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Ïðè ýêñïåðèìåíòàëüíîì èçó÷åíèè äâóõôàçíûõ
òå÷åíèé ÷àñòî âîçíèêàåò íåîáõîäèìîñòü â èçìåðå-
íèè ëîêàëüíûõ çíà÷åíèé ïàðàìåòðîâ ôàç. Ýòè
ïàðàìåòðû ìîãóò áûòü èçìåðåíû êàê ëàçåðíî-îï-
òè÷åñêèìè, òàê è çîíäîâûìè ìåòîäàìè. Ëàçåðíî-
îïòè÷åñêèå ìåòîäû ðàíåå íå ïîçâîëÿëè èññëåäî-
âàòü òå÷åíèÿ ñ áîëüøîé êîíöåíòðàöèåé äèñïåðñ-
íîé ôàçû, à òàêæå îïðåäåëÿòü ïàðàìåòðû ãàçîâîé
ôàçû â äâóõôàçíîì ïîòîêå.

Çîíäîâûå ìåòîäû äàâíî èñïîëüçóþòñÿ äëÿ èç-
ìåðåíèÿ ïàðàìåòðîâ äâóõôàçíîãî ïîòîêà [1—5, 8,
9,16,17], îíè îòíîñÿòñÿ ê òåì íåìíîãî÷èñëåííûì
ìåòîäàì, ñ ïîìîùüþ êîòîðûõ ìîæíî èçìåðèòü ëî-
êàëüíûå ðàñõîäû ôàç. Îäíàêî ïðè èõ ïðèìåíåíèè
âîçíèêàåò ðÿä ïðîáëåì: ýòî ïðîáëåìà èçîêèíåòè÷-
íîñòè ïðè îòáîðå ïðîáû è çíà÷åíèå êîýôôèöèåí-
òà óïðóãîñòè óäàðà. Èñïîëüçóÿ íåêîòîðûå êîíñò-
ðóêòèâíûå óñîâåðøåíñòâîâàíèÿ è ïðèìåíÿÿ çîí-
äîâûé ìåòîä â êîìïèëÿöèè ñ PIV-ìåòîäîì [11],
ìîæíî ðåøèòü ýòè ïðîáëåìû è îïðåäåëèòü âñå ïà-
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Ñòàòüÿ ïîñòóïèëà â ðåäàêöèþ 14.05.2019

Ðàññìàòðèâàåòñÿ ñïîñîá èçìåðåíèÿ ïàðàìåòðîâ äâóõôàçíîãî âûñîêîêîíöåíòðèðîâàííîãî ãàçîêàïåëüíîãî ïî-
òîêà, îñíîâàííûé íà ñîâìåñòíîì èñïîëüçîâàíèè ëàçåðíî-îïòè÷åñêèõ è çîíäîâûõ ìåòîäîâ èçìåðåíèÿ. Ïðîàíàëè-
çèðîâàíû ïðè÷èíû  ïîãðåøíîñòåé çîíäîâîãî ìåòîäà èçìåðåíèÿ è ïðåäëîæåíû óñòðîéñòâà èõ óñòðàíåíèÿ. Âïåð-
âûå ïðåäëîæåíà ìåòîäèêà îïðåäåëåíèÿ êîýôôèöèåíòà óïðóãîñòè óäàðà, ÷òî ïîçâîëèëî ýêñïåðèìåíòàëüíî îïðå-
äåëÿòü ëîêàëüíûå çíà÷åíèÿ ïîëåé ìàññîâûõ ðàñõîäîâ, êîíöåíòðàöèé, ñêîðîñòåé ôàç è ðàçìåðîâ êàïåëü, â ÷àñòíîñòè
ïðè èññëåäîâàíèè ìíîãîôîðñóíî÷íîãî ñìåñèòåëÿ êàìåðû ñãîðàíèÿ.

Êëþ÷åâûå  ñëîâà: äâóõôàçíûé ãàçîêàïåëüíûé ïîòîê, çîíäîâûå ìåòîäû, ñêîðîñòè, ðàñõîäû ôàç, ðàçìåðû êà-
ïåëü,  ëàçåðíî-îïòè÷åñêèå ìåòîäû, êîýôôèöèåíò óïðóãîñòè óäàðà, èññëåäîâàíèå äâóõôàçíîé ôîðñóíêè êàìåðû
ñãîðàíèÿ âîçäóøíî-ðåàêòèâíîãî äâèãàòåëÿ.

ðàìåòðû äâóõôàçíîãî ïîòîêà ïðè âûñîêèõ êîí-
öåíòðàöèÿõ.

Ðàññìîòðèì ïðèíöèïèàëüíóþ ñõåìó çîíäîâî-
ãî ìåòîäà, ïîêàçàííóþ íà ðèñ. 1 [2].

Â ïîòîê ââîäèòñÿ öèëèíäðè÷åñêèé çîíä ñ âõîä-
íûì îòâåðñòèåì dí. Ïðè îïðåäåëåíèè ðàñõîäîâ è
êîíöåíòðàöèè ôàç çîíä ñîåäèíÿåòñÿ ñ ñèñòåìîé
îòñîñà (ïîçèöèÿ à) è ðàáîòàåò â ðåæèìå èçîêèíå-
òè÷åñêîãî îòáîðà, ïðè êîòîðîì ñòàòè÷åñêîå äàâ-
ëåíèå âíóòðè çîíäà (íà ðèñóíêå ðí) ïîääåðæèâà-
åòñÿ ðàâíûì ñòàòè÷åñêîìó äàâëåíèþ â ðàáî÷åé
êàìåðå èëè îêðóæàþùåé ñðåäå. Â ýòîì ñëó÷àå ïðè
îòáîðå íå ïðîèñõîäèò äåôîðìàöèè ëèíèé òîêà.
Îòîáðàííàÿ ïðîáà ðàçäåëÿåòñÿ ñ ïîìîùüþ ñåïà-
ðàòîðà íà ôàçû. Èçìåðèâ ðàñõîä êàæäîé ôàçû,
ìîæíî íàéòè ðàñõîäíóþ ìàññîâóþ êîíöåíòðàöèþ
ôàç:
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Ïðè èçìåðåíèè äàâëåíèÿ òîðìîæåíèÿ ñìåñè p*

êàíàë äëÿ îòáîðà ôàç ïåðåêðûâàåòñÿ, è çîíä ðà-
áîòàåò â ðåæèìå òðóáêè Ïèòî. Ôîðìóëà äëÿ ðàñ-
÷åòà p* èìååò âèä

2 2
* ã ã æ æ æ(1 )
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2 2
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= + +        (2)

Çäåñü Êó — êîýôôèöèåíò óïðóãîñòè óäàðà [10],
êîòîðûé èçìåíÿåòñÿ â äèàïàçîíå îò 1 äî 2. Áóäåì
ïîëàãàòü, ÷òî ïðè Êó = 1 óäàð óïðóãèé, ïðè Êó = 2
— íåóïðóãèé.

Äîáàâèì:
óðàâíåíèÿ ðàñõîäîâ ôàç

ã ã ã ã ;G w Sα ρ= ◊ ◊ ◊                   (3)

æ æ æ æ ;G w Sα ρ= ◊ ◊ ◊                 (4)

óðàâíåíèå ñîñòîÿíèÿ ãàçà

ã
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ρ =
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óðàâíåíèå îáúåìíûõ êîíöåíòðàöèé

ã æ 1.α α+ =                       (6)

Çäåñü wã – ñêîðîñòü ãàçà; wæ — ñêîðîñòü êàïåëü;

ãα  — îáúåìíàÿ êîíöåíòðàöèÿ ãàçà; æα — îáúåì-

íàÿ êîíöåíòðàöèÿ æèäêîñòè (êàïåëü); ãρ  — ïëîò-

íîñòü ãàçà; æρ  — ïëîòíîñòü æèäêîñòè.

Èçìåðÿÿ òåìïåðàòóðó æèäêîñòè Òæ è ïîëàãàÿ
Òæ = Òê = Òã, ïîëó÷àåì çíà÷åíèå îäíîé èç ïåðå-
ìåííûõ, ó÷àñòâóþùèõ â ìîäåëè. Åñëè èçìåðèòü
ïîëíîå äàâëåíèå äâóõôàçíîãî ïîòîêà è ìàññîâûå
ðàñõîäû ôàç, ïîëó÷èì ñèñòåìó èç ïÿòè óðàâíåíèé,
ñîäåðæàùóþ øåñòü íåèçâåñòíûõ:

ã æ ã æ ã, , , , , .ów w Êα α ρ

Åñëè ïàðàìåòðû ïîòîêà îïðåäåëåíû â äâóõ
ñîñåäíèõ òî÷êàõ, èìååòñÿ âîçìîæíîñòü îïðåäåëå-
íèÿ ñðåäíåìàññîâîãî ðàçìåðà êàïëè íà îñíîâå
óðàâíåíèÿ äâèæåíèÿ êàïëè îòíîñèòåëüíî ãàçà:
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Çäåñü Mê — ìàññà êàïëè,
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ãäå Dê — äèàìåòð êàïëè;
fê — ïëîùàäü ïîïåðå÷íîãî ñå÷åíèÿ êàïëè;
Cx — êîýôôèöèåíò ñîïðîòèâëåíèÿ êàïëè, ðàñ-

ñ÷èòàííûé ïî îäíîé èç ýìïèðè÷åñêèõ ôîðìóë â
çàâèñèìîñòè îò ÷èñëà Ðåéíîëüäñà
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è óñëîâèé îáòåêàíèÿ êàïëè (êàïëÿ ïðèíÿòà ñôå-
ðè÷åñêîé).

Çàïèøåì âûðàæåíèå (7) ïðèìåíèòåëüíî ê äâóì
ñå÷åíèÿì ïîòîêà, ðàñïîëîæåííûì äðóã îò äðóãà íà

ðàññòîÿíèè zΔ :
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Ïîëàãàÿ êàïëè ñôåðè÷åñêèìè, èç (10) ìîæíî
îïðåäåëèòü èõ äèàìåòð:
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Ðèñ. 1. Ïðèíöèïèàëüíàÿ ñõåìà ðàáîòû çîíäîâîãî ìåòîäà



154 Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.26. ¹3

Òåïëîâûå, ýëåêòðîðàêåòíûå äâèãàòåëè è ýíåðãîóñòàíîâêè Thermal engines, electric propulsion and power
ëåòàòåëüíûõ àïïàðàòîâ plants for flying vehicles

Òàêèì îáðàçîì, ïðîâåäÿ âñå çîíäîâûå èçìåðå-
íèÿ â äâóõ òî÷êàõ ïîòîêà, ðàñïîëîæåííûõ íà ðàñ-

ñòîÿíèè zΔ = 1 ÷ 6 ìì, è âîñïîëüçîâàâøèñü óðàâ-

íåíèåì (11), ìîæíî ïîëó÷èòü ñðåäíèé ðàçìåð êà-
ïåëü ïîòîêà. Íà ðèñ. 2 ïðèâåäåíû ðåçóëüòàòû îïðå-
äåëåíèÿ ïàðàìåòðîâ äâóõôàçíîãî ïîòîêà ãàçîêàïåëü-

íîãî âîçäóøíî-âîäÿíîãî ïîòîêà ã ê ã ê ã, , , ,w wα α ρ

íà âûõîäå èç ñóæàþùåãîñÿ ñîïëà [3].

Íà ðèñ. 2 ψ = Gæ/Gã — ëîêàëüíîå çíà÷åíèå

êîíöåíòðàöèè. Ñëåäóåò îòìåòèòü, ÷òî ðàñ÷åò ñî-
îòâåòñòâóåò ñëó÷àþ àáñîëþòíî íåóïðóãîãî óäàðà
êàïåëü, Êó = 2. Ýòî ñïðàâåäëèâî ïðè ñðàâíèòåëü-
íî ìàëûõ ñêîðîñòÿõ è ðàçìåðàõ êàïåëü äèñïåðñ-
íîé ôàçû è åñëè èçìåðåíèå ïîëíîãî äàâëåíèÿ
ïðîèçâîäèòñÿ ïî ñõåìå ðèñ. 1,á. Ñ ðîñòîì ñêîðî-
ñòè è ðàçìåðîâ êàïåëü ñëåäóåò ââîäèòü â ðåøåíèå
ïîïðàâêó, ñâÿçàííóþ ñ êîýôôèöèåíòîì óïðóãîñ-
òè óäàðà. Âìåñòå ñ òåì, ïðè èñïîëüçîâàíèè çîí-
äîâîãî ìåòîäà ñóùåñòâóåò åùå ðÿä ïðîáëåì.

Ïðåæäå âñåãî — èçîêèíåòè÷íîñòü îòáîðà ïðî-
áû [6, 9, 13—15, 19]. Ýòî óñëîâèå äîëæíî îáåñïå-
÷èòü íåèçìåííîñòü ëèíèé òîêà äâóõôàçíîãî ïîòî-
êà (â ÷àñòíîñòè ãàçà) íà ðåæèìå îòáîðà ïðîáû.
Ïðè ýòîì ñòàòè÷åñêîå äàâëåíèå, èçìåðÿåìîå íà
âõîäå, äîëæíî ðàâíÿòüñÿ äàâëåíèþ âî âíåøíåì
ïîòîêå. Òî÷íî èçìåðèòü ñòàòè÷åñêîå äàâëåíèå íà
âõîäå â çîíä, êàê ïðàâèëî, òðóäíî. Íåñîáëþäåíèå
èçîêèíåòè÷íîñòè ïðèâîäèò ê ïîãðåøíîñòè â îï-
ðåäåëåíèè ðàñõîäà ãàçà, çàíèæåíèþ ñêîðîñòè ãàçà
è çàâûøåíèþ ñêîðîñòè êàïåëü [6]. Ïðè èçìåíåíèè
ïðîòèâîäàâëåíèÿ â çîíäå äî ±0,1 àòì âîçíèêàåò
ïîãðåøíîñòü â îïðåäåëåíèè ñêîðîñòè ãàçà äî 10—
20%, ïðè÷åì ìåíüøàÿ âåëè÷èíà îòíîñèòñÿ ê ñëó-
÷àþ ðàçðåæåíèÿ â çîíäå. À ïîãðåøíîñòü â îïðå-
äåëåíèè ñêîðîñòè êàïåëü èçìåíÿëàñü îò 2 äî 4%

ïðè êîíöåíòðàöèè êàïåëü, ðàâíîé 5, è äî 40% —
ïðè êîíöåíòðàöèè, ðàâíîé 1.

Êàê âñÿêèé êîñâåííûé ìåòîä, èçîêèíåòè÷åñ-
êèé çîíä íóæäàåòñÿ â ïðîâåðêå êàêèì-ëèáî äðó-
ãèì èçâåñòíûì ñïîñîáîì. Ïîýòîìó äëÿ îöåíêè
ðàáîòû çîíäîâîãî ìåòîäà ïàðàìåòðû, èçìåðåííûå
çîíäîì, ñðàâíèâàëèñü ñ ðåçóëüòàòàìè, îñíîâàííû-
ìè íà èçìåðåíèè ñèëû òÿãè ñîïëà Õ è ðàñõîäîâ
ôàç Gæ è Gã [5]:

0 0 æ æ ã ã
0

1
( ) ( ) .

cS

Õ Ð Â s G w G w ds
s

= - + +Ú      (12)

Òÿãà Õ ñîïëà èçìåðÿëàñü òÿãîìåðîì. Çíà÷åíèÿ
ìàññîâûõ ðàñõîäîâ îïðåäåëÿëèñü èíòåãðèðîâàíè-
åì ïî ñå÷åíèþ ðåçóëüòàòîâ îòáîðà ïðîá ïî ôîð-
ìóëàì (11) è (12), ãäå

ã ã
0

1
;

s

G G ds
s

= Ú                       (13)

æ æ
0

1
.

s

G G ds
s

= Ú                     (14)

Ðåçóëüòàòû ïðèâåäåíû íà ðèñ. 3.

Äî îáðàçîâàíèÿ äâóõôàçíîãî ïîòîêà ðàñõîäû
êàæäîé ôàçû èçìåðÿëèñü ðàñõîäîìåðàìè. Íà ãðà-
ôèêå âèäíî õîðîøåå ñîâïàäåíèå ðàñõîäîâ â øè-
ðîêîì äèàïàçîíå êîíöåíòðàöèé. Êðîìå ýòîãî,
ñðàâíèâàëèñü çíà÷åíèÿ ñêîðîñòåé ôàç, îïðåäåëåí-
íûõ ñ ïîìîùüþ çîíäà è ñ èñïîëüçîâàíèåì èçìå-
ðåíèÿ ñèëû òÿãè, è ïîëó÷åíà çàâèñèìîñòü ïîãðåø-
íîñòè â îïðåäåëåíèè ñêîðîñòåé ôàç. Ðåçóëüòàòû
ïîêàçàíû íà ðèñ. 4 è 5, ãäå wãí è wêí — ñêîðîñòè,
îïðåäåëåííûå ñ ïîìîùüþ çîíäà; wãò è wêò — ñêî-
ðîñòè, îïðåäåëåííûå ñ ïîìîùüþ òÿãîìåðà. Äàí-
íûå ðèñ. 4 â öåëîì ñâèäåòåëüñòâóþò îá óäîâëåò-
âîðèòåëüíîì ñîãëàñîâàíèè ðåçóëüòàòîâ â èññëåäî-
âàííîì äèàïàçîíå êîíöåíòðàöèé. Âìåñòå ñ òåì,

Ðèñ. 2. Ãðàôèê èçìåðåííûõ ïàðàìåòðîâ äâóõôàçíîãî
ïîòîêà íà âûõîäå èç ñîïëà ïî ðàäèóñó r [3]

Ðèñ. 3. Çàâèñèìîñòü îòíîøåíèÿ èçìåðåííûõ ïàðàìåò-
ðîâ ê ðàññ÷èòàííûì ïî ôîðìóëàì (12)—(14):
î — Gæý/Gæð;  — Gãý/Gãð;  — Xý/Xð [5]
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âèäíî, ÷òî äàííûå ïî ñêîðîñòè ãàçà íåñêîëüêî çà-
âûøåíû, à ñêîðîñòè êàïåëü íåñêîëüêî çàíèæåíû.
Ýòî ñâÿçàíî ñ òåì, ÷òî äåéñòâèòåëüíîå çíà÷åíèå Êó
íå ðàâíî ïðèíÿòîìó çíà÷åíèþ 2. Äëÿ áîëåå òî÷íîãî
îïðåäåëåíèÿ ïàðàìåòðîâ äâóõôàçíîãî ïîòîêà íåîá-
õîäèìî çíàòü äåéñòâèòåëüíîå çíà÷åíèå Êó.

Íà ðèñ. 5 ïðèâåäåíû äàííûå î çàâèñèìîñòè

îòíîñèòåëüíûõ ïîãðåøíîñòåé êwδ  è ãwδ  îò êîí-

öåíòðàöèè ψ . Â îáëàñòè ìàëûõ êîíöåíòðàöèé óâå-

ëè÷èâàþòñÿ ïîãðåøíîñòè, ñâÿçàííûå ñ îïðåäåëå-
íèåì âñåõ ïàðàìåòðîâ. Äëÿ èñïîëüçîâàíèÿ çîíäà
â ýòîé îáëàñòè íåîáõîäèìî ïðîâåñòè äîïîëíèòåëü-
íûå èññëåäîâàíèÿ.

Ïðîáëåìó âëèÿíèÿ íåèçîêèíåòè÷íîñòè ìîæíî
ðåøèòü, èñïîëüçóÿ êîíñòðóêöèþ çîíäà [11], ïîêà-
çàííóþ íà ðèñ. 6. Òàêàÿ êîíñòðóêöèÿ ïîçâîëÿåò
îñóùåñòâëÿòü èçîêèíåòè÷åñêèé îòáîð ïðîáû è
îäíîâðåìåííî èçìåðÿòü äàâëåíèå òîðìîæåíèÿ. Íà
ðèñ. 7 è 8 ïîêàçàíû ðàñ÷åòû îáòåêàíèÿ çîíäà,
èìåþùåãî êîíè÷åñêèé âõîä [11]. Îñåñèììåòðè÷-

íûé ïîòîê òå÷åò ñëåâà íàïðàâî. Ãîðèçîíòàëüíûå
ëèíèè ó îñè ñèììåòðèè ïåðåä íîñèêîì çîíäà —
ëèíèè ïîñòîÿííîãî ðàñõîäà æèäêîñòè — ñâèäå-
òåëüñòâóþò, ÷òî óñëîâèå èçîêèíåòè÷íîñòè áóäåò
ñîáëþäàòüñÿ. Òî åñòü îò èçìåðåíèÿ ñòàòè÷åñêîãî
äàâëåíèÿ íà âõîäå (p1 íà ðèñ. 6) ìîæíî îòêàçàòüñÿ.

Âíóòðè çîíäà òàêæå èìååòñÿ óñòðîéñòâî äëÿ
èçìåðåíèÿ ïîëíîãî äàâëåíèÿ. Ñëåäóåò îòìåòèòü,
÷òî äèàìåòð d2 òðóáêè îòáîðà äàâëåíèÿ ìåíüøå
äèàìåòðà d1 âõîäíîãî îòâåðñòèÿ äëÿ îòáîðà ïðî-

Ðèñ. 4. Ñðàâíèòåëüíàÿ îöåíêà èçìåðåíèÿ ñêîðîñòåé ôàç
ñ ïîìîùüþ çîíäà è ïî òÿãå [5]

Ðèñ. 5. Îòíîñèòåëüíàÿ ïîãðåøíîñòü â îïðåäåëåíèè ñêî-
ðîñòåé ôàç çîíäîâûì ìåòîäîì [5]

Ðèñ. 6. Êîíñòðóêöèÿ èçîêèíåòè÷åñêîãî çîíäà [11]

Ðèñ. 7. ×èñëåííîå ìîäåëèðîâàíèå ðàáîòû çîíäà äëÿ
îäíîâðåìåííîãî èçìåðåíèÿ ðàñõîäîâ ôàç è ïîëíîãî
äàâëåíèÿ ãàçîêàïåëüíîãî ïîòîêà [11]

Ðèñ. 8. Óâåëè÷åííîå èçîáðàæåíèå íîñèêà çîíäà
ñ ðèñ. 7 [11]
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áû. Ýòî îçíà÷àåò, ÷òî áóäåò îïðåäåëåííàÿ ïîãðåø-
íîñòü â èçìåðåíèè ïîëíîãî äàâëåíèÿ, êîòîðàÿ
ìîæåò áûòü ó÷òåíà. Îáëàñòü òîðìîæåíèÿ, âûäå-
ëåííàÿ ÷åðíûì öâåòîì, ñóùåñòâåííî ìåíüøå, ÷åì
ðàçìåð âõîäíîãî îòâåðñòèÿ.

Â âåðõíåé ÷àñòè ðèñóíêà — èçîëèíèè äàâëå-
íèÿ è âåêòîðû ñêîðîñòè ãàçà, â íèæíåé — èçîëè-
íèè îáúåìíîé äîëè è âåêòîðû ñêîðîñòè êàïåëü.
Âìåñòå ñ òåì ñèòóàöèÿ ñ èçìåðåíèåì ïîëíîãî äàâ-
ëåíèÿ ãîðàçäî ñëîæíåå.

Íà ðèñ. 9 è 10 ïðåäñòàâëåíû ðåçóëüòàòû ðàáîòû
[12] ïî ÷èñëåííîìó èññëåäîâàíèþ ïðîöåññîâ, ïðî-
òåêàþùèõ âíóòðè çîíäà ïðè îáòåêàíèè åãî äâóõ-
ôàçíûì ãàçîêàïåëüíûì ïîòîêîì.

Íà ðèñ. 9 è 10 ïî îñè Y îòëîæåíî çíà÷åíèå
ðàäèóñà, óìíîæåííîå íà 4, è ïîêàçàíû ïîëÿ ïà-
ðàìåòðîâ â íàáåãàþùåì ïîòîêå è âíóòðè çîíäà â
ðåæèìå èçìåðåíèÿ ïîëíîãî äàâëåíèÿ (ïðè ïåðå-

êðûòîì îòáîðå ïðîáû). Â ÷àñòíîñòè, ïîëÿ âíóòðè
çîíäà íà÷èíàþòñÿ ñ àáñöèññû 80 ìì è âûäåëåíû
÷åðíîé ñïëîøíîé ëèíèåé. Ýòî ïîëÿ ñêîðîñòè
êàïåëü (æèäêîñòè), ðèñ. 9, è îáúåìíîé êîíöåíò-

ðàöèè êα , ðèñ. 10, ïðè÷åì çîíä ðàññìàòðèâàëñÿ

êàê ÷àñòè÷íî ïðîíèöàåìîå òåëî. Ðàñ÷åòû ïîêàçà-
ëè, ÷òî äâóõôàçíûé ïîòîê ïðîíèêàåò âíóòðü çîí-
äà è çàòåì âîçâðàùàåòñÿ íàâñòðå÷ó íàáåãàþùåìó
ïîòîêó, ò.å. âíóòðè çîíäà ñóùåñòâóåò öèðêóëÿöè-
îííîå òå÷åíèå. Íà ðèñóíêàõ ïîòîê, âõîäÿùèé â
çîíä, ïîêàçàí â íèæíåé ÷àñòè äèàãðàìì, à âîç-
âðàòíîå òå÷åíèå — â âåðõíåé. Ïðèâåäåíû òàêæå
çíà÷åíèÿ ñîîòâåòñòâóþùèõ ïàðàìåòðîâ. Ãðàíè÷íûå
óñëîâèÿ íà âõîäå: ñêîðîñòè ãàçà è êàïåëü 50 ì/ñ,
òåìïåðàòóðû ôàç 288 Ê, äàâëåíèå 1,005·105 Ïà,
äèàìåòð êàïåëü 50 ìêì.

Èç ðèñ. 10 ñëåäóåò, ÷òî âíóòðè çîíäà ñòðóêòó-
ðà äâóõôàçíîãî ïîòîêà èçìåíÿåòñÿ ñ ãàçîêàïåëü-

íîé ( êα = 0.1) íà ïóçûðüêîâóþ ( êα = 0,81).

Êîýôôèöèåíò óïðóãîñòè óäàðà çàâèñèò îò ìíî-
ãèõ ïàðàìåòðîâ äâóõôàçíîãî ïîòîêà: ðàçìåðà êà-
ïåëü, êîíöåíòðàöèè, ñêîðîñòåé ôàç, äàâëåíèÿ,
äëèíû òîðìîæåíèÿ ïîòîêà â çîíäå è äð. Çàäà÷ó î
êîýôôèöèåíòå Êó ìîæíî ðåøèòü ñ ïîìîùüþ ëà-
çåðíî-îïòè÷åñêîãî PIV-ìåòîäà [14], êîòîðûé ïî-
çâîëÿåò íåçàâèñèìî îïðåäåëÿòü ñêîðîñòü êàïåëü wê
è, òàêèì îáðàçîì, çàìêíóòü ñèñòåìó ïÿòè óðàâíå-
íèé (2)–(6) ñ øåñòüþ íåèçâåñòíûìè. Âîçìîæíîñòü
ðåãèñòðàöèè ñêîðîñòåé êàïåëü ñèñòåìîé PIV ñâÿ-
çàíà ñ âûñîêèì âðåìåííûì è ïðîñòðàíñòâåííûì
ðàçðåøåíèåì ñèñòåìû. Â [14] èññëåäîâàëîñü òå÷å-
íèå äâóõôàçíîãî ïîòîêà íà âûõîäå èç ñòðóéíîãî
íàñîñà (ýæåêòîðà) ñ äâóõôàçíûì ðàáî÷èì òåëîì.
Ýæåêòîð ñëóæèò äëÿ îòñàñûâàíèÿ âîçäóõà. Èñ-
ïîëüçîâàëèñü çîíä ñ êîíè÷åñêèì âõîäîì è ëàçåð-
íàÿ ñèñòåìà PIV äëÿ èçìåðåíèÿ ñêîðîñòè êàïåëü.
Íà ðèñ. 11 è 12 ïðèâåäåíû ïîëó÷åííûå ðåçóëüòà-

Ðèñ. 9. Ðàñïðåäåëåíèÿ îñåâîé ñêîðîñòè êàïåëü (æèäêî-
ñòè) ïî äëèíå êàíàëà è ïî ðàäèóñó (îáëàñòü çîíäà âû-
äåëåíà ÷åðíîé ñïëîøíîé ëèíèåé). Öèôðàìè âíóòðè ãðà-
ôèêà ïîêàçàíû çíà÷åíèÿ ñêîðîñòè â ì/ñ (ñ 80 ìì —
îñåâàÿ ñêîðîñòü ÷àñòèö âíóòðè ÷àñòè÷íî ïðîíèöàåìîãî
òåëà) [12]

Ðèñ. 10. Ðàñïðåäåëåíèÿ îáúåìíîé êîíöåíòðàöèè ïî
äëèíå êàíàëà è ïî ðàäèóñó. Âî âíóòðåííåé ÷àñòè ãðàôè-
êà ïðèâåäåíû çíà÷åíèÿ îáúåìíîé êîíöåíòðàöèè æèä-

êîñòè êα  [12]

Ðèñ. 11. Âåðòèêàëüíîå ïîëå ïîëíîãî äàâëåíèÿ ðí
* ïðè

êîýôôèöèåíòå ýæåêöèè ψ =47.6 (gãýæ
= 4.22 ã/ñ) [14]
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òû, ïîêàçûâàþùèå èçìåíåíèå ïîëíîãî äàâëåíèÿ
â îäíîì èç ïîïåðå÷íûõ ñå÷åíèé. Ïðè ýòîì íà
ãðàôèêè íàíåñåíû ëèíèè ïîñòîÿííûõ çíà÷åíèé
Êó. Ïîñêîëüêó ãðàôèêè ïîëó÷åíû ïðè ñóùåñòâåí-
íî ðàçíûõ çíà÷åíèÿõ ñðåäíåé êîíöåíòðàöèè, ìîæ-
íî êîíñòàòèðîâàòü, ÷òî ïîëó÷åííûé ðåçóëüòàò
ñîîòâåòñòâóåò ôèçèêå ïðîöåññà. Ãðàôèê p*

(ðèñ. 12) ñîîòâåòñòâóåò ìèíèìàëüíîìó êîëè÷åñòâó
ãàçîâîé ôàçû â ïîòîêå (õîòÿ âõîä îòñîñà çàêðûò,
âîçäóõ ýæåêòèðóåòñÿ èçâíå). Îí ïîêàçûâàåò, ÷òî
èçìåðåííûå çíà÷åíèÿ p* áëèçêè ê ðàññ÷èòàííûì
äëÿ Êó = 2, ÷òî ñîîòâåòñòâóåò íåóïðóãîìó óäàðó.
Íàëè÷èå ñóùåñòâåííîãî êîëè÷åñòâà âîçäóõà â ïî-
òîêå, ò.å. ñíèæåíèå êîíöåíòðàöèè æèäêîñòè
(ðèñ. 11), ñíèæàåò çíà÷åíèå Êó îò âåëè÷èíû, áëèç-
êîé ê äâóì (ðèñ. 12), â íàïðàâëåíèè çíà÷åíèé óï-
ðóãîãî óäàðà.

Òàêèì îáðàçîì, ïðåäëîæåííûé ñïîñîá ñîâìå-
ñòíîãî èñïîëüçîâàíèÿ äâóõ ìåòîäîâ èçìåðåíèÿ ïî-
çâîëèë âïåðâûå ïîëó÷èòü èíôîðìàöèþ î êîýôôè-
öèåíòå óïðóãîñòè óäàðà, êîòîðûé äàåò âîçìîæ-
íîñòü îäíîçíà÷íî ñóäèòü î ðåàëüíûõ çíà÷åíèÿõ
ïàðàìåòðîâ äâóõôàçíîãî ãàçîêàïåëüíîãî âûñîêî-
êîíöåíòðèðîâàííîãî ïîòîêà è ïðè ýòîì, åñòå-
ñòâåííî, ïîâûñèòü òî÷íîñòü îïðåäåëåíèÿ âñåõ ïà-
ðàìåòðîâ. Ïîëó÷åííûå ðåçóëüòàòû áûëè èñïîëüçî-
âàíû äëÿ èññëåäîâàíèÿ ìíîãîôîðñóíî÷íîãî ñìåñè-
òåëÿ êàìåðû ñãîðàíèÿ, ïîêàçàííîãî íà ðèñ. 13.

Ñìåñèòåëü ðàáîòàåò íà äâóõôàçíîì ãàçîæèäêî-
ñòíîì ðàáî÷åì òåëå (âîçäóõà è âîäû), êîòîðîå, âû-
òåêàÿ èç ôîðñóíîê, ôîðìèðóåò ãàçîêàïåëüíûé
ïîòîê. Ðàçìåðû êàïåëü è èõ ñêîðîñòè èçìåðÿþò-

ñÿ ëàçåðíî-îïòè÷åñêèìè ìåòîäàìè [14], à èçìåðå-
íèå ïàðàìåòðîâ ãàçîâîé ôàçû âîçìîæíî íà îñíî-
âå ïîëó÷åííûõ âûøå ðåçóëüòàòîâ çîíäîâûìè ìå-
òîäàìè. Íà ðèñ. 14 ïîêàçàíû ïîëÿ ãàçîâîé ôàçû:
ïðèâåäåííîãî ðàñõîäà è ñêîðîñòåé. Ïðèâåäåííûé
ðàñõîä ïðåäñòàâëÿåò ñîáîé îòíîøåíèå ðàñõîäà
÷åðåç ôîðñóíêó ê ñóììàðíîìó ðàñõîäó ãàçîâîé
ôàçû, êîòîðûé èçìåðÿëñÿ òåïëîâûì ðàñõîäîìåðîì
îòäåëüíî ïðè ôîðìèðîâàíèè äâóõôàçíîãî ïîòîêà.
Ãðàôèê ïîêàçûâàåò óäîâëåòâîðèòåëüíîå êà÷å-
ñòâåííîå ñîâïàäåíèå êðèâûõ ðàñõîäà è ñêîðîñòåé
ãàçà.

Âûâîäû

Ïðåäëîæåííàÿ ìåòîäèêà ñîâìåñòíîãî èñïîëü-
çîâàíèÿ çîíäîâûõ è ëàçåðíî-îïòè÷åñêèõ ìåòîäîâ
èçìåðåíèÿ è êîíñòðóêòèâíûõ èçìåíåíèé çîíäà
ïîçâîëèëà âïåðâûå èçìåðèòü âñå íåîáõîäèìûå ïà-
ðàìåòðû äâóõôàçíîãî âûñîêîêîíöåíòðèðîâàííî-
ãî äâóõôàçíîãî ãàçîêàïåëüíîãî ïîòîêà è ïîâûñèòü
òî÷íîñòü èõ èçìåðåíèÿ. Âïåðâûå îïðåäåëåí êîýô-
ôèöèåíò óïðóãîñòè óäàðà êàïëè, ÷òî ïîçâîëèëî
èçìåðèòü ïàðàìåòðû ãàçîâîé ôàçû äâóõôàçíîãî
âûñîêîêîíöåíòðèðîâàííîãî ïîòîêà: ñêîðîñòè è
ðàñõîä.
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Abstract

The article considers the problems of joint
application of the laser-optical technique for
measuring parameters of the two-phase highly
concentrated gas-drop flow. Each technique does not
allow measuring all necessary parameters. The probe
method allows adequate measuring of the local values
of the phase flow rates and determine concentration,
while measuring phase velocities and drops dispersivity
requires suggestion of various hypotheses, requiring
experimental verification.

Laser methods allow measure the drops velocities
and their sizes in the two-phase flow. However, earlier
they could not be applied for studying the flows with
large concentration of dispersed phase, as well as
determining the gas phase parameters in the two-phase
flow. The laser engineering evolution resulted in
developing lasers with high spatial and temporal
definition, allowing their operation in the area of high
concentration of the condensed phase. Combining
these two techniques for the two-phase flow study
allows go ahead in the area of measuring the
parameters, which were either impossible to be
measured, or determined with significant error.
Particularly, to measure the gas phase velocity and
improve measurement accuracy.

Laser-optical methods and Probe methods have
long been employed to measure two-phase flow
parameters. They are the ones of the few, by which
local phase flow rate can be measured. However, their
application arouses a number of problems. This is
isokinetic problem while sampling and the impact
elasticity coefficient selection. Certain design
improvements and the probe technique application in
compilation with PIV-method allows solving these
problems and determining all parameters of the two-
phase flow at high concentrations.

The probe represents a cylindrical channel
employed in two modes: sampling and measuring the

JOINT MEASUREMENT OF GAS-DYNAMIC PARAMETERS
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stagnation pressure of a two-phase flow. The problem
of isokinetic sampling and selecting the elastic
coefficients values of the impact of drops, determining
the kinetic energy transfer in the two-phase flow
during its braking (the stagnation pressure
measurement), were analyzed. To ensure isokineticity,
a structural solution was proposed for the probe, which
ensures significant error reduction. Application of laser
with high temporal and spatial resolution for
measuring (PIV-system) allowed determine the drops
velocity in a highly concentrated two-phase flow, and,
based on the joint measurement with a probe, the
coefficient of impact elasticity. The proposed
techniques allowed measuring for the first time all the
necessary parameters of the two-phase flow.
Particularly, we managed to measure the gas phase
velocities, and to perform a qualitative comparison
with the flow rate of the gas phase at the two-phase
flow outlet from the nozzles of the engine combustion
chamber mixer.

Keywords: two-phase gas-drop flow, probe
methods, velocities, phase flow, droplet size, laser-
optical methods, impact elasticity coefficient, study of
the two-phase nozzle of the of åðó air-breathing engine
combustion chamber.
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