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ABSTRACT

A systematic analysis of the occurrence of man-made emergencies due to a fire at the fa-
cilities is performed. It is established that in the event of fires, the gaseous medium in the
premises of the facility serves as a means of transmitting hazardous effects to the facility.
The object of influence may be maintenance personnel, technological equipment, units,
the design of the room or the object itself. In this case, the state of the object of influence
can be characterized by a certain scalar parameter, which in the general case represents the
amount of loss (damage or risk) caused to the object by the influence of the danger object.
It is shown that the scalar parameter is a certain functional of the states of the hazard object
and the gas environment, characterizing the degree of emergency, numerically equal to the
amount of losses caused to the object of exposure by the hazard object in the room. The
possibility of preventing a man-made emergency due to a fire based on monitoring the pa-
rameters of the state of the gas environment in the premises of the facility is substantiated.
It is noted that in real conditions there is no information about the indicated disturbances
and the state of the hazard object. This is the main difficulty in reliably preventing a man-
made emergency due to a fire in the premises of the facility. An experimental verification
of the dynamics of the parameters of the state of the gaseous medium in the premises of an
object during the combustion of alcohol, paper, wood and fabric in a model chamber is per-
formed. The obtained data indicate that the real dynamics of the temperature, smoke, and
CO content of the gaseous medium in the chamber upon ignition of the tested materials is
not deterministic, but is clearly unsteady and non-linear with obvious signs of an unsteady
trend and random disturbances. It is established that the nature of the random dynamics of
the states of the gaseous medium at the time of ignition of materials changes dramatically.
Moreover, these changes are of an unequal nature, depending on the type of combustible
material. The obtained results indicate the possibility of preventing a man-made emergen-
cy due to a fire by means of operational monitoring of the parameters of the gas environ-
ment in the premises of the facility

© The Author(s) 2020. This is an open access article under the CC BY license http://creativecommons.org/licenses/by/4.0).

An emergency usually occurs with the simultaneous presence of an object of danger
(source of danger) and the object of its impact. In this case, the subject of the impact is signifi-
cantly damaged [1], including the death of people and other material values, and also causes
serious damage to the environment [2]. World statistics in recent years says that the annual
number of man-made emergencies is three or more times the number of annual emergencies of
a natural and other nature [3]. It is noted that the main sources of man-made emergencies are
various potentially dangerous objects [4]. Following [5], in recent years there has been a steady
tendency for an increase in emergencies due to a significant expansion of the types of hazards.
The prerequisites for the emergence of hazards leading to emergencies in the man-made sphere
are usually created by the person itself in the course of production activities. Therefore, human
production activities should minimize the risk of such hazards that lead to the emergence and
elimination of emergencies [6]. One of the ways to reduce the risk of possible hazards is con-
sidered to be measures to prevent emergencies. It is noted that the prevention of emergencies
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can reduce the cost of eliminating their consequences by 2-3 times [7], as well as significantly
reduce or completely eliminate the loss of life. World statistics show that most of the man-
made emergencies at the facilities are connected with fires in the premises, leading to the
defeat and death of staff and significant destruction of technological equipment, facilities and
the facilities themselves.

Given the existing variety of types of hazardous facilities, as well as the objective complexi-
ty of detecting fires at facilities, the prevention of an emergency of a man-made nature due to a fire
in the facility’s premises is relevant.

2. Literature review

The gas environment of the premises is a complex system with a dissipative structure,
non-linear dynamics and self-organization properties. In the event of a fire in the room, the gas-
eous medium reacts accordingly to its occurrence. In such a system, classical methods are not able
to detect emerging complex nonlinear relationships between its elements, since they are based on
linear principles, which in this case are usually violated [8]. This leads to false ideas about the
dynamics of the state of the gas environment in the premises in case of fire and does not allow on
its basis to prevent emergencies due to fires at the facilities. However, to prevent emergencies, the
nature of the dynamics of the state of the gas environment in the event of a fire is of paramount
importance. Since, based on the analysis of the dynamics of the state of the gas environment at the
beginning of a fire, it is possible to prevent the defeat and death of maintenance personnel, as well
as the destruction of technological equipment and units in the premises of facilities [9]. It should
be noted that at present, the methods of nonlinear dynamics of the state of complex systems are an
active area of research in many disciplines [10, 11]. In particular, in geophysics methods of time
series analysis are used from the position of the theory of dynamical systems and fractal sets [12].
At the same time, methods for preventing man-made emergencies due to fire at facilities are not
considered. The study of the features of the process of a fire in the premises based on experimental
data is performed in [13].

However, the options for preventing man-made emergencies due to a fire in the premises are
not considered. The influence of thermal radiation on the rate of heat generation in standard ma-
terials is evaluated in [14]. An experimental study of the combustion regimes of various materials
under external thermal influence is performed in [15]. The study of the rate of heat release during
a fire in typical rooms is the subject of [16]. It is noted that the dynamics of the state of the gas en-
vironment in the premises at the initial stage of the fire is complex, non-linear and non-stationary.
The work [17] is devoted to increasing the speed of known methods for detecting fires under the
indicated conditions. New methods for detecting fires by changing the state of the gaseous medium
are not considered and the dynamics of the states of the gaseous medium are not studied. Methods
of preventing emergencies due to fire based on the identification of changes in the conditions of
the gas environment in the premises are not considered. Self-tuning methods for identifying fires
are the subject of [18, 19]. However, these methods are based on the averaged values of individual
parameters of the state of the gaseous medium without taking into account the current dynamics
of the parameters. Moreover, the results presented in [20] are limited to the analysis of only the dy-
namics of the adaptive threshold and the probability of detecting fires. The dynamics of the param-
eters of the state of the gaseous medium and their increments is not studied and is not considered.
Techniques for preventing man-made emergencies due to fire based on increments in the state of
the gas environment in the premises are not considered. The study of temporary covariance and
mutual covariance of the main parameters of the state of the gaseous medium during fires in the
room model was performed in [21]. It is noted that for detecting the onset of a fire in the premises,
the current changes in the parameters of the state of the gaseous medium, rather than their aver-
age value, are more important. For example, methods are known that are suitable for identifying
hazardous parameters of the state of a gaseous medium in a fire [22]. However, these methods are
based on a stationary approach, which will allow revealing only averaged energy indicators of the
parameters of the gaseous medium by lags and frequencies. Moreover, these methods do not take
into account the time-frequency structure of the state parameters of the gaseous medium.

In [23], methods of time-frequency localization are considered, which turn out to be diffi-
cult to implement and unsuitable for the rapid detection of fire in the premises of the facility and
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the possibility of their use to prevent emergency situations. Due to the unsteady dynamics of the
parameters of the state of the gaseous medium in rooms during a fire in [24], a method is proposed
based on the application of the short-term Fourier transform to individual stationary fragments of
the unsteady dynamics of parameters. However, at the initial stage of a fire in the room, it is not
possible to isolate stationary fragments of the dynamics of the parameters of the gaseous medium
state. In this case, the gaseous medium as a complex dynamic system that generates non-stationary
hazardous state parameters during a fire is not considered and is not studied. An experimental
study of the dynamics of the burning rate of various materials in closed and ventilated rooms is the
subject of work [25]. However, it does not contain data on the structure of the interaction of hazard-
ous parameters of the state of the gaseous medium during ignition of materials in the premises. The
work [26] is devoted to the study of increments of certain hazardous parameters of the state of the
gaseous medium for the detection of early fires in rooms. However, the results in it are limited to
the analysis of traditional statistical indicators for increments of the state parameters of the gaseous
medium. Moreover, the study of the structural features of the dynamics of the state parameters of
the gaseous medium in a multidimensional phase space is not considered. In [21-26], it is noted
that fires are not only a source of fire hazard, but also a source of violation of the parameters of the
initial equilibrium state of the gaseous medium in the premises of the facility. In the general case,
the state of the gaseous medium during fires in rooms is characterized by a more complex nonlin-
ear dynamics of the main parameters.

The general methods of time-frequency identification of nonlinear dynamical systems
are considered in [27, 28]. The application of the method of short-term Fourier transform for
the analysis of non-stationary parameters of processes is discussed in [29]. At the same time,
the methods [27-29] turn out to be quite complicated, which does not allow using them for the
prevention of man-made emergencies due to fires in the premises. Methods of analysis of the
nonlinear dynamics of systems are not considered in [27-29]. Although for the early detection
of fires and the prevention of man-made emergencies due to fires in the premises, first of all,
a systematic analysis of the dynamics of states and state increments of the gas environment in
the room is necessary, taking into account the corresponding dimensionality of the phase space.
However, to date, such an analysis is not available in the known literature. For example, in [30],
a time-frequency method is considered for analyzing the structural features of the dynamics of
hazardous parameters of a gaseous medium at the stage of a fire in rooms. It is noted that this
method is difficult to implement and is not operational. Moreover, the effectiveness of the meth-
od substantially depends on the parameters of the window functions used for averaging. In addi-
tion, this method, being an energy one, does not allow to study the fine structure of the dynamics
of dangerous parameters of the state of the gaseous medium in the corresponding phase space.

Thus, due to the complex dynamics of hazardous parameters of the state of the gaseous
medium during a fire in the premises, various time-frequency methods are used to identify them.
However, these methods have several disadvantages: complexity, limited sensitivity and lack of
responsiveness. Therefore, the application of these methods to prevent man-made emergencies due
to fires in the premises of the facilities is problematic. Moreover, fractal methods of nonlinear dy-
namics should be considered more promising for the prevention of such emergencies [31]. However,
their application for the prevention of man-made emergencies due to fires in the premises of ob-
jects, first of all, requires a systematic analysis of the prevention of these emergencies. Therefore,
an important and unresolved part of the general problem is a system analysis of the prevention of
man-made emergencies due to a fire in the premises of the facility.

3. The aim and objectives of research

The aim of research is a system analysis of the prevention of man-made emergencies due
to a fire in the premises of the facility in the form of a system for the interaction of the hazard, the
environment and the hazard.

To achieve the aim of research, the following objectives are set:

— perform a system analysis of the occurrence of man-made emergencies due to fire in the
premises of the facility;

— substantiate the possibility of preventing a man-made emergency due to a fire by monitor-
ing the parameters of the state of the gas environment in the premises of the facility;
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— verify experimentally the dynamics of the parameters of the state of the gaseous medium
in the premises of the facility during the fire of alcohol, paper, wood and fabric in a model chamber
simulating an unpressurized technological facility premises.

4. System analysis of the occurrence of man-made emergencies due to a fire in the technolog-
ical premises of the facility

A system analysis of the occurrence of a man-made emergency due to fires in the premises
of the facility is based on the representation of the premises as a system consisting of interacting ob-
jects. Let the facility’s premises represent some system S = OUE consisting of a hazard object O
(source of ignition and fire), which is the source of the considered emergencies, and some envi-
ronment E = CU R, where C is the gas environment of the room, and R is an arbitrary object of
influence of the hazard object (maintenance personnel, technological equipment, units and design
of the room or the object itself). In this case, the state of the affected object will be determined by
the corresponding sign (or signs) of emergencies.

In the emergency system under consideration, the hazard object O affects the object exposed
to hazard R through the gas environment of room C. In general, the hazard object O is character-
ized by its own dangerous states yeO. Such conditions can be, for example, fires of various mate-
rials or explosions of equipment and units in the room. This means that the states y of the hazard
object O at time instants ¢t€[0, 7'] will be described by a random function y=y(7).

In this case, the gas environment C of the room transfers the influence of hazardous condi-
tions from the source of danger to the object of its impact. In this case, the gas environment C of the
room is characterized by the corresponding state ze C. In this case, the parameters of the state of the
gas environment of the room may be, for example, hazardous to the operating personnel parameters
of the gas environment. First of all, it is temperature, carbon monoxide concentration and smoke
density. At various points in time, the state of the gaseous medium C is characterized by a random
function of time z=z(¥). In this case, the state of the object R, which is exposed to the hazard object O,
can be characterized by some scalar parameter /eR. In the general case, the parameter | rep-
resents the amount of loss (damage or risk) caused to the object R by the influence of the object O.
In the case under consideration, the parameter 1 will be determined by the state of some united
system SG = OUC defined by the hazard object O and the gas environment C. In this case, the
parameter 1 will be some functional /=/(y(?), z(f)) characterizing the degree of emergency, numeri-
cally determined by the amount of loss (damage or risk) caused to the object of exposure R by the
hazard object O in the room.

5. Justification of the possibility of preventing a man-made emergency due to a fire by moni-
toring the parameters of the state of the gas environment in the premises of the facility

In order to justify the possibility of preventing a man-made emergency due to fires in the
premises of the facility on the basis of monitoring the state of the gas environment, let’s consider
in more detail the loss (damage or risk) functional /=I(y(¢), z(f)), which characterizes the degree of
occurrence of a possible emergency. In the system of emergencies under consideration § = OU E,
the state of the gaseous medium z=z(f) in the room is determined by the state y=y(f) of the hazard ob-
ject O. This means that parameter 1 will be determined by the current state z (¢, y(¢)) of the gaseous
medium in indoors, taking into account the current state y(¢) of the hazard object O, i. e., I=,(z,(t, (1))
For example, if the damage caused to the object of influence R depends on the state z,=z,(x, £, y(¢))
of dangerous parameters of the state of the gaseous medium at the point x of the object’s space x,
then the parameter | can be represented as the corresponding one-dimensional integral function . In
this case, the one-dimensional integral function will determine, for example, the inhalation dose of
hazardous parameters of the state of the gaseous medium for maintenance personnel in the room.
Thus, it is possible, on the basis of the current monitoring of the state z=z,(z, y(#)) of hazardous pa-
rameters of the gas environment in the rooms where the technological equipment and maintenance
personnel are located, to prevent an emergency of a man-made nature due to a fire in the facility’s
premises, taking into account losses caused to the object R by the influence of the hazard object O.
It should be noted that in real conditions the states z,=z(Z, y(¢)) of the gas environment in the rooms
depend not only on the state y(¢) of the hazard object (fire), but they are also subject to action of
various disturbances. In most practical cases, data on these perturbations are absent and the only
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information for preventing emergencies is current measurements of the state of the gaseous medi-
um, taking into account the corresponding perturbations [32]. This means that, in practice, instead
of the state z,=z (¢, y(f)) considered above, the measurement of the state of the gaseous medium is
available z =z (¢, y(t, n (1)), n (1)), where n () and n_(¢) determine the corresponding perturbations
of the states of the hazard object and the gas environment of the room. In most cases, these pertur-
bations are additive. In accordance with this, a system model of the process of detecting tanning in
the premises of an object for assessing the state of the gaseous medium can be represented in the
form shown in Fig. 1.

z(Ly(Lni(D)nc(V)))

cC F—
T, ©

Fig. 1. System model of the process of detecting fire in the premises of the object

The condition y(¢, n(t)) of the hazard object is generally characterized by the uncer-
tainty (H,,H,) of the appearance or absence of sunburn, respectively, as well as by the influence
of disturbances n, (). Typically, disturbances n, () and n,(t) are caused by various interference
at all stages of the danger and its transmission through the gas environment of the room. In the
general case, following Fig. 1, the state z =z (¢, y(t, n(?)), n(9))) of the gaseous medium, taking into
account the uncertainty of the occurrence of danger, can be represented in the operator form

z,(t) = C{y(t,n, (1)), n, (t)}Hl,HO > )

where C{*}, , - the operator of the hazard transmission medium y(¢) from the object (source),
taking into account environmental disturbances 7, (f) in the presence or absence of fire in the
room. Taking into account (1), emergency prevention should be based on operational monitoring
of the state z =z (¢, y(¢, n(?)), n(¢))) of the gaseous medium, which depends on the corresponding
disturbances. There is no information on disturbances in real conditions. Therefore, the lack of
information on perturbations and the dynamics of the parameters of the state of the gaseous medi-
um in the absence and presence of ignition determine the main difficulty in reliably preventing an
emergency of a man-made nature due to a fire in the premises.

6. Experimental verification of the dynamics of the parameters of the gaseous medium state
in the premises of the object when ignitions

For real air-gas media, the transfer of the state effect y(f) from the hazardous object through
the medium is usually accompanied by various random disturbances. With this in mind, the trans-
fer of dangerous states in the general case can be described by a generalized operator C(*) trans-
forming states y(f) into corresponding states z,(¢) defined by (1). To verify the dynamics of state
parameters (1), an experiment is conducted in accordance with the scheme shown in Fig. 2.

F— == —

— Parameters of the | I
hazard object state ¥ | Gaseous I z(®
— temperature; :} medium

— gaseous products; I C(*) I

— smoke. I

|
e o= —
ﬁn,(t) r— _ﬁntﬁ) -

I Disturbances |

Hazardous
state recorder

—— o = -

Fig. 2. The structural diagram of the experiment
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The experiment was carried out in an unpressurized chamber measuring 1020 X840x520 mm,
in the upper part of which special sensors were placed to record the main hazardous parameters of
the state of the gaseous medium when various test materials were ignited [33]. Alcohol (C,H,OH),
fabric, paper, and wood (in the form of medium sized chips) were considered as combustible ma-
terials. The area of the test fire site was about 35 cm?, and the maximum flame height from the
base of the hearth was about 200-230 mm. The materials were ignited at approximately the 30th
second (Fig. 3). During the experiment, the temperature of the gaseous medium, the density of
the smoke, and the CO content in the chamber before and after the ignition of the materials were
recorded for 300 s.

VT

£

Fig. 3. Appearance of the chamber and the investigated source of
material tanning

Fig. 4 presents the experimental results for the temperature of the gaseous medium in the
chamber for various types of combustible material of the source (T1 — alcohol, T2 — paper, T3 —
wood, T4 — fabric).

0 100 200 300

nAr

Fig. 4. The dynamics of the temperature of the gas environment of the chamber

Fig. 5, 6 show similar dependences, respectively, for smoke (D1 — alcohol, D2 — paper, D3 —
wood and D4 — fabric) and CO content (CO1 — alcohol, CO2 — paper, CO3 — wood and CO4 — fabric)
of the gaseous medium in the chamber.

Dependencies in Fig. 4—6 illustrate the characteristic real dynamics of the main hazardous
parameters of the state of the gaseous medium in the chamber during the ignition of the test materi-
als under consideration, taking into account real perturbations and sensors that are used in modern
heat, smoke and gas fire detectors.
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Fig. 6. Dynamics of CO content in the gaseous medium of the chamber

7. Discussion of the results of an experimental verification of the dynamics of the parameters
of the gaseous medium state in the chamber during ignition of materials

Analysis of the data in Fig. 4—6 indicates that the real dynamics of the temperature, smoke,
and CO content of the gaseous medium in the chamber upon ignition of the tested materials is not
deterministic, but is clearly unsteady and non-linear with obvious signs of an unsteady trend and
random disturbances. This proves the validity of the hypothesis about the random nature of the
representation (1). From the analysis of the results it follows that the random dynamics of the state
of the gaseous medium at the time of ignition of the materials changes dramatically. Moreover,
these changes are of a different nature, which depends on the type of combustible material. This
confirms that the operational monitoring of the state of the gas environment of the room allows
to detect early tanning in the premises of the facility and to prevent an emergency of a man-made
nature due to a fire in the premises of the facility.

The stochastic nature of the dynamics of the parameters of the state of the gas environ-
ment of the premises at the initial stage of ignition of materials requires the use of appropriate
stochastic differential equations to describe it, which allow to solve a wide range of practical
problems in reliably preventing man-made emergencies due to fire based on the state variable
method. The use of stochastic differential equations in the form of equations of state allows to
synthesize both optimal algorithms for recording the state parameters of the gaseous medium
and technical devices for reliable warning of emergencies due to fires at an early stage of their
occurrence in the premises of objects.

At the same time, methods for reliable prevention of man-made emergencies due to fires in
facilities based on monitoring the dynamics of the parameters of the gas environment should take
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into account its nonlinear nature, as well as be invariant to the unsteady trend and random distur-
bances of the source and gas environment.

8. Conclusions

1. A system analysis of the occurrence of man-made emergencies due to a fire at the facilities
has been performed. It is established that in the event of fires, the gaseous medium in the premises
of the facility serves as a means of transmitting hazardous effects (temperature, carbon monoxide,
and smoke) to the facility. The object of influence may be maintenance personnel, technological
equipment, units, the design of the room or the object itself. In this case, the state of the object of
influence can be characterized by some scalar parameter, which in the general case represents the
amount of losses caused to the object by the influence of the object of danger. It is shown that the
scalar parameter is a certain functional of the states of the hazard object and the gas environment,
characterizing the degree of emergency, numerically equal to the amount of losses caused to the
object of exposure by the hazard object in the room.

2. The possibility of preventing a man-made emergency due to a fire based on monitoring the pa-
rameters of the state of the gas environment in the premises of the facility in which the processing equip-
ment is operated, as well as maintenance personnel, is justified. It is shown that emergency prevention
should be based on operational monitoring of the state of the gaseous medium, which depends on the
condition of the hazardous object, taking into account disturbances, as well as disturbances in the gas
environment. It is noted that in real conditions there is no information about the indicated disturbances
and the state of the hazard object. Therefore, the absence of this information is the main difficulty in
providing reliable prevention of man-made emergencies due to fire in the premises of the facility.

3. An experimental check of the dynamics of the parameters of the state of the gaseous
medium in the premises of the facility during the ignition of alcohol, paper, wood and fabric in a
model chamber simulating an unpressurized technological room of the facility was performed. An
analysis of the obtained data indicates that the real dynamics of the temperature, smoke, and CO
content of the gas medium in the chamber upon ignition of the tested materials is not determinis-
tic, but is non-stationary and non-linear with obvious signs of the presence of an unsteady trend
and random disturbances. These changes are not the same character, which depends on the type
of combustible material. At the same time, it is noted that methods for reliable prevention of man-
made emergencies due to fires in facilities based on monitoring the dynamics of the parameters of
the gas environment should take into account its non-linear nature, as well as be invariant to the
unsteady trend and random disturbances of the source and gas environment. The obtained results
indicate the possibility of preventing a man-made emergency due to a fire by means of operational
monitoring of the parameters of the gas environment in the premises of the facility.
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