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Àííîòàöèÿ. Â äàííîé ðàáîòå ÷èñëåííî ìîäåëèðóåòñÿ ïðîöåññ èñòå÷åíèÿ ãàçîâçâåñè â âàêóóì. Ìàòåìàòè-
÷åñêàÿ ìîäåëü ó÷èòûâàëà âÿçêîñòü, ñæèìàåìîñòü è òåïëîïðîâîäíîñòü íåñóùåé ñðåäû, ìåæêîìïîíåíòíîå
ñèëîâîå âçàèìîäåéñòâèå, âêëþ÷àâøåå â ñåáÿ ñèëó Ñòîêñà, äèíàìè÷åñêóþ ñèëó Àðõèìåäà, ñèëó ïðèñîåäè-
íåííûõ ìàññ, òàêæå ìàòåìàòè÷åñêàÿ ìîäåëü ó÷èòûâàëà ìåæêîìïîíåíòíûé òåïëîîáìåí. ×èñëåííîå ðåøåíèå
îñóùåñòâëÿëîñü ïðè ïîìîùè ÿâíîãî êîíå÷íî-ðàçíîñòíîãî ìåòîäà, ñ ïîñëåäóþùèì ïðèìåíåíèåì ñõåìû íåëè-
íåéíîé êîððåêöèè ÷èñëåííîãî ðåøåíèÿ. Öåëüþ ðàáîòû áûëî âûÿâëåíèå âëèÿíèÿ îáúåìíîãî ñîäåðæàíèÿ
äèñïåðñíîé ôàçû ïðè îäèíàêîâîé äèñïåðñíîñòè è ïëîòíîñòè ìàòåðèàëà òâåðäîé êîìïîíåíòû ñìåñè, ãàçî-
âçâåñè íà èíòåíñèâíîñòü ñêîðîñòíîãî ñêîëüæåíèÿ ïðè ðàçëåòå íåîäíîðîäíîé ñðåäû â âàêóóì. Òàêæå áûëè
âûÿâëåíû îòëè÷èÿ â ïðîöåññàõ èñòå÷åíèÿ îäíîðîäíîãî âÿçêîãî ãàçà è ãåòåðîãåííîé ñìåñè.
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Abstract. In this work, the process of gas suspension �owing into vacuum numerically modeled. The mathematical
model took into account the viscosity, compressibility and thermal conductivity of the carrier medium, the
intercomponent force interaction, which included the Stokes force, the dynamic Archimedes force, the strength
of the attached masses, and the mathematical model took into account the intercomponent heat transfer. The
numerical solution carried out using an explicit �nite-di�erence method, followed by the application of a nonlinear
correction scheme for the numerical solution. The aim of the work was to identify the e�ect of the volumetric
content of the dispersed phase, with the same dispersion and density of the material of the solid component of
the mixture, gas suspension on the rate of slip during expansion of an inhomogeneous medium into vacuum.
Di�erences in the processes of the expiration of a homogeneous viscous gas and a heterogeneous mixture it also
revealed.
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Ââåäåíèå. Îäíèì èç ðàçâèâàþùèõñÿ ðàçäåëîâ ìåõàíèêè æèäêîñòè è ãàçà ÿâëÿåòñÿ äèíàìèêà
íåîäíîðîäíûõ ñðåä. Â ìîíîãðàôèÿõ [Íèãìàòóëèí 1988, Êóòóøåâ, 2003, Ôåäîðîâ è äð., 2015] ðàç-
ðàáàòûâàëèñü ìåòîäû ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ ïðîöåññîâ ìåõàíèêè è òåïëîôèçèêè íåîä-
íîðîäíûõ ñðåä. Èññëåäîâàíèþ ôèçè÷åñêèõ ýôôåêòîâ â ðàçëè÷íûõ òå÷åíèÿõ íåîäíîðîäíûõ ñðåä
ïîñâÿùåí ðÿä ïóáëèêàöèé â ïåðèîäè÷åñêèõ èçäàíèÿõ [Ãóáàéäóëëèí, Òóêìàêîâ, 2014; Ñàäèí 2016;
Ôåäîðîâ è äð., 2016; Àðñëàíîâà è äð., 2016; Íèãìàòóëèí è äð., 2016; Òóêìàêîâ, Òóêìàêîâ, 2018; Êà-
øàïîâ è äð., 2018; Kashapov at all, 2018; Òóêìàêîâ, 2019; Ïàõîìîâ, Òåðåõîâ, 2018; Azanov, Osiptsov,
2017; Âàðàêñèí, 2014]. Îáúåêòîì èññëåäîâàíèé ÿâëÿþòñÿ òå÷åíèÿ íåîäíîðîäíûõ ñðåä ñ îäèíàêîâûì
èëè ðàçëè÷íûì àãðåãàòíûì ñîñòîÿíèåì êîìïîíåíò � ãîìîãåííûå è ãåòåðîãåííûå ñìåñè [Teklaya and
all, 2015; Saikat, Meheboob, 2017; Zhuoqing, Jesse, 2019; Imran and all, 2018; Mehrabadi and all, 2015;
Zhengbiao and all, 2017; Garcsia-Trianes and all, 2018; Lopez and all, 2016]. Ìîäåëèðîâàíèå òå÷åíèé
íåîäíîðîäíûõ ñðåä ìîæåò áûòü îñóùåñòâëåíî ñ ïîìîùüþ ¾ðàâíîâåñíîãî¿ ïîäõîäà � îïèñàíèå òå÷å-
íèÿ íåîäíîðîäíîé ñðåäû êàê îäíîðîäíîé æèäêîñòè èëè ãàçà ñ ââåäåíèåì êîýôôèöèåíòîâ, äàþùèõ
ïîïðàâêó íà ôèçè÷åñêóþ íåîäíîðîäíîñòü ñðåäû [Íèãìàòóëèí 1987]. Áîëåå ñëîæíûì ÿâëÿåòñÿ ¾êîí-
òèíóàëüíûé¿ ïîäõîä, â êîòîðîì äëÿ êàæäîé èç êîìïîíåíò ñìåñè ðåøàåòñÿ ïîëíàÿ ñèñòåìà óðàâíå-
íèé äèíàìèêè ñïëîøíîé ñðåäû [Íèãìàòóëèí 1987; Êóòóøåâ 2003; Ôåäîðîâ è äð. 2015]. Â òå÷åíèÿõ
íåîäíîðîäíûõ ñðåä, â êîòîðûõ îáúåìíûå ñîäåðæàíèÿ êîìïîíåíò ñìåñè èìåþò áëèçêîå çíà÷åíèå, íàè-
áîëåå âàæíîé çàäà÷åé ÿâëÿåòñÿ ó÷¼ò ìåæêîìïîíåíòíîãî âçàèìîäåéñòâèÿ, îïðåäåëÿþùåãî äèíàìèêó
âñåé ñìåñè â öåëîì [Íèãìàòóëèí 1987; Êóòóøåâ 2003]. Â äàííîé ðàáîòå äèíàìèêà ãàçîâîé âçâåñè
òâåðäûõ ÷àñòèö � çàïûëåííîé ñðåäû îïèñûâàåòñÿ íà îñíîâå äâóõñêîðîñòíîé, äâóõòåìïåðàòóðíîé
ìîäåëè, ó÷èòûâàþùåé ìåæêîìïîíåíòíûé òåïëîîáìåí, à òàêæå ìåæêîìïîíåíòíîå ñèëîâîå âçàèìî-
äåéñòâèå, âêëþ÷àþùåå â ñåáÿ ñèëó Ñòîêñà, äèíàìè÷åñêóþ ñèëó Àðõèìåäà è ñèëó ïðèñîåäèí¼ííûõ
ìàññ [Íèãìàòóëèí 1987; Êóòóøåâ 2003]. Îäíèì èç âàæíûõ ïàðàìåòðîâ òå÷åíèÿ ãåòåðîãåííûõ ñìå-
ñåé ÿâëÿåòñÿ ñêîðîñòíîå ñêîëüæåíèå ôàç ñìåñè � îòëè÷èå ñêîðîñòåé íåñóùåé ñðåäû è äèñïåðñíîé
ïðèìåñè. Â äàííîé ðàáîòå ñ ïîìîùüþ âû÷èñëèòåëüíûõ ýêñïåðèìåíòîâ èññëåäóåòñÿ òî, êàê âåëè÷èíà
îáúåìíîãî ñîäåðæàíèÿ äèñïåðñíîé ôàçû, ïðè óñëîâèè, ÷òî ðàçìåð ÷àñòèö è ïëîòíîñòü ìàòåðèàëà
òâåðäîé êîìïîíåíòû ñìåñè îäèíàêîâû, âëèÿåò íà èíòåíñèâíîñòü ñêîðîñòíîãî ñêîëüæåíèÿ.

2. Ìåòîäû èññëåäîâàíèÿ. Äâèæåíèå íåñóùåé ñðåäû îïèñûâàåòñÿ îäíîìåðíîé ñèñòåìîé óðàâ-
íåíèé Íàâüå-Ñòîêñà äëÿ ñæèìàåìîãî òåïëîïðîâîäíîãî ãàçà c ó÷åòîì ìåæôàçíîãî ñèëîâîãî âçàèìî-
äåéñòâèÿ è òåïëîîáìåíà [Êóòóøåâ 2003, Íèãìàòóëèí è äð., 2016]:
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Äèíàìèêà äèñïåðñíîé ôàçû îïèñûâàåòñÿ óðàâíåíèåì ñîõðàíåíèÿ ¾ñðåäíåé ïëîòíîñòè¿ � ïðî-
èçâåäåíèÿ ôèçè÷åñêîé ïëîòíîñòè ìàòåðèàëà ÷àñòèö è îáúåìíîãî ñîäåðæàíèÿ äèñïåðñíîé ôàçû,
èçìåíÿþùåãîñÿ íà ðàçëè÷íûõ ó÷àñòêàõ ôèçè÷åñêîé îáëàñòè âìåñòå ñ äâèæåíèåì òâåðäûõ ÷àñòèö;
óðàâíåíèÿìè ñîõðàíåíèÿ èìïóëüñà è óðàâíåíèåì ñîõðàíåíèÿ ýíåðãèè, çàïèñàííûìè ñ ó÷åòîì òåï-
ëîîáìåíà, îáìåíà èìïóëüñîì ñ íåñóùåé ôàçîé:
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ρ2 = αρ20, e1 = ρ2CpT2.

Çäåñü p, ρ1, u1 � äàâëåíèå, ïëîòíîñòü, ñêîðîñòü íåñóùåé ñðåäû; T1, e1 -� òåìïåðàòóðà è ïîëíàÿ
ýíåðãèÿ ãàçà; ρ2, T2 , e2, u2 -� ñðåäíÿÿ ïëîòíîñòü, òåìïåðàòóðà, âíóòðåííÿÿ ýíåðãèÿ, ñêîðîñòü äèñ-
ïåðñíîé ôàçû. Òåìïåðàòóðà íåñóùåé ñðåäû íàõîäèòñÿ èç óðàâíåíèÿ (γ − 1)(e/ρ − 0.5u2)/R, ãäå R-
ãàçîâàÿ ïîñòîÿííàÿ íåñóùåé ôàçû. Ñèëîâîå âçàèìîäåéñòâèå íåñóùåé è äèñïåðñíîé ôàçû ó÷èòûâàåò
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ñèëó Ñòîêñà, äèíàìè÷åñêóþ ñèëó Àðõèìåäà è ñèëó ïðèñîåäèíåííûõ ìàññ. Ìàòåìàòè÷åñêàÿ ìîäåëü
ïðåäïîëàãàåò ìîíîäèñïåðñíûé ñîñòàâ òâåðäîé ôàçû ãàçîâçâåñè � âñå ÷àñòèöû èìåþò îäèíàêîâûé
ðàçìåð è îäèíàêîâûå ôèçè÷åñêèå ñâîéñòâà- ïëîòíîñòü è òåïëîåìêîñòü ìàòåðèàëà. Âíóòðåííÿÿ ýíåð-
ãèÿ âçâåøåííîé â ãàçå äèñïåðñíîé ôàçû îïðåäåëÿåòñÿ êàê e1 = ρ1CpT2, ãäå � óäåëüíàÿ òåïëîåì-
êîñòü åäèíèöû ìàññû âåùåñòâà èç êîòîðîãî ñîñòîÿò ÷àñòèöû. Â óðàâíåíèå ýíåðãèè äëÿ íåñóùåé
ôàçû âõîäèò òåïëîâîé ïîòîê ìåæäó íåñóùåé è äèñïåðñíîé ôàçîé Q = 6αNu12λ(T1 − T2)/(2r)2. Â
äàííîé ðàáîòå ïðè îïèñàíèè ìåæôàçíîãî ñèëîâîãî âçàèìîäåéñòâèÿ -� F ó÷èòûâàëàñü ñèëà àýðî-
äèíàìè÷åñêîãî ñîïðîòèâëåíèÿ, äèíàìè÷åñêàÿ ñèëà Àðõèìåäà, à òàêæå ñèëà ïðèñîåäèíåííûõ ìàññ
[Íèãìàòóëèí, 1987; Êóòóøåâ, 2003]:

F =
3α

8r
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(
∂u1

∂t
+ u1

∂u1
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.

Ïàðàìåòðû ìåæôàçíîãî âçàèìîäåéñòâèÿ îïèñàíû â ðàáîòå [Êóòóøåâ, 2003]:

Cd2 = C0
d2φ(M12)ϕ(α), C0

d2 =
24

Re12
+

4

Re0.5
12

+ 0.4,

φ(M12) = 1 + exp(−−0.427

M0.63
12

), ϕ(α) = (1− α)−2.5,

Re = ρ1u1D/µ, Re12 = rρ1|u1 − u2|/µ, M12 = |u1 − u2|/c, Pr1 = cp1µ(λ)−1,

Nu12 = 2 exp(−M12) + 0/459Re0.55
12 Pr0.33

1 , 0 < M12 < 2, 0 < Re < 2 ∗ 105.

Çäåñü D -� õàðàêòåðíûé ðàçìåð ñèñòåìû.
Ñèñòåìà óðàâíåíèé ìàòåìàòè÷åñêîé ìîäåëè ðåøàëàñü ÿâíûì ìåòîäîì Ìàê-Êîðìàêà âòîðîãî

ïîðÿäêà [Fletcher 1988] c ïîñëåäóþùèì ïðèìåíåíèåì ñõåìû íåëèíåéíîé êîððåêöèè ðåøåíèÿ [Ìóçà-
ôàðîâ, Óòþæíèêîâ, 1993].

Ñèñòåìà óðàâíåíèé (1)-(6) ìîæåò áûòü çàïèñàíà â ìàòðè÷íîì âèäå:
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Àëãîðèòì ÿâíîãî êîíå÷íî-ðàçíîñòíîãî ìåòîäà Ìàê-Êîðìàêà äëÿ íåëèíåéíîé ñèñòåìû (7) ìîæåò
áûòü çàïèñàí â âèäå:

q∗j = qnj −
∆t

∆x
(Enj+1 − Enj ) + ∆tHn

j ,

qn+1
j = 0.5(q∗j + qnj )− 0.5

∆t

∆x
(Enj − Enj−1) + 0.5∆tHn

j .
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Ìîíîòîííîñòü ðåøåíèÿ äîñòèãàëàñü ñ ïîìîùüþ ïðèìåíåíèÿ ñõåìû íåëèíåéíîé êîððåêöèè âäîëü
ïðîñòðàíñòâåííûõ íàïðàâëåíèé x è y ïî èíäåêñàì j,k ñîîòâåòñâåííî ê êîìïîíåíòàì âåêòîðà íåçàâè-
ñèìûõ ïåðåìåííûõ q, q = (ρ1, ρ2, ρ1u1, ρ2u2, e1, e2). Ïóñòü Znj,k � ïðîèçâîëüíàÿ íåçàâèñèìàÿ ôóíêöèÿ
íà n-îì âåðåìåííîì ñëîå â óçëå j, k. Òîãäà àëãîðèòì êîðåêöèè èìåë áû ñëåäóþùèé âèä:

Zn∗j,k = Znj,k + κ(δZnj+1/2,k − δZ
n
j−1/2,k), (8)

ãäå Zn∗j,k � ñêîððåêòèðîâàííàÿ ôóíêöèÿ.
Äàííûé àëãîðèòì âûïîëíÿåòñÿ â ñëó÷àå, êîãäà (δZnj−1/2,kδZ

n
j+1/2,k) < 0 èëè (δZnj+1/2,kδZ

n
j+3/2,k) <

0. Çäåñü èñïîëüçóþòñÿ îáîçíà÷åíèÿ

δZnj−1/2,k = Znj − Znj−1,k, δZ
n
j+1/2,k = Znj+1,k − Znj,k, δZnj+3/2,k = Znj+2,k − Znj+1k,

ãäå κ � êîýôôèöèåíò êîððåêöèè.
Íà ãðàíèöàõ ðàñ÷åòíîé îáëàñòè çàäàâàëèñü îäíîðîäíûå ãðàíè÷íûå óñëîâèÿ ïåðâîãî ðîäà äëÿ

ñêîðîñòè è îäíîðîäíûå ãðàíè÷íûå óñëîâèÿ âòîðîãî ðîäà äëÿ îñòàëüíûõ äèíàìè÷åñêèõ ôóíêöèé
[Êóòóøåâ, 2003]:

u1(t,N) = 0, u2(t,N) = 0,

ρ1(t,N) = ρ1(t,N − 1), ρ2(t,N) = ρ2(t,N − 1),

e1(t,N) = e1(t,N − 1), e2(t,N) = e2(t,N − 1),

u1(t, 1) = 0, u2(t, 1) = 0,

ρ1(t, 1) = ρ1(t, 2), ρ2(t, 1) = ρ2(t, 2),

e1(t, 1) = e1(t, 2), e2(t, 1) = e2(t, 2).

Â íà÷àëüíûé ìîìåíò âðåìåíè êîìïîíåíòû ñìåñè ïîêîèëèñü:

u1(0, i) = 0, u2(0, i) = 0.

Äëÿ èñêîìûõ ôóíêöèé â ìîäåëèðóåìîé îáëàñòè òå÷åíèÿ çàäàâàëèñü íà÷àëüíûå çíà÷åíèÿ: e1(0, i) =
e0

1, e2(0, i) = e0
2, ρ1(0, i) = ρ0

1, ρ2(0, i) = ρ0
2 â ëåâîé ïîëîâèíå êàíàëà (x<L/2) è â ïðàâîé ïîëîâèíå êà-

íàëà (x≥L/2): e1(0, i) = 0, e2(0, i) = 0, ρ1(0, i) = 0, ρ2(0, i) = 0. ×èñëåííîå ðåøåíèå ïðîâîäèëîñü
íà ðàâíîìåðíîé ñåòêå ñ êîëè÷åñòâîì óçëîâ âäîëü îñè x− N = 1000. Øàã ïî âðåìåíè âû÷èñëÿëñÿ
èñõîäÿ èç óñëîâèÿ Êóðàíòà-Ôðèäðèõñà-Ëåâè [Fletcher, 1988]. Àëãîðèòì ÷èñëåííîãî ðåøåíèÿ ñèñòå-
ìû óðàâíåíèé ìàòåìàòè÷åñêîé ìîäåëè áûë ðåàëèçîâàí íà ÿçûêå Fortran. Èñïîëüçîâàííàÿ â ðàáîòå
ìàòåìàòè÷åñêàÿ ìîäåëü òåñòèðîâàëàñü ñîïîñòàâëåíèåì ðåçóëüòàòîâ ìîäåëèðîâàíèÿ ñ ðåçóëüòàòàìè
èçâåñòíûõ èç ëèòåðàòóðû ÷èñëåííûõ ðàñ÷åòîâ [Ãóáàéäóëëèí, Òóêìàêîâ, 2014], ýêñïåðèìåíòàëüíû-
ìè ðåçóëüòàòàìè [Íèãìàòóëèí è äð., 2016] è àíàëèòè÷åñêèìè ðåøåíèÿìè [Ãóáàéäóëëèí, Òóêìàêîâ,
2014].

3. Ðåçóëüòàòû ðàñ÷åòîâ. Íà÷àëüíîå äàâëåíèå è òåìïåðàòóðà ãàçà p=98 êÏà è T=293 K, äëèíà
êàíàëà � L=1 ì. Äèàìåòð ÷àñòèö ìîäåëèðóåìîãî ïîòîêà ãàçîâçâåñè ñîñòàâëÿë d=20 ìêì, ïëîòíîñòü
ìàòåðèàëà ÷àñòèö ρ20=2500 êã/ì3. Íà ðèñ. 1 ñõåìàòè÷íî èçîáðàæåí êàíàë îäíà ÷àñòü êîòîðîãî
çàïîëíåíà ãàçîì ñî âçâåøåííûìè â íåì äèñïåðñíûìè ÷àñòèöàìè, à â äðóãîé ÷àñòè êîòîðîãî ðàñïî-
ëîæåíà ðàçðÿæåííàÿ ñðåäà.

Íà ðèñ. 2 ïðåäñòàâëåíû ðåçóëüòàòû àíàëèòè÷åñêèõ [Îâñÿííèêîâ, 2003] è ÷èñëåííûõ ðàñ÷åòîâ
ñêîðîñòè îäíîðîäíîãî ãàçà � êðèâûå 3 è 2 ñîîòâåòñòâåííî, òàêæå íà ðèñóíêå èçîáðàæåíî ïðîñòðàí-
ñòâåííîå ðàñïðåäåëåíèå ñêîðîñòè ãàçà ïðè ðàçëåòå ãàçîâçâåñè, α=0.001. Ñîïîñòàâëåíèå ñêîðîñòåé â
àíàëèòè÷åñêîì ðåøåíèè (u=731 ì/ñ) è ÷èñëåííîì ðàñ÷åòå (u=561 ì/ñ) äëÿ âÿçêîãî ãàçà ïîêàçûâàåò,
÷òî íàëè÷èå âÿçêîñòè âëèÿåò íà ñêîðîñòü ñïóòíîãî ïîòîêà ïðè èñòå÷åíèè ãàçà. Íàëè÷èå äèñïåðñíîé
êîìïîíåíòû ïðèâîäèò ê ñóùåñòâåííîìó óìåíüøåíèþ ñêîðîñòè ãàçà � u=319 ì/ñ.

Óâåëè÷åíèå îáúåìíîãî ñîäåðæàíèÿ äèñïåðñíîé ôàçû (α=0.0001) ïðèâîäèò ê çàìåäëåíèþ èñòå÷å-
íèÿ ãàçîâçâåñè â âàêóóì, â òî æå âðåìÿ ïðîöåññ èñòå÷åíèÿ â âàêóóì ãàçîâçâåñè ñ ìàëûì îáúåìíûì
ñîäåðæàíèåì äèñïåðñíîé ôàçû (α=0.00001) àíàëîãè÷åí ïðîöåññó èñòå÷åíèÿ ÷èñòîãî ãàçà - ðèñ. 3.

Ñêîðîñòü ãàçà äëÿ ÷èñëåííîé ìîäåëè èñòå÷åíèÿ îäíîðîäíîãî âÿçêîãî ãàçà ñîñòàâëÿåò � u=561
ì/ñ ; äëÿ ãàçîâçâåñè ñ îáúåìíûì ñîäåðæàíèåì α=0.00001 � u=550 ì/ñ; äëÿ ãàçîâçâåñè ñ îáúåìíûì
ñîäåðæàíèåì α=0.0001 - u=514 ì/ñ; äëÿ ãàçîâçâåñè ñ îáúåìíûì ñîäåðæàíèåì α=0.001 � u=319 ì/ñ:
ðèñ. 4.

×èñëåííîå ìîäåëèðîâàíèå ïîêàçûâàåò, ÷òî ïðè óâåëè÷åíèè îáúåìíîãî ñîäåðæàíèÿ äèñïåðñíîé
êîìïîíåíòû ( 0.0001 ≤ α) ñóùåñòâåííî óìåíüøàåòñÿ ñêîðîñòü èñòåêàþùåãî ãàçà. Ïðè ýòîì ñ óâåëè÷å-
íèåì îáúåìíîãî ñîäåðæàíèÿ äèñïåðñíîé ôàçû óìåíüøàåòñÿ èíòåíñèâíîñòü ñêîðîñòíîãî ñêîëüæåíèÿ
ôàç � ðèñ. 5, òàêæå ïðîèñõîäèò óìåíüøåíèå ñêîðîñòè äâèæåíèÿ äèñïåðñíîé êîìïîíåíòû ñìåñè �
ðèñ. 6.
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Ðèñ. 1. Ñõåìàòè÷íîå èçîáðàæåíèå ìîäåëèðóåìîãî êàíàëà

Fig. 1. Schematic representation of the simulated channel

Ðèñ. 2. Ïðîñòðàíñòâåííîå ðàñïðåäåëåíèå ñêîðîñòè ãàçà ïðè ðàçëåòå â âàêóóì ãàçîâçâåñè ñ îáúåìíûì
ñîäåðæàíèåì òâåðäîé ôàçû α=0.0001 � êðèâàÿ 1; ðàçëåòå â âàêóóì âÿçêîãî ãàçà � êðèâàÿ 2; àíàëèòè÷åñêîå

ðåøåíèå äëÿ íåâÿçêîãî ãàçà � êðèâàÿ 3. Ìîìåíò âðåìåíè t=0.3 ìñ

Fig. 2. Spatial distribution of gas velocity during expansion of a gas suspension with a volumetric solid phase

content of α = 0.0001 � curve 1; expansion into a vacuum of viscous gas � curve 2; analytical solution for an

inviscid gas � curve 3. Ìoment of time.t = 0.3 ms

Ðèñ. 3. Ïðîñòðàíñòâåííûå ðàñïðåäåëåíèÿ äàâëåíèÿ ãàçà ïðè ðàçëåòå â âàêóóì îäíîðîäíîãî âÿçêîãî ãàçà -
êðèâàÿ 1; ðàçëåòå â âàêóóì âÿçêîãî ãàçà ñ äèñïåðñíîé êîìïîíåíòîé ( α=0.00001) � êðèâàÿ 2; ðàçëåòå â

âàêóóì âÿçêîãî ãàçà ñ äèñïåðñíîé êîìïîíåíòîé (α=0.0001) � êðèâàÿ 3. Ìîìåíò âðåìåíè t=0.3 ìñ

Fig. 3. Spatial distributions of gas pressure during expansion into a vacuum of a homogeneous viscous gas -

curve 1; expansion of a viscous gas with a dispersed component into vacuum (α= 0.00001) � curve 2; expansion

of a viscous gas with a dispersed component (α= 0.0001) - curve 3 into vacuum. Moment of time -t = 0.3 ms
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Ðèñ. 4. Ïðîñòðàíñòâåííîå ðàñïðåäåëåíèå ñêîðîñòè ãàçà ïðè ðàçëåòå â âàêóóì îäíîðîäíîãî âÿçêîãî ãàçà -
êðèâàÿ 1; ðàçëåòå â âàêóóì âÿçêîãî ãàçà ñ äèñïåðñíîé êîìïîíåíòîé (α=0.00001) � êðèâàÿ 2; ðàçëåòå â
âàêóóì âÿçêîãî ãàçà ñ äèñïåðñíîé êîìïîíåíòîé (α=0.0001) � êðèâàÿ 3; ðàçëåòå â âàêóóì âÿçêîãî ãàçà ñ

äèñïåðñíîé êîìïîíåíòîé (α=0.001) � êðèâàÿ 4. Ìîìåíò âðåìåíè t=0.3 ìñ

Fig. 4. Spatial distribution of gas velocity during the expansion of a homogeneous viscous gas into a vacuum -

curve 1; expansion into a vacuum of a viscous gas with a dispersed component (α= 0.00001) � curve 2;

expansion of a viscous gas with a dispersed component (α= 0.0001) � curve 3 into vacuum; expansion of a

viscous gas with a dispersed component (α = 0.001) � curve 4 into vacuum. Moment of time.t = 0.3 ms

Ðèñ. 5. Ïðîñòðàíñòâåííîå ðàñïðåäåëåíèå èíòåíñèâíîñòè ñêîðîñòíîãî ñêîëüæåíèÿ êîìïîíåíò ñìåñè ïðè
ðàçëåòå â âàêóóì âÿçêîãî ãàçà ñ äèñïåðñíîé êîìïîíåíòîé (α=0.00001) � êðèâàÿ 1; ðàçëåòå â âàêóóì

âÿçêîãî ãàçà ñ äèñïåðñíîé êîìïîíåíòîé (α=0.0001) � êðèâàÿ 2; ðàçëåòå â âàêóóì âÿçêîãî ãàçà ñ äèñïåðñíîé
êîìïîíåíòîé (α=0.001) � êðèâàÿ 3. Ìîìåíò âðåìåíè t=0.3 ìñ

Fig. 5. The spatial distribution of the intensity of the velocity slip of the mixture components during the

expansion of a viscous gas with a dispersed component into vacuum (α= 0.00001) � curve 1; expansion of a

viscous gas with a dispersed component into vacuum (α= 0.0001) � curve 2; expansion of a viscous gas with a

dispersed component (α= 0.001) � curve 3 into vacuum. Moment of time -t = 0.3 ms

Âûÿâëåííûå çàêîíîìåðíîñòè ìîæíî îáúÿñíèòü òåì, ÷òî ïðè ïðî÷èõ íåèçìåííûõ ïàðàìåòðàõ
äèñïåðñíîé êîìïîíåíòû ñìåñè, óâåëè÷åíèå îáúåìíîãî ñîäåðæàíèÿ äèñïåðñíîé ôàçû ãàçîâçâåñè ïðè-
âîäèò ê óâåëè÷åíèþ èíòåíñèâíîñòè ìåæôàçíîãî âçàèìîäåéñòâèÿ, áîëüøèì ïîòåðÿì êèíåòè÷åñêîé
ýíåðãèè èñòåêàþùåãî â âàêóóì ãàçà. Âñëåäñòâèå ÷åãî ñêîðîñòíûå ïàðàìåòðû êîìïîíåíò ñìåñè èìåþò
ìåíüøåå îòëè÷èå è èíòåíñèâíîñòü ñêîðîñòíîãî ñêîëüæåíèÿ óìåíüøàåòñÿ. Â ãàçîâçâåñÿõ ñ ìåíüøèì
ñîäåðæàíèåì äèñïåðñíîé êîìïîíåíòû âëèÿíèå äèñïåðñíîé ñîñòàâëÿþùåé ñìåñè íà äèíàìèêó ãàçà
íåçíà÷èòåëüíîå, ïî ñðàâíåíèþ ñ ãàçîâçâåñÿìè, â êîòîðûõ ìàññà íåñóùåé è äèñïåðñíîé êîìïîíåíò
áëèçêè. Ãàçîâàÿ êîìïîíåíòà ñìåñè ðàçãîíÿåòñÿ äî áîëüøèõ ñêîðîñòåé, ÷åì ãàçîâàÿ êîìïîíåíòà â
ãàçîâçâåñÿõ ñ áîëüøèì îáúåìíûì ñîäåðæàíèåì äèñïåðñíîé ôàçû. Çà ñ÷åò ìåíüøèõ ïîòåðü â ìåæ-
ôàçíîì âçàèìîäåéñòâèè ñêîðîñòè èñòå÷åíèÿ ãàçà â ãàçîâçâåñè ñ ìàëûìè îáúåìíûìè ñîäåðæàíèÿìè
äèñïåðñíîé êîìïîíåíòû áëèçêè ê ñêîðîñòè èñòå÷åíèÿ ÷èñòîãî ãàçà. Ïðè ýòîì ñêîðîñòü äèñïåðñíîé
êîìïîíåíòû ñóùåñòâåííî ìåíüøå, ÷åì ó ãàçà, ÷òî ïðèâîäèò ê ñêîðîñòíîìó ñêîëüæåíèþ áîëüøåé
âåëè÷èíû.
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Ðèñ. 6. Ïðîñòðàíñòâåííîå ðàñïðåäåëåíèå ñêîðîñòè äèñïåðñíîé êîìïîíåíòû ñìåñè ïðè ðàçë¼òå â âàêóóì
âÿçêîãî ãàçà ñ äèñïåðñíîé êîìïîíåíòîé (α=0.00001) � êðèâàÿ 1; ðàçë¼òå â âàêóóì âÿçêîãî ãàçà ñ

äèñïåðñíîé êîìïîíåíòîé (α=0.0001) � êðèâàÿ 2; ðàçë¼òå â âàêóóì âÿçêîãî ãàçà ñ äèñïåðñíîé êîìïîíåíòîé
(α=0.001) � êðèâàÿ 3. Ìîìåíò âðåìåíè t=0.3 ìñ

Fig. 6. Spatial velocity distribution of the dispersed component of the mixture during the expansion of a viscous

gas with a dispersed component (α= 0.00001) � curve 1; expansion of a viscous gas with a dispersed component

(α= 0.0001) � curve 2 into vacuum; expansion of a viscous gas with a dispersed component (α= 0.001) - curve 3

into vacuum. Moment of time -t = 0.3 ms

Âûâîäû. Âû÷èñëèòåëüíûå ýêñïåðèìåíòû âûÿâèëè îòëè÷èÿ ïðîöåññîâ èñòå÷åíèÿ â âàêóóì îä-
íîðîäíîãî ãàçà è íåîäíîðîäíîé ñðåäû. Ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå ïðîäåìîíñòðèðîâàëî, ÷òî
íàëè÷èå äèñïåðñíîé ôàçû îêàçûâàåò ñóùåñòâåííîå âëèÿíèå íà èñòå÷åíèå ãàçà â âàêóóì. Òàêæå áû-
ëî îïðåäåëåíî, ÷òî ïðè îáú¼ìíûõ ñîäåðæàíèÿõ äèñïåðñíîé êîìïîíåíòû ñìåñè áîëüøèõ α = 0.0001
âëèÿíèå äèñïåðñíîé êîìïîíåíòû ñìåñè ñòàíîâèòñÿ ñóùåñòâåííûì. Èíòåíñèâíîñòü ìåæôàçíîãî ñêî-
ðîñòíîãî ñêîëüæåíèÿ îáðàòíî ïðîïîðöèîíàëüíà âåëè÷èíå îáú¼ìíîãî ñîäåðæàíèÿ äèñïåðñíîé êîìïî-
íåíòû ñìåñè. Óâåëè÷åíèå îáú¼ìíîãî ñîäåðæàíèÿ äèñïåðñíîé êîìïîíåíòû ñìåñè ïðèâîäèò ê óìåíü-
øåíèþ ñêîðîñòè äâèæåíèÿ íåñóùåé è äèñïåðñíîé êîìïîíåíò ñìåñè, âñëåäñòâèå áîëüøåãî ìåæôàçíî-
ãî âçàèìîäåéñòâèÿ, â ðåçóëüòàòå óìåíüøàåòñÿ èíòåíñèâíîñòü ìåæôàçíîãî ñêîðîñòíîãî ñêîëüæåíèÿ.
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