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This article presents an analytical method to calculate the
expansion of intumescent coatings under different heating
and fire conditions, being the most critical step in quanti-
fying their fire protection performance under different
conditions. The proposed method extends that of Amon
and Denson, originally developed for spherical bubbles in
viscous fluid subject to increase in pressure within the
bubbles, to intumescent coatings with non-uniform tem-
perature field and temperature-dependent viscosity. The
pressure increase inside the bubbles is a result of the
conversion of intumescent coatings from melt to gases at
high temperatures. The extended analytical method has
been used to predict the expansion processes of intumes-
cent coatings tested by Zhang et al. under cone calorime-
ter with different heating rates and under furnace fire
condition with different temperature-time curves, and
those of Muller under cone calorimeter heating. In these
tests, intumescent coatings were applied to steel plates
and the tests examined the effects of different coating
thicknesses and steel plate thicknesses, therefore allow-
ing the fire and cone calorimeter tests to encompass a
wide range of temperatures and rates of heating. Compar-
ison of the analytical calculation and test results indicates
that the proposed method is suitable for quantifying the
expansion process of intumescent coatings. POLYM. ENG.
SCI., 56:798-809, 2016. © 2016 Society of Plastics Engineers

INTRODUCTION

Intumescent coatings are widely used as fire protection material
for building structures, especially steel-framed buildings, to pro-
vide them with sufficient fire resistance. For onshore applications,
where the fire exposure is cellulosic, thin film intumescent coat-
ings are the preferred choice because they are flexible and ease to
use and can be employed to enhance aesthetics appearance.

Intumescent coatings are inert at room temperature but when
they are exposed to heat, they undergo a series of chemical reac-
tions which can make the intumescent coatings swell up to 100
times of the initial thickness, forming a cellular char. It is this
expanded char, which has low thermal conductivity, that acts as a
barrier to protect the steel substrate against fire attack. Intumes-
cent coatings are reactive materials and the chemical reactions
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depend on many factors, the two most important of which are the
heating temperature and the rate of heating. Because of the com-
plexity of intumescent coating behaviour in fire, assessment of
the performance of intumescent coatings is based on conducting
numerous fire tests, which is not an effective process. Further-
more, the current Eurocode [1] for the assessment of intumescent
coating properties is only applicable to the standard fire condition
and does not reflect the effects of different substrate steel thick-
nesses and intumescent coating thicknesses.

Appropriate assessment of intumescent coating performance
requires a thorough understanding of the fundamental character-
istics of intumescent coatings. When an intumescent coating is
exposed to heat, it melts into a viscous fluid. Gases are then
released, from the blowing agent, to expand the viscous fluid.
Afterwards, the intumescent coating solidifies to form a stable
char layer. The expanding process and the final expansion are
the most critical factors that determine the fire protection per-
formance of the intumescent coating.

A number of different models have been proposed to esti-
mate the expansion of intumescent coatings. In the previous
studies of Cagliostro et al. [2], Anderson et al. [3], Henderson
and Wiecek [4], the maximum expansion was assumed. With
the maximum expansion being treated as input data, these
research studies then proceeded to conduct heat transfer analysis
by treating intumescent coatings as non-reactive material. Di
Blasi and Branca [5] and Di Blasi [6] developed a much more
complex set of formulations to analyse heat and mass transfer in
intumescent coatings, but they again assumed the final expan-
sions of intumescent coatings were known a prior. Yuan and
Wang [7] adopted the approach of Di Blasi [6] and investigated
the influences of different intumescent coating properties on
intumescent coating thermal conductivity and protected steel
temperatures. The internal structure of intumescent coating char,
in particular, the average bubble size, was identified to have
some influence on intumescent coating thermal conductivity.
The maximum expansion ratio was found to be most influential.
Butler et al. [8] attempted to model intumescent coating expan-
sion at the microscopic level, considering heat transfer, hydrody-
namics and mass transfer. Although this modelling demonstrated
the potential of this approach, the modelling was limited to the
very early stage of intumescent coating behaviour.

The research that is most relevant to the current work comes
from that of Zhang et al. [9] and Zhang et al. [10] where they
attempted to predict the expansion process of intumescent coat-
ings. In their model, they assume that the expansion ratio of intu-
mescent coatings is directly proportional to the ratio of density of
the solid blowing agent to the released gas density, assuming that
the intumescent coating pressure is maintained at the atmospheric
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pressure. Because this would result in final expansion ratios of
hundreds of times (the ratio of density of solid intumescent coat-
ing to gas is about 1300), they stipulated that only a fraction of
the released gas would be retained (trapped) in the intumescent
coatings to cause expansion. They then proposed a hypothetic
link between the amount of trapped gas, as a proportion of the
total gas released, and the temperature and heating rate. They
have compared their predictions against their own cone calorime-
ter Zhang et al. [10] and furnace fire Zhang et al. [9] tests.
Although their comparisons show good agreement between their
model prediction and test results, their assumption that most of
the released gas escapes from the intumescent coating during the
expansion process is highly questionable because this would
require the released gas from inside the intumescent melt to travel
through the coating and further to the outside air almost instantly
when they are released.

The purpose of this study is to test a different hypothesis. It
assumes that all of the released gases are retained in the intu-
mescent melt. However, expansion of the released gases is sub-
ject to pressure by the surrounding viscous intumescent melt.
After the expanded intumescent coating has formed a char,
cracks may form in the char and the pressurised gases inside the
gas bubbles may indeed release to the outside air, but the expan-
sion that has already happened would be maintained.

To test this alternative theory of intumescent coating expan-
sion, the mathematical (cell) model of Amon and Denson [11]
will be applied. Starting from the basic principles of mass and
momentum conservation, Amon and Denson [11] developed a
theoretical model to calculate the expansion of spherical bubbles
in viscous fluid when the pressure inside the bubbles increases.
They assumed that all physical properties of the fluid and the
gas were constant. However, despite these simplifying assump-
tions, the resulting analytical solution may still apply, provided
modifications are made to take into consideration the source of
pressure increase inside the intumescent coating bubbles and
changes in intumescent coating properties at high temperatures,
which can be done through implementing a time-increment
approach.

Therefore, the aim of this article is to test feasibility of
applying the Amon and Denson [11] model for predicting
intumescent coating expansion. For checking accuracy of this
extension, the analytical model results will be compared against
the cone and furnace fire test results of Zhang et al. [9]
and Zhang et al. [10], and the cone calorimeter test results of
Muller [12].

A BRIEF DESCRIPTION OF THE MATHEMATICAL MODEL
OF AMON AND DENSON AND ITS APPLICATION TO
INTUMESCENT COATINGS

A Brief Introduction to the Amon and Denson Theory

Amon and Denson [11] have proposed a mathematic model
to describe how spherical bubbles in a polymer liquid will
expand when the interior pressure inside the bubbles is
increased. Refer to Fig. 1, which shows uniformly distributed
bubbles of radius R, within a viscous polymer liquid that has a
viscosity u. Each bubble has an envelope of radius “S.” On the
basis of the conservation of mass and momentum, Amon and
Denson [11] have obtained the following equation to describe
the expansion ratio of the bubbles:
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FIG. 1. Schematic representation of the multi-cell model [11].
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where S(¢) and R(¢) are the radius of the bubble and the outer
shell respectively at time ¢, with initial values of Ry and Sp
respectively, i is the viscosity of the surrounding liquid and o is
the bubble surface tension. By conservation of volume,

S()= (503 +R(1)? —R03) o 2)

The outer shell radius S(z) calculated at each time step.

The initial outer shell radius is calculated by using the nucle-
ation density, that is, the number of nucleation sites per volume,
N/V.

3 1/3
So= 3
0 |:47INce[ls:| ( )

All nucleated cells are uniformly distributed and each cell has
[(4/3)n]So* volume at 1=0.

The initial outer shell radius, Sy significantly greater than the
initial bubble radius Ry. Figure 1 shows a schematic representa-
tion of the cell model.

In deriving the above equation, Amon and Denson [11] have
made the following assumptions:

The gas inside the bubble is based on ideal gas law and there
is thermodynamic equilibrium at all times at the gas-liquid
interface according to gas concentration (Henry law).

The liquid in the polymer shell is incompressible and Newto-
nian fluid.

Material properties of the polymer fluid do not change with
time.

Coalescence of the bubbles is negligible and the number of
bubble per unit volume (N.s—number of nucleated cells per
unit volume) does not change throughout the expansion process

Application to Intumescent Coatings

In this research, the Amon and Denson [11] bubble growth
model has been applied to modelling the expansion of intumes-
cent coatings with the following adaptations:

Expansion of the intumescent coatings is assumed to be one-
dimensional, perpendicular to the direction of heating. In the

POLYMER ENGINEERING AND SCIENCE—2016 799



1104

o Experimental Mass Loss
1 Fitted Curve
100 -
90
2 a0
@ |
w
2 70
5 |
S 60
w
3 i
50
40
30
T T T T T T T T T
0 200 400 600 800 1000
Temperature (°C)
FIG. 2. Mass conversion (loss) data as a function of temperature for intu-

mescent coatings of Zhang et al. [10]. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

coating thickness direction, the coating is divided into a large
number of layers, each of which has the same temperature.

The driving force (pressure) inside the bubbles is due to the
release of additional gases from the intumescent coating melt.
All the released gases are trapped inside the coating and there is
no diffusion of the released gases.

Thermodynamic equilibrium is
changing temperatures.

The material properties of the intumescent coating (viscosity,
gas release, surface tension) change with temperature and time
(Section “Input Properties of Intumescent Coating”).

instantly achieved with

Input Properties of Intumescent Coating

The analytical model of Amon and Denson [11] is used to
model the tests of Zhang et al. on intumescent coatings under
the cone calorimeter heating condition [10] and furnace fire [9],
and the cone calorimeter tests of Muller [12].

In the literature on intumescent coat-
ings, the conversion of intumescent melt into gases is often
referred to as mass loss. This is a misconception because the
intumescent melt mass that has been converted into gases have
not been lost. However, this is understandable because such
tests are carried out using very small volumes and small quanti-
ties of intumescent coating mass in thermogravimetric analysis
(TGA) tests. Because of the small sample size in the TGA test,
the released gases can easily escape, hence giving rise to the
appearance of mass loss. However, in large test samples such as
in cone calorimeter or furnace fire tests that are modelled in this
study, the gases are assumed to be retained. Thus, the mass loss
from the TGA test is alternatively referred to mass conversion
in this paper.

Figure 2 shows the mass conversion—temperature relation-
ships for the intumescent coatings studied by Zhang et al. [10]
and Fig. 3 provides the same data for the intumescent coatings
studied by Muller [12]. The fitted curves will be used in the
predictive model of this article. The intumescent coatings used
by Zhang et al. [9, 10] were water based and those by Muller
[12] were solvent based.

Mass Conversion (Loss).
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Pressure Increase. The mass conversion value can be used to
calculate the pressure increases inside intumescent coating bub-
bles that drive the expansion process. Consider an initial bubble
of volume V. When the intumescent coating is converted from
melt to gases, assume the mass of the total converted gas is Am
sociated with the bubble volume V. If the pressure inside the
bubble is maintained, the bubble would have to increase in vol-
ume by:

AV= Am/p, “4)

where p, is the density of the gases inside the bubble.

However, before expansion occurs, the volume of the bubble
is maintained. Therefore, the pressure inside the bubble has to
increase. According to the ideal gas law, the initial state of the
bubble is:

P,V=nRT 5)

where R is the ideal gas constant, n is the amount of gas in
mole, V is the volume of the gas and T is temperature. n= 7
in which M is the mass of gas and MW is the molar mass.

With the volume unchanged and the temperature maintained,
when the additional Am is included, the state of the bubble is:

(P+AP)V=(n+An)RT (6)

where An= Aé[—”u’,.
Therefore, the new pressure in the bubble can be calculated

using:

_ _ (V+AV)
m 1%

P, (m+Am)
P, @)

_AV+Y

Pg \%

P, ®)

where P, the initial gas pressure inside the bubble before mass
conversion and expansion.

Surface Tension. To use Eq. I, the surface tension of the intu-
mescent coating melt is required. Since there has been no
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FIG. 3. Mass conversion (loss) data as a function of temperature for intu-

mescent coatings of Muller [12].
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FIG. 4. Surface tension versus temperature for polyethylene melt [13].

measurement of this property for intumescent coating melt, the
values of Kwok et al. [13] for polyethylene are adopted. This is
shown in Fig. 4.

Fortunately, prediction of intumescent coating expansion is
not sensitive to the value of surface tension. For example, Fig. 5
indicates that when using the variable surface tension in Fig. 4
and a constant value of 20 N/m? for predicting one (C12L1) of
the tests of Zhang et al. [10], the results nearly coincide.

Viscosity. For the intumescent coating studied by Zhang et al.
[9, 10], there was no measurement of viscosity. Therefore, for
the purpose of this aricle, the viscosity value has to be esti-
mated. This estimate is based on the results of Bugajny et al.
[14] which provided viscosity data for a number of intumescent
melts given by Bourbigot et al. [15]. These data are shown in
Figs. 6 and 7. Comparing the mass conversion (loss) data shown
in Fig. 2 for the intumescent coatings studied by Zhang et al.
[10] with the TGA data of Fig. 6, it can be seen that of the intu-
mescent coatings of Zhang et al. [10] is similar to the curve for
PP-APP/PER. Therefore, in this article, it is assumed that the
viscosity of the intumescent coatings studied by Zhang et al.
[10] is that of curve for PP-APP/PER. Figure 7 shows the
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FIG. 5. Sensitivity of intumescent coating expansion ratios to surface
tension.
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FIG. 6. TGA curves of different mixture of intumescent coatings [15].

recorded viscosity—temperature relationship for PP-APP/PER
and the fitted polynomial curve for use in this article. Figure 8
shows the measured viscosity—temperature relationships for the
intumescent coatings of Muller [12].

MATHEMATICAL MODEL RESULTS AND COMPARISON

Zhang et al. [9, 10] carried out two series of tests, one under
furnace fire exposure and one under cone calorimeter. Muller
[12] performed cone calorimeter tests using different intumes-
cent coating formulations. Comparison will be made for these
three series of tests.

Comparison for Furnace Fire Tests

The furnace fire tests of Zhang et al. [9] were conducted by
placing intumescent coated steel plates, all measuring 100 mm
by 100 mm in planar dimensions but different plates having dif-
ferent thicknesses, each with the same intumescent coating
thickness on both sides, to fire exposure from both sides. Three
fire temperature-time curves were used for the furnace fire test
condition. They are shown in Fig. 9 and are referred to as Fast
fire, ISO fire and Slow fire.
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FIG. 7. Assumed viscosity—temperature relationship, based on heat-treated

PP/PER/APP system of Bugajny et al. [14]. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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Muller [12].

When the intumescent coating protected steel plate was
exposed to fire, the temperature distribution in the intumescent
coating was non-uniform. When using the Amon and Denson
model, the intumescent coating was divided into a large number
of slices, each of the slices having its own uniform temperature.
The temperatures of these slices are based on the assumed tem-
perature distributions shown in Fig. 10. In this figure, the tem-
perature of the intumescent coating in contact with the fire has
the same temperature as the fire and that in contact with the
steel plate the same temperature as the steel plate.

Because of the very small mass of intumescent coatings
used, the effect of heat capacitance in heat transfer may be
neglected. Therefore, heat transfer within the intumescent coat-
ing may be considered steady state. Under this condition, the
temperature gradient within the intumescent coating is inversely
proportional to the thermal conductivity of intumescent coating.
The effective thermal conductivity (based on the original thick-
ness) of intumescent coatings decreases as the temperature
increases. Therefore, it is expected that the temperature gradient
within the intumescent coating increases from the steel plate
side to the fire side. The two temperature distribution bounds in
Fig. 10 represent the possible lower and upper bounds with the
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FIG. 9. Furnace fire—temperature curves [9].
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FIG. 10. Different possible temperature assumptions throughout the intu-
mescent coating thickness (D: Coating thickness, T: Temperature).

middle distribution in Fig. 10 representing possible realistic tem-
perature distribution inside the intumescent coating. The three
temperature distributions in Fig. 10 are used to demonstrate sen-
sitivity of the calculating results using the Amon and Denson
model to the assumed temperature distribution.

The steel plate thicknesses were 5, 10, and 20 mm/s and the
nominal dry film thicknesses (DFTs) were 0.4, 0.8, and 1.2 mm,
respectively. However, in this modelling, the actual measured
DFTs were used.

In the following sections, A, B, and C refer to 5, 10, and
20 mm steel plate thicknesses, respectively, whereas 04, 08, 12
refer to 0.4, 0.8, and 1.2 mm DFTs, respectively. For example,
AO4SLOW refers to a 6 mm thick steel plate with 0.4 mm DFT
subjected to slow fire condition.

RESULTS AND DISCUSSION
Sensitivity of Modelling Results to the Number of Nucleation Sites

When intumescent coating starts to expand, many bubbles
will be created at different nucleation sites. The Amon and Den-
son model calculates expansion of the bubbles, from which the
total expansion of the intumescent coating is calculated, as
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FIG. 11. Effect of number of bubbles on the final expanded thickness of
intumescent coating.
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FIG. 12. Expansion-time relationship for various number of bubbles (nucle-
ation sites). [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

explained in Section “A Brief Introduction to the Amon and
Denson Theory.” In theory, it is necessary to know the number
of bubbles (nucleation sites) from which expansion occurs.
However, since the nucleation sites share the same amount of
gas conversion, it is expected that the expansion result would
not be sensitive to the number of nucleation sites provided there
is a sufficient number to smooth out the expansion. To check
this, different numbers of nucleation sites have been considered
in the theoretical model to investigate their influence on the
final expansion thickness. Figure 11 shows the results. It can be
seen that the final thickness of the intumescent coating after full
expansion is the same regardless of the number of bubbles once
the number of nucleation sites reached about 3600. For further
investigation of this article, the total number of bubbles of
36,000 will be used, which for a 100 mm X 100 mm plate rep-
resents 60 nucleation sites in the planar direction and 10 nuclea-
tion sites in the thickness direction.

Three representative expansion-time relationships for, respec-
tively, 18,000, 36,000, and 144,000 bubbles can be shown in
Fig. 12. It can be seen that the time history of expansion is also
independent of the total number of nucleation (initial bubble)
sites.

50
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FIG. 13. Sensitivity of predicted expansion process to assumed temperature
distributions, for slow fire, 5 mm steel plate thickness. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIG. 14. Predicted expansion ratios for slow fire, 10 mm steel thickness.

Slow Fire Results

Figures 13-15 compare the modelling results for different
coating thicknesses and different assumed temperature distribu-
tions, for 5 mm, 10 mm, and 20 mm steel plate thicknesses,
respectively. Figure 13 shows that using different temperature
distributions has some effect on intumescent coating expansion,
but the results are quite close to each other. Therefore, for fur-
ther comparisons, only the realistic temperature distribution
shown in Fig. 10 will be used.

Figures 13 and 14 indicate moderate differences in the final
expansion ratio under different conditions (coating thickness/
steel plate thickness) for the 5 mm and 10 mm thick steel plates.
However, for the 20mm thick plate tests, as shown in Fig. 15,
the theoretical model predicts quite large difference in the final
expansion ratios. This may be used as convincing data to sup-
port validation of the prediction results because the large reduc-
tions in expansion for C8 and C12 specimens are in excellent
agreement with the test results. In fact, Table 1 compares the
theoretically calculated and measured fire expansion ratios for
all the slow fire tests. Despite the various assumptions of the
Amon and Denson theoretical model and the further assump-
tions made by the authors to adapt the Amon and Denson

40
o 30
T
i
s | 0 F s g ssesces
‘5 20 g .
c e
(]
o
>
[}
104
s — C04SLOW
‘ W - - -C08sLOW
o C12SLOW
¥ T ¥ T ¥ T 3 T T T w T T T ¥ 1
0 500 1000 1500 2000 2500 3000 3500 4000
Time (s)
FIG. 15. Predicted expansion ratios for slow fire, 20 mm steel thickness.
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TABLE 1. Comparison between measured and predicted final expansion
ratios of Zhang et al. [9] with the current predictions, slow fire tests.

E.R" measured E.R" predicted E.R" current

Sample ID Zhang et al. [9] Zhang et al. [9] prediction
A04SLOW 39.2 40.8 39.09
AO8SLOW 40.5 30.1 37.33
A12SLOW 48.6 31.4 32.27
B04SLOW 42.9 37.7 39.48
BOSSLOW 39.3 30.5 37.89
B12SLOW 375 32.6 35.99
C04SLOW 423 28.3 41.22
CO8SLOW 20.2 24.2 21.53
C12SLOW 16.4 26.4 19.85

* E.R, Expansion Ratio.

model, the agreement is surprisingly good. In fact, the agree-
ment is better than that between the test results and the predic-
tions by Zhang et al. [9].

ISO Fire Results

Figures 16-18 present expansion-time relationships for the
ISO fire tests. Table 2 compares the theoretical expansion ratios
with those measured and calculated by Zhang et al. [9]. Again,
the agreement between the theoretical and measured results is
quite good. It is particularly interesting to note the trend of
expansion for the C-series tests whose steel plate thickness was
the highest, being 20 mm. The theoretical model predicted the
highest expansion ratio for the 0.8 mm DFT of A-B series tests
and smallest expansion ratio C-series test compared to those of
the 0.4 mm and 1.2 mm DFT tests. This is in agreement with
the test observation. In contrast, the predictions of Zhang et al.
[9] indicate a monotonic change in the expansion ratio as the
DFT changes.

Fast Fire Results

Figures 19-21 compare the modelling expansion ratio results
for the fast fire tests and Table 3 summarizes the final expan-
sion results. The current theoretical results are generally in good
agreement with the measured results. As can be seen from Table
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FIG. 16. Predicted expansion ratios for ISO fire tests, 5 mm steel
thickness.
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FIG. 17. Predicted expansion ratios for ISO fire tests, 10 mm steel
thickness.

3, there is a monotonic change in expansion-time relationships
for each series of the fast fire test specimens. The theoretical
results follow this trend except for the sample with 5 mm steel
thickness (A12).

Modelling the Cone Calorimeter Tests

Figure 22 shows the cone calorimeter test set up used by
Zhang et al. [10]. The same type of intumescent coating as in
their furnace fire tests (Zhang et al. [9]) was used in the cone
calorimeter tests. Also the same steel plate thicknesses and nom-
inal DFTs were used. The cone calorimeter tests were performed
for two levels of radiating heat flux: 50 kW/m? and 65 kW/m?.
The steel temperature was measured. However, there was no
measurement of the intumescent coating surface temperature. In
order to obtain the intumescent surface temperature to approxi-
mate the temperature profiles within the intumescent coating,
the intumescent coating surface temperature (Tm,fm.e) Iculation
method developed by Omrane et al. [16] was used. A summary
of this method is provided below:
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FIG. 18. Predicted expansion ratios for ISO fire tests, 20 mm steel
thickness.
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TABLE 2. Comparison between measured and predicted final expansion
ratios of Zhang et al. [9] with the current predictions, ISO fire tests.

E.R? measured E.R? predicted E.R? current

Sample ID Zhang et al. [9] Zhang et al. [9] prediction
A04ISO 342 37.1 24.71
AO08ISO 36.6 353 34.80
A12ISO 28.2 30.3 27.82
B04ISO 29.9 33.1 24.68
BO8ISO 23.0 25.7 28.47
BI12ISO 21.0 25.7 27.50
C04ISO 26.2 29.6 26.94
CO8ISO 18.5 233 21.53
C12ISO1 21.3 20.9 26.49

* E.R, Expansion Ratio.

Considering the test sample as one-dimensional, the surface
temperature of the intumescent coating is calculated using the
following heat balance equation:

(AT+AT,) AT,

oo™ 5

6T+ he(T—To0) =600 —Oloss —
g ( )=8Qe = Qlos AL »

psCsdy
)

where Q, is the incident irradiance (heat flux) from the cone
calorimeter on the surface of the specimen, ¢ is the surface
emissivity of the intumescent coating, /. the convective heat
transfer coefficient and p,,, Cp, dp, p, Cs, ds are the density, spe-
cific heat and the original thickness of the coating and steel
plate, respectively.

The first and second terms on the left-hand side of Eq. 9 are
radiation and convection heat losses from the surface of the
intumescent coating to the space respectively. The first term on
the right-hand side of the equation is the heat flux irradiance,
the second term is the conductive heat loss from the steel plate
to the mineral wool, the third and fourth terms on the right-hand
side are the heat stored in the intumescent coatings and in the
steel plate, respectively. In the calculation of the intumescent
coating surface temperature in this study, the conductive heat
loss from the steel plate to the insulation and heat stored in the
coating are neglected due to good insulation and negligible coat-
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FIG. 19. Predicted expansion ratios for fast fire tests, 5 mm steel thickness
sample.
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FIG. 20. Predicted expansion ratios for fast fire tests, 10 mm steel
thickness.

ing mass, respectively. The predicted surface temperature using
Eq. 9 rapidly increases to the final steady value within 8-10
minutes.

After obtaining the intumescent coating surface temperature,
the same temperature distribution profile, as shown by the mid-
dle (realistic) curve of Fig. 10, was used in the theoretical calcu-
lations using the modified Amon and Denson model.

During the cone calorimeter tests, continuous measurement
of the expanded thickness of the intumescent coating was made.
This makes it possible to compare the theoretical prediction of
the expansion process with the test results.

In the following sections, H and L refer to heat fluxes of 65
kW/m? and 50 kW/m?, respectively, whereas 1 and 2 refer to
the sample number. For example, AO4L1 refers to sample 1 of a
5 mm thick steel plate with 0.4 mm DFT subjected to radiant
heat flux of 50 kW/m>.

Modification to Surface Temperature Prediction

Because some of the heat loss terms (heat conduction to
insulation, heat stored in intumescent coating) in Eq. 9 were
neglected and a high surface emissivity was assumed from the
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FIG. 21. Predicted expansion ratios for fast fire tests, 20 mm steel
thickness.
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TABLE 3. Comparison between measured and predicted final expansion
ratios of Zhang et al. [9] with the current predictions, fast fire tests.

E.R* measured E.R? predicted E.R" current
Sample ID Zhang et al. [9] Zhang et al. [9] prediction
AO4FAST 24.8 30.8 24.82
AO8FAST 21.8 25.5 21.45
A12FAST 28.8 25.2 16.81
BO4FAST 31.5 31.5 35.24
BOSFAST 23.7 25.8 21.49
BI2FAST 20.7 26.1 16.02
CO4FAST 322 27.6 34.09
CO8FAST 19.7 23.4 22.39
CI12FAST 20.5 22.6 18.00

* E.R, Expansion Ratio.

beginning, using Eq. 9 of Omrane et al. [16] produced very
high intumescent coating surface temperature increases almost
instantly from at the start of heating, causing the predicted intu-
mescent coating expansion to increase rapidly when the experi-
mental results indicate near zero expansion. To avoid this
problem, the predicted surface temperature—time curve using Eq.
9 were shifted by a small amount of time so that the prediction
and measurement of intumescent coating thickness would start
at the same time. This is shown in Fig. 23 as an example.

Results for Low Heat Tests (50 kW/m2)

The measured results of Zhang et al. [10] show that speci-
mens AO4L1, BOSL1, and C12L1 achieved the maximum expan-
sion, the minimum expansion and medium expansion. These
three tests are used here to show detailed comparison between
the theoretical prediction and test results.

Figure 24 compares the expansion ratio-time relationships
for these three tests, where “Test” refers to the measured expan-

50

40
30

20 i

Expansion Ratio

— Test

----- Original Surface Temp.

- - = Surface Temp. with
shift in time

) T v T b T X T ¥ T Ly ¥ T T ¥ 1
0 500 1000 1500 2000 2500 3000 3500 4000
Time (s)

FIG. 23. Comparison of predicted and measured expansion ratios using
two predicted surface temperature-time relationships (one using Eg. 9, one
using Eg. 9 with a shift in time), test sample BOSL1.

sion ratio by Zhang et al. [10] and “Prediction” refers to the
current predicted expansion ratio.

Close agreement is clearly shown between the prediction and
test results for the intumescent coating expansion process and
the maximum expansion ratio. The small difference may be due
to the assumed coating temperature profile and it is considered
acceptable. Some of the test results indicate reduction in expan-
sion after reaching the maximum. Zhang et al. [10] attributed
this to oxidation of the surface layers at high temperatures after
reaching the maximum value and proposed a simplified equa-
tion, which relates the amount of mass loss after reaching full
expansion to the reduction in coating thickness, to deal with
this. The same procedure could have been implemented in the
proposed model of this paper. However, this was considered not
necessary because the main interest of this article is the

FIG. 22. (a) Experimental setup for the cone calorimeter test, (b) samples before test, (c) during test, and (d) after
test. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIG. 24. Comparison of predicted and measured expansion histories for
three representative tests (maximum expansion (A04), minimum expansion
(C12), average expansion (B08)).

intumescent coating expansion process until reaching the maxi-
mum expansion.

Table 4 compares the predicted and measured expansion
thicknesses and ratios for all the cone calorimeter tests at 50
kW/m?. The predicted results from this study are the final thick-
ness of the coatings at the end of the one hour prediction. Over-
all, the agreement with the measured results is very good,
considering the complex physical and chemical behaviour of the
intumescence process and many of the necessary assumptions
may not be exact.

Results for High Heat Tests (65 kW/m2)

The same exercise as described above was repeated for the
tests under heat flux level of 65 kW/m?. Figure 25 compares the
expansion ratio—time relationships for these three tests, where
“Test” refers to the measured expansion ratio by Zhang et al.
[10] and “Prediction” refers to the current predicted expansion
ratio. Again the predicted results are again in good agreement
with the measured results.

Table 5 compares the predicted and measured expansion
ratios. There are some relatively large differences for some of
the tests (AO8H1, BO4H1). This is because the measured values
were the final values and the predicted values were the

TABLE 4. Summary of comparison between predicted and measured thick-
nesses/expansion ratios of Zhang et al. [10] with the current predictions
exposed to 50 kW/m?.

e
&
c —— B04H1
2 CO8H1
- Y = A A12H1
j=5
>
w
Q 560 10I()U 15IGO ZOIUU 25I00 3UIUO 35IUU 4UI00
Time (s)
FIG. 25. Comparison between predicted and measured expansion histories

for three representative (maximum expansion BO4HI, minimum expansion
A12HI, average expansion CO8H1) of the high heat tests.

maximum values, and for these tests, there was a substantial
amount of shrinkage after the intumescent coating had reached
the maximum expansion, as shown in Fig. 25.

Comparison Against Cone Calorimeter Tests

Muller [12] carried out cone calorimeter tests for three differ-
ent intumescent coating formulations. The steel thickness was
3 mm and the nominal DFT was 1.7 mm. The nominal heating
flux was 50 kW/mz, however the actual heating flux was uncon-
trolled and varied significantly with time. Muller [12] in fact
recorded the top surface temperatures of the coatings. In the
authors’ prediction model, the coating surface temperatures were
predicted using Eq. 9 and the measured heat flux. The good
agreement shown in Fig. 26 between the predicted surface tem-
peratures and the recorded surface temperatures confirms that it
is suitable to use the predicted surface temperatures in the pro-
posed model.

Following the same procedure as used in Section “Modelling
the Cone Calorimeter Tests” for the tests of Zhang et al. [10]
and using the properties in Figs. 3 and 8 for the intumescent for-
mulations of Muller [12], the proposed model was used to cal-
culate the expansion-time relationships. Figure 27 compares the
predicted and measured results. This comparison shows that the
final expansions of the different intumescent coating

TABLE 5. Summary of comparison between predicted and measured thick-
nesses/expansion ratios of Zhang et al. [10] with the current predictions
exposed to 65 kW/m?.

Predicted final
thickness (mm)/

Measured
final thickness (mm)/

Current prediction
final thickness

Current
prediction final

Predicted final
thickness (mm)/

Measured final
thickness (mm)/

Sample Expansion ratio Expansion ratio (mm)/ Sample Expansion ratio Expansion ratio thickness (mm)/
ID zhang et al. [10] Zhang et al. [10] Expansion ratio ID Zhang et al. [10] Zhang et al. [10] Expansion ratio
A04L1 22/63 17.3/48.6 23.8/68.0 AO4H1 21/44 20.5/43 21.3/43.5
AO8L2 36/36 34/34.1 39.3/38.3 AO8H1 26/39 25.6/38 38.2/53.6
Al12L1 48/38 32.9/26.4 42.8/33.3 Al12H1 31/19 37.4/23 37.5/23.4
B0O4L1 25/50 21.6/42 28.4/55.8 B0O4H1 13/46 13.5/48 21.2/75.7
BOSL1 38/47 29.8/35.3 41.4/48.7 BO8H1 26/39 25.6/38 31.7/44.2
B12L2 41/37 30.3/27.3 49.8/40.5 BI12H1 38/25 37.6/25 45.4/29.2
C04L1 20/37 21.8/40.7 20.9/37.8 CO04H1 21/37 19.8/35 24.8/44.1
CO8L2 38/38 33.5/33 34.0/33.0 CO8H1 24/30 29.7/37 31.7/38.2
Cl2L1 40/27 35.0/23.3 40.0/26.7 CI12H1 35/28 32.3/26 37.8/29.5
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FIG. 26. Comparison of surface temperatures for Muller [12] tests. [Color
figure can be viewed in the online issue, which is available at wileyonlineli-
brary.com.]

formulations and the times to reach them have been predicted
with a good degree of accuracy. However, there are relatively
large discrepancies before reaching the maximum expansion.
This was likely caused by bubble bursting at the surface at the
very early stage of heating, and this phenomenon cannot be pre-
dicted using the current modified Amon and Denson mathemati-
cal model. However, because the surface layer is very thin, and
the protected steel temperature, which is the ultimate interest in
predicting intumescent coating behaviour, is only moderately
affected by the initial intumescent coating expansion, no refine-
ment of the prediction model has been attempted. For confirma-
tion, Fig. 28 compares the predicted temperatures for the
protected steel plates for the three tests using the predicted
expansion-time relationships and using the measured expansion-
time relationships, and with the measured steel plate tempera-
tures. The very large differences in the expansion-time relation-
ships at the early stage of heating have only small effects on the
maximum steel temperatures.
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g
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Time (s)
FIG. 27. Comparison of the expansion ratios between the recorded data by

Muller [12] and the proposed prediction model. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]
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FIG. 28. Comparison of predicted steel temperatures using the predicted
and measured expansion—time relationships and with the measured steel tem-
peratures (“E.R: Expansion Ratio). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

CONCLUSIONS

This article has assessed the feasibility of extending the theo-
retical model of Amon and Denson [11] to predict expansion of
intumescent coating in fire. The Amon and Denson theoretical
model calculates the rate of increase in diameter of spherical bub-
bles in viscous liquid when the pressure inside bubbles increases.
For application to the calculation of intumescent coating expan-
sion, the driving pressure comes from conversion of intumescent
melt to gases. The main extensions to the Amon and Denson
model include non-uniform temperature field and temperature-
dependent viscosity. Calculation results from the extended Amon
and Denson [11] model have been compared to the cone calorim-
eter test results of Zhang et al. [10] the furnace fire test results of
Zhang et al. [9], and the cone calorimeter tests of Muller [12].
These tests included different intumescent coating formulations,
different steel plate thicknesses, different intumescent coating
thicknesses and different fire/cone calorimeter heating conditions.
The following conclusions may be drawn:

The extended model prediction results are insensitive to the num-
ber of initial nucleation sites (where the expanding bubbles start)
provided a sufficiently large number is used. The surface tempera-
ture of the intumescent coating melt has minor effect on expansion.

Expansion of the same intumescent coating varies depending
on the heating condition. This variation is not monotonic with
heating rate. The extended Amon and Denson model has been
demonstrated to give prediction results of the maximum intu-
mescent coating expansion in good agreement with the meas-
ured results of Zhang et al. [9, 10] and Muller [12].

Bubble bursting at the thin surface layer may introduce some
inaccuracy in predicting the expansion process during the initial
heating phase before reaching full expansion of the intumescent
coatings, however, the effect on the maximum expansion is very
small. Furthermore, the predicted temperatures for the protected
steel plates are not very sensitive to these differences.
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