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Â ðàáîòå ïîñòðîåí àëãîðèòì ïîâûøåííîãî ïîðÿäêà òî÷íîñòè íà îñíîâå WENO ñõåì äëÿ ìîäåëèðîâàíèÿ

äèíàìèêè ìíîãîêîìïîíåíòíîãî ðåàãèðóþùåãî ãàçà ñ ó÷åòîì ïðîöåññîâ äè��óçèè, òåïëîïðîâîäíîñòè

è õèìè÷åñêèõ ðåàêöèé. Ïðîâåäåíû ðàñ÷åòû äëÿ òå÷åíèÿ ãàçà â ïðîòî÷íîì ðåàêòîðå äëÿ òåðìè÷åñêî-

ãî ïèðîëèçà ýòàíà ñ âíåøíèì îáîãðåâîì ðåàêöèîííîé çîíû. Â ðàññìàòðèâàåìûõ òå÷åíèÿõ ñêîðîñòü

äâèæåíèÿ ãàçà ìíîãî ìåíüøå ñêîðîñòè ðàñïðîñòðàíåíèÿ çâóêà â ãàçîâîé ñìåñè, ÷òî îáóñëàâëèâàåò èñ-

ïîëüçîâàíèå óðàâíåíèé Íàâüå�Ñòîêñà â ïðèáëèæåíèè ìàëûõ ÷èñåë Ìàõà äëÿ îïèñàíèÿ èññëåäóåìûõ

ïðîöåññîâ. �àñ÷åò óðàâíåíèé õèìè÷åñêèõ ðåàêöèé âûäåëÿåòñÿ â îòäåëüíûé øàã, ãäå ñêîðîñòü ðåàêöèè

îïðåäåëÿåòñÿ íà îñíîâå âûðàæåíèé Àððåíèóñà. Äëÿ ïîñòðîåíèÿ ìîäåëè õèìè÷åñêîé êèíåòèêè ïðèíÿ-

òà êèíåòè÷åñêàÿ ñõåìà ïèðîëèçà ýòàíà, ïðåäñòàâëÿþùàÿ ñîáîé ðàçâåòâëåííûé ðàäèêàëüíûé ìåõàíèçì.

Ïðîâåäåíû ðàñ÷åòû äîçâóêîâîãî òå÷åíèÿ ãàçà ñ ó÷åòîì ïðîöåññîâ äè��óçèè, õèìè÷åñêèõ ðåàêöèé è èõ

òåïëîâûõ ý��åêòîâ äëÿ ðàçëè÷íûõ òåìïåðàòóð íàãðåâàòåëüíûõ ýëåìåíòîâ. Ñðàâíåíèå ñ ýêñïåðèìåí-

òàëüíûìè äàííûìè ïîêàçàëî, ÷òî 1.97%-íàÿ êîíâåðñèÿ ýòàíà â ðàñ÷åòàõ äîñòèãàåòñÿ äëÿ 648 ◦
C íà

âûõîäå ìåòàëëè÷åñêîãî ðåàêòîðà, ÷òî áëèçêî ê ýêñïåðèìåíòàëüíûì çíà÷åíèÿì, ñîñòàâëÿþùèì 2.1%.
Ñðàâíåíèå äàííûõ ýêñïåðèìåíòîâ ïî òåðìè÷åñêîìó ïèðîëèçó ýòàíà ñ äàííûìè, ïîëó÷åííûìè â õîäå

âû÷èñëèòåëüíîãî ýêñïåðèìåíòà, ïîêàçàëî âûñîêóþ ñòåïåíü äîñòîâåðíîñòè ïîëó÷åííûõ ðåçóëüòàòîâ.

Êëþ÷åâûå ñëîâà: óðàâíåíèÿ Íàâüå�Ñòîêñà, WENO ñõåìà, ïèðîëèç ýòàíà.
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Â Èíñòèòóòå êàòàëèçà èìåíè �.Ê. Áîðåñêîâà ðàçðàáàòûâàþòñÿ ý��åêòèâíûå íèçêîòåìïå-

ðàòóðíûå òåõíîëîãèè ïåðåðàáîòêè óãëåâîäîðîäîâ â ðåæèìå ñìåøàííîé ïîäà÷è ýíåðãèè [1�3℄.

Â íàñòîÿùåé ðàáîòå ðàññìàòðèâàåòñÿ ïðîöåññ ïèðîëèçà ýòàíà â ðåæèìå ïîäà÷è ýíåðãèè ÷å-

ðåç âíåøíèé íàãðåâ ñòåíîê ðåàêòîðà. �àçðàáîòàííûé ÷èñëåííûé àëãîðèòì ìîäåëèðóåò ïðîöåññ

ïèðîëèçà ýòàíà â õèìè÷åñêîì ðåàêòîðå, íàáëþäàåìûé ýêñïåðèìåíòàëüíî. Äëÿ ìîäåëèðîâàíèÿ

ãàçîäèíàìè÷åñêèõ òå÷åíèé èñïîëüçóåòñÿ êîíå÷íî-îáúåìíàÿ ñõåìà ïîâûøåííîãî ïîðÿäêà òî÷íî-

ñòè. Íà ñåãîäíÿøíèé äåíü ðàçëè÷íûå ñõåìû ïîâûøåííîãî ïîðÿäêà òî÷íîñòè óñïåøíî ðàçâè-

âàþòñÿ äëÿ ðåøåíèÿ ñèñòåì çàêîíîâ ñîõðàíåíèÿ [4�8℄. Â íàñòîÿùåé ðàáîòå äëÿ ðåêîíñòðóêöèè

ãàçîäèíàìè÷åñêèõ ïàðàìåòðîâ èñïîëüçóåòñÿ WENO ñõåìà ïÿòîãî ïîðÿäêà òî÷íîñòè [9, 10℄.

� 1. Ìàòåìàòè÷åñêàÿ ìîäåëü

Ëàáîðàòîðíûå ýêñïåðèìåíòû, ïðîâîäèìûå â Èíñòèòóòå êàòàëèçà èìåíè �.Ê. Áîðåñêîâà, õà-

ðàêòåðèçóþòñÿ ðåæèìàìè òå÷åíèÿ ñ ìàëûìè ÷èñëàìè Ìàõà. �åøåíèå óðàâíåíèé Íàâüå�Ñòîêñà,

îïèñûâàþùèõ ïîäîáíûå òå÷åíèÿ, áåç ñïåöèàëüíûõ ìîäè�èêàöèé ÷èñëåííî íåóñòîé÷èâû [11�13℄.

Äëÿ îïèñàíèÿ äîçâóêîâûõ òå÷åíèé ìíîãîêîìïîíåíòíîé ãàçîâîé ñìåñè èñïîëüçóåòñÿ ñèñòåìà

óðàâíåíèé Íàâüå�Ñòîêñà â ïðèáëèæåíèè ìàëûõ ÷èñåë Ìàõà [11�13℄:

∂ρYi
∂t

= −∇ · (ρYi~v)−∇ · ~Ji +Qi, (1.1)

1

�àáîòà âûïîëíåíà ïðè ÷àñòè÷íîé �èíàíñîâîé ïîääåðæêå �îññèéñêîãî íàó÷íîãî �îíäà (ãðàíò 17�71�30014)

è ÷àñòè÷íîé �èíàíñîâîé ïîääåðæêå Ìèíîáðíàóêè �îññèè, áàçîâàÿ ÷àñòü ãîñçàäàíèÿ 1.6958.2017/8.9. �àáîòà

Ñòàäíè÷åíêî Î.À. âûïîëíåíà â ðàìêàõ ãîñóäàðñòâåííîãî çàäàíèÿ Ô�ÁÓÍ ÈÊ ÑÎ �ÀÍ (ïðîåêò �0303�2016�

0017).

http://dx.doi.org/10.20537/vm170410
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∂ρ~v

∂t
= −∇ · (ρ~v~v)−∇π +∇ · τ , (1.2)

∂ρh

∂t
= −∇ · (ρh~v)−∇ · ~q. (1.3)

Ñèñòåìà äîïîëíåíà óðàâíåíèåì ñîñòîÿíèÿ è óñëîâèåì íà äèâåðãåíöèþ âåêòîðà ñêîðîñòè:

p0 = ρRT
∑

i

Yi
Mwi

,

S ≡ ∇ · ~v =
1

ρCpT

(
∇ · λ∇T +

∑

i

ρDim∇Yi∇hi

)
+

1

ρ

∑

i

Mw

Mwi
(∇ · ρDim∇Yi) +

+
1

ρ

∑

i

(
Mw

Mwi
−

hi
CpT

)
Qi.

(1.4)

Çäåñü ρ � ïëîòíîñòü ñìåñè, ~v � âåêòîð ñêîðîñòè, Yi � ìàññîâàÿ êîíöåíòðàöèÿ i-é êîìïî-

íåíòû ñìåñè, T � òåìïåðàòóðà, Mwi � ìîëÿðíàÿ ìàññà i-é êîìïîíåíòû ñìåñè, π = p − p0 �
äèíàìè÷åñêàÿ ñîñòàâëÿþùàÿ äàâëåíèÿ, p0 � òåðìîäèíàìè÷åñêàÿ ñîñòàâëÿþùàÿ äàâëåíèÿ,

~Ji �
âåêòîð äè��óçèîííîãî ïîòîêà, ~q � âåêòîð ïîòîêà òåïëà, h � ýíòàëüïèÿ ñìåñè, τ � òåíçîð âÿç-

êèõ íàïðÿæåíèé, Qi � ñêîðîñòü îáðàçîâàíèÿ èëè ðàñõîäà i-é êîìïîíåíòû ñìåñè.

Âåêòîð äè��óçèîííîãî ïîòîêà êîìïîíåíòà è âåêòîð ïîòîêà òåïëà äëÿ ñìåñè îïðåäåëÿþòñÿ

ñ èñïîëüçîâàíèåì ìîäåëè ñðåäíèõ ïî ñìåñè çíà÷åíèé [11℄:

~Ji = −ρDim∇Yi,

~q = −λ∇T −
∑

i

hiρDim∇Yi.

Çäåñü Dim � ñðåäíèé ïî ñìåñè êîý��èöèåíò äè��óçèè i-é êîìïîíåíòû ñìåñè, λ � êîý�-

�èöèåíò òåïëîïðîâîäíîñòè ñìåñè, hi � ýíòàëüïèÿ i-é êîìïîíåíòû ñìåñè.

Ñðåäíèé ïî ñìåñè êîý��èöèåíò äè��óçèè ðàññ÷èòûâàåòñÿ ïî �îðìóëå

Dim =
1−Xi∑
i 6=j

Xj

Dji

, Dji = 2, 628 · 10−7

√
T 3 (Mwi +Mwj)

2MwiMwj

pσ2ijΩD

(
T ∗
D

) .

Çäåñü Xi � ìîëüíàÿ äîëÿ i-é êîìïîíåíòû ãàçà, Dji � áèíàðíûé êîý��èöèåíò äè��óçèè,

σij � äèàìåòð ñå÷åíèÿ ñîóäàðåíèé, ΩD (T ∗
D) � ìîìåíò îò èíòåãðàëà ñòîëêíîâåíèé ÷àñòèö ñîð-

òà i è j.

Äëÿ íàõîæäåíèÿ ýíòàëüïèè i-é êîìïîíåíòû ãàçîâîé ñìåñè èñïîëüçóåòñÿ âûðàæåíèå

hi =

∫ T

T0

Cpi (T ) dT + h0i .

Çäåñü h0i � ýíòàëüïèÿ îáðàçîâàíèÿ i-é êîìïîíåíòû ïðè ñòàíäàðòíîé òåìïåðàòóðå T0 =
= 298,15 ◦

K, Cpi � óäåëüíàÿ òåïëîåìêîñòü i-é êîìïîíåíòû ïðè ïîñòîÿííîì äàâëåíèè, çàäàåòñÿ

ìíîãî÷ëåíîì, àïïðîêñèìèðóþùèì èçâåñòíûå òåðìîäèíàìè÷åñêèå òàáëè÷íûå äàííûå â íóæíîì

èíòåðâàëå òåìïåðàòóð [1, 3℄.

Òåíçîð âÿçêèõ íàïðÿæåíèé èìååò âèä

τ = µ

(
∇~v + (∇~v)T −

2

3
µ (∇ · ~v) I

)
,

ãäå µ � êîý��èöèåíò äèíàìè÷åñêîé âÿçêîñòè.
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Äëÿ áîëåå òî÷íîãî ðàñ÷åòà òåìïåðàòóðíîãî ïîëÿ èñïîëüçóþòñÿ òåìïåðàòóðíûå çàâèñèìîñòè

äëÿ êîý��èöèåíòîâ òåïëîïðîâîäíîñòè è âÿçêîñòè êàæäîé êîìïîíåíòû ñìåñè, ïðåäëîæåííûå

â [1, 3℄.

� 2. Âû÷èñëèòåëüíûé àëãîðèòì

Äëÿ ïîñòðîåíèÿ äèñêðåòíîé ìîäåëè ââîäèòñÿ ñåòêà, ðàâíîìåðíàÿ ïî êàæäîìó íàïðàâëåíèþ:

ω∆ = ω∆x × ω∆y,

ω∆x = {∆i, i = 1, . . . , Nx,∆i = [xi−1, xi], |∆i| = xi − xi−1 = hx, hxNx = Lx},

ω∆y = {∆j, j = 1, . . . , Ny,∆j = [yi−1, yi], |∆j| = yj − yj−1 = hy, hyNy = Ly},

ãäå Lx(y) � ðàçìåðû ðàñ÷åòíîé îáëàñòè âäîëü îñåé {x, y}. Âñå ãàçîäèíàìè÷åñêèå ïàðàìåòðû

ðàññìàòðèâàþòñÿ êàê èíòåãðàëüíûå ñðåäíèå â ÿ÷åéêàõ ñåòêè.

Èñïîëüçóåòñÿ ïðîöåäóðà ðàñùåïëåíèÿ ïî �èçè÷åñêèì ïðîöåññàì, êîòîðàÿ çàêëþ÷àåòñÿ

â òîì, ÷òî ó÷åò õèìè÷åñêèõ ðåàêöèé âûäåëÿåòñÿ â îòäåëüíûé øàã, íà êîòîðîì ðåøàåòñÿ ñëå-

äóþùàÿ ñèñòåìà óðàâíåíèé:





∂ρYi
∂t

= Qi,

ρCp
∂T

∂t
= −

∑

i

Qihi.
(2.1)

Ñêîðîñòü îáðàçîâàíèÿ èëè ðàñõîäà êàæäîé êîìïîíåíòû â õîäå ðåàêöèè ðàññ÷èòûâàåòñÿ ïî

çàêîíó äåéñòâóþùèõ ìàññ:

Qi =Mwi

N∑

n=1

νinwn.

Çäåñü νin � ñòåõèîìåòðè÷åñêèå êîý��èöèåíòû êîìïîíåíòà i â ñòàäèè n; wn � ñêîðîñòü

ýëåìåíòàðíîé ñòàäèè ðåàêöèè:

wn = kn

M∏

i=1

(
ρYi
Mwi

)νin

,

kn � êîíñòàíòà ñêîðîñòè ýëåìåíòàðíîé ñòàäèè ðåàêöèè, êîòîðàÿ îïðåäåëÿåòñÿ èç óðàâíåíèÿ Àð-

ðåíèóñà:

kn = Ane
−En

RT .

Çäåñü An � ïðåäýêñïîíåíöèàëüíûé ìíîæèòåëü, En � ýíåðãèÿ àêòèâàöèè.

Äëÿ îïèñàíèÿ õèìè÷åñêèõ ïðåâðàùåíèé ðåàêöèè ïèðîëèçà ýòàíà ïðèíÿòà ðàäèêàëüíàÿ àâ-

òîêàòàëèòè÷åñêàÿ ñõåìà, âêëþ÷àþùàÿ N = 15 ñòàäèé ðåàêöèè èM = 12 êîìïîíåíò ñìåñè [1,14℄.

Äëÿ ðåøåíèÿ óðàâíåíèé õèìè÷åñêîé êèíåòèêè èñïîëüçóåòñÿ ñïåöèàëèçèðîâàííàÿ ÿâíàÿ ñõå-

ìà, îñíîâàííàÿ íà ñïåöè�è÷åñêîì âèäå çàäà÷ õèìè÷åñêîé êèíåòèêè, ïðåäëîæåííàÿ â [15℄. Ñè-

ñòåìó äè��åðåíöèàëüíûõ óðàâíåíèé, îïèñûâàþùóþ õèìè÷åñêèå ïðåâðàùåíèÿ â (2.1), ìîæíî

çàïèñàòü â ñëåäóþùåì âèäå [15℄:

dci
dt

= −ciφi (
) + ψi (
), 
 = (c1, c2, . . . , cM ).

Çäåñü ci =
ρYi
Mi

, ci > 0, φi (
) > 0, ψi (
) > 0.
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Òàáëèöà 1. Ñõåìà ðåàêöèè è êèíåòè÷åñêèå ïàðàìåòðû

� Ñòàäèÿ lgAi,
1
cèëè

ë

ìîëü·

Ei

êÄæ

ìîëü

1 C2H6 → CH•
3 + CH•

3 16.0 360.0

2 CH•
3 + C2H6 → CH4 + C2H

•
5 10.0 50.0

3 C2H
•
5 → C2H4 +H•

13.5 170.0

4 H• + C2H6 → H2 + C2H
•
5 9.65 40.0

5 H• + C2H4 → C2H
•
5 10.4 8.4

6 CH•
3 + C2H4 → n− C3H

•
7 10.9 33.0

7 n− C3H
•
7 → CH•

3 +C2H4 13.9 137.0

8 C2H
•
5 +C2H

•
5 → C2H4 + C2H6 10.0 8.4

9 n− C3H
•
7 + C2H4 → C2H

•
5 + C3H6 7.4 27.6

10 CH•
3 + C2H4 → CH4 + C2H

•
3 8.6 35.0

11 CH•
3 + C2H

•
3 → CH4 + C2H2 9.95 3.2

12 C2H
•
3 +H• → C2H2 +H2 10.0 0.0

13 C2H4 →
•C2H

•
4 14.5 253.0

14

•C2H
•
4 + C2H6 → CH•

3 + n−C3H
•
7 14.0 216.0

15

•C2H
•
4 → C2H4 5.38 0.0

�åøåíèå äàííîé ñèñòåìû íàõîäèòñÿ ïðîñòûìè èòåðàöèÿìè, ïðè ýòîì íåîáõîäèìî âûïîëíèòü

òîëüêî äâå èòåðàöèè [15℄:

ĉs+1
i =

ci + τψi (
̄
s) (1 + τφi (
̄

s) /2)

1 + τφi (
̄s) + (τφi (
̄s))
2 /2

, 
̄

s =

+ 
̂s

2
, 
̂

0 = 
.

Çäåñü ci � ðåøåíèå â èñõîäíûé ìîìåíò âðåìåíè, ĉi � ðåøåíèå â íîâûé ìîìåíò âðåìåíè.

Cèñòåìó óðàâíåíèé (1.1)�(1.3) ñ ó÷åòîì ðàñùåïëåíèÿ ïî �èçè÷åñêèì ïðîöåññàì ìîæíî ïðåä-

ñòàâèòü â âåêòîðíîì âèäå:

∂U

∂t
+
∂
(
F (1)(U)−H(1)(U)

)

∂x
+
∂
(
F (2)(U)−H(2)(U)

)

∂y
= 0. (2.2)

Âåêòîðû U , F (1)(U), F (2)(U), H(1)(U), H(2)(U) èìåþò ñëåäóþùèé âèä:

U =




ρYi
ρu
ρv
ρh


, F (1)(U) =




ρuYi
ρu2

ρuv
ρhu


, F (2)(U) =




ρvYi
ρuv
ρv2

ρhv


,

H(1)(U) =




Jix
τxx
τxy
qx


, H(2)(U) =




Jiy
τyx
τyy
qy


,

Jix = ρDmi
∂Yi
∂x

, Jiy = ρDmi
∂Yi
∂y

,

qx = λ
∂T

∂x
+

M∑

j=1

hjρDmj
∂Yj
∂x

, qy = λ
∂T

∂y
+

M∑

j=1

hjρDmj
∂Yj
∂y

,

τxx = µ

(
2
∂u

∂x
−

2

3

(
∂u

∂x
+
∂v

∂y

))
, τyy = µ

(
2
∂v

∂x
−

2

3

(
∂u

∂x
+
∂v

∂y

))
,

τxy = τyx = µ

(
∂v

∂x
+
∂u

∂y

)
.
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PSfrag repla
ements

302.9 454.5 606.1 757.7 909.3

�èñ. 1. �àñïðåäåëåíèå òåìïåðàòóðû

Çäåñü i = 1, 2, . . . ,M , M � êîëè÷åñòâî êîìïîíåíò â ãàçîâîé ñìåñè.

Äëÿ ÷èñëåííîãî ðåøåíèÿ ñèñòåìû (2.2) èñïîëüçóåòñÿ êîíñåðâàòèâíàÿ íåëèíåéíàÿ äè��å-

ðåíöèàëüíî-ðàçíîñòíàÿ ñõåìà âèäà

dUij

dt
+
F̃

(1)
i+1/2j − F̃

(1)
i−1/2j

hx
+
F̃

(2)
ij+1/2 − F̃

(2)
ij−1/2

hx
−



H̃

(1)
i+1/2j − H̃

(1)
i−1/2j

hx
+
H̃

(2)
ij+1/2 − H̃

(2)
ij−1/2

hx


 = 0.

Çäåñü F̃
(1)
i+1/2j = F̃ (1)

(
U r
i+1/2j , U

l
i+1/2j

)
, F̃

(2)
ij+1/2 = F̃ (2)

(
U r
ij+1/2, U

l
ij+1/2

)
� êîíâåêòèâíûå ïîòî-

êè, êîòîðûå ðàññ÷èòûâàþòñÿ ïî ñõåìå Ëàêñà�Ôðèäðèõñà��óñàíîâà [16, 17℄; H̃
(1)
i+1/2j , H̃

(2)
ij+1/2 �

äè��óçèîííûå è òåïëîâûå ïîòîêè, êîòîðûå ðàññ÷èòûâàþòñÿ ïî ñõåìå ñ öåíòðàëüíûìè ðàç-

íîñòÿìè; U r
i+1/2j , U

l
i+1/2j � çíà÷åíèÿ âåêòîðà ïåðåìåííûõ U ñëåâà è ñïðàâà îò ãðàíèöû ìåæ-

äó i-é è i + 1-é ÿ÷åéêàìè, êîòîðûå íàõîäÿòñÿ ñ èñïîëüçîâàíèåì WENO àëãîðèòìà ïÿòîãî ïî-

ðÿäêà òî÷íîñòè [9, 10℄.

Âû÷èñëåííîå òàêèì îáðàçîì ïîëå ñêîðîñòè íà ñëåäóþùåì øàãå ïî âðåìåíè ~v∗ íå óäîâëåòâî-
ðÿåò óñëîâèþ äëÿ äèâåðãåíöèè ñêîðîñòè (1.4) [11℄, ïîýòîìó îíî äîëæíî áûòü ñêîððåêòèðîâàíî

ïîñëå âû÷èñëåíèÿ äèíàìè÷åñêîé ñîñòàâëÿþùåé äàâëåíèÿ πn+1
:

~vn+1 = ~v∗ −
∆t

ρ
∇πn+1.

Óðàâíåíèå äëÿ äèíàìè÷åñêîé ñîñòàâëÿþùåé äàâëåíèÿ âûãëÿäèò ñëåäóþùèì îáðàçîì [11℄:

∇ ·
1

ρn
∇πn+1 =

1

∆t

(
∇ · ~v∗ − Sn+1

)
.

� 3. �åçóëüòàòû âû÷èñëèòåëüíîãî ýêñïåðèìåíòà

Äëÿ ïðîâåäåíèÿ âû÷èñëèòåëüíîãî ýêñïåðèìåíòà ïðèíèìàåì ñëåäóþùóþ ïîñòàíîâêó çàäà÷è.

�åîìåòðèÿ ðåàêòîðà, îïèñàííîãî â ðàáîòàõ [1�3℄, âêëþ÷àåò â ñåáÿ äâà ââîäà äëÿ ðåàãèðóþùåé

ñìåñè, äâà ââîäà äëÿ çàùèòíîãî ãàçà, îäíó âûõîäíóþ òðóáó äëÿ ïðîäóêòîâ ïèðîëèçà. �åàêöè-

îííàÿ çîíà îñíàùåíà íàãðåâàòåëüíûìè ýëåìåíòàìè.

Â íà÷àëüíûé ìîìåíò âðåìåíè ðåàêòîð çàïîëíåí ìåòàíîì êîìíàòíîé òåìïåðàòóðû T = 27 ◦
C,

äàâëåíèå â îáëàñòè p = 101325.0Ïà. Íà ââîäàõ ðåàãèðóþùåé ñìåñè ïîäàåòñÿ ãàç ýòàí ñ ðàñ-

õîäîì 0.754ìã/ñ, òåìïåðàòóðà ãàçà T = 327 ◦
C, íà ââîäàõ çàùèòíîãî ãàçà ïîäàåòñÿ ìåòàí

ñ ðàñõîäîì 0.316ìã/ñ, òåìïåðàòóðà ãàçà T = 27 ◦
C. Òåìïåðàòóðà íàãðåâàòåëüíûõ ýëåìåíòîâ

T = 642 ◦
C, òåìïåðàòóðà êîðïóñà âíå íàãðåâàòåëÿ èçìåíÿåòñÿ ïî ëèíåéíîìó çàêîíó îò 642 ◦

C

äî 27 ◦
C ê òîðöåâûì ñòåíêàì.

Íà îñíîâå ïîñòðîåííîãî àëãîðèòìà [18℄ äîðàáîòàí ðàçðàáàòûâàåìûé ïðîãðàììíûé êîì-

ïëåêñ [19℄ è ñ îïèñàííûìè íà÷àëüíûìè äàííûìè ïîëó÷åíû ðàñïðåäåëåíèÿ ïëîòíîñòè, òåìïåðà-

òóðû, ìàññîâûõ äîëåé ïðîäóêòîâ ïèðîëèçà è èñõîäíîé ãàçîâîé ñìåñè ïî âñåìó îáúåìó ðåàêòîðà

(ðèñ. 1�3).
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PSfrag repla
ements

0.120 0.251 0.382 0.512 0.643

�èñ. 2. �àñïðåäåëåíèå ïëîòíîñòè

PSfrag repla
ements

2.9e−9
1e−6

0.0001
0.01

0.99

(a)

PSfrag repla
ements

9.9e−11
1e−8 1e−6

0.0001
0.03

(á)

PSfrag repla
ements

1.4e−8
1e−6 1e−5

0.0001 0.001

(â)

PSfrag repla
ements

1.4e−2
0.05

0.1
0.20.2 0.5 1.0

(ã)

�èñ. 3. �àñïðåäåëåíèå è èçîëèíèè ìàññîâûõ äîëåé C2H6 (à), C2H4 (á), H2 (â), CH4 (ã)
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�èñ. 4. Çàâèñèìîñòü êîíâåðñèè ýòàíà îò òåìïåðàòóðû íàãðåâàòåëüíûõ ýëåìåíòîâ. Äàííûå ýêñïåðèìåíòîâ �

òî÷êè; äàííûå ìîäåëèðîâàíèÿ � êðåñòèêè

Â ðåçóëüòàòå íàãðåâà ñòåíîê ðåàêòîðà òåìïåðàòóðà ïîäàâàåìîãî ýòàíà ñòàíîâèòñÿ äîñòà-

òî÷íîé äëÿ çàïóñêà õèìè÷åñêîé ðåàêöèè è îáðàçîâàíèÿ ïðîäóêòîâ ïèðîëèçà. Ìàêñèìàëüíàÿ

òåìïåðàòóðà ãàçîâîé ñìåñè íàáëþäàåòñÿ â îáëàñòÿõ íàãðåâàòåëüíûõ ýëåìåíòîâ è â ïðàâîé

÷àñòè ðåàêöèîííîé çîíû, òàê êàê ãàç â ýòîé îáëàñòè óñïåâàåò ïðîãðåòüñÿ, à ñëåäîâàòåëüíî,

â ýòèõ îáëàñòÿõ õèìè÷åñêèå ïðåâðàùåíèÿ ïðîòåêàþò íàèáîëåå èíòåíñèâíî. Òàê êàê ðåàêöèÿ

ïèðîëèçà ýòàíà ÿâëÿåòñÿ ýíäîòåðìè÷åñêîé, òåìïåðàòóðà ðåàãèðóþùåãî ãàçà âñåãäà áóäåò íèæå

òåìïåðàòóðû íàãðåâàòåëüíûõ ýëåìåíòîâ (ðèñ. 1). Ïîñêîëüêó äàâëåíèå âíóòðè ðåàêòîðà ðàâíî

àòìîñ�åðíîìó, íàãðåâ ãàçà ïðèâîäèò ê åãî ðàçðåæåíèþ, ñëåäîâàòåëüíî, ìàêñèìàëüíîå çíà÷å-

íèå ïëîòíîñòè íàáëþäàåòñÿ íà ââîäàõ ãàçîâîé ñìåñè, à òàêæå â îáëàñòÿõ òîðöåâûõ ñòåíîê, ÷òî

äåìîíñòðèðóåò ðèñ. 2. Â áó�åðíûõ çîíàõ ïðåèìóùåñòâåííî ïðèñóòñòâóåò ìåòàí çà ñ÷åò ïîñòî-

ÿííîé ïîäà÷è åãî ÷åðåç ââîäû (ðèñ. 3, ã), íàèáîëüøàÿ êîíöåíòðàöèÿ öåëåâûõ ïðîäóêòîâ ïèðî-

ëèçà � ýòèëåíà è âîäîðîäà (ðèñ. 3, á è â) íàáëþäàåòñÿ â ïðàâîé ÷àñòè ðåàêöèîííîé çîíû, ÷òî

îáúÿñíÿåòñÿ ìàêñèìàëüíîé òåìïåðàòóðîé â ýòîé îáëàñòè, äâèæåíèåì ïðîäóêòîâ â ýòîì íàïðàâ-

ëåíèè è èõ íàêîïëåíèåì. Çà ñ÷åò äè��óçèè ãàçà ïðîäóêòû ïèðîëèçà íàáëþäàþòñÿ â áó�åðíûõ

çîíàõ.

Äëÿ ñîïîñòàâëåíèÿ ýêñïåðèìåíòàëüíûõ [1℄ è ðàñ÷åòíûõ äàííûõ ïðèâåäåíà çàâèñèìîñòü êîí-

âåðñèè ýòàíà îò òåìïåðàòóðû íàãðåâàòåëüíûõ ýëåìåíòîâ (ðèñ. 4), ãðà�èê äåìîíñòðèðóåò õîðî-

øåå ñîâïàäåíèå äàííûõ.
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The arti
le 
onsiders a high-order a

ura
y algorithm for modelling the dynami
s of multi
omponent rea
tive

gas taking into a

ount the pro
esses of di�usion, thermal 
ondu
tivity and 
hemi
al rea
tions, based on

WENO s
hemes. Computations for gas �ow in a �owing rea
tor for thermal ethane pyrolysis with external

heating of the rea
tion zone are 
arried out. The velo
ity of gas motion in explored �ows is mu
h less

then sound velo
ity in gas mixture, whi
h motivates using the Navier�Stokes equations in approximation of

low Ma
h numbers for des
ribing the pro
esses under study. Computation of 
hemi
al kineti
s equations is

singled out as a separate step. The velo
ity of 
hemi
al rea
tions is de�ned by Arrhenius expressions. The

ethane pyrolysis kineti
 s
heme is used for 
onstru
ting the model, whi
h is a bran
hed radi
al me
hanism.

Computations of subsoni
 gas �ow taking into a

ount the pro
esses of di�usion, 
hemi
al rea
tions and their

thermal e�e
ts for di�erent temperature of heating elements are 
arried out. Comparison with experimental

data shows that 1.97% 
onversion of ethane is rea
hed at 648◦C at the out�ow of metal rea
tor. This result

is 
lose to 2.1%, whi
h is obtained by experiment. Comparison of experimental data of thermal ethane

pyrolysis with numeri
al experimental data shows a high level of reliability of the results obtained.
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