
ISSN 1561 -9087 �à¨ª« ¤­  £÷¤à®¬¥å ­÷ª . 2004. �®¬ 6 (78), N 3. �. 54 { 63��� 622.242�������������� ������ ������� ������������������, �������������� ����������������� ����. �. ������, �. �. ��������®àáª®© £¨¤à®ä¨§¨ç¥áª¨© ¨­áâ¨âãâ ��� �ªà ¨­ë, �¥¢ áâ®¯®«ì�®«ãç¥­® 21.08.2003� áá¬ âà¨¢ ¥âáï ªà ¥¢ ï § ¤ ç  ¢§ ¨¬®¤¥©áâ¢¨ï ¯®«ï ¯®¢¥àå­®áâ­ëå ¢®«­ á ¯®¤¢®¤­ë¬ âàã¡®¯à®¢®¤®¬ ¯à¨ ¯à®¨§-¢®«ì­®¬ § §®à¥ ¬¥¦¤ã ¯®¢¥àå­®áâìî ¤­  ¨ âàã¡®©. �á¯®«ì§ãîâáï á®®â­®è¥­¨ï ­¥áâ æ¨®­ à­®£® ¢ï§ª®£®®¡â¥ª ­¨ï¨ «¨­¥©­ëå ¯®¢¥àå­®áâ­ëå ¢®«­ ¬ «®©  ¬¯«¨âã¤ë (¢®«­ �©à¨). �ë¯®«­¥­ë ç¨á«¥­­ë¥ íªá¯¥à¨¬¥­âë ¤«ï à áç¥-â  ¯®«¥© ¢®«­®¢ëå áª®à®áâ¥©, £®à¨§®­â «ì­ëå ¨ ¢¥àâ¨ª «ì­ëå á¨«, ¤¥©áâ¢ãîé¨å ­  âàã¡®¯à®¢®¤ ¯à¨ à §«¨ç­ëå§­ ç¥­¨ïå ä §ë ¢®«­®¢®£® ¢®§¬ãé¥­¨ï ¨ ®â­®á¨â¥«ì­®£® § §®à  ¬¥¦¤ã âàã¡®¯à®¢®¤®¬ ¨ ¯®¢¥àå­®áâìî ¤­ . �¨-á«¥­­ë¥ íªá¯¥à¨¬¥­âë ¯®ª § «¨ å®à®è¥¥ á®¢¯ ¤¥­¨¥ ¢ëç¨á«¥­­ëå §­ ç¥­¨© £¨¤à®¤¨­ ¬¨ç¥áª¨å ª®íää¨æ¨¥­â®¢ á¤ ­­ë¬¨ « ¡®à â®à­ëå íªá¯¥à¨¬¥­â®¢ [1] ¯à¨ ¡®«ìè¨å §­ ç¥­¨ïå ç¨á¥« �¥«¥£ ­ -� à¯¥­â¥à K, á®®â¢¥âáâ¢ãîé¨åà §¢¨â®¬ã âãà¡ã«¥­â­®¬ã ¯®â®ªã (K>5).�®§£«ï¤ õâìáï ªà õ¢  § ¤ ç  ¢§ õ¬®¤iù ¯®«ï ¯®¢¥àå­¥¢¨å å¢¨«ì § ¯i¤¢®¤­¨¬ âàã¡®¯à®¢®¤®¬ ¯à¨ ¤®¢i«ì­®¬ã § §®ài¬i¦ ¯®¢¥àå­¥î ¤­  â  âàã¡®î. �¨ª®à¨áâ®¢ãîâìáï á¯i¢¢i¤­®è¥­­ï ­¥áâ æi®­ à­®£® ¢'ï§ª®£® ®¡âiª ­­ï â  ¯®¢¥àå­¥-¢¨å «i­i©­¨å å¢¨«ì ¬ «®ù  ¬¯«iâã¤¨ (å¢¨«ì �©ài). �¨ª®­ ­÷ ç¨á¥«ì­÷ ¥ªá¯¥à¨¬¥­â¨ ¤«ï à §à åã­ªã ¯®«i¢ å¢¨«ì®¢¨åè¢¨¤ª®áâ¥©, £®à¨§®­â «ì­¨å â  ¢¥àâ¨ª «ì­¨å á¨«, ¤iîç¨å ­  âàã¡®¯à®¢i¤ ¯à¨ ài§­¨å §­ ç¥­­ïå ä §¨ å¢¨«ì®¢®-£® §¡ãà¥­­ï â  ¢i¤­®á­®£® § §®àã ¬i¦ âàã¡®¯à®¢®¤®¬ â  ¯®¢¥àå­¥î ¤­ . �¨á¥«ì­÷ ¥ªá¯¥à¨¬¥­â¨ ¯®ª § «¨ £ à­ã§¡i¦­iáâì à §à å®¢ ­¨å §­ ç¥­ì £i¤à®¤¨­ ¬iç­¨å ª®¥äiæiõ­âi¢ § à¥§ã«ìâ â ¬¨ « ¡®à â®à­¨å ¥ªá¯¥à¨¬¥­âi¢ [1] ¯à¨¢¥«¨ª¨å §­ ç¥­­ïå ç¨á¥« �¥«¥£ ­ -� à¯¥­â¥à  K, é® ¢i¤¯®¢i¤ îâì à®§¢¨­¥­÷© âãà¡ã«¥­â­÷© â¥çiù (K>5).The boundary values problem of the interaction between �eld of the surface gravity waves with the underwater pipelineat arbitrary gap between seabed surface and pipeline is considered. The time-dependent viscous 
ow and linear wavesof small amplitudes approach (Airy waves) are used. The numeral calculations for wave velocities, the drag and liftinghydrodynamic forces, acting on the pipeline at di�erent values of the wave perturbation phases and relative gap betweenpipeline and seabed surface are carried out. The numeral calculations are shown a good coincidence of the calculated hy-drodynamic coe�cients with laboratory tests [1] at Keulegan-Carpenter numbers, K, corresponded to advanced turbulence(K>5).���������¥«ì ­ áâ®ïé¥© à ¡®âë { á®§¤ ­¨¥ £¨¤à®¤¨­ -¬¨ç¥áª®© ¬®¤¥«¨ ¢ï§ª®£® ¢®«­®¢®£® ®¡â¥ª ­¨ï £®-à¨§®­â «ì­®£® âàã¡®¯à®¢®¤ , à á¯®«®¦¥­­®£® ­ ¯à®¨§¢®«ì­®¬ à ááâ®ï­¨¨ ®â ¯«®áª®© ¯®¢¥àå­®áâ¨¬®àáª®£® ¤­ . �®¤¥«¨ â ª®£® â¨¯  ­¥®¡å®¤¨¬ë¤«ï ¨áá«¥¤®¢ ­¨ï £¨¤à®¤¨­ ¬¨ç¥áª®£® ¢§ ¨¬®¤¥©-áâ¢¨ï ¯à¨¤®­­ëå ¢®«­®¢ëå â¥ç¥­¨© á ¯®¤¢®¤­ë¬¨âàã¡®¯à®¢®¤ ¬¨, ª®â®àë¥ è¨à®ª® ¨á¯®«ì§ãîâáï¯à¨ ®á¢®¥­¨¨ ­¥äâï­ëå ¨ £ §®¢ëå ¬¥áâ®à®¦¤¥­¨©­  è¥«ìä¥. �¥á¬®âàï ­  ¬­®£®«¥â­¨© ®¯ëâ ¨á-¯®«ì§®¢ ­¨ï â ª¨å âà ­á¯®àâ­ëå á¨áâ¥¬, ¬­®£¨¥ á¯¥ªâë ¨å £¨¤à®¤¨­ ¬¨ç¥áª®£® ¢§ ¨¬®¤¥©áâ¢¨ïá ¬®àáª®© áà¥¤®© ï¢«ïîâáï ­¥¨§ãç¥­­ë¬¨. �á®-¡¥­­® íâ® ®â­®á¨âáï ª ¬¥«ª®¢®¤­ë¬ à ©®­ ¬ ®â-ªàëâ®£® ¬®àï, £¤¥ ¢®§¤¥©áâ¢¨¥ èâ®à¬®¢ëå ¢®«­á®§¤ ¥â ­¥ â®«ìª® §­ ç¨â¥«ì­ë¥ ¬¥å ­¨ç¥áª¨¥ ­ -£àã§ª¨, ­® ¬®¦¥â ¯à¨¢®¤¨âì ª à §¬ë¢ã £àã­â  ¯®¤âàã¡®©, ¯à®¢¨á ­¨î ¨ ¢¨¡à æ¨ï¬ ãç áâª®¢ âàã-¡®¯à®¢®¤ . � â ª¨å á«ãç ïå ®¡ëç­® ¯à®¨áå®¤ïâ ¢ à¨¨ âàã¡®¯à®¢®¤®¢, ª®â®àë¥ á®¯àï¦¥­ë á ­¥-£ â¨¢­ë¬¨ íª®«®£¨ç¥áª¨¬¨ ¯®á«¥¤áâ¢¨ï¬¨ ¨ ¡®«ì-è¨¬¨ ¬ â¥à¨ «ì­ë¬¨ § âà â ¬¨. �à¨  ¢ à¨ïå
¨«¨ ãâ¥çª å ¨§ âàã¡®¯à®¢®¤  ­¥®¡å®¤¨¬® à á¯®-« £ âì ¤ ­­ë¬¨ ¤«ï ¯à®£­®§  å à ªâ¥à¨áâ¨ª ¤¨ä-äã§¨¨ ¯à®¤ãªâ  âà ­á¯®àâ¨à®¢ª¨ ¢ ¢®¤­®© áà¥¤¥.�¥è¥­¨¥ íâ®© § ¤ ç¨ â ª¦¥ ­¥¯®áà¥¤áâ¢¥­­® á¢ï-§ ­® á à áç¥â®¬ ¯®«ï áª®à®áâ¨ ¢®ªàã£ âàã¡®¯à®-¢®¤  á ãç¥â®¬ ¥£® ¢¨åà¥¢®© áâàãªâãàë ¨ ®æ¥­ª®©¯®â®ª®¢ âãà¡ã«¥­â­®© ¤¨ääã§¨¨. � ª¨¬ ®¡à §®¬,á®§¤ ­¨¥ £¨¤à®¤¨­ ¬¨ç¥áª®© ¬®¤¥«¨ ¢ï§ª®£® ¢®«-­®¢®£® ®¡â¥ª ­¨ï ªàã£®¢®£® æ¨«¨­¤à  ­ ¤ ¯«®áª®©¯®¢¥àå­®áâìî, ç¥¬ã ¯®á¢ïé¥­  ­ áâ®ïé ï à ¡®â ,¨¬¥¥â áãé¥áâ¢¥­­®¥ ¯à¨ª« ¤­®¥ §­ ç¥­¨¥ ¤«ï á®-§¤ ­¨ï ¨ íªá¯«ã â æ¨¨ ¬ £¨áâà «ì­ëå ¯®¤¢®¤­ëåâàã¡®¯à®¢®¤®¢ ¢ è¥«ìä®¢ëå §®­ å, ¯®¤¢¥à¦¥­­ëå¨­â¥­á¨¢­®¬ã ¢®§¤¥©áâ¢¨î èâ®à¬®¢ëå ¢®«­.�̈ ¤à®¤¨­ ¬¨ç¥áª¨¥ § ¤ ç¨, ¢ ª®â®àëå ¨áá«¥-¤ãîâáï ¢ï§ª¨¥ ¢®«­®¢ë¥ â¥ç¥­¨ï ¢¡«¨§¨ ¯à¥¯ïâ-áâ¢¨© à §«¨ç­®© ä®à¬ë, è¨à®ª® ¯à¥¤áâ ¢«¥­ë ¢à §«¨ç­ëå ­ ãç­ëå ¨§¤ ­¨ïå [1-11],   â ª¦¥ ¢[12-16], £¤¥ à áá¬®âà¥­ë ¢®«­®¢ë¥ â¥ç¥­¨ï ¢¡«¨§¨£®à¨§®­â «ì­ëå ªàã£®¢ëå æ¨«¨­¤à®¢. � ­ áâ®ï-é¥© à ¡®â¥ ¨§ãç îâáï á«¥¤ãîé¨¥  á¯¥ªâë ¯à®¡«¥-¬ë ¢ï§ª®£® ¢®«­®¢®£® ®¡â¥ª ­¨ï £®à¨§®­â «ì­®£®âàã¡®¯à®¢®¤  ­ ¤ ¯«®áª®© ¯®¢¥àå­®áâìî ¬®àáª®£®¤­ :54 c
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�¨á. 1. Cå¥¬  ªà ¥¢®© § ¤ ç¨ ¢®«­®¢®£® ®¡â¥ª ­¨ïâàã¡®¯à®¢®¤  ­ ¤ ¯«®áª®© ¯®¢¥àå­®áâìî ¬®àáª®£®¤­ 1. � §¢¨â¨¥ ¢¨åà¥¢®£® â¥ç¥­¨ï ¢¡«¨§¨ âàã¡®-¯à®¢®¤  ¯à¨ ¯à®¨§¢®«ì­®¬ § §®à¥ ¬¥¦¤ã ­¨¬ ¨¯®¢¥àå­®áâìî ¤­ .2. � áç¥â ¤ ¢«¥­¨ï ­  ¯®¢¥àå­®áâ¨ âàã¡®¯à®-¢®¤ ,   â ª¦¥ £®à¨§®­â «ì­®© ¨ ¢¥àâ¨ª «ì­®© £¨-¤à®¤¨­ ¬¨ç¥áª¨å á¨«.3. �¥à¨ä¨ª æ¨ï à¥§ã«ìâ â®¢ ¬®¤¥«¨à®¢ ­¨ï ­ ®á­®¢¥ ¤ ­­ëå ä¨§¨ç¥áª®£® « ¡®à â®à­®£® íªá¯¥-à¨¬¥­â .1. ������2D-£¨¤à®¤¨­ ¬¨ç¥áª ï ¬®¤¥«ì ®¡â¥ª ­¨ï £®à¨-§®­â «ì­®£® âàã¡®¯à®¢®¤  ¢ï§ª¨¬ ¢®«­®¢ë¬ â¥ç¥-­¨¥¬ à áá¬ âà¨¢ ¥âáï ¯à¨ à §«¨ç­ëå §­ ç¥­¨ïå®â­®á¨â¥«ì­®£® § §®à  �=D ¬¥¦¤ã âàã¡®© ¨ ¯«®á-ª¨¬ ¤­®¬. � ¤ ç  à¥è ¥âáï ¢ ¯à¨¡«¨¦¥­¨¨ «¨-­¥©­®© â¥®à¨¨ ¯®¢¥àå­®áâ­ëå ¢®«­ ¬ «®©  ¬¯«¨-âã¤ë (¢®«­ �à¨). �®«­®¢®¥ ¯®«¥ ¯à¨­¨¬ ¥âáï ­¥-¢®§¬ãé¥­­ë¬ ­  ¡®ª®¢ëå £à ­¨æ å à áç¥â­®© áå¥-¬ë. �  ¯®¢¥àå­®áâ¨ § ¤ ­ë ¢¥àâ¨ª «ì­ë¥ ¢®«­®-¢ë¥ á¬¥é¥­¨ï ãà®¢­ï; ­  ¯«®áª®¬ ¤­¥ ¨ ­  áâ¥­ª åâàã¡ë { ãá«®¢¨¥ ¯à¨«¨¯ ­¨ï. � áç¥â­ ï áå¥¬  à¥-è¥­¨ï § ¤ ç¨ ¯à¥¤áâ ¢«¥­  ­  à¨á. 1.�áå®¤­ë¥ ãà ¢­¥­¨ï § ¯¨áë¢ îâáï ¢ á«¥¤ãî-é¥¬ ¢¨¤¥:@u@t + u@u@x + v@u@y = � @P�@x + �(@2u@x2 + @2u@y2 );@v@t +u@v@x+v @v@y = � @P�@y +�(@2v@x2+ @2v@y2 )�g;@u@x + @v@y = 0; (1)£¤¥ u; v { £®à¨§®­â «ì­ ï ¨ ¢¥àâ¨ª «ì­ ï á®áâ -¢«ïîé¨¥ áª®à®áâ¨ â¥ç¥­¨ï ¢¤®«ì ®á¥© ox; oy á®®â-¢¥âáâ¢¥­­® (p¨á. 1); � { ª®íää¨æ¨¥­â ¢ï§ª®áâ¨; P

{ ¤ ¢«¥­¨¥; � { ¯«®â­®áâì; g { ãáª®à¥­¨¥ á¢®¡®¤­®-£® ¯ ¤¥­¨ï.�¥à¥ªà¥áâ­ë¬ ¤¨ää¥à¥­æ¨à®¢ ­¨¥¬ ¨ ¢ëç¨â -­¨¥¬ ¢â®à®£® ãà ¢­¥­¨ï ¨§ ¯¥à¢®£® íâ  á¨áâ¥¬ ¯à¨¢®¤¨âáï ª á«¥¤ãîé¨¬ ãà ¢­¥­¨ï¬: ¤«ï ¢¨-åàï áª®à®áâ¨ "(x; y; t) = � (@u=@y)+(@v=@x) ¨äã­ªæ¨¨ â®ª   (x; y; t),@"@t + @(u")@x + (@v")@y = �(@2"@x2 + @2"@y2 );@2 @2x + @2 @2y = �": (2)£¤¥ u = @ =@y; v = �@ =@x;�â¨ ãà ¢­¥­¨ï ¤®«¦­ë ã¤®¢«¥â¢®àïâì â ª¨¬£à ­¨ç­ë¬ ãá«®¢¨ï¬ [17, 18]:1) u=v =0, ¯à¨ y= �H (¯®¢¥àå­®áâì ¤­ ) ¨ ­ ¯®¢¥àå­®áâ¨ âàã¡®¯à®¢®¤ ,  = 0 ­  ¯®¢¥àå­®áâ¨¤­  ¨  =  c ­  ¯®¢¥àå­®áâ¨ âàã¡ë.2) �  ¡®ª®¢ëå £à ­¨æ å: = yZ�H udy;u(x = �0:5L; y; t) = !ach [k(H + y)]sh (kH) �� sin(!t� 0:5kL); (3)£¤¥ �H + LB < y < 0; LB { ¯à¨¤®­­ë© ¯®-£à ­¨ç­ë© á«®©, ¢ ª®â®à®¬ £®à¨§®­â «ì­ ï áª®-à®áâì ¨§¬¥­ï¥âáï ®â ¢¥«¨ç¨­ë u(x= � 0:5L; y =�H + LB)=!ach (kLB) sin(!t� 0:5kL)=sh (kH) ¤®­ã«ï ¯à¨ y = � H; ! = 2�=T { ã£«®¢ ï ç áâ®â ;k=2�=� { ¢®«­®¢®¥ ç¨á«®; a {  ¬¯«¨âã¤  ¢®«­ë; L{ £®à¨§®­â «ì­ë© à §¬¥à à áç¥â­®© ®¡« áâ¨ (á¬.p¨á. 1).3) �  ¯®¢¥àå­®áâ¨ ¬®àï: = � xZ�0:5L vdx;v(x; y = 0; t) = a cos(!t � kx); (4)£¤¥ �0:5L < x < 0:5L.4) �  ¯®¢¥àå­®áâ¨ âàã¡®¯à®¢®¤  äã­ªæ¨ï â®ª  c ®¯à¥¤¥«ï¥âáï á«¥¤ãîé¨¬ ®¡à §®¬. �à ¢­¥­¨¥(2) §¤¥áì ¢ëà®¦¤ ¥âáï ¢ ãà ¢­¥­¨¥ ¤«ï ®¤­®¬¥à­®©¤¨ääã§¨¨ @"@t = � @2"@n2 ; (5)£¤¥ n { ­ ¯à ¢«¥­¨¥ ­®à¬ «¨ ª ¯®¢¥àå­®áâ¨ âàã-¡ë. � ª®­¥ç­®-à §­®áâ­®© ä®à¬¥ ãà ¢­¥­¨¥ (5)¯à¥®¡à §ã¥âáï ¢ á«¥¤ãîé¨© ¢¨¤ [19]:�. �. �ãè­¨à, �. �. �¥¤®à®¢ 55



ISSN 1561 -9087 �à¨ª« ¤­  £÷¤à®¬¥å ­÷ª . 2004. �®¬ 6 (78), N 3. �. 54 { 63 c =  +1 � hu+1 + h2"c; (6)£¤¥  +1; u+1 { äã­ªæ¨ï â®ª  ¨ áª®à®áâì â¥ç¥­¨ï­  à ááâ®ï­¨¨ è £  à áç¥â­®© á¥âª¨ h ®â ¯®¢¥àå-­®áâ¨ âàã¡®¯à®¢®¤ ; "c { ¢¨åàì ­  ¯®¢¥àå­®áâ¨âàã¡ë. � ª ç¥áâ¢¥ ­ ç «ì­®£® ¯à¨¡«¨¦¥­¨ï ¯à¨-­¨¬ ¥âáï  c=0 , § â¥¬ ¬¥â®¤®¬ ¨â¥à æ¨© ®¯à¥¤¥-«ï¥âáï ¢¥«¨ç¨­   c, ã¤®¢«¥â¢®àïîé ï ãà ¢­¥­¨î(6).� ª ç¥áâ¢¥ ­ ç «ì­®£® ãá«®¢¨ï ¯à¨­ïâ  ä § ¢®«­ë !t=0, à¥è¥­¨¥ ãà ¢­¥­¨ï (2) ¢ íâ®â ­ ç «ì-­ë© ¬®¬¥­â ¢à¥¬¥­¨ ¯à¥¤áâ ¢«ï¥âáï à §­®áâ­ë¬ãà ¢­¥­¨¥¬ ¢¨¤ : 0(x0; y0)=0:25[ (x0+h; y0)+ (x0��h; y0)+ (x0; y0 + h) +  (x0; y0 � h)]: (7)�®à¨§®­â «ì­ ï ¨ ¢¥àâ¨ª «ì­ ï áª®à®áâì â¥ç¥-­¨ï ¢ ­ ç «ì­ë© ¬®¬¥­â ¢à¥¬¥­¨ ®¯à¥¤¥«ïîâáïá«¥¤ãîé¨¬ ®¡à §®¬:u0(x0; y0+0:5h)=  (x0; y0+h)� (x0; y0)h ;v0(x0+0:5h; y0)=  (x0; y0)� (x0+h; y0)h : (8)� ç «ì­®¥ §­ ç¥­¨¥ ¢¨åàï ¢ëç¨á«ï¥âáï ¯® á®®â-­®è¥­¨î"0(x0; y0)=[u(x0; y0�0:5h)�u(x0; y0++0:5h)+v(x0 + 0:5h; y0)� v(x0 � 0:5h; y0)]=h:(9)�­ ç¥­¨¥ ¢¨åàï ¢ ¯®á«¥¤ãîé¨© ¬®¬¥­â ¢à¥¬¥­¨�t ®¯à¥¤¥«ï¥âáï ª ª"(x0; y0)n+1=(1+2A)�1("(x0; y0)n�1+B��[u(x0�0:5h; y0)n"(x0�0:5h; y0)n�u(x0++0:5h; y0)n"(x0+0:5h; y0)n+v(x0; y0�0:5h)n��"(x0; y0�0:5h)n�v(x0; y0+0:5h)n"(x0; y0++ 0:5h)n]+A["(x0+h; y0)n+"(x0�h; y0)n++"(x0; y0+h)n+"(x0; y0�h)n��2"(x0; y0)n�1]); (10)£¤¥ A=(2��t)=h2, B=(2�t)=h.�®®â¢¥âáâ¢ãîé¥¥ §­ ç¥­¨¥ äã­ªæ¨¨ â®ª  ¡ã¤¥â (x0; y0)=[ (x0+h; y0)+ (x0�h; y0)++ (x0; y0+h)+ (x0 ; y0�h)+h2"(x0; y0)]=4;(11)

®âªã¤  ¯® á®®â­®è¥­¨î (8) ®¯à¥¤¥«ïîâáï §­ ç¥-­¨ï £®à¨§®­â «ì­®© ¨ ¢¥àâ¨ª «ì­®© áª®à®áâ¨.�«ï ¢ëç¨á«¥­¨ï ¤ ¢«¥­¨ï P (x; y; t) ¨á¯®«ì§®¢ -­ë ãà ¢­¥­¨ï (1) á â ª¨¬¨ £à ­¨ç­ë¬¨ ãá«®¢¨ï-¬¨:­  ¡®ª®¢ëå £à ­¨æ åP (x = �0:5L; y; t)� = gach [k(H + y)]ch (kH) �� sin(!t � 0:5kL)� gy; (12)­  á¢®¡®¤­®© ¯®¢¥àå­®áâ¨ ¯à¨ (�0:5L<x<0:5L)P (x; y = 0; t)� = ga sin(!t� kx): (13)�¨ää¥à¥­æ¨àãï ¯¥à¢®¥ ãà ¢­¥­¨¥ (1) ¯® x,  ¢â®à®¥ { ¯® y ¨ § â¥¬ áª« ¤ë¢ ï ¨å, ­ å®¤¨¬:@2P@x2 + @2P@y2 = ��Q(u; v; x; y; t); (14)£¤¥ ¯à ¢ ï ç áâì ãà ¢­¥­¨ï (14) ®¯à¥¤¥«ï¥âáï ¤«ïª ¦¤®© â®çª¨ à áç¥â­®© áå¥¬ë ¢ à¥§ã«ìâ â¥ ¯à¥¤-¢ à¨â¥«ì­®£® ¢ëç¨á«¥­¨ï áª®à®áâ¥©.�à¨ à áç¥â å ¯®«ï ¤ ¢«¥­¨ï ¢ ª ç¥áâ¢¥ ª®­¥ç­®-à §­®áâ­®© ä®à¬ã«ë ¨á¯®«ì§®¢ ­  á«¥¤ãîé ï § -¢¨á¨¬®áâì:4P (x0; y0)=[P (x0+h; y0)+P (x0�h; y0)++P (x0; y0+h)+P (x0; y0�h)]+�h2Q(x0; y0);(15)£¤¥h2Q(x0; y0)=[u2(x0+h; y0)�2u2(x0; y0)++u2(x0�h; y0)+v2(x0; y0+h)�2v2(x0; y0)++v2(x0; y0�h)]+0:5[u(x0+h; y0+h)��v(x0+h; y0+h)�u(x0�h; y0+h)��v(x0�h; y0+h)+u(x0�h; y0�h)��v(x0�h; y0�h)�u(x0+h; y0�h)��v(x0+h; y0�h): (16)�¨á«¥­­®¥ à¥è¥­¨¥ ãà ¢­¥­¨© (2), (14) ¢ë¯®«­¥-­® ¨â¥à æ¨®­­ë¬ ¬¥â®¤®¬ �¨¡¬ ­  [19]. � £ á¥â-ª¨ ¯® £®à¨§®­â «¨ ¨ ¢¥àâ¨ª «¨ ¡ë« ¯à¨­ïâ à ¢-­ë¬ 0.1 ¬, ç¨á«® ã§«®¢ { ®â 7381 ¤® 12221 ¤«ï£«ã¡¨­ 6 ¨ 10 ¬ á®®â¢¥âáâ¢¥­­®, è £ ¯® ¢à¥¬¥-­¨ § ¤ ¢ «áï à ¢­ë¬ 0.02 á. �¨á«® ¨â¥à æ¨© ¯à¨à áç¥â å äã­ªæ¨¨ â®ª  ¨ ¢¨åàï á®áâ ¢«ï«® ®¡ëç-­® 6000, ®áâ ­®¢ª  áç¥â  ®áãé¥áâ¢«ï« áì, ¥á«¨56 �. �. �ãè­¨à, �. �. �¥¤®à®¢



ISSN 1561 -9087 �à¨ª« ¤­  £÷¤à®¬¥å ­÷ª . 2004. �®¬ 6 (78), N 3. �. 54 { 63¯à¨à é¥­¨¥ «¨­¨¨ â®ª  áâ ­®¢¨«®áì à ¢­ë¬ ¨«¨¬¥­ìè¥ 10�6 á�1. �à¨ ¢ëç¨á«¥­¨¨ ¤ ¢«¥­¨ï ç¨-á«® ¨â¥à æ¨© á®áâ ¢«ï«® ®¡ëç­® 12000, ®áâ ­®¢-ª  áç¥â  ¯à®¢®¤¨« áì ¯à¨ ¯à¨à é¥­¨¨ ¤ ¢«¥­¨ï­¥ ¡®«¥¥ 0.1 � . � áç¥â ¢ë¯®«­ï«áï ¤«ï ¤¥áï-â¨ ¯¥à¨®¤®¢ ¢®«­. � ¤ ç  à áá¬ âà¨¢ « áì ¤«ïãá«®¢¨© ¢®§¤¥©áâ¢¨ï èâ®à¬®¢ëå ¯®¢¥àå­®áâ­ëå¢®«­ ­  âàã¡®¯à®¢®¤ ¢ ¯à¨¡à¥¦­®© §®­¥. �®«ã-ç¥­ë á«¥¤ãîé¨¥ å à ªâ¥à­ë¥ ¯ à ¬¥âàë ¯®¢¥àå-­®áâ­ëå ¢®«­. �  £«ã¡¨­¥ H = 10¬ ¯à¨ íªáâà¥-¬ «ì­®© áª®à®áâ¨ ¢¥âà  W =40¬=á áà¥¤­ïï ¢ëá®-â  ¢®«­ë h = 2a = 0:07W 2g�1(gHW�2)0:6, ¯¥à¨®¤T = 18:7W�0:2g�0:4h0:6, ¤«¨­  � = T (gH)0:5 ¨  ¬-¯«¨âã¤  ¢¥àâ¨ª «ì­®© ¢®«­®¢®© áª®à®áâ¨ ­  á¢®-¡®¤­®© ¯®¢¥àå­®áâ¨ V0 á®áâ ¢«ï«¨ á®®â¢¥âáâ¢¥­-­® 2.14 ¬, 5.7 á, 56 ¬, 1.18 ¬/á [20]. �¨ ¬¥âà âàã-¡®¯à®¢®¤  ¯à¨ à áç¥â å ¯à¨­¨¬ «áï à ¢­ë¬ 1 ¬,¢¥«¨ç¨­  § §®à  ¨§¬¥­ï« áì ®â ­ã«ï ¤® 0.8 ¬.� ªá¨¬ «ì­®¥ ç¨á«® �¥©­®«ì¤á  ¢ ¯à¨¤®­­®¬¢®«­®¢®¬ á«®¥ Re = [�=(�T )]0:5h=sh (kH) [21] ¤«ïà áá¬ âà¨¢ ¥¬ëå ãá«®¢¨© ¡ë«® à ¢­® 980.�®«é¨­  ¯®£à ­¨ç­®£® á«®ï ¯® ®æ¥­ª¥ �íâç¥-«®à  LBBL = 0:75�(2Re�1)0:5 [22] ¤«ï à áá¬ âà¨-¢ ¥¬ëå ãá«®¢¨© á®áâ ¢«ï«  0.1 ¬, çâ® á®®â¢¥â-áâ¢®¢ «® à §¬¥àã á¥âª¨. �® ¤ ­­ë¬ ¬­®£®ç¨á«¥­-­ëå íªá¯¥à¨¬¥­â «ì­ëå ¨áá«¥¤®¢ ­¨© íâ  ¢¥«¨ç¨-­  ¨¬¥¥â ¯à¨¬¥à­® â ª®© ¦¥ ¯®àï¤®ª [23{25].�§¢¥áâ­®, çâ® ¯à¨ à¥è¥­¨¨  ­ «®£¨ç­ëå £¨-¤à®¤¨­ ¬¨ç¥áª¨å § ¤ ç áãé¥áâ¢ãîâ ®¯à¥¤¥«¥­­ë¥®£à ­¨ç¥­¨ï ­  ¯ à ¬¥âàë ç¨á«¥­­®© áå¥¬ë ¤«ï®¡¥á¯¥ç¥­¨ï ãáâ®©ç¨¢®áâ¨ à¥è¥­¨ï. �­ «¨§ íâ®©¯à®¡«¥¬ë ¤«ï ¤ ­­®© § ¤ ç¨ ¢ë¯®«­¥­ ­  ®á­®¢¥á«¥¤ãîé¥£® ªà¨â¥à¨ï [19]:jXi;j "i;j �Xi;j � i;jj < 0:0002jXi;j � i;jj: (17)Cã¬¬¨à®¢ ­¨¥ ®æ¥­®ª ¢¨åàï áª®à®áâ¨ ¨ « ¯« á¨ -­  äã­ªæ¨¨ â®ª  ¯à®¨§¢®¤¨âáï ¯® ¢á¥¬ ã§« ¬ à á-ç¥â­®© á¥âª¨.�¨á«¥­­ë¥ íªá¯¥à¨¬¥­âë ¯®ª § «¨, çâ® ¤®«¦-­ë ¢ë¯®«­ïâìáï á«¥¤ãîé¨¥ ãá«®¢¨ï: v�t=�h � 1,��t=h2 � 2:8 � 10�3 ¯à¨ �t = 0:02c, h = 0:1¬, � =1:4 � 10�3¬2=á .2. �����������  p¨á. 3 ¯®ª § ­ë ¯®á«¥¤®¢ â¥«ì­ë¥ áâ -¤¨¨ ä®à¬¨à®¢ ­¨ï ¢¨åà¥¢®© áâàãªâãàë áª®à®áâ¨¢¡«¨§¨ âàã¡®¯à®¢®¤  ¯à¨ à §«¨ç­ëå ä § å ¢®«-­®¢®£® â¥ç¥­¨ï. � íâ®¬ á«ãç ¥ âàã¡®¯à®¢®¤ ­ å®-¤¨âáï ­  ¯®¢¥àå­®áâ¨ ¤­  ¡¥§ § §®à . �¥§ã«ìâ âë¢ëç¨á«¥­¨ï ¤ ¢«¥­¨ï ­  ¯®¢¥àå­®áâ¨ âàã¡®¯à®¢®-¤  ¨á¯®«ì§®¢ ­ë ¤«ï ®¯à¥¤¥«¥­¨ï ã¤¥«ì­ëå £®à¨-
�¨á. 2. � à ªâ¥à ¨§¬¥­¥­¨ï £®à¨§®­â «ì­®© Fd ¨¢¥àâ¨ª «ì­®© FL £¨¤à®¤¨­ ¬¨ç¥áª¨å á¨«,   â ª¦¥¬®¤ã«ï áª®à®áâ¨ â¥ç¥­¨ï V ­  £®à¨§®­â «ì­®© ®á¨âàã¡®¯à®¢®¤ §®­â «ì­ëå Fd ¨ ¢¥àâ¨ª «ì­ëå Fl £¨¤à®¤¨­ ¬¨ç¥-áª¨å á¨« (�/¬). �®®â¢¥âáâ¢ãîé¨¥ £¨¤à®¤¨­ ¬¨-ç¥áª¨¥ ª®íää¨æ¨¥­âë £®à¨§®­â «ì­®© Cd ¨ ¢¥àâ¨-ª «ì­®© Cl á¨« ­ ©¤¥­ë ¯® á®®â­®è¥­¨ï¬ [26]:Cd = Fd0:5�DV 2 ;Cl = Fl0:5�DV 2 ; (18)£¤¥ D { ¤¨ ¬¥âà âàã¡®¯à®¢®¤ ; V { ¬®¤ã«ì áª®à®-áâ¨ â¥ç¥­¨ï ¢¡«¨§¨ ¥£® ¯®¢¥àå­®áâ¨ ­  à ááâ®ï-­¨¨ 0:5D ®â ¤­ . �¤­®¢à¥¬¥­­® ¢ëç¨á«¥­ë ç¨á« �¥«¥£ ­ -� à¯¥­â¥à  K=V T=D ¨ ®¯à¥¤¥«¥­ë § -¢¨á¨¬®áâ¨ Cd=f1(K) ¨ Cl=f2(K).� à ªâ¥à ¨§¬¥­¥­¨ï £®à¨§®­â «ì­®© ¨ ¢¥àâ¨-ª «ì­®© £¨¤à®¤¨­ ¬¨ç¥áª®© á¨« ¯®ª § ­ ­  p¨á.2.�­ «®£¨ç­ë¥ à áç¥âë ¢ë¯®«­¥­ë ¤«ï á«ãç ¥¢, ª®-�. �. �ãè­¨à, �. �. �¥¤®à®¢ 57
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�¨á. 5. �¥§ã«ìâ âë á®¯®áâ ¢«¥­¨ï ¢ëç¨á«¥­­ëå (�) ¨ íªá¯¥à¨¬¥­â «ì­ëå (�) § ¢¨á¨¬®áâ¥© ª®íää¨æ¨¥­â  £®à¨§®­-â «ì­®© £¨¤à®¤¨­ ¬¨ç¥áª®© á¨«ë ®â ç¨á¥« �¥«¥£ ­ -� à¯¥­â¥à  ¯à¨ à §«¨ç­ëå §­ ç¥­¨ïå ®â ®â­®á¨â¥«ì­®£® § §®à �. �æ¥­ª¨ ¢¥«¨ç¨­ Cd ¯®«ãç¥­ë ç¥à¥§ ¨­â¥à¢ «ë ¢à¥¬¥­¨ 0.5 á ¤«ï ¤¥áïâ¨ ¯¥à¨®¤®¢60 �. �. �ãè­¨à, �. �. �¥¤®à®¢
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�¨á. 6. �®¯®áâ ¢«¥­¨¥ ¢ëç¨á«¥­­ëå (�) ¨ íªá¯¥à¨¬¥­â «ì­ëå (�) ª®íää¨æ¨¥­â®¢ ¯®¤ê¥¬­®© á¨«ë CL ®â ç¨á¥«�¥«¥£ ­ -� à¯¥­â¥à . � { ¢¥«¨ç¨­  § §®à  ¬¥¦¤ã âàã¡®© ¨ ¤­®¬. �æ¥­ª¨ ¢¥«¨ç¨­ CL ¯®«ãç¥­ë ç¥à¥§ ¨­â¥à¢ «ë¢à¥¬¥­¨ 0.5 á ¤«ï ¤¥áïâ¨ ¯¥à¨®¤®¢£¤  ¬¥¦¤ã âàã¡®© ¨ ¯®¢¥àå­®áâìî ¤­  ¨¬¥¥âáï § -§®à. �¤¥áì äã­ªæ¨ï â®ª  ­  ¯®¢¥àå­®áâ¨ âàã¡®-¯à®¢®¤  ®¯à¥¤¥«¥­  ¯® à áá¬®âà¥­­®© ¢ëè¥ áå¥- ¬¥ (á®®â­®è¥­¨ï (5), (6)) ¢ à¥§ã«ìâ â¥ ¨â¥à æ¨©.�à¨¬¥à à §¢¨â¨ï ¢¨åà¥¢®© áâàãªâãàë ¤«ï § §®à ,à ¢­®£® 0.6 ¬, ¯®ª § ­ ­  p¨á. 4. � áç¥âë ¯®ª § -�. �. �ãè­¨à, �. �. �¥¤®à®¢ 61



ISSN 1561 -9087 �à¨ª« ¤­  £÷¤à®¬¥å ­÷ª . 2004. �®¬ 6 (78), N 3. �. 54 { 63«¨, çâ® ¢ â ª¨å á«ãç ïå äã­ªæ¨ï â®ª  ­  ¯®¢¥àå-­®áâ¨ âàã¡ë ­¥ à ¢­  ­ã«î, çâ® á®®â¢¥âáâ¢ã¥â­¥ª®â®à®¬ã áà¥¤­¥¬ã â¥ç¥­¨î ¢ § §®à¥, ª®â®à®¥®âç¥â«¨¢® ¢¨¤­® ­  p¨á. 4. �¥«¨ç¨­   c ï¢«ï¥â-áï §­ ª®¯¥à¥¬¥­­®© ¨ ¬¥­ï¥âáï ¢ á®®â¢¥âáâ¢¨¨ á¨§¬¥­¥­¨¥¬ ä §ë ¢®«­ë.�ëç¨á«¥­­ë¥ § ¢¨á¨¬®áâ¨ £¨¤à®¤¨­ ¬¨ç¥áª¨åª®íää¨æ¨¥­â®¢ ®â ç¨á¥« �¥«¥£ ­ -� à¯¥­â¥à  á®-¯®áâ ¢«¥­ë á  ­ «®£¨ç­ë¬¨ § ¢¨á¨¬®áâï¬¨, ¯®«ã-ç¥­­ë¬¨ ¢ à¥§ã«ìâ â¥ ¢ë¯®«­¥­¨ï á¥à¨¨ « ¡®à -â®à­ëå ä¨§¨ç¥áª¨å íªá¯¥à¨¬¥­â®¢ ¢ £¨¤à®¤¨­ -¬¨ç¥áª®¬ ¡ áá¥©­¥ [27]. �¥§ã«ìâ âë á®¯®áâ ¢«¥-­¨© ¯à¨¢¥¤¥­ë ­  p¨á. 5 ¨ 6.������1. �®§¤ ­­ ï £¨¤à®¤¨­ ¬¨ç¥áª ï ¬®¤¥«ì ¢ï§ª®-£® ¢®«­®¢®£® ®¡â¥ª ­¨ï âàã¡®¯à®¢®¤  ­ ¤ ¯«®áª¨¬¤­®¬ ¯®§¢®«ï¥â ç¨á«¥­­ë¬¨ ¬¥â®¤ ¬¨ ¨áá«¥¤®-¢ âì à §¢¨â¨¥ ¢¨åà¥¢®© áâàãªâãàë â¥ç¥­¨© ¢¡«¨-§¨ âàã¡ë ¯à¨ à §«¨ç­ëå ¢¥«¨ç¨­ å § §®à  ¬¥¦-¤ã ­¥© ¨ ¯®¢¥àå­®áâìî ¤­ . � áç¥â ¯¥à¥¬¥­­®£®¤ ¢«¥­¨ï ­  ¯®¢¥àå­®áâ¨ âàã¡ë ï¢«ï¥âáï ®á­®¢®©¤«ï à áç¥â  £¨¤à®¤¨­ ¬¨ç¥áª¨å £®à¨§®­â «ì­ëå ¨¢¥àâ¨ª «ì­ëå á¨«, ¢®§¤¥©áâ¢ãîé¨å ­  âàã¡®¯à®-¢®¤.2. �®¯®áâ ¢«¥­¨¥ ¯®«ãç¥­­ëå ç¨á«¥­­ë¬¨ ¬¥â®-¤ ¬¨ § ¢¨á¨¬®áâ¥© ª®íää¨æ¨¥­â®¢ £®à¨§®­â «ì-­®© ¨ ¢¥àâ¨ª «ì­®© £¨¤à®¤¨­ ¬¨ç¥áª¨å á¨« ®âç¨á¥« �¥«¥£ ­ -� à¯¥­â¥à  á ¤ ­­ë¬¨  ­ «®£¨ç-­ëå ä¨§¨ç¥áª¨å íªá¯¥à¨¬¥­â®¢ ¢ ¢®«­®¢®¬ ¡ áá¥©-­¥ ¯®ª § «® å®à®è¥¥ á®®â¢¥âáâ¢¨¥ íâ¨å å à ªâ¥-à¨áâ¨ª. �à¨ íâ®¬ ®£à ­¨ç¥­­ë© ¤¨ ¯ §®­ ç¨á¥«�¥«¥£ ­ -� à¯¥­â¥à  (K>5) ¯à¨ ç¨á«¥­­ëå à á-ç¥â å ®¡êïá­ï¥âáï â¥¬, çâ® ¯à¨ ¬¥­ìè¨å ¢¥«¨-ç¨­ å K ¯® ¤ ­­ë¬ « ¡®à â®à­ëå íªá¯¥à¨¬¥­â®¢®¡â¥ª ­¨¥ âàã¡®¯à®¢®¤  ï¢«ï¥âáï ¯®â¥­æ¨ «ì­ë¬[27]. �®¤¥«ì­ ï § ¤ ç  â ª®£® â¨¯  à áá¬®âà¥­ ¢ [28-30].3. �®§¤ ­­ ï ¢¨åà¥à §à¥è îé ï ¬®¤¥«ì ®¡â¥-ª ­¨ï âàã¡®¯à®¢®¤  ¢®«­®¢ë¬ â¥ç¥­¨¥¬ ¬®¦¥â¡ëâì ¨á¯®«ì§®¢ ­  ¤«ï à áç¥â®¢ âãà¡ã«¥­â­ëå ­ -¯àï¦¥­¨© ¢¡«¨§¨ ¯®¢¥àå­®áâ¨ ¤­  ¨, á«¥¤®¢ â¥«ì-­®, ¤«ï ®¯à¥¤¥«¥­¨ï å à ªâ¥à¨áâ¨ª à §¬ë¢  £àã­-â  [31, 32]. �â  ¬®¤¥«ì ¬®¦¥â ¡ëâì â ª¦¥ ¨á-¯®«ì§®¢ ­  ¤«ï ®æ¥­®ª ¢¥àâ¨ª «ì­ëå âãà¡ã«¥­â-­ëå ¯®â®ª®¢ ¤¨ääã§¨¨ ¨¬¯ã«ìá  ¨ à áâ¢®à¥­­®£®¢¥é¥áâ¢ , çâ® ­¥®¡å®¤¨¬® ¤«ï ¯à®£­®§  ¤¨ääã§¨¨âà ­á¯®àâ¨àã¥¬®£® ¢¥é¥áâ¢  ¯à¨ ¢®§­¨ª­®¢¥­¨¨ ¢ à¨© ¨«¨ ãâ¥ç¥ª ¨§ âàã¡®¯à®¢®¤ .� ¡®â  ¢ë¯®«­¥­  ¯à¨ ¯®¤¤¥à¦ª¥ £à ­â  CRDF,¯à®¥ªâ UP2-2424-SE-02.
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