u] =,

Onuc noseodinku 602HE3AXUCHUX NOKPUMMIE 8 MOMEHM €K C-
nayamauii depee’anoi 6yoisenvroi Koncmpyxyii € oxpemum i
CKAAOHUM 3A60AHHAM, OXONTIOE 0610681 cmadii npoyecy 3axu-
cmy: AK 3axucm 6i0 60J102u, max i nO0ANLUUL MenJio nepe-
HOC, AKUU YMBOPIOEMbCA NPU cnyuenti nokpumms. /logedeno,
WO 60HU NONA2ANOMb Y CMEOPEHHI HA NOBEPXHI Mamepia-
Y wapy, axui 3anobizac NPoHUKHEHHI0 80J102U 00 depesu-
HU, KOJU NOMUHAEMbCA PO30OYXanns 0epes’anoi xoncmpyruii
i pyunyeanns noxkpumms. 3a60aKU UYbOMY CMAE MONCAUCUM
6U3HAYMEHHS GNJIUGY AHMUNIPEHI6 ma éaacmuocmeil 3axXuc-
HUX KOMRO3UUi HA NPoOYeC 2abMYE8aAHHSI WEUOKOCMI 60J10-
2onoeaunanus oepesunu. Ilpu suxopucmanni 60ene3axucHux
nokpummie 01 Oepesunu, HA WO 6KA3YIOMb pe3yomamu
docaioscenv, € 3aKOHOMIPHUMU NPOUECU YMBOPEHHS 3AXUCHO-
20 wapy nio diero memnepamypu i 3HUNCEHH 60J1020CMi, AKL
ynoginvHooms npouecu ouysii eonoeu. Bouesuoo maxuii
Mexanizm 602He3AXUCHO20 NOKPUMMSL € Paxmopom pezynio-
6anmnsa cmynens Yymeopenns ammocdhepocmiiikozo 3axucnozo
wapy i epexmugHocmi menyio- i 60J1020i301106aAHHA Mamepia-
ay. IIposedeno mooentosanns npovuecy nepedasanns 60J02u
602HE3AXUCHUM NOKPUMMAM, BU3HAYMEHO Koediuienm dudy3ii
ma ompumani 3anexncHocmi, wo 00360110Mvb 00ePHCYBamu
3MiHY OUHAMIKU 60JI02U NPU GUCYULYBAHHI B02HE3AXUCHOZ0
noxpumms. 3a ompumanumu 3ane’CHOCMAMU PO3PAX06A-
HO Koeiyienm oudy3ii 6onozu 01 noxpumms npu 6oznesa-
xucmi, axuii cazae 0,163-10 m?/c. Peaynomamu eusnauenns
empamu Macu 3paska nOKpumms nio 4ac CYywru 6Kasyroms Ha
He00HO3HAMHUL 6NAUG NPUPOOU 3ACO0Y 3axXuUCMy HaA 3MiHeH-
HA 60q020cmi. 30Kpema, ue nepedbauac Has6HiCMb 0AHUX,
docmamuix 0as AKICHOZ20 NPOBEOEeHHS NPOUECY 2abMyGa-
H Quysii 6on0zu ma eus6IeHHA HA 1l020 OCHOBI MOMeEHMY
uacy, 3 AK020 NOUUHAEMBCA NAJTHHS epexmuerHocmi noKkpum-
ms. OcodaUBOCMI 2aTbMYBAHHA NPOUECY NPOCYBAHH B0TOZU
00 depesunu, axa 06pobdieHA 802HE3AXUCHUM NOKPUMMAM,
nonsearomv y 0exinvkox acnexmax. A came, 3acmocyean-
HAM 6000HEPOIUUHHUX AHMUNIPEHIE MA THILUX KOMNOHEHMIE,
a maxoxic noNIMepPHO20 8’°AACYH020, AKI XapaKmepusyromocs
YMEOpeHHAM HA NOGEPXHI 0ePe6UHU MENT0B070203AXUCHO-
20 wapy

Kntouosi cnosa: 3axucni 3acobu, eoziecmiiixicmo, 6mpa-
ma macu, ouysis eonozu, 00poéIeHHA nosepxHi, epexmus-
Hicmob 3axucmy
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1. Introduction

At present, among the most common building mate-
rials is wood, which, in terms of its flammability group,
belongs to the group of combustible materials of medium
flammability. To reduce these deficiencies, fire-retardant
treatment provides wood with the capability to withstand
the effects of flame and its propagation. One of the ways to
protect wood from fire is to apply a fireproof coating on its
surface, which for some time prevents heat from accessing
the wood.

The coating initially has the maximum value of flame-re-
tardant efficiency with the same dynamics of its reduction;
accordingly, it would have a lifetime that is much longer due
to the reserve of the actual value of the efficiency parame-
ter [1, 2]. Given the different character of change in the flame
retardant properties due to the conditions and operation
duration, the ratio of coatings’ service life might prove to
be unpredictable, since wood can adsorb moisture from air,
which could lead to loss of adhesion by the coating, as well
as and its shedding [3, 4]. In practice, it should be justified
that a flame-retardant coating that provides for a certain



standardized efficiency can only be used taking into con-
sideration the character of change in its flame-retardant
properties during operation.

Therefore, it is necessary to study the conditions of mois-
ture diffusion through a coating to wood and to substantiate
the conditions for protecting a material against the effect of
water by the coating.

2. Literature review and problem statement

Modern fire protection methods include the use of swell-
ing coatings. They represent complex systems of organic and
inorganic components [5], characterized by high intumescent
capacity. However, it is not obvious for which classes of oper-
ation they belong. The effectiveness of using flame retardants
based on organic substances was shown in [6]. Due to the effect
of fire retardants based on polyphosphoric acids and foaming
agents, it is possible to significantly influence the formation of
a porous layer of foam coke. Works [5, 6] show the component
formulations, their efficiency, as well as the thermal character-
istics of coatings, but the conditions of using coatings and their
performance characteristics were not indicated.

A description of the performance of intumescent coatings,
one of the tasks of which is to relate experimental data to
existing theoretical models, is given in work [7]. This makes
it possible, at least in principle, to evaluate the simplifications
accepted, only with respect to thermal stability, which consid-
er a thermophysical model whose solution is given by polyno-
mials that are not related to the physical content.

A mathematical model was considered for a change in
the temperature and humidity fields of a fire-retardant
coating based on the laws of conservation of matter and
energy. The models immediately imply a specific type of
functional dependences with a set of undefined coefficients,
and the task is reduced to determining the numerical value
for these coefficients, which is associated with high inac-
curacy [8].

The effectiveness of application of the coating’s compo-
nents based on organic substances is shown in paper [9],
where, due to the action of flame retardants based on poly-
phosphoric acids and foamers, one can significantly affect
the formation of a protective layer of foam coke. However, it
is necessary to study the conditions for barrier formation for
thermal conductivity and moisture capacity and to establish
the effective action of a coating with the protective layer
formation.

A significant increase in the stability, density, and
strength of a protective layer is achieved due to the targeted
formation of certain additives that form high-temperature
compounds [10]. However, there are no relevant physical and
chemical data to confirm this process.

The effect of inorganic fillers on a water-based flame-re-
tardant coating proved its effectiveness; however, the mecha-
nism for swelling a coating was not specified and the operat-
ing conditions of the coating were not identified in [11]. The
authors present an analytical model of the fire resistance and
thermal degradation of the porous structure of foam coke in
a fire-retardant coating, which takes into consideration the
pore shapes, but a given model does not consider which phase
transformations a coating undergoes when operating in a
humid environment [12].

Paper [13] proposed a mathematical model and a pro-
cedure for numerical study into the kinetics of the state of

heat and humidity of a capillary-porous body, built on the
simultaneous equation for solving thermal conductivity
and moisture transfer. However, the cited study is char-
acteristic of inorganic material and cannot be attributed
to wood.

Therefore, modeling the process of moisture diffusion
through a fire-retardant coating for wood, the impact of the
components that are part of them on this process, is an unre-
solved component in ensuring the fire resistance of building
structures. This has necessitated our research in this area.

3. The aim and objectives of the study

The aim of this study is to identify patterns of moisture
diffusion through a flame-retardant coating. This would
make it possible to justify the application of a flame-retar-
dant coating at sites with high humidity.

To achieve the goal, the following tasks were solved:

—to model parameters for moisture diffusion through a
fire-retardant coating for wood;

—to establish patterns in moisture transport through
a flame-retardant coating at a change in temperature and
moisture content.

4. Materials and methods to study moisture diffusion
through a flame-retardant coating for wood

4. 1. Examined materials used in the experiment

The research was performed using a system consisting
of ammonium polyphosphate (APP), melamine, pentaeryth-
ritol (PER) and a dispersed PVA-based binder. The fillers
such as titanium dioxide (8 %), talc (2 %) were added to the
above formulation.

Experimental coating samples were prepared based on a
system containing 18+20 % of APP, 12+14 % of melamine,
10+12 % of PER, 16 % of dispersed PVA, and water. The re-
sulting mass was agitated, fillers were injected in the amount
of 10 % and disks with a diameter of 36 mm with a thickness
of 3+4 mm were formed: 3 pieces (Table 1, Fig. 1).

Table 1
Basic dimensions of samples
Basic data on a sample | Sample 1 Sample 2 Sample 3
Diameter, mm 36.1 36.0 36.2
Thickness, mm 5.3 3.3 5.4
Mass in a dry state, g 3.4 31 3.4

Fig. 1. Coating samples:
1 — a coating sample, 36.1 mm in diameter, 5.3 mm thick;
2 — a coating sample, 36.2 mm in diameter, 5.4 mm thick;
3 — a coating sample, 36.00 mm in diameter, 3.3 mm thick



The disks were sanded tightly together. Sample No. 3 was
immersed in distilled water, excess water was removed using
filter paper. The disks were assembled in one (14.22 mm
thick), a thermocouple was inserted in the middle at a dis-
tance of 8.8 mm, the side surface of a sample was wet-isolated
with paraffin, that is a measuring cell was created (Fig. 2).

)

Fig. 2. Measuring cell

The mass of a wet middle sample (sample 2) was 3.74 g
and the total sample mass was 12.62 g.

At the same time, the moisture content of the middle part
of the sample and the entire sample was determined, which
was 17.03 % and 5.05 %, respectively.

4. 2. Procedure for determining the indica-
tors of samples’ properties

Theresearch into modeling the process of mois-
ture diffusion through a coating was conducted
using the basic provisions of mathematical physics.

To find values for a coefficient of moisture dif-
fusion through a coating, special equipment was

Thermocouple

A criterion for the complete loss of moisture by a
flame-retardant coating exposed to thermal action is the
stability of coating mass over 3 days.

5. Modeling parameters of moisture diffusion through a
flame-retardant coating for wood

As aresult of treating wood with flame-retardant coatings,
a capillary-porous layer is formed at the surface, which can
protect the material from moisture penetration during opera-
tion. Wood itself is capable of absorbing moisture and swelling,
which leads to loss of adhesion by the coating and its shedding.

Given the above, there is a task to study the mass transfer
of moisture through the layer of a flame-retardant coating
to wood at a change in heat and moisture content in the
environment.

In order to define the process of moisture diffusion
through the flame-retardant layer of a coating, the method
for resolving a problem on mass transfer for a three-layer disk
with different moisture capacity is suggested. At the initial
time, the lower surface of the disk is heated to a temperature
of drying (30 °C), which is maintained constant over the
entire process of heating, with temperature distribution oc-
curring through the coating. In this case, moisture is evapo-
rated from the upper end of the disk (Fig. 4).

Moisture
T Upper layer of coating

designed and manufactured (Fig.3). A sample
together with the thermocouple and a flat heater
was put on scales to control the temperature and
moisture loss by the sample.

We experimentally determined the process of

Middle layer of coating

R,

I~ . . .
Heat and moisture insulation

moisture diffusion by a flame- retardant coating
according to the method given in [14]. The meth-

od implies that a sample of the flame-retardant
coating is placed on a flat heater, which in turn
is placed on the scales. The heating was switched
on, the mass loss of the sample was measured and
the temperature in the middle of the sample was
monitored. Based on the results of mass loss, the
rate of moisture evaporation was determined and
the coefficient of moisture diffusion from the sam-
ple of the flame-retardant coating was calculated.

3

N

[
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7

Fig. 3. Device for determining a coefficient of moisture
diffusion through a coating: 1 — scales, 2 — flat heater,
3 — sample, 4 — thermocouple, 5 — analog-to-digital
converter, 6 — computer, 7 — temperature controller

. Lower layer of coating

[ TR A

Heat

Fig. 4. Schematic of moisture diffusion process through a flame-retardant

coating

The differential equations describing the process of ther-
mal diffusion of moisture through a flame-retardant coating
are composed of the heat and mass transfer equations [15]:

oT 0T erdu
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where T is the temperature, °C; a is the coefficient of tem-
perature diffusivity, m?/s; T is the time of sample drying,
s; u is the moisture of a sample, %; d,, is the moisture diffu-
sion coefficient, m?/s; & is the thermogradient coefficient,
1/degree; ¢ is the phase transition coefficient; r is the specific
heat of water evaporation, J/kg.

At a constant drying speed, the change in humidity is
constant:
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After substituting (3) in (1) and appropriate transforma-
tions, the equation takes the following form:
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where A are the coefficients of thermal conductivity of a ma-
terial, W/(m-°C); ¢ is the thermal capacity of a wet material,
J/(kg-K); vo is the density of a coating, kg,/m?.

Temperature distribution in a sample is described by
equation:

T=Ax"+Bx+C. (6)

Considering the initial and boundary conditions:
—at

x=0 T=T, x=R T=T,
—at

x=x, T=T1T, x=x, T=T, 7)
We obtain:

X=X,
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After integrating (2) for x in the range from 0 to R and
appropriate transformations we obtain:
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We accept the parabolic law of moisture distribution in
a body:
u=ax’+bx+c, (10)
and initial and boundary conditions:
—atx=0

al+dm'Y0'6al=0,
ox
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Then, from (6), (10), we obtain:
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After integrating (13) for x in the range from 0 to R and
appropriate transformations we obtain:

ul® (ou du

Ko o [E] =24,-R

ox |, (axl-}z (ax )xo “ a9
R

aT =(8l) _(al) =24-R. (15)

oxl, \ox) _, \ox)_

Hence

a—a:Zd ca,+2d,-5-A 16

aT m 1 m . ( )

Using boundary conditions (11), (12), we obtain:
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Substituting (17) into (16), we obtain the thermo-gradi-
ent coefficient:
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For isothermal conditions, since A*=0, we obtain:
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where du /dt is the rate of moisture mass loss by a sam-
ple, %; R is the distance to a thermocouple, m; Ry is the
thickness of the middle part of a sample, m; i is the moisture
capacity of a sample, %; iy is the moisture capacity of the
middle part of a sample, %.

Thus, a dependence has been derived from the system of
heat and mass transfer, initial and boundary conditions, to de-
termine the coefficient of moisture diffusion through a coating,

6. Experimental study into moisture mass loss by a flame-
retardant coating for wood and its results

To determine the coefficient of moisture diffusion, a
study was conducted into its evaporation under the action of
a heating device. The results from determining the tempera-
ture and a change in moisture through a coating under the
action of a heater are shown in Fig. 5, 6.

One can see from Fig. 5 that under the action of a heater
on coating samples, intensive heat transfer started and a



slight increase in the middle of the sample occurred over
3 days. The temperature did not change thereafter.
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Fig. 5. Temperature change in the middle of the measuring
cell depending on drying time

The intensive mass loss by the sample continued to fall
over 8 days, after that, it leveled to a certain extent (Fig. 6).

The moisture loss by the sample was calculated from
equation:

:M.mo %

m,

(20)

where my is the sample mass before tests, g; my is the sample
mass after drying, g.

The rate of sample mass loss was calculated based on
Fig. 6 from equation:

du _ v 21)
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where u is the sample moisture, %; T is the time of tests, s.
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Fig. 6. Results of mass loss by the measuring cell during
drying

Based on equation (19), the diffusion coefficient was
calculated, which for a given sample was 0.163-10 m?/s,
which attributes the product to those materials that slowly
conduct moisture.

8. Discussion of results from studying the process of the
progress of phase transformations

process to form a protective layer under the action of tem-
perature and a decrease in moisture, which slow down the
processes of moisture diffusion. It seems likely that such a
mechanism of the flame-retardant coating is a factor in reg-
ulating the degree of formation of a weatherproof protective
layer and the efficiency of thermal and moisture insulation
of the material. This agrees with the data reported in [6, 16],
where the authors also relate the effectiveness of protection
against moisture to using insoluble flame retardants. In
contrast to the results from studies [8, 17], the data obtained
on the impact of moisture diffusion process by a flame-retar-
dant coating and changes in moisture-insulating properties
allow us to argue about the following:

—the main regulator of the process is not only the forma-
tion of a coating layer, but also the use of water-insoluble flame
retardants and a polymeric binder, which, under the action of
temperature-humidity fields, provide for the coating adhesion;

—significant effect on the process of wood protection
from fluctuations in temperature and moisture when ap-
plying a flame-retardant coating is produced towards the
formation of water-insoluble capillary porous coatings at the
surface of a natural combustible material.

Such conclusions may be considered appropriate from
a practical point of view, since they allow a reasonable ap-
proach to determining the required formulation for a fire
retardant. From a theoretical point of view, they suggest the
determination of the mechanism of fire protection processes,
which are certain advantages of this study. The results of
determining the mass loss by a coating sample during drying
(Fig. 6) indicate the ambiguous impact of the nature of a pro-
tective agent on the change in moisture. In particular, this
implies the availability of data sufficient for the qualitative
conducting of the process of inhibition of moisture diffusion
and the detection, on its basis, of the moment that gives rise
to a fall in coating efficiency. Such a detection will allow us
to investigate the transformation of a coating surface, which
moves in the direction of elevated temperature, and to iden-
tify those variables that significantly affect the onset of the
transformation of this process.

9. Conclusions

1. We have modeled the process of moisture transfer
by a flame-retardant coating, determined the diffusion co-
efficient and derived estimation dependences, which make
it possible to establish a change in the moisture dynamics
during drying of a flame-retardant coating. Based on the de-
rived dependences, a diffusion coefficient at fire protection
was calculated, which reaches 0.163-10" m?/s for a coating.

2. Features of slowing down the process of moisture trans-
port inside wood, which is treated with a flame-retardant coat-
ing, include several aspects. Namely, the use of water-insoluble
flame retardants and other components, as well as a polymeric
binder, which are characterized by the formation of a heat and
moisture-proof layer at wood surface. This indicates the possi-
bility of targeted control over the processes of moisture transfer
to wood through the use of a flame-retardant coating.
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