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Àííîòàöèÿ.Èññëåäóåòñÿ óñòîé÷èâîñòü äåôîðìèðóìîãî ýëåìåíòà êîíñòðóêöèè â âèäå ïëàñòè-
íû-ïîëîñû ïðè îáòåêàíèè åå ñâåðõçâóêîâûì ïîòîêîì èäåàëüíîãî ãàçà. Ó÷èòûâàåòñÿ ñòàðåíèå
ìàòåðèàëà, ò.å. èçìåíåíèå åãî ôèçèêî-ìåõàíè÷åñêèõ ñâîéñòâ ñ òå÷åíèåì âðåìåíè. Ïðèìåíÿ-
åòñÿ ìîäåëü ñòàðåþùåãî âÿçêîóïðóãîãî òåëà, ñîãëàñíî êîòîðîé íàïðÿæåíèå â ëþáîé òî÷êå
òåëà çàâèñèò îò ïðåäûñòîðèè äåôîðìèðîâàíèÿ ìàòåðèàëà â äàííîé òî÷êå, à ñâÿçü ìåæäó
íàïðÿæåíèåì è äåôîðìàöèåé ïîä÷èíÿåòñÿ óðàâíåíèþ Âîëüòåððà-Ôîéõòà. Àýðîäèíàìè÷åñêîå
äàâëåíèå íà ïëàñòèíó îïðåäåëÿåòñÿ ñîãëàñíî ¾ïîðøíåâîé¿ òåîðèè À.À. Èëüþøèíà. Íà îñíîâå
ïîñòðîåííîãî ôóíêöèîíàëà ïîëó÷åíû äîñòàòî÷íûå óñëîâèÿ óñòîé÷èâîñòè ðåøåíèé èíòåãðî-
äèôôåðåíöèàëüíîãî óðàâíåíèÿ ñ ÷àñòíûìè ïðîèçâîäíûìè, îïèñûâàþùåãî äèíàìèêó ïëàñòè-
íû.
Êëþ÷åâûå ñëîâà: àýðîóïðóãîñòü, ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå, äèíàìè÷åñêàÿ óñòîé÷è-
âîñòü, ïëàñòèíà, ñâåðõçâóêîâîé ïîòîê ãàçà, äèôôåðåíöèàëüíîå óðàâíåíèå, ôóíêöèîíàë

1. Ââåäåíèå

Ïðè ïðîåêòèðîâàíèè êîíñòðóêöèé, ïðèáîðîâ, óñòðîéñòâ, àïïàðàòîâ, ñèñòåì è ò. ä. ðàç-
ëè÷íîãî íàçíà÷åíèÿ, íàõîäÿùèõñÿ âî âçàèìîäåéñòâèè ñ ãàçîæèäêîñòíîé ñðåäîé, íåîáõî-
äèìî ðåøàòü çàäà÷è, ñâÿçàííûå ñ èññëåäîâàíèåì óñòîé÷èâîñòè äåôîðìèðóåìûõ (óïðóãèõ,
âÿçêîóïðóãèõ) ýëåìåíòîâ, òðåáóåìîé äëÿ èõ ôóíêöèîíèðîâàíèÿ è íàäåæíîñòè ýêñïëóàòà-
öèè.

Â íàñòîÿùåå âðåìÿ ìåõàíèêà äåôîðìèðóåìîãî òâåðäîãî òåëà, ìåõàíèêà æèäêîñòè è ãàçà
è àýðîãèäðîóïðóãîñòü ïðåäñòàâëÿþò ñîáîé õîðîøî ðàçâèòûå ðàçäåëû ìåõàíèêè ñïëîøíîé
ñðåäû. Ìíîãî èññëåäîâàíèé ïîñâÿùåíî äèíàìèêå, óñòîé÷èâîñòè è ôëàòòåðó ïëàñòèí è
îáîëî÷åê, íàõîäÿùèõñÿ â ïîòîêå æèäêîñòè èëè ãàçà (ñðåäè ïîñëåäíèõ â êà÷åñòâå ïðèìåðà
îòìåòèì êàê ðîññèéñêèå [1, 4, 8], òàê è çàðóáåæíûå [6, 7, 9] èññëåäîâàíèÿ). Áîëüøèíñòâî
ðàáîò ïîñâÿùåíî èññëåäîâàíèþ ôëàòòåðà ïëàñòèí è îáîëî÷åê â ñâåðõçâóêîì ïîòîêå.

Ñóùåñòâåííûì ôàêòîðîì, âëèÿþùèì íà ïðî÷íîñòíûå õàðàêòåðèñòèêè äåôîðìèðóå-
ìûõ òåë, ÿâëÿåòñÿ ñòàðåíèå ìàòåðèàëà (èçìåíåíèå åãî ôèçèêî-ìåõàíè÷åñêèõ ñâîéñòâ ñ òå-
÷åíèåì âðåìåíè). Õîðîøî ðàçðàáîòàííîé ÿâëÿåòñÿ ìîäåëü ñòàðåþùåãî âÿçêîóïðóãîãî òåëà,
ñîãëàñíî êîòîðîé íàïðÿæåíèå â ëþáîé òî÷êå òåëà çàâèñèò îò ïðåäûñòîðèè äåôîðìèðîâà-
íèÿ ìàòåðèàëà â äàííîé òî÷êå, à ñâÿçü ìåæäó íàïðÿæåíèåì è äåôîðìàöèåé ïîä÷èíÿåòñÿ
óðàâíåíèþ Âîëüòåððà-Ôîéõòà. Â ñòàòüå àâòîðàìè âïåðâûå íà îñíîâå ìîäåëè âÿçêîóïðóãî-
ãî òåëà àíàëèòè÷åñêè èññëåäóåòñÿ óñòîé÷èâîñòü äåôîðìèðóåìîãî ýëåìåíòà êîíñòðóêöèè â
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âèäå ïëàñòèíû-ïîëîñû ïðè îáòåêàíèè åå ñâåðõçâóêîâûì ïîòîêîì èäåàëüíîãî ãàçà. Ðàáî-
òà ÿâëÿåòñÿ ïðîäîëæåíèåì èññëåäîâàíèé óñòîé÷èâîñòè äåôîðìèðóåìûõ ïëàñòèí, íàõîäÿ-
ùèõñÿ â ïîòîêå ãàçà èëè æèäêîñòè. Â ÷àñòíîñòè, â ðàáîòàõ [2], [3] ïðîâåäåíî èññëåäîâàíèå
äèíàìèêè è óñòîé÷èâîñòè óïðóãîãî ýëåìåíòà êîíñòðóêöèè â âèäå ïëàñòèíû-ïîëîñû ïðè
îáòåêàíèè åå ñâåðõçâóêîâûì ïîòîêîì èäåàëüíîãî ãàçà áåç ó÷åòà ñòàðåíèÿ ìàòåðèàëà.

Îïðåäåëåíèå óñòîé÷èâîñòè óïðóãîãî òåëà ñîîòâåòñòâóåò êîíöåïöèè óñòîé÷èâîñòè äè-
íàìè÷åñêèõ ñèñòåì ïî Ëÿïóíîâó. Àýðîäèíàìè÷åñêîå äàâëåíèå íà ïëàñòèíó îïðåäåëÿåòñÿ
ñîãëàñíî ¾ïîðøíåâîé¿ òåîðèè À.À. Èëüþøèíà. Íà îñíîâå ïîñòðîåíèÿ ôóíêöèîíàëà, ñî-
îòâåòñòâóþùåãî äèôôåðåíöèàëüíîìó óðàâíåíèþ â ÷àñòíûõ ïðîèçâîäíûõ, îïèñûâàþùåìó
ïîïåðå÷íûå êîëåáàíèÿ ïëàñòèíû-ïîëîñû, ïîëó÷åíû äîñòàòî÷íûå óñëîâèÿ óñòîé÷èâîñòè ðå-
øåíèé ýòîãî óðàâíåíèÿ.

2. Ìàòåìàòè÷åñêàÿ ìîäåëü

Ðàññìîòðèì ìîäåëüíîå óðàâíåíèå, îïèñûâàþùåå ïîïåðå÷íûå êîëåáàíèÿ âÿçêîóïðóãîé
ïëàñòèíû-ïîëîñû ïðè îáòåêàíèè åå ñâåðõçâóêîâûì ïîòîêîì ãàçà (ðèñ. 2.1):

Mẅ(x, t) +D

(
w′′′′(x, t)−

∫ t

0

R1(s, t)w
′′′′(x, s)ds

)
+ β0

(
w(x, t)−

∫ t

0

R2(s, t)w(x, s)ds

)
+

+N(t)w′′ + β1ẇ(x, t) + β2ẇ
′′′′ (x, t) + α(ẇ(x, t) + V w′(x, t)) = 0, x ∈ (0, l). (2.1)

Çäåñü x � ïðîäîëüíàÿ êîîðäèíàòà, t � âðåìÿ; M = hρp � ïîãîííàÿ ìàññà ïëàñòèíû; h
� òîëùèíà ïëàñòèíû; E , ρp � ìîäóëü óïðóãîñòè è ëèíåéíàÿ ïëîòíîñòü ïëàñòèíû; N(t) �

ñæèìàþùåå (N > 0 ) èëè ðàñòÿãèâàþùåå (N < 0 ) ïðîäîëüíîå óñèëèå; D = Eh3

12(1− ν2)
� èçãèáíàÿ æåñòêîñòü ïëàñòèíû; ν � êîýôôèöèåíò Ïóàññîíà; β2, β1 � êîýôôèöèåíòû
âíóòðåííåãî è âíåøíåãî äåìïôèðîâàíèÿ; β0 � êîýôôèöèåíò æåñòêîñòè ñëîÿ îáæàòèÿ;
R1(s, t), R2(s, t) � ÿäðà ðåëàêñàöèè, õàðàêòåðèçóþùèå âÿçêîóïðóãèå ñâîéñòâà ìàòåðèàëà
ïëàñòèíû è åãî ñëîÿ îáæàòèÿ; α = α0ρ0a0 = const > 0 , ãäå ρ0, a0 � ïëîòíîñòü ãàçà è ñêî-
ðîñòü çâóêà â îäíîðîäíîì íåâîçìóùåííîì ïîòîêå (α0 = 1 ïðè îäíîñòîðîííåì îáòåêàíèè,
α0 = 2 ïðè äâóñòîðîííåì îáòåêàíèè); V � ñêîðîñòü íàáåãàþùåãî îäíîðîäíîãî ïîòîêà;
øòðèõ îáîçíà÷àåò ïðîèçâîäíóþ ïî êîîðäèíàòå x , òî÷êà � ïðîèçâîäíóþ ïî âðåìåíè t .

Ð è ñ ó í î ê 2.1

Ïðèìåðû îáòåêàíèÿ êîíñòðóêöèé ñ óïðóãèì ýëåìåíòîì ñâåðõçâóêîâûì ïîòîêîì ãàçà: à)

äâóñòîðîííåå îáòåêàíèå ðàññåêàòåëÿ ñ îáðàçîâàíèåì óäàðíîé âîëíû; á) îäíîñòîðîííåå îáòåêàíèå

çàùèòíîãî ýêðàíà ñ îáðàçîâàíèåì âîëíû ðàçðåæåíèÿ

Ñæèìàþùàÿ (N > 0 ) èëè ðàñòÿãèâàþùàÿ (N < 0 ) ïëàñòèíó ñèëà N ìîæåò çàâèñåòü
îò âðåìåíè. Íàïðèìåð, ïðè èçìåíåíèè òåïëîâîãî âîçäåéñòâèÿ íà ïëàñòèíó ñ òå÷åíèåì
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âðåìåíè N(t) èìååò âèä:

N (t) = N0 +NT (t), NT (t) = − T0(t)

1− ν
, T0(t) = EαT

∫ h/2

−h/2

T (z, t) dz, (2.2)

ãäå αT � òåìïåðàòóðíûé êîýôôèöèåíò ëèíåéíîãî ðàñøèðåíèÿ, T (z, t) � çàêîí èçìåíåíèÿ
òåìïåðàòóðû ïî òîëùèíå ïëàñòèíû, N0 � ïîñòîÿííàÿ ñîñòàâëÿþùàÿ óñèëèÿ, ñîçäàííàÿ
ïðè çàêðåïëåíèè ïëàñòèíû.

Ôóíêöèÿ w(x, t) ∈ C4,2 {[0, l]×R+} , îïðåäåëÿþùàÿ ïðîãèá ïëàñòèíû, ïðèíàäëåæèò
ìíîæåñòâó ÷åòûðåæäû íåïðåðûâíî-äèôôåðåíöèðóåìûõ ôóíêöèé ïî ïåðåìåííîé x íà îò-
ðåçêå [0, l] è äâàæäû íåïðåðûâíî-äèôôåðåíöèðóåìûõ ïî ïåðåìåííîé t ïðè t ≥ 0 è ïðè-
íèìàåò äåéñòâèòåëüíûå çíà÷åíèÿ.

Àýðîäèíàìè÷åñêàÿ íàãðóçêà îïðåäåëÿåòñÿ âûðàæåíèåì F = α(ẇ+V w′) , ñïðàâåäëèâûì
ïðè äîñòàòî÷íî áîëüøèõ ñêîðîñòÿõ ñâåðõçâóêîâîãî ïîòîêà V . Âûðàæåíèå äëÿ F ïîëó÷åíî
ñ ïîìîùüþ ðåøåíèÿ ñîîòâåòñòâóþùåé ëèíåéíîé íåñòàöèîíàðíîé àýðîäèíàìè÷åñêîé çàäà÷è
íà îñíîâå ïðåîáðàçîâàíèÿ Ëàïëàñà ïðè áîëüøèõ ÷èñëàõ Ìàõà M = V/a0 (÷òî ñîãëàñóåòñÿ
ñ ãèïîòåçîé ïëîñêèõ ñå÷åíèé Èëüþøèíà À.À.).

Ïóñòü êîíöû ïëàñòèíû çàêðåïëåíû ëèáî øàðíèðíî, ëèáî æåñòêî, ò.å. ãðàíè÷íûå óñëî-
âèÿ èìåþò âèä:

1) æåñòêîå çàùåìëåíèå îáîèõ êîíöîâ

w(0, t) = w′(0, t) = w(l, t) = w′(l, t) = 0; (2.3)

2) øàðíèðíîå îïèðàíèå ëåâîãî êîíöà è æåñòêîå çàùåìëåíèå ïðàâîãî

w(0, t) = w′′(0, t) = w(l, t) = w′(l, t) = 0; (2.4)

3) æåñòêîå çàùåìëåíèå ëåâîãî êîíöà è øàðíèðíîå îïèðàíèå ïðàâîãî

w(0, t) = w′(0, t) = w(l, t) = w′′(l, t) = 0; (2.5)

4) øàðíèðíîå îïèðàíèå îáîèõ êîíöîâ

w(0, t) = w′′(0, t) = w(l, t) = w′′(l, t) = 0. (2.6)

Çàäàäèì òàêæå íà÷àëüíûå óñëîâèÿ:

w(x, 0) = f1(x), ẇ(x, 0) = f2(x), (2.7)

êîòîðûå äîëæíû áûòü ñîãëàñîâàíû ñ ãðàíè÷íûìè óñëîâèÿìè. Ñîãëàñíî îïðåäåëåíèþ
ôóíêöèè w(x, t) : f1(x), f2(x) ∈ C4[0, l] . Íîðìà â ïðîñòðàíñòâå C4[0, l] îïðåäåëÿåòñÿ ðà-

âåíñòâîì ∥f∥ = sup
0≤m≤4

max
x∈[0,l]

∣∣∣∂mf(x)
∂xm

∣∣∣ .
Òàêèì îáðàçîì, ñôîðìóëèðîâàíû íà÷àëüíî-êðàåâûå çàäà÷è: à) (2.1), (2.3), (2.7); á) (2.1),

(2.4), (2.7); â) (2.1), (2.5), (2.7); ã) (2.1), (2.6), (2.7) äëÿ îïðåäåëåíèÿ íåèçâåñòíîé ôóíêöèè
w(x, t) .

3. Èññëåäîâàíèå óñòîé÷èâîñòè

Î ï ð å ä å ë å í è å 3.1. Ðåøåíèå íà÷àëüíî-êðàåâîé çàäà÷è äëÿ íåèçâåñòíîé ôó-
íêöèè w(x, t) ∈ C4,2 {[0, l]×R+} íàçûâàåòñÿ óñòîé÷èâûì ïî îòíîøåíèþ ê âîçìóùå-
íèÿì íà÷àëüíûõ äàííûõ, åñëè äëÿ ëþáîãî ñêîëü óãîäíî ìàëîãî ïîëîæèòåëüíîãî ÷èñëà
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ε > 0 íàéäóòñÿ ÷èñëà δ1 = δ1(ε) > 0, δ2 = δ2(ε) > 0, òàêèå, ÷òî äëÿ ëþáûõ ôóíêöèé
f1(x), f2(x) ∈ C4[0, l] , óäîâëåòâîðÿþùèõ êðàåâûì óñëîâèÿì è óñëîâèÿì ìàëîñòè ïî íîð-
ìå: ∥f1(x)∥ < δ1, ∥f2(x)∥ < δ2 , áóäåò âûïîëíåíî íåðàâåíñòâî |w(x, t)| < ε, x ∈ [0, l] äëÿ
ëþáîãî ìîìåíòà âðåìåíè t > 0 .

Àíàëîãè÷íî ìîæíî äàòü îïðåäåëåíèÿ îá óñòîé÷èâîñòè ëþáîé ÷àñòíîé ïðîèçâîäíîé îò
ôóíêöèè w(x, t) ïî îòíîøåíèþ ê âîçìóùåíèÿì íà÷àëüíûõ äàííûõ.

Î ï ð å ä å ë å í è å 3.2. Ôóíêöèîíàëîì â ïðîñòðàíñòâå C4,2 {[0, l]×R+} íàçû-
âàåòñÿ âñÿêèé çàêîí, ñîãëàñíî êîòîðîìó ëþáîé ôóíêöèè w(x, t) ∈ C4,2 {[0, l]×R+} ñîïî-
ñòàâëÿåòñÿ ôóíêöèÿ Φ(t) ≡ Φ(w) ∈ C2 {R+} .

Î ï ð å ä å ë å í è å 3.3. Äèôôåðåíöèàëüíûì îïåðàòîðîì ïîëèíîìèàëüíîãî âèäà
áóäåì íàçûâàòü ñëåäóþùåå äèôôåðåíöèàëüíîå âûðàæåíèå:

F n,s(g, x, t) = G(D0,0g(x, t), D1,0g(x, t), D0,1g(x, t), ..., Dn,sg(x, t)), x ∈ [0, l], t ≥ 0;

ãäå Di,jg(x, t) = ∂i+jg(x,t)
∂xi∂tj

, à ôóíêöèÿ G(x1, x2, ...) � ïîëèíîì, âñå ìîíîìû êîòîðîãî íå
íèæå âòîðîãî ïîðÿäêà, ñ îãðàíè÷åííûìè êîýôôèöèåíòàìè, çàâèñÿùèìè îò x, t . Âñå êî-
ýôôèöèåíòû ïîëèíîìà íåïðåðûâíî äèôôåðåíöèðóåìû ïî âðåìåíè t .

Ë å ì ì à 3.1. Åñëè ìîæíî ïîñòðîèòü ôóíêöèîíàë Φ(t) , òàêîé ÷òî Φ̇(t) ≤ 0
è äëÿ ëþáîãî ìîìåíòà âðåìåíè íàéäåòñÿ ïîëîæèòåëüíî îïðåäåëåííàÿ íèæíÿÿ îöåíêà
ýòîãî ôóíêöèîíàëà

Φ(t) ≤ Φ1(t) =

∫ l

0

F 4,2
1 (w, x, t)dx, (3.1)

è íàéäåòñÿ âåðõíÿÿ îöåíêà íà÷àëüíîãî çíà÷åíèÿ ýòîãî ôóíêöèîíàëà

Φ(0) ≤ Φ2(0) =

∫ l

0

F 4,2
2 (w, x, 0)dx, (3.2)

ãäå w(x, t) ∈ C4,2 {[0, l]×R+} � ðåøåíèå íà÷àëüíî-êðàåâîé çàäà÷è, òî ôóíêöèÿ w(x, t)
è(èëè) åå ïðîèçâîäíûå, âõîäÿùèå â ïîëîæèòåëüíî îïðåäåëåííûé ïîëèíîì ïîä çíàêîì èí-
òåãðàëà â âûðàæåíèè äëÿ Φ1(t) , óñòîé÷èâû ïî îòíîøåíèþ ê âîçìóùåíèÿì íà÷àëüíûõ
äàííûõ.

Ä î ê à ç à ò å ë ü ñ ò â î. Èíòåãðèðóÿ íåðàâåíñòâî Φ̇(t) ≤ 0 îò 0 äî t , ñîãëàñíî (3.1),
(3.2) ïîëó÷èì

0 ≤ Φ1(t) ≤ Φ(t) ≤ Φ(0) ≤ Φ2(0). (3.3)

Èç íåðàâåíñòâà Φ1(t) ≤ Φ2(0) â (3.3), ãäå Φ2(0) èìååò âèä (3.2), ïîëó÷èì, ÷òî èç ìàëî-
ñòè ïî íîðìå ôóíêöèé f1(x), f2(x) , ñîãëàñíî îïðåäåëåíèþ 3 ñëåäóåò ìàëîñòü ôóíêöèîíàëà
Φ1(t) . Íåðàâåíñòâî Φ1(t) ≥ 0 â (3.3), ãäå Φ1(t) èìååò âèä (3.1), îçíà÷àåò, ÷òî, èñïîëü-
çóÿ èíòåãðàëüíûå íåðàâåíñòâà, â îöåíêå ôóíêöèîíàëà Φ1(t) ìîæíî âûäåëèòü îäèí èëè
íåñêîëüêî ïîëîæèòåëüíî îïðåäåëåííûõ ïîëèíîìîâ (îñòàëüíûå áóäóò ïîëîæèòåëüíî ïîëó-
îïðåäåëåííûìè). È, ñëåäîâàòåëüíî, èñïîëüçóÿ ìåòîä Ëàãðàíæà, ìîæíî ïîëó÷èòü îöåíêó
ôóíêöèîíàëà ñíèçó èíòåãðàëîì îò êàæäîé ôóíêöèè â ÷åòíîé ñòåïåíè, âõîäÿùèõ â ïîëè-
íîì, óìíîæåííûì íà íåíóëåâóþ îãðàíè÷åííóþ âåëè÷èíó. Èç ìàëîñòè ôóíêöèîíàëà Φ1(t)
ïîëó÷èì ìàëîñòü ýòèõ èíòåãðàëîâ, à, ñëåäîâàòåëüíî, è ìàëîñòü ñàìèõ ôóíêöèé. Òîãäà,
ñîãëàñíî îïðåäåëåíèþ 3.1 ýòè ôóíêöèè áóäóò óñòîé÷èâû ïî îòíîøåíèþ ê âîçìóùåíèÿì
íà÷àëüíûõ äàííûõ.
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Ä î ê à ç à ò å ë ü ñ ò â î ç à ê î í ÷ å í î.
Ïîëó÷èì óñëîâèÿ óñòîé÷èâîñòè íà÷àëüíî-êðàåâûõ çàäà÷ (2.1), (2.3), (2.7); (2.1), (2.4),

(2.7); (2.1), (2.5), (2.7); (2.1), (2.6), (2.7) ïî îòíîøåíèþ ê âîçìóùåíèÿì íà÷àëüíûõ äàííûõ.
Ââåäåì îáîçíà÷åíèå

Ri(s, t) =
∂2Qi

∂s∂t
(s, t) (i = 1, 2). (3.4)

Ðàññìîòðèì ôóíêöèîíàë

Φ(t) =

∫ l

0

(
Mẇ2 + 2θMwẇ +

(
D

(
1− ∂ Q1

∂t
(t, t) +

∂ Q1

∂t
(0, t)

)
+ β2θ

)
w′′2+

+

(
β0

(
1− ∂ Q2

∂ t
(t, t)− ∂ Q2

∂ t
(0, t)

)
+ β1θ + ρθα

)
w2 −N(t)w′2+ (3.5)

+D

∫ t

0

∂2Q1

∂ s∂t
(s, t) (w′′(x, t)− w′′(x, s))

2
ds+ β0

∫ t

0

∂2Q2

∂ s∂t
(s, t) (w(x, t)− w(x, s))2 ds−

−Dθ
∫ t

0

∂ Q1

∂ s
(s, t)w′′2(x, s)ds −β0θ

∫ t

0

∂ Q2

∂ s
(s, t)w2(x, s)ds

)
dx,

ãäå θ > 0 � íåêîòîðûé ïîñòîÿííûé ïîëîæèòåëüíûé ïàðàìåòð.
Èç ôèçè÷åñêèõ ñîîáðàæåíèé â äàëüíåéøåì ñ÷èòàåì, ÷òî âûïîëíÿþòñÿ óñëîâèÿ

M > 0, D > 0, β0 ≥ 0, β1 ≥ 0, β2 ≥ 0. (3.6)

Ïóñòü âûïîëíÿþòñÿ óñëîâèÿ

∂Qi

∂t
(t, t) = 0,

∂2Qi

∂t2
(0, t) ≤ 0,

∂ Qi

∂ s
(s, t) ≤ 0,

∂2Qi

∂s∂t
(s, t) ≥ 0,

∂3Qi

∂s∂t2
(s, t) ≤ 0, 1 +

∂Qi

∂t
(0,∞) > 0, (3.7)

∂2Qi

∂t2
(t, t)− ∂2Qi

∂t2
(0, t) +

∂2Qi

∂ s∂t
(t, t) ≥ 0, 2 +

∂ Qi

∂t
(0, t) +

∂ Qi

∂ s
(t, t) ≥ 0 (i = 1, 2).

Íàïðèìåð, ýòèì óñëîâèÿì óäîâëåòâîðÿþò ÿäðà âèäà Qi(s, t) = −ai (t+ es−t) , ãäå ai ∈
(0, 1] � íåêîòîðûå ïîëîæèòåëüíûå ïàðàìåòðû.

Íàéäåì ïðîèçâîäíóþ îò Φ(t) ïî t :

Φ̇(t) = 2

∫ l

0

(
Mẇẅ + θMẇ2 + θMwẅ +

D

2

(
∂2Q1

∂t2
(0, t)− ∂2Q1

∂ s∂t
(t, t)− ∂2Q1

∂t2
(t, t)

)
w′′2+

+

(
D

(
1− ∂ Q1

∂t
(t, t)+

∂ Q1

∂t
(0, t)

)
+β2θ

)
w′′ẇ′′+

β0
2

(
∂2Q2

∂t2
(0, t)− ∂2Q2

∂ s∂t
(t, t)−∂2Q2

∂t2
(t, t)

)
×

×w2+

(
β0

(
1− ∂ Q2

∂ t
(t, t)− ∂ Q2

∂ t
(0, t)

)
+ β1θ + ρθα

)
wẇ − 1

2
Ṅ(t)w′2 −N(t)w′ẇ′+ (3.8)

+
D

2

∫ t

0

∂3Q1

∂ s∂t2
(s, t) (w′′(x, t)−w′′(x, s))

2
ds+D

∫ t

0

∂2Q1

∂ s∂t
(s, t)ẇ′′(x, t) (w′′(x, t)−w′′(x, s)) ds+

+β0

∫ t

0

∂3Q2

∂ s∂t2
(s, t) (w(x, t)− w(x, s))2 ds+ β0

∫ t

0

∂2Q2

∂ s∂t
(s, t)ẇ(x, t) (w(x, t)− w(x, s)) ds−

−Dθ
2

∂ Q1

∂ s
(t, t)w′′2(x, t)− Dθ

2

∫ t

0

∂2Q1

∂ s∂t
(s, t)w′′2(x, s)ds−
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−β0θ
2

∂ Q2

∂ s
(t, t)w2(x, t)− β0θ

2

∫ t

0

∂2Q2

∂ s∂t
(s, t)w2(x, s)ds

)
dx.

Äëÿ ôóíêöèè w(x, t) , óäîâëåòâîðÿþùåé óðàâíåíèþ (2.1), ñ ó÷åòîì óñëîâèé (3.7) ïîëó-
÷èì îöåíêó

Φ̇(t) ≤ 2

∫ l

0

(
ẇ

(
−D

(
w′′′′ −

∫ t

0

∂2Q1

∂s∂t
(s, t)w′′′′(x, s)ds

)
− β0

(
w −

∫ t

0

∂2Q2

∂s∂t
(s, t)w(x, s)ds

)
−

−N(t)w′′ − β1ẇ(x, t)− β2ẇ
′′′′ (x, t)− α(ẇ(x, t) + V w′(x, t))) + θMẇ2+

+θw

(
−D

(
w′′′′ −

∫ t

0

∂2Q1

∂s∂t
(s, t)w′′′′(x, s)ds

)
−N(t)w′′ − β0

(
w −

∫ t

0

∂2Q2

∂s∂t
(s, t)w(x, s)ds

)
−

−β1ẇ(x, t)− β2ẇ
′′′′ (x, t)− α(ẇ(x, t) + V w′(x, t))) + (D + β2θ)w

′′ẇ′′+ (3.9)

+(β0 + β1θ + ρθα)wẇ − 1

2
Ṅ(t)w′2 −N(t)w′ẇ′ −Dẇ′′(x, t)

∫ t

0

∂2Q1

∂ s∂t
(s, t)w′′(x, s)ds−

−β0ẇ(x, t)
∫ t

0

∂2Q2

∂ s∂t
(s, t)w(x, s)ds− Dθ

2

∂ Q1

∂ s
(t, t)w′′2(x, t)− Dθ

2

∫ t

0

∂2Q1

∂ s∂t
(s, t)w′′2(x, s)ds−

−β0θ
2

∂ Q2

∂ s
(t, t)w2(x, t)− β0θ

2

∫ t

0

∂2Q2

∂ s∂t
(s, t)w2(x, s)ds

)
dx.

Èíòåãðèðóÿ ïî ÷àñòÿì ñ ó÷åòîì ãðàíè÷íûõ óñëîâèé (2.3)�(2.6), áóäåì èìåòü∫ l

0

ẇ

(
w′′′′ +

∫ t

0

∂2Q1

∂s∂t
(s, t)w′′′′(x, s)ds

)
dx =

∫ l

0

ẇ′′
(
w′′ +

∫ t

0

∂2Q1

∂s∂t
(s, t)w′′(x, s)ds

)
dx,

∫ l

0

ẇw′′dx = −
∫ l

0

ẇ′w′dx,

∫ l

0

ẇ ˙w′′′′dx =

∫ l

0

ẇ′′2dx,

∫ l

0

ww′′dx = −
∫ l

0

w′2dx,∫ l

0

w ˙w′′′′dx =

∫ l

0

w′′ẇ′′dx,

∫ l

0

ww′dx = 0, (3.10)∫ l

0

w

(
w′′′′ +

∫ t

0

∂2Q1

∂s∂t
(s, t)w′′′′(x, s)ds

)
dx =

∫ l

0

w′′
(
w′′ +

∫ t

0

∂2Q1

∂s∂t
(s, t)w′′(x, s)ds

)
dx.

Ïîäñòàâëÿÿ (3.10) â (3.9), ïîëó÷èì

Φ̇(t) ≤ −2

∫ l

0

(
(β1 + α− θM) ẇ2 + αV ẇw′ + β2ẇ

′′2 +Dθw′′2 + β0θw
2+

+

(
Ṅ(t)

2
−N(t)θ

)
w′2 −Dθw′′

∫ t

0

∂2Q1

∂s∂t
(s, t)w′′(x, s)ds− β0θw

∫ t

0

∂2Q2

∂s∂t
(s, t)w(x, s)ds+

+
Dθ

2

∂ Q1

∂ s
(t, t)w′′2(x, t) +

Dθ

2

∫ t

0

∂2Q1

∂ s∂t
(s, t)w′′2(x, s)ds+ (3.11)

+
β0θ

2

∂ Q2

∂ s
(t, t)w2(x, t) +

β0θ

2

∫ t

0

∂2Q2

∂ s∂t
(s, t)w2(x, s)ds

)
dx.

Îöåíèì ïîñëåäíèå ãðóïïû ñëàãàåìûõ â îöåíêå (3.11)

−Dθw′′
∫ t

0

∂2Q1

∂s∂t
(s, t)w′′(x, s)ds+

Dθ

2

∂ Q1

∂ s
(t, t)w′′2(x, t) +

Dθ

2

∫ t

0

∂2Q1

∂ s∂t
(s, t)w′′2(x, s)ds =
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=
Dθ

2

∫ t

0

∂2Q1

∂ s∂t
(s, t) (w′′(x, t)− w′′(x, s))

2
ds− Dθ

2

∫ t

0

∂2Q1

∂ s∂t
(s, t)w′′2(x, t)ds+

+
Dθ

2

∂ Q1

∂ s
(t, t)w′′2(x, t) =

Dθ

2

∫ t

0

∂2Q1

∂ s∂t
(s, t) (w′′(x, t)− w′′(x, s))

2
ds+

+
Dθ

2

(
∂ Q1

∂ t
(0, t) +

∂ Q1

∂ s
(t, t)

)
w′′2(x, t) ≥ Dθ

2

(
∂ Q1

∂ t
(0, t) +

∂ Q1

∂ s
(t, t)

)
w′′2(x, t),

−β0θw
∫ t

0

∂2Q2

∂s∂t
(s, t)w(x, s)ds+

β0θ

2

∂ Q2

∂ s
(t, t)w2(x, t) +

β0θ

2

∫ t

0

∂2Q2

∂ s∂t
(s, t)w2(x, s)ds =

=
β0θ

2

∫ t

0

∂2Q2

∂ s∂t
(s, t) (w(x, t)− w(x, s))2 ds− β0θ

2

∫ t

0

∂2Q2

∂ s∂t
(s, t)w2(x, t)ds+

+
β0θ

2

∂ Q2

∂ s
(t, t)w2(x, t) ≥ β0θ

2

(
∂ Q2

∂ t
(0, t) +

∂ Q2

∂ s
(t, t)

)
w2(x, t).

Ïîäñòàâëÿÿ ýòè íåðàâåíñòâà â (3.11), ïîëó÷èì

Φ̇(t) ≤ −2

∫ l

0

(
(β1 + α− θM) ẇ2 + αV ẇw′ +

Dθ

2

(
2 +

∂ Q1

∂t
(0, t) +

∂ Q1

∂ s
(t, t)

)
w′′2+

+β2ẇ
′′2 +

β0θ

2

(
2 +

∂ Q2

∂t
(0, t) +

∂ Q2

∂ s
(t, t)

)
w2 +

(
Ṅ(t)

2
−N(t)θ

)
w′2

)
dx. (3.12)

Âîñïîëüçóåìñÿ íåðàâåíñòâàìè Ðåëåÿ [5]:∫ l

0

w′′2(x, t)dx ≥ λ1

∫ l

0

w′2(x, t)dx,

∫ l

0

w′′2(x, t)dx ≥ µ1

∫ l

0

w2(x, t)dx,

∫ l

0

ẇ′′2(x, t)dx ≥ µ1

∫ l

0

ẇ2(x, t)dx,

∫ l

0

w′2(x, t)dx ≥ η1

∫ l

0

w2(x, t)dx, (3.13)

ãäå λ1 , µ1 , η1 � íàèìåíüøèå ñîáñòâåííûå çíà÷åíèÿ êðàåâûõ çàäà÷ äëÿ óðàâíåíèé ψ′′′′ =
−λψ′′, ψ′′′′ = µψ, ψ′′ = −ηψ, x ∈ (0, l) ñ êðàåâûìè óñëîâèÿìè (2.3)�(2.6).

Ó÷èòûâàÿ (3.13), èç (3.12) ïîëó÷èì

Φ̇(t) ≤ −2

∫ l

0

{
αV ẇw′ +

(
λ1Dθ

2

(
2 +

∂ Q1

∂t
(0, t) +

∂ Q1

∂ s
(t, t)

)
+
Ṅ(t)

2
−N(t)θ

)
w′2 +

+ [β1 + α−Mθ + µ1β2] ẇ
2 +

β0θ

2

(
2 +

∂ Q2

∂t
(0, t) +

∂ Q2

∂ s
(t, t)

)
w2

}
dx. (3.14)

Ñîãëàñíî íåðàâåíñòâàì (3.6), (3.7) êâàäðàòè÷íàÿ ôîðìà îòíîñèòåëüíî w ïîä çíàêîì
èíòåãðàëà â (3.14) áóäåò ïîëîæèòåëüíî ïîëóîïðåäåëåíà, à êâàäðàòè÷íàÿ ôîðìà îòíîñè-
òåëüíî ẇ, w′ ñ ìàòðèöåé(

2 (β1 + α−Mθ + µ1β2) αV

αV λ1Dθ
(
2 +

∂ Q1

∂t
(0, t) +

∂ Q1

∂ s
(t, t)

)
+ Ṅ(t)− 2N(t)θ

)

ñîãëàñíî êðèòåðèþ ïîëîæèòåëüíîé ïîëóîïðåäåëåííîñòè áóäåò ïîëîæèòåëüíî ïîëóîïðåäå-
ëåííîé, åñëè âûïîëíÿþòñÿ óñëîâèÿ:

β1 + α−Mθ + µ1β2 > 0, (3.15)
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2 (β1 + α−Mθ + µ1β2)

(
λ1Dθ

(
2 +

∂ Q1

∂t
(0, t) +

∂ Q1

∂ s
(t, t)

)
+ Ṅ(t)− 2N(t)θ

)
− α2V 2 ≥ 0.

Òàêèì îáðàçîì, ñ ó÷åòîì (3.15) èç (3.14) îêîí÷àòåëüíî ïîëó÷èì îöåíêó ïðîèçâîäíîé

Φ̇(t) ≤ 0 ⇒ Φ(t) ≤ Φ(0). (3.16)

Èñïîëüçóÿ íåðàâåíñòâî 2w0ẇ0 ≤ w2
0 + ẇ2

0 , îöåíèì íà÷àëüíîå çíà÷åíèå ôóíêöèîíàëà

Φ(0) =

∫ l

0

(
Mẇ2

0 + 2θMw0ẇ0 + (D + β2θ)w
′′
0
2
+ (β0 + β1θ + ρθα)w2

0−

−N(0)w′
0
2
)
dx ≤ Φ2(0) =

∫ l

0

(
M(1 + θ)ẇ2

0 + (D + β2θ)w
′′
0
2
+ (3.17)

+(β0 + β1θ + ρθα + θM)w2
0 −N(0)w′

0
2
)
dx,

ãäå w0 = w(x, 0), ẇ0 = ẇ(x, 0), w′
0 = w′(x, 0), w′′

0 = w′′(x, 0).
Ïóñòü âûïîëíÿåòñÿ íåðàâåíñòâî

λ1

(
D

(
1 +

∂ Q1

∂t
(0, t)

)
+ β2θ

)
−N(t) ≥ 0, (3.18)

òîãäà, èñïîëüçóÿ íåðàâåíñòâà (3.13) è óñëîâèÿ (3.6), (3.7), îöåíèì ôóíêöèîíàë (3.5) ñëå-
äóþùèì îáðàçîì

Φ(t) ≥
∫ l

0

{
Mẇ2 + 2Mθwẇ +

(
β0

(
1 +

∂ Q2

∂ t
(0, t)

)
+ β1θ + αθ

)
w2+

+

[
λ1

(
D

(
1 +

∂ Q1

∂t
(0, t)

)
+ β2θ

)
−N(t)

]
w′2
}
dx ≥ Φ1(t)=

∫ l

0

{
Mẇ2 + 2Mθwẇ+ (3.19)

+

(
β0

(
1 +

∂ Q2

∂ t
(0, t)

)
+ β1θ + αθ + η1

[
λ1

(
D

(
1 +

∂ Q1

∂t
(0, t)

)
+ β2θ

)
−N(t)

])
w2

}
dx.

Êâàäðàòè÷íàÿ ôîðìà îòíîñèòåëüíî w, ẇ ïîä çíàêîì èíòåãðàëà â (3.19) ñîãëàñíî êðè-
òåðèþ Ñèëüâåñòðà áóäåò ïîëîæèòåëüíî îïðåäåëåííîé, åñëè âûïîëíÿåòñÿ óñëîâèå

β0

(
1 +

∂ Q2

∂ t
(0, t)

)
+ β1θ+ αθ+ η1

[
λ1

(
D

(
1 +

∂ Q1

∂t
(0, t)

)
+ β2θ

)
−N(t)

]
> Mθ2. (3.20)

Òîãäà Φ(t) ≥ Φ1(t) ≥ 0 .
Òàêèì îáðàçîì, ïîëó÷åíà ñèñòåìà íåðàâåíñòâ (3.6), (3.7), (3.15), (3.18), (3.20).
Ââåäåì îáîçíà÷åíèÿ

D1(t) = D

(
1 +

∂ Q1

∂t
(0, t)

)
, β01(t) = β0

(
1 +

∂ Q2

∂ t
(0, t)

)
, (3.21)

D2(t) =
D

2

(
2 +

∂ Q1

∂t
(0, t) +

∂ Q1

∂ s
(t, t)

)
.

Ðàññìîòðèì ñèñòåìó (3.15), (3.18), (3.20):
β1 + α−Mθ + µ1β2 > 0, λ1 (D1(t) + β2θ)−N(t) ≥ 0,

2 (β1 + α−Mθ + µ1β2)
(
2λ1θD2(t) + Ṅ(t)− 2N(t)θ

)
− α2V 2 ≥ 0,

β01(t) + β1θ + αθ + η1 [λ1 (D1(t) + β2θ)−N(t)] > Mθ2.

(3.22)
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Äàëüíåéøàÿ çàäà÷à � ïðîàíàëèçèðîâàòü ñèñòåìó íåðàâåíñòâ (3.22) è îïðåäåëèòü çíà-
÷åíèÿ ïàðàìåòðà θ . Äëÿ ýòîãî ðàçðåøèì êàæäîå íåðàâåíñòâî ñèñòåìû îòíîñèòåëüíî θ :

θ > 0, λ1D1(t)−N(t) > 0, λ1D2(t)−N(t) > 0,

2 (β1 + α + µ1β2) (λ1D2(t)−N(t)) +MṄ(t) > 2αV
√
M (λ1D2(t)−N(t)),

θ <
β1 + α+ µ1β2

M ,

θ ≥ 2 (β1 + α + µ1β2) (λ1D2(t)−N(t))−MṄ(t)
4M (λ1D2(t)−N(t))

−

−

√(
2 (β1 + α + µ1β2) (λ1D2(t)−N(t)) +MṄ(t)

)2
− 4Mα2V 2 (λ1D2(t)−N(t))

4M (λ1D2(t)−N(t))
,

θ ≤ 2 (β1 + α + µ1β2) (λ1D2(t)−N(t))−MṄ(t)
4M (λ1D2(t)−N(t))

+

+

√(
2 (β1 + α + µ1β2) (λ1D2(t)−N(t)) +MṄ(t)

)2
− 4Mα2V 2 (λ1D2(t)−N(t))

4M (λ1D2(t)−N(t))
,

θ ≥ − β2
D1(t)

,

θ ≥ −λ1D1(t)−N(t)
λ1β2

,

θ <
β1 + α + η1λ1β2 +

√
(β1 + α + η1λ1β2)

2 + 4M (η1λ1D1(t)− η1N(t) + β01(t))

2M .

(3.23)
Ïîñëåäíèå òðè íåðàâåíñòâà âûïîëíÿþòñÿ â ñèëó îñòàëüíûõ íåðàâåíñòâ ñèñòåìû (3.23),

ïîýòîìó, èñêëþ÷àÿ èç ñèñòåìû ïàðàìåòð θ , îêîí÷àòåëüíî ïîëó÷èì óñëîâèÿ óñòîé÷èâîñòè:

λ1D1(t)−N(t) > 0, λ1D2(t)−N(t) > 0,

2 (β1 + α + µ1β2) (λ1D2(t)−N(t)) +MṄ(t) > 2αV
√
M (λ1D2(t)−N(t)),

max

(
0,

2 (β1 + α + µ1β2) (λ1D2(t)−N(t))−MṄ(t)
4M (λ1D2(t)−N(t))

−

−

√√√√(2 (β1 + α + µ1β2) (λ1D2(t)−N(t)) +MṄ(t)
)2

− 4Mα2V 2 (λ1D2(t)−N(t))

4M (λ1D2(t)−N(t))

)
<

< min

(
β1 + αρ+ µ1β2

M ,
2 (β1 + α + µ1β2) (λ1D2(t)−N(t))−MṄ(t)

4M (λ1D2(t)−N(t))
+

+

√√√√(2 (β1 + α + µ1β2) (λ1D2(t)−N(t)) +MṄ(t)
)2

− 4Mα2V 2 (λ1D2(t)−N(t))

4M (λ1D2(t)−N(t))

)
.

(3.24)
Òàê êàê ïðè óñëîâèÿõ (3.6), (3.7), (3.24) ôóíêöèîíàë (3.5) óäîâëåòâîðÿåò óñëîâèÿì

ëåììû 3.1, ò.å. Φ̇(t) ≤ 0 ñîãëàñíî (3.16), Φ(t) ≥ Φ1(t) ≥ 0 ñîãëàñíî (3.19), Φ(0) ≤ Φ2(0)
ñîãëàñíî (3.17), òî â ñîîòâåòñòâèè ñ ëåììîé 3.1 ðåøåíèå w(x, t) è ïðîèçâîäíàÿ ẇ(x, t)
óñòîé÷èâû ïî îòíîøåíèþ ê âîçìóùåíèÿì íà÷àëüíûõ óñëîâèé. Òàêèì îáðàçîì, äîêàçàíà
ñëåäóþùàÿ òåîðåìà.

Ò å î ð å ì à 3.1. Åñëè ôóíêöèÿ w(x, t) óäîâëåòâîðÿåò êðàåâûì óñëîâèÿì (2.3)�
(2.6) è âûïîëíÿþòñÿ óñëîâèÿ (3.6), (3.7), (3.24), òî ðåøåíèå w(x, t) óðàâíåíèÿ (2.1) è
ïðîèçâîäíàÿ ẇ(x, t) óñòîé÷èâû ïî îòíîøåíèþ ê âîçìóùåíèÿì íà÷àëüíûõ äàííûõ.
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4. Çàêëþ÷åíèå

Íà îñíîâå ïðåäëîæåííîé ìàòåìàòè÷åñêîé ìîäåëè êîëåáàíèé âÿçêîóïðóãîãî ýëåìåíòà êîí-
ñòðóêöèè â âèäå ïëàñòèíû-ïîëîñû ïðè îáòåêàíèè åå ñâåðõçâóêîâûì ïîòîêîì èäåàëüíîãî
ãàçà ïðîâåäåíî èññëåäîâàíèå óñòîé÷èâîñòè ýòîé ïëàñòèíû. Ìîäåëü îïèñûâàåòñÿ èíòåãðî-
äèôôåðåíöèàëüíûì óðàâíåíèåì ñ ÷àñòíûìè ïðîèçâîäíûìè äëÿ íåèçâåñòíîé ôóíêöèè ïðî-
ãèáà ïëàñòèíû. Ñ ïîìîùüþ ïîñòðîåííîãî ôóíêöèîíàëà ïîëó÷åíû äîñòàòî÷íûå óñëîâèÿ
óñòîé÷èâîñòè ðåøåíèé ýòîãî óðàâíåíèÿ. Ïîëó÷åííûå óñëîâèÿ óñòîé÷èâîñòè íàêëàäûâà-
þò îãðàíè÷åíèÿ íà ïîãîííóþ ìàññó ïëàñòèíû, èçãèáíóþ æåñòêîñòü ïëàñòèíû, ñæèìàþ-
ùåå (ðàñòÿãèâàþùåå) ïëàñòèíó óñèëèå, ñêîðîñòü íåâîçìóùåííîãî îäíîðîäíîãî ïîòîêà, à
òàêæå íà êîýôôèöèåíòû âíóòðåííåãî è âíåøíåãî äåìïôèðîâàíèÿ, êîýôôèöèåíò æåñòêî-
ñòè ñëîÿ îáæàòèÿ è ÿäðà ðåëàêñàöèè, õàðàêòåðèçóþùèå âÿçêîóïðóãèå ñâîéñòâà ìàòåðèàëà
ïëàñòèíû è ñëîÿ îáæàòèÿ. Ýòè óñëîâèÿ ÿâíî ñîäåðæàò îñíîâíûå ïàðàìåòðû ìåõàíè÷åñêîé
ñèñòåìû, è â òàêîì âèäå îíè íàèáîëåå ïðèñïîñîáëåíû äëÿ ðåøåíèÿ çàäà÷ îïòèìèçàöèè,
àâòîìàòè÷åñêîãî óïðàâëåíèÿ, àâòîìàòèçèðîâàííîãî ïðîåêòèðîâàíèÿ.
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Investigation of stability of viscoelastic element of

construction in supersonic �ow

c⃝ A. V. Ankilov3, P. A. Velmisov4

Abstract. The stability of deformable element in the form of a plate in the supersonic �ow
of ideal gas is investigated. Material aging, i.e. change of its physico-mechanical properties in
the course of time, is taken into account. The model of aging viscoelastic body is applied where
tension at any point depends on background of material's deformation in this point, and connection
between tension and deformation is described by Volterra-Feucht's equation. Aerodynamic pressure
upon a plate is de�ned according to the �piston� theory of A.A. Ilyushin. Based on the functional
established in the paper the su�cient conditions for stability of the solution of partial integro-
di�erential equation describing the plate dynamics are obtained.

Key Words: aeroelasticity, mathematical modeling, dynamical stability, plate, supersonic gas
�ow, di�erential equation, functional
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