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Ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèÿ çâóêîðàññåèâàþùèõ ñâîéñòâ òðåõ âèäîâ îáúåìíûõ ýëå-
ìåíòîâ, èìåþùèõ ïèðàìèäàëüíóþ, êóáè÷åñêóþ è ïîëóñôåðè÷åñêóþ ôîðìû. Ïðîâåäåíû ñðàâíèòåëü-
íûå èçìåðåíèÿ êîýôôèöèåíòà ðàññåÿíèÿ ïðè íîðìàëüíîì ïàäåíèè çâóêîâîé âîëíû, à òàêæå âëèÿíèå
èõ êîíöåíòðàöèè, ò.å. êîëè÷åñòâà ýëåìåíòîâ íà åäèíèöó ïëîùàäè, íà ýôôåêòèâíîñòü ðàññåÿíèÿ. Ïî-
ëó÷åíû çàâèñèìîñòè çâóêîðàññåèâàþùèõ ñâîéñòâ äëÿ òðåõ ôîðì ðàññåèâàòåëåé ïðè ðàçëè÷íîé èõ
êîíöåíòðàöèè: îò 2 äî 121 ýëåìåíòîâ íà òåñòîâîé ïîâåðõíîñòè. Âî âñåõ ñëó÷àÿõ ýëåìåíòû ðàñïðåäå-
ëåíû ðàâíîìåðíî ïî ïîâåðõíîñòè. Óñòàíîâëåíî, ÷òî ïðè ìàëîé êîíöåíòðàöèè (2− 20 ðàññåèâàòåëåé
íà òåñòîâîé ñòåíêå) íàèáîëåå ýôôåêòèâíû êóáè÷åñêèå ðàññåèâàòåëè, à íàèìåíåå ýôôåêòèâíû �
ïèðàìèäàëüíûå. Ñ ðîñòîì êîíöåíòðàöèè ýëåìåíòîâ ñå÷åíèå ðàññåÿíèÿ ïèðàìèäàëüíûõ ýëåìåíòîâ
óâåëè÷èâàåòñÿ, à ñå÷åíèå ðàññåÿíèÿ êóáè÷åñêèõ è ïîëóñôåðè÷åñêèõ ýëåìåíòîâ äîñòèãàåò íåêîòîðî-
ãî ïðåäåëüíîãî çíà÷åíèÿ.

PACS: 43.20.Fn ÓÄÊ: 534.8.081.7
Êëþ÷åâûå ñëîâà: êîýôôèöèåíò ðàññåÿíèå çâóêà, çâóêîðàññåèâàþùèé ýëåìåíò, íåäèôôóçíîå çâóêîâîå ïîëå.

ÂÂÅÄÅÍÈÅ

Îäíèì èç âàæíûõ àêóñòè÷åñêèõ õàðàêòåðèñòèê ïî-
âåðõíîñòåé â àðõèòåêòóðíîé àêóñòèêå ÿâëÿåòñÿ êîýô-
ôèöèåíò ðàññåÿíèÿ çâóêà, êîòîðûé èñïîëüçóåòñÿ, ãëàâ-
íûì îáðàçîì, ïðè ÷èñëåííîì ìîäåëèðîâàíèè àêóñòè-
êè ïîìåùåíèé. Ýôôåêò ðàññåÿíèÿ ìîæåò äîñòèãàòüñÿ
ðàçìåùåíèåì âíóòðè ïîìåùåíèÿ îòäåëüíûõ ýëåìåíòîâ
è ïîâåðõíîñòåé ñ íåðàâíîìåðíîé ñòðóêòóðîé. Ñóùå-
ñòâóåò ðÿä ñòàíäàðòèçîâàííûõ ìåòîäèê äëÿ èçìåðåíèé
êîýôôèöèåíòà ðàññåÿíèÿ, íî äëÿ èõ ïðèìåíåíèÿ íåîá-
õîäèìû îïðåäåëåííûå óñëîâèÿ â ðåâåðáåðàöèîííîé [1]
è áåçýõîâîé êàìåðàõ [2] è äîïîëíèòåëüíûå óñòðîéñòâà:
àíòåííà-ãîíèîìåòð, ïîâîðîòíûé ñòîë.
Äëÿ óïðîùåíèÿ èçìåðåíèÿ ðàññåèâàþùèõ ñâîéñòâ

ïîâåðõíîñòåé áûë ïðåäëîæåí ìåòîä èçìåðåíèÿ êî-
ýôôèöèåíòà â íåäèôôóçíîì çâóêîâîì ïîëå, çàòóõà-
íèå ýíåðãèè êîòîðîãî ïðîèñõîäèò ïî ýêñïîíåíöèàëüíî-
ñòåïåííîìó çàêîíó [3, 4]. Èäåÿ ìåòîäà çàêëþ÷àåòñÿ
â èçìåðåíèè êðèâîé çàòóõàíèè çâóêà è åå àïïðîêñèìà-
öèè èçâåñòíîé òåîðåòè÷åñêîé çàâèñèìîñòüþ. Ïîäðîá-
íîå îïèñàíèå ìåòîäà è åãî ïåðâûõ ýêñïåðèìåíòàëüíûõ
ïðîâåðîê ïðèâåäåíî â ðàáîòàõ [5, 6, 7, 8]. Â ðàáîòå [9]
ïðåäëîæåííûé ïîäõîä èñïîëüçóåòñÿ äëÿ èçìåðåíèÿ êî-
ýôôèöèåíòà ðàññåÿíèÿ ïîâåðõíîñòåé ïðè íîðìàëüíîì
ïàäåíèè çâóêîâîé âîëíû.
Â íàñòîÿùåé ðàáîòå ïðèâîäÿòñÿ ðåçóëüòàòû èçìåðå-

íèÿ íîðìàëüíîãî êîýôôèöèåíòà ðàññåÿíèÿ çâóêà ïî-
âåðõíîñòåé ñî çâóêîðàññåèâàþùèìè ýëåìåíòàìè ðàç-
ëè÷íîé ãåîìåòðè÷åñêîé ôîðìîé â ìîäåëüíîì ýêñïåðè-
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ìåíòå. Íà ïðàêòèêå íîðìàëüíûé êîýôôèöèåíò ðàññåÿ-
íèÿ èñïîëüçóåòñÿ â ñëó÷àÿõ, êîãäà â ïîìåùåíèè ïðåîá-
ëàäàþò íåãàòèâíûå àêóñòè÷åñêèå ýôôåêòû, òàêèå êàê
ôîêóñèðîâêà çâóêà è ïîðõàþùåå ýõî. Äëÿ óñòðàíåíèÿ
äàííûõ äåôåêòîâ ðàññåèâàþùèå ýëåìåíòû ðàçìåùàþò-
ñÿ íà ïîâåðõíîñòÿõ ñòåí, ôîðìèðóþùèõ íåãàòèâíûå
çâóêîâûå îòðàæåíèÿ.

1. ÌÅÒÎÄÈÊÀ ÈÇÌÅÐÅÍÈß ÊÎÝÔÔÈÖÈÅÍÒÀ
ÐÀÑÑÅßÍÈß

Òåîðåòè÷åñêèé çàêîí çàòóõàíèÿ çâóêîâîé ýíåðãèè
â ïîìåùåíèè ñ äâóìÿ ïîãëîùàþùèìè ñòåíêàìè (ðèñ. 1)
âûâåäåí â [3, 9] è èìååò âèä:

E(t) ≈ a

t
e−bt, (1)

ãäå t � âðåìÿ; a,b � êîýôôèöèåíòû, çàâèñÿùèå îò ðàç-
ìåðîâ ïîìåùåíèÿ è àêóñòè÷åñêèõ õàðàêòåðèñòèê åãî
ñòåíîê.
Èçìåðåííàÿ êðèâàÿ çàòóõàíèÿ àïïðîêñèìèðóåòñÿ çà-

âèñèìîñòüþ (1), â ðåçóëüòàòå îïðåäåëÿþòñÿ çíà÷åíèÿ
êîýôôèöèåíòîâ a,b. Íà ðèñ. 2 ïðèâåäåí ïðèìåð àïïðîê-
ñèìàöèè èçìåðåííîé êðèâîé çàòóõàíèÿ: ïàðàìåòðû òåî-
ðåòè÷åñêîé êðèâîé (ïóíêòèð) ïîäáèðàþòñÿ äëÿ âðåìåí-
íîãî èíòåðâàëà t1 < t < t2, ãäå t1 = 2/b � âðåìÿ, ïðè
êîòîðîì ñòàíîâèòñÿ ñïðàâåäëèâûì çàêîí çàòóõàíèÿ (1),
t2 � âðåìÿ, ïðè êîòîðîì íà÷èíàåòñÿ âëèÿíèå ôîíîâîãî
øóìà íå êðèâóþ çàòóõàíèÿ.
Íàéäåííûé â ðåçóëüòàòå àïïðîêñèìàöèè êîýôôèöè-

åíò b ïîçâîëÿåò íàéòè ñóììó êîýôôèöèåíòîâ íîðìàëü-
íîãî ïîãëîùåíèÿ è ðàññåÿíèÿ

∆ = α0 + α⊥ + ∆⊥ =
2L

c
b, (2)
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Ðèñ. 1: Ìîäåëü ïîìåùåíèÿ
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Ðèñ. 2: Ïðèìåð àïïðîêñèìàöèè èçìåðåííîé êðèâîé çàòóõàíèÿ
òåîðåòè÷åñêîé çàâèñèìîñòüþ (1), îáîçíà÷åííîé ïóíêòèðîì

ãäå α⊥, ∆⊥ � íîðìàëüíûå êîýôôèöèåíòû ïîãëîùåíèÿ
è ðàññåÿíèÿ òåñòîâîé ñòåíêè;α0 � íîðìàëüíûé êîýô-
ôèöèåíò ïîãëîùåíèÿ ñòåíêè, ïàðàëëåëüíîé òåñòîâîé:
L � äëèíà íàèáîëüøåé ñòåíêè, ì; A � ñêîðîñòü çâóêà
â âîçäóõå, ì/ñ.

2. ÝÊÑÏÅÐÈÌÅÍÒÀËÜÍÎÅ ÈÑÑËÅÄÎÂÀÍÈÅ
ÐÀÑÑÅÈÂÀÒÅËÅÉ ÐÀÇËÈ×ÍÎÉ ÔÎÐÌÛ

2.1. Îïèñàíèå ýêñïåðèìåíòàëüíîé óñòàíîâêè è òåñòîâûõ
ýëåìåíòîâ

Ïðåäëîæåííûé ñïîñîá èçìåðåíèÿ êîýôôèöèåíòà ðàñ-
ñåÿíèÿ çâóêà ïðè íîðìàëüíîì ïàäåíèè çâóêîâîé âîëíû

ïðîâåðåí â ìîäåëüíîì ýêñïåðèìåíòå (ðèñ. 1). Äâå íåïà-
ðàëëåëüíûå äëèííûå ñòåíêè ïîêðûòû çâóêîïîãëîùàþ-
ùèì ìàòåðèàëîì. Ñòåíêà 0.4×0.4ì ïðåäíàçíà÷åíà äëÿ
ðàçìåùåíèÿ òåñòèðóåìûõ ðàññåèâàòåëåé çâóêà.
Â îäíîì èç óãëîâ ïîìåùåíèÿ ðàñïîëàãàëñÿ íåíàïðàâ-

ëåííûé èñòî÷íèê çâóêà äëÿ ñîçäàíèÿ èçîòðîïíîãî çâó-
êîâîãî ïîëÿ â íà÷àëüíûé ìîìåíò âðåìåíè. Èçìåðåíèÿ
êðèâîé çàòóõàíèÿ ïðîèçâîäèëîñü ìèêðîôîíîì, ðàñïî-
ëîæåííûì âîçëå òåñòîâîé ñòåíêè. Ïðè ýòîì êðèâûå
çàòóõàíèÿ, èçìåðåííûå â ðàçíûõ òî÷êàõ ïîìåùåíèÿ,
ïðàêòè÷åñêè íå îòëè÷àþòñÿ, ïîýòîìó óñðåäíåíèå èçìå-
ðåíèé ïî ïðîñòðàíñòâó íå ïðîèçâîäèëîñü.
Â êà÷åñòâå ðàññåèâàþùèõ ýëåìåíòîâ â ýêñïåðèìåíòå

èñïîëüçîâàëèñü äåðåâÿííûå êóáû, ïèðàìèäû è ïîëó-
ñôåðû ñ õàðàêòåðíûì ðàçìåðîì 3.5 ñì (ðèñ. 3). Êîëè-
÷åñòâî ýëåìåíòîâ ïîñëåäîâàòåëüíî óâåëè÷èâàëîñü îò 0
äî 121øò.; 121 ýëåìåíò ïîëíîñòüþ ïîêðûâàåò ïîâåðõ-
íîñòü òåñòîâîé ñòåíêè. Ïðè ýòîì ýëåìåíòû ðàâíîìåðíî
ðàñïðåäåëÿëèñü íà ïîâåðõíîñòè ñòåíêè.

2.2. Ðàññåèâàþùèå ïîâåðõíîñòè

Íà ðèñ. 4 ïðèâåäåíû ðåçóëüòàòû èçìåðåíèÿ ñóììàð-
íîãî êîýôôèöèåíòà ïîãëîùåíèÿ è ðàññåÿíèÿ ∆′ òåñòî-
âîé ñòåíêè äëÿ ÷àñòîò 4 êÃö è 8 êÃö â çàâèñèìîñòè îò
êîëè÷åñòâà ðàññåèâàþùèõ ýëåìåíòîâ n íà ñòåíêå.
Íà 4 êÃö â äèàïàçîíå 0− 60 ýëåìåíòîâ è íà 8 êÃö �

0 − 30 ýëåìåíòîâ ëó÷øèìè ðàññåèâàþùèìè ñâîéñòâà-
ìè îáëàäàþò êóáè÷åñêèå ðàññåèâàòåëè. Òàêæå ñ ðîñòîì
÷èñëà ýëåìåíòîâ ïèðàìèäû è ïîëóñôåðû ïðîÿâëÿþò ñå-
áÿ îäèíàêîâî: íà÷èíàÿ ñ 60, çíà÷åíèå êîýôôèöèåíòà
ðåçêî ðàñòåò, äîñòèãàÿ çíà÷åíèÿ 0.55 ïðè ïîëíîì ïî-
êðûòèè òåñòèðóåìîé ñòåíêè.
Ïðè ìàëîì êîëè÷åñòâå ýëåìåíòîâ ïèðàìèäàëüíûå

ðàññåèâàòåëè íåýôôåêòèâíû ïî ñðàâíåíèþ ñ îñòàëüíû-
ìè, íî íà 8 êÃö, ïðè ïîêðûòèè 50% ñòåíêè, êîýôôèöè-
åíò ðåçêî ðàñòåò, çíà÷èòåëüíî ïðåâûøàÿ àíàëîãè÷íûå
çíà÷åíèÿ êîýôôèöèåíòîâ äëÿ êóáè÷åñêîé è ïîëóñôåðè-
÷åñêîé ôîðì.

2.3. Ðàññåèâàþùèå ýëåìåíòû íà æåñòêîé ñòåíêå

Ðàññìîòðèì ïîäðîáíåå ïîëó÷åííûå ðåçóëüòàòû äëÿ
0−29 êóáè÷åñêèõ è ïèðàìèäàëüíûõ ýëåìåíòîâ (ðèñ. 5).
Ïðè ìàëîé êîíöåíòðàöèè èõ ìîæíî ñ÷èòàòü îòäåëüíû-
ìè ýëåìåíòàìè íà æåñòêîé ïîâåðõíîñòè.
Ïî ðåçóëüòàòàì ýêñïåðèìåíòà ÿâíî ïðîñëåæèâàåòñÿ

çàâèñèìîñòü ðîñòà íîðìàëüíîãî êîýôôèöèåíòà ðàññå-
ÿíèÿ îò êîëè÷åñòâà ðàññåèâàòåëåé íà òåñòîâîé ñòåíêå.
Ïðè ýòîì ðîñò êîýôôèöèåíòà ∆′ ïèðàìèäàëüíûõ ðàññå-
èâàòåëåé ïðîèñõîäèò áåç ðåçêèõ ñêà÷êîâ. Ìàêñèìàëü-
íîå çíà÷åíèå ïðè 29 ýëåìåíòàõ íà 4 êÃö: ∆′

29 = 0.166,
íà 8 êÃö: ∆′

29 = 0.240.
Äëÿ êóáè÷åñêèõ ðàññåèâàòåëåé íà 8 êÃö ïðîèñõî-

äèò èíòåíñèâíûé ðîñò êîýôôèöèåíòà ∆′ â äèàïàçîíå
2 − 8 ýëåìåíòîâ, çàòåì îí ìåíÿåòñÿ ñëàáî. Ìàêñè-
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Ðèñ. 3: Ðàçìåùåíèÿ ðàññåèâàòåëåé íà òåñòîâîé ñòåíêå
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Ðèñ. 4: Çàâèñèìîñòü ñóììàðíîãî êîýôôèöèåíòà ïîãëîùåíèÿ è ðàññåÿíèÿ ∆′ òåñòîâîé ñòåíêè íà ÷àñòîòàõ 4 êÃö (à) è 8 êÃö (á)
îò êîëè÷åñòâà ðàññåèâàòåëåé
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Ðèñ. 5: Çàâèñèìîñòü ñóììàðíîãî êîýôôèöèåíòà ïîãëîùåíèÿ è ðàññåÿíèÿ ∆′ òåñòîâîé ñòåíêè íà 4 êÃö (à) è 8 êÃö (á) îò
êîëè÷åñòâà ðàññåèâàòåëåé

ìàëüíîå çíà÷åíèå íà 4 êÃö: ∆′
29 = 0.252, íà 8 êÃö:

∆′
29 = 0.322. Êà÷åñòâåííîå òåîðåòè÷åñêîå îáîñíîâà-

íèå ïîëó÷åííûõ ýêñïåðèìåíòàëüíûõ ðåçóëüòàòîâ ïðåä-
ñòàâëåíî â ñòàòüå [9], ãäå ïîêàçàíî, ÷òî êîýôôèöèåíò
ðàññåÿíèÿ ïðîïîðöèîíàëåí îáúåìó ðàññåèâàòåëÿ.

ÇÀÊËÞ×ÅÍÈÅ

Íà îñíîâå íåäàâíî ïðåäëîæåííîãî ìåòîäà èçìåðå-
íèÿ êîýôôèöèåíòà ðàññåÿíèÿ â íåäèôôóçíîì çâóêî-
âîì ïîëå ýêñïåðèìåíòàëüíî èññëåäîâàíû ðàññåèâàþ-

ÓÇÔÔ 2020 2010601�3



XXXII ÑÅÑÑÈß ÐÎÑÑÈÉÑÊÎÃÎ ÀÊÓÑÒÈ×ÅÑÊÎÃÎ ÎÁÙÅÑÒÂÀ
Ïîäñåêöèÿ ÀÐÕÈÒÅÊÒÓÐÍÀß È ÑÒÐÎÈÒÅËÜÍÀß ÀÊÓÑÒÈÊÀ ÓÇÔÔ �1, 2010601 (2020)

ùèå ñâîéñòâà êóáè÷åñêèõ, ïèðàìèäàëüíûõ è ïîëóñôå-
ðè÷åñêèõ ýëåìåíòîâ, ðàñïîëîæåííûõ íà æåñòêîé ïî-
âåðõíîñòè. Óñòàíîâëåíî, ÷òî ïðè ìàëîé êîíöåíòðàöèè
(2 − 20 ðàññåèâàòåëåé íà òåñòîâîé ñòåíêå) íàèáîëåå
ýôôåêòèâíû êóáè÷åñêèå ðàññåèâàòåëè, à íàèìåíåå ýô-

ôåêòèâíû � ïèðàìèäàëüíûå. Ñ ðîñòîì êîíöåíòðàöèè
ýëåìåíòîâ ñå÷åíèå ðàññåÿíèÿ ïèðàìèäàëüíûõ ýëåìåí-
òîâ óâåëè÷èâàåòñÿ, à ñå÷åíèå ðàññåÿíèÿ êóáè÷åñêèõ
è ïîëóñôåðè÷åñêèõ ýëåìåíòîâ äîñòèãàåò íåêîòîðîãî
ïðåäåëüíîãî çíà÷åíèÿ.
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Experimental study of sound scatterers with different shapes
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The results of the study of sound scattering properties of three types of sound diffusing elements with pyramidal, cubic and
hemispherical shapes are presented. Comparative measurements of the scattering coefficient under the normal incidence of the
sound wave, as well as the impact of their concentration (the number of elements per unit area) on the scattering efficiency were
carried out. The dependences of sound scattering properties for three forms of scatterers at different concentrations (from 2 to 121
elements on the test surface) are obtained. In all cases, the elements are evenly distributed over the surface. It was found that at
low concentrations (2−20 scatterers on the test wall) cubic scatterers are the most effective, and pyramidal scatterers are the least
effective. As the concentration of elements increases the scattering cross-section of pyramidal elements increases and the scattering
cross-section of cubic and hemispherical elements reaches a certain limit value.
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