
ÏÎÆÀÐÎÂÇÐÛÂÎÁÅÇÎÏÀÑÍÎÑÒÜ / FIRE AND EXPLOSION SAFETY 2017 ÒÎÌ 26 ¹ 126

ÁÅÇÎÏÀÑÍÎÑÒÜ ÂÅÙÅÑÒÂ È ÌÀÒÅÐÈÀËÎÂ

Å. Í. ÏÎÊÐÎÂÑÊÀß, ä-ð òåõí. íàóê, ïðîôåññîð, ïðîôåññîð êàôåäðû
êîìïëåêñíîé áåçîïàñíîñòè â ñòðîèòåëüñòâå, Íàöèîíàëüíûé
èññëåäîâàòåëüñêèé Ìîñêîâñêèé ãîñóäàðñòâåííûé ñòðîèòåëüíûé
óíèâåðñèòåò (Ðîññèÿ, 129337, ã. Ìîñêâà, ßðîñëàâñêîå øîññå, 26;

e-mail: elenapokrovskaya@bk.ru)

Ô. À. ÏÎÐÒÍÎÂ, êàíä. òåõí. íàóê, ñòàðøèé ïðåïîäàâàòåëü êàôåäðû
êîìïëåêñíîé áåçîïàñíîñòè â ñòðîèòåëüñòâå, Íàöèîíàëüíûé
èññëåäîâàòåëüñêèé Ìîñêîâñêèé ãîñóäàðñòâåííûé ñòðîèòåëüíûé
óíèâåðñèòåò (Ðîññèÿ, 129337, ã. Ìîñêâà, ßðîñëàâñêîå øîññå, 26;

e-mail: wastingtimefilmart@gmail.com)

ÓÄÊ 699.8:614.8+544+630.3

ÊÈÍÅÒÈ×ÅÑÊÈÅ ÏÀÐÀÌÅÒÐÛ ÀÝÐÎÇÎËÅÉ ÄÛÌÀ
ÏÐÈ ÃÎÐÅÍÈÈ ÌÎÄÈÔÈÖÈÐÎÂÀÍÍÎÉ ÄÐÅÂÅÑÈÍÛ

Èçó÷åíî âëèÿíèå ìîäèôèêàòîðîâ ïîâåðõíîñòíîãî ñëîÿ äðåâåñèíû íà ñòðóêòóðó è êèíåòè÷åñêèå
ïàðàìåòðû àýðîçîëåé, îáðàçóþùèõñÿ ïðè òåðìè÷åñêîì ðàçëîæåíèè äðåâåñèíû. Ïîêàçàíî, ÷òî
ñîãëàñíî ñòàòèñòèêå Ì×Ñ ÐÔ ïðè ïîæàðå íàèáîëüøóþ îïàñíîñòü äëÿ ÷åëîâåêà ïðåäñòàâëÿåò
âîçäåéñòâèå íà íåãî äûìà è ïðîäóêòîâ òåðìè÷åñêîãî ðàçëîæåíèÿ, êîòîðûå âûçûâàþò ó íåãî
äåçîðèåíòàöèþ è ïàíèêó, à òàêæå îòðàâëåíèå, ÷òî ìîæåò âûâåñòè åãî èç ñòðîÿ èëè ñòàòü ïðè÷è-
íîé ãèáåëè. Ïðîâåäåíà îöåíêà: ñòðóêòóðû àýðîçîëåé äûìîâ ãðàíóëîìåòðè÷åñêèì ìåòîäîì ñ ïî-
ëó÷åíèåì ðàñïðåäåëåíèÿ òâåðäûõ ÷àñòèö àýðîçîëÿ ïî ðàçìåðàì; êèíåòè÷åñêèõ õàðàêòåðèñòèê
ñ èñïîëüçîâàíèåì ìàòåìàòè÷åñêèõ ðàñ÷åòîâ íà îñíîâàíèè ïîëó÷åííûõ äàííûõ; óñòîé÷èâîñòè ïî-
âåðõíîñòíîãî ñëîÿ ìîäèôèöèðîâàííîé äðåâåñèíû ïîä äåéñòâèåì âûñîêèõ òåìïåðàòóð (îò 350 �C).
Ñäåëàí âûâîä, ÷òî ïðè èñïîëüçîâàíèè ôîñôîðñîäåðæàùèõ ìîäèôèêàòîðîâ ïîâåðõíîñòíîãî
ñëîÿ äðåâåñèíû ïðîèñõîäèò óìåíüøåíèå åå ñêëîííîñòè ê äûìîîáðàçîâàíèþ, à òàêæå óìåíüøå-
íèå óñòîé÷èâîñòè àýðîçîëÿ, îáðàçóþùåãîñÿ ïðè òåðìè÷åñêîì ðàçëîæåíèè äðåâåñèíû, ÷òî îïðå-
äåëÿåò ñíèæåíèå óðîâíÿ ãèáåëè ëþäåé ïðè ïîæàðå.

Êëþ÷åâûå ñëîâà: àýðîçîëü; äûì; äðåâåñèíà; ìîäèôèöèðîâàíèå; òåðìîäèíàìèêà; ïîâåðõíî-
ñòíûé ñëîé; ôîñôîðîðãàíè÷åñêèå ñîåäèíåíèÿ; óñòîé÷èâîñòü àýðîçîëåé.
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Ââåäåíèå

Ñîãëàñíî Ôåäåðàëüíîìó çàêîíó ¹ 123-ÔÇ “Òåõíè-

÷åñêèé ðåãëàìåíò î òðåáîâàíèÿõ ïîæàðíîé áåçîïàñ-

íîñòè” ñíèæåíèå âèäèìîñòè íà ïóòÿõ ýâàêóàöèè è

òîêñè÷íîñòü ïðîäóêòîâ òåðìè÷åñêîãî ðàçëîæåíèÿ

îòíîñÿòñÿ ê îïàñíûì ôàêòîðàì ïîæàðà (ÎÔÏ). Âîç-

íèêíîâåíèå óêàçàííûõ ÎÔÏ îáóñëîâëåíî îáðàçî-

âàíèåì äûìà ïðè òåðìè÷åñêîì ðàçëîæåíèè ãîðþ-

÷èõ ñòðîèòåëüíûõ ìàòåðèàëîâ. Äûì ïðåäñòàâëÿåò

ñîáîé àýðîçîëü. Íà ïðèìåðå äðåâåñèíû, êàê øèðîêî

ðàñïðîñòðàíåííîãî ñòðîèòåëüíîãî ìàòåðèàëà [1, 2],

îáðàçîâàíèå àýðîçîëåé ìîæíî îõàðàêòåðèçîâàòü ñëå-

äóþùèì îáðàçîì. Ïðè âîçäåéñòâèè âûñîêèõ òåìïå-

ðàòóð (îò 350 °C) ïðîèñõîäèò ðàçëîæåíèå äðåâåñíîãî

êîìïîçèòà ñ âûäåëåíèåì ãîðþ÷èõ ãàçîîáðàçíûõ âå-

ùåñòâ è ïðîòåêàíèå õèìè÷åñêèõ ïðîöåññîâ ðàçëî-

æåíèÿ â òâåðäîé ôàçå [3, 4]. Ïðè ýòîì îáðàçóåòñÿ ïî-

âåðõíîñòíûé êîêñîâûé ñëîé, êîòîðûé â çàâèñèìî-

ñòè îò ñâîéñòâ ìàòåðèàëà è èíòåíñèâíîñòè òåïëîâî-

ãî âîçäåéñòâèÿ ìîæåò õàðàêòåðèçîâàòüñÿ ðàçëè÷íîé

ïîðèñòîñòüþ è óñòîé÷èâîñòüþ ê äèôôóçèè. Íàè-

áîëüøàÿ ñòåïåíü âûäåëåíèÿ äûìà íàáëþäàåòñÿ ïðè

áåñïëàìåííîì òåðìè÷åñêîì ðàçëîæåíèè — òëåíèè,

êîòîðîå ïðîèñõîäèò ïðè òåìïåðàòóðå 350–450 °Ñ.

Îáðàçîâàíèå äûìà ïðè ïîæàðå îïàñíî òåì, ÷òî

ìîæåò âûçâàòü ïàíèêó è äåçîðèåíòàöèþ ÷åëîâåêà â

îïàñíûõ óñëîâèÿõ, à òàêæå óõóäøåíèå óñëîâèé ðà-

áîòû ñïàñàòåëüíûõ ÷àñòåé. Ðÿä èññëåäîâàíèé â îá-

ëàñòè ïîâåäåíèÿ ëþäåé â îïàñíûõ ñèòóàöèÿõ [4–11]

ïîêàçàë, ÷òî ïðè ñíèæåíèè âèäèìîñòè íà ïóòÿõ ýâà-

êóàöèè ëþäè ïðîÿâëÿþò íåæåëàíèå ïîêèäàòü âðå-

ìåííî áåçîïàñíûå ïîìåùåíèÿ (êðîìå ïîìåùåíèé,

â êîòîðûõ âîçíèêëî âîçãîðàíèå). Ýòî ìîæåò ñòàòü

ïðè÷èíîé òîãî, ÷òî ëþäè îêàæóòñÿ îòðåçàííûìè îò

âûõîäà èç çäàíèé, à èõ ýâàêóàöèÿ áóäåò ñîïðîâîæäàòü-

ñÿ äîïîëíèòåëüíûìè æåðòâàìè. Ýòî ñâÿçàíî ñ òåì,

÷òî íàõîæäåíèå ÷åëîâåêà â çàäûìëåííîì ïîìåùå-

íèè ìîæåò ïîâëå÷ü çà ñîáîé âîçíèêíîâåíèå ðåñïè-

ðàòîðíûõ çàáîëåâàíèé è ïàòîëîãèé èç-çà âäûõàíèÿ

òîêñè÷íûõ ïðîäóêòîâ òåðìè÷åñêîãî ðàçëîæåíèÿ.

Â íàñòîÿùåå âðåìÿ èçó÷åíî âëèÿíèå ïîðîäû äðå-

âåñèíû íà ñâîéñòâà äûìîâ [12–14]. Êðîìå òîãî, ðàñ-

ñìîòðåíî âëèÿíèå ìîäèôèöèðîâàíèÿ äðåâåñèíû

íà äûìîîáðàçóþùóþ ñïîñîáíîñòü. Îñîáîå çíà÷å-
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íèå â ýòîì âîïðîñå èìååò ïîâåðõíîñòíîå àäñîðáöè-

îííî-õèìè÷åñêîå ìîäèôèöèðîâàíèå êàê ýôôåêòèâ-

íûé ìåòîä óëó÷øåíèÿ ñâîéñòâ äðåâåñíûõ ìàòåðè-

àëîâ è óìåíüøåíèÿ äûìîîáðàçîâàíèÿ [15]. Âîïðîñ

èçìåíåíèÿ ñòðóêòóðû è ñâîéñòâ àýðîçîëÿ äûìà ÿâ-

ëÿåòñÿ ìàëîèçó÷åííûì. Äåòàëüíàÿ ïðîðàáîòêà ýòîãî

âîïðîñà àêòóàëüíà äëÿ îáåñïå÷åíèÿ áåçîïàñíîñòè

ëþäåé â ñëó÷àå âîçíèêíîâåíèÿ ïîæàðà.

Èñõîäÿ èç âûøåèçëîæåííîãî öåëüþ ðàáîòû ÿâ-

ëÿåòñÿ îöåíêà âëèÿíèÿ ìîäèôèêàòîðîâ ïîâåðõíî-

ñòíîãî ñëîÿ äðåâåñèíû íà îáðàçîâàíèå è óñòîé÷è-

âîñòü àýðîçîëÿ äûìà. Äëÿ ýòîãî íåîáõîäèìî ðåøèòü

ñëåäóþùèå çàäà÷è:
� îïðåäåëèòü êîëè÷åñòâåííûå õàðàêòåðèñòèêè

àýðîçîëåé äûìîâ, îáðàçóþùèõñÿ ïðè òåðìè÷å-

ñêîì ðàçëîæåíèè èñõîäíîé è ìîäèôèöèðîâàí-

íîé äðåâåñèíû;
� îöåíèòü âëèÿíèå ìîäèôèêàòîðîâ íà ñòðóêòóðó è

ñâîéñòâà ïîâåðõíîñòíîãî ñëîÿ äðåâåñèíû ïðè åå

òåðìè÷åñêîì ðàçëîæåíèè.

Ìàòåðèàëû è ìåòîäû èññëåäîâàíèÿ

Äëÿ îöåíêè êîëè÷åñòâåííûõ õàðàêòåðèñòèê àýðî-

çîëÿ áûë ïðîâåäåí ãðàíóëîìåòðè÷åñêèé àíàëèç ñ

ïîìîùüþ ëàçåðíî-äèôðàêöèîííîãî àíàëèçàòîðà ðàç-

ìåðà ÷àñòèö Cilas 1180. Ïðè îáðàçîâàíèè è îñàæäå-

íèè àýðîçîëÿ ïðîèñõîäèëà êîàãóëÿöèÿ ÷àñòèö. Äëÿ

òîãî ÷òîáû îáðàòèòü ýòîò ýôôåêò, îñàæäåííûå ÷àñ-

òèöû ïîìåùàëè â 50 %-íûé ðàñòâîð èçîïðîïàíîëà

â âîäå è ïîäâåðãàëè óëüòðàçâóêîâîìó âîçäåéñòâèþ

äî è âî âðåìÿ èñïûòàíèé.

Îöåíêó äûìîîáðàçóþùåé ñïîñîáíîñòè ïðîâî-

äèëè íà óñòàíîâêå ïî îïðåäåëåíèþ êîýôôèöèåíòà

äûìîîáðàçîâàíèÿ ïî ÃÎÑÒ 12.1.044–89 (ï. 4.18).

Äëÿ èçó÷åíèÿ ýôôåêòèâíîñòè ïîâåðõíîñòíîãî

àäñîðáöèîííî-õèìè÷åñêîãî ìîäèôèöèðîâàíèÿ áûë

âûïîëíåí ýëåìåíòíûé àíàëèç ñ èñïîëüçîâàíèåì ñêà-

íèðóþùåãî ìèêðîñêîïà Quanta 200.

Äëÿ îöåíêè ýíåðãåòè÷åñêèõ ñâîéñòâ ïîâåðõíî-

ñòè îáðàçöîâ ìîäèôèöèðîâàííîé äðåâåñèíû áûë

èñïîëüçîâàí ìåòîä íåéòðàëüíîé êàïëè äëÿ îïðåäå-

ëåíèÿ ïîâåðõíîñòíîãî íàòÿæåíèÿ îáðàçöîâ è ìåòîä

ñîðáöèè ïàðîâ àçîòà íà óñòàíîâêå Quantachrome

NOVA4200e äëÿ îöåíêè óäåëüíîé ïëîùàäè ïîâåðõ-

íîñòè îáðàçöîâ. Äëÿ èññëåäîâàíèé áûëè îòîáðàíû

îáðàçöû îñàæäåííûõ ÷àñòèö àýðîçîëÿ äûìà, îáðà-

çóþùåãîñÿ ïðè òåðìè÷åñêîì ðàçëîæåíèè ìîäèôè-

öèðîâàííîé äðåâåñèíû.

Â êà÷åñòâå ìîäèôèêàòîðîâ ïîâåðõíîñòíîãî ñëîÿ

äðåâåñèíû áûëè èñïîëüçîâàíû 20 %-íûå ðàñòâî-

ðû ýôèðîâ ôîñôîðèñòîé êèñëîòû: äèìåòèëôîñôèò

(ÄÌÔ), äèýòèëôîñôèò (ÄÝÔ), äèáóòèëôîñôèò

(ÄÁÔ), äèôåíèëôîñôèò (ÄÔÔ), ïîëèôîñôàò àììî-

íèÿ (ÏÔÀ-1). Âûáîð ýòèõ ìîäèôèêàòîðîâ îñíîâàí

íà òîì, ÷òî ýôèðû ôîñôîðèñòîé êèñëîòû îòíîñÿòñÿ

ê ìîäèôèêàòîðàì, ñíèæàþùèì ãîðþ÷åñòü è óâåëè-

÷èâàþùèì áèîñòîéêîñòü äðåâåñèíû. Ïîâåðõíîñòíîå

ìîäèôèöèðîâàíèå äðåâåñèíû ïðîèñõîäèëî â ìÿã-

êèõ óñëîâèÿõ (20 °Ñ, 1 àòì) ïðè ðàñõîäå ñîñòàâîâ

200 ã/ì2. Ñãîðàíèå ìîäèôèöèðîâàííîé äðåâåñèíû

ïðîâîäèëîñü â ñïåöèàëüíîé êàìåðå ñãîðàíèÿ â

óñëîâèÿõ òëåíèÿ (T = 450 °Ñ). Îáðàçóþùèéñÿ äûì

ïîñòóïàë â ñïåöèàëüíóþ êàìåðó, â êîòîðîé è ïðîèñ-

õîäèëî îñàæäåíèå ÷àñòèö äûìà â òå÷åíèå ñóòîê.

Ðåçóëüòàòû è èõ îáñóæäåíèå

Â ðåçóëüòàòå èçìåðåíèé ãðàíóëîìåòðè÷åñêèì

ìåòîäîì áûëî óñòàíîâëåíî ðàñïðåäåëåíèå ÷àñòèö

òâåðäîé ôàçû àýðîçîëÿ äûìà ïî ðàçìåðàì â çàâèñè-

ìîñòè îò ìîäèôèêàòîðà ïîâåðõíîñòíîãî ñëîÿ äðå-

âåñèíû (òàáë. 1).

Èç äàííûõ òàáë. 1 âèäíî, ÷òî ìîäèôèêàòîðû ïî-

âåðõíîñòíîãî ñëîÿ äðåâåñèíû îêàçûâàþò çíà÷èòåëü-

íîå âëèÿíèå íà êîëè÷åñòâåííûå õàðàêòåðèñòèêè

àýðîçîëåé äûìîâ, îáðàçóþùèõñÿ ïðè òåðìè÷åñêîì

ðàçëîæåíèè ìîäèôèöèðîâàííîé äðåâåñèíû. Ìàê-

ñèìàëüíûé ðàçìåð òâåðäûõ ÷àñòèö äèñïåðñíîé

ôàçû àýðîçîëÿ äûìà, îáðàçóþùåãîñÿ ïðè òåðìè÷å-

ñêîì ðàçëîæåíèè èñõîäíîé äðåâåñèíû, ñîñòàâëÿåò

25 ìêì. Ïðè èñïîëüçîâàíèè â êà÷åñòâå ìîäèôèêàòî-

ðîâ ÄÌÔ ìàêñèìàëüíûé ðàçìåð ÷àñòèö ñîñòàâëÿåò

20 ìêì, ÏÔÀ-1 — 18 ìêì è ÄÝÔ — 15 ìêì. Èçìåíå-

íèå ðàçìåðà òâåðäûõ ÷àñòèö äèñïåðñíîé ôàçû àýðî-

çîëÿ îêàçûâàåò çíà÷èòåëüíîå âëèÿíèå íà îïòè÷åñêèå

õàðàêòåðèñòèêè äûìà. Ñîãëàñíî äàííûì èñïûòàíèé

ïî îïðåäåëåíèþ êîýôôèöèåíòà äûìîîáðàçîâàíèÿ

ìàêñèìàëüíàÿ äûìîîáðàçóþùàÿ ñïîñîáíîñòü õàðàê-

òåðíà äëÿ èñõîäíîé äðåâåñèíû, â ñëó÷àå æå èñïîëü-

çîâàíèÿ ìîäèôèêàòîðîâ ïðîèñõîäèò çíà÷èòåëüíîå

ñíèæåíèå äûìîîáðàçîâàíèÿ. Ïðè÷åì íàèáîëåå ýô-

ôåêòèâíûì îêàçàëñÿ ÄÝÔ (òàáë. 2).

Äëÿ îáðàçîâàíèÿ ïðî÷íîé è óñòîé÷èâîé ñòðóê-

òóðû ïîâåðõíîñòíîãî ñëîÿ äðåâåñèíû íåîáõîäèìî

îáðàçîâàíèå ïðî÷íûõ êîâàëåíòíûõ ñâÿçåé ìåæäó

ìîäèôèêàòîðîì è êîìïîíåíòàìè ëèãíîóãëåâîäíîãî

êîìïëåêñà äðåâåñèíû. Êîëè÷åñòâåííûå õàðàêòåðè-

ñòèêè õèìè÷åñêîãî ìîäèôèöèðîâàíèÿ îïðåäåëÿþò-

ñÿ èñõîäÿ èç ïðîöåíòíîãî ñîäåðæàíèÿ ôîñôîðà â ïî-

âåðõíîñòíîì ñëîå ìîäèôèöèðîâàííîé äðåâåñèíû.

Íà õàðàêòåð òåðìè÷åñêîãî ðàçëîæåíèÿ äðåâåñèíû,

ìîäèôèöèðîâàííîé ôîñôîðñîäåðæàùèìè îðãàíè-

÷åñêèìè ñîåäèíåíèÿìè, âëèÿþò ïàðàìåòðû îáðàçî-

âàíèÿ è ñòðóêòóðà êîêñîâîãî ñëîÿ. Íàèáîëåå ïðî÷-

íàÿ ñòðóêòóðà êîêñà — ôîñôîðñîäåðæàùàÿ. Íàè-

áîëåå ýôôåêòèâíûì ìîäèôèêàòîðîì ÿâëÿåòñÿ ÄÝÔ,

êîòîðûé îáëàäàåò âûñîêîé óñòîé÷èâîñòüþ ïðè òåð-

ìè÷åñêîì ðàçëîæåíèè ìîäèôèöèðîâàííîé èì äðå-

âåñèíû (òàáë. 3).

Äëÿ îöåíêè óñòîé÷èâîñòè àýðîçîëåé íåîáõîäèìî

óñòàíîâèòü èõ êèíåòè÷åñêèå ïàðàìåòðû: ñêîðîñòü
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êîàãóëÿöèè è ñêîðîñòü ñåäèìåíòàöèè, êîòîðûå îïðå-

äåëÿþòñÿ ñòðîåíèåì òâåðäûõ ÷àñòèö äèñïåðñíîé

ôàçû è áðîóíîâñêèì äâèæåíèåì [16–21]. Ñêîðîñòü

ñåäèìåíòàöèè Wg (ì/ñ) îïèñûâàåòñÿ óðàâíåíèåì

W r gg � 2 92� ��( , (1)

ãäå r — ðàäèóñ òâåðäûõ ÷àñòèö äèñïåðñíîé ôàçû

àýðîçîëåé, ìêì;

� — ïëîòíîñòü ÷àñòèö, êã/ì3;

g — óñêîðåíèå ñâîáîäíîãî ïàäåíèÿ, ì/ñ2;

� — âÿçêîñòü ñðåäû, Ïà·ñ; � = 1,81 �10–4 Ïà·ñ.

Èñõîäÿ èç áðîóíîâñêîãî äâèæåíèÿ ñêîðîñòü êî-

àãóëÿöèè âûðàæàåòñÿ óðàâíåíèåì

d

d

N KT A l

r
N

� �
� �	



�

�


�

4

3
1 2 , (2)

ãäå N — ÷èñëî ÷àñòèö çàäàííîãî ðàäèóñà;

dN�d� — êîëè÷åñòâî ÷àñòèö, âñòóïèâøèõ â êî-

àãóëÿöèþ çà åäèíèöó âðåìåíè;

K — êîíñòàíòà Áîëüöìàíà;

Ò — òåìïåðàòóðà îêðóæàþùåé ñðåäû, °Ñ;

Ò = 70 °Ñ;

A — ïîïðàâî÷íûé êîýôôèöèåíò Ñòîêñà – Êóíè-

õåìà;

l — äëèíà ñâîáîäíîãî ïðîáåãà ìîëåêóëû, íì;

l = 65,3 íì.

r, ìêì

r, µm

Èñõîäíûé
îáðàçåö

Original
wood

Äðåâåñèíà, ìîäèôèöèðîâàííàÿ

Wood ìodified by

ÄÔÔ

DFF

ÄÁÔ

DBF

ÄÌÔ

DMF

ÏÔÀ-1

PFA-1

ÄÝÔ

DEP

0,04–0,30 0,29 0,29 0,33 1,23 0,99 0,76

0,4 0,18 0,24 0,24 0,52 0,95 0,90

0,5 0,24 0,36 0,39 0,59 1,78 1,50

0,6 0,46 1,55 0,61 0,65 1,96 1,82

0,7 0,75 0,89 0,45 1,05 2,37 2,21

0,8 1,16 1,12 1,02 1,57 2,26 2,24

0,9 1,37 1,25 1,13 1,85 2,21 2,43

1,0 1,50 1,39 1,25 2,00 2,35 2,31

1,1 1,57 1,41 1,12 2,06 2,42 2,20

1,2 1,60 1,51 1,36 2,09 2,55 1,94

1,3 1,60 1,55 1,45 2,11 2,59 1,95

1,4 1,61 1,52 1,61 2,11 2,45 1,99

1,6 1,57 1,45 1,57 2,07 2,43 2,52

1,8 1,53 1,40 1,53 2,03 2,49 2,69

2,0 1,47 1,41 1,47 1,96 2,55 2,85

2,2 1,39 1,55 1,68 1,88 2,65 2,93

2,4 1,39 1,67 2,45 1,91 2,68 3,19

2,6 1,46 2,01 3,12 1,97 2,70 3,32

3,0 1,64 2,45 3,56 2,19 2,72 3,62

4,0 2,32 2,86 4,07 2,88 3,01 3,96

5,0 3,26 3,01 4,48 3,51 3,05 4,28

6,0 3,69 3,36 4,65 3,56 3,29 4,41

6,5 3,75 3,41 4,21 3,29 3,73 4,52

7,0 3,73 3,51 3,73 3,25 3,95 5,08

7,5 3,76 3,45 3,76 3,30 4,65 5,38

8,0 3,79 3,36 3,80 3,51 5,15 5,33

8,5 3,86 3,54 3,75 3,84 5,41 5,03

9,0 4,06 3,96 4,06 4,25 5,05 4,73

10,0 4,53 4,12 4,89 5,99 4,86 4,21

11,0 5,12 4,51 5,75 5,85 4,22 3,67

12,0 5,31 4,89 5,25 5,35 3,62 3,21

13,0 5,52 5,01 5,12 5,12 2,86 2,08

14,0 5,65 5,13 4,23 4,45 2,09 0,53

15,0 5,01 4,85 3,54 3,60 1,29 0,21

16,0 4,08 4,25 3,11 2,73 0,59 –

17,0 3,32 3,78 2,15 2,02 0,13 –

18,0 2,60 3,15 1,56 1,15 0,05 –

19,0 1,80 2,58 1,12 0,46 – –

20,0 1,25 1,54 0,36 0,05 – –

22,0 0,70 0,59 0,07 – – –

25,0 0,11 0,12 – – – –

Òàáëèöà 1. Ðàñïðåäåëåíèå ïî ðàçìåðó òâåðäûõ ÷àñòèö äèñ-
ïåðñíîé ôàçû àýðîçîëåé

Table 1. Size distribution of solid particles of the dispersed
phase aerosols

Ñîñòîÿíèå
äðåâåñèíû

Condition of wood

Ñîäåðæàíèå ôîñôîðà, %,
â äðåâåñèíå, ìîäèôèöèðîâàííîé

Phosphorus contents, %,
in wood modified by

ÄÌÔ

DMF

ÄÝÔ

DEP

ÄÁÔ

DBF

ÄÔÔ

DFF

ÏÔÀ-1

PFA-1

Äî òåðìè÷åñêîãî
ðàçëîæåíèÿ

Before thermal
decomposition

2,87 3,57 2,65 2,45 2,11

Ïîñëå òåðìè÷å-
ñêîãî ðàçëîæåíèÿ

After thermal
decomposition

0,85 4,70 0,71 1,06 0,35

Òàáëèöà 3. Ñîäåðæàíèå ôîñôîðà â ïîâåðõíîñòíîì ñëîå
äðåâåñèíû äî è ïîñëå òåðìè÷åñêîãî ðàçëîæåíèÿ

Table 3. Phosphorus concentration in the surface layer of
wood before and after thermal decomposition

Ïîêàçàòåëü

Significative

Èñõîäíûé
îáðàçåö

Original
wood

Äðåâåñèíà, ìîäèôèöèðîâàííàÿ

Wood ìodified by

ÄÌÔ

DMF

ÄÝÔ

DEP

ÄÔÔ

DFF

ÄÁÔ

DBF

ÏÔÀ-1

PFA-1

Dm, ì2/êã

Dm, m2/kg 1100 510 160 740 600 440

Òàáëèöà 2. Äûìîîáðàçóþùàÿ ñïîñîáíîñòü èñõîäíîé è
ìîäèôèöèðîâàííîé äðåâåñèíû

Table 2. Smoke generation ability of the original and the mo-
dified wood
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×èñëî ÷àñòèö òâåðäîé äèñïåðñíîé ôàçû àýðî-

çîëÿ áûëî ïîëó÷åíî íà îñíîâàíèè ìàññû òâåðäîé

äèñïåðñíîé ôàçû àýðîçîëÿ �mîáù è ðàñïðåäåëåíèÿ

÷àñòèö ïî ðàçìåðàì. Ðåçóëüòàòû ðàñ÷åòà êèíåòè÷å-

ñêèõ ïàðàìåòðîâ àýðîçîëÿ ïðåäñòàâëåíû â òàáë. 4.

Â çàâèñèìîñòè îò ìîäèôèêàòîðà ïîâåðõíîñòíî-

ãî ñëîÿ äðåâåñèíû íàáëþäàåòñÿ èçìåíåíèå ñêîðîñòè

êîàãóëÿöèè. Äëÿ ÷àñòèö ðàäèóñîì 0,2 ìêì ñêîðîñòü

êîàãóëÿöèè âîçðàñòàåò â 3–4 ðàçà ïðè èñïîëüçîâà-

íèè ÄÌÔ è ÄÝÔ. Â ñëó÷àå ïðèìåíåíèÿ ÄÔÔ è

ÄÁÔ ñêîðîñòü êîàãóëÿöèè èçìåíÿåòñÿ íåçíà÷èòåëü-

íî, ÷òî îïðåäåëÿåòñÿ ïðèðîäîé ìîäèôèêàòîðîâ ïðè

ôîñôîðèëüíîé ãðóïïå. ÏÔÀ-1 ÿâëÿåòñÿ ñîëåâûì êîì-

ïîíåíòîì, ïðè èñïîëüçîâàíèè êîòîðîãî îáåñïå÷è-

âàåòñÿ áûñòðàÿ êîàãóëÿöèÿ ÷àñòèö ìàëîãî ðàçìåðà

è ìàëàÿ ñêîðîñòü êîàãóëÿöèè êðóïíûõ ÷àñòèö. Ñêî-

ðîñòü êîàãóëÿöèè îïðåäåëÿåòñÿ êîëè÷åñòâîì ÷àñòèö.

Ñ óâåëè÷åíèåì ðàäèóñà ÷àñòèö ñêîðîñòü èõ êîàãó-

ëÿöèè ïðè èñïîëüçîâàíèè ÄÝÔ çíà÷èòåëüíî óìåíü-

øàåòñÿ, ÷òî ñâÿçàíî ñ ìàëîé êîíöåíòðàöèåé êðóï-

íîðàçìåðíûõ ÷àñòèö è íàèìåíüøåé îáùåé ìàññîé

÷àñòèö àýðîçîëÿ, îáðàçóþùåãîñÿ ïðè òåðìè÷åñêîì

ðàçëîæåíèè äðåâåñèíû, ìîäèôèöèðîâàííîé ÄÝÔ.

Äëÿ èçó÷åíèÿ ïðèíöèïà äûìîãàñÿùåãî äåéñòâèÿ

ìîäèôèêàòîðîâ ïðîâåäåíî èññëåäîâàíèå ñâîéñòâ ïî-

âåðõíîñòíîãî ñëîÿ ìîäèôèöèðîâàííîé äðåâåñèíû

è èçìåíåíèÿ åãî âñëåäñòâèå òåðìè÷åñêîãî ðàçëî-

æåíèÿ íà îñíîâàíèè ýíåðãåòè÷åñêèõ õàðàêòåðèñòèê

ïîâåðõíîñòè ìîäèôèöèðîâàííîé äðåâåñèíû äî è

ïîñëå òåðìè÷åñêîãî ðàçëîæåíèÿ. Ðàñ÷åò èçìåíåíèÿ

èçîáàðíî-èçîòåðìè÷åñêîãî ïîòåíöèàëà�G (êÄæ) áûë

âûïîëíåí ñ èñïîëüçîâàíèåì îáúåäèíåííîãî óðàâ-

íåíèÿ I–II íà÷àë òåðìîäèíàìèêè [22–24]:

�G = � dSóä + Sóä d�, (3)

ãäå � — ïîâåðõíîñòíîå íàòÿæåíèå îáðàçöà, Í/ì;

Sóä — óäåëüíàÿ ïëîùàäü ïîâåðõíîñòè îáðàç-

öîâ, ì2/ã.

Ïîëó÷åííûå â ðåçóëüòàòå èñïûòàíèé è ðàñ÷åòîâ

äàííûå ïðèâåäåíû â òàáë. 5.

Äàííûå òàáë. 5 ïîêàçûâàþò, ÷òî ïîâåðõíîñòü îá-

ðàçöà äðåâåñèíû, ìîäèôèöèðîâàííîé ÄÝÔ, îáëàäà-

åò íàèáîëüøåé óñòîé÷èâîñòüþ ïðè òåðìè÷åñêîì ðàç-

ëîæåíèè, òàê êàê îíà õàðàêòåðèçóåòñÿ íàèáîëüøèì

ïîâåðõíîñòíûì íàòÿæåíèåì, à îòêëîíåíèÿ çíà÷å-

íèé�G äî è ïîñëå òåðìè÷åñêîãî ðàçëîæåíèÿ áëèçêè

ê íóëþ.

Íà îñíîâàíèè ïðîâåäåííûõ èññëåäîâàíèé ìîæ-

íî ñäåëàòü ñëåäóþùèå âûâîäû.

Êèíåòè÷åñêèå ïàðàìåòðû ñåäèìåíòàöèè è êîà-

ãóëÿöèè àýðîçîëåé, îáðàçóþùèõñÿ ïðè òåðìè÷åñêîì

ðàçëîæåíèè ìîäèôèöèðîâàííîé äðåâåñèíû, çàâèñÿò

îò ïðèðîäû ìîäèôèêàòîðà. Â ðÿäó ýôèðîâ ôîñôî-

ðèñòîé êèñëîòû íàèëó÷øèì ÿâëÿåòñÿ ÄÝÔ, êîòî-

r, ìêì

r, �m

Wg , ì/ñ

Wg , m/s

Ñêîðîñòü êîàãóëÿöèè òâåðäûõ ÷àñòèö àýðîçîëÿ ïðè ãîðåíèè äðåâåñèíû

The speed of the coagulation of aerosol particulate matter during combustion of wood

èñõîäíîé

original

ìîäèôèöèðîâàííîé / modified by

ÄÌÔ

DMF

ÄÝÔ

DEP

ÄÔÔ

DFF

ÄÁÔ

DBF

ÏÔÀ-1

PFA-1

0,2 2,16 � 10–7 1,40 � 10–8 3,17 � 10–8 5,76 � 10–8 1,10 � 10–8 2,0 � 10–8 1,6 � 10–7

3,0 4,87 � 10–5 1,51 � 10–10 2,69 � 10–10 2,67 � 10–10 3,80 � 10–10 1,0 � 10–9 3,9 � 10–10

10,0 5,40 � 10–4 9,16 � 10–12 1,10 � 10–11 5,20 � 10–12 8,50 � 10–12 1,5 � 10–11 1,0 � 10–11

15,0 1,20 � 10–3 1,99 � 10–12 1,14 � 10–12 1,70 � 10–15 2,34 � 10–12 1,5 � 10–12 1,4 � 10–13

�mîáù, ã / �magg, g 2,60 2,30 1,55 2,45 2,74 2,25

Òàáëèöà 4. Ñêîðîñòü ñåäèìåíòàöèè è êîàãóëÿöèè òâåðäûõ ÷àñòèö àýðîçîëÿ

Table 4. Speed of sedimentation and coagulation of aerosol particulate matter

Ïîêàçàòåëü

Significative

Èñõîäíûé
îáðàçåö

Original wood

Äðåâåñèíà, ìîäèôèöèðîâàííàÿ

Wood ìodified by

ÄÌÔ

DMF

ÄÝÔ

DEP

ÄÔÔ

DFF

ÄÁÔ

DBF

ÏÔÀ-1

PFA-1

� � 103, Í/ì / � � 103, N/m 25,33/16,71 19,91/19,07 25,03/24,06 23,03/19,07 22,36/17,36 20,05/22,24

�G, êÄæ / �G, kJ – –12,68/14,31 –14,5/–14,48 –10,16/–13,69 –6,97/2,43 –2,71/12,35

Ï ð è ì å ÷ à í è å . Íàä ÷åðòîé ïðèâåäåíû äàííûå äëÿ äðåâåñèíû äî òåðìè÷åñêîãî ðàçëîæåíèÿ, ïîä ÷åðòîé — ïîñëå íåãî.

N o t e . Above the line are data for wood before thermal decomposition, under the line is after him.

Òàáëèöà 5. Ýíåðãåòè÷åñêèå õàðàêòåðèñòèêè ïîâåðõíîñòè ìîäèôèöèðîâàííîé äðåâåñèíû

Table 5. Energy characteristics of surface modified wood
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ðûé îïðåäåëÿåò íàèáîëüøóþ ñêîðîñòü ðàçðóøåíèÿ

àýðîçîëÿ äûìà. Ïðèðîäà ìîäèôèêàòîðà âëèÿåò íà

ñâîéñòâà ïîâåðõíîñòè äðåâåñèíû. Ïðè ìîäèôèöè-

ðîâàíèè ïðîèñõîäèò óâåëè÷åíèå ïîâåðõíîñòíîãî

íàòÿæåíèÿ. Èçìåíåíèå èçîáàðíî-èçîòåðìè÷åñêîãî

ïîòåíöèàëà õàðàêòåðèçóåò óñòîé÷èâîñòü ìîäèôèöè-

ðîâàííîé ïîâåðõíîñòè, ÷òî êîëè÷åñòâåííî îïðåäå-

ëÿåòñÿ ñóììàðíîé ìàññîé òâåðäûõ ÷àñòèö äèñïåðñ-

íîé ôàçû àýðîçîëÿ äûìà, à òàêæå óìåíüøåíèåì

ìàêñèìàëüíîãî äèàìåòðà ÷àñòèö. Òàêèì îáðàçîì, ìî-

äèôèöèðîâàíèå äðåâåñèíû ýôèðàìè ôîñôîðèñòîé

êèñëîòû óìåíüøàåò äûìîîáðàçóþùóþ ñïîñîáíîñòü,

÷òî îáóñëàâëèâàåò ñíèæåíèå óðîâíÿ ãèáåëè ëþäåé

ïðè ïîæàðå.
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ABSTRACT

The most hazardous factors of fire are smoke and toxic products of thermal decomposition. In case of

fire it’s going smoke evacuation routes. During the fire the person may be at risk of disorientation and

panic. Smoke is aerosol formed during thermal decomposition of materials. The object of study is

timber, which is widely used in construction. Currently, the influence of wood and wood surface layer

modifiers on smoke-forming ability was studied. The impact of wood surface layer modifiers on

properties of aerosols remains poorly studied. Objective is to evaluate the influence of modifiers of the

surface layer of wood on the formation and stability of aerosol smoke. In the work of elemental

analysis method was used to assess the modifying action of selected esters of acids of phosphorus. It is

known that these compounds are effective flame-retardants, and provide the biostability of wood.

Granulometric analysis conducted to evaluate the properties of aerosol. It was used the method of

“neutral drop” to evaluate the energy characteristics of surface modified wood. As a result of the

elemental analysis the percentage of phosphorus in surface layer of wood before and after thermal

decomposition was obtained. These data lead to the conclusion about high efficiency and stability of

thermal effects of diethyl phosphite as a modifier. Based on granulometric analysis particulate aerosol

distribution by size was obtained. Using of the selected modifiers decreases the maximum size of

the aerosol particles, which reduces the optical smoke density. Esters of phosphorus acids affect

the kinetic parameters of the aerosol. The greatest influence on the reduction of stability of aerosol

provides diethyl phosphite. Aerosol formation, has a smaller particle size, occurs when the thermal
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decomposition of modified wood with thermally stable surface. Thus modifying wood by ethers of

phosphorous acid reduces the propensity to smoke ability that determines the decrease of death in case

of fire.

Keywords: aerosol; smoke; timber; modification; thermodynamics; surface layer; organophosphorus

compounds; aerosol stability.
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