
ßê ïðèêëàä ðîçãëÿäàºòüñÿ ñóêóïí³ñòü ðå-
àêö³é, ùî â³äáóâàþòüñÿ íà ïîâåðõí³ âóã³ëüíî¿
÷àñòèíêè ïðè ¿¿ êîíòàêò³ ç ðåàêö³éíîþ ãàçîâîþ
ñóì³øøþ. Ó ïåðåâàæí³é á³ëüøîñò³ ïðàêòè÷íèõ
âèïàäê³â ó ñêëàä³ ãàçîâî¿ ôàçè ïðèñóòí³ âîäà,
ìîíî- òà ä³îêñèä âóãëåöþ, âîäåíü, êèñåíü,
ìåòàí, àçîò, ìîíîîêñèä àçîòó.

Íà ïîâåðõí³ âóã³ëüíî¿ ÷àñòèíêè âðàõîâó-
þòüñÿ òàê³ ðåàêö³¿:

Wc
(1): Ñ+Í2O = CO + H2 (�H0

(1) = +117920 êÄæ);(1)

Wc
(2): Ñ + O2 = CO2 (�H0

(2) = –409684 êÄæ); (2)

Wc
(3): Ñ + ÑO2 = 2 CO (�H0

(3) = +160858 êÄæ); (3)

Wc
(4): Ñ + 2 Í2 = CH4 (�H0

(4) = –77915 êÄæ), (4)

äå Wc
(i) (i = 1, …, 4) — ïèòîìà øâèäê³ñòü âèòðàòè

âóãëåöþ ÷àñòèíêè ïî êîæí³é ðåàêö³¿, êìîëü/(ì2.ñ).
Çàãàëüíà øâèäê³ñòü âèòðàòè Ñ ñêëàäàº

Wc = Wc
(1) + Wc

(2) + Wc
(3) + Wc

(4). (5)

Íàâåäåí³ ãåòåðîãåíí³ ðåàêö³¿ º òèïîâèìè
ïðè òåðì³÷í³é ïåðåðîáö³ òâåðäèõ â³äõîä³â,
ïåðåá³ã ÿêèõ ñóïðîâîäæóºòüñÿ çì³íîþ òâåðäî¿
ôàçè íà â³äì³íó â³ä êàòàë³òè÷íèõ ðåàêö³é ³ç
íåçì³ííîþ òâåðäîþ ôàçîþ. Ïðè âèñîêî-
òåìïåðàòóðí³é ïåðåðîáö³ òâåðäèõ â³äõîä³â äëÿ
îá÷èñëåííÿ øâèäêîñò³ ïåðåá³ãó òàêèõ ðåàêö³é
âàæëèâèì º âðàõóâàííÿ äèôóç³éíîãî ìàñî-
îáì³íó ì³æ òâåðäîþ ïîâåðõíåþ òà ÿäðîì
ãàçîâî¿ ôàçè. ßê ïðàâèëî, ïðè ðîçðàõóíêàõ íå
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Waters Purification by Ñavitational Oil Processing from Chlorine Ions

Datsenko V.V., Khobotova E.B., Dmitrenko N.V.
Kharkov National Automobile and Highway University

The method of waters purification by cavitational oil processing from chlorine ions is de-
veloped. The method includes chlorine ions chemical precipitation by AgNO3 with subse-
quent precipitant reagent regeneration. The process technologcal scheme with all stages
description is developed.
Key words: oil, cavitational processing, washing waters, chemical sedimentation, chlo-
rine ions, regeneration.
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Îñîáëèâîñò³ ìîäåëþâàííÿ ãåòåðîãåííèõ ðåàêö³é
ç óðàõóâàííÿì êîíâåêòèâíîãî ì³æôàçíîãî ïîòîêó

Êîëåñíèê Â.Â., Îðëèê Â.Ì.
Èíñòèòóò ãàçà ÍÀÍ Óêðàèíû, Êèåâ

Íà ïðèìåðå ãîðåíèÿ óãîëüíîé ÷àñòè÷êè ïîêàçàíî, ÷òî ó÷åò òîëüêî êîíöåíòðàöèîííîé
äèôôóçíîé ñîñòàâëÿþùåé ìàññîîáìåíà ìåæäó ãàçîâîé è òâåðäîé ôàçàìè ìîæåò
ïðèâîäèòü ê çíà÷èòåëüíîé ïîãðåøíîñòè. Äëÿ êîððåêòíîãî ðàñ÷åòà ôèçèêî-õèìè÷åñêèõ
ïðîöåññîâ ñ ó÷àñòèåì ãåòåðîãåííûõ ðåàêöèé âàæíî ó÷èòûâàòü äîïîëíèòåëüíûé îáùèé
ìàññîâûé (ñòåôàíîâñêèé) ìåæôàçíûé ïîòîê, îäíîé èç ïðè÷èí âîçíèêíîâåíèÿ êîòîðîãî
ìîæåò áûòü çíà÷èòåëüíàÿ ðàçíîñòü òåìïåðàòóð òâåðäîé ïîâåðõíîñòè è ÿäðà ãàçîâîé ôàçû.

Êëþ÷åâûå ñëîâà: ãåòåðîãåííûå ðåàêöèè, äèôôóçèîííûé ïîòîê, ñòåôàíîâñêèé ïîòîê,
êîíñòàíòà ðàâíîâåñèÿ, ñêîðîñòü õèìè÷åñêîé ðåàêöèè.

Íà ïðèêëàä³ ãîð³ííÿ âóã³ëüíî¿ ÷àñòèíêè ïîêàçàíî, ùî âðàõóâàííÿ ëèøå êîíöåíò-
ðàö³éíî¿ äèôóç³éíî¿ ñêëàäîâî¿ ìàñîîáì³íó ì³æ ãàçîâîþ òà òâåðäîþ ôàçàìè ìîæå
ïðèçâîäèòè äî çíà÷íî¿ ïîõèáêè. Äëÿ êîðåêòíîãî ðîçðàõóíêó ô³çèêî-õ³ì³÷íèõ ïðîöåñ³â
çà ó÷àñòþ ãåòåðîãåííèõ ðåàêö³é âàæëèâî âðàõîâóâàòè äîäàòêîâèé çàãàëüíèé ìàñîâèé
(ñòåôàí³âñüêèé) ì³æôàçíèé ïîò³ê, îäí³ºþ ç ïðè÷èí âèíèêíåííÿ ÿêîãî ìîæå áóòè
çíà÷íà ð³çíèöÿ òåìïåðàòóð òâåðäî¿ ïîâåðõí³ òà ÿäðà ãàçîâî¿ ôàçè.

Êëþ÷îâ³ ñëîâà: ãåòåðîãåíí³ ðåàêö³¿, äèôóç³éíèé ïîò³ê, ñòåôàí³âñüêèé ïîò³ê, êîíñòàíòà
ð³âíîâàãè, øâèäê³ñòü õ³ì³÷íî¿ ðåàêö³¿.
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âðàõîâóºòüñÿ êîíâåêòèâíèé (ñòåôàíîâñüêèé)
ïîò³ê ì³æ ôàçàìè [1, 2], ùî â äåÿêèõ âèïàäêàõ,
ìîæå ïðèçâîäèòè äî çíà÷íèõ ïîìèëîê. Òîáòî
óðàõóâàííÿ ëèøå äèôóç³éíî¿ ñêëàäîâî¿ ìàñî-
îáì³ííîãî ïðîöåñó º íåäîñòàòí³ì.

Ó ðîáîò³ áóëè âèêîðèñòàí³ çàëåæíîñò³
êîíñòàíò ð³âíîâàãè â³ä òåìïåðàòóðè T [K], ÿê³
õàðàêòåðèçóþòü ñòàí ð³âíîâàãè âèùåíàâåäåíèõ
ðåàêö³é [3, 4]:

lg Kc
(1) = –6740,5/T +1, 5561 lgT –

– 1,092.10–4 T – 0,028.10–6 T2 + 2,554;

lg Kc
(2) = –20582,8/T + 0,302 lgT –

– 1,43.10–4 T – 0,0196.10–6 T2 – 0,62;

lg Kc
(3) = – 8947,7/T + 2,4673 lgT –

– 10,824.10–4 T – 0,116.10–6 T2 + 2,772;

lg Kc
(4) = –3140/T + 5,58 lgT –

– 17,7.10–4 T – 13,1.10–6 T2 – 11,3. (6)

Íàâåäåí³ çàëåæíîñò³ îòðèìàí³ ïðè çàäàíí³
ïàðö³àëüíèõ òèñê³â ó òåõí³÷íèõ àòìîñôåðàõ.

Â³äïîâ³äí³ êîíñòàíòè ð³âíîâàãè ìàþòü
òàêèé âèãëÿä:

Kp
(1) = p*

CO p*
H2/p*

H2O;

Kp
(2) = p*

O2/p*
CO2;

Kp
(3) = (p*

CO)2/p*
CO2;

Kp
(4) = (p*

H2)
2/p*

CH4. (7)

Òóò âåëè÷èíè p*³ â³äïîâ³äàþòü ïàðö³àëüíèì
òèñêàì íà ïîâåðõí³ ðåàãóþ÷èõ ÷àñòèíîê.

Ïðîöåñ äèôóç³éíîãî ïåðåíîñó äëÿ ïèòîìîãî
ïîòîêó i-ãî êîìïîíåíòó ç ÿäðà ãàçîâî¿ ôàçè äî
ïîâåðõí³ ðåàãóþ÷î¿ òâåðäî¿ ôàçè îïèñóºòüñÿ
ñï³ââ³äíîøåííÿì, êìîëü/(ì2.ñ):

gi = �i (ci – c*i),

äå �i — êîåô³ö³ºíò ìàñîâ³ääà÷³ äëÿ i-ãî êîì-
ïîíåíòó ãàçîâî¿ ñóì³ø³, ì/c; ci, c*i — ìîëüí³
êîíöåíòðàö³¿ i-ãî êîìïîíåíòó â ÿäð³ ãàçîâî¿ ôà-
çè òà íà ïîâåðõí³ òâåðäî¿ ôàçè, êìîëü/ì3.

Ç óðàõóâàííÿì òîãî, ùî ci = 98,1 pi/(Rg T),
ìàºìî

gi = (�i 98,1/Rg) (pi/T – p*i/T*),

äå Rg — óí³âåðñàëüíà ãàçîâà ñòàëà, Rg = 8,314
êÄæ/(êìîëü.Ê); Ò, Ò* — òåìïåðàòóðà ãàçîâî¿
ôàçè òà ïîâåðõí³ ÷àñòèíêè, Ê; p*i — ïàðö³àëüíèé
òèñê i-ãî êîìïîíåíòó ãàçîâî¿ ôàçè, àòà.

Ñòàíäàðòíèé ï³äõ³ä äëÿ ðîçðàõóíêó øâèä-
êîñò³ ïåðåá³ãó ãåòåðîãåííèõ ðåàêö³é (ó äàíîìó
âèïàäêó íà ïîâåðõí³ âóã³ëüíî¿ ÷àñòèíêè) ïîëÿãàº
ó ðîçâ’ÿçàíí³ ñèñòåìè àëãåáðà¿÷íèõ ð³âíÿíü, ùî
âèïëèâàþòü ç óìîâè ð³âíîñò³ øâèäêîñòåé ïèòî-
ìîãî äèôóç³éíîãî ïîòîêó äëÿ êîæíîãî êîìïî-

íåíòó òà âèòðàòè (óòâîðåííÿ) öüîãî êîìïîíåíòó
âíàñë³äîê ïåðåá³ãó â³äïîâ³äíèõ ðåàêö³é íà ïî-
âåðõí³ ÷àñòèíêè:

�
i
j

j 1

m

	

 Wc

(j) = gi = (�i 98,1/Rg) �

� (pi/T – p*i/T*), i = 1, …, n, (8)

äå m — ê³ëüê³ñòü ðåàêö³é íà ïîâåðõí³ ÷àñòèíêè;
�i

j — ñòåõ³îìåòðè÷íèé êîåô³ö³ºíò, ùî âèçíà÷àº
ó÷àñòü i-ãî êîìïîíåíòó â j-é ðåàêö³¿; n — ê³ëü-
ê³ñòü êîìïîíåíò³â ãàçîâî¿ ôàçè.

Ïðè áåçïîñåðåäíüîìó çàñòîñóâàíí³ çàçíà÷å-
íîãî ï³äõîäó, ÿê ïðàâèëî, ñóìà îá÷èñëåíèõ çíà-
÷åíü ïàðö³àëüíèõ òèñê³â íà ãðàíèö³ ðîçïîä³ëó
ôàç íå äîð³âíþº çàãàëüíîìó òèñêó â ñèñòåì³. ßê
áóäå ïîêàçàíî íèæ÷å, öå ìîæå ïðèçâîäèòè äî
ñóòòºâèõ ïîìèëîê ïðè îá÷èñëåíí³ øâèäêîñò³
ïåðåá³ãó ðåàêö³é.

Âèõ³ä ç òàêî¿ ñèòóàö³¿ ïîëÿãàº â óðàõóâàíí³
íàÿâíîñò³ êîíâåêòèâíîãî ïîòîêó V (ì/ñ) ì³æ ÿä-
ðîì ãàçîâî¿ ôàçè òà ïîâåðõíåþ ÷àñòèíêè, âåëè-
÷èíà òà íàïðÿìîê ÿêîãî âèçíà÷àºòüñÿ çà óìîâè

pi
*

i 1

n

	

 � P, (9)

äå P — çàãàëüíèé òèñê.
Ó öüîìó âèïàäêó ñèñòåìà (8) ïðèéìàº

òàêèé âèãëÿä:

�
i
j

j 1

m

	

 Wc

(j) = (�i 98,1/Rg) (pi/T – p*i/T*) +

+ � V ci
V, i = 1, …, n, (10)

äå ci
V — êîíöåíòðàö³ÿ i-ãî êîìïîíåíòó â êîí-

âåêòèâíîìó ïîòîö³.
Ó çàëåæíîñò³ â³ä íàïðÿìêó êîíâåêòèâíîãî

ïîòîêó ìàºìî:
1) ÿêùî êîíâåêòèâíèé ïîò³ê éäå â³ä ãàçîâî¿

ôàçè äî ïîâåðõí³, òî � = 1, à êîíöåíòðàö³ÿ êîì-
ïîíåíò³â ó íüîìó âèçíà÷àºòüñÿ ïàðàìåòðàìè
ÿäðà ãàçîâî¿ ôàçè:

ci
V = 98,1 pi/(Rg T), i = 1, …, n;

2) ÿêùî êîíâåêòèâíèé ïîò³ê éäå â³ä ïîâåðõí³
äî ãàçîâî¿ ôàçè, òî � = –1, à êîíöåíòðàö³ÿ êîìïî-
íåíò³â çàëåæèòü â³ä óìîâ íà ïîâåðõí³ òâåðäî¿ ôàçè:

ci
V = 98,1 pi*/(Rg T*), i = 1, …, n.

Îñê³ëüêè ïðè ïåðåðîáö³ òâåðäèõ â³äõîä³â
âèõ³äíà ðåàêö³éíà ãàçîâà ñóì³ø, ÿê ïðàâèëî, º
ïàðî-ïîâ³òðÿíîþ (ç ð³çíèì ñï³ââ³äíîøåííÿì
ïîâ³òðÿ òà ïàðó), ó ðîáîò³ áóëà îáðàíà ñèñòåìà
äëÿ âèçíà÷åííÿ äîäàòíèõ çíà÷åíü äëÿ ïîòîê³â
òèõ êîìïîíåíò³â, ÿê³ áåðóòü áåçïîñåðåäíþ
ó÷àñòü ó ðåàêö³ÿõ íà òâåðä³é ïîâåðõí³:

p*H2O 
 pH2O; p*CO � pCO;

p*H2 � pH2; p*CO2 � p CO2;

p*CH4 � pCH4; p*O2 
 pO2.
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Ç óðàõóâàííÿì ñòåõ³îìåòð³¿ íàâåäåíèõ ðåàêö³é
òà ó çàëåæíîñò³ â³ä íàïðÿìêó êîíâåêòèâíîãî ïîòî-
êó îòðèìóºìî ñèñòåìè ð³âíÿíü, â³äïîâ³äíî äî
ñï³ââ³äíîøåíü (10) òà íàâåäåíèõ âèðàç³â äëÿ êîí-
öåíòðàö³¿ êîìïîíåíò³â ó êîíâåêòèâíîìó ïîòîö³.

Ïðè V > 0 ìàºìî (11):

Ó íàâåäåíèõ ð³âíÿííÿõ�Rg = Rg/98,1.
Îñòàíí³ äâà ð³âíÿííÿ â³äîáðàæàþòü òîé ôàêò,
ùî N2 òà NO º ³íåðòàìè ñòîñîâíî ðåàêö³é, ÿê³
â³äáóâàþòüñÿ íà ïîâåðõí³ (õî÷à ìîæóòü áðàòè
áåçïîñåðåäíþ ó÷àñòü ó ðåàêö³ÿõ, ùî â³äáó-
âàþòüñÿ â ãàçîâ³é ôàç³).

Àíàëîã³÷í³ ñï³ââ³äíîøåííÿ ìàþòü ì³ñöå ïðè
V< 0, òîáòî êîëè êîíâåêòèâíèé ïîò³ê íàïðàâëåíèé
â³ä òâåðäî¿ ïîâåðõí³ äî ãàçîâî¿ ôàçè. Â³äì³íí³ñòü
ïîëÿãàº ëèøå â òîìó, ùî çíà÷åííÿ òåìïåðàòóðè òà
ïàðö³àëüíèõ òèñê³â, ÿê³ ïðèñóòí³ ó âèðàçàõ V,
ìàþòü äîð³âíþâàòèñÿ òèì, ÿê³ â³äïîâ³äàþòü
óìîâàì íà òâåðä³é ïîâåðõí³.

Íàïðÿìîê êîíâåêòèâíîãî ïîòîêó ìîæíà
âèçíà÷èòè, îá÷èñëèâøè ñóìó çíà÷åíü ïàðö³-
àëüíèõ òèñê³â çà óìîâè V = 0. ßêùî öÿ ñóìà
ïåðåâèùóº çàãàëüíèé òèñê, òî êîíâåêòèâíèé ïîò³ê
ñïðÿìîâàíèé â³ä ïîâåðõí³ äî ÿäðà ãàçîâî¿ ôàçè
(V < 0). Ó ïðîòèëåæíîìó âèïàäêó V > 0.

Ðÿä ïåðåòâîðåíü äîçâîëÿº çâåñòè çàäà÷ó
îá÷èñëåííÿ øâèäêîñò³ ãåòåðîãåííèõ ðåàêö³é äî
ð³øåííÿ ñèñòåìè àëãåáðà¿÷íèõ ð³âíÿíü â³äíîñíî
íåâ³äîìèõ øâèäêîñòåé öèõ ðåàêö³é òà âåëè÷èíè
êîíâåêòèâíîãî ïîòîêó. Òàê, ïðè V > 0 ç ð³â-
íÿíü (11) áåçïîñåðåäíüî ìàºìî (12).

Ï³ñëÿ ï³äñòàíîâêè öèõ ð³âíÿíü ó (10) îòðè-
ìóºìî òàêå ñï³ââ³äíîøåííÿ (13).

äå
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Ó çàëåæíîñò³ â³ä òîãî, âðàõîâóºòüñÿ
ê³íåòèêà ðåàêö³é íà ïîâåðõí³ ÷è í³, ìîæëèâ³
äâà âàð³àíòè çàïèñó íàñòóïíèõ ÷îòèðüîõ ð³âíÿíü,
ÿê³ ó ñóêóïíîñò³ ç (13) óòâîðþþòü ñèñòåìó äëÿ
âèçíà÷åííÿ øâèäêîñò³ ãåòåðîãåííèõ ðåàêö³é.

ßêùî ê³íåòèêà íå âðàõîâóºòüñÿ (íàïðèêëàä,
ó çîí³ âèñîêèõ òåìïåðàòóð) àáî öå º âèìóøåíèì
êðîêîì âíàñë³äîê â³äñóòíîñò³ íåîáõ³äíèõ äàíèõ,
òî áåçïîñåðåäíüî ç ð³âíÿíü (6) ç óðàõóâàííÿì
ñï³ââ³äíîøåíü (12), ìàºìî (14).

Ïðè íàÿâíîñò³ äàíèõ ùîäî ê³íåòèêè çàçíà÷åíèõ
ðåàêö³é, çîêðåìà, ÿêùî º äàí³ ùîäî çàëåæíîñò³
øâèäêîñò³ ïðÿìî¿ ðåàêö³¿ â³ä òåìïåðàòóðè K (T*)

fp
(i) ,

i = 1,..4, òî â³äïîâ³äíî äî ôîðìè çàïèñó ðåàêö³é (6)
òà ñï³ââ³äíîøåíü (6) ìàºìî

K (T*) = K (T*) / K (T*);

K (T*) = K (

bp
(1)

fp
(1)

p
(1)

bp
(2)

fp
(2) T*) K (T*);

K (T*) = K (T*) / K (T*);

K

p
(2)

bp
(3)

fp
(3)

p
(3)

bp
(

�

4)
fp
(4)

p
(4)(T*) = K (T*) K (T*),�

äå K (T*)
bp
(i) — øâèäê³ñòü â³äïîâ³äíî¿ çâîðîòíüî¿

ðåàêö³¿.
Îñê³ëüêè øâèäê³ñòü òà íàïðÿìîê ïåðåá³ãó

ðåàêö³¿ çàëåæèòü â³ä ñï³ââ³äíîøåííÿ ïðÿìî¿ òà
çâîðîòíüî¿ ðåàêö³¿:

W = K (T*) p – K (T*) p p ;

W

C
(1)

fp
(1)

H O
*

bp
(1)

CO
*

H
*

C
(2)

2 2
� � �

= K (T*) p – K (T*) p

W = K (T*)

fp
(2)

O
*

bp
(2)

CO
*

C
(3)

fp
(3)

2 2
� � ;

� �

�

p – K (T*) p

W = K (T*) p )

CO
*

bp
(3)

CO
*

C
(4)

fp
(4)

H
* 2

2

2

( ) ;

(

2

– K (T*) p
bp
(4)

CH
*

4
�

çàì³ñòü ð³âíÿíü (14) ìàºìî (15)

Ð³âíÿííÿ (14) àáî (15) ó çàëåæíîñò³ â³ä
íàÿâíèõ äàíèõ ðàçîì ç ð³âíÿííÿì (13) ñêëàäàþòü
ñèñòåìó ç ï’ÿòè íåë³í³éíèõ àëãåáðà¿÷íèõ ð³âíÿíü
â³äíîñíî ï’ÿòè íåâ³äîìèõ: WC

(1), WC
(2), WC

(3),
WC

(4), V, äëÿ ð³øåííÿ ÿêî¿ ó ðîáîò³ áóâ
âèêîðèñòàíèé ìåòîä Íüþòîíà, çàñòîñóâàííÿ
ÿêîãî äîö³ëüíå ÷åðåç ìîæëèâ³ñòü àíàë³òè÷íîãî
îá÷èñëåííÿ ïîòî÷íèõ çíà÷åíü â³äïîâ³äíèõ
÷àñòèííèõ ïîõ³äíèõ — åëåìåíò³â ôóíêö³î-
íàëüíî¿ ìàòðèö³ ßêîá³.
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Ó çàëåæíîñò³ â³ä êîíêðåòíî¿ ñèòóàö³¿ ïðè
ðîçðàõóíêó ìîæóòü áóòè âèêîðèñòàí³ ð³çí³
êîìá³íàö³¿ ç ð³âíÿíü, ùî âõîäÿòü äî ãðóï (14)
òà (15). Òàê, ïðè êîíêðåòíèõ ðîçðàõóíêàõ,
ðåçóëüòàòè ÿêèõ íàâåäåí³ íèæ÷å, áóëè
âèêîðèñòàí³ òðè ïåðøèõ ð³âíÿíü ç (15) òà
îñòàííº ð³âíÿííÿ ç (14). Öå áóëî âèêëèêàíå
íàÿâí³ñòþ äîäàòêîâèõ îð³ºíòîâíèõ äàíèõ ùîäî
øâèäêîñò³ ïðÿìî¿ ðåàêö³¿ äëÿ ðåàêö³é (1–3) òà
â³äñóòí³ñòþ òàêèõ äàíèõ äëÿ ðåàêö³¿ (4).

Ïðè V < 0 àíàëîã ð³âíÿííÿ (13) ìàº âèãëÿä:

äå âèðàç [( p ) / ( – V)]i i i
i

� �
 âèçíà÷àºòüñÿ, ÿê ³ ó

âèïàäêó V > 0.
Àíàëîãàìè ïåðøèõ òðüîõ ð³âíÿíü (15) òà

îñòàííüîãî ð³âíÿííÿ (14) º ð³âíÿííÿ (17).
ßê ³ëþñòðàòèâíèé ïðèêëàä áóëè ðîçãëÿíóò³

äåê³ëüêà âàð³àíò³â, ó ÿêèõ òâåðäà ÷àñòèíêà
âóãëåöþ, ùî ìàº ð³çí³ òåìïåðàòóðè T*, êîíòàêòóº
ç ãàçîâîþ ôàçîþ, ÿêà òàêîæ ìàº âëàñí³ ð³çí³
òåìïåðàòóðè T. Öå â³äïîâ³äàº ñèòóàö³¿, êîëè òàêà
÷àñòèíêà íà ïåâí³é ñòàä³¿ ãîð³ííÿ (ç ïåâíîþ
òåìïåðàòóðîþ) ï³ä âïëèâîì òèõ ÷è ³íøèõ ñèë çà-
ëèøàº àêòèâíó çîíó àáî ïîâåðòàºòüñÿ äî íå¿ òà
ïî÷èíàº êîíòàêòóâàòè ç îòî÷óþ÷èì ãàçîâèì ñåðå-
äîâèùåì, ùî ìàº â³äì³ííó âëàñíó òåìïåðàòóðó.

Ðåçóëüòàòè ìîäåëþâàííÿ â³äîáðàæåí³ ó
âèãëÿä³ ñ³ìåéñòâà ãðàô³ê³â íà ðèñóíêó, äå ïî îñ³
àáñöèñ â³äêëàäåíà òåìïåðàòóðà ïîâåðõí³ ÷àñòèíêè,
òà êîæåí ç ãðàô³ê³â â³äîáðàæàº (ó â³äñîòêàõ)
â³äíîñíó âåëè÷èíó ïîõèáêè, ùî âèíèêàº ïðè
íåõòóâàíí³ ïðîöåñîì êîíâåêòèâíîãî ìàñîïåðåíîñó.
Â íàâåäåíîìó âèðàç³ äëÿ îñ³ îðäèíàò ïîçíà÷åííÿ
Wc0 â³äïîâ³äàº çíà÷åííþ ïèòîìî¿ øâèäêîñò³
âèòðàòè âóãëåöþ, îá÷èñëåíîìó áåç âðàõóâàííÿ,
Wcv — ç óðàõóâàííÿì ïðîöåñó êîíâåêòèâíîãî
ìàñîïåðåíîñó â³äïîâ³äíî³ äî íàâåäåíî¿ ìåòîäèêè.

Ñåðåä ìîæëèâèõ âàð³àíò³â ñï³ââ³äíîøåííÿ
òåìïåðàòóð òâåðäî¿ T* òà ãàçîâî¿ ôàç T îñîá-
ëèâèé ³íòåðåñ ñòàíîâëÿòü äâà, ùî íàé÷àñò³øå

çóñòð³÷àþòüñÿ íà ïðàêòèö³. Ïåðøèé â³äïîâ³äàº
ñèòóàö³¿, êîëè ï³ñëÿ ïîïåðåäíüîãî îõîëîäæåííÿ
(ç ìåòîþ ðåêóïåðàö³¿ åíåðã³¿) ïðîäóêò³â ðåàêö³¿,
ùî º ñóì³øøþ ãàçîïîä³áíèõ òà òâåðäèõ êîìïî-
íåíò³â ó âèãëÿä³ ÷àñòèíîê, äî 500–800 �Ñ çä³é-
ñíþºòüñÿ çàêàëþâàííÿ ñêëàäó ìèòòºâèì îõî-
ëîäæåííÿì ãàçîâî¿ ôàçè çà ðàõóíîê äîäàâàííÿ
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âåëèêî¿ ê³ëüêîñò³ îõîëîäæóþ÷îãî àãåíòà (çîêðåìà,
âîäè àáî àçîòó). Íàé÷àñò³øå òàêèé òåõíîëî-
ã³÷íèé çàñ³á âèêîðèñòîâóºòüñÿ äëÿ çàïîá³ãàííÿ
óòâîðåííþ íåáàæàíèõ øê³äëèâèõ ñïîëóê ó
ä³àïàçîí³ â³äíîñíî íèçüêèõ òåìïåðàòóð, ÿê öå
ìàº ì³ñöå, íàïðèêëàä, ïðè çíåøêîäæåíí³ õëîð-
ì³ñòêèõ ñïîëóê, ùî ìîæå ïðèçâåñòè äî
óòâîðåííÿ ð³çíîãî ðîäó ä³îêñèí³â òà ôóðàí³â [4].

Äðóãèé âèïàäîê â³äïîâ³äàþ ñèòóàö³¿, êîëè
õîëîäíà òâåðäà ÷àñòèíêà âïîðñêóºòüñÿ ó ãàðÿ÷å
ãàçîâå ñåðåäîâèùå, ÿê öå ìàº ì³ñöå ïðè
ñïàëþâàíí³ ïèëîïîä³áíîãî òâåðäîãî ïàëèâà, àáî
ïðè ïëàçìîâîìó çíåøêîäæåíí³ â³äõîä³â, ùî
ì³ñòÿòü òâåðä³ ÷àñòèíêè âóãëåöþ.

Ç íàâåäåíèõ ãðàô³ê³â âèäíî, ùî â îêðåìèõ
âèïàäêàõ âåëè÷èíà â³äíîñíî¿ ïîõèáêè ìîæå
ñòàíîâèòè äåñÿòêè â³äñîòê³â òà ó çàëåæíîñò³ â³ä
çíàêó â³äïîâ³äàòè çàâèùåí³é àáî çàíèæåí³é
îö³íö³ øâèäêîñò³ ðåàêö³¿.

Ïðè ðîçðàõóíêàõ ðîçãëÿäàâñÿ âàð³àíò,
êîëè ãàçîâà ôàçà ì³ñòèòü ëèøå àçîò, êèñåíü òà
ïàðè âîäè, ìàñîâ³ äîë³ ÿêèõ â³äïîâ³äíî äîð³â-
íþþòü òàêèì âåëè÷èíàì: xN2 = 0,784 xO2 =
0,196 xH2O = 0,02.

Ê³íåòèêà ïåðøèõ òðüîõ ðåàêö³é âèçíà÷àëàñü
çà äîïîìîãîþ òàêèõ âèðàç³â äëÿ êîíñòàíò
øâèäêîñòåé ïðÿìèõ ðåàêö³é, êìîëü/(àòà.ñ) [5, 6]:

K (T) =
exp{9,857– 16000/ T}

R T
;

K (T*) =
exp{9

fp
(1)

g

fp
(2) ,306– 13500/ T}

R T
;

K (T*) =
exp{13,588– 29300/ T}

R

g

fp
(3)

g T
.

Êîíñòàíòè ð³âíîâàãè òà êîíñòàíòè øâèäêîñò³
çâîðîòíèõ ðåàêö³é îá÷èñëþâàëèñÿ ó â³äïîâ³äíîñò³
äî íàâåäåíèõ âèùå âèðàç³â.

Áåçïîñåðåäí³ ðîçðàõóíêè ñâ³ä÷àòü, ùî
çì³íà âåëè÷èíè êîåô³ö³ºíò³â ìàñîâ³ääà÷³ bi ïðè-

çâîäèòü äî çì³íè àáñîëþòíèõ çíà÷åíü øâèäêî-
ñòåé îêðåìèõ ðåàêö³é òà øâèäêîñò³ ñóìàðíî¿ ðå-
àêö³¿ âèòðàòè âóãëåöþ, àëå ïðàêòè÷íî ìàëî
âïëèâàº íà âåëè÷èíè â³äíîñíî¿ ïîõèáêè ïðè
ð³çíèõ ñïîëó÷åííÿõ òåìïåðàòóð T*, T.

Íàâåäåíà ïðîöåäóðà îá÷èñëåííÿ øâèäêîñòåé
ðåàêö³é íà ïîâåðõí³ òà âåëè÷èí äèôóç³éíèõ òà
êîíâåêòèâíîãî ïîòîê³â º ñêëàäîâîþ çàãàëüíîãî
ðîçðàõóíêó ïîâ’ÿçàíèõ ïîì³æ ñîáîþ ïðîöåñ³â,
ùî â³äáóâàþòüñÿ îäíî÷àñíî â ÿäð³ ãàçîâî¿ ôàçè
òà íà ïîâåðõí³ òâåðäî¿ ôàçè, ó òîìó ÷èñë³ ðîç-
ðàõóíêó ïîòî÷íèõ òåìïåðàòóð öèõ ôàç.

Ðîáîòó âèêîíàíî çà ï³äòðèìêè Äåðæàâ-
íîãî ôîíäó ôóíäàìåíòàëüíèõ äîñë³äæåíü ÌÎÍ
Óêðà¿íè. Àâòîðè âäÿ÷í³ äîêò. ôèç.-ìàò. íàóê
Æîâòÿíñüêîìó Â.À. çà êîðèñí³ ïîðàäè ïðè
îáãîâîðåíí³ ñòàòò³.
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The Features of Heterogeneous Reactions Modeling
Subject to Interphase Convective Flow

Kolesnyk V.V., Orlyk V.M.
The Gas Institute of NASU, Kiev

The significant error because of taking into consideration only mass transfer flow concen-
tration diffusion between gas and solid phases by the example of coal particle combustion
is displayed. It is important to take into account an additional general mass (Stephan)
interphase flux for the correct calculation of physical and chemical processes with hetero-
geneous reactions participation. Considerable difference of solid surface and gas phase
temperatures is one of the flux occurrence factors
Key words: heterogeneous reactions, diffusion flux, Stephan flow, equilibrium constant,
chemical reaction velocity.
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