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ÇÀÊÎÍÎÌÅÐÍÎÑÒÅÉ ÈÑÏÀÐÅÍÈß ÊÀÏÅËÜ ÂÎÄÛ,
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ÂÛÑÎÊÎÒÅÌÏÅÐÀÒÓÐÍÛÕ ÏÐÎÄÓÊÒÎÂ ÑÃÎÐÀÍÈß

Ïðîâåäåíî ýêñïåðèìåíòàëüíîå èññëåäîâàíèå îñíîâíûõ çàêîíîìåðíîñòåé èñïàðåíèÿ ãðóïïû
(äâóõ, òðåõ è ÷åòûðåõ) êàïåëü âîäû, äâèæóùèõñÿ ïîñëåäîâàòåëüíî ÷åðåç âûñîêîòåìïåðàòóðíûå
(îêîëî 1100 Ê) ãàçû. Õàðàêòåðíûå ðàçìåðû (ðàäèóñû) êàïåëü (1–3 ìì), íà÷àëüíûå ðàññòîÿíèÿ
ìåæäó íèìè (4–36 ìì), èñõîäíûå ñêîðîñòè äâèæåíèÿ (0,5–2 ì�ñ), à òàêæå ñêîðîñòè âñòðå÷íî-
ãî ïåðåìåùåíèÿ âûñîêîòåìïåðàòóðíûõ ãàçîâ (1,5 ì�ñ) âàðüèðîâàëèñü â òèïè÷íûõ äëÿ ïåðñïåê-
òèâíûõ âûñîêîòåìïåðàòóðíûõ ãàçîïàðîêàïåëüíûõ ïðèëîæåíèé äèàïàçîíàõ. Ñ èñïîëüçîâàíèåì
ñðåäñòâ âûñîêîñêîðîñòíîé (äî 6·105 êàäðîâ â ñåêóíäó) âèäåîðåãèñòðàöèè “Phantom”, ïðîãðàìì-
íûõ êîìïëåêñîâ “Tema Automotive” è “Phantom Camera Control” óñòàíîâëåíû õàðàêòåðíûå ñêî-
ðîñòè äâèæåíèÿ è óìåíüøåíèå õàðàêòåðíûõ ðàçìåðîâ êàæäîé èç êàïåëü ïðè èçìåíåíèè ðàññòî-
ÿíèé ìåæäó íèìè â øèðîêîì äèàïàçîíå (îò ñîïîñòàâèìûõ ñ ðàçìåðàìè êàïåëü äî êðàòíî
ïðåâûøàþùèõ èõ). Îïðåäåëåíû óñëîâèÿ êîàãóëÿöèè êàïåëü, èõ òîðìîæåíèÿ è óñêîðåíèÿ â âû-
ñîêîòåìïåðàòóðíîì ãàçîâîì ïîòîêå. Âûÿâëåíî âëèÿíèå íà èíòåíñèâíîñòü ýòèõ ïðîöåññîâ íà-
÷àëüíûõ ðàçìåðîâ êàïåëü, ðàññòîÿíèÿ ìåæäó íèìè, íà÷àëüíîé òåìïåðàòóðû æèäêîñòè, à òàêæå
÷èñëà êàïåëü è òðàåêòîðèè èõ äâèæåíèÿ âî âñòðå÷íîì ïîòîêå âûñîêîòåìïåðàòóðíûõ (îêîëî
1000 Ê) ãàçîâ. Ýêñïåðèìåíòàëüíî îáîñíîâàí îäèí èç íàèáîëåå òèïè÷íûõ ìåõàíèçìîâ êîàãóëÿ-
öèè êàïåëü â âûñîêîòåìïåðàòóðíûõ ãàçîâûõ ñðåäàõ.

Êëþ÷åâûå ñëîâà: âûñîêîòåìïåðàòóðíûå ãàçû; êàïëè âîäû; ïîñëåäîâàòåëüíîå äâèæåíèå; êîà-
ãóëÿöèÿ; èñïàðåíèå.
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Ââåäåíèå

Ïîæàðîòóøåíèå ñ ïðèìåíåíèåì êàïåëüíûõ ïîòî-

êîâ, òîíêîðàñïûëåííîé âîäû, âîäÿíûõ çàâåñ, ðàç-

ëè÷íîãî ðîäà àýðîçîëåé ÿâëÿåòñÿ íà ñåãîäíÿøíèé

äåíü îäíèì èç ñàìûõ ðàñïðîñòðàíåííûõ ñïîñîáîâ

áîðüáû ñ îãíåì [1–7]. Ðàçâèòèå ïåðå÷èñëåííûõ òåõ-

íîëîãèé íåâîçìîæíî áåç ôóíäàìåíòàëüíûõ èññëå-

äîâàíèé òåïëîìàññîïåðåíîñà ïðè âçàèìîäåéñòâèè

ïîòîêîâ, ñòðóé è êàïåëü âîäû ñ âûñîêîòåìïåðàòóð-

íûìè (áîëåå 1000 Ê) ïðîäóêòàìè ñãîðàíèÿ. Äëÿ ýêñ-

ïåðèìåíòàëüíûõ èññëåäîâàíèé òàêèõ áûñòðîïðîòå-

êàþùèõ ïðîöåññîâ òðåáóåòñÿ ñîâðåìåííîå îáîðó-

äîâàíèå: ñèñòåìû âûñîêîñêîðîñòíîé ôîòî- è âèäåî-

ðåãèñòðàöèè, êîìïëåêñû íà áàçå ïàíîðàìíûõ îïòè-

÷åñêèõ ìåòîäîâ äèàãíîñòèêè ãåòåðîãåííûõ ñðåä è

ïîòîêîâ. Èñïîëüçîâàíèå òàêîãî îáîðóäîâàíèÿ ïðè

ïðîâåäåíèè ýêñïåðèìåíòîâ äàåò âîçìîæíîñòü èññëå-

äîâàòü ïðîöåññû äâèæåíèÿ è èñïàðåíèÿ êàïåëüíûõ

ïîòîêîâ â ïðîäóêòàõ ñãîðàíèÿ ñ âûñîêîé ñòåïåíüþ

òî÷íîñòè. Îñîáî ñëåäóåò îòìåòèòü áåñêîíòàêòíûå
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îïòè÷åñêèå ìåòîäû “Particle Image Velocimetry”

(PIV), “Particle Tracking Velocimetry” (PTV), “Stereo

Particle Image Velocimetry” (Stereo PIV), “Interfero-

metric Particle Imaging” (IPI) è “Shadow Photography”

(SP) [8–13], èñïîëüçîâàíèå êîòîðûõ ïîçâîëèëî óñòà-

íîâèòü îñíîâíûå çàêîíîìåðíîñòè ñëîæíûõ ïðîöåñ-

ñîâ ñìåøåíèÿ ãàçîïàðîêàïåëüíûõ ïîòîêîâ â óñëî-

âèÿõ èíòåíñèâíûõ ôàçîâûõ ïðåâðàùåíèé è õèìè-

÷åñêîãî ðåàãèðîâàíèÿ [14–16]. Â èññëåäîâàíèÿõ

óñòàíîâëåíû èíòåãðàëüíûå õàðàêòåðèñòèêè èñïà-

ðåíèÿ âîäû, à òàêæå ýìóëüñèé è ñóñïåíçèé íà åå

îñíîâå; îïðåäåëåíû óñëîâèÿ ïîëíîãî èñïàðåíèÿ êà-

ïåëü ðàñïûëåííîé âîäû â çîíå âûñîêîòåìïåðàòóð-

íûõ ïðîäóêòîâ ñãîðàíèÿ; âûÿâëåíû ìàñøòàáû âëè-

ÿíèÿ íà÷àëüíîé ñêîðîñòè è òåìïåðàòóðû êàïåëü

íà èíòåíñèâíîñòü èñïàðåíèÿ ïîñëåäíèõ [14]. Êðî-

ìå òîãî, ïðîàíàëèçèðîâàíû òðàåêòîðèè äâèæåíèÿ è

äåôîðìàöèè êàïåëü âî âñòðå÷íîì ïîòîêå âûñîêîòåì-

ïåðàòóðíûõ ïðîäóêòîâ ñãîðàíèÿ; óñòàíîâëåíû ïðå-

äåëüíûå ðàññòîÿíèÿ, êîòîðûå ïðîõîäÿò êàïëè â âû-

ñîêîòåìïåðàòóðíûõ ãàçàõ äî ïîëíîãî òîðìîæåíèÿ è

ïîñëåäóþùåãî ðàçâîðîòà [15]. Îïðåäåëåíû òèïè÷-

íûå ìåõàíèçìû êîàãóëÿöèè ýëåìåíòîâ æèäêîñòíî-

ãî ïîòîêà, à òàêæå âûïîëíåí ñòàòèñòè÷åñêèé àíàëèç

óêàçàííîãî ïðîöåññà [16]. Â ðàáîòå [17] ïîêàçàíî,

÷òî äëÿ âûñîêîòåìïåðàòóðíûõ (áîëåå 1000 Ê) ãà-

çîïàðîêàïåëüíûõ ïîòîêîâ âñëåäñòâèå èíòåíñèôè-

êàöèè òåïëîîáìåíà çíà÷èòåëüíóþ ðîëü èãðàåò ïðî-

öåññ êîàãóëÿöèè êàïåëü. Íà áàçå ýêñïåðèìåíòàëü-

íûõ ðåçóëüòàòîâ, ïðåäñòàâëåííûõ â [17], âûäâèíóòà

ãèïîòåçà î òîì, ÷òî äâèæóùèåñÿ â ïîòîêå êàïëè îêà-

çûâàþò âëèÿíèå äðóã íà äðóãà. Ïðè ýòîì âëèÿíèå

âïåðåäè èäóùèõ êàïåëü íà ñêîðîñòè äâèæåíèÿ è èñ-

ïàðåíèÿ ïîñëåäóþùèõ çàâèñèò îò ðàçìåðîâ êàïåëü

è ðàññòîÿíèé ìåæäó íèìè. Àíàëîãè÷íûå âûâîäû

ñôîðìóëèðîâàíû è ïî ðåçóëüòàòàì ÷èñëåííîãî ìî-

äåëèðîâàíèÿ äâèæåíèÿ íåñêîëüêèõ êàïåëü ÷åðåç âû-

ñîêîòåìïåðàòóðíûå (îêîëî 1100 Ê) ãàçû íà îñíîâå

òåìïåðàòóðíûõ ïîëåé è ðàñïðåäåëåíèé êîíöåíòðà-

öèè ãàçîâ è ïàðîâ âîêðóã êàïåëü, à òàêæå â èõ ñëåäå

[18]. Îäíàêî ýêñïåðèìåíòàëüíîãî îáîñíîâàíèÿ âû-

äâèíóòîé ãèïîòåçû [17, 18] ïîêà íå ïîëó÷åíî. Êðî-

ìå òîãî, íå óñòàíîâëåíî, äëÿ êàêèõ ðàçìåðîâ êàïåëü,

èõ êîíöåíòðàöèè â ãàçîâîé ñðåäå (èëè ðàññòîÿíèé

ìåæäó íèìè) è òåìïåðàòóð âûÿâëåííûå ýôôåêòû

ìîãóò áûòü îïðåäåëÿþùèìè èëè îêàçûâàòü äîâîëüíî

óìåðåííîå âëèÿíèå íà ïðîöåññû òåïëîìàññîïåðå-

íîñà. Îñîáåííî èíòåðåñíû ýôôåêòû êîàãóëÿöèè êà-

ïåëü, ïîñëåäîâàòåëüíî ïåðåìåùàþùèõñÿ ÷åðåç ãàçû

ñ î÷åíü âûñîêèìè (áîëåå 1000 Ê) òåìïåðàòóðàìè, ñî-

îòâåòñòâóþùèìè óñëîâèÿì òèïè÷íûõ ïîæàðîâ. Öå-

ëåñîîáðàçíûì ïðåäñòàâëÿåòñÿ ïðîâåäåíèå ýêñïåðè-

ìåíòîâ äëÿ óñòàíîâëåíèÿ âçàèìíîãî âëèÿíèÿ íà èí-

òåíñèâíîñòü ïðîöåññîâ òåïëîìàññîïåðåíîñà ìàëûõ

ãðóïï êàïåëü (íàïðèìåð, äâóõ, òðåõ èëè ÷åòûðåõ)

ïðè äâèæåíèè â âûñîêîòåìïåðàòóðíûõ ãàçàõ.

Öåëü íàñòîÿùåé ðàáîòû — ýêñïåðèìåíòàëüíîå

èññëåäîâàíèå çàêîíîìåðíîñòåé ïîñëåäîâàòåëüíîãî

äâèæåíèÿ è èñïàðåíèÿ íåñêîëüêèõ êàïåëü âîäû ÷åðåç

ïðîäóêòû ñãîðàíèÿ ñ âûñîêîé (îêîëî 1100 Ê) òåìïå-

ðàòóðîé, ñîîòâåòñòâóþùåé òèïè÷íûì ïîæàðàì.

Ìåòîäèêà ýêñïåðèìåíòàëüíûõ
èññëåäîâàíèé

Ïðè ïðîâåäåíèè èññëåäîâàíèé èñïîëüçîâàëñÿ

ñòåíä, ñõåìà êîòîðîãî ïðèâåäåíà íà ðèñ. 1. Ñòåíä

ïðåäñòàâëÿë ñîáîé ðåãèñòðàöèîííûé êîìïëåêñ íà áà-

çå âûñîêîñêîðîñòíûõ âèäåîêàìåð 1 “Phantom V411”

è “Phantom Miro M310” (÷àñòîòà ñúåìêè — äî 106

êàäðîâ â ñåêóíäó). Äëÿ îáðàáîòêè è àíàëèçà ïîëó-

÷åííûõ ïðè ôîòî- è âèäåîðåãèñòðàöèè äàííûõ èñ-

ïîëüçîâàëîñü ïðîãðàììíîå îáåñïå÷åíèå “Phantom

Camera Control”, à òàêæå ïðîãðàììíûé êîìïëåêñ ñ

ôóíêöèåé íåïðåðûâíîãî ñëåæåíèÿ “Tema Automo-

tive” [19, 20]. Èññëåäîâàëèñü ïðîöåññû ïîñëåäî-

âàòåëüíîãî ïåðåìåùåíèÿ íåñêîëüêèõ (äâóõ, òðåõ è

÷åòûðåõ) êàïåëü âîäû. Äëÿ ýòîãî ðàçðàáîòàíî ñïå-

öèàëèçèðîâàííîå äîçèðóþùåå óñòðîéñòâî äëÿ ïî-

ñëåäîâàòåëüíîãî ñáðîñà êàïåëü 10 (ñì. ðèñ. 1).

Êàæäûé ýêñïåðèìåíò âêëþ÷àë ñëåäóþùèå ýòàïû:
� âî âíóòðåííþþ îáëàñòü ïîëîãî öèëèíäðà 13 çà-

ëèâàëàñü ãîðþ÷àÿ æèäêîñòü (êåðîñèí) â êîëè÷å-

ñòâå 200 ìë, èíèöèèðîâàëîñü åå çàæèãàíèå, ïîñëå

÷åãî íà ïîäëîæêó 13 óñòàíàâëèâàëñÿ öèëèíäð èç

êâàðöåâîãî ñòåêëà 12;
� ïî èñòå÷åíèè 200 ñ (âðåìÿ, íåîáõîäèìîå äëÿ ïðî-

ãðåâà âíóòðåííåé ïîëîñòè öèëèíäðà 12 äî êîíò-

ðîëèðóåìûõ òåìïåðàòóð) âîäà, íàõîäÿùàÿñÿ â

åìêîñòè 8, ïîñòóïàëà â ñïåöèàëèçèðîâàííîå äî-

çèðóþùåå óñòðîéñòâî, ïðè ïîìîùè êîòîðîãî ïðî-

èçâîäèëàñü ãåíåðàöèÿ êàïåëü ôèêñèðîâàííîãî

îáúåìà è èõ ïåðåìåùåíèå â óñòðîéñòâî ïîñëå-

äîâàòåëüíîé ïîäà÷è êàïåëü 10;
� óñòðîéñòâîì 10 îñóùåñòâëÿëàñü ïîñëåäîâàòåëü-

íàÿ ïîäà÷à êàïåëü âîäû â âûñîêîòåìïåðàòóðíóþ

ãàçîâóþ ñðåäó (âíóòðåííÿÿ îáëàñòü êàíàëà 12).

Îäíîâðåìåííî ñ ýòèì âûïîëíÿëàñü ïðîöåäóðà

âèäåîðåãèñòðàöèè ïîñëåäîâàòåëüíîãî ïåðåìåùå-

íèÿ êàïåëü (ïî îñè ñèììåòðèè êàíàëà ñâåðõó âíèç)

â âûñîêîòåìïåðàòóðíîé ãàçîâîé ñðåäå âèäåîêà-

ìåðàìè 1 íà ðàçíûõ ïî âûñîòå òî÷êàõ;
� îòñíÿòûå âèäåîçàïèñè ñ êàìåð 1 ïåðåäàâàëèñü â

ÏÊ 6, ãäå âûïîëíÿëèñü ïðîöåäóðû èõ àíàëèçà è

îáðàáîòêè (îïðåäåëÿëèñü èçìåíåíèÿ ðàññòîÿíèé

ìåæäó êàïëÿìè Ld, èõ ðàçìåðà (ðàäèóñà) Rd, ñêî-

ðîñòè Ud).

Â ýêñïåðèìåíòàõ èñïîëüçîâàëàñü äèñòèëëèðîâàí-

íàÿ âîäà. Ïåðåä íà÷àëîì êàæäîé ñåðèè ýêñïåðèìåí-

òîâ ïðîâîäèëñÿ êîíòðîëüíûé çàìåð ìàññû ãåíåðè-
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ðóåìûõ êàïåëü âîäû Md ìèêðîâåñàìè “ViBRA HT

84RCE” (äèñêðåòíîñòü 10–5 ã). Ïðîâîäèëñÿ êîíòðîëü-

íûé ðàñ÷åò îáúåìà êàïëè Vd ïî ôîðìóëå Vd = �w�Md

(ãäå �w — ïëîòíîñòü äèñòèëëèðîâàííîé âîäû ïðè

òåìïåðàòóðå 300 Ê; �w = 996,5 êã�ì3).

Íà÷àëüíàÿ òåìïåðàòóðà âîäû Tw â åìêîñòè 8
èçìåíÿëàñü â äèàïàçîíå 275–350 Ê ïðè ïîìîùè

óñòàíîâêè 16 è êîíòðîëèðîâàëàñü õðîìåëü-êîïåëå-

âîé òåðìîïàðîé (äèàïàçîí èçìåðÿåìûõ òåìïåðàòóð

273–473 Ê, ñèñòåìàòè÷åñêàÿ ïîãðåøíîñòü �1,5 Ê).

Ìàêñèìàëüíàÿ ñëó÷àéíàÿ ïîãðåøíîñòü èçìåðåíèÿ

Tw ñîñòàâëÿëà 3 Ê.

Òåìïåðàòóðà ãàçîâîé ñðåäû Tg ðåãèñòðèðîâàëàñü

õðîìåëü-àëþìåëåâûìè òåðìîïàðàìè 14 (äèàïàçîí

èçìåðÿåìûõ òåìïåðàòóð 273–1373 Ê, ñèñòåìàòè÷å-

ñêàÿ ïîãðåøíîñòü �3 Ê) â íåñêîëüêèõ ïî âûñîòå

òî÷êàõ öèëèíäðà 12 (ñì. ðèñ. 1) è ñîñòàâëÿëà îêîëî

1100 Ê. Ìàêñèìàëüíàÿ ñëó÷àéíàÿ ïîãðåøíîñòü èç-

ìåðåíèÿ Tg — 30 Ê.

Ñêîðîñòü ïðîäóêòîâ ñãîðàíèÿ Ug â öèëèíäðå 12
èçìåðÿëàñü (â êà÷åñòâå ïðåäâàðèòåëüíîé îöåíêè)

ëîïàñòíûì àíåìîìåòðîì òèïà “UnionTest AN110”

(ìàêñèìàëüíàÿ ïîãðåøíîñòü 0,1 ì�ñ) è ñîñòàâëÿëà

îêîëî 1,5 ì�ñ. Èçìåíåíèå ñêîðîñòè ïðîäóêòîâ ñãî-

ðàíèÿ îñóùåñòâëÿëîñü ïðè ïîìîùè íàãíåòàòåëüíîé

ñèñòåìû 17. Äëÿ áîëåå òî÷íûõ èçìåðåíèé Ug èñïîëü-

çîâàëñÿ êðîññêîððåëÿöèîííûé ðåãèñòðàöèîííûé

êîìïëåêñ â ñîñòàâå äâîéíîãî èìïóëüñíîãî ëàçåðà 3 ñ

ãåíåðàòîðîì èçëó÷åíèÿ 5, ñèíõðîíèçàòîðà ñèãíàëîâ 4
è êðîññêîððåëÿöèîííîé âèäåîêàìåðû 2. Èçìåðåíèÿ

ïðîâîäèëèñü ïåðåä íà÷àëîì êàæäîé ýêñïåðèìåíòàëü-

íîé ñåðèè. Â íèæíþþ ÷àñòü öèëèíäðè÷åñêîãî êàíà-

ëà 12 ââîäèëèñü “òðàññèðóþùèå” ÷àñòèöû, êîòîðûå

âïîñëåäñòâèè ïðîäîëæàëè ñâîå äâèæåíèå â ïîòîêå

ïðîäóêòîâ ñãîðàíèÿ. Îáðàçû ÷àñòèö ïîäñâå÷èâàëèñü

ëó÷îì ëàçåðà 3, ðåãèñòðèðîâàëèñü âèäåîêàìåðîé 2
è ïåðåäàâàëèñü íà ïåðñîíàëüíûé êîìïüþòåð 6, ãäå

îñóùåñòâëÿëàñü îáðàáîòêà äàííûõ. Ñòðîèëèñü ðå-

ãóëÿðíûå äâóõêîìïîíåíòíûå ïîëÿ ñêîðîñòåé ãàçî-

âîãî ïîòîêà. Ñèñòåìàòè÷åñêèå ïîãðåøíîñòè îïðå-

äåëåíèÿ Ug â ýêñïåðèìåíòàõ ñîñòàâëÿëè 0,01 ì�ñ.

Õàðàêòåðíûå ðàññòîÿíèÿ ìåæäó êàïëÿìè Ld,

ðàçìåðû Rd, à òàêæå ñêîðîñòè èõ ïåðåìåùåíèÿ Ud

â ãàçîâîì ïîòîêå êîíòðîëèðîâàëèñü ñ ïðèìåíåíèåì

ìåòîäîâ è àëãîðèòìîâ ïðîãðàììíîãî îáåñïå÷åíèÿ

“Tema Automotive” [19, 20]. Äëÿ îïðåäåëåíèÿ òðàåê-

òîðèé äâèæåíèÿ êàïåëü â êàæäîé ñåðèè ýêñïåðè-

ìåíòîâ ïðîâîäèëñÿ êîíòðîëüíûé îïûò, â ðåçóëüòàòå

êîòîðîãî êàïëè, äâèæóùèåñÿ â êàíàëå 12, ñèíõðîíî

ðåãèñòðèðîâàëàñü (ñ ÷àñòîòîé 5·103 êàäðîâ â ñåêóíäó)

Ðèñ. 1. Ñõåìà ýêñïåðèìåíòàëüíîãî ñòåíäà: 1 — âûñîêîñêîðîñòíûå âèäåîêàìåðû; 2 — êðîññêîððåëÿöèîííàÿ âèäåîêàìåðà; 3 —

äâîéíîé òâåðäîòåëüíûé èìïóëüñíûé ëàçåð; 4 — ñèíõðîíèçàòîð ÏÊ, êðîññêîððåëÿöèîííîé êàìåðû è ëàçåðà; 5 — ãåíåðàòîð

ëàçåðíîãî èçëó÷åíèÿ; 6 — ÏÊ; 7 — øòàòèâ; 8 — åìêîñòü ñ âîäîé; 9 — êàíàë ïîäà÷è âîäû; 10 — äîçèðóþùåå óñòðîéñòâî; 11 —

óëîâèòåëü; 12 — öèëèíäð èç êâàðöåâîãî ñòåêëà; 13 — ïîëûé öèëèíäð ñ ãîðþ÷åé æèäêîñòüþ; 14 — òåðìîïàðû; 15 — ïðîæåê-

òîð; 16 — íàãðåâàòåëüíàÿ óñòàíîâêà; 17 — íàãíåòàòåëüíàÿ ñèñòåìà
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äâóìÿ âûñîêîñêîðîñòíûìè âèäåîêàìåðàìè 1, îï-

òè÷åñêèå îñè êîòîðûõ ðàñïîëàãàëèñü ïåðïåíäèêó-

ëÿðíî äðóã ê äðóãó. Òàêîé ïîäõîä ïîçâîëÿë îöåíèòü

âçàèìíîå ðàñïîëîæåíèå êàïåëü âî âñåõ òðåõ ïëîñ-

êîñòÿõ. Åñëè öåíòðû ìàññ êàïåëü íà êàêîì-ëèáî

ó÷àñòêå òðàåêòîðèé èõ äâèæåíèÿ îòêëîíÿëèñü íà ðàñ-

ñòîÿíèå áîëåå ÷åì 0,05Rd äðóã îò äðóãà ïî ãîðèçîí-

òàëè îòíîñèòåëüíî íàïðàâëåíèÿ ñâîåãî äâèæåíèÿ,

òî ýòè ýêñïåðèìåíòû èñêëþ÷àëèñü èç ðàññìîòðåíèÿ

è äàëüíåéøåãî àíàëèçà. Ñ èñïîëüçîâàíèåì àëãîðèò-

ìîâ “Correlation” è “Circular Symmetry” ïðîãðàìì-

íîãî êîìïëåêñà “Tema Automotive” [19, 20] îïðåäå-

ëÿëèñü õàðàêòåðíûå ðàññòîÿíèÿ ìåæäó êàïëÿìè Ld

(â òå÷åíèå èíòåðâàëà âðåìåíè äâèæåíèÿ ÷åðåç êà-

íàë 12), èõ òðàåêòîðèè äâèæåíèÿ è ñêîðîñòè Ud â ðå-

ãèñòðàöèîííîé îáëàñòè. Ñèñòåìàòè÷åñêèå ïîãðåø-

íîñòè îïðåäåëåíèÿ Ld íå ïðåâûøàëè 10–5 ì, Ud —

0,02 ì�ñ. Ñ ïîìîùüþ ñïåöèàëèçèðîâàííûõ êîîðäè-

íàòíûõ ñåòîê ñ øàãîì äî 10–6 ìì âû÷èñëÿëèñü òðè

õàðàêòåðíûõ äèàìåòðà êàïëè è îïðåäåëÿëîñü èõ ñðåä-

íåå çíà÷åíèå, ïî êîòîðîìó óñòàíàâëèâàëñÿ ðàäèóñ

êàïëè Rd. Íà÷àëüíûå çíà÷åíèÿ Rd èçìåíÿëèñü â ïðî-

âåäåííûõ ýêñïåðèìåíòàõ â äèàïàçîíå 1–3 ìì. Ìàê-

ñèìàëüíûå ïîãðåøíîñòè îïðåäåëåíèÿ Rd äîñòèãà-

ëè 0,004 ìì.

Äëÿ îöåíêè âçàèìíîãî âëèÿíèÿ êàïåëü íà õàðàê-

òåðèñòèêè èõ ïåðåìåùåíèÿ â îáëàñòè âûñîêîòåìïå-

ðàòóðíûõ ïðîäóêòîâ ñãîðàíèÿ â ðàññìîòðåíèå áûë

ââåäåí ïàðàìåòð�Ld, îòðàæàþùèé óìåíüøåíèå ðàñ-

ñòîÿíèÿ ìåæäó äâóìÿ ïîñëåäîâàòåëüíî ïåðåìåùà-

þùèìèñÿ êàïëÿìè ïîñëå ïðîõîæäåíèÿ èìè ðàññòî-

ÿíèÿ 1 ì â ïîòîêå âûñîêîòåìïåðàòóðíûõ ïðîäóêòîâ

ñãîðàíèÿ: �Ld = (Ld0 – Ld)�Ld0·100 % (ãäå Ld0, Ld —

ðàññòîÿíèå ìåæäó ïîñëåäîâàòåëüíî ïåðåìåùàþùè-

ìèñÿ êàïëÿìè ñîîòâåòñòâåííî íà âõîäå è âûõîäå èç

çîíû âûñîêîòåìïåðàòóðíûõ ïðîäóêòîâ ñãîðàíèÿ).

Ðåçóëüòàòû è èõ îáñóæäåíèå

Íà ðèñ. 2 ïðåäñòàâëåíû òèïè÷íûå êàäðû ñ èçî-

áðàæåíèÿìè ïîñëåäîâàòåëüíî äâèæóùèõñÿ êàïåëü

íà ðàçíûõ íà÷àëüíûõ ðàññòîÿíèÿõ äðóã îò äðóãà è

â ðàçíûå ìîìåíòû âðåìåíè (íà âõîäå è âûõîäå èç

çîíû âûñîêîòåìïåðàòóðíûõ ãàçîâ).

Ñëåäóåò îòìåòèòü íåñêîëüêî óñòàíîâëåííûõ â ýêñ-

ïåðèìåíòå îñîáåííîñòåé ïðîöåññà ïîñëåäîâàòåëü-

íîãî äâèæåíèÿ êàïåëü ÷åðåç âûñîêîòåìïåðàòóðíûå

ãàçû. Èçìåðåíèÿ ñêîðîñòåé ïåðåìåùåíèÿ êàïåëü ïî-

êàçàëè (ðèñ. 3), ÷òî îíè èçìåíÿþòñÿ ñóùåñòâåííî íå-

ëèíåéíî íå òîëüêî äëÿ êàïåëü ðàçíûõ ðàçìåðîâ Rd

è ñ ðàçíûìè íà÷àëüíûìè çíà÷åíèÿìè ñêîðîñòè Ud.

Âïåðåäè èäóùèå êàïëè îêàçûâàþò çíà÷èòåëüíîå âëè-

ÿíèå íà ñêîðîñòè ïåðåìåùåíèÿ ïîñëåäóþùèõ (ïî-

ñëåäíèå äâèãàþòñÿ ñ áîëüøåé ñêîðîñòüþ, ÷åì âïå-

ðåäè èäóùèå). Ïðè ýòîì íåëèíåéíîå èçìåíåíèå

ñêîðîñòåé ïåðåìåùåíèÿ êàïåëü, î÷åâèäíî, âûçâàíî

íå òîëüêî äåéñòâèåì ìàññîâûõ è èíåðöèîííûõ ñèë.

Óñòàíîâëåíî, ÷òî ÷åì ìåíüøå íà÷àëüíîå ðàññòî-

ÿíèå ìåæäó äâóìÿ ïîñëåäîâàòåëüíî äâèæóùèìèñÿ

êàïëÿìè Ld, òåì çíà÷èòåëüíåå âîçðàñòàåò ðàçíèöà

ìåæäó ñêîðîñòÿìè ýòèõ êàïåëü (óñêîðÿåòñÿ ïðîöåññ

êîàãóëÿöèè). Íà ðèñ. 3 ýòó ðàçíèöó íåëüçÿ íàçâàòü

çíà÷èòåëüíîé, òåì íå ìåíåå ïðèâåäåííûå êðèâûå õî-

ðîøî èëëþñòðèðóþò óñêîðåíèå âòîðîé êàïëè â ñëå-

äå òîðìîçÿùåéñÿ ïåðâîé. Â ÷àñòíîñòè, âèäíî, ÷òî

Ðèñ. 2. Êàäðû âèäåîãðàìì ñ èçîáðàæåíèÿìè ïîñëåäîâàòåëüíî äâèæóùèõñÿ äâóõ (à), òðåõ (á) è ÷åòûðåõ (â) êàïåëü âîäû íà

âõîäå (1) è âûõîäå (2) èç çîíû âûñîêîòåìïåðàòóðíûõ ãàçîâ

Ðèñ. 3. Èçìåíåíèå ñêîðîñòåé äâèæåíèÿ äâóõ êàïåëü â ïðîâå-

äåííûõ ýêñïåðèìåíòàõ ïðè íà÷àëüíîì ðàññòîÿíèè ìåæäó

íèìè Ld0 � 8 ìì è ðàçìåðàõ Rd � 1,5 ìì: 1, 2 — ïåðâàÿ è âòî-

ðàÿ êàïëè; Lm — ðàññòîÿíèå, ïðîéäåííîå êàïëÿìè â ãàçîâîé

ñðåäå, ì
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íà íà÷àëüíîì ó÷àñòêå (ïðîéäåííîå êàïëÿìè ðàññòî-

ÿíèå íå áîëåå 0,3 ì) ñêîðîñòè âñåõ êàïåëü èäåíòè÷-

íû, ÷òî ñâÿçàíî ñ èíåðöèîííîñòüþ ïðîãðåâà êàïåëü.

Óñêîðåíèÿ äâèæåíèÿ êàïåëü ñíèæàþòñÿ (êðèâûå èç-

ìåíÿþò íàêëîí) ïîñëå èõ ïðîãðåâà è èíòåíñèôèêà-

öèè ïðîöåññà èñïàðåíèÿ. Ïðè ýòîì ñêîðîñòü âòîðîé

êàïëè îòíîñèòåëüíî ïåðâîé âîçðàñòàåò. Äàëüíåéøåå

ñáëèæåíèå êðèâûõ îçíà÷àåò, ÷òî ïîñëåäóþùàÿ êàïëÿ

íàñòèãëà âïåðåäè èäóùóþ è ñëèëàñü ñ íåé. Óñòàíîâ-

ëåííûå çàêîíîìåðíîñòè ïîäòâåðæäàþò ãèïîòåçó [17]

î ðàçëè÷èè õàðàêòåðèñòèê äâèæåíèÿ è èñïàðåíèÿ

âïåðåäè èäóùèõ è ïîñëåäóþùèõ êàïåëü â âûñîêî-

òåìïåðàòóðíîé ãàçîâîé ñðåäå. Ïðè ýòîì àíàëîãè÷-

íûå îñîáåííîñòè óñòàíîâëåíû è äëÿ êàïåëü, òðàåê-

òîðèè äâèæåíèÿ êîòîðûõ ñìåùåíû îòíîñèòåëüíî

äðóã äðóãà â ïðåäåëàõ îäíîãî õàðàêòåðíîãî ðàäèóñà.

Èíòåíñèâíûé âäóâ ïàðîâ âîäû ñ áîëåå íèçêîé ïî

ñðàâíåíèþ ñ ãàçàìè òåìïåðàòóðîé è ôîðìèðîâàíèå

“õîëîäíîãî” ïàðîâîãî ïîòîêà â ñëåäå ïåðâîé êàïëè

ñîçäàþò óñëîâèÿ äëÿ êîàãóëÿöèè ñî âòîðîé, äàæå

åñëè òðàåêòîðèÿ åå äâèæåíèÿ íåçíà÷èòåëüíî ñìå-

ùåíà îòíîñèòåëüíî òðàåêòîðèè äâèæåíèÿ ïåðâîé

êàïëè (ïðîâîäèëèñü äîïîëíèòåëüíûå ñåðèè îïûòîâ).

Â ýòîì ñëó÷àå ìàñøòàá âëèÿíèÿ âïåðåäè èäóùèõ

êàïåëü óìåíüøàåòñÿ, íî ïðîöåññû èõ êîàãóëÿöèè

ñ êàïëÿìè, èäóùèìè â ñëåäå, âñå æå ðåàëèçóþòñÿ.

Ïîëó÷åííûé ðåçóëüòàò èëëþñòðèðóåò, ÷òî âëèÿíèå

ïåðâûõ êàïåëü ðàñïðîñòðàíÿåòñÿ íå òîëüêî íà ïî-

ñëåäóþùèå, äâèæóùèåñÿ ïî òîé æå òðàåêòîðèè. Ïðè

ïðîâåäåíèè òåîðåòè÷åñêèõ èññëåäîâàíèé [18] óñòà-

íîâëåíî, ÷òî òàêîå âëèÿíèå ìîæåò áûòü çíà÷èòåëü-

íûì ëèøü ïðè ðàñõîæäåíèè òðàåêòîðèé ïîñëåäîâà-

òåëüíî äâèæóùèõñÿ êàïåëü íå áîëåå ÷åì íà 1,5–2,0

õàðàêòåðíûõ ðàäèóñà ýòèõ êàïåëü. Â ýêñïåðèìåíòàõ

çàôèêñèðîâàíû ìåíüøèå ïðåäåëüíûå îòêëîíåíèÿ

òðàåêòîðèé (íå áîëåå îäíîãî õàðàêòåðíîãî ðàäèóñà

êàïåëü).

Â îòëè÷èå îò ýêñïåðèìåíòîâ ñ ðàñïûëåííîé âî-

äîé [14–17] â ïðîâåäåííûõ îïûòàõ ïðîöåññû ñòîëê-

íîâåíèÿ ïîñëåäîâàòåëüíî äâèæóùèõñÿ êàïåëü çà-

âåðøàëèñü òîëüêî êîàãóëÿöèåé (íè â îäíîì èç ýêñ-

ïåðèìåíòîâ íå çàðåãèñòðèðîâàíû ñòîëêíîâåíèÿ ñ

ïîñëåäóþùèì ðàçëåòîì êàïåëü èëè äðîáëåíèåì íà

áîëåå ìåëêèå). Ýòà îñîáåííîñòü îáóñëîâëåíà ñîíà-

ïðàâëåííûì äâèæåíèåì êàïåëü è ñóùåñòâåííî ìåíü-

øèìè õàðàêòåðíûìè ÷èñëàìè Âåáåðà (íå áîëåå 7)

ïîñëå ñëèÿíèÿ äàæå òðåõ êàïåëü â ïðîâåäåííûõ ýêñ-

ïåðèìåíòàõ ïî ñðàâíåíèþ ñ îïûòàìè [14–17]. Çíà-

÷åíèÿ ÷èñåë Âåáåðà â ýêñïåðèìåíòàõ [14–17] ïîñëå

ñòîëêíîâåíèÿ êàïåëü ñîñòàâëÿëè We > 15�20.

Íà ðèñ. 4 ïðåäñòàâëåíà çàâèñèìîñòü ïàðàìåòðà

�Ld îò íà÷àëüíîãî ðàññòîÿíèÿ ìåæäó äâóìÿ ïîñëå-

äîâàòåëüíî äâèæóùèìèñÿ êàïëÿìè Ld ïðè ðàçíûõ

íà÷àëüíûõ çíà÷åíèÿõ ñêîðîñòè Vd.

Èç ðèñ. 4 âèäíî, ÷òî ÷åì ìåíüøå íà÷àëüíîå ðàñ-

ñòîÿíèå ìåæäó êàïëÿìè Ld0, òåì óñòîé÷èâåå ðåàëèçó-

åòñÿ ïðîöåññ èõ ñáëèæåíèÿ è ïîñëåäóþùåãî ñëèÿ-

íèÿ. Õîðîøî ïðîñëåæèâàåòñÿ ìåõàíèçì, ñîîòâåòñòâó-

þùèé ãèïîòåçå [17], ñôîðìóëèðîâàííîé íà îñíîâå

ðåçóëüòàòîâ ÷èñëåííîãî ìîäåëèðîâàíèÿ. “Ïåðâàÿ”

êàïëÿ èíòåíñèâíî èñïàðÿåòñÿ â âûñîêîòåìïåðàòóð-

íûõ ãàçàõ, è â åå ñëåäå ôîðìèðóåòñÿ îáëàñòü âîäÿ-

íûõ ïàðîâ ñ ñóùåñòâåííî áîëåå íèçêîé îòíîñèòåëü-

íî âíåøíåé ãàçîâîé ñðåäû òåìïåðàòóðîé. Ñëåäóþùàÿ

êàïëÿ, ïðîõîäÿ ÷åðåç îáëàñòü, çàïîëíåííóþ ïàðîãàçî-

âîé ñìåñüþ ñî ñíèæåííîé òåìïåðàòóðîé, ïðîãðåâà-

åòñÿ ìåíåå èíòåíñèâíî. Â ðåçóëüòàòå ðàçìåðû “ïåð-

âîé” êàïëè äîñòàòî÷íî áûñòðî óìåíüøàþòñÿ, ìàññà

æå âòîðîé êàïëè èçìåíÿåòñÿ ñóùåñòâåííî ìåäëåí-

íåå. Çà ñ÷åò óêàçàííûõ ýôôåêòîâ è ìàññîâûõ ñèë ïî-

ñëåäóþùàÿ êàïëÿ íàñòèãàåò “ïåðâóþ”, è ïðîèñõîäèò

êîàãóëÿöèÿ.

Â ðåçóëüòàòå ýêñïåðèìåíòàëüíûõ îöåíîê óñòàíîâ-

ëåíî, ÷òî óìåíüøåíèå íà÷àëüíûõ ðàçìåðîâ êàïåëü

ïðèâîäèò ê óñèëåíèþ ýôôåêòà òîðìîæåíèÿ ïåðâîé

è óñêîðåíèÿ ïîñëåäóþùåé. Â ÷àñòíîñòè, íà ðèñ. 4

âèäíî, ÷òî ïðè ìåíüøèõ çíà÷åíèÿõ íà÷àëüíûõ îáú-

åìîâ Vd êàïëè ñáëèæàþòñÿ áûñòðåå. Âëèÿíèå âûÿâ-

ëåííîãî ýôôåêòà íå ÿâëÿåòñÿ îïðåäåëÿþùèì, îäíàêî

ïðîñëåæèâàåòñÿ âî âñåõ ýêñïåðèìåíòàõ, îñîáåííî

ïðè íà÷àëüíîì îáúåìå Vd < 15 ìêë. Óìåíüøåíèå îáú-

åìà Vd ïðèâîäèò ê íåëèíåéíîìó ñíèæåíèþ õàðàê-

òåðíûõ âðåìåí ïðîãðåâà êàïåëü è, êàê ñëåäñòâèå,

ê ðîñòó ñêîðîñòè èñïàðåíèÿ. Ýòî, â ñâîþ î÷åðåäü,

óñèëèâàåò òîðìîæåíèå èíòåíñèâíî èñïàðÿþùåéñÿ

ïåðâîé êàïëè. Òåìïåðàòóðà â ìàëîé îêðåñòíîñòè òðà-

åêòîðèè äâèæåíèÿ ïîñëåäóþùåé êàïëè ñíèæàåòñÿ,

è îíà ïðîãðåâàåòñÿ ìåäëåííåå. Â òàêèõ óñëîâèÿõ îò-

íîñèòåëüíî “õîëîäíàÿ” âòîðàÿ êàïëÿ äîãîíÿåò ïåð-

âóþ áûñòðåå.

Èç àíàëèçà âèäåîãðàìì ïðîâåäåííûõ ýêñïåðèìåí-

òîâ òàêæå óñòàíîâëåíî, ÷òî óìåíüøåíèå íà÷àëüíûõ

ñêîðîñòåé (îò 2 äî 0,2 ì�ñ) ïîñëåäîâàòåëüíî äâè-

Ðèñ. 4. Çàâèñèìîñòü ïàðàìåòðà �Ld îò íà÷àëüíîãî ðàññòîÿ-

íèÿ ìåæäó äâóìÿ êàïëÿìè ïîñëå ïðîõîæäåíèÿ çîíû ñ âûñî-

êîòåìïåðàòóðíûìè ãàçàìè ïðè ðàçëè÷íûõ íà÷àëüíûõ çíà÷å-

íèÿõ Vd: 1 — Vd = 15 ìêë; 2 — Vd = 30 ìêë
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æóùèõñÿ êàïåëü ïðèâîäèò ê ñíèæåíèþ âðåìåíè èõ

ñëèÿíèÿ. Ýòî ìîæíî îáúÿñíèòü, â ïåðâóþ î÷åðåäü,

óâåëè÷åíèåì âðåìåíè ñóùåñòâîâàíèÿ êàïåëü â âû-

ñîêîòåìïåðàòóðíîé ñðåäå (ïðè ðîñòå ñêîðîñòè äâè-

æåíèÿ êàïëè ïðîõîäÿò ÷åðåç öèëèíäðè÷åñêèé êàíàë

ñ ãàçàìè çà ìåíüøèå âðåìåíà). Âñëåäñòâèå ðîñòà

ýòèõ âðåìåí êàïëè áîëåå èíòåíñèâíî ïðîãðåâàþòñÿ,

óñêîðÿþòñÿ ôàçîâûå ïðåâðàùåíèÿ, è âîçðàñòàþò äåé-

ñòâóþùèå íà êàïëè ñèëû ñîïðîòèâëåíèÿ.

Íà ðèñ. 5 ïðåäñòàâëåíû õàðàêòåðíûå çíà÷åíèÿ

èíòåãðàëüíîãî ïàðàìåòðà �R (õàðàêòåðèçóþùåãî

óìåíüøåíèå ðàäèóñà êàïëè îòíîñèòåëüíî íà÷àëüíî-

ãî çíà÷åíèÿ çà ñ÷åò èñïàðåíèÿ â âûñîêîòåìïåðàòóð-

íûõ ãàçàõ è ðàññ÷èòàííîãî ïî àíàëîãèè ñ ðàáîòîé [14])

äëÿ íåñêîëüêèõ ïîñëåäîâàòåëüíî ïåðåìåùàþùèõñÿ

êàïåëü ïðè èõ ïðîõîæäåíèè â âûñîêîòåìïåðàòóðíîé

ãàçîâîé ñðåäå äèñòàíöèè ïðîòÿæåííîñòüþ îêîëî 1 ì.

Ìîæíî îòìåòèòü ñóùåñòâåííî íåëèíåéíûå çàâèñè-

ìîñòè äëÿ âûäåëåííûõ õàðàêòåðíûõ ðàçìåðîâ êàïåëü.

Çíà÷åíèÿ �R ñóùåñòâåííî íèæå ïî ñðàâíåíèþ ñ ïî-

ëó÷åííûìè â ýêñïåðèìåíòàõ [14–16] äëÿ êàïåëü ñ íà-

÷àëüíûìè ðàçìåðàìè ìåíåå 0,5 ìì. Íåñìîòðÿ íà äî-

âîëüíî óìåðåííîå óìåíüøåíèå ðàçìåðîâ êàïåëü ïðè

äâèæåíèè â ðàññìàòðèâàåìîé ãàçîâîé ñðåäå, ðèñ. 5

èëëþñòðèðóåò îòëè÷èå çíà÷åíèé�R äëÿ ïåðâîé è ïî-

ñëåäóþùèõ êàïåëü. Ïîñëå ïðîõîæäåíèÿ ðàññòîÿíèÿ

1 ì â ãàçîâîé ñðåäå ñ òåìïåðàòóðîé, ïðåâûøàþùåé

1000 Ê, õàðàêòåðíûå ðàçìåðû âòîðîé è òðåòüåé êàïåëü

åùå î÷åíü áëèçêè. Ðåçóëüòàòû ìîäåëèðîâàíèÿ [18]

ïîêàçàëè, ÷òî îíè ìîãóò èçìåíèòüñÿ íà 10–15 % òîëü-

êî ïîñëå ïðîõîæäåíèÿ 2–3 ì â ñîîòâåòñòâóþùåé ãà-

çîâîé ñðåäå. Òåì íå ìåíåå ýêñïåðèìåíòû, ïðîâåäåí-

íûå ñ öåëüþ àíàëèçà îòëè÷èé ðàçìåðîâ ïåðâîé è

âòîðîé êàïåëü, äîâîëüíî õîðîøî èëëþñòðèðóþò ïðà-

âîìåðíîñòü ãèïîòåçû [17].

Ðåçóëüòàòû ýêñïåðèìåíòîâ (ñì. ðèñ. 3–5) ïîçâî-

ëÿþò ñäåëàòü âûâîäû î ñóùåñòâåííîì âëèÿíèè íà-

÷àëüíîãî ðàññòîÿíèÿ ìåæäó êàïëÿìè íà õàðàêòå-

ðèñòèêè èñïàðåíèÿ êàïåëü âîäû â îáëàñòè âûñîêî-

òåìïåðàòóðíûõ ïðîäóêòîâ ñãîðàíèÿ. Òàê, ñ ðîñòîì

îáúåìíîé êîíöåíòðàöèè êàïåëü â ïîòîêå óìåíüøà-

åòñÿ ñðåäíåå ðàññòîÿíèå ìåæäó íèìè, ïîýòîìó êàïëè

èñïàðÿþòñÿ ìåíåå èíòåíñèâíî è çíà÷èòåëüíî ÷àùå

êîàãóëèðóþò, ÷òî, â ñâîþ î÷åðåäü, òàêæå ïðèâîäèò

ê ñíèæåíèþ èíòåíñèâíîñòè èõ èñïàðåíèÿ. Âûÿâ-

ëåííûå îñîáåííîñòè äâèæåíèÿ è èñïàðåíèÿ êàïåëü

â âûñîêîòåìïåðàòóðíûõ ãàçîâûõ ïîòîêàõ ñíèæàþò

ýôôåêòèâíîñòü ñîîòâåòñòâóþùèõ òåõíîëîãèé. Íà-

ïðèìåð, â ïîëèäèñïåðñíîì ïîæàðîòóøåíèè ïðè ïà-

ðàìåòðàõ ðàñïûëåíèÿ Rd < 0,15 ìì (âîäÿíîé “òóìàí”)

÷àñòî íàáëþäàåòñÿ ïîëíîå èñïàðåíèå êàïåëü [14] íà

íà÷àëüíîì ó÷àñòêå èõ äâèæåíèÿ â îáëàñòè ïëàìåíè,

à çà÷àñòóþ è ïîëíûé óíîñ êàïåëüíîãî ïîòîêà âûñîêî-

òåìïåðàòóðíûìè ïðîäóêòàìè ñãîðàíèÿ ïîæàðà [15].

Â òàêîì ñëó÷àå ìîæíî ðåêîìåíäîâàòü óâåëè÷åíèå

îáúåìíîé êîíöåíòðàöèè êàïåëü â ïîòîêå, ÷òî ïðèâå-

äåò ê èíòåíñèôèêàöèè ïðîöåññà êîàãóëÿöèè êàïåëü

â ïîòîêå è, êàê ñëåäñòâèå, ê óìåíüøåíèþ çíà÷åíèé

ïàðàìåòðà �R. Òåì ñàìûì ïðè òåõ æå íà÷àëüíûõ

ðàçìåðàõ êàïåëü ðàñïûëåííîé âîäû ìîæíî îáåñïå-

÷èòü óñëîâèÿ, ïðè êîòîðûõ ïîñëåäíèå ïðîíèêàþò â

îáëàñòü ïëàìåíè çíà÷èòåëüíî ãëóáæå, èíòåíñèâíåå

ñíèæàÿ åãî òåìïåðàòóðó. Ïðè äîñòàòî÷íî êðóïíîì

ðàñïûëå (Rd > 0,3 ìì), íàïðîòèâ, ìîæíî ðåêîìåíäî-

âàòü óâåëè÷åíèå ðàññòîÿíèÿ ìåæäó êàïëÿìè â ïîòî-

êå (ñíèæåíèå êîíöåíòðàöèè êàïåëü).

Íà ðèñ. 6 ïðåäñòàâëåíû ðåçóëüòàòû ýêñïåðèìåí-

òîâ ïî àíàëèçó âëèÿíèÿ íà÷àëüíîé òåìïåðàòóðû êà-

ïåëü âîäû Tw íà óñëîâèÿ èõ ïîñëåäîâàòåëüíîãî ïåðå-

ìåùåíèÿ â âûñîêîòåìïåðàòóðíîé ãàçîâîé ñðåäå.

Ìîæíî îòìåòèòü äîâîëüíî óìåðåííîå âëèÿíèå Tw

íà õàðàêòåðèñòèêè èññëåäóåìûõ ïðîöåññîâ. Îäíàêî

àíàëèç òåîðåòè÷åñêèõ èññëåäîâàíèé [18] ïîêàçûâà-

åò, ÷òî ïðè óâåëè÷åíèè ïðîòÿæåííîñòè îáëàñòè, çà-

Ðèñ. 5. Àïïðîêñèìàöèîííûå çàâèñèìîñòè, îòîáðàæàþùèå çíà-

÷åíèÿ ïàðàìåòðà �R äëÿ ïåðâîé (1), âòîðîé (2, 4) è òðåòüåé

(3, 5) êàïåëü ïîñëå ïðîõîæäåíèÿ èìè â âûñîêîòåìïåðàòóð-

íîé ãàçîâîé ñðåäå äèñòàíöèè ïðîòÿæåííîñòüþ 1 ì ïðè ðàç-

ëè÷íûõ íà÷àëüíûõ ðàññòîÿíèÿõ ìåæäó êàïëÿìè: 2, 3 — Ld0 =

= 8 ìì; 4, 5 — Ld0 = 20 ìì

Ðèñ. 6. Çàâèñèìîñòü ïàðàìåòðà �Ld îò íà÷àëüíîé òåìïåðàòó-

ðû âîäû Tw ïîñëå ïðîõîæäåíèÿ çîíû âûñîêîòåìïåðàòóðíûõ

ãàçîâ ïðè ðàçëè÷íûõ íà÷àëüíûõ ðàññòîÿíèÿõ ìåæäó êàïëÿ-

ìè: 1 — Ld0 = 8 ìì; 2 — Ld0 = 20 ìì
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ïîëíåííîé âûñîêîòåìïåðàòóðíûìè ãàçàìè äî 2–3 ì

ïî âûñîòå (÷òî õàðàêòåðíî äëÿ òèïè÷íûõ ïîæàðîâ),

âëèÿíèå ýòîãî ýôôåêòà áóäåò óñèëèâàòüñÿ è ìîæíî

ïðîãíîçèðîâàòü åãî îïðåäåëÿþùåå âëèÿíèå âñëåä-

ñòâèå èíòåíñèôèêàöèè ôàçîâûõ ïðåâðàùåíèé (îñî-

áåííî ïðè óìåíüøåíèè íà÷àëüíûõ ðàçìåðîâ êàïåëü).

Âûÿâëåííàÿ îñîáåííîñòü õîðîøî êîððåëèðóåò ñ ðå-

çóëüòàòàìè ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé ìåõà-

íèçìîâ ïåðåìåùåíèÿ è èñïàðåíèÿ êàïåëü íàãðåòîé

âîäû â çîíå ïðîäóêòîâ ãîðåíèÿ [14]. Òàêîé ïîäõîä

íåðåäêî èñïîëüçóåòñÿ ïðè òóøåíèè âîçãîðàíèé, íà-

ïðèìåð, ñ ïðèìåíåíèåì òåðìîàêòèâèðîâàííîé âîäû.

Äîïîëíèòåëüíî ïðîâåäåíû ýêñïåðèìåíòû ñ ïî-

ñëåäîâàòåëüíî-ïàðàëëåëüíûì äâèæåíèåì êàïåëü

÷åðåç ðàññìàòðèâàåìûå âûñîêîòåìïåðàòóðíûå ãàçû.

Òàê, ïðè ðàññòîÿíèÿõ ìåæäó õàðàêòåðíûìè òðàåê-

òîðèÿìè ïàðàëëåëüíî äâèæóùèõñÿ êàïåëü áîëåå

3Rd âëèÿíèå âïåðåäè èäóùèõ êàïåëü íà óñëîâèÿ äâè-

æåíèÿ ïîñëåäóþùèõ ìèíèìàëüíî (ïîñëåäóþùèå

êàïëè ïåðåìåùàþòñÿ ñ õàðàêòåðèñòèêàìè, ñîîòâåò-

ñòâóþùèìè âïåðåäè èäóùèì). Ïðè óìåíüøåíèè

ðàññòîÿíèé ìåæäó ïîñëåäîâàòåëüíî è ïàðàëëåëüíî

ïåðåìåùàþùèìèñÿ êàïëÿìè âûÿâëåííûå ýôôåêòû

òîðìîæåíèÿ, óñêîðåíèÿ è êîàãóëÿöèè çàðåãèñòðè-

ðîâàíû âî âñåõ îïûòàõ. Ïîëó÷åííûå â ïðîâåäåííûõ

ýêñïåðèìåíòàõ çàâèñèìîñòè è îáñóæäàåìûå ýôôåê-

òû ñîîòâåòñòâóþò ñîâðåìåííûì ïðåäñòàâëåíèÿì î

òåïëîìàññîïåðåíîñå, ãèäðîäèíàìèêå è ìåõàíèêå äëÿ

ãàçîïàðîêàïåëüíûõ ñìåñåé [21, 22].

Âûÿâëåííûå ýôôåêòû âçàèìíîãî âëèÿíèÿ êàïåëü

â ãàçîâîì ïîòîêå ïðè âûñîêèõ òåìïåðàòóðàõ íà õà-

ðàêòåðèñòèêè äâèæåíèÿ è òåïëîìàññîïåðåíîñà î÷åíü

âàæíû äëÿ òåõíîëîãèè ïîëèäèñïåðñíîãî ïîæàðîòó-

øåíèÿ â óñëîâèÿõ èíòåíñèâíîãî òåïëîîáìåíà ñ ãàçî-

âîé ñðåäîé, ñîîòâåòñòâóþùèõ òèïè÷íûì ïîæàðàì.

Â ÷àñòíîñòè, ïîëó÷åííûå ðåçóëüòàòû ïîçâîëÿþò ïðî-

ãíîçèðîâàòü òðåáóåìûå ðàññòîÿíèÿ ìåæäó êàïëÿìè

äëÿ èíòåíñèôèêàöèè èõ ïðîãðåâà ãàçàìè (çà ñ÷åò

ýòîãî ìîæíî çíà÷èòåëüíî ïîâûñèòü êîýôôèöèåíò

ïîëåçíîãî èñïîëüçîâàíèÿ æèäêîñòè ïðè òóøåíèè

âîçãîðàíèé). Ìîæíî òàêæå ïðîãíîçèðîâàòü ìàêñè-

ìàëüíûå è ìèíèìàëüíûå ñêîðîñòè äâèæåíèÿ êàïåëü

(ñîîòâåòñòâåííî, ïàðàìåòðû ðàáîòû ôîðñóíî÷íûõ

óñòðîéñòâ ïðè ðàñïûëå òóøàùèõ ñîñòàâîâ) äëÿ ñíè-

æåíèÿ âåðîÿòíîñòè èõ êîàãóëÿöèè è óñèëåíèÿ ýôôåê-

òîâ èõ ïðîãðåâà.

Âûâîäû

Ïðîâåäåííûå ýêñïåðèìåíòû ïîçâîëèëè îáîñíî-

âàòü ãèïîòåçó [17] î çíà÷èòåëüíîì âçàèìíîì âëèÿíèè

êàïåëü âîäû â ïîòîêå íà õàðàêòåðèñòèêè äâèæåíèÿ

è èñïàðåíèÿ â âûñîêîòåìïåðàòóðíîé ãàçîâîé ñðåäå.

Ïîêàçàíî, ÷òî èäóùèå ïåðâûìè êàïëè èñïàðÿþòñÿ

èíòåíñèâíåå ïî ñðàâíåíèþ ñ ïîñëåäóþùèìè è, êàê

ñëåäñòâèå, áûñòðåå òîðìîçÿòñÿ âûñîêîòåìïåðàòóð-

íûì âñòðå÷íûì ïîòîêîì ãàçîâ. Îáðàçîâàâøèåñÿ ïðè

ýòîì ïàðû ñîçäàþò óñëîâèÿ äëÿ óìåíüøåíèÿ ñêî-

ðîñòåé ïðîãðåâà è èñïàðåíèÿ ïîñëåäóþùèõ êàïåëü,

à òàêæå ñíèæåíèÿ òîðìîçÿùèõ èõ ñèë. Âñëåäñòâèå

ýòîãî êàæäàÿ ïîñëåäóþùàÿ êàïëÿ èñïàðÿåòñÿ ìåä-

ëåííåå è äâèæåòñÿ áûñòðåå ïî ñðàâíåíèþ ñ âïåðåäè

èäóùèìè. Ïðîâåäåííûå ýêñïåðèìåíòû ïîêàçàëè,

÷òî â óñëîâèÿõ âûñîêèõ (áîëåå 1000 Ê) òåìïåðàòóð

ãàçîâ ýòîò ýôôåêò ïðîÿâëÿåòñÿ îñîáåííî íàãëÿäíî.

Ïðàêòè÷åñêè âî âñåõ ýêñïåðèìåíòàõ çàðåãèñòðèðî-

âàíû óñëîâèÿ êîàãóëÿöèè ïîñëåäîâàòåëüíî ïåðåìå-

ùàþùèõñÿ êàïåëü (ïîñëåäóþùèå êàïëè íàñòèãàþò

âïåðåäè èäóùèå è ñëèâàþòñÿ ñ íèìè).

Âûÿâëåííûå çàêîíîìåðíîñòè ïîñëåäîâàòåëüíî-

ãî ïåðåìåùåíèÿ íåñêîëüêèõ êàïåëü â ïîòîêå âûñîêî-

òåìïåðàòóðíûõ ãàçîâ ïîçâîëÿþò ñäåëàòü âûâîä î òîì,

÷òî ïðè òåìïåðàòóðàõ ïðîäóêòîâ ñãîðàíèÿ, õàðàê-

òåðíûõ äëÿ òèïè÷íûõ ïîæàðîâ (îêîëî 1000 Ê), âû-

ñîêà âåðîÿòíîñòü ñëèÿíèÿ áîëüøîé ãðóïïû êàïåëü,

äâèæóùèõñÿ äðóã çà äðóãîì. Ïîëó÷åííûå ýêñïåðè-

ìåíòàëüíûå ðåçóëüòàòû ìîãóò áûòü èñïîëüçîâàíû

äëÿ âûáîðà îïòèìàëüíûõ ïàðàìåòðîâ ðàñïûëåíèÿ,

à òàêæå íà÷àëüíûõ õàðàêòåðèñòèê êàïåëüíîãî æèä-

êîñòíîãî ïîòîêà ïðè äâèæåíèè è èñïàðåíèè â âûñî-

êîòåìïåðàòóðíûõ ãàçîâûõ ñðåäàõ.
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ABSTRACT

Introduction. The paper presents the results of experimental investigation of cross impact of water

droplets in a flow while moving and evaporation in a medium of high-temperature gases, which cor-

respond in temperature to the typical combustion products due to a fire. We considered the sequential

schemes of droplet movement and the schemes when the trajectories of droplet movement diverged

relative to each other.

Materials and methods. The area full of high-temperature (about 1000 K) combustion products was

created using the model of fire source (hollow cylinder of height h = 1 m and diameter d = 0.15 m).

Droplets moved in the opposite direction of the gas medium. In experiments we applied the tools of

high-speed video recording (up to 106 frames per second) and also the optical diagnostic methods of

two-phase gas flows (Particle Image Velocimetry, Particle Tracking Velocimetry, Stereoscopic Particle

Image Velocimetry, Shadow Photography).

Results. In experiments the decrease in typical radius �R of water droplets and change in distance �Ld

between neighboring droplets was the main defining characteristics. From the experiments we deter-

mined the velocity variation of droplets moving sequentially, distance, at which the subsequent droplet

catches the next one in a flow, and there is a coalescence. The influence of initial distance between

neighboring droplets in a flow on their approximation while movement in a channel with high-

temperature gases at various values of initial speed of droplet was investigated. Also, we determined

the impact scale of the vapor trace forming from evaporation of droplets moving ahead on the evapora-

tion intensity of the next droplets. It was revealed that heating and evaporation of the next droplets in

a vapor-gas trace of preceding ones are less intense. The influence of initial water temperature on

the approach and the coalescence of droplets moving subsequently in a flow of high-temperature gases

were determined. It was illustrated that the previous heat-up of water accelerates the droplet coales-

cence in a flow under conditions of relatively short initial distances between droplets. Also, the extreme

distances between droplets were defined, in providing which there is a coalescence of droplets when

they pass the area of high-temperature combustion products.

Conclusions. We illustrated the satisfactory correlation of experimental results with the data of nume-

rical simulation carried out previously. The theoretical hypothesis about the significant influence of

water droplets moving ahead (through high-temperature gases) on the conditions of evaporation and

movement of subsequent ones was proved experimentally.

Keywords: high-temperature gases; water droplets; consecutive movement; coagulation; evaporation.

REFERENCES

1. Korolchenko D. A., Gromovoy V. Yu., Vorogushin O. O. Fire extinguishing in tall buildings by using

water mist systems. Vestnik MGSU (Proceedings of Moscow State University of Civil Engineering),
2011, no. 1-2, pp. 331–335 (in Russian).



15ISSN 0869-7493 ÏÎÆÀÐÎÂÇÐÛÂÎÁÅÇÎÏÀÑÍÎÑÒÜ 2016 ÒÎÌ 25 ¹ 7

ÏÐÎÖÅÑÑÛ ÃÎÐÅÍÈß È ÂÇÐÛÂÀ

2. Sokovikov V. V., Tugov A. N., Grishin V. V., Kamyshev V. N. Automatic water-based fire extingui-

shing with water mist in power plants. Energetik (Power Engineer), 2008, no. 6, pp. 37–38 (in Russian).

3. Segal M. D. Use water mist to increase the fire protection of cable NPP construction. Problemy bezopas-
nosti i chrezvychaynykh situatsiy (Safety and Emergencies Problems), 2011, no. 4, pp. 61–64 (in Russian).

4. Vinogradov A. G. Calculation method of water curtain shielding properties. Pozharovzryvobezopasnost
— Fire and Explosion Safety, 2014, vol. 23, no. 1, pp. 45–56 (in Russian).

5. Vinogradov A. G. Application of the submerged jet theory to calculation of water curtain parameters.

Pozharovzryvobezopasnost — Fire and Explosion Safety, 2014, vol. 23, no. 5, pp. 76–87 (in Russian).

6. Salamov A. A. Modern fire-fighting system “water fog” of high pressure. Energetik (Power Engineer),

2012, no. 3, pp. 16–18 (in Russian).

7. Terpigoryev V. Water fog as a means of protection of cultural objects. Algoritm bezopasnosti (Safety
Algorithm), 2006, no. 5, pp. 18–20 (in Russian).

8. Westerweel J. Fundamentals of digital particle image velocimetry. Measurement Science and Techno-
logy, 1997, vol. 8, no. 12, pp. 1379–1392. DOI: 10.1088�0957-0233�8�12�002.

9. Akhmetbekov Y. K., Alekseenko S. V., Dulin V. M., Markovich D. M., Pervunin K. S. Planar fluores-

cence for round bubble imaging and its application for the study of an axisymmetric two-phase jet.

Experiments in Fluids, 2010, vol. 48, no. 4, pp. 615–629. DOI: 10.1007�s00348-009-0797-0.

10. Khalighi B., Lee Y. H. Particle tracking velocimetry: an automatic image processing algorithm. Applied
Optics, 1989, vol. 28, no. 20, pp. 4328–4332. DOI: 10.1364�AO.28.004328.

11. Maeda M., Kawaguchi T., Hishida K. Novel interferometric measurement of size and velocity distribu-

tions of spherical particles in fluid flows. Measurement Science and Technology, 2000, vol. 11, no. 12,

pp. L13–L18. DOI: 10.1088�0957-0233�11�12�101.

12. Glover A. R., Skippon S. M., Boyle R. D. Interferometric laser imaging for droplet sizing: a method

for droplet-size measurement in sparse spray systems. Applied Optics, 1995, vol. 34, no. 36, pp.

8409–8421. DOI: 10.1364�AO.34.008409.

13. Dehaeck S., Van Parys H., Hubin A., Van Beeck J. P. A. J. Laser marked shadowgraphy: a novel optical

planar technique for the study of microbubbles and droplets. Experiments in Fluids, 2009, vol. 47, no. 2,

pp. 333–341. DOI: 10.1007�s00348-009-0668-8.

14. Volkov R. S., Kuznetsov G. V., Strizhak P. A. The influence of initial parameters of atomized water on

characteristics of its motion through a counter flow of high-temperature gases. Zhurnal tekhnicheskoy
fiziki (Technical Physics Journal), 2014, vol. 84, no. 7, pp. 15–23 (in Russian).

15. Volkov R. S., Kuznetsov G. V., Strizhak P. A. Criterial expressions for conditions of deceleration and

the next taking away of water droplets by high-temperature gases. Zhurnal tekhnicheskoy fiziki (Techni-
cal Physics), 2015, vol. 85, no. 9, pp. 50–55 (in Russian).

16. Volkov R. S., Kuznetsov G. V., Strizhak P. A. Statistical analysis of the consequences of the collision of

two water droplets as they move into the high-temperature gas flow. Pisma v Zhurnal tekhnicheskoy
fiziki (Technical Physics Letters), 2015, vol. 41, no. 17, pp. 53–60 (in Russian).

17. Volkov R. S., Kuznetsov G. V., Strizhak P. A. Features of evaporation of two water droplets, moving

successively through the high-temperature combustion products. Teplofizika i aeromekhanika (Thermo-
physics and Aeromechanics), 2014, vol. 21, no. 2, pp. 269–272 (in Russian).

18. Strizhak P. A. Influence of droplet distribution in a “water slug” on the temperature and concentration of

combustion products in its wake. Journal of Engineering Physics and Thermophysics, 2013, vol. 86,

no. 4, pp. 895–904. DOI: 10.1007�s10891-013-0909-9.

19. Janiszewski J. Measurement procedure of ring motion with the use of high speed camera during electro-

magnetic expansion. Metrology and Measurement Systems, 2012, vol. 19, no. 2, pp. 797–804.

20. Janiszewski J. Ductility of selected metals under electromagnetic ring test loading conditions. Inter-
national Journal of Solids and Structures, 2012, vol. 49, no. 7–8, pp. 1001–1008. DOI: 10.1016�j.ijsolstr.

2012.01.005.

21. Reyssat É., Chevy F., Biance A.-L., Petitjean L., Quéré D. Shape and instability of free-falling liquid

globules. Europhysics Letters, 2007, vol. 80, no. 3, p. 34005. DOI: 10.1209�0295-5075�80�34005.

22. Flock A. K., Guildenbecher D. R., Chen J., Sojka P. E., Bauer H. J. Experimental statistics of droplet

trajectory and air flow during aerodynamic fragmentation of liquid drops. International Journal of Multi-
phase Flow, 2012, vol. 47, pp. 37–49. DOI: 10.1016�j.ijmultiphaseflow.2012.06.008.

For citation: Voytkov I. S., Volkov R. S., Vysokomornaya O. V., Strizhak P. A. Experimental study of

features of water droplets evaporation at the moving consistently through high-temperature combus-

tion products. Pozharovzryvobezopasnost — Fire and Explosion Safety, 2016, vol. 25, no. 7, pp. 6–15.

DOI: 10.18322/PVB.2016.25.07.6-15.




