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1. Introduction

Fires are known to cause enormous damage to nature
and society. People die and are injured in fires, material and
spiritual artefacts are destroyed, deteriorating the quality of
habitat, etc. In this case, the source of any fire is the ignition
of combustible material. Global statistics indicates that most
fires happen in premises (over 39 %) and deaths from fires in
premises account for over 80 %. That is why fire prevention in
premises is one of the main and priority problems of any state.

To prevent fires in premises, first of all, it is necessary to
reliably detect ignition of combustible materials at an early
stage before the moment when fire becomes unmanageable.
Difficulties of such detection include minor changes of data
on dangerous factors of environment, registered by fire sen-
sors. In this case, slight changes of data on hazardous factors
of environment are of non-stationary nature and are usually
disguised by random perturbations in gaseous medium.

That is why the study of dynamics of the main hazardous
factors of gaseous medium in premises at early ignition of the
typical combustible materials is relevant.

2. Literature review and problem statement

Experimental study of the process of fire occurrence
for various premises and materials is considered in papers
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[1-3]. It is noted that the process of fire development in the
premises has essentially indeterminate and non-stationary
nature, depending on many parameters of both the premises
themselves and fire load location in it. It should be noted
that articles [4, 5] and other known studies explore only
dynamics of the basic parameters of gaseous medium mostly
in the form of temperature and concentration of combustion
products of various materials. In this case, due to complex
and non-stationary dynamics of parameters of gaseous me-
dium, other characteristics are not considered.

Paper [6] addresses the enhancement of effectiveness
of fire sensors for determining of temperature of gaseous
medium in premises during a fire under actual conditions.
The problems of self-adjusting fire sensors are discussed in
[7, 8]. In this case, articles [6—8] take into account only the
unpredictable and non-stationary character of dynamics of
the corresponding parameters of gaseous medium. Other
characteristics of dynamics that are important for early fire
detection, such as correlation of fluctuations of dynamics,
are not considered.

Dynamics of carbon monoxide (CO) has been recently
used for early ignition detection in premises. That is why
fire sensors of CO are most often included in various types of
multi-sensor fire detectors as one of the channels for obtain-
ing information about ignitions [9-11]. An important role
in early ignition detection is played by dynamics of smoke
concentration in gaseous medium of environment during a




fire [12]. However, its use is associated with a high frequency
of false detection.

In [13], cross-correlation of dynamics of CO and smoke
concentrations during fire experiments in premises is ex-
plored. It is shown that the use of the specified cross-cor-
relation allows us to detect reliably ignitions for test fire
centers EN 54 [14, 15]. Study [16] is devoted to experimental
research into application of such cross-correlation in the
presence of interferences. In research [16], it is shown that
by combining data on dynamics of CO and smoke concentra-
tion, it is possible to detect most ignition centers in the face
of interference. The obtained results are based only on the
study of cross-correlation dynamics of CO and smoke con-
centration. Important correlations of fluctuations of dynam-
ics of CO and smoke concentration and other parameters of
gaseous medium are not considered.

An important area of premises in terms of fire detection
is the ceiling jet zone, in which characteristic non-stationary
changes in parameters of gaseous environment occur [17].
Paper [18] contains results of research into dynamics, auto-
correlations and paired correlations of parameters of gaseous
medium in the ceiling zone, simulating the chambers at igni-
tion of alcohol, paper, timber and textiles. It was shown that
a sign of early ignition detection can be a degree of paired
correlation of fluctuations of parameters of gaseous medium
with zero lag. It is noted that presence of ignitions on the
assigned interval of analysis causes a slight increase in time
constant of fluctuations of the studied parameters in gaseous
media compared with the interval of absence of ignition.
However, this approach has a low sensitivity for identifying
ignitions at an early stage. In this case, correlations of fluctu-
ations of parameters of gaseous medium that are important
for the early ignition detection are not considered.

Thus, literature analysis shows that nowadays there are
no studies of correlation of fluctuation of dynamics of main
gaseous medium parameters at an early ignition of materials
in the premises. Such studies are essential for development
of new technology for reliable detection of an ignition of
materials in the premises. That is why experimental study of
the correlation of fluctuations of dynamics of basic gaseous
medium parameters as non-stationary processes is an im-
portant and unresolved part of the problem of fire detection
at the early stages.

3. The aim and objectives of the study

The aim of present research is to study correlations of
fluctuations of dynamics of basic parameters of gaseous me-
dium at an early ignition of materials based on experimental
data, obtained at ignition of typical materials in a simulation
chamber.

To accomplish the set goal, the following tasks were to
be solved:

— to state conditions of the experimental research into
correlations of fluctuations of dynamics of basic parameters
of gaseous medium at an early ignition of material in the
chamber;

— to substantiate the theoretical base of the experimental
study;

— to explore correlations of fluctuations of dynamics of
the basic parameters of gaseous medium at an early ignition
of alcohol, paper, timber and textiles.

4. Conditions of the experimental study of fluctuations
correlations of dynamics of gaseous medium parameters

Premises are usually characterized by an assigned fire
load, determined by the quantity of combustible materials
and properties. Dynamics of hazardous factors of ignition of
materials in premises depends not only on fire load, but also
on ventilation of premises. A hotbed of early ignition is tra-
ditionally regarded as a source of perturbations of the basic
parameters of gaseous medium (ambient temperature, con-
centrations of smoke and CO). In this regard, early ignition
detection in premises can be carried out based on recording
dynamics of specified parameters of the environment in real
time or analysis of fluctuations of the specified dynamics.
Fluctuations of dynamics typically characterize temporary
instability of parameters of gaseous medium in real-time
scale, which can be used to identify the ignition moment.

This necessitates experimental study of correlation of
fluctuation of dynamics of basic gaseous medium parameters
at an early ignition of alcohol, paper, timber and textiles in
a simulating chamber in the actual scale of monitoring time.

Experimental studies were carried out in a special
chamber [19], imitating pressurized premises, at ignition
and combustion of test combustible materials, such as alco-
hol, paper, timber and textiles. The volume of the chamber
made up 0.524 m®, in the upper part of the chamber at the
height of 0.84 m, there were sensors that registered physical
parameters of gaseous medium at ignition of correspondent
combustible materials. In this case, the height of the flame
for alcohol, paper and timber accounted for less than 0.2 m.
Data x, on parameters of gaseous medium at ignition of the
specified materials were registered by sensor of temperature
(detector TPT-4), optical smoke sensor (detector SPD-3.2)
and carbon oxide sensor (of Discovery series). Data reg-
istration was carried out at discrete moments ¢, where
n=1, 2,..., 3,000. Ambient temperature, concentration of CO
and smoke were registered as parameters of gaseous medium
in the chamber at ignition. The data, measured by the sen-
sors, were recorded to random access memory of computer.
Special software allowed reading the relevant sensors with
different frequency. In this experiment, reading of sensors
was carried out with frequency of 10 Hz (time interval of
0.1 s). Ignition of materials was conducted approximately at
moment ¢,,, corresponding to 20 s.

Because the initial stage of ignition was of a special inter-
est, the time interval that a little exceeded ignition moment
1,00 Was selected as the interval of analysis. In this case, this
interval was 30 s. Registration of data on parameters of me-
dium in the chamber and estimation of correlations of fluc-
tuations of the specified parameters were performed at the
pace of data arrival within the explored interval of analysis.
Estimation of correlations of fluctuations of gaseous medium
parameters in the chamber was carried out based on calcula-
tion of rolling (with the assigned window) of autocorrelation
function, used for correlation analysis of non-stationary
processes. The study of correlation of fluctuations of gaseous
medium parameters at an early ignition was conducted for
each of the indicated combustible materials in the following
sequence: alcohol, paper, timber and textiles. After each
session of ignition analysis there was natural ventilation
of the chamber for 5-7 minutes for bringing parameters of
gaseous medium in the chamber to the state that was close
to the initial.



5. Theory behind the experiment

Gaseous medium in the chamber in the absence of igni-
tion is a system in equilibrium. Let us characterize param-
eters of such a system in equilibrium by certain values of
temperature, concentration of smoke and CO. Experimental
study of dynamics of specified parameters of gaseous medi-
um at various states of equilibrium before ignition of alcohol,
paper, timber and textiles in the chamber, was considered
in [20]. It was established that emergence of ignition in the
chamber disrupts equilibrium of the specified parameters of
the medium and leads to an increase in the autocorrelation
between different counts of each parameter. In this case,
autocorrelation of the considered parameters of the medium
was studied, assuming ergodicity of parameters of the me-
dium on the limited intervals of analysis of ignition absence
and presence. This means that under actual conditions,
ignition can be detected only after registration of all data on
the analysis interval. In [20], intervals of analysis make up
20 s. Enhancement of accuracy of this correlation analysis by
increasing the observation interval leads to narrowing down
the differences in correlation parameters of the medium in
the absence and presence of ignition. This is explained by
the incorrect use of the methods of stationary correlation
analysis in the explored non-stationary case.

In contrast to [20], we will assume that parameters of
gaseous medium in the chamber on fairly lengthy obser-
vation intervals at ignition of alcohol, paper, timber and
textiles are non-stationary processes. In this case, the right
boundary of the observation interval is not fixed, but rather
determined by the current moment of observation. These
assumptions are closer to actual conditions of early detection
in comparison with the ergodic interval approach.

In this case, first it is proposed to transform the observed
non-stationary parameters of gaseous medium into current
increments y; of the corresponding parameter, determined
by y=x,,,—x; for j=0, 1,..., 300. Because values of parameters
x;,, and x; differ by one discretion step, it can be argued that
their mean values will be slightly different. This means that
magnitude y;=x,,,—x; will determine increment of the corre-
spondent parameter, caused by its non-stationary dynamics.
By virtue of random character, dynamics of increment of the
corresponding parameter will determine its non-stationary
fluctuations, caused by instability of equilibrium of parame-
ters of the medium.

To study correlations of non-stationary fluctuations
of parameters of the medium, we will use the Pearson lag
correlation coefficient, calculated for a fixed-size rolling
window w. Taking this into consideration, the Pearson
window lag correlation coefficient for the current moment
of time ¢=j will be determined in accordance with the
expression

RP,(t,7,w)=if {t <7, (t,0),7, (1, 0)}. 1)
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where 1 is the magnitude of lag. It should be noted that
current correlation coefficient (1) is a window lag coeffi-
cient and has the best interpretability of calculation results.
However, this coefficient is best suited for evaluation of a
linear relationship between two arbitrary values of the pro-
cess with Gaussian distribution. In the case of non-Gaussian
distribution of the values of the explored process, it will
continue to characterize a degree of linear relationship of the
studied values of the analyzed process, but it will be impos-
sible to apply methods of verification for significance to it.
Given the absence of a strict theory of values of correlation
coefficient, we will adhere to the following levels: from 0 to
0.2 — very weak; from 0.2 to 0.5 — weak; from 0.5 to 0.7 —
average; from 0.7 to 0.9 — high; from 0.9 to 1 — very high. In
accordance with the above theoretical information, experi-
mental studies of correlation of fluctuations of the main pa-
rameters of gaseous medium in the chamber were conducted.

6. Results of the experiment to study correlations of
fluctuations of dynamics of gaseous medium parameters

Research into correlation of non-stationary fluctuations
of the main parameters of gaseous medium was carried out
based of the current Pearson lag correlation coefficient with
rolling window w=20. In this case, results of the research
into current correlation coefficient of fluctuations is limited
by relationship values from the medium to a very high level.

Fig. 1 shows the results of the study of current correla-
tion coefficient of fluctuations of temperature in the cham-
ber (in coordinates of discrete countdown t and lag num-
ber 1) at early ignition of alcohol, paper, timber and textiles.
In this case, the corresponding area for the conditional level
of current value of lag correlation coefficient is displayed in
color in the Figures. The minimum level is displayed in blue,
and the maximum level is displayed in red.
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Fig. 1. Current lag correlation coefficient of temperature
fluctuations of gaseous medium in the chamber: @ — alcohol;
b — paper; ¢ — timber; d — textiles

In the course of the study, there was natural ventilation
for 5—7 minutes of the gaseous medium in chamber between
ignitions of materials.



Similar results of the study of current lag correlation
coefficient of fluctuations of carbon monoxide concentration
are shown in Fig. 2, and of CO concentration are shown in
Fig. 3.
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Fig. 2. Current lag correlation coefficient of fluctuations of
carbon monoxide concentration in gaseous medium of the
chamber: a — alcohol; b — paper; ¢ — timber; d — textiles
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a — alcohol; b — paper; ¢ — timber; d — textiles
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Research results, shown in Fig. 1-3, were obtained,
taking into account errors of measurements of parameters
in gaseous medium by the sensors in the chamber. Errors of
data registration during their transformation into a digital
form were taken into account. In this case, errors of data
transformation into a digital form can be considered negli-
gible compared with errors of sensor measurement. In this
regard, obtained results can be used for comparative estima-
tion of current correlations of fluctuations of the correspond-
ing parameters of gaseous medium in the chamber at an early
ignition of test combustible materials taking into account

sensor errors. It should be noted that the sensors, used in the
experiment, are applied in actual fire detectors. That is why
it can be argued that the studied fluctuations of parameters
of gaseous medium are caused by emergence of a source of
early ignition in the chamber and errors of correspondent
measuring sensors. This means adequacy of the conditions
of the experiment to actual conditions.

7. Discussion of results of research into correlations of
fluctuations of dynamics of gas medium parameters

Based on analysis of the data in Fig. 1-3, it can be
assumed that ignition of combustible material that occurs
violates the equilibrium of parameters of gaseous medium in
the chamber and causes diffusion of parameters of the medi-
um by the laws that differ from the known ones. In this case,
fluctuations of parameters of gaseous medium at different
stages can be described by random processes with varying
increment correlation degrees. In the absence of ignitions,
they are described by autoregression processes of the order
from 1 to 10. For most of the studied parameters, these are
processes of the order from 1 to 3. It should be noted that
based on results of research into current lag correlation
coefficient of fluctuations, shown in Fig. 1-3, it is possible
to determine a more accurate order for correspondent au-
toregression processes. In this case, emergence of ignition
in the chamber leads in the majority of cases to expansion of
correlation relationship to neighboring fluctuation of param-
eters of gaseous medium and a corresponding increase in the
order of autoregression processes.

Calculation of current lag correlation coefficient of fluc-
tuations of parameters of gaseous medium in the chamber
makes it possible, in contrast to [20], to localize the time of
emergence of early ignition of combustible materials. In ad-
dition, it was established that temporary localization of the
moment of early ignition is accompanied by expansion of the
correlation relationship between neighboring fluctuations of
the corresponding parameters of gaseous medium.

Thus, for example, analysis of the data in Fig. 1 shows
that fluctuations of ambient temperature in the chamber en-
ables us in real-time monitoring of this parameter to localize
the moment of starting of ignition for alcohol and paper.
Somewhat worse possibilities were observed at early igni-
tion of textiles and timber in the chamber. This is explained
by the low rate of ignition of these materials. In this case,
subsequent temperature monitoring allows localization of
an early ignition of these combustible materials. The time of
localization in this case somewhat exceeds the observation
interval, specified in the experiment.

Analysis of the data in Fig. 2 illustrates the fact that fluc-
tuations of carbon monoxide concentration in the medium
of the chamber make it possible in real-time measurement
of this parameter to localize the moment of beginning of
ignition for alcohol, paper and timber. At early ignition of
textiles in the chamber, the possibilities are a bit worse. This
is explained by special features of textiles ignition, associat-
ed with a longer stage of pyrolysis and smoke release. In the
course of subsequent monitoring of CO concentration, it is
possible to localize in time the moment of textiles ignition.
However, the localization time in this case also exceeds the
interval of analysis, assigned in the experiment.

Data in Fig. 3 show that fluctuations in smoke concen-
tration in gaseous medium of the chamber enables us in



real-time parameter measurement to localize the moment
of beginning of ignition for alcohol, paper and textiles. At
early ignition of timber in the chamber, the possibilities are
a bit worse. This is explained by the peculiarities of timber
ignition, associated with a small amount of smoke release
at an early stage of ignition. In the course of subsequent
monitoring of smoke concentration, it is possible to localize
in time the moment of timber ignition. However, the local-
ization time in this case exceeds the interval of analysis,
assigned in the experiment. Obtaining of original results can
be considered the merit of this study. These results are an
attempt of experimental identification of special features of
early ignition of typical combustible materials in pressurized
premises, which is based on analysis of current correlations
of fluctuations of parameters of gaseous medium in the
chamber. Obtained results can also be used for early detec-
tion of ignitions. The shortcomings of the study can include
restrictions, imposed by dimensions of the test chamber, lo-
cation of measurement sensors and conditions of insufficient
chamber ventilation after ignition of each sample. It is advis-
able to continue subsequent research based of the proposed
approach towards considering actual pressurized premises
with different fire load.

8. Conclusions

1. An unconventional approach to research into dy-
namics of the main hazardous factors of gaseous medium in
premises at early ignition of combustible materials was pro-
posed. This approach is based on current window estimation
of the Pearson lag correlations of fluctuations of dynamics
of gaseous medium parameters as non-stationary processes.

In contrast to known approaches, a given approach makes it
possible to perform reliable localization of early ignitions of
combustible materials in premises.

2. It was experimentally determined that early ignition
of combustible materials has a significant impact on correla-
tions of fluctuations of the measured parameters of gaseous
medium, such as temperature and concentrations of carbon
monoxide and smoke. Correlations of fluctuations of carbon
monoxide and smoke concentrations are most informative in
terms of localization of early ignitions of the considered com-
bustible materials. Temperature fluctuations are more infor-
mative at localization of early ignition of alcohol and paper.

3. Results of current window estimation of the Pearson
lag correlations for fluctuations of dynamics of the basic
gaseous media parameters were obtained. It was shown
that in the absence of ignition, fluctuations can be consid-
ered non-correlated with sufficient accuracy for practical
applications. It was established that the presence of igni-
tion leads to occurrence of non-stationary correlations of
fluctuations. In this case, fluctuations can be described by
higher-order autoregression processes, determined by the
kind of combustible material and the stage of its ignition
development. It has been established that a sustainable sign
of early ignition of combustible materials in the simulation
chamber is a significant increase in the interval of correla-
tion of non-stationary temperature fluctuations, as well as
concentrations of carbon monoxide and smoke in gaseous
medium of the chamber. That is, information about the be-
ginning of early ignition lies in the low-frequency region of
non-stationary spectrum of fluctuations of the correspond-
ing parameter of gaseous medium. In equilibrium, fluctua-
tions have much smaller correlation interval, characteristic
for uncorrelated processes.
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Hocnioxnceno npouecu enexmpoximinnozo
6udaieHns 10Hi8 KAOMil0 Ma UUHKY OKPeMO i 8
cymimi 3 po3uumnie cipuanoi abo conanoi xKuc-
Jom 6 00HO- ma 080KAMEPHUX eJeKmpoJize-
pax. Iloxazano epadiuny 3anexcnicmv 6uxooy
3a CMpYyMoM 6axcKux memanieé 6i0 nouamxo-
6UX XAPAKMEPUCMUK POIHUHIE MA YMO8 npoue-
cy. Jlogedena nepcnexmueHicmv GUKOPUCMAH-
HSL eeKmposti3y 0N CeNeKMUBH020 GUOANEHHS
8AIICKUX MEeMAJi6 i3 CYMiuli 3 KUCTIUX POIHUHIE

Kmouosi cnosa: ionnuit oomin, eaexmpoxi-
MivHi Memoou ouuwenns 600u, cmivti 600U, 6io-
npaubosanuil pezeHepauiiiHuil po3uun

Hccaedosarvt npoyeccol s1exmpoxumunecko-
20 yoanenus UOH08 KAOMUSL U UUHKA OMOETbHO U
6 CMeCU U3 pacmeopos CepHoti Ui CONAHOU Kuc-
J10m 8 00HO- U 0BYXKAMEPHBIX NEKMPOIUIEPAX.
Hoxasana epaguueckas 3aeucumocmsv 6vixooda
no MOKY MANCEALIX MEMALN0E OM HALATLHBIX
xapaxmepucmux pacmeopos u Yciroeuil npovyec-
ca. Jloxasana nepcnexmuéHocmv UCRONb306A-
HUA INEKMPONU3A ONA CENeKMUBHO20 YOATleHUs
MANCENBIX MEMAIIIO8 U3 CMECU U3 KUCIILIX PAC-
meopos

Kmouesvte cnoea: uonnvtii 06men, snexmpo-
XuUMuMecKue cnocoobl ouucmKu 600bL, CMouHbLe
600bl, ompabomannwlii pezenepauuonnblil pac-
meop

1. Introduction pounds of these elements as well as the elements themselves

are toxic [1]. About 70 % of toxic metals get into a human

In the classic sense, the class of “heavy metals” includes
zinc, chromium, copper, cadmium, cobalt, nickel, arsenic,
selenium, silver, antimony, mercury, thallium and lead. Com-

body with food. The most dangerous toxic elements in foods
to be controlled are mercury, cadmium, lead, arsenic, copper,
tin, zinc, and iron. High probability of population poisoning




