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Îáîñíîâàí âûáîð çíà÷åíèé óäåëüíîãî êîýôôèöèåíòà îáðàçîâàíèÿ ìîíîêñèäà óãëåðîäà è óäåëü-
íîé ìàññîâîé ñêîðîñòè ãàçèôèêàöèè, íåîáõîäèìûõ äëÿ ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ ïàðà-
ìåòðîâ è òåïëîâîãî âîçäåéñòâèÿ âåðõîâûõ ëåñíûõ ïîæàðîâ íà îáúåêòû ýíåðãåòèêè Âüåòíàìà.
Ïðåäñòàâëåíû ðåçóëüòàòû ýêñïåðèìåíòàëüíîãî èññëåäîâàíèÿ ïðîöåññà ãîðåíèÿ îáðàçöîâ äðå-
âåñíîé ìàññû ñòâîëîâ íàèáîëåå ðàñïðîñòðàíåííûõ ëèñòâåííûõ è õâîéíûõ ïîðîä äåðåâüåâ
Âüåòíàìà. Äëÿ ðåæèìà ïëàìåííîãî ãîðåíèÿ ïîëó÷åíû ýêñïåðèìåíòàëüíûå çàâèñèìîñòè óäåëü-
íîãî êîýôôèöèåíòà âûäåëåíèÿ ìîíîêñèäà óãëåðîäà è óäåëüíîé ìàññîâîé ñêîðîñòè ãàçèôèêà-
öèè îò âðåìåíè èñïûòàíèé îáðàçöîâ äðåâåñèíû. Ïðîâåäåíî ñîïîñòàâëåíèå ñðåäíèõ çíà÷åíèé
ýòèõ ïàðàìåòðîâ ñ äàííûìè, ïðèâåäåííûìè â ëèòåðàòóðíûõ èñòî÷íèêàõ. Ïîêàçàíî, ÷òî ñðåäíèå
ïî âðåìåíè ýêñïåðèìåíòàëüíûå çíà÷åíèÿ óäåëüíîé ìàññîâîé ñêîðîñòè ãàçèôèêàöèè âñåõ îá-
ðàçöîâ äðåâåñèíû íàõîäÿòñÿ â äèàïàçîíå ìåæäó ñîîòâåòñòâóþùèìè çíà÷åíèÿìè äëÿ õâîéíûõ è
ëèñòâåííûõ ïîðîä äåðåâüåâ, ïðèâåäåííûìè â áàçå äàííûõ ïîæàðíîé íàãðóçêè Þ. À. Êîøìàðîâà.

Êëþ÷åâûå ñëîâà: ëåñíîé ïîæàð; ìîäåëèðîâàíèå; óäåëüíàÿ ìàññîâàÿ ñêîðîñòü ãàçèôèêàöèè;
óäåëüíûé êîýôôèöèåíò âûäåëåíèÿ ÑÎ; ìîíîêñèä óãëåðîäà.

DOI: 10.18322/PVB.2018.27.11.5-14

Ââåäåíèå

Ëåñíûå ïîæàðû ìîãóò ïðèâîäèòü ê êàòàñòðîôè÷å-
ñêèì ðàçðóøåíèÿì æèçíåííî âàæíûõ äëÿ ýêîíî-
ìèêè è áåçîïàñíîñòè ñòðàíû îáúåêòîâ ýíåðãåòèêè,
ïðåêðàùåíèå ôóíêöèîíèðîâàíèÿ êîòîðûõ âåäåò ê
íàðóøåíèþ æèçíåäåÿòåëüíîñòè ÷åëîâåêà.

Ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå ëåñíûõ ïîæà-
ðîâ ÿâëÿåòñÿ î÷åíü ñëîæíîé, äî êîíöà íå ðåøåííîé,
ìíîãîôàêòîðíîé è íåëèíåéíîé çàäà÷åé [1–16]. Íå-
îïðåäåëåííîñòü òåïëîôèçè÷åñêèõ è õèìè÷åñêèõ
ñâîéñòâ ëåñíûõ ãîðþ÷èõ ìàòåðèàëîâ íå ïîçâîëÿåò
ïðîâîäèòü äîñòîâåðíûé ðàñ÷åò òåïëîâîãî ïîòîêà îò
ëåñíîãî ïîæàðà, âîçäåéñòâóþùåãî íà ýíåðãåòè÷å-
ñêèå îáúåêòû Âüåòíàìà, òàêèå êàê ýëåêòðîïîäñòàí-
öèè, ÒÝÑ, ÃÝÑ, ëèíèè ýëåêòðîïåðåäà÷ è ò. ä. Â ñâÿçè
ñ ýòèì èññëåäîâàíèå ïðîöåññà ãîðåíèÿ äðåâåñíîé
ìàññû äåðåâüåâ Âüåòíàìà ïðåäñòàâëÿåò ñîáîé àêòó-
àëüíóþ íàó÷íóþ è ïðàêòè÷åñêóþ çàäà÷ó.

Öåëüþ ñòàòüè ÿâëÿåòñÿ îáîñíîâàíèå èñõîäíûõ
äàííûõ äëÿ ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ ïàðà-
ìåòðîâ è òåïëîâîãî âîçäåéñòâèÿ âåðõîâûõ ëåñíûõ
ïîæàðîâ íà îáúåêòû ýíåðãåòèêè Âüåòíàìà.

Äëÿ åå äîñòèæåíèÿ áûëè ïðîâåäåíû ýêñïåðèìåí-
òàëüíûå èññëåäîâàíèÿ ïðîöåññà ãîðåíèÿ îáðàçöîâ
äðåâåñíîé ìàññû íàèáîëåå ðàñïðîñòðàíåííûõ ëèñò-
âåííûõ è õâîéíûõ ïîðîä äåðåâüåâ Âüåòíàìà.

Ýêñïåðèìåíòàëüíàÿ óñòàíîâêà
è ìåòîäèêà ïðîâåäåíèÿ ýêñïåðèìåíòîâ

Íà ðèñ. 1 ïðèâåäåíà ñõåìà ýêñïåðèìåíòàëüíîé
óñòàíîâêè, ïðåäëîæåííîé â ðàáîòàõ [17–19].

Óñòàíîâêà ñîñòîèò èç êàìåðû ñãîðàíèÿ 1, êî-
òîðàÿ ñîåäèíåíà ñ ýêñïîçèöèîííîé êàìåðîé 7 ñ ïî-
ìîùüþ ïåðåõîäíîãî ðóêàâà 5.

Âíóòðåííèé îáúåì êàìåðû ñãîðàíèÿ ðàâåí
3·10–3 ì3. Åå ñòåíêè èçãîòîâëåíû èç ëèñòîâîé íå-
ðæàâåþùåé ñòàëè òîëùèíîé (2,0�0,1) ìì. Íàáëþäå-
íèÿ çà îáðàçöàìè ìàòåðèàëîâ âî âðåìÿ èñïûòàíèé
ïðîâîäÿòñÿ ÷åðåç îêíî, èçãîòîâëåííîå èç êâàðöåâî-
ãî ñòåêëà. Èçìåíåíèå ðåæèìà èñïûòàíèé ñ ïîìîùüþ
âîçäóõîîáìåíà êàìåðû ñ ïîìåùåíèåì îñóùåñòâëÿ-
åòñÿ ÷åðåç íàõîäÿùèåñÿ íà áîêîâîé ñòåíêå êàìåðû
øèáåðíûå îòâåðñòèÿ.

© Ïóçà÷ Ñ. Â., Ëå Àíü Òóàí, 2018
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Óñòðîéñòâî òåïëîâîãî áëîêèðîâàíèÿ ýêñïîçèöè-
îííîé êàìåðû îò êàìåðû ñãîðàíèÿ ðàçìåùåíî â ïå-
ðåõîäíîì ðóêàâå.

Â ýêñïîçèöèîííîé êàìåðå ñ êóáè÷åñêèì îáúåìîì
0,5887 ì3 è ñ âåðõíåé ÷àñòüþ â âèäå êîíóñà íà áîêî-
âîé ñòåíêå íàõîäÿòñÿ øèáåðíûå îòâåðñòèÿ 8.

Ýêðàíèðîâàííûé ýëåêòðîíàãðåâàòåëüíûé èçëó-
÷àòåëü 4 è äåðæàòåëü îáðàçöà 3 ðàçìåùåíû â êàìåðå
ñãîðàíèÿ.

Ýëåêòðîííûå âåñû 11, íà êîòîðûõ ðàñïîëîæåí
äåðæàòåëü îáðàçöà, ïîçâîëÿþò èçìåðÿòü ìàññó îá-
ðàçöà ñ ïîãðåøíîñòüþ, íå ïðåâûøàþùåé ±1 ìã.
Âåñû óñòàíîâëåíû íà ñòîëèêå, ïîëîæåíèå êîòîðîãî
ðåãóëèðóåòñÿ ïî âûñîòå.

Èçìåðåíèÿ òåìïåðàòóðû â ýêñïîçèöèîííîé êà-
ìåðå ïðîâîäÿòñÿ íåïðåðûâíî ñ èñïîëüçîâàíèåì 32
íèçêîèíåðöèîííûõ áðîíèðîâàííûõ òåðìîïàð. Äèà-
ïàçîí èçìåðÿåìûõ òåìïåðàòóð ñîñòàâëÿåò îò ìèíóñ
40 äî +1100 °Ñ. Ïîãðåøíîñòü èçìåðåíèé íå ïðåâû-
øàåò �1,5t (°Ñ).

Ïëîòíîñòü òåïëîâîãî ïîòîêà, ïîñòóïàþùåãî îò
ýêðàíèðîâàííîãî ýëåêòðîíàãðåâàòåëüíîãî èçëó÷àòå-
ëÿ íà ïîâåðõíîñòü îáðàçöà ìàòåðèàëà, èçìåðÿåòñÿ âî-
äîîõëàæäàåìûì äàò÷èêîì òèïà Ãîðäîíà ñ ïîãðåø-
íîñòüþ, íå ïðåâûøàþùåé �8 %.

Ñîñòàâ ãàçîâîçäóøíîé ñðåäû â ýêñïîçèöèîííîé
êàìåðå îïðåäåëÿåòñÿ ñ ïîìîùüþ ìíîãîêàíàëüíî-
ãî ãàçîàíàëèçàòîðà ñ äèàïàçîíàìè èçìåðåíèé êîí-
öåíòðàöèé ãàçîâ (ñ ìàêñèìàëüíîé ïîãðåøíîñòüþ
�10 % îá.): ìîíîêñèäà óãëåðîäà ÑÎ — 0–1 % îá.,
äèîêñèäà óãëåðîäà ÑÎ2 — 0–5 % îá., êèñëîðîäà Î2

— 0–21 % îá.
Èñïûòàíèÿ ïðîâîäèëèñü â ðåæèìå ïëàìåííîãî

ãîðåíèÿ, êîòîðûé îáåñïå÷èâàëñÿ ïëîòíîñòüþ ïàäà-

þùåãî òåïëîâîãî ïîòîêà 60 êÂò�ì2. Òåìïåðàòóðà
ïîâåðõíîñòè èçëó÷àòåëÿ ñîñòàâëÿëà 750 °Ñ.

Ýêñïåðèìåíòû ïðîâîäèëèñü ïî ñëåäóþùåé ìå-
òîäèêå.

Âî âêëàäûø äåðæàòåëÿ îáðàçöà ïîìåùàëè ïðåä-
âàðèòåëüíî âçâåøåííûé îáðàçåö ìàòåðèàëà, èìå-
þùèé êîìíàòíóþ òåìïåðàòóðó.

Ïîñëå ñòàáèëèçàöèè ðåæèìà ðàáîòû ýëåêòðîíà-
ãðåâàòåëüíîãî èçëó÷àòåëÿ îòêðûâàëè äâåðöó êàìå-
ðû ñãîðàíèÿ è ïîìåùàëè â äåðæàòåëü îáðàçöà âêëà-
äûø ñ îáðàçöîì äðåâåñèíû. Çàòåì îòêðûâàëè çàñëîí-
êó ïåðåõîäíîãî ðóêàâà, à äâåðöó êàìåðû ñãîðàíèÿ
çàêðûâàëè. Ïðîèñõîäèëî âîçãîðàíèå îáðàçöà.

Âî âðåìÿ ýêñïåðèìåíòà íåïðåðûâíî èçìåðÿëè
êîíöåíòðàöèè ÑÎ, ÑÎ2, Î2, òåìïåðàòóðó è ìàññó îá-
ðàçöà.

Äàëåå îïðåäåëÿëàñü óäåëüíàÿ ìàññîâàÿ ñêîðîñòü
ãàçèôèêàöèè ïî ñëåäóþùåé ôîðìóëå:
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ãäå�óä — óäåëüíàÿ ìàññîâàÿ ñêîðîñòü ãàçèôèêàöèè,
êã�(ì2·ñ);
F — ïëîùàäü ïîâåðõíîñòè îáðàçöà, ì2;
Ì — òåêóùàÿ ìàññà îáðàçöà, êã;
� — âðåìÿ èñïûòàíèÿ, ñ.
Äëÿ ïðîãíîçèðîâàíèÿ òîêñèêîëîãè÷åñêîé îá-

ñòàíîâêè íà ëåñíûõ ïîæàðàõ íåîáõîäèìî, â ïåðâóþ
î÷åðåäü, çíàòü êîíöåíòðàöèþ ìîíîêñèäà óãëåðîäà,
ïîýòîìó â ýêñïåðèìåíòàõ îïðåäåëÿëñÿ óäåëüíûé
êîýôôèöèåíò îáðàçîâàíèÿ ÑÎ LÑÎ â êàæäûé ìî-
ìåíò âðåìåíè ïî ñëåäóþùåé ôîðìóëå:
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ãäå V — îáúåì ýêñïîçèöèîííîé êàìåðû, ì3;
�ÑÎ — ñðåäíåîáúåìíàÿ ïëîòíîñòü ÑÎ â ýêñïîçè-
öèîííîé êàìåðå, êã�ì3.

Èñõîäíûå äàííûå

Äëÿ ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ ïàðàìåò-
ðîâ è òåïëîâîãî âîçäåéñòâèÿ âåðõîâûõ ëåñíûõ ïî-
æàðîâ íà îáúåêòû ýíåðãåòèêè íåîáõîäèìî, â ïåðâóþ
î÷åðåäü, çíàòü íèçøóþ ðàáî÷óþ òåïëîòó ñãîðàíèÿ
Qí

ð (ÌÄæ�êã) è óäåëüíóþ ìàññîâóþ ñêîðîñòü ãàçè-
ôèêàöèè äðåâåñíîé áèîìàññû.

Àíàëèç äàííûõ, ïðèâåäåííûõ â ðàáîòàõ [20, 21],
ïîêàçûâàåò, ÷òî íèçøàÿ ðàáî÷àÿ òåïëîòà ñãîðàíèÿ
äðåâåñèíû õâîéíûõ è ëèñòâåííûõ ïîðîä äåðåâüåâ
íàõîäèòñÿ â äèàïàçîíåQí

ð = 13,8�21,2 ÌÄæ�êã. Ïî-
ýòîìó, åñëè èñïîëüçóåòñÿ åå ñðåäíåå çíà÷åíèå, ðàâ-
íîå 17,5 ÌÄæ�êã, ïîãðåøíîñòü ïî ñðàâíåíèþ ñ åå
èñòèííûì çíà÷åíèåì íå ïðåâûøàåò 27 %.

Ïðîâåäåì èçìåðåíèÿ óäåëüíîé ìàññîâîé ñêî-
ðîñòè ãàçèôèêàöèè îáðàçöîâ ïîðîä äðåâåñíîé

Ðèñ. 1. Ïðèíöèïèàëüíàÿ ñõåìà îïûòíîé óñòàíîâêè: 1 — êà-
ìåðà ñãîðàíèÿ; 2 — äâåðöà êàìåðû ñãîðàíèÿ; 3 — äåðæàòåëü
îáðàçöà; 4 — ýëåêòðîíàãðåâàòåëüíûé èçëó÷àòåëü; 5 — ïåðå-
õîäíîé ðóêàâ; 6 — äâåðöà ýêñïîçèöèîííîé êàìåðû; 7 — ýêñ-
ïîçèöèîííàÿ êàìåðà; 8 — øèáåðíûå îòâåðñòèÿ; 9 — âåíòè-
ëÿòîð; 10 — çàñëîíêà (ïåðåãîðîäêà) ïåðåõîäíîãî ðóêàâà;
11 — ñòîëèê c âåñàìè
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ìàññû ñòâîëîâ äåðåâüåâ Âüåòíàìà, ïðåäñòàâëåííûõ
â òàáë. 1. Ðàçìåðû îáðàçöîâ äðåâåñèíû ñîñòàâëÿëè
0,1�0,1�0,02 ì.

Âëàæíîñòü îáðàçöîâ èçìåðÿëàñü âëàãîìåðîì ZNT
125 Electronic ñ äèàïàçîíîì èçìåðåíèé 5–50 % è ïî-
ãðåøíîñòüþ èçìåðåíèé �2 %. Âëàæíîñòü îáðàçöîâ
íå ïðåâûøàëà 8 % (ñì. òàáë. 1), ÷òî ñîîòâåòñòâóåò
âëàæíîñòè äåðåâüåâ Âüåòíàìà â íàèáîëåå ïîæàðî-
îïàñíûé çàñóøëèâûé ïåðèîä ãîäà.

Ðåçóëüòàòû ýêñïåðèìåíòîâ
è èõ àíàëèç

Íà ðèñ. 2 ïðåäñòàâëåíû ýêñïåðèìåíòàëüíûå çà-
âèñèìîñòè óäåëüíîé ñêîðîñòè ãàçèôèêàöèè îáðàç-
öîâ äðåâåñèíû îò âðåìåíè èñïûòàíèé.

Èç ðèñ. 2 âèäíî, ÷òî ëîêàëüíûå çíà÷åíèÿ �óä

ïîñëå 2 ìèí èñïûòàíèé íàõîäÿòñÿ â äèàïàçîíå îò
0,0063 äî 0,014 êã�(ì2·ñ), ãäå íèæíèé ïðåäåë ñîîò-
âåòñòâóåò ãîðåíèþ õâîéíûõ ïîðîä äåðåâüåâ, à âåðõ-
íèé — ëèñòâåííûõ [21].

Íà ðèñ. 3 ïðèâåäåíû ýêñïåðèìåíòàëüíûå çàâè-
ñèìîñòè óäåëüíûõ ìàññîâûõ êîýôôèöèåíòîâ îáðà-

çîâàíèÿ ÑÎ îò âðåìåíè. Àíàëèç ðåçóëüòàòîâ ýêñïå-
ðèìåíòîâ ïîêàçûâàåò, ÷òî âåëè÷èíà óäåëüíîãî êîýô-
ôèöèåíòà îáðàçîâàíèÿ ÑÎ ïðåíåáðåæèìî ìàëà íà
íà÷àëüíîé ñòàäèè èñïûòàíèé. Ýòî îáúÿñíÿåòñÿ òåì,
÷òî â ýòîò ïåðèîä êîíöåíòðàöèÿ êèñëîðîäà ïðàêòè-
÷åñêè ïîñòîÿííà, ðàâíà êîíöåíòðàöèè â âîçäóõå ïî-
ìåùåíèÿ è ìîíîêñèä óãëåðîäà îêèñëÿåòñÿ äî äè-
îêñèäà ÑÎ2. Ïî ìåðå óìåíüøåíèÿ êîíöåíòðàöèè Î2

êîíöåíòðàöèÿ ÑÎ áûñòðî óâåëè÷èâàåòñÿ.
Ñðåäíèå çà âðåìÿ ïðîâåäåíèÿ ýêñïåðèìåíòîâ

çíà÷åíèÿ �óä è LCO ïðåäñòàâëåíû â òàáë. 2.
Èç òàáë. 2 âèäíî, ÷òî:

� ýêñïåðèìåíòàëüíûå ñðåäíèå çíà÷åíèÿ �óä íàõî-
äÿòñÿ â äèàïàçîíå îò 0,0063 êã�(ì2·ñ) äëÿ õâîéíûõ
ïîðîä äî 0,014 êã�(ì2·ñ) — äëÿ ëèñòâåííûõ [21];

� ýêñïåðèìåíòàëüíûå ñðåäíèå îïûòíûå çíà÷åíèÿ
LCO ñóùåñòâåííî ìåíüøå (áîëåå ÷åì â 2 ðàçà) ïî
ñðàâíåíèþ ñ ïðèâåäåííûìè â áàçå äàííûõ [21].
Èç ðèñ. 2 âèäíî, ÷òî çàâèñèìîñòè óäåëüíîé ìàñ-

ñîâîé ñêîðîñòè ãàçèôèêàöèè äðåâåñèíû îò âðåìåíè
èìåþò ìàêñèìóì â íà÷àëå ïðîöåññà ãàçèôèêàöèè.
Âðåìÿ âûõîäà íà ìàêñèìàëüíûå çíà÷åíèÿ íå ïðå-
âûøàåò 0,5–2 ìèí â çàâèñèìîñòè îò ïîðîäû äåðåâà,
ïîñëå ÷åãî ïðîèñõîäèò îòíîñèòåëüíàÿ ñòàáèëèçà-
öèÿ ïðîöåññà ãàçèôèêàöèè äðåâåñèíû.

Çíà÷åíèÿ óäåëüíîãî ìàññîâîãî êîýôôèöèåíòà îá-
ðàçîâàíèÿ ÑÎ ñîãëàñíî ðèñ. 3 ïðèìåðíî ÷åðåç 2 ìèí
îò íà÷àëà ãîðåíèÿ ïðåíåáðåæèìî ìàëû. Çàòåì â òå-
÷åíèå 1–2 ìèí (â çàâèñèìîñòè îò ïîðîäû äåðåâà)
ïðîèñõîäèò èõ ðåçêèé ðîñò äî ìàêñèìàëüíûõ çíà÷å-
íèé. Ýòî îáúÿñíÿåòñÿ òåì, ÷òî ñ òå÷åíèåì âðåìåíè
ïðîèñõîäèò óìåíüøåíèå êîíöåíòðàöèè êèñëîðîäà

Íîìåð
îáðàçöà

Íàçâàíèå
(ðóññêîå, âüåòíàìñêîå)

Êëàññ
äåðåâà

Âëàæ-
íîñòü, %

1 Àêàöèÿ, keo
Ëèñòâåííûå

< 5

2 Ìåëèÿ àöåäàðàõ, xoan < 5

3 Ñîñíà, ho. thông Õâîéíûå < 5

4 Ýâêàëèïò, ba. ch d–àn
Ëèñòâåííûå

8

5 Ëîíãàí, nhãn 7

Òàáëèöà 1. Ðàññìàòðèâàåìûå ïîðîäû äåðåâüåâ Âüåòíàìà

Ðèñ. 2. Çàâèñèìîñòü óäåëüíîé ìàññîâîé ñêîðîñòè ãàçèôèêàöèè äðåâåñíîé ìàññû îò âðåìåíè èñïûòàíèé îáðàçöîâ: �— ¹ 1;
� — ¹ 2; � — ¹ 3; �— ¹ 4; �— ¹ 5; 1 — õâîéíûå ïîðîäû, �óä = 0,0063 êã�(ì2·ñ); 2 — ëèñòâåííûå ïîðîäû, �óä =
= 0,014 êã�(ì2·ñ) [21]
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â êàìåðå ñãîðàíèÿ (ñì. ðèñ.1) è íå âåñü ìîíîêñèä óã-
ëåðîäà îêèñëÿåòñÿ äî äèîêñèäà.

Ïîëó÷åííûå ñðåäíèå ýêñïåðèìåíòàëüíûå çíà-
÷åíèÿ óäåëüíîé ìàññîâîé ñêîðîñòè ãàçèôèêàöèè è

óäåëüíîãî ìàññîâîãî êîýôôèöèåíòà îáðàçîâàíèÿ ÑÎ
äëÿ îáðàçöîâ äðåâåñíîé ìàññû íàèáîëåå ðàñïðî-
ñòðàíåííûõ ëèñòâåííûõ è õâîéíûõ ïîðîä äåðåâüåâ
Âüåòíàìà ìîãóò áûòü èñïîëüçîâàíû ïðè ðàñ÷åòå õà-
ðàêòåðèñòèê âåðõîâûõ ïîæàðîâ.

Çàêëþ÷åíèå

Ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ ïðîöåññà ãî-
ðåíèÿ îáðàçöîâ äðåâåñíîé ìàññû íàèáîëåå ðàñïðî-
ñòðàíåííûõ ëèñòâåííûõ è õâîéíûõ ïîðîä äåðåâüåâ
Âüåòíàìà ïîçâîëÿþò îáîñíîâàòü âûáîð çíà÷åíèé
óäåëüíîãî êîýôôèöèåíòà îáðàçîâàíèÿ ÑÎ è óäåëü-
íîé ìàññîâîé ñêîðîñòè ãàçèôèêàöèè, íåîáõîäèìûõ
äëÿ ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ ïàðàìåòðîâ è
òåïëîâîãî âîçäåéñòâèÿ âåðõîâûõ ëåñíûõ ïîæàðîâ
íà îáúåêòû ýíåðãåòèêè Âüåòíàìà.

ÑÏÈÑÎÊ ËÈÒÅÐÀÒÓÐÛ

1. Ïóçà÷ Ñ. Â., Ãîðþøêèí Ñ. Ñ. Îöåíêà òåïëîâîãî âîçäåéñòâèÿ ëåñíîãî ïîæàðà íà ýëåêòðè÷åñêóþ
ïîäñòàíöèþ ñ ìàñëÿíûìè òðàíñôîðìàòîðàìè �� Ïîæàðû è ÷ðåçâû÷àéíûå ñèòóàöèè: ïðåäîòâðà-
ùåíèå, ëèêâèäàöèÿ. — 2017. — ¹ 3. — Ñ. 79–83. DOI: 10.25257�FE.2017.3.79-83.

2. Äîððåð Ã. À. Äèíàìèêà ëåñíûõ ïîæàðîâ. — Íîâîñèáèðñê : Èçä-âî ÑÎ ÐÀÍ, 2008. — 404 ñ.
3. Ãðèøèí À. Ì. Î ìàòåìàòè÷åñêîì ìîäåëèðîâàíèè ïðèðîäíûõ ïîæàðîâ è êàòàñòðîô �� Âåñòíèê

Òîìñêîãî ãîñóäàðñòâåííîãî óíèâåðñèòåòà. Ìàòåìàòèêà è ìåõàíèêà. — 2008. — ¹ 2(3). —
Ñ. 105–114.

4. Alexander M. E., Cruz M. G., Vaillant N. M. Toward improving our application and understanding of
crown fire behavior �� Fire Management Today. — 2014. — Vol. 73, No. 4. — P. 46–47.

5. Morvan D. Physical phenomena and length scales governing the behaviour of wildfires: a case for
physical modelling �� Fire Technology. — 2011. — Vol. 47, Issue 2. — P. 437–460. DOI:
10.1007�s10694-010-0160-2.

6. Mandel J., Bennethum L. S., Beezley J. D., Coen J. L., Douglas C. C., Kim M., Vodacek A. A wildland
fire model with data assimilation �� Mathematics and Computers in Simulation. — 2008. — Vol. 79,
Issue 3. — P. 584–606. DOI: 10.1016�j.matcom.2008.03.015.

7. Sullivan A. L. Wildland surface fire spread modelling, 1990–2007. 3: Simulation and mathematical
analogue models �� International Journal of Wildland Fire. — 2009. — Vol. 18, No. 4. — P. 387–403.
DOI: 10.1071�wf06144.

8. Rochoux M. C., Emery C., Ricci S., Cuenot B., Trouvé A. Towards predictive data-driven simulations of
wildfire spread — Part II: Ensemble Kalman Filter for the state estimation of a front-tracking simulator
of wildfire spread �� Natural Hazards and Earth System Sciences. — 2015. — Vol. 15, No. 8. —
P. 1721–1739. DOI: 10.5194�nhess-15-1721-2015.

Íîìåð
îáðàçöà

�óä , êã�(ì2·ñ) LCO

Äàííàÿ
ðàáîòà

[21]
Äàííàÿ
ðàáîòà

[21]

1 0,0093
0,014

0,0052

0,024

2 0,0102 0,0107

3 0,0113 0,0063 0,0073

4 0,0127
0,014

0,012

5 0,0091 0,008

Òàáëèöà 2. Ñðåäíèå çà âðåìÿ ïðîâåäåíèÿ ýêñïåðèìåíòîâ
çíà÷åíèÿ �óä è LCO

Ðèñ. 3. Çàâèñèìîñòü óäåëüíîãî ìàññîâîãî êîýôôèöèåíòà
îáðàçîâàíèÿ ÑÎ îò âðåìåíè èñïûòàíèé îáðàçöîâ:�— ¹ 1;
� — ¹ 2; � — ¹ 3; �— ¹ 4; �— ¹ 5



9ÏÎÆÀÐÎÂÇÐÛÂÎÁÅÇÎÏÀÑÍÎÑÒÜ / FIRE AND EXPLOSION SAFETY 2018 ÒÎÌ 27 ¹ 11

ÏÐÎÖÅÑÑÛ ÃÎÐÅÍÈß, ÄÅÒÎÍÀÖÈÈ È ÂÇÐÛÂÀ

9. Rochoux M. C., Ricci S., Lucor D., Cuenot B., Trouvé A. Towards predictive data-driven simulations of
wildfire spread — Part I: Reduced-cost Ensemble Kalman Filter based on a Polynomial Chaos surrogate
model for parameter estimation �� Natural Hazards and Earth System Sciences. — 2014. — Vol. 14,
No. 11. — P. 2951–2973. DOI: 10.5194�nhess-14-2951-2014.

10. Tymstra C., Bryce R. W., Wotton B. M., Armitage O. B. Development and structure of Prometheus:
the Canadian wildland fire growth simulation model � Information Report NOR-X-417. — Edmonton :
Natural Resources of Canada, Canadian Forest Service, 2010.

11. Sardoy N., Consalvi J.-L., Porterie B., Fernandez-Pello A. C. Modeling transport and combustion of
firebrands from burning trees �� Combustion and Flame. — 2007. — Vol. 150, Issue 3. — P. 151–169.
DOI: 10.1016�j.combustflame.2007.04.008.

12. Kaur I., Mentrelli A., Bosseur F., Filippi J.-B., Pagnini G. Turbulence and fire-spotting effects into
wild-land fire simulators �� Communications in Nonlinear Science and Numerical Simulations. —
2016. — Vol. 39. — P. 300–320. DOI: 10.1016�j.cnsns.2016.03.003.

13. Martin J., Hillen T. The spotting distribution of wildfires �� Applied Sciences. — 2016. — Vol. 6,
No. 6. — P. 177. DOI: 10.3390�app6060177.

14. Cunningham P., Goodrick S. L., Hussaini M. Y., Linn R. R. Coherent vortical structures in numerical
simulations of buoyant plumes from wildland fires �� International Journal of Wildland Fire. — 2005.
— Vol. 14, Issue 1. — P. 61–75. DOI: 10.1071�wf04044.

15. Êóçíåöîâ Ñ. Ë., Ïóçà÷ Ñ. Â., ßðîøåíêî À. Â. Ìàòåìàòè÷åñêàÿ ìîäåëü ðàñïðîñòðàíåíèÿ êðîìêè
ïðèðîäíîãî ïîæàðà ñ ó÷åòîì îñíîâíûõ îñîáåííîñòåé ðàñòèòåëüíîñòè, ëàíäøàôòà ìåñòíîñòè è
ñîñòîÿíèÿ àòìîñôåðû �� Ìàòåðèàëû 20-é íàó÷íî-òåõíè÷åñêîé êîíôåðåíöèè “Ñèñòåìû áåçîïàñ-
íîñòè–2011”. — Ì. : Àêàäåìèÿ ÃÏÑ Ì×Ñ ÐÔ, 2011. — Ñ. 195–197.

16. Varner J. M., Keyes C. R. Fuels treatment and fire models: errors and corrections �� Fire Management
Today. — 2009. — Vol. 69, No. 3. — P. 47–50.

17. Ïóçà÷ Ñ. Â., Ñóëåéêèí Å. Â. Íîâûé òåîðåòèêî-ýêñïåðèìåíòàëüíûé ïîäõîä ê ðàñ÷åòó ðàñïðîñòðà-
íåíèÿ òîêñè÷íûõ ãàçîâ ïðè ïîæàðå â ïîìåùåíèè ��Ïîæàðîâçðûâîáåçîïàñíîñòü �Fire and Explo-
sion Safety. — 2016. — Ò. 25, ¹ 2. — Ñ. 13–20. DOI: 10.18322�PVB.2016.25.02.13-20.

18. Ïóçà÷ Ñ. Â., Àêïåðîâ Ð. Ã. Ýêñïåðèìåíòàëüíîå îïðåäåëåíèå óäåëüíîãî êîýôôèöèåíòà îáðàçîâà-
íèÿ ìîíîîêñèäà óãëåðîäà ïðè ïîæàðå â ïîìåùåíèè �� Ïîæàðîâçðûâîáåçîïàñíîñòü � Fire and
Explosion Safety. — 2016. — T. 25, ¹ 5. — Ñ. 18–25. DOI: 10.18322�PVB.2016.25.05.18-25.

19. Ïóçà÷ Ñ. Â., Ñóëåéêèí Å. Â., Àêïåðîâ Ð. Ã., Ïóçà÷ Â. Ã. Îá ýêñïåðèìåíòàëüíîé îöåíêå òîêñè÷íîñòè
ïðîäóêòîâ ãîðåíèÿ ïðè ïîæàðå â ïîìåùåíèè �� Òåõíîëîãèè òåõíîñôåðíîé áåçîïàñíîñòè. —
2013. — Âûï. 4(50). — 11 c.

20. Èâàíîâ À. Â. Ëåñíàÿ ïèðîëîãèÿ : êîíñïåêò ëåêöèé. — 2-å èçä. — Éîøêàð-Îëà : Ïîâîëæñêèé ãîñ.
òåõíîëîãè÷åñêèé óí-ò, 2013. — 275 ñ.

21. Êîøìàðîâ Þ. À. Ïðîãíîçèðîâàíèå îïàñíûõ ôàêòîðîâ ïîæàðà â ïîìåùåíèè. — Ì. : Àêàäåìèÿ
ÃÏÑ ÌÂÄ Ðîññèè, 2000. — 118 ñ.

Ìàòåðèàë ïîñòóïèë â ðåäàêöèþ 9 îêòÿáðÿ 2018 ã.

Äëÿ öèòèðîâàíèÿ: Ïóçà÷ Ñ. Â., Ëå Àíü Òóàí. Îáîñíîâàíèå âûáîðà ïàðàìåòðîâ ãîðåíèÿ äðåâåñ-
íîé ìàññû äåðåâüåâ äëÿ ðàñ÷åòà âîçäåéñòâèÿ âåðõîâûõ ëåñíûõ ïîæàðîâ íà îáúåêòû ýíåðãåòèêè
Âüåòíàìà �� Ïîæàðîâçðûâîáåçîïàñíîñòü � Fire and Explosion Safety. — 2018. — Ò. 27, ¹ 11. —
Ñ. 5–14. DOI: 10.18322/PVB.2018.27.11.5-14.



ÏÎÆÀÐÎÂÇÐÛÂÎÁÅÇÎÏÀÑÍÎÑÒÜ / FIRE AND EXPLOSION SAFETY 2018 ÒÎÌ 27 ¹ 1110

ÏÐÎÖÅÑÑÛ ÃÎÐÅÍÈß, ÄÅÒÎÍÀÖÈÈ È ÂÇÐÛÂÀ

S. V. PUZACH, Doctor of Technical Sciences, Professor, Honoured Scientist
of the Russian Federation, Head of Thermal Physics and Hydraulic Department,
State Fire Academy of Emercom of Russia (Borisa Galushkina St., 4, Moscow, 129366,

Russian Federation; e-mail: puzachsv@mail.ru)

TUAN ANH LE, Postgraduate Student, Fire Safety in Building Department, State
Fire Academy of Emercom of Russia (Borisa Galushkina St., 4, Moscow, 129366,

Russian Federation; e-mail: leanhtuant34@gmail.com)

UDC 614.841

JUSTIFICATION OF THE CHOICE OF WOOD PULP
COMBUSTION PARAMETERS FOR CALCULATION
OF RUNNING CROWNING FOREST FIRES IMPACT
ON POWER ENGINEERING FACILITIES IN VIETNAM

The choice is justified for the values of specific carbon monoxide formation coefficient and the spe-
cific mass gasification rate required for mathematical modeling of the parameters and heat impact of
running crowning forest fires on the power engineering facilities in Vietnam. The results of an experi-
mental study of the combustion process of wood pulp samples of the trunks of the most common
hardwood and coniferous trees of Vietnam are presented. For the flaming combustion, the experi-
mental dependences of the specific carbon monoxide emission coefficient and the specific mass gasi-
fication rate on the time period of testing of wood samples were obtained. A comparison of the ave-
rage values of these parameters with the data given in the literature was carried out. It is shown that
the average experimental values of the specific mass gasification rate of all wood samples in terms
of time are in the range between the corresponding values for coniferous and hardwood trees listed
in the fire load database by Yu. A. Koshmarov.

Keywords: forest fire; modeling; specific mass gasification rate; specific carbon monoxide emission
coefficient; carbon monoxide.

DOI: 10.18322/PVB.2018.27.11.5-14

Introduction

Forest fires can cause catastrophic destruction of energy
facilities vital for the economy and security of a country,
the breakdown of which can cause the human livelihood
disruption.

Mathematical modeling of forest fires is a very com-
plex, not completely resolved, multifactorial and non-
linear problem [1–16]. The uncertainty of the thermo-
physical and chemical properties of forest combustible
materials does not allow a reliable calculation of the heat
flux from a forest fire affecting energy facilities, such as
electrical substations, thermal power plants, hydro-
electric power stations, power lines, etc. In this regard,
the study of the wood pulp combustion of Vietnamese
trees is an actual scientific and practical problem.

The purpose of the article is to substantiate the source
data for the mathematical modeling of the parameters
and heat impact of running crowning forest fires on
power engineering facilities in Vietnam.

To achieve this, the experimental studies of the com-
bustion of wood pulp samples from the most common
hardwood and coniferous trees of Vietnam were car-
ried out.

Experimental facility and methodology
of the experiments

Fig. 1 shows the scheme of the experimental faci-
lity proposed in the works [17–19].

Fig. 1. Experimental facility functional diagram: 1 — combustion
chamber; 2 — combustion chamber door; 3 — sample holder;
4 — electric heater; 5 — transition sleeve; 6 — exposure chamber
door; 7 — exposure chamber; 8 — slide apertures; 9 — fan; 10 —
fire screen (partition) of the transition sleeve; 11 — table with scales
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The facility consists of a combustion chamber 1,
which is connected to the exposure chamber 7 using
the transition sleeve 5.

The internal volume of the combustion chamber is
equal to 3 �10–3 m3. Its walls are made of thick stainless
steel sheet with the thickness of (2.0�0.1) mm. Obser-
vations on samples of materials are carried out through
a window made of quartz glass during testing. The se-
lection of the test mode using the air exchange of
the chamber with the room is carried out through the slide
apertures on the side wall of the chamber.

The device for thermal blocking of the exposure
chamber from the combustion chamber is located in
the transition sleeve.

There are slide apertures 8 on the side wall of the ex-
posure chamber with a cubic volume of 0.5887 m3 and
with the upper part in the form of a cone.

Shielded electric heater 4 and the sample holder 3

are placed in the combustion chamber.
Electronic scales 11 on which the sample holder is

located, allow you to measure the sample mass with
an error not exceeding �1 mg. The scales are installed
on the table, which position is adjustable up�down.

Temperature measurements in the exposure chamber
are carried out continuously using 32 low inertia ar-
mored thermocouples. The range of measured tempera-
tures is from minus 40 to +1100 °Ñ. Measurement error
does not exceed �1.5t (°Ñ).

The density of the heat flux coming from the shield-
ed electric heater to the surface of the sample material is
measured by a water-cooled Gordon sensor with an error
not exceeding �8 %.

The composition of the gas-air environment in the ex-
posure chamber is determined using a multichannel gas
analyzer with ranges of gas concentrations measuring
(with maximum accuracy of �10 % by vol.) carbon
monoxide ÑÎ — 0-1 % by vol., carbon dioxide ÑÎ2 —
0–5 % by vol., oxygen Î2 — 0–21 % by vol.

The tests were carried out in the mode of flame com-
bustion, which was provided by the density of the in-
coming heat flux of 60 kW�m2. The surface tempera-
ture of the heater was 750 °Ñ.

The experiments were carried out according to
the following method.

A previously weighed sample of the material having
a room temperature was placed on the sample holder
seat.

After stabilization of the operation mode of the elect-
ric heater, the combustion chamber door was opened
and the seat with the wood sample was placed in
the sample holder. Then the fire screen of the transition
sleeve was opened, and the combustion chamber door
was closed. The sample ignited.

During the experiment, concentrations ÑÎ, ÑÎ2,
Î2 were continuously measured, as well as sample tem-
perature and mass.

Further, the specific mass gasification rate �spec

(kg�(m2·sec) was determined by the following formula:

�
�spec

F

M
�

1 d
d

, (1)

where F — sample surface area, m2;
Ì — current sample weight, kg;
� — test time, sec.
To predict the toxicological situation with regard to

forest fires, it is necessary, first of all, to know the con-
centration of carbon monoxide, therefore, in experi-
ments, the specific carbon monoxide formation coeffi-
cient was determined LÑÎ at every instant according to
the following formula:

L
V

Fspec
CO

COd

d
�
�

�
�

, (2)

where V — exposure chamber volume, m3;
�CO — medium volume density ÑÎ in the exposure
chamber, kg�m3.

Input data

In order to perform mathematical modeling of
the parameters and thermal effects of running crowning
forest fires, it is necessary, first of all, to know the lowest
working heat of combustion Qlow

work (MJ�kg) and spe-
cific mass gasification rate of wood pulp.

The data analysis given in the works [20, 21], shows
that the lowest working heat of combustion of coni-
ferous and hardwood wood is in the range Qlow

work =
= 13.8�21.2 MJ�kg. Therefore, if its average value of
17.5 MJ�kg is used, the error compared to its true value
does not exceed 27 %.

We will carry out measurements of the specific mass
gasification rate of wood pulp samples of Vietnam trees,
shown in Table 1. The sizes of the wood samples were
0.1�0.1�0.02 m.

The moisture content of the samples was measured
with ZNT 125 Electronic moisture meter with measuring
range 5–50 % and error measurement �2 %. The samples
humidity did not exceed 8 % (see Table 1), which cor-

Number
of sample

Name
(english, vietnamese)

Tree kind
Humi-
dity, %

1 Acacia auriculiformis, keo
Deciduous

< 5

2 Chinaberry, xoan < 5

3 Pine, ho. thông Coniferous < 5

4 Eucalyptus camaldulensis
dehnhardt, ba. ch d–àn Deciduous

8

5 Dimocarpus longan, nhãn 7

Table 1. The considered tree species of Vietnam
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responds to the humidity of Vietnamese trees in the most
fire-hazardous dry period of the year.

Study results and their analysis

Fig. 2 shows the experimental dependence of the spe-
cific gasification rate of wood samples on the test time
period.

Fig. 2 shows that local values�spec after 2 minutes of
tests are in the range of 0.0063 up to 0.014 kg�(m2�sec),
where lower limit corresponds to the combustion of
coniferous trees, and the upper — hardwood ones [21].

Fig. 3 shows the experimental dependence of the spe-
cific carbon monoxide formation coefficient on the time
period. Analysis of the experimental results shows that
the value of the specific carbon monoxide formation
coefficient is negligible at the initial stage of testing.
This is explained by the fact that during this period
the oxygen concentration is almost constant and is equal
to the concentration in the air of the room and carbon
monoxide is oxidized to dioxide ÑÎ2. As the concent-
ration of Î2 decreases concentration of CO increases
rapidly.

Mean values during the experiment �spec and LCO

shown in table 2.
It can be seen from table 2 that:

� experimental mean values �spec are in the range of
0.0063kg�(m2�sec)forconiferous trees0.014kg�(m2�sec)
— for hardwood trees [21];

� experimental mean values LCO are significantly less
(more than 2 times) compared to those ones given in
the database [21].
It can be seen from Fig. 2 that the dependences of

the specific mass gasification rate of wood on the time

period have a maximum at the beginning of the gasifi-
cation process. The time period taken to reach the
maximum values does not exceed 0.5–2 minutes, de-
pending on the type of wood, after which there is a rela-
tive stabilization of wood gasification process.

The values of the specific carbon monoxide forma-
tion coefficient according to Fig. 3 approximately in 2 mi-
nutes after the start of combustion is negligible. Then

Fig. 3. The dependence of the specific carbon monoxide forma-
tion coefficient from the period of sample testing: �— No. 1;
� — No. 2; � — No. 3; �— No. 4; �— No. 5

Fig. 2. The dependence of the specific mass gasification rate of wood pulp from the period of sample testing:�— No. 1; � — No. 2; � —
No. 3;�— No. 4; �— No. 5; 1 — coniferous trees, �spec = 0.0063 kg�(m2�sec); 2 — hardwood trees,�spec = 0.014 kg�(m2�sec) [21]
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within 1–2 minutes (depending on wood species) there
is their sharp growth to the maximum values. This results
from the fact that eventually there is a reduction of oxygen
concentration in the combustion chamber (see Fig. 1)
and not all carbon monoxide is oxidized to dioxide.

The obtained average experimental values of the spe-
cific mass gasification rate and the specific carbon
monoxide formation coefficient for pulp samples of
the most common hardwood and coniferous trees of
Vietnam can be used to calculate the characteristics of
running crowning fires.

Conclusion

Experimental studies of combustion process wood
pulp samples of the most widespread hardwood and coni-
ferous tree species of Vietnam allow to prove the choice
of values of the specific carbon monoxide formation
coefficient and the specific mass gasification rate, re-
quired for mathematical modeling of the parameters
and heat impact of running crowning forest fires on
the power engineering facilities in Vietnam.

Number
of sample

�spec (kg�(m2·sec) LCO

This
article

[21]
This

article
[21]

1 0.0093
0.014

0.0052

0.024

2 0.0102 0.0107

3 0.0113 0.0063 0.0073

4 0.0127
0.014

0.012

5 0.0091 0.008

Table 2. Average values �spec è LCO during the experiment
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ÌÎÄÅËÜ ÎÖÅÍÊÈ ÎÁÅÑÏÅ×ÅÍÈß ÊÎÌÏËÅÊÑÍÎÉ
ÁÅÇÎÏÀÑÍÎÑÒÈ Â ÀÑÓÒÏ Ñ ÏÐÈÌÅÍÅÍÈÅÌ
ÄÈÀÃÍÎÑÒÈÊÈ ÏÎÆÀÐÍÛÕ ÈÇÂÅÙÀÒÅËÅÉ
ÄËß ÏÎÑÒÐÎÅÍÈß ÀÂÒÎÌÀÒÈÇÈÐÎÂÀÍÍÎÉ
ÑÈÑÒÅÌÛ ÏÎÄÄÅÐÆÊÈ ÓÏÐÀÂËÅÍÈß
ÏÎÆÀÐÎÂÇÐÛÂÎÁÅÇÎÏÀÑÍÎÑÒÜÞ

Èçó÷åíû îñîáåííîñòè îöåíêè îáîðóäîâàíèÿ ïåðâîãî óðîâíÿ àâòîìàòèçèðîâàííûõ ñèñòåì óïðàâ-
ëåíèÿ òåõíîëîãè÷åñêèìè ïðîöåññàìè (ÀÑÓÒÏ) êàê ñîñòàâíûõ ÷àñòåé öåïî÷êè îáåñïå÷åíèÿ áåç-
îïàñíîñòè îáúåêòîâ òîïëèâíî-ýíåðãåòè÷åñêîãî êîìïëåêñà (ÒÝÊ) ñ ó÷åòîì ïëàíîâûõ ñòàáèëè-
çèðóþùèõ ïðîöåäóð â îñîáûõ óñëîâèÿõ. Ïðåäñòàâëåíî îáîñíîâàíèå âûáîðà êðèòåðèÿ îöåíêè
íàäåæíîñòè ðàáîòû èçâåùàòåëåé ÀÑÓÒÏ. Ïðè ïîñòðîåíèè ìàòåìàòè÷åñêîé ìîäåëè îöåíêè íà-
äåæíîñòè àâòîìàòèçèðîâàííîé ñèñòåìû ïîæàðîâçðûâîáåçîïàñíîñòè íà îáúåêòå ÒÝÊ âûáðàí
èíòåãðàëüíûé ïîêàçàòåëü êà÷åñòâà. Îïèñàí ñïîñîá îöåíêè íàäåæíîñòè ñ èñïîëüçîâàíèåì âåê-
òîðà öåëåé ïëàíèðîâàíèÿ. Äàíà õàðàêòåðèñòèêà ÷åòûðåì ëîêàëüíûì ïîêàçàòåëÿì êà÷åñòâà. Ðàñ-
ñìîòðåí ïðèìåð àíàëèçà ðåñóðñíîãî ïîêàçàòåëÿ. Îáîñíîâàíî ïðèìåíåíèå èíñòðóìåíòàðèÿ ñòðà-
òåãè÷åñêîãî ïëàíèðîâàíèÿ äëÿ äîñòèæåíèÿ ïîñòàâëåííîé â ñòàòüå çàäà÷è.

Êëþ÷åâûå ñëîâà: àâòîìàòèçàöèÿ; äàò÷èêè; ñòàáèëèçèðóþùèå ïðîöåäóðû; öèôðîâîé äâîéíèê;
ïîêàçàòåëè êà÷åñòâà; îöåíêà íàäåæíîñòè; ìàòåìàòè÷åñêàÿ ìîäåëü; ñòðàòåãè÷åñêîå ïëàíèðîâàíèå.

DOI: 10.18322/PVB.2018.27.11.15-22

Ââåäåíèå

Îáúåêòû òîïëèâíî-ýíåðãåòè÷åñêîãî êîìïëåêñà (ÒÝÊ)
ÿâëÿþòñÿ ñîñòàâíîé ÷àñòüþ ýêîíîìèêè ñòðàíû.
Îíè âûïîëíÿþò îäíó èç âàæíåéøèõ åå ôóíêöèé —
îáåñïå÷åíèå ïðåäïðèÿòèé è îðãàíèçàöèé ÐÔ òîïëè-
âîì è ïðîäóêòàìè ïåðåðàáîòêè íåôòè è ãàçà. Îäíèì
èç îñíîâíûõ ìàòåðèàëîâ, ïåðåðàáàòûâàåìûõ íà íèõ,
ÿâëÿþòñÿ ëåãêîâîñïëàìåíÿþùèåñÿ âåùåñòâà, ñîçäà-
þùèå ðåàëüíóþ óãðîçó âîçíèêíîâåíèÿ ïîæàðîâ è
âçðûâîâ. Äëÿ ïðåäîòâðàùåíèÿ îïàñíûõ ñîáûòèé, ñâÿ-
çàííûõ ñ ïîäîáíûìè ïðîÿâëåíèÿìè, íà îáúåêòàõ ÒÝÊ
ïðåäïðèíèìàþòñÿ ìåðû áåçîïàñíîñòè [1]. Êîìïëåêñ
òàêèõ ìåð, â òîì ÷èñëå ìåðîïðèÿòèé ïî ïðåäîòâðà-
ùåíèþ ïîæàðîâ è âçðûâîâ, è îïðåäåëÿåò ñîñòîÿíèå
êîìïëåêñíîé áåçîïàñíîñòè íà äàííûõ îáúåêòàõ [2].

Â ñâÿçè ñ èíòåíñèôèêàöèåé òåõíîëîãè÷åñêèõ ïðî-
öåññîâ íà îáúåêòàõ ÒÝÊ, âûçâàííûõ îáîñòðåíèåì
êîíêóðåíöèè, àâòîìàòèçèðîâàííûå ñèñòåìû óïðàâ-
ëåíèÿ òåõíîëîãè÷åñêèìè ïðîöåññàìè (ÀÑÓÒÏ) òðå-
áóþò íå òîëüêî ïîñòîÿííîãî îáíîâëåíèÿ, íî è ñâîå-
âðåìåííîé äèàãíîñòèêè óæå óñòàíîâëåííîãî îáî-
ðóäîâàíèÿ, ÷òî óâåëè÷èâàåò íàãðóçêó íà ïåðñîíàë.
Â ýòèõ óñëîâèÿõ âûðàñòàåò ðèñê íåâûíóæäåííûõ
îøèáîê ïåðñîíàëà è ñâÿçàííûõ ñ íèìè ñîáûòèé ïî
íåïðàâèëüíîé èëè íåñâîåâðåìåííîé äèàãíîñòèêå
îáîðóäîâàíèÿ ÀÑÓÒÏ, îòâå÷àþùåãî çà êîíòðîëü ïðî-
öåññîâ ïîæàðíîé áåçîïàñíîñòè.

Ïðèíÿòî ñ÷èòàòü, ÷òî íàèáîëåå ýôôåêòèâíûì
ñðåäñòâîì êîíòðîëÿ è ðàáîòû ïî çàùèòå îáúåêòîâ
îò ïîæàðîâ è âçðûâîâ â ÀÑÓÒÏ ÿâëÿåòñÿ àâòîìà-

© Òîïîëüñêèé Í. Ã., Ñàìàðèí È. Â., Ñòðîãîíîâ À. Þ., 2018
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òèçèðîâàííàÿ ñèñòåìà ïîæàðîâçðûâîáåçîïàñíîñòè
(ÀÑÏÂÁ) [3]. Åå ïðèìåíåíèå îáåñïå÷èâàåò âûñî-
êèé óðîâåíü êîíòðîëÿ òåõíîëîãè÷åñêîãî îáîðóäî-
âàíèÿ â õîäå ïðîèçâîäñòâåííûõ ïðîöåññîâ.

Öåëüþ ñòàòüè ÿâëÿåòñÿ ïîñòðîåíèå ìàòåìàòè÷å-
ñêîé ìîäåëè îöåíêè êîìïëåêñíîé áåçîïàñíîñòè îáú-
åêòîâ ÒÝÊ â ÀÑÓÒÏ. Îöåíêà âûïîëíÿåòñÿ â îñîáûõ
óñëîâèÿõ ïðîâåäåíèÿ ìåðîïðèÿòèé ïî ïðåäóïðåæ-
äåíèþ ïîæàðîâ, à èìåííî ïðîâåðêè èçâåùàòåëåé
(äàò÷èêîâ). Ðåøåíèå ïîñòàâëåííîé çàäà÷è íà÷èíà-
åòñÿ ñ âûáîðà ôóíêöèè îöåíêè êàê çàâèñèìîñòè èç-
âåùàòåëÿ îò âåêòîðà öåëåé óïðàâëåíèÿ îáúåêòîì
ÒÝÊ. Ââåäåí èíòåãðàëüíûé ïîêàçàòåëü êà÷åñòâà îáåñ-
ïå÷åíèÿ íàäåæíîñòè ÀÑÓÒÏ êàê ñóììà ñîîòâåòñò-
âóþùèõ ëîêàëüíûõ ïîêàçàòåëåé. Ïðè ìîäåëèðîâà-
íèè îöåíêà íàäåæíîñòè ðàáîòû ÀÑÏÂÁ íà îáúåêòå
ÒÝÊ îñóùåñòâëÿåòñÿ ïóòåì äèàãíîñòèêè ñ èñïîëü-
çîâàíèåì âåêòîðà öåëåé ïëàíèðîâàíèÿ.

Ìåòîäû èññëåäîâàíèÿ

Äèàãíîñòè÷åñêèå ìåðîïðèÿòèÿ ïî ïðåäóïðåæ-
äåíèþ ïîæàðîâ íà îáúåêòàõ ÒÝÊ âêëþ÷àþò â ñåáÿ
ñëåäóþùèå ïðîôèëàêòè÷åñêèå ìåðû [4]:
� ïåðèîäè÷åñêèå ïðîâåðêè ñîñòîÿíèÿ ïîæàðíîé

áåçîïàñíîñòè îáúåêòà ÒÝÊ â öåëîì è åãî îòäåëü-
íûõ ó÷àñòêîâ, à òàêæå îáåñïå÷åíèå êîíòðîëÿ çà
ñâîåâðåìåííûì âûïîëíåíèåì ýòèõ ìåðîïðèÿòèé;

� ïðîâåäåíèå ïîæàðíî-òåõíè÷åñêèõ îáñëåäîâàíèé
îáúåêòà ÒÝÊ ïðåäñòàâèòåëÿìè Ãîñóäàðñòâåííî-
ãî ïîæàðíîãî íàäçîðà ñ âðó÷åíèåì ïðåäïèñàíèé;
óñòàíîâëåíèå äåéñòâåííîãî êîíòðîëÿ çà âûïîë-
íåíèåì âûäàííûõ ïðåäïèñàíèé è ïðèêàçîâ ðó-
êîâîäèòåëÿ îáúåêòà ÒÝÊ, èçäàííûõ ïî íèì;

� ïîñòîÿííûé êîíòðîëü íàä ïðîâåäåíèåì ïîæàðî-
îïàñíûõ ðàáîò, âûïîëíåíèåì ïðîòèâîïîæàðíûõ
òðåáîâàíèé íà îáúåêòå ÒÝÊ;

� ïðîâåäåíèå èíñòðóêòàæåé è ñïåöèàëüíûõ çàíÿ-
òèé ñ ðàáî÷èìè è ñëóæàùèìè îáúåêòà ÒÝÊ ïî
âîïðîñàì ïîæàðíîé áåçîïàñíîñòè è äðóãèõ ìå-
ðîïðèÿòèé ïî ïðîòèâîïîæàðíîé ïðîïàãàíäå è
àãèòàöèè;

� ïðîâåðêó èñïðàâíîñòè è ïðàâèëüíîãî ñîäåðæà-
íèÿ ñòàöèîíàðíûõ àâòîìàòè÷åñêèõ è ïåðâè÷íûõ
ñðåäñòâ ïîæàðîòóøåíèÿ, ïðîòèâîïîæàðíîãî âî-
äîñíàáæåíèÿ è ñèñòåì èçâåùåíèÿ î ïîæàðàõ;

� óñòàíîâêó â öåõàõ, ìàñòåðñêèõ, íà ñêëàäàõ è îò-
äåëüíûõ àãðåãàòàõ ñèñòåì ïîæàðíîé àâòîìàòèêè.
Ïðè ýòîì ïåðèîäè÷íîñòü ïðîâåðêè ãîòîâíîñòè

îáîðóäîâàíèÿ ê ïîæàðàì íà îáúåêòå ÒÝÊ äîëæíà
áûòü íå ðåæå 1 ðàçà â êâàðòàë [5]. Ïëàíèðîâàíèå ðå-
ñóðñîâ äëÿ òàêèõ ïðîâåðîê îñóùåñòâëÿåòñÿ ïî çà-
ÿâêàì îáñëóæèâàþùåãî ïåðñîíàëà.

Åæåìåñÿ÷íî îòâåòñòâåííûì ïåðñîíàëîì îáúåê-
òà ÒÝÊ äîëæåí òàêæå ïðîâîäèòüñÿ âèçóàëüíûé êîíò-
ðîëü äàâëåíèÿ â ìîäóëå ãàçîàíàëèçàòîðà (äàò÷èêà)

ïî ïîêàçàíèÿì ìàíîìåòðà ìîäóëÿ. Íàáëþäàåìàÿ îò-
ìåòêà äàâëåíèÿ äîëæíà íàõîäèòüñÿ â ïðåäåëàõ çàòåì-
íåííîãî ïîëÿ äëÿ çàäàííîãî çíà÷åíèÿ òåìïåðàòóðû
îêðóæàþùåé ñðåäû. Åñëè îíà ëåæèò íèæå ýòîé ãðà-
íèöû, ìîäóëè äàò÷èêà ïîäëåæàò ïåðåçàðÿäêå. Ðåçóëü-
òàòû ïðîâåðêè ôèêñèðóþò â ñïåöèàëüíîì æóðíàëå.

Êðîìå òîãî, 1 ðàç â 6 ìåñÿöåâ ïðîâîäÿò:
� âíåøíèé îñìîòð è êîíòðîëü ñîñòàâíûõ ÷àñòåé

óñòàíîâîê (òåõíîëîãè÷åñêîé ÷àñòè — òðóáîïðî-
âîäîâ, ðàñïûëèòåëåé, ðóêàâîâ, áàëëîíîâ ñ îãíå-
òóøàùèì âåùåñòâîì, ìàíîìåòðîâ è ðàñïðåäå-
ëèòåëüíûõ óñòðîéñòâ) íà îòñóòñòâèå ìåõàíè÷å-
ñêèõ ïîâðåæäåíèé, ãðÿçè, ïðî÷íîñòü êðåïëåíèÿ,
íàëè÷èå ïëîìá;

� êîíòðîëü ðàáî÷åãî ïîëîæåíèÿ îñíîâíîé è ðåçåðâ-
íîé çàïîðíîé àðìàòóðû íà ñîñòàâíûõ ÷àñòÿõ
óñòàíîâîê.
Ðåçóëüòàòû ïðîâåðêè ôèêñèðóþò â ñïåöèàëüíîì

æóðíàëå.
Â ñîñòàâ åæåãîäíûõ êîíòðîëüíûõ è ïëàíèðóåìûõ

ìåðîïðèÿòèé ïî ïðåäóïðåæäåíèþ ïîæàðîâ âõîäÿò:
1) ìåòðîëîãè÷åñêàÿ ïîâåðêà ìàíîìåòðîâ. Äëÿ

ýòîãî èõ èçâëåêàþò èç ìåñò óñòàíîâêè è îòïðàâëÿþò
â êîíòðîëüíî-èçìåðèòåëüíóþ ëàáîðàòîðèþ íà ïî-
âåðêó, ïîñëå ÷åãî âîçâðàùàþò íà ìåñòî, ïðåäâàðè-
òåëüíî ïðîâåðèâ åãî;

2) ìåòðîëîãè÷åñêàÿ ïîâåðêà ìàíîìåòðîâ íà âñåõ
îáúåêòàõ çàùèòû (ÎÇ), âõîäÿùèõ â ñîñòàâ îáúåêòà
ÒÝÊ;

3) èçìåðåíèå ñîïðîòèâëåíèÿ èçîëÿöèè ýëåêòðè-
÷åñêèõ öåïåé íà ïðîòèâîïîæàðíîì îáîðóäîâàíèè è
äàò÷èêàõ;

4) çàìåíà ñîñòàâíûõ ÷àñòåé ìîäóëåé äàò÷èêîâ,
èìåþùèõ îãðàíè÷åííûå ñðîêè ýêñïëóàòàöèè, åñëè
óñòàíîâëåíû ôàêòû íåñîîòâåòñòâèÿ ïîñòóïàþùåé
îò íèõ èíôîðìàöèè ðåàëüíîìó ñîñòîÿíèþ ñðåäû.

Ñòîèìîñòü âñåõ ïåðå÷èñëåííûõ ðàáîò â çàâèñè-
ìîñòè îò ðàçìåðîâ îáúåêòà ÒÝÊ è îáúåìîâ åãî ïî-
ìåùåíèé ìîæåò ìåíÿòüñÿ.

Òåïåðü ðàçáåðåì ïîäðîáíåå îãðàíè÷åíèÿ îñîáûõ
óñëîâèé è ïîïðîáóåì îòðàçèòü ýòî â êðèòåðèÿõ îöåí-
êè äèàãíîñòè÷åñêèõ ìåðîïðèÿòèé è ìåðîïðèÿòèé
ïî ïîâûøåíèþ óðîâíÿ êîìïëåêñíîé (â òîì ÷èñëå
ïîæàðíîé) áåçîïàñíîñòè. Ñîãëàñíî [6] èçíîñ èçíà-
÷àëüíî ïîñòàâëåííîãî òåõíîëîãè÷åñêîãî îáîðóäî-
âàíèÿ íà ìíîãèõ îáúåêòàõ ÒÝÊ äîëæåí ñîñòàâëÿòü
íå ìåíåå 80–100 % èç-çà áîëüøîãî ñðîêà ýêñïëóàòà-
öèè. Íåêîòîðûå óçëû, óñòàðåâøèå è ôèçè÷åñêè, è
ìîðàëüíî, òðåáóþò ëèáî çàìåíû, ëèáî êîðåííîé ìî-
äåðíèçàöèè. Â ýòîì ñìûñëå öèôðîâûå äâîéíèêè íå
îñòàâëÿþò âûáîðà ðóêîâîäèòåëÿì îáúåêòà ÒÝÊ [7].
Òàêèå óçëû ìåíÿþò íà èìïîðòíîå îáîðóäîâàíèå:
äàò÷èêè çàãàçîâàííîñòè Draeger [8], îòñå÷íûå êëà-
ïàíû Emerson, ìíîãîêîìïîíåíòíûå àíàëèçàòîðû
Modcon.
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Êðîìå óêàçàííûõ óçëîâ çàðóáåæíîãî ïðîèçâîä-
ñòâà, â íàñòîÿùåå âðåìÿ íà îáúåêòàõ ÒÝÊ ïðèìå-
íÿþòñÿ èìïîðòíûå ñèñòåìû êîíòðîëÿ, äèàãíîñòè-
êè è îáåñïå÷åíèÿ ïîæàðíîé áåçîïàñíîñòè [9, 10].
Âî ìíîãîì ýòî îáóñëîâëåíî èñïîëüçîâàíèåì â êà÷å-
ñòâå ÀÑÓÒÏ èíîñòðàííûõ ïðîãðàììíûõ ðåàëèçà-
öèé îòäåëüíûõ ýëåìåíòîâ òåõíîëîãè÷åñêîãî îáîðó-
äîâàíèÿ. Öèôðîâûå äâîéíèêè, ïîìèìî ðÿäà ñóùåñò-
âåííûõ ïðåèìóùåñòâ [11], èìåþò è íåäîñòàòêè [12].
Ãëàâíûé èç íèõ ñîñòîèò â òîì, ÷òî èõ âíåäðåíèå äå-
ëàåò ïðîèçâîäñòâåííûé ïðîöåññ íà îáúåêòàõ ÒÝÊ
ôàêòè÷åñêè çàâèñèìûì îò èíîñòðàííûõ òåõíîëîãèé.
Ñëåäîâàòåëüíî, ïðèìåíåíèå ê îáúåêòàì ÒÝÊ îñîáûõ
óñëîâèé ïðè èñïîëüçîâàíèè äîñòèæåíèé “Èíäóñò-
ðèè 4.0” ïðèâåäåò ê ñåðüåçíûì çàòðóäíåíèÿì â îáåñ-
ïå÷åíèè êàê ñàìîãî ïðîèçâîäñòâåííîãî ïðîöåññà, òàê
è êîìïëåêñíîé áåçîïàñíîñòè îáúåêòà ÒÝÊ.

Ïåðå÷èñëåííûå ïðîòèâîïîæàðíûå è ïðîôèëàê-
òè÷åñêèå ìåðîïðèÿòèÿ íà îáúåêòå ÒÝÊ ïðèçâàíû
ïðîèëëþñòðèðîâàòü ðåàëüíûå öåëè ïëàíîâûõ ìåðî-
ïðèÿòèé ïî ïîâûøåíèþ íàäåæíîñòè ðàáîòû ÀÑÏÂÁ
â ÀÑÓÒÏ ïðè äèàãíîñòèðîâàíèè îáîðóäîâàíèÿ. Áó-
äåì íàçûâàòü èõ ñòàáèëèçèðóþùèìè ïðîöåäóðàìè.

Ðàññìîòðèì ñ ìàòåìàòè÷åñêîé òî÷êè çðåíèÿ
ìîäåëü îáåñïå÷åíèÿ êîìïëåêñíîé áåçîïàñíîñòè â
ÀÑÓÒÏ îáúåêòîâ ÒÝÊ ñ ó÷åòîì äèàãíîñòèêè ïî-
æàðíûõ èçâåùàòåëåé â îñîáûõ óñëîâèÿõ. Èìåííî
ïîæàðíûå èçâåùàòåëè (äàò÷èêè) ìîãóò áûòü íàè-
áîëåå ÷óâñòâèòåëüíûì ìåñòîì âñåé öåïî÷êè îáåñ-
ïå÷åíèÿ áåçîïàñíîñòè [13, 14]. Â ñâÿçè ñ ýòèì äëÿ
îïðåäåëåíèÿ çàâèñèìîñòè èõ ðàáîòû îò ñòàáèëèçè-
ðóþùèõ ïðîöåäóð (äèàãíîñòèêè, ïîâåðîê, ðåìîíòà,
çàìåíû è ò. ï.) èìååò ñìûñë ðàññìàòðèâàòü ôóíêöèþ
îöåíêè îòäåëüíûì âûáðàííûì äàò÷èêîì ñîñòîÿíèÿ
ñðåäû êàê åãî çàâèñèìîñòü îò âåêòîðà öåëåé óïðàâ-
ëåíèÿ îáúåêòîì ÒÝÊ:

Ii = fi (P), (1)

ãäå Ii — çíà÷åíèå i-ãî èçâåùàòåëÿ ñ çàäàííûì ïî-
ðîãîì ñðàáàòûâàíèÿ;
Ð — âåêòîð öåëåé ïëàíèðîâàíèÿ (îáåñïå÷åíèÿ
äîñòîâåðíîñòè èíôîðìàöèè) ïðè óïðàâëåíèè êîì-
ïëåêñíîé áåçîïàñíîñòüþ îáúåêòà ÒÝÊ; P = {P1,
P2, …, PK }.
Îáñòîÿòåëüñòâà ñðàáàòûâàíèÿ äàò÷èêîâ çàâèñÿò

îò ñòàáèëèçèðóþùèõ ïðîöåäóð è îò âðåìåíè èõ ðà-
áîòû, ïîýòîìó ôîðìóëó (1) ñëåäóåò ïåðåïèñàòü â âèäå

I f P t t P ti i i i i� ( ( ), , ( )),1
2 2

3
2 (2)

ãäå ti
2 — âðåìÿ ðàáîòû äàò÷èêîâ;

P1(ti
2) — öåëè ïëàíèðîâàíèÿ ñòàáèëèçèðóþùèõ

ïðîöåäóð, ïðîäëåâàþùèõ âðåìÿ ðàáîòû äàò÷èêîâ;
P3(ti

2) — öåëè ïëàíèðîâàíèÿ ñòàáèëèçèðóþùèõ
ïðîöåäóð, îáåñïå÷èâàþùèõ èõ íàäåæíîå ñðàáà-
òûâàíèå.

Îáà íàïðàâëåíèÿ ðàáîò ïåðñîíàëà ÀÑÓÒÏ ïîä-
ðàçóìåâàþò âûïîëíåíèå ìåðîïðèÿòèé, âõîäÿùèõ
â ïåðåñåêàþùèåñÿ, íî íåñîâïàäàþùèå ìíîæåñòâà.
Ïðè èõ îáúåäèíåíèè â åäèíîì ïëàíîâîì çàäàíèè
ïî îáåñïå÷åíèþ íàäåæíîñòè èíôîðìàöèè ïåðâîãî
óðîâíÿ â ÀÑÓÒÏ [15] ïîëó÷àåì:

Ii = fi (Pi (t), t). (3)

Òàê êàê ôóíêöèÿ fi (Pi (t), t) ïðåäñòàâëÿåò ñîáîé
êðèâóþ, äëÿ êðèòåðèÿ îöåíêè íàäåæíîñòè ðàáîòû
ïåðâîãî óðîâíÿ ÀÑÓÒÏ â j-ì êëàñòåðå ìîæíî îïðå-
äåëèòü ëîêàëüíûé ïîêàçàòåëü êà÷åñòâà w j

P äëÿ j-ãî
êëàñòåðà çàùèòû:

w f P t t tj
P

i i

i

N j

� 	

�

( ( ), ) ,d
1

j�{1, 2, …, M}, (4)

ãäå Nj — ÷èñëî ìåðîïðèÿòèé ñîãëàñíî ïëàíàì äî-
ñòèæåíèÿ j-é öåëè;
M — ÷èñëî ðàññìàòðèâàåìûõ êëàñòåðîâ, îáúåäè-
íÿþùèõ äàò÷èêè äëÿ çàäàííîãî ýëåìåíòà (ãðóïïû
ïîìåùåíèé, çäàíèÿ, ñîîðóæåíèÿ) îáúåêòà ÒÝÊ.
Èíòåãðàëüíûé ïîêàçàòåëü êà÷åñòâà äëÿ îáúåêòà

çàùèòû ÒÝÊ W Ð
OÇ çàäàåòñÿ âåêòîðîì

W w w wP Ð Ð
M
Ð

ÎÇ �{ , , , },1 2 � (5)

â êîòîðîì wi
P ðàññ÷èòûâàþòñÿ ïî ôîðìóëå (4).

Ôîðìóëà (3) óñòàíàâëèâàåò ôóíêöèîíàëüíóþ çà-
âèñèìîñòü ðàáîòû äàò÷èêà îò öåëåé ïëàíîâûõ ìåðî-
ïðèÿòèé. Ïðè ýòîì ñàìà ôóíêöèÿ öåëåé èìååò áîëåå
ñëîæíûé õàðàêòåð, ÷åì óêàçàíî â ýêñïëèêàöèè ê (1).

Ðàññìîòðèì ñïîñîá îöåíêè íàäåæíîñòè ðàáîòû
ÀÑÏÂÁ íà îáúåêòå ÒÝÊ ïóòåì äèàãíîñòèêè ñ èñ-
ïîëüçîâàíèåì âåêòîðà öåëåé ïëàíèðîâàíèÿ:

P = {V, F, R, W}, (6)

ãäå V — îáùèé ïîòðåáíûé îáúåì ïðîâîäèìûõ ìåðî-
ïðèÿòèé, èçìåðÿåìûé â óñëîâíûõ åäèíèöàõ (îäíî
ìåðîïðèÿòèå — îäíà åäèíèöà îáúåìà);
F — îáùåå ôèíàíñèðîâàíèå ìåðîïðèÿòèé â äî-
ñòèæåíèè öåëåé, çàïëàíèðîâàííûõ äëÿ ïîâûøå-
íèÿ íàäåæíîñòè ÀÑÏÂÁ;
R — îáùèå çàïëàíèðîâàííûå äëÿ ïðîâåäåíèÿ
ìåðîïðèÿòèé ðåñóðñû, íåîáõîäèìûå äëÿ ãàðàí-
òèðîâàííîãî äîñòèæåíèÿ ïîñòàâëåííûõ öåëåé ïî-
âûøåíèÿ íàäåæíîñòè ÀÑÏÂÁ;
W — îáùèå çàòðàòû òðóäîâûõ ðåñóðñîâ â íîð-
ìî÷àñàõ, íåîáõîäèìûå äëÿ ãàðàíòèðîâàííîãî äî-
ñòèæåíèÿ çàïëàíèðîâàííûõ öåëåé ïîâûøåíèÿ
íàäåæíîñòè ÀÑÏÂÁ.
Ïîñêîëüêó âåñü êîìïëåêñ íåîáõîäèìûõ ìåðîïðè-

ÿòèé êîìïëåêñíîé áåçîïàñíîñòè íà îáúåêòå ÒÝÊ
ïðåäñòàâëÿåò ñîáîé ìíîãîóðîâíåâîå äåðåâî, âî èçáå-
æàíèå çàãðîìîæäåíèÿ ìîäåëè îöåíêè ðàññìîòðèì
òîëüêî èõ ïðîñòóþ ñóììó [16]. Òîãäà îáùèé ïîòðåá-
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íûé îáúåì ïðîâîäèìûõ ìåðîïðèÿòèé, èçìåðÿåìûé
â óñëîâíûõ åäèíèöàõ, áóäåò èìåòü âèä:

V mi

i

N

j

K j

�
��




11

, (7)

ãäå K — ÷èñëî öåëåé ïëàíèðîâàíèÿ (îáåñïå÷åíèÿ äî-
ñòîâåðíîñòè èíôîðìàöèè) ïðè óïðàâëåíèè êîì-
ïëåêñíîé áåçîïàñíîñòüþ íà íåôòåïåðåðàáàòû-
âàþùèõ ïðîèçâîäñòâàõ (ÍÏÏ);
mi — åäèíè÷íîå ìåðîïðèÿòèå ñîãëàñíî ïëàíàì
äîñòèæåíèÿ j-é öåëè;

mi �
�

�

0
1

,
,

íå âûïîëíåíî;
âûïîëíåíî.

(8)

Îáùåå ôèíàíñèðîâàíèå çàïëàíèðîâàííûõ öåëåé
ïîâûøåíèÿ íàäåæíîñòè ÀÑÏÂÁ ìîæíî ïðåäñòàâèòü
â âèäå

F Fi

i

N

j

K j

�
��




11

, (9)

ãäå Fi — ôèíàíñèðîâàíèå åäèíè÷íîãî ìåðîïðèÿòèÿ
ñîãëàñíî ïëàíàì äëÿ äîñòèæåíèÿ j-é öåëè;

F
Fi

i

�
�

�

0,
,
îòñóòñòâóåò;

çàïëàíèðîâàíî.
(10)

Îáùèå çàïëàíèðîâàííûå äëÿ ïðîâåäåíèÿ ìåðî-
ïðèÿòèé ðåñóðñû, íåîáõîäèìûå äëÿ ãàðàíòèðîâàí-
íîãî äîñòèæåíèÿ ïîñòàâëåííûõ öåëåé ïîâûøåíèÿ
íàäåæíîñòè ÀÑÏÂÁ, ïðåäñòàâèì â âèäå

R Ri

i

N

j

K j

�
��




11

, (11)

ãäå Ri — ðåñóðñû, âûäåëåííûå äëÿ îáåñïå÷åíèÿ
âûïîëíåíèÿ åäèíè÷íîãî ìåðîïðèÿòèÿ ñîãëàñíî
ïëàíàì äëÿ äîñòèæåíèÿ j-é öåëè;

R
Ri

i

�
�

�

0,
,
îòñóòñòâóþò;

çàïëàíèðîâàíû.
(12)

Îáùèå çàòðàòû òðóäîâûõ ðåñóðñîâ â íîðìî÷àñàõ,
íåîáõîäèìûå äëÿ ãàðàíòèðîâàííîãî äîñòèæåíèÿ
çàïëàíèðîâàííûõ öåëåé ïîâûøåíèÿ íàäåæíîñòè
ÀÑÏÂÁ, ìîæíî îïðåäåëèòü êàê

W Wi

i

N

j

K j
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��




11

, (13)

ãäå Wi — íîðìî÷àñû, ïðåäóñìîòðåííûå äëÿ âûïîë-
íåíèÿ åäèíè÷íîãî ìåðîïðèÿòèÿ ñîãëàñíî ïëàíàì
äëÿ äîñòèæåíèÿ j-é öåëè;

W
Wi

i

�
�

�

0,
,
íå ïðåäóñìîòðåíû;

çàïëàíèðîâàíû.
(14)

Â ñëó÷àå åñëè ìåðîïðèÿòèÿ ïî îáåñïå÷åíèþ íà-
äåæíîñòè ÀÑÓÒÏ è åå äèàãíîñòèðîâàíèå íà ïåðâîì
óðîâíå ïîëó÷åíèÿ èíôîðìàöèè ñîãëàñíî öåëÿì ïëà-

íèðîâàíèÿ áóäóò âûðàæåíû â òàêîì âèäå, òî ëîêàëü-
íûå ïîêàçàòåëè êà÷åñòâà ìîæíî ðàññìàòðèâàòü â âèäå
ñóìì (7), (9), (11) è (13). Â ýòîì ñëó÷àå èíòåãðàëüíûé
ïîêàçàòåëü êà÷åñòâà îáåñïå÷åíèÿ íàäåæíîñòè è èíûõ
çàäà÷ ÀÑÓÒÏ áóäåò ïðåäñòàâëåí â âèäå ñóììû ñî-
îòâåòñòâóþùèõ ëîêàëüíûõ ïîêàçàòåëåé. Â ýòîì áåç-
ðàçìåðíîì êîíòåéíåðå äàííûõ áóäóò ó÷òåíû âñå íå-
îáõîäèìûå äëÿ âûïîëíåíèÿ ìåðîïðèÿòèé ïîêàçàòåëè.
Îäíàêî èñïîëüçîâàòü åãî â êà÷åñòâå îöåíêè ìîæíî
òîëüêî â òåîðåòè÷åñêîì ïëàíå, òàê êàê ôèíàíñèðîâà-
íèå è ðåñóðñû áóäóò äàâàòü ëüâèíóþ äîëþ åãî çíà-
÷åíèÿ.

Àíàëèç ðåçóëüòàòîâ

Ïðàâèëüíåå áûëî áû ðàññìàòðèâàòü ïðèâåäåííûå
ëîêàëüíûå ïîêàçàòåëè îòäåëüíî, ïîýòîìó äëÿ âû-
âîäà îá îñîáûõ óñëîâèÿõ ýêñïëóàòàöèè îáîðóäîâà-
íèÿ è ñèñòåì îáåñïå÷åíèÿ îáúåêòîâ ÒÝÊ, âõîäÿùèõ
â ÀÑÓÒÏ, ðàññìîòðèì òîëüêî ðåñóðñíûé ïîêàçàòåëü
êà÷åñòâà.

Ïðåäïîëîæèì, ÷òî íà îáúåêòå ÒÝÊ èñïîëüçóåòñÿ
40 % îòå÷åñòâåííûõ äàò÷èêîâ è 60 % äàò÷èêîâ çà-
ðóáåæíîãî ïðîèçâîäñòâà. Ïðåäïîëîæèì òàêæå, ÷òî
èõ ýêñïëóàòàöèÿ òðåáóåò ñîîòâåòñòâóþùåãî òåõíè-
÷åñêîãî îáñëóæèâàíèÿ (ÒÎ), áåç êîòîðîãî îíè íà÷è-
íàþò ðàáîòàòü íåêà÷åñòâåííî (ïîðîã ñðåäû ñëèøêîì
ñèëüíî ðàñõîäèòñÿ ñ ïîðîãîì ñðàáàòûâàíèÿ). Ïðè
ýòîì èìïîðòíûå äàò÷èêè îáñëóæèâàþòñÿ òîëüêî
èíîñòðàííûì ïðîèçâîäèòåëåì. Â îñîáûõ óñëîâèÿõ,
êàê áûëî ñêàçàíî âûøå, ìåðîïðèÿòèÿ ïî ôèíàíñè-
ðîâàíèþ è ëþáûì èíûì äåéñòâèÿì ïðåêðàùàþòñÿ.
Ñëåäîâàòåëüíî, âåëè÷èíà ñîîòâåòñòâóþùèõ Ri ñòðå-
ìèòñÿ ê 0.

Â ýòîì ñëó÷àå êîýôôèöèåíò ñîêðàùåíèÿ ðåñóð-
ñîâ r, äîñòóïíûõ ëèöó, ïðèíèìàþùåìó ðåøåíèÿ
(ËÏÐ), äëÿ îáåñïå÷åíèÿ áåçîïàñíîñòè â ÀÑÏÂÁ è
íàäåæíîñòè â ÀÑÓÒÏ â îñîáûõ óñëîâèÿõ ìîæíî
ïðåäñòàâèòü ôîðìóëîé

r = Roc �Rîá , (15)

ãäå Roc, Rîá — ëîêàëüíûå ïîêàçàòåëè êà÷åñòâà ïî
ôîðìóëå (11) ñîîòâåòñòâåííî ïðè îñîáûõ è îáû÷-
íûõ óñëîâèÿõ.
Äëÿ óïðîùåíèÿ ðàñ÷åòà áóäåì ïîëàãàòü, ÷òî â ñî-

ñòàâ èñïîëüçóåìûõ ðåñóðñîâ âõîäÿò äàò÷èêè (ãàçî-
àíàëèçàòîðû, ïîæàðíûå èçâåùàòåëè), ïðèáîðû èõ
ïîâåðêè è êîìïëåêòóþùèå, èñïîëüçóåìûå â ðåìîí-
òå. Èñõîäÿ èç òîãî, ÷òî è ýòè ðåñóðñû èìåþò èíî-
ñòðàííîå ïðîèñõîæäåíèå, áóäåì ñ÷èòàòü, ÷òî âñå
äàò÷èêè, èñïîëüçóåìûå â öèôðîâûõ äâîéíèêàõ, èì-
ïîðòíûå.

Òîãäà, ïðåäïîëàãàÿ, ÷òî çàïëàíèðîâàííûå ðåñóð-
ñû Ri îòå÷åñòâåííîãî ïðîèçâîäñòâà íå èçìåíÿòñÿ ïðè
ïåðåõîäå îò îáû÷íûõ óñëîâèé ê îñîáûì, èç (15) âè-
äèì, ÷òî çíà÷åíèå Rîñ â ÷èñëèòåëå áóäåò ïî ðÿäó ïî-
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çèöèé ñîñòàâëÿòü òîëüêî 40 % îò çíà÷åíèÿ Rîá â
çíàìåíàòåëå. Èç ýòîãî ìîæíî ñäåëàòü îäíîçíà÷íûé
âûâîä, ÷òî îñîáûå óñëîâèÿ çíà÷èòåëüíî ñíèæàþò
ïîêàçàòåëè íàäåæíîñòè è êà÷åñòâà èíôîðìèðîâà-
íèÿ ËÏÐ â ÀÑÓÒÏ íà îáúåêòå ÒÝÊ. Ýòî ñíèæåíèå
ïðîïîðöèîíàëüíî êîëè÷åñòâó ïðèìåíÿåìûõ â ñîîò-
âåòñòâóþùèõ ñèñòåìàõ åäèíèö îáîðóäîâàíèÿ èì-
ïîðòíîãî ïðîèçâîäñòâà.

Îò÷àñòè ýòî ïîëîæåíèå ìîæíî ïðåîäîëåòü ïëà-
íèðîâàíèåì äîïîëíèòåëüíûõ ôèíàíñîâûõ è òðóäî-
âûõ ðåñóðñîâ. Òîãäà íà äîïîëíèòåëüíûå ôèíàíñîâûå
ðåñóðñû ìîæåò áûòü çàêóïëåíî (èëè ðàçðàáîòàíî)
è óñòàíîâëåíî ñîîòâåòñòâóþùåå îáîðóäîâàíèå, èñ-
õîäÿ èç çàïëàíèðîâàííûõ äîïîëíèòåëüíûõ òðóäî-
âûõ ðåñóðñîâ.

Òàêîå ïîëîæåíèå ñ ó÷åòîì îáùåãî âðåìåíè ïðî-
âåäåíèÿ ðàáîò ìîæíî çàêðåïèòü ïóòåì îáîñíîâàí-
íîãî ñòðàòåãè÷åñêîãî ïëàíèðîâàíèÿ [17], àãðåãàò-
íîé öåëüþ êîòîðîãî áóäåò ïîâûøåíèå íàäåæíîñòè
è æèâó÷åñòè ÀÑÓÒÏ â îñîáûõ óñëîâèÿõ. Ñëåäîâà-
òåëüíî, èíñòðóìåíòàðèé ñòðàòåãè÷åñêîãî ïëàíèðî-
âàíèÿ, âêëþ÷àåìûé â îáùèé ïàêåò âîçìîæíîñòåé
ïîääåðæêè óïðàâëåíèÿ ËÏÐ â êà÷åñòâå èíôîðìàöè-
îííî-àíàëèòè÷åñêîé ñèñòåìû [18–20], áóäåò ñïîñîá-
ñòâîâàòü äîñòèæåíèþ äàííîé öåëè, à çíà÷èò, è ðå-
øåíèþ ïðîáëåìû îáåñïå÷åíèÿ êîìïëåêñíîé áåç-
îïàñíîñòè â ÀÑÓÒÏ (åå æèâó÷åñòè è íàäåæíîñòè)

íà îáúåêòàõ ÒÝÊ â îñîáûõ óñëîâèÿõ [21, 22]. Ñëåäó-
åò òàêæå îòìåòèòü íå ðàññìîòðåííóþ â íàñòîÿùåé
ñòàòüå òðóäîåìêóþ çàäà÷ó îïðåäåëåíèÿ îáúåìà ìî-
íèòîðèíãà ñèñòåì áåçîïàñíîñòè è ïðîòèâîïîæàð-
íîé çàùèòû. Â ðàáîòå [23] óòâåðæäàåòñÿ, ÷òî ôîð-
ìèðîâàíèå îáúåìà ìîíèòîðèíãà ñëåäóåò ïðîâîäèòü
ñ ó÷åòîì ýêñïåðòíûõ îöåíîê ñïåöèàëèñòîâ, âîâëå-
÷åííûõ â ïðîöåññ ðàáîòû äàííûõ ñèñòåì. Â ïðåäëà-
ãàåìûõ ìåòîäàõ ñòðàòåãè÷åñêîãî ïëàíèðîâàíèÿ [17]
ðàññìîòðåíû ñïîñîáû àíàëèçà è ñîïðÿæåíèÿ îöåíîê
ýêñïåðòîâ äëÿ äîñòèæåíèÿ ïîñòàâëåííûõ öåëåé. Òà-
êîé èíñòðóìåíò áóäåò ïîëåçåí ïðè âîçíèêíîâåíèè
íåîáõîäèìîñòè ðàñ÷åòà îáúåìà ìîíèòîðèíãà òðåáó-
åìûõ ñèñòåì.

Çàêëþ÷åíèå

Òàêèì îáðàçîì, èíñòðóìåíòû ìåòîäîëîãèè
ñòðàòåãè÷åñêîãî ïëàíèðîâàíèÿ [18–20], âêëþ÷àå-
ìûå â ïîäñèñòåìû ÀÑÏÂÁ â êà÷åñòâå àëãîðèòìîâ
ïîääåðæêè óïðàâëåíèÿ, ïîçâîëÿò ïîâûñèòü íàäåæ-
íîñòü ðàáîòû ÀÑÓÒÏ íà îáúåêòàõ ÒÝÊ è îáåñïå-
÷èòü êà÷åñòâåííîå äèàãíîñòèðîâàíèå îáîðóäîâà-
íèÿ ïåðâîãî çâåíà èíôîðìèðîâàíèÿ ËÏÐ. Ìåòîäû
ïîääåðæêè óïðàâëåíèÿ â ÀÑÓÒÏ ñ èñïîëüçîâàíèåì
àïïàðàòà ñòðàòåãè÷åñêîãî ïëàíèðîâàíèÿ îáåñïå÷àò
íåîáõîäèìîå êà÷åñòâî èíôîðìàöèè ËÏÐ è óðîâåíü
íàäåæíîñòè ÀÑÓÒÏ â îñîáûõ óñëîâèÿõ.
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ABSTRACT

Introduction. Beginning this paper considers the important measures determining the state of
integrated security of facilities of the fuel and energy complex. It says about necessity regular equip-
ment diagnostics of automated process control system (APCS). There is a serious risk of unforced
human error. So it says about special automated systems of fire and explosion safety such as means of
control of APCS. It is necessary to keep in mind that automated system of fire and explosion protec-
tion (ASFEP) is a part automated control system of technological process. The study aims to build
a mathematical model of comprehensive safety of objects of fuel and energy complex in APCS.
A special evaluation function was chosen. This function is the dependence of the detector on
the vector of controlling purposes. The method of assessing the reliability of ASFEP is described
using the vector of planning purposes.

Methodology. Diagnostic fire prevention events are described. Besides their specificities and
frequency are mentioned. It was agreed that implementing of digital twin depend to foreign techno-
logies significantly. This fact actually affects of a sustainability of manufacturing process at facilities
of the fuel and energy complex. To study the integrated security in the APCS a mathematical model
was built. A detector is an important object constructed model. The corresponding function is formed
for connection of detectors operation with stabilizing procedures. The criteria for assessing the re-
liability of the equipment of the first level of APCS were determined. The local and integral quality
indicators are presented. In addition the vector of planning purposes is considered for assessing the re-
liability of automated system of fire and explosion protection.

Results. It is important to analyze the local indicators separately. As an example the resource
indicator of quality is described. This example leads to an important conclusion about special
conditions of functioning of the equipment. The possibility of using the methodology of strategic
planning as a part of information and analytical system for increase of reliability and survivability of
APCS is shown.

Conclusion. The paper concludes that the tools of strategic planning as a subsystems of automated
system of fire and explosion protection are able to provide the necessary diagnostics of the equipment
of the first level of informing the decision-maker.

Keywords: automation; detectors; stabilizing procedures; digital twin; quality indicators; assessing
the reliability; mathematical model; strategic planning.
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