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Âñòóï. Ìåõàí³çìè ô³çèêî-õ³ì³÷íèõ ïðîöåñ³â,
ùî â³äáóâàþòüñÿ çà àêóñòè÷íî¿ ä³¿ íà ïëàñò ³ ïëà-
ñòîâèé ôëþ¿ä, äîñèòü ïîâíî âèêëàäåí³ â äîñë³-
äæåííÿõ [3–5, 7]. Ó öèõ ðîáîòàõ â³äçíà÷àºòüñÿ
ôàêò ³íòåíñèô³êàö³¿ ïðèïëèâ³â ï³ä ÷àñ îáðîáêè
òàêèõ ñèñòåì àêóñòè÷íîþ ä³ºþ.

Øèðîêèé ñïåêòð ÷àñòîò àêóñòè÷íî¿ ³ìïóëüñ-
íî¿ ä³¿ äàº ìîæëèâ³ñòü âïëèâàòè íà âñ³ àáî
á³ëüø³ñòü ñòðóêòóðíèõ åëåìåíò³â ñèñòåìè ïëàñò –
ïëàñòîâèé ôëþ¿ä ç äîñòàòíüîþ åôåêòèâí³ñòþ. Âå-
ëèêå çíà÷åííÿ ç òî÷êè çîðó åôåêòèâíî¿ ä³¿ íà
ïëàñò ïîðÿä ç ÷àñòîòíèì ñïåêòðîì àêóñòè÷íèõ êî-
ëèâàíü ìàº òàêîæ ¿õ äîñòàòíÿ ïîòóæí³ñòü.

Ç ìåòîþ ðîçøèðåííÿ ñïåêòðàëüíèõ õàðàêòåðè-
ñòèê àêóñòè÷íîãî âïëèâó íà ãåîô³çè÷íå ñåðåäîâè-
ùå çàñòîñîâóþòü ð³çí³ òåõíîëîã³÷í³ ìåòîäè, òàê³ ÿê
á³ãàðìîí³÷íà ä³ÿ àêóñòè÷íèìè õâèëÿìè [9], àìïë³-
òóäíî- ³ ÷àñòîòíî-ìîäóëüîâàí³ àêóñòè÷í³ çáóðåííÿ
[1] òà ³í. Ïðîòå òåîðåòè÷íîìó îá´ðóíòóâàííþ çà-
çíà÷åíèõ ìåòîä³â ïðèä³ëåíî íåäîñòàòíüî óâàãè.

Ïîñòàíîâêà çàäà÷³. Äîñë³äæåííÿ ñïåêòðàëüíèõ
õàðàêòåðèñòèê ôàçîâî-ìîäóëüîâàíèõ àêóñòè÷íèõ
õâèëü çà ¿õ ä³¿ íà íåë³í³éíå ãåîô³çè÷íå ñåðåäîâè-
ùå ïðîâåäåíî íà îñíîâ³ íåîäíîð³äíîãî õâèëüîâî-
ãî ð³âíÿííÿ [9]
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äå u(x, t) – çì³ùåííÿ ÷àñòî÷îê ñåðåäîâèùà; ñ –
øâèäê³ñòü ïîøèðåííÿ çâóêîâèõ õâèëü ó ñåðåäî-
âèù³; γ – ïîêàçíèê àä³àáàòè Ïóàññîíà.

Íà âõîä³ íåë³í³éíîãî ãåîñåðåäîâèùà (õ = 0)
ä³º àêóñòè÷íèé ôàçîâî-ìîäóëüîâàíèé ñèãíàë
âèäó [2]:

( ) ( )ФМ 0 0cos sinu t u t m t= ω + Ω ,         (2)

äå u0 – ïî÷àòêîâà àìïë³òóäà ôàçîâî-ìîäóëüîâàíî-
ãî ñèãíàëó; ω0 – íîñ³éíà ÷àñòîòà; Ω – ÷àñòîòà
ôàçîâî¿ ìîäóëÿö³¿; m – ïàðàìåòð ìîäóëÿö³¿.

Àêóñòè÷íó ä³þ (2) ïðåäñòàâèìî ó âèãëÿä³
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Çàäà÷à ïîëÿãàº â òîìó, ùîá, ïðîàíàë³çóâàâøè
íåë³í³éíå ð³âíÿííÿ (1) ìåòîäîì ïîñë³äîâíèõ íà-
áëèæåíü, âèçíà÷èòè, ÿê³ ÷àñòîòè ìîæóòü âèíèêà-
òè â ðàç³ ïîøèðåííÿ ôàçîâî-ìîäóëüîâàíîãî ñèãíà-
ëó (3) â ãåîô³çè÷íîìó ñåðåäîâèù³ ç êâàäðàòè÷íîþ
³ êóá³÷íîþ íåë³í³éíîñòÿìè.

Ó âèðàç³ (3) ôóíêö³¿ cos(m sin Ωt) ³ sin(m sin Ωt)
ðîçêëàäåìî â ðÿäè Ôóð’º çà ôóíêö³ÿìè Áåññåëÿ
² ðîäó n-ãî ïîðÿäêó [6]
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Ï³äñòàâèâøè âèðàçè (4) ó ñï³ââ³äíîøåííÿ (3),

ï³ñëÿ íåñêëàäíèõ òðèãîíîìåòðè÷íèõ ïåðåòâîðåíü
îäåðæèìî ðîçâ’ÿçîê ð³âíÿííÿ (1) â ïåðøîìó íà-
áëèæåíí³:
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Çàóâàæèìî, ùî ó âèðàç³ (5) âðàõîâàíî
ñï³ââ³äíîøåííÿ äëÿ ôóíêö³é Áåññåëÿ [6]

( ) ( ) ( )1 n
n nI m I m− = − .

Òîìó ïî÷àòêîâ³ ôàçè áîêîâèõ êîëèâàíü ç ÷àñ-
òîòàìè ω0 + nΩ òà ω0 – nΩ çá³ãàþòüñÿ, êîëè n –
ïàðíå ÷èñëî, ³ â³äð³çíÿþòüñÿ íà 180°, êîëè n –
íåïàðíå.

²ç âèðàçó (5) âèäíî, ùî ñïåêòð ôàçîâî-ìîäó-
ëüîâàíîãî ñèãíàëó (2) â çàãàëüíîìó âèïàäêó
ì³ñòèòü íåñê³í÷åííå ÷èñëî ñêëàäîâèõ, ÷àñòîòè
ÿêèõ äîð³âíþþòü ω0 ± nΩ, à àìïë³òóäè öèõ ñêëà-
äîâèõ ïðîïîðö³éí³ çíà÷åííÿì In(m).

Ðåçóëüòàòè. Ââàæàþ÷è íåë³í³éí³ åôåêòè ñëàá-
êèìè, ó ïåðøîìó íàáëèæåíí³ íåõòóºìî â ð³âíÿíí³
(1) ïðàâîþ ÷àñòèíîþ. Ïðè öüîìó îäåðæóºìî
ë³í³éíå õâèëüîâå ð³âíÿííÿ
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Ï³äñòàâèâøè ñï³ââ³äíîøåííÿ (6) â ïðàâó ÷àñ-
òèíó ð³âíÿííÿ (1), çíàõîäèìî
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ñï³ââ³äíîøåííÿ (7) çàïèøåìî ó âèãëÿä³
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Òàêèì ÷èíîì, çàëåæí³ñòü (8)  â³äîáðàæóº çìó-
øóâàëüíó ñèëó FÔÌ(ω, τ) ùî âèíèêàº ï³ä ÷àñ ä³¿
ôàçîâî-ìîäóëüîâàíîãî ñèãíàëó íà íåë³í³éíå ãåî-
ô³çè÷íå ñåðåäîâèùå (1), ó âèãëÿä³ ñïåêòðàëüíîãî
ðîçêëàäó â äîñèòü øèðîêîìó ÷àñòîòíîìó ä³àïàçîí³.

Ç óðàõóâàííÿì çàëåæíîñò³ (8) â òàáë. 1 íàâå-
äåíî ñïåêòðàëüíèé ñêëàä ôóíêö³¿ FÔÌ(ω, τ) ïðè
m = 1 äëÿ ³íäåêñó n â³ä 0 äî ±2 âêëþ÷íî. Ôóíêö³ÿ
Áåññåëÿ I3 (1) äîñèòü ìàëà [6] ³ íåñóòòºâî âïëèâàº
íà àìïë³òóäí³ çíà÷åííÿ ÷àñòîòíîãî ñïåêòðà.

Ðîçãëÿíåìî ïðèêëàä: u0 = 2·10–3 ì; γ = 7,5;
m = 1; ω0 = 7,5 êÃö; Ω = 1,875 êÃö; c = 4500 ì/ñ.
Ç âèêîðèñòàííÿì ôîðìóë, íàâåäåíèõ ó òàáë. 1,
ðîçðàõîâàíî àìïë³òóäè ñïåêòðàëüíèõ ñêëàäîâèõ
(òàáë. 2.)

ßê âèäíî ç äàíèõ òàáë. 2, àìïë³òóäè ñêëàäîâèõ
ñïåêòðà ìàë³, ïîðÿäîê ¿õ ñòàíîâèòü 10–7–10–11 ì.
Êð³ì òîãî, íà ÷àñòîòàõ 11,250; 15,000; 18,750;
22,500; 28,125 êÃö êîëèâàííÿ ìàþòü ôàçîâèé çñóâ
íà 180°.

Çàóâàæèìî, ùî çà ðåçóëüòàòàìè íàòóðíèõ
âèì³ð³â äëÿ â³ä÷óòíîãî âïëèâó íà íàôòîâ³ ïîêëà-
äè äîñòàòíüî õâèëüîâîãî ïîëÿ ç àìïë³òóäîþ ïðóæ-
íèõ êîëèâàíü ó ìåæàõ 10–8–10–9 ì–1 [8]. Îòæå,
õâèëüîâ³ ä³¿ òàêèõ àìïë³òóä ìîæóòü ñëóãóâàòè
ñïóñêîâèì ìåõàí³çìîì âèâ³ëüíåííÿ âíóòð³øíüî¿
åíåðã³¿ â ïëàñò³, ùî âèíèêàº â ðàç³ âçàºìîä³¿ ãàð-
ìîí³÷íèõ õâèëü ç òð³ùèíàìè â ïëàñò³ ³ ¿õ ðîç-
êðèòòÿì, ùî ñóïðîâîäæóºòüñÿ âèïðîì³íþâàííÿì
õâèëü âèñîêî¿ ÷àñòîòè [11]. Â³äîìî òàêîæ, ùî ï³ä
÷àñ îáðîáêè íàôò õâèëÿìè âèñîêî¿ ÷àñòîòè çíè-
æóºòüñÿ ¿õ â’ÿçê³ñòü, óíàñë³äîê ÷îãî çá³ëüøóºòüñÿ
ðóõëèâ³ñòü íàôò ó êàíàëàõ ô³ëüòðàö³¿ ïëàñòà, à îò-
æå, ³ ïðèïëèâ íàôòè íà âèá³é ñâåðäëîâèíè òà ¿¿
äåá³ò [10].

Âèñíîâêè. Çà ïîøèðåííÿ ôàçîâî-ìîäóëüîâà-
íèõ çáóðåíü óíàñë³äîê íåë³í³éíèõ åôåêò³â ³ âçàº-
ìîä³¿ ãàðìîí³÷íèõ êîëèâàíü ó ãåîô³çè÷íîìó ñåðå-
äîâèù³ ç êâàäðàòè÷íîþ ³ êóá³÷íîþ íåë³í³éíîñòÿìè
çáóäæóþòüñÿ (ãåíåðóþòüñÿ) êîëèâàííÿ ç ÷àñòîòà-
ìè ω0, 2ω0, 3ω0, ω0 + Ω, ω0 – Ω, 2(ω0 + Ω), 2(ω0 – Ω),
3(ω0 + Ω), 3(ω0 – Ω), ω0 + 2Ω, ω0 – 2Ω, 2(ω0 + 2Ω),
2(ω0 – 2Ω), 3(ω0 + 2Ω), 3(ω0 – 2Ω), ùî äàº ìîæ-
ëèâ³ñòü îáðîáëÿòè íåë³í³éí³ ãåîô³çè÷í³ ñåðåäîâè-
ùà â äîñèòü øèðîêîìó ä³àïàçîí³ ÷àñòîò. Îòðèìà-
íèé ðåçóëüòàò ìîæå áóòè âèêîðèñòàíèé ïðè
àêóñòè÷í³é îáðîáö³ íàôòîâèõ ïîêëàä³â ôàçîâî-ìî-
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Òàáëèöÿ 1. Ñïåêòðàëüíèé ñêëàä ³ àìïë³òóäè ñïåêòðàëüíèõ ñêëàäîâèõ çà âçàºìîä³¿ ôàçîâî-ìîäóëüîâàíîãî ñèãíàëó ç íåë³í³éíèì
ãåîñåðåäîâèùåì ïðè m = 1

Порядок функції 
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Òàáëèöÿ 2. Àìïë³òóäè ñïåêòðàëüíèõ ñêëàäîâèõ çà âçàºìîä³¿ ôàçîâî-ìîäóëüîâàíîãî ñèãíàëó ç íåë³í³éíèì ãåîñåðåäîâèùåì

Частота , кГц Амплітуда, 1/м 

3,750 5,920·10-11 

5,625 1,680·10–8 

7,500 2,464·10–7 

9,375 1,296·10–7 

11,250 –6,423·10–6 

15,000 –4,604·10–5 

16,875 1,680·10–8 

18,750 –2,976·10–5 

22,500 –1,157·10–6 

28,125 –1,296·10–7 

33,750 4,794·10–9 
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Èññëåäîâàíû ÷àñòîòû è àìïëèòóäû êîëåáàíèé, ãåíåðèðóåìûå íåëèíåéíîé ãåîôèçè÷åñêîé ñðåäîé â ïðîöåññå
îáðàáîòêè åå ôàçîâî-ìîäóëèðóåìûì àêóñòè÷åñêèì ñèãíàëîì. Ðåçóëüòàòû èññëåäîâàíèé ìîãóò áûòü èñïîëüçîâà-
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SPECTRAL CHARACTERISTICS OF PHASE-MODULATED ACOUSTIC WAVES
GENERATED BY ACOUSTIC SIGNAL IN NONLINEAR GEOPHYSICAL MEDIUM

V.P. Nagorniy, I.I. Denisyuk, Ya.A. Yushytsyna

Institute of Geophysics of NAS of Ukraine, ave Palladin , 32, Kyiv 03680, Ukraine, e-mail: vgv_nagornyi@ukr.net

It is known from practical experience that wide frequency spectrum of acoustic impulse action makes possible to affect
with reasonable effectiveness most structural elements in the layer-fluid system. Different technological methods are used
in order to expand spectral characteristics of acoustic impact on geophysical medium of the layer. Among them: biharmonic
impact by acoustic waves, amplitude- and phase-modulated acoustic disturbances, etc. However, insufficient attention has
been paid to theoretical justification of the methods. The studies of spectral characteristics of phase-modulated acoustic
waves during their impact on non-linear geophysical medium were conducted on the basis of heterogeneous wave equation.
A method of successive approximations has been used. It has been found that as a result of non-linear effects and
interaction of harmonic vibrations in geophysical medium with square and cubic nonlinearities, a wide spectrum of
vibrations with amplitudes within the limits of 10–5–10–9 m–1 is generated. Wave actions with such amplitudes may serve
as a trigger for release of interior energy generated during the process of interaction of harmonic waves with fissures within
the medium of a layer. This leads to opening of fissures accompanied by emission of high-frequency waves. In case of high-
frequency waves interacting with the fluid layer; its viscosity decreases.  At this point, mobility of fluid in filtration
channels of the layer and its supply to the well bottom increase. The results of the studies can be used during acoustic
processing of oil-bearing rocks to increase the rate of yield of oil and gas wells.

Keywords: amplitude, geophysical medium, nonlinearity, spectrum, frequency.
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