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Îáñóæäåíî ðàñïðîñòðàíåíèå çâóêà â ìîðå ïðè íàëè÷èè ïðèïîâåðõíîñòíîãî ñëîÿ ïóçûðüêîâ ñ ïðè-
âëå÷åíèåì ïîñëåäíèõ ýêñïåðèìåíòàëüíûõ ðåçóëüòàòîâ äëÿ ôóíêöèè ðàñïðåäåëåíèÿ ïóçûðüêîâ ïî
ðàçìåðàì g(R), ïîëó÷åííîé ïðè ðàçëè÷íîé ñêîðîñòè âåòðà è ðàçëè÷íûõ ñîñòîÿíèÿõ ïîâåðõíîñòè
ìîðÿ. Ïîêàçàíî, ÷òî íàëè÷èå äèññèïàöèè â ïðèïîâåðõíîñòíîì ñëîå ïóçûðüêîâ ñ óâåëè÷åíèåì îáú-
åìíîé êîíöåíòðàöèè áîëüøå 10−6 ñïîñîáíî ïðèâîäèòü ê ñóùåñòâåííîé ïåðåñòðîéêå ñòðóêòóðû
àêóñòè÷åñêîãî ïîëÿ.

PACS: 43.20.+g, 43.20.El, 43.30.+m ÓÄÊ: 534.222.1; 551.463.2
Êëþ÷åâûå ñëîâà: ìîðñêàÿ âîäà, ïóçûðüêè, ïîãëîùåíèå çâóêà.

ÂÂÅÄÅÍÈÅ

Âîâëå÷åíèå ïóçûðüêîâ â òîëùó ìîðñêîé âîäû äè-
íàìèêîé äâèæåíèé â ïîâåðõíîñòíûõ âîëíàõ ïðèâîäèò
ê ïîÿâëåíèþ ïóçûðüêîâûõ îáëàêîâ, êîòîðûå ïðè ñèëü-
íîì âåòðå ìîãóò äîñòèãàòü çíà÷èòåëüíûõ ãëóáèí â äå-
ñÿòêè ìåòðîâ [1, 2]. Ïóçûðüêè îêàçûâàþò çíà÷èòåëüíîå
âëèÿíèå íà ïîãëîùåíèå è ðàññåÿíèå çâóêà [1, 2]. Ñó-
ùåñòâóþò íåîäíîçíà÷íûå ìíåíèÿ î âêëàäå ïðèïîâåðõ-
íîñòíîãî ñëîÿ ïóçûðüêîâ â çàòóõàíèå íèçêî÷àñòîòíîãî
çâóêà â îêåàíå [3, 4, 5]. Â ðàáîòàõ [6, 7] âîïðîñ î ðàñ-
ïðîñòðàíåíèè çâóêà â óñëîâèÿõ ïðèïîâåðõíîñòíîãî ïó-
çûðüêîâîãî ñëîÿ ïîëó÷èë äàëüíåéøåå ðàçâèòèå. Íèæå
ïðîàíàëèçèðîâàíî âëèÿíèå ïóçûðüêîâ íà ñòðóêòóðó ïî-
ëÿ â ìîðå ñ ïðèâëå÷åíèåì íîâûõ ýêñïåðèìåíòàëüíûõ
ðåçóëüòàòîâ äëÿ ôóíêöèè ðàñïðåäåëåíèÿ ïóçûðüêîâ ïî
ðàçìåðàì , ïîëó÷åííîé â ðàáîòàõ [1, 2, 6, 7].

1. ÀÊÓÑÒÈ×ÅÑÊÈÅ ÌÎÄÅËÈ ÆÈÄÊÎÑÒÈ
Ñ ÏÓÇÛÐÜÊÀÌÈ

Êîýôôèöèåíò ïîãëîùåíèÿ è ýôôåêòèâíóþ ñêîðîñòü
çâóêà â æèäêîñòè ñ ïóçûðüêàìè íà ðàçëè÷íûõ ÷àñòîòàõ
ω ìîæíî ðàññ÷èòàòü ïî ïðèáëèæåííûì ôîðìóëàì:
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ãäå q(R, Rω) = 1 − (R/Rω)2(1 + i/Qω), Rω =
=

√
3γP0/ρ/ω, Qω � äîáðîòíîñòü ïóçûðüêà ðàäèóñà

Rω, γ = 1.4 � ïîñòîÿííàÿ àäèàáàòû, ρ � ïëîòíîñòü
æèäêîñòè, β è β′ � àäèàáàòè÷åñêàÿ ñæèìàåìîñòü æèä-
êîñòè (β = 1/ρc2) è ãàçà â ïóçûðüêàõ (β′ = γ/P0),
P0 �ãèäðîñòàòè÷åñêîå äàâëåíèå â æèäêîñòè. Â ôîð-
ìóëû (1), (2) âõîäèò ôóíêöèÿ g(R), êîòîðàÿ èìååò
âèä [2, 6] g = AgR

−n exp {−n [(Rp/R) + (R/Rm)]}.
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Ðèñ. 1: ×àñòîòíàÿ çàâèñèìîñòü α(f) â âîäå ñ ïóçûðüêàìè ïðè
ðàçëè÷íûõ êîíöåíòðàöèÿõ: 1 � x = 10−8, 2 � x = 10−7, 3 �
x = 10−6, 4 � x = 10−5, 5 � x = 10−4, 6 � x = 10−2, 7 �
x = 0, ìîðñêàÿ âîäà; 8 � x = 0, ïðåñíàÿ âîäà.

Íà ðèñ. 1 ïðåäñòàâëåíà ÷àñòîòíàÿ çàâèñèìîñòü êî-
ýôôèöèåíòà ïîãëîùåíèÿ çâóêà α â âîäå ñ ïóçûðüêà-
ìè ïðè T = 20◦C, âû÷èñëåííàÿ äëÿ ïîëèäèñïåðñíîé
ñìåñè ïóçûðüêîâ ðàçëè÷íûõ êîíöåíòðàöèé x ïî ôîð-
ìóëå (1). Çäåñü òàêæå ïðåäñòàâëåíà ÷àñòîòíàÿ çàâè-
ñèìîñòü êîýôôèöèåíòà ïîãëîùåíèÿ çâóêà â ïðåñíîé
âîäå α0(f) è ìîðñêîé âîäå αsea(f) ïðè T = 20◦C
è ñîëåíîñòè 35 ïðîìèëëå. Íà ðèñ. 2 ïðåäñòàâëåíà
êîíöåíòðàöèîííàÿ çàâèñèìîñòü ñêîðîñòè çâóêà ce(x)/c
â âîäå ñ ïóçûðüêàìè.
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Ðèñ. 2: Cêîðîñòü çâóêà ce(x)/c â âîäå ïðè òåìïåðàòóðå 20◦Ñ
ñ ïîëèäèñïåðñíîé ñìåñüþ ïóçûðüêîâ ïðè ðàçëè÷íûõ ÷àñòî-
òàõ: 1 � 1êÃö, 2 � 10êÃö, 3 � 100 êÃö, 4 � 1ÌÃö, 5 �
7,5ÌÃö.

2. ÌÎÄÅËÜ ÄËß ÎÖÅÍÊÈ ÑÏÀÄÀ ÏÎËß Â ÌÎÐÅ
Ñ ÏÐÈÏÎÂÅÐÕÍÎÑÒÍÛÌ ÑËÎÅÌ ÏÓÇÛÐÜÊÎÂ

Ðàññìîòðèì ìîäåëü çâóêîâîãî êàíàëà ñ ëèíåéíîé çà-
âèñèìîñòüþ ñêîðîñòè çâóêà îò ãëóáèíû â âèäå c(z) =
= c0(1 + az), ãäå a ≈ 10−5, ì−1 [8]. Ëó÷è, âûõîäÿùèå

èç èñòî÷íèêà ïîä ðàçëè÷íûìè óãëàìè, ïîäõîäÿò ê ïî-
âåðõíîñòè, ãäå ïîïàäàþò â îáëàñòü ñèëüíîãî çàòóõà-
íèÿ, ñâÿçàííîãî ñ íàëè÷èåì ïóçûðüêîâ. Ïî èñòå÷åíèè
N öèêëîâ ëó÷à ïîòåðè íà çàòóõàíèå â ïðèïîâåðõíîñò-
íîì ñëîå òîëùèíû h áóäóò ðàâíû Ab = αb∆r0N , ãäå
αb êîýôôèöèåíò çàòóõàíèÿ çâóêà â îäíîðîäíîé æèä-
êîñòè ñ ïóçûðüêàìè, ∆r0 = 2h/χ0, χ0 � óãîë ñêîëü-
æåíèÿ ëó÷à ïî ïîâåðõíîñòè. Êîëè÷åñòâî öèêëîâ ëó÷à
íà ðàññòîÿíèè r ðàâíî N = r/D(χ0), ãäå äëèíà öèêëà
ëó÷à D(χ0) = 2tg(χ0)/a ≈ 2χ0/a. Â èòîãå ïîëó÷àåì
Ab = αb(ah/χ2

0)r ≡ αbχr. Çàòóõàíèå Ab óìåíüøàåòñÿ
ñ óâåëè÷åíèåì óãëà χ0 è ïðè íåêîòîðîì ïðåäåëüíîì
çíà÷åíèè χ∗ =

√
αbah/α0 îíî ñòàíîâèòñÿ ðàâíûì çà-

òóõàíèþ â ÷èñòîé æèäêîñòè. Ñîãëàñíî [8] çàâèñèìîñòü
ñðåäíåãî êâàäðàòà äàâëåíèÿ îïðåäåëÿåòñÿ ôîðìóëîé

|P |2 =
2
r

(c1

c

)2

e−α0r

∫ qH

q1

e−αr sin 2χ0dχ0

D(χ0) sin χ sin χ1
, (3)

ãäå χ, χ1, χ0, ñâÿçàíû çàêîíîì Ñíåëëèóñà cos χ/c =
= cos χ1/c1 = cos χ0/c0, ñêîðîñòè c, c1, c0 ñîîòâåòñòâó-
þò ñêîðîñòÿì çâóêà íà ãîðèçîíòàõ ïðèåìíèêà z, èç-
ëó÷àòåëÿ z1, è ó ïîâåðõíîñòè z0 = 0, ñîîòâåòñòâåí-
íî. Âåëè÷èíû q1, q2, qH îïðåäåëÿþòñÿ ñîîòíîøåíè-
ÿìè: q1 =

√
2azmax, q2 =

√
2azmin, qH =

√
2aH,

zmax = max(z, z1), zmin = min(z, z1). Ó÷èòûâàÿ ìàëîñòü
óãëîâ ñêîëüæåíèÿ èç âûðàæåíèÿ (3) ïîëó÷àåì:
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)
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(4)

Èç ôîðìóëû (4) âèäíî, ÷òî íà áîëüøèõ ðàññòîÿíè-
ÿõ r À 1/α0 âåëè÷èíà |P (r)| àñèìïòîòè÷åñêè ïðè-
áëèæàåòñÿ ê öèëèíäðè÷åñêîìó çàêîíó ñïàäàíèÿ ïîëÿ
|P (r)| ∼ 1/

√
r c êîýôôèöèåíòîì çàòóõàíèÿ çâóêà òà-

êèì æå, êàê â ñðåäå áåç ïóçûðüêîâ. Óêàçàííûå çà-
âèñèìîñòè ïðîèëëþñòðèðîâàíû íà ðèñ. 3, ãäå èçîáðà-
æåíà ôóíêöèÿ |P (r)| ïðè èçëó÷åíèè çâóêà ðàçëè÷íîé
÷àñòîòû íà ãëóáèíå 100ìåòðîâ â ìîðå áåç ïóçûðüêîâ
è â ïðèñóòñòâèè ïðèïîâåðõíîñòíîãî ñëîÿ ïóçûðüêîâ.
Âëèÿíèå ñëîÿ ïóçûðüêîâ çàêëþ÷àåòñÿ â äîïîëíèòåëü-
íîì ñïàäå ïîëÿ íà óìåðåííûõ äèñòàíöèÿõ, âûçâàííî-
ãî çàòóõàíèåì çâóêà, ðàñïðîñòðàíÿþùåãîñÿ ïðè ìàëûõ
óãëàõ ñêîëüæåíèÿ. Âñÿ ýíåðãèÿ, ñîñðåäîòî÷åííàÿ â ïî-
ëå ïðè ìàëûõ óãëàõ, ïîñòåïåííî çàòóõàåò è íà áîëüøèõ
ðàññòîÿíèÿõ íå äàåò íèêàêîãî âêëàäà â ñóììàðíîå ïî-
ëå, ÷òî è ïðèâîäèò ê îòñóòñòâèþ â ýêñïîíåíöèàëüíîì
çàêîíå âêëàäà ïóçûðüêîâîãî ñëîÿ.

3. ×ÈÑËÅÍÍÎÅ ÌÎÄÅËÈÐÎÂÀÍÈÅ ÌÅÒÎÄÎÌ
ÍÎÐÌÀËÜÍÛÕ ÌÎÄ

Áûëà âûáðàíà ìîäåëü ïðîñòåéøåãî ãîðèçîíòàëüíî
îäíîðîäíîãî èçîñêîðîñòíîãî ïîäâîäíîãî çâóêîâîãî êà-
íàëà ñ àáñîëþòíî îòðàæàþùèìè ãðàíèöàìè (âåðõíÿÿ
ãðàíèöà � ìÿãêàÿ, íèæíÿÿ � æåñòêàÿ). Çâóêîâîå äàâ-
ëåíèå ïðåäñòàâëÿåòñÿ â âèäå ñóììû íîðìàëüíûõ ìîä.
Ðàñ÷åòû çâóêîâîãî ïîëÿ áûëè âûïîëíåíû ïî ïðîãðàììå
KRAKENC [9] äëÿ âçàèìîäåéñòâóþùèõ ìîä.
Íà ðèñ. 4 è ðèñ. 5 ïðåäñòàâëåíî 2D èçîáðàæåíèå àêó-

ñòè÷åñêîãî ïîëÿ äëÿ ðàçëè÷íûõ êîíöåíòðàöèé ïóçûðü-
êîâ â ïðèïîâåðõíîñòíîì ñëîå ìîðÿ. Òîëùèíà ñëîÿ ïó-
çûðüêîâ âûáèðàëàñü ðàâíîé 7ìåòðàì. Èçëó÷àòåëü ñ ÷à-
ñòîòîé f = 1 êÃö ðàñïîëàãàëñÿ âíå ñëîÿ ïóçûðüêîâ íà
ãëóáèíå 10ìåòðîâ. Ðàñ÷åòû ïîêàçûâàþò ñèëüíîå èçìå-
íåíèå ñòðóêòóðû àêóñòè÷åñêîãî ïîëÿ ïðè ïðåâûøåíèè
êîíöåíòðàöèè ïóçûðüêîâ, ðàâíîé 10−6. Îñîáåííî âïå-
÷àòëÿþùèì ïðåäñòàâëÿåòñÿ ðåçóëüòàò äëÿ êîíöåíòðà-
öèè 10−5. Çäåñü ïîëå çàòóõàåò óæå â íåïîñðåäñòâåííîé
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Ðèñ. 3: Ïðîñòðàíñòâåííûé ñïàä àêóñòè÷åñêîãî ïîëÿ ïðè íà-
ëè÷èè è îòñóòñòâèè ïðèïîâåðõíîñòíîãî ñëîÿ ïóçûðüêîâ íà
÷àñòîòàõ 100 Ãö è 800 Ãö ïðè ðàçëè÷íîé êîíöåíòðàöèè ïó-
çûðüêîâ: a � x = 10−7, á � x = 10−6. 1 � 800Ãö, ñ ïóçûðü-
êàìè, 2 � 800Ãö, áåç ïóçûðüêîâ, 3 � 100Ãö ñ ïóçûðüêàìè,
4 � 100Ãö, áåç ïóçûðüêîâ
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Ðèñ. 4: Àêóñòè÷åñêîå ïîëå â ïðèñóòñòâèè ïóçûðüêîâîãî ñëîÿ
òîëùèíîé 7ìåòðîâ ñ êîíöåíòðàöèåé ïóçûðüêîâ x = 10−6,
ñêîðîñòü çâóêà â ñëîå ïóçûðüêîâ c = 1480ì/ñ

áëèçîñòè ê èçëó÷àòåëþ. Ïðè ýòîì ðåçêî èçìåíÿåòñÿ îá-
ùàÿ ñòðóêòóðà àêóñòè÷åñêîãî ïîëÿ â òîëùå âîëíîâîäà.
Â êà÷åñòâå õàðàêòåðèñòèêè ñïàäà àêóñòè÷å-

ñêîãî ïîëÿ ñ ðàññòîÿíèåì ìîæíî âçÿòü âû-
ðàæåíèå äëÿ ñðåäíåãî ïî ãëóáèíå ïîëÿ âèäà
P (r) = 〈|p(r, z)|〉z = (1/h)

∫ h

0
|p(r, z)| dz, ãäå h �

ãëóáèíà êàíàëà. Òîãäà P (r) ìîæíî çàïèñàòü â âèäå
P (r) = A exp(−αr)/

√
r, ñîãëàñíî êîòîðîìó ìîæ-

íî âû÷èñëèòü êîýôôèöèåíò çàòóõàíèÿ çâóêà α.
Ðåçóëüòàòû âû÷èñëåíèÿ êîýôôèöèåíòîâ α ïîêàçû-
âàþò ñëåäóþùèå çíà÷åíèÿ α: α = 1.5× ×10−6 1/ì
ïðè x = 0; α = 9.5 × 10−4 1/ì ïðè x = 10−8;
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Ðèñ. 5: Àêóñòè÷åñêîå ïîëå â ïðèñóòñòâèè ïóçûðüêîâîãî ñëîÿ
òîëùèíîé 7ìåòðîâ ñ êîíöåíòðàöèåé x = 10−5, ñêîðîñòü çâó-
êà â ñëîå ïóçûðüêîâ c = 1360ì/ñ

α = 7.4 × 10−3 1/ì ïðè x = 10−6; α = 2.3 × 10−3 1/ì
ïðè x = 10−5. Äëÿ ñðàâíåíèÿ êîýôôèöèåíò ïîãëîùå-
íèÿ ïëîñêîé çâóêîâîé âîëíû αb íà ÷àñòîòå 1 êÃö äëÿ
ñëó÷àÿ îäíîðîäíîé ïåëåíû ïóçûðüêîâ â ìîðñêîé âîäå
èìååò ñëåäóþùèå çíà÷åíèÿ: αb = 1.5 × 10−6 1/ì ïðè
x = 0; αb = 3.5× 10−3 1/ì ïðè x = 10−8; αb = 0.32 1/ì
ïðè x = 10−6; αb = 2.0 1/ì ïðè x = 10−5.
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Ðèñ. 6: Çàâèñèìîñòè îò ðàññòîÿíèÿ äàâëåíèÿ àêóñòè÷åñêîãî
ïîëÿ íà ðàçëè÷íûõ ãëóáèíàõ |p(r, z)| ïðè ðàçëè÷íûõ êîí-
öåíòðàöèÿõ ïóçûðüêîâ è ïîñòîÿííîé òîëùèíå ñëîÿ h = 7ì.
1 � z = 0.1ì, 2 � z = 0.4ì, 3 � z = 4.2ì, 4 � z = 10.5ì,
5 � z = 21ì, 6 � z = 31.5ì, 7 � z = 42ì. Òîëñòûìè ëè-
íèÿìè (êðèâàÿ 8) îòîáðàæåíî ñðåäíåå ïî ãëóáèíå äàâëåíèå
àêóñòè÷åñêîãî ïîëÿ P (r) = 〈|p(r, z)|〉z

Íà ðèñ. 6 ïðåäñòàâëåíû çàâèñèìîñòè îò ðàññòîÿ-
íèÿ äàâëåíèÿ àêóñòè÷åñêîãî ïîëÿ íà ðàçëè÷íûõ ãëó-
áèíàõ |p(r, z)| ïðè ðàçëè÷íûõ êîíöåíòðàöèÿõ ïóçûðü-
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êîâ. Òîëñòûìè ëèíèÿìè îòîáðàæåíî ñðåäíåå ïî ãëó-
áèíå äàâëåíèå àêóñòè÷åñêîãî ïîëÿ. Èç ðèñ. 6 âèäíà
ñèëüíàÿ çàâèñèìîñòü ñïàäà ïîëÿ îò ðàññòîÿíèÿ íà ðàç-
ëè÷íûõ ãëóáèíàõ. Íî íà áîëüøèõ ðàññòîÿíèÿõ õàðàê-
òåð ýêñïîíåíöèàëüíîãî ñïàäà ïîëÿ îêàçûâàåòñÿ áëèç-
êèì äëÿ ðàçëè÷íûõ ãëóáèí, âêëþ÷àÿ è ñðåäíåå ïîëå.
Íà áîëüøèõ ðàññòîÿíèÿõ îñíîâíîé âêëàä â ýíåðãèþ
ïîëÿ äàþò òîëüêî òå êîìïîíåíòû, êîòîðûå íå ñèëü-
íî âçàèìîäåéñòâóþò ñ ïóçûðüêîâûì ñëîåì, è ïîýòî-
ìó êîýôôèöèåíò ïîãëîùåíèÿ çâóêà ðåçêî ñíèæàåòñÿ
è ïðèáëèæàåòñÿ ê âåëè÷èíå êîýôôèöèåíòà ïîãëîùåíèÿ
â âîäå áåç ïóçûðüêîâ.

ÇÀÊËÞ×ÅÍÈÅ

Ïîêàçàíî, ÷òî âëèÿíèå ïðèïîâåðõíîñòíîãî ñëîÿ ïó-
çûðüêîâ çàêëþ÷àåòñÿ â äîïîëíèòåëüíîì ñïàäå ïîëÿ

íà óìåðåííûõ äèñòàíöèÿõ, âûçâàííîãî çàòóõàíèåì ÷à-
ñòè çâóêîâîé ýíåðãèè, ðàñïðîñòðàíÿþùåéñÿ â ïóçûðü-
êîâîì ñëîå. Â äàëüíåéøåì ýòà ýíåðãèÿ çàòóõàåò, ÷òî
â èòîãå ïðèâîäèò ê îòñóòñòâèþ â ýêñïîíåíöèàëüíîì
çàêîíå âêëàäà ïóçûðüêîâîãî ñëîÿ. Íàëè÷èå äèññè-
ïàöèè â ïðèïîâåðõíîñòíîì ñëîå ïóçûðüêîâ ñïîñîá-
íî ïðèâîäèòü ê ñóùåñòâåííîé ïåðåñòðîéêå ñòðóêòó-
ðû àêóñòè÷åñêîãî ïîëÿ, êàê ýòî ïðîäåìîíñòðèðîâàíî
íà ðèñ. 4 è ðèñ. 5.
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Influence of bubble clouds in the disturbed near-surface
layer of the ocean on sound propagation
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The sound propagation in the sea in the presence of a near-surface layer of bubbles is discussed with the use of the latest
experimental results for the bubble size distribution function g(R) obtained at different wind speeds and different States of the
sea surface. It is shown that the presence of dissipation in the near-surface layer of bubbles with an increase in the volume
concentration greater than 10−6 can lead to a significant restructuring of the acoustic field structure.
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