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IIposedenumu docnidncennamu 6nausy 6ozHezaxucmy oepesu-
HU HA 3QUMAHHA 6CMAHO6JIEHO NAPAMEMPU NOWUPEHHSI NOYM S
ma npuzniveHHst 20piHHSL, WO 0A€ MOJCAUBICMb 6NAUCAMU HA Uell
npouec. /losedeno, w0 60HU NOJS2Al0Mb Y CMEOPEHHI HA NOBEPX-
Hi mamepiany wapy, AKull 3anodizac npoepisannio 00 Kpumuu-
Hoi memnepamypu posxnady mamepiany. Excnepumenmanonumu
docnidcennamu niomeepoiceno, wo Heobpodaenull 3pazox depe-
uUHU Ni0 MepMiuno10 0i€10 3AUHABCA, WO NPU3Bea0 00 U020 320-
pannsa 3 weudxicmio euzopauns 18 z/(m>c). 3 nidsuwennam
iHmeHCcUBHOCMI 20piHHS 3anant06anvioi 2a30680i cymiwi na 25 %
weudxicms empamu macu 3paska 30invuyemocsa 6 1,4 pasu, a
npu nioeuwenni IHMeHCUGHOCMI 20PIHHA 3aNaAN06ANbHOL 2a30-
6oi cymiwi na 50 % — y 1,8 pasie 6ionogiono. Y pasi zacmocy-
B8aHHA NPOCOUEHHS Oepesutu 34 PAXYHOK PO3KIAOAHHS AHMU-
nipenie nid 0icl0 memnepamypu 3 6UOLEHHAM HeZOPIOYUX 24316,
AKI 2abMYIOMb NPOUECU OKUCHEHHS Mamepiany ma Yymeopio-
0ms wap KoOKcy, weéudKicmo empamu Macu IHUHCYEMBCL 00
4,8 2/(M*c). IIpu obpobrenni depesunu neopzanitnum noxpum-
mAM HA NOGEPXHI OepesuHu YmeopremvCs mepmocmiika Kepa-
MiMHa NAIBKA, AKA 3HUINICYE WEUIKICMDb 6uzopanna y 3,8 pazu. Ane
3 niodeuwenHAM THMEHCUBHOCMI 20PIHHA 3ANANI06ANLHOT 2A306801
cymimi na 50 % 3pasox Oepesunu 3az0piécs, wo 6i000pasunoCcs
Ha nideuwenni weudxocmi empamu macu. 3acmocyeanus opea-
HO-MiHepanvHo20 nokpumms nio 0i€l0 memnepamypHozo 6nJju-
8y npueodumv 00 YmeopenHs wapy niHoKOKCY ma 2aibMyEaHHs
mennonepeoaui 6UCOKOMEMNEPAMYPHOZO NOAYM’S i IHUNCEHHS
weuoxocmi euzopanns 00 3 2/ (M’ c). 3a60aKu YoMy cMALO MONC-
JUBUM BUIHAUEHHS YMOB 3MIHU NAPAMEMPIE 20PIHHA MA 2abMY-
6AHHA NPU B02HE3AXUCMT OePeSUHU WIAXOM YmEopeHHs Gap'epy
ons mennonpogionocmi. Pesynvmamu cniécmaeénenns excnepu-
MEHMANLHUX 0AHUX WEUOKOCMI 6UZOPAHHS 0ePeCUHU 3 OMPUMA-
HUM QHATTMUMHUM PIGHAHHAMU NOKA3AAU 610N06I0HICMb MidC
Humu. Takum qunom, € niocmasu cmeepoxicyeamu npPo MoMcau-
8iCMb CNPAMOBAH020 Pe2YNI06AHHA NPOYECI6 802He3axucmy oepe-
BUHU WILAXOM 3ACMOCYEAHHS 802HE3AXUCHUX NOKPUMMIE, 30AMHUX
ymeoproeamu Ha NOGepPXHi Mamepiany 3axXUCHUll wap, aKul 2aiv-
MY€ WBUIKICMb 8U0PAHHA DepesUuHU
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1. Introduction

Wood is widely used as a building material in construc-
tion and architecture due to its mechanical and operational
properties. However, because of its high combustibility, it is
a fire-hazardous material. Level of fire safety of objects in
which wood building structures are used can be raised by
means of fire protection treatment, namely, providing the
wood with the ability to withstand flame and its surface
propagation, preventing free access of oxygen which pro-
motes wood destruction and accelerates the burning process.

The fires that have occurred in recent years have shown
growth of dangerous fire factors, in particular, high tempera-
ture since nomenclature of various synthetic materials and
hydrocarbons participating in fires and capable of emitting
high heat during their combustion has expanded recently.

It is known that wood is not capable of flame combustion
per se and the products of its decomposition burn only under
thermal action. Wood impregnation with fire-retardants
reduces formation of combustible volatile products, inhibits
gas-phase flame reactions, eliminates surface combustion
of carbonaceous residue and reduces rate of weight loss [1, 2.
Application of coatings makes it possible to slow down
material heating due to formation of a protective layer and

maintain the material functions in fire for a definite period
of time [3, 4].

Therefore, establishment of flame depression parameters
at elevated temperatures, study of the rate of wood burnout
and influence of coating on the burning process is an un-
solved component of ensuring fire resistance and, according-
ly, determines the need for such studies.

2. Literature review and problem statement

Feature of fire protection of wooden building structures
consists in creation of elements of heat-insulating screens on
the structure surface that withstand direct fire action and
allow structures to maintain their functions for a certain
period of time [5, 6]. Behavior of the flame-retardant coating
which is a separate and complex task and covers both coating
bloating and subsequent heat transfer is described in [5].
However, the issues connected with establishment of foam
formation temperature remain unresolved there. Also, effect
of binders based on vegetative raw materials on properties
of flexible insulating materials is considered in [6], however,
the flammability related issue remains unresolved. Effect
of thermal modification and flame retarding ability was




discovered in [7] by means of burning characteristics such
as weight loss, combustion rate and maximum combustion
rate but no chemical changes caused by influence of these
factors have been reported The materials presented in [8] are
characterized by high fire resistance but the mechanism of
coke formation and temperature transitions during thermal
action were not shown.

Effectiveness of application of components of a coating
based on organic substances is shown in [9], i. e. it is pos-
sible to significantly influence formation of a protective
foamed coke layer due to the action of flame retardants
based on polyphosphoric acids and foamers. However, it is
necessary to study conditions of formation of a heat barrier
and establish an effective action of coating with formation
of a coke layer.

Paper [10] presents the most promising flame-retardant
compositions of bloater coatings which are complex systems
of organic and inorganic components but the issues of man-
ifestation of joint action of the coating components in the
foaming process remain unresolved.

Significant increase in stability, density and strength of
the protective layer is achieved due to directed formation of
certain additives that form high-temperature compounds [11].
However, no relevant physical and chemical calculations
were given to confirm this process.

Besides, many coatings have a series of drawbacks, such
as application of individual components or loss of functional
properties with an increase in environment temperature [12].
This means that it was not found how the process proceeds
under thermal conditions in the range of decomposition of
the flame-retardant coating.

In addition, studies were conducted on protective ma-
terials prepared from organic substances and a solution of
colemanite ore [13]. It was shown that due to the established
relationship, it becomes possible to adjust contents of compo-
nents to ensure the heat resistance property.

Synergistic effect of ammonium polyphosphate and alu-
minum oxide trihydrate playing role of the fire protection
components for an epoxy composition reinforced with natu-
ral fibers as a flame-retardant material is considered in [14].
It was also shown that not always nonreinforced composi-
tions were unable to provide an effective fire resistance when
temperature changes. That is why the combustion process
with an intense weight loss occurred, so solution of this issue
requires development of new approaches.

Therefore, establishment of rate of flame-retarded ma-
terial burnout and influence of their components on this
process is an unsolved part of the problem of ensuring fire
resistance of wood building structures. This has necessitated
studies in this direction.

3. The aim and objectives of the study

4. Materials and methods used in studying the rate of
wood burnout

4. 1. Materials used in the experiment

To establish wood combustibility, specimens of straight-
grained pine wood with dimensions of 150x60x30 mm,
density of 450+470 kg/m3 treated with the following flame
retardants (Fig. 1) were used:

— impregnating solutions based on a mixture of ammo-
nium sulphates and phosphates and a polymer (DSA-1 fire
protection means);

— flame-retardant bloating organic-mineral coating
(Skela-w);

— inorganic coating (Utility Model Patent of Ukraine
No. 95440).

The wood specimen surface was coated layer-wise with
flame-retardants at the following consumption: 600 g/m? for
impregnating composition, 440 g/m? for inorganic coating
and 297 g/m? for bloating organo-mineral coating. After
drying to a constant weight, treated and untreated wood
specimens were tested.

4. 2. The procedure of determining indicators of wood
burnout rate

A unit for determining material combustibility group
was used [1] in the study. It was additionally equipped with
a device for recording the specimen weight change during
tests. The essence of the tests was to measure loss of the
wood specimen weight at certain times points during ther-
mal action and determine burnout rate.

The study of thermal action on wood specimens was
conducted at various temperature values since wooden
structures are exposed to thermal action of various flame
types in a case of fire. Therefore, intensity of combustion of
igniting gas mixture was increased by 25 % and 50 %, that
is, temperature of the combustion gases at the unit exit was
200 °C, 250 °C and 300 °C, respectively.

Loss of wood specimen weight was measured and the
obtained values were used in calculation of burnout rate
using the equation:

m =— )

where Am is the specimen weight loss in the test, kg; 1 is the
test time, s; S is the specimen surface area, m?2.

In this case, the specimen surface area was 0.0306 m?,
that is, the entire surface of the specimen was subjected to

thermal action.

3. Analysis of functional dependences occurring during
burning of wood specimens

The study objective is to establish patterns of wood spec-
imen burning and parameters of reducing combustion rate
when fire protection is applied.

To achieve the objective, the following tasks were solved:

— to establish features of reducing rate of wood burn-
out under thermal action on the specimen with coating
applied;

—to compare experimental dependences of the rate of
wood burnout with obtained analytical equations and estab-
lish conformity of the protective material structures.

In general, the wood burning rate is described by equa-
tion [2]:

e BT &)

m=m,+

where 1 is the time of burning of the wood specimen, s; a is
the index of flame burning development, s!; y is the index
of inhibition of combustion reactions due to the action of
flame retardants, s'!; g is intensity of combustion at the



time point, kg/(m?*s?); my is the initial rate of burnout,
kg/(m?s).
Functional dependences of the wood burnout rate in

the presence of fire protection and without it are shown in
Table 1.

Table 1
Functional dependences of wood burnout rate

Functional dependence of wood

Wood specimen
P burnout rate

Nontreated (o>>yor y=0) | m,_,=m,+ &(1 —e ), 3)
o

Flame-retarded m. o o=m —&(e’“ _1), 4)
(0<<yor a—0) 0Ty

Flame-retarded (o=y) My, =my+o,- e (5)

Practically, material weight loss during combustion
of flame-retarded wood is possible in accordance with the
above laws which makes it possible to establish dynamics
of material burnout rate depending on properties of the
flame-retardant coating. Comparison of theoretical depen-
dences and experimental data allows one to predict flame-re-
tarding qualities of materials depending on physical and
chemical properties of the coating.

6. Results obtained in the study of wood burnout rate

6. 1. Specimen weight loss during wood burnout

Tests on objects, in particular model specimens of
flame-retarded wood (Fig. 1), were performed to determine
wood burnout rate.

Fig. 1. Model specimens of flame-retarded wood: untreated (a);
treated by flame retardant impregnation (b); treated with
a flame-retardant coating on an inorganic base (c); treated
with a flame retardant organic-mineral coating (d)

Weight loss of specimens during wood burnout is shown
in Table 2.

Table 2

Loss of wood specimen weight during testing

Loss of wood specimen Loss of wood specimen
weight (g) at the burn- weight (g) at the burner
Time er heating rate, % Time heating rate, %
s Untreated s _Flamc rct:':lrdcd w1jnh
impregnating solution
150 125 100 150 125 100
50 | 21.42 | 11.21 | 3.63 50 9.18 1.12 | 0.086
100 | 64.26 | 38.86 | 1599 | 100 | 31.824 | 6.82 0.83
150 |114.75| 76.22 | 3590 | 150 | 59.67 | 15522 | 2.37
200 |146.88(107.12| 55.72 | 200 | 97,92 | 38952 | 7.15
250 |175.95(112.36| 58.45 | 250 [129.285| 51.43 9.44
300 | 183.6 |117.98| 57.76 | 300 [157.896| 67.643 | 10.35
Loss of wood specimen Loss of wood specimen
weight (g) at the burn- weight (g) at the burner
Time er heating rate, % Time heating rate, %
s Flame-retarded with a s Flame-retarded with an
bloating coating inorganic coating
150 125 100 150 125 100
50 9.945 | 1.06 0.07 50 10.71 1.97 0.18
100 | 33.66 | 4.12 0.32 100 | 36.72 8.99 1.10
150 | 55.08 | 10.11 | 0.93 150 | 78.03 | 21.49 2.63
200 | 67.32 | 1442 | 1.32 200 | 11016 | 32.7 5.00
250 76.5 | 16.38 | 2.00 250 137.7 | 40.03 7.35
300 | 78.03 | 16.24 | 2.10 300 | 165.24 | 41.06 6.28

As can be seen from Table 2, the specimen weight loss
occurred at the initial heating stage because of water evapo-
ration and then the stage of intense combustion of untreated
wood has taken place. Multiple burnout increase with an
increase in the burner flame intensity was observed. Water
evaporation is characteristic of flame-retarded wood at the
initial stage and then the process of coating bloating takes
place with weight loss.

6. 2. The wood specimen burnout rate

Fig. 2 shows dynamics of change of untreated wood
specimen burnout rate in the course of experimental study
(dots). Theoretical dynamics of burning rate was calculated
in accordance with this value.

The specimens treated with an impregnating solution
based on a mixture of ammonium sulfates and phosphates
and a polymer (DSA-1 flame-retardant means) as well as
organic-mineral and inorganic coatings were subjected to
thermal action during tests. The obtained experimental
dependence of specimen weight loss and the accordingly cal-
culated theoretical dynamics of burnout rate for specimens
of flame-retarded wood are shown in Fig. 2—5.

The results of processing experimental values obtained
in burning wood specimens are shown in Table 2. Exper-
imental studies have confirmed that the untreated wood
specimen was ignited under thermal action, flame spread
over the specimen surface resulting in its combustion at a
burnout rate of 18 g/(m?s). For the cases of raising intensity
of combustion of the igniting gas mixture by 25 % and 50 %,
the specimen weight loss rate increased 1.4 and 1.8 times,
respectively.
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Fig. 2. Dynamics of burnout rate for untreated wood
specimens depending on the flue gas temperature: 200 °C (1);
250 °C (2); 300 °C (3) (the dots are experimental data and the
solid line shows theoretical values)

In the case of wood impregnation, the rate of weight loss
has reduced to 4.8 g/(m?*s) due to decomposition of fire-re-
tardants under thermal action with release of non-combus-
tible gases inhibiting the processes of material oxidation
and forming a coke layer. The obtained experimental data
on temperature (200 °C) of flue gases at the unit exit are
described by equation (3) and by equation (1) when combus-
tion intensity increases.

ture flame to the material and reduction of the burning rate
gown to 3 g/(m?*s). Experimental values are described by
equation (3). When wood was treated with an inorganic
coating, a heat-resistant ceramic film was formed on the
wood surface. It reduced the burnout rate 3.8 times. How-
ever, the wood specimen has been ignited with an increase
in intensity of combustion of the igniting gas mixture by
50 % which has brought about an increase in the rate of
weight loss. Experimental curves of the wood weight loss are
described by equations (3) and (4) for an increase in intensi-
ty of igniting gas combustion by 50 %.
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Fig. 5. Dynamics of burnout rate when burning wood
specimens coated with an inorganic coating depending on
temperature of the flue gas at the unit exit: 200 °C (1);

_ 250 °C (2); 300 °C (3)
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Fig. 4. Dynamics of burnout rate for wood specimens treated
with a flame-retarding bloater coating depending on the flue
gas temperature: 200 °C (1); 250 °C (2); 300 °C (3)
(the dots are experimental data and the solid line shows
theoretical values)

Application of organic-mineral bloater coating under
thermal action has resulted in formation of a foamed coke
layer, suppression of heat transfer from the high-tempera-

Criterion characteristics of parameters of combustion
and its termination were established. It was found that in the
case of flame-retarded wood, the criterion relations changed
in an inverse order depending on the coating properties. For
example, when impregnation was applied, the ratio varied
by 2.6 times. Corresponding figures were 3.4 times for in-
organic coatings and 4.0 times for organic-mineral coatings.
At the same time, a 3.9 time decrease in the burnout rate
was found for wood specimens protected by impregnation,



3.3 times decrease for inorganic coatings and almost 6 times
for organic coatings.

The results of comparison of experimental dependences
of the wood burnout rates with analytical equations are

crease in the rate of burnout. Application of an organic-min-
eral bloating coating under thermal action leads to forma-
tion of a layer of foamed coke, inhibition of heat transfer
from high-temperature flame to the material and reduction

given in Table 4. of burnout rate. Besides, processes of coating decomposition
occur with a release of gases and formation of
a heat-protecting layer of foamed coke on the
wood surface. This agrees with the data known
from [5, 8] which associate effectiveness of

material thermal protection with the action of

Table 4

Comparison of rates of wood specimen burnout under thermal action

Wood burnout rate, kg/(m?s) Wood burnout rate, kg/(m?*s)

Treated with a flame-retardant

Time, Untreated Time, impregnating solution prote(;:(‘ii\:f substances when flame retardants
S 150 125 1o S 150 125 100 e 2Iln cf)n.trast to the results of studies [12, 14]
Ex TG | Ex [TG) | EX]TG) Ex [T@)| Ex | T@) | EX ITM| 16 ghtained data on the influence of protective

50 14 (204 | 114 941 77|64 | 50 | 6 |47 | 4 | 33 [25] 29

means on the process of heat transfer to the ma-
terial and change of flame-retardant properties

100 | 21 | 25 | 166 | 15 |12 |10.8| 100 (104 86 | 7 | 62 | 4 | 4.2

150 | 25 |26.2|20.1 | 18.6 | 14 |13.9] 150 | 13 | 12 |85| 87 | 5 | 47 | have enabled the following assertion:

200 | 24 |263| 22 |208 |17 |16.1| 200 | 16 [149] 12| 11 | 6 | 49 —not only formation of a flame-retardant
250 | 23 12631] 20 | 202 |17 |176| 250 (169173 13| 13 | 6 | 5 coke layer is the main regulator of the process
300 | 20 | 263 | 20 23 |16 1187] 300 (1721193 14 | 146 | 5 5 but also decomposition of flame retardants

with release of non-combustible gases, in par-

Wood burnout rate, kg/(m?s) v i 5aS( ‘
ticular, nitrogen and carbon dioxide which

Wood burnout rate, kg/(m?s)

Tnsne, Treated with a bloater coating | Time, Treated \Zlggt?;glnorgamc effect flame and inhibit the oxidation process

150 195 100 s 150 125 100 in the gas and condensed phgses as noted in’[1];

Ex | TG) | Ex | T(0) | Ex|TD) Ex T2 Ex [TG)| Bx |T() - ‘Fhe process of.pro.tectlon of combustible

50 |65 56 |35 36 |2 24| 50 | 7 [67] 6 |64 3 |35]| Mmaterials with application of flame-retardant

coatings is significantly influenced by reac-

100 | 11 | 116} 4 | 5 |25] 3 | 100 | 12]113] 8 } 964 | 45 ] 4ongina pre-flame zone resulting in formation

150 | 12 | 119 | 6 | 57 |3 |32 150 |17 |145] 9 | 10 | 4 | 48 | of products like soot on the surface of the natu-
200 | 11 [ 107 | 7 3 (32200 [ 181669792 5 49| ral combustible material.

250 {10 ) 91 | 7 | 6 | 4 [32]250 18|18 |95 |81 [ 6| 5 However, as can be seen from the study

300 | 85| 74 | 68| 61 | 4 (33300 |18[189|81 |67 | 5| 5 results, when thermal action on the wood spec-

Note: Ex: experimental values of the wood burnout rate; T: theoretical values calculat-

ed by (2)—(5) and taken in brackets

The results of comparison of experimental dependenc-
es of the wood burnout rate with the derived analytical
equations have shown on the whole a conformity between
them. However, individual deviations of experimental and
theoretical data, in particular, loss of wood weight at burner
heat intensity of 150 % can be explained by the period of
transition to other dependence which requires other study.

6. Discussion of results obtained in determining the wood
burnout rate

As evidenced by the study results (Fig. 3, Table 1), the
wood burnout under thermal action of high-temperature
flame, proceeds through its decomposition and is charac-
terized by loss of specimen weight. Instead, the processes
of ignition and flame propagation for treated specimens
(Fig. 4—6, Table 1) considerably slowdown due to the action
of flame retardants. Such protective mechanism is deter-
mined, first of all, by decomposition of flame retardants
under influence of temperature with heat absorption and
release of non-combustible gases and a change of direction of
material expansion toward formation of a hard-combustible
coke residue. When wood is treated with inorganic coating,
a heat-resistant ceramic film is formed on the wood surface
that reduces burnout rate. However, heat conductivity rises
to critical temperatures with growth of thermal action and
the wood specimen decomposes which is confirmed by an in-

imens treated with flame-retardant impregna-
tion increases, protection is greatly reduced
which is indicated by growth of combustion
parameters and requires use of a greater amount of flame
retardants. The fire protection with inorganic coatings
can withstand rising combustion heat but it also must be
improved. For the wood specimens treated with bloater
coatings, all parameters affecting the burnout rate had lower
values and were leveled out with a growth of thermal action.

Such conclusions can be considered useful from a prac-
tical point of view as they make it possible to reasonably
approach to definition of necessary formulations of flame re-
tardants. Treatment with a bloater coating more effectively
counteracts high temperatures. This fact should be kept in
focus when developing coating formulations for wood. From
theoretical point of view, they make it possible to establish
mechanism of the fire protection processes which constitute
certain advantages of this study. The results of determining
the flame-retarded wood burnout rate (Tables 1, 4) indicate
an ambiguous effect of nature of protective means on the
change of combustion parameters and flame suppression.
In particular, this implies availability of data sufficient for
obtaining a quality combustion process and determining the
moment from which oppression process starts which is a new
and unexplored occurrence. Such determination will make
it possible to investigate transformation of the wood surface
under the action of fire protection with coke formation and
flame suppression and identify the variables significantly
affecting start of this process.

This study is a continuation of the studies discussed in
[1-4] where the mechanism of fire protection of organic
natural materials, formation of foamed coke and reduction



of weight loss during wood combustion are fully provided.
These studies require development of full-scale test methods
and study and description of wood behavior.

Further studies may be aimed at theoretical and ex-
perimental elucidation of the wood combustion processes,
establishment of a relationship between components and
properties of the protection means.

8. Conclusions

1. Experimental studies of burnout rate in a case of
ignition of wood specimens were conducted and the effect
of flame-retardant coating on this parameter was revealed.
Characteristics of parameters of ignition and combustion
suppression were determined which makes it possible to
know the change of dynamics of wood burnout during de-
composition of the flame-retardant coatings. For example,
for wood flame-retarded by impregnation, the burning
suppression indicator is reduced to zero when thermal ac-
tion grows and the burning parameter rises from zero to
0~3.0 s'!. Instead, the burnout indicator decreased by 3.5
times in the wood protected by coating with growth of ther-
mal action but the burning parameter was absent. At the

same time, the rate of burnout of wood specimens protected
by impregnation was reduced 3.9 times. Corresponding fig-
ures were 3.3 times for inorganic coatings and almost 6 times
for organic coatings.

2. The results of comparison of the experimental depen-
dences of the wood burnout rate with the derived analytical
equations have shown conformity between them with an
admissible deviation. Criterion characteristics of the com-
bustion parameters and the combustion termination pa-
rameters were determined. It has been established that the
criterion relations changed in an inverse order in presence
of fire barrier depending on coating properties, that is, the
burning parameter was absent and the burning suppression
parameter increased by ten times: 0.0018 s! for impregna-
tion, 0.00241 s for inorganic coatings and 0.00278 s for
bloater coatings. This indicates formation of a heat-shield-
ing layer on the wood surface which prevents burning and
propagation of high temperature to the material which is
confirmed by absence of ignition of flame-retarded wood.
With an increase in thermal action on flame-retarded wood
specimens, the burning parameter increased and the burning
suppression indicator decreased and, depending on its value,
treatment of wood with the bloater coatings is the most ef-
fective protection.
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