
ISSN 1561-9087 �à¨ª« ¤  £i¤à®¬¥å iª . 2002. �®¬ 4(76), N 3. �. 12 { 21��� 532.465��������� ������������������ ������������������������ ������� �� ����������������������. �. ��������� , �. �. ��������áâ¨âãâ ¯à®¡«¥¬ ¬ â¥¬ â¨ç¥áª¨å ¬ è¨ ¨ á¨áâ¥¬ ��� �ªà ¨ë, �¨¥¢�®«ãç¥® 17.03.2002�à¥¤áâ ¢«¥  ç¨á«¥ ï ¥£¨¤à®áâ â¨ç¥áª ï ¬®¤¥«ì áâà â¨ä¨æ¨à®¢ ëå â¥ç¥¨© á® á¢®¡®¤®© ¯®¢¥àå®áâìî. �®á®¢¥ ¬¥â®¤  à¥è¥¨ï á¨áâ¥¬ë ãà ¢¥¨© � ¢ì¥-�â®ªá  «¥¦¨â à áé¥¯«¥¨¥ ¯®«¥© áª®à®áâ¨ ¨ ¤ ¢«¥¨ï   £¨-¤à®áâ â¨ç¥áªãî ¨ ¥£¨¤à®áâ â¨ç¥áªãî á®áâ ¢«ïîé¨¥. �ëç¨á«¥¨ï ¯à®¢®¤ïâáï ¢ âà¨ íâ ¯  á ¨á¯®«ì§®¢ ¨¥¬ �-á¨áâ¥¬ë ª®®à¤¨ â ¨ à áé¥¯«¥¨ï   ¢ãâà¥îî ¨ ¢¥èîî ¬®¤ë. �  ¯¥à¢®¬ íâ ¯¥ ¤«ï ®¯à¥¤¥«¥¨ï ãà®¢ïá¢®¡®¤®© ¯®¢¥àå®áâ¨ á ¨á¯®«ì§®¢ ¨¥¬ ï¢®© áå¥¬ë à¥è îâáï ¯à®¨â¥£à¨à®¢ ë¥ ¯® £«ã¡¨¥ ãà ¢¥¨ï ¤¢¨¦¥-¨ï ¨ ãà ¢¥¨¥ ¥à §àë¢®áâ¨. �  ¢â®à®¬ íâ ¯¥ ®¯à¥¤¥«ï¥âáï ¯à®¬¥¦ãâ®ç®¥ âà¥å¬¥à®¥ £¨¤à®áâ â¨ç¥áª®¥ ¯®«¥áª®à®áâ¥© ¨ ¤ ¢«¥¨ï á ¨á¯®«ì§®¢ ¨¥¬ ¯®«ã¥ï¢®© áå¥¬ë. �  âà¥âì¥¬ íâ ¯¥ ®¯à¥¤¥«ïîâáï ¥£¨¤à®áâ â¨ç¥áª¨¥¯®«ï áª®à®áâ¥© ¨ ¤ ¢«¥¨ï á ¯®¬®éìî ¬¥â®¤  á®¯àï¦¥ëå £à ¤¨¥â®¢. � áç¥âë á®¯®áâ ¢«¥ë á   «¨â¨ç¥áª¨¬à¥è¥¨¥¬ § ¤ ç¨ ® áâ®ïç¨å ª®«¥¡ ¨ïå âï¦¥«®© ¦¨¤ª®áâ¨ ¢ £«ã¡®ª®¬ ¯àï¬®ã£®«ì®¬ ¡ áá¥©¥, « ¡®à â®àë¬¨íªá¯¥à¨¬¥â ¬¨ ¯® âà áä®à¬ æ¨¨ ¤«¨ëå ¢®«  ¤ ¯®¤¢®¤ë¬¨ ¡ à ¬¨ ¨ ®âà ¦¥¨î ã¥¤¨¥ëå ¢®« ®â ¢¥àâ¨-ª «ì®© áâ¥ª¨. �  ¯à¨¬¥à¥ § ¤ ç¨ ® ¢®¤®®¡¬¥¥¦¨¤ª®áâ¨ à §«¨ç®© ¯«®â®áâ¨ ¢ è«î§¥ ¯®ª §   íää¥ªâ¨¢®áâìà §à ¡®â ®£® ¬¥â®¤ .�à¥¤áâ ¢«¥  ç¨á¥«ì  ¥£÷¤à®áâ â¨ç  ¬®¤¥«ì áâà â¨ä÷ª®¢ ¨å â¥ç÷© § ¢÷«ì®î ¯®¢¥àå¥î. � ®á®¢ã ¬¥â®¤ãà®§¢'ï§ ï á¨áâ¥¬¨ à÷¢ïì � ¢'õ-�â®ªá  ¯®ª« ¤¥® à®§é¥¯«¥ï ¯®«÷¢ è¢¨¤ª®áâ÷ ÷ â¨áªã   £÷¤à®áâ â¨çã â ¥£÷¤à®áâ â¨çã áª« ¤®¢÷. �®§à åãª¨ ¯à®¢®¤ïâìáï ¢ âà¨ ¥â ¯¨ § ¢¨ª®à¨áâ ï¬ �{á¨áâ¥¬¨ ª®®à¤¨ â ÷ à®§é¥¯-«¥ï   ¢ãâà÷èî â  §®¢÷èî ¬®¤¨. �  ¯¥àè®¬ã ¥â ¯÷ ¤«ï ¢¨§ ç¥ï à÷¢ï ¢÷«ì®ù ¯®¢¥àå÷ § ¢¨ª®à¨áâ ï¬ï¢®ù áå¥¬¨ à®§¢'ï§ãîâìáï ¯à®÷â¥£à®¢ ÷ §  £«¨¡¨®î à÷¢ïï àãåã â  à÷¢ïï ¥à®§à¨¢®áâ÷. �  ¤àã£®¬ã ¥â ¯÷¢¨§ ç õâìáï ¯à®¬÷¦¥ âà¨¢¨¬÷à¥ £÷¤à®áâ â¨ç¥ ¯®«¥ è¢¨¤ª®áâ÷ ÷ â¨áªã § ¢¨ª®à¨áâ ï¬  ¯÷¢¥ï¢®ù áå¥¬¨. � âà¥âì®¬ã ¥â ¯÷ ®¤¥à¦ãîâìáï ¥£÷¤à®áâ â¨ç÷ ¯®«ï è¢¨¤ª®áâ÷ â  â¨áªã § ¢¨ª®à¨áâ ï¬ ¬¥â®¤ã á¯àï¦¥¨å £à ¤÷õ-â÷¢. �®§à åãª¨ á¯÷¢áâ ¢«¥® §   «÷â¨ç¨¬ à®§¢'ï§ª®¬ § ¤ ç÷ ¯à® áâ®ïç÷ ª®«¨¢ ï ¢ ¦ª®ù à÷¤¨¨ ¢ £«¨¡®ª®¬ã¯àï¬®ªãâ®¬ã ¡ á¥©÷, « ¡®à â®à¨¬¨ ¥ªá¯¥à¨¬¥â ¬¨ § âà áä®à¬ æ÷ù ¤®¢£¨å å¢¨«ì  ¤ ¯÷¤¢®¤¨¬¨ ¡ à ¬¨ â ¢÷¤¡¨ââï ã®á®¡«¥¨å å¢¨«ì ¢÷¤ ¢¥àâ¨ª «ì®ù áâ÷ª¨. �  ¯à¨ª« ¤÷ § ¤ ç÷ ¯à® ¢®¤®®¡¬÷ à÷¤¨¨ à÷§®ù £ãáâ¨¨ ¢ è«î§÷¯®ª §   ¥ä¥ªâ¨¢÷áâì à®§à®¡«¥®£® ¬¥â®¤ã.A three-dimensional nonhydrostatic numerical model for simulation of free-surface ows is presented. Decomposition ofpressure and velocity �elds on hydrostatic and nonhydrostatic components is the base of the model. Computation wascarried out using three-stage procedure with vertical �-coordinate and internal-external mode splitting technique. Atthe �rst stage 2D depth-integrated momentum and continuity equations were integrated explicitly for surface elevationobtaining. At the second stage the intermediate 3D hydrostatic structure of velocity and pressure was calculated us-ing semiimplicit scheme. At the third stage nonhydrostatic components of velocity and pressure were calculated usingpreconditioned conjugate gradient method. The model is tested against analytical solutions on the free oscillations indeep rectangular basin and laboratory experiments on steep wave transformation over the longshore bar, on solitary wavereection with the vertical wall. The e�ciency of a developed method is shown with example of "lock-exchange" ow.���������  áâ®ïé¥¥ ¢à¥¬ï ¤«ï ¬®¤¥«¨à®¢ ¨ï £¨¤à®-â¥à¬®¤¨ ¬¨ª¨ ¢®¤®¥¬®¢ à §«¨ç®£® ¬ áèâ ¡ (®§¥à, ¬®à¥© ¨ ®ª¥ ®¢) ¢ ®á®¢®¬ ¨á¯®«ì§ãîâáï¬®¤¥«¨, ¢ ª®â®àëå ãà ¢¥¨ï ¤«ï ¢¥àâ¨ª «ì®© á®-áâ ¢«ïîé¥© áª®à®áâ¨ § ¬¥ïîâáï £¨¤à®áâ â¨ç¥-áª¨¬ ¯à¨¡«¨¦¥¨¥¬. � á«ãç ¥ ¯®áâ®ï®© ¯«®â®-áâ¨ á®®â¢¥âáâ¢ãîé ï á¨áâ¥¬  ãà ¢¥¨©  §ë¢ -¥âáï "ãà ¢¥¨ï¬¨ ¬¥«ª®© ¢®¤ë" [1]. �á®¢ ¨¥¬¤«ï ã¯à®é¥¨ï § ¤ ç¨ á«ã¦¨â ¬ «®áâì ®â®è¥¨ïå à ªâ¥àëå ¢¥àâ¨ª «ì®£® H� ¨ £®à¨§®â «ì®-£® L� ¬ áèâ ¡®¢ (� = H�=L�).� â® ¦¥ ¢à¥¬ï áãé¥áâ¢ã¥â àï¤ § ¤ ç, ¢ ª®â®-àëå ¥£¨¤à®áâ â¨ç¥áª¨¥ íää¥ªâë ¢ ¦ë ¨ ¯à¨� << 1. �â® § ¤ ç¨ £¨¤à®¤¨ ¬¨ª¨ ¯à¨¡à¥¦-
ëå ®¡« áâ¥©, â ª¨¥ ª ª âà áä®à¬ æ¨ï ¤«¨ëå¢®« ª®¥ç®©  ¬¯«¨âã¤ë  ¤ ¥®¤®à®¤®áâï¬¨¤  [2], ¢ãâà¥ïï £¨¤à ¢«¨ª  áâà â¨ä¨æ¨à®¢ -ëå ¯®â®ª®¢ ¢ ¯à®«¨¢ å ¨ íáâã à¨ïå [3]. � ®â-ªàëâ®¬ ®ª¥ ¥ ¯®« ï ¥£¨¤à®áâ â¨ç¥áª ï á¨áâ¥-¬  ãà ¢¥¨© ¥®¡å®¤¨¬  ¤«ï ®¯¨á ¨ï £«ã¡®ª®©ª®¢¥ªæ¨¨ [4]. �à®¬¥ â®£®, ¢ ®â«¨ç¨¥ ®â £¨¤à®áâ -â¨ç¥áª®£® ¯à¨¡«¨¦¥¨ï, ªà ¥¢ ï § ¤ ç  ¤«ï ¥£¨-¤à®áâ â¨ç¥áª®© ¬®¤¥«¨ ï¢«ï¥âáï ª®àà¥ªâ®© ¨ ¤«ï®¡« áâ¥© á ¦¨¤ª¨¬¨ £à ¨æ ¬¨ [5].�á¯®«ì§®¢ ¨¥ ¨§¢¥áâëå ¬¥â®¤®¢ ¤«ï à¥è¥¨ïá¨áâ¥¬ë ãà ¢¥¨© � ¢ì¥-�â®ªá  ¢ § ¤ ç å á®á¢®¡®¤®© ¯®¢¥àå®áâìî (��� ¬¥â®¤ [6] ¨ ¥£®®¡®¡é¥¨¥ ¢ [7]) á â®çª¨ §à¥¨ï ¢ëç¨á«¥¨© ¥íª®-®¬¨ç® ¯à¨ � << 1. � ¯®á«¥¤¨¥ £®¤ë ¡ë« à §-à ¡®â  àï¤ ç¨á«¥ëå ¬®¤¥«¥© [8{11] ¤«ï à¥è¥-¨ï § ¤ ç £¥®ä¨§¨ç¥áª®© £¨¤à®¤¨ ¬¨ª¨, ®á®¢-12 c�. �. �  àáª ï, �. �. � ¤¥à¨ç, 2002



ISSN 1561-9087 �à¨ª« ¤  £i¤à®¬¥å iª . 2002. �®¬ 4(76), N 3. �. 12 { 21®© ®á®¡¥®áâìî ª®â®àëå ï¢«ï¥âáï ¢ë¤¥«¥¨¥ ¨¯®á«¥¤®¢ â¥«ìë© à áç¥â £¨¤à®áâ â¨ç¥áª¨å ¨ ¥-£¨¤à®áâ â¨ç¥áª¨å á®áâ ¢«ïîé¨å áª®à®áâ¨ ¨ ¤ -¢«¥¨ï, çâ® ¯®§¢®«¨«® § ç¨â¥«ì® ãáª®à¨âì à á-ç¥âë.�  áâ®ïé¥© à ¡®â¥ ¯à¥¤áâ ¢«¥  ç¨á«¥ ï¥£¨¤à®áâ â¨ç¥áª ï ¬®¤¥«ì áâà â¨ä¨æ¨à®¢ ëåâ¥ç¥¨© á® á¢®¡®¤®© ¯®¢¥àå®áâìî. � ®â«¨ç¨¥®â à ¡®â [8{11] à¥è¥¨¥ § ¤ ç¨ à áé¥¯«¥®   âà¨íâ ¯ : (1) à áç¥â ãà®¢ï ¨ ¯à®¨â¥£à¨à®¢ ëå¯® £«ã¡¨¥ ¯®«¥© áª®à®áâ¨; (2) à áç¥â £¨¤à®áâ â¨-ç¥áª®© á®áâ ¢«ïîé¥© áª®à®áâ¨, ¤ ¢«¥¨ï ¨ ¯®«¥©â¥¬¯¥à âãàë ¨ á®«¥®áâ¨; (3) à áç¥â ¥£¨¤à®áâ -â¨ç¥áª¨å á®áâ ¢«ïîé¨å áª®à®áâ¨ ¨ ¤ ¢«¥¨ï. �â®áãé¥áâ¢¥® ã¯à®é ¥â § ¤ çã, ¯®áª®«ìªã ¯®§¢®«ï-¥â   ¯¥à¢®¬ íâ ¯¥ à ááç¨âë¢ âì ¤¢ã¬¥àë¥ ¯®«ïâ¥ç¥¨© ¨ ãà®¢ï (¢¥èîî ¬®¤ã à¥è¥¨ï) á ¨á-¯®«ì§®¢ ¨¥¬ ï¢ëå áå¥¬,     ¢â®à®¬ íâ ¯¥ ¤«ïà áç¥â  âà¥å¬¥àëå ¯®«¥© (¢ãâà¥¥© ¬®¤ë) ¨á-¯®«ì§®¢ âì íª®®¬¨çë¥ ¯®«ã¥ï¢ë¥ áå¥¬ë. �¬®¤¥«¨ ¯à¨¬¥ï¥âáï �-á¨áâ¥¬  ª®®à¤¨ â, ¯®§¢®-«ïîé ï  ªªãà â® ®¯¨áë¢ âì ¥®¤®à®¤®áâ¨ à¥-«ì¥ä  ¤ . �¥à¥ç¨á«¥ë¥ ®á®¡¥®áâ¨ ¤¥« îâ¬®¤¥«ì á®¢¬¥áâ¨¬®© á ¨§¢¥áâ®© ¬®¤¥«ìî POM(Princeton Ocean Model) [12] ¨ ¤ îâ ¢®§¬®¦®áâìà áá¬ âà¨¢ âì ¥¥ ª ª ¥£¨¤à®áâ â¨ç¥áª®¥ à áè¨-à¥¨¥ POM.1. ���������� �������áå®¤ë¥ ãà ¢¥¨ï § ¤ ç¨, ¯®«ãç¥ë¥ ¨§ãà ¢¥¨© � ¢ì¥-�â®ªá  ¢ ¯à¨¡«¨¦¥¨¨ �ãáá¨¥-áª  á ãç¥â®¬ ®áà¥¤¥¨ï ¯® �¥©®«ì¤áã, ¢ ¤¥ª à-â®¢®© á¨áâ¥¬¥ ª®®à¤¨ â ¨¬¥îâ ¢¨¤:@U@t + @U2@x + @UV@y + @UW@z = � 1�0 @P@x ++AM �@2U@x2 + @2U@y2 �+ @@z (KM @U@z ) + fV; (1)@V@t + @UV@x + @V 2@y + @VW@z = � 1�0 @P@y ++AM �@2V@x2 + @2V@y2 �+ @@z (KM @V@z )� fU; (2)@W@t + @UW@x + @VW@y + @W 2@z = � 1�0 @p@z �� g�0 (�� �0) ++AM �@2W@x2 + @2W@y2 �+ @@z (KM @W@z ); (3)

@U@x + @V@y + @W@z = 0; (4)£¤¥ U (x; y; z; t), V (x; y; z; t),W (x; y; z; t) { á®áâ ¢«ï-îé¨¥ áª®à®áâ¨ ¢ £®à¨§®â «ì®¬ x, y ¨ ¢¥àâ¨ª «ì-®¬ z {  ¯à ¢«¥¨ïå; P (x; y; z; t) { ¤ ¢«¥¨¥; � {¯«®â®áâì; �0 { ¯«®â®áâì ¥¢®§¬ãé¥®© áà¥¤ë;AM ¨ KM { ª®íää¨æ¨¥âë £®à¨§®â «ì®© ¨ ¢¥à-â¨ª «ì®© ¢ï§ª®áâ¨ á®®â¢¥âáâ¢¥®; g { ãáª®à¥¨¥á¨«ë âï¦¥áâ¨; f { ¯ à ¬¥âà �®à¨®«¨á . � ¤ ®©¯®áâ ®¢ª¥ § ¤ ç¨ ãç¨âë¢ ¥âáï â®«ìª® ¢¥àâ¨ª «ì- ï á®áâ ¢«ïîé ï ãáª®à¥¨ï �®à¨®«¨á  ("âà ¤¨-æ¨®®¥ ¯à¨¡«¨¦¥¨¥").�«®â®áâì � ®¯à¥¤¥«ï¥âáï ¨§ ãà ¢¥¨ï á®áâ®-ï¨ï � =� (T; S; P ) ¢ ä®à¬¥ [13]. �¤¥áì T ¨ S {â¥¬¯¥à âãà  ¨ á®«¥®áâì á®®â¢¥âáâ¢¥®. �à ¢-¥¨¥ ¯¥à¥®á  ¤«ï ¥ª®â®à®© áª «ïà®© äãªæ¨¨Ci (C1 = T; C2 = S) ¨¬¥¥â ¢¨¤@Ci@t + @UC@x + @V Ci@y + @WCi@z == AH �@2Ci@x2 + @2Ci@y2 �+ @@z (KH @Ci@z ); (5)£¤¥ AH ¨ KH { ª®íää¨æ¨¥âë £®à¨§®â «ì®© ¨¢¥àâ¨ª «ì®© ¤¨ääã§¨¨ á®®â¢¥âáâ¢¥®. �«ï ¯à®-áâ®âë ¯®á«¥¤ãîé¥£® ¨§«®¦¥¨ï ª®íää¨æ¨¥âë £®-à¨§®â «ì®£® ¯¥à¥¬¥è¨¢ ¨ï AH ¨ AM ¯®« £ -îâáï ¯®áâ®ïë¬¨. �«ï ®¯à¥¤¥«¥¨ï ª®íää¨æ¨¥-â®¢ ¢¥àâ¨ª «ì®£® ¯¥à¥¬¥è¨¢ ¨ï KH ¨ KM ¯à¨-¬¥ï¥âáï k � l ¬®¤¥«ì âãà¡ã«¥â®áâ¨ [14]�®«®¥ ¤ ¢«¥¨¥ P ï¢«ï¥âáï áã¬¬®© £¨¤à®áâ -â¨ç¥áª®© Ph ¨ ¤¨ ¬¨ç¥áª®© Q á®áâ ¢«ïîé¨å:P = Ph + Q. �̈ ¤à®áâ â¨ç¥áª ï á®áâ ¢«ïîé ï ¤ -¢«¥¨ï  å®¤¨âáï ¨â¥£à¨à®¢ ¨¥¬ ¯® ¢¥àâ¨ª «¨ãà ¢¥¨ï ¤¢¨¦¥¨ï (3), ¢ ª®â®à®¬ ®¯ãé¥ë ª®-¢¥ªâ¨¢ë¥ ¨ ¢ï§ª¨¥ á« £ ¥¬ë¥:Ph(x; y; z; t) = g�0�(x; y; t)+g �Zz �0(x; y; �; t)d�; (6)£¤¥ �(x; y; t) { ®âª«®¥¨¥ á¢®¡®¤®© ¯®¢¥àå®áâ¨®â ¯®«®¦¥¨ï ¯®ª®ï; �0 = � � �0.�§¢¥áâë¥ âàã¤®áâ¨ à¥è¥¨ï § ¤ ç¨ § ª«îç -îâáï ¢ ®¯à¥¤¥«¥¨¨ ãà®¢ï á¢®¡®¤®© ¯®¢¥àå®áâ¨¨  ªªãà â®¬ ®¯¨á ¨¨ à¥«ì¥ä  ¤  H(x; y). �á-¯®«ì§®¢ ¨¥ �-á¨áâ¥¬ë ª®®à¤¨ â [8,12] ¯®§¢®«ï¥â¯à¥®¡à §®¢ë¢ âì à¥«ì¥ä ¤  ¨ ª®ä¨£ãà æ¨î á¢®-¡®¤®© ¯®¢¥àå®áâ¨ ¢ ª ¦¤ë© ¬®¬¥â ¢à¥¬¥¨ ¢ª®®à¤¨ âë¥ ¯«®áª®áâ¨. �¥à¥å®¤ ®â ¤¥ª àâ®¢ëå¯¥à¥¬¥ëå (x�, y�, z, t�) ª ®¢ë¬ ¯¥à¥¬¥ë¬(x; y; �; t) § ¤ ¥âáï á«¥¤ãîé¨¬¨ á®®â®è¥¨ï¬¨:x = x�; y = y�; � = z � �D ; t = t�; (7)�. �. �  àáª ï, �. �. � ¤¥à¨ç 13



ISSN 1561-9087 �à¨ª« ¤  £i¤à®¬¥å iª . 2002. �®¬ 4(76), N 3. �. 12 { 21£¤¥ D = H + � { ¯®« ï £«ã¡¨  á«®ï ¢®¤ë. � �-á¨áâ¥¬¥ ãà ¢¥¨ï ¤¢¨¦¥¨ï (1) { (3) á ãç¥â®¬ (7)¡ã¤ãâ ¨¬¥âì ¢¨¤:@UD@t +Adv(UD) = �gD @�@x ��B(x)(�0; D) + @QD@x � @QA@� ++AMr2h(UD) + @@� �KMD @U@� �+ fV D; (8)@V D@t + Adv(V D) = �gD@�@y ��B(y)(�0; D) + @QD@y � @QB@� ++AMr2h(V D) + @@� �KMD @V@� �� fUD; (9)@WD@t + Adv(WD) = �@Q@� + AMr2h(WD) ++ @@� �KMD @W@� � ; (10)£¤¥ Adv(FD) = @FUD@x + @FV D@y + @F!@� ;r2h = � @2@x2 + @2@y2� ;B(xi) = �gD2�o 0Z� � @�0@xi � �0D @D@xi @�0@�0 � d�0;£¤¥ x1 = x; x2 = y. �à¥®¡à §®¢  ï ¢¥àâ¨ª «ì- ï áª®à®áâì! = W � UA� V B �C: (11)�¤¥áìA = �@D@x + @�@x ; B = �@D@y + @�@y ; C = �@D@t + @�@t :�à ¢¥¨¥ ¥à §àë¢®áâ¨ (4) ¢ �-á¨áâ¥¬¥ ª®®à-¤¨ â ¡ã¤¥â ¨¬¥âì ¢¨¤@DU@x + @DV@y + @!@� + @�@t = 0; (12)¨«¨ ¢ ¡®«¥¥ ã¤®¡®© ä®à¬¥ § ¯¨á¨:@DU@x + @DV@y + @Wq@� = 0; (13)

£¤¥ Wq = W � UA� V B: (14)�á¯®«ì§®¢ ¨¥ ãà ¢¥¨ï ¥à §àë¢®áâ¨ ¢ ä®à-¬¥ (13) ¯®§¢®«ï¥â ¯à®¢¥áâ¨ ¯¥à¥å®¤ ª ãà ¢¥¨î�ã áá®  ¤«ï ¤ ¢«¥¨ï ¢ �-á¨áâ¥¬¥, â ª¨¬ ¦¥®¡à §®¬ ª ª ¨ ¢ ¤¥ª àâ®¢®© á¨áâ¥¬¥ ª®®à¤¨ â [6].�à ¢¥¨ï (5) ¤«ï áª «ïà®© äãªæ¨¨Ci(x; y; t; �) ¡ã¤ãâ ¨¬¥âì ¢¨¤:@CiD@t +Adv(Ci) == AHr2h(CiD) + @@� �KHD @Ci@� � : (15)�â¬¥â¨¬, çâ® ¢ ¤¨ääã§¨®ëå á« £ ¥¬ëå ãà ¢-¥¨© (9)-(10) ¥ ãç¨âë¢ îâáï £à®¬®§¤ª¨¥ ç«¥ë,¢®§¨ª îé¨¥ ¯à¨ ¯¥à¥å®¤¥ ª �-á¨áâ¥¬¥. � à ¡®-â¥ [15] ¡ë«® ¯®ª § ®, çâ® íâ¨ á« £ ¥¬ë¥ ¥ ï¢«ï-îâáï áãé¥áâ¢¥ë¬¨.�à ¨çë¥ ãá«®¢¨ï ä®à¬ã«¨àãîâáï ¢ ¯à¥¤¯®«®-¦¥¨¨ ® ¯à¨¯®¢¥àå®áâ®¬ ¨ ¯à¨¤®®¬ ¯®£à -¨çëå âãà¡ã«¥âëå á«®ïå. �  ¯®¢¥àå®áâ¨ � =0 £à ¨çë¥ ãá«®¢¨ï ¨¬¥îâ ¢¨¤W = U @�@x + V @�@y + @�@t ; (16)KMD �@U@� ; @V@� � = (�0x; �0y); (17)KHD �@T@� ; @S@�� = (HT ;HS); (18)£¤¥ (�0x; �0y) { ª á â¥«ìë¥  ¯àï¦¥¨ï ¢¥âà ,HT ;HS - ¯®â®ª¨ â¥¯«  ¨ ¯à¥á®© ¢®¤ë á®®â¢¥â-áâ¢¥®. �«ï áª®à®áâ¨   ¤¥ ¯à¨¨¬ îâáï ãá«®-¢¨ï ¯à¨«¨¯ ¨ï. �à¨  «¨ç¨¨ âãà¡ã«¥â®£® á«®ï¯®áâ®ïëå  ¯àï¦¥¨© íâ¨ ãá«®¢¨ï âà áä®à¬¨-àãîâáï ¢  á¨¬¯â®â¨ç¥áª¨¥ ãá«®¢¨ï ¯à¨ � !�1:W = �U @H@x � V @H@y ; (19)KMD �@U@� ; @V@� � = (�bx; �by); (20)£¤¥ �bx = CDjU jU; �by = CDjV jV;CD = max�0:0025; �ln(D(� + 1)=z0)� :�¤¥áì z0 { ¬ áèâ ¡ è¥à®å®¢ â®áâ¨; � { ¯®áâ®ï- ï � à¬  . �  ¤¥ ®âáãâáâ¢ãîâ ¯®â®ª¨ â¥¯« ¨ á®«¨.�â¥£à¨àãï ãà ¢¥¨¥ ¥à §àë¢®áâ¨ (12) ¨ãà ¢¥¨ï ¤¢¨¦¥¨ï (9)-(10) ¯® ¢¥àâ¨ª «¨ ®â14 �. �. �  àáª ï, �. �. � ¤¥à¨ç



ISSN 1561-9087 �à¨ª« ¤  £i¤à®¬¥å iª . 2002. �®¬ 4(76), N 3. �. 12 { 21� = 0 ¤® � = �1 á ãç¥â®¬ £à ¨çëå ãá«®-¢¨© (16)-(20),   â ª¦¥ á®®â®è¥¨ï (14), ¯®«ãç ¥¬á¨áâ¥¬ã ¤¢ã¬¥àëå ãà ¢¥¨© ¤«ï ¢¥è¥© ¬®¤ë¤¢¨¦¥¨©: @UD@x + @V D@y + @�@t = 0; (21)@UD@t +Adv(UD) = �gD@�@x +B(x)(�0; D) ++AMr2h(UD) + �bx � �0x + fV D; (22)@V D@t + Adv(V D) = �gD@�@y + B(y)(�0; D) ++AMr2h(V D) + �by � �0y � fUD; (23)£¤¥ Adv(FD) = @F �UD@x + @F �V D@y ;B(xi) = 0Z�1 B(xi) d� ; x1 = x; x2 = y;(U; V ) = 0Z�1 (U; V )d�:� ª ç¥áâ¢¥ £à ¨çëå ãá«®¢¨©   ¡®ª®¢ëå £à ¨-æ å ¨á¯®«ì§ãîâáï ãá«®¢¨ï ¯à¨«¨¯ ¨ï ¤«ï áª®à®-áâ¨   â¢¥à¤ëå £à ¨æ å ¨ ®âáãâáâ¢¨ï ¯®â®ª®¢ â¥-¯«  ¨ á®«¥©. �  ¦¨¤ª¨å £à ¨æ å ¨á¯®«ì§ãîâáïãá«®¢¨ï ¨§«ãç¥¨ï [16, 17].2. ��������� �������� ��������¨áâ¥¬  ãà ¢¥¨© á á®®â¢¥âáâ¢ãîé¨¬¨ £à ¨ç-ë¬¨ ãá«®¢¨ï¬¨ à¥è ¥âáï ¬¥â®¤®¬ ª®¥çëå à §-®áâ¥©. �á¯®«ì§ãîâáï æ¥âà «ìë¥ à §®áâ¨ ¯®¢à¥¬¥¨ ¨ ¯à®áâà áâ¢¥ë¬ ª®®à¤¨ â ¬,   â ª-¦¥ à §¥á¥ ï \C"{á¥âª  �à ª ¢ë ¤«ï ¯à®áâà -áâ¢¥ëå ¯¥à¥¬¥ëå. �¤¢¥ªâ¨¢ë¥ ç«¥ë ¢ãà ¢¥¨ïå ¤«ï áª «ïà®¢  ¯¯à®ªá¨¬¨àãîâáï áå¥-¬®© ¢ëá®ª®£® ¯®àï¤ª  [18].� ª ¦¥, ª ª ¢ à ¡®â å [8{11], ¢ ®á®¢¥ ç¨á«¥®©à¥ «¨§ æ¨¨ ¤ ®© ¬®¤¥«¨ «¥¦¨â ¯®á«¥¤®¢ â¥«ì-ë© à áç¥â £¨¤à®áâ â¨ç¥áª¨å ¨ ¥£¨¤à®áâ â¨ç¥-áª¨å á®áâ ¢«ïîé¨å áª®à®áâ¨ ¨ ¤ ¢«¥¨ï. �ª®-à®áâì ¤«¨ëå ¯®¢¥àå®áâëå ¢®« ¬®£® ¡®«ìè¥áª®à®áâ¨ ¢ãâà¥¨å ¢®«. �®íâ®¬ã, çâ®¡ë ã¢¥-«¨ç¨âì è £ ¨â¥£à¨à®¢ ¨ï, ¢ à ¡®â¥ [8] ãà ¢¥-¨ï ¢¥è¥© ¬®¤ë ¨â¥£à¨à®¢ «¨áì ¥ï¢ë¬ ¬¥-â®¤®¬,   âà¥å¬¥àë¥ ãà ¢¥¨ï ¤«ï £¨¤à®áâ â¨-ç¥áª®© á®áâ ¢«ïîé¥© ¨â¥£à¨à®¢ «¨áì ¯® ï¢®©

áå¥¬¥. � à ¡®â¥ [10] á¨áâ¥¬  ãà ¢¥¨© £¨¤à®áâ -â¨ç¥áª®£® ¯à¨¡«¨¦¥¨ï ¨â¥£à¨à®¢ « áì á®¢¬¥áâ-® á ãà ¢¥¨¥¬ ¤«ï ãà®¢ï ¥ï¢ë¬ ¬¥â®¤®¬ ¨§ ¤ ç  ®¯à¥¤¥«¥¨ï ãà®¢ï á¢®¤¨« áì ª à¥è¥¨îá¨áâ¥¬ë «¨¥©ëå ãà ¢¥¨© á ¯ïâ¨¤¨ £® «ì®©¬ âà¨æ¥©. �  íâ ¯¥ ®âëáª ¨ï ¥£¨¤à®áâ â¨ç¥-áª¨å á®áâ ¢«ïîé¨å ¤ ¢«¥¨ï § ¤ ç  á¢®¤¨« áì ªà¥è¥¨î á¨áâ¥¬ë «¨¥©ëå ãà ¢¥¨© á á¥¬¨¤¨- £® «ì®© ¬ âà¨æ¥©.� ®â«¨ç¨¥ ®â íâ¨å à ¡®â ¢  è¥¬ ¯®¤å®¤¥ à¥-è¥¨¥ § ¤ ç¨ à §¤¥«¥®   âà¨ íâ ¯ : (1) à áç¥âãà®¢ï ¨ ¯à®¨â¥£à¨à®¢ ëå ¯® £«ã¡¨¥ ¯®«¥©áª®à®áâ¨; (2) à áç¥â £¨¤à®áâ â¨ç¥áª®© á®áâ ¢«ï-îé¥© áª®à®áâ¨, ¤ ¢«¥¨ï ¨ ¯®«¥© â¥¬¯¥à âãàë ¨á®«¥®áâ¨; (3) à áç¥â ¥£¨¤à®áâ â¨ç¥áª¨å á®áâ -¢«ïîé¨å áª®à®áâ¨ ¨ ¤ ¢«¥¨ï. �â® áãé¥áâ¢¥-® ã¯à®é ¥â § ¤ çã, ¯®áª®«ìªã ¯®§¢®«ï¥â   ¯¥à-¢®¬ íâ ¯¥ à ááç¨âë¢ âì ¤¢ã¬¥àë¥ ¯®«ï â¥ç¥¨©¨ ãà®¢ï (¢¥èîî ¬®¤ã à¥è¥¨ï) á ¨á¯®«ì§®¢ -¨¥¬ ï¢ëå áå¥¬,     ¢â®à®¬ íâ ¯¥ ¤«ï à áç¥-â  âà¥å¬¥à®© § ¤ ç¨ ¨á¯®«ì§®¢ âì íª®®¬¨çë¥¯®«ã¥ï¢ë¥ áå¥¬ë. �¯¨è¥¬ ¡®«¥¥ ¤¥â «ì® ¯®-íâ ¯®¥ à¥è¥¨¥ § ¤ ç¨. � áá¬®âà¨¬ à¥ «¨§ æ¨î¢ëç¨á«¨â¥«ì®£®  «£®à¨â¬    ¢à¥¬¥®¬ ¯à®¬¥-¦ãâª¥ [n�1; n+1] á è £ ¬¨ ¯® ¢à¥¬¥¨ ¤«ï ¢¥è-¥© ¨ ¢ãâà¥¥© ¬®¤ë�tE ¨ �tI á®®â¢¥âáâ¢¥®.1 íâ ¯. � áç¥â ãà®¢ï�  ¯¥à¢®¬ íâ ¯¥ ¯® ï¢®© áå¥¬¥ à¥è îâáïãà ¢¥¨ï ¢¥è¥© ¬®¤ë (21)-(23)   ¨â¥à¢ «¥[n; n + 1] á ¢à¥¬¥ë¬ è £®¬ �tE :�m+1 � �m�12�tE + @(UD)m@x + @(V D)m@y = 0; (24)( �UD)m+1 � ( �UD)m�12�tE + Adv( �Um) = �= �gDm @�m@x �B(x)(�0n; Dn) + f( �V D)m+AMrh( �UD)m�1 � �n0x + �nbx; (25)( �V D)m+1 � ( �V D)m�12�tE +Adv( �V m) == �gDm @�m@y �B(y)(�0n; Dn) � f( �UD)m ++AMrh( �V D)m�1 � �n0y + �nby; (26)£¤¥ ¨¤¥ªá m á®®â¢¥âáâ¢ã¥â ®¬¥àã ¢à¥¬¥®£®è £  ¢¥è¥© ¬®¤ë. �à¨ íâ®¬ ¢ ¬®¬¥â ¢à¥¬¥-¨ n áª®à®áâì ¢¥è¥© ¬®¤ë à ááç¨âë¢ ¥âáï á¨á¯®«ì§®¢ ¨¥¬ § ç¥¨ï ¯®«®© áª®à®áâ¨, ¢ëç¨-á«¥®©   n è £¥: (Un,V n) = 0R�1 (Un, V n)d�. �®-«ãç¥ë¥ ¢ à¥§ã«ìâ â¥ à¥è¥¨ï ¤¢ã¬¥à®© § ¤ ç¨�tI=�tE ¯®«¥© ãà®¢ï ®áà¥¤ïîâáï   ¨â¥à¢ «¥�. �. �  àáª ï, �. �. � ¤¥à¨ç 15



ISSN 1561-9087 �à¨ª« ¤  £i¤à®¬¥å iª . 2002. �®¬ 4(76), N 3. �. 12 { 21¢à¥¬¥¨ (n; n + 1). �áà¥¤¥®¥ § ç¥¨¥ ãà®¢ï~� ¨á¯®«ì§ã¥âáï ¯à¨ à áç¥â¥ âà¥å¬¥à®£® ¯®«ï  á«¥¤ãîé¥¬ íâ ¯¥. � ª¨¬ ®¡à §®¬ ®áãé¥áâ¢«ï¥âáïá¢ï§ì ¬¥¦¤ã ¢ëç¨á«¥¨ï¬¨ ¢® ¢¥è¥¬ ¨ ¢ãâà¥-¥¬ æ¨ª«¥ ¤«ï ¢ãâà¥¥© ¨ ¤«ï ¢¥è¥© ¬®¤ë á®-®â¢¥âáâ¢¥®.2 íâ ¯. � áç¥â ¯à®¬¥¦ãâ®çëå áª®à®-áâ¥© ¯® ¯®«î £¨¤à®áâ â¨ç¥áª®£® ¤ ¢«¥¨ï�  íâ®¬ íâ ¯¥ à ááç¨âë¢ îâáï ¯à®¬¥¦ãâ®çë¥§ ç¥¨ï áª®à®áâ¨ ~U; ~V ; ~W ¯à¨ Q = 0 ¨ ®ª®ç -â¥«ì®¥ § ç¥¨¥ áª «ïà  Cn+1i :( ~UD)n+1 � (UD)n�12�tI + Adv(UD)n == �gD @~�@x � B(x)(�0n; Dn) + f(V D)n ++AMr2h(UD)n�1 + @@�  KMD @ ~Un+1@� ! ; (27)( ~V D)n+1 � (V D)n�12�tI + Adv(UD)n == �gD@~�@y �B(y)(�0n; Dn)� f(UD)n ++AMr2h(V D)n�1 + @@�  KMD @ ~V n+1@� ! ; (28)( ~WD)n+1 � (WD)n�12�tI + Adv(WD)n == AMr2h(WD)n�1 + @@�  KMD @ ~Wn+1@� ! ; (29)(CiD)n+1 � (CiD)n�12�tI +Adv(Cni ) == AHr2h(CiD)n�1 + @@� �KH @Cn+1i@� � : (30)� ª ¦¥, ª ª ¢ [10, 12],  ¤¢¥ªæ¨ï ¨ á¨«  �®à¨®«¨-á  ®¯à¥¤¥«¥ë   è £¥ n, á« £ ¥¬ë¥ £®à¨§®â «ì-®© ¤¨ääã§¨¨ ¢ëç¨á«ïîâáï   n � 1 è £¥. � íâ®¬ íâ ¯¥ ã¤®¢«¥â¢®àïîâáï ¢á¥ £à ¨çë¥ ãá«®-¢¨ï. �®«ãç¨¢è ïáï «¨¥© ï âà¥å¤¨ £® «ì ïá¨áâ¥¬  ãà ¢¥¨© íää¥ªâ¨¢® à¥è ¥âáï ¬¥â®-¤®¬ ¯à®£®ª¨ ¯® �-ª®®à¤¨ â¥. � â¥¬, ¨á¯®«ì§ãïá®®â®è¥¨¥ (14), ¢ëç¨á«ï¥âáï ¯à¥®¡à §®¢  ï¢¥àâ¨ª «ì ï áª®à®áâì:~Wn+1q = ~Wn+1 � ~Un+1��@Dn+1@x + @�n+1@x ���~V n+1��@Dn+1@y + @�n+1@y � : (31)

3 íâ ¯. � áç¥â ¥£¨¤à®áâ â¨ç¥áª®£® ¤ -¢«¥¨ï ¨ áª®à®áâ¥©�  âà¥âì¥¬ íâ ¯¥ ¢ëç¨á«ïîâáï ¥£¨¤à®áâ â¨-ç¥áª¨¥ á®áâ ¢«ïîé¨¥ ¯®«ï áª®à®áâ¨:(DU )n+1 � (D ~U )n+12�tI == ��@(QD)n+1@x � @(QA)n+1@� � ; (32)(DV )n+1 � (D ~V )n+12�tI == ��@(QD)n+1@y � @(QB)n+1@� � ; (33)(DWq)n+1 � (D ~Wq)n+12�tI = �@qn+1@� : (34)�®«®¥ ¯®«¥ áª®à®áâ¨ ¤®«¦® ã¤®¢«¥â¢®àïâìãà ¢¥¨î ¥à §àë¢®áâ¨:@(UD)n+1@x + @(V D)n+1@y + @Wn+1q@� = 0: (35)�¨ää¥à¥æ¨àãï á®®â®è¥¨ï (32)-(34) ¯® x; y;¨ � á®®â¢¥âáâ¢¥® ¨ ¯®¤áâ ¢«ïï ¢ (35), ¯®«ãç ¥¬ãà ¢¥¨¥ �ã áá®  ¤«ï ®¯à¥¤¥«¥¨ï ¥£¨¤à®áâ -â¨ç¥áª®© ª®¬¯®¥âë ¤ ¢«¥¨ï Q:@2(QD)n+1@x2 + @2(QD)n+1@y2 + 1Dn+1 @2Qn+1@�2 ��@2(QA)n+1@x@� � @2(QB)n+1@y@� == 12�tI � @@x (D ~U )n+1 ++ @@y (D ~V )n+1 + @ ~Wn+1q@� ! : (36)�à ¢¥¨¥ (36), § ¯¨á ®¥ ¢ ª®¥ç®-à §®áâ®¬ ¢¨¤¥ á ¨á¯®«ì§®¢ ¨¥¬ æ¥âà «ìëåà §®áâ¥© ¯® ¯à®áâà áâ¢¥ë¬ ª®®à¤¨ â ¬¯à¥¤áâ ¢«ï¥â á®¡®© á¨áâ¥¬ã «¨¥©ëå ãà ¢¥¨©.�  ï á¨áâ¥¬  ¨¬¥¥â 15-¤¨ £® «ìãî, ¥á¨¬¬¥-âà¨çãî, ¯®«®¦¨â¥«ì® ®¯à¥¤¥«¥ãî ¬ âà¨æã.�«ï à¥è¥¨ï «¨¥©ëå á¨áâ¥¬ ¡®«ìè®£® ¯®àï¤ª ,¬ âà¨æ  ª®â®àëå ¨¬¥¥â à §à¥¦¥ë© ¢¨¤, æ¥«¥-á®®¡à §® ¨á¯®«ì§®¢ âì ¨â¥à æ¨®ë¥ ¬¥â®¤ë¢ à¨ æ¨®®£® â¨¯ . �  è¥¬ á«ãç ¥ á¨áâ¥¬ à¥è « áì á ¨á¯®«ì§®¢ ¨¥¬ ¬®¤¨ä¨æ¨à®¢ ®£®¬¥â®¤  á®¯àï¦¥ëå £à ¤¨¥â®¢ [19, 20]. �à -¨çë¥ ãá«®¢¨ï ¤«ï áª®à®áâ¨ ¢ë¯®«ïîâáï  ¢â®à®¬ íâ ¯¥. �®íâ®¬ã, ª ª á«¥¤ã¥â ¨§ (32)-(34),16 �. �. �  àáª ï, �. �. � ¤¥à¨ç
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�¨á. 1. �®«¥¡ ¨ï á¢®¡®¤®© ¯®¢¥àå®áâ¨ ¢ â®çª¥ (0.4 ¬, 5 ¬):1 { ¥£¨¤à®áâ â¨ª , 2 { £¨¤à®áâ â¨ª , 3 {   «¨â¨ç¥áª®¥ à¥è¥¨¥ (37)  â¢¥à¤®© áâ¥ª¥ ¤«ï Q áâ ¢ïâáï ®¤®à®¤ë¥ãá«®¢¨ï �¥©¬  ,     á¢®¡®¤®© ¯®¢¥àå®áâ¨ ¨¦¨¤ª¨å ¡®ª®¢ëå £à ¨æ å Q = 0. �®á«¥ â®£®,ª ª ¥£¨¤à®áâ â¨ç¥áª ï á®áâ ¢«ïîé ï ¤ ¢«¥¨ï®¯à¥¤¥«¥ ,  å®¤¨âáï ¯®«®¥ à á¯à¥¤¥«¥¨¥áª®à®áâ¨ Un+1,V n+1, Wn+1.3. ���������� ���������  áâ®ïé¥¬ à §¤¥«¥ à¥§ã«ìâ âë à áç¥â®¢ á®¯®-áâ ¢«¥ë á   «¨â¨ç¥áª¨¬ à¥è¥¨¥¬ § ¤ ç¨ ® áâ®-ïç¨å ª®«¥¡ ¨ïå âï¦¥«®© ¦¨¤ª®áâ¨ ¢ £«ã¡®ª®¬¯àï¬®ã£®«ì®¬ ¡ áá¥©¥, á « ¡®à â®àë¬¨ íªá¯¥-à¨¬¥â ¬¨ ¯® âà áä®à¬ æ¨¨ ¤«¨ëå ¢®«  ¤¯®¤¢®¤ë¬¨ ¡ à ¬¨ ¨ ¯® ®âà ¦¥¨î ã¥¤¨¥ëå¢®« ®â ¢¥àâ¨ª «ì®© áâ¥ª¨. �  ¯à¨¬¥à¥ § ¤ -ç¨ ® ¢®¤®®¡¬¥¥ ¦¨¤ª®áâ¨ à §«¨ç®© ¯«®â®áâ¨¢ è«î§¥ ¯®ª §   íää¥ªâ¨¢®áâì à §à ¡®â ®£®¬¥â®¤ .3.1. �â®ïç¨¥ ª®«¥¡ ¨ï âï¦¥«®© ¦¨¤ª®áâ¨ ¢£«ã¡®ª®¬ ¯àï¬®ã£®«ì®¬ ¡ áá¥©¥� áá¬®âà¨¬ âà¥å¬¥àãî § ¤ çã ® áâ®ïç¨å ª®«¥¡ -¨ïå ¦¨¤ª®áâ¨ ¢ ¯àï¬®ã£®«ì®¬ ¡ áá¥©¥ ª®¥ç-®© £«ã¡¨ë ¯à¨ � = 1. � íâ®¬ á«ãç ¥ ¯à¨¡«¨¦¥-¨¥ ¬¥«ª®© ¢®¤ë ¥ ¬®¦¥â ¯à ¢¨«ì® ®¯¨áë¢ âìà á¯à®áâà ¥¨¥ ¢®«, â ª ª ª ®® ï¢«ï¥âáï ¯à¨-¡«¨¦¥¨¥¬ ¤«¨ëå ¡¥§¤¨á¯¥àá¨®ëå ¢®«. �¢¨-¦¥¨¥ ¦¨¤ª®áâ¨ ¢ë§¢ ®  ç «ìë¬ ®âª«®¥¨¥¬ãà®¢ï á¢®¡®¤®© ¯®¢¥àå®áâ¨ ®â ¯®«®¦¥¨ï à ¢-®¢¥á¨ï. � áá¬®âà¨¬ ª®«¥¡ ¨ï ¢®« ¬ «®©  ¬-¯«¨âã¤ë ¢ ¡ áá¥©¥ ¤«¨®© Lx = 10 ¬, è¨à¨®©Ly = 10 ¬ ¨ £«ã¡¨®© H = 10 ¬. �¨¥© ï § ¤ ç ¨¬¥¥â ¯à®áâ®¥   «¨â¨ç¥áª®¥ à¥è¥¨¥ [21]:

�(x; y; t) == 1Xn=0 1Xm=0 bnm cos �nmt cos��xLx n� cos��yLym�; (37)£¤¥ �nm =pgsnmth (Hsnm);s2nm = ��nLx�2 + ��mLy �2 :�®íää¨æ¨¥â bnm ¢ëç¨á«ï¥âáï ¯®  ç «ì®¬ããá«®¢¨î ¤«ï ®âª«®¥¨ï á¢®¡®¤®© ¯®¢¥àå®áâ¨.� à áç¥â å ¡ë«® ¯à¨ïâ®, çâ® �(x; y; 0) = 0:1 ��0:01x� 0:01y, ¬.�ëç¨á«¥¨ï ¯à®¢®¤¨«¨áì ¯à¨ ¯®áâ®ïëå ª®íä-ä¨æ¨¥â å ¢ï§ª®áâ¨ ¨ ¤¨ääã§¨¨ KM = AM == 10�5 ¬2/c á ¯ à ¬¥âà ¬¨ ¤¨áªà¥â¨§ æ¨¨: �x == �y = 0:2 ¬, �� = 0:02, �t = 0:01 á.�  à¨á. 1 ¯à¨¢¥¤¥ë à¥§ã«ìâ âë áà ¢¥¨ï à á-ç¥â®¢ ãà®¢ï ¢ â®çª¥ á ª®®à¤¨ â ¬¨ x = 0:4 ¬,y = 5 ¬ á   «¨â¨ç¥áª¨¬ à¥è¥¨¥¬ (37) ¨ à áç¥-â ¬¨ ¢ £¨¤à®áâ â¨ç¥áª®¬ ¯à¨¡«¨¦¥¨¨. �ç¥¢¨¤®å®à®è¥¥ á®¢¯ ¤¥¨¥ ¥£¨¤à®áâ â¨ç¥áª¨å à áç¥â®¢¨   «¨â¨ç¥áª®£® à¥è¥¨ï, ¢ ®â«¨ç¨¥ ®â £¨¤à®áâ -â¨ç¥áª®© ¬®¤¥«¨.3.2. �à áä®à¬ æ¨ï ¢®«  ¤ ¯à¥¯ïâáâ¢¨ï¬¨�â®â ¯à¨¬¥à ¤¥¬®áâà¨àã¥â ¢ ¦®áâì ¥£¨¤à®-áâ â¨ç¥áª¨å íää¥ªâ®¢ ¯à¨ âà áä®à¬ æ¨¨ ¤«¨-ëå ¢®«  ¤ ¯®¤¢®¤ë¬¨ ¯à¥¯ïâáâ¢¨ï¬¨ ¯à¨� << 1. �®¤®¡ë¥ § ¤ ç¨ ¤® á¨å ¯®à à¥è «¨áìá ¯®¬®éìî ¬®¤¥«¥© â¨¯  �ãáá¨¥áª  [2]. � à ¡®-â¥ [22] ¯à¨¢¥¤¥ë à¥§ã«ìâ âë « ¡®à â®à®£® íªá-¯¥à¨¬¥â  ¢ ¢®«®¢®¬ «®âª¥ á âà ¯¥æ¨¥¢¨¤ë¬�. �. �  àáª ï, �. �. � ¤¥à¨ç 17
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�¨á. 2. �¥«ì¥ä ¤  ª  «  ¢ « ¡®à â®à®¬ íªá¯¥à¨¬¥â¥ [22]

�¨á. 3. �®«¥¡ ¨ï á¢®¡®¤®© ¯®¢¥àå®áâ¨  à ááâ®ï¨¨ 13.8 ¬ ®â ¢®«®¯à®¤ãªâ®à :1 { íªá¯¥à¨¬¥â «ìë¥ ¤ ë¥ [22], 2 { à áç¥âë¥ ¤ ë¥
�¨á. 4. �®«¥¡ ¨ï á¢®¡®¤®© ¯®¢¥àå®áâ¨  à ááâ®ï¨¨ 17.6 ¬ ®â ¢®«®¯à®¤ãªâ®à :1 { íªá¯¥à¨¬¥â «ìë¥ ¤ ë¥ [22], 2 { à áç¥âë¥ ¤ ë¥18 �. �. �  àáª ï, �. �. � ¤¥à¨ç
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�¨á. 5. � ¢¨á¨¬®áâì ¬ ªá¨¬ «ì®£® ®â®á¨â¥«ì®£®¢®§¢ëè¥¨ï á¢®¡®¤®© ¯®¢¥àå®áâ¨ ã ¢¥àâ¨ª «ì®©áâ¥ª¨ ®â ®â®á¨â¥«ì®© ¢ëá®âë á®«¨â® :1, 2 { íªá¯¥à¨¬¥â «ìë¥ ¤ ë¥ [23] ¨ [24],3 { à áç¥âë¥ ¤ ë¥¯à¥¯ïâáâ¢¨¥¬. �¥àâ¨ª «ì®¥ á¥ç¥¨¥ «®âª  ¯®-ª § ®   à¨á. 2. �«¨  ª  «  Lx = 30 ¬, è¨-à¨  Ly = 0:3 ¬, ¢ëá®â  H = 0:4 ¬. �  «¥¢®©£à ¨æ¥ ¢®«®¯à®¤ãªâ®à £¥¥à¨àã¥â á¨ãá®¨¤ «ì-ë¥ ¢®§¬ãé¥¨ï ¢ëá®â®© 0.02 ¬ ¨ ç áâ®â®© 0.5 �æ.� áç¥âë ¯à®¢®¤¨«¨áì á ¯ à ¬¥âà ¬¨ ¤¨áªà¥â¨§ -æ¨¨ �x = 0:0375 ¬, �y = 0:0375 ¬, �� = 0:025,�t = 0:005 á ¨ ¯à¨ ¯®áâ®ïëå ª®íää¨æ¨¥â å¢ï§ª®áâ¨ KM = AM = 10�5 ¬2/c.�¥£¨¤à®áâ â¨ç¥áª ï ¬®¤¥«ì ¤®áâ â®ç® â®ç®®¯¨áë¢ ¥â ¯®ï¢«¥¨¥ ¢ëáè¨å £ à¬®¨ª ¯à¨ ã¬¥ì-è¥¨¨ £«ã¡¨ë  ¤ ¯à¥¯ïâáâ¢¨¥¬ (à¨á. 3) ¨ à á-é¥¯«¥¨¥ ¢®« ¯à¨ ¯¥à¥å®¤¥   £«ã¡®ªãî ¢®¤ã § ¯à¥¯ïâáâ¢¨¥¬ (à¨á. 4).3.3. �®§¤¥©áâ¢¨¥ ¤«¨ëå ¢®«   ¢¥àâ¨ª «ì-ãî ¯à¥£à ¤ã� áá¬ âà¨¢ ¥âáï § ¤ ç  ® ¢®§¤¥©áâ¢¨¨ ã¥¤¨¥-®© ¢®«ë   ¢¥àâ¨ª «ìãî ¯à¥£à ¤ã, ª®â®à ï ¨á-á«¥¤®¢ « áì ¢ íªá¯¥à¨¬¥â å [23,24] ¨ ç¨á«¥® [25]¢ à ¬ª å ¬®¤¥«¨ �ãáá¨¥áª .�à¨ à¥è¥¨¨ § ¤ ç¨ ¢ ª ç¥áâ¢¥ ¨áå®¤®© ¯à¨-¨¬ « áì ®¤¨®ç ï ¢®« , ª®â®à ï § ¤ ¢ « áì ¢¢¨¤¥:�(x; 0) = ach�2 "s 3�4(1 + �) x� x0H # ; (38)u(x; 0) = �HpgH(1 + �); (39)

�¨á. 6. �à®®£à ¬¬  ®â®á¨â¥«ì®£® ¢®«®¢®£®¤ ¢«¥¨ï   á¯®ª®©®¬ ãà®¢¥ ¯à¨ ¢®§¤¥©áâ¢¨¨  áâ¥ªã á®«¨â®®¢ ®â®á¨â¥«ì®© ¢ëá®âë a=H = 0:5(1) ¨ a=H = 0:7 (2). �ªá¯¥à¨¬¥â «ìë¬ ¤ ë¬ [24]á®®â¢¥âáâ¢ã¥â èâà¨å®¢ ï «¨¨ï, à áç¥âë¬ {á¯«®è ï «¨¨ï. T = (H=g)1=2£¤¥ � = a=H { ®â®á¨â¥«ì ï ¢ëá®â  ¢®«ë; x0{¯®«®¦¥¨¥ ¯¨ª  ¢®«ë. � áç¥âë ¯à®¢®¤¨«¨áì ¤«ï¯àï¬®ã£®«ì®£® ¡ áá¥©  ¤«¨®© Lx = 12:8 ¬, è¨-à¨®© Ly = 0:77 ¬ ¨ ¢ëá®â®© H = 0:32 ¬ ¯à¨¯®áâ®ïëå ª®íää¨æ¨¥â å ¢ï§ª®áâ¨ ¨ ¤¨ääã§¨¨KM = AM = 10�5 ¬2/c á ¯ à ¬¥âà ¬¨ ¤¨áªà¥â¨-§ æ¨¨: �x = �y = 0:064 ¬ , �� = 0:033, �t = 0:01á. � ç «ì®¥ ¢®§¬ãé¥¨¥ § ¤ ¢ «®áì ¯® ä®à¬ã« ¬(38), (39) ¤«ï à §«¨çëå � ¯à¨ x0 = 0:3L.�  à¨á. 5 á®¯®áâ ¢«¥ë à áç¥âë¥ ¨ íªá¯¥à¨¬¥-â «ìë¥ [23, 24] § ç¥¨ï ¢®§¢ëè¥¨© ãà®¢ï  áâ¥ª¥. �  à¨á. 6 ¯®ª § ë åà®®£à ¬¬ë ¤ ¢«¥¨ï®¤¨®çëå ¢®«   áâ¥ªã. �®¤¥«ì å®à®è® ¯à¥¤-áª §ë¢ ¥â ¢ëá®âã § ¯«¥áª . �à®¬¥ â®£®, ¬®¤¥«ì®¯¨áë¢ ¥â  ¡«î¤ ¥¬ë© ¢ íªá¯¥à¨¬¥â¥ [24] å -à ªâ¥àë© ¤¢ãå¯¨ª®¢ë© ¯à®ä¨«ì ¤ ¢«¥¨ï á ¯à®-¢ «®¬ ¢¡«¨§¨ ¬®¬¥â  ¬ ªá¨¬ã¬  § ¯«¥áª  ¢®«ë,®¡ãá«®¢«¥ë¬ ¢¥àâ¨ª «ìë¬ ãáª®à¥¨¥¬ ¦¨¤ª®-áâ¨ ã áâ¥ª¨.3.4. �®¤®®¡¬¥ ¦¨¤ª®áâ¨ à §«¨ç®© ¯«®â®áâ¨¢ è«î§¥�¥è ¥âáï § ¤ ç  ® ¢®¤®®¡¬¥¥ ¦¨¤ª®áâ¨ à §«¨ç-®© ¯«®â®áâ¨ ¢ è«î§¥. � áá¬ âà¨¢ ¥âáï ¯àï-¬®ã£®«ìë© ¡ áá¥© ¤«¨®© Lx = 2 ¬, è¨à¨®©Ly = 0:6 ¬ ¨ ¢ëá®â®© H = 0.3 ¬. �  ç «ìë© ¬®-¬¥â ¢®¤  à §«¨ç®© á®«¥®áâ¨ S1 = 50 ppt (á«¥-¢ ) ¨ S2 = 17 ppt (á¯à ¢ ) à §¤¥«¥  ¢¥àâ¨ª «ì®©�. �. �  àáª ï, �. �. � ¤¥à¨ç 19
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�¨á. 7. � á¯à¥¤¥«¥¨¥ ¯«®â®áâ¨ ¢ ¥£¨¤à®áâ â¨ç¥áª®¬ á«ãç ¥ ¯à¨ t = 3 c
�¨á. 8. � á¯à¥¤¥«¥¨¥ ¯«®â®áâ¨ ¢ £¨¤à®áâ â¨ç¥áª®¬ á«ãç ¥ ¯à¨ t = 3 c¯¥à¥£®à®¤ª®©. �®á«¥ â®£®, ª ª ¯¥à¥£®à®¤ªã ã¡¨à -îâ, ®¡ê¥¬ë ¢®¤ë à §®© ¯«®â®áâ¨  ç¨ îâ ¤¢¨-£ âìáï ¢ ¯à®â¨¢®¯®«®¦ëå  ¯à ¢«¥¨ïå. � áç¥-âë ¯à®¢®¤¨«¨áì ¯à¨ ¯®áâ®ïëå ª®íää¨æ¨¥â å¢ï§ª®áâ¨ ¨ ¤¨ääã§¨¨ KM = AM = 10�5 ¬2/c á¯ à ¬¥âà ¬¨ ¤¨áªà¥â¨§ æ¨¨: �x = �y = 0:01 ¬,�� = 0:01, �tE = 0:01 á ¯à¨ ®â®è¥¨¨�tE=�tI = 10.�  à¨á. 7 ¨ 8 ¯®ª § ® à á¯à¥¤¥«¥¨¥ ®âª«®¥¨ï¯«®â®áâ¨ �0, ¯à¨ �0 = 1000 ª£/¬3, à ááç¨â ®¥¢ £¨¤à®áâ â¨ç¥áª®¬ ¨ ¥£¨¤à®áâ â¨ç¥áª®¬ á«ãç -ïå. �  à¨á. 7 ¢¨¤  ¥ª®â®à ï  á¨¬¬¥âà¨ï à á¯à¥-¤¥«¥¨ï, ®¡ãá«®¢«¥ ï á¢®¡®¤®© ¯®¢¥àå®áâìî.� ª á«¥¤ã¥â ¨§ áà ¢¥¨ï à¨á. 8 ¨ 7à á¯à¥¤¥«¥-¨¥ ¯«®â®áâ¨ ¯à¨ ¨á¯®«ì§®¢ ¨¨ £¨¤à®áâ â¨ç¥-áª®© ¬®¤¥«¨ ¢¥áì¬  ¤ «¥ª® ®â  ¡«î¤ ¥¬®£® ¢ íªá-¯¥à¨¬¥â å [26], ¢ ®â«¨ç¨¥ ®â à¥§ã«ìâ â®¢ à áç¥-â®¢ á ¯®¬®éìî ¥£¨¤à®áâ â¨ç¥áª®© ¬®¤¥«¨. �à¨íâ®¬ ãà ¢¥¨¥ �ã áá®  ¤«ï ¥£¨¤à®áâ â¨ç¥áª®©ª®¬¯®¥âë ¤ ¢«¥¨ï áå®¤¨âáï §  1-4 ¨â¥à æ¨¨. �â® ¦¥ ¢à¥¬ï ¢ £¨¤à®áâ â¨ç¥áª®¬ á«ãç ¥ ¤«ï ãáâ®©-ç¨¢®áâ¨ áç¥â  ¥®¡å®¤¨¬® ¡ë«® ¢ë¡¨à âì è £ ¯®¢à¥¬¥¨ ¢ 5 à § ¬¥ìè¨©, ç¥¬ ¤«ï ¥£¨¤à®áâ â¨-ç¥áª¨å ¢ëç¨á«¥¨©.�������  áâ®ïé¥© à ¡®â¥ ¯à¥¤«®¦¥ ®¢ë© ç¨á«¥ë©âà¥åíâ ¯ë© ª®¥ç®-à §®áâë©  «£®à¨â¬ à¥è¥-¨ï § ¤ ç¨ ® â¥ç¥¨¨ áâà â¨ä¨æ¨à®¢ ®© ¦¨¤ª®-

áâ¨ á® á¢®¡®¤®© ¯®¢¥àå®áâìî. �á®¢ë¬¨ ®á®-¡¥®áâï¬¨ ¬®¤¥«¨ ï¢«ï¥âáï ¯à¥¤áâ ¢«¥¨¥ ¤ ¢«¥-¨ï ¨ áª®à®áâ¥© ¢ ¢¨¤¥ £¨¤à®áâ â¨ç¥áª®© ¨ ¥£¨-¤à®áâ â¨ç¥áª®© á®áâ ¢«ïîé¨å, ¨á¯®«ì§®¢ ¨¥ �-á¨áâ¥¬ë ª®®à¤¨ â ¨ à áé¥¯«¥¨¥ § ¤ ç¨   ¢ã-âà¥îî ¨ ¢¥èîî ¬®¤ë. �à®¢¥¤¥® á®¯®áâ -¢«¥¨¥ à áç¥â®¢ á   «¨â¨ç¥áª¨¬ à¥è¥¨¥¬ § -¤ ç¨ ® áâ®ïç¨å ª®«¥¡ ¨ïå âï¦¥«®© ¦¨¤ª®áâ¨ ¢£«ã¡®ª®¬ ¯àï¬®ã£®«ì®¬ ¡ áá¥©¥, « ¡®à â®àë-¬¨ íªá¯¥à¨¬¥â ¬¨ ¯® âà áä®à¬ æ¨¨ ¤«¨ëå¢®«  ¤ ¯®¤¢®¤ë¬¨ ¡ à ¬¨ ¨ ®âà ¦¥¨¨ ã¥¤¨-¥ëå ¢®« ®â ¢¥àâ¨ª «ì®© áâ¥ª¨. �  ¯à¨¬¥à¥§ ¤ ç¨ ® ¢®¤®®¡¬¥¥ ¦¨¤ª®áâ¨ à §«¨ç®© ¯«®â®-áâ¨ ¢ è«î§¥ ¯®ª §   íää¥ªâ¨¢®áâì à §à ¡®â -®£® ¬¥â®¤ . � ª¨¬ ®¡à §®¬, ¯à¨¬¥¥¨¥ ¤ ®©¬®¤¥«¨ ¯®§¢®«ï¥â § ç¨â¥«ì® à áè¨à¨âì ªàã£ à¥-è ¥¬ëå ç¨á«¥ë¬¨ ¬¥â®¤ ¬¨ § ¤ ç ® â¥ç¥¨ïåáâà â¨ä¨æ¨à®¢ ®© ¦¨¤ª®áâ¨ á® á¢®¡®¤®© ¯®-¢¥àå®áâìî.1. �¥¤«®áª¨ �¦. �¥®ä¨§¨ç¥áª ï £¨¤à®¤¨ ¬¨ª .{ M.:�¨à, 1984.{ 811 á.2. Beji S., Battijes J. A. Numerical simulation of non-linear wave propagation over a bar // Coastal Eng.{1994.{ 23 .{ P. 1{16.3. Zhu D. Z., Lawrence G. A. Non-hydrostatic e�ects inlayered shallow water ows // J. Fluid Mech.{ 1998.{355.{ P. 1{16.4. Marshall J., Schott F. Open-ocean convection: obser-vations, theory and models // Rev. Geophys.{ 1999.{37.{ P. 1{64.20 �. �. �  àáª ï, �. �. � ¤¥à¨ç
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