u] =,

An analysis of fire-retardant materials
Jor wooden building structures is carried
out and the need to develop reliable meth-
ods for studying the process of ignition and
flame propagation on the surface of a build-
ing structure, necessary for creating new
types of fire-retardant materials, is found.
Therefore, it is necessary to determine the
conditions for forming a thermal conducti-
vity barrier and find a mechanism for inhi-
biting heat transfer to the material. In this
regard, a computational and analytical
method for determining thermal conducti-
vity when using a fire-retardant varnish as
a coating is developed, which allows assess-
ing the coefficient of thermal conductivity
under high temperature action. According
to experimental data and theoretical depen-
dences, the coefficient of thermal conductio-
ity of the fire-retardant coked foam layer of
0.36 W/ (m-K) is calculated, which, accord-
ingly, ensures the heat resistance of wood.

As a result of research, it is proved that
the process of heat insulation of a wooden
structure consists in the formation of soot-
like products on the surface of natural com-
bustible material. This made it possible to
determine the conditions for fireproofing
wood by forming a thermal conductivity
barrier during the decomposition of varnish
into foamed coke. Experimental studies con-
firmed that a sample of fireproof wood with-
stood the temperature effect of the heat flux
Jor 900 s. The maximum possible tempera-
ture penetration through the coating is eva-
luated. It is found that under the tempera-
ture effect on the sample, which significantly
exceeds the ignition temperature of wood,
on the unheated surface of the sample, this
value did not exceed 180 °C. Thus, there is
reason to assert the possibility of directional
regulation of wood fire protection processes
using fire-retardant coatings that can form a
protective layer on the material surface that
inhibits wood burnout
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1. Introduction

Wood, as a building material, is widely used in construc-
tion and architecture due to its mechanical and operatio-
nal properties. But due to high flammability, it is a fire-hazar-
dous material.

Fires that have occurred in recent years have shown an
increase in fire hazards, in particular, high temperatures and
their impact on wood. In addition, the range of participation of

UDC 614.842
DOLI: 10.15587/1729-4061.2020.210009

DETERMINATION OF
REGULARITIES OF HEAT

RESISTANCE UNDER FLAME
ACTION ON WOOD WALL WITH
FIRE-RETARDANT VARNISH

Yu. Tsapko

Doctor of Technical Sciences**

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

Kyiv National University of Construction and Architecture

Povitroflotsky ave., 31, Kyiv, Ukraine, 03037
E-mail: juriyts@ukr.net

V. Lomaha

Posgraduate Student*

E-mail: lomaga39@gmail.com

A. Tsapko

Posgraduate Student*

E-mail: alekseytsapko@gmail.com
S. Mazurchuk

PhD*

E-mail: mazurchuk.s.m@ukr.net
O. Horbachova

PhD*

E-mail: gorbachova.sasha@ukr.net
D. Zavialov

Junior Researcher

Department of Research on Quality and Storage Conditions

of Petroleum Products and an Industrial Group of Goods
Ukrainian State Research Institute «Resurs»

Kazymira Malevycha str., 84, Kyiv, Ukraine, 03150
E-mail: lazarovuch@ukr.net

*Department of Technology and Design of Wood Products**
**National University of Life and Environmental Sciences of Ukraine

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

Copyright © 2020, Yu. Tsapko, V. Lomaha, A. Tsapko, S. Mazurchuk, O. Horbachova, D. Zavialoo

This is an open access article under the CC BY license

(http.//creativecommons.org/licenses/by,/4.0)

various synthetic materials, hydrocarbons capable of high heat
generation during combustion in fires has recently expanded.
Fireproofing with modern effective means can significant-
ly affect or eliminate the risk of fire, by preventing the free ac-
cess of oxygen, which contributes to the destruction of wood
and acceleration of the combustion process [1, 2]. In addition,
the coating allows slowing down the heating of the material
due to the formation of a protective layer and retaining its
functions in case of fire for a specified period of time [3].



Modern fireproofing compositions can create heat shields
on the surface of structural elements that can withstand high
temperatures and direct fire and slow down the heating of
the material. That is, they are able to retain their functions in
case of fire for a specified period of time, thereby making wood
low-combustible.

However, the coating changes the color of the wood
surface, which is reflected accordingly on the aesthetic cha-
racteristics of the wood. Given the significant requirements
for these indicators, the question arises as to the use of
transparent fireproofing compositions and determining their
effectiveness.

Therefore, the study of the heat resistance of wood and
effect of the coating on this process when applying varnish is
part of ensuring fire resistance and, accordingly, determines
the need for such research.

2. Literature review and problem statement

In [4], the effect of fireproofing coating covering swelling
and heat transfer is shown. But there are still unresolved
issues related to the mechanism of coked foam formation.
The reason for this may be the subtleties of creating a pro-
tective layer, which accordingly makes such studies difficult.
In addition, [5] considers the effect of a vegetable binder on
the formation of heat-insulating materials, but the issue of fire
resistance remains unresolved. In [6], the fire-retardant abil-
ity is investigated according to such combustion characteris-
tics as weight loss, burning rate, maximum burning rate, but
chemical changes caused by these factors are not indicated.
However, there are still questions about the impact of decom-
position of coating components on the fire-retardant ability.
The materials presented in [7] are characterized by high fire
resistance, but temperature transitions during thermal action
are not shown.

The effectiveness of organic compositions is described
in [8], where due to the action of flame retardants based on
polyphosphoric acids and foaming agents it is possible to sig-
nificantly influence the formation of a protective coked foam
layer. However, there is a need to study changes in thermal
conductivity and determine the effect of the coating with the
formation of a coked foam layer.

In [9], the most promising fireproofing compositions of
swelling coatings are presented, which are complex systems
of organic and inorganic components. But the issues con-
cerning the manifestation of the joint action of the coating
components during foaming remain unresolved. In addition,
changes in the coating surface are not taken into account.

A significant increase in the resistance, density and
strength of the protective layer is achieved due to the targe-
ted formation of certain additives that form high-tempera-
ture compounds [10]. However, most compositions change
the color of the surface and do not provide the original ap-
pearance of the material.

The paper [11] describes epoxy resin composites, rein-
forced and inhibited from fire with surface-treated carbon
fibers. However, such coatings have a dark color and when
treated change the surface of the wooden product.

In addition, many coatings have a number of disadvan-
tages, such as the application of individual components, loss
of functional properties with increasing temperature [12].
This means that it is not determined how the decomposition
of the flame-retardant coating proceeds.

Studies of protective materials made using liquid glass
are also conducted [13]. The results are aimed at developing
technologies and materials that combine fire resistance, low
thermal conductivity and processability of products and pro-
tective coatings. However, the viability of the coating, the
mechanism of heat insulation are not determined.

Thus, from the literature, it is found that fire-retardant
coatings change the color of the wood surface and the para-
meters that ensure the fire resistance of wood, as well as what
affects this process are not determined. Therefore, determin-
ing the parameters of wood fireproofing means and the impact
of their components necessitated research in this direction.

3. The aim and objectives of the study

The aim of the work is to identify the patterns of heat
resistance of wood when applying a fire-retardant varnish
coating. This makes it possible to justify the fireproofing of
wood with transparent coatings.

To achieve the aim, the following objectives were set:

— to model the process of heat propagation through the
thickness of fireproofed wood,;

— to determine features of reduction of the heat perme-
ability of wood during thermal action on the sample when
using a fire-retardant varnish.

4. Materials and methods for studying
the burnout rate of wood

4. 1. Research materials used in the experiment

To determine the flammability of wood, samples of straight-
grained pine wood with a size of 310x140x6 mm and a density
of 420+470 kg/m?® were used. The wood surface was coated
with a fireproofing agent for wooden structures («<FIREWALL-
LACQUER») (Ukraine) with a flow rate of 570 g/m? and protec-
tive finishing varnish «Alkyd-Polyurethane varnish» (TM «Com-
posite») (Ukraine) with a flow rate of 57 g/m? (Fig. 1).

Fig. 1. Model wood samples for testing

After drying to a constant weight, the treated wood sam-
ples were tested.

4. 2. Methods for determining the burnout rate of wood

For the study, an installation for determining the flam-
mability index of materials, which was additionally equipped
with a device for sample surface temperature measurement
during tests with a thermocouple we used (Fig. 2).

A method for determining the parameters of ignition and
flame propagation in wood includes the exposure of the sam-
ple to the electric radiation panel and ignition of the sample
by the burner, measuring the maximum temperature on the
opposite surface and the time of its achievement.
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Fig. 2. Scheme of sample heat resistance testing

5. Modeling of wood wall heat conduction during
fire-retardant coating swelling

As a result of wood treatment with fire-retardant coat-
ings, under the action of heat flow, the direction of decom-
position of the protective material changes towards the
formation of non-combustible gases and hardly flammable
coke residue. It is largely able to absorb heat and reduce heat
transfer to the material.

In view of the above, the question arises as to the study
of the thermophysical properties of the fire-retardant coked
foam layer during heat exposure.

It should be noted that the determination of the thermo-
physical characteristics of the fire-retardant coked foam layer
is associated with a number of obstacles, namely the need
to measure the temperature in the coked foam layer, which
changes over time.

In order to determine the thermophysical characteris-
tics of the wall of fireproof wood, a method for solving the
problem of thermal conductivity for a two-layer plate with
different thermophysical properties is proposed. At the initial
time, a time-constant heat flux g is applied to the left face of
the surface of the fireproof wood sample. That is, the sample
is instantly heated to a temperature that is kept constant
throughout the heating process. In addition, the tempera-
ture is distributed through the coating until the critical
wall temperature is reached. The right face of the sample is
adiabatized (¢=0).

Three areas were considered (Fig. 3):

— 1 — external environment, x<0;

— 2 — area of the swollen coked foam layer, 0<x<h (h —
the coordinate of coating film transformation into a swollen
coked foam layer, m);

— 3 — wood (sample material with solid coating) (H—%), m.

Differential equations of heat transfer on the surface of
the two-layer plate are as follows:

— for the coating:
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where Ty(x, T), T3(x, 1) is the temperature field of the swol-
len coked foam layer of the coating and wood at points with
coordinates x at time T; T; 0=+/a; a=A/c-p; ay, as are the
coefficients of thermal diffusivity of the coating and wood,;
Aa, Ag are the coefficients of thermal conductivity of the coat-
ing and wood; h, H—h is the thickness of the coating and wood.
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Fig. 3. Scheme of swelling of the fire-retardant coating
on the fabric: 1 — external environment; 2 — coked foam
layer; 3 — source material (fireproof fabric)

After mathematical transformations, the exact analytical
solution of the direct boundary value heat conduction prob-
lem (1)—(7) can be obtained provided that the temperature
field T5(x, t) for wood at each time point T can be found. The
temperature field T»(x, T) of the investigated coating can be
given as follows [14]:

E(x,r)—]}(O,t):—%wJ‘z(f‘?‘xz. (8)

According to [15], the rate of wood temperature change
over time depends on the heat flux gy, geometric dimen-
sions A, (H—h) and volumetric heat capacities of the coat-
ing cops and wood csps:
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where B(7) is the rate of wood temperature change over time.
In addition, the rate of wood temperature change can be
represented by experimental data:

B(x)= aTsa(f’T) _ T?’(h’fz):Ts(M),

(10)



Equating (9) and (10), we obtain a calculation to deter-
mine the volumetric heat capacity of the coked foam of the
coating:

1 4 (Tz _71)
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Determination of thermophysical characteristics of un-
treated wood was carried out according to the method de-
scribed in [16].

If we introduce x=0 and x=4 in the relation (8), we ob-
tain the equation:

L,(0,7)=7,(0,7), (12)
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Taking into account [15] on the basis of ¢ = Ja from (10)

it is possible to obtain a formula for calculating the thermal
diffusivity of wood:

(13)
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According to the measured experimental value, the
temperature difference AT of the investigated coked foam
layer will be:

b B(r)-A?
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Hence the relation of thermal conductivity:
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According to the obtained dependence (16), we calculate
the thermal conductivity of the coked foam of the coating by
the temperature difference and the rate of its change (10),
geometric dimensions and volumetric heat capacity of the
coked foam (11).

Thus, the dependences are obtained that provide the
values of the thermal conductivity of the coked foam of
fireproof wood during swelling of the fire-retardant coating.
At the same time, they provide an opportunity to directly
calculate changes in thermal conductivity depending on
temperature effect.

6. Results of determining the wood sample surface
temperature under thermal exposure

To determine the thermophysical characteristics of wood,
studies were conducted on its thermal conductivity under
the action of a heating device (Fig. 4).

The results of studies to determine the maximum tem-
perature and duration of the induction time of temperature
transfer through the wood layer were performed in accor-
dance with [16], the results are shown in Fig. 5.

As can be seen from Fig. 5, under the action of the heater
on the pine wood samples, intense heat transfer and slight
increase in temperature on the back surface of the sample for
about 900 s began.

o WS

Fig. 4. Process of determining the thermal conductivity
of the wood sample under the action of the heater
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Fig. 5. Results of testing the thermal conductivity of pine
wood: 1 — heating curve, 2 — temperature on the back
surface of untreated wood

Based on the results of the measured temperature, the
thermophysical characteristics of dry pine wood products
were calculated (Table 1).

Studies show that such a temperature effect of the wood
sample demonstrated thermophysical properties close to
ordinary pine wood.

Fig. 6 shows the process of ignition and flame propaga-
tion on the varnished wood sample.

As can be seen from Fig. 6, under the action of tempera-
ture, the protective varnish swelled and formed a protec-
tive layer of coke on the sample surface. This significantly
affected the process of wood burning and heat transfer in
thickness, but in the area of the greatest thermal effect, the
wood changed color.

Table 1

Thermophysical characteristics of dry pine wood products

Estimated characteristics of wood products
. Thick- | Weight,
Material ness, mm g Density Thermal activity, Thermal diffu- | Thermal conduc- | Heat capacity,
p, kg/m? Ws/2/(m2K) sivity, m2/s | tivity &, W/(mK) | J/(kgK)
Wood 120x300 mm 6 89.6 414.8 340.3 181076 0.308 2.38




Fig. 6. Sample burning process:
a — flame effect; b — swelling of fire-retardant varnish;
¢ — wood after tests

Fig. 7 shows the temperature dependence on the sample
surface and at points according to Fig. 2. As can be seen
from Fig. 7, under the action of the radiation panel, a heat
flux with a capacity of 32 kW /m? was created on the surface
of the sample. It created a temperature that significantly
exceeded the ignition temperature of the wood, and on the
unheated surface did not exceed 180 °C. Under this action,
a layer of coked foam with a size of 6+7 mm was formed on
the surface of the sample, which insulated the wood from
high temperature.
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Fig. 7. Temperature dependence during fire resistance
testing of the wooden structure coated with fireproof fabric
on the duration of fire exposure: 1 — on the surface of
fireproof fabric; 2 — behind the fireproof fabric and on the
wood surface; 3 — on the unheated wood surface

According to the temperature measurements obtained
during the tests (Fig. 7), the thermophysical properties of
coked foam were calculated using the obtained dependen-
ces (11) and (16). Thus, the volumetric heat capacity of the
coked foam layer was 17.114 kJ/(m*K), and the thermal
conductivity coefficient was 0.36 W /(m-K), respectively.

7. Discussion of the results of the study
of the heat transfer process

When using fire-retardant varnishes to protect wood un-
der the thermal action of high-temperature flames, as indica-
ted by research results (Fig. 6, 7), there is a natural process of
coating swelling under the influence of temperature and for-
mation of a protective coked foam layer, which slows down
heat conduction processes. Obviously, such a mechanism
of the coating effect is a factor in regulating the degree of
coke formation and effectiveness of thermal insulation. This
agrees with the data known from [4, 6], the authors of which

also associate the effectiveness of thermal protection against
swelling with adding flame retardants. This paper fully
presents the mechanism of fire protection of organic natural
materials, movement and insulation of high temperature, but
there is a need to evaluate this process, create a physical and
mathematical model. Unlike the results of studies [7, 8], the
data on the effect of swelling on heat transfer to the material
and changes in thermal insulation properties suggest the
following:

— the main regulator of the process is not only the decom-
position of flame retardants under the action of temperature
with heat absorption and release of incombustible gases, but
also the formation of a coked foam layer and inhibition of the
oxidation process in the gas and condensed phase;

—a significant impact on the process of protection of
combustible material when applying a fire-retardant coating
is made in the direction of reactions in the pre-flame region
towards the formation of soot-like products on the surface of
natural combustible material.

Such conclusions can be considered practical, because
they allow a reasonable approach to determining the neces-
sary formulation of a flame retardant. From a theoretical
point of view, they argue about the determination of the fire
protection mechanism, which is a certain advantage of this
study. The results of determining the thermal conductivity
of protected wood (Fig.7) indicate an ambiguous effect of
the nature of protection means on temperature. In particular,
this implies the availability of data sufficient for efficient
temperature reduction and detection of the time of heat
resistance fall. This detection will allow investigating the
transformation of the coating surface into coked foam, which
moves towards an elevated temperature, and determining
those variables that significantly affect the transformation
mechanism of this process.

8. Conclusions

1. Modeling of the process of heat transfer in wood during
its protection by the coating is carried out, the coefficient of
thermal conductivity is determined and dependences that
allow determining the change of heat transfer dynamics
during the coating swelling are obtained. According to the
experimental data and dependences obtained, the thermal
conductivity of wood is calculated, due to the formation of
a heat-insulating coked foam layer, and is 0.36 W/(m-K),
respectively.

2. Features of inhibiting the heat transfer to the material
treated with a fire-retardant varnish consist in the formation
of a heat-protective coke layer on the wood surface. Thus,
a temperature was created on the surface of the sample that
significantly exceeded the ignition temperature of the wood,
and on the unheated surface did not exceed 180 °C.
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