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Ăùºêù 

 ć½Āu£ Ôzvÿ½ ĈÅ½¾z ÿ ¾¤Ąz ë½¹ ćv¾z Ăí ¢Åv xj Ă·wÉ ĈöÍv ÿ øĄù Ãÿ½¹ ¿v Ĉîĉ ìĊõÿ½ºĊă Ã½¹

Ĉù Èĉwù¿j ÷w¬ýv Ăz ¿wĊý Ã½¹ üĉv ½¹ āºÉ Ă¤å¾ñ ½wîz Ĉz¾¬£ ÿĂÝĀú¬ù )ºÉwz ºĉ½v¹ ÿ½ ÈĊ~ Ăí ćv

 ¡wýwîùv ÃwÅv ¾z Ăí I¢Åv ûv¾úÝ ĈÅºþĄù ûwĉĀ¬Êýv¹ ćv¾z ìĊõÿ½ºĊă āwòÊĉwù¿j ½wí ½Ā¤Å¹

 )¢Åv āºÉ ĂĊĄ£ āºîÊýv¹ ìĊõÿ½ºĊă āwòÊĉwù¿j ½¹ ¹Ā«Āù ĈăwòÊĉwù¿j 

 Èĉwù¿j ÷w¬ýv Çÿ½ I¡wÊĉwù¿j ć½Āu£ āºÉ ĈÞÅ ĂÝĀú¬ù üĉv ½¹ ā¹v¹ ©v¾¸¤Åv āĀ´ý ÿ ½ĀÕ Ăz wă

ÑĀ£ ôùwí ©v¾¸¤Åv v½ āºÉ Ă¤ÅvĀ· ¹½vĀù Ĉ¤³v½ Ăz ûj Ăz ĂÞ«v¾ù wz ÀĉÀÝ ûwĉĀ¬Êýv¹ w£ I¹ĀÉ ā¹v¹ ²Ċ

 Ăí āºÉ ±¾Öù óvĀÅ ć¹vºÞ£ Èĉwù¿j ½wí ½Ā¤Å¹ ¾ă ûwĉw~ ½¹ )ºþþí ĂĊĄ£ v½ ¹Ā· ¡wÉ½vÀñ ÿ ºþĉwúý

 )¢Åv ĈùvÀõv ûwĉĀ¬Êýv¹ Ç½vÀñ ½¹ ¡đvĀÅ üĉv Ăz ĈĉĀò¸Åw~ 

Ĉù ½ÿj¹wĉ ûwĉw~ ½¹Å¹ üĉv ¹ĀÉ āºĉ¹¾ñ ĂĊĄ£ āºîÊýv¹ āwòÊĉwù¿j ½¹ ¹Ā«Āù ¡wýwîùv ćwþ{ù ¾z ½wí ½Ā¤

 ½Ā¤Å¹ üĉv ćwê£½v ½¹ wúÉ ¡v¹wĄþÊĊ~ ÿ Ĉĉwúþăv½ ½wí ½Ā¤Å¹ üĉv ½¹ Ĉ¤Åwí ¹Ā«ÿ ¡½ĀÍ ½¹ ÿ ¢Åv

)¹Āz ºăvĀ· ºĊæù ûj Èýv¹ ²ÖÅ ÿ ½wí 
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¡wÊĉwù¿j ½wí Ç½vÀñ ĂĊĄ£ Ăêĉ¾Õ 

yĊ£¾£ ÿ ¹½vĀù ºĉwz ½wí Ç½vÀñ ĂĊĄ£ ½¹ )¹ĀÉ ¢ĉwÝ½ ¾ĉ¿ 

,( óÿv Ă´æÍ( Èĉwù¿j ûvĀþÝ ôùwÉ( āÿ¾ñ ĈùwÅv ÿ āºþþí Èĉwù¿j āÿ¾ñ( Èĉwù¿j ÷w¬ýv ¶ĉ½w£ 

-( #ºĊă¹ ûwÊý ôîÉ øÅ½ wz ûwîùv ¡½ĀÍ ½¹$ ½wí ôĉwÅÿ 

.(  Èĉwù¿j ÛĀÑĀù ë½¹ ûvÀĊù āºþă¹ ûwÊý Ăí Èĉwù¿j ÛĀÑĀù ¿v āÿ¾ñ ćwÒÝv óđº¤Åv$ Èĉwù¿j ÷w¬ýv ć½Āu£

)#¢Åv 

/( Çÿ½ Èĉwù¿j ÷w¬ýv 

0(  ÷¿đ )¹¹¾ñ Ătv½v Ç½vÀñ ½¹ ÿ ĂĊĄ£ Ĉõÿº« ÷¾å ½¹ āºÉ ¢Év¹¾z ¾ĉ¹wêù Èĉwù¿j ¾ă ¿v ºÞz$ Èĉwù¿j ¡vºăwÊù

 ĈÅ½¾z ªĉw¤ý ôĊö´£ ÿ ĂĉÀ¬£ ÷w¬ýv ¿v ô{é Iāºùj ¢Åºz ªĉw¤ý ó¾¤þí Ăz ¢{Æý ûwĉĀ¬Êýv¹ Èĉwù¿j ¾ă ¿v ºÞz ¢Åv

#)ºþă¹ ÷w¬ýv v½ ÷¿đ ćwă 

1(  ôĊö´£ÿ ĂĉÀ¬£#))) ÿ ¡vºăwÊù ĈÖ·¾Ċá wĉ ĈÖ· Ç¿v¾z ÷w¬ýv$ ªĉw¤ý 

2( #¡wÊĉwù¿j ÿ Üzwþù ½¹ ¹Ā«Āù ªĉw¤ý wz ªĉw¤ý ĂÆĉwêù$ ć¾Ċñ Ă¬Ċ¤ý 
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,( ĈîĊõÿ½ºĊă ÀĊù 

 ÜÖêù ¿v ć½Ā{Ý Ĉz¹ ¢Åv ÷¿đ ĈîĊõÿ½ºĊă ¡wÊĉwù¿j ÷w¬ýv ĈÕ ½¹ÿ½ ¿v Ĉîĉ )øĊĉwúý üĊĊÞ£ v½ ĈÅ½¾z ¹½ĀùÇ ćwă

 ĈõwĊÅ û¿ÿ ¿v ¢Åv ¡½w{Ý Ĉý¿ÿ Ĉz» )¢Åv Ĉý¿ÿ Ĉz¹ Çÿ½ ¿v ā¹wæ¤Åv Ĉz¹ üĊĊÞ£ ā¹wÅ ¿v üĊÞù ¡ºù ìĉ ½¹ Ăí

Ĉù ½Ā{Ý Ì¸Êù ÜÖêù ìĉ)ºĉwúý 

5āwò¤Å¹ ±¾É 

ā¿vºýv ćv¾z Èĉwù¿j üĉv ½¹Ĉù ā¹wæ¤Åv ĈîĊõÿ½ºĊă ÀĊù Ĉý¿ÿ Ĉz¹ ć¾Ċñ ÀĊù )¹ĀÉ ½¹ ā¹wæ¤Åv ¹½Āù ĈîĊõÿ½ºĊă

ā¿vºýv Ĉý¿ÿ øĊăwæù ÃwÅv ¾z Àĉ½¾Å ¿v ć½Ā{Ý Ĉz¹ Ăí yĊ£¾£ üĉºz )¢Åv Ĉý¿ÿ ÀĊù āºîÊýv¹ ¡wÊĉwù¿j ć¾Ċñ

ĈùĈù āºăwÊù ôîÉ ½¹ Ăí ĂýĀòýwúă )¢Åv āºÉ ā¹v¹ ûwÊý ¾ĉ¿ ôîÉ ½¹ ĈîĊõÿ½ºĊă ÀĊù vÀ«v )¹ĀÉ¢úÆé ¹ĀÉ ćwă

5¿v ºþ£½w{Ý ûj øĄù 

,( Ăz Ăí xj ûÀ¸ù Ĉù üĊùw£ v½ ¿wĊý ¹½Āù xj ÿ āºÉ Ă¤·wÅ ôĊÖ¤Æù yÞîù ôîÉ)ºþí 

-( Ĉù ôê¤þù āwò¤Å¹ ćđwz Ăz üÖ¸ù ¿v v½ xj Ăí ÁĀĊæĉ¾¤ýwÅ }ú~ ìĉ)ºþí 

.( ĂõĀõ èĉ¾Õ ¿v Èĉwù¿j ¹½Āù āwò¤Å¹ ¿v āºÉ ©½w· xj ÿ ¹½v¹ ½v¾é ÀĊù Ă´æÍ ¾ĉ¿ Ăí üĉ¿Ā£ ìýw£ ìĉ ¹½vÿ ćv

Ĉù ûjĄ¤ýv Ăz üĉ¿Ā£ ìýw£ )¹ĀÉĈù ÷w¬ýv v½ ÿ¿v¾£ üĊăwÉ ôúÝ Ăí Ĉêåv ½Ā´ù ìĉ ćw ½¹ ÿ ¢Åv āºÉ ôÎ¤ù ºă¹

Ăý¿ÿ ½Ā´ù ¾òĉ¹ ćwĄ¤ývĂý¿ÿ Ăí ¢Åv ûvÀĉÿj ćvĈù v½ äö¤¸ù ćwăĂý¿ÿ ćÿ¿wz ¢{Æý$ )¹v¹ ½v¾é ûj ćÿ½ ûvĀ£ Ăz wă

#)¢Åv ĂÅ Ăz ìĉ ìýw£ ćÿ¿wz 
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½wí Çÿ½ 

V Ĉù ôÍÿ ¾Úý ¹½Āù ô´ù Ăz v½ xjøĊþí 

V Ĉù ½v¾é Ăý¿ÿ ćÿ¿wz ½¹ v½ Ăý¿ÿøĊă¹ 

V )ºÅ¾z ó¹wÞ£ ¢õw³ Ăz Ăý¿ÿ w£ ºĊă¹ ā¿w«v )¹ĀÉ ½v¾é¾z ĈýwéĀå ûÀ¸ù ½¹ ûwĉ¾« w£ øĊþîĊù üÉÿ½ v½ }ú~ 

V  Ĉù v½ ûwù¿ ÿ øĊþí Ĉù ÜÖé v½ ¾¤ùĀý¾í ó¹wÞ£ ¢õw³ Ăz Ăý¿ÿ ûºĊÅ½ ¿v ºÞz Ă{£¾ù ĂÅ v½ ½wí üĉv )øĊývĀ·

)øĊþí Ĉù ½v¾î£ 

Ĉz¹ ½vºêù üĊĊÞ£ Ĉý¿ÿ 

Ĉù ¿v¾£ ćÿ¿wz óĀÕ ¢{Æý ÿ āwò¤Å¹ ćÿ½ ¾z āºÉ ā¹v¹ ½v¾é Ăý¿ÿ û¿ÿ Ăz Ă«Ā£ wz ½¹ ûÀ¸ù Ăz ć¹ÿ½ÿ xj û¿ÿ ûvĀ£

 Ĉù¾« Ĉz¹ ½vºêù #ûwù¿ ¢Év¹¾z ½wz ĂÅ$ ¾¤ùĀý¾í ¿v ÔÅĀ¤ù ûwù¿ ü¤Év¹ wz ćºÞz ÷wñ ½¹ )¹¾í üĊĊÞ£ v½ Ĉýwù¿ ā¿wz

 ÷¾« Ăz Ĉù¾« Ĉz¹ øĊÊê£ wz )ºĉ¹½ÿj ¢Åºz v½Ĉù üĊĊÞ£ Ĉú¬³ Ĉz¹ xj ËĀÎ¸ù)¹ĀÉ 

Ĉù ¢Åºz ¾ĉ¿ óĀù¾å ¿v ā¹wæ¤Åv wz v½ Ĉý¿ÿ Ĉz¹ ½vºêù xj û¿ÿ ÿ ûwù¿ û¹½ÿj ¢Åºz ¿v ºÞz)øĉ½ÿj 
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-( ¡Ā¤Ċ~ ĂõĀõ 

 Ĉ¤úÆéā¿vºýv Ăí ½wÊå ¢´£ ówýwí ìĉ ¿vĈù ÷w¬ýv ûj ½¹ ¢Ý¾Å ć¾Ċñ )¢Åv āºÉ ā¹v¹ Èĉwúý ôîÉ ½¹ ¹ĀÉ

āºăwÊù ôîÉ ½¹ Ăí ĂýĀòýwúă ĈùĂõĀõ ¿v Ĉîĉ ¹ĀÉ Ăz Ăí ¢Åv Ĉútwé ĂõĀõ ¾¤ùÿÀĊ~ )¹½v¹ ÷wý ¾¤ùÿÀĊ~ ĈÕw{£½v ćwă

Ĉù ûwÊý v½ ûwĉ¾« û¹Āz ½wÊå ¢´£ ÿ ā¹Āz ôÎ¤ù ówýwí äêÅ Ă¤å¾ñ ÷w¬ýv Ĉ{Åwþù Ā´ý Ăz ĂõĀõ ówÎ£v ¾ñv )ºă¹

ÇwÊ¤áv ¿v ûvĀ¤z Ăîĉ½ĀÖz IºÉwzõ ½¹ xj ûĀ¤Å Ûwæ£½v āwòýj I¹¾í ¾Úý ã¾Í ĈÞÑĀù ćwă āºþă¹ ûwÊý ¾¤ùÿÀĊ~ ĂõĀ

Ĉù ówýwí äêÅ ¡½ÿw¬ù ½ ûwĉ¾« ĈîĊ£w¤Åvÿ½ºĊă ½wÊå Ûwæ£½v)ºÉwz 

ĂæõĀù ¿v ûĀ¯ Iüĉv ¾z āÿĒÝ ¾Úý ã¾Í ûwĉ¾« ĈÝĀúÝ ćw¤Åv½ ¿v ¾Ċá Ĉĉw¤Åv½ ½¹ ûwĉ¾« Ăz āºþă¹ xw¤É ćwă

ĈùĈù v¼õ I¹¹¾ñ)¹Āúý Ï¾å ĈîĊ£w¤Åvÿ½ºĊă v½ ½wÊå Üĉ¿Ā£ ûĀ£ 

ù ôîÉ ½¹ Ăí ½ĀÖýwúăĈù ĂÚ³Ē ĂöÍwå Ăz Ăí ûwĉ¾« Ô· ìĉ óĀÕ ½¹ ĈîĊ£w¤Åvÿ½ºĊă ½wÊå Ûwæ£½v I¹ĀÉyΩ  ¢{Æý

5wz ¢Åv ¾zv¾z ÿ ā¹Āz ¾¤ùÿÀĊ~ ûĀ¤Å Ûwæ£½v wz yÅwþ¤ù I¹½v¹ ½v¾é äí Ăz 

 

 



7 
 

 ½wÊå Iwþ{ù ²ÖÅ Ăz ¢{Æý ĈÅºþă Ûwæ£½v ÛĀú¬ù wz ¢Åv ¾zv¾z ûwĉ¾« Ô· ìĉ ćÿ½ ½¹ ¹Ā«Āù ćÁ¾ýv

 ÿ ĈîĊ£w¤Åvÿ½ºĊăĈù v½ ĈõĀý¾z ĂÖzv½ üĉv¾zwþz I¢Ý¾Å ¾ĊÚý Ûwæ£½v5¢ÉĀý ¾ĉ¿ ¡½ĀÍ Ăz ûvĀ£ 

 

5ºþ¤Æă Ûwæ£½v ìĉ ¿v ĈÎ·wÉ ÿ óĀÕ ºÞz ćv½v¹ đwz ĂÖzv½ ćwă ¢úÆé ¿v ÷vºí ¾ă 

H#ćÁ¾ýv Ô· Ûwæ£½v$ ûwĉ¾« Ô· ìĉ ćÿ½ ówĊÅ ćÁ¾ýv 5 

ǲ
 5½wÊå ¾ĊÚý Ûwæ£½v 

y'-z ĈÅºþă Ûwæ£½v 

 5 ¾ĊÚý Ûwæ£½v¢Ý¾Å 

Ĉù āºĊùwý ìĉ¾¤ùÿÀĊ~ Ûwæ£½v IĈîĊ£w¤Åvÿ½ºĊă ½wÊå ¾ĊÚý Ûwæ£½v ÿ ĈÅºþă Ûwæ£½v ÛĀú¬ù)¹ĀÉ 

÷¾£ wz ÿ ā¹Āz ćÁ¾ýv ôí āºþă¹ ûwÊý Ā¤Ċ~ ĂõĀõ ½¹ xj ûĀ¤Å Ûwæ£½vĈù ā¹v¹ ûwÊý ¾ĉ¿ ćwă5¹ĀÉ 

 

 Ā¤Ċ~ ĂõĀõ ćwă ā½vº« ÿ ć¹ÿ½ÿ ā¹ÿº´ù ½¹ ĈÞÑĀù ¡wæö£ ¿v ¾ñvã¾Í ½¹ I¹¹¾ñ ¾ÚýĈù v½ ĈõĀý¾z ĂÖzv½ ¡½ĀÎýj ûvĀ£

5¢ÉĀý ¾ĉ¿ ¡½ĀÎz 

 

 

 ûj ½¹ Ăíhìĉ¾¤ùÿÀĊ~ Ûwæ£½v 5 
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5Èĉwù¿j ÷w¬ýv Çÿ½ 

,(  ûvÀĊù Ăz v½ ówýwí äí,++ ºĉ¾{z đwz ¾¤úĊöĊù 

-(  wz¾zv¾z w{ĉ¾êz Ĉ«ÿ¾· ìéw£v ½¹ xj ²ÖÅ w£ ºĊĉwúý øĊÚþ£ ćĀ´ý Ăz v½ Ĉ«ÿ¾· ÿ ć¹ÿ½ÿ ćwă¾ĊÉ20 ¾¤úĊöĊù »

)¹ĀÉ 

.(  ¾¤ùÿÀĊ~ ÿ Ā¤Ċ~ ĂõĀõ wz Ä Å )¹¾Ċòz ¹Ā· Ăz øtv¹ ów³ ûwĉ¾« w£ ºĊþí ¾{Í ĂÚ´õ ºþ¯5 )ºĊþí ¢tv¾é v½ 

2Z  ¿v v½-0  w£,-0  ćwă ÷wñ wz ¾¤úĊöĊù-0  Ăö³¾ù ÿ ā¹v¹ ¾ĊĊâ£ Ĉĉw£. )ºĊþí ½v¾î£ v½ 

/(  Ăö³¾ù-  ćv¾z v½- )ºĊþí ½v¾î£ ¾òĉ¹ Ĉz¹ 

 5Ç½vÀñ ĂĊĄ£ 

¢Ý¾Å Ĉz¹ ¾ă ćv¾z  ôzwêù ½¹ ÔÅĀ¤ù2z ā¿vºýv ¢Ý¾Å üĊz ãĒ¤·v ĂýĀñ¾ă ¹½Āù ½¹ ÿ ā¹Āúý øĊÅ¾£ v½ āºÉ ć¾Ċñ

)ºĊþí ¦´z ÔÅĀ¤ù ¢Ý¾Å ÿ 
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.( ĂĊö¸£ yĉ¾Ñ Ă{Åw´ù ÿ ÀĊ£ Ă{õ ćwăÀĉ½¾Å ćÿ½ ¿v xj ĂĊö¸£ 

 đwz ûj ¢Ê~ ½¹ xj w£ ¹ĀÉ ¦Ýwz ÿ ¹¾Ċñ ½v¾é ûwĉ¾« āv½ ¾Å ¾z Ăí ĈÞýwù ¾ă äĉ¾Þ£ è{Õ ½¹ xj ¢Ý¾Å ¾z ÿ āºùj

Ĉù āºĊùwý Àĉ½¾Å I¹ĀÉ ā¹ÿÀåv ûj ćÿ½ ¿v ½Ā{Ý üĊ³ā¿wÅ wăÀĉ½¾Å Üévÿ ½¹ )¹ĀÉ ½¹ xj ²ÖÅ ó¾¤þí ćv¾z Ĉĉwă

ā¿vºýv ćv¾z wĉ ÿ ¢Å¹đwzĈù ûwĉ¾« ć¾ĊñĈù ¹w¬ĉv Àĉ½¾Å ćÿ½ Ĉýv¾´z Ôĉv¾É ¡½ĀÍ ¾ă ½¹ ºþÉwz)¹¹¾ñ 

 ½vÀzv ìĉ ûvĀþÝ Ăz Àĉ½¾Å ¿v Ăí Ĉùwòþăā¿vºývĈù ā¹wæ¤Åv ûwĉ¾« ć¾ĊñÈĊ~ v¾ĉ¿ )¹Āúý ā¾{Ċõwí v¾ýj Ĉ¤Æĉwz I¹ĀÉ ĈþĊz

 Ĉz¹ ć½Āu£ ćwă ĈÞévÿ Ĉz¹ wz Àĉ½¾Å ¢Å¹đwz ½¹ xj èúÝ Ĉõwú¤³v ¡v¾ĊĊâ£ ÿ Ă¤ĉ¿ĀîÆĉÿ ¡v¾§v ôĊõºz ûwĉ¾«

v āºÉ yÎý ĈÞĊ{Õ ćÿ¾zj ìĉ ½¹ Ăí ćÀĉ½¾Å IxĒĊÅ ìĉ ¿ÿ¾z ÷wòþĄz )¢Év¹ ºăvĀ¸ý çw{Öýv ûwĉ¾« ¡½ĀÎz ¢Å

Ĉù ôúÝ ó¾¤þí ìĉüĊĉw~ ½¹ xj ²ÖÅ ûwù¿ üĉv ½¹ Ăí v¾ĉ¿ IºĉwúýĈù ç¾â¤Æù v½ ā¿wÅ ÿ āºùj đwz ¢Å¹)ºĉwúý 

ûºÉ Ĉýv¾´z ćv¾z ¿wĊý ¹½Āù ôévº³ ¿v Àĉ½¾Å Ûwæ£½v ĂîĊ£½ĀÍ ½¹  ¢Ċözwé wĄþ£ Ăý Àĉ½¾Å IºÉwz ¾¤ÊĊz Ĉýwĉ¾«

ā¿vºýv½¹ xj ¿v¾£ ó¾¤þí Ăîöz I¹½v¹ v½ ûwĉ¾« ć¾Ċñ Ĉù ½v¹ āºĄÝ ÀĊý v½ ¢Å¹đwz ºÉ ûwĊz Ăí ĈÝwæ£½v ôévº³ )¹¹¾ñ

)¢Åv Ă{Åw´ù ôzwé ćÁ¾ýv ĂÖzv½ èĉ¾Õ ¿v 
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5Èĉwù¿j ć½Āu£ 

ā¿vºýv ½¹ ûj ¿v ā¹wæ¤Åv ÿ ā¹wÅ wùĀúÝ ÀĊ£ Ă{õ Àĉ½¾Å ¢·wÅĈù āwòÊĉwù¿j ½¹ ÿ ûwĉ¾« ć¾Ċñ Àĉ½¾Å ÛĀý üĉv ½¹ )ºÉwz

¿v ć½Ā{Ý ûwĉ¾« Ĉù ÓĀêÅ üĊĉw~ Ăz Ăz»w« ¾§v ½¹ Ä Å ÿ āºÉ vº« Àĉ½¾Å Ăýºz ćÿ½ ćwþ´ýv Ăz Ă«Ā£ wz )ºþí

 ¿v ¾¤Þĉ¾Å ÀĊ£ Ă{õ Àĉ½¾Å ćÿ½ ûwĉ¾« üĉv¾zwþz )¢Åv ĈîĊ£w¤Åvÿ½ºĊă ½wÊå ¿v ¾¤úí Àĉ½¾Å ©w£ ćÿ½ ½wÊå Iûwĉ¾«

 ¾ĉ¹wêù ćv¾z ĈþÞĉ ĂzwÊù Ôĉv¾É ćv¾z Ă¤{õv$ )¢Åv üĄ~ Ă{õ Àĉ½¾Å ćÿ½ ûwĉ¾«wH #ûwÆîĉ 

 yĉ¾ÑdC  ā¹ÿº´ù ½¹ Àĉ½¾Å ÛĀý üĉv ćv¾z1.73<dC<1.06  Ăí Ĉýwù¿π ρȢππ  )¹½v¹ ½v¾é 

Ĉù ûwĉ¾« ¹½vÿ āºÉ ¹w¬ĉv ā¾æ³ ¿v vĀă Àĉ½¾Å Ă{õ üĊĉw~ ā¹ÿº´ù ½¹ ½wÊå ÿ ā¾æ³ üĉv ø¬³ Ăí Ĉĉw¬ýj ¿v I¹¹¾ñ

Ĉù øí Ă¤å½ Ă¤å½ ûj ćÿ½ ûwĉ¾« ¡wÎ¸Êù ¾ĊĊâ£ y{Å ĂÅÿ¾~ üĉv I¹ĀÉ ć½ÿ¾Ñ v½ Ĉă¹vĀă üĉv ¾z wþz ÿ āºÉ Àĉ½¾Å

ĈùĂÎ¸Êù ¾ĊĊâ£ ¿v ĈÉwý xĀöÖùwý ¡v¾§v )ºĉwúýĈù v½ Ē· ¹w¬ĉv ¾§v ½¹ ûwĉ¾« ćwă ã¾Õ ìĉ ¿v Ăí ĂõĀõ ìĉ wz ûvĀ£

)¹Āúý Üæ£¾ù v½ ¹½v¹ ½v¾é ûwĉ¾« ôĊåÿ½¹ ¾ĉ¿ ¾òĉ¹ ã¾Õ ¿v ÿ ¾æÆú£v wz 

ýv ¢åv ¿v ûj ½¹ Ăí ćÁ¾ýv Ăõ¹wÞù ¿v ā¹wæ¤Åv wzĈù ¾Úþå¾Í ćÁ¾I¹¹¾ñ  ÜÖêù ²ÖÅ wz ĂÆĉwêù ½¹ ówýwí ÜÖêù ²ÖÅ

Ĉù ï½Àz Ĉåwí º³ Ăz Àĉ½¾ÅĈù v¼õ )ºÉwz ¾æÍ ¾zv¾z Àĉ½¾Å ¢Ê~ ûÀ¸ù ½¹ ¢Å¹đwz ĂÖêý ½¹ v½ ówĊÅ ¢Ý¾Å ûvĀ£

ĂÖêý üĊz v½ ćÁ¾ýv Ăõ¹wÞù ÿ )¢å¾ñ ¾Úý ½¹øĊþí Ĉù ûwĊz ¾ĉ¿ ¡½ĀÍ Ăz Àĉ½¾Å ©w£ ćÿ½ ĂÖêý ÿ ûÀ¸ù ô·v¹ ćv5 

22

2 2

N NM M
M N

P VP V
Z Z

g gg g
+ + = + + 

Ĉù üĊþ°úă ĂÖêý ½¹ ½wÊå ¹¾í Ï¾å ûvĀ£N  )ºÉwz ìĉ¾æÆú£v)0=NP( 

2

2

2

2
2

N
N N

N
N

V
Z H H Z h

g

V
h V gh

g

+ = - =

= Ý =
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 Ûwæ£½v Ăz ûwúõv ìĉ ĈöĊÖ¤Æù ÀĊ£ Ă{õ Àĉ½¾Å ½¹ ûwĉ¾« ¡ºÉ û¹½ÿj ¢Åºz ćv¾zdh  Ï¾Ý ¾ñv )ºĉ¾Ċòz ¾Úý ½¹ v½

 Àĉ½¾Åb 5¹Āz ºăvĀ· ¾ĉ¿ ¡½ĀÍ Ăz ûwĉ¾« ¡ºÉ ûwúõv IºÉwz 

. . 2 . .NdQ V b dh gh b dh= = 

óv¾ò¤ýv wz5øĉ½v¹ ć¾Ċñ 

0

2 . .

H

Q gh b dh=ñ 

2 2
3 3

2 2
2 2

3 3
dH bgCQсЛ ЦϜмHbgQрϼнϛϦ= = 

 ûj Ãv½ Ăĉÿv¿ Ăí Ĉ¨ö¨ù Àĉ½¾Å ćv¾z2ɗ  ûwúõv Ï¾Ý ¢Åv2(H-h)tanɗ  ûwĉ¾« ¡ºÉ ûwúõv Ă¬Ċ¤ý ½¹ )¹Āz ºăvĀ·

5¢Åv ¾ĉ¿ ¡½ĀÍ Ăz 

0

( ) tan

. . 2 .2( ) tan .

2 .2( ) tan .

N

H

BC h h

dQ V b dh gh H h dh

Q gh H h dh

q

q

q

= -

= = -

= -ñ

 

5 5
2 2

8 8
2 2

15 15
dH bgCQсЛ ЦϜмHbgQрϼнϛϦ= = 

 üĊĊÞ£ çĀå Ôzvÿ½ ½¹ ĈÞévÿ ÿ ć½Āu£ Ĉz¹ û¹v¹ ½v¾é ¾zv¾z wz Ĉ¨ö¨ù ÿ ĈöĊÖ¤Æù Àĉ½¾Å ćv¾z ĂĊö¸£ yĉ¾Ñ ¾ĉ¹wêù

Ĉù)¹¹¾ñ 

5Èĉwù¿j ÷w¬ýv Çÿ½ 

,(  Ēùwí v½ āwò¤Å¹)ºĉwĊý ¹Ā«Āz wÖ· Èĉwù¿j ½¹ w£ IºĊĉwúý ¿v¾£ 

-( )ºĊþí ¾ê¤Æù ¹Ā· ô´ù ½¹ v½ Àĉ½¾Å 
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.( 0 )ºĉ¾Ċòz ā¿vºýv v½ Àĉ½¾Å ćÿ½ xj Ûwæ£½v ½wz ¾ă ½¹ ÿ ºĊþí ć½w« āwò¤Å¹ ½¹ v½ äö¤¸ù Ĉz¹ 

/( ā¿vºýv ûwù¿ ø¬³ Çÿ½ Ăz ¾¤ùĀýwù ÿ ¾¤ùĀý½Āí ĂöĊÅĀz v½ Ĉz¹ ½vºêù)ºĊþí ć¾Ċñ 

0( óÿº« ¾·j ½¹ 5ºĊþí ôĊúî£ v½ Èĉwù¿j 

dC nH logH logQ nQ t(s) ø¬³ H Èĉwù¿j ā½wúÉ 

        , 

        - 
 

 ûvĀ£n  ½vºêù ĈöĊÖ¤Æù Àĉ½¾Å ćv¾z çĀå óÿº« ½¹2/3  ćv¾zQ  ÿ3/2  ćv¾zH  ½vºêù Ĉ¨ö¨ù ÿ2/5  ćv¾zQ  ÿ

5/2  ćv¾zH Ĉù)ºÉwz 

ÀĊ£ Ă{õ Àĉ½¾Å ¡đvĀÅ ĈöĊÖ¤Æù5 

,(  v½ ¡wÊĉwù¿j óÿº«)ºĊþí ôĊúî£ Àĉ½¾Å ôîÉ ÿ¹ ¾ă ćv¾z 

-(  ćwă½v¹Āúý2
3Q   yÆ³ ¾z v½H ºĊþí øĊÅ¾£ v½ 

.(  ½v¹ĀúýlogQ  yÆ³ ¾z v½logH )ºĊþí øÅ½ 

/(  ½vºêùdC )ºĉ½ÿj ¢Åºz çĀå ćwă Ĉþ´þù ¿v ā¹wæ¤Åv wz v½ 

0(  wĉjdC  ćv¾z ÔÅĀ¤ù ½vºêù ìĉ K¢Åv ¢zw§ ĈöĊÖ¤Æù ćv¾zdC )ºĊzwĊz 

1(  üĊz ĂÖzv½ wĉjH  ÿQ Ĉù v½ Ĉz¾¬£ óĀù¾å wz ûvĀ£nQ=kH  ½vºêù xvĀ« û¹Āz ¢{¨ù ¡½ĀÍ ½¹ K¹¾í ûwĊz k

, n )ºĊzwĊz v½ 

2(  ¾ĊĊâ£ ¡½ĀÍ ½¹dC  yÆ³ ¾z ĈÞzw£ ĂÖzv½ ìĉH/b )ºĊþí ¹wĄþÊĊ~ 

5Ĉ¨ö¨ù ÀĊ£ Ă{õ Àĉ½¾Å ¡đvĀÅ 
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,(  ¾ĉ¹wêù Q  ÿ2
5Q   ćv¾z v½0 )ºĊþí xwÆ³ äö¤¸ù Ĉz¹ 

-(  ½v¹Āúý2
5Q  yÆ³ ¾z v½H  ½vºêù ûj yĊÉ ¿v ÿ ºĊþí øÅ½ v½dC )ºĊzwĊz v½ 

.(  ½v¹Āúý wĉjdC K¢Åv ¢zw§ Èĉwù¿j üĉv Ĉz¾¬£ Ôĉv¾É ćv¾z 

/(  ćwă½v¹Āúý äö¸£ ÿ èĊ{Ö£ ¹½vĀù2
5Q  yÆ³ ¾zH  ÿQ ³ ¾z yÆ5

2H )ºĊĉwúý ûwĊz v½ 
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/( üĄ~ Ă{õ Àĉ¾Å ćÿ½ ¿v ûwĉ¾« 

ā¿vºýv ćv½v¹ I¹wÞzv ¾ĉwÅ wz ĂÆĉwêù ½¹ ÿ ā¹Āz üĄ~ Ĉåwí ā¿vºýv Ăz Àĉ½¾Å Ă{õ IwăÀĉ½¾Å ÛĀý üĉv ½¹ ĂÚ³Ēù ôzwé ćv

Ĉù øtwé ĂæõĀù ÿ ā¹Āz Ĉêåv w{ĉ¾ê£ ûj ćÿ½ ¾z ûwĉ¾« ÓĀÖ· )ºÉwz IĈöĊÖ¤Æù ôîÉ ĂÅ )¢Åv ¾æÍ w{ĉ¾ê£ xw¤É

)¢Åv Àĉ½¾Å ÛĀý üĉv ã¹wÞ£ ćwă ôîÉ Ĉ¨ö¨ù ÿ ĂÉĀñ ¹¾ñ 

 

Ĉù ½v¾é ĈÅ½¾z ¹½Āù xwĉw~ ½¹ ûwĉ¾« èúÝ Ăz Ă«Ā£ wz wăÀĉ½¾Å üĉv ćÿ½ xj ¿v¾£ Ăí ¹v¿j ûwĉ¾« Ôĉv¾É ½¹ )ºý¾Ċñ

Ĉúý ¾§Āù ¢Å¹đwzü¤ÉĀý wz )¹Āz ºăvĀ· ½v¾é¾z ç¾â¤Æù ¾Ċá ¢õw³ ºÉwz  Àĉ½¾Å ćÿ½ ĂÖêý ìĉ üĊz ćÁ¾ýv Ăõ¹wÞù

 èúÝ wzyc 5øĉ½v¹ ¢Å¹đwz ĂÖêý ìĉ ÿ #Ĉýv¾´z$ 

3
21.705 d dQ C bH= 

Àĉ½¾Å óĀÕ ĈöĊÖ¤Æù Àĉ½¾Å ćv¾z)B(  ¿v ¾¤ñ½Àz ºĉwzdH0.66  Àĉ½¾Å ćv¾z ÿ ºÉwz ½v¾é¾z çĀå ĂÖzv½ w£ ºÉwz

 ¿v ¾¤ñ½Àz ºĉwz ĂÉĀñ ¹¾ñdH0.47 )ºÉwz 

 ½¹ xj ¿v¾£ ¾ñv ç¾â¤Æù ¢õw³ ûwĉ¾« ºÉwz ¾§Āù Àĉ½¾Å ćÿ½ ûwĉ¾« èúÝ ¾z ÿ ā¹Āz Àĉ½¾Å ©w£ ¿v ¾£đwz xwĉw~

Ĉù ¢Åºz ¾ĉ¿ ĂÖzv½ ¿v Àĉ½¾Å ¿v ć½Ā{Ý Ĉz¹ ĈÖĉv¾É üĊþ¯ ½¹ )¢Év¹ ºăvĀ·5ºĉj 

1 2Q Q Q= + 

5ĂÖzv½ üĉv ½¹ Ăí 

( )
3

2
1 1 1 2

2
2

3
dQ C g L H H= - ¹v¿j ¢õw³ ½¹ 
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( )2 2 1 2 2

2
2

3
dQ C g H H LH= - ç¾â¤Æù ¢õw³ ½¹ 

 çĀå Ôzvÿ½ ½¹dH  ô{é xj èúÝ )¢Åv ¹v¿j ûwĉ¾« Ôĉv¾É ½¹ Àĉ½¾Å ¿v1H  Ôĉv¾É ½¹ Àĉ½¾Å ¿v ô{é xj èúÝ

 ÿ ç¾â¤Æù ûwĉ¾«2H )¢Åv Àĉ½¾Å ¿v ºÞz xj èúÝ 

5Èĉwù¿j ÷w¬ýv Çÿ½ 

,(  āwò¤Å¹point gage Ĉù üÉÿ½ v½ āwò¤Å¹ ÿ ā¹¾í ¾æÍ Àĉ½¾Å ćÿ½ v½)øĊþí 

-(  ćv¿v Ăz0  ¹ÿº³ ĂöÍwå ½¹ ¢tv¾é$ )øĊþí Ĉù ¢tv¾ê¤Å¹đwz ½¹ v½ xj Ûwæ£½v äö¤¸ù Ĉz¹/  w£0  Ûwæ£½v ¾zv¾zH 

#)¹¾Ċñ ¡½ĀÍ Àĉ½¾Å ćvº¤zv ¿v 

.( ā¿vºýv v½ Ĉz¹ ûwù¿ ø¬³ Çÿ½ Ăz)ºĊþí ć¾Ċñ 

/(  ôĊúî£ ĂýĀúý èzwÖù v½ óÿº«)ºĊþí 

dC cY 
3

2

dH Q t(s) ø¬³ dH Èĉwù¿j ā½wúÉ 

       , 

       - 

 

 Ă{õ Àĉ½¾Å ¡đvĀÅüĄ~5 

,( K¹½v¹ ëĀöz ćÿ½ ûwĉ¾« ôîÉ ¾z ć¾§v Ă¯ ûwĉ¾« Ĉz¹ 

-(  wĉjKºýwù ºăvĀ· Ĉéwz Ĉêåv ¡½ĀÍ Ăz Àĉ½¾Å Ãÿ½ ¾z ûwĉ¾« 

.(  yĉ¾Ñ ćÿ½ ¾z ëĀöz óĀÕ wĉjdC K¹½v¹ ¾Ċ§w£ 

/(  yĉ¾Ñ ½vºêù Ĉz¾¬£ Ôzvÿ½ ¿v ā¹wæ¤Åv wzdC ¿v āºùj ¢Åºz ½vºêù wz v½ ûj ÿ ā¹¾í Ă{Åw´ù v½  ĂÆĉwêù ¡wÊĉwù¿j

)ºĊþí 
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0( 5Ĉz¹ üĊĊÞ£ ÿ ¹v¿j ûwĉ¾« ¢õw³ ½¹ Ă°ĉ½¹ ¾z ¹½vÿ ćÿ¾Ċý 

Ă°ĉ½¹ā¿wÅ Ăöú« ¿v wăôîÉ ½¹ Ăí ºþ¤Æă ûwĉ¾« āºþþí ó¾¤þí ćwă āĀ´ý wz ÿ wă¹¾îöúÝ ¹½Āù Ĉ£ÿwæ¤ù ćwă

Ĉù ½v¾é ā¹wæ¤Åvô´ù Ăöú« ¿v )ºý¾Ċñ ©ÿ¾· ô´ù ½¹ wĉ Àĉ¾zj Ă{õ ćwăÀĉ½¾Å ©w£ ćÿ½ ¾z wă Ă°ĉ½¹ ¿v ā¹wæ¤Åv ćwă

)ºý½v¹ ))) ÿ ĈÝwÞÉ ÿ ĈĉĀÊí Ăöú« ¿v Ĉæö¤¸ù ÛvĀýv wă Ă°ĉ½¹ )ºÉwz ówýwí ÿ Ăýw·¹ÿ½ Ăz Ă¯wĉ½¹ ¿v xj 

ûwĉ¾« Ĉz¹ ÿ ÿ¾Ċý ûvÀĊù û¹½ÿj ¢Åºz ā¹wÅ ôîÉ ćv¾zĈù ¹w¬ĉv ĈĉĀÊí Ă°ĉ½¹ ÔÅĀ£ Ăí ûwĉ¾« ¿v ćv I¹¹¾ñ

Ĉù ½v¾é ĈÅ½¾z ¹½Āù ìĊõÿ½ºĊă āwòÊĉwù¿j ½¹ Ăí ¢Åv ā¹wÅ Ĉõw¨ù)¹¾Ċñ  

 

5ĈĉĀÊí Ă°ĉ½¹ ¾ĉ¿ ¿v ć½Ā{Ý Ĉz¹ üĊĊÞ£ 

Ĉù ā¹wæ¤Åv ĈõĀý¾z Ăõ¹wÞù ¿v ĂöuÆù ć½Āu£ ĈÅ½¾z ćv¾z¹ĀÉ ¿v ć½Āu£ ¡½ĀÍ Ăz ĂÖzv½ üĉv ½¹ ) ¿v ćÁ¾ýv ¡wåĒ£v

 Ă°ĉ½¹ ćv¾z º³vÿ Ï¾Ý ü¤å¾ñ ¾Úý ½¹ wz )¢Åv ÷ĀöÞù ¡wæö£ ûvÀĊù wĉ ÿ āºÉ ¾Úý ã¾Í ¾òĉ¹ ÜÖêù Ăz ÜÖêù ìĉ

ćÁ¾ýv ¡wæö£ ¿v ¾Úý ã¾Í ÿ ĈĉĀÊí Ĉò¤ÅĀĊ~ Ăõ¹wÞù ¿v ā¹wæ¤Åv ÿ ćÁ¾ýv Ăõ¹wÞù ½¹ 5øĉ½v¹ 

( )

2 2

1 2
1 2 1 2

1 2 1 1 2 2

2
2 2

1 22 2 2
1 2 2

1 2

1

2 2

2
,

2 2
1

V V
E E y y I

g g

Q Q y V y V I I

g y yy V V
I II y y V

y g g y

y

= Ý + = +

= Ý =

-å õ
Ý + = + Ý =æ ö

å õç ÷ -æ ö
ç ÷
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 óĀÕ Ăz Ă°ĉ½¹ ¾ĉ¿ ¿v ć½Ā{Ý ûwĉ¾« Ĉå¾Õ ¿vl 5wz ¢Åv ¾zv¾z 

2 2 2( )c g vQ AV C y l C V= = 

                                                                              5ĂÖzv½ üĉv ½¹
2 2 2,v c gV C V y C y= =  

5øĉ½v¹ üĉv¾zwþz 

( )1 2
2

2

1

2

1

c v gC C y l
Q g y y

y

y

= -

å õ
-æ ö
ç ÷

 

 çĀå ĂÖzv½ ½¹ Ăí0.61åcC  ÿ1<vC<0.95  üĉv¾zwþz0.6<vCcC<0.55 )¹Āz ºăvĀ· 

5¢Év¹ øĊăvĀ· ówýwí Ï¾Ý º³vÿ Ĉz¹ ü¤å¾ñ ¾Úý ½¹ wz 

2

1

1

c v
d

c g

C C
C

C y

y

=

å õ
-æ ö
ç ÷

 

5Ă°ĉ½¹ ¾z ¹½vÿ ćÿ¾Ċý üĊĊÞ£ 

Ĉù ā¹wæ¤Åv ÷Ā¤ýĀù ĂÖzv½ ¿v Ă°ĉ½¹ ¾z ¹½vÿ ćÿ¾Ċý üĊĊÞ£ ćv¾z ć½Āu£ ½¹)øĊþí  øĊăvĀ· Ă°ĉ½¹ º³vÿ Ï¾Ý ćv¾z

5¢Év¹ 

( )

2

1 1

2

2 2

1 2 2 1

1 1 2 2

2

1 2
1 2 1 2

1 2

0.5

0.5

( )

2
0.5

g

g

F y

F y

F F F g V V

q V y V y

y y q
F y y y y

y y g

g

g

r

g

=

=

- - = -

= =

å õè ø-
= + -æ öé ù

ê úç ÷
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5¹ĀÉ ¾Úý ã¾Í Ă°ĉ½¹ ¿v ºÞz ÿ ô{é ÜÖêù ÿ¹ üĊz ćÁ¾ýv ¢åv ¿v ¾ñv 

2 2

1 2
1 2 1 2

1 22 2

V V q q
y y V V

g g y y
+ = + = = 

 ĂÖzv½ ½¹ ć½v¼òĉw« wzgF 5øĉ½v¹ 

( )

( )

3

1 2

1 2

0.5g

y y
F

y y
g

-
=

+
 

5Èĉwù¿j ÷w¬ýv Çÿ½ 

,(  Ĉêåv ¡½ĀÍ Ăz v½ ówýwíºĊĉwúý øĊÚþ£ 

-(  ówýwí äí ¿v Ăí ºĊĉwúý øĊÚþ£ ć½ĀÕ v½ Ă°ĉ½¹,+ )ºÉwz ¾£đwz ¾¤úĊöĊù 

.( ĂýĀñ Ăz ºĊĉwúý ½v¾é¾z v½ ûwĉ¾« Ûwæ£½v Ăí ćvmm150=1y  èúÝ û¹Āz ¢zw§ wz ¢õw³ üĉv ½¹ )ºýwúz Ĉéwz1y 

 ½vºêùQ  ÿ2y )ºĉ½ÿj ¢Åºz v½ 
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/(  ½wz ¾ă v½ Ă°ĉ½¹ Ûwæ£½v0  ½vºêù )ºýwúz Ĉéwz ¢zw§ Ă°ĉ½¹ ¿v ô{é èúÝ ¢õw³ üĉv ½¹ )ºĊă¹ ÈĉvÀåv ¾¤úĊöĊùQ 

 ÿ2y  ćv¾z$ )ºĉ½ÿj ¢Åºz v½0 #)ºĊă¹ ÷w¬ýv v½ ½wí üĉv ¢õw³ 

0(  wùv ¢Åv ¢zw§ Ĉz¹ Ăí Ĉýwù¿ ćv¾z v½ ôúÝ üĊúă1y Ĉù ¾ĊĊâ£ ćv¾z$ )ºĊă¹ ÷w¬ýv ºþí0  ôúÝ üĉv ¢õw³ v½

)ºĊþí ½v¾î£ 

1(  ¢Å¹đwz èúÝ ÿ ¢zw§ Ĉz¹ ¢õw³ ÿ¹ ćv¾z óÿº«$ )ºĊþí ôĊúî£ āºÉ ā¹v¹ ĂýĀúý ¡½ĀÍ Ăz v½ óÿº« ¾ĉ¹wêù

#)¹ĀÉ ôĊúî£ ¢zw§ 

2A 1A 2V 1V 2y 1y Q t(s) ø¬³ gy Èĉwù¿j ā½wúÉ 

          , 
          - 

 

¡đvĀÅ5 

,(  ½v¹ĀúýcC  yÆ³ ¾z v½
2

gy

y
  ¢õw³ ćv¾z1y )ºĊþí øĊÅ¾£ ½v¹Āúý ìĉ ćÿ½ ¢zw§ Ĉz¹ ćv¾z ÿ ¢zw§ 

-(  ćwă¾¤ùv½w~ ¿v ìĊùvºí1y  yĉ¾Ñ ćÿ½ ¾z ¢zw§ Ĉz¹ wĉ ÿ ¢zw§dC Kv¾¯ Kºý¾§Āù 

.( K¢ÆĊ¯ Ĉz¾¬£ ÿ ć½Āu£ ªĉw¤ý ćwă ĈývĀ¸úăwý ¢öÝ 

/( )ºĊĉwúý Ă{Åw´ù ¢zw§ Ĉz¹ ÿ èúÝ ¢õw³ ÿ¹ ¾ă ćv¾z v½ Ă°ĉ½¹ ¾z ¹½vÿ ćwăÿ¾Ċý 

0( )ºĊþí ĂÆĉwêù øă wz v½ Ă°ĉ½¹ ¾z ¹½vÿ ćwăÿ¾Ċý Ĉz¾¬£ ÿ ć½ĀĊ£ ªĉw¤ý 
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1( wz Ĉ¬þÅ Ĉz¹  Ăý¿ÿ½$ÄĊæĉ½ÿvORIFICE( ¾¤ùw£ÿ½ ÿ ć½Ā¤ýÿ I                 

Ĉù øă wz wĄýj ĂÆĉwêù ÿ Çÿ½ ½wĄ¯ Ăz ûwĉ¾« Ĉz¹ û¹½ÿj ¢Åºz Èĉwù¿j üĉv ÷w¬ýv ¿v ãºă)ºÉwz 

V Ăý¿ÿ½ Çÿ½ Ăz Ĉ¬þÅ Ĉz¹ 

V  Ĉz¹¾¤ùw£ÿ½ Çÿ½ Ăz Ĉ¬þÅ 

V ć½Ā¤ýÿ Çÿ½ Ăz Ĉ¬þÅ Ĉz¹ 

V ûwù¿ ø¬³ Çÿ½ Ăz Ĉ¬þÅ Ĉz¹ 

5Ĉ¬þÅ Ĉz¹ ćv¾z Ăý¿ÿ½  ÜÖêù ²ÖÅ ÿ ¢Ý¾Å IĂĊö¸£ yĉv¾Ñ üĊĊÞ£ ÿ #ÄĊæĉ½ÿv$ ½ÿºù Ăý¿ÿ½ ìĉ ¿v ¡wÞĉwù ĂĊö¸£

ûwĉ¾« ¢Åv Èĉwù¿j üĉv ½¹ ¾Úý ¹½Āù ¹½vĀù ¿v) 

ºþí Ĉù ½Ā{Ý ÀĊ£ Ă{õ Ăýwă¹ ìĉ ûwĊù ¿v ĈõwĊÅ Ĉ¤éÿ Ĉù ć½Āu£ Ôzvÿ½ ¿v āºùj ¢Åºz Ĉz¹ ¿v ¾¤úí ûj ĈÞévÿ Ĉz¹ I

) ºÉwz Ĉù ûwĉ¾« ÜÖêù ²ÖÅ Ïw{êýv ¾Õw¸z ¾¤ÊĊz Ăîöz ćÁ¾ýv ¢åv ĂÖÅvĀz wĄþ£ Ăý ãĒ¤·v üĉv ÿ ºÉwz 

  Mw³ĒÖÍv wĉ ā¹¾Êå ÜÖêù Iûwĉ¾« ÜÖêù üĉ¾¤úí ĂzVena contract ) ºþĉĀñ Ĉù 

 

 ôîÉ ½¹  đwz ¾ñv ) ¢Åv āºÉ ā¹v¹ ûwÊý Ăý¿ÿ½ ¿v ûwĉ¾« ½Ā{Ý ÃwÅv0H  ºÉwz ā¹¾Êå ÜÖêù ¿v ûÀ¸ù ½¹ xj Ûwæ£½v

 ĂÖêý ÿ¹ üĊz ĈõĀý¾z Ăõ¹wÞù ü¤ÉĀý wz ô{é ½¹ ¢Ý¾Å ûvĀ£ Ĉù ā¹¾Êå ÜÖêù ÿĈÞévÿ 5 ¹½ÿj ¢Åºz v½ xj Ĉ«ÿ¾· 
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1
2

2 2

1 1 2 2

2 2

2 1 2 1 1 2

2 2 2

2 1 1
2

2
1 1 2 2 1 2 2 0

1

0
1 2 2 2 0 2

1

2 2

2 2

2
2 2 2

, c

c c d c v

P V P V

g g

V P P V P P
H

g g

V V V
H V g H

g g g

a
V a V a V V a C a

a

a
V V C Q aV C aV C C C

a

g g

g g g g

+ = + Ý

å õ
= - + Ý - =æ ö
ç ÷

è øå õ
= + Ý = +é ùæ ö

ç ÷ê ú

= Ý = =

= Ý = = =

 

5øĉ½v¹ üĉv¾zwþz 

( )

1
2

1
2

1
2

1

2 2

2 2 0

1

2

0

10

2
2

2 0
0

1
1

1 2

2 2

2

2

1

1
2

11

2

c

c v

d

d

d

gH
V C

a
C C

a

a

aa gH
Q C C C

aa C
aa

a a
Q C gH

a a

è ø
é ù
é ù

= é ù
å õé ù- æ öé ùç ÷ê ú

è øå õ
-é ùæ ö

é ùç ÷= = é ù
å õå õå õ é ù- æ öæ ö-æ ö é ùæ ö ç ÷ê úç ÷ç ÷

=
-

 

 

5ć½Ā¤ýÿ  ¢Åºz Ĉz¹ ĂÖzv½ ºÉ ±¾Öù ô{é ¢úÆé ½¹ Ăí ĈÉÿ½ Ăz Ă«Ā£ wz )ºþĉĀñ ć½Ā¤ýÿ ¾ĊÆù Ĉ¬ĉ½º£ ¾ĊĊâ£ Ăz
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Hydraulic jump 

 

,  

A hydraulic jump  is a phenomenon in the science of hydraulics which is frequently observed 

in open channel flow such as rivers and spillways. When liquid at high velocity discharges into a 

zone of lower velocity, a rather abrupt rise occurs in the liquid surface. The rapidly flowing 

liquid is abruptly slowed and increases in height, converting some of the flow's initial kinetic 

energy into an increase in potential energy, with some energy irreversibly lost through turbulence 

to heat. In an open channel flow, this manifests as the fast flow rapidly slowing and piling up on 

top of itself similar to how a shockwave forms. 

The phenomenon is dependent upon the initial fluid speed. If the initial speed of the fluid is 

below the critical speed, then no jump is possible. For initial flow speeds which are not 

significantly above the critical speed, the transition appears as an undulating wave. As the initial 

flow speed increases further, the transition becomes more abrupt, until at high enough speeds, 

the transition front will break and curl back upon itself. When this happens, the jump can be 

accompanied by violent turbulence, eddying, air entrainment, and surface undulations, or waves. 

There are two main manifestations of hydraulic jumps and historically different terminology has 

been used for each. However, the mechanisms behind them are similar because they are simply 

variations of each other seen from different frames of reference, and so the physics and analysis 

techniques can be used for both types. 

The different manifestations are: 

http://en.wikipedia.org/wiki/Hydraulics
http://en.wikipedia.org/wiki/Open_channel_flow
http://en.wikipedia.org/wiki/Rivers
http://en.wikipedia.org/wiki/Spillways
http://en.wikipedia.org/wiki/Shock_wave#In_supersonic_flows
http://en.wikipedia.org/wiki/Supercritical_flow
http://en.wikipedia.org/wiki/Wave
http://en.wikipedia.org/wiki/File:Tryweryn-raft.jpg
http://en.wikipedia.org/wiki/File:Tryweryn-raft.jpg
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¶ The stationary hydraulic jump - rapidly flowing water transitions in a stationary jump to 

slowly moving water as shown in Figures 1 and 2. 

¶ The tidal bore - a wall or undulating wave of water moves upstream against water 

flowing downstream as shown in Figures 3 and 4. If considered from a frame of reference 

which moves with the wave front, you can see that this case is physically similar to a 

stationary jump. 

A related case is a cascade - a wall or undulating wave of water moves downstream overtaking a 

shallower downstream flow of water as shown in Figure 5. If considered from a frame of 

reference which moves with the wave front, this is amenable to the same analysis as a stationary 

jump 

  

 

 
An object moving through a gas or liquid experiences a force in direction opposite to its motion. 

Terminal velocity is achieved when the drag force is equal in magnitude but opposite in direction 

to the force propelling the object. Shown is a sphere in Stokes flow, at very low Reynolds 

number. 

 Look up laminar in Wiktionary, the free dictionary. 

Laminar flow , sometimes known as streamline flow, occurs when a fluid flows in parallel 

layers, with no disruption between the layers. In fluid dynamics, laminar flow is a flow regime 

characterized by high momentum diffusion and low momentum convection. It is the opposite of 

turbulent flow. In nonscientific terms laminar flow is "smooth," while turbulent flow is "rough." 

The dimensionless Reynolds number is an important parameter in the equations that describe 

whether flow conditions lead to laminar or turbulent flow. In the case of flow through a straight 

pipe with a circular cross-section, Reynolds numbers of less than 2300 are generally considered 

to be of a laminar type[1]; however, the Reynolds number upon which laminar flows become 

turbulent is dependent upon the flow geometry. When the Reynolds number is much less than 1, 

http://en.wikipedia.org/wiki/Tidal_bore
http://en.wikipedia.org/wiki/Force
http://en.wikipedia.org/wiki/Terminal_velocity
http://en.wikipedia.org/wiki/Sphere
http://en.wikipedia.org/wiki/Reynolds_number
http://en.wikipedia.org/wiki/Reynolds_number
http://en.wiktionary.org/wiki/laminar
http://en.wikipedia.org/wiki/Wiktionary
http://en.wikipedia.org/wiki/Streamlines,_streaklines_and_pathlines
http://en.wikipedia.org/wiki/Fluid_dynamics
http://en.wikipedia.org/wiki/Momentum_diffusion
http://en.wikipedia.org/wiki/Convection
http://en.wikipedia.org/wiki/Turbulent_flow
http://en.wikipedia.org/wiki/Dimensionless_number
http://en.wikipedia.org/wiki/Reynolds_number
http://en.wikipedia.org/wiki/Laminar_flow#cite_note-0
http://en.wikipedia.org/wiki/File:Stokes_sphere.svg
http://en.wikipedia.org/wiki/File:Stokes_sphere.svg
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Creeping motion or Stokes flow occurs. This is an extreme case of laminar flow where viscous 

(friction) effects are much greater than inertial forces. 

For example, consider the flow of air over an airplane wing. The boundary layer is a very thin 

sheet of air lying over the surface of the wing (and all other surfaces of the airplane). Because air 

has viscosity, this layer of air tends to adhere to the wing. As the wing moves forward through 

the air, the boundary layer at first flows smoothly over the streamlined shape of the airfoil. Here 

the flow is called laminar and the boundary layer is a laminar layer. Prandtl applied the concept 

of the laminar boundary layer to airfoils in 1904 

 

 

 
Turbulent flow around an obstacle; the flow farther upstream is laminar 

 

 
Laminar and turbulent water flow over the hull of a submarine 

http://en.wikipedia.org/wiki/Creeping_motion
http://en.wikipedia.org/wiki/Stokes_flow
http://en.wikipedia.org/wiki/Wing
http://en.wikipedia.org/wiki/Boundary_layer
http://en.wikipedia.org/wiki/Viscosity
http://en.wikipedia.org/wiki/Airfoil
http://en.wikipedia.org/wiki/Boundary_layer
http://en.wikipedia.org/wiki/Ludwig_Prandtl
http://en.wikipedia.org/wiki/Laminar
http://en.wikipedia.org/wiki/File:Turbulence.jpg
http://en.wikipedia.org/wiki/File:Turbulence.jpg
http://en.wikipedia.org/wiki/File:Los_Angeles_attack_sub_2.jpg
http://en.wikipedia.org/wiki/File:Los_Angeles_attack_sub_2.jpg
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Turbulence in the tip vortex from an airplane wing 

In fluid dynamics, turbulence or turbulent flow  is a fluid regime characterized by chaotic, 

stochastic property changes. This includes low momentum diffusion, high momentum 

convection, and rapid variation of pressure and velocity in space and time. Nobel Laureate 

Richard Feynman describes turbulence as "the most important unsolved problem of classical 

physics."[1] Flow that is not turbulent is called laminar flow. While there is no theorem relating 

Reynolds number to turbulence, flows with high Reynolds numbers usually become turbulent, 

while those with low Reynolds numbers usually remain laminar. For pipe flow, a Reynolds 

number above about 4000 will most likely correspond to turbulent flow, while a Reynold's 

number below 2100 indicates laminar flow. The region in between (2100 < Re < 4000) is called 

the transition region. In turbulent flow, unsteady vortices appear on many scales and interact 

with each other. Drag due to boundary layer skin friction increases. The structure and location of 

boundary layer separation often changes, sometimes resulting in a reduction of overall drag. 

Although laminar-turbulent transition is not governed by Reynolds number, the same transition 

occurs if the size of the object is gradually increased, or the viscosity of the fluid is decreased, or 

if the density of the fluid is increased. 

Turbulence causes the formation of eddies of many different length scales. Most of the kinetic 

energy of the turbulent motion is contained in the large scale structures. The energy "cascades" 

from these large scale structures to smaller scale structures by an inertial and essentially inviscid 

mechanism. This process continues, creating smaller and smaller structures which produces a 

hierarchy of eddies. Eventually this process creates structures that are small enough that 

molecular diffusion becomes important and viscous dissipation of energy finally takes place. The 

scale at which this happens is the Kolmogorov length scale. 

Turbulent diffusion is usually described by a turbulent diffusion coefficient. This turbulent 

diffusion coefficient is defined in a phenomenological sense, by analogy with the molecular 

diffusivities, but it does not have a true physical meaning, being dependent on the flow 

conditions, and not a property of the fluid itself. In addition, the turbulent diffusivity concept 

assumes a constitutive relation between a turbulent flux and the gradient of a mean variable 

similar to the relation between flux and gradient that exists for molecular transport. In the best 

case, this assumption is only an approximation. Nevertheless, the turbulent diffusivity is the 

simplest approach for quantitative analysis of turbulent flows, and many models have been 

postulated to calculate it. For instance, in large bodies of water like oceans this coefficient can be 

http://en.wikipedia.org/wiki/Wingtip_vortices
http://en.wikipedia.org/wiki/Airplane
http://en.wikipedia.org/wiki/Fluid_dynamics
http://en.wikipedia.org/wiki/Stochastic
http://en.wikipedia.org/wiki/Momentum_diffusion
http://en.wikipedia.org/wiki/Convection
http://en.wikipedia.org/wiki/Pressure
http://en.wikipedia.org/wiki/Velocity
http://en.wikipedia.org/wiki/Nobel_Laureate
http://en.wikipedia.org/wiki/Richard_Feynman
http://en.wikipedia.org/wiki/Turbulence#cite_note-0
http://en.wikipedia.org/wiki/Laminar_flow
http://en.wikipedia.org/wiki/Reynolds_number
http://en.wikipedia.org/wiki/Drag_(physics)
http://en.wikipedia.org/wiki/Boundary_layer
http://en.wikipedia.org/wiki/Laminar-turbulent_transition
http://en.wikipedia.org/wiki/Reynolds_number
http://en.wikipedia.org/wiki/Viscosity
http://en.wikipedia.org/wiki/Density
http://en.wikipedia.org/wiki/Eddy_(fluid_dynamics)
http://en.wikipedia.org/wiki/Inviscid_flow
http://en.wikipedia.org/wiki/Kolmogorov_microscales
http://en.wikipedia.org/wiki/Diffusion_coefficient
http://en.wikipedia.org/wiki/File:Airplane_vortex_edit.jpg
http://en.wikipedia.org/wiki/File:Airplane_vortex_edit.jpg
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found using Richardson's four-third power law and is governed by the random walk principle. In 

rivers and large ocean currents, the diffusion coefficient is given by variations of Elder's formula. 

Although it is possible to find some particular solutions of the Navier-Stokes equations 

governing fluid motion, all such solutions are unstable at large Reynolds numbers. Sensitive 

dependence on the initial and boundary conditions makes fluid flow irregular both in time and in 

space so that a statistical description is needed. Russian mathematician Andrey Kolmogorov 

proposed the first statistical theory of turbulence, based on the aforementioned notion of the 

energy cascade (an idea originally introduced by Richardson) and the concept of self-similarity. 

As a result, the Kolmogorov microscales were named after him. It is now known that the self-

similarity is broken so the statistical description is presently modified [2]. Still, the complete 

description of turbulence remains one of the unsolved problems in physics. According to an 

apocryphal story Werner Heisenberg was asked what he would ask God, given the opportunity. 

His reply was: "When I meet God, I am going to ask him two questions: Why relativity? And 

why turbulence? I really believe he will have an answer for the first."[3] A similar witticism has 

been attributed to Horace Lamb (who had published a noted text book on Hydrodynamics)ðhis 

choice being quantum electrodynamics (instead of relativity) and turbulence. Lamb was quoted 

as saying in a speech to the British Association for the Advancement of Science, "I am an old 

man now, and when I die and go to heaven there are two matters on which I hope for 

enlightenment. One is quantum electrodynamics, and the other is the turbulent motion of fluids. 

And about the former I am rather optimistic."[4] A more detailed presentation of turbulence with 

emphasis on high-Reynolds number flow, intended for a general readership of physicists and 

applied mathematicians, is found in the Scholarpedia article by R. Benzi and U. Frisch 

The hydraulic jump is a natural phenomenon that occurs when supercritical flow is forced 

to change to subcritical flow by an obstruction to the flow. This abrupt change in flow 

condition is accompanied by considerable turbulence and loss of energy. The hydraulic 

jump can be illustrated by use of a specific energy diagram as shown in Figure 6.1. The 

flow enters the jump at supercritical velocity, V1, and depth, y1,that has a specific energy of 

E = y1 + V12/(2g). The kinetic energy term, V2/(2g), is predominant. As the depth of flow 

increases through the jump, the specific energy decreases. Flow leaves the jump area at 

subcritical velocity with the potential energy, y, predominant. 

Figure 6.1. Hydraulic Jump 

http://en.wikipedia.org/wiki/Lewis_Fry_Richardson
http://en.wikipedia.org/wiki/Random_walk
http://en.wikipedia.org/wiki/Navier-Stokes_equations
http://en.wikipedia.org/wiki/Russia
http://en.wikipedia.org/wiki/Andrey_Kolmogorov
http://en.wikipedia.org/wiki/Lewis_Fry_Richardson
http://en.wikipedia.org/wiki/Kolmogorov_microscales
http://en.wikipedia.org/wiki/Turbulence#cite_note-1
http://en.wikipedia.org/wiki/Unsolved_problems_in_physics
http://en.wikipedia.org/wiki/Werner_Heisenberg
http://en.wikipedia.org/wiki/God
http://en.wikipedia.org/wiki/Theory_of_relativity
http://en.wikipedia.org/wiki/Turbulence#cite_note-2
http://en.wikipedia.org/wiki/Horace_Lamb
http://en.wikipedia.org/wiki/Hydrodynamics
http://en.wikipedia.org/wiki/Quantum_electrodynamics
http://en.wikipedia.org/wiki/British_Association_for_the_Advancement_of_Science
http://en.wikipedia.org/wiki/Quantum_electrodynamics
http://en.wikipedia.org/wiki/Turbulence#cite_note-3
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When the upstream Froude number, Fr, is 1.0, the flow is at critical and a jump cannot 

form. For Froude numbers greater than 1.0, but less than 1.7, the upstream flow is only 

slightly below critical depth and the change from supercritical to subcritical flow will result 

in only a slight disturbance of the water surface. On the high end of this range, Fr 

approaching 1.7, the downstream depth will be about twice the incoming depth and the exit 

velocity about half the upstream velocity. 

The Bureau of Reclamation (USBR, 1987) has related the jump form and flow 

characteristics to the Froude number for Froude numbers greater than 1.7, as shown in 

Figure 6.2. When the upstream Froude number is between 1.7 and 2.5, a roller begins to 

appear, becoming more intense as the Froude number increases. This is the prejump range 

with very low energy loss. The water surface is quite smooth, the velocity throughout the 

cross section uniform, and the energy loss in the range of 20 percent. 

Figure 6.2. Jump Forms Related to Froude Number (USBR, 1987) 
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An oscillating form of jump occurs for Froude numbers between 2.5 and 4.5. The incoming 

jet alternately flows near the bottom and then along the surface. This results in 

objectionable surface waves that can cause erosion problems downstream from the jump. 

A well balanced and stable jump occurs where the incoming flow Froude number is greater 

than 4.5. Fluid turbulence is mostly confined to the jump, and for Froude numbers up to 9.0 

the downstream water surface is comparatively smooth. Jump energy loss of 45 to 70 

percent can be expected. 

With Froude numbers greater than 9.0, a highly efficient jump results but the rough water 

surface may cause downstream erosion problems. 

The hydraulic jump commonly occurs with natural flow conditions and with proper design 

can be an effective means of dissipating energy at hydraulic structures. Expressions for 

computing the before and after jump depth ratio (conjugate depths) and the length of jump 

are needed to design energy dissipators that induce a hydraulic jump. These expressions are 
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related to culvert outlet Froude number, which for many culverts falls within the range 1.5 

to 4.5. 

The hydraulic jump in any shape of horizontal channel is relatively simple to analyze 

(Sylvester, 1964). Figure 6.3 indicates the control volume used and the forces involved. 

Control section 1 is before the jump where the flow is undisturbed, and control section 2 is 

after the jump, far enough downstream for the flow to be again taken as parallel. 

Distribution of pressure in both sections is assumed hydrostatic. The change in momentum 

of the entering and exiting stream is balanced by the resultant of the forces acting on the 

control volume, i.e., pressure and boundary frictional forces. Since the length of the jump is 

relatively short, the external energy losses (boundary frictional forces) may be ignored 

without introducing serious error. Also, a channel may be considered horizontal up to a 

slope of 18 percent (10 degree angle with the horizontal) without introducing serious error. 

The momentum equation provides for solution of the sequent depth, y2, and downstream 

velocity, V2. Once these are known, the internal energy losses and jump efficiency can be 

determined by application of the energy equation. 

Figure 6.3. Hydraulic Jump in a Horizontal Channel 

 

The general form of the momentum equation can be used for the solution of the hydraulic 

jump sequent-depth relationship in any shape of channel with a horizontal floor. Defining a 

momentum quantity as, M = Q2/(gA) + AY and recognizing that momentum is conserved 

through a hydraulic jump, the following can be written: 

(6.1) 

Q2/(gA1) + A1Y1 = Q2/(gA2) + A2Y2 

where, 

Q = channel discharge, m3/s (ft3/s) 
A1,A2 = cross-sectional flow areas in sections 1 and 2, respectively, m2 (ft2) 
Y1,Y2 = depth from water surface to centroid of cross-section area, m (ft) 

The depth from the water surface to the centroid of the cross-section area can be defined as 

a function of the channel shape and the maximum depth: Y = Ky. In this relationship, K is a 
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parameter representing the channel shape while y is the maximum depth in the channel. 

Substituting this quantity into Equation 6.1 and rearranging terms yields: 

A1 K1 y1 - A2 K2 y2 = (1/A2 - 1/A1)Q2/g 

Rearranging and using Fr12 = V12 /(gy1) = Q2 /(A12 gy1), gives: 

A1 K1 y1 - A2 K2 y2 = Fr1
2 A1 y1 (A1 /A2 -1). 

Dividing this by A1 y1 provides: 

(6.2) 

K2 A2 y2 /(A1 y1) - K1 = Fr1
2 (1 - A1 /A2) 

This is a general expression for the hydraulic jump in a horizontal channel. The constants 

K1 and K2 and the ratio A1/A2 have been determined for rectangular, triangular, parabolic, 

circular, and trapezoidal shaped channels by Sylvester (1964). The relationships for 

rectangular and circular shapes are summarized in the following sections. 

For a rectangular channel, substituting K1 = K2 = 1/2 and A1 /A2 = y1 /y2 into Equation 6.2, 

the expression becomes: 

y2
2 /y1

2 -1 = 2Fr1
2 (1 - y1 /y2) 

If y2 /y1 = J, the expression for a hydraulic jump in a horizontal, rectangular channel 

becomes Equation 6.3, which is plotted as Figure 6.4. 

(6.3) 

 

The length of the hydraulic jump can be determined from Figure 6.5. The jump length is 

measured to the downstream section at which the mean water surface attains the maximum 

depth and becomes reasonably level. Errors may be introduced in determining length since 

the water surface is rather flat near the end of the jump. This is undoubtedly one of the 

reasons so many empirical formulas for determining jump length are found in the literature. 

The jump length for rectangular basins has been extensively studied. 

Stilling basin design is a common application for hydraulic jumps in rectangular channels 

(see Chapter 8). Free jump basins can be designed for any flow conditions; but because of 

economic and performance characteristics they are, in general, only employed in the lower 

range of Froude numbers. Flows with Froude numbers below 1.7 may not require stilling 

basins but may require protection such as riprap and wingwalls and apron. For Froude 

numbers between 1.7 and 2.5, the free jump basin may be all that is required. In this range, 

loss of energy is less than 20 percent; the conjugate depth is about three times the incoming 

flow depth; and, the length of basin required is less than about 5 times the conjugate depth. 

Many highway culverts operate in this flow range. At higher Froude numbers, the use of 
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baffles and sills make it possible to reduce the basin length and stabilize the jump over a 

wider range of flow situations. 

Figure 6.4. Hydraulic Jump - Horizontal, Rectangular Channel 

 
Figure 6.5. Length of Jump for a Rectangular Channel 

 

Design Example: Hydraulic Jump in a Horizontal, Rectangular Channel (SI) 
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Determine the height and length of a hydraulic jump in a box culvert with a 2.134 m span. 

Also, estimate the range of flows for which a jump would be triggered as discharged to a 

trapezoidal channel. Given: 

¶ S = 0.2% 

¶ Q = 11.33 m3/s 

¶ V1 = 5.79 m/s 

¶ y1 = 0.914 m 

¶ Fr = 1.9 

For the trapezoidal channel: 

¶ B = 3.04 m 

¶ Side slopes = 1V:2H 

¶ n = 0.03 

¶ S = 0.04% 

Solution 

Step 1. Find the conjugate depth from Figure 6.4. 

J = y2 /y1 = 2.2 
y = 2.2(0.914) = 2.011 m 

Step 2. Find the Length of jump from Figure 6.5 

L /y1 = 9.0 
L = 0.914(9.0) = 8.226 m 

Step 3. Calculate the after jump velocity 

V2 = Q/A2 = 11.33/ [2.134(2.011)] = 2.64 m/s 
Velocity reduction is (5.79 - 2.64)/5.79 = 54.4%. 

Step 4. Develop a Q vs. stage curve for the downstream trapezoidal channel using either 

HDS No. 3 (FHWA, 1961) or Table B.1 to determine the relationship with conjugate depth 

(see below). 

Step 5. Review sequent depth requirements. The plot shows that excess tailwater depth is 

available in the downstream channel for discharges up to approximately 13.6 m3/s. For 

larger discharges, the jump would begin to move downstream. The assumption in this 

example is that normal depth in the downstream channel is obtained as soon as the flow 

leaves the culvert. In a real case, a stilling basin (see Section 8.1) will normally be required 

to generate enough tailwater depth to cause a jump to occur or the culvert will need to be 

designed as a broken-back culvert (see Chapter 7). 

Normal Channel Depth - Conjugate Depth Relationship 
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Design Example: Hydraulic Jump in a Horizontal, Rectangular Channel (CU) 

Determine the height and length of a hydraulic jump in a box culvert with a 7 ft span. Also, 

estimate the range of flows for which a jump would be triggered as discharged to a 

trapezoidal channel. Given: 

¶ S = 0.2% 

¶ Q = 400 ft3/s 

¶ V1 = 19 ft/s 

¶ y1 = 3.0 ft 

¶ Fr = 1.9 

For the trapezoidal channel: 

¶ B = 10 ft 

¶ Side slopes = 1V:2H 

¶ n = 0.03 

¶ S = 0.04% 

Solution 

Step 1. Find the conjugate depth in a rectangular basin from Figure 6.4. 

J = y2 /y1 = 2.2 
y2 = 2.2(3.0) = 6.6 ft 

Step 2. Find the Length of jump from Figure 6.5 

L /y1 = 9.0 
L = 3.0(9.0) = 27 ft 
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Step 3. Calculate the after jump velocity 

V2 = Q/A2 = 400/ [7(6.6)] = 8.7 ft/s 
Velocity reduction is (19 - 8.7)/19 = 54.2%. 

Step 4. Develop a Q vs. stage curve for the downstream trapezoidal channel using either 

HDS 3 (FHWA, 1961) or Table B.1 to determine the relationship with conjugate depth (see 

below). 

Step 5. Review sequent depth requirements. The plot shows that excess tailwater depth is 

available in the downstream channel for discharges up to approximately 480 ft3/s. For larger 

discharges, the jump would begin to move downstream. The assumption in this example is 

that normal depth in the downstream channel is obtained as soon as the flow leaves the 

culvert. In a real case, a stilling basin (see Section 8.1) will normally be required to generate 

enough tailwater depth to cause a jump to occur or the culvert will need to be designed as a 

broken-back culvert (see Chapter 7). 

Normal Channel Depth - Conjugate Depth Relationship 

 

6.2.2 Circular Channels 

Circular channels are divided into two cases: where y2 is greater than the diameter, D, and 

where y2 is less than D. For y2 less than D: 

(6.4) 

(K2 y2 C2 /(y1C1)) - K1 = Fr1
2 (1 - C1 /C2) 

For y2 greater than or equal to D: 

(6.5) 

(y2C2/(y1C1)) - 0.5 (C2 D/(C1 y1)) - K1 = Fr1
2 (1 - C1/C2) 
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C and K are functions of y/D and may be evaluated from the Table 6.1. 

Table 6.1. Coefficients for Horizontal, Circular Channels 

Y/D 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

K 0.410 0.413 0.416 0.419 0.424 0.432 0.445 0.462 0.473 0.500 

C 0.041 0.112 0.198 0.293 0.393 0.494 0.587 0.674 0.745 0.748 

C' 0.600 0.800 0.917 0.980 1.000 0.980 0.917 0.800 0.600  

In Equations 6.4 and 6.5, Fr1 is computed using the maximum depth in the channel. Figure 

6.6 may be used as an alternative to these equations. 

Alternatively, the designer may calculate a Froude number based on hydraulic depth, Frm.= 

V/(gym)1/2. Where ym = (C/C')D or ym = A/T. For the first expression, C' is taken from Table 

6.1. For the second expression, A is the cross-sectional area of flow and T is the water 

surface width. Figure 6.7 is the design chart for horizontal, circular channels using the 

hydraulic depth in computing the Froude number. 

The length of the hydraulic jump is generally measured to the downstream section at which 

the mean water surface attains the maximum depth and becomes reasonably level. The 

jump length in circular channels is determined using Figure 6.8. This curve is for the case 

where y2 is less than D. For the case where y2 is greater than D, the length should be taken 

as seven times the difference in depths, i.e., LJ = 7(y2 -y1). 

Figure 6.6. Hydraulic Jump - Horizontal, Circular Channel (actual depth) 
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Figure 6.7. Hydraulic Jump - Horizontal, Circular Channel (hydraulic depth) 

 
Figure 6.8. Jump Length Circular Channel with y2 < D 
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Design Example: Hydraulic Jump in a Horizontal, Circular Channel (SI) 

Determine the height and length of a hydraulic jump in an RCP culvert with a 2.134 m 

diameter. Given: 

¶ S = 2% 

¶ Q = 5.664 m3/s 

¶ V1 = 5.182 m/s 

¶ y1 = 0.732 m 

¶ Fr1 = 1.9 

Solution 

Step 1. Find the conjugate depth in a circular channel. 

y1/D = 0.732/2.134 = 0.34 (use 0.4) 
J = y2/ y1 = 2.3 from Figure 6.6 

y2 = 2.3(0.732) = 1.684 m and y2/D = 0.78 (use 0.8) 
(Using Equation 6.4 with C1 = 0.293, K1 = 0.419, C2 = 0.674, K2 = 0.462 yields the same result.) 

Step 2. Find the Length of jump from Figure 6.8 

Lj /y1 = 19 
Lj = 0.732 (19) = 13.9 m 
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Step 3. Calculate the after jump velocity 

For y2/D = 0.78, A/D2 = 0.6573 from Table 3.3 and A = 2.99 m2 
V2 = Q/A2 = 5.664/2.99 = 1.89 m/s 

Velocity reduction is (5.182 - 1.89)/ 5.182 = 63.5%. 

Design Example: Hydraulic Jump in a Horizontal, Circular Channel (CU) 

Determine the height and length of a hydraulic jump in an RCP culvert with a 7 ft diameter. 

Given: 

¶ S = 2% 

¶ Q = 200 ft3/s 

¶ V1 = 17 ft/s 

¶ y1 = 2.4 ft 

¶ Fr1 = 1.9 

Solution 

Step 1. Find the conjugate depth in a circular channel. 

y1/D = 2.4/7 = 0.34 (use 0.4) 
J = y2/ y1 = 2.3 from Figure 6.6 

y2 = 2.3(2.4) = 5.5 ft and y2/D = 0.78 (use 0.8) 
(Using Equation 6.4 with C1 = 0.293, K1 = 0.419, C2 = 0.674, K2 = 0.462 yields the same result.) 

Step 2. Find the Length of jump from Figure 6.8 

Lj /y1 = 19 
Lj = 2.4 (19) = 46 ft 

Step 3. Calculate the after jump velocity 

For y2/D = 0.78, A/D2 = 0.6573 from Table 3.3 and A = 32.2 ft2 
V2 = Q/A2 = 200/32.2 = 6.2 ft/s 

Velocity reduction is (17 - 6.2)/ 17 = 63.5%. 

6.2.3 Jump Efficiency 

A general expression for the energy loss (HL/H1) in any shape channel is: 

(6.6) 

HL/H1 = 2 - 2(y2) + Frm
2 [1 - A1

2 /A2
2] / (2 + Fr2) 

where, 

Frm = upstream Froude number at section 1, Frm
2 = V2/(gym) 

ym = hydraulic depth, m (ft) 

This equation is plotted for the various channel shapes as Figure 6.9. Even though Figure 

6.9 indicates that the non-rectangular sections are more efficient for the higher Froude 
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numbers, it should be remembered that these sections also involve longer jumps, stability 

problems, and a rough downstream water surface. 

Figure 6.9. Relative Energy Loss for Various Channel Shapes 

 

Figure 6.10 (Bradley, 1961) indicates a method of delineating hydraulic jumps in horizontal 

and sloping channels. Horizontal channels (case A) were discussed in the previous section. 

Sloping channels are discussed in this section. If the channel bottom is selected as a datum, 

the momentum equation becomes: 

(6.7) 

 

where, 

ɔ = unit weight of water, N/m3 (lb/ft3) 
ű = angle of channel with the horizontal 

B = channel bottom width (rectangular channel), m (ft) 
w = weight of water in jump control volume, N (lb) 

The momentum equation used for the horizontal channels cannot be applied directly to 

hydraulic jumps in sloping channels since the weight of water within the jump must be 

considered. The difficulty encountered is in defining the water surface profile to determine 

the volume of water within the jumps for various channel slopes. This volume may be 

neglected for slopes less than 10 percent and the jump analyzed as a horizontal channel. 

The Bureau of Reclamation (Bradley, 1961) conducted extensive model tests on case B and 

C type jumps to define the length and depth relationships. This reference should be 
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consulted if a hydraulic jump in a sloping rectangular channel is being considered. Model 

tests should be considered if other channel shapes are being considered. 

Figure 6.10. Hydraulic Jump Types Sloping Channels (Bradley, 1961) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


