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Àííîòàöèÿ

Îïèñàí íîâûé ïîäõîä â ðàñ÷¼òàõ ýôôåêòèâíîñòè øóìîçàùèòíûõ ýêðàíîâ (ØÝ), îñíîâàííûé

íà ïðèíöèïå ïîñëåäîâàòåëüíîãî ïðåîáðàçîâàíèÿ çâóêîâûõ ïîëåé ïðè íàëè÷èè ØÝ. Ïîëó÷åíà ôîðìóëà

ðàñ÷¼òà, â êîòîðîé ó÷èòûâàåòñÿ: ðàñïîëîæåíèå ØÝ â ïðîñòðàíñòâå, âûñîòà ØÝ, çâóêîïîãëîùàþùèå

ñâîéñòâà ýêðàíà è îïîðíîé ïîâåðõíîñòè. Äëÿ óâåëè÷åíèÿ òî÷íîñòè ðàñ÷¼òîâ ââåäåíî ïîíÿòèå

ïîêàçàòåëÿ äèôðàêöèè ØÝ (ÏÄ = 10 log
1

βäèôð
, βäèôð � êîýôôèöèåíò äèôðàêöèè ýêðàíà).

Âûïîëíåíû òåîðåòè÷åñêèå, à òàêæå ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ àêóñòè÷åñêîé ýôôåêòèâíîñòè.

Ýêñïåðèìåíòàëüíî îïðåäåë¼í ïîêàçàòåëü äèôðàêöèè ØÝ. Ïðîâåðêà ïðåäëîæåííîãî ìåòîäà ðàñ÷¼òà

ïðîâåäåíà íà ñòåíäå è â íàòóðíûõ óñëîâèÿõ (âñåãî áûëî èñïûòàíî áîëåå 50 àêóñòè÷åñêèõ ýêðàíîâ).

Ýêñïåðèìåíòàëüíàÿ ïðîâåðêà íå óòâåðäèëà áîëåå âûñîêóþ òî÷íîñòü ðàñ÷¼òîâ ïî ñðàâíåíèþ ñ

èñïîëüçóåìîé â ðàñ÷¼òàõ îïòèêî-äèôðàêöèîííîé òåîðèåé.

Êëþ÷åâûå ñëîâà: øóìîçàùèòà, äèôðàêöèÿ, çâóêîïîãëîùåíèå, çâóêîèçîëÿöèÿ, àêóñòè÷åñêàÿ

ýôôåêòèâíîñòü.
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Abstract

A new approach to calculating the e�ciency of noise barriers (NB) based on the principle of sequential

sound �eld transformation subject to NB availability is described. The calculation formula is obtained, which

takes into account: the location of the NB in the space, the NB height, sound-absorbing properties of the barrier

and the reference surface. To increase the accuracy of calculations, the concept of the NB di�raction index (DI) is

introduced (DI = 10 log
1

βdi�r
, βdi�r is the barrier di�raction coe�cient). Theoretical and experimental studies

of acoustic e�ciency were performed. The NB di�raction index was determined experimentally. The proposed

calculation method was tested on a stand and in full-scale conditions (more than 50 acoustic barriers were tested
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in total). The experimental veri�cation did not con�rm a higher accuracy of calculations in comparison with

the optical-di�raction theory used in calculations.

Keywords: noise protection, di�raction, sound absorption, sound insulation, acoustic e�ciency.

Ââåäåíèå

Äëÿ ðàñ÷¼òîâ ýôôåêòèâíîñòè øèðîêî èñïîëüçóþòñÿ ïîëó÷åííûå Ä. Ìàåêàâîé
è Ó. Êóðöå ôîðìóëû, îñíîâàííûå íà òåîðèè äèôðàêöèè Êèðõãîôà - Ôðåíåëÿ, ãäå
îñíîâíûì ïîêàçàòåëåì ñëóæèò ÷èñëî Ôðåíåëÿ (N). ×èñëî Ôðåíåëÿ ïîêàçûâàåò ðàçíîñòü
õîäà çâóêîâûõ ëó÷åé â ïðèñóòñòâèè øóìîçàùèòíîãî ýêðàíà (ØÝ) [1-3]. Îòìåòèì, ÷òî
ôóíäàìåíòàëüíàÿ òåîðèÿ äèôðàêöèè ðàçðàáàòûâàëàñü äëÿ çàäà÷ îïòèêè, ãäå äëèíû âîëí
î÷åíü ìàëû ïî ñðàâíåíèþ ñ ðàçìåðîì ïðåïÿòñòâèÿ è ðàññòîÿíèåì ìåæäó èñòî÷íèêîì
è ðàñ÷¼òíîé òî÷êîé. Ïîýòîìó èñïîëüçóåìàÿ äëÿ ðàñ÷¼òîâ ýêðàíîâ òåîðèÿ ïîëó÷èëà
íàçâàíèå îïòèêî � äèôðàêöèîííîé.

Ðèñ. 1. Ñõåìà äèôðàêöèè íà òîíêîì ÀÝ (à)
1 � èñòî÷íèê øóìà; 2 � ïëîñêèé (òîíêèé) ÀÝ; 3 � ðàñ÷åòíàÿ òî÷êà;

4 - îïîðíàÿ ïîâåðõíîñòü

Îòìåòèì íåñêîëüêî íåäîñòàòêîâ ýòîãî ïîäõîäà. Íà ðèñ. 1 ïðèâåäåíà ðàñ÷¼òíàÿ
ñõåìà ØÝ, ãäå À � ðàññòîÿíèå îò èñòî÷íèêà øóìà (ÈØ) äî ñâîáîäíîãî ðåáðà (âåðøèíû)
ØÝ, Â � ðàññòîÿíèå îò âåðøèíû ØÝ äî ðàñ÷¼òíîé òî÷êè (ÐÒ). Ýòè ðàññòîÿíèÿ
è îïðåäåëÿþò ýôôåêòèâíîñòü ØÝ. Íåòðóäíî îòìåòèòü, ÷òî ïðè ýòîì ïîäõîäå çâóê
ñðàçó ïîïàäàåò íà âåðøèíó ØÝ, êàê áû ¾íå çàìå÷àÿ¿ íè îïîðíîé ïîâåðõíîñòè,
íè ñàìîãî ýêðàíà ñ åãî çâóêîïîãëîùàþùèìè èëè îòðàæàþùèìè ñâîéñòâàìè. Ñàì
ýêðàí ïðèíèìàåòñÿ áåñêîíå÷íûì è çâóêîíåïðîíèöàåìûì, à ÈØ � òî÷å÷íûì. Ýòî íå
ñîîòâåòñòâóåò áîëåå ñïëîøíîé ôèçè÷åñêîé êàðòèíêå îáðàçîâàâøèõ çâóêîâûõ ïîëåé
â ïðèñóòñòâèè ØÝ. Â ñâÿçè ñ ýòèì îòìå÷åíî, ÷òî ìåòîäû ðàñ÷¼òîâ, áàçèðóþùèåñÿ
íà îïòèêî�äèôðàêöèîííîé òåîðèè, äàþò, êàê ïðàâèëî, âåñüìà çàâûøåííûå çíà÷åíèÿ
ýôôåêòèâíîñòè ØÝ. Ïðîâåäåííûìè îäíèì èç àâòîðîâ èññëåäîâàíèÿìè áîëåå 50 ýêðàíîâ
â íàòóðíûõ óñëîâèÿõ áûëî óñòàíîâëåíî, ÷òî òîëüêî îêîëî 10% èç íèõ âûïîëíÿþò ñâîþ
îñíîâíóþ ôóíêöèþ, ò.å. ñíèæàþò øóì â ïðèëåãàþùåì æèëüå äî íîðìû.

1. Òåîðèÿ ØÝ ñ ìåòîäîì ïðåîáðàçîâàíèÿ çâóêîâûõ ïîëåé.

Òåîðèÿ ØÝ, áàçèðóþùàÿñÿ íà ïîñëåäîâàòåëüíîì ïðåîáðàçîâàíèè çâóêîâûõ ïîëåé
â ïðèñóòñòâèè ýêðàíà ðàññìîòðåíà â [4,5].
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Ïðåäñòàâèì, êàêèå â äåéñòâèòåëüíîñòè ïðîèñõîäÿò ÿâëåíèÿ, êîãäà â ñâîáîäíîì
çâóêîâîì ïîëå óñòàíîâëåí ØÝ. Ïðèìåì, ÷òî ÈØ � ëèíåéíûé: ýòà àïïðîêñèìàöèÿ
êîððåêòíà äëÿ ïîåçäîâ è àâòîòðàíñïîðòíûõ ïîòîêîâ, çàìåòèì, ÷òî îñíîâíîé èñòî÷íèê
øóìà ðàñïîëîæåí î÷åíü íèçêî (ìåñòî êîíòàêòà êîëåñà ñ ðåëüñîì èëè øèí ñ äîðîæíûì
ïîëîòíîì). Ïîýòîìó âíà÷àëå çâóê îò ÈØ âçàèìîäåéñòâóåò ñ îïîðíîé ïîâåðõíîñòüþ,
îòðàæàÿñü îò íåå èëè ÷àñòè÷íî ïîãëîùàÿñü åþ. Ýòî ÿâëåíèå ó÷èòûâàåòñÿ ìåòîäîì
ìíèìûõ èñòî÷íèêîâ, ãäå êîýôôèöèåíò çâóêîïîãëîùåíèÿ ïîâåðõíîñòè (αïîâ). Çâóê
ïðèõîäèò â íèæíþþ ÷àñòü ØÝ, à çàòåì ðàñïðîñòðàíÿåòñÿ ïî åãî ïîâåðõíîñòè. Ïðè ýòîì
íàáëþäàåòñÿ êàðòèíà, ïîêàçàííàÿ íà ðèñ 2, ãäå ïîêàçàíû ïåðåîòðàæåíèÿ çâóêà îò ØÝ è
ÈØ è îáðàòíî.

Ðèñ. 2. Ñõåìà ðàñ÷åòà ýôôåêòèâíîñòè àêóñòè÷åñêîãî ýêðàíà:
1 � èñòî÷íèê øóìà (ÈØ); 2 � àêóñòè÷åñêèé ýêðàí (ÀÝ); 3 � îáëàñòü çâóêîâîé òåíè;

4 - ðàñ÷åòíàÿ òî÷êà (ÐÒ); 5 � áëèçðàñïîëîæåííàÿ ïîâåðõíîñòü
(îòðàæàþùàÿ èëè ïîãëîùàþùàÿ)

Ïðîöåññ ðàñïðîñòðàíåíèÿ çâóêà ïî ØÝ ñâÿçàí ñ òðåìÿ ÿâëåíèÿìè:

- äèâåðãåíöèÿ çâóêà, â ðåçóëüòàòå êîòîðîé åãî èíòåíñèâíîñòü ñ óâåëè÷åíèåì
âûñîòû çàìåòíî ñíèæàåòñÿ (ýòî áûëî ýêñïåðèìåíòàëüíî ïîäòâåðæäåíî îäíèì èç àâòîðîâ);

- ïîãëîùåíèåì çâóêà àêóñòè÷åñêèìè ïàíåëÿìè ØÝ, åñëè îíè îáëàäàþò
çâóêîïîãëîùàþùèìè ñâîéñòâàìè (αýêð);

- îòðàæåíèåì çâóêà îò àêóñòè÷åñêèõ ïàíåëåé, îáëàäàþùèõ çâóêîèçîëèðóþùèìè
ñâîéñòâàìè (ÇÈýêð).

Äàëåå çâóê ðàâíîìåðíî ðàñïðåäåëÿåòñÿ ïî âåðõíåé êðîìêå (ñâîáîäíîìó ðåáðó
ØÝ), êîòîðîå, ñîãëàñíî ïðèíöèïó Ãþéãåíñà ñòàíîâèòñÿ âòîðè÷íûì èçëó÷àòåëåì
çâóêà. Ïðè ýòîì çâóê äèôðàãèðóåò ÷åðåç ñâîáîäíîå ðåáðî ØÝ (βäèôð). È, íàêîíåö,
çâóê îò âòîðè÷íîãî ëèíåéíîãî èñòî÷íèêà ñíèæàåòñÿ â ðåçóëüòàòå äèâåðãåíöèè ïðè
ðàñïðîñòðàíåíèè îò ñâîáîäíîãî ðåáðà äî ðàñ÷¼òíîé òî÷êè.

ÇÈýêð = 10 lg
1

τýêð
; (1)

τýêð =
Iïð
Iïàä

; (2)

αýêð =
Iïîãë
Iïàä

; (3)

βäèôð =
Iäèôð

Iïàä
, (4)
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ãäå Iïàä - èíòåíñèâíîñòü ïàäàþùåãî çâóêà, Âò/ì2; Iïîãë - èíòåíñèâíîñòü
ïîãëîùåííîãî çâóêà, Âò/ì2; Iïð - èíòåíñèâíîñòü ïðîøåäøåãî ÷åðåç ïàíåëü çâóêà, Âò/ì

2;
Iäèôð - èíòåíñèâíîñòü äèôðàãèðîâàííîãî çâóêà, Âò/ì

2; ÇÈýêð - çâóêîèçîëÿöèÿ ýêðàíà, äÁ;
τýêð - êîýôôèöèåíò çâóêîïðîâîäíîñòè; αýêð - êîýôôèöèåíò çâóêîïîãëîùåíèÿ; βäèôð -
êîýôôèöèåíò äèôðàêöèè.

Ðàñ÷¼ò àêóñòè÷åñêèõ ýêðàíîâ [6-10]. Äëÿ ðàñ÷¼òà èñïîëüçóåòñÿ ðàñ÷¼òíóþ ñõåìó,
ïðèâåä¼ííóþ íà ðèñ. 2.

Ïðèíÿòûå äîïóùåíèÿ:

- ÈØ ëèíåéíûé;
- äëèíà ÈØ ðàâíà äëèíå ØÝ (lýêð);
- çâóêîïîãëîùàþùèå ñâîéñòâà ïîâåðõíîñòè ìåæäó ØÝ è ÐÒ íå ó÷èòûâàþòñÿ;
- âòîðè÷íûé èñòî÷íèê øóìà â íóæíåé ÷àñòè ØÝ óñëîâíî ïðèíÿò øèðèíîé,

ðàâíîé 1 ì.;
- çâóêîèçîëÿöèÿ ØÝ ñóùåñòâåííî âûøå ýôôåêòèâíîñòè ØÝ è â ðàñ÷¼òàõ íå

ó÷èòûâàþòñÿ.

Àêóñòè÷åñêàÿ ýôôåêòèâíîñòü ØÝ ∆Lýêð, äÁ:

∆Lýêð = 10 lg
I
á/ý
ðò

I
c/ý
ðò

, (5)

ãäå I
á/ý
ðò � èíòåíñèâíîñòü çâóêà â ÐÒ áåç ØÝ, Âò/ì2; I

c/ý
ðò � ò. æ. ñ óñòàíîâëåííûì

ØÝ, Âò/ì2.

Èíòåíñèâíîñòü çâóêà îò ëèíåéíîãî ÈØ áåç ØÝ I
á/ý
ðò :

Iá/ýðò =
Wèñò

2πlýêð(R + r)
arctg

lýêð
2(R + r)

, (6)

Wèñò � àêóñòè÷åñêàÿ ìîùíîñòü ÈØ; lýêð � äëèíà ØÝ, ì; R � ðàññòîÿíèå îò ØÝ
äî ÐÒ, ì; r � ðàññòîÿíèå îò ÈØ äî ØÝ, ì.

Âûïîëíèì ïîñëåäîâàòåëüíûå îïåðàöèè, îïèñûâàþùèå èçìåíåíèå çâóêîâîãî ïîëÿ
â ïðèñóòñòâèè ØÝ äëÿ ïîëó÷åíèÿ çíàìåíàòåëÿ â ôîðìóëå (5).

Èíòåíñèâíîñòü çâóêà ïàäàþùåãî íà íèæíþþ ÷àñòü ØÝ Iïàä,
Âò

ì2
:

Iïàä =
Wèñò(1 − αïîâ)

2πlýêðr
arctg

lýêð
2r

, (7)

ãäå αïîâ � êîýôôèöèåíò çâóêîïîãëîùåíèÿ îïîðíîé ïîâåðõíîñòè ìåæäó ÈØ èØÝ;
Wèñò, lýêð, r � òî æå, ÷òî è â ôîðìóëå (6).

Àêóñòè÷åñêàÿ ìîùíîñòü ýòîãî âòîðè÷íîãî ëèíåéíîãî èçëó÷àòåëÿ Wí, Âò:

Wí = Iïàälýêð1, (8)

ãäå Iïàä � òî æå, ÷òî è â ôîðìóëå (1); lýêð1 � äëèíà ýêðàíà �1, ì.

Èíòåíñèâíîñòü çâóêà íà âåðõíåì ñâîáîäíîì ðåáðå ØÝ, Iýê,
Âò

ì2
ïðè óñëîâèè, ÷òî

èíòåíñèâíîñòü çâóêà óìåíüøàåòñÿ ïî âûñîòå ØÝ:

Iýê =
Wí(1 − αýêð)

πlýêðhýêð
arctg

lýêð
2hýêð

, (9)

ãäå hýêð � âûñîòà ØÝ, ì; Wí � òî æå, ÷òî è â ôîðìóëå (8); lýêð � òî æå, ÷òî è â
ôîðìóëå (6); αýêð � òî æå, ÷òî è â ôîðìóëå (3).
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×àñòè÷íî çàâèñèìàÿ àêóñòè÷åñêàÿ ìîùíîñòü, èçëó÷àåìàÿ âòîðè÷íûì ëèíåéíûì
ÈØ ñ ó÷¼òîì äèôðàêöèè, Wð, Âò:

Wð = Iðlýêðλβäèôð, (10)

ãäå lýêð � òî æå, ÷òî è â ôîðìóëå (6); λ � äëèíà çâóêîâîé âîëíû, ì; Ið �
èíòåíñèâíîñòü çâóêà íà ñâîáîäíîì ðåáðå ýêðàíà, Âò/ì2; βäèôð � êîýôôèöèåíò äèôðàêöèè

ØÝ (òåîðåòè÷åñêàÿ βäèôð =
1

π
÷ 1

2π
).

Èíòåíñèâíîñòü çâóêà â ÐÒ â ðåçóëüòàòå äèâåðãåíöèè îò âòîðè÷íîãî ëèíåéíîãî

èçëó÷àòåëÿ, I
c/ý
ðò ,

Âò

ì2
:

Ic/ýðò =
Wð

2πlýêðR
arctg

lýêð
2R

, (11)

ãäå Wð � òî æå, ÷òî è â ôîðìóëå (10); lýêð, R � òî æå, ÷òî è â ôîðìóëå (6).

Ïîäñòàâèì (7) � (10) â (11):

Ic/ýðò =
Wèñò(1 − αïîâ)lýêð1(1 − αýêð)lýêðλβäèôð

2πlýêðrπlýêðhýêð2πlýêðR
arctg

lýêð
2r

arctg
lýêð

2hýêð
arctg

lýêð
2R

, (12)

Óïðîñòèì (12) , à çàòåì ïîäñòàâèì óïðîùåííóþ (12) è (6) â ôîðìóëó (5). Ïîñëå
ëîãàðèôìèðîâàíèÿ ïîëó÷èì àêóñòè÷åñêóþ ýôôåêòèâíîñòü ØÝ â âèäå:

∆Lýêð = 10 lg
rR

(r +R)r0
+ 10 lg

hýêð
λ

− 10 lg(1 − αïîâ) − 10 lg(1 − αýêð)+

+ ÏÄ− 10 lg arctg
lýêð

2(R + r)
− 10 lg arctg

lýêð
2hýêð

− 10 lg
lýêð
2R

+ 10,

(13)

ãäå: r = 4 ì, r0 - îïîðíîå ðàññòîÿíèå, ì.

Ïðèìåì, ÷òî R � r, à lýêð � hýêð, lýêð � r, lýêð � R, òîãäà (13) ìîæíî óïðîñòèòü:

∆Lýêð = 10 lg
rR

(r +R)r0
+ 10 lg

hýêð
λ

− 10 lg(1 − αïîâ) − 10 lg(1 − αýêð)+

+ ÏÄ + 6,

(14)

Àêóñòè÷åñêàÿ ýôôåêòèâíîñòü ØÝ óâåëè÷èâàåòñÿ ñ:

- óìåíüøåíèåì r è R;
- óâåëè÷åíèåì hýêð è óìåíüøåíèåì λ;
- óâåëè÷åíèåì αïîâ è αýêð.

Áûëè ïðîâåäåíû ýêñïåðèìåíòû ØÝ â íàòóðíûõ óñëîâèÿõ ñ öåëüþ ïðîâåðêè
òî÷íîñòè ïîëó÷åííîé ôîðìóëû, à òàêæå îïðåäåëåíèÿ çíà÷åíèé ïîêàçàòåëÿ äèôðàêöèè.

Èçìåðåííûå íà 50 ØÝ â íàòóðíûõ óñëîâèÿõ è óñðåäí¼ííûå çíà÷åíèÿ ÏÄ
ïðèâåäåíû â òàáëèöå.
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2. Ýêñïåðèìåíòàëüíàÿ àïðîáàöèÿ ðàñ÷åòîâ ýôôåêòèâíîñòè ýêðàíà

Òàáëèöà 1

Çíà÷åíèÿ ýêñïåðèìåíòàëüíî ïîëó÷åííûõ ÏÄ

Çíà÷åíèÿ ñðåäíåãåîìåòðè÷åñêèõ 63 125 250 500 1000 2000 4000 8000
÷àñòîò, Ãö
Ïîêàçàòåëü äèôðàêöèè, äÁ -4 -6 -7 -9 -11 -13 -14 -19

Ñðàâíèòåëüíûå äàííûå ýôôåêòèâíîñòè ØÝ, ïîëó÷åííûå ðàñ÷¼òîì è ýêñïåðèìåí-
òàëüíî ïðèâåäåíû íà ðèñ.3. Äàíû òàêæå äàííûå ðàñ÷¼òîâ ïî ôîðìóëå Ä. Ìàåêîâîé[6].
Îòìå÷åíà õîðîøàÿ ñõîäèìîñòü ðàñ÷¼òíûõ äàííûõ ïî ôîðìóëå (14) ïî ñðàâíåíèþ ñ
ýêñïåðèìåíòàìè: îòêëîíåíèå âî âñ¼ì ÷àñòîòíîì äèàïàçîíå íå áîëåå ±0,15. Îòêëîíåíèå
ðàñ÷¼òíûõ äàííûõ ïî ôîðìóëå Ìàãêîâîé â âûñîêî÷àñòîòíîì äèàïàçîíå ñîñòàâèëî 4�7 äÁ.

Ðèñ. 3. Ñðàâíåíèå ýôôåêòèâíîñòè ýêðàíà îò ëèíåéíîãî èñòî÷íèêà øóìà,
ïîëó÷åííîå ïî ôîðìóëå, ñ ýêñïåðèìåíòîì è ñ ìåòîäîì Ìàåêàâû

Çàêëþ÷åíèå

Ïðåäëîæåí íîâûé ïîäõîä äëÿ ðàñ÷¼òîâ àêóñòè÷åñêîé ýôôåêòèâíîñòè ØÝ,
îñíîâàííûé íà ïîñëåäîâàòåëüíîì îïèñàíèè è èçìåíåíèÿõ õàðàêòåðà çâóêîâûõ ïîëåé ïðè
íàëè÷èè ýêðàíà. Â ïîëó÷åííîé ôîðìóëå ó÷èòûâàþòñÿ: ðàñïîëîæåíèå ØÝ â ïðîñòðàíñòâå,
âûñîòà ØÝ, çâóêîïîãëîùåíèå ñâîéñòâà îïîðíîé ïîâåðõíîñòè è ØÝ, à òàêæå ÿâëåíèå
äèôðàêöèè. Ïðîâåä¼ííàÿ ýêñïåðèìåíòàëüíàÿ ïðîâåðêà ïîêàçàëà áîëåå âûñîêóþ òî÷íîñòü
ðàñ÷¼òîâ ïî ïðåäëîæåííîé ôîðìóëå, ÷åì ïðè ðàñ÷¼òàõ ñ èñïîëüçîâàíèÿìè îïòèêî-
äèôðàêöèîííîé òåîðèè.
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