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ABSTRACT

This study emphasises the need to explore the possibility of secondary explosions at complex potentially explosive objects,
because in some cases, secondary explosions can be much more powerful and dangerous than primary ones. Modern explosion
protection decision support systems practically do not take into account the possibility of secondary explosions, so this gap must be
filled. A mathematical model has been designed for the development of a primary explosion that can lead to a secondary explosion at
a complex potentially explosive object. This model is based on the mathematical theory of combustion and explosion, on fuzzy logic
and fuzzy set theory, and on the graph theory, including fuzzy graphs. To find directly the graph vertex corresponding to the
maximum hazard of a secondary explosion, the well-known Dijkstra’s algorithm for finding the shortest path in graph is used. The
developed mathematical model is universal and can be applied to complex potentially explosive objects of almost any physical
nature. Examples of this type of complex potentially explosive objects may include industrial enterprises, individual workshops of
these enterprises, pipelines and other transport systems, various machines, aggregates and other equipment. Based on the developed
mathematical model, it is possible to refine the information model of a complex potential object. The application of this mathematical
model to a specific complex potentially explosive object and to specific technological process requires clarification taking into
account the specifics of this object or this technological process. The mathematical basis of fuzzification must be linked to
complicated problems in gas dynamics and problems of the mathematical theory of combustion and explosion. An algorithm has
been developed for identifying the object that poses the greatest risk from the point of view of the possibility of secondary explosion.
However, neither this algorithm nor the mathematical model as a whole takes into account the potential damage from a secondary
explosion. This factor is very important for decision-making on secondary explosion prevention and should be considered in future
research. The question of whether the secondary explosion is deflagration or detonation also requires separate study. This problem
seems important because, as a rule, detonation explosions are more powerful and dangerous than deflagration explosions. It should
be taken into account that usually the initiation of detonation is significantly more difficult compared to the initiation of a
deflagration explosion.
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Relevance. Mathematical and information models previously developed for explosion safety
decision support systems [1, 2] take into account only the possibility of an explosion occurring at
one individual potentially explosive object (PEO) within a more complex system (for example, the
possibility of a silo explosion at the grain elevator [3]). However, it is quite obvious that an
explosion at one of the PEOs can initiate explosions of other PEOs of a complex system, of which
the above-mentioned PEO is included as a component. In particular, a silo explosion at an elevator
may well lead to explosions of other silos in the silo building and even, under certain conditions, to
an explosion of the tower — the main working building of the elevator, where the technological
equipment is concentrated. Such kinds of secondary explosions can be more dangerous and
destructive than the primary explosions that initiate them.

Therefore, the creation of mathematical models (and, based on them, information models) for
explosion protection decision support systems, taking into account the possibilities of secondary
explosions, is really a topical task.

Literature review. From the perspective of designing explosion safety decision support
systems, the problems of preventing secondary explosions have been largely ignored. This is
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because, in practice, chemical explosion prevention has been until recently viewed solely from the
perspective of preventing ignition, meaning that the problem of ensuring explosion safety has been
essentially reduced to fire safety. As a result, the problem of predicting and preventing secondary
explosions following primary explosions has not been studied. A definite attempt to consider this
problem was made in works [4, 5], but these works did not receive further development. In addition,
works [4,5] examine only explosive objects of grain and grain processing industry enterprises,
while it is desirable to formulate and solve such a problem in a general way.

The study aims to create a mathematical theory for projecting explosion protection decision
support systems, which take into account the problem of predicting and preventing secondary
explosions. This theory must be simple enough to avoid the use of complex numerical methods
(such as the numerical solution of sets of partial differential equations), as the use of these methods
requires significant computational time. In this case, the ability to control the object effectively is
lost.

Methodology and solution. The methodology proposed in this study, based on the gas-
dynamic theory of stability of combustion and detonation waves, fuzzy logic and graph theory,
should provide a breakthrough in the field of creating decision support systems for explosion safety,
taking into account the possibility of secondary explosions. Naturally, such intelligent decision-
making systems must be based on a decision-making system that takes into account the possibility
of only primary explosions occurring during a fire, that is, when ignition (or sometimes some
sufficiently strong shock impact) has already taken place.

Let us consider complex PEO, which consists of n different PEOs. Such PEOs can be called
elementary PEOs. It is namely elementary PEOs that are the sources of primary explosions, without
which secondary explosions are naturally impossible.

It is supposed, that fuzzy estimation E, (0<E <1) for the explosiveness of the i-th object
(1<i<n) is considered to be known. Value E; can be estimated by the methodics, which are
developed previously [1, 2].

The explosive ability E; of PEO is usually expressed as a conjunction of two fuzzy statements
F. and L, that is

E=RAL, (1)

where F,expresses the fire hazard of the i-th PEO and L is the ratio of the maximum linear size
Lmaxi OF the i-th object to the length Xg; of the pre-detonation section [1,2] . It is assumed that [ =1
if X < Lnaxi @and so 0< L, <1.The value L (that is the value X;) is determined on the basis of the

solution of the hydrodynamic stability problem for the flame [1,6].
It is obvious that

Imedl,...,n} Em:maxlgi, (2)

where mis the number of the most explosive elementary PEO of the complex PEO, E =E_ can be

considered as the explosiveness of the complex PEO as a whole and expresses the possibility of the
primary explosion.

Following the methodology [5] complex PEO can be modeled for every moment of time by
graph with n nodes. Every node corresponds to specific elementary PEO, that is the part of the
complex PEO.

This graph is an undirected graph. It can be either connected or disconnected.

If a graph is disconnected, it means that this graph consists of two or more connected subgraphs
[5]. Those subgraphs correspond to such sites of the complex PEO, which are independent in terms
of explosion-proof. That is the primary explosion at any object of any site can’t be a reason for the
secondary explosion at any object of the other site. If the node of the graph is isolated it means that
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secondary explosions are not possible at the relevant elementary PEO, but only a primary explosion
is possible, which does not pose any threat to other objects.

Therefore, it is necessary at first to solve the well-known problem of the graph connectivity and
sometimes also to solve the graph ordering problem. Algorithms for solving both of these problems
are known in graph theory. Computer implementation of these algorithms is not difficult. And then
it is required to estimate separately the possibility of the secondary explosion for every site of
complex PEO corresponding to a connected subgraph.

So let us consider only connected graphs.

Two nodes i and j (1<i<n, 1<j<n) are adjacent if the possibility If}j (0< If>ij <1) of the penetrating
of the fire or of the weak shock wave from the PEO i (that is from the object, which corresponds to
node i) into PEO j is more than zero; I5ij is of course a fuzzy value.

The graph is weighted. The weight of the node i is a fuzzy estimation E; . The weight of the
edge ij is also a fuzzy value B; .
The value of Iﬁij depends on the physical way (first of all of the geometrical forms and of the

kind and state of the continuous medium filling these forms) of connection for objects i and j. This
graph is also fuzzy graph [7], because the weights of the nodes and the weights of the edges are
fuzzy logical values.

The matrix |R;| is the weight matrix of the graph. In most cases, the following equality is true:

R =P 3

That is the possibility of the fire penetrating or the weak shock wave propagation from the PEO i
into the PEO j is equal to the possibility of the fire penetrating or the weak shock wave propagation
from the PEO j into the PEO i. However, in general, equality (3) is not always satisfied, and the
weight matrix is not symmetric. But this fact does not fundamentally affect the solution of the
problem.

The algorithm of finding the most explosive object in a situation when object m explodes (that
is of finding the most explosive object from the point of view of the possibility of secondary
explosion) includes such a sequence of actions:

1. For every edge ij change the weight of the edge from |5ij to leiij , Where

Value N|:”>ij is fuzzy estimation for inability of penetrating of explosion from PEO i to PEO j.

2. In this modified graph with new weights find for every node i (except node m) the shortest
path from node m to node i. Problem of finding of the shortest path in the graph is solved by
Dijkstra’s algorithm [8].

3. Every node i (except node m) gets a value P™, where P™is the length of the shortest path in
this (modified) graph from node m to node i. The value P™ expresses the inability of the elementary

PEOQi to explode in the case of the primary explosion at the elementary PEO m.
4. It is obvious that

Juefl,...,nfuzm P =minp" - (5)
i
Elementary PEO u is the PEO with the minimal inability for secondary explosion, that is

elementary PEO u is the most explosive elementary PEO in the presence of the primary explosion at
the elementary PEO m.
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Thus, an algorithm was created to search for the most explosive elementary PEO from the point
of view of the possibility of a secondary explosion among all the objects that make up the complex
PEO.

The elementary PEO of the primary explosion (elementary PEO m) should be the elementary
PEO that is most explosive according to formula (2). If control is operative and takes place in real-
time mode, then the elementary PEO of the primary explosion is the elementary PEO, where the
explosion occurred or the fire is present.

When designing a complex PEO or predicting its behaviour in various emergency situations,
by varying the value of m from 1 to n, one can obtain a map of all possible secondary explosion
scenarios.

The constructed mathematical model of the possible occurrence of a secondary explosion is
quite universal and allows for the refinement of the corresponding information model of the
complex PEO [2].However, the use of these models (mathematical model and information model)
in the explosion safety decision support systems faces a number of challenges.

The main problem is calculating of the weight matrix|;, that is assessing the possibility of

propagation of combustion waves or weak shock waves initiating an explosion from one elementary
PEO to another.

Obviously, this type of assessment requires solving rather complex gas-dynamic problems.
That's understandable that it's significantly easier to calculate the explosion hazard of a single
elementary PEO than the possibility of a fire or explosion spreading from one PEO to another. For
example, it is much easier to assess the explosion hazard of a single silo [3] than the possibility of
an explosion spreading from that silo to the elevator tower. A solution to such a problem as
assessing the possibility of propagation of combustion waves or weak shock waves from one
elementary PEO to another cannot be universal. Such a solution can only be found for a specific
type of complex PEO.

Finding matrix elements If}j requires solving problems regarding the propagation of flame,

shock, and detonation waves through various channels, pipes, passages, corridors, etc. The obtained
results must be converted to fuzzy variables If}j . A methodology for such fuzzification has already

been developed and is used to determine values E; (in this case, the mathematical basis for

determining fuzzy variables is solving the problem of the hydrodynamic stability of combustion
waves, developed deflagration, and detonation).

An enterprise where explosions are possible in principle can be considered as a complex PEO.
The technological process at the enterprise can always be modeled as a definite sequence of steps.
Those steps are connected with the most important technological operations and/or organizational
events. Every step in sequence of technological processes corresponds to the graph described above.
Every transition from one step to another changes weights of nodes and weights of edges. That
means that explosiveness of different PEO of the enterprise changes and ability for penetration of
explosion from one PEO to another change also.

Transition from one step of technological process to another sometimes leads to changing of
the structure of corresponding graph. New edges can be added to graph; some edges can be deleted.
Removal of a node means vanishing of PEO (corresponding to this node). At the enterprise, such
appearances and disappearances are possible only as a result of the reconstruction or rebuilding of
the whole enterprise. So nodes of the graph are invariable, but their weights are changeable.

Explosion protection decision support systems, taking into account the possibilities of
secondary explosions, has to suggest the system of control actions, which aims to decrease or to
liquidate fully explosiveness of the PEO. The decision maker determines, which control actions to
apply in a given situation, but in some cases such a choice is or can be made automatically.

Explosion protection decision support systems, taking into account the possibilities of
secondary explosions, has to suggest the system of control actions, which aim to decrease or to
liquidate fully explosiveness of the PEO. The decision maker determines which control actions to
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apply in a given situation, but in some cases such a choice is or can be made automatically. The
latter option is important when the time for decision-making is very limited or clearly insufficient.

Control actions can be technical, technological or organizational.

The range of possible control actions for preventing and suppressing explosions for a particular
enterprise is always limited by the financial, technical, and technological capabilities of that
enterprise. In general, the formation of a set of control actions for preventing explosions (primary
and secondary) for each specific complex PEO while minimizing costs should be singled out as a
separate engineering and economic task.

For a grain elevator, the example of technical control action is phlegmatization or inhibition
(chemical actions); the example of technological control action is technological operation, such as
silo filling; the examples of organizational control action are cleanup and wet cleaning [5]. A
universal example of organizational control is the immediate evacuation (managerial action)of
enterprise workers in the event of a high level of explosion hazard or in the event of a primary
explosion.

Research results. A mathematical model has been designed for the development of a primary
explosion that can lead to a secondary explosion at a complex, potentially explosive object. This
mathematical model serves as the basis for creating a corresponding information model of the
object. The information model of an object, combined with its mathematical model, is in turn the
basis for developing software for the explosion protection decision support system.

The developed mathematical model is universal, but its application to a specific potentially
explosive object requires refinement based on the specifics of that object. The model is also rather
simple mathematically. This makes it possible to perform the necessary calculations without
extremely high costs of computer time, as well as without exclusive requirements for speed and
other computer resources. This is one of the main advantages of this mathematical model.

This mathematical model does not take into account the potential damage from a secondary
explosion. However, this factor is highly significant for decision-making on preventing secondary
explosions and should be considered in future research. The question of whether the secondary
explosion is deflagration or detonation also requires separate study, since this significantly affects
the destructive power of the explosion.
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AHOTALIA

JlaHe mOCHiKEHHS MiKPECIoe HEeOOXiTHICTh BHUBYSHHS MOMJIMBOCTI BTOPHMHHHMX BHOYXIB Ha CKJIaJHUX MOTEHIIHHO
BHOYXOHEOe3MeyHnX O00'€KTaX, OCKIIBKM B JIESKMX BUIAJKAaX BTOPUHHI BHOYXHM MOXYTh OYTH 3HAauHO MOTYXHIIIAMH Ta
HeOe3nevHI MU 3a nepBrHHI. CydacHi CHCTEMH MiATPUMKH MPUHHSTTS PIilIeHb 3 MPOTHBUOYXOBOI'O 3aXUCTy Ta BHOYX0Oe3meKn
MPaKTUYHO HE BPAXOBYIOTh MOXIIMBICTH BTOPUHHHMX BHOYXiB, TOMY II0 INpPOTJIHHY B JOCHIDKEHHSAX HEOOXiZHO YCYHYTH.
Po3pobieHo MaTteMaTHYHY MOZENIb PO3BUTKY HEPBUHHOrO BHOYXY, IO MOXE IPHU3BECTH 1O BTOPUHHOTO BHOYXY Ha CKJIAJHOMY
MOTEHIIHO BUOYXOoHeOe3neuHoMy 00'ekTi. LIst Mozenp 0a3yeThest Ha MaTeMaTU4HIH Teopii ropiHHs Ta BUOYXY, Ha HEWiTKiil JIorili Ta
Teopii HEUITKUX MHOXKHH, a TaKOX Ha Teopii rpadis, BKIOYaOUN HediTKi rpadu. s Ge3mocepeHbOro 3HaXOHKEHHS BEPILIMHU
rpada, 1o BiANOBiza€ MakCUMallbHIA HeOe3mneli 3 TOYKU 30py MOXIIMBOCTI BUHHKHEHHSI BTOPHHHOI'O BHOYXY, BUKOPHCTOBYETHCS
Bimomuii anroputM JleHKCTpu Ui 3HAXOMKEHHS Halikopormioro uuwixy B rpadi. PospobieHa martemaTHiHa MOIEIb €
YHIBEpCaJIbHOIO 1 MOXE 3aCTOCOBYBATHCH JI0 CKJIAJHUX IOTEHLIHHO BUOYXOHEOE3NeuHHX 00'€KTiB MPAaKTHYHO OyIb-Koi (izudaHOl
npupoau. [IpukinagaMu TakuX CKIAJHUX IMOTCHLIIHO BHOYXOHeOe3NneuHHX O00'€KTiB MOXYThb OYTH MPOMHCIIOBI MiJPUEMCTBA,
OKpeMi LEeXU IHX MHiINpPUEMCTB, TPYOOIIPOBOIM Ta iHIII TPAHCIIOPTHI CHCTEMHU, Pi3HI MAIlMHK, arperaty Ta iHie obnmanHaHHs. Ha
OCHOBiI PO3p0o0JIeHOI MaTeMaTHYHOI MOZETI MOXIIMBO YTOYHUTH iH(GOpMALidHy MOZENb CKJIAJHOrO IOTEHLIHHOro 00'eKTa.
3acTocyBaHHs Li€l MaTEMaTHYHOI MOZIENI 10 KOHKPETHOI'O CKJIQJIHOTO MMOTEHIIIHO BUOYXOHE0e3MeuHOro 00'eKTa Ta 10 KOHKPETHOIO
TEXHOJIOTYHOr0 MPOIecy MoTpedye YTOYHEHHS 3 ypaxyBaHHIM Crelu@ikd Hboro 00'ekra abo LBOr0 TEXHOJOTIYHOrO IPOLECY.
Marematu4Hi ocHOBU (asudikauii MOBHHHI OyTH TMOB'I3aHi 31 CKIAQAHMMHU NpoOieMaMH Ta30IHHAMIKH Ta MpodJieMamMu
MaTeMaTH4YHOi Teopil ropiHHs Ta BUOYXy. Po3pobneHo amroputm imeHtudikarii ob'exra, skuil cTaHOBUTH HANOULIBIINIA PH3HK 3
TOYKH 30py MOXIIHBOCTI BTOPUHHOrO BHOYXy. OfHAK Hi 1Ief alroput™, Hi MareMaTHYHA MOJENb B LIJIOMY HE BPaxXxOBYIOTb 00CST
MOTCHIIHHOI MIKOaK Bia BropuHHOro BHOYXy. lleit dakrop € myke BaJIMBUM [UIsl MPUHHATTS PillleHb LIOAO0 3amo0iraHHs
BTOPUHHUM BHOyXaM 1 MOBHHEH pO3MIIATHCh Yy MalOyTHIX JociipkeHHsX. [IuTaHHsS 0po Te, Y € BTOPUHHUI BHOYX
nedrarpaniiinum abo AETOHALIMHUM, TAKOX TOTpeOye OKpeMoro BuBueHHs. Ll nmpobiiema BUAAETHCS JOCUTh BAXITHBOKO, OCKIIBKU
JeToHaliiiHI BUOYXH, SIK MPABUIIO, MOTYXKHIlI 1 HeOe3neuHint, HbK neduiarpariitai. [Ipu oMy ciijJi BpaxOBYBaTH, LIO 3a3BUYail
iHII[FOBaHHS JIETOHALIIT 3HAYHO YTPYJHEHE HOPIBHSIHO 3 iHII[IFOBAaHHIM AediarpaliiHoro BUOyxy.

KuiouoBi ciioBa: BHOYX; BTOPHHHHUI BHOYX; MOXEXA; CUCTEMAa MMIATPUMKH MPUHHATTS pPillleHb, MPOTUBHOYXOBHN 3aXHUCT;
MaTeMaTH4YHa MOJeb; iHdopMariiiHa MO/ielTb; MOTEHIIHHO BUOyXoHeOe3neuHnii 00'ekT; HeviTKa Jorika; rpad; anropurm JleikcTpu

236 Systems Analysis, Applied Information Systems and ISSN 2522-1523 (Online)
Technologies


https://doi.org/10.1007/978-3-319-71407-3
https://doi.org/10.1287/trsc.32.1.65

