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Â äàííîé ðàáîòå ïðåäñòàâëåí àíàëèç ÷èñëåííîãî èññëåäîâàíèÿ âçàèìîäåéñòâèÿ

ñôåðè÷åñêèõ óäàðíûõ âîëí ñ ãåòåðîãåííûì ñëîåì, ðàñïîëîæåííûì íà ïëîñêîé ïîâåðõ-

íîñòè. Ãàçîâàÿ ôàçà â ãåòåðîãåííîì ñëîå ÿâëÿåòñÿ õèìè÷åñêè àêòèâíîé è ìîäåëèðóåò

ñîñòàâ ãàçîîáðàçíûõ ïðîäóêòîâ ïèðîëèçà ëåñíûõ ãîðþ÷èõ ìàòåðèàëîâ. Êîíäåíñèðîâàí-

íàÿ ôàçà ãåòåðîãåííîãî ñëîÿ ïðåäñòàâëåíà â âèäå íåïîäâèæíîé ðåøåòêè, óçëàìè êîòî-

ðîé ÿâëÿþòñÿ òâåðäûå ÷àñòèöû. ×èñëåííîå ìîäåëèðîâàíèå ïðîâîäèëîñü ñ ðàçäåëåíèåì

ðàñ÷åòà õèìè÷åñêèõ è ãàçîäèíàìè÷åñêèõ ïðîöåññîâ, îáóñëîâëåííîå ðàçíûì âðåìåíåì

èõ ïðîòåêàíèÿ. Â ñèëó òîãî, ÷òî ðàññìàòðèâàåòñÿ ìîäåëüíàÿ çàäà÷à, ñîñòàâ ãàçîîáðàç-

íûõ ïðîäóêòîâ ïèðîëèçà ëåñíûõ ãîðþ÷èõ ìàòåðèàëîâ áûë âçÿò â óïðîùåííîì âèäå.

Ïîëó÷åííûå ðåçóëüòàòû ïîêàçàëè: ó÷åò õèìè÷åñêîãî ïðåâðàùåíèÿ â ãàçîâîé ôàçå ïðè-

âîäèò ê óâåëè÷åíèþ ñêîðîñòè è èíòåíñèâíîñòè óäàðíîé âîëíû, ðàñïðîñòðàíÿþùåéñÿ

ïî ãåòåðîãåííîìó ñëîþ. Êðîìå òîãî, ó÷åò ýíåðãîâûäåëåíèÿ â ãàçîâîé ôàçå çà ñ÷åò õè-

ìè÷åñêîãî ïðåâðàùåíèÿ ïðèâîäèò ê óâåëè÷åíèþ ðàçìåðà ïðåäâåñòíèêà, ñîåäèíÿþùåãî

ãîëîâíîé ôðîíò óäàðíîé âîëíû è ÷àñòü óäàðíîé âîëíû, äâèæóùåéñÿ âíóòðè ñëîÿ.

Êëþ÷åâûå ñëîâà: ÷èñëåííûé ìåòîä; ìàòåìàòè÷åñêàÿ ìîäåëü; çàêîíû ñîõðàíåíèÿ;

óäàðíûå âîëíû; ïðåäâåñòíèê.

Ââåäåíèå

Èíòåðåñ ê èçó÷åíèþ âçàèìîäåéñòâèÿ óäàðíûõ âîëí (ÓÂ) ñ ìåõàíè÷åñêèìè è òåïëî-
âûìè íåîäíîðîäíîñòÿìè ñâÿçàí ñ àíàëèçîì âîçìîæíîñòè ïðèìåíåíèÿ âçðûâà â áîðüáå
ñ ïðèðîäíûìè è òåõíîãåííûìè êàòàñòðîôàìè. Óñïåøíîå ïðèìåíåíèå áûñòðîïðîòåêà-
þùèõ ïðîöåññîâ â áîðüáå ñ ëåñíûìè ïîæàðàìè äàëî âîçìîæíîñòü ïîñòðîèòü ðÿä ìà-
òåìàòè÷åñêèõ ìîäåëåé [1, 2], êîòîðûå ïîçâîëèëè âûÿâèòü íåêîòîðûå îñîáåííîñòè ïðè
âçàèìîäåéñòâèè ÓÂ ñ ôðîíòîì ëåñíîãî ïîæàðà. Ïîëó÷åííûå çàêîíîìåðíîñòè â ïîë-
íîé ìåðå ïðèìåíèìû ê àíàëèçó ïîñëåäñòâèé âçàèìîäåéñòâèÿ êîñìè÷åñêèõ îáúåêòîâ ñ
ïîâåðõíîñòüþ Çåìëè. Â ñâÿçè ñ òåì, ÷òî â ïîñëåäíåå âðåìÿ óâåëè÷èëîñü êîëè÷åñòâî
êðóïíûõ ìåòåîðèòîâ, óïàâøèõ íà íàøó ïëàíåòó, âîçíèêàåò èíòåðåñ ê ìàòåìàòè÷å-
ñêîìó ìîäåëèðîâàíèþ äàííûõ ÿâëåíèé [3�9] ñ ó÷åòîì âñåãî ìíîãîîáðàçèÿ ïðèñóùèõ
äàííîìó ÿâëåíèþ ôàêòîðîâ.

Âõîäÿ â ïëîòíûå ñëîè àòìîñôåðû êîñìè÷åñêîå òåëî èñïûòûâàåò ðåçêîå òîðìî-
æåíèå, â óäàðíîì ñëîå ñîçäàåòñÿ âûñîêîå äàâëåíèå (ïîðÿäêà òûñÿ÷è àòìîñôåð), ÷òî
ïðèâîäèò ê îáðàçîâàíèþ áîëüøèõ ëó÷èñòûõ è òåïëîâûõ ïîòîêîâ. Ïîä äåéñòâèåì âû-
ñîêèõ ìåõàíè÷åñêèõ è òåðìè÷åñêèõ íàïðÿæåíèé ïðîèñõîäèò ðàçðóøåíèå òåëà (êàê
÷àñòè÷íîå, òàê è ïîëíîå) ñ âûäåëåíèåì ýíåðãèè. Â ðåçóëüòàòå ýòîãî îáðàçóþòñÿ óäàð-
íûå âîëíû, êîòîðûå îêàçûâàþò ðàçðóøàþùåå âîçäåéñòâèå íà íàçåìíûå îáúåêòû, à
÷àñòü ýíåðãèè â âèäå èçëó÷åíèÿ ìîæåò ïðèâåñòè ê âîçíèêíîâåíèþ ïîæàðîâ.
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Öåëüþ äàííîé ðàáîòû ÿâëÿåòñÿ èññëåäîâàíèå âëèÿíèÿ âîçìîæíîãî õèìè÷åñêîãî
ïðåâðàùåíèÿ ãàçîîáðàçíûõ ïðîäóêòîâ ïèðîëèçà ëåñíûõ ãîðþ÷èõ ìàòåðèàëîâ â ïðè-
ïîâåðõíîñòíîì ñëîå íà ïàðàìåòðû ïàäàþùåé óäàðíîé âîëíû.

1. Ïîñòàíîâêà çàäà÷è

Ðàññìîòðèì ìîäåëüíóþ çàäà÷ó î âçàèìîäåéñòâèè ñôåðè÷åñêîé ÓÂ ñ ãåòåðîãåí-
íûì ñëîåì íà ïîâåðõíîñòè Çåìëè, çàïîëíåííûì ãàçîîáðàçíûìè ïðîäóêòàìè ïèðî-
ëèçà. Ïóñòü ê íåêîòîðîìó ìîìåíòó âðåìåíè â àòìîñôåðå íà íåêîòîðîé âûñîòå íàä
ïîâåðõíîñòüþ Çåìëè îáðàçîâàëñÿ ñôåðè÷åñêèé îáúåì ñæàòîãî ãîðÿ÷åãî ãàçà, âñå ïàðà-
ìåòðû âíóòðè ýòîãî îáúåìà ðàñïðåäåëåíû ðàâíîìåðíî. Äàííûé îáúåì îáðàçîâàëñÿ â
ðåçóëüòàòå âçðûâà â àòìîñôåðå Çåìëè, íàïðèìåð, íåêîòîðîãî êîñìè÷åñêîãî òåëà. Ïðè
ñèëüíîì àòìîñôåðíîì âçðûâå íà íà÷àëüíîì ýòàïå ðàçâèòèÿ ïðîöåññà çíà÷èòåëüíóþ
ðîëü ìîæåò èãðàòü èçëó÷åíèå, îäíàêî â ðàññìàòðèâàåìîé ïîñòàíîâêå çàäà÷è âëèÿíè-
åì èçëó÷åíèÿ ïðåíåáðåãàåòñÿ. Ýòî îáúÿñíÿåòñÿ òåì, ÷òî â ðàññìàòðèâàåìîé çàäà÷å
≪âûñâå÷èâàíèå≫ îáëàñòè ýíåðãîâûäåëåíèÿ óæå ïðîèçîøëî, è ê ìîìåíòó ôîðìèðîâà-
íèÿ îáúåìà ïîñòîÿííîãî äàâëåíèÿ ðîëü èçëó÷åíèÿ íåñóùåñòâåííà [3]. Ê ïîâåðõíîñòè
Çåìëè ïðèëåãàåò ãåòåðîãåííûé ñëîé âûñîòîé H. Òàêîé ñëîé â äàííîé ïîñòàíîâêå èìè-
òèðóåò ëåñíîé ìàññèâ. Ãàçîâàÿ ôàçà â ýòîì ñëîå ïðåäñòàâëÿåò ïðîäóêòû ïèðîëèçà
ëåñíûõ ãîðþ÷èõ ìàòåðèàëîâ, îáðàçîâàííûå îò âîçäåéñòâèÿ èçëó÷åíèÿ (âñïûøêè) íà
ëåñíîé ìàññèâ.

Â ðåçóëüòàòå ðàçëåòà îáúåìà ñæàòîãî ãàçà ôîðìèðóåòñÿ ñôåðè÷åñêàÿ óäàðíàÿ âîë-
íà, êîòîðàÿ âçàèìîäåéñòâóåò ñ ãåòåðîãåííûì ñëîåì è èíèöèèðóåò â íåì õèìè÷åñêèå
ïðåâðàùåíèÿ.

Ðàñ÷åòíàÿ îáëàñòü (ðèñ. 1) îãðàíè÷åíà ñëåâà îñüþ Oz öèëèíäðè÷åñêîé ñèñòåìû
êîîðäèíàò, êîòîðàÿ ÿâëÿåòñÿ îñüþ ñèììåòðèè. Ñíèçó òâåðäîé ïîâåðõíîñòüþ (îñü Or
öèëèíäðè÷åñêîé ñèñòåìû êîîðäèíàò). Âåðõíÿÿ ãðàíèöà òàêæå ÿâëÿåòñÿ îñüþ ñèììåò-
ðèè. ×èñëåííûå ðàñ÷åòû ïîýòîìó ïðîâîäèëèñü äî ìîìåíòîâ âðåìåíè, ïîêà îòðàæåí-
íàÿ îò íèæíåé ñòåíêè óäàðíàÿ âîëíà íå äîñòèãëà âåðõíåé ãðàíèöû. Ïðàâàÿ ãðàíèöà
îáëàñòè � ñâîáîäíàÿ ãðàíèöà.

Ðèñ. 1. Ñõåìà ðàñ÷åòíîé îáëàñòè â íà÷àëüíûé ìîìåíò âðåìåíè

Â êà÷åñòâå ìàòåìàòè÷åñêîé ìîäåëè ãåòåðîãåííîãî ñëîÿ ðàññìàòðèâàåòñÿ ìàòåìà-
òè÷åñêàÿ ìîäåëü ≪çàìîðîæåííîé≫ ãàçîâçâåñè, ò.å. íåäåôîðìèðîâàííàÿ ðåøåòêà, çà-
ïîëíåííàÿ ãàçîì [10�12]. Òâåðäûå ÷àñòèöû èìèòèðóþò åå óçëû, âëèÿíèåì ñâÿçåé ðå-

Âåñòíèê ÞÓðÃÓ. Ñåðèÿ ≪Ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå
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øåòîê ïðåíåáðåãàåì. Àíàëèç èíâàðèàíòíîñòè îòíîñèòåëüíî ïðåîáðàçîâàíèÿ Ãàëèëåÿ
è âîçìîæíîñòè èñïîëüçîâàíèÿ ìàòåìàòè÷åñêîé ìîäåëè ≪çàìîðîæåííîé≫ ãàçîâçâåñè
áûë ïðîâåäåí â ðàáîòàõ [12, 13].

Ìàòåìàòè÷åñêàÿ ìîäåëü èçó÷àåìîãî ôèçè÷åñêîãî ïðîöåññà ïðåäñòàâëÿåò ñîáîé
ñèñòåìó äèôôåðåíöèàëüíûõ óðàâíåíèé Ýéëåðà äëÿ äâóìåðíîãî îñåñèììåòðè÷íîãî
íåñòàöèîíàðíîãî äâèæåíèÿ ãàçà â öèëèíäðè÷åñêèõ êîîðäèíàòàõ â îáëàñòè ÷èñòîãî
ãàçà è ìîäåëè ≪çàìîðîæåííîé≫ ãàçîâçâåñè â îáëàñòè ãåòåðîãåííîãî ñëîÿ. Ñèñòåìà
çàìûêàåòñÿ óðàâíåíèÿìè ñîñòîÿíèÿ ôàç [14] è óñëîâèÿìè ìåæôàçíîãî âçàèìîäåé-
ñòâèÿ [15, 16]:
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, E1 = e1 +

W 2
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, ρ01 =

ρ1
α1
, α1 = 1− α2,

(1)

ãäå r è z � ðàäèàëüíàÿ è îñåâàÿ êîîðäèíàòû; t � âðåìÿ, u è v � êîìïîíåíòû âåêòîðà
ñêîðîñòè W; P � äàâëåíèå; e1, E1, ρ

0
1 � óäåëüíàÿ âíóòðåííÿÿ è ïîëíàÿ ýíåðãèè ãàçà,

èñòèííàÿ ïëîòíîñòü; γ � ïîêàçàòåëü àäèàáàòû ãàçà; α2 � îáúåìíàÿ äîëÿ ÷àñòèö; cp
� óäåëüíàÿ òåïëîåìêîñòü ïðè ïîñòîÿííîì äàâëåíèè òâåðäîé ôàçû; F è Q � èíòåí-
ñèâíîñòè ñèëîâîãî è òåïëîâîãî âçàèìîäåéñòâèÿ ãàçà ñ óçëàìè ðåøåòêè. Óðàâíåíèÿ,
îïðåäåëÿþùèå ñèëîâîå è òåïëîâîå âçàèìîäåéñòâèå ãàçà è ÷àñòèö, àíàëîãè÷íû óðàâ-
íåíèÿì [15, 16]:

Fr = 0, 75Cdα2ρ
0
1|W1|u1Shd, Fz = 0, 75Cdα2ρ

0
1|W1|v1Shd,

Cd = C0
d (Re)Ψ (M)φ (α) , C0

d =
24
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+ 0, 4, Re = ρ01|W1|
d
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Q = 6α2λ+ 1Nu

(
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c1
c2
e2
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γShd

PrRe0d
, Re0d = ρ01a0

d

µ1

, Shd =
H

d
,

Nu = 2exp (−M) + 0, 459Re0,55Pr0,33, P r =
cp1µ1

λ1

,

(2)

ãäå Cd � êîýôôèöèåíò àýðîäèíàìè÷åñêîãî ñîïðîòèâëåíèÿ ñôåðû; C0
d � êîýôôèöèåíò

àýðîäèíàìè÷åñêîãî ñîïðîòèâëåíèÿ ÷àñòèö â íåñæèìàåìîì áåçãðàíè÷íîì ïîòîêå ãàçà;
M, Re, Nu è Pr � ÷èñëà Ìàõà, Ðåéíîëüäñà, Íóññåëüòà è Ïðàíäòëÿ; d � äèàìåòð
÷àñòèö; λ1, µ1, a1 � òåïëîïðîâîäíîñòü, âÿçêîñòü è ìåñòíàÿ ñêîðîñòü çâóêà ãàçà; a0 �
õàðàêòåðíàÿ ñêîðîñòü çâóêà â íåâîçìóùåííîì ãàçå.

Óðàâíåíèÿ, îïèñûâàþùèå õèìè÷åñêóþ êèíåòèêó ïðîòåêàþùèõ ïðîöåññîâ â ãåòå-
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ðîãåííîì ñëîå, èìåþò âèä:

∂ (ρ1cir)

∂t
+

∂ (ρ1u1cir)

∂r
+

∂ (ρ1v1cir)

∂z
= rsi,

J =
∑
j

qjsj,∑
i

ci = 1, e = T
∑
i

cvici +
∑
i

e0ici,

(3)

ãäå ci, cvi , e0i � îáúåìíûå êîíöåíòðàöèè, ìîëÿðíûå ìàññû, òåïëîåìêîñòè è òåïëîòû
îáðàçîâàíèÿ êîìïîíåíòîâ ãàçà; si � ìàññîâàÿ ñêîðîñòü îáðàçîâàíèÿ (óáûëè) êîìïî-
íåíòà ãàçîâîé ôàçû; qj � òåïëîâîé ýôôåêò j-îé íåçàâèñèìîé ðåàêöèè, sj � ñêîðîñòü
j-é íåçàâèñèìîé ðåàêöèè, e � âíóòðåííÿÿ ýíåðãèÿ ãàçîâîé ñìåñè.

Â ñèëó òîãî, ÷òî â äàííîé ðàáîòå ðàññìàòðèâàåòñÿ ìîäåëü âçàèìîäåéñòâèÿ óäàðíîé
âîëíû ñ õâîéíûì ëåñíûì ìàññèâîì, ãäå ëåñíîé ìàññèâ ïðåäñòàâëåí íàáîðîì ýêðàíè-
ðóþùèõ ðåøåòîê ñ ìàëîé îáúåìíîé äîëåé ëåñíûõ ãîðþ÷èõ ìàòåðèàëîâ, íåîáõîäèìî
â ôîðìóëàõ, îïðåäåëÿþùèõ ìåæôàçíîå âçàèìîäåéñòâèå [15, 16] ïåðåéòè ê ýôôåê-
òèâíîìó çíà÷åíèþ äèàìåòðà ÷àñòèö dýôô. Åãî çíà÷åíèå ìîæíî íàéòè ÷åðåç çíà÷åíèå
îáúåìíîé äîëè è óäåëüíîé ïîâåðõíîñòè S ëåñíûõ ãîðþ÷èõ ìàòåðèàëîâ [17, 18]. Òàê
êàê S = nSý/V , ãäå Sý � ïëîùàäü ïîâåðõíîñòè ýëåìåíòà ëåñíûõ ãîðþ÷èõ ìàòåðèàëîâ;
n � êîëè÷åñòâî èõ ýëåìåíòîâ â îáúåìå ñìåñè V . Ñäåëàåì íåêîòîðûå ïðåîáðàçîâàíèÿ:

S =
Sý
Vý

nVý
V

=
Sý
Vý

α2, (4)

ãäå Vý � îáúåì ýëåìåíòà ëåñíûõ ãîðþ÷èõ ìàòåðèàëîâ. Äëÿ õâîéíîãî ëåñà òàêîé ýëå-
ìåíò èìååò öèëèíäðè÷åñêóþ ôîðìó ñ ðàäèóñîì r è äëèíîé l. Òîãäà:

Sý
Vý

=
2πrl + 2πr2

πr2l
≈ 2

l
, r << l. (5)

Ïîäñòàâëÿÿ (4) â (5) èìååì:

S =
2

r
α2.

Ñ äðóãîé ñòîðîíû, îáúåìíóþ äîëþ è óäåëüíóþ ïîâåðõíîñòü S ÷àñòèö ìîæíî çàïèñàòü
÷åðåç ýôôåêòèâíûé ðàäèóñ ÷àñòèö:

4πr2ýôô =
2

r

4

3
πnr2ýôô.

Òîãäà ñâÿçü ìåæäó dýôô ñ ðàäèóñîì õâîèíêè r áóäåò èìåòü âèä:

dýôô = 3r.

Äëÿ õâîéíîãî ëåñà dýôô=1, 5 · 10−3 ì, à êîýôôèöèåíò àýðîäèíàìè÷åñêîãî ñîïðî-
òèâëåíèÿ ÷àñòèö C0

d=0,03 [19]. Îïðåäåëèì ñîñòàâ ãàçîâîé ôàçû â ãåòåðîãåííîì ñëîå. Â
ðåçóëüòàòå âîçäåéñòâèÿ èçëó÷åíèÿ (âñïûøêè) íà ëåñíîé ìàññèâ, ïðîèñõîäèò ïðîãðåâ
ëåñíûõ ãîðþ÷èõ ìàòåðèàëîâ, ÷òî ïðèâîäèò ê îáðàçîâàíèþ ãàçîîáðàçíûõ ïðîäóêòîâ
ïèðîëèçà. Â ñèëó òîãî, ÷òî ïðîöåññ âçðûâà ðàññìàòðèâàåòñÿ ñ ìîìåíòà îáðàçîâàíèÿ
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îáúåìà ïîñòîÿííîãî äàâëåíèÿ, òî ïðåäïîëàãàåòñÿ ÷òî â ñëîå ðàñïðåäåëåíèå ïàðàìåò-
ðîâ ãàçîâîé ôàçû ðàâíîìåðíî. Â äàííîé ðàáîòå, àíàëîãè÷íî [18] áóäåì ñ÷èòàòü, ÷òî
ãàçîâàÿ ôàçà ñîñòîèò èç ñëåäóþùèõ êîìïîíåíòîâ: N2, O2, CO, CO2, H2O, è â íåé ïðî-
èñõîäèò îäíà ýôôåêòèâíàÿ õèìè÷åñêàÿ ðåàêöèÿ îêèñëåíèÿ îêèñè óãëåðîäà ÑÎ. Ýòî
ñâÿçàíî ñ òåì, ÷òî êîíöåíòðàöèè îñòàëüíûõ êîìïîíåíòîâ íàñòîëüêî ìàëû, ÷òî íå ìî-
ãóò ïîâëèÿòü íà âåëè÷èíó ýíåðãîâûäåëåíèÿ ñìåñè ãàçîîáðàçíûõ ïðîäóêòîâ ïèðîëèçà.
Äëÿ âëàæíûõ ñìåñåé îêèñè óãëåðîäà ÑÎ ñ âîçäóõîì, ñêîðîñòü ðåàêöèè îêèñëåíèÿ
îêèñè óãëåðîäà èìååò âèä [20]:

s = −k0cCO exp(− Ea

RT
),

ãäå k0 = 1, 4 · 1012 ñ−1, Ea = 96370 Äæ/ìîëü � ýíåðãèÿ àêòèâàöèè,
R = 8, 31 Äæ/ìîëü·Ê � óíèâåðñàëüíàÿ ãàçîâàÿ ïîñòîÿííàÿ.

×èñëåííîå ìîäåëèðîâàíèå ðàññìàòðèâàåìîé ìîäåëüíîé çàäà÷è ïðîâîäèëîñü ìåòî-
äîì êðóïíûõ ÷àñòèö [21], à àíàëèç äîñòîâåðíîñòè ïîëó÷åííûõ ðåçóëüòàòîâ ïðîâåðÿë-
ñÿ ïóòåì óìåíüøåíèÿ øàãîâ ïî ïðîñòðàíñòâó. Îñîáåííîñòüþ ÷èñëåííîãî ìîäåëèðîâà-
íèÿ ÿâëÿåòñÿ ðàçäåëåíèå ðàñ÷åòîâ ïî ïðîöåññàì. Ýòî îáúÿñíÿåòñÿ ðàçíûì âðåìåíåì
ïðîòåêàíèÿ õèìè÷åñêèõ è ãàçîäèíàìè÷åñêèõ ïðîöåññîâ. Íà êàæäîì âðåìåííîì øà-
ãå ðåøàþòñÿ ñíà÷àëà óðàâíåíèÿ õèìè÷åñêîé êèíåòèêè, à çàòåì ïðîèçâîäèòñÿ ðàñ÷åò
ãàçîäèíàìè÷åñêèõ ïàðàìåòðîâ ïîòîêà.

Â íà÷àëüíûé ìîìåíò âðåìåíè äàâëåíèå â öåíòðå âçðûâà çàäàâàëîñü ðàâíûì 2500
àòì. Ðàäèóñ îáúåìà ïîñòîÿííîãî äàâëåíèÿ â íà÷àëüíûé ìîìåíò âðåìåíè âûáèðàë-
ñÿ òàêèì, ÷òîáû ïðè ïîäõîäå ê ñëîþ òåìïåðàòóðà íà ôðîíòå óäàðíîé âîëíû áûëà
ðàâíîé îêîëî 1500 Ê. Òàêîé âûáîð îáóñëîâëåí âîçìîæíîñòüþ ïðîòåêàíèÿ ðåàêöèè
ãîðåíèÿ óãàðíîãî ãàçà. Ñîñòàâ ãàçîâîé ôàçû â ãåòåðîãåííîì ñëîå ïðåäñòàâëåí â òàá-
ëèöå. Îïðåäåëÿþùèìè ïàðàìåòðàìè çàäà÷è ÿâëÿþòñÿ òåìïåðàòóðà ãàçîâîé ôàçû è
îáúåìíàÿ äîëÿ ÷àñòèö â ãåòåðîãåííîì ñëîå. Ïåðâûé îïðåäåëÿåò íàëè÷èå ãàçîîáðàçíûõ
ïðîäóêòîâ ïèðîëèçà, ñïîñîáíûõ ê õèìè÷åñêèì ïðåâðàùåíèÿì, à âòîðîé � ñîïðîòèâëå-
íèå äâèæóùåéñÿ óäàðíîé âîëíå. Ðåçóëüòàòû ïðèâåäåíû äëÿ çíà÷åíèÿ T/T0=3, ãäå T0

òåìïåðàòóðà âîçäóõà âíå ãåòåðîãåííîãî ñëîÿ â íà÷àëüíûé ìîìåíò âðåìåíè è îáúåìíîé
äîëè òâåðäîé ôàçû α2=0,005.

Òàáëèöà

Ñîñòàâ ãàçîâîé ôàçû

Êîìïîíåíò N2 O2 CO CO2 H2O
Êîíöåíòðàöèÿ 0,6799 0,199 0,0796 0,00961 0,0319

2. Îñíîâíûå ðåçóëüòàòû

Íà ðèñ. 2 ïðåäñòàâëåíû èçîëèíèè äàâëåíèé. Âèäíî, ÷òî ó÷åò ýíåðãèè ðåàêöèè
îêèñëåíèÿ îêèñè óãëåðîäà ïðèâîäèò ê óâåëè÷åíèþ ñêîðîñòè è èíòåíñèâíîñòè ïàäà-
þùåé ñôåðè÷åñêîé óäàðíîé âîëíû â ãåòåðîãåííîì ñëîå. Êðîìå òîãî, ýòî ïðèâîäèò
ê áîëüøåìó ðîñòó ≪íîæêè≫ Ìàõà, îáðàçîâàííîé â ðåçóëüòàòå ïåðåõîäà ðåãóëÿðíîãî
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îòðàæåíèÿ ê íåðåãóëÿðíîìó, è ïðåäâåñòíèêà, ñîåäèíÿþùåãî ãîëîâíîé ôðîíò óäàðíîé
âîëíû è ÷àñòü óäàðíîé âîëíû, äâèæóùåéñÿ ïî ãåòåðîãåííîìó ñëîþ.
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Ðèñ. 2. Èçîëèíèè äàâëåíèÿ: à) áåç ó÷åòà õèìè÷åñêîãî ïðåâðàùåíèÿ; á) ñ ó÷åòîì
õèìè÷åñêîãî ïðåâðàùåíèÿ
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Ðèñ. 3. Ðàñïðåäåëåíèå äàâëåíèÿ âäîëü ïî-
âåðõíîñòè ãåòåðîãåííîãî ñëîÿ
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Ðèñ. 4. Ðàñïðåäåëåíèå äàâëåíèÿ âäîëü
ñòåíêè

Èçìåíåíèå äàâëåíèÿ âäîëü ïîâåðõíîñòè ãåòåðîãåííîãî ñëîÿ è ðàñïðåäåëåíèå äàâ-
ëåíèÿ âäîëü ñòåíêè íà ìîìåíò âðåìåíè t=0,39 ïîêàçàíî íà ðèñ. 3, 4 (ñïëîøíàÿ ëèíèÿ
� áåç ó÷åòà õèìè÷åñêîãî ïðåâðàùåíèÿ, ïóíêòèðíàÿ � ñ ó÷åòîì õèìè÷åñêîãî ïðåâðà-
ùåíèÿ).

Òàêèì îáðàçîì, â ðåçóëüòàòå ÷èñëåííîãî èññëåäîâàíèÿ ïîêàçàíî, ÷òî ó÷åò õè-
ìè÷åñêîãî ïðåâðàùåíèÿ ïðèâîäèò ê óâåëè÷åíèþ èíòåíñèâíîñòè è ñêîðîñòè óäàðíîé
âîëíû, ðàñïðîñòðàíÿþùåéñÿ ïî ãåòåðîãåííîìó ñëîþ. Ñëåäîâàòåëüíî, ïðè ðàññìîòðå-
íèè çàäà÷ î âîçäåéñòâèè óäàðíûõ âîëí, îáðàçîâàííûõ â ðåçóëüòàòå âçðûâà, íà ëåñíûå
ìàññèâû íåîáõîäèìî ó÷èòûâàòü ýíåðãèþ õèìè÷åñêèõ ðåàêöèé. Ýòî ïîçâîëèò äàòü áî-
ëåå ðåàëüíóþ îöåíêó âîçäåéñòâèÿ âçðûâíîé âîëíû íà ëåñíîé ìàññèâ.
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THE INTERACTION OF SPHERICAL SHOCK WAVES
WITH A NEAR-SURFACE HETEROGENEOUS LAYERS
WITH A CHEMICALLY ACTIVE GAS PHASE
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1South Ural State University, Chelyabinsk, Russian Federation
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This paper presents an analysis of the numerical study of the interaction of spherical

shock waves with a heterogeneous layer located on the strip surface. The gas phase in the

heterogeneous layer is chemically active and simulates the composition of gaseous pyrolysis

products of forest combustible materials. The condensed phase of the heterogeneous

layer is represented as a �xed lattice, the nodes of which are solid particles. The

numerical simulation was carried out with the separation of chemical and gas-dynamic

processes calculation because of di�erent time of their course. Of the fact that the model

problem is considered, the composition of gaseous pyrolysis products of forest combustible

materials was taken in a simpli�ed form. The results showed that the account of chemical

transformation in the gas phase leads to the increase of the speed and intensity of the shock

wave propagating through the heterogeneous layer. In addition, taking into account the

energy release in the gas phase of chemical transformation, leads to an increase in the size

of the precursor connecting the front of the shock wave and part of the shock wave moving

inside the layer.

Keywords: numerical procedure; mathematical model; conservation laws; Courant

number.
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