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Èññëåäîâàíèå ïîñâÿùåíî èçó÷åíèþ âëèÿíèÿ èíòåíñèâíîñòè êîëåáàíèé àýðîçîëÿ íà ðàñïðåäåëå-
íèå ôðàêöèé äèñïåðñíîé êîìïîíåíòû êîàãóëèðóþùåãî àýðîçîëÿ. Â ðàáîòå ÷èñëåííî ìîäåëèðóþò-
ñÿ êîëåáàíèÿ àýðîçîëÿ â çàêðûòîì êàíàëå. Äëÿ îïèñàíèÿ äèíàìèêè íåñóùåé ñðåäû ïðèìåíÿåòñÿ 
äâóõìåðíàÿ íåñòàöèîíàðíàÿ ñèñòåìà óðàâíåíèé Íàâüå-Ñòîêñà äëÿ ñæèìàåìîãî ãàçà, çàïèñàííàÿ 
ñ ó÷åòîì ìåæôàçíîãî ñèëîâîãî âçàèìîäåéñòâèÿ è ìåæôàçíîãî òåïëîîáìåíà. Äëÿ îïèñàíèÿ äèíà-
ìèêè äèñïåðñíîé ôàçû, äëÿ êàæäîé åå ôðàêöèè ðåøàåòñÿ ñèñòåìà óðàâíåíèé, âêëþ÷àþùàÿ â ñåáÿ 
óðàâíåíèå íåðàçðûâíîñòè äëÿ ñðåäíåé ïëîòíîñòè ôðàêöèè, óðàâíåíèÿ ñîõðàíåíèÿ ïðîñòðàí-
ñòâåííûõ ñîñòàâëÿþùèõ èìïóëüñà è óðàâíåíèå ñîõðàíåíèÿ òåïëîâîé ýíåðãèè ôðàêöèè äèñïåðñ-
íîé ôàçû ãàçîâçâåñè. Ìåæôàçíîå ñèëîâîå âçàèìîäåéñòâèå âêëþ÷àëî â ñåáÿ ñèëó Àðõèìåäà, ñèëó 
ïðèñîåäèíåííûõ ìàññ è ñèëó àýðîäèíàìè÷åñêîãî ñîïðîòèâëåíèÿ. Òàêæå ó÷èòûâàëñÿ òåïëîîáìåí 
ìåæäó íåñóùåé ñðåäîé – ãàçîì è êàæäîé èç ôðàêöèé äèñïåðñíîé ôàçû. Ìàòåìàòè÷åñêàÿ ìîäåëü 
äèíàìèêè ïîëèäèñïåðñíîãî àýðîçîëÿ äîïîëíÿëàñü ìàòåìàòè÷åñêîé ìîäåëüþ ñòîëêíîâèòåëüíîé 
êîàãóëÿöèè àýðîçîëÿ. Äëÿ ñîñòàâëÿþùèõ ñêîðîñòè êîìïîíåíò ñìåñè çàäàâàëèñü îäíîðîäíûå ãðà-
íè÷íûå óñëîâèÿ Äèðèõëå. Äëÿ îñòàëüíûõ ôóíêöèé äèíàìèêè ìíîãîôàçíîé ñìåñè çàäàâàëèñü îäíî-
ðîäíûå ãðàíè÷íûå óñëîâèÿ Íåéìàíà. Óðàâíåíèÿ ðåøàëèñü ÿâíûì ìåòîäîì Ìàê-Êîðìàêà ñî ñõå-
ìîé íåëèíåéíîé êîððåêöèè, ïîçâîëÿþùåé ïîëó÷èòü ìîíîòîííîå ðåøåíèå. Â ðåçóëüòàòå ÷èñëåííûõ 
ðàñ÷åòîâ áûëî îïðåäåëåíî, ÷òî âáëèçè ãåíåðèðóþùåãî êîëåáàíèÿ ïîðøíÿ îáðàçóåòñÿ îáëàñòü 
ñ ïîâûøåííûì ñîäåðæàíèåì êðóïíîäèñïåðñíûõ ÷àñòèö. Ïðîöåññ êîàãóëÿöèè ïðèâîäèò ê ìîíîòîí-
íîìó ðîñòó îáúåìíîãî ñîäåðæàíèÿ ôðàêöèè êðóïíîäèñïåðñíûõ ÷àñòèö è ìîíîòîííîìó óìåíüøå-
íèþ îáúåìíîãî ñîäåðæàíèÿ ìåëêîäèñïåðñíûõ ÷àñòèö. Óâåëè÷åíèå èíòåíñèâíîñòè êîëåáàíèé ãàçà 
ïðèâîäèò ê èíòåíñèôèêàöèè ïðîöåññà êîàãóëÿöèè êàïåëü àýðîçîëÿ. 
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Ââåäåíèå
Ìíîãèå ïðèðîäíûå ÿâëåíèÿ è òåõíè÷åñêèå 

ïðîöåññû ñâÿçàíû ñ äâèæåíèåì ñïëîøíûõ 
ñðåä, ÿâëÿþùèõñÿ íåîäíîðîäíûìè ïî ñâîèì 
ìåõàíè÷åñêèì è ôèçèêî-õèìè÷åñêèì ñâîé-
ñòâàì [1−10]. Ïðîáëåìà óäàëåíèÿ äèñïåðñ-
íîé êîìïîíåíòû àýðîçîëüíûõ ñðåä â êàíàëàõ, 
òðóáàõ è åìêîñòÿõ âñòðå÷àåòñÿ â ðÿäå âîïðî-
ñîâ ïðîìûøëåííîé ýíåðãåòèêè [6]. Äëÿ î÷èñò-
êè ãàçîêàïåëüíîãî ïîòîêà îò äèñïåðñíîé ôàçû 
÷àñòî ïðèìåíÿþòñÿ â èíåðöèîííûå ñåïàðàòî-
ðû. Ïðè ýòîì ìåëêîäèñïåðñíûå ÷àñòèöû ïëîõî 
îòäåëÿþòñÿ èíåðöèîííûìè ñåïàðàòîðàìè, 
è âîçíèêàåò çàäà÷à óäàëåíèÿ ìåëêîäèñïåðñíûõ 

÷àñòèö äèñïåðñíîé ôàçû çà ñ÷åò ïîãëîùåíèÿ 
ìåëêîäèñïåðñíûõ êàïåëü êàïëÿìè áîëüøåãî 
ðàçìåðà, ïîñëå ÷åãî êðóïíîäèñïåðñíàÿ ôàçà ãà-
çîêàïåëüíîé ñðåäû îòäåëÿåòñÿ îò ãàçà èíåðöè-
îííûì ñåïàðàòîðîì. 

Èçó÷åíèå äèíàìèêè àýðîçîëüíûõ ñðåä 
â ñëó÷àå, êîãäà êàïåëüíàÿ êîìïîíåíòà ñìåñè 
èìååò ìàññîâóþ äîëþ, ñîïîñòàâèìóþ ñ ìàññî-
âîé äîëåé ãàçà, òðåáóåò èñïîëüçîâàíèÿ ìàòåìà-
òè÷åñêèõ ìîäåëåé, ó÷èòûâàþùèõ èíåðöèîííîå 
è òåïëîâîå âçàèìîäåéñòâèå ãàçîâîé è êàïåëü-
íîé ôàç ñìåñè, ñêîðîñòíóþ è òåïëîâóþ íå-
îäíîðîäíîñòü òå÷åíèÿ ìíîãîôàçíîé ñðåäû [1]. 
Â äàííîé ðàáîòå ïðèìåíÿåòñÿ ìàòåìàòè÷åñêàÿ 
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ìîäåëü, îïèñûâàþùàÿ ïîëÿ ñêîðîñòè è òåì-
ïåðàòóðû ó êàæäîé èç êîìïîíåíò ñìåñè. Äèñ-
ïåðñíàÿ ôàçà ñìåñè ìîäåëèðóåòñÿ êàê ìíîãî-
ôðàêöèîííàÿ – ôðàêöèè äèñïåðñíîé ôàçû 
îòëè÷àþòñÿ ðàçìåðîì äèñïåðñíûõ âêëþ÷åíèé. 
Ìàòåìàòè÷åñêàÿ ìîäåëü äèíàìèêè ïîëèäè-
ñïåðñíîé ãàçîêàïåëüíîé ñðåäû äîïîëíÿëàñü 
ìîäåëüþ ñòîëêíîâèòåëüíîé êîàãóëÿöèè [4, 10]. 

Äàííàÿ ðàáîòà ïîñâÿùåíà èññëåäîâàíèþ 
âëèÿíèÿ êîàãóëÿöèè ÷àñòèö äèñïåðñíîé ôàçû 
àýðîçîëÿ íà ðàñïðåäåëåíèå îáúåìíîãî ñîäåð-
æàíèÿ ôðàêöèé ãàçîâçâåñè ïðè êîëåáàíèÿõ àý-
ðîçîëÿ â çàêðûòîé òðóáå. 

Ìåòîäû èññëåäîâàíèÿ
Äèíàìèêà ïîëèäèñïåðñíîé ãàçîâçâåñè îïè-

ñûâàåòñÿ ñèñòåìîé óðàâíåíèé ïîëèäèñïåðñíîé 
ãàçîâçâåñè ñ ó÷åòîì ìåæôàçíîãî îáìåíà èì-
ïóëüñîì è ýíåðãèåé. Äâèæåíèå íåñóùåé ñðåäû 
îïèñûâàåòñÿ ñèñòåìîé óðàâíåíèé Íàâüå-Ñòîê-
ñà [11] äëÿ ñæèìàåìîãî òåïëîïðîâîäíîãî ãàçà 
ñ ó÷åòîì ìåæôàçíîãî ñèëîâîãî âçàèìîäåéñòâèÿ 
è òåïëîîáìåíà:
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Óðàâíåíèå (1) îïèñûâàåò íåïðåðûâíîñòü 
ïëîòíîñòè íåñóùåé ñðåäû è ñðåäíåé ïëîòíîñòè 
ôðàêöèé äèñïåðñíîé ôàçû (i > 1). Óðàâíåíèÿ (2) 
è (3) îïèñûâàþò çàêîíû ñîõðàíåíèÿ êîìïîíåíò 
âåêòîðà èìïóëüñà íåñóùåé ñðåäû è ôðàêöèé 
äèñïåðñíîé ôàçû ñîîòâåòñòâåííî. Óðàâíåíèÿ 
(4) è (5) îïèñûâàþò çàêîíû ñîõðàíåíèÿ ïîëíîé 
ýíåðãèè ãàçà è òåïëîâîé ýíåðãèè ôðàêöèé äèñ-
ïåðñíîé ôàçû. 

Ñèëà ìåæôàçíîãî âçàèìîäåéñòâèÿ âêëþ÷àåò 
â ñåáÿ ñèëó àýðîäèíàìè÷åñêîãî ñîïðîòèâëå-
íèÿ, ñèëó Àðõèìåäà è ñèëó ïðèñîåäèíåííûõ 
ìàññ [1]. Çäåñü p, ρ

1
, u

1
, v

1
 – äàâëåíèå, ïëîò-

íîñòü, äåêàðòîâû ñîñòàâëÿþùèå ñêîðîñòè íå-
ñóùåé ñðåäû â íàïðàâëåíèè îñåé õ è ó ñîîòâåò-
ñòâåííî; Ò

1
, å

1
 – òåìïåðàòóðà è ïîëíàÿ ýíåðãèÿ 

ãàçà; 
i
, ρ

i
,
 
Ò

i
, Ñ

pi
, å

i
, u

i
, v

i
 – îáúåìíîå ñîäåðæà-

íèå ôðàêöèè äèñïåðñíîé ôàçû, ñðåäíÿÿ ïëîò-
íîñòü, ôèçè÷åñêàÿ ïëîòíîñòü, òåìïåðàòóðà, 
òåïëîåìêîñòü, âíóòðåííÿÿ ýíåðãèÿ, äåêàðòîâû 
ñîñòàâëÿþùèå ñêîðîñòè ôðàêöèé äèñïåðñíîé 
ôàçû; F
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j
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ìåæäó j-îé ôðàêöèåé äèñïåðñíîé ôàçû è íåñó-
ùåé ñðåäîé, j = 2…n, [1, 2]:
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Òåìïåðàòóðà ÷àñòèö i-îé ôðàêöèè ïîñëå 
ïîãëîùåíèÿ áîëåå ìåëêèõ ÷àñòèö íàõîäèòñÿ 
èç óðàâíåíèÿ:

1
*

*
1

1 ( ).
i

i ij j j j j i i i
ji i

T k N C m T C mT
C m
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ñîâ êîàãóëÿöèè õàðàêòåðèçóåòñÿ áåçðàçìåð-
íûì ïàðàìåòðîì ÷èñëîì Âåáåðà – ðàññìàòðè-
âàåòñÿ ÷èñëî Âåáåðà 
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ãäå -êîýôôèöèåíò ïîâåðõíîñòíîãî íàòÿ-
æåíèÿ æèäêîñòè, èç êîòîðîé ñôîðìèðîâà-
íû êàïëè àýðîçîëÿ, 

1
 – ïëîòíîñòü íåñóùåé 

ñðåäû. Â ìîäåëèðóåìûõ ïðîöåññàõ îòíîñè-
òåëüíûå ÷èñëà Âåáåðà äëÿ ôðàêöèé äèñïåðñ-

íîé ôàçû èìåþò çíà÷åíèå ìåíüøå êðèòè÷åñêî-
ãî We

êð
 ≈ 10.

Äëÿ ñîñòàâëÿþùèõ ñêîðîñòè êîìïîíåíò 
ñìåñè çàäàâàëèñü îäíîðîäíûå ãðàíè÷íûå óñëî-
âèÿ Äèðèõëå. Äëÿ îñòàëüíûõ ôóíêöèé äèíàìè-
êè ìíîãîôàçíîé ñìåñè çàäàâàëèñü îäíîðîäíûå 
ãðàíè÷íûå óñëîâèÿ Íåéìàíà.

Ñèñòåìà óðàâíåíèé äèíàìèêè ìíîãîôàçíîé 
ñðåäû (1)−(5) ðåøàëàñü äâóõýòàïíûì ÿâíûì êî-
íå÷íî-ðàçíîñòíûì ìåòîäîì Ìàê-Êîðìàêà, ïî-
çâîëÿþùèì ïîëó÷àòü ðåøåíèÿ âòîðîãî ïîðÿä-
êà òî÷íîñòè [11]. 

Ðàññìîòðèì ïðèìåíåíèå ÷èñëåííîãî àë-
ãîðèòìà íà ïðèìåðå ñêàëÿðíîãî íåëèíåéíîãî 
óðàâíåíèÿ â ÷àñòíûõ ïðîèçâîäíûõ (7):

     .a f b ff c f
t x y

 
  

  
 (7)

Àëãîðèòì ÿâíîãî êîíå÷íî-ðàçíîñòíîãî 
ìåòîäà Ìàê-Êîðìàêà äëÿ íåëèíåéíîãî óðàâíå-
íèÿ (7) èìååò âèä (8)−(9):
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Çäåñü Δõ, y − øàãè ïî ïðîñòðàíñòâåííûì 
íàïðàâëåíèÿì, Δt – øàã ïî âðåìåíè. 

Ïîñëå êàæäîãî âðåìåííîãî øàãà äëÿ ïîëó-
÷åíèÿ ìîíîòîííîãî ÷èñëåííîãî ðåøåíèÿ ïðè-
ìåíÿëàñü ñõåìà íåëèíåéíîé êîððåêöèè ÷èñëåí-
íîãî ðåøåíèÿ [12].

Ðåçóëüòàòû ðàñ÷åòîâ
Â ðàñ÷åòàõ çàäàâàëèñü ñëåäóþùèå ïàðàìå-

òðû ìîäåëèðóåìîãî ïðîöåññà. Äèñïåðñíàÿ ôàçà 
ãàçîâçâåñè ñîñòîÿëà èç äâóõ ôðàêöèé ñ äèàìå-
òðàìè ÷àñòèö d = 2 ìêì è d = 200 ìêì, îáúåì-
íûìè ñîäåðæàíèÿìè êàæäîé ôðàêöèè α

2
 = α

3
 = 

0,005 ñ äèñïåðñíûìè âêëþ÷åíèÿìè, ðàâíîìåð-
íî ðàñïðåäåëåííûìè ïî âñåé åìêîñòè, äëÿ íà-
÷àëüíîãî ìîìåíòà âðåìåíè ôèçè÷åñêîé ïëîò-
íîñòüþ ìàòåðèàëà ÷àñòèö ρ

20
 = ρ

30
 = 1000 êã/ì3. 

Ïðè t = 0 ïîðøåíü íà÷èíàë äâèæåíèå ïî ãàðìî-
íè÷åñêîìó çàêîíó x(t) = Asin(wt), ãäå  – öè-
êëè÷åñêàÿ ÷àñòîòà ïåðâîãî ëèíåéíîãî ðåçîíàí-
ñà êîëåáàíèé â çàêðûòîé òðóáå, = ñ/L [13]. 
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Íà ðèñ. 1 ñõåìàòè÷åñêè èçîáðàæåí àêóñòè÷å-
ñêèé ðåçîíàòîð. Âûñîòà àêóñòè÷åñêîãî ðåçîíà-
òîðà – L = 06938 ì, äèàìåòðà òðóáû – h = 0,1 ì. 
Ðàñ÷åòíûå ïàðàìåòðû ñåòêè – 200 óçëîâ â íà-
ïðàâëåíèè ó è 40 óçëîâ â íàïðàâëåíèè x.

Ðèñ. 1. Ñõåìàòè÷åñêîå èçîáðàæåíèå 
àêóñòè÷åñêîãî ðåçîíàòîðà

Fig. 1. Schematic representation 
of an acoustic resonator

Ñõåìà äàííîãî ðåçîíàòîðà èñïîëüçîâàíà 
â ôèçè÷åñêîì ýêñïåðèìåíòå [8]. Âåðòèêàëü-
íîå ðàñïîëîæåíèå êàíàëà, â êîòîðîì ïðîèñ-
õîäÿò êîëåáàíèÿ àýðîçîëÿ, îáúÿñíÿåòñÿ òåì, 
÷òî ïðè òàêîì ðàñïîëîæåíèè àêóñòè÷åñêîãî ðå-
çîíàòîðà ïðîöåññ ãðàâèòàöèîííîãî îñàæäåíèÿ 
áîëåå äëèòåëüíûé. Ïðîñòðàíñòâåííîå ðàñïðå-
äåëåíèå ó-ñîñòàâëÿþùåé ñêîðîñòè ãàçà ïðè êî-
ëåáàíèÿõ äâóõôðàêöèîííîé ãàçîâçâåñè ïðåä-
ñòàâëåíî íà ðèñ. 2, íà ïîâåðõíîñòè ïîðøíÿ 
è íà çàêðûòîì êîíöå êàíàëà íàáëþäàþòñÿ ìè-
íèìàëüíûå çíà÷åíèÿ ñêîðîñòè, íàèáîëüøåå 
çíà÷åíèå ó-ñîñòàâëÿþùàÿ ñêîðîñòè ãàçà äî-
ñòèãàåò âáëèçè ñåðåäèíû êàíàëà. Êîëåáàíèÿ 
ñòîëáà ãàçà â îäíîðîäíîì ãàçå è â àýðîçîëå 
îòëè÷àþòñÿ èíòåíñèâíîñòüþ (ðèñ. 3), ÷òî âû-
çâàíî ìåæôàçíûì âçàèìîäåéñòâèåì íåñóùåé 
ñðåäû è äèñïåðñíîé ôàçû. Ïðè àìïëèòóäàõ 
õîæäåíèÿ ïîðøíÿ A = 0,05 ñì è A = 0,1 ñì âå-

ëè÷èíû èçìåíåíèÿ ó-ñîñòàâëÿþùåé ñêîðîñòè 
ãàçà â äâóõôðàêèîííîé ãàçîâçâåñè ñîñòàâëÿþò, 
ñîîòâåòñòâåííî, 0,69 è 0,715 îò âåëè÷èí èçìå-
íåíèÿ ó-ñîñòàâëÿþùåé ñêîðîñòè ãàçà ïðè ñîîò-
âåòñòâóþùèõ àìïëèòóäàõ õîæäåíèÿ ïîðøíÿ. 
Òàêèì îáðàçîì, ïðè âîçáóæäåíèè ïîðøíåì 
áîëåå èíòåíñèâíûõ êîëåáàíèé âëèÿíèå äèñ-
ïåðñíîé ôàçû ÿâëÿåòñÿ ìåíåå ñóùåñòâåííûì.

Ðèñ. 2. Ïðîñòðàíñòâåííîå ðàñïðåäåëåíèå 
y-ñîñòàâëÿþùåé ñêîðîñòè ãàçà â ìîìåíò âðåìåíè 

t = 0,62 c

Fig. 2. Spatial distribution of the y-component 
of the gas velocity at the moment of time t = 0,62 c

Äëÿ ôðàêöèé êðóïíûõ ÷àñòèö ñêîðîñòè êî-
ëåáàíèé èìåþò ñóùåñòâåííîå îòëè÷èå îò ñêî-
ðîñòè êîëåáàíèé ìåëêîäèñïåðñíûõ ÷àñòèö, 
ïðè ýòîì ìåëêîäèñïåðñíûå ÷àñòèöû èìåþò 
íåñóùåñòâåííûå ñêîðîñòíûå îòëè÷èÿ â ñðàâíå-
íèè ñ íåñóùåé ñðåäîé (ðèñ. 4). Íà ðèñ. 5 èçî-
áðàæåíû âðåìåííûå çàâèñèìîñòè îáúåìíûõ 
ñîäåðæàíèé ôðàêöèé äèñïåðñíîé ôàçû. Èç ðè-
ñóíêà ñëåäóåò, ÷òî ìàññîïåðåíîñ ÷àñòèö êðóï-
íîé ôðàêöèè ïðîèñõîäèò ñ áîëüøåé èíòåí-
ñèâíîñòüþ. Òàê êàê äëÿ áîëåå êðóïíûõ êàïåëü 
çà ñ÷åò èõ áîëüøåé èíåðöèîííîñòè âîçíèêàþò 
óñëîâèÿ íåñèììåòðè÷íîñòè ïåðåäà÷è èìïóëüñà 
êàïëå íà ôàçàõ ñæàòèÿ è ðàçðåæåíèÿ ïðè âîë-
íîâûõ êîëåáàíèÿõ ãàçà [9, 14], óñèëèâàåòñÿ 
äðåéô äèñïåðñíûõ âêëþ÷åíèé. Íà ðèñ. 6 ïðåä-
ñòàâëåíû âðåìåííûå çàâèñèìîñòè îáúåìíîãî 
ñîäåðæàíèÿ ôðàêöèé äèñïåðñíîé ôàçû, ïîëó-
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Ðèñ. 3. Âðåìåííûå çàâèñèìîñòè ñêîðîñòè ãàçà 
â äâóõêîìïîíåíòíîé ãàçîâçâåñè 

äëÿ ðàçëè÷íûõ àìïëèòóä õîæäåíèÿ ïîðøíÿ. 
Ðàñ÷åòû, ïîëó÷åííûå ïî ìîäåëè 

îäíîðîäíîãî âÿçêîãî ãàçà: 
êðèâàÿ 1 – àìïëèòóäà õîæäåíèÿ ïîðøíÿ À = 0,05 ñì, 
êðèâàÿ 3 – àìïëèòóäà õîæäåíèÿ ïîðøíÿ À = 0,1 ñì. 

Ðàñ÷åòû, ïîëó÷åííûå ïî ìîäåëè 
äâóõôðàêöèîííîé ãàçîâçâåñè: 

êðèâàÿ 2 – àìïëèòóäà õîæäåíèÿ ïîðøíÿ À = 0,05 ñì, 
êðèâàÿ 4 – àìïëèòóäà õîæäåíèÿ ïîðøíÿ A = 0,1 ñì

Fig. 3. Time dependences of the gas velocity 
in a two-component gas suspension for different 
amplitudes of piston stroke. Calculations obtained 

by the model of a homogeneous viscous gas: 
curve 1 – piston stroke amplitude À = 0,05 cm, 
curve 3 – piston stroke amplitude À = 0,1 cm. 

Calculations obtained by the model of a two-fraction 
gas suspension: curve 2 – piston stroke amplitude 

À = 0,05 cm, curve 4 – piston stroke amplitude 
A = 0,1 cm

Ðèñ. 5. Âðåìåííûå çàâèñèìîñòè âåëè÷èíû 
îáúåìíûõ ñîäåðæàíèé:  

ìåëêîäèñïåðñíîé ôðàêöèè d = 2 ìêì – 
êðèâàÿ 1 – è êðóïíîäèñïåðñíîé ôðàêöèè d = 200 

ìêì – êðèâàÿ 2 – â òî÷êå x = h/2, y = L/20
Fig. 5. Time dependences of the volumetric content 

of the fine fraction d = 2 μm – curve 1 
and the coarse fraction d = 200 μm – curve 2 

at the point x = h/2, y = L/20

Ðèñ. 4. Âðåìåííàÿ çàâèñèìîñòü ó-ñîñòàâëÿþùåé 
ñêîðîñòè êîìïîíåíò ñìåñè: 

êðèâàÿ 1 – íåñóùàÿ ñðåäà; êðèâàÿ 2 – ôðàêöèÿ 
äèñïåðñíîé ôàçû ñ ðàçìåðîì ÷àñòèö d = 2 ìêì; 

êðèâàÿ 3 – ôðàêöèÿ äèñïåðñíîé ôàçû d = 200 ìêì 
â òî÷êå x = h/2, y = L/20

Fig. 4. Time dependence of ó velocity component 
of the mixture components, curve 1 – carrier medium; 

curve 2 – fraction of the dispersed phase 
with a particle size of d = 2 μm; curve 3 – fraction 

of the dispersed phase d = 200 μm at the point 
x = h/2, y = L/20

Ðèñ. 6. Âðåìåííûå çàâèñèìîñòè îáúåìíîãî 
ñîäåðæàíèÿ ôðàêöèé äèñïåðñíîé ôàçû 

â òî÷êå x = h/2, y = L/20. 
Îáúåìíûå ñîäåðæàíèÿ ôðàêöèé ÷àñòèö äèñïåðñíîé 

ôàçû ïðè âîçáóæäåíèè êîëåáàíèé ñ àìïëèòóäîé 
õîæäåíèÿ ïîðøíÿ À = 0,5 ñì:

êðèâàÿ 1 – ÷àñòèöû ñ ðàçìåðîì d = 2 ìêì; 
êðèâàÿ 2 – ÷àñòèöû ñ ðàçìåðîì d = 200 ìêì.

Îáúåìíûå ñîäåðæàíèÿ ôðàêöèé ÷àñòèö äèñïåðñíîé 
ôàçû ïðè âîçáóæäåíèè êîëåáàíèé ñ àìïëèòóäîé 

õîæäåíèÿ ïîðøíÿ À = 1 ñì:
êðèâàÿ 3 – ÷àñòèöû ñ ðàçìåðîì d = 2 ìêì; 

êðèâàÿ 4 – ÷àñòèöû ñ ðàçìåðîì d = 200 ìêì
Fig. 6. Time dependences of the volumetric content 

of the dispersed phase fractions at the point 
x = h/2, y = L/20. The volumetric content of fractions 
of particles of the dispersed phase upon excitation 

of oscillations with an amplitude of piston movement 
À = 0,5 cm; curve 1 – particles with a size 
of d = 2 μm; curve 2 – particles with a size 

of d = 200 μm. Volumetric content of fractions 
of dispersed phase particles upon excitation 

of oscillations with the amplitude of piston travel 
À = 1 cm; curve 3 – particles with a size of d = 2 μm; 

curve 4 – particles with a size of d = 200 μm
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÷åííûå ðàñ÷åòàìè ìàòåìàòè÷åñêîé ìîäåëè, 
ó÷èòûâàþùåé êîàãóëÿöèþ ÷àñòèö. Çà ñ÷åò ïî-
ãëîùåíèÿ ìåëêèõ ÷àñòèö êðóïíûìè íàáëþäà-
åòñÿ ìîíîòîííûé ðîñò îáúåìíîãî ñîäåðæàíèÿ 
ôðàêöèè êðóïíûõ ÷àñòèö è ìîíîòîííîå óáûâà-
íèå îáúåìíîãî ñîäåðæàíèÿ ìåëêèõ ÷àñòèö. 

Íà ðèñ. 7 ïðåäñòàâëåíû ÷èñëåííûå ðàñ÷åòû 
ïðîñòðàíñòâåííûõ ðàñïðåäåëåíèé îáúåìíîãî 
ñîäåðæàíèÿ ôðàêöèé äèñïåðñíîé ôàçû ãàçîâç-
âåñè, ïîëó÷åííûå ïðè ìîäåëèðîâàíèè êîëåáà-
íèé ñ ðàçëè÷íîé èíòåíñèâíîñòüþ õîæäåíèÿ 
ïîðøíÿ äëÿ ìàòåìàòè÷åñêîé ìîäåëè, íå ó÷è-
òûâàþùåé êîàãóëÿöèè êàïåëü. Ïðè áîëüøåé 
èíòåíñèâíîñòè âîçáóæäåíèÿ êîëåáàíèé ñðåäû 
âáëèçè ïîðøíÿ (âáëèçè óçëà ñòîÿ÷åé âîëíû 
ïîëÿ ñêîðîñòè äëÿ ïåðâîãî ëèíåéíîãî ðåçî-
íàíñà â çàêðûòîé òðóáå) îáëàñòü ïîâûøåííîé 

êîíöåíòðàöèè [9, 14] êðóïíîäèñïåðñíûõ ÷àñòèö 
ôîðìèðóåòñÿ áîëåå èíòåíñèâíî. 

Ðàñ÷åòû îáúåìíûõ ñîäåðæàíèé ôðàêöèé äèñ-
ïåðñíîé ôàçû ñ ó÷åòîì âëèÿíèÿ êîàãóëÿöèè 
ïðåäñòàâëåíû íà ðèñ. 8. Óâåëè÷åíèå èíòåíñèâ-
íîñòè õîæäåíèÿ ïîðøíÿ ïðèâîäèò ê èíòåíñèôè-
êàöèè ïðîöåññà êîàãóëÿöèè ÷àñòèö – óâåëè÷å-
íèþ îáúåìíîãî ñîäåðæàíèÿ êðóïíîäèñïåðñíîé 
ôðàêöèè è óìåíüøåíèþ îáúåìíîãî ñîäåðæàíèÿ 
ìåëêîäèñïåðñíîé ôðàêöèè. 

Âûâîäû
Â ðåçóëüòàòå ÷èñëåííîãî ìîäåëèðîâàíèÿ 

áûëî âûÿâëåíî, ÷òî â ïðîöåññå êîëåáàíèé ïî-
ëèäèñïåðñíîé ãàçîâçâåñè âáëèçè óçëà ñòîÿ÷åé 
âîëíû ïîëÿ ñêîðîñòè ãàçà ôîðìèðóåòñÿ îá-
ëàñòü ñ ïîâûøåííûì ñîäåðæàíèåì êðóïíîäè-

Ðèñ. 7. Ïðîñòðàíñòâåííîå ðàñïðåäåëåíèå îáúåìíîãî 
ñîäåðæàíèé ôðàêöèé ãàçîâçâåñè âäîëü îñè x = h/2 

â ìîìåíò âðåìåíè t = 0,62 c.
Îáúåìíûå ñîäåðæàíèÿ ôðàêöèé ÷àñòèö äèñïåðñíîé 

ôàçû ïðè âîçáóæäåíèè êîëåáàíèé ñ àìïëèòóäîé 
õîæäåíèÿ ïîðøíÿ À = 0,5 ñì: 

êðèâàÿ 1 – ÷àñòèöû ñ ðàçìåðîì d = 2 ìêì; 
êðèâàÿ 2 – ÷àñòèöû ñ ðàçìåðîì d = 200 ìêì.

Îáúåìíûå ñîäåðæàíèÿ ôðàêöèé ÷àñòèö äèñïåðñíîé 
ôàçû ïðè âîçáóæäåíèè êîëåáàíèé ñ àìïëèòóäîé 

õîæäåíèÿ ïîðøíÿ À = 1 ñì:
êðèâàÿ 3 – ÷àñòèöû ñ ðàçìåðîì d = 2 ìêì; 

êðèâàÿ 4 – ÷àñòèöû ñ ðàçìåðîì d = 200 ìêì

Fig 7. Spatial distribution of the volumetric content 
of the gas suspension fractions along x = h/2 
at the time t = 0,62 s. The volumetric content 

of fractions of particles of the dispersed phase upon 
excitation of oscillations with an amplitude of piston 

movement À = 0,5 cm; curve 1 – particles 
with a size of d = 2 μm; curve 2 – particles 

with a size of d = 200 μm. The volumetric content 
of fractions of particles of the dispersed phase 

upon excitation of oscillations with an amplitude 
of piston movement À = 1 cm; curve 3 – particles 

with a size of d = 2 μm; curve 4 – particles 
with a size of d = 200 μm

Ðèñ. 8. Ïðîñòðàíñòâåííîå ðàñïðåäåëåíèå îáúåìíîãî 
ñîäåðæàíèé ôðàêöèé ãàçîâçâåñè âäîëü îñè x = h/2 

â ìîìåíò âðåìåíè t = 0,62 c. 
Îáúåìíûå ñîäåðæàíèÿ ôðàêöèé ÷àñòèö äèñïåðñíîé 

ôàçû ïðè âîçáóæäåíèè êîëåáàíèé ñ àìïëèòóäîé 
õîæäåíèÿ ïîðøíÿ A = 0,05 ñì: 

êðèâàÿ 1 – ÷àñòèöû ñ ðàçìåðîì d = 2 ìêì; 
êðèâàÿ 2 – ÷àñòèöû ñ ðàçìåðîì d = 200 ìêì. 

Îáúåìíûå ñîäåðæàíèÿ ôðàêöèé ÷àñòèö äèñïåðñíîé 
ôàçû ïðè âîçáóæäåíèè êîëåáàíèé ñ àìïëèòóäîé 

õîæäåíèÿ ïîðøíÿ À = 1 ñì: 
êðèâàÿ 3 – ÷àñòèöû ñ ðàçìåðîì d = 2 ìêì; 

êðèâàÿ 4 – ÷àñòèöû ñ ðàçìåðîì d = 200 ìêì

Fig. 8. Spatial distribution of the volumetric content 
of the gas suspension fractions along the – 

x = h/2 axis at the time t = 0,62 s. Volumetric 
content of fractions of dispersed phase particles 

upon excitation of oscillations with a piston stroke 
amplitude A = 0.05 cm; curve 1 – particles with 

a size of d = 2 μm; curve 2 – particles with a size 
of d = 200 μm. Volumetric content of fractions 
of dispersed phase particles upon excitation 

of oscillations with the amplitude of piston travel 
À = 1 ñì; curve 3 – particles with a size of d = 2 ìêì; 

curve 4 – particles with a size of d = 200 μm
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ñïåðñíûõ ÷àñòèö. Ïðè óâåëè÷åíèè àìïëèòóäû 
õîæäåíèÿ ïîðøíÿ èíòåíñèâíîñòü ôîðìèðî-
âàíèÿ îáëàñòè ñ ïîâûøåííûì ñîäåðæàíèåì 
êðóïíîäèñïåðñíûõ ÷àñòèö âîçðàñòàåò. Ó÷åò 
êîàãóëÿöèè êàïåëü àýðîçîëÿ äåìîíñòðèðó-
åò òî, ÷òî çà ñ÷åò ïîãëîùåíèÿ ìåëêèõ êàïåëü 
êðóïíûìè êàïëÿìè ïðîèñõîäèò ìîíîòîííîå 
óâåëè÷åíèå îáúåìíîãî ñîäåðæàíèÿ êðóïíî-
äèñïåðñíûõ ÷àñòèö è ìîíîòîííîå óìåíüøå-
íèå îáúåìíîãî ñîäåðæàíèÿ ìåëêîäèñïåðñíûõ 
÷àñòèö. Â îáëàñòè ïîâûøåííîé êîíöåíòðàöèè 
êðóïíîäèñïåðñíîé ôðàêöèè çà ñ÷åò êîàãóëÿ-
öèè îáúåìíîå ñîäåðæàíèå ìåëêîäèñïåðñíûõ 
÷àñòèö ñóùåñòâåííî óìåíüøàåòñÿ. Óâåëè÷åíèå 
èíòåíñèâíîñòè êîëåáàíèé ãàçà â àêóñòè÷åñêîì 
ðåçîíàòîðå èíòåíñèôèöèðóåò ïðîöåññ êîàãóëÿ-
öèè, óâåëè÷èâàÿ îáúåìíîå ñîäåðæàíèå êðóïíî-
äèñïåðñíîé ôðàêöèè çà ñ÷åò óìåíüøåíèÿ îáú-
åìíîãî ñîäåðæàíèÿ ìåëêîäèñïåðñíûõ ÷àñòèö. 
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NUMERICAL STUDY OF THE EFFECT OF DROPLET COAGULATION INTENSITY 
ON POLYDISPERSE AEROSOL FRACTION DISTRIBUTION

D.A. Tukmakov
Federal Research Center Kazan Scientific Center of the Russian Academy of Sciences, Kazan, Russia 

tukmakovDA@imm.knc.ru

The paper is devoted to the study of the effect of the intensity of aerosol fluctuations on the distribution of 
fractions of the dispersed component of the coagulating aerosol. Oscillations of aerosol in closed chan-
nel are numerically modeled in operation. To describe the dynamics of the carrier medium, a two-dimen-
sional non-stationary system of Navier-Stokes equations for compressed gas is used. They are written 
taking into account interfacial power interaction and interfacial heat exchange. To describe the dynamics 
of the dispersed phase, a system of equations is solved for each of its fractions. It includes an equation 
of continuity for the “average density” of the fraction, equations of preservation of spatial components 
of the pulse and an equation of preservation of thermal energy of the fraction of the dispersed phase of 
the gas suspension. Phase-to-phase power interaction included Archimedes force, attached mass force, 
and aerodynamic drag force. Heat exchange between the carrier medium-gas and each of the fractions 
of the dispersed phase was also taken into account. The mathematical model of dynamics of polydis-
perse aerosol was supplemented by the mathematical model of collision coagulation of aerosol. For the 
velocity components of the mixture, uniform Dirichlet boundary conditions were set. For the remaining 
functions of the dynamics of the multiphase mixture, uniform Neumann boundary conditions were set. 
The equations were solved by the explicit McCormack method with a nonlinear correction scheme that 
allows to obtain a monotone solution. As a result of numerical calculations, it was determined that in the 
vicinity of the oscillating piston, an area with an increased content of coarse particles is formed. The co-
agulation process results in a monotonous increase in volume content of the coarse particle fraction and 
a monotonous decrease in volume content of fine particles. Increasing the intensity of gas fluctuations 
leads to intensification of the process of coagulation of aerosol droplets.

Keywords: multiphase media, numerical modeling, polydisperse aerosol, interfacial interaction, coag-
ulation.
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