
ISSN 1561 -9087 �à¨ª« ¤­  £÷¤à®¬¥å ­÷ª . 2002. �®¬ 4 (76), N 4. �. 23 { 31��� 532.465 ��������� ����������� ������������������ ���������������������������� ����� ������. �. ���������, �. �. �������,�­áâ¨âãâ ¯à®¡«¥¬ ¬ â¥¬ â¨ç¥áª¨å ¬ è¨­ ¨ á¨áâ¥¬ ��� �ªà ¨­ë, �¨¥¢�®«ãç¥­® 20.02.2002�à¥¤áâ ¢«¥­  ç¨á«¥­­ ï ¬®¤¥«ì à á¯à®áâà ­¥­¨ï ­¥äâï­ëå ¯ïâ¥­ ¯à®¨§¢®«ì­®© ä®à¬ë ­  ¯®¢¥àå­®áâ¨ ¢®¤ë, ¢ª®â®à®© ãçâ¥­ë ª ª ¯à®æ¥ááë à áâ¥ª ­¨ï ¯ïâ¥­ ¯®¤ ¤¥©áâ¢¨¥¬ á¨« ¯« ¢ãç¥áâ¨ ¨ ¯®¢¥àå­®áâ­®£® ­ âï¦¥­¨ï, â ª ¨¯¥à¥­®á ¢¥âà®¬ ¨ â¥ç¥­¨ï¬¨,   â ª¦¥ £®à¨§®­â «ì­ ï âãà¡ã«¥­â­ ï ¤¨ääã§¨ï. � §à ¡®â ­ ç¨á«¥­­ë© « £à ­¦¥¢ë©¬¥â®¤, ¢ ª®â®à®¬ ãç¨âë¢ ¥âáï ¢§ ¨¬®¤¥©áâ¢¨¥ ç áâ¨æ. �¥§ã«ìâ âë ¬®¤¥«ì­ëå à áç¥â®¢ å®à®è® á®£« áãîâáï á ¢â®¬®¤¥«ì­ë¬¨ à¥è¥­¨ï¬¨ § ¤ ç¨.�à¥¤áâ ¢«¥­ ç¨á¥«ì­  ¬®¤¥«ìà®§¯®¢áî¤¦¥­­ï ­ äâ®¢¨å ¯«ï¬ ¤®¢÷«ì­®ùä®à¬¨ ­  ¯®¢¥àå­÷ ¢®¤¨, ¢ ïª÷© ¢à å®¢ ­÷ ïª¯à®æ¥á¨ à®§â÷ª ­­ï ¯«ï¬ ¯÷¤ ¢¯«¨¢®¬ á¨« ¯« ¢ãç®áâ÷ â  ¯®¢¥àå­¥¢®£® ­ âï£ã, â ª ÷ ¯¥à¥­¥á¥­­ï ¢÷âà®¬ â  â¥ç÷ï¬¨,  â ª®¦ £®à¨§®­â «ì­  âãà¡ã«¥­â­  ¤¨äã§÷ï. �®§à®¡«¥­¨© ç¨á¥«ì­¨© « £à ­¦¥¢¨© ¬¥â®¤, ¢ ïª®¬ã ¢à å®¢ãõâìáï¢§ õ¬®¤÷ï ç áâ®ª. �¥§ã«ìâ â¨ ¬®¤¥«ì­¨å à®§à åã­ª÷¢ ¤®¡à¥ ã§£®¤¦ãîâìáï §  ¢â®¬®¤¥«ì­¨¬¨ à®§¢'ï§ª ¬¨ § ¤ ç÷.The numerical model of spreading of oil slick with the arbitrary shape on the water surface is presented. The modeldescribes processes of slick spreading under the buoyancy forces and surface tension, transport by the wind and currentsas well as horizontal di�usion. The numerical Lagrangian method which takes into account particles interaction wasdeveloped. The results of simulations are in a good agreement with the self-similar solutions of the problem.���������̈ ¯¨ç­®© ®á®¡¥­­®áâìî à á¯à®áâà ­¥­¨ï ­¥ä-â¨ ¨ ­¥äâ¥¯à®¤ãªâ®¢ ¢ ¬®à¥ ï¢«ï¥âáï ä®à¬¨à®-¢ ­¨¥ ­  ­ ç «ì­®¬ íâ ¯¥ à §«¨¢  ®¡è¨à­ëå ¯ï-â¥­ § £àï§­¥­¨© ¢ ¢¨¤¥ ¯«¥­®ª ­  ¯®¢¥àå­®áâ¨, ª®-â®àë¥ à áâ¥ª îâáï ¯®¤ ¤¥©áâ¢¨¥¬ á¨« ¯« ¢ãç¥áâ¨¨ ¯®¢¥àå­®áâ­®£® ­ âï¦¥­¨ï ¨ ¯¥à¥¬¥é îâáï ¯®¤¤¥©áâ¢¨¥¬ ¢¥âà , â¥ç¥­¨© ¨ ¢®«­¥­¨ï. � ¤ «ì­¥©-è¥¬ ¬ áá  ­¥äâ¨ ¢ ¯®¢¥àå­®áâ­®¬ ¯ïâ­¥ ã¬¥­ì-è ¥âáï §  áç¥â ¨á¯ à¥­¨ï, à áâ¢®à¥­¨ï, í¬ã«ìá¨-ä¨ª æ¨¨ ¨ ¤¨á¯¥àá¨¨ ª ¯¥«ì ­¥äâ¨ ¢ ¢®¤¥ ¯®¤ ¤¥©-áâ¢¨¥¬ ®¡àãè¥­¨ï ¢®«­ ¨ âãà¡ã«¥­â­®áâ¨ ¢ ¯à¨-¯®¢¥àå­®áâ­®¬ á«®¥ ¬®àï. � ¤ ç  ¥é¥ ¡®«¥¥ ãá«®¦-­ï¥âáï, ª®£¤  ­¥äâì à á¯à®áâà ­ï¥âáï ¢ ¡¥à¥£®¢®©§®­¥ ¨«¨ ¯à¨ ­ «¨ç¨¨ «¥¤®¢®£® ¯®ªà®¢ .�¥á¬®âàï ­  â®, çâ® ¯¥à¢ë¥ à ¡®âë, ®¯¨áë¢ î-é¨¥ ¤¨­ ¬¨ªã à á¯à®áâà ­¥­¨ï ­¥äâ¨, ¯®ï¢¨«¨áì¥é¥ ¢ ª®­æ¥ 60-å £®¤®¢ [1, 2], ¯à®¡«¥¬  ¬®¤¥«¨à®-¢ ­¨ï ­¥äâï­ëå à §«¨¢®¢ ®áâ ¥âáï  ªâã «ì­®© ¨á¥£®¤­ï. �á¥ ¥é¥ ¤ «¥ª ®â à¥è¥­¨ï áâ àë© ¢®¯à®á,¯®áâ ¢«¥­­ë© ¢ 60-å £®¤ å: ª ª ¢¥â¥à, â¥ç¥­¨ï ¨ãá«®¢¨ï ãâ¥çª¨ ­¥äâ¨ ¢«¨ïîâ ­  à á¯à®áâà ­¥-­¨¥ ­¥äâï­®£® á«¨ª . �®¤¥«¨ ­¥äâï­ëå á«¨ª®¢(á¬. ­ ¯à. [3,4]) ¢ ®á­®¢­®¬ ¨á¯®«ì§ãîâ ª« áá¨ç¥-áª¨¥  ¢â®¬®¤¥«ì­ë¥ § ¢¨á¨¬®áâ¨ ¤«ï ¬£­®¢¥­­®£®à §«¨¢  ¢ ¯®ª®ïé¥¬áï ¬®à¥, ¯®«ãç¥­­ë¥ ¢ à ¡®â å[1,2,5{ 8] ¤«ï ¨­¥àæ¨®­­®©, ¢ï§ª®© áâ ¤¨¨ ¨ áâ ¤¨¨¯®¢¥àå­®áâ­®£® ­ âï¦¥­¨ï. �¤­ ª® íâ¨ § ¢¨á¨¬®-

áâ¨ ­¥ ®¯¨áë¢ îâ ­ ¡«î¤ ¥¬®¥ ­¥á¨¬¬¥âà¨ç­®¥à áâ¥ª ­¨¥ ­¥äâï­ëå ¯ïâ¥­ ¢ ¯®«¥ ¢¥âà  ¨ â¥ç¥-­¨©.� ­ áâ®ïé¥© à ¡®â¥ ¯à¥¤«®¦¥­  ­®¢ ï ç¨á«¥­-­ ï « £à ­¦¥¢  ¬®¤¥«ì à á¯à®áâà ­¥­¨ï ¯®¢¥àå-­®áâ­ëå ¯ïâ¥­ ­¥äâ¨ ¯à¨ ¯à®¨§¢®«ì­ëå ãá«®¢¨ïå¯®áâã¯«¥­¨ï ­¥äâ¨ ­  ¯®¢¥àå­®áâì, ¢¥âà¥ ¨ â¥-ç¥­¨ïå. �¯¨á ­¨¥ ¯ à ¬¥âà¨§ æ¨¨ ¤àã£¨å ¢ ¦-­ëå ¯à®æ¥áá®¢: ¨á¯ à¥­¨ï, à áâ¢®à¥­¨ï, ¤¨á¯¥-àá¨¨ ­¥äâ¨ ¢ á«®¥ ¢®¤ë ¨ ¢§ ¨¬®¤¥©áâ¢¨ï á ¡¥-à¥£®¬ { §¤¥áì ­¥ ¯à¥¤áâ ¢«¥­®. �­® ¡ã¤¥â ¤ ­® ¢¯®á«¥¤ãîé¥© ¯ã¡«¨ª æ¨¨.1. ���������� ������� áá¬®âà¨¬ ¤¨­ ¬¨ªã ¯«¥­ª¨ ­¥äâ¥¯à®¤ãªâ®¢­  ¯®¢¥àå­®áâ¨ ¬®àï ¢¤ «¨ ®â ¡¥à¥£ . �áà¥¤-­¥­­ë¥ ¯® â®«é¨­¥ ¯«¥­ª¨ ãà ¢­¥­¨ï ¤¢¨¦¥­¨ï ¨­¥à §àë¢­®áâ¨ ¢ £¨¤à®áâ â¨ç¥áª®¬ ¯à¨¡«¨¦¥­¨¨¨¬¥îâ ¢¨¤:@~uo@t + ~uor~uo = �g0~rh � ~�w + ~�a�oh + ~f ; (1)@h@t +r~uoh = 0; (2)£¤¥ ~uo { ¢¥ªâ®à áª®à®áâ¨ ¤¢¨¦¥­¨ï ­¥äâ¨ c á®áâ -¢«ïîé¨¬¨ (u; v); h { â®«é¨­  ­¥äâï­®£® ¯ïâ­ ;g0 = g(�w��o)=�w; �w { ¯«®â­®áâì ¢®¤ë; �o { ¯«®â-­®áâì ­¥äâ¨; ~�w { ­ ¯àï¦¥­¨¥ âà¥­¨ï ­  £à ­¨æ¥­¥äâì{¢®¤ ; ~�a { ­ ¯àï¦¥­¨¥ âà¥­¨ï ­  £à ­¨æ¥c
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ISSN 1561 -9087 �à¨ª« ¤­  £÷¤à®¬¥å ­÷ª . 2002. �®¬ 4 (76), N 4. �. 23 { 31­¥äâì-¢®§¤ãå; g { ãáª®à¥­¨¥ á¢®¡®¤­®£® ¯ ¤¥­¨ï;~f { á¨«ë ¯®¢¥àå­®áâ­®£® ­ âï¦¥­¨ï.�â  á¨áâ¥¬  ãà ¢­¥­¨© ¤«ï ­¥¨§¢¥áâ­ëå â®«-é¨­ë ¨ áª®à®áâ¨ á«¨ª  ­¥§ ¬ª­ãâ . � à ¬¥âà¨-§ã¥¬ á¨«ë âà¥­¨ï ¨ ¯®¢¥àå­®áâ­®£® ­ ¯àï¦¥­¨ï.� ¯àï¦¥­¨¥ âà¥­¨ï ­  ¯®¢¥àå­®áâ¨ \¢®¤ {­¥äâì"à ¢­® ~�w = ��w @~u@z �w; (3)£¤¥ �w { ª®íää¨æ¨¥­â ª¨­¥¬ â¨ç¥áª®© ¢ï§ª®áâ¨¢®¤ë. � ª ª ª ¢ï§ª®áâì ­¥äâ¨ ¬­®£® ¡®«ìè¥ ¢ï§ª®-áâ¨ ¢®¤ë, â® ¬®¦­® áç¨â âì, çâ® áª®à®áâì ­¥äâï-­®£® á«¨ª  à ¢­®¬¥à­® à á¯à¥¤¥«¥­  ¯® â®«é¨­¥¯ïâ­ . �®£¤  @~u@z � ~uo � ~uw�w ; (4)£¤¥ �w { â®«é¨­  ¯®£à ­¨ç­®£® á«®ï, ®¡à §ãîé¥-£®áï ¯®¤ ­¥äâï­®© ¯«¥­ª®©. � ®¡é¥¬ á«ãç ¥ �wá«®¦­ë¬ ®¡à §®¬ § ¢¨á¨â ®â ­ ¯à ¢«¥­¨ï ¯®â®-ª  ¨ £¥®¬¥âà¨¨ á«¨ª . �æ¥­¨¬ ¥¥ ¯® ä®à¬ã«¥ �¥-«¥ï [5]: �w = (�wt0) 12 ; (5)£¤¥ t0 { å à ªâ¥à­®¥ ¢à¥¬ï, ª®â®à®¥ ¬®¦­® ®æ¥-­¨âì ª ª t0 = L= j~uo � ~uwj. � à¥§ã«ìâ â¥ ¯®«ãç¨¬~�w = Cw�wp�w j~uo � ~uwj =L � (~uo � ~uw) ; (6)£¤¥ L { å à ªâ¥à­ë© «¨­¥©­ë© ¬ áèâ ¡; Cw { í¬-¯¨à¨ç¥áª ï ª®­áâ ­â .� á â¥«ì­®¥ ­ ¯àï¦¥­¨¥ ¢¥âà  ¬®¦­® ®æ¥­¨âì¨§  íà®¤¨­ ¬¨ç¥áª®© ä®à¬ã«ë~�a = �Ca ��� ~W ��� ~W; (7)£¤¥ ~W { áª®à®áâì ¢¥âà ; í¬¯¨à¨ç¥áª ï ¯®áâ®ï­­ ïCa = 1:75 � 10�6.�¨«ë ¯®¢¥àå­®áâ­®£® ­ âï¦¥­¨ï ¢ë§ë¢ îâ à -áâï¦¥­¨¥ ­¥äâï­®© ¯«¥­ª¨, ¥á«¨ ¯®¢¥àå­®áâ­®¥­ âï¦¥­¨¥ ­  ¯®¢¥àå­®áâ¨ ¢®¤ -¢®§¤ãå �aw ¯à¥-¢®áå®¤¨â áã¬¬ã á¨« ¯®¢¥àå­®áâ­®£® ­ âï¦¥­¨ï ­ ¯®¢¥àå­®áâïå à §¤¥«  ­¥äâì{¢®§¤ãå �oa ¨ ­¥äâì{¢®¤  �ow, â.¥. ª®£¤  ª®íää¨æ¨¥­â ¯®¢¥àå­®áâ­®£®­ âï¦¥­¨ï �0 = �aw � (�ow + �ao) ¡®«ìè¥ ­ã«ï.�à¨ íâ®¬ ¢ ¯ïâ­¥ ¢ë¤¥«ïîâáï â®­ª ï (¬¨ªà®­-­ ï ¨«¨ ¬®­®¬®«¥ªã«ïà­ ï) ¯®«®á  ã ªà ï ¯«¥­ª¨,¢ ª®â®à®© á®áâ ¢­®¥ ¯®¢¥àå­®áâ­®¥ ­ ¯àï¦¥­¨¥ �¨§¬¥­ï¥âáï ®â �aw ¤® �ow + �oa, ¨ ®â­®á¨â¥«ì­®â®«áâ®¥ ï¤à®, ¢ ª®â®à®¬ ­ ¯àï¦¥­¨ï ­  ¯®¢¥àå-­®áâïå ¢®¤ -­¥äâì ¨ ­¥äâì-¢®§¤ãå ¬ «® ¬¥­ïîâáï[9]. �à¨«®¦¥­­ ï ª ¬®­®¬®«¥ªã«ïà­®© ¯®«®á¥ à¥-§ã«ìâ¨àãîé ï á¨« , ¯à®¯®àæ¨®­ «ì­ ï �0, ãà ¢-­®¢¥è¨¢ ¥âáï ¢ï§ª¨¬¨ á¨« ¬¨ âà¥­¨ï, à á¯à¥¤¥-«¥­­ë¬¨ ¯® ¢á¥© ¯«®é ¤¨ ¯ïâ­ . �®«­ë©  ­ -«¨§ ¤¨­ ¬¨ª¨ à á¯à®áâà ­¥­¨ï ­¥äâï­ëå ¯ïâ¥­

®ª § «áï ¤®áâ â®ç­® á«®¦¥­ ¨ ¡ë« ¯à®¢¥¤¥­ â®«ì-ª® ¤«ï ¨¤¥ «¨§¨à®¢ ­­®© ®¤­®¬¥à­®© § ¤ ç¨ [9].� ¬®¤¥«ïå à á¯à®áâà ­¥­¨ï ­¥äâï­ëå ¯ïâ¥­, ª ª¯à ¢¨«®, ¨á¯®«ì§®¢ «¨áì  ¢â®¬®¤¥«ì­ë¥ á®®â­®-è¥­¨ï, ¯®«ãç¥­­ë¥ ¬¥â®¤®¬ à §¬¥à­®áâ¨ á í¬¯¨-à¨ç¥áª¨¬¨ ª®íää¨æ¨¥­â ¬¨. �áª«îç¥­¨¥ á®áâ -¢«ï¥â à ¡®â  [13], ¢ ª®â®à®© á¨«ë íää¥ªâ¨¢­®£®¯®¢¥àå­®áâ­®£® ­ âï¦¥­¨ï à á¯à¥¤¥«ï«¨áì ¯® ­¥-ª®â®à®© ¯®«®á¥ ¢¤®«ì ªà ï ¯ïâ­ . � ­ áâ®ïé¥©à ¡®â¥ ¤«ï ã¯à®é¥­¨ï § ¤ ç¨ ¨ á®åà ­¥­¨ï ¥¤¨-­®®¡à §¨ï ¢ à áç¥â å ¡ã¤¥¬ ¯®« £ âì, çâ® á¨« íää¥ªâ¨¢­®£® ¯®¢¥àå­®áâ­®£® ­ âï¦¥­¨ï à á¯à¥-¤¥«¥­  ¯® ¢á¥¬ã ¯ïâ­ã ¨ ¢ë§¢ ­  £à ¤¨¥­â®¬ ¯®-¢¥àå­®áâ­®£® ­ âï¦¥­¨ï â ª, çâ®~f = C� ~r��wh; (8)£¤¥ C� { ¯®áâ®ï­­ ï. �à¨ íâ®¬ ¬®­®¬®«¥ªã«ïà­ë©á«®© ­  ªà î ¯ïâ­  ­¥ ¢ë¤¥«ï¥âáï. �à¥¤¯®« £ ï,çâ® � = �(h), ¯®«ãç ¥¬:~r� = d�dh ~rh: (9)�ää¥ªâ¨¢­®¥ ¯®¢¥àå­®áâ­®¥ ­ âï¦¥­¨¥ ¨§¬¥­ï¥â-áï ®â §­ ç¥­¨ï �0 ­  £à ­¨æ¥ ¯ïâ­  ¨ ¤® ¬ «ëå¯®çâ¨ ¯®áâ®ï­­ëå §­ ç¥­¨© ¢ ®¡« áâïå ¡®«ìè¨åâ®«é¨­. �¯¯à®ªá¨¬¨àãï �(h) «¨­¥©­®© § ¢¨á¨¬®-áâìî �(h) = �0(1� h=hmax); (10)£¤¥ hmax(t) { ­ ¨¡®«ìè¥¥ §­ ç¥­¨¥ â®«é¨­ë ¯ïâ-­ , ­ å®¤¨¬, çâ® d�dh = � �0hmax(t) : (11)�â  § ¢¨á¨¬®áâì ­¥ ¯à®â¨¢®à¥ç¨â íªá¯¥à¨¬¥­-â «ì­ë¬ ¤ ­­ë¬ [10]. �®£¤  ®¡« áâì â®«áâ®©¯«¥­ª¨ ®âáãâáâ¢ã¥â, â. ¥. ¯ïâ­® ¯à¥¤áâ ¢«ï¥â á®-¡®© ¬®­®¬®«¥ªã«ïà­ë© á«®©, â®£¤  @�=@h ¬®¦­®¯®« £ âì ¯®áâ®ï­­ë¬ [11,12]:d�dh = ��; (12)£¤¥ � { ª®­áâ ­â .� ª¨¬ ®¡à §®¬,d�dh = ��1 = �min(�; �0hmax ): (13)�®£¤  ¢ëà ¦¥­¨¥ ¤«ï á¨«ë ¯®¢¥àå­®áâ­®£® ­ -âï¦¥­¨ï ¡ã¤¥â ¨¬¥âì ¢¨¤~f = �C��1 ~rh�wh: (14)24 �.�. �à®¢ç¥­ª®, �. �. � ¤¥à¨ç



ISSN 1561 -9087 �à¨ª« ¤­  £÷¤à®¬¥å ­÷ª . 2002. �®¬ 4 (76), N 4. �. 23 { 31� ª¨¬ ®¡à §®¬, § ¤ ç  á¢®¤¨âáï ª à¥è¥­¨î á¨-áâ¥¬ë ¤¢ãå ãà ¢­¥­¨©:@~uo@t + ~uor~uo = ~F �h; �1; ~W�++Cw�w�oh p�w j�~uj =L�~u; (15)@h@t +r~uoh = 0 (16)¤«ï ­¥¨§¢¥áâ­ëå äã­ªæ¨© h = h(x; y; t) ¨ ~uo =~uo(x; y; t) á á®®â¢¥âáâ¢ãîé¨¬¨ ­ ç «ì­ë¬¨ ãá«®-¢¨ï¬¨. �¤¥áì~F �h; �1; ~W� = Ca ��� ~W ��� ~W�oh ��~rh�g0 + �1�wh� ; (17)�~u = ~uo � ~uw: (18)�à ­¨ç­ë¥ ãá«®¢¨ï ­  á¢®¡®¤­®© £à ­¨æ¥ ¯ïâ­ D ¨¬¥îâ ¢¨¤ h = 0; (x; y) 2 D: (19)�¯à ¢¥¤«¨¢®áâì  ¯¯à®ªá¨¬ æ¨© á¨« ¢ï§ª®áâ¨ ¨¯®¢¥àå­®áâ­®£® ­ âï¦¥­¨ï ¡ã¤¥â ¯®ª § ­  ¢ á«¥-¤ãîé¥¬ à §¤¥«¥.2. ������������� �������� ¤ ç  ¢ ¯à¨¢¥¤¥­­®© ¢ëè¥ ¯®áâ ­®¢ª¥ ¤®¯ãá-ª ¥â  ¢â®¬®¤¥«ì­ë¥ à¥è¥­¨ï ¢ ®¤­®¬¥à­®¬ ¨ ®á¥-á¨¬¬¥âà¨ç­®¬ á«ãç ïå ­  ®á­®¢­ëå áâ ¤¨ïå à á-â¥ª ­¨ï ¯ïâ­  ¢ ¯®ª®ïé¥©áï áà¥¤¥ (¨­¥àæ¨®­­®©,£à ¢¨â æ¨®­­®-¢ï§ª®© ¨ áâ ¤¨¨ ¯®¢¥àå­®áâ­®£®­ âï¦¥­¨ï). � áá¬®âà¨¬ ­¨¦¥ ­ ¨¡®«¥¥ ¨­â¥à¥á-­ë¥ ¨ ¯à®¤®«¦¨â¥«ì­ë¥ áâ ¤¨¨ { £à ¢¨â æ¨®­­®-¢ï§ªãî ¨ áâ ¤¨î ¯®¢¥àå­®áâ­®£® ­ âï¦¥­¨ï { ¤«ïâ®£®, çâ®¡ë áà ¢­¨âì ¨å á ¨§¢¥áâ­ë¬¨ à¥è¥­¨ï-¬¨ [2, 5, 11] ¨ « ¡®à â®à­ë¬¨ íªá¯¥à¨¬¥­â ¬¨ [2]¨ ®æ¥­¨âì §­ ç¥­¨ï í¬¯¨à¨ç¥áª¨å ¯®áâ®ï­­ëå ¬®-¤¥«¨.2.1. �à ¢¨â æ¨®­­®-¢ï§ª ï áâ ¤¨ï� áá¬®âà¨¬ § ¤ çã ® à á¯à®áâà ­¥­¨¨ á¨¬¬¥-âà¨ç­®£® ¯ïâ­  ­  £à ¢¨â æ¨®­­®-¢ï§ª®© áâ ¤¨¨.�¬¥áâ® ¯¥à¥¬¥­­ëå (x; y) ¯¥à¥å®¤¨¬ ª ®¤­®¬ã  à-£ã¬¥­âã r { à ááâ®ï­¨î ¢ ­ ¯à ¢«¥­¨¨ à á¯à®-áâà ­¥­¨ï ¯ïâ­ . �à ¢­¥­¨ï ­¥à §àë¢­®áâ¨ ¨ ¤¨-

­ ¬¨ª¨ ¤«ï á«ãç ï ¡ « ­á  á¨« ¯« ¢ãç¥áâ¨ ¨ ¢ï§-ª®áâ¨ ¯à¨¬ãâ ¢¨¤@h@t + 1rn @(hurn)@r = 0; (20)h@h@r = �RL�1=2u3=2; (21)£¤¥ R = Cwp�w�w=g0�o; ¯®ª § â¥«ì n = 0 ¢ ®¤­®-¬¥à­®¬ á«ãç ¥ ¨ n = 1 ¢ ®á¥á¨¬¬¥âà¨ç­®© § ¤ ç¥.�  å à ªâ¥à­ë© à §¬¥à L ¯à¨¬¥¬ ¯®«ãè¨à¨­ã ¯®-«®áë ­¥äâ¨ ¢ ®¤­®¬¥à­®© § ¤ ç¥ ¨ à ¤¨ãá ¤«ï ®á¥-á¨¬¬¥âà¨ç­®£® ¯ïâ­ .�à¥¤áâ ¢¨¬ ¨áª®¬ë¥ äã­ªæ¨¨ ¢ ¢¨¤¥:h = t�H(�); u = t�U (�); � = r=t
 : (22)�®£¤  L = �maxt
 . �®«ãç¨¬ ãà ¢­¥­¨ï:t��1��H � 
�dHd� �++ t�+��
�n dd� (�nUh) = 0; (23)t2��
HdHd� = �R�max1=2t�
=2+3=2�U3=2: (24)�«ï á«ãç ï ¬£­®¢¥­­®£® à §«¨¢  ãá«®¢¨¥ á®åà ­¥-­¨ï ®¡ê¥¬  V ¨¬¥¥â ¢¨¤Z 10 (2�r)nhdr == (2�)n Z 10 �nt�+
(1+n)Hd� = V21�n : (25)�«ï ¯®«®áë ­¥äâ¨ V ¯à¥¤áâ ¢«ï¥â á®¡®© ®¡ê¥¬­  ¥¤¨­¨æã è¨à¨­ë ¯®«®áë. �®¤¡¨à ï ª®­áâ ­âë�; �; 
 â ª, çâ®¡ë ã¤®¢«¥â¢®à¨âì ãá«®¢¨ï¬  ¢â®-¬®¤¥«ì­®áâ¨ ¨ á®åà ­¥­¨ï ®¡ê¥¬  (25), ­ å®¤¨¬,çâ® � = �3(1 + n)4(2 + n) ; � = � 5 + 4n4(2 + n) ;
 = 34(2 + n) : (26)�¥è¥­¨¥ á¨áâ¥¬ë ãà ¢­¥­¨© (23)-(24) ¨¬¥¥â ¢¨¤:H(�) =s45 Rp�max 
3=2q�5=2max � �5=2; (27)U (�) = 
 � �; (28)�.�. �à®¢ç¥­ª®, �. �. � ¤¥à¨ç 25



ISSN 1561 -9087 �à¨ª« ¤­  £÷¤à®¬¥å ­÷ª . 2002. �®¬ 4 (76), N 4. �. 23 { 31�max = �21�n(2�)np�V �� � (2(1 + n)=5)5� (19=10 + 2n=5)r45R
3=2! �1(2+n) ; (29)£¤¥ �(z) { £ ¬¬  äã­ªæ¨ï. � ª®­ ¨§¬¥­¥­¨ï à §¬¥-à  ¯ïâ­   ­ «®£¨ç¥­ ¯®«ãç¥­­®¬ã ¢ [1]. �«ï ®¤­®-¬¥à­®£® á«ãç ï ¯®«ãè¨à¨­  ¯®«®áë ­¥äâ¨ ¡ã¤¥âL = 1:19C�14w t 38 �V 2g0�o�wp� � 14 : (30)�«ï ®á¥á¨¬¬¥âà¨ç­®£® á«ãç ï à ¤¨ãá ¡ã¤¥âL = 1:12C�16 t 14 �V 2g0�o�wp� � 16 : (31)�à¨ C = 0:5 [13] ¢ ®¤­®¬¥à­®¬ á«ãç ¥ §­ ç¥­¨¥1:19C�1=4 = 1:42 ­¥¯«®å® á®£« áã¥âáï á íªá¯¥à¨-¬¥­â «ì­ë¬ §­ ç¥­¨¥¬ 1.5 [14].2.2. �â ¤¨ï ¯®¢¥àå­®áâ­®£® ­ âï¦¥­¨ï� áá¬®âà¨¬ § ¤ çã ® à á¯à®áâà ­¥­¨¨ á¨¬¬¥-âà¨ç­®£® ¯ïâ­  ­  áâ ¤¨ï ¯®¢¥àå­®áâ­®£® ­ âï-¦¥­¨ï. �à ¢­¥­¨ï ­¥à §àë¢­®áâ¨ ¨ ¤¨­ ¬¨ª¨ ¤«ïá«ãç ï ¡ « ­á  á¨« ¯®¢¥àå­®áâ­®£® ­ âï¦¥­¨ï ¨¢ï§ª®áâ¨ ¯à¨¬ãâ ¢¨¤@h@t + 1rn @(hurn)@r = 0; (32)�Cw�wp�L�1=2u3=2 + C� d�dh @h@r = 0: (33)�à¨ ¨á¯®«ì§®¢ ­¨¨  ¯¯à®ªá¨¬ æ¨¨ (11) ¯®ª § â¥-«¨  ¢â®¬®¤¥«ì­®£® à¥è¥­¨ï (22) ¤«ï á«ãç ï ¬£­®-¢¥­­®£® à §«¨¢  ¨¬¥îâ ¢¨¤� = �3(1 + n)4 ; � = �14 ; 
 = 34 : (34)�®®â¢¥âáâ¢ãîé¨¬¨  ¢â®¬®¤¥«ì­ë¬¨ à¥è¥­¨ï¬¨§ ¤ ç¨ (32)-(33) ¡ã¤ãâH = 25
 32 H0Cw�wp�wC��0 �� 12max �� 52max � � 52� ; (35)U = 
 � �; (36)£¤¥ �max =s52
� 32 C��0Cw�wp�w ; (37)

H0 = 1825� V21�n
 32 Cw�wp�wC��0 : (38)�«ï ®¤­®¬¥à­®£® ¨ ®á¥á¨¬¬¥âà¨ç­®£® á«ãç ¥¢¯®«ãç¨¬ ®¤¨­ ª®¢ë¥ ¢ëà ¦¥­¨ï ¤«ï ¯®«ãè¨à¨­ë¨ à ¤¨ãá :L =r52t 34 
� 34s C��0Cw�wp�w �� 1:962�C�Cw�1=2 t3=4��0�w�1=2 ��1=4w : (39)�­ ç¥­¨¥ ¯®áâ®ï­­®© ¢ ä®à¬ã«¥ (39) á®£« á­®[5], à ¢­® 1:43 ¢ ®¤­®¬¥à­®¬ á«ãç ¥ ¨ 1:6 ¢ ®á¥á¨¬-¬¥âà¨ç­®¬. �®« £ ï Cw = 0:5; C� = 0:3, ¯®«ã-ç ¥¬ §­ ç¥­¨¥ ª®­áâ ­âë, à ¢­®¥ 1:52.� ª®­¥æ, ¯à¨ ¨á¯®«ì§®¢ ­¨¨  ¯¯à®ªá¨¬ æ¨¨(12) ¤«ï â®­ª®£® á«¨ª  áâ¥¯¥­­ë¥ ¯®ª § â¥«¨ ¢ á®-®â­®è¥­¨ïå (22) ¨¬¥îâ ¢¨¤� = �3(1 + n)2(n+ 3) ; � = 32(3 + n) � 1;
 = 32(3 + n) ; (40)çâ® á®¢¯ ¤ ¥â á à¥è¥­¨¥¬ [11], â®£¤  ª ª á®®â¢¥â-áâ¢ãîé¨¥  ¢â®¬®¤¥«ì­ë¥ à¥è¥­¨ïH = 25
 32 Cw�wp�wC�� �� 12max �� 52max � � 52� ; (41)U = 
 � �; (42)£¤¥ �max = �5V �(n + 1)(7 + 2n)14
3=2C�wp�w �1=(3+n) ; (43)­¥áª®«ìª® ®â«¨ç îâáï ®â [11], £¤¥ H � (�2max��2),¨§-§  â®£®, çâ® ¬ áèâ ¡ L §¤¥áì ¯à¨­ïâ ¯à®¯®à-æ¨®­ «ì­ë¬ å à ªâ¥à­®¬ã à §¬¥àã ¯ïâ­ , â®£¤ ª ª ¢ à ¡®â¥ [11] ®­ ¯®« £ «áï ¯à®¯®àæ¨®­ «ì­ë¬à ááâ®ï­¨î ®â æ¥­âà  á¨¬¬¥âà¨¨ ¯ïâ­ .3. ��������� ������� ������3.1. �«£®à¨â¬ « £à ­¦¥¢  ¬¥â®¤  ¢§ ¨¬®¤¥©-áâ¢ãîé¨å ç áâ¨æ�«ï à¥è¥­¨ï ¯®áâ ¢«¥­­®© § ¤ ç¨ ¡ã¤¥¬ ¨á¯®«ì-§®¢ âì ¬¥â®¤ � £à ­¦ . �à¥¤áâ ¢¨¬ ­¥äâï­®¥¯ïâ­® ¢ ¢¨¤¥  ­á ¬¡«ï, á®áâ®ïé¥£® ¨§ Np ç áâ¨æ.� ¦¤ ï ç áâ¨æ  ¨¬¥¥â ¬ ááã mi,   ¥¥ ¯®«®¦¥­¨¥å à ªâ¥à¨§ã¥âáï à ¤¨ãá®¬-¢¥ªâ®à®¬ ~xi ¨ áª®à®-áâìî ~ui. �à ¥ªâ®à¨ï ¤¢¨¦¥­¨ï ç áâ¨æë ­ å®¤¨âáï¨§ ãà ¢­¥­¨ï d~xidt = ~ui: (44)26 �.�. �à®¢ç¥­ª®, �. �. � ¤¥à¨ç



ISSN 1561 -9087 �à¨ª« ¤­  £÷¤à®¬¥å ­÷ª . 2002. �®¬ 4 (76), N 4. �. 23 { 31�«ï ç¨á«¥­­®£® à¥è¥­¨ï á¨áâ¥¬ë ãà ¢­¥­¨© (15),(16) ¨ (44) ¢ « £à ­¦¥¢ëå ¯¥à¥¬¥­­ëå ¨á¯®«ì§ã¥¬áå¥¬ã ¢â®à®£® ¯®àï¤ª  á ¯¥à¥è £¨¢ ­¨¥¬ [15]:~un+12o = ~un�12o ��t �~Fn (h; �1;W ) + Cw�w2�ohpL��q�w ���~un�1=2�� ��~un+12 +�~un�12�� ; (45)~xn+1 = ~xn +�t~un+1=2; (46)£¤¥ �t { è £ ¯® ¢à¥¬¥­¨, ¨­¤¥ªá i ®¯ãé¥­. �­ -ç¥­¨ï h, ~rh ¨ L ®¯à¥¤¥«ïîâáï ­  n-®¬ ¢à¥¬¥­-­®¬ á«®¥. �«®â­®áâì ¢®¤ë ¨ ­¥äâ¨,   â ª¦¥ ¢ï§-ª®áâì ¢®¤ë áç¨â îâáï ¯®áâ®ï­­ë¬¨ ¢® ¢à¥¬¥­¨.�á«¨ ¬®¦­® ¯à¥­¥¡à¥çì ¨­¥àæ¨®­­ë¬¨ ç«¥­ ¬¨,â® à áç¥â­ ï áå¥¬  ¯à¨®¡à¥â¥â ®á®¡¥­­® ¯à®áâ®©¢¨¤:~uno = ~unw + h�opLCw�wp�w!2=3 ��~Fn �h; �1; ~W�����~Fn �h; �1; ~W����1=3 ; (47)~xn+1 = ~xn +�t~un: (48)�â®¡ë ¢ëç¨á«¨âì áª®à®áâì ¢ ä®à¬ã« å (45),(46)¨«¨ (47),(48), ­¥®¡å®¤¨¬® ®¯à¥¤¥«¨âì á¨«ë ¯« ¢ã-ç¥áâ¨ ¨ ¯®¢¥àå­®áâ­®£® ­ âï¦¥­¨ï, § ¢¨áïé¨¥ ®âh(~x; t) ¨ ~rh(~x; t). �â®¡ë ¢®ááâ ­®¢¨âì £« ¤ª®¥¯®«¥ h(x; y), ¡ã¤¥¬ ¯®« £ âì, çâ® ç áâ¨æë ¨¬¥îâ¯à®áâà ­áâ¢¥­­ë© à §¬¥à ¨ ¬®£ãâ á¢®¡®¤­® ¯à®-å®¤¨âì ¤àã£ áª¢®§ì ¤àã£ . � á¯à¥¤¥«¥­¨¥ â®«é¨­ëá«®ï ­¥äâ¨ ¢ ç áâ¨æ¥  ¯¯à®ªá¨¬¨àã¥âáï ¯«®â­®-áâìî ­®à¬ «ì­®£® à á¯à¥¤¥«¥­¨ï:hi(x; y) = mi2��owxwy �� exp�� (x� xi)22w2x � (y � yi)22w2y � ; (49)£¤¥ w2x; w2y { ¤¨á¯¥àá¨¨ ­®à¬ «ì­®£® à á¯à¥¤¥«¥-­¨ï. �®«é¨­  ¯ïâ­  ®¯à¥¤¥«¨âáï ª ª áã¬¬  ¢ëá®âª ¦¤®© ç áâ¨æë ¢ ¤ ­­®© â®çª¥:h(x; y) = NpXi=1 hi(x; y): (50)

�áå®¤ï ¨§ ¢¨¤  äã­ªæ¨© hi(x; y), ¯®«ãç¨¬, çâ®:@h@x = � NpXi=1 (x � xi)w2x hi(x; y);@h@y = � NpXi=1 (y � yi)w2y hi(x; y): (51)�¯¨á ­­ë© ¯®¤å®¤ ¯®§¢®«ï¥â ãç¥áâì ¢§ ¨¬®-¤¥©áâ¢¨¥ ç áâ¨æ ¢  ­á ¬¡«¥. �­ «®£¨ç­ë¥ ¬¥-â®¤ë à §¢¨¢ «¨áì ¢ ä¨§¨ª¥ ¯« §¬ë ¤«ï ¬®¤¥-«¨à®¢ ­¨ï ¡¥ááâ®«ª­®¢¨â¥«ì­ëå á¨áâ¥¬ (¬¥â®¤\ç áâ¨æ -ç áâ¨æ " [15]). � § ¤ ç å ¤¨á¯¥àá¨¨ ¯ á-á¨¢­®© ¯à¨¬¥á¨ ¢  â¬®áä¥à¥ ¯à¥¤áâ ¢«¥­¨¥ ª®­-æ¥­âà æ¨¨,  ­ «®£¨ç­®¥ (49)-(50), ¨á¯®«ì§ã¥âáï á80-å £®¤®¢ [16]. � § ¤ ç å à áâ¥ª ­¨ï ­¥äâ¨ ¯à¥¤-áâ ¢«¥­¨¥ ¯®«ï ª®­æ¥­âà æ¨¨ ­¥äâ¨ ¢ ¢¨¤¥ ¢ëà -¦¥­¨ï (50) ¡ë«® ¨á¯®«ì§®¢ ­® [17], ®¤­ ª® â®«ìª®¤«ï § ¤ ç¨ ¯ áá¨¢­®£® ¯¥à¥­®á  á«¨ª  â¥ç¥­¨ï¬¨¨ ¢¥âà®¬.�¥è¥­¨¥ § ¤ ç¨ ¡ã¤¥â § ¢¨á¥âì ®â ¢ë¡®à  ¯ à -¬¥âà®¢ ­®à¬ «ì­®£® à á¯à¥¤¥«¥­¨ï w2x; w2y ¢ ä®à-¬ã«¥ (49). �«ï ¯à ªâ¨ç¥áª¨å à áç¥â®¢ ¨á¯®«ì§®-¢ «®áì á®®â­®è¥­¨¥ wx = wy = w = pS=n, ï¢«ï-îé¥¥áï ®æ¥­ª®© ¤«ï áà¥¤­¥£® à ááâ®ï­¨ï ¬¥¦¤ãç áâ¨æ ¬¨ ¯à¨ à ¢­®¬¥à­®¬ à á¯à¥¤¥«¥­¨¨ ¨å ¢¯àï¬®ã£®«ì­®© ®¡« áâ¨.3.2. �®¤¥«¨à®¢ ­¨¥ £®à¨§®­â «ì­®© âãà¡ã-«¥­â­®© ¤¨ääã§¨¨�ª®à®áâì â¥ç¥­¨ï ~uw ¬®¦¥â ¡ëâì à §«®¦¥­  ­ ¤¥â¥à¬¨­¨à®¢ ­­ãî  ¤¢¥ªâ¨¢­ãî á®áâ ¢«ïîéãîáª®à®áâ¨ ~uadv ¨ á«ãç ©­ãî á®áâ ¢«ïîéãî ~udiff ,¢ë§¢ ­­ãî £®à¨§®­â «ì­®© âãà¡ã«¥­â­®© ¤¨ääã-§¨¥©: ~uw = ~uadv + ~udiff : (52)�¤¢¥ªâ¨¢­ ï á®áâ ¢«ïîé ï áª®à®áâ¨ ­ å®¤¨âáï«¨¡® ¨§ à¥è¥­¨ï ãà ¢­¥­¨© £¨¤à®¤¨­ ¬¨ç¥áª®©¬®¤¥«¨ [18,19], «¨¡® § ¤ ¥âáï ¨§ ­ ¡«î¤¥­¨©. �«ã-ç ©­ ï á®áâ ¢«ïîé ï ¬®¤¥«¨àã¥âáï ¬¥â®¤®¬ á«ã-ç ©­ëå ¡«ã¦¤ ­¨© [20,21]:~udiff = P (u)d p2Kd=�t; (53)£¤¥ Pud { à ¢­®¬¥à­® à á¯à¥¤¥«¥­­ë© ¢ ®¡« áâ¨[�1; 1]� [�1; 1] á«ãç ©­ë© ¢¥ªâ®à; Kd { ¨§®âà®¯-­ë© ª®íää¨æ¨¥­â âãà¡ã«¥­â­®áâ¨. �«ï ®¯à¥¤¥-«¥­¨ï Kd ¬®¦­® ¨á¯®«ì§®¢ âì ¨§¢¥áâ­®¥ íªá¯¥à¨-¬¥­â «ì­®¥ á®®â­®è¥­¨¥ �ªã¡® [22]Kd = 1:17 � 10�6t1:34k ; (54)�.�. �à®¢ç¥­ª®, �. �. � ¤¥à¨ç 27



ISSN 1561 -9087 �à¨ª« ¤­  £÷¤à®¬¥å ­÷ª . 2002. �®¬ 4 (76), N 4. �. 23 { 31£¤¥ tk { ¢à¥¬ï ¦¨§­¨ ç áâ¨æë. � ªá¨¬ «ì­®¥ §­ -ç¥­¨¥ Kd ¤®«¦­® ¡ëâì à ¢­® ¯®¤á¥â®ç­®¬ã ª®íä-ä¨æ¨¥­âã ¤¨ääã§¨¨ ¢ £¨¤à®¤¨­ ¬¨ç¥áª®© ¬®¤¥«¨.3.3. �«£®à¨â¬ á®àâ¨à®¢ª¨ ç áâ¨æ� ®¡é¥¬ á«ãç ¥ ¤«ï â®£®, çâ®¡ë ãç¥áâì ¢§ -¨¬®¤¥©áâ¢¨¥ ¢á¥å ç áâ¨æ, ­ã¦­® ¯à®¨§¢¥áâ¨ ª®-«¨ç¥áâ¢® ®¯¥à æ¨© ¯®àï¤ª  n2. �«ï â®£®, çâ®¡ëáíª®­®¬¨âì ¢à¥¬ï ¢ëç¨á«¥­¨©, ¢¢¥¤¥¬ íää¥ªâ¨¢-­ë© à ¤¨ãá ¢§ ¨¬®¤¥©áâ¢¨ï D = 3w { à ááâ®ï­¨¥,­  ª®â®à®¬ á¨« ¬¨ ¢§ ¨¬®¤¥©áâ¢¨ï ¬¥¦¤ã ç áâ¨-æ ¬¨ ã¦¥ ¬®¦­® ¯à¥­¥¡à¥çì. �¥¯¥àì ¤«ï ¢ëç¨á«¥-­¨ï á¨«ë, ¤¥©áâ¢ãîé¥© ­  ª®­ªà¥â­ãî ç áâ¨æã,­ã¦­® ãç¥áâì ¢«¨ï­¨¥ â®«ìª® â¥å ç áâ¨æ, à ááâ®-ï­¨¥ ¤® ª®â®àëå ¬¥­ìè¥ D. �® ¤«ï â®£® çâ®¡ë¢ëïá­¨âì, ­ã¦­® «¨ ãç¨âë¢ âì ª ªãî-«¨¡® ç áâ¨-æã, ­ ¤® á­ ç «  ®¯à¥¤¥«¨âì à ááâ®ï­¨¥ ¤® ­¥¥,çâ® ¢ á¢®î ®ç¥à¥¤ì ¤ ¥â ª®«¨ç¥áâ¢® ®¯¥à æ¨© ¯®-àï¤ª  n2. �®§­¨ª ¥â § ¤ ç  ® á®àâ¨à®¢ª¥ ç áâ¨æ¯® ª®®à¤¨­ â ¬ â ª¨¬ ®¡à §®¬, çâ®¡ë ¢ëç¨á«ïâìà ááâ®ï­¨ï â®«ìª® ¤«ï ­¥ª®â®à®£® ¯®¤¬­®¦¥áâ¢ Nn ®¡é¥£® ª®«¨ç¥áâ¢  ç áâ¨æ Np. �«ï íâ®£®, á«¥-¤ãï �®ª­¨, ¢¢®¤¨âáï æ¥¯®ç¥ç­ ï á¥âª  { à¥è¥â-ª  à §¬¥à­®áâìî Mx �My , ¯®ªàë¢ îé ï à áç¥â-­ãî ®¡« áâì á à §¬¥à®¬ ïç¥©ª¨, à ¢­ë¬ D. �®£¤ ¢ á¨«ã, ¤¥©áâ¢ãîéãî ­  ç áâ¨æã, ­ å®¤ïéãîáï ¢ïç¥©ª¥, ¡ã¤ãâ ®ª §ë¢ âì ­¥­ã«¥¢®© ¢ª« ¤ â®«ìª®â¥ ç áâ¨æë, ª®â®àë¥ ­ å®¤ïâáï «¨¡® ¢ íâ®© ¦¥ïç¥©ª¥, «¨¡® ¢ ¤¥¢ïâ¨ á®á¥¤­¨å ïç¥©ª å.�«ï ®¯à¥¤¥«¥­¨ï, ª ª¨¥ ¨¬¥­­® ç áâ¨æë ­ å®-¤ïâáï ¢ á®á¥¤­¨å ïç¥©ª å, ­ã¦­® ¯à®¢¥áâ¨ ¯à¥¤-¢ à¨â¥«ì­ãî á®àâ¨à®¢ªã ç áâ¨æ. � ¢ëç¨á«¨â¥«ì-­®¬ ®â­®è¥­¨¨ ¢ë£®¤­¥¥ á®àâ¨à®¢ âì  ¤à¥á  ª®-®à¤¨­ â,   ­¥ á ¬¨ ª®®à¤¨­ âë. �¤à¥á­ ï á®àâ¨-à®¢ª  ¯à®¢®¤¨âáï á®£« á­®  «£®à¨â¬ã, ®¯¨á ­­®-¬ã ¢ [15]. �á«¨ ¯à¥¤¯®«®¦¨âì, çâ® ç áâ¨æë à ¢­®-¬¥à­® à á¯®« £ îâáï ¯® ¢á¥© à áç¥â­®© ®¡« áâ¨,â® ¯®«­®¥ ç¨á«® ¯à®¢¥à®ª ¯à¨¡«¨§¨â¥«ì­® à ¢­®9Np2=MxMy , çâ® ¤ ¥â §­ ç¨â¥«ì­®¥ ã¬¥­ìè¥­¨¥ç¨á«  ®¯¥à æ¨©, ¯à¨ ¡®«ìè¨å à §¬¥à å æ¥¯®ç¥ç-­®© á¥âª¨.3.4. � áç¥â «¨­¥©­ëå ¬ áèâ ¡®¢ ¯ïâ­ � ª ç¥áâ¢¥ «¨­¥©­®£® ¬ áèâ ¡  L æ¥«¥á®®¡à §-­® ¨á¯®«ì§®¢ âì ¯®¯¥à¥ç­ë© (¬¨­¨¬ «ì­ë©) à §-¬¥à ¯ïâ­ . �¨­¨¬ «ì­ë© à §¬¥à ¯ïâ­  ¬®¦­®®æ¥­¨âì ä®à¬ã«®©Lmin = S�Lmax ; (55)£¤¥ S { ¯«®é ¤ì ¯ïâ­ ; Lmax { ®æ¥­ª  ¤«ï ¯à®-¤®«ì­®£® (¬ ªá¨¬ «ì­®£®) à §¬¥à . � ¬¥â¨¬, çâ®

¤«ï ªàã£«®£® ¯ïâ­  «¨­¥©­ë¬ ¬ áèâ ¡®¬, á®£« á-­® (55), ¡ã¤¥â ¥£® à ¤¨ãá. �«ï ¢ëç¨á«¥­¨ï ¯«®é -¤¨ â ª¦¥ ã¤®¡­® ¨á¯®«ì§®¢ âì æ¥¯®ç¥ç­ãî á¥âªã.�ç¥©ª , ¢ ª®â®à®© ­ å®¤¨âáï å®âï ¡ë ®¤­  ç áâ¨-æ , áç¨â ¥âáï ¯®«­®áâìî § ¯®«­¥­­®©,   ïç¥©ª , ¢ª®â®à®© ®âáãâáâ¢ãîâ ç áâ¨æë, áç¨â ¥âáï ¯®«­®-áâìî á¢®¡®¤­®© ®â ­¥äâ¨.�  Lmax ¯à¨­ïâ® áà¥¤­¥ª¢ ¤à â¨ç­®¥ à ááâ®ï-­¨¥ ¬¥¦¤ã ç áâ¨æ ¬¨, ï¢«ïîé¥¥áï ®æ¥­ª®© ¤«ï¬ ªá¨¬ «ì­®£® ¬ áèâ ¡  ¯à¨ à ¢­®¬¥à­®¬ à á-¯à¥¤¥«¥­¨¨ ç áâ¨æ ¢ ¯ïâ­¥ í««¨¯â¨ç¥áª®© ä®à¬ë.�ëç¨á«¥­¨¥ áà¥¤­¥ª¢ ¤à â¨ç­®£® à ááâ®ï­¨ï â®-¦¥ âà¥¡ã¥â n2 ¢ëç¨á«¥­¨©, ¯®íâ®¬ã à ááâ®ï­¨¥®¯à¥¤¥«ï«®áì ­¥ ¬¥¦¤ã ç áâ¨æ ¬¨,   ¬¥¦¤ã æ¥­-âà ¬¨ æ¥¯®ç¥ç­ëå ïç¥¥ª, ¢ ª®â®àëå ¯à¨áãâáâ¢ã¥âå®âï ¡ë ®¤­  ç áâ¨æ .4. ���������� ���������«ï ¯à®¢¥àª¨ à §à ¡®â ­­®£® ç¨á«¥­­®£®  «£®-à¨â¬  à¥§ã«ìâ âë à áç¥â®¢ á ®¯¨á ­­®© ¢ëè¥ ¬®-¤¥«ìî ¡ë«¨ á®¯®áâ ¢«¥­ë á  ¢â®¬®¤¥«ì­ë¬¨ à¥-è¥­¨ï¬¨ ¤«ï ®á¥á¨¬¬¥âà¨ç­®£® à áâ¥ª ­¨ï ¯ïâ-­  ­  £à ¢¨â æ¨®­­®-¢ï§ª®© áâ ¤¨¨ ¨ ­  áâ ¤¨¨¯®¢¥àå­®áâ­®£® ­ âï¦¥­¨ï.�à¥¤áâ ¢«¥­­ë¥ ­¨¦¥ £à ä¨ª¨ ­  à¨á.1-3 ¯®-áâà®¥­ë ¤«ï á«ãç ï à áâ¥ª ­¨ï 600 â ­¥äâ¨ ¯à¨­ ç «ì­®¬ à ¢­®¬¥à­®¬ à á¯à¥¤¥«¥­¨¨ ¢ ®¡« áâ¨¢ ä®à¬¥ ª¢ ¤à â  á® áâ®à®­®© 100 ¬. �®¤¥«¨à®-¢ ­¨¥ ¯à®¨áå®¤¨«® á ¯®¬®éìî 3000 ç áâ¨æ. �«ïç¨á«¥­­ëå à áç¥â®¢ ¢ë¡¨à «¨áì á«¥¤ãîé¨¥ ¯ à -¬¥âàë: Cw = 0:5; C� = 0:3; Ca = 1:75 �10�6; �o = 876 ª£=¬3; �w = 1000 ª£=¬3; �0 =0:025 �/¬; �w = 1:7 � 10�6 ¬2=á. � áç¥âë ¤«ï à¨á.1-2 ¯à®¢®¤¨«¨áì á ¯®¬®éìî áå¥¬ë (45), (46).�  à¨á. 1,  ¯à¥¤áâ ¢«¥­® à á¯à¥¤¥«¥­¨¥ ç áâ¨æ¢ ­ ç «ì­ë© ¬®¬¥­â ¢à¥¬¥­¨ ¨ ç¥à¥§ 3000 á. �¢¨-¦¥­¨¥ ç áâ¨æ ¯à®¨áå®¤¨«® ¢ ¯®ª®ïé¥©áï áà¥¤¥.� ª ¢¨¤­® ­  à¨áã­ª¥, ®â­®á¨â¥«ì­® ¡ëáâà® ¯ïâ-­® ¯à¨­¨¬ ¥â ¯à ¢¨«ì­ãî ªàã£«ãî ä®à¬ã, å®âï¢ ­ ç «ì­ë© ¬®¬¥­â ¢à¥¬¥­¨ ç áâ¨æë ¡ë«¨ à á-¯à¥¤¥«¥­ë ¢ ª¢ ¤à â­®© ®¡« áâ¨, çâ® ¢ëà ¦ ¥âá¢®©áâ¢®  ¢â®¬®¤¥«ì­®áâ¨ à¥è ¥¬®© § ¤ ç¨. � à¨á. 1,¡ ¯®ª § ­® ­¥¯à¥àë¢­®¥ à á¯à¥¤¥«¥­¨¥ â®«-é¨­ë ¯ïâ­ , ¯®áâà®¥­­®¥ ¯® íâ®¬ã  ­á ¬¡«î ç -áâ¨æ ¢ ¬®¬¥­â ¢à¥¬¥­¨ t = 3000 c.� ª á«¥¤ã¥â ¨§ à¨á. 2,  ¢â®¬®¤¥«ì­ë¥ ¯à®-ä¨«¨ â®«é¨­ë á«¨ª  ®ç¥­ì å®à®è® á®£« áã-îâáï á ¯à®ä¨«ï¬¨, ¯®«ãç¥­­ë¬¨ ç¨á«¥­­® ­ £à ¢¨â æ¨®­­®-¢ï§ª®© áâ ¤¨¨ ¨ áâ ¤¨¨ ¯®¢¥àå-­®áâ­®£® ­ âï¦¥­¨ï, §  ¨áª«îç¥­¨¥¬ ªà ï ¯ïâ­ ,£¤¥ ª®­æ¥­âà æ¨ï ç áâ¨æ ®â­®á¨â¥«ì­® ¬ « . �â-¬¥â¨¬, çâ® ¯à®ä¨«¨ â®«é¨­ë ¯ïâ­  ¯à¨ t = 300c ¨ t = 1000 c ¯à ªâ¨ç¥áª¨ á®¢¯ ¤ îâ, çâ® á¢¨¤¥-28 �.�. �à®¢ç¥­ª®, �. �. � ¤¥à¨ç
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�¨á. 1. � á¯à¥¤¥«¥­¨¥ ç áâ¨æ ( ) ¨ ¯®áâà®¥­­ ï ¯® ­¨¬ ¯®¢¥àå­®áâì ¯ïâ­  (¡):  { à á¯à¥¤¥«¥­¨¥ ç áâ¨æ ¯à¨ t = 10 á (ª¢ ¤à â ¢ æ¥­âà¥)¨ t = 3000 á, ¡ { â®«é¨­  ­¥äâï­®£® ¯ïâ­  ¯à¨ t = 3000 á
�¨á. 2. � ¤¨ «ì­®¥ à á¯à¥¤¥«¥­¨¥ â®«é¨­ë ¯ïâ­  ¢  ¢â®¬®¤¥«ì­ëå ¯¥à¥¬¥­­ëå  { £à ¢¨â æ¨®­­®-¢ï§ª¨© à¥¦¨¬. 1 { ¯à¨ t = 300 á, 2 { ¯à¨ t = 1000 á, 3 {  ¢â®¬®¤¥«ì­®¥ à¥è¥­¨¥¡ { à¥¦¨¬ ¯®¢¥àå­®áâ­®£® ­ âï¦¥­¨ï. 1 { ¯à¨ t = 105 á, 2 { ¯à¨ t = 106 á, 3 {  ¢â®¬®¤¥«ì­®¥ à¥è¥­¨¥â¥«ìáâ¢ã¥â ® ¡ëáâà®¬ ¢ëå®¤¥ à¥è¥­¨© ­   ¢â®¬®-¤¥«ì­ë© à¥¦¨¬.�  à¨á. 4 ¨§®¡à ¦¥­  § ¢¨á¨¬®áâì ¨§¬¥­¥­¨ïà ¤¨ãá  ­¥äâï­®£® ¯ïâ­  ®â ¢à¥¬¥­¨. �àï¬ë¥èâà¨å®¢ë¥ «¨­¨¨ á®®â¢¥âáâ¢ãîâ  ¢â®¬®¤¥«ì­ë¬ á¨¬¯â®â¨ª ¬ ¤«ï £à ¢¨â æ¨®­­®-¢ï§ª®© áâ ¤¨¨¨ áâ ¤¨¨ ¯®¢¥àå­®áâ­®£® ­ âï¦¥­¨ï á â®«áâë¬ï¤à®¬. �à¨¢ ï 1 á®®â¢¥âáâ¢ã¥â ¨§¬¥­¥­¨î à -¤¨ãá , à ááç¨â ­­®£® á ¯®¬®éìî ¯®«­®© á¨áâ¥¬ëãà ¢­¥­¨© (45), (46),   ªà¨¢ ï 2 { ¯à¨ ¨á¯®«ì§®-¢ ­¨¨ ¢ï§ª®© á¨áâ¥¬ë (47)-(48). � ª á«¥¤ã¥â ¨§ à¨áã­ª , ­ ç «ì­ ï ¨­¥àæ¨®­­ ï áâ ¤¨ï ­¥¯à®¤®«-¦¨â¥«ì­  ¨ ¤«ï ¤ «ì­¥©è¥© í¢®«îæ¨¨ ¯ïâ­  ­¥ áã-é¥áâ¢¥­­ , çâ® ¯®§¢®«ï¥â ¨á¯®«ì§®¢ âì ¤«ï à cç¥-â®¢ ¡®«¥¥ ¯à®áâãî ç¨á«¥­­ãî áå¥¬ã (47)-(48).�  à¨á. 3 ¯à¥¤áâ ¢«¥­ë à¥§ã«ìâ âë à áç¥â®¢¤«ï ¬®¤¥«ì­®© § ¤ ç¨ á ­¥¯à¥àë¢­®£® ¨áâ®ç­¨ª ­¥äâ¨ ¯à¨ ­ «¨ç¨¨ â¥ç¥­¨ï. � à áç¥â å ¨á¯®«ì-§®¢ ­ë â ª¨¥ ¯ à ¬¥âàë: ¬®é­®áâì ¨áâ®ç­¨ª  {0:28 ¬3=á; ®¡ê¬ ®¤­®© ç áâ¨æë { 0:45 ¬3; áª®à®áâìâ¥ç¥­¨ï ~uw = (0:3; 0:3) ¬=á. �¥§ã«ìâ âë ¯à¨¢¥¤¥-­ë ¤«ï ¬®¬¥­â  ¢à¥¬¥­¨ t = 1300 á á® ¢à¥¬¥­¨�.�. �à®¢ç¥­ª®, �. �. � ¤¥à¨ç 29
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�¨á. 3. � á¯à¥¤¥«¥­¨¥ ¬ àª¥à®¢ ¨ ¯®áâà®¥­­ ï ¯® ­¨¬ ¯®¢¥àå­®áâì á«¨ª  ¯à¨ ­ «¨ç¨¨ â¥ç¥­¨ï ¨ ­¥¯à¥àë¢­®¤¥©áâ¢ãîé¥¬ ¨áâ®ç­¨ª¥ ­¥äâï­®£® § £àï§­¥­¨ït34t14�¨á. 4. � ¢¨á¨¬®áâì ¨§¬¥­¥­¨ï à ¤¨ãá  ¯ïâ­  á®¢à¥¬¥­¥¬: 1 { à áç¥â á ¨á¯®«ì§®¢ ­¨¥¬ áå¥¬ë(45)-(46), 2 { á ¨á¯®«ì§®¢ ­¨¥¬ áå¥¬ë (47)-(48)­ ç «  à ¡®âë ¨áâ®ç­¨ª . � ª á«¥¤ã¥â ¨§ à¨áã­-ª , ¯à¨ ã¬¥à¥­­ëå áª®à®áâïå â¥ç¥­¨ï à §­ë¥ ¬¥-å ­¨§¬ë à á¯à®áâà ­¥­¨ï á«¨ª  {  ¤¢¥ªâ¨¢­ë©,£à ¢¨â æ¨®­­®-¢ï§ª¨© ¨ ¯®¢¥àå­®áâ­®£® ­ âï¦¥-­¨ï { ®¤¨­ ª®¢® áãé¥áâ¢¥­­ë. � ¤ «ì­¥©è¥¬ ¢ ¦-­ãî à®«ì ­ ç¨­ ¥â ¨£à âì £®à¨§®­â «ì­ ï âãà¡ã-«¥­â­ ï ¤¨ääã§¨ï.

������� à ¡®â¥ ¯à¥¤áâ ¢«¥­  ¬®¤¥«ì ¤¨­ ¬¨ª¨ ­¥ä-âï­ëå ¯ïâ¥­ ¨ ç¨á«¥­­ë© ¬¥â®¤ � £à ­¦  à¥è¥-­¨ï § ¤ ç¨, ¯®§¢®«ïîé¨© à ááç¨âë¢ âì à á¯à®-áâà ­¥­¨¥ ­¥äâï­ëå ¯ïâ¥­ ¯à®¨§¢®«ì­®© ä®à¬ë­  ¯®¢¥àå­®áâ¨ ¢®¤ë. � ¬®¤¥«¨ ãçâ¥­ë ª ª ¯à®-æ¥ááë à áâ¥ª ­¨ï ¯ïâ¥­ ¯®¤ ¤¥©áâ¢¨¥¬ á¨« ¯« -¢ãç¥áâ¨ ¨ ¯®¢¥àå­®áâ­®£® ­ âï¦¥­¨ï, â ª ¨ ¯¥à¥-­®á ¢¥âà®¬ ¨ â¥ç¥­¨ï¬¨,   â ª¦¥ £®à¨§®­â «ì­ ïâãà¡ã«¥­â­ ï ¤¨ääã§¨ï. �à¨¢¥¤¥­ë ­®¢ë¥ ¯ à -¬¥âà¨§ æ¨¨ á¨« ¢ï§ª®áâ¨ ¨ ¯®¢¥àå­®áâ­®£® ­ âï-¦¥­¨ï, ¤«ï ª®â®àëå ¯®«ãç¥­ë  ­ «¨â¨ç¥áª¨¥  ¢-â®¬®¤¥«ì­ë¥ à¥è¥­¨ï. �¢â®¬®¤¥«ì­ë¥ § ¢¨á¨¬®-áâ¨ á®£« áãîâáï á ¨§¢¥áâ­ë¬¨ à¥è¥­¨ï¬¨ § ¤ ç¨¨ « ¡®à â®à­ë¬¨ íªá¯¥à¨¬¥­â ¬¨.�«ï à¥è¥­¨ï § ¤ ç¨ à §à ¡®â ­ « £à ­¦¥¢ ¬¥-â®¤ ¢§ ¨¬®¤¥©áâ¢ãîé¨å ç áâ¨æ, ¯®§¢®«ïîé¨© ¢à ¬ª å ¬®¤¥«¨ á¯«®è­®© áà¥¤ë à ááç¨âë¢ âì ¯®«¥¤ ¢«¥­¨ï ¢ ¯ïâ­¥. �¥§ã«ìâ âë ¬®¤¥«ì­ëå ç¨á«¥­-­ëå íªá¯¥à¨¬¥­â®¢ å®à®è® á®£« áãîâáï á  ¢â®-¬®¤¥«ì­ë¬¨ à¥è¥­¨ï¬¨ § ¤ ç¨. � §à ¡®â ­­ë¥¬®¤¥«ì ¨ ç¨á«¥­­ë© ¬¥â®¤ ¡¥§ âàã¤  ®¡®¡é îâáï¤«ï ãç¥â  ¯à®æ¥áá®¢ ¤¨á¯¥àá¨¨ ­¥äâ¨ ¢ ¢®¤¥ [23],¢§ ¨¬®¤¥©áâ¢¨ï á ¡¥à¥£®¬ [17] ¨ ¤àã£¨å ¯à®æ¥áá®¢âà ­áä®à¬ æ¨¨ ­¥äâï­ëå § £àï§­¥­¨©.� áâ®ïé ï à ¡®â  ¢ë¯®«­¥­  ¢ à ¬ª å ¯à®¥ªâ INTAS N 01{0330.30 �.�. �à®¢ç¥­ª®, �. �. � ¤¥à¨ç
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