
ISSN 1561 -9087 �à¨ª« ¤­  £÷¤à®¬¥å ­÷ª . 2003. �®¬ 5 (77), N 2. �. 27 { 36��� 532.526.10��������� ���������� �������������������������� ������������ ���� � ������������������� ��������������. �. ����������­áâ¨âãâ £¨¤à®¬¥å ­¨ª¨ ��� �ªà ¨­ë, �¨¥¢�®«ãç¥­® 27.10.2002 � �¥à¥á¬®âà¥­® 3.03.2003�à¥¤áâ ¢«¥­  ¬¥â®¤®«®£¨ï ç¨á«¥­­®£® ¬®¤¥«¨à®¢ ­¨ï ªàã¯­ëå ¢¨åà¥© (LES). �ãà¡ã«¥­â­ë© ¯®£à ­¨ç­ë© á«®© ­ ¯«®áª®© ¯« áâ¨­¥ ¢ à¥¦¨¬¥ ¯à®¬¥¦ãâ®ç­®© è¥à®å®¢ â®áâ¨ ç¨á«¥­­® ¬®¤¥«¨àã¥âáï ¯®áà¥¤áâ¢®¬ LES-â¥å­®«®£¨¨¤«ï ç¨á«  �¥©­®«ì¤á , à ¢­®£® 105. �àã¯­®¬ áèâ ¡­®¥ ¯®«¥ â¥ç¥­¨ï ¯®«ãç ¥âáï ¯ãâ¥¬ ¯àï¬®£® ¨­â¥£à¨à®¢ -­¨ï ®âä¨«ìâà®¢ ­­ëå âà¥å¬¥à­ëå ­¥áâ æ¨®­ à­ëå ãà ¢­¥­¨© � ¢ì¥-�â®ªá  ¤«ï ­¥á¦¨¬ ¥¬®© ¦¨ª®áâ¨, ¨á¯®«ì§ãïª®­¥ç­®-à §­®áâ­ë© ¬¥â®¤. � «®¬ áèâ ¡­ë¥ ¤¢¨¦¥­¨ï ¯ à ¬¥âà¨§®¢ ­ë ¯®áà¥¤áâ¢®¬ "á¬¥è ­­®©" ¬®¤¥«¨. �íª®­®¬¨ç­®¬ ¢ëç¨á«¨â¥«ì­®¬ ¬¥â®¤¥ ¡ë«® ¨á¯®«ì§®¢ ­® 513 á¥â®ç­ëå â®ç¥ª. �¨á«¥­­®¥ ¬®¤¥«¨à®¢ ­¨¥ ¢ë¯®«-­¥­® ¤«ï â®£®, çâ®¡ë ¨§ãç¨âì áà¥¤­îî áª®à®áâì, ¯®«­ë¥ âãà¡ã«¥­â­ë¥ ­ ¯àï¦¥­¨ï, à¥è ¥¬ë¥ âãà¡ã«¥­â­ë¥ ­ -¯àï¦¥­¨ï, ª¨­¥â¨ç¥áªãî í­¥à£¨î âãà¡ã«¥­â­®áâ¨ ¨ ¯®¤á¥â®ç­ë¥ íää¥ªâë. �ãé¥áâ¢ã¥â å®à®è¥¥ á®£« á¨¥ ¬¥¦¤ã¢ëç¨á«¥­­ë¬ ¯à®ä¨«¥¬ áà¥¤­¥© áª®à®áâ¨, âãà¡ã«¥­â­ë¬¨ áâ â¨áâ¨ª ¬¨ ¨ íªá¯¥à¨¬¥­â «ì­ë¬¨ ¤ ­­ë¬¨.�à¥¤áâ ¢«¥­  ¬¥â®¤®«®£÷ï ç¨á¥«ì­®£® ¬®¤¥«î¢ ­­ï ¢¥«¨ª¨å ¢¨å®à÷¢ (LES). �ãà¡ã«¥­â­¨© ¯®£à ­¨ç­¨© è à ­ ¯«oáª÷© ¯« áâ¨­÷ ¢ à¥¦¨¬÷ ¯¥à¥å÷¤­®ù è®àáâª®áâ÷ ç¨á¥«ì­® ¬®¤¥«îõâìáï§  ¤®¯®¬®£®îLES-â¥å­®«®£÷ù ¤«ï ç¨á«  �¥©-­®«ì¤á , ïª¥ ¤®à÷¢­îõ 105. �¥«¨ª®¬ áèâ ¡­¥ ¯®«¥ â¥ç÷ù ®¤¥à¦ãõâìáï è«ïå®¬ ¯àï¬®£® ÷­â¥£àã¢ ­­ï ¢÷¤ä÷«ìâà®¢ ­¨åâà¨¢¨¬÷à­¨å ­¥áâ æ÷®­ à­¨å à÷¢­ï­ì � ¢'õ-�â®ªá  ¤«ï ­¥áâ¨á«¨¢®ù à÷¤¨­¨, ¢¨ª®à¨áâ®¢ãîç¨ ª÷­æ¥¢®-à÷§­¨æ¥¢¨© ¬¥-â®¤. � «®¬ áèâ ¡­÷ àãå¨ ¯ à ¬¥âà¨§®¢ ­÷ §  ¤®¯®¬®£®î "§¬÷è ­®ù" ¬®¤¥«÷. � eª®­®¬÷ç­®¬ã ç¨á¥«ì­®¬ã ¬¥â®¤÷¡ã«® ¢¨ª®à¨áâ ­® 513 á÷âª®¢¨å â®ç®ª. �¨á¥«ì­¥ ¬®¤¥«î¢ ­­ï ¢¨ª®­ ­® ¤«ï â®£®, é®¡ ¢¨¢ç¨â¨ á¥à¥¤­î è¢¨¤ª÷áâì,¯®¢­÷ âãà¡ã«¥­â­÷ ­ ¯àã£¨, à®§¢'ï§ ­÷ âãà¡ã«¥­â­÷ ­ ¯àã£¨, ª÷­¥â¨ç­ã ¥­¥à£÷î âãà¡ã«¥­â­®áâ÷ â  ¯÷¤á÷âª®¢÷ ¥ä¥ª-â¨. öá­ãõ ¤®¡à  ã§£®¤¦ã¢ ­÷áâì ¬÷¦ ®¡ç¨á«¥­¨¬ ¯à®ä÷«¥¬ á¥à¥¤­ì®ù è¢¨¤ª®áâ÷, âãà¡ã«¥­â­¨¬¨ áâ â¨áâ¨ª ¬¨ â ¥ªá¯¥à¨¬¥­â «ì­¨¬¨ ¤ ­¨¬¨.The methodology of Large Eddy Simulation (LES) is presented. The transitionally rough turbulent boundary layer on a
at plate is simulated by LES-technique for a Reynolds number of 105. The large-scale 
ow �eld has been obtained bydirectly integrating the �ltered three-dimensional time-dependent incompressible Navier-Stokes equations using a �nite-di�erence method.The small-scale motions were parametrized by an "mixed" model. The number of grid points used inthe economical numerical method was 513. The simulation were performed to study the mean velocity, the total turbulentstresses, the resolved turbulent stresses, the turbulence kinetic energy and subgrid-scale-model e�ects. There is goodagreement between the computer mean-velocity pro�le, turbulence statistics and experimental data.��������� ãá«®¢¨ïå ¨­â¥­á¨¢­®£® à §¢¨â¨ï ª®¬ìîâ¥à-­®© â¥å­¨ª¨ ¢®§­¨ª ¥â ¢®§¬®¦­®áâì íää¥ªâ¨¢­®¨á¯®«ì§®¢ âì ç¨á«¥­­®¥ ¬®¤¥«¨à®¢ ­¨¥ ¤«ï ­ ¨¡®-«¥¥ ¯®«­®£® ¨§ãç¥­¨ï âãà¡ã«¥­â­ëå ¯®£à ­¨ç­ëåá«®¥¢ ¯à¨ ¢ëá®ª¨å ç¨á« å �¥©­®«ì¤á  Re (¯®àï¤ª 105 ¨ ¡®«¥¥). �¤­ ª® à¥è¥­¨¥ íâ®© ¯à®¡«¥¬ë ®£à -­¨ç¥­®: 1) ­¥§ ¢¥àè¥­­®áâìî â¥®à¨¨ âãà¡ã«¥­â-­®áâ¨; 2) ­¥¤®áâ â®ç­®© ¬®é­®áâìî ¢ëç¨á«¨â¥«ì-­ëå áà¥¤áâ¢; 3) ®âáãâáâ¢¨¥¬ ¤®áâ â®ç­® å®à®è¨å,ãáâ®©ç¨¢ëå  «£®à¨â¬®¢ ¤«ï à¥è¥­¨ï âà¥å¬¥à­ëå­¥áâ æ¨®­ à­ëå ãà ¢­¥­¨© á ãç¥â®¬ ¢á¥å ®á®¡¥­-­®áâ¥©. �§ãç¥­¨¥ âãà¡ã«¥­â­ëå â¥ç¥­¨© ­  ¯à®-âï¦¥­¨¨ ¤¥áïâ¨«¥â¨© à §«¨ç­ë¬¨ ¨áá«¥¤®¢ â¥«ï-¬¨ [1-10] ¯®§¢®«¨«® ãáâ ­®¢¨âì ®á­®¢­ë¥ å à ª-â¥à­ë¥ ç¥àâë âãà¡ã«¥­â­®áâ¨: âà¥å¬¥à­®áâì, ­¥-áâ æ¨®­ à­®áâì ¨ ­¥«¨­¥©­®áâì. � ­ áâ®ïé¥¥¢à¥¬ï ¥é¥ áãé¥áâ¢ãîâ äã­¤ ¬¥­â «ì­ë¥ âàã¤­®-áâ¨ ¯à¨ à¥è¥­¨¨ ¯à®¡«¥¬ë à á¯à®áâà ­¥­¨ï âãà-¡ã«¥­â­®£® ¯®£à ­¨ç­®£® á«®ï ¯à¨ ¢ëá®ª¨å ç¨á« å
�¥©­®«ì¤á  ­ ¤ à §«¨ç­ë¬¨ ¯®¢¥àå­®áâï¬¨. �®-áª®«ìªã âãà¡ã«¥­â­®áâì ï¢«ï¥âáï ¢¨åà¥¢ë¬ ¤¢¨-¦¥­¨¥¬ á ¤¨áá¨¯ æ¨¥©, ¢ â ª¨å ¯®£à ­¨ç­ëå á«®ïå¯à¨áãâáâ¢ãîâ ¬­®£®¬ áèâ ¡­ë¥ ¢¨åà¥¢ë¥ áâàãª-âãàë á è¨à®ª¨¬ á¯¥ªâà®¬ ¨§¬¥­¥­¨ï ¨å «¨­¥©­ëåà §¬¥à®¢.� âãà¡ã«¥­â­®¬ ¯®£à ­¨ç­®¬ á«®¥ ¬®¦­® ¢ë¤¥-«¨âì  ªâ¨¢­ãî ¢­ãâà¥­­îî ®¡« áâì, £¥­¥à¨àãî-éãî ¢¨åà¨, ¯¥à¥­®á ª®â®àëå ®¡¥á¯¥ç¨¢ ¥â âãà-¡ã«¥­â­®¥ âà¥­¨¥, ¨ ¯ áá¨¢­ãî ¢­¥è­îî ®¡« áâì,á®¤¥à¦ éãî ã¦¥ à §¢¨âë¥ ¡®«ìè¨¥ ¢¨åà¨, ¯®¤-¢¥à¦¥­­ë¥ ¯ã«ìá æ¨ï¬ ¤ ¢«¥­¨ï, ­® ­¥ ãç áâ¢ãî-é¨¥ ¢ ®¡à §®¢ ­¨¨ âà¥­¨ï. �à¨áâ¥­­ ï ®¡« áâì¯®¤ç¨­ï¥âáï § ª®­ã "áâ¥­ª¨" ¨ á®áâ®¨â ¨§ ¢ï§-ª®£® ¯®¤á«®ï, ¯¥à¥å®¤­®© « ¬¨­ à­®-âãà¡ã«¥­â­®©¯®¤®¡« áâ¨ ¨ âãà¡ã«¥­â­®© «®£ à¨ä¬¨ç¥áª®© ¯®¤-®¡« áâ¨. �á«¥¤ §  «®£ à¨ä¬¨ç¥áª®© ¯®¤®¡« áâìîà á¯®« £ ¥âáï è¨à®ª ï ¢­¥è­ïï ®¡« áâì, ¢ ª®â®-à®© à á¯à¥¤¥«¥­¨¥ áª®à®áâ¥© ¯®¤ç¨­ï¥âáï § ª®­ã"á«¥¤ ".�¤®¡­ë¬ ªà¨â¥à¨¥¬ ¯à¨ ¨áá«¥¤®¢ ­¨¨ âãà¡ã-«¥­â­®£® ¯®£à ­¨ç­®£® á«®ï ­ ¤ è¥à®å®¢ â®© ¯®-c
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ISSN 1561 -9087 �à¨ª« ¤­  £÷¤à®¬¥å ­÷ª . 2003. �®¬ 5 (77), N 2. �. 27 { 36¢¥àå­®áâìî ï¢«ï¥âáï ç¨á«® �¥©­®«ì¤á  ¯® è¥à®-å®¢ â®áâ¨ Reh = u�hS=�, £¤¥ u�� ¤¨­ ¬¨ç¥-áª ï áª®à®áâì; hS� áà¥¤­ïï ¢ëá®â  íª¢¨¢ «¥­â­®©¯¥áç ­®-§¥à­¨áâ®© è¥à®å®¢ â®áâ¨. �áá«¥¤®¢ ­¨ï[3-8] ¯®ª §ë¢ îâ, çâ® ¬®¦­® à §«¨ç âì âà¨ áâ¥-¯¥­¨ è¥à®å®¢ â®áâ¨:1) £¨¤à®¤¨­ ¬¨ç¥áª ï £« ¤ª®áâì 0 � u�hS=� �5; hS << �L; §¥à­  è¥à®å®¢ â®áâ¨ ¯®«­®áâìî ¯®-£àã¦¥­ë ¢ ¢ï§ª¨© ¯®¤á«®© ¨ ¢«¨ï­¨¥ è¥à®å®¢ â®-áâ¨ ­  å à ªâ¥à¨áâ¨ª¨ ¤¢¨¦¥­¨ï ­¥ ­ ¡«î¤ ¥âáï;(�L�â®«é¨­  ¢ï§ª®£® ¯®¤á«®ï);2) ¯à®¬¥¦ãâ®ç­ ï è¥à®å®¢ â®áâì 5 � u�hS=� �70; hS � �L; §¥à­  è¥à®å®¢ â®áâ¨ ç áâ¨ç­® ¯®£àã-¦¥­ë ¢ ¢ï§ª¨© ¯®¤á«®© ¨ ¢«¨ï­¨¥ è¥à®å®¢ â®áâ¨­  å à ªâ¥à¨áâ¨ª¨ ¤¢¨¦¥­¨ï ã¦¥ ­ ¡«î¤ ¥âáï.3) à §¢¨â ï è¥à®å®¢ â®áâì u�hS=� > 70; hS >>�L; ¯à¨ â ª¨å à §¬¥à å è¥à®å®¢ â®áâ¨ ¢ï§ª®áâì¦¨¤ª®áâ¨ ®ª §ë¢ ¥â ¬ «®¥ ¢«¨ï­¨¥ ­  ¤¢¨¦¥­¨¥¢ æ¥«®¬. �ï§ª¨© ¯®¤á«®© ¯à ªâ¨ç¥áª¨ ¯¥à¥áâ ¥âáãé¥áâ¢®¢ âì ¨ â¥ç¥­¨¥ ¢ ­¥¯®áà¥¤áâ¢¥­­®© ¡«¨-§®áâ¨ ®â áâ¥­ª¨ æ¥«¨ª®¬ á®áâ®¨â ¨§ á®¢®ªã¯­®áâ¨¢¨åà¥©.�¥è¥­¨¥ ãà ¢­¥­¨© � ¢ì¥-�â®ªá , ®áà¥¤­¥­­ëå¯® �¥©­®«ì¤áã (RANS � Reynolds Averaged Navier-Stokes) � íâ® ¯®¤å®¤, ª®â®àë© ­ ¨¡®«¥¥ ç áâ®¯à¨¬¥­ï¥âáï ¢ ¨­¦¥­¥à­ëå ¯à¨«®¦¥­¨ïå ¤«ï à¥-è¥­¨ï § ¤ ç âãà¡ã«¥­â­ëå â¥ç¥­¨©. �à ¢­¥­¨ï�¥©­®«ì¤á  ¯®«ãç îâáï ¯ãâ¥¬ ®áà¥¤­¥­¨ï (¯® ¢à¥-¬¥­¨ ¨«¨ ¯®  ­á ¬¡«î) ãà ¢­¥­¨© � ¢ì¥-�â®ªá [4, 9-11]. �®á«¥¤­¨¥ 30 «¥â ¬®¤¥«¨à®¢ ­¨¥ âãà-¡ã«¥­â­®áâ¨ ¤«ï RANS-ãà ¢­¥­¨© ï¢«ï¥âáï ®¡ê-¥ªâ®¬ ¯à¨áâ «ì­®£® ¨§ãç¥­¨ï, ­® ­¥ á®§¤ ­® ¥é¥â ª®© ¬®¤¥«¨, ª®â®à ï ¤ ¢ «  ¡ë â®ç­ë¥ à¥§ã«ì-â âë ¤«ï ¢á¥å â¥ç¥­¨© ¡¥§ ¨á¯®«ì§®¢ ­¨ï ç áâ­ëå¯®¤áâà®¥ç­ëå ¬¥â®¤¨ª ¤«ï ¬®¤¥«ì­ëå ª®­áâ ­â.� ¯àï¬®¬ ç¨á«¥­­®¬ ¬®¤¥«¨à®¢ ­¨¨ (DNS � Di-rect Numerical Simulation) ¢á¥ ¬ áèâ ¡ë ¤¢¨¦¥­¨ïà¥è îâáï ­  á¥âª¥ á ¤®áâ â®ç­ë¬ à §à¥è¥­¨¥¬(à §¬¥à á¥â®ç­®© ïç¥©ª¨ ¬¥­ìè¥ á ¬®£® ¬ «®£®¢¨åàï) á ¯®¬®éìî ãà ¢­¥­¨© � ¢ì¥-�â®ªá  ¨ ¬®-¤¥«¨à®¢ ­¨¥ ­¥ ¨á¯®«ì§ã¥âáï. �â® ­ ¨¡®«¥¥ â®ç-­ë© ¬¥â®¤ ­  ¤ ­­®¬ íâ ¯¥, ®¤­ ª® ¨¬¥¥â ¡®«ì-èãî áâ®¨¬®áâì ¢ëç¨á«¥­¨©, ¯®áª®«ìªã ¢á¥ ¬ á-èâ ¡ë ¤¢¨¦¥­¨ï ¤®«¦­ë ¡ëâì à¥è¥­ë ­  á¥âª¥.�® ­ áâ®ïé¥£® ¬®¬¥­â  ¢à¥¬¥­¨ á ¯®¬®éìî DNS¯à®¢¥¤¥­® ®£à ­¨ç¥­­®¥ ª®«¨ç¥áâ¢® ¨áá«¥¤®¢ ­¨©âãà¡ã«¥­â­®£® ¯®£à ­¨ç­®£® á«®ï [13-16] á ®â­®á¨-â¥«ì­® ­¥¡®«ìè¨¬¨ ç¨á« ¬¨ �¥©­®«ì¤á . �  ¤ ­-­®¬ ãà®¢­¥ à §¢¨â¨ï ª®¬¯ìîâ¥à­®© â¥å­¨ª¨ ¯®«ã-ç¨âì ç¨á«¥­­®¥ à¥è¥­¨¥ ãà ¢­¥­¨© � ¢ì¥-�â®ªá ¬¥â®¤®¬ DNS ¤«ï ¡®«ìè¨å ç¨á¥« �¥©­®«ì¤á  ­¥¯à¥¤áâ ¢«ï¥âáï ¢®§¬®¦­ë¬ [17]. �®¢à¥¬¥­­ë¥ à¥-áãàáë ª®¬¯ìîâ¥à  ®£à ­¨ç¨¢ îâ ¨á¯®«ì§®¢ ­¨¥DNS §­ ç¥­¨¥¬ ç¨á«  �¥©­®«ì¤á  Re ¯®àï¤ª  104.

�¨á«¥­­®¥ ¬®¤¥«¨à®¢ ­¨¥ ªàã¯­ëå ¢¨åà¥© (Lar-ge Eddy Simulation � LES) § ­¨¬ ¥â ¯à®¬¥¦ã-â®ç­®¥ ¯®«®¦¥­¨¥ ¬¥¦¤ã ¯®¤å®¤®¬ �¥©­®«ì¤á (RANS) ¨ ¯àï¬ë¬ ç¨á«¥­­ë¬ ¬®¤¥«¨à®¢ ­¨¥¬(DNS). � LES-¯®¤å®¤¥ ¡®«ìè¨¥ í­¥à£®á®¤¥à¦ é¨¥¢¨åà¨ à ááç¨âë¢ îâáï,   ¬ «ë¥ ¤¢¨¦¥­¨ï ¯®¤-á¥â®ç­®£® ¬ áèâ ¡  ¬®¤¥«¨àãîâáï. �á¯®«ì§ã¥-¬ë¥ ¤«ï íâ¨å æ¥«¥© ¬®¤¥«¨ ®á­®¢ ­ë ­  å®à®è®¨§¢¥áâ­®¬ ª áª ¤­®¬ ¯à®æ¥áá¥ ¯¥à¥¤ ç¨ í­¥à£¨¨[18]. �®âï ¬®¤¥«¨à®¢ ­¨¥ ªàã¯­ëå ¢¨åà¥© âà¥¡ã-¥â à¥è¥­¨ï âà¥å¬¥à­ëå ­¥ãáâ ­®¢¨¢è¨åáï ãà ¢-­¥­¨© � ¢ì¥-�â®ªá , ª ª íâ® ¯à®¨áå®¤¨â ¯à¨ DNS,à áç¥â­ë¥ á¥âª¨ ¤«ï LES ¬®¦­® ¨á¯®«ì§®¢ âì ¡®-«¥¥ £àã¡ë¥, ç¥¬ á¥âª¨ ¤«ï DNS.� ­ áâ®ïé¥¥ ¢à¥¬ï áãé¥áâ¢ãîâ âà¨ ®á­®¢­ëåâ¨¯  ¯®¤á¥â®ç­ëå ¬®¤¥«¥© ("¢¨åà¥¢®© ¢ï§ª®áâ¨";"¬ áèâ ¡­®£® ¯®¤®¡¨ï"; "á¬¥è ­­ë¥"). � ª, ¨á-¯®«ì§ãï ¤®¯ãé¥­¨¥ ®¡ ¨§®âà®¯¨¨ ¬ «ëå ¬ áèâ -¡®¢ ¢¢®¤¨âáï "¢¨åà¥¢ ï ¢ï§ª®áâì", ª®â®à ï ¡¥-à¥â ¢ à áç¥â ¬¥å ­¨§¬ ¯àï¬®£® í­¥à£®¯¥à¥­®á , ¢â®¬ ç¨á«¥ ¤¨áá¨¯ æ¨¨ ª¨­¥â¨ç¥áª®© í­¥à£¨¨ âãà-¡ã«¥­â­®áâ¨ [18]. �®¤å®¤, ¯à¥¤áâ ¢«¥­­ë© ¢ [19],¢ëáâã¯ ¥â ¢ ª ç¥áâ¢¥ ­ ¨¡®«¥¥ ¯®¯ã«ïà­®© ¬®¤¥«¨¢¨åà¥¢®© ¢ï§ª®áâ¨ c ¯®áâ®ï­­ë¬ ª®íää¨æ¨¥­â®¬CV ¤«ï ¯®¤á¥â®ç­ëå ¬ áèâ ¡®¢.�®¤¥«ì ¬ áèâ ¡­®£® ¯®¤®¡¨ï ¯à¥¤áª §ë¢ ¥â¯®¤á¥â®ç­®¥ ­ ¯àï¦¥­¨¥, ®á­®¢ ­­®¥ ­  ­ ¨¬¥­ì-è¨å á¥â®ç­ëå ¬ áèâ ¡ å. O­  ¯à¥¤¯®« £ ¥â ¯àï-¬®¥ ¯®¤®¡¨¥ ¬¥¦¤ã ­ ¨¡®«ìè¨¬¨ ¯®¤á¥â®ç­ë¬¨¬ áèâ ¡ ¬¨ ¨ ­ ¨¬¥­ìè¨¬¨ á¥â®ç­ë¬¨ ¬ áèâ -¡ ¬¨, ¯®¤å®¤ïé¨¬¨ ª ¨­¥àæ¨®­­®¬ã ¨­â¥à¢ «ã[18]. �ãé¥áâ¢ãîâ à §«¨ç­ë¥ ¬®¤¨ä¨ª æ¨¨ [20-25,28, 36], ¢ â®¬ ç¨á«¥ á ¨á¯®«ì§®¢ ­¨¥¬ ¤¨­ ¬¨ç¥-áª®© ¯à®æ¥¤ãàë.�¬¥è ­­ë¥ ¯®¤á¥â®ç­ë¥ ¬®¤¥«¨ (áã¬¬  á« £ ¥-¬ëå "¢¨åà¥¢®© ¢ï§ª®áâ¨" ¨ ¬ áèâ ¡­®£® ¯®¤®¡¨ï)ãáâà ­ïîâ ­¥¤®áâ âª¨ ¯¥à¢ëå ¤¢ãå â¨¯®¢ ¬®¤¥«¥©[20, 24, 25, 28, 31-33, 35, 36].�¥«ì ¯à¥¤áâ ¢«¥­­®£® ¨áá«¥¤®¢ ­¨ï � à §à ¡®â-ª  íª®­®¬¨ç­®© LES-â¥å­®«®£¨¨ ç¨á«¥­­®£® ¬®¤¥-«¨à®¢ ­¨ï âà¥å¬¥à­®£® âãà¡ã«¥­â­®£® ¯®£à ­¨ç-­®£® á«®ï ­¥á¦¨¬ ¥¬®© ¦¨¤ª®áâ¨ ¢ à¥¦¨¬¥ ¯à®¬¥-¦ãâ®ç­®© è¥à®å®¢ â®áâ¨ ¯à¨ ¢ëá®ª®¬ ç¨á«¥ �¥©-­®«ì¤á .1. ���������� ������� â¥¬ â¨ç¥áª ï ä®à¬ã«¨à®¢ª  § ¤ ç¨ áâà®¨â-áï ­  ®á­®¢¥ á«¥¤ãîé¨å ¤®¯ãé¥­¨©: 1) ­  ¯«®áªãî¤«¨­­ãî ¯« áâ¨­ã á ¯¥á®ç­®-è¥à®å®¢ â®© ¯®¢¥àå-­®áâìî ­ â¥ª ¥â ®¤­®à®¤­®¥ â¥ç¥­¨¥ ¢ï§ª®© ­¥-á¦¨¬ ¥¬®© ¦¨¤ª®áâ¨ á ¯®áâ®ï­­ë¬¨ á¢®©áâ¢ ¬¨¯à¨ ®âáãâáâ¢¨¨ ¢­¥è­¨å ¬ áá®¢ëå á¨«; 2) âà¥å-28 �.�.�ã§ì¬¥­ª®



ISSN 1561 -9087 �à¨ª« ¤­  £÷¤à®¬¥å ­÷ª . 2003. �®¬ 5 (77), N 2. �. 27 { 36¬¥à­®¥ â¥ç¥­¨¥ ¯®£à ­¨ç­®£® á«®ï ­ ç¨­ ¥âáï ­ ¯¥à¥¤­¥© ªà®¬ª¥ ¯« áâ¨­ë; 3) â¥ç¥­¨¥ ¢ âãà¡ã-«¥­â­®¬ ¯®£à ­¨ç­®¬ á«®¥ ­ å®¤¨âáï ¢ à¥¦¨¬¥¯à®¬¥¦ãâ®ç­®© è¥à®å®¢ â¨ ( Re=105 ¨ Reh=20);4) ¢á¥ ¯ à ¬¥âàë ¨ ãà ¢­¥­¨ï ¯à¥¤áâ ¢«¥­ë ¢ ¡¥§-à §¬¥à­®¬ ¢¨¤¥; 5) ®¯à¥¤¥«¥­­ë¬ ®¡à §®¬ § ¤ ­ ª®­¥ç­ ï âà¥å¬¥à­ ï ¢ëç¨á«¨â¥«ì­ ï ®¡« áâì.�à ¢­¥­¨ï ¤¢¨¦¥­¨ï ¢ï§ª®© ­¥á¦¨¬ ¥¬®© ¦¨¤-ª®áâ¨ ¯à¥¤áâ ¢¨¬ ¢ ¢¨¤¥ ®¡¥§à §¬¥à¥­­ëå ãà ¢-­¥­¨© � ¢ì¥-�â®ªá  ¨ ãà ¢­¥­¨ï ­¥à §àë¢­®áâ¨:@ui@t + @@xj (uiuj) = � @p@xi + 1Rer2ui; (1)@ui@xi = 0;£¤¥ (i; j = 1; 2; 3); ¨á¯®«ì§ã¥âáï ¯à ¢ ï ¤¥ª àâ®¢ á¨áâ¥¬  ª®®à¤¨­ â Oxyz; ®áì Ox ­ ¯à ¢«¥­  ¯®¢¥ªâ®àã áª®à®áâ¨ ¢­¥è­¥£® ­¥¢®§¬ãé¥­­®£® ¯®â®-ª , ®áìOy { ¯® ­®à¬ «¨ ª ¯«®áª®© ¯®¢¥àå­®áâ¨; ®áìOz { ¯¥à¯¥­¤¨ªã«ïà­® ª ®áï¬ Ox ¨ Oy; u; v; w (¨«¨u1; u2; u3) � ª®¬¯®­¥­âë ¢¥ªâ®à  áª®à®áâ¨ ¢¤®«ìª®®à¤¨­ â­ëå ®á¥© x; y; z (¨«¨ x1; x2; x3); « ¯« á¨- ­ r2 = @2@x21 + @2@x22 + @2@x23 ;t { ¢à¥¬ï; p { ¤ ¢«¥­¨¥; Re� ç¨á«® �¥©­®«ì¤á ,á®áâ ¢«¥­­®¥ ¨§ ¬ áèâ ¡  áª®à®áâ¨ ­ ¡¥£ îé¥£®¯®â®ª U , ¬ áèâ ¡  ¤«¨­ë L, à ¢­®£® à §¬¥àã ¢ë-ç¨á«¨â¥«ì­®© ®¡« áâ¨ ¢ ­ ¯à ¢«¥­¨¨, ¯¥à¯¥­¤¨ªã-«ïà­®¬ ¯« áâ¨­¥ (¯®àï¤ª  ¢ëá®âë ¯®£à ­¨ç­®£®á«®ï), ¨ � { ª¨­¥¬ â¨ç¥áª®£® ª®íää¨æ¨¥­â  ¢ï§ª®-áâ¨ ¦¨¤ª®áâ¨.� à ¬ª å LES-¯®¤å®¤  ãâ¢¥à¦¤ ¥âáï, çâ® ¤«ï«î¡®© ¯¥à¥¬¥­­®© f ¥¥ ªàã¯­®¬ áèâ ¡­ ï ç áâì �f¯®«ãç ¥âáï ¯ãâ¥¬ ¨á¯®«ì§®¢ ­¨ï ä¨«ìâà  G. �â®®§­ ç ¥â, çâ® ¯®«­®¥ ¯®«¥ f ¯à¥¤áâ ¢«ï¥âáï ¢ ¢¨-¤¥ áã¬¬ë ®âä¨«ìâà®¢ ­­®© ª®¬¯®­¥­âë (¯®«¥, à¥-è ¥¬®¥ ­  à áç¥â­®© á¥âª¥) �f ¨ ¬¥«ª®¬ áèâ ¡­®©¤®¡ ¢ª¨ (¯®¤á¥â®ç­ ï ç áâì ¯®«ï) f 0:f = �f + f 0:� á¢®î ®ç¥à¥¤ì, ãà ¢­¥­¨ï, ®¯¨áë¢ îé¨¥ ¯®¢¥-¤¥­¨¥ ¯®«¥© á à¥è ¥¬ë¬¨ ¬ áèâ ¡ ¬¨, ¯®«ãç îâ-áï ¨§ ®¡ëç­ëå ãà ¢­¥­¨© ¤«ï ­¥¯à¥àë¢­ëå ¬£­®-¢¥­­ëå ¯®«¥© ¯®á«¥ ¯à®æ¥¤ãàë ä¨«ìâà æ¨¨. �«ïª ¦¤®£® ­¥¯à¥àë¢­®£® ¯®«ï f ¢¢®¤¨âáï ®âä¨«ì-âà®¢ ­­®¥ ¯®«¥ á«¥¤ãîé¨¬ ®¡à §®¬:�f (~x) = ZD f(~x0)G(~x� ~x0; ��)d~x0;£¤¥ G(~x � ~x0; ��)�äã­ªæ¨ï ä¨«ìâà ; �� { è¨à¨­ ä¨«ìâà ; D { ¢ëç¨á«¨â¥«ì­ ï ®¡« áâì.

�®á«¥ ¯à¨¬¥­¥­¨ï ª ãà ¢­¥­¨ï¬ (1) ®¯¥à -æ¨¨ ä¨«ìâà®¢ ­¨ï, ¯®«ãç ¥¬ á«¥¤ãîéãî á¨áâ¥¬ããà ¢­¥­¨©:@�ui@t + @@xj (�ui�uj) = � @�p@xi + 1Rer2�ui � @Qij@xj ; (2)@�ui@xi = 0;£¤¥ �u1; �u2; �u3 ¨«¨ �u; �v; �w� á£« ¦¥­­ë¥ ª®¬¯®­¥­âë¢¥ªâ®à  áª®à®áâ¨ ¢¤®«ì ª®®à¤¨­ â­ëå ®á¥© x; y; z;�p� á£« ¦¥­­®¥ ¤ ¢«¥­¨¥; Qij = uiuj � �ui�uj ; (i; j =1; 2; 3). �¥­§®à ¨áâ¨­­ëå ¯®¤á¥â®ç­ëå ­ ¯àï¦¥-­¨© Qij âà¥¡ã¥â ¬®¤¥«¨à®¢ ­¨ï. �¢¥¤¥¬ â¥­§®à¬®¤¥«¨àã¥¬ëå ¯®¤á¥â®ç­ëå ­ ¯àï¦¥­¨© �ij á«¥¤ã-îé¨¬ ®¡à §®¬:�ij = Qij � �ij3 Qkk;£¤¥ �ij { á¨¬¢®« �à®­¥ªª¥à ; Qkk = Q11 + Q22 +Q33 = 2�k; �k { ®¡®¡é¥­­ ï ¨áâ¨­­ ï ¯®¤á¥â®ç­ ïª¨­¥â¨ç¥áª ï í­¥à£¨ï âãà¡ã«¥­â­®áâ¨.�à ¢­¥­¨ï (2) ¯à¥®¡à §ã¥¬ ª ¢¨¤ã:@�ui@t + @@xj (�ui�uj) = � @P@xi + 1Rer2�ui � @�ij@xj ; (3)@�ui@xi = 0;£¤¥ P { â ª ­ §ë¢ ¥¬®¥ "®¡®¡é¥­­®¥ ¤ ¢«¥­¨¥",P = �p + 23�k. � ®¡é¥¬ á«ãç ¥ â¥­§®à ¯®¤á¥â®ç­ëå­ ¯àï¦¥­¨© �ij âà¥¡ã¥â ¬®¤¥«¨à®¢ ­¨ï.�à¨ á®§¤ ­¨¨ ¯®¤á¥â®ç­ëå ¬®¤¥«¥© ¤«ï ¨§ãç¥-­¨ï âãà¡ã«¥­â­®£® ¯®£à ­¨ç­®£® á«®ï ­ ¤ ¯«®á-ª®© è¥à®å®¢ â®© ¯« áâ¨­®© âà¥¡ã¥âáï ãç¨âë¢ âìá«¥¤ãîé¥¥: 1) ¢¤ «¨ ®â ¯« áâ¨­ë ¯à¨ ¢ëá®ª¨å§­ ç¥­¨ïå Re ¬®¦­® ¯à¥¤¯®« £ âì, çâ® ¬¥«ª®¬ á-èâ ¡­ ï âãà¡ã«¥­â­®áâì ï¢«ï¥âáï «®ª «ì­® ¨§®-âà®¯­®© ¨ å à ªâ¥à¨§ã¥âáï ¢®«­®¢ë¬¨ ç¨á« ¬¨ ¢¨­¥àæ¨®­­®¬ ¨­â¥à¢ «¥; 2) ¢¡«¨§¨ ¯« áâ¨­ë âãà-¡ã«¥­â­®áâì ¨ ¤ ¦¥ ¥¥ ¬¥«ª®¬ áèâ ¡­ ï á®áâ ¢«ï-îé ï ­¥®¤­®à®¤­ë ¨  ­¨§®âà®¯­ë; 3) ¨­â¥­á¨¢-­®áâì âãà¡ã«¥­â­ëå ¯ã«ìá æ¨© ¢¡«¨§¨ è¥à®å®¢ -â®© ¯« áâ¨­ë ¢ëè¥, ç¥¬ ã £« ¤ª®©.� ­ áâ®ïé¥¥ ¢à¥¬ï ¤«ï âãà¡ã«¥­â­®£® ¯®£à -­¨ç­®£® á«®ï ¯à¨ Re � 105 ¯à ªâ¨ç¥áª¨ ­¥â­ ¤¥¦­ëå íªá¯¥à¨¬¥­â «ì­ëå ¤ ­­ëå ® ¯®¤à®¡-­ëå ¯à®áâà ­áâ¢¥­­®-¢à¥¬¥­­ëå å à ªâ¥à¨áâ¨-ª å âãà¡ã«¥­â­®áâ¨ ¢¡«¨§¨ ¯« áâ¨­ª¨ ¢ ¢ï§ª®-âãà¡ã«¥­â­®¬ ¯®¤á«®¥, ¯à¨¬ëª îé¥¬ ª «®£ à¨ä-¬¨ç¥áª®¬ã ¯®¤á«®î. �«¥¤®¢ â¥«ì­®, áãé¥áâ¢ãîâ§­ ç¨â¥«ì­ë¥ âàã¤­®áâ¨ ¯à¨ ¬®¤¥«¨à®¢ ­¨¨ ¯®¤-á¥â®ç­ëå íää¥ªâ®¢ ¢¡«¨§¨ ¯« áâ¨­ë. � â®¬ã ¦¥,LES-¯®¤å®¤ ­ ª« ¤ë¢ ¥â § ¯à¥â ­  ¨á¯®«ì§®¢ ­¨¥�.�.�ã§ì¬¥­ª® 29



ISSN 1561 -9087 �à¨ª« ¤­  £÷¤à®¬¥å ­÷ª . 2003. �®¬ 5 (77), N 2. �. 27 { 36£à ­¨ç­®£® ãá«®¢¨ï "¯à¨«¨¯ ­¨ï" ­¥¯®áà¥¤áâ¢¥­-­® ­  á ¬®© ¯« áâ¨­ª¥.�®íâ®¬ã ¢ ¤ ­­®© à ¡®â¥ ¯à¥¤« £ ¥âáï ãáâà -­¨âì £« ¢¥­áâ¢ãîé¥¥ ¢«¨ï­¨¥  ­¨§®âà®¯­®© ¨ ­¥-®¤­®à®¤­®© âãà¡ã«¥­â­®áâ¨ ¢¡«¨§¨ ¤«¨­­®©, ¯«®á-ª®©, è¥à®å®¢ â®© ¯« áâ¨­ë ¯ãâ¥¬ ®¯à¥¤¥«¥­­®£®¢ë¡®à  à §¬¥à®¢ ¨ ¬¥áâ®¯®«®¦¥­¨ï ª®­¥ç­®¬¥à-­®© ¢ëç¨á«¨â¥«ì­®© ®¡« áâ¨ á á®®â¢¥âáâ¢ãîé¨-¬¨ £à ­¨ç­ë¬¨ ãá«®¢¨ï¬¨. � ¯¥à¢ãî ®ç¥à¥¤ì, ¬¥-áâ®¯®«®¦¥­¨¥ "¯¥à¢®© à áç¥â­®© â®çª¨" (¯¥à¢ë©ã§¥« à áç¥â­®© á¥âª¨ ¢¤®«ì ®á¨ Oy) § ¤ ¥âáï ¢ «®-£ à¨ä¬¨ç¥áª®© ¯®¤®¡« áâ¨ âãà¡ã«¥­â­®£® ¯®£à -­¨ç­®£® á«®ï.�¬¥è ­­ ï ¬®¤¥«ì â¥­§®à  ¯®¤á¥â®ç­ëå ­ ¯àï-¦¥­¨© á®áâ®¨â ¨§ ¤¢ãå ç áâ¥©: 1) ¯®¤¬®¤¥«ì "¢¨-åà¥¢®© ¢ï§ª®áâ¨" ¤«ï �V ; 2) ¯®¤¬®¤¥«ì ¬ áèâ ¡-­®£® ¯®¤®¡¨ï ¤«ï �M .�®¤¥«ì ¨¬¥¥â â ª®© ¢¨¤:�ij = �V + �M ;£¤¥ �M = CM (�ui�uj � ��ui��uj); �V = �2�T �Sij :"�¨åà¥¢ ï ¢ï§ª®áâì" �T ¯à¥¤áâ ¢«ï¥âáï á«¥¤ãî-é¥© ä®à¬ã«®©: �T = CV lV 2 j �Sij j;£¤¥ �Sij�â¥­§®à áª®à®áâ¥© ¤¥ä®à¬ æ¨©,�Sij = 12( @�ui@xj + @�uj@xi );j �Sij j= (2 �Sij �Sij)1=2;lV� ¬ áèâ ¡ ¤«¨­ë ¬ «ëå ¢¨åà¥©, ª®â®àë© á¢ï-§ ­ á è £®¬ á¥âª¨ ��S ¨ è¨à¨­®© ä¨«ìâà  ��. �¤ ­­®© ¬®¤¥«¨ ¯à¨­ïâ® ��=2 ��S ¨ lV = ��.�ª®­ç â¥«ì­® â¥­§®à ¯®¤á¥â®ç­ëå ­ ¯àï¦¥­¨©�ij ¨¬¥¥â á«¥¤ãîé¨© ¢¨¤:�ij = �2CV ��2 j �Sij j �Sij +CM (�ui�uj � ��ui��uj); (4)£¤¥ CV = 0; 032 ¨ CM = 1; 3 (®¯à¥¤¥«¥­ë ­  ®á­®¢¥[23]).2. ��������� ������à¨à®¤  â¥ç¥­¨ï ¢ âãà¡ã«¥­â­®¬ ¯®£à ­¨ç­®¬á«®¥ ­ ¤ è¥à®å®¢ â®© ¯®¢¥àå­®áâìî ¯à¨ ¡®«ìè¨åç¨á« å �¥©­®«ì¤á  â ª®¢ , çâ® ¯®§¢®«ï¥â ­ ¬ ­ ©-â¨ áâ æ¨®­ à­®¥ à¥è¥­¨¥ ¤«ï ãáâ ­®¢¨¢è¥£®áïâãà¡ã«¥­â­®£® â¥ç¥­¨ï [35].

�¨áâ¥¬  ãà ¢­¥­¨© (3) à¥è ¥âáï ª®­¥ç­®-à §­®áâ­ë¬ ¬¥â®¤®¬ ¢ ä¨§¨ç¥áª®¬ ¯à®áâà ­áâ¢¥®âä¨«ìâà®¢ ­­ëå £¨¤à®¤¨­ ¬¨ç¥áª¨å å à ªâ¥à¨-áâ¨ª. � ¦¤®¥ ¨§ ãà ¢­¥­¨© (3) ¤¨áªà¥â¨§¨àã¥â-áï ­  ¯àï¬®ã£®«ì­®© à áç¥â­®© á¥âª¥ á è £®¬ ��S¯® ¢á¥¬ âà¥¬ ª®®à¤¨­ â ¬, £¤¥ ¯à¥¤¥«ë ¨§¬¥­¥­¨ïª®®à¤¨­ â ¢ ¨áá«¥¤ã¥¬®© ¢ëç¨á«¨â¥«ì­®© ¡¥§à §-¬¥à­®© ®¡« áâ¨ â ª¨¥:D = fx1 � x � xª; y1 � y � 1; 0 � z � zªg:�®­¥ç­®-à §­®áâ­ ï á¥âª  § ¤ ¥âáï á«¥¤ãîé¨¬®¡à §®¬:xn = x1 + (n � 1) ��S ; n = 1; N ;yl = y1 + (l � 1) ��S ; l = 1; L�;zm = (m � 1) ��S ; m = 1;M ;£¤¥ N=L�=M=51; xª = x1 + (1 � y1); zª = 1� y1;��S = (1� y1)=(L� � 1):�ëç¨á«¨â¥«ì­ë©  «£®à¨â¬ ¯®¤à®¡­® ¨§«®¦¥­ ¢[35].3. ���������� ��������� �������� ¨¡®«¥¥ á¥àì¥§­ ï ¯à®¡«¥¬  ¨á¯®«ì§®¢ ­¨ï ¬¥-â®¤®¢ ­¥¯®áà¥¤áâ¢¥­­®£® ç¨á«¥­­®£® ¬®¤¥«¨à®¢ -­¨ï § ª«îç ¥âáï ¢ á®®â¢¥âáâ¢ãîé¥¬ ®¯à¥¤¥«¥­¨¨£à ­¨ç­ëå ãá«®¢¨©. �à ¢­¥­¨ï � ¢ì¥-�â®ªá  ¢ç áâ­ëå ¯à®¨§¢®¤­ëå ¤«ï ­¥á¦¨¬ ¥¬®© ¦¨¤ª®-áâ¨ ®â­®áïâáï ª "­¥¯®«­®¯ à ¡®«¨ç¥áª®¬ã" â¨-¯ã,   £à ­¨ç­ë¥ ãá«®¢¨ï ¤«ï ­¨å á«¥¤ã¥â § ¤ -¢ âì ª ª ¤«ï ãà ¢­¥­¨© "í««¨¯â¨ç¥cª®£®" â¨¯ ,á®£« á­® [9]. �® ­  íâ®â ¯à®æ¥áá ¢«¨ïîâ ¤®¯®«-­¨â¥«ì­ë¥ £à ­¨ç­ë¥ ãá«®¢¨ï ç¨á«¥­­®£® ¬¥â®¤ .�à®áâà ­áâ¢¥­­®-í««¨¯â¨ç¥áª¨© å à ªâ¥à à¥è¥-­¨© á£« ¦¥­­ëå ãà ¢­¥­¨© � ¢ì¥-�â®ªá  ¢ á«ãç ¥­¥á¦¨¬ ¥¬®© ¦¨¤ª®áâ¨ ¯à¨ ¡®«ìè¨å ç¨á« å �¥©-­®«ì¤á Re âà¥¡ã¥â § ¤ ­¨ï £à ­¨ç­ëå ãá«®¢¨© ­ ¢á¥å £à ­¨æ å ª®­¥ç­®© âà¥å¬¥à­®© ¢ëç¨á«¨â¥«ì-­®© ®¡« áâ¨. �à ­¨ç­®¥ ãá«®¢¨¥ "¯à¨«¨¯ ­¨ï" ­¥¬®¦¥â ¡ëâì ¨á¯®«ì§®¢ ­® ­  ¯«®áª®© è¥à®å®¢ â®©¯®¢¥àå­®áâ¨ ¢ LES-â¥å­®«®£¨¨, ¯®â®¬ã çâ® á¥â®ç-­ë© ¨­â¥à¢ « ��S ï¢«ï¥âáï ­ ¬­®£® ¡®«ìè¨¬ ç¥¬¢ëá®â  ¢ï§ª®£® ¯®¤á«®ï ¢ âãà¡ã«¥­â­®¬ ¯®£à ­¨ç-­®¬ á«®¥ ¯à¨ Re = 105 ¢ à¥¦¨¬¥ ¯à®¬¥¦ãâ®ç­®©è¥à®å®¢ â®áâ¨. �  ¯¥à¢®¬ à áç¥â­®¬ ãà®¢­¥ ¯à¨y = y1 áà¥¤­¥¥ â¥ç¥­¨¥ ¤®«¦­® ¯®¤ç¨­ïâìáï «®-£ à¨ä¬¨ç¥áª®¬ã "§ ª®­ã áâ¥­ª¨". �«¥¤®¢ â¥«ì­®,¯®¤à®¡­®¥ â¥ç¥­¨¥, å à ªâ¥à¨§ã¥¬®¥ ¬£­®¢¥­­ë-¬¨ ¯ à ¬¥âà ¬¨, ¯®¤ç¨­ï¥âáï íâ®¬ã § ª®­ã â®«ì-ª® ¢ áà¥¤­¥¬:1) y = y1; 0 � z � zª;x1 � x � xª :�u = �Uc + �up; �v = �vp; �w = �wp;30 �.�.�ã§ì¬¥­ª®



ISSN 1561 -9087 �à¨ª« ¤­  £÷¤à®¬¥å ­÷ª . 2003. �®¬ 5 (77), N 2. �. 27 { 362) y = 1; 0 � z � zª;x1 � x � xª :�u = �Uc + �up; @�v@y = @ �w@y = 0;3)-4) z = 0; z = zª; y1 � y � 1;x1 � x � xª :@�u@z = @�v@z = @ �w@z = 0;5) ãá«®¢¨¥ ­  ¢å®¤¥ ¢ à áç¥â­ãî ®¡« áâìx = x1; 0 � z � zª; y1 � y � 1 :�u = �Uc + �up; �v = �vp; �w = �wp;6) ­  ¢ëå®¤¥ ¨§ à áç¥â­®© ®¡« áâ¨(x = xª; 0 � z � zª; y1 � y � 1) ¨á¯®«ì§ã¥âáï"ª®­¢¥ªâ¨¢­®¥" £à ­¨ç­®¥ ãá«®¢¨¥, ª®â®à®¥ ¯®§¢®-«ï¥â à á¯à®áâà ­ïîé¨¬áï ¢¨åàï¬ ¯®ª¨¤ âì ¢ë-ç¨á«¨â¥«ì­ãî ®¡« áâì á ¬¨­¨¬ «ì­ë¬¨ ¨áª ¦¥-­¨ï¬¨. �«ï LES-â¥å­®«®£¨¨ íâ® £à ­¨ç­®¥ ãá«®-¢¨¥ ¢ ­ áâ®ïé¥¥ ¢à¥¬ï áç¨â ¥âáï á ¬ë¬ íää¥ª-â¨¢­ë¬ [16, 24]: @�u@t + uc@�u@x = 0;@�v@t + vc @�v@x = 0;@ �w@t + wc@ �w@x = 0:�¥®¡å®¤¨¬® ãç¨âë¢ âì, çâ® LES-â¥å­®«®£¨ï¯à¨£®¤­  â®«ìª® ¤«ï à áç¥â  ªàã¯­®¬ áèâ ¡­ëåà¥è ¥¬ëå ¤¢¨¦¥­¨©, ¢ â® ¢à¥¬ï ª ª ¬¥«ª®¬ á-èâ ¡­ë¥ ¤¢¨¦¥­¨ï (â. ¥. ¯®¤á¥â®ç­ë¥, ¤¢¨¦¥-­¨ï á ¬ áèâ ¡ ¬¨ ¬¥­ìè¨¬¨ ��S ) ¢ ¯à¨áâ¥­®ç­®¬à¥£¨®­¥ ­¥ ¬®£ãâ ¡ëâì à¥è¥­ë, ¯®áª®«ìªã ¢¥«¨ç¨-­  ¬ áèâ ¡  ¢¨åà¥© ¯à®¯®àæ¨®­ «ì­  à ááâ®ï­¨î¯® ­®à¬ «¨ ®â ¯« áâ¨­ë. �«¥¤®¢ â¥«ì­®, ¢ á¨«ã®£à ­¨ç¥­¨©, ­ ª« ¤ë¢ ¥¬ëå ­¥¤®áâ â®ç­ë¬ ª®-«¨ç¥áâ¢®¬ ¯®¤à®¡­ëå íªá¯¥à¨¬¥­â «ì­ëå ¤ ­­ëå¨ ¨á¯®«ì§®¢ ­¨¥¬ LES-â¥å­®«®£¨¨ ¤«ï á¤¢¨£®¢®£®â¥ç¥­¨ï ¯à¨ ­ «¨ç¨¨ ¯«®áª®© ¯« áâ¨­ë, §­ ç¥­¨¥y1 ¤®«¦­® ­ å®¤¨âáï ¢ «®£ à¨ä¬¨ç¥áª®¬ ¯®¤á«®¥.�®íâ®¬ã ­  ®á­®¢¥ ¯à¨­ïâëå ¤®¯ãé¥­¨© ¨ ®á®¡¥­-­® â®£®, çâ® â¥ç¥­¨¥ ­ å®¤¨âáï ¢ à¥¦¨¬¥ ¯à®¬¥-¦ãâ®ç­®© è¥à®å®¢ â®áâ¨, à áç¥âë ¯à®¢®¤ïâáï ®âãà®¢­ï y1, ¢¥«¨ç¨­  ª®â®à®£® ®¯à¥¤¥«ï¥âáï ¢ëà -¦¥­¨¥¬ y1 = 70=(u��Re), £¤¥ u�� ¤¨­ ¬¨ç¥áª ïáª®à®áâì; u�� = u�(x = xª).� á¯à¥¤¥«¥­¨¥ ¢¥«¨ç¨­ë áà¥¤­¥© áª®à®áâ¨ â¥ç¥-­¨ï ¢¤®«ì ®á¨ Oy ¢ ¢ëç¨á«¨â¥«ì­®© ®¡« áâ¨ âãà-¡ã«¥­â­®£® ¯®£à ­¨ç­®£® á«®ï ®¯à¥¤¥«ï¥âáï á«¥¤ã-îé¨¬ ®¡à §®¬:Uc = u�((1=�) ln((y � d)=hS) + B+

+(�=�)[1� cos(f�[y � d]g=f� � dg)]); (5)£¤¥ hS� íª¢¨¢ «¥­â­ ï ¢ëá®â  í«¥¬¥­â  ¯¥á®ç-­®© è¥à®å®¢ â®áâ¨; �� ¯®áâ®ï­­ ï � à¬ ­  (� =0; 4); � = 0; 55. �®« £ ¥¬, çâ® Uc(y = 1) = 1:�¨á«® �¥©­®«ì¤á  ¯® è¥à®å®¢ â®áâ¨ § ¤ ¥âáï¢ëà ¦¥­¨¥¬ Reh = hSu�Re: (6)�  ®á­®¢¥  ­ «¨§  ¨áá«¥¤®¢ ­¨© [3, 30] ¢ ¤ ­­®©¬®¤¥«¨ ¯à¨­ïâ® á«¥¤ãîé¥¥ §­ ç¥­¨¥ ¯ à ¬¥âà  d:d = (2hS=3)(Reh � 1)=(RehR � 1): (7)� á¢®î ®ç¥à¥¤ì, ¢¥«¨ç¨­  B ®¯à¥¤¥«ï¥âáï â ª[30]:B = C + 1� lnReh + [B1 � C � 1� lnReh] sin(�g=2);g = ln(Reh=RehS)ln(RehR=RehS) ;£¤¥ C = 5; 1; B1 = 8; 5; RehS = 15; RehR = 55,á®£« á­® [30].�à¨ ¨§ãç¥­¨¨ â¥ç¥­¨ï âãà¡ã«¥­â­®£® ¯®£à ­¨ç-­®£® á«®ï ¢ à¥¦¨¬¥ ¯à®¬¥¦ãâ®ç­®© è¥à®å®¢ â®-áâ¨ ®á®¡ãî âàã¤­®áâì ¯à¥¤áâ ¢«ï¥â ®¯à¥¤¥«¥­¨¥¤¨­ ¬¨ç¥áª®© áª®à®áâ¨ u�. � à ¬¥âà u� ï¢«ï¥â-áï ¬ áèâ ¡®¬ áª®à®áâ¨ ¢¡«¨§¨ ¯«®áª®© ¯« áâ¨-­ë. �­ ¢å®¤¨â ¢ ã­¨¢¥àá «ì­ë© "§ ª®­ áâ¥­ª¨"¤«ï áà¥¤­¥© áª®à®áâ¨ âãà¡ã«¥­â­®£® â¥ç¥­¨ï. � ª¯à ¢¨«® [3-8], ¯ à ¬¥âà u� ®¯à¥¤¥«ï¥âáï ª ª ­¥-ª ï áà¥¤­ïï ¢¥«¨ç¨­  ¯® ¢à¥¬¥­¨ ¨ ¯® ­ ¯à ¢«¥-­¨î Oz ¢ â®­ª®¬ á«®¥ (¢¤®«ì Oy) ¢¡«¨§¨ ¯« áâ¨-­ë. �­ á¢ï§ ­ á «®ª «ì­ë¬ ª®íää¨æ¨¥­â®¬ âà¥-­¨ï cf á®®â­®è¥­¨¥¬ u2� = cf=2. � ª¨¬ ®¡à §®¬,¤¨­ ¬¨ç¥áª ï áª®à®áâì u� § ¢¨á¨â â®«ìª® ®â ®¤-­®© ¨§ ­¥§ ¢¨á¨¬ëå ¯¥à¥¬¥­­ëå (®â ª®®à¤¨­ âëx). � ­ áâ®ïé¥¥ ¢à¥¬ï áãé¥áâ¢ãîâ ®â­®á¨â¥«ì­®­ ¤¥¦­ë¥ íªá¯¥à¨¬¥­â «ì­ë¥ ¤ ­­ë¥ [3-7] â®«ìª®¤«ï ¡®«¥¥ ¯à®áâëå á«ãç ¥¢ (à¥¦¨¬ë £¨¤à®¤¨­ ¬¨-ç¥áª®© £« ¤ª®áâ¨ ¨ à §¢¨â®© è¥à®å®¢ â®áâ¨ ¯à¨¢ëá®ª¨å Re). �¥¦¨¬ ¯à®¬¥¦ãâ®ç­®© è¥à®å®¢ -â®áâ¨ ¬ «® ¨§ãç¥­ [30, 34], ®á®¡¥­­® ¢ ®â­®è¥­¨¨u�. � ª ¯à ¢¨«®, ¤¨­ ¬¨ç¥áª ï áª®à®áâì ï¢«ï¥âáï¬ áèâ ¡®¬ ¤«ï ®¡¥§à §¬¥à¨¢ ­¨ï ¨áª®¬ëå ¢¥«¨-ç¨­ ¨, â ª¨¬ ®¡à §®¬, ¢ë¯ ¤ ¥â ¨§ ç¨á«  ­¥¨§-¢¥áâ­ëå, ¯®¤«¥¦ é¨å ®¯à¥¤¥«¥­¨î. � ª®© ¯®¤å®¤å à ªâ¥à¥­ ¤«ï ¡®«¥¥ ¯à®áâëå ¬¥â®¤®¢ ¨áá«¥¤®-¢ ­¨ï âãà¡ã«¥­â­®áâ¨. � à ¬ª å LES-â¥å­®«®£¨¨¤«ï ­ ¨¡®«¥¥ ¯®«­®£® ®¯à¥¤¥«¥­¨ï å à ªâ¥à¨áâ¨ªâãà¡ã«¥­â­®áâ¨ ­¥®¡å®¤¨¬® § ¤ ¢ âì u�, ¤ ¦¥ ¯à¨ãá«®¢¨¨ ­¥¤®áâ â®ç­®£® ª®«¨ç¥áâ¢  íªá¯¥à¨¬¥­-â «ì­®© ¨­ä®à¬ æ¨¨. � ¤ ­­®© à ¡®â¥ ¨áá«¥¤ã-¥âáï á«ãç © Reh = 20 ¯à¨ x = xª, ª®â®àë© ¡«¨§®ª�.�.�ã§ì¬¥­ª® 31



ISSN 1561 -9087 �à¨ª« ¤­  £÷¤à®¬¥å ­÷ª . 2003. �®¬ 5 (77), N 2. �. 27 { 36ª ãá«®¢­®¬ã àã¡¥¦ã (RehS = 15) à §¤¥«  à¥¦¨-¬®¢ £¨¤à®¤¨­ ¬¨ç¥áª®© £« ¤ª®áâ¨ ¨ ¯à®¬¥¦ãâ®ç-­®© è¥à®å®¢ â®áâ¨. �¨­ ¬¨ç¥áª ï áª®à®áâì u�®¯à¥¤¥«ï¥âáï á ¯®¬®éìî § ¢¨á¨¬®áâ¨ ¨§ [4], å -à ªâ¥à­®© ¤«ï £« ¤ª®© ¯®¢¥àå­®áâ¨:cf = 0; 0263(Rex)�1=7:�á¯®«ì§ãï á®®â­®è¥­¨ï u2� = cf=2, Rex = xRe ¨¯®¯à ¢®ç­ãî ª®­áâ ­âã aS (£¤¥ aS = 0:002 ¯®«ã-ç¥­® ­  ®á­®¢¥ íªá¯¥à¨¬¥­â «ì­ëå ¤ ­­ëå [34]),¨¬¥¥¬ ®ª®­ç â¥«ì­ë© ¢¨¤ § ¢¨á¨¬®áâ¨ ¤«ï ®¯à¥-¤¥«¥­¨ï ¤¨­ ¬¨ç¥áª®© áª®à®áâ¨:u� = 0; 1146(xRe)�1=14+ aS : (8)�à¨ x = xª ¯ à ¬¥âà hS ¯à¥¤áâ ¢¨¬ ¢ ¢¨¤¥:hS = Reh=(u��Re); (9)£¤¥ Re ¨ Reh� ¢å®¤­ë¥ ¯ à ¬¥âàë § ¤ ç¨.�®« £ ¥¬, çâ® ãá«®¢­ ï ¢ëá®â  âãà¡ã«¥­â­®£®¯®£à ­¨ç­®£® á«®ï � à ¢­  â ª®¬ã §­ ç¥­¨î ª®®à-¤¨­ âë y, ¢ ª®â®à®© Uc = 0; 995:� = d+ hS exp(0; 995�=u�� B� � 1; 1): (10)� à ¬ª å ¢ë¡à ­­®£® á¯®á®¡  § ¤ ­¨ï ä¨§¨ç¥-áª¨ §­ ç¨¬®© ª®­¥ç­®© ¢ëç¨á«¨â¥«ì­®© ®¡« áâ¨¢ ¦­ë¬ ï¢«ï¥âáï ª®àà¥ªâ­®¥ ®¯à¥¤¥«¥­¨¥ §­ ç¥-­¨© x = x1 ¨ x = xª. � íâ®© æ¥«ìî ¯®« £ ¥¬, çâ®¯à¨ x = xª ¡¥§à §¬¥à­ ï ¢ëá®â  âãà¡ã«¥­â­®£®¯®£à ­¨ç­®£® á«®ï à ¢­  0,95. �¯à¥¤¥«¨¬ §­ ç¥-­¨¥ u� ¢ â®çª¥ x = xª ¯ãâ¥¬ ç¨á«¥­­®£® à¥è¥­¨ïá«¥¤ãîé¥£® ãà ¢­¥­¨ï, á®áâ ¢«¥­­®£® ­  ®á­®¢¥¢ëà ¦¥­¨© (7), (9) ¨ (10):0; 995�u�� = ln[f0; 95u��Reg=fRehg��f2(Reh � 1)g=f3(RehR � 1)g] + B� + 1; 1: (11)�®¤áâ ¢«ïï à¥§ã«ìâ â à¥è¥­¨ï (11) ¢ § ¢¨á¨-¬®áâì (8), ¯®á«¥ ¯à¥®¡à §®¢ ­¨© ­ å®¤¨¬ §­ ç¥-­¨¥ xª: xª = Re�1[(u�� � aS)=0; 1146]�14: (12)� á¢®î ®ç¥à¥¤ì, ¯ à ¬¥âà x1 ®¯à¥¤¥«ï¥âáï ¢ëà -¦¥­¨¥¬ x1 = xª � (1:� y1): (13)� ª ª à¥§ã«ìâ â, ­ å®¤¨¬ à á¯à¥¤¥«¥­¨¥ ¢¤®«ì®á¨ Oy ¢¥«¨ç¨­ë áà¥¤­¥© áª®à®áâ¨ Uc ­  ¢å®¤¥(x = x1) ¢ ¢ëç¨á«¨â¥«ì­ãî ®¡« áâì âãà¡ã«¥­â­®-£® ¯®£à ­¨ç­®£® á«®ï.

4. ����������� ������ ������������ �����������«ï ãáâ ­®¢«¥­¨ï ¢§ ¨¬®á¢ï§¨ íªá¯¥à¨¬¥­â «ì-­® ¨§¬¥à¥­­ëå âãà¡ã«¥­â­ëå ­ ¯àï¦¥­¨© Fij ¨¢ëç¨á«¥­­ëå Rij ¯® LES-â¥å­®«®£¨¨ ¯à¥¤áâ ¢¨¬ä«ãªâã¨àãîéãî ¢® ¢à¥¬¥­¨ áª®à®áâì ¢ ¢¨¤¥u"i = ui � huii; (14)  ¯®¤á¥â®ç­ãî á®áâ ¢«ïîéãî ¢ ¢¨¤¥u0i = ui � �ui: (15)�ªá¯¥à¨¬¥­â «ì­® ¨§¬¥à¥­­ë¥ âãà¡ã«¥­â­ë¥­ ¯àï¦¥­¨ï Fij ¨ ¢ëç¨á«¥­­ë¥ Rij ¯à¨­¨¬ îâá«¥¤ãîéã© ¢¨¤: Fij = hu"iu"ji; (16)Rij = h�u"i �u"j i; (17)£¤¥ "�ui"� ¯à®áâà ­áâ¢¥­­® ®âä¨«ìâà®¢ ­­ ï ¯¥-à¥¬¥­­ ï; huii� ®cà¥¤­¥­­ ï ¯® ¢à¥¬¥­¨ ¯¥à¥¬¥­-­ ï. �¥à¨®¤ ®áà¥¤­¥­¨ï ¯® ¢à¥¬¥­¨ Tc ¡«¨§®ª ª¢¥«¨ç¨­¥ ®â­®è¥­¨ï å à ªâ¥à­®£® à §¬¥à  ¢ëç¨-á«¨â¥«ì­®© ®¡« áâ¨ ª áª®à®áâ¨ ­ ¡¥£ îé¥£® ­ ¯« áâ¨­ã ¢­¥è­¥£® ¯®â®ª .�á¯®«ì§ã¥¬ à¥§ã«ìâ âë [24, 35]:�Fij ' �Rij + h�iji � hLiji; (18)£¤¥ Lij� �¥®­ à¤®¢® ­ ¯àï¦¥­¨¥:Lij = �ui�uj � �ui�uj:�®®â­®è¥­¨¥ (18) ãáâ ­ ¢«¨¢ ¥â á¢ï§ì ¯à®-áâà ­áâ¢¥­­® ®âä¨«ìâà®¢ ­­ëå ¢¥«¨ç¨­ �Fij ¨ �Rij,®¡¥á¯¥ç¨¢ ï ¯à¨¡«¨¦¥­­®¥ ®¯à¥¤¥«¥­¨¥ ¯®¤á¥â®ç-­®£® ¢ª« ¤  ¢ âãà¡ã«¥­â­ë¥ ­ ¯àï¦¥­¨ï. �à¨íâ®¬ ãç¨âë¢ ¥âáï, çâ® ®¯¥à æ¨ï ä¨«ìâà®¢ ­¨ï¯® ¯à®áâà ­áâ¢ã ( ¤¥ª¢ â­ ï ®áà¥¤­¥­¨î ¯® ¯¥-à¨®¤ã ¢à¥¬¥­¨ Tc, á®£« á­® [24]) �¥®­ à¤®¢®£®­ ¯àï¦¥­¨ï áâà¥¬¨âáï ª ­ã«î. �®«­ë¥ âãà-¡ã«¥­â­ë¥ ­ ¯àï¦¥­¨ï, ®¯à¥¤¥«ï¥¬ë¥ ­  ®á­®¢¥LES-â¥å­®«®£¨¨, ¢ëç¨á«ïîâáï ¯®áà¥¤áâ¢®¬ ¯à -¢®© áâ®à®­ë ãà ¢­¥­¨ï (18) ¨ áà ¢­¨¢ îâáï á íªá-¯¥à¨¬¥­â «ì­® ¨§¬¥à¥­­ë¬¨ ¨ ®âä¨«ìâà®¢ ­­ë-¬¨ âãà¡ã«¥­â­ë¬¨ ­ ¯àï¦¥­¨ï¬¨ �Fij. �á¯®«ì§ãïâ ªãî ¬¥â®¤¨ªã, ¬ë ¬®¦¥¬ ®æ¥­¨âì ª®àà¥ªâ­®áâì¨ â®ç­®áâì ¯®«ãç ¥¬ëå à¥§ã«ìâ â®¢.5. ���������� �����������«ï ®¯à¥¤¥«¥­¨ï å à ªâ¥à¨áâ¨ª â¥ç¥­¨ï ¢ âãà-¡ã«¥­â­®¬ ¯®£à ­¨ç­®¬ á«®¥ ¢ à¥¦¨¬¥ ¯à®¬¥¦ã-â®ç­®© è¥à®å®¢ â®áâ¨ (­  ®á­®¢¥ à §à ¡®â ­­®£®32 �.�.�ã§ì¬¥­ª®
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�¨á. 1. � ¢¨á¨¬®áâì ¡¥§à §¬¥à­®© áà¥¤­¥©áª®à®áâ¨ h �Uci ®â Y (á¯«®è­ ï «¨­¨ï)¨ íªá¯¥à¨¬¥­â «ì­ë¥ ¤ ­­ë¥ [30](�)ç¨á«¥­­®£®  «£®à¨â¬  ¢ à ¬ª å LES-â¥å­®«®£¨¨)¯à®¢¥¤¥­ à áç¥â ¤«ï á«ãç ï Re=105 ¨ Reh=20 ¯à¨xª=56. � ¢ëç¨á«¥­¨ïå ¯à¨¬¥­ï«áï ª®¬¯ìîâ¥àPENTIUM-IV á â ªâ®¢®©ç áâ®â®© 1,6 ��æ ¨ ®¯¥-à â¨¢­®© ¯ ¬ïâìî 512 �¡. �à¥¤¯®« £ ¥âáï, á®-£« á­® [3, 24], çâ® ®¯¥à æ¨ï ®áà¥¤­¥­¨ï ¯® ¢á¥©§ ¤ ­­®© ¢ëç¨á«¨â¥«ì­®© ®¡« áâ¨ ¡«¨§ª  ª ®¯¥à -æ¨¨ ®áà¥¤­¥­¨ï ¯® ®¤­®à®¤­ë¬ ­ ¯à ¢«¥­¨ï¬ Ox¨ Oz, ¯®áª®«ìªã ¢ ¤ ­­®© à ¡®â¥ à áá¬ âà¨¢ ¥â-áï ãáâ ­®¢¨¢è¥¥áï âãà¡ã«¥­â­®¥ â¥ç¥­¨¥ ¢ ¯®£à -­¨ç­®¬ á«®¥. � à ¬ª å ª®­ªà¥â­®© à¥ «¨§ æ¨¨LES-â¥å­®«®£¨¨, ¢ ¯à¥¤áâ ¢«¥­­®¬ ­ ¬¨ ¨áá«¥¤®-¢ ­¨¨ à áç¥â ¯® ¬¥â®¤ã ãáâ ­®¢«¥­¨ï ¯à¥ªà é -¥âáï ¯à¨ ¢ë¯®«­¥­¨¨ á«¥¤ãîé¥£® ãá«®¢¨ï � ®áà¥¤-­¥­­ë¥ ¯® ®¤­®à®¤­ë¬ ­ ¯à ¢«¥­¨ï¬Ox ¨Oz ¯®¤-á¥â®ç­ë¥ ­ ¯àï¦¥­¨ï ¨§¬¥­ïîâáï ¬¥­ìè¥, ç¥¬ ­ ®¤­ã ¤¥áïâãî ¯à®æ¥­â . �«ï ¢ëå®¤  ­  ãáâ ­®-¢¨¢è¨©áï à¥¦¨¬ ¡ë«® ¯à®¢¥¤¥­® K=500 è £®¢ ¯®¢à¥¬¥­¨ (�t = 0,002). � ª¨¬ ¯ãâ¥¬ ¤®áâ¨£ ¥â-áï áâ â¨áâ¨ç¥áª¨ áâ æ¨®­ à­ ï áà¥¤­ïï áª®à®áâìâãà¡ã«¥­â­®£® â¥ç¥­¨ï ¯® ¯à®¬¥¦ãâªã ¢à¥¬¥­¨ Tc= K�t.� «¥¥, ­  à¨á. 1 { 5 ¯à¥¤áâ ¢«¥­ë ¨§¬¥­¥­¨ï®á­®¢­ëå ®áà¥¤­¥­­ëå (¯® ®¤­®à®¤­ë¬ ­ ¯à ¢«¥-­¨ï¬ Ox ¨ Oz) ¡¥§à §¬¥à­ëå å à ªâ¥à¨áâ¨ª âãà-¡ã«¥­â­®£® ¯®£à ­¨ç­®£® á«®ï ¢¤®«ì ª®®à¤¨­ âëY = (y � y1)=�. �«ï áà ¢­¥­¨ï á ¯®«ãç¥­­ë¬¨ ­ -¬¨ ç¨á«¥­­ë¬¨ à¥§ã«ìâ â ¬¨ ¨á¯®«ì§ãîâáï íªá-¯¥à¨¬¥­â «ì­ë¥ ¤ ­­ë¥ [30] (Re=105, Reh=20 ¨ã¤ «¥­¨¨ ®â ­ ç «  ¯« áâ¨­ë ¢¤®«ì ¯® ¯®â®ªã ¯à¨å=56).�  à¨á. 1 ¯à¨¢¥¤¥­ë ¨§¬¥­¥­¨ï ¡¥§à §¬¥à­®©áà¥¤­¥© áª®à®áâ¨ h �Uci ¢¤®«ì Y ¨ íªá¯¥à¨¬¥­â «ì-

�¨á. 2. � ¢¨á¨¬®áâì ¯®«­ëå âãà¡ã«¥­â­ëå­ ¯àï¦¥­¨© Tii ®â Y ( T11�á¯«®è­ ïªà¨¢ ï; T22 | | |; T33 - - - ;íªá¯¥à¨¬¥­â «ì­ë¥ ¤ ­­ë¥ [30](�))­ë¥ ¤ ­­ë¥ [30]. �à ¢­¥­¨¥ à¥§ã«ìâ â®¢ ¯®§¢®«ï-¥â á¤¥« âì ¢ë¢®¤ ® â®¬, çâ® à §à ¡®â ­­ ï ¬®-¤¥«ì ­  ®á­®¢¥ LES-¯®¤å®¤  ¯à ¢¨«ì­® ¨ ¤®¢®«ì­®â®ç­® à ááç¨âë¢ ¥â à á¯à¥¤¥«¥­¨¥ áà¥¤­¥© áª®à®-áâ¨ â¥ç¥­¨ï ¯®¯¥à¥ª ¯®£à ­¨ç­®£® á«®ï ¤«ï à¥¦¨-¬  ¯à®¬¥¦ãâ®ç­®© è¥à®å®¢ â®áâ¨ ¢ § ¤ ­­®© ¢ë-ç¨á«¨â¥«ì­®© ®¡« áâ¨.� ¢¨á¨¬®áâ¨ ¯®«­ëå âãà¡ã«¥­â­ëå ­ ¯àï¦¥­¨©Tii = h(u"iu"i )=u2�i ®â ª®®à¤¨­ âë Y ¨ íªá¯¥à¨-¬¥­â «ì­ë¥ ¤ ­­ë¥ [30] ¯à¥¤áâ ¢«¥­ë ­  à¨á. 2.�à¨ á®¯®áâ ¢«¥­¨¨ ¯à¥¤áâ ¢«¥­­ëå à¥§ã«ìâ â®¢­ ¡«î¤ ¥âáï å®à®è ï ª®àà¥«¨à®¢ ­­®áâì ¬¥¦¤ã­¨¬¨.�  à¨á. 3 ¯à¨¢¥¤¥­ë ç¨á«¥­­ë¥ à¥§ã«ìâ âë ¨§-¬¥­¥­¨ï ¯®«­®£® á¤¢¨£®¢®£® âãà¡ã«¥­â­®£® ­ ¯àï-¦¥­¨ï T12 = �h(u"v")=u2�i ¢¤®«ì Y ¨ å®à®è® á®£« -áãîé¨¥áï á ­¨¬¨ íªá¯¥à¨¬¥­â «ì­ë¥ ¤ ­­ë¥ [30].�  à¨á. 4 ¤ ­ë § ¢¨á¨¬®áâ¨ à¥è ¥¬ëå âãà¡ã-«¥­â­ëå ­ ¯àï¦¥­¨© �Tii = h(�u"i �u"i )=u2�i ®â Y . � ®á­®¢¥ ç¨á«¥­­®£® à áç¥â  ãáâ ­®¢«¥­®, çâ® ¢ª« ¤¯®¤á¥â®ç­ëå ­ ¯àï¦¥­¨© ¢ ¯®«­ë¥ âãà¡ã«¥­â­ë¥­ ¯àï¦¥­¨ï á®áâ ¢«ï¥â ®ª®«® 14 ¯à®æ¥­â®¢ ¤«ï § -¤ ­­®£® â¨¯  ä¨«ìâà  ¨ ª®­¥ç­®-à §­®áâ­®© áå¥-¬ë (h�ij=u2�i ' 0,14 Tij).�§¬¥­¥­¨¥ ¡¥§à §¬¥à­®© ª¨­¥â¨ç¥áª®© í­¥à£¨¨âãà¡ã«¥­â­®áâ¨ � ¢¤®«ì ¡¥§à §¬¥à­®© ª®®à¤¨­ -âë Y ¨ íªá¯¥à¨¬¥­â «ì­ë¥ ¤ ­­ë¥ [30] ¯à¥¤áâ -¢«¥­ë ­  à¨á. 5, £¤¥E = hu"u"=u2�i+ hv"v"=u2�i+ hw"w"=u2�i:�ë¯®«­¥­­ë¬¨ à áç¥â ¬¨ (à¨á. 2, 3, 5), ¢®á­®¢­®¬, ¯®¤â¢¥à¦¤¥­ë íªá¯¥à¨¬¥­â «ì­ë¥ ¤ ­-�.�.�ã§ì¬¥­ª® 33



ISSN 1561 -9087 �à¨ª« ¤­  £÷¤à®¬¥å ­÷ª . 2003. �®¬ 5 (77), N 2. �. 27 { 36­ë¥ à ¡®â [3-8] ® â®¬, çâ® ¨­â¥­á¨¢­®áâì âãà-¡ã«¥­â­®áâ¨ ¢¡«¨§¨ ¯« áâ¨­ë ¬®¦¥â ¨§¬¥­ïâì-áï ¤¥áïâª ¬¨ ¯à®æ¥­â®¢. � ª ¯®ª § «¨ ®¯ëâë[5-8], ¢ ¯à¨áâ¥­®ç­®© ®¡« áâ¨ ¯®à®¦¤ ¥âáï ®ª®«®3/4 ¯ã«ìá æ¨®­­®© í­¥à£¨¨ âãà¡ã«¥­â­®£® ¯®£à ­-á«®ï, ¢ â® ¢à¥¬ï ª ª ®áâ ¢è ïáï ç¥â¢¥àâì ¢®§­¨-ª ¥â ¢® ¢­¥è­¥© ®¡« áâ¨,   ¨­â¥­á¨¢­®áâì âãà-¡ã«¥­â­ëå ¯ã«ìá æ¨© ¯« ¢­® ã¡ë¢ ¥â ¤® á¢®¥£®§­ ç¥­¨ï ­  ¢­¥è­¥© £à ­¨æ¥ ¯®£à ­¨ç­®£® á«®ï(ã¡ë¢ ¥â ¤® ­ã«ï ¢ á«ãç ¥ ¡¥§å¢¨åà¥¢®£® ­ â¥ª -îé¥£® ¢­¥è­¥£® ¯®â®ª ). � íâ®¬ ä ªâ¥ ®¡­ àã-¦¨¢ ¥âáï å à ªâ¥à­ ï ç¥àâ  ¯à¨áâ¥­®ç­®© âãà¡ã-«¥­â­®áâ¨ � á®áà¥¤®â®ç¥­­®áâì ¢®§­¨ª­®¢¥­¨ï ¥¥¢¡«¨§¨ ¯« áâ¨­ë ¨ á¨«ì­®¥ ¢«¨ï­¨¥ ãà®¢­ï è¥à®-å®¢ â®áâ¨. �­ «¨§ ¯®«ãç¥­­ëå à¥§ã«ìâ â®¢ à á-ç¥â  (à¨á. 2, 3, 5) ª ç¥áâ¢¥­­® ¨ ª®««¨ç¥áâ¢¥­-­® ¯®¤â¢¥à¦¤ ¥â â ª®© å à ªâ¥à ¯®¢¥¤¥­¨ï ª¨­¥-â¨ç¥áª®© í­¥à£¨¨ âãà¡ã«¥­â­®áâ¨,   ¨¬¥­­®, áâ¥-¯¥­ì ¢«¨ï­¨ï è¥à®å®¢ â®© ¯« áâ¨­ë ­  â¥ç¥­¨¥¯à¨ Reh=20 ¨ Re=105. �¥§ã«ìâ âë à áç¥â®¢ â¥-ç¥­¨ï ¢ âãà¡ã«¥­â­®¬ ¯®£à ­¨ç­®¬ á«®¥ ­  ®á­®¢¥LES-â¥å­®«®£¨¨ ¤«ï á«ãç ïRe=105 ¨Reh=20 ¢ ¬¨-à®¢®© ­ ãç­®© «¨â¥à âãà¥ ­ ¬¨ ­¥ ®¡­ àã¦¥­ë.�à®¢¥¤¥­ àï¤ â¥áâ®¢ëå à áç¥â®¢ ¯® ®¯à¥¤¥-«¥­¨î ¯®à®£  çãáâ¢¨â¥«ì­®áâ¨ à §à ¡®â ­­®£®ç¨á«¥­­®£®  «£®à¨â¬  ª ¢ àì¨à®¢ ­¨î §­ ç¥­¨©u�,CV ,CM ®â­®á¨â¥«ì­® ­®¬¨­ «ì­ëå (¯à¨­ïâëå¢ ¬®¤¥«¨). � à ªâ¥à¨áâ¨ª¨ â¥ç¥­¨ï (¯à¨ ¢ë¯®«-­¥­¨¨ (8)) ¬ «® çãáâ¢¨â¥«ì­ë ª ¨§¬¥­¥­¨î ¯ -à ¬¥âà®¢ CV ¨ CM ¢ á«¥¤ãîé¨å á«ãç ïå: 1)CM=1,3; 0,025 < CV < 0,04; 2) CV=0,032; 1,25< CM < 1,32; 3) 0,025 < CV < 0,032; 1,3 < CM <1,32; 4) 0,032 < CV < 0,04; 1,25 < CM < 1,3.�à¨ CM=1,3; CV=0,032 à áç¥â­ë¥ å à ªâ¥à¨áâ¨-ª¨ LES-¯®¤å®¤  ¯à ªâ¨ç¥áª¨ ­¥ ¨§¬¥­ïîâáï ¯à¨ª®«¥¡ ­¨ïå u� ¢ ¯à¥¤¥« å ¤® âà¥å ¯à®æ¥­â®¢ ®â­®-á¨â¥«ì­® ­®¬¨­ «ì­®£® §­ ç¥­¨ï. � ¨­ëå á«ãç ïå¯à®¨áå®¤¨â à §¡ « ­á¨à®¢ª  ç¨á«¥­­®£®  «£®à¨â-¬ .�������¨á«¥­­®¥ ¬®¤¥«¨à®¢ ­¨¥ ­  ®á­®¢¥ LES-¯®¤å®¤  ®¡« ¤ ¥â ®¯à¥¤¥«¥­­ë¬¨ ¯à¥¨¬ãé¥áâ¢ -¬¨ ¯® áà ¢­¥­¨î á® áâ â¨áâ¨ç¥áª¨¬¨ ¬®¤¥«ï¬¨âãà¡ã«¥­â­®áâ¨ (¯à¥¤­ §­ ç¥­­ë¬¨ ¤«ï § ¬ëª -­¨ï á¨áâ¥¬ë ãà ¢­¥­¨© �¥©­®«ì¤á ). �®-¯¥à¢ëå,®­® ¯®§¢®«ï¥â ãç¨âë¢ âì âà¥å¬¥à­ë¥ íää¥ªâë,ª®â®àë¥ áãé¥áâ¢¥­­ë ¢ âãà¡ã«¥­â­ëå ¯à®æ¥áá å.�®-¢â®àëå, ¬®¤¥«¨ âãà¡ã«¥­â­®áâ¨ á ¬ áèâ ¡ -¬¨, ¬¥­ìè¨¬¨ è £  á¥âª¨, ¡®«¥¥ ã­¨¢¥àá «ì­ë,¨ ¯®íâ®¬ã ®á­®¢ ­­ë¥ ­  ­¨å ¬¥â®¤ë ¯®§¢®«ï-îâ à ááç¨âë¢ âì ¡®«¥¥ è¨à®ª¨© ª« áá â¥ç¥­¨©.

�¨á. 3. �§¬¥­¥­¨¥ ¯®«­®£® á¤¢¨£®¢®£® âãà¡ã«¥­â­®£®­ ¯àï¦¥­¨ï T12 ¢¤®«ì Y (á¯«®è­ ï ªà¨¢ ï)¨ íªá¯¥à¨¬¥­â «ì­ë¥ ¤ ­­ë¥ [30](�)
�¨á. 4. � ¢¨á¨¬®áâì à¥è ¥¬ëå âãà¡ã«¥­â­ëå­ ¯àï¦¥­¨© �Tii ®â Y ( �T11�á¯«®è­ ïªà¨¢ ï; �T22 | | | ; �T33 - - - ).�-âà¥âì¨å, ­  ®¯à¥¤¥«¥­­®¬ íâ ¯¥ ¨áá«¥¤®¢ ­¨©íâ¨ ¬¥â®¤ë ®ª §ë¢ îâáï ¡®«¥¥ ¯à®áâë¬¨, ç¥¬ ¢á¥ãá«®¦­ïîé¨¥áï áâ â¨áâ¨ç¥áª¨¥ â¥®à¨¨.�ää¥ªâ¨¢­®áâì ¯à¨¬¥­¥­¨ï â¥å­®«®£¨¨ ¬®¤¥«¨-à®¢ ­¨ï ªàã¯­ëå ¢¨åà¥© LES ¯® áà ¢­¥­¨î á ¯àï-¬ë¬ ¬¥â®¤®¬ ç¨á«¥­­®£® ¬®¤¥«¨à®¢ ­¨ï DNS ¤«ïâ¥ç¥­¨© á ¢ëá®ª¨¬¨ ç¨á« ¬¨ �¥©­®«ì¤á  ®¯à¥¤¥-«ï¥âáï ­¥®¡å®¤¨¬®© ¢¥«¨ç¨­®© è £®¢ à áç¥â­®©á¥âª¨ LES ¨ DNS. �«ï LES ¡¥§à §¬¥à­ë© è £á¥âª¨ á®áâ ¢«ï¥â ¯®àï¤ª  Re�3=8,   ¤«ï DNS �Re�3=4: �à¨ Re � 105 ¢ DNS ­ã¦­® ¨á¯®«ì§®¢ âì£à®¬ ¤­®¥ ª®«¨ç¥áâ¢® à áç¥â­ëå â®ç¥ª, ª®â®à®¥¯à¨¢¥¤¥â ª ­ ª®¯«¥­¨î ¢ëç¨á«¨â¥«ì­ëå ¯®£à¥è-34 �.�.�ã§ì¬¥­ª®
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�¨á. 5. � ¢¨á¨¬®áâì ª¨­¥â¨ç¥áª®© í­¥à£¨¨âãà¡ã«¥­â­®áâ¨ E ®â Y (á¯«®è­ ï ªà¨¢ ï)¨ íªá¯¥à¨¬¥­â «ì­ë¥ ¤ ­­ë¥ [30](�)­®áâ¥©. �«¥¤®¢ â¥«ì­®, ­  á®¢à¥¬¥­­®¬ íâ ¯¥à §¢¨â¨ï ª®¬¯ìîâ¥à­®© â¥å­¨ª¨ ¨á¯®«ì§®¢ ­¨¥¯àï¬®£® ¬¥â®¤  ç¨á«¥­­®£® ¬®¤¥«¨à®¢ ­¨ï DNS¤«ï âãà¡ã«¥­â­®£® ¯®£à ­¨ç­®£® á«®ï ¯à¨ Re=105áâ ­®¢¨âáï ¯à ªâ¨ç¥áª¨ ­¥®áãé¥áâ¢¨¬®. �¥å­®-«®£¨ï ¬®¤¥«¨à®¢ ­¨ï ªàã¯­ëå ¢¨åà¥© LES à¥è -¥â ­  á¥âª¥ ï¢­® â®«ìª® ªàã¯­ë¥ ¬ áèâ ¡ë â¥-ç¥­¨ï. �®íâ®¬ã ®¡ê¥¬ ¢ëç¨á«¥­¨© ¨ ¢ª« ¤ ç¨-á«¥­­®© ¤¨ääã§¨¨ à¥§ª® ã¬¥­ìè îâáï ¢ á«ãç ¥¡®«ìè®£® ç¨á«  �¥©­®«ì¤á  ¯à¨ ª®àà¥ªâ­®¬ ãç¥â¥¢§ ¨¬®á¢ï§¨ ¯®¤á¥â®ç­®£® ¬®¤¥«¨à®¢ ­¨ï, ¬¥â®-¤  à¥è¥­¨ï, ¢ë¡à ­­ëå £à ­¨ç­ëå ãá«®¢¨© ¨ ï¢-­® ®¯à¥¤¥«ï¥¬ëå ®¯¥à æ¨© ä¨«ìâà®¢ ­¨ï. LES-â¥å­®«®£¨ï ï¢«ï¥âáï ¯®ª  ¥¤¨­áâ¢¥­­®© ¢®§¬®¦-­®áâìî ç¨á«¥­­®£® ®¯à¥¤¥«¥­¨ï ¬£­®¢¥­­ëå âà¥å-¬¥à­ëå ¯®«¥© £¨¤à®¤¨­ ¬¨ç¥áª¨å å à ªâ¥à¨áâ¨ªâ¥ç¥­¨© á ¢ëá®ª¨¬¨ ç¨á« ¬¨ �¥©­®«ì¤á .�àï¬ë¥ ¬¥â®¤ë ç¨á«¥­­®£® ¬®¤¥«¨à®¢ ­¨ïDNS¨ LES ¯à¥¤­ §­ ç¥­ë ¤«ï ¢®§¬®¦­® ­ ¨¡®«¥¥ ¯®«-­®£® à¥è¥­¨ï § ¤ ç ® âãà¡ã«¥­â­ëå â¥ç¥­¨ïå ­ ®á­®¢¥ ¨áå®¤­ëå § ª®­®¢ ¤¢¨¦¥­¨ï. � áá¬ âà¨-¢ ï ãà ¢­¥­¨ï � ¢ì¥-�â®ªá  ª ª ®á­®¢ã ¤«ï â¥®-à¨¨ âãà¡ã«¥­â­®áâ¨, ¬®¦­® ¯à®á«¥¤¨âì §  ¤¨­ -¬¨ª®© â¥ç¥­¨ï. �®«ãç¥­­ë¥ ¢ à¥§ã«ìâ â¥ à á-ç¥â  ¯®«ï å à ªâ¥à¨áâ¨ª â¥ç¥­¨ï, ª®â®àë¥ ¤ ¦¥¢ á«ãç ¥ ¯à®áâ¥©è¥© £¥®¬¥âà¨¨ ®¡« áâ¨ â¥ç¥­¨ï¨ ¯à¨ áâ â¨áâ¨ç¥áª¨ áâ æ¨®­ à­ëå ­ ç «ì­ëå ¨£à ­¨ç­ëå ãá«®¢¨ïå ®áâ îâáï âà¥å¬¥à­ë¬¨ ¨ ­¥-áâ æ¨®­ à­ë¬¨, ¯®§¢®«ïîâ § â¥¬ ®¯à¥¤¥«¨âì «î-¡ë¥ ¨­â¥à¥áãîé¨¥ ­ á ¢¥«¨ç¨­ë.� ¯à¥¤áâ ¢«¥­­®¬ ¨áá«¥¤®¢ ­¨¨ à §à ¡®â ­LES-¯®¤å®¤ ¤«ï âãà¡ã«¥­â­®£® ¯®£à ­¨ç­®£® á«®ï¡¥§ à áç¥â  ¯à¨áâ¥­­®© ¯®¤®¡« áâ¨, ­® á ®¡ï§ -

â¥«ì­ë¬ § ¤ ­¨¥¬ ¤¨­ ¬¨ç¥áª®© áª®à®áâ¨ ¢ £à -­¨ç­ëå ãá«®¢¨ïå. � ª ï íª®­®¬¨ç­ ï ¬¥â®¤¨-ª  ¯®§¢®«ï¥â íää¥ªâ¨¢­® à¥ «¨§®¢ë¢ âì ¤ ­­ãîLES-â¥å­®«®£¨î ­  ¯¥àá®­ «ì­ëå ª®¬¯ìîâ¥à å.� ®¡§®à­®© à ¡®â¥ [36] ¯à¥¤áâ ¢«¥­ë á¯®á®¡ë®¯à¥¤¥«¥­¨ï ¤¨­ ¬¨ç¥áª®© áª®à®áâ¨ ­  ®á­®¢¥ "§®-­ «ì­®£®" ¯®¤å®¤ , ­® ¥£® ¢ëç¨á«¨â¥«ì­ ï áâ®¨-¬®áâì çà¥§¢ëç ©­® ¢ëá®ª . �ãâì §®­ «ì­®£® ¯®¤-å®¤  ¢ â®¬, çâ® ®á­®¢­ ï ç áâì â¥ç¥­¨ï ®¯à¥-¤¥«ï¥âáï LES-â¥å­®«®£¨¥©,   ¯à¨áâ¥­­ë© ¯®¤á«®©� ãà ¢­¥­¨ï¬¨ �¥©­®«ì¤á  ­  ¡®«¥¥ ¬¥«ª®© á¥â-ª¥. �¨á«¥­­ë©  «£®à¨â¬ ®¡ê¥¤¨­ï¥â LES-¯®¤å®¤¨ ãà ¢­¥­¨ï �¥©­®«ì¤á  ¯®áà¥¤áâ¢®¬ ¬­®£®è £®-¢®© ¨â¥à æ¨®­­®© ¯à®æ¥¤ãàë ¤«ï ¢ëç¨á«¥­¨ï ¤¨-­ ¬¨ç¥áª®© áª®à®áâ¨, ª ª ®¡é¥£® ¯ à ¬¥âà  â¥ç¥-­¨ï. �¥ «¨§ æ¨ï "§®­ «ì­®£®" ¯®¤å®¤  ¢®§¬®¦­ â®«ìª® ­  áã¯¥àª®¬âìîâ¥à¥ CRAY,   áâ®¨¬®áâìà áç¥â®¢ ¯à¨¬¥à­® ¢ 100 à § ¡®«ìè¥, ç¥¬ ¢ëç¨-á«¨â¥«ì­ ï áâ®¨¬®áâì ¯à¥¤áâ ¢«¥­­®© ­ ¬¨ LES-â¥å­®«®£¨¨.�¥§ã«ìâ âë ¯à®¢¥¤¥­­ëå ¨áá«¥¤®¢ ­¨© ä®à¬ã-«¨àãîâáï á«¥¤ãîé¨¬ ®¡à §®¬:1. �  ®á­®¢¥ LES-â¥å­®«®£¨¨ á®§¤ ­  ç¨á«¥­­ ïâà¥å¬¥à­ ï ¬®¤¥«ì â¥ç¥­¨ï ­¥á¦¨¬ ¥¬®© ¦¨¤-ª®áâ¨ ¢ âãà¡ã«¥­â­®¬ ¯®£à ­¨ç­®¬ á«®¥ ¢ à¥-¦¨¬¥ ¯à®¬¥¦ãâ®ç­®© è¥à®å®¢ â®áâ¨ ¤«ï á«ãç ïRe=105 ¨ Reh=20.2. � §à ¡®â ­ ç¨á«¥­­ë©  «£®à¨â¬ à¥è¥-­¨ï § ¬ª­ãâ®© âà¥å¬¥à­®© ­¥«¨­¥©­®© ­ ç «ì­®-ªà ¥¢®© § ¤ ç¨ ¢ à¥¦¨¬¥ ãáâ ­®¢«¥­¨ï. �«ï ¤¨á-ªà¥â¨§ æ¨¨ ¯®áâ ¢«¥­­®© ¯à®¡«¥¬ë á®§¤ ­  ­¥-ï¢­ ï  ¡á®«îâ­® ãáâ®©ç¨¢ ï ª®­¥ç­®-à §­®áâ­ ïáå¥¬  ¢â®à®£® ¯®àï¤ª . �  ¡ §¥ "á£« ¦¥­­ëå"ãà ¢­¥­¨© � ¢ì¥-�â®ªá  ­  £à ­¨æ¥ ¯®«ãç¥­ ¨ íä-ä¥ªâ¨¢­® ¨á¯®«ì§ã¥âáï ª®àà¥ªâ­ë© ¢¨¤ £à ­¨ç-­ëå ãá«®¢¨© ¤«ï ãà ¢­¥­¨ï �ã áá®­ , çâ® ®¡¥á-¯¥ç¨¢ ¥â âà¥¡ã¥¬ãî â®ç­®áâì ç¨á«¥­­ëå à¥§ã«ì-â â®¢.3. �á¥ ¯ à ¬¥âàë ¨ ãà ¢­¥­¨ï à §à ¡®â ­-­®© ¬®¤¥«¨ ¯à¥¤áâ ¢«¥­ë ¢ ¡¥§à §¬¥à­®¬ ¢¨¤¥ ­ ®á­®¢¥ ª®àà¥ªâ­®© ¢§ ¨¬®á¢ï§¨ á ä¨§¨ç¥áª¨ §­ -ç¨¬®© ª®­¥ç­®© ¢ëç¨á«¨â¥«ì­®© ®¡« áâìî, çâ®¤ ¥â ¢®¦¬®¦­®áâì ¢ë¤¥«¨âì ªà¨â¥à¨¨ ¯®¤®¡¨ï¤«ï â¥ç¥­¨ï ¢ âãà¡ã«¥­â­®¬ ¯®£à ­¨ç­®¬ á«®¥ ­¥-á¦¨¬ ¥¬®© ¦¨¤ª®áâ¨ ¯à¨ ¢ëá®ª¨å ç¨á« å �¥©-­®«ì¤á  ¢ à¥¦¨¬¥ ¯à®¬¥¦ãâ®ç­®© è¥à®å®¢ â®áâ¨.� ¯à¥¤áâ ¢«¥­­®© ¬®¤¥«¨ ¨¬¥îâáï ¤¢  ¯ à ¬¥-âà  ¯®¤®¡¨ï: ç¨á«® �¥©­®«ì¤á  â¥ç¥­¨ï ¢ § ¤ ­-­®© à áç¥â­®© ®¡« áâ¨ Re ¨ ç¨á«® �¥©­®«ì¤á  ¯®è¥à®å®¢ â®áâ¨ Reh, å à ªâ¥à¨§ãîé¥¥ ¯à¨áâ¥­®ç-­ë¥ íää¥ªâë. �®¤á¥â®ç­ ï ¬®¤¥«ì á®¤¥à¦¨â ª®­-áâ ­âë CV ¨ CM . �̈ ¤à®¤¨­ ¬¨ç¥áª¨¥ ¯®«ï âãà-¡ã«¥­â­®£® â¥ç¥­¨ï ¯®«­®áâìî ®¯à¥¤¥«ïîâáï ¯ -à ¬¥âà ¬¨ ®¡é¥© ¬®¤¥«¨ Re,Reh,u�,CV ¨ CM ¯à¨�.�.�ã§ì¬¥­ª® 35



ISSN 1561 -9087 �à¨ª« ¤­  £÷¤à®¬¥å ­÷ª . 2003. �®¬ 5 (77), N 2. �. 27 { 36§ ¤ ­­ëå £à ­¨ç­ëå ãá«®¢¨ïå.4. �¯¥à¢ë¥ ­  ®á­®¢¥ LES-â¥å­®«®£¨¨ ¯à®¢¥¤¥-­ë ç¨á«¥­­ë¥ ¨áá«¥¤®¢ ­¨ï ¤«ï ®¯à¥¤¥«¥­¨ï ¨á-ª®¬ëå ¯ à ¬¥âà®¢ â¥ç¥­¨ï ¢ âãà¡ã«¥­â­®¬ ¯®-£à ­¨ç­®¬ á«®¥ ­¥á¦¨¬ ¥¬®© ¦¨¤ª®áâ¨ ¢ à¥-¦¨¬¥ ¯à®¬¥¦ãâ®ç­®© è¥à®å®¢ â®áâ¨ ¤«ï á«ãç ïRe=105 ¨ Reh=20. �®«ãç¥­ë ç¨á«¥­­ë¥ §­ ç¥-­¨ï ®áà¥¤­¥­­®© áª®à®áâ¨, ¯®«­ëå ¨ ¯®¤á¥â®ç­ëåâãà¡ã«¥­â­ëå ­ ¯àï¦¥­¨© ¨ ª¨­¥â¨ç¥áª®© í­¥à-£¨¨ âãà¡ã«¥­â­®áâ¨, ª®â®àë¥ å®à®è® á®£« áãîâáïá íªá¯¥à¨¬¥­â «ì­ë¬¨ ¤ ­­ë¬¨ ¤àã£®£®  ¢â®à .�à¨ § ¤ ­­ëå ¨áå®¤­ëå ¯ à ¬¥âà å ¬®¤¥«¨ ¢ª« ¤¯®¤á¥â®ç­ëå ­ ¯àï¦¥­¨© ¢ ¯®«­ë¥ âãà¡ã«¥­â­ë¥­ ¯àï¦¥­¨ï á®áâ ¢«ï¥â 14 ¯à®æ¥­â®¢.1. �¨­æ¥ �.�. �ãà¡ã«¥­â­®áâì.{ �.: �¨§¬ â£¨§,1963.{ 680 á.2. � ¬«¨ �.�., � ­®¢áª¨© �.�. �âàãªâãà   â¬®á-ä¥à­®© âãà¡ã«¥­â­®áâ¨.{ �.: �¨à, 1966.{ 264 á.3. �®­¨­ �.�., �£«®¬ �.�. �â â¨áâ¨ç¥áª ï £¨¤à®-¬¥å ­¨ª . �. 1.{ �.-�.: �̈ ¤à®¬¥â¥®¨§¤ â, 1992.{694 á.4. �®©æï­áª¨© �.�. �¥å ­¨ª  ¦¨¤ª®áâ¨ ¨ £ § .{ �.:� ãª , 1987.{ 840 á.5. �«¨åâ¨­£ �. �¥®à¨ï ¯®£à ­¨ç­®£® á«®ï.{ �.: ��,1956.{ 528 á.6. �®¢®¦¨«®¢ �.�. �¥®à¨ï ¯«®áª®£® âãà¡ã«¥­â­®£®¯®£à ­¨ç­®£® á«®ï ­¥á¦¨¬ ¥¬®© ¦¨¤ª®áâ¨.{ �.:�ã¤®áâà®¥­¨¥, 1977.{ 167 á.7. �®¬ ­¥­ª® �.�. �̈ ¤à®¤¨­ ¬¨ª  ¨ â¥¯«®®¡¬¥­¢ ¯®£à ­¨ç­®¬ á«®¥. �¯à ¢®ç­¨ª.{ �.: �­¥à£¨ï,1974.{ 464 á.8. �¥¡¨á¨ �., �à¥¤è®ã �. �®­¢¥ªâ¨¢­ë©â¥¯«®®¡¬¥­.{ �.: �¨à, 1987.{ 590 á.9. �¥â®¤ë à áç¥â  âãà¡ã«¥­â­ëå â¥ç¥­¨©: �¥à. á ­£«./ �®¤ à¥¤. �.�®«ì¬ ­ .{ �.: �¨à, 1984.{464 á.10. �®à®¯ ¥¢ �.�., �âãå  �.�. �®¤¥«¨à®¢ ­¨¥ âãà-¡ã«¥­â­ëå á«®¦­ëå â¥ç¥­¨© .{ �.: Hayª. ¤ã¬ªa,1991.{ 166 á.11. � à¢¨­ �.�. �®¤¥«¨à®¢ ­¨¥ âãà¡ã«¥­â­®áâ¨ ¤«ï¢ëç¨á«¨â¥«ì­®©  íà®¤¨­ ¬¨ª¨ // �íà®ª®á¬¨ç¥-áª ï â¥å­¨ª .{ 1984.{ 2, N3.{ �. 21{41.12. �­¤¥àá®­ �., � ­­¥­å¨« �¦., �«¥âç¥à �. �ëç¨á-«¨â¥«ì­ ï £¨¤à®¬¥å ­¨ª  ¨ â¥¯«®®¡¬¥­.�.2.{ �.:�¨à, 1990.{ 726 á.13. Spalart P.R. Direct simulation of a turbulent bound-ary layer up to Re�=1410 // J.Fluid Mech.{ 1988.{V. 187.{ P. 61{98.14. Spalart P.R., Watmu� J.H. Experimental and numer-ical study of a turbulent boundary layer with pressuregradiens // J.Fluid Mech.{ 1993.{ V. 249.{ P. 337{371.15. Kong H., Choi H., Lee J. Direct numerical sim-ulation of turbulent thermal boundary layers //Phys.Fluids.{ 2000.{ V. 12, N 10.{ P. 2555{2568.16. Orellano A., Wengle H. Numerical simulation(DNS and LES) of manipulated turbulent bound-ary layer 
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