


                                           Â Â Å Ä Å Í È Å


        Äàííàÿ ÷àñòü ëåêöèé ÿâëÿåòñÿ â íåêîòîðîé ñòåïåíè ïîäâåäåíèåì èòîãîâ ìíîãîëåòíåé ðàáîòû ñîòðóäíèêîâ êàôåäðû  “ Ãàçîâîé è âîëíîâîé äèíàìèêè “ ìåõàíèêî-ìàòåìàòè÷åñêîãî ôàêóëüòåòà ÌÃÓ ïî äèíàìèêå íèòè. Îñíîâû äèíàìèêè íèòè çàëîæåíû â ðàáîòàõ ïåðâîãî çàâåäóþùåãî êàôåäðîé Àêàäåìèêà Óç.ÑÑÐ, ïðîôåññîðà Õ.À. Ðàõìàòóëèíà [1-3] â ñîðîêîâûõ ãîäàõ. Èìåííî â ýòèõ ðàáîòàõ ïîëó÷åíû îñíîâíûå óðàâíåíèÿ äâèæåíèÿ íèòè, îïèñûâàþùèå ðàñïðîñòðàíåíèå âîçìóùåíèé, õàðàêòåðèñòèêè è óñëîâèÿ íà íèõ [2]. Ðàññìîòðåíà ñòàâøàÿ êëàññè÷åñêîé çàäà÷à î ïîïåðå÷íîì óäàðå ïî ãèáêîé íèòè.


        Äàëüíåéøåå ðàçâèòèå âîïðîñîâ äèíàìèêè íèòè ïðîâîäèëîñü ó÷åíèêàìè Õ.À.Ðàõìàòóëèíà [4,6,7,8 ] è ìíîãèìè äðóãèìè. Çäåñü ñëåäóåò ïðåæäå âñåãî îòìåòèòü çíà÷èòåëüíûé âêëàä â òåîðèþ âîëí â íèòè À.Ë.Ïàâëåíêî [6,7]. Â ýòèõ ðàáîòàõ ïîëó÷åíû óñëîâèÿ íà ñèëüíûõ ðàçðûâàõ è âîïðîñû èõ ñóùåñòâîâàíèÿ â íèòè. Èññëåäîâàíî ðåøåíèå äëÿ ðàçëè÷íûõ âèäîâ çàâèñèìîñòè íàòÿæåíèÿ îò äåôîðìàöèè. Èç çàðóáåæíûõ àâòîðîâ ñëåäóåò óïîìÿíóòü ðàáîòû [5,9] ïî ðàñïðîñòðàíåíèþ ñëàáûõ âîçìóùåíèé â íèòè.


       Àâòîð íå ïðåòåíäóåò íà ïîëíûé îáçîð âñåõ ðåçóëüòàòîâ ïî äèíàìèêå íèòè, ÷òî ïðîñòî íåâîçìîæíî ñäåëàòü â ðàìêàõ äàííîé ðàáîòû. Îñíîâíàÿ öåëü - ñèñòåìàòèçèðîâàòü òåîðèþ è ïðèëîæåíèÿ äèíàìèêè íèòè, ñäåëàâ èõ áîëåå äîñòóïíûìè äëÿ ñòóäåíòîâ è ñïåöèàëèñòîâ. Ïðè ýòîì ìû ïîëüçóåìñÿ îïûòîì íàêîïëåííûì ïðè ÷òåíèè ñïåöèàëüíûõ êóðñîâ êàôåäðû, ïîñâÿùåííûõ ðàçëè÷íûì àñïåêòàì ñòàòèêè è äèíàìèêè  íèòè.


                 Îñíîâíûå óðàâíåíèÿ äâèæåíèÿ íèòè. 


1.Ìàòåìàòè÷åñêàÿ ìîäåëü íèòè.Óðàâíåíèÿ äâèæåíèÿ.


Ïîä èäåàëüíîé íèòüþ áóäåì ïîíèìàòü ìåõàíè÷åñêèé îáúåêò, õàðàêòåðíîé îñîáåííîñòüþ êîòîðîãî ÿâëÿåòñÿ ïðåîáëàäàíèå îäíîãî õàðàêòåðíîãî ëèíåéíîãî ðàçìåðà íàä äðóãèìè. Ïðè÷åì, â îòëè÷èå îò áàëêè, äëÿ èäåàëüíîé íèòè áóäåì ñ÷èòàòü èçãèáíóþ è êðóòèëüíóþ æåñòêîñòè ïðåíåáðåæèìî ìàëûìè. 


Äîìèíèðóþùåå ïðåîáëàäàíèå îäíîãî õàðàêòåðíîãî ëèíåéíîãî ðàçìåðà ( äëèíû íèòè ) íàä äðóãèìè ñ êèíåìàòè÷åñêîé òî÷êè çðåíèÿ ïîçâîëÿåò îòîæäåñòâëÿòü íèòü â êàæäûé ìîìåíò âðåìåíè ñ ìàòåìàòè÷åñêîé êðèâîé ñîñòàâëåííîé èç ìàòåðèàëüíûõ òî÷åê. Ìàòåðèàëüíûå òî÷êè íèòè îòëè÷àþòñÿ äðóã îò äðóãà äëèíîé äóãè êðèâîé ïðè âûáðàííûõ íà÷àëå è íàïðàâëåíèè îòñ÷åòà äóãè. Äëÿ íåðàñòÿæèìîé íèòè äëèíà äóãè íåèçìåííà. Äëÿ ðàñòÿæèìîé íèòè íåîáõîäèìî ââîäèòü â ðàññìîòðåíèå äëèíó äóãè â íåäåôîðìèðîâàííîì ñîñòîÿíèè è òåêóùóþ äëèíó äóãè íèòè â ðàñòÿíóòîì (äåôîðìèðîâàííîì ) ñîñòîÿíèè. Äëèíà äóãè â íåäåôîðìèðîâàííîì  ñîñòîÿíèè ÿâëÿåòñÿ åñòåñòâåííîé ëàãðàíæåâîé êîîðäèíàòîé äàííîé òî÷êè íèòè.Íà ðèñ.1 ïîêàçàíî ïîëîæåíèå íèòè â äâà ðàçëè÷íûõ ìîìåíòà âðåìåíè. Ïðè ýòîì: òî÷êà À - íà÷àëî îòñ÷åòà äóãè; òî÷êà    Ì - ïðîèçâîëüíàÿ òî÷êà íèòè; r - ðàäèóñ âåêòîð òî÷êè Ì; S - äëèíà äóãè ÀÌ â íåðàñòÿíóòîì ñîñòîÿíèè; s - äëèíà äóãè ÀÌ â òåêóùåì ñîñòîÿíèè; �EMBED Equation.3���- ñèñòåìà êîîðäèíàò íàáëþäàòåëÿ ñ íà÷àëîì â òî÷êå Î.


        Ïîñêîëüêó ââåäåííàÿ ëàãðàíæåâà êîîðäèíàòà S îäíîçíà÷íî îïðåäåëÿåò ìàòåðèàëüíóþ òî÷êó íèòè, êèíåìàòèêà íèòè  çàäàíà ïîëíîñòüþ, åñëè èçâåñòåí çàêîí åå äâèæåíèÿ


                                           �EMBED Equation.3��� (S,t)                                                        (1.1)


 Ñêîðîñòü V è óñêîðåíèå �EMBED Equation.3���òî÷åê íèòè âû÷èñëÿþòñÿ ñ èñïîëüçîâàíèåì çàêîíà (1.1)


                                          �EMBED Equation.3��� ,                                                   (1.2)      


                                          �EMBED Equation.3���   .                           (1.3)





                                                                                                                           


���                              Z                      (1)                                                                  


                                        �EMBED Equation.3���                           (2)                                     


�                                     r(S,�EMBED Equation.3���)                                                        


��                                                             �EMBED Equation.3���                                       
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��                              Î                                                 ó                                          


                                                                                                                


                                                                                                               


�                                     \                                                                    


              õ                    �EMBED Equation.3���          A                                    


                                                                                                     





Ðèñ.1 Ïîëîæåíèå íèòè (1),(2)  ñîîòâåòñòâåííî â  ìîìåíòû  âðåìåíè �EMBED Equation.3���;  �EMBED Equation.3���- ïîëîæåíèå òî÷åê íèòè â ìîìåíò âðåìåíè �EMBED Equation.3���; À,Ì - ïîëîæåíèå òåõ æå òî÷åê â ìîìåíò âðåìåíè t; S - äëèíà äóãè ÀÌ â íåäåôîðìèðîâàí-íîì ñîñòîÿíèè (ëàãðàíæåâà êîîðäèíàòà òî÷êè Ì); �EMBED Equation.3��� - ñîîòâåòñòâåííî äëèíû äóã �EMBED Equation.3��� è ÀÌ â òåêóùèå ìîìåíòû âðåìåíè.





        Ïîñêîëüêó ââåäåííàÿ ëàãðàíæåâà êîîðäèíàòà S îäíîçíà÷íî îïðåäåëÿåò ìàòåðèàëüíóþ òî÷êó íèòè, êèíåìàòèêà íèòè  çàäàíà ïîëíîñòüþ, åñëè èçâåñòåí çàêîí åå äâèæåíèÿ


                                           �EMBED Equation.3���                                                                                  (1.1)


 Ñêîðîñòü �EMBED Equation.3���è óñêîðåíèå �EMBED Equation.3���òî÷åê íèòè âû÷èñëÿþòñÿ ñ èñïîëüçîâàíèåì çàêîíà (1.1)


                                          �EMBED Equation.3��� ,                                                                              (1.2)      


                                          �EMBED Equation.3���   .                                                        (1.3)





Îòíîñèòåëüíîå óäëèíåíèå (äåôîðìàöèÿ) â íèòè ( îïðåäåëÿåòñÿ òåêóùåé (s è íà÷àëüíîé (S äëèíîé ýëåìåíòà íèòè 


                                        (�EMBED Equation.3��� .                                                      (1.4)


Â ñèëó çàêîíà (1.1) è îäíîçíà÷íîãî ñîîòâåòñòâèÿ ìåæäó äëèíîé äóãè è ìàòåðèàëüíûìè òî÷êàìè íèòè, çàâèñèìîñòü s = s(S,t) ñóùåñòâóåò, ïîýòîìó âûðàæåíèå (1.4) äëÿ äåôîðìàöèè âïîëíå îïðåäåëåíî.


           Îòìåòèì, ÷òî åäèíè÷íûé âåêòîð êàñàòåëüíîé ê íèòè ( îïðåäåëÿåòñÿ êàê îòíîøåíèå ïðèðàùåíÿè ðàäèóñà âåêòîðà r ê åãî òåêóùåé äëèíå, ò.å.


                          �EMBED Equation.3��� . 


                     





Â ñèëó ýòîãî, ñïðàâåäëèâî ñîîòíîøåíèå


                              �EMBED Equation.3����EMBED Equation.3���.                                                                                        (1.5)


Åñëè ðàññìàòðèâàòü â êà÷åñòâå èñêîìûõ âåëè÷èí âåêòîð ñêîðîñòè V, äåôîðìàöèþ ( è åäèíè÷íûé âåêòîð êàñàòåëüíîé ê íèòè ( , îíè, â ñèëó ðàâåíñòâà ñìåøàííûõ ïðîèçâîäíûõ  �EMBED Equation.3��� è ñîîòíîøåíèÿì  (1.2),(1.5), óäîâëåòâîðÿþò âåêòîðíîìó óðàâíåíèþ


                                 �EMBED Equation.3��� .                                                                           (1.6)                     


Óðàâíåíèÿ (1.6) îòðàæàþò â ñåáå êèíåìàòèêó  äâèæåíèÿ íèòè, ïîýòîìó íàçûâàþòñÿ êèíåìàòè÷åñêèìè. Îíè ñïðàâåäëèâû â òîì ñëó÷àå, êîãäà ðàäèóñ-âåêòîð òî÷åê íèòè �EMBED Equation.3���ÿâëÿåòñÿ äâàæäû íåïðåðûâíî-äèôôåðåíöèðóåìîé ôóíêöèåé ñâîèõ íåçàâèñèìûõ ïåðåìåííûõ.


        Ââåäåì â ðàññìîòðåíèå ëèíåéíóþ ïëîòíîñòü íèòè, êàê ìàññó åäèíèöû äëèíû. Ïîñêîëüêó äëèíó íèòè ìîæíî ðàññìàòðèâàòü â íåäåôîðìèðîâàííîì “íà÷àëüíîì” ñîñòîÿíèè è â òåêóùåì ðàñòÿíóòîì ñîñòîÿíèè, ëèíåéíàÿ ïëîòíîñòü íèòè òàêæå ìîæåò áûòü èçìåðåíà â íà÷àëüíîì è òåêóùåì ñîñòîÿíèè:


                                 �EMBED Equation.3���                                                                                         (1.7)





Â ñèëó çàêîíà ñîõðàíåíèÿ ìàññû ýòè ïëîòíîñòè ñâÿçàíû çàâèñèìîñòüþ �EMBED Equation.3���, êîòîðàÿ ñ ó÷åòîì (1.4) ïðèíèìàåò âèä �EMBED Equation.3���


Ïîñêîëüêó  ïîëó÷åííîå ðàâåíñòâî  äîëæíî âûïîëíÿòüñÿ äëÿ ïðîèçâîëüíûõ �EMBED Equation.3���, îòñþäà ñëåäóåò óðàâíåíèå,ñâÿçûâàþùåå íà÷àëüíóþ �EMBED Equation.3��� è  òåêóùóþ �EMBED Equation.3��� ïëîòíîñòè íèòè                              


                                     �EMBED Equation.3���.                                                                                 (1.8)


        Îáñóäèì âíåøíèå ñèëû, äåéñòâóþùèå íà âûäåëåííûé ýëåìåíò íèòè ïðîèçâîëüíîé äëèíû ( Ðèñ.2). Ýòî ñèëû íàòÿæåíèÿ, äåéñòâóþùèå íà êîíöàõ âûäåëåííîãî ýëåìåíòà íèòè, ìàññîâûå ñèëû è ñèëû ñîïðîòèâëåíèÿ äâèæåíèþ íèòè ñî ñòîðîíû âíåøíåé ïî îòíîøåíèþ ê íåé ñðåäû.


     Ïóñòü:     �EMBED Equation.3��� - âåêòîð ñèëû íàòÿæåíèÿ íèòè; �EMBED Equation.3���- ïëîòíîñòü ìàññîâûõ ñèë (ñèëà, äåéñòâóþùàÿ íà åäèíèöó ìàññû íèòè); �EMBED Equation.3���-ïëîòíîñòü ïîâåðõíîñòíûõ ñèë ñîïðîòèâëåíèÿ äâèæåíèþ íèòè (ñèëà, ïðèõîäÿùàÿñÿ íà åäèíèöó òåêóùåé äëèíû íèòè).














                                         �EMBED Equation.3���              Ðèñ.2       Ñèëû, äåéñòâóþùèå íà                


                                                                                 ��������   âûäåëåííûé ýëåìåíò íèòè .                                                            


                                                                                   �EMBED Equation.3��� - êîîðäèíàòû ãðàíèö


                                                                                    ýëåìåíòà íèòè, dm - ýëåìåíò


                                                                                    ìàññû, ds=(1+()dS - ýëåìåíò


    �EMBED Equation.3���                                                               òåêóùåé äëèíû.


��                                                           �EMBED Equation.3���ds      


�                                                                              


�                                                                                        


                                           �EMBED Equation.3���dm                          





   Çàïèøåì çàêîí ñîõðàíåíèÿ êîëè÷åñòâà äâèæåíèÿ äëÿ âûäåëåííîãî ýëåìåíòà íèòè


                          �EMBED Equation.3���


Ïðåäïîëîæèì, ÷òî âñå, âõîäÿùèå â ïîëó÷åííîå ñîîòíîøåíèå âåëè÷èíû, ÿâëÿþòñÿ íåïðåðûâíî-äèôôåðåíöèðóåìûìè ôóíêöèÿìè íåçàâèñèìûõ ïåðåìåííûõ S,t.


Òîãäà, ñ ó÷åòîì çàêîíà ñîõðàíåíèÿ ìàññû,ïîëó÷àåì 


                           �EMBED Equation.3���,


îòêóäà â ñèëó íåïðåðûâíîñòè ôóíêöèé è ïðîèçâîëüíîñòè äëèíû ýëåìåíòà ñëåäóåò äèôôåðåíöèàëüíîå óðàâíåíèå äâèæåíèÿ íèòè


                             �EMBED Equation.3��� .                                                                      (1.9)


    Ê ïîëó÷åííûì óðàâíåíèÿì äâèæåíèÿ íèòè (1.6),(1.9) ñëåäóåò äîáàâèòü ïðåäïîëîæåíèå ìîäåëè èäåàëüíîé íèòè î ðàâåíñòâå íóëþ èçãèáíîé æåñòêîñòè, êîòîðîå ñâîäèòñÿ ê òîìó, ÷òî íàòÿæåíèå  íàïðàâëåíî âäîëü  âåêòîðà, êàñàòåëüíîãî ê íèòè. Òàêèì îáðàçîì


                               �EMBED Equation.3���,                                                                                                  (1.10)


ãäå Ò - ñêàëÿðíàÿ âåëè÷èíà ( íàòÿæåíèå íèòè).


      Â ðåçóëüòàòå ïðîâåäåííûõ ðàññóæäåíèé ìû ïîëó÷èëè ñëåäóþùóþ ñèñòåìó óðàâíåíèé, îïèñûâàþùèõ äâèæåíèå èäåàëüíîé íèòè:





                                    �EMBED Equation.3���;


                                 �EMBED Equation.3���;                                                                   (1.11)


                                      �EMBED Equation.3��� ;


                                       �EMBED Equation.3��� .


        Êàê è ñëåäîâàëî îæèäàòü, èñêîìûõ âåëè÷èí  �EMBED Equation.3��� áîëüøå, ÷åì óðàâíåíèé. Íåäîñòàåò ðîâíî îäíîãî ñêàëÿðíîãî óðàâíåíèÿ - óðàâíåíèÿ ñîñòîÿíèÿ, îïðåäåëÿþùåãî ìàòåðèàë íèòè. Êîíå÷íî íåëüçÿ îäîçíà÷íî îïðåäåëèòü âñå âîçìîæíîå ìíîãîîáðàçèå ñóùåñòâóþùèõ è ïîÿâëÿþùèõñÿ íîâûõ ìàòåðèàëîâ èç êîòîðûõ ìîæåò áûòü èçãîòîâëåíà êîíêðåòíàÿ íèòü. Ïîýòîìó, ìû îãðàíè÷èìñÿ çäåñü ïåðå÷íåì êëàññè÷åñêèõ ìîäåëåé, íàèáîëåå ÷àñòî èñïîëüçóåìûõ íà ïðàêòèêå.


Ìîäåëü íåðàñòÿæèìîé íèòè   �EMBED Equation.3���                                                                 (1.12)


Ìîäåëü ëèíåéíî - óïðóãîé íèòè   �EMBED Equation.3���                                                    (1.13)


Ìîäåëü íåëèíåéíî - óïðóãîé íèòè  �EMBED Equation.3���                                                 (1.14)


Ìîäåëü âÿçêî - óïðóãîé íèòè     �EMBED Equation.3���                                                     (1.15)


      ( çäåñü òî÷êà îçíà÷àåò ïðîèçâîäíóþ ïî âðåìåíè).


Ìîäåëü óïðóãî - ïëàñòè÷åñêîé íèòè


              �EMBED Equation.3���                                                                           (1.16)


Ïîä  äåôîðìàöèåé �EMBED Equation.3���   â (1.16) ïîíèìàåòñÿ ìàêñèìàëüíàÿ äåôîðìàöèÿ, äîñòèãíóòàÿ â ïðîöåññå ïðåäûäóùåãî ïëàñòè÷åñêîãî íàãðóæåíèÿ .


      Ïåðå÷èñëåííûå ìîäåëè êîíå÷íî íå èñ÷åðïûâàþò âñåãî ðàçíîîáðàçèÿ ìàòåðèàëîâ, íî äàþò íåêîòîðîå ïðåäñòàâëåíèå î êëàññàõ óðàâíåíèé ñ êîòîðûìè ìîæíî ñòîëêíóòüñÿ ïðè ìîäåëèðîâàíèè íèòè, ïîñêîëüêó äëÿ êàæäîé èç ïåðå÷èñëåííûõ ìîäåëåé ïî ñóòè áóäåò ñâîé òèï óðàâíåíèé, à çíà÷èò è ñâîè ìåòîäû èõ ðåøåíèÿ. Îòìåòèì, ÷òî çàìêíóòàÿ ñèñòåìà óðàâíåíèé äâèæåíèÿ èäåàëüíîé íèòè, ñîñòîÿùàÿ èç ñèñòåìû (1.11) è îäíîãî èç óðàâíåíèé ñîñòîÿíèÿ (1.12-1.16), ïðè óñëîâèè êîíå÷íîñòè ïåðåìåùåíèé, âñåãäà íåëèíåéíà , íåçàâèñèìî îò óðàâíåíèÿ ñîñòîÿíèÿ. Ýòî ïðèâîäèò ê çíà÷èòåëüíûì òðóäíîñòÿì ïðè ðåøåíèè êîíêðåòíûõ çàäà÷. Îáùèé àíàëèç ïîëó÷åíîé ñèñòåìû óðàâíåíèé  áóäåò ïðîâåäåí äàëåå äëÿ òðåõ ìîäåëåé èç ïåðå÷èñëåííûõ âûøå, ÷òî ñâÿçàíî ïðåæäå âñåãî ñ èõ ÷àñòûì èñïîëüçîâàíèåì íà ïðàêòèêå. Ýòî ìîäåëè íåðàñòÿæèìîé (1.12), óïðóãîé (1.13-1.14) è âÿçêî-óïðóãîé (1.15) íèòè. Ïðè ýòîì äëÿ îïðåäåëåííîñòè áóäåò ðàññìàòðèâàòüñÿ èçíà÷àëüíî îäíîðîäíàÿ íèòü �EMBED Equation.3���





Îáùèé àíàëèç óðàâíåíèé äâèæåíèÿ èäåàëüíîé óïðóãîé íèòè.


     


Çàïèøåì óðàâíåíèÿ (1.11) â ñëåäóþùåé ôîðìå


                �EMBED Equation.3���                                                                               (2.1)


              �EMBED Equation.3���                                                          (2.2)


è âûäåëèì ïîëíûé äèôôåðåíöèàë âåêòîðà ñêîðîñòè. Äëÿ ýòîãî äîñòàòî÷íî óìíîæèòü óðàâíåíèå (2.1) íà �EMBED Equation.3��� ,  óðàâíåíèå (2.2) íà �EMBED Equation.3��� è ñëîæèòü. Â ðåçóëüòàòå ïîëó÷èì


�EMBED Equation.3���


Áóäåì èñêàòü â ïëîñêîñòè íåçàâèñèìûõ ïåðåìåííûõ S,t êðèâûå �EMBED Equation.3���, âäîëü êîòîðûõ óðàâíåíèå (2.3) ìîæíî çàïèñàòü â ïîëíûõ äèôôåðåíöèàëàõ. Äëÿ óïðóãîé íèòè �EMBED Equation.3���, ïîýòîìó �EMBED Equation.3���. Ó÷èòûâàÿ ýòî, ââåäåì ñëåäóþùèå áîçíà÷åíèÿ


                                �EMBED Equation.3���.                                           (2.4)


Òîãäà âäîëü èçáðàííûõ íàïðàâëåíèé  �EMBED Equation.3���ñ ó÷åòîì (2.4) óðàâíåíèå (2.3) ìîæíî ïðåäñòàâèòü â ñëåäóþùåé ôîðìå


�EMBED Equation.3���  


Çàìåòèì, ÷òî ïðîèçâîäíàÿ åäèíè÷íîãî âåêòîðà ïåðïåíäèêóëÿðíà ñàìîìó âåêòîðó, ïîýòîìó ïðè ñêàëÿðíîì óìíîæåíèè ïîëó÷åííîãî óðàâíåíèÿ íà âåêòîð �EMBED Equation.3���  èìååì


                  �EMBED Equation.3���,         (2.5)                      


à ïðè âåêòîðíîì óìíîæåíèè íà  �EMBED Equation.3���


   �EMBED Equation.3���      (2.6)


        Ëåãêî âèäåòü, ÷òî óðàâíåíèå (2.5) çàïèñûâàåòñÿ â ïîëíûõ äèôôåðåíöèàëàõ âäîëü íàïðàâëåíèé �EMBED Equation.3���


   �EMBED Equation.3��� ,                                                    (2.7)


à  óðàâíåíèå (2.6) âäîëü íàïðàâëåíèé �EMBED Equation.3���


    �EMBED Equation.3���  .                               (2.8)


       Òàêèì îáðàçîì äëÿ ïðîñòðàíñòâåííîãî äâèæåíèÿ íèòè ñóùåñòâóþò äâà òèïà


õàðàêòåðèñòè÷åñêèõ íàïðàâëåíèé â ïëîñêîñòè íåçàâèñèìûõ ïåðåìåííûõ (S,t), ñîîòâåòñòâóþùèõ òèïàì âîëí â óïðóãîé íèòè.


         Ñîîòíîøåíèÿ (2.7) ñîîòâåòñòâóþò ïðîäîëüíûì âîëíàì, ïîñêîëüêó ïîëó÷åíû ïðîåöèåé óðàâíåíèé íà íàïðàâëåíèå êàñàòåëüíîé ê íèòè, à ñîîòíîøåíèÿ (2.8) ñîîòâåòñâóþò ïîïåðå÷íûì âîëíàì,  ïîñêîëüêó ïîëó÷åíû ïðîåêòèðîâàíèåì


óðàâíåíèé äâèæåíèÿ íèòè íà ïëîñêîñòü îðòîãîíàëüíóþ âåêòîðó êàñàòåëüíîé.


         Îòìåòèì, ÷òî (2.7) ýòî äâà ñêàëÿðíûõ óðàâíåíèÿ, îòëè÷àþùèõñÿ òîëüêî íàïðàâëåíèåì ðàñïðîñòðàíåíèÿ ïðîäîëüíûõ âîëí ïî íèòè. Â òîæå âðåìÿ ñîîòíîøåíèå (2.8) ïîçâîëÿåò çàïèñàòü ÷åòûðå ñêàëÿðíûõ óðàâíåíèÿ ( äâà â îäíîì íàïðàâëåíèè è äâà â äðóãîì), ïîýòîìó êðèâûå �EMBED Equation.3��� â ñëó÷àå ïðîñòðàíñòâåííîãî äâèæåíèÿ íèòè íàçûâàþòñÿ áèõàðàêòåðèñòèêàìè. Äåéñòâèòåëüíî, ñîîòíîøåíèÿ (2.8) ôàêòè÷åñêè îçíà÷àþò êîëëåíèàðíîñòü äâóõ âåêòîðîâ


âåêòîðà  �EMBED Equation.3���   è âåêòîðà �EMBED Equation.3���. Â ëþáîé âûáðàííîé ñèñòåìå êîîðäèíàò ýòî äàåò äâà ñêàëÿðíûõ óðàâíåíèÿ.


         Ïóñòü â äåêàðòîâîé ñèñòåìå êîîðäèíàò (x,y,z)  âåêòîðû èìåþò êîìïîíåíòû :


                   �EMBED Equation.3���


ãäå  �EMBED Equation.3��� âåêòîðû áàçèñà ñèñòåìû. Òîãäà ñîîòíîøåíèå (2.8) äàåò äâà óðàâíåíèÿ �EMBED Equation.3��� �EMBED Equation.3�� �  


                            �EMBED Equation.3���         


   âäîëü êàæäîãî èç íàïðàâëåíèé �EMBED Equation.3���.


        Êàê è â ïëîñêîì ñëó÷àå äâèæåíèÿ íèòè áîëåå óäîáíîé ÿâëÿåòñÿ åñòåñòâåííàÿ ïîäâèæíàÿ ñèñòåìà êîîðäèíàò, ñâÿçàííàÿ ñ òî÷êàìè íèòè. Âûáåðåì â êà÷åñòâå áàçèñà ðàçëîæåíèÿ ñëåäóþùóþ òðîéêó âåêòîðîâ  �EMBED Equation.3���, ãäå :





                  �EMBED Equation.3���                                           (2.10)


          


 Ââåäåííûå óãëû  �EMBED Equation.3���  îïðåäåëÿþò òðîéêó åäèíè÷íûõ îðòîãîíàëüíûõ âåêòîðîâ      ( �EMBED Equation.3���- âåêòîð, êàñàòåëüíûé ê íèòè) Ðèñ 3.
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	Íàéäåì ïðèðàùåíèÿ âåêòîðîâ �EMBED Equation.3���:








�EMBED Equation.3���


Èç ïîëó÷åííûõ âûðàæåíèé ñëåäóåò, ÷òî


   �EMBED Equation.3���     (2.11)


Ñ äðóãîé ñòîðîíû ìû çíàåì, ÷òî ïî îïðåäåëåíèþ


                       �EMBED Equation.3���, ãäå  �EMBED Equation.3��� íîðìàëü ê íèòè.


Îòñþäà, ñðàâíèâàÿ ñ (2.11), ïîëó÷èì:


                              �EMBED Equation.3���                                          (2.12)


Îïðåäåëèì êðó÷åíèå ïðîñòðàíñòâåííîé êðèâîé, âîñïîëüçîâàâøèñü âûðàæåíèåì


                                    �EMBED Equation.3��� ãäå �EMBED Equation.3���êðó÷åíèå.


Èç (2.12),  ïîëó÷èì:


                     �EMBED Equation.3���            (2.13)


ãäå äëÿ ñîêðàùåíèÿ çàïèñè øòðèõ îçíà÷àåò ïðîèçâîäíóþ ïî ïåðåìåííîé �EMBED Equation.3���Òàêèì îáðàçîì ââåäåííûå óãëû ïîçâîëÿþò îïðåäåëèòü âñå îñíîâíûå õàðàêòåðèñòèêè ïðîñòðàíñòâåííîé êðèâîé. Ðàçëîæèì âåêòîð ñêîðîñòè ïî áàçèñó �EMBED Equation.3���       �EMBED Equation.3���


è ïîäñòàâèì â óðàâíåíèÿ äâèæåíèÿ íèòè (2.1),(2.2). Â ðåçóëüòàòå ñ ó÷åòîì (2.11) ïîëó÷èì:


                                �EMBED Equation.3���


                         �EMBED Equation.3���


                            �EMBED Equation.3���


                   �EMBED Equation.3���                                    (2.14)


                         �EMBED Equation.3���


                 �EMBED Equation.3���


Ñèñòåìà (2.14) ìîæåò áûòü ëåãêî ïðèâåäåíà ê õàðàêòåðèñòè÷åñêîìó âèäó


                �EMBED Equation.3���


             �EMBED Equation.3���                   (2.15)


         �EMBED Equation.3���


Òàêèì îáðàçîì â ñëó÷àå íàòÿíóòîé íèòè óðàâíåíèÿ äâèæåíèÿ ãèïåðáîëè÷åñêèå.
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Ðèñ.3 Ì - òî÷êà íèòè;( -âåêòîð, êàñàòåëüíûé ê íèòè â òî÷êå Ì.











