
������ö ���ö�������� ISSN 1561 -9087 �à¨ª« ¤­  £÷¤à®¬¥å ­÷ª . 2001. �®¬ 3 (75), N 3. �. 83 { 87��� 532. 529: 531.781��������� ���� ������� ��� ��������������� �����������. �. ������, B. B. ������������­áâ¨âãâ ®¡é¥© í­¥à£¥â¨ª¨ ��� �ªà ¨­ë, �¨¥¢�®«ãç¥­® 25.07.2000�ë¯®«­¥­ë ¨§¬¥à¥­¨ï á¨«ë � £­ãá , ¤¥©áâ¢ãîé¥© ­  ¢à é îé¥¥áï áä¥à¨ç¥áª®¥ â¥«®, ®¡â¥ª ¥¬®¥ ¢®§¤ãè­ë¬ ¯®-â®ª®¬. �áâ ­®¢«¥­­®¥ ­   ­ «¨â¨ç¥áª¨å ¢¥á å ¨áá«¥¤ã¥¬®¥ â¥«® ¯à¨¢®¤¨«®áì ¢® ¢à é¥­¨¥ ¨ ®¡¤ã¢ «®áì ¯®â®ª®¬§ ¤ ­­®© áª®à®áâ¨. �§¬¥àï«áï à §¡ « ­á ¢¥á®¢, ¢ë§¢ ­­ë© á¨«®© � £­ãá , ¨ ®¯à¥¤¥«ï« áì ¢¥«¨ç¨­  ª®íää¨æ¨¥­â CM ¢ ä®à¬ã«¥ �ã¡¨­®¢ -�¥««¥à . �áâ ­®¢«¥­  § ¢¨á¨¬®áâì ª®íää¨æ¨¥­â  CM ®â ¤¢ãå ç¨á¥« �¥©­®«ì¤á  Re! ¨Rep ¢ ¤¨ ¯ §®­¥ 590 < Re! < 45000, 360 < Rep < 13500. �à¨ ¯®áâ®ï­­®¬ Rep á ¢®§à áâ ­¨¥¬ Re! ¢¥«¨ç¨­  CMã¬¥­ìè ¥âáï,   ¯à¨ Re! = const á ã¢¥«¨ç¥­¨¥¬ Rep CM ã¢¥«¨ç¨¢ ¥âáï, ¯à¨¡«¨¦ ïáì ¯à¨ ¬ «ëå Re! ª ¢¥«¨ç¨­ ¬,­ ©¤¥­­ë¬ �ã¡¨­®¢ë¬ ¨ �¥««¥à®¬. � ¨á¯®«ì§®¢ ­¨¥¬ ¯®«ãç¥­­ëå à¥§ã«ìâ â®¢ ¨ ¨§¢¥áâ­ëå «¨â¥à âãà­ëå ¤ ­­ëå¯®«ãç¥­  ®¡®¡é îé ï ä®à¬ã«  ¤«ï ª®íää¨æ¨¥­â  CM .�¨ª®­ ­i ¢¨¬iàî¢ ­­ï á¨«¨ � £­ãá , ïª  ¤iõ ­  áä¥à¨ç­¥ âi«®, é® ®¡¥àâ õâìáï ã ¯®¢iâàï­®¬ã ¯®â®æi. �áâ -­®¢«¥­¥ ­   ­ «iâ¨ç­¨å ¢ £ å ¤®á«i¤¦ã¢ ­¥ âi«® ¯à¨¢®¤¨«®áï ¢ ®¡¥àâ ­­ï © ®¡¤ã¢ «®áï ¯®â®ª®¬ § ¤ ­®ù è¢¨¤-ª®áâi. �¨¬iàî¢ ¢áï à®§¡ « ­á ¢ £, ¢¨ª«¨ª ­¨© á¨«®î � £­ãá , i ¢¨§­ ç « áï ¢¥«¨ç¨­  ª®¥äiæiõ­âã CM ã ä®à-¬ã«i �ã¡i­®¢ -�¥««¥à . �áâ ­®¢«¥­® § «¥¦­iáâì ª®¥äiæiõ­â  CM ¢i¤ ¤¢®å ç¨á¥« �¥©­®«ì¤á  Re! i Rep ã ¤i ¯ §®­i590 < Re! < 45000, 360 < Rep < 13500. �à¨ ¯®áâi©­®¬ã Rep i§ §à®áâ ­­ï¬ Re! §­ ç¥­­ï CM §¬¥­èãõâìáï,   ¯à¨Re! = const i§ §¡i«ìè¥­­ï¬ Rep CM §¡i«ìèãõâìáï, ­ ¡«¨¦ îç¨áì ¯à¨ ¬ «¨å Re! ¤® ¢¥«¨ç¨­¨, ¢¨§­ ç¥­®ù �ã¡i­®-¢¨¬ i �¥««¥à®¬. � ¢¨ª®à¨áâ ­­ï¬ ®âà¨¬ ­¨å à¥§ã«ìâ âi¢ i ¢i¤®¬¨å «iâ¥à âãà­¨å ¤ ­¨å ®âà¨¬ ­  ã§ £ «ì­îîç ä®à¬ã«  ¤«ï ª®¥äiæiõ­â  CM .We describe some results of our measurements of the Magnus force, acting on a rotating spherical body blown up by anair 
ow. A spherical body located on an analytical balance was rotated and blown by a 
ow with a given velocity.The out-of-balance caused by the Magnus force was measured, and the CM factor in the Rubinow-Keller formula was determined.The dependence of CM upon two Reynolds numbers Re! and Rep in a range 590 < Re! < 45000, 360 < Rep < 13500was established. If Rep is �xed, the CM value decreases with increase in Re! . If Re! = const; CM increases with Rep,coming nearer to the value found Rubinow and Keller for small Re! . Using the obtained results and known data fromthe literature, we derive a generalizing formula for CM .���������  ¤¢¨¦¥­¨¥ ç áâ¨æ ¢ ¯®â®ª¥ £ §®¢§¢¥á¨ ®ª §ë-¢ îâ ¢«¨ï­¨¥ ¬­®£¨¥ ä ªâ®àë. � à¥§ã«ìâ â¥ ç -áâ¨æë ¯¥à¥¬¥é îâáï ­¥ â®«ìª® ¢ ¯à®¤®«ì­®¬ ­ -¯à ¢«¥­¨¨, á®¢¯ ¤ îé¥¬ á ¢¥ªâ®à®¬ áà¥¤­¥© áª®-à®áâ¨ £ § , ­® ¨ ¢ ¯®¯¥à¥ç­®¬. � ª ­ « å ¨ á®¯-« å ¯®¯¥à¥ç­®¥ á¬¥é¥­¨¥ ¯à¨¢®¤¨â ª ®á ¦¤¥­¨îç áâ¨æ ­  áâ¥­ª¨, ¨å íà®§¨®­­®¬ã ¨§­®áã, ®¡à §®-¢ ­¨î ®â«®¦¥­¨©. � í­¥à£¥â¨ç¥áª¨å ãáâ ­®¢ª å á¤¢ãåä §­ë¬¨ â¥¯«®­®á¨â¥«ï¬¨ ¨«¨ à ¡®ç¨¬¨ â¥-« ¬¨ â ª®¥ ®á ¦¤¥­¨¥ ¬®¦¥â ¯à¨¢®¤¨âì ª ¯à®£®-à ­¨î áâ¥­®ª ª ­ «®¢. �à¨ ¯¥à¥¬¥é¥­¨¨ £ §®-¢§¢¥á¨ ¢  â¬®áä¥à¥ (¯¥áç ­ë¥ ¡ãà¨, ¢ë¡à®áë §®«ë¨ ­¥á£®à¥¢è¥£® â®¯«¨¢  ­  â¥¯«®¢ëå í«¥ªâà®áâ ­-æ¨ïå ¨  íà®§®«¥© ¨§ ¢¥­â¨«ïæ¨®­­ëå âàã¡ ¨ â.¯.)¯®¯¥à¥ç­®¥ ¤¢¨¦¥­¨¥ ç áâ¨æ ¯à¨¢®¤¨â § ç áâãî ª­¥¯à¥¤áª §ã¥¬®¬ã ¨å à áá¥¨¢ ­¨î ¨ § £àï§­¥­¨î®ªàã¦ îé¥© áà¥¤ë.� ª¨¬ ®¡à §®¬, ¤ ¦¥ íâ®â ªà âª¨©  ­ «¨§ ï¢«¥-­¨©, ¨¬¥îé¨å ¬¥áâ® ¢ ¯®â®ª å £ §®¢§¢¥á¨, á¢¨-¤¥â¥«ìáâ¢ã¥â ® ­¥®¡å®¤¨¬®áâ¨ ¨§ãç¥­¨ï ¢«¨ï­¨ïá¨«®¢ëå ä ªâ®à®¢, ¯à¨¢®¤ïé¨å ª ¯®¯¥à¥ç­®¬ã ¯¥-à¥¬¥é¥­¨î ç áâ¨æ. � áâ®ïé ï à ¡®â  ¯®á¢ïé¥­ ®¤­®¬ã ¨§ íâ¨å ä ªâ®à®¢ - á¨«¥ � £­ãá .
1. C�������� ��������§¢¥áâ­®, çâ® ¢ ¯®â®ª¥ £ §®¢§¢¥á¨ ç áâ¨æë ¯à¨-®¡à¥â îâ ¨­â¥­á¨¢­®¥ ¢à é â¥«ì­®¥ ¤¢¨¦¥­¨¥.�æ¥­ª¨ [1] ¯®ª §ë¢ îâ, çâ® ã£«®¢ ï áª®à®áâì ¯à¨íâ®¬ ¬®¦¥â ¤®áâ¨£ âì §­ ç¥­¨© ! = 105 � 107c�1¢ § ¢¨á¨¬®áâ¨ ®â à §¬¥à  ç áâ¨æ �. � à¥§ã«ì-â â¥ ¢à é¥­¨ï ­  ç áâ¨æë, ªà®¬¥ á¨«ë  íà®¤¨-­ ¬¨ç¥áª®£® á®¯à®â¨¢«¥­¨ï Fa, ¤¥©áâ¢ã¥â â ª¦¥á¨«  � £­ãá  FM . �ëà ¦¥­¨¥ ¤«ï íâ®© á¨«ë ¯à¨Re! ! 0;Rep ! 0 ¨ áä¥à¨ç¥áª®© ä®à¬¥ â¥«  ¡ë-«® ¯®«ãç¥­® �ã¡¨­®¢ë¬ ¨ �¥««¥à®¬ [2]. �¤¥áìRe!;Rep - ¢à é â¥«ì­®¥ ¨ ¯®áâã¯ â¥«ì­®¥ ç¨á« �¥©­®«ì¤á ; Re! = !�2=�; Rep = v�=�; � - ¢ï§ª®áâì£ § ; v - áª®à®áâì áª®«ì¦¥­¨ï. �¥«¨ç¨­  ¯à®¥ª-æ¨¨ FM ­  ¯®¯¥à¥ç­®¥ ­ ¯à ¢«¥­¨¥ ®¯à¥¤¥«ï¥âáï¯® ä®à¬ã«¥FM = CM�g (�=2)3 ! (Ug � U�) (1)£¤¥ U - ¯à®¤®«ì­ ï á®áâ ¢«ïîé ï ¯®áâã¯ â¥«ì­®©áª®à®áâ¨; � - ¯«®â­®áâì; CM - ª®íää¨æ¨¥­â; ¨­-¤¥ªáë g; � ®â­®áïâáï ª £ §ã ¨ ç áâ¨æ ¬ á®®â¢¥â-áâ¢¥­­®. � à ¡®â¥ [2] ¯®«ãç¥­® CM = �. � ¤àã£®¬ªà ©­¥¬ á«ãç ¥, ¯à¨ Re! ¨ Rep!1 ª®íää¨æ¨¥­âCM ¢ ¢ëà ¦¥­¨¨ (1) ¢ëç¨á«¥­  ­ «¨â¨ç¥áª¨ [3] ¨c
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ISSN 1561 -9087 �à¨ª« ¤­  £÷¤à®¬¥å ­÷ª . 2001. �®¬ 3 (75), N 3. �. 83 { 87à ¢¥­ CM = 8�=3 .�¤­ ª® íªá¯¥à¨¬¥­â «ì­ë¥ ¨ â¥®à¥â¨ç¥áª¨¥ ¨á-á«¥¤®¢ ­¨ï íää¥ªâ  � £­ãá  ¤«ï ¢à é îé¨åáïáä¥à¨ç¥áª¨å â¢¥à¤ëå â¥«, ¢ë¯®«­¥­­ë¥ ¢ à ¡®â å[4 { 10], ¯®ª § «¨, çâ® ¨ ¯à¨ ¢ëá®ª¨å, ¨ ¯à¨ ã¬¥-à¥­­ëå ç¨á« å �¥©­®«ì¤á  ¢¥«¨ç¨­  ª®íää¨æ¨¥­-â  CM ¢ ä®à¬ã«¥ (1) ®â«¨ç ¥âáï ®â ¯à¨¢¥¤¥­­ëå¢ëè¥ §­ ç¥­¨©. �à® ­ «¨§¨àã¥¬ ¢ªà âæ¥ íâ¨ à -¡®âë.�¥¬¥­âì¥¢ [4] ®¯à¥¤¥«¨« ¢¥«¨ç¨­ã CM â®«ìª®¤«ï ®¤­®© ¯ àë ç¨á¥« Re!;Rep ¨ ¯®«ãç¨« §­ ç¥-­¨¥ CM=0.23�. � à ¡®â¥ [5] ¯à¨¢®¤ïâáï íªá¯¥-à¨¬¥­â «ì­ë¥ à¥§ã«ìâ âë «¨èì ¤«ï ®ç¥­ì ¡®«ì-è¨å ¢à é â¥«ì­ëå ç¨á¥« �¥©­®«ì¤á  (Re! > 104).�§¬¥à¥­¨¥ ã£«®¢®© áª®à®áâ¨ ¨ á¬¥é¥­¨ï ç áâ¨æë¨§-§  ¤¥©áâ¢¨ï á¨«ë � £­ãá  ¢ à ¡®â¥ [6] ¯à®¢®-¤¨«®áì ¯®á«¥ ã¤ à  ® è¥à®å®¢ âãî ¯®¢¥àå­®áâì,çâ® ¬®£«® ¢­¥áâ¨ §­ ç¨â¥«ì­ãî ¯®£à¥è­®áâì ¢®¯ëâ­ë¥ ¤ ­­ë¥. � ª ¯®ª §ë¢ îâ ­ è¨ à áç¥âë,¯à¨ â ª®© ¬¥â®¤¨ª¥ à §«¨ç¨¥ ¬¥¦¤ã âà ¥ªâ®à¨-ï¬¨, á®®â¢¥âáâ¢ãîé¨¬¨ à §­ë¬ §­ ç¥­¨ï¬ CM ,¬¥­ìè¥, ç¥¬ ¯®£à¥è­®áâì ¨§¬¥à¥­¨©. �«ï ®¯à¥-¤¥«¥­¨ï ¢¥«¨ç¨­ë CM ¢ [7] ¨§¬¥àï«¨áì âà ¥ªâ®-à¨¨ â¢¥à¤®© áä¥à¨ç¥áª®© ç áâ¨æë ¢ âàã¡¥, ¯à¨íâ®¬ ­  ç áâ¨æë, ªà®¬¥ á¨«ë � £­ãá , ¤¥©áâ¢®-¢ «  ¨ ¯®¤ê¥¬­ ï á¨«  � ää¬¥­ , ®¡ãá«®¢«¥­­ ï£à ¤¨¥­â®¬ áª®à®áâ¨ £ §  ¢ ¯à¨áâ¥­­®© ®¡« áâ¨.� à áç¥â¥ ®¤­®¢à¥¬¥­­® ®¯à¥¤¥«ï«¨áì ¤¢  ª®íää¨-æ¨¥­â  ¢ ¢ëà ¦¥­¨ïå ¤«ï ª ¦¤®© ¨§ íâ¨å á¨«. �à ¡®â¥ [8] ¨áá«¥¤®¢ «¨ âà ¥ªâ®à¨î ¤¢¨¦¥­¨ï ¢à -é îé¥©áï áä¥àë, ¯¥à¥¬¥é îé¥©áï ¢¢¥àå ¢ ¯®ª®-ïé¥©áï ¦¨¤ª®áâ¨ ¤«ï ¬ «ëå §­ ç¥­¨© � ¨ Rep, £¤¥� = 0:5Re!=Rep.B ¯¥à¥ç¨á«¥­­ëå à ¡®â å, ªà®¬¥ [8,10],  ¯¯à®ª-á¨¬ æ¨®­­ë¥ § ¢¨á¨¬®áâ¨ â¨¯  CM (Re!;Rep) ¢è¨à®ª®¬ ¤¨ ¯ §®­¥ ¨§¬¥­¥­¨ï Re!;Rep ­¥ ¯®«ã-ç¥­ë. � [8] ¯à¨¢®¤¨âáï § ¢¨á¨¬®áâì CM (�;Rep)«¨èì ¤«ï ®¡« áâ¨ Rep = 10� 140 ¨ Re! = 5� 410.�®¯ëâª  ®¡®¡é¨âì íªá¯¥à¨¬¥­â «ì­ë© ¬ â¥à¨ «¢ è¨à®ª®¬ ¤¨ ¯ §®­¥ §­ ç¥­¨© Re! ¯à¥¤¯à¨­ïâ ¢ [10]. �  ®á­®¢ ­¨¨ ¤ ­­ëå [4,6,7] ¨ à¥§ã«ìâ â®¢á®¡áâ¢¥­­ëå ¨§¬¥à¥­¨© ¯®«ãç¥­  ä®à¬ã« CM = 6:05�Re�0:39! (100 < Re! < 36000); (2)­¥¤®áâ âª®¬ ª®â®à®© ï¢«ï¥âáï ®âáãâáâ¢¨¥ ãç¥â ¢«¨ï­¨ï Rep.�«¥¤ã¥â ®â¬¥â¨âì, çâ® ¢ ¡®«ìè¨­áâ¢¥ ¨§ à á-á¬®âà¥­­ëå à ¡®â, ªà®¬¥ [4,9], ¨á¯®«ì§ãîâáï ª®á-¢¥­­ë¥ ¬¥â®¤ë ®¯à¥¤¥«¥­¨ï á¨«ë � £­ãá . �¡-é¨¬ ­¥¤®áâ âª®¬ íâ¨å ¬¥â®¤®¢ ï¢«ï¥âáï â®, çâ®¢® ¢à¥¬ï ¨§¬¥à¥­¨© ¬¥­ïîâáï ã£«®¢ ï áª®à®áâì ¨áª®à®áâì áª®«ì¦¥­¨ï ¨áá«¥¤ã¥¬®£® â¥« . �®íâ®-¬ã ¯à¨ ®¡à ¡®âª¥ à¥§ã«ìâ â®¢ ¯à¨å®¤¨âáï ¯à¨¢«¥-ª âì à §«¨ç­ë¥ £¨¯®â¥§ë ®â­®á¨â¥«ì­® á¯®á®¡®¢

®áà¥¤­¥­¨ï ! ¨ v. �à®¬¥ â®£®, ¢ à áç¥â å âà ¥ªâ®-à¨© ¤¢¨¦¥­¨ï ­¥®¡å®¤¨¬® ¨á¯®«ì§®¢ âì ãà ¢­¥­¨¥¤«ï § âãå ­¨ï ã£«®¢®© áª®à®áâ¨ ¨áá«¥¤ã¥¬®£® â¥-«  ¨ ¨§¬¥­¥­¨ï ª®íää¨æ¨¥­â  á®¯à®â¨¢«¥­¨ï CR.�, ­ ª®­¥æ, ¯à¨ ¬ «ëå Re!;Rep çã¢áâ¢¨â¥«ì­®áâìª®á¢¥­­ëå ¬¥â®¤®¢ áà ¢­¨¬  á ¯®£à¥è­®áâìî íªá-¯¥à¨¬¥­â®¢, çâ® ¢ ¨â®£¥ ¯à¨¢®¤¨â ª ­¥­ ¤¥¦­®áâ¨à¥§ã«ìâ â®¢. �®íâ®¬ã ¢¥áì¬  ¯à¨¢«¥ª â¥«ì­ë¬¨ï¢«ïîâáï à §«¨ç­ë¥ ¯àï¬ë¥ ¬¥â®¤ë ¨§¬¥à¥­¨ïá¨«ë � £­ãá . �¤¨­ ¨§ â ª¨å ¬¥â®¤®¢ ¯à¥¤áâ -¢«¥­ ¢ ­ áâ®ïé¥© à ¡®â¥.2. ����������������� ����� ��������� ���������� ®á­®¢ã ­ è¨å íªá¯¥à¨¬¥­â®¢ ¯®«®¦¥­ ¢¥á®-¢®© ¬¥â®¤ ¨§¬¥à¥­¨ï á¨«ë � £­ãá . �å¥¬  áâ¥­-¤  ¯à¥¤áâ ¢«¥­  ­  à¨á. 1. �áá«¥¤ã¥¬®¥ è à®-®¡à §­®¥ â¥«® 1 § ªà¥¯«ï«®áì ­  ®á¨ 2, ãáâ ­®-¢«¥­­®© ¢ ¯®¤è¨¯­¨ª å, à á¯®«®¦¥­­ëå ­  à ¬-ª¥ 3. �áì ¢¬¥áâ¥ á è à®¬ ¯à¨¢®¤¨« áì ¢® ¢à é¥-­¨¥ ¬¨ªà®í«¥ªâà®¤¢¨£ â¥«¥¬ 4, ¯¨â ­¨¥ ª®â®à®£®®áãé¥áâ¢«ï«®áì ¯® £¨¡ª¨¬ ¯à®¢®¤ ¬ 5. �¨ ¬¥âà¯à®¢®¤®¢ ¢ë¡¨à «áï ¬¨­¨¬ «ì­® ¢®§¬®¦­ë¬, ¨á-å®¤ï ¨§ ¢¥«¨ç¨­ë â®ª , ­¥®¡å®¤¨¬®£® ¤«ï ãáâ®©-ç¨¢®£® ¢à é¥­¨ï ¤¢¨£ â¥«ï. � ­ è¨å ®¯ëâ å ®­á®áâ ¢«ï« 0,05 ¬¬. �  ¤àã£®© áâ®à®­¥ à ¬ª¨ à §-¬¥é «áï ¯à®â¨¢®¢¥á 6. � ¬ª  3 á ¯®¬®éìî á¥àì£¨7 ¯®¤¢¥è¨¢ « áì ­  ®¤­®¬ ¨§ ¯«¥ç ¢¥á®¢. �  ¤àã-£®¥ ¯«¥ç® ¯®¤¢¥è¨¢ « áì à ¬ª  8 á ãà ¢­®¢¥è¨¢ -îé¨¬¨ £àã§ ¬¨ 9 ¨ ¯«®é ¤ª®© 10 ¤«ï ãáâ ­®¢ª¨­  ­¥© ¢® ¢à¥¬ï ®¯ëâ®¢ ª®¬¯¥­á æ¨®­­ëå ¯« áâ¨­¨§¢¥áâ­®© ¬ ááë.�«ï ®¡¤ã¢  ¨áá«¥¤ã¥¬®£® â¥«  ¨á¯®«ì§®¢ «áï¢®§¤ãè­ë© ¯®â®ª, ¢ëâ¥ª îé¨© ¨§ £®à¨§®­â «ì-­®£® ª ­ «  11, ¯¥à¥¤­¨© áà¥§ ª®â®à®£® ­ å®¤¨«-áï ­  à ááâ®ï­¨¨ 10� ®â æ¥­âà  è à . � ­ «à á¯®« £ «áï â ª¨¬ ®¡à §®¬, çâ®¡ë ¥£® ®áì «¥¦ -«  ¢ ¯«®áª®áâ¨ ¢à é¥­¨ï è à  ¨ ¯à®å®¤¨«  ç¥à¥§¥£® æ¥­âà. �ª®à®áâì ¯®â®ª  ¨§¬¥àï« áì â¥à¬®- ­¥¬®¬¥âà®¬ 12, á¨£­ « á ª®â®à®£® à¥£¨áâà¨à®-¢ «áï ¡«®ª®¬ 13. �¥¬¯¥à âãà  ¯®â®ª  ¨§¬¥àï« áìâ¥à¬®¬¥âà®¬. � áâ®â  ¢à é¥­¨ï í«¥ªâà®¤¢¨£ â¥-«ï ®¯à¥¤¥«ï« áì á ¯®¬®éìî ¨§¬¥à¨â¥«ì­®£® ¡«®ª 14, á®¤¥à¦ é¥£® ç áâ®â®¬¥à ¨ ¨áâ®ç­¨ª ¯¨â ­¨ï.�«ï ª®­âà®«ï à ¢­®¢¥á­®£® á®áâ®ï­¨ï ¨á¯®«ì§®¢ -«¨áì ®¡ëç­ë¥ ¢ ãáâà®©áâ¢ å â ª®£® â¨¯  áâà¥«®ç-­ë© ãª § â¥«ì 15 ¨ èª «  16.�¯ëâë ¯à®¢®¤¨«¨áì á«¥¤ãîé¨¬ ®¡à §®¬. �­ -ç «¥ ãáâ ­ ¢«¨¢ «®áì á®¢¯ ¤¥­¨¥ ®áâà¨ï áâà¥«®ç-­®£® ãª § â¥«ï 15 (á¬. à¨á. 1) á ­ã«¥¢®© ®â¬¥âª®©èª «ë 16 ¨, ¢ á«ãç ¥ ­¥®¡å®¤¨¬®áâ¨, ¯à®¢®¤¨« áìª®àà¥ªæ¨ï ¢¥á®¢. � «¥¥ ¢ª«îç «áï ¬¨ªà®í«¥ªâà®-¤¢¨£ â¥«ì ¨ ãáâ ­ ¢«¨¢ « áì § ¤ ­­ ï ç áâ®â  ¨84 �.�. �æ¥­ª®, �. �. �«¥ªá ­¤à®¢
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�¨á. 1. �å¥¬  íªá¯¥à¨¬¥­â «ì­®£® áâ¥­¤ ­ ¯à ¢«¥­¨¥ ¢à é¥­¨ï è à  1. �âª«®­¥­¨ï ãª § -â¥«ï 15 ®â ­ã«¥¢®£® ¯®«®¦¥­¨ï ¯à¨ íâ®¬ ­¥ ­ ¡«î-¤ «®áì. �®á«¥ íâ®£® ¤¢¨£ â¥«ì ¢ëª«îç «áï ¨ ¯®¤ -¢ «áï ¢®§¤ãè­ë© ¯®â®ª. � §¡ « ­á ¢¥á®¢ ¯à¨ íâ®¬â ª¦¥ ­¥ ­ ¡«î¤ «áï. �§¬¥àï« áì áª®à®áâì ¯®â®-ª  ¢ ¤¢ãå ¢§ ¨¬®¯¥à¯¥­¤¨ªã«ïà­ëå ­ ¯à ¢«¥­¨ïå­  à ááâ®ï­¨¨ 5� ®â áà¥§  ª ­ «  11. �® ¨§¬¥-à¥­­ë¬ §­ ç¥­¨ï¬ ¢ëç¨á«ï« áì áà¥¤­ïï áª®à®áâì¯®â®ª . �­®¢  ¢ª«îç «áï ¬¨ªà®í«¥ªâà®¤¢¨£ â¥«ì¨ ¯ãâ¥¬ ãáâ ­®¢ª¨ ª®¬¯¥­á æ¨®­­ëå ¯« áâ¨­®ª ­ ¯«®é ¤ªã 10 ®¯à¥¤¥«ï«áï à §¡ « ­á ¢¥á®¢, ¢ë§¢ ­-­ë© ¤¥©áâ¢¨¥¬ á¨«ë � £­ãá . � ª¨¬ ¦¥ ®¡à §®¬¨§¬¥àï«áï à §¡ « ­á ¢¥á®¢ ¯à¨ â®© ¦¥ áª®à®áâ¨¯®â®ª , ­® ¯à®â¨¢®¯®«®¦­®¬ ¢à é¥­¨¨ è à . �¥-§ã«ìâ âë ¨§¬¥à¥­¨© ¯à¨ íâ®¬ ­¥ à §«¨ç «¨áì.�à¨ ¯à®¢¥¤¥­¨¨ ¨§¬¥à¥­¨© áâà¥«®ç­ë© ãª § -â¥«ì 15 á®¢¥àè « ¬¥¤«¥­­ë¥ ª®«¥¡ ­¨ï ®ª®«® ­ã-«¥¢®£® ¯®«®¦¥­¨ï. �®íâ®¬ã ¢ ®¯ëâ å ¢¨§ã «ì­®ä¨ªá¨à®¢ «¨áì ªà ©­¨¥ ®âª«®­¥­¨ï ãª § â¥«ï ¨ ¯®­¨¬ ­ å®¤¨«®áì áà¥¤­¥¥ §­ ç¥­¨¥. �­ ï æ¥­ã ¤¥«¥-­¨ï èª «ë ¨ ¢¥á ª®¬¯¥­á æ¨®­­ëå ¯« áâ¨­, ¬®¦­®­ ©â¨ ®¡é¨© ¢¥á Fl, ãà ¢­®¢¥è¨¢ îé¨© ¢ ¤ ­­®¬®¯ëâ¥ á¨«ã � £­ãá .� íâ¨å ®¯ëâ å, ª ª ¨ ¢ à ¡®â¥ [10], ¨á¯®«ì§®¢ «-áï ¯®«ë© æ¥««ã«®¨¤­ë© è à ¤¨ ¬¥âà®¬ 37.8 ¬¬ ¨¬ áá®© 2.27 £. �á­®¢­ ï á¥à¨ï ®¯ëâ®¢ ¯® ¢¥á®-¢®© ¬¥â®¤¨ª¥ ¯à®¢®¤¨« áì ¢ ¤¨ ¯ §®­¥ ç¨á¥« �¥©-­®«ì¤á  590 < Re! < 6000; 360 < Rep < 6000. �«ïáà ¢­¥­¨ï ¯®«ãç¥­­ëå à¥§ã«ìâ â®¢ á [4, 5] ¨ ­ -è¨¬¨ ¯à¥¤ë¤ãé¨¬¨ ¤ ­­ë¬¨ ¡ë«® ¢ë¯®«­¥­® ­¥-áª®«ìª® ®¯ëâ®¢ ¢ ¤¨ ¯ §®­¥ 6000 < Re! < 45000.

3. ���������� ���������� �� ����-������� ¨á¯®«ì§®¢ ­¨¥¬ ¯®«ãç¥­­ëå íªá¯¥à¨¬¥­â «ì-­ëå §­ ç¥­¨© Fl, ! ¨ v ¡ë«¨ à ááç¨â ­ë ¢¥«¨ç¨­ëç¨á¥« �¥©­®«ì¤á  Re!;Rep,   â ª¦¥ ª®íää¨æ¨¥­âCM ¢ ä®à¬ã«¥ (1), ¯à¨ ª®â®àëå Fl ¨ FM á®¢¯ -¤ îâ. �  à¨á 2, 3 ¢ ª ç¥áâ¢¥ ¯à¨¬¥à  ¯à¨¢¥¤¥-­ë § ¢¨á¨¬®áâ¨ ª®íää¨æ¨¥­â  CM ®â ç¨á¥« �¥©-­®«ì¤á . �§ ¯à¥¤áâ ¢«¥­­ëå ¤ ­­ëå ¢¨¤­®, çâ®­¥á¬®âàï ­  ­¥ª®â®àë© à §¡à®á íªá¯¥à¨¬¥­â «ì-­ëå â®ç¥ª, ®¡éãî â¥­¤¥­æ¨î á¢ï§¨ ¬¥¦¤ã CM ,Re! ¨ Rep ¢á¥ ¦¥ ¬®¦­® ãáâ ­®¢¨âì.� ª, ¯à¨ ®¤­®¬ ¨ â®¬ ¦¥ §­ ç¥­¨¨ Re! ¢¥«¨ç¨­ CM=� ¤«ï ¡®«ìè¨å Rep ¡®«ìè¥. �à¨ Rep= const ¨Re! = var ­ ¡«î¤ ¥âáï ®¡à â­ ï § ¢¨á¨¬®áâì - áà®áâ®¬ ¢à é â¥«ì­®£® ç¨á«  �¥©­®«ì¤á  ª®íää¨-æ¨¥­â CM ã¬¥­ìè ¥âáï.�¡à ¡®âª  à¥§ã«ìâ â®¢ ¢¥á®¢®£® ¨§¬¥à¥­¨ï á¨-«ë � £­ãá  á®¢¬¥áâ­® á ­ è¨¬¨ ¯à¥¤ë¤ãé¨¬¨¤ ­­ë¬¨ [10] ¯®§¢®«¨«  ¯®«ãç¨âì § ¢¨á¨¬®áâì ¤«ïCM ¢ ¢¨¤¥:CM = 0:667�Re�0;529! Re0;447p (3)¢ ¤¨ ¯ §®­¥ 590 < Re! < 6000 , 360 < Rep < 6000.�à¨ ®¡à ¡®âª¥ ­¥ ãç¨âë¢ «¨áì ®¯ëâ­ë¥ â®ç-ª¨, ï¢­® ®âª«®­ïîé¨¥áï (¨§-§  ¯®£à¥è­®áâ¨¨§¬¥à¥­¨©) ®â ®¡é¥£® å à ªâ¥à  § ¢¨á¨¬®áâ¨CM(Rep;Re!) .� ª ç¥áâ¢¥ ¯à¨¬¥à  ­  à¨á. 2, 3 ¯®ª § ­ë §­ -ç¥­¨ï ª®íää¨æ¨¥­â  CM , à ááç¨â ­­ë¥ ¯® ¢ëà -�.�. �æ¥­ª®, �. �. �«¥ªá ­¤à®¢ 85
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�¨á. 2. � ¢¨á¨¬®áâì CM ®â ¯®áâã¯ â¥«ì­®£® ç¨á« �¥©­®«ì¤á . �à¨¢ë¥ { à áç¥â ¯® ä®à¬ã«¥ (3),â®çª¨ - íªá¯¥à¨¬¥­â «ì­ë¥ ¤ ­­ë¥:1- Re! = 590; 2 - Re! = 1180; 3 - Re! = 2450
�¨á. 3. � ¢¨á¨¬®áâì CM ®â ¢à é â¥«ì­®£® ç¨á« �¥©­®«ì¤á :1 - Rep = 370; 2 - Rep = 840;3 - Rep = 1800; 4 - Rep = 3170¦¥­¨î (3) ¯à¨¬¥­¨â¥«ì­® ª ãá«®¢¨ï¬ ®¯ëâ®¢ ¯®¢¥á®¢®¬ã ¬¥â®¤ã ¨§¬¥à¥­¨©.�  à¨á. 4 ¯à¥¤áâ ¢«¥­® áà ¢­¥­¨¥ ¢á¥å ­ è¨å®¯ëâ­ëå à¥§ã«ìâ â®¢ á ª®àà¥«ïæ¨¥© (3). �¨¤­®,çâ® ¢ ¯à¥¤¥« å �30% ®­  ã¤®¢«¥â¢®à¨â¥«ì­® ®¯¨-áë¢ ¥â íªá¯¥à¨¬¥­â «ì­ë¥ ¤ ­­ë¥.�à¥¤áâ ¢«ï¥â ¨­â¥à¥á áà ¢­¥­¨¥ ­ è¨å à¥§ã«ì-â â®¢ á ¤ ­­ë¬¨ [4 { 7]. �§ áà ¢­¥­¨ï á«¥¤ã¥â(á¬. à¨á. 4), çâ® ¤ ­­ë¥ [4] å®à®è® á®¢¯ ¤ îâ áä®à¬ã«®© (3). �¥§ã«ìâ âë [6] ­ å®¤ïâáï ¢­¥ �30%¨­â¥à¢ « ,   à ááç¨â ­­ë¥ ¯® ¤ ­­ë¬ [7] ¤ îâ ­¥-à¥ «ì­ë¥ §­ ç¥­¨ï CM(CM > �) (­  à¨á. 4 ­¥ ¯®-ª § ­®). � ãç¥â®¬ ¢ë¯®«­¥­­®£® áà ¢­¥­¨ï ¡ë« ¯à®¢¥¤¥­  á®¢¬¥áâ­ ï ®¡à ¡®âª  ­ è¨å ®¯ëâ®¢,  

�¨á. 4. �à ¢­¥­¨¥ à áç¥â­ëå ¨ ®¯ëâ­ëåà¥§ã«ìâ â®¢:1 - ­ è¨ ¤ ­­ë¥; 2 - [6]; 3 - [4]; 4 - [5]
�¨á. 5. � ¢¨á¨¬®áâì CM ®â �:1 - ­ è¨ ¤ ­­ë¥; 2 - [4]; 3 - [5]â ª¦¥ à¥§ã«ìâ â®¢ [4, 5]. � ¨â®£¥ ¡ë«  ¯®«ãç¥­ ä®à¬ã«  CM = 0:17�Re�0:64! Re0:72p (4)¢ ¤¨ ¯ §®­¥ 590 < Re! < 45000 , 360 < Rep < 13500.� «¨â¥à âãà¥ (á¬., ­ ¯à¨¬¥à, [6]) ¨á¯®«ì§ã¥âáï¨ ¤àã£ ï ä®à¬  ¯à¥¤áâ ¢«¥­¨ï ª®íää¨æ¨¥­â  CM ,  ¨¬¥­­® CM = CM(�). �  à¨á. 5 ¯à¨¢¥¤¥­ë ®¯ëâ-­ë¥ à¥§ã«ìâ âë, ª®â®àë¥ ¨á¯®«ì§®¢ «¨áì ¯à¨ ¯®-«ãç¥­¨¨ ä®à¬ã«ë (4), ¢ ª®®à¤¨­ â å CM=� � �.�¨¤­®, çâ® ¨ ¢ íâ®¬ á«ãç ¥ ¤ ­­ë¥ íªá¯¥à¨¬¥­-â®¢ ã¤®¢«¥â¢®à¨â¥«ì­® £àã¯¯¨àãîâáï ®ª®«® ­¥ª®-â®à®© ªà¨¢®©. � áç¥âë ¯®ª § «¨, çâ® ªà¨¢ ï ¬®-¦¥â ¡ëâì  ¯¯à®ªá¨¬¨à®¢ ­  § ¢¨á¨¬®áâìîCM = 0:194���0:639 (5)86 �.�. �æ¥­ª®, �. �. �«¥ªá ­¤à®¢



ISSN 1561 -9087 �à¨ª« ¤­  £÷¤à®¬¥å ­÷ª . 2001. �®¬ 3 (75), N 3. �. 83 { 87á ¤®áâ®¢¥à­®áâìî  ¯¯à®ªá¨¬ æ¨¨ R2= 0.835.�����������ë¯®«­¥­­ë¥ íªá¯¥à¨¬¥­â «ì­ë¥ ¨áá«¥¤®¢ ­¨ï¯®§¢®«¨«¨ ¯àï¬ë¬ ¢¥á®¢ë¬ ¬¥â®¤®¬ ¨§¬¥à¨âì á¨-«ã � £­ãá , ¤¥©áâ¢ãîéãî ­  áä¥à¨ç¥áªãî ç áâ¨-æã ¢ ¤¨ ¯ §®­¥ ç¨á¥« �¥©­®«ì¤á  590 < Re! <45000 ; 360 < Rep < 6000. �à¥¤«®¦¥­  ­®¢ ï íªá-¯¥à¨¬¥­â «ì­ ï ª®àà¥«ïæ¨ï ¤«ï ª®íää¨æ¨¥­â  CM¢ ¢ëà ¦¥­¨¨ ¤«ï á¨«ë � £­ãá . �­  ¯®§¢®«ï¥âã¤®¢«¥â¢®à¨â¥«ì­® à ááç¨â âì ¢¥«¨ç¨­ã CM ¯à¨-¬¥­¨â¥«ì­® ª ãá«®¢¨ï¬ ¢ë¯®«­¥­­ëå ­ ¬¨ ®¯ë-â®¢. � ¯à¨¢«¥ç¥­¨¥¬ ¨§¢¥áâ­ëå «¨â¥à âãà­ëå¤ ­­ëå ª®àà¥«ïæ¨ï ãâ®ç­¥­  ¨ à áè¨à¥­ë ¤¨ ¯ -§®­ë ¥¥ ¯à¨¬¥­¨¬®áâ¨.�«¥¤ã¥â â ª¦¥ § ¬¥â¨âì, çâ® ¨á¯®«ì§®¢ ­­ ï­ ¬¨ ¢¥á®¢ ï ¬¥â®¤¨ª  á®¯àï¦¥­  á ¡®«ìè¨¬¨âàã¤­®áâï¬¨ ¢ ®¡« áâ¨ ¬ «ëå §­ ç¥­¨© Re (Re! <500;Rep < 300). �â®â ¤¨ ¯ §®­ ¢ ­ áâ®ïé¥¥¢à¥¬ï ¬ «® ¨áá«¥¤®¢ ­. �à®¬¥ à ¡®âë [8], ­ ¬­¥¨§¢¥áâ­ë à¥§ã«ìâ âë ¨áá«¥¤®¢ ­¨© ¯® ¨§¬¥à¥-­¨î CM ¯à¨ ¬ «ëå Re. � à ªâ¥à § ¢¨á¨¬®áâ¨CM(Re!;Rep) ¢ à ¡®â¥ [8] ®¡à â¥­ â®¬ã, çâ® ¯à¥¤-áª §ë¢ îâ ä®à¬ã«ë (3), (4). � á¢ï§¨ á íâ¨¬ ¯à¥¤-áâ ¢«ï¥âáï æ¥«¥á®®¡à §­ë¬ ãá®¢¥àè¥­áâ¢®¢ ­¨¥®¯¨á ­­®© ¬¥â®¤¨ª¨ ¤«ï ¥¥ ¯à¨¬¥­¥­¨ï ¯à¨ Re! == Rep = 70:::100.
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