
ISSN 1561 -9087 �à¨ª« ¤  £÷¤à®¬¥å ÷ª . 2004. �®¬ 6 (78), N 1. �. 19 { 24��� 532.526.10��������� ���������� �������������������������� ������������ ���� �� ����������������� LES-�����������. �. ����������áâ¨âãâ £¨¤à®¬¥å ¨ª¨ ��� �ªà ¨ë, �¨¥¢�®«ãç¥® 10.04.2003 � �¥à¥á¬®âà¥® 03.12.2003�ãà¡ã«¥âë© ¯®£à ¨çë© á«®©   ¯«®áª®© ¯« áâ¨¥ ç¨á«¥® ¬®¤¥«¨àã¥âáï ¯®áà¥¤áâ¢®¬ íª®®¬¨ç®© LES-â¥å®«®£¨¨ ¤«ï ç¨á«  �¥©®«ì¤á , à ¢®£® 105, ¨á¯®«ì§ãï ª®¥ç®-à §®áâë© ¬¥â®¤. �®¤á¥â®çë¥ ¬ áèâ ¡ë¯ à ¬¥âà¨§ãîâáï ¯®áà¥¤áâ¢®¬ "á¬¥è ®©" ¬®¤¥«¨. �à¨¬¥ïîâáï ®¢ë¥ ¯à¨¡«¨¦¥ë¥ £à ¨çë¥ ãá«®¢¨ï ¢ ª -ç¥áâ¢¥ "¯à¨áâ¥®©" ¬®¤¥«¨, ª®â®àë¥ ¤ îâ ¡®«¥¥ â®çë¥ à¥§ã«ìâ âë, ç¥¬ £à ¨çë¥ ãá«®¢¨ï, à ¥¥ ¯à¨¬¥ï¥¬ë¥¤àã£¨¬¨ ¨áá«¥¤®¢ â¥«ï¬¨. �â® ¯®§¢®«ï¥â ¯®«ãç¨âì § ç¨â¥«ì®¥ ã¬¥ìè¥¨¥ à áç¥â®£® ¯à®æ¥áá®à®£® ¢à¥¬¥¨¢ áà ¢¥¨¨ á ¤àã£¨¬¨ áâ ¤ àâë¬¨ LES-¯®¤å®¤ ¬¨. � íª®®¬¨ç®¬ ¢ëç¨á«¨â¥«ì®¬ ¬¥â®¤¥ ¨á¯®«ì§®¢ ® 493á¥â®çëå â®ç¥ª. � áç¥âë¥ ¯à®ä¨«¨ áà¥¤¥© áª®à®áâ¨ ¨ âãà¡ã«¥âë¥  ¯àï¦¥¨ï å®à®è® á®£« áãîâáï á íªá¯¥à¨-¬¥â «ìë¬¨ ¤ ë¬¨.�ãà¡ã«¥â¨© ¯®£à ¨ç¨© è à   ¯«®áª÷© ¯« áâ¨÷ ç¨á¥«ì® ¬®¤¥«îõâìáï§  ¤®¯®¬®£®î ¥ª®®¬÷ç®ù LES-â¥å®«®£÷ù¤«ï ç¨á«  �¥©®«ì¤á , ïª¥ ¤®à÷¢îõ 105, ¢¨ª®à¨áâ®¢ãîç¨ ª÷æ¥¢®-à÷§¨æ¥¢¨© ¬¥â®¤. �÷¤á÷âª®¢÷ ¬ áèâ ¡¨ ¯ à ¬¥-âà¨§ãîâìáï §  ¤®¯®¬®£®î "§¬÷è ®ù" ¬®¤¥«÷. � áâ®á®¢ãîâìáï ®¢÷  ¡«¨¦¥÷ £à ¨ç÷ ã¬®¢¨ ¢ ïª®áâ÷ "¯à¨áâ÷-ª®¢®ù" ¬®¤¥«÷, ïª÷ ¤ îâì ¡÷«ìè â®ç÷ à¥§ã«ìâ â¨ ÷¦ à ÷è¥ ¢¨ª®à¨áâ ÷ £à ¨ç÷ ã¬®¢¨ ÷è¨å ¤®á«÷¤¨ª÷¢, â ¤®§¢®«ïîâì ®âà¨¬ã¢ â¨ § ç¥ §¬¥è¥ï à®§à åãª®¢®£® ¯à®æ¥áá®à®£® ç áã ¢ §à÷¢ï÷ § ÷è¨¬¨ áâ ¤ àâ¨-¬¨ LES-¯÷¤å®¤ ¬¨. � íª®®¬÷ç®¬ã ç¨á¥«ì®¬ã ¬¥â®¤÷ ¡ã«® ¢¨ª®à¨áâ ® 493 á÷âª®¢¨å â®ç®ª. �®§à åãª®¢÷ ¯à®ä÷«÷á¥à¥¤ì®ù è¢¨¤ª®áâ÷ ÷ âãà¡ã«¥â÷  ¯àã£¨ ¤®¡à¥ ã§£®¤¦ãîâìáï § ¥ªá¯¥à¨¬¥â «ì¨¬¨ ¤ ¨¬¨.The turbulent boundary layer on a at plate is simulated by economical LES-technique for a Reynolds number of 105,using a �nite-di�erence method.The subgrid scales are parametrized by an "mixed" model. New approximate boundaryconditions are applied as the "wall" model. These new boundary conditions give more accurate results than thosepreviously in use and allow reduction of the required CPU time in comparison with another standard LES. The numberof grid points used in the economical numerical method was 493. Computer mean velocity pro�les and turbulent stressesis good agreement with experimental data.���������¨á«¥®¥ ¬®¤¥«¨à®¢ ¨¥ ªàã¯ëå ¢¨åà¥© (LargeEddy Simulation � LES) ï¢«ï¥âáï ¡®«¥¥ íª®®¬¨ç-®© â¥å®«®£¨¥©, ç¥¬ ¯àï¬®¥ ç¨á«¥®¥ ¬®¤¥«¨à®-¢ ¨¥, ¢ ª®â®à®¬ ¢á¥ ¬ áèâ ¡ë ¤¢¨¦¥¨ï à ááç¨-âë¢ îâáï   á¥âª¥. � LES ¡®«ìè¨¥ ¢¨åà¨ à ááç¨-âë¢ îâáï,   ¬ «ë¥ ¤¢¨¦¥¨ï ¯®¤á¥â®ç®£® ¬ á-èâ ¡  ¬®¤¥«¨àãîâáï. C®¢à¥¬¥ ï ®æ¥ª  ¤«ïLES ¢ á«ãç ¥ á¢®¡®¤®© âãà¡ã«¥â®áâ¨ á®áâ ¢«ï-¥â: NxNyNz � Re9=8. LES-â¥å®«®£¨ï ¨á¯®«ì-§ã¥âáï ¢ ¯®á«¥¤¨¥ £®¤ë ¢ ª ç¥áâ¢¥ ¨áâàã¬¥â ¤«ï ¨§ãç¥¨ï ä¨§¨ª¨ âãà¡ã«¥â®áâ¨ ¢ â¥ç¥¨ïå¯à¨ ¢ëá®ª¨å ç¨á« å �¥©®«ì¤á . �á«¨ LES ¯à¨-¬¥ï¥âáï ¤«ï à áç¥â  ¯à¨áâ¥®£® á«®ï (¢ á¬ëá«¥à §«¨ç¥¨ï í«¥¬¥â®¢ â¥ç¥¨ï   à áç¥â®© á¥âª¥á § ¤ ®© à §à¥è îé¥© á¯®á®¡®áâìî), â® ®®¨¬¥ã¥âáï ª ª áâ ¤ àâ®¥ LES. �á¯®«ì§®¢ ¨¥áâ ¤ àâëå LES ¢ á«ãç ¥ ¯à¨áãâáâ¢¨ï £à ¨æëâ¢¥à¤®£® â¥«  ¬¥¥¥ ãá¯¥è® ¢á«¥¤áâ¢¨¥ ã¢¥«¨ç¥-¨ï áâ®¨¬®áâ¨ ¢ëç¨á«¥¨©.�¥à¢ë© ¯®«ë©   «¨§ âà¥¡®¢ ¨© á¥â®ç®£®à §à¥è¥¨ï ¤«ï LES ¢ á«ãç ¥ âãà¡ã«¥âëå ¯®-£à ¨çëå á«®¥¢ ¯à®¢¥¤¥ ¢ ®á®¢®¯®« £ îé¥© à -
¡®â¥ [1]. �¥ç¥¨¥ ¢ ¯®£à ¨ç®¬ á«®¥   ¯«®á-ª®© ¯« áâ¨¥ ®¡ëç® à §¤¥«ï¥âáï   ¢ãâà¥¨©á«®©, ¢ ª®â®à®¬ íää¥ªâë ¢ï§ª®áâ¨ ¢ ¦ë (¢ï§-ª¨© ¨ ¡ãä¥àë© ¯®¤á«®¨), ¨ ¢¥è¨© á«®©, ¢ ª®-â®à®¬ ¯àï¬®¥ ¤¥©áâ¢¨¥ ¢ï§ª®áâ¨   áà¥¤¥¥ â¥-ç¥¨¥ ¯à¥¥¡à¥¦¨¬® ¬ «®. � [1] ¯à®¢¥à¥ë âà¥-¡®¢ ¨ï ¯® à §à¥è¥¨î á¥âª¨ ¤«ï ¢ãâà¥¥£® ¨¢¥è¥£® á«®¥¢ ®â¤¥«ì®. �æ¥®çë¥ à¥§ã«ìâ -âë ¤«ï ¢á¥£® ¯®£à ¨ç®£® á«®ï ¢ ¯®«®¬ ç¨á«¥á¥â®çëå â®ç¥ª ¯à®¯®àæ¨® «ìë Re1;2. �à¥¡®-¢ ¨ï ª à áç¥âã ¢ãâà¥¥£® á«®ï  ¬®£® ¡®«¥¥áâà®£¨¥. � ª, ¢ [1] ¯®«ãç¥®, çâ® ç¨á«® â®ç¥ª, âà¥-¡ã¥¬ëå ¤«ï à áç¥â  ¢ï§ª®£® ¯®¤á«®ï, á®áâ ¢«ï¥â(NxNyNz) � Re1;8: �á¯®«ì§ãï ®æ¥ª¨ ¤«ï â¥ç¥¨ï¢ ¯®£à ¨ç®¬ á«®¥ ¯à¨ Re � 106, ¢ [5] ®¯à¥¤¥«¥®,çâ® 99 ¯à®æ¥â®¢ â®ç¥ª ¨á¯®«ì§ãîâáï ¤«ï à áç¥-â  ¢ãâà¥¥£® á«®ï, â®«é¨  ª®â®à®£® á®áâ ¢«ï-¥â â®«ìª® ®ª®«® 10 ¯à®æ¥â®¢ ¯®£à á«®ï. �«¥¤®-¢ â¥«ì®, ç¨á«® â®ç¥ª, âà¥¡ã¥¬ëå LES, ¢ á«ãç ¥¥á«¨ ¢ãâà¥¨© á«®© à ááç¨âë¢ ¥âáï, ¯à¥¢ëè ¥âá®¢à¥¬¥ë¥ ¢®§¬®¦®áâ¨ ª®¬¯ìîâ¥à®¢ ã¦¥ ¯à¨ã¬¥à¥ëå ç¨á« å �¥©®«ì¤á .�¤¨áâ¢¥ë© íª®®¬¨çë© ¯ãâì ¢ë¯®«¥¨ïLES ¤«ï ¡¥§®âàë¢ëå â¥ç¥¨© ¯à¨ ¢ëá®ª¨å ç¨-c �.�.�ã§ì¬¥ª®, 2004 19



ISSN 1561 -9087 �à¨ª« ¤  £÷¤à®¬¥å ÷ª . 2004. �®¬ 6 (78), N 1. �. 19 { 24á« å �¥©®«ì¤á  � à áç¥â â®«ìª® ¢¥è¥£® á«®ï.� íâ®¬ á«ãç ¥ á¥â®çë© à §¬¥à ¬®¦¥â ¡ëâì ®¯à¥-¤¥«¥ ¯®áà¥¤áâ¢®¬ ¬ áèâ ¡  ¢¨åà¥© ¢® ¢¥è¥¬á«®¥, ¨ áâ®¨¬®áâì ¢ëç¨á«¥¨ï áâ ®¢¨âáï â®«ìª®á«¥£ª  § ¢¨á¨¬®© ®â ç¨á«  �¥©®«ì¤á . �®áª®«ìªãá¥âª  ï¢«ï¥âáï á«¨èª®¬ ªàã¯®©, çâ®¡ë ¯®¤à®¡®à ááç¨â âì áâàãªâãàã ¢ãâà¥¥£® á«®ï, ¤¥©áâ¢¨¥¯à¨áâ¥®£® á«®ï ¤®«¦® ¡ëâì ¬®¤¥«¨à®¢ ®. �¥-®¡å®¤¨¬® ãáâ ®¢¨âì ¥ª®â®àë¥ ä¥®¬¥®«®£¨ç¥-áª¨¥ ¢§ ¨¬®®â®è¥¨ï, á¢ï§ë¢ îé¨¥  ¯àï¦¥¨¥  áâ¥ª¥ á ¯ à ¬¥âà ¬¨ â¥ç¥¨ï ¢® ¢¥è¥¬ á«®¥,çâ® ¢ëã¦¤ ¥â à §¢¨¢ âì ¬®¤¥«¨ ¤«ï ¯à¨áâ¥®-£® á«®ï, â ª¦¥ ¨§¢¥áâë¥ ª ª ¯à¨¡«¨¦¥ë¥ £à -¨çë¥ ãá«®¢¨ï. LES c ¯à¨¬¥¥¨¥¬ ¯à¨áâ¥®-£® ¬®¤¥«¨à®¢ ¨ï  §ë¢ ¥âáï íª®®¬¨ç ï LES-â¥å®«®£¨ï.�£à ¨ç¥¨ï ¤«ï LES ¢ á«ãç ¥ â¥ç¥¨© ã áâ¥-ª¨ à á¯®§ ë ¥é¥   ®ç¥ì à ¥© áâ ¤¨¨ à §¢¨-â¨ï íâ®© â¥å®«®£¨¨ ¢ à ¡®â¥ ¤«ï ¯«®áª¨å ª  «®¢[2], £¤¥ ¯à¨¡«¨¦¥ë¥ £à ¨çë¥ ãá«®¢¨ï   áâ¥-ª¥ ¢¢¥¤¥ë ¤«ï ¬®¤¥«¨à®¢ ¨ï ¤¥©áâ¢¨ï ¯à¨áâ¥-®£® á«®ï, ª®â®àë© ¥ ¬®£ ¡ëâì à ááç¨â  ¯à¨  -«¨ç¨¨ ª®¬¯ìîâ¥à®© ¬®é®áâ¨, ¨¬¥îé¥©áï   â®¢à¥¬ï, ¤ ¦¥ ¤«ï ã¬¥à¥ëå ç¨á¥« �¥©®«ì¤á . �[2] ¢ ª ç¥áâ¢¥ ¯à¨¡«¨¦¥ëå £à ¨çëå ãá«®¢¨©¡ë«¨ ®£à ¨ç¥ë ¢â®àë¥ ¯à®¨§¢®¤ë¥ áª®à®áâ¨ ¢¯¥à¢®© á¥â®ç®© â®çª¥ ¤«ï â®£®, çâ®¡ë ¯à®ä¨«ìáª®à®áâ¨, ®áà¥¤¥ë© ¯® ¯«®áª®áâ¨ xz, ã¤®¢«¥-â¢®àï« «®£ à¨ä¬¨ç¥áª®¬ã § ª®ã ¢ y1 (¯¥à¢®© à á-ç¥â®© â®çª¥ ¢¤®«ì ¯® ®à¬ «¨ ª áâ¥ª¥). �¥§ã«ì-â âë, ¯®«ãç¥ë¥ ¢ [2] ¤«ï âãà¡ã«¥â®£® â¥ç¥¨ï¢ ª  «¥ ¯à¨ ¥®£à ¨ç¥®¬ ç¨á«¥ �¥©®«ì¤á  Re,¯«®å® á®£« áãîâáï á íªá¯¥à¨¬¥â «ìë¬¨ ¤ ë-¬¨.� ¨áá«¥¤®¢ ¨¨ [3] ¨á¯®«ì§®¢ ë ãá«®¢¨ï, ª®â®-àë¥ ¯àï¬® á¢ï§ë¢ îâ «®ª «ìë¥ á¤¢¨£®¢ë¥  ¯àï-¦¥¨ï   áâ¥ª¥, �xy;w ¨ �zy;w, á® áª®à®áâìî ¢ ï¤à¥â¥ç¥¨ï ª  « . �á®¢ ï £¨¯®â¥§  ¯à¨áâ¥®©¬®¤¥«¨: 1) ®â®è¥¨¥ «®ª «ì®£® ª á â¥«ì®£®  -¯àï¦¥¨ï   áâ¥ª¥ �xy;w ª áà¥¤¥¬ã  ¯àï¦¥¨î  áâ¥ª¥ à ¢® ®â®è¥¨î ª®¬¯®¥âë «®ª «ì-®© áª®à®áâ¨ �u(x; y1; z) ª áà¥¤¥© áª®à®áâ¨ ¢ y1;2) ¯®¯¥à¥ç ï ª®¬¯®¥â  �zy ®¯à¥¤¥«ï¥âáï ¯ãâ¥¬¯à¥¤¯®«®¦¥¨ï, çâ® ¯à®ä¨«ì áª®à®áâ¨ �w «¨¥©-ë© ¨ ¢¨åà¥¢ ï ¢ï§ª®áâì ¯®áâ®ï  ¢ á¥â®ç®¬ã§«¥, ¯à¨¬ëª îé¥¬ ª áâ¥ª¥. � áç¥âë â¥ç¥¨ï,¢ë¯®«¥ë¥ ¢ íâ®¬ ¨áá«¥¤®¢ ¨¨ ¤«ï Re < 10000,¤ îâ à¥§ã«ìâ âë, ª®â®àë¥ å®à®èo á®£« áãîâáï áíªá¯¥à¨¬¥â «ìë¬¨ ¤ ë¬¨.� à ¡®â¥ [4] ¨á¯®«ì§®¢   ¢ ª ç¥áâ¢¥ ¯à¨-áâ¥®© ¬®¤¥«¨ á«¥¤ãîé ï £¨¯®â¥§ : ®â®è¥¨¥ª®¬¯®¥â «®ª «ìëå ª á â¥«ìëå  ¯àï¦¥¨© ªáà¥¤¥¬ã  ¯àï¦¥¨î   áâ¥ª¥ à ¢® ®â®è¥¨îª®¬¯®¥â «®ª «ìëå áª®à®áâ¥© ª áà¥¤¥© áª®à®-

áâ¨. �«ï ãç¥â   ª«®¥¨ï ¢ëâïâãâëå ¢¨åà¥¢ëåáâàãªâãà ¢ ¡«¨¦¥áâ¥®ç®¬ à¥£¨®¥ ¯®âà¥¡®¢ -®, çâ®¡ë  ¯àï¦¥¨¥   áâ¥ª¥ ª®àà¥«¨à®¢ «®áìá «®ª «ì®© áª®à®áâìî, ¢ëç¨á«ï¥¬®©   ¥ª®â®-à®¬ à ááâ®ï¨¨ ¢¤®«ì ¯® ¯®â®ªã ®â â®çª¨, £¤¥ âà¥-¡ã¥âáï  ¯àï¦¥¨¥   áâ¥ª¥.�á¥ ¯à¨¢¥¤¥ë¥ ¢ëè¥ ¯à¨¡«¨¦¥ë¥ £à ¨ç-ë¥ ãá«®¢¨ï ¯à¨¬¥ïîâáï ¤«ï £¥®¬¥âà¨ç¥áª¨ ¯à®-áâëå â¥ç¥¨©, ¢ ª®â®àëå áà¥¤¥¥  ¯àï¦¥¨¥  áâ¥ª¥ ¬®¦¥â ¡ëâì ¯®«ãç¥® ¨§ ¥ª®â®à®© ä®à-¬ë "§ ª®  áâ¥ª¨", ¯à¨ § ¤ ®¬ �u ¢ ¯¥à¢®©á¥â®ç®© â®çª¥ ¯à¨¬ëª îé¥© ª áâ¥ª¥ ¨ ®¯¥à -æ¨¨ ®áà¥¤¥¨ï ¯® ¢á¥© ¯«®áª®áâ¨ xz. � áç¥âë ¢[2-4] ¯à®¢®¤¨«¨áì   ®ç¥ì £àã¡®© á¥âª¥ (¯®àï¤-ª  500 ¯à¨áâ¥ëå ¥¤¨¨æ), çâ®  àãè ¥â ¯à -¢®¬¥à®áâì ¨á¯®«ì§®¢ ¨ï LES-â¥å®«®£¨¨ (¬ á-èâ ¡ è £  á¥âª¨ ¤®«¦¥  å®¤¨âáï ¢ á¥à¥¤¨¥¨¥àæ¨®®£® ¨â¥à¢ « ),   ¯à¨ ¡®«¥¥ ¬¥«ª®© á¥â-ª¥ á®£« á®¢ ¨¥ á íªá¯¥à¨¬¥â®¬ ãåã¤è ¥âáï ¯®¤¢«¨ï¨¥¬ ¥ ¤¥ª¢ â®© ¯à¨áâ¥®© ¬®¤¥«¨. � ®¡-§®à®© à ¡®â¥ [5] ¯®ª § ®, çâ® ¤«ï LES è £ á¥âª¨ª®àà¥ªâ® ¡à âì à §¬¥à®¬ ¯®àï¤ª  70 ¯à¨áâ¥ëå¥¤¨¨æ ¨ ¯à¨ íâ®¬ à áç¥â ï â®çª  y1  å®¤¨âáï¢ «®£ à¨ä¬¨ç¥áª®¬ á«®¥, ® àï¤®¬ á  ç «®¬ ¡ã-ä¥à®© §®ë.�«ï ¡®«¥¥ á«®¦ëå â¥ç¥¨© à §¢¨¢ îâáï §®- «ìë¥ ¯®¤å®¤ë [5]. �¨ ¡ §¨àãîâáï   à¥-è¥¨¨ à §«¨ç®£® à®¤  ãà ¢¥¨© ¢ ¯à¨áâ¥®¬á«®¥ ¨ ¨â¥à æ¨®®© ¢§ ¨¬®á¢ï§¨ á å à ªâ¥à¨-áâ¨ª ¬¨ â¥ç¥¨ï, ¯®«ãç ¥¬ë¬¨ á ¯®¬®éìî LES-â¥å®«®£¨¨ ¤«ï ®á®¢®© ç áâ¨ â¥ç¥¨ï. �«ï á®-ªà é¥¨ï ¢ëç¨á«¨â¥«ìëå § âà â ®¡ëç® ¨á¯®«ì-§ãîâáï ãà ¢¥¨ï ¯®£à ¨ç®£® á«®ï á ¬®¤¥«ìî¢¨åà¥¢®© ¢ï§ª®áâ¨. �à¨¬¥¥¨¥ ¨â¥à æ¨®®©¢§ ¨¬®á¢ï§¨ ¬¥¦¤ã å à ªâ¥à¨áâ¨ª ¬¨ ¤¢ãå §®â¥ç¥¨ï ¢ ¤¥áïâª¨ à § ã¢¥«¨ç¨¢ ¥â ¢à¥¬ï à áç¥-â . �«¥¤®¢ â¥«ì®, §® «ìë¥ ¯®¤å®¤ë ¥«ì§ï ®â-¥áâ¨ ª íª®®¬¨çë¬ LES-â¥å®«®£¨ï¬. �à®¬¥â®£®, âà¥å¬¥à®áâì ¨ ¥áâ æ¨® à®áâì å à ªâ¥à-  ¤«ï ¯à¨áâ¥®£® á«®ï, £¤¥ à §¢¨¢ îâáï à §-«¨çë¥ ¢¨åà¥¢¨¥ áâàãªâãàë (¢ â®¬ ç¨á«¥ ¨ ª®-£¥à¥âë¥) ¨  ¡«î¤ îâáï à¥§ª¨¥ £à ¤¨¥âë å -à ªâ¥à¨áâ¨ª â¥ç¥¨ï,   ¨á¯®«ì§®¢ ¨¥ ãà ¢¥¨©¯®£à ¨ç®£® á«®ï ¥ ¤¥ª¢ â® ¯à¨à®¤¥ â¥ç¥¨ï¢¡«¨§¨ ¯« áâ¨ë. �®íâ®¬ã ®¯à¥¤¥«¥¨¥ å à ªâ¥-à¨áâ¨ª â¥ç¥¨ï ¯à¨  «¨ç¨¨ £à ¤¨¥â  ¤ ¢«¥¨ï,®âàë¢ , áâã¯¥ìª¨   ¯« áâ¨¥ ¢ âãà¡ã«¥â®¬¯®£à ¨ç®¬ á«®¥ ¯à¨ ¡®«ìè¨å ç¨á« å �¥©®«ì¤á ¢ à ¬ª å LES-¯®¤å®¤  á¢ï§ ® á ¡®«ìè¨¬¨ âàã¤-®áâï¬¨. �à¥¦¤¥ ¢á¥£® ¥®¡å®¤¨¬® ®¯à¥¤¥«¨âì-áï á® á¯®á®¡®¬ ¢ëç¨á«¥¨ï  ¯àï¦¥¨ï   áâ¥ª¥¨ ¬¥áâ®£® ª®íää¨æ¨¥â  á®¯à®â¨¢«¥¨ï (¢ íâ¨åá«ãç ïå ¯à¨¬¥¥¨¥ «®£ à¨ä¬¨ç¥áª®£® § ª®  ¤«ïáª®à®áâ¨ ¢ âà ¤¨æ¨®®¬ ¢¨¤¥ ¥ª®àà¥ªâ®).20 �.�.�ã§ì¬¥ª®



ISSN 1561 -9087 �à¨ª« ¤  £÷¤à®¬¥å ÷ª . 2004. �®¬ 6 (78), N 1. �. 19 { 24�¥«ì ¯à¥¤áâ ¢«¥®£® ¨áá«¥¤®¢ ¨ï � à §à ¡®â-ª  íª®®¬¨ç®© LES-â¥å®«®£¨¨ ç¨á«¥®£® ¬®¤¥-«¨à®¢ ¨ï âãà¡ã«¥â®£® ¯®£à ¨ç®£® á«®ï ¥-á¦¨¬ ¥¬®© ¦¨¤ª®áâ¨   £« ¤ª®© ¯« áâ¨¥ ¯à¨ ¢ë-á®ª®¬ ç¨á«¥ �¥©®«ì¤á .1. ���������� �������á®¢®¯®« £ îé¨¥ ¤®¯ãé¥¨ï ¬ â¥¬ â¨ç¥áª®©ä®à¬ã«¨à®¢ª¨ § ¤ ç¨: 1)   ¯«®áªãî ¤«¨ãî £¨-¤à®¤¨ ¬¨ç¥áª¨ £« ¤ªãî ¯« áâ¨ã  â¥ª ¥â ®¤®-à®¤®¥ â¥ç¥¨¥ ¢ï§ª®© ¥á¦¨¬ ¥¬®© ¦¨¤ª®áâ¨ á¯®áâ®ïë¬¨ á¢®©áâ¢ ¬¨ ¯à¨ ®âáãâáâ¢¨¨ ¢¥è-¨å ¬ áá®¢ëå á¨«; 2) âãà¡ã«¥âë© ¯®£à ¨çë©á«®© ¢ § ¤ ®© ¢ëç¨á«¨â¥«ì®© ®¡« áâ¨  å®¤¨â-áï ¢ à¥¦¨¬¥ Re=105; 3) ¢á¥ ¯ à ¬¥âàë ¨ ãà ¢¥-¨ï ¯à¥¤áâ ¢«¥ë ¢ ¡¥§à §¬¥à®¬ ¢¨¤¥.�á¯®«ì§ã¥¬ á«¥¤ãîéãî á¨áâ¥¬ã ãà ¢¥¨©[9,10]:@�ui@t + @@xj (�ui�uj) = � @P@xi + 1Rer2�ui � @�ij@xj ; (1)@�ui@xi = 0;£¤¥ �ij = �2CV ��2 j �Sij j �Sij + (�ui�uj � ��ui��uj); (2)CV=0,032 (á¬.[9]); è¨à¨  ä¨«ìâà  ��=2 ��S ;��S�è £ á¥âª¨.2. ���������� �������«ï à áç¥â  â¥ç¥¨ï âãà¡ã«¥â®£® ¯®£à ¨ç®-£® á«®ï ¢ ª ç¥áâ¢¥ ¯à¨áâ¥®© ¬®¤¥«¨ ¨á¯®«ì§ã¥¬¯à¨¡«¨¦¥ë¥ £à ¨çë¥ ãá«®¢¨ï   ¯« áâ¨¥ ¤«ï«®ª «ìëå ª®¬¯®¥â áª®à®áâ¨. �à¨¬¥¥¨¥ íª®-®¬¨ç®© LES-â¥å®«®£¨¨ á ¯à¨áâ¥®© ¬®¤¥«ìî¥ ¯®§¢®«ï¥â ¨á¯®«ì§®¢ âì £à ¨ç®¥ ãá«®¢¨¥  ¯« áâ¨¥: �u=�v= �w=0 (¯à¨ y=0), á®£« á® [3-5]. �®-íâ®¬ã ¥®¡å®¤¨¬® ¨®¥ £à ¨ç®¥ ãá«®¢¨¥ ¤«ï ª®¬-¯®¥â áª®à®áâ¨. �®¤®¡® [3,4], ¯®« £ ¥¬ ¢ ª ç¥-áâ¢¥ ®¤®£® ¨§ í«¥¬¥â®¢ ¯à¨¡«¨¦¥®£® £à ¨ç-®£® ãá«®¢¨ï �v=0. � «¥¥ áç¨â ¥¬, çâ® ª á â¥«ì-ë¥ á®áâ ¢«ïîé¨¥ â¥§®à  ¯®«®£®  ¯àï¦¥¨ï  áâ¥ª¥ (¯à¨ y=0), ¤¥«¥ë¥   ¯«®â®áâì ¦¨¤-ª®áâ¨, ¬®¦® ¯à¥¤áâ ¢¨âì, ¨á¯®«ì§ãï [6-8], á«¥¤ã-îé¨¬ ®¡à §®¬:�xy;w = 1Re @�u@y ; �zy;w = 1Re @ �w@y ; (3)�®£« á® [6-8],  ¡«î¤ ¥âáï å®à®è ï ª®àà¥«¨à®-¢ ®áâì ¬¥¦¤ã ª á â¥«ìë¬  ¯àï¦¥¨¥¬  

áâ¥ª¥ ¨ áª®à®áâìî ¢ «®£ à¨ä¬¨ç¥áª®¬ á«®¥. � ª -ç¥áâ¢¥ ¯à¨áâ¥®© ¬®¤¥«¨ ¢ ¯à¥¤áâ ¢«¥®¬  ¬¨¨áá«¥¤®¢ ¨¨ ¯à¥¤« £ ¥âáï ¨á¯®«ì§®¢ âì á«¥¤ãî-éãî £¨¯®â¥§ã ¯®¤®¡¨ï: ®â®è¥¨¥ ª®¬¯®¥â «®-ª «ìëå ª á â¥«ìëå  ¯àï¦¥¨© ª áà¥¤¥¬ã  -¯àï¦¥¨î   áâ¥ª¥ ¯®¤®¡® ®â®è¥¨î ª®¬¯®-¥â «®ª «ìëå áª®à®áâ¥© (¢ y1) ª áà¥¤¥© áª®à®-áâ¨ (¢ y1). C«¥¤®¢ â¥«ì®, ¯à¨ ®¯à¥¤¥«¥¨¨ § ¢¨-á¨¬®áâ¥© ¤«ï �u; �w ¢ ª ç¥áâ¢¥ ¯à¨¡«¨¦¥ëå £à -¨çëå ãá«®¢¨©   áâ¥ª¥ ¨á¯®«ì§ã¥¬ äãªæ¨®- «ìãî § ¢¨á¨¬®áâì ¢ ¢¨¤¥�xy;wu2�(x) = �u(x; y1; z)(1 +Ba) < �u(x; y1; z) >z ;�zy;wu2�(x) = �w(x; y1; z)(1 +Ba) < �u(x; y1; z) >z ; (4)£¤¥ < � >z � ®¯¥à æ¨ï ®áà¥¤¥¨ï ¢¤®«ì ®á¨ z; ¢ë-ç¨á«ï¥¬ ï ¤¨ ¬¨ç¥áª ï áª®à®áâì u� ¨§¬¥ï¥âáï¢¤®«ì ®á¨ x ¨ ï¢«ï¥âáï ¢ãâà¥¨¬ ¯ à ¬¥âà®¬¯à®£à ¬¬ë à áç¥â®¢. �®á«¥ ¯®¤áâ ®¢ª¨ § ¢¨á¨-¬®áâ¥© (4) ¢ (3) ¨ ¯®á«¥¤ãîé¨å ¯à¥®¡à §®¢ ¨©,¯®«ãç ¥¬ â ª¨¥ ¯à¨¡«¨¦¥ë¥ £à ¨çë¥ ãá«®¢¨ï¯à¨ y=0:@�u@y = �u(x; y1; z)u2�(x)Rea< �u(x; y1; z) >z ; �v = 0;@ �w@y = �w(x; y1; z)u2�(x)Rea< �u(x; y1; z) >z ; (5)£¤¥ Rea = Re=(1 +Ba); ¯ à ¬¥âà Ba ®¯à¥¤¥«ï¥âáïç¨á«¥® (á¬. 4. �¥§ã«ìâ âë ¢ëç¨á«¥¨©). �¥®¡-å®¤¨¬® ®â¬¥â¨âì, çâ® ¢  è¥¬ á«ãç ¥ ¢á¥ ª®¬¯®-¥âë ¯à¨¡«¨¦¥ëå £à ¨çëå ãá«®¢¨© à ááç¨-âë¢ îâáï ¢ à ¬ª å ®¡é¥£® ç¨á«¥®£®  «£®à¨â¬ ,¢ â® ¢à¥¬ï ª ª ¢ ¯à¨¢¥¤¥ëå à ¥¥ á«ãç ïå [2-4]à á¯à¥¤¥«¥¨¥ ¢¥«¨ç¨ �u(x; y1; z) ¨ �w(x; y1; z) ¥-®¡å®¤¨¬® § ¤ ¢ âì ¯à¥¤¢ à¨â¥«ì®.3. ��������� �������� ¦¤®¥ ¨§ ãà ¢¥¨© (1) ¤¨áªà¥â¨§¨àã¥âáï  ¯àï¬®ã£®«ì®© à áç¥â®© á¥âª¥ á è £®¬ ��S ¢ ¢ë-ç¨á«¨â¥«ì®© ¡¥§à §¬¥à®© ®¡« áâ¨ (á¬. [9, 10]):D = fx1 � x � xª; 0 � y � 1; 0 � z � zªg;xª = x1 + 1; zª = 1. �¨á«® à áç¥âëå â®ç¥ª ¯®ª ¦¤®© ª®®à¤¨ â¥ à ¢® 49.�à ¨çë¥ ãá«®¢¨ï ¨¬¥îâ á«¥¤ãîé¨© ¢¨¤:1) y = 0; 0 � z � zª;x1 � x � xª : ãà ¢¥¨ï (5);2) y = 1; 0 � z � zª;x1 � x � xª :�u = 1; �v = �w = 0;3-4) z = 0; z = zª; 0 � y � 1;x1 � x � xª :@�u@z = @�v@z = @ �w@z = 0;�.�.�ã§ì¬¥ª® 21



ISSN 1561 -9087 �à¨ª« ¤  £÷¤à®¬¥å ÷ª . 2004. �®¬ 6 (78), N 1. �. 19 { 245) 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; 0 � y � 1)@�u@t + uc @�u@x = 0; @�v@t + vc @�v@x = 0;@ �w@t + wc @ �w@x = 0:�®çª  y1 à á¯®«®¦¥  ¢ «®£ à¨ä¬¨ç¥áª®¬ ¯®¤-á«®¥. � à ¬¥âàë up,vp,wp, uc,vc ¨ wc ®¯à¥¤¥«ïîâ-áï   «®£¨ç® [9].� á¯à¥¤¥«¥¨¥ ¢¥«¨ç¨ë áà¥¤¥© áª®à®áâ¨ â¥ç¥-¨ï ¢¤®«ì ®á¨ Oy (¯à¨ y � y1) ¢ ¢ëç¨á«¨â¥«ì-®© ®¡« áâ¨ âãà¡ã«¥â®£® ¯®£à ¨ç®£® á«®ï  -å®¤¨âáï â ª:Uc = u�� fln(u�yRe) + �C + �[1� cos(�y=�)]g; (6)£¤¥ C=5,2; �=0,4; �=0,55. �®« £ ¥¬, çâ®Uc(y=1)=1.� §¬¥àë ¢ëç¨á«¨â¥«ì®© ®¡« áâ¨ ¢¤®«ì ®á¨Ox ¤«ï íª®®¬¨ç®£® à áç¥â  § ¤ ¥¬ á«¥¤ãîé¨¬®¡à §®¬. �¨ ¬¨ç¥áª ï áª®à®áâì u� ®¯à¥¤¥«ï¥âáïá ¯®¬®éìî § ¢¨á¨¬®áâ¨ ¨§ [11], 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,¨¬¥¥¬ ®ª®ç â¥«ìë© ¢¨¤ § ¢¨á¨¬®áâ¨ ¤«ï ®¯à¥-¤¥«¥¨ï ¤¨ ¬¨ç¥áª®© áª®à®áâ¨:u� = 0; 1146(xRe)�1=14: (7)�ç¨â ¥¬, 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:� = f1=(u�Re)g exp(0; 995�=u� � �C � 1; 1): (8)� 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¥¨ï á«¥¤ãîé¥-£® ãà ¢¥¨ï, á®áâ ¢«¥®£®   ®á®¢¥ ¢ëà ¦¥¨©(6)-(8):0; 995�� u��fln[0; 95u��Re] + �C + 1; 1g = 0: (9)

�®¤áâ ¢«ïï à¥§ã«ìâ â à¥è¥¨ï (9) ¢ (7), ¯®á«¥¯à¥®¡à §®¢ ¨©  å®¤¨¬ § ç¥¨¥ xª:xª = Re�1[u��=0; 1146]�14:� à ¬¥âà x1 ®¯à¥¤¥«ï¥âáï â ª: x1 = xª � 1: � ª ªà¥§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.� à ¬ª å ¯®«®£® ç¨á«¥®£®  «£®à¨â¬  § -ç¥¨¥ ¤¨ ¬¨ç¥áª®© áª®à®áâ¨ u�(x) ¢ëç¨á«ï¥âáï¯® å®¤ã ¨â¥à æ¨®®© ¯à®æ¥¤ãàë. �á¯®«ì§ãï à¥-§ã«ìâ âë à áç¥â    ¯à¥¤ë¤ãé¥¬ è £¥ ¯® ¢à¥¬¥-¨ tk�1,  å®¤¨¬ ¤¨ ¬¨ç¥áªãî áª®à®áâì ¤«ï â¥ªã-é¥£® è £  tk (¨ â ª ¤ «¥¥ ¤® ¢ë¯®«¥¨ï ãá«®¢¨ïáå®¤¨¬®áâ¨ LES-¯®¤å®¤ ):uk�(x) = < �u(x; y1; z) >z(1=�) ln(y1uk�1� (x)Re) +C : (10)� ¢¨á¨¬®áâì (7) ¨á¯®«ì§ã¥âáï â®«ìª® ¤«ï § ¤ ¨ï£à ¨ç®£® ãá«®¢¨ï   ¢å®¤¥ x = x1 ¨ ®¯à¥¤¥«¥¨ïà §¬¥à®¢ íª®®¬¨ç®© à áç¥â®© ®¡« áâ¨.4. ���������� �����������  ®á®¢¥ à §à ¡®â ®£® ç¨á«¥®£®  «£®à¨â¬ ¢ à ¬ª å íª®®¬¨ç®© LES-â¥å®«®£¨¨ ¯à®¢¥¤¥à áç¥â ¯ à ¬¥âà®¢ â¥ç¥¨ï ¢ âãà¡ã«¥â®¬ ¯®-£à ¨ç®¬ á«®¥ ¤«ï á«ãç ï Re=105 ¯à¨ xª=146. �¢ëç¨á«¥¨ïå ¨á¯®«ì§®¢  ª®¬¯ìîâ¥à PENTIUM-Iá â ªâ®¢®© ç áâ®â®© 150 ��æ ¨ ®¯¥à â¨¢®© ¯ -¬ïâìî 32�¡. � 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   ª ¦¤®¬ è £¥ ¯®¢à¥¬¥¨ ¨§¬¥ïîâáï ¬¥ìè¥, ç¥¬   ®¤ã ¤¥áïâãî¯à®æ¥â . �«ï ¢ëå®¤    ãáâ ®¢¨¢è¨©áï à¥¦¨¬¡ë«® ¯à®¨§¢¥¤¥®K=300 è £®¢ ¯® ¢à¥¬¥¨ á �t =0,004 §  ¯à®¬¥¦ãâ®ª ¢à¥¬¥¨ Tc = K�t. �®«®¥¢à¥¬ï à áç¥â  ¯®áâ ¢«¥®© § ¤ ç¨   ãª § ®¬¢ëè¥ ª®¬ìîâ¥à¥ á®áâ ¢«ï¥â 90 ¬¨ãâ.�¥«¨ç¨  ¯ à ¬¥âà  Ba = 10; 5 ®¯à¥¤¥«¥  ç¨-á«¥®   ®á®¢¥ â®£® ãá«®¢¨ï, çâ® ¯à¨áâ¥ ï¬®¤¥«ì ¤®«¦  ã¤®¢«¥â¢®àïâì £à ¨çë¬ ãá«®¢¨-ï¬   ¢å®¤¥ ¢ à áç¥âãî ®¡« áâì. Ba  å®¤¨â-áï ¯®áà¥¤áâ¢®¬ ¯à®¢¥¤¥¨ï á¥à¨¨ ¯à¥¤¢ à¨â¥«ì-ëå à áç¥â®¢   ®á®¢¥ ¯à¥¤áâ ¢«¥®© ¢ ¤ ®©à ¡®â¥ íª®®¬¨ç®© LES-â¥å®«®£¨¨, ® ¯à¨ § -¤ ®¬ ¢® ¢á¥© ¢ëç¨á«¨â¥«ì®© ®¡« áâ¨ ¯®áâ®-ï®£® § ç¥¨ï ¤¨ ¬¨ç¥áª®© áª®à®áâ¨, à ¢®-£® u�(x1) ¨ ®¯à¥¤¥«¥®£® ¨§ íªá¯¥à¨¬¥â  [12].�à¨£®¤ë¬ ¢ë¡¨à «®áì â® § ç¥¨¥ Ba, ¯à¨ ª®-â®à®¬ ¯®«ãç «®áì  ¨«ãçè¥¥ á®£« á¨¥ ¢ëç¨á«¥-ëå áà¥¤¥© áª®à®áâ¨ ¨ ª®¬¯®¥â â¥§®à   ¯àï-22 �.�.�ã§ì¬¥ª®



ISSN 1561 -9087 �à¨ª« ¤  £÷¤à®¬¥å ÷ª . 2004. �®¬ 6 (78), N 1. �. 19 { 24
�¨á. 1. � ¢¨á¨¬®áâì ¡¥§à §¬¥à®© áà¥¤¥©áª®à®áâ¨ h �Uci ®â Y (á¯«®è ï «¨¨ï)¨ íªá¯¥à¨¬¥â «ìë¥ ¤ ë¥ [12](§ çª¨ �).¦¥¨© (®áà¥¤¥ëå ¯® ¯«®áª®áâ¨ Oxz) c íªá¯¥-à¨¬¥â «ìë¬¨ ¤ ë¬¨ ¨§ [12] ¤«ï â¥å ¦¥ ¢¥-«¨ç¨ (® ®¯à¥¤¥«¥ëå ¯à¨ x = x1 ¨ ®áà¥¤¥-ëå ¯® Oz). �  è¥¬ á«ãç ¥ Ba ï¢«ï¥âáï ¯ -à ¬¥âà®¬ ¯®¤áâà®©ª¨ ¯à¨áâ¥®© ¬®¤¥«¨ ª íª®-®¬¨ç®© LES-â¥å®«®£¨¨ ¤«ï à áç¥â  â¥ç¥¨ï ¢âãà¡ã«¥â®¬ ¯®£à ¨ç®¬ á«®¥ ¯à¨ ¨â¥à æ¨®-®¬ á¯®á®¡¥ ®¯à¥¤¥«¥¨ï u� ¢¤®«ì ®á¨ x. �à¨¡«¨-¦¥ë¥ £à ¨çë¥ ãá«®¢¨ï [3, 4] ¨á¯®«ì§ãîâáï ¤«ïà áç¥â  â¥ç¥¨ï ¢ ª  «¥ ¯à¨ § ¤ ®¬ ¯à¥¤¢ -à¨â¥«ì®: 1) ¯®áâ®ï®¬ § ç¥¨¨ ¤¨ ¬¨ç¥áª®©áª®à®áâ¨ u�; 2) à á¯à¥¤¥«¥¨¨ ¢¥«¨ç¨ �u(x; y1; z) ¨�w(x; y1; z).�  à¨á. 1{3 ¯à¥¤áâ ¢«¥ë ¨§¬¥¥¨ï ®á®¢-ëå ®áà¥¤¥ëå (¯® Oz) ¡¥§à §¬¥àëå å à ªâ¥-à¨áâ¨ª âãà¡ã«¥â®£® ¯®£à ¨ç®£® á«®ï ¢¤®«ì ª®-®à¤¨ âë Y=(y � y1)=�. � ¬ ¦¥ ¯à¨¢¥¤¥ë íªá¯¥-à¨¬¥â «ìë¥ ¤ ë¥ [12] (Re=105, ¨ ã¤ «¥¨¨ ®â ç «  ¯« áâ¨ë ¢¤®«ì ¯® ¯®â®ªã ¯à¨ x=145.5).�  à¨á. 1 ¯à¥¤áâ ¢«¥® ¨§¬¥¥¨¥ ¡¥§à §¬¥à-®© áà¥¤¥© áª®à®áâ¨ h �Uci ¢¤®«ì Y ¨ íªá¯¥à¨¬¥-â «ìë¥ ¤ ë¥ [12]. �¥§ã«ìâ âë à áç¥â  ¯®ª -§ë¢ îâ, çâ® à §à ¡®â  ï ¬®¤¥«ì â®ç® ®¯à¥-¤¥«ï¥â áà¥¤îî áª®à®áâì â¥ç¥¨ï ¯®¯¥à¥ª ¯®£à -¨ç®£® á«®ï ¢ § ¤ ®© ¢ëç¨á«¨â¥«ì®© ®¡« áâ¨.�â®â ä ªâ ï¢«ï¥âáï ¥®¡å®¤¨¬ë¬ ãá«®¢¨¥¬ ª®à-à¥ªâ®áâ¨ íª®®¬¨ç®© LES-â¥å®«®£¨¨, ®¯¨à ïáì  ª®â®àë© ¬®¦® ¯®«ãç¨âì à á¯à¥¤¥«¥¨¥ å à ª-â¥à¨áâ¨ª âãà¡ã«¥â®áâ¨. �  à¨á. 2 ¯à¨¢¥¤¥-ë § ¢¨á¨¬®áâ¨ ¯®«ëå âãà¡ã«¥âëå  ¯àï¦¥-¨© Tii = h(u"iu"i )=u2�i ®â ª®®à¤¨ âë Y ¨ íªá¯¥-à¨¬¥â «ìë¥ ¤ ë¥ [12]. �à ¢¨â¥«ìë©   -«¨§ ¯à¥¤áâ ¢«¥ëå ¤ ëå ãáâ  ¢«¨¢ ¥â å®à®-

�¨á. 2. � ¢¨á¨¬®áâì ¯®«ëå âãà¡ã«¥âëå ¯àï¦¥¨© Tii ®â Y ( T11�á¯«®è ïªà¨¢ ï; T22 | | | ; T33 - - - ) ¨íªá¯¥à¨¬¥â «ìë¥ ¤ ë¥ [12](§ çª¨ �).è¥¥ á®£« á¨¥ ¬¥¦¤ã ¨¬¨. �  à¨á. 3 ¯®ª § ë¨§¬¥¥¨ï ¯®«®£® á¤¢¨£®¢®£® âãà¡ã«¥â®£®  -¯àï¦¥¨ï T12 = �h(u"v")=u2�i ¢¤®«ì Y ¨ å®à®è® ª®-à¥««¨àãîé¨¥ á ¨¬¨ íªá¯¥à¨¬¥â «ìë¥ ¤ ë¥[12].� à ¬ª å íª®®¬¨ç®£® LES-¯®¤å®¤    ®á®-¢¥ ç¨á«¥®£® à áç¥â  ãáâ ®¢«¥ ¢ª« ¤ ¯®¤á¥â®ç-ëå  ¯àï¦¥¨© ¢ ¯®«ë¥ âãà¡ã«¥âë¥  ¯àï-¦¥¨ï, ª®â®àë© á®áâ ¢«ï¥â ®ª®«® 14 ¯à®æ¥â®¢(h�ij=u2�i ' 0,14 Tij). �¥®¡å®¤¨¬® ®â¬¥â¨âì, çâ®¢  ãç®© «¨â¥à àãà¥  ¬¨ ¥  ©¤¥ë à¥§ã«ìâ -âë à áç¥â®¢ â¥ç¥¨ï ¢ âãà¡ã«¥â®¬ ¯®£à ¨ç®¬á«®¥   ®á®¢¥ LES-â¥å®«®£¨© ¤«ï á«ãç ï £« ¤ª®©¯«®áª®© ¯« áâ¨ë ¯à¨ Re=105 .�à®¢¥¤¥ë à áç¥âë ¤«ï ®¯à¥¤¥«¥¨ï ¢«¨ï¨ï ¢¨-¤  £à ¨çëå ãá«®¢¨©   ¯«®áª®© ¯« áâ¨¥. � á«ã-ç ¥ ¨á¯®«ì§®¢ ¨ï ãá«®¢¨ï u=v=w=0 ¯à¨ y=0 à á-ç¥âë¥ § ç¥¨ï ®áà¥¤¥®© áª®à®áâ¨ ¬¥ìè¥  50 ¯à®æ¥â®¢ ã ¯« áâ¨ë ¨ á®áâ ¢«ïîâ ®ª®«® 15¯à®æ¥â®¢   ¢¥è¥© £à ¨æ¥ ¯®£à ¨ç®£® á«®ï¢ áà ¢¥¨¨ á ¥¥ íªá¯¥à¨¬¥â «ìë¬¨   «®£ ¬¨[12]. �á¯®«ì§®¢ ¨¥ à §à ¡®â ®©  ¬¨ ¯à¨áâ¥-®© ¬®¤¥«¨ ¢¥¤¥â ª á«¥¤ãîé¥¬ã ®âª«®¥¨î à á-ç¥â®© áà¥¤¥© áª®à®áâ¨ ®â ¥¥   «®£  ¨§ íªá¯¥à¨-¬¥â  [12]: 1) ¯à¨ y=y1 { ¤® 5 ¯à®æ¥â®¢; 2) ¯à¨y > y1 { ¬¥¥¥ ®¤®£® ¯à®æ¥â .�������à¨¢¥¤¥ ï ¢ ¤ ®¬ ¨áá«¥¤®¢ ¨¨ íª®®¬¨ç ïLES-â¥å®«®£¨ï ï¢«ï¥âáï ¤ «ì¥©è¨¬ à §¢¨â¨¥¬LES-¯®¤å®¤ , ¨§«®¦¥®£®  ¢â®à®¬ ¢ [9, 10], ®ã¦¥ á ¯à¨¬¥¥¨¥¬ ¯à¨áâ¥®© ¬®¤¥«¨ ¨ ¨â¥à -�.�.�ã§ì¬¥ª® 23
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�¨á. 3. �§¬¥¥¨¥ ¯®«®£® á¤¢¨£®¢®£® âãà¡ã«¥â®£® ¯àï¦¥¨ï T12 ¢¤®«ì Y (á¯«®è ï ªà¨¢ ï)¨ íªá¯¥à¨¬¥â «ìë¥ ¤ ë¥ [12](§ çª¨ �).æ¨®®£® ¬¥â®¤  ®¯à¥¤¥«¥¨ï ¤¨ ¬¨ç¥áª®© áª®à®-áâ¨ ¤«ï c«ãç ï £« ¤ª®© ¯« áâ¨ë. � ¯à¥¤áâ ¢«¥-®¬ ¨áá«¥¤®¢ ¨¨ á¨áâ¥¬  ãà ¢¥¨© à¥è ¥âáï ç¨-á«¥ë¬ ¬¥â®¤®¬ [9, 10], ® á ¯à¨¬¥¥¨¥¬ íª®®-¬¨ç®© ¬®¤¥à¨§ æ¨¨  «£®à¨â¬  à¥è¥¨ï ãà ¢¥-¨ï �ã áá® . � ç «ì®¥ à á¯à¥¤¥«¥¨¥ ¤ ¢«¥¨ï¤«ï ¨â¥à æ¨®®£® ¯à®æ¥áá    ª ¦¤®¬ è £¥ ¯®¢à¥¬¥¨ § ¤ ¥âáï ¢ ¢¨¤¥ à áç¥â®£® ¤ ¢«¥¨ï, ¯®-«ãç¥®£®   ¯à¥¤ë¤ãé¥¬ è £¥ ¯® ¢à¥¬¥¨,   ¢[9, 10]  ç «ì®¥ à á¯à¥¤¥«¥¨¥ ¤ ¢«¥¨ï ¡ë«® ¯®-áâ®ïë¬ ¤«ï ª ¦¤®£® è £  ¯® ¢à¥¬¥¨. � ª ªà¥§ã«ìâ â, ª®«¨ç¥áâ¢® ¨â¥à æ¨©   ª ¦¤®¬ è £¥¯® ¢à¥¬¥¨ á®ªà â¨«®áì ¡®«¥¥ ç¥¬ ¢ 10 à § ¨ á®-áâ ¢«ï«® ®¤ã ¨«¨ ¤¢¥ ¨â¥à æ¨¨.�ë¢¥¤¥ë ®¢ë¥ ¯à¨¡«¨¦¥ë¥ £à ¨çë¥ãá«®¢¨ï   ¯«®áª®© ¯« áâ¨¥ ¤«ï à áç¥â  âãà¡ã-«¥â®£® ¯®£à ¨ç®£® á«®ï ¯à¨ Re=105, çâ® ¯®-§¢®«ï¥â ¯ à ¬¥âà¨§®¢ âì ¯à¨áâ¥ë¥ íää¥ªâë, ¢â® ¢à¥¬ï ª ª ¯à¨áâ¥ë¥ ¬®¤¥«¨ [3{4] ¯à¨£®¤ëâ®«ìª® ¤«ï à áç¥â  â¥ç¥¨© ¢ ª  «¥ ¯à¨ ¨§ª¨åRe   ®ç¥ì ªàã¯®© á¥âª¥, ¯®áª®«ìªã á®§¤ ë  ®á®¢¥ í¬¯¨à¨ç¥áª®© ¨ä®à¬ æ¨¨ ¤«ï Re <10000.�á¥ ¢ëè¥ ã¯®¬ïãâë¥ ¯à¨¡«¨¦¥ë¥ £à ¨çë¥ãá«®¢¨ï ¬®¦® ¨á¯®«ì§®¢ âì ¢ à ¬ª å íª®®¬¨ç-®© LES-â¥å®«®£¨¨ á ®¤¨ ª®¢ë¬¨ ¢ëç¨á«¨â¥«ì-ë¬¨ § âà â ¬¨, ® ¤«ï à §«¨çëå â¨¯®¢ â¥ç¥-¨©. �  ãç®© «¨â¥à âãà¥ ¥ ®¡ àã¦¥® ¯à¨-¬¥¥¨¥ áâ ¤ àâ®© LES-â¥å®«®£¨¨ ¤«ïRe=105.�â® á¢ï§ ® á â¥¬, çâ®, á®£« á® [5], áâà®£¨¥ âà¥-¡®¢ ¨ï ¤«ï áâ ¤ àâ®© LES ¯® ª®«¨ç¥áâ¢ã à á-ç¥âëå â®ç¥ª   ¢¥áì ¯®£à ¨çë© á«®© ¯à¥¢ëè -îâ   ¯®àï¤®ª, ª ª ¬¨¨¬ã¬, ¯à¥¤¥« ¢ëç¨á«¨â¥«ì-®© á¯®á®¡®áâ¨ á®¢à¥¬¥ëå áã¯¥àª®¬¯ìîâ¥à®¢.
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