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Òèïû êîíâåêöèè

Êîíâåêöèÿ � ïåðåìåùåíèå
ìàêðîñêîïè÷åñêèõ ÷àñòåé ñðåäû (ãàçà,
æèäêîñòè), ïðèâîäÿùåå ê ïåðåíîñó
ìàññû, òåïëîòû è äðóãèõ ôèçè÷åñêèõ
âåëè÷èí.

Òåðìîäèôôóçèÿ � ïåðåíîñ
êîìïîíåíò ãàçîâûõ ñìåñåé èëè
ðàñòâîðîâ ïîä âëèÿíèåì
ãðàäèåíòà òåìïåðàòóðû.
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Ìîäåëü âèáðàöèîííîé êîíâåêöèè

Ðàññìîòðèì áèíàðíóþ ñìåñü ñ óðàâíåíèåì ñîñòîÿíèÿ

ρ = ρ0(1− βTT − βCC),

Îñðåäíåííûå óðàâíåíèÿ äâèæåíèÿ â ïðèáëèæåíèè
Îáåðáåêà�Áóññèíåñêà èìåþò âèä

∂tu + (u · ∇)u = −ρ−1
0 ∇p+ ν∇2u− (βTT + βCC)g+

+
(Aω)2

2

(
((βTT + βCC) e−∇Φ) · ∇

)
∇Φ,

∂tT + u · ∇T = χ∇2T, (1)

∂tC + u · ∇C = D∇2C +DT∇2T,

∇ · u = 0,

∇2Φ− (βT∇T + βC∇C) · e = 0.
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Ðåçóëüòàò ãðóïïîâîé êëàññèôèêàöèè óðàâíåíèé (1)
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Îáîçíà÷åíèÿ îïåðàòîðîâ

HΦ(ϕ(t)) = ϕ(t)
∂

∂Φ
, Z0 = 2t

∂

∂t
+

3∑
i=1

(
xi

∂

∂xi
− ui ∂

∂ui

)
− 2p

∂

∂p
,

UT = −ρ0βT
(
g1x

1 + g2x
2 + g3x

3) ∂
∂p

+
∂

∂T
+ βT

(
e1x

1 + e2x
2 + e3x

3) ∂
∂Φ

,

UC = −ρ0βC
(
g1x

1 + g2x
2 + g3x

3) ∂
∂p

+
∂

∂C
+ βC

(
e1x

1 + e2x
2 + e3x

3) ∂
∂Φ

,

T 1 = T
∂

∂T
, T 2 = C

∂

∂T
, C1 = C

∂

∂C
, C2 = T

∂

∂C
,

ZT = Z0 − T 1, ZC = Z0 − C1, Z = Z0 − T 1 − C1,

Z∗
T = ZT +

DT
D − χ C

2, Z∗
C = ZC −

DT
D − χ C

2, L = (DTT + (D − χ)C)
∂

∂C
,

R1 = T 1 − βT
βC

C2, R2 = C1 − βC
βT

T 2, XR = e3X12 − e2X13 + e1X23.
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Âèä èíâàðèàíòíîãî ðåøåíèÿ

Èíâàðèàíòíîå ðåøåíèå îñðåäíåííûõ óðàâíåíèé ñòðîèòñÿ îòíîñèòåëüíî
ïîäàëãåáðû

X0 =
∂

∂t
, H2(1) =

∂

∂x2
, H0(1) =

∂

∂p
,

H3(1) +
R

Gr Sc
UC =

∂

∂x3
+

R

Gr Sc

(
− x3 ∂

∂p
+

∂

∂C
+ x3 ∂

∂Φ

)
.

Îïåðàòîðû çàïèñàíû â áåçðàçìåðíûõ ïåðåìåííûõ. Ñîîòâåòñòâóþùåå
ðåøåíèå èìååò âèä

u1 = u(x), u2 = v(x), u3 = w(x), p = p(x, z),

T = T (x), C = c(x) +
R

Gr Sc
z, Φ = ϕ(x) +

R

2Gr Sc
z2,

ãäå èñïîëüçîâàíû ñòàíäàðòíûå îáîçíà÷åíèÿ êîîðäèíàò x1 = x, x3 = z.
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Òåðìîäèôôóçèîííàÿ êîëîííà
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Ãðàíè÷íûå óñëîâèÿ

Çàäàäèì ãðàíè÷íûå óñëîâèÿ íà áîêîâûõ ñòåíêàõ êîëîííû:

x = ±1 : w = 0, Θ = ±1,
∂c

∂x
− ψ∂T

∂x
= 0,

∂ϕ

∂x
= 0.

Ðàñõîä æèäêîñòè ÷åðåç ëþáîå ïîïåðå÷íîå ñå÷åíèå êîëîííû äîëæíû
áûòü ðàâíû íóëþ, à ñðåäíÿÿ êîíöåíòðàöèÿ ïî êîëîííå äîëæíà
îñòàâàòüñÿ íåèçìåííîé:∫ 1

−1

w dx = 0,

∫ 1

−1

c dx = 0.

Äëÿ îïðåäåëåíèÿ ãðàäèåíòà êîíöåíòðàöèè çàäàåòñÿ óñëîâèå

Gr2

2

∫ 1

−1

cw dx− R

Sc2
= 0.
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Áåçðàçìåðíûå ïàðàìåòðû

Pr = ν
χ
� õàðàêòåðèçóåò âëèÿíèå ñâîéñòâ òåïëîíîñèòåëÿ íà

òåïëîîòäà÷ó.

Sc = ν
D
� õàðàêòåðèçóåò ðîëü ìîëåêóëÿðíûõ ïåðåíîñîâ êîëè÷åñòâà

äâèæåíèÿ è ïåðåíîñà ìàññû ïðèìåñè äèôôóçèåé.

Gr =
gβT ∆TL3

ν2
� îïðåäåëÿåò ïðîöåññ òåïëîîáìåíà ïðè ñâîáîäíîì

äâèæåíèè â ïîëå ãðàâèòàöèè.

Gs = (AωβT ∆TL)2

2νχ
� õàðàêòåðèçóåò âèáðàöèîííîå âîçäåéñòâèå.

ψ = −D
T βC
DβT

� îòíîøåíèå ðàçäåëåíèÿ, îïèñûâàåò ýôôåêò
òåðìîäèôôóçèè.

R = gβCBL
4/νD � êîíöåíòðàöèîííîå ÷èñëî Ðýëåÿ, îïðåäåëåííîå ïî

ïîñòîÿííîìó âåðòèêàëüíîìó ãðàäèåíòó êîíöåíòðàöèè B.
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Çàâèñèìîñòü ìåæäó êîíöåíòðàöèîííûì ÷èñëîì Ðýëåÿ R è
îòíîøåíèåì ðàçäåëåíèÿ ψ

Ïàðàìåòðû ðàñ÷åòà Pr = 10, Sc = 1000, Gr = 50.
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Ñêîðîñòü è êîíöåíòðàöèÿ ïðè ðàçëè÷íûõ ÷èñëàõ Gs

Ïàðàìåòðû ñìåñè âîäà (90%) � ýòàíîë (10%), ψ = 0.14, Pr = 22.53,
Sc = 2493. C � êîíöåíòðàöèÿ ýòàíîëà.
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Ìàòåìàòè÷åñêèå ìîäåëè êîíâåêöèè

Ïðèáëèæåíèå Îáåðáåêà�Áóññèíåñêà äëÿ îäíîðîäíîé æèäêîñòè
Óðàâíåíèå ñîñòîÿíèÿ

ρ = ρ0(1− βTT )

Ïðèáëèæåíèå Îáåðáåêà�Áóññèíåñêà äëÿ ñìåñè
Óðàâíåíèå ñîñòîÿíèÿ

ρ = ρ0(1− βTT − βCC)

Ìîäåëü ìèêðîêîíâåêöèè
Óðàâíåíèå ñîñòîÿíèÿ

ρ = ρ0(1− βTT )−1

Óðàâíåíèå ñîñòîÿíèÿ ïðåñíîé âîäû âáëèçè òåìïåðàòóðû
ìàêñèìàëüíîé ïëîòíîñòè

ρ = 999.975[1− 6.8× 10−6(T − 3.98)2]

Óðàâíåíèå ñîñòîÿíèÿ ìîðñêîé âîäû Ãåáõàðòà�Ìîëëåíäîðôà

ρ = ρm(C, p)[1− α(C, p)(T − Tm(C, p))q(C,p)]

È.Â. Ñòåïàíîâà ÑÈÌÌÅÒÐÈÈ Â ÌÎÄÅËßÕ ÊÎÍÂÅÊÖÈÈ



Óðàâíåíèÿ êîíâåêöèè ñ ïðîèçâîëüíîé ñèëîé ïëàâó÷åñòè

Óðàâíåíèå ñîñòîÿíèÿ
ρ = ρ0F (T,C)

ut + (u · ∇)u = −ρ−1
0 ∇p+ ν4u + F (T, C)g,

Tt + u · ∇T = χ4T, (2)

Ct + u · ∇C = D4C +DT4T,

divu = 0.

Ïóñòü ν 6= 0, χ 6= 0, D 6= 0, DT 6= 0, χ 6= D, òîãäà èìååò ìåñòî çàìåíà
ïåðåìåííûõ

p = ρ0u
4, T =

χ−D
DT

u5, C = u5 + u6.
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Ðåçóëüòàò ãðóïïîâîé êëàññèôèêàöèè ñèñòåìû (2)

Ðåçóëüòàò ðåøåíèÿ çàäà÷è ãðóïïîâîé êëàññèôèêàöèè äëÿ
ïðåîáðàçîâàííîé ñèñòåìû (2): 43 ïðåäñòàâèòåëÿ ôóíêöèè F (u5, u6) è
íàáîðû ñîîòâåòñòâóþùèõ îïåðàòîðîâ:

∂

∂t
, ϕ(t)

∂

∂u4
, x1 ∂

∂x2
− x2 ∂

∂x1
+ u1 ∂

∂u2
− u2 ∂

∂u1
,

hi(t)
∂

∂xi
+ hit(t)

∂

∂ui
− xihitt(t)

∂

∂u4
, i = 1, 2, 3,

2t
∂

∂t
+

3∑
i=1

(
xi

∂

∂xi
− ui ∂

∂ui

)
− 2u4 ∂

∂u4
,

x3 ∂

∂u4
, u5 ∂

∂u5
,

∂

∂u5
, u6 ∂

∂u6
,

∂

∂u6
.
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Âèä èíâàðèàíòíîãî ðåøåíèÿ

Äëÿ ôóíêöèè F (u5, u6) = u6 + f(u5) ðåøåíèå, èíâàðèàíòíîå
îòíîñèòåëüíî äåéñòâèÿ îïåðàòîðîâ

∂t, ∂x2 , ∂x3 +A(x3∂u4 + ∂u6),

èùåì â âèäå

u1 = u1(x1), u2 = u2(x1), u3 = u3(x1), u4 = P (x1) +A(x3)2/2,

u5 = θ(x1), u6 = K(x1) +Ax3,

çäåñü A � ïîñòîÿííàÿ.
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Ãðàíè÷íûå óñëîâèÿ

Ãðàíè÷íûå óñëîâèÿ íà ñòåíêàõ x = ±1 â áåçðàçìåðíûõ ïåðåìåííûõ

w = 0, u5 = ±θ̄,

∂c

∂x
+ Le

∂u5

∂x
= 0,

θ̄ = θDT

(χ−D)
� áåçðàçìåðíàÿ òåìïåðàòóðà íàãðåòîé ñòåíêè,

Le = χ
D
� ÷èñëî Ëüþèñà.

Èñõîäíûå óðàâíåíèÿ ñâîäÿòñÿ ê ñèñòåìå

∂2w

∂x2
− c− f(u5),

∂2u5

∂x2
= 0,

∂2c

∂x2
+ Rw = 0.

Êðîìå çàäàííûõ ãðàíè÷íûõ óñëîâèé, ñ÷èòàåòñÿ, ÷òî âûïîëíåíû
ñîîòíîøåíèÿ

1∫
−1

w dx = 0,

1∫
−1

c dx = 2c0, Ga2

1∫
−1

(u5 + c)w dx+
2R

Sc2 dx = 0.
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Ôóíêöèÿ ñêîðîñòè äëÿ ëèíåéíîãî è êâàäðàòè÷íîãî
ðàñïðåäåëåíèÿ ïëîòíîñòè

Ïàðàìåòðû çàäà÷è:
Pr = 10, Sc = 103, Ga = 104, θ̄ = 10, T0 = 100, 200, 300.
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Çàêëþ÷åíèå

Ñ ïîìîùüþ ìåòîäîâ ãðóïïîâîãî àíàëèçà èññëåäîâàíà ñèñòåìà
óðàâíåíèé âèáðàöèîííîé êîíâåêöèè, íàéäåíû ãðóïïû
ïðåîáðàçîâàíèé â çàâèñèìîñòè îò ôèçè÷åñêèõ ïàðàìåòðîâ,
âõîäÿùèõ â ñèñòåìó.

Ïîñòðîåíî òî÷íîå ðåøåíèå, îïèñûâàþùåå ðàçäåëåíèå áèíàðíîé
ñìåñè â òåðìîäèôôóçèîííîé êîëîííå ïîä äåéñòâèåì ïðîäîëüíûõ
âèáðàöèé è ãðàäèåíòà êîíöåíòðàöèè.

Ðåøåíà çàäà÷à ãðóïïîâîé êëàññèôèêàöèè äëÿ óðàâíåíèé
òåðìîäèôôóçèè áèíàðíîé ñìåñè îòíîñèòåëüíî ôóíêöèè,
îòâå÷àþùåé çà ñèëó ïëàâó÷åñòè.

Ïîñòðîåíî òî÷íîå ðåøåíèå, îïèñûâàþùåå òå÷åíèå áèíàðíîé ñìåñè ñ
íåëèíåéíûì óðàâíåíèåì ñîñòîÿíèÿ â âåðòèêàëüíîì ñëîå ïîä
äåéñòâèåì ãðàäèåíòà êîíöåíòðàöèè.
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Ñïàñèáî çà âíèìàíèå
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