
ISSN 1561-9087 �à¨ª« ¤­  £÷¤à®¬¥å ­÷ª . 1999. �®¬ 1(73), N 2. �. 64 { 70��� 538.4������� ���������� ��������, ���������������������� ��������� ������. �. �������®­¡ ááª ï £®áã¤ àáâ¢¥­­ ï  ª ¤¥¬¨ï áâà®¨â¥«ìáâ¢  ¨  àå¨â¥ªâãàë, � ª¥¥¢ª �®«ãç¥­® 25.05.98�áá«¥¤®¢ ­® â¥ç¥­¨¥ ¦¨¤ª®£® ¬¥â ««  ¢ æ¨«¨­¤à¨ç¥áª®¬ á®áã¤¥ ª®­¥ç­®© ¤«¨­ë, ¯®à®¦¤ ¥¬®¥ ¢à é îé¨¬áï ¬ £-­¨â­ë¬ ¯®«¥¬. �«ï ®¯¨á ­¨ï â¥ç¥­¨ï ¨á¯®«ì§®¢ ­  ¯®«ãí¬¯¨à¨ç¥áª ï ¬®¤¥«ì \¢­¥è­¥£® âà¥­¨ï". �®«ãç¥­® ã¤®¢«¥-â¢®à¨â¥«ì­®¥ á®£« á®¢ ­¨¥ â¥®à¥â¨ç¥áª¨å ªà¨¢ëå ¨ íªá¯¥à¨¬¥­â «ì­ëå ¤ ­­ëå ¯à¨ à §«¨ç­ëå à¥¦¨¬ å â¥ç¥­¨ï¦¨¤ª®áâ¨.�®á«i¤¦¥­® â¥çiî ài¤ª®£® ¬¥â «ã, ïª  ãâ¢®àîõâìáï ®¡¥àâ®¢¨¬ ¬ £­iâ­¨¬ ¯®«¥¬ ã æ¨«i­¤à¨ç­i© ¯®áã¤¨­i ®¡¬¥¦¥-­®�� ¤®¢¦¨­¨. �«ï ®¯¨áã â¥çi�� ¢¨ª®à¨áâ®¢ ­® ­ ¯i¢¥¬¯ià¨ç­ã ¬®¤¥«ì \§®¢­iè­ì®£® â¥àâï". �âà¨¬ ­® § ¤®¢i«ì­¥ã§£®¤¦¥­­ï â¥®à¥â¨ç­¨å ªà¨¢¨å â  ¥ªá¯¥à¨¬¥­â «ì­¨å ¤ ­¨å ¯à¨ ài§­¨å à¥¦¨¬ å â¥çi�� ài¤¨­¨.The 
ow of a liquid metal caused by a rotating magnetic �eld in cylindrical vessel of a �nal length was investigated. Thesemiempirical \external friction" model was used for description of this 
ow. The satisfactory agreement of theoreticalcurve and experimental data at various regimes of this 
ow was received.���������«ï ¨­â¥­á¨ä¨ª æ¨¨ ¯à®æ¥áá®¢ â¥¯«®- ¨ ¬ áá®¡-¬¥­  ¢ áãé¥áâ¢ãîé¨å ¨ ¢­®¢ì á®§¤ ¢ ¥¬ëå â¥å-­®«®£¨ç¥áª¨å ¯à®æ¥áá å ¬¥â ««ãà£¨¨, «¨â¥©­®£®¯à®¨§¢®¤áâ¢  ¨ í­¥à£¥â¨ª¨ ã¤®¡­® ¨á¯®«ì§®¢ âì¬¥â®¤ë ¬ £­¨â­®© £¨¤à®¤¨­ ¬¨ª¨ [1]. �¤­¨¬ ¨§¯¥àá¯¥ªâ¨¢­ëå ¯® ¤¨ ¯ §®­ã à¥è ¥¬ëå ¨¬ â¥å­®-«®£¨ç¥áª¨å § ¤ ç ï¢«ï¥âáï ¬¥â®¤, ®á­®¢ ­­ë© ­ ¨á¯®«ì§®¢ ­¨¨ ¢à é îé¥£®áï ¬ £­¨â­®£® ¯®«ï ¢¯à®æ¥áá å à ä¨­¨à®¢ ­¨ï ¨ «¥£¨à®¢ ­¨ï, ¯¥à¥¬¥-é¥­¨ï ¨ ¤®§¨à®¢ ­¨ï ¦¨¤ª¨å ¬¥â ««®¢, ¯®«ãç¥-­¨ï ¢ëá®ª®ª ç¥áâ¢¥­­ëå ¬®­®ªà¨áâ ««®¢, á«¨âª®¢¨ ®â«¨¢®ª ¨ â.¯. �à ¤¨æ¨®­­®© § ¤ ç¥© ¬ £­¨â­®©£¨¤à®¤¨­ ¬¨ª¨ ¦¨¤ª¨å ¬¥â ««®¢ ï¢«ï¥âáï ¯®«ã-ç¥­¨¥ ¤ ­­ëå, ¯®§¢®«ïîé¨å ãç¨âë¢ âì ¤¥©áâ¢¨¥í«¥ªâà®¬ £­¨â­ëå á¨« ­  ¦¨¤ª¨© ¬¥â «« á æ¥«ìîª ª ãá®¢¥àè¥­áâ¢®¢ ­¨ï áãé¥áâ¢ãîé¨å ¯à®¨§¢®¤-áâ¢¥­­ëå ¯à®æ¥áá®¢, â ª ¨ à §à ¡®âª¨ ­®¢ëå â¥å-­®«®£¨ç¥áª¨å ¯à¨¥¬®¢.� ª®­¥ç­®¬ áç¥â¥ íâ  § ¤ ç  á¢®¤¨âáï ª ¢ëïá­¥-­¨î â¥å ¨§¬¥­¥­¨© ¢ £¨¤à®¤¨­ ¬¨ª¥ ¦¨¤ª¨å ¬¥-â ««®¢, ª®â®àë¥ ¯à®¨áå®¤ïâ ¯®¤ ¢«¨ï­¨¥¬ í«¥ª-âà®¬ £­¨â­ëå á¨«, â ª ª ª âà ­áä®à¬ æ¨ï £¨-¤à®¤¨­ ¬¨ç¥áª¨å ¯ à ¬¥âà®¢ ¢ §­ ç¨â¥«ì­®© ¬¥-à¥ ®¯à¥¤¥«ï¥â å à ªâ¥à¨áâ¨ª¨ ¬ £­¨â®£¨¤®¤¨­ -¬¨ç¥áª¨å ¬ è¨­ ¨ å®¤ ¯à®æ¥áá®¢ ¢ â¥å­®«®£¨ç¥-áª¨å  £à¥£ â å.�¤­ ª® ¢á¥ ¥é¥ ¡ëâã¥â ¨áâ®à¨ç¥áª¨ á«®¦¨¢è¥-¥áï ¯à¥¤áâ ¢«¥­¨¥ ® â®¬, çâ® ¢®§¤¥©áâ¢¨¥ ¬ £-­¨â­®£® ¯®«ï ­  ¯®â®ª ¯à¨¢®¤¨â ª á¢®¥®¡à §­®¬ãã¯à®é¥­¨î áâàãªâãàë â¥ç¥­¨ï, § ª«îç îé¥¬áï ¢

®á­®¢­®¬ «¨èì ¢ ¢ëà ¢­¨¢ ­¨¨ ¯®«ï áª®à®áâ¥© ¨£ è¥­¨¨ ¢áïª®£® à®¤  ¢®§¬ãé¥­¨©.�®â¥«®áì ¡ë ®¡à â¨âì ¢­¨¬ ­¨¥ ­  ®£à ­¨ç¥­-­®áâì â ª®£® ¯®¤å®¤  ¨ ¯®ª § âì, çâ® ¢ ãá«®¢¨ïå,å à ªâ¥à­ëå ¤«ï ¯à ªâ¨ª¨, ���-¢§ ¨¬®¤¥©áâ¢¨¥,ª ª ¯à ¢¨«®, ¯à¨¢®¤¨â ª ¡®«¥¥ á«®¦­ë¬ ¨ à §­®-®¡à §­ë¬ ¨§¬¥­¥­¨ï¬ ¢ áâàãªâãà¥ â¥ç¥­¨ï, ¢«¨-ïîé¨¬ ¢ á¢®î ®ç¥à¥¤ì ­  í«¥ªâà®¤¨­ ¬¨ç¥áª¨¥¯à®æ¥ááë ¢ ¦¨¤ª¨å ¬¥â «« å. �á®¡¥­­® íâ® ª -á ¥âáï â¥å­®«®£¨ç¥áª¨å ãáâà®©áâ¢ á ¯¥à¥¬¥­­ë¬¬ £­¨â­ë¬ ¯®«¥¬, ª ª®â®àë¬ á«¥¤ã¥â ®â­¥áâ¨ ¨­-¤ãªâ®àë ¢à é îé¥£®áï ¬ £­¨â­®£® ¯®«ï.� ¦­®áâì ¨§ãç¥­¨ï ãª § ­­ëå ¯à®¡«¥¬ ï¢¨« áì¯à¨ç¨­®© á¬¥é¥­¨ï  ªæ¥­â®¢ ¢ á®¤¥à¦ ­¨¨ ¨áá«¥-¤®¢ ­¨© ¯® ¬ £­¨â­®© £¨¤à®¤¨­ ¬¨ª¥ ¢ áâ®à®­ã¨§ãç¥­¨ï à¥§ª® ­¥®¤­®à®¤­ëå âãà¡ã«¥­â­ëå â¥ç¥-­¨©. � ¡®â  ¢ íâ®¬ ­ ¯à ¢«¥­¨¨ ¤ ¥â ®á­®¢ ­¨¥­ ¤¥ïâìáï ­  ®¡­ àã¦¥­¨¥ ­®¢ëå ä¨§¨ç¥áª¨å ï¢«¥-­¨©, á¯®á®¡­ëå ª®à¥­­ë¬ ®¡à §®¬ ¨§¬¥­¨âì á«®-¦¨¢è¨¥áï ¢§£«ï¤ë ­  ¯à¨à®¤ã ¨ á¯®á®¡ë ã«ãçè¥-­¨ï ¨§¢¥áâ­ëå â¥å­®«®£¨ç¥áª¨å ¯à®æ¥áá®¢. �à®-¬¥ â®£®, ¢®§¬®¦­®áâì  ªâ¨¢­®£® æ¥«¥­ ¯à ¢«¥­-­®£® ã¯à ¢«¥­¨ï å à ªâ¥à¨áâ¨ª ¬¨ ¦¨¤ª®¬¥â «-«¨ç¥áª¨å ¯®â®ª®¢ ®âªàë¢ ¥â è¨à®ª¨¥ ¯¥àá¯¥ªâ¨-¢ë ¤«ï á®§¤ ­¨ï á¯¥æ¨ä¨ç¥áª¨å ���-ãáâà®©áâ¢,¯à¨­æ¨¯ à ¡®âë ª®â®àëå ¡ §¨àã¥âáï ­  ¨á¯®«ì-§®¢ ­¨¨ ®á®¡¥­­®áâ¥© ¤¢¨¦¥­¨ï ¦¨¤ª®áâ¨ ¢ í«¥ª-âà®¬ £­¨â­®¬ ¯®«¥. �¥á¬®âàï ­  ¢á¥ à áè¨àïî-é¥¥áï ¯à¨¬¥­¥­¨¥ ¢à é îé¥£®áï ¬ £­¨â­®£® ¯®-«ï ¢ â¥å­®«®£¨ç¥áª¨å ¯à®æ¥áá å, ���-ï¢«¥­¨ï ¢­¥¬ ¤® ­ áâ®ïé¥£® ¢à¥¬¥­¨ ¨§ãç¥­ë ­¥¤®áâ â®ç-­®. �¥¬­®£®ç¨á«¥­­ë¥ à ¡®âë ¢ íâ®© ®¡« áâ¨ ¢®á­®¢­®¬ á®¤¥à¦ «¨ ¯à¨¡«¨¦¥­­ë¥ à¥è¥­¨ï ®¤­®-64 c
 �. �. � ¬®â , 1999



ISSN 1561-9087 �à¨ª« ¤­  £÷¤à®¬¥å ­÷ª . 1999. �®¬ 1(73), N 2. �. 64 { 70¬¥à­ëå áâ æ¨®­ à­ëå § ¤ ç ���-¢à é¥­¨ï, ¯®-«ãç¥­­ë¥ ¤«ï á«ãç ï « ¬¨­ à­®£® â¥ç¥­¨ï ¦¨¤-ª®áâ¨ ¨ ¡¥§ ãç¥â  ¢«¨ï­¨ï ¨­¤ãªæ¨®­­ëå íää¥ª-â®¢ ­  â¥ç¥­¨¥ ¨ ¬ £­¨â­®¥ ¯®«¥ [2]. � ª®¥ ¢¥áì-¬  £àã¡®¥ ®¯¨á ­¨¥ ­¥ ®âà ¦ ¥â ¢á¥ à §­®®¡à -§¨¥ ï¢«¥­¨©, ¢®§­¨ª îé¨å ¢ ¯à®¢®¤ïé¥© ¦¨¤ª®-áâ¨ ¯®¤ ¤¥©áâ¢¨¥¬ ¢à é îé¥£®áï ¬ £­¨â­®£® ¯®-«ï ¨ ®¯à¥¤¥«ïîé¨å â¥å­®«®£¨ç¥áªãî ¯à¨£®¤­®áâì���-¢®§¤¥©áâ¢¨ï.� æ¥«ìî ¡®«¥¥ £«ã¡®ª®£® ®¡êïá­¥­¨ï ���-ï¢«¥­¨©, ¯à®¨áå®¤ïé¨å ¢ â¥å­®«®£¨ç¥áª¨å ãáâà®©-áâ¢ å ¯®¤ ¤¥©áâ¢¨¥¬ ¢à é îé¥£®áï ¬ £­¨â­®£®¯®«ï, ¢ë¯®«­¥­ ª®¬¯«¥ªá â¥®à¥â¨ç¥áª¨å ¨ íªá¯¥-à¨¬¥­â «ì­ëå ¨áá«¥¤®¢ ­¨©, à¥§ã«ìâ âë ª®â®àëå¯à¨¢¥¤¥­ë ¢ ¤ ­­®© à ¡®â¥.1. ��������� �����������������������¨áâ¥¬  ãà ¢­¥­¨©, ®¯¨áë¢ îé¨å ¯à®æ¥ááë,¯à®â¥ª îé¨¥ ¯à¨ ¢§ ¨¬®¤¥©áâ¢¨¨ ¯à®¢®¤ïé¥©¦¨¤ª®áâ¨ ¨ ¢à é îé¥£®áï ¬ £­¨â­®£® ¯®«ï, á®-áâ®¨â ¨§ ãà ¢­¥­¨© � ªá¢¥«« , § ¯¨á ­­ëå ¢¯à¥¤¯®«®¦¥­¨¨, çâ® â®ª ¬¨ á¬¥é¥­¨ï ¨ ®¡ê¥¬­ë-¬¨ § àï¤ ¬¨ ¬®¦­® ¯à¥­¥¡à¥çì [3]:rot ~E = �@ ~B@T ; (1)rot ~B = ��0 ~J; (2)div ~B = 0; (3)div ~E = 0; (4)§ ª®­  �¬  ~J = �(~E + ~U � ~B) (5)¨ ãà ¢­¥­¨© ¤¢¨¦¥­¨ï ¢ï§ª®© ­¥á¦¨¬ ¥¬®© ¦¨¤-ª®áâ¨:ãà ¢­¥­¨ï ­¥à §àë¢­®áâ¨div ~U = 0 (6)¨ ãà ¢­¥­¨ï � ¢ì¥ - �â®ªá @~U@T + (~Ur)~U = �1�rP + ��~U + ~Fí: (7)�¤¥áì ~U | áª®à®áâì ¦¨¤ª®áâ¨; � | ª¨­¥¬ â¨-ç¥áª ï ¢ï§ª®áâì ¦¨¤ª®áâ¨; ~J | ¯«®â­®áâì í«¥ª-âà¨ç¥áª®£® â®ª ; ~B | ¬ £­¨â­ ï ¨­¤ãªæ¨ï; ~E| ­ ¯àï¦¥­­®áâì í«¥ªâà¨ç¥áª®£® ¯®«ï; �0 =4�10�7�­=¬ | ¬ £­¨â­ ï ¯®áâ®ï­­ ï; � | ¬ £-­¨â­ ï ¯à®­¨æ ¥¬®áâì ¦¨¤ª®áâ¨; � | ¯à®¢®¤¨-¬®áâì ¦¨¤ª®áâ¨; P { ¤ ¢«¥­¨¥; ~Fí | ¢­¥è­ïï í«¥ª-âà®¬ £­¨â­ ï á¨« , ¯à¨«®¦¥­­ ï ª ¦¨¤ª®© ç áâ¨-æ¥, ®â­¥á¥­­ ï ª ¥¤¨­¨æ¥ ¬ ááë ¦¨¤ª®áâ¨.

� ¯à¨«®¦¥­¨¨ ª ®¯¨á ­¨î â¥ç¥­¨ï ¯à®¢®¤ïé¥©¦¨¤ª®áâ¨ ¢® ¢à é îé¥¬áï ¬ £­¨â­®¬ ¯®«¥ íâ á¨áâ¥¬  ãà ¢­¥­¨© ¢ â¥å ¨«¨ ¨­ëå ¯à¨¡«¨¦¥­¨-ïå à áá¬ âà¨¢ « áì ¢ à ¡®â å [4 - 9]. �«¥¤ã-¥â ®â¬¥â¨âì, çâ® ­¥á¬®âàï ­  ¬­®£®ç¨á«¥­­ë¥¯®¯ëâª¨ ¤®¡¨âìáï ã¤®¢«¥â¢®à¨â¥«ì­®£® á®®â¢¥â-áâ¢¨ï « ¬¨­ à­®£® ¯à¨¡«¨¦¥­¨ï ¨ íªá¯¥à¨¬¥­-â «ì­ëå ¤ ­­ëå ¯ãâ¥¬ ãç¥â  âà¥å¬¥à­®£® å à ª-â¥à  â¥ç¥­¨ï, ¢ë­ã¦¤¥­­®£® ¢®«­®¢®£® ¤¢¨¦¥­¨¥¦¨¤ª®áâ¨ ¯®¤ ¤¥©áâ¢¨¥¬ ¢à é îé¥£®áï ¬ £­¨â­®-£® ¯®«ï ¨ ¤àã£¨å ï¢«¥­¨©, ¯®à®¦¤ ¥¬ëå ¢§ ¨¬®-¤¥©áâ¢¨¥¬ ¯à®¢®¤ïé¥© ¦¨¤ª®áâ¨ ¨ ¢à é îé¥£®áï¬ £­¨â­®£® ¯®«ï, ­¥ ã¤ ¥âáï [10].�à¨ ®¯¨á ­¨ï âãà¡ã«¥­â­ëå â¥ç¥­¨© ¨á¯®«ì§ã-¥âáï ãà ¢­¥­¨¥ �¥©­®«ì¤á  ¤«ï ®áà¥¤­¥­­®© áª®à®-áâ¨ â¥ç¥­¨ï ¦¨¤ª®áâ¨ ~U , ¢ ª®â®à®¬ ãç¨âë¢ îâ-áï ­ ¯àï¦¥­¨ï âà¥­¨ï, ¯®à®¦¤ ¥¬ë¥ âãà¡ã«¥­â-­ë¬¨ ¯ã«ìá æ¨ï¬¨ áª®à®áâ¨ ~u:@~U@T + (~Ur)~U = �1�rP + ��~U �ruiuj + ~Fí: (8)�á«¨ ¢ á¨áâ¥¬¥ ãà ¢­¥­¨© (1) { (7) ¢¬¥áâ® ãà ¢-­¥­¨ï � ¢ì¥ - �â®ªá  (7) ¨á¯®«ì§®¢ âì ãà ¢­¥­¨¥�¥©­®«ì¤á  (8), â® ¯®«ãç îé ïáï á¨áâ¥¬  ãà ¢­¥-­¨© ­¥§ ¬ª­ãâa ¨ ¤«ï ¥¥ § ¬ëª ­¨ï ¯à¨¬¥­ïîâ-áï à §«¨ç­ë¥ ¤®¯®«­¨â¥«ì­ë¥ ¯à¥¤¯®«®¦¥­¨ï ¨«¨¯®«ãí¬¯¨à¨ç¥áª¨¥ ¬®¤¥«¨ [11], ®á­®¢ ­­ë¥ ­  íªá-¯¥à¨¬¥­â «ì­ëå ¨áá«¥¤®¢ ­¨ïå â¥ç¥­¨ï. �®®¡é¥£®¢®àï, ¨ â¥­§®à ­ ¯àï¦¥­¨© �¥©­®«ì¤á  ��uiuj,¨ á¢ï§ ­­ë¥ á ­¨¬ á¨«ë âà¥­¨ï ï¢«ïîâáï ­¥ª®â®-àë¬¨ äã­ªæ¨ï¬¨ ®áà¥¤­¥­­®© áª®à®áâ¨ â¥ç¥­¨ï¦¨¤ª®áâ¨ ~U ¨ ¥¥ ¯à®¨§¢®¤­ëå ¨ ¡®«ìè¨­áâ¢® ¯®-«ãí¬¯¨à¨ç¥áª¨å â¥®à¨© ®á­®¢ë¢ ¥âáï ­  ¯à¥¤¯®-«®¦¥­¨ïå ®â­®á¨â¥«ì­® ¢¨¤  íâ®© äã­ªæ¨®­ «ì-­®© § ¢¨á¨¬®áâ¨.�«¥¤ã¥â ®â¬¥â¨âì, çâ® ¢à é â¥«ì­®¥ â¥ç¥­¨¥¦¨¤ª®áâ¨ ®¡« ¤ ¥â æ¥«ë¬ àï¤®¬ ®á®¡¥­­®áâ¥©[12], á¢ï§ ­­ëå á ¯¥à¨®¤¨ç­®áâìî â ª®£® â¥ç¥­¨ï.�®íâ®¬ã ¤«ï ®¯¨á ­¨ï ¢à é â¥«ì­®£® â¥ç¥­¨ï, ¯®-à®¦¤ ¥¬®£® ¢à é¥­¨¥¬ ¬ £­¨â­®£® ¯®«ï, ®ª § -«®áì ¢®§¬®¦­ë¬ ¯à¨¬¥­¨âì ¤®áâ â®ç­® ¯à®áâãî¬®¤¥«ì \¢­¥è­¥£® âà¥­¨ï" [13 - 15], ¢ ª®â®à®©¯à¥¤¯®« £ ¥âáï, çâ® á¨«ë, ¯®à®¦¤ ¥¬ë¥ ­ ¯àï¦¥-­¨ï¬¨ �¥©­®«ì¤á , ¬®¦­® ¯à¥¤áâ ¢¨âì ¢ ¢¨¤¥ruiuj = k(
; R;H)~U; (9)£¤¥ k { ª®íää¨æ¨¥­â \¢­¥è­¥£® âà¥­¨ï", § ¢¨áï-é¨© ®â £¥®¬¥âà¨ç¥áª¨å à §¬¥à®¢ ®¡« áâ¨ â¥ç¥-­¨ï, ä¨§¨ç¥áª¨å á¢®©áâ¢ ¦¨¤ª®áâ¨, ç áâ®âë ¢à -é¥­¨ï ¬ £­¨â­®£® ¯®«ï ¨ áà¥¤­¥© ã£«®¢®© áª®-à®áâ¨ ¢à é¥­¨ï ¦¨¤ª®áâ¨. � ª®¥ ¯à¥¤¯®«®¦¥­¨¥®¯à ¢¤ë¢ ¥âáï â¥¬, çâ® ¢ ¡®«ìè¥© ç áâ¨ íªá¯¥à¨-¬¥­â®¢ ¢® ¢à é â¥«ì­®¬ â¥ç¥­¨¨ ¦¨¤ª®áâ¨ ¬®¦-­® ¢ë¤¥«¨âì ï¤à®, § ­¨¬ îé¥¥ ¡®«ìèãî ç áâì�. �. � ¬®â  65



ISSN 1561-9087 �à¨ª« ¤­  £÷¤à®¬¥å ­÷ª . 1999. �®¬ 1(73), N 2. �. 64 { 70®¡« áâ¨ â¥ç¥­¨ï ¨ ¤®áâ â®ç­® â®­ª¨¥ ¯®£à ­¨ç-­ë¥ á«®¨ ¢¡«¨§¨ ¡®ª®¢ëå ¨ â®àæ¥¢ëå ¯®¢¥àå­®-áâ¥© á®áã¤ . � ¬¥â¨¬, çâ® ¢ ¬®¤¥«¨ \¢­¥è­¥£®âà¥­¨ï" ¢®¢á¥ ­¥ ¯à¥¤¯®« £ ¥âáï «¨­¥©­ë© å à ª-â¥à § ¢¨á¨¬®áâ¨ á¨«, ¯®à®¦¤ ¥¬ëå à¥©­®«ì¤á®-¢ë¬¨ ­ ¯àï¦¥­¨ï¬¨, ®â ®áà¥¤­¥­­®© áª®à®áâ¨ â¥-ç¥­¨ï ¦¨¤ª®áâ¨, â ª ª ª áà¥¤­ïï ã£«®¢ ï áª®à®áâì¢à é¥­¨ï ¦¨¤ª®áâ¨ 
 ®¯à¥¤¥«ï¥âáï ç¥à¥§ ®áà¥¤-­¥­­ãî áª®à®áâì ~U .2. ���-���������à¥¤¯®«®¦¨¬, çâ® ¢ï§ª ï ­¥á¦¨¬ ¥¬ ï ¯à®¢®-¤ïé ï ¦¨¤ª®áâì ¯®¬¥é¥­  ¢ æ¨«¨­¤à¨ç¥áª¨© á®-áã¤ à ¤¨ãá®¬ R0 ¨ ¢ëá®â®© H á â®­ª¨¬¨ áâ¥­-ª ¬¨ ¨§ ¬ â¥à¨ «  á ¬ «®© ¬ £­¨â­®© ¢®á¯à¨¨¬-ç¨¢®áâìî, ª®â®àë© ­ å®¤¨âáï ¢ ®¤­®à®¤­®¬ ¬ £-­¨â­®¬ ¯®«¥ ~B, ¢à é îé¥¬áï ¢®ªàã£ ¢¥àâ¨ª «ì-­®© ®á¨ á¨¬¬¥âà¨¨. �à®¢®¤ïé ï ¦¨¤ª®áâì ¯®-¤®¡­® à®â®àã  á¨­åà®­­®£® ¤¢¨£ â¥«ï ¯à¨©¤¥â ¢®¢à é â¥«ì­®¥ ¤¢¨¦¥­¨¥ ¢á«¥¤ §  ¢à é¥­¨¥¬ ¯®«ï.�áâ¥áâ¢¥­­®, çâ® áª®à®áâì â ª®£® ¤¢¨¦¥­¨ï ¡ã¤¥â¬¥­ìè¥ áª®à®áâ¨ ¯®«ï (¢ íªá¯¥à¨¬¥­â å áà¥¤­ïïã£«®¢ ï áª®à®áâì ¢à é¥­¨ï ¦¨¤ª®áâ¨ ­¥ ¯à¥¢ëè -«  0.6 ®â ã£«®¢®© áª®à®áâ¨ ¢à é¥­¨ï ¬ £­¨â­®£®¯®«ï) ¨§-§  ­ «¨ç¨ï ¡®«ìè®£® ç¨á«  ¬¥å ­¨§¬®¢¤¨áá¨¯ æ¨¨ í­¥à£¨¨ ®á­®¢­®£® â¥ç¥­¨ï ¦¨¤ª®áâ¨.2.1. �«¥ªâà®¤¨­ ¬¨ç¥áª¨¥ ¯à®æ¥ááë�¢¥¤¥¬ ¢¥ªâ®à­ë© ¯®â¥­æ¨ « í«¥ªâà®¬ £­¨â­®-£® ¯®«ï ~A á ¯®¬®éìî á®®â­®è¥­¨ï~B = rot ~A: (10)�®£¤  á ¯®¬®éìî ­¥á«®¦­ëå ¯à¥®¡à §®¢ ­¨© ¨§á¨áâ¥¬ë (1) { (5) «¥£ª® ¯®«ãç ¥âáï ãà ¢­¥­¨¥ ¤«ï¢¥ªâ®à­®£® ¯®â¥­æ¨ « � ~A = ��0� @ ~A@T � ~U � rot ~A! : (11)�¥à¥©¤¥¬ ª ¡¥§à §¬¥à­ë¬ ¢¥«¨ç¨­ ¬, ¤«ï ç¥-£® ¢¢¥¤¥¬ å à ªâ¥à­ë¥ ¬ áèâ ¡ë ¤«¨­ë R0, ¢ ª -ç¥áâ¢¥ ª®â®à®£® ¢ë¡¥à¥¬ à ¤¨ãá æ¨«¨­¤à¨ç¥áª®£®á®áã¤ , áª®à®áâ¨ V0, ¢ ª ç¥áâ¢¥ ª®â®à®£® ¢ë¡¥à¥¬áª®à®áâì ¢à é¥­¨ï ¬ £­¨â­®£® ¯®«ï ­  ¯®¢¥àå­®-áâ¨ á®áã¤  V0 = !0R0=p, ¬ £­¨â­®© ¨­¤ãªæ¨¨ B0,¢ ª ç¥áâ¢¥ ª®â®à®£® ¢ë¡¥à¥¬ ¬ ªá¨¬ «ì­®¥ §­ ç¥-­¨¥ ¬ £­¨â­®© ¨­¤ãªæ¨¨ ­  ¢­¥è­¥© ¯®¢¥àå­®áâ¨á®áã¤ , ¢à¥¬¥­¨ T0, ¢ ª ç¥áâ¢¥ ª®â®à®£® ¢ë¡¥à¥¬¢¥«¨ç¨­ã, à ¢­ãî ®â­®è¥­¨î å à ªâ¥à­®£® à §-¬¥à  ª å à ªâ¥à­®© áª®à®áâ¨ T0 = p=!0, ¯«®â­®-

áâ¨ â®ª  J0 = �!0B0R0, ¢¥ªâ®à­®£® í«¥ªâà®¬ £-­¨â­®£® ¯®â¥­æ¨ «  A0 = B0=R0, ®¡ê¥¬­®© í«¥ª-âà®¬ £­¨â­®© á¨«ë F0 = J0B0=�.�®£¤  ãà ¢­¥­¨¥ (11) ¯à¥®¡à §ãeâáï ª ¡¥§à §-¬¥à­®¬ã ¢¨¤ã�~a = �!�@~a@t � ~v � rot~a� : (12)�¤¥áì �! = ��0�!0R20=p | ®â­®á¨â¥«ì­ ï ç áâ®â ,¨¬¥îé ï ä¨§¨ç¥áª¨© á¬ëá« ª¢ ¤à â  ®â­®è¥­¨ïà ¤¨ãá  á®áã¤  ª £«ã¡¨­¥ ¯à®­¨ª­®¢¥­¨ï ¬ £­¨â-­®£® ¯®«ï ¢ ¦¨¤ª¨© ¯à®¢®¤­¨ª.�ã¤¥¬ áç¨â âì, çâ® ¢à é îé¥¥áï ¬ £­¨â­®¥¯®«¥ á®§¤ ¥âáï  §¨¬ãâ «ì­®© ¢®«­®© ¯®¢¥àå­®áâ-­®© ¯«®â­®áâ¨ â®ª , à á¯à¥¤¥«¥­­®© ­  ¢­¥è­¥©¯®¢¥àå­®áâ¨ æ¨«¨­¤à¨ç¥áª®£® á®áã¤ ,   ¢­¥è­¥¥¯à®áâà ­áâ¢® § ¯®«­¥­® ¨¤¥ «ì­ë¬ ä¥àà®¬ £­¥-â¨ª®¬. �à¨ íâ®¬ ¯à®âï¦¥­­®áâì ¨­¤ãªâ®à  ¬­®-£®ªà â­® ¯à¥¢ëè ¥â ¢ëá®âã áâ®«¡  ¯à®¢®¤ïé¥©¦¨¤ª®áâ¨ ¨ ¢¥ªâ®à ¯«®â­®áâ¨ â®ª  ¯ à ««¥«¥­®¡à §ãîé¥© æ¨«¨­¤à¨ç¥áª®© ¯®¢¥àå­®áâ¨. �®£¤ ¤«ï ®¯¨á ­¨ï í«¥ªâà®¤¨­ ¬¨ç¥áª¨å ¯à®æ¥áá®¢ ¢æ¨«¨­¤à¨ç¥áª®© á¨áâ¥¬¥ ®âáç¥â  r, ', z, ®áì zª®â®à®© á®¢¯ ¤ ¥â á ®áìî á¨¬¬¥âà¨¨ æ¨«¨­¤à¨-ç¥áª®© ¯®¢¥àå­®áâ¨, ¤®áâ â®ç­® ®¤­®© z { á®áâ -¢«ïîé¥© ¢¥ªâ®à­®£® ¯®â¥­æ¨ «  ~a { az, ª®â®à ï¤®«¦­  ã¤®¢«¥â¢®àïâì ãà ¢­¥­¨î�az = �!�@az@t + vr @az@' � : (13)� ª ª ª ­  £à ­¨æ¥ à §¤¥«  ¤¢ãå áà¥¤ ª á â¥«ì-­ ï á®áâ ¢«ïîé ï ¬ £­¨â­®© ¨­¤ãªæ¨¨ ¨§¬¥­ï-¥âáï ­  ¢¥«¨ç¨­ã ¯®¢¥àå­®áâ­®© ¯«®â­®áâ¨ í«¥ª-âà¨ç¥áª®£® â®ª , â® ­  ¢­¥è­¥© æ¨«¨­¤à¨ç¥áª®©¯®¢¥àå­®áâ¨ £à ­¨ç­ë¬ ãá«®¢¨¥¬ ¤«ï ¢¥ªâ®à­®£®¯®â¥­æ¨ «  ¢ ¤ ­­®¬ á«ãç ¥ ¡ã¤¥â�@az@r �����r=1 = cos p(t� '): (14)� íâ®¬ ãà ¢­¥­¨¨ p { ç¨á«® ¯ à ¯®«îá®¢ ¨­¤ãª-â®à  ¢à é îé¥£®áï ¬ £­¨â­®£® ¯®«ï, ®¯à¥¤¥«ïî-é¥¥ ¯®àï¤®ª ®á¥¢®© á¨¬¬¥âà¨¨ ¬ £­¨â­®£® ¯®«ï.�  ®á¨ á®áã¤  ¤®«¦­® ¢ë¯®«­ïâìáï ãá«®¢¨¥ á¨¬-¬¥âà¨¨ az�����r=0 = 0: (15)� ®¡é¥¬ á«ãç ¥ ãà ¢­¥­¨¥ (13) ¤®«¦­® à¥è âì-áï á®¢¬¥áâ­® á ãà ¢­¥­¨ï¬¨ ¤¢¨¦¥­¨ï ¦¨¤ª®áâ¨.�¤­ ª® ¢ á«ãç ¥, ª®£¤  ®â­®á¨â¥«ì­ ï ç áâ®â  ¤®-áâ â®ç­® ¬ «  �! < 1 (¡¥§ë­¤ãªæ¨®­­®¥ ¯à¨¡«¨¦¥-­¨¥), ¢ëà ¦¥­¨¥¬, áâ®ïé¨¬ á¯à ¢  ¢ íâ®¬ ãà ¢­¥-­¨¨ ¬®¦­® ¯à¥­¥¡à¥çì. �®£¤  í«¥ªâà®¤¨­ ¬¨ç¥-áªãî ç áâì § ¤ ç¨ ¬®¦­® à¥è âì ­¥§ ¢¨á¨¬® ®â66 �. �. � ¬®â 



ISSN 1561-9087 �à¨ª« ¤­  £÷¤à®¬¥å ­÷ª . 1999. �®¬ 1(73), N 2. �. 64 { 70£¨¤à®¤¨­ ¬¨ç¥áª®© ç áâ¨. � ¤«ï ¯®«ï ¨¤¥ «ì­®£®¨­¤ãªâ®à  à¥è¥­¨¥ «¥£ª® ­ å®¤¨âáïaz = �rpp cosp(t� '): (16)�­ ï az, ­¥âàã¤­® ®¯à¥¤¥«¨âì ¯«®â­®áâì í«¥ª-âà®¬ £­¨â­ëå á¨«, ¤¥©áâ¢ãîé¨å ­  ¯à®¢®¤ïéãî¦¨¤ª®áâì, ¯®¬¥é¥­­ãî ¢® ¢à é îé¥¥áï ¬ £­¨â®¥¯®«¥: f' = r2p�2(r � v)sin2p(t � '); (17)fr = 12r2p�2(r � v)sin2p(t � '): (18)�§ ä®à¬ã« (17) ¨ (18) ¢¨¤­®, çâ®  §¨¬ãâ «ì­ ïá®áâ ¢«ïîé ï ¯«®â­®áâ¨ í«¥ªâà®¬ £­¨â­ëå á¨«¨¬¥¥â ¯®áâ®ï­­ãî ç áâì, ­¥ § ¢¨áïéãî ®â ¢à¥-¬¥­¨, f' = 12r2p�2(r � v) (19)¨ ¯¥à¥¬¥­­ãî, £ à¬®­¨ç¥áª¨ ¨§¬¥­ïîéãîáïç áâì.� ¤¨ «ì­ ï á®áâ ¢«ïîé ï ¯«®â­®áâ¨ í«¥ªâà®-¬ £­¨â­ëå á¨«, ª ª ¢¨¤­®, ¨¬¥¥â â®«ìª® £ à¬®-­¨ç¥áª¨ ¨§¬¥­ïîéãîáï ç áâì.�®áâ®ï­­ ï á®áâ ¢«ïîé ï ¯«®â­®áâ¨ í«¥ªâà®-¬ £­¨â­ëå á¨« ¯®à®¦¤ ¥â áâ æ¨®­ à­®¥  §¨¬ã-â «ì­®¥ ¤¢¨¦¥­¨¥ ¯à®¢®¤ïé¥© ¦¨¤ª®áâ¨, £ à¬®-­¨ç¥áª¨ ¨§¬¥­ïîé ïáï ç áâì ¯®à®¦¤ ¥â ¢ë­ã-¦¤¥­­®¥ ¢®«­®¢®¥ ¤¢¨¦¥­¨¥ ¦¨¤ª®áâ¨ á ç áâ®â®©,¢¤¢®¥ ¯à¥¢ëè îé¥© ç áâ®âã ¢à é îé¥£®áï ¬ £-­¨â­®£® ¯®«ï,   â ª¦¥ ¯¥à¨®¤¨ç¥áª®¥ ¨§¬¥­¥­¨¥¤ ¢«¥­¨ï ¢ ¦¨¤ª®áâ¨ á â®© ¦¥ ç áâ®â®©.2.2. �¥ç¥­¨¥ ¦¨¤ª®áâ¨�à¥¤¯®«®¦¨¬, çâ® ®áà¥¤­¥­­ ï áª®à®áâì â¥ç¥-­¨ï ¨¬¥¥â â®«ìª® ®¤­ã ' - á®áâ ¢«ïîéãî v, ª®â®-à ï ã¤®¢«¥â¢®àï¥â ¡¥§à §¬¥à­ë¬ ãà ¢­¥­¨ï¬ ¤¢¨-¦¥­¨ï, ¯®«ãç îé¨¬áï ¨§ ¢ë ¦¥­¨© (8) ¨ (9),Re! @v@t = �'v +Ha2¤f' � �v: (20)�¤¥áì Re! = !0R20=�p { ç¨á«® �¥©­®«ì¤á , ¯®-áâà®¥­­®¥ ¯® áª®à®áâ¨ ¢à é îé¥£®áï ¬ £­¨â­®-£® ¯®«ï; Ha¤ = B¤R0p�=� { ç¨á«® � àâ¬ ­ ;B¤ = B0=p2; � = kRe!=! { ¡¥§à §¬¥à­ë© ª®íä-ä¨æ¨¥­â \¢­¥è­¥£® âà¥­¨ï", ï¢«ïîé¨©áï, ª ª íâ®¡ã¤¥â ¯®ª § ­® ­¨¦¥, ®â­®è¥­¨¥¬ âãà¡ã«¥­â­®£®ª á â¥«ì­®£® ­ ¯àï¦¥­¨ï âà¥­¨ï ª ­ ¯àï¦¥­¨îâà¥­¨ï, ®¡ãá«®¢«¥­­®¬ã ¬®«¥ªã«ïà­®© ¢ï§ª®áâìî.�¥à¥§ ª®íää¨æ¨¥­â \¢­¥è­¥£® âà¥­¨ï" ãç¨âë¢ -¥âáï ¢«¨ï­¨¥ ¢â®à¨ç­ëå â¥ç¥­¨© ­  ¢¥«¨ç¨­ã ¨à á¯à¥¤¥«¥­¨¥ ®áà¥¤­¥­­®© áª®à®áâ¨ â¥ç¥­¨ï.

�«ï á«ãç ï áâ æ¨®­ à­®£® ¤¢¨¦¥­¨ï ¦¨¤ª®áâ¨,¯à¨ ª®â®à®¬ ®áà¥¤­¥­­ ï áª®à®áâì v ­¥ § ¢¨á¨â®â ¢à¥¬¥­¨, ãà ¢­¥­¨¥ (20) ã¯à®é ¥âáï:�'v � � � v +Ha2¤f' = 0: (21)v=vmax
r00.20.40.60.8

1
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�¨á. 1. �à®ä¨«ì áª®à®áâ¨ ¤«ï p = 1, Ha¤ = 22:2,�z = 4, Re! = 7:36 � 106.v
r00.10.20.3

0.4
0 0.2 0.4 0.6 0.8 1

����� ����� ������ ?????�¨á. 2. �à®ä¨«¨ áª®à®áâ¨ ¤«ï p = 1, Ha¤ = 13:9,�z = 1: � - Re! = 3:18 � 104; � - Re! = 4:64 � 104;� - Re! = 6:7 � 104; ? - Re! = 8:82 � 104.�á¯®«ì§ãï ­ ©¤¥­­ãî ¢¥«¨ç¨­ã ®¡ê¥¬­®© í«¥ª-âà®¬ £­¨â­®© á¨«ë (19), ®ª®­ç â¥«ì­® ¯®«ãç ¥¬ãà ¢­¥­¨¥ ¤¢¨¦¥­¨ï�'v � �2r2p�2 � v = �Ha2¤r2p�1; (22)£¤¥ �2 = �+Ha2¤.�®ç­®¥ à¥è¥­¨¥ ãà ¢­¥­¨ï (22) «¥£ª® ­ å®¤¨âáï:v = Ha2¤�2 �r � I1=p(�rp=p)I1=p(�=p) � ; (23)£¤¥ I�(x) { äã­ªæ¨ï �¥áá¥«ï. �â¬¥â¨¬, çâ® ¯à¨� ! 0 ¯®«ãç ¥âáï à¥è¥­¨¥ § ¤ ç¨ ® « ¬¨­ à-�. �. � ¬®â  67



ISSN 1561-9087 �à¨ª« ¤­  £÷¤à®¬¥å ­÷ª . 1999. �®¬ 1(73), N 2. �. 64 { 70­®¬ ®¤­®¬¥à­®¬ â¥ç¥­¨¨ ¯à®¢®¤ïé¥© ¦¨¤ª®áâ¨¯®¤ ¤¥©áâ¢¨¥¬ ¢à é îé¥£®áï ¬ £­¨â­®£® ¯®«ï [6].�  à¨á. 1, 2 ¯à¥¤áâ ¢«¥­ë ¯à®ä¨«¨ áª®à®áâ¨,­ ©¤¥­­ë¥ ¯® ä®à¬ã«¥ (23), ¨ ¨å áà ¢­¥­¨¥ á íªá-¯¥à¨¬¥­â ¬¨ [16 { 17].2.3. �à¥¤­ïï ã£«®¢ ï áª®à®áâì ¢à é¥­¨ï ¦¨¤-ª®áâ¨�¯à¥¤¥«¨¬ áà¥¤­îî ã£«®¢ãî áª®à®áâì ¢à é¥-­¨ï ¦¨¤ª®áâ¨ ª ª
 = 12 1Z0 jrot~vjrdr: (24)�á¯®«ì§ãï íâ® ®¯à¥¤¥«¥­¨¥ ¨ ãà ¢­¥­¨¥ (22), «¥£ª®¯®«ãç ¥¬  «£¥¡à ¨ç¥áª®¥ ãà ¢­¥­¨¥ ¤«ï 
:C1eC2"Re1�"! 
2�" +Ha2¤(
� 1)�z = 0; (25)£¤¥ C1; C2 { í¬¯¨à¨ç¥áª¨¥ ¯®áâ®ï­­ë¥; " { ¯ à -¬¥âà, ®¯à¥¤¥«ïîé¨© áâàãªâãàã â¥ç¥­¨ï ¨ ¯à¨­¨-¬ îè¨© §­ ç¥­¨ï 1, 1/2 ¨ 0; �z = H=2R0 { ®â­®è¥-­¨¥ ¢ëá®âë áâ®«¡  ¦¨¤ª®áâ¨ ª ¤¨ ¬¥âàã á®áã¤ .�à ¢­¥­¨¥ â¥®à¨¨ á íªá¯¥à¨¬¥­â ¬¨ ¯® ¨§¬¥-à¥­¨î áª®à®áâ¨ â¥ç¥­¨ï ¦¨¤ª®áâ¨ ¯®ª § «®, çâ®­ ¨¡®«¥¥ ¯à¨¥¬«¥¬®¥ á®®â¢¥âáâ¢¨¥ ¯®«ãç ¥âáï,¥á«¨ ª®íää¨æ¨¥­â \¢­¥è­¥£® âà¥­¨ï" � ®¯à¥¤¥-«ïâì ¯® ä®à¬ã«¥� = C1eC2"(Re!
)1�"=�z ; (26)¯à¨ ãá«®¢¨¨, çâ® í¬¯¨à¨ç¥áª¨¥ ¯®áâ®ï­­ë¥ ¯à¨-­¨¬ îâ á«¥¤ãîé¨¥ §­ ç¥­¨ï: C1 = 0:02, C21 =10:4, C22 = 12:0. �¢  §­ ç¥­¨ï ¯®áâ®ï­­®© C2 á®-®â¢¥âáâ¢ãîâ ¤¢ã¬ íªá¯¥à¨¬¥­â «ì­® ­ ©¤¥­­ë¬¯¥à¥å®¤ ¬ ¬¥¦¤ã à¥¦¨¬ ¬¨ á à §«¨ç­ë¬¨ §­ ç¥-­¨ï¬¨ ¯ à ¬¥âà  ".�à ¢­¥­¨¥ (25) ¯®à®¦¤ ¥â á¥¬¥©áâ¢® ¯¥à¥á¥ª î-é¨åáï ¯®¢¥àå­®áâ¥©, «¨­¨¨ ¯¥à¥á¥ç¥­¨ï ª®â®àëå¢ ¬®¤¥«¨ \¢­¥è­¥£® âà¥­¨ï" à áá¬ âà¨¢ îâáï ª ªªà¨¢ë¥ ­¥©âà «ì­®© ãáâ®©ç¨¢®áâ¨ à §«¨ç­ëå à¥-¦¨¬®¢ â¥ç¥­¨ï [19]. �à ¢­¥­¨ï íâ¨å ªà¨¢ëåRe1 = e2C21eC22 �1 + C1eC21Ha2¤�z � ; (27)Re2 = eC22 �1 + C1eC22Ha2¤�z � (28)á®®â¢¥âáâ¢ãîâ ¤¢ã¬ ¯¥à¥å®¤ ¬ ®â « ¬¨­ à­®-¢¨åà¥¢®£® â¥ç¥­¨ï (" = 1) ª ª¢ §¨« ¬¨­ à­®¬ãà¥¦¨¬ã â¥ç¥­¨ï á ¯à¥®¡« ¤ ­¨¥¬ ¢®«­®¢®£® ¬¥-å ­¨§¬  ¤¨áá¨¯ æ¨¨ í­¥à£¨¨ ®á­®¢­®£® â¥ç¥­¨ï



Ha¤00.10.20.3

0.4
0 5 10 15 20� ���� ����� ������������� ������������������������������????????????????????�¨á. 3. � ¢¨á¨¬®áâì áà¥¤­¥© ã£«®¢®© áª®à®áâ¨ ¢à é¥-­¨ï ¦¨¤ª®áâ¨ ®â ¢¥«¨ç¨­ë ¬ £­¨â­®© ¨­¤ãªæ¨¨ ¤«ïp = 1: � - �z = 1; �! = 0:37; � - �z = 4:92; �! = 0:374;� - �z = 6:67; �! = 0:204; ? - �z = 8:82; �! = 0:116;


Ha¤00.020.040.060.080.1
0 2 4 6 8 10� �� ��������������� � �� ���������������������¨á. 4. � ¢¨á¨¬®áâì áà¥¤­¥© ã£«®¢®© áª®à®áâ¨ ¢à é¥-­¨ï ¦¨¤ª®áâ¨ ®â ¢¥«¨ç¨­ë ¬ £­¨â­®© ¨­¤ãªæ¨¨ ¤«ïp = 1: � - �z = 2:03; �! = 0:91; � - �z = 6; �! = 0:91;(" = 1=2) ¨ ®â ¯®á«¥¤­¥£® ª à §¢¨â®¬ã âãà¡ã«¥­â-­®¬ã à¥¦¨¬ã â¥ç¥­¨ï (" = 0). � ª ï ¯®á«¥¤®¢ -â¥«ì­®áâì á¬¥­ë à¥¦¨¬®¢ â¥ç¥­¨ï ­ ¡«î¤ ¥âáïíªá¯¥à¨¬¥­â «ì­® [12].�  à¨á. 3 { 5 ¯à¨¢¥¤¥­® áà ¢­¥­¨¥ à¥§ã«ìâ -â®¢ ¨§¬¥à¥­¨© áà¥¤­¥© ã£«®¢®© áª®à®áâ¨ ¢à é¥-­¨ï ¦¨¤ª®áâ¨, ®¯¨á ­­ëå ¢ à ¡®â å [10, 15] á ¢ë-ç¨á«¥­­ë¬¨ ¯® ä®à¬ã«¥ (25) ªà¨¢ë¬¨. �â¬¥â¨¬,çâ® ¯à¨ ãª § ­­ëå ¢ëè¥ §­ ç¥­¨ïå ¯®áâ®ï­­ëåC1; C21 ¨ C22 ¯®«ãç ¥âáï ­ ¨¡®«¥¥ â®ç­®¥ á®®â¢¥â-áâ¢¨¥ ¢á¥å ¨§¢¥áâ­ëå íªá¯¥à¨¬¥­â «ì­ëå ¤ ­­ëå¨ â¥®à¥â¨ç¥áª¨å ªà¨¢ëå.� ª ª ª á ã¢¥«¨ç¥­¨¥¬ ç áâ®âë ¢à é¥­¨ï ¯®«ïã¢¥«¨ç¨¢ ¥âáï ¨ ¢ë¡à ­­ ï ­ ¬¨ å à ªâ¥à­ ï áª®-à®áâì, ¤«ï ¡®«¥¥ â®ç­®£® ®âà ¦¥­¨ï å à ªâ¥à  ¨§-¬¥­¥­¨ï áà¥¤­¥© ã£«®¢®© áª®à®áâ¨ ¢à é¥­¨ï ¦¨¤-ª®áâ¨ ¯à¨ ã¢¥«¨ç¥­¨¨ ç áâ®âë ­  à¨á. 5 ¯®ª § -­  § ¢¨á¨¬®áâì ç¨á«  �¥©­®«ì¤á , ¯®áâà®¥­­®£®68 �. �. � ¬®â 
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�¨á. 5. �§¬¥­¥­¨¥ áà¥¤­¥© ã£«®¢®© áª®à®áâ¨ ¢à é¥­¨ï¦¨¤ª®áâ¨ ¯à¨ ã¢¥«¨ç¥­¨¨ ç áâ®âë ¢à é¥­¨ï ¬ £­¨â-­®£® ¯®«ï p = 2 , �z = 1:02: � - Ha¤ = 2, � - Ha¤ = 3:5,� - Ha¤ = 4:9, ? - Ha¤ = 8:2.�â¬¥â¨¬ â ª¦¥ å®à®è¥¥ á®¢¯ ¤¥­¨¥ â¥®à¥â¨ç¥-áª¨å ªà¨¢ëå ª ¤ ­­ë¬¨ íªá¯¥à¨¬¥­â®¢, ®¯¨á ­-­ëå ¢ [18].2.4. � ¯àï¦¥­¨ï âà¥­¨ï� à áá¬ âà¨¢ ¥¬®© ®¤­®¬¥à­®© ¬®¤¥«¨ ãà ¢­¥-­¨¥ ¤¢¨¦¥­¨ï ¦¨¤ª®áâ¨ (20) ¯®«ãç¨âáï, ¥á«¨ ¯à¥¤-¯®«®¦¨âì, çâ® ª á â¥«ì­®¥ ­ ¯àï¦¥­¨¥ �¥©­®«ì¤-á  �r ­ å®¤¨âáï ¯® ä®à¬ã«¥�r = �R Z kRU'dR: (29)� ª ¢¨¤¨¬, ¢ ®â«¨ç¨¥ ®â ¢ï§ª®£® ­ ¯àï¦¥­¨ï âà¥-­¨ï, ¯à¨ç¨­®© ª®â®à®£® ï¢«ï¥âáï ¢§ ¨¬®¤¥©áâ¢¨¥¬®«¥ªã« ¦¨¤ª®áâ¨, âãà¡ã«¥­â­®¥ ­ ¯àï¦¥­¨¥ âà¥-­¨ï ï¢«ï¥âáï ­¥ª®â®à®© ¨­â¥£à «ì­®© å à ªâ¥à¨-áâ¨ª®© â¥ç¥­¨ï.�ë¡¥à¥¬ ¢ ª ç¥áâ¢¥ ¬ áèâ ¡  ¤«ï ­ ¯àï¦¥­¨©âà¥­¨ï ¢¥«¨ç¨­ã �0 = �V0=R0 = �!0=p. �®£¤  ¤«ï¢ï§ª®£® ­ ¯àï¦¥­¨ï âà¥­¨ï ¬®¦­® ¢¢¥áâ¨ ¥£® ¡¥§-à §¬¥à­ë©  ­ «®£ �v = @v@r � vr : (30)�«ï ª á â¥«ì­®£® ­ ¯àï¦¥­¨ï âà¥­¨ï, ï¢«ïîé¥-£®áï á«¥¤áâ¢¨¥¬ ¯¥à¥¬¥è¨¢ ­¨ï á«®¥¢ ¦¨¤ª®áâ¨¨§ - §  ã¯®àï¤®ç¥­­®£® ¨«¨ å ®â¨ç­®£® ¢¨åà¥¢®-£® ¤¢¨¦¥­¨ï ®â¤¥«ì­ëå ¥¥ ç áâ¥©, ª ª á«¥¤ã¥â ¨§ä®à¬ã«ë (29), ¯®«ãç¨âáï ¢ëà ¦¥­¨¥�t = 1r Z �rvdr: (31)

� ¤ «ì­¥©è¥¬ ¤«ï ªà âª®áâ¨ ¡ã¤¥¬ ­ §ë¢ âì �tâãà¡ã«¥­â­ë¬ ­ ¯àï¦¥­¨¥¬ âà¥­¨ï.�â¬¥â¨¬, çâ® å à ªâ¥à­ë¬ ¬ áèâ ¡®¬ âãà¡ã-«¥­â­®£® ­ ¯àï¦¥­¨ï âà¥­¨ï ¡ã¤¥â ���!=p = ��0,â.¥. ¢¢¥¤¥­­ë© ª®íää¨æ¨¥­â \¢­¥è­¥£® âà¥­¨ï" �ï¢«ï¥âáï ®â­®è¥­¨¥¬ ¬ áèâ ¡®¢ âãà¡ã«¥­â­®£® ¨¢ï§ª®£® ­ ¯àï¦¥­¨© âà¥­¨ï.�á¯®«ì§®¢ ¢ ¯®«ãç¥­­®¥ à¥è¥­¨¥ (23), ­ ©¤¥¬¢¥«¨ç¨­ã ª á â¥«ì­®£® ­ ¯àï¦¥­¨ï âà¥­¨ï ­  ¡®-ª®¢®© ¯®¢¥àå­®áâ¨ á®áã¤ :� = �v + �t; (32)£¤¥ �v = Ha2¤�2 "1� �I01=p(�=p)pI1=p(�=p) # ;�v = � 1Z0 r2p�1vdr:�à ¢­¥­¨¥ â¥®à¥â¨ç¥áª¨å ªà¨¢ëå § ¢¨á¨¬®áâ¨­ ¯àï¦¥­¨ï âà¥­¨ï ­  ¡®ª®¢®© ¯®¢¥àå­®áâ¨ á®áã-¤  ®â ¢¥«¨ç¨­ë ¬ £­¨â­®© ¨­¤ãªæ¨¨ ¨ ç áâ®âë¢à é îé¥£®áï ¬ £­¨â­®£® ¯®«ï á íªá¯¥à¨¬¥­â «ì-­ë¬¨ ¤ ­­ë¬¨ ¯à¨¢¥¤¥­ë ­  à¨á. 6, 7.�
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0 5 10 15��������� ����������������������¨á. 6. � ¢¨á¨¬®áâì ­ ¯àï¦¥­¨ï âà¥­¨ï ®â ¢¥«¨ç¨­ë¬ £­¨â­®© ¨­¤ãªæ¨¨ ¤«ï p = 1, �z = 7:4, �! = 0:116,Re! = 8:29 � 105.� íªá¯¥à¨¬¥­â å ­ ¯àï¦¥­¨¥ âà¥­¨ï ®¯à¥¤¥«ï-«®áì ¯® ã£«ã ¯®¢®à®â  á®áã¤  á ¯à®¢®¤ïé¥© ¦¨¤-ª®áâìî, ¯®¤¢¥è¥­­®£® ­  ã¯àã£®© ­¨â¨. �  à¨á. 6­¨¦­ïï ªà¨¢ ï á®®â¢¥âáâ¢ã¥â ¢ï§ª®¬ã ­ ¯àï¦¥-­¨î âà¥­¨ï, ¢¥àå­ïï à ááç¨â ­  ¯® ä®à¬ã«¥ (32).� ª ¢¨¤¨¬, \âãà¡ã«¥­â­ë¥" ­ ¯àï¦¥­¨ï âà¥­¨ï§­ ç¨â¥«ì­® ¯à¥¢ëè îâ ¢ï§ª¨¥ ¨ ¢ ¡®«ìè¥© áâ¥-¯¥­¨ ®¯à¥¤¥«ïîâ ã£®« ¯®¢®à®â  á®áã¤ . �â® ª -á ¥âáï § ¢¨á¨¬®áâ¨ ­ ¯àï¦¥­¨© âà¥­¨ï ®â ç áâ®-âë, â®, ª ª ¯®ª §ë¢ îâ à¥§ã«ìâ âë à áç¥â®¢ ¨�. �. � ¬®â  69
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