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Àííîòàöèÿ

Â ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèÿ ñòðóéíîãî îñöèëëÿòîðà Ãåëüìãîëüöà,

ïðåäñòàâëÿþùåãî ñîáîé îñåñèììåòðè÷íûé êàíàë ïåðåìåííîãî ñå÷åíèÿ, êîòîðûé ñîñòîèò èç

öèëèíäðè÷åñêîé êàìåðû-ðåçîíàòîðà, çàêðûòîé ñ áîêîâ äâóìÿ êðûøêàì. Îñöèëëÿòîð âîçáóæäàåòñÿ

ñòðóåé âîçäóõà, ïðîòåêàþùåé ÷åðåç êàìåðó ìåæäó âõîäíûì è âûõîäíûì îòâåðñòèÿìè, âûïîëíåííûõ

ïî öåíòðó â áîêîâûõ êðûøêàõ. Îñíîâíîå âíèìàíèå â ðàáîòå óäåëåíî ýêñïåðèìåíòàëüíîìó èçó÷åíèþ

âëèÿíèÿ äèàìåòðà è äëèíû âûõîäíîãî îòâåðñòèÿ íà àìïëèòóäó ãåíåðèðóåìûõ êîëåáàíèé äàâëåíèÿ.

Îïðåäåëåíû îïòèìàëüíûå ñîîòíîøåíèÿ ãåîìåòðè÷åñêèõ ïàðàìåòðîâ óñòðîéñòâà, ïðè êîòîðûõ äîñòèãàåòñÿ

ìàêñèìàëüíàÿ àìïëèòóäà êîëåáàíèé. ×èñëåííîå ìîäåëèðîâàíèå ïîçâîëèëî ëó÷øå ïîíÿòü ïîëå òå÷åíèÿ

ãàçà âíóòðè îñöèëëÿòîðà, ïîä÷åðêíóâ ñëîæíóþ äèíàìèêó ñòðóéíîãî òå÷åíèÿ è ðåçîíàíñ àêóñòè÷åñêîé

ìîäû, à òàêæå îáîñíîâàòü ìåõàíèçì ãåíåðàöèè êîëåáàíèé. Ïîëó÷åííûå ðåçóëüòàòû è óñòàíîâëåííûå

çàâèñèìîñòè ïîçâîëÿò ñïðîåêòèðîâàòü ïðîòî÷íûå èçëó÷àòåëè êîëåáàíèé äàâëåíèÿ äëÿ ðàçëè÷íûõ

ïðèëîæåíèé è, â ÷àñòíîñòè, äëÿ ðåàëèçàöèè àêóñòè÷åñêîãî âîçäåéñòâèÿ íà äîáû÷ó íåôòè.

Êëþ÷åâûå ñëîâà: ñòðóéíàÿ ãåíåðàöèÿ, òîí îòâåðñòèÿ, ðåçîíàíñ, àêóñòè÷åñêèå ìîäû,

ðåçîíàòîð Ãåëüìãîëüöà.
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Abstract

The paper reports on a study of the jet-driven Helmholtz oscillator, an axisymmetric channel with

a varying cross-section that comprises a cylindrical resonator chamber closed by two covers. The oscillator

is stimulated by a stream of air that �ows through the chamber via inlet and outlet holes, located centrally

in the side covers. The study focuses on experimentally investigating how the diameter and length of the

outlet a�ect the amplitude of generated pressure oscillations. The optimal ratios for the device's geometrical

parameters are identi�ed for achieving maximum oscillation amplitude. Numerical simulations have facilitated

a deeper comprehension of the gas �ow �eld within the oscillator, highlighting the intricate dynamics of the
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jet �ow and resonance of the acoustic mode, while also substantiating the mechanism of oscillation generation.

The obtained outcomes and established relationships will pave the way for the design of �ow-through pressure

�uctuation radiators to be utilised in various applications, particularly in the implementation of acoustic impact

on oil production.

Keywords: jet generation, hole tone, resonance, acoustic modes, Helmholtz resonator.

Ââåäåíèå

Øóìû è âèáðàöèè î÷åíü ÷àñòî ÿâëÿþòñÿ íåæåëàòåëüíûìè ÿâëåíèÿìè è ñ
íèìè íåîáõîäèìî áîðîòüñÿ. Îäíàêî, â ðÿäå ïðàêòè÷åñêèõ ïðèìåíåíèé âîçäåéñòâèå
èíòåíñèâíûìè óïðóãèìè êîëåáàíèÿìè îêàçûâàåò ïîëîæèòåëüíûé ýôôåêò. Íàïðèìåð,
èçâåñòíî, ÷òî àêóñòè÷åñêîå âîçäåéñòâèå íà íåôòÿíîé ïëàñò èíòåíñèôèöèðóåò äîáû÷ó
íåôòè. Ðåçóëüòàòîì òàêîãî âîçäåéñòâèÿ, ïîìèìî ïîâûøåíèÿ òåìïà îòáîðà íåôòè,
ÿâëÿåòñÿ óâåëè÷åíèå êîýôôèöèåíòà èçâëå÷åíèÿ íåôòè, ñíèæåíèå åå îáâîäíåííîñòè
è ýíåðãåòè÷åñêèõ çàòðàò [1-3]. Äëÿ îñóùåñòâëåíèÿ ïðîäîëæèòåëüíîãî âîçäåéñòâèÿ
öåëåñîîáðàçíî èñïîëüçîâàòü ïðîòî÷íûå èçëó÷àòåëè, ïðåîáðàçóþùèå ÷àñòü ýíåðãèè ïîòîêà
íàãíåòàåìîé â ïëàñò æèäêîñòè â ýíåðãèþ êîëåáàíèé äàâëåíèÿ.

Îäíîé èç íàèáîëåå ïåðñïåêòèâíîé êîíñòðóêöèåé ïðîòî÷íîãî èçëó÷àòåëÿ ÿâëÿåòñÿ
óñòðîéñòâî ñî ñòðóéíûì îñöèëëÿòîðîì Ãåëüìãîëüöà (ÑÎÃ), â êîòîðîì îòñóòñòâóþò
ïîäâèæíûå ýëåìåíòû. Ñàì îñöèëëÿòîð âûïîëíåí èç öèëèíäðè÷åñêîé êàìåðû ñ äâóìÿ
áîêîâûìè êðûøêàìè, â êîòîðûõ ïî öåíòðó âûïîëíåíû îòâåðñòèÿ [4]. Ñ àêóñòè÷åñêîé
òî÷êè çðåíèÿ òàêàÿ êîíñòðóêöèÿ ïðåäñòàâëÿåò ñîáîé ðåçîíàòîð Ãåëüìãîëüöà ñ äâóìÿ
ãîðëàìè, ÷àñòîòà ñîáñòâåííûõ êîëåáàíèé êîòîðîãî îïðåäåëÿåòñÿ åãî ãåîìåòðè÷åñêèìè
ïàðàìåòðàìè è ñâîéñòâàìè ðàáî÷åé ñðåäû. Çàêà÷èâàåìàÿ â ñêâàæèíó òåõíîëîãè÷åñêàÿ
æèäêîñòü ïðîòåêàåò ÷åðåç ÑÎÃ, çà êîòîðûì â ïîòîêå âîçíèêàþò ðåãóëÿðíûå êîëåáàíèÿ
äàâëåíèÿ íà ÷àñòîòàõ áëèçêèõ ê ñîáñòâåííûì.

Èññëåäîâàíèþ ïðîöåññà âîçáóæäåíèÿ ðåçîíàòîðà Ãåëüìãîëüöà ïîòîêîì ïîñâÿùåíî
ìíîãî ðàáîò. Íàèáîëåå ïîëåçíûé ýêñïåðèìåíòàëüíûé ìàòåðèàë äëÿ ïðîåêòèðîâàíèÿ ÑÎÃ
ñîäåðæèòñÿ â ðàáîòå [4], àâòîð êîòîðîé îïðåäåëèë, ÷òî ïðè ïëàâíîì óâåëè÷åíèè ñêîðîñòè
W âîçäóøíîé ñòðóè ðåæèì â êàìåðå ïðîõîäèò ÷åðåç ïîñëåäîâàòåëüíîñòü ïåðèîäîâ
êîëåáàíèé � ìîä, ðàçäåëåííûõ ïåðèîäàìè ïîêîÿ. Ïðè ýòîì ÷àñòîòà êîëåáàíèé äàâëåíèÿ
â êàæäîé ìîäå áëèçêà ê ÷àñòîòå ñîáñòâåííûõ êîëåáàíèé êàìåðû f0. Â îñíîâå ìåõàíèçìå
ãåíåðàöèè ìîä êîëåáàíèé ëåæèò òîí îòâåðñòèÿ, êîòîðûé âîçíèêàåò ïðè íàòåêàíèè ñòðóè íà
îñòðóþ êðîìêó îòâåðñòèÿ â âûõîäíîé êðûøêå [5-6]. ×àñòîòíûå è ôàçîâûå õàðàêòåðèñòèêè
òàêîãî òîíà îïèñàíû â ðàáîòå [7]. Íàøèìè ïðåäûäóùèìè èññëåäîâàíèÿìè ïîêàçàíî,
÷òî ýôôåêòèâíîñòü ãåíåðàöèè êîëåáàíèé â ïåðâóþ î÷åðåäü çàâèñèò îò ãåîìåòðè÷åñêîé
ôîðìû [8] è äëèíû [9] ñîïëà âî âõîäíîé êðûøêå. Òàêæå ïîêàçàíî [10], ÷òî âîçáóæäåíèå
àêóñòè÷åñêèõ ìîä ïðîèçâîäèòñÿ íå òîëüêî òîíîì îòâåðñòèÿ, íî è åãî ãàðìîíèêàìè.
Öåëüþ íàñòîÿùåé ðàáîòû ÿâëÿåòñÿ èññëåäîâàíèå ïðîöåññà çàðîæäåíèÿ òîíà îòâåðñòèÿ è
èçó÷åíèå âëèÿíèÿ äëèíû âûõîäíîãî îòâåðñòèÿ íà àìïëèòóäó ãåíåðèðóåìûõ êîëåáàíèé.

1. ×èñëåííîå ìîäåëèðîâàíèå ãàçîäèíàìèêè ïîòîêà â ïðîòî÷íîì êàíàëå

ÑÎÃ ñ ùåëåâîé êàìåðîé

Îáúåêòîì èññëåäîâàíèÿ â ðàáîòå ÿâëÿåòñÿ ÑÎÃ (ðèñ.1), êîòîðûé èìååò
öèëèíäðè÷åñêóþ êàìåðó äèàìåòðîì D è äëèíîé L. Âî âõîäíîé êðûøêå òîëùèíîé l1 ïî
öåíòðó âûïîëíåíî ñîïëî â âèäå öèëèíäðè÷åñêîãî îòâåðñòèÿ äèàìåòðîì d1. Â âûõîäíîé
êðûøêå òîëùèíîé l2 òàêæå ïî öåíòðó âûïîëíåíî âûõîäíîå îòâåðñòèå äèàìåòðîì d2.
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Çíà÷åíèÿ ãåîìåòðè÷åñêèõ ðàçìåðîâ îñöèëëÿòîðà ïðåäñòàâëåíû â Òàáëèöå 1. Ïîñêîëüêó
äëèíà êàìåðû L çíà÷èòåëüíî ìåíüøå åå äèàìåòðà D, òî òàêóþ êàìåðó ìîæíî íàçâàòü
ùåëåâîé. Ðàáî÷èì àãåíòîì ïðè ÷èñëåííîì ìîäåëèðîâàíèè è ýêñïåðèìåíòàëüíûõ
èññëåäîâàíèÿõ ÿâëÿëñÿ âîçäóõ. ×èñëåííûå ðàñ÷åòû ïðîâîäèëèñü ñ èñïîëüçîâàíèåì
ìàòåìàòè÷åñêîé ìîäåëè òå÷åíèÿ æèäêîñòè, âêëþ÷àþùèé óðàâíåíèÿ Íàâüå-Ñòîêñà,
íåðàçðûâíîñòè è ñîõðàíåíèÿ ýíåðãèè. Ðàñ÷åòíàÿ îáëàñòü, âêëþ÷àþùàÿ ïðîòî÷íûé êàíàë
îñöèëëÿòîðà, áûëà ïîñòðîåíà â ñèñòåìå CAD ìîäåëèðîâàíèÿ.

Ðèñ. 1. Ñõåìà ñòðóéíîãî îñöèëëÿòîðà Ãåëüìãîëüöà ñ ùåëåâîé êàìåðîé

Òàáëèöà 1

Ãåîìåòðè÷åñêèå ðàçìåðû ñòðóéíîãî îñöèëëÿòîðà Ãåëüìãîëüöà

Ïàðàìåòð Çíà÷åíèå

Äèàìåòð ðåçîíàíñíîé êàìåðû D, ìì 78
Äëèíû ðåçîíàíñíîé êàìåðû L, ìì 2-14
Äèàìåòð âõîäíîãî ñîïëà d1, ìì 12
Äëèíà âõîäíîãî ñîïëà l1, ìì 10

Äèàìåòð âûõîäíîãî îòâåðñòèÿ d2, ìì 13-24
Äëèíà âûõîäíîãî îòâåðñòèÿ l2, ìì 0,9-12

×èñëåííîå ìîäåëèðîâàíèå òå÷åíèÿ ãàçà â ÑÎÃ îñóùåñòâëÿëîñü ñ ïîìîùüþ ïàêåòà
FlowVision, îñíîâàííîì íà êîíå÷íî-îáúåìíîì ìåòîäå ðåøåíèÿ, íà âû÷èñëèòåëüíîì ñåðâåðå
SuperMicro SYS-7049-TR (512 Ãá îïåðàòèâíîé ïàìÿòè). Ãðàíè÷íûìè óñëîâèÿìè çàäà÷è
áûëè: íà âõîäå � ïîñòîÿííîå äàâëåíèå; íà ñòåíêàõ � óñëîâèå ïðèëèïàíèÿ; íà âûõîäå �
íóëåâîå äàâëåíèå (ñâîáîäíûé âûõîä). Ðåçóëüòàòàìè ÷èñëåííîãî ìîäåëèðîâàíèÿ ÿâëÿëèñü
ìãíîâåííûå êàðòèíû ðàñïðåäåëåíèÿ ìîäóëÿ ñêîðîñòè è åå êîìïîíåíò â îñåâîì ñå÷åíèè
ðàñ÷åòíîé îáëàñòè, à òàêæå çàïèñàííûå â ôèêñèðîâàííûõ òî÷êàõ îáëàñòè äëÿ êàæäîé
èòåðàöèè çíà÷åíèÿ äàâëåíèÿ è ñêîðîñòè. Îáùåå ÷èñëî ðàñ÷åòíûõ ÿ÷ååê îáëàñòè áîëåå 330
òûñÿ÷.
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Íåñìîòðÿ íà òî, ÷òî íà âõîäå áûëî çàäàíî ïîñòîÿííîå çíà÷åíèå äàâëåíèÿ,
ìîäåëèðóåìûé ïðîöåññ îêàçàëñÿ íåñòàöèîíàðíûé. Â ðåçîíàíñíîé êàìåðå íàáëþäàëèñü
èíòåíñèâíûå êîëåáàíèÿ äàâëåíèÿ. Ñêîðîñòü ñòðóè áûëà òàêæå íåñòàöèîíàðíàÿ. Ïðè
ýòîì, çíà÷åíèå õàðàêòåðíîé ÷àñòîòû ïðîöåññà áûëî áëèçêèì ê ðàñ÷åòíîìó çíà÷åíèþ
ñîáñòâåííîé ÷àñòîòû ðåçîíàòîðà Ãåëüìãîëüöà ñ äâóìÿ ãîðëàìè [11]. Íà ðèñóíêå
2 ïðåäñòàâëåíû êàðòèíû ðàñïðåäåëåíèÿ êîìïîíåíòîâ ñêîðîñòè â îñåâîì ñå÷åíèè
îñöèëëÿòîðà ïðè äàâëåíèè íà âõîäå Pâõ = 5000 Ïà ïîñëå 250 òûñÿ÷ èòåðàöèé. Àíàëèç
ïîëó÷åííûõ äàííûõ ïîçâîëÿåò óòâåðæäàòü, ÷òî íàáëþäàåìûé àâòîêîëåáàòåëüíûé ïðîöåññ
èçìåíÿåò ôîðìó ñòðóè, êîòîðàÿ ñèëüíî îòëè÷àåòñÿ îò êëàññè÷åñêîé òóðáóëåíòíîé èëè
ëàìèíàðíîé çàòîïëåííîé ñòðóè. Â ÷àñòíîñòè, ìîæíî íàáëþäàòü êàê â ñòðóå ñóùåñòâóþò
îáëàñòè ïîâûøåííîé ñêîðîñòè (ðèñ.2à). Ýòî îáúÿñíÿåòñÿ ¾ïîäæàòèåì¿ ñòðóè, êîòîðîå
îáóñëîâëåíî âëèÿíèåì âèõðåâûõ ñòðóêòóð âîêðóã ñòðóè, ïåðåìåùàþùèìèñÿ âíèç ïî
ïîòîêó ñî ñêîðîñòüþ Wk ìåíüøåé ïðèìåðíî â 2 ðàçà, ÷åì ñêîðîñòü ñòðóè W [12].

Ðèñ. 2. Ðàñïðåäåëåíèå X (à), Y (á) è Z (â) êîìïîíåíòîâ ñêîðîñòè â îñåâîì ñå÷åíèè
îñöèëëÿòîðà

Î ïðèñóòñòâèè âèõðåâûõ ñòðóêòóð ãîâîðÿò ñìåæíûå îáëàñòè ïîëîæèòåëüíûõ
è îòðèöàòåëüíûõ çíà÷åíèé Y -êîìïîíåíò ñòðóè (ðèñ.2á). Èíòåðåñíûì ðåçóëüòàòîì
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ïîëó÷åííûõ äàííûõ ÿâëÿåòñÿ òî, õîòü ðàñ÷åòíàÿ îáëàñòü ÿâëÿåòñÿ îñåñèììåòðè÷íîé ïðè
òå÷åíèè æèäêîñòè ôîðìèðóþòñÿ çàêðó÷åííûå ïîòîêè. Â äàííîì ñëó÷àå çàêðóòêà ïîòîêà
ïîãðàíè÷íîé çîíû íà÷èíàåòñÿ âíóòðè âõîäíîãî ñîïëà è èìååò íàïðàâëåíèå ïðîòèâ ÷àñîâîé
åñëè ñìîòðåòü ïî íàïðàâëåíèþ ïîòîêà ñòðóè. Îá ýòîì ãîâîðÿò ñèíèå è êðàñíûå îáëàñòè
Z-êîìïîíåíòû ñêîðîñòè âíóòðè âõîäíîãî ñîïëà (ðèñ.2â). Ïîäîáíîå ÿâëåíèå îïèñàíî â
ðàáîòå [13], ïîñâÿùåííîé èññëåäîâàíèþ ìåõàíèçìà ñàìîðåãóëèðîâàíèþ àêóñòè÷åñêèõ
êîëåáàíèé â çàêðó÷åííîì òå÷åíèè.

Ñïåêòðàëüíûå õàðàêòåðèñòèêè êîëåáàíèé êîìïîíåíò ñêîðîñòè âáëèçè ñðåçà
âûõîäíîãî ñîïëà ïðåäñòàâëåíû íà ðèñóíêå 3. Âèäíî, ÷òî ìàêñèìàëüíûå êîëåáàíèé
èìåþòñÿ ó X-êîìïîíåíòû ñêîðîñòè è ýòè êîëåáàíèÿ èìåþò äâà âûðàæåííûõ ïèêà. Âòîðîé
ïèê èìååò ÷àñòîòó â 2 ðàçà áîëüøóþ, ÷åì ïåðâûé, è ýòà ÷àñòîòà áëèçêà ê ðàñ÷åòíîìó
çíà÷åíèþ ÷àñòîòû ñîáñòâåííûõ êîëåáàíèé îñöèëëÿòîðà. Àìïëèòóäû êîëåáàíèé Y - è
Z-êîìïîíåíò ñêîðîñòè ïðèìåðíî â 3 ðàçà ìåíüøå êîëåáàíèé X-êîìïîíåíòû ñêîðîñòè.

Ðèñ. 3. Ñïåêòðû êîëåáàíèé ñêîðîñòè

Íà ðèñóíêå 4 ïðåäñòàâëåíû ïðîôèëè ñðåäíåé ñêîðîñòè ïîòîêà â ñòðóå ó ñðåçà
âõîäíîãî ñîïëà (ãîëóáàÿ ëèíèÿ) è ñðåäíåêâàäðàòè÷íîãî çíà÷åíèÿ àìïëèòóäû êîëåáàíèé
ñêîðîñòè ïîòîêà (êðàñíàÿ ëèíèÿ). Âèäíî, ÷òî â öèëèíäðè÷åñêîì ñîïëå ñòðóÿ íå ïîëíîñòüþ
çàïîëíÿåò ñå÷åíèå ñîïëà, åå ïðîôèëü èìååò âèä áëèçêèé ê ïðÿìîóãîëüíîìó. Êîëåáàíèÿ
ñêîðîñòè ïîòîêà â ñòðóå çàâèñÿò îò ðàññòîÿíèÿ äî îñè ñòðóè. Åñëè â öåíòðå ñòðóè
ñðåäíåêâàäðàòè÷íîå çíà÷åíèå àìïëèòóäû êîëåáàíèé ñêîðîñòè ïðèìåðíî ïîñòîÿííî è
ñîñòàâëÿåò îêîëî 4,5% îò ñêîðîñòè ñòðóè, òî íà ðàññòîÿíèè 0,42d1 àìïëèòóäà êîëåáàíèé
ñêîðîñòè ñèëüíî óâåëè÷èâàåòñÿ è ñîñòàâëÿåò 38% îò ñðåäíåé ñêîðîñòè â äàííîé òî÷êå.
Ïîëó÷åííûå äàííûå ñâèäåòåëüñòâóþò î òîì, ÷òî â ýòîé îáëàñòè íà÷èíàþòñÿ ïðîöåññû
ôîðìèðîâàíèÿ è ñðûâà âèõðåâûõ ñòðóêòóð.
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Ðèñ. 4. Ïðîôèëè ñðåäíåêâàäðàòè÷íîé àìïëèòóäû êîëåáàíèé ñêîðîñòè (ãîëóáàÿ ëèíèÿ) è
ñðåäíåé ñêîðîñòè (êðàñíàÿ ëèíèÿ) ó ñðåçà âõîäíîãî ñîïëà

Ñîïîñòàâëåíèå ñïåêòðîâ êîëåáàíèé äàâëåíèÿ â ñåðåäèíå êàìåðû è êîëåáàíèé
ñêîðîñòè ñòðóè, à èìåííî òî, ÷òî ñïåêòðû êîëåáàíèé äàâëåíèÿ â êàìåðå è êîëåáàíèé
ñêîðîñòè â öåíòðå ñòðóè ïðàêòè÷åñêè ñîâïàäàþò (ðèñ.5), ïðåäïîëàãàåò ñëåäóþùóþ
ïîñëåäîâàòåëüíîñòü ñîáûòèé. Âèõðåâûå ñòðóêòóðû âîêðóã ñòðóè ïðè íàòåêàíèè íà
êðîìêó âûõîäíîãî îòâåðñòèÿ ãåíåðèðóþò êîëåáàíèÿ äàâëåíèÿ (òîí îòâåðñòèÿ), êîòîðûå
óñèëèâàþòñÿ ðåçîíàòîðîì Ãåëüìãîëüöà íà ÷àñòîòàõ, áëèçêèõ ê ñîáñòâåííûì. Ïðè ýòîì
÷àñòü êîëåáàíèé ñ ÷àñòîòàìè âûøå è íèæå ðåçîíàíñíîé ïîãëîùàþòñÿ. Äàëåå, êîëåáàíèÿ
äàâëåíèÿ â êàìåðå âîçäåéñòâóþò íà òåëî ñòðóè, ÷òî ïðèâîäèò ê ðåãóëÿðíûì êîëåáàíèÿì
ñêîðîñòè íà ÷àñòîòå ñîáñòâåííûõ êîëåáàíèé (ðèñ.5 ñåðàÿ êðèâàÿ). Òàêèì îáðàçîì,
ïî ðåçóëüòàòàì ÷èñëåííûõ èññëåäîâàíèé ïðåäëîæåí ìåõàíèçì ãåíåðàöèè êîëåáàíèé â
ñòðóéíîì îñöèëëÿòîðå Ãåëüìãîëüöà.

Ðèñ. 5. Ñîïîñòàâëåíèå ñïåêòðîâ êîëåáàíèé äàâëåíèÿ è ñêîðîñòè
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2. Ýêñïåðèìåíòàëüíûå èññëåäîâàíèå ïðîöåññà ãåíåðàöèè çâóêà â ÑÎÃ

ñ ùåëåâîé êàìåðîé

Ôèçè÷åñêàÿ ìîäåëü ñòðóéíîãî îñöèëëÿòîðà Ãåëüìãîëüöà áûëà âûïîëíåíà èç
îòðåçêà ïëàñòèêîâîé òðóáû. Ñ òîðöîâ îí áûë çàêðûò âñòàâëåííûìè â íåãî íåïîäâèæíûìè
êðûøêàìè èç ïëåêñèãëàñà, â êîòîðûõ âûïîëíåíû öèëèíäðè÷åñêèå îòâåðñòèÿ. Ðàññòîÿíèå
ìåæäó êðûøêàìè æåñòêî ôèêñèðîâàëîñü. Ãåîìåòðè÷åñêèå ðàçìåðû îñöèëëÿòîðà
ïðåäñòàâëåíû â Òàáëèöå 1. ×àñòîòà ñîáñòâåííûõ êîëåáàíèé òàêîãî ðåçîíàòîðà ìîæåò
áûòü ðàññ÷èòàíà ïî ôîðìóëå (1), â êîòîðîé ýôôåêòèâíûå äëèíû îòâåðñòèé çàâèñÿò îò èõ
äèàìåòðà [11]:

f0 =
c0

2πD

√
1

L

(
d21
l1

+
d22
l2

)
, (1)

ãäå c0 � ñêîðîñòü çâóêà â ðàáî÷åé ñðåäå, ì/ñ; D � âíóòðåííèé äèàìåòð êàìåðû
ðåçîíàòîðà, ì; L � äëèíà êàìåðû ðåçîíàòîðà, ì; d1, d2 � äèàìåòðû âõîäíîãî ñîïëà è
âûõîäíîãî îòâåðñòèÿ, ì; l1, l2� ýôôåêòèâíûå äëèíû âõîäíîãî ñîïëà è âûõîäíîãî îòâåðñòèÿ.

Âàðüèðóåìûìè ïàðàìåòðàìè â ýêñïåðèìåíòå áûëè äèàìåòð è äëèíà âûõîäíîãî
îòâåðñòèÿ, è äëèíà êàìåðû (ðàññòîÿíèå ìåæäó êðûøêàìè). Ñåðèÿ ýêñïåðèìåíòîâ äëÿ
êàæäîãî âàðèàíòà èçëó÷àòåëÿ áûëà ïðîâåäåíà íà ñòåíäå, îïèñàííîì â ðàáîòàõ [8-10], â
äèàïàçîíå ñêîðîñòè ñòðóè îò 0 äî 100 ì/ñ.

Óâåëè÷åíèå ïåðåïàäà äàâëåíèÿ íà èçëó÷àòåëå ïðè ïîìîùè âàêóóìíîãî
íàñîñà ïðèâîäèò ê ôîðìèðîâàíèþ ñòðóè, ñêîðîñòü êîòîðîé îïðåäåëÿåòñÿ ñâîéñòâàìè
ðàáî÷åãî àãåíòà (â íàøåì ñëó÷àå âîçäóõà) è çíà÷åíèåì ïåðåïàäà äàâëåíèÿ, êîòîðîå
èçìåðÿåòñÿ òåíçîìåòðè÷åñêèì äàò÷èêîì ðàçíîñòè äàâëåíèÿ. Ïðè îïðåäåëåííîì çíà÷åíèè
ñêîðîñòè ñòðóè íà÷èíàåòñÿ ãåíåðàöèè òîíà îòâåðñòèÿ, óñèëåííàÿ ðåçîíàíñîì. ×àñòîòà
ãåíåðèðóåìûõ êîëåáàíèé äàâëåíèÿ áëèçêà ê ÷àñòîòå ñîáñòâåííûõ êîëåáàíèé îñöèëëÿòîðà.
Ïðè óâåëè÷åíèè ñêîðîñòè àìïëèòóäà êîëåáàíèé ïîâûøàåòñÿ è, äîñòèãíóâ ìàêñèìàëüíîãî
çíà÷åíèÿ, îïðåäåëÿåìîãî ðàçëè÷íûìè ôàêòîðàìè, íà÷èíàåò ñíèæàòüñÿ. Ïðîöåññ
ñîïðîâîæäàåòñÿ íåçíà÷èòåëüíûì óâåëè÷åíèåì ÷àñòîòû ãåíåðèðóåìûõ êîëåáàíèé. Òàêàÿ
çàêîíîìåðíîñòü â ðàáîòå [14] íàçâàíà ìîäîé êîëåáàíèé.

Íà ðèñóíêå 6 ïðåäñòàâëåíû çàâèñèìîñòè ñðåäíåêâàäðàòè÷íîé àìïëèòóäû
ãåíåðèðóåìûõ êîëåáàíèé îò ñêîðîñòè ñòðóè äëÿ ðàçëè÷íûõ ãåîìåòðè÷åñêèõ ñîîòíîøåíèé
äèàìåòðà âûõîäíîãî îòâåðñòèÿ ïðè ïîñòîÿííîé äëèíå âûõîäíîãî îòâåðñòèÿ, ðàâíîãî
10 ìì, è äëèíå êàìåðû 6 ìì. Âèäíî, ÷òî ñ óâåëè÷åíèåì ñêîðîñòè ñòðóè àìïëèòóäà
êîëåáàíèé âíà÷àëå ðàñòåò, à çàòåì ñíèæàåòñÿ. Ìàêñèìàëüíàÿ àìïëèòóäà êîëåáàíèé
ïðîÿâëÿåòñÿ ó îñöèëëÿòîðà ñ äèàìåòðîì âûõîäíîãî îòâåðñòèÿ ðàâíîãî d2 = 1.5d1. Âìåñòå
ñ òåì, ìàêñèìàëüíûå çíà÷åíèÿ àìïëèòóäû êîëåáàíèé äîñòèãàþòñÿ ïðè ðàçíûõ ñêîðîñòÿõ
ñòðóè. Ýòî îáóñëîâëåíî òåì, ÷òî èçìåíåíèå äèàìåòðà âûõîäíîãî îòâåðñòèÿ ïðèâîäèò ê
èçìåíåíèþ ÷àñòîòû ñîáñòâåííûõ êîëåáàíèé, à ýòî îçíà÷àåò, ðåçîíàíñ âîçìîæåí íà äðóãèõ
ñêîðîñòÿõ ñòðóè, ïîñêîëüêó îò ñêîðîñòè ñòðóè çàâèñèò ÷àñòîòà òîíà îòâåðñòèÿ è åãî
ãàðìîíèê.
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Ðèñ. 6. Çàâèñèìîñòè àìïëèòóäû êîëåáàíèé äàâëåíèÿ â êàìåðå îò ñêîðîñòè ñòðóè ïðè
ðàçëè÷íûõ äèàìåòðàõ d2 âûõîäíîãî îòâåðñòèÿ

Íà ðèñóíêå 7 ïðåäñòàâëåíû ãðàôèêè çàâèñèìîñòè ñðåäíåêâàäðàòè÷íîé àìïëèòóäû
êîëåáàíèé îò ñêîðîñòè ñòðóè è äëèíû ðåçîíàíñíîé êàìåðû ïðè äèàìåòðå âûõîäíîãî
îòâåðñòèÿ d2/d1 = 1.4. Âèäíî, ÷òî ñóùåñòâóåò îïòèìàëüíàÿ äëèíà êàìåðû ðàâíàÿ
L/d1 = 0.33. Ïðè ýòîì äëÿ äàííîãî èçëó÷àòåëÿ ñ ùåëåâîé êàìåðîé äèàïàçîí ñêîðîñòè
ñòðóè, ïðè êîòîðîé ãåíåðèðóþòñÿ ñèëüíûå êîëåáàíèé, áîëüøå, ÷åì äëÿ ¾êëàññè÷åñêîãî¿
îñöèëëÿòîðà Ãåëüìãîëüöà [8, 14].

Ðèñ. 7. Çàâèñèìîñòè àìïëèòóäû êîëåáàíèé äàâëåíèÿ â êàìåðå îò ñêîðîñòè ñòðóè ïðè
ðàçëè÷íûõ äëèíàõ L ðåçîíàíñíîé êàìåðû

Èññëåäîâàíèå âëèÿíèÿ äëèíû âûõîäíîãî îòâåðñòèÿ íà àìïëèòóäó êîëåáàíèé áûëî
âûïîëíåíî äëÿ ìîäåëè ñ äëèíîé êàìåðû L = 6 ìì è äèàìåòðîì âûõîäíîãî îòâåðñòèÿ
d2 = 16 ìì. Íà ðèñóíêå 8 ïðåäñòàâëåíà çàâèñèìîñòü ìàêñèìàëüíîé ñðåäíåêâàäðàòè÷íîé
àìïëèòóäû êîëåáàíèé, êîòîðàÿ ïðàêòè÷åñêè ëèíåéíî çàâèñèò îò òîëùèíû âûõîäíîé
êðûøêè (äëèíû âûõîäíîãî îòâåðñòèÿ). Ñ óâåëè÷åíèåì äëèíû âûõîäíîãî îòâåðñòèÿ
ìàêñèìàëüíî äîñòèæèìàÿ àìïëèòóäà êîëåáàíèé ñíèæàåòñÿ.
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Ðèñ. 8. Çàâèñèìîñòü ìàêñèìàëüíîé àìïëèòóäû êîëåáàíèé îò äëèíû âûõîäíîãî îòâåðñòèÿ

Â ðåçóëüòàòå ïðîâåäåííûõ ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé, óñòàíîâëåíî, ÷òî
äîñòèæåíèå ìàêñèìàëüíîãî çíà÷åíèÿ àìïëèòóäû ãåíåðèðóåìûõ êîëåáàíèé çàâèñèò îò
ñîãëàñîâàííîñòè ðåæèìíûõ ïàðàìåòðîâ è ãåîìåòðè÷åñêèõ ðàçìåðîâ êàíàëà îñöèëëÿòîðà.

Çàêëþ÷åíèå

Ñòðóéíûé îñöèëëÿòîð Ãåëüìãîëüöà ÿâëÿåòñÿ ïðîòî÷íûì èçëó÷àòåëåì çâóêà,
ñïîñîáíûé ãåíåðèðîâàòü èíòåíñèâíûå êîëåáàíèÿ äàâëåíèÿ íà ñîáñòâåííûõ ÷àñòîòàõ.
Ýêñïåðèìåíòàëüíî óñòàíîâëåíî, ÷òî îñîáåííîñòü îñöèëëÿòîðà ñ ùåëåâîé êàìåðû ñîñòîèò
â òîì, ÷òî âîçìîæíî äîñòèæåíèå áîëüøåé àìïëèòóäû êîëåáàíèé, ÷åì äëÿ êàìåðû
áîëüøåé äëèíû. Ïîëó÷åíû çàâèñèìîñòè àìïëèòóäû êîëåáàíèé äàâëåíèÿ îò ñêîðîñòè
ñòðóè, êîòîðûå ïîêàçûâàþò, ÷òî äèàïàçîí ñêîðîñòè ñòðóè, ïðè êîòîðîì ñóùåñòâóþò
àêóñòè÷åñêèå ìîäå, áîëüøå äëÿ îñöèëëÿòîðà ñ ùåëåâîé êàìåðîé ÷åì äëÿ îñöèëëÿòîðà
ñ êàìåðîé áîëüøåé äëèíû. Ïðîâåäåííîå ÷èñëåííîå ìîäåëèðîâàíèå ïðîöåññà ãåíåðàöèè
êîëåáàíèé íà ìîäåëè ñòðóéíîãî îñöèëëÿòîðà Ãåëüìãîëüöà ïîçâîëèëî âûÿâèòü îñîáåííîñòè
äèíàìèêè ñòðóéíîãî òå÷åíèÿ è ïðåäëîæèòü ìåõàíèçì âîçáóæäåíèÿ àâòîêîëåáàíèé.
Â ÷àñòíîñòè, âûÿâëåí ôàêò çàêðóòêè ïîòîêà âîêðóã ñòðóè â öèëèíäðè÷åñêîì ñîïëå.
Ïîëó÷åííûå ðåçóëüòàòû ìîãóò áûòü èñïîëüçîâàíû ïðè ðàçðàáîòêå ïðîòî÷íûõ èçëó÷àòåëåé
êàê äëÿ èíòåíñèôèêàöèè äîáû÷è íåôòè, òàê è äëÿ äðóãèõ ïðîìûøëåííûõ ïðèëîæåíèé,
ãäå èìååòñÿ ïîòîê ðàáî÷åãî àãåíòà è íåîáõîäèìà èíòåíñèôèêàöèè ïðîöåññà àêóñòè÷åñêèìè
êîëåáàíèÿìè.

Èññëåäîâàíèå âûïîëíåíî çà ñ÷åò ãðàíòà Ðîññèéñêîãî íàó÷íîãî ôîíäà � 22-29-
01174, https://rscf.ru/project/22-29-01174/.

Ñïèñîê ëèòåðàòóðû

1. Mar�n E.A., Kravtsov Y.I., Abdrashitov A.A., Gataullin R.N., Galiimzyanova
A.R. Elastic-Wave E�ect on Oil Production by In Situ Combustion: Field Results //
Petroleum Science and Technology. � 2015. � Vol. 33, No. 15-16. � P. 1526-1532. � DOI
10.1080/10916466.2015.1037923.

2. Êðàâöîâ ß.È., Ìàðôèí Å.À., Àáäðàøèòîâ À.À. Ïîâûøåíèå ýôôåêòèâíîñòè
ìåòîäà ïàðîãðàâèòàöèîííîãî äðåíàæà çà ñ÷åò âîëíîâîãî âîçäåéñòâèÿ íà ïëàñò // Ãåîëîãèÿ,
ãåîôèçèêà è ðàçðàáîòêà íåôòÿíûõ è ãàçîâûõ ìåñòîðîæäåíèé. � 2016. � � 5. � Ñ. 35-39.

3. Mar�n E.A., Abdrashitov A.A., Kravtsov Y. I. On the selection of the optimal
mode of the wave stimulation in oil production // 7th EAGE Saint Petersburg International



Ìàðôèí Å.À., Àáäðàøèòîâ À.À.
×èñëåííûå è ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ ãåíåðàöèè çâóêà â ñòðóéíîì îñöèëëÿòîðå

Ãåëüìãîëüöà ñ ùåëåâîé êàìåðîé 16

Conference and Exhibition: Understanding the Harmony of the Earth's Resources Through
Integration of Geosciences. � Saint Petersburg, 2016. � P. 334-338. � DOI 10.3997/2214-
4609.201600094.

4. Mar�n E.A., Gataullin R.N., Abdrashitov A.A. Acoustic stimulation of oil
production by a downhole emitter based on a jet-driven Helmholtz oscillator // Journal
of Petroleum Science and Engineering. � 2022. � Vol. 215. � P. 110705. � DOI
10.1016/j.petrol.2022.110705.

5. Bennett G.J., Stephens D.B., Rodrigues Verdugo F. Resonant mode characterisation
of a cylindrical Helmholtz cavity excited by a shear layer // Journal of the Acoustical Society
of America � 2017. � V. 141. � � 1. P. 7�18.

6. Ziada S., Bolduc M., Lafon P. Flow-excited resonance of diametral acoustic modes
in ducted rectangular cavities // AIAA Journal � 2017. � V. 55. � � 11. � P. 3817�3830. �
DOI: 10.2514/1.J056010.

7. Vaik I., Varga R., Paal G. Frequency and phase characteristics of the edge-tone //
Periodica Polytechnica Mechanical Engineering. � 2014. � V. 58. � � 1. � P. 55�67. � DOI:
10.3311/PPme.7031.

8. Abdrashitov A.A., Mar�n E.A., Chachkov D.V., Chefanov V.M. E�ect of nozzle
shape on amplitude of well acoustic emitter generation // Acoustical Physics. � 2018. � Vol.
64, No. 4. � P. 492-502. � DOI 10.1134/S1063771018030016.

9. Abdrashitov A.A., Mar�n E.A. Nozzle length e�ect on the performance of the jet-
driven Helmholtz oscillator // Fluid Dynamics. � 2021. � Vol. 56, No. 1. � P. 142-151. � DOI:
10.1134/S0015462821010018.

10. Àáäðàøèòîâ À.À., Ìàðôèí Å.À. Âîçáóæäåíèå àêóñòè÷åñêèõ ìîä ãàðìîíèêàìè
òîíà îòâåðñòèÿ â ñòðóéíîì îñöèëëÿòîðå Ãåëüìãîëüöà // Àêóñòè÷åñêèé æóðíàë. � 2023. �
Ò. 69, � 4. � Ñ. 430-437. � DOI 10.31857/S0320791922600329.

11. Âåòîøêî Ð.À., Ìàðôèí Å.À., Ãàâðèëîâ À.Ã. Èññëåäîâàíèå âëèÿíèÿ ãåîìåòðèè
ðåçîíàòîðà Ãåëüìãîëüöà íà ïðèñîåäèíåííóþ äëèíó ãîðëà // Èíæåíåðíàÿ ôèçèêà. � 2018.
� � 4. � Ñ. 12-19.

12. Sami S., Anderson C. Helmholtz oscillator for the self-modulation of a jet // Proc.
7th Int. Symp. on jet cutting technology. BHRA. Cran�eld. Bedford. England. � 1984. � P.
91-98.

13. Mitrofanova O.V., Pozdeeva I.G. Investigation of the acoustic oscillation self-
adjustment mechanism in impinging swirling �ows // Fluid Dynamics. � 2015. � Vol. 50, No.
5. � P. 646-654. � DOI 10.1134/S0015462815050063.

14. Morel Th. Experimental study of a jet-driven Helmholtz oscillator // Journal of
Fluids Engineering � 1979. � V. 101. � � 3. � P. 383�390. � DOI: 10.1115/1.3448983

15. Mar�n E.A. Abdrashitov A.A. Numerical simulation of gas-dynamics in a jet emitter
with a slit chamber // ÕÕI International Conference on the Methods of Aerophysical Research
(ICMAR 2022): Abstracts, Novosibirsk, 08�14 àâãóñòà 2022 ãîäà. Vol. Part I. � Novosibirsk:
Ôåäåðàëüíîå ãîñóäàðñòâåííîå áþäæåòíîå ó÷ðåæäåíèå ¾Ñèáèðñêîå îòäåëåíèå Ðîññèéñêîé
àêàäåìèè íàóê¿, 2022. � P. 130-131. � DOI 10.53954/9785604788967_130.

References

1. Mar�n E.A., Kravtsov Y.I., Abdrashitov A.A., Gataullin R.N., Galiimzyanova
A.R. Elastic-Wave E�ect on Oil Production by In Situ Combustion: Field Results //
Petroleum Science and Technology. � 2015. � Vol. 33, No. 15-16. � P. 1526-1532. � DOI
10.1080/10916466.2015.1037923.



NOISE Theory and Practice 17

2. Kravtsov YA.I., Mar�n E.A., Abdrashitov A.A. Povyshenie e�ektivnosti metoda
parogravitacionnogo drenazha za schet volnovogo vozdejstviya na plast // Geologiya, geo�zika
i razrabotka neftyanyh i gazovyh mestorozhdenij. � 2016. � � 5. � P. 35-39.

3. Mar�n E.A., Abdrashitov A.A., Kravtsov Y. I. On the selection of the optimal
mode of the wave stimulation in oil production // 7th EAGE Saint Petersburg International
Conference and Exhibition: Understanding the Harmony of the Earth's Resources Through
Integration of Geosciences. � Saint Petersburg, 2016. � P. 334-338. � DOI 10.3997/2214-
4609.201600094.

4. Mar�n E.A., Gataullin R.N., Abdrashitov A.A. Acoustic stimulation of oil
production by a downhole emitter based on a jet-driven Helmholtz oscillator // Journal
of Petroleum Science and Engineering. � 2022. � Vol. 215. � P. 110705. � DOI
10.1016/j.petrol.2022.110705.

5. Bennett G.J., Stephens D.B., Rodrigues Verdugo F. Resonant mode characterisation
of a cylindrical Helmholtz cavity excited by a shear layer // Journal of the Acoustical Society
of America � 2017. � V. 141. � � 1. P. 7�18.

6. Ziada S., Bolduc M., Lafon P. Flow-excited resonance of diametral acoustic modes
in ducted rectangular cavities // AIAA Journal � 2017. � V. 55. � � 11. � P. 3817�3830. �
DOI: 10.2514/1.J056010.

7. Vaik I., Varga R., Paal G. Frequency and phase characteristics of the edge-tone //
Periodica Polytechnica Mechanical Engineering. � 2014. � V. 58. � � 1. � P. 55�67. � DOI:
10.3311/PPme.7031.

8. Abdrashitov A.A., Mar�n E.A., Chachkov D.V., Chefanov V.M. E�ect of nozzle
shape on amplitude of well acoustic emitter generation // Acoustical Physics. � 2018. � Vol.
64, No. 4. � P. 492-502. � DOI 10.1134/S1063771018030016.

9. Abdrashitov A.A., Mar�n E.A. Nozzle length e�ect on the performance of the jet-
driven Helmholtz oscillator // Fluid Dynamics. � 2021. � Vol. 56, No. 1. � P. 142-151. � DOI:
10.1134/S0015462821010018.

10. Abdrashitov A.A., Mar�n E.A. Vozbuzhdenie akusticheskih mod garmonikami tona
otverstiya v strujnom oscillyatore Gel'mgol'ca // Akusticheskij zhurnal. � 2023. � T. 69, � 4.
� P. 430-437. � DOI 10.31857/S0320791922600329.

11. Vetoshko R.A., Mar�n E.A., Gavrilov A.G. Issledovanie vliyaniya geometrii
rezonatora Gel'mgol'ca na prisoedinennuyu dlinu gorla // Inzhenernaya �zika. � 2018. � � 4.
� P. 12-19.

12. Sami S., Anderson C. Helmholtz oscillator for the self-modulation of a jet // Proc.
7th Int. Symp. on jet cutting technology. BHRA. Cran�eld. Bedford. England. � 1984. � P.
91-98.

13. Mitrofanova O.V., Pozdeeva I.G. Investigation of the acoustic oscillation self-
adjustment mechanism in impinging swirling �ows // Fluid Dynamics. � 2015. � Vol. 50, No.
5. � P. 646-654. � DOI 10.1134/S0015462815050063.

14. Morel Th. Experimental study of a jet-driven Helmholtz oscillator // Journal of
Fluids Engineering � 1979. � V. 101. � � 3. � P. 383�390. � DOI: 10.1115/1.3448983

15. Mar�n E.A. Abdrashitov A.A. Numerical simulation of gas-dynamics in a jet
emitter with a slit chamber // HKHI International Conference on the Methods of Aerophysical
Research (ICMAR 2022): Abstracts, Novosibirsk, 08�14 avgusta 2022 goda. Vol. Part I.
� Novosibirsk: Federal'noe gosudarstvennoe byudzhetnoe uchrezhdenie ¾Sibirskoe otdelenie
Rossijskoj akademii nauk¿, 2022. � P. 130-131. � DOI 10.53954/9785604788967_130.


