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Àííîòàöèÿ

Ýòà ðàáîòà ðàññìàòðèâàåò èñïîëüçîâàíèå àáñîðáöèîííûõ ãëóøèòåëåé ñ ïëàñòèíàìè ïåðåìåííîãî

ñå÷åíèÿ â èçãèáàõ ãàçîâîçäóõîïðîâîäîâ äëÿ ñíèæåíèÿ øóìà. Èññëåäîâàíèå ñîñðåäîòî÷åíî íà àíàëèçå

ýôôåêòèâíîñòè ýòèõ ãëóøèòåëåé, äåòàëüíîì îïèñàíèè ìåòîäîâ ÷èñëåííîãî ìîäåëèðîâàíèÿ, âûïîëíåííîãî

â ïðîãðàììå ANSYS. Áûëè èçó÷åíû ÷åòûðå êîíôèãóðàöèè ïðÿìîãî ñêðóãëåííîãî ïîâîðîòà êàíàëà

êâàäðàòíîãî ñå÷åíèÿ, â òîì ÷èñëå ðàññìîòðåíû ïîâîðîò ñ ïëàñòèíîé, îáëèöîâêîé ïîâîðîòà, ñ ïëàñòèíîé

è îáëèöîâêîé ïîâîðîòà. Áûëè ïðîâåäåíû âåðèôèêàöèÿ è âàëèäàöèÿ ìîäåëåé. Ïîëó÷åíî, ÷òî ñíèæåíèå

óðîâíÿ øóìà ïðè óñòàíîâêå ïëàñòèíû íà ïîâîðîòå ñîñòàâëÿåò 5-7,3 äÁ (äîïîëíèòåëüíîå ñíèæåíèå

1,2-3,8 äÁ), à êîýôôèöèåíò àýðîäèíàìè÷åñêîãî ñîïðîòèâëåíèÿ óìåíüøàåòñÿ â 5,1 ðàç. Ïðè ïîâîðîòå ñ

îáëèöîâêîé è ïëàñòèíîé àýðîäèíàìè÷åñêîå ñîïðîòèâëåíèå óìåíüøàåòñÿ ïî÷òè â 3 ðàçà (ñ 91 äî 30 Ïà) ïî

ñðàâíåíèþ ñî ñâîáîäíûì ïîâîðîòîì, ïðè ýòîì çàòóõàíèå øóìà âîçðàñòàåò íà 3-8 äÁ.
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Abstract

This work investigates the use of absorption silencers with variable-section plates in bends within gas

and air ducts to reduce noise. The research focuses on analyzing the e�ectiveness of these silencers, detailing the

numerical modeling methods implemented in ANSYS. Four con�gurations of a square-section channel's direct

rounded bend were studied, including a bend with a plate, a bend lining, and a bend with a plate and lining.

Model veri�cation and validation were performed. It was found that the noise level reduction when installing

a plate on a bend is 5-7.3 dB (an additional reduction of 1.2-3.8 dB), and the aerodynamic drag coe�cient

decreases by 5.1 times. When turning with a lining and a plate, the aerodynamic drag decreases almost 3 times

(from 91 to 30 Pa) compared to a free bend, while noise attenuation increases by 3-8 dB.

Keywords: aerodynamic resistance, noise reduction, duct silencer, Miki impedance, ANSYS Fluent,

ANSYS Harmonic Acoustics

*E-mail: Tupovvb@mail.ru (Òóïîâ Â.Á)



Òóïîâ Â.Á., Ïàâëîâ Ä.À.

Ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå çàòóõàíèÿ øóìà è àýðîäèíàìè÷åñêîãî ñîïðîòèâëåíèÿ íà ïîâîðîòå 14

Ââåäåíèå

Øóìîâîå çàãðÿçíåíèå îò îáîðóäîâàíèÿ òåïëîâûõ ýëåêòðîñòàíöèé, â ÷àñòíîñòè
îò ñèñòåì ãàçîâîçäóõîïðîâîäîâ (âåíòèëÿòîðû, äûìîñîñû, êîìïðåññîðû), ïðåäñòàâëÿåò
ñåðüåçíóþ ýêîëîãè÷åñêóþ ïðîáëåìó [1]. Ýôôåêòèâíîå ñíèæåíèå øóìà, îñîáåííî â
íèçêî÷àñòîòíîì äèàïàçîíå (<300 Ãö), òðàäèöèîííûìè ìåòîäàìè çàòðóäíåíî èç-çà
ãàáàðèòíûõ îãðàíè÷åíèé è âûñîêèõ òðåáîâàíèé ê ìèíèìèçàöèè ãèäðàâëè÷åñêèõ ïîòåðü
[2, 3]. Èíòåãðàöèÿ àáñîðáöèîííûõ ãëóøèòåëåé ñ ïëàñòèíàìè ïåðåìåííîãî ñå÷åíèÿ (ÏÏÑ)
â ïîâîðîòû ÃÂÏ ÿâëÿåòñÿ ïåðñïåêòèâíûì ðåøåíèåì, ïîçâîëÿþùèì èñïîëüçîâàòü
åñòåñòâåííîå ðàñøèðåíèå ïîòîêà äëÿ ðàçìåùåíèÿ øóìîãëóøàùèõ ýëåìåíòîâ áåç
çíà÷èòåëüíîãî óâåëè÷åíèÿ ñîïðîòèâëåíèÿ. Öåëüþ äàííîé ðàáîòû ÿâëÿåòñÿ àíàëèç
ýôôåêòèâíîñòè òàêèõ ãëóøèòåëåé, äåòàëèçàöèÿ ìåòîäèê èõ ÷èñëåííîãî ìîäåëèðîâàíèÿ è
âåðèôèêàöèè.

1 Ìàòåìàòè÷åñêèå ìîäåëè è ìåòîäîëîãèÿ ðàñ÷åòà

Èññëåäîâàëèñü ÷åòûðå êîíôèãóðàöèè 90 ïîâîðîòà ãàçîâîçäóõîïðîâîäà êâàäðàòíîãî
ñå÷åíèÿ ñî ñòîðîíàìè 4 ì (ðèñóíîê 1):

à) áàçîâûé âàðèàíò (ñâîáîäíûé ïîâîðîò),

á) ñ îáëèöîâêîé ïîâîðîòà,

â) ãëóøèòåëü ñ ïëàñòèíîé ïåðåìåííîãî ñå÷åíèÿ â ïîâîðîòå,

ã) êîìáèíèðîâàííîå ðåøåíèå ñ ïðèìåíåíèåì ÏÏÑ è îáëèöîâêè.

1 � ïëàñòèíà, çàïîëíåííàÿ çâóêîïîãëîùàþùèì ìàòåðèàëîì; 2 � âõîäíûå öèëèíäðè÷åñêèå
îáòåêàòåëè; âûõîäíûå êëèíîâèäíûå îáòåêàòåëè; 3 � âûõîäíûå êëèíîâèäíûå îáòåêàòåëè.

Ðèñóíîê 1 � Ìîäåëü ãëóøèòåëÿ øóìà â ïîâîðîòå

Ãëóøèòåëü, ðèñóíîê êîòîðîãî ïðåäñòàâëåí íà ðèñóíêå 1, ïðåäñòàâëÿåò ñîáîé
ïðîôèëèðîâàííóþ ïëàñòèíó, óñòàíîâëåííóþ âäîëü ïîòîêà âíóòðè ïîâîðîòà ÃÂÏ.
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Ïëàñòèíà ïåðåìåííîãî ñå÷åíèÿ óñòàíàâëèâàåòñÿ âíóòðè ïîâîðîòà. Íà÷àëî ïëàñòèíû
ñîâïàäàåò ñ âõîäîì ïîâîðîòà, òîëùèíà ïëàñòèíû íà âõîäå 200 ìì, ïî íàïðàâëåíèþ
äâèæåíèþ ïîòîêà, òîëùèíà ïëàñòèíû óìåíüøàåòñÿ, è, íà âûõîäå èç ïîâîðîòà, ñîñòàâëÿåò
100 ìì. Ïåðåìåííîå ñå÷åíèå êàíàëà îáåñïå÷èâàåò ïëàâíîå èçìåíåíèå àêóñòè÷åñêîãî
èìïåäàíñà, ïîâûøàÿ ýôôåêòèâíîñòü ïîãëîùåíèÿ íà ðàçíûõ ÷àñòîòàõ. [5, 6]. Ïëàñòèíà
èçãîòàâëèâàåòñÿ èç êîððîçèîííîñòîéêîé ñòàëè, òîëùèíà 0,8-1,5 ìì, ïåðôîðàöèÿ 20-40 %
(Ø 2-6 ìì). Çâóêîïîãëîòèòåëü � áàçàëüòîâàÿ âàòà ïëîòíîñòüþ 80 êã/ì3 [4].

2 Àýðîäèíàìè÷åñêàÿ ìîäåëü (ANSYS Fluent) [5]:

Äëÿ àýðîäèíàìè÷åñêîé ìîäåëè ANSYS Fluent èñïîëüçóþòñÿ:

1) óðàâíåíèÿ: RANS ñ ìîäåëüþ òóðáóëåíòíîñòè k-ω SST,

2) ãðàíè÷íûå óñëîâèÿ:

- âõîä: Velocity Inlet (15 ì/ñ, òóðáóëåíòíàÿ èíòåíñèâíîñòü 5 %),

- âûõîä: Pressure Outlet (0 Ïà),

- ñòåíêè: No-Slip (ñòàëü), àäèàáàòè÷åñêèå,

- ìèíåðàëüíàÿ âàòà: Porous Zone,

- øåðîõîâàòîñòü ñòåíîê êàíàëà (5 ìêì),

3) ìåòîä ðåøåíèÿ: Àëãîðèòì SIMPLE, äèñêðåòèçàöèÿ 2-ãî ïîðÿäêà.

3 Àêóñòè÷åñêàÿ ìîäåëü (ANSYS Harmonic Acoustics) [6]:

Äëÿ àêóñòè÷åñêîé ìîäåëè ANSYS Harmonic Acoustics èñïîëüçóþòñÿ:

1) èñòî÷íèê: Ïëîñêàÿ âîëíà (1 Ïà) íà âõîäå,

2) ãðàíè÷íûå óñëîâèÿ:

- âûõîä: Radiation Boundary,

- ñòàëü: Hard Boundary (Z → ∞),

- ìèíåðàëüíàÿ âàòà: Impedance Boundary (ìîäåëü Miki (ôîðìóëà 1)) [7-9]:

Z (f) = ρ0c0

[
1 + 0,070

(
f

σ

)−0,725

− i · 0,127
(
f

σ

)−0,655
]
, (1)

ãäå Z (f) � àêóñòè÷åñêèé èìïåäàíñ, êã/(ì2ñ); f � ÷àñòîòà, Ãö; σ = 10000 �
ñòàòè÷åñêèé ïîòîêîâûé êîýôôèöèåíò ñîïðîòèâëåíèÿ, êã/(ì2ñ); ρ0 = 1,225 � ïëîòíîñòü
âîçäóõà, êã/ì3; c0 = 343 � ñêîðîñòü çâóêà â âîçäóõå, ì/ñ.

3) äèàïàçîí ÷àñòîò: ñðåäíåãåîìåòðè÷åñêèå ÷àñòîòû 31,5�8000 Ãö.

4 Âåðèôèêàöèÿ è âàëèäàöèÿ

Ïåðåä âûïîëíåíèåì ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ áûë âûïîëíåí ñåòî÷íûé
àíàëèç, âî èçáåæàíèå òîãî, ÷òîáû ðàçìåð ñåòêè íå âëèÿë íà ðåçóëüòàòû ìîäåëèðîâàíèÿ.
Â èòîãå ðàçíèöà ìåæäó ñåòî÷íûìè ìîäåëÿìè íå ïðåâûøàåò 1%. Èòåðàòèâíîå ðåøåíèå
çàäà÷è ÷èñëåííîãî ìîäåëèðîâàíèÿ äëÿ àýðîäèíàìè÷åñêèõ ðàñ÷åòîâ ïðîâîäèëîñü äî òåõ
ïîð, ïîêà íå áóäåò äîñòèãíóòà ñõîäèìîñòü çàäà÷è. Àáñîëþòíûå íåâÿçêè ïåðåìåííûõ
äëÿ âñåõ óðàâíåíèé äîñòèãàþò çíà÷åíèé íèæå 10−4 [10]. Ïîëó÷åííûå ðåçóëüòàòû
ìîäåëèðîâàíèÿ ïî îïðåäåëåíèþ àýðîäèíàìè÷åñêîãî ñîïðîòèâëåíèÿ äëÿ ñâîáîäíîãî
ïîâîðîòà áûëè ïðîâåðåíû ñ ðåçóëüòàòàìè, ïîëó÷åííûìè ïî ôîðìóëàì, ïðèâåäåííûì â
ñïðàâî÷íèêå Èäåëü÷èêà (ôîðìóëû 2-4). [3],

ζ =
A2

Re
+ ζì + ζòð, (2)
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ζ = A1 ·B1 · C1, (3)

ζòð = 0,0175 · δ · λ · R0

Dã

, (4)

ãäå A1, B1, C1, A2 � êîýôôèöèåíòû, çàâèñÿùèå îò ãåîìåòðè÷åñêèõ ïàðàìåòðîâ
îòâîäà; Re � ÷èñëî Ðåéíîëüäñà; δ � óãîë ïîâîðîòà; λ � êîýôôèöèåíò ñîïðîòèâëåíèÿ òðåíèÿ;
R0 � ðàäèóñ çàêðóãëåíèÿ îñåâîé ëèíèè, ì; Dã � ãèäðàâëè÷åñêèé äèàìåòð, ì; ζ, ζì, ζòð �
êîýôôèöèåíòû ñîïðîòèâëåíèÿ îáùèé, ìåñòíûé, òðåíèÿ ñîîòâåòñòâåííî.

Ðåçóëüòàòû ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ ïî îïðåäåëåíèþ çàòóõàíèÿ øóìà
ñâîáîäíîãî ïîâîðîòà ñðàâíèâàëèñü ñî ñïðàâî÷íûìè äàííûìè [11].

Òàáëèöà 1 � Çíà÷åíèÿ çàòóõàíèÿ øóìà â ïðÿìîì ñêðóãëåííîì ñâîáîäíîì ïîâîðîòå [11]

Èñòî÷íèê

Ñíèæåíèå ÓÇÌ, äÁ, â îêòàâíûõ ïîëîñàõ ñî
ñðåäíåãåîìåòðè÷åñêèìè ÷àñòîòàìè, Ãö

31,5 63 125 250 500 1000 2000 4000 8000

[11] 2,0 3,0 3,0 3,0 3,0 3,0 3,0 3,0 3,0

5 Ðåçóëüòàòû ìîäåëèðîâàíèÿ

Ðåçóëüòàòû ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ ïî îïðåäåëåíèþ çàòóõàíèÿ øóìà è
àýðîäèíàìè÷åñêîãî ñîïðîòèâëåíèÿ ïîâîðîòà ðàçëè÷íûõ êîíôèãóðàöèé ïðåäñòàâëåíû
â òàáëèöàõ 2, 3 ñîîòâåòñòâåííî, èç êîòîðûõ âèäíî, ÷òî èìååòñÿ óäîâëåòâîðèòåëüíàÿ
ñõîäèìîñòü ïîëó÷åííûõ çíà÷åíèé â ïðÿìîì ñêðóãëåííîì ñâîáîäíîì ïîâîðîòå çàòóõàíèÿ
øóìà ñ ýêñïåðèìåíòàëüíûìè äàííûìè, ïðåäñòàâëåííûå â òàáëèöå 1, à òàêæå
àýðîäèíàìè÷åñêîãî ñîïðîòèâëåíèÿ, ðàññ÷èòàííîãî ïî ôîðìóëàì 2-4. Â òàáëèöå 2 â
ñêîáêàõ óêàçàíû çíà÷åíèÿ äîïîëíèòåëüíîãî ñíèæåíèÿ óðîâíÿ øóìà, äÁ, ïî ñðàâíåíèþ ñ
áàçîâîé êîíôèãóðàöèåé (ñâîáîäíûé ïîâîðîò), äëÿ ñâîáîäíîãî ïîâîðîòà ñ ïëàñòèíîé, äëÿ
ñâîáîäíîãî ïîâîðîòà ñ îáëèöîâêîé, äëÿ ñâîáîäíîãî ïîâîðîòà ñ îáëèöîâêîé è ïëàñòèíîé.

Òàáëèöà 2 � Çàòóõàíèÿ óðîâíÿ øóìà íà ïðÿìîì ïîâîðîòå, äÁ, ïî ðåçóëüòàòàì
ìîäåëèðîâàíèÿ

f, Ãö
Ñâîáîäíûé
ïîâîðîò

Ñâîáîäíûé
ïîâîðîò ñ
ïëàñòèíîé

Ñâîáîäíûé ïîâîðîò
ñ îáëèöîâêîé

Ñâîáîäíûé ïîâîðîò ñ
îáëèöîâêîé è ïëàñòèíîé

31,5 2,6 5,7 (3,1) 4,5 (1,9) 6,6 (4)
63 3,0 5,3 (2,3) 5,9 (2,9) 6,3 (3,3)
125 3,6 7,4 (3,8) 6,6 (3) 11,2 (7,6)
250 3,8 5,7 (1,9) 6,9 (3,1) 8,0 (4,2)
500 4,1 6,2 (2,1) 6,8 (2,7) 8,5 (4,4)
1000 3,9 6,3 (2,4) 6,4 (2,5) 7,7 (3,9)
2000 3,8 5,1 (1,3) 6,0 (2,2) 6,6 (2,9)
4000 3,5 4,9 (1,4) 5,6 (2,1) 6,2 (2,7)
8000 3,4 4,6 (1,2) 5,3 (1,9) 6,0 (2,6)

Èç òàáëèöû 3 âèäíî, ÷òî ïðè óñòàíîâêå ïëàñòèíû ïåðåìåííîãî ñå÷åíèÿ â ïîâîðîòå,
àýðîäèíàìè÷åñêîå ñîïðîòèâëåíèå ñíèæàåòñÿ ïî ñðàâíåíèþ ñî ñâîáîäíûì ïîâîðîòîì
ïðèìåðíî â 5 ðàç (ñ 91 äî 18 Ïà), çà ñ÷åò óìåíüøåíèÿ çîíû âèõðåîáðàçîâàíèÿ,
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Òàáëèöà 3 � Àýðîäèíàìè÷åñêîå ñîïðîòèâëåíèå â ïîâîðîòå ïî ðåçóëüòàòàì ìîäåëèðîâàíèÿ

Ïàðàìåòð
Ñâîáîäíûé
ïîâîðîò

Ñâîáîäíûé
ïîâîðîò ñ
ïëàñòèíîé

Ñâîáîäíûé
ïîâîðîò ñ
îáëèöîâêîé

Ñâîáîäíûé ïîâîðîò ñ
îáëèöîâêîé è ïëàñòèíîé

∆P, Ïà 91 18 102 30
ζ 0,66 0,13 0,74 0,22

Ðèñóíîê 2 � Ïîëå ñêîðîñòåé â ïîâîðîòå äî óñòàíîâêè ïëàñòèíû

Ðèñóíîê 3 � Ïîëå ñêîðîñòåé â ïîâîðîòå ïîñëå óñòàíîâêè ïëàñòèíû
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îáðàçóþùåéñÿ ó âíóòðåííåé ñòåíêè êàíàëà, à òàêæå âûðàâíèâàíèÿ ïîëåé ñêîðîñòåé ïîñëå
ïîâîðîòà. Ýòî âèäíî èç ðèñóíêîâ 2 è 3, íà êîòîðûõ ïðåäñòàâëåíû ïîëÿ ñêîðîñòåé äî è
ïîñëå óñòàíîâêè ïëàñòèíû ñîîòâåòñòâåííî. Ïðè óñòàíîâêå îáëèöîâêè, àýðîäèíàìè÷åñêîå
ñîïðîòèâëåíèå âîçðàñòàåò çà ñ÷åò ðîñòà ñêîðîñòè ïîòîêà èç-çà óìåíüøåíèÿ ïðîõîäíîãî
ñå÷åíèÿ êàíàëà. Ïðè êîìáèíèðîâàííîì âàðèàíòå, êîãäà â ïîâîðîòå èìååò ìåñòî îáëèöîâêà
è ïëàñòèíà àýðîäèíàìè÷åñêîå ñîïðîòèâëåíèå óìåíüøàåòñÿ ïî÷òè â 3 ðàçà (ñ 91 äî 30 Ïà)
ïî ñðàâíåíèþ ñî ñâîáîäíûì ïîâîðîòîì, ïðè ýòîì çàòóõàíèå øóìà âîçðàñòàåò íà 3-8 äÁ.

Çàêëþ÷åíèå

Ïî ðåçóëüòàòàì ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ ïî îïðåäåëåíèþ çàòóõàíèÿ
øóìà è àýðîäèíàìè÷åñêîãî ñîïðîòèâëåíèÿ ïîâîðîòà ðàçëè÷íûõ êîíôèãóðàöèé ñäåëàíû
ñëåäóþùèå âûâîäû:

1. Óñòàíîâêà ïëàñòèíû ïåðåìåííîãî ñå÷åíèÿ íà ïîâîðîòàõ ïðåäñòàâëÿåòñÿ
ïåðñïåêòèâíûì äëÿ ñíèæåíèÿ àýðîäèíàìè÷åñêîãî ñîïðîòèâëåíèÿ è ñíèæåíèÿ óðîâíÿ
çâóêîâîé ìîùíîñòè â ýíåðãåòè÷åñêèõ ãàçîâîçäóõîïðîâîäàõ.

2. Ñíèæåíèå óðîâíÿ øóìà ïðè óñòàíîâêå ïëàñòèíû íà ïîâîðîòå ñîñòàâëÿåò 5-7,3 äÁ
(äîïîëíèòåëüíîå ñíèæåíèå 1,2-3,8 äÁ), à êîýôôèöèåíò àýðîäèíàìè÷åñêîãî ñîïðîòèâëåíèÿ
óìåíüøàåòñÿ â 5,1 ðàç.

3. Ñíèæåíèå óðîâíÿ øóìà ïðè îáëèöîâêå ïîâîðîòà ñîñòàâëÿåò 4,5-6,8 äÁ.
(äîïîëíèòåëüíîå ñíèæåíèå 1,9-3,1 äÁ), à êîýôôèöèåíò àýðîäèíàìè÷åñêîãî ñîïðîòèâëåíèÿ
óâåëè÷èâàåòñÿ â 1,12 ðàç.

4. Ïðè ïîâîðîòå ñ îáëèöîâêîé è ïëàñòèíîé àýðîäèíàìè÷åñêîå ñîïðîòèâëåíèå
óìåíüøàåòñÿ ïî÷òè â 3 ðàçà (ñ 91 äî 30 Ïà) ïî ñðàâíåíèþ ñî ñâîáîäíûì ïîâîðîòîì,
ïðè ýòîì çàòóõàíèå øóìà âîçðàñòàåò íà 3-8 äÁ. Ïðè ýòîì äîïîëíèòåëüíîå çàòóõàíèÿ
øóìà íà ñðåäíåãåîìåòðè÷åñêîé ÷àñòîòå 125 Ãö óâåëè÷èâàåòñÿ äî 7,6 äÁ ïî ñðàâíåíèþ ñî
ñâîáîäíûì ïîâîðîòîì.
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