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Abstract. The mechanics of aspiration flows formation is considered in the paper as an additional safety
mechanism. A solution to nonlinear differential equation describing the equilibrium of a closed cylindrical
shell subject to axisymmetric radial pressure is obtained in the framework of strain theory of plasticity
and on the basis of an option of the method of successive approximations for calculating the epicenters of
emergency phenomena. It is assumed that the nonlinear components related to the ring strength of
plastic zones are located near the shell edges of the surrounding operative environment.

The problem solutions are generalized for the case when the nonlinear components of the ring strength
of the zone of emergency phenomena as a plastic zone are located near the shell of the operative
headquarters created in an emergency. As a result of the studies, the plastic state of the shell between the
linear state and the state of limit equilibrium of the zone of emergency is determined. This makes it
possible to confine the center of extreme and emergency situations zone.

The test results conducted for various building structures are given. It is proposed to use the knowledge
of aspiration flows strength as an additional safety mechanism, as an option of additional fire safety
mechanism.
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Introduction

Additional aspiration flows generated in the combustion zone are the indices of the combustion process
rate, its direction and intensity. So, the study of the mechanics of aspiration flows generated during
burning will provide additional necessary information.

Statement of problem

The need to study the mechanics of formation and risk reduction processes in emergency situations
shows its relevance; this is a widely discussed scientific topic at many symposia and conferences on
safety.

For the safety of human lives and health, it is necessary to take into account a number of probabilistic
safety factors.

1. The first stage of emergency response can be described as a study of the protected system. From the
very beginning, it is necessary to clearly determine how much time is available to solve the problems at
this stage (this is especially necessary when we are dealing with a collapsing system). Here the
determining factor is the maximum time for the development of the destructive process till the point “ S ”,
after which the destruction or collapse of the system can no longer be prevented (in other words, S - is
the point at which the restoration process is still possible). Based on the time available, it is possible to
define the possible limit for the first stage [6-9].

The importance of the first stage is determined by the value of time spent on solving this problem. One of
the possible ways to prolong this time is to invite the specialists and (or) setting specific tasks for people
who have sufficient experience in solving them, since they are capable of:

firstly, accelerate the solution of problems;

secondly, quickly and reasonably determine the decisive course of action, based on prevailing conditions;
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thirdly, if necessary, to "sift" unnecessary (or temporarily unnecessary) subparagraphs of the first and
subsequent stages. The time spent on inviting the specialists, obtaining information and making decisions

can be designated as 1, - the time that catalyzes the temporary “strain”.

2. Atthe second stage of duration {,:

- the ways of distribution localization of the components that destroy the system are determined. In
particular, these types of operations were carried out in Washington to localize the spread of outbreaks in
connection with emergency situations and terrorists attacks;

- recommendations are being developed to maintain the strength of the system as a whole. For example, a
set of preventive measures has been developed in the fire safety system, the purpose of which is to
prevent fire in various spheres of industry; the Ministry of Emergency Situations has developed
preventive measures that are applicable in wide areas of human life.

3. At the third stage of duration 13 the following steps are conducted:

- operative intervention to localize the stability violation development;

- the installation (implementation) of an additional subsystem (the so-called "satellite") to increase the
system reliability (or its necessary qualities, preferably without deterioration of the rest ones). However,
the installation of an additional subsystem is often reduced to the implementation of a well-known
principle - "if you want to buy something, you have to pay or sacrifice something". In practice, this is
associated with the introduction of additional human and other reserves;

- re-arrangement of components (done less frequently), which allows to ultimately increase the system
reliability and (or) stability;

- replacement or prompt removal, if necessary, of individual components that interfere with the stable
existence of the system;

- establishing supervision of compliance with recommendations that contribute to increased reliability
and stability;

- providing favorable conditions for the efforts that contribute to the stable functioning of the system.

Mathematical mechanics of safety provision
1. Time g, available for the mechanics to study the processes of aspiration flows formation in the

localization of the aftermath of emergency situations (ES) can be divided into three components:

3
tn =+t +t3 =D t;,
i=1

where g, is the available time, that is, the time till the point “Em” (when it can be assumed that the
aftermath are localized); t; is the time spent for each stage (where i=123); t, is the time to

determine the operative situation; t, is the time for making a management decision; {5 is the time for

operative intervention [12, 17].
2. If to take into account that the three indicated time periods consist of the specific actions
described above, the implementation of which also takes time, then these three time periods can be
written in the following more specific form:
Ny
1) for the period of determining the operative situation t; = Ztljl , where J; may include the numbers
h=1
of all possible measures of the 1st period;
N
2) for the period of making a managerial decision t, = ZtZJz , where ], can cover the numbers of all
J2=1
possible measures of the 2nd period;
N3
3) for the period of operative intervention t; = zt3j3 , where j3 can run through the numbers of all
iz=1
possible measures of the 3rd period [6-10, 14].
As a result of refining the components of each of the three time periods, we obtain a more detailed

formula for the value of t,,,:
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N1 Ny N3
tem =t +ty+tg=D b =Dt +ta= Dty &)
=1 J2=1 jz=1

where tljl - is the duration of measures to determine the operative situation, j; =1,2,3,..., Nj, N; -is
the number of measures; t2j2 - is the duration of managerial decision-making measures, j2 =123,...,
N2, N2 - is the number of these measures; t3j3 - is the duration of measures to implement the adopted

managerial decision (direct operative intervention), j3 =123,..., N3, N3 - is the number of these

measures.
3. The sum (1) is confirmed if

g(t)=0, if t &a b]
ot,)-0, if t,e[c, d]
9(t,)=0, if te[b,c]
o(t;)-0, if t;¢lc, d]

where g(tl) - is the function to determine the operative situation; g(tz) -is the function to make a

(2)

managerial decision; gﬂ(t3) - is a function for operative intervention. In system (2), parameters a, b, C

and d describe preventive and tactical measures that can bring significant effectiveness to the activities
and measures at the third stage. They can be realized at any of the three stages and even before the start
of the first stage.

In a real situation, the durations of these three stages t;, 1 =1,2,3, can vary significantly depending on
how and when the manager will use the freed up time and use it at his disposal. If the manager effectively

uses time t; to determine the operative situation, involving organizational and technical measures '[]/1

(for example, inviting consultants, more experienced employees, using dispatcher’s meters, maps and
plans, special embedded information), then the time duration shortens. This makes it possible to allocate
more time for decision making, i.e., the time duration t2 becomes longer. If the manager effectively used

time t,, optimally applying the measures tz/z then there is even more time left for the measures t3/3 of

time {; for operative intervention, for example, the rescue of the injured [11-12].

3. An option of the method of successive approximations in calculating the epicenters of extreme
and emergency situations

When determining the decisive direction of the subsystems, all calculation methods developed so far can
be divided into three groups: exact, approximate-analytical and numerical ones. Exact methods include
the integral transform method and the separation method. However, these methods are used relatively
rarely [13].

An option of the method of successive approximations is proposed for solving the basic nonlinear
equation describing axisymmetric strains [15-16].

Integration of basic nonlinear equation describing the equilibrium of a closed cylindrical shell beyond the
elastic limit under simple loading was obtained by A.A. Illyushin. For radial load along the parallel it has
the form:

d'w 4R\ B Rd%AM,
2 2
Eh® dx

where: W is the unknown function of the breaking point after the application of forces and measures; R

(3)

is the radius of the studied area; h is the depth of the studied area; E is the stress at the initial section
O— & ; X is the direction coordinate to the epicenter of the emergency zone, determined through the

longitudinal coordinate S by expression X=fS; f=./3/2Rh; AN,;AM, are the nonlinear

components related to the ring tension strength in the emergency zone.
The general solution of the basic equation (1) is presented in the form:
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6RM (0)

w=w(0)F, (X) +,/—— (O)F (x) - F (%) -
—GR—ﬁqul(O)F() SRY09- R z00) @
Where Y (X) = j F,(x,a)AM,(@)da, Z(X)= j F, (X, @)AN, (a)de. )

0 0

In formulas (4), (5), A.N. Krylov functions are denoted by F,F,,F;,F,.

If to assume that functions AM, () and AN,(¢) vary along the epicenter of the emergency zone

located near the shell edges of the emergency zone, then functions (5) will be determined by the following
expressions (Fig. 1) [13-14].

AM, (R),
AN, (R)

AM; (0),
AN, (0)

X5

»
>

X3

‘X
fie

>
gl

Fig.1 Diagrams of the problem statement for determining the epicenter
of emergency zone system

a) the first section of the shell 0 < X < X

Y ()= MO E 09 - Ry 0]
) )
200 ="y xR0+ R )
1
b) the second section of the shell X; < X <X,
Y00 = 2O e 00 - Fu 00+ Fu(x)}
1
(7)
Z(x) = MX(O) [_ 4 F(X)+F(X)-F, (Xlxl)]
1
c) the third section of the shell X, < X < X,
Y0 = MOk 00 - Fy 00+ Fu (x)]
1
+ M Fy(X,X,);
Xo — X, -
200 =2 [ 00+ F 00 - Fa )]+
1
AN, (Xo) 1,
+ 4(X0 %, )[ X, — Fy (X, Xz)l

Formulas (6) - (8) indicate that: X, - dimensionless length of the shell; X; - the length of the epicenter of
the emergency zone located at the edge X =0; X, - the beginning of the zone epicenter at the edge
X=X

1) in the first section 0 < X < X
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w(X) =— 3R [q,/ZRh/Bgo(x) —AMl(O)M_

4Eh?
h Yo(%,x) 4 X ©)
__ —o\* A A
; AN, (0) . + hANZ(O)(l Xlﬂ.
1) =- 49;;3 [a/2RR/3y (0 -
(10)
_ M, (0)FobaX) +EAN2(0)—(D°(X1’X)]
X 3 1
D (X1, X) = 20(X) — Xy, X) — (11)
— o(X)0(x) = (X, ) (X).
Wo (X, X) = 2w (X) —w (X, X) — (12)

—y (x)0(X) = 9(x)< (X).
2) To obtain expressions of (9) - (11) type in the second section (X > X;) , the following changes must be

made: to omit the last term in expression (10); to replace functions @(X;,X),(X;,X) by @(X,%),w(X,X) .
respectively, in formulas (10-11) [14,16].

Dependences (9) - (11) give a solution to the problem in initial approximation, when nonlinear
components AM;(X) and AN, (X) vary along the emergency zone (Fig. 1).

In the second and successive approximations, this law is specified, that is, the indicated nonlinear
components vary according to the law of a piecewise linear function for a specific emergency zone [13-
16].

A system of three nonlinear algebraic equations is derived to determine these three constants

3R [2Rh D, (x%,,0)
2 AM, ()0
4Eh2 |:q 3 l( ) Xl

(13)
h 0
~ AN, (O)% + %hANz(O)} = £,,(0).
£0(0) =1/£3(0) + [ O /3, (14

For the final record of a nonlinear system of algebraic equations (10-12), it is necessary to express the
quantities AM,;(0) and AN, (0) through &;y(0) and &;;(0) ; this is done with formulas (10-11).

Thus, after such a transform, a system of three equations (13) - (14) is written relative to the following
three unknowns: &;y(0) the minimum strain intensity in the initial section; &;;(0) the maximum strain

intensity in the initial section and X; the zone length.

4 Installation to detect aspiration flows arising from a fire hazard

In the fire hazard study, the substances and materials that may be on people evacuation and rescue routes
in emergency events were mainly tested as possible sources of hazardous factors (smoke formation
coefficient, aspiration coefficient)
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Figure 2. Installation for determining the aspiration coefficient in a fume hood: A) schematic view of the
installation B) adjustment detail of the required parameters.
The detection of additional convective flow in a pipe makes it possible to determine the pattern in the
combustion zone, depending on the rate of additional air flow. An additional convective flow arises due to
the air inflow directly into combustion zone.
Knowing this, in turn, will make it possible to more effectively use the available capacities and measures
in emergency situations.
The developed installation designed to determine additional aspiration flows in the combustion zone in a
fire emergency is described below (Fig. 3.).
Such methods as the “Fire Pipe” [2]; “Ceramic pipe”, “Oxygen index”, state standards GOST 12,1.044-84
are designed to determine the degree of combustibility mainly in laboratory conditions, the method
proposed by the authors allows assessing the circumstances directly during the fire. The installation for
determining the aspiration coefficient in the combustion zone and around it presents a pipe made of
technical porcelain (1) (pipe diameter is 50 mm) fixed to a tripod with a special fastening of clamp type.
An anemometer is located in the middle of the pipe; it displays readings on a potentiometer (5). Similar
anemometer (6) is placed below the pipe 1. There is a burner (7) for laboratory testing.

Denote the number of revolutions of the lower and upper anemometer by N; and N,, respectively. The
aspiration coefficient is Kasp = NZ/Nl . During the material burning, a decrease in pressure occurs

directly around the burned material, due to the oxygen burning; as a result of pressure decrease, the air
inflow occurs from the environment, the air flow is recorded by the lower anemometer.
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Schematic view of the installation

Figure 3 Installation for determining the aspiration coefficient in an open area

The physical meaning of the coefficient is determined by:

- the oxygen combustion ratio during material burning;

- the exhaustion ratio in the combustion volume;

Studies have confirmed that there is a definite relationship between the occurrence of aspiration flows
during the combustion of test substances and materials and fire hazard.
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Fig. 4. Additional aspiration flows generated from the fire bed during structures burning

The test results with wood samples (pine, birch, a wooden structure covered with "Izol" combustible
insulation material) conducted in field conditions are shown in Fig. 4.

The test results of building structures given in the graph showed that at the initial period, the aspiration

flows in the combustion zone increase, obeying a linear equation Y; = 19x-19.

A fracture occurs after the 10th second, and the description of the linear equation changes to the
following one:

Y, =2,0571x+33,629.

Further, significant deviations from the indices of this equation no longer occur.

A sharp drop in coefficient before X and an increase in the constant is explained not only by the
formation of combustion products saturation in the test zone, but the basic role here is played by the fact
that the characteristics of the combustion process go to the operating mode of the material being tested.
The combustion process in the fire bed can be judged by the degree of activity and strength of aspiration
flows. This allows calculating the strength and measures of reducing the risk of hazardous factors impact
in advance.

Conclusion

The results presented in the study make it possible to determine the most likely source of fire bed at the
moment. They allow calculating in advance the strength and measures of reducing the risk of hazardous
factors impact.
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