is the apparent thermal conductivity of the char layer, which has been considered a linear
function of the char layer temperature (i.e., 4, = 44 + a(T — T;), with A; being the apparent thermal
conductivity value of the char layer at 7;=500°C).

The simulated temperature field has been determined by solving the direct problem in Egs. (1-7) using
the finite element method implemented within the Comsol Multiphysics® 5 environment. The
computational mesh adopted, built with approximately 120000 tetrahedral elements and adopted to
discretize the solid domain, is reported in Fig. 3. The mesh quality was verified to assure grid
independent results.

The minimization of the target function (Eq. (8)) was performed through the Matlab Optimization
Toolbox® using a relative tolerance on the object function less than 1-10* as a stopping criterion. The
Nelder-Mead algorithm has been adopted in the minimization process.

3.3 Procedure validation

Validation of the procedure described in the previous sections has been performed by adopting
synthetic data. A 3-D model was developed within the Comsol Multiphysics® 5 environment,
considering the entire system consisting of the char layer, steel plate and calcium silicate cradle, as
shown in Figure 4.

By imposing a known radiant heat flux on the upper surfaces of the model, to simulate the cone
calorimeter test conditions, known values of the thermal conductivity of the char layer Aa, synthetic
temperature distributions of the steel substrate, calcium silicate layers and the char layer were obtained
(Fig. 5).

Synthetic temperature distributions, deliberately distorted by random noise, were used as the input
data of the inverse problem. In particular, white noise characterized by several values of standard
deviation, specifically 0.01, 0.1 and 1°C, was considered.

By solving the inverse problem, i.e., forcing the temperature data corresponding to the three
thermocouples 7C;, TC, and TC; placed within the intumescent to match the synthetic temperature
distributions (Eq. (8)), it is possible to restore the thermal conductivity of the char layer, which is the
only unknown parameter.

The estimated thermal conductivity value of the char layer was then compared with the exact value
used to obtain the synthetic temperature data; the comparison enables the assessment of the robustness
of the modeling approach and the parameter estimation procedure.

To quantify the influence of the contributions introduced in the evaluation of the heat flux
transmitted through the protective layer, the parameter estimation procedure has been performed by
considering the heat flux evaluated by adopting different approaches.

The first approach considers only the contributions of heat stored in the steel and heat loss through
the bottom layer of the calcium silicate, as proposed in [17]; therefore, the heat flux can be evaluated
as follows:

+
q= (Qs Ql,bottom) (9)
As
In the second approach, the contribution of the heat stored in the calcium silicate layers is
considered as well:



q= (Qs + Ql,bottom + Qc,bottom + Qc,side) (10)
A,

Finally, in the latter case, the heat flux transmitted through the protective layer has been evaluated
by considering the full model (i.e., Eq. (5)).

The restored values of the char layer thermal conductivity were evaluated considering each of the
above-discussed approaches and their relative error with respect to the reference value. They are
depicted in Fig. 6 as a function of time. It is observed that heat flux estimated using Eq. (5) allows for
restoring the char layer thermal conductivity with a good approximation, also in the early stage of the
transient, thus verifying the robustness of the proposed approach.

On the other hand, in the steady-state regime the simplified models (i.e., Eq. (9) and Eq. (10)) are
used to evaluate the heat flux with a relative error of approximately 25%. Therefore, to properly assess
the heat flux ¢ transmitted through the protective layer, all of the contributions must be considered.

Since the data presented in Fig. 6 highlight that the critical point of the procedure is related to an
accurate modeling of the system and to the correct evaluation of the heat losses from the specimen, the
results can be very useful to properly set-up the experimental tests (i.e., in choosing the crumble
material and in positioning the thermocouples). In fact, if the thermocouples are horizontally inserted
in the specimen and the material used for the crumble is characterized by low values of both thermal
conductivity and specific heat, the problem can be analyzed by adopting a 1D model, thus avoiding the
usage of the numerical simulation.

4. Results
4.1 Chemical and Physical characterization of the intumescent paint

The results of the Differential Scanning Calorimetric (DSC) and ThermoGravimetric Analysis (TGA)
are reported in Fig. 7(a) and Fig. 7(b).

The DSC data show two endothermic phenomena (at points 7; and 7>) that are attributed to the fusion
of the polymer matrix at a temperature of approximately 186°C and the evaporation of the water
chemically bound to the ingredients of the paint at a temperature of approximately 240°C, as
confirmed by other authors [27]. The third phenomenon (at point 73) reveals an exothermic reaction
due to the intumescence process activated primarily by melamine [28] that reaches its maximum at a
temperature of approximately 390°C. The measured enthalpy variations for the three detected physical
changes are 18.2, 28.6 and -3580 J/g, respectively. The degradation process described by the TGA
curve confirms these phenomena. The intumescent process starts at a temperature of approximately
300°C, while at 400°C the char formation follows; the char degradation processes occurs above 500°C
[29].

4.2 Thermal characterization of the intumescent paint

The experimental tests under the heat flux of a cone calorimeter was continued until the steel plate
temperature reached a value of 600°C, which represents the steel critical temperature, at 6000 s (for
both values of dry film thickness). Two representative images of the coated steel specimens at the end
of the cone-calorimeter test are reported in Fig. 8(a) and Fig. 8(b) for DFT equal to 0.8 mm and 1 mm,
respectively.

The average final thickness was approximately 37.5 mm for the specimen with DF7=0.8 mm and 44.5
mm for the other specimen (i.e., DFT=1 mm). Therefore, the expansion ratio (i.e., the ratio between
the final thickness and the initial thickness) is approximately 46.9 for DF7=0.8 mm and 44.5 for
DFT=1 mm.

The time history of the steel plate, Ts, and the observed average thickness growth trend, are shown in
Fig. 9(a) and Fig. 9(b) for the two DFT values considered.



The data show that the heating process of the steel substrate can be divided into three stages [17, 22]:
preheating, tumescent, and post-tumescent phases. Before the substrate temperature reaches the
temperature of intumescence, the heat transfer mode within the coating is dominated by conduction
and the heating process is called the preheat phase. The temperatures of the virgin coating and the
substrate increase quickly in this stage. When the temperature of intumescence is approached, the rise
of the substrate temperature slows because of the energy consumption of the intumescent reaction. The
intumescent reaction usually occurs over a temperature range, and the heating process during this
stage is called the tumescent phase. At the end of the intumescent reaction, the substrate and the char
temperatures rise rapidly again, and this stage is referred to as the post-tumescent phase. Thus, the
temperature curve of the substrate at the tumescent phase resembles a bending curve; this type of
bending evidence is a characteristic of intumescent coatings. The heating velocity decrease, even after
the completion of intumescence, is due to the increased heat loss as the steel plate temperature
increases significantly.

The temperature time response of thermocouples 7C;, TC> and TC; is reported in Fig. 10(a) and Fig.
10(b), for the two DFT values considered in the present analysis.

The curves follow a similar pattern: a rapid increase is registered when the thermocouple is directly
exposed to the heat flux emitted by the cone calorimeter apparatus. When the intumescent layer
incorporates the sensors, a rapid decrease occurs while a steady state is reached late.

Minimization of the function expressed in Eq. (8) is forced by choosing several representative times in
the steady state regime where the intumescent reaction has run to completion (char temperature greater
that 500°C), as proven by the DSC and TGA data reported in Fig. 7.

This approach (i.e., focusing on the steady state regime) enables isolating the thermal conductivity as
the parameter that governs the phenomenon, while reducing the complexity of the minimization
procedure as well.

The minimization has been performed by assuming the following data: p= 7750 kg/m?®, c,= 600 J/(kg
K), 4= 0.1 W/(m K) and a thermal conductivity equal to 3.7 W/(m K) and 14 W/(m K) for the
insulation and metal sheath of the thermocouples probes, respectively.

A comparison of the experimental and restored temperatures of the three thermocouples 7C;, T7C> and
TC;s placed within the intumescent is presented in Fig. 11 for both DFT values and all time steps
considered in the minimization process. The inverse procedure allows for accurate estimation of the
temperatures of the three thermocouples.

To assess the robustness of the developed procedure, the temperature residuals (i.e., discrepancy
between the restored values and the experimental values) were evaluated. Since the residuals are
randomly distributed around zero, as shown in Fig. 12, successful implementation of the minimization
procedure is confirmed.

Note that the presented results are within the range of values in the literature [29, 32-35]. For example,
by investigating the behavior of intumescent paint both numerically and experimentally, Gomez-
Mares et al. [29] suggested a range of thermal conductivity between 0.1 and 0.4 W/(m K), while
Kandola et al. [35] obtained values within a range of 0.1 to 0.6 W/(m K).

The uncertainty of the estimated values of A, was calculated using the standard propagation error
approach [30,31] as follows:

1

E3, =21 1[(024/0%;) - 6, 1% (11)

where the partial derivative in Eq. (11) is calculated using a finite difference approach:

0q _ Aaxi +4x) — Aa(xi)

12
(')xl- Axi ( )

where Ax; is a small variation of the input parameter x;.



The values of the partial derivative for the main parameters that influence the value of apparent
thermal conductivity of the char layer are presented in Table 2.

The overall percent uncertainty E,, was approximately 15%, assuming an uncertainty in the input
parameters as reported in Table 3. For the properties of the calcium silicate, the uncertainty provided
in the manufacturer's datasheet were used, while the uncertainty associated with the measurements of
the temperature was estimated by monitoring the variability of the recorded quantities during the
experimental tests.

5. Conclusions

This investigation is focused on the application of an inverse problem approach for estimating the
apparent thermal conductivity of the char layer generated by intumescent paints used to protect steel
framed structures in case of fire. The methodology is based on the solution of the inverse heat
conduction problem within the system, under the least-square method, by adopting the measured
temperature response of the char layer at different locations as known input data.

Since the solution approach requires an accurate estimate of the net heat flux through the system, the
parameter estimation procedure available in the literature has been improved by developing a more
accurate model.

The validation of the proposed model, performed by using synthetic data, indicates that by considering
the contribution of the insulating layer in the evaluation of both heat stored and heat loss, the net heat
flux through the system can be evaluated with good approximation.

Applying the validated procedure to the thermal characterization of two steel specimens coated with
water-based intumescent coatings showed that the apparent thermal conductivity of the char layer
moderately depends on temperature, while the initial paint thickness, for the experimental condition
investigated, does not appear to have significant importance.

Moreover, the results highlight that the critical point of the procedure is related to an accurate
modeling of the system and to the correct consideration of the heat losses from the specimen, therefore
the here presented outcomes can be very useful to properly set-up the experimental tests.

The hereby adopted experimental data processing methodology could be considered a starting point
for the definition of a reduced-scale test procedure aimed to predict the fire protective capability of
intumescent paints under a performance-based fire safety engineering approach.
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Nomenclature

Cp specific heat at constant pressure, J/(kg K)
F target function, K?

H height, m

/ length, m

L final thickness of char, m

q heat flux, W/m?

S thickness, m

t time, s

T temperature, K

x,y,z  Cartesian coordinate, m
Greek symbols
o uncertainty



& relative error, %
A thermal conductivity, W/(m K)
Yo, density, kg/m?

Subscript

a apparent

c calcium silicate
exp experimental

in initial

/ lost

s steel

sim simulated
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Table 1. Distance of the sensing element from the metal surface.

Dry film thickness Z1 [mm] 7> [mm] 73 [mm]
(DFT) [mm]
0.8 9.1 19.0 28.6
1.0 10.6 16.9 25.2
Table 2. Partial derivative for input parameters.
Parameter A,
axi
z 3.47e-2 [WI(M? K)]
T 1.00e-2 [W/(m K?)]
Se 4.00el [W/(m?K)]
Pe 1.02e-3 [W m?/(kg K)]
CPe 4.84e-4 [ka/(s m)]
Ae 2.30el []
he 6.00el [W/(m2K)]
Table 3. Uncertainties in the model input parameters.
Parameter T Z, Sc, he Pe Cpe e
Uncertainty +5°C + 1 mm +5% + 5% +10%
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Figure 1. (a) Geometric parameters of the system under investigation. (b) Steel specimen, thermocouples and holder
(c) Details of the thermocouples location.
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Fig. 2. (a) The model of the intumescent char layer instrumented with the thermocouples probes and coordinate
system. (b) Sketch of the structure of the thermocouple probe.
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Fig. 3. The computational mesh adopted.



Fig. 4. 3-D model considered in the procedure validation.
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Fig. 5. Synthetic temperature distributions.
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Figure 6. (a) Thermal conductivity of char layer estimated by means of different approaches. (b)
Relative error on thermal conductivity of char layer.
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Figure 7. (a) DSC curve under a dT/dt =10°C/min condition. (b) TGA curve under a dT/dt=10°C/min.
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Figure 8. Representative images of the coated steel specimens at the end of the cone-calorimeter

test. (a) DFT=0.8 mm (b) DFT=1 mm.
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Figure 9. Steel plate temperature and char layer thickness time history. (a) DFT=0.8 mm. (b) DFT=1.0
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Figure 10. Temperature detected by thermocouples TC1, TC2 and TCs during the intumescence process. (a)

DFT=0.8 mm. (b) DFT=1.0 mm.



800 T T T T T T 800 T T T T T T

a) b)
750 1 750 t l
E <& <& & & &
700 + + 700X % ¥ # % % %
X b i i E 2 R > R R R
650 F 1 5 5 @ ® ® 650% & S o @
°© 600 $ 1 © 6006? 1
: o T Lexp : o Tcl,exp
550 - o TCZ,exp . 550 + o 2,exp |+
Q TC},exp 4 TCS,exp
500 + TC, . | 500 +TC |
T TC
450 + X 2res || 450 + X 2res ||
* 3res * TCS,res
400 I I I I I | 400 I I 1 I I 1
2500 3000 3500 4000 4500 5000 5500 6000 2500 3000 3500 4000 4500 5000 5500 6000
t[s] t[s]
(a) (b)

Figure 11. Comparison between the temperature detected by thermocouples TC1, TC, and TCzand the restored
values. (a) DFT=0.8 mm. (b) DFT=1.0 mm.
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Figure 12. Temperature residuals. (a) DFT=0.8 mm. (b) DFT=1.0 mm,



