u]

=,

Busenenns mexanizmy poéomu noxpumms 6 6yoi-
BENILHUX KOHCMPYKUIAX 00360JUNMb OUTHUMU YMOBU
excnayamauii eupooie, eusnauumu edexmuenicmo
3acmocyeanns memooié i 3acobie 6ozmezaxucmy.
Pospoonena mamemamuuna mooeib ma po3paxosa-
HO npouec npocysanns Qppoumy azoéux nepemso-
PeHb Npu CNYUYBaHHi 602ZHE3AXUCHO20 NOKPUMMSL.
Hasedeno pesynromamu excnepumenmanivHux 00cui-
dxcenv pponmy asoeux nepemeopenv npu cnyuy-
6aHHI 802HE3AXUCHO20 NOKPUMMS MA 6CMAHOBIEHO
6NIU6 HANOBHINBAYIE HA HbO20

Kanrwwuoei cnosa: cnyuytoui noxpummsi, memne-
pamypa neui, gmpama macu, o6podaenna nosepxii,
dponm pazoeux nepemesopens

=, u]

Onpedenenue mexanusma padomol NOKpoIMUs
8 CMpOUMenvHLIX KOHCMPYKUUAX NO360aUM OUe-
HUMb YCA06US IKCNIYamayuy u3oeauil, onpeoeaunms
appexmuenocmo npumenenus Memodoe u cpedcms
oenesawumot. Paspabomana mamemamuuecxkas
MoOdeb U paccuuman npouecc npoosuicenus Qpon-
ma azosoix npespauienuli NPu 6CNYUUBAHUU O2HE-
3auwumnozo noxpoimus. Ilpusedenvt pesynromamol
AKCnepuMenmanviulx uccaedosanuii ppouma aso-
8bLX NPeSPauieHUl NPU 6CRYUUBAHUU 0ZHE3AULUMHO -
20 NOKpLIMUS U YCMAHOBIEHO BJUAHUE HANOTIHUME-
Jell Ha nezo

Knrouegvie cnoea: ecnyuusarouwuecs nokpoimus,
memnepamypa neuu, nomeps Mmaccol, o0padomxu
noeepxnocmu, 3hpexmuenocmo noxpovimus
0 o

|DOI: 10.15587/1729—4061.2017.73542|

SIMULATION

OF THE PHASE
TRANSFORMATION
FRONT ADVANCEMENT
DURING THE SWELLING
OF FIRE RETARDANT
COATINGS

Ju. Tsapko

Doctor of Technical Sciences*

V. D. Glukhovsky Scientific Research Institute for
Binders and Materials

Kyiv National University of

Construction and Architecture
Povitroflotskyi ave., 31, Kyiv, Ukraine, 03680
E-mail: juriyts@ukr.net

A. Tsapko

Postgraduate student*

E-mail: alekseytsapko@gmail.com

*National University of Life and
Environmental Sciences of Ukraine

Heroiv Oborony str., 15, Kyiv, Ukraine, 03041

1. Introduction

2. Literature review and problem statement

Currently, the most common building material is wood,
which belongs to the group of average-flammability combus-
tible materials. To reduce these shortcomings, fireproofing
provides the wood with the ability to withstand flame expo-
sure and propagation.

One way of wood flameproofing is application of a fire-
proof coating, which for a while prevents the access of heat
to wood.

Swelling of the coating is accompanied by softening of
components while endothermic decomposition of fire re-
tardants and blowing agents, leading to the formation of a
dense foam coke layer, which causes the fireproof properties
of the coating. In this case, the outer coating surface moves
towards the influence of flame temperature, which provides
the necessary insulation of the material, and the other coat-
ing layer, which has not undergone changes and is separated
by a line of phase transition, is in reserve.

The main reactions that lead to the formation of a pro-
tective foam coke layer occur in the high-temperature region
and are complicated to establish the role of the components
in the swelling process and advancement of the phase trans-
formation front of foam coke. So, there is the need to study
the formation conditions of a barrier for heat conduction and
reveal a mechanism of phase transition from the coating film
to the coke layer.

In recent years, fire protection research works, aimed
at synthesis of coatings using organic paints, refractory
oxides and silicates have been known. These materi-
als form temperature and heat-resistant ceramic phases
during heating [1, 2]. The most common are crystal glass
and enamel coatings [3], but they can’t provide reliable
protection of structures at long-term temperatures as
they are unable to form a necessary coke layer, heated and
destroyed.

Modern fire protection methods include the use of intu-
mescent coatings, which are complex systems of organic and
inorganic components [4] and have a high intumescent abil-
ity. The effectiveness of flame retardant coatings based on
organic substances has been shown in [5]. Flame retardants
based on polyphosphoric acids and blowing agents may sig-
nificantly influence the porous layer of foam coke. The above
works present the component compositions, efficiency, and
thermal characteristics of the coating, but not the mecha-
nism of coke formation, phase and thermal transitions of the
coating in foam coke.

Description of the behavior of intumescent coatings, one
of the objectives of which is integration of experimental data
with available theoretical models, has been considered in
[6]. It allows at least a general estimation of simplifications
made. Therefore, a thermophysical model, whose solution is




given by polynomials that are not associated with a physical
content has been examined.

The mathematical model of heating of fire-proof coat-
ings, based on the laws of conservation of matter and en-
ergy has been considered. The models immediately assume
a particular type of functional relationships with a set of
uncertain factors and the problem is reduced to determin-
ing the numerical values of these factors, due to the high
inaccuracy [7].

On the basis of the kinetics considered, the coating
model is represented, which is a mixture of starting mate-
rials and products of their transformations, including gas
[8]. An increase in the volume of gas when heated causes
swelling, but the impact of temperature on the coating
churning zone movement has not been determined. The
coefficient of thermal conductivity of fire-resistant coat-
ings in fire has been estimated on the basis of numerical
simulation, where the phase transitions in the coating have
not been taken into account [9]. The effect of inorganic
fillers on fire-retardant water-based coatings has shown to
be effective. However, the coating swelling mechanism has
not been specified and the coating phase transitions in coke
have not been found [10]. The authors have presented the
analytical model to calculate the thermal conductivity of
the porous structure of foam coke of the fireproof coating,
which allows for the shapes of pores. However, the model
does not account for what phase transitions of the coating
occur. Therefore, simulation of the phase transformation
front during the swelling of the fireproof coating, under
the impact of the components is the unresolved element of
ensuring fire resistance of building structures. This led to
the need for research in this area.

3. The purpose and objectives of the research

The aim is to study the process of phase formation of
foam coke during the swelling of fire-proof coatings.

To achieve this aim, the following objectives were ac-
complished:

— to conduct simulation of the process of advancement
of the phase transformation front of the intumescent coating
under thermal exposure;

—to determine timing features of full swelling of fire-
proof coatings under thermal exposure.

4. Materials and methods of the research of the phase
transformation front during the swelling of fireproof
coatings

4. 1. Experimental materials

The study was conducted using a system of ammonium
polyphosphate (PFA), melamine pentaerythritol (PER) and
a binder-based on PVA dispersion. Titanium dioxide, talc,
aluminum and magnesium hydroxide and mixtures thereof
were added to the above mixture.

Experimental samples of coatings were based on the system
containing 18+20 % PFA, 12+14 % melamine, 10+12 % PER,
16 % PVA dispersion and water. The resulting mass was
stirred with injecting the fillers in an amount of up to 10 %
and applied on a 0.5+0.01 mm steel plate (Fig. 1).

The fillers do not significantly after the appearance and
structure of the coating, slightly increasing its viscosity.

Fig. 1. Samples of the coating on a steel plate

4. 2. Method of determining the properties of samples

Simulation of the advancement process of the phase
transformation front of the intumescent coating under
thermal exposure was performed with the use of the main
provisions of mathematical physics.

Experimental determination of the swelling process
was performed according to the method given in [11]. The
method consists in the fact that a sample with the flame re-
tardant coating is placed in the sample holder and inserted
into a test chamber. The sample was fixed so that the end
of the control thermocouple touched the back surface of
the sample. The heating of the test chamber was turned on,
the temperature on the reverse surface and in front of the
sample was measured with a thermocouple and the coating
was expanded by a ruler. According to the measured values,
the heat-insulating properties and changes of the coating
were determined.

The criterion for determining the phase transformation
front of the intumescent coating under thermal exposure
is the foam coke formation of the coating thickness. Here-
with, the phase transformation front is observed in the
form of a thin layer between the foam coke layer and source
material.

5. Simulation of the phase transformation front
advancement during the swelling of fire-proof coatings

The model for obtaining the dependencies for calculating
the rate of advancement of the phase transformation front
of the intumescent coating under thermal exposure is pro-
posed. The focus was on three areas (Fig. 2):

1 — environment, x<0;

2 — intumescent foam coke layer area, 0<x<Z(t) (Z — the
coordinate of the front of phase transformation of the coat-
ing film in the swollen foam coke layer, m);

3 — material sample with solid material (coating film),
7<x<h (h — half the thickness of the sample, m).

The differential equation that describes the process:

T, 19T, _
x> ¢ ot 0 M

where Tj is the temperature in the “i” region, °C; ¢, = \/aT ;aiis
the thermal diffusivity in the “i” region, m?/s; 1 is the sample
residence time in the high-temperature environment, s.
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Fig. 2. The scheme of the fire-proof coating swelling process:
1 — environment; 2 — foam coke layer; 3 — starting material

At the initial time (t=0), the temperature in the environ-
ment is maximum T, , and in the sample material — mini-
mum T, , thus, the initial and boundary conditions can be

written as follows:

T,(x,0)="T,.;

7(0)=0. 2)

At the border of the sample and the environment, the
boundary condition of the fourth kind, which means main-
taining the heat flow at the transition from the environment
into the inner region of the sample (the law of conservation
of heat flow) is given [12]:

aT,

' ox

oT,
2 9x

3
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x=0 x=0

where A, Ay are the coefficients of thermal conductivity of
the environment (1) and the foamed coke layer (2), W/(m-°C).

Given the continuity of the heat flow fields, the tem-
peratures on the sample surface and the front of the phase
transformation of the intumescent coating into the foam
coke layer coincide:

T,(0,7)=T,(0,7); 4)
T,[Z(7),t]=T,[Z(7),7]=T;. (%)

Due to the phase transformation (solid into in foam
coke), the temperature is absorbed at a rate q, W/(m?>-s),
which is proportional to the speed of advancement of the
phase transformation front of the coating [13], namely:

e 6
qﬂdT, (6)

where 9 is the proportionality factor showing the heat flux
absorption rate per unit depth of advancement of the phase
transformation front of the coating, W/m?.

The absorption rate of the heat flow q, coming from re-
gion 1 to region 2 is absorbed through the formation of the
expanded layer of foam coke [6]. Therefore, on the border of
phase transformation, the condition should be satisfied:

dT, dT,
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Thus, the problem is reduced to the solution of the differ-
ential equation (1) with the boundary conditions (2)—(5), (7).

To solve the differential equation (1), we introduce di-
mensionless variables:

X
g_ﬂy
2
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T-T
T =-"—r 8
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and then the problem is formulated as follows:
— to solve the differential equation:

T 10T,
1 = — 1 , 9
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with the boundary conditions:
T,(£,0)=0;
T,(5,0)=1; (10)
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To determine the limits of phase transformations and the
speed of advancement of the phase transformation front, the
solution of equation (9) takes the following form taking into
account [14]:
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where the error integral is
2 ¢ o
DO(c)=—]e" do. (16)
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The coefficients c;, b; are determined from the boundary
conditions (10)—(14). After substituting (15) to (10), we
obtain the equation:

T,(§,0)=c, +bd(x0)=c,+b,=0;

a7
T,(€,0)=c, + b,d(0)=c, + b, =1. 18)
Since
— B g2
aTi _ bi 4977 (19)

& o

where the sign of the right side coincides with the sign &,
then from (11) it follows that:

b, =22,
0,0
Given (15) and F(0)=0, the condition (12) is converted
to the form:

(20)

¢, =cC,. (21)
After substituting (15) to (13), we get the equation for
the swelling front boundary:

Z Z )\ =
c, + bzd)[MJ =Cy + b3¢)[2\/?J = Tf.

Since the right side of equation (22) does not change,
the arguments of the function F are also constant. This is
possible only if the coordinate of the coating swelling front is
proportional to the square root of time, provided that:

(22)

Z=7(7)=287, (23)
where for convenience the proportionality factor is taken as
being equal to the doubled, yet unknown constant B. As a
result, (22) can be written in the form of two equations:

c,+ b;b(f] =T;

2

Cs +b3¢'(B):Tf~ (24)

After substituting (24), (23) in the heat flow continuity
condition given Z=E&, the equation (14) is converted to the
following form:

‘% 2 —_
6—26 %, —e b, =/m OB

2

(25)

From the system of equations (12), (17), (18), (20), (24),
(25), with respect to the unknowns c;, b;, B, we find the
solutions:

c1=c2=7anB ;
O =
b [¢)
¢)= 1=0®), (26)
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n_@.x, &' (0)=1-D(0).

It follows that all the constants c;, b; depend on the pa-
rameter B, which in turn can be determined on the basis of
the solution (28) only by approximate calculations [15].

Thus, the calculated dependences, allowing to get
changes in the swelling dynamics of fire-retardant coatings
are obtained. However, they provide an opportunity to
directly calculate the coating swelling time and the phase
transformation front movement depending on the effects of
temperature.

6. The results of determining the phase transformation
front during thermal coating swelling

Fig. 3 shows the calculation of B depending on the di-
mensionless complex ¥, characterizing the heat-insulating
properties of intumescent coatings on the border of the phase
transformation front in a situation where half of the heat is
absorbed by the coating:

T,=n=0,5. (29)
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Fig. 3. Dependence of the coating swelling front coefficient
on the heat flux absorption proportionality coefficient

The results correspond to the physical content of the
problem solved, namely the rate of advancement of the phase
transformation front decreases given the constant swelling
rate of fire-proof coatings.

We solve graphically the equation (28) and obtain the
value p=0.062 (Fig. 4).
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Fig. 4. Graphical solution of equation (28): the dependence of
the fire-proof coating swelling rate and thermal conductivity
on the swelling coefficient.

So, the dependencies, which allow getting a picture of
the swelling dynamics and provide an opportunity to direct-
ly determine the phase transformation front, are given.

7. Experimental studies of the phase transformation front
during the swelling of fire-proof coatings and their results

To find the time of full swelling of fire-proof coatings
(Z=h), we get the value of:
h2
. 30
T 4B%-a G0

Given h=1 mm and a=2.9-10"> m?/s, the time of full swell-
ing of fire-proof coatings is 2.2 s.

Experimental studies of the phase transformation front
during the expansion of a flame retardant coating are shown
in Fig. 5, 6.

Fig. 5. The process of coating swelling

Exposure of the coating samples to a heat flow at tem-
peratures of about 190+200 °C in front of the sample caused
intensive swelling and a slight temperature increase on the
back sample surface, which lasted upon reaching a tempera-
ture of about 360+390 °C.

The height of the expanded layer of foam coke increased
to 22+38 mm and the phase transformation front line ap-
peared on the surface under the foam coke layer.

As a result of the tests, it is found that under thermal
exposure the coating foams and moves towards the high
temperature to form coke. The foaming front boundary line
in the form of a thin layer, which is slightly shifted towards
the temperature, divides the coating into two parts. On the
one side, there is a swollen coke layer (dark), the outer part
of which moves at a certain speed, on the other side — the
layer of the source material, where the temperature is not
sufficient to start the foaming process and the speed of
transformations is zero (white), Fig. 6, a, b.

c d
Fig. 6. Test results of the intumescent coating:
a — organic and inorganic + (10 %) TiOy;
b — organic and inorganic + (10 %) Al(OH)3;
¢ — organic and inorganic + (10 %) Mg(OH),;
d — organic and inorganic + (5 %) TiO, + (10 %) Al(OH)3

However, in the organic-inorganic coating with the
addition of TiOs and AI(OH)s, a relatively low swelling
rate and the absence of the starting material, as well as the
phase transition boundary were observed (Fig. 6, d). A large
amount of AI(OH)j3 led to the suppression of the coating
swelling process.

8. Discussion of the results of research of the
advancement process of the phase transformation front

When swelling of fire-proof coatings under the thermal
effect of high-temperature flame, as indicated by the re-
search results (Fig. 3, 5, 6), there is a natural process of the
coating swelling under the influence of temperature and the
formation of the phase transition line, due to the mechanism
of the foam coke layer formation, which slow down the heat
transfer processes. It should be noted that the presence of
more than 10 % of additives, such as aluminum hydroxide,
reduces the swelling process and leads to the lack of the
phase transition line. Obviously, such a mechanism of the
effect of additives is a factor regulating the degree of coke
destruction and thermal insulation efficiency. But at the
same time, this mechanism adversely affects the intumescent
ability of the coating. This agrees with the data of the known
works [6, 9], the authors of which have also attributed the
changes in the swelling process to the addition of mineral




fillers. In contrast to the results of the studies [6, 9], the data
on the influence of fillers on the process of phase transition
of the coating into the foam coke layer and changes in the
insulation properties suggest the following:

— the main process regulator is not only the formation
of the foam coke layer, but also heat resistance of the fire
retardant coating;

— correct addition of mineral fillers has a significant in-
fluence on the phase transition of the fireproof coating into
the vermiculite foam coke layer.

The results of determining the phase transition of the
fireproof coating into the vermiculite coke layer (Fig. 6)
indicate a mixed impact of fillers on the intumescent ability
of the coating. Such uncertainty can’t be resolved within
the present study because this would need additional ex-
periments to obtain more reliable data. In particular, this
requires sufficient data for carrying out the effective swell-
ing process and identifying the time of the beginning of heat
resistance decline. Such identification will allow exploring
the conversion of the coating, which moves in the direction
of high temperature to form coke, and identifying the vari-
ables that significantly affect the beginning of the process
transformation.

This work is a continuation of the research presented in
[11], which fully shows the formation mechanism, movement
and high-temperature heat insulation of foam coke.

9. Conclusions

As a result of the studies, the process of phase formation
of foam coke during the swelling of fire-proof coatings was
revealed, in particular:

— the simulation of the advancement process of the phase
transformation front during the swelling of the fireproof
coating was performed, the swelling front ratio was deter-
mined and settlement dependences allowing to get changes
in the swelling dynamics of fire-proof coatings under the
influence of temperature were obtained. According to the
dependencies, the foam coke formation time under thermal
decomposition of the coating, which makes up 2.2 s, subject
to the double heat absorption, was calculated;

— the phase transformation front moves in the direction
of high temperature to form coke, the foaming front bound-
ary line in the form of a thin layer divides the coating into
two parts. On the one side, there is a swollen coke layer, the
outer part of which moves at a certain speed to the source of
heat. On the other side — a layer of starting material, where
the temperature is insufficient to start the foaming process
and the speed of transformations is zero. Further research
may be aimed at studying the process of establishing the
relationship between the components and properties of
coatings and their effect on the heat resistance of building
structures.
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