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Âñòóï. Ç ë³òåðàòóðíèõ äæåðåë [4, 5, 8, 9, 12]
â³äîìî, ùî äëÿ ï³äâèùåííÿ íàôòîãàçîâ³ääà÷³
ïëàñò³â çàñòîñîâóþòü àêóñòè÷í³ ìåòîäè ä³¿. Ç ìå-
òîþ ðîçøèðåííÿ ìîæëèâîñòåé öèõ ìåòîä³â âèêî-
ðèñòîâóþòü á³ãàðìîí³÷íó ä³þ àêóñòè÷íèìè õâè-
ëÿìè [10], àìïë³òóäíî- ³ ôàçîâî-ìîäóëüîâàí³
àêóñòè÷í³ çáóðåííÿ [11, 12] òà ³íø³ ìåòîäè. Öå
äàº çìîãó ðîçøèðèòè ñïåêòðàëüí³ õàðàêòåðèñòèêè
àêóñòè÷íîãî âïëèâó íà ñòðóêòóðîâàíå íåë³í³éíå
ãåîô³çè÷íå ñåðåäîâèùå (ãåîñåðåäîâèùå) [7]. Ïðî-
òå òåîðåòè÷íîìó îá´ðóíòóâàííþ çàçíà÷åíèõ ìå-
òîä³â ïðèä³ëåíî íåäîñòàòíüî óâàãè.

Â ðîáîò³ [10] íà îñíîâ³ íåîäíîð³äíîãî õâèëüî-
âîãî ð³âíÿííÿ, ÿêå âèâåäåíî ç îñíîâíèõ ð³âíÿíü
íåë³í³éíî¿ àêóñòèêè ó çì³ííèõ Ëàãðàíæà x, t, âè-
çíà÷åíî òà äîñë³äæåíî ñïåêòðàëüí³ õàðàêòåðèñòè-
êè çà ä³¿ ãàðìîí³÷íî¿ àêóñòè÷íî¿ õâèë³ â íåë³í³éíî-
ìó ãåîñåðåäîâèù³. Â³äîìî, ùî ð³âíÿííÿ íåë³í³éíî¿

àêóñòèêè îäåðæàí³ çà óìîâè 1u
x

∂
∂

=  (äå u –

çì³ùåííÿ ÷àñòî÷îê ñåðåäîâèùà), êîëè ðîçãëÿäà-
þòü ñëàáîíåë³í³éí³ õâèë³ [6]. Çà ö³º¿ óìîâè ñèñòå-
ìó ð³âíÿíü íåë³í³éíî¿ àêóñòèêè ìîæíà çâåñòè äî
íåîäíîð³äíîãî õâèëüîâîãî ð³âíÿííÿ [6, 10]
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äå ñ – øâèäê³ñòü ïîøèðåííÿ àêóñòè÷íèõ õâèëü ó
ñåðåäîâèù³; γ – ïîêàçíèê àä³àáàòè Ïóàññîíà, ùî
âõîäèòü äî ð³âíÿííÿ ñòàíó ãåîñåðåäîâèùà.

Ïîñòàíîâêà çàäà÷³. Â ðîáîò³ [10] íà îñíîâ³
ð³âíÿííÿ (1) âèçíà÷åíî é äîñë³äæåíî ñïåêòðàëüí³
õàðàêòåðèñòèêè àêóñòè÷íîãî ãàðìîí³÷íîãî ñèãíà-
ëó 0 sinu u t= ω . ßê ñâ³ä÷àòü äîñë³äæåííÿ, ñïåêò-

ðàëüí³ õàðàêòåðèñòèêè ö³º¿ ä³¿ íà ãåîñåðåäîâèùå
ïåðåâàæíî âèçíà÷àþòü ïðàâîþ ÷àñòèíîþ ð³âíÿí-
íÿ (1) ÷åðåç ôóíêö³þ
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t x cτ = −  – ÷àñîâèé ïàðàìåòð. Öÿ ôóíêö³ÿ ìàº
ô³çè÷íèé çì³ñò çìóøóâàëüíî¿ ñèëè, ÿêà çáóäæóº
â ãåîñåðåäîâèù³ íîâ³ àêóñòè÷í³ õâèë³ âíàñë³äîê
íåë³í³éíèõ åôåêò³â [3]. Äëÿ çíàõîäæåííÿ âèäó
öèõ õâèëü ³ ¿õ ñïåêòðàëüíèõ õàðàêòåðèñòèê íåîá-
õ³äíî ðîçâ’ÿçàòè íåîäíîð³äíå õâèëüîâå ð³âíÿí-
íÿ (1). Ðîçâ’ÿçêè öüîãî ð³âíÿííÿ äëÿ ãàðìîí³÷íî-
ãî àêóñòè÷íîãî ñèãíàëó íàâåäåíî â ðîáîò³ [10], ¿õ
çíàõîäæåííÿ íàâ³òü äëÿ ãàðìîí³÷íèõ õâèëü ïî-
â’ÿçàíå ³ç ãðîì³çäê³ñòþ ìàòåìàòè÷íèõ âèêëàäîê.
Çàñòîñóâàííÿ ìåòîäó ïîâ³ëüíîãî çì³ííîãî ïðî-
ô³ëþ äàº çìîãó ñïðîñòèòè ð³âíÿííÿ (1) ³ çâåñòè
éîãî äî ð³âíÿííÿ ïðîñòèõ õâèëü [6]

ÓÄÊ 550.34+622.831

ÑÏÅÊÒÐÀËÜÍ² ÕÀÐÀÊÒÅÐÈÑÒÈÊÈ Á²ÃÀÐÌÎÍ²×ÍÈÕ ÀÊÓÑÒÈ×ÍÈÕ ÕÂÈËÜ

Ï²Ä ×ÀÑ ¯Õ Ä²¯ ÍÀ ÍÅË²Í²ÉÍÅ ÃÅÎÔ²ÇÈ×ÍÅ ÑÅÐÅÄÎÂÈÙÅ

Â.Ï. Íàãîðíèé,  ².². Äåíèñþê

Â³ää³ëåííÿ ãåîäèíàì³êè âèáóõó ²íñòèòóòó ãåîô³çèêè ³ì. Ñ.². Ñóááîò³íà ÍÀÍ Óêðà¿íè,
âóë. Á. Õìåëüíèöüêîãî, 63ã, Êè¿â 01054, Óêðà¿íà, e-mail: vgv_nagornyi@ukr.net

Äëÿ ï³äâèùåííÿ íàôòîãàçîâ³ääà÷³ ïëàñò³â çàñòîñîâóþòü àêóñòè÷í³ ìåòîäè ä³¿ íà ¿õ ãåîô³çè÷íå ñåðåäîâèùå.
Ç ìåòîþ ðîçøèðåííÿ ìîæëèâîñòåé àêóñòè÷íîãî âïëèâó íà íàôòîãàçîíîñí³ ïëàñòè äîñë³äæåíî ñïåêòðàëüí³ õà-
ðàêòåðèñòèêè á³ãàðìîí³÷íî¿ àêóñòè÷íî¿ ä³¿ íà ïëàñò. Âèêîðèñòàíî ð³âíÿííÿ íåë³í³éíî¿ àêóñòèêè, ÿê³ ìåòîäîì
çì³ííîãî ïðîô³ëþ çâåäåíî äî ð³âíÿííÿ ïðîñòèõ õâèëü. Íà îñíîâ³ ðîçâ’ÿçêó ð³âíÿííÿ ïðîñòèõ õâèëü äëÿ çáó-
ðåííÿ äîâ³ëüíî¿ ôîðìè äîñë³äæåíî ñïåêòðàëüí³ õàðàêòåðèñòèêè á³ãàðìîí³÷íîãî ñèãíàëó

( )sin 2 sinv t m t= ω + ω + ϕ , ÿêèé ïîøèðþºòüñÿ â íåë³í³éíîìó ãåîñåðåäîâèù³ ïðè 1m = . Óñòàíîâëåíî, ùî ïðî-
öåñ âçàºìîä³¿ ïîòóæíîãî ñèãíàëó ç ÷àñòîòîþ 2ω ³ ñëàáê³øîãî ñèãíàëó ç ÷àñòîòîþ ω ÷óòëèâèé  äî çñóâó ôàçè ϕ.
Çà âçàºìîä³¿ ñëàáêîãî ñèãíàëó ç ÷àñòîòîþ ω, çñóíóòîãî çà ôàçîþ ϕ, ç ³íòåíñèâíîþ õâèëåþ íàêà÷óâàííÿ ÷àñòîòè
2ω âèíèêàº íåë³í³éíèé åôåêò ïàðàìåòðè÷íîãî ï³äñèëåííÿ ñëàáêîãî ñèãíàëó. Âèÿâëåíî, ùî ï³äñèëåííÿ àìïë³-
òóäè ñëàáêîãî ñèãíàëó ñïîñòåð³ãàºòüñÿ ï³ä ÷àñ çñóâó çà ôàçîþ â ä³àïàçîí³ ϕ = 45°÷135°, íàéá³ëüøå ï³äñèëåííÿ –
ïðè êóò³ çñóâó ôàçè ϕ = 90°. Â ³íøèõ âèïàäêàõ àìïë³òóäà ñëàáêîãî ñèãíàëó çìåíøóºòüñÿ. Îòðèìàíèé ðåçóëüòàò
ìîæå áóòè âèêîðèñòàíèé ïðè ðîçðîáö³ ïåðñïåêòèâíèõ õâèëüîâèõ ìåòîä³â îáðîáêè ñòðóêòóðîâàíèõ íàôòîãàçî-
íîñíèõ ïëàñò³â, â ÿêèõ ðîçøèðåííÿ ä³ëÿíêè îáðîáêè ïîâ’ÿçóºòüñÿ ç ï³äñèëåííÿì àìïë³òóäè àêóñòè÷íî¿ õâèë³
ðåçîíàíñíî¿ ÷àñòîòè â ðàç³ âèêîðèñòàííÿ åíåðã³¿ á³ëüø âèñîêî÷àñòîòíî¿ ³íòåíñèâíî¿ õâèë³ íàêà÷óâàííÿ.

Êëþ÷îâ³ ñëîâà: àìïë³òóäà, àêóñòèêà, ãåîô³çè÷íå ñåðåäîâèùå, íàêà÷óâàííÿ, íåë³í³éí³ñòü, ïëàñò, ñïåêòð, ÷àñòîòà.
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äå v – êîëèâàëüíà øâèäê³ñòü ÷àñòèíîê ñåðåäîâè-

ùà; 
( )1

2
γ +

ε =  – ïàðàìåòð àêóñòè÷íî¿ íå-

ë³í³éíîñò³.
Ð³âíÿííÿ (2) – ð³âíÿííÿ ïåðøîãî ïîðÿäêó,

à íå äðóãîãî, ÿê âèõ³äíå ð³âíÿííÿ (1), ³ ðîçâ’ÿçó-
âàòè éîãî ïðîñò³øå.

Òàêèì ÷èíîì, çàäà÷ó âèçíà÷åííÿ ñïåêòðàëü-
íèõ õàðàêòåðèñòèê âäàºòüñÿ ñóòòºâî ñïðîñòèòè.
Ñïî÷àòêó ïîòð³áíî çíàéòè ðîçâ’ÿçîê ð³âíÿííÿ
ïðîñòèõ õâèëü (2) çà ä³¿ çáóðåííÿ äîâ³ëüíî¿ ôîð-
ìè

( ) ( )00,v x t v t= = Φ ω                (3)

íà ìåæ³ íåë³í³éíîãî ãåîñåðåäîâèùà, à ïîò³ì âè-
çíà÷èòè ñïåêòðàëüí³ õàðàêòåðèñòèêè öüîãî
ðîçâ’ÿçêó, äå Ô(ω, t) – äîâ³ëüíà ïåð³îäè÷íà ôóíê-
ö³ÿ ç³ ñâî¿ì àðãóìåíòîì ç ïåð³îäîì T = 2π.

Ðåçóëüòàòè. Ñêîðèñòàºìîñÿ ðåçóëüòàòàìè ïðàö³
[3], äå äëÿ çáóðåííÿ (3) îòðèìàíèé çàãàëüíèé
ðîçâ’ÿçîê ó âèãëÿä³ íåÿâíî¿ ôóíêö³¿
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, ,
vv x v z
v

 
τ = Φ ωτ + 

 
             (4)

äå 02z v x
c
εω

=  – áåçðîçì³ðíà â³äñòàíü.

Äëÿ çíàõîäæåííÿ ñïåêòðà ðîçâ’ÿçîê (4) íåîá-
õ³äíî ðîçêëàñòè â ðÿä Ôóð’º ³ çíàéòè êîåô³ö³ºíòè
ðîçêëàäó cn:

( ) ( )
0

exp .n
n

v c z in
v

∞

=−∞

= ωτ∑

Êîåô³ö³ºíòè ðîçêëàäó cn âèçíà÷àºìî çà ôîð-
ìóëîþ [1]
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1
exp ,
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vc z z in d
v

π

−π

 
= Φ ωτ + − ωτ ωτ π  

∫   (5)

äå 1i = −  – óÿâíà îäèíèöÿ.

Ïðî³íòåãðóâàâøè âèðàç (5) äåê³ëüêà ðàç çà ÷àñ-
òèíàìè, çíàõîäèìî [7]

( ) ( )( )e 1 e ,
2

inz in
n

ic z d
nz

π
− Φ ξ − ξ

−π

−
= − ξ

π ∫        (6)

äå 
0

vz
v

ξ = ωτ +  – íîâà çì³ííà.

Çàëåæí³ñòü (6) âèçíà÷àº ñïåêòð ïðîñòî¿ õâèë³
ó íåë³í³éíîìó ãåîô³çè÷íîìó ñåðåäîâèù³ çà ä³¿ â
íüîìó õâèë³ (3).

Íà îñíîâ³ îäåðæàíî¿ çàëåæíîñò³ (6) äîñë³äèìî
ä³þ âèñõ³äíîãî á³ãàðìîí³÷íîãî ñèãíàëó

( )
0

sin 2 sinv t m t
v

= ω + ω + ϕ            (7)

ó íåë³í³éíîìó ãåîñåðåäîâèù³, äå ïàðàìåòð 1m = ;
ϕ – çñóâ ôàçè ì³æ ³íòåíñèâíîþ õâèëåþ íà ÷àñòîò³
2ω òà ñëàáêîãî ñèãíàëó íà ÷àñòîò³ ω.

Ïðîöåñ âçàºìîä³¿ ñèãíàë³â (7) ìàº íàçâó âè-
ðîäæåíîãî: â³í ÷óòëèâèé äî çñóâó ôàçè ϕ [6].

Âèçíà÷èìî, çà ÿêîãî  çñóâó ôàç ϕ ñëàáêèé ñèã-
íàë ï³äñèëþºòüñÿ, à çà ÿêîãî çìåíøóºòüñÿ. Äëÿ
ðîçâ’ÿçàííÿ çàäà÷³ ñêîðèñòàºìîñÿ òî÷íèì ñïåêò-
ðàëüíèì ïðåäñòàâëåííÿì ðîçâ’ÿçêó ð³âíÿííÿ ïðîñ-
òèõ õâèëü (6), â ÿêîìó çà ôóíêö³þ Ô(ξ) ïðèéìàº-
ìî ñï³ââ³äíîøåííÿ

( ) ( )sin 2 sinmΦ ξ = ξ + ξ + ϕ .          (8)

Ï³ñëÿ ï³äñòàíîâêè ñï³ââ³äíîøåííÿ (8) â çà-
ëåæí³ñòü (6) îäåðæóºìî

( ) ( )sin 2 sin, e 1 e
2

inz m in
n

ic z d
nz

π
ξ+ ξ+ϕ  − ξ 

−π

−   ϕ = − ξ   π  ∫ .  (9)

Äëÿ äîñë³äæåííÿ àìïë³òóäíèõ õàðàêòåðèñòèê
ñëàáêîãî ñèãíàëó, ùî ïîøèðþºòüñÿ íà ÷àñòîò³ ω,
ðîçãëÿíåìî Ôóð’º-êîìïîíåíòó ïðè n = 1.

²ç âèðàçó (9) ïðè n = 1 îòðèìóºìî
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sin 2 sin
1

sinsin 2

, e 1 e
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e e 1 e .
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ic z d
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i d
z

π
ξ+ ξ+ϕ  − ξ 

−π

π
ξ+ϕξ − ξ

−π

−   ϕ = − ξ =   π 

   = − ⋅ − ξ   π 

∫

∫

Ïðè 1m =  ìàºìî ñï³ââ³äíîøåííÿ

( ) ( )sine 1 sin .imz imzξ+ϕ ≈ + ξ + ϕ            (10)

Ç óðàõóâàííÿì âèðàçó (10) Ôóð’º-êîìïîíåíòà
c1(z) ìàº âèãëÿä

( ) ( )sin 2
1

sin 2

, e e sin
2

e e e .

iz i

iz i i

ic z imz
z

d d

π
ξ − ξ

−π

π
ξ − ξ − ξ

−π

−   ϕ = ⋅ + ξ + ϕ ×  π  

× ⋅ ξ − ξ 

∫

∫
 (11)

Ïðåäñòàâèâøè ôóíêö³þ sin(ξ + ϕ) ÷åðåç ïîêàç-
íèêîâó ôóíêö³þ êîìïëåêñíîãî àðãóìåíòà òà âðà-
õóâàâøè òîòîæí³ñòü äëÿ áåññåëåâèõ ôóíêö³é

( )exp sin expk
k

iz J z ik
∞

=−∞

ξ = ξ∑  [2], ³ç çàëåæíîñò³ (11)

îòðèìàºìî

( ) ( ) ( ) ( )( )1 1 2 1 0, e e .
2

i ii imc z J z J z J z
z

− ϕ ϕ   ϕ = − + −   
   

(12)

Ïðåäñòàâèâøè ó âèðàç³ (12) ïîêàçíèêîâ³
ôóíêö³¿ e–iϕ, eiϕ ÷åðåç òðèãîíîìåòðè÷í³ ôóíêö³¿
sin ϕ ³ cos ϕ, çàïèøåìî
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( ) ( ) ( )

( ) ( )
( )

1 0 1

1 2
0 1

, sin
2

cos .
2

mc z J z J z

iJ zmi J z J z
z

ϕ = + ϕ −  

 − − ϕ −     

     (13)

Îñê³ëüêè ÷ëåí ( )1 2i J z z  ó âèðàç³ (13) íå çà-
ëåæèòü â³ä ïàðàìåòðà ϕ, öåé âèðàç ìàòèìå âèãëÿä

( ) ( ) ( )

( ) ( )

1 0 1

0 1

, sin
2

cos .
2

mc z J z J z

mi J z J z

ϕ = + ϕ −  

− − ϕ  

Îòæå, àìïë³òóäà ñëàáêîãî ñèãíàëó íà ÷àñòîò³ ω
çàëåæíî â³ä êóòà ϕ äîð³âíþâàòèìå

( )

( ) ( ) ( ) ( )

1

2 22 2
0 1 0 1

,
2

sin cos

mc z

J z J z J z J z

ϕ = ×

× + ϕ + − ϕ      
.(14)

Ï³ñëÿ íåñêëàäíèõ ïåðåòâîðåíü îäåðæèìî

( ) ( ) ( ) ( ) ( )2 2
1 0 1 0 1, 2 cos 2

2
mc z J z J z J z J zϕ = + − ϕ . (15)

Î÷åâèäíî, ùî àìïë³òóäà ( )1 ,c z ϕ  ñëàáêîãî
ñèãíàëó  çàëåæèòü â³ä òðüîõ ïàðàìåòð³â: m, z ³ ϕ.
Â³ä ïàðàìåòðà m öÿ çàëåæí³ñòü º ë³í³éíîþ, çà óìî-
âîþ çàäà÷³ 1m = . Ï³ä ÷àñ äîñë³äæåíü öåé ïàðà-
ìåòð çàô³êñîâàíî. Ç ïðàêòè÷íî¿ òî÷êè çîðó íàé-
á³ëüøèé ³íòåðåñ ñòàíîâëÿòü äîñë³äæåííÿ
çàëåæíîñò³ ( )1 ,c z ϕ  â³ä ïàðàìåòð³â z ³ ϕ.

Ó òàáëèö³ íàâåäåíî ðåçóëüòàòè ðîçðàõóíê³â çà
ôîðìóëîþ (15).

Ç ìåòîþ âèÿâëåííÿ çàêîíîì³ðíîñòåé ôîðìó-
âàííÿ ñïåêòðàëüíèõ õàðàêòåðèñòèê ñëàáêîãî ñèã-
íàëó òà ³íòåðïðåòàö³¿ ðåçóëüòàò³â ðîçðàõóíê³â äàí³
òàáëèö³ ïðåäñòàâëåíî ãðàô³÷íî (ðèñ. 1–4).

Ñ³ìåéñòâî êðèâèõ ( )1 ,c z ϕ  ïðè äåÿêèõ çíà-
÷åííÿõ êóòà ϕ ïîâ’ÿçàíå ç áåçðîçì³ðíîþ â³äñòàí-
íþ z, ùî çì³íþºòüñÿ â ³íòåðâàë³ â³ä 0 äî 1 – äî
ìîìåíòó óòâîðåííÿ ðîçðèâó ôðîíòó àêóñòè÷íî¿
õâèë³ (ðèñ. 1). Íà ðèñ. 2 â ïîëÿðíèõ êîîðäèíàòàõ

çîáðàæåíî ä³àãðàìè ðîçïîä³ëó íîðìîâàíî¿ àìïë³-
òóäè êîëèâàíü ( )1 ,c z ϕ  çàëåæíî â³ä êóòà ϕ, íà
ðèñ. 3 â äåêàðòîâèõ êîîðäèíàòàõ ïîêàçàíî çàëåæ-
íîñò³ ( )1 ,c z ϕ  â³ä êóòà ϕ çà ð³çíèõ â³äñòàíåé z.

Óñòàíîâëåíî, ùî çà çì³íè êóòà çñóâó ôàç ϕ â³ä
0° äî 180° àìïë³òóäà ( )1 ,c z ϕ  ñëàáêîãî ñèãíàëó
ï³äñèëþºòüñÿ â ä³àïàçîí³ 45° < ϕ < 135°, à â ä³àïà-
çîíàõ 0 45° ≤ ϕ ≤ ° , 135 180° ≤ ϕ ≤ °  ïîñëàáëþºòüñÿ
(ðèñ. 2, à, 3), ïðè÷îìó íàéá³ëüøå éîãî çíèæåííÿ
â³äáóâàºòüñÿ ïðè ϕ = 0° ³ ϕ = 180°. Íàéåôåêòèâí³øå
ñèãíàë ï³äñèëþºòüñÿ ïðè ϕ = 90°. Çà ïîäàëüøî¿
çì³íè êóòà ϕ â³ä 180° äî 360° ìàºìî ñèìåòðè÷íó
ä³àãðàìó â³äíîñíî îñ³ 0°–180°. Öå ïîâ’ÿçàíå ç òèì,
ùî çàëåæí³ñòü (15) ìàº ïàðíó ôóíêö³þ cos 2ϕ.

Ïîð³âíÿâøè ä³àãðàìè ðîçïîä³ëó àìïë³òóä êî-
ëèâàíü ( )1 ,c z ϕ  íà â³äñòàíÿõ z = 0,6 (äèâ. ðèñ. 2, à)
³ z = 1,0 (ðèñ. 2, á), ìîæíà çðîáèòè âèñíîâîê
ïðî çìåíøåííÿ ³íòåíñèâíîñò³ êîëèâàíü ñëàáêî-
ãî ñèãíàëó íà â³äñòàí³ z = 1,0 â ä³àïàçîíàõ çì³íè
êóòà ϕ: 0 60° ≤ ϕ ≤ ° , 120 180° ≤ ϕ ≤ ° ; 0 300° ≤ ϕ ≤ ° ;
180 240° ≤ ϕ ≤ ° . Çà çì³íè êóòà 60 120° ≤ ϕ ≤ °  òà
240 300° ≤ ϕ ≤ °  ³íòåíñèâí³ñòü õâèë³ íà ÷àñòîò³ ω
äëÿ â³äñòàíåé z = 0,6 ³ z = 1,0 ïðàêòè÷íî îäíàêîâà.

Àìïë³òóäà êîëèâàíü ( )1 ,c z ϕ  ñëàáêîãî ñèãíàëó ÷àñòîòè ω çàëåæíî â³ä áåçðîçì³ðíî¿ â³äñòàí³ z
çà ð³çíèõ êóò³â çñóâó ôàç ϕ (m = 0,01)

z 
Кут зсуву фаз 

0°; 180° 30°; 150° 45°; 135° 60°; 120° 80°; 100° 90° 
0 5,0 5,0 5,0 5,0 5,0 5,0 

0,2 4,45 4,72 4,97 5,22 5,42 5,45 
0,3 4,15 4,56 4,94 5,30 5,59 5,63 
0,4 3,82 4,39 4,90 5,36 5,73 5,78 
0,5 3,48 4,22 4,85 5,40 5,84 5,90 
0,6 3,13 4,04 4,78 5,42 5,93 5,99 
0,8 2,39 3,67 4,62 5,40 5,99 6,08 
1,0 1,63 3,33 4,41 5,28 5,94 6,03 

 

Ðèñ. 1. Çàëåæí³ñòü íîðìîâàíî¿ àìïë³òóäè ( )1 ,c z ϕ  (äî àìï-
ë³òóäè v0) ñëàáêîãî ñèãíàëó â³ä â³äñòàí³ ïðè ð³çíèõ çíà÷åí-
íÿõ êóòà çñóâó ôàç ϕ: 1 – 0°; 2 – 30°; 3 – 45°; 4 – 60°; 5 – 90°
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Êîåô³ö³ºíò ï³äñèëåííÿ 
( )

( )
1

1

,
, 0

c z
c z

ϕ

ϕ = °
 ñëàáêîãî

ñèãíàëó çàëåæèòü â³ä áåçðîçì³ðíî¿ â³äñòàí³ z
(ðèñ. 4). Íàéá³ëüøå ï³äñèëåííÿ ñëàáêîãî ñèãíàëó
ñïîñòåð³ãàºòüñÿ ïðè êóò³ çñóâó ôàç ϕ = 90°, ïðè
öüîìó êîåô³ö³ºíò ï³äñèëåííÿ äëÿ z = 1,0 äîñÿãàº
çíà÷åííÿ 3,7.

Âèñíîâêè. Íà îñíîâ³ çàãàëüíîãî ðîçâ’ÿçêó
ð³âíÿííÿ ïðîñòèõ õâèëü äîñë³äæåíî ï³äñèëåííÿ
ñëàáêèõ ñèãíàë³â ó ïîë³ ³íòåíñèâíî¿ õâèë³ íàêà÷ó-
âàííÿ. Âñòàíîâëåíî, ùî çà âçàºìîä³¿ ñëàáêîãî ñèã-
íàëó, çñóíóòîãî çà ôàçîþ ϕ, ³ç ³íòåíñèâíîþ õâè-
ëåþ íàêà÷óâàííÿ âèíèêàº íåë³í³éíèé åôåêò
ï³äñèëåííÿ öüîãî ñèãíàëó. Âèÿâëåíî, ùî çà çì³íè
êóòà ϕ â³ä 0° äî 180° åôåêòèâíå ï³äñèëåííÿ àìïë³-

Ðèñ. 2. Ä³àãðàìè ðîçïîä³ëó íîðìîâàíî¿ àìïë³òóäè êîëèâàíü ( )1 ,c z ϕ  ñëàáêîãî ñèãíàëó çàëåæíî â³ä êóòà ϕ íà â³äñòàíÿõ:
à – z = 0,6; á – z = 1,0

Ðèñ. 3. Çàëåæí³ñòü íîðìîâàíî¿ àìïë³òóäè ( )1 ,c z ϕ  ñëàáêîãî
ñèãíàëó â³ä êóòà çñóâó ôàç ϕ çà ð³çíèõ çíà÷åíü áåçðîçì³ð-
íî¿ â³äñòàí³ z: 1 – 0; 2 – 0,2; 3 – 0,5; 4 – 1,0

Ðèñ. 4. Çàëåæíîñò³ êîåô³ö³ºíò³â ï³äñèëåííÿ 
( )

( )
1

1

,
, 0

c z
c z

ϕ

ϕ =
 â³ä

áåçðîçì³ðíî¿ â³äñòàí³ z: 1 – ϕ = 45°; 2 – ϕ = 90°

òóäè ñëàáêîãî ñèãíàëó ñïîñòåð³ãàºòüñÿ ï³ä ÷àñ çñó-
âó çà ôàçîþ â ä³àïàçîí³ 45 135ϕ = ° ÷ ° . Ïðè

0 45 ,ϕ = ° ÷ ° 135 180° ÷ °  àìïë³òóäà ñëàáêîãî ñèãíàëó
çíèæóºòüñÿ, ïðè÷îìó íàéá³ëüøå ïðè ϕ = 0° ³
ϕ = 180°. Íàéá³ëüøå ï³äñèëåííÿ çàô³êñîâàíî ïðè
êóò³ çñóâó ôàçè ϕ = 90°. Íà â³äñòàí³ z = 1 âîíî
äîñÿãàº çíà÷åííÿ 3,7.

Îòðèìàíèé ðåçóëüòàò ìîæå áóòè âèêîðèñòà-
íèé ï³ä ÷àñ ðîçðîáêè ïåðñïåêòèâíèõ àêóñòè÷íèõ
ìåòîä³â îáðîáêè íàôòîãàçîíîñíèõ ïëàñò³â, îñîá-
ëèâî ÿêùî ðîçøèðåííÿ ä³ëÿíêè àêóñòè÷íî¿ îá-
ðîáêè ïëàñò³â ïîâ’ÿçàíå ç ï³äñèëåííÿì àìïë³òóäè
àêóñòè÷íî¿ õâèë³ ïåâíî¿ (ðåçîíàíñíî¿) ÷àñòîòè çà
âèêîðèñòàííÿ åíåðã³¿ á³ëüø âèñîêî÷àñòîòíî¿ ³íòåí-
ñèâíî¿ õâèë³ íàêà÷óâàííÿ.

à á
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Äëÿ ïîâûøåíèÿ íåôòåãàçîîòäà÷è ïëàñòîâ ïðèìåíÿþòñÿ àêóñòè÷åñêèå ìåòîäû âîçäåéñòâèÿ íà ãåîôèçè÷åñêóþ
ñðåäó. Ñ öåëüþ ðàñøèðåíèÿ âîçìîæíîñòåé àêóñòè÷åñêîãî âîçäåéñòâèÿ íà íåôòåãàçîíîñíûå ïëàñòû èññëåäîâàíû
ñïåêòðàëüíûå õàðàêòåðèñòèêè áèãàðìîíè÷åñêîãî àêóñòè÷åñêîãî âîçäåéñòâèÿ íà ïëàñò. Èñïîëüçîâàíû óðàâíåíèÿ
íåëèíåéíîé àêóñòèêè, ñâîäèìûå ìåòîäîì ïåðåìåííîãî ïðîôèëÿ ê óðàâíåíèþ ïðîñòûõ âîëí. Íà îñíîâå ðåøå-
íèÿ óðàâíåíèÿ ïðîñòûõ âîëí äëÿ âîçìóùåíèÿ ïðîèçâîëüíîé ôîðìû èññëåäîâàíû ñïåêòðàëüíûå õàðàêòåðèñòè-
êè áèãàðìîíè÷åñêîãî ñèãíàëà ( )sin 2 sinv t m t= ω + ω + ϕ , ðàñïðîñòðàíÿþùåãîñÿ â íåëèíåéíîé ãåîôèçè÷åñêîé
ñðåäå ïðè 1m = . Óñòàíîâëåíî, ÷òî ïðîöåññ âçàèìîäåéñòâèÿ ìîùíîãî ñèãíàëà ñ ÷àñòîòîé 2ω è áîëåå ñëàáîãî
ñèãíàëà ñ ÷àñòîòîé ω ÷óâñòâèòåëåí ê ñìåùåíèþ ôàçû ϕ. Ïðè âçàèìîäåéñòâèè ñëàáîãî ñèãíàëà ñ ÷àñòîòîé ω,
ñìåùåííîãî ïî ôàçå ϕ, ñ èíòåíñèâíîé âîëíîé íàêà÷êè ÷àñòîòû 2ω âîçíèêàåò íåëèíåéíûé ýôôåêò ïàðàìåòðè-
÷åñêîãî óñèëåíèÿ ñëàáîãî ñèãíàëà. Óñèëåíèå àìïëèòóäû ñëàáîãî ñèãíàëà íàáëþäàåòñÿ ïðè ñäâèãå ïî ôàçå â
äèàïàçîíå ϕ = 45°÷135°, ìàêñèìàëüíîå – ïðè ñäâèãå ïî ôàçå ϕ = 90°. Â äðóãèõ äèàïàçîíàõ ñäâèãà ϕ  àìïëèòóäà
ñëàáîãî ñèãíàëà óìåíüøàåòñÿ. Ïîëó÷åííûé ðåçóëüòàò ìîæåò áûòü èñïîëüçîâàí ïðè ðàçðàáîòêå ïåðñïåêòèâíûõ
âîëíîâûõ ìåòîäîâ îáðàáîòêè ñòðóêòóðèðîâàííûõ íåôòåãàçîíîñíûõ ïëàñòîâ, â êîòîðûõ ðàñøèðåíèå îáëàñòè
îáðàáîòêè ñâÿçûâàåòñÿ ñ óñèëåíèåì àìïëèòóäû àêóñòè÷åñêîé âîëíû ðåçîíàíñíîé ÷àñòîòû ïóòåì èñïîëüçîâàíèÿ
ýíåðãèè áîëåå âûñîêî÷àñòîòíîé èíòåíñèâíîé âîëíû íàêà÷êè.

Êëþ÷åâûå ñëîâà: àìïëèòóäà, àêóñòèêà, ãåîôèçè÷åñêàÿ ñðåäà, íàêà÷êà, íåëèíåéíîñòü, ïëàñò, ñïåêòð, ÷àñòîòà.

SPECTRAL BEHAVIOR OF BIHARMONIC ACOUSTIC WAVES
DURING THEIR ACTION ON NONLINEAR GEOPHYSICAL MEDIUM

V.P. Nagornyy, I.I. Denysyuk

Department of Explosion Geodynamics of Institute of Geophysics National Academy of Sciences of Ukraine,
63g B. Khmelnilzky Str., Kyiv 01054, Ukraine, e-mail: vgv_nagornyi@ukr.net

Purpose. Acoustic methods are used for acting on geological medium in order to increase oil and gas reservoir recovery.
To enlarge possibilities of acoustic effect on hydrocarbon layers the authors have studied spectral characteristics of
biharmonic acoustic effect on a layer.
Design/methodology/approach.  Equations of non-linear acoustics were applied in this process, which can be reduced to
equations of simple waves with the help of an alternating profile method.
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Findings. Based on solving the equation of simple waves for disturbance of arbitrary shape, we studied spectral characteristics
of biharmonic signal ( )sin 2 sinv t m t= ω + ω + ϕ  which propagates in nonlinear geo-medium with m << 1. We have found
that the process of interaction of a strong signal with frequency 2ω and a weaker signal with frequency ω is sensitive to the
shift of the phase ϕ. In case of interaction of a weak signal with frequency ω, shifted by phase ϕ, with intense wave of
pumping with frequency 2ω, there appears a nonlinear effect of parametric amplification of a weak signal. We have
revealed that amplification of the weak signal pulse height is observed in the case of the shift of the phase in the range of
ϕ = 45°...135°. The biggest amplification is observed when the angle of the shift of the phase ϕ = 90° and reaches 3,7.
When ϕ = 0°...45°; 135°...180° the amplitude of a weak signal decreases.
Practical value/implications. The results obtained can be used for developing promising wave methods of structured
hydrocarbon-bearing layers processing, where the proposed widening of acoustic processing range is connected with the
enhancement of the amplitude of resonance frequency wave by applying the energy of an intensive injection wave with
higher frequency.

Keywords: amplitude, acoustics, geophysical medium, pumping, nonlinearity, layer, spectrum, frequency.
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