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ÌÎÄÈÔÈÊÀÖÈß ÌÅÒÎÄÀ ÊÐÓÏÍÛÕ ×ÀÑÒÈÖ
ÄËß ÈÑÑËÅÄÎÂÀÍÈß ÒÅ×ÅÍÈÉ ÃÀÇÎÂÇÂÅÑÅÉ

Ä.Ñ. Ãðèùåíêî, Þ.Ì. Êîâàëåâ, Å.À. Êîâàëåâà

Â äàííîé ðàáîòå ïðèâîäèòñÿ ìîäèôèêàöèÿ ìåòîäà êðóïíûõ ÷àñòèö â ïðèëîæå-

íèè ê èññëåäîâàíèÿì òå÷åíèé ãàçîâçâåñåé. Ïîêàçàíî, ÷òî ïðåäëîæåííàÿ ìîäèôèêàöèÿ

ìåòîäà êðóïíûõ ÷àñòèö ïîçâîëÿåò ïðîâîäèòü ðàñ÷åòû ïîâåäåíèÿ óäàðíûõ âîëí â ãàçî-

âçâåñÿõ áåç ââåäåíèÿ â ÿâíîì âèäå èñêóññòâåííîé âÿçêîñòè. Ýòî ïîçâîëèëî èçáåæàòü èñ-

êàæåíèÿ ôèçè÷åñêîé êàðòèíû òå÷åíèÿ ãàçîâçâåñè, ñâÿçàííîé ñ íàëè÷èåì îñöèëëÿöèé,

èìåþùèõ ìåñòî ïðè ðàñïðîñòðàíåíèè óäàðíûõ âîëí â íåîäíîðîäíûõ ñðåäàõ. Â äàííîé

ðàáîòå áûëî óñòàíîâëåíî, ÷òî äëÿ ïðîâåäåíèÿ ðàñ÷åòîâ ðàñïðîñòðàíåíèÿ óäàðíûõ âîëí

â ãàçîâçâåñÿõ ñ áîëüøèìè ÷èñëàìè Êóðàíòà ìîæåò áûòü èñïîëüçîâàíà ÿâíàÿ ìîäèôè-

êàöèÿ ìåòîäà êðóïíûõ ÷àñòèö. Ýòî ïîçâîëèëî çíà÷èòåëüíî ñîêðàòèòü âðåìÿ ðàñ÷åòà

çàäà÷è è èçáåæàòü ïðîâåäåíèÿ ñëîæíûõ èòåðàöèîííûõ ïðîöåäóð, ïðèñóùèõ íåÿâíûì

ðàçíîñòíûì ñõåìàì. Áûëî ïîêàçàíî, ÷òî ïðåäëîæåííàÿ â äàííîé ðàáîòå ìîäèôèêàöèÿ

ìåòîäà êðóïíûõ ÷àñòèö ÿâëÿåòñÿ ýôôåêòèâíîé è ïîçâîëÿåò ïðîâîäèòü ðàñ÷åòû äàæå

ñèëüíûõ óäàðíûõ âîëí â ãàçîâçâåñÿõ.

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

ñîõðàíåíèÿ; óäàðíûå âîëíû; ÷èñëî Êóðàíòà.

Ââåäåíèå

Îòñóòñòâèå â ïðèðîäå ÷èñòûõ âåùåñòâ òðåáóåò àêòèâíîãî ðàçâèòèÿ ìàòåìàòè÷åñêèõ ìî-
äåëåé ìíîãîêîìïîíåíòíûõ ñðåä, äîñòîâåðíî îïèñûâàþùèõ ôèçè÷åñêèå ïðîöåññû, ïðèìåíÿ-
åìûå â ðàçëè÷íûõ îòðàñëÿõ íàóêè è òåõíèêè, ñ îäíîé ñòîðîíû. Ñ äðóãîé ñòîðîíû, ðàçâèòèå
âû÷èñëèòåëüíîé òåõíèêè ïîçâîëÿåò ïîëó÷àòü ðåøåíèÿ äëÿ íîâûõ [1], âñå áîëåå ñëîæíûõ
ìàòåìàòè÷åñêèõ ìîäåëåé ìíîãîêîìïîíåíòíûõ ñðåä. Áîëåå òîãî, åñòü òàêèå ïðîáëåìû, êîãäà
ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå ÿâëÿåòñÿ åäèíñòâåííûì ñðåäñòâîì ïðåäâàðèòåëüíîãî èçó-
÷åíèÿ ÿâëåíèé (íàïðèìåð, [2]). Àäåêâàòíîñòü ìàòåìàòè÷åñêèõ ìîäåëåé ìíîãîêîìïîíåíòíûõ
ñðåä ôèçè÷åñêèì ïðîöåññàì ïðåäúÿâëÿåò äîñòàòî÷íî æåñòêèå òðåáîâàíèÿ ê ìàòåìàòè÷åñêèì
ìîäåëÿì: ñ îäíîé ñòîðîíû, óðàâíåíèÿ ñîõðàíåíèÿ äîëæíû áûòü èíâàðèàíòíû îòíîñèòåëüíî
ïðåîáðàçîâàíèÿ Ãàëèëåÿ [3], ñ äðóãîé ñòîðîíû, äîëæíû âûïîëíÿòüñÿ çàêîíû ñîõðàíåíèÿ äëÿ
ñìåñè [4]. Â ðàáîòàõ [1, 5] áûëî ïîêàçàíî, êàêèì îáðàçîì ìîæíî âûïîëíèòü îáà ýòè óñëîâèÿ.

Íåñìîòðÿ íà íàëè÷èå áîëüøîãî ÷èñëà âû÷èñëèòåëüíûõ ïàêåòîâ è óâåëè÷åíèå áûñòðîäåé-
ñòâèÿ âû÷èñëèòåëüíîé òåõíèêè, ðàçðàáîòêà ýôôåêòèâíûõ ÷èñëåííûõ ìåòîäîâ è â íàñòîÿùåå
âðåìÿ ÿâëÿåòñÿ àêòóàëüíîé çàäà÷åé. Óñïåøíîå ðåøåíèå ìíîãî÷èñëåííûõ çàäà÷ ãàçîâîé äè-
íàìèêè è àýðîäèíàìèêè ìåòîäîì êðóïíûì ÷àñòèö [6] è åãî ìîäèôèêàöèÿìè [7] ïîçâîëÿåò
íàäåÿòüñÿ íà òî, ÷òî èäåîëîãèÿ ìåòîäà ìîæåò áûòü ïðèìåíåíà è äëÿ ðåøåíèÿ çàäà÷ ðàñïðî-
ñòðàíåíèÿ óäàðíûõ âîëí â ãàçîâçâåñÿõ. Ïîýòîìó öåëüþ äàííîé ðàáîòû ÿâëÿåòñÿ ðàçðàáîòêà
ìîäèôèêàöèè ìåòîäà êðóïíûõ ÷àñòèö, êîòîðàÿ ïîçâîëèò ýôôåêòèâíî ðåøàòü ïðîáëåìû,
ñâÿçàííûå ñ òå÷åíèåì ãàçîâçâåñåé.

1. Ìàòåìàòè÷åñêàÿ ìîäåëü ãàçîâçâåñè

Ðàññìîòðèì îäíîìåðíûé ïëîñêèé ñëó÷àé ìàòåìàòè÷åñêîé ìîäåëè òå÷åíèÿ ãàçà ñ òâåðäû-
ìè ÷àñòèöàìè (àýðîâçâåñü), êîòîðàÿ îïèñûâàåòñÿ ñèñòåìîé óðàâíåíèé ñîõðàíåíèÿ [5]. Äàííàÿ

36 Bulletin of the South Ural State University. Ser. Mathematical Modelling, Programming
& Computer Software (Bulletin SUSU MMCS), 2015, vol. 8, no. 2, pp. 36�42



ÌÀÒÅÌÀÒÈ×ÅÑÊÎÅ ÌÎÄÅËÈÐÎÂÀÍÈÅ

ñèñòåìà óðàâíåíèé äâóõôàçíîé àýðîâçâåñè [5] áåç õèìè÷åñêèõ ïðåâðàùåíèé èìååò ñëåäóþ-
ùèé âèä

∂ρ1
∂t

+
∂ρ1v1
∂x

= 0,
∂ρ2
∂t

+
∂ρ2v2
∂x

= 0,
∂n

∂t
+

∂nv2
∂x

= 0, (1.1)

ρ1
d1v1
dt

= −α1
∂p

∂x
− nf, ρ2

d2v2
dt

= −α2
∂p

∂x
+ nf, (1.2)

ρ1
d1e1
dt

=
pα1

ρ◦1

d1ρ
◦
1

dt
+ nf(v1 − v2)− nq, (1.3)

ρ2
d2e2
dt

=
pα2

ρ◦2

d2ρ
◦
2

dt
+ nq, (1.4)

p = p1(ρ
◦
1, T1) = p2(ρ

◦
2, T2), e1 = e1(ρ

◦
1, T1), e2 = e2(ρ

◦
2, T2),

ρ1 = ρ◦1α1, ρ2 = ρ◦2α2, α1 + α2 = 1, Ei = ei +
v2i
2
(i = 1, 2), (1.5)

f = πd2ρ◦1Cd(v1 − v2)|v1 − v2|/8, q = πdλ1Nu(T1 − T2). (1.6)

Ñèñòåìà óðàâíåíèé (1.1) � (1.6) çàìûêàåòñÿ óðàâíåíèÿìè ñîñòîÿíèÿ ãàçîâîé ôàçû è
÷àñòèö

e1 = cv1(T1 − T0) + C0, e1 =
p

(k − 1)ρ◦1
, e2 = c2(T2 − T0). (1.7)

Çäåñü èíäåêñû 1, 2 îòíîñÿòñÿ ñîîòâåòñòâåííî ê ãàçó è ÷àñòèöàì; ρ◦i , αi(i = 1, 2) � èñòèí-
íûå ïëîòíîñòè è îáúåìíûå ñîäåðæàíèÿ ôàç; ρi, vi, Ti, ei, Ei � ïàðöèàëüíàÿ ïëîòíîñòü, ñêî-
ðîñòü, òåìïåðàòóðà, âíóòðåííÿÿ è ïîëíàÿ ýíåðãèÿ i-é ôàçû; p � äàâëåíèå, n � ÷èñëî ÷àñòèö
â åäèíèöå îáúåìà ñìåñè; cv1 è c2 � òåïëîåìêîñòè ôàç: C0 � ïîñòîÿííàÿ äëÿ íîðìèðîâàíèÿ
âíóòðåííåé ýíåðãèè ãàçîâîé ôàçû: λ1 � òåïëîïðîâîäíîñòü ãàçîâîé ôàçû; R1 � óíèâåðñàëü-
íàÿ ãàçîâàÿ ïîñòîÿííàÿ; Cd è Nu � êîýôôèöèåíò òðåíèÿ è ÷èñëî Íóññåëüòà, îïðåäåëÿåìûå
÷èñëàìè Ðåéíîëüäñà (Re) è Ïðàíäòëÿ (Pr) îòíîñèòåëüíîãî äâèæåíèÿ ôàç ñîîòâåòñòâåííî:
k � ïîêàçàòåëü àäèàáàòû Ïóàññîíà; d - äèàìåòð ÷àñòèö.

Óðàâíåíèÿ (1.1) � óðàâíåíèÿ íåðàçðûâíîñòè ãàçà è ÷àñòèö è óðàâíåíèå ñîõðàíåíèÿ ÷èñëà
÷àñòèö â åäèíèöå îáúåìà ñìåñè; (1.2) � óðàâíåíèÿ èìïóëüñà ãàçà è ÷àñòèö; (1.3) è (1.4) �
óðàâíåíèÿ ñîõðàíåíèÿ âíóòðåííåé ýíåðãèè ãàçà è ÷àñòèö ñîîòâåòñòâåííî; (1.6) - óðàâíåíèÿ,
îïðåäåëÿþùèå ÷ëåíû òåïëîâîãî (q) è ñèëîâîãî (f) âçàèìîäåéñòâèÿ ìåæäó ôàçàìè: (1.7) �
óðàâíåíèÿ ñîñòîÿíèÿ ôàç.

Äëÿ òîãî, ÷òîáû âîñïîëüçîâàòüñÿ èäåîëîãèåé ìåòîäà êðóïíûõ ÷àñòèö, íåîáõîäèìî ïðè-
âåñòè óðàâíåíèÿ (1.2) � (1.4) ê äèâåðãåíòíîìó âèäó è ïîëó÷èòü óðàâíåíèÿ êèíåòè÷åñêîé
ýíåðãèè ãàçîâîé ôàçû è ÷àñòèö.

Óìíîæàÿ óðàâíåíèå ñîõðàíåíèÿ èìïóëüñà ãàçîâîé ôàçû íà v1, à óðàâíåíèå ñîõðàíå-
íèÿ èìïóëüñà êîíäåíñèðîâàííîé ôàçû íà v2, ïîëó÷èì óðàâíåíèÿ ñîõðàíåíèÿ êèíåòè÷åñêîé
ýíåðãèè ãàçà è ÷àñòèö ñîîòâåòñòâåííî

v1[
∂ρ1v1
∂t

+
∂ρ1v

2
1

∂x
] = −v1α1

∂p

∂x
− nfv1,

v2[
∂ρ2v2
∂t

+
∂ρ2v

2
2

∂x
] = −v2α2

∂p

∂x
− nfv2,

êîòîðûå ïîñëå ïðîñòûõ ïðåîáðàçîâàíèé ïðèíèìàþò ñëåäóþùèé âèä

∂ρ1
v21
2

∂t
+

∂ρ1v1
v21
2

∂x
= −α1v1

∂p

∂x
− nfv1, (1.8)

Âåñòíèê ÞÓðÃÓ. Ñåðèÿ ≪Ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå
è ïðîãðàììèðîâàíèå≫ (Âåñòíèê ÞÓðÃÓ ÌÌÏ). 2015. Ò. 8, � 2. Ñ. 36�42
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∂ρ2
v22
2

∂t
+

∂ρ2v2
v22
2

∂x
= −α2v2

∂p

∂x
− nfv2. (1.9)

Ïðåîáðàçóåì ëåâûå ÷àñòè óðàâíåíèé ñîõðàíåíèÿ âíóòðåííåé ýíåðãèè ãàçà (1.3) è ÷àñòèö
(1.4) ê äèâåðãåíòíîìó âèäó. Ñ ó÷åòîì ðàâåíñòâ (1.1) îíè ìîãóò áûòü ïðåäñòàâëåíû â âèäå

∂ρ1e1
∂t

+
∂ρ1e1v1

∂x
=

pα1

ρ◦1

d1ρ
◦
1

∂t
+ nf(v1 − v2)− nq, (1.10)

∂ρ2e2
∂t

+
∂ρ2e2v2

∂x
=

pα2

ρ◦2

d2ρ
◦
2

∂t
+ nq. (1.11)

Èç óðàâíåíèé íåðàçðûâíîñòè ãàçîâîé è êîíäåíñèðîâàííîé ôàç (1.1) ëåãêî ïîëó÷èòü ñëå-
äóþùèå ðàâåíñòâà

α1
d1ρ

◦
1

dt
= −ρ◦1(

∂α1

∂t
+

∂α1v1
∂x

),

α2
d2ρ

◦
2

dt
= −ρ◦2(

∂α2

∂t
+

∂α2v2
∂x

).

Ïîäñòàâëÿÿ äàííûå âûðàæåíèÿ â óðàâíåíèÿ (1.10) è (1.11) ñîîòâåòñòâåííî, ïîëó÷èì

∂ρ1e1
∂t

+
∂ρ1e1v1

∂x
= −p(

∂α1

∂t
+

∂α1v1
∂x

) + nf(v1 − v2)− nq, (1.12)

∂ρ2e2
∂t

+
∂ρ2e2v2

∂x
= −p(

∂α2

∂t
+

∂α2v2
∂x

) + nq. (1.13)

Â ñëó÷àå íåñæèìàåìîñòè êîíäåíñèðîâàííîé ôàçû óðàâíåíèÿ ñîõðàíåíèÿ âíóòðåííåé
ýíåðãèè ãàçîâîé (1.3) è êîíäåíñèðîâàííîé (1.4) ôàç, ëåãêî ïðåîáðàçóþòñÿ ê âèäó

∂ρ1e1
∂t

+
∂ρ1e1v1

∂x
= −p(

∂α1v1
∂x

+
∂α2v2
∂x

) + nf(v1 − v2)− nq, (1.14)

∂ρ2e2
∂t

+
∂ρ2e2v2

∂x
= nq. (1.15)

Äëÿ ïîëó÷åíèÿ óðàâíåíèÿ ñîõðàíåíèÿ ïîëíîé ýíåðãèè ñìåñè ïðîñóììèðóåì ëåâûå è ïðà-
âûå ÷àñòè óðàâíåíèé (1.8), (1.9), (1.14), (1.15). Â ðåçóëüòàòå ïîëó÷èì óðàâíåíèå ñîõðàíåíèÿ
ïîëíîé ýíåðãèè ñìåñè â âèäå

∂(ρ1E1 + ρ2E2)

∂t
+

∂

∂x
[ρ1v1E1 + ρ2v2E2 + (α1v1 + α2v2)p] = 0. (1.16)

Ñèñòåìà óðàâíåíèé (1.1), (1.2),(1.5) � (1.7), (1.14) � (1.16) ïðåäñòàâëÿåò ñîáîé çàìêíóòóþ
ñèñòåìó óðàâíåíèé äëÿ îïèñàíèÿ òå÷åíèé ãàçîâçâåñåé, èíâàðèàíòíóþ îòíîñèòåëüíî ïðåîá-
ðàçîâàíèÿ Ãàëèëåÿ.

2. Ìîäèôèêàöèÿ ìåòîäà êðóïíûõ ÷àñòèö äëÿ ðàñ÷åòà òå÷åíèé
ãàçîâçâåñè

Â ñîîòâåòñòâèè ñ èäåîëîãèåé ìåòîäà êðóïíûõ ÷àñòèö [6] ñèñòåìó çàêîíîâ ñîõðàíåíèÿ
ãàçîâçâåñè (1.1), (1.2), (1.5) � (1.7), (1.14) � (1.16) íà ýéëåðîâîì ýòàïå ìîæíî ïðåäñòàâèòü
ñëåäóþùèì îáðàçîì

∂ρ1
∂t

= 0,
∂ρ2
∂t

= 0,
∂n

∂t
= 0, (2.1)

ρ1
∂v1
∂t

= −α1
∂p

∂x
− nf, ρ2

∂v2
∂t

= −α2
∂p

∂x
+ nf, (2.2)
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ρ1
∂e1
∂t

= −p(
∂α1v1
∂x

+
∂α2v2
∂x

) + nf(v1 − v2)− nq, (2.3)

ρ2
∂e2
∂t

= nq, (2.4)

∂(ρ1E1 + ρ2E2)

∂t
+

∂

∂x
[(α1v1 + α2v2)p] = 0. (2.5)

Ó÷èòûâàÿ íåñæèìàåìîñòü êîíäåíñèðîâàííîé ôàçû ρ◦2 = const, çàïèøåì óðàâíåíèÿ (2.1),
(2.3), (2.5) â áîëåå óäîáíîì äëÿ ïðåäñòàâëåíèÿ íà ýéëåðîâîì ýòàïå âèäå

α1
∂ρ◦1
∂t

= 0, ρ◦2
∂α2

∂t
= 0,

∂n

∂t
= 0, ρ◦1

∂α1

∂t
= 0 (2.6)

ρ1
∂e1
∂t

= −p(α1
∂v1
∂x

+ α2
∂v2
∂x

) + nf(v1 − v2)− nq, (2.7)

ρ1
∂E1

∂t
+ ρ2

∂E2

∂t
+ α1

∂(v1p)

∂x
+ α2

∂(v2p)

∂x
= 0. (2.8)

Ïîäñòàâëÿÿ óðàâíåíèå ñîñòîÿíèÿ ãàçîâîé ôàçû (1,7) â óðàâíåíèå (2.7) ïîëó÷èì ñëåäóþ-
ùåå áàçîâîå ñîîòíîøåíèå äëÿ îïðåäåëåíèÿ äàâëåíèÿ íà ýéëåðîâîì ýòàïå

∂p

∂t
= −k − 1

α1
p(α1

∂v1
∂x

+ α2
∂v2
∂x

) +
k − 1

α1
(nf(v1 − v2)− nq). (2.9)

Èñïîëüçóÿ ÿâíûå ðàçíîñòíûå ïðåäñòàâëåíèÿ äëÿ ðàâåíñòâà (2.9), ëåãêî ïîëó÷èòü âû-
ðàæåíèÿ äëÿ îïðåäåëåíèÿ ïðåäâàðèòåëüíûõ çíà÷åíèé äàâëåíèÿ íà íîâîì m+ 1 âðåìåííîì
ñëîå íà ãðàíèöàõ i− 1/2 è i+ 1/2 äëÿ ÿ÷ååê i− 1, i è i+ 1

p̃m+1
i+1/2 =

pmi+1 + pmi
2

(1− (k − 1)

αm
1,i+1/2

(αm
1,i+1/2(v

m
1,i+1 − vm1,i) + αm

2,i+1/2(v
m
2,i+1 − vm2,i))

∆t

∆x
)−

− (k − 1)

αm
1,i+1/2

(nm
i+1/2q

m
i+1/2)∆t+

(k − 1)

αn
1,i+1/2

(nm
i+1/2f

m
i+1/2(v

m
1,i+1/2 − vm2,i+1/2)∆t). (2.10)

Çäåñü ∆t � øàã ïî âðåìåíè, ∆x � øàã ïî ïðîñòðàíñòâó. Ïîëó÷åííûå çíà÷åíèÿ äàâëåíèÿ
èñïîëüçóþòñÿ äëÿ îïðåäåëåíèÿ ïðîìåæóòî÷íûõ âåëè÷èí ñêîðîñòåé íà ýéëåðîâîì ýòàïå:

ṽm+1
1,i = vm1,i −

1

ρ◦m1,i
(p̃m+1

i+1/2 − p̃m+1
i−1/2)

∆t

∆x
− nm

i

ρm1,i
fm
i ∆t, (2.11)

ṽm+1
2,i = vm2,i −

1

ρ◦m2,i
(p̃m+1

i+1/2 − p̃m+1
i−1/2)

∆t

∆x
− nm

i

ρm2,i
fm
i ∆t. (2.12)

Äëÿ ïîëó÷åíèÿ ïðîìåæóòî÷íûõ çíà÷åíèé ñêîðîñòåé ãàçîâîé è êîíäåíñèðîâàííîé ôàç
ìîæíî èñïîëüçîâàòü åùå îäíó ìîäèôèêàöèþ ýéëåðîâà ýòàïà ìåòîäà êðóïíûõ ÷àñòèö, ñâÿçàí-
íóþ ñ ÷àñòè÷íî íåÿâíîé àïïðîêñèìàöèåé ñèëû ìåæôàçíîãî âçàèìîäåéñòâèÿ. Â ýòîì ñëó÷àå
ðàâåíñòâà (2.11) è (2.12) ìîæíî ïðåäñòàâèòü â âèäå

ṽm+1
1,i = vm1,i −

1

ρ◦m1,i
(p̃m+1

i+1/2 − p̃m+1
i−1/2)

∆t

∆x
− nm

i

ρm1,i
(πd2ρ◦1Cd|v1 − v2|/8)mi (ṽm+1

1,i − vm2,i)∆t

ṽm+1
2,i = vm2,i −

1

ρ◦m2,i
(p̃m+1

i+1/2 − p̃m+1
i−1/2)

∆t

∆x
+

nm
i

ρm2,i
(πd2ρ◦1Cd|v1 − v2|/8)mi (vm1,i − ṽm+1

2,i )∆t.
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Èç ïîëó÷åííûõ óðàâíåíèé ïðîìåæóòî÷íûå çíà÷åíèÿ ñêîðîñòåé ëåãêî îïðåäåëÿþòñÿ â ÿâíîì
âèäå

ṽm+1
1,i = (vm1,i −

1

ρ◦m1,i
(p̃m+1

i+1/2 − p̃m+1
i−1/2)

∆t

∆x
+

+
nm
i

ρm1,i
(πd2ρ◦1Cd|v1 − v2|/8)mi vm2,i∆t)/(1 +

nm
i

ρm1,i
(πd2ρ◦1Cd|v1 − v2|/8)mi ∆t),

(2.11)′

ṽm+1
2,i = (vm2,i − 1

ρ◦m2,i
(p̃m+1

i+1/2 − p̃m+1
i−1/2)

∆t

∆x
+

+
nm
i

ρm2,i
(πd2ρ◦1Cd|v1 − v2|/8)mi vm1,i∆t)/(1 +

nm
i

ρm2,i
(πd2ρ◦1Cd|v1 − v2|/8)mi ∆t).

(2.12)′

Ïðîìåæóòî÷íûå çíà÷åíèÿ ñêîðîñòåé êîíäåíñèðîâàííîé è ãàçîâîé ôàç íà ãðàíèöàõ ÿ÷ååê
îïðåäåëÿþòñÿ êàê ñðåäíèå àðèôìåòè÷åñêèå îò èõ çíà÷åíèé â äâóõ ñîñåäíèõ ÿ÷åéêàõ

ṽm+1
1,i+1/2 = (ṽm+1

1,i + ṽm+1
1,i+1)/2, ṽ

m+1
2,i+1/2 = (ṽm+1

2,i + ṽm+1
2,i+1)/2. (2.13)

Òåïåðü ìîæíî îïðåäåëèòü ïðîìåæóòî÷íûå çíà÷åíèÿ âíóòðåííåé ýíåðãèè êîíäåíñèðî-
âàííîé ôàçû

ẽm+1
2,i = em2,i +

1

ρm2,i
nm
i qmi ∆t (2.14)

è ïîëíîé ýíåðãèè ñìåñè

ρm1,iẼ
m+1
1,i + ρm2,iẼ

m+1
2,i = ρm1,iE

m
1,i + ρm2,iE

m
2,i − (αn

1,i+1/2ṽ
m+1
1,i+1/2p̃

m+1
i+1/2−

αn
1,i−1/2ṽ

m+1
1,i−1/2p̃

m+1
i−1/2)

∆t

∆x
− (αn

2,i+1/2ṽ
m+1
2,i+1/2p̃

m+1
i+1/2 − αn

2,i−1/2ṽ
m+1
2,i−1/2p̃

m+1
i−1/2)

∆t

∆x
.

(2.15)

Íà ýòàïå Ëàãðàíæà è çàêëþ÷èòåëüíîì ýòàïå ìåòîäà êðóïíûõ ÷àñòèö äëÿ êàæäîé ôà-
çû áûëè èñïîëüçîâàíû ôîðìóëû, ïðèâåäåííûå â ìîíîãðàôèè Î.Ì. Áåëîöåðêîâñêîãî è
Þ.Ì. Äàâûäîâà [6].

Çàêëþ÷åíèå

1. Òåñòèðîâàíèå ïðåäëîæåííîé ìîäèôèêàöèè ìåòîäà êðóïíûõ ÷àñòèö ïðîâîäèëîñü íà
ðåøåíèè çàäà÷ î ðàñïðîñòðàíåíèè óäàðíûõ âîëí â ¾çàìîðîæåííîé¿ ãàçîâçâåñè [8] è â îáëàêå
ãàçîâçâåñè [9].

2. Áûëî ïîêàçàíî, ÷òî ïðèìåíåíèå íà ýòàïå Ýéëåðà óðàâíåíèé (2.10) � (2.15) áîëåå ýô-
ôåêòèâíî, ÷åì ïðèìåíåíèå ìåòîäà êðóïíûõ ÷àñòèö [6] è ìîäèôèêàöèè ìåòîäà [10], ïðè ðå-
øåíèè çàäà÷ î ðàñïðîñòðàíåíèè óäàðíûõ âîëí â ¾çàìîðîæåííîé¿ ãàçîâçâåñè [8] è â îáëàêå
ãàçîâçâåñè [9].

3. Ïðèìåíåíèå íà ýòàïå Ýéëåðà óðàâíåíèé (2.11)' è (2.12) ïîçâîëÿåò ïðîâîäèòü ðàñ÷åòû
çàäà÷ [8, 9] ïðè áîëüøèõ çíà÷åíèÿõ ÷èñëà Êóðàíòà.

Àâòîðû âûðàæàþò ñâîþ áëàãîäàðíîñòü ïðîôåññîðó Â.Ô. Êóðîïàòåíêî çà ïîëåçíûå îá-

ñóæäåíèÿ è èíòåðåñ ê ðàáîòå.

Ðàáîòà âûïîëíåíà ïðè ïîääåðæêå ÐÔÔÈ ãðàíò � 13 � 01 � 00072.
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In this work a modi�cation of the large particles method is given applications the study

gas-suspensions �ows. It is shown that the proposed modi�cation of the large particles
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method allows to carry out calculations of behavior of shock waves in gas-suspensions

without insertion of arti�cial viscosity in an explicit form. It allows to avoid distortion

of a physical picture of the gas-suspension �ow connected with existence of the ostsillyation

taking place at distribution of shock waves in non-homogeneous medium. In this work it

was established that for carrying out of calculations of distribution of shock waves in gas-

suspensions with large Courant the problem numbers an explicit modi�cation of a large

particles method can be used. It allow to reduce time of calculation of the problem and to

avoid carrying out di�cult iterative procedures inherent in implicit di�erence schemes. It

was shown that the modi�cation of large particles method o�ered in this work is e�ective

and allows to carry out calculations for even strong shock waves in gas-suspensions.

Keywords: numerical method; mathematical model; gas-suspensions; conservation laws;

shock waves; Courant number.
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