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Àííîòàöèÿ. Ðàçðàáîòàíà ìàòåìàòè÷åñêàÿ ìîäåëü àêóñòè÷åñêîãî çîíäà âîëíîâîäíîãî òèïà ñ êîð-
ðåêòèðóþùèì ýëåìåíòîì â âèäå ñîãëàñóþùåãî òðóáîïðîâîäà. Äàííàÿ ìîäåëü â îòëè÷èå îò ñóùåñòâó-
þùèõ ïîçâîëÿåò ðàññ÷èòûâàòü ÷àñòîòíûå õàðàêòåðèñòèêè çîíäà ïðè ïðîèçâîëüíîì ðàñïðåäåëåíèè
òåìïåðàòóðû ïî åãî äëèíå. Áëàãîäàðÿ ýòîìó ìîäåëü ïîçâîëÿåò ðàññ÷èòûâàòü ÷àñòîòíûå õàðàêòåðè-
ñòèêè çîíäà, ðàáîòàþùåãî â ñîñòàâå êàìåðû ñãîðàíèÿ ãàçîòóðáèííîãî äâèãàòåëÿ. Âîëíîâîä è ñî-
ãëàñóþùèé òðóáîïðîâîä áûëè ïðåäñòàâëåíû â âèäå ó÷àñòêîâ îäèíàêîâîé äëèíû, â ïðåäåëàõ êàæ-
äîãî èç êîòîðûõ òåìïåðàòóðà ïðèíèìàëàñü ïîñòîÿííîé. Ðåçóëüòàòû, ïîëó÷åííûå ñ ïîìîùüþ ðàç-
ðàáîòàííîé ìàòåìàòè÷åñêîé ìîäåëè, ñðàâíèâàëèñü ñ ýêñïåðèìåíòàëüíûìè äàííûìè, ïîëó÷åííû-
ìè ïðè ïîâûøåííîì äàâëåíèè. Ñðàâíåíèå ðàñ÷¸òíûõ è ýêñïåðèìåíòàëüíûõ äàííûõ ïîêàçàëî èõ
õîðîøóþ ñõîäèìîñòü.
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Abstract

Development of low-emission combustion chambers for modern and advanced gas turbine engines at
this date is impossible without experimental determining of their pulsation state. At the same time, ripples
measuring with existing sensors at typical temperature conditions common to modern combustion chambers
represents a rather huge problem. An alternative approach to this problem consists in the waveguide-type
acoustic probe application, which allows removing the said sensor from the high-temperature area. The
presence of a pneumatic information transmission channel places high demands on the probe frequency
characteristics determining accuracy. The main feature of the probe operation as part of the combustion
chamber is the temperature inhomogeneity along its length. However, the effect of the temperature distribution
along the probe length on its frequency characteristics has not been fully studied by now. Thus, the main
goal of this research consists in developing a mathematical model for frequency characteristics computing
of the acoustic probe at the arbitrary temperature distribution along its length. The impedance method was
applied when developing its mathematical model. It is assumed that the chamber represents an ideal source
of pressure fluctuations, i.e. pressure ripples in the combustion chamber do not depend on the probe acoustic
characteristics. The acoustic probe computational domain consists of four elements, such as waveguide,
matching pipeline, sensor cavity, and adapter channel. Frequency characteristics of the sensor cavity and
adapter channel, which form the Helmholtz resonator, are being computed with lumped-parameter models.
This article herewith does not consider the effect of the cavity shape and the sensor impedance on the
Helmholtz resonator dynamic characteristics. The waveguide and the matching pipeline are being computed
with distributed-parameter models and presented as sections of the same length, within either of which the
temperature is assumed constant. The temperature values for each section are being determined by
interpolating the temperature distribution law along the length of the probe, which, in its turn, may be obtained
by computing or experiment. Each individual section is being presented in the form of a passive quadripole.
The wave process propagation constants and wave impedances for each section are being computed depending
on the frequency either by applying a low-frequency model or a high-frequency one. The results obtained
with the developed mathematical model were compared with the experimental data obtained at the elevated
pressure. Comparison of computational and experimental data demonstrated their good convergence.
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Ââåäåíèå

Âàæíîé ïðîáëåìîé â ãàçîòóðáèííîé òåõíèêå
ÿâëÿåòñÿ íåîáõîäèìîñòü çíà÷èòåëüíîãî ïîâûøå-
íèå å¸ ýêîëîãè÷íîñòè, íàä¸æíîñòè è ýíåðãîýô-
ôåêòèâíîñòè. Äîñòèæåíèå òðåáóåìûõ õàðàêòåðè-
ñòèê ïåðñïåêòèâíûõ ãàçîòóðáèííûõ äâèãàòåëåé
ñâÿçàíî ñ óâåëè÷åíèåì ýôôåêòèâíîñòè òåðìîäè-
íàìè÷åñêîãî öèêëà ïðè îäíîâðåìåííîì ñîâåð-
øåíñòâîâàíèè ïðèíöèïîâ îðãàíèçàöèè ðàáî÷å-
ãî ïðîöåññà â êàìåðå ñãîðàíèÿ è ïðèìåíåíèè
àëüòåðíàòèâíûõ âèäîâ òîïëèâà [1, 2].

Îäíèì èç êëþ÷åâûõ íàïðàâëåíèé ñîâåðøåí-
ñòâîâàíèÿ ðàáî÷åãî ïðîöåññà â êàìåðàõ ñãîðàíèÿ
ÿâëÿåòñÿ ðåàëèçàöèÿ «óëüòðàáåäíîãî» ãîðåíèÿ
ïðåäâàðèòåëüíî ïîäãîòîâëåííûõ òîïëèâíî-âîç-
äóøíûõ ñìåñåé [3]. Îñíîâíîé íåðåø¸ííîé ïðî-
áëåìîé ïðè ñîçäàíèè ìàëîýìèññèîííûõ êàìåð
ñãîðàíèÿ, ðåàëèçóþùèõ äàííóþ êîíöåïöèþ, ÿâ-
ëÿåòñÿ íåóñòîé÷èâîñòü èõ ðàáîòû [4]. Âîçíè-
êàþùèå âñëåäñòâèå íåóñòîé÷èâîñòè âûñîêîàìï-
ëèòóäíûå ïóëüñàöèè äàâëåíèÿ è ñêîðîñòè â êà-
ìåðå ñãîðàíèÿ ïðèâîäÿò ê êîëåáàíèÿì òÿãè äâè-
ãàòåëÿ, ñðûâó èëè ïðîñêîêó ïëàìåíè, à òàêæå ê
ïîâûøåííîé âèáðàöèîííîé íàãðóçêå íà êîíñò-
ðóêöèþ êàìåðû ñãîðàíèÿ. Âèáðàöèè êîíñòðóê-
öèè, â ñâîþ î÷åðåäü, ïðèâîäÿò ê ïîâûøåííîìó
òåïëîîáìåíó è òåðìè÷åñêèì íàïðÿæåíèÿì ñòåíîê
æàðîâîé òðóáû, ïîâûøåííîé ãàçîâîé ýðîçèè ëî-
ïàòîê òóðáèíû, ìàëî- è ìíîãîöèêëîâîé óñòàëî-
ñòè êîíñòðóêòèâíûõ ýëåìåíòîâ, à òàêæå ê ñíè-
æåíèþ òî÷íîñòè ñèñòåì óïðàâëåíèÿ [5, 6].

Íåñìîòðÿ íà òî ÷òî çà ïîñëåäíèå ïîëâåêà
ïðîâåäåíî îãðîìíîå êîëè÷åñòâî èññëåäîâàíèé,
ïîñâÿù¸ííûõ äàííîé ïðîáëåìå, íà äàííûé ìî-
ìåíò ðàçðàáîòêà ìàëîýìèññèîííûõ êàìåð ñãîðà-
íèÿ íåâîçìîæíà áåç ýêñïåðèìåíòàëüíîãî îïðå-
äåëåíèÿ èõ ïóëüñàöèîííîãî ñîñòîÿíèÿ [6]. Ñëîæ-
íîñòü ïðîáëåìû ìíîãîêðàòíî âîçðàñòàåò, êîãäà
ðå÷ü çàõîäèò îá «óëüòðàáåäíîì» ñæèãàíèè àëüòåð-
íàòèâíûõ âèäîâ òîïëèâà.

Ïóëüñàöèè äàâëåíèÿ â êîëüöåâîì êàíàëå çíà-
÷èòåëüíî îòëè÷àþòñÿ îò ïóëüñàöèé âíóòðè æàðî-

âîé òðóáû [7]. Äëÿ íàèáîëåå òî÷íîãî èçìåðåíèÿ
ïóëüñàöèé äàâëåíèÿ â êàìåðå ñãîðàíèÿ ÷óâñòâè-
òåëüíûé ýëåìåíò äàò÷èêà äèíàìè÷åñêîãî äàâëå-
íèÿ äîëæåí áûòü óñòàíîâëåí çàïîäëèöî ñ âíóò-
ðåííåé ïîâåðõíîñòüþ ñòåíêè æàðîâîé òðóáû [6].
Îäíàêî âûñîêèå çíà÷åíèÿ òåìïåðàòóðû âíóòðè
æàðîâîé òðóáû íå ïîçâîëÿþò ðàçìåùàòü òàêèì
îáðàçîì ñóùåñòâóþùèå äàò÷èêè äèíàìè÷åñêîãî
äàâëåíèÿ áåç îðãàíèçàöèè æèäêîñòíîãî îõëàæäå-
íèÿ, êîòîðîå çíà÷èòåëüíî óâåëè÷èâàåò ñòîèìîñòü
è ñíèæàåò íàä¸æíîñòü èçìåðèòåëüíîé ñèñòåìû
[8]. Êðîìå òîãî, çà÷àñòóþ êîíñòðóêöèÿ êàìåðû
ñãîðàíèÿ íå ïîçâîëÿåò ðàçìåñòèòü ñèñòåìó îõëàæ-
äåíèÿ â îãðàíè÷åííîì ïðîñòðàíñòâå êîëüöåâîãî
êàíàëà.

Àëüòåðíàòèâíûì ïîäõîäîì ê èçìåðåíèþ
ïóëüñàöèé äàâëåíèÿ ÿâëÿåòñÿ ïðèìåíåíèå ñïåöè-
àëüíûõ óñòðîéñòâ – àêóñòè÷åñêèõ çîíäîâ, ïîçâî-
ëÿþùèõ çíà÷èòåëüíî ïîâûñèòü òåìïåðàòóðó èç-
ìåðåíèÿ çà ñ÷¸ò âûíîñà äàò÷èêà èç çîíû âûñî-
êèõ òåìïåðàòóð. Àêóñòè÷åñêèå çîíäû ìîæíî óñ-
ëîâíî ðàçäåëèòü íà äâà òèïà â çàâèñèìîñòè îò
ìåñòà ðàñïîëîæåíèÿ äàò÷èêà [9].

Â ïåðâîì ñëó÷àå äëÿ ðåãèñòðàöèè ïóëüñàöèé
èñïîëüçóåòñÿ âûñîêîòåìïåðàòóðíûé äàò÷èê, êî-
òîðûé ðàñïîëàãàåòñÿ êàê ìîæíî áëèæå ê èñòî÷-
íèêó ïóëüñàöèé. Àêóñòè÷åñêèé çîíä â ýòîì ñëó-
÷àå ïðåäíàçíà÷åí äëÿ çàùèòû ÷óâñòâèòåëüíîãî
ýëåìåíòà äàò÷èêà îò íàãðåâà âñëåäñòâèå òåïëîâî-
ãî èçëó÷åíèÿ è âûíîñà äàò÷èêà â êîëüöåâîé êà-
íàë. Òàêîé ïîäõîä íàõîäèò ïðèìåíåíèå â íàçåì-
íûõ ãàçîòóðáèííûõ óñòàíîâêàõ ñ áîëåå íèçêèìè,
ïî ñðàâíåíèþ ñ àâèàöèîííûìè äâèãàòåëÿìè, ïà-
ðàìåòðàìè öèêëà.

Âî âòîðîì ñëó÷àå äëÿ ðåãèñòðàöèè ïóëüñàöèé
ìîæåò áûòü èñïîëüçîâàí íèçêîòåìïåðàòóðíûé
äàò÷èê äèíàìè÷åñêîãî äàâëåíèÿ, ðàñïîëîæåííûé
çà ïðåäåëàìè âûñîêîòåìïåðàòóðíîé çîíû. Ïåðå-
äà÷à àêóñòè÷åñêîãî ñèãíàëà îò êàìåðû ñãîðàíèÿ
äî äàò÷èêà îñóùåñòâëÿåòñÿ ñ ïîìîùüþ ñïåöèàëü-
íîãî êàíàëà – âîëíîâîäà, çà ñ÷¸ò êîòîðîãî îáåñ-
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ïå÷èâàåòñÿ òðåáóåìàÿ òåìïåðàòóðà ðàáî÷åãî òåëà
â ìåñòå óñòàíîâêè äàò÷èêà. Ñ öåëüþ óñòðàíåíèÿ
ðåçîíàíñíûõ ýôôåêòîâ íà âûõîäå èç âîëíîâîäà
óñòàíàâëèâàåòñÿ êîððåêòèðóþùèé ýëåìåíò. Ïðè
èçìåðåíèÿõ ïóëüñàöèé â óñëîâèÿõ èçìåíÿþùèõñÿ
òåìïåðàòóðû è äàâëåíèÿ ðàáî÷åé ñðåäû ðåêîìåí-
äóåòñÿ èñïîëüçîâàòü êîððåêòèðóþùèé ýëåìåíò â
âèäå ñîãëàñóþùåãî òðóáîïðîâîäà. Èìåííî òàêîé
òèï àêóñòè÷åñêîãî çîíäà íàøåë íàèáîëüøåå ðàñ-
ïðîñòðàíåíèÿ ïðèìåíèòåëüíî ê çàäà÷å èçìåðåíèÿ
ïóëüñàöèé â êàìåðàõ ñãîðàíèÿ [10, 11]. Ñõåìà
àêóñòè÷åñêîãî çîíäà òàêîãî òèïà ïðèâåäåíà íà
ðèñ. 1. Òàêèì îáðàçîì, ïðèìåíåíèå àêóñòè÷åñêî-
ãî çîíäà âîëíîâîäíîãî òèïà ñ êîððåêòèðóþùèì
ýëåìåíòîì â âèäå ñîãëàñóþùåãî òðóáîïðîâîäà
ïîçâîëÿåò çíà÷èòåëüíî óâåëè÷èòü òåìïåðàòóðó
èçìåðåíèÿ ïóëüñàöèé äàâëåíèÿ, à òàêæå ñíèçèòü
ñòîèìîñòü ñèñòåìû èçìåðåíèÿ çà ñ÷¸ò èñïîëüçî-
âàíèÿ íèçêîòåìïåðàòóðíîãî äàò÷èêà.

Îäíàêî íàëè÷èå ïíåâìàòè÷åñêîãî êàíàëà
ïåðåäà÷è èíôîðìàöèè ïðèâîäèò ê çíà÷èòåëüíî-
ìó èñêàæåíèþ àêóñòè÷åñêîãî ñèãíàëà, ðåãèñòðè-
ðóåìîãî äàò÷èêîì äèíàìè÷åñêîãî äàâëåíèÿ, è,
ñëåäîâàòåëüíî, âûíóæäàåò ïðåäúÿâëÿòü âûñîêèå
òðåáîâàíèÿ ê òî÷íîñòè îïðåäåëåíèÿ ÷àñòîòíûõ
õàðàêòåðèñòèê çîíäà.

Âëèÿíèå ïîñòîÿííîé ïî äëèíå òåìïåðàòóðû
è ñðåäíåãî äàâëåíèÿ íà ÷àñòîòíûå õàðàêòåðèñòè-
êè àêóñòè÷åñêîãî çîíäà ðàññìîòðåíî â ðàáîòàõ [9,
12, 13]. Îäíàêî ãëàâíîé îñîáåííîñòüþ ôóíêöè-
îíèðîâàíèÿ çîíäà â ñîñòàâå êàìåðû ñãîðàíèÿ ÿâ-
ëÿåòñÿ òåìïåðàòóðíàÿ íåîäíîðîäíîñòü ïî åãî
äëèíå. Â ðàáîòàõ [14, 15] ïðåäñòàâëåíà ïðîãðàì-
ìà ðàñ÷¸òà, ïîçâîëÿþùàÿ îïðåäåëÿòü ÷àñòîòíûå
õàðàêòåðèñòèêè çîíäîâ ñ òåìïåðàòóðíî-íåîäíî-
ðîäíûì âîëíîâîäîì. Îäíàêî â êà÷åñòâå çàêîíà
ðàñïðåäåëåíèÿ èñïîëüçóåòñÿ ýêñïîíåíöèàëüíûé
çàêîí, íå õàðàêòåðíûé äëÿ êîíñòðóêöèè çîíäà â
ñîñòàâå ãàçîòóðáèííîãî äâèãàòåëÿ. Êðîìå òîãî, â
äàííîé ïðîãðàììå íåâîçìîæíî çàäàòü çàêîí ðàñ-
ïðåäåëåíèÿ òåìïåðàòóðû ïî äëèíå ñîãëàñóþùå-
ãî òðóáîïðîâîäà. Â ðàáîòå [16] ïðåäñòàâëåíû ðå-

çóëüòàòû ðàñ÷¸òà ÷àñòîòíûõ õàðàêòåðèñòèê àêó-
ñòè÷åñêîãî çîíäà ïðè ðàçëè÷íûõ ãðàäèåíòàõ òåì-
ïåðàòóðû. Îäíàêî âëèÿíèå çàêîíà ðàñïðåäåëåíèÿ
ïî äëèíå çîíäà íà åãî ÷àñòîòíûå õàðàêòåðèñòè-
êè èññëåäîâàíî íå áûëî. Òàêèì îáðàçîì, íà äàí-
íûé ìîìåíò âëèÿíèå çàêîíà ðàñïðåäåëåíèÿ òåì-
ïåðàòóðû ïî äëèíå çîíäà íà åãî ÷àñòîòíûå õàðàê-
òåðèñòèêè èçó÷åíî íå äî êîíöà. Ïîýòîìó öåëüþ
äàííîãî èññëåäîâàíèÿ ÿâëÿåòñÿ ðàçðàáîòêà ìàòå-
ìàòè÷åñêîé ìîäåëè äëÿ ðàñ÷¸òà ÷àñòîòíûõ õàðàê-
òåðèñòèê àêóñòè÷åñêîãî çîíäà ïðè ïðîèçâîëüíîì
ðàñïðåäåëåíèè òåìïåðàòóðû ïî åãî äëèíå.

Ìåòîäû è èíñòðóìåíòû

Ïðè ðàçðàáîòêå ìàòåìàòè÷åñêîé ìîäåëè ÷à-
ñòîòíûõ õàðàêòåðèñòèê àêóñòè÷åñêîãî çîíäà èñ-
ïîëüçîâàëñÿ èìïåäàíñíûé ìåòîä, ðåàëèçóþùèé
òåîðèþ äèíàìè÷åñêèõ àíàëîãèé, ñîãëàñíî êîòî-
ðîé êàæäîìó ýëåìåíòó àêóñòè÷åñêîé ñèñòåìû
ñòàâèòñÿ â ñîîòâåòñòâèå å¸ ýëåêòðè÷åñêèé àíàëîã,
õàðàêòåðèçóþùèéñÿ èìïåäàíñîì [17, 18]. Çíàÿ
âõîäíûå èìïåäàíñû âñåõ ýëåìåíòîâ ñèñòåìû,
ìîæíî îïðåäåëèòü êîìïëåêñíûå àìïëèòóäû ïóëü-
ñàöèé äàâëåíèÿ è ðàñõîäà ðàáî÷åé ñðåäû â ëþ-
áîé ïðîèçâîëüíîé òî÷êå ñèñòåìû.

Â ñâÿçè ñ òåì ÷òî îáú¸ì àêóñòè÷åñêîãî çîíäà
íà ïîðÿäîê ìåíüøå îáú¸ìà æàðîâîé òðóáû, âîç-
ìîæíî ïðèíÿòü äîïóùåíèå, ÷òî êàìåðà ñãîðàíèÿ
ïðåäñòàâëÿåò ñîáîé èäåàëüíûé èñòî÷íèê êîëåáà-
íèé äàâëåíèÿ, ò.å. ïóëüñàöèè äàâëåíèÿ â êàìåðå
ñãîðàíèÿ íå çàâèñÿò îò àêóñòè÷åñêèõ õàðàêòåðè-
ñòèê çîíäà.

Ðàñ÷¸òíàÿ îáëàñòü àêóñòè÷åñêîãî çîíäà ñîñòî-
èò èç ÷åòûðåõ ýëåìåíòîâ: âîëíîâîä è ñîãëàñóþ-
ùèé òðóáîïðîâîä, èìåþùèå âíóòðåííèé äèàìåòð
dâ è äëèíû lâ è lñò ñîîòâåòñòâåííî; ïîëîñòü äàò-
÷èêà ñ îáú¸ìîì Vï; êàíàë àäàïòåðà ñ äëèíîé lê è
äèàìåòðîì dê. Ðàñ÷¸òíàÿ îáëàñòü àêóñòè÷åñêîãî
çîíäà ïðèâåäåíà íà ðèñ. 2.

Â ñâÿçè ñ òåì ÷òî õàðàêòåðíûå ðàçìåðû ïî-
ëîñòè äàò÷èêà è êàíàëà àäàïòåðà çíà÷èòåëüíî
ìåíüøå äëèíû âîëíû ïóëüñàöèé èññëåäóåìîãî
ñïåêòðà ÷àñòîò, èõ äèíàìè÷åñêèå õàðàêòåðèñòè-

Ðèñ. 1. Ñõåìà àêóñòè÷åñêîãî çîíäà [13]: 1 – âîëíîâîä;
2 – äàò÷èê äàâëåíèÿ; 3 – ñîãëàñóþùèé òðóáîïðîâîä

Ðèñ. 2. Ðàñ÷¸òíàÿ ñõåìà àêóñòè÷åñêîãî çîíäà ñ êîððåê-
òèðóþùèì ýëåìåíòîì â âèäå ñîãëàñóþùåãî òðóáîïðî-
âîäà
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êè ðàññ÷èòûâàþòñÿ èç óñëîâèÿ ñîñðåäîòî÷åííî-
ñòè ïàðàìåòðîâ.

Ñîãëàñíî òåîðèè ýëåêòðîäèíàìè÷åñêèõ àíà-
ëîãèé, àêóñòè÷åñêàÿ ¸ìêîñòü â àêóñòè÷åñêîé ñè-
ñòåìå àíàëîãè÷íà ýëåêòðè÷åñêîé ¸ìêîñòè â ýëåê-
òðè÷åñêèõ ñèñòåìàõ. Àêóñòè÷åñêèé èìïåäàíñ àêó-
ñòè÷åñêîé ¸ìêîñòè îïðåäåëÿåòñÿ ñëåäóþùèìè
âûðàæåíèåì [17]:

2

ï
ï

,
a

Z j
V

ρ
ω

= -

ãäå Vï – îáú¸ì ðàáî÷åé ñðåäû, çàêëþ÷¸ííîé â
ïîëîñòè äàò÷èêà; ρ  – ïëîòíîñòü ðàáî÷åé ñðåäû;

a – ñêîðîñòü ðàñïðîñòðàíåíèÿ çâóêà â ðàáî÷åé
ñðåäå, çàïîëíÿþùåé ïîëîñòü; ω  – êðóãîâàÿ ÷à-
ñòîòà; j 2 = –1.

Êàíàë àäàïòåðà âìåñòå ñ ïîëîñòüþ äàò÷èêà
îáðàçóåò ðåçîíàòîð Ãåëüìãîëüöà. Äèíàìè÷åñêèå
õàðàêòåðèñòèêè êàíàëà àäàïòåðà îïèñûâàþòñÿ
èìïåäàíñîì [6]:

2
ýôê

ã
ê ê ê

22 4
,

2

f llf f
Z j

c S r S

π ρπ μπε
ρ

Ê ˆ
= + + +Á ˜Ë ¯

ãäå Sê – ïëîùàäü ïîïåðå÷íîãî ñå÷åíèÿ êàíàëà
àäàïòåðà; rê – ðàäèóñ êàíàëà àäàïòåðà; lýô – ýô-
ôåêòèâíàÿ äëèíà ãîðëà, ó÷èòûâàþùàÿ íàëè÷èå
ïðèñîåäèí¸ííîé ìàññû; ε  – áåçðàçìåðíûé êî-
ýôôèöèåíò ñîïðîòèâëåíèÿ, çàâèñÿùèé îò êà÷å-
ñòâà îáðàáîòêè âíóòðåííåé ïîâåðõíîñòè ãîðëà è
ñòåïåíè íåëèíåéíîñòè êîëåáàòåëüíîãî ïðîöåññà
â ãîðëå.

Ýôôåêòèâíàÿ äëèíà ãîðëà îïðåäåëÿåòñÿ ïî
ôîðìóëå:

ýô ê ïð,l l l= +

ãäå lïð – ïðèñîåäèí¸ííàÿ äëèíà ãîðëà.
Ïðèñîåäèí¸ííàÿ äëèíà ãîðëà çàâèñèò îò öå-

ëîãî ðÿäà ôàêòîðîâ, òàêèõ, êàê êîíôèãóðàöèÿ ðå-
çîíàòîðà, ãåîìåòðèÿ ãîðëà è ïîëîñòè, ðàñïîëî-
æåíèå âíóòðåííåé ñòåíêè îòíîñèòåëüíî ãîðëà
[19].

Â äàííîé ðàáîòå íå ðàññìàòðèâàåòñÿ âëèÿíèå
ôîðìû ïîëîñòè è èìïåäàíñà ÷óâñòâèòåëüíîãî
ýëåìåíòà äàò÷èêà íà äèíàìè÷åñêèå õàðàêòåðèñ-
òèê ðåçîíàòîðà Ãåëüìãîëüöà.

Äèíàìè÷åñêèå õàðàêòåðèñòèêè âîëíîâîäà è
ñîãëàñóþùåé íàãðóçêè ðàññ÷èòûâàþòñÿ èç óñëî-
âèÿ ðàñïðåäåë¸ííîñòè ïàðàìåòðîâ. Âîëíîâîä è
ñîãëàñóþùèé òðóáîïðîâîä áûëè ïðåäñòàâëåíû â
âèäå ó÷àñòêîâ îäèíàêîâîé äëèíû, â ïðåäåëàõ

êàæäîãî èç êîòîðûõ òåìïåðàòóðà ïðèíèìàëàñü
ïîñòîÿííîé. Êàæäûé îòäåëüíûé ó÷àñòîê ïðåä-
ñòàâëÿåòñÿ â ôîðìå ïàññèâíîãî ÷åòûð¸õïîëþñíè-
êà. Äèíàìè÷åñêèå ñîñòàâëÿþùèå äàâëåíèÿ è
îáú¸ìíîãî ðàñõîäà â íà÷àëå è êîíöå ó÷àñòêà ñâÿ-
çàíû ìåæäó ñîáîé ïîñðåäñòâîì ìàòðèöû ïåðåäà-
÷è ñ êîýôôèöèåíòàìè Ai, Bi, Ci, Di:

1

1

,
ii i i

ii i i

pp A B

qq C D

+

+
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Í ˙Í ˙ = Í ˙
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ãäå pi, pi+1 – äèíàìè÷åñêèå ñîñòàâëÿþùèå äàâëå-
íèÿ â íà÷àëå è êîíöå ó÷àñòêà; qi, qi+1 – äèíàìè-
÷åñêèå ñîñòàâëÿþùèå îáú¸ìíîãî ðàñõîäà â íà÷àëå
è êîíöå ó÷àñòêà. Íà ñòûêå äâóõ ó÷àñòêîâ òðóáî-
ïðîâîäà îäíîãî äèàìåòðà ïóëüñàöèè äàâëåíèÿ è
îáú¸ìíîãî ðàñõîäà ðàâíû.

Êîýôôèöèåíòû ìàòðèöû îïðåäåëÿþòñÿ ïî
ñëåäóþùèì âûðàæåíèÿì:

ch ;i i iA lγ=

â sh ;i i i iB Z lγ=

â 

s ;
1

hi i i
i

C l
Z

γ=

ch ,i i iD lγ=

ãäå iγ  – ïîñòîÿííàÿ ðàñïðîñòðàíåíèÿ âîëíîâî-

ãî ïðîöåññà; li – äëèíà ó÷àñòêà; Zâ i – âîëíîâîå
ñîïðîòèâëåíèå ó÷àñòêà.

Ãðàôè÷åñêîå èçîáðàæåíèå i-ãî ó÷àñòêà òðóáî-
ïðîâîäà â ôîðìå ïàññèâíîãî ÷åòûð¸õïîëþñíèêà
ïðèâåäåíî íà ðèñ. 3.

Íà îñíîâå ýëåêòðîàêóñòè÷åñêîé àíàëîãèè
áûëà ðàçðàáîòàíà ðàñ÷¸òíàÿ ñõåìà çîíäà, êîòî-
ðàÿ ïðèâåäåíà íà ðèñ. 4.

Ðàññìàòðèâàåòñÿ àêóñòè÷åñêèé çîíä ñ çàãëóø-
êîé íà âûõîäå, èìïåäàíñ ïîñëåäíåãî ñå÷åíèÿ
Zí = ∞ . Ñëåäîâàòåëüíî, äèíàìè÷åñêàÿ ñîñòàâëÿ-
þùàÿ îáú¸ìíîãî ðàñõîäà qn = 0. Âõîäíîé èìïå-
äàíñ ïîñëåäíåãî ó÷àñòêà çîíäà â òàêîì ñëó÷àå îï-
ðåäåëÿåòñÿ âûðàæåíèåì

Ðèñ. 3. Ãðàôè÷åñêîå èçîáðàæåíèå i-ãî ó÷àñòêà òðóáî-
ïðîâîäà â ôîðìå ïàññèâíîãî ÷åòûð¸õïîëþñíèêà
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Õàðàêòåðèñòè÷åñêàÿ ÷àñòîòà:
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Ãðàíè÷íàÿ ÷àñòîòà, ðàçäåëÿþùàÿ íèçêî÷àñ-
òîòíóþ è âûñîêî÷àñòîòíóþ ìîäåëè, îïðåäåëÿåòñÿ
âûðàæåíèåì

ãðàí .4 νω ω=

Ïîñòîÿííàÿ ðàñïðîñòðàíåíèÿ âîëíîâîãî ïðî-
öåññà è âîëíîâîå ñîïðîòèâëåíèå äëÿ íèçêî÷àñ-
òîòíîé ìîäåëè:
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Ïîñòîÿííàÿ ðàñïðîñòðàíåíèÿ âîëíîâîãî ïðî-
öåññà è âîëíîâîå ñîïðîòèâëåíèå äëÿ âûñîêî÷à-
ñòîòíîé ìîäåëè:
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Îïðåäåëåíèå àìïëèòóäíîé õàðàêòåðèñòèêè
ó÷àñòêà çîíäà îò âõîäà äî ñå÷åíèÿ óñòàíîâêè
äàò÷èêà äëÿ çàäàííîé ÷àñòîòû íà÷èíàåòñÿ ñ ïîñ-
ëåäíåãî ó÷àñòêà è ïðîâîäèòñÿ â ñëåäóþùåé ïîñ-
ëåäîâàòåëüíîñòè.

1. Èíòåðïîëÿöèÿ çàêîíà ðàñïðåäåëåíèÿ òåì-
ïåðàòóðû.

2. Ðàñ÷¸ò ñâîéñòâ ðàáî÷åé ñðåäû.
3. Ðàñ÷¸ò âõîäíûõ èìïåäàíñîâ âî âñåõ ñå÷å-

íèÿõ ñîãëàñóþùåãî òðóáîïðîâîäà, íà÷èíàÿ ñ ïîñ-
ëåäíåãî; ðàñ÷¸ò àìïëèòóäíûõ õàðàêòåðèñòèê âñåõ
ó÷àñòêîâ.

4. Ðàñ÷¸ò èìïåäàíñîâ ïîëîñòè äàò÷èêà è êà-
íàëà àäàïòåðà; ðàñ÷¸ò âõîäíîãî èìïåäàíñà â ñå-
÷åíèè óñòàíîâêè äàò÷èêà.

5. Ðàñ÷¸ò âõîäíûõ èìïåäàíñîâ âî âñåõ ñå÷å-
íèÿõ âîëíîâîäà, íà÷èíàÿ ñ ïîñëåäíåãî; îïðåäå-
ëåíèå àìïëèòóäíûõ õàðàêòåðèñòèê âñåõ ó÷àñòêîâ.

6. Ðàñ÷¸ò àìïëèòóäíîé õàðàêòåðèñòèêè ó÷àñ-
òêà çîíäà îò âõîäà äî ñå÷åíèÿ óñòàíîâêè äàò÷è-
êà ïîñëåäîâàòåëüíûì óìíîæåíèåì àìïëèòóäíûõ
õàðàêòåðèñòèê îòäåëüíûõ ó÷àñòêîâ.

Ðèñ. 4. Ýêâèâàëåíòíàÿ ðàñ÷¸òíàÿ ñõåìà àêóñòè÷åñêîãî çîíäà
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Äëÿ ïîëó÷åíèÿ àìïëèòóäíî-÷àñòîòíîé õàðàê-
òåðèñòèêè äàííûé ðàñ÷¸ò ïðîâîäèòñÿ äëÿ âñåãî
çàäàííîãî ÷àñòîòíîãî äèàïàçîíà ñ çàäàííûì
øàãîì ïî ÷àñòîòå.

Âàëèäàöèÿ ðàçðàáîòàííîé
ìàòåìàòè÷åñêîé ìîäåëè

Â ñâÿçè ñ òåì ÷òî â îòêðûòîé ïå÷àòè íå óäà-
ëîñü íàéòè ðåçóëüòàòû ýêñïåðèìåíòàëüíûõ èññëå-
äîâàíèé ÷àñòîòíûõ õàðàêòåðèñòèê çîíäîâ ïðè
ðàçëè÷íûõ çàêîíàõ ðàñïðåäåëåíèÿõ òåìïåðàòóðû
ïî äëèíå, äëÿ ïîäòâåðæäåíèÿ àäåêâàòíîñòè ðàç-
ðàáîòàííîé ìîäåëè áûëî ïðîâåäåíî ñðàâíåíèå ñ
ýêñïåðèìåíòàëüíûìè äàííûìè ïðè ïîâûøåííîì
äàâëåíèè, ïðèâåä¸ííûìè â [20]. Ïàðàìåòðû çîí-
äà: âîëíîâîä ñ äèàìåòðîì 6 ìì è äëèíîé 730 ìì,
êîððåêòèðóþùèé ýëåìåíò – òðóáîïðîâîä äèàìåò-
ðîì 6 ìì è äëèíîé 20 ì, çàãëóøåííûé ñî ñâîáîä-
íîãî êîíöà. Èñïûòàíèÿ ïðîâîäèëèñü ïðè äàâëå-
íèè 13,5 êãñ/ñì2 è òåìïåðàòóðå 295 K. Ðåçóëüòà-
òû ñðàâíåíèÿ ïðèâåäåíû íà ðèñ. 5.

Ñðàâíåíèå äàííûõ, ïîëó÷åííûõ ñ ïîìîùüþ
ðàçðàáîòàííîé ìîäåëè, ñ ýêñïåðèìåíòàëüíûìè
äàííûìè ïîêàçàëî èõ õîðîøóþ ñõîäèìîñòü. Êî-
ëè÷åñòâåííûå ðàçëè÷èÿ ìîãóò áûòü îáúÿñíåíû
òåì, ÷òî èñïîëüçóåìàÿ ìîäåëü ðåçîíàòîðà Ãåëüì-

ãîëüöà íå ó÷èòûâàåò âëèÿíèÿ ôîðìû ïîëîñòè íà
÷àñòîòíûå õàðàêòåðèñòèêè ðåçîíàòîðà. Äàëüíåé-
øèå ðàáîòû áóäóò íàïðàâëåíû íà ïîëó÷åíèå ýê-
ñïåðèìåíòàëüíûõ äàííûõ â ñîñòàâå êàìåðû ñãî-
ðàíèÿ.

Âûâîäû

Â äàííîé ðàáîòå ïðèâåäåíû ðåçóëüòàòû ðàç-
ðàáîòêè ìàòåìàòè÷åñêîé ìîäåëè äëÿ ðàñ÷¸òà ÷à-
ñòîòíûõ õàðàêòåðèñòèê àêóñòè÷åñêîãî çîíäà ïðè
ïðîèçâîëüíîì ðàñïðåäåëåíèè òåìïåðàòóðû ïî åãî
äëèíå. Â ðàáîòå ðàññìàòðèâàåòñÿ çîíä ñ êîððåê-
òèðóþùèì ýëåìåíòîì â âèäå ñîãëàñóþùåãî òðó-
áîïðîâîäà. Ïðè ðàçðàáîòêå åãî ìàòåìàòè÷åñêîé
ìîäåëè áûë ïðèìåí¸í èìïåäàíñíûé ìåòîä. Âîë-
íîâîä è ñîãëàñóþùèé òðóáîïðîâîä áûëè ïðåä-
ñòàâëåíû â âèäå ó÷àñòêîâ îäèíàêîâîé äëèíû, â
ïðåäåëàõ êàæäîãî èç êîòîðûõ òåìïåðàòóðà ïðè-
íèìàëàñü ïîñòîÿííîé. Ðåçóëüòàòû, ïîëó÷åííûå ñ
ïîìîùüþ ðàçðàáîòàííîé ìàòåìàòè÷åñêîé ìîäå-
ëè, ñðàâíèâàëèñü ñ ýêñïåðèìåíòàëüíûìè äàííû-
ìè, ïîëó÷åííûìè ïðè ïîâûøåííîì äàâëåíèè.
Ñðàâíåíèå ðàñ÷¸òíûõ è ýêñïåðèìåíòàëüíûõ äàí-
íûõ ïîêàçàëî èõ õîðîøóþ ñõîäèìîñòü.

Ðèñ. 5. Ñðàâíåíèå ðàñ÷¸òíûõ è ýêñïåðèìåíòàëüíûõ äàííûõ
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