


Constitution of India

Fundamental Duties

It shall be the duty of every citizen of India —

(a) to abide by the Constitution and respect its ideals and institutions, the

National Flag and the National Anthem;

(b) to cherish and follow the noble ideals which inspired our national struggle

for freedom;

(c) to uphold and protect the sovereignty, unity and integrity of India;

(d) to defend the country and render national service when called upon to

do so;

(e) to promote harmony and the spirit of common brotherhood amongst all

the people of India transcending religious, linguistic and regional or

sectional diversities; to renounce practices derogatory to the dignity of

women;

(f) to value and preserve the rich heritage of our composite culture;

(g) to protect and improve the natural environment including forests, lakes,

rivers, wildlife and to have compassion for living creatures;

(h) to develop the scientific temper, humanism and the spirit of inquiry and

reform;

(i) to safeguard public property and to abjure violence;

(j) to strive towards excellence in all spheres of individual and collective

activity so that the nation constantly rises to higher levels of endeavour

and achievement;

*(k) who is a parent or guardian, to provide opportunities for education to

his child or, as the case may be, ward between the age of six and

fourteen years.

Note: The Article 51A containing Fundamental Duties was inserted by the Constitution

(42nd Amendment) Act, 1976 (with effect from 3 January 1977).

*(k) was inserted by the Constitution (86th Amendment) Act, 2002 (with effect from

1 April 2010).

Part IV A (Article 51 A)
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Ë)̨ !ÙÜ˛y

2006 §y° ˆÌ Ï̂Ü˛ Ó˚yçƒ !¢«˛y à Ï̂Ó£Ïîy G ≤Ã!¢«˛î ˛õ£Ï≈ò ≤ÃÌÙ ˆÌ Ï̂Ü˛ xT˛Ù ˆ◊!î ˛õÎ≈hs˝
≤ÃyÌ!ÙÜ˛ G í z̨Fã˛≤ÃyÌ!ÙÜ˛ hflÏ̂ ÏÓ˚Ó˚ ˛õyë˛ƒ˛õ%hflÏ̂ ÏÜ˛Ó˚ Ù%oî G ≤ÃÜ˛y Ï̂¢Ó˚ òy!Î˚c ˛õy°l Ü˛ Ï̂Ó˚ xy§ Ï̂SÈ–

Ó˚y Ï̂çƒÓ˚ !Óòƒy°Î˚hflÏ̂ ÏÓ˚ í z̨ß¨ï˛ G §Ù,Âôï˛Ó˚ ˛õyë˛ƒÜ ̨ Ù ã˛y°% Ü˛Ó˚yÓ˚ ° Ï̂«˛ƒ !e˛õ%Ó˚y Ó˚yçƒ !¢«˛y òÆ Ï̂Ó˚Ó˚
≤ÃˆÏã˛T˛yÎ˚ ≤ÃÌÙ ˆÌˆÏÜ˛ xT˛Ùñ lÓÙ G ~Ü˛yò¢ ˆ◊!îÓ˚ çlƒ 2019 !¢«˛yÓ£Ï≈ ˆÌˆÏÜ˛ çyï˛#Î˚ !¢«˛y
à Ï̂Ó£Ïîy G ≤Ã!¢«˛î ˛õ£Ï≈̂ ÏòÓ˚ å~l !§ •z xyÓ˚ !ê˛ä ˛õyë˛ƒ˛õ%hflÏÜ˛§Ù)• @˝Ã•î Ü˛Ó˚yÓ˚ !§Âôyhs˝ ˆlGÎ˚y •Î˚–

ÓyÇ°y !Ó£ÏÎ˚ SÈyí ¸̨y xlƒylƒ !Ó£ÏÎ˚à%̂ Ï°yÓ˚ çlƒ çyï˛#Î˚ !¢«˛y à Ï̂Ó£Ïîy G ≤Ã!¢«˛î ˛õ£Ï≈̂ ÏòÓ˚ ≤ÃÜ˛y!¢ï˛
˛õ%hflÏÜ˛à%ˆÏ°yÓ˚ xl)!òï˛ G x!Ë˛ˆÏÎy!çï˛ §ÇflÒÓ˚î 2019 §yˆÏ° ≤ÃÌÙ ≤ÃÜ˛y¢ Ü˛Ó˚y •Î˚ ~ÓÇ ~ ÓSÈÓ˚
G•z§Ó ˛õ%hflÏÜ˛à%̂ Ï°yÓ˚ ˛õ%lÙ%≈oî Ü˛Ó˚y •°– ˛õy¢y˛õy!¢ ò¢Ù G myò¢ ˆ◊!îÓ˚ ÓyÇ°y !Ó£ÏÎ˚ SÈyí ¸̨y xlƒylƒ
!Ó£ÏÎ˚à%ˆÏ°yÓ˚ çlƒ çyï˛#Î˚ !¢«˛y àˆÏÓ£Ïîy G ≤Ã!¢«˛î ˛õ£Ï≈ˆÏòÓ˚ ≤ÃÜ˛y!¢ï˛ ˛õ%hflÏÜ˛à%ˆÏ°yÓ˚ xl)!òï˛ G
x!Ë˛ˆÏÎy!çï˛ §ÇflÒÓ˚î 2020 !¢«˛yÓˆÏ£Ï≈ ≤ÃÌÙ ≤ÃÜ˛y¢ Ü˛Ó˚y •Î˚– ~áyˆÏl í˛zˆÏÕ‘áƒ ˆÎñ ÓyÇ°y !Ó£ÏˆÏÎ˚
˛õyë˛ƒ˛õ%hflÏÜ˛ Ó˚ã˛ly G ≤ÃÜ˛y¢lyÓ˚ òy!Î˚cG Ó˚yçƒ !¢«˛y à Ï̂Ó£Ïîy G ≤Ã!¢«˛î ˛õ£Ï≈ò ˛õy°l Ü˛ Ï̂Ó˚ xy§ Ï̂SÈ–

!Ó¢y° ~•z Ü˛Ù≈Ü˛yˆÏ[˛  ˆÎ§Ó !¢«˛Ü˛ÈüÈ!¢!«˛Ü˛yñ xôƒy˛õÜ˛ÈüÈxôƒy!˛õÜ˛yñ !¢«˛y!Óòñ xl%ÓyòÜ˛ñ
xl%̂ Ï°áÜ˛ñ Ù%oîÜ˛Ù#≈ G !¢“#Ó˚y xyÙy Ï̂òÓ˚ § Ï̂Aà ˆÌ Ï̂Ü˛ !lÓ˚°§Ë˛y Ï̂Ó xÜœ̨ yhs˝ ˛õ!Ó˚◊ Ï̂Ù ~•z í ẑ̨ Ïòƒyà
ÓyhflÏÓy!Î˚ï˛ Ü˛ Ï̂Ó˚̂ ÏSÈl ï˛y Ï̂òÓ˚ §Óy•ẑ ÏÜ˛ §Ü,̨ ï˛K˛ ôlƒÓyò çyly!FSÈ–

≤ÃÜ˛y!¢ï˛ ~•z ˛õyë˛ƒ˛õ%hflÏÜ˛!ê˛Ó˚ í z̨ÍÜ˛£Ï≈ G ˆ§Ô®Î≈ Ó,!ÂôÓ˚ çlƒ !¢«˛yl%Ó˚yà# G à%î#ç Ï̂lÓ˚ Ùï˛yÙï˛ G
˛õÓ˚yÙ¢≈ !Ó Ï̂Ó!ã˛ï˛ • Ï̂Ó–

í z̨_Ù Ü%̨ ÙyÓ˚ ã˛yÜ˛Ùy
x!ôÜ˛ï≈˛y

Ó˚yçƒ !¢«˛y à Ï̂Ó£Ïîy G ≤Ã!¢«˛î ˛õ£Ï≈ò
!e˛õ%Ó˚y

xyàÓ˚ï˛°y
Ùyã≈̨ ñ 2020



˛õyë˛ƒ˛õ%hflÏÜ˛!ê˛ xl%Óy Ï̂ò ÎÑyÓ˚y §•yÎ˚ï˛y Ü˛ Ï̂Ó˚̂ ÏSÈl ı

◊# §%Ó#Ó˚ Ü%̨ ÙyÓ˚ ˆòÓlyÌñ xÓ§Ó˚≤ÃyÆ §•Ü˛yÓ˚# ≤Ãôyl !¢«˛Ü˛

◊# ˛õ!Ó˚Ù° Ùç%ÙòyÓ˚ñ xÓ§Ó˚≤ÃyÆ ≤Ãôyl !¢«˛Ü˛ åË˛yÓ˚≤ÃyÆä

◊# Ù°Î˚ ˆË˛Ô!ÙÜ˛ñ ≤Ãôyl !¢«˛Ü˛

◊# !ò Ï̂Óƒ®% ˛!ÓÜ˛y¢ ˆ§lñ !¢«˛Ü˛

◊# fl∫̨ õl Ùç%ÙòyÓ˚ñ Ó˚yT …̨̨ õ!ï˛ ˛õ%Ó˚flÒyÓ˚ ≤ÃyÆ !¢«˛Ü˛

◊# xÙ° ã˛w lyÌñ !¢«˛Ü˛

◊# ˛õAÜ˛ç Ü%̨ ÙyÓ˚ òy§ñ !¢«˛Ü˛

◊# §OÎ˚ ˆòÓlyÌñ !¢«˛Ü˛

◊# ¢# Ï̂£Ï≈®% ˆã˛Ôô%Ó˚#ñ !¢«˛Ü˛

◊#Ù!ï˛ §!Óï˛y ˆË˛Ô!ÙÜ˛ñ !¢!«˛Ü˛y

Ë˛y£ÏyÈüÈ˛õ!Ó̊Ùyç≈lyÎ̊
◊# •z®%ÙyôÓ ã˛Ü ̨ Óï≈̨ #ñ ≤Ãy=˛l !¢«˛Ü˛

◊# !ÓŸªlyÌ Ó˚yÎ˚ñ !¢«˛Ü˛

◊# ≤ÃÓ%Âô§%®Ó˚ Ü˛Ó˚ñ !¢«˛Ü˛

◊# §%ô#Ó˚ Ü˛y!hs˝ Ë)̨ £Ïîñ ≤Ãy=˛l !¢«˛Ü˛

◊#Ù!ï˛ ¢%Üœ̨ y !§Ç•ñ !¢!«˛Ü˛y

í z̨̨ õ Ï̂òT˛y
í˛É xî≈Ó ˆ§lñ §•xôƒy˛õÜ˛ñ ~l •z xyÓ˚ xy•z •z å~l !§ •z xyÓ˚ !ê˛äñ !¢°Ç

í˛É xÓ)̨̊ õ Ü%̨ ÙyÓ˚ §y•yñ §•xôƒy˛õÜ˛ñ xyÓ˚ xy•z •z å~l !§ •z xyÓ˚ !ê˛äñ Ë%̨ Ó Ï̂lŸªÓ˚



≤ÃyÜ‰̨ Ü˛Ìl
çyï˛#Î˚ ˛õyë˛ƒÜ ˛ˆÏÙÓ˚ Ó˚)˛õˆÏÓ˚áy å2005äÈüÈ~Ó˚ !lˆÏò≈¢ xl%ÎyÎ˚#ñ !¢¢%ˆÏòÓ˚ fl%Ò°ç#Ól G fl%ÒˆÏ°Ó˚

Óy•zˆÏÓ˚Ó˚ ç#ÓˆÏlÓ˚ ÙˆÏôƒ ~Ü˛!ê˛ !ÓˆÏ¢£Ï §¡õÜ≈˛ ÌyÜ˛y á%Ó ≤ÃˆÏÎ˚yçl– ï˛yÓ˚ Ü˛yÓ˚îñ !¢¢%ˆÏòÓ˚ !¢«˛y Î!ò
¢%ô%Ùye fl%Ò° ~ÓÇ ˛õyë˛ƒÓ•ẑ ÏÎ˚Ó˚ à![˛Ó˚ Ù Ï̂ôƒ §#!Ùï˛ Ìy Ï̂Ü˛ñ ï˛y• Ï̂° ˆ§•z§Ó !¢¢%̂ ÏòÓ˚ fl%Ò°ñ Óy!í ¸̨ ~ÓÇ
§¡±òyÎ˚ÈüüüÈ ~•z !ï˛l çyÎ˚àyÓ˚ !¢«˛yÎ˚ ~Ü˛!ê˛ ÓˆÏí˛¸y ÊÑ˛yÜ˛ ÌyÜ˛yÓ˚ §Ω˛yÓly Ó˚ˆÏÎ˚ ÎyÎ˚– Ù)°ï˛ ~•z
¢)lƒfiÌylê˛yˆÏÜ˛ ˛õ)Ó˚î Ü˛Ó˚yÓ˚ °ˆÏ«˛ƒ•z çyï˛#Î˚ ˛õyë˛ƒÜ ˛ˆÏÙÓ˚ Ó˚)˛õˆÏÓ˚áyÓ˚ í˛z˛õÓ˚ !Ë˛!_ Ü˛ˆÏÓ˚ lï%˛l ˛õyë˛ƒÜ ˛Ù
G lï%˛l ôÓ˚ˆÏlÓ˚ ˛õyë˛ƒÓ•z ˜ï˛!Ó˚ Ü˛Ó˚yÓ˚ í˛zˆÏòƒyà ˆlGÎ˚y •ˆÏÎ˚ˆÏSÈ– ~Ó˚ Ê˛ˆÏ° !¢¢%ˆÏòÓ˚ Ù%áfiÌ Ü˛Ó˚y ~ÓÇ
ã˛yÓ˚ˆÏòÎ˚yˆÏ°Ó˚ ÙˆÏôƒ ï˛#Ó Ë˛yˆÏÓ xyÓÂô Ü˛ˆÏÓ˚ !Ó!Ë˛ß¨ !Ó£ÏˆÏÎ˚ !¢«˛yÓ˚ ≤ÃÓîï˛y Órô •ˆÏÓ ÓˆÏ° ÙˆÏl Ü˛Ó˚y
•ˆÏFSÈ– ˛õy¢y˛õy!¢ ~ê˛yG xy¢y Ü˛Ó˚y •ˆÏFSÈ ˆÎñ ~•z ˛õ!Ó˚Óï≈˛l çyï˛#Î˚ !¢«˛yl#!ï˛Ó˚ å1986ä
!¢¢%ˆÏÜ˛!wÜ˛ !¢«˛yÓ˚ °«˛ƒˆÏÜ˛ í˛zˆÏÕ‘áˆÏÎyàƒË˛yˆÏÓ ~!àˆÏÎ˚ !lˆÏÎ˚ ÎyˆÏÓ–

ï˛ˆÏÓ ~•z ôÓ˚ˆÏlÓ˚ ≤ÃˆÏã˛T˛yÓ˚ §yÊ˛°ƒ xˆÏlÜ˛ê˛y•z !lË≈˛Ó˚ Ü˛Ó˚ˆÏSÈ fl%ÒˆÏ°Ó˚ ≤Ãôyl !¢«˛Ü˛ ~ÓÇ xlƒylƒ
!¢«˛Ü˛‡!¢!«˛Ü˛yˆÏòÓ˚ í˛z˛õˆÏÓ˚ñ ÎÑyÓ˚y !¢¢%ˆÏòÓ˚ !¢ál §¡õˆÏÜ≈˛ ≤ÃŸ¿ Ü˛Ó˚ˆÏï˛ ~ÓÇ !Ó!Ë˛ß¨ Ü˛yˆÏç !¢¢%ˆÏòÓ˚
Ü˛“ly¢!=˛Ó˚ ≤ÃˆÏÎ˚yà Ü˛Ó˚ˆÏï˛ í˛zÍ§y!•ï˛ Ü˛Ó˚ˆÏÓl– xyÙyˆÏòÓ˚ ~ê˛y ÙˆÏl Ó˚yáy á%Ó çÓ˚%!Ó˚ñ !¢¢%Ó˚y Î!ò
§ÙÎ˚ñ fiÌyl ~ÓÇ fl∫yô#lË˛yˆÏÓ Ü˛yç Ü˛Ó˚yÓ˚ §%ˆÏÎyà ˛õyÎ˚ñ ï˛y•ˆÏ° ÓˆÏí˛¸yˆÏòÓ˚ Ü˛ySÈ ˆÌˆÏÜ˛ ≤ÃyÆ K˛yl
!l Ï̂Î˚ ï˛yÓ˚y lï%̨ l x Ï̂lÜ˛ !Ü˛S%È §,!T˛ Ü˛Ó˚̂ Ïï˛ ˛õyÓ˚̂ ÏÓ– ~Ü˛Ùye ˛õyë˛ƒÓ•z ˛õ Ï̂í ¸̨•z ˛õÓ˚#«˛yÎ˚ ˛õy§ Ü˛Ó˚y ÎyÎ˚
ÈüÈ Ù)°ï˛ ~•z ôyÓ˚îyÓ˚ Ê˛ˆÏ°•z !¢«˛yÓ˚ xlƒylƒ !òÜ˛à%ˆÏ°y §Ó≈òy í˛zˆÏ˛õ!«˛ï˛ •ˆÏÎ˚ ÌyˆÏÜ˛– xyÙyˆÏòÓ˚ Ë%˛ˆÏ°
ˆàˆÏ° ã˛°ˆÏÓ lyñ !¢¢%ˆÏòÓ˚ ÙˆÏôƒ §,çl¢#°ï˛yÓ˚ !ÓÜ˛y¢ ï˛ál•z §Ω˛Óñ Îál xyÙÓ˚y GˆÏòÓ˚ ~•z ˆàyê˛y
!¢ál ≤Ã!Ü ˛Î˚yÓ˚ ˆÜ˛Ó°Ùye @˝Ã•#ï˛y ly ˆË˛ˆÏÓ ~Ü˛ê˛y ˛õ)î≈ xÇ¢#òyÓ˚ ÙˆÏl Ü˛Ó˚Ó–

ï˛ˆÏÓ ~•z °«˛ƒ˛õ)Ó˚î Ü˛Ó˚ˆÏï˛ ˆàˆÏ° fl%ÒˆÏ°Ó˚ ˜òl!®l Ü˛yÎ≈§)!ã˛ G ÓƒÓfiÌy˛õlyÎ˚ xˆÏlÜ˛ ôÓ˚ˆÏlÓ˚
˛õ!Ó˚Óï≈̨ l xyly x!lÓyÎ≈– fl%Ò Ï̂°Ó˚ ˜òl!®l §ÙÎ˚ §)!ã˛ ˆÎÙl lÙl#Î˚ •GÎ˚y í z̨!ã˛ï˛ñ !ë˛Ü˛ ˆï˛Ùl•z Óy!£Ï≈Ü˛
Ü˛yÎ≈§)!ã˛ ~ÙlË˛yˆÏÓ ˜ï˛!Ó˚ •GÎ˚y ≤ÃˆÏÎ˚yçl ÎyˆÏï˛ !¢«˛yòyˆÏlÓ˚ !òlà%ˆÏ°yÓ˚ §ÇáƒyÎ˚ ˆÜ˛yˆÏly ˛õ!Ó˚Óï≈˛l
ly xyˆÏ§– ï˛ˆÏÓ ÓyhflÏˆÏÓ ~•z lï%˛l ˛õyë˛ƒÓ•z !¢¢%ˆÏòÓ˚ Ü˛ï˛ê%˛Ü%˛ Ü˛yˆÏç °yàˆÏÓñ GˆÏòÓ˚ fl%Ò°ç#Ól Ü˛ï˛ê˛y
§Ù,Âô Ü˛Ó˚ˆ ÏÓ !Ü˛ÇÓy GˆÏòÓ˚ fl% Ò°ç#ÓlˆÏÜ˛ ò%!Ó≈£Ï• Ü˛ˆ ÏÓ˚ ï%˛°ˆÏÓ lyñ §Óê˛y•z !lË≈˛Ó˚ Ü˛Ó˚ˆ ÏSÈ
!¢«˛Ü˛‡!¢!«˛Ü˛yÓ˚y Ü˛# ˛õÂô!ï˛ xÓ°¡∫l Ü˛ˆÏÓ˚ ~•z Ó•z!ê˛ fl%ÒˆÏ° ˛õí˛¸yˆÏÓl ~ÓÇ Ü˛#Ë˛yˆÏÓ ˆ§•z ˛õí˛¸yÓ˚
Ù)°ƒyÎ˚l Ü˛Ó˚ˆÏÓl ï˛yÓ˚ í˛z˛õÓ˚– !Óàï˛ !òlà%ˆÏ°yÓ˚ lƒyÎ˚ !¢¢%ˆÏòÓ˚ ÎyˆÏï˛˛ ˛õyë˛ƒÓ•zˆÏÎ˚Ó˚ ˆÓyV˛y Ó•zˆÏï˛ ly
•Î˚ñ ~•z lï%˛l ˛õyë˛ƒÜ ˛Ù ˜ï˛!Ó˚ Ü˛Ó˚yÓ˚ §ÙÎ˚ ~•z Óƒy˛õyˆÏÓ˚ !ÓˆÏ¢£Ï lçÓ˚ ˆòGÎ˚y •ˆÏÎ˚ˆÏSÈ– ï˛yÓ˚ çlƒ
!¢«˛yòyˆÏlÓ˚ ≤Ãò_ §ÙÎ˚ ~ÓÇ !¢¢%ˆÏòÓ˚ Ùyl!§Ü˛ !ÓÜ˛yˆÏ¢Ó˚ Ü˛Ìy ÙyÌyÎ˚ ˆÓ˚ˆÏá ≤Ã!ï˛!ê˛ hflÏˆÏÓ˚Ó˚
˛õyë˛ƒÓ•zˆÏÎ˚ xhs˝Ë%≈˛=˛ !¢«˛yÓ˚ !Ó£ÏÎ˚Ó›à%ˆÏ°y ~Ü˛ lï%˛l ò,!T˛Ë˛!Aà !lˆÏÎ˚ ˛õ%là≈ë˛l Ü˛Ó˚y •ˆÏÎ˚ˆÏSÈ– ~•z
≤ÃˆÏã˛T˛yˆÏÜ˛ xyˆÏÓ˚y ~!àˆÏÎ˚ !lˆÏÎ˚ ÎyÓyÓ˚ çlƒ ~•z ˛õyë˛ƒÓ•zˆÏÎ˚Ó˚ ÙyôƒˆÏÙ !¢¢%ˆÏòÓ˚ lylyÓ˚Ü˛Ù ≤ÃŸ¿ Ü˛Ó˚yñ



lï%̨ l !Ó£ÏÎ˚ !l Ï̂Î˚ Ë˛yÓlyÈüÈ!ã˛hs˝yñ ï˛Ü≈̨ ÈüÈ!Óï˛Ü≈̨ ñ ˆSÈy Ï̂ê˛y ˆSÈy Ï̂ê˛y @˝Ã%̨ õ Óy!l Ï̂Î˚ xy Ï̂°yã˛ly Ü˛Ó˚y ~ÓÇ •y Ï̂ï˛ÈüÈÜ˛° Ï̂Ù !¢«˛y
~•z§Ó !Ü˛S%ÈÓ˚ í˛z˛õÓ˚ à%Ó˚%c xyˆÏÓ˚y˛õ Ü˛Ó˚y •ˆÏÎ˚ˆÏSÈ–

˛õyë˛ƒÓ•z í˛zß¨Î˚l Ü˛!Ù!ê˛Ó˚ òy!Î˚c≤ÃyÆ §Ü˛° Óƒ!=˛Óà≈ ÎÑyÓ˚y Ü˛ˆÏë˛yÓ˚ ˛õ!Ó˚◊Ù Ü˛ˆÏÓ˚ ~•z Ó•z!ê˛ Ó˚)˛õyÎ˚l
Ü˛ˆÏÓ˚ˆÏSÈl ïÑ˛yˆÏòÓ˚ˆÏÜ˛ ~l !§ •z xyÓ˚ !ê˛ ≤Ã¢Ç§y çylyˆÏFSÈ–  ~•z Ü˛!Ù!ê˛Ó˚ Ü˛yÎ≈Ü˛°y˛õˆÏÜ˛ §!ë˛Ü˛ ˛õˆÏÌ ã˛y!°ï˛ Ü˛Ó˚yÓ˚
çlƒ !ÓK˛yl G à!îï˛ !Ó£ÏˆÏÎ˚Ó˚ í˛z˛õˆÏòT˛y Ü˛!Ù!ê˛Ó˚ ˆã˛Î˚yÓ˚˛õy§≈l xôƒy˛õÜ˛ ˆç !Ë˛ lyÓ˚!°Ü˛Ó˚ ~ÓÇ ~•z ˛õyë˛ƒ
Ó•zˆÏÎ˚Ó˚ Ù%áƒ í˛z˛õˆÏòT˛y xôƒy˛õÜ˛ ~ í˛!ÓœG ˆÎy¢# ÙˆÏ•yòÎ˚àˆÏîÓ˚ ≤Ã!ï˛ xyhs˝!Ó˚Ü˛ Ü,˛ï˛K˛ï˛y ~ÓÇ ôlƒÓyò K˛y˛õl
Ü˛Ó˚!SÈ– ~•z ˛õyë˛ƒÓ•z ˛õ%là≈ë˛ˆÏlÓ˚ !˛õSÈˆÏl Ó•% !¢«˛Ü˛‡!¢!«˛Ü˛yÓ˚ xÓòyl xlfl∫#Ü˛yÎ≈–

xyÙÓ˚y ˆ§•z§Ó fl%ÒˆÏ°Ó˚ ≤Ãôyl !¢«˛Ü˛ˆÏòÓ˚G !ÓˆÏ¢£ÏË˛yˆÏÓ ôlƒÓyò çyly!FSÈ– ~•z ˛õyë˛ƒÓ•z ˜ï˛!Ó˚Ó˚ ˆ«˛ˆÏe
ˆÎ§Ó ≤Ã!ï˛¤˛yl ~ÓÇ §Çàë˛l ïÑ˛yˆÏòÓ˚ Ó•%Ù)°ƒ §¡õòñ í˛z˛õyòyl ~ÓÇ ˆ°yÜ˛Ó° !lˆÏÎ˚ Ü˛yç Ü˛Ó˚yÓ˚ xl%Ù!ï˛ !òˆÏÎ˚
í˛zòyÓ˚ ÙˆÏlÓ˚ ˛õ!Ó˚ã˛Î˚ !òˆÏÎ˚ˆÏSÈlñ ïÑ˛yˆÏòÓ˚ §ÓyÓ˚ ≤Ã!ï˛ xyÙÓ˚y !ÓˆÏ¢£ÏË˛yˆÏÓ Ü,˛ï˛K˛ï˛y fl∫#Ü˛yÓ˚ Ü˛Ó˚!SÈ ~ÓÇ ôlƒÓyò
çyly!FSÈ– ÙylÓ §¡õò í˛zß¨Î˚l ÙsfˆÏÜ˛Ó˚ å~Ù ~•zã˛ xyÓ˚ !í˛ä ˆã˛Î˚yÓ˚˛õy§≈l xôƒy˛õÜ˛ Ù,îy° !Ù!Ó˚ ~ÓÇ xôƒy˛õÜ˛
!ç !˛õ ˆò¢˛õyˆÏu˛Ó˚ ï˛_¥ÓôyˆÏl Ùyôƒ!ÙÜ˛ ~ÓÇ í˛zFã˛ï˛Ó˚ !¢«˛y !ÓË˛yà myÓ˚y !lÎ%=˛ çyï˛#Î˚ ˛õÎ≈ˆÏÓ«˛î §!Ù!ï˛Ó˚
§ò§ƒ Ï̂òÓ˚ Ó•%Ù)°ƒ §ÙÎ˚ G xÓòy Ï̂lÓ˚ çlƒ ˛õ£Ï≈̂ ÏòÓ˚ ˛õ«˛ ˆÌ Ï̂Ü˛ ïÑ̨ y Ï̂òÓ˚ !Ó Ï̂¢£Ï ôlƒÓyò K˛y˛õl Ü˛Ó˚!SÈ– !l Ï̂ç Ï̂òÓ˚
≤ÃÜ˛y¢ly ~ÓÇ ÓƒÓfiÌy˛õlyÓ˚ à%îàï˛ Ùyl §ÇflÒyˆÏÓ˚Ó˚ Ü˛yˆÏç !lÓ˚hs˝Ó˚ !lˆÏÎ˚y!çï˛ ÌyÜ˛y ~l !§ •z xyÓ˚ !ê˛ Ü˛ï,≈˛˛õ«˛
§Ó≈òy ˛õyë˛Ü˛ˆÏòÓ˚ Ùï˛yÙï˛ ~ÓÇ ˛õÓ˚yÙ¢≈ˆÏÜ˛ fl∫yàï˛ çylyÎ˚ñ ÎyˆÏï˛ Ë˛!Ó£ÏƒˆÏï˛ ˛õyë˛ƒÓ•z §ÇˆÏ¢yôl# ≤Ã!Ü ˛Î˚yà%ˆÏ°y
§Ê˛°Ë˛yˆÏÓ §¡õß¨ •ˆÏï˛ õyˆÏÓ˚–

!lí˛z !ò!Õ‘     x!ôÜ˛ï≈˛y
20 !í˛ˆÏ§¡∫Ó˚ 2005     Ó˚yT˛…#Î˚ !¢«˛y àˆÏÓ£Ïîy ~ÓÇ ≤Ã!¢«˛î ˛õ!Ó˚£Ïò

å~l !§ •z xyÓ˚ !ê˛ä
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Ù%áÓrô

~Ü˛ ò¢ Ï̂Ü˛Ó˚G §ÙÎ˚ ̨õ)̂ ÏÓ≈ñ çyï˛#Î˚ !¢«˛yl#!ï˛Ó˚ (NPE-1986) !Ë˛!_ Ï̂ï˛ çyï˛#Î˚ !¢«˛y à Ï̂Ó£Ïîy G ≤Ã!¢«˛î ̨õ£Ï≈ò (NCERT)ñ

xôƒy˛õÜ˛ !ê˛ !Ë˛  Ó˚yÙÜ,˛£÷Ïyîñ ~Ê˛É xyÓ˚É ~§É ~Ó˚ §Ë˛y˛õ!ï˛ˆÏc ~Ü˛ò° K˛yl# §•ˆÏÎyà# ˆ°áˆÏÜ˛Ó˚ §•yÎ˚ï˛yÎ˚ ~Ü˛yò¢ G myò¢

ˆ◊!îÓ˚ ̨õòyÌ≈!Óòƒy !Ó£Ï̂ ÏÎ˚ ̨õyë˛ƒ˛õ%hflÏÜ˛ ≤ÃÜ˛y¢ Ü˛ Ï̂Ó˚– ~•z ̨õ%hflÏÜ˛à%̂ Ï°y Ï̂Ü˛ !¢«˛Ü˛ G SÈye§Ùyç §ÙylÓ)̊̂ Į̈ õ §yò Ï̂Ó˚ @˝Ã•î Ü˛ Ï̂Ó˚!SÈÏ°–

ÓyhflÏˆÏÓ ~•z ̨õ%hflÏÜ˛à%ˆÏ°y ~Ü˛!ê˛ Ùy•z° Ê˛°Ü˛ ï˛Ìy lï%˛l ôyÓ˚yÓ˚ !ò¢yÓ˚#Ó˚)ˆÏ˛õ ≤Ã!ï˛Ë˛yï˛ •ˆÏÎ˚ˆÏSÈñ ï˛Ìy!˛õ ̨õyë˛ƒ˛õ%hflÏÜ˛ !ÓˆÏ¢£Ï Ü˛ˆÏÓ˚

!ÓK˛y Ï̂lÓ˚ Ó•ẑ ÏÎ˚Ó˚ !ÓÜ˛y¢ñ ̨õ!Ó˚Óï≈̨ l#Î˚ í z̨̨ õ°!kôñ ≤Ã Ï̂Î˚yçl#Î˚ï˛yñ ̨õ%l!l≈̂ ÏÓ¢ ï˛Ìy !¢«˛yÌ≈#ñ !¢«˛y!Óò ~ÓÇ §Ùy Ï̂çÓ˚ x!Ë˛K˛ï˛yÓ˚

ò,!!T˛ Ï̂ï˛ ~Ü˛ à!ï˛¢#° ≤Ã!Ü ̨ Î˚y–  !Óòƒy°Î˚ !¢«˛yÓ˚ çlƒ çyï˛#Î˚ ̨õyë˛ƒÜ ̨ Ù ~Ó˚ Ó)̨̊ õ Ï̂Ó˚áy ÈüÈ 2000 ~Ó˚ í z̨̨ õÓ˚ !Ë˛!_ Ü˛ Ï̂Ó˚ §Ç Ï̂¢y!ôï˛

˛õyë˛ƒÜ ̨ Ù ~Ó˚ Ù Ï̂ï˛y ̨õòyÌ≈!ÓòƒyÓ˚ Ó•zÈüÈ~Ó˚ xy Ï̂Ó˚Ü˛ §ÇflÒÓ˚î ≤Ã Ï̂Ê˛§Ó˚ §%̂ ÏÓ˚¢ ã˛ Ï̂wÓ˚ ̂ lï,̨ Ï̂c ≤ÃÜ˛y!¢ï˛ •Î˚ Îy ~ï˛!òl ̨õÎ≈hs˝ ã˛ Ï̂°

xy§ˆÏSÈ– §¡±!ï˛ ~l !§ •z xyÓ˚ !ê˛ çyï˛#Î˚ ̨õyë˛ƒÜ ˛Ù ~Ó˚ Ó˚)˛õˆÏÓ˚áyñ 2005 (NCF-2005) ≤ÃÜ˛y!¢ï˛ Ü˛ˆÏÓ˚ ~ÓÇ !Óòƒy°Î˚ hflÏˆÏÓ˚

˛õyë˛ƒ§)!ã˛ lÓ#Ü˛Ó˚ˆÏîÓ˚ ≤Ã!Ü ˛Î˚yÓ˚ §ÙÎ˚ ̨õyë˛ƒÜ ˛ˆÏÙÓ˚ ̂ § xl%§yˆÏÓ˚ §ÇˆÏ¢yôl Ü˛Ó˚y •ˆÏÎ˚ˆÏSÈ– í˛zFã˛ï˛Ó˚ Ùyôƒ!ÙÜ˛ hflÏˆÏÓ˚Ó˚ ̨õyë˛ƒ§)!ã˛ ~•z

xl%§yˆÏÓ˚ !ÓÜ˛!¢ï˛ •ˆÏÎ˚!SÈÏ°–

~Ü˛yò¢ ̂ ◊!îÓ˚ ̨õyë˛ƒ˛õ%hflÏ̂ ÏÜ˛ ò%•zË˛y Ï̂à ̂ Ùyê˛ 15 !ê˛ xôƒyÎ˚ xy Ï̂SÈ– ≤ÃÌÙ Ë˛y Ï̂à xyê˛!ê˛ xôƒyÎ˚ ~ÓÇ !mï˛#Î˚ Ë˛y Ï̂à ̨õÓ˚Óï≈̨ #

§yï˛!ê˛ xôƒyÎ˚ xy Ï̂SÈ– Óï≈̨ Ùy Ï̂l ~•z Ó•z!ê˛ ̨õyë˛ƒ˛õ%hflÏÜ˛ í z̨ß¨Î˚l ò Ï̂°Ó˚ ~Ü˛!ê˛ lï%̨ l ≤Ã Ï̂ã˛T˛yÓ˚ Ê˛§° ~ÓÇ !¢«˛yÌ≈#Ó˚y ̨õòyÌ≈!ÓòƒyÓ˚

ˆ§Ô®Î≈ ~ÓÇ Î%!=˛à%̂ Ï°y Ï̂Ü˛ @˝Ã•î Ü˛Ó˚̂ ÏÓñ ~•z xy¢y Ü˛ Ï̂Ó˚– í z̨Fã˛ Ùyôƒ!Ù Ï̂Ü˛Ó˚ ̨õÓ˚ !¢«˛yÌ≈#Ó˚y ̨õòyÌ≈!ÓòƒyÓ˚ xôƒÎ˚l ÓçyÎ˚ Ó˚yá Ï̂ï˛

˛õy Ï̂Ó˚ xyÓyÓ˚ lyG Ó˚yá Ï̂ï˛ ̨õy Ï̂Ó˚ñ !Ü˛v xyÙÓ˚y Ù Ï̂l Ü˛!Ó˚ ï˛yÓ˚y xlƒ ̂ Ü˛y Ï̂ly !Ó£ÏÎ˚ Óy ¢yáy ̂ ÎÙl xÌ≈ ÓƒÓfiÌyñ ≤Ã¢y§lñ §Ùyç

!ÓK˛ylñ ̨õ!Ó˚̂ ÏÓ¢ñ Ü˛y!Ó˚àÓ˚# !Óòƒyñ ≤ÃÎ%!=˛ !Óòƒyñ ç#Ó!Óòƒy Óy !ã˛!Ü˛Í§y!Óòƒy ~Ó˚ ̂ ÎÈüÈˆÜ˛y Ï̂ly ~Ü˛!ê˛ !l Ï̂Î˚ x@˝Ã§Ó˚ ̂ •yÜ˛ ly ̂ Ü˛l

˛õòyÌ≈!ÓòƒyÓ˚ !ã˛hs˝l ̨ õÂô!ï˛Ó˚ í˛z˛õˆÏÎy!àï˛y ï˛yÓ˚y xl%Ë˛Ó Ü˛Ó˚ˆÏÓ– xyÓ˚ ̂ Î §Ü˛° !¢«˛yÌ≈#Ó˚y ̨ õòyÌ≈!Óòƒy !lˆÏÎ˚ ~•z hflÏˆÏÓ˚Ó˚ ̨ õˆÏÓ˚

xôƒÎ˚l ÓçyÎ˚ Ó˚yáˆÏÓñ ~•z Ó•zˆÏÎ˚Ó˚ ÙˆÏôƒ !Ó!Ë˛ß¨ í˛z!ÏÕ‘!áï˛ !Ó£ÏÎ˚Ó›à%ˆÏ°y !l!Ÿã˛ï˛Ó˚)ˆÏ˛õ ï˛yˆÏòÓ˚ §%ò,ì˛¸ !Ë˛!_ ≤Ãòyl Ü˛Ó˚ˆÏÓ–

˛õòyÌ≈!Óòƒy •°ñ !ÓK˛yl ~ÓÇ ≤ÃÎ%!=˛!ÓòƒyÓ˚ ˆÙyê˛yÙ%!ê˛ §Ó ¢yáyà%ˆÏ°yˆÏÜ˛ Ó%V˛ˆÏï˛ ≤ÃˆÏÎ˚yçl#Î˚ !Ë˛!_ fl∫Ó˚)˛õ– ~ê˛y á%Ó

xyÜ˛£Ïî≈#Î˚ ˆÎ xlƒylƒ ¢yáy ˆÎÙl xÌ≈l#!ï˛ñ Óy!îçƒ ~ÓÇ xyã˛Ó˚îàï˛ !ÓK˛yˆÏlÓ˚ ˆ«˛ˆÏe ˛õòyÌ≈!ÓòƒyÓ˚ !ã˛hs˝y ôyÓ˚îyÓ˚ ÓƒÓ•yÓ˚

Ü ˛ÙÓô≈Ùyl– xyÙÓ˚y ~•z !Ó£ÏˆÏÎ˚ xÓàï˛ ˆÎ ˆÙÔ!°Ü˛ ˛õòyÌ≈!ÓòƒyÓ˚ !Ü˛S%È §yôyÓ˚î l#!ï˛ ≤ÃyÎ˚•z ôyÓ˚îyàï˛Ë˛yˆÏÓ ç!ê˛°– xyÙÓ˚y

~•z Ó•zˆÏÎ˚ ôyÓ˚îyàï˛ §Aà!ï˛ xylyÓ˚ ̂ ã˛T˛y Ü˛ˆÏÓ˚!SÈ– !Ó£ÏˆÏÎ˚Ó˚ Ü˛y!ë˛lƒï˛yˆÏÜ˛ í˛zˆÏ˛õ«˛y ly Ü˛ˆÏÓ˚ !¢«˛î ̂ Ü˛Ô¢° ~ÓÇ §•ç §Ó˚°

Ë˛y£Ïy ÓƒÓ•yÓ˚ Ü˛Ó˚y xyÙyˆÏòÓ˚ ˆã˛T˛yÓ˚ Ù)° !Ó£ÏÎ˚ !SÈ°– ˛õòyÌ≈!ÓòƒyÓ˚ ≤ÃÜ,˛!ï˛ ~Ó˚)˛õ ˆÎ í˛z•yˆÏï˛ !l!ò≈T˛ l)ƒlï˛Ù !Ü˛S%È à!îˆÏï˛Ó˚

ÓƒÓ•yÓ˚ xyÓ¢ƒÜ˛– xyÙÓ˚y Îï˛ò)Ó˚ ˛õÎ≈hs˝ §Ω˛Ó ày!î!ï˛Ü˛ §)eà%ˆÏ°yÓ˚ ˆÎÔ!=˛Ü˛ Ü˛yÎ˚òyÎ˚ !ÓÜ˛!¢ï˛ Ü˛Ó˚yÓ˚ ˆã˛T˛y Ü˛ˆÏÓ˚!SÈ–

˛õòyÌ≈!ÓòƒyÓ̊ SÈyeÓ̊y ~ÓÇ !¢«˛Ü˛Ó̊y !lŸã˛Î̊•z í z̨̨ õ°!kô Ü˛ Ï̂Ó̊l ̨õòyÌ≈!Óòƒy !Ó£ÏÎ̊!ê˛ ̂ Ü˛Ó° flø,!ï˛ Ï̂ï˛ Ó̊yáy•z lÎ̊ xl%ôyÓ Ï̂lÓ̊G

≤Ã Ï̂Î˚yçl– Ùyôƒ!ÙÜ˛ ̂ Ì Ï̂Ü˛ í z̨Fã˛ Ùyôƒ!ÙÜ  ~ÓÇ ~Ó˚G í z̨Fã˛hflÏ̂ ÏÓ˚Ó˚ ̨õòyÌ≈!ÓòƒyÎ˚ Ù)°ï˛ 4 !ê˛ í z̨̨ õyòyl ı (a) à!î Ï̂ï˛Ó˚ ̨õÎ≈yÆ §%ò,ì ¸̨̧

!Ë˛!_  (b) ̨õ!Ó˚Ë˛y£Ïyàï˛ ¢∑yÓ!° ~ÓÇ ¢ï≈˛yÓ!° ÎyÓ˚ §yôyÓ˚î •zÇˆÏÓ˚!ç xÌ≈ §¡õ)î≈ !Ë˛ß¨G •ˆÏï˛ ̨õyˆÏÓ˚  (c) lï%˛l ç!ê˛° ôyÓ˚îy

~ÓÇ (d) ˛õÓ˚#«˛yÙ)°Ü˛ !Ë˛ï˛– xyÙÓ˚y xyÙyˆÏòÓ˚ ã˛yÓ˚˛õyˆÏ¢Ó˚ ˛õ!Ó˚ˆÏÓˆÏ¢Ó˚ ÎÌyÌ≈ !ÓÓÓ˚ˆÏîÓ˚ í˛zß¨!ï˛ §yôˆÏl ~ÓÇ xyÙyˆÏòÓ˚

˛õÎ≈̂ ÏÓ«˛î §Ù)• Ï̂Ü˛ ̨õ!Ó˚̂ ÏÙÎ˚ Ó˚y!¢Ùy°yÓ˚ xyÜ˛y Ï̂Ó˚ ≤ÃÜ˛y¢ Ü˛Ó˚̂ Ïï˛ ã˛y•zñ ï˛y•z ̨õòyÌ≈!ÓòƒyÎ˚ à!î Ï̂ï˛Ó˚ ~Ü˛yhs˝ ≤Ã Ï̂Î˚yçl– ̨õòyÌ≈!Óòƒyñ

Ü˛îy§Ù)ˆÏ•Ó˚ lï%˛l lï%˛l ôÙ≈yÓ!°Ó˚ xy!Ó‹ÒyÓ˚ Ü˛ˆÏÓ˚ ~ÓÇ ≤Ã!ï˛!ê˛ Ü˛îyÓ˚ ~Ü˛!ê˛ Ü˛ˆÏÓ˚ lyÙÜ˛Ó˚î Ü˛ˆÏÓ˚– ~•z lyÙà%ˆÏ°y §yôyÓ˚îï˛

•zÇˆÏÓ˚!çñ °y!ê˛l xÌÓy !@˝ÃÜ˛ Ë˛y£Ïy •ˆÏï˛ ã˛Î˚l Ü˛Ó˚y •ˆÏÎ˚ˆÏSÈñ !Ü˛v ̨õòyÌ≈!Óòƒy ~ˆÏòÓ˚ˆÏÜ˛ §¡õ)î≈ !Ë˛ß¨ xÌ≈ !òˆÏÎ˚ˆÏSÈ– ~ê˛y ̂ ÓyV˛yÓ˚

çlƒ ï%˛!Ù «˛Ùï˛yñ Ó°ñ ¢!=˛ñ xyôylñ !flõl ~ÓÇ xlƒylƒ ¢∑à%ˆÏ°yˆÏÜ˛ ˆÎÈüÈˆÜ˛yˆÏly !lË≈˛Ó˚ˆÏÎyàƒ •zÇˆÏÓ˚!ç x!Ë˛ôyˆÏl ˆòáˆÏï˛

˛õyˆÏÓ˚y ~ÓÇ ï˛yˆÏòÓ˚ xy!Ë˛ôy!lÜ˛ xˆÏÌ≈Ó˚ §ˆÏAà ̨ õòyÌ≈!ÓòƒyÓ˚ xˆÏÌ≈Ó˚ ï%˛°ly Ü˛Ó˚ˆÏï˛ ̨ õyˆÏÓ˚y– Ü˛îy§Ù)ˆÏ•Ó˚ xyã˛Ó˚î Óƒyáƒy Ü˛Ó˚ˆÏï˛



˛õòyÌ≈!Óòƒy ç!ê˛° ~ÓÇ ≤ÃyÎ˚•z Ó˚•§ƒÙÎ˚ ôyÓ˚îyÓ˚ xÓï˛yÓ˚îy Ü˛ˆÏÓ˚– ˛õ!Ó˚ˆÏ¢ˆÏ£Ï ÙˆÏl Ó˚yáˆÏï˛ •ˆÏÓ ˆÎñ §Ù@˝Ã ˛õòyÌ≈!Óòƒy

˛õÎ≈ˆÏÓ«˛î G ˛õÓ˚#«˛yÓ˚ !Ë˛!_Ó˚ G˛õÓ˚ òÑy!í˛¸ˆÏÎ˚ xyˆÏSÈñ Îy Óƒ!ï˛ï˛ ˆÜ˛yˆÏly ï˛_¥ ˛õòyÌ≈!ÓòƒyÓ˚ ˛õ!Ó˚!ôˆÏï˛ à,•#ï˛ •ˆÏÓ ly–

~•z Ó•zˆÏÎ˚Ó˚ !Ü˛S%È ˜Ó!¢T˛ƒ xyˆÏSÈ ~ÓÇ xyÙÓ˚y xyhs˝!Ó˚Ü˛Ë˛yˆÏÓ xy¢y Ü˛!Ó˚ ˆÎñ ~à%ˆÏ°y SÈyeSÈye#ˆÏòÓ˚ Ü˛yˆÏSÈ Ó•z!ê˛Ó˚

í˛z˛õˆÏÎy!àï˛y Óyí˛¸yˆÏÓ– xôƒyˆÏÎ˚Ó˚ !Ó£ÏÎ˚Ó›Ó˚ í˛z˛õÓ˚ o%ï˛ï˛yÓ˚ §ˆÏAà !lÓ˚#«˛ˆÏîÓ˚ çlƒ ≤Ã!ï˛!ê˛ xôƒyˆÏÎ˚Ó˚ ˆ¢ˆÏ£Ï §yÓ˚yÇ¢ ˆòÎ˚y

•ˆÏÎ˚ˆÏSÈ– ~Ó˚˛õÓ˚ ˆË˛ˆÏÓ ˆòáyÓ˚ !Ó£ÏÎ˚ §Ù)• ˆòGÎ˚y •ˆÏÎ˚ˆÏSÈ Îy !ÓòƒyÌ≈#ˆÏòÓ˚ ÙˆÏl í˛zÍ˛õß¨ §Ω˛yÓƒ ºyhs˝ ôyÓ˚îyÓ˚ !lÓ˚§ˆÏlñ

xôƒy Ï̂Î˚Ó˚ ̂ Ü˛y Ï̂ly !l!ò≈T˛ !ÓÓ,!ï˛‡l#!ï˛Ó˚ xhs˝!l≈!•ï˛ xÌ≈ xl%ôyÓ Ï̂l ~ÓÇ °kô K˛y Ï̂lÓ˚ ÓƒÓ•y Ï̂Ó˚Ó˚ ̂ «˛ Ï̂e ≤Ã Ï̂Î˚yçl#Î˚ §ï˛Ü≈̨ ï˛yÓ˚

!òˆÏÜ˛ •z!Aàï˛ Ü˛Ó˚ˆÏÓ– ~à%ˆÏ°y !Ü˛S%È !ã˛hs˝ÈlüÈí˛zj#˛õÜ˛ ≤ÃŸ¿ çy!àˆÏÎ˚ ˆï˛yˆÏ° Îy ~Ü˛çl !¢«˛yÌ≈#ˆÏÜ˛ ˛õòyÌ≈!ÓòƒyÓ˚ Óy•zˆÏÓ˚Ó˚

ç#ÓlˆÏÜ˛G Ë˛yÓˆÏï˛ ̂ ¢áyÎ˚– ~§Ó !Ó£ÏÎ˚à%ˆÏ°yÓ˚ í˛z˛õÓ˚ ÙˆÏly!lˆÏÓ¢ Ü˛Ó˚ˆÏï˛ ~ÓÇ ~à%ˆÏ°y !lˆÏÎ˚ !ã˛hs˝y Ü˛Ó˚ˆÏï˛ !¢«˛yÌ≈#Ó˚y xyl®

˛õyˆÏÓ– ~SÈyí˛¸yñ !Ó£ÏÎ˚Ó› §Ù)ˆÏ•Ó˚ flõT˛#Ü˛Ó˚ˆÏîÓ˚ çlƒ ~ÓÇ ≤Ãyï˛ƒ!•Ü˛ ÓyhflÏÓ ç#ÓˆÏlÓ˚ ˛õ!Ó˚!fiÌ!ï˛ˆÏï˛ ~§Ó ôyÓ˚îyà%ˆÏ°yÓ˚

≤Ã Ï̂Î˚yà Ï̂Ü˛ Óƒyáƒy Ü˛Ó˚̂ Ïï˛ Óƒy˛õÜ˛ §ÇáƒÜ˛ §ÙyôylÜ,̨ ï˛ í z̨òy•Ó˚î Ï̂Ü˛ xhs˝Ë)≈̨ =˛ Ü˛Ó˚y • Ï̂Î˚̂ ÏSÈ– ̨õòyÌ≈!Óòƒy !Ó£ÏÎ˚!ê˛Ó˚ Ü ̨ !ÙÜ˛ í z̨ß¨Î˚̂ ÏlÓ˚

í˛zj#˛õlyˆÏÜ˛ ≤ÃÜ˛y¢ Ü˛Ó˚ˆÏï˛ Ü˛áˆÏlyÈüÈÜ˛áˆÏly ˙!ï˛•y!§Ü˛ ˛õ!Ó˚ˆÏ≤Ã!«˛ˆÏï˛˛ xhs˝Ë)≈˛=˛ Ü˛Ó˚y •ˆÏÎ˚ˆÏSÈ– xˆÏlÜ˛ xôƒyˆÏÎ˚ •Î˚ˆÏï˛y ~•z

í˛zˆÏjˆÏ¢ƒ xÌÓy !Ü˛S%È !Ó£ÏÎ˚Ó›ñ ˆÎà%ˆÏ°yˆÏï˛ !¢«˛yÌ≈#ˆÏòÓ˚ x!ï˛!Ó˚=˛ ÙˆÏlyˆÏÎyà ˆòGÎ˚y xyÓ¢ƒÜ˛ñ ˆ§à%ˆÏ°yÓ˚ !Ü˛S%È !ÓˆÏ¢£Ï

˜Ó!¢T˛ƒˆÏÜ˛ ò,!T˛ˆÏàyã˛Ó˚ Ü˛Ó˚yÓ˚ çlƒñ ÓyˆÏ: Ó˚yáy •ˆÏÎ˚ˆÏSÈ– Ó•zˆÏÎ˚Ó˚ ˆ¢ˆÏ£Ïñ Ó•zˆÏï˛ ÓƒÓ•,ï˛ Ù%áƒ ¢∑§Ù)ˆÏ•Ó˚ ~Ü˛!ê˛ !Ó£ÏÎ˚§)!ã˛

ˆòGÎ˚y •ˆÏÎ˚ˆÏSÈ–

˛õòyÌ≈!ÓòƒyÓ˚ !ÓˆÏ¢£Ï ≤ÃÜ,˛!ï˛ˆÏï˛ ôyÓ˚îyàï˛ í˛z˛õ°!kô SÈyí˛¸yG !l!ò≈T˛ ≤Ãã˛!°ï˛ K˛yl§Ù)•ñ Ù)° ày!î!ï˛Ü˛ §)eyÓ!°ñ

˛õÂô!ï˛ G ̂ Ü˛Ô¢°ñ à%Ó˚%c˛õ)î≈ ≤ÃyÜ,̨ !ï˛Ü˛ ô %ÓÜ˛ §Ù)̂ Ï•Ó˚ §Çáƒyàï˛ Ùyl ~ÓÇ x!ï˛«%˛o ̂ ÌˆÏÜ˛ x!ï˛Ó,•Í ̨õyÕ‘yÓ˚ ÙˆÏôƒ ̨õ!Ó˚ÙyˆÏ˛õÓ˚

~Ü˛ˆÏÜ˛Ó˚ !Ó!Ë˛ß¨ ˛õÂô!ï˛§Ù)• xhs˝Ë)≈˛=˛– SÈyeSÈye#ˆÏòÓ˚ §Ù,Âô Ü˛Ó˚yÓ˚ çlƒ ~•z Ó•zˆÏÎ˚Ó˚ ˆ¢ˆÏ£ÏÓ˚ !òˆÏÜ˛ ˛õ!Ó˚!¢T˛ A-1 ˆÌˆÏÜ˛ A-

9 ~ ≤Ã Ï̂Î˚yçl#Î˚ §)eyÓ!°ñ ̨õÂô!ï˛ñ ̂ Ü˛Ô¢° ~ÓÇ í˛yê˛y Ï̂Ó§ ̂ òGÎ˚y •°– xyÓyÓ˚ !Ü˛S%È !Ü˛S%È xôƒyÎ˚ ̂ ¢ Ï̂£Ï ≤Ãò_ ̨õ!Ó˚!¢T˛à%̂ Ï°y Ï̂ï˛

x!ï˛!Ó˚=˛ ï˛Ìƒ§Ù)• Óy ˙ xôƒyˆÏÎ˚ xyˆÏ°y!ã˛ï˛ !Ó£ÏÎ˚§Ù)ˆÏ•Ó˚ ≤ÃˆÏÎ˚yˆÏàÓ˚ í˛zˆÏÕ‘á Ü˛Ó˚y xyˆÏSÈ–

ÓƒyáƒyÙ)°Ü˛ !ã˛eà%ˆÏ°y ˆòGÎ˚yÓ˚ §ÙÎ˚ !ÓˆÏ¢£Ï lçÓ˚ ˆòGÎ˚y •ˆÏÎ˚ˆÏSÈ– flõT˛ï˛y Ó,!ÂôÓ˚ çlƒ !ã˛eà%ˆÏ°yˆÏÜ˛ ò%!ê˛ Ó˚ˆÏ.

xAÜ˛l Ü˛Ó˚y •ˆÏÎ˚ˆÏSÈ– ≤ÃˆÏï˛ƒÜ˛!ê˛ xôƒyˆÏÎ˚Ó˚ ˆ¢ˆÏ£Ï ≤Ãã%˛Ó˚ §ÇáƒyÎ˚ xl%¢#°l# ˆòGÎ˚y •ˆÏÎ˚ˆÏSÈ– ï˛yˆÏòÓ˚ ÙˆÏôƒ !Ü˛S%È !Ü˛S%È ˜òl!®l

ç#Ó Ï̂l âê˛Ùyl ̨õ!Ó˚!fiÌ!ï˛Ó˚ § Ï̂Aà §¡õÜ≈̨ Î%=˛– SÈyeSÈye# Ï̂òÓ˚̂ ÏÜ˛ ~à%̂ Ï°y §Ùyôyl Ü˛Ó˚yÓ˚ çlƒ xl%≤Ãy!îï˛ Ü˛Ó˚̂ Ïï˛ • Ï̂Óñ ~Ë˛y Ï̂Ó

xË˛ƒyˆÏ§Ó˚ Ê˛ˆÏ° ï˛yÓ˚y ˆòáˆÏÓ ˆÎ ~à%ˆÏ°y xï˛ƒ!ôÜ˛ !¢«˛yÙ)°Ü˛– ï˛ySÈyí˛¸y !Ü˛S%È x!ï˛!Ó˚=˛ xl%¢#°l# ˆòGÎ˚y •ˆÏÎ˚ˆÏSÈ ˆÎà%ˆÏ°y

ï%̨ °lyÙ)°Ü˛Ë˛y Ï̂Ó x!ôÜ˛ !ã˛hs˝l#Î˚– ~à%̂ Ï°yÓ˚ í z̨_Ó˚ ~ÓÇ §Ùyôyl Ü˛Ó˚yÓ˚ çlƒ !Ü˛S%È !Ü˛S%È ̂ «˛ Ï̂e {!Aàï˛à%̂ Ï°yG ̂ òGÎ˚y • Ï̂Î˚̂ ÏSÈ–

§¡õ)î≈ Ó•zˆÏÎ˚ S I  ~Ü˛Ü˛ ÓƒÓ•yÓ˚ Ü˛Ó˚y •ˆÏÎ˚ˆÏSÈ– ˛õòyÌ≈!ÓòƒyÓ˚ í˛zˆÏj¢ƒ §yôˆÏlÓ˚ °ˆÏ«˛ƒ ~ÓÇ !lô≈y!Ó˚ï˛ ˛õyë˛ƒ§)!ã˛‡˛õyë˛ƒÜ ˛ˆÏÙÓ˚

xÇ¢ !•§y Ï̂Ó !mï˛#Î˚ xôƒy Ï̂Î˚ ÚÚ~Ü˛Ü˛ ~ÓÇ ̨õ!Ó˚Ùy˛õ Ï̂lÓ˚ÛÛ ~Ü˛!ê˛ !Óhfl,Ïï˛ !ÓÓÓ˚î ̂ òGÎ˚y • Ï̂Î˚̂ ÏSÈ– ~Ü˛!ê˛ ò#â≈ ÓÜ ̨ Ï̂Ó˚áyÓ˚ ̃ ò Ï̂â≈ƒÓ˚

˛õ!Ó˚Ùy Į̈̂ õÓ˚ Ù Ï̂ï˛y ~Ü˛!ê˛ §•ç ̂ «˛ Ï̂e x§%!Óôyà%̂ Ï°y Ï̂Ü˛ Ó Ï̂: xyÓÂô !Ó£Ï̂ ÏÎ˚Ó˚ Ùyôƒ Ï̂Ù ï%̨ Ï̂° ôÓ˚y • Ï̂Î˚̂ ÏSÈ– Óï≈̨ Ùy Ï̂l @˝Ã•î Ï̂Îyàƒ

§ÇK˛yà%ˆÏ°yˆÏÜ˛ ≤ÃÜ˛y¢ Ü˛Ó˚yÓ˚ çlƒ  ~ÓÇ  Óï≈˛ÙyˆÏl §Ω˛Ó˛õÓ˚ !Ó!Ë˛ß¨ ˛õ!Ó˚Ùy˛õˆÏlÓ˚ í˛zFã˛ÙyeyÓ˚ !lË%≈˛°ï˛yˆÏÜ˛ §)!ã˛ï˛ Ü˛Ó˚yÓ˚ çlƒ

S I Ù)° ~Ü˛ Ï̂Ü˛Ó˚ §yÓ˚!î ~ÓÇ ~Ó˚ § Ï̂Aà §¡õ!Ü≈̨ ï˛ xlƒylƒ ~Ü˛Ü˛à%̂ Ï°y ̂ òGÎ˚y • Ï̂Î˚̂ ÏSÈ– ~áy Ï̂l ≤Ãò_ §yÇ!áƒÜ˛ Ùylà%̂ Ï°y Ù Ï̂l

Ó˚yáyÓ˚ ≤ÃˆÏÎ˚yçl ˆl•z xÌÓy ˛õÓ˚#«˛yˆÏï˛ !çK˛y§y Ü˛Ó˚y •ˆÏÓ ly–

SÈyeSÈye#ñ !¢«˛Ü˛ÈüÈ!¢!«˛Ü˛y ~ÓÇ §yôyÓ˚î çlà Ï̂îÓ˚ Ù Ï̂ôƒ ~Ü˛!ê˛ ôyÓ˚îy ÓÂôÙ)° xy Ï̂SÈ ̂ Îñ Ùyôƒ!ÙÜ˛ ̂ Ì Ï̂Ü˛ í z̨Fã˛Ùyôƒ!ÙÜ˛

hflÏˆÏÓ˚Ó˚ !Ó£ÏÎ˚Ó›Ó˚ Ü˛y!ë˛lƒˆÏï˛ ~Ü˛!ê˛ ï˛#Ó  Ê˛yÓ˚yÜ˛ Ó˚ˆÏÎ˚ˆÏSÈ– ~Ü˛ê%˛ !ã˛hs˝y Ü˛Ó˚ˆÏ°•z Ó%V˛y ÎyÎ˚ ˆÎñ Óï≈˛Ùyl !¢«˛y ÓƒÓfiÌyÎ˚ ~Ùl

•GÎ˚yÓ˚•z Ü˛Ìy– Ùyôƒ!ÙÜ˛ hflÏÓ˚ ˛õÎ≈hs˝ !¢«˛y ÓƒÓfiÌy ~Ü˛!ê˛ §yôyÓ˚î !¢«˛y ÓƒÓfiÌy ˆÎáyˆÏl !¢«˛yÌ≈#àîˆÏÜ˛ ≤ÃyÌ!ÙÜ˛ hflÏˆÏÓ˚

Ü˛ï˛à%ˆÏ°y !Ó£ÏÎ˚ §¡õˆÏÜ≈˛ !¢«˛y °yË˛ Ü˛Ó˚ˆÏï˛ •Î˚ñ ˆÎÙl !ÓK˛ylñ §Ùyç!ÓK˛ylñ à!îï˛ñ Ë˛y£Ïy– í˛zFã˛ï˛Ó˚ Ùyôƒ!ÙÜ˛ ~ÓÇ ~Ó˚

˛õÓ˚Óï≈˛# hflÏˆÏÓ˚ ˛õSÈ® ÙˆÏï˛y˛ í˛zˆÏòƒyàˆÏ«˛ˆÏe ˆ˛õ¢yàï˛ ˛õyÓ˚ò!¢≈ï˛y xç≈l Ü˛Ó˚ˆÏï˛ •Î˚– ˆï˛yÙÓ˚y ~ê˛yˆÏÜ˛ !lˆÏ¡¨Ó˚ xÓfiÌyÓ˚ §ˆÏAà



ï%˛°ly Ü˛Ó˚ˆÏï˛ ˛õyˆÏÓ˚y– !¢¢%Ó˚y Ó˚yhflÏyÓ˚ à!°ˆÏï˛ Óy âˆÏÓ˚Ó˚ Óy•zˆÏÓ˚ åÓy ˆË˛ï˛ˆÏÓ˚ä ˆSÈyˆÏê˛y çyÎ˚àyÎ˚ !Ü ˛ˆÏÜ˛ê˛ Óy Óƒyí˛!Ùrê˛l ˆáˆÏ°–

ï˛yÓ˚˛õÓ˚ ï˛yˆÏòÓ˚ Ùôƒ ̂ ÌˆÏÜ˛ ̂ Ü˛í˛z ̂ Ü˛í˛z ̨ õÓ˚ ̨ õÓ˚ fl%Ò° !ê˛Ùñ ̂ ç°y hflÏˆÏÓ˚Ó˚ !ê˛Ùñ Ó˚yçƒ !Ë˛!_Ü˛ !ê˛Ù •ˆÏÎ˚ çyï˛#Î˚ !ê˛ˆÏÙ ̂ §•z ̂ á°y

ˆá°ˆÏï˛ ã˛yÎ˚– ≤Ã!ï˛ ˛õÎ≈yˆÏÎ˚ xÓ¢ƒ•z Ü ˛Ùyß∫ˆÏÎ˚ ˆÓ!¢ ≤Ã!ï˛ˆÏÎy!àï˛yÓ˚ §¡ø%á#l •ˆÏï˛•z •Î˚– ˆÜ˛yˆÏly !¢«˛yÌ≈# Î!ò !ÓK˛ylñ

§y!•ï˛ƒñ Ë˛y£Ïyñ §Çà#ï˛ñ Ü˛°yñ Óy!îçƒñ xÌ≈¢yflfñ fiÌy˛õï˛ƒ!ÓòƒyÈ ~ˆÏ«˛eà%ˆÏ°y !lˆÏÎ˚ ˛õí˛¸ˆÏï˛ ã˛yÎ˚ Óy ï˛yÓ˚y Î!ò ˆáˆÏ°yÎ˚yí˛¸ Óy

Ê˛ƒy¢l !í˛çy•zlyÓ˚ •ˆÏï˛ ã˛yÎ˚ ï˛ˆÏÓ ï˛yˆÏòÓ˚ˆÏÜ˛ Ü˛ˆÏë˛yÓ˚ ˛õ!Ó˚◊Ù Ü˛Ó˚ˆÏï˛ •ˆÏÓ–

~•z Ó•z!ê˛ xˆÏlˆÏÜ˛Ó˚ fl∫ï˛/fl≥)˛ï≈˛ ~ÓÇ !lÎ˚!Ùï˛ §y•yˆÏÎƒÓ˚ Ê˛ˆÏ° §¡õ)î≈ Ü˛Ó˚y §Ω˛Ó •ˆÏÎ˚ˆÏSÈ– ˛õyë˛ƒ˛õ%hflÏÜ˛ í˛zß¨Î˚ˆÏl à!ë˛ï˛

ò°ñ í˛É !Ë˛ ~•zã˛ Ó˚yÎ˚ÓyàÜ˛yˆÏÓ˚Ó˚ Ü˛yˆÏSÈñ ã˛yÓ˚ l¡∫Ó˚ xôƒyˆÏÎ˚ ïÑ˛yÓ˚ ÓˆÏ:Ó˚ !Ó£ÏÎ˚à%ˆÏ°y ÓƒÓ•yˆÏÓ˚Ó˚ xl%Ù!ï˛ ≤ÃòyˆÏlÓ˚ çlƒ ~ÓÇ í˛É

~Ê˛ xy•z §yˆÏË≈˛Ó˚ Ü˛yˆÏSÈñ  15 lÇ xôƒyˆÏÎ˚ ïÑ˛yÓ˚ ò%!ê˛ ÓˆÏ:Ó˚ !Ó£ÏÎ˚à%ˆÏ°y ÓƒÓ•yˆÏÓ˚Ó˚ xl%Ù!ï˛Ó˚ çlƒ Ü,˛ï˛K˛– !ÓK˛yl !¢«˛yÓ˚

í˛zß¨!ï˛Ó˚ çlƒ Ó˚yT˛…#Î˚ ≤ÃˆÏã˛T˛yÓ˚ ~Ü˛ xÇ¢ !•ˆÏ§ˆÏÓ xyÙyˆÏòÓ˚ˆÏÜ˛ ~•z ̨õyë˛ƒ˛õ%hflÏÜ˛ ̃ ï˛!Ó˚ Ü˛Ó˚yÓ˚ Ü˛yç x˛õ≈ˆÏîÓ˚ çlƒ çyï˛#Î˚ !¢«˛y

àˆÏÓ£Ïîy G ≤Ã!¢«˛î ˛õ£Ï≈ˆÏòÓ˚ x!ôÜ˛ï≈˛yÓ˚ Ü˛yˆÏSÈG xyÙÓ˚y Ü,˛ï˛K˛ï˛y Óƒ=˛ Ü˛Ó˚!SÈ– ~l !§ •z xyÓ˚ !ê˛ ~Ó˚ !ÓK˛yl G à!îï˛ !¢«˛y

!ÓË˛yˆÏàÓ˚ ≤Ãôyl xyÙyˆÏòÓ˚ ~•z í˛zòƒÙˆÏÜ˛ ˆÎÈüÈˆÜ˛yˆÏly Ë˛yˆÏÓ §•yÎ˚ï˛yÓ˚ ˆ«˛ˆÏe ï˛Í˛õÓ˚ !SÈˆÏ°l– !Óàï˛ Ü˛ˆÏÎ˚Ü˛ ÓSÈÓ˚ ÎyÓÍ˛

˛õ)ˆÏÓ≈Ó˚ ̨õyë˛ƒ˛õ%hflÏˆÏÜ˛Ó˚ í˛zß¨!ï˛Ü˛ˆÏ“ !¢«˛Ü˛ÈüÈ!¢!«˛Ü˛yñ SÈyeSÈye# ~ÓÇ !Ó£ÏÎ˚ !ÓˆÏ¢£ÏK˛ˆÏòÓ˚ Ü˛ySÈ ̂ ÌˆÏÜ˛ !Ó!Ë˛ß¨ !¢«˛yÙ)°Ü˛ ̨õÓ˚yÙ¢≈

xyhs˝!Ó˚Ü˛Ë˛y Ï̂Ó ̨õyGÎ˚y ̂ à Ï̂SÈ– ~l !§ •z xyÓ˚ !ê˛ ̂ Ü˛ ÎÑyÓ˚y ÎÑyÓ˚y ̨õÓ˚yÙ¢≈ !ò Ï̂Î˚̂ ÏSÈl ï Ñ̨y Ï̂òÓ˚ §Ü˛ Ï̂°Ó˚ Ü˛y Ï̂SÈ xyÙÓ˚y Ü,̨ ï˛K˛– xyÙÓ˚y

≤ÃÌÙ ̨õy[%̨ !°!˛õÓ˚ G˛õÓ˚ ã˛ã≈̨ y ~ÓÇ ̨õ!Ó˚Ùyç≈̂ ÏlÓ˚ çlƒ xy Ï̂Î˚y!çï˛ §¡õyòl Ü˛Ù≈¢y°y ~ÓÇ §Ù#«˛y Ü˛Ù≈¢y°yÓ˚ §ò§ƒ Ï̂òÓ˚ ≤Ã!ï˛G

Ü,˛ï˛K˛ï˛y ≤ÃÜ˛y¢ Ü˛Ó˚!SÈ– xyÙÓ˚y §Ë˛y˛õ!ï˛ ~ÓÇ GlyÓ˚ ˆ°áÜ˛Ù[˛°# ÎÑyˆÏòÓ˚ myÓ˚y 1988 §yˆÏ° ˛õyë˛ƒ˛õ%hflÏÜ˛ ˆ°áy •ˆÏÎ˚!SÈÏ° Îy

2002 ~Ó˚ §ÇflÒÓ˚̂ Ïî ~ÓÇ Óï≈̨ Ùyl ̨õyë˛ƒ˛õ%hflÏÜ˛ !ÓÜ˛y¢ Ü˛Ó˚yÓ˚ ̂ «˛ Ï̂e Ù)° !Ë˛!_ ~ÓÇ §•y!Î˚Ü˛yÓ)̊̂ Į̈ õ §y•yÎƒ Ü˛ Ï̂Ó˚!SÈÏ°ñ ï˛y Ï̂òÓ˚̂ ÏÜ˛

ôlƒÓyò çyly•z– Ü˛áˆÏlyÈüÈÜ˛áˆÏly xyˆÏàÓ˚ §ÇflÒÓ˚ˆÏîÓ˚ §yÓ˚Ó_y xÇ¢à%ˆÏ°y ˆÎà%ˆÏ°y !ÓˆÏ¢£Ï Ü˛ˆÏÓ˚ !¢«˛yÌ≈#ñ !¢«˛Ü˛ÈüÈ!¢!«˛Ü˛y

myÓ˚y ≤Ã¢Ç!§ï˛ •ˆÏÎ˚ˆÏSÈñ Ë˛!Ó£ÏƒÍ ≤ÃçˆÏß√Ó˚ !¢«˛yÌ≈#ˆÏòÓ˚ í˛z˛õÜ˛yˆÏÓ˚Ó˚ çlƒ ~•z ˛õyë˛ƒ˛õ%hflÏˆÏÜ˛ @˝Ã•î Ü˛ˆÏÓ˚ ˆÓ˚ˆÏá ˆòGÎ˚y •ˆÏÎ˚ˆÏSÈ–

xyÙÓ˚y ◊ˆÏÂôÎ˚ ˛õyë˛Ü˛Ó,®ñ !ÓˆÏ¢£Ïï˛ SÈyeSÈye# ~ÓÇ !¢«˛Ü˛ÈüÈ!¢!«˛Ü˛yˆÏòÓ˚ ˆÌˆÏÜ˛ ≤ÃˆÏÎ˚yçl#Î˚ ˛õÓ˚yÙ¢≈ ~ÓÇ ïÑ˛yˆÏòÓ˚

Ùï˛yÙï˛ˆÏÜ˛ fl∫yàï˛ çyly!FSÈ– xyÙÓ˚y xyÙyˆÏòÓ˚ ï˛Ó˚%î ˛õyë˛Ü˛ÈüÈ˛õy!ë˛Ü˛yˆÏòÓ˚ˆÏÜ˛ ˛õòyÌ≈!ÓòƒyÓ˚ ˆÓ˚yÙyM˛Ü˛Ó˚ Ü˛yÎ≈ˆÏ«˛ˆÏe xyl®ÙÎ˚

§Ê˛ˆÏÓ˚Ó˚ çlƒ ¢%ˆÏË˛FSÈy çyly!FSÈ–

~  í˛Óœ% ˆÎy¢#

Ù%áƒ ̨õÓ˚yÙ¢≈òyï˛y

˛õyë˛ƒ˛õ%hflÏÜ˛ í z̨ß¨Î˚l Ü˛!Ù!ê˛
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!¢«˛Ü˛ÈüÈ!¢!«˛Ü˛yˆÏòÓ˚ çlƒ °«˛l#Î˚ !Ó£ÏÎ˚yÓ!°



9.1 Ë)̨ !ÙÜ˛y (INTRODUCTION)

§ÆÙ xôƒyˆÏÎ˚ xyÙÓ˚y Ó›Ó˚ xyÓï≈˛l !lˆÏÎ˚ ˛õˆÏí˛¸!SÈ ~ÓÇ Ó%V˛ˆÏï˛ ˆ˛õˆÏÓ˚!SÈ ˆÎ Ó›Ó˚ ÙôƒfiÌ
Ë˛ˆÏÓ˚Ó˚ !ÓlƒyˆÏ§Ó˚ í˛z˛õÓ˚ !Ü˛Ë˛yˆÏÓ Ó›Ó˚ à!ï˛ !lË≈˛Ó˚ Ü˛ˆÏÓ˚– xyÙÓ˚y ò,ì˛¸ Ó›Ó˚ §Ó˚°
˛õ!Ó˚!fiÌ!ï˛à%ˆÏ°yÓ˚ ÙˆÏôƒ•z xyÙyˆÏòÓ˚ˆÏÜ˛ §#ÙyÓÂô ˆÓ˚ˆÏá!SÈ– ò,ì˛¸Ó› Ó°ˆÏï˛ ˆÓyV˛yÎ˚ ~Ü˛!ê˛
¢=˛ Ü˛!ë˛l Ó› ÎyÓ˚ !l!ò≈T˛ xyÜ˛yÓ˚ G xyÜ,˛!ï˛ Ó˚ˆÏÎ˚ˆÏSÈ– !Ü˛v ÓyhflÏˆÏÓ Ó›ˆÏÜ˛ ≤Ã§y!Ó˚ï˛ Ü˛Ó˚y
ÎyÎ˚ñ §ÇÜ%˛!ã˛ï˛ Ü˛Ó˚y ÎyÎ˚ ~ÓÇ ÓÑyÜ˛yˆÏlyG ÎyÎ˚– ~Ùl!Ü˛ ~Ü˛!ê˛ ò,ì˛¸ •zflõyˆÏï˛Ó˚ òˆÏ[˛ ÎˆÏÌT˛
í˛zFã˛ÙyˆÏlÓ˚ Óy!•ƒÜ˛ Ó° ≤ÃˆÏÎ˚yˆÏàÓ˚ Ê˛ˆÏ° !ÓÜ,˛ï˛ •ˆÏï˛ ˆòáy ÎyÎ˚– ~ ˆÌˆÏÜ˛ ˆÓyV˛y ÎyÎ˚ ˆÎñ
Ü˛!ë˛l Ó›G ≤ÃÜ,˛ï˛ ò,ì˛¸ lÎ˚–

Ü˛!ë˛l ̨õòy Ï̂Ì≈Ó˚ !l!ò≈T˛ xyÜ˛yÓ˚ G xyÜ,̨ !ï˛ Ó˚̂ ÏÎ˚̂ ÏSÈ– Ó›Ó˚ xyÜ˛yÓ˚ G xyÜ,̨ !ï˛ ̨õ!Ó˚Óï≈̨ Ï̂lÓ˚
çlƒ ÓˆÏ°Ó˚ ≤ÃˆÏÎ˚yçl– ~Ü˛!ê˛ !fl±ÇÈüÈ~Ó˚ ~Ü˛≤Ãyhs˝ !fl±ÇÈüÈ~Ó˚ ò%≤ÃyˆÏhs˝ ôˆÏÓ˚ Î!ò Ù,ò%Ë˛yˆÏÓ ê˛yly
ÎyÎ˚ ï˛y•ˆÏ° !fl±ÇÈüÈ~Ó˚ ˜òâ≈ƒ §yÙylƒ Ó,!Âô ˛õyÎ˚ ~ÓÇ ê˛yl ˆSÈˆÏí˛¸ !òˆÏ°ñ ~!ê˛ xyÓyÓ˚ ~Ó˚
xyˆÏàÓ˚ xyÜ˛yÓ˚ G xyÜ,˛!ï˛ !Ê˛ˆÏÓ˚ ˛õyÎ˚– Ó›Ó˚ ˆÎ ˜Ó!¢ˆÏT˛ƒÓ˚ çlƒ ≤ÃÎ%=˛ Óy!•ƒÜ˛ Ó°
x˛õ§yÓ˚̂ ÏîÓ˚ ̨õÓ˚ Ó› ï˛yÓ˚ xy Ï̂àÓ˚ xyÜ˛yÓ˚ G xyÜ,̨ !ï˛ !Ê˛ Ï̂Ó˚ ̨õyÎ˚ñ ï˛y Ï̂Ü˛ Ó›Ó˚ !fiÌ!ï˛fiÌy˛õÜ˛ï˛y
ÓˆÏ° ~ÓÇ Óy!•ƒÜ˛ ÓˆÏ°Ó˚ ≤ÃË˛yˆÏÓ Ó›ˆÏï˛ ̂ Î !ÓÜ,˛!ï˛ âˆÏê˛ ï˛yˆÏÜ˛ !fiÌ!ï˛fiÌy˛õÜ˛ !ÓÜ,˛!ï˛ ÓˆÏ°–
!Ü˛vñ ï%˛!Ù Î!ò xyë˛y Óy Ü˛yòyÙy!ê˛Ó˚ !˛õˆÏ[˛ Ó° ≤ÃˆÏÎ˚yà Ü˛ˆÏÓ˚yñ ï˛y•ˆÏ° ~à%ˆÏ°yÓ˚ !Ü˛v ̨õ)ˆÏÓ≈Ó˚
xyÜ,˛!ï˛ˆÏï˛ !Ê˛ˆÏÓ˚ ÎyÓyÓ˚ ˆÜ˛yˆÏly ≤ÃÓîï˛y ˆòáy ÎyÎ˚ ly ~ÓÇ ~ˆÏòÓ˚ fiÌyÎ˚# !ÓÜ,˛!ï˛ âˆÏê˛–
~ôÓ˚ˆÏlÓ˚ Ó›ˆÏÜ˛ ÓˆÏ° lÙl#Î˚ åplasticä ~ÓÇ ~•z ôÙ≈ˆÏÜ˛ ÓˆÏ° lÙl#Î˚ï˛y åplasticityä–
˛õ%!ê˛Ç åxyë˛yä ~ÓÇ Ü˛yòyÙy!ê˛Ó˚ ò°y •° xyò¢≈ lÙl#Î˚ Ó›Ó˚ í˛zòy•Ó˚î–

Ó›Ó˚ !fiÌ!ï˛fiÌy˛õÜ˛ ôÙ≈ ≤ÃÎ%!=˛àï˛ ˛õ!Ó˚Ü˛“lyÎ˚ åEngineering Designä à%Ó˚%c˛õ)î≈
Ë)̨ !ÙÜ˛y ̨õy°l Ü˛ Ï̂Ó˚– í z̨òy•Ó˚îfl∫Ó)̨̊ õñ òy°ylÓy!í ¸̨Ó˚ lÜ˛¢y ̃ ï˛!Ó˚Ó˚ §ÙÎ˚ •zflõyï˛ ~ÓÇ Ü˛Ç!Ü ̨ Ï̂ê˛Ó˚
Ù Ï̂ï˛y Ó›Ó˚ !fiÌ!ï˛fiÌy˛õÜ˛ ôÙ≈ §¡õ Ï̂Ü≈̨  K˛yl á%Ó à%Ó%̊c˛õ)î≈– ̂ §ï%̨ ñ ̂ Ùyê˛Ó˚ày!í ¸̨ ~ÓÇ ̂ Ó˚y˛õG Ï̂Î˚
åropewayä •zï˛ƒy!òÓ˚ lÜ˛¢y ˜ï˛!Ó˚Ó˚ ˆ«˛ˆÏeG ~ê˛y áyˆÏê˛– ˆÜ˛í˛z ≤ÃŸ¿ Ü˛Ó˚ˆÏï˛ ˛õyˆÏÓ˚ñ xyÙÓ˚y
!Ü˛ ~Ùl ~Ü˛ê˛ !ÓÙyˆÏlÓ˚ lÜ˛¢y ˜ï˛!Ó˚ Ü˛Ó˚ˆÏï˛ ˛õy!Ó˚ Îy á%Ó•z •y°Ü˛y !Ü˛v á%Ó•z ÙçÓ%ï˛⁄
xyÙÓ˚y !Ü˛ ~Ùl ̂ Ü˛y Ï̂ly Ü,̨ !eÙ xAà Óyly Ï̂ï˛ ̨õy!Ó˚ Îy •yÕÒy !Ü˛v ¢!=˛¢y°# ⁄ ̂ Ü˛l ̂ Ó˚°˛õ Ï̂ÌÓ˚
ÚIÛ ~Ó˚ Ù Ï̂ï˛y !l!ò≈T˛ xyÜ,̨ !ï˛ Ìy Ï̂Ü˛⁄ Ü˛yã˛ Ë˛Aà%Ó˚ñ !Ü˛v !˛õï˛° Ë˛Aà%Ó˚ lÎ˚ ÈüÈ ̂ Ü˛l⁄ x Į̈̂ õ«˛yÜ,̨ ï˛
§yôyÓ˚î ÙyˆÏlÓ˚ Gçl Óy Ó° !Ü ˛Î˚y¢#° •ˆÏÎ˚ !Ó!Ë˛ß¨ Ü˛!ë˛l Ó›Ó˚ Ü˛#Ë˛yˆÏÓ !ÓÜ,˛!ï˛ âê˛yÎ˚ ï˛yÓ˚
xl%§rôyˆÏlÓ˚ Ùôƒ !òˆÏÎ˚ ~§Ó ≤ÃˆÏŸ¿Ó˚ í˛z_Ó˚ ̂ áÑyçy ¢%Ó˚% •Î˚– ~•z xôƒyˆÏÎ˚ xyÙÓ˚y Ü˛!ë˛l Ó›Ó˚
!fiÌ!ï˛fiÌy˛õÜ˛ ~ÓÇ Îy!sfÜ˛ ôÙ≈ §¡∫̂ Ïrô çylÓ Îy ̂ Ì Ï̂Ü˛ ~ ôÓ˚̂ ÏlÓ˚ x Ï̂lÜ˛ ≤Ã Ï̂Ÿ¿Ó˚  í z̨_Ó˚ á%Ñ̂ Ïç
˛õyGÎ˚y ÎyˆÏÓ–

9.1 Ë)̨ !ÙÜ˛y

9.2 Ü˛!ë˛l ̨ õòyˆÏÌ≈Ó˚ !fiÌ!ï˛fiÌy˛õÜ˛ xyã˛Ó˚î

9.3 ˛õ#í˛¸l ~ÓÇ !ÓÜ,˛!ï˛

9.4 •%ˆÏÜ˛Ó˚ §)e

9.5 ˛õ#í˛¸lÈüÈ!ÓÜ,˛!ï˛ ˆ°á!ã˛e

9.6 !fiÌ!ï˛fiÌy˛õÜ˛ à%îyAÜ˛§Ù)•

9.7 ˛õòyˆÏÌ≈Ó˚ !fiÌ!ï˛fiÌy˛õÜ˛ ôˆÏÙ≈Ó˚ ÓƒÓ•yÓ˚

§yÓ˚yÇ¢

ˆË˛ˆÏÓ ˆòáyÓ˚ !Ó£ÏÎ˚§Ù)•

xl%¢#°l#

x!ï˛!Ó˚=˛ xl%¢#°l#

xôƒyÎ˚ ı lÓÙ

Ü˛!ë˛l ˛õòyˆÏÌ≈Ó˚ Îy!sfÜ˛ ôÙ≈yÓ!°
(MECHANICAL PROPERTIES OF SOLIDS)
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9.2  Ü˛!ë˛l ̨õòyˆÏÌ≈Ó˚ !fiÌ!ï˛fiÌy˛õÜ˛ xyã˛Ó˚î (ELASTIC

BEHAVIOUR OF SOLIDS)

xyÙÓ˚y çy!l ˆÎñ Ü˛!ë˛l ˛õòyˆÏÌ≈Ó˚ ≤Ã!ï˛!ê˛ ˛õÓ˚Ùyî% xÌÓy xî% !lÜ˛ê˛Óï≈˛#

˛õÓ˚Ùyî% Óy xî% myÓ˚y ˆÓ!T˛ï˛ ÌyˆÏÜ˛– ~à%ˆÏ°y xyhs˝/xyî!ÓÜ˛ Óy xyhs˝/

˛õyÓ˚Ùyî!ÓÜ˛ Ó° myÓ˚y ̨õÓ˚flõ Ï̂Ó˚Ó˚ § Ï̂Aà xyÓÂô ~ÓÇ !fiÌÓ˚ §yÙƒ xÓfiÌyÎ˚

ÌyˆÏÜ˛– Îál Ü˛!ë˛ˆÏlÓ˚ !ÓÜ,˛!ï˛ âˆÏê˛ ï˛ál ˛õÓ˚Ùyî% Óy xî%à%ˆÏ°y ï˛yˆÏòÓ˚

§yÙƒ xÓfiÌyl ˆÌˆÏÜ˛ §ˆÏÓ˚ !àˆÏÎ˚ xyhs˝/˛õyÓ˚Ùyî!ÓÜ˛ Óy xyhs˝/xyî!ÓÜ˛

ò)Ó˚ˆÏcÓ˚ ˛õ!Ó˚Óï≈˛l âê˛yÎ˚– Îál !ÓÜ,˛!ï˛Ü˛yÓ˚# Ó° §!Ó˚ˆÏÎ˚ ˆlGÎ˚y •Î˚ñ

ï˛ál xyhs˝/˛õyÓ˚Ùyî!ÓÜ˛ Ó° ï˛y Ï̂òÓ˚̂ ÏÜ˛ xyÓyÓ˚ ̨õ)̂ ÏÓ≈Ó˚ xÓfiÌy Ï̂l !Ê˛!Ó˚̂ ÏÎ˚

!lˆÏÎ˚ xyˆÏ§– ~Ë˛yˆÏÓ Ó› ˛õ%lÓ˚yÎ˚ ˛õ)ˆÏÓ≈Ó˚ xyÜ˛yÓ˚ ~ÓÇ xyÜ,˛!ï˛ !Ê˛ˆÏÓ˚

˛õyÎ˚– ~•z ˛õ%lÓ˚%ÂôyÓ˚Ü˛yÓ˚# !ÓˆÏ¢£Ï ˆÜ˛Ô¢° ~Ü˛!ê˛ !fl±ÇÈüÈÓ° ÙˆÏí˛ˆÏ°Ó˚

§y•y Ï̂Îƒ §• Ï̂ç•z ̂ òáy Ï̂ly ÎyÎ˚ å!ã˛e 9.1ä– ~áy Ï̂l Ó°à%̂ Ï°y ̨õÓ˚Ùyî%̂ ÏÜ˛˛

~ÓÇ !fl±Çà%ˆÏ°y xyhs˝/˛õyÓ˚Ùyî!ÓÜ˛ Ó°ˆÏÜ˛ ≤ÃÜ˛y¢ Ü˛ˆÏÓ˚–

§)e í z̨̨ õfiÌy˛õl Ü˛ Ï̂Ó˚lñ Îy Ï̂Ü˛ •%̂ ÏÜ˛Ó˚ §)e Ó°y •Î˚– xyÙÓ˚y ~ §)e §¡õ Ï̂Ü≈̨

xl%ˆÏFSÈò 9.4 ÈüÈ~ ˛õí˛¸Ó– ÓˆÏÎ˚ˆÏ°Ó˚ §)ˆÏeÓ˚ ÙˆÏï˛y ~•z §)e!ê˛G !ÓK˛yˆÏlÓ˚

¢%Ó%̊Ó˚ !ò Ï̂Ü˛Ó˚ ̨õ!Ó˚Ùy˛õàï˛ §¡õ Ï̂Ü≈̨ Ó˚ Ù Ï̂ôƒ ~Ü˛!ê˛– ≤ÃÎ%!=˛àï˛ ̨õ!Ó˚Ü˛“lyÓ˚

ˆ«˛ˆÏe !Ó!Ë˛ß¨ Ë˛yˆÏÓ˚Ó˚ xô#ˆÏl ̨õòyˆÏÌ≈Ó˚ ôÙ≈ çylyÓ˚ çlƒ ~ §)e!ê˛ !ÓˆÏ¢£Ï

í˛z˛õˆÏÎyà#–

9.3  ̨õ#í ¸̨l ~ÓÇ !ÓÜ,̨ !ï˛ (STRESS AND STRAIN)

Îál ˆÜ˛yˆÏly Ó›ˆÏï˛ ~ÙlË˛yˆÏÓ Ó° ≤ÃˆÏÎ˚yà Ü˛Ó˚y •Î˚ ˆÎñ Ó°≤ÃˆÏÎ˚yˆÏàÓ˚

Ê˛ˆÏ°G Ó›!ê˛ !fiÌÓ˚ §yˆÏÙƒ ÌyˆÏÜ˛ñ Ó›Ó˚ !ÓÜ,˛!ï˛ Ü˛Ù •ˆÏÓ ly ˆÓ!¢ •ˆÏÓ

ï˛y !lË≈˛Ó˚ Ü˛ˆÏÓ˚ Ó›Ó˚ í˛z˛õyòyˆÏlÓ˚ ≤ÃÜ,˛!ï˛ ~ÓÇ !ÓÜ,˛!ï˛Ü˛yÓ˚# ÓˆÏ°Ó˚ ÙyˆÏlÓ˚

í˛z˛õÓ˚– !Ü˛S%È Ó›ˆÏï˛ !ÓÜ,˛!ï˛ ÌyÜ˛ˆÏ°G ò,¢ƒï˛ ï˛y °«˛î#Î˚ lÎ˚– ˆÜ˛yˆÏly

Ó›ˆÏï˛ Îál !ÓÜ,˛ï˛ Ó° !Ü ˛Î˚y¢#° •Î˚ñ Ó›ˆÏï˛ ï˛ál ~Ü˛!ê˛ ≤Ãï˛ƒylÎ˚Ü˛

ÓˆÏ°Ó˚ í˛zqÓ •Î˚– ~•z ≤Ãï˛ƒylÎ˚Ü˛ ÓˆÏ°Ó˚ Ùyl ≤ÃÎ%=˛ ÓˆÏ°Ó˚ ÙyˆÏlÓ˚ §Ùyl

!Ü˛v !òÜ˛ !Ó˛õÓ˚#ï˛– ≤Ã!ï˛ ~Ü˛Ü˛ ̂ «˛eÊ˛ˆÏ° !Ü ˛Î˚y¢#° ≤Ãï˛ƒylÎ˚Ü˛ Ó°ˆÏÜ˛

˛õ#í ¸̨l Ó Ï̂°– Î!ò ≤ÃÎ%=˛ Ó° F ~ÓÇ Ó›Ó˚ ≤ÃfiÌ Ï̂FSÈ Ï̂òÓ˚ ̂ «˛eÊ˛°  A  •Î˚ñ

ï˛y•ˆÏ° ˛õ#í˛¸ˆÏlÓ˚ Ùyl  = F/A (9.1)

˛õ#í˛¸ˆÏlÓ˚  SI ~Ü˛Ü˛ •° N m–2 xÌÓy ̨õyflÒy° (Pa) ~ÓÇ ~Ó˚ Ùyeyàï˛

§)e •ˆÏ°y  [ ML–1T–2 ].

Óy!•ƒÜ˛ ÓˆÏ°Ó˚ ≤ÃË˛yˆÏÓ ˆÜ˛yˆÏly Ü˛!ë˛l Ó›Ó˚ ÙyeyÓ˚ ˛õ!Ó˚Óï≈˛l !ï˛l

í z̨̨ õy Ï̂Î˚ • Ï̂ï˛ ̨õy Ï̂Ó˚– !ã˛e  9.2 ~ ̂ òáy Ï̂ly • Ï̂Î˚̂ ÏSÈ– !ã˛e 9.2(a) ~ ~Ü˛!ê˛

ˆã˛y.ˆÏÜ˛ ≤ÃfiÌˆÏFSÈˆÏòÓ˚ °¡∫ ÓÓ˚yÓÓ˚ ò%!ê˛ §ÙÙyˆÏlÓ˚ Ó° myÓ˚y ê˛yly •°–

~ˆÏ«˛ˆÏe ≤Ã!ï˛ ~Ü˛Ü˛ ˆ«˛eÊ˛ˆÏ° ≤Ãï˛ƒylÎ˚Ü˛ Ó°ˆÏÜ˛ ≤Ã§yÎ≈ ˛õ#í˛¸l ÓˆÏ°–

≤ÃÎ%=˛ ÓˆÏ°Ó˚ xô#ˆÏl ˆã˛y.!ê˛ Î!ò §ÇÜ%˛!ã˛ï˛ •Î˚ñ ï˛y•ˆÏ° ≤Ã!ï˛ ~Ü˛Ü˛

ˆ«˛eÊ˛ˆÏ°Ó˚ ≤Ãï˛ƒylÎ˚Ü˛ Ó°ˆÏÜ˛ §ÇˆÏÜ˛yã˛l ˛õ#í˛¸l ÓˆÏ°– ≤Ã§yÓ˚î Óy

§ÇˆÏÜ˛yã˛l ̨õ#í˛¸lˆÏÜ˛ xl%˜Ïòâ≈ƒ ̨ õ#í˛¸lG Ó°y •Î˚–

í˛zË˛Î˚ˆÏ«˛ˆÏe•z ˆã˛yˆÏ.Ó˚ ˜òˆÏâ≈ƒÓ˚ ˛õ!Ó˚Óï≈˛l •Î˚– Ó›Ó˚ å~ˆÏ«˛ˆÏe

!§!°u˛yÓ˚ä ˜òˆÏâ≈ƒÓ˚ ˛õ!Ó˚Óï≈˛l  ∆L ~ÓÇ ≤ÃÜ,˛ï˛ ˜òâ≈ƒ L ~Ó˚ xl%˛õyï˛ˆÏÜ˛

xl%˜Ïòâ≈ƒ !ÓÜ,˛!ï˛ ÓˆÏ°–

xl%˜Ïòâ≈ƒ !ÓÜ,˛!ï˛   =
∆L

L
(9.2)

§%ï˛Ó˚yÇñ ò%!ê˛ §ÙÙyˆÏlÓ˚ !Ó˛õÓ˚#ï˛Ù%á# !ÓÜ,˛!ï˛Ü˛yÓ˚# Ó° ˆã˛yˆÏ.Ó˚

≤ÃfiÌˆÏFSÈˆÏòÓ˚ §ˆÏAà §Ùyhs˝Ó˚y°Ë˛yˆÏÓ ≤ÃˆÏÎ˚yà Ü˛Ó˚y •ˆÏ° å!ã˛e9.2(b) ˆï˛

ˆòáyˆÏly •ˆÏÎ˚ˆÏSÈä ˆã˛yˆÏ.Ó˚ ò%•z !Ó˛õÓ˚#ï˛˛õ,ˆÏ¤˛Ó˚ ÙˆÏôƒ xyˆÏ˛õ!«˛Ü˛ §Ó˚î

âˆÏê˛– ≤ÃÎ%=˛ flõy¢≈Ü˛ ÓˆÏ°Ó˚ ≤ÃË˛yˆÏÓ ≤Ã!ï˛ ~Ü˛Ü˛ ˆ«˛eÊ˛ˆÏ° í˛zÍ˛õß¨

≤Ãï˛ƒylÎ˚Ü˛ Ó°ˆÏÜ˛ flõy¢≈Ü˛ Óy Ü,˛hs˝l !ÓÜ,˛!ï˛ åtangential xÌÓy

shearing stressä ÓˆÏ°–

ï%˛!Ù Î!ò ˆÜ˛yˆÏly ~Ü˛!ê˛ Ó°ˆÏÜ˛ ï˛yÓ˚ §yÙƒ xÓfiÌyl ˆÌˆÏÜ˛ !Óã%˛ƒï˛

Ü˛Ó˚̂ Ïï˛ ̂ ã˛T˛y Ü˛ Ï̂Ó˚y ï˛y• Ï̂° !fl±Ç ÓƒÓfiÌy Ó°!ê˛ Ï̂Ü˛ ï˛yÓ˚ ̨õ)̂ ÏÓ≈Ó˚ xÓfiÌy Ï̂l

!Ê˛!Ó˚ˆÏÎ˚ xylˆÏï˛ ˆã˛T˛y Ü˛ˆÏÓ˚– ï˛y•z Ü˛!ë˛l ˛õòyˆÏÌ≈Ó˚ !fiÌ!ï˛fiÌy˛õÜ˛ ôÙ≈

˛õòy Ï̂Ì≈Ó˚ xyî%Ó#«˛!îÜ˛ xyÜ,̨ !ï˛ myÓ˚y !Ó Ï̂Ÿ’£Ïî Ü˛Ó˚y ÎyÎ˚– •zÇ Ï̂Ó˚ç ̨õòyÌ≈!Óò

Ó˚Óyê≈˛ •%Ü˛ (1635 - 1703 A.D) !fl±ÇÈüÈ~Ó˚ í˛z˛õÓ˚ ~Ü˛!ê˛ ̨ õÓ˚#«˛y Ü˛ˆÏÓ˚l

~ÓÇ ˆòˆÏá!SÈˆÏ°l ˆÎ Ó›Ó˚ ˜òˆÏâ≈ƒÓ˚ ˛õ!Ó˚Óï≈˛l åelongationä Ó›ˆÏï˛

≤ÃÎ%=˛ Ë˛yÓ˚ Óy Ó Ï̂°Ó˚ §Ùyl%̨ õy!ï˛Ü˛– 1676 §y Ï̂° í z̨!l !fiÌ!ï˛fiÌy˛õÜ˛ï˛yÓ˚

!ã˛e  9.1 Ü˛!ë˛l ̨õòy Ï̂Ì≈Ó̊ !fiÌ!ï˛fiÌy˛õÜ˛ ô Ï̂Ù≈Ó̊ ÓƒyáƒyÓ̊ çlƒ !fl±ÇÈüÈÓ°
Ù Ï̂í˛°–
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≤ÃÎ%=˛ !ï˛Î≈Ü˛ Ó Ï̂°Ó˚ ≤ÃË˛y Ï̂Ó ̂ ã˛y Ï̂.Ó˚ !Ó˛õÓ˚#ï˛˛õ,̂ Ï¤˛Ó˚ Ù Ï̂ôƒ xy Į̈̂ õ!«˛Ü˛

§Ó˚î •Î˚  ∆x  å!ã˛e ı  9.2(b)ä– ~Ó˚ Ê˛ˆÏ° §,T˛ !ÓÜ,˛!ï˛ˆÏÜ˛ ÓˆÏ° Ü,˛hs˝l

!ÓÜ,˛!ï˛ ~ÓÇ ~ˆÏÜ˛ ò%!ê˛ ̨ õ,ˆÏ¤˛Ó˚ xyˆÏ˛õ!«˛Ü˛ §Ó˚î  ∆x  ~ÓÇ ̂ ã˛yˆÏ.Ó˚ ̃ òâ≈ƒ

L ~Ó˚ xl%˛õyˆÏï˛Ó˚ ÙyôƒˆÏÙ ≤ÃÜ˛y¢ Ü˛Ó˚y •Î˚–

Ü,˛hs˝l !ÓÜ,˛!ï˛ =
∆x

L
 = tan θ (9.3)

ˆÎáy Ï̂l θ  •° ̂ ã˛y Ï̂.Ó˚ í z̨Õ‘¡∫ xÓfiÌyl åˆã˛y Ï̂.Ó˚ ≤ÃyÌ!ÙÜ˛ xÓfiÌylä

ˆÌˆÏÜ˛ ̂ Ü˛Ô!îÜ˛ §Ó˚î– §yôyÓ˚îï˛ñθ á%Ó «%˛o •GÎ˚yÎ˚ tan θ ~Ó˚ Ùyl ≤ÃyÎ˚

θ ~Ó˚ §Ùyl •Î˚ åtan θ ≈ θ ä– åí˛zòy•Ó˚îfl∫Ó˚)˛õ Î!ò θ = 10° •Î˚ñ

ï˛y•ˆÏ° θ  ~ÓÇ tan θ ~Ó˚ ÙyˆÏlÓ˚ ÙˆÏôƒ ̨ õyÌ≈Ü˛ƒ •Î˚ 1%  Óy  ¢ï˛Ü˛Ó˚y 1

Ë˛yàä– Îál ~Ü˛!ê˛ Ó•zˆÏÜ˛ •yï˛ !òˆÏÎ˚ ã˛y˛õ !òˆÏÎ˚ xl%Ë)˛!ÙÜ˛Ë˛yˆÏÓ ôyE˛y

ˆòGÎ˚y •Î˚ñ !ã˛e 9.2 (c) ~ ˆòáyˆÏly •ˆÏÎ˚ˆÏSÈñ ï˛ál ~ ôÓ˚ˆÏlÓ˚ !ÓÜ,˛!ï˛

ˆòáy ÎyÎ˚–

§%ï˛Ó˚yÇñ Ü,˛hs˝l !ÓÜ,˛!ï˛  = tan θ ≈ θ (9.4)

!ã˛e 9.2 (d) ˆï˛ ˆÜ˛yˆÏly ï˛Ó˚ˆÏ°Ó˚ ˆË˛ï˛Ó˚ ~Ü˛!ê˛ !lˆÏÓ˚ê˛ ˆày°Ü˛ˆÏÜ˛

í z̨Fã˛ã˛y Į̈̂ õÓ˚ xô# Ï̂l Ó˚yá Ï̂° ̂ ày°Ü˛!ê˛Ó˚ §Ü˛° ̨õyŸª≈•z §%£ÏÙË˛y Ï̂Ó §ÇÜ%̨ !ã˛ï˛

•Î˚– ≤ÃÎ%=˛ Ó° Ó›Ó˚ ˛õ,ˆÏ¤˛Ó˚ ≤Ã!ï˛!ê˛ !Ó®%ˆÏï˛ °¡∫Ë˛yˆÏÓ !Ü ˛Î˚y¢#° •ˆÏÓ

~ÓÇ Ó°y •ˆÏÓ ̂ Î Ó›!ê˛ í˛zò˜ÏfiÌ!ï˛Ü˛ §ÇˆÏÜ˛yã˛ˆÏlÓ˚ xô#l– ~ˆÏï˛ Ó›!ê˛Ó˚

çƒy!Ù!ï˛Ü˛ xyÜ˛yˆÏÓ˚Ó˚ ˛õ!Ó˚Óï≈˛l ly •ˆÏÎ˚ ~Ó˚ xyÎ˚ï˛l •…y§ ˛õyÎ˚–

Ó̊Óyê≈̨  •%Ü˛ (Robert Hooke)

(1635 – 1703 A.D.)

Ó˚Óyê≈˛ •%Ü˛ •zÇ°ƒyˆÏu˛Ó˚ xy•z° xÊ‰˛ GÎ˚y•zˆÏê˛Ó˚ (Isle of wight) ˆÊ˛¢GÎ˚yê˛yˆÏÓ˚ 1635 !á fiê˛yˆÏ∑Ó˚ 18 •z ç%°y•z
çß√@˝Ã•î Ü˛ˆÏÓ˚l– í˛z!l !SÈˆÏ°l §Æò¢ ¢ï˛ˆÏÜ˛Ó˚ á%Ó ˆÙôyÓ# ~ÓÇ Ó•%Ù%á# ≤Ã!ï˛Ë˛y§¡õß¨ ~Ü˛çl •zÇˆÏÓ˚ç
!ÓK˛yl#– !ï˛!l x:ˆÏÊ˛yí≈˛ !ÓŸª!Óòƒy°ˆÏÎ˚ ˛õí˛¸y¢%ly Ü˛ˆÏÓ˚!SÈˆÏ°l !Ü˛v fl¨yï˛Ü˛ •ˆÏï˛ ˛õyˆÏÓ˚l !l– ï˛Ìy!˛õ !ï˛!l
!SÈˆÏ°l ~Ü˛çl xï˛ƒhs˝ ≤Ã!ï˛Ë˛y¢y°# xy!Ó‹ÒyÓ˚Ü˛ñ ˜ÓK˛y!lÜ˛ Îsfy!òÓ˚ ≤Ã›ï˛Ü˛yÓ˚Ü˛ ~ÓÇ Ë˛ÓˆÏlÓ˚ lÜ˛¢yÜ˛yÓ˚
!SÈ Ï̂°l– í z̨!l Ó Ï̂Î˚!°Î˚yl åBoyleanä ÓyÎ%̊ ̨õy¡õ !lÙ≈y Ï̂î Ó˚Óyê≈̨  Ó Ï̂Î˚̂ Ï°Ó˚ §• Ï̂Îyà# !SÈ Ï̂°l– 1662 !á fiê˛y Ï̂∑ í z̨!l
§òƒ ≤Ã!ï˛!¤˛ï˛ Ó˚ˆÏÎ˚° ˆ§y§y•z!ê˛Ó˚ àˆÏÓ£Ïîy ï˛_¥yÓôyÎ˚Ü˛ !•§yˆÏÓ !lÎ%=˛ •ˆÏÎ˚!SÈˆÏ°l– 1665 !á fiê˛yˆÏ∑ !ï˛!l
ˆ@˝Ã§yÙ Ü˛ˆÏ°ˆÏçÓ˚ çƒy!Ù!ï˛Ó˚ xôƒy˛õÜ˛ !•§yˆÏÓ !lÎ%=˛ •ˆÏÎ˚!SÈˆÏ°l– ˆ§áyˆÏl !ï˛!l  ïÑ˛yÓ˚ ˆçƒy!ï˛!Ó≈òƒy §ÇÜ ˛yhs˝
˛õÎ≈ˆÏÓ«˛î §¡õß¨ Ü˛ˆÏÓ˚!SÈˆÏ°l– í˛z!l ˆ@˝ÃˆÏà!Ó˚Î˚yl ≤Ã!ï˛Ê˛°Ü˛ ò)Ó˚Ó#l ˜ï˛!Ó˚ Ü˛ˆÏÓ˚!SÈˆÏ°ló ê˛∆y!˛õ!çÎ˚yˆÏÙ ˛õM˛Ù
ï˛yÓ˚Ü˛y ï˛Ìy Ü˛y°˛õ%Ó˚%£Ï lyÙÜ˛ í˛zIµ° ï˛yÓ˚Ü˛yÙ[˛°#ˆÏï˛ ï˛yÓ˚Ü˛yà%FSÈ xy!Ó‹ÒyÓ˚ Ü˛ˆÏÓ˚!SÈˆÏ°ló Ó,•flõ!ï˛ ï˛yÓ˚ !lç
x Ï̂«˛•z xyÓ!ï≈̨ ï˛ •Î˚ ï˛yÓ˚ ôyÓ˚îy !ò Ï̂Î˚!SÈ̂ Ï°ló ÙAà°@˝Ã Ï̂•Ó˚ ̨õ%Cyl%̨ õ%C ̂ Ó˚áy!ã˛e ̃ ï˛!Ó˚ Ü˛ Ï̂Ó˚!SÈ̂ Ï°lñ Îy ̨õÓ˚Óï≈̨ # Ï̂ï˛
|l!ÓÇ¢ ¢ï˛y∑#ˆÏï˛ @˝Ã•à%ˆÏ°yÓ˚ xyÓï≈˛l •yÓ˚ !lî≈ˆÏÎ˚ ÓƒÓ•,ï˛ •ˆÏÎ˚!SÈ°ó @˝Ã•y!òÓ˚ à!ï˛Ó˚ Óî≈lyÎ˚ ÓƒhflÏÓˆÏà≈Ó˚
§)ˆÏeÓ˚ !ÓÓ,!ï˛ !òˆÏÎ˚!SÈˆÏ°ló Îy ˛õÓ˚Óï≈˛#ˆÏï˛ !lí˛zê˛l §ÇˆÏ¢yôl Ü˛ˆÏÓ˚!SÈˆÏ°l •zï˛ƒy!ò– í˛z!l Ó˚Î˚ƒy° ˆ§y§y•z!ê˛Ó˚
ˆÊ˛ˆÏ°y !lÓ≈y!ã˛ï˛ •ˆÏÎ˚!SÈˆÏ°l ~ÓÇ ̂ §y§y•z!ê˛Ó˚ §!ã˛Ó !•§yˆÏÓG 1667 ̂ ÌˆÏÜ˛ 1682 ̨õÎ≈hs˝ òy!Î˚c ̨õy°l Ü˛ˆÏÓ˚!SÈˆÏ°l– Ùy•zˆÏÜ ˛y@˝Ãy!Ê˛Î˚yÎ˚ Ó!î≈ï˛ ïÑ˛yÓ˚
ôyÓ˚yÓy!•Ü˛ ˛õÎ≈ˆÏÓ«˛ˆÏî !ï˛!l xyˆÏ°yÓ˚ ï˛Ó˚Aàï˛ˆÏ_¥Ó˚ ≤ÃhflÏyÓ Ü˛ˆÏÓ˚l ~ÓÇ Ü˛ˆÏÜ≈˛Ó˚ àˆÏÓ£ÏîyÓ˚ Ê˛°fl∫Ó˚)˛õ ˜ç!ÓÜ˛ ≤Ã§ˆÏAà ˆÜ˛y¢ ¢∑!ê˛ ≤ÃÌÙÓyÓ˚
ÓƒÓ•yÓ˚ Ü˛ˆÏÓ˚l– Ó˚Óyê≈˛ •%Ü˛ !fiÌ!ï˛fiÌy˛õÜ˛ï˛yÓ˚ §)ˆÏeÓ˚ xy!Ó‹ÒyÓ˚Ü˛ ˛õòyÌ≈!Óò !•§yˆÏÓ §Ó≈y!ôÜ˛ ˛õ!Ó˚!ã˛ï˛ ı •zí˛z !ê˛ ˆê˛l!§Gñ !§Ü˛ !Ë˛§‰ å~!ê˛ ~Ü˛!ê˛
°ƒy!ê˛l ÓyÜ˛ƒ ÎyÓ˚ xÌ≈ •°ñ Îï˛ê%̨ Ü%̨  Ó° ï˛ï˛ê%̨ Ü%̨  !ÓÜ,̨ !ï˛ä– ~!ê˛ !fiÌ!ï˛fiÌy˛õÜ˛ Ó›Ó˚ ̨õ#í ¸̨l ~ÓÇ !ÓÜ,̨ !ï˛Ó˚ í z̨̨ õ°!kô ~ÓÇ xôƒÎ˚̂ ÏlÓ˚ ̂ ÙÔ!°Ü˛ !Ë˛!_–

(a) (b) (c) (d)

!ã˛e  9.2 (a) ≤Ã§yÎ≈ ˛õ#í˛¸ˆÏlÓ˚ xô#ˆÏl ~Ü˛!ê˛ ˆã˛y.yÜ,˛!ï˛ Ó›Ó˚ ≤Ã§y!Ó˚ï˛ xÇ¢ •° ∆L (b) Ü,˛hs˝l ˛õ#í˛¸ˆÏlÓ˚ Ê˛ˆÏ° ~Ü˛!ê˛ ˆã˛yˆÏ.Ó˚ ˆÜ˛Ô!îÜ˛ !ÓÜ,˛!ï˛
•° θ (c) Ü,˛hs˝l ̨õ#í˛¸ˆÏlÓ˚ xô#ˆÏl ~Ü˛!ê˛ Ó›– (d) ̨õ,¤˛ï˛ˆÏ°Ó˚ ≤ÃˆÏï˛ƒÜ˛ !Ó®%Ó˚ åí˛zò˜ÏfiÌ!ï˛Ü˛ ̨õ#í˛¸lä §ˆÏAà °¡∫Ë˛yˆÏÓ !Ü ˛Î˚y¢#° ̨õ#í˛¸ˆÏlÓ˚
xô#l–  xyÎ˚ï˛l !ÓÜ,˛!ï˛ •°  ∆V/V – !Ü˛v ~ˆÏ«˛ˆÏe xyÜ˛yˆÏÓ˚Ó˚ ˆÜ˛yˆÏly ˛õ!Ó˚Óï≈˛l •Î˚ ly–
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Ó› Ï̂ï˛ ~Ü˛!ê˛ xË˛ƒhs˝Ó˚#î ≤Ãï˛ƒylÎ˚Ü˛ Ó Ï̂°Ó˚ í z̨qÓ •Î˚ Îy ï˛Ó˚° ÙyôƒÙ

Ü˛ï,≈˛Ü˛ ≤ÃÎ%=˛ ÓˆÏ°Ó˚ §Ùyl !Ü˛v !Ó˛õÓ˚#ï˛ åï˛Ó˚° ÙyôƒÙ ̂ ÌˆÏÜ˛ ̂ ÓÓ˚ Ü˛ˆÏÓ˚

xylˆÏ° Ó›!ê˛ ï˛yÓ˚ ≤ÃÜ,˛ï˛ xyÜ˛yÓ˚ ~ÓÇ xyÎ˚ï˛l ˛õ%lÓ˚yÎ˚ !Ê˛ˆÏÓ˚ ˛õyÎ˚ä–

~ Ï̂«˛ Ï̂e ≤Ã!ï˛ ~Ü˛Ü˛ ̂ «˛eÊ˛ Ï̂° !Ü ̨ Î˚y¢#° xyË˛ƒhs˝Ó˚#î ≤Ãï˛ƒylÎ˚Ü˛ Ó° Ï̂Ü˛

í z̨ò‰̃ ÏfiÌ!ï˛Ü˛ ̨õ#í ¸̨l Ó Ï̂° ~ÓÇ ~Ó˚ Ùyl í z̨ò‰̃ ÏfiÌ!ï˛Ü˛ ã˛y Į̈̂ õÓ˚ å≤Ã!ï˛ ~Ü˛Ü˛

ˆ«˛eÊ˛ˆÏ° ≤ÃÎ%=˛ Ó°ä §Ùyl–

í˛zò‰˜ÏfiÌ!ï˛Ü˛ ã˛yˆÏ˛õÓ˚ åhydraulic pressureä Ê˛ˆÏ° §,T˛ !ÓÜ,˛!ï˛ˆÏÜ˛

xyÎ˚ï˛l !ÓÜ,˛!ï˛ ÓˆÏ° ~ÓÇ ~ˆÏÜ˛ ≤ÃÜ˛y¢ Ü˛Ó˚y •Î˚ xyÎ˚ï˛l ˛õ!Ó˚Óï≈˛l

(∆V) ~ÓÇ ≤ÃyÌ!ÙÜ˛ xyÎ˚ï˛ˆÏlÓ˚ (V ) xl%˛õyˆÏï˛Ó˚ ÙyôƒˆÏÙ

xyÎ˚ï˛l !ÓÜ,˛!ï˛ =
∆V

V
(9.5)

ˆÎˆÏ•ï%˛ !ÓÜ,˛!ï˛ •° ˛õ!Ó˚Ó!ï≈˛ï˛ Ùyey ~ÓÇ ≤ÃÜ,˛ï˛ ÙyeyÓ˚ xl%˛õyï˛ñ
ï˛y•z ~Ó˚ ˆÜ˛yˆÏly ~Ü˛Ü˛ ˆl•z ~ÓÇ ~!ê˛ Ùyey•#l Ó˚y!¢–

9.4  •%̂ ÏÜ˛Ó˚ §)e (HOOKE’S LAW)

!ã˛e (9.2) ~ Ó!î≈ï˛ ̨õ!Ó˚!fiÌ!ï˛ xl%ÎyÎ˚# ̨õ#í ¸̨l G !ÓÜ,̨ !ï˛Ó˚ !Ë˛ß¨ !Ë˛ß¨ Ó)̨̊ õ
•ˆÏï˛ ˛õyˆÏÓ˚– «%˛o !ÓÜ,˛!ï˛Ó˚ ˆ«˛ˆÏe ˛õ#í˛¸l ~ÓÇ !ÓÜ,˛!ï˛ ˛õÓ˚flõˆÏÓ˚Ó˚
§Ùyl%˛õy!ï˛Ü˛– ~!ê˛•z •%ˆÏÜ˛Ó˚ §)e–

§%ï˛Ó˚yÇñ ˛õ#í˛¸l ∝ !ÓÜ,˛!ï˛
õ#í˛¸l = k × !ÓÜ,˛!ï˛ (9.6)

ˆÎáyˆÏl k •° §Ùyl%˛õy!ï˛Ü˛ ô %ÓÜ˛ ~ÓÇ ~ˆÏÜ˛ !fiÌ!ï˛fiÌy˛õÜ˛ à%îyAÜ˛
ÓˆÏ°–

•%ˆÏÜ˛Ó˚ §)e!ê˛ ~Ü˛!ê˛ ˛õÓ˚#«˛y°kô §)e ~ÓÇ ~!ê˛ ≤ÃyÎ˚ §Ü˛°
˛õòy Ï̂Ì≈Ó˚ ̂ «˛ Ï̂e•z ≤Ã Ï̂Îyçƒ– ï˛Ìy!˛õ !Ü˛S%È ̨õòyÌ≈ Ó˚̂ ÏÎ˚̂ ÏSÈ ̂ Îà%̂ Ï°y ~ ̃ Ó˚!áÜ˛
§¡õÜ≈˛!ê˛ ≤Ãò¢≈l Ü˛ˆÏÓ˚ ly–

9.5  ̨õ#í ¸̨lÈüÈ!ÓÜ,̨ !ï˛ ̂ °á !ã˛e (STRESS-STRAIN CURVE)

≤Ã§yÎ≈ÈüÈ˛õ#í˛¸ˆÏlÓ˚ xô#ˆÏl ≤Ãò_ Ó›Ó˚ ˛õ#í˛¸l G !ÓÜ,˛!ï˛Ó˚ §¡õÜ≈˛

˛õÓ˚#«˛yÙ)°Ü˛Ë˛y Ï̂Ó ≤Ã!ï˛¤˛y Ü˛Ó˚y ÎyÎ˚– ≤Ã§yÎ≈ ô Ï̂Ù≈Ó˚ ~Ü˛!ê˛ ≤ÃÙyî ̨õÓ˚#«˛yÎ˚

˛õÓ˚#«˛yô#l ˆã˛y. Óy ï˛yÓ˚ˆÏÜ˛ ≤ÃÎ%=˛ Ó° myÓ˚y ≤Ã§y!Ó˚ï˛ Ü˛Ó˚y •Î˚– ï˛yˆÏÓ˚Ó˚

˜òˆÏâ≈ƒÓ˚ á%Ó «%˛o ̨ õ!Ó˚Óï≈˛l ~ÓÇ ̇  ̨ õ!Ó˚Óï≈˛ˆÏlÓ˚ çlƒ ≤ÃˆÏÎ˚yçl#Î˚ ≤ÃÎ%=˛

Ó° l!ÌË%̨ =˛ Ü˛Ó˚y •°– ôy Į̈̂ õ ôy Į̈̂ õ ≤ÃÎ%=˛ Ó° Ó,!Âô Ü˛Ó˚y •° ~ÓÇ ̃ ò Ï̂â≈ƒÓ˚

˛õ!Ó˚Óï≈˛l !°!˛õÓÂô Ü˛Ó˚y •°– ˛õ#í˛¸l åÓy ≤Ã!ï˛ ~Ü˛Ü˛ ˆ«˛eÊ˛ˆÏ° ≤ÃÎ%=˛

ÓˆÏ°Ó˚ ÙyˆÏlÓ˚ §Ùylä ~ÓÇ §,T˛ !ÓÜ,̨ !ï˛Ó̊ Ù Ï̂ôƒ ˆ°á xÇÜ˛l Ü˛Ó̊y •°–

ˆÜ˛y Ï̂ly ~Ü˛!ê˛ ôyï%̨ Ó̊ çlƒ ~ ôÓ̊ Ï̂lÓ̊ ~Ü˛!ê˛ xyò¢≈ ̂ °á !ã˛e 9.3 ~ ̂ òáy Ï̂ly

• Ï̂Î̊ Ï̂SÈ– §Ç Ï̂Ü˛yã˛l ~ÓÇ Ü,̨ hs˝l ̨õ#í˛̧ Ï̂lÓ̊ çlƒG xl%Ó̊)̨ õ ̂ °á ̨õyGÎ˚y ̂ Î Ï̂ï˛

˛õyˆÏÓ˚– ˛õ#í˛¸lÈüÈ!ÓÜ,˛!ï˛ ˆ°á !Ó!Ë˛ß¨ ˛õòyˆÏÌ≈Ó˚ ˆ«˛ˆÏe !Ó!Ë˛ß¨ •Î˚– Ë˛yÓ˚

Ó,!ÂôÓ˚ §ˆÏAà §ˆÏAà ≤Ãò_ ˛õòyˆÏÌ≈Ó˚ !Ü˛Ó˚)˛õ !ÓÜ,˛!ï˛ âˆÏê˛ ~•z ˆ°áà%ˆÏ°y

xyÙyˆÏòÓ˚ ï˛y Ó%V˛ˆÏï˛ §y•yÎƒ Ü˛ˆÏÓ˚– !ã˛e ˆÌˆÏÜ˛ xyÙÓ˚y ˆòáˆÏï˛ ˛õy•z O

!Ó®% ˆÌˆÏÜ˛  A !Ó®% ˛õÎ≈hs˝ ˆ°á!ê˛ §Ó˚°˜ÏÓ˚!áÜ˛– ~ xÇ¢!ê˛ •%ˆÏÜ˛Ó˚ §)e
ˆÙˆÏl ã˛ˆÏ°– ≤ÃÎ%=˛ Ó° §!Ó˚ˆÏÎ˚ !lˆÏ° Ó› ̨õ%lÓ˚yÎ˚ ï˛yÓ˚ ̨õ)ˆÏÓ≈Ó˚ Ùyey !Ê˛ˆÏÓ˚
˛õyÎ˚– ~ xÇˆÏ¢ Ü˛!ë˛l ̨ õòyÌ≈!ê˛ !fiÌ!ï˛fiÌy˛õÜ˛ Ó›Ó˚ lƒyÎ˚ xyã˛Ó˚î Ü˛ˆÏÓ˚–

ˆ°áÈüÈ~Ó˚  A ̂ Ì Ï̂Ü˛ B ̨õÎ≈hs˝ xÇ Ï̂¢ ̨õ#í ¸̨l ~ÓÇ !ÓÜ,̨ !ï˛ §Ùyl%̨ õy!ï˛Ü˛

lÎ˚– ï˛y § Ï̂cG ≤ÃÎ%=˛ Ë˛yÓ˚ §!Ó˚̂ ÏÎ˚ !l Ï̂° Ó› ï˛yÓ˚ ≤ÃyÌ!ÙÜ˛ ÙyeyÎ˚ !Ê˛ Ï̂Ó˚

xyˆÏ§– ˆ°á!ã˛ˆÏe  B !Ó®%!ê˛ˆÏÜ˛ ÓˆÏ° l!ï˛!Ó®% åyield pointä å~ˆÏÜ˛

xyÓyÓ˚ !fiÌ!ï˛fiÌy˛õÜ˛ §#ÙyG ÓˆÏ°ä ~ÓÇ ~ !Ó®%ˆÏï˛ §Ç!Ÿ’T˛ ˛õ#í˛¸lˆÏÜ˛

Ó›Ó˚ l!ï˛ ̨õ#í˛¸l (σ
y
) ÓˆÏ°–

~Ó˚˛õÓ˚ Ë˛yÓ˚ Î!ò xyˆÏÓ˚y Ó,!Âô Ü˛Ó˚y •Î˚ñ ï˛y•ˆÏ° í˛zÍ˛õß¨ ˛õ#í˛¸l l!ï˛

˛õ#í ¸̨l Ï̂Ü˛ SÈy!í ¸̨̂ ÏÎ˚ ÎyÎ˚ñ ï˛ál ̨õ#í ¸̨̂ ÏlÓ˚ x“ ̨õ!Ó˚Óï≈̨ Ï̂lG !ÓÜ,̨ !ï˛ o%ï˛•y Ï̂Ó˚

Óyí˛¸ˆÏï˛ ÌyˆÏÜ˛–  B ~ÓÇ D ~Ó˚ ÙôƒÓï≈˛# xÇˆÏ¢ ~ !Ó£ÏÎ˚!ê˛ ˛õ!Ó˚°!«˛ï˛

•Î˚– ôÓ˚y ÎyÜ˛  B G D ~Ó˚ ÙôƒÓï≈˛# C ~Ü˛!ê˛ !Ó®% ̂ ÎáyˆÏl Ë˛yÓ˚ §!Ó˚ˆÏÎ˚

!l Ï̂°G Ó› ï˛yÓ˚ ̨õ)̂ ÏÓ≈Ó˚ Ùyey !Ê˛ Ï̂Ó˚ ̨õyÎ˚ ly– ~ Ï̂«˛ Ï̂e ̨õ#í ¸̨l ¢)lƒ • Ï̂°G

!ÓÜ,˛!ï˛ ¢)lƒ •Î˚ ly– ˛õòyˆÏÌ≈Ó˚ ï˛ál fiÌyÎ˚# !ÓÜ,˛!ï˛ âˆÏê˛– ~ !ÓÜ,˛!ï˛ˆÏÜ˛

Ó Ï̂° lÙl#Î̊ !ÓÜ,̨ !ï˛ åplastic deformationä–  D !Ó®%!ê˛ •° ̨õòy Ï̂Ì≈Ó̊

§ Ï̂Ó≈yFã˛ ≤Ã§yÓ˚î ̨õ#í ¸̨l åtensile strength (σ
u
)ä– ~•z !Ó®%Ó˚ ̨õÓ˚Óï≈̨ #

xÇˆÏ¢ ≤ÃÎ%=˛ ÓˆÏ°Ó˚ Ùyl Ü˛ÙyˆÏ°G x!ï˛!Ó˚=˛ !ÓÜ,˛!ï˛ §,!T˛ •Î˚ ~ÓÇ E

!Ó®%ˆÏï˛ ï˛yÓ˚!ê˛ !SÈÑˆÏí˛¸ ÎyÎ˚– Î!ò ã˛Ó˚Ù §yÙÌ≈ƒ åultimate strengthä

~ÓÇ x§• !Ó®% åfracture pointä D ~ÓÇ E Ü˛ySÈyÜ˛y!SÈ •Î˚ ï˛y•ˆÏ°

Ó›!ê˛ˆÏÜ˛ Ë˛Aà%Ó˚ Ó°y •Î˚– !Ó®%mˆÏÎ˚Ó˚ ÙˆÏôƒ ÓƒÓôyl ÌyÜ˛ˆÏ° Ó›!ê˛ˆÏÜ˛

lÙl#Î˚ Ó°y •Î˚–

˛˛õ)ˆÏÓ≈ Ó°y •ˆÏÎ˚ˆÏSÈñ ˛õ#í˛¸lÈüÈ!ÓÜ,˛!ï˛ ˆ°á !Ó!Ë˛ß¨ ˛õòyˆÏÌ≈ !Ó!Ë˛ß¨ •Î˚–

í˛zòy•Ó˚îfl∫Ó˚)˛õñ Ó˚ÓyÓ˚ˆÏÜ˛ ˜òâ≈ƒ ÓÓ˚yÓÓ˚ xˆÏlÜ˛ ê˛ylyÓ˚ ˛õÓ˚G ~!ê˛ ï˛yÓ˚

≤ÃyÌ!ÙÜ˛ xyÜ,̨ !ï˛ Ï̂ï˛ !Ê˛ Ï̂Ó˚ xy Ï̂§– !ã˛e 9.4 ~ •,Í!˛õ Ï̂[˛ í z̨̨ õ!fiÌï˛ ôÙl#Ó˚

!fiÌ!ï˛fiÌy˛õÜ˛ Ü˛°yÓ˚ ˛õ#í˛¸lÈüÈ!ÓÜ,˛!ï˛ ˆ°á ˆòáyˆÏly •ˆÏÎ˚ˆÏSÈ– °«˛ Ü˛Ó˚yÓ˚

!Ó£ÏÎ˚ •°ñ !fiÌ!ï˛fiÌy˛õÜ˛ §#Ùy xˆÏlÜ˛ !Óhfl,Ïï˛ •GÎ˚y §ˆÏ_¥G ̂ Ó!¢Ó˚ Ë˛yà

!ã˛e  9.3 ~Ü˛!ê˛ ôyï%˛Ó˚ xyò¢≈ ˛õ#í˛¸lÈüÈ!ÓÜ,˛!ï˛ ˆ°á–
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xÇˆÏ¢•z ˛õòyÌ≈ •%ˆÏÜ˛Ó˚ §)e ˆÙˆÏl ã˛ˆÏ° ly–

!mï˛#Î˚ï˛ ~ˆÏ«˛ˆÏe §%!l!ò≈T˛ ˆÜ˛yˆÏly lÙl#Î˚ åplasticä xM˛° ˆl•z–

ôÙl#Ó˚ Ü˛°yñ Ó˚yÓyÓ˚ÈÈ •zï˛ƒy!ò ÎyˆÏòÓ˚ x!ôÜ˛ !ÓÜ,˛!ï˛Ó˚ çlƒ ê˛yly ˆÎˆÏï˛

˛õyˆÏÓ˚ñ ï˛yˆÏòÓ˚ˆÏÜ˛  •z°yˆÏfiê˛yÙyÓ˚ åelastomersä ÓˆÏ°–

9.6  !fiÌ!ï˛fiÌy˛õÜ˛ à%îyAÜ˛§Ù)• (ELASTIC MODULI)

Ü˛yë˛yˆÏÙyàï˛ ~ÓÇ í˛zÍ˛õyòl ≤ÃˆÏÜ˛Ô¢° lÜ˛¢yÎ˚ åmanufacturing

engineering designsä ˛õ#í˛¸lÈüÈ!ÓÜ,˛!ï˛ ˆ°á!ã˛ˆÏeÓ˚ !fiÌ!ï˛fiÌy˛õÜ˛
§#ÙyÓ˚ ÙˆÏôƒ §Ùyl%˛õy!ï˛Ü˛ xM˛ˆÏ°Ó˚ å!ã˛e ı 9.3 ~ OA xÇ¢ä x!ôÜ˛
à%Ó˚%c Ó˚ˆÏÎ˚ˆÏSÈ– ˛õ#í˛¸l ~ÓÇ !ÓÜ,˛!ï˛Ó˚ xl%˛õyï˛ˆÏÜ˛ !fiÌ!ï˛fiÌy˛õÜ˛ à%îyAÜ˛
ÓˆÏ° ~ÓÇ ~!ê˛ ̨ õòyˆÏÌ≈Ó˚ ~Ü˛!ê˛ ̃ Ó!¢T˛ƒ–

9.6.1  •zÎ˚Ç à%îyAÜ˛ (Young’s Modulus)

˛õÓ˚#«˛yÙ)°Ü˛ ˛õÎ≈ˆÏÓ«˛ˆÏî ˆòáy ˆàˆÏSÈ ˆÎñ ˛õ#í˛¸l §ÇˆÏÜ˛yã˛l¢#° Óy

≤Ã§yÓ˚î¢#° Îy•z ˆ•yÜ˛ ly ˆÜ˛lñ ≤Ãò_ Ó›ˆÏï˛ §,T˛ !ÓÜ,˛!ï˛Ó˚ Ùyl ~Ü˛•z

•Î˚– ≤Ã§yÓ˚î¢#° åÓy §Ç Ï̂Ü˛yã˛l¢#°ä ̨õ#í ¸̨l (σ) ~ÓÇ xl%̃ Ïòâ≈ƒ !ÓÜ,̨ !ï˛Ó˚

(ε) xl%˛õyï˛ˆÏÜ˛ •zÎ˚Ç à%îyAÜ˛ ÓˆÏ° ~ÓÇ ~ˆÏÜ˛ Y  !ã˛•´ !òˆÏÎ˚ ˆ°áy •Î˚–

Y =
σ

ε
(9.7)

§Ù#Ü˛Ó˚î (9.1) ~ÓÇ (9.2) ̂ Ì Ï̂Ü˛ xyÙÓ˚y ̨õy•zñ

Y = (F/A)/(∆L/L)

   = (F × L) /(A × ∆L) (9.8)

ˆÎˆÏ•ï%˛ñ !ÓÜ,˛!ï˛ ~Ü˛!ê˛ Ùyey•#l Ó˚y!¢ñ §%ï˛Ó˚yÇ •zÎ˚Ç à%îyAÜ˛ ~ÓÇ

˛õ#í˛¸ˆÏlÓ˚ ~Ü˛Ü˛ ~Ü˛•z •Î˚– xÌ≈yÍ  N m–2 xÌÓy ̨õyflÒy° (Pa) – §yÓ˚!î

9.1 ~ !Ó!Ë˛ß¨ ̨õòyˆÏÌ≈Ó˚ •zÎ˚Ç à%îyAÜ˛ ~ÓÇ l!ï˛ ¢!=˛ âlˆÏcÓ˚ Ùyl ̂ òGÎ˚y

•ˆÏÎ˚ˆÏSÈ–

§yÓ˚!î  9.1 ~Ó˚ ï˛Ìƒ ̂ ÌˆÏÜ˛ ̂ òáy ÎyÎ˚ ̂ Îñ ôyï%˛Ó˚ •zÎ˚Ç à%îyˆÏAÜ˛Ó˚ Ùyl

ˆÓ!¢– §%ï˛Ó˚yÇ ~ ˛õòyÌ≈à%ˆÏ°yÓ˚ ˜òˆÏâ≈ƒÓ˚ x“ ˛õ!Ó˚Óï≈˛ˆÏlÓ˚ çlƒ ˆÓ!¢

ÙyˆÏlÓ˚ Ó° ≤ÃˆÏÎ˚yçl–  0.1 cm2 ≤ÃfiÌˆÏFSÈˆÏòÓ˚ ˆ«˛eÊ˛°Î%=˛ ~Ü˛!ê˛

•zflõyˆÏï˛Ó˚ ï˛yˆÏÓ˚Ó˚ 0.1% ˜Ïòâ≈ƒ Ó,!ÂôÓ˚ çlƒ  2000 N Ó° ≤ÃˆÏÎ˚yçl–

~Ü˛•z ≤ÃfiÌ Ï̂FSÈ̂ ÏòÓ˚ ̂ «˛eÊ˛°Î%=˛ xƒy°%!Ù!lÎ˚yÙñ !˛õï˛° ~ÓÇ ï˛yÙyÓ˚ ï˛y Ï̂Ó˚

~Ü˛•z ˛õ!Ó˚Ùyî !ÓÜ,˛!ï˛ í˛zÍ˛õß¨ Ü˛Ó˚ˆÏï˛ ≤ÃˆÏÎ˚yçl#Î˚ ÓˆÏ°Ó˚ ˛õ!Ó˚Ùyî •°

ÎÌyÜ ˛ˆÏÙ  690 N, 900 N ~ÓÇ 1100 N – ~ ˆÌˆÏÜ˛ ˆÓyV˛y ÎyÎ˚ ˆÎñ

•zflõyˆÏï˛Ó˚ !fiÌ!ï˛fiÌy˛õÜ˛ï˛y ï˛yÙyñ !˛õï˛° ~ÓÇ xƒy°%!Ù!lÎ˚yÙ ˆÌˆÏÜ˛

!ã˛e  9.4 •,Í!˛õ[˛ ˆÌˆÏÜ˛ Ó˚=˛ §ÇÓ•lÜ˛yÓ˚# ôÙl#Ó˚ !fiÌ!ï˛fiÌy˛õÜ˛
Ü˛°yÓ˚  ̨õ#í˛¸lÈüÈ!ÓÜ,˛!ï˛ ̂ °á–

§yÓ˚!î 9.1 !Ü˛S%È ˛õòyˆÏÌ≈Ó˚ •zÎ˚ à%îyAÜ˛ñ !fiÌ!ï˛fiÌy˛õÜ˛ §#Ùy ~ÓÇ ≤Ã§yÎ≈ ¢!=˛âlc åtensile strengthsä

#  õòyÌ≈à%ˆÏ°yˆÏÜ˛ §ÇÜ%˛!ã˛ï˛ Ü˛ˆÏÓ˚ ˛õÓ˚#«˛y Ü˛Ó˚y •ˆÏÎ˚ˆÏSÈ–

˛õòyÌ≈

xƒy°%!Ù!lÎ˚yÙ

ï˛yÙy
ˆ°y•y åˆ˛õê˛yä
•zflõyï˛

Ü˛yã˛

Ü˛Ç!Ü ̨ ê˛

Ü˛yë˛
•yí˛¸

˛õ!°!fiê˛!Ó˚l

âlc •zÎ˚Ç à%îyAÜ˛ ã%˛í˛¸yhs˝ ¢!=˛ âlc l!ï˛ ¢!=˛ âlc
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ˆÓ!¢– ~ Ü˛yÓ˚ˆÏî•z Ü˛yë˛yˆÏÙyàï˛ ˛õ!Ó˚Ü˛“lyÎ˚ ~ÓÇ Ë˛yÓ˚# Ü˛yˆÏç ÓƒÓ•,ï˛

Îsfy!ò !lÙ≈yˆÏî •zflõyï˛ ÓƒÓ•yÓ˚ Ü˛Ó˚y •Î˚– ~Ó˚ ˆã˛ˆÏÎ˚ ÓÓ˚Ç Ü˛yë˛ñ •yí˛¸ñ

Ü˛Ç!Ü ˛ê˛ ~ÓÇ Ü˛yˆÏã˛Ó˚ •zÎ˚Ç à%îyAÜ˛ Ü˛Ù–

u í z̨òy•Ó˚î 9.1  Ü˛yë˛y Ï̂ÙyÎ˚ ÓƒÓ•,ï˛ ~Ü˛!ê˛ •zflõy Ï̂ï˛Ó˚ ò Ï̂[˛Ó˚ Óƒy§yô≈
10 mm ~ÓÇ 1.0 m –  100 kN ÙyˆÏlÓ˚ Ó° ò[˛!ê˛ˆÏÜ˛ ˜òâ≈ƒ
ÓÓ˚yÓÓ˚ ≤Ã§y!Ó˚ï˛ Ü˛ Ï̂Ó˚– ò[˛!ê˛Ó˚  (a) ̨õ#í ¸̨l, (b) ̃ Ïòâ≈ƒ Ó,!Âô ~ÓÇ
(c) !ÓÜ,̨ !ï˛Ó˚ àîly Ü˛ Ï̂Ó˚y– •zflõy Ï̂ï˛Ó˚ •zÎ˚Ç à%îyAÜ˛ ̂ òGÎ˚y xy Ï̂SÈ
2.0 × 1011 N m-2.

í˛z_Ó˚  ô!Ó˚ñ ò[˛!ê˛Ó˚ ~Ü˛≤Ãyhs˝ ~Ü˛!ê˛ Üœ˛ƒyˆÏ¡õÓ˚ §y•yˆÏÎƒ xyê˛Ü˛yˆÏly ~ÓÇ
xlƒ≤ÃyˆÏhs˝ ò[˛!ê˛Ó˚ ̃ òˆÏâ≈ƒÓ˚ §Ùyhs˝Ó˚yˆÏ°  F Ó° ≤ÃˆÏÎ˚yà Ü˛Ó˚y •°–

§%ï˛Ó˚yÇñ òˆÏ[˛Ó˚  ˛õ#í˛¸l =
F

A
 =

F

rπ 2

        
=

× ( )
×

−

100 10 N

3.14 10 m

3

2 2

         = 3.18 × 108 N m–2

˜òˆÏâ≈ƒÓ˚ Ó,!Âôñ

∆L
F/A L

Y
=

( )

    = 

3.18 10 N m

2 10 N m

8 -2

11 -2

m×

×

( ) ( )1

    = 1.59 × 10–3 m

    = 1.59 mm

òˆÏ[˛Ó˚ !ÓÜ,˛!ï˛ •ˆÏÓñ
!ÓÜ,˛!ï˛   = ∆L/L

            = (1.59 × 10–3 m)/(1m)

             = 1.59 × 10–3

             = 0.16 % ⊳

u í˛zòy•Ó˚î 9.2  í z̨Ë˛ Ï̂Î˚ 3.0 mm  Óƒy§!Ó!¢T˛ ~Ü˛!ê˛ ï˛yÙyÓ˚ ï˛yÓ˚
~ÓÇ ~Ü˛!ê˛ •zflõyˆÏï˛Ó˚ ï˛yˆÏÓ˚Ó˚ ˜òˆÏâ≈ƒ ÎÌyÜ ˛ˆÏÙ 2.2 m

~ÓÇ  1.6 m – ï˛yÙyÓ˚ ï˛yˆÏÓ˚Ó˚ ~Ü˛≤Ãyhs˝ •zflõyˆÏï˛Ó˚ ï˛yˆÏÓ˚Ó˚
~Ü˛≤ÃyˆÏhs˝Ó˚ §ˆÏAà ˆÎyà Ü˛ˆÏÓ˚ Ë˛yÓ˚ ≤ÃˆÏÎ˚yà Ü˛Ó˚ˆÏ° ˆÙyê˛ ˜òâ≈ƒ
Ó,!Âô •Î˚  0.70 mm – ≤ÃÎ%=˛ Ë˛yÓ˚!ê˛Ó˚ ̨ õ!Ó˚Ùyî !lî≈Î˚ Ü˛ˆÏÓ˚y–

í˛z_Ó˚   ï˛yÙy ~ÓÇ •zflõyˆÏï˛Ó˚ ï˛yÓ˚mÎ˚ ~Ü˛!ê˛ ≤Ã§yÎ≈ƒ ˛õ#í˛¸ˆÏlÓ˚ xô#l

Ü˛yÓ̊î ï˛y Ï̂òÓ̊ ê˛yl åW Ë˛y Ï̂Ó̊Ó̊ §Ùylä ~Ü˛•z ~ÓÇ í z̨Ë˛ Ï̂Î̊Ó̊ ~Ü˛•z ≤ÃfiÌ Ï̂FSÈò

A– §Ù#Ü˛Ó˚î (9.7) ̂ ÌˆÏÜ˛ ̨ õy•zñ ̨ õ#í˛¸l  = !ÓÜ,˛!ï˛ × •zÎ˚Ç à%îyAÜ˛–

§%ï˛Ó˚yÇñ  W/A = Y
c
 × (∆L

c
/L

c
) = Y

s
 × (∆L

s
/L

s
)

!l¡¨!°!áï˛  c  ~ÓÇ s ÎÌyÜ ˛ˆÏÙ ï˛yÙy ~ÓÇ •zflõyï˛ˆÏÜ˛ §)!ã˛ï˛ Ü˛Ó˚ˆÏSÈ–

xÌÓyñ ∆L
c
/∆L

s
 = (Y

s
/Y

c
) × (L

c
/L

s
)

ˆòGÎ˚y xy Ï̂SÈñ  L
c
 = 2.2 m, L

s
 = 1.6 m,

§yÓ˚!î 9.1 ˆÌˆÏÜ˛  Y
c
 = 1.1 × 1011 Nm–2, ~ÓÇ

   Y
s
 = 2.0 × 1011 Nm–2.

∆L
c
/∆L

s
 = (2.0 × 1011/1.1 × 1011) × (2.2/1.6) = 2.5.

ˆÙyê˛ ˜òâ≈ƒ Ó,!Âô •° ÈüüüÈ

∆L
c
 + ∆L

s
 =  7.0  × 10-4 m

í˛z˛õˆÏÓ˚Ó˚ §Ù#Ü˛Ó˚î §Ùyôyl Ü˛ˆÏÓ˚ ˛õyGÎ˚y ÎyÎ˚ñ

∆L
c
 = 5.0  × 10-4 m,   ~ÓÇ   ∆L

s
 = 2.0  × 10-4 m.

§%ï˛Ó˚yÇñ

W   = (A × Y
c
 × ∆L

c
)/L

c

= π (1.5 × 10-3)2 × [(5.0 × 10-4 × 1.1 × 1011)/2.2]

= 1.8 × 102 N ⊳

u í˛zòy•Ó˚î 9.3 §yÜ≈˛yˆÏ§ ≤Ãò!¢≈ï˛ ÙylÓ !˛õÓ˚y!ÙˆÏí˛Ó˚ §ÙhflÏ
≤Ã!ï˛!Ùï˛ Gçl Ùy!ê˛ˆÏï˛ !˛õˆÏë˛Ó˚ í˛z˛õÓ˚ Ë˛Ó˚ !òˆÏÎ˚ ˆ¢yÎ˚y Ù)°
≤Ãò¢≈lÜ˛yÓ̊#Ó̊ ̨õy Ï̂Î̊Ó̊ G˛õÓ̊ Ìy Ï̂Ü˛ å!ã˛e  9.5 ~ ̂ òáy Ï̂ly • Ï̂Î̊ Ï̂SÈä–
§yÜ≈̨ y§ ≤Ãò¢≈lÜ˛yÓ̊# §Ü˛° Óƒ!=˛ñ ̂ ê˛!Ó°ñ Ê˛°Ü˛ ≤ÃË,̨ !ï˛Ó̊ §!¡ø!°ï˛
Ë˛Ó˚ •° 280 kg – !˛õÓ˚y!ÙˆÏí˛Ó˚ l#ˆÏã˛ !˛õˆÏë˛Ó˚ G˛õÓ˚ Ë˛Ó˚ !òˆÏÎ˚
ÌyÜ˛y ≤Ãò¢≈lÜ˛yÓ˚#Ó˚ Ë˛Ó˚ •° 60 kg – l#ˆÏã˛ ÌyÜ˛y ≤Ãò¢≈lÜ˛yÓ˚#Ó˚
≤ÃˆÏï˛ƒÜ˛ í˛zÓ˚%Ó˚ •yˆÏí˛¸Ó˚ ˜òâ≈ƒ 50 cm ~ÓÇ Ü˛yÎ≈Ü˛!Ó˚ Óƒy§yô≈ 2.0

cm – x!ï˛!Ó˚=˛ Ë˛yˆÏÓ˚Ó˚ çlƒ ≤ÃˆÏï˛ƒÜ˛!ê˛ í˛zÓ˚%Ó˚ •yˆÏí˛¸Ó˚ Ü˛ï˛ê%˛Ü%˛
§ÇˆÏÜ˛yã˛l âˆÏê˛ !lî≈Î˚ Ü˛ˆÏÓ˚y–

!ã˛e  9.5 §yÜ≈˛yˆÏ§ ≤Ãò!¢≈ï˛ ÙylÓ !˛õÓ˚y!Ùí˛–
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í˛z_Ó˚   §Ü˛° ≤Ãò¢≈lÜ˛yÓ˚#ñ ˆê˛!Ó° ~ÓÇ Ê˛°Ü˛ •zï˛ƒy!òÓ˚

ˆÙyê˛ Ë˛Ó˚ = 280 kg

Ùy!ê˛ˆÏï˛ ˆ¢yÎ˚y Ù)° ≤Ãò¢≈lÜ˛yÓ˚#Ó˚ Ë˛Ó˚   = 60 kg

!˛õÓ˚y!ÙˆÏí˛Ó˚ l#ˆÏã˛ ÌyÜ˛y ≤Ãò¢≈lÜ˛yÓ˚#Ó˚ Ó•l Ü˛Ó˚y ˆÙyê˛ Ë˛Ó˚

= 280 – 60 = 220 kg

~•z xy!◊ï˛ Ë˛ Ï̂Ó̊Ó̊ Gçl  = 220 kg wt. = 220 × 9.8 N = 2156 N.

!l‹õyò Ï̂Ü˛Ó˚ åperformerä ≤Ã Ï̂ï˛ƒÜ˛ |Ó%̊Ó˚ •yí ¸̨ åThighboneä í z̨̨ õÓ˚

xy Ï̂Ó˚y!˛õï˛ Gçl  = ½ (2156) N = 1078 N.

§yÓ˚!î 9.1 ~ •yˆÏí˛¸Ó˚ •zÎ˚Ç à%îyAÜ˛ ˆòGÎ˚y xyˆÏSÈñ

Y =  9.4 × 109 N m–2.

≤Ã!ï˛!ê˛ |Ó˚%Ó˚ •yˆÏí˛¸Ó˚ ̃ òâ≈ƒñ  L = 0.5 m

|Ó˚%Ó˚ •yˆÏí˛¸Ó˚ Óƒy§yô≈  = 2.0 cm

§%ï˛Ó˚yÇñ |Ó˚%Ó˚ •yˆÏí˛¸Ó˚ ≤ÃfiÌˆÏFSÈˆÏòÓ˚ ˆ«˛eÊ˛°

 A  = π × (2 × 10-2)2 m2 = 1.26 × 10-3 m2.

§Ù#Ü˛Ó˚î (9.8) ÓƒÓ•yÓ˚ Ü˛ Ï̂Ó˚ ≤Ã!ï˛!ê˛ |Ó%̊Ó˚ •y Ï̂í ¸̨Ó˚ §Ç Ï̂Ü˛yã˛l (∆L) àîly

Ü˛Ó˚y ÎyÎ˚ñ

∆L = [(F × L)/(Y × A)]

= [(1078 × 0.5)/(9.4 × 109 × 1.26 × 10-3)]

= 4.55 × 10-5 m = 4.55 × 10-3 cm.

~ ˛õ!Ó˚Óï≈˛l!ê˛ á%Ó•z Ü˛Ùú |Ó˚%Ó˚ •yí˛¸ xyÇ!¢Ü˛ •…y§ •°ñ  ∆L/L =

0.000091 xÌÓy 0.0091%. ⊳

9.6.2 ï˛yˆÏÓ˚Ó˚ í˛z˛õyòyˆÏlÓ˚ •zÎ˚Ç à%îyAÜ˛ !lî≈Î˚ (Determination

of Young’s Modulus of the Material of a Wire)

ï˛yˆÏÓ˚Ó˚ í˛z˛õyòyˆÏlÓ˚ •zÎ˚Ç à%îyAÜ˛ !lî≈Î˚ Ü˛Ó˚yÓ˚ çlƒ ~Ü˛!ê˛ !ÓˆÏ¢£Ï

˛õÓ˚#«˛yÓƒÓfiÌy !ã˛e 9.6 ~ ˆòáyˆÏly •ˆÏÎ˚ˆÏSÈ– ~Ü˛!ê˛ ò,ì˛¸ !fiÌÓ˚ xÓ°¡∫l

ˆÌˆÏÜ˛ ò%ˆÏê˛y §Ùyl ̃ òâ≈ƒ ~ÓÇ §Ùyl Óƒy§yˆÏô≈Ó˚ ̂ §yçy ï˛yÓ˚ˆÏÜ˛ ̨õy¢y˛õy!¢

V%̨ °y Ï̂ly •Î˚– ÚAÛ ï˛yÓ˚!ê˛ Ï̂ï˛ å~ Ï̂Ü˛ ï%̨ °ƒ ï˛yÓ˚ Ó°y •Î˚ä ~Ü˛!ê˛ !Ù!°!Ùê˛yÓ˚

Ù)° ˆflÒ°  M ~ÓÇ Gçl Ó˚yáyÓ˚ ~Ü˛!ê˛ ˛õye xyê˛Ü˛yˆÏly ÌyˆÏÜ˛– §%%£ÏÙ

≤ÃfiÌˆÏFSÈˆÏòÓ˚ ï˛yÓ˚ B (˛õÓ˚#«˛yô#l ï˛yÓ)̊ ̂ ï˛G çyly Ë˛ˆÏÓ˚Ó˚ Gçl Ó˚yáyÓ˚

çlƒ ~Ü˛!ê˛ ˛õye ÌyˆÏÜ˛– ˛õÓ˚#«˛yô#l ï˛yÓ˚  B ÈüÈ~Ó˚ !l¡¨≤ÃyˆÏhs˝ ~Ü˛!ê˛

§)ã˛ Ï̂Ü˛Ó˚ §y Ï̂Ì ~Ü˛!ê˛ Ë˛y!l≈Î˚yÓ˚ ̂ flÒ° V ~ÓÇ Ù)° Ï̂flÒ°  M ~Ó˚ §y Ï̂Ì Î%=˛

Ü˛Ó˚y •Î˚– ̨ õyˆÏe Ó˚yáy GçˆÏlÓ˚ ≤ÃË˛yˆÏÓ ̨ õÓ˚#«˛yô#l ï˛yÓ˚ ≤Ã§yÎ≈ ̨ õ#í˛¸ˆÏlÓ˚

xô# Ï̂l !l¡¨Ù%á# Ó° xl%Ë˛Ó Ü˛ Ï̂Ó˚– ï˛y Ï̂Ó˚Ó˚ ̃ òâ≈ƒ Ó,!Âô Ë˛y!l≈Î˚yÓ˚ ÓƒÓfiÌyÓ˚

§y•y Ï̂Îƒ Ùy˛õy •Î̊– â Ï̂Ó̊Ó̊ ï˛y˛õÙyeyÓ̊ ̨õ!Ó̊Óï≈̨ Ï̂lÓ̊ Ê˛ Ï̂° ̃ ò Ï̂â≈ƒÓ̊ ̨õ!Ó̊Óï≈̨ l

˛≤Ã!ï˛˛õ)Ó˚î Ü˛Ó˚yÓ˚ çlƒ !lˆÏò≈¢Ü˛ ï˛yÓ˚!ê˛ ÓƒÓ•yÓ˚ Ü˛Ó˚y •Î˚ñ ˆÎˆÏ•ï%˛

ï˛y˛õÙyeyÓ˚ ̨õ!Ó˚Óï≈̨ Ï̂lÓ˚ çlƒ !l Ï̂ò≈¢Ü˛ ï˛y Ï̂Ó˚Ó˚ ̃ ò Ï̂â≈ƒÓ˚ ̨õ!Ó˚Óï≈̨ Ï̂lÓ˚ § Ï̂Aà

˛õÓ˚#«˛yô#l ï˛yˆÏÓ˚Ó˚ §ÙÙyˆÏlÓ˚ ˜òˆÏâ≈ƒÓ˚ ˛õ!Ó˚Óï≈˛l •Î˚– åï˛y˛õÙyeyÓ˚ ~

ôÓ˚ˆÏlÓ˚ ≤ÃË˛yÓ §¡õˆÏÜ≈˛ xyÙÓ˚y ~Ü˛yò¢ xôƒyˆÏÎ˚ ˛õí˛¸Óä–

˛õÓ˚#«˛yô#l ~ÓÇ !l Ï̂ò≈¢Ü˛ ï˛yÓ˚ ò%!ê˛ Ï̂ï˛•z ≤ÃyÌ!ÙÜ˛Ë˛y Ï̂Ó ̂ SÈy Ï̂ê˛yÙy Ï̂lÓ˚

Ë˛yÓ˚ ã˛y˛õyˆÏly •° ÎyˆÏï˛ ï˛yÓ˚ ò%!ê˛ ˆ§yçy ÌyˆÏÜ˛ ~ÓÇ ~ xÓfiÌyÎ˚

Ë˛y!l≈Î˚yˆÏÓ˚Ó˚ ˛õyë˛ ˆlGÎ˚y •°– ~Ó˚˛õÓ˚ ˛õÓ˚#«˛yô#l ï˛yˆÏÓ˚ ≤Ã§yÎ≈ ˛õ#í˛¸l

§,!T˛ Ü˛Ó˚yÓ˚ çlƒ ï˛yÓ˚!ê˛ˆÏï˛ Ë˛yˆÏÓ˚Ó˚ Ùyl ô#ˆÏÓ˚ ô#ˆÏÓ˚ Ó,!Âô Ü˛Ó˚y •° ~ÓÇ

xyÓyÓ˚ Ë˛y!l≈Î˚yÓ˚ ̨ õyë˛ ̂ lGÎ˚y •°– ò%ˆÏê˛y Ë˛y!l≈Î˚yÓ˚ ̨ õyˆÏë˛Ó˚ ̨ õyÌ≈Ü˛ƒ ̂ ÌˆÏÜ˛

ï˛yÓ˚!ê˛Ó˚ ˜òâ≈ƒ Ó,!Âô ˛õyGÎ˚y ÎyÎ˚– ôÓ˚y ÎyÜ˛ñ ï˛yÓ˚!ê˛Ó˚ ≤ÃyÌ!ÙÜ˛ Óƒy§yô≈

~ÓÇ ̃ òâ≈ƒ ÎÌyÜ ˛ˆÏÙ  r ~ÓÇ L – ï˛y•ˆÏ° ï˛yÓ˚!ê˛Ó˚ ≤ÃfiÌˆÏFSÈˆÏòÓ˚ ̂ «˛eÊ˛°

•ˆÏÓ  πr2 – ôÓ˚y ÎyÜ˛ñ  M  Ùy Ï̂lÓ˚ Ë˛Ó˚ ï˛yÓ˚!ê˛ Ï̂ï˛ ∆L ̃ òâ≈ƒ Ó,!Âô Ü˛Ó˚̂ Ï°y–

§%ï˛Ó˚yÇ ≤ÃÎ%=˛ ÓˆÏ°Ó˚ Ùyl •ˆÏÓ Mgñ ˆÎáyˆÏl  g •° x!Ë˛Ü˛£Ï≈ç cÓ˚î–

§Ù#Ü˛Ó˚î (9.8) ˆÌˆÏÜ˛ ˛õÓ˚#«˛yô#l ï˛yˆÏÓ˚Ó˚ í˛z˛õyòyˆÏlÓ˚ •zÎ˚Ç à%îyˆÏAÜ˛Ó˚

Ùyl ˛õyGÎ˚y ÎyÎ˚ñ

Y =
σ

ε
 = 

Mg

r

L

Lπ
2

.
∆

= Mg × L/(πr2 × ∆L) (9.9)

!ã˛e  9.6   ï˛yˆÏÓ˚Ó˚ í˛z˛õyòyˆÏlÓ˚ •zÎ˚Ç à%îyAÜ˛ !lî≈ˆÏÎ˚Ó˚ ÓƒÓfiÌy–
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9.6.3 Ü,̨ hs˝l à%îyAÜ˛ (Shear Modulus)

Ü,˛hs˝l ˛õ#í˛¸l ~ÓÇ Ü,˛hs˝l !ÓÜ,˛!ï˛Ó˚ xl%˛õyï˛ˆÏÜ˛ ˛õòyˆÏÌ≈Ó˚ Ü,˛hs˝l à%îyAÜ˛
ÓˆÏ°– ~ˆÏÜ˛  G myÓ˚y ≤ÃÜ˛y¢ Ü˛Ó˚y •Î˚– ~ˆÏÜ˛ ò,ì˛¸ï˛y à%îyAÜ˛G åmodulus

of rigidityä ÓˆÏ°–
G  = Ü,̨ hs˝l ̨õ#í ¸̨l (σ

s
) / Ü,̨ hs˝l !ÓÜ,̨ !ï˛

G  = (F/A)/(∆x/L)

    = (F × L)/(A × ∆x) (9.10)

~Ü˛•zË˛yˆÏÓñ §Ù#Ü˛Ó˚î (9.4) ̂ Ì Ï̂Ü˛
G  = (F/A)/θ

     = F/(A × θ) (9.11)

Ü,˛hs˝l ̨ õ#í˛¸lˆÏÜ˛ l#ˆÏã˛Ó˚ §Ù#Ü˛Ó˚ˆÏîÓ˚ myÓ˚yG ≤ÃÜ˛y¢ Ü˛Ó˚y ÎyÎ˚ñ

σ
s  

=  G  × θ (9.12)

Ü,˛hs˝l à%îyˆÏAÜ˛Ó˚ SI ~Ü˛Ü˛ •°  N m–2 Óy Pa – !Ü˛S%È ̨ õòyˆÏÌ≈Ó˚ ò,ì˛¸ï˛y
à%îy Ï̂AÜ˛Ó˚ Ùyl §yÓ˚!î  9.2 ̂ ï˛ ̂ òGÎ˚y • Ï̂Î˚̂ ÏSÈ– ̂ òáy Îy Ï̂FSÈ ̂ Îñ §yôyÓ˚îï˛
Ü,˛hs˝l à%îyˆÏAÜ˛Ó˚ åò,ì˛¸ï˛y à%îyAÜ˛ä Ùyl •zÎ˚Ç à%îyˆÏAÜ˛Ó˚ ˆã˛ˆÏÎ˚ Ü˛Ù •Î˚–
ˆÓ!¢Ó˚ Ë˛yà ˛õòyˆÏÌ≈Ó˚ ˆ«˛ˆÏe  G ≈ Y/3.

§yÓ˚!î 9.2 !Ü˛S%È ˛õòyˆÏÌ≈Ó˚ ò,ì˛¸ï˛y à%îyˆÏAÜ˛Ó˚ Ùyl

     ˛õòyÌ≈ G (109 Nm–2

Óy GPa)

xƒy°%!Ù!lÎ˚yÙ 25

!˛õï˛° 36

ï˛yÙy 42

Ü˛yã˛ 23

ˆ°y•y 70

§#§y 5.6

!l Ï̂Ü˛° 77

•zflõyï˛ 84

ê˛yÇˆÏfiê˛l 150

Ü˛yë˛ 10

u í˛zòy•Ó˚î 9.4  50 cm ˜òâ≈ƒ ~ÓÇ  10 cm ˆÓô !Ó!¢T˛ ~Ü˛!ê˛
Óà≈yÜ˛yÓ˚ §#§yÓ˚ Ê˛°ˆÏÜ˛  9.0 × 104 N ÙyˆÏlÓ˚ Ü,˛hs˝l Ó°
åÊ˛°Ü˛!ê˛Ó˚ §Ó˚% ̨ õ,ˆÏ¤˛ä ≤ÃˆÏÎ˚yà Ü˛Ó˚y •Î˚– l#ˆÏã˛Ó˚ ≤Ãyhs˝!ê˛ ̂ ÙˆÏV˛Ó˚
§ Ï̂Aà ò,ì ¸̨Ë˛y Ï̂Ó xyê˛Ü˛y Ï̂ly– í z̨̨ õ Ï̂Ó˚Ó˚ ≤Ãyhs˝!ê˛Ó˚ Ü˛ï˛ê%̨ Ü%̨  §Ó˚î • Ï̂Ó⁄

í˛z_Ó˚
§#§yÓ˚ Ê˛°Ü˛!ê˛ !fiÌÓ˚ ~ÓÇ §Ó%̊ ̨õ,̂ Ï¤˛Ó˚ §Ùyhs˝Ó˚y Ï̂° Ó° ≤Ã Ï̂Î˚yà Ü˛Ó˚y

•ˆÏÎ˚ˆÏSÈ å!ã˛e 9.7ä–
ˆÎ ̨õ,ˆÏ¤˛Ó˚ §Ùyhs˝Ó˚yˆÏ° Ó° ≤ÃˆÏÎ˚yà Ü˛Ó˚y •ˆÏÎ˚ˆÏSÈñ ̂ § ̨õ,ˆÏ¤˛Ó˚ ̂ «˛eÊ˛°

•° ÈüüüÈ
 A  = 50 cm × 10 cm

                = 0.5 m × 0.1 m

     = 0.05 m2

§%ï˛Ó˚yÇñ ≤ÃÎ%=˛ ̨õ#í ¸̨l = (9.4  × 104 N/0.05 m2)

                         = 1.80 × 106 N.m–2

xyÙÓ˚y çy!lñ Ü,˛hs˝l !ÓÜ,˛!ï˛  = (∆x/L)= ̨õ#í˛¸l /G.

§%ï˛Ó˚yÇñ §Ó˚l ∆ x = (˛õ#í˛¸l × L)/G

 = (1.8 × 106 N m–2 × 0.5m)/(5.6 × 109 N m–2)

 = 1.6 × 10–4 m = 0.16 mm   ⊳

9.6.4  xyÎ˚ï˛l !ÓÜ,˛!ï˛ à%îyAÜ˛ (Bulk Modulus)

9.3 xl%ˆÏFSÈˆÏò xyÙÓ˚y ˆòˆÏá!SÈ ˆÎñ ˆÜ˛yˆÏly Ó› ≤ÃÓy•#ˆÏï˛ !lÙ!Iï˛

xÓfiÌyÎ˚ •y•zí»˛!°Ü˛ Óy í˛zò‰˜ÏfiÌ!ï˛Ü˛ ˛õ#í˛¸Ïl xl%Ë˛Ó Ü˛ˆÏÓ˚ åí˛zò‰˜ÏfiÌ!ï˛Ü˛˛

˛õ#í˛¸ˆÏlÓ˚ Ùyl í˛zò‰˜ÏfiÌ!ï˛Ü˛ ã˛yˆÏ˛õÓ˚ §Ùylä– ~ˆÏï˛ Ó›Ó˚ xyÎ˚ï˛l •…y§

˛õyÎ˚– ~Ë˛yˆÏÓ xyÎ˚ï˛l •…yˆÏ§ Ó›ˆÏï˛ ̂ Î ôÓ˚ˆÏlÓ˚ !ÓÜ,˛!ï˛ §,!T˛ •Î˚ñ ï˛yˆÏÜ˛

xyÎ˚ï˛l !ÓÜ,˛!ï˛ ÓˆÏ°– •y•zí»˛!°Ü˛ ˛õ#í˛¸l ~ÓÇ •y•zí»˛!°Ü˛ !ÓÜ,˛!ï˛

xl%˛õyï˛ˆÏÜ˛ xyÎ˚ï˛l !ÓÜ,˛!ï˛ à%îyAÜ˛ åbulk modulusä ÓˆÏ°– ~ˆÏÜ˛  B

!òˆÏÎ˚ ˆ°áy •Î˚–

B = – p/(∆V/V) (9.13)

}îydÜ˛ !ã˛•´ !lˆÏò≈¢ Ü˛Ó˚ˆÏSÈ ˆÎñ ã˛y˛õ Ó,!ÂôÓ˚ §ˆÏAà §ˆÏAà xyÎ˚ï˛l

•…y§ ̨õyÎ˚– xÌ≈yÍñ Î!ò  p ôlydÜ˛ •Î˚ñ ï˛y• Ï̂° ∆V }îydÜ˛ •Î˚– §%ï˛Ó˚yÇ

§yˆÏÙƒ ÌyÜ˛y ˆÜ˛yˆÏly §ÇfiÌyÎ˚ xyÎ˚ï˛l !ÓÜ,˛!ï˛ à%îyAÜ˛ B §Ó≈òy ôlydÜ˛

•Î˚– xyÎ˚ï˛l !ÓÜ,˛!ï˛ à%îyˆÏAÜ˛Ó˚ SI ~Ü˛Ü˛ ~ÓÇ ã˛yˆÏ˛õÓ˚ SI ~Ü˛Ü˛ ~Ü˛•z–

xÌ≈yÍñ N m–2 xÌÓy Pa – §yÓ˚!î 9.3 ̂ ï˛ !Ü˛S%È ̨õòy Ï̂Ì≈Ó˚ xyÎ˚ï˛l !ÓÜ,̨ !ï˛

à%îyˆÏAÜ˛Ó˚ Ùyl ˆòGÎ˚y •ˆÏÎ˚ˆÏSÈ–

xyÎ˚ï˛l !ÓÜ,˛!ï˛ à%îyˆÏAÜ˛Ó˚ xˆÏlƒylƒÜ˛ˆÏÜ˛ §ÇlÙƒï˛y ÓˆÏ° ~ÓÇ ~ˆÏÜ˛

k !òˆÏÎ˚ ≤ÃÜ˛y¢ Ü˛Ó˚y •Î˚– ≤Ã!ï˛ ~Ü˛Ü˛ ã˛y˛õ Ó,!ÂôˆÏï˛ xyÎ˚ï˛ˆÏlÓ˚ Ë˛@¿yÇ!¢Ü˛

˛õ!Ó˚Óï≈˛l•z •° §ÇlÙƒï˛y–

k = (1/B) = – (1/∆p) × (∆V/V) (9.14)

aaaaaaaaaaaaaaaaaaaaa
aaaaaaaaaaaaaaaaaaaaa

!ã˛e  9.7



Ü˛!ë˛l ˛õòyˆÏÌ≈Ó˚ Îy!sfÜ˛ ôÙ≈yÓ!° 243

§%ï˛Ó˚yÇñ Ü˛!ë˛l ˛õòyÌ≈ Ü˛Ù §ÇˆÏÜ˛yã˛l¢#°ñ ˆ§áyˆÏl àƒy§#Î˚ ˛õòyˆÏÌ≈Ó˚

§ÇˆÏÜ˛yã˛l¢#°ï˛y ˆÓ!¢– àƒy§ Ü˛!ë˛ˆÏlÓ˚ ˆã˛ˆÏÎ˚ ≤ÃyÎ˚ !Ù!°Î˚l à%î ˆÓ!¢

§ÇˆÏÜ˛yã˛l¢#°ú àƒyˆÏ§Ó˚ §ÇlÙƒï˛y ̂ Ó!¢ñ Îy ã˛y˛õ ~ÓÇ ï˛y˛õÙyeyÓ˚ §yˆÏÌ

˛õ!Ó˚Ó!ï≈˛ï˛ •Î˚– Ü˛!ë˛ˆÏlÓ˚ x§ÇlÙƒï˛yÓ˚ Ü˛yÓ˚î •° Ü˛ySÈyÜ˛y!SÈ

˛õÓ˚Ùyî%à%̂ Ï°yÓ˚ ò,ì ¸̨ §Ç Ï̂Îyçl– ï˛Ó˚̂ Ï°G Ü˛ySÈyÜ˛y!SÈ xî%à%̂ Ï°y ̨õÓ˚flõ Ï̂Ó˚Ó˚

§ˆÏAà xyÓÂô ÌyˆÏÜ˛ñ !Ü˛v ï˛Ó˚ˆÏ°Ó˚ xî%à%ˆÏ°yÓ˚ Órôl Ü˛!ë˛ˆÏlÓ˚ ÙˆÏï˛y ò,ì˛¸

lÎ˚– àƒyˆÏ§Ó˚ xî%à%!° ˛õÓ˚flõˆÏÓ˚Ó˚ §ˆÏAà á%Ó ò%Ó≈°Ë˛yˆÏÓ xyÓÂô–

!Ó!Ë˛ß¨ ≤ÃÜ˛yÓ˚ ˛õ#í˛¸lñ !ÓÜ,˛!ï˛ñ !fiÌ!ï˛fiÌy˛õÜ˛ à%îyAÜ˛ ~ÓÇ ˛õòyˆÏÌ≈Ó˚

≤ÃˆÏÎ˚yà §yôƒ xÓfiÌy ~Ü˛lçˆÏÓ˚ §yÓ˚!î 9.4 ~ ˆòáyˆÏly •ˆÏÎ˚ˆÏSÈ–

u u u u u í˛zòy•Ó˚î 9.5  Ë˛yÓ˚ï˛ Ù•y§yàˆÏÓ˚Ó˚ àí˛¸ àË˛#Ó˚ï˛y ≤ÃyÎ˚ 3000

m– Ù•y§yàˆÏÓ˚Ó˚ ï˛°ˆÏòˆÏ¢ çˆÏ°Ó˚ xyÇ!¢Ü˛ §ÇlÙl  ∆V/V

àîly Ü˛ Ï̂Ó˚y– ̂ òGÎ˚y xy Ï̂SÈñ ç Ï̂°Ó˚ xyÎ˚ï˛l !ÓÜ,̨ !ï˛ à%îyAÜ˛ 2.2

××××× 109 N m–2 – åôˆÏÓ˚ lyGñ  g  = 10 m s–2ä–

í z̨_Ó˚   3000 m ç°hflÏˆÏÓ˚Ó˚ myÓ˚y l#ˆÏã˛Ó˚ hflÏˆÏÓ˚ ≤ÃÎ%=˛ ã˛y˛õñ
p = hρ g  = 3000 m  × 1000 kg m–3 × 10 m s–2

= 3  × 107 kg m–1 s-2

= 3  × 107 N m–2

xyÇ!¢Ü˛ §ÇˆÏÜ˛yã˛l ∆V/V •°ñ

∆V/V  =  ̨õ#í ¸̨l/B  = (3 × 107 N m-2)/(2.2 × 109 N m–2)

= 1.36 × 10-2 Óy  1.36 %    ⊳

§yÓ˚!î 9.3 ̂ Ì Ï̂Ü˛ ̂ òáy ÎyÎ˚ ̂ Îñ ï˛Ó˚° ̂ Ì Ï̂Ü˛ Ü˛!ë˛l ̨õòy Ï̂Ì≈Ó˚ xyÎ˚ï˛l

!ÓÜ,̨ !ï˛ à%îy Ï̂AÜ˛Ó˚ Ùyl ̂ Ó!¢– xyÓyÓ˚ àƒy§ åÓyÎ%̊ä ̂ Ì Ï̂Ü˛ ï˛Ó˚̂ Ï°Ó˚ xyÎ˚ï˛l

!ÓÜ,˛!ï˛ à%îyˆÏAÜ˛Ó˚ Ùyl ˆÓ!¢–

˛õ#í˛¸ˆÏlÓ˚ ˛õ#í˛¸l !ÓÜ,̨ !ï˛     ˛õ!Ó˚Óï≈˛l              !fiÌ!ï˛fiÌy˛õÜ˛  à%îyˆÏAÜ˛Ó˚ ˛õòyˆÏÌ≈Ó˚
≤ÃÜ˛yÓ˚  xyÜ˛yÓ˚   xyÎ˚ï˛l à%îyAÜ˛  lyÙ xÓfiÌy

§yÓ˚!î 9.3 !Ü˛S%È ̨õòy Ï̂Ì≈Ó˚ åcommonä xyÎ˚ï˛l !ÓÜ,̨ !ï˛ à%îy Ï̂AÜ˛Ó˚
Ùyl

˛õòyÌ≈ B (109 N m–2 xÌÓy GPa)

Ü˛!ë˛l
xƒy°%!Ù!lÎ˚yÙ 72

!˛õï˛° 61

ï˛yÙy 140

Ü˛yã˛ 37

ˆ°y•y 100

!l Ï̂Ü˛° 260

•zflõyï˛ 160

ï˛Ó˚°
ç° 2.2

•zÌyl° 0.9

Ü˛yÓ≈l í˛y•z §y°Ê˛y•zí˛ 1.56

!@’§y!Ó˚l 4.76

˛õyÓ˚ò 25

àƒy§
ÓyÎ˚% (STP ̂ ï˛) 1.0 × 10–4

§yÓ˚!î 9.4 ˛õ#í˛¸lñ !ÓÜ,˛!ï˛ ~ÓÇ !Ó!Ë˛ß¨ !fiÌ!ï˛fiÌy˛õÜ˛ à%îyAÜ˛

≤Ã§yÓ˚Ü˛ Óy
§ÇlÙÜ˛

Ü,̨ hs˝l

í˛zò‰˜ÏfiÌ!ï˛Ü˛
å•y•zí»̨ !°Ü˛ä

§Ùyl ~ÓÇ !Ó˛õÓ˚#ï˛ ÙyˆÏlÓ˚
ò%!ê˛ Ó° !Ó˛õÓ˚#ï˛ ˛õ,ˆÏ¤˛Ó˚
§ˆÏAà °¡∫  (σ = F/A)

§Ùyl ~ÓÇ !Ó˛õÓ˚#ï˛ ÙyˆÏlÓ˚
ò%!ê˛ Ó° ò%!ê˛ !Ó˛õÓ˚#ï˛ ˛õ,ˆÏ¤˛Ó˚
§ˆÏAà §Ùyhs˝Ó˚y°–
å≤Ã!ï˛ˆÏ«˛ˆÏe Ó° xÌ≈yÍ Ó›Ó˚
ˆÙyê˛ Ó° ~ÓÇ ˆÙyê˛ ê˛Ü≈˛ ¢)lƒ
•ˆÏÎ˚ ÎyÎ˚– (σ

s
 = F/A)

˛õ,¤˛ï˛ˆÏ°Ó˚ §Ó≈e Ó° °¡∫ñ
≤Ã!ï˛ ~Ü˛Ü˛ ̂ «˛eÊ˛ˆÏ° ≤ÃÎ%=˛
Ó° åã˛y˛õä §Ó≈e ~Ü˛•z–

ÓˆÏ°Ó˚ x!Ë˛Ù%ˆÏáÓ˚
§Ùyhs˝Ó˚yˆÏ° ̃ òˆÏâ≈ƒÓ˚
§ÇˆÏÜ˛yã˛l Óy ≤Ã§yÓ˚î
å∆L/Lä åxl%̃ Ïòâ≈ƒ ̨õ#í˛̧lä
!Ó¢%Âô Ü,˛hs˝lñ θ

xyÎ˚ï˛l ˛õ!Ó˚Óï≈˛l
å§ÇˆÏÜ˛yã˛l Óy ≤Ã§yÓ˚îä
å∆V/Vä

•Ñƒy

•Ñƒy

ly

ly

ly

•Ñƒy

Y = (F×L)/

(A×∆L)

G = (F×θ)/A

B = –p/(∆V/V)

•zÎ˚Ç à%îyAÜ˛

Ü,̨ hs˝l
à%îyAÜ˛

xyÎ˚ï˛l
!ÓÜ,˛!ï˛
à%îyAÜ˛–

Ü˛!ë˛l

Ü˛!ë˛l

Ü˛!ë˛lñ ï˛Ó˚°
~ÓÇ àƒy§–
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9.6.5  ̨õÎ˚§ Ï̂lÓ˚ xl%̨ õyï˛ (POISSON’S RATIO)

•zÎ˚Ç à%îyAÜ˛ ̨õÓ˚#«˛yÎ˚ å9.6.2 !ÓË˛yˆÏà Óƒyáƒy Ü˛Ó˚y •ˆÏÎ˚ˆÏSÈä Îb§•Ü˛yˆÏÓ˚

˛õÎ≈ˆÏÓ«˛î Ü˛Ó˚ˆÏ° ˆòáy ÎyÎ˚ ˆÎñ ï˛yÓ˚!ê˛Ó˚ ≤ÃfiÌˆÏFSÈòG åxÌÓy Óƒy§Gä

§yÙylƒ •…y§≤ÃyÆ •Î˚– ≤ÃÎ%=˛ ÓˆÏ°Ó˚ °¡∫ ~ !ÓÜ,˛!ï˛ˆÏÜ˛ ˛õyŸª≈#Î˚ !ÓÜ,˛!ï˛

ÓˆÏ°– §y•zÙl ˛õÎ˚§l åSimon Poissonä !ã˛!•´ï˛ Ü˛ˆÏÓ˚l ˆÎñ

!fiÌ!ï˛fiÌy˛õÜ˛ §#ÙyÓ˚ ÙˆÏôƒñ ˛õyŸª≈#Î˚ !ÓÜ,˛!ï˛ñ xl%˜Ïòâ≈ƒ !ÓÜ,˛!ï˛Ó˚

§Ùyl%̨ õy!ï˛Ü˛– ~Ü˛!ê˛ ≤Ã§y!Ó̊ï˛ ï˛y Ï̂Ó̊ ̨õyŸª≈#Î̊ !ÓÜ,̨ !ï˛ G xl%̃ Ïòâ≈ƒ !ÓÜ,̨ !ï˛Ó̊
xl%˛õyï˛ˆÏÜ˛ ˛õÎ˚§ˆÏlÓ˚ xl%˛õyï˛ ÓˆÏ°– Î!ò ï˛yˆÏÓ˚Ó˚ Ù)° Óƒy§  d ~ÓÇ

˛õ#í˛¸ˆÏl ï˛yˆÏÓ˚Ó˚ ÓƒyˆÏ§Ó˚ §ÇˆÏÜ˛yã˛l  ∆d  •Î˚ñ ï˛ˆÏÓ ˛õyŸª≈#Î˚ !ÓÜ,˛!ï˛ •°

∆d/d – Î!ò ï˛yÓ˚!ê˛Ó˚ Ù)° ̃ òâ≈ƒ L  ~ÓÇ ̨õ#í ¸̨̂ ÏlÓ˚ xô# Ï̂l ï˛yÓ˚!ê˛Ó˚ ≤Ã§yÓ˚î

∆L •Î˚ñ ï˛ˆÏÓ xl%˜Ïòâ≈ƒ ̨ õ#í˛¸l •° ∆L/L –  ï˛ál ̨õÎ˚§ˆÏlÓ˚ xl%˛õyï˛!ê˛

• Ï̂Ó (∆d/d)/(∆L/L) xÌÓy (∆d/∆L) × (L/d)– ̨õÎ˚§ Ï̂lÓ˚ xl%̨ õyï˛!ê˛

ò%!ê˛ !ÓÜ,˛!ï˛Ó˚ xl%˛õyï˛ó ~!ê˛ ~Ü˛!ê˛ !Ó¢%Âô §Çáƒy ~ÓÇ ~Ó˚ ̂ Ü˛yˆÏly Ùyey

Óy ~Ü˛Ü˛ ̂ l•z– ~Ó˚ Ùyl ̂ Ü˛Ó° í˛z˛õyòyˆÏlÓ˚ ≤ÃÜ,˛!ï˛Ó˚ í˛z˛õÓ˚ !lË≈˛Ó˚ Ü˛ˆÏÓ˚–

fiê˛# Ï̂°Ó˚ ̂ «˛ Ï̂e ~Ó˚ Ùyl  0.28 ~ÓÇ 0.30 ~Ó˚ Ù Ï̂ôƒ ~ÓÇ xƒy°%!Ù!lÎ˚yÙ

§ÇÜ˛Ó˚ ôyï%˛Ó˚ çlƒ ~!ê˛ ≤ÃyÎ˚  0.33–

9.6.6 ~Ü˛!ê˛ ≤Ã§y!Ó˚ï˛ ï˛yˆÏÓ˚ !fiÌ!ï˛fiÌy˛õÜ˛ !fiÌ!ï˛¢!=˛ (Elastic

Potential Energy  in a Stretched Wire)

~Ü˛!ê˛ ï˛yÓ˚ˆÏÜ˛ ~Ü˛!ê˛ ≤Ã§yÓ˚Ü˛ ˛õ#í˛¸ˆÏl Ó˚yáy •ˆÏ° xyhs˝ÈüÈxyî!ÓÜ˛ ÓˆÏ°Ó˚

!ÓÓ˚%ˆÏÂô Ü˛yÎ≈ §¡õy!òï˛ •Î˚– ~•z Ü˛yÎ≈ ï˛yˆÏÓ˚Ó˚ ÙˆÏôƒ !fiÌ!ï˛fiÌy˛õÜ˛

!fiÌ!ï˛¢!=˛ !•ˆÏ§ˆÏÓ §!M˛ï˛ •Î˚– Îál Ù)° ˜òâ≈ƒ L ~ÓÇ ˛≤ÃfiÌˆÏFSÈˆÏòÓ˚

ˆ«˛eÊ˛° A !Ó!¢T˛ ~Ü˛!ê˛ ï˛yˆÏÓ˚ ~Ó˚ ̃ òâ≈ƒ ÓÓ˚yÓÓ˚ !ÓÜ,˛!ï˛ §,!T˛Ü˛yÓ˚# Ó°

F ≤ÃˆÏÎ˚yà Ü˛Ó˚y •Î˚ñ ôˆÏÓ˚y ~ˆÏï˛ ï˛yÓ˚!ê˛Ó˚ ≤Ã§yÓ˚î l •Î˚– ï˛ál 9.8 lÇ

§Ù#Ü˛Ó˚î ̂ Ì Ï̂Ü˛ xyÙÓ˚y ̨õy•zñ  F = YA × (l/L)– ~áy Ï̂l Y •° ï˛yÓ˚!ê˛Ó˚

í˛z˛õyòyˆÏlÓ˚ •zÎ˚Ç à%îyAÜ˛– ~ál «%˛oy!ï˛«%˛o ˜òâ≈ƒ ≤Ã§yÓ˚î  dl  ~Ó˚ çlƒ

Ü,̨ ï˛Ü˛yÎ≈  dW = F × dl  Óy YAldl/L –  xï˛~Óñ ï˛yÓ˚!ê˛Ó˚ ̃ òâ≈ƒ L ̂ Ì Ï̂Ü˛

L + l xÌ≈yÍ  l = 0 ˆÌˆÏÜ˛   l = l  ˛õÎ≈hs˝ Ó,!ÂôÓ˚ çlƒ ˆÙyê˛ Ü,˛ï˛Ü˛yÎ≈

      W = 
0 2

2
l YAl

L
dl

YA l

L
∫ = ×

      W = 
1

2

2

× × 





 ×Y

l

L
AL

= 
1

2
×  •zÎ˚Ç à%îyAÜ˛˛ × å!ÓÜ,˛!ï˛ä2

 ×  ï˛yÓ˚!ê˛Ó˚ xyÎ˚ï˛l

= 
1

2
×  ̨õ#í˛¸l × !ÓÜ,˛!ï˛ × ï˛yÓ˚!ê˛Ó˚ xyÎ˚ï˛l

~•z Ü˛yÎ≈ ï˛yÓ˚!ê˛ Ï̂ï˛ !fiÌ!ï˛fiÌy˛õÜ˛ !fiÌ!ï˛¢!=˛  (U) !• Ï̂§ Ï̂Ó §!M˛ï˛
Ìy Ï̂Ü˛– xï˛~Óñ ï˛yÓ˚!ê˛Ó˚ ≤Ã!ï˛ ~Ü˛Ü˛ xyÎ˚ï˛ Ï̂l !fiÌ!ï˛fiÌy˛õÜ˛ !fiÌ!ï˛¢!=˛

       u = 
1

2
× σε (9.15)

9.7 ˛õòyˆÏÌ≈Ó˚ !fiÌ!ï˛fiÌy˛õÜ˛ ôˆÏÙ≈Ó˚ ÓƒÓ•yÓ˚
(APPLICATIONS OF ELASTIC

BEHAVIOUR OF MATERIALS)

xyÙyˆÏòÓ˚ ˜òl!®l ç#ÓˆÏl ˛õòyˆÏÌ≈Ó˚ !fiÌ!ï˛fiÌy˛õÜ˛ ôÙ≈ ~Ü˛ à%Ó˚%c˛õ)î≈

Ë)̨ !ÙÜ˛y ̨õy°l Ü˛ Ï̂Ó̊– §Ü˛° ôÓ̊ Ï̂lÓ̊ ≤Ã Ï̂Ü˛Ô¢°àï˛ lÜ˛¢yÎ̊ åengineering

designä ˛õòyˆÏÌ≈Ó˚ !fiÌ!ï˛fiÌy˛õÜ˛ ôˆÏÙ≈Ó˚ §%!l!ò≈T˛ K˛yl ÌyÜ˛y òÓ˚Ü˛yÓ˚–

í˛zòy•Ó˚îfl∫Ó˚)˛õñ ˆÜ˛yˆÏly òy°ylÓy!í˛¸Ó˚ lÜ˛¢y ˜ï˛!Ó˚Ó˚ §ÙÎ˚ ~Ó˚ ÌyÙ

åcolumnäñ Ü˛!í˛¸Ü˛yë˛ åbeamä ≤ÃË,˛!ï˛Ó˚ Ü˛yë˛yˆÏÙyàï˛ !ÓlƒyˆÏ§ ÓƒÓ•,ï˛

˛õòyˆÏÌ≈Ó˚ ¢!=˛ §¡õˆÏÜ≈˛ K˛yl ÌyÜ˛y òÓ˚Ü˛yÓ˚– ï%˛!Ù Ü˛áˆÏly ˆË˛ˆÏÓˆÏSÈy !Ü˛

ˆ§ï%̨  ̃ ï˛!Ó˚̂ Ïï˛ Ë˛yÓ˚Ó•l •zï˛ƒy!òÓ˚ çlƒ ÓƒÓ•,ï˛ Ü˛!í ¸̨Ü˛yë˛à%̂ Ï°yÓ˚ ≤ÃfiÌ Ï̂FSÈò

•zÇ Ï̂Ó˚!ç I xyÜ,̨ !ï˛Ó˚ •Î˚ ̂ Ü˛l⁄ Óy!°Ó˚ hfl)Į̈ õ Óy ̨õy•yí ¸̨ !˛õÓ˚y!Ùí˛ xyÜ,̨ !ï˛Ó˚

•Î˚ ˆÜ˛l⁄ ~áyˆÏl í˛zqy!Óï˛ ôyÓ˚îyà%ˆÏ°yÓ˚ !Ë˛!_ˆÏï˛ àˆÏí˛¸ Gë˛y

˛õ!Ó˚Ü˛yë˛y Ï̂Ùyàï˛ Ü˛y!Ó˚à!Ó˚!ÓòƒyÓ˚ åStructural Engineeringä xôƒÎ˚l

ˆÌˆÏÜ˛ ~ ≤ÃŸ¿à%ˆÏ°yÓ˚ í˛z_Ó˚ ˛õyGÎ˚y ˆÎˆÏï˛ ˛õyˆÏÓ˚–

ˆÜ˛yˆÏly Ë˛yÓ˚# Ó›ˆÏÜ˛ ~Ü˛ çyÎ˚ày ̂ ÌˆÏÜ˛ xlƒ çyÎ˚àyÎ˚ !lˆÏÎ˚ ̂ ÎˆÏï˛

xÌÓy í z̨̨ õ Ï̂Ó̊ í z̨ë˛y Ï̂ï˛ ÓƒÓ•,ï˛ ̂ Ü ̨ Ï̂l åÜ˛!˛õÜ˛°ä Ë˛y!Ó̊ Ó›!ê˛ Ï̂Ü˛ xyê˛Ü˛y Ï̂lyÓ̊

çlƒ ~Ü˛!ê˛ ̂ Ùyê˛y ôyï˛Ó ò!í˛¸ ÌyˆÏÜ˛– Ü˛!˛õÜ˛° ~ÓÇ ̂ Ùyê˛Ó˚ ÓƒÓ•yÓ˚ Ü˛ˆÏÓ˚

ò!í ¸̨!ê˛ Ï̂Ü˛ í z̨̨ õ Ï̂Ó˚ ê˛yly •Î˚– ôÓ˚y ÎyÜ˛ñ xyÙÓ˚y ~ál ~Ü˛!ê˛ ̂ Ü ̨ l åÜ˛!˛õÜ˛°ä

˜ï˛!Ó˚ Ü˛Ó˚̂ Ïï˛ ã˛y•z ÎyÓ˚ 10 ê˛l Óy 10 ̂ Ù!ê ∆̨Ü˛ ê˛l  (1 ̂ Ù!ê ∆̨Ü˛ ê˛l = 1000

kg) Ë˛yÓ˚ Gë˛y Ï̂lyÓ˚ «˛Ùï˛y xy Ï̂SÈ– •zflõy Ï̂ï˛Ó˚ ò!í ¸̨!ê˛ Ü˛ï˛ê%̨ Ü%̨  ̂ Ùyê˛y • Ï̂Ó⁄

xyÙÓ˚y xÓ¢ƒ•z ã˛y•zÓ ̂ Î Ë˛yÓ˚ ̂ Îl ò!í˛¸!ê˛ˆÏÜ˛ fiÌyÎ˚#Ë˛yˆÏÓ !ÓÜ,˛ï˛ Ü˛Ó˚ˆÏï˛

ly ̨õyˆÏÓ˚– §%ï˛Ó˚yÇ åò!í˛¸Ó˚ä ≤Ã§yÓ˚îñ !fiÌ!ï˛fiÌy˛õÜ˛ §#Ùy x!ï˛Ü ˛Ù Ü˛Ó˚ˆÏï˛

˛õyÓ˚̂ ÏÓ ly– §yÓ˚!î 9.1 ̂ Ì Ï̂Ü˛ xyÙÓ˚y ̂ òá Ï̂ï˛ ̨õy•z lÓ˚Ù Óy •y°Ü˛y ̂ °y•yÓ˚

˛õÓ˚yË˛Ó ¢!=˛âlc åyield strength-S
y
ä ≤ÃyÎ˚ 300 × 106 N m–2 –

§%ï˛Ó˚yÇñ ò!í˛¸!ê˛Ó˚ ≤ÃfiÌˆÏFSÈˆÏòÓ˚ l)ƒlï˛Ù ˆ«˛eÊ˛°

A ≥ W/Sy  =  Mg/Sy (9.16)

=  (104 kg × 9.8 m s-2)/(300 × 106 N m-2)

=  3.3 × 10-4 m2

Îy ≤ÃyÎ˚ 1 cm Óƒy§yô≈!Ó!¢T˛ ˆày°yÜ˛yÓ˚ ≤ÃfiÌˆÏFSÈˆÏòÓ˚ ò!í˛¸Ó˚ xl%Ó˚)˛õ–

§yôyÓ˚îï˛ñ !lÓ˚y˛õ_yÓ˚ çlƒ Ë˛yˆÏÓ˚ ~Ü˛ ÓˆÏí˛¸y Ùy!ç≈l åË˛yˆÏÓ˚Ó˚ ≤ÃyÎ˚ ò¢

à%îä ˆòGÎ˚y •Î˚– ï˛y•z ≤ÃyÎ˚ 3 cm Óƒy§yˆÏô≈Ó˚ ~Ü˛!ê˛ ˆÙyê˛y ò!í˛¸ ÓƒÓ•yÓ˚

Ü˛Ó̊y •Î̊ årecommendedä– ~Ó̊)̨ õ Óƒy§y Ï̂ô≈Ó̊ ~Ü˛!ê˛ ~Ü˛Ü˛ ï˛yÓ̊ ÓyhflÏ̂ ÏÓ

~Ü˛!ê˛ ò,ì ¸̨ ò[˛ • Ï̂Ó– §%ï˛Ó˚yÇñ !lÙ≈y Ï̂î §%!Óôyñ lÙl#Î˚ï˛y ~ÓÇ ¢!=˛ Ó,!ÂôÓ˚

çlƒ xˆÏlÜ˛à%ˆÏ°y §Ó˚% ï˛yÓ˚ˆÏÜ˛ ~Ü˛§ˆÏAà Ü˛ˆÏÓ˚ ˆÙyê˛y ò!í˛¸!ê˛ ˜ï˛!Ó˚ Ü˛Ó˚y

•Î˚ñ Îy xˆÏlÜ˛ê˛y ã%˛ˆÏ°Ó˚ !Ól%!lÓ˚ ÙˆÏï˛y–
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~Ü˛!ê˛ ˆ§ï%˛ˆÏÜ˛ ~ÙlË˛yˆÏÓ ˜ï˛!Ó˚ Ü˛Ó˚y •Î˚ ÎyˆÏï˛ ˆ§!ê˛ ã˛°Ùyl

ÎylÓy•lñ ÓyÎ˚Ó#Î˚ Ó° ~ÓÇ ~Ó˚ !lˆÏçÓ˚ Gçl §•ƒ Ü˛Ó˚ˆÏï˛ ˛õyˆÏÓ˚–

~Ü˛•zË˛yˆÏÓñ !Ó!”˛Ç ̃ ï˛!Ó˚ˆÏï˛ hflÏΩ˛ åcolumnä ~ÓÇ Ü˛!í˛¸Ü˛yˆÏë˛Ó˚ ÓƒÓ•yÓ˚

á%Ó §yôyÓ˚î– í˛zË˛Î˚ˆÏ«˛ˆÏe•z Ë˛yˆÏÓ˚Ó˚ xô#l Ü˛!í˛¸Ü˛yˆÏë˛Ó˚ åbeamÈüÈ~Ó˚ä

ˆÓÑˆÏÜ˛ ÎyGÎ˚yÓ˚ §Ù§ƒy x!ï˛Ü ˛Ù Ü˛Ó˚y•z •ˆÏFSÈ ̂ ÙÔ!°Ü˛ í˛zˆÏj¢ƒ– Ü˛!í˛¸Ü˛yë˛

á%Ó ˆÓ!¢ ÓÑyÜ˛ˆÏÓ ly Óy ˆË˛ˆÏ. ÎyˆÏÓ ly– ôÓ˚y ÎyÜ˛ñ ~Ü˛!ê˛ !ÓˆÏÙÓ˚ ò%≤Ãyhs˝

xyê˛Ü˛y Ï̂ly ~ÓÇ Ùôƒ≤Ãyhs˝ ̂ Ì Ï̂Ü˛ ~Ü˛!ê˛ Ë˛yÓ˚ V%̨ °y Ï̂ly xy Ï̂SÈ– å!ã˛e 9.8ä–

l ˜òâ≈ƒñ  b ≤ÃfiÌ ~ÓÇ d  ˆÓˆÏôÓ˚ ~Ü˛!ê˛ òˆÏu˛Ó˚ Ùôƒ!Ó®% ˆÌˆÏÜ˛  W Ë˛yÓ˚

≤ÃˆÏÎ˚yà Ü˛Ó˚ˆÏ° òu˛!ê˛Ó˚ V%˛ˆÏ° ÎyGÎ˚yÓ˚ ̨ õ!Ó˚Ùylñ

δ = W l 3/(4bd 3Y) (9.17)

•z!ï˛Ù Ï̂ôƒ xyÙÓ˚y Îy !¢ Ï̂á!SÈ ï˛yÓ˚ ≤Ã Ï̂Î˚yà Ü˛ Ï̂Ó˚ ~ÓÇ fl∫“ Ü˛°l!ÓòƒyÓ˚

≤ÃˆÏÎ˚yˆÏàÓ˚ ÙyôƒˆÏÙ xyÙÓ˚y ~ §¡õÜ≈˛!ê˛ ≤Ã!ï˛¤˛y Ü˛Ó˚ˆÏï˛ ˛õy!Ó˚– §Ù#Ü˛Ó˚î

9.17 ˆÌˆÏÜ˛ xyÙÓ˚y ˆòáˆÏï˛ ˛õy•z ˆÎñ ≤Ãò_ Ë˛yˆÏÓ˚Ó˚ çlƒ !ÓˆÏÙÓ˚ ˆÓÑˆÏÜ˛

ÎyGÎ˚y ˆÓ˚yô Ü˛Ó˚ˆÏï˛ í˛zFã˛ÙyˆÏlÓ˚ •zÎ˚Ç à%îyAÜ˛ !Ó!¢T˛ ˛õòyÌ≈ ÓƒÓ•yÓ˚

Ü˛Ó˚ˆÏï˛ •ˆÏÓ– ~Ü˛•z í˛z˛õyòyˆÏlÓ˚ ˆ«˛ˆÏe ˆÓÑˆÏÜ˛ ÎyGÎ˚y ˆÓ˚yô Ü˛Ó˚yÓ˚ çlƒ

Ü˛!í˛¸Ü˛yë˛!ê˛Ó˚ ≤ÃfiÌ b ~Ó˚ ˛õ!Ó˚ÓˆÏï≈˛ ˆÓô d  Ó,!Âô Ü˛Ó˚yê˛y ˆÓ!¢ Ü˛yÎ≈Ü˛Ó˚#ñ

ˆÎˆÏ•ï%˛ δ  ¢%ô%  d -3 ~ÓÇ  b-1 ~Ó˚ §Ùyl%˛õy!ï˛Ü˛– åxÓ¢ƒ•z Ó!ô≈ï˛ ˜òâ≈ƒ

l Îï˛ê%˛Ü%˛ §Ω˛Ó ˆSÈyˆÏê˛y •GÎ˚y ≤ÃˆÏÎ˚yçlä– Ë˛yÓ˚!ê˛ §!ë˛Ü˛ çyÎ˚àyÎ˚ ly

ÌyÜ˛ Ï̂° àË˛#Ó̊ï˛y Ó,!ÂôÓ̊ § Ï̂Aà !ÓÙ!ê˛ !ã˛e 9.9(b) åÎylÓy•l ã˛°yã˛°Ü˛yÓ˚#

ˆ§ï%̨ Ï̂ï˛ ~ ÓƒÓfiÌy!ê˛ Ü˛Ó˚y Ü˛!ë˛lä ~Ó˚ Ù Ï̂ï˛y ̂ ÓÑ̂ ÏÜ˛ ̂ Î Ï̂ï˛ ̨õy Ï̂Ó˚– í z̨̨ õ Ï̂Ó˚Ó˚

≤Ã!Ü ˛Î˚y!ê˛ˆÏÜ˛ ÓˆÏ° ÓyÜ˛!°Ç åbucklingä– ~!ê˛ ~í˛¸yˆÏlyÓ˚ §•ç í˛z˛õyÎ˚

•° !ã˛e 9.9(c) ˆï˛ ˆòáyˆÏly ≤ÃfiÌˆÏFSÈò#Î˚ xyÜ˛yÓ˚– ~Ó˚)˛õ àë˛l Ó,•Í

ÙyˆÏlÓ˚ Ë˛yÓ˚ Ó•ˆÏlÓ˚ ˆ«˛ˆÏe ˆÓÑˆÏÜ˛ ÎyGÎ˚y ˆÓ˚yô Ü˛Ó˚yÓ˚ çlƒ ÎˆÏÌT˛˛ ˆÓô

§¡õß¨ ̨ õ,¤˛ï˛ˆÏ°Ó˚ ̂ Îyàyl ̂ òÎ˚– ~ ôÓ˚ˆÏlÓ˚ àë˛l ¢!=˛Ó˚ x˛õã˛Î˚ ly Ü˛ˆÏÓ˚

!ÓˆÏÙÓ˚ Gçl Ü˛!ÙˆÏÎ˚ ˆòÎ˚ ~ÓÇ ~Ü˛•z§ˆÏAà áÓ˚ã˛G Ü˛ÙyÎ˚–

!Ó!”˛Ç ~ÓÇ ̂ §ï%˛ !lÙ≈yˆÏî hflÏˆÏΩ˛Ó˚ åpillarsä ÓƒÓ•yÓ˚ á%Ó•z ≤Ãã˛!°ï˛–

ˆày°yÜ˛yÓ̊ ≤Ãyhs˝Î%=˛ hflÏΩ˛ [!ã˛e 9.10(a)] Ó! ˝̂ê˛ï˛ ≤Ãyhs˝Î%=˛ hflÏΩ˛ [!ã˛e 9.10(b)]

ˆÌˆÏÜ˛ Ü˛Ù Ë˛yÓ˚ Ó•l Ü˛Ó˚ˆÏï˛ §«˛Ù– ̂ §ï%˛ xÌÓy òy°ylÓy!í˛¸Ó˚ §%!l!ò≈T˛

!ã˛e  9.8 ò%≤ÃyˆÏhs˝ ̂ ë˛§ ̂ òGÎ˚y ~Ü˛!ê˛ !ÓˆÏÙÓ˚ åbeamä Ùôƒ!Ó®%ˆÏï˛
Ë˛yÓ˚ ã˛y˛õyˆÏly–

lÜ‰˛¢y ˜ï˛!Ó˚ˆÏï˛ ˆ§!ê˛ !Ü˛ ¢ˆÏï≈˛ Ü˛yç Ü˛Ó˚ˆÏÓñ ÓƒÓ•,ï˛ í˛z˛õÜ˛Ó˚ˆÏîÓ˚ áÓ˚ã˛ñ

ò#â≈fiÌy!Î˚c ~ÓÇ !lË≈˛Ó˚ˆÏÎyàƒï˛y ≤ÃË,˛!ï˛ !Ó£ÏÎ˚ !ÓˆÏÓã˛ly Ü˛Ó˚y •Î˚–

˛õ,!ÌÓ#ˆÏï˛ ~Ü˛!ê˛ ̨ õÓ≈ˆÏï˛Ó˚ §ˆÏÓ≈yFã˛ í˛zFã˛ï˛y ≤ÃyÎ˚ 10 km •Î˚ ̂ Ü˛lñ ~

≤ÃˆÏŸ¿Ó˚ í˛z_Ó˚ ˛õyÌˆÏÓ˚Ó˚ !fiÌ!ï˛fiÌy˛õÜ˛ ôˆÏÙ≈Ó˚ í˛z˛õÓ˚ !Ë˛!_ Ü˛ˆÏÓ˚G ˛õyGÎ˚y

(a) (b) (c)

!ã˛e  9.9 ~Ü˛!ê˛ !Ó Ï̂ÙÓ˚ åbeamä !Ó!Ë˛ß¨ ≤ÃfiÌ Ï̂FSÈò#Î˚ xyÜ˛yÓ˚– (a)

~Ü˛!ê˛ òˆÏu˛Ó˚ xyÎ˚ï˛yÜ˛yÓ˚ xÇ¢;  (b) ~Ü˛!ê˛ ̨õyï˛°y òu˛
~ÓÇ ~Ó˚ ÓÜ ̨ yÜ,̨ !ï˛;  (c) §ã˛Ó˚yã˛Ó˚ ÓƒÓ•,ï˛ Ë˛yÓ˚ Ó•lÜ˛yÓ˚#
òˆÏu˛Ó˚ xÇ¢–

ÎyÎ˚– ̨õÓ≈̂ Ïï˛Ó˚ !l¡¨̂ Ïò Ï̂¢ §Ç Ï̂Ü˛yã˛l §%£ÏÙ ly •GÎ˚yÎ˚ ̨õyÌ Ï̂Ó˚ Ü,̨ hs˝l ̨õ#í ¸̨l

í z̨qÓ •Î˚ñ Ê˛ Ï̂° ̨õyÌ Ï̂Ó˚Ó˚ ã˛°l ¢%Ó%̊ •Î˚– ã)̨ í ¸̨yÎ˚ ÌyÜ˛y §ÙhflÏ ̨õòy Ï̂Ì≈Ó˚ çlƒ

í˛zq(ï˛ ̨ õ#í˛¸l §ÇÜ˛ê˛ Ü,˛hs˝l ̨õ#í˛¸ˆÏlÓ˚ ̂ ã˛ˆÏÎ˚ Ü˛Ù •GÎ˚y í˛z!ã˛ï˛ñ ̂ Î ̨õ#í˛¸ˆÏl

˛õyÌÓ˚ ã˛° Ï̂ï˛ Óy àí ¸̨y Ï̂ï˛ ¢%Ó%̊ Ü˛ Ï̂Ó˚– h í z̨Fã˛ï˛yÓ˚ ̨õÓ≈̂ Ïï˛Ó˚ ̨õyò Ï̂ò Ï̂¢ ̨õÓ≈̂ Ïï˛Ó˚

Gç Ï̂lÓ˚ çlƒ ≤Ã!ï˛ ~Ü˛Ü˛ ̂ «˛eÊ˛ Ï̂° Ó°  hρg ñ ̂ Îáy Ï̂l  ρ •° ̨õÓ≈̂ Ïï˛Ó˚

í˛z˛õyòyˆÏlÓ˚ âlc ~ÓÇ  g •° x!Ë˛Ü˛£Ï≈ç cÓ˚î– ˛õÓ≈ˆÏï˛Ó˚ ˛õyòˆÏòˆÏ¢Ó˚

í˛z˛õyòyl °¡∫ x!Ë˛Ù%ˆÏá ~ Ó° xl%Ë˛Ó Ü˛ˆÏÓ˚ ~ÓÇ ˛õÓ≈ˆÏï˛Ó˚ ˛õyŸª≈ˆÏò¢ ~

Ó° ˆÌˆÏÜ˛ Ù%=˛ ÌyˆÏÜ˛– §%ï˛Ó˚yÇ ~!ê˛ ã˛y˛õ xÌÓy xyÎ˚ï˛l §ÇˆÏÜ˛yã˛ˆÏlÓ˚

(a) (b)

!ã˛e  9.10 !˛õ°yÓ˚ xÌÓy hflÏΩ˛ : (a) ̂ ày°yÜ˛yÓ˚ ≤Ãyhs˝Î%=˛ hflÏΩ˛, (b)

Ó!^˝ê˛ï˛ ≤Ãyhs˝Î%=˛ hflÏΩ˛–
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âê˛ly lÎ˚– ̂ §áy Ï̂l ~Ü˛!ê˛ Ü,̨ hs˝l í z̨̨ õyÇ¢ Ó˚̂ ÏÎ˚̂ ÏSÈñ Îy ≤ÃyÎ˚ hρg ÈüÈÓ˚ §Ùyl–

~álñ ~Ü˛!ê˛ !Ó Ï̂¢£Ï ̨õyÌ Ï̂Ó˚Ó˚ çlƒ !fiÌ!ï˛fiÌy˛õÜ˛ §#Ùy •°  30 × 107 N

m-2 – ~ˆÏÜ˛ hρg ÈüÈÓ˚ §Ùyl ~ÓÇ ρ  = 3 × 103 kg m-3 ôˆÏÓ˚ ˛õy•zñ

hρg  = 30 × 107 N m-2   xÌÓyñ
h      =  30 × 107 N m-2/(3 × 103 kg m-3 × 10 m s-2)

      = 10 km

Îy Ùyí˛zrê˛ ~Ë˛yˆÏÓ˚ˆÏfiê˛Ó˚ í˛zFã˛ï˛yÓ˚ ˆã˛ˆÏÎ˚ ˆÓ!¢ú

§yÓ̊yÇ¢

1. ˛õ#í˛¸l •° ≤Ã!ï˛ ~Ü˛Ü˛ ˆ«˛eÊ˛ˆÏ° ≤ÃÎ%=˛ ≤Ãï˛ƒylÎ˚Ü˛ Ó° ~ÓÇ !ÓÜ,˛!ï˛ •° ÙyeyÓ˚ xyÇ!¢Ü˛ ˛õ!Ó˚Óï≈˛l– §yôyÓ˚îï˛ñ !ï˛l
ôÓ˚ˆÏlÓ˚ ̨õ#í˛¸l Ó˚ˆÏÎ˚ˆÏSÈ (a) ≤Ã§yÎ≈ ̨õ#í˛¸l ÈüüüÈ xl%˜Ïòâ≈ƒ ̨õ#í˛¸l åê˛yˆÏlÓ˚ §ˆÏAà Î%=˛ä xÌÓy §ÇˆÏÜ˛yã˛Ü˛ ̨õ#í˛¸l å§ÇˆÏÜ˛yã˛ˆÏlÓ˚
§ˆÏAà Î%=˛ä– (b) Ü,˛hs˝l ̨õ#í˛¸lñ ~ÓÇ (c) í˛zò‰˜ÏfiÌ!ï˛Ü˛ ̨õ#í˛¸l–

2. !ÓÜ,̨ !ï˛ Ü˛Ù • Ï̂°ñ x Ï̂lÜ˛ ̨õòy Ï̂Ì≈Ó˚ ̂ «˛ Ï̂e ̨õ#í ¸̨l !ÓÜ,̨ !ï˛Ó˚ §Ùyl%̨ õy!ï˛Ü˛ •Î˚– ~!ê˛ •%̂ ÏÜ˛Ó˚ §)e ly Ï̂Ù ̨õ!Ó˚!ã˛ï˛– §Ùyl%̨ õy!ï˛Ü˛
ô %ÓÜ˛!ê˛ˆÏÜ˛ !fiÌ!ï˛fiÌy˛õÜ˛ à%îyAÜ˛ ÓˆÏ°– !ï˛l ≤ÃÜ˛yÓ˚ !fiÌ!ï˛fiÌy˛õÜ˛ à%îyAÜ˛ ÎÌy ÈüÈ •zÎ˚Ç à%îyAÜ˛ñ Ü,˛hs˝l à%îyAÜ˛ ~ÓÇ
xyÎ˚ï˛l !ÓÜ,˛!ï˛ à%îyˆÏAÜ˛Ó˚ §y•yˆÏÎƒ !ÓÜ,˛!ï˛ ÓˆÏ°Ó˚ ≤ÃË˛yˆÏÓ Ó›Ó˚ !fiÌ!ï˛fiÌy˛õÜ˛ xyã˛Ó˚î Óƒyáƒy Ü˛Ó˚y ÎyÎ˚–
≤ÃyÜ,˛!ï˛Ü˛ Ó˚yÓyÓ˚ åelastomersä lyˆÏÙ ~Ü˛ ôÓ˚ˆÏlÓ˚ Ü˛!ë˛l ˛õòyÌ≈ xyˆÏSÈ– ˆÎà%ˆÏ°y •%ˆÏÜ˛Ó˚ §)e ˆÙˆÏl ã˛ˆÏ° ly–

3. Ó› Îál §ÇˆÏÜ˛yã˛l xÌÓy ≤Ã§yÓ˚ˆÏîÓ˚ xô#ˆÏl ÌyˆÏÜ˛ñ •%ˆÏÜ˛Ó˚ §)ˆÏeÓ˚ Ó˚)˛õ •Î˚ ÈüüüÈ
 F/A  = Y∆L/L

ˆÎáy Ï̂lñ  ∆L/L •° Ó›Ó˚ ≤Ã§yÓ˚î Óy §Ç Ï̂Ü˛yã˛l !ÓÜ,̨ !ï˛–  F •° !ÓÜ,̨ !ï˛ §,!T˛Ü˛yÓ˚# ≤ÃÎ%=˛ Ó Ï̂°Ó˚ Ùyl– A •° ≤ÃfiÌ Ï̂FSÈ Ï̂òÓ˚
ˆ«˛eÊ˛° ÎyˆÏï˛  F Ó° åAˆï˛ °¡∫ä ≤ÃˆÏÎ˚yà Ü˛Ó˚y •ˆÏÎ˚ˆÏSÈ ~ÓÇ Y •° Ó›Ó˚ •zÎ˚Ç à%îyAÜ˛– ˛õ#í˛¸l •°  F/A.

4. í˛z˛õÓ˚ ~ÓÇ l#ˆÏã˛Ó˚ ̨õ,ˆÏ¤˛Ó˚ §ˆÏAà ~Ü˛ˆÏçyí˛¸y §Ùyhs˝Ó˚y° Ó° ≤ÃˆÏÎ˚yà Ü˛Ó˚ˆÏ° Ü˛!ë˛ˆÏlÓ˚ ~Ó˚)˛õ !ÓÜ,˛!ï˛ âˆÏê˛ ̂ Îñ í˛z˛õˆÏÓ˚Ó˚ ̨õ,¤˛˛
l#ˆÏã˛Ó˚ ̨õ,̂ Ï¤˛Ó˚ §yˆÏ˛õˆÏ«˛ ̨õyˆÏ¢Ó˚ !òˆÏÜ˛ §ˆÏÓ˚ ÎyÎ˚– í˛z˛õˆÏÓ˚Ó˚ ̨õ,̂ Ï¤˛Ó˚ xl%Ë)̨ !ÙÜ˛ §Ó˚î ∆L í z̨Õ‘¡∫ ̃ òâ≈ƒ L ~Ó˚ §ˆÏAà °¡∫– ~•z
ôÓ˚ˆÏlÓ˚ !ÓÜ,˛!ï˛ˆÏÜ˛ ÓˆÏ° Ü,˛hs˝l !ÓÜ,˛!ï˛ ~ÓÇ §Ç!Ÿ’T˛ ˛õ#í˛¸lˆÏÜ˛ ÓˆÏ° Ü,˛hs˝l ˛õ#í˛¸l– ~ôÓ˚ˆÏlÓ˚ ˛õ#í˛¸l ¢%ô%Ùye Ü˛!ë˛ˆÏlÓ˚
ˆ«˛ˆÏe•z §Ω˛Ó–
~ ôÓ˚ˆÏlÓ˚  !ÓÜ,˛!ï˛Ó˚ ˆ«˛ˆÏe •%ˆÏÜ˛Ó˚ §)ˆÏeÓ˚ Ó˚)˛õ!ê˛ •° ÈüüüÈ

F/A = G × ∆L/L

ˆÎáyˆÏl ∆L •° ≤ÃÎ%=˛ Ó° F ~Ó˚ x!Ë˛Ù%ˆÏá Ó›Ó˚ ~Ü˛≤ÃyˆÏhs˝Ó˚ §Ó˚î ~ÓÇ  G •° Ü,˛hs˝l à%îyAÜ˛–
5. ã˛yÓ˚˛õyˆÏ¢ ÌyÜ˛y ï˛Ó˚° Óy ÓyÎ˚Ó#Î˚ ˛õòyÌ≈ åfluidä myÓ˚y ã˛y˛õ åstressä ≤ÃˆÏÎ˚yˆÏàÓ˚ Ê˛ˆÏ° Îál ˆÜ˛yˆÏly Ó›Ó˚ í˛zò‰˜ÏfiÌ!ï˛Ü˛

§ÇˆÏÜ˛yã˛l •Î˚ñ ˆ§ˆÏ«˛ˆÏe •%ˆÏÜ˛Ó˚ §)ˆÏeÓ˚ Ó˚)˛õ!ê˛ •Î˚ñ
p = B (∆V/V),

ˆÎáy Ï̂l  p •° ï˛Ó˚° Óy ÓyÎ˚Ó#Î˚ åfluidä ̨õòy Ï̂Ì≈Ó˚ çlƒ Ó› Ï̂ï˛ ã˛y˛õ åí z̨ò‰̃ ÏfiÌ!ï˛Ü˛ ̨õ#í ¸̨lä ∆V/V  åxyÎ˚ï˛l !ÓÜ,̨ !ï˛ä •°
˙ ã˛yˆÏ˛õÓ˚ ≤ÃË˛yˆÏÓ Ó›Ó˚ xyÎ˚ï˛ˆÏlÓ˚ ˛õÓ˚Ù xyÇ!¢Ü˛ ˛õ!Ó˚Óï≈˛l ~ÓÇ B •° Ó›Ó˚ xyÎ˚ï˛l !ÓÜ,˛!ï˛ à%îyAÜ˛–

ˆË˛ Ï̂Ó ̂ òáyÓ˚ !Ó£ÏÎ˚§Ù)• (POINTS TO PONDER)

1. SÈyò ̂ Ì Ï̂Ü˛ V%̨ °y Ï̂ly ~Ü˛!ê˛ ï˛y Ï̂Ó˚Ó˚ x˛õÓ˚≤Ãyhs˝ ̂ Ì Ï̂Ü˛ V%̨ °y Ï̂ly (F) Gç Ï̂lÓ˚ ≤ÃË˛y Ï̂Ó ï˛yÓ˚!ê˛ Ï̂ï˛ ê˛yl §,!T˛ • Ï̂FSÈ– ï˛y Ï̂Ó˚Ó˚ í z̨̨ õÓ˚
SÈyò Ü˛ï,≈˛Ü˛ ≤ÃÎ%=˛ Ó°ñ Gçl F ~Ó˚ §Ùyl ~ÓÇ !Ó˛õÓ˚#ï˛– §%ï˛Ó˚yÇñ ï˛yˆÏÓ˚Ó˚ ˆÎÈüÈˆÜ˛yˆÏly ≤ÃfiÌˆÏFSÈò A ˆï˛ ê˛yl •°  F ñ 2F

lÎ˚– §%ï˛Ó˚yÇñ ≤Ã§yÎ≈ ˛õ#í˛¸l Îy ≤Ã!ï˛ ~Ü˛Ü˛ ˆ«˛eÊ˛ˆÏ° ê˛yˆÏlÓ˚ §Ùyl ï˛y  F/A ~Ó˚ §Ùyl–

2. ˛õ#í˛¸lÈüÈ!ÓÜ,˛!ï˛ ˆ°á!ã˛ˆÏeÓ˚ ¢%ô%Ùye ˜Ó˚!áÜ˛ xÇˆÏ¢ •%ˆÏÜ˛Ó˚ §)e ≤ÃˆÏÎyçƒ–

3. ˆÎˆÏ•ï%˛ Ü˛!ë˛ˆÏlÓ˚ ˜òâ≈ƒ ~ÓÇ xyÜ,˛!ï˛ Ó˚ˆÏÎ˚ˆÏSÈ ï˛y•z •zÎ˚Ç à%îyAÜ˛ ~ÓÇ Ü,˛hs˝l à%îyAÜ˛ ¢%ô%Ùye Ü˛!ë˛ˆÏlÓ˚ ˆ«˛ˆÏe•z ≤ÃˆÏÎyçƒ–

4. Ü˛!ë˛lñ ï˛Ó˚° ~ÓÇ àƒy§ §Ü˛° ̨õòyˆÏÌ≈Ó˚•z xyÎ˚ï˛l !ÓÜ,˛!ï˛ à%îyAÜ˛ xyˆÏSÈ– Îál ~Ü˛!ê˛ Ó›Ó˚ ≤ÃˆÏï˛ƒÜ˛ xÇ¢ §%£ÏÙ ̨õ#í˛¸ˆÏlÓ˚
xô#ˆÏl ÌyˆÏÜ˛ñ Ó›!ê˛Ó˚ xyÜ˛yÓ˚ x˛õ!Ó˚Óï≈˛l#Î˚ ÌyˆÏÜ˛ ~ÓÇ ~!ê˛ Ó›Ó˚ xyÎ˚ï˛l ˛õ!Ó˚Óï≈˛lˆÏÜ˛ !lˆÏò≈¢ Ü˛ˆÏÓ˚–

5. ôyï%˛Ó˚ •zÎ˚Ç à%îyˆÏAÜ˛Ó˚ Ùyl §ÇÜ˛Ó˚ ôyï%˛ ~ÓÇ ≤ÃyÜ,˛!ï˛Ü˛ Ó˚ÓyÓ˚ åelastomersä ˆÌˆÏÜ˛ xˆÏlÜ˛ ˆÓ!¢– x!ôÜ˛ ÙyˆÏlÓ˚ •zÎ˚Ç
à%îyAÜ˛ !Ó!¢T˛ ˛õòyˆÏÌ≈Ó˚ ˜òˆÏâ≈ƒÓ˚ «%˛o ˛õ!Ó˚Óï≈˛ˆÏlÓ˚ çlƒ x!ôÜ˛ ÙyˆÏlÓ˚ ÓˆÏ°Ó˚ ≤ÃˆÏÎ˚yçl •Î˚–
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xl%¢#°l#

9.1 4.7 m ˜òâ≈ƒ ~ÓÇ  3.0 × 10-5 m2 ≤ÃfiÌˆÏFSÈˆÏòÓ˚ ˆ«˛eÊ˛°!Ó!¢T˛ ~Ü˛!ê˛ •zflõyˆÏï˛Ó˚ ï˛yˆÏÓ˚ ~ÓÇ 3.5 m ˜Ïòâ≈ƒ ~ÓÇ
4.0 × 10–5 m2 ≤ÃfiÌˆÏFSÈˆÏòÓ˚ ˆ«˛eÊ˛°!Ó!¢T˛ ~Ü˛!ê˛ ï˛yÙyÓ˚ ï˛yˆÏÓ˚ ~Ü˛•z Ë˛yˆÏÓ˚Ó˚ xô#ˆÏl §Ù˛õ!Ó˚Ùyî ≤Ã§yÓ˚î âê˛°–
•zflõyï˛ ~ÓÇ ï˛yÙyÓ˚ ï˛yˆÏÓ˚Ó˚ •zÎ˚Ç à%îyˆÏAÜ˛Ó˚ xl%˛õyï˛ Ü˛ï˛⁄

9.2 !ã˛e 9.11 ~ ~Ü˛!ê˛ Ó›Ó˚ ̨õ#í ¸̨lÈüÈ!ÓÜ,̨ !ï˛ ̂ °á!ã˛e ̂ òáy Ï̂ly • Ï̂Î˚̂ ÏSÈ– Ó›!ê˛Ó˚ (a) •zÎ˚Ç à%îyAÜ˛ ~ÓÇ (b) ̨õÓ˚yË˛Ó åyieldä
˛õ#í˛¸ˆÏlÓ˚ xy§ß¨ Ùyl !lî≈Î˚ Ü˛ˆÏÓ˚y–

!ã˛e  9.11

9.3 !ã˛e 9.12 ̂ ï˛  A ~ÓÇ B Ó›Ó˚ çlƒ ˛õ#í˛¸lÈüÈ!ÓÜ,˛!ï˛ ˆ°á!ã˛e ˆòáyˆÏly •ˆÏÎ˚ˆÏSÈ–

!ã˛e  9.12

6. ˜òl!®l ç#ÓˆÏl xyÙyˆÏòÓ˚ ÙˆÏl •Î˚ñ ˆÎ ˛õòyˆÏÌ≈Ó˚ ≤Ã§yÓ˚î ˆÓ!¢ñ ˆ§•z ˛õòyÌ≈ ˆÓ!¢ !fiÌ!ï˛fiÌy˛õÜ˛– !Ü˛v ~ ôyÓ˚îy!ê˛ Ë%˛°–
ÓyhflÏˆÏÓ Ë˛yÓ˚ ≤ÃˆÏÎ˚yˆÏà ˆÎ ˛õòyˆÏÌ≈Ó˚ ≤Ã§yÓ˚î Ü˛Ùñ ˆ§ ˛õòyÌ≈ˆÏÜ˛ ˆÓ!¢ !fiÌ!ï˛fiÌy˛õÜ˛ ôÓ˚y •Î˚–

7. §yôyÓ˚îï˛ ̂ Ü˛y Ï̂ly ~Ü˛!ê˛ x!Ë˛Ù%̂ Ïá ≤ÃÎ%=˛ !ÓÜ,̨ !ï˛ Ó° xlƒ xy Ï̂Ó˚Ü˛!ê˛ x!Ë˛Ù%̂ ÏáG !ÓÜ,̨ !ï˛ §,!T˛ Ü˛Ó˚̂ Ïï˛ ̨õy Ï̂Ó˚– ~ ̨õ!Ó˚!fiÌ!ï˛ Ï̂ï˛
˛õ#í˛¸l ~ÓÇ !ÓÜ,˛!ï˛Ó˚ ÙˆÏôƒ §Ùyl%˛õy!ï˛Ü˛ï˛yÓ˚ §¡õÜ≈˛ ¢%ô%Ùye ~Ü˛!ê˛ !fiÌ!ï˛fiÌy˛õÜ˛ ô %ÓÜ˛ myÓ˚y ≤ÃÜ˛y¢ Ü˛Ó˚y ÎyÎ˚ ly–
í˛zòy•Ó˚îfl∫Ó˚)˛õñ ~Ü˛!ê˛ ï˛yˆÏÓ˚Ó˚ xl%˜Ïòâ≈ƒ !ÓÜ,˛!ï˛ âê˛ˆÏ° ï˛yÓ˚!ê˛ˆÏï˛ x“ ˛õ!Ó˚ÙyˆÏî ˛õyŸª≈#Î˚ ÙyeyÓ˚G ˛õ!Ó˚Óï≈˛l •Î˚ñ Îy xlƒ
xyˆÏÓ˚Ü˛!ê˛ !fiÌ!ï˛fiÌy˛õÜ˛ à%îyAÜ˛ myÓ˚y ≤ÃÜ˛y¢ Ü˛Ó˚y •Î˚ å~ˆÏÜ˛ ̨ õÎ˚§ˆÏlÓ˚ xl%˛õyï˛ ÓˆÏ°ä–

8. ˆÎˆÏ•ï%˛ñ ÓˆÏ°Ó˚ ÙˆÏï˛y ˛õ#í˛¸ˆÏlÓ˚ ˆÜ˛yˆÏly !l!ò≈T˛ xyˆÏÓ˚y!˛õï˛ x!Ë˛Ù%á ˆl•zñ ï˛y•z ˛õ#í˛¸l ˆË˛QÓ˚ Ó˚y!¢ lÎ˚– ˛õòyˆÏÌ≈Ó˚ ˆÜ˛yˆÏly
xÇˆÏ¢Ó˚ ~Ü˛!ê˛ !l!ò≈T˛ ̨õyˆÏŸª≈ !Ü ˛Î˚y¢#° ÓˆÏ°Ó˚ ~Ü˛!ê˛  !l!ò≈T˛ x!Ë˛Ù%á ÌyˆÏÜ˛–

˛õ#
í¸̨l

→ !ÓÜ,˛!ï˛
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ˆ°á!ã˛eà%ˆÏ°y ~Ü˛•z ̂ flÒˆÏ° xÑyÜ˛y •ˆÏÎ˚ˆÏSÈ–
(a) ˆÜ˛yl‰ Ó›!ê˛Ó˚ •zÎ˚Ç à%îyˆÏAÜ˛Ó˚ Ùyl ˆÓ!¢⁄
(b) ò%!ê˛ Ó›Ó˚ ÙˆÏôƒ ˆÜ˛yl‰!ê˛ ˆÓ!¢ ¢!=˛¢y°#⁄

9.4 l#ˆÏã˛Ó˚ !ÓÓ,!ï˛ ò%ˆÏê˛y Îb §•Ü˛yˆÏÓ˚ ˛õˆÏí˛¸y ~ÓÇ Î!ò ~!ê˛ §ï˛ƒ xÌÓy !ÙÌƒy •Î˚ñ ï˛y•ˆÏ° ï˛y Ü˛yÓ˚î§• í˛zˆÏÕ‘á Ü˛ˆÏÓ˚y–
(a) Ó˚ÓyˆÏÓ˚Ó˚ •zÎ˚Ç à%îyAÜ˛ •zflõyˆÏï˛Ó˚ ˆã˛ˆÏÎ˚ ˆÓ!¢;

(b) Ü,˛hs˝l à%îyˆÏAÜ˛Ó˚ §y•yˆÏÎƒ ~Ü˛!ê˛ Ü%˛[˛°#Ó˚ ê˛yl !lî≈Î˚ Ü˛Ó˚y ÎyÎ˚–
9.5 0.25 cm ÓƒyˆÏ§Ó˚ ò%ˆÏê˛y Ë˛yÓ˚Î%=˛ ï˛yÓ˚ñ ˆÎà%ˆÏ°yÓ˚ ~Ü˛!ê˛ •zflõyˆÏï˛Ó˚ ˜ï˛!Ó˚ ~ÓÇ x˛õÓ˚!ê˛ !˛õï˛ˆÏ°Ó˚ñ Îy 9.13 lÇ !ã˛ˆÏe

ˆòáy Ï̂ly • Ï̂Î˚̂ ÏSÈ– Ë˛yÓ˚Î%=˛ •zflõy Ï̂ï˛Ó˚ ~ÓÇ !˛õï˛ Ï̂°Ó˚ ï˛y Ï̂Ó˚Ó˚ xÇ Ï̂¢Ó˚ ̃ òâ≈ƒ ÎÌyÜ ̨ Ï̂Ù  1.5 m ~ÓÇ  1.0 m – •zflõyï˛ ~ÓÇ
!˛õï˛ˆÏ°Ó˚ ï˛yˆÏÓ˚Ó˚ ˜òˆÏâ≈ƒÓ˚ Ó,!Âô àîly Ü˛ˆÏÓ˚y–

!ã˛e  9.13

9.6 ~Ü˛!ê˛ xƒy°%!Ù!lÎ˚yˆÏÙÓ˚ âlˆÏÜ˛Ó˚ ≤Ã!ï˛!ê˛ ôyˆÏÓ˚Ó˚ ˜òâ≈ƒ  10 cm – âlˆÏÜ˛Ó˚ ~Ü˛!ê˛ ˛õ,¤˛ ~Ü˛!ê˛ áyí˛¸y ˆòGÎ˚yˆÏ°Ó˚ §ˆÏAà
ò,ì˛¸Ë˛yˆÏÓ xyê˛Ü˛yˆÏly– âlˆÏÜ˛Ó˚ !Ó˛õÓ˚#ï˛ ˛õ,ˆÏ¤˛Ó˚ §ˆÏAà 100 kg Ë˛Ó˚ §ÇÎ%=˛  xyˆÏSÈ– xƒy°%!Ù!lÎ˚yˆÏÙÓ˚ Ü,˛hs˝l à%îyAÜ˛ 25

GPa– ~•z ̨õ,ˆÏ¤˛Ó˚ í˛zÕ‘¡∫ !Óã%˛ƒ!ï˛ Ü˛ï˛⁄
9.7 •y°Ü˛y !fiê˛ Ï̂°Ó˚ ̃ ï˛!Ó˚ ã˛yÓ˚!ê˛ ~Ü˛•z Ó˚Ü˛Ù ÊÑ̨ y˛õy ̂ ã˛y.yÜ,̨ !ï˛ hflÏΩ˛ åcolumnä 50,000 kg Ë˛ Ï̂Ó˚Ó˚ ~Ü˛!ê˛ Ü˛yë˛y Ï̂ÙyÓ˚ Ë˛yÓ˚Ó•l

Ü˛Ó˚ˆÏSÈ– ≤Ã!ï˛!ê˛ hflÏˆÏΩ˛Ó˚ xhs˝ ~ÓÇ Ó!•Ó≈ƒy§yô≈ ÎÌyÜ ˛ˆÏÙ 30 ~ÓÇ 60 cm – Ë˛yÓ˚Ó^˝ê˛l §%£ÏÙ ôˆÏÓ˚ !lˆÏÎ˚ ≤Ã!ï˛!ê˛ hflÏˆÏΩ˛Ó˚
§ÇˆÏÜ˛yã˛l¢#° !ÓÜ,˛!ï˛ àîly Ü˛ˆÏÓ˚y–

9.8 15.2 mm × 19.1 mm xyÎ˚ï˛yÜ˛yÓ˚ ≤ÃfiÌˆÏFSÈò!Ó!¢T˛ ~Ü˛ ê%˛Ü˛ˆÏÓ˚y ï˛yÙyˆÏÜ˛  44,500 N Ó° myÓ˚y ê˛ylyÓ˚ Ê˛ˆÏ° ¢%ô%Ùye
!fiÌ!ï˛fiÌy˛õÜ˛ !ÓÜ,˛!ï˛ âê˛°– ~ˆÏ«˛ˆÏe §,T˛ !ÓÜ,˛!ï˛Ó˚ ˛õ!Ó˚Ùyî àîly Ü˛ˆÏÓ˚y–

9.9 1.5 cm Óƒy§yô≈!Ó!¢T˛ ~Ü˛!ê˛ •zflõyˆÏï˛Ó˚ ï˛yÓ˚ flÒ# ~°yÜ˛yÎ˚ åski areaä ~Ü˛!ê˛ ˆã˛Î˚yÓ˚ !°Ê‰˛ê˛ åChairliftä ˆÜ˛ Ó•l
Ü˛Ó˚̂ ÏSÈ– § Ï̂Ó≈yFã˛ ̨õ#í ¸̨l Î!ò 108 N m–2 x!ï˛Ü ̨ Ù ly Ü˛ Ï̂Ó˚ñ ï˛y• Ï̂° ï˛yÓ˚!ê˛ § Ï̂Ó≈yFã˛ Ü˛ï˛ê%̨ Ü%̨  Ë˛yÓ˚ Ó•l Ü˛Ó˚̂ Ïï˛ §«˛Ù • Ï̂Ó⁄

9.10 15 kg Ë˛ Ï̂Ó˚Ó˚ ~Ü˛!ê˛ ò,ì ¸̨ ò[˛ ≤Ã!ï˛!ê˛  2.0 m ò#â≈ ~Ó)̨̊ õ !ï˛l!ê˛ ï˛yÓ˚ !ò Ï̂Î˚ ≤Ã!ï˛§ÙË˛y Ï̂Ó V%̨ °y Ï̂ly– ò[˛!ê˛Ó˚ ò%•z≤Ãy Ï̂hs˝ Ó˚̂ ÏÎ˚̂ ÏSÈ
ï˛yÙyÓ˚ ï˛yÓ˚ ~ÓÇ ÙyV˛áyˆÏl Ó˚ˆÏÎ˚ˆÏSÈ ˆ°y•yÓ˚ ï˛yÓ˚– ≤Ã!ï˛!ê˛Ó˚ ê˛yl åtensionä §Ùyl •ˆÏ° ï˛yÓ˚à%ˆÏ°yÓ˚ ÓƒyˆÏ§Ó˚ xl%˛õyï˛
!lî≈Î˚ Ü˛ˆÏÓ˚y–

9.11 1.0 m ̃ òˆÏâ≈ƒÓ˚ ~Ü˛!ê˛ x≤Ã§y!Ó˚ï˛ •zflõyˆÏï˛Ó˚ ï˛yˆÏÓ˚ 14.5 kg Ë˛Ó˚ ̂ ÓÑˆÏô ï˛yÓ˚!ê˛ˆÏÜ˛ ~Ü˛!ê˛ í˛zÕ‘¡∫ Ó,_˛õˆÏÌ â%Ó˚yˆÏly •ˆÏFSÈ–
Ó,ˆÏ_Ó˚ !l¡¨≤ÃyˆÏhs˝ ï˛yÓ˚!ê˛Ó˚ ̂ Ü˛Ô!îÜ˛ ̂ Óà 2 rev/s – ï˛yÓ˚!ê˛Ó˚ ≤ÃfiÌˆÏFSÈˆÏòÓ˚ ̂ «˛eÊ˛°  0.065 cm2 – ï˛yˆÏÓ˚Ó˚ !ÓÜ,˛!ï˛ !lî≈Î˚
Ü˛ˆÏÓ˚y Îál Ë˛Ó˚ à!ï˛˛õˆÏÌÓ˚ !l¡¨ !Ó®%ˆÏï˛ ÌyˆÏÜ˛–

9.12 !l¡¨!°!áï˛ ï˛Ìƒ ̂ ÌˆÏÜ˛ çˆÏ°Ó˚ xyÎ˚ï˛l !ÓÜ,˛!ï˛ à%îyAÜ˛ !lî≈Î˚ Ü˛ˆÏÓ˚y ı ≤ÃyÌ!ÙÜ˛ xyÎ˚ï˛l  = 100.0 litre, ã˛yˆÏ˛õÓ˚ Ó,!Âô =

100.0 atm (1 atm = 1.013 × 105 Pa), x!hs˝Ù xyÎ˚ï˛l = 100.5 litre – !fiÌÓ˚ ï˛y˛õÙyeyÎ˚ ç° ~ÓÇ ÓyÎ%̊Ó˚ xyÎ˚ï˛l
!ÓÜ,˛!ï˛ à%îyˆÏAÜ˛Ó˚ ï%˛°ly Ü˛ˆÏÓ˚y– xl%˛õyï˛ ~ï˛ ˆÓ!¢ ˆÜ˛l §•ç Ë˛y£ÏyÎ˚ Óƒyáƒy Ü˛ˆÏÓ˚y–

9.13 80.0 atm ã˛y˛õ!Ó!¢T˛ àË˛#Ó˚ï˛yÎ˚ çˆÏ°Ó˚ âlc !lî≈Î˚ Ü˛ˆÏÓ˚y– ̂ òGÎ˚y xyˆÏSÈñ ̨õ,¤˛ï˛ˆÏ°Ó˚ âlc 1.03 × 103 kg m–3?

9.14 10 atm í˛zò‰˜ÏfiÌ!ï˛Ü˛ ã˛y˛õ ≤ÃˆÏÎ˚yˆÏàÓ˚ ˛Ê˛ˆÏ° ~Ü˛!ê˛ ÜÑ˛yã˛ Ê˛°ˆÏÜ˛Ó˚ åglass slabä xyÎ˚ï˛ˆÏlÓ˚ xyÇ!¢Ü˛ ˛õ!Ó˚Óï≈˛l àîly
Ü˛ Ï̂Ó˚y–



Ü˛!ë˛l ˛õòyˆÏÌ≈Ó˚ Îy!sfÜ˛ ôÙ≈yÓ!° 249

9.15 7.0 × 106 Pa í˛zò‰˜ÏfiÌ!ï˛Ü˛ ã˛y˛õ ≤ÃˆÏÎ˚yˆÏà 10 cm Óy•%!Ó!¢T˛ ~Ü˛!ê˛ Ü˛!ë˛l ï˛yÙyÓ˚ âlˆÏÜ˛Ó˚ xyÎ˚ï˛l §ÇˆÏÜ˛yã˛l !lî≈Î˚ Ü˛ˆÏÓ˚y–
9.16 ~Ü˛ !°ê˛yÓ˚ ç°ˆÏÜ˛  0.10% ̨õÎ≈hs˝ §ÇÜ%˛!ã˛ï˛ Ü˛Ó˚ˆÏï˛ ã˛yˆÏ˛õÓ˚ Ü˛ï˛ê%˛Ü%˛ ̨ õ!Ó˚Óï≈˛l Ü˛Ó˚ˆÏï˛ •ˆÏÓ⁄
x!ï˛!Ó˚=˛ xl%¢#°l# (Additional Exercises)

9.17 !ã˛e 9.14 ~ ̂ òáyˆÏly •#Ó˚yÓ˚ ~Ü˛Ü˛ ̂ Ü˛°y§ !òˆÏÎ˚ ̃ ï˛!Ó˚ ~Ü˛!ê˛ ̂ l•y•zñ Îy x!ï˛ í˛zFã˛ã˛yˆÏ˛õ ÌyÜ˛y Ó›Ó˚ ôÙ≈ çylyÓ˚ çlƒ ÓƒÓ•,ï˛ •Î˚– ̂ l•y•z ~Ó˚
§Ó˚% ≤ÃyˆÏhs˝Ó˚ §Ùï˛° Ù%ˆÏáÓ˚ Óƒy§ 0.50 mm ~ÓÇ ã˛Gí˛¸y ≤ÃyˆÏhs˝ 50,000 N §ÇˆÏÜ˛yã˛Ü˛ Ó° ≤ÃˆÏÎ˚yà Ü˛Ó˚y •°– ̂ l•y•z ~Ó˚ xyàyÎ˚ åtipä ã˛y˛õ Ü˛ï˛
•ˆÏÓ⁄

!ã˛e  9.14

9.18 1.05 m ò#â≈ñ í˛zˆÏ˛õ«˛î#Î˚ Ë˛ˆÏÓ˚Ó˚ ~Ü˛!ê˛ ò[˛ˆÏÜ˛ ï˛yÓ˚ ò%≤Ãyhs˝ ~Ü˛•z ̃ òˆÏâ≈ƒÓ˚ ò%!ê˛ ï˛yÓ˚ ÎÌy •zflõyˆÏï˛Ó˚ ï˛yÓ˚ A ~ÓÇ xƒy°%!Ù!lÎ˚yˆÏÙÓ˚ ï˛yÓ˚ B ~Ó˚
˛§y•yˆÏÎƒ V%˛°yˆÏly xyˆÏSÈ å!ã˛e 9.15ä– ï˛yÓ˚ A ~ÓÇ B ~Ó˚ ≤ÃfiÌˆÏFSÈˆÏòÓ˚ ˆ«˛eÊ˛° ÎÌyÜ ˛ˆÏÙ  1.0 mm2 ~ÓÇ 2.0 mm2 – •zflõyï˛ ~ÓÇ
xƒy°%!Ù!lÎ˚yÙ ï˛yˆÏÓ˚ (a) ~Ü˛•z ̨ õ#í˛¸l ~ÓÇ  (b) ~Ü˛•z !ÓÜ,˛!ï˛ í˛zÍ˛õß¨ Ü˛Ó˚ˆÏï˛ ~Ü˛!ê˛ Ë˛Ó˚ m ˆÜ˛ òˆÏ[˛Ó˚ ̂ Ü˛yl‰ !Ó®% ̂ ÌˆÏÜ˛ V%˛°yˆÏï˛ •ˆÏÓ⁄

!ã˛e  9.15

9.19 1.0 m ò#â≈ ~ÓÇ  0.50 × 10-2 cm2 ≤ÃfiÌ Ï̂FSÈ Ï̂òÓ˚ ̂ «˛eÊ˛° !Ó!¢T˛ ~Ü˛!ê˛ •y°Ü˛y •zflõy Ï̂ï˛Ó˚ ï˛yÓ˚̂ ÏÜ˛ ò%!ê˛ Ìy Ï̂ÙÓ˚ åpillarsä Ù Ï̂ôƒ xl%Ë)̨ !ÙÜ˛Ë˛y Ï̂Ó
ˆÓ˚ˆÏá !fiÌ!ï˛fiÌy˛õÜ˛ §#ÙyÓ˚ ÙˆÏôƒ ê˛yl ê˛yl xÓfiÌyÎ˚ Ó˚yáy •°– 100 g Ë˛ˆÏÓ˚Ó˚ ~Ü˛!ê˛ Ó›ˆÏÜ˛ ï˛yÓ˚!ê˛Ó˚ Ùôƒ!Ó®% ˆÌˆÏÜ˛ V%˛°yˆÏly •ˆÏ° Ùôƒ!Ó®%Ó˚
xÓlÙl !lî≈Î˚ Ü˛ˆÏÓ˚y–

9.20 ≤Ã!ï˛!ê˛ 6.0 mm Óƒy Ï̂§Ó˚ 4 !ê˛ !Ó˚̂ ÏË˛ê˛ myÓ˚y ò%!ê˛ ôyï˛Ó ̨õy Ï̂ï˛Ó˚ ≤Ãy Ï̂hs˝ ç%̂ Ïí ¸̨ ̂ òGÎ˚y •°– Î!ò !Ó˚̂ ÏË˛ Ï̂ê˛Ó˚ Ü,̨ hs˝l ̨õ#í ¸̨l  6.9 × 107 Pa ~Ó˚ ̂ Ó!¢ ly
•Î˚ ï˛y•ˆÏ° !Ó˚ˆÏË˛ˆÏê˛Ó˚ ˛õyˆÏï˛ §ˆÏÓ≈yFã˛ ê˛yl Ü˛ï˛ •ˆÏÓ⁄ ôˆÏÓ˚ lyG ≤Ã!ï˛!ê˛ !Ó˚ˆÏË˛ê˛ˆÏÜ˛ ~Ü˛ ã˛ï%˛Ì≈yÇ¢ Ë˛yÓ˚ Ó•l Ü˛Ó˚ˆÏï˛ •ˆÏÓ–

9.21 ˆÙ!Ó˚ly áyï˛ ≤Ã¢yhs˝ Ù•y§yàˆÏÓ˚ Ó˚ˆÏÎ˚ˆÏSÈñ ~ÓÇ ~Ü˛ çyÎ˚àyÎ˚ ~!ê˛ ç°˛õ,¤˛ ̂ ÌˆÏÜ˛ 11 km  l#ˆÏã˛ Ó˚ˆÏÎ˚ˆÏSÈ– áyˆÏï˛Ó˚ §Ó≈!l¡¨ !Ó®%ˆÏï˛ ã˛y˛õ ≤ÃyÎ˚  1.1

× 108 Pa – 0.32 m3 ≤ÃyÌ!ÙÜ˛ xyÎ˚ï˛l!Ó!¢T˛ ~Ü˛!ê˛ •zflõyˆÏï˛Ó˚ Ó°ˆÏÜ˛ §Ù%ˆÏoÓ˚ çˆÏ° ̂ Ê˛°ˆÏ° ~!ê˛ áyˆÏï˛Ó˚ l#ˆÏã˛ ̨õí˛¸°– ï˛°ˆÏòˆÏ¢ ̂ ˛õÑÔSÈyˆÏ°
Ó°!ê˛Ó˚ xyÎ˚ï˛ˆÏlÓ˚ !Ü˛ ˛õ!Ó˚Óï≈˛l •Î˚⁄



xôƒyÎ˚ ı ò¢Ù

10.1  Ë)̨ !ÙÜ˛y (INTRODUCTION)

~ xôƒy Ï̂Î˚ xyÙÓ˚y ï˛Ó˚° G àƒy§#Î˚ ̨õòy Ï̂Ì≈Ó˚ !Ü˛S%È §yôyÓ˚î ôÙ≈yÓ!° §¡õ Ï̂Ü≈̨  çylÓ– ï˛Ó˚° G
àƒy§#Î˚ ̨ õòyÌ≈ ≤ÃÓy!•ï˛ •ˆÏï˛ ̨ õyˆÏÓ˚ñ ï˛y•z ï˛yˆÏòÓ˚ˆÏÜ˛ ≤ÃÓy•# åfluidä ÓˆÏ°–  Ù)°ï˛ ~•z ôˆÏÙ≈Ó˚
§y•yˆÏÎƒ xyÙÓ˚y ï˛Ó˚° G àƒy§#Î˚ ˛õòyÌ≈ˆÏÜ˛ Ü˛!ë˛l ˛õòyÌ≈ ˆÌˆÏÜ˛ ˛õ,ÌÜ˛ Ü˛!Ó˚–

xyÙy Ï̂òÓ˚ §Ó!ò Ï̂Ü˛ ≤ÃÓy•# í z̨̨ õ!fiÌï˛– ̨õ,!ÌÓ# ÓyÎ%̊ myÓ˚y xyÓ,ï˛ ~ÓÇ ̨õ,¤˛ï˛ Ï̂°Ó˚ !ï˛lË˛y Ï̂àÓ˚
ò%Ë˛yà ç°myÓ˚y ˛õ!Ó˚ˆÏÓ!T˛ï˛– ç° ˆÜ˛Ó°Ùye xyÙyˆÏòÓ˚ x!hflÏˆÏcÓ˚ çlƒ•z ≤ÃˆÏÎ˚yçl#Î˚ lÎ˚ñ
≤ÃˆÏï˛ƒÜ˛ hflÏlƒ˛õyÎ˚# ≤Ãyî#ˆÏòÓ˚ ˆò• ≤Ãôylï˛ ç° myÓ˚y à!ë˛ï˛– í˛z!qò §• ≤Ãyî#ˆÏòˆÏ•Ó˚ §ÙhflÏ
≤Ã!Ü ˛Î˚yà%ˆÏ°y §¡õyòˆÏlÓ˚ ÙyôƒÙ •° ≤ÃÓy•#– ï˛y•z ≤ÃÓy•#Ó˚ xyã˛Ó˚î ~ÓÇ ̃ Ó!¢T˛ƒ çyly á%Ó•z
à%Ó˚%c˛õ)î≈–

≤ÃÓy•# Ü˛#Ë˛yˆÏÓ Ü˛!ë˛l ˆÌˆÏÜ˛ ˛õ,ÌÜ˛⁄ ï˛Ó˚° G àƒy§#Î˚ ˛õòyˆÏÌ≈Ó˚ ÙˆÏôƒ §yôyÓ˚î !Ó£ÏÎ˚!ê˛
Ü˛#⁄ Ü˛!ë˛l ˛õòyˆÏÌ≈Ó˚ ÙˆÏï˛y ≤ÃÓy•#Ó˚ !lçfl∫ xyÜ,˛!ï˛ ˆl•z– Ü˛!ë˛l G ï˛Ó˚° ˛õòyˆÏÌ≈Ó˚ !l!ò≈T˛
xyÎ˚ï˛l xyˆÏSÈñ !Ü˛v àƒy§#Î˚ ˛õòyÌ≈ˆÏÜ˛ ˆÎ ˛õyˆÏe Ó˚yáy •Î˚ ˆ§ ˛õyˆÏeÓ˚ §¡õ)î≈ xyÎ˚ï˛l òá°
Ü˛ Ï̂Ó̊– xy Ï̂àÓ̊ xôƒy Ï̂Î̊ xyÙÓ̊y !¢ Ï̂á!SÈ ̂ Î Ü˛!ë˛l ̨õòy Ï̂Ì≈Ó̊ xyÎ̊ï˛l Ï̂Ü˛ ̨õ#í˛̧l ≤Ã Ï̂Î̊y Ï̂à ̨õ!Ó̊Óï≈̨ l
Ü˛Ó˚y ÎyÎ˚– Ü˛!ë˛lñ ï˛Ó˚° ~ÓÇ àƒy§#Î˚ ˛õòyˆÏÌ≈Ó˚ xyÎ˚ï˛l ï˛yÓ˚ í˛z˛õÓ˚ !Ü ˛Î˚y¢#° ˛õ#í˛¸l Óy
ã˛y Į̈̂ õÓ˚ í z̨̨ õÓ˚ !lË≈̨ Ó˚¢#°– Îál xyÙÓ˚y Ü˛!ë˛l G ï˛Ó˚̂ Ï°Ó˚ !l!ò≈T˛ xyÎ˚ï˛ Ï̂lÓ˚ Ü˛Ìy Ó!°ñ ï˛ál
xyÙÓ˚y ÓyÎ˚%Ù[˛°#Î˚ ã˛yˆÏ˛õ xyÎ˚ï˛ˆÏlÓ˚ Ü˛Ìy Ó%!V˛– àƒyˆÏ§Ó˚ §ˆÏAà ï˛Ó˚ˆÏ°Ó˚ ̨ õyÌ≈Ü˛ƒ Óy àƒyˆÏ§Ó˚
§ Ï̂Aà Ü˛!ë˛ Ï̂lÓ˚ ̨õyÌ≈Ü˛ƒ •°ñ Îál xyÙÓ˚y Óy!•ƒÜ˛ ≤ÃÎ%=˛ ã˛y Į̈̂ õÓ˚ ̨õ!Ó˚Óï≈̨ l Ü˛!Ó˚ ï˛ál Ü˛!ë˛l G
ï˛Ó˚ˆÏ°Ó˚ xyÎ˚ï˛ˆÏlÓ˚ ˛õ!Ó˚Óï≈˛l xˆÏlÜ˛ê˛y•z Ü˛Ù •Î˚– xlƒË˛yˆÏÓ Ó°y ÎyÎ˚ Ü˛!ë˛l G ï˛Ó˚ˆÏ°Ó˚
§ÇlÙƒï˛y åcompressibilityä àƒyˆÏ§Ó˚ ï%˛°lyÎ˚ xˆÏlÜ˛ Ü˛Ù–

Ü,̨ hs˝l ̨õ#í ¸̨l Ü˛!ë˛l ̨õòy Ï̂Ì≈Ó˚ xyÎ˚ï˛l !ë˛Ü˛ ̂ Ó˚̂ Ïá ï˛yÓ˚ xyÜ,̨ !ï˛Ó˚ ̨õ!Ó˚Óï≈̨ l Ü˛Ó˚̂ Ïï˛ ̨õy Ï̂Ó˚–
≤ÃÓy•#Ó˚ Ù)° ˜Ó!¢T˛ƒ •° ï˛yÓ˚y Ü,˛hs˝l ˛õ#í˛¸lˆÏÜ˛ á%Ó Ü˛Ù Óyôy ˆòÎ˚ ~ÓÇ á%Ó Ü˛Ù ˛õ!Ó˚Ùyî
Ü,˛hs˝l ˛õ#í˛¸ˆÏlÓ˚ çlƒ ï˛yˆÏòÓ˚ xyÜ,˛!ï˛Ó˚Ó˚ ˛õ!Ó˚Óï≈˛l •Î˚– Ü˛!ë˛l ˛õòyˆÏÌ≈Ó˚ Ü,˛hs˝l ˛õ#í˛¸ˆÏlÓ˚
ï%˛°lyÎ˚ ≤ÃÓy•#Ó˚ Ü,˛hs˝l ˛õ#í˛¸ˆÏlÓ˚ Ùyl ò¢ °«˛ Ë˛yˆÏàÓ˚ ~Ü˛ Ë˛yà–

10.2  ã˛y˛õ (PRESSURE)

Îál ~Ü˛!ê˛ §%ã˛ myÓ˚y xyÙyˆÏòÓ˚ ã˛yÙí˛¸yˆÏï˛ ã˛y˛õ ˆòGÎ˚y •Î˚ ï˛ál ~ê˛y ã˛yÙí˛¸y ˆË˛ò Ü˛ˆÏÓ˚
ˆË˛ï˛ Ï̂Ó˚ ÎyÎ˚ñ !Ü˛v Îál ~Ü˛!ê˛ Óí ¸̨ ̂ «˛eÊ˛°!Ó!¢T˛ ̂ Ë˛yï˛y Ó› myÓ˚y åˆÎÙl ã˛yÙ Ï̂ã˛Ó˚ ̂ ˛õSÈl
!òÜ˛ä ã˛yÙí˛¸yˆÏï˛ ~Ü˛•z Ó° ≤ÃˆÏÎ˚yˆÏà ã˛y˛õ ̂ òGÎ˚y •Î˚ ï˛ál ã˛yÙí˛¸y x«˛ï˛ ÌyˆÏÜ˛– Î!ò ~Ü˛çl
Óƒy!=˛Ó˚ Ó%ˆÏÜ˛Ó˚  í˛z˛õÓ˚ !òˆÏÎ˚ ~Ü˛!ê˛ •y!ï˛ ̂ •ÑˆÏê˛ ÎyÎ˚ ï˛y•ˆÏ° ̇  Óƒ!=˛Ó˚ Ó%ˆÏÜ˛Ó˚ •yí˛¸ ̂ ÊÑ˛ˆÏê˛ ÎyÎ˚–

10.1 Ë)̨ !ÙÜ˛y
10.2 ã˛y˛õ
10.3 ôyÓ˚yˆÏÓ˚á Óy ¢yhs˝ ≤ÃÓy•
10.4 ÓyˆÏl≈y!°Ó˚ l#!ï˛
10.5 §ywï˛y
10.6 ˆÓ˚l”˛§‰ §Çáƒy
10.7 ˛õ,¤˛ê˛yl

§yÓ̊yÇ¢
ˆË˛ˆÏÓ ˆòáyÓ˚ !Ó£ÏÎ˚§Ù)•
xl%¢#°l#
x!ï˛!Ó˚=˛ xl%¢#°l#
˛õ!Ó˚!¢T˛

≤ÃÓy•#Ó˚ Îy!sfÜ˛ ôÙ≈yÓ!°
(MECHANICAL PROPERTIES OF FLUIDS)
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!Ü˛v §yÜ≈˛y§ ˆá°yÎ˚ ≤Ãò¢≈lÜ˛yÓ˚#ˆÏòÓ˚ Ó%ˆÏÜ˛Ó˚ í˛z˛õÓ˚ ~Ü˛!ê˛ ÓˆÏí˛¸y !Ü˛v
•y°Ü˛y Ü˛y Ï̂ë˛Ó˚ ï˛=˛y !Ó!SÈ̂ ÏÎ˚ ï˛yÓ˚ í z̨̨ õÓ˚ !ò Ï̂Î˚ •y!ï˛ ̂ •Ñ̂ Ïê˛ ̂ à Ï̂°G ~ôÓ˚̂ ÏlÓ˚
ò%â≈ê˛ly â Ï̂ê˛ ly– ~ôÓ˚̂ ÏlÓ˚ ̃ òl!®l x!Ë˛K˛ï˛y ̂ Ì Ï̂Ü˛ xyÙÓ˚y !l!Ÿã˛ï˛ ̂ Î
≤ÃÎ%=˛ Ó° ~ÓÇ ≤ÃÎ%=˛ ÓˆÏ°Ó˚ ≤ÃË˛yÓÎ%=˛ ˆ«˛eÊ˛°ñ í˛zË˛ˆÏÎ˚•z à%Ó˚%c˛õ)î≈–
≤ÃÎ%=˛ ÓˆÏ°Ó˚ ≤ÃË˛y!Óï˛ ˆ«˛eÊ˛° Î!ò «%˛o •Î˚ ï˛ˆÏÓ ˆ§ ÓˆÏ°Ó˚ ≤ÃË˛yÓ
ˆÓ!¢ •Î˚– ~ ôyÓ˚îy•z •°  ã˛y˛õ–

~Ü˛!ê˛ Ó› Ï̂Ü˛ Îál ̂ Ü˛y Ï̂ly !fiÌÓ˚ ≤ÃÓy•# Ï̂ï˛ !lÙ!Iï˛ Ü˛Ó˚y •Î˚ ï˛ál
G•z ≤ÃÓy•# Ü˛ï,≈˛Ü˛ !lÙ!Iï˛ Ó›Ó˚ ï˛ˆÏ°Ó˚ í˛z˛õÓ˚ ~Ü˛!ê˛ Ó° ≤ÃÎ%=˛ •Î˚–
~•z Ó° §Ó≈òy Ó›Ó˚ ï˛ˆÏ°Ó˚ §ˆÏAà °¡∫ •Î˚– •z•y ~çlƒ •Î˚ ˆÎñ Î!ò
ˆÜ˛y Ï̂ly ï˛ Ï̂°Ó˚ § Ï̂Aà §Ùyhs˝Ó˚y°Ë˛y Ï̂Ó ̂ Ü˛y Ï̂ly Ó Ï̂°Ó˚ í z̨̨ õyÇ¢ Ìy Ï̂Ü˛ ï˛ Ï̂Ó
!lí˛zê˛ˆÏlÓ˚ ï,˛ï˛#Î˚ §)eyl%ÎyÎ˚# G•z ï˛°G ≤ÃÓy•#Ó˚ í˛z˛õÓ˚ §Ùyhs˝Ó˚y°Ë˛yˆÏÓ
Ó° ≤Ã Ï̂Î̊yà Ü˛ Ï̂Ó̊– ~•z Ó Ï̂°Ó̊ ≤ÃË˛y Ï̂Ó ≤ÃÓy•#!ê˛ ï˛ Ï̂°Ó̊ §Ùyhs˝Ó̊y Ï̂° ≤ÃÓy!•ï˛
•Î˚– ˆÎˆÏ•ï%˛ ≤ÃÓy•# !fiÌÓ˚ñ ï˛y•z ~ âê˛ly âˆÏê˛ ly– ï˛y•z !fiÌÓ˚ ≤ÃÓy•#
Ü˛ï,≈̨ Ü˛ ≤ÃÓy•# §Ç°@¿ ï˛ Ï̂° Ó° °¡∫Ë˛y Ï̂Ó ≤ÃÎ%=˛ •Î˚– •z•y Ï̂Ü˛ !ã˛e 10.1(a)

ˆï˛ ˆòáyˆÏly •ˆÏÎ˚ˆÏSÈ–
ˆÜ˛yˆÏly ~Ü˛!ê˛ !Ó®%ˆÏï˛ ≤ÃÓy•# Ü˛ï,≈˛Ü˛ ≤ÃÎ%=˛ °¡∫ Ó°ˆÏÜ˛ ̨õ!Ó˚Ùy˛õ Ü˛Ó˚y

ÎyÎ˚– ã˛y˛õ ˛õ!Ó˚ÙyˆÏ˛õÓ˚ ~Ü˛!ê˛ xyò¢≈ lÙ%lyÓ˚ ÎsfˆÏÜ˛ 10.1(b) lÇ !ã˛ˆÏe
ˆòáyˆÏly •ˆÏÎ˚ˆÏSÈ– •z•y ~Ü˛!ê˛ ÓyÎ˚%¢)lƒ ≤ÃˆÏÜ˛y¤˛ ÎyÓ˚ ÙˆÏôƒ ~Ü˛!ê˛ fl±#Ç
xyˆÏSÈ ~ÓÇ •z•y xÇ¢y!AÜ˛ï˛ Ü˛Ó˚y xyˆÏSÈñ Îy !˛õT˛ˆÏlÓ˚ í˛z˛õÓ˚ ≤ÃÎ%=˛ Ó°
˛õ!Ó̊Ùy˛õ Ü˛Ó̊ Ï̂ï˛ ÓƒÓ•,ï˛ •Î̊– ~ Îsf!ê˛ Ï̂Ü˛ ≤ÃÓy•#Ó̊ xË˛ƒhs˝̂ ÏÓ̊ ~Ü˛!ê˛ !Ó®%̂ Ïï˛
fiÌy˛õl Ü˛Ó̊y •Î̊– ≤ÃÓy•# Ü˛ï,≈̨ Ü˛ !˛õT˛ Ï̂lÓ̊ í z̨̨ õÓ̊ ≤ÃÎ%=˛ xhsÙ≈%á# Ó° Ó!•≈Ù%á#
fl±#Ç ~Ó˚ Ó° myÓ˚y ≤Ã!ï˛!Ùï˛ •Î˚ ~ÓÇ ˛õ!Ó˚!Ùï˛ •Î˚–

Ù)°ï˛ !˛õT˛ˆÏlÓ˚ ˆ«˛eÊ˛°ˆÏÜ˛ ÎÌy§Ω˛Ó «%˛o ˆlGÎ˚y •Î˚– ~Ë˛yˆÏÓ
§#ÙyhflÏ ÙyˆÏl ã˛y˛õ ~Ó˚ §ÇK˛y •°

P = lim
∆A 0→

∆
∆

F

A
(10.2)

ã˛y˛õ •° ~Ü˛!ê˛ ̂ flÒ°yÓ˚ Ó˚y!¢– ̨õyë˛Ü˛ˆÏòÓ˚ •z•y ÙˆÏl Ü˛!Ó˚ˆÏÎ˚ !òˆÏï˛ ã˛y•z

ˆÎñ •z•y •°ñ ̂ Î ̂ «˛eÊ˛° !Ó Ï̂Óã˛ly Ü˛Ó˚y • Ï̂Î˚̂ ÏSÈ ï˛yÓ˚ °¡∫ ÓÓ˚yÓÓ˚ Ó Ï̂°Ó˚

í z̨̨ õyÇ¢ ~ÓÇ •z•y åˆË˛QÓ˚ä Ó° lÎ˚ Îy §Ù#Ü˛Ó˚î (10.1) ~ÓÇ (10.2)üÈ~

°ˆÏÓ í˛zˆÏÕ‘á Ü˛Ó˚y •ˆÏÎ˚ˆÏSÈ– ã˛yˆÏ˛õÓ˚ Ùyey •° [ML–1T–2] – SI ̨õÂô!ï˛ˆÏï˛

•z•yÓ˚ ~Ü˛Ü˛ •°  N m–2 – Ê ̨ y Ï̂™Ó˚ !ÓK˛yl# Óœƒy•z!§ ̨õyflÒy°ÈüÈ~Ó˚ (Blaise

Pascal -1623-1662) §¡øy Ï̂l ~•z ~Ü˛ Ï̂Ü˛Ó̊ lyÙ ̂ òGÎ̊y • Ï̂Î̊ Ï̂SÈ ̨õyflÒy°–

!Î!l ≤ÃÓy•#Ó˚ ã˛y˛õ !lˆÏÎ˚ §Ó≈≤ÃÌÙ Ü˛yç Ü˛ˆÏÓ˚ˆÏSÈl– ã˛yˆÏ˛õÓ˚ xyˆÏÓ˚Ü˛!ê˛

≤Ãã˛!°ï˛ ~Ü˛Ü˛ •° xƒyê˛Ù§‰!fl≥˛Î˚yÓ˚ (atm)ñ xÌ≈yÍ §Ù%o˛õ,̂ Ï¤˛ ÓyÎ%̊Ù[˛°

ˆÎ ã˛y˛õ ≤Ã Ï̂Î˚yà Ü˛ Ï̂Ó˚  (1 atm = 1.013 × 105 Pa)–

≤ÃÓy•#Ó˚ Óî≈lyÎ˚ xyˆÏÓ˚Ü˛!ê˛ x˛õ!Ó˚•yÎ≈ Ó˚y!¢ •° âlc  ρ – Î!ò m

Ë˛ˆÏÓ˚Ó˚ ≤ÃÓy•#  V xyÎ˚ï˛l òá° Ü˛ˆÏÓ˚ ï˛ˆÏÓ âlc

ρ =
m

V
(10.3)

âlˆÏcÓ˚ Ùyey •° [ML–3]– •z•yÓ˚ SI ˛õÂô!ï˛ˆÏï˛ ~Ü˛Ü˛ •°  kg m–3–

•z•y •° ~Ü˛!ê˛ ôlydÜ˛ ̂ flÒ°yÓ˚ Ó˚y!¢– ~Ü˛!ê˛ ï˛Ó˚° x!ôÜ˛ï˛Ó˚ x§ÇlÙƒ

~ÓÇ ï˛y•z !Ó!Ë˛ß¨ ã˛yˆÏ˛õ ï˛yÓ˚ âlc ~Ü˛•z ÌyˆÏÜ˛– xlƒ!òˆÏÜ˛ àƒy§ !Ó!Ë˛ß¨

ã˛yˆÏ˛õ âlˆÏcÓ˚ !Ó¢y° ˛õ!Ó˚Óï≈˛l ≤Ãò¢≈l Ü˛ˆÏÓ˚–

4
o
C  (277 K) ï˛y˛õÙyeyÎ˚ çˆÏ°Ó˚ âlc •° 1.0 × 10

3 
kg m

–3 –

ˆÜ˛yˆÏly ~Ü˛!ê˛ Ó›Ó˚ xyˆÏ˛õ!«˛Ü˛ âlc •° Ó›Ó˚ âlc ~ÓÇ  4oC

ï˛y˛õÙyeyÎ˚ ç Ï̂°Ó˚ âl Ï̂cÓ˚ xl%̨ õyï˛– •z•y •° Ùyey•#l ôlydÜ˛ ̂ flÒ°yÓ˚

Ó˚y!¢– í˛zòy•Ó˚î !•§yˆÏÓñ xƒy°%!Ù!lÎ˚yˆÏÙÓ˚ xyˆÏ˛õ!«˛Ü˛ âlc •° 2.7

~ÓÇ •z•yÓ˚ âlc •° 2.7 × 103 kg m–3 – !Ü˛S%È §yôyÓ̊î ≤ÃÓy•#Ó̊ âlc Ï̂Ü˛

10.1 lÇ §yÓ˚!îˆÏï˛ ˆòGÎ˚y •°–

§yÓ˚!î 10.1 STP* ˆï˛ !Ü˛S%È §yôyÓ˚î ≤ÃÓy•#Ó˚ âlc ı
(a) (b)

!ã˛e  10.1 (a) !ÓÜ˛y Ï̂Ó˚ !lÙ!Iï˛ Ó›Ó˚ í z̨̨ õÓ˚ Óy ̂ òGÎ˚y Ï̂°Ó˚ í z̨̨ õÓ˚
ï˛Ó˚° Ü˛ï,≈˛Ü˛ ≤ÃÎ%=˛ Ó° ˆòGÎ˚yˆÏ°Ó˚ ≤ÃˆÏï˛ƒÜ˛ !Ó®%ˆÏï˛
x!AÜ˛ï˛ °¡∫ ÓÓ˚yÓÓ˚– (b) ã˛y˛õ ̨õ!Ó˚Ùy Į̈̂ õÓ˚ ~Ü˛!ê˛ xyò¢≈
Îsf–

* STP Ó°ˆÏï˛ ≤ÃÙyî ï˛y˛õÙyey (00C) ~ÓÇ  1 atm ã˛y˛õ Ó%V˛yÎ˚–

Î!ò A ̂ «˛eÊ˛°!Ó!¢T˛ !˛õT˛ Ï̂lÓ˚ í z̨̨ õÓ˚ ≤ÃÎ%=˛ Ó Ï̂°Ó˚ Ùyl F •Î˚ ï˛ Ï̂Ó
~Ü˛Ü˛ ˆ«˛eÊ˛ˆÏ° ≤ÃÎ%=˛ Ó°ˆÏÜ˛ àí˛¸ã˛y˛õ Pav  ÓˆÏ°–

P
F

A
av =              (10.1)
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u í z̨òy•Ó˚î 10.1   10 cm2 ˆ«˛eÊ˛°!Ó!¢T˛ ò%!ê˛ |Ó%̊x!fiÌ åthigh

bones, femurs) 40 kg Ë˛ˆÏÓ˚Ó˚ ÙylÓ ¢Ó˚#ˆÏÓ˚Ó˚ í˛z˛õÓ˚yÇ¢ˆÏÜ˛
ôˆÏÓ˚ ˆÓ˚ˆÏáˆÏSÈ– |Ó˚%x!fiÌÓ˚ í˛z˛õÓ˚ ≤ÃÎ%=˛ àí˛¸ ã˛yˆÏ˛õÓ˚ Ùyl ˆÓÓ˚
Ü˛ Ï̂Ó˚y–

í˛z_Ó˚    |Ó˚%x!fiÌÓ˚ ̂ Ùyê˛ ≤ÃfiÌˆÏFSÈˆÏòÓ˚ ̂ «˛eÊ˛°ñ  A = 2 × 10 cm2 =

20 × 10–4 m2 – ï˛y Ï̂òÓ˚ í z̨̨ õÓ˚ ≤ÃÎ%=˛ Ó° F = 40 kg wt = 400 N (g =

10 m s–2 ôˆÏÓ˚ !lˆÏÎ˚)– ~•z Ó° í˛zÕ‘¡∫Ë˛yˆÏÓ !l¡¨y!Ë˛Ù%ˆÏá |Ó˚%x!fiÌÓ˚
í˛z˛õÓ˚ !Ü ˛Î˚y¢#°– §%ï˛Ó˚yÇñ àí˛¸ ã˛y˛õ •°

P
F

A
av     2  10  N m5 2= = × −

⊳

10.2.1 ̨õyflÒy Ï̂°Ó˚ §)e (Pascal’s Law)

Ê ˛yˆÏ™Ó˚ !ÓK˛yl# ˆÓœ•z!§ ˛õyflÒy° °«˛ƒ Ü˛ˆÏÓ˚!SÈˆÏ°l ˆÎ ~Ü˛•z àË˛#Ó˚ï˛yÎ˚
xÓ!fiÌï˛ !fiÌÓ˚ ≤ÃÓy•#Ó˚ §Ü˛° !Ó®%ˆÏï˛ ã˛y˛õ ~Ó˚ Ùyl ~Ü˛•z ÌyˆÏÜ˛– ~•z
âê˛lyˆÏÜ˛ !l¡¨!°!áï˛ §•çË˛yˆÏÓ Óî≈ly Ü˛Ó˚y ÎyÎ˚–

xlƒylƒ xÇ¢ Ü˛ï,≈̨ Ü˛ °¡∫ Ó°à%̂ Ï°y F
a
, F

b
 ~ÓÇ F

c
  ~ÓÇ ~•z Ó°à%̂ Ï°yÓ˚

çlƒ ã˛y˛õà%̂ Ï°y P
a
, P

b 
~ÓÇ P

c
 ≤ÃÎ%=˛ •Î˚ ÎÌyÜ ̨ Ï̂Ù  BEFC, ADFC ~ÓÇ

ADEB ̂ «˛eÊ˛°à%̂ Ï°yÓ˚ í z̨̨ õÓ˚– ~•z ̂ «˛eÊ˛°à%̂ Ï°y Ï̂Ü˛  A
a
, A

b
 ~ÓÇ A

c

!ã˛!•´ï˛ Ü˛Ó˚y •ˆÏÎ˚ˆÏSÈ å!ã˛e 10.2 lÇ ~ ˆòáyˆÏly •ˆÏÎ˚ˆÏSÈä– ~ál
F

b 
sinθ = F

c
, F

b 
cosθ = F

a
(§yÙƒyÓfiÌyÎ˚)

A
b 
sinθ = A

c
, A

b 
cosθ = A

a
(çƒy!Ù!ï˛ xl%ÎyÎ˚#)

~•zË˛yˆÏÓ,

F

A

F

A

F

A
P P Pb

b

c

c

a

a

b c a= = = =; (10.4)

§%ï˛Ó˚yÇñ !fiÌÓ˚ ≤ÃÓy•#Ó˚ ÙˆÏôƒ ã˛y˛õ ~Ü˛•z ÙyˆÏl §Ó≈!òˆÏÜ˛ ≤ÃÎ%=˛ •Î˚–
•z•y ̨õ%lÓ˚yÎ˚ xyÙy Ï̂òÓ˚̂ ÏÜ˛ fløÓ˚î Ü˛ Ï̂Ó˚ ̂ òÎ˚ ̂ Î xlƒylƒ ≤ÃÜ˛y Ï̂Ó˚Ó˚ ̨õ#í ¸̨̂ ÏlÓ˚
Ù Ï̂ï˛y ã˛y˛õG ~Ü˛!ê˛ ̂ Ë˛QÓ˚ Ó˚y!¢ lÎ˚– •z•yÓ˚ çlƒ !òÜ˛ !l!ò≈T˛ Ü˛ Ï̂Ó˚ ̂ òGÎ˚y
ÎyÎ˚ ly– ~Ü˛!ê˛ !fiÌÓ˚ åxyÓÂôä ≤ÃÓy•#Ó˚ xË˛ƒhs˝̂ ÏÓ˚ ̂ Î ̂ Ü˛y Ï̂ly ̂ «˛eÊ˛ Ï̂°Ó˚
í˛z˛õÓ˚ ã˛y˛õ °¡∫Ë˛yˆÏÓ !Ü ˛Î˚y Ü˛ˆÏÓ˚ ~ÓÇ ~!ê˛ ˆ«˛e!ê˛Ó˚ !ÓlƒyˆÏ§Ó˚ í˛z˛õÓ˚
!lË≈˛Ó˚¢#° •Î˚ ly–

~ál §Ùyl ≤ÃfiÌˆÏFSÈò!Ó!¢T˛ xl%Ë)˛!ÙÜ˛ ò[˛yÜ,˛!ï˛ ~Ü˛!ê˛ ï˛Ó˚°
í˛z˛õyòyl Ü˛“ly Ü˛!Ó˚– ò[˛yÜ,˛!ï˛ ï˛Ó˚° í˛z˛õyòyl!ê˛ §yÙƒyÓfiÌyÎ˚ xyˆÏSÈ–
~Ó˚ ò%!ê˛ ≤ÃyˆÏhs˝ xl%Ë)˛!ÙÜ˛Ë˛yˆÏÓ !Ü ˛Î˚y¢#° Ó° ò%!ê˛ ˛õÓ˚flõÓ˚ˆÏÜ˛ xÓ¢ƒ•z
≤Ã¢!Ùï˛ Ü˛ Ï̂Ó˚ Óy ò%≤Ãy Ï̂hs˝Ó˚ !Ü ̨ Î˚y¢#° ã˛y˛õ ̨õÓ˚flõÓ˚ §Ùyl •Î˚– •z•y ≤ÃÙyî
Ü˛ Ï̂Ó˚ ̂ Îñ §yÙƒyÓfiÌyÎ˚ ÌyÜ˛y ̂ Ü˛y Ï̂ly ï˛Ó˚̂ Ï°Ó˚ ~Ü˛•z ï˛ Ï̂°Ó˚ §Ü˛° !Ó®%̂ Ïï˛
ã˛y˛õ ~Ó˚ Ùyl §Ùyl– ôÓ˚ ˆÜ˛yˆÏly ≤ÃÓy•#Ó˚ !Ó!Ë˛ß¨ xÇˆÏ¢ ã˛yˆÏ˛õÓ˚ Ùyl
§Ùyl lÎ˚ñ ï˛y•ˆÏ° ≤ÃÓy•#ˆÏï˛ ~Ü˛!ê˛ °!kô Ó° ÌyÜ˛ˆÏÓ Îy ≤ÃÓy•#ˆÏï˛
≤ÃÓy• §,!T˛ Ü˛Ó̊ Ï̂Ó– §%ï˛Ó̊yÇ ≤ÃÓy Ï̂•Ó̊ xl%̨ õ!fiÌ!ï˛ Ï̂ï˛ ≤ÃÓy•#Ó̊ ã˛y˛õ xÓ¢ƒ•z
§Ó≈e §Ùyl •ˆÏÓ– ã˛yˆÏ˛õÓ˚ ˛õyÌ≈ˆÏÜ˛ƒÓ˚ çlƒ ÓyÎ˚% ≤ÃÓy!•ï˛ •Î˚–

10.2.2 àË˛#Ó˚ï˛yÓ˚ §ˆÏAà ã˛yˆÏ˛õÓ˚ ̨õ!Ó˚Óï≈˛l (Variation of

Pressure with Depth)

~Ü˛!ê˛ ̨õy Ï̂e ~Ü˛!ê˛ ≤ÃÓy•# !fiÌÓ˚yÓfiÌyÎ˚ xy Ï̂SÈ– 10.3 lÇ !ã˛ Ï̂e 1 lÇ !Ó®%ñ
2 lÇ !Ó®% xˆÏ˛õ«˛y h í˛zFã˛ï˛yÎ˚ xÓ!fiÌï˛–  1 lÇ ~ÓÇ 2 lÇ !Ó®%ˆÏï˛ ã˛y˛õ
ÎÌyÜ ˛ˆÏÙ P

1
 ~ÓÇ P

2
 –  A ≤ÃfiÌˆÏFSÈò ̂ «˛eÊ˛°!Ó!¢T˛ ~ÓÇ  h í˛zFã˛ï˛yÓ˚

ˆã˛y.yÜ,̨ !ï˛ ≤ÃÓy•# í z̨̨ õyòyl !Ó Ï̂Óã˛ly Ü˛ Ï̂Ó˚y– ̂ Î Ï̂•ï%̨  ≤ÃÓy•# !fiÌÓ˚ xÓfiÌyÎ˚
xyˆÏSÈñ ï˛y•z xl%Ë)˛!ÙÜ˛ °!kô Ó° xÓ¢ƒ•z ¢)lƒ •ˆÏÓ ~ÓÇ í˛zÕ‘¡∫ °!kô
Ó°à%ˆÏ°y ≤ÃÓy•# í˛z˛õyòyˆÏlÓ˚ GçlˆÏÜ˛ xÓ¢ƒ•z ≤Ã¢!Ùï˛ Ü˛Ó˚ˆÏÓ– í˛zÕ‘¡∫
ÓÓ˚yÓÓ˚ !Ü ˛Î˚y¢#° Ó°à%!° •° í˛z˛õˆÏÓ˚Ó˚ ï˛ˆÏ° !Ü ˛Î˚y¢#° !l¡¨Ù%á# Ó°
(P

1
A) ~ÓÇ l# Ï̂ã˛Ó˚ ï˛ Ï̂° !Ü ̨ Î˚y¢#° |zôÁ≈Ù%á# Ó° (P

2
A)– Î!ò ̂ ã˛y.yÜ,̨ !ï˛

ï˛ˆÏ°Ó˚ Gçl  mg •Î˚ ï˛ˆÏÓ

(P
2 
− P

1
) A = mg (10.5)

Î!ò ≤ÃÓy•#Ó˚ Ë˛Ó˚ âlc  ρ •Î˚ ï˛y•ˆÏ° ≤ÃÓy•#Ó˚ Ë˛Ó˚  m = ρV= ρhA

ï˛y•zñ

P
2 
−

 
P

1
=  ρgh (10.6)

!ã˛e  10.2 ˛õyflÒyˆÏ°Ó˚ §)ˆÏeÓ˚ ≤ÃÙyî–  ABC-DEF  •° !fiÌÓ˚
ï˛Ó˚ˆÏ°Ó˚ xË˛ƒhs˝ˆÏÓ˚ xÓ!fiÌï˛ ~Ü˛!ê˛ í˛z˛õyòyl– ~•z
í˛z˛õyòyl!ê˛Ó˚ xyÜ,˛!ï˛ ~Ü˛!ê˛ §ÙˆÏÜ˛yîyÜ,˛!ï˛ !≤ÃçˆÏÙÓ˚
Ù Ï̂ï˛y– ~•z í z̨̨ õyòyl!ê˛ «%̨ oyÜ,̨ !ï˛ Îy Ï̂ï˛ Ü˛ Ï̂Ó˚ x!Ë˛Ü˛ Ï̂£Ï≈Ó˚
≤ÃË˛yÓˆÏÜ˛ í˛zˆÏ˛õ«˛y Ü˛Ó˚y ÎyÎ˚ó !Ü˛v ~ˆÏÜ˛ ÓˆÏí˛¸y Ü˛ˆÏÓ˚
ˆòáyˆÏly •ˆÏÎ˚ˆÏSÈ Ë˛yˆÏ°yË˛yˆÏÓ ˆÓyV˛yÓ˚ çlƒ–

!ã˛e 10.2 ̂ ï˛ !fiÌÓ˚ ï˛Ó˚̂ Ï°Ó˚ xË˛ƒhs˝Ó˚fiÌ ~Ü˛!ê˛ í z̨̨ õyòyl Ï̂Ü˛ ̂ òáy Ï̂ly
•ˆÏÎ˚ˆÏSÈ– ABC-DEF  í˛z˛õyòyl!ê˛Ó˚ xyÜ,˛!ï˛ §ÙˆÏÜ˛yîyÜ,˛!ï˛ !≤ÃçˆÏÙÓ˚
ÙˆÏï˛y– l#!ï˛ xl%ÎyÎ˚# ~•z !≤ÃçÙyÜ,˛!ï˛ í˛z˛õyòyl!ê˛ á%Ó•z ˆSÈyˆÏê˛y ˆlGÎ˚y
•ˆÏÎ˚ˆÏSÈ ÎyˆÏï˛ Ü˛ˆÏÓ˚ ôˆÏÓ˚ ˆlGÎ˚y ÎyÎ˚ ˆÎñ í˛z˛õyòyl!ê˛Ó˚ ≤Ã!ï˛!ê˛ xÇ¢
ï˛Ó˚̂ Ï°Ó˚ í z̨̨ õ!Ó˚ï˛° ̂ Ì Ï̂Ü˛ ~Ü˛•z àË˛#Ó˚ï˛yÎ˚ xy Ï̂SÈ ~ÓÇ Ê˛° !• Ï̂§ Ï̂Ó ~•z
§ÙhflÏ xÇ Ï̂¢ Ù•yÜ˛£Ï≈#Î˚ ≤ÃË˛yÓ  ~Ü˛•z •Î˚– !Ü˛v flõT˛Ë˛y Ï̂Ó ̂ ÓyV˛yÓ˚ çlƒ
xyÙÓ˚y í z̨̨ õyòyl!ê˛ Ï̂Ü˛ Ó Ï̂í ¸̨y Ü˛ Ï̂Ó˚ ̂ òáy°yÙ– í z̨̨ õ Ï̂Ó˚Ó˚ xy Ï̂°yã˛ly xl%ÎyÎ˚#
ï˛Ó˚ˆÏ°Ó˚ xlƒylƒ xÇ¢ Ü˛ï,≈˛Ü˛ ~•z í˛z˛õyòyˆÏlÓ˚ í˛z˛õÓ˚ ≤ÃÎ%=˛ Ó°à%!°
°¡∫Ë˛y Ï̂Ó í z̨̨ õyòyl!ê˛Ó̊ í z̨̨ õÓ̊ !Ü ̨ Î̊y¢#°– ~Ë˛y Ï̂Ó í z̨̨ õyòyl!ê˛Ó̊ í z̨̨ õÓ̊ ≤ÃÓy•#Ó̊
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u í˛zòy•Ó˚î 10.2 ç°y¢ˆÏÎ˚Ó˚ ç°ï˛ˆÏ°Ó˚ 10 m àË˛#ˆÏÓ˚ xÓ!fiÌï˛
§yï˛yÓ˚%Ó˚ í˛z˛õÓ˚ !Ü ˛Î˚y¢#° ã˛yˆÏ˛õÓ˚ Ùyl Ü˛ï˛⁄

í˛z_Ó˚  ~áyˆÏlñ
h = 10 m ~ÓÇ ρ = 1000 kg m-3– ôˆÏÓ˚yñ g = 10 m s–2

§Ù#Ü˛Ó˚î (10.7) ̂ Ì Ï̂Ü˛
P =

 
P

a 
+ ρgh

   = 1.01 × 105 Pa + 1000 kg m–3 × 10 m s–2 × 10 m

   = 2.01 × 105 Pa

    ≈ 2 atm

~ Ï̂«˛ Ï̂e ç°ï˛° ̂ Ì Ï̂Ü˛ ã˛y Į̈̂ õÓ˚  100% Ó,!Âô •Î˚– 1 km àË˛# Ï̂Ó˚ ~•z
ã˛yˆÏ˛õÓ˚ Ó,!Âô 100 atm •Î˚– í%˛Ó%çy•yˆÏçÓ˚ lÜ˛¢y åàë˛lä ~Ó˚)˛õ Ü˛Ó˚y •Î˚
ÎyˆÏï˛ ≤Ãã%˛Ó˚ ã˛y˛õ §•ƒ Ü˛Ó˚ˆÏï˛ ˛õyˆÏÓ˚–   ⊳

10.2.3 ÓyÎ˚%Ù[˛°#Î˚ ã˛y˛õ ~ÓÇ àç ã˛y˛õ (Atmospheric

Pressure and  Gauge Pressure)

ˆÜ˛y Ï̂ly !Ó®%̂ Ïï˛ ÓyÎ%̊Ù[˛°#Î˚ ã˛y˛õ •° ̇  !Ó®% ̂ Ì Ï̂Ü˛ ÓyÎ%̊Ù[˛ Ï̂°Ó˚ § Ï̂Ó≈yFã˛
í˛zFã˛ï˛y ̨õÎ≈hs˝ ~Ü˛Ü˛ ̂ «˛eÊ˛° !Ó!¢T˛ ÓyÎ˚%hflÏˆÏΩ˛Ó˚ Gçl– §Ù%o˛õ,ˆÏ¤˛ ~Ó˚
Ùyl  1.013 × 105 Pa (1 atm)– •zï˛y!°Ó̊ !ÓK˛yl# •zË˛y Ï̂à!°fiê˛y ê˛!Ó̊ Ï̂§!°
åEvangelista Torricelli -1608–1647) §Ó≈≤ÃÌÙ ÓyÎ%̊Ù[˛°#Î˚ ã˛y˛õ
˛õ!Ó˚ÙyˆÏ˛õÓ˚ ~Ü˛!ê˛ ˛õÂô!ï˛ í˛zqyÓl Ü˛ˆÏÓ˚!SÈˆÏ°l– ~Ü˛Ù%á Órô ~Ü˛!ê˛
§Ó˚%lˆÏ°Ó˚ ÙˆÏôƒ ˛õyÓ˚ò Ë˛!ï≈˛ Ü˛ˆÏÓ˚ ~Ü˛!ê˛ ˛õyÓ˚ò˛õ)î≈ ˛õyˆÏe í˛z!Œê˛ˆÏÎ˚ Ó˚yáy
•Î˚ å!ã˛e 10.5 aä– ~•z Îsf!ê˛Ó˚ lyÙ ˛õyÓ˚ò ÓƒyˆÏÓ˚y!Ùê˛yÓ˚– §Ó˚%lˆÏ°Ó˚
˛õyÓ˚òhflÏˆÏΩ˛Ó˚ í˛z˛õÓ˚ áy!°fiÌyˆÏl ¢%ô% ˛õyÓ˚òÓy‹õ ÌyˆÏÜ˛ó ÎyÓ˚ ã˛y˛õ á%Ó•z
Ü˛Ù– ï˛y•z ~ˆÏÜ˛ í˛zˆÏ˛õ«˛y Ü˛Ó˚y ÎyÎ˚– lˆÏ°Ó˚ ˆË˛ï˛Ó˚ ~Ü˛•z ï˛ˆÏ° ÌyÜ˛y A
!Ó®%Ó˚ ã˛y˛õ xÓ¢ƒ•z B !Ó®%Ó˚ ã˛yˆÏ˛õÓ˚ §Ùyl •ˆÏÓ– B ˆï˛ ã˛y˛õ =

ÓyÎ˚%Ù[˛ˆÏ°Ó˚ ã˛y˛õ Pa.

P
a 
= ρgh (10.8)

ˆÎáyˆÏl ρ •° ˛õyÓ˚ˆÏòÓ˚ âlc ~ÓÇ  h •° lˆÏ°Ó˚ ˆË˛ï˛Ó˚ ˛õyÓ˚òhflÏˆÏΩ˛Ó˚
í˛zFã˛ï˛y– §Ù%o˛õ,ˆÏ¤˛ ~•z ˛õÓ˚#«˛yÎ˚ ÓƒyˆÏÓ˚y!Ùê˛yˆÏÓ˚Ó˚ ˛õyÓ˚òhflÏˆÏΩ˛Ó˚ í˛zFã˛ï˛y
76 cm ̨õyGÎ˚y ÎyÎ˚ñ Îy ÓyÎ%̊Ù[˛°#Î˚ ã˛y Į̈̂ õÓ˚ §Ùï%̨ °ƒ (1 atm) – 10.8 lÇ

!ã˛e 10.3 x!Ë˛Ü˛ˆÏ£Ï≈Ó˚ xô#ˆÏl ≤ÃÓy•#– í˛zÕ‘¡∫ ˆã˛y.yÜ,˛!ï˛ ≤ÃÓy•#
hflÏˆÏΩ˛Ó˚ í˛z˛õÓ˚ x!Ë˛Ü˛ˆÏ£Ï≈Ó˚ ≤ÃË˛yˆÏÓ ã˛yˆÏ˛õÓ˚ !Ü ˛Î˚y ≤Ãò!¢≈ï˛–

!ã˛e  10.4 í˛zò‰˜ÏfiÌ!ï˛Ü˛ Ü)˛ê˛ ~Ó˚ §!ã˛e Óî≈ly– !ï˛l!ê˛ ˛õye  A, B

~ÓÇ C ~Ü˛•z í˛zFã˛ï˛yÎ˚ !Ó!Ë˛ß¨ xyÎ˚ï˛ˆÏlÓ˚ ï˛Ó˚° ôyÓ˚î
Ü˛ Ï̂Ó˚ xy Ï̂SÈ–

ã˛yˆÏ˛õÓ˚ ̨ õyÌ≈Ü˛ƒ !lË≈˛Ó˚ Ü˛ˆÏÓ˚ ò%!ê˛ !Ó®% 1 ~ÓÇ 2 ~Ó˚ ÙˆÏôƒ í˛zÕ‘¡∫ ò)Ó˚c

åhä ≤ÃÓy•#Ó˚ Ë˛Ó˚ âlc  ρ ~ÓÇ x!Ë˛Ü˛£Ï≈ç cÓ˚î  g ~Ó˚ í˛z˛õÓ˚– í˛z˛õˆÏÓ˚Ó˚

xyˆÏ°yã˛lyÎ˚ í˛z!Õ‘!áï˛ !Ó®% 1 lÇ ̂ Ü˛ Î!ò ≤ÃÓy•#Ó˚ åôÓ˚ çˆÏ°Ó˚ä í˛z˛õˆÏÓ˚Ó˚

ï˛ˆÏ° fiÌylyhs˝!Ó˚ï˛ Ü˛Ó˚y •Î˚ ï˛ˆÏÓ P
1
 ˛õ!Ó˚Ó!ï≈˛ï˛ •ˆÏÓ ÓyÎ˚%Ù[˛°#Î˚ ã˛y˛õ

(P
a
) myÓ˚y ~ÓÇ xyÙÓ˚y  P

2
 ̂ Ü˛  P myÓ˚y ̨õ!Ó˚Óï≈̨ l Ü˛!Ó˚ ï˛y• Ï̂° (10.6) lÇ

§Ù#Ü˛Ó˚î ˆÌˆÏÜ˛ ˛õy•zñ

P =
 
P

a 
+ ρgh (10.7)

~Ë˛yˆÏÓ ï˛Ó˚ˆÏ°Ó˚ !l!ò≈T˛ àË˛#Ó˚ï˛yÎ˚ ã˛y˛õ  P Ù%=˛ ̨õ,ˆÏ¤˛Ó˚ ã˛y˛õ xˆÏ˛õ«˛y

ρgh ˛õ!Ó˚Ùyî ˆÓ!¢– h àË˛#Ó˚ï˛yÎ˚ ~•z x!ï˛!Ó˚=˛ ã˛y˛õ P −
 
P

a 
ˆÜ˛ Ó°y

•Î˚ñ ˙ !Ó®%ˆÏï˛ Úàç ã˛y˛õÛ ågauge pressureä–

§Ù#Ü˛Ó˚î (10.7) ~ ≤Ãò_ ã˛Ó˚Ù ã˛y Į̈̂ õÓ˚ Ó˚y!¢Ùy°yÎ˚ ̂ ã˛y Ï̂.Ó˚ ̂ «˛eÊ˛°

xl%˛õ!fiÌï˛– ï˛y•z ï˛Ó˚° hflÏˆÏΩ˛Ó˚ í˛zFã˛ï˛y•z à%Ó˚%c˛õ)î≈ ~ÓÇ ï˛Ó˚ˆÏ°Ó˚

≤ÃfiÌ Ï̂FSÈ̂ ÏòÓ̊ ̂ «˛eÊ˛°ñ Ë)̨ !ÙÓ̊ ̂ «˛eÊ˛° Óy ï˛Ó̊° ̨õy Ï̂eÓ̊ xyÜ,̨ !ï˛ à%Ó̊%c˛õ)î≈

lÎ˚– ~Ü˛•z àË˛#Ó˚ï˛yÓ˚ ~Ü˛!ê˛ xl%Ë)̨ !ÙÜ˛ ï˛ Ï̂°Ó˚ ≤Ã Ï̂ï˛ƒÜ˛ !Ó®%̂ Ïï˛ ï˛Ó˚̂ Ï°Ó˚

ã˛y˛õ §Ùyl– ~•z Ê˛°yÊ˛° Ï̂Ü˛ í z̨ò‰̃ ÏfiÌ!ï˛Ü˛ Ü)̨ ê˛ å hydrostatic paradoxä

~Ó˚ §y•yˆÏÎƒ í˛z˛õ°!kô Ü˛Ó˚y ÎyÎ˚– !Ó!Ë˛ß¨ xyÜ,˛!ï˛Ó˚ !ï˛l!ê˛ ˛õye  A, B

~ÓÇ C  ̂ lGÎ˚y •° å!ã˛e 10.4 ~ ̂ òáy Ï̂ly • Ï̂Î˚̂ ÏSÈä– ̨õye !ï˛l!ê˛ l# Ï̂ã˛Ó˚

!ò Ï̂Ü˛ ~Ü˛!ê˛ xl%Ë)̨ !ÙÜ˛ l° myÓ˚y ̨õÓ˚flõÓ˚ Î%=˛– ç° myÓ˚y ̨õ)î≈ Ü˛Ó˚̂ Ï° ̨õye

!ï˛l!ê˛Ó˚ ç°ï˛° ~Ü˛•z ÌyˆÏÜ˛ Î!òG ï˛yÓ˚y !Ó!Ë˛ß¨ xyÎ˚ï˛ˆÏlÓ˚ ç° ôyÓ˚î

Ü˛ˆÏÓ˚– •z•y ~çlƒ•z •Î˚ ˆÎˆÏ•ï%˛ ≤Ã!ï˛!ê ˛õyˆÏeÓ˚ ï˛°ˆÏò¢ ~Ü˛•z ã˛y˛õÎ%=˛–
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§Ù#Ü˛Ó˚ˆÏî ρ ~Ó˚ Ùyl Ó!§ˆÏÎ˚G ~•z Ùyl ˛õyGÎ˚y ÎyÎ˚– ã˛yˆÏ˛õÓ˚ Ùyl
§yôyÓ̊îï˛ cm ̨õyÓ̊ò Óy mm ̨õyÓ̊ò (Hg) !ò Ï̂Î̊ ≤ÃÜ˛y¢ Ü˛Ó̊y •Î̊– ê˛!Ó̊ Ï̂§!°Ó̊
lyÙyl%§yˆÏÓ˚ 1 mm ̨õyÓ˚ò hflÏˆÏΩ˛Ó˚ ã˛y˛õˆÏÜ˛ ~Ü˛ ê˛Ó˚ å1 ê˛Ó˚ä Ó°y •Î˚–

1 ê˛Ó˚  = 133 Pa.

mm ˛õyÓ˚ò ~ÓÇ ê˛Ó˚ñ ˆÙ!í˛!§l ~ÓÇ ¢yÓ˚#Ó˚!ÓòƒyÎ˚ ÓƒÓ•,ï˛ •Î˚–
xyÓ•!ÓòƒyÎ˚ åmeteorologyä ≤Ãã˛!°ï˛ ~Ü˛Ü˛ •° ÓyÓ˚ Óy !Ù!°ÓyÓ˚–

1 ÓyÓ˚ = 105 Pa

ã˛y Į̈̂ õÓ˚ ̨õyÌ≈Ü˛ƒ ̨õ!Ó˚Ùy Į̈̂ õÓ˚ ~Ü˛!ê˛ í z̨̨ õ Ï̂Îyà# Îsf •° ~Ü˛!ê˛ ̂ áy°yÙ%á
Ùƒy Ï̂ly!Ùê˛yÓ˚– ~ Ï̂ï˛ ~Ü˛!ê˛ U-l Ï̂° í z̨̨ õÎ%=˛ ï˛Ó˚° ̂ lGÎ˚y •Î˚– Ü˛Ù ã˛y Į̈̂ õÓ˚
˛õyÌ≈Ü˛ƒ ˛õ!Ó˚ÙyˆÏ˛õÓ˚ çlƒ Ü˛Ù âlˆÏcÓ˚ ï˛Ó˚° ˆÎÙl ˆï˛° ~ÓÇ ˆÓ!¢
ã˛y Į̈̂ õÓ˚ ̨õyÌ≈Ü˛ƒ ̨õ!Ó˚Ùy Į̈̂ õÓ˚ çlƒ ̂ Ó!¢ âl Ï̂cÓ˚ ï˛Ó˚° ̂ ÎÙl ̨õyÓ˚ò ̂ lGÎ˚y
•Î˚– l°!ê˛Ó˚ ~Ü˛!ê˛ ≤Ãyhs˝ ÓyÎ˚%Ù[˛ˆÏ° ˆáy°y ÌyˆÏÜ˛ ~ÓÇ xlƒ ≤Ãyhs˝!ê˛ ˆÎ
§ÇfiÌyÓ˚ ã˛y˛õ Ùy˛õ Ï̂ï˛ • Ï̂Ó ~Ó˚ § Ï̂Aà Î%=˛ Ìy Ï̂Ü˛ [!ã˛e 10.5 (b)] – A !Ó®%
~ÓÇ B !Ó®%Ó˚ ã˛y˛õ åPä ˛õÓ˚flõÓ˚ §Ùyl– xyÙÓ˚y §yôyÓ˚îï˛ àçã˛y˛õ
˛õ!Ó˚Ùy˛õ Ü˛!Ó˚ Îy 10.8 §Ù#Ü˛Ó˚̂ Ïî  P − P

a 
myÓ˚y ≤ÃÜ˛y¢ Ü˛Ó˚y • Ï̂Î˚̂ ÏSÈñ ~!ê˛

ÙƒyˆÏly!Ùê˛yˆÏÓ˚Ó˚ í˛zFã˛ï˛y  h ~Ó˚ §Ùyl%˛õy!ï˛Ü˛–
≤ÃÓy•#˛õ)î≈ U-l Ï̂°Ó˚ ò%•z !ò Ï̂Ü˛ ~Ü˛•z ï˛ Ï̂° ã˛y Į̈̂ õÓ˚ Ùyl §Ùyl– ï˛Ó˚̂ Ï°Ó˚

ˆ«˛ Ï̂e ã˛y˛õ G í z̨£÷Ïï˛yÓ˚ ̨õ!Ó˚Óï≈̨ Ï̂lÓ˚ !ÓhflÏ#î≈ ̨õyÕ‘yÎ˚ âl Ï̂cÓ˚ á%Ó•z §yÙylƒ

˛õ!Ó˚Óï≈˛l •Î˚ñ ï˛y•z ~ˆÏ«˛ˆÏe xyÙÓ˚y ï˛Ó˚ˆÏ°Ó˚ âlcˆÏÜ˛ !fiÌÓ˚ ôˆÏÓ˚ !l•z–
xlƒ!òˆÏÜ˛ àƒyˆÏ§Ó˚ ˆ«˛ˆÏe ã˛y˛õ G í˛z£÷Ïï˛yÓ˚ ˛õ!Ó˚Óï≈˛ˆÏlÓ˚ çlƒ âlˆÏcÓ˚
í˛zˆÏÕ‘áˆÏÎyàƒ ˛õ!Ó˚Óï˛≈l âˆÏê˛– ~çlƒ àƒyˆÏ§Ó˚ ï%˛°lyÎ˚ ï˛Ó˚°ˆÏÜ˛ x!ôÜ˛
x§ÇlÙƒ ôÓ˚y •Î˚–

u í z̨òy•Ó̊î 10.3 §Ù%o˛õ,̂ Ï¤˛ ÓyÎ̊%Ó̊ âlc 1.29 kg/m3 – ÓyÎ̊%Ù[˛ Ï̂°Ó̊
í˛zFã˛ï˛yÓ˚ §ˆÏAà ÓyÎ˚%Ó˚ âlc x˛õ!Ó˚Ó!ï≈˛ï˛ ÌyˆÏÜ˛ ôˆÏÓ˚ !lˆÏÎ˚
ÓyÎ˚%Ù[˛ˆÏ°Ó˚ í˛zFã˛ï˛y ˆÓÓ˚ Ü˛ˆÏÓ˚y–

í˛z_Ó˚  10.7 lÇ §Ù#Ü˛Ó˚î ÓƒÓ•yÓ˚ Ü˛ˆÏÓ˚

ρgh  =  1.29 kg m–3 × 9.8 m s2 × h  m = 1.01 × 105 Pa

∴ h = 7989 m ≈ 8 km

ÓyhflÏ̂ ÏÓ ÓyÎ%̊Ù[˛ Ï̂° í z̨Fã˛ï˛y Ó,!ÂôÓ˚ § Ï̂Aà ÓyÎ%̊Ó˚ âlc •…y§ ̨õyÎ˚– ~Ü˛•z
âê˛ly g ~Ó˚ Ùy Ï̂lÓ˚ ̂ «˛ Ï̂eG •Î˚– ÓyÎ%̊Ù[˛ Ï̂°Ó˚ !ÓhflÏyÓ˚ ÓyÎ%̊Ó˚ Ü ̨ Ù•…y§Ùyl
âlˆÏcÓ˚ §ˆÏAà ≤ÃyÎ˚ 100 km ˛õÎ≈hs˝ !Óhfl,Ïï˛ •Î˚– xyÙyˆÏòÓ˚ ~ê˛yG ÙˆÏl
Ó˚yáy òÓ˚Ü˛yÓ˚ ÈüüüÈ §Ù%o˛õ,ˆÏ¤˛ ÓyÎ˚%Ù[˛ˆÏ°Ó˚ ã˛y˛õ §Ó≈òy 760 mm ˛õyÓ˚ò
ã˛yˆÏ˛õÓ˚ §Ùyl •Î˚ ly– ˛õyÓ˚ò hflÏˆÏΩ˛Ó˚ í˛zFã˛ï˛y 10 mm Óy ï˛yÓ˚ ˆÓ!¢ •…y§
˛õyGÎ˚y V˛ˆÏí˛¸Ó˚ §Ω˛yÓly !lˆÏò≈¢ Ü˛ˆÏÓ˚– ⊳

u í˛zòy•Ó˚î  10.4 ~Ü˛!ê˛ §Ù%ˆÏoÓ˚ 1000 m àË˛#ˆÏÓ˚  (a) ˛õÓ˚Ù
ã˛yˆÏ˛õÓ˚ Ùyl Ü˛ï˛⁄ (b) àç ã˛y˛õ Ü˛ï˛⁄ (c) ˙ àË˛#Ó˚ï˛yÎ˚ ÌyÜ˛y
~Ü˛!ê˛ í%˛ˆÏÓyçy•yˆÏçÓ˚ ~Ü˛!ê˛  20 cm × 20 cm ˆ«˛eÊ˛ˆÏ°Ó˚
çyly°yÓ˚  í˛ z ˛õÓ˚  !Ü ˛Î˚y¢#° ÓˆÏ°Ó˚ Ùyl ˆÓÓ˚ Ü˛ˆÏÓ˚y–
í%˛ˆÏÓyçy•yˆÏçÓ˚  ˆË˛ï˛ˆÏÓ˚Ó˚  ã˛y˛õˆÏÜ˛ §Ù%o˛õ,ˆÏ¤˛Ó˚ ÓyÎ˚%Ù[˛°#Î˚
ã˛yˆÏ˛õ Ó˚yáyÓ˚ ÓƒÓfiÌy Ü˛Ó˚y •Î˚–
å§Ù%oç Ï̂°Ó˚ âlc 1.03×103 kg m-3,  g = 10 m s–2.)

(b) ˆáy°yÙ%á l°Î%=˛ ÙƒyˆÏly!Ùê˛yÓ˚

!ã˛e  10.5  ò%!ê˛ ã˛y˛õ ̨ õ!Ó˚Ùy˛õÜ˛ Îsf–

Fig 10.5 (a) ˛õyÓ˚ò ÓƒyˆÏÓ˚y!Ùê˛yÓ˚
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í z̨_Ó˚  ~áy Ï̂l h = 1000 m ~ÓÇ  ρ = 1.03 × 103 kg m-3.

(a) 10.6 lÇ §Ù#Ü˛Ó˚î ÓƒÓ•yÓ˚ Ü˛ˆÏÓ˚ñ ̨ õÓ˚Ù ã˛y˛õ
P =

 
P

a 
+ ρgh

= 1.01 × 105 Pa

   + 1.03 × 103 kg m–3  × 10 m s–2 × 1000 m

=  104.01 × 105 Pa

≈ 104 atm

(b) àç ã˛y˛õñ  P −
 
P

a 
= ρgh = P

g

P
g
 = 1.03 × 103 kg m–3 × 10 ms2 × 1000 m

    = 103 × 105 Pa

     ≈ 103 atm

(c) í%̨ Ï̂Óyçy•y Ï̂çÓ˚ Óy•ẑ ÏÓ˚Ó˚ ã˛y˛õ P =
 
P

a 
+ ρgh ~ÓÇ ̂ Ë˛ï˛ Ï̂Ó˚Ó˚ ã˛y˛õ

P
a 
– §%ï˛Ó˚yÇñ í%˛ˆÏÓyçy•yˆÏçÓ˚ çyly°yÎ˚ !Ü ˛Î˚y¢#° ã˛y˛õ •° àç

ã˛y˛õñ P
g
 = ρgh – ˆÎˆÏ•ï%˛ çyly°yÓ˚ ˆ«˛eÊ˛°  A = 0.04 m2,

ï˛y•z ~ˆÏï˛ ≤ÃÎ%=˛ Ó°
F = P

g
 A = 103 × 105 Pa × 0.04 m2 = 4.12 × 105 N ⊳

10.2.4  •y•ẑ Ïí»̨ y!°Ü˛ Îsfy!ò (Hydraulic Machines)

~Ü˛!ê˛ ˛õyˆÏe Ó˚yáy ≤ÃÓy•#ˆÏï˛ !Ü ˛Î˚y¢#° ã˛yˆÏ˛õÓ˚ ˛õ!Ó˚Óï≈˛l •ˆÏ° Ü˛# âˆÏê˛ñ
ã˛ˆÏ°y ï˛y xyÙÓ˚y çylÓ– ~Ü˛!ê˛ !˛õT˛lÎ%=˛ xl%Ë)˛!ÙÜ˛ ˆã˛y.yÜ,˛!ï˛ ˛õye
!l°yÙ ÎyÓ˚ !ï˛l!ê˛ !Ë˛ß¨ !Ó®%ˆÏï˛ !ï˛l!ê˛ í˛zÕ‘¡∫ l° Î%=˛ xyˆÏSÈ– í˛zÕ‘¡∫
l°à%̂ Ï°y Ï̂ï˛ ÌyÜ˛y ï˛Ó˚° hflÏ̂ ÏΩ˛Ó˚ í z̨Fã˛ï˛y xl%Ë)̨ !ÙÜ˛ ̂ ã˛y Ï̂.Ó˚ ã˛y˛õ Ï̂Ü˛ !l Ï̂ò≈¢
Ü˛Ó˚ˆÏSÈ– ~•z í˛zFã˛ï˛y xÓ¢ƒ•z !ï˛l!ê˛ lˆÏ°Ó˚ ˆ«˛ˆÏe §Ùyl– Î!ò xyÙÓ˚y
!˛õT˛l!ê˛ˆÏï˛ ôyE˛y !ò•zñ ï˛y•ˆÏ° í˛zÕ‘¡∫ l°à%ˆÏ°y !òˆÏÎ˚ ï˛Ó˚° í˛z˛õˆÏÓ˚Ó˚
!òˆÏÜ˛ í˛zˆÏë˛ ~ÓÇ §Ü˛ˆÏ° ~Ü˛•z í˛zFã˛ï˛yÎ˚ ÌyˆÏÜ˛–

~ˆÏÌˆÏÜ˛ ˆÓyV˛y ÎyÎ˚ ˆÎñ ˆã˛y.yÜ,˛!ï˛ ï˛Ó˚°hflÏˆÏΩ˛Ó˚ ã˛y˛õ Ó,!Âô Ü˛Ó˚ˆÏ°
ï˛y §ÙylË˛y Ï̂Ó ã˛y!Ó˚!ò Ï̂Ü˛ SÈ!í ¸̨̂ ÏÎ˚ ̨õ Ï̂í ¸̨– xyÙÓ˚y Ó° Ï̂ï˛ ̨õy!Ó˚ñ Îál ̂ Ü˛y Ï̂ly
˛õyˆÏe ÌyÜ˛y ≤ÃÓy•#Ó˚ ˆÜ˛yˆÏly xÇˆÏ¢ Óy!•ƒÜ˛ ã˛y˛õ ≤ÃˆÏÎ˚yà Ü˛Ó˚y •Î˚ ï˛ál
G•z ã˛yˆÏ˛õÓ˚ Ùyl ly Ü˛ˆÏÙ ≤ÃÓy•#Ó˚ §ÙhflÏ!òˆÏÜ˛ SÈ!í˛¸ˆÏÎ˚ ˛õˆÏí˛¸– ~ê˛y •°
≤ÃÓy•#Ó˚ ã˛y˛õ §M˛y°l §¡õ!Ü≈˛ï˛ ˛õyflÒyˆÏ°Ó˚ §)e– ˜òl!®l ç#ÓˆÏl ~Ó˚
xˆÏlÜ˛ ÓƒÓ•yÓ˚ xyˆÏSÈ–

˛õyflÒyˆÏ°Ó˚ §)ˆÏeÓ˚ í˛z˛õÓ˚ !Ë˛!_ Ü˛ˆÏÓ˚ xˆÏlÜ˛ Îsf ˆÎÙl •y•zˆÏí»˛y!°Ü˛
!°Ê‰̨ ê˛ñ •y•ẑ Ïí»̨ y!°Ü˛ ̂ Ó Ü˛ •zï˛ƒy!ò Ü˛yç Ü˛ Ï̂Ó̊– ~§Ü˛° Î Ï̂sf ã˛y˛õ §M˛y° Ï̂lÓ̊
Ü˛yˆÏç ≤ÃÓy•# ÓƒÓ•yÓ˚ Ü˛Ó˚y •Î˚– 10.6 lÇ !ã˛ˆÏe ≤Ãò!¢≈ï˛ •y•zˆÏí»˛y!°Ü˛
!°Ê‰̨ ê˛ ~ ò%!ê˛ !˛õfiê˛l ̨õÓ˚flõÓ˚ ̂ Ì Ï̂Ü˛ !l!ò≈T˛ ÓƒÓôy Ï̂l Ìy Ï̂Ü˛– ~•z ÓƒÓôyl
~Ü˛!ê˛ ï˛Ó˚° myÓ˚y ˛õ)î≈ ÌyˆÏÜ˛– A

1
 ˆ«˛eÊ˛°!Ó!¢T˛ ~Ü˛!ê˛ ̂ SÈyˆÏê˛y !˛õfiê˛l

myÓ˚y ï˛Ó˚̂ Ï°Ó˚ í z̨̨ õÓ˚ §Ó˚y§!Ó˚  F
1
 Ó° ≤Ã Ï̂Î˚yà Ü˛Ó˚y •Î˚– ~ Ï̂ï˛ §,T˛ ã˛y˛õ  P

= 
F

A

1

1
 ï˛Ó˚ˆÏ°Ó˚ Ùôƒ !òˆÏÎ˚ §M˛y!°ï˛ •ˆÏÎ˚ ÓˆÏí˛¸y ̂ ã˛y.yÜ,˛!ï˛ ̨ õyˆÏe ÌyÜ˛y

ÓˆÏí˛¸y !˛õfiê˛ˆÏlÓ˚  A
2 ̂

«˛eÊ˛ˆÏ°Ó˚ í˛z˛õÓ˚ !Ü ˛Î˚y Ü˛ˆÏÓ˚ ~ÓÇ ̂ Ùyê˛ åP × A
2
ä

|ôÁ≈Ù%á# âyï˛ §,!T˛ Ü˛ˆÏÓ˚– ï˛y•z ~•z !˛õfiê˛l!ê˛ ˆÓ!¢ Ó° ≤ÃˆÏÎ˚yà Ü˛Ó˚ˆÏï˛
åˆÎÙl ≤’ƒyê˛Ê˛ˆÏÙ≈ Ó˚yáy àyí˛¸# Óy ê˛∆yÜ˛ ~Ó˚ ÙˆÏï˛y Ë˛y!Ó˚ Ó›ˆÏÜ˛ ï%˛°ˆÏï˛ä

xy!Ü≈̨ !Ù!í˛ Ï̂§Ó˚ l#!ï˛ (Archemedes’ Principle)

≤ÃÓy•#ˆÏï˛ ÌyÜ˛y Ó›ˆÏÜ˛ ≤ÃÓy•# xyÇ!¢Ü˛Ë˛yˆÏÓ ôˆÏÓ˚ Ó˚yˆÏá– ̂ Ü˛yˆÏly ~Ü˛!ê˛ Ó›ˆÏÜ˛ xyÇ!¢Ü˛ Óy §¡õ)î≈Ë˛yˆÏÓ ~Ü˛!ê˛ !fiÌÓ˚ ≤ÃÓy•#ˆÏï˛ !lÙ!Iï˛ Ü˛Ó˚y
• Ï̂°ñ ≤ÃÓy•# Ó›Ó˚ §Çflõ¢≈ ï˛ Ï̂° ã˛y˛õ ≤Ã Ï̂Î˚yà Ü˛ Ï̂Ó˚– àË˛#Ó˚ï˛y Ó,!ÂôÓ˚ § Ï̂Aà ã˛y˛õ Ó,!Âô ̨õyÎ˚ Ó Ï̂° Ó›Ó˚ í z̨̨ õ Ï̂Ó˚Ó˚ ï˛ Ï̂° ≤ÃÎ%=˛ ã˛y˛õ x Į̈̂ õ«˛y l# Ï̂ã˛Ó˚
ï˛ Ï̂° ̂ Ó!¢ ã˛y˛õ ≤ÃÎ%=˛ •Î˚– ~•z §Ü˛° Ó°à%̂ Ï°yÓ˚ °!kôÓ° |ôÁ≈Ù%á# !Ü ̨ Î˚y¢#° •Î˚ ~ÓÇ ï˛y Ï̂Ü˛ ≤’ÓÜ˛ Ó° åBuoyant forceä Ó Ï̂°– ô Ï̂Ó˚y ~Ü˛!ê˛
ˆã˛y.yÜ,˛!ï˛ Ó›ˆÏÜ˛ ~Ü˛!ê˛ !fiÌÓ˚ ≤ÃÓy•#ˆÏï˛ !lÙ!Iï˛ Ü˛Ó˚y •°– ˆã˛y.yÜ,˛!ï˛ Ó›!ê˛Ó˚ í˛z˛õˆÏÓ˚Ó˚ ï˛ˆÏ° ≤ÃÎ%=˛ !l¡¨Ù%á# Ó° xˆÏ˛õ«˛y !l¡¨ï˛ˆÏ° ≤ÃÎ%=˛
|ôÁ≈Ù%á# Ó Ï̂°Ó˚ Ùyl ̂ Ó!¢ •Î˚– ≤ÃÓy•# myÓ˚y Ó›Ó˚ í z̨̨ õÓ˚ ≤ÃÎ%=˛ °!kô |ôÁ≈Ù%á# Ó° Óy ≤’ÓÜ˛ Ó° •° (P

2 
– P

1
) ×××××      A – xyÙÓ˚y 10.4 lÇ §Ù#Ü˛Ó˚̂ Ïî

ˆò Ï̂á!SÈ ̂ Îñ (P
2
-P

1
)A = ρghA – ~ál  hA •° !lÙ!Iï˛ Ü˛!ë˛l Ó›Ó˚ xyÎ˚ï˛l ~ÓÇ ρhA •° Ü˛!ë˛ Ï̂lÓ˚ §ÙxyÎ˚ï˛l ≤ÃÓy•#Ó˚ Ë˛Ó˚– (P

2
-P

1
)A

= mg – §%ï˛Ó˚yÇ ≤ÃÎ%=˛ |ôÁ≈Ù%á# Ó° x˛õ§y!Ó˚ï˛ ≤ÃÓy•#Ó˚ GçˆÏlÓ˚ §Ùyl–
~•z Ê˛°yÊ˛° Ó›Ó˚ xyÜ˛y Ï̂Ó˚Ó˚ í z̨̨ õÓ˚ !lË≈̨ Ó˚ Ü˛ Ï̂Ó˚ lyñ ~áy Ï̂l xyÙÓ˚y §%!ÓôyÓ˚ çlƒ ̂ ã˛y.yÜ,̨ !ï˛ Ó› !l Ï̂Î˚!SÈ– •z•y•z •° xy!Ü≈̨ !Ù!í˛ Ï̂§Ó˚ l#!ï˛–

§¡õ)î≈ !lÙ!Iï˛ Ó›Ó˚ ˆ«˛ˆÏe Ó› myÓ˚y x˛õ§y!Ó˚ï˛ ≤ÃÓy•#Ó˚ xyÎ˚ï˛l Ó›Ó˚ !lçfl∫ xyÎ˚ï˛ˆÏlÓ˚ §Ùyl– !lÙ!Iï˛ Ó›Ó˚ âlc ≤ÃÓy•#Ó˚ âlc
xˆÏ˛õ«˛y ˆÓ!¢ •ˆÏ° Ó›!ê˛ í%˛ˆÏÓ ÎyˆÏÓñ Ü˛yÓ˚î Ó›Ó˚ Gçl |ôÁ≈Ù%á# âyï˛ xˆÏ˛õ«˛y ˆÓ!¢– Î!ò Ó›Ó˚ âlc ≤ÃÓy•#Ó˚ âlc xˆÏ˛õ«˛y Ü˛Ù •Î˚ ï˛ˆÏÓ
Ó›!ê˛ ≤ÃÓy•#ˆÏï˛ xyÇ!¢Ü˛ !lÙ!Iï˛ xÓfiÌyÎ˚ Ë˛y§ˆÏÓ– ≤ÃÓy•#ˆÏï˛ ~•z !l!Iï˛ xyÎ˚ï˛l àîly Ü˛Ó˚yÓ˚ çlƒñ ôˆÏÓ˚y Ó›Ó˚ xyÎ˚ï˛l  V

s
 ~ÓÇ ~Ó˚

~Ü˛!ê˛ Ë˛@¿yÇ¢ xyÎ˚ï˛l  V
p 
 ≤ÃÓy•#ˆÏï˛ !lÙ!Iï˛ ÌyˆÏÜ˛– ï˛y•ˆÏ° |ôÁ≈Ù%á# Ó° Îy x˛õ§y!Ó˚ï˛ ≤ÃÓy•#Ó˚ GçˆÏlÓ˚ åρ

f
gV

p
ä §Ùyl ï˛y xÓ¢ƒ•z

Ó›Ó˚ GçˆÏlÓ˚ §Ùyl •ˆÏï˛ ˛•ˆÏÓ– xÌ≈yÍñ ρ
s
gV

s
 = ρ

f
gV

p
 Óy  ρ

s
/ρ

f
 = V

p
/V

s 
     Ë˛y§Ùyl Ó›Ó˚ xy˛õyï˛ Gçl •° ¢)lƒ–

~ l#!ï˛ˆÏÜ˛ §ÇˆÏ«˛ˆÏ˛õ Ó°y ÎyÎ˚ ı ≤ÃÓy•#ˆÏï˛ xyÇ!¢Ü˛ Óy §¡õ)î≈ !lÙ!Iï˛ Ó›Ó˚ Gçl •…y§ Ó› Ü˛ï,≈˛Ü˛ x˛õ§y!Ó˚ï˛ ≤ÃÓy•#Ó˚ GçˆÏlÓ˚ §Ùyl–

!ã˛e  10.6  (a) ˛õye ÙôƒfiÌ ≤ÃÓy•#Ó˚ ̂ ÎÈüÈˆÜ˛yˆÏly xÇˆÏ¢ Îál•z Óy!•ƒÜ˛
ã˛y˛õ ≤ÃÎ%=˛ •Î˚ñ ~!ê˛ §Ó!òˆÏÜ˛ §ÙË˛yˆÏÓ §M˛y!°ï˛ •Î˚–
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˛õy Ï̂Ó˚– ~•z !Ó¢y° Ó Ï̂°Ó˚ Ùyl  F
2 
= PA

2 
= 

F A

A

1 2

1
 – A

1 
!˛õfiê˛ Ï̂l ≤ÃÎ%=˛

~•z Ó° ˛õ!Ó˚Ó!ï≈˛ï˛ •ˆÏÎ˚ ≤’ƒyê˛Ê˛Ù≈ˆÏÜ˛ í˛zë˛yˆÏï˛ Óy lyÙyˆÏï˛ ˛õyˆÏÓ˚– ~Ë˛yˆÏÓ

≤ÃÎ%=˛ Ó° 
A

A

2

1
 à%î Óy Ï̂í ¸̨ ~ÓÇ ~•z à%îÜ˛ Ï̂Ü˛ Ó Ï̂° Îsf!ê˛Ó˚ Îy!sfÜ˛ §%!Óôy–

l#ˆÏã˛Ó˚ í˛zòy•Ó˚î!ê˛ ~ ôyÓ˚îyˆÏÜ˛ flõT˛ Ü˛Ó˚ˆÏÓ–

u í˛zòy•Ó˚î 10.5 ò%!ê˛ !Ó!Ë˛ß¨ ˆ«˛eÊ˛°!Ó!¢T˛ §)ã˛!Ó•#l ç°˛õ)î≈
!§!Ó˚OˆÏÜ˛ ~Ü˛!ê˛ ç°˛õ)î≈ Ó˚yÓyÓ˚ !ê˛í˛zˆÏÓÓ˚ ò%≤ÃyˆÏhs˝ ¢=˛Ë˛yˆÏÓ
xyê˛Ü˛yˆÏly •°– ̂ SÈyˆÏê˛y G ÓˆÏí˛¸y !˛õfiê˛ˆÏlÓ˚ Óƒy§ ÎÌyÜ ˛ˆÏÙ  1.0

cm ~ÓÇ 3.0 cm– (a)  Îál ̂ SÈy Ï̂ê˛y !˛õfiê˛ Ï̂l 10 N Ó° ≤Ã Ï̂Î˚yà
Ü˛Ó˚y •Î˚ ï˛ál ÓˆÏí˛¸y !˛õfiê˛ˆÏl ≤ÃÎ%=˛ Ó° Ü˛ï˛⁄ (b) Î!ò ˆSÈyˆÏê˛y
!˛õfiê˛lˆÏÜ˛  6.0 cm ˆË˛ï˛ˆÏÓ˚Ó˚ !òˆÏÜ˛ ≤ÃˆÏÓ¢ Ü˛Ó˚yˆÏly •Î˚ñ ï˛ˆÏÓ
ÓˆÏí˛¸y !˛õfiê˛l!ê˛ Óy•zˆÏÓ˚Ó˚ !òˆÏÜ˛ Ü˛ï˛ò)Ó˚ §Ó˚ˆÏÓ⁄

í˛z_Ó˚  (a) ˆÎˆÏ•ï%˛ §ÙhflÏ ≤ÃÓy•#Ó˚ Ùôƒ !òˆÏÎ˚ ã˛y˛õ x˛õ!Ó˚Ó!ï≈˛ï˛ ÙyˆÏl
§M˛y!°ï˛ •Î˚ñ ï˛y•z

F
A

A
F

m

m

N
2

2

1

1

2
2

2
2

3 2 10

1 2 10

10= =
×( )
×( )

×
−

−

π

π

/

/

             = 90 N

(b) ç°ˆÏÜ˛ §¡õ)î≈ x§ÇlÙƒ ôÓ˚y ÎyÎ˚– ˆSÈyˆÏê˛y !˛õfiê˛l Ü˛ï,≈˛Ü˛ ˆË˛ï˛ˆÏÓ˚Ó˚
!òˆÏÜ˛ x!ï˛Ü ˛yhs˝ xyÎ˚ï˛l ÓˆÏí˛¸y !˛õfiê˛l Ü˛ï,≈˛Ü˛ Óy•zˆÏÓ˚Ó˚ !òˆÏÜ˛ x!ï˛Ü ˛yhs˝
xyÎ˚ï˛ˆÏlÓ˚ §Ùyl •Î˚–

L A L A
1 1 2 2

=

       j 0.67 × 10-2 m = 0.67 cm

!ÓˆÏ¢£Ï oT˛Óƒ ˆÎ ÓyÎ˚%Ù[˛°#Î˚ ã˛y˛õ ò%•z !˛õfiê˛ˆÏlÓ˚ ˆ«˛ˆÏe•z §ÙylË˛yˆÏÓ
˛≤ÃˆÏÎyçƒ ~ÓÇ ~ˆÏ«˛ˆÏe ~ˆÏÜ˛ í˛zˆÏ˛õ«˛y Ü˛Ó˚y •ˆÏÎ˚ˆÏSÈ– ⊳

u í z̨òy•Ó˚î  10.6 ~Ü˛!ê˛ àyí ¸̨# í ẑ̨ Ï_y°Ü˛ Î Ï̂sf åcar liftä §ÇÜ%̨ !ã˛ï˛
ÓyÎ˚% ~Ü˛!ê˛ 5.0 cm Óƒy§yô≈!Ó!¢T˛ !˛õfiê˛ˆÏlÓ˚ í˛z˛õÓ˚  F

1 
Ó°

≤ÃˆÏÎ˚yà Ü˛ˆÏÓ˚– ~•z ã˛y˛õ §M˛y!°ï˛ •ˆÏÎ˚  15 cm Óƒy§yô≈!Ó!¢T˛
!mï˛#Î˚ ~Ü˛!ê˛ !˛õfiê˛ Ï̂l ̨õ Ï̂í ¸̨ å!ã˛e 10.6ä– Î!ò í ẑ̨ Ï_y!°ï˛ àyí ¸̨#Ó˚
Ë˛Ó˚ 1350 kg •Î˚ñ ï˛ˆÏÓ F

1 
~Ó˚ Ùyl ˆÓÓ˚ Ü˛ˆÏÓ˚y– ~ Ü˛yç!ê˛

§¡õyòl Ü˛Ó˚ˆÏï˛ Ü˛ï˛ ã˛y˛õ ≤ÃˆÏÎ˚yçl⁄  (g = 9.8 ms-2).

í˛z_Ó˚  ˆÎˆÏ•ï%˛ ã˛y˛õ Ùyl x˛õ!Ó˚Ó!ï≈˛ï˛Ë˛yˆÏÓ §ÙhflÏ ï˛Ó˚ˆÏ° §M˛y!°ï˛ •Î˚ñ
ï˛y•z

= 1470 N

≈ 1.5 × 103 N

~•z Ó° §,!T˛Ü˛yÓ˚# ÓyÎ˚% ã˛yˆÏ˛õÓ˚ Ùyl

~•z Ùyl ˆÙyê˛yÙ%!ê˛ ÓyÎ˚%ã˛yˆÏ˛õÓ˚ !mà%î– ⊳

ˆÙyê˛Ó˚ày!í ¸̨̂ Ïï˛ åautomobilesä •y•ẑ Ïí»̨ y!°Ü˛ ̂ Ó Ü˛ G ~Ü˛•z l#!ï˛ Ï̂ï˛
Ü˛yç Ü˛ Ï̂Ó˚– Îál xyÙÓ˚y ̨õy myÓ˚y !lÎ˚sfÜ˛ !˛õfiê˛ Ï̂l ~Ü˛!ê˛ «%̨ o Ó° ≤Ã Ï̂Î˚yà
Ü˛!Ó˚ñ ï˛ál ̂ § !˛õfiê˛l!ê˛ !lÎ˚sfÜ˛ ̂ ã˛y Ï̂.Ó˚ ̂ Ë˛ï˛Ó˚ § Ï̂Ó˚ ÎyÎ˚ ~ÓÇ ~ Ï̂«˛ Ï̂e

xy!Ü≈˛!Ù!í˛§ !SÈˆÏ°l ~Ü˛çl !Óáƒyï˛ òy¢≈!lÜ˛ñ à!îï˛K˛ñ !ÓK˛yl# ~ÓÇ ≤ÃˆÏÜ˛Ô¢°# åengineerä– !ï˛!l catapult å≤Ãã˛!°ï˛
x Ï̂Ì≈ à%°!ï˛ä xy!Ó‹ÒyÓ˚ Ü˛ Ï̂Ó˚l ~ÓÇ ̨õ%!° G !°Ë˛y Ï̂Ó˚Ó˚ ~Ü˛!ê˛ ̨õÂô!ï˛Ó˚ í z̨qyÓl Ü˛ Ï̂Ó˚l ÎyÓ˚ §y•y Ï̂Îƒ Ë˛yÓ˚# Ó› Ï̂Ü˛ lyí ¸̨yã˛yí ¸̨y Ü˛Ó˚y
ÎyÎ˚– ï˛ÑyÓ˚ !lç Ó˚yçƒ !§Ó˚yÜ˛y§ åSyracuseä ~Ó˚ Ó˚yçy !•ˆÏÓ˚y ê%˛ åHiero IIä ïÑ˛yˆÏÜ˛ Ó°ˆÏ°l ̂ Î í˛zlyÓ˚ ̂ §ylyÓ˚ Ù%Ü%˛ê˛ˆÏÜ˛ ly lT˛
Ü˛ˆÏÓ˚ Ó°ˆÏï˛ •ˆÏÓ ˆÎ Ù%Ü%˛ˆÏê˛Ó˚ ÙˆÏôƒ xlƒ ˆÜ˛yˆÏly §hflÏy §ÇÜ˛Ó˚ ôyï%˛ !Ù!◊ï˛ xyˆÏSÈ !Ü˛ly– !ï˛!l Îál ïÑ˛yÓ˚ ÓyÌê˛ˆÏÓ xÓày•l

Ü˛Ó˚ˆÏï˛ lyÙˆÏ°l ï˛ál !ï˛!l ïÑ˛yÓ˚ xy˛õyï˛ Gçl •…y§ í˛z˛õ°!kô Ü˛ˆÏÓ˚!SÈˆÏ°l ~ÓÇ ~ˆÏÌˆÏÜ˛•z !ï˛!l ~•z §Ù§ƒyÓ˚ §Ùyôyl Ü˛ˆÏÓ˚!SÈˆÏ°l– Ü˛!Ìï˛ xyˆÏSÈ
ˆÎñ G•z §ÙÎ˚ !ï˛!l í˛zÍÊ%˛Õ‘ •ˆÏÎ˚ !§Ó˚yÜ˛y§ ~Ó˚ Ó˚yhflÏy !òˆÏÎ˚ !ÓÓflf xÓfiÌyÎ˚ ÚÚ•zí˛zˆÏÓ˚Ü˛y •zí˛zˆÏÓ˚Ü˛yÛÛ !ã˛ÍÜ˛yÓ˚ Ü˛ˆÏÓ˚ ˆòÔí˛¸y!FSÈˆÏ°l– ÚÚ•zí˛zˆÏÓ˚Ü˛y
•zí˛zˆÏÓ˚Ü˛yÓ˚ÛÛ xÌ≈ •° ÚÚxy!Ù ˆ˛õˆÏÎ˚ ˆà!SÈñ xy!Ù ˆ˛õˆÏÎ˚ ˆà!SÈ–ÛÛ

xy!Ü≈˛!Ù!í˛§  (287–212 B.C.) Archimedes

!ã˛e  10.6 •y•zˆÏí»˛y!°Ü˛ !°Ê‰˛ˆÏê˛Ó˚ Ù)° l#!ï˛ Óî≈lyÓ˚ çlƒ !ã˛eñ Îsf!ê˛
Ë˛yÓ˚# Ó›ˆÏÜ˛ í˛z˛õˆÏÓ˚ ˆï˛y°yÓ˚ Ü˛yˆÏç ÓƒÓ•,ï˛ •Î˚–
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í z̨Í˛õß¨ ã˛y˛õ ̂ Ó Ü˛G Ï̂Î˚̂ Ï°Ó˚ Ùôƒ !ò Ï̂Î˚ §M˛y!°ï˛ • Ï̂Î˚ Ó Ï̂í ¸̨y !˛õfiê˛ Ï̂l ≤ÃÎ%=˛

•Î˚– ~Ë˛yˆÏÓ §,T˛ ~Ü˛!ê˛ ÓˆÏí˛¸y ÙyˆÏlÓ˚ Ó° ÓˆÏí˛¸y !˛õfiê˛ˆÏl ≤ÃÎ%=˛ •ˆÏÎ˚

!˛õfiê˛l!ê˛ˆÏÜ˛ l#ˆÏã˛Ó˚ !òˆÏÜ˛ ôyE˛y ̂ òÎ˚ñ Ê˛ˆÏ° ̂ Ó Ü˛ ̂ §y ≤Ã§y!Ó˚ï˛ •ˆÏÎ˚ ̂ Ó Ü˛

°y•zl ÓÓ˚yÓÓ˚ ôyE˛y ̂ òÎ˚– ~Ë˛yˆÏÓ ̨õyòy!lˆÏï˛ åpedalä ≤ÃÎ%=˛ «%˛oÙyˆÏlÓ˚

Ó° Ó,•Í ÙyˆÏl ˛õ!Ó˚Ó!ï≈˛ï˛ •ˆÏÎ˚ ã˛yÜ˛yˆÏÜ˛ Ù®#Ë)˛ï˛ Ü˛ˆÏÓ˚– ~•z ≤Ã!Ü ˛Î˚yÓ˚

~Ü˛!ê˛ à%Ó˚%c˛õ)î≈ í˛z˛õÜ˛y!Ó˚ï˛y •° ˆÎ ˛õyòy!lˆÏï˛ ≤ÃÎ%=˛ ã˛y˛õ ã˛yÓ˚!ê˛ ã˛yÜ˛yÓ˚

§ˆÏAà Î%=˛ §Óà%!° ˆã˛yˆÏ.Ó˚ Ùôƒ !òˆÏÎ˚ §M˛y!°ï˛ •Î˚ñ Ê˛ˆÏ° §Óà%ˆÏ°y

ã˛yÜ˛yÎ˚ §Ù˛õ!Ó˚Ùyî ˆÓ !Ü˛ÇÈüÈ~Ó˚ ≤ÃË˛yÓ ˛õˆÏí˛¸–

10.3  ôyÓ̊y Ï̂Ó̊á ≤ÃÓy• (STREAMLINE FLOW)

~ál ˛õÎ≈hs˝ xyÙÓ˚y !fiÌÓ˚ ≤ÃÓy•# §¡õˆÏÜ≈˛ xôƒÎ˚l Ü˛ˆÏÓ˚!SÈ– à!ï˛¢#°

≤ÃÓy•#Ó˚ xôƒÎ˚l ≤ÃÓy•#Ó˚ à!ï˛!Óòƒy åfluid dynamicsä !•§yˆÏÓ

˛õ!Ó˚!ã˛ï˛– Îál ̂ Ü˛y Ï̂ly ~Ü˛!ê˛ ç Ï̂°Ó˚ ̂ ê˛˛õ Ï̂Ü˛ ô# Ï̂Ó˚ SÈyí ¸̨y •Î˚ñ ≤ÃÌÙ!ò Ï̂Ü˛

çˆÏ°Ó˚ ≤ÃÓy• §%£ÏÙ ÌyˆÏÜ˛ !Ü˛v çˆÏ°Ó˚ Ó!•à≈Ùl ˆÓà Ó,!Âô ˆ˛õˆÏ°

ç°≤ÃÓy• §%£ÏÙ ÌyˆÏÜ˛ ly– ≤ÃÓy•#Ó˚ à!ï˛Ó˚ xyˆÏ°yã˛lyÎ˚ xyÙÓ˚y !l!ò≈T˛

§ÙˆÏÎ˚ à!ï˛˛õˆÏÌÓ˚ ~Ü˛!ê˛ !l!ò≈T˛ !Ó®%ˆÏï˛ ≤ÃÓy•#Ó˚ !Ó!Ë˛ß¨ Ü˛îyà%ˆÏ°yˆÏï˛

Ü˛# •Î˚ ï˛y °«˛ Ü˛Ó˚̂ ÏÓy– Î!ò ̂ Ü˛y Ï̂ly !Ó®%̂ ÏÜ˛ x!ï˛Ü ̨ Ù Ü˛Ó˚yÓ˚ §ÙÎ˚ ≤ÃÓy•#Ó˚

≤Ã!ï˛!ê˛ Ü˛îyÓ˚ §ÙˆÏÎ˚Ó˚ §ˆÏAà à!ï˛ˆÏÓà ~Ü˛•z ÌyˆÏÜ˛ ï˛ˆÏÓ ˆ§ ≤ÃÓy•#ˆÏÜ˛

!fiÌÓ˚ ≤ÃÓy•# Ó Ï̂°– ~Ó˚ xÌ≈ ~•z lÎ˚ ̂ Îñ ≤ÃÓy•#Ó˚ !Ó!Ë˛ß¨ !Ó®%̂ Ïï˛ à!ï˛ Ï̂Óà

~Ü˛•z •ˆÏÓ– ~Ü˛!ê˛ Ü˛îyÓ˚ à!ï˛ˆÏÓà ≤ÃÓy•#Ó˚ ~Ü˛!Ó®% ̂ ÌˆÏÜ˛ xlƒ!Ó®%ˆÏï˛

xÓfiÌyl ˛õ!Ó˚Óï≈˛ˆÏlÓ˚ §ˆÏAà §ˆÏAà ˛õ!Ó˚Óï≈˛l •ˆÏï˛ ˛õyˆÏÓ˚– ~Ó˚ xÌ≈ •°

xlƒ ˆÜ˛yˆÏly ~Ü˛!ê˛ !Ó®%ˆÏï˛ ≤ÃÓy•# Ü˛îyÓ˚ ˆÓà !Ó!Ë˛ß¨ •ˆÏï˛ ˛õyˆÏÓ˚ñ !Ü˛v

xlƒylƒ Ü˛îyà%̂ Ï°y ≤ÃÓy•#Ó˚ ̇  !l!ò≈T˛ !Ó®%̂ ÏÜ˛ x!ï˛Ü ̨ Ù Ü˛Ó˚yÓ˚ §ÙÎ˚ ~Ü˛•z

xyã˛Ó˚î Ü˛Ó˚ˆÏÓ– ≤ÃˆÏï˛ƒÜ˛ Ü˛îy ~Ü˛!ê˛ §%£ÏÙ ˛õÌ ÓÓ˚yÓÓ˚ x!ï˛Ü ˛Ù Ü˛Ó˚ˆÏÓ

~ÓÇ ̂ Ü˛yˆÏly ~Ü˛!ê˛ Ü˛îy xlƒ Ü˛îyÓ˚ ̨ õÌˆÏÜ˛ x!ï˛Ü ˛Ù Ü˛Ó˚ˆÏÓ ly–

¢yhs˝ ≤ÃÓyˆÏ•Ó˚ xô#l Ü˛îyà%ˆÏ°yÓ˚ à!ï˛˛õÌ •° ôyÓ˚y Ï̂Ó˚á åstream-

lineä– ~Ó˚ §ÇK˛y ~Ë˛yˆÏÓ ˆòGÎ˚y ÎyÎ˚ ˆÎ •z•y •° ~Ü˛≤ÃÜ˛yÓ˚ ÓÜ ˛˛õÌ
ÎyÓ˚ ̂ ÎÈüÈˆÜ˛y Ï̂ly !Ó®%̂ Ïï˛ flõ¢≈Ü˛ G•z !Ó®%̂ Ïï˛ ≤ÃÓy•#Ó˚ ̂ Ó Ï̂àÓ˚ !òÜ‰̨  !l Ï̂ò≈¢
Ü˛ˆÏÓ˚– 10.7 (a) !ã˛ˆÏe ˛≤Ãò!¢≈ï˛ ~Ü˛!ê˛ Ü˛îyÓ˚ ˆÓà ˆlGÎ˚y •°ñ §ÙˆÏÎ˚Ó˚
§ˆÏAà ≤ÃÓy•#Ó˚ ~Ü˛!ê˛ Ü˛îy Ü˛#Ë˛yˆÏÓ à!ï˛¢#° •Î˚ ï˛y ÓÜ ˛˛õÌ!ê˛ Óî≈ly
Ü˛ˆÏÓ˚– PQ ÓÜ ˛˛õÌ!ê˛ •° ≤ÃÓy!•ï˛ ≤ÃÓy•#Ó˚ fiÌyÎ˚# lÜ˛¢yó Îy Óî≈ly Ü˛ˆÏÓ˚
ˆÎ ≤ÃÓy•# Ü˛#Ë˛yˆÏÓ ≤ÃÓy!•ï˛ •Î˚– ò%!ê˛ ôyÓ˚yˆÏÓ˚á Ü˛áˆÏly•z ˛õÓ˚flõÓ˚ˆÏÜ˛
ˆSÈò Ü˛ˆÏÓ˚ lyñ Î!ò ï˛yÓ˚y ï˛y Ü˛ˆÏÓ˚ñ ï˛y•ˆÏ° G•z !Ó®%ˆÏï˛ xyàï˛ ~Ü˛!ê˛
≤ÃÓy•# Ü˛îy ~Ü˛˛õˆÏÌ Óy xlƒ˛õˆÏÌ ˆÎˆÏï˛ ˛õyÓ˚ˆÏÓ ~ÓÇ ≤ÃÓy•# xyÓ˚ ¢yhs˝
ÌyÜ˛ˆÏÓ ly– §%ï˛Ó˚yÇ ¢yhs˝ ≤ÃÓyˆÏ•ñ ≤ÃÓyˆÏ•Ó˚ lÜ˛¢y §ÙˆÏÎ˚Ó˚ §ˆÏAà
x˛õ!Ó˚Ó!ï≈̨ ï˛ Ìy Ï̂Ü˛– xyÙÓ˚y á%Ó Ü˛ySÈyÜ˛y!SÈ ≤ÃÓy•# ̂ Ó˚áyà%̂ Ï°y Ï̂Ü˛ Ü˛#Ë˛y Ï̂Ó
xAÜ˛l Ü˛Ó˚ˆÏÓy⁄ Î!ò xyÙÓ˚y ≤ÃÓy!•ï˛ ≤Ã!ï˛!ê˛ Ü˛îyÓ˚ ≤ÃÓy•ˆÏÓ˚áy ˆòáˆÏï˛
ã˛y•z ï˛ˆÏÓ ï˛yˆÏÜ˛ §§#Ù §hs˝ï˛ ˆÓ˚áyà%FSÈ myÓ˚y ≤ÃÜ˛y¢ Ü˛Ó˚ˆÏÓy– ≤ÃÓy•#Ó˚
à!ï˛ x!Ë˛Ù%ˆÏáÓ˚ §ˆÏAà °¡∫ Ü˛ˆÏÎ˚Ü˛!ê˛ ï˛° Ü˛“ly Ü˛!Ó˚– ̂ ÎÙl !ã˛e 10.7

(b) ~Ó˚ !ï˛l!ê˛ !Ó®%  P, Q ~ÓÇ R ˆï˛ ˆòáyˆÏly •ˆÏÎ˚ˆÏSÈ– ï˛°à%ˆÏ°yˆÏÜ˛
~Ë˛yˆÏÓ ôÓ˚y •ˆÏÎ˚ˆÏSÈ ˆÎ ï˛yˆÏòÓ˚ §#Ùylyà%ˆÏ°y §Ùçyï˛#Î˚ ôyÓ˚yˆÏÓ˚áy myÓ˚y
§#ÙyÓÂô– ~Ó˚ xÌ≈ •° í˛z!Õ‘!áï˛  P, R ~ÓÇ Q ï˛°à%ˆÏ°yÓ˚ Ùôƒ!òˆÏÎ˚
x!ï˛Ü ˛yhs˝ ≤ÃÓy•# Ü˛îyÓ˚ §Çáƒy §Ùyl– Î!ò ~•z !ï˛l !Ó®%  P, Q ~ÓÇ R
ˆï˛ Ü˛!“ï˛ ï˛°à%ˆÏ°yÓ˚ ˆ«˛eÊ˛° ÎÌyÜ ˛ˆÏÙ  A

P
,A

R
 ~ÓÇ A

Q
 •Î˚ ~ÓÇ

Ü˛îyÓ˚ o%!ï˛  v
P
, v

R
 ~ÓÇ v

Q 
•Î˚ ï˛ˆÏÓ «%˛o §ÙÎ˚ xÓÜ˛y¢ ∆t ˆï˛ A

P

ï˛ˆÏ°Ó˚ Ùôƒ !òˆÏÎ˚ x!ï˛Ü ˛yhs˝ ≤ÃÓy•#Ó˚ Ë˛Ó˚  ∆m
P
 •° åρ

P
A

P
v

P 
∆tä–

~Ü˛•zË˛yˆÏÓ «%˛o §ÙÎ˚ ∆t ˆï˛ A
R 

ˆ«˛eÊ˛° !òˆÏÎ˚ x!ï˛Ü ˛yhs ≤ÃÓy•#Ó˚ Ë˛Ó˚
∆m

R 
•° ρ

R
A

R
v

R 
∆t ~ÓÇ A

Q ̂
«˛eÊ˛ Ï̂°Ó˚ Ùôƒ !ò Ï̂Î˚ x!ï˛Ü ̨ yhs˝ ≤ÃÓy•#Ó˚

Ë˛Ó˚ ∆m
Q 

•° ρ
Q
A

Q
v

Q 
∆t– ~•z !ï˛lˆÏ«˛ˆÏe•z ≤ÃÓy!•ï˛ ≤ÃÓy•#Ó˚ Ë˛Ó˚

~Ü˛•z •Î˚–
§%ï˛Ó˚yÇñ
ρ

P
A

P
v

P
∆t = ρ

R
A

R
v

R
∆t = ρ

Q
A

Q
v

Q
∆t (10.9)

x§ÇlÙƒ ≤ÃÓy•#Ó˚ ≤ÃÓyˆÏ•Ó˚ ˆ«˛ˆÏe
ρ

P
 = ρ

R
 = ρ

Q

§%ï˛Ó˚yÇ 10.9 lÇ §Ù#Ü˛Ó˚î ˆÌˆÏÜ˛
A

P
v

P
 = A

R
v

R
 = A

Q
v

Q
(10.10)

~•z §Ù#Ü˛Ó˚îˆÏÜ˛ Ó°y •Î˚ ôyÓ˚yÓy!•Ü˛ï˛yÓ˚ §Ù#Ü˛Ó˚î åequation of

continuityä ~ÓÇ •z•y x§ÇlÙƒ ≤ÃÓy•#Ó˚ ≤ÃÓyˆÏ•Ó˚ ˆ«˛ˆÏe Ë˛ˆÏÓ˚Ó˚
§ÇÓ˚«˛ˆÏîÓ˚ !ÓÓ,!ï˛–
§yôyÓ˚îË˛yˆÏÓñ

Av = ô %ÓÜ˛ (10.11)

Av ˆÜ˛ Ó°y •Î˚ xyÎ˚ï˛l Êœ˛y: Óy ≤ÃÓyˆÏ•Ó˚ •yÓ˚ ~ÓÇ ~Ó˚ Ùyl §ÙhflÏ
l°Óƒy˛õ# ô   %ÓÜ˛ Ìyˆ ÏÜ˛– ~Ë˛yˆ ÏÓ lˆ Ï°Ó˚ §Ó˚ %  xÇˆ Ï¢ ˆÎáyˆ Ïl
≤ÃÓy•# Ï̂Ó˚áyà%̂ Ï°y Ü˛ySÈyÜ˛y!SÈ Ìy Ï̂Ü˛ñ ̂ §áy Ï̂l ≤ÃÓy•#Ó˚ à!ï˛ Ï̂Óà Ó,!Âô ̨õyÎ˚
xyÓyÓ˚ lˆÏ°Ó˚ fl≥˛#ï˛ xÇˆÏ¢ ≤ÃÓy•#Ó˚ à!ï˛ˆÏÓà •…y§ ˛õyÎ˚– !ã˛e  10.7b

ˆÌ Ï̂Ü˛ ~ê˛y flõT˛ ̂ Î  A
R  

> A
Q 

Óy   v
R
 <  v

Q 
 ~ÓÇ ≤ÃÓy•#Ó˚ ̂ Óà  R ̂ Ì Ï̂Ü˛

Q ~Ó˚ !òˆÏÜ˛ ÎyGÎ˚yÓ˚ §ÙÎ˚ Ó,!Âô ˛õyÎ˚– ~ê˛y xl%Ë)˛!ÙÜ˛ lˆÏ° ã˛yˆÏ˛õÓ˚
˛õyÌ≈ˆÏÜ˛ƒÓ˚ çlƒ •Î˚–

!ã˛e  10.7 ôyÓ˚yˆÏÓ˚á ≤ÃÓyˆÏ•Ó˚ xÌ≈  (a) ~Ü˛!ê˛ ≤ÃÓy•# Ü˛îyÓ˚ !ÓˆÏ¢£Ï

åtypicalä à!ï˛˛õÌ ó (b) ôyÓ˚yˆÏÓ˚á ≤ÃÓy• xM˛°–
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≤ÃÓy•#Ó˚ Ü˛Ù à!ï˛ Ï̂Ó Ï̂àÓ˚ çlƒ ¢yhs˝≤ÃÓy• x!ç≈ï˛ •Î˚– ~•ẑ ÏÓà
~Ü˛ê˛y !l!ò≈T˛ §#Ùy x!ï˛Ü ̨ Ù Ü˛Ó˚̂ Ï° ≤ÃÓy•# ¢yhs˝ ̂ Ì Ï̂Ü˛ x¢yhs˝ • Ï̂Î˚ ̨õ Ï̂í ¸̨Ïñ
~•z §#ÙyfiÌ ̂ Óà Ï̂Ü˛ Ó Ï̂° §!rô Ï̂Óà åCritical velocityä– Îál o%ï˛à!ï˛
§¡õß¨ ≤ÃÓy• ˆÜ˛yˆÏly ˛õyÌˆÏÓ˚Ó˚ ÙˆÏôƒ ˛õˆÏí˛¸ñ ï˛ál ˆSÈyˆÏê˛y ˆSÈyˆÏê˛y â)!î≈Ó˚
ˆÊ˛ly ˜ï˛!Ó˚ •Î˚ ÎyˆÏòÓ˚ˆÏÜ˛ xyÙÓ˚y §yòy çˆÏ°Ó˚ ôyÓ˚y åWhite water

rapidsä Ó!Ï°–
!ã˛e 10.8 ~ xyò¢≈ ôyÓ˚yˆÏÓ˚á ≤ÃÓy•ˆÏÜ˛ ˆòáyˆÏly •ˆÏÎ˚ˆÏSÈ– í˛zòy•Ó˚î

!•§yˆÏÓñ 10.8(a) lÇ !ã˛ˆÏe hflÏ!Ó˚ï˛ ≤ÃÓy• ˆòáyˆÏly •ˆÏÎ˚ˆÏSÈ–

!ÓK˛yl# ˆí˛!lÎ˚ƒy° ÓyˆÏl≈Ô!° ~•z §¡õÜ≈˛!ê˛ í˛zqyÓl Ü˛ˆÏÓ˚l–
≤ÃÓy•#Ó˚ ò%!ê˛ xM˛°ñ  1 (xÌ≈yÍ BC) ~ÓÇ 2 (xÌ≈yÍ DE) !Ó Ï̂Óã˛ly

Ü˛!Ó˚– ô!Ó˚ ≤ÃÌ Ï̂Ù ≤ÃÓy•# B ~ÓÇ D ~Ó˚ Ù Ï̂ôƒ xÓ!fiÌï˛– ~Ü˛!ê˛ x!ï˛ «%̨ o
§ÙÎ˚ ∆t ˆï˛ ≤ÃÓy•#!ê˛ à!ï˛¢#° •ˆÏÓ– ô!Ó˚ B ˆï˛ ≤ÃÓy•#Ó˚ ˆÓà v

1
 ~ÓÇ

D ˆï˛ ̂ Óà v
2
 ñ ï˛y•ˆÏ° ≤ÃÌˆÏÙ B ̂ ï˛ ÌyÜ˛y ≤ÃÓy•# v

1
∆t  ò)Ó˚c x!ï˛Ü ˛Ù

Ü˛ˆÏÓ˚ C ˆï˛ ˆ˛õÔSÈˆÏÓ  (v
1
∆t ~Ó˚ Ùyl ~ï˛ «%˛o ˆÎ xyÙÓ˚y BC xÇ¢ˆÏÜ˛

§Ù≤ÃfiÌˆÏFSÈòÎ%=˛ ôˆÏÓ˚ !lˆÏï˛ ˛õy!Ó˚ä– ~Ü˛•z  ∆t  §ÙÎ˚ xÓÜ˛yˆÏ¢  D ˆï˛
ÌyÜ˛y ≤ÃÓy•# v

2
∆t ò)Ó˚c x!ï˛Ü ̨ Ù Ü˛ Ï̂Ó˚ E ̂ ï˛ ̂ ˛õÑÔSÈy Ï̂Ó– í z̨!Õ‘!áï˛ xyÓÂô

xM˛° ò%!ê˛Ó˚ §¡ø%á §Ùï˛° ≤ÃfiÌ Ï̂FSÈ Ï̂òÓ˚ ̂ «˛eÊ˛° A
1
 G A

2 ̂
ï˛ !Ü ̨ Î˚y¢#°

ã˛y˛õ •° ÎÌyÜ ˛ˆÏÙ  P
1
 ~ÓÇ P

2
– ÓyÙ≤Ãy Ï̂hs˝Ó˚ BC xÇ Ï̂¢Ó˚ ≤ÃÓy•#Ó˚ í z̨̨ õÓ˚

Ü,˛ï˛Ü˛yÎ≈ •° W
1
 = P

1
A

1
(v

1
∆t) = P

1
∆V – ˆÎˆÏ•ï%˛ ò%•z≤ÃyˆÏhs˝ ~Ü˛•z

xyÎ˚ï˛l ∆V ≤ÃÓy!•ï˛ •ˆÏÓ åôyÓ˚yÓy!•Ü˛ï˛yÓ˚ §Ù#Ü˛Ó˚î xl%ÎyÎ˚#äñ ï˛y•z
DE ≤ÃyˆÏhs˝Ó˚ ≤ÃÓy•# myÓ˚y Ü,˛ï˛Ü˛yÎ≈  W

2
 = P

2
A

2
(v

2
∆t) = P

2
∆V ó Óy

≤ÃÓy•#Ó˚ í z̨̨ õÓ˚ Ü,̨ ï˛Ü˛yÎ≈ •°  –P
2
∆V – ï˛y•z ≤ÃÓy•#Ó˚ í z̨̨ õÓ˚ ̂ Ùyê˛ Ü,̨ ï˛Ü˛yÎ≈

•°
W

1
 – W

2 
=  (P

1
− P

2
) ∆V

~•z Ü˛yˆÏÎ≈Ó˚ ~Ü˛!ê˛ xÇ¢ à!ï˛¢!=˛ˆÏï˛ ˛õ!Ó˚Ó!ï≈˛ï˛ •ˆÏÓ ~ÓÇ xlƒ
xÇ¢!ê˛ x!Ë˛Ü˛£Ï≈#Î˚ !fiÌ!ï˛¢!=˛ˆÏï˛ ˛õ!Ó˚Ó!ï≈˛ï˛ •ˆÏÓ– Î!ò ≤ÃÓy•#Ó˚ âlc
ρ •Î˚ ~ÓÇ  ∆m = ρA

1
v

1
∆t = ρ∆V  Ë˛ˆÏÓ˚Ó˚ ≤ÃÓy•# ∆t §ÙˆÏÎ˚ lˆÏ°Ó˚

Ùôƒ !òˆÏÎ˚ ≤ÃÓy!•ï˛ •Î˚ñ ï˛y•ˆÏ° x!Ë˛Ü˛£Ï≈#Î˚ !fiÌ!ï˛¢!=˛Ó˚ ˛õ!Ó˚Óï≈˛l
∆U = ρg∆V (h

2 
− h

1
)

à!ï˛¢!=˛Ó˚ ˛õ!Ó˚Óï≈˛l

∆K = 
1

2







  ρ ∆V (v

2

2 − v
1

2)

xyÙÓ˚y ~•z xyÎ˚ï˛ˆÏlÓ˚ ≤ÃÓy•#Ó˚ í˛z˛õÓ˚ Ü˛yÎ≈¢!=˛Ó˚ í˛z˛õ˛õyòƒ ≤ÃˆÏÎ˚yà
åxôƒyÎ˚ÈüÈ6ä Ü˛ˆÏÓ˚ ̨ õy•zñ

(P
1
− P

2
) ∆V = 

1

2







  ρ ∆V (v

2

2 − v
1

2) + ρg∆V (h
2 
− h

1
)

~ál xyÙÓ˚y ≤Ã!ï˛!ê˛ ̨ õòˆÏÜ˛  ∆V  myÓ˚y Ë˛yà Ü˛ˆÏÓ˚ ̨ õy•zñ

(P
1
− P

2
) = 

1

2







  ρ (v

2

2 − v
1

2) + ρg (h
2 
− h

1
)

í˛z˛õˆÏÓ˚Ó˚ ̨ õòà%ˆÏ°yˆÏÜ˛ §y!çˆÏÎ˚ !°ˆÏá ̨ õy•z ñ

ÚÚˆí˛!l Ï̂Î˚° Óy Ï̂l≈Ô!°ÛÛ !SÈ Ï̂°l ~Ü˛çl §%•z§˛ !ÓK˛yl# G à!îï˛K˛ !Î!l ÚÚ!°Glyí≈̨  •zí z̨°yÓ˚ÛÛ ̂ Ü˛ § Ï̂Aà !l Ï̂Î˚ ò¢ÓyÓ˚
à!îˆÏï˛Ó˚ ÚÚ~Ü˛yˆÏí˛!Ù xÊ‰˛ ˆÊ ˛™ÛÛ §¡øyl °yË˛ Ü˛ˆÏÓ˚!SÈˆÏ°l– !ï˛!l !ã˛!Ü˛Í§y!ÓK˛yl !lˆÏÎ˚G xôƒÎ˚l Ü˛ˆÏÓ˚!SÈˆÏ°l
~ÓÇ !Ü˛S%È!òˆÏlÓ˚ çlƒ §%•zçyÓ˚°ƒyˆÏu˛Ó˚ Óƒy!§ˆÏ° ¢yÓ˚#Ó˚ §ÇfiÌyl!Óòƒy åanatomyä G í˛z!qò!ÓòƒyÓ˚ åbotanyä
xôƒy˛õÜ˛ !•§yˆÏÓ Ü˛yç Ü˛ˆÏÓ˚!SÈˆÏ°l– ï˛ÑyÓ˚ §Ó≈yˆÏ˛õ«˛y ̨ õ!Ó˚!ã˛ï˛ Ü˛yç !SÈ° ≤ÃÓy•# à!ï˛!Óòƒy ÈüüüÈ ̂ Î !Ó£ÏÎ˚!ê˛ˆÏï˛ !ï˛!l
~Ü˛!ê˛Ùye l#!ï˛ ı ÚÚ¢!=˛Ó˚ §ÇÓ˚«˛î §)eÛÛ ˆÌˆÏÜ˛ ≤Ã!ï˛¤˛y Ü˛ˆÏÓ˚!SÈˆÏ°l– ïÑ˛yÓ˚ ~Ü˛yˆÏç Î%=˛ !SÈ° Ü˛°l!Óòƒyñ §Ω˛yÓly
ï˛_¥ åprobabilityäñ ï˛yˆÏÓ˚Ó˚ Ü˛¡õˆÏlÓ˚ §)e åtheory of vibrating stringsä ~ÓÇ ≤ÃyˆÏÎ˚y!àÜ˛ à!îï˛ åapplied

mathematicsä– ï˛yˆÏÜ˛ ày!î!ï˛Ü˛ ˛õòyÌ≈!ÓòƒyÓ˚ çlÜ˛ Ó°y •Î˚–

ˆí˛!lˆÏÎ˚° ÓyˆÏl≈Ô!° (Daniel Bernoulli) (1700 –1782)

10.4  Óy Ï̂l≈y!°Ó̊ l#!ï˛ (BERNOULLI’S PRINCIPLE)

≤ÃÓy•#Ó˚ ≤ÃÓy• •° ~Ü˛!ê˛ ç!ê˛° ≤Ã!Ü ˛Î˚y– !Ü˛v ¢!=˛Ó˚ §ÇÓ˚«˛î §)e
ÓƒÓ•yÓ˚ Ü˛ˆÏÓ˚ xyÙÓ˚y ¢yhs˝ ≤ÃÓy• Óy ôyÓ˚yˆÏÓ˚á ≤ÃÓyˆÏ•Ó˚ !Ü˛S%È à%Ó˚%c˛õ)î≈
˜Ó!¢T˛ƒ ˆ˛õˆÏï˛ ˛õy!Ó˚–

ô!Ó˚ ~Ü˛!ê˛ ≤ÃÓy•# ~Ü˛!ê˛ x§Ù ≤ÃfiÌˆÏFSÈò !Ó!¢T˛ lˆÏ°Ó˚ Ùôƒ !òˆÏÎ˚
≤ÃÓy!•ï˛ •ˆÏFSÈ– 10.9 lÇ !ã˛ˆÏe ≤Ãò!¢≈ï˛ l°!ê˛Ó˚ !Ó!Ë˛ß¨ xÇ¢ !Ó!Ë˛ß¨
í z̨Fã˛ï˛yÎ˚ xÓ!fiÌï˛– ~ál ô!Ó˚ ~Ü˛!ê˛ x§ÇlÙƒ ï˛Ó˚° ¢yhs˝≤ÃÓy Ï̂• l°!ê˛Ó˚
Ùôƒ !òˆÏÎ˚ ≤ÃÓy!•ï˛ •ˆÏFSÈ– •z•yÓ˚ !Ó!Ë˛ß¨ !Ó®%ˆÏï˛ ˆÓàñ ôyÓ˚yÓy!•Ü˛ï˛yÓ˚
§Ù#Ü˛Ó˚î xl%§y Ï̂Ó˚ xÓ¢ƒ•z !Ó!Ë˛ß¨ • Ï̂Ó– ~•z cÓ˚̂ ÏîÓ˚ çlƒ ~Ü˛!ê˛ Ó Ï̂°Ó˚
≤ÃˆÏÎ˚yçl Îy ã˛y!Ó˚!òˆÏÜ˛Ó˚ ï˛Ó˚° myÓ˚y §,!T˛ •Î˚ñ ï˛yÓ˚çlƒ ≤ÃÓy•#Ó˚ !Ó!Ë˛ß¨
xÇˆÏ¢ ã˛yˆÏ˛õÓ˚ xÓ¢ƒ•z ˛õyÌ≈Ü˛ƒ ÌyÜ˛ˆÏï˛ •ˆÏÓ– ÓyˆÏl≈Ô!°Ó˚ §Ù#Ü˛Ó˚î •°
~Ü˛!ê˛ §yôyÓ˚î §Ù#Ü˛Ó˚î Îy lˆÏ°Ó˚ ò%!ê˛ !Ó®%ˆÏï˛ ã˛yˆÏ˛õÓ˚ ̨ õyÌ≈ˆÏÜ˛ƒÓ˚ §ˆÏAà
ˆÓˆÏàÓ˚ ˛õyÌ≈Ü˛ƒ åà!ï˛¢!=˛Ó˚ ˛õyÌ≈Ü˛ƒä ~ÓÇ í˛zFã˛ï˛yÓ˚ ˛õyÌ≈ˆÏÜ˛ƒÓ˚
å!fiÌ!ï˛¢!=˛Ó˚ ̨õyÌ≈Ü˛ƒä §¡õÜ≈̨  ≤ÃÜ˛y¢ Ü˛ Ï̂Ó˚– 1738  !á fiê˛y Ï̂∑ §%•z§‰ ̨õòyÌ≈

!ã˛e  10.8 (a) ≤ÃÓy!•ï˛ ≤ÃÓy•#Ó˚ !Ü˛S%È ôyÓ˚y Ï̂Ó˚á (b) !Ê˛l‰!Ü˛Ó˚ åjetä
ÙˆÏï˛y ≤ÃÓy!•ï˛ Óyï˛y§ °¡∫Ë˛yˆÏÓ Ó˚yáy ï˛ˆÏ°Ó˚ í˛z˛õÓ˚
xyâyï˛ Ü˛Ó˚ˆÏSÈ– ~!ê˛ x¢yhs˝ ≤ÃÓyˆÏ•Ó˚ í˛zòy•Ó˚î–
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P
1 
+ 

1

2







 ρv

1

2 + ρgh
1
 = P

2
+ 

1

2







  ρv

2

2 + ρgh
2

 (10.12)

•z•y•z •° ÓyˆÏl≈Ô!°Ó˚ §Ù#Ü˛Ó˚î – ~áyˆÏl í˛z!Õ‘!áï˛ xM˛°  1 ~ÓÇ 2
•° ≤ÃÓy•#Ó˚ l° ÓÓ˚yÓÓ˚ ˆÎÈüÈˆÜ˛yˆÏly ò%!ê˛ xM˛°ñ ï˛y•z §Ù#Ü˛Ó˚î!ê˛ˆÏÜ˛
§yôyÓ˚îË˛yˆÏÓ ˆ°áy ÎyÎ˚

 P + 
1

2







 ρv2 + ρgh =  ô %ÓÜ˛ (10.13)

~ˆÏ«˛ˆÏe ≤ÃÓy•#Ó˚ !fiÌ!ï˛fiÌy˛õÜ˛ ¢!=˛ˆÏÜ˛ àîlyˆÏï˛ xyly •Î˚!l– ÓyhflÏˆÏÓ

~Ó˚ xˆÏlÜ˛ ÓƒÓ•y!Ó˚Ü˛ í˛z˛õˆÏÎy!àï˛y xyˆÏSÈ ~ÓÇ Ü˛Ù §ywï˛y !Ó!¢T˛

x§ÇlÙƒ ≤ÃÓy•#Ó˚ !Ó!Ë˛ß¨ ≤ÃÜ˛yÓ˚ xyã˛Ó˚î Óƒyáƒy Ü˛Ó˚ˆÏï˛ ÓƒÓ•,ï˛ •Î˚–

xyÓyÓ˚ x¢yhs˝ Óy !Ó«%˛kô ≤ÃÓy•#Ó˚ ̂ «˛ˆÏeG ÓyˆÏl≈Ô!°Ó˚ í˛z˛õ˛õyòƒ ≤ÃˆÏÎyçƒ

•Î˚ ly Ü˛yÓ˚î ~ Ï̂«˛ Ï̂e ̂ Óà G ã˛y Į̈̂ õÓ˚ Ùyl §Ù Ï̂Î˚Ó˚ § Ï̂Aà § Ï̂Aà xlÓÓ˚ï˛

˛õ!Ó˚Ó!ï≈˛ï˛ •Î˚–
Îál ~Ü˛!ê˛ ≤ÃÓy•# !fiÌÓ˚ ÌyˆÏÜ˛ xÌ≈yÍ ï˛yÓ˚ ˆÓà §Ó≈e ¢)lƒ •Î˚ñ

ï˛ál ÓyˆÏl≈Ô!°Ó˚ §Ù#Ü˛Ó˚î!ê˛ òÑyí˛¸yÎ˚

P
1
 + ρgh

1
 = P

2
 + ρgh

2

(P
1
− P

2
) = ρg (h

2 
− h

1
)

•z•y (10.6) lÇ §Ù#Ü˛Ó˚ˆÏîÓ˚ §ò,¢–

10.4.1 !là≈Ùl ̂ Óà ı ê˛!Ó˚̂ Ï§!°Ó˚ §)e (Speed of Efflux:

Torricelli’s Law)

!là≈Ùl åeffluxä Ü˛ÌyÓ˚ xÌ≈ •° ≤ÃÓy•#Ó˚ Ó!•/àÙl– ê˛!Ó˚̂ Ï§!° xy!Ó‹ÒyÓ˚
Ü˛ˆÏÓ˚!SÈˆÏ°lñ ̂ Ü˛yˆÏly ̂ áy°y ê˛ƒyÇÜ˛ ̂ ÌˆÏÜ˛ ̂ Î ̂ ÓˆÏà ≤ÃÓy•# !là≈ï˛ •Î˚ ï˛y
xÓyˆÏô ˛õï˛l¢#° Ó›Ó˚ §)ˆÏeÓ˚ §ˆÏAà §yÙO§ƒ˛õ)î≈– ôÓ˚ ~Ü˛!ê˛ ê˛ƒyÇÜ˛ ρ
âlˆÏcÓ˚ ï˛Ó˚° !òˆÏÎ˚ ˛õ)î≈ Ü˛ˆÏÓ˚ñ ˛õyˆÏeÓ˚ ï˛°ˆÏò¢ ˆÌˆÏÜ˛  y

1
 í˛zFã˛ï˛yÎ˚ ~Ó˚

àyˆÏÎ˚ ~Ü˛!ê˛ !SÈo Ü˛Ó˚y •° å!ã˛e 10.10ä– ï˛Ó˚ˆÏ°Ó˚  y
2 
í˛zFã˛ï˛yÎ˚ ˆáy°y

˛õ,ˆÏ¤˛ ÓyÎ˚%Ó˚ ã˛y˛õ •°  P– ôyÓ˚yÓy!•Ü˛ï˛yÓ˚ §Ù#Ü˛Ó˚î å§Ù#Ü˛Ó˚î 10.10ä
ˆÌˆÏÜ˛ ˛õy•z

v
1 
A

1
 = v

2 
A

2

Óyñ v
A

A
v2

1

2

= 1

!ã˛e  10.10 ê˛!Ó˚̂ Ï§!°Ó˚ §)e– Óy Ï̂l≈Ô!°Ó˚ í z̨̨ õ˛õy Ï̂òƒÓ˚ ≤Ã Ï̂Î˚yà !•§y Ï̂Ó
˛õyˆÏeÓ˚ ˆòÎ˚yˆÏ° !SÈo !òˆÏÎ˚ v

1 ̂
ÓˆÏà ≤ÃÓy•#Ó˚ ˆÓà– Î!ò

˛õye!ê˛Ó ˚ í˛ zõˆ ÏÓ ˚Ó ˚ ï˛°!ê˛ ˆáy°y Ìyˆ ÏÜ˛ ï˛ˆ ÏÓ
v g1 2    h= .

!ã˛e  10.9 ~Ü˛!ê˛ x§Ù ≤ÃfiÌˆÏFSÈò !Ó!¢T˛ lˆÏ°Ó˚ Ùôƒ !òˆÏÎ˚ xyò¢≈
≤ÃÓy•#Ó˚ ≤ÃÓy•– ∆t §ÙˆÏÎ˚ v

1
∆t ̃ òâ≈ƒ !Ó!¢T˛ xÇ¢ • Ï̂ï˛

≤ÃÓy•# v
2
∆t ˜òˆÏâ≈ƒÓ˚ xÇˆÏ¢ ̂ ˛õÑÔˆÏSÈ–

ÓyˆÏl≈Ô!°Ó˚ §¡õÜ≈˛!ê˛ˆÏÜ˛ Ë˛y£ÏyÎ˚ ≤ÃÜ˛y¢ Ü˛Ó˚ˆÏ° ˛òÑyí˛¸yÎ˚ ı ôyÓ˚yˆÏÓ˚á

≤ÃÓyˆÏ•Ó˚ ˆ«˛ˆÏe ã˛y˛õ  (P)ñ ~Ü˛Ü˛ xyÎ˚ï˛ˆÏl à!ï˛¢!=˛  
ρv2

2





  ~ÓÇ

~Ü˛Ü˛ xyÎ˚ï˛ˆÏlÓ˚ !fiÌ!ï˛¢!=˛Ó˚ (ρgh) ˆÎyàÊ˛° ô %ÓÜ˛ ÌyˆÏÜ˛–

¢!=˛Ó˚ §ÇÓ˚«˛î §)e ≤ÃˆÏÎ˚yˆÏàÓ˚ ˆ«˛ˆÏe ÙˆÏl Ó˚yáˆÏï˛ •ˆÏÓñ xyÙÓ˚y

ô Ï̂Ó˚ !l Ï̂Î˚!SÈ â£Ï≈̂ ÏîÓ˚ ̨Ê˛ Ï̂° ¢!=˛Ó˚ x˛õã˛Î˚ •Î˚ ly– !Ü˛v ≤ÃÜ,̨ ï˛˛õ Ï̂«˛ Îál

≤ÃÓy• ≤ÃÓy!•ï˛ •Î˚ñ xË˛ƒhs˝Ó˚#î â£Ï≈ˆÏîÓ˚ çlƒ !Ü˛S%È ¢!=˛Ó˚ x˛õã˛Î˚ •Î˚–

≤ÃÓy•# ÙyôƒˆÏÙÓ˚ ≤ÃÓyˆÏ•Ó˚ §ÙÎ˚ !Ó!Ë˛ß¨ hflÏÓ˚à%ˆÏ°y !Ó!Ë˛ß¨ à!ï˛ˆÏÓˆÏà

à!ï˛¢#° •Î˚ ÓˆÏ° ~ê˛y §,!T˛ •Î˚– ~•z hflÏÓ˚à%ˆÏ°y ~ˆÏÜ˛ x˛õˆÏÓ˚Ó˚ í˛z˛õÓ˚

â£Ï≈îÓ° ≤Ã Ï̂Î˚yà Ü˛ Ï̂Ó˚ñ ï˛yÓ˚ Ê˛ Ï̂° ¢!=˛Ó˚ x˛õã˛Î˚ •Î˚– ≤ÃÓy•#Ó˚ ~•z ôÙ≈̂ ÏÜ˛

ÓˆÏ° §ywï˛y ~ÓÇ •z•yˆÏÜ˛ ˛õÓ˚Óï≈˛# xl%ˆÏFSÈˆÏò !Ó¢òË˛yˆÏÓ xyˆÏ°yã˛ly

Ü˛Ó˚y •ˆÏÎ˚ˆÏSÈ– ~•z x˛õã˛Î˚# ¢!=˛ ≤ÃÓy•#ˆÏï˛ ï˛y˛õ¢!=˛ˆÏï˛ Ó˚)˛õyhs˝!Ó˚ï˛ •Î˚–

~Ë˛yˆÏÓ ÓyˆÏl≈Ô!°Ó˚ §Ù#Ü˛Ó˚î!ê˛ xyò¢≈ ~ÓÇ ¢)lƒ §ywï˛y!Ó!¢T˛ ≤ÃÓy•#

Óy x§yw ≤ÃÓy•#Ó˚ ˆ«˛ˆÏe ≤ÃˆÏÎyçƒ– ÓyˆÏl≈Ô!°Ó˚ í˛z˛õ˛õyˆÏòƒÓ˚ xyˆÏÓ˚Ü˛!ê˛

§#ÙyÓÂôï˛y •° ̂ Î ≤ÃÓy•# Ï̂Ü˛ xÓ¢ƒ•z x§ÇlÙƒ ≤ÃÓy•# • Ï̂ï˛ • Ï̂Óñ Ü˛yÓ˚î
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Î!ò ê˛ƒyÇˆÏÜ˛Ó˚ ≤ÃfiÌˆÏFSÈˆÏòÓ˚ ˆ«˛eÊ˛° A
2
 ~Ó˚ Ùyl !SÈˆÏoÓ˚ ≤ÃfiÌˆÏFSÈò

x Į̈̂ õ«˛y ̨x Ï̂lÜ˛ ̂ Ó!¢ •Î˚  (A
2
 >>A

1
), ï˛y• Ï̂° xyÙÓ˚y ≤ÃÓy•#Ó˚ ¢#£Ï≈̂ ÏÜ˛

≤ÃyÎ˚ !fiÌÓ˚ ôÓ˚ˆÏï˛ ˛õy!Ó˚ xÌ≈yÍ  v
2
 = 0 – ~ál  1 G 2 lÇ !Ó®%ˆÏï˛

ÓyˆÏl≈Ô!°Ó˚ §Ù#Ü˛Ó˚î ÓƒÓ•yÓ˚ Ü˛ˆÏÓ˚ !SÈˆÏo ã˛y˛õ P
1
 = P

a 
åÓyÎ˚%Ù[˛°#Î˚

ã˛y˛õäñ ôˆÏÓ˚ !lˆÏÎ˚ 10.12 lÇ §Ù#Ü˛Ó˚î ̂ ÌˆÏÜ˛

P  a + + = +             
1

2
ρ ρ ρv g y P g y1

2
1 2

y
2
 – y

1
 ˆÜ˛ h ôˆÏÓ˚ xyÙÓ˚y ˛õy•z

v h
P P

1

a
     = +

−( )
2

2
g

ρ (10.14)

Îál P >>P
a 
~ÓÇ 2 g h ˆÜ˛ í˛zˆÏ˛õ«˛y Ü˛Ó˚y ̂ àˆÏ°ñ !là≈Ùl ̂ ÓàˆÏÜ˛

xyôy Ï̂Ó˚Ó˚ ã˛y˛õ myÓ˚y !lî≈Î˚ Ü˛Ó˚y ÎyÎ˚– ~ ôÓ˚̂ ÏlÓ˚ xÓfiÌy Ó˚̂ ÏÜ˛ê˛ í z̨Í Ï̂«˛˛õ Ï̂î

ÓƒÓ•,ï˛ •Î˚– xlƒË˛yˆÏÓ Ó°y ÎyÎ˚ Î!ò ˛õye!ê˛ ÓyÎ˚%Ù[˛ˆÏ° ˆáy°y ÌyˆÏÜ˛ñ

ï˛y•ˆÏ°  P  = P
a 
~ÓÇ

v g1 2    h= (10.15)

•z•y •° !Óly ÓyôyÎ˚ ̨õï˛l¢#° Ó›Ó˚ à!ï˛ Ï̂Ó Ï̂àÓ˚ §Ù#Ü˛Ó˚î (10.15)

~ÓÇ ~ˆÏÜ˛ ˆê˛!Ó˚ˆÏ§!°Ó˚ §)e ÓˆÏ°–

10.4.2 ̂ Ë˛M$̨ !Ó˚!Ùê˛yÓ˚ (Venturi-meter)

x§ÇlÙƒ ≤ÃÓy•#Ó˚ ≤ÃÓy•ˆÏÓà ˛õ!Ó˚Ùy˛õ Ü˛Ó˚yÓ˚ ~Ü˛!ê˛ ÎˆÏsfÓ˚ lyÙ •°

ˆË˛M$˛!Ó˚!Ùê˛yÓ˚– !ã˛e 10.11ˆï˛ ˆòáyˆÏly ~•z ÎˆÏsf ≤Ã¢hflÏ Óƒy§Î%=˛ °¡∫y

lˆÏ°Ó˚ ÙyˆÏV˛Ó˚ fiÌyl §yÙylƒ §ÇÜ%˛!ã˛ï˛ ÌyˆÏÜ˛– U-xyÜ,˛!ï˛ !Ó!¢T˛ ~Ü˛!ê˛

ÙƒyˆÏly!Ùê˛yÓ˚ G •z•yÓ˚ §ˆÏAà Î%=˛ ÌyˆÏÜ˛ñ ÎyÓ˚ ~Ü˛≤Ãyhs˝ ˆË˛M$˛!Ó˚!Ùê˛yÓ˚

l Ï̂°Ó˚ ≤Ã¢hflÏ xÇ Ï̂¢Ó˚ § Ï̂Aà Î%=˛ ~ÓÇ xlƒ≤Ãyhs˝ l Ï̂°Ó˚ §ÇÜ%̨ !ã˛ï˛ xÇ Ï̂¢Ó˚

§ˆÏAà Î%=˛ å!ã˛e 10.11ä– ÙƒyˆÏly!Ùê˛yÓ˚!ê˛ ρ
m 

âlˆÏcÓ˚ ï˛Ó˚° myÓ˚y ˛õ)î≈–

lˆÏ°Ó˚ A ≤ÃfiÌˆÏFSÈò !Ó!¢T˛ ≤Ã¢hflÏ xÇˆÏ¢ ≤ÃÓy!•ï˛ ï˛Ó˚ˆÏ°Ó˚ ̂ Óà v
1 
~ÓÇ

a ≤ÃfiÌˆÏFSÈò !Ó!¢T˛ §ÇÜ%˛!ã˛ï˛ xÇˆÏ¢ ˆÓà v
2 
 ~Ó˚ Ùyl ôyÓ˚yÓy!•Ü˛ï˛yÓ˚

§Ù#Ü˛Ó˚î 10.10 lÇ ~Ó˚ §y•yˆÏÎƒ ˛õyGÎ˚y ÎyÎ˚ñ ÎyÓ˚ Ùyl •°

v v
2 1

=
A

a
– ~ál ÓyˆÏl≈Ô!°Ó˚ §Ù#Ü˛Ó˚î ÓƒÓ•yÓ˚ Ü˛ˆÏÓ˚ ˛õy•zñ

P
1
+ 
1

2
 ρv

1

2 = P
2
+
1

2
 ρv

1

2 (A/a)2

∴   P
1
- P

2
 = 

1

2
 ρv

1

2 
A

a



















2

1– (10.16)

~•z ã˛yˆÏ˛õÓ˚ ˛õyÌ≈ˆÏÜ˛ƒÓ˚ çlƒ U lˆÏ°Ó˚ §Ó˚% ≤ÃyˆÏhs˝Ó˚ §ˆÏAà Î%=˛ lˆÏ°Ó˚
Ùôƒ !òˆÏÎ˚ ï˛Ó˚ˆÏ°Ó˚ í˛zFã˛ï˛y xlƒ≤Ãyhs˝ ˆÌˆÏÜ˛ í˛z˛õˆÏÓ˚ ÌyˆÏÜ˛– ~•z í˛zFã˛ï˛yÓ˚
˛õyÌ≈Ü˛ƒ h ˆÌˆÏÜ˛ ã˛yˆÏ˛õÓ˚ ̨ õyÌ≈ˆÏÜ˛ƒÓ˚ ̨ õ!Ó˚Ùy˛õ ̨ õyGÎ˚y ÎyÎ˚–

P
1
– P

2
 = ρ

m
gh = 

1

2
 ρv

1

2 
A

a





















2

1–

§%ï˛Ó˚yÇñ lˆÏ°Ó˚ ≤Ã¢hflÏ xÇˆÏ¢ ï˛Ó˚ˆÏ°Ó˚ ˆÓà

v
1
= 

2
1

2
ρ

ρ

m gh A

a



























–

–½

(10.17)

~•z !Ùê˛yÓ˚ÎˆÏsfÓ˚ Ó•%° ÓƒÓ•y!Ó˚Ü˛ ≤ÃˆÏÎ˚yà xyˆÏSÈÉ xˆÏê˛y ˆÙyÓy•zˆÏ°Ó˚

Ü˛y Ï̂Ó≈y Ï̂Ó˚ê˛ Ï̂Ó˚ ̂ Ë˛M$̨ !Ó˚ly°# å§Ó%̊ Ù%ál°ä !ò Ï̂Î˚ ÓyÎ%̊ á%Ó o%ï˛ Ï̂Ó Ï̂à ≤ÃÓy!•ï˛

•Î˚– ˙ §ÙÎ˚ §Ó˚% l°Ù%ˆÏá ã˛y˛õ •…y§ ˛õyÎ˚ ~ÓÇ ˆ˛õˆÏê˛∆y° åàƒyˆÏ§y!°lä

ã%̨ !£Ïï˛ • Ï̂Î˚ åsucked upä !l!ò≈T˛ Ü˛ Ï̂«˛ §!ë˛Ü˛Ë˛y Ï̂Ó ÓyÎ%̊Ó˚ § Ï̂Aà !Ù!◊ï˛

• Ï̂Î˚ ò• Ï̂lÓ˚ çlƒ ≤Ã Ï̂Î˚yçl#Î˚ çµy°yl# !•§y Ï̂Ó !là≈ï˛ •Î˚– !Ê˛Œê˛yÓ˚ ̨õy¡õ

Óy xƒy§˛õy•zˆÏÓ˚ê˛Ó˚ñ Ó%lˆÏ§l Óyl≈yÓ˚ñ xˆÏê˛yÙy•zçyÓ˚ ~ÓÇ å!ã˛e 10.12ä

§%à!rô Óy Ü˛#ê˛ly¢Ü˛ SÈí˛¸yˆÏlyÓ˚ Ü˛yˆÏç ÓƒÓ•,ï˛ ˆfl±Î˚yÓ˚ Îsf ~•z l#!ï˛ˆÏï˛

Ü˛yç Ü˛ Ï̂Ó˚–

!ã˛e 10.12 ˆfl±ÈüÈàyl Îsfñ !˛õfiê˛l í˛zFã˛à!ï˛Ó˚ ÓyÎ˚%ˆÏï˛ Ó° ≤ÃˆÏÎ˚yà
Ü˛ˆÏÓ˚ñ Ê˛ˆÏ° ̨õyˆÏeÓ˚ à°yÎ˚ ã˛y˛õ •…y§ ̨õyÎ˚–

h

A

a

2

1

!ã˛e  10.11 ˆË˛M$˛!Ó˚!Ùê˛yÓ˚ ÎˆÏsfÓ˚ !ã˛e
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u í˛zòy•Ó˚î  10.7  Ó˚ˆÏ=˛Ó˚ ˆÓà ı ~Ü˛!ê˛ xˆÏã˛ï˛l Ü%˛Ü%˛ˆÏÓ˚Ó˚ ÓˆÏí˛¸y

ôÙl#ˆÏï˛ Ó˚ˆÏ=˛Ó˚ ≤ÃÓy•ˆÏÜ˛˛ ˆË˛M$˛!Ó˚!Ùê˛yÓ˚ ÎˆÏsfÓ˚ §y•yˆÏÎƒ !òÜ˛

˛õ!Ó˚Óï≈˛l Ü˛Ó˚y •°– ˆË˛M$˛!Ó˚!Ùê˛yÓ˚ ÎˆÏsfÓ˚ ≤Ã¢hflÏ xÇˆÏ¢Ó˚

≤ÃfiÌˆÏFSÈˆÏòÓ˚ ˆ«˛eÊ˛° ôÙl#Ó˚ ˆ«˛eÊ˛ˆÏ°Ó˚ §Ùyl ÎyÓ˚ Ùyl  A

= 8 mm2– §Ó˚% xÇˆÏ¢Ó˚ ˆ«˛eÊ˛°  a = 4 mm2 – ôÙl#ˆÏï˛

ã˛yˆÏ˛õÓ˚ •…y§  24 Pa •ˆÏ° ôÙl#ˆÏï˛ Ó˚ˆÏ=˛Ó˚ ˆÓà Ü˛ï˛⁄

í˛z_Ó˚  Ó˚ˆÏ=˛Ó˚ âlcˆÏÜ˛ 10.1 lÇ ˆê˛!Ó° ˆÌˆÏÜ˛ ˆlGÎ˚y •Î˚ ÎyÓ˚ Ùyl

1.06 × 103 kg m-3– ̂ «˛eÊ˛°m Ï̂Î̊Ó̊ xl%̨ õyï˛  
A

a







  = 2 – (10.17) lÇ

§Ù#Ü˛Ó˚î ÓƒÓ•yÓ˚ Ü˛ˆÏÓ˚ ˛õy•z

v1 -3 2

-1=
2 24Pa

1060kgm 2 -1
= 0.125ms

×
× ( ) ⊳

10.4.3 Ó˚=˛≤ÃÓy• ~ÓÇ  •,òflõ®l hflÏkô (Blood Flow and Heart

Attack)

ôÙl#ˆÏï˛ Ó˚=˛≤ÃÓy•ˆÏÜ˛ ÓyˆÏl≈Ô!°Ó˚ l#!ï˛Ó˚ §y•yˆÏÎƒ Óƒyáƒy Ü˛Ó˚y ÎyÎ˚–

ˆË˛ï˛ˆÏÓ˚Ó˚ ˆòGÎ˚yˆÏ° ≤’ƒyÜ˛ åplaque ÈüÈÊ˛ƒyê˛çyï˛#Î˚ oÓƒä çÙy •GÎ˚yÓ˚

Ü˛yÓ˚ˆÏî ôÙl# §ÇÜ%˛!ã˛ï˛ •ˆÏÎ˚ ÎyÎ˚– ~•z §ÇÜ%˛!ã˛ï˛ ôÙl#Ó˚ Ùôƒ !òˆÏÎ˚ Ó˚=˛

≤ÃÓy!•ï˛ Ü˛Ó˚ˆÏï˛ •,ò!˛õˆÏ[˛Ó˚ x!ï˛!Ó˚=˛ !Ü ˛Î˚y¢#°ï˛y ≤ÃˆÏÎ˚yçl •ˆÏÎ˚ ̨ õˆÏí˛¸–

~§Ü˛° xM˛ˆÏ° Ó˚=˛ ≤ÃÓyˆÏ•Ó˚ ˆÓà Ó,!Âô ˛õyÎ˚ Îy ôÙl#Ó˚ xË˛ƒhs˝ˆÏÓ˚Ó˚

Ó˚=˛ã˛y˛õ Ï̂Ü˛ Ü˛!Ù Ï̂Î˚ ̂ òÎ˚ñ Ê˛ Ï̂° Óy!•ƒÜ˛ ã˛y Į̈̂ õ ôÙl# Órô • Ï̂Î˚ ̂ Î Ï̂ï˛ ̨õy Ï̂Ó˚–

~•z ôÙl#à%ˆÏ°yˆÏÜ˛ ˆáy°yÓ˚ çlƒ •,ò!˛õ[˛ x!ôÜ˛ï˛Ó˚ ã˛y˛õ ≤ÃˆÏÎ˚yà Ü˛ˆÏÓ˚

~ÓÇ x!ï˛!Ó˚=˛ ÓˆÏ° Ó˚=˛ ã˛°yã˛° Ü˛ˆÏÓ˚– Ó˚=˛ ï˛#Ó ˆÏÓˆÏà ~•z ˆáy°yÙ%á

!òˆÏÎ˚ Óy•zˆÏÓ˚ ≤ÃÓy!•ï˛ •GÎ˚yÓ˚ Ê˛ˆÏ° xË˛ƒhs˝Ó˚#î ã˛y˛õ ˛õ%lÓ˚yÎ˚ •…y§ ˛õyÎ˚

~ÓÇ ~Ü˛•z Ü˛yÓ˚ˆÏî ˛õ%lÓ˚yÎ˚ ôÙl# lT˛ •Î˚– Ê˛° !•§yˆÏÓ •,ò!˛õ[˛ hflÏkô

åheart attackä •ˆÏÎ˚ ˆÎˆÏï˛ ˛õyˆÏÓ˚–

10.4.4 à!ï˛¢#° í˛zˆÏ_y°Ü˛ å!°Ê‰˛ê˛ä (Dynamic Lift)

à!ï˛¢#° í ẑ̨ Ï_y°Ü˛ å!°Ê‰̨ ê˛ä •° ~Ü˛!ê˛ Ó›Ó˚ í z̨̨ õÓ˚ !Ü ̨ Î˚y¢#° Ó°– ̂ ÎÙl

í ẑ̨ Ïí ¸̨yçy•y Ï̂çÓ˚ í˛ylyñ ~Ü˛!ê˛ •y•ẑ Ïí»̨ y Ï̂Ê˛y Ï̂Î˚° Óy !flõ!lÇ Ó Ï̂°Ó˚ ≤ÃÓy•#Ó˚

Ùôƒ !òˆÏÎ˚ à!ï˛– !Ü ˛ˆÏÜ˛ê˛ñ ˆê˛!l§ñ ˆÓ§Ó° Óy à°Ê˛ÈüÈ~Ó˚ ÙˆÏï˛y ˆá°yÎ˚

xyÙÓ˚y °«˛ƒ Ü˛!Ó˚ ̂ Îñ ~Ü˛!ê˛ â)î≈lÎ%=˛ Ó° åspinning ballä ÓyÎ˚%Ó˚ Ùôƒ

!ò Ï̂Î˚ ÎyGÎ˚yÓ˚ §ÙÎ˚ x!ôÓ,_yÜ˛yÓ˚ ̨õÌ ̂ Ì Ï̂Ü˛ !Óã%̨ ƒ!ï˛ â Ï̂ê˛– ~•z !Óã%̨ ƒ!ï˛ Ï̂Ü˛

xyÇ!¢Ü˛Ë˛yˆÏÓ ÓyˆÏl≈Ô!°Ó˚ l#!ï˛Ó˚ §y•yˆÏÎƒ Óƒyáƒy Ü˛Ó˚y ÎyÎ˚–

(i) â)î≈l•#l Ó Ï̂°Ó˚ à!ï˛ åBall moving without spinä ı ≤ÃÓy•#

§yˆÏ˛õˆÏ«˛ â)î≈l•#l ÓˆÏ°Ó˚ ã˛y!Ó˚!òˆÏÜ˛Ó˚ ôyÓ˚yˆÏÓ˚áˆÏÜ˛ !ã˛e 10.13(a)

ˆï˛ ˆòáyˆÏly •ˆÏÎ˚ˆÏSÈ– ôyÓ˚yˆÏÓ˚áà%ˆÏ°yÓ˚ §yò,¢ƒï˛y ˆÌˆÏÜ˛ •z•y flõT˛

ˆÎ ÓˆÏ°Ó˚ í˛z˛õˆÏÓ˚Ó˚ ~ÓÇ l#ˆÏã˛Ó˚ xl%Ó˚)˛õ !Ó®%à%ˆÏ°yˆÏï˛ ≤ÃÓy•#Ó˚

åÓyÎ˚%Ó˚ä ˆÓà §Ùylñ Ê˛ˆÏ° ã˛yˆÏ˛õÓ˚ ˛õyÌ≈Ü˛ƒ ¢)lƒ •Î˚– ï˛y•z ÓˆÏ°Ó˚

í z̨̨ õÓ˚ ÓyÎ%̊ ̂ Ü˛y Ï̂ly |ôÁ≈Ù%á# Óy !l¡¨Ù%á# Ó° åForceä ≤Ã Ï̂Î˚yà Ü˛ Ï̂Ó˚

ly–

(ii) â)î≈lÎ%=˛ ÓˆÏ°Ó˚ à!ï˛ åBall moving with spinä ı ~Ü˛!ê˛

â)î≈l¢#° ã˛°Ùyl Ó° ï˛yÓ˚ §ˆÏAàÓ˚ ÓyÎ˚%ˆÏÜ˛ ˆê˛ˆÏl !lˆÏÎ˚ ÎyÎ˚– Î!ò

ÓˆÏ°Ó˚ ˛õ,¤˛ï˛° ˆÓ!¢ xÙ§,î •Î˚ ï˛y•ˆÏ° ˆÓ!¢ ˛õ!Ó˚Ùyî ÓyÎ˚%ˆÏÜ˛

§ Ï̂Aà ̂ ê˛ Ï̂l !l Ï̂Î˚ Îy Ï̂Ó– ~Ü˛•z§ Ï̂Aà â)î≈l G ã˛°lÎ%=˛ Ó Ï̂°Ó˚ ̂ «˛ Ï̂e

ôyÓ˚yˆÏÓ˚áà%ˆÏ°yˆÏÜ˛ !ã˛e 10.13(b) ˆï˛ ˆòáyˆÏly •ˆÏÎ˚ˆÏSÈ– Ó°!ê˛

§yÙˆÏlÓ˚ !òˆÏÜ˛ à!ï˛¢#° ~ÓÇ ï˛yÓ˚ §yˆÏ˛õˆÏ«˛ ÓyÎ˚% ˆ˛õSÈˆÏlÓ˚ !òˆÏÜ˛

à!ï˛¢#°– §%ï˛Ó˚yÇ Ó Ï̂°Ó˚ §y Į̈̂ õ Ï̂«˛ •z•yÓ˚ í z̨̨ õ Ï̂Ó˚Ó˚ ÓyÎ%̊Ó˚ ̂ Óà ̂ Ó!¢

~ÓÇ l# Ï̂ã˛Ó˚ ÓyÎ%̊Ó˚ ̂ Óà Ü˛Ù– ~Ë˛y Ï̂Ó ôyÓ˚y Ï̂Ó˚áà%̂ Ï°y í z̨̨ õ Ï̂Ó˚Ó˚ !ò Ï̂Ü˛

âl §!ß¨!ÓT˛ •Î˚ ~ÓÇ l#ˆÏã˛Ó˚ !òˆÏÜ˛ ôyÓ˚yˆÏÓ˚áà%ˆÏ°yÓ˚ âlc •…y§

˛õyÎ˚–

~Ë˛yˆÏÓ §,T˛ à!ï˛ˆÏÓˆÏàÓ˚ ˛õyÌ≈ˆÏÜ˛ƒÓ˚ ˛Ê˛ˆÏ° í˛z˛õˆÏÓ˚Ó˚ ~ÓÇ l#ˆÏã˛Ó˚

ï˛ Ï̂°Ó˚ Ù Ï̂ôƒ ã˛y Į̈̂ õÓ˚ ̨õyÌ≈Ü˛ƒ §,!T˛ •Î˚– Ê˛ Ï̂° °!kô Ó° |ôÁ≈Ù%á# •Î˚

~ÓÇ ÓˆÏ°Ó˚ í˛z˛õÓ˚ !Ü ˛Î˚y Ü˛ˆÏÓ˚– â)î≈ˆÏlÓ˚ çlƒ §,T˛ ~•z à!ï˛¢#°

!°Ê‰˛ê˛ˆÏÜ˛ Ùƒyàly§ ~ˆÏÊ˛Q Óy Ùƒyàly§ !Ü ˛Î˚y ÓˆÏ°–

(a) (b) (c)

!ã˛e  10.13 (a) !fiÌÓ˚ ̂ ày°ˆÏÜ˛Ó˚ ̂ «˛ˆÏe ̨≤ÃÓy•# ôyÓ˚yˆÏÓ˚áË˛yˆÏÓ x!ï˛Ü ˛Ù Ü˛Ó˚ˆÏSÈñ (b) ~Ü˛!ê˛ â!í˛¸Ó˚ ÜÑ˛yê˛yÓ˚ !òÜ‰˛ ÓÓ˚yÓÓ˚ â%Ó˚hs˝ ̂ ày°ˆÏÜ˛Ó˚ ã˛y!Ó˚!òˆÏÜ˛

ôyÓ˚yˆÏÓ˚áà%ˆÏ°y– (c) !ÓÙyˆÏlÓ˚ ˛õyáyÓ˚ §yˆÏÌ ÓyÎ˚%≤ÃÓy•–
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~ˆÏÓ˚yÊ˛ˆÏÎ˚° Óy !ÓÙyˆÏlÓ˚ ˛õyáyÓ˚ í˛z˛õÓ˚ í˛zˆÏ_y°Ü˛ Ó° : !ã˛e 10.13

(c) ˆï˛ ~Ü˛!ê˛ ~ˆÏÓ˚yÊ˛ˆÏÎ˚°ˆÏÜ˛ ̂ òáyˆÏly •ˆÏÎ˚ˆÏSÈ Îy ~Ü˛!ê˛ Ü˛!ë˛l xyÜ,˛!ï˛
!Ó!¢T˛– Îál !ÓÙyl ÓyÎ˚%Ó˚ Ùôƒ !òˆÏÎ˚ xl%Ë)˛!ÙÜ˛Ë˛yˆÏÓ à!ï˛¢#° •Î˚
ï˛ál ~Ü˛!ê˛ |ôÁ≈Ù%á# àï˛#Î˚ í˛zˆÏ_y°l ˛õyÎ˚– !ÓÙyˆÏlÓ˚ ˛õyáyà%ˆÏ°yÓ˚
ˆ«˛eÊ˛° xˆÏlÜ˛ê˛y ~ˆÏÓ˚yÊ˛ˆÏÎ˚ˆÏ°Ó˚ xl%Ó˚)˛õ •Î˚ ÎyÓ˚ !ã˛e 10.13 (c) ˆï˛
ˆòáyˆÏly •ˆÏÎ˚ˆÏSÈñ ÎyÓ˚ ã˛y!Ó˚!òˆÏÜ˛ ôyÓ˚yˆÏÓ˚áy ÌyˆÏÜ˛– Îál ~•z
~ˆÏÓ˚yÊ˛ˆÏÎ˚°à%ˆÏ°y ÓyÎ˚%Ó˚ !ÓÓ˚%ˆÏÂô à!ï˛¢#° •Î˚ñ ï˛ál ≤ÃÓyˆÏ•Ó˚ à!ï˛Ó˚
§yˆÏ˛õˆÏ«˛ ˛õyáyà%ˆÏ°yÓ˚ §Iy ~Ó˚)˛õ •Î˚ ÎyˆÏï˛ ˛õyáyÓ˚ l#ˆÏã˛Ó˚ xM˛ˆÏ°Ó˚
ï%̨ °lyÎ˚ í z̨̨ õ Ï̂Ó˚Ó˚ xM˛ Ï̂°Ó˚ ôyÓ˚y Ï̂Ó˚áyà%̂ Ï°y ̂ Ó!¢ âl §!ß¨!ÓT˛ •Î˚– l# Ï̂ã˛Ó˚
xM˛ˆÏ°Ó˚ ï%˛°lyÎ˚ í˛z˛õˆÏÓ˚Ó˚ xM˛ˆÏ°Ó˚ ≤ÃÓy•ˆÏÓà ˆÓ!¢ •Î˚– ~Ó˚ Ê˛ˆÏ°
~Ü˛!ê˛ |ôÁ≈Ù%á# ÓˆÏ°Ó˚ çlƒ !ÓÙyˆÏlÓ˚ í˛ylyÓ˚ àï˛#Î˚ í˛zˆÏ_y°l âˆÏê˛ Îy
!ÓÙyˆÏlÓ˚ GçlˆÏÜ˛ ≤Ã!ï˛!Ùï˛ Ü˛ˆÏÓ˚– !lˆÏß√Ó˚ í˛zòy•Ó˚î!ê˛ •z•yˆÏÜ˛ Óƒyáƒy
Ü˛ Ï̂Ó˚–

u í˛zòy•Ó˚î  10.8 ~Ü˛!ê˛ ˛õ)î≈ Ë˛yÓ˚Óy•# ˆÓy!Î˚Ç åBoeingä
í ẑ̨ Ïí˛̧yçy•y Ï̂çÓ̊ Ë˛Ó̊  3.3 × 105 kg – ~Ó̊ §¡õ)î≈ ̨õyáyÓ̊ ̂ «˛eÊ˛°
•° 500 m2 – ~Ü˛!ê˛ !l!ò≈T˛ í z̨Fã˛ï˛y ÓÓ˚yÓÓ˚ ~Ó˚ ̂ Óà  •° 960

km/h– (a) !ÓÙyl!ê˛Ó˚ ̨õyáyÓ˚ l# Ï̂ã˛Ó˚ G í z̨̨ õ Ï̂Ó˚Ó˚ ï˛ Ï̂° !Ü ̨ Î˚y¢#°
ã˛yˆÏ˛õÓ˚ ˛õyÌ≈Ü˛ƒ ˆÓÓ˚ Ü˛ˆÏÓ˚y–  (b) !ÓÙyˆÏlÓ˚ ̨ õyáyÓ˚ l#ˆÏã˛Ó˚ ÓyÎ˚%Ó˚
ˆÓˆÏàÓ˚ §yˆÏ˛õˆÏ«˛ í˛z˛õˆÏÓ˚Ó˚ ÓyÎ˚%Ó˚ ̂ ÓˆÏàÓ˚ Ü˛ï˛ xyÇ!¢Ü˛ Ó,!Âô •Î˚
ï˛y ̂ ÓÓ˚ Ü˛ˆÏÓ˚y åÓyÎ˚%Ó˚ âlc ρ = 1.2 kg m-3ä–

í z̨_Ó˚  (a) ã˛y Į̈̂ õÓ˚ ̨õyÌ≈̂ ÏÜ˛ƒÓ˚ çlƒ §,T˛ |ôÁ≈Ù%á# Ó° myÓ˚y !ÓÙy Ï̂lÓ˚ Gçl
≤Ã¢!Ùï˛ •Î˚–

∆P × A = 3.3 × 105 kg × 9.8

∆P  = (3.3 × 105 kg × 9.8 m s–2) / 500 m2

      = 6.5 ×103 Nm-2

(b) 10.12 lÇ §Ù#Ü˛Ó˚ˆÏî xyÙÓ˚y í˛z˛õˆÏÓ˚Ó˚ ~ÓÇ l#ˆÏã˛Ó˚ ï˛ˆÏ°Ó˚
í z̨Fã˛ï˛yÓ˚ §yÙylƒ ̨õyÌ≈Ü˛ƒ Ï̂Ü˛ í ẑ̨ Į̈ õ«˛y Ü˛ Ï̂Ó˚!SÈ– ï˛y Ï̂òÓ˚ Ù Ï̂ôƒ ã˛y Į̈̂ õÓ˚ ̨õyÌ≈Ü˛ƒ
•°

∆P v v= ( )ρ
2

2
2

1
2–

ˆÎáyˆÏl v
2
 ~ÓÇ v

1
 •° ÎÌyÜ ˛ˆÏÙ í˛z˛õˆÏÓ˚Ó˚ ï˛ˆÏ°Ó˚ í˛z˛õÓ˚ !òˆÏÎ˚ ~ÓÇ

l#ˆÏã˛Ó˚ ï˛ˆÏ°Ó˚ l#Ïã˛ !òˆÏÎ˚ ≤ÃÓy!•ï˛ ÓyÎ˚%Ó˚ ˆÓà–
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P

v v
2 1

2 1

2
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)/2 = 960 km/h = 267 m s-1,

ôˆÏÓ˚ !lˆÏÎ˚ xyÙÓ˚y ˛õy•zñ

v v v
P

v
2 1 2

– /( ) =av

av

∆
ρ ≈ 0.08

§%ï˛Ó˚yÇñ !ÓÙy Ï̂lÓ˚ í z̨̨ õ Ï̂Ó˚Ó˚ ÓyÎ%̊Ó˚ ̂ Óà l# Ï̂ã˛Ó˚ ÓyÎ%̊ x Į̈̂ õ«˛y Ùye 8 %

ˆÓ!¢ •Î˚– ⊳

10.5  §ywï˛y åVISCOSITYä

x!ôÜ˛yÇ¢ ≤ÃÓy•#•z xyò¢≈ lÎ˚ ~ÓÇ ï˛yˆÏòÓ˚ à!ï˛ˆÏï˛ !Ü˛S%È ÓyôyÓ˚ §,!T˛

•Î˚– ≤ÃÓy•#Ó˚ à!ï˛ˆÏï˛ Óyôy §,!T˛ •Î˚ xË˛ƒhs˝Ó˚#î â£Ï≈ˆÏîÓ˚ çlƒ Îy Ü˛!ë˛l

˛õòyÌ≈ ˆÜ˛yˆÏly ï˛ˆÏ°Ó˚ í˛z˛õÓ˚ !òˆÏÎ˚ à!ï˛¢#° •GÎ˚yÓ˚ §ÙÎ˚ ˆÎ â£Ï≈î Ó°

Ü˛yç Ü˛ˆÏÓ˚ ï˛yÓ˚ xl%Ó˚)˛õ– •z•yˆÏÜ˛ Ó°y •Î˚ §ywï˛y åviscosityä– ~•z Ó°

ï˛ál•z Ü˛yç Îál ï˛Ó˚ˆÏ°Ó˚ !Ó!Ë˛ß¨ ï˛ˆÏ°Ó˚ ÙˆÏôƒ xyˆÏ˛õ!«˛Ü˛ à!ï˛ ÌyˆÏÜ˛–

ô Ï̂Ó˚y xyÙÓ˚y ~Ü˛!ê˛ ï˛Ó˚° ̂ ÎÙl ̂ ï˛° !l°yÙ Îy ò%!ê˛ Ü˛y Ï̂ã˛Ó˚ ï˛ Ï̂°Ó˚ Ù Ï̂ôƒ

xyÓÂô [!ã˛e 10.14 (a)]–  l#ˆÏã˛Ó˚ ï˛°!ê˛ !fiÌÓ˚ ~ÓÇ í˛z˛õˆÏÓ˚Ó˚ ï˛°!ê˛

l# Ï̂ã˛Ó˚ !fiÌÓ˚ ï˛°!ê˛Ó˚ §y Į̈̂ õ Ï̂«˛ v  ̂ Ó Ï̂à à!ï˛¢#°– Î!ò ̂ ï˛° Ï̂Ü˛ Ùô% myÓ˚y

≤Ã!ï˛fliy!˛õï˛ Ü˛Ó˚y •Î˚ ï˛ˆÏÓ ˙ ˆ≤’ê˛!ê˛ˆÏÜ˛ ~Ü˛•z ˆÓˆÏà à!ï˛¢#° Ü˛Ó˚ˆÏï˛

~Ü˛!ê˛ ˆÓ!¢ ÙyˆÏlÓ˚ ÓˆÏ°Ó˚ ≤ÃˆÏÎ˚yçl– ï˛y•z xyÙÓ˚y Ó!° Ùô% •° ˆï˛°

xˆÏ˛õ«˛y ̂ Ó!¢ §yw– ï˛ˆÏ°Ó˚ §ˆÏAà §ÇflõˆÏ¢≈ ÌyÜ˛y ï˛Ó˚ˆÏ°Ó˚ ̂ Óà ï˛ˆÏ°Ó˚

ˆÓˆÏàÓ˚ §Ùyl– ï˛y•z í˛z˛õˆÏÓ˚Ó˚ ï˛ˆÏ°Ó˚ §ˆÏAà §ÇflõˆÏ¢≈ ÌyÜ˛y ï˛Ó˚° hflÏÓ˚ v

ˆÓˆÏà à!ï˛¢#° ÌyˆÏÜ˛ ~ÓÇ l#ˆÏã˛Ó˚ !fiÌÓ˚ ï˛ˆÏ°Ó˚ §ˆÏAà §ÇflõˆÏ¢≈ ÌyÜ˛y

ï˛Ó˚° hflÏÓ˚ !fiÌÓ˚ ÌyˆÏÜ˛– ï˛Ó˚° hflÏÓ˚à%ˆÏ°yÓ˚ ˆÓà §%£ÏÙË˛yˆÏÓ l#ˆÏã˛Ó˚ ï˛°

ˆÌ Ï̂Ü˛ å¢)lƒ ̂ Óàä í z̨̨ õ Ï̂Ó˚Ó˚ ï˛ Ï̂° åv ̂ Óàä Ó,!Âô ̂ ˛õ Ï̂ï˛ Ìy Ï̂Ü˛– ̂ ÎÈüÈ̂ Ü˛y Ï̂ly

ï˛Ó˚°hflÏˆÏÓ˚Ó˚ ˆ«˛ˆÏe ï˛yÓ˚ í˛z˛õˆÏÓ˚Ó˚ hflÏÓ˚ ï˛yˆÏÜ˛ §yÙˆÏlÓ˚ !òˆÏÜ˛ ê˛yˆÏl ~ÓÇ

l#ˆÏã˛Ó˚ hflÏÓ˚ ˆ˛õSÈˆÏlÓ˚ !òˆÏÜ˛ ê˛yˆÏl– ~Ë˛yˆÏÓ hflÏÓ˚à%ˆÏ°yÓ˚ ÙˆÏôƒ °!kô Ó°

§,!T˛ •Î˚– ~ôÓ˚ˆÏlÓ˚ ≤ÃÓy•ˆÏÜ˛ ÓˆÏ° hflÏ!Ó˚ï˛ ålaminarä ≤ÃÓy•– ˆÜ˛yˆÏly

~Ü˛!ê˛ Ó•zˆÏÜ˛ §Ùï˛° ˆê˛!ÓˆÏ°Ó˚ í˛z˛õÓ˚ ˆÓ˚ˆÏá ï˛yÓ˚ í˛z˛õˆÏÓ˚Ó˚ ˛õ,ˆÏ¤˛ ~Ü˛!ê˛

§Ùyhs˝Ó˚y° Ó° ≤Ã Ï̂Î˚yà Ü˛Ó˚̂ Ï° ï˛yÓ˚ ̨õ,¤˛yà%̂ Ï°y Ï̂ï˛ Îy •Î˚ ̂ ï˛Ù!lñ ï˛Ó˚̂ Ï°Ó˚

hflÏÓ˚à%ˆÏ°yG ~ˆÏÜ˛ x˛õˆÏÓ˚Ó˚ í˛z˛õÓ˚ !òˆÏÎ˚ !˛õSÈˆÏ° ÎyÎ˚– Îál ~Ü˛!ê˛ ≤ÃÓy•#

~Ü˛!ê˛ lˆÏ°Ó˚ Ùôƒ !òˆÏÎ˚ ≤ÃÓy!•ï˛ •Î˚ñ ï˛ál lˆÏ°Ó˚ x«˛ ÓÓ˚yÓÓ˚ ï˛Ó˚ˆÏ°Ó˚

ˆÓà §ˆÏÓ≈yFã˛ ~ÓÇ Îï˛ lˆÏ°Ó˚ ˆòGÎ˚yˆÏ°Ó˚ !òˆÏÜ˛ ÎyGÎ˚y ÎyÎ˚ ï˛ï˛•z ô#ˆÏÓ˚

ô#ˆÏÓ˚ Ü˛ÙˆÏï˛ Ü˛ÙˆÏï˛ ˆòGÎ˚y° §Ç°@¿ hflÏˆÏÓ˚ ~•z ˆÓà ¢)lƒ •Î˚– !ã˛e

10.14 (b) ̂ ï˛ ̂ ã˛y.yÜ,˛!ï˛ lˆÏ°Ó˚ ̂ Ë˛ï˛ˆÏÓ˚Ó˚ ï˛ˆÏ° ~•z ̂ Óà ô %ÓÜ˛ ÌyˆÏÜ˛–

~•z à!ï˛Ó̊ çlƒ !l!ò≈T˛ Ù%•%̂ Ïï≈̨  ï˛Ó̊ Ï̂°Ó̊ ~Ü˛!ê˛ xÇ Ï̂¢Ó̊ xyÜ,̨ !ï˛ ABCD

~Ó˚ ÙˆÏï˛y ~ÓÇ ~Ü˛!ê˛ «%˛o §ÙÎ˚ (∆t) ˛õÓ˚ •z•yÓ˚ xyÜ,˛!ï˛ AEFD ~Ó˚

ÙˆÏï˛y •Î˚– ~•z §ÙÎ˚ xÓÜ˛yˆÏ¢ ï˛Ó˚°!ê˛ˆÏï˛ ~Ü˛!ê˛ Ü,˛hs˝l !ÓÜ,˛!ï˛

∆x/l  §,!T˛ •Î˚– ~Ü˛!ê˛ ≤ÃÓy!•ï˛ ≤ÃÓy•#ˆÏï˛ !ÓÜ,˛!ï˛ §ÙˆÏÎ˚Ó˚ §ˆÏAà §ˆÏAà

Ó,!Âô ̂ ˛õˆÏï˛ ÌyˆÏÜ˛– Ü˛!ë˛ˆÏlÓ˚ ÙˆÏôƒ ̨ õ#í˛¸l !ÓÜ,˛!ï˛Ó˚ í˛z˛õÓ˚ !lË≈˛Ó˚¢#° •Î˚

!Ü˛v ˛õÓ˚#«˛yÓ˚ §y•yˆÏÎƒ ˆòáy ÎyÎ˚ ˆÎñ ≤ÃÓy•#Ó˚ ˆ«˛ˆÏe ˛õ#í˛¸l !ÓÜ,˛!ï˛Ó˚

í˛z˛õÓ˚ !lË≈˛Ó˚ ly Ü˛ˆÏÓ˚ !ÓÜ,˛!ï˛ ˛õ!Ó˚Óï≈˛ˆÏlÓ˚ •yÓ˚ xÌ≈yÍ ∆x/(l ∆t) Óy v/l

~Ó˚ í˛z˛õÓ˚ !lË≈˛Ó˚ Ü˛ˆÏÓ˚– ≤ÃÓy•#Ó˚ §ywï˛yAÜ˛ˆÏÜ˛ åí˛zFã˛yÓ˚î Ú•zê˛yÛä Ü,˛hs˝l

˛õ#í˛¸l G !ÓÜ,˛!ï˛Ó˚ •yˆÏÓ˚Ó˚ xl%˛õyï˛ !•§yˆÏÓ §ÇK˛y!Î˚ï˛ Ü˛Ó˚y •Î˚–

xÌ≈yÍñ η = =
F A

v l

F l

v A

/

/ (10.18)
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§ywï˛yAÜ˛ åηä ~Ó̊ ~Ü˛Ü˛ •° ̨õÎ̊§!° (Pl) – ~Ó̊ xlƒylƒ ~Ü˛Ü˛à%̂ Ï°y
•° N s m-2 Óy Pa s – §ywï˛yˆÏAÜ˛Ó˚ Ùyey •° [ML-1T-1] – §yôyÓ˚îï˛
âl ï˛Ó˚° ˆÎÙl xy°Ü˛yï˛Ó˚yñ Ó˚=˛ñ !@’§y!Ó˚l •zï˛ƒy!ò xˆÏ˛õ«˛y ˛õyï˛°y
ï˛Ó˚° ˆÎÙl ç°ñ xƒy°ˆÏÜ˛y•° •zï˛ƒy!ò Ü˛Ù §ywï˛y !Ó!¢T˛ •Î˚– !Ü˛S%È
§yôyÓ˚î ï˛Ó˚̂ Ï°Ó˚ §ywï˛y Ï̂AÜ˛Ó˚ Ùyl 10.2 lÇ §yÓ˚!î Ï̂ï˛ ̂ òáy Ï̂ly • Ï̂Î˚̂ ÏSÈ–
xyÙÓ˚y Ó˚=˛ G çˆÏ°Ó˚ ò%!ê˛ âê˛ly í˛zˆÏÕ‘á Ü˛Ó˚Ó Îy ˆï˛yÙyˆÏòÓ˚ xyÜ˛£Ï≈î#Î˚
°yàˆÏÓ– §yÓ˚!î 10.2 ̂ ÌˆÏÜ˛ ̂ òáy ÎyˆÏFSÈ ̂ Î Ó˚=˛ •° ç° xˆÏ˛õ«˛y ̂ Ó!¢
âl åˆÓ!¢ §ywä– xyÓyÓ˚ 0 

o
C ̂ ÌˆÏÜ˛ 37 

o
C ̨õÎ≈hs˝ §#ÙyÓ˚ ÙˆÏôƒ Ó˚ˆÏ=˛Ó˚

xyˆÏ˛õ!«˛Ü˛ §ywï˛y (η/η
ç°

) ô %ÓÜ˛ Ìy Ï̂Ü˛– ï˛y˛õÙyey Ó,!ÂôÓ˚ § Ï̂Aà § Ï̂Aà
ï˛Ó˚ˆÏ°Ó˚ §ywï˛y •…y§ ˛õyÎ˚ !Ü˛v àƒyˆÏ§Ó˚ §ywï˛y Ó,!Âô ˛õyÎ˚–

u í˛zòy•Ó˚î  10.9  ~Ü˛!ê˛ ò!í˛¸Ó˚ §y•yˆÏÎƒ 0.010 kg Ë˛ˆÏÓ˚Ó˚ ~Ü˛!ê˛
Ó›ˆÏÜ˛ åË˛Ó˚•#l G â£Ï≈î•#lä ˛õ%!°Ó˚ í˛z˛õÓ˚ !òˆÏÎ˚ V%˛°yˆÏly •°–
ò!í˛¸!ê˛Ó˚ x˛õÓ˚ ≤ÃyˆÏhs˝  0.10 m2 ˆ«˛eÊ˛°!Ó!¢T˛ ~Ü˛!ê˛ ôyï˛Ó
ÓœÜ˛ °yày Ï̂ly xy Ï̂SÈ å!ã˛e 10.15ä–  0.30 mm ̨õ%Ó̊% ~Ü˛!ê˛ ̨õyï˛°y
ï˛Ó˚ˆÏ°Ó˚ §Ó˚ˆÏÜ˛ ÓœÜ˛ ~ÓÇ ̂ ê˛!ÓˆÏ°Ó˚ ÙˆÏôƒ Ó˚yáy •°– Îál SÈyí˛¸y
•° ÓœÜ˛!ê˛ í˛yl!òˆÏÜ˛  0.085 m s-1 !fiÌÓ˚ˆÏÓˆÏà à!ï˛¢#° •°–
ï˛Ó˚°!ê˛Ó˚ §ywï˛yAÜ˛ ˆÓÓ˚ Ü˛ˆÏÓ˚y–

í˛z_Ó˚  ò!í˛¸Ó˚ ê˛yˆÏlÓ˚ çlƒ ôyï˛Ó ÓœÜ˛!ê˛ í˛yl!òˆÏÜ˛ §Ó˚ˆÏÓ– ê˛yˆÏlÓ˚ Ùyl m
Ë˛ˆÏÓ˚Ó˚ V%˛°hs˝ Ó›Ó˚ GçˆÏlÓ˚ §Ùyl– §%ï˛Ó˚yÇ Ü,˛hs˝l Ó°
F = T = mg = 0.010 kg × 9.8 m s–2 = 9.8 × 10-2 N

 ï˛Ó˚̂ Ï°Ó˚ Ü,̨ hs˝l ̨õ#í ¸̨l = F/A = N/m2

!ÓÜ,˛!ï˛Ó˚ •yÓ˚ = 

˛õ#í ¸̨lÈ η = üüüÈÈüüüÈÈüüüÈÈüüüÈÈüüüÈÈüüüÈÈüüüÈüüÈ
!ÓÜ,˛!ï˛Ó˚ •yÓ˚

  =   

  =  3.46 ×10-3 Pa s  ⊳

§yÓ˚!î 10.2 !Ü˛S%È ≤ÃÓy•#Ó˚ §ywï˛yAÜ˛
≤ÃÓy•# T(oC) §ywï˛yAÜ˛ (mPl)

ç° 20 1.0
100 0.3

Ó˚=˛ 37 2.7
ˆÙ!¢l xˆÏÎ˚° 16 113

38 34
!@’§y!Ó˚l 20 830
Ùô% – 200
ÓyÎ˚% 0 0.017

40 0.019

10.5.1 ˆfiê˛yÜ‰˛ˆÏ§Ó˚ §)e ıÈ

Îál ~Ü˛!ê˛ Ó› ~Ü˛!ê˛ ≤ÃÓy•#Ó˚ Ùôƒ !òˆÏÎ˚ ˛õˆÏí˛¸ñ ï˛ál •z•y ï˛yÓ˚ §ˆÏAà

ÌyÜ˛y ≤ÃÓy•# hflÏÓ˚ˆÏÜ˛ ˆê˛ˆÏl !lˆÏÎ˚ ÎyÎ˚– ≤ÃÓy•#Ó˚ !Ó!Ë˛ß¨ hflÏˆÏÓ˚Ó˚ ÙˆÏôƒ

xyˆÏ˛õ!«˛Ü˛ à!ï˛Ó˚ §,!T˛ •Î˚– Ê˛ˆÏ° Ó›!ê˛ ~Ü˛!ê˛ Ù®lÜ˛ Ó° xl%Ë˛Ó

Ü˛ˆÏÓ˚– Ó,!T˛!Ó®%Ó˚ ˛õí˛¸y ~ÓÇ V%˛°hs˝ ˆòy°Ü˛ !˛õˆÏ[˛Ó˚ à!ï˛ •° ~ ôÓ˚ˆÏlÓ˚

à!ï˛Ó˚ §yôyÓ˚î í˛zòy•Ó˚î– ~ê˛y ˆòáy ˆàˆÏSÈ ˆÎñ §yw Ó° Ó›Ó˚ ˆÓˆÏàÓ˚

(a)

(b)

!ã˛e 10.14 (a) ~Ü˛!ê˛ ï˛Ó˚°hflÏÓ˚ ò%!ê˛ §Ùyhs˝Ó˚y° Ü˛yã˛Ê˛°ˆÏÜ˛Ó˚ ÙˆÏôƒ
xyÓÂô xy Ï̂SÈñ ̂ Îáy Ï̂l l# Ï̂ã˛Ó˚ Ü˛yã˛Ê˛°Ü˛!ê˛ !fiÌÓ˚ ~ÓÇ
í˛z˛õˆÏÓ˚Ó˚ Ê˛°Ü˛!ê˛ v ̂ ÓˆÏà í˛yl!òˆÏÜ˛ à!ï˛¢#°–
(b) lˆÏ°Ó˚ Ùôƒ !òˆÏÎ˚ §yw ≤ÃÓyˆÏ•Ó˚ ˆÓà Ó^˝ê˛l–

!ã˛e  10.15      ~Ü˛!ê˛ ï˛Ó˚ˆÏ°Ó˚ §ywï˛yAÜ˛ ˛õ!Ó˚Ùy˛õ–
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§Ùyl%̨ õy!ï˛Ü˛ ~ÓÇ à!ï˛Ó˚ !Ó˛õÓ˚#ï˛ x!Ë˛Ù%á#– xlƒ ̂ Î Ó˚y!¢à%̂ Ï°yÓ˚ í z̨̨ õÓ˚

~•z Ó°  F !lË≈˛Ó˚ Ü˛ˆÏÓ˚ ï˛yÓ˚y •° ≤ÃÓy•#Ó˚ §ywï˛yAÜ˛ η ~ÓÇ ̂ ày°ˆÏÜ˛Ó˚

åÓ›Ó˚ä Óƒy§yô≈  a – •zÇˆÏÓ˚ç !ÓK˛yl# §ƒyÓ˚ çç≈ !çÉ ˆfiê˛yÜ‰˛§ (1819–

1903) flõT˛Ë˛yˆÏÓ §ywï˛yç!lï˛ ê˛yl F ̂ Ü˛ ~Ë˛yˆÏÓ ≤ÃÜ˛y¢ Ü˛ˆÏÓ˚l

F av=6 πη (10.19)

•z•y•z ˆfiê˛yÜ‰˛ˆÏ§Ó˚ §)e– xyÙÓ˚y ˆfiê˛yÜ‰˛ˆÏ§Ó˚ §)e!ê˛ ≤Ã!ï˛¤˛y Ü˛Ó˚Ó ly–

~•z §)e!ê˛ •° Ù!®ï˛ Ó Ï̂°Ó˚ ~Ü˛!ê˛ §%®Ó˚ í z̨òy•Ó˚î Îy ̂ Ó Ï̂àÓ˚

§ˆÏAà §Ùyl%˛õy!ï˛Ü˛– ~ál ~Ü˛!ê˛ §yw ÙyôƒˆÏÙÓ˚ ˆË˛ï˛Ó˚ !òˆÏÎ˚ ˛õí˛¸hs˝

Ó›Ó˚ í˛z˛õÓ˚ ~Ó˚ ≤ÃË˛yÓ §¡õˆÏÜ≈˛ xyÙÓ˚y ˛õí˛¸Ó– xyÙÓ˚y ÓyÎ˚%ˆÏï˛ ~Ü˛!ê˛

Ó,!T˛!Ó®%Ó˚ Ü˛Ìy !Ó Ï̂Óã˛ly Ü˛!Ó˚– ≤ÃÌ Ï̂Ù x!Ë˛Ü˛ Ï̂£Ï≈Ó˚ çlƒ •z•yÓ˚ ̂ Óà Ó,!Âô

˛õyÎ˚– ˆÓà Ó,È!ÂôÓ˚ §ˆÏAà §ˆÏAà Óyôyç!lï˛ Ó° G Ó,!Âô ˆ˛õˆÏï˛ ÌyˆÏÜ˛–

˛õ!Ó˚ˆÏ¢ˆÏ£Ï Îál §ywï˛yç!lï˛ Ù®lÜ˛ Ó° ~ÓÇ ≤’ÓÜ˛ ÓˆÏ°Ó˚ ˆÎyàÊ˛°

Ó›Ó˚ í˛z˛õÓ˚ !Ü ˛Î˚y¢#° x!Ë˛Ü˛£Ï≈ç ÓˆÏ°Ó˚ §Ùyl •Î˚ ï˛ál °!kô Ó° ¢)lƒ

•Î˚ ~ÓÇ ~Ó˚˛õÓ˚ Ó›ˆÏï˛ xyÓ˚ cÓ˚î ÌyˆÏÜ˛ ly– ï˛yÓ˚˛õÓ˚ ˆày°Ü˛!ê˛

åÓ,!T˛!Ó®%!ê˛ä !fiÌÓ˚ˆÏÓˆÏà xÓï˛Ó˚î Ü˛Ó˚ˆÏï˛ ÌyˆÏÜ˛– ~Ë˛yˆÏÓ §yÙƒÓfiÌyÎ˚

≤Ãy!hs˝Ü˛ ̂ ÓˆÏàÓ˚ återminal velocityä Ùyl v
t 
 ̂ °áy ÎyÎ˚

6πηav
t
 = (4π/3) a3 (ρ-σ)g

ˆÎáyˆÏl ρ ~ÓÇ σ  •° ÎÌyÜ ˛ˆÏÙ ˆày°ˆÏÜ˛Ó˚ ~ÓÇ ≤ÃÓy•#Ó˚ Ë˛Ó˚ âlc–

§%ï˛Ó˚yÇ xyÙÓ˚y ˛õy•z

v
t
 = 2a2 (ρ-σ)g / (9η) (10.20)

§%ï˛Ó˚yÇ ≤Ãy!hs˝Ü˛ˆÏÓà  v
t
 ~Ó˚ Ùyl ˆày°ˆÏÜ˛Ó˚ Óƒy§yˆÏô≈Ó˚ ÓˆÏà≈Ó˚

§Ùyl%˛õy!ï˛Ü˛ ~ÓÇ ≤ÃÓy•# ÙyôƒˆÏÙÓ˚ §ywï˛yˆÏAÜ˛Ó˚ ÓƒyhflÏyl%˛õy!ï˛Ü˛–

ˆï˛yÙÓ̊y ̨õ%lÓ̊yÎ̊  6.2 í z̨òy•Ó̊î Ï̂Ü˛ ~•z ≤Ã§ Ï̂Aà !Ó Ï̂Óã˛ly Ü˛Ó̊ Ï̂ï˛ ̨õy Ï̂Ó̊y–

u í z̨òy•Ó˚î  10.10  20oC í z̨£÷Ïï˛yÎ˚ Ó˚yáy ~Ü˛!ê˛ ̂ ï˛°˛õ)î≈ ê˛ƒy Ï̂AÜ˛Ó˚

ÙˆÏôƒ 2.0 mm Óƒy§yô≈!Ó!¢T˛ ~Ü˛!ê˛ ï˛yÙyÓ˚ Ó° 6.5 cm s-1

≤Ãy!hs˝Ü˛ ̂ Óà !lˆÏÎ˚ ̨ ˛õí˛¸ˆÏSÈ–  20oC í˛z£÷Ïï˛yÎ˚ ̂ ï˛ˆÏ°Ó˚ §ywï˛yAÜ˛

àîly Ü˛ˆÏÓ˚y– åˆï˛ˆÏ°Ó˚ âlc  1.5 ×103 kg m-3, ï˛yÙyÓ˚ âlc

8.9 × 103 kg m-3ä–

í˛z_Ó˚  ̂ òGÎ˚y xyˆÏSÈ  v
t 
= 6.5 × 10-2 ms-1, a = 2 × 10-3 m,

g = 9.8 ms-2,  ρ = 8.9 × 103 kg m-3,

σ =1.5 ×103 kg m-3. ~ál (10.20) lÇ §Ù#Ü˛Ó˚î ̂ Ì Ï̂Ü˛ ̨õy•zñ

η =
2

9

(2 10 ) m 9.8 m s

6.5 10 m s
7.4 10 kg m

-3 2 2 -2

-2 -1

3 -3
×

× ×

×

× ×

   =  9.9 × 10-1 kg m–1 s–1 ⊳

10.6  ̂ Ó̊l”˛§‰ §Çáƒy (REYNOLDS NUMBER)

Îál ≤ÃÓy•#Ó̊ ≤ÃÓy Ï̂•Ó̊ •yÓ̊ ̂ Ó!¢ •Î̊ ï˛ál ≤ÃÓy• xyÓ̊ hflÏ!Ó̊ï˛ ålaminarä
ÌyˆÏÜ˛ ly ~ÓÇ ï˛y x¢yhs˝ åturbulentä •ˆÏÎ˚ ˛õˆÏí˛¸– x¢yhs˝ Óy !Ó«%˛kô
≤ÃÓyˆÏ• à!ï˛˛õˆÏÌÓ˚ ˆÎÈüÈˆÜ˛yˆÏly !Ó®%ˆÏï˛ ≤ÃÓy•#Ó˚ ˆÓà §ÙˆÏÎ˚Ó˚ §ˆÏAà á%Ó
o%ï˛ à!ï˛ˆÏï˛ ~ˆÏ°yˆÏÙˆÏ°yË˛yˆÏÓ ˛õ!Ó˚Ó!ï≈˛ï˛ •Î˚– ~ˆÏ«˛ˆÏe ˛â)!î≈˛õyˆÏÜ˛Ó˚
ÙˆÏï˛y !Ü˛S%È â)î≈là!ï˛ §,!T˛ •Î˚– o%ï˛à!ï˛ §¡õß¨ ≤ÃÓy•# ~Ó˚ à!ï˛˛õˆÏÌ
ˆÜ˛y Ï̂ly Óyôy ̂ ˛õ Ï̂° !Ó«%̨ kô ≤ÃÓy Ï̂•Ó˚ §,!T˛ •Î˚ [!ã˛e 10.8 (b)]– hfl)Į̈ õ#Ü,̨ ï˛
Ü˛yˆÏë˛Ó˚ ò•l ̂ ÌˆÏÜ˛ §,T˛ ̂ ôÑyÎ˚yñ §Ù%o ̂ flÀyï˛ •zï˛ƒy!ò •° !Ó«%˛kô ≤ÃÓyˆÏ•Ó˚
í˛zòy•Ó˚î– ÓyÎ˚%Ù[˛ˆÏ°Ó˚ !Ó«%˛kô ≤ÃÓyˆÏ•Ó˚ Ê˛ˆÏ° ï˛yÓ˚yÓ˚y !V˛!Ü˛!Ù!Ü˛ Ü˛ˆÏÓ˚–
àyí ¸̨#ñ !ÓÙyl ~ÓÇ ̂ lÔÜ˛y myÓ˚y !l/§,ï˛ ÓyÎ%̊ ~ÓÇ ç Ï̂°Ó˚ ≤ÃÓy• G !Ó«%̨ kô
˛≤ÃÓyˆÏ•Ó˚ í˛zòy•Ó˚î–

x§ˆÏÓyl≈ ˆÓ˚l”˛§‰ (1842–1912) °«˛ Ü˛Ó˚ˆÏ°l ˆÎñ Ü˛Ù •yˆÏÓ˚
≤ÃÓy!•ï˛ §yw ï˛Ó˚ˆÏ°Ó˚ ˆ«˛ˆÏe !Ó«%˛kô ≤ÃÓy• Ü˛Ù •Î˚– !ï˛!l Ùyey•#l
~Ü˛!ê˛ §ÇáƒyˆÏÜ˛ §ÇK˛y!Î˚ï˛ Ü˛ˆÏÓ˚lñ ÎyÓ˚ Ùyl ˆÌˆÏÜ˛ ˆÙyê˛yÙ%!ê˛Ë˛yˆÏÓ Ó°y
ÎyÎ˚ ˆÎñ ≤ÃÓy•!ê˛ !Ó«%˛kô !Ü˛ly– ~•z §ÇáƒyˆÏÜ˛ Ó°y •Î˚ ˆÓ˚l”˛§‰ §Çáƒy
R

e
 –

 R
e
 = ρvd/η (10.21)

ˆÎáyˆÏl ρ  •° v ̂ ÓˆÏà ≤ÃÓy!•ï˛ ≤ÃÓy•#Ó˚ âlc, d •° lˆÏ°Ó˚ Óƒy§ ~ÓÇ
η  •° ≤ÃÓy•#Ó˚ §ywï˛yAÜ˛– R

e
 •° ~Ü˛!ê˛ Ùyey!Ó•#l §Çáƒy– ï˛y•z

ˆÎÈüÈˆÜ˛y Ï̂ly ~Ü˛Ü˛ ̨õÂô!ï˛ Ï̂ï˛ ~Ó˚ Ùyl §Ùyl Ìy Ï̂Ü˛– ̂ òáy ̂ à Ï̂SÈ ôyÓ˚y Ï̂Ó˚á
Óy ̨¢yhs˝ ≤ÃÓyˆÏ•Ó˚ ̂ «˛ˆÏe  R

e 
~Ó˚ Ùyl 1000 Óy ï˛yÓ˚ Ü˛Ù– ≤ÃÓy• !Ó«%˛kô

Óy x¢yhs˝ •Î˚ Îál  R
e
 > 2000 – R

e
 ~Ó˚ Ùyl  1000 G 2000 ~Ó˚

ÙôƒÓï≈̨ # • Ï̂° ≤ÃÓy• x!fiÌÓ̊ •Î̊– çƒy!Ù!ï˛Ü˛Ë˛y Ï̂Ó xl%Ó̊)̨ õ ≤ÃÓy Ï̂•Ó̊ ̂ Ó°yÎ̊
R

e
 ~Ó˚ ˆÎ §ÇÜ˛ê˛ ÙyˆÏlÓ˚ çlƒ !Ó«%˛kô ≤ÃÓy• ¢%Ó˚% •Î˚ !Ó!Ë˛ß¨ ≤ÃÓy•#Ó˚

ˆÓ°yÎ˚ ï˛yÓ˚ Ùyl §Ùyl ~ÓÇ ~•z ÙylˆÏÜ˛ §ÇÜ˛ê˛ ˆÓ˚l”˛§‰ §Çáƒy ÓˆÏ°–
í z̨òy•Ó˚îfl∫Ó)̨̊ õ !Ë˛ß¨ âlc ~ÓÇ !Ë˛ß¨ §ywï˛y!Ó!¢T˛ ̂ ï˛° G ç° Ï̂Ü˛ ~Ü˛•z
xyÜ˛yÓ˚ G xyÜ,˛!ï˛Ó˚ lˆÏ°Ó˚ Ùôƒ !òˆÏÎ˚ ˛õyë˛yˆÏ° ~Ü˛•z  R

e 
ÙyˆÏlÓ˚ çlƒ

ï˛Ó˚° ò%!ê˛ˆÏï˛ !Ó«%˛kô ≤ÃÓy• §,!T˛ •Î˚– ~•z âê˛lyˆÏÜ˛ ÓƒÓ•yÓ˚ Ü˛ˆÏÓ˚ «%˛o
˛õ!Ó˚§ˆÏÓ˚ ~Ü˛!ê˛ ÙˆÏí˛° ˜ï˛!Ó˚ Ü˛Ó˚y ÎyÎ˚ñ ÎyÓ˚ §y•yˆÏÎƒ ≤ÃÓy•#Ó˚ ≤ÃÓyˆÏ•Ó˚
˜Ó!¢T˛ƒ xôƒÎ˚l Ü˛Ó˚y ÎyÎ˚– çy•yçñ í%˛ˆÏÓyçy•yçñ ˆÓ˚!§ÇÜ˛yÓ˚ ~ÓÇ
!ÓÙyˆÏlÓ˚ lÜ˛¢y ≤Ã›!ï˛Ó˚ Ü˛yˆÏç ~ê˛y á%Ó•z í˛z˛õˆÏÎyà#–

R
e
 ˆÜ˛ xlƒË˛yˆÏÓ ˆ°áy ÎyÎ˚ ÈüüüÈ

R
e
 = ρv2 / (ηv/d) = ρAv2 / (ηAv/d) (10.22)

=  çí˛¸c#Î˚ Ó° ‡ §ywï˛yç!lï˛ Ó°–
§%ï˛Ó˚yÇ R

e 
•° xyË˛ƒhs˝Ó˚#î Ó° åçyí˛ƒ Ó° xÌ≈yÍ à!ï˛¢#° ≤ÃÓy•#Ó˚

Ë˛Ó˚ Óy à!ï˛˛õˆÏÌ Óyôy≤ÃòylÜ˛yÓ˚# Ó›Ó˚ çyí˛ƒ Ó°ä G §ywï˛yç!lï˛
ÓˆÏ°Ó˚ xl%˛õyï˛–

~Ü˛!ê˛ lˆÏ° ≤ÃÓy•#Ó˚ ̂ Î §ˆÏÓ≈yFã˛ ̂ ÓˆÏàÓ˚ çlƒ ôyÓ˚yˆÏÓ˚á ≤ÃÓy• ÓçyÎ˚
Ìy Ï̂Ü˛ñ ̂ §•z § Ï̂Ó≈yFã˛ ̂ Óà Ï̂Ü˛ ≤ÃÓy•#!ê˛Ó̊ §!rô ̂ Óà åCritical Velocityä
ÓˆÏ°– §Ù#Ü˛Ó˚î 10.21 ̂ ÌˆÏÜ˛ ̨ õyGÎ˚y ÎyÎ˚ ı

§!rôˆÏÓàñ  V R d
c e

= × ×( )η ρ/

!Ó«%˛kôï˛yÓ˚ Ü˛yÓ˚ˆÏî §yôyÓ˚îï˛ à!ï˛¢!=˛Ó˚ ï˛y˛õ¢!=˛Ó˚Ó˚)ˆÏ˛õ x˛õã˛Î˚
•Î˚– ˆÓ˚!§ÇÜ˛yÓ˚ ~ÓÇ !ÓÙyˆÏlÓ˚ xyÜ,˛!ï˛àï˛ àë˛l ~Ùl Ü˛Ó˚y •Î˚ ÎyˆÏï˛
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!Ó«%˛kôï˛y Ü˛Ù •Î˚– ̨õÓ˚#«˛yÈüÈ!lÓ˚#«˛y ~ÓÇ ≤ÃˆÏã˛T˛y G Ë%˛ˆÏ°Ó˚ åtrial and

errorä l#!ï˛Ó˚ !Ë˛!_ˆÏï˛ ~ ôÓ˚ˆÏlÓ˚ ÎylÓy•ˆÏlÓ˚ lÜ˛¢y ˜ï˛!Ó˚ Ü˛Ó˚y •Î˚–
xlƒ!òˆÏÜ˛ Ü˛áˆÏly Ü˛áˆÏly â£Ï≈ˆÏîÓ˚ ÙˆÏï˛y !Ó«%˛kôï˛yÓ˚ ≤ÃˆÏÎ˚yçl xyˆÏSÈ–
!Ó«%˛kôï˛y !Ù◊ˆÏî §•yÎ˚ï˛y Ü˛ˆÏÓ˚ ~ÓÇ Ë˛Ó˚ñ Ë˛Ó˚ˆÏÓà ~ÓÇ ¢!=˛Ó˚
§M˛y° Ï̂lÓ̊ •yÓ̊ Ï̂Ü˛ cÓ̊y! È̂ªï˛ Ü˛ Ï̂Ó̊– Ó̊yß̈yâ Ï̂Ó̊ ÓƒÓ•,ï˛ !Ù:yÓ̊ ~Ó̊ ̂ Óœí˛à%̂ Ï°y
!Ó¢%Âô ≤ÃÓy• §,!T˛ Ü˛ˆÏÓ˚ ~ÓÇ âl ò%ˆÏôÓ˚ §Ó˚Óï˛ åmilk shakeä G
!í˛ˆÏÙÓ˚ §ÙâlˆÏcÓ˚ ˆ°•z ≤Ã›ï˛ Ü˛ˆÏÓ˚–

u í z̨òy•Ó̊î  10.11  1.25 cm Óƒy Ï̂§Ó̊ ~Ü˛!ê˛ ̂ ê˛˛õ ̂ Ì Ï̂Ü˛ ç° 0.48

L/min •y Ï̂Ó˚ ̨õí ¸̨̂ ÏSÈ– ç Ï̂°Ó˚ §ywï˛yAÜ˛ 10-3 Pa s – !Ü˛S%È §ÙÎ˚
ÓyˆÏò ≤ÃÓyˆÏ•Ó˚ •yÓ˚ Ó,!Âô ˆ˛õˆÏÎ˚  3 L/min •Î˚– í˛zË˛Î˚ ≤ÃÜ˛yÓ˚
≤ÃÓy• •yˆÏÓ˚Ó˚ ˜Ó!¢T˛ƒ í˛zˆÏÕ‘á Ü˛ˆÏÓ˚y–

í˛z_Ó˚  ô!Ó˚ ≤ÃÓy•#Ó˚ ˆÓà  v ~ÓÇ ˆê˛˛õ!ê˛Ó˚ Óƒy§  d = 1.25 cm – ≤Ã!ï˛

ˆ§ˆÏÜ˛ˆÏ[˛ ˆê˛˛õ !òˆÏÎ˚ ˆÓÓ˚ •GÎ˚y çˆÏ°Ó˚ xyÎ˚ï˛l
Q = v × π d2 / 4

v = 4 Q /  d2π

~ál xyÙÓ˚y ˆÓ˚l”˛§‰ ly¡∫yÓ˚ ˆÓÓ˚ Ü˛Ó˚Óñ Îy •°
R

e
 = 4 ρ Q / π d η

     = 4 ×103 kg m–3 × Q/(3.14 ×1.25 ×10-2 m ×10-3 Pa s)

    = 1.019 × 108 m–3 s Q

ˆÎˆÏ•ï%˛ ≤ÃÌˆÏÙ
Q = 0.48 L / min = 8 cm3 / s = 8 × 10-6 m3 s-1,

xyÙÓ˚y ̨õy•zñ R
e
 = 815

ˆÎˆÏ•ï%˛ ~Ó˚ Ùyl  1000 xˆÏ˛õ«˛y Ü˛Ùñ ï˛y•z ≤ÃÓy•!ê˛ •° !fiÌÓ˚ Óy ¢yhs˝

≤ÃÓy•–

!Ü˛S%È §ÙÎ˚ ̨ õÓ˚

Q = 3 L / min = 50 cm3 / s = 5 × 10-5 m3 s-1ñ Ó!§ˆÏÎ˚ ̨ õy•zñ
R

e
 = 5095

ˆÎˆÏ•ï%˛ R
e
 > 1000ñ ï˛y•z ~•z ≤ÃÓy• !Ó«%˛kô–

ï%˛!Ù GÎ˚y¢ ˆÓ!§ˆÏl ~Ü˛!ê˛ ˛õÓ˚#«˛yÓ˚ ÙyôƒˆÏÙ ¢yhs˝ ˆÌˆÏÜ˛ !Ó«%˛kô

≤ÃÓyˆÏ• ˛õ!Ó˚Óï≈˛l !lî≈Î˚ Ü˛Ó˚ˆÏï˛ ˛õyÓ˚– ⊳

10.7  ̨õ,¤˛ê˛yl (SURFACE TENSION)

ˆï˛yÙÓ˚y xÓ¢ƒ•z °«˛ Ü˛ˆÏÓ˚SÈ ˆÎñ ç° ~ÓÇ ˆï˛° !Ù!◊ï˛ •Î˚ lyñ ç°

xyÙy Ï̂òÓ˚ §Ü˛° Ï̂Ü˛ !Ë˛!ç Ï̂Î˚ ̂ òÎ˚ !Ü˛v •Ñy§ Ï̂Ü˛ !Ë˛çyÎ˚ lyó ̨õyÓ˚ò Ü˛yã˛ Ï̂Ü˛

!Ë˛çyÎ˚ ly !Ü˛v ç° ÜÑ˛yˆÏã˛ ˆ°ˆÏà ÌyˆÏÜ˛ñ x!Ë˛Ü˛£Ï≈ ÌyÜ˛y §ˆÏ_¥G ˆï˛°

§°ˆÏï˛ ̂ ÓˆÏÎ˚ í˛z˛õˆÏÓ˚ í˛zˆÏë˛ ÎyÎ˚ñ Ùy!ê˛ ̂ ÌˆÏÜ˛ Ó˚§ ~ÓÇ ç° àyˆÏSÈÓ˚ ̨õyï˛yÓ˚

x@˝ÃË˛y Ï̂à ̂ Ó Ï̂Î˚ í ẑ̨ Ïë˛ñ ¢%Ü˛ Ï̂ly xÓfiÌyÎ˚ Óy ç Ï̂° ̂ í˛yÓy Ï̂ly xÓfiÌyÎ˚ Ó˚.

Ü˛Ó˚yÓ˚ ï%˛!°Ó˚ xÑy¢à%ˆÏ°y ~Ü˛ˆÏe xyê˛ˆÏÜ˛ ÌyˆÏÜ˛ lyñ !Ü˛v Îál ˆí˛yÓyˆÏly

ˆÌ Ï̂Ü˛ ̂ ï˛y°y •Î˚ ï˛ál §)ã˛y Ï̂°y í˛ày ̃ ï˛!Ó˚ Ü˛ Ï̂Ó˚– ~§Óà%̂ Ï°y ~ÓÇ xy Ï̂Ó˚y

~ôÓ˚ˆÏlÓ˚ xˆÏlÜ˛ x!Ë˛K˛ï˛y xyˆÏSÈ ÎyÓ˚y ï˛Ó˚ˆÏ°Ó˚ Ù%=˛ ̨õ,ˆÏ¤˛Ó˚ §ˆÏAà Î%=˛–

ˆÎˆÏ•ï%˛ ï˛Ó˚ˆÏ°Ó˚ !l!ò≈T˛ xyÜ˛yÓ˚ ˆl•z !Ü˛v !l!ò≈T˛ xyÎ˚ï˛l xyˆÏSÈñ ï˛y•z

ï˛yˆÏòÓ˚ˆÏÜ˛ ̂ Ü˛yˆÏly ̨ õyˆÏe ì˛y°y •ˆÏ° ï˛yÓ˚y ̂ § ̨õyˆÏeÓ˚ Ù%=˛ ï˛ˆÏ°Ó˚ xyÜ˛yÓ˚

°yË˛ Ü˛ˆÏÓ˚– ~•z Ù%=˛ ï˛°à%ˆÏ°y !Ü˛S%È x!ï˛!Ó˚=˛ ¢!=˛ xç≈l Ü˛ˆÏÓ˚– ~•z

âê˛lyˆÏÜ˛ ˛õ,¤˛ê˛yl Ó°y •Î˚ ~ÓÇ •z•y ¢%ô%Ùye ï˛Ó˚ˆÏ°Ó˚ ˆ«˛ˆÏe•z ≤ÃˆÏÎyçƒñ

Ü˛yÓ˚î àƒyˆÏ§Ó˚ ˆÜ˛yˆÏly Ù%=˛ï˛° ÌyˆÏÜ˛ ly– ã˛ˆÏ°y xyÙÓ˚y ~ál ~•z âê˛ly

Ó%V˛ˆÏï˛ ̂ ã˛T˛y Ü˛!Ó˚–

10.7.1 ̨õ,¤˛¢!=˛ (Surface Energy)

ï˛Ó˚̂ Ï°Ó˚ xî%à%̂ Ï°yÓ˚ ̨õyÓ˚flõ!Ó˚Ü˛ xyÜ˛£Ï≈̂ ÏîÓ˚ çlƒ ï˛Ó˚°  ~Ü˛ Ï̂e xÓfiÌyl

Ü˛ˆÏÓ˚– ï˛Ó˚ˆÏ°Ó˚ xË˛ƒhs˝ˆÏÓ˚ ÌyÜ˛y ~Ü˛!ê˛ xî%Ó˚ Ü˛Ìy !ÓˆÏÓã˛ly Ü˛!Ó˚– xyhs˝/

xyî!ÓÜ˛ ÓƒÓôyl ~Ó)̨̊ õ •Î˚ Îy Ï̂ï˛ ̇  xî%Ó˚ §Ó≈!ò Ï̂Ü˛ ÌyÜ˛y xî%à%̂ Ï°y myÓ˚y

ˆ§ xyÜ˛!£Ï≈ï˛ •Î˚ [!ã˛e 10.16(a)] – ~•z xyÜ˛£Ï≈î Ó Ï̂°Ó˚ Ê˛ Ï̂° ̇  xî%̂ Ïï˛

}îydÜ˛ !fiÌ!ï˛¢!=˛ §,!T˛ •Î˚ñ ÎyÓ˚ Ùyl !lË≈˛Ó˚ Ü˛ˆÏÓ˚ ˙ !l!ò≈T˛ xî%Ó˚

ã˛ï%̨ !ò≈̂ ÏÜ˛Ó̊ xî% §Çáƒy ~ÓÇ ï˛y Ï̂òÓ̊ !Ólƒy Ï̂§Ó̊ í z̨̨ õÓ̊– !Ü˛v §Ü˛° xî%à%̂ Ï°yÓ̊

àí˛¸ !fiÌ!ï˛¢!=˛Ó˚ Ùyl §Ùyl •Î˚– ~•z Ó=˛ˆÏÓƒÓ˚ §ï˛ƒï˛y ~•z âê˛ly myÓ˚y

≤Ã!ï˛!¤˛ï˛ •Î˚ ˆÎ §ÙhflÏ xî% §Ù!T˛ˆÏÜ˛ åï˛Ó˚°ä ˛õÓ˚flõÓ˚ ˆÌˆÏÜ˛ !Ó!FSÈß¨

Ü˛ˆÏÓ˚ ò)ˆÏÓ˚ §!Ó˚ˆÏÎ˚ !òˆÏÎ˚ Óy‹õyÎ˚î Óy Óy‹õ#Ë˛Ól §¡õß¨ Ü˛Ó˚ˆÏï˛ •Î˚–

Óy‹õ#Ë˛ÓˆÏlÓ˚ çlƒ ≤Ãã%˛Ó˚ ï˛y˛õ¢!=˛Ó˚ ≤ÃˆÏÎ˚yçlñ çˆÏ°Ó˚ ˆ«˛ˆÏe ~Ó˚ Ùyl
40 kJ/mol.

~ál ï˛Ó˚ˆÏ°Ó˚ ˛õ,¤˛ ï˛ˆÏ°Ó˚ Ü˛ySÈyÜ˛y!SÈ ~Ü˛!ê˛ xî%ˆÏÜ˛ Ü˛“ly Ü˛Ó˚°yÙ

!ã˛e 10.16(b)– ~ Ï̂«˛ Ï̂e ¢%ô%Ùye l# Ï̂ã˛Ó˚ xô≈yÇ Ï̂¢Ó˚ ã˛y!Ó˚!ò Ï̂Ü˛ ï˛Ó˚° xî%

xÓ!fiÌï˛– ~çlƒ ˙ xî%!ê˛Ó˚ !Ü˛S%È ˛õ!Ó˚Ùyî }îydÜ˛ !fiÌ!ï˛¢!=˛Ó˚ §,!T˛

•Î˚– !Ü˛v ~Ó˚ Ùyl ã˛y!Ó˚!ò Ï̂Ü˛ xî% myÓ˚y ̂ Ó!T˛ï˛ Óy §¡õ)î≈Ë˛y Ï̂Ó !lÙ!Iï˛

xî%Ó˚ ï%˛°lyÎ˚ ̂ Ó!¢ •Î˚– ~Ó˚ Ùyl ã˛y!Ó˚!òˆÏÜ˛ ̂ Ó!T˛ï˛ xî%Ó˚ ï%˛°lyÎ˚ ≤ÃyÎ˚

!mà%î •Î˚– ï˛y•z xlƒylƒ xî%à%ˆÏ°yÓ˚ ï%˛°lyÎ˚ Ù%=˛ ï˛ˆÏ° ÌyÜ˛y xî%à%ˆÏ°yÓ˚

!Ü˛S%È x!ï˛!Ó˚=˛ ¢!=˛ ÌyˆÏÜ˛– ~Ë˛yˆÏÓ Óy!•ƒÜ˛ ¢ï≈˛§yˆÏ˛õˆÏ«˛ ï˛Ó˚° ï˛yÓ˚

˛õ,¤˛ï˛° Ï̂Ü˛ l)ƒlï˛Ù Ü˛Ó˚̂ Ïï˛ ã˛yÎ˚– ̨õ,¤˛ï˛ Ï̂°Ó˚ ̂ «˛eÊ˛° Ó,!ÂôÓ˚ çlƒ ¢!=˛Ó˚

≤ÃˆÏÎ˚yçl– ˛õ,¤˛ï˛° §ÇÜ ˛yhs˝ x!ôÜ˛yÇ¢ âê˛lyÓ!° ~•z ï˛ˆÏ_¥Ó˚ §y•yˆÏÎƒ

ˆÓyV˛y ÎyÎ˚– ˛õ,¤˛ï˛ˆÏ° xÓ!fiÌï˛ xî%Ó˚ Ü˛ï˛ ¢!=˛  ≤ÃˆÏÎ˚yçl⁄ ~Ó˚ Ùyl

ˆÙyê˛yÙ%!ê˛Ë˛yˆÏÓ ˆÜ˛yˆÏly ï˛Ó˚° ˆÌˆÏÜ˛ ~ˆÏÜ˛ §¡õ)î≈ Ù%=˛ Ü˛Ó˚ˆÏï˛ ˆÎ ¢!=˛Ó˚

≤ÃˆÏÎ˚yçl ï˛yÓ˚ xˆÏô≈Ü˛ xÌ≈yÍ Óy‹õ#Ë˛ÓˆÏlÓ˚ çlƒ ≤ÃˆÏÎ˚yçl#Î˚ ¢!=˛Ó˚

x Ï̂ô≈Ü˛–

xÓˆÏ¢ˆÏ£Ï ˛õ,¤˛ï˛° Ó°ˆÏï˛ Ü˛# Ó%V˛yÎ˚⁄ ˆÎˆÏ•ï%˛ ~Ü˛!ê˛ ï˛Ó˚° x§Çáƒ

ã˛°Ùyl xî% myÓ˚y à!ë˛ï˛ ï˛y•z ï˛Ó˚ˆÏ°Ó˚ ˆÜ˛yˆÏly §%!l!ò≈T˛ !lá%Ñï˛ ˛õ,T˛ï˛°

ÌyÜ˛ˆÏï˛ ̨ õyˆÏÓ˚ ly– xyÙÓ˚y Î!òñ !ã˛e 10.16 (c) ̂ ï˛ ≤Ãò!¢≈ï˛ !òÜ‰˛ ÓÓ˚yÓÓ˚

Z = 0ˆÌˆÏÜ˛ xyî!ÓÜ˛ ò%Ó˚ˆÏcÓ˚ Ü˛ˆÏÎ˚Ü˛ à%î ò)Ó˚ˆÏc Îy•zñ ï˛ˆÏÓ ï˛Ó˚ˆÏ°Ó˚

xî%Ó˚ âlc á%Ó o%ï˛ •…y§ ˛ˆ˛õˆÏÎ˚ ¢)lƒ •Î˚–

10.7.2  ˛õ,¤˛¢!=˛ ~ÓÇ ˛õ,¤˛ê˛yl (Surface Energy and Surface

Tension)

xyÙÓ̊y xy Ï̂°yã˛ly Ü˛ Ï̂Ó̊!SÈ ̂ Î ï˛Ó̊ Ï̂°Ó̊ ̨õ,¤˛ï˛ Ï̂°Ó̊ § Ï̂Aà ~Ü˛≤ÃÜ˛yÓ̊ x!ï˛!Ó̊=˛
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¢!=˛ ç!í ¸̨ï˛– ï˛y•z xlƒylƒ Ó˚y!¢ ̂ ÎÙl xyÎ˚ï˛l Ï̂Ü˛ !ë˛Ü˛ ̂ Ó˚̂ Ïá ï˛Ó˚°˛õ,̂ Ï¤˛Ó˚

ˆ«˛eÊ˛° xyˆÏÓ˚y Ó,!Âô Ü˛Ó˚ˆÏï˛ åSÈí˛¸yˆÏï˛ä Óyí˛¸!ï˛ x!ï˛!Ó˚=˛ ¢!=˛Ó˚

≤ÃˆÏÎ˚yçl– ~ê˛y Ó%V˛ˆÏï˛ •ˆÏ°ñ ~Ü˛ê˛y ˛õyï˛°y ï˛Ó˚ˆÏ°Ó˚ §Ó˚ !l°yÙ Îy

Óyôy•#lË˛yˆÏÓ §Ùyhs˝Ó˚y°  !lˆÏò≈¢ˆÏÜ˛Ó˚ ̂ Ë˛ï˛Ó˚ ã˛°yã˛° Ü˛Ó˚ˆÏï˛ ̨ õyˆÏÓ˚ !ã˛e

(10.17)–

~ál ̨õÎ≈hs˝ xyÙÓ˚y ~Ü˛!ê˛ ï˛Ó˚̂ Ï°Ó˚ ̨õ,¤˛ï˛° !l Ï̂Î˚•z xy Ï̂°yã˛ly Ü˛ Ï̂Ó˚!SÈ–

xyˆÏÓ˚y §•çË˛yˆÏÓ ï˛Ó˚° ˛õ,¤˛ï˛ˆÏ°Ó˚ §ˆÏAà xlƒ ~Ü˛!ê˛ ï˛Ó˚° ˛õ,¤˛ï˛ˆÏ°Ó˚

Óy Ü˛!ë˛l ˛õ,¤˛ï˛ˆÏ°Ó˚ flõ¢≈Ü˛ˆÏÜ˛ !ÓˆÏÓã˛ly Ü˛Ó˚y ≤ÃˆÏÎ˚yçl– ˆ§ˆÏ«˛ˆÏe

˛õ,¤˛¢!=˛Ó˚ Ùyl í˛zË˛Î˚ ˛õyŸª≈ï˛ˆÏ°Ó˚ Ó›Ó˚ í˛z˛õyòyˆÏlÓ˚ í˛z˛õÓ˚ !lË≈˛Ó˚ Ü˛ˆÏÓ˚–

í z̨òy•Ó˚î !•§y Ï̂Ó Ó°y ÎyÎ˚ ÈüüüÈ Î!ò í z̨̨ õyòylà%̂ Ï°yÓ˚ xî%à%̂ Ï°y ̨õÓ˚flõÓ˚̂ ÏÜ˛

xyÜ˛£Ï≈î Ü˛ Ï̂Ó˚ ï˛y• Ï̂° ̨õ,¤˛¢!=˛ •…y§ ̨õyÎ˚ xlƒ!ò Ï̂Ü˛ Î!ò ï˛yÓ˚y ̨õÓ˚flõÓ˚̂ ÏÜ˛

!ÓÜ˛£Ï≈î Ü˛ˆÏÓ˚ ï˛ˆÏÓ ˛õ,¤˛¢!=˛ ˆÓˆÏí˛¸ ÎyÎ˚– ï˛y•z xyˆÏÓ˚y §•çË˛yˆÏÓ Ó°y

ÎyÎ˚ ˛˛õ,¤˛¢!=˛ •° ò%!ê˛ !Ë˛ß¨ í˛z˛õyòyˆÏlÓ˚ Ó›Ó˚ §Çflõ¢≈ ï˛ˆÏ°Ó˚ ¢!=˛ ~ÓÇ

~Ó˚ Ùyl í˛z˛õyòylmˆÏÎ˚Ó˚ í˛z˛õÓ˚ !lË≈˛Ó˚¢#°–

í˛z˛õˆÏÓ˚Ó˚ xyˆÏ°yã˛ly ̂ ÌˆÏÜ˛ xyÙÓ˚y !l¡¨!°!áï˛ ̨ õÎ≈ˆÏÓ«˛ˆÏî ̂ ˛õÑÔSÈyˆÏï˛

˛õy!Ó˚–

(i) ~Ü˛!ê˛ ï˛Ó˚ˆÏ°Ó˚ ˆÜ˛yˆÏly ï˛ˆÏ°Ó˚ §ˆÏAà xlƒ ˆÎÈüÈˆÜ˛yˆÏly ˛õòyˆÏÌ≈Ó˚

§Çflõ¢≈ï˛ˆÏ°Ó˚ ≤Ã!ï˛ ~Ü˛Ü˛ ˜òˆÏâ≈ƒ !Ü ˛Î˚y¢#° Ó°ˆÏÜ˛ åÓy ~Ü˛Ü˛

ˆ«˛eÊ˛ˆÏ°Ó˚ ˛õ,¤˛¢!=˛ˆÏÜ˛ä ÓˆÏ° ˛õ,¤˛ê˛ylñ •z•y •° ˆ§•z ˛õ!Ó˚Ùyî

x!ï˛!Ó˚=˛ ¢!=˛ Îy xË˛ƒhs˝ˆÏÓ˚ ÌyÜ˛y xî%Ó˚ ï%˛°lyÎ˚ ˛õ,¤˛ï˛ˆÏ° ÌyÜ˛y

xî%Ó˚ ÙˆÏôƒ ˆÓ!¢ ÌyˆÏÜ˛–

(ii) §#ÙylyÓ˚ ̨õyŸª≈Óï≈̨ # xhs˝ï˛ Ï̂° ̂ Î ̂ Ü˛y Ï̂ly ~Ü˛!ê˛ !Ó®%̂ Ïï˛ xyÙÓ˚y ~Ü˛!ê˛

ˆÓ˚áy xAÜ˛î Ü˛Ó˚ˆÏï˛ ˛õy!Ó˚ ~ÓÇ xyÙÓ˚y Ü˛“ly Ü˛Ó˚ˆÏï˛ ˛õy!Ó˚ ˆÎñ

Ù%=˛˛õ,̂ Ï¤˛ G•z ̂ Ó˚áyÓ˚ ≤Ã!ï˛ ~Ü˛Ü˛ ̃ ò Ï̂â≈ƒÓ˚ í z̨̨ õÓ˚ °¡∫Ë˛y Ï̂Ó í z̨Ë˛Î˚!ò Ï̂Ü˛

ò%!ê˛ §Ùyl G !Ó˛õÓ˚#ï˛Ù%á# ̨õ,¤˛ê˛ylç!lï˛ Ó°  S !Ü ̨ Î˚y¢#° •Î˚– ~•z

ˆÓ˚áy!ê˛ §yÙƒÓfiÌyÎ˚ Ìy Ï̂Ü˛– xy Ï̂Ó˚y §%!l!ò≈T˛Ë˛y Ï̂Ó Ó° Ï̂°ñ G•z ï˛ Ï̂°

˛õÓ˚Ùyî% Óy xî%Ó˚ ~Ü˛!ê˛ ̂ Ó˚áy Ü˛“ly Ü˛!Ó˚ñ ÓyÙ!ò Ï̂Ü˛Ó˚ ̨õÓ˚Ùyî%à%̂ Ï°y

~•z ˆÓ˚áyˆÏÜ˛ ï˛yˆÏòÓ˚ !òˆÏÜ˛ ê˛yˆÏl ~ÓÇ í˛yl!òˆÏÜ˛Ó˚ ˛õÓ˚Ùyî%à%ˆÏ°y

ï˛y Ï̂òÓ˚ !ò Ï̂Ü˛ ê˛y Ï̂l– ~•z ê˛y Ï̂lÓ˚ xô# Ï̂l ̂ Ó˚áy!ê˛ §yÙƒÓfiÌyÎ˚ Ìy Ï̂Ü˛–

Î!ò ̂ Ó˚áy!ê˛ §!ï˛ƒ§!ï˛ƒ•z !ÓˆÏË˛òï˛ˆÏ°Ó˚ §#ÙyˆÏÓ˚áyÓ˚ §Ùy!Æ !lˆÏò≈¢

Ü˛ˆÏÓ˚ !ã˛e 10.16 (a) ~ÓÇ (b) ñ ï˛y•ˆÏ° ¢%ô%Ùye xË˛ƒhs˝ˆÏÓ˚Ó˚ !òÜ‰˛

ÓÓ˚yÓÓ˚ ~Ü˛Ü˛ ˜òˆÏâ≈ƒ !Ü ˛Î˚y¢#° Ó°  S  !Ü ˛Î˚y¢#° ÌyˆÏÜ˛–

!ã˛e  10.16 ï˛Ó˚ˆÏ°Ó˚ xË˛ƒhs˝ˆÏÓ˚ G ̨õ,¤˛ï˛ˆÏ° xÓ!fiÌï˛ xî%à%ˆÏ°yÓ˚ Ó˚)˛õˆÏÓ˚áy G ÓˆÏ°Ó˚ ≤Ã!ï˛§yÙƒ  (a) ï˛Ó˚ˆÏ°Ó˚ xË˛ƒhs˝ˆÏÓ˚ xÓ!fiÌï˛ xî%– xlƒylƒ

xî%à%ˆÏ°yÓ˚ çlƒ !l!ò≈T˛ xî%ˆÏï˛ !Ü ˛Î˚y¢#° Ó° ̂ òáyˆÏly •ˆÏÎ˚ˆÏSÈ– ï˛#Ó˚!ã˛ˆÏ•´Ó˚ !òÜ‰˛ xyÜ˛£Ï≈î Óy !ÓÜ˛£Ï≈îˆÏÜ˛ !lˆÏò≈¢ Ü˛ˆÏÓ˚ñ (b) ̨õ,¤˛ï˛ˆÏ°

xÓ!fiÌï˛ ~Ü˛!ê˛ xî%Ó˚ í˛z˛õˆÏÓ˚y=˛ xl%Ó˚)˛õ xÓfiÌyñ  (c) xyÜ˛£Ï≈îç!lï˛ Ó°  (A) G !ÓÜ˛£Ï≈îç!lï˛ Ó°  (R) ~Ó˚ §yÙƒ–

~ál §Ó˚% ò[˛ˆÏÜ˛ x“ ò)Ó˚c  d ˛õ!Ó˚Ùyî ≤Ã§y!Ó˚ï˛ Ü˛Ó˚y •°– ˆÎˆÏ•ï%˛

˛õ,¤˛ï˛ˆÏ°Ó˚ ˆ«˛eÊ˛° Ó,!Âô ˛õyÎ˚ ï˛y•z ~•z §ÇfiÌyÓ˚ ¢!=˛G Ó,!Âô ˛õyÎ˚ó

xÌ≈yÍ xË˛ƒhs˝Ó˚#î Ó Ï̂°Ó˚ !ÓÓ%̊̂ ÏÂô !Ü˛S%È Ü˛yç Ü˛Ó˚̂ Ïï˛ •Î˚– ô!Ó˚ñ xË˛ƒhs˝Ó˚#î

ÓˆÏ°Ó˚ Ùyl  F ~ÓÇ ~•z ≤ÃÎ%=˛ ÓˆÏ°Ó˚ myÓ˚y Ü,˛ï˛Ü˛yÎ≈  F.d = Fd. ¢!=˛

§ÇÓ˚«˛î §)e xl%§y Ï̂Ó˚ñ ~!ê˛ § Ï̂Ó˚ åfilmä x!ï˛!Ó˚=˛ ¢!=˛ !• Ï̂§ Ï̂Ó §!M˛ï˛

Ìy Ï̂Ü˛– Î!ò ≤Ã!ï˛ ~Ü˛Ü˛ ̂ «˛eÊ˛ Ï̂° § Ï̂Ó˚Ó˚ ̨õ,¤˛¢!=˛  S •Î˚ñ ï˛ Ï̂Ó x!ï˛!Ó˚=˛

ˆ«˛eÊ˛° •ˆÏÓ 2dl– ~Ü˛!ê˛ ï˛Ó˚° §ˆÏÓ˚Ó˚ ò%!ê˛ ˛õ,¤˛ ÌyˆÏÜ˛ Ê˛ˆÏ° x!ï˛!Ó˚=˛

¢!=˛Ó˚ ˛õ!Ó˚Ùyî ÈüüüÈ
S (2dl) = Fd (10.23)

Óy, S=Fd/2dl = F/2l (10.24)

~•z Ó˚y!¢  S •° ̨õ,¤˛ê˛y Ï̂lÓ˚ Ùyl– •z•y •° ï˛Ó˚̂ Ï°Ó˚ !ÓË˛òï˛ Ï̂°Ó˚ ≤Ã!ï˛

~Ü˛Ü˛ ˆ«˛eÊ˛ˆÏ°Ó˚ ˛õ,¤˛¢!=˛ Óy ï˛Ó˚° myÓ˚y ã˛°l«˛Ù §Ó˚% òˆÏ[˛Ó˚ ≤Ã!ï˛

~Ü˛Ü˛ ̃ òˆÏâ≈ƒÓ˚ í˛z˛õÓ˚ !Ü ˛Î˚y¢#° Ó°ˆÏÜ˛G ̨õ,¤˛ê˛yl ÓˆÏ°–

!ã˛e  10.17 ≤Ã§y!Ó˚ï˛ ̨õyï˛°y §Ó˚ (a) §Ó˚!ê˛ §yÙƒÓfiÌyÎ˚ xÓ!fiÌï˛

(b) ̨õyï˛°y §Ó˚!ê˛ x!ï˛!Ó˚=˛ ≤Ã§y!Ó˚ï˛ xÓfiÌyÎ˚ xy Ï̂SÈ–
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§yÓ˚!î 10.3 ˆï˛ !Ó!Ë˛ß¨ ï˛Ó˚ˆÏ°Ó˚ ˛õ,¤˛ê˛yˆÏlÓ˚ Ùyl ˆòGÎ˚y xyˆÏSÈ–

˛õ,¤˛ê˛yˆÏlÓ˚ Ùyl ï˛y˛õÙyeyÓ˚ í˛z˛õÓ˚ !lË≈˛Ó˚¢#°– §ywï˛yÓ˚ ÙˆÏï˛y ï˛Ó˚ˆÏ°Ó˚

˛õ,¤˛ê˛yl G §yôyÓ˚îï˛ ï˛y˛õÙyey Ó,!ÂôÓ˚ §ˆÏAà •…y§ ˆ˛õˆÏï˛ ÌyˆÏÜ˛–

§yÓ˚!î 10.3 !Ü˛S%È ï˛Ó˚ˆÏ°Ó˚ í˛z!Õ‘!áï˛ ï˛y˛õÙyeyÎ˚ ˛õ,¤˛ê˛yl ~ÓÇ
Óy‹õ#Ë˛ÓˆÏlÓ˚ ï˛y˛õ ı

ï˛Ó˚° ï˛y˛õÙyey (oC) ˛õ,T˛ê˛yl ˛Óy‹õ#Ë˛ÓˆÏlÓ˚
ï˛y˛õ

 (N/m)  (kJ/mol)

!•!°Î˚yÙ –270 0.000239 0.115

x!: Ï̂çl –183 0.0132 7.1

•zÌyl° 20 0.0227 40.6

ç° 20 0.0727 44.16

˛õyÓ˚ò 20 0.4355 63.2

~Ü˛!ê˛ ï˛Ó˚° ~Ü˛!ê˛ Ü˛!ë˛l ï˛ˆÏ° ˆ°ˆÏà ÌyÜ˛ˆÏÓ Î!ò ï˛Ó˚° G Ü˛!ë˛l
˛õòyˆÏÌ≈Ó˚ ÙôƒÓï≈˛# ˛õ,¤˛¢!=˛Ó˚ Ùyl Ü˛!ë˛l G ÓyÎ˚% ~ÓÇ ï˛Ó˚° G ÓyÎ˚%Ó˚
ÙôƒÓï≈̨ # ̨õ,¤˛¢!=˛Ó̊ Ùy Ï̂lÓ̊ ̂ ÎyàÊ˛ Ï̂°Ó̊ ̂ ã˛ Ï̂Î̊ Ü˛Ù •Î̊– ~ál Ü˛!ë˛l ̨õ,¤˛ï˛°
G ï˛Ó˚° ï˛ˆÏ°Ó˚ ÙôƒÓï≈˛# §Ç¢!=˛ Ó° xyˆÏSÈ– ˛õÓ˚#«˛yÓ˚ §y•yˆÏÎƒ •z•yˆÏÜ˛
§Ó̊y§!Ó̊ ̨õ!Ó̊Ùy˛õ Ü˛Ó̊y ÎyÎ̊ Îy 10.18 lÇ !ã˛ Ï̂eÓ̊ §y•y Ï̂Îƒ ̂ òáy Ï̂ly • Ï̂Î̊ Ï̂SÈ–
~Ü˛!ê˛ §Ùï˛° í˛zÕ‘¡∫ Ü˛yˆÏã˛Ó˚ ̂ ≤’ê˛ˆÏÜ˛ ~Ü˛!ê˛ §yôyÓ˚î ï%˛°yÎˆÏsfÓ˚ ~Ü˛ Óy•%
!•§yˆÏÓ ÓƒÓ•yÓ˚ Ü˛Ó˚y •° ÎyÓ˚ l#ˆÏã˛ ~Ü˛!ê˛ ̨ õyˆÏe ̂ ÎÈüÈˆÜ˛yˆÏly ï˛Ó˚° Ó˚yáy
•°– ~•z ˆ≤’ê˛!ê˛Ó˚ §Ùyl GçˆÏlÓ˚ Óyê˛áyÓ˚y xlƒ˛õyˆÏe ã˛y!˛õˆÏÎ˚ !òˆÏÎ˚
~Ë˛yˆÏÓ ï%˛°yÎsf!ê˛ˆÏï˛ §yÙƒ ≤Ã!ï˛¤˛y Ü˛Ó˚y •° ÎyˆÏï˛ ˆ≤’ê˛!ê˛Ó˚ l#ˆÏã˛Ó˚
xl%Ë)̨ !ÙÜ˛ ï˛°!ê˛ ï˛Ó̊ Ï̂°Ó̊ ï˛°!ê˛Ó̊ í z̨̨ õ Ï̂Ó̊ Ìy Ï̂Ü˛– ̨õye!ê˛ Ï̂Ü˛ §yÙylƒ í z̨̨ õ Ï̂Ó̊
ˆï˛y°y •° ÎyˆÏï˛ Ü˛ˆÏÓ˚ ï˛Ó˚ˆÏ°Ó˚ í˛z˛õ!Ó˚ï˛° Ü˛yã˛ ̂ ≤’ê˛ˆÏÜ˛ flõ¢≈ Ü˛ˆÏÓ˚ ~ÓÇ
˛õ,¤˛ê˛yˆÏlÓ˚ çlƒ §yÙylƒ l#ˆÏã˛ ˆê˛ˆÏl lyÙyÎ˚– Ü˛yˆÏã˛Ó˚ ˆ≤’ê˛!ê˛ ï˛Ó˚° ˆÌˆÏÜ˛
Ù%=˛ ly •GÎ˚y ˛õÎ≈hs˝ Óyê˛áyÓ˚y ˆÎyà Ü˛Ó˚y •ˆÏï˛ ÌyˆÏÜ˛–

S
la 

= (W/2l) = (mg/2l) (10.25)

ˆÎáyˆÏl m •° x!ï˛!Ó˚=˛ Ë˛Ó˚ ~ÓÇ l •° ˆ≤’ê˛!ê˛Ó˚ ôyˆÏÓ˚Ó˚ ˜òâ≈ƒ– ≤Ãï˛ƒÎ˚

åsubscriptäÈüÈÚlaÛ myÓ˚y ò,ì˛¸Ë˛yˆÏÓ ˆÓyV˛yˆÏly •ˆÏFSÈ ˆÎ ï˛Ó˚° G ÓyÎ˚%Ó˚

flõ¢≈ï˛ˆÏ° ̨õ,¤˛ê˛yl Ü˛yç Ü˛ˆÏÓ˚–

10.7.3 flõ¢≈̂ ÏÜ˛yî (Angle of Contact)

xlƒ ̂ Ü˛yˆÏly ÙyôƒˆÏÙÓ˚ §Çflõ¢≈ ï˛ˆÏ°Ó˚ Ü˛yˆÏSÈ ÌyÜ˛y ï˛Ó˚° ̨õ,¤˛ §yôyÓ˚îï˛

ÓÑyÜ˛y Ìy Ï̂Ü˛– ï˛Ó˚°ï˛ Ï̂°Ó˚ flõ¢≈!Ó®%̂ Ïï˛ x!AÜ˛ï˛ flõ¢≈Ü˛ ~ÓÇ ï˛Ó˚° ÙôƒfiÌ

Ü˛!ë˛l ï˛ˆÏ°Ó˚ ÙôƒÓï≈˛# ̂ Ü˛yîˆÏÜ˛ ÓˆÏ° flõ¢≈ˆÏÜ˛yî– ~ˆÏÜ˛ Úθ Û myÓ˚y ≤ÃÜ˛y¢

Ü˛Ó˚y •Î˚– ~Ó˚ Ùyl !Ó!Ë˛ß¨ ï˛Ó˚° G Ü˛!ë˛l Î%̂ Ï@¬Ó˚ flõ¢≈ï˛ Ï̂°Ó˚ çlƒ xy°yòy

xy°yòy •Î˚– θ  ~Ó˚ Ùyl !lô≈yÓ˚î Ü˛ˆÏÓ˚ ˆÎñ ˆÜ˛yˆÏly ~Ü˛!ê˛ !l!ò≈T˛ Ü˛!ë˛l

ï˛ˆÏ° ï˛Ó˚° SÈ!í˛¸ˆÏÎ˚ ̨ õí˛¸ˆÏÓ ly !Ü˛ ï˛yÓ˚ í˛z˛õÓ˚ !Ó®% §,!T˛ Ü˛Ó˚ˆÏÓ– í˛zòy•Ó˚î

!•§yˆÏÓ Ó°y ÎyÎ˚ñ ˛õp˛õyï˛yÓ˚ í˛z˛õÓ˚ ç°!Ó®% Óy ˆÊÑ˛yê˛y §,!T˛ Ü˛ˆÏÓ˚ !ã˛e

10.19 (a) !Ü˛v ~Ü˛!ê˛ ̨õ!Ó̊‹ÒyÓ̊ ≤’y!fiê˛ Ï̂Ü˛Ó̊ í z̨̨ õÓ̊ SÈ!í˛̧̂ ÏÎ̊ ̨õ Ï̂í˛̧  10.19(b)–

ô!Ó˚ x!ï˛!Ó˚=˛ ˆÎ Óyê˛áyÓ˚y ≤ÃˆÏÎ˚yçl •ˆÏÎ˚ˆÏSÈ ï˛yÓ˚ Ùyl W  – ~ál

10.24 lÇ §Ù#Ü˛Ó˚î ~ÓÇ ï˛yÓ˚ xyˆÏ°yã˛ly ˆÌˆÏÜ˛ ï˛Ó˚° G ÓyÎ˚%Ó˚

§Çflõ¢≈ï˛ˆÏ° !Ü ˛Î˚y¢#° ˛õ,¤˛ê˛yl

!ã˛e  10.18 ˛õ,T˛ê˛yˆÏlÓ˚ ̨ õ!Ó˚Ùy˛õ–
xyÙÓ˚y !ï˛l!ê˛ xyhs˝/ï˛ˆÏ° !ï˛l ≤ÃÜ˛yÓ˚ xyhs˝/ï˛°#Î˚ ê˛yl !ÓˆÏÓã˛ly

Ü˛Ó˚°yÙ– ô!Ó˚ñ ï˛Ó˚°ÈüÈÓyÎ˚%ñ Ü˛!ë˛lÈüÈÓyÎ˚% ~ÓÇ Ü˛!ë˛lÈüÈï˛Ó˚ˆÏ°Ó˚ ÙôƒÓï≈˛#

ê˛ylà%ˆÏ°y ÎÌyÜ ˛ˆÏÙ  S
la
, S

sa
 ~ÓÇ S

sl 
, !ã˛e  10.19 (a) ~ÓÇ (b)–

flõ¢≈ˆÏÓ˚áy ÓÓ˚yÓÓ˚ !ï˛l!ê˛ ÙyôƒˆÏÙÓ˚ ˆË˛ï˛Ó˚ ˛õ,¤˛¢!=˛Ó˚ Ùyl xÓ¢ƒ•z

§yÙƒÓfiÌyÎ˚ ÌyÜ˛ˆÏÓ– 10.19(b) !ã˛e ˆÌˆÏÜ˛ !l¡¨!°!áï˛ §Ù#Ü˛Ó˚î!ê˛ˆÏÜ˛

á%Ó §•ˆÏç•z !lî≈Î˚ Ü˛Ó˚y ÎyÎ˚–

(b)

!ã˛e  10.19 xyhs˝/ï˛°#Î˚ ê˛yl §•ˆÏÎyˆÏà flõ¢≈ï˛° ÓÓ˚yÓÓ˚ !Ó!Ë˛ß¨

xyÜ˛y Ï̂Ó˚Ó˚ ç°!Ó®% ̨ (a) ̨õp˛õyï˛yÓ˚ í z̨̨ õÓ˚ñ (b) ̨õ!Ó˚‹ÒyÓ˚

≤’y!fiê˛ˆÏÜ˛Ó˚ ̂ ≤’ˆÏê˛Ó˚ í˛z˛õÓ˚–

(a)
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S
la
 cos θ  +  S

sl
 =  S

sa
(10.26)

flõ¢≈ˆÏÜ˛yî!ê˛ ~Ü˛!ê˛ fiÌ)°ˆÏÜ˛yî •Î˚ Î!ò S
sl  

> S
la
ñ Îy ˆòáy ÎyÎ˚

ç°ÈüÈ˛õyï˛yÓ˚ xhs˝Ó≈ï≈˛# ï˛ˆÏ°– xyÓyÓ˚ ~•z flõ¢≈ˆÏÜ˛yˆÏîÓ˚ Ùyl §)-ˆÏÜ˛yî

•ˆÏÓ Î!ò  S
sl  

< S
la
 ñ ˆÎÙl ç° ≤’y!fiê˛ˆÏÜ˛Ó˚ xhs≈˝Óï≈˛# ï˛ˆÏ° ˆòáy ÎyÎ˚–

Îál θ  ~Ó˚ Ùyl fiÌ)°ˆÏÜ˛yî •Î˚ñ ï˛ál ï˛Ó˚ˆÏ°Ó˚ xî%à%ˆÏ°y !lˆÏçˆÏòÓ˚

ÙˆÏôƒ ≤ÃÓ° ÓˆÏ° xyÜ˛£Ï≈î Ü˛ˆÏÓ˚ ~ÓÇ Ü˛!ë˛ˆÏlÓ˚ xî%à%ˆÏ°yÓ˚ §ˆÏAà xyÜ˛£Ï≈î

Ó° ò%Ó≈° •Î˚ñ ÎyÓ˚ Ê˛ˆÏ° ï˛Ó˚°ÈüÈÜ˛!ë˛l ~Ó˚ flõ¢≈ï˛° §,!T˛ Ü˛Ó˚ˆÏï˛ ≤Ãã%˛Ó˚

¢!=˛Ó˚ ≤Ã Ï̂Î˚yçl •Î˚ñ ï˛y•z ï˛Ó˚̂ Ï°Ó˚ xî%à%̂ Ï°y Ü˛!ë˛l Ï̂Ü˛ ̂ Ë˛çyÎ˚ ly– ̂ ÙyÙ

Óy ̃ ï˛°y=˛ ï˛ Ï̂°Ó˚ í z̨̨ õÓ˚ ç Ï̂°Ó˚ ̂ Ó°yÎ˚ ~Ü˛•z âê˛ly â Ï̂ê˛ ~ÓÇ ̂ ÎÈüÈˆÜ˛y Ï̂ly

ï˛ Ï̂°Ó̊ í z̨̨ õÓ̊ ̨õyÓ̊ Ï̂òÓ̊ ̂ Ó°yÎ̊G •z•y •Î̊– xlƒ!ò Ï̂Ü˛ Î!ò ï˛Ó̊ Ï̂°Ó̊ xî%à%̂ Ï°y

Ü˛!ë˛ˆÏlÓ˚ xî%à%ˆÏ°yˆÏÜ˛ ≤ÃÓ°Ë˛yˆÏÓ xyÜ˛£Ï≈î Ü˛ˆÏÓ˚ ï˛ˆÏÓ •z•y  S
sl
 ˆÜ˛ •…y§

Ü˛ˆÏÓ˚ ̨~ÓÇ Ê˛°!•§yˆÏÓ cos θ ~Ó˚ Ùyl Ó,!Âô ̂ ˛õˆÏï˛ ̨ õyˆÏÓ˚ Óy θ  ~Ó˚ Ùyl

•…y§ ̂ ˛õ Ï̂ï˛ ̨õy Ï̂Ó˚– ~ Ï̂«˛ Ï̂e θ •° §)- Ï̂Ü˛yî– Îál ç° Ü˛y Ï̂ã˛Ó˚ í z̨̨ õÓ˚ Óy

≤’y!fiê˛ˆÏÜ˛Ó˚ í˛z˛õÓ˚ ÌyˆÏÜ˛ ï˛ál ~Ó˚)˛õ âê˛ly âˆÏê˛ ~ÓÇ ˆÎÈüÈˆÜ˛yˆÏly !Ü˛S%ÈÓ˚

í z̨̨ õÓ˚ ̂ Ü˛ Ï̂Ó˚y!§l ̂ ï˛ Ï̂°Ó˚ ̂ «˛ Ï̂eG ~Ü˛•z âê˛ly â Ï̂ê˛ å•z•y SÈ!í ¸̨̂ ÏÎ˚ ̨õ Ï̂í ¸̨ä–

§yÓylñ !í˛ê˛yÓ˚ˆÏçrê˛ ~ÓÇ ô%ˆÏÎ˚ ˛õ!Ó˚‹ÒyˆÏÓ˚Ó˚ Ü˛yˆÏç ÓƒÓ•,ï˛ ˆÎÈüÈˆÜ˛yˆÏly

˛õòyÌ≈ ˆË˛çyˆÏlyÓ˚ í˛z˛õyòyl !•§yˆÏÓ ÓƒÓ•,ï˛ •Î˚– Îál ï˛yˆÏòÓ˚ˆÏÜ˛ Î%=˛

Ü˛Ó˚y •Î˚ flõ¢≈ˆÏÜ˛yˆÏîÓ˚ Ùyl ~ï˛ ˆSÈyˆÏê˛y •Î˚ ˆÎ ï˛yÓ˚y xˆÏlÜ˛ ˆË˛ï˛ˆÏÓ˚

≤ÃˆÏÓ¢ Ü˛Ó˚ˆÏï˛ ˛õyˆÏÓ˚ ~ÓÇ x!ôÜ˛ï˛Ó˚ Ü˛yÎ≈Ü˛!Ó˚ •Î˚– xlƒ!òˆÏÜ˛ ç° G

ï˛vÓ˚ ÙˆÏôƒ flõ¢≈ˆÏÜ˛yî Ó,!Âô Ü˛Ó˚yÓ˚ çlƒ ç° !lˆÏÓ˚yôÜ˛ Ó› Óy §ÇfiÌyˆÏÜ˛

ˆÎyà Ü˛Ó˚y •Î˚–

10.7.4  !Ó®% G Ó%òÓ%ò (Drops and Bubbles)

˛õ,¤˛ê˛yˆÏlÓ˚ Ê˛ˆÏ° Ù%=˛ ï˛Ó˚°!Ó®% ~ÓÇ Ó%òÓ%ˆÏòÓ˚ xyÜ,˛!ï˛ ˆày°yÜ˛yÓ˚ •Î˚ñ

Î!ò x!Ë˛Ü˛ˆÏ£Ï≈Ó˚ xyÜ˛£Ï≈î Ó°ˆÏÜ˛ í˛zˆÏ˛õ«˛y Ü˛Ó˚y •Î˚– ˆï˛yÙÓ˚y xÓ¢ƒ•z

o%ï˛à!ï˛§¡õß¨ ̂ fl± Óy ̂ çê˛ ̂ ÌˆÏÜ˛ !là≈ï˛ ̨õ!Ó˚flÒyÓ˚ «%˛o !Ó®% àë˛l •ˆÏï˛

ˆòˆÏáSÈ ~ÓÇ xyÙÓ˚y xyÙyˆÏòÓ˚ ˜¢¢ˆÏÓ xˆÏlˆÏÜ˛•z §yÓyl Ó%òÓ%òˆÏÜ˛

í z̨!í˛̧ Ï̂Î̊!SÈ– !Ó®% ~ÓÇ Ó%òÓ%òà%̂ Ï°y ̂ Ü˛l ̂ ày°yÜ˛yÓ̊ •Î̊⁄ Ü˛# âê˛ly §yÓy Ï̂lÓ̊

Ó%òÓ%òˆÏÜ˛ !fiÌÓ˚ Ó˚yˆÏá⁄

xyÙÓ˚y x Ï̂lÜ˛ÓyÓ˚ Ó Ï̂° xy§!SÈ ̂ Î ~Ü˛!ê˛ ï˛Ó˚° G ÓyÎ%̊Ó˚ !Ó Ï̂Ë˛òï˛ Ï̂°

¢!=˛ ÌyˆÏÜ˛ñ ï˛y•z !l!ò≈T˛ xyÎ˚ï˛ˆÏlÓ˚ çlƒ Ü˛Ù ¢!=˛§¡õß¨ ˛õ,¤˛ï˛ˆÏ°Ó˚

ˆ«˛eÊ˛° Ü˛Ù– ˆày°ˆÏÜ˛Ó˚ ~•z ôÙ≈ xyˆÏSÈ– Î!òG ~ê˛y xyÙyˆÏòÓ˚ ~•z

˛õyë˛ƒ§)ã˛#Ó˚ xyGï˛yÓ˚ Óy•zˆÏÓ˚ñ ï˛y§ˆÏ_¥G xyÙÓ˚y ˛õÓ˚#«˛y Ü˛ˆÏÓ˚ ˆòáˆÏï˛

˛õy!Ó˚ ˆÎ ~ˆÏ«˛ˆÏe ~Ü˛!ê˛ ˆày°Ü˛ xhs˝ï˛˛õˆÏ«˛ ~Ü˛!ê˛ âlÜ˛ ˆÌˆÏÜ˛ x!ôÜ˛

í˛z˛õˆÏÎyà#– §%ï˛Ó˚yÇ x!Ë˛Ü˛£Ï≈ Ó° ~ÓÇ xlƒylƒ Ó°ˆÏÜ˛ åˆÎÙl ÓyÎ˚%Ó˚

Óyôyä í˛zˆÏ˛õ«˛y Ü˛Ó˚ˆÏ° ï˛Ó˚° !Ó®%Ó˚ xyÜ,˛!ï˛ ˆày°yÜ˛yÓ˚ •ˆÏÓ–

˛˛˛õ,¤˛ê˛yˆÏlÓ˚ xyˆÏÓ˚Ü˛!ê˛ à%Ó˚%c˛õ)î≈  Ê˛°yÊ˛° •° ~•z ˆÎñ ~Ü˛!ê˛

ˆày°yÜ˛yÓ˚ ï˛Ó˚° !Ó®%Ó˚ ÙôƒÓï≈˛# ã˛y˛õ ï˛yÓ˚ Óy!•ƒÜ˛ ã˛y˛õ xˆÏ˛õ«˛y ˆÓ!¢

!ã˛e 10.20(a) ̨•Î̊– ô Ï̂Ó̊yñ ~Ü˛!ê˛  r ̨Óƒy§y Ï̂ô≈Ó̊ ̂ ày°#Î̊ ̂ ÊÑ̨ yê˛y §yÙƒÓfiÌyÎ̊

xy Ï̂SÈ– Î!ò ï˛yÓ˚ Óƒy§yô≈  ∆r ̨ ˛õ!Ó˚Ùyî Ó,!Âô Ü˛Ó˚y •Î˚ñ ï˛y• Ï̂° ≤Ã Ï̂Î˚yçl#Î˚
x!ï˛!Ó˚=˛ ˛õ,¤˛¢!=˛ •°

[4π(r + ∆r) 2- 4πr2] S
la
 = 8πr ∆r S

la
(10.27)

˛Î!ò Ó%ò‰Ó%ò‰!ê˛ §yÙƒÓfiÌyÎ˚ ÌyˆÏÜ˛ ï˛y•ˆÏ° ~•z ¢!=˛«˛Î˚ Ó%òÓ%ò!ê˛Ó˚
ˆË˛ï˛Ó˚ G Óy•zˆÏÓ˚Ó˚ ã˛yˆÏ˛õÓ˚ ˛õyÌ≈Ü˛ƒ  (P

i
 – P

o
) ˛~Ó˚ çlƒ xyÎ˚ï˛l Ó,!ÂôÓ˚

Ê˛ˆÏ° ¢!=˛ myÓ˚y ≤Ã¢!Ùï˛ •Î˚– ~ˆÏ«˛ˆÏe Ü,˛ï˛Ü˛yÎ≈ •°
W = (P

i
 – P

o
) 4πr2∆r (10.28)

∴ (P
i
 – P

o
) = (2 S

la
/ r) (10.29)

§yôyÓ˚îï˛ ï˛Ó˚°ÈüÈàƒy§ !ÓˆÏË˛òï˛ˆÏ°Ó˚ í˛z_° !òˆÏÜ˛Ó˚ ã˛y˛õ xÓï˛°
!ò Ï̂Ü˛Ó̊ ã˛y˛õ x Į̈̂ õ«˛y ̂ Ó!¢ •Î̊– í z̨òy•Ó̊î !•§y Ï̂Ó ~Ü˛!ê˛ ï˛Ó̊ Ï̂°Ó̊ xË˛ƒhs˝̂ ÏÓ̊
ÓyÎ˚%Ó˚ Ó%òÓ%ˆÏòÓ˚ xË˛ƒhs˝ˆÏÓ˚Ó˚ ã˛y˛õ ̂ Ó!¢ •Î˚ !ã˛e 10.20 (b)–

!ã˛e 10.20  r  Óƒy§yô≈ƒ !Ó!¢T˛ !Ó®%ñ à•¥Ó˚ ~ÓÇ Ó%òÓ%ò–

!ã˛e10.20 (c) ˆï˛ ˆòáyˆÏly ~Ü˛!ê˛ ÓyÎ˚%Ó˚ Ó%òÓ%òñ ~Ü˛!ê˛ !Ó®% ~ÓÇ

~Ü˛!ê˛ à•¥Ó˚ ̂ Ì Ï̂Ü˛ ̨õ,ÌÜ˛ó ~Ó˚ Ù Ï̂ôƒ ò%!ê˛ xyhs˝/ï˛° xy Ï̂SÈ– í z̨̨ õ Ï̂Ó˚Ó˚ Î%!=˛

≤ÃˆÏÎ˚yà Ü˛ˆÏÓ˚ Ó%òÓ%ˆÏòÓ˚ ˆ«˛ˆÏe
 (P

i
 – P

o
) = (4 S

la
/ r) (10.30)

~ Ü˛yÓ˚ˆÏî•z §Ω˛Óï˛ §yÓyˆÏlÓ˚ Ó%òÓ%ò ˜ï˛!Ó˚ Ü˛Ó˚yÓ˚ §ÙÎ˚ ˆçyˆÏÓ˚ Ê%Ñ˛

!òˆÏï˛ •Î˚ñ ï˛ˆÏÓ á%Ó ˆçyˆÏÓ˚ lÎ˚ñ ˆË˛ï˛ˆÏÓ˚ x“ ˛õ!Ó˚Ùyî x!ï˛!Ó˚=˛ ÓyÎ˚%Ó˚

ã˛y˛õ ≤ÃˆÏÎ˚yçl ú

10.7.5 ˜Ü˛!¢Ü˛ í˛zayl (Capillary Rise)

ï˛Ó˚° G ÓyÎ˚%Ó˚ ÓÜ ˛ !ÓˆÏË˛òï˛ˆÏ° ã˛yˆÏ˛õÓ˚ ˛õyÌ≈ˆÏÜ˛ƒÓ˚ Ê˛°fl∫Ó˚)˛õ ~Ü˛!ê˛

í˛zˆÏÕ‘áˆÏÎyàƒ âê˛ly •ˆÏ°y x!Ë˛Ü˛£Ï≈ Ó°ˆÏÜ˛ í˛zˆÏ˛õ«˛y Ü˛ˆÏÓ˚ ç° §)- l°

ˆÓˆÏÎ˚ í˛z˛õˆÏÓ˚ í˛zˆÏë˛ ÎyGÎ˚y– °ƒy!ê˛l Ë˛y£ÏyÎ˚ Ü˛ƒy!˛õ°y åcapillaä ¢ˆÏ∑Ó˚

!ã˛e  10.21 ˜Ü˛!¢Ü˛ í˛zayl (a) çˆÏ° í%˛Óhs˝ xÓfiÌyÎ˚ §Ó˚% lˆÏ°Ó˚

!ã˛e– (b) !ÓˆÏË˛òï˛ˆÏ°Ó˚ !ÓÓ!ô≈ï˛ !ã˛e–
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xÌ≈ •° ã%˛°ó Î!ò l°!ê˛ ã%˛ˆÏ°Ó˚ lƒyÎ˚ §Ó˚% •Î˚ ï˛y•ˆÏ° l° ̂ ÓˆÏÎ˚ ï˛Ó˚ˆÏ°Ó˚
í˛zayl á%Ó ˆÓ!¢ •Î˚– ~ê˛y ˆòáyÓ˚ çlƒ ô!Ó˚ ~Ü˛!ê˛ a Óƒy§yô≈!Ó!¢T˛
Ó,_yÜ˛yÓ̊ ≤ÃfiÌ Ï̂FSÈ̂ ÏòÓ̊ §Ó̊% ̂ Ü˛Ô!¢Ü˛ l° Ï̂Ü˛ ç°˛õ)î≈ ~Ü˛!ê˛ ̨õy Ï̂e í z̨Õ‘¡∫Ë˛y Ï̂Ó
Ó˚yáy •° å!ã˛e 10.21ä– ç° G Ü˛yˆÏã˛Ó˚ ÙôƒÓï≈˛# flõ¢≈ˆÏÜ˛yî •° §)-
ˆÜ˛yîñ ï˛y•z ̃ Ü˛!¢Ü˛ l Ï̂° ç Ï̂°Ó̊ ï˛° •° xÓï˛°– ~Ó̊ xÌ≈ •° ¢#£Ï≈ï˛ Ï̂°Ó̊
ò%!òˆÏÜ˛ ã˛yˆÏ˛õÓ˚ ̨ õyÌ≈Ü˛ƒ Óï≈˛Ùyl– ~ˆÏÜ˛ ~Ë˛yˆÏÓ ≤ÃÜ˛y¢ Ü˛Ó˚y ÎyÎ˚

(P
i
 – P

o
) =(2S/r) = 2S/(a sec θ )

Óyñ (P
i
 – P

o
) = (2S/a) cos θ (10.31)

~Ë˛yˆÏÓ lˆÏ°Ó˚ ˆË˛ï˛Ó˚ñ ÓÜ ˛ï˛ˆÏ° åÓyÎ˚% ç° !ÓˆÏË˛òï˛°ä çˆÏ°Ó˚
ã˛yˆÏ˛õÓ˚ Ùyl ÓyÎ˚%Ù[˛°#Î˚ ã˛y˛õ xˆÏ˛õ«˛y Ü˛Ù •Î˚– 10.21(a) !ã˛ˆÏe ò%!ê˛
!Ó®%  A  ~ÓÇ B !l°yÙ– ï˛y Ï̂òÓ˚ ã˛y˛õ xÓ¢ƒ•z §Ùyl • Ï̂Ó ~ÓÇ ~Ó˚ Ùyl
•°

P
0
 + h ρ g = P

i
 = P

A
(10.32)

ˆÎáyˆÏl ρρρρρ •° çˆÏ°Ó˚ âlc ~ÓÇ  h ˆÜ˛ Ó°y •Î˚ ˜Ü˛!¢Ü˛ í˛zayl
[!ã˛e 10.21(a)]– (10.31) lÇ ~ÓÇ (10.32) lÇ §Ù#Ü˛Ó˚î ̂ Ì Ï̂Ü˛ ̨õy•z

h ρ g = (P
i
 – P

0
) = (2S cos θ )/a  (10.33)

í˛z˛õ!Ó˚í˛z=˛ xyˆÏ°yã˛ly ~ÓÇ  (10.28) ~ÓÇ (10.29) lÇ §Ù#Ü˛Ó˚î
ˆÌˆÏÜ˛ ~ê˛y ˛flõT˛ ˆÎ ï˛Ó˚ˆÏ°Ó˚ ˜Ü˛!¢Ü˛ í˛zayl •Î˚ ˛õ,¤˛ê˛yˆÏlÓ˚ çlƒ– ÚaÛ
~Ó˚ «%̨ o Ùy Ï̂lÓ˚ çlƒ •z•yÓ˚ Ùyl ̂ Ó!¢ •Î˚– §yôyÓ˚îï˛ §Ó%̊ ̃ Ü˛!¢Ü˛ l Ï̂°Ó˚
çlƒ ~•z í˛zayˆÏlÓ˚ Ùyl Ü˛ˆÏÎ˚Ü˛ ̂ §!Ù ̨õÎ≈hs˝ •Î˚– í˛zòy•Ó˚îfl∫Ó˚)˛õ Î!ò  a =

0.05 cm •Î̊ñ ç Ï̂°Ó̊ ̨õ,¤˛ê˛y Ï̂lÓ̊ Ùyl ÓƒÓ•yÓ̊ Ü˛ Ï̂Ó̊ å§yÓ̊!î 10.3ä xyÙÓ̊y
˛õy•z

h = 2S/(ρ g a)

  

=
2 (0.073 N m )

(10 kg m ) (9.8 m s )(5 10 m)

-1

3 -3 -2 -4

×

×

  = 2.98 × 10–2 m = 2.98 cm

°«˛ Ü˛Ó˚yÓ˚ !Ó£ÏÎ˚ •°ñ Î!ò ï˛Ó˚̂ Ï°Ó˚ ÓÜ ̨ ï˛° í z̨_° •Î˚ñ ̂ ÎÙl ̨õyÓ˚̂ ÏòÓ˚
ˆ«˛ˆÏeñ xÌ≈yÍ Î!ò  cos θ  }îydÜ˛ •Î˚ ï˛y•ˆÏ° §Ù#Ü˛Ó˚î (10.33)

ÓƒÓ•yÓ˚ Ü˛ˆÏÓ˚ ~ê˛y ˛õ!Ó˚‹ÒyÓ˚ ˆÎ lˆÏ°Ó˚ ˆË˛ï˛Ó˚ ï˛Ó˚ˆÏ°Ó˚ í˛zFã˛ï˛y ˛õyˆÏeÓ˚
ï˛Ó˚°hflÏÓ˚ xˆÏ˛õ«˛y Ü˛Ù •Î˚–

10.7.6 !í˛ê˛yÓ˚ˆÏçrê˛ ~ÓÇ ˛õ,¤˛ê˛yl (Detergents and Surface

Tension)

xyÙÓ˚y @˝Ã#ç ågreaseä ~ÓÇ ˆï˛ˆÏ°Ó˚ òyàÎ%=˛ §%!ï˛ G xlƒylƒ ï˛vç
ÙÎ˚°y Ü˛y˛õí˛¸ˆÏÜ˛ !í˛ê˛yÓ˚ˆÏçrê˛ Óy §yÓylÎ%=˛ çˆÏ° ˆË˛çy•z ~ÓÇ ï˛yÓ˚˛õÓ˚
VÑ̨ yÜ%̨ !l !ò Ï̂Î˚ Óy ô)̂ Ïl ̨õ!Ó˚‹ÒyÓ˚ Ü˛!Ó˚– ã˛ Ï̂°y ~•z âê˛ly Ï̂Ü˛ xyÓ˚G Ë˛y°Ë˛y Ï̂Ó
ˆÓyV˛yÓ˚ ˆã˛T˛y Ü˛!Ó˚–

¢%ô%Ùye ç° myÓ˚y ô%ÑˆÏÎ˚ @˝Ã#ˆÏçÓ˚ òyà ˆï˛y°y ÎyÎ˚ ly– ~Ó˚ Ü˛yÓ˚î •°ñ
ç° @˝Ã# Ï̂çÓ˚ ÙÎ˚°y Ï̂Ü˛ !Ë˛çyÎ˚ lyñ xÌ≈yÍ ï˛y Ï̂òÓ˚ ÙôƒÓï≈̨ # §Çflõ¢≈ ï˛ Ï̂°Ó˚
˛õ!Ó˚Ùyî á%Ó Ü˛Ù– Î!ò ç° @˝Ã#çˆÏÜ˛ !Ë˛çyˆÏï˛ ˛õyÓ˚ï˛ ï˛ˆÏÓ çˆÏ°Ó˚ ôyÓ˚y
@˝Ã#çˆÏÜ˛ §!Ó˚ˆÏÎ˚ !lˆÏï˛ ̨ õyÓ˚ï˛– !í˛ê˛yÓ˚ˆÏçˆÏrê˛Ó˚ §y•yˆÏÎƒ xˆÏlÜ˛ê˛y ~Ë˛yˆÏÓ
˛õ!Ó˚‹ÒyˆÏÓ˚Ó˚ Ü˛yç Ü˛Ó˚y •Î˚– !í˛ê˛yÓ˚ˆÏçrê˛ ~Ó˚ xî%à%ˆÏ°yÓ˚ xyÜ,˛!ï˛ ˆ•Î˚yÓ˚
!˛õ Ï̂lÓ̊ Ù Ï̂ï˛yñ ÎyÓ̊ ~Ü˛≤Ãyhs˝ ç Ï̂°Ó̊ xî%̂ ÏÜ˛ ~ÓÇ xlƒ≤Ãyhs˝ @˝Ã# Ï̂çÓ̊ñ ̂ ï˛ Ï̂°Ó̊
Óy ˆÙyˆÏÙÓ˚ xî%ˆÏÜ˛ xyÜ˛£Ï≈î Ü˛ˆÏÓ˚ñ ~Ë˛yˆÏÓ ç° G ˆï˛ˆÏ°Ó˚ !ÓˆÏË˛òï˛°

§,!T˛Ó˚ ̂ ã˛T˛y •Î˚– ~ Ê˛°yÊ˛°à%ˆÏ°yˆÏÜ˛ Ü ˛Ùyß∫ˆÏÎ˚ 10.22 lÇ !ã˛eà%ˆÏ°yˆÏï˛
ˆòáyˆÏly •ˆÏÎ˚ˆÏSÈ–

xyÙyˆÏòÓ˚ Ë˛y£ÏyÎ˚ xyÙÓ˚y Ó°ˆÏï˛ ˛õy!Ó˚ ˆÎñ !í˛ê˛yÓ˚ˆÏçˆÏrê˛Ó˚ §ÇˆÏÎyˆÏà
ÎyÓ˚ xî%à%̂ Ï°yÓ˚ ~Ü˛≤Ãyhs˝ ç Ï̂°Ó˚ xî%̂ ÏÜ˛ ~ÓÇ x˛õÓ˚ ≤Ãyhs˝ ̂ ï˛ Ï̂°Ó˚ xî%̂ ÏÜ˛
xyÜ˛£Ï≈î Ü˛ˆÏÓ˚ñ ï˛y ç° G ̂ ï˛ˆÏ°Ó˚ ̨õ,¤˛ê˛yl S ̂ Ü˛ Ó•%°yÇˆÏ¢ Ü˛!ÙˆÏÎ˚ ̂ òÎ˚–
•z•y ¢!=˛Ó˚ !l!Ó˚ˆÏáG ~Ó˚%˛õ !ÓˆÏË˛òï˛° àë˛ˆÏlÓ˚ xl%Ó˚)˛õ xÓfiÌyÓ˚ §,!T˛
Ü˛ Ï̂Ó˚ñ xÌ≈yÍ ÙÎ˚°yÓ˚ ̂ ày°Ü˛à%̂ Ï°y åglobs of dirtä ≤ÃÌ Ï̂Ù !í˛ê˛yÓ˚̂ Ïçrê˛
myÓ˚y ~ÓÇ ï˛yÓ˚ Óy•zˆÏÓ˚ ç° myÓ˚y xyÓ,ï˛ •Î˚– ç°ï˛° §!Ü ˛Î˚ !í˛ê˛yÓ˚ˆÏçrê˛
Óy ï˛° §!Ü ̨ Î˚Ü˛ åsurfactantä ÓƒÓ•y Ï̂Ó˚Ó˚ ~•z ̨õÂô!ï˛ Ï̂Ü˛ ¢%ô%Ùye ̂ Ü˛y Ï̂ly
!Ü˛S%È ˛õ!Ó˚‹ÒyˆÏÓ˚Ó˚ çlƒ•z à%Ó˚%c˛õ)î≈ lÎ˚ñ í˛z˛õÓ˚v ˆï˛° G á!lç xyÜ˛!Ó˚Ü˛
˛õòyÌ≈ ≤ÃË,˛!ï˛ˆÏÜ˛ í˛zÂôyÓ˚ Ü˛Ó˚ˆÏï˛ ÓƒÓ•,ï˛ •Î˚–

!ã˛e  10.22 !í˛ê˛yÓ̊ Ï̂ç Ï̂rê˛Ó̊ !Ü ̨ Î̊y å!í˛ê˛yÓ̊ Ï̂ç Ï̂rê˛Ó̊ xî%à%̂ Ï°y Ü˛# Ü˛ Ï̂Ó̊ä–

.

§yÓyˆÏlÓ˚ xî%

§yÓyˆÏlÓ˚ xî%à%ˆÏ°yÓ˚ ÙyÌy çˆÏ°Ó˚ ≤Ã!ï˛ xyÜ˛!£Ï≈ï˛ •ˆÏFSÈ–

@˝Ã#ç çyï˛#Î˚ ÙÎ˚°yÓ˚ !Óhfl,Ïî≈ hflÏÓ˚

ç° !Ù!◊ï˛ Ü˛Ó˚y •°ñ ÙÎ˚°yÓ˚ fiÌylã%˛ƒ!ï˛ •° ly–

!í˛ê˛yÓ˚ˆÏçrê˛ !Ù!◊ï˛ Ü˛Ó˚y •°ñ ~Ó˚ xî%à%ˆÏ°yÓ˚ !lhflÏ!í˛¸ï˛ ˜ï˛°y=˛
≤Ãyhs˝à%ˆÏ°y ç° G ÙÎ˚°yÓ˚ §#ÙylyÓ˚ !òˆÏÜ˛ xyÜ˛!£Ï≈ï˛ •Î˚–

!lhflÏ!í˛¸ï˛ ≤Ãyhs˝à%ˆÏ°y ÙÎ˚°yˆÏÜ˛ xyÓ,ï˛ Ü˛ˆÏÓ˚ ~ÓÇ
ÙÎ˚°yÓ˚ hflÏÓ˚à%ˆÏ°y ç°≤ÃÓy• myÓ˚y fiÌylã%˛ƒ!ï˛ âˆÏê˛–

ÙÎ˚°yà%ˆÏ°y §yÓyˆÏlÓ˚ xî%myÓ˚y xyÓ,ï˛ •ˆÏÎ˚ V%˛°ˆÏï˛ ÌyˆÏÜ˛–

ç° ç°
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⊳

u í z̨òy•Ó˚î  10.12  ~Ü˛!ê˛ 2.00 mm Óƒy§!Ó!¢T˛ ̃ Ü˛!¢Ü˛ l Ï̂°Ó˚
l#ˆÏã˛Ó˚ ≤Ãyhs˝ !ÓÜ˛yˆÏÓ˚ Ó˚yáy çˆÏ°Ó˚ l#ˆÏã˛ 8.00 cm ˆí˛yÓyˆÏly
xyˆÏSÈ– çˆÏ°Ó˚ !l¡¨≤ÃyˆÏhs˝ ~Ü˛!ê˛ xô≈ˆÏày°yÜ,˛!ï˛ ÓyÎ˚%Ó˚ Ó%òÓ%ò
˜ï˛!Ó˚ Ü˛Ó˚ˆÏï˛ lˆÏ° Ü˛ï˛ ã˛yˆÏ˛õÓ˚ ≤ÃˆÏÎ˚yçl •ˆÏÓ⁄ ˛õÓ˚#«˛yô#l
çˆÏ°Ó˚ ï˛y˛õÙyeyÎ˚ çˆÏ°Ó˚ ̨õ,T˛ê˛yl •°  7.30×10-2 Nm-1–  1
ÓyÎ̊%Ù[˛°#Î̊ ã˛y˛õ = 1.01 × 105 Pa, ç Ï̂°Ó̊ âlc = 1000 kg/m3,

g = 9.80 m s-2ó ~ˆÏ«˛ˆÏe x!ï˛!Ó˚=˛ ã˛yˆÏ˛õÓ˚ Ùyl ̂ ÓÓ˚ Ü˛ˆÏÓ˚y–

í z̨_Ó˚  ï˛Ó˚̂ Ï°Ó˚ xË˛ƒhs˝ Ï̂Ó˚ ÌyÜ˛y ̂ Ü˛y Ï̂ly àƒy§#Î˚ Ó%òÓ%̂ ÏòÓ˚ Ù Ï̂ôƒ x!ï˛!Ó˚=˛
ã˛y˛õ •°  2S/r, ˆÎáyˆÏl  S •° ï˛Ó˚° àƒy§ !ÓˆÏË˛ò ï˛ˆÏ° ˛˛õ,¤˛ê˛yl–
ˆï˛yÙÓ˚y ~áyˆÏl °«˛ Ü˛ˆÏÓ˚SÈ ˆÎñ ~ˆÏ«˛ˆÏe ~Ü˛!ê˛Ùye ï˛Ó˚°˛õ,¤˛ xyˆÏSÈñ
åàƒyˆÏ§ ÌyÜ˛y ï˛Ó˚ˆÏ°Ó˚ Ó%òÓ%ˆÏòÓ˚ ˆÓ°yÎ˚ ò%!ê˛ ï˛Ó˚°˛õ,¤˛ ÌyˆÏÜ˛ñ ï˛y•z
ˆ§ˆÏ«˛ˆÏe x!ï˛!Ó˚=˛ ã˛y° •°  4S/r ä– Ó%òÓ%ˆÏòÓ˚ Óƒy§yô≈ •° r – ~ál
Ó%òÓ%̂ ÏòÓ̊ Óy•ẑ ÏÓ̊Ó̊ ã˛y˛õ •° P

o
 Îy ÓyÎ̊%Ù[˛°#Î̊ ã˛y˛õ G  8.00 cm ç°hflÏ̂ ÏΩ˛Ó̊

ã˛yˆÏ˛õÓ˚ ˆÎyàÊ˛ˆÏ°Ó˚ §Ùyl–

xÌ≈yÍñ
P

o
 = (1.01 × 105 Pa + 0.08 m × 1000 kg m–3

    × 9.80 m s–2)

    = 1.01784 × 105 Pa

§%ï˛Ó˚yÇñ Ó%òÓ%ˆÏòÓ˚ xË˛ƒhs˝ˆÏÓ˚Ó˚ ã˛y˛õ •°
  P

i 
 = P

o
 + 2S/r

= 1.01784 × 105 Pa + (2 × 7.3 × 10-2 Pa m/10-3 m)

= (1.01784 + 0.00146) × 105  Pa

= 1.02  × 105 Pa

ˆÎˆÏ•ï%˛ Ó%òÓ%ò!ê˛ •° xô≈ ˆày°yÜ,˛!ï˛ ï˛y•z ~áyˆÏl Ó%òÓ%ˆÏòÓ˚ Óƒy§yô≈ˆÏÜ˛
˜Ü˛!¢Ü˛ l Ï̂°Ó˚ Óƒy§y Ï̂ô≈Ó˚ §Ùyl ôÓ˚y • Ï̂Î˚̂ ÏSÈ– åí z̨_Ó˚̂ ÏÜ˛ !ï˛l xAÜ˛!Ó!¢T˛
ï˛yÍ˛õÎ≈˛õ)î≈ §ÇáƒyÓ˚ xy§ß¨ ÙyˆÏl ˆlGÎ˚y •ˆÏÎ˚ˆÏSÈä– Ó%òÓ%ˆÏòÓ˚ xË˛ƒhs˝ˆÏÓ˚

x!ï˛!Ó˚=˛ ã˛y˛õ •°  146 Pa– ⊳

§yÓ̊yÇ¢

1. ≤ÃÓy•#Ó˚ ̂ ÙÔ!°Ü˛ ôÙ≈ •° ̂ Î ~Ó˚y ≤ÃÓy!•ï˛ •ˆÏï˛ ̨ õyˆÏÓ˚– ≤ÃÓy•# ï˛yÓ˚ xyÜ˛yˆÏÓ˚Ó˚ ̨ õ!Ó˚Óï≈˛lˆÏÜ˛ Óyôy !òˆÏï˛ ̨ õyˆÏÓ˚ ly– ï˛y•z
≤ÃÓy•#Ó˚ xyÜ˛yÓ˚ ˆÎ ˛õyˆÏe ÌyˆÏÜ˛ ˆ§ ˛õyˆÏeÓ˚ xyÜ˛yÓ˚ myÓ˚y !lÎ˚!sfï˛ •Î˚–

2. ï˛Ó˚° x§ÇlÙƒ ~ÓÇ ï˛yÓ˚ !lˆÏçÓ˚ Ù%=˛ï˛° ÌyˆÏÜ˛– àƒy§ •° §ÇlÙƒ ~ÓÇ ~ê˛y ≤Ã§y!Ó˚ï˛ •ˆÏÎ˚ Îï˛ê˛y Ù%=˛ xM˛° ˛õyÎ˚
§Óê˛y•z òá° Ü˛ˆÏÓ˚ ˆlÎ˚–

3. Î!ò ≤ÃÓy•# myÓ˚y ̂ Ü˛y Ï̂ly ï˛° A ̂ ï˛ ≤ÃÎ%=˛ °¡∫ Ó°  F  •Î˚ñ ï˛y• Ï̂° Ó° G ̂ «˛eÊ˛ Ï̂°Ó˚ xl%̨ õyï˛ Ï̂Ü˛ Ó°y •Î˚ àí ¸̨ ã˛y˛õ  P
av

ñ

xÌ≈yÍ P
F

A
av

=

4. ã˛yˆÏ˛õÓ˚ ~Ü˛Ü˛ •°  N m-2  Óy ̨õyflÒy° (Pa)– ã˛yˆÏ˛õÓ˚ xlƒylƒ §yôyÓ˚î ~Ü˛Ü˛à%ˆÏ°y •°
1 atm = 1.01×105 Pa

1 ÓyÓ ̊= 105 Pa

1 ê˛Ó̊ = 133 Pa = 0.133 kPa

1 mm ̨õyÓ˚ò ã˛y˛õ = 1 ê˛Ó ̊= 133 Pa

5. ˛õyflÒyˆÏ°Ó˚ §)e ı !fiÌÓ˚ ≤ÃÓy•#Ó˚ ~Ü˛•z í˛zFã˛ï˛yÓ˚ §Ü˛° !Ó®%ˆÏï˛ ã˛yˆÏ˛õÓ˚ Ùyl §Ùyl– ˆÜ˛yˆÏly xyÓÂô ≤ÃÓy•#ˆÏï˛ ã˛yˆÏ˛õÓ˚
˛õ!Ó˚Óï≈˛l Ü˛Ó˚ˆÏ° G•z ã˛yˆÏ˛õÓ˚ Ùyl x˛õ!Ó˚Ó!ï≈˛ï˛ ˆÌˆÏÜ˛ ï˛y ï˛Ó˚ˆÏ°Ó˚ §Ó !Ó®%ˆÏï˛ ~ÓÇ ˛õyˆÏeÓ˚ ˆòÎ˚yˆÏ° §M˛y!°ï˛ •Î˚–

6. ≤ÃÓy•#ˆÏï˛ àË˛#Ó˚ï˛y h ~Ó˚ §ˆÏAà ã˛yˆÏ˛õÓ˚ ˛õ!Ó˚Óï≈˛l !l¡¨!°!áï˛ §Ù#Ü˛Ó˚ˆÏîÓ˚ myÓ˚y !lˆÏò≈!¢ï˛ •Î˚–
P = P

a 
+ ρgh

ˆÎáyˆÏl  ρ •° ≤ÃÓy•#Ó˚ âlc ÎyÓ˚ Ùyl §Ù@˝Ã xM˛ˆÏ° x˛õ!Ó˚Ó!ï≈˛ï˛ ÌyˆÏÜ˛ ôÓ˚y •Î˚–
7. ˆÜ˛yˆÏly ~Ü˛!ê˛ x§Ù ≤ÃfiÌˆÏFSÈò!Ó!¢T˛ lˆÏ°Ó˚ Ùôƒ !òˆÏÎ˚ ~Ü˛!ê˛ x§ÇlÙƒ ≤ÃÓy•#Ó˚ ˛¢yhs˝ ≤ÃÓyˆÏ•Ó˚ ˆ«˛ˆÏe ~Ü˛Ü˛ §ÙˆÏÎ˚

ˆÎÈüÈˆÜ˛yˆÏly !Ó®% !òˆÏÎ˚ x!ï˛Ü ˛yhs˝ ≤ÃÓy•#Ó˚ xyÎ˚ï˛l §Ùyl–
v A = ô %ÓÜ˛ ( v •° ˆÓà ~ÓÇ  A •° ≤ÃfiÌˆÏFSÈˆÏòÓ˚ ˆ«˛eÊ˛°– )
~•z §Ù#Ü˛Ó˚î!ê˛ x§ÇlÙƒ ≤ÃÓy•#Ó˚ Ë˛ˆÏÓ˚Ó˚ §ÇÓ˚«˛ˆÏîÓ˚ çlƒ •Î˚–

8. Óy Ï̂l≈Ô!°Ó˚ l#!ï˛ ı ôyÓ˚y Ï̂Ó˚á ≤ÃÓy• ÓÓ˚yÓÓ˚ ã˛y˛õ (P), ≤Ã!ï˛ ~Ü˛Ü˛ xyÎ˚ï˛ Ï̂l à!ï˛¢!=˛  (ρv2/2) ~ÓÇ ≤Ã!ï˛ ~Ü˛Ü˛ xyÎ˚ï˛ Ï̂l
!fiÌ!ï˛¢!=˛Ó˚ ˆÎyàÊ˛° §Ó≈e ô %ÓÜ˛ ÌyˆÏÜ˛–
P + ρv2/2 + ρgy = ô %ÓÜ˛
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~•z §Ù#Ü˛Ó˚î!ê˛ Ù)°ï˛ ¢!=˛Ó˚ §ÇÓ˚«˛î §)e Îy x§yw ï˛Ó˚ˆÏ°Ó˚ !fiÌÓ˚ à!ï˛Ó˚ ̂ «˛ˆÏe ≤ÃˆÏÎyçƒ– ÓyhflÏˆÏÓ ~Ùl ̂ Ü˛yˆÏly ï˛Ó˚°
ˆl•z ÎyÓ˚ §ywï˛y ¢)lƒñ ï˛y•z í˛z˛õˆÏÓ˚Ó˚ !ÓÓ,!ï˛!ê˛ xyl%Ùy!lÜ˛ §ï˛ƒ ôÓ˚y •Î˚– â£Ï≈ˆÏîÓ˚ ÙˆÏï˛y §ywï˛y G à!ï˛¢!=˛ˆÏÜ˛
ï˛y˛õ¢!=˛ˆÏï˛ Ó˚)˛õyhs˝!Ó˚ï˛ Ü˛ˆÏÓ˚–

9. Î!òG ≤ÃÓy•# Ï̂ï˛ Ü,̨ hs˝l !ÓÜ,̨ !ï˛Ó˚ çlƒ Ü,̨ hs˝l ̨õ#í ¸̨̂ ÏlÓ˚ ≤Ã Ï̂Î˚yçl •Î˚ lyñ ï˛y § Ï̂_¥G ̂ Ü˛y Ï̂ly ≤ÃÓy•# Ï̂ï˛ Ü,̨ hs˝l ̨õ#í ¸̨l ≤Ã Ï̂Î˚yà
Ü˛Ó˚y •ˆÏ° ≤ÃÓy•#ˆÏï˛ à!ï˛ §,!T˛ •Î˚ Îy §ÙˆÏÎ˚Ó˚ §ˆÏAà Ü,˛hs˝l !ÓÜ,˛!ï˛ §,!T˛ Ü˛ˆÏÓ˚–
Ü,˛hs˝l ̨ õ#í˛¸l G §ÙˆÏÎ˚Ó˚ §ˆÏAà Ü,˛hs˝l !ÓÜ,˛!ï˛Ó˚ •yˆÏÓ˚Ó˚ xl%˛õyï˛ˆÏÜ˛ Ó°y •Î˚ §ywï˛yAÜ˛ñ η –
ˆÎáyˆÏl !ã˛•´à%ˆÏ°y ≤Ãã˛!°ï˛ xˆÏÌ≈ ÓƒÓ•,ï˛ ~ÓÇ Ó•zˆÏÎ˚ §ÇK˛y!Î˚ï˛ Ü˛Ó˚y xyˆÏSÈ–

10. ˆfiê˛yÜ‰˛ˆÏ§Ó˚ §)e ı §ywï˛yç!lï˛ Óyôy Ó°  F ñ a Óƒy§yô≈ƒ !Ó!¢T˛ ˆày°Ü˛ˆÏÜ˛  v ˆÓˆÏà ˆÜ˛yˆÏly η §ywï˛yAÜ˛ !Ó!¢T˛
≤ÃÓy•#ˆÏï˛ à!ï˛¢#° •ˆÏ° §ywï˛yç!lï˛ Óyôy Ó° F  •ˆÏÓñ  F = – 6πηav.

11. ˆÜ˛yˆÏly ≤ÃÓy•#ˆÏï˛ x¢y!hs˝ Óy !Ó«%˛kôï˛y !lô≈y!Ó˚ï˛ •Î˚ ~Ü˛!ê˛ Ùyey!Ó•#l Ó˚y!¢ myÓ˚y ÎyˆÏÜ˛ ̂ Ó˚l°í‰˛§ l¡∫Ó˚ ÓˆÏ° ~ÓÇ •z•y
•°
R

e
 = ρvd/η

ˆÎáyˆÏl  d  •° ≤ÃÓy!•ï˛ ≤ÃÓy•#Ó˚ !l!ò≈T˛ çƒy!Ù!ï˛Ü˛ ˜òâ≈ƒ ~ÓÇ xlƒylƒ !ã˛•´à%ˆÏ°y ≤Ãã˛!°ï˛ xÌ≈ Ó•l Ü˛ˆÏÓ˚–
12. ï˛Ó˚̂ Ï°Ó˚ ̨õ,¤˛ï˛ Ï̂°Ó˚ ~Ü˛Ü˛ ̃ ò Ï̂â≈ƒ ≤ÃÎ%=˛ Ó° Ï̂Ü˛ åÓy ~Ü˛Ü˛ ̂ «˛eÊ˛ Ï̂° ≤ÃÎ%=˛ ̨õ,¤˛¢!=˛ Ï̂Ü˛ä ̨õ,¤˛ê˛yl Ó Ï̂°– ï˛Ó˚̂ Ï°Ó˚ xË˛ƒhs˝̂ ÏÓ˚

ÌyÜ˛y xî%à%ˆÏ°yÓ˚ ï%˛°lyÎ˚ ˛õ,ˆÏ¤˛ ÌyÜ˛y xî%à%ˆÏ°yˆÏï˛ ˆÎ x!ï˛!Ó˚=˛ ¢!=˛ ÌyˆÏÜ˛ ï˛y•z ˛õ,¤˛ê˛yˆÏlÓ˚ í˛zÍ§–

ˆË˛ Ï̂Ó ̂ òáyÓ˚ !Ó£ÏÎ˚§Ù)• (POINTS TO PONDER)

1. ã˛y˛õ •° ~Ü˛!ê˛ ˆflÒ°yÓ˚ Ó˚y!¢– ÚÚ≤Ã!ï˛ ~Ü˛Ü˛ ˆ«˛eÊ˛ˆÏ° ≤ÃÎ%=˛ Ó°•z •° ã˛y˛õÛÛ ÈüÈ ã˛yˆÏ˛õÓ˚ ~•z §ÇK˛y ˆÜ˛yˆÏly ~Ü˛çl
Óƒy!=˛ˆÏÜ˛ Ë%˛° í˛z˛õ°!kô !òˆÏï˛ ˛õyˆÏÓ˚ ˆÎ ~!ê˛ ~Ü˛!ê˛ ˆË˛QÓ˚ Ó˚y!¢– ã˛yˆÏ˛õÓ˚ Ó˚y!¢Ùy°yÎ˚ °ˆÏÓ ÌyÜ˛y Ó°!ê˛ •°ñ ˆÎ ï˛ˆÏ°Ó˚
í˛z˛õÓ˚ Ó°!ê˛ §!Ü ˛Î˚ ï˛yÓ˚ °¡∫ í˛z˛õyÇ¢– ≤ÃÓy•#Ó˚ Óî≈lyÎ˚ñ Ü˛îy ~ÓÇ ò,ì˛¸ Ó›Ó˚ Ó°!ÓòƒyÓ˚ ôyÓ˚îy ̂ ÌˆÏÜ˛ §ˆÏÓ˚ !àˆÏÎ˚ Ë˛yÓˆÏï˛
•ˆÏÓ–
xyÙÓ˚y ≤ÃÓy•#Ó˚ ˆ§•z ˜Ó!¢T˛ƒà%ˆÏ°y !lˆÏÎ˚ Ë˛yÓÓ‰ Îy ≤ÃÓy•#Ó˚ !Ó!Ë˛ß¨ !Ó®%ˆÏï˛ ˛õ!Ó˚Ó!ï≈˛ï˛ •Î˚–

2. ˆÎ Ü˛!ë˛l ˛õyˆÏe ≤ÃÓy•#ˆÏÜ˛ ˆlGÎ˚y •Î˚ ï˛yÓ˚ ˆòÎ˚yˆÏ°Ó˚ í˛z˛õÓ˚ !Ü˛ÇÓy ≤ÃÓy•#ˆÏï˛ !lÙ!Iï˛ ˆÜ˛yˆÏly Ü˛!ë˛l ˛õòyˆÏÌ≈Ó˚ í˛z˛õÓ˚
ˆÜ˛Ó°Ùye ã˛y˛õ ≤Ãòyl Ü˛ˆÏÓ˚ ~Ùlê˛y Ë˛yÓy í˛z!ã˛ï˛ lÎ˚– ≤ÃÓy•#Ó˚ §Ü˛° !Ó®%ˆÏï˛ ã˛y˛õ ≤ÃÎ%=˛ •Î˚– ≤ÃÓy•#Ó˚ ˆÜ˛yˆÏly ~Ü˛!ê˛
í˛z˛õyòyl åˆÎÙl !ã˛e 10.2 ˆï˛ ˆòáyˆÏlyä §yÙƒÓfiÌyÎ˚ ÌyˆÏÜ˛ Ü˛yÓ˚î ~Ó˚ §Ü˛° ï˛ˆÏ° !Ü ˛Î˚y¢#° ã˛yˆÏ˛õÓ˚ Ùyl §Ùyl–

3. Î!ò ≤ÃÓy•!ê˛ x§ÇlÙƒ •Î˚ ï˛ˆÏÓ ã˛yˆÏ˛õÓ˚ Ó˚y!¢Ùy°y!ê˛ •Î˚ P = P
a 
+ ρgh– ÓyhflÏÓˆÏ«˛ˆÏe ~ê˛y ï˛Ó˚ˆÏ°Ó˚ ̂ «˛ˆÏe ≤ÃˆÏÎyçƒ •Î˚

åˆÎˆÏ•ï%˛ ï˛Ó˚° ˆÓ!¢ ÙyeyÎ˚ x§ÇlÙƒä ~ÓÇ ï˛y•z !l!ò≈T˛ í˛zFã˛ï˛yÎ˚ •z•yÓ˚ Ùyl ô %ÓÜ˛–
4. àç ã˛y˛õ •° ≤ÃÜ,˛ï˛ ã˛y˛õ ~ÓÇ ÓyÎ˚%Ù[˛°#Î˚ ã˛yˆÏ˛õÓ˚ ˛õyÌ≈Ü˛ƒ ıÈüÈ

P – P
a 
= P

g

x Ï̂lÜ˛ ã˛y˛õ Ùy˛õÜ˛ Î Ï̂sfÓ˚ myÓ˚y àç ã˛y˛õ ̨õ!Ó˚Ùy˛õ Ü˛Ó˚y •Î˚– ê˛yÎ˚yÓ˚ ̂ ≤Ã§yÓ˚ àç ~ÓÇ Óœyí˛ ̂ ≤Ã§yÓ˚ àç (sphygmomano-

meter) •zï˛ƒy!ò ~ Ï̂òÓ˚ xhs≈̋Ë%̨ =˛–
5.  ôyÓ˚y Ï̂Ó˚á •° ≤ÃÓy•#Ó˚ ≤ÃÓy Ï̂•Ó˚ ̂ Ó˚áy!ã˛e– ¢yhs˝≤ÃÓy Ï̂• ò%!ê˛ ôyÓ˚̂ ÏÓ˚á ̨õÓ˚flõÓ˚̂ ÏÜ˛ ̂ SÈò Ü˛ Ï̂Ó˚ ly– ~Ó˚  xÌ≈ •° ̂ Ü˛y Ï̂ly ~Ü˛

!Ó®%ˆÏï˛ ~Ü˛!ê˛ ≤ÃÓy•#Ü˛îyÓ˚ ò%!ê˛ !Ë˛ß¨Ù%á# ≤ÃÓy•ˆÏÓà ÌyÜ˛ˆÏï˛ ˛õyˆÏÓ˚ ly–
6. ≤ÃÓy•#ˆÏï˛ §ywï˛yç!lï˛ ≤Ã!ï˛ÓrôÜ˛ï˛y ÌyÜ˛ˆÏ° ÓyˆÏl≈Ô!°Ó˚ l#!ï˛ áyê˛ˆÏÓ ly– ˆ§ˆÏ«˛ˆÏe fl∫Ë˛yÓï˛•z ~•z x˛õã˛Î˚# §ywÓ°

myÓ˚y Ü,̨ ï˛Ü˛yÎ≈̂ ÏÜ˛ xÓ¢ƒ•z !•§y Ï̂ÓÓ˚ Ù Ï̂ôƒ xyl Ï̂ï˛ • Ï̂Ó ~ÓÇ !ã˛e 10.9 ̂ Ì Ï̂Ü˛ ≤ÃyÆ P
2
 ~Ó˚ Ùyl §Ù#Ü˛Ó˚î 10.12 ̂ ï˛ ≤ÃyÆ

Ùyl xˆÏ˛õ«˛y Ü˛Ù •ˆÏÓ–
7. ï˛y˛õÙyey Ó,!ÂôÓ˚ §ˆÏAà §ˆÏAà ï˛Ó˚ˆÏ°Ó˚ xî%à%ˆÏ°yÓ˚ §ã˛°ï˛y Ó,!Âô ˛õyÎ˚ ~ÓÇ §ywï˛yAÜ˛ ÚηÛ ~Ó˚ Ùyl •…y§ ˛õyÎ˚– àƒyˆÏ§Ó˚

ˆ«˛ˆÏe ï˛y˛õÙyey Ó,!ÂôÓ˚ §ˆÏAà §ˆÏAà xî%à%ˆÏ°yÓ˚ x!lÎ˚!Ùï˛ à!ï˛Ó,!Âô ˛õyÎ˚ ~ÓÇ η Ó,!Âô ˛õyÎ˚–
8. ï˛Ó˚° ≤ÃÓy Ï̂•Ó˚ çƒy!Ù!ï˛Ü˛ xyÜ,̨ !ï˛Ó˚ í z̨̨ õÓ˚ !lË≈̨ Ó˚ Ü˛ Ï̂Ó˚ ï˛Ó˚̂ Ï°Ó˚ x¢yhs˝ ≤ÃÓy• ¢%Ó%̊Ó˚ çlƒ ̂ Ó˚l”˛§‰ ly¡∫yÓ˚ ~Ó˚ §ÇÜ˛ê˛ Ùyl

1000 ̂ Ì Ï̂Ü˛ 10000 §#ÙyÓ˚ Ù Ï̂ôƒ •Î˚– x!ôÜ˛yÇ¢ ̂ «˛ Ï̂e R
e
 < 1000 myÓ˚y ̂ ÓyV˛yÎ˚ ̂ Îñ ≤ÃÓy•!ê˛ hflÏ!Ó˚ï˛ ≤ÃÓy•ó  1000 <

R
e
 < 2000 •ˆÏ° ≤ÃÓy•!ê˛ x!fiÌÓ˚ •Î˚ ~ÓÇ  R

e
 > 2000 myÓ˚y ̂ ÓyV˛yÎ˚ ̂ Î ≤ÃÓy•!ê˛ !Ó«%˛kô ≤ÃÓy•–

9. ï˛Ó˚ˆÏ°Ó˚ xË˛ƒhs˝ˆÏÓ˚ ÌyÜ˛y ï˛Ó˚° xî%à%ˆÏ°yÓ˚ à!ï˛¢!=˛Ó˚ ï%˛°lyÎ˚ ̨õ,¤˛ï˛ˆÏ° ÌyÜ˛y xî%à%ˆÏ°yˆÏï˛ x!ï˛!Ó˚=˛ à!ï˛¢!=˛Ó˚ çlƒ•z
˛õ,¤˛ê˛yl §,!T˛ •Î˚ñ ~ôÓ˚ˆÏlÓ˚ ˛õ,¤˛¢!=˛Ó˚ xÓfiÌyl •° ò%!ê˛ Ó›Ó˚ !ÓˆÏË˛òï˛ˆÏ°– Ó› ò%!ê˛Ó˚ ÙˆÏôƒ ~Ü˛!ê˛ xÓ¢ƒ•z ≤ÃÓy•#
•ˆÏÓ– ~ê˛y ~Ü˛!ê˛Ùye ≤ÃÓy•#Ó˚ ˜Ó!¢T˛ƒ lÎ˚–
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ˆË˛Ôï˛Ó˚y!¢ !ã˛•´ Ùyey ~Ü˛Ü˛ Ùhs˝Óƒ

ã˛y˛õ
âlc

xy Į̈̂ õ!«˛Ü˛ à%Ó%̊c

§ywï˛yAÜ˛

ˆÓ˚l”˛§‰ §Çáƒy

˛õ,¤˛ê˛yl

ly•z ly•z

˛õyflÒy°

ly•z ly•z

ˆflÒ°yÓ˚

ˆflÒ°yÓ˚
ˆflÒ°yÓ˚

ˆflÒ°yÓ˚

ˆflÒ°yÓ˚

ó ̂ flÒ°yÓ˚

ρ
Ó›

ρ
ç°

,

xl%¢#°l#

10.1 ˆÜ˛l Óƒyáƒy Ü˛ˆÏÓ˚y ı
(a) ÙylÓˆÏòˆÏ•Ó˚ Ù!hflÏ‹Ò xˆÏ˛õ«˛y ˛õyˆÏÎ˚ Ó˚=˛ã˛y˛õ ˆÓ!¢ •Î˚–
(b) Î!òG ÓyÎ˚%Ù[˛ˆÏ°Ó˚ í˛zFã˛ï˛y  100 kmñ ï˛y §ˆÏ_¥G Ë)˛˛õ,¤˛ ̂ ÌˆÏÜ˛ 6 km í˛zFã˛ï˛yÎ˚ ̂ Î ÓyÎ˚%ã˛y˛õ •Î˚ñ Ë)˛˛õ,ˆÏ¤˛ ï˛y

xˆÏô≈Ü˛ Ü˛ˆÏÙ ÎyÎ˚–
(c) Î!òG Ó°ˆÏÜ˛ ˆ«˛eÊ˛° myÓ˚y Ë˛yà Ü˛ˆÏÓ˚ ã˛y˛õ ˛õyGÎ˚y ÎyÎ˚ ï˛y §ˆÏ_¥G ã˛y˛õ  ~Ü˛!ê˛ ˆflÒ°yÓ˚ Ó˚y!¢–

10.2 ˆÜ˛l Óƒyáƒy Ü˛ˆÏÓ˚y ı
(a) ˛õyÓ˚ò G Ü˛yˆÏã˛Ó˚ flõ¢≈ˆÏÜ˛yî •° fiÌ)°ˆÏÜ˛yî !Ü˛v ç° G Ü˛yˆÏã˛Ó˚ ˆ«˛ˆÏe ï˛y •° §)-ˆÏÜ˛yî–
(b) Ü˛yã˛ï˛ˆÏ°Ó˚ í˛z˛õÓ˚ ç° SÈ!í˛¸ˆÏÎ˚ ˛õí˛¸ˆÏï˛ ã˛yÎ˚ !Ü˛v ~Ü˛•z ï˛ˆÏ° ˛õyÓ˚ò !Ó®% xyÜ,˛!ï˛ ôyÓ˚î Ü˛Ó˚ˆÏï˛ ã˛yÎ˚–

åxlƒË˛yˆÏÓ Ó°y ÎyÎ˚ ç° Ü˛yã˛ˆÏÜ˛ !Ë˛çyÎ˚ !Ü˛v ˛õyÓ˚ò ï˛y Ü˛ˆÏÓ˚ lyä–
(c) ï˛Ó˚ˆÏ°Ó˚ ˛˛õ,¤˛ê˛yl ï˛yÓ˚ ˆ«˛eÊ˛ˆÏ°Ó˚ í˛z˛õÓ˚ !lË≈˛Ó˚ Ü˛ˆÏÓ˚ ly–
(d) §yÓylÎ%=˛ ç° ~ÓÇ Ü˛yˆÏã˛Ó˚ flõ¢≈ˆÏÜ˛yî xˆÏlÜ˛ Ü˛Ù •Î˚–
(e) ˆÎÈüÈˆÜ˛yˆÏly Óy!•ƒÜ˛ ÓˆÏ°Ó˚ ≤ÃË˛yÓÙ%=˛ xÓfiÌyÎ˚ ˆÜ˛yˆÏly ï˛Ó˚°!Ó®%Ó˚ xyÜ,˛!ï˛ ˆày°#Î˚ •Î˚–

10.3 ˛õyˆÏ¢ ˆòGÎ˚y Órôl# ˆÌˆÏÜ˛ í˛z˛õÎ%=˛ ¢∑ ÓƒÓ•yÓ˚ Ü˛ˆÏÓ˚ ¢)lƒfiÌyl ˛õ)Ó˚î Ü˛ˆÏÓ˚y ı
(a) ï˛Ó˚ˆÏ°Ó˚ ˛õ,¤˛ê˛yl §yôyÓ˚îï˛ í˛z£÷Ïï˛yÓ˚ §ˆÏAà ÈüüüÈ åÓ,!Âô ˆ˛õˆÏï˛ ÌyˆÏÜ˛ ‡ •…y§ ˆ˛õˆÏï˛ ÌyˆÏÜ˛ä–
(b) àƒyˆÏ§Ó˚ §ywï˛y ï˛y˛õÙyey Ó,!ÂôÓ˚ §ˆÏAà ÈüüüÈ !Ü˛v ï˛Ó˚ˆÏ°Ó˚ §ywï˛y ï˛y˛õÙyey Ó,!ÂôÓ˚ §ˆÏAà ÈüüüÈ åÓ,!Âô ̨õyÎ˚‡•…y§

˛õyÎ˚ä–
(c) !fiÌ!ï˛fiÌy˛õÜ˛ Ü,˛hs˝l à%îyAÜ˛Î%=˛ Ü˛!ë˛ˆÏlÓ˚ Ü,˛hs˝l ÓˆÏ°Ó˚ Ùyl ÈüüüÈ ~Ó˚ §Ùyl%˛õy!ï˛Ü˛ !Ü˛v ≤ÃÓy•#Ó˚ ̂ «˛ˆÏe •z•y ÈüüüÈ

~Ó˚ §Ùyl%˛õy!ï˛Ü˛ •Î˚ åÜ,˛hs˝l !ÓÜ,˛!ï˛ ‡ Ü,˛hs˝l !ÓÜ,˛!ï˛Ó˚ •yÓ˚ä–
(d) ≤ÃÓy•#Ó˚ !fiÌÓ˚ ≤ÃÓyˆÏ•Ó˚ ˆ«˛ˆÏe §ÇÜ%˛!ã˛ï˛ xÇˆÏ¢ ≤ÃÓy•#Ó˚ o%!ï˛ Ó,!Âô ˛õyÎ˚ ˆÎ l#!ï˛ˆÏï˛ ï˛y •° åË˛ˆÏÓ˚Ó˚ §ÇÓ˚«˛î

‡ ÓyˆÏl≈Ô°#Ó˚ l#!ï˛ä–
(e) ÓyÎ˚% §%Ó˚ˆÏAà åwind tunnelä ≤ÃÜ,˛ï˛ !ÓÙyˆÏl ˆÎ ˆÓˆÏàÓ˚ çlƒ !Ó«%˛kôï˛y §,!T˛ •Î˚ñ ÙˆÏí˛° !ÓÙyˆÏl !Ó«%˛kôï˛y

§,!T˛Ó˚ çlƒ ≤ÃˆÏÎ˚yçl#Î˚ ˆÓˆÏàÓ˚ Ùyl ï˛yÓ˚ ÈüüüÈ åˆÓ!¢ ‡ Ü˛Ùä–
10.4 ˆÜ˛l Óƒyáƒy Ü˛ˆÏÓ˚y ı

(a) xl%Ë)̨ !ÙÜ˛Ë˛y Ï̂Ó Ó˚yáy ~Ü˛ ê%̨ Ü˛ Ï̂Ó˚y Ü˛yàç Ï̂Ü˛ í z̨í ¸̨y Ï̂lyÓ˚ çlƒ ̂ ï˛yÙy Ï̂Ü˛ ï˛yÓ˚ í z̨̨ õÓ˚ !ò Ï̂Î˚ Ê%Ñ̨  !ò Ï̂ï˛ • Ï̂Óñ Ü˛yà Ï̂çÓ˚
l#ˆÏã˛ !òˆÏÎ˚ lÎ˚–

(b) Îál xyÙÓ˚y xy.%° myÓ˚y çˆÏ°Ó˚ ˆê˛ˆÏ˛õÓ˚ Ù%áˆÏÜ˛ Órô Ü˛Ó˚yÓ˚ ˆã˛T˛y Ü˛!Ó˚ ï˛ál à!ï˛¢#° çˆÏ°Ó˚ ôyÓ˚y ˆê˛ˆÏ˛õÓ˚
ˆáy°y xÇ¢ !òˆÏÎ˚ xy.%°à%ˆÏ°yÓ˚ ÊÑ˛yÜ˛ !òˆÏÎ˚ ˛!˛õã˛Ü˛y!Ó˚Ó˚ ÙˆÏï˛y ˆÓÓ˚ •Î˚–

(c) í˛y=˛yÓ˚Ó˚y •zl‰ˆÏçÜ˛¢yl ˆòGÎ˚yÓ˚ §ÙÎ˚ Ó,ÂôyAà%° myÓ˚y ≤ÃÓyˆÏ•Ó˚ •yÓ˚ˆÏÜ˛ ˆÎË˛yˆÏÓ !lÎ˚sfî Ü˛Ó˚ˆÏï˛ ˛õyˆÏÓ˚l ï˛yÓ˚
ˆã˛ˆÏÎ˚ xˆÏlÜ˛ Ë˛yˆÏ°yË˛yˆÏÓ !§!Ó˚ˆÏOÓ˚ xyÜ˛yÓ˚ myÓ˚y !lÎ˚sfî Ü˛Ó˚y ÎyÎ˚–

˛õÎ˚§!°
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(d) ~Ü˛!ê˛ ̨ õyˆÏeÓ˚ «%˛o !SÈo !òˆÏÎ˚ ≤ÃÓy•# !là≈ï˛ •GÎ˚yÓ˚ §ÙÎ˚ ̨ õyˆÏeÓ˚ í˛z˛õÓ˚ ̨ õŸã˛yï˛Ù%á# ~Ü˛!ê˛ âyï˛ ≤ÃˆÏÎ˚yà Ü˛ˆÏÓ˚
(e) ~Ü˛!ê˛ â)î≈# !Ü ˛ˆÏÜ˛ê˛Ó° ÓyÎ˚%Ó˚ Ùôƒ !òˆÏÎ˚ ÎyÓyÓ˚ §ÙÎ˚ x!ôÓ,_yÜ˛yÓ˚ ˛õÌ xl%§Ó˚î Ü˛ˆÏÓ˚ ly–

10.5 50 kg Ë˛ˆÏÓ˚Ó˚ ~Ü˛ Óy!°Ü˛y í˛zÑã%˛ !•°‰ ç%ï˛y ˛õˆÏí˛¸ ~Ü˛˛õyˆÏÎ˚Ó˚ í˛z˛õÓ˚ §yÙƒÓfiÌyÎ˚ òÑy!í˛¸¸ˆÏÎ˚ xyˆÏSÈ– !•° ç%ï˛yÓ˚ Ó,_yÜ˛yÓ˚
x@˝ÃË˛yˆÏàÓ˚ Óƒy§ 1.0 cm – !•°‰ myÓ˚y xl%Ë)˛!ÙÜ˛ ̂ ÙˆÏV˛Ó˚ í˛z˛õÓ˚ ≤ÃÎ%=˛ ã˛yˆÏ˛õÓ˚ Ùyl Ü˛ï˛⁄

10.6 ê˛!Ó˚ˆÏ§!°Ó˚ ÓƒyˆÏÓ˚y!Ùê˛yˆÏÓ˚ ˛õyÓ˚ò ÓƒÓ•yÓ˚ Ü˛Ó˚y •Î˚– ˛õyflÒy° ~ˆÏÜ˛ 984 kg m–3 âlˆÏcÓ˚ Ê˛Ó˚y§# xƒy°ˆÏÜ˛y•° myÓ˚y
≤Ã!ï˛fiÌy!˛õï˛ Ü˛ˆÏÓ˚!SÈˆÏ°l– ≤ÃÙyî ÓyÎ˚%Ù[˛°#Î˚ ã˛yˆÏ˛õÓ˚ çlƒ xƒy°ˆÏÜ˛y•° hflÏˆÏΩ˛Ó˚ í˛zFã˛ï˛y !lî≈Î˚ Ü˛ˆÏÓ˚y–

10.7 §Ù%oï˛ê˛ ̂ ÌˆÏÜ˛ ò)ˆÏÓ˚ §ˆÏÓ≈yFã˛ 109 Pa ̨õ#í˛¸l §•ƒ Ü˛Ó˚ˆÏï˛ ̨õyˆÏÓ˚ ~Ó˚)˛õ ~Ü˛!ê˛ fiê˛∆yÜ‰˛ã˛yÓ˚ åÜ˛yë˛yˆÏÙyä ̃ ï˛!Ó˚ Ü˛Ó˚y •ˆÏÎ˚ˆÏSÈÉ
~•z Ü˛yë˛y Ï̂Ùy!ê˛ Ï̂Ü˛ §Ù%̂ ÏoÓ˚ Ù Ï̂ôƒ ~Ü˛!ê˛ ̃ ï˛° Ü)̨ Į̈̂ õÓ˚ í z̨̨ õÓ˚ fiÌy˛õl Ü˛Ó˚y í z̨̨ õÎ%=˛ • Ï̂Ó !Ü˛ly⁄ §Ù%̂ ÏoÓ˚ àí ¸̨ àË˛#Ó˚ï˛y Ï̂Ü˛
ˆÙyê˛yÙ%!ê˛ 3 km ôˆÏÓ˚ lyG ~ÓÇ §Ù%o≤ÃÓy•ˆÏÜ˛ í˛zˆÏ˛õ«˛y Ü˛ˆÏÓ˚y–

10.8 ~Ü˛!ê˛ •y•zˆÏí»˛y!°Ü˛ ˆÙyê˛Ó˚ày!í˛¸Ó˚ !°Ê‰˛ê˛ §ˆÏÓ≈yFã˛ 3000 kg í˛zˆÏ_y°l Ü˛Ó˚ˆÏï˛ ˛õyˆÏÓ˚– Ë˛yÓ˚ í˛zˆÏ_y°Ü˛ !˛õfiê˛l!ê˛Ó˚
≤ÃfiÌˆÏFSÈˆÏòÓ˚ ˆ«˛eÊ˛°  425 cm2 – ̂ SÈyˆÏê˛y !˛õfiê˛l!ê˛Ó˚ §ˆÏÓ≈yFã˛ Ü˛ï˛ ã˛y˛õ §•ƒ Ü˛Ó˚ˆÏï˛ ̨ õyˆÏÓ˚⁄

10.9 ~Ü˛!ê˛ U-!ê˛í˛zˆÏÓÓ˚ ÙˆÏôƒ ç° G ̂ Ù!ÌˆÏ°ˆÏê˛í˛ !flõ!Ó˚ê˛ ̨õyÓ˚ò myÓ˚y ̨õÓ˚flõÓ˚ ̂ ÌˆÏÜ˛ ̨õ,ÌÜ˛ xyˆÏSÈ– Óy•% ò%!ê˛Ó˚ ~Ü˛!ê˛ˆÏï˛
10.0 cm ç° ~ÓÇ xlƒ!ê˛ˆÏï˛ 12.5 cm !flõ!Ó˚ê˛ hflÏˆÏΩ˛Ó˚ myÓ˚y ˛õyÓ˚ò hflÏΩ˛!ê˛ ò%•z Óy•% xl%Ë)˛!ÙÜ˛Ë˛yˆÏÓ !fiÌÓ˚ xyˆÏSÈ–
!flõ!Ó˚ˆÏê˛Ó˚ xyˆÏ˛õ!«˛Ü˛ à%Ó˚%c Ü˛ï˛⁄

10.10 ˛õ)ˆÏÓ≈Ó˚ §Ù§ƒyÎ˚ U lˆÏ°Ó˚  ò%Óy•%Ó˚ ÙˆÏôƒ ç°˛õ)î≈ Óy•%ˆÏï˛ 15.0 cm ç° ~ÓÇ !flõ!Ó˚ê˛ ̨õ)î≈ Óy•%ˆÏï˛ 15.0 cm !flõ!Ó˚ê˛
ì˛y°y •ˆÏ° ò% Óy•%ˆÏï˛ ̨ õyÓ˚ò hflÏˆÏΩ˛Ó˚ í˛zFã˛ï˛yÓ˚ ̨ õyÌ≈Ü˛ƒ Ü˛ï˛ •ˆÏÓ⁄ ̨õyÓ˚ˆÏòÓ˚ xyˆÏ˛õ!«˛Ü˛ à%Ó˚%c  = 13.6–

10.11 ÓyˆÏl≈Ô!°Ó˚ §Ù#Ü˛Ó˚î ÓƒÓ•yÓ˚ Ü˛ˆÏÓ˚ áÓ˚ˆÏflÀyï˛y lò#Ó˚ çˆÏ°Ó˚ ≤ÃÓy•ˆÏÜ˛ Óî≈ly Ü˛Ó˚y ÎyˆÏÓ !Ü˛ly ÈüüüÈ Óƒyáƒy Ü˛ˆÏÓ˚y–

10.12 Î!ò ˆÜ˛í˛z ÓyˆÏl≈Ô!°Ó˚ §Ù#Ü˛Ó˚î ≤ÃˆÏÎ˚yˆÏàÓ˚ §ÙÎ˚ ˛õÓ˚Ù ã˛yˆÏ˛õÓ˚ ˛õ!Ó˚ÓˆÏï≈˛ àç ã˛y˛õ ÓƒÓ•yÓ˚ Ü˛ˆÏÓ˚ ï˛ˆÏÓ ˆÜ˛yˆÏly ˛õyÌ≈Ü˛ƒ
•ˆÏÓ !Ü˛⁄ Óƒyáƒy Ü˛ˆÏÓ˚y–

10.13 ~Ü˛!ê˛ 1.5 m ò#â≈ ~ÓÇ  1.0  cm Óƒy§yˆÏô≈Ó˚ xl%Ë)˛!ÙÜ˛ lˆÏ°Ó˚ Ùôƒ !òˆÏÎ˚ !@’§y!Ó˚l §%£ÏÙË˛yˆÏÓ å¢yhs˝Ë˛yˆÏÓä ≤ÃÓy!•ï˛
•ˆÏFSÈ– Î!ò lˆÏ°Ó˚ ~Ü˛≤ÃyˆÏhs˝ §Çà,•#ï˛ !@’§y!Ó˚ˆÏlÓ˚ ̨õ!Ó˚ÙyˆÏîÓ˚ •yÓ˚  4.0 × 10–3 kg s–1 •Î˚ ï˛ˆÏÓ lˆÏ°Ó˚ ò%•z ≤ÃyˆÏhs˝Ó˚
ã˛yˆÏ˛õÓ˚ ̨ õyÌ≈Ü˛ƒ Ü˛ï˛⁄ å!@’§y!Ó˚ˆÏlÓ˚ âlc  = 1.3 × 10

3 
kg m

–3
 ~ÓÇ §ywï˛y  = 0.83 Pa sä– [ï%˛!Ù ̨ õÓ˚#«˛y Ü˛ˆÏÓ˚

ˆòáˆÏï˛ ˛õyˆÏÓ˚y ˆÎ hflÏ!Ó˚ï˛ Óy ¢yhs˝ ≤ÃÓyˆÏ•Ó˚ fl∫#Ü˛yÎ≈à%ˆÏ°y ~•z lˆÏ°Ó˚ ˆ«˛ˆÏe §!ë˛Ü˛ !Ü˛ly⁄].

10.14 ~Ü˛!ê˛ ÓyÎ˚% §%Ó˚ˆÏAà ~Ü˛!ê˛ ÙˆÏí˛° !ÓÙyˆÏlÓ˚ ̨õÓ˚#«˛y Îyã˛y•z Ü˛yˆÏ° í˛ylyÓ˚ í˛z˛õˆÏÓ˚Ó˚ ~ÓÇ l#ˆÏã˛Ó˚ ≤ÃÓy•#Ó˚ ̂ Óà ÎÌyÜ ˛ˆÏÙ
70 m s

–1
 ~ÓÇ 63 m s

-1 – Î!ò í˛ylyÓ˚ ̂ «˛eÊ˛°  2.5 m
2  •Î˚ ï˛ Ï̂Ó í˛ylyÓ˚ í z̨̨ õÓ˚ |ôÁ≈Ù%á# í ẑ̨ Ï_y°Ü˛ Ó° Ü˛ï˛⁄ åô Ï̂Ó˚

lyG ÓyÎ˚%Ó˚ âlc 1.3 kg m
–3ä–

10.15 10.23(a) ~ÓÇ (b) !ã˛e ò%!ê˛ x§yw ≤ÃÓy•#Ó˚ ¢yhs˝ ≤ÃÓy•ˆÏÜ˛ ≤ÃÜ˛y¢ Ü˛Ó˚ˆÏSÈ– ̂ Ü˛yl‰ !ã˛e!ê˛ §!ë˛Ü˛ lÎ˚⁄ ̂ Ü˛l⁄

10.16 ~Ü˛!ê˛ ̂ ã˛y.yÜ,̨ !ï˛ ̂ fl± ̨õy Ï̂¡õÓ˚ ≤ÃfiÌ Ï̂FSÈ Ï̂òÓ˚ ̂ «˛eÊ˛°  8.0 cm
2
 ~ÓÇ ï˛yÓ˚ ~Ü˛ ≤Ãy Ï̂hs˝  1.0 mm Óƒy Ï̂§Ó˚ 40 !ê˛ §)-

!SÈo xy Ï̂SÈ– Î!ò l Ï̂°Ó˚ ̂ Ë˛ï˛Ó˚ ï˛Ó˚° 1.5 m min
–1 ˆÓ Ï̂à ≤ÃÓy!•ï˛ •Î˚ ï˛y• Ï̂° !SÈoà%̂ Ï°yÓ˚ Ùôƒ !ò Ï̂Î˚ ï˛Ó˚° ≤ÃÓy Ï̂•Ó˚

!lˆÏ«˛˛õ ˆÓà Ü˛ï˛⁄

10.17 U-xyÜ,˛!ï˛Ó˚ ~Ü˛!ê˛ ï˛yÓ˚ˆÏÜ˛ §yÓyˆÏlÓ˚ oÓˆÏî ˆí˛yÓyˆÏly •° ~ÓÇ ï%˛ˆÏ° xyly •°– ï˛yÓ˚!ê˛ åwireä ~ÓÇ fl‘y•zí˛yˆÏÓ˚Ó˚
ÙôƒÓï≈˛# ˛õyï˛°y §yÓyˆÏlÓ˚ §Ó˚ 1.5 × 10

–2
 N Gçl Ó•l Ü˛Ó˚ˆÏï˛ ˛õyˆÏÓ˚ åÎyÓ˚ ÙˆÏôƒ •y°Ü˛y fl‘y•zí˛yˆÏÓ˚Ó˚ GçlG

xhs≈˝Ë%˛=˛ä– fl‘y•zí˛yˆÏÓ˚Ó˚ ̃ òâ≈ƒ  30 cm– ̨õyï˛°y §Ó˚!ê˛Ó˚ ̨õ,¤˛ê˛yˆÏlÓ˚ Ùyl Ü˛ï˛⁄
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10.18 !ã˛e 10.24 (a) ̂ ï˛ ~Ü˛!ê˛ ̨õyï˛°y ï˛Ó˚̂ Ï°Ó˚ §Ó˚̂ ÏÜ˛ åfilmä ̂ òáy Ï̂ly • Ï̂Î˚̂ ÏSÈ Îy  4.5 × 10–2 N ̨õ!Ó˚Ùyî Gçl Ï̂Ü˛ ô Ï̂Ó˚
ˆÓ˚ˆÏáˆÏSÈ– !ã˛e (b) ~ÓÇ (c) ˆï˛ ˆòáyˆÏly ~Ü˛•z ï˛Ó˚° ~Ü˛•z í˛z£÷Ïï˛yÎ˚ ˆÎ GçlˆÏÜ˛ ôˆÏÓ˚ Ó˚yˆÏá ï˛yÓ˚ Ùyl Ü˛ï˛⁄
ï˛_¥àï˛Ë˛yˆÏÓ Óƒyáƒy òyG–

10.19 â Ï̂Ó˚Ó˚ ï˛y˛õÙyeyÎ˚  3.00 mm Óƒy§y Ï̂ô≈Ó˚ ~Ü˛ ̂ ÊÑ̨ yê˛y ̨õyÓ˚̂ ÏòÓ˚ xË˛ƒhs˝ Ï̂Ó˚ ã˛y˛õ Ü˛ï˛⁄ ̇  ï˛y˛õÙyeyÎ˚ (20 °C) ̨õyÓ˚̂ ÏòÓ˚
˛õ,¤˛ê˛yl •° 4.65 × 10

–1
 N m

–1– ÓyÎ˚%Ó˚ ã˛y˛õ •° 1.01 × 10
5
 Pa – !Ó®%Ó˚ xË˛ƒhs˝ˆÏÓ˚Ó˚ x!ï˛!Ó˚=˛ ã˛yˆÏ˛õÓ˚ Ùyl ̂ ÓÓ˚

Ü˛ Ï̂Ó˚y–
10.20 ~Ü˛!ê˛ §yÓyˆÏlÓ˚ oÓˆÏîÓ˚  5.00 mm Óƒy§yô≈!Ó!¢T˛ Ó%òÓ%ˆÏòÓ˚ x!ï˛!Ó˚=˛ ã˛y˛õ Ü˛ï˛⁄ åˆòGÎ˚y xyˆÏSÈñ ˙ ï˛y˛õÙyeyÎ˚

(20 °C) §yÓyl xyÜ˛yˆÏÓ˚Ó˚ Ó%òÓ%ˆÏòÓ˚ ̨ õ,¤˛ê˛yl •° 2.50 × 10
–2

 N m
–1ä– Î!ò ~Ü˛!ê˛ §Ùyl xyÜ˛yˆÏÓ˚Ó˚ ÓyÎ˚%Ó˚ Ó%òÓ%ò

§yÓyl oÓˆÏîÓ˚ åxyˆÏ˛õ!«˛Ü˛ âlc 1.20ä 40.0 cm àË˛#Ó˚ï˛yÎ˚ §,!T˛ •Î˚ñ ï˛ˆÏÓ ï˛yÓ˚ xË˛ƒhs˝ˆÏÓ˚ ã˛y˛õ Ü˛ï˛ •ˆÏÓ⁄ å1

ÓyÎ˚%Ù[˛°#Î˚ ã˛y˛õ •°  1.01 × 10
5
 Paä–

x!ï˛!Ó˚=˛ xl%¢#°l# (Additional Exercises)

10.21 1.0 m2 Óà≈yÜ˛yÓ˚ Ë)˛!Ù ̂ «˛eÊ˛°!Ó!¢T˛ ~Ü˛!ê˛ ê˛ƒyÇÜ˛ˆÏÜ˛ ~Ü˛!ê˛ í˛zÕ‘¡∫ !ÓË˛yçÜ˛ åpartitionä myÓ˚y ò%Ë˛yˆÏà Ë˛yà Ü˛Ó˚y
•°– !ÓË˛yçÜ˛!ê˛Ó˚ !l¡¨yÇ Ï̂¢  20 cm2 ̂ «˛eÊ˛°!Ó!¢T˛ ~Ü˛!ê˛ Ü˛∂yÎ˚ V%̨ °y Ï̂ly òÓ˚çy xy Ï̂SÈ– ê˛ƒyÇÜ˛!ê˛Ó˚ ~Ü˛!ê˛ ≤Ã Ï̂Ü˛y¤˛
ç° myÓ˚y ~ÓÇ xlƒ ≤ÃˆÏÜ˛y¤˛!ê˛ å1.7 xyˆÏ˛õ!«˛Ü˛ âlc !Ó!¢T˛ä ~Ü˛!ê˛ xƒy!§í˛ myÓ˚y  4.0 m í˛zFã˛ï˛y ̨õÎ≈hs˝ Ë˛!_≈ Ü˛Ó˚y
•°– òÓ˚çy!ê˛ˆÏÜ˛ Órô Ó˚yáˆÏï˛ Ü˛ï˛ Ó° ≤ÃˆÏÎ˚yçl ï˛y àîly Ü˛ˆÏÓ˚y–

10.22 ~Ü˛!ê˛ xyÓÂô àƒyˆÏ§Ó˚ ã˛yˆÏ˛õÓ˚ ˛õyë˛ ÙƒyˆÏly!Ùê˛yˆÏÓ˚ å!ã˛e 10.25 (a) ˆï˛ä ˆòáyˆÏly •ˆÏÎ˚ˆÏSÈ– Îál ˛õyˆÏ¡õÓ˚ §y•yˆÏÎƒ
!Ü˛S%È àƒy§ ̂ ÓÓ˚ Ü˛ Ï̂Ó˚ ̂ lGÎ˚y •° ï˛ál Ùƒy Ï̂ly!Ùê˛y Ï̂Ó˚Ó˚ ̨õyë˛ !ã˛e 10.25 (b) ~Ó˚ Ù Ï̂ï˛y ̂ òáyÎ˚– Ùƒy Ï̂ly!Ùê˛y Ï̂Ó˚ ÓƒÓ•,ï˛
ï˛Ó˚° •° ̨õyÓ˚ò ~ÓÇ ÓyÎ˚%Ù[˛°#Î˚ ã˛yˆÏ˛õÓ˚ Ùyl  76 cm ˛õyÓ˚òhflÏˆÏΩ˛Ó˚ ã˛yˆÏ˛õÓ˚ §Ùyl–
(a) xyÓÂô ̨õy Ï̂eÓ˚ àƒy Ï̂§Ó˚ ̨õÓ˚Ù G àç ã˛y Į̈̂ õÓ˚ Ùyl ̨õyÓ˚ò hflÏ̂ ÏΩ˛Ó˚ í z̨Fã˛ï˛yÓ˚ cm ~Ü˛ Ï̂Ü˛ (a) G (b) ̂ «˛ Ï̂eÓ˚ ̂ Ó°yÎ˚

!Ü˛ •ˆÏÓ ˆÓÓ˚ Ü˛ˆÏÓ˚y–
(b) (b) ~Ó˚ ˆ«˛ˆÏe í˛zFã˛ï˛yÓ˚ ˆ°ˆÏÓˆÏ°Ó˚ !Ü˛ ˛õ!Ó˚Óï≈˛l •ˆÏÓ Î!ò 13.6 cm í˛zFã˛ï˛yÓ˚ ç° hflÏΩ˛ å˛õyÓ˚ˆÏòÓ˚ §ˆÏAà

!Ù◊ˆÏî x§yôƒ ï˛Ó˚°ä ÙƒyˆÏly!Ùê˛yˆÏÓ˚Ó˚ í˛yl Óy•%ˆÏï˛ Ë˛!_≈ Ü˛Ó˚y •Î˚⁄ åàƒyˆÏ§Ó˚ xyÎ˚ï˛ˆÏlÓ˚ «%˛o ˛õ!Ó˚Óï≈˛lˆÏÜ˛
í ẑ̨ Į̈ õ«˛y Ü˛ Ï̂Ó˚yä–

!ã˛e  10.25
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10.23 ò%!ê˛ ̨õyˆÏeÓ˚ Ë)˛!ÙÓ˚ ̂ «˛eÊ˛° §Ùyl !Ü˛v ï˛yˆÏòÓ˚ xyÜ˛yÓ˚ !Ë˛ß¨– ~Ü˛!ê˛ !l!ò≈T˛ §yôyÓ˚î í˛zFã˛ï˛y ̨õÎ≈hs˝ ̨õ)î≈ Ü˛Ó˚ˆÏï˛ ≤ÃÌÙ
˛õye!ê˛ˆÏï˛ !mï˛#Î˚ ̨ õyˆÏeÓ˚ !mà%î xyÎ˚ï˛ˆÏlÓ˚ ç° Ë˛!_≈ Ü˛Ó˚ˆÏï˛ •Î˚– ò%•zˆÏ«˛ˆÏe ̨õyˆÏeÓ˚ Ë)˛!ÙˆÏï˛ ≤ÃÎ%=˛ ÓˆÏ°Ó˚ Ùyl §Ùyl
!Ü˛ly⁄ Î!ò •Î˚ñ ï˛y• Ï̂° ̂ Ü˛l ~Ü˛•z í z̨Fã˛ï˛yÓ˚ çlƒ ~Ü˛ ̨õy Ï̂eÓ˚ ï%̨ °lyÎ˚ xlƒ˛õy Ï̂e ̨õ!Ó˚Ùy˛õÜ˛ ̂ flÒ Ï̂° !Ó!Ë˛ß¨ ̨õyë˛ ̂ òÎ˚⁄

10.24 ¢Ó˚#ˆÏÓ˚ Ó˚=˛ ≤ÃˆÏÓ¢ Ü˛Ó˚yˆÏlyÓ˚ §ÙÎ˚ §)ã˛ˆÏÜ˛ ôÙl#ˆÏï˛ ˆì˛yÜ˛yˆÏly •Î˚ ˆÎáyˆÏl àçã˛yˆÏ˛õÓ˚ Ùyl •° 2000 Pa – l)ƒlï˛Ù
Ü˛ï˛ í˛zFã˛ï˛yÎ˚ Ó˚ˆÏ=˛Ó˚ ˛õyeˆÏÜ˛ Ó˚yáˆÏ° Ó˚=˛ ¢Ó˚#ˆÏÓ˚ ≤ÃˆÏÓ¢ Ü˛Ó˚ˆÏÓ⁄ å§ÙhflÏ Ó˚ˆÏ=˛Ó˚ âlˆÏcÓ˚ Ùyl §yÓ˚!î 10.1 ˆÌˆÏÜ˛
lyGä–

10.25 ÓyˆÏl≈Ô!°Ó˚ §Ù#Ü˛Ó˚î ≤Ã!ï˛¤˛yÎ˚ xyÙÓ˚y lˆÏ°Ó˚ xË˛ƒhs˝ˆÏÓ˚ ≤ÃÓy•#Ó˚ !fiÌ!ï˛¢!=˛ G à!ï˛¢!=˛Ó˚ ˛õ!Ó˚Óï≈˛lˆÏÜ˛ Ü,˛ï˛Ü˛yˆÏÎ≈Ó˚
§Ùyl ô!Ó˚– (a) ~Ü˛!ê˛  2 × 10–3 m Óƒy§!Ó!¢T˛ !¢Ó˚yÓ˚ Ùôƒ !òˆÏÎ˚ Ó˚=˛≤ÃÓyˆÏ•Ó˚ §ˆÏÓ≈yFã˛ àí˛¸ˆÏÓˆÏàÓ˚ Ùyl ̂ ÓÓ˚ Ü˛ˆÏÓ˚yñ
ˆÎáyˆÏl ≤ÃÓy• xÓ¢ƒ•z hflÏ!Ó˚ï˛ ≤ÃÓy• •Î˚– (b) ≤ÃÓy•#Ó˚ ˆÓà Ó,!ÂôÓ˚ §ˆÏAà x˛õã˛Î˚# Ó°à%ˆÏ°y xyÓ˚G ˆÓ!¢ à%Ó˚%c˛õ)î≈
•ˆÏÓ !Ü˛ly⁄ à%îàï˛Ë˛yˆÏÓ ~Ó˚ Óƒyáƒy òyG–

10.26 (a) 2×10–3 m Óƒy§yô≈!Ó!¢T˛ ~Ü˛!ê˛ ôÙl#Ó˚ Ùôƒ !òˆÏÎ˚ hflÏ!Ó˚ï˛ ≤ÃÓyˆÏ•Ó˚ çlƒ Ó˚=˛ ≤ÃÓyˆÏ•Ó˚ §ˆÏÓ≈yFã˛ àí˛¸ˆÏÓà Ü˛ï˛
•ˆÏÓ⁄  (b) §Ç!Ÿ’T˛ ≤ÃÓyˆÏ•Ó˚ •yÓ˚ Ü˛ï˛ •ˆÏÓ⁄ åÓ˚ˆÏ=˛Ó˚ §ywï˛yˆÏÜ˛  2.084 × 10–3 Pa s ôˆÏÓ˚ lyGä–

10.27 xl%Ë)̨ !ÙÜ˛Ë˛y Ï̂Ó ~Ü˛!ê˛ ~ Ï̂Ó˚y Ï̂≤’l §Ù Ï̂Ó Ï̂à í z̨í ¸̨̂ ÏSÈ ~ÓÇ ï˛yÓ˚ ò%!ê˛ í˛ylyÓ˚ ≤Ã Ï̂ï˛ƒÜ˛!ê˛Ó˚ ̂ «˛eÊ˛°  25 m2 – í˛ylyÓ˚ l# Ï̂ã˛
G í˛z˛õˆÏÓ˚ !òˆÏÎ˚ ÓyÎ˚%≤ÃÓyˆÏ•Ó˚ ˆÓà ÎÌyÜ ˛ˆÏÙ 180 km/h ~ÓÇ 234 km/h – í˛zˆÏí˛¸yçy•yç!ê˛Ó˚ Ë˛Ó˚ Ü˛ï˛⁄ åÓyÎ˚%Ó˚
âlcˆÏÜ˛  1 kg m–3 ôˆÏÓ˚ lyGä–

10.28 !Ù!°Ü˛yˆÏlÓ˚ ̃ ï˛°!Ó®% ̨õÓ˚#«˛yÓ˚ ̂ «˛ˆÏe 2.0 × 10–5 m Óƒy§yô≈!Ó!¢T˛ G  1.2 × 103 kg m–3 âlc!Ó!¢T˛ xly!•ï˛
~Ü˛!ê˛ ˜ï˛°!Ó®%Ó˚ ≤Ãyhs˝#Î˚ ˆÓà !lî≈Î˚ Ü˛ˆÏÓ˚y– ˛õÓ˚#«˛y ÓƒÓfiÌyÎ˚ §Ç!Ÿ’T˛ í˛z£÷Ïï˛yÎ˚ ÓyÎ˚%Ó˚ §ywï˛yAÜ˛ 1.8 × 10–5 Pa s

ôˆÏÓ˚ lyG– ˙ ˆÓˆÏàÓ˚ çlƒ ˜ï˛°!Ó®%!ê˛Ó˚ í˛z˛õÓ˚ !Ü ˛Î˚y¢#° §ywÓ° !lî≈Î˚ Ü˛ˆÏÓ˚y– ˜ï˛°!Ó®%Ó˚ í˛z˛õÓ˚ ÓyÎ˚%Ó˚ ≤’Óï˛y
Ó°ˆÏÜ˛ í˛zˆÏ˛õ«˛y Ü˛ˆÏÓ˚y–

10.29 ˆ§yí˛y°y•zÙ @’y§ ~Ó˚ §ˆÏAà ˛õyÓ˚ˆÏòÓ˚ flõ¢≈ˆÏÜ˛yî •° 140° – ~•zÓ˚Ü˛Ù Ü˛yã˛ !òˆÏÎ˚ ˜ï˛!Ó˚  1.00 mm Óƒy§yô≈!Ó!¢T˛
~Ü˛!ê˛ §Ó%̊ l° Ï̂Ü˛ ̨õyÓ˚ò˛õ)î≈ ~Ü˛!ê˛ ̨õy Ï̂e ̂ í˛yÓy Ï̂ly •°– Óy•ẑ ÏÓ˚Ó˚ ̨õyÓ˚òhflÏ̂ ÏÓ˚Ó˚ ï%̨ °lyÎ˚ §Ó%̊l Ï̂°Ó˚ xË˛ƒhs˝̂ ÏÓ˚Ó˚ ̨õyÓ˚̂ ÏòÓ˚
hflÏÓ˚ Ü˛ï˛ l# Ï̂ã˛ ÌyÜ˛ Ï̂Ó⁄ ̨õÓ˚#«˛yô#l ÓƒÓfiÌyÎ˚ ̇  í z̨£÷Ïï˛yÎ˚ ̨õyÓ˚̂ ÏòÓ˚ ̨õ,¤˛ê˛yl •° 0.465 N m–1 ~ÓÇ ̨õyÓ˚̂ ÏòÓ˚ âlc =

13.6 × 10
3
 kg m

–3–
10.30 3.0 mm ~ÓÇ 6.0 mm  Óƒy§Î%=˛ ò%!ê˛ §Ó˚% ˆã˛y.yÜ,˛!ï˛ l°ˆÏÜ˛ Î%=˛ Ü˛ˆÏÓ˚ ~Ü˛!ê˛ U l° ˜ï˛!Ó˚ Ü˛Ó˚y •° ÎyÓ˚ ò%•z ≤Ãyhs˝

ˆáy°y– Î!ò U l°!ê˛ ç° myÓ˚y ˛õ)î≈ Ü˛Ó˚y •Î˚ ï˛ˆÏÓ ï˛yÓ˚ ò%Óy•%ˆÏï˛ çˆÏ°Ó˚ ˆ°ˆÏÓˆÏ°Ó˚ ˛õyÌ≈Ü˛ƒ Ü˛ï˛⁄ ˛õÓ˚#«˛y ÓƒÓfiÌyÓ˚
§Ç!Ÿ’T˛ í z̨£÷Ïï˛yÎ̊ ç Ï̂°Ó̊ ̨õ,¤˛ê˛yl •°  7.3 × 10

–2
 N m

–1 – flõ¢≈̂ ÏÜ˛y Ï̂îÓ̊ Ùyl Ï̂Ü˛ ¢)lƒ ~ÓÇ ç Ï̂°Ó̊ âlc Ï̂Ü˛  1.0 × 10
3

kg m
–3

 ô Ï̂Ó˚y (g = 9.8 m s
–2

) –

Ü˛ƒy°Ü%˛ˆÏ°ê˛Ó˚ ‡ Ü˛!¡õí˛zê˛yÓ˚ !lË≈˛Ó˚ §Ù§ƒy ÈüüüÈ

10.31 (a) ~ê˛y xyÙyˆÏòÓ˚ çyly ˆÎ ÓyÎ˚%Ó˚ âlc  ρ í˛zFã˛ï˛y Ó,!ÂôÓ˚ §ˆÏAà !l¡¨!°!áï˛ §Ù#Ü˛Ó˚î xl%Îy!Î˚ •…y§ ˛õyÎ˚–

ρ ρ= −
0e

y/yo

ˆÎáy Ï̂l ρ
0
 = 1.25 kg m–3 •° §Ù%o˛õ,̂ Ï¤˛ ÓyÎ%̊Ù[˛ Ï̂°Ó˚ âlc ~ÓÇ  y

0
 •° ~Ü˛!ê˛ ô %ÓÜ˛– í z̨Fã˛ï˛yÓ˚ § Ï̂Aà âl Ï̂cÓ˚ ~•z

˛õ!Ó˚Óï≈˛ˆÏlÓ˚ §)eˆÏÜ˛ Ó°y •Î˚ ÓyÎ˚%Ù[˛ˆÏ°Ó˚ §)e– ÓyÎ˚%Ù[˛ˆÏ°Ó˚ í˛z£÷Ïï˛y x˛õ!Ó˚Ó!ï≈˛ï˛ å§ˆÏÙy£÷Ï ÌyˆÏÜ˛ä ÌyˆÏÜ˛ ôˆÏÓ˚ !lˆÏÎ˚
§)e!ê˛ ˆÓÓ˚ Ü˛ˆÏÓ˚y– g ~Ó˚ ÙylG ô %ÓÜ˛ ÌyˆÏÜ˛ ôˆÏÓ˚ lyG–
(b) ~Ü˛!ê˛ ÓˆÏí˛¸y He àƒy§ ̨õ)î≈ ̂ Ó°%ˆÏlÓ˚ xyÎ˚ï˛l 1425 m3 ~ÓÇ •z•y  400 kg Ë˛ˆÏÓ˚Ó˚ ̂ ˛õÈüÈˆ°yí˛ åPay loadä ̂ Ü˛
ˆï˛y°yÓ˚ Ü˛yˆÏç ÓƒÓ•,ï˛– ôˆÏÓ˚y ˆÓ°%l!ê˛Ó˚ í˛z˛õˆÏÓ˚ í˛zë˛yÓ˚ §ˆÏAà ~Ó˚ Óƒy§yˆÏô≈Ó˚ ˆÜ˛yˆÏly ˛õ!Ó˚Óï≈˛l •Î˚ ly– Ü˛ï˛ í˛zFã˛ï˛y
˛õÎ≈hs˝ ̂ Ó°%l!ê˛ í˛zë˛ˆÏÓ⁄ åôˆÏÓ˚y  y

0
 = 8000 m ~ÓÇ ρ

He
 = 0.18 kg m–3ä–
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˛õ!Ó˚!¢T˛ 10.1 : Ó˚=˛ã˛y˛õ Ü˛#⁄
APPENDIX 10.1 : WHAT IS BLOOD PRESSURE ?

!ÓÓï≈˛ˆÏlÓ˚ •z!ï˛•yˆÏ§ ˆÜ˛yˆÏly ~Ü˛ §ÙÎ˚ !SÈ° Îál ≤Ãyî#ˆÏòÓ˚ ˜òl!®l ç#ÓˆÏlÓ˚ ~Ü˛ê˛y ÓˆÏí˛¸y xÇ¢ ˆ§yçy òÑyí˛¸yˆÏly xÓfiÌyÎ˚ åòÑy!í˛¸ˆÏÎ˚ ˆÌˆÏÜ˛ä
x!ï˛Óy!•ï˛ Ü˛Ó˚ˆÏï˛ •ˆÏï˛y– ~ˆÏï˛ §ÇÓ•l ≤Ãîy°#ˆÏï˛ xˆÏlÜ˛ ã˛y!•òyÓ˚ §,!T˛ •ˆÏÎ˚ˆÏSÈ– Ê˛ˆÏ° !¢Ó˚yï˛sf Îy ¢Ó˚#ˆÏÓ˚Ó˚ !l¡¨yÇ¢ ̂ ÌˆÏÜ˛ Ó˚=˛ˆÏÜ˛ ̨ õ%lÓ˚yÎ˚ •,Í!˛õˆÏ[˛
ˆ˛õÑÔSÈyÎ˚ ï˛yÓ˚ xˆÏlÜ˛ ˛õ!Ó˚Óï≈˛l •ˆÏÎ˚ˆÏSÈ– ˆï˛yÙÓ˚y çyˆÏly ˆÎñ !¢Ó˚y •° Ó˚=˛ly!°Ü˛y ÎyÓ˚ §y•yˆÏÎƒ Ó˚=˛ ˛õ%lÓ˚yÎ˚ •,Í!˛õˆÏ[˛ !Ê˛ˆÏÓ˚ xyˆÏ§– Ùyl%£Ï ~ÓÇ
!çÓ˚y Ï̂Ê˛Ó˚ Ù Ï̂ï˛y ≤Ãyî#Ó˚y !l Ï̂ç Ï̂òÓ˚̂ ÏÜ˛ x!Ë˛ Ï̂Îy!çï˛ Ü˛ Ï̂Ó˚ Ó˚=˛ Ï̂Ü˛ x!Ë˛Ü˛ Ï̂£Ï≈Ó˚ !ÓÓ%̊̂ ÏÂô |ôÁ≈Ù%á# ã˛y°ly Ü˛Ó˚yÓ˚ §Ù§ƒy Ï̂Ü˛ x!ï˛Ü ̨ Ù Ü˛Ó˚̂ Ïï˛ §«˛Ù • Ï̂Î˚̂ ÏSÈ–

!Ü˛v §y˛õñ •zÑò%Ó˚ ~ÓÇ áÓ˚ˆÏàyˆÏ¢Ó˚ ÙˆÏï˛y ≤Ãyî#ˆÏòÓ˚ˆÏÜ˛ áyí˛¸yË˛yˆÏÓ ˆÓ˚ˆÏá !òˆÏ° ï˛yÓ˚y ÙˆÏÓ˚ ÎyˆÏÓ Ü˛yÓ˚î ï˛yˆÏòÓ˚ Ó˚=˛ !l¡øyÇˆÏ¢ ˆÌˆÏÜ˛ ÎyÎ˚ ~ÓÇ ï˛yˆÏòÓ˚
!¢Ó˚yï˛sf Ó˚=˛ˆÏÜ˛ |ôÁ≈Ù%ˆÏá §M˛y!°ï˛ Ü˛ˆÏÓ˚ •,ò!˛õˆÏ[˛ ˆ˛õÑÔSÈyˆÏï˛ ˛õyˆÏÓ˚ ly–
!ã˛e 10.26 ˆï˛ ÙylÓˆÏòˆÏ•Ó˚ !Ó!Ë˛ß¨ !Ó®%ˆÏï˛ !¢Ó˚yÓ˚ ÙˆÏôƒ Ó˚ˆÏ=˛Ó˚ àí˛¸ ã˛y˛õˆÏÜ˛ ˆòáyˆÏly •ˆÏÎ˚ˆÏSÈ– ˆÎˆÏ•ï%˛ §ywï˛yç!lï˛ ≤ÃË˛yÓ Ü˛Ùñ ï˛y•z xyÙÓ˚y ~•z
ã˛y˛õˆÏÜ˛ ̂ ÓyV˛yÓ˚ çlƒ ÓyˆÏl≈Ô!°Ó˚ §Ù#Ü˛Ó˚î (10.13) ̂ Ü˛ ÓƒÓ•yÓ˚ Ü˛Ó˚ˆÏï˛ ̨ õy!Ó˚

P gy+ + =
1

2

2ρ ρv  ô %ÓÜ˛

!ï˛l!ê˛ ôÙl#ˆÏï˛  Ó˚ˆÏ=˛Ó˚ ˆÓà á%Ó Ü˛Ù (≈ 0.1 m s–1) ÓˆÏ° à!ï˛¢!=˛Ó˚ ˛õò!ê˛ å½ρv2ä ˆÜ˛ xyÙÓ˚y í˛zˆÏ˛õ«˛y Ü˛Ó˚ˆÏï˛ ˛õy!Ó˚– ï˛y•z Ù!hflÏ‹Òñ •,ò!˛õ[˛ ~ÓÇ
˛õyˆÏÎ˚ àç ã˛yˆÏ˛õÓ˚ Ùyl ÎÌyÜ ˛Ù  P

B
, P

H
 ~ÓÇ P

F 
˛õÓ˚flõÓ˚ !l¡¨!°!áï˛ §Ù#Ü˛Ó˚ˆÏîÓ˚ ÙˆÏï˛y §¡õÜ≈˛Î%=˛–

P
F
 = P

H
 +  ρ g h

H
 = P

B
 + ρ g h

B
(10.34)

~áyˆÏl ρ •° Ó˚ˆÏ=˛Ó˚ âlc–

•,Í!˛õ[˛ G Ù!hflÏ̂ Ï‹ÒÓ˚ í z̨Fã˛ï˛yÓ˚ !Ó Ï̂¢£Ï Ùyl åTypical valueä •° ÎÌyÜ ̨ Ï̂Ù  h
H
 = 1.3 m ~ÓÇ h

B
 = 1.7 m–  ρ = 1.06 × 103 kg m–3 !l Ï̂Î˚ xyÙÓ˚y

˛õy•zñ P
F  

= 26.8 kPa (!Ü˛ˆÏ°y˛õyflÒy°) ~ÓÇ
 
P

B
 = 9.3 kPañ Îy ˆÌˆÏÜ˛ ˛õy•z P

H
 = 13.3 kPa – ï˛y•z òÑyí˛¸yˆÏly xÓfiÌyÎ˚ ¢Ó˚#ˆÏÓ˚Ó˚ !lß√yÇ¢ ~ÓÇ

|ôÁyÇ¢ˆÏï˛ ã˛yˆÏ˛õÓ˚ ÙyˆÏlÓ˚ ~ï˛ ̨ õyÌ≈Ü˛ƒ •Î˚– !Ü˛v ̂ ¢yÎ˚y xÓfiÌyÎ˚ ~•z Ùylà%ˆÏ°y ≤ÃyÎ˚ §Ùyl •Î˚– ̨ õyë˛ƒyÇˆÏ¢ í˛z!Õ‘!áï˛ ã˛yˆÏ˛õÓ˚ ~Ü˛Ü˛ Îy !ã˛!Ü˛Í§y!Óòƒy
G ¢yÓ˚#Ó˚!ÓòƒyÎ˚ §ã˛Ó˚yã˛Ó˚ ÓƒÓ•,ï˛ •Î˚ ï˛y •° ê˛Ó˚ G !Ù!°!Ùê˛yÓ˚ ̨õyÓ˚òhflÏΩ˛–  1 mm  ̨õyÓ˚òhflÏΩ˛ = 1 ê˛Ó˚ = 0.133 kPa– ï˛y•z •,Í!˛õ Ï̂[˛ ã˛y Į̈̂ õÓ˚ àí ¸̨ Ùyl
•° P

H
 = 13.3 kPa = 100 mm ̨õyÓ̊òhflÏΩ˛–

ÙylÓ ¢Ó˚#Ó˚ •° ≤ÃÜ,˛!ï˛Ó˚ xq$ï˛ !ÓfløÎ˚– ¢Ó˚#ˆÏÓ˚Ó˚ !lß√yÇˆÏ¢ å˛õyä xÓ!fiÌï˛ ôÙl#à%ˆÏ°y Ü˛˛õy!ê˛Ü˛y åÓyÕ∫ä myÓ˚y ~ÙlË˛yˆÏÓ §!Iï˛ñ ÎyˆÏï˛ Ü˛ˆÏÓ˚ Îál
Ó˚=˛ !lß√yÇ¢ ˆÌˆÏÜ˛ •,Í!˛õˆÏ[˛Ó˚ !òˆÏÜ˛ ≤ÃÓy!•ï˛ •Î˚ ï˛ál ÓyÕ∫à%ˆÏ°y á%ˆÏ° ÎyÎ˚– xyÓyÓ˚ Îál Ó˚=˛ l#ˆÏã˛Ó˚ !òˆÏÜ˛ à!ï˛¢#° •ˆÏï˛ ã˛yÎ˚ ï˛ál ï˛yÓ˚y Órô •ˆÏÎ˚
ÎyÎ˚– xyÓyÓ˚ Ó˚=˛ Ÿªy§ ≤ÃŸªyˆÏ§Ó˚ §ˆÏAà Î%=˛ Ü ˛Ù §ÇˆÏÜ˛yã˛l ≤Ã§yÓ˚î !Ü ˛Î˚y myÓ˚y ~ÓÇ •yê˛yÓ˚ §ÙÎ˚ x!fiÌˆÏ˛õ¢#Ó˚ §ÇˆÏÜ˛yã˛ˆÏlÓ˚ Ê˛ˆÏ° xyÇ!¢Ü˛Ë˛yˆÏÓ
•,Í!˛õˆÏ[˛ !Ê˛ˆÏÓ˚ xyˆÏ§– ï˛y•z ~Ü˛çl ̃ §!lÜ˛ Îál §yÓôyl xÓfiÌyÎ˚ åattentionä òÑyí˛¸yÎ˚ ï˛ál ̂ § Ù%!SÈ≈ï˛ •ˆÏï˛ ̨õyˆÏÓ˚ñ Ü˛yÓ˚î ï˛ál •,Í!˛õˆÏ[˛ x˛õÎ≈yÆ
˛õ!Ó˚Ùyî Ó˚=˛ !Ê˛ˆÏÓ˚ xyˆÏ§– Îál ï˛yˆÏÜ˛ ˆ¢yÎ˚yˆÏly •Î˚ ï˛ál ã˛yˆÏ˛õÓ˚ Ùyl §Ùï˛yÎ˚ ˆ˛õÑÔSÈyÎ˚ ~ÓÇ ï˛yÓ˚ ˆã˛ï˛ly !Ê˛ˆÏÓ˚ xyˆÏ§–

!ã˛e  10.26 áyí ¸̨̧y G ̂ ¢yÎ˚y xÓfiÌyÎ˚ Ùyl%̂ Ï£ÏÓ˚ ¢Ó˚# Ï̂Ó˚Ó˚ !Ó!Ë˛ß¨ xÇ Ï̂¢Ó˚ àç ã˛y˛õ ~Ó˚ ~Ü˛!ê˛ !ã˛e ̂ òáy Ï̂ly • Ï̂Î˚̂ ÏSÈ– ~ Ï̂«˛ Ï̂e ~Ü˛!ê˛ ̨õ)î≈ •,òã˛ Ï̂Ü ̨ Ó˚
ã˛yˆÏ˛õÓ˚ àí˛¸ÙylˆÏÜ˛ ≤Ãò!¢≈ï˛ Ü˛Ó˚y •ˆÏÎ˚ˆÏSÈ–
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!flõà‰ˆÏÙyÙƒyˆÏly!Ùê˛yÓ˚ lyÙÜ˛ ÎˆÏsfÓ˚ §y•yˆÏÎƒ §yôyÓ˚îï˛ Ó˚=˛ã˛y˛õ ˛õ!Ó˚Ùy˛õ Ü˛Ó˚y •Î˚– •z•y •° ~Ü˛!ê˛ o%ï˛ñ Îsfly!Ó•#l G xlyÜ ˛ÙîydÜ˛ ånon-

invasiveä ˛õÂô!ï˛ ÎyÓ˚ myÓ˚y í˛y=˛yÓ˚Ó˚y ˆÓ˚yà#ˆÏòÓ˚ ˆòˆÏ•Ó˚ xÓfiÌy §¡õˆÏÜ≈˛ ˆÙyê˛yÙ%!ê˛ ôyÓ˚îy Ü˛Ó˚ˆÏï˛ ˛õyˆÏÓ˚l– Ó˚=˛ã˛y˛õ ˛õ!Ó˚ÙyˆÏ˛õÓ˚ ˛õÂô!ï˛ˆÏÜ˛  10.27

lÇ !ã˛ˆÏe ̂ òáyˆÏly •ˆÏÎ˚ˆÏSÈ– ò%!ê˛ Ü˛yÓ˚ˆÏî •yˆÏï˛Ó˚ |ôÁ≈yÇ¢ˆÏÜ˛ ~Ü˛yˆÏç ÓƒÓ•yÓ˚ Ü˛Ó˚y •Î˚– ≤ÃÌÙï˛ ÈüÈ •z•y •,ò!˛õˆÏ[˛Ó˚ §ˆÏAà ~Ü˛•z í˛zFã˛ï˛yÎ˚ ÌyˆÏÜ˛ ~ÓÇ ~•z
ã˛yˆÏ˛õÓ˚ ̨ õ!Ó˚Ùyl •,ò!˛õˆÏ[˛Ó˚ ̨ õ!Ó˚ÙyˆÏ˛õÓ˚ Ü˛ySÈyÜ˛y!SÈ Ùyl ̂ òÎ˚– !mï˛#Î˚ï˛ñ •yˆÏï˛Ó˚ í˛z˛õˆÏÓ˚Ó˚ xÇˆÏ¢ ~Ü˛!ê˛Ùye •yí˛¸ ÌyˆÏÜ˛ ~ÓÇ !¢Ó˚yˆÏÜ˛ ~ xÇˆÏ¢ §ÇÜ%˛!ã˛ï˛
Ü˛Ó˚y §•ç åÎyˆÏÜ˛ Ó y!§ˆÏÎ˚° Óy Óy•%ÈüÈ!¢Ó˚y Ó°y •Î˚ä– xyÙÓ˚y §Óy•z Ü˛Ó‰!çˆÏï˛ xyAà%° ˆã˛ˆÏ˛õ •,òflõ®ˆÏlÓ˚ •yÓ˚ˆÏÜ˛ ˛õ!Ó˚Ùy˛õ Ü˛!Ó˚– ≤Ã!ï˛!ê˛ flõ®l 1
ˆ§ˆÏÜ˛[˛ ̂ ÌˆÏÜ˛ x“ !Ü˛S%È Ü˛Ù §ÙÎ˚ ̂ lÎ˚– ≤Ã!ï˛ flõ®ˆÏl •,ò!˛õ[˛ ~ÓÇ §ÇÓ•lï˛ˆÏsf ã˛yˆÏ˛õÓ˚ ~Ü˛!ê˛ §ˆÏÓ≈yFã˛ Ùyl å!§ˆÏfiê˛y!°Ü˛ ã˛y˛õä ÌyˆÏÜ˛ Îál •,ò!˛õ[˛
myÓ˚y Ó˚=˛ Ï̂Ü˛ ̨õy¡õ Ü˛Ó˚y •Î˚ ~ÓÇ ~Ü˛!ê˛ §Ó≈!l¡¨ Ùyl åí˛yÎ˚y Ï̂fiê˛y!°Ü˛ ã˛y˛õä Ìy Ï̂Ü˛ Îál •,ò!˛õ[˛ !¢!Ì° xÓfiÌyÎ˚ årelaxedä Ìy Ï̂Ü˛– !flõà‰̂ ÏÙyÙƒy Ï̂ly!Ùê˛yÓ˚
•° ~Ü˛!ê˛ Îsfñ Îy ~•z ã)̨ í ¸̨yhs˝ ã˛y˛õà%̂ Ï°y ̨õ!Ó˚Ùy˛õ Ü˛ Ï̂Ó˚– •z•y ~ l#!ï˛Ó˚ í z̨̨ õÓ˚ Ü˛yç Ü˛ Ï̂Ó˚ ̂ Îáy Ï̂l í z̨̨ õÎ%=˛ ã˛y˛õ ≤Ã Ï̂Î˚yà Ü˛ Ï̂Ó˚ Ó˚=˛ ≤ÃÓy• Ï̂Ü˛ ôyÓ˚y Ï̂Ó˚á ̂ Ì Ï̂Ü˛
!Ó«%˛kô ≤ÃÓyˆÏ• ̨õ!Ó˚îï˛ Ü˛ˆÏÓ˚ Ó y!§ˆÏÎ˚° !¢Ó˚yˆÏï˛ å|ôÁ≈Óy•%ˆÏï˛ä ≤ÃÓy!•ï˛ Ü˛Ó˚yˆÏly •Î˚– !Ó«%kô ≤ÃÓy• •° x˛õã˛Î˚# ~ÓÇ ~Ó˚ ¢∑ xyÙÓ˚y ̂ fiê˛ˆÏÌyˆÏflÒyˆÏ˛õÓ˚
§y•yˆÏÎƒ ¢%lˆÏï˛ ˛õy•z–

~Ü˛!ê˛ ÓyÎ˚%Ó˚ Ì!°ˆÏÜ˛ •yˆÏï˛Ó˚ |ôÁ≈yÇˆÏ¢ ̂ ˛õ!ã˛ˆÏÎ˚ ÙƒyˆÏly!Ùê˛yÓ˚ ÎˆÏsfÓ˚ §y•yˆÏÎƒ Óy í˛yÎ˚y° ã˛y˛õ Ùy˛õÜ˛ ådial pressure gaugeä ÎˆÏsfÓ˚ §y•yˆÏÎƒ àç
ã˛y˛õ ̨ õ!Ó˚Ùy˛õ Ü˛Ó˚y •Î˚ å!ã˛e 10.27Ïä– ̇  ÓyÎ˚%Ì!°Ó˚ ã˛y˛õˆÏÜ˛ ~ÙlË˛yˆÏÓ
Ó,!Âô Ü˛Ó˚y •Î˚ ÎyˆÏï˛ Ü˛ˆÏÓ˚ •yˆÏï˛Ó˚ |ôÁ≈yÇˆÏ¢Ó˚ ôÙl#Ó˚ ≤ÃÓy• Órô •ˆÏÎ˚
ÎyÎ˚– ï˛yÓ˚˛õÓ˚ ÓyÎ˚%Ì!°Ó˚ ã˛y˛õˆÏÜ˛ ô#ˆÏÓ˚ ô#ˆÏÓ˚ •…y§ Ü˛Ó˚y •Î˚ ~ÓÇ
fiê˛ƒyˆÏÌyˆÏflÒy˛õˆÏÜ˛ ÓyÎ˚%Ì!°Ó˚ l#ˆÏã˛ Ó˚yáy •Î˚ ~ÓÇ •yˆÏï˛Ó˚ |ôÁ≈yÇˆÏ¢Ó˚
ôÙl# Ï̂ï˛ §,T˛ ¢∑ Ï̂Ü˛ ̂ ¢yly •Î˚– Îál ~ ã˛y Į̈̂ õÓ˚ Ùyl !§ Ï̂fiê˛y!°Ü˛ ã˛y Į̈̂ õÓ˚
!ë˛Ü˛ l#ˆÏã˛ ÌyˆÏÜ˛ ï˛ál !¢Ó˚y ô#ˆÏÓ˚ ô#ˆÏÓ˚ á%°ˆÏï˛ ÌyˆÏÜ˛– ~•z ˆáy°yÓ˚ fl∫“
§ÙÎ˚Ü˛yˆÏ° á%Ó §ÇÜ˛#î≈ ôÙl# ˛õˆÏÌ Ó˚=˛ ≤ÃÓyˆÏ•Ó˚ ˆÓà á%Ó ˆÓ!¢ •ˆÏÎ˚
!Ó«%˛kô ≤ÃÓy• •Î˚ ~ÓÇ ï˛y ˆÜ˛y°y•° ˛õ)î≈ •Î˚ ~ÓÇ ~!ê˛ Ù,ò% ¢∑ Ó˚)ˆÏ˛õ
ˆfiê˛ˆÏÌyˆÏflÒyˆÏ˛õ ôÓ˚y ̨õˆÏí˛¸– xyÓyÓ˚ Îál ÓyÎ˚%Ì!°ˆÏï˛ ã˛yˆÏ˛õÓ˚ Ùyl ̨õ%lÓ˚yÎ˚
Ü˛ Ï̂Ù ÎyÎ˚ñ •,òã˛ Ï̂Ü ̨ Ó˚ ~Ü˛ê˛y ̂ Ó!¢ §ÙÎ˚ Óƒy!˛õ ôÙl# á%̂ Ï° Ìy Ï̂Ü˛– ï˛y§ Ï̂_¥G
•,òflõ®ˆÏlÓ˚ í˛yÎ˚yˆÏfiê˛y!°Ü˛ ò¢yÜ˛yˆÏ° ~!ê˛ Órô ÌyˆÏÜ˛– ï˛y•z ~•z Ù,ò%
¢∑!ê˛ ò#â≈fiÌyÎ˚# •Î˚– §Ù@˝Ã •,òã˛ˆÏÜ ˛ Îál ÓyÎ˚%Ì!°ˆÏï˛ ã˛yˆÏ˛õÓ˚ Ùyl
í˛yÎ˚yˆÏfiê˛y!°Ü˛ ã˛yˆÏ˛õÓ˚ §Ùyl •Î˚ñ ï˛ál ôÙl#Ó˚ Ù%á í˛zß√%=˛ •Î˚– Îy•z
ˆ•yÜ˛ ~•z ≤ÃÓy• ï˛álG !Ó«%˛kô G ~ˆÏ°yˆÏÙˆÏ°y •Î˚– !Ü˛v ~ˆÏ«˛ˆÏe Ù,ò%
¢ˆÏ∑Ó˚ ˛õ!Ó˚ÓˆÏï≈˛ ~Ü˛!ê˛ !l!ò≈T˛ ÙyˆÏlÓ˚ !lÓ˚!Ó!FSÈß¨ ˆçyÓ˚yˆÏ°y ¢∑ ˆfiê˛ˆÏÌyˆÏflÒyˆÏ˛õ ˆ¢yly ÎyÎ˚–

~Ü˛çl ̂ Ó˚yà#Ó˚ Ó˚=˛ã˛y˛õ ≤ÃÜ˛y¢ Ü˛Ó˚y •Î˚ !§ˆÏfiê˛y!°Ü˛ G í˛yÎ˚yˆÏfiê˛y!°Ü˛ ã˛yˆÏ˛õÓ˚ xl%˛õyï˛ myÓ˚y– !Ó◊yÙÓ˚ï˛ xÓfiÌyÎ˚ ~Ü˛çl §%fiÌ ≤ÃyÆ ÓÎ˚flÒ Óƒ!=˛Ó˚
Ó˚=˛ã˛yˆÏ˛õÓ˚ §yôyÓ˚î Ùyl •°  120/80 mm ˛õyÓ˚òhflÏΩ˛ (120/80 ê˛Ó˚)– Ó˚=˛ã˛yˆÏ˛õÓ˚ Ùyl  140/90 ~Ó˚ ˆÓ!¢ •ˆÏ° !ã˛!Ü˛Í§ˆÏÜ˛Ó˚ ˛õÓ˚yÙ¢≈ G ÓƒÓfiÌy
≤ÃˆÏÎ˚yçl– í˛zFã˛ Ó˚=˛ã˛y˛õ •,Í!˛õ[˛ñ !Ü˛í˛l# ~ÓÇ xlƒylƒ xAàˆÏÜ˛ ï˛#Ó Ë˛yˆÏÓ «˛!ï˛@˝ÃfiÌ Ü˛Ó˚ˆÏï˛ ̨ õyˆÏÓ˚ ~ÓÇ ï˛y•z ï˛yˆÏÜ˛ xÓ¢ƒ•z !lÎ˚sfˆÏî xyly ≤ÃˆÏÎ˚yçl–

!ã˛e  10.27 !flõàˆÏÙyÙƒyˆÏly!Ùê˛yÓ˚ G ˆfiê˛ˆÏÌyˆÏflÒyˆÏ˛õÓ˚ §y•yˆÏÎƒ
Ó˚=˛ã˛y˛õ ̨õ!Ó˚Ùy˛õ–

ˆfiê˛ˆÏÌyˆÏflÒy˛õ
ÓyÎ˚%Ì!°

ÓyÎ˚%Ù%=˛
Ü˛Ó˚yÓ˚ ÓyÕ∫

˛õy¡õ

Ùƒy Ï̂ly!Ùê˛yÓ˚



xôƒyÎ˚ ı ~Ü˛yò¢

˛õòyˆÏÌ≈Ó˚ ï˛y˛õ#Î˚ ôÙ≈yÓ!°
(THERMAL PROPERTIES OF MATTER)

11.1  Ë)̨ !ÙÜ˛y  (INTRODUCTION)

ï˛y˛õ G ï˛y˛õÙyey §¡õˆÏÜ≈˛ xyÙyˆÏòÓ˚ §ÓyÓ˚ §yôyÓ˚î ôyÓ˚îy Ó˚ˆÏÎ˚ˆÏSÈ– ï˛y˛õÙyey •° Ó›Ó˚

Úï˛y˛õ#Î˚ xÓfiÌyÓ˚Û ˛õ!Ó˚Ùy˛õ– ÓÓ˚Ê˛˛õ)î≈ ~Ü˛!ê˛ ÓyˆÏ:Ó˚ ï%˛°lyÎ˚ Ê%˛ê˛hs˝ ç°˛õ)î≈ ~Ü˛!ê˛ ˆÓyï˛°

xˆÏ˛õ«˛yÜ,˛ï˛ ˆÓ!¢ àÓ˚Ù– ˛õòyÌ≈!ÓòƒyÎ˚ñ ï˛y˛õ G ï˛y˛õÙyeyÓ˚ ôyÓ˚îyˆÏÜ˛ ˆÓ!¢ à%Ó˚%ˆÏcÓ˚ §yˆÏÌ

G §!ë˛Ü˛Ë˛y Ï̂Ó Óî≈ly Ü˛Ó˚y ≤Ã Ï̂Î˚yçl– ~ xôƒy Ï̂Î˚ñ xyÙÓ˚y ï˛y˛õ Ü˛# ~ÓÇ ~ Ï̂Ü˛ Ü˛#Ë˛y Ï̂Ó ̨õ!Ó˚Ùy˛õ

Ü˛Ó˚y ÎyÎ˚ ï˛y !¢áÓ ~ÓÇ ~Ü˛ Ó› ˆÌˆÏÜ˛˛ xlƒ Ó›ˆÏï˛ ï˛y˛õ §M˛y°ˆÏlÓ˚ !Ó!Ë˛ß¨ ˛õÂô!ï˛

§¡õ Ï̂Ü≈̨  xôƒÎ˚l Ü˛Ó˚Ó– ~Ü˛•zË˛y Ï̂Ó xyÙÓ˚y çylÓñ àÓ%̊Ó˚ ày!í ¸̨Ó˚ Ü˛y Ï̂ë˛Ó˚ ã˛yÜ˛yÎ˚ ̂ Óí ¸̨ ̨ ˛õí ¸̨y Ï̂lyÓ˚

xy Ï̂à Ü˛Ù≈Ü˛yÓ˚ ̂ Ü˛l ̂ °y•yÓ˚ Ó°Î˚ å!Ó˚Çä ̂ Ü˛ ï˛y˛õ ̂ òÎ˚ ~ÓÇ ̂ Ü˛l•z Óy §)Î≈y Ï̂hflÏÓ˚ ̨õÓ˚ §Ù%oï˛# Ï̂Ó˚

ÓyÎ˚% ≤ÃÓyˆÏ•Ó˚ !òÜ˛ ̨õ!Ó˚Ó!ï˛≈ï˛ •Î˚– ̂ ï˛yÙÓ˚y xyÓ˚G !¢áˆÏÓ çˆÏ°Ó˚ fl≥%˛ê˛l G !•ÙyÎ˚ˆÏlÓ˚ §ÙÎ˚

Ü˛# âˆÏê˛ ~ÓÇ ~§ÙÎ˚ Î!òG !Ó¢y° ˛õ!Ó˚Ùyî ï˛yˆÏ˛õÓ˚ xyòyl ≤Ãòyl âˆÏê˛ñ ï˛Ó%G çˆÏ°Ó˚

ï˛y˛õÙyeyÓ˚ ˆÜ˛yˆÏly ˛õ!Ó˚Óï≈˛l âˆÏê˛ ly–

11.2  ï˛y˛õÙyey G ï˛y˛õ (TEMPERATURE AND HEAT)

ï˛y˛õÙyey G ï˛yˆÏ˛õÓ˚ §ÇK˛y !òˆÏÎ˚•z xyÙÓ˚y ̨õòyˆÏÌ≈Ó˚ ï˛y˛õ#Î˚ ôÙ≈§Ù)•ˆÏÜ˛ çylˆÏï˛ ¢%Ó˚% Ü˛Ó˚ˆÏÓy–

ï˛y˛õÙyey •° ~Ü˛ xyˆÏ˛õ!«˛Ü˛ ˛õ!Ó˚Ùy˛õ xÌÓy àÓ˚Ù G ë˛yu˛yÓ˚ xl%Ë)˛!ï˛ !lˆÏò≈¢Ü˛– Ó°y •Î˚

~Ü˛!ê˛ àÓ˚Ù ˛õyˆÏeÓ˚ ï˛y˛õÙyey ˆÓ!¢ ~ÓÇ ~Ü˛!ê˛ ÓÓ˚Ê˛áˆÏ[˛Ó˚ ï˛y˛õÙyey Ü˛Ù– xlƒ ˆÜ˛yˆÏly

Ó›Ó˚ ï%˛°lyÎ˚ ˆÎ Ó›Ó˚ ï˛y˛õÙyey ˆÓ!¢ñ ˆ§ Ó›ˆÏÜ˛ ˆÓ!¢ í˛z_Æ Ó°y •Î˚– °«˛î#Î˚ ˆÎ °¡∫y

G ̂ ÓˆÏê˛Ó˚ ÙˆÏï˛y àÓ˚Ù G ë˛yu˛y xyˆÏ˛õ!«˛Ü˛ !Ó£ÏÎ˚– xyÙÓ˚y flõˆÏ¢≈Ó˚ ÙyôƒˆÏÙ ï˛y˛õÙyey xl%Ë˛Ó

Ü˛Ó˚ˆÏï˛ ˛õy!Ó˚– Îy•z ˆ•yÜ˛ñ ~•z ï˛y˛õÙyeyÓ˚ ôyÓ˚îy !Ü˛S%Èê˛y x!lË≈˛Ó˚ˆÏÎyàƒ ~ÓÇ ˜ÓK˛y!lÜ˛

!Ó£ÏˆÏÎ˚ ~Ó˚ ÓƒÓ•y!Ó˚Ü˛ ˆ«˛e xˆÏlÜ˛ê˛y•z §#!Ùï˛–

x!Ë˛K˛ï˛y ˆÌˆÏÜ˛ xyÙÓ˚y çy!l ˆÎñ àÓ˚ˆÏÙÓ˚ !òˆÏl ˆÜ˛yˆÏly ˆê˛!ÓˆÏ°Ó˚ í˛z˛õÓ˚ ~Ü˛ @’y§

ÓÓ˚Ê˛ÈüÈë˛yu˛y ç°ˆÏÜ˛ ̂ Ó˚ˆÏá !òˆÏ° xÓˆÏ¢ˆÏ£Ï àÓ˚Ù •ˆÏÎ˚ GˆÏë˛ñ !Ü˛v ~Ü˛•z ̂ ê˛!ÓˆÏ°Ó˚ í˛z˛õÓ˚ Ó˚yáy

~Ü˛ Ü˛y˛õ àÓ˚Ù ã˛y ë˛yu˛y •Î˚– ~Ó˚  xÌ≈ • Ï̂FSÈñ ̂ Ü˛y Ï̂ly Ó› å~ Ï̂«˛ Ï̂e ÓÓ˚Ê˛ÈüÈë˛yu˛y ç° Óy àÓ˚Ù

ã˛yä ~ÓÇ ï˛yÓ˚ ̨õy!Ó˚˛õy!Ÿª≈ˆÏÜ˛Ó˚ ï˛y˛õÙyey ̨õ,ÌÜ˛ •ˆÏ° G•z Ó› G ̨õy!Ó˚˛õy!Ÿª≈ˆÏÜ˛Ó˚ ÙˆÏôƒ ï˛yˆÏ˛õÓ˚

§M˛y°l ã˛°ˆÏï˛ ÌyˆÏÜ˛ñ Îï˛«˛î ˛õÎ≈hs˝ ly Ó› G ï˛yÓ˚ ˛õy!Ó˚˛õy!Ÿª≈ˆÏÜ˛Ó˚ ï˛y˛õÙyey §Ùyl •Î˚–

xyÙÓ̊y xyÓ̊G çy!l ̂ Îñ ÓÓ̊Ê Ę̀üÈë˛yu˛y ç°˛õ)î≈ Ü˛yã˛˛õy Ï̂eÓ̊ ̂ «˛ Ï̂e ̨õ!Ó̊ Ï̂Ó¢ ̂ Ì Ï̂Ü˛ ï˛y˛õ Ü˛yã˛˛õy Ï̂e

11.1 Ë)̨ !ÙÜ˛y
11.2 ï˛y˛õÙyey G ï˛y˛õ
11.3 ï˛y˛õÙyeyÓ˚ ˛õ!Ó˚Ùy˛õ
11.4 xyò¢≈ àƒy§ §Ù#Ü˛Ó˚î G ˛õÓ˚Ù

ï˛y˛õÙyey
11.5 ï˛y˛õ#Î˚ ≤Ã§yÓ˚î
11.6 xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ ôyÓ˚Ü˛c
11.7 Ü˛ƒyˆÏ°y!Ó˚!Ù!ï˛
11.8 xÓfiÌyÓ˚ ˛õ!Ó˚Óï≈˛l
11.9 ï˛y˛õ §M˛y°l
11.10 !lí˛zê˛ˆÏlÓ˚ ¢#ï˛°#Ü˛Ó˚î §)e

§yÓ˚yÇ¢
ˆË˛ˆÏÓ ˆòáyÓ˚ !Ó£ÏÎ˚§Ù)•
xl%¢#°l#
x!ï˛!Ó˚=˛ xl%¢#°l#



≤ÃÓy!•ï˛ •Î˚ñ ̂ ÎáyˆÏl àÓ˚Ù ã˛yˆÏÎ˚Ó˚ ̂ «˛ˆÏe ï˛y˛õ àÓ˚Ù ã˛yˆÏÎ˚Ó˚ Ü˛y˛õ ̂ ÌˆÏÜ˛

˛õ!Ó˚ˆÏÓˆÏ¢ ≤ÃÓy!•ï˛ •Î˚– §%ï˛Ó˚yÇñ xyÙÓ˚y Ó°ˆÏï˛ ˛õy!Ó˚ñ ï˛y˛õ •° ¢!=˛Ó˚

~Ü˛Ó˚)˛õ Îy ï˛y˛õÙyeyÓ˚ ˛õyÌ≈ˆÏÜ˛ƒÓ˚ çlƒ ò%!ê˛ Óy ï˛yÓ˚ ˆÓ!¢ §ÇfiÌyÓ˚ ÙˆÏôƒ

xÌÓy ̂ Ü˛y Ï̂ly ~Ü˛!ê˛ §ÇfiÌy G ï˛yÓ˚ ̨õy!Ó˚̨ õy!Ÿª≈Ü˛ Ùyôƒ Ï̂ÙÓ˚ Ù Ï̂ôƒ §M˛y!°ï˛

•Î˚– §M˛y!°ï˛ ï˛y˛õ ¢!=˛ˆÏÜ˛ xyhs˝ç≈y!ï˛Ü˛ åSIä ~Ü˛Ü˛ ˛õÂô!ï˛ˆÏï˛ Úç%°Û

(J) ~Ü˛ˆÏÜ˛ ≤ÃÜ˛y¢ Ü˛Ó˚y •Î˚– ï˛y˛õÙyeyÓ˚ xyhs˝ç≈y!ï˛Ü˛ åSI ä ~Ü˛Ü˛ •ˆÏFSÈ

ˆÜ˛°!Ë˛l (K) ~ÓÇ !í˛!@˝Ã ̂ §!rê˛ Ï̂@˝Ãí˛  (oC) •° ï˛y˛õÙyeyÓ˚ Ó•%° ÓƒÓ•,ï˛

~Ü˛Ü˛– ~Ü˛!ê˛ Ó›ˆÏÜ˛ í˛z_Æ Ü˛Ó˚y •ˆÏ° ï˛yˆÏï˛ xˆÏlÜ˛ ˛õ!Ó˚Óï≈˛l âê˛ˆÏï˛

˛õyˆÏÓ˚– ̂ ÎÙl Ó›!ê˛Ó˚ ï˛y˛õÙyey Óyí˛¸ˆÏï˛ ̨õyˆÏÓ˚ñ ~!ê˛ ≤Ã§y!Ó˚ï˛ •ˆÏï˛ ̨õyˆÏÓ˚

xÌÓy ~Ó˚ xÓfiÌyÓ˚ ˛õ!Ó˚Óï≈˛l •ˆÏï˛ ˛õyˆÏÓ˚– !Ó!Ë˛ß¨ Ó›Ó˚ G˛õÓ˚ ï˛yˆÏ˛õÓ˚

≤ÃË˛yÓ §¡õˆÏÜ≈˛ xyÙÓ˚y ˛˛õÓ˚Óï≈˛# xl%ˆÏFSÈòà%ˆÏ°yˆÏï˛ çylÓ–

11.3  ï˛y˛õÙyeyÓ̊ ̨õ!Ó̊Ùy˛õ (MEASUREMENT OF

TEMPERATURE)

ÌyˆÏÙ≈y!Ùê˛yÓ˚ Óy ï˛y˛õÙyl Îsf ÓƒÓ•yÓ˚ Ü˛ˆÏÓ˚ ï˛y˛õÙyeyÓ˚ ˛õ!Ó˚Ùy˛õ ˛õyGÎ˚y

ÎyÎ˚– ï˛y˛õÙyeyÓ˚ ˛õ!Ó˚Óï≈˛ˆÏl ˛õòyˆÏÌ≈Ó˚ !Ó!Ë˛ß¨ ˆË˛Ôï˛ ôˆÏÙ≈Ó˚ ÎˆÏÌT˛

˛õ!Ó˚Óï≈˛l âˆÏê˛ñ ~Ùl §Ó ˜Ó!¢T˛ƒ Óy !Ó£ÏÎ˚ˆÏÜ˛•z ÌyˆÏÙ≈y!Ùê˛yÓ˚ ˜ï˛!Ó˚Ó˚

!Ë˛!_Ó˚)ˆÏ˛õ ÓƒÓ•yÓ˚ Ü˛Ó˚y •Î˚– §yôyÓ˚îï˛ ÓƒÓ•,ï˛ ôÙ≈!ê˛ •°ñ ï˛y˛õÙyeyÓ˚

˛õ!Ó˚Óï≈˛ˆÏl ï˛Ó˚ˆÏ°Ó˚ xyÎ˚ï˛ˆÏlÓ˚ ̨õ!Ó˚Óï≈˛l âˆÏê˛– í˛zòy•Ó˚îfl∫Ó˚)˛õñ §yôyÓ˚î

ÚÜ˛yã˛l Ï̂°ÈüÈï˛Ó˚°Û Ìy Ï̂Ù≈y!Ùê˛y Ï̂Ó˚ ÓƒÓ•,ï˛ ̨õyÓ˚òñ xƒy° Ï̂Ü˛y•° ≤ÃË,̨ !ï˛ ï˛Ó˚°

§Ù)ˆÏ•Ó˚ xyÎ˚ï˛l ï˛y˛õÙyeyÓ˚ !ÓhflÏ#î≈ ˛õ!Ó˚§ˆÏÓ˚  ï˛y˛õÙyeyÓ˚ §yˆÏÌ

§%£ÏÙË˛yˆÏÓ ˛õ!Ó˚Ó!ï≈˛ï˛ •Î˚–

Ìy Ï̂Ù≈y!Ùê˛yÓ̊à%̂ Ï°y Ï̂Ü˛ ~ÙlË˛y Ï̂Ó Ü ̨ ÙyAÜ˛l Ü˛Ó̊y •Î̊ ̂ Îl ~Ü˛!ê˛ ÎÌyÎÌ

ˆflÒˆÏ° ~Ü˛!ê˛ ≤Ãò_ ï˛y˛õÙyeyÓ˚ çlƒ ~Ü˛!ê˛ !l!ò≈T˛ §yÇ!áƒÜ˛ Ùyl !ã˛!•´ï˛

Ü˛Ó˚y ÎyÎ˚– ˆÎÈüÈˆÜ˛yˆÏly ≤ÃÙyî ˆflÒ° !lô≈yÓ˚ˆÏî ò%!ê˛ !fiÌÓ˚ !lˆÏò≈¢Ü˛ !Ó®%Ó˚

≤ÃˆÏÎ˚yçl •Î˚– ˆÎˆÏ•ï%˛ ï˛y˛õÙyeyÓ˚ ˛õ!Ó˚Óï≈˛ˆÏl §Ó Ó›Ó˚•z Ùy!eÜ˛

˛õ!Ó˚Óï≈˛l âˆÏê˛ñ ï˛y•z ≤Ã§yÓ˚ˆÏîÓ˚ ~Ü˛ ˛õÓ˚Ù !lˆÏò≈¢l åabsolute

referenceä §•ç°Ë˛ƒ lÎ˚– Îy•z ˆ•yÜ˛ñ §Ó≈òy•z ~Ü˛•z ï˛y˛õÙyeyÎ˚

§Çâ!ê˛ï˛ •Î˚ ~Ùl ˆË˛Ôï˛ âê˛lyÓ!°Ó˚ §yˆÏÌ ≤ÃˆÏÎ˚yçl#Î˚ !fiÌÓ˚

!Ó®%à%̂ Ï°y Ï̂Ü˛ §¡õ!Ü≈̨ ï˛ Ü˛Ó̊y ̂ Î Ï̂ï˛ ̨õy Ï̂Ó̊– ç Ï̂°Ó̊ ÓÓ̊Ê˛ !Ó®% åice pointä

~ÓÇ fiê˛#Ù !Ó®% åsteam pointä ~Ùl ò%!ê˛ §%!ÓôyçlÜ˛ !fiÌÓ˚ !Ó®% ~ÓÇ

~Ó˚y •° ÎÌyÜ ˛ˆÏÙ ≤ÃÙyî ã˛yˆÏ˛õ çˆÏ°Ó˚ à°lyAÜ˛ G fl≥%˛ê˛lyAÜ˛– ~•z ò%!ê˛

!Ó®% •° ò%!ê˛ ï˛y˛õÙyeyñ ̂ Î ï˛y˛õÙyey ò%!ê˛ˆÏï˛ ≤ÃÙyî ã˛yˆÏ˛õ ÎÌyÜ ˛ˆÏÙ ç°

çˆÏÙ ÓÓ˚ˆÏÊ˛ ˛õ!Ó˚îï˛ •Î˚ ~ÓÇ Ê%˛ˆÏê˛ ÓyˆÏ‹õ ˛õ!Ó˚îï˛ •Î˚– ï˛y˛õÙyey

˛õ!Ó˚ÙyˆÏ˛õÓ˚ ò%!ê˛ Ó•%° ≤Ãã˛!°ï˛ ˆflÒ° •° ÈüüüÈ Ê˛yˆÏÓ˚l•y•zê˛ ˆflÒ° ~ÓÇ

ˆ§°!§Î˚y§ ˆflÒ°– Ê˛yˆÏÓ˚l•y•zê˛ ˆflÒˆÏ° ÓÓ˚Ê˛ !Ó®% G fiê˛#Ù !Ó®%Ó˚ Ùyl

ÎÌyÜ ̨ Ï̂Ù 32 °F G 212 °Fó ̂ §°!§Î˚y§ ̂ flÒ Ï̂° ~ Ùyl ò%̂ Ïê˛y ÎÌyÜ ̨ Ï̂Ù  0

°C G 100 °C– Ê˛y Ï̂Ó˚l•y•zê˛ ̂ flÒ Ï̂° ò%̂ Ïê˛y !l Ï̂ò≈¢Ü˛ !Ó®%Ó˚ Ùy Ï̂V˛ 180 !ê˛

§Ùyl Ë˛yà xyˆÏSÈñ ~ÓÇ ˆ§°!§Î˚y§ ˆflÒˆÏ° ~ Ë˛yà §Çáƒy 100 !ê˛–

 11.1 !ã˛e Ê˛yˆÏÓ˚l•y•zê˛ ï˛y˛õÙyey (t
F
) ÓlyÙ ˆ§°!§Î˚y§ ï˛y˛õÙyey

(t
C
) Ó˚ §Ó˚° ˜Ó˚!áÜ˛ ˆ°á!ã˛eñ ~ ˆÌˆÏÜ˛ í˛zË˛Î˚ ï˛y˛õÙyeyÓ˚ ˛õyÓ˚flõ!Ó˚Ü˛

Ó˚)˛õyhs˝ˆÏÓ˚Ó˚ ~Ü˛!ê˛ §¡õÜ≈˛ ˛õyGÎ˚y ÎyÎ˚– §¡õÜ≈˛!ê˛ !l¡¨Ó˚)˛õ ÈüüüÈ

t tF C– 32

180 100
= (11.1)

11.4 xyò¢≈ àƒy§ §Ù#Ü˛Ó˚î G ̨õÓ˚Ù ï˛y˛õÙyey (IDEAL-GAS

EQUATION AND  ABSOLUTE

TEMPERATURE)

≤Ã§yÓ˚î ô Ï̂Ù≈Ó˚ ̃ Ó§yò,̂ Ï¢ƒÓ˚ òÓ%̊l Ü˛y Ï̂ã˛ ï˛Ó˚° Ìy Ï̂Ù≈y!Ùê˛yÓ˚à%̂ Ï°y !fiÌÓ˚yAÜ˛

Óƒï˛#ï˛ xlƒ ï˛y˛õÙyeyÎ˚ !Ó!Ë˛ß¨ ˛õyë˛ ˆòáyÎ˚– !Ü˛v ˆÎ àƒy§•z ÓƒÓ•yÓ˚

Ü˛Ó˚y ˆ•yÜ˛ ly ˆÜ˛lñ §Ü˛° àƒy§ ÌyˆÏÙ≈y!Ùê˛yÓ˚ ~Ü˛•z ï˛y˛õÙyey ˆòáyÎ˚–

˛õÓ˚#«˛yÎ˚ ˆòáy ÎyÎ˚ ˆÎñ Ü˛Ù âlˆÏcÓ˚ §Ü˛° àƒy§•z ~Ü˛•z Ó˚Ü˛Ù ≤Ã§yÓ˚î

ôÙ≈ ≤Ãò¢≈l Ü˛ˆÏÓ˚– ~Ü˛!ê˛ !l!ò≈T˛ Ë˛Ó˚ ˛õ!Ó˚Ùyî àƒyˆÏ§Ó˚ xyã˛Ó˚î !lÎ˚sfÜ˛

Ó˚y!¢à%ˆÏ°y •° ã˛y˛õñ xyÎ˚ï˛l G ï˛y˛õÙyey (P, V ~ÓÇ T  ı ̂ ÎáyˆÏl T =

t + 273.15; t • Ï̂°y °C ~ ≤ÃÜ˛y!¢ï˛ ï˛y˛õÙyeyä– ï˛y˛õÙyey !fiÌÓ˚ ÌyÜ˛ Ï̂°

!l!ò≈T˛ ˛õ!Ó˚Ùyî àƒyˆÏ§Ó˚ ã˛y˛õ G xyÎ˚ï˛l !l¡¨Ó˚)ˆÏ˛õ §¡õ!Ü≈˛ï˛ ÈüüüÈ

PV = ô %ÓÜ˛–

~•z §¡õÜ≈˛!ê˛Ó˚ í˛zqyÓÜ˛ •zÇˆÏÓ˚ç Ó˚§yÎ˚l!Óò Ó˚Óyê≈˛ ÓˆÏÎ˚° åRobert

Boyle (1627–1691)ÈüÈ~Ó̊ lyÙyl%§y Ï̂Ó̊ ~!ê˛ Ó Ï̂Î̊ Ï̂°Ó̊ §)e ly Ï̂Ù ̨õ!Ó̊!ã˛ï˛–

!fiÌÓ˚ ã˛yˆÏ˛õ !l!ò≈T˛ ˛õ!Ó˚Ùyî àƒyˆÏ§Ó˚ xyÎ˚ï˛l G ï˛y˛õÙyeyÓ˚ §¡õÜ≈˛!ê˛

•° V/T = ô %ÓÜ˛– ~ §¡õÜ≈̨ !ê˛ Ê˛Ó̊y!§ !ÓK˛yl# çƒyÜ%̨ Î̊y§ ã˛y°≈§ åJacques

!ã˛e  11.1 Ê˛yˆÏÓ˚l•y•zê˛ ï˛y˛õÙyey (tF) ÓlyÙ ˆ§°!§Î˚y§ ï˛y˛õÙyey
(tc) Ó˚ ̂ °á!ã˛e–

ï˛y˛õÙyey

ï˛
y˛õ

Ùy
ey
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Charles, 1747–1823äÈüÈ~Ó̊ lyÙyl%§y Ï̂Ó̊ ã˛y°≈§ÈüÈ~Ó̊ §)e ly Ï̂Ù ̨õ!Ó̊!ã˛ï˛–
!l¡¨ âlˆÏcÓ˚ àƒy§ ~•z §)eà%ˆÏ°y ˆÙˆÏl ã˛ˆÏ°– ~ §¡õÜ≈˛ ò%ˆÏê˛yˆÏÜ˛ ~Ü˛Ü˛
§¡õˆÏÜ≈˛ §Ù!ß∫ï˛ Ü˛Ó˚y ÎyÎ˚– °«˛ Ü˛ˆÏÓ˚yñ ̂ ÎˆÏ•ï%˛ !l!ò≈T˛ ̨õ!Ó˚Ùyî àƒyˆÏ§Ó˚
ˆ«˛ˆÏe  PV = ô %ÓÜ˛ ~ÓÇ V/T = ô %ÓÜ˛– §%ï˛Ó˚yÇ  PV/T G ~Ü˛!ê˛ ô %ÓÜ˛
• Ï̂Ó– ~•z §¡õÜ≈̨ !ê˛ xyò¢≈ àƒy§ §)e ly Ï̂Ù ̨õ!Ó˚!ã˛ï˛– §¡õÜ≈̨ !ê˛ Ï̂Ü˛ ¢%ô%Ùye
!l!ò≈T˛ ̨õ!Ó˚Ùyî ~Ü˛!ê˛ àƒy§•z lÎ˚ñ ̂ ÎÈüÈˆÜ˛yˆÏly ̨õ!Ó˚ÙyˆÏîÓ˚ G ̂ ÎÈüÈˆÜ˛yˆÏly
!l¡¨ âlˆÏcÓ˚ àƒyˆÏ§Ó˚ ˆ«˛ˆÏe ≤ÃˆÏÎ˚yà Ü˛Ó˚y ÎyÎ˚ñ ~Ùl ~Ü˛ §yôyÓ˚î Ó˚)ˆÏ˛õ
≤ÃÜ˛y¢ Ü˛Ó˚y ÎyÎ˚ Îy xyò¢≈ àƒy§ §Ù#Ü˛Ó˚î lyˆÏÙ ˛õ!Ó˚!ã˛ï˛– xyò¢≈ àƒy§
§Ù#Ü˛Ó˚î!ê˛ •° ı

PV

T
R= µ

Óyñ PV = µRT (11.2)

ˆÎáyˆÏlñ µ  •ˆÏ° à,•#ï˛ àƒyˆÏ§ñ ˆÙy° §Çáƒy ~ÓÇ  R ˆÜ˛ §y!Ó≈Ü˛ àƒy§
ô %ÓÜ˛ ÓˆÏ°– §y!Ó≈Ü˛ àƒy§ ô %ÓÜ˛ ÈüüüÈ

R = 8.31 J mol–1 K–1

§Ù#Ü˛Ó˚î 11.2 •ˆÏï˛ xyÙÓ˚y çylˆÏï˛ ˛õy!Ó˚ ˆÎ ã˛y˛õ G xyÎ˚ï˛l
ï˛y˛õÙyeyÓ˚ §yˆÏÌ §Ùyl%˛õy!ï˛Ü˛ ı PV ∝ T  – ~•z §¡õÜ≈˛yl%§yˆÏÓ˚•z
ï˛y˛õÙyey ˛õ!Ó˚ÙyˆÏ˛õ !fiÌÓ˚ xyÎ˚ï˛l àƒy§ ÌyˆÏÙ≈y!Ùê˛yˆÏÓ˚ àƒy§ ÓƒÓ•,ï˛
•Î˚– ˆÜ˛yˆÏly ~Ü˛!ê˛ àƒyˆÏ§Ó˚ xyÎ˚ï˛l !fiÌÓ˚ ôÓ˚ˆÏ° §¡õÜ≈˛!ê˛ òÑyí˛¸yÎ˚
P ∝T – ~•z §¡õÜ≈̨ Ï̂Ü˛ Ü˛y Ï̂ç °y!à Ï̂Î˚ !fiÌÓ˚ xyÎ˚ï˛l àƒy§ Ìy Ï̂Ù≈y!Ùê˛y Ï̂Ó˚
ã˛y Į̈̂ õÓ˚ ̨õ!Ó˚̂ Ï≤Ã!«˛ Ï̂ï˛ ï˛y˛õÙyeyÓ˚ ̨õyë˛ ̂ lGÎ˚y •Î˚– ã˛y˛õ ÓlyÙ ï˛y˛õÙyeyÓ˚
ˆ°á!ã˛e!ê˛ ~ Ï̂«˛ Ï̂e !ã˛e 11.2 ~ ≤Ãò!¢≈ï˛ !ã˛ Ï̂eÓ˚ lƒyÎ˚ ~Ü˛!ê˛ §Ó˚° Ï̂Ó˚áy
•Î˚–

Îy•z ̂ •yÜ˛ñ !l¡̈ï˛y˛õÙyeyÎ̊ xyò¢≈ àƒy§ §)e ÓƒÓ•yÓ̊ Ü˛ Ï̂Ó̊ ≤ÃyÆ xl%!Ùï˛
Ùyl§Ù)• ˆÌˆÏÜ˛  ÓyhflÏÓ àƒyˆÏ§Ó˚ ˆ«˛ˆÏe ≤ÃyÆ Ùyl§Ù)ˆÏ•Ó˚ !Óã%˛ƒ!ï˛ âˆÏê˛–
!Ü˛vñ ï˛y˛õÙyeyÓ˚ ~Ü˛ !ÓhflÏ#î≈ ̨õyÕ‘yÎ˚ ~ §¡õÜ≈̨ !ê˛ §Ó˚° Ï̃Ó˚!áÜ˛ ~ÓÇ ~!ê˛
≤Ãï˛#Î˚Ùyl •Î˚ ˆÎñ ~Ü˛!ê˛ àƒyˆÏ§Ó˚ ï˛y˛õÙyey Ü˛ÙˆÏï˛ ÌyÜ˛ˆÏ° ~Ü˛ §ÙÎ˚
~Ó˚ ã˛y˛õ ¢)lƒ •ˆÏÓ Î!ò G•z ï˛y˛õÙyeyˆÏï˛G G•z àƒy§!ê˛ àƒy§#Î˚
xÓfiÌyˆÏï˛•z ÌyˆÏÜ˛– xï˛~Óñ !ã˛e 11.3 ~Ó˚ lƒyÎ˚ ã˛y˛õ ÓlyÙ ï˛y˛õÙyeyÓ˚
ˆ°á!ê˛ Ï̂Ü˛ å§Ó̊° Ï̂Ó̊áyä ï˛y˛õÙyey x«˛ ̨õÎ≈hs˝ Óy!í˛̧ Ï̂Î̊ ~Ü˛!ê˛ xyò¢≈ àƒy Ï̂§Ó̊
ˆ«˛ˆÏe §Ω˛Ó˛õÓ˚ ˛õÓ˚Ù §Ó≈!l¡¨ ï˛y˛õÙyeyÓ˚ ôyÓ˚îy ˛õyGÎ˚y ÎyÎ˚– ~Ë˛yˆÏÓ

ˆlGÎ˚y •Î˚ (!ã˛e 11.4)–
ï˛y˛õÙyeyÓ˚ ˆÜ˛°!Ë˛l ˆflÒˆÏ° ≤Ã!ï˛ ~Ü˛ˆÏÜ˛Ó˚ xyÜ˛yÓ˚ ~Ü˛ ˆ§°!§Î˚y§

!í˛!@˝ÃÓ̊ §Ùyl– xï˛~Óñ ~ ò%!ê˛ ̂ flÒ Ï̂° ï˛y˛õÙyeyÓ̊ ̨õyë˛ !l¡̈Ó̊)̂ Į̈ õ §¡õ!Ü≈̨ ï˛ı

T = t
C
 + 273.15 (11.3)

11.5  ï˛y˛õ#Î̊ ≤Ã§yÓ̊î (THERMAL EXPANSION)

ˆï˛yÙÓ˚y °«˛ Ü˛ˆÏÓ˚ ÌyÜ˛ˆÏÓ ̂ Îñ Ü˛áˆÏly Ü˛áˆÏly ̂ Óyï˛ˆÏ°Ó˚ Ù%ˆÏá ¢=˛Ë˛yˆÏÓ

xyê˛ˆÏÜ˛ ÌyÜ˛y ôyï˛Ó ì˛yÜ˛ly Óy !SÈ!˛õ á%°ˆÏï˛ ôyï˛Ó !SÈ!˛õ!ê˛ˆÏÜ˛ àÓ˚ÙçˆÏ°

í%˛!ÓˆÏÎ˚ Ó˚yáy •Î˚– ~ˆÏï˛ ôyï˛Ó !SÈ!˛õ!ê˛ ≤Ã§y!Ó˚ï˛ •ˆÏÎ˚ xy°yòy •Î˚ ~ÓÇ

!ã˛e  11.2 !fiÌÓ˚ xyÎ˚ï˛ˆÏl Ó˚yáy !l¡¨ âlˆÏcÓ˚ ˆÜ˛yˆÏly àƒyˆÏ§Ó˚ ã˛y˛õ
ÓlyÙ ï˛y˛õÙyey åP-tä  ̂ °á!ã˛e–

!ã˛e  11.3 !Ü˛S%È Ü˛Ù âl Ï̂cÓ˚ àƒy Ï̂§Ó˚ ã˛y˛õ ÓlyÙ ï˛y˛õÙyeyÓ˚ ̂ °á!ã˛e
G ï˛yˆÏòÓ˚ Ó!ô≈ï˛yÇˆÏ¢Ó˚ myÓ˚y ~Ü˛•z ̨ õÓ˚Ù¢)lƒ ï˛y˛õÙyeyÓ˚
!l Ï̂ò≈¢l–

!ã˛e  11.4 ï˛y˛õÙyeyÓ˚ ˆÜ˛°!Ë˛l ˆflÒ°ñ ˆ§°!§Î˚y§ ˆflÒ° G
Ê˛yˆÏÓ˚l•y•zê˛ ̂ flÒˆÏ°Ó˚ ï%˛°ly–

 ÈüÈ àƒy§

 ÈüÈ àƒy§

 ÈüÈ àƒy§

ã˛y
˛õ

ï˛y˛õÙyey
ï˛y˛õÙyey

ã˛y
˛õ

ÓÓ˚Ê˛ !Ó®%

Óy‹õ !Ó®%

ˆÜ˛°!Ë˛l ̂ flÒ°

˛õÓ˚Ù ¢)lƒ

ˆ§°!§Î˚y§ ˆflÒ° Ê˛yˆÏÓ˚l•y•zê˛ ˆflÒ°

˛õyGÎ̊y §Ó≈!l¡̈ ï˛y˛õÙyey  – 273.15 °C ~ÓÇ ~ Ï̂Ü˛ Ú˛õÓ̊Ù¢)lƒÛ ï˛y˛õÙyey
ly Ï̂Ù x!Ë˛!•ï˛ Ü˛Ó̊y •Î̊– ~•z Ú˛õÓ̊Ù¢)lƒÛ•z !Ó !ê˛¢ !ÓK˛yl# °í≈̨  ̂ Ü˛°!Ë˛ Ï̂lÓ̊
lyÙyl%§y Ï̂Ó˚ ̨õ!Ó˚!ã˛ï˛ ï˛y˛õÙyeyÓ˚ ̂ Ü˛°!Ë˛l ̂ flÒ° Óy ̨õÓ˚Ù ̂ flÒ°ÈüÈ~Ó˚ Ù)°
!Ë˛!_– ~•z ˆflÒˆÏ°ñ – 273.15 °C ï˛y˛õÙyeyˆÏÜ˛ ¢)lƒ ï˛y˛õÙyey Óy  0 K
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§•ˆÏç•z ˆáy°y ÎyÎ˚– ï˛Ó˚ˆÏ°Ó˚ ˆ«˛ˆÏe ˆï˛yÙÓ˚y °«˛ Ü˛Ó˚ˆÏÓ ˆÎñ ˛õyÓ˚ò

ÌyˆÏÙ≈y!Ùê˛yÓ˚ˆÏÜ˛ §yÙylƒ àÓ˚Ù çˆÏ° Ó˚yáˆÏ° ÌyˆÏÙ≈y!Ùê˛yˆÏÓ˚Ó˚ ̨õyÓ˚ò í˛z˛õˆÏÓ˚

GˆÏë˛ xyˆÏ§– Î!ò xyÙÓ˚y ÌyˆÏÙ≈y!Ùê˛yÓ˚!ê˛ˆÏÜ˛ àÓ˚Ù ç° ˆÌˆÏÜ˛  Óy•zˆÏÓ˚

!lˆÏÎ˚ xy!§ñ ï˛ˆÏÓ ˛õyÓ˚ò ï˛° ˛õ%lÓ˚yÎ˚ ˆlˆÏÙ ÎyÎ˚– ~Ü˛•zË˛yˆÏÓ àƒyˆÏ§Ó˚

ˆ«˛ˆÏeñ ë˛yu˛y âˆÏÓ˚ xyÇ!¢Ü˛ ˆÊ˛y°yˆÏly ˆÓ°%lˆÏÜ˛ àÓ˚Ù çˆÏ° Ó˚yáˆÏ°

ˆÓ°%l!ê˛ ˛õ%ˆÏÓ˚y˛õ%!Ó˚ Ê%˛ˆÏ° GˆÏë˛– xlƒ!òˆÏÜ˛ §¡õ)î≈ ˆÊ˛y°yˆÏly ˆÓ°%lˆÏÜ˛

ë˛yu˛y çˆÏ° ˆí˛yÓyˆÏ° ï˛yÓ˚ !Ë˛ï˛ˆÏÓ˚Ó˚ ÓyÎ˚%Ó˚ §ÇˆÏÜ˛yã˛ˆÏlÓ˚ òÓ˚%l ˆÓ°%l!ê˛

Ü%Ñ̨ ã˛ Ï̂Ü˛ ÎyÎ˚–

xyÙy Ï̂òÓ˚ §yôyÓ˚î x!Ë˛K˛ï˛y •° ̂ Îñ x!ôÜ˛yÇ¢ Ó›•z ï˛y˛õ ≤Ã Ï̂Î˚y Ï̂à

≤Ã§y!Ó˚ï˛ •Î˚ ~ÓÇ ë˛yu˛y Ü˛Ó˚ˆÏ° §ÇÜ%˛!ã˛ï˛ •Î˚– ï˛y˛õÙyeyÓ˚ ˛õ!Ó˚Óï≈˛l

Ó›Ó̊ Ùy!eÜ˛ ̨õ!Ó̊Óï≈̨ l âê˛yÎ̊– ï˛y˛õÙyeyÓ̊ Ó,!Âô Ï̂ï˛ Ó›Ó̊ Ùy!eÜ˛ ≤Ã§yÓ̊î Ï̂Ü˛

ï˛y˛õ#Î˚ ≤Ã§yÓ˚î Ó Ï̂°– ̃ Ïò Ï̂â≈ƒÓ˚ ≤Ã§yÓ˚î Ï̂Ü˛ ̃ Ó˚!áÜ˛ ≤Ã§yÓ˚î Ó Ï̂°– ï˛° Óy

ˆ«˛eÊ˛ˆÏ°Ó˚ ≤Ã§yÓ˚îˆÏÜ˛ ˆ«˛e#Î˚ ≤Ã§yÓ˚î ÓˆÏ°– xyÎ˚ï˛ˆÏlÓ˚ ≤Ã§yÓ˚îˆÏÜ˛

xyÎ˚ï˛l ≤Ã§yÓ˚î Ó Ï̂°– (!ã˛e 11.5).

§yÓ˚!î 11.1 !Ü˛S%È ˛õòyˆÏÌ≈Ó˚ ˜Ó˚!áÜ˛ ≤Ã§yÓ˚î à%îyˆÏAÜ˛Ó˚ Ùyl

˛õòyÌ≈§Ù)• ααααα
l
 (10–5 K–1)

xƒy°%!Ù!lÎ˚yÙ 2.5

!˛õï˛° 1.8

ˆ°y•y 1.2

ï˛yÙy 1.7

Ó%̨̊ õy 1.9

ˆ§yly 1.4

Ü˛yã˛ å˛õy•zˆÏÓ˚:ä 0.32

!§§y 0.29

~Ü˛•zË˛yˆÏÓñ ∆T  ï˛y˛õÙyeyÓ˚ ˛õ!Ó˚Óï≈˛ˆÏlÓ˚ Ê˛ˆÏ° ˆÜ˛yˆÏly Ó›Ó˚

xyÎ˚ï˛ Ï̂lÓ˚ Ë˛@¿yÇ¢àï˛ ̨õ!Ó˚Óï≈̨ l 
∆V

V
 • Ï̂° xyÎ˚ï˛l ≤Ã§yÓ˚î à%îyAÜ˛ Ï̂Ü˛

åÓy xyÎ˚ï˛l ≤Ã§yÎ≈ï˛yˆÏÜ˛ä !l¡¨Ó˚)ˆÏ˛õ ≤ÃÜ˛y¢ Ü˛Ó˚y ÎyÎ˚ ı

α  V = 







∆
∆

V

V T

1
(11.5)

~áyˆÏlñ α
V
 xÌ≈yÍ xyÎ˚ï˛l ≤Ã§yÓ˚î à%îyAÜ˛G Ó›Ó˚ ~Ü˛!ê˛

˜Ó!¢T˛ƒÙ)°Ü˛ Ó˚y!¢ñ ÎyÓ˚ Ùyl ÎÌyÌ≈Ë˛yˆÏÓ ô %ÓÜ˛ lÎ˚– ~Ó˚ Ùyl

§yôyÓ˚îË˛y Ï̂Ó ̨õòy Ï̂Ì≈Ó˚ ï˛y˛õÙyey !lË≈̨ Ó˚ å!ã˛e 11.6ä– ̂ òáy ÎyÎ˚ñ ~Ü˛Ùye

x!ï˛ í˛zFã˛ ï˛y˛õÙyeyÎ˚ α
V 

~Ó˚ Ùyl ô %ÓÜ˛ •Î˚–

§yÓ̊!î 11.2 ̂ ï˛ 0–100 °Cñ ï˛y˛õÙyeyÓ̊ ̨õyÕ‘yÎ̊ !Ü˛S%È ̨õ!Ó̊!ã˛ï˛ ̨õòy Ï̂Ì≈Ó̊

xyÎ˚ï˛l ≤Ã§yÓ˚î à%îy Ï̂AÜ˛Ó˚ Ùyl ̂ òGÎ˚y xy Ï̂SÈ– ̂ ï˛yÙÓ˚y °«˛ Ü˛ Ï̂Ó˚yñ ̂ òá Ï̂Ó

Î!ò Ó›!ê˛ °¡∫ ò[˛yÜ,˛!ï˛ •Î˚ñ ï˛ˆÏÓ ï˛y˛õÙyeyÓ˚ «%˛o ˛õ!Ó˚Óï≈˛ˆÏlÓ˚
Ê˛ Ï̂° ò[˛!ê˛Ó˚ ~Ü˛Ü˛ ̃ ò Ï̂â≈ƒ  ̨õ!Ó˚Óï≈̨ l  ∆l/l,  ∆T  ~Ó˚ §Ùyl%̨ õy!ï˛Ü˛ •Î˚–

∆
∆

l

l
T=α1 (11.4)

ˆÎáyˆÏlñ α
1 
ˆÜ˛ ˜Ó˚!áÜ˛ ≤Ã§yÓ˚î à%îyAÜ˛ å˜Ó˚!áÜ˛ ≤Ã§yÎ≈ï˛yä ÓˆÏ°

~ÓÇ ~Ó˚ Ùyl òˆÏ[˛Ó˚  í˛z˛õyòyˆÏlÓ˚ ≤ÃÜ,˛!ï˛ !lË≈˛Ó˚– 11.1 §yÓ˚!îˆÏï˛ 0 °C

ˆÌˆÏÜ˛ 100 °C ï˛y˛õÙyeyÓ˚ ~•z ˛õyÕ‘yÎ˚ !Ü˛S%È ˛õòyˆÏÌ≈Ó˚ ˜Ó˚!áÜ˛ ≤Ã§yÓ˚î

à%îyˆÏAÜ˛Ó˚ àí˛¸ Ùyl ̂ òGÎ˚y •°– ~•z §yÓ˚!î ̂ ÌˆÏÜ˛˛ Ü˛yã˛ G ï˛yÙyÓ˚ α
l
 ~Ó˚

ï%˛°ly Ü˛Ó˚ˆÏ° xyÙÓ˚y ˆòáˆÏï˛ ˛õy•z ˆÎñ ~Ü˛•z í˛z£÷Ïï˛y Ó,!ÂôˆÏï˛ Ü˛yˆÏã˛Ó˚

ï%˛°lyÎ˚ ï˛yÙyÓ˚ ˛õÑyã˛à%î ˆÓ!¢ ≤Ã§yÓ˚î âˆÏê˛– §yôyÓ˚îï˛ñ ôyï˛Ó ˛õòyÌ≈

ï%̨ °lyÎ˚ ̂ Ó!¢ ≤Ã§y!Ó˚ï˛ •Î˚ ~ÓÇ ~ Ï̂òÓ˚ α
l 
x Į̈̂ õ«˛yÜ,̨ ï˛ í z̨Fã˛Ùyl !Ó!¢T˛–

!ã˛e  11.6 ï˛y˛õÙyeyÓ˚ xˆÏ˛õ«˛Ü˛Ó˚)ˆÏ˛õ ï˛yÙyÓ˚ xyÎ˚ï˛l ≤Ã§yÓ˚î
à%îyAÜ˛–

˛õòyÌ≈à%̂ Ï°yÓ˚ ï˛y˛õ#Î˚ ≤Ã§yÓ˚î Î Ï̂ÌT˛ Ü˛Ùñ ̨õy•ẑ ÏÓ˚: Ü˛yã˛ñ •zlË˛yÓ˚ åˆ°y•y

G !lˆÏÜ˛ˆÏ°Ó˚ ~Ü˛ !ÓˆÏ¢£Ï §ÇÜ˛Ó˚ä ≤ÃË,˛!ï˛Ó˚ ˆ«˛ˆÏe  α
V
 ~Ó˚ Ùyl ˆÓ!¢

∆
∆

l

l
a T= l

∆
∆

A

A
a T= 2 l

∆
∆

V

V
a T= 3 l

(a) ˜Ó˚!áÜ˛ ≤Ã§yÓ˚î (b) ˆ«˛e ≤Ã§yÓ˚î (c) xyÎ˚ï˛l ≤Ã§yÓ˚î

!ã˛e  11.5  ï˛y˛õ#Î˚ ≤Ã§yÓ˚î–
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~ÓÇ §Ù ï˛y˛õÙyey Ó,!Âô Ï̂ï˛ ̨õyÓ˚̂ ÏòÓ˚ ï%̨ °lyÎ˚ •zÌy•z° xƒy° Ï̂Ü˛y•° ̂ Ó!¢

≤Ã§y!Ó˚ï˛ •Î˚–

§yÓ˚!î 11.2 !Ü˛S%È ˛õòyˆÏÌ≈Ó˚ xyÎ˚ï˛l ≤Ã§yÓ˚î à%îyˆÏAÜ˛Ó˚ Ùyl

˛õòyÌ≈ ααααα
v
 ( K–1)

xƒy°%!Ù!lÎ˚yÙ 7 × 10–5

!˛õï˛° 6 × 10–5

ˆ°y•y 3.55 × 10–5

ˆÙyÙ å˛õƒyÓ˚y!Ê˛lä 58.8 × 10–5

Ü˛yã˛ å§yôyÓ˚îä 2.5 × 10–5

Ü˛yã˛ å˛õy•zˆÏÓ˚:ä 1 × 10–5

¢=˛ Ó˚yÓyÓ˚ 2.4 × 10–4

•zlË˛yÓ˚ 2 × 10–6

˛õyÓ˚ò 18.2 × 10–5

ç° 20.7 × 10–5

•zÌy•z° xƒy°ˆÏÜ˛y•° 110 × 10–5

ç° ~Ü˛ Óƒ!ï˛Ü ̨ Ù# xyã˛Ó̊î ≤Ãò¢≈l Ü˛ Ï̂Ó̊ó 0 °C ̂ Ì Ï̂Ü˛ 4 °CÈüÈï˛y˛õÙyeyÓ̊

˛õyÕ‘yÎ˚ ï˛y˛õ ≤ÃˆÏÎ˚yˆÏà ç° §ÇÜ%˛!ã˛ï˛ •Î˚– !l!ò≈T˛ xyÎ˚ï˛l ç°ˆÏÜ˛ âˆÏÓ˚Ó˚

ï˛y˛õÙyey ˆÌˆÏÜ˛ ë˛yu˛y Ü˛Ó˚ˆÏï˛ ÌyÜ˛ˆÏ°  4 °C ï˛y˛õÙyey ˛õÎ≈hs˝ çˆÏ°Ó˚

xyÎ̊ï˛l Ü˛Ù Ï̂ï˛ Ìy Ï̂Ü˛ [!ã˛e 11.7(a)]– 4 °C ï˛y˛õÙyeyÓ̊ l# Ï̂ã˛ G•z ç Ï̂°Ó̊

xyÎ˚ï˛l ˛õ%lÓ˚yÎ˚ Óyí˛¸ˆÏï˛ ÌyˆÏÜ˛ ~ÓÇ ~Ó˚ âlc Ü˛ÙˆÏï˛ ÌyˆÏÜ˛ [!ã˛e

11.7(b)]–

~ê˛y ̂ Ì Ï̂Ü˛ ̂ ÓyV˛y ÎyÎ̊ñ 4 °C ï˛y˛õÙyeyÎ̊ ç Ï̂°Ó̊ âlc § Ï̂Ó≈yFã˛– ç Ï̂°Ó̊

~•z ôÙ≈!ê˛Ó˚ ~Ü˛ à%Ó˚%c˛õ)î≈ ˛õ!Ó˚ˆÏÓ¢àï˛ ≤ÃË˛yÓ xyˆÏSÈ ı •…ò G ˛õ%Ü%˛ˆÏÓ˚Ó˚

ÙˆÏï˛y ç°yôyÓ˚§Ù)ˆÏ•Ó˚ í˛z˛õ!Ó˚ï˛° ≤ÃÌˆÏÙ ÓÓ˚ˆÏÊ˛ ˛õ!Ó˚îï˛ •Î˚– ˆÜ˛yˆÏly

~Ü˛!ê˛ •…ˆÏòÓ˚ ç° ë˛yu˛y •ˆÏï˛ ÌyÜ˛ˆÏ°ñ 4 °C ˛õÎ≈h¡ •…ˆÏòÓ˚ í˛z˛õ!Ó˚ï˛ˆÏ°Ó˚

ç° ˛õ!Ó˚ˆÏÓˆÏ¢ ï˛y˛õ¢!=˛ Óç≈l Ü˛ˆÏÓ˚ âlï˛Ó˚ •Î˚ ~ÓÇ •…ˆÏòÓ˚ ï˛°ˆÏòˆÏ¢

ˆl Ï̂Ù ÎyÎ˚ ~ÓÇ ï˛° Ï̂ò Ï̂¢Ó˚ Ü˛Ù âl Ï̂cÓ˚ ç° í z̨̨ õ Ï̂Ó˚ G Ï̂ë˛ xy Ï̂§– ~Ë˛y Ï̂Óñ

í˛z˛õˆÏÓ˚Ó˚ ë˛yu˛y çˆÏ°Ó˚ ï˛y˛õÙyey ~Ü˛ÓyÓ˚ 4 °C ~Ó˚ l#ˆÏã˛ lyÙˆÏ° çˆÏ°Ó˚

âlc Ü˛ˆÏÙ ÎyÎ˚ ~ÓÇ G•z ç° í˛z˛õ!Ó˚˛õ,ˆÏ¤˛•z ˆÌˆÏÜ˛ ÎyÎ˚ ~ÓÇ ˆ§áyˆÏl

çˆÏÙ ÎyÎ˚– Î!ò çˆÏ°Ó˚ ~•z ôÙ≈ ly ÌyÜ˛ˆÏï˛y ï˛ˆÏÓ •…ò G ˛õ%Ü%˛ˆÏÓ˚Ó˚ ç°

l#ˆÏã˛ ˆÌˆÏÜ˛•z çÙˆÏï˛yñ ÎyÓ˚ Ê˛ˆÏ° ç°y¢ˆÏÎ˚Ó˚ ˆÓ!¢Ó˚Ë˛yà ≤Ãy!î G í˛z!qò

ôÁÇ§ •ˆÏÎ˚ ˆÎï˛–

§yôyÓ˚î ï˛y˛õÙyeyÎ˚ Ü˛!ë˛l G ï˛Ó˚ˆÏ°Ó˚ ï%˛°lyÎ˚ àƒy§§Ù)• ˆÓ!¢

˛õ!Ó˚ÙyˆÏî ≤Ã§y!Ó˚ï˛ •Î˚– ï˛Ó˚ˆÏ°Ó˚ ˆ«˛ˆÏe xyÎ˚ï˛l ≤Ã§yÓ˚î à%îyAÜ˛

ï%˛°lyÙ)°Ü˛Ë˛yˆÏÓ ï˛y˛õÙyey !lÓ˚ˆÏ˛õ«˛– Î!òG àƒyˆÏ§Ó˚ ˆ«˛ˆÏe ~Ó˚ Ùyl

ï˛y˛õÙyeyÓ˚ G˛õÓ˚ !lË≈˛Ó˚¢#°–

xyò¢≈ àƒy§ §Ù#Ü˛Ó˚î  PV = µRT  ̂ Ì Ï̂Ü˛ !fiÌÓ˚ ã˛y Į̈̂ õ xyò¢≈ àƒy Ï̂§Ó˚

xyÎ˚ï˛l ≤Ã§yÓ˚î à%îyAÜ˛ !lî≈Î˚ Ü˛Ó˚y ÎyÎ˚– xyò¢≈ àƒy§ §Ù#Ü˛Ó˚î ÈüüüÈ
PV = µRT

!fiÌÓ˚ ã˛yˆÏ˛õ  P∆V = µR ∆T

Óyñ 
∆ ∆V

V

T

T
=

xÌ≈yÍñ αv
T

=
1

ñ xyò¢≈ àƒyˆÏ§Ó˚ ˆ«˛ˆÏe– (11.6)

ï˛y˛õÙyey (°C) ï˛y˛õÙyey (°C)

(a) (b)

!ã˛e  11.7 çˆÏ°Ó˚ ï˛y˛õ#Î˚ ≤Ã§yÓ˚î

1k
g 

ç
Ï̂°

Ó˚ 
x

yÎ
˚ï˛

l

âl
c
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0 °C í˛z£÷Ïï˛yÎ˚ α
v
 = 3.7 × 10–3 K–1, Îy Ü˛!ë˛l G ï˛Ó˚ˆÏ°Ó˚ ï%˛°lyÎ˚

Î Ï̂ÌT˛ ̂ Ó!¢– §Ù#Ü˛Ó˚î (11.6)  α
v
 ~Ó˚ ï˛y˛õÙyey !lË≈̨ Ó˚ï˛y ≤ÃÜ˛y¢ Ü˛ Ï̂Ó˚ó

ï˛y˛õÙyey Ó,!ÂôˆÏï˛ α
v
 ~Ó˚ Ùyl •…y§ ˛õyÎ˚– âˆÏÓ˚Ó˚ ï˛y˛õÙyeyÎ˚ G !fiÌÓ˚

ã˛y Į̈̂ õ Ó˚yáy ~Ü˛!ê˛ àƒy Ï̂§Ó˚ α
v
 ~Ó˚ Ùyl ≤ÃyÎ˚ 3300 × 10–6 K–1,  Îy !Ó Ï̂¢£Ï

!Ü˛S%È ï˛Ó˚ˆÏ°Ó˚ xyÎ˚ï˛l ≤Ã§yÓ˚î à%îyˆÏAÜ˛Ó˚ ï%˛°lyÎ˚ xˆÏlÜ˛ê˛y•z ˆÓ!¢–

xyÎ˚ï˛l ≤Ã§yÓ˚î à%îyAÜ˛ (α
v
) G ˜Ó˚!áÜ˛ ≤Ã§yÓ˚î à%îyAÜ˛ (α

l
) ~Ó˚

Ù Ï̂ôƒ ~Ü˛!ê˛ §Ó˚° §¡õÜ≈̨  Ó˚̂ ÏÎ˚̂ ÏSÈ– Ü˛“ly Ü˛Ó˚y ÎyÜ˛ñ l  Óy•%!Ó!¢T˛ ~Ü˛!ê˛

âl Ï̂Ü˛Ó˚ ï˛y˛õÙyey Îál ∆T Ó,!Âô ̨Ü˛Ó˚y •Î˚ ï˛ál ~!ê˛ §Ó!ò Ï̂Ü˛ §ÙË˛y Ï̂Ó

å∆l  ˛õ!Ó˚ÙyˆÏîä ≤Ã§y!Ó˚ï˛ •Î˚– xyÙÓ˚y çy!lñ

∆l = α
l
 l ∆T

∴ ∆V = (l+∆l)3 – l3 j 3l2 ∆l (11.7)

l ~Ó˚ ï%˛°lyÎ˚ ∆l  ~Ó˚ Ùyl Ü˛Ù •GÎ˚yÎ˚ §Ù#Ü˛Ó˚î (11.7) ~  (∆l)2

~ÓÇ (∆l)3 !Ó!¢T˛ ̨ õò ò%ˆÏê˛yˆÏÜ˛ x@˝Ãy•ƒ Ü˛Ó˚y •ˆÏÎ˚ˆÏSÈ–

§%ï˛Ó˚yÇñ  ∆
∆

∆V
V l

l
V Tl= =

3
3 α (11.8)

⇒   α
v
 = 3α

l
(11.9)

~Ü˛!ê˛ Ó˚ˆÏí˛Ó˚ ≤Ãyhs˝à%ˆÏ°yˆÏÜ˛ ò,ì˛¸Ë˛yˆÏÓ xyê˛ˆÏÜ˛ ~Ó˚ ï˛y˛õ#Î˚ ≤Ã§yÓ˚îˆÏÜ˛

Óyôy !òˆÏ° Ü˛# âê˛ˆÏÓ⁄ flõT˛ï˛•zñ Ó˚ˆÏí˛Ó˚ ò%Û≤ÃyˆÏhs˝Ó˚ ò,ì˛¸ xÓ°¡∫l Ü˛ï,≈˛Ü˛

≤ÃÎ%=˛ Óy!•ƒÜ˛ ÓˆÏ°Ó˚ ≤ÃË˛yˆÏÓ Ó˚ˆÏí˛ ~Ü˛!ê˛ §ÇˆÏÜ˛yã˛Ü˛ !ÓÜ,˛!ï˛Ó˚ §,!T˛ •Î˚–

§,T˛ xyl%£Ï!AàÜ˛ ˛õ#í˛¸lˆÏÜ˛ ï˛y˛õ#Î˚ ˛õ#í˛¸l åThermal Stressä ÓˆÏ°–

í z̨òy•Ó˚îfl∫Ó)̨̊ õ ôÓ˚ñ 5 m ̃ Ïòâ≈ƒ G  40 cm2 ≤ÃfiÌ Ï̂FSÈ Ï̂òÓ˚ ̂ «˛eÊ˛°!Ó!¢T˛

~Ü˛!ê˛ •zflõyˆÏï˛Ó˚ ˛õyï˛ !lˆÏÎ˚ ï˛yÓ˚  10 °C í˛z£÷Ïï˛y Ó,!Âôç!lï˛ ≤Ã§yÓ˚ˆÏî

Óyôy §,!T˛ Ü˛Ó˚y •°– •zflõyˆÏï˛Ó˚ ˜Ó˚!áÜ˛ ≤Ã§yÓ˚î à%îyAÜ˛  α
l(s) 

= 1.2 ×

10–5  K–1– xï˛~Óñ §ÇˆÏÜ˛yã˛Ü˛ !ÓÜ,˛!ï˛  
∆l

l
= α

l(s) 
∆T = 1.2 × 10–5 ×

10=1.2 × 10–4– •zflõy Ï̂ï˛Ó̊ •zÎ̊Ç à%îyAÜ˛ Y
 (s)

 = 2 × 1011 N m–2– xï˛~Óñ

í˛zq(ï˛ ï˛y˛õ#Î˚ ˛õ#í˛¸l
∆F

A
Y=Y

steel

∆l

l
el







 = 2.4 × 107 N m–2ñ Îy

Óy!•ƒÜ˛ Ó° ∆F = AY
s
 

∆l

l







  =  2.4 × 107 × 40 × 10–4 j 105N ~Ó̊

§Ùï%˛°ƒ– Î!ò ~Ó˚)˛õ ò%!ê˛ •zflõyˆÏï˛Ó˚ ˛õyˆÏï˛Ó˚ ~Ü˛≤Ãyhs˝ Î%=˛ Ü˛ˆÏÓ˚ x˛õÓ˚
ò%≤Ãyhs˝̂ ÏÜ˛ ò,ì˛̧Ë˛y Ï̂Ó xyê˛ Ï̂Ü˛ ̂ òGÎ̊y ÎyÎ̊ ï˛ Ï̂Ó ~ Ùy Ï̂lÓ̊ ~Ü˛!ê˛ Ó° ̨õyï˛!ê˛ Ï̂Ü˛
§•ˆÏç•z ÓÑyÜ˛yˆÏï˛ ˛õyÓ˚ˆÏÓ–

u í˛zòy•Ó˚î 11.1 ˆòáyG ˆÎñ Ü˛!ë˛l ˛õòyˆÏÌ≈Ó˚ ~Ü˛!ê˛ xyÎ˚ï˛yÜ˛yÓ˚

˛õy Ï̂ï˛Ó˚ ̂ «˛e ≤Ã§yÓ˚î à%îyAÜ˛  (∆A/A)/∆T  ~Ó˚ ̃ Ó˚!áÜ˛ ≤Ã§yÓ˚î

à%îyAÜ˛ α
l
 ~Ó˚ !mà%î–

í˛z_Ó˚
∆A

3
 = (∆a) (∆b)

∆A
l
 = a (∆b)

∆A
2
 = b (∆a)

a

b

∆b

∆a

!ã˛e  11.8

Ü˛!ë˛l ˛õòyˆÏÌ≈Ó˚ ˜ï˛!Ó˚  a ˜òâ≈ƒ G  b ≤ÃfiÌ!Ó!¢T˛ ~Ü˛!ê˛ xyÎ˚ï˛Ü˛yÓ˚

˛õyï˛ ˆlGÎ˚y •° (!ã˛e 11.8 )– Îál ~Ó˚ ï˛y˛õÙyey  ∆T Ó,!Âô Ü˛Ó˚y •Î˚

ï˛ál a ~Ó˚ Ó,!Âô âˆÏê˛  ∆a = α
l 
a∆T ~ÓÇ b ~Ó˚ Ó,!Âô âˆÏê˛  ∆b = α

l
b

∆T– 11.8 !ã˛eyl%§yˆÏÓ˚ ̨ õyˆÏï˛Ó˚ ̂ «˛eÊ˛° Ó,!Âô

∆A = ∆A
1
 +∆A

2
 + ∆A

3

∆A = a ∆b + b ∆a + (∆a)  (∆b)

= a α
l
b ∆T + b α

l
 a ∆T + (α

l
)2 ab (∆T)2

= α
l
 ab ∆T (2 + α

l
 ∆T) = α

l
 A ∆T (2 + α

l
 ∆T)

§yÓ˚!î 11.1 xl%§yˆÏÓ˚ñ ˆÎˆÏ•ï%˛ α
l 
j 10–5 K–1, fl∫“ ï˛y˛õÙyeyÓ˚

˛õ!Ó˚Óï≈˛ˆÏl 2 ~Ó˚ ï%˛°lyÎ˚ α
l
 ∆T ̂ Ü˛ x@˝Ãy•ƒ Ü˛Ó˚y ÎyÎ˚–

xï˛~Óñ

⊳

u í z̨òy•Ó̊î  11.2 ~Ü˛ Ü˛Ù≈Ü˛yÓ̊ ~Ü˛!ê˛ ̂ âyí˛̧yÓ̊ ày!í˛̧Ó̊ Ü˛y Ï̂ë˛Ó̊ ã˛yÜ˛yÎ̊
ˆ°y•yÓ˚ ̂ Óí˛¸ xyê˛Ü˛yˆÏFSÈ– 27 °C ï˛y˛õÙyeyÎ˚ ã˛yÜ˛yÓ˚ ̂ ÓˆÏí˛¸Ó˚ G
ˆ°y•yÓ˚ Ó°ˆÏÎ˚Ó˚ Óƒy§ ÎÌyÜ ˛ˆÏÙ  5.243 m ~ÓÇ 5.231 m –
ã˛yÜ˛yÓ˚ ̂ Ó Ï̂í ¸̨ áy˛õ áyGÎ˚y Ï̂ï˛ ̂ °y•yÓ˚ Ó°Î˚!ê˛ Ï̂Ü˛ Ü˛ï˛ ï˛y˛õÙyeyÎ˚
í˛z_Æ Ü˛Ó˚ˆÏï˛ •ˆÏÓ⁄

í˛z_Ó˚
ˆòGÎ˚y xyˆÏSÈñ T

1
 = 27 °C

L
T1

 = 5.231 m

L
T2

 = 5.243 m

xï˛~Óñ L
T2

 =L
T1

 [1+α
l 
(T

2
–T

1
)] • Ï̂ï˛ ̨õyGÎ˚y ÎyÎ˚

5.243 m = 5.231 m [1 + 1.20×10–5  K–1 (T
2
–27 °C)]

Óyñ T
2
 = 218 °C. ⊳



284 õòyÌ≈!Óòƒy

11.6  xy Į̈̂õ!«˛Ü˛ ï˛y˛õ ôyÓ̊Ü˛c (SPECIFIC HEAT CAPACITY)

~Ü˛!ê˛ ˛õyˆÏe !Ü˛S%È ç° lyG ~ÓÇ ~ˆÏÜ˛ ~Ü˛!ê˛ Óyl≈yˆÏÓ˚Ó˚ §y•yˆÏÎƒ í˛z_Æ

Ü˛Ó˚ˆÏï˛ ¢%Ó˚% Ü˛ˆÏÓ˚y– ¢#â •z ˆï˛yÙÓ˚y °«˛ Ü˛Ó˚ˆÏÓ ˆÎñ ˛õyˆÏeÓ˚ ï˛°ˆÏò¢ •ˆÏï˛

Ó%ò‰Ó%ò í˛z˛õˆÏÓ˚ Gë˛ˆÏï˛ ¢%Ó˚% Ü˛ˆÏÓ˚ˆÏSÈ– ï˛y˛õÙyey Ó,!ÂôˆÏï˛ ç°Ü˛îyà%ˆÏ°yÓ˚

à!ï˛ Óyí˛¸ˆÏï˛ ÌyˆÏÜ˛ ~ÓÇ Îál ç° Ê%˛ê˛ˆÏï˛ ¢%Ó˚% Ü˛ˆÏÓ˚ ï˛ál ~•z à!ï˛

!Ó¢,C° •ˆÏÎ˚ GˆÏë˛– ˆÜ˛yˆÏly ˛õòyˆÏÌ≈Ó˚ ï˛y˛õÙyey Ó,!ÂôˆÏï˛ ≤ÃˆÏÎ˚yçl#Î˚

ï˛yˆÏ˛õÓ˚ ˛õ!Ó˚Ùyî ˆÜ˛yl‰ ˆÜ˛yl‰ !Ó£ÏˆÏÎ˚Ó˚ G˛õÓ˚ !lË≈˛Ó˚ Ü˛ˆÏÓ˚⁄ ~•z ≤ÃˆÏŸ¿Ó˚

í˛z_Ó˚ ̂ ˛õˆÏï˛ ≤ÃÌˆÏÙ !Ü˛S%È ̨õ!Ó˚Ùyî çˆÏ°Ó˚ ï˛y˛õÙyey ôÓ˚  20 °C ñ Óyí˛¸yG

~ÓÇ §ÙÎ˚ !°!˛õÓÂô Ü˛ Ï̂Ó˚y– xyÓyÓ˚ ~Ü˛•z ̨õ!Ó˚Ùyî ç° lyG ~ÓÇ ï˛y Į̈̂ õÓ˚

~Ü˛•z í z̨Í§ ÓƒÓ•yÓ˚ Ü˛ Ï̂Ó˚ ç Ï̂°Ó˚ ï˛y˛õÙyey  40 °C Ó,!Âô Ü˛Ó˚– fiê˛˛õGÎ˚yã‰̨

ÓƒÓ•yÓ˚ Ü˛ Ï̂Ó˚ ≤Ã Ï̂Î˚yçl#Î˚ §ÙÎ˚ !°!˛õÓÂô Ü˛ Ï̂Ó˚y– ̂ ï˛yÙÓ˚y ̂ òá Ï̂Ó ~ Ï̂«˛ Ï̂e

!mà%î §ÙÎ˚ ˆlÎ˚– xï˛~Óñ §Ù˛õ!Ó˚Ùyî çˆÏ°Ó˚ !mà%î ï˛y˛õÙyey Ó,!Âô

Ü˛Ó˚ˆÏï˛ !mà%î ˛õ!Ó˚Ùyî ï˛yˆÏ˛õÓ˚ ≤ÃˆÏÎ˚yçl •Î˚–

!mï˛#Î˚ï˛ ôyˆÏ˛õñ ~ál ôÓ˚ ˆï˛yÙÓ˚y !mà%î ˛õ!Ó˚Ùyî ç° !lˆÏ° ~ÓÇ

~Ü˛•z ÓƒÓfiÌyÎ˚ ï˛y˛õÙyey 20 °C Óyí˛¸yˆÏ°– ˆï˛yÙÓ˚y ˆòáˆÏÓ ~ˆÏ«˛ˆÏeG

xyÓyÓ˚ ≤ÃˆÏÎ˚yçl#Î˚ ï˛yˆÏ˛õÓ˚ ˛õ!Ó˚Ùyî ≤ÃÌÙ ôyˆÏ˛õÓ˚ !mà%î–

ï,̨ ï˛#Î˚ ôy Į̈̂ õñ ç Ï̂°Ó˚ ̨õ!Ó˚Ó Ï̂ï≈̨  §Ù˛õ!Ó˚Ùyî ̂ Ü˛y Ï̂ly ̂ ï˛°ñ ôÓ˚ §!Ó˚£ÏyÓ˚

ˆï˛° lyG ~ÓÇ ~Ó̊ ï˛y˛õÙyey ̨õ%lÓ̊yÎ̊ 20 °C Ó,!Âô Ü˛ Ï̂Ó̊y– ~Ü˛•z fiê˛˛õGÎ̊yã‰̨

ÓƒÓ•yÓ˚ Ü˛ˆÏÓ˚ §ÙÎ˚!ê˛ °«˛ Ü˛ˆÏÓ˚y– ˆï˛yÙÓ˚y ˆòáˆÏï˛ ˛õyˆÏÓ ˆÎñ ~ˆÏ«˛ˆÏe

≤Ã Ï̂Î˚yçl#Î˚ §ÙÎ˚ x Į̈̂ õ«˛yÜ,̨ ï˛ Ü˛Ù ~ÓÇ ~Ë˛y Ï̂Ó ~Ü˛•z ï˛y˛õÙyey Ó,!Âô Ï̂ï˛

ˆï˛ˆÏ°Ó˚ ̂ «˛ˆÏe ≤ÃˆÏÎ˚yçl#Î˚ ï˛yˆÏ˛õÓ˚ ̨õ!Ó˚Ùyîñ §Ù ̨õ!Ó˚Ùyî çˆÏ°Ó˚ ̂ «˛ˆÏe

≤ÃˆÏÎ˚yçl#Î˚ ï˛yˆÏ˛õÓ˚ ï%˛°lyÎ˚ Ü˛Ù–

í˛z˛õˆÏÓ˚Ó˚ ˛õÎ≈ˆÏÓ«˛îà%ˆÏ°y •ˆÏï˛ ≤Ãï˛#Î˚Ùyl •Î˚ ˆÎ ˆÜ˛yˆÏly ˛õòyÌ≈ˆÏÜ˛

í˛z_Æ Ü˛Ó˚ˆÏï˛ ≤ÃˆÏÎ˚yçl#Î˚ ï˛yˆÏ˛õÓ˚ ˛õ!Ó˚Ùyî ~Ó˚ Ë˛Ó˚  m, ï˛y˛õÙyeyÓ˚

˛õ!Ó˚Óï≈˛l ∆T ~ÓÇ ˛õòyˆÏÌ≈Ó˚ ≤ÃÜ,˛!ï˛Ó˚ í˛z˛õÓ˚ !lË≈˛Ó˚ Ü˛ˆÏÓ˚– Îál ˆÜ˛yˆÏly

˛õòyÌ≈ Ü˛ï,≈˛Ü˛ ~Ü˛ !l!ò≈T˛ ˛õ!Ó˚Ùyî ï˛y˛õ à,•#ï˛ !Ü˛ÇÓy Ó!ç≈ï˛ •Î˚ ï˛ál

˛õòyˆÏÌ≈Ó˚ ï˛y˛õÙyeyÓ˚ ̨ õ!Ó˚Óï≈˛l ï˛y˛õôyÓ˚Ü˛c lyÙÜ˛ ~Ü˛!ê˛ ̃ Ó!¢T˛ƒÙ)°Ü˛

Ó˚y!¢Ó˚ myÓ˚y !lÎ˚!sfï˛ •Î˚– xyÙÓ˚y ˛õòyˆÏÌ≈Ó˚ ï˛y˛õôyÓ˚Ü˛c Óy ï˛y˛õ@˝Ãy!•ï˛y

S ˆÜ˛ !l¡¨Ó˚)ˆÏ˛õ §ÇK˛y!Î˚ï˛ Ü˛!Ó˚ ı

S
Q

T
=

∆
∆

(11.10)

ˆÎáy Ï̂l ̨õòyÌ≈!ê˛Ó˚ ï˛y˛õÙyey T  • Ï̂ï˛ T + ∆T ̨õÎ≈hs˝ ̨õ!Ó˚Óï≈̨ Ïl Ü˛Ó˚̂ Ïï˛

§Ó˚ÓÓ˚y•Ü,˛ï˛˛ ï˛yˆÏ˛õÓ˚ ˛õ!Ó˚Ùyî •° ∆Q–

ˆï˛yÙÓ˚y °«˛ Ü˛ˆÏÓ˚SÈ ˆÎñ §ÙË˛ˆÏÓ˚Ó˚ !Ó!Ë˛ß¨ ˛õòyˆÏÌ≈ Î!ò §Ù ˛õ!Ó˚Ùyî

ï˛y˛õ ≤Ãòyl Ü˛Ó˚y •Î˚ñ ï˛ˆÏÓ í˛zË˛Î˚ ˛õòyˆÏÌ≈Ó˚ ï˛y˛õÙyeyÓ˚ ˛õ!Ó˚Óï≈˛l §Ùyl

• Ï̂Ó ly– ~!ê˛ ̂ ÓyV˛yÎ̊ ̂ Îñ ≤Ã Ï̂ï˛ƒÜ˛ ̨õòy Ï̂Ì≈Ó̊•z ~Ü˛Ü˛ Ë˛ Ï̂Ó̊Ó̊ ~Ü˛Ü˛ ï˛y˛õÙyey

˛õ!Ó˚Óï≈̨ Ï̂l Ó› Ü˛ï,≈̨ Ü˛ à,•#ï˛ Óy Ó!ç≈ï˛ ï˛y Į̈̂ õÓ˚ ~Ü˛ x!mï˛#Î˚ Ùyl xy Ï̂SÈ–

~•z Ó˚y!¢!ê˛ G•z ˛õòyˆÏÌ≈Ó˚ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ ôyÓ˚Ü˛cˆÏÜ˛ ˆÓyV˛yÎ˚– m Ë˛Ó˚

§¡õß¨ ̂ Ü˛y Ï̂ly ̨õòy Ï̂Ì≈Ó˚ ï˛y˛õÙyey ∆T ̨õ!Ó˚Ùy Ï̂î ̨õ!Ó˚Óï≈̨ l Ü˛Ó˚̂ Ïï˛ ̨õòyÌ≈

Ü˛ï,≈˛Ü˛ à,•#ï˛ Óy Ó!ç≈ï˛ ï˛yˆÏ˛õÓ˚ ˛õ!Ó˚Ùyî Î!ò  ∆Q •Î˚ ï˛ˆÏÓ G•z Ó›Ó˚

xy Į̈̂ õ!«˛Ü˛ ï˛y˛õôyÓ˚Ü˛cñ

s
S

m m

Q

T
= =

1 ∆
∆ (11.11)

xyˆÏ˛õ!«˛Ü˛ ï˛y˛õôyÓ˚Ü˛c ˛õòyˆÏÌ≈Ó˚ ~Ùl ~Ü˛ ôÙ≈ Îy ˛õòyÌ≈ Ü˛ï,≈˛Ü˛

à,•#ï˛ Óy Ó!ç≈ï˛ ï˛yˆÏ˛õÓ˚ ≤ÃË˛yˆÏÓ ˛õòyÌ≈!ê˛Ó˚ åxÓfiÌyhs˝Ó˚ ly â!ê˛ˆÏÎ˚ä

ï˛y˛õÙyeyÓ˚ ̨õ!Ó˚Óï≈̨ l !lô≈yÓ˚î Ü˛ Ï̂Ó˚– ~Ü˛Ü˛ Ë˛Ó˚ ̨õòy Ï̂Ì≈Ó˚ ~Ü˛Ü˛ ï˛y˛õÙyey

˛õ!Ó˚Óï≈˛ˆÏl à,•#ï˛ Óy Ó!ç≈ï˛ ï˛y˛õˆÏÜ˛•z G•z ˛õòyˆÏÌ≈Ó˚ xyˆÏ˛õ!«˛Ü˛

ï˛y˛õôyÓ˚Ü˛c ÓˆÏ°– ~!ê˛ ˛õòyˆÏÌ≈Ó˚ ≤ÃÜ,˛!ï˛ G ï˛y˛õÙyeyÓ˚ G˛õÓ˚ !lË≈˛Ó˚

Ü˛ˆÏÓ˚– xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ ôyÓ˚Ü˛ˆÏcÓ˚  SI ~Ü˛Ü˛ •° J kg–1 K–1–

˛õòyˆÏÌ≈Ó˚ ˛õ!Ó˚ÙyîˆÏÜ˛ kg ~Ü˛ˆÏÜ˛ ≤ÃÜ˛y!¢ï˛ Ë˛Ó˚ müÈ~Ó˚ ~Ü˛ˆÏÜ˛Ó˚

˛õ!Ó˚ÓˆÏï≈˛ ˆÙy° µ  myÓ˚y ≤ÃÜ˛y¢ Ü˛Ó˚ˆÏ°ñ ˛õòyˆÏÌ≈Ó˚ ˆÙy° ≤Ã!ï˛ xyˆÏ˛õ!«˛Ü˛

ï˛y˛õôyÓ˚Ü˛c •ˆÏÓ

C
S Q

T
= =

µ µ

1 ∆
∆ (11.12)

ˆÎáyˆÏl  C ˆÜ˛ ˛õòyˆÏÌ≈Ó˚ ˆÙy°yÓ˚ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ ôyÓ˚Ü˛c ÓˆÏ°–

S ~Ó˚ ÙˆÏï˛y  C G ˛õòyˆÏÌ≈Ó˚ ≤ÃÜ,˛!ï˛ G ï˛yÓ˚ ï˛y˛õÙyeyÓ˚ í˛z˛õÓ˚ !lË≈˛Ó˚

Ü˛ˆÏÓ˚– ̂ Ùy°yÓ˚ xyˆÏ˛õ!«˛Ü˛ ï˛yˆÏ˛õÓ˚  SI ~Ü˛Ü˛ •°  J mol–1 K–1–

Î!òG àƒyˆÏ§Ó˚ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õôyÓ˚Ü˛c C ˆÜ˛ §ÇK˛y!Î˚ï˛ Ü˛Ó˚ˆÏï˛

xyÓ˚G !Ü˛S%È !Ó£ÏˆÏÎ˚Ó˚ ≤ÃˆÏÎ˚yçl •Î˚– àƒyˆÏ§Ó˚ ï˛y˛õ §M˛y°l !fiÌÓ˚ ã˛yˆÏ˛õ

xÌÓy !fiÌÓ˚  xyÎ˚ï˛ˆÏl •ˆÏï˛ ˛õyˆÏÓ˚– ï˛y˛õ §M˛y°ˆÏlÓ˚ §ÙÎ˚ àƒy§ˆÏÜ˛

!fiÌÓ˚ ã˛yˆÏ˛õ Ó˚yáy •ˆÏ° ~ˆÏÜ˛ !fiÌÓ˚ ã˛yˆÏ˛õ ˆÙy°yÓ˚ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ

ôyÓ̊Ü˛c Ó Ï̂°– ~ Ï̂Ü˛  C
p 
myÓ˚y §)!ã˛ï˛ Ü˛Ó˚y •Î˚– xyÓyÓ˚ñ ï˛y˛õ §M˛y°lÜ˛y Ï̂°

xyÎ˚ï˛l !fiÌÓ˚ Ó˚yáˆÏ° xyl%£Ï!AàÜ˛ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õôyÓ˚Ü˛cˆÏÜ˛ !fiÌÓ˚

xyÎ˚ï˛ Ï̂l ̂ Ùy°yÓ˚ xy Į̈̂ õ!«˛Ü˛ ï˛y˛õôyÓ˚Ü˛c Ó Ï̂°– ~ Ï̂Ü˛  C
v 
 myÓ˚y §)!ã˛ï˛

Ü˛Ó˚y •Î˚– ~ !Ó£ÏˆÏÎ˚ xyÓ˚G !Ó¢ˆÏò çylˆÏï˛ myò¢ xôƒyÎ˚ ˆòˆÏáy– §yÓ˚!î

11.3 ~ §yôyÓ˚î ÓyÎ˚%Ù[˛°#Î˚ ã˛y˛õ G §yôyÓ˚î ï˛y˛õÙyeyÎ˚ !Ü˛S%È ̨ õòyˆÏÌ≈Ó˚

xyˆÏ˛õ!«˛Ü˛ ï˛y˛õôyÓ˚Ü˛ˆÏcÓ˚ Ùyl ˆòGÎ˚y •°– ˆÎáyˆÏl §yÓ˚!î  11.4 ~

!Ü˛S%È àƒyˆÏ§Ó˚ ˆÙy°yÓ˚ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õôyÓ˚Ü˛ˆÏcÓ˚ Ùyl ˆòGÎ˚y xyˆÏSÈ–

§yÓ˚!î 11.3 ~ °«˛ Ü˛Ó˚ˆÏ° ˆòáˆÏÓ xlƒylƒ ï˛Ó˚ˆÏ°Ó˚ ï%˛°lyÎ˚ çˆÏ°Ó˚

xy Į̈̂ õ!«˛Ü˛ ï˛y˛õ ôyÓ˚Ü˛c § Ï̂Ó≈yFã˛– ~Ü˛yÓ˚̂ Ïî ̂ Ùyê˛Ó˚ày!í ¸̨Ó˚ ï˛y˛õ!Ó!Ü˛Ó˚̂ ÏÜ˛

åradiatorsä ¢#ï˛°#Ü˛yÓ˚Ü˛ Ó˚)ˆÏ˛õñ xyÓyÓ˚ àÓ˚ÙçˆÏ°Ó˚ ÓƒyˆÏà í˛z_y˛õÜ˛

Ó˚)ˆÏ˛õG ç° ÓƒÓ•,ï˛ •Î˚– çˆÏ°Ó˚ í˛zFã˛ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ@˝Ãy!•ï˛yÓ˚ çlƒ

@˝Ã#‹øÜ˛y Ï̂° fiÌ°Ë˛y Ï̂àÓ˚ ï%̨ °lyÎ˚ ç°Ë˛yà x!ï˛ ô# Ï̂Ó˚ àÓ˚Ù •Î˚ñ ~Ü˛yÓ˚̂ Ïî•z
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§Ù%o ˆÌˆÏÜ˛ ÓyÎ˚%≤ÃÓyˆÏ•Ó˚ ¢#ï˛°#Ü˛Ó˚ˆÏîÓ˚ ≤ÃË˛yÓ Ó˚ˆÏÎ˚ˆÏSÈ– ~ál ï%˛!Ù

!lŸã˛Î˚•z Ó° Ï̂ï˛ ̨õyÓ˚̂ ÏÓÈñ ÙÓ%̊ xM˛ Ï̂° Ë)̨ ˛õ,¤˛ ̂ Ü˛l !ò Ï̂lÓ˚ ̂ Ó°y ï˛yí ¸̨yï˛y!í ¸̨

àÓ˚Ù •Î˚ ~ÓÇ Ó˚yˆÏe ï˛yí˛¸yï˛y!í˛¸ ë˛yu˛y •Î˚–

§yÓ˚!î 11.4 Ü˛ˆÏÎ˚Ü˛!ê˛ àƒyˆÏ§Ó˚ ˆÙy°yÓ˚ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ
ôyÓ˚Ü˛c

àƒy§ C
p
 (J mol–1K–1)  C

v
(J mol–1K–1)

He 20.8 12.5

H
2

28.8 20.4

N
2

29.1 20.8

O
2

29.4 21.1

CO
2

37.0 28.5

11.7  Ü˛ƒy Ï̂°y!Ó̊!Ù!ï˛  (CALORIMETRY)

ˆÜ˛y Ï̂ly ~Ü˛!ê˛ §ÇfiÌy G ̨õy!Ó˚̨ õy!Ÿª≈̂ ÏÜ˛Ó˚ Ù Ï̂ôƒ ï˛y Į̈̂ õÓ˚ ̂ Ü˛y Ï̂ly xyòyl≤Ãòyl

Óy ï˛y˛õ≤ÃÓy• ly •ˆÏ° G•z §ÇfiÌyˆÏÜ˛ !Ó!FSÈß¨ §ÇfiÌy Ó°y •Î˚– ˆÜ˛yˆÏly

!Ó!FSÈß¨ §ÇfiÌyÓ˚ !Ó!Ë˛ß¨ xÇ¢ !Ó!Ë˛ß¨ ï˛y˛õÙyeyÎ˚ ÌyÜ˛ Ï̂°ñ í z̨Fã˛ï˛y˛õÙyeyÓ˚

xÇ¢ ˆÌˆÏÜ˛ !Ü˛S%È ˛õ!Ó˚Ùyî ï˛y˛õ !l¡¨ ï˛y˛õÙyeyÓ˚ xÇˆÏ¢ §M˛y!°ï˛ •Î˚–

í˛zFã˛ ï˛y˛õÙyeyÓ˚ xÇ¢ Ü˛ï,≈˛Ü˛ Ó!ç≈ï˛ ï˛yˆÏ˛õÓ˚ ˛õ!Ó˚Ùyî !l¡¨ ï˛y˛õÙyeyÓ˚

xÇ¢ Ü˛ï,≈˛Ü˛ à,•#ï˛ ï˛yˆÏ˛õÓ˚ §Ùyl •Î˚–

Ü˛ƒy°!Ó˚!Ù!ï˛ ï˛yˆÏ˛õÓ˚ ˛õ!Ó˚Ùy˛õˆÏÜ˛ ˆÓyV˛yÎ˚– Î!ò ˛õy!Ó˚˛õy!Ÿª≈ˆÏÜ˛ ï˛y˛õ

Ó!ç≈ï˛ ly •Î˚ñ ï˛ˆÏÓ í˛zFã ˛ï˛y˛õÙyeyÓ˚ ~Ü˛!ê˛ Ó›ˆÏÜ˛ !l¡¨ ï˛y˛õÙyeyÓ˚

~Ü˛!ê˛ Ó›Ó˚ §ÇflõˆÏ¢≈ xyly •ˆÏ° í˛zFã˛ ï˛y˛õÙyeyÓ˚ Ó› Ü˛ï,≈˛Ü˛ Ó!ç≈ï˛

ï˛y˛õ !l¡¨ ï˛y˛õÙyeyÓ˚ Ó› Ü˛ï,≈˛Ü˛ à,•#ï˛ ï˛yˆÏ˛õÓ˚ §Ùyl •Î˚– ˆÎ ÎˆÏsfÓ˚

§y•yˆÏÎƒ ï˛yˆÏ˛õÓ˚ ˛õ!Ó˚Ùy˛õ Ü˛Ó˚y •Î˚ ï˛yˆÏÜ˛ Ü˛ƒyˆÏ°y!Ó˚!Ùê˛yÓ˚ ÓˆÏ°– ï˛yÙy

Óy xƒy°%!Ù!lÎ̊y Ï̂ÙÓ̊ Ù Ï̂ï˛y ôyï%̨  !ò Ï̂Î̊ ̃ ï˛!Ó̊ ~Ü˛!ê˛ ̨õye G ~Ü˛!ê˛ xy Ï̂°yí˛̧Ü˛

!lˆÏÎ˚ Ü˛ƒyˆÏ°y!Ó˚!Ùê˛yÓ˚ à!ë˛ï˛– ôyï˛Ó ̨õye!ê˛ˆÏÜ˛ Ü˛yã˛ñ í˛z° •zï˛ƒy!òÓ˚ ÙˆÏï˛y

ï˛y˛õ !lˆÏÓ˚yôÜ˛ ̨ õòyÌ≈Î%=˛ Ü˛yˆÏë˛Ó˚ çƒyˆÏÜ˛ˆÏê˛Ó˚ !Ë˛ï˛ˆÏÓ˚ Ó˚yáy •Î˚– Óy•zˆÏÓ˚Ó˚

çƒyˆÏÜ˛ê˛!ê˛ ï˛yˆÏ˛õÓ˚ ≤Ã!ï˛ˆÏÓ˚yôÜ˛Ó˚)ˆÏ˛õ Ü˛yç Ü˛ˆÏÓ˚ ~ÓÇ !Ë˛ï˛ˆÏÓ˚Ó˚ ˛õyˆÏeÓ˚

ï˛y˛õ «˛Î˚ Ü˛ÙyÎ˚– çƒyˆÏÜ˛ˆÏê˛Ó˚ àyˆÏÎ˚ ÌyÜ˛y !SÈo˛õˆÏÌ ~Ü˛!ê˛ ˛õyÓ˚ò

ÌyˆÏÙ≈y!Ùê˛yÓ˚ˆÏÜ˛ Ü˛ƒyˆÏ°y!Ó˚!Ùê˛yˆÏÓ˚Ó˚ !Ë˛ï˛ˆÏÓ˚ ≤ÃˆÏÓ¢ Ü˛Ó˚yˆÏly •Î˚– à,•#ï˛

ï˛y˛õ G Ó!ç≈ï˛ ï˛y˛õ §Ùyl ÈüüüÈ ~•z l#!ï˛Ó˚ ÓƒÓ•yˆÏÓ˚ ˆÜ˛yˆÏly ˛õòyˆÏÌ≈Ó˚

xy Į̈̂ õ!«˛Ü˛ ï˛y˛õ ôyÓ˚Ü˛c !lî≈̂ ÏÎ˚Ó˚ ~Ü˛!ê˛ ̨õÂô!ï˛ l# Ï̂ã˛Ó˚ í z̨òy•Ó˚̂ Ïî ̂ òGÎ˚y

•°–

u í˛zòy•Ó˚î  11.3 0.047 kg Ë˛ˆÏÓ˚Ó˚ ~Ü˛!ê˛ xƒy°%!Ù!lÎ˚yˆÏÙÓ˚
ˆày°Ü˛ˆÏÜ˛ ~Ü˛!ê˛ Ê%˛ê˛hs˝ ç°Ë˛!ï≈˛ ̨ õyˆÏe ÎˆÏÌT˛ §ÙÎ˚ ôˆÏÓ˚ Ó˚yáy
•° ̂ Îl ̂ ày° Ï̂Ü˛Ó˚ ï˛y˛õÙyey  100 °C •Î̊– ̂ ày°Ü˛!ê˛ Ï̂Ü˛ ~Ó̊˛õÓ̊
ï˛yí ¸̨yï˛y!í ¸̨ Ü˛ Ï̂Ó˚ 20 °C ï˛y˛õÙyeyÓ ̊0.25 kg ç°˛õ)î≈  0.14 kg

Ë˛ Ï̂Ó̊Ó̊ Ü˛ƒy Ï̂°y!Ó̊!Ùê˛y Ï̂Ó̊ ̂ Ê˛°y •°– ~ Ï̂ï˛ ç Ï̂°Ó̊ ï˛y˛õÙyey ̂ Ó Ï̂í˛̧
23 °C ~ !fiÌÓ˚ •Î˚– xƒy°%!Ù!lÎ˚yˆÏÙÓ˚ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õôyÓ˚Ü˛c
!lî≈Î˚ Ü˛ˆÏÓ˚y–

í z̨_Ó˚   ~ §Ù§ƒyÓ˚ §Ùyôy Ï̂lñ xyÙÓ˚yñ ï˛y˛õ#Î˚ §yÙƒyÓfiÌyÎ˚ xƒy°%!Ù!lÎ˚yÙ
ˆày°Ü˛ Ü˛ï,≈̨ Ü˛ Ó!ç≈ï˛ ï˛y˛õñ ç° G Ü˛ƒy Ï̂°y!Ó˚!Ùê˛yÓ˚ Ü˛ï,≈̨ Ü˛ à,•#ï˛ ï˛y Į̈̂ õÓ˚
§Ùyl ÈüÈ ~ l#!ï˛!ê˛ ÓƒÓ•yÓ˚ Ü˛Ó˚ˆÏÓy–
xƒy°%!Ù!lÎ˚yÙ ̂ ày° Ï̂Ü˛Ó˚ Ë˛Ó˚  (m

1
) = 0.047 kg

xƒy°%!Ù!lÎ˚yÙ ̂ ày°ˆÏÜ˛Ó˚ ≤ÃyÌ!ÙÜ˛ ï˛y˛õÙyey   = 100 °C

xƒy°%!Ù!lÎ˚yÙ ̂ ày° Ï̂Ü˛Ó˚  ã)̨ í ¸̨yhs˝ ï˛y˛õÙyey = 23 °C

xƒy°%!Ù!lÎ˚yÙ ˆày°ˆÏÜ˛Ó˚ ï˛y˛õÙyeyÓ˚ ˛õ!Ó˚Óï≈˛l (∆T)
=(100 °C -23 °C) = 77 °C

ÙˆÏl Ü˛ˆÏÓ˚yñ xƒy°%!Ù!lÎ˚yˆÏÙÓ˚ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ ôyÓ˚Ü˛c = s
Al

§%ï˛Ó˚yÇ xƒy°%!Ù!lÎ˚yÙ ˆày°Ü˛ Ü˛ï,≈˛Ü˛ Ó!ç≈ï˛ ï˛y˛õ

=  m s T sAl Al1 0 047 77∆ = × × °. kg C

ç Ï̂°Ó˚ Ë˛Ó˚ (m
2
) = 0.25 kg

§yÓ˚!î 11.3 âˆÏÓ˚Ó˚ ï˛y˛õÙyeyÎ˚ G ÓyÎ˚%Ù[˛°#Î˚ ã˛yˆÏ˛õ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ ôyÓ˚Ü˛c–

˛õòyÌ≈ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õôyÓ˚Ü˛c ˛õòyÌ≈ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õôyÓ˚Ü˛c
 (J kg–1 K–1) (J kg–1 K–1)

xƒy°%!Ù!lÎ˚yÙ 900.0 ÓÓ˚Ê˛ 2060

Ü˛yÓ≈l 506.5 Ü˛yã˛ 840

ï˛yÙy 386.4 ˆ°y•y 450

!§§y 127.7 ˆÜ˛ˆÏÓ˚y!§l 2118

Ó%̨̊ õy 236.1 ˆË˛yçƒ ˆï˛° 1965

ê˛yÇˆÏfiê˛l 134.4 ˛õyÓ˚ò 140

ç° 4186.0
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Ü˛ƒy Ï̂°y!Ó˚!Ùê˛y Ï̂Ó˚Ó˚ Ë˛Ó˚  (m
3
) = 0.14 kg

ç° G Ü˛ƒyˆÏ°y!Ó˚!Ùê˛yˆÏÓ˚Ó˚ ≤ÃyÌ!ÙÜ˛ ï˛y˛õÙyey =20 °C

!Ù◊ˆÏîÓ˚ ã)̨ í˛¸yhs˝ ï˛y˛õÙyey  = 23 °C

§%ï˛Ó˚yÇñ ï˛y˛õÙyeyÓ˚ ̨õ!Ó˚Óï≈̨ l (∆T
2
) = 23 °C – 20 °C = 3 °C

çˆÏ°Ó˚ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õôyÓ˚Ü˛c (s
w
)  = 4.18 × 103 J kg–1  K–1

ï˛yÙyÓ˚ Ü˛ƒyˆÏ°y!Ó˚!Ùê˛yˆÏÓ˚Ó˚ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õôyÓ˚Ü˛c (S
Cu

)

= 0.386 × 103 J kg–1  K–1

ç° G Ü˛ƒyˆÏ°y!Ó˚!Ùê˛yÓ˚ Ü˛ï,≈˛Ü˛ à,•#ï˛ ï˛y˛õ  = m
2
 s

w
 ∆T

2
 + m

3
s

cu
∆T

2

= (m
2
s

w
 + m

3
s

cu
) (∆T

2
)

= (0.25 kg × 4.18 × 103 J kg–1  K–1 + 0.14 kg×

 0.386 × 103 J kg–1  K–1) (23 °C – 20 °C)

ï˛y˛õ#Î˚ §yÙƒyÓfiÌyÎ˚ñ xƒy°%!Ù!lÎ˚yÙ ˆày°Ü˛ Ü˛ï,≈˛Ü˛ Ó!ç≈ï˛ ï˛y˛õ  = ç°

Ü˛ï,≈˛Ü˛ à,•#ï˛ ï˛y˛õ + Ü˛ƒyˆÏ°y!Ó˚!Ùê˛yÓ˚ Ü˛ï,˛≈Ü˛ à,•#ï˛ ï˛y˛õ–

§%ï˛Ó˚yÇ, 0.047 kg × s
Al

 × 77 °C

= (0.25 kg × 4.18 × 103 J kg–1  K–1+ 0.14 kg ×

0.386 × 103 J kg–1  K–1)(3 °C)

∴ s
Al

 = 0.911 kJ kg –1 K–1 ⊳

11.8  xÓfiÌyÓ̊ ̨õ!Ó̊Óï≈̨l (CHANGE OF STATE)

˛õòyÌ≈ §yôyÓ˚îï˛ !ï˛l xÓfiÌyÎ˚ ÌyÜ˛ Ï̂ï˛ ̨õy Ï̂Ó˚ ı Ü˛!ë˛lñ ï˛Ó˚° G àƒy§#Î˚–

~ˆÏòÓ˚ ˆÜ˛yˆÏly ~Ü˛ xÓfiÌyÎ˚ Ó˚)˛õyhs˝!Ó˚ï˛ •GÎ˚yˆÏÜ˛ xÓfiÌyÓ˚ ˛õ!Ó˚Óï≈˛l

ÓˆÏ°– ò%!ê˛ ̨ õ!Ó˚!ã˛ï˛ xÓfiÌyÓ˚ ̨ õ!Ó˚Óï≈˛l •° Ü˛!ë˛l ̂ ÌˆÏÜ˛ ï˛Ó˚° G ï˛Ó˚°

ˆÌˆÏÜ˛ àƒy§ ~ÓÇ !Ó˛õÓ˚#ï˛ ≤Ã!Ü ˛Î˚y– ˛õòyÌ≈ G ï˛yÓ˚ ˛õy!Ó˚˛õy!Ÿª≈ˆÏÜ˛Ó˚ ÙˆÏôƒ

ï˛yˆÏ˛õÓ˚ xyòyl ≤Ãòyl âê˛ˆÏ°•z ˛õòyˆÏÌ≈Ó˚ xÓfiÌyÓ˚ ˛õ!Ó˚Óï≈˛l âˆÏê˛– ï˛y˛õ

≤Ã Ï̂Î˚yà Óy ̂ ¢y£Ï̂ Ïî ̨õòy Ï̂Ì≈Ó˚ xÓfiÌyÓ˚ ̨õ!Ó˚Óï≈̨ l Ï̂Ü˛ Ó%V˛ Ï̂ï˛ xyÙÓ˚y l# Ï̂ã˛Ó˚

Ü˛yç!ê˛ §¡õß¨ Ü˛!Ó˚–

Ü˛ Ï̂Î˚Ü˛!ê˛ ÓÓ˚Ê˛ ê%̨ Ü˛ Ï̂Ó˚y Ï̂Ü˛ ~Ü˛!ê˛ !ÓÜ˛y Ï̂Ó˚ lyG ~ÓÇ ÓÓ˚̂ ÏÊ˛Ó˚ ï˛y˛õÙyey

(00C) !°!˛õÓÂô Ü˛ˆÏÓ˚y– ~Ü˛!ê˛ !fiÌÓ˚ ï˛y˛õ í˛zÍˆÏ§Ó˚ §y•yˆÏÎƒ !ÓÜ˛yÓ˚!ê˛ˆÏÜ˛

ô#ˆÏÓ˚ ô#ˆÏÓ˚ í˛z_Æ Ü˛ˆÏÓ˚y– ≤Ã!ï˛ ~Ü˛ !Ù!lê˛ ˛õÓ˚ ˛õÓ˚ ï˛y˛õÙyey !°!˛õÓÂô

Ü˛ˆÏÓ˚y– ç° G ÓÓ˚ˆÏÊ˛Ó˚ !Ù◊î!ê˛ˆÏÜ˛ xlÓÓ˚ï˛ lyí˛¸ˆÏï˛ ÌyˆÏÜ˛y– ~ÓyÓ˚

ï˛y˛õÙyey ~ÓÇ §ÙˆÏÎ˚Ó˚ ~Ü˛!ê˛ ˆ°á!ã˛e xÑyÜ˛ å!ã˛e 11.9ä– °«˛ Ü˛ˆÏÓ˚yñ

!ÓÜ˛yˆÏÓ˚ Îï˛«˛î ˛õÎ≈hs˝ ÓÓ˚Ê˛ !SÈ°ñ ï˛y˛õÙyeyÓ˚ ˆÜ˛yˆÏlyG ˛õ!Ó˚Óï≈˛l •Î˚

!l– ~•z ≤Ã!Ü ˛Î˚yÎ˚ !lÓ˚Ó!FSÈß¨Ë˛yˆÏÓ ï˛y˛õ ≤ÃˆÏÎ˚yà Ü˛Ó˚y §ˆÏ_¥G §ÇfiÌy!ê˛Ó˚

ï˛y˛õÙyeyÓ˚ ˛õ!Ó˚Óï≈˛l •Î˚ ly– §Ó˚ÓÓ˚y•Ü,˛ï˛ ˛ï˛y˛õ ~áyˆÏl Ü˛!ë˛l xÓfiÌy

åÓÓ˚Ê˛ä ˆÌˆÏÜ˛ ï˛Ó˚° xÓfiÌyÎ˚ åçˆÏ°ä ˛õ!Ó˚Óï≈˛ˆÏl Óƒ!Î˚ï˛ •Î˚–

Ü˛!ë˛l xÓfiÌy ˆÌˆÏÜ˛ ï˛Ó˚° xÓfiÌyÎ˚ ˛õ!Ó˚Óï≈˛lˆÏÜ˛ à°l ÓˆÏ° ~ÓÇ

ï˛Ó˚° ˆÌˆÏÜ˛ Ü˛!ë˛ˆÏl ˛õ!Ó˚Óï≈˛lˆÏÜ˛ !•ÙyÎ˚l ÓˆÏ°– ~ê˛y °«˛ Ü˛Ó˚y ˆàˆÏSÈ

ˆÎñ Îï˛«˛î ̨õÎ≈hs˝ ly Ü˛!ë˛l ̨õòyˆÏÌ≈Ó˚ §Óê˛y•z à°ˆÏSÈñ ̨õòyˆÏÌ≈Ó˚ ï˛y˛õÙyey

!fiÌÓ˚ Ìy Ï̂Ü˛– xÌ≈yÍñ Ü˛!ë˛l xÓfiÌy ̂ Ì Ï̂Ü˛ ï˛Ó˚° xÓfiÌyÎ˚ ̨õ!Ó˚Óï≈̨ Ï̂lÓ˚

§ÙÎ˚ ̨õòyˆÏÌ≈Ó˚ Ü˛!ë˛l G ï˛Ó˚° í˛zË˛Î˚ xÓfiÌy ï˛y˛õ#Î˚ §yˆÏÙƒ §•yÓfiÌyl

Ü˛ Ï̂Ó˚– ̂ Î ï˛y˛õÙyeyÎ˚ ̂ Ü˛y Ï̂ly ̨õòy Ï̂Ì≈Ó˚ Ü˛!ë˛l G ï˛Ó˚° xÓfiÌy ̨õÓ˚flõ Ï̂Ó˚Ó˚

§yˆÏÌ ï˛y˛õ#Î˚ §yˆÏÙƒ §•yÓfiÌyl Ü˛ˆÏÓ˚ñ ï˛yˆÏÜ˛ G•z ˛õòyˆÏÌ≈Ó˚ à°lyAÜ˛

ÓˆÏ°– ~!ê˛ ˛õòyˆÏÌ≈Ó˚ ~Ü˛!ê˛ ˜Ó!¢T˛ƒ– ~!ê˛ ã˛yˆÏ˛õÓ˚ í˛z˛õÓ˚G !lË≈˛Ó˚ Ü˛ˆÏÓ˚–

≤ÃÙyî ÓyÎ˚%%Ù[˛°#Î˚ ã˛yˆÏ˛õ ˛õòyˆÏÌ≈Ó˚ à°lyAÜ˛ˆÏÜ˛ G•z ˛õòyˆÏÌ≈Ó˚ fl∫yË˛y!ÓÜ˛

à°lyAÜ˛ Ó Ï̂°– ÓÓ˚̂ ÏÊ˛Ó˚ à°l ≤Ã!Ü ̨ Î˚y Ó%V˛ Ï̂ï˛ ~ál xyÙÓ˚y l# Ï̂ã˛Ó˚ Ü˛yç!ê˛

Ü˛Ó˚Ó–

~Ü˛!ê˛ ÓÓ˚Ê˛ á[˛ lyG– ~Ü˛!ê˛ ôyï˛Ó ï˛yÓ˚ !lˆÏÎ˚ ï˛yÓ˚ ò%≤ÃyˆÏhs˝ ò%!ê˛

Ë˛yÓ˚# ê%˛Ü˛ˆÏÓ˚yñ ôˆÏÓ˚y ≤ÃˆÏï˛ƒÜ˛!ê˛ 5 kg Ë˛ˆÏÓ˚Ó˚ñ xyê˛Ü˛yG– 11.10 !ã˛ˆÏeÓ˚

ÙˆÏï˛y ÓÓ˚Ê˛ á[˛!ê˛ˆÏÜ˛ ò%!ê˛ ôyÓ˚ˆÏÜ˛Ó˚ í˛z˛õÓ˚ Ó!§ˆÏÎ˚ ôyï˛Ó ï˛yÓ˚!ê˛ˆÏÜ˛ ÓÓ˚Ê˛

áˆÏ[˛Ó˚ í˛z˛õÓ˚ !òˆÏÎ˚ ò%˛õyˆÏ¢ V%˛!°ˆÏÎ˚ òyG– ˆï˛yÙÓ˚y ˆòáˆÏÓ ï˛yÓ˚!ê˛

ÓÓ˚Ê˛áˆÏ[˛Ó˚ ÙyV˛ !òˆÏÎ˚ l#ˆÏã˛ ã˛ˆÏ° ÎyÎ˚– ~Ùlê˛y âˆÏê˛ Ü˛yÓ˚îñ ï˛yˆÏÓ˚Ó˚ !ë˛Ü˛

l#ˆÏã˛ ã˛y˛õ Ó,!ÂôÓ˚ Ê˛ˆÏ° ÓÓ˚Ê˛ Ü˛Ù ï˛y˛õÙyeyÎ˚ àˆÏ°– ï˛yÓ˚!ê˛ åÓÓ˚Ê˛à°y

çˆÏ°Ó˚ä l#ˆÏã˛ lyÙˆÏ° í˛z˛õˆÏÓ˚Ó˚ ç° ˛õ%lÓ˚yÎ˚ çˆÏÙ ÓÓ˚ˆÏÊ˛ ˛õ!Ó˚îï˛ •Î˚–

~Ë˛yˆÏÓ ï˛yÓ˚!ê˛ ÓÓ˚Ê˛áˆÏ[˛Ó˚ Ùôƒ !òˆÏÎ˚ l#ˆÏã˛ ˆlˆÏÙ xyˆÏ§ !Ü˛v ÓÓ˚Ê˛

á[˛!ê˛ ê%̨ Ü˛ Ï̂Ó˚y •Î˚ ly– ̨õ%lÓ˚yÎ˚ ÓÓ˚̂ ÏÊ˛ ̨õ!Ó˚îï˛ •GÎ˚yÓ˚ ~•z âê˛ly Ï̂Ü˛ ̨õ%l/

!¢°#Ë˛Ól åregelationä Ó Ï̂°– ̂ flÒ•zê˛§ ~Ó˚ ï˛°yÎ˚ ål# Ï̂ã˛ ÓÓ˚Ê˛ à Ï̂°ä

ç° §,!T˛Ó˚ Ü˛yÓ˚ˆÏî•z ÓÓ˚ˆÏÊ˛Ó˚ í˛z˛õÓ˚ ˆflÒ!ê˛Ç Ü˛Ó˚y §Ω˛Ó •Î˚– ã˛y˛õ Ó,!ÂôÓ˚

çlƒ•z ç° í˛zÍ˛õß¨ •Î˚ ~ÓÇ ~•z ç° !˛õ!FSÈ°Ü˛yÓ˚Ü˛ ï˛Ó˚°Ó˚)ˆÏ˛õ Ü˛yç

Ü˛ Ï̂Ó˚–

!ã˛e  11.9 ï˛y˛õ ≤ÃˆÏÎ˚yˆÏàÓ˚ Ê˛ˆÏ° ÓÓ˚ˆÏÊ˛Ó˚ xÓfiÌyÓ˚ ˛õ!Ó˚Óï≈˛ˆÏlÓ˚

ï˛y˛õÙyey ÓlyÙ §ÙˆÏÎ˚Ó˚ ˆ°á!ã˛e åˆflÒ° xl%§yˆÏÓ˚

x!AÜ˛ï˛ lÎ˚ä–

ï˛
y˛õ

Ùy
ey

§ÙÎ˚
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§ÙhflÏ ÓÓ˚Ê˛ àˆÏ° çˆÏ° ˛õ!Ó˚îï˛ •GÎ˚yÓ˚ ˛õÓ˚ xyÓ˚G ï˛y˛õ ≤ÃˆÏÎ˚yà

Ü˛Ó˚ˆÏï˛ ÌyÜ˛ˆÏ° xyÙÓ˚y ˆòáÓñ ï˛y˛õÙyey Óyí˛¸ˆÏï˛ ¢%Ó˚% Ü˛ˆÏÓ˚– ï˛y˛õÙyey

Óyí˛¸ˆÏï˛ ÌyˆÏÜ˛ Îï˛«˛î ˛õÎ≈hs˝ ly ~!ê˛ 100 °C ~ ˆ˛õÑÔSÈyÎ˚ ~ÓÇ xyÓyÓ˚

!fiÌÓ˚ •Î˚– ~ˆÏ«˛ˆÏe ≤ÃÎ%=˛ ï˛y˛õ çˆÏ°Ó˚ ï˛Ó˚° xÓfiÌy ˆÌˆÏÜ˛ Óy‹õ#Î˚ Óy

àƒy§#Î˚ xÓfiÌyÎ˚ ˛õ!Ó˚Óï≈˛ˆÏl Óƒ!Î˚ï˛ •Î˚–

˛õòyˆÏÌ≈Ó˚ ï˛Ó˚° xÓfiÌy ̂ ÌˆÏÜ˛ ÓyˆÏ‹õ åÓy àƒyˆÏ§ä ̨ õ!Ó˚îï˛ •GÎ˚yˆÏÜ˛

Óy‹õ#Ë˛Ól åvaporisationä ÓˆÏ°– ˆòáy ÎyÎ˚ñ §ÙhflÏ ï˛Ó˚° ÓyˆÏ‹õ

˛õ!Ó˚îï˛ ly •GÎ˚y ˛õÎ≈hs˝ ï˛Ó˚ˆÏ°Ó˚ ï˛y˛õÙyey !fiÌÓ˚ ÌyˆÏÜ˛– xÌ≈yÍ ï˛Ó˚°

ˆÌˆÏÜ˛ ÓyˆÏ‹õ xÓfiÌyhs˝ˆÏÓ˚Ó˚ §ÙÎ˚ ï˛Ó˚° G Óy‹õ í˛zË˛Î˚ xÓfiÌy ï˛y˛õ#Î˚

§y Ï̂Ùƒ §•yÓfiÌyl Ü˛ Ï̂Ó˚– ̂ Î ï˛y˛õÙyeyÎ˚ ̨õòy Ï̂Ì≈Ó˚ ï˛Ó˚° G Óy‹õ#Î˚ xÓfiÌy

§•yÓfiÌyl Ü˛ Ï̂Ó˚ ï˛y Ï̂Ü˛ G•z ̨õòy Ï̂Ì≈Ó˚ fl≥%̨ ê˛lyAÜ˛ åboiling pointä Ó Ï̂°–

çˆÏ°Ó˚ fl≥%˛ê˛l ≤Ã!Ü ˛Î˚y Ó%V˛ˆÏï˛ xyÙÓ˚y l#ˆÏã˛Ó˚ Ü˛yç!ê˛ Ü˛Ó˚Ó–

xˆÏô≈Ü˛ ˆÌˆÏÜ˛ ˆÓ!¢ ç°Ë˛!ï≈˛ ~Ü˛!ê˛ ˆày°ï˛° Êœ˛yflÒ lyG– Êœ˛yˆÏflÒÓ˚

Ù%ˆÏá !SÈ!˛õÓ˚ §y•yˆÏÎƒ ~Ü˛!ê˛ ÌyˆÏÙ≈y!Ùê˛yÓ˚ G ÓyˆÏ‹õÓ˚ !là≈Ù l° °yàyG

!eò¢y !Ó®%

˛õòyˆÏÌ≈Ó˚ xÓfiÌyhs˝ˆÏÓ˚Ó˚ åÓy ò¢y ̨õ!Ó˚Óï≈˛ˆÏlÓ˚ä §ÙÎ˚ ̨ õòyˆÏÌ≈Ó˚ ï˛y˛õÙyey !fiÌÓ˚ ÌyˆÏÜ˛– ̂ Ü˛yˆÏly ̨ õòyˆÏÌ≈Ó˚ ï˛y˛õÙyeyÓ˚ åT ä §yˆÏ˛õˆÏ«˛ ã˛yˆÏ˛õÓ˚ åPä

ˆ°á!ã˛eˆÏÜ˛ ò¢y!ã˛e Óy P – T  !ã˛e ÓˆÏ°– l#ˆÏã˛ ç° G CO
2
 ~Ó˚ ò¢y!ã˛e ̂ òáyˆÏly •ˆÏÎ˚ˆÏSÈ– ~Ó)̨̊ õ ò¢y!ã˛e P – T  ï˛°ˆÏÜ˛ Ü˛!ë˛l xM˛°ñ ï˛Ó˚°

xM˛° G Óy‹õ#Î˚ xM˛ˆÏ° Ë˛yà Ü˛ˆÏÓ˚– |ôÁ≈˛õyï˛l ˆ°á åBOäñ à°l ˆ°á  (AO) ~ÓÇ Óy‹õ#Ë˛Ól ˆ°á (CO) myÓ˚y !Ó!Ë˛ß¨ xM˛°à%ˆÏ°y

˛õ,ÌÜ˛ Ü˛Ó˚y •ˆÏÎ˚ˆÏSÈ– |ôÁ≈˛õyï˛l ˆÓ˚áyÎ˚ åBOä xÓ!fiÌï˛ !Ó®%à%ˆÏ°y ˛õòyˆÏÌ≈Ó˚ ~Ùl ò¢y ≤ÃÜ˛y¢ Ü˛ˆÏÓ˚ñ ˆÎáyˆÏl Ü˛!ë˛l G Óy‹õ#Î˚ xÓfiÌy

§•yÓfiÌyl Ü˛ˆÏÓ˚– à°lˆÏÓ˚áy åAOäÈüÈ~Ó˚ í˛z˛õÓ˚ xÓ!fiÌï˛ !Ó®%à%ˆÏ°y Ü˛!ë˛l G ï˛Ó˚° ò¢yÓ˚ §•yÓfiÌylˆÏÜ˛ ≤ÃÜ˛y¢ Ü˛ˆÏÓ˚– CO Óy‹õ#Ë˛Ól

ˆÓ˚áy!fiÌï˛ !Ó®%à%̂ Ï°y ï˛Ó˚° G Óy‹õ#Î˚ xÓfiÌyÓ˚ §•yÓfiÌyl Ï̂Ü˛ ≤ÃÜ˛y¢ Ü˛ Ï̂Ó˚– ̂ Î ï˛y˛õÙyey G ã˛y Į̈̂ õ à°l Ï̂Ó˚áyñ Óy‹õ#Ë˛Ól ̂ Ó˚áy G í z̨ôÁ≈̨ õyï˛l

ˆÓ˚áy ˛õÓ˚flõÓ˚ !Ù!°ï˛ •Î˚ ~ÓÇ ˛õòyˆÏÌ≈Ó˚ !ï˛l!ê˛ ò¢y §•yÓfiÌyl Ü˛ˆÏÓ˚ñ ˆ§ !Ó®%!ê˛ˆÏÜ˛ G•z ˛õòyˆÏÌ≈Ó˚ !eò¢y !Ó®% åtriple pointä ÓˆÏ°–

í˛zòy•Ó˚îÈfl∫Ó˚)˛õñ çˆÏ°Ó˚ !eò¢y !Ó®%!ê˛  273.16 K ï˛y˛õÙyey G  6.11×10–3 Pa ã˛y˛õ myÓ˚y §)!ã˛ï˛ •Î˚–

(a) (b)

!ã˛e   11.11:  åaä ç° G åbä CO
2 
ã˛y˛õÈ üüüÈ ï˛y˛õÙyey ò¢y!ã˛e åˆflÒ° xl%§yˆÏÓ˚ x!AÜ˛ï˛ lÎ˚ä–

!ã˛e  11.10

Ü˛!ë˛l ï˛Ó˚°

Óy‹õ

Ü˛!ë˛l

ï˛Ó˚°

Óy‹õ
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~ÓÇ Êœ̨ yflÒ!ê˛ Ï̂Ü˛ ~Ü˛!ê˛ Óyl≈y Ï̂Ó˚Ó˚ í z̨̨ õÓ˚ Ó§yG å!ã˛e11.11ä– xyÙÓ˚y ̂ òáÓ

Êœ˛yˆÏflÒÓ˚ ç° í˛z_Æ •ˆÏï˛ ÌyÜ˛ˆÏ°ñ ≤ÃÌˆÏÙ çˆÏ° oÓ#Ë)˛ï˛ ÓyÎ˚% ˆSÈyˆÏê˛y

ˆSÈy Ï̂ê˛y Ó%ò‰Ó%òyÜ˛y Ï̂Ó˚ ̂ Ó!Ó˚̂ ÏÎ˚ xy Ï̂§– ~Ó˚̨ õÓ˚ñ Êœ̨ y Ï̂flÒÓ˚ ï˛°yÎ˚ Óy‹õ Ó%ò‰Ó%ò

í˛zÍ˛õß¨ •Î˚ !Ü˛v í˛z˛õ!Ó˚ï˛ˆÏ°Ó˚ ë˛yu˛y çˆÏ°Ó˚ §ÇflõˆÏ¢≈ ~ˆÏ§ âl#Ë)˛ï˛ •ˆÏÎ˚

!Ó°#l • Ï̂Î˚ ÎyÎ˚– xÓ Ï̂¢ Ï̂£Ïñ §Ù@˝Ã ç Ï̂°Ó˚ ï˛y˛õÙyey 100 °C ~ ̂ ˛õÑÔSÈy Ï̂°ñ

˛Óy‹õ Ó%ò‰Ó%ò çˆÏ°Ó˚ í˛z˛õ!Ó˚ï˛ˆÏ° ~ˆÏ§ Ù%=˛ •Î˚ ~ÓÇ Ó°y •Î˚ fl≥%˛ê˛l

•ˆÏFSÈ– Êœ˛yˆÏflÒÓ˚ !Ë˛ï˛ˆÏÓ˚ Óy‹õ ˆòáy ÎyÎ˚ lyñ !Ü˛v Êœ˛yˆÏflÒÓ˚ Óy•zˆÏÓ˚ ~ˆÏ§

âl#Ë)˛ï˛ •ˆÏÎ˚ «%˛o «%˛o ç°!Ó®%ˆÏï˛ ˛õ!Ó˚îï˛ •Î˚ ~ÓÇ Ü%˛Î˚y¢yÓ˚ ÙˆÏï˛y

ˆòáyÎ˚–

òyG– Êœ˛yˆÏflÒÓ˚ í˛z˛õÓ˚ ÓÓ˚Ê˛ÈüÈë˛yu˛y ç° ì˛y°ˆÏ° Êœ˛yˆÏflÒÓ˚ !Ë˛ï˛ˆÏÓ˚Ó˚ Óy‹õ

âl#Ë)˛ï˛ •Î˚ ~ÓÇ ç°ï˛ˆÏ°Ó˚ í˛z˛õÓ˚ ã˛y˛õ •…y§ ˛õyÎ˚– ~ál !l¡¨

ï˛y˛õÙyey Ï̂ï˛•z ç° ̨õ%lÓ˚yÎ˚ Ê%̨ ê˛ Ï̂ï˛ ¢%Ó%̊ Ü˛ Ï̂Ó˚– xÌ≈yÍñ ã˛y˛õ •…y Ï̂§ fl≥%̨ ê˛lyAÜ˛

•…y§ ˛õyÎ˚–

˛õy•yˆÏí˛¸Ó˚ í˛z˛õÓ˚ Ó˚yß¨y Ü˛Ó˚y ˆÜ˛l Ü˛T˛Ü˛Ó˚ ~ê˛y ï˛y Óƒyáƒy Ü˛ˆÏÓ˚– í˛zÑã%˛

fiÌyˆÏl ÓyÎ˚%ã˛y˛õ Ü˛Ù •Î˚– ï˛y•z §Ù%o˛õ,ˆÏ¤˛Ó˚ ï%˛°lyÎ˚ çˆÏ°Ó˚ fl≥%˛ê˛lyAÜ˛G

Ü˛Ù •Î˚– xlƒ!ò Ï̂Ü˛ ̂ ≤Ã§yÓ˚ Ü%̨ Ü˛y Ï̂Ó˚ ÓyÎ%̊Ó˚ ã˛y˛õ Óy!í ¸̨̂ ÏÎ˚ ç Ï̂°Ó˚ fl≥%̨ ê˛lyAÜ˛

Óyí˛̧y Ï̂ly •Î̊– Ê˛ Ï̂° Ó̊yß̈y ï˛yí˛̧yï˛y!í˛̧ •Î̊– ≤ÃÙyî ÓyÎ̊%Ù[˛°#Î̊ ã˛y Į̈̂ õ ̨õòy Ï̂Ì≈Ó̊

fl≥%˛ê˛lyAÜ˛ˆÏÜ˛ ~Ó˚ fl∫yË˛y!ÓÜ˛ fl≥%˛ê˛lyAÜ˛ ÓˆÏ°–

Î!òG §Ó ̨õòyÌ≈ Ü˛!ë˛lÈüÈï˛Ó˚°ÈüÈàƒy§#Î˚ÈüÈ~ !ï˛l xÓfiÌyÓ˚ Ùôƒ

!ò Ï̂Î˚ ÎyÎ˚ ly– !Ü˛S%È ̨õòyÌ≈ xy Ï̂SÈñ ï˛y˛õ≤Ã Ï̂Î˚y Ï̂à ÎyÓ˚y Ü˛!ë˛l xÓfiÌy ̂ Ì Ï̂Ü˛

§Ó˚y§!Ó˚ ÓyˆÏ‹õ ˛õ!Ó˚îï˛ •Î˚ ~ÓÇ !Ó˛õÓ˚#ï˛ âê˛ly âˆÏê˛– ï˛y˛õ ≤ÃˆÏÎ˚yˆÏà

ˆÜ˛yˆÏly ˛õòyˆÏÌ≈Ó˚ Ü˛!ë˛l xÓfiÌy ˆÌˆÏÜ˛ ï˛Ó˚ˆÏ° ˛õ!Ó˚îï˛ ly •ˆÏÎ˚ §Ó˚y§!Ó˚

ÓyˆÏ‹õ ˛õ!Ó˚îï˛ •GÎ˚yˆÏÜ˛ í˛zôÁ≈˛õyï˛l åsublimationä ÓˆÏ° ~ÓÇ

˛õòyÌ≈!ê˛ˆÏÜ˛ í˛zmyÎ˚# ˛õòyÌ≈ åsublimeä ÓˆÏ°– ¢%‹Ò ÓÓ˚Ê˛ åÜ˛!ë˛l CO
2
äñ

Ü˛!ë˛l xyˆÏÎ˚y!í˛l í˛zÂô≈˛õy!ï˛ï˛ •Î˚– í˛zÂô≈˛õyï˛ˆÏlÓ˚ §ÙÎ˚ ˛õòyˆÏÌ≈Ó˚ Ü˛!ë˛l

G Óy‹õ#Î˚ í˛zË˛Î˚ xÓfiÌy ï˛y˛õ#Î˚ §yˆÏÙƒ §•yÓfiÌyl Ü˛ˆÏÓ˚–

11.8.1  °#lï˛y˛õ (Latent Heat)

11.8 xl%ˆÏFSÈˆÏò xyÙÓ˚y !¢ˆÏá!SÈñ ˛õòyˆÏÌ≈Ó˚ xÓfiÌyÓ˚ ˛õ!Ó˚Óï≈˛ˆÏlÓ˚ §ÙÎ˚

˛õòyÌ≈ G ̨õy!Ó˚˛õy!Ÿª≈ˆÏÜ˛Ó˚ ÙˆÏôƒ ï˛y˛õ¢!=˛Ó˚ xyòylÈüÈ≤Ãòyl âˆÏê˛– xÓfiÌyÓ˚

˛õ!Ó˚Óï≈˛ˆÏlÓ˚ §ÙÎ˚ ~Ü˛Ü˛ Ë˛ˆÏÓ˚Ó˚ ˛õòyÌ≈ ˛õy!Ó˚˛õy!Ÿª≈Ü˛ ˆÌˆÏÜ˛ ˆÎ ˛õ!Ó˚Ùyî

ï˛y˛õ @˝Ã•î Óy Óç≈l Ü˛ˆÏÓ˚ G•z ï˛y˛õˆÏÜ˛ ˆ§•z ˛õòyˆÏÌ≈Ó˚ G•z xÓfiÌyÓ˚

˛õ!Ó˚Óï≈̨ Ï̂lÓ˚ °#lï˛y˛õ Ó Ï̂°– í z̨òy•Ó˚îÓ)̊̂ Į̈ õñ  –10 °C ï˛y˛õÙyeyÓ˚ ÓÓ˚̂ ÏÊ˛

ï˛y˛õ !òˆÏ° ÓÓ˚ˆÏÊ˛Ó˚ à°lyAÜ˛ 0 °C ÈüÈ~ ly ˆ˛õÑÔSÈyˆÏly ˛õÎ≈hs˝ ÓÓ˚ˆÏÊ˛Ó˚

ï˛y˛õÙyey Óyí˛¸ˆÏï˛ ÌyˆÏÜ˛– 0 °C ï˛y˛õÙyeyÎ˚ xyÓ˚G ï˛y˛õ !òˆÏï˛ ÌyÜ˛ˆÏ°

ÓÓ˚ˆÏÊ˛Ó˚ ï˛y˛õÙyey xyÓ˚ ÓyˆÏí˛¸ lyñ ÓÓ˚Ê˛ à°ˆÏï˛ ¢%Ó˚% Ü˛ˆÏÓ˚ xÌ≈yÍ ~Ó˚

xÓfiÌyÓ˚ ̨õ!Ó˚Óï≈̨ l â Ï̂ê˛– §ÙhflÏ ÓÓ˚Ê˛ à Ï̂° ÎyGÎ˚yÓ˚ ̨õÓ˚ ç Ï̂°Ó˚ ï˛y˛õÙyey

Óyí˛¸ˆÏï˛ ÌyˆÏÜ˛– ï˛Ó˚° ˆÌˆÏÜ˛ àƒy§#Î˚ xÓfiÌyÎ˚ ˛õ!Ó˚Óï≈˛ˆÏlÓ˚ §ÙÎ˚G

fl≥%˛ê˛lyˆÏAÜ˛ ~Ü˛•z Ó˚Ü˛Ù xÓfiÌyÓ˚ §,!T˛ •Î˚– Ê%˛ê˛hs˝ çˆÏ° xyÓ˚G  ï˛y˛õ

!òˆÏ° ï˛y˛õÙyey ly ˆÓˆÏí˛¸ çˆÏ°Ó˚ ˛Óy‹õ#Ë˛Ól âˆÏê˛–

˛õòy Ï̂Ì≈Ó̊ xÓfiÌyÓ̊ ̨õ!Ó̊Óï≈̨ Ï̂l ≤Ã Ï̂Î̊yçl#Î̊ ï˛y Į̈̂ õÓ̊ ̨õ!Ó̊Ùyîñ Ó̊)̨ õyhs˝̂ ÏÓ̊Ó̊

çlƒ ï˛y˛õ å°#lï˛y˛õä ~ÓÇ xÓfiÌyhs˝!Ó˚ï˛ ˛õòyˆÏÌ≈Ó˚ Ë˛ˆÏÓ˚Ó˚ í˛z˛õÓ˚ !lË≈˛Ó˚

Ü˛ˆÏÓ˚–  m Ë˛ˆÏÓ˚Ó˚ ˆÜ˛yˆÏly ˛õòyˆÏÌ≈Ó˚ ~Ü˛ xÓfiÌy ˆÌˆÏÜ˛ xlƒ xÓfiÌyÎ˚

˛õ!Ó˚Óï≈˛ˆÏl ≤ÃˆÏÎ˚yçl#Î˚ ï˛y˛õñ

!ã˛e  11.11 fl≥%˛ê˛l ˛õÂô!ï˛

~ál  Óy‹õ !là≈Ùl l°!ê˛ˆÏÜ˛ Ü˛ˆÏÎ˚Ü˛ ˆ§ˆÏÜ˛ˆÏu˛Ó˚ çlƒ Órô Ü˛ˆÏÓ˚

Êœ˛yˆÏflÒÓ˚ !Ë˛ï˛ˆÏÓ˚Ó˚ ã˛y˛õ Óyí˛¸yˆÏ° xyÙÓ˚y °«˛ Ü˛Ó˚Ó fl≥%˛ê˛l Órô •ˆÏÎ˚ ÎyÎ˚–

˛õ%lÓ˚yÎ˚ fl≥%˛ê˛l ¢%Ó˚% •GÎ˚yÓ˚ ˛õ)ˆÏÓ≈ ï˛y˛õÙyey Óyí˛¸yˆÏï˛ åã˛y˛õ Ó,!ÂôÓ˚ í˛z˛õÓ˚

!lË≈˛Ó˚¢#°ä xyÓ˚G ï˛y˛õ ≤ÃˆÏÎ˚yà Ü˛Ó˚ˆÏï˛ •Î˚– xï˛~Óñ ã˛y˛õ Ó,!ÂôˆÏï˛

fl≥%˛ê˛lyAÜ˛ Ó,!Âô ̨õyÎ˚–

~ÓyÓ˚ Óyl≈yÓ˚ §!Ó˚ˆÏÎ˚ çˆÏ°Ó˚ ï˛y˛õÙyey 80 °CÈüÈ~ ly!ÙˆÏÎ˚ xyly •°–

ÌyˆÏÙ≈y!Ùê˛yÓ˚ G !là≈Ùl l° §!Ó˚ˆÏÎ˚ Êœ˛yˆÏflÒÓ˚ Ù%á !SÈ!˛õÓ˚ §y•yˆÏÎƒ

ÓyÎ˚%!lÓ˚%ÂôË˛yˆÏÓ xyê˛ˆÏÜ˛ òyG– ~Ü˛!ê˛ fiê˛ƒyˆÏu˛˛ Êœ˛yflÒ!ê˛ˆÏÜ˛ í˛zˆÏŒê˛ xyê˛ˆÏÜ˛
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Q = m L

Óyñ L = Q/m (11.13)

ˆÎáyˆÏl L •° °#lï˛y˛õ ~ÓÇ ~!ê˛ ˛õòyˆÏÌ≈Ó˚ ~Ü˛!ê˛ ˜Ó!¢T˛ƒ– ~Ó˚ SI

~Ü˛Ü˛ J kg–1– °#lï˛y˛õ  L ~Ó̊ Ùyl ã˛y Į̈̂ õÓ̊ í z̨̨ õÓ̊G !lË≈̨ Ó̊ Ü˛ Ï̂Ó̊– §yôyÓ̊îï˛

~Ó˚ ÙylˆÏÜ˛ ≤ÃÙyî ÓyÎ˚%Ù[˛°#Î˚ ã˛yˆÏ˛õ í˛zˆÏÕ‘á Ü˛Ó˚y •Î˚– ˛õòyˆÏÌ≈Ó˚ Ü˛!ë˛l

ˆÌˆÏÜ˛ ï˛Ó˚ˆÏ° ˛õ!Ó˚Óï≈˛ˆÏlÓ˚ °#lï˛y˛õˆÏÜ˛ à°ˆÏlÓ˚ °#lï˛y˛õ åL
f
ä ~ÓÇ

ï˛Ó˚° ˆÌˆÏÜ˛ àƒy§ ˛õ!Ó˚Óï≈˛ˆÏlÓ˚ ˆ«˛ˆÏe ~ˆÏÜ˛ Óy‹õ#Ë˛ÓˆÏlÓ˚ °#lï˛y˛õ

(L
v
) Ó Ï̂°– ~•z ò%•z °#lï˛y˛õ Ï̂Ü˛ §yôyÓ˚îï˛ à° Ï̂lÓ˚ ï˛y˛õ G Óy‹õ#Ë˛Ó Ï̂lÓ˚

ï˛y˛õG Ó°y •Î˚– 11.12 !ã˛ˆÏe ˆÜ˛yˆÏly !l!ò≈T˛ ˛õ!Ó˚Ùyî çˆÏ°Ó˚ ˆ«˛ˆÏe

ï˛y˛õ¢!=˛ ÓlyÙ ï˛y˛õÙyeyÓ˚ ˆ°á!ã˛e ˆòáyˆÏly  •°– §yÓ˚!î 11.5 ÈüÈ~

!Ü˛S%È ̨ õòyˆÏÌ≈Ó˚ °#lï˛y˛õ ~ÓÇ ï˛yˆÏòÓ˚ à°lyAÜ˛ G fl≥%˛ê˛lyAÜ˛ ̂ òGÎ˚y •°–

°«˛ Ü˛ˆÏÓ˚yñ xÓfiÌyÓ˚ ˛õ!Ó˚Óï≈˛ˆÏlÓ˚ §ÙÎ˚ ï˛y˛õ ˆòGÎ˚y åÓy ˆlGÎ˚yä

•ˆÏ°G ï˛y˛õÙyey !fiÌÓ˚ ÌyˆÏÜ˛– 11.12 !ã˛ˆÏe °«˛ Ü˛ˆÏÓ˚ ˆòá ò¢yˆÏÓ˚áyÓ˚

l!ï˛ §Ó≈e §Ùyl lÎ˚– ~!ê˛ ˆÓyV˛yÎ˚ ˆÎñ !Ó!Ë˛ß¨ xÓfiÌyÎ˚ ˛õòyˆÏÌ≈Ó˚

xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ §Ùyl lÎ˚– çˆÏ°Ó˚ à°l G Óy‹õ#Ë˛ÓˆÏlÓ˚ °#lï˛y˛õ

ÎÌyÜ ̨ Ï̂Ù  L
f
 = 3.33 × 105 J kg–1 ~ÓÇ L

v
 = 22.6 × 105 J kg–1– xÌ≈yÍñ

0 °C ï˛y˛õÙyeyÎ˚ 1 kg ÓÓ˚Ê˛ à°yˆÏï˛ 3.33 × 105 J ï˛yˆÏ˛õÓ˚ ≤ÃˆÏÎ˚yçl

~ÓÇ 100 °C ï˛y˛õÙyeyÎ˚ 1 kg ç°ˆÏÜ˛ ÓyˆÏ‹õ ˛õ!Ó˚îï˛ Ü˛Ó˚ˆÏï˛ 22.6 ×

105 J kg–1 ï˛y Į̈̂ õÓ˚ ≤Ã Ï̂Î˚yçl– xï˛~Óñ 100 °C ï˛y˛õÙyeyÓ˚ fiê˛# Ï̂Ù 100

°C ï˛y˛õÙyeyÓ˚ ç° xˆÏ˛õ«˛y 22.6 × 105 J  kg–1 ï˛y˛õ ˆÓ!¢ ÌyˆÏÜ˛–

~çlƒ•z Ê%˛ê˛hs˝ çˆÏ° ̂ ˛õyí˛¸yÓ˚ ï%˛°lyÎ˚ !fiê˛ˆÏÙ ̂ ˛õyí˛¸y ̂ Ó!¢ ÙyÓ˚ydÜ˛–

u í˛zòy•Ó˚î  11.4  0 °C  ï˛y˛õÙyeyÓ˚ 0.15 kg ÓÓ˚Ê˛ G 50 °C

ï˛y˛õÙyeyÓ˚ 0.30 kg ç°ˆÏÜ˛ ~Ü˛!ê˛ ˛õyˆÏe ~Ü˛ˆÏe ˆÙ¢yˆÏ°
!Ù◊ Ï̂îÓ˚ ã)̨ í ¸̨yhs˝ ï˛y˛õÙyey •Î˚ 6.7 °C– ÓÓ˚Ê˛ à° Ï̂lÓ˚ °#lï˛y˛õ
!lî≈Î˚ Ü˛ Ï̂Ó˚y–  (s

w
 = 4186 J kg–1 K–1)

í˛z_Ó˚

ç° Ü˛ï≈,˛Ü˛ Ó!ç≈ï˛ ï˛y˛õ  = ms
w
 (θ

f
–θ

i
)

w

= (0.30 kg) (4186 J kg–1 K–1) (50.0 °C – 6.7 °C)

= 54376.14 J

ÓÓ˚Ê˛ à°ˆÏl ≤ÃˆÏÎ˚yçl#Î˚ ï˛y˛õ  = m
2
L

f
 = (0.15 kg) L

f

ÓÓ˚Ê˛ à°y ç Ï̂°Ó˚ í z̨£÷Ïï˛y Ï̂Ü˛ ã)̨ í ¸̨yhs˝ í z̨£÷Ïï˛yÎ˚ Gë˛y Ï̂ï˛ ≤Ã Ï̂Î˚yçl#Î˚ ï˛y˛õ

= m
I
s

w
 (θ

f
–θ

i
)

I

= (0.15 kg) (4186 J kg–1 K –1) (6.7 °C – 0 °C)

= 4206.93 J

Ó!ç≈ï˛ ï˛y˛õ =  à,•#ï˛ ï˛y˛õ

54376.14 J = (0.15 kg) L
f
 + 4206.93 J

L
f
 = 3.34×105 J kg–1. ⊳

§yÓ˚!î 11.5     ~Ü˛ ÓyÎ˚%Ù[˛°#Î˚ ã˛yˆÏ˛õ !Ó!Ë˛ß¨ Ó›Ó˚ xÓfiÌyÓ˚ ˛õ!Ó˚Óï≈˛ˆÏlÓ˚ ï˛y˛õÙyey G °#lï˛y˛õ

Ó›§Ù)• à°lyAÜ˛ °#lï˛y˛õ (L
f
) fl≥%̨ ê˛lyAÜ˛ °#lï˛y˛õ (L

v
)

 (°C) (105J kg–1) (°C) (105J kg–1)

•zÌy•z° xƒy°ˆÏÜ˛y•° –114 1.0 78 8.5

ˆ§yly 1063 0.645 2660 15.8

!§§y 328 0.25 1744 8.67

˛õyÓ˚ò –39 0.12 357 2.7

ly•zˆÏê˛∆yˆÏçl –210 0.26 –196 2.0

x!: Ï̂çl –219 0.14 –183 2.1

ç° 0 3.33 100 22.6

!ã˛e  11.12 ~Ü˛ ≤ÃÙyî ÓyÎ˚%Ù[˛°#Î˚ ã˛yˆÏ˛õ çˆÏ°Ó˚ ï˛y˛õ ÓlyÙ

ï˛y˛õÙyeyÓ˚ ̂ °á!ã˛e åˆflÒ° xl%§yˆÏÓ˚ x!AÜ˛ï˛ lÎ˚ä–

fl≥%̨ ê˛lyAÜ˛

ï˛
y˛õ

Ùy
ey

 åo c
ä

à°lyAÜ˛ ò¢y
˛õ!Ó̊Óï≈̨ l ï˛Ó˚° ò¢y

ò¢y
˛õ!Ó̊Óï≈̨ l

Ü˛!ë˛l ò¢y
åÓÓ̊Ê˛ä

àƒy§#Î˚ ò¢y
åç°#Î̊Óy‹õä3.33 × 105 J/kg

(80 kcal/kg)

100

0

22.6 × 105 J/kg
(540 kcal/kg)
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u í˛zòy•Ó˚î  11.5  Ü˛ƒyˆÏ°y!Ó˚!Ùê˛yˆÏÓ˚ Ó˚yáy  –12 °C ï˛y˛õÙyeyÓ˚
3kg   ÓÓ˚Ê˛ˆÏÜ˛  100 °C  ï˛y˛õÙyeyÓ˚  !fiê˛ˆÏÙ ˛ õ!Ó˚îï˛ Ü˛Ó˚ˆÏï˛
Ü˛ï˛  ï˛y˛õ  °yàˆÏÓ  !lî≈Î˚  Ü˛ˆÏÓ˚y–  ˆòGÎ˚y  xyˆÏSÈñ  ÓÓ˚ˆÏÊ˛Ó˚
xyˆÏ˛õ!«˛Ü˛  ï˛y˛õ  ôyÓ˚Ü˛c = 2100 J kg–1 K–1ñ  çˆÏ°Ó˚
xy Į̈̂ õ!«˛Ü˛  ï˛y˛õôyÓ̊Ü˛c  =  4186 J kg– 1 K–1ñ   ÓÓ̊Ê˛   à° Ï̂lÓ̊
°#lï˛y˛õ = 3.35 × 105 J kg–1 ~ÓÇ !fiê˛ˆÏÙÓ˚ °#lï˛y˛õ
= 2.256 ×106 J kg–1.

í˛z_Ó˚ ˆòGÎ˚y xyˆÏSÈñ

˛ÓÓ˚ˆÏÊ˛Ó˚ Ë˛Ó˚ñ  m = 3 kg

ÓÓ˚ˆÏÊ˛Ó˚ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ ôyÓ˚Ü˛cñ  s
ice

= 2100 J kg–1  K–1

çˆÏ°Ó˚ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ ôyÓ˚Ü˛cñ s
water

= 4186 J kg–1  K–1

˛ÓÓ˚Ê˛ à°ˆÏlÓ˚ °#lï˛y˛õñ L
f ice

= 3.35 × 105 J kg–1

!fiê˛ˆÏÙÓ˚ °#lï˛y˛õñ L
v steam

= 2.256 × 106 J kg–1

~álñ Q = –12 °C ï˛y˛õÙyeyÓ˚ 3 kg ÓÓ˚Ê˛ Ï̂Ü˛ 100 °C ï˛y˛õÙyeyÓ˚
!fiê˛ Ï̂Ù ˛õ!Ó˚îï˛ Ü˛Ó˚̂ Ïï˛ ≤Ã Ï̂Î˚yçl#Î˚ ï˛y˛õ–

Q
1

= –12 °C ï˛y˛õÙyeyÓ˚ ÓÓ˚Ê˛ˆÏÜ˛ 0 °C ï˛y˛õÙyeyÓ˚ ÓÓ˚ˆÏÊ˛
˛õ!Ó˚îï˛ Ü˛Ó˚ˆÏï˛ ≤ÃˆÏÎ˚yçl#Î˚ ï˛y˛õ–

= m s
ice

 ∆T
1
 = (3 kg) (2100 J kg–1.  K–1) [0–(–12)]°C

= 75600 J

Q
2

= 0 °C ï˛y˛õÙyeyÓ̊ ÓÓ̊Ê˛ Ï̂Ü˛ 0 °C ï˛y˛õÙyeyÓ̊ ç Ï̂° ̨õ!Ó̊îï˛
Ü˛Ó˚ˆÏï˛ ≤ÃˆÏÎ˚yçl#Î˚ ï˛y˛õ–

= m L
f ice

 = (3 kg) (3.35 × 105 J kg–1)

=  1005000 J

Q
3

= 0 °C ï˛y˛õÙyeyÓ˚ ç°ˆÏÜ˛ 100 °C ï˛y˛õÙyeyÓ˚ çˆÏ°
˛õ!Ó˚îï˛ Ü˛Ó˚ˆÏï˛ ≤ÃˆÏÎ˚yçl#Î˚ ï˛y˛õ–

= ms
w
 ∆T

2 
= (3kg) (4186J kg–1 K–1) (100 °C)

= 1255800 J

Q
4

= 100 °C ï˛y˛õÙyeyÓ˚ ç° Ï̂Ü˛ 100 °C ï˛y˛õÙyeyÓ˚ !fiê˛ Ï̂Ù
˛õ!Ó˚îï˛ Ü˛Ó˚ˆÏï˛ ≤ÃˆÏÎ˚yçl#Î˚ ï˛y˛õ–

= m L
v steam

= (3 kg) (2.256×106 J kg–1)

= 6768000 J

§%ï˛Ó˚yÇñ Q = Q
1 
+ Q

2 
+ Q

3 
+ Q

4

= 75600J + 1005000 J + 1255800 J + 6768000 J

= 9.1×106 J ⊳

11.9  ï˛y˛õ §M˛y°l (HEAT TRANSFER)

xyÙÓ˚y çy!lñ ï˛y˛õÙyeyÓ˚ ̨õyÌ≈̂ ÏÜ˛ƒÓ˚ çlƒ ~Ü˛ §ÇfiÌy ̂ Ì Ï̂Ü˛ xlƒ §ÇfiÌyÎ˚

Óy ~Ü˛•z §ÇfiÌyÓ˚ ~Ü˛ xÇ¢ ˆÌˆÏÜ˛ xlƒ xÇˆÏ¢ ï˛yˆÏ˛õÓ˚ §M˛y°l âˆÏê˛–

ï˛y˛õ¢!=˛ §M˛y° Ï̂lÓ˚ !Ó!Ë˛ß¨ ̨õÂô!ï˛à%̂ Ï°y Ü˛# Ü˛#⁄ ï˛y˛õ §M˛y° Ï̂lÓ˚ !ï˛l!ê˛

§%!l!ò≈T˛ ̨õÂô!ï˛ Ó̊ Ï̂Î̊ Ï̂SÈ ı ̨õ!Ó̊Ó•lñ ̨õ!Ó̊ã˛°l G !Ó!Ü˛Ó̊î– (!ã˛e 11.13)–

11.9.1  ̨õ!Ó˚Ó•l (Conduction)

~Ü˛!ê˛ Ó›Ó˚ ̨õy¢y˛õy!¢ ÌyÜ˛y ò%!ê˛ xÇˆÏ¢Ó˚ ï˛y˛õÙyeyÓ˚ ̨ õyÌ≈ˆÏÜ˛ƒÓ˚ Ü˛yÓ˚ˆÏî

G•z ò%!ê˛ xÇˆÏ¢Ó˚ ÙˆÏôƒ ï˛yˆÏ˛õÓ˚ §M˛y°ˆÏlÓ˚ ~Ü˛ ˆÜ˛Ô¢° Óy ˛õÂô!ï˛ •°

˛õ!Ó˚Ó•l– ~Ü˛!ê˛ ôyï˛Ó Ó˚ˆÏí˛Ó˚ ~Ü˛ ≤Ãyhs˝ˆÏÜ˛ xyà%ˆÏlÓ˚ !¢áyÎ˚ Ó˚yáˆÏ°

Ó˚ˆÏí˛Ó˚ x˛õÓ˚ ≤Ãyhs˝ o%ï˛ ~ï˛ àÓ˚Ù •ˆÏÎ˚ í˛zë˛ˆÏÓ ˆÎ ï%˛!Ù Ó˚í˛!ê˛ˆÏÜ˛ áy!°

•yˆÏï˛ ôˆÏÓ˚ Ó˚yáˆÏï˛ ˛õyÓ˚ˆÏÓ ly– ~áyˆÏl ˛õ!Ó˚Ó•l ˛õÂô!ï˛ˆÏï˛ ï˛y˛õ Ó˚ˆÏí˛Ó˚

í˛z_Æ ≤Ãyhs˝ ˆÌˆÏÜ˛ ~Ó˚ !Ó!Ë˛ß¨ xÇˆÏ¢Ó˚ Ùôƒ !òˆÏÎ˚ x˛õÓ˚ ≤ÃyˆÏhs˝ §M˛y!°ï˛

•Î˚– àƒy§ ï˛yˆÏ˛õÓ˚ Ù,ò% ˛õ!Ó˚Óy•# ~ÓÇ ï˛Ó˚ˆÏ°Ó˚ ˛õ!Ó˚Óy!•ï˛y Ü˛!ë˛l  G

àƒyˆÏ§Ó˚ ÙyV˛yÙy!V˛ ÙyˆÏlÓ˚ •Î˚–

!l!ò≈T˛ ï˛y˛õÙyeyÓ˚ ˛õyÌ≈ˆÏÜ˛ƒ ÌyÜ˛y ~Ü˛!ê˛ Ó›Ó˚ ò%!ê˛ xÇˆÏ¢Ó˚ ÙˆÏôƒ

ï˛yˆÏ˛õÓ˚ ˛õ!Ó˚Ó•lˆÏÜ˛ ˛õ!Ó˚Ùyîàï˛Ë˛yˆÏÓ §ÙˆÏÎ˚Ó˚ §yˆÏ˛õˆÏ«˛ ï˛y˛õ ≤ÃÓyˆÏ•Ó˚

•yÓ˚ Ó)̊̂ Į̈ õ ≤ÃÜ˛y¢ Ü˛Ó˚y ÎyÎ˚–  L ̃ òâ≈ƒ ~ÓÇ A §%£ÏÙ ≤ÃfiÌ Ï̂FSÈò G ò%ÈüÈ≤Ãy Ï̂hs˝Ó˚

!Ó!Ë˛ß¨ ̨ ï˛y˛õÙyey !Ó!¢T˛ ~Ü˛!ê˛ ôyï˛Ó ò[˛˛ lyG– T
C 
~ÓÇ T

D
 ï˛y˛õÙyey

!Ó!¢T˛ ò%!ê˛ ÓˆÏí˛¸y ï˛y˛õË˛y[˛yÓ˚ÈüÈ~ ò[˛!ê˛Ó˚ ò%≤Ãyhs˝ ˆÓ˚ˆÏá ~!ê˛ Ü˛Ó˚y ˆÎˆÏï˛

˛õyˆÏÓ˚ å!ã˛e 11.14ä– ~ˆÏ«˛ˆÏe ~Ü˛!ê˛ xyò¢≈ xÓfiÌyÓ˚ Ü˛Ìy ôˆÏÓ˚ ˆlÓ

ˆÎlñ ò[˛!ê˛Ó˚ ˛õyŸª≈ï˛°à%ˆÏ°y §¡õ)î≈Ó˚)ˆÏ˛õ ï˛y˛õ !lˆÏÓ˚yôÜ˛ ~ÓÇ ˛õyŸª≈ï˛°

!òˆÏÎ˚ ˛õy!Ó˚˛õy!Ÿª≈ˆÏÜ˛Ó˚ §yˆÏÌ ï˛yˆÏ˛õÓ˚ ˆÜ˛yˆÏly xyòyl ≤Ãòyl ly âˆÏê˛–

!Ü˛S%È §ÙÎ˚ ̨õÓ˚ ~Ü˛ ï˛y˛õ#Î˚ !fiÌï˛yÓfiÌy xy Ï̂§ó ~ÓÇ ò Ï̂[˛Ó˚ ï˛y˛õÙyey

òˆÏ[˛Ó˚ ˜òâ≈ƒ ÓÓ˚yÓÓ˚ §%£ÏÙË˛yˆÏÓ Ü˛ˆÏÙ T
C
 ˆÌˆÏÜ˛ T

D
 ˆï˛ ˆ˛õÑÔSÈyÎ˚ó

(T
C
>T

D
)–  ï˛y˛õË˛y[˛yÓ˚  C §Ù•y Ï̂Ó˚ ï˛y˛õ §Ó˚ÓÓ˚y• Ü˛ Ï̂Ó˚ Îy ò[˛!ê˛Ó˚ Ùôƒ

!òˆÏÎ˚ ~Ü˛•z •yˆÏÓ˚ ï˛y˛õË˛y[˛yÓ˚ D ˆï˛ §Ó˚ÓÓ˚y!•ï˛ •Î˚– ˛õÓ˚#«˛yÎ˚ ˆòáy

!ã˛e  11.13 ˛õ!Ó˚Ó•lñ ̨õ!Ó˚ã˛°l G !Ó!Ü˛Ó˚̂ ÏîÓ˚ myÓ˚y í z̨_y˛õ#Ü˛Ó˚î–

õ!Ó˚ã˛°l

!Ó!Ü˛Ó˚î

˛õ!Ó˚Ó•l
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ÎyÎ˚ ï˛y˛õ#Î˚ !fiÌï˛yÓfiÌyÎ˚ ï˛y˛õ≤ÃÓyˆÏ•Ó˚ •yÓ˚ ï˛y˛õÙyeyÓ˚ ˛õyÌ≈Ü˛ƒ (T
C
 –

T
D
) G ò Ï̂[˛Ó˚ ≤ÃfiÌ Ï̂FSÈ Ï̂òÓ˚ ̂ «˛eÊ˛° A ÈüÈ~Ó˚ §Ùyl%̨ õy!ï˛Ü˛ ~ÓÇ ̃ ò Ï̂â≈ƒÓ˚

åL ä ÓƒhflÏyl%̨ õy!ï˛Ü˛ :

H = KA 
T T

L

C D–
(11.14)

xyl%˛õy!ï˛Ü˛ ô %ÓÜ˛  K ÈüÈˆÜ˛ G•z ˛õòyˆÏÌ≈Ó˚ ï˛y˛õ ̨õ!Ó˚Óy!•ï˛yAÜ˛ ÓˆÏ°–

ˆÎ ˛õòyˆÏÌ≈Ó˚ K ÈüÈ~Ó˚ Ùyl Îï˛ ˆÓ!¢ñ G•z ˛õòyÌ≈ ï˛ï˛ o%ï˛ï˛yÎ˚ ï˛y˛õ

˛õ!Ó˚Ó•l Ü˛ Ï̂Ó˚– KÈüÈ~Ó˚ S.I. ~Ü˛Ü˛  J s–1 m–1 K–1 Óy W m–1 K–1– 11.6

§yÓ˚!îˆÏï˛ !Ó!Ë˛ß¨ ˛õòyˆÏÌ≈Ó˚ ï˛y˛õ ˛õ!Ó˚Óy!•ï˛yˆÏAÜ˛Ó˚ Ùyl ˆòGÎ˚y •°–

ï˛y˛õÙyeyÓ˚ ˛õ!Ó˚Óï≈˛ˆÏl ~ Ùylà%ˆÏ°yÓ˚ §yÙylƒ ˛õ!Ó˚Óï≈˛l •ˆÏ°G §yôyÓ˚î

ï˛y˛õÙyeyÓ˚ ˛õyÕ‘yÎ˚ ô %ÓÜ˛ ôÓ˚y ÎyÎ˚–

Ü˛yë˛ ~ÓÇ @’y§í ẑ̨ Ï°Ó˚ Ù Ï̂ï˛y í z̨_Ù ï˛y˛õ !l Ï̂Ó˚yôÜ˛ ̨õòy Ï̂Ì≈ x Į̈̂ õ«˛yÜ,̨ ï˛

Ü˛Ù ï˛y˛õ#Î˚ ̨õ!Ó˚Óy!•ï˛yÓ˚ §y Ï̂Ì ôyï%̨ Ó˚ Ù Ï̂ï˛y í z̨_Ù ï˛y˛õ ̨õ!Ó˚Óy•# ̨õòy Ï̂Ì≈Ó˚

xˆÏ˛õ«˛yÜ,˛ï˛ í˛zFã˛ï˛y˛õ ˛õ!Ó˚Óy!•ï˛yÓ˚ ï%˛°ly Ü˛ˆÏÓ˚y– ˆï˛yÙyÓ˚y °«˛ Ü˛ˆÏÓ˚

ÌyÜ˛ˆÏÓ !Ü˛S%È !Ü˛S%È Ó˚yß¨yÓ˚ ˛õyˆÏeÓ˚ ï˛°yÎ˚ ï˛yÙyÓ˚ ≤ÃˆÏ°˛õ ˆòGÎ˚y ÌyˆÏÜ˛–

ï˛yˆÏ˛õÓ˚ í˛z_Ù ˛õ!Ó˚Óy•# •GÎ˚yÎ˚ ï˛yÙyÓ˚ ≤ÃˆÏ°˛õ ˛õyˆÏeÓ˚ ï˛°yÎ˚ ï˛yˆÏ˛õÓ˚

§%£ÏÙ Ó ˝̂ê˛l âê˛yÎ̊ ~ÓÇ Ó̊yß̈y §%£ÏÙ •Î̊– xlƒ!ò Ï̂Ü˛ ≤’y!fiê˛Ü˛ ̂ Ê˛y Ï̂Ù åPlastic

foamsä ÌyÜ˛y xyÓÂô ÓyÎ%̊Ó˚ çlƒ ~!ê˛ ï˛y Į̈̂ õÓ˚ ~Ü˛ í z̨_Ù xhs˝Ó˚Ü˛ ̨õòyÌ≈–

ÙˆÏl Ü˛ˆÏÓ˚ ˆòˆÏáy àƒy§ •° ï˛yˆÏ˛õÓ˚ Ü˛Ù ˛õ!Ó˚Óy•# ~ÓÇ §yÓ˚!î 11.6 ÈüÈ~

ÓyÎ˚%Ó˚ !l¡¨ï˛y˛õ ̨õ!Ó˚Óy!•ï˛yAÜ˛ °«˛ Ü˛ˆÏÓ˚y– ÓƒÓ•y!Ó˚Ü˛ ̂ «˛ˆÏe ï˛y˛õ ôyÓ˚î

«˛Ùï˛y G ï˛y˛õ §M˛y°l à%Ó˚%c˛õ)î≈– @˝Ã#‹øÜ˛yˆÏ° Ü˛Ç!Ü ˛ˆÏê˛Ó˚ SÈyòÎ%=˛ âÓ˚

xï˛ƒhs˝ àÓ˚Ù Ìy Ï̂Ü˛ñ Ü˛yÓ˚î ôyï%̨ Ó˚ ï%̨ °lyÎ˚ Ü˛Ç!Ü ̨ Ï̂ê˛Ó˚ ï˛y˛õ ̨õ!Ó˚Óy!•ï˛yAÜ˛

Ü˛Ù •ˆÏ°G ÎˆÏÌT˛ Ü˛Ù lÎ˚– ï˛y•z ï˛y˛õ §M˛y°l Órô Ü˛Ó˚ˆÏï˛ ~ÓÇ âÓ˚ˆÏÜ˛

ë˛yu˛y Ó̊yá Ï̂ï˛ Ùyl%£Ï §yôyÓ̊îï˛ !§!°ÇÈüÈ~Ó̊ í z̨̨ õÓ̊ Ùy!ê˛Ó̊ Óy ̂ Ê˛y Ï̂ÙÓ̊ xhs˝Ó̊Ü˛

xyhflÏÓ˚î ˆòÎ˚– !Ü˛S%È !Ü˛S%È ˆ«˛ˆÏe ï˛y˛õ §M˛y°l á%Ó•z ç!ê˛°– ˆÎÙlñ

!lí z̨!Üœ̨ Î˚yÓ˚ !Ó˚Î˚ƒyQy Ï̂Ó˚ ånuclear reactorä !Óhfl,Ïï˛ ï˛y˛õ §M˛y°Ü˛ ÓƒÓfiÌy

˜ï˛!Ó˚ Ü˛Ó˚y ≤ÃˆÏÎ˚yçl •Î˚ ˆÎl ~Ó˚ xË˛ƒhs˝ˆÏÓ˚ åÙIy Óy coreä !lí˛z!Üœ˛Î˚

!ÓË˛yç Ï̂l í z̨Í˛õß¨ !Ó˛õ%° ̨õ!Ó˚Ùyî ï˛y˛õ Î Ï̂ÌT˛ o%ï˛ •y Ï̂Ó˚ Óy•ẑ ÏÓ˚ §M˛y!°ï˛

•ˆÏï˛ ˛õyˆÏÓ˚ ~ÓÇ ÙIyˆÏÜ˛ ˆÓ!¢ í˛z_Æ •GÎ˚y ˆÌˆÏÜ˛ Ó˚«˛y Ü˛Ó˚y ÎyÎ˚–

§yÓ˚!î 11.6       !Ü˛S%È ˛õòyˆÏÌ≈Ó˚ ï˛y˛õ ˛õ!Ó˚Óy!•ï˛yAÜ˛

˛õòyÌ≈ ï˛y˛õ ˛õ!Ó˚Óy!•ï˛yAÜ˛
(J s–1 m–1 K–1 )

ôyï%̨

Ó%̨̊ õy 406

ï˛yÙy 385

xƒy°%!Ù!lÎ˚yÙ 205

!˛õï˛° 109

•zflõyï˛ 50.2

!§§y 34.7

˛õyÓ˚ò 8.3

xôyï%˛ ‡ ôyï%˛ lÎ˚ ~Ùl ˛õòyÌ≈

xhs˝Ó˚Ü˛ •zê˛ 0.15

Ü˛Ç!Ü ̨ ê˛ 0.8

ˆò•ã˛!Ó≈ 0.20

ˆÊ˛Œê˛ 0.04

Ü˛yã˛ 0.8

ÓÓ˚Ê˛ 1.6

@’y§ í˛z° 0.04

Ü˛yë˛ 0.12

ç° 0.8

àƒy§

ÓyÎ˚% 0.024

xyà≈l 0.016

•y•zˆÏí»˛yˆÏçl 0.14

u í˛zòy•Ó˚î  11.6  !ã˛e 11.15 ˆï˛ ≤Ãò!¢≈ï˛ §ÇfiÌyÓ˚ ï˛y˛õ#Î˚
!fiÌï˛yÓfiÌyÎ˚ •zflõyï˛ G ï˛yÙyÓ˚ §Ç Ï̂ÎyàfiÌ Ï̂°Ó˚ ï˛y˛õÙyey !lî≈Î˚
Ü˛ Ï̂Ó˚y– •zflõy Ï̂ï˛Ó˚ Ó˚̂ Ïí˛Ó˚ ̃ òâ≈ƒ  = 15.0 cm, ï˛yÙyÓ˚ Ó˚̂ Ïí˛Ó˚ ̃ òâ≈ƒ
= 10.0 cm, ã%̨ !Õ‘Ó̊ ï˛y˛õÙyey  = 300 °C, x˛õÓ̊ ≤Ãy Ï̂hs˝Ó̊ ï˛y˛õÙyey
= 0 °C– ï˛yÙyÓ˚ Ó˚̂ Ïí˛Ó˚ ≤ÃfiÌ Ï̂FSÈ Ï̂òÓ˚ ï%̨ °lyÎ˚ •zflõy Ï̂ï˛Ó˚ Ó˚̂ Ïí˛Ó˚
≤ÃfiÌ Ï̂FSÈò !mà%î– å•zflõy Ï̂ï˛Ó˚ ï˛y˛õ ̨õ!Ó˚Óy!•ï˛yAÜ˛  = 50.2 J s–

1 m–1K–1ó ï˛yÙyÓ˚ ̨õ!Ó˚Óy!•ï˛yAÜ˛ = 385 J s–1m–1K–1).

!ã˛e 11.14 ï˛y˛õ#Î˚ !fiÌï˛yÓfiÌyÎ˚ ò%≤Ãyhs˝  T
C
 ~ÓÇ T

D 
ï˛y˛õÙyeyÎ˚

Ó̊yáy ~Ü˛!ê˛ ò Ï̂[˛Ó̊ Ùôƒ !ò Ï̂Î̊ ̨õ!Ó̊Ó•l ̨õÂô!ï˛ Ï̂ï˛ ï˛y Į̈̂ õÓ̊

≤ÃÓy•–
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í˛z_Ó˚ ı  Ó˚í˛à%ˆÏ°yÓ˚ ã˛yÓ˚˛õyˆÏ¢Ó˚ ï˛yˆÏ˛õÓ˚ xhs˝Ó˚Ü˛ ̨õòyÌ≈ Ó˚ˆÏí˛Ó˚ ̨õyŸª≈ !òˆÏÎ˚

ï˛y˛õ«˛Î˚ Ü˛ÙyÎ˚– ï˛y•z Ó˚ˆÏí˛Ó˚ ˜òâ≈ƒ ÓÓ˚yÓÓ˚•z ¢%ô%Ùye ï˛y˛õ ≤ÃÓy!•ï˛ •Î˚–

Ó˚̂ Ïí˛Ó˚ ̂ ÎÈüÈˆÜ˛y Ï̂ly ~Ü˛!ê˛ ≤ÃfiÌ Ï̂FSÈò Ï̂Ü˛ å!ï˛Î≈Ü˛ hflÏÓ˚ä ̂ lGÎ˚y •°– ï˛y˛õ#Î˚

!fiÌï˛yÓfiÌyÎ˚ñ G•z hflÏ̂ ÏÓ˚ ≤ÃÓy!•ï˛ ï˛y Į̈̂ õÓ˚ ̨õ!Ó˚Ùyî G•z hflÏÓ˚ ̂ Ì Ï̂Ü˛ ̨õÓ˚Óï≈̨ #

hflÏˆÏÓ˚ ≤ÃÓy!•ï˛ ï˛yˆÏ˛õÓ˚ ˛õ!Ó˚ÙyˆÏîÓ˚ xÓ¢ƒ•z §Ùyl •Î˚ñ xlƒÌyÎ˚ G•z

hflÏˆÏÓ˚ !Ü˛S%È ˛õ!Ó˚Ùyî ï˛yˆÏ˛õÓ˚ ˆ¢y£Ïî Óy ˛Óç≈l âê˛ˆÏÓ ~ÓÇ ~Ó˚ ï˛y˛õÙyey

!fiÌÓ˚ ÌyÜ˛ˆÏÓ ly– ~Ë˛yˆÏÓ ï˛y˛õ#Î˚ !fiÌï˛yÓfiÌyÎ˚ •zflõyï˛ÈüÈï˛yÙyÓ˚ §Ù!ß∫ï˛

Ó˚í˛!ê˛Ó˚ ˜òâ≈ƒ ÓÓ˚yÓÓ˚ ≤Ã!ï˛!ê˛ !Ó®%ˆÏï˛ !ï˛Î≈Ü˛ hflÏˆÏÓ˚Ó˚ Ùôƒ !òˆÏÎ˚ ï˛y˛õ

≤ÃÓyˆÏ•Ó˚ •yÓ˚ ~Ü˛•z •Î˚– ôÓ˚ñ ï˛y˛õ#Î˚ !fiÌï˛yÓfiÌyÎ˚ •zflõyï˛ÈüÈï˛yÙyÓ˚

§ÇˆÏÎyàfiÌˆÏ°Ó˚ ï˛y˛õÙyey T – ~«˛ˆÏîñ

K  A T

L
= 

K  A T �

L

1 1

1

2 2

2

300 0−( ) ( )

ˆÎáy Ï̂lñ 1 ~ÓÇ 2 ÎÌyÜ ̨ Ï̂Ù •zflõyï˛ G ï˛yÙy Ï̂Ü˛ ̂ ÓyV˛y Ï̂FSÈ– ~álñ  A
1
 =

2 A
2
, L

1
 = 15.0 cm,  L

2
 = 10.0 cm, K

1
 = 50.2 J s–1 m–1 K –1, K

2
 =

385 J s–1 m–1 K –1–

§%ï˛Ó˚yÇñ 50.2  2 

15

385

1

× −( )300 T
= 

T

0

∴  T = 44.4 °C ⊳

u í z̨òy•Ó˚î  11.7  ~Ü˛!ê˛ ̂ °y•yÓ˚ ò[˛  (L
1
 = 0.1 m, A

1
 = 0.02

m2, K
1
 = 79 W m–1 K–1) G ~Ü˛!ê˛ !˛õï˛ˆÏ°Ó˚ ò[˛ (L

2
 = 0.1

m, A
2
 = 0.02 m2, K

2
 = 109 W m–1K–1) !ã˛e 11.16 ~Ó˚

Ù Ï̂ï˛y ≤Ãy Ï̂hs˝ ≤Ãy Ï̂hs˝ V˛y°y•z Ü˛Ó˚y xy Ï̂SÈ– ̂ °y•y G !˛õï˛ Ï̂°Ó˚ ò Ï̂[˛Ó˚
Ù%=˛ ≤Ãyhs˝ ò%!ê˛ Ï̂Ü˛ ÎÌyÜ ̨ Ï̂Ù  373 K ~ÓÇ 273 K ï˛y˛õÙyeyÎ̊ Ó̊yáy
xyˆÏSÈ–  (i) ò[˛ ò%!ê˛Ó˚ §ÇˆÏÎyà fiÌˆÏ°Ó˚ ï˛y˛õÙyeyñ (ii) Î%@¬
ò[˛!ê˛Ó˚ ï%˛°ƒ ̨ õ!Ó˚Óy!•ï˛yAÜ˛ ~ÓÇ  (iii) ˛Î%@¬ ò[˛!ê˛Ó˚ Ùôƒ !òˆÏÎ˚
ï˛y˛õ ≤ÃÓyˆÏ•Ó˚ Ó˚y!¢Ùy°y ≤Ã!ï˛¤˛y Ü˛ˆÏÓ˚y G Ùyl !lî≈Î˚ Ü˛ˆÏÓ˚y–

í˛z_Ó˚
ˆòGÎ˚y xy Ï̂SÈ, L

1
 = L

2
= L = 0.1 m, A

1
 = A

2
= A= 0.02 m2

K
1
 = 79 W m–1 K–1, K

2
 = 109 W m–1 K–1, T

1
 = 373 K, ~ÓÇ

T
2
 = 273 K –

ï˛y˛õ#Î̊ !fiÌï˛yÓfiÌyÎ̊ ̂ °y•yÓ̊ ò Ï̂[˛Ó̊ Ùôƒ !ò Ï̂Î̊ ï˛y˛õ≤ÃÓy• (H
1
) !˛õï˛°

òˆÏ[˛Ó˚ Ùôƒ !òˆÏÎ˚ ï˛y˛õ ≤ÃÓyˆÏ•Ó˚ (H
2
) §Ùyl •Î˚–

 §%ï˛Ó˚yÇñ H = H
1
 = H

2

  =  
K A T T

L

K A T T

L

1 1 1 0

1

2 2 0 2

2

– ( – )( )
=

A
1
 = A

2
 = A ̊~ÓÇ L

1
 = L

2
 = L, ̊~Ó˚ çlƒ §Ù#Ü˛Ó˚î!ê˛ •Î˚

K
1
 (T

1 
– T

0
) = K

2
 (T

0
 – T

2
)

§%ï˛Ó˚yÇñ ò[˛ ò%!ê˛Ó˚ §ÇˆÏÎyà ï˛y˛õÙyeyñ

T
0
 = 

K T K T

K K

1 1 2 2

1 2

+( )
+( )

~ §Ù#Ü˛Ó˚î ÓƒÓ•yÓ˚ Ü˛ˆÏÓ˚ ˛õyGÎ˚y ÎyÎ˚ñ ˆÎÈüÈˆÜ˛yˆÏly òˆÏ[˛Ó˚ ï˛y˛õ≤ÃÓy•

H =
K A T T

L

K A T T

L

1 1 0 2 0 2
– ( – )( )

=

   

í˛z˛õˆÏÓ˚Ó˚ §Ù#Ü˛Ó˚îà%ˆÏ°y ÓƒÓ•yÓ˚ Ü˛ˆÏÓ˚ ̨ õyGÎ˚y ÎyÎ˚  L
1
 + L

2
 = 2L ˜Ïòâ≈ƒ

G  K′ ï%̨ °ƒ ï˛y˛õ ̨õ!Ó˚Óy!•ï˛yAÜ˛ !Ó!¢T˛ Î%@¬ ò[˛!ê˛Ó˚ Ùôƒ !ò Ï̂Î˚ ï˛y˛õ≤ÃÓy•ñ

′ =
′ ( )

=H
K A T T

L
H

1 2

2

–

′ =
+

K
K K

K K

2 1 2

1 2

(i) T
K T K T

K K
0

1 1 2 2

1 2

=
+( )
+( )

     =
( ) ( ) + ( ) ( )

+

79 373 109 273

79 109

W m K K W m K K

W m K W m K

� 1 � 1 � 1 � 1

� 1 � 1 � 1 � 1

= 315 K

(ii) T
K T K T

K K
0

1 1 2 2

1 2

=
+( )
+( )

    = 
2× (79 W m K ) × (109 W m K

79 W m K +109 W m K

� 1 � 1 � 1 � 1

� 1 � 1 � 1 � 1

)

    = 91.6 W m–1 K–1

!ã˛e  11.15

ã%̨ !Õ‘
3000C

•zflõyï˛

ï˛y˛õˆÏÓ˚yôÜ˛ ˛õòyÌ≈

ÓÓ˚Ê˛ Óy:
00C

ï˛yÙy
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11.9.2  ̨õ!Ó˚ã˛°l (Convection)

˛õ!Ó˚ã˛°l •° ̨õòyÌ≈Ü˛îyÓ˚ ≤ÃÜ,̨ ï˛ ã˛°yã˛ Ï̂°Ó˚ Ùyôƒ Ï̂Ù ï˛y˛õ §M˛y° Ï̂lÓ˚ ~Ü˛

˛õÂô!ï˛– ~!ê˛ ~Ü˛Ùye ≤ÃÓy•#ˆÏï˛•z §Ω˛Ó– ˛õ!Ó˚ã˛°l ≤ÃyÜ,˛!ï˛Ü˛ G ˛õÓ˚Ó¢

ò%Ë˛yˆÏÓ •ˆÏï˛ ˛õyˆÏÓ˚– ≤ÃyÜ,˛!ï˛Ü˛ ˛õ!Ó˚ã˛°ˆÏl x!Ë˛Ü˛£Ï≈ Ó° ~Ü˛ à%Ó˚%c˛õ)î≈

Ë)̨ !ÙÜ˛y ̨õy°l Ü˛ Ï̂Ó˚– ̂ Ü˛y Ï̂ly ≤ÃÓy•# Ï̂Ü˛ l#ã˛ ̂ Ì Ï̂Ü˛ í z̨_Æ Ü˛Ó˚y • Ï̂° í z̨_Æ

xÇ¢ ≤Ã§y!Ó˚ï˛ •Î˚ ~ÓÇ ~Ó˚ âlc Ü˛ˆÏÙ– ≤’Óï˛yÓ˚ çlƒ G•z xÇˆÏ¢Ó˚

Ü˛îyà%ˆÏ°y í˛z˛õˆÏÓ˚ GˆÏë˛ ÎyÎ˚ ~ÓÇ í˛z˛õˆÏÓ˚Ó˚ ¢#ï˛° xÇˆÏ¢Ó˚ Ü˛îyà%ˆÏ°y G•z

fiÌyl òá° Ü˛ˆÏÓ˚– ˛õ%lÓ˚yÎ˚ G•z xÇ¢ í˛z_Æ •Î˚ ~ÓÇ ¢#ï˛° xÇˆÏ¢Ó˚

≤ÃÓy•# myÓ˚y ≤Ã!ï˛fiÌy!˛õï˛ •Î˚– ~ ≤Ã!Ü ̨ Î˚y ã˛° Ï̂ï˛•z Ìy Ï̂Ü˛– ï˛y˛õ §M˛y° Ï̂lÓ˚

~ ˛õÂô!ï˛!ê˛ flõT˛ï˛•z ˛õ!Ó˚Ó•ˆÏlÓ˚ ˆÌˆÏÜ˛ xy°yòy– ˛õ!Ó˚ã˛°ˆÏl ≤ÃÓy•#Ó˚

!Ó!Ë˛ß¨ xÇˆÏ¢Ó˚ !Ó˛õ%° ˛õ!Ó˚ÙyˆÏî fiÌylyhs˝Ó˚ âˆÏê˛–

˛õÓ˚Ó¢ ˛õ!Ó˚ã˛°ˆÏl ˛õy¡õ Óy xlƒ ˆÜ˛yˆÏly ˆË˛Ôï˛ ≤Ã!Ü ˛Î˚yÎ˚ ˛õòyÌ≈ˆÏÜ˛

à!ï˛¢#° •ˆÏï˛ Óyôƒ Ü˛Ó˚y •Î˚– ˛õÓ˚Ó¢ ˛õ!Ó˚ã˛°ˆÏlÓ˚ Ü˛ˆÏÎ˚Ü˛!ê˛ §yôyÓ˚î

í˛zòy•Ó˚î •° ÈüÈ Óy!í˛¸âˆÏÓ˚Ó˚ ÓyÎ˚% ã˛°yã˛° ÓƒÓfiÌyñ Ùyl%ˆÏ£ÏÓ˚ §ÇÓ•lï˛sfñ

ÎylÓy•ˆÏlÓ˚ •z!OˆÏlÓ˚ ¢#ï˛°#Ü˛Ó˚î ÓƒÓfiÌy– ÙylÓ ¢Ó˚#ˆÏÓ˚ •,Í!˛õ[˛

¢Ó˚#ˆÏÓ˚Ó˚ !Ó!Ë˛ß¨ xÇˆÏ¢ Ó˚=˛ §ÇÓ•ˆÏl ˛õyˆÏ¡õÓ˚ lƒyÎ˚ Ü˛yç Ü˛ˆÏÓ˚ ~ÓÇ

˛õÓ˚Ó¢ ˛õ!Ó˚ã˛°l ≤Ã!Ü ˛Î˚yÎ˚ ï˛y˛õ §M˛y°ˆÏlÓ˚ ÙyôƒˆÏÙ ¢Ó˚#ˆÏÓ˚Ó˚ ~Ü˛•z

ï˛y˛õÙyey ÓçyÎ˚ Ó˚yˆÏá–

xˆÏlÜ˛ ˛õ!Ó˚!ã˛ï˛ âê˛lyÎ˚ ≤ÃyÜ,˛!ï˛Ü˛ ˛õ!Ó˚ã˛°l ˛õÂô!ï˛ Ù%áƒ Ë)˛!ÙÜ˛y

˛õy°l Ü˛ˆÏÓ˚– !òˆÏlÓ˚ ˆÓ°yÎ˚ Ó,•Í ç°y¢ˆÏÎ˚Ó˚ ï%˛°lyÎ˚ fiÌ°Ë˛yà x!ï˛

o%ï˛ àÓ˚Ù •Î˚– ç Ï̂°Ó˚ í z̨Fã˛ xy Į̈̂ õ!«˛Ü˛ ï˛y˛õ G ̨õ!Ó˚ã˛°l ̂ flÀy Ï̂ï˛Ó˚ Ùyôƒ Ï̂Ù

!Ó˛õ%° xyÎ˚ï˛ˆÏlÓ˚ çˆÏ° ï˛yˆÏ˛õÓ˚ ˆ¢y£Ïî ÈüÈ ~•z í˛zË˛Î˚ Ü˛yÓ˚ˆÏî ~Ùlê˛y

âˆÏê˛– àÓ˚Ù Ë)˛˛õ,ˆÏ¤˛Ó˚ §ÇflõˆÏ¢≈ ÌyÜ˛y ÓyÎ˚%hflÏÓ˚ ̨ õ!Ó˚Ó•l ̨õÂô!ï˛ˆÏï˛ í˛z_Æ

•ˆÏÎ˚ ≤Ã§y!Ó˚ï˛ •Î˚ ~ÓÇ ˛õy!Ó˚˛õy!Ÿª≈ˆÏÜ˛Ó˚ ¢#ï˛° ÓyÎ˚%Ó˚ ï%˛°lyÎ˚ •y°Ü˛y

• Ï̂Î˚ ̨õ Ï̂í ¸̨– ~Ó˚ Ê˛ Ï̂° àÓ˚Ù ÓyÎ%̊ í z̨̨ õ Ï̂Ó˚ G Ï̂ë˛ ÎyÎ˚ åÓyÎ%̊Ó˚ í z̨ôÁ≈̂ ÏflÀyï˛ §,!T˛

•Î˚ä ~ÓÇ G•z ¢)lƒfiÌyl ˛õ)Ó˚ˆÏî ç°Ë˛yà ˆÌˆÏÜ˛ ¢#ï˛° ÓyÎ˚% ≤ÃÓy!•ï˛

•ˆÏÎ˚ §Ù%o ÓyÎ˚% åsea breezeä §,!T˛ Ü˛ˆÏÓ˚– ë˛yu˛y ÓyÎ˚% l#ˆÏã˛ ̂ lˆÏÙ xyˆÏ§

~ÓÇ ~Ü˛ ï˛y˛õ#Î˚ ̨õ!Ó˚ã˛°lã˛Ü ̨  ≤Ã!ï˛!¤˛ï˛ •Î˚ Îy Ùy!ê˛ • Ï̂ï˛ ï˛y˛õ §M˛y!°ï˛

Ü˛ˆÏÓ˚– Ó˚y!eˆÏÓ°yÎ˚ñ fiÌ° Ë˛yà x!ï˛ o%ï˛ ï˛y˛õ •yÓ˚yÎ˚ ~ÓÇ fiÌ°Ë˛yˆÏàÓ˚

ï%˛°lyÎ˚ ç°ï˛° ˆÓ!¢ í˛z_Æ ÌyˆÏÜ˛– Ê˛ˆÏ° ï˛y˛õ#Î˚ ˛õ!Ó˚ã˛°l ã˛Ü ˛!ê˛

!Ó˛õÓ˚#ï˛Ù%á# •Î˚ å!ã˛e11.17ä–

≤ÃyÜ,˛!ï˛Ü˛ ̨õ!Ó˚ã˛°ˆÏlÓ˚ xlƒ ~Ü˛ í˛zòy•Ó˚î •° ÈüÈ ̨õ,!ÌÓ#˛õ,ˆÏ¤˛Ó˚ í˛z˛õÓ˚

!òˆÏÎ˚ í˛z_Ó˚ÈüÈ˛õ)Ó≈ !òÜ˛ ̂ ÌˆÏÜ˛ !Ó£Ï%Ó xM˛ˆÏ°Ó˚ !òˆÏÜ˛ ≤ÃÓy!•ï˛ ¢yhs˝ ̨õ,¤˛ÓyÎ˚%

Îy Óy!îçƒ ÓyÎ%̊ ly Ï̂Ù ̨õ!Ó˚!ã˛ï˛– ~Ó˚ Î%!=˛§Aàï˛ Óƒyáƒy !l¡¨Ó)̨̊ õ ı ̨õ,!ÌÓ#Ó˚

!Ó£Ï%Ó xM˛° G ˆÙÓ˚% xM˛° x§ÙË˛yˆÏÓ ˆ§ÔÓ˚ï˛y˛õ ˛õyÎ˚– !Ó£Ï%Ó xM˛ˆÏ°

Ë)̨ ÈĘ̀ õ,̂ Ï¤˛Ó̊ Ü˛ySÈyÜ˛y!SÈ ÓyÎ̊%hflÏÓ̊ x Į̈̂ õ«˛yÜ,̨ ï˛ àÓ̊Ù •Î̊ xlƒ!ò Ï̂Ü˛ ̂ ÙÓ̊% xM˛ Ï̂°Ó̊

í˛z˛õˆÏÓ˚Ó˚ ÓyÎ˚%Ù[˛° xˆÏ˛õ«˛yÜ,˛ï˛ ë˛yu˛y •Î˚– xlƒ ˆÜ˛yˆÏly ≤ÃË˛yÓˆÏÜ˛Ó˚

xl%˛õ!fiÌ!ï˛ˆÏï˛•z ~Ü˛!ê˛ ˛õ!Ó˚ã˛°l ˆflÀyˆÏï˛Ó˚ åconvection currentä

§,!T˛ •Î˚ñ ̂ ÎáyˆÏl !Ó£Ï%Ó xM˛ˆÏ°Ó˚ Ë)˛˛õ,ˆÏ¤˛Ó˚ ÓyÎ˚% í˛z˛õˆÏÓ˚ GˆÏë˛ !àˆÏÎ˚ ̂ ÙÓ˚%

xM˛ˆÏ°Ó˚ !òˆÏÜ˛ ≤ÃÓy!•ï˛ •Î˚ ~ÓÇ ˆÙÓ˚% xM˛ˆÏ°Ó˚ í˛z˛õˆÏÓ˚Ó˚ ¢#ï˛° ÓyÎ˚%

l#ˆÏã˛ ̂ lˆÏÙ !Ó£Ï%Ó xM˛ˆÏ°Ó˚ !òˆÏÜ˛ ≤ÃÓy!•ï˛ •Î˚– ï˛ˆÏÓ ̨ õ,!ÌÓ#Ó˚ â)î≈l ~•z

˛õ!Ó˚ã˛°l ˆflÀyï˛ˆÏÜ˛ !Ü˛S%Èê˛y ˛õ!Ó˚Ó!ô≈ï˛ Ü˛ˆÏÓ˚– ~ Ü˛yÓ˚ˆÏî !Ó£Ï%Ó xM˛ˆÏ°

ÓyÎ˚%Ó˚ ˛õ)Ó≈Ù%á#  1600 km/h ˆÓà ÌyˆÏÜ˛ ˆÎáyˆÏl ˆÙÓ˚% xM˛ˆÏ° ~ ˆÓà

¢)lƒ– ~Ó˚ Ê˛ˆÏ° ÓyÎ˚% !ë˛Ü˛ ̂ ÙÓ˚%ˆÏï˛ ly ̂ lˆÏÙ 30° N x«˛yÇˆÏ¢ ̂ lˆÏÙ xyˆÏ§

~ÓÇ ̂ §áyl ̂ Ì Ï̂Ü˛ !Ó£Ï%Ó xM˛ Ï̂° !Ê˛ Ï̂Ó˚ xy Ï̂§– ~ ÓyÎ%̊ ̨≤ÃÓy• Ï̂Ü˛ Óy!îçƒ

ÓyÎ%̊ trade windä Ó Ï̂°–

!ã˛e 11.17 ˛õ!Ó˚ã˛°l ã˛Ü ˛
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11.9.3  !Ó!Ü˛Ó˚î (Radiation)

˛õ!Ó˚Ó•l ~ÓÇ ˛õ!Ó˚ã˛°l ˛õÂô!ï˛ˆÏï˛ Óy•Ü˛ ÙyôƒÙ Ó˚)ˆÏ˛õ ~Ü˛!ê˛ ÙyôƒˆÏÙÓ˚

≤ÃˆÏÎ˚yçl •Î˚– ¢)lƒfiÌyˆÏl ˛õ,ÌÜ‰˛Ü,˛ï˛ ò%!ê˛ Ó›Ó˚ ÙˆÏôƒ ~§Ó ˛õÂô!ï˛ˆÏï˛

ï˛y˛õ §M˛y!°ï˛ •ˆÏï˛ ˛õyˆÏÓ˚ ly– !Ü˛v ˛õ,!ÌÓ# Ó•% ò)ˆÏÓ˚ ÌyÜ˛y §)ˆÏÎ≈Ó˚ ï˛y˛õ

˛õyÎ˚ ~ÓÇ ÓyÎ˚% ï˛yˆÏ˛õÓ˚ Ü˛Ù ̨õ!Ó˚Óy•# •GÎ˚y §ˆÏ_¥G ~ÓÇ ̨õ!Ó˚ã˛°l ̂ flÀyï˛

fiÌy˛õ Ï̂lÓ˚ ̨õ)̂ ÏÓ≈•z xyÙÓ˚y Ü˛ySÈyÜ˛y!SÈ ÌyÜ˛y xM˛ Ï̂°Ó˚ í z̨_y˛õ xl%Ë˛Ó Ü˛!Ó˚–

ï˛y˛õ §M˛y°ˆÏlÓ˚ ~•z ï,˛ï˛#Î˚ ˆÜ˛Ô¢°!ê˛ˆÏï˛ ˆÜ˛yˆÏly ÙyôƒˆÏÙÓ˚ ≤ÃˆÏÎ˚yçl

•Î˚ lyó ~ˆÏÜ˛ !Ó!Ü˛Ó˚î Ó°y •Î˚ ~ÓÇ ~ ˛õÂô!ï˛ˆÏï˛ ï˛!í˛¸Íã%˛¡∫Ü˛#Î˚

ï˛Ó˚AàÓ˚)ˆÏ˛õ §M˛y!°ï˛ ï˛y˛õ¢!=˛ˆÏÜ˛ !Ó!Ü˛!Ó˚ï˛ ¢!=˛ åradiant energyä

ÓˆÏ°– ˆÜ˛yˆÏly ï˛!í˛¸Í ã%˛¡∫Ü˛#Î˚ ï˛Ó˚ˆÏAà ï˛!í˛¸ÍˆÏ«˛e G ˆã˛Ô¡∫Ü˛ ˆ«˛e ¢)lƒ

ÙyôƒˆÏÙ §ÙˆÏÎ˚Ó˚ §yˆÏÌ xyˆÏ®y!°ï˛ åoscillateä •ˆÏï˛ ÌyˆÏÜ˛– xlƒylƒ

ï˛Ó˚̂ ÏAàÓ˚ lƒyÎ˚ ï˛!í ¸̨Íã%̨ ¡∫Ü˛#Î˚ ï˛Ó˚Aà §Ù)̂ Ï•Ó˚ !Ó!Ë˛ß¨ ï˛Ó˚Aà Ï̃òâ≈ƒ ÌyÜ˛ Ï̂ï˛

˛õyˆÏÓ˚ ~ÓÇ ¢)lƒ fiÌyˆÏl ~Ü˛•z ˆÓˆÏà ï˛Ìy xyˆÏ°yÓ˚ ˆÓà  3 × 108 m s–1

!lˆÏÎ˚ ã˛°ˆÏï˛ ̨õyˆÏÓ˚– ̂ ï˛yÙÓ˚y ̨õÓ˚Óï≈˛# §ÙˆÏÎ˚ ~ !Ó£ÏˆÏÎ˚ !ÓhflÏy!Ó˚ï˛ çylˆÏÓñ

!Ü˛v ~ál ̂ ï˛yÙÓ˚y çyl ̂ Ü˛l !Ó!Ü˛Ó˚î ̨õÂô!ï˛ Ï̂ï˛ ï˛y˛õ §M˛y° Ï̂l ̂ Ü˛y Ï̂ly

çí ¸̨ Ùyôƒ Ï̂ÙÓ˚ ≤Ã Ï̂Î˚yçl •Î˚ ly ~ÓÇ ̂ Ü˛l•z Óy ~ ̨õÂô!ï˛ ~ï˛ o%ï˛ §¡õß¨

•Î˚– ~ ˛õÂô!ï˛ˆÏï˛ ¢)lƒfiÌyˆÏlÓ˚ Ùôƒ !òˆÏÎ˚ ï˛y˛õ §)Î≈ ˆÌˆÏÜ˛ ˛õ,!ÌÓ#ˆÏï˛

ˆ˛õÑÔSÈyÎ˚È– Ü˛!ë˛lñ ï˛Ó˚° Óy àƒy§#Î˚ §Ü˛° Ó›•z ï˛y˛õ !Ó!Ü˛Ó˚î Ü˛ Ï̂Ó˚– Ó›Ó˚

ï˛y˛õÙyeyç!lï˛ Ü˛yÓ˚̂ Ïî ̂ Ü˛y Ï̂ly Ó› Ü˛ï,≈̨ Ü˛ !l/§,ï˛ ï˛!í ¸̨Íã%̨ ¡∫Ü˛#Î˚ !Ó!Ü˛Ó˚îñ

ˆÎÙl ÈüÈ ̂ °y!•ï˛ ï˛Æ ̂ °Ô• Óy !Ê˛°y Ï̂Ùrê˛ Óy!ï˛ • Ï̂ï˛ !l/§,ï˛ xy Ï̂°yÜ˛ Ï̂Ü˛

ï˛y˛õ#Î˚ !Ó!Ü˛Ó˚î ÓˆÏ°–

Îál ~•z ï˛y˛õ#Î˚ !Ó!Ü˛Ó˚î ˆÜ˛yˆÏly Ó›Ó˚ í˛z˛õÓ˚ ˛õˆÏí˛¸ ~Ó˚ ~Ü˛yÇ¢

≤Ã!ï˛Ê˛!°ï˛ •Î˚ ~ÓÇ ~Ü˛yÇ¢ Ó› Ü˛ï,≈̨ Ü˛ ̂ ¢y!£Ïï˛ •Î˚– ̂ Ü˛y Ï̂ly Ó› Ü˛ï,≈̨ Ü˛

ˆ¢y!£Ïï˛ !Ó!Ü˛Ó˚ˆÏîÓ˚ ˛õ!Ó˚Ùyî Ó›Ó˚ ÓˆÏî≈Ó˚ í˛z˛õÓ˚ !lË≈˛Ó˚ Ü˛ˆÏÓ˚–

xyÙÓ˚y ̂ òáˆÏï˛ ̨õy•zñ •y°Ü˛y Ó˚ˆÏ.Ó˚ Ó›Ó˚ ï%˛°lyÎ˚ Ü˛yˆÏ°y Ó˚ˆÏ.Ó˚ Ó›

ˆÓ!¢ ÙyeyÎ˚ !Ó!Ü˛Ó˚î ˆ¢y£Ïî ~ÓÇ !l/§Ó˚î Ü˛ˆÏÓ˚– ˜òl!®l ç#ÓˆÏl ~Ó˚

Ó•% ≤Ã Ï̂Î˚yà ̂ òáy ÎyÎ˚– xyÙÓ˚y àÓ˚ÙÜ˛y Ï̂° §yòy Óy •y°Ü˛y Ó˚̂ Ï.Ó˚ ̂ ˛õy¢yÜ˛

˛õ!Ó˚ ̂ Îl ~à%̂ Ï°y x“ ̨õ!Ó˚Ùy Ï̂î ̂ §ÔÓ˚ï˛y˛õ ̂ ¢y£Ïî Ü˛Ó˚̂ Ïï˛ ̨õy Ï̂Ó˚– xyÓyÓ˚

¢#ï˛Ü˛y Ï̂° xyÙÓ˚y àyì ¸̨ Ó˚̂ Ï.Ó˚ ̂ ˛õy¢yÜ˛ ÓƒÓ•yÓ˚ Ü˛!Ó˚ Îy ̂ §ÔÓ˚ï˛y˛õ ̂ ¢y£Ïî

Ü˛ˆÏÓ˚ ~ÓÇ xyÙyˆÏòÓ˚ ¢Ó˚#Ó˚ˆÏÜ˛ àÓ˚Ù Ó˚yˆÏá– Ó˚yß¨yÓ˚ Óy§l˛õˆÏeÓ˚ ï˛°yÎ˚

Ü˛yˆÏ°y Ó˚. Ü˛Ó˚y •Î˚ ˆÎl ~à%ˆÏ°y í˛zl%l ˆÌˆÏÜ˛ ˆÓ!¢ ˛õ!Ó˚ÙyˆÏî ï˛y˛õ

ˆ¢y£Ïî Ü˛ˆÏÓ˚ Ó˚yß¨yÓ˚ §!∂ˆÏï˛ §Ó˚ÓÓ˚y• Ü˛Ó˚ˆÏï˛ ˛õyˆÏÓ˚–

xl%Ó˚)˛õË˛yˆÏÓñ ̂ òÎ˚yÓ˚ Êœ˛yflÒ åDewar flaskä Óy ÌyˆÏÙ≈yÊœ˛yflÒ ̂ Óyï˛°

åthermos bottleä ~Ü˛ !ÓˆÏ¢£Ï Îsf ÎyÓ˚ ˆÓyï˛ˆÏ°Ó˚ !Ë˛ï˛ˆÏÓ˚Ó˚ Ó› G

Óy•ẑ ÏÓ˚Ó˚ ̨õ!Ó˚̂ ÏÓ Ï̂¢Ó˚ Ù Ï̂ôƒ ï˛y Į̈̂ õÓ˚ xyòyl ≤Ãòyl Ü˛Ù •Î˚– ~!ê˛ ~Ü˛!ê˛ ò%•z

ˆòGÎ˚y° !Ó!¢T˛ Ü˛yˆÏã˛Ó˚ ˛õye ÎyÓ˚ Óy•zˆÏÓ˚Ó˚ G !Ë˛ï˛ˆÏÓ˚Ó˚ ˆòGÎ˚y° ò%!ê˛

Ó˚%˛õyÓ˚ ≤ÃˆÏ°˛õ ̂ òGÎ˚y ÌyˆÏÜ˛– !Ë˛ï˛ˆÏÓ˚Ó˚ ̂ òGÎ˚y° ̂ ÌˆÏÜ˛˛ !Ó!Ü˛Ó˚î åï˛y˛õä

≤Ã!ï˛Ê˛!°ï˛ • Ï̂Î˚ !Ë˛ï˛ Ï̂Ó˚Ó˚ Ó› Ï̂ï˛ !Ê˛ Ï̂Ó˚ ÎyÎ˚– xl%Ó)̊̂ Į̈ õñ Óy•ẑ ÏÓ˚Ó˚ ̂ òGÎ˚y°

Óy•zˆÏÓ˚Ó˚ !Ó!Ü˛Ó˚îˆÏÜ˛ ≤Ã!ï˛Ê˛!°ï˛ Ü˛ˆÏÓ˚– ̨õ!Ó˚Ó•l G ̨õ!Ó˚ã˛°l ̨õÂô!ï˛ˆÏï˛

ï˛y˛õ §M˛y°l Ü˛ÙyˆÏï˛ ˆòGÎ˚y° ò%!ê˛Ó˚ ÙôƒÓï≈˛# fiÌylˆÏÜ˛ ÓyÎ˚%¢)lƒ Ü˛Ó˚y

•Î˚ ~ÓÇ ˛õye!ê˛ˆÏÜ˛ ~Ü˛!ê˛ ï˛yˆÏ˛õÓ˚ xhs˝Ó˚Ü˛ ˛õòyÌ≈ ˆÎÙlñ Ü˛ˆÏÜ≈˛Ó˚ í˛z˛õÓ˚

Ó§yˆÏly •Î˚– ~Ë˛yˆÏÓ Îsf!ê˛ !Ë˛ï˛ˆÏÓ˚Ó˚ àÓ˚Ù Ó›ˆÏÜ˛ åˆÎÙlÈüÈàÓ˚Ù ò%ôä

ë˛yu˛y •GÎ˚y ˆÌˆÏÜ˛ xyê˛Ü˛yˆÏï˛ x˛õÓ˚!òˆÏÜ˛ ë˛yu˛y Ó›ˆÏÜ˛ åˆÎÙlÈüÈÓÓ˚Ê˛ä

ë˛yu˛y Ó˚yáˆÏï˛ !ÓˆÏ¢£Ï í˛z˛õˆÏÎyà#–

11.9.4 Ü,̨ £÷ÏÓ› !Ó!Ü˛Ó˚î (Blackbody Radiation)

~ál ˛õÎ≈hs˝ xyÙÓ˚y ï˛y˛õ#Î˚ !Ó!Ü˛Ó˚ˆÏîÓ˚ ï˛Ó˚Aà˜ÏòˆÏâ≈ƒÓ˚ ˆÜ˛yˆÏly í˛zˆÏÕ‘á

Ü˛!Ó˚!l– ˆÎÈüÈˆÜ˛yˆÏly ï˛y˛õÙyeyÎ˚ ï˛y˛õ#Î˚ !Ó!Ü˛Ó˚î §¡õ!Ü≈˛ï˛ à%Ó˚%c˛õ)î≈

!Ó£ÏÎ˚ •° ~!ê˛ ~Ü˛!ê˛ åÓy Ü˛ Ï̂Î˚Ü˛!ê˛ä ï˛Ó˚Aà Ï̃ò Ï̂â≈ƒ å§Ù)̂ Ï•Ó˚ä !Ó!Ü˛Ó˚î lÎ˚

ÓÓ˚Ç ~ Ï̂ï˛ ̂ SÈy Ï̂ê˛y ̂ Ì Ï̂Ü˛ ò#â≈ ï˛Ó˚Aà Ï̃òâ≈ƒ !Ó!¢T˛ ~Ü˛!ê˛ !lÓ˚Ó!FSÈß¨ Óî≈y°#

ÌyˆÏÜ˛È– Îy•zˆÏ•yÜ˛ñ !Ó!Ü˛Ó˚ˆÏî ç!í˛¸ï˛ ¢!=˛ !Ó!Ë˛ß¨ ï˛Ó˚Aà ˜òâ≈ƒˆÏË˛ˆÏò

˛õ!Ó˚Ó!ï≈̨ ï˛ •Î˚– 11.18 !ã˛e!ê˛ñ !Ó!Ë˛ß¨ ï˛y˛õÙyeyÓ˚ çlƒ ï˛Ó˚Aà Ï̃òâ≈ƒ ÓlyÙ

~Ü˛!ê˛ Ü,˛£÷ÏÓ› Ü˛ï,≈˛Ü˛ !Ó!Ü˛!Ó˚ï˛ ≤Ã!ï˛ ~Ü˛Ü˛ ˆ«˛eÊ˛ˆÏ°ñ ≤Ã!ï˛ ~Ü˛Ü˛

ï˛Ó˚Aà˜ÏòˆÏâ≈ƒ !ÓÜ˛#î≈ ¢!=˛Ó˚ ˛õÓ˚#«˛y°kô ˆ°á!ê˛ ˆòáyÎ˚–

°«˛ Ü˛ˆÏÓ˚yñ ï˛y˛õÙyey Ó,!ÂôÓ˚ §ˆÏAà ï˛Ó˚Aà˜Ïòâ≈ƒ λ
m
ñ ÎyÓ˚ çlƒ ¢!=˛

§ˆÏÓ≈yFã˛ñ •…y§ ˛õyˆÏFSÈ–  λ
m
 ~ÓÇ T ~Ó˚ ÙˆÏôƒ §¡õÜ≈˛!ê˛ ˆ°áy ÎyÎ˚

λ
m
 T  =  ô %ÓÜ˛– (11.15)

~!ê˛ !Ë˛̂ ÏlÓ̊ §Ó̊î §)e åWien’s Displacement Lawä ly Ï̂Ù ̨õ!Ó̊!ã˛ï˛–

ô %ÓÜ˛!ê˛Ó˚ å!Ë˛ˆÏlÓ˚ ô %ÓÜ˛ä Ùyl  2.9 × 10–3 m K– ~•z §)e ˆÌˆÏÜ˛

Óƒyáƒy ˛õyGÎ˚y ÎyÎ˚ñ Ü˛# Ü˛yÓ˚ˆÏî ~Ü˛ á[˛ ˆ°y•yˆÏÜ˛ ~Ü˛!ê˛ ï˛Æ !¢áyÎ˚

í˛z_Æ Ü˛Ó˚ˆÏ° ~Ó˚ Óî≈ ≤ÃÌˆÏÙ !l‹±Ë˛ °y°ñ ~Ó˚˛õÓ˚ °y°yË˛ •°%ò ~ÓÇ

ˆ¢ˆÏ£Ï ̂ Ÿªï˛ ï˛Æ •Î˚– Ù•yçyà!ï˛Ü˛ Ó›§Ù)• ̂ ÎÙlñ ãÑ˛yòñ §)Î≈ ~ÓÇ xlƒ

!ã˛e  11.18: ~Ü˛!ê˛ Ü,̨ £÷ÏÓ›Ó˚ !Ó!Ë˛ß¨ ï˛y˛õÙyeyÎ˚ !Ó!Ü˛!Ó˚ï˛ ¢!=˛ ÓlyÙ

ï˛Ó˚Aà Ï̃òâ≈ƒ ̂ °á!ã˛e–

§)Î≈y Ï̂°yÜ˛
(6000 K)

xyÜ≈̨
(3000 K)ò,¢ƒÙyl

xy Ï̂°y !Ê˛°yˆÏÙrê˛ Óy!ï˛
(2000 K)≤Ã
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˛ ~
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ï˛yÓ˚yˆÏòÓ˚ ˛õ,ˆÏ¤˛Ó˚ ï˛y˛õÙyeyÓ˚ !•ˆÏ§Ó ˛õyGÎ˚yÓ˚ çlƒ !Ë˛ˆÏlÓ˚ §)e!ê˛

í˛z˛õˆÏÎyà#– ˆòáy ÎyÎ˚ñ ãÑ˛yò ˆÌˆÏÜ˛ xy§y xyˆÏ°yÓ˚ ˆ«˛ˆÏe 14 µm ~Ó˚

Ü˛ySÈyÜ˛y!SÈ ï˛Ó˚Aà Ï̃ò Ï̂â≈ƒÓ˚ çlƒ ï˛#Ó ï˛y § Ï̂Ó≈yFã˛ •Î˚– !Ë˛ Ï̂lÓ˚ §)̂ ÏeÓ˚ §y•y Ï̂Îƒ

àîlyÜ,˛ï˛ ãÑ˛yˆÏòÓ˚ ̨õ,¤˛ˆÏòˆÏ¢Ó˚ ï˛y˛õÙyey  •°  200 K – ï˛Ó˚Aà˜Ïòâ≈ƒ λ
m
 =

4753 Å ~ñ ˆ§ÔÓ˚ !Ó!Ü˛Ó˚ˆÏîÓ˚ ï˛#Ó ï˛y §ˆÏÓ≈yFã˛ •Î˚– ~Ó˚ xyl%£Ï!AàÜ˛

ï˛y˛õÙyey T = 6060 K– Ù Ï̂l Ó̊yá Ï̂Óñ ~!ê˛ §)Î≈ õ,̂ Ï¤˛Ó̊ ï˛y˛õÙyeyñ xË˛ƒhs˝Ó̊#î

ï˛y˛õÙyey lÎ˚–

Ü,˛£÷ÏÓ› !Ó!Ü˛Ó˚ˆÏîÓ˚ ˆ°á!ã˛e 11.18 ~Ó˚ á%Ó•z ï˛yÍ˛õÎ≈˛õ)î≈ ˜Ó!¢T˛ƒ

•° ~à%ˆÏ°y §Ó≈çl#l– ~•z ̂ °á!ã˛eà%ˆÏ°y ̂ Ü˛Ó°Ùye ï˛y˛õÙyeyÓ˚ í˛z˛õÓ˚

!lË≈˛Ó˚ Ü˛ˆÏÓ˚ ~ÓÇ Ü,˛£÷Ï Ó›!ê˛Ó˚ xyÎ˚ï˛lñ xyÜ,˛!ï˛ xÌÓy í˛z˛õyòyˆÏlÓ˚ í˛z˛õÓ˚

!lË≈˛Ó˚ Ü˛ˆÏÓ˚ ly– !ÓÇ¢ ¢ï˛y∑#Ó˚ ¢%Ó˚%ˆÏï˛ñ Ü,˛£÷ÏÓ›Ó˚ !Ó!Ü˛Ó˚ˆÏîÓ˚ ï˛y!_¥Ü˛

ÓƒyáƒyÓ˚ ≤ÃˆÏã˛T˛yÎ˚ ˛õòyÌ≈!ÓòƒyÎ˚ ˆÜ˛yÎ˚yrê˛yÙ !Ó≤’ÓˆÏÜ˛ cÓ˚y!ß∫ï˛ Ü˛ˆÏÓ˚ˆÏSÈñ

Îy ˆï˛yÙÓ˚y ˛õÓ˚Óï≈˛# ˛õyë˛ƒÜ ˛ˆÏÙ çylˆÏÓ–

ˆÜ˛yˆÏly ~Ü˛!ê˛ ÙyôƒÙ SÈyí˛¸y åxÌ≈yÍ ¢)lƒ ÙyôƒˆÏÙä ¢!=˛ñ !Ó!Ü˛Ó˚ˆÏîÓ˚

§y•yˆÏÎƒ !Ó¢y° ò)Ó˚ˆÏc fiÌylyhs˝!Ó˚ï˛ •ˆÏï˛ ˛õyˆÏÓ˚– T ˛˛õÓ˚Ù ï˛y˛õÙyeyÓ˚

~Ü˛!ê˛ Ó› Ü˛ï,≈˛Ü˛ !Ó!Ü˛!Ó˚ï˛ ï˛!í˛¸Íã%˛¡∫Ü˛#Î˚ ¢!=˛È ~Ó˚ ˆ«˛eÊ˛°ñ !Ó!Ü˛Ó˚î

«˛Ùï˛y å!Ó!Ü˛Ó˚î ≤ÃÓîï˛yä ~ÓÇ §ÓˆÏã˛ˆÏÎ˚ à%Ó˚%c˛õ)î≈ Ó›!ê˛Ó˚ ï˛y˛õÙyeyÓ˚

§ Ï̂Aà §Ùyl%̨ õy!ï˛Ü˛ • Ï̂Ó– ~Ü˛!ê˛ xyò¢≈ !Ó!Ü˛Ó˚Ü˛ Ó›Ó˚ çlƒñ ≤Ã!ï˛ ~Ü˛Ü˛

§ÙˆÏÎ˚ !là≈ï˛ ¢!=˛ (H) ˆÜ˛ ˆ°áy ÎyÎ˚ ÈüÈ

H = AσT 4 (11.16)

ˆÎáyˆÏl A •° ˆ«˛eÊ˛° ~ÓÇ  T  •° Ó›!ê˛Ó˚ ˛õÓ˚Ù ï˛y˛õÙyey– ~!ê˛

˛õÓ˚#«˛yÙ)°Ü˛Ë˛yˆÏÓ ̂ ˛õˆÏÎ˚ˆÏSÈl !ÓK˛yl# !fiê˛ˆÏÊ˛l åStefanä ~ÓÇ ̨õÓ˚Óï≈˛#

§ÙˆÏÎ˚ ˆÓy°ç‰Ùƒyl åBoltzmannä ~!ê˛ ï˛y!_¥Ü˛Ë˛yˆÏÓ ≤ÃÙyî Ü˛ˆÏÓ˚l–

~ Ï̂Ü˛ !fiê˛ Ï̂Ê˛lÈüÈ̂ Óy°ç‰Ùƒyl åStefan-Boltzmann lawä §)e ~ÓÇ ô %ÓÜ˛

σ  ̂ Ü˛ !fiê˛ Ï̂Ê˛lÈüÈˆÓy°ç‰Ùƒyl ô %ÓÜ˛ Ó Ï̂°–  SI ~Ü˛ Ï̂Ü˛ ~Ó˚ Ùyl •°  5.67

× 10–8 W m–2 K–4– x!ôÜ˛yÇ¢ Ó›•z 11.16 lÇ §Ù#Ü˛Ó˚ˆÏî ≤Ãò_

•yˆÏÓ˚Ó˚ ~Ü˛!ê˛ Ë˛@¿yÇ¢ !Ó!Ü˛Ó˚î Ü˛ˆÏÓ˚– ~Ü˛!ê˛ ˛õòyÌ≈ ˆÎÙlÈüÈË%˛§yÜ˛y!°

ålamp blackä ~•z §#ÙyÓ˚ Ü˛ySÈyÜ˛y!SÈ– xï˛~Óñ ~Ü˛!ê˛ Ùyey•#l Ë˛@¿yÇ¢

e ˆÜ˛ !Ó!Ü˛Ó˚î ≤ÃÓîï˛y ÓˆÏ° ~ÓÇ ˆ°áy •Î˚ ÈüÈ

H = AeσT 4 (11.17)

~áyˆÏlñ ~Ü˛!ê˛ xyò¢≈ !Ó!Ü˛Ó˚ˆÏÜ˛Ó˚ çlƒ  e = 1 – í˛zòy•Ó˚îfl∫Ó˚)˛õñ ~Ü˛!ê˛

ê˛yÇˆÏfiê˛l Óy!ï˛Ó˚ ˆ«˛ˆÏe e  ~Ó˚ Ùyl ≤ÃyÎ˚ 0.4– ~Ë˛yˆÏÓ ~Ü˛!ê˛ ê˛yÇˆÏfiê˛l

Óy!ï˛Ó˚ 3000 K ï˛y˛õÙyeyÎ˚ ~ÓÇ  0.3 cm2 ̨õ,¤˛ï˛ˆÏ° !Ó!Ü˛Ó˚ˆÏîÓ˚ •yÓ˚

H = 0.3 × 10–4 × 0.4 × 5.67 × 10–8 × (3000)4 = 60 W

T
s 
ï˛y˛õÙyeyÓ˚ ˛õy!Ó˚˛õy!Ÿª≈ˆÏÜ˛ ÌyÜ˛y  T  ï˛y˛õÙyeyÓ˚ ~Ü˛!ê˛ Ó›Ó˚

ˆ«˛ Ï̂e ¢!=˛Ó̊ !Ó!Ü˛Ó̊î ~ÓÇ @˝Ã•î ̨õy¢y˛õy!¢ ã˛ Ï̂°– ~Ü˛!ê˛ xyò¢≈ !Ó!Ü˛Ó̊ Ï̂Ü˛Ó̊

åperfect radiatorä !Ó!Ü˛!Ó˚ï˛ ¢!=˛ •…yˆÏ§Ó˚ •yÓ˚ •°

H = σA (T 4 – T
s

4)

e !Ó!Ü˛Ó˚î ≤ÃÓîï˛y !Ó!¢T˛ ~Ü˛!ê˛ Ó›Ó˚ çlƒ ˛õ!Ó˚Ó!ï≈˛ï˛ §¡õÜ≈˛!ê˛ •°

H = eσ A (T4 – T
s

4) (11.18)

ã˛ˆÏ°yñ ~Ü˛!ê˛ í˛zòy•Ó˚î !•ˆÏ§ˆÏÓ xyÙyˆÏòÓ˚ ¢Ó˚#Ó˚ ˆÌˆÏÜ˛ !Ó!Ü˛!Ó˚ï˛

ï˛yˆÏ˛õÓ˚ !•ˆÏ§Ó Ü˛!Ó˚– ôˆÏÓ˚yñ ~Ü˛ Óƒ!=˛Ó˚ ¢Ó˚#ˆÏÓ˚Ó˚ ˛õ,¤˛ï˛ˆÏ°Ó˚ ˆ«˛eÊ˛°

≤ÃyÎ̊ 1.9 m2 ~ÓÇ âÓ̊!ê˛Ó̊ ï˛y˛õÙyey 22°C – ¢Ó̊# Ï̂Ó̊Ó̊ xË˛ƒhs˝Ó̊#î ï˛y˛õÙyeyñ

xyÙÓ̊y ̂ ÎÙl çy!lñ ≤ÃyÎ̊  37 °C – c Ï̂Ü˛Ó̊ í z̨£÷Ïï˛y  28°C (ôÓ)̊ • Ï̂ï˛ ̨õy Ï̂Ó̊–

ï˛!í ¸̨Íã%̨ ¡∫Ü˛#Î˚ !Ó!Ü˛Ó˚̂ ÏîÓ˚ ≤Ãy§!AàÜ˛ xÇ Ï̂¢Ó˚ çlƒ c Ï̂Ü˛Ó˚ !Ó!Ü˛Ó˚î ≤ÃÓîï˛y

≤ÃyÎ˚ 0.97 •Î˚– ï˛y˛õ •…yˆÏ§Ó˚ •yÓ˚!ê˛ •° ı

H = 5.67 × 10–8 × 1.9 × 0.97 × {(301)4 – (295)4}

 = 66.4 W

Îy !Ó◊yÙÓ˚ï˛ xÓfiÌyÎ˚ ¢Ó˚#Ó˚ Ü˛ï,≈̨ Ü˛ í z̨Í˛õß¨ ¢!=˛  í z̨Í˛õyòl •y Ï̂Ó˚Ó˚ (120

W) xˆÏô≈Ü˛ ˆÌˆÏÜ˛ ˆÓ!¢– ~•z ï˛y˛õ x˛õã˛Î˚ˆÏÜ˛ Ü˛yÎ≈Ü˛Ó˚#Ë˛yˆÏÓ å§yôyÓ˚î

ˆ˛õy¢yÜ˛ xˆÏ˛õ«˛y í˛zß¨ï˛ï˛Ó˚ä ≤Ã!ï˛ˆÏÓ˚yô Ü˛Ó˚yÓ˚ çlƒ xyô%!lÜ˛ ¢#ˆÏï˛Ó˚

ˆ˛õy¢yˆÏÜ˛Ó˚ ˆ«˛ˆÏe cˆÏÜ˛Ó˚ !ë˛Ü˛ ˛õˆÏÓ˚•z ~Ü˛!ê˛ ˛õyï˛°y G ã˛Ü˛ã˛ˆÏÜ˛ ôyï˛Ó

x!ï˛!Ó˚=˛ hflÏÓ˚ Î%=˛ ÌyˆÏÜ˛ñ Îy ¢Ó˚#ˆÏÓ˚Ó˚ !Ó!Ü˛Ó˚îˆÏÜ˛ ≤Ã!ï˛Ê˛!°ï˛ Ü˛ˆÏÓ˚–

11.9.5 !@˝Ãl•yí z̨§ ~ Ï̂Ê˛Q (Greenhouse Effect)

Ë)˛˛õ,¤˛!ê˛ ï˛y˛õ#Î˚ !Ó!Ü˛Ó˚ˆÏîÓ˚ ~Ü˛!ê˛ í˛zÍ§ Ü˛yÓ˚î ~!ê˛ §)Î≈ ˆÌˆÏÜ˛ ¢!=˛

ˆ¢y£Ïî Ü˛ˆÏÓ˚– ~•z !Ó!Ü˛Ó˚ˆÏîÓ˚ ï˛Ó˚Aà˜Ïòâ≈ƒ ò#â≈ï˛Ó˚ ï˛Ó˚Aà˜Ïòâ≈ƒ

åxÓˆÏ°y!•ï˛ä xM˛ˆÏ° ÌyˆÏÜ˛– !Ü˛v ~•z !Ó!Ü˛Ó˚ˆÏîÓ˚ ~Ü˛!ê˛ ÓˆÏí˛¸y xÇ¢

!@˝Ãl •yí˛z§ àƒy§à%ˆÏ°y myÓ˚y ˆ¢y!£Ïï˛ •Î˚ñ ˆÎÙlÈüÈÜ˛yÓ≈l í˛y•zx:y•zí˛

(CO
2
); !ÙˆÏÌl (CH

4
); ly•zê˛∆y§ x:y•zí˛ (N

2
O); ̂ Üœ˛yˆÏÓ˚yÊœ%˛ˆÏÓ˚y Ü˛yÓ≈l

(CF
x
Cl

x
); ~ÓÇ ê˛∆ˆÏ˛õyˆÏfl≥˛!Ó˚Ü˛ GˆÏçyl (O

3
)– ~•zà%ˆÏ°y ÓyÎ˚%Ù[˛°ˆÏÜ˛

í˛z_Æ Ü˛ˆÏÓ˚ ~ÓÇ Ë)˛˛õ,ˆÏ¤˛ ˆÓ!¢ ¢!=˛ ˆòÎ˚ ~ÓÇ Ê˛°fl∫Ó˚)˛õ Ë)˛˛õ,¤˛ í˛z_Æ

•Î˚– •z•y Ë)̨ ˛õ,¤˛ ̂ Ì Ï̂Ü˛ !Ó!Ü˛Ó˚̂ ÏîÓ˚ ï˛#Ó ï˛y Ï̂Ü˛ Óy!í ¸̨̂ ÏÎ˚ ̂ òÎ˚– í z̨̨ õ Ï̂Ó˚ Ó!î≈ï˛

≤Ã!Ü ˛Î˚yÓ˚ ã˛Ü ˛!ê˛ ˛õ%lÓ˚yÓ,ï˛ •ˆÏï˛ ÌyˆÏÜ˛ Îï˛«˛î ˛õÎ≈hs˝ ly ˆ¢y£ÏˆÏîÓ˚ çlƒ

ˆÜ˛yˆÏly !Ó!Ü˛Ó˚î xÓ!¢T˛ ÌyˆÏÜ˛– ~Ó˚ !lê˛ Ê˛°yÊ˛° •° Ë)˛˛õ,¤˛ ~ÓÇ

ÓyÎ˚%Ù[˛ˆÏ°Ó˚ í˛z£÷ÏyÎ˚l– ~!ê˛•z !@˝Ãl •yí˛z§ ~ˆÏÊ˛Q !•ˆÏ§ˆÏÓ ̨õ!Ó˚!ã˛ï˛– !@˝Ãl

•yí˛z§ ~ˆÏÊ˛Q ly ÌyÜ˛ˆÏ° ˛õ,!ÌÓ#Ó˚ ï˛y˛õÙyey ÌyÜ˛ï˛  –18°C –

Ùyl%ˆÏ£ÏÓ˚ !Ü ˛Î˚yÜ˛°yˆÏ˛õÓ˚ òÓ˚%l !@˝Ãl•yí˛z§ àƒyˆÏ§Ó˚ âlc í˛z_ˆÏÓ˚y_Ó˚

Ó,!Âô ˛õyˆÏFSÈ ~ÓÇ ˛õ,!ÌÓ# xyÓ˚G í˛z£÷Ïï˛Ó˚ •ˆÏÎ˚ í˛zë˛ˆÏSÈ– ~Ü˛!ê˛ §Ù#«˛y

xl%ÎyÎ˚#ñ ~Ë˛yˆÏÓ âlc Ó,!ÂôÓ˚ Ê˛ˆÏ° ~ ¢ï˛y∑#Ó˚ ¢%Ó˚% ˆÌˆÏÜ˛ Óï≈˛ÙyˆÏl

˛õ,!ÌÓ#Ó̊ àí˛̧ ï˛y˛õÙyey Ó,!Âô ̂ Į̈ õ Ï̂Î̊ Ï̂SÈ  0.3 ̂ Ì Ï̂Ü˛ 0.6°C– ̨õÓ̊Óï≈̨ # ¢ï˛y∑#Ó̊

ÙyV˛yÙy!V˛ lyàyò ̨õ,!ÌÓ#Ó˚ §y!Ó≈Ü˛ ï˛y˛õÙyey Óï≈̨ Ùyl xÓfiÌy ̂ Ì Ï̂Ü˛  1°C

ˆÌˆÏÜ˛ 3°C ˛õÎ≈hs˝ Ó,!Âô ˆ˛õˆÏï˛ ˛õyˆÏÓ˚– ~•z !ÓŸª í˛z£÷ÏyÎ˚îñ ÙylÓ ç#Ólñ

í˛z!qò ~ÓÇ ≤Ãyî# çàˆÏï˛Ó˚ §Ù§ƒyÓ˚ Ü˛yÓ˚î •ˆÏï˛ ˛õyˆÏÓ˚– !ÓŸª í˛z£÷ÏyÎ˚ˆÏîÓ̊
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Ê˛ Ï̂° !•Ù Ï̃¢° o%ï˛ à Ï̂° Îy Ï̂FSÈñ §Ù%oï˛° ̂ Ó Ï̂í ¸̨ Îy Ï̂FSÈ ~ÓÇ xyÓ•yGÎ˚yÓ˚

à!ï˛ÈüÈ≤ÃÜ,˛!ï˛Ó˚ ˛õ!Ó˚Óï≈˛l •ˆÏÎ˚ ÎyˆÏFSÈ– í˛z˛õÜ)˛°Óï≈˛# xˆÏlÜ˛ ¢•Ó˚ §Ù%o

çˆÏ° ï˛!°ˆÏÎ˚ ÎyGÎ˚yÓ˚ Ùï˛ V%Ñ˛!Ü˛ Óyí˛¸ˆÏSÈ– í˛z_ˆÏÓ˚y_Ó˚ !@˝Ãl •yí˛z§ ≤Ã!Ü ˛Î˚y

Ó,!ÂôˆÏï˛˛ ÙÓ˚%Ë)˛!ÙÓ˚ !ÓhflÏyÓ˚ ˆÓˆÏí˛¸ ˆÎˆÏï˛ ˛õyˆÏÓ˚– §Ù@˝Ã !ÓŸªÓƒy˛õ#ñ ~•z

Ë)˛ÈüÈí˛z£÷ÏyÎ˚î Ü˛ÙyˆÏlyÓ˚ çlƒ !Ó!Ë˛ß¨ ≤ÃÎ˚y§ ˆlGÎ˚y •ˆÏFSÈ–

11.10  !lí˛zê˛ˆÏlÓ˚ ¢#ï˛°#Ü˛Ó˚î §)e (NEWTON’S LAW OF

COOLING)

xyÙÓ˚y §Óy•z çy!lñ ˆê˛!ÓˆÏ°Ó˚ í˛z˛õÓ˚ àÓ˚Ù ç° Óy ò%ô Ó˚yáˆÏ° ï˛y ô#ˆÏÓ˚

ô#ˆÏÓ˚ ë˛yu˛y •Î˚– ~Ü˛§ÙÎ˚ ~ˆÏòÓ˚ ï˛y˛õÙyey ˛õy!Ó˚˛õy!Ÿª≈ˆÏÜ˛Ó˚ ï˛y˛õÙyeyÓ˚

§Ùyl •Î˚– ˛õy!Ó˚˛õy!Ÿª≈ˆÏÜ˛Ó˚ §yˆÏÌ ï˛y˛õ !Ó!lÙˆÏÎ˚Ó˚ ÙyôƒˆÏÙ ˆÜ˛yˆÏly Ó›

Ü˛#Ë˛yˆÏÓ ë˛yu˛y •Î˚ ï˛y çylˆÏï˛ xyÙÓ˚y ã˛ˆÏ°y l#ˆÏã˛Ó˚ Ü˛yç!ê˛ Ü˛!Ó˚–

xy Ï̂°yí ¸̨Ü˛§• ~Ü˛!ê˛ Ü˛ƒy Ï̂°y!Ó˚!Ùê˛y Ï̂Ó˚ !Ü˛S%È ̨õ!Ó˚Ùyî åôÓ˚ 300

mLä ç° lyG ~ÓÇ ò%•z !SÈoÎ%=˛ ì˛yÜ˛ly !òˆÏÎ˚ ~ˆÏÜ˛ ˆì˛ˆÏÜ˛ òyG– ~Ü˛!ê˛

!SÈˆÏo ~Ü˛!ê˛ ÌyˆÏÙ≈y!Ùê˛yÓ˚ˆÏÜ˛ ~ÙlË˛yˆÏÓ xyê˛Ü˛yG ˆÎl ÌyˆÏÙ≈y!Ùê˛yÓ˚

Ü%˛[˛°#!ê˛ çˆÏ° ˆí˛yÓyˆÏly ÌyˆÏÜ˛– ÌyˆÏÙ≈y!Ùê˛yˆÏÓ˚Ó˚ ˛õyë˛  T
1 

!°ˆÏá Ó˚yá–

~˛õyë˛ T
1 
•° ˛õy!Ó˚˛õy!Ÿª≈ˆÏÜ˛Ó˚ ï˛y˛õÙyey– Ü˛ƒyˆÏ°y!Ó˚!Ùê˛yˆÏÓ˚ Ó˚yáy ç°ˆÏÜ˛

~ÓyÓ˚ àÓ˚Ù Ü˛Ó˚ˆÏï˛ ˛ÌyÜ˛ Îï˛«˛î ˛õÎ≈hs˝ ly çˆÏ°Ó˚ ï˛y˛õÙyey âˆÏÓ˚Ó˚

ï˛y˛õÙyey ï˛Ìy ˛õy!Ó˚˛õy!Ÿª≈ˆÏÜ˛Ó˚ ï˛y˛õÙyeyÓ˚ ˆã˛ˆÏÎ˚ ≤ÃyÎ˚ 40 °C í˛z˛õˆÏÓ˚

ˆ˛õÑÔSÈyÎ˚– ~Ó˚˛õÓ˚ ï˛y˛õ í˛zÍ§ˆÏÜ˛ §!Ó˚ˆÏÎ˚ ç°ˆÏÜ˛ ï˛y˛õ ˆòGÎ˚y Órô Ü˛Ó˚–

~Ü˛!ê˛ fiê˛˛õGÎ˚yã‰˛˛ ã˛y!°ˆÏÎ˚ !l!ò≈T˛ §ÙÎ˚ ˛õÓ˚ ˛õÓ˚  ôÓ˚ñ ~Ü˛ !Ù!lê˛ñ

xyˆÏ°yí˛¸ˆÏÜ˛Ó˚ §y•yˆÏÎƒ ç°ˆÏÜ˛ ô#ˆÏÓ˚ ô#ˆÏÓ˚ xyˆÏ°y!í˛¸ï˛ Ü˛Ó˚yÓ˚ ˛õÓ˚ñ

ÌyˆÏÙ≈y!Ùê˛yˆÏÓ˚Ó˚ ˛õyë˛ lyG ~ÓÇ !°ˆÏá Ó˚yˆÏáy– ~Ë˛yˆÏÓ Îï˛«˛î ˛õÎ≈hs˝ ly

çˆÏ°Ó˚ ï˛y˛õÙyey ˛õy!Ó˚˛õy!Ÿª≈ˆÏÜ˛Ó˚ ï˛y˛õÙyey ˆÌˆÏÜ˛ 5 °C í˛z˛õˆÏÓ˚Ó˚

ï˛y˛õÙyeyÎ˚ ˆ˛õÑÔSÈyÎ˚ñ çˆÏ°Ó˚ ï˛y˛õÙyey åT
2
ä ˆ°ˆÏáy– ~ÓyÓ˚ ≤ÃˆÏï˛ƒÜ˛

ï˛y˛õÙyeyÓ˚ ÓƒÓôyl ∆T = T
2
 – T

1
 ̂ Ü˛  y-x«˛ ÓÓ˚yÓÓ˚ ~ÓÇ xyl%£Ï!AàÜ˛

§ÙÎ˚  t ˆÜ˛  x-x«˛ ÓÓ˚yÓÓ˚ !l Ï̂Î˚ ~Ü˛!ê˛ ̂ °á!ã˛e xÑy Ï̂Ü˛y (!ã˛e 11.19)–

ˆ°á!ã˛e ˆÌˆÏÜ˛ ˆï˛yÙÓ˚y xl%Ùyl Ü˛Ó˚ˆÏï˛ ˛õyÓ˚SÈ ˆÎñ àÓ˚ÙçˆÏ°Ó˚

¢#ï˛°#Ü˛Ó˚î åï˛y˛õÙyey •…y§ä ˛õy!Ó˚˛õy!Ÿª≈ˆÏÜ˛Ó˚ §yˆÏÌ çˆÏ°Ó˚ ï˛y˛õÙyeyÓ˚

˛õyÌ≈ˆÏÜ˛ƒÓ˚ í˛z˛õÓ˚ !lË≈˛Ó˚ Ü˛ˆÏÓ˚– ˆï˛yÙÓ˚y xyÓ˚G °«˛ Ü˛Ó˚ˆÏÓ ˆÎñ ≤ÃÌˆÏÙ

¢#ï˛°#Ü˛Ó˚ˆÏlÓ˚ •yÓ˚ ˆÓ!¢ •Î˚ ~ÓÇ Ó›Ó˚ ï˛y˛õÙyey Ü˛ÙyÓ˚ §yˆÏÌ §yˆÏÌ

¢#ï˛°#Ü˛Ó˚ˆÏlÓ˚ •yÓ˚G •…y§ ˆ˛õˆÏï˛ ÌyˆÏÜ˛–

í˛z˛õ!Ó˚í˛z=˛ Ü˛yç ~ê˛y•z ≤ÃÙyî Ü˛ˆÏÓ˚ ˆÎñ àÓ˚Ù Ó› ï˛y˛õ !Ó!Ü˛Ó˚ˆÏî

•yÓ˚y Ï̂ly ï˛y˛õ ̨õ!Ó˚̂ ÏÓ Ï̂¢ ÎyÎ˚– Ó›Ó˚ ï˛y˛õ«˛ Ï̂Î˚Ó˚ •yÓ˚ ̨õ!Ó˚̂ ÏÓ Ï̂¢Ó˚ §y Į̈̂ õ Ï̂«˛

Ó›Ó˚ ï˛y˛õÙyeyÓ˚ ˛õyÌ≈ˆÏÜ˛ƒÓ˚ í˛z˛õÓ˚ !lË≈˛Ó˚ Ü˛ˆÏÓ˚– !lí˛zê˛l §Ó≈≤ÃÌÙ

˛õÂô!ï˛àï˛Ë˛yˆÏÓ ˆÜ˛yˆÏly xyÓÂô˛õyˆÏe Ó˚yáy Ó›Ó˚ ï˛y˛õ«˛Î˚ ~ÓÇ Ó›Ó˚

í˛z£÷Ïï˛yÓ˚ §¡õÜ≈˛ !Ó£ÏÎ˚Ü˛ àˆÏÓ£Ïîy Ü˛ˆÏÓ˚l–

!lí˛zê˛ˆÏlÓ˚  ¢#ï˛°#Ü˛Ó˚î  §)eyl%§yˆÏÓ˚ñ  Ó›Ó˚  ï˛y˛õ«˛ˆÏÎ˚Ó˚  •yÓ˚ñ

– dQ/dt Ó› G ̨õy!Ó˚̨ õy!Ÿª≈̂ ÏÜ˛Ó˚ ï˛y˛õÙyeyÓ˚ ̨õyÌ≈Ü˛ƒ ∆T = (T
2
–T

1
) ~Ó˚

§Ùyl%̨ õy!ï˛Ü˛ •Î˚–  §)e!ê˛ ï˛y˛õÙyeyÓ˚ á%Ó Ü˛Ù ̨õyÌ≈̂ ÏÜ˛ƒÓ˚ ̂ «˛ Ï̂e•z ≤Ã Ï̂Îyçƒ

•Î˚– xyÓyÓ˚ !Ó!Ü˛Ó˚î ˛õÂô!ï˛ˆÏï˛ Ó›Ó˚ ï˛y˛õ«˛Î˚ Ó›Ó˚ ˛õ,¤˛ï˛ˆÏ°Ó˚ ≤ÃÜ,˛!ï˛

G Ù%=˛ ˛õ,ˆÏ¤˛Ó˚ ˆ«˛eÊ˛ˆÏ°Ó˚ í˛z˛õÓ˚G !lË≈˛Ó˚ Ü˛ˆÏÓ˚– xyÙÓ˚y !°áˆÏï˛ ˛õy!Ó˚

– (11.19)

ˆÎáyˆÏlñ k •° Ó›Ó˚ ̨õ,¤˛ï˛ˆÏ°Ó˚ ̂ «˛eÊ˛° ~ÓÇ ≤ÃÜ,˛!ï˛ !lË≈˛Ó˚ ~Ü˛!ê˛

ô %ÓÜ˛– ôÓ˚ñ m Ë˛Ó˚ G s xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ ôyÓ˚Ü˛c !Ó!¢T˛ ~Ü˛!ê˛ Ó›Ó˚

ï˛y˛õÙyey  T
2 
~ÓÇ Ó›Ó˚ ˛õy!Ó˚˛õy!Ÿª≈ˆÏÜ˛Ó˚ ï˛y˛õÙyey T

1
 – Î!ò dt §ÙˆÏÎ˚

Ó›Ó˚ ï˛y˛õÙyey á%Ó•z Ü˛Ù  dT
2
 ̨õ!Ó˚Ùyî •…y§ ̨õyÎ˚ ï˛ Ï̂Ó Ó›Ó˚ ï˛y˛õ«˛ Ï̂Î˚Ó˚

˛õ!Ó˚Ùyî ÈüüüÈ

dQ = ms dT
2

∴ ï˛y˛õ«˛ˆÏÎ˚Ó˚ •yÓ˚

dQ

dt
ms

dT

dt
= 2

(11.20)

(11.19) G (11.20) §Ù#Ü˛Ó˚î ò%̂ Ïê˛y ̂ Ì Ï̂Ü˛ ̨õyGÎ˚y ÎyÎ˚

– ( – )m s
dT

dt
k T T2

2 1=

dT

T T

k

ms
dt K dt2

2 1–
– –= = (11.21)

ˆÎáyˆÏlñ  K = k/m s

§ÙyÜ˛°l Ü˛ˆÏÓ˚ ̨ õyGÎ˚y ÎyÎ˚ñ

log
e
 (T

2
 – T

1
) = – K t + c (11.22)

Óyñ T
2 
= T

1 
+ C′ e–Kt; ˆÎáyˆÏl C′ = e c (11.23)

§Ù#Ü˛Ó̊î 11.23 ï˛y˛õÙyeyÓ̊ ~Ü˛ !l!ò≈T˛ ̨õyÕ‘yÎ̊ ¢#ï˛°#Ü˛Ó̊ Ï̂îÓ̊ Ú§ÙÎ̊Û
!lî≈Î˚ Ü˛Ó˚ˆÏï˛ ˆï˛yÙyˆÏòÓ˚ §y•yÎƒ Ü˛Ó˚ˆÏÓ–

∆

!ã˛e  11.19 §ÙˆÏÎ˚Ó˚ §yˆÏÌ àÓ˚Ù çˆÏ°Ó˚ ¢#ï˛°#Ü˛Ó˚ˆÏîÓ˚ ˆ°á!ã˛e–

§ÙÎ˚ å!Ù!lê˛ä

∆ T (0C)
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§yÓ̊yÇ¢

1. ï˛y˛õ •° ¢!=˛Ó˚ ~Ü˛!ê˛˛Ó˚)˛õ Îy ̂ Ü˛yˆÏly Ó› G ï˛yÓ˚ ̨õy!Ó˚˛õy!Ÿª≈Ü˛ ÙyôƒˆÏÙÓ˚ ÙˆÏôƒ GˆÏòÓ˚ ï˛y˛õÙyeyÓ˚ ̨õyÌ≈ˆÏÜ˛ƒÓ˚ òÓ˚%l ≤ÃÓy!•ï˛

•Î˚– Ó›Ó˚ ï˛y˛õ#Î˚ xÓfiÌyÓ˚ Ùyey ˛õ!Ó˚Ùyîàï˛Ë˛yˆÏÓ ï˛y˛õÙyeyÓ˚ §y•yˆÏÎƒ ≤ÃÜ˛y!¢ï˛ •Î˚–

2. ï˛y˛õÙyeyÓ˚ §yˆÏÌ ˛õ!Ó˚Ó!ï≈˛ï˛ •Î˚ ~Ùl !Ü˛S%È ˛õ!Ó˚ˆÏÙÎ˚ ôÙ≈ ÓƒÓ•yˆÏÓ˚ ï˛y˛õÙyey ˛õ!Ó˚Ùy˛õÜ˛ Îsf åÌyˆÏÙ≈y!Ùê˛yÓ˚ä ˜ï˛!Ó˚ Ü˛Ó˚y

•Î˚– !Ó!Ë˛ß¨ ÌyˆÏÙ≈y!Ùê˛yˆÏÓ˚ ï˛y˛õÙyeyÓ˚ !Ó!Ë˛ß¨ ˆflÒ° ÓƒÓ•,ï˛ •Î˚– ÌyˆÏÙ≈y!Ùê˛yÓ˚ ˆflÒ° ˜ï˛!Ó˚ˆÏï˛ ò%!ê˛ !fiÌÓ˚ !Ó®% ˆlGÎ˚y •Î˚

~ÓÇ ~ˆÏòÓ˚ çlƒ !Ü˛S%È •zFSÈyô#l !l!ò≈T˛ Ùyl ˆlGÎ˚y •Î˚– ~•z ò%!ê˛ §Çáƒy ˆflÒˆÏ°Ó˚ Ù)°!Ó®% G ~Ü˛ˆÏÜ˛Ó˚ xyÜ˛yÓ˚ Óy !Óhfl,Ï!ï˛

!fiÌÓ˚ Ü˛ˆÏÓ˚–

3. ˆ§°!§Î˚y§ ï˛y˛õÙyey (t
C
) G Ê˛yˆÏÓ˚l•y•zê˛ ï˛y˛õÙyey  (t

F
) ˛õÓ˚flõÓ˚ !l¡¨Ó˚)ˆÏ˛õ §¡õ!Ü≈˛ï˛

t
F
 = (9/5) t

C
 + 32

4. ã˛y˛õ  (P), xyÎ˚ï˛l (V) ~ÓÇ ̨õÓ˚Ù ï˛y˛õÙyey  (T) §Ù!ß∫ï˛ xyò¢≈ àƒy§ §Ù#Ü˛Ó˚î •° :

PV = µRT

ˆÎáyˆÏlñ µ ˆÙy°§Çáƒy G R §Ó≈çl#l àƒy§ ô %ÓÜ˛–

á%Ó Ü˛Ù ˛ï˛y˛õÙyeyÓ˚ ˛õyÌ≈ˆÏÜ˛ƒ ˛õ!Ó˚Ó•lñ ˛õ!Ó˚ã˛°l G !Ó!Ü˛Ó˚ˆÏîÓ˚
§Ùß∫ˆÏÎ˚ ¢#ï˛°#Ü˛Ó˚ˆÏlÓ˚ •yÓ˚ Ó› G ˛õ!Ó˚ˆÏÓˆÏ¢Ó˚ ï˛y˛õÙyeyÓ˚ ˛õyÌ≈ˆÏÜ˛ƒÓ˚
§Ùyl%̨ õy!ï˛Ü˛– âÓ˚ àÓ˚Ù Ü˛Ó˚yÓ˚ Î Ï̂sfÓ˚ åradiatorä ï˛y˛õ §M˛y°lñ âˆÏÓ˚Ó˚
ˆòGÎ˚yˆÏ°Ó˚ ÙyôƒˆÏÙ ï˛y˛õ«˛Î˚ Óy ̂ ê˛!ÓˆÏ°Ó˚ í˛z˛õˆÏÓ˚ Ó˚yáy ~Ü˛ Ü˛y˛õ ã˛yˆÏÎ˚Ó˚
ë˛yu˛y •GÎ˚yÓ˚ ˆ«˛ˆÏe ¢#ï˛°#Ü˛Ó˚î §)e ˆÙyê˛yÙ%!ê˛Ë˛yˆÏÓ ≤ÃˆÏÎyçƒ •Î˚–

11.20(a) !ã˛ˆÏe ˆòáyˆÏly ˛õÓ˚#«˛yÙ)°Ü˛ ÓƒÓfiÌyÓ˚ §y•yˆÏÎƒ

!lí z̨ê˛ Ï̂lÓ˚ ¢#ï˛°#Ü˛Ó˚î §)̂ ÏeÓ˚ ÎÌyÌ≈ï˛y Îyã˛y•z Ü˛Ó˚y ÎyÎ˚– ~ Ï̂ï˛ ~Ü˛!ê˛

ò%•z ˆòGÎ˚y°!Ó!¢T˛ ˛õye xyˆÏSÈ ÎyÓ˚ ˆòGÎ˚y° ò%!ê˛Ó˚ ÙyˆÏV˛Ó˚ xÇ¢

ç°˛õ)î≈– àÓ˚Ù ç°˛õ)î≈ ~Ü˛!ê˛ ï˛yÙyÓ˚ Ü˛ƒyˆÏ°y!Ó˚!Ùê˛yÓ˚ˆÏÜ˛ (C) ò%•z

ˆòGÎ˚y° !Ó!¢T˛ ˛õyˆÏe Ó§yˆÏly •Î˚– ï˛y˛õÙyey ˛õ!Ó˚ÙyˆÏ˛õ ò%!ê˛

ÌyˆÏÙ≈y!Ùê˛yˆÏÓ˚Ó˚ T
1 

ˆÜ  ò%•z ˆòGÎ˚yˆÏ°Ó˚ ÙyˆÏV˛Ó˚ çˆÏ° ~ÓÇ T
2
 ˆÜ˛

Ü˛ƒy Ï̂°y!Ó˚!Ùê˛y Ï̂Ó˚Ó˚ àÓ˚Ù ç Ï̂° !SÈ!˛õÓ˚ §y•y Ï̂Îƒ ≤Ã Ï̂Ó¢ Ü˛Ó˚y Ï̂ly Ìy Ï̂Ü˛–

§Ùyl §Ùyl §ÙˆÏÎ˚Ó˚ ÓƒÓôyˆÏl Ü˛ƒyˆÏ°y!Ó˚!Ùê˛yˆÏÓ˚Ó˚ àÓ˚Ù çˆÏ°Ó˚

ï˛y˛õÙyey ˆ°áy •°– ~ÓyÓ˚ñ log
e
(T

2
–T

1
) [xÌÓy ln(T

2
–T

1
)]

~ÓÇ §ÙÎ˚ (t ) ~Ó˚ ~Ü˛!ê˛ ˆ°á!ã˛e xÑyÜ˛y •°– ˆ°á!ã˛e!ê˛Ó˚ ≤ÃÜ,̨ !ï˛

!ã˛e  11.20(b) ~Ó˚ lƒyÎ˚ }îydÜ˛ l!ï˛ !Ó!¢T˛ ~Ü˛!ê˛ §Ó˚° Ï̂Ó˚áy–

~!ê˛ §Ù#Ü˛Ó˚î 11.22 ˆÜ˛ §ÙÌ≈l Ü˛ Ï̂Ó˚–

u í z̨òy•Ó˚î  11.8  àÓ˚Ù áyÓyÓ˚ Ë˛!ï≈̨  ~Ü˛!ê˛ Ü˛í ¸̨y•ẑ ÏÎ˚Ó˚ ï˛y˛õÙyey 2
!Ù!l Ï̂ê˛  94 °C ̂ Ì Ï̂Ü˛ 86 °C ~ ̂ l Ï̂Ù xy Ï̂§ñ Îál â Ï̂Ó̊Ó̊ ï˛y˛õÙyey
20 °C –   71 °C ̂ Ì Ï̂Ü˛ 69 °C ~ ë˛yu˛y • Ï̂ï˛ Ü˛ï˛ §ÙÎ̊ °yà Ï̂Ó?

í z̨_Ó̊   94 °C ~ÓÇ 86 °C ~Ó̊ àí˛̧ ï˛y˛õÙyey 90 °Cñ Îy â Ï̂Ó̊Ó̊ ï˛y˛õÙyey
ˆÌˆÏÜ˛ 70 °C ̂ Ó!¢– ~ xÓfiÌyÎ˚ Ü˛í˛¸y•z!ê˛ 2 !Ù!lˆÏê˛ 8 °C ë˛yu˛y •Î˚–
§Ù#Ü˛Ó˚î 11.21 ÓƒÓ•yÓ˚ Ü˛ˆÏÓ˚ xyÙÓ˚y ̨õy•zñ

ï˛y˛õÙyeyÓ˚ ˛õ!Ó˚Óï ≈̨l
§ÙÎ̊

= K T∆

Óyñ 
8 C

2
= K 70 C

°
°( )

!Ù!lê˛

69 °C G 71 °C ~Ó̊ àí˛̧ ï˛y˛õÙyey 70 °C Îy â Ï̂Ó̊Ó̊ ï˛y˛õÙyey ̂ Ì Ï̂Ü˛
50 °C ̂ Ó!¢– ~ˆÏ«˛ˆÏeG  K ~Ó˚ Ùyl xyˆÏàÓ˚ ÙˆÏï˛y ~Ü˛•z–

2
0
C

§ÙÎ˚
 = K (50 °C)

í˛z˛õˆÏÓ˚Ó˚ ò%!ê˛ §Ù#Ü˛Ó˚ˆÏîÓ˚ ≤ÃÌÙ!ê˛ˆÏÜ˛ !mï˛#Î˚!ê˛ !òˆÏÎ˚ Ë˛yà Ü˛ˆÏÓ˚ ̨ õy•zñ

8 C/2

2 C/
=

(70 C)

(50 C)

°
°

°
°

!Ù!lê
§ÙÎ˚

˛ K

K

Óyñ §ÙÎ˚  = 0.7 !Ù!lê˛

        = 42 s ⊳

!ã˛e  11.20 !lí˛zê˛ˆÏlÓ˚ ¢#ï˛°#Ü˛Ó˚î §)ˆÏeÓ˚ ÎÌyÌ≈ï˛y ≤ÃÙyî–

(a) (b)
t

lo
g e (

T
2 –

 T
1)

T
2

T
1

C
V
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5. ï˛y˛õÙyeyÓ˚ ˛õÓ˚Ù ˆflÒˆÏ° ¢)lƒ •° ˛õÓ˚Ù¢)lƒ ï˛y˛õÙyeyñ ˆÎ ï˛y˛õÙyeyÎ˚ ≤ÃˆÏï˛ƒÜ˛ ˛õòyÌ≈•z ï˛yÓ˚ §Ω˛yÓƒ §Ó≈!l¡¨ xyî!ÓÜ˛

§!Ü ˛Î˚ï˛yÓ˚ xÓfiÌyÎ˚ ÌyˆÏÜ˛– ï˛y˛õÙyeyÓ˚ ˛õÓ˚Ù ˆflÒ° Óy ˆÜ˛°!Ë˛l ˆflÒˆÏ° ≤Ã!ï˛ !í˛@˝Ã#Ó˚ xyÜ˛yÓ˚  (T ) ˆ§°!§Î˚y§ ˆflÒˆÏ°Ó˚

≤Ã!ï˛ !í˛!@˝ÃÓ˚  (T
c 
) §Ùylñ !Ü˛v Ù)°!Ó®% !Ë˛ß¨ ı

T
C
   =  T – 273.15

6. ˜Ó˚!áÜ˛ ≤Ã§yÓ˚î à%îyAÜ˛  (α
l
) G xyÎ˚ï˛l ≤Ã§yÓ˚î à%îyAÜ˛  (αv ) !l¡¨Ó˚)ˆÏ˛õ §ÇK˛y!Î˚ï˛ ı

∆
∆

l

l
Tl= α

∆
∆

V

V
TV= α

ˆÎáyˆÏl ∆l  ~ÓÇ  ∆V •° ∆T ï˛y˛õÙyeyÓ˚ ̨ õ!Ó˚Óï≈˛ˆÏl ÎÌyÜ ˛ˆÏÙ  l ≤ÃyÌ!ÙÜ˛ ̃ òˆÏâ≈ƒÓ˚ G V ≤ÃyÌ!ÙÜ˛ xyÎ˚ï˛ˆÏlÓ˚ ̨õ!Ó˚Óï≈˛l–

α
l 
G αv ~Ó˚ §¡õÜ≈˛!ê˛ •° ı

αv  =  3 α
l

7. ˆÜ˛yˆÏly ˛õòyˆÏÌ≈Ó˚ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õôyÓ˚Ü˛c !l¡¨Ó˚)ˆÏ˛õ §ÇK˛y!Î˚ï˛ •Î˚ ı

s
m

Q

T
=

1 ∆
∆

ˆÎáy Ï̂lñ m ̨õòy Ï̂Ì≈Ó˚ Ë˛Ó˚ ~ÓÇ ∆T  ï˛y˛õÙyeyÓ˚ ̨õ!Ó˚Óï≈̨ Ï̂l ≤Ã Ï̂Î˚yçl#Î˚ ï˛y Į̈̂ õÓ˚ ̨õ!Ó˚Ùyî ∆Q – ̨õòy Ï̂Ì≈Ó˚ ̂ Ùy°yÓ˚ xy Į̈̂ õ!«˛Ü˛

ï˛y˛õôyÓ˚Ü˛ˆÏcÓ˚ ày!î!ï˛Ü˛ Ó˚y!¢Ùy°y ÈüüüÈ

C
Q

T
=

1

µ

∆
∆

ˆÎáyˆÏl µ •° ˛õòyˆÏÌ≈Ó˚ ˆÙy°§Çáƒy–

8. !l!ò≈T˛ ã˛y˛õ G ï˛y˛õÙyeyÎ˚ ~Ü˛Ü˛ Ë˛Ó˚ ˆÜ˛yˆÏly ˛õòyˆÏÌ≈Ó˚ Ü˛!ë˛l xÓfiÌy ˆÌˆÏÜ˛ ï˛Ó˚° xÓfiÌyÎ˚ ˛õ!Ó˚îï˛ Ü˛Ó˚ˆÏï˛ ≤ÃˆÏÎ˚yçl#Î˚

ï˛y˛õˆÏÜ˛ ˙ ˛õòyˆÏÌ≈Ó˚ à°ˆÏlÓ˚ °#lï˛y˛õ (L
f
) ÓˆÏ°– ã˛y˛õ G ï˛y˛õÙyeyÓ˚ ˆÜ˛yˆÏly ˛õ!Ó˚Óï≈˛l ly Ü˛ˆÏÓ˚ ~Ü˛Ü˛ Ë˛Ó˚ ˆÜ˛yˆÏly

˛õòyÌ≈ˆÏÜ˛ ï˛Ó˚° xÓfiÌy ˆÌˆÏÜ˛ Óy‹õ#Î˚ xÓfiÌyÎ˚ ˛õ!Ó˚îï˛ Ü˛Ó˚ˆÏï˛ ˆÎ ˛õ!Ó˚Ùyî ï˛yˆÏ˛õÓ˚ ≤ÃˆÏÎ˚yçl •Î˚ ï˛yˆÏÜ˛ G•z ˛õòyˆÏÌ≈Ó˚

Óy‹õ#Ë˛ÓˆÏlÓ˚ °#lï˛y˛õ (L
v
)  ÓˆÏ°–

9. ï˛y˛õ §M˛y°ˆÏlÓ˚ !ï˛l!ê˛ ˛õÂô!ï˛ •° ˛õ!Ó˚Ó•lñ ˛õ!Ó˚ã˛°l G !Ó!Ü˛Ó˚î–

10. ˛õ!Ó˚Ó•l ˛õÂô!ï˛ˆÏï˛ ˛õòyˆÏÌ≈Ó˚ ˆÜ˛yˆÏly ≤ÃÜ˛yÓ˚ ≤ÃÓy• SÈyí˛¸y•z xyî!ÓÜ˛ §ÇâyˆÏï˛Ó˚ ÙyôƒˆÏÙ ˆÜ˛yˆÏly Ó›Ó˚ ˛õy¢y˛õy!¢ !Ó!Ë˛ß¨

xÇˆÏ¢Ó˚ ÙˆÏôƒ ï˛yˆÏ˛õÓ˚ §M˛y°l âˆÏê˛–  A §%£ÏÙ ≤ÃfiÌˆÏFSÈò!Ó!¢T˛ L ˜òˆÏâ≈ƒÓ˚ ˆÜ˛yˆÏly òˆÏ[˛Ó˚ ò%≤ÃyˆÏhs˝Ó˚ ï˛y˛õÙyey ÎÌyÜ ˛ˆÏÙ

T
C
G T

D 
•ˆÏ° ò[˛!ê˛Ó˚ Ùôƒ !òˆÏÎ˚ ï˛y˛õ ≤ÃÓyˆÏ•Ó˚ •yÓ˚ ı

H = K A
T T

L
 C D 

−

ˆÎáyˆÏl K •° ò[˛yÜ,˛!ï˛ ˛õòyÌ≈!ê˛Ó˚ í˛z˛õyòyˆÏlÓ˚ ï˛y˛õ ˛õ!Ó˚Óy!•ï˛yAÜ˛–

11. !lí˛zê˛ˆÏlÓ˚ ¢#ï˛°#Ü˛Ó˚î §)eyl%§yˆÏÓ˚ñ ˆÜ˛yˆÏly Ó›Ó˚ ¢#ï˛°#Ü˛Ó˚î •yÓ˚ ˛õy!Ó˚˛õy!Ÿª≈ˆÏÜ˛Ó˚ §yˆÏ˛õˆÏ«˛ Ó›Ó˚ í˛zm,_ ï˛y˛õÙyeyÓ˚

§Ùyl%˛õy!ï˛Ü˛ •Î˚ ı

dQ

dt
k T T        = − −( )2 1

ˆÎáyˆÏlñ T
1
 G T

2
 ÎÌyÜ ˛ˆÏÙ ˛õy!Ó˚˛õy!Ÿª≈Ü˛ ÙyôƒÙ G Ó›Ó˚ ï˛y˛õÙyey–
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ˆË˛ˆÏÓ ˆòáyÓ˚ !Ó£ÏÎ˚§Ù)•

1. ˆÜ˛°!Ë˛l ï˛y˛õÙyey  (T ) G ˆ§°!§Î˚y§ ï˛y˛õÙyey åt
c
ä ~Ó˚ ˛õyÓ˚flõ!Ó˚Ü˛ §¡õÜ≈˛ ı

T  =  t
c
 + 273.15

~ÓÇ çˆÏ°Ó˚ !eò¢y !Ó®%Ó˚ ˆ«˛ˆÏe  T = 273.16 K ñ ~Ó˚y å!fiÌÓ˚#Ü,˛ï˛ä §!ë˛Ü˛ §¡õÜ≈˛– ~•z !lô≈yÓ˚î §yˆÏ˛õˆÏ«˛ ~Ü˛
ÓyÎ˚%Ù[˛°#Î˚ ã˛yˆÏ˛õ ˆ§°!§Î˚y§ ï˛y˛õÙyeyÎ˚ ÓÓ˚ˆÏÊ˛Ó˚ à°lyAÜ˛ G çˆÏ°Ó˚ fl≥%˛ê˛lyAÜ˛ ÎÌyÜ ˛ˆÏÙ 0 °C ~ÓÇ 100 °Cñ !Ü˛v
Óï≈˛ÙyˆÏl çˆÏ°Ó˚ !eò¢y !Ó®%ˆÏÜ˛ !fiÌÓ˚!Ó®% ˆlGÎ˚y •Î˚ñ Ü˛yÓ˚î ~Ó˚ ~Ü˛!ê˛ §%!l!ò≈T˛ ï˛y˛õÙyey xyˆÏSÈ–

2. ˆÜ˛yˆÏly ï˛Ó˚° ~ÓÇ ï˛yÓ˚ Óy‹õ ï˛y˛õ#Î˚ §yÙƒyÓfiÌyÎ˚ ÌyÜ˛ˆÏ° §ÇfiÌy!ê˛ˆÏï˛ §Ó≈òy ~Ü˛•z ã˛y˛õ G ï˛y˛õÙyey ÓçyÎ˚ ÌyˆÏÜ˛ñ
§yÙƒyÓfiÌyÎ˚ ò%!ê˛ ò¢y Óy xÓfiÌyÓ˚ ˆÙy°yÓ˚ xyÎ˚ï˛ˆÏlÓ˚ åï˛Ìy âlˆÏcÓ˚ä ˛õyÌ≈Ü˛ƒ ÌyˆÏÜ˛– ~Ü˛!ê˛ §ÇfiÌyÓ˚ ˆ«˛ˆÏe ˆÎÈüÈˆÜ˛yˆÏly
§ÇáƒÜ˛ ò¢y Óy xÓfiÌy §yÙƒÓfiÌyˆÏl ÌyÜ˛ˆÏ° ~!ê˛ §!ï˛ƒ •ˆÏÓ–

3. ò%!ê˛ !Ë˛ß¨ §ÇfiÌy Óy ~Ü˛•z §ÇfiÌyÓ˚ ò%!ê˛ !Ë˛ß¨ xÇ Ï̂¢Ó˚ Ù Ï̂ôƒ ï˛y˛õÙyeyÓ˚ ̨õyÌ≈̂ ÏÜ˛ƒÓ˚ çlƒ•z ï˛y˛õ §M˛y!°ï˛ •Î˚– ̂ Ü˛y Ï̂ly ¢!=˛Ó˚
§M˛y°ˆÏlÓ˚ §yˆÏÌ Î!ò ï˛y˛õÙyeyÓ˚ ˛õyÌ≈Ü˛ƒ ç!í˛¸ï˛ ly ÌyˆÏÜ˛ ï˛ˆÏÓ G•z ¢!=˛ xyÓ˚ Îy•z ˆ•yÜ˛ñ ï˛y˛õ lÎ˚–

4. ˆÜ˛yˆÏly ≤ÃÓy•#Ó˚ !Ó!Ë˛ß¨ xÇˆÏ¢Ó˚ x§Ù ï˛y˛õÙyeyÓ˚ òÓ˚%l ≤ÃÓy•#Ó˚ ÙˆÏôƒ ˛õòyˆÏÌ≈Ó˚ ≤ÃÓyˆÏ•Ó˚ Ê˛ˆÏ°•z ˛õ!Ó˚ã˛°l •Î˚– ~Ü˛!ê˛
ˆáy°y ≤ÃÓy!•ï˛ çˆÏ°Ó˚ ê˛ƒyˆÏ˛õÓ˚ l#ˆÏã˛ Ó˚yáy ~Ü˛!ê˛ í˛z_Æ òˆÏ[˛Ó˚ ï˛y˛õ«˛Î˚ •Î˚ òˆÏ[˛Ó˚ ˛õ,¤˛ï˛° G çˆÏ°Ó˚ ÙˆÏôƒ ï˛y˛õ
˛õ!Ó˚Ó•ˆÏlÓ˚ çlƒñ çˆÏ°Ó˚ ÙˆÏôƒ ˛õ!Ó˚ã˛°ˆÏlÓ˚ çlƒ lÎ˚–

xl%¢#°l#

11.1 !lGl G Ü˛yÓ≈l í˛y•zx:y•zˆÏí˛Ó˚ !eò¢y!Ó®% ÎÌyÜ ˛ˆÏÙ 24.57 K G 216.55 K – ï˛y˛õÙyeyà%ˆÏ°yˆÏÜ˛ ˆ§°!§Î˚y§ G
Ê˛yˆÏÓ˚l•y•zê˛ ˆflÒˆÏ° ≤ÃÜ˛y¢ Ü˛ˆÏÓ˚y–

11.2 ò%!ê˛ ̨õÓ˚Ù ̂ flÒ°  A G B ̂ ï˛ ç Ï̂°Ó˚ !eò¢y !Ó®% !fiÌÓ˚#Ü,̨ ï˛ xy Ï̂SÈ ÎÌyÜ ̨ Ï̂Ù  200 A ~ÓÇ 350 B– TA G TB ~Ó˚ §¡õÜ≈̨
Ü˛#⁄

11.3 ˆÜ˛yˆÏly ~Ü˛ ÌyˆÏÙ≈y!Ùê˛yˆÏÓ˚Ó˚ G•‰Ù ~Ü˛ˆÏÜ˛ ï˛y!í˛¸!ï˛Ü˛ ˆÓ˚yô ï˛y˛õÙyeyÓ˚ §yˆÏÌ l#ˆÏã˛Ó˚ åxy§ß¨ Ó˚)ˆÏ˛õ ˛õyGÎ˚yä §)e
åapproximate lawä xl%§y Ï̂Ó˚ ̨õ!Ó˚Ó!ï≈̨ ï˛ •Î˚ :

R = Ro [1 + α (T – To )]

ç Ï̂°Ó˚ !eò¢y !Ó®% 273.16 K ̂ ï˛ ̂ Ó˚yô 101.6 Ω ~ÓÇ !§§yÓ˚ fl∫yË˛y!ÓÜ˛ à°ly Ï̂AÜ˛ (600.5 K) ̂ Ó˚yô 165.5 Ω– ̂ Ó˚yô
Îál  123.4 Ω ñ ï˛ál ï˛y˛õÙyey Ü˛ï˛ •ˆÏÓ ⁄

Ó̊y!¢ !ã˛•´ å≤Ãï˛#Ü˛ä Ùyey ~Ü˛Ü˛ Ùhs˝Óƒ

Ó›Ó˚ ˛õ!Ó˚Ùyî
ˆ§°!§Î˚y§ ï˛y˛õÙyey

ˆÜ˛°!Ë˛l ̨ õÓ˚Ù ï˛y˛õÙyey

˜Ó˚!áÜ˛ ≤Ã§yÓ˚î à%îyAÜ˛

xyÎ˚ï˛l ≤Ã§yÓ˚î à%îyAÜ˛

ˆÜ˛yˆÏly §ÇfiÌyÎ˚ ≤Ãò_ ï˛y˛õ

xy Į̈̂ õ!«˛Ü˛ ï˛y˛õ

ï˛y˛õ ˛õ!Ó˚Óy!•ï˛yAÜ˛

ˆÜ˛yˆÏly xÓfiÌyÓ˚
ã˛°Ó˚y!¢ lÎ˚
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11.4 l#ˆÏã˛Ó˚ ≤ÃŸ¿à%ˆÏ°yÓ˚ í˛z_Ó˚ òyG ı

(a) xyô%!lÜ˛ ÌyˆÏÙ≈y!Ù!ï˛ˆÏï˛ çˆÏ°Ó˚ !eò¢y !Ó®%ˆÏÜ˛ ≤ÃÙyî !fiÌÓ˚yAÜ˛ ôÓ˚y •Î˚ ˆÜ˛l⁄ ÓÓ˚ˆÏÊ˛Ó˚ à°lyAÜ˛ G çˆÏ°Ó˚
fl≥%˛ê˛lyAÜ˛ˆÏÜ˛ ≤ÃÙyî !fiÌÓ˚yAÜ˛ ôÓ˚ˆÏ° Ü˛# Ë%˛° •Î˚ åˆÎÙlê˛y ˆ§°!§Î˚y§ ˆflÒˆÏ° ôÓ˚y •ï˛ä⁄

(b) Ù)° ˆ§°!§Î˚y§ ˆflÒˆÏ° í˛z˛õˆÏÓ˚Ó˚ Óî≈ly ÙˆÏï˛y ò%!ê˛ !fiÌÓ˚yAÜ˛ !SÈ° ÎyˆÏòÓ˚ Ùyl !l!ò≈T˛ Ü˛Ó˚y •ˆÏÎ˚!SÈ° ÎÌyÜ ˛ˆÏÙ
0°C G 100 °C – ï˛y˛õÙyeyÓ˚ ̨õÓ˚Ù ̂ flÒ Ï̂° ï˛y Ï̂òÓ˚ Ù Ï̂ôƒ ~Ü˛!ê˛ !fiÌÓ˚yAÜ˛ ç Ï̂°Ó˚ !eò¢y !Ó®%ñ ̂ Ü˛°!Ë˛l ̨õÓ˚Ù
ˆflÒˆÏ° ÎyÓ˚ Ùyl !l!ò≈T˛ Ü˛Ó˚y •Î˚ 273.16 K – ̂ Ü˛°!Ë˛l ̂ flÒˆÏ° x˛õÓ˚ !fiÌÓ˚yAÜ˛!ê˛ Ü˛ï ⁄

(c) ˛õÓ˚Ù ï˛y˛õÙyey åˆÜ˛°!Ë˛l ˆflÒˆÏ°ä T ñ ˆ§°!§Î˚y§ ˆflÒˆÏ° ï˛y˛õÙyey tc ~Ó˚ §yˆÏÌ !l¡¨Ó˚)ˆÏ˛õ §¡õ!Ü≈˛ï˛ ÈüüüÈ

tc = T – 273.15

§¡õÜ≈˛!ê˛ˆÏï˛  273.16 ly !l Ï̂Î˚  273.15 ̂ lGÎ˚y •Î˚ ̂ Ü˛l⁄

(d) ˆÎ ˛õÓ˚Ù ˆflÒˆÏ°Ó˚ ~Ü˛Ü˛ ÓƒÓôyl Ê˛yˆÏÓ˚l•y•zê˛ ˆflÒˆÏ°Ó˚ ~Ü˛Ü˛ ÓƒÓôyˆÏlÓ˚ §Ùylñ G•z ˆflÒˆÏ° çˆÏ°Ó˚ !eò¢y
!Ó®%Ó˚ ï˛y˛õÙyey Ü˛ï˛⁄

11.5 ò%!ê˛ xyò¢≈ àƒy§ ÌyˆÏÙ≈y!Ùê˛yÓ˚ A G B ˆï˛ ÎÌyÜ ˛ˆÏÙ x!:ˆÏçl G •y•zˆÏí»˛yˆÏçl ÓƒÓ•,ï˛ •Î˚– l#ˆÏã˛Ó˚ ˛õÎ≈ˆÏÓ«˛îà%ˆÏ°y
˛õyGÎ˚y ˆà° ı

ï˛y˛õÙyey ã˛y˛õ ã˛y˛õ
Ìy Ï̂Ù≈y!Ùê˛yÓ˚  A ÌyˆÏÙ≈y!Ùê˛yÓ˚ B

çˆÏ°Ó˚ !eò¢y !Ó®% 1.250 × 105 Pa 0.200 × 105 Pa

àrôˆÏÜ˛Ó˚ å§y°Ê˛yˆÏÓ˚Ó˚ä 1.797 × 105 Pa 0.287 × 105 Pa

fl∫yË˛y!ÓÜ˛ à°lyAÜ˛

(a) A G B ÌyˆÏÙ≈y!Ùê˛yˆÏÓ˚ §y°Ê˛yˆÏÓ˚Ó˚ fl∫yË˛y!ÓÜ˛ à°lyˆÏAÜ˛Ó˚ ˛õÓ˚Ù ˛ï˛y˛õÙyey Ü˛ï˛ •ˆÏÓ⁄

(b) A G B ÌyˆÏÙ≈y!Ùê˛yˆÏÓ˚Ó˚ ̂ òáyˆÏly ̨õyˆÏë˛ §yÙylƒ ̨õyÌ≈Ü˛ƒ ÌyÜ˛yÓ˚ ̂ ˛õSÈˆÏl Ü˛# Ü˛yÓ˚î ÌyÜ˛ˆÏï˛ ̨õyˆÏÓ˚ ÓˆÏ° ï%˛!Ù ÙˆÏl
Ü˛ Ï̂Ó˚y⁄ åÌy Ï̂Ù≈y!Ùê˛yÓ˚ ò%!ê˛ e%!ê˛˛õ)î≈ lÎ˚ä– ò%•z Ìy Ï̂Ù≈y!Ùê˛y Ï̂Ó˚Ó˚ ̨õy Ï̂ë˛Ó˚ ̨õyÌ≈Ü˛ƒ Ü˛Ùy Ï̂ï˛ ̨õÓ˚#«˛y ̨õÂô!ï˛ Ï̂ï˛ xyÓ˚ Ü˛#
í˛z˛õyÎ˚ xÓ°¡∫l Ü˛Ó˚y ≤ÃˆÏÎ˚yçl⁄

11.6 1m °¡∫y ~Ü˛!ê˛ •zflõyˆÏï˛Ó˚ !Ê˛ï˛y 27.0 °C ï˛y˛õÙyeyÎ˚ §!ë˛Ü˛Ë˛yˆÏÓ òyà Ü˛yê˛y xyˆÏSÈ– 45.0 °C ï˛y˛õÙyeyÎ˚ ~Ü˛
àÓ˚ˆÏÙÓ˚ !òˆÏl ̇  !Ê˛ï˛y !òˆÏÎ˚ ~Ü˛!ê˛ •zflõyï˛ òˆÏ[˛Ó˚ ̃ òâ≈ƒ ̂ ÙˆÏ˛õ ̂ òáy ̂ à° ï˛yÓ˚ ̃ òâ≈ƒ 63.0 cm – G•z  !òˆÏl •zflõyï˛
ò[˛!ê˛Ó˚ ≤ÃÜ,˛ï˛ ˜òâ≈ƒ Ü˛ï˛⁄ ˆÜ˛yˆÏly !òˆÏlÓ˚ ï˛y˛õÙyey 27.0 °C •ˆÏ°ñ G•z !òˆÏl ~Ü˛•z òˆÏ[˛Ó˚ ˜òâ≈ƒ Ü˛ï˛ •ˆÏÓ⁄
•zflõyˆÏï˛Ó˚ ̃ òâ≈ƒ ≤Ã§yÓ˚î à%îyAÜ˛  = 1.20 × 10–5 K–1 –

11.7 •zflõyˆÏï˛Ó˚ ~Ü˛!ê˛ ÓˆÏí˛¸y ã˛yÜ˛yˆÏÜ˛ ~Ü˛•z ˛õòyˆÏÌ≈Ó˚ ˜ï˛!Ó˚ ~Ü˛!ê˛ ˆã˛y.yÜ,˛!ï˛ òˆÏ[˛Ó˚ åshaftä ã˛y!Ó˚!òˆÏÜ˛ í˛z˛õÎ%=˛Ë˛yˆÏÓ
Ó§y Ï̂ï˛ • Ï̂Ó– 27 °C ï˛y˛õÙyeyÎ˚ ò Ï̂[˛Ó˚ Ó!•≈Óƒy§  8.70 cm ~ÓÇ ã˛yÜ˛yÓ˚ ̂ Ü˛w#Î˚ !SÈ Ï̂oÓ˚ Óƒy§ 8.69 cm – ò[˛!ê˛ Ï̂Ü˛
¢%‹Ò ÓÓ˚ˆÏÊ˛Ó˚ §y•yˆÏÎƒ ë˛yu˛y Ü˛Ó˚y •°– Ü˛ï˛ ï˛y˛õÙyeyÎ˚ ã˛yÜ˛y!ê˛ òˆÏ[˛ ≤ÃˆÏÓ¢ Ü˛Ó˚ˆÏÓ⁄ ôˆÏÓ˚ lyGñ ï˛y˛õÙyeyÓ˚ G•z
˛õyÕ‘yÎ˚ •zflõyˆÏï˛Ó˚ ̃ Ó˚!áÜ˛ ≤Ã§yÓ˚î à%îyAÜ˛ ô %ÓÜ˛ ~ÓÇ G•z Ùyl α

steel 
= 1.20 × 10–5 K–1–

11.8 ~Ü˛!ê˛ ï˛yÙyÓ˚ ˛õy Ï̂ï˛ ~Ü˛!ê˛ !SÈo Ü˛Ó˚y •°– 27.0 °C ï˛y˛õÙyeyÎ˚ !SÈ̂ ÏoÓ˚ Óƒy§ 4.24 cm – ˛õyï˛!ê˛ Ï̂Ü˛ 227 °C

ï˛y˛õÙyeyÎ˚ í˛ z_Æ Ü˛Ó˚y •ˆÏ° !SÈo!ê˛Ó˚ ÓƒyˆÏ§Ó˚ Ü˛# ˛õ!Ó˚Óï≈˛l •ˆÏÓ⁄ ï˛yÙyÓ˚ ˜Ó˚!áÜ˛ ≤Ã§yÓ˚î à%îyAÜ˛
α

Cu
= 1.70 × 10–5 K–1–

11.9 27 °C ï˛y˛õÙyeyÎ˚ 1.8 m ̃ ò Ï̂â≈ƒÓ˚ ~Ü˛!ê˛ !˛õï˛ Ï̂°Ó˚ ï˛yÓ˚̂ ÏÜ˛ ò%!ê˛ ò,ì ¸̨ xÓ°¡∫̂ ÏlÓ˚ Ùy Ï̂V˛ •y°Ü˛y ê˛y Ï̂l ê˛yl ê˛yl Ü˛ Ï̂Ó˚ Óyôy
xyˆÏSÈ– Î!ò ï˛yÓ˚!ê˛Ó˚ Óƒy§ 2.0 mm •Î˚ ~ÓÇ ï˛yÓ˚!ê˛ˆÏÜ˛ –39 °C ï˛y˛õÙyeyÎ˚ ë˛yu˛y Ü˛Ó˚y •Î˚ñ ï˛ˆÏÓ ï˛yÓ˚!ê˛ˆÏï˛ Ü˛ï˛
ê˛yˆÏlÓ˚ §,!T˛ •ˆÏÓ⁄ !˛õï˛ˆÏ°Ó˚ ̃ Ó˚!áÜ˛ ≤Ã§yÓ˚î à%îyAÜ˛  = 2.0 × 10–5 K–1 ~ÓÇ •zÎ˚Ç à%îyAÜ˛ = 0.91 × 1011 Pa–

11.10 50 cm ̃ òâ≈ƒ G  3.0 mm Óƒy§ !Ó!¢T˛ ~Ü˛!ê˛ !˛õï˛° ò[˛ Ï̂Ü˛ §Ùyl ̃ òâ≈ƒ G Óƒy Ï̂§Ó˚ ~Ü˛!ê˛ •zflõyï˛ ò Ï̂[˛Ó˚ §y Ï̂Ì Î%=˛
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Ü˛Ó˚y •°– ò[˛ ò%!ê˛Ó˚ ̃ òâ≈ƒ 40.0 °C ï˛y˛õÙyeyÎ˚ ̂ lGÎ˚y • Ï̂°  250 °C ï˛y˛õÙyeyÎ˚ Î%@¬ ò[˛!ê˛Ó˚ ̃ òâ≈ƒ ̨õ!Ó˚Óï≈̨ l Ü˛ï˛
•ˆÏÓ⁄ ò[˛ ò%!ê˛Ó˚ §ÇˆÏÎyà fiÌˆÏ° ̂ Ü˛yˆÏly ï˛y˛õ#Î˚ ̨ õ#í˛¸ˆÏlÓ˚ í˛zqÓ •ˆÏÓ !Ü˛⁄ ò[˛!ê˛Ó˚ ≤Ãyhs˝ ò%!ê˛ Ù%=˛ å!˛õï˛ˆÏ°Ó˚ ̃ Ó˚!áÜ˛
≤Ã§yÓ˚î à%îyAÜ˛  = 2.0 × 10–5 K–1, •zflõyˆÏï˛Ó˚ ̃ Ó˚!áÜ˛ ≤Ã§yÓ˚î à%îyAÜ˛ = 1.2 × 10–5 K–1 ä–

11.11 !@’§y!Ó˚ˆÏlÓ˚ xyÎ˚ï˛l ≤Ã§yÓ˚î à%îyAÜ˛  49 × 10–5 K–1– 30 °C í˛z£÷Ïï˛y Ó,!ÂôˆÏï˛ âlˆÏcÓ˚ Ë˛@¿yÇ¢àï˛ ̨õ!Ó˚Óï≈˛l Ü˛ï˛
•ˆÏÓ⁄

11.12 8.0 kg Ë˛ˆÏÓ˚Ó˚ ~Ü˛!ê˛ ˆSÈyˆÏê˛y xƒy°%!Ù!lÎ˚yÙ ÓœˆÏÜ˛ !SÈo Ü˛Ó˚ˆÏï˛ 10 kW «˛Ùï˛yÓ˚ ~Ü˛!ê˛ !SÈo Ü˛Ó˚yÓ˚ Îsf
ådrilling machineä ÓƒÓ•yÓ˚ Ü˛Ó˚y •°– 2.5 !Ù!l Ï̂ê˛ ÓœÜ˛!ê˛Ó˚ ï˛y˛õÙyey Ü˛ï˛ Ó,!Âô ˛õy Ï̂Ó⁄ ô Ï̂Ó˚ lyGñ «˛Ùï˛yÓ˚
50% Îsf!ê˛Ó˚ !lˆÏçÓ˚ ï˛y˛õÙyey Ó,!ÂôˆÏï˛ Óƒ!Î˚ï˛ •Î˚ xÌÓy ˛õ!Ó˚ˆÏÓˆÏ¢ •yÓ˚yÎ˚ó xƒy°%!Ù!lÎ˚yˆÏÙÓ˚ xyˆÏ˛õ!«˛Ü˛
ï˛y˛õ = 0.91 J g–1 K–1–

11.13 2.5 kg Ë˛ˆÏÓ˚Ó˚ ~Ü˛!ê˛ ï˛yÙyÓ˚ ÓœÜ˛ˆÏÜ˛ ˆÜ˛yˆÏly ã%˛!Õ‘ˆÏï˛ ˆÓ˚ˆÏá 500 °C ˛õÎ≈hs˝ í˛z_Æ Ü˛Ó˚yÓ˚ ˛õÓ˚ ~ˆÏÜ˛ ~Ü˛!ê˛ ÓˆÏí˛¸y
ÓÓ˚Ê˛áˆÏ[˛Ó˚ í˛z˛õÓ˚ Ó§yˆÏly •°– §Ó≈y!ôÜ˛ Ü˛# ̨ õ!Ó˚Ùyî ÓÓ˚Ê˛ à°ˆÏÓ⁄ åï˛yÙyÓ˚ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ = 0.39 J g–1 K–1;

ÓÓ˚ˆÏÊ˛Ó˚ à°ˆÏlÓ˚ °#lï˛y˛õ = 335 J g–1 ).

11.14 ôyï%˛Ó˚  xyˆÏ˛õ!«˛Ü˛  ï˛y˛õ §ÇÜ ˛yhs˝  ~Ü˛  ̨õÓ˚#«˛yÎ˚ñ  0.20 kg Ë˛ˆÏÓ˚Ó˚ G 150 °C ï˛y˛õÙyey!Ó!¢T˛ ~Ü˛!ê˛ ôyï%˛á[˛ˆÏÜ˛
27 °C í z̨£÷Ïï˛yÓ˚ 150 cm3  ç°˛õ)î≈ ~Ü˛!ê˛ ï˛yÙyÓ˚ Ü˛ƒyˆÏ°y!Ó˚!Ùê˛yˆÏÓ˚ åÎyÓ˚ ç°§Ù 0.025 kgä ̂ Ê˛°y •°– !Ù◊ˆÏîÓ˚
ã)˛í˛¸yhs˝ ï˛y˛õÙyey 40 °C •ˆÏ° ôyï%˛!ê˛Ó˚ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ !lî≈Î˚ Ü˛ˆÏÓ˚y– ˛õ!Ó˚ˆÏÓˆÏ¢ •yÓ˚yˆÏly ï˛yˆÏ˛õÓ˚ ˛õ!Ó˚Ùyî làîƒ
•ˆÏ°ñ ˆï˛yÙyÓ˚ ˛õyGÎ˚y Ê˛° ôyï%˛!ê˛Ó˚ ≤ÃÜ,˛ï˛ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ xˆÏ˛õ«˛y Ü˛Ù ly ˆÓ!¢⁄

11.15 !Ü˛S%È §yôyÓ˚î àƒyˆÏ§Ó˚ âˆÏÓ˚Ó˚ ï˛y˛õÙyeyÎ˚ ˆÙy°yÓ˚ xyˆÏ˛õ!«˛Ü˛ ï˛yˆÏ˛õÓ˚ Ùyl l#ˆÏã˛ ˆòGÎ˚y •° ı

àƒy§ ˆÙy°yÓ˚ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ (Cv )

(cal mo1
–1

 K
–1

)

•y•zˆÏí»˛yˆÏçl 4.87

ly•zˆÏê˛∆yˆÏçl 4.97

x!: Ï̂çl 5.02

ly•z!ê ∆̨Ü˛ xƒy!§í˛ 4.99

Ü˛yÓ≈l ÙˆÏlyx:y•zí˛ 5.01

ˆÜœ˛y!Ó˚l 6.17

~•z àƒy§à%ˆÏ°yÓ˚ ˛õ!Ó˚Ùy˛õ Ü˛ˆÏÓ˚ ˛õyGÎ˚y ˆÙy°yÓ˚ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ ~Ü˛ ˛õÓ˚Ùyî%Ü˛ àƒyˆÏ§Ó˚ ï%˛°lyÎ˚ í˛zˆÏÕ‘áˆÏÎyàƒË˛yˆÏÓ
xy°yòy– §yôyÓ˚îË˛yˆÏÓñ ~Ü˛ ˛õÓ˚Ùyî%Ü˛ ˆÜ˛yˆÏly àƒyˆÏ§Ó˚ ˆÙy°yÓ˚ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ 2.92 cal/mol K – ~ ˛õyÌ≈ˆÏÜ˛ƒÓ˚
Ü˛yÓ˚î Óƒyáƒy Ü˛ˆÏÓ˚y– xlƒylƒ àƒyˆÏ§Ó˚ ï%˛°lyÎ˚ ˆÜœ˛y!Ó˚ˆÏlÓ˚ í˛zFã˛ ˆÙy°yÓ˚ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ ˆÌˆÏÜ˛ ï%˛!Ù Ü˛# !§ÂôyˆÏhs˝
ˆ˛õÑÔSÈyˆÏÓ⁄

11.16 101°F ¢Ó˚#ˆÏÓ˚Ó˚ ï˛y˛õÙyeyÓ˚ åçµÓ˚Î%=˛ä ~Ü˛!ê˛ !¢¢%ˆÏÜ˛ ~Ü˛!ê˛ ~!rê˛ ˛õy•z!Ó˚l åçµÓ˚ Ü˛ÙyˆÏlyÓ˚ Å£Ïôä ˆòGÎ˚y •° Îy
!¢¢%Ó˚ ¢Ó˚#ˆÏÓ˚Ó˚ âyˆÏÙÓ˚ ˛Óy‹õyÎ˚l •yÓ˚ Ó,!Âô Ü˛ˆÏÓ˚– Î!ò 20 !Ù!lˆÏê˛ !¢¢%!ê˛Ó˚ çµÓ˚ 98 °F ~ ˆlˆÏÙ xyˆÏ§– Å£ÏˆÏôÓ˚
≤ÃË˛yˆÏÓ x!ï˛!Ó˚=˛ Óy‹õyÎ˚l •yˆÏÓ˚Ó˚ àí˛¸ Ü˛ï˛⁄ ôˆÏÓ˚ lyGñ Óy‹õyÎ˚l ̂ Ü˛Ô¢°•z ~ˆÏ«˛ˆÏe ï˛y˛õ«˛ˆÏÎ˚Ó˚ ~Ü˛Ùye í˛z˛õyÎ˚–
!¢¢%!ê˛Ó˚ Ë˛Ó˚ 30 kg– ÙylÓ Ï̂ò Ï̂•Ó˚ xy Į̈̂ õ!«˛Ü˛ ï˛y˛õ ç Ï̂°Ó˚ xy Į̈̂ õ!«˛Ü˛ ï˛y Į̈̂ õÓ˚ ≤ÃyÎ˚ §Ùyl ~ÓÇ ç Ï̂°Ó˚ Óy‹õ#Ë˛Ó Ï̂lÓ˚
°#lï˛y˛õ G•z ï˛y˛õÙyeyÎ˚ ≤ÃyÎ˚ 580 cal g–1 –

11.17 ÌyˆÏÙ≈yˆÏÜ˛yˆÏ°Ó˚ ÓÓ˚Ê˛ Óy: (Thermocol icebox) •° @˝Ã#‹øÜ˛yˆÏ° Ó˚yß¨y Ü˛Ó˚y áyòƒoÓƒ §ÇÓ˚«˛ˆÏîÓ˚ ~Ü˛ §%°Ë˛ G
Ü˛yÎ≈Ü˛Ó˚ ̨õÂô!ï˛– ≤Ã!ï˛!ê˛ 30 cm Óy•%!Ó!¢T˛ âlÜ˛yÜ,˛!ï˛ ÓÓ˚Ê˛ ÓyˆÏ:Ó˚ ̂ Óô 5.0 cm– Î!ò 4.0 kg ÓÓ˚Ê˛ Óy Ï̂: Ó˚yáy
•Î˚ñ ï˛ Ï̂Ó 6 ârê˛y ̨õÓ˚ Ü˛ï˛ ÓÓ˚Ê˛ xÓ!¢T˛ ÌyÜ˛ Ï̂Ó !lî≈Î˚ Ü˛Ó˚– Óy Ï̂:Ó˚ Óy•ẑ ÏÓ˚Ó˚ ï˛y˛õÙyey 45 °C ~ÓÇ Ìy Ï̂Ù≈y Ï̂Ü˛y Ï̂°Ó˚
ï˛y˛õ ̨õ!Ó˚Óy!•ï˛yAÜ˛ 0.01 J s–1 m–1 K–1– [ÓÓ˚Ê˛ à°ˆÏlÓ˚ °#lï˛y˛õ = 335 × 103 J kg–1]

11.18 ~Ü˛!ê˛ !˛õï˛ Ï̂°Ó˚ fl≥%̨ ê˛l ̨õy Ï̂eÓ˚ Ë)̨ !Ùï˛ Ï̂°Ó˚ ̂ «˛eÊ˛° 0.15 m2 ~ÓÇ ̂ Óô 1.0 cm– ~ Ï̂Ü˛ ~Ü˛!ê˛ àƒy§ ̂ fiê˛y Ï̂Ë˛Ó˚ í z̨̨ õÓ˚
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Ó§yˆÏ° 6.0 kg/min •yˆÏÓ˚ ç° ˆÊ˛yê˛yÎ˚– !¢áyÓ˚ fl≥%˛ê˛l ˛õyˆÏeÓ˚ flõˆÏ¢≈ ÌyÜ˛y xÇˆÏ¢Ó˚ ï˛y˛õÙyey !lî≈Î˚ Ü˛ˆÏÓ˚y–
!˛õï˛ˆÏ°Ó˚ ï˛y˛õ ̨õ!Ó˚Óy!•ï˛yAÜ˛  = 109 J s–1 m–1 K–1 ;  çˆÏ°Ó˚ Óy‹õ#Ë˛ÓˆÏlÓ˚ °#lï˛y˛õ =  2256 × 103 J kg–1–

11.19 ˆÜ˛l Óƒyáƒy Ü˛ˆÏÓ˚y :
(a) í˛zFã˛ ≤Ã!ï˛Ê˛°l «˛Ùï˛y §¡õß¨ Ó› «˛#î !l/§yÓ˚Ü˛–
(b) ¢#ˆÏï˛Ó˚ !òˆÏl ~Ü˛!ê˛ Ü˛yˆÏë˛Ó˚ ˆê˛∆ xˆÏ˛õ«˛y ~Ü˛!ê˛ !˛õï˛ˆÏ°Ó˚ @’y§ ˆÓ!¢ ë˛yu˛y xl%Ë)˛ï˛ •Î˚ ˆÜ˛l⁄
(c) xyò¢≈ Ü,˛£÷ÏÓ›Ó˚ !Ó!Ü˛Ó˚î ̨ õ!Ó˚ÙyˆÏ˛õ Ü ˛Ùy!AÜ˛ï˛ ~Ü˛!ê˛ xyˆÏ°yÜ˛#Î˚ ̨ õy•zˆÏÓ˚y!Ùê˛yÓ˚ åí˛zFã˛ ï˛y˛õÙyey Ùy˛õÜ˛ Îsfä

í˛zß√%=˛ fiÌyˆÏl Ó˚yáy ~Ü˛!ê˛ ̂ °y!•ï˛ ï˛Æ ̂ °Ô•áˆÏ[˛Ó˚ ï˛y˛õÙyeyÓ˚ çlƒ á%Ó•z !l¡¨ ̨õyë˛ ̂ òáyÎ˚ñ !Ü˛v ~Ü˛•z á[˛
Îál ã%˛!Õ‘ˆÏï˛ ÌyˆÏÜ˛ ï˛ál ï˛yÓ˚ ï˛y˛õÙyeyÓ˚ §!ë˛Ü˛ Ùyl ˆòáyÎ˚–

(d) ÓyÎ˚%Ù[˛°¢)lƒ ˛õ,!ÌÓ# x§•l#Î˚ ë˛yu˛y •ï˛–
(e) ˆÜ˛yˆÏly âÓ˚ˆÏÜ˛ àÓ˚Ù Ó˚yáˆÏï˛ àÓ˚Ù ç° ≤ÃÓy!•ï˛ Ü˛ˆÏÓ˚ àÓ˚Ù Ó˚yáyÓ˚ ÓƒÓfiÌyÓ˚ ï%˛°lyÎ˚ !fiê˛Ù ≤ÃÓy!•ï˛ Ü˛ˆÏÓ˚

àÓ˚Ù Ó˚yáyÓ˚ ÓƒÓfiÌy ˆÓ!¢ Ü˛yÎ≈Ü˛Ó˚–

11.20 ~Ü˛!ê˛ Ó› 5 !Ù!lˆÏê˛ ë˛yu˛y •ˆÏÎ˚  80 °C ̂ Ì Ï̂Ü˛ 50 °C ÈüÈ~ xy Ï̂§– 60 °C ̂ ÌˆÏÜ˛ 30 °CÈüÈ~ ë˛yu˛y •ˆÏï˛ Ó›!ê˛Ó˚ Ü˛ï˛
§ÙÎ˚ °yàˆÏÓ !lî≈Î˚ Ü˛ˆÏÓ˚y– ̨ õy!Ó˚˛õy!Ÿª≈ˆÏÜ˛Ó˚ ï˛y˛õÙyey  20 °C –

x!ï˛!Ó˚=˛ xl%¢#°l#

11.21 Ü˛yÓ≈lÈüÈí˛y•zx:y•zˆÏí˛Ó˚ P-T  ò¢y!ã˛ˆÏeÓ˚ !Ë˛!_ˆÏï˛ l#ˆÏã˛Ó˚ ≤ÃŸ¿à%ˆÏ°yÓ˚ í˛z_Ó˚ òyG ı

(a) ˆÜ˛yl‰ ï˛y˛õÙyey G ã˛yˆÏ˛õ CO2  ~Ó˚ Ü˛!ë˛lñ ï˛Ó˚° G àƒy§#Î˚ xÓfiÌy ï˛y˛õ#Î˚ §yÙƒyÓfiÌyÎ˚ §•yÓfiÌyl Ü˛ˆÏÓ˚⁄

(b) CO2  ~Ó˚ à°lyAÜ˛ G fl≥%̨ ê˛ly Ï̂AÜ˛Ó˚ í z̨̨ õÓ˚ ã˛y˛õ •…y Ï̂§Ó˚ ≤ÃË˛yÓ Ü˛#⁄

(c) CO2 ~Ó˚ §ÇÜ˛ê˛ ï˛y˛õÙyey G ã˛y˛õ Ü˛ï˛⁄ ~ˆÏòÓ˚ ï˛yÍ˛õÎ≈ Ü˛#⁄

(d) CO2 Ü˛!ë˛lñ ï˛Ó˚°ñ àƒy§#Î˚ ̂ Ü˛yl‰ xÓfiÌyÎ˚ ÌyÜ˛ Ï̂Ó ı (a) 1 ÓyÎ%̊Ù[˛°#Î˚ ã˛y Į̈̂ õ  –70 °C ï˛y˛õÙyeyÎ˚ñ  (b) 10

ÓyÎ˚%Ù[˛°#Î˚ ã˛yˆÏ˛õ –60 °C ï˛y˛õÙyeyÎ˚ñ  (c) 56 ÓyÎ˚%Ù[˛°#Î˚ ã˛yˆÏ˛õ 15 °C ï˛y˛õÙyeyÎ˚⁄

11.22 CO2 ~Ó˚  P – T  ò¢y !ã˛ˆÏeÓ˚ !Ë˛!_ˆÏï˛ l#ˆÏã˛Ó˚ ≤ÃŸ¿à%ˆÏ°yÓ˚ í˛z_Ó˚ òyG ı
(a) 1 ÓyÎ˚%Ù[˛°#Î˚ ã˛yˆÏ˛õ G  – 60 °C ï˛y˛õÙyeyÎ˚ CO2 ̂ Ü˛ §ˆÏÙy£÷Ï ≤Ã!Ü ˛Î˚yÎ˚ §ÇÜ%˛!ã˛ï˛ Ü˛Ó˚y •°– CO2 !Ü˛ ï˛Ó˚°

ò¢yÓ˚ Ùôƒ !òˆÏÎ˚ ÎyˆÏÓ⁄

(b) 4 ÓyÎ˚%Ù[˛°#Î˚ ã˛yˆÏ˛õ Ó˚yáy CO2 ̂ Ü˛ âˆÏÓ˚Ó˚ í˛z£÷Ïï˛y ̂ ÌˆÏÜ˛ ë˛yu˛y Ü˛Ó˚y •ˆÏ° Ü˛# âê˛ˆÏÓ⁄

(c) 10 ÓyÎ%̊Ù[˛°#Î˚ ã˛y˛õ G  –65 °C ï˛y˛õÙyeyÓ˚ !l!ò≈T˛ Ë˛Ó˚ CO2 ̂ Ü˛ !fiÌÓ˚ ã˛y Į̈̂ õ â Ï̂Ó˚Ó˚ ï˛y˛õÙyeyÎ˚ xy§y ̨õÎ≈hs˝
í˛z_Æ Ü˛Ó˚y •ˆÏ° Ü˛# Ü˛# ˛õ!Ó˚Óï≈˛l âê˛ˆÏÓ à%îàï˛Ë˛yˆÏÓ Óî≈ly Ü˛ˆÏÓ˚y–

(d) CO2 ̂ Ü˛  70 °C ï˛y˛õÙyeyÎ˚ í z̨_Æ Ü˛Ó˚y •° ~ÓÇ § Ï̂Ùy£÷Ï ̨≤Ã!Ü ̨ Î˚yÎ˚ §ÇÜ%̨ !ã˛ï˛ Ü˛Ó˚y •°– ~ Ï̂«˛ Ï̂e CO2 ~Ó˚ Ü˛#
Ü˛# ˜Ó!¢T˛ƒàï˛ ˛õ!Ó˚Óï≈˛l ˆòáˆÏÓ ÓˆÏ° ï%˛!Ù xy¢y Ü˛Ó˚ÏS⁄



xôƒyÎ˚ ı myò¢

ï˛y˛õà!ï˛!Óòƒy
(THERMODYNAMICS)

12.1   Ë)˛!ÙÜ˛y (Introduction)

˛õ)̂ ÏÓ≈Ó˚ xôƒy Ï̂Î˚ xyÙÓ˚y Ó›Ó˚ ï˛y˛õ#Î˚ ôÙ≈à%̂ Ï°y xôƒÎ˚l Ü˛ Ï̂Ó˚!SÈ– ~•z xôƒy Ï̂Î˚ ï˛y˛õ¢!=˛Ó˚
xô#l §)eà%ˆÏ°y xôƒÎ˚l Ü˛Ó˚Ó ˆÎáyˆÏl Ü˛yÎ≈ ï˛yˆÏ˛õ Ó˚)˛õyhs˝!Ó˚ï˛ •Î˚ ~ÓÇ ï˛y˛õ Ü˛yˆÏÎ≈
Ó˚)˛õyhs˝Ó˚ •Î˚– ¢#ï˛Ü˛yˆÏ° Îál xyÙÓ˚y •yˆÏï˛Ó˚ Ü˛Ó˚ï˛°mÎ˚ â£Ï≈î Ü˛!Ó˚ ï˛ál xyÙÓ˚y í˛z£÷Ï
xl%Ë˛Ó Ü˛!Ó˚– ~áyˆÏl â£Ï≈ˆÏîÓ˚ çlƒ Ü,˛ï˛Ü˛yÎ≈ ï˛y˛õ í˛zÍ˛õß¨ Ü˛ˆÏÓ˚– !Ó˛õÓ˚#ï˛Ë˛yˆÏÓñ
!fiê˛Ù‰•z!O Ï̂lñ !˛õT˛l!ê˛ à!ï˛¢#° Ü˛Ó̊ Ï̂ï˛ Óy Ï̂‹õÓ̊ ï˛y˛õ Ï̂Ü˛ ≤Ã̂ ÏÎ̊yçl#Î̊ Ü˛yÎ≈ Ü˛Ó̊ Ï̂ï˛ ÓƒÓ•,ï˛
•Î˚ Îy ̂ ê ∆̨̂ ÏlÓ˚ ã˛yÜ˛yà%̂ Ï°y Ï̂ï˛ â)î≈l xy Ï̂l–

˛õòyÌ≈!ÓòƒyÎ˚ ï˛y˛õñ ï˛y˛õÙyeyñ Ü˛yÎ≈ ≤ÃË,˛!ï˛ ôyÓ˚îyà%ˆÏ°y xyÙyˆÏòÓ˚ x!ôÜ˛
§ Ï̂ã˛ï˛lË˛y Ï̂Ó §ÇK˛y!Î˚ï˛ Ü˛Ó˚yÓ˚ ≤Ã Ï̂Î˚yçl •Î˚– ̇ !ï˛•y!§Ü˛Ë˛y Ï̂Ó Úï˛y˛õÛ §¡∫rô#Î˚ §!ë˛Ü˛
ôyÓ˚îyÎ˚ ̂ ˛õÑÔSÈy Ï̂ï˛ x Ï̂lÜ˛ §ÙÎ˚ ̂ ° Ï̂à Ï̂SÈ– xyô%!lÜ˛ ôyÓ˚îyÓ˚ ̨õ)̂ ÏÓ≈ñ ï˛y˛õ Ï̂Ü˛ ~Ü˛≤ÃÜ˛yÓ˚
§)- xò,¢ƒ ≤ÃÓy•# !•§yˆÏÓ !ÓˆÏÓã˛ly Ü˛Ó˚y •Ïï˛ Îy ˛õòyˆÏÌ≈Ó˚ Ùôƒ!fiÌï˛ x§Çáƒ !SÈˆÏo
ÌyˆÏÜ˛– ~Ü˛!ê˛ í˛z£÷ÏÓ› G ~Ü˛!ê˛ ¢#ï˛° Ó› ˛õÓ˚flõˆÏÓ˚Ó˚ §ÇflõˆÏ¢≈ ÌyÜ˛ˆÏ°ñ ≤ÃÓy•#!ê˛
åˆÜ˛°!Ó˚Ü˛ Ó°y •Ïï˛ä ¢#ï˛° Ó› •ˆÏï˛ í˛z£÷Ï Ó›Ó˚ !òˆÏÜ˛ ≤ÃÓy!•ï˛ •Î˚ú !Ë˛ß¨ í˛zFã˛ï˛yÓ˚
ç°ï˛° !Ó!¢T˛ ò%!ê˛ ê˛ƒyÇÜ˛ Ï̂Ü˛ ~Ü˛!ê˛ xl%Ë)̨ !ÙÜ˛ ̨õy•z̨ õ myÓ˚y Î%=˛ Ü˛Ó˚̂ Ï° Îy âê˛ Ï̂Óñ ~!ê˛
ï˛yÓ˚•z xl%Ó˚)˛õ– ê˛ƒyÇÜ˛mˆÏÎ˚ ç°ï˛ˆÏ°Ó˚ í˛zFã˛ï˛y §Ùyl ly •GÎ˚y ˛õÎ≈hs˝ ≤ÃÓy• ã˛°ˆÏï˛
Ìy Ï̂Ü˛– ~Ü˛•zË˛y Ï̂Ó ï˛y Į̈̂ õÓ̊ ÚˆÜ˛°!Ó̊Ü˛ !ã˛ Ï̂eÛñ ÚˆÜ˛°!Ó̊Ü˛ ï˛°mÎ̊Û åxÌ≈yÍ ï˛y˛õÙyeyà%̂ Ï°yä
§Ùyl ly •GÎ˚y ˛õÎ≈hs˝ ï˛y˛õ ≤ÃÓy!•ï˛ •Î˚–

˛õÓ˚Óï≈̨ #Ü˛y Ï̂° ≤ÃÓy•# !• Ï̂§ Ï̂Ó ï˛y Į̈̂ õÓ˚ ôyÓ˚îy Óyò ÎyÎ˚– xyô%!lÜ˛ Ùï˛Óyòyl%§y Ï̂Ó˚
ï˛y˛õ Ï̂Ü˛ ¢!=˛Ó˚ ~Ü˛!ê˛ Ó)̨̊ õ !• Ï̂§ Ï̂Ó ôÓ˚y •Î˚– ~ ≤Ã§ Ï̂Aà 1798 §y Ï̂° ̂ ÓOy!Ùl ÌÙ§l
åÜ˛yí˛zrê˛ Ó˚yÙˆÏÊ˛yí≈˛ !•ˆÏ§ˆÏÓG ˛õ!Ó˚!ã˛ï˛ä ~Ü˛!ê˛ à%Ó˚%c˛õ)î≈ ˛õÓ˚#«˛y Ü˛ˆÏÓ˚l– !ï˛!l °«˛
Ü˛ˆÏÓ˚l ̂ Îñ Ó yˆÏ§Ó˚ Ü˛yÙyˆÏl !SÈo Ü˛Ó˚yÓ˚ §ÙÎ˚ ̂ Î ≤Ãã%˛Ó˚ ï˛y˛õ í˛zÍ˛õß¨ •Î˚ ≤ÃÜ,˛ï˛˛õˆÏ«˛ ï˛y
ç°ˆÏÜ˛ Ê%˛ê˛yˆÏlyÓ˚ çlƒ ÎˆÏÌT˛– x!ôÜ˛ï˛Ó˚ ï˛yÍ˛õÎ≈˛õ)î≈Ë˛yˆÏÓ í˛zÍ˛õß¨ ï˛yˆÏ˛õÓ˚ ˛õ!Ó˚Ùyî
Ü,˛ï˛Ü˛yˆÏÎ≈Ó˚ å!SÈo Ü˛Ó˚yÓ˚ çlƒ !lÎ%=˛ xŸªà%ˆÏ°yä í˛z˛õÓ˚ !lË≈˛Ó˚ Ü˛ˆÏÓ˚ñ !Ü˛v ï%˛Ó˚˛õ%ˆÏlÓ˚
ôy Ï̂Ó̊Ó̊ í z̨̨ õÓ̊ !lË≈̨ Ó̊ Ü˛ Ï̂Ó̊ ly– ̂ Ü˛°!Ó̊Ü˛ ôyÓ̊îy xl%ÎyÎ̊# ~Ü˛!ê˛ ôyÓ̊y Ï̂°y ï%̨ Ó̊˛õ%l !SÈoà%̂ Ï°y
ˆÌ Ï̂Ü˛ x!ôÜ˛ ï˛y˛õ ≤ÃÓy•# ̂ ÓÓ̊ Ü˛Ó̊ Ï̂ï˛ ̨õy Ï̂Ó̊ !Ü˛v ~Ùlê˛y ̂ òáy ÎyÎ̊ ly– ̨õÎ≈̂ ÏÓ«˛îà%̂ Ï°yÓ̊
x!ôÜ˛ fl∫yË˛y!ÓÜ˛ Óƒyáƒy !SÈ° ï˛y˛õ ~Ü˛ ≤ÃÜ˛yÓ˚ ¢!=˛ ~ÓÇ ˛õÓ˚#«˛y!ê˛ Ü˛yÎ≈ˆÏÜ˛ ï˛yˆÏ˛õ
Ó˚)˛õyhs˝ˆÏÓ˚Ó˚ ÙyôƒˆÏÙ ¢!=˛Ó˚ ~Ü˛Ó˚)˛õ ̂ ÌˆÏÜ˛ xlƒ Ó˚)ˆÏ˛õ ̨õ!Ó˚Óï≈˛lˆÏÜ˛ ≤Ãò¢≈l Ü˛ˆÏÓ˚–

12.1 Ë)̨ !ÙÜ˛y

12.2 ï˛y˛õ#Î˚ §yÙƒyÓfiÌy

12.3 ï˛y˛õà!ï˛!ÓòƒyÓ˚ ¢)lƒï˛Ù §)e

12.4 ï˛y˛õñ xhs˝/¢!=˛ ~ÓÇ Ü˛yÎ≈

12.5 ï˛y˛õà!ï˛!ÓòƒyÓ˚ ≤ÃÌÙ §)e

12.6 xyˆÏ˛õ!«˛Ü˛ ï˛y˛õôyÓ˚Ü˛c

12.7 ï˛y˛õàï˛#Î˚ xÓfiÌyÓ˚ ã˛°Ó˚y!¢

~ÓÇ xÓfiÌyÓ˚ §Ù#Ü˛Ó˚î

12.8 ï˛y˛õàï˛#Î˚ ≤Ã!Ü ˛Î˚y

12.9 ï˛y˛õ •z!Ol

12.10 !•ÙyÎ˚Ü˛ ~ÓÇ ï˛y˛õ#Î˚ ˛õy¡õ

12.11 ï˛y˛õà!ï˛!ÓòƒyÓ˚ !mï˛#Î˚ §)e

12.12 ≤Ãï˛ƒyÓï≈˛Ü˛ ~ÓÇ x≤Ãï˛ƒyÓï≈˛Ü˛ ≤Ã!Ü ˛Î˚y

12.13 Ü˛yˆÏl≈y •z!Ol

§yÓ˚yÇ¢ñ

ˆË˛ˆÏÓ ˆòáyÓ˚ !Ó£ÏÎ˚§Ù)•

xl%¢#°l#



304 õòyÌ≈!Óòƒy

ï˛y˛õà!ï˛ !Óòƒy •° ̨õòyÌ≈ !ÓK˛y Ï̂lÓ̊ ~Ùl ~Ü˛!ê˛ ¢yáy ̂ Îáy Ï̂l
ï˛y˛õ G ï˛y˛õÙyey ~ÓÇ ï˛y˛õ G xlƒylƒ ¢!=˛Ó˚ ÙˆÏôƒ Ó˚)˛õyhs˝Ó˚ !lˆÏÎ˚
xyˆÏ°y!ã˛ï˛ •Î˚– ï˛y˛õà!ï˛!Óòƒy •Ï° ˛õ!Ó˚Ó#«˛!îÜ˛ !ÓK˛yl
åmacroscopic-scienceä– ~ ¢yáyÎ˚ Ó,•Í §ÇfiÌy !l Ï̂Î˚ ã˛ã≈̨ y •Î˚
!Ü˛v ˛õòyˆÏÌ≈Ó˚ í˛z˛õyòyˆÏlÓ˚ xî%Ó˚ §Ùß∫Î˚ !lˆÏÎ˚ xyˆÏ°y!ã˛ï˛ •Î˚ ly–
Ó›ï˛ ̨õòy Ï̂Ì≈Ó̊ xyî!ÓÜ˛ !ã˛e ò,ì˛̧Ë˛y Ï̂Ó ≤Ã!ï˛!¤˛ï˛ •ÓyÓ̊ ̨õ)̂ ÏÓ≈•z |l!ÓÇ¢
¢ï˛y∑#ˆÏï˛ ~Ó˚ ôyÓ˚îy G §)ˆÏeÓ˚ Ó˚)˛õòyl Ü˛Ó˚y •ˆÏÎ˚ˆÏSÈ– ï˛y˛õàï˛#Î˚
!ÓÓÓ˚̂ Ïî §ÇfiÌyÓ˚ ï%̨ °lyÙ)°Ü˛ Ù%!T˛ Ï̂ÙÎ˚ ̨õ!Ó˚Ó#«˛!îÜ˛ ã˛°Ó˚y!¢à%̂ Ï°y
xhs˝Ë%≈˛=˛ ÎyÓ˚y §yôyÓ˚î xl%Ë)˛!ï˛ myÓ˚y í˛zq(ï˛ •ˆÏÎ˚ˆÏSÈ ~ÓÇ ÎyˆÏòÓ˚
§Ó˚y§!Ó˚ ˛õ!Ó˚Ùy˛õ Ü˛Ó˚y ÎyÎ˚– í˛zòy•Ó˚îfl∫Ó˚)˛õñ ~Ü˛!ê˛ àƒyˆÏ§Ó˚
xyî%Ó#«˛!îÜ˛ !ÓÓÓ˚ˆÏî àƒy§!ê˛Ó˚ àë˛lÜ˛yÓ˚# xî%à%ˆÏ°yÓ˚ !l!ò≈T˛
fiÌylyAÜ˛à%ˆÏ°y ~ÓÇ ~ˆÏòÓ˚ xyl%£!AàÜ˛ à!ï˛ˆÏÓàà%ˆÏ°y !Ó£ÏÎ˚Ë%˛=˛
ÌyˆÏÜ˛– àƒyˆÏ§Ó˚ à!ï˛ï˛ˆÏ_¥Ó˚ !ÓÓÓ˚î ~ï˛ !ÓhflÏy!Ó˚ï˛ lÎ˚ !Ü˛v ~ˆÏï˛
xî%à%̂ Ï°yÓ˚ à!ï˛ Ï̂Ó Ï̂àÓ˚ Ó^˝ê˛l xhs˝Ë%≈̨ =˛ xy Ï̂SÈ– x˛õÓ˚!ò Ï̂Ü˛ àƒy Ï̂§Ó˚
ï˛y˛õàï˛#Î̊ !ÓÓÓ̊ Ï̂îñ xl%§¡∫rô#Î̊ !ÓÓÓ̊î §¡õ)î≈Ë˛y Ï̂Ó ~!í˛̧ Ï̂Î̊ ̂ à Ï̂SÈ–
~Ó˚ ̨õ!Ó˚Ó Ï̂ï≈̨ ñ ï˛y˛õà!ï˛!ÓòƒyÎ˚ ~Ü˛!ê˛ àƒy Ï̂§Ó˚ xÓfiÌyñ ̨õ!Ó˚Ó#«˛!îÜ˛
ã˛°Ó˚y!¢à%ˆÏ°y ̂ ÎÙl ã˛y˛õñ xyÎ˚ï˛lñ ï˛y˛õÙyeyñ Ë˛Ó˚ñ í˛z˛õyòyl myÓ˚y
!l!ò≈T˛ Ü˛Ó˚y •Î˚ Îy xyÙy Ï̂òÓ˚ ̂ Óyô¢!=˛ myÓ˚y xl%Ë)̨ ï˛ ~ÓÇ ̨õ!Ó˚!Ùï˛–

Ó°!Óòƒy ~ÓÇ ï˛y˛õà!ï˛!ÓòƒyÓ˚ ÙˆÏôƒ ˛˛õyÌ≈Ü˛ƒ xyÙyˆÏòÓ˚
Ë˛yˆÏ°yË˛yˆÏÓ ÙˆÏl Ó˚yáy í˛z!ã˛ï˛ åworth bearing in mindä–
Ó°!ÓòƒyÎ˚ xyÙyˆÏòÓ˚ xy@˝Ã• •° Ó°§Ù)• ~ÓÇ ê˛Ü≈˛§Ù)ˆÏ•Ó˚ !Ü ˛Î˚yÓ˚
xô#l Ü˛îyà%ˆÏ°yÓ˚ xÌÓy Ó›à%ˆÏ°yÓ˚ à!ï˛– ï˛y˛õà!ï˛!ÓòƒyÎ˚
§yÙ!@˝ÃÜ˛Ë˛yˆÏÓ §ÇfiÌyÓ˚ à!ï˛ ç!í˛¸ï˛ lÎ˚– ~!ê˛ Ó›Ó˚ xË˛ƒhs˝Ó˚#î
˛õ!Ó˚Ó#«˛!îÜ˛ xÓfiÌyÓ˚ §y Ï̂Ì ç!í ¸̨ï˛– Îál ~Ü˛!ê˛ Ó®%Ü˛ • Ï̂ï˛ à%!°
ˆSÈyí ¸̨y •Î˚ ï˛ál ̂ Î ̨õ!Ó˚Óï≈̨ l •Î˚ ̂ §ê˛y •° à%!°!ê˛Ó˚ Îy!sfÜ˛ xÓfiÌy
å!Ó Ï̂¢£Ï Ü˛ Ï̂Ó̊ ~Ó̊ à!ï˛¢!=˛äñ ~Ó̊ ï˛y˛õÙyey lÎ̊– Îál à%!°!ê˛ Ü˛yë˛ Ï̂Ü˛
ˆË˛ò Ü˛ Ï̂Ó̊ ̂ Ì Ï̂Ù ÎyÎ̊ñ ï˛ál à%!°!ê˛Ó̊ à!ï˛¢!=˛ ï˛y˛õ¢!=˛ Ï̂ï˛ Ó̊)̨ õyhs˝!Ó̊ï˛
•Î˚ ~ÓÇ à%!° G Ü˛y Ï̂ë˛Ó˚ ̨õ,¤˛ ï˛°à%̂ Ï°yÓ˚ ï˛y˛õÙyeyÓ˚ ̨õ!Ó˚Óï≈̨ l •Î˚–
Ó%̂ Ï°ê˛!ê˛Ó̊ xË˛ƒhs˝Ó̊#î å~ Ï̂°y Ï̂Ù Ï̂°yä à!ï˛Ó̊ xyl%£Ï!AàÜ˛ ¢!=˛Ó̊ § Ï̂Aà
~Ó˚ ï˛y˛õÙyey §¡õÜ≈˛Î%=˛ñ !Ü˛v §yÙ!@˝ÃÜ˛Ë˛yˆÏÓ à%!°Ó˚ à!ï˛Ó˚ §ˆÏAà
•z•y §¡õÜ≈̨ Î%=˛ lÎ˚–

12.2  ï˛y˛õ#Î˚ §yÙƒyÓfiÌy (Thermal Equilibrium)

Ó°!ÓòƒyÎ˚ §yÙƒyÓfiÌy Ó°ˆÏï˛ ˆÜ˛yˆÏly §ÇfiÌyÓ˚ í˛z˛õÓ˚ ˆÙyê˛
Óy!•ƒÜ˛ Ó° G ê˛Ü≈˛ ¢)lƒ •GÎ˚yˆÏÜ˛  ˆÓyV˛yÎ˚– ï˛y˛õà!ï˛!ÓòƒyÎ˚
Ú§yÙƒyÓfiÌyÛ ¢∑!ê˛ !Ó!Ë˛ß¨ ≤Ã§ˆÏAà ÓƒÓ•,ï˛ •Î˚– xyÙÓ˚y ~Ü˛!ê˛
§ÇfiÌy Ï̂Ü˛ §yÙƒyÓfiÌyÎ˚ xy Ï̂SÈ Ó° Ï̂Óy Î!ò §ÇfiÌy!ê˛Ó˚ !Ó!Ë˛ß¨ ̃ Ó!¢T˛ƒ

* ï˛y˛õà!ï˛!ÓòƒyÎ˚ x˛õÓ˚ ã˛°Ó˚y!¢à%ˆÏ°y Î%=˛ ÌyÜ˛ˆÏï˛ ˛õyˆÏÓ˚ ˆÎà%ˆÏ°y §¡õˆÏÜ≈˛ xyÙyˆÏòÓ˚ §%flõT˛ ôyÓ˚îy lyG ÌyÜ˛ˆÏï˛ ˛õyˆÏÓ˚ñ ˆÎÙl ~lˆÏê˛∆y!˛õñ ~lÌy!“ñ
≤ÃË,˛!ï˛ ~ÓÇ ~à%ˆÏ°y §Ó•z ˛õ!Ó˚Ó#«˛!îÜ˛ ã˛°Ó˚y!¢–

(a)

(b)

Fig. 12.1 (a) A ~ÓÇ B §ÇfiÌymÎ˚ åò%!ê˛ àƒy§ Ó˚ˆÏÎ˚ˆÏSÈä ~Ü˛!ê˛
ï˛y˛õˆÏÓ˚yôÜ˛ ˆòÎ˚y° myÓ˚y xy°yòy xyˆÏSÈÈüüüÈ ~Ü˛!ê˛ xhs˝Ó˚Ü˛
ˆòÎ˚y° Îy ï˛yˆÏ˛õÓ˚ ≤ÃÓy• •ˆÏï˛ ˆòÎ˚ ly– (b) ~Ü˛•z §ÇfiÌymÎ˚
A ~ÓÇ B ~Ü˛!ê˛ ï˛yˆÏ˛õÓ˚ §%˛õy!Ó˚Óy•# ˆòÎ˚y° myÓ˚y ˛õ,ÌÜ˛
Ü˛Ó˚y xyˆÏSÈÈüüüÈ ~Ü˛!ê˛ ˛õ!Ó˚Óy•# ˆòÎ˚y° Îy ~Ü˛ §ÇfiÌy •ˆÏï˛
x˛õÓ˚ §ÇfiÌyˆÏï˛ ï˛yˆÏ˛õÓ˚ ≤ÃÓy• •ˆÏï˛ ˆòÎ˚– ~ˆÏ«˛ˆÏe
ÎÌy§ÙˆÏÎ˚ ï˛y˛õ#Î˚ §yÙƒyÓfiÌy x!ç≈ï˛ •ˆÏÓ–

!lô≈yÓ̊îÜ˛yÓ̊# ̨õ!Ó̊Ó#«˛!îÜ˛ ã˛°Ó̊y!¢à%̂ Ï°y §Ù Ï̂Î̊Ó̊ §y Ï̂Ì x˛õ!Ó̊Ó!ï≈̨ ï˛
ÌyˆÏÜ˛– í˛zòy•Ó˚îfl∫Ó˚)˛õñ ˛õ!Ó˚ˆÏÓ¢ ˆÌˆÏÜ˛ §¡õ)î≈ !Ó!FSÈß¨ ~Ü˛!ê˛ ò,ì˛¸
xyÓÂô ̨õyˆÏe ÌyÜ˛y ~Ü˛!ê˛ àƒyˆÏ§Ó˚ !fiÌÓ˚ ã˛y˛õñ xyÎ˚ï˛lñ ï˛y˛õÙyeyñ
Ë˛Ó˚ ~ÓÇ í˛z˛õyòyl §ÙˆÏÎ˚Ó˚ §yˆÏÌ x˛õ!Ó˚Ó!ï≈˛ï˛ ÌyÜ˛ˆÏ° §ÇfiÌy!ê˛
ï˛y˛õàï˛#Î˚ §yÙƒyfiÌyÎ˚ ÌyÜ˛ Ï̂Ó–

§yôyÓ˚îï˛ñ ~Ü˛!ê˛ §ÇfiÌy §yÙƒyÓfiÌyÎ˚ ÌyÜ˛ Ï̂Ó !Ü˛ ÌyÜ˛ Ï̂Ó ly
ï˛y !lË≈̨ Ó̊ Ü˛ Ï̂Ó̊ ̨õy!Ó̊˛õy!Ÿª≈̂ ÏÜ˛Ó̊ í z̨̨ õÓ̊ ~ÓÇ ̨õy!Ó̊˛õy!Ÿª≈Ü˛ ̂ Ì Ï̂Ü˛ §ÇfiÌy Ï̂Ü˛

˛õ,ÌÜ˛ Ü˛ˆÏÓ˚ Ó˚yáy ˆòÎ˚yˆÏ°Ó˚ ≤ÃÜ,˛!ï˛Ó˚ í˛z˛õÓ˚– ôÓ˚y ÎyÜ˛ ò%!ê˛ àƒy§ A

~ÓÇ B ò%!ê˛ !Ë˛ß¨ ̨õy Ï̂e Ó˚yáy xy Ï̂SÈ– xyÙÓ˚y ̨õÓ˚#«˛yÙ)°Ü˛Ë˛y Ï̂Ó çy!l
ˆÎñ ~Ü˛!ê˛ !l!ò≈T˛ Ë˛ˆÏÓ˚Ó˚ àƒyˆÏ§Ó˚ ̂ «˛ˆÏe ã˛y˛õ ~ÓÇ xyÎ˚ï˛lˆÏÜ˛ ò%!ê˛
fl∫!lË≈˛Ó˚ ã˛°Ó˚y!¢ !•§yˆÏÓ !ÓˆÏÓã˛ly Ü˛Ó˚y ˆÎˆÏï˛ ˛õyˆÏÓ˚– ôÓ˚y ÎyÜ˛ñ
àƒy§mˆÏÎ˚Ó˚ ã˛y˛õ G xyÎ˚ï˛l ÎÌyÜ ˛ˆÏÙ åP

A
, V

A
ä ~ÓÇ åP

B
, V

B
ä–

§Ó≈≤ÃÌÙ ôÓ˚y ÎyÜ˛ §ÇfiÌymÎ˚ ̨õÓ˚flõ Ï̂Ó˚Ó˚ §Ç°@¿ ~ÓÇ ï˛y˛õ!l Ï̂Ó˚yôÜ˛
ˆòÎ˚y° (adiabatic wall) ÈüüüÈ ~Ü˛!ê˛ xhs˝Ó˚Ü˛ ˛õòyˆÏÌ≈Ó˚ ˆòÎ˚y°
åã˛°l«˛Ùä Îy ~Ü˛ ̨õye • Ï̂ï˛ x˛õÓ˚ ̨õy Ï̂e ¢!=˛ åï˛y˛õä ≤ÃÓy• • Ï̂ï˛
ˆòÎ˚ lyñ myÓ˚y ˛õ,ÌÜ˛ Ü˛Ó˚y Ó˚ˆÏÎ˚ˆÏSÈ– §ÇfiÌymÎ˚ ˛õy!Ó˚˛õy!Ÿª≈Ü˛ ˆÌˆÏÜ˛
~Ü˛•z ≤ÃÜ˛y Ï̂Ó˚Ó˚ ï˛y˛õ!l Ï̂Ó˚yôÜ˛ ̂ òÎ˚y°à%̂ Ï°y myÓ˚y !Ó!FSÈß¨ Ìy Ï̂Ü˛– ~•z
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* í˛zË˛Î˚ ã˛°Ó˚y!¢ ˛õ!Ó˚Óï≈˛ˆÏlÓ˚ ≤ÃˆÏÎ˚yçl ˆl•z– ~!ê˛ ¢ï≈˛à%ˆÏ°yÓ˚ í˛z˛õÓ˚ !lË≈˛Ó˚ Ü˛ˆÏÓ˚– í˛zòy•Ó˚îfl∫Ó˚)˛õñ Î!ò àƒy§à%ˆÏ°y !l!ò≈T˛ xyÎ˚ï˛ˆÏlÓ˚ ˛õyeà%ˆÏ°yˆÏï˛ ÌyˆÏÜ˛ñ
ˆ§ˆÏ«˛ˆÏe ï˛y˛õ#Î˚ §yÙƒyÓfiÌy xylˆÏï˛ ˆÜ˛Ó°Ùye àƒy§à%ˆÏ°yÓ˚ ã˛y˛õ•z ˛õ!Ó˚Ó!ï≈˛ï˛ •Î˚–

˛õ!Ó˚!fiÌ!ï˛!ê˛ 12.1 (a) ̂ Ó˚áy!ã˛ˆÏe ̂ òáyˆÏly •ˆÏÎ˚ˆÏSÈ– ~ˆÏ«˛ˆÏe ̂ òáy
ÎyÎ˚ñ ̂ Î ̂ Ü˛y Ï̂ly Ùy Ï̂lÓ˚ §Ω˛yÓƒ Î%à° åP

A
, V

A
ä x˛õÓ˚ §Ω˛yÓƒ Î%à°

åP
B
, V

B
ä ~Ó̊ §y Ï̂Ì §yÙƒyÓfiÌyÎ̊ Ìy Ï̂Ü˛– ~ál ï˛y˛õ Ï̂Ó̊yôÜ˛ ̂ òÎ̊y°!ê˛Ó̊

˛õ!Ó˚Ó Ï̂ï≈̨  ~Ü˛!ê˛ ï˛y˛õ§%̨ õ!Ó˚Óy•# ̂ òÎ˚y° ådiathermic wallä  ~Ü˛!ê˛
˛õ!Ó̊Óy•# ̂ òÎ̊y° Îy ~Ü˛ ̨õye • Ï̂ï˛ x˛õÓ̊ ̨õy Ï̂e ¢!=˛ åï˛y˛õä ≤ÃÓy!•ï˛
• Ï̂ï˛ ̂ òÎ˚ñ !Ó Ï̂Óã˛ly Ü˛Ó˚y • Ï̂° ̂ òáy Îy Ï̂Ó ̂ Î §ÇfiÌy ò%!ê˛ §yÙƒyÓfiÌy
xç≈l ly Ü˛Ó˚y ˛õÎ≈hs˝ A ~ÓÇ B §ÇfiÌymˆÏÎ˚Ó˚ ˛õ!Ó˚Ó#«˛!îÜ˛
ã˛°Ó˚y!¢à%ˆÏ°yÓ˚ fl∫ï˛fl≥)̨ ï≈˛ ̨õ!Ó˚Óï≈˛l âê˛ˆÏï˛ ÌyˆÏÜ˛– ~Ó˚˛õÓ˚ ̂ §áyˆÏl
ï˛yˆÏòÓ˚ xÓfiÌyÓ˚ ˛õ!Ó˚Óï≈˛l âê˛ˆÏÓ ly– ~ xÓfiÌy!ê˛ 12.1(b) lÇ
!ã˛ˆÏe ˆòáyˆÏly •ˆÏÎ˚ˆÏSÈ– àƒy§ ò%!ê˛Ó˚ ã˛y˛õ G xyÎ˚ï˛l ã˛°Ó˚y!¢mÎ˚
˛õ!Ó˚Ó!ï≈˛ï˛ •ˆÏÎ˚ åP

B
′, V

B
′ä ~ÓÇ åP

A
′, V

A
′ä •Î˚ñ ~ˆÏï˛ A G

B ~Ó˚ lï%̨ l xÓfiÌymÎ˚ ̨õÓ˚flõÓ˚ §yÙƒyÓfiÌyÎ˚ Ìy Ï̂Ü˛–
~Ü˛!ê˛ ˆÌˆÏÜ˛ xlƒ!ê˛ˆÏï˛ xyÓ˚ ˆÜ˛yˆÏly ¢!=˛ ≤ÃÓy• •Î˚ ly–

xyÙÓ˚y ï˛ál Ó°ˆÏï˛ ˛õy!Ó˚ A §ÇfiÌy!ê˛ B §ÇfiÌyÓ˚ §ˆÏAà ï˛y˛õ#Î˚
§yÙƒyÓfiÌyÎ̊ xy Ï̂SÈ– ò%!ê˛ §ÇfiÌyÓ̊ Ù Ï̂ôƒ ï˛y˛õ#Î̊ §yÙƒyÓfiÌyÓ̊ ̨õ!Ó̊!fiÌ!ï˛
§)ã˛Ü˛ ̃ Ó!¢T˛à%̂ Ï°y Ü˛#⁄ x!Ë˛K˛ï˛y • Ï̂ï˛ xyÙÓ˚y ~Ó˚ í z̨_Ó˚!ê˛ xl%Ùyl
Ü˛Ó˚ˆÏï˛ ˛õy!Ó˚– ï˛y˛õ#Î˚ §yÙƒyÓfiÌyÎ˚ ÌyÜ˛y ò%ˆÏê˛y §ÇfiÌyÓ˚ ï˛y˛õÙyey
§Ùyl •Î̊– xyÙÓ̊y ̂ òáÓ Ü˛#Ë˛y Ï̂Ó ~Ü˛çl ï˛y˛õà!ï˛!ÓòƒyÎ̊ ï˛y˛õÙyeyÓ̊
ôyÓ̊îy Ï̂ï˛ ̂ ˛õÔÑSÈyÎ̊⁄ ï˛y˛õà!ï˛!ÓòƒyÓ̊ ¢)lƒï˛yÓ̊ §)̂ Ïe ~•z ôyÓ̊îyÓ̊ •zÇ!àï˛
Ó˚̂ ÏÎ˚̂ ÏSÈ–

12.3 ï˛y˛õà!ï˛!ÓòƒyÓ˚ ¢)lƒï˛Ù §)e (Zeroth Law of

Thermodynamics)

[!ã˛e 12.2(a)] ï˛y˛õˆÏÓ˚yôÜ˛ ̂ òÎ˚y° myÓ˚y ̨ õ,ÌÜ˛ Ü˛Ó˚y ò%!ê˛ §ÇfiÌy A
~ÓÇ B Ü˛“ly Ü˛Ó̊y •° ̂ Îáy Ï̂l ≤Ã̂ Ïï˛ƒ Ï̂Ü˛ ~Ü˛!ê˛ §%̨ õ!Ó̊Óy•# ̂ òÎ̊y Ï̂°Ó̊
ÙyôƒˆÏÙ ï,˛ï˛#Î˚ ~Ü˛!ê˛ §ÇfiÌyÓ˚ (C) §yˆÏÌ Î%=˛– A ~ÓÇ B í˛zË˛Î˚•z
C-Ó̊ §y Ï̂Ì ï˛y˛õ#Î̊ §ÙƒyÓfiÌyÎ̊ ly xy§y ̨õÎ≈hs˝ §ÇfiÌyà%̂ Ï°yÓ̊ xÓfiÌyÓ̊
[ÎÌy ï˛y Ï̂òÓ̊ ̨õ!Ó̊Ó#«˛!îÜ˛ åmacroscopicä ã˛°Ó̊y!¢à%̂ Ï°y] ̨õ!Ó̊Óï≈̨l
•ˆÏÓ– ~ xÓfiÌy í˛z˛õ!fiÌï˛ •ÓyÓ˚ ˛õÓ˚ ôÓ˚y ÎyÜ˛ A ~ÓÇ B ~Ó˚
ÙôƒÓï≈˛# ï˛y˛õˆÏÓ˚yôÜ˛ ˆòÎ˚y°!ê˛ ~Ü˛!ê˛ ˛õ!Ó˚Óy•# ˆòÎ˚y° myÓ˚y
≤Ã!ï˛fiÌy!˛õï˛ •° ~ÓÇ A G B ˆÌˆÏÜ˛ C ˆÜ˛ ~Ü˛!ê˛ ï˛y˛õˆÏÓ˚yôÜ˛
ˆòÎ˚y° myÓ˚y xhs˝!Ó˚ï˛ Ü˛Ó˚y •° [!ã˛e 12.2(b)]– ~ÓyÓ˚ ˆòáy Îy Ï̂Ó
ˆÎ A ~ÓÇ B ~Ó˚ xÓfiÌymˆÏÎ˚Ó˚ ˆÜ˛yˆÏly ˛õ!Ó˚Óï≈˛l •Î˚ ly xÌ≈yÍ
ï˛yÓ˚y ˛õÓ˚flõÓ˚ ï˛y˛õ#Î˚ §yÙƒyÓfiÌyÎ˚ ÌyˆÏÜ˛– ~•z ˛õÎ≈ˆÏÓ«˛î
ï˛y˛õà!ï˛!ÓòƒyÓ˚ ¢)lƒï˛Ù §)̂ ÏeÓ˚ !Ë˛!_ àë˛l Ü˛ Ï̂Ó˚ñ Îy Óƒ=˛ Ü˛ Ï̂Ó˚ ̂ Î
Úò%!ê˛ §ÇfiÌyñ ï,˛ï˛#Î˚ ~Ü˛!ê˛ §ÇfiÌyÓ˚ §yˆÏÌ ˛õ,ÌÜ˛Ë˛yˆÏÓ ï˛y˛õ#Î˚
§yÙƒyÓfiÌyÎ˚ ÌyÜ˛ˆÏ° ˛õÓ˚flõÓ˚ ˛õÓ˚flõˆÏÓ˚Ó˚ §ˆÏAà ï˛y˛õ#Î˚ §yˆÏÙƒ
ÌyÜ˛ˆÏÓÛ– ï˛y˛õ à!ï˛!ÓòƒyÓ˚ ≤ÃÌÙ ~ÓÇ !mï˛#Î˚ §)e !ÓÓ,ï˛ •GÎ˚yÓ˚

x Ï̂lÜ˛ ̨õ Ï̂Ó˚ 1931 §y Ï̂° xyÓ˚É ~•zã˛É Ê˛yí z̨°yÓ˚ í z̨̨ õ!Ó˚í z̨=˛ !ÓÓ,!ï˛!ê˛
≤ÃîÎ˚l Ü˛ Ï̂Ó˚l– ˆ§çlƒ ~ Ï̂Ü˛ ¢)lƒï˛Ù §)e ÓˆÏ°–

¢)lƒï˛Ù §)e!ê˛ flõT˛Ë˛yˆÏÓ ≤ÃhflÏyÓ Ó˚yˆÏá ˆÎñ ò%!ê˛ §ÇfiÌy A
~ÓÇ B ï˛y˛õ#Î̊ §yÙƒyÓfiÌyÎ̊ ÌyÜ˛ Ï̂° í z̨Ë˛ Ï̂Î̊Ó̊ ̂ «˛ Ï̂e ~Ü˛!ê˛ ≤ÃyÜ,̨ !ï˛Ü˛
Ó˚y!¢ ÌyÜ˛ˆÏÓ ÎyÓ˚ Ùyl í˛zË˛Î˚ ˆ«˛ˆÏe•z §Ùyl •ˆÏÓ– ~•z ï˛y˛õàï˛#Î˚
ã˛°Ó̊y!¢!ê˛ ÎyÓ̊ Ùyl ï˛y˛õ#Î̊ §yÙƒyÓfiÌyÎ̊ í z̨Ë˛Î̊ §ÇfiÌyÓ̊ ̂ «˛ Ï̂e ~Ü˛•z
ÌyˆÏÜ˛ñ ï˛yˆÏÜ˛ ï˛y˛õÙyey åTä ÓˆÏ°– §%ï˛Ó˚yÇ A ~ÓÇ Bñ CÈüÈÓ˚ §yˆÏÌ
˛õ,ÌÜ˛Ë˛yˆÏÓ §yÙƒyÓfiÌyÎ˚ ÌyÜ˛ˆÏ°ñ TA = TC  ~ÓÇ TB = TC– ~!ê˛
ˆÓyV˛yÎ̊ ̂ Î TA = TB xÌ≈yÍ A ~ÓÇ B §ÇfiÌymÎ̊ ï˛y˛õ#Î̊ §yÙƒyÓfiÌyÎ̊
ÌyÜ˛ˆÏÓ– ≤Ãã˛!°ï˛ ≤ÃÌyl%ÎyÎ˚# ¢)lƒï˛Ù §)ˆÏeÓ˚ ÙyôƒˆÏÙ xyÙÓ˚y
ï˛y˛õÙyeyÓ˚ ôyÓ˚îyÎ˚ í˛z˛õl#ï˛ •ˆÏÎ˚!SÈ– ˛õÓ˚Óï≈˛# ≤ÃŸ¿!ê˛ •° ı !Ó!Ë˛ß¨
Ó›Ó̊ ï˛y˛õÙyeyÓ̊ §yÇ!áƒÜ˛ Ùylà%̂ Ï°y Ü˛#Ë˛y Ï̂Ó !lî≈Î̊ Ü˛Ó̊y ÎyÎ̊⁄ !Ü˛ÇÓyñ
xyÙÓ˚y Ü˛#Ë˛yˆÏÓ ~Ü˛!ê˛ ï˛y˛õÙyeyÓ˚ ˆflÒ° ˜ï˛!Ó˚ Ü˛Ó˚ˆÏï˛ ˛õy!Ó˚⁄
ÌyˆÏÙy≈!Ù!ï˛ ~•z ˆÙÔ!°Ü˛ ≤ÃŸ¿!ê˛ !lˆÏÎ˚ ã˛ã≈˛y Ü˛ˆÏÓ˚ Îy xyÙÓ˚y ˛õÓ˚Óï≈˛#
!ÓË˛y Ï̂à ̂ òáÓ–

Fig. 12.2 (a) A ~ÓÇ B §ÇfiÌymÎ˚ ~Ü˛!ê˛ ï˛y˛õˆÏÓ˚yôÜ˛ ˆòÎ˚y° myÓ˚y
˛õ,ÌÜ˛ Ü˛Ó˚y xyˆÏSÈñ ˆÎáyˆÏl ≤ÃˆÏï˛ƒˆÏÜ˛ ~Ü˛!ê˛ ˛õ!Ó˚Óy•# ˆòÎ˚y°
myÓ˚y ~Ü˛!ê˛ ï,˛ï˛#Î˚ §ÇfiÌy CÈüÈ~Ó˚  §ÇflõˆÏ¢≈ xyˆÏSÈ– (b) A

~ÓÇ B ~Ó˚ ÙôƒÓï≈˛# ï˛y˛õˆÏÓ˚yôÜ˛ ̂ òÎ˚y°!ê˛ ~Ü˛!ê˛ §%˛õ!Ó˚Óy•#
ˆòÎ˚y° myÓ˚y ≤Ã!ï˛fiÌy!˛õï˛ •° ̂ ÎáyˆÏl C ~Ü˛!ê˛ ï˛y˛õˆÏÓ˚yôÜ˛
ˆòÎ˚y° myÓ˚y A ~ÓÇ B •ˆÏï˛ xhs˝!Ó˚ï˛–

(a)

(b)
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12.4 ï˛y˛õñ xhs˝/¢!=˛ ~ÓÇ Ü˛yÎ≈
(Heat, internal energy and work)

ï˛y˛õà!ï˛!ÓòƒyÓ˚ ¢)lƒï˛Ù §)e!ê˛ xyÙy Ï̂òÓ˚̂ ÏÜ˛ ï˛y˛õÙyeyÓ˚ ôyÓ˚îy ̂ òÎ˚

Îy xyÙyˆÏòÓ˚ §yôyÓ˚î ôyÓ˚îyÓ˚ §yˆÏÌ !ÙˆÏ° ÎyÎ˚– ï˛y˛õÙyey ˆÜ˛yˆÏly

Ó›Ó˚ ï˛y˛õ#Î˚ xÓfiÌyˆÏÜ˛ åhotnessä !ã˛!•´ï˛ Ü˛ˆÏÓ˚– Îál ò%!ê˛ Ó›

ï˛y˛õ#Î˚ §Çflõ Ï̂¢≈ Ìy Ï̂Ü˛ ï˛ál ~!ê˛ ï˛y˛õ ≤ÃÓy Ï̂•Ó˚ !òÜ˛ !l Ï̂ò≈¢ Ü˛ Ï̂Ó˚–

í z̨Fã˛ ï˛y˛õÙyeyÎ˚ ÌyÜ˛y Ó› • Ï̂ï˛ !l¡¨ÈüÈï˛y˛õÙyeyÎ˚ ÌyÜ˛y Ó›Ó˚ !ò Ï̂Ü˛

ï˛y˛õ ≤ÃÓy!•ï˛ •Î˚– í˛zË˛ˆÏÎ˚Ó˚ ï˛y˛õÙyey ~Ü˛ •ˆÏ° ≤ÃÓy• Órô •Î˚ó

Ó›ò%!ê˛ ï˛y˛õ#Î˚ §yÙƒyÓfiÌyÎ˚ xyˆÏ§– !Ó!Ë˛ß¨ Ó›Ó˚ ï˛y˛õÙyeyà%ˆÏ°y

!lî≈̂ ÏÎ˚Ó˚ çlƒ ï˛y˛õÙyeyÓ˚ ̂ flÒ°à%̂ Ï°y Ü˛# Ü˛ Ï̂Ó˚ à!ë˛ï˛ •Î˚ ï˛y xyÙÓ˚y

!ÓhflÏy!Ó˚ï˛Ë˛yˆÏÓ ˆòáˆÏÓy– xyÙÓ˚y ~ál ï˛yˆÏ˛õÓ˚ ôyÓ˚îy ~ÓÇ xlƒ

≤Ãy§!AàÜ˛ Ó˚y!¢à%ˆÏ°y ̂ ÎÙl xhs˝/¢!=˛ ~ÓÇ Ü˛yˆÏÎ≈Ó˚ Óî≈ly Ü˛Ó˚ÏÓ–

~Ü˛!ê˛ §ÇfiÌyÓ˚ xhs˝/¢!=˛Ó˚ ôyÓ˚îy!ê˛ ̂ ÓyV˛y Ü˛T˛§yôƒ lÎ˚–

xyÙÓ˚y çy!l ≤ÃˆÏï˛ƒÜ˛ Ó,•Í xyÜ˛yˆÏÓ˚Ó˚ §ÇfiÌyÎ˚ x!ôÜ˛ §ÇáƒÜ˛

xî% ÌyˆÏÜ˛– xhs/˝¢!=˛ ~§Ó xî%à%ˆÏ°yÓ˚ à!ï˛¢!=˛ G !fiÌ!ï˛¢!=˛Ó˚

§Ù!T˛ Ùye– ï˛y˛õà!ï˛!ÓòƒyÎ˚ §yÙ!@˝ÃÜ˛Ë˛yˆÏÓ §ÇfiÌyÓ˚ à!ï˛¢!=˛•z

ˆÎ ≤Ãy§!AàÜ˛ lÎ˚ ï˛y ˛õ)ˆÏÓ≈•z Óƒ=˛ •ˆÏÎ˚ˆÏSÈ– ˆÎ !lˆÏò≈¢ ï˛ˆÏsfÓ˚

fl∫yˆÏ˛õˆÏ«˛ §ÇfiÌy!ê˛Ó˚ Ë˛Ó˚ˆÏÜ˛w !fiÌÓ˚ ÌyˆÏÜ˛ñ ˆ§•z !lˆÏò≈¢ï˛ˆÏsf

xî%à%ˆÏ°yÓ˚ à!ï˛¢!=˛ ~ÓÇ !fiÌ!ï˛¢!=˛Ó˚ §Ù!T˛•z •° §ÇfiÌy!ê˛Ó˚

xhs/˝¢!=˛– ~çlƒñ ~!ê˛ §ÇfiÌyÓ˚ xî%à%ˆÏ°yÓ˚ ~ˆÏ°yˆÏÙˆÏ°y

à!ï˛§¡õ!Ü≈̨ ï˛ åSÈeË˛Aàä ¢!=˛!ê˛ ̂ Ü˛Ó°Ùye !Ó Ï̂Ó!ã˛ï˛ •Î˚– xyÙÓ˚y

~Ü˛!ê˛ §ÇfiÌyÓ˚ xhs˝/¢!=˛ˆÏÜ˛ U myÓ˚y ≤ÃÜ˛y¢ Ü˛!Ó˚–

Î!òG xyÙÓ˚y xhs/˝¢!=˛Ó˚ xÌ≈ ̂ ÓyV˛yÓ˚ çlƒ xyî!ÓÜ˛ !ã˛ Ï̂eÓ˚

≤ÃÓï≈˛l Ü˛ˆÏÓ˚!SÈñ ï˛y˛õàï˛#Î˚ !ÓòƒyÎ˚ U •° ˆÜ˛Ó°Ùye §ÇfiÌy!ê˛Ó˚

˛õ!Ó˚Ó#«˛!îÜ˛ ã˛°Ó˚y!¢– xhs˝/¢!=˛Ó˚ Óƒy˛õyˆÏÓ˚ à%Ó˚%c˛õ)î≈ !òÜ˛!ê˛ •Ï°

~!ê˛ ˆÜ˛Ó°Ùye §ÇfiÌy!ê˛Ó˚ xÓfiÌyÓ˚ í˛z˛õÓ˚ !lË≈˛Ó˚ Ü˛ˆÏÓ˚ñ Ü˛#Ë˛yˆÏÓ

xÓfiÌy!ê˛ xyˆÏ§ ï˛yÓ˚ í˛z˛õÓ˚ !lË≈˛Ó˚ Ü˛ˆÏÓ˚ ly– ~Ü˛!ê˛ §ÇfiÌyÓ˚ xhs˝/

¢!=˛ Uñ ï˛y˛õàï˛#Î˚ ÚxÓfiÌyÓ˚ ≤Ãyã˛°Û åstate variableä ~Ó˚ ~Ü˛!ê˛

í z̨òy•Ó˚î– ~!ê˛Ó˚ Ùyl §ÇfiÌy!ê˛Ó˚ ≤Ãò_ xÓfiÌyÓ˚ í z̨̨ õÓ˚•z ̂ Ü˛Ó°Ùye

!lË≈̨ Ó˚ Ü˛ Ï̂Ó˚ñ xÓfiÌy!ê˛ ̂ Ü˛yl‰ ̨õ Ï̂Ì ~° ï˛yÓ˚ •z!ï˛•y Ï̂§Ó˚ í z̨̨ õÓ˚ lÎ˚–

~çlƒ !l!ò≈T˛  Ë˛ Ï̂Ó˚Ó˚ àƒy Ï̂§Ó˚ xhs˝/¢!=˛ àƒy§!ê˛Ó˚ xÓfiÌy !lî≈yÎ˚Ü˛

ã˛y˛õñ xyÎ̊ï˛l ~ÓÇ ï˛y˛õÙyeyÓ̊ xy Į̈̂ õ!«˛Ü˛ Ùy Ï̂lÓ̊ í z̨̨ õÓ̊ !lË≈̨ Ó̊ Ü˛ Ï̂Ó̊–

àƒy§!ê˛Ó˚ xÓfiÌy Ü˛# Ü˛ˆÏÓ˚ ~° ï˛yÓ˚ í˛z˛õÓ˚ !lË≈˛Ó˚ Ü˛ˆÏÓ˚ ly– ã˛y˛õñ

xyÎ̊ï˛lñ ï˛y˛õÙyey ~ÓÇ xhs/˝¢!=˛ ~Ü˛!ê˛ §ÇfiÌyÓ̊ åàƒy§ä ï˛y˛õàï˛#Î̊

ã˛°Ó̊y!¢ å12.7 lÇ xl%̂ ÏFSÈò ̂ ò Ï̂áyä– Î!ò xyÙÓ̊y àƒy Ï̂§Ó̊ «%̨ o xyhs˝/

xyî!ÓÜ˛ Ó°à%ˆÏ°yˆÏÜ˛ í˛zˆÏ˛õ«˛y Ü˛!Ó˚ ï˛ˆÏÓ xî%à%ˆÏ°yÓ˚ ~ˆÏ°yˆÏÙˆÏ°y

à!ï˛ §¡õ!Ü≈̨ ï˛ à!ï˛¢!=˛Ó˚ §Ù!T˛•z ̂ Ü˛Ó°Ùye àƒy§!ê˛Ó˚ xhs˝/¢!=˛–
˛õÓ˚Óï≈˛# xl%ˆÏFSÈˆÏò xyÙÓ˚y ˆòáÓ àƒyˆÏ§Ó˚ xî%à%ˆÏ°yÓ˚ à!ï˛ˆÏï˛
ˆÜ˛Ó°Ùye ã˛°là!ï˛ ÌyˆÏÜ˛ ly åxÌ≈yÍ ˛õyˆÏeÓ˚ ÙôƒfiÌ xyÎ˚ï˛ˆÏl
~Ü˛ !Ó®% •ˆÏï˛ x˛õÓ˚ !Ó®%ˆÏï˛äó ~ˆÏï˛ xî%à%ˆÏ°yÓ˚ â)î≈l G Ü˛¡õl
à!ï˛G xhs˝Ë)≈̨ =˛ Ìy Ï̂Ü˛ å!ã˛e 12.3ä–

Fig. 12.3 (a) ~Ü˛!ê˛ Óy: Îál !fiÌÓ˚yÓfiÌyÎ˚ ÌyˆÏÜ˛ ï˛ál ~Ó˚ ÙôƒfiÌ ~Ü˛!ê˛

àƒyˆÏ§Ó˚ xhs˝/¢!=˛ U, ~!ê˛Ó˚ xî%à%ˆÏ°yÓ˚ à!ï˛¢!=˛ G

!fiÌ!ï˛¢!=˛Ó˚ §Ù!T˛– !Ó!Ë˛ß¨ ôÓ˚ˆÏlÓ˚ à!ï˛Ó˚ çlƒ à!ï˛¢!=˛

åã˛°lñ â)î≈lñ Ü˛¡õlä xhs˝/¢!=˛ U ~Ó˚ xhs˝Ë)≈˛=˛– (b) ~Ü˛•z

Óy:!ê˛ Î!ò ˆÜ˛yˆÏly à!ï˛ˆÏÓà !lˆÏÎ˚ à!ï˛¢#° ÌyˆÏÜ˛ U ˆï˛

Óy:!ê˛Ó˚ à!ï˛¢!=˛ xhs˝Ë)≈˛=˛ •Î˚ ly–

Fig. 12.4 ï˛y˛õ ~ÓÇ Ü˛yÎ≈ñ ˆÜ˛y Ï̂ly ~Ü˛!ê˛ §ÇfiÌyÎ˚ ¢!=˛Ó˚ §M˛y°ˆÏlÓ˚
ò%!ê˛ flõT˛ Ó˚)˛õ Îy xhs˝/¢!=˛Ó˚ ˛õ!Ó˚Óï≈˛l âê˛yÎ˚– (a) §ÇfiÌy
~ÓÇ ˛õ!Ó˚ˆ ÏÓˆÏ¢Ó˚ ÙˆÏôƒ ï˛y˛õÙyeyÓ˚ ˛õyÌ≈Ü˛ƒ ÌyÜ˛ˆÏ°
ï˛y˛õ¢!=˛ §M˛y!°ï˛ •Î˚– (b) Ü˛yÎ≈ •° ˆÜ˛yˆÏly í˛z˛õyˆÏÎ˚
âê˛yˆÏly ¢!=˛Ó˚ §M˛y°l åí˛zòy•Ó˚îfl∫Ó˚)˛õ Ë˛yÓ˚Î%=˛ !˛õT˛l!ê˛Ó˚
Ë˛yÓ˚ !Ü˛S%È ˛õ!Ó˚ÙyˆÏî Óy!í˛¸ˆÏÎ˚ Óy Ü˛!ÙˆÏÎ˚ !˛õT˛l!ê˛ˆÏÜ˛
lyÙyˆÏly •Ï° xÌÓy í˛zë˛yˆÏly •°ä ÎyÓ˚ §yˆÏÌ ï˛y˛õÙyeyÓ˚
˛õyÌ≈Ü˛ƒ ç!í˛¸ï˛ lÎ˚–
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~Ü˛!ê˛ §ÇfiÌyÓ˚ xhs˝/¢!=˛Ó˚ åinternal energyä ̨õ!Ó˚Óï≈˛l
Ü˛#Ë˛yˆÏÓ •Î˚⁄ xyÓyÓ˚ ô Ï̂Ó˚yñ à!ï˛¢#° !˛õT˛l§• ~Ü˛!ê˛ ˆã˛yˆÏ.Ó˚
ÙˆÏôƒ !l!ò≈T˛ Ë˛ˆÏÓ˚Ó˚ àƒy§ Ó˚ˆÏÎ˚ˆÏSÈ Îy 12.4 lÇ !ã˛ˆÏe ˆòáyˆÏly
• Ï̂°y– x!Ë˛K˛ï˛y ̂ ÓyV˛yÎ˚ ̂ §áy Ï̂l ò%Ë˛y Ï̂Ó àƒy§!ê˛Ó˚ xÓfiÌyÓ˚ å~ÓÇ
~!ê˛Ó˚ xhs˝/¢!=˛ä ̨õ!Ó˚Óï≈˛l Ü˛Ó˚y ÎyÎ˚– ~Ü˛!ê˛ í˛z˛õyÎ˚ •° ̂ ã˛y.!ê˛Ó˚
ÙˆÏôƒ ÌyÜ˛y àƒy§ ˆÌˆÏÜ˛ x!ôÜ˛ ï˛y˛õÙyeyÎ˚ ÌyÜ˛y ~Ü˛!ê˛ Ó›Ó˚
§Çflõ Ï̂¢≈ ̂ ã˛y.!ê˛ Ï̂Ü˛ Ó˚yáy– ï˛y˛õÙyeyÓ˚ ̨õyÌ≈̂ ÏÜ˛ƒÓ˚ çlƒ í z̨_Æ Ó›!ê˛
ˆÌˆÏÜ˛ àƒyˆÏ§ ¢!=˛Ó˚ åï˛y˛õä ≤ÃÓy• âê˛ˆÏÓ– ~ˆÏï˛ àƒy§!ê˛Ó˚ xhs˝/
¢!=˛Ó˚ Ó,!Âô âˆÏê˛– xlƒ í˛z˛õyÎ˚!ê˛ •° !˛õT˛l!ê˛ Ï̂Ü˛ l#ˆÏã˛Ó˚ !òˆÏÜ˛
ˆë˛ˆÏ° ˆòÎ˚y xÌ≈yÍ §ÇfiÌyÓ˚ í˛z˛õÓ˚ Ü˛yÎ≈ Ü˛Ó˚yñ Ê˛°fl∫Ó˚)˛õ àƒyˆÏ§Ó˚
xhs˝/¢!=˛Ó˚ Ó,!Âô •Î˚– xÓ¢ƒ !Ó˛õÓ˚#ï˛Ü ˛ˆÏÙ ~ò%!ê˛ ≤Ã!Ü ˛Î˚y•z âê˛ˆÏï˛
˛õy Ï̂Ó˚– ̨õy!Ó˚̨ õy!Ÿª≈̂ ÏÜ˛Ó˚ ï˛y˛õÙyey Ü˛Ù • Ï̂° àƒy§ ̂ Ì Ï̂Ü˛ ̨õy!Ó˚̨ õy!Ÿª≈̂ ÏÜ˛
ï˛yˆÏ˛õÓ˚ ≤ÃÓy• •Î˚– ~Ü˛•zË˛yˆÏÓñ àƒy§!ê˛ !˛õT˛lˆÏÜ˛ í˛z˛õˆÏÓ˚Ó˚ !òˆÏÜ˛
ˆë˛°ˆÏï˛ ˛õyˆÏÓ˚ ~ÓÇ ˛õy!Ó˚˛õy!Ÿª≈ˆÏÜ˛Ó˚ í˛z˛õÓ˚ Ü˛yÎ≈ Ü˛ˆÏÓ˚– §ÇˆÏ«˛ˆÏ˛õñ
ï˛y˛õ ~ÓÇ Ü˛yÎ≈ •° ~Ü˛!ê˛ ï˛y˛õàï˛#Î˚ §ÇfiÌyÓ˚ xÓfiÌy ̨õ!Ó˚Óï≈˛l
Ü˛Ó˚yÓ˚ ò%!ê˛ !Ë˛ß¨ ≤Ã!Ü ̨ Î˚y ~ÓÇ ~ ò%!ê˛ í z̨̨ õy Ï̂Î˚•z xhs˝/¢!=˛Ó˚ ̨õ!Ó˚Óï≈̨ l
âˆÏê˛–

ï˛yˆÏ˛õÓ˚ ôyÓ˚îy!ê˛ñ xhs˝/¢!=˛Ó˚ ôyÓ˚îy!ê˛ ̂ ÌˆÏÜ˛ §ˆÏã˛ï˛lË˛yˆÏÓ
˛õ,ÌÜ˛ Ü˛Ó˚y í˛z!ã˛ï˛– ï˛y˛õ !l!Ÿã˛ï˛Ë˛yˆÏÓ ~Ü˛!ê˛ ¢!=˛ñ Îy ≤ÃÓy!•ï˛
•ˆÏï˛ ̨ õyˆÏÓ˚– ~!ê˛ ̂ Ü˛Ó°Ùye ¢ˆÏ∑Ó˚ ̂ á°y lÎ˚– ≤ÃˆÏË˛ò!ê˛ ̂ ÙÔ!°Ü˛
ï˛yÍ˛õÎ≈˛õ)î≈– ~Ü˛!ê˛ ï˛y˛õàï˛#Î˚ §ÇfiÌyÓ˚ ˜Ó!¢T˛ƒ !lô≈y!Ó˚ï˛ •Î˚
~!ê˛Ó˚ xhs˝/¢!=˛Ó˚ myÓ˚yñ ï˛y˛õ myÓ˚y lÎ˚– Ú~Ü˛!ê˛ àƒyˆÏ§Ó˚ ̂ Ü˛yˆÏly
~Ü˛ ≤Ãò_ xÓfiÌyÎ˚ !l!ò≈T˛ ˛õ!Ó˚Ùyî ï˛y˛õ ÌyˆÏÜ˛Û ~•z í˛z!=˛!ê˛
ˆÎÙl xÌ≈•#lñ !ë˛Ü˛ ˆï˛Ù!l Ú~Ü˛!ê˛ àƒyˆÏ§ ˆÜ˛yˆÏly ~Ü˛ ≤Ãò_
xÓfiÌyÎ˚ !l!ò≈T˛ ˛õ!Ó˚Ùyî Ü˛yÎ≈ ÌyˆÏÜ˛Û í˛z!=˛!ê˛G xÌ≈•#l–
ï%˛°lyÙ)°Ü˛Ë˛yˆÏÓ Ú~Ü˛!ê˛ àƒyˆÏ§ ̂ Ü˛y Ï̂ly ≤Ãò_ xÓfiÌyˆÏï˛È !l!ò≈T˛
˛õ!Ó˚Ùyî xË˛ƒhs˝Ó˚#î ¢!=˛ ÌyˆÏÜ˛Û ~•z í˛z!=˛!ê˛ ÎÌyÌ≈Ë˛yˆÏÓ
ï˛yÍ˛õÎ≈˛õ)î≈– ~Ü˛•z Ó˚Ü˛ÙË˛yˆÏÓ Ú~Ü˛!ê˛ §ÇfiÌyˆÏï˛ !l!ò≈T˛ ̨õ!Ó˚Ùyî
ï˛y˛õ §Ó˚ÓÓ˚y• Ü˛Ó˚y •°Û xÌÓy Ú§ÇfiÌy!ê˛Ó˚ myÓ˚y !Ü˛S%È ̨ õ!Ó˚Ùyî
Ü˛yÎ≈ Ü˛Ó˚y •°ÛÈüüüÈ í˛z!=˛!ê˛ §!ë˛Ü˛ ï˛yÍ˛õÎ≈˛õ)î≈ •Î˚–

§yÓ̊§Ç Ï̂«˛ Į̈̂ õñ ï˛y˛õà!ï˛!ÓòƒyÎ̊ ï˛y˛õ ~ÓÇ Ü˛yÎ≈ xÓfiÌyÓ̊ ≤Ãyã˛°
lÎ˚– ~à%ˆÏ°y •° ~Ü˛!ê˛ §ÇfiÌyÓ˚ ˆ«˛ˆÏe ¢!=˛Ó˚ §M˛y°ˆÏlÓ˚
≤Ã!Ü ̨ Î˚y§Ù)• ÎyÓ˚ Ê˛° fl∫Ó)̨̊ õ §ÇfiÌy!ê˛ Ï̂ï˛ xhs˝/¢!=˛Ó˚ ̨õ!Ó˚Óï≈̨ l â Ï̂ê˛ñ
Îy •z!ï˛˛õ)̂ ÏÓ≈ xÓfiÌyÓ˚ ≤Ãyã˛°Ó)̊̂ Į̈ õ í ẑ̨ ÏÕ‘!áï˛ • Ï̂Î˚̂ ÏSÈ–

§yôyÓ˚î Ë˛y£ÏyˆÏï˛ñ xyÙÓ˚y ≤ÃyÎ˚•z ï˛yˆÏ˛õÓ˚ §yˆÏÌ xhs˝/¢!=˛ˆÏÜ˛
à%!°ˆÏÎ˚ ˆÊ˛!°– ≤ÃyÌ!ÙÜ˛ ˛õòyÌ≈!ÓòƒyÓ˚ Ó•zà%ˆÏ°yˆÏï˛ ~ˆÏòÓ˚ ÙˆÏôƒ
˛õyÌ≈Ü˛ƒ!ê˛ í ẑ̨ Į̈ õ«˛y Ü˛Ó̊y •Î̊– ï˛y˛õà!ï˛!Óòƒy §!ë˛Ü˛Ë˛y Ï̂Ó ̂ ÓyV˛yÓ̊ çlƒ
˛õyÌ≈Ü˛ƒ!ê˛ xï˛ƒhs˝ à%Ó%̊c˛õ)î≈–

12.5 ï˛y˛õà!ï˛!ÓòƒyÓ˚ ≤ÃÌÙ §)e
(First Law of Thermodynamics)

xyÙÓ˚y ˆòˆÏá!SÈ ~Ü˛!ê˛ §ÇfiÌyÓ˚ xhs˝/¢!=˛ ÈUüÈÓ˚ ˛õ!Ó˚Óï≈˛l ¢!=˛
§M˛y°ˆÏlÓ˚ ò%!ê˛ ≤Ã!Ü ˛Î˚yÓ˚ ÙyôƒˆÏÙ•z Ü˛Ó˚y ÎyÎ˚ ı ï˛y˛õ ~ÓÇ Ü,˛ï˛Ü˛yÎ≈–
ôÓ˚y ÎyÜ˛
∆Q = ˛õ!Ó˚̂ ÏÓ¢ myÓ˚y §ÇfiÌy Ï̂ï˛ §Ó˚ÓÓ˚y!•ï˛ ï˛y˛õ
∆W = ˛õ!Ó˚̂ ÏÓ Ï̂¢Ó˚ í z̨̨ õÓ˚ §ÇfiÌy myÓ˚y Ü,̨ ï˛Ü˛yÎ≈
∆U = §ÇfiÌyÓ˚ xhs˝/¢!=˛Ó˚ ̨õ!Ó˚Óï≈̨ lÈ

¢!=˛Ó˚ §ÇÓ˚«˛ Ï̂îÓ˚ §yôyÓ˚î l#!ï˛ !l Ï̂ò≈¢ Ü˛ Ï̂Ó˚ ̂ Î
∆Q =  ∆U + ∆W (12.1)

xÌ≈yÍ §ÇfiÌy Ï̂ï˛ §Ó˚ÓÓ˚y!•ï˛ ¢!=˛Ó˚ (∆Q) ~Ü˛ xÇ¢ §ÇfiÌyÓ˚ xhs˝/
¢!=˛ Ó,!Âô Ü˛ˆÏÓ˚ (∆U) ~ÓÇ x˛õÓ˚ xÇ¢!ê˛ ˛õ!Ó˚ˆÏÓˆÏ¢Ó˚ í˛z˛õÓ˚ Ü˛yÎ≈
(∆W) Ü˛ Ï̂Ó˚– §Ù#Ü˛Ó˚î (12.1) ï˛y˛õà!ï˛!ÓòƒyÓ˚ ≤ÃÌÙ §)e !• Ï̂§ Ï̂Ó
˛õ!Ó˚!ã˛ï˛– ~!ê˛ ˆÜ˛Ó°Ùye ˆÎÈüÈˆÜ˛yˆÏly §ÇfiÌyÎ˚ ≤ÃÎ%=˛ ¢!=˛Ó˚
§ÇÓ˚«˛ˆÏîÓ˚ §yôyÓ˚î §)eñ ˆÎáyˆÏl ˛õy!Ó˚˛õy!Ÿª≈Ü˛ ˆÌˆÏÜ˛ xÌÓy
˛õy!Ó˚˛õy!Ÿª≈ Ï̂Ü˛  ¢!=˛Ó˚ §M˛y°l àîly Ü˛Ó˚y •Î˚–
§Ù#Ü˛Ó˚î (12.1) ~Ó˚ !Ë˛ß¨ Ó˚)˛õ!ê˛ •°

∆Q  – ∆W  = ∆U (12.2)

~ál §ÇfiÌy!ê˛ Ï̂Ü˛ ≤ÃyÌ!ÙÜ˛ xÓfiÌy ̂ Ì Ï̂Ü˛ ã)̨ í ¸̨yhs˝ xÓfiÌy Ï̂ï˛
ˆÓ¢ !Ü˛S%È í z̨̨ õy Ï̂Î̊•z ̂ lGÎ̊y ÎyÎ̊– í z̨òy•Ó̊îfl∫Ó̊)̨ õñ ~Ü˛!ê˛ àƒy Ï̂§Ó̊ xÓfiÌy
(P

1
, V

1
) ˆÌ Ï̂Ü˛ (P

2
, V

2
) ~ ˛õ!Ó˚Óï≈˛l Ü˛Ó˚ˆÏï˛ àƒy§!ê˛Ó˚ ã˛y˛õ

x˛õ!Ó˚Ó!ï≈˛ï˛ ̂ Ó˚ˆÏá xyÙÓ˚y ≤ÃÌˆÏÙ àƒy§!ê˛Ó˚ xyÎ˚ï˛l V
1
 ̂ Ì Ï̂Ü˛ V

2

ˆï˛ ̨õ!Ó˚Óï≈̨ l Ü˛Ó˚̂ Ïï˛ ̨õy!Ó˚– xÌ≈yÍ ≤ÃÌ Ï̂Ù (P
1
, V

2
) xÓfiÌyÎ˚ ̂ Î Ï̂ï˛

˛õy!Ó˚ ~ÓÇ ˛õˆÏÓ˚ (P
2
, V

2
) xÓfiÌyÎ˚ !lˆÏÎ˚ ˆÎˆÏï˛ xyÎ˚ï˛l !fiÌÓ˚

ˆÓ˚ˆÏá àƒyˆÏ§Ó˚ ã˛y˛õ P
1
 ˆÌ Ï̂Ü˛ P

2
 ˆï˛ ˛õ!Ó˚Óï≈˛l Ü˛Ó˚ˆÏï˛ ˛õy!Ó˚–

x˛õÓ˚Ë˛yˆÏÓñ ≤ÃÌˆÏÙ xyÙÓ˚y xyÎ˚ï˛l!ê˛ !fiÌÓ˚ Ó˚yáÓ ~ÓÇ ˛õˆÏÓ˚ ã˛y˛õ
!fiÌÓ˚ Ó˚yáÓ– ˆÎˆÏ•ï%˛ U ~Ü˛!ê˛ xÓfiÌy ≤Ãyã˛°ñ ∆U ˆÜ˛Ó°Ùye
≤ÃyÌ!ÙÜ˛ ~ÓÇ ã)˛í˛¸yhs˝ xÓfiÌyÓ˚ í˛z˛õÓ˚ !lË≈˛Ó˚ Ü˛ˆÏÓ˚ !Ü˛v àƒy§!ê˛ˆÏÜ˛
~Ü˛ xÓfiÌy ˆÌˆÏÜ˛ xlƒ xÓfiÌyˆÏï˛ !lˆÏÎ˚ ÎyGÎ˚yÓ˚ ˛õˆÏÌÓ˚ í˛z˛õÓ˚
lÎ̊– Îy ̂ •yÜ˛ ∆Q ~ÓÇ ∆Wñ §yôyÓ̊îï˛ àƒy§!ê˛ Ï̂Ü˛ ≤ÃyÌ!ÙÜ˛ xÓfiÌy
ˆÌˆÏÜ˛ ã)˛í˛¸yhs˝ xÓfiÌyÎ˚ !lˆÏÎ˚ ÎyGÎ˚yÓ˚ ˛õˆÏÌÓ˚ í˛z˛õÓ˚ !lË≈˛Ó˚ Ü˛ˆÏÓ˚–
ï˛y˛õà!ï˛ !ÓòƒyÓ˚ ≤ÃÌÙ §)ˆÏeÓ˚ §Ù#Ü˛Ó˚î (12.2) ̂ ÌˆÏÜ˛ ~!ê˛ flõT˛
ˆÎ å∆Q – ∆Wä §ÇÎ%!=˛!ê˛ ˛õÌ!lÓ˚ˆÏ˛õ«˛ •Î˚– ~!ê˛ ˆòáyÎ˚ ˆÎñ
~Ü˛!ê˛ §ÇfiÌy Ï̂Ü˛ Î!ò ~Ùl ~Ü˛!ê˛ ≤Ã!Ü ̨ Î˚yÓ˚ Ùyôƒ Ï̂Ù !l Ï̂Î˚ ÎyGÎ˚y •Î˚
ˆÎáy Ï̂l ∆U = 0 åí˛zòy•Ó˚îfl∫Ó˚)˛õñ ~Ü˛!ê˛ xyò¢≈ àƒyˆÏ§Ó˚ §ˆÏÙy£÷Ï
≤Ã§yÓ˚îñ  12.8 xl%̂ ÏFSÈò ̂ ò Ï̂áyäñ ̂ § Ï̂«˛ Ï̂e

∆Q  = ∆W

xÌ≈yÍñ ˛õ!Ó˚ˆÏÓˆÏ¢Ó˚ í˛z˛õÓ˚ §ÇfiÌy myÓ˚y Ü˛yÎ≈ Ü˛Ó˚ˆÏï˛ §ÇfiÌyÎ˚
§Ó˚ÓÓ˚y!•ï˛ ï˛y˛õ §¡õ)î≈Ó)̊̂ Į̈ õ ÓƒÓ•,ï˛ •Î˚–

Î!ò §ÇfiÌy!ê˛ ã˛°yã˛ˆÏ° fl∫«˛Ù !˛õT˛lÎ%=˛ ˆã˛yˆÏ. ÌyÜ˛y àƒy§
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•Î˚ ï˛ˆÏÓ àƒy§!ê˛ !˛õT˛l!ê˛ˆÏÜ˛ à!ï˛¢#° Ü˛Ó˚ˆÏï˛ Ü˛yÎ≈ Ü˛ˆÏÓ˚– ˆÎˆÏ•ï%˛
Ó° •Ï° ã˛y˛õ ~ÓÇ ̂ «˛eÊ˛ Ï̂°Ó˚ à%îÊ˛° ~ÓÇ xyÎ˚ï˛l •Ï° ̂ «˛eÊ˛°
~ÓÇ §Ó˚̂ ÏîÓ˚ à%îÊ˛°ñ !fiÌÓ˚ã˛y˛õ P ~Ó˚ !ÓÓ%̊̂ ÏÂô §ÇfiÌymyÓ˚y Ü,̨ ï˛Ü˛yÎ≈

∆W  = P ∆V

ˆÎáy Ï̂lñ ∆V •° àƒy§!ê˛Ó̊ xyÎ̊ï˛ Ï̂lÓ̊ ̨õ!Ó̊Óï≈̨ l– ~ Ï̂«˛ Ï̂e §Ù#Ü˛Ó̊î
(12.1) •ˆÏï˛ ̨ õyGÎ˚y ÎyÎ˚

∆Q  = ∆U + P ∆V (12.3)

§Ù#Ü˛Ó˚î (12.3) ~Ó˚ ~Ü˛!ê˛ ≤ÃˆÏÎ˚yà !•ˆÏ§ˆÏÓñ 1 g ç°
Îál •z•yÓ˚ ï˛Ó˚° ˆÌˆÏÜ˛ Óy‹õ#Î˚ xÓfiÌyÎ˚ ÎyÎ˚ ï˛ál xhs˝/¢!=˛Ó˚
˛õ!Ó˚Óï≈˛l!ê˛ˆÏÜ˛ !ÓˆÏÓã˛ly Ü˛Ó˚y ÎyÜ˛– çˆÏ°Ó˚ ̨ õ!Ó˚!Ùï˛ °#lï˛y˛õ •°
2256 J/g xÌ≈yÍ 1 g ç Ï̂°Ó˚ çlƒ ∆Q = 2256 J – ÓyÎ%̊Ù[˛°#Î˚
ã˛yˆÏ˛õñ 1 g çˆÏ°Ó˚ ï˛Ó˚° xÓfiÌyÎ˚ xyÎ˚ï˛l 1 cm3 ~ÓÇ Óy‹õ#Î˚
xÓfiÌyÎ˚ 1671 cm3–
§%ï˛Ó˚yÇñ
∆W =P (V

g
 –V

l 
) = 1.013 ×105 ×(1671×10–6) =169.2 J

§Ù#Ü˛Ó˚î (12.3) ˆÌˆÏÜ˛ ˛õyGÎ˚y ÎyÎ˚ñ
∆U = 2256 – 169.2  =  2086.8 J

~ˆÏ«˛ˆÏe xyÙÓ˚y ˆò!á ˆÎñ ï˛Ó˚° ˆÌˆÏÜ˛ Óy‹õ#Î˚ xÓfiÌyÎ˚
Ó̊)̨ õyhs˝̂ ÏÓ̊Ó̊ §ÙÎ̊ ̂ Ó!¢Ó̊Ë˛yà ï˛y˛õ•z xhs˝/¢!=˛Ó̊ Ó,!Âô Ï̂ï˛ ÓƒÓ•,ï˛ •Î̊–

12.6  xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ ôyÓ˚Ü˛c (Specific heat capacity)

ôÓ˚y ÎyÜ˛ñ ~Ü˛!ê˛ ˛õòyˆÏÌ≈ ∆Q ˛õ!Ó˚Ùyî ï˛y˛õ §Ó˚ÓÓ˚y• Ü˛Ó˚yÎ˚ ~!ê˛Ó˚
ï˛y˛õÙyey T ˆÌˆÏÜ˛ ˛õ!Ó˚Ó!ï≈˛ï˛ •ˆÏÎ˚ T + ∆T •Î˚– ˛õòyÌ≈!ê˛Ó˚
ï˛y˛õôyÓ˚Ü˛c xyÙÓ˚y !l¡¨Ó)̊̂ Į̈ õ §ÇK˛y!Î˚ï˛ Ü˛Ó˚Ó–

S
Q

T
=

∆

∆
(12.4)

xyÙÓ˚y xy¢y Ü˛!Ó˚ñ ∆Q ~ÓÇ ï˛y˛õôyÓ˚Ü˛c S ˛õòyˆÏÌ≈Ó˚ Ë˛ˆÏÓ˚Ó˚
§Ùyl%˛õy!ï˛Ü˛ •ˆÏÓ– ï˛ySÈyí˛¸y ~!ê˛ ï˛y˛õÙyeyÓ˚ í˛z˛õÓ˚G !lË≈˛Ó˚ Ü˛ˆÏÓ˚
xÌ≈yÍñ !Ó!Ë˛ß¨ ï˛y˛õÙyey Ï̂ï˛ ̂ Ó˚̂ Ïá ̂ Ü˛y Ï̂ly ̨õòy Ï̂Ì≈Ó˚ ~Ü˛Ü˛ ï˛y˛õÙyey
Ó,!Âô Ü˛Ó̊ Ï̂ï˛ !Ó!Ë˛ß̈ ̨õ!Ó̊Ùyî ï˛y Į̈̂ õÓ̊ ≤Ã Ï̂Î̊yçl • Ï̂ï˛ ̨õy Ï̂Ó̊– ̨õòyÌ≈!ê˛Ó̊
!l!ò≈T˛ ̃ Ó!¢T˛ƒ!ê˛ ~ÓÇ ~Ó˚ ̨õ!Ó˚Ùyî !lÓ˚̂ Į̈ õ«˛ï˛y §ÇK˛y!Î˚ï˛ Ü˛Ó˚̂ Ïï˛
•ˆÏ°ñ xyÙÓ˚y S ˆÜ˛ ˛õòyÌ≈!ê˛Ó˚ Ë˛Ó˚ m  [kg ˆï˛] myÓ˚y Ë˛yà Ü˛Ó˚Ó ı

s
S

m m

Q

T
= =











1 ∆

∆
(12.5)

s, í˛z˛õyòyl!ê˛Ó˚ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ ôyÓ˚Ü˛c !•ˆÏ§ˆÏÓ ˛õ!Ó˚!ã˛ï˛– ~!ê˛
í z̨̨ õyòyl!ê˛Ó˚ ≤ÃÜ,̨ !ï˛ ~ÓÇ ï˛y˛õÙyeyÓ˚ í z̨̨ õÓ˚ !lË≈̨ Ó˚ Ü˛ Ï̂Ó˚– xy Į̈̂ õ!«˛Ü˛
ï˛y˛õ ôyÓ˚Ü˛ˆÏcÓ˚ ~Ü˛Ü˛!ê˛ •° J kg–1 K–1–

Î!ò í˛z˛õyòyˆÏlÓ˚ ˛õ!Ó˚Ùyî!ê˛ ˆÙy° µ (kg ˆï˛ Ë˛Ó˚ m ~Ó˚
˛õ!Ó˚Ó Ï̂ï≈̨ ) myÓ˚y í ẑ̨ ÏÕ‘!áï˛ •Î˚ñ xyÙÓ˚y í z̨̨ õyòyl!ê˛Ó˚ ≤Ã!ï˛ ̂ Ùy Ï̂° ï˛y˛õ
ôyÓ˚Ü˛c !lˆÏ¡¨Ó˚ Ó˚y!¢Ùy°y myÓ˚y §ÇK˛y!Î˚ï˛ Ü˛Ó˚ˆÏï˛ ̨õyÓ˚Óñ

C
S Q

T
= =

µ µ

1 ∆

∆
(12.6)

C í˛z˛õyòyl!ê˛Ó˚ ˆÙy°yÓ˚ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ ôyÓ˚Ü˛c !•ˆÏ§ˆÏÓ
˛õ!Ó˚!ã˛ï˛– s ~Ó˚ Ùï˛ Cñ í˛z˛õyòyˆÏlÓ˚ ˛õ!Ó˚Ùyî !lÓ˚ˆÏ˛õ«˛– Cñ
í z̨̨ õyòyl!ê˛Ó˚ ≤ÃÜ,̨ !ï˛ñ ï˛y˛õÙyey ~ÓÇ ï˛y˛õ ̂ Î§Ó ¢ï≈̨ à%̂ Ï°yÓ˚ xô# Ï̂l
§Ó˚ÓÓ˚y• Ü˛Ó˚y •Î˚ ï˛yˆÏòÓ˚ í˛z˛õÓ˚ !lË≈˛Ó˚ Ü˛ˆÏÓ˚– CÈüÈÓ˚ ~Ü˛Ü˛!ê˛ •° J

mo1–1 K–1– xyÙÓ˚y ̨õ Ï̂Ó˚ ̂ òáÓ åàƒy Ï̂§Ó˚ xy Į̈̂ õ!«˛Ü˛ ï˛y˛õ ôyÓ˚Ü˛c
§¡õ Ï̂Ü≈̨ ä C  xÌÓy s ̂ Ü˛ §ÇK˛y!Î̊ï˛ Ü˛Ó̊ Ï̂ï˛ x!ï˛!Ó̊=˛ ¢ Ï̂ï≈̨ Ó̊ ≤Ã̂ ÏÎ̊yçl
• Ï̂ï˛ ̨õy Ï̂Ó̊– C ̂ Ü˛ §ÇK˛y!Î̊ï˛ Ü˛Ó̊yÓ̊ ôyÓ̊îy!ê˛ •°ñ ̂ Ùy°yÓ̊ xy Į̈̂ õ!«˛Ü˛
ï˛y˛õ ôyÓ˚Ü˛c §¡õˆÏÜ≈˛ §•ç §Ó˚° Ë˛!Ó£ÏƒÍÓyî# Ü˛Ó˚y–

12.1 lÇ §yÓ˚!îˆÏï˛ ÓyÎ˚%Ù[˛°#Î˚ ã˛y˛õ ~ÓÇ âˆÏÓ˚Ó˚ §yôyÓ˚î
ï˛y˛õÙyeyÎ˚ Ü˛!ë˛ˆÏlÓ˚ xyˆÏ˛õ!«˛Ü˛ ~ÓÇ ̂ Ùy°yÓ˚ ï˛y˛õôyÓ˚Ü˛cà%ˆÏ°yÓ˚
˛õ!Ó˚Ùy˛õ ̂ òGÎ˚y •°–

13lÇ xôƒyˆÏÎ˚ xyÙÓ˚y ˆòáÓ àƒyˆÏ§Ó˚ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ
§¡õ!Ü≈˛ï˛ xl%Ùylà%ˆÏ°y §yôyÓ˚îï˛ ˛õÓ˚#«˛yÓ˚ §yˆÏÌ §•Ùï˛ Ó˚yˆÏá–
Ü˛!ë˛ Ï̂lÓ̊ ̂ Ùy°yÓ̊ xy Į̈̂ õ!«˛Ü˛ ï˛y˛õ ôyÓ̊Ü˛cà%̂ Ï°yÓ̊ àîly Ü˛Ó̊ Ï̂ï˛ xyÙÓ̊y
¢!=˛Ó˚ §ÙÓ^˝ê˛ˆÏlÓ˚ ~Ü˛•z §)e!ê˛ ÓƒÓ•yÓ˚ Ü˛Ó˚ˆÏï˛ ˛õy!Ó˚– N §ÇáƒÜ˛
˛õÓ̊Ùyî%!Ó!¢T˛ ~Ü˛!ê˛ Ü˛!ë˛l Ï̂Ü˛ !Ó Ï̂Óã˛ly Ü˛Ó̊y ÎyÜ˛ñ ÎyÓ̊ ̨õÓ̊Ùyî%à%̂ Ï°y
≤ÃˆÏï˛ƒˆÏÜ˛•z ï˛yˆÏòÓ˚ §yÙƒyÓfiÌyÓ˚ §yˆÏ˛õˆÏ«˛ Ü˛!¡õï˛ •Î˚– ~Ü˛Ùy!eÜ˛
~Ü˛!ê˛ flõ®ˆÏÜ˛Ó˚ àí˛¸ ¢!=˛ •ˆÏÓ 2 × ½ k

B
T = k

B
T – !eÙy!eÜ˛

ˆ«˛ˆÏeñ àí˛¸ ¢!=˛ •° 3 k
B
T – ~Ü˛ ˆÙy° ˛õ!Ó˚Ùyî ~Ü˛!ê˛ Ü˛!ë˛ Ï̂lÓ˚

çlƒ ˆÙyê˛ ¢!=˛ •° U  = 3 k
B
T  × N

A
  = 3 RT

~ál ̂ ÎˆÏ•ï%˛ Ü˛!ë˛ˆÏlÓ˚ ̂ «˛ˆÏe ∆V  í˛zˆÏ˛õ«˛î#Î˚ñ !fiÌÓ˚ã˛yˆÏ˛õñ
∆Q = ∆U + P ∆V ≅ ∆U,  §%ï˛Ó˚yÇ

C
Q

T

U

T
R= = =

∆

∆

∆

∆

3 (12.7)

§yÓ˚!î 12.1 âˆÏÓ˚Ó˚ ï˛y˛õÙyey ~ÓÇ ÓyÎ˚%Ù[˛°#Î˚ ã˛yˆÏ˛õ !Ü˛S%È
§ÇáƒÜ˛ Ü˛!ë˛ Ï̂lÓ˚ xy Į̈̂ õ!«˛Ü˛ ~ÓÇ ̂ Ùy°yÓ˚ ï˛y˛õ
ôyÓ˚Ü˛c (Specific and molar heat

capacities  of some solids at room

temperature and atmospheric

pressure)

í˛z˛õyòyl
xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ ˆÙy°yÓ˚ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ
(J kg−−−−−1 K−−−−−1) (J mol−−−−−1 K−−−−−1)

xƒy°%!Ù!lÎ̊yÙ 900.0 24.4

Ü˛yÓ≈l 506.5 6.1

ï˛yÙy 386.4 24.5

!§§y 127.7 26.5

Ó̊)̨ õy 236.1 25.5

ê˛yÇ Ï̂fiê˛l 134.4 24.9



ï˛y˛õà!ï˛!Óòƒy 309

§yÓ˚!î 12.1 ˆòáyÎ˚ ˆÎ §yôyÓ˚î ï˛y˛õÙyeyà%ˆÏ°yˆÏï˛ xl%!Ùï˛ Ùyl
3R ̨õÓ˚#«˛yÙ)°Ü˛Ë˛y Ï̂Ó àîly Ü˛Ó˚y Ùylà%̂ Ï°yÓ˚ §y Ï̂Ì §¡ø!ï˛ Ó˚y Ï̂á–
åÜ˛yÓ≈l •° ~Ü˛!ê˛ Óƒ!ï˛Ü ˛Ùä !l¡¨ ï˛y˛õÙyeyà%ˆÏ°yˆÏï˛ ~•z í˛z!=˛!ê˛
áy Ï̂ê˛ ly–

çˆÏ°Ó˚ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õôyÓ˚Ü˛c˛ (Specific heat capacity

of water)

ï˛y Į̈̂ õÓ˚ ≤Ãyã˛#l ~Ü˛Ü˛ !SÈ° Ü˛ƒy°!Ó˚– ~Ü˛ Ü˛ƒy°!Ó˚Ó˚ xy Ï̂àÜ˛yÓ˚ §ÇK˛y
!SÈ° 1g çˆÏ°Ó˚ ï˛y˛õÙyey 1°C Ó,!Âô Ü˛Ó˚ˆÏï˛ ≤ÃˆÏÎ˚yçl#Î˚ ï˛y˛õ–
x!ôÜ˛ §)- ̨õ!Ó˚Ùy˛õà%̂ Ï°y Ï̂ï˛ ̂ òáy ÎyÎ˚ ̂ Î ç Ï̂°Ó˚ xy Į̈̂ õ!«˛Ü˛ ï˛y˛õ
~Ó̊ ï˛y˛õÙyeyÓ̊ §y Ï̂Ì fl∫“ ̨õ!Ó̊Ó!ï≈̨ ï˛ •Î̊– 12.5 lÇ !ã˛ Ï̂e ï˛y˛õÙyeyÓ̊
0°C ˆÌ Ï̂Ü˛ 100 °C !ÓhflÏyˆÏÓ˚Ó˚ ÙˆÏôƒ ~•z ˛õ!Ó˚Óï≈˛l!ê˛ ˆòáyˆÏly
• Ï̂Î˚̂ ÏSÈ–

Ü˛ƒy°!Ó˚Ó˚ ÎÌyÎÌ §ÇK˛yÓ˚ çlƒ ~Ü˛!ê˛ ~Ü˛Ü˛ ï˛y˛õÙyeyÓ˚ ÓƒÓôyl
í˛zˆÏÕ‘á Ü˛Ó˚y ≤ÃˆÏÎ˚yçl– 1g çˆÏ°Ó˚ ï˛y˛õÙyey 14.5°C ˆÌˆÏÜ˛
15.5 °C ̨õÎ≈hs˝ Ó,!Âô Ü˛Ó˚̂ Ïï˛ ≤Ã Ï̂Î˚yçl#Î˚ ï˛y Į̈̂ õÓ˚ ̨õ!Ó˚Ùyî!ê˛ Ï̂Ü˛ ~Ü˛
Ü˛ƒy°!Ó̊ ï˛y˛õ !•§y Ï̂Ó §ÇK˛y!Î̊ï˛ Ü˛Ó̊y •Î̊– ̂ Î Ï̂•ï%̨  ï˛y˛õ ¢!=˛Ó̊ ~Ü˛!ê˛
Ó˚)˛õÙyeñ ï˛y•z ç%°ñ J ~Ü˛Ü˛!ê˛ ÓƒÓ•yÓ˚ Ü˛Ó˚y•z ˆ◊Î˚– SI ~Ü˛ Ï̂Ü˛ñ
çˆÏ°Ó˚ xˆÏ˛õ!«˛Ü˛ ï˛y˛õ ôyÓ˚Ü˛c •° 4186 J kg–1 K–1 xÌ≈yÍ
4.186 J g–1 K–1– ~Ü˛ Ü˛ƒy°!Ó˚ ï˛y˛õ í˛zÍ˛õß¨ Ü˛Ó˚ˆÏï˛ ≤ÃˆÏÎ˚yçl#Î˚
Ü˛yÎ≈̂ ÏÜ˛ ï˛ÌyÜ˛!Ìï˛ ï˛y Į̈̂ õÓ˚ Îy!sfÜ˛ ï)̨ °ƒyAÜ˛ !• Ï̂§ Ï̂Ó §ÇK˛y!Î˚ï˛ Ü˛Ó˚y
•Î˚– ~!ê˛ ò%!ê˛ !Ë˛ß¨ ¢!=˛Ó˚ ~Ü˛ˆÏÜ˛Ó˚ ÙˆÏôƒ Ó˚)˛õyhs˝Ó˚ à%îÜ˛ Ùye ı
Ü˛ƒy°!Ó˚ ˆÌˆÏÜ˛ ç%°– ˆÎ Ï̂•ï%̨  SI ~Ü˛ˆÏÜ˛ñ ï˛yˆÏ˛õÓ˚ ~Ü˛Ü˛ !•ˆÏ§ˆÏÓ
xyÙÓ˚y ç%° ~Ü˛Ü˛!ê˛ ÓƒÓ•yÓ˚ Ü˛!Ó˚ñ ï˛y•z ï˛y˛õñ Ü˛yÎ≈ xÌÓy ¢!=˛Ó˚
ˆÎÈüÈˆÜ˛yˆÏly Ó˚)ˆÏ˛õÓ˚ ˆ«˛ˆÏe Îy!sfÜ˛ ï%˛°yAÜ˛ ˛õò!ê˛ ~ál xlyÓ¢ƒÜ˛
~ÓÇ ÓƒÓ•yÓ˚ Ü˛Ó˚y x≤Ã Ï̂Î˚yçl#Î˚–

•ẑ Ïï˛yÙ Ï̂ôƒ•z í z̨Âô,ï˛ • Ï̂Î̊ Ï̂SÈ ̂ Îñ xy Į̈̂ õ!«˛Ü˛ ï˛y˛õ ôyÓ̊Ü˛c !lË≈̨ Ó̊
Ü˛ˆÏÓ˚ ≤Ã!Ü ˛Î˚y Óy ˆÜ˛yl ¢ï≈˛ §Ù)ˆÏ• ï˛y˛õ §M˛y°l §Çà!ë˛ï˛ •Î˚ÈüüüÈ

ï˛yÓ˚ í z̨̨ õÓ˚– í z̨òy•Ó˚îfl∫Ó)̨̊ õñ àƒy Ï̂§Ó˚ ̂ «˛ Ï̂eñ xyÙÓ˚y ò%!ê˛ xy Į̈̂ õ!«˛Ü˛

ï˛y˛õ §ÇK˛y!Î˚ï˛ Ü˛Ó˚Ó ı !fiÌÓ˚ xyÎ˚ï˛ˆÏl xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ ôyÓ˚Ü˛c
~ÓÇ !fiÌÓ˚ ã˛y Į̈̂ õ xy Į̈̂ õ!«˛Ü˛ ï˛y˛õ ôyÓ˚Ü˛c– xyò¢≈ àƒy Ï̂§Ó˚ ̂ «˛ Ï̂eñ

xyÙÓ˚y ~Ü˛!ê˛ §Ó˚° §¡õÜ≈˛ ̨ õy•z

        C
p
 – C

v
 = R (12.8)

ˆÎáy Ï̂l C
p
 ~ÓÇ C

v
  •° ~Ü˛!ê˛ xyò¢≈ àƒyˆÏ§Ó˚È ÎÌyÜ ˛ˆÏÙ !fiÌÓ˚

ã˛yˆÏ˛õ G !fiÌÓ˚ xyÎ˚ï˛ˆÏl ˆÙy°yÓ˚ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ ~ÓÇ R •°

§Ó≈çl#l àƒy§ ô %ÓÜ˛– §¡õÜ≈˛!ê˛ ≤ÃÙyî Ü˛Ó˚ˆÏï˛ xyÙÓ˚y 1 ˆÙy°

àƒyˆÏ§Ó˚ ̂ «˛ˆÏe §Ù#Ü˛Ó˚î (12.3) !lˆÏÎ˚ ¢%Ó˚% Ü˛Ó˚Óñ

                ∆Q  = ∆U + P ∆V

!fiÌÓ˚ xyÎ˚ï˛ˆÏl ̂ ¢y!£Ïï˛ ï˛y˛õ ∆Q • Ï̂°ñ ∆V = 0,
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∆
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∆

∆
(12.9)

ˆÎáy Ï̂l ̂ ¢£Ï ̨õò!ê˛ Ï̂ï˛ v ≤Ãï˛ƒÎ̊!ê˛ åsubscriptä Óyò ̂ òGÎ̊y • Ï̂Î̊ Ï̂SÈñ
ˆÜ˛lly xyò¢≈ àƒy Ï̂§Ó˚ ̂ «˛ Ï̂e U ̂ Ü˛Ó°Ùye ï˛y˛õÙyeyÓ̊ í z̨̨ õÓ̊ !lË≈̨ Ó̊
Ü˛ Ï̂Ó̊ å≤Ãï˛ƒÎ̊!ê˛ ̂ Î Ó̊y!¢!ê˛ !fiÌÓ̊ Ó̊yáy •Î̊ ï˛y Ï̂Ü˛  ̂ ÓyV˛˛yÎ̊ä–  x˛õÓ̊!ò Ï̂Ü˛
Î!òñ !fiÌÓ˚ ã˛yˆÏ˛õ ̂ ¢y!£Ïï˛ ï˛y˛õ ∆Q •Î˚ñ ï˛ˆÏÓñ
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 (12.10)

≤ÃÌÙ ̨õò!ê˛ ̂ Ì Ï̂Ü˛ p ≤Ãï˛ƒÎ̊!ê˛ Óyò ̂ òGÎ̊y ̂ Î Ï̂ï˛ ̨õy Ï̂Ó̊ñ ̂ Ü˛lly
xyò¢≈ àƒy Ï̂§Ó˚ ̂ «˛ Ï̂e U ̂ Ü˛Ó°Ùye TÈüÈÓ˚ í z̨̨ õÓ˚ !lË≈̨ Ó˚ Ü˛ Ï̂Ó˚– ~ál
~Ü˛ ̂ Ùy° ̨õ!Ó˚Ùyî ̂ Ü˛yˆÏly xyò¢≈ àƒyˆÏ§Ó˚ çlƒñ

                PV = RT

Îy ̂ òáyÎ˚

    P
V

T
R

p

  
∆

∆











= (12.11)

(12.9) ˆÌˆÏÜ˛ (12.11) ˛õÎ≈hs˝ §Ù#Ü˛Ó˚îà%ˆÏ°yÓ˚ §y•yˆÏÎƒ

≤Ãï˛ƒy!¢ï˛˛12.8 lÇ §Ù#Ü˛Ó˚î!ê˛ ̨õyGÎ˚y ÎyÎ˚–

12.7 ï˛y˛õàï˛#Î˚ xÓfiÌy ã˛°Ó˚y!¢ ~ÓÇ xÓfiÌyÓ˚ §Ù#Ü˛Ó˚î
(Thermodynamic state variables and

Equation of State)

~Ü˛!ê˛ ï˛y˛õàï˛#Î˚ §ÇfiÌyÓ˚ ≤ÃˆÏï˛ƒÜ˛ §yÙƒyÓfiÌy ˛õ!Ó˚Ó#«˛!îÜ˛
åmacroscopicä ã˛°Ó̊y!¢à%̂ Ï°yÓ̊ !l!ò≈T˛ Ùylà%̂ Ï°y myÓ̊y §¡õ)î≈Ó̊)̂ Į̈ õ
Óî≈ly Ü˛Ó˚y •Î˚ñ ~ˆÏòÓ˚ xÓfiÌyÓ˚ ã˛°Ó˚y!¢G ÓˆÏ°– í˛zòy•Ó˚îfl∫Ó˚)˛õñ
~Ü˛!ê˛ àƒyˆÏ§Ó˚ §yÙƒyÓfiÌyÈüüüÈ ã˛y˛õñ xyÎ˚ï˛lñ ï˛y˛õÙyey ~ÓÇ Ë˛Ó˚
å~ÓÇ àƒy Ï̂§Ó˚ !Ù◊ Ï̂îÓ˚ ̂ «˛ Ï̂e í z̨̨ õyòylà%̂ Ï°yäñ ~ Ï̂òÓ˚ Ùylà%̂ Ï°yÓ˚

!ã˛e 12.5 ï˛y˛õÙyeyÓ˚ §y Ï̂Ì ç Ï̂°Ó˚ xy Į̈̂ õ!«˛Ü˛ ï˛y˛õ ôyÓ˚Ü˛ Ï̂cÓ˚
˛õ!Ó̊Óï≈̨ l

x
yˆÏ˛

õ!
«˛
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˛y˛õ
 (c
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→

ï˛y˛õÙyey (0C) →



310 õòyÌ≈!Óòƒy

* ˛õ)ˆÏÓ≈•z ˆçyÓ˚ ˆòÎ˚y •ˆÏÎ˚ˆÏSÈ ˆÎñ Q xÓfiÌyÓ˚ ã˛°Ó˚y!¢ lÎ˚– Îy ˆ•yÜ˛ ∆Q flõT˛ï˛/•z §ÇfiÌyÓ˚ ˆÙyê˛ Ë˛ˆÏÓ˚Ó˚ §Ùyl%˛õy!ï˛Ü˛ ~ÓÇ ~çlƒ ~!ê˛ Óƒy˛õÜ˛–

myÓ˚y §¡õ)î≈Ë˛y Ï̂Ó !l!ò≈T˛ Ü˛Ó˚y •Î˚– ~Ü˛!ê˛ ï˛y˛õàï˛#Î˚ §ÇfiÌy §Ó≈òy

§yÙƒyÓfiÌyÎ̊ Ìy Ï̂Ü˛ ly– í z̨òy•Ó̊îfl∫Ó̊)̨ õñ ~Ü˛!ê˛ àƒy§ Ï̂Ü˛ ¢)̂ Ïlƒ ≤Ã§y!Ó̊ï˛

• Ï̂ï˛ !ò Ï̂° ~!ê˛ §yÙƒyÓfiÌyÎ̊ Ìy Ï̂Ü˛ ly [!ã˛e 12.6(a)]– o%ï˛ ≤Ã§yÓ̊ Ï̂îÓ̊
§ÙÎ˚ àƒy§!ê˛Ó˚ ã˛y˛õ §Ó≈e §Ùyl lyG • Ï̂ï˛ ̨õy Ï̂Ó˚– ~Ü˛•zË˛y Ï̂Ó ~Ü˛!ê˛
àƒy§ !Ù◊î ~Ü˛!ê˛ !Ó Ï̂fl≥˛yÓ˚Ü˛ Ó˚y§yÎ˚!lÜ˛ !Ó!Ü ̨ Î˚yÓ˚ Ùôƒ !ò Ï̂Î˚ ̂ à Ï̂°
åÎÌy ˆ˛õˆÏê˛∆y° Óy‹õ ~ÓÇ ÓyÎ˚%Ó˚ ~Ü˛!ê˛ !Ù◊ˆÏî Îál fl≥%˛!°ˆÏAàÓ˚
myÓ˚y V˛°Ü˛yˆÏly •Î˚ä §yÙƒyÓfiÌyÎ˚ ÌyˆÏÜ˛ ly– ~ˆÏ«˛ˆÏe !Ù◊î!ê˛Ó˚

!ã˛e 12.6 (a) Óy:!ê˛ Ï̂ï˛ ÌyÜ˛y !ÓË˛yçÜ˛ ≤Ãyã˛#Ó˚!ê˛ §!Ó˚̂ ÏÎ˚ àƒy Ï̂§Ó˚
Ù%=˛ ≤Ã§yÓ˚î •ˆÏï˛ ˆòGÎ˚y •°– (b) àƒy§ !Ù◊î!ê˛ˆÏÜ˛
!Ó Ï̂fl≥˛yÓ˚Ü˛ Ó˚y§yÎ˚!lÜ˛ !Ó!Ü ̨ Î˚yÓ˚ Ùôƒ !ò Ï̂Î˚ ̂ Î Ï̂ï˛ ̂ òGÎ˚y
•°– í z̨Ë˛Î̊ Ï̂«˛ Ï̂e•zñ àƒy§!ê˛ §yÙƒyÓfiÌyÎ̊ ÌyÜ˛ Ï̂Ó ly ~ÓÇ
xÓfiÌyÙ)°Ü˛ ã˛°Ó˚y!¢à%ˆÏ°y myÓ˚y Óî≈ly Ü˛Ó˚y ÎyˆÏÓ ly–

ï˛y˛õÙyey ~ÓÇ ã˛y˛õ §%£ÏÙ ÌyˆÏÜ˛ ly [!ã˛e 12.6(b)]– xÓˆÏ¢ˆÏ£Ï
àƒy§!ê˛ §%£ÏÙ ï˛y˛õÙyey ~ÓÇ ã˛y˛õ °yË˛ Ü˛ˆÏÓ˚ G ˛õ!Ó˚ˆÏÓˆÏ¢Ó˚ §yˆÏÌ
~!ê˛ ï˛y˛õ#Î˚ ~ÓÇ Îy!sfÜ˛ §yÙƒyÓfiÌyÎ˚ xyˆÏ§–

§ÇˆÏ«˛ˆÏ˛õñ ï˛y˛õ à!ï˛!ÓòƒyÎ˚ xÓfiÌyÙ)°Ü˛ ã˛°Ó˚y!¢à%ˆÏ°y
åstate variablesä §ÇfiÌyÓ̊ §yÙƒyÓfiÌy!ê˛ Ï̂Ü˛ Óî≈ly Ü˛ Ï̂Ó̊– !Ó!Ë˛ß̈
xÓfiÌyÓ˚ ã˛°Ó˚y!¢à%ˆÏ°yÓ˚ åstate variablesä fl∫!lË≈˛Ó˚ •GÎ˚y
xyÓ¢ƒÜ˛ lÎ˚– xÓfiÌyÓ˚ ã˛°Ó˚y!¢à%ˆÏ°yÓ˚ ÙˆÏôƒ §¡õÜ≈˛!ê˛ˆÏÜ˛
xÓfiÌyÓ˚ §Ù#Ü˛Ó˚î Ó°y •Î˚– í z̨òy•Ó˚îfl∫Ó)̨̊ õñ ~Ü˛!ê˛ xyò¢≈ àƒy Ï̂§Ó˚
ˆ«˛ˆÏeñ xÓfiÌyÓ˚ §Ù#Ü˛Ó˚î!ê˛ •° xyò¢≈ àƒy§ §Ù#Ü˛Ó˚î ı

   P V = µ R T

!l!ò≈T˛ ˛õ!Ó˚Ùyî àƒy§ xÌ≈yÍ ≤Ãò_ µ ~Ó˚ çlƒ ~Ë˛y Ï̂Ó
ˆÜ˛Ó°Ùye ò%!ê˛ fl∫ï˛sf ã˛°Ó˚y!¢ xyˆÏSÈ ˆÎÙl P ~ÓÇ V xÌÓy T
~ÓÇ V– ~Ü˛!ê˛ !l!ò≈T˛ ï˛y˛õÙyeyÓ˚ ˆ«˛ˆÏe ã˛y˛õÈüÈxyÎ˚ï˛ˆÏlÓ˚
ˆ°á!ã˛e!ê˛ Ï̂Ü˛ §ˆÏÙy£÷ÏˆÏ°á ÓˆÏ°– ÓyhflÏÓ àƒyˆÏ§Ó˚ ˆ«˛ˆÏe xÓfiÌyÓ˚

§Ù#Ü˛Ó˚îà%ˆÏ°y x!ôÜ˛ï˛Ó˚ ç!ê˛° •ˆÏï˛ ˛õyˆÏÓ˚– ï˛y˛õàï˛#Î˚
ã˛°Ó˚y!¢à%ˆÏ°y ò%ôÓ˚ˆÏlÓ˚ •Î˚ / Óƒy˛õÜ˛ åextensiveä ~ÓÇ §ÇÜ˛#î≈
åintensiveä– Óƒy˛õÜ˛ ã˛°Ó̊y!¢à%̂ Ï°y §ÇfiÌy!ê˛Ó̊ xyÜ˛yÓ̊ !l Ï̂ò≈¢ Ü˛ Ï̂Ó̊ñ
!Ü˛v §ÇÜ˛#î≈ ã˛°Ó˚y!¢à%ˆÏ°y ˆÎÙl ã˛y˛õ ~ÓÇ ï˛y˛õÙyey ï˛y lÎ˚–
ˆÜ˛yl‰ ≤Ãyã˛°!ê˛ åvariablesä Óƒy˛õÜ˛ ~ÓÇ ̂ Ü˛y Ï̂ly!ê˛ §ÇÜ˛#î≈ !§Âôyhs˝
!lˆÏï˛ ˆàˆÏ°ñ §yÙƒyÓfiÌyÎ˚ ÌyÜ˛y ~Ü˛!ê˛ ≤Ãy§!AàÜ˛ §ÇfiÌyÓ˚ Ü˛Ìy
Ë˛yÓˆÏï˛ •ˆÏÓ ~ÓÇ Ü˛“ly Ü˛Ó˚ˆÏï˛ •ˆÏÓ ˆÎ ~!ê˛ ò%!ê˛ §Ùyl xÇˆÏ¢
!ÓË˛=˛– ˆÎ ã˛°à%ˆÏ°y ≤ÃˆÏï˛ƒÜ˛ xÇˆÏ¢Ó˚ ˆ«˛ˆÏe x˛õ!Ó˚Ó!ï≈˛ï˛ ÌyˆÏÜ˛
ˆÎà%̂ Ï°y §ÇÜ˛#î≈– ̂ Î ã˛°à%̂ Ï°yÓ˚ Ùyl§Ù)• ≤Ã Ï̂ï˛ƒÜ˛ xÇ Ï̂¢Ó˚ ̂ «˛ Ï̂e•z
xˆÏô≈Ü˛ •Î˚ ~Ó˚y Óƒy˛õÜ˛– í˛zòy•Ó˚îfl∫Ó˚)˛õñ ~!ê˛ §•ˆÏç•z ˆòáy ÎyˆÏÓ
ˆÎ xhs˝/¢!=˛ U, xyÎ˚ï˛l V, ˆÙyê˛ Ë˛Ó˚ M •° Óƒy˛õÜ˛ ã˛°Ó˚y!¢–
ã˛y˛õ P, ï˛y˛õÙyey T ~ÓÇ âlc ρ •° §ÇÜ˛#î≈ ã˛°Ó̊y!¢– ã˛°§Ù)̂ Ï•Ó̊
~•z ̂ ◊!î!Ólƒy§ ÓƒÓ•yÓ˚ Ü˛ Ï̂Ó˚ ï˛y˛õàï˛#Î˚ §Ù#Ü˛Ó˚îà%̂ Ï°yÓ˚ §Çà!ï˛
Îyã˛y•z Ü˛Ó˚y ~Ü˛!ê˛ Ë˛y° ˆÜ˛Ô¢°– í˛zòy•Ó˚îfl∫Ó˚)˛õñ §Ù#Ü˛Ó˚î!ê˛ˆÏï˛ñ

      ∆Q = ∆U + P ∆V

í z̨Ë˛Î̊˛õ Ï̂«˛Ó̊ Ó̊y!¢à%̂ Ï°y •° Óƒy˛õÜ˛D å§ÇÜ˛#î≈ ã˛°Ó̊y!¢ P ~ÓÇ Óƒy˛õÜ˛
ã˛°Ó˚y!¢˛ ∆V ñ ~Ó˚ à%îÊ˛°!ê˛ •° ~Ü˛!ê˛ Óƒy˛õÜ˛ ã˛°Ó˚y!¢ä

12.8  ï˛y˛õàï˛#Î˚ ≤Ã!Ü ˛Î˚y (Thermodynamic processes)

12.8.1  ≤ÃyÎ˚!fiÌÓ˚ ≤Ã!Ü ˛Î˚y (Quasi-static process)

ôÓ˚y ÎyÜ˛ñ ~Ü˛!ê˛ àƒy§ ˛õy!Ó˚˛õy!Ÿª≈ˆÏÜ˛Ó˚ §yˆÏÌ ï˛y˛õ#Î˚ ~ÓÇ Îy!sfÜ˛
§yÙƒyÓfiÌyÎ˚ Ó˚̂ ÏÎ˚̂ ÏSÈ– ̂ § Ï̂«˛ Ï̂e àƒy§!ê˛Ó˚ ã˛y˛õ Óy!•ƒÜ˛ ã˛y Į̈̂ õÓ˚ §Ùyl
•Î˚ ~ÓÇ ~Ó˚ ï˛y˛õÙyeyñ ˛õy!Ó˚˛õy!Ÿª≈Ü˛ ï˛y˛õÙyeyÓ˚ §Ùyl •Î˚– ôÓ˚y
ÎyÜ˛ñ Óy!•ƒÜ˛ ã˛y˛õ •ë˛yÍ Ü˛ˆÏÓ˚ Ü˛ÙyˆÏly •° åˆÎÙl ˛õyˆÏeÓ˚ ÙôƒfiÌ
à!ï˛¢#° !˛õT˛l!ê˛Ó˚ í˛z˛õÓ˚ ˆÌˆÏÜ˛ Gçl!ê˛ ï%˛ˆÏ° !lˆÏÎ˚ä– !˛õT˛l!ê˛
Óy•ẑ ÏÓ̊Ó̊ !ò Ï̂Ü˛ cÓ̊y!ß∫ï˛ • Ï̂Ó– ~•z ≤Ã!Ü ̨ Î̊y!ê˛ ã˛°yÜ˛y°#l àƒy§!ê˛ ̂ Î§Ó
xÓfiÌyà%ˆÏ°yÓ˚ Ùôƒ !òˆÏÎ˚ ÎyÎ˚ ˆ§à%ˆÏ°y §yÙƒyÓfiÌyÎ˚ ÌyˆÏÜ˛ ly–
x§yÙƒyÓfiÌyÎ˚ ÌyÜ˛y xÓfiÌyà%ˆÏ°yÓ˚ §%!l!ò≈T˛ ã˛y˛õ ~ÓÇ ï˛y˛õÙyey
ÌyˆÏÜ˛ ly– ~Ü˛•zË˛yˆÏÓñ Î!ò àƒy§!ê˛ ~ÓÇ ~Ó˚ ˛õy!Ó˚˛õy!Ÿª≈ˆÏÜ˛Ó˚ ÙˆÏôƒ
!l!ò≈T˛ ï˛y˛õÙyeyÓ̊ ̨õyÌ≈Ü˛ƒ Ìy Ï̂Ü˛ñ ̂ § Ï̂«˛ Ï̂e ï˛y Į̈̂ õÓ̊ o%ï˛ xyòyl ≤Ãòyl
âê˛ Ï̂Ó ~ÓÇ àƒy§!ê˛ x§yÙƒÓfiÌyà%̂ Ï°yÓ˚ Ùôƒ !ò Ï̂Î˚ Îy Ï̂Ó– ÎÌy§Ù Ï̂Î˚
àƒy§!ê˛ •z•yÓ˚ ˛õy!Ó˚˛õy!Ÿª≈ˆÏÜ˛Ü˛Ó˚ §yˆÏÌ §Ùyl G §%!l!ò≈T˛ ï˛y˛õÙyey
~ÓÇ ã˛y Į̈̂ õÓ˚ ~Ü˛!ê˛ §yÙƒyÓfiÌy fiÌy˛õl Ü˛Ó˚̂ ÏÓ– ¢)̂ Ïlƒ ~Ü˛!ê˛ àƒy Ï̂§Ó˚
Ù%=˛ ≤Ã§yÓ˚î ~ÓÇ !ÓˆÏfl≥˛yÓ˚Ü˛ Ó˚y§yÎ˚!lÜ˛ !Ó!Ü ˛Î˚yÓ˚ §Çàë˛Ü˛ àƒy§
!Ù◊îG åÎy xl%ˆÏFSÈò 12.7~ í˛zˆÏÕ‘!áï˛ä x§yÙƒ xÓfiÌyà%ˆÏ°yÓ˚
Ùôƒ !òˆÏÎ˚ ÎyÓyÓ˚ ~Ü˛!ê˛ í˛zòy•Ó˚î–

~Ü˛!ê˛ §ÇfiÌyÓ̊ x§yÙƒ xÓfiÌyà%̂ Ï°y !l Ï̂Î̊ Ü˛yç Ü˛Ó̊y Ü˛T˛§yôƒ
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!ã˛e 12.7 ≤ÃyÎ˚ !fiÌÓ˚ ≤Ã!Ü ̨ Î˚yÎ˚ñ §ÇfiÌyÓ˚ ï˛y˛õÙyey ~ÓÇ ã˛y˛õ ̂ Ì Ï̂Ü˛
˛õ!Ó˚̨ õy!Ÿª≈Ü˛ xyôy Ï̂Ó˚Ó˚ ï˛y˛õÙyey ~ÓÇ ã˛y Į̈̂ õÓ˚ ̂ Ü˛Ó°Ùye
x!ï˛«%˛o ˛õ!Ó˚Ùyî ÓƒÓôyl ÌyˆÏÜ˛–

•Î˚– xï˛~Óñ ~Ü˛!ê˛ xyò¢≈ ≤Ã!Ü ̨ Î˚y Ü˛“ly Ü˛Ó˚y §%!ÓôyçlÜ˛ ̂ Îáy Ï̂l
≤Ã!ï˛!ê˛ ôy Į̈̂ õ §ÇfiÌy!ê˛ ~Ü˛!ê˛ §yÙƒyÓfiÌyÎ̊ Ìy Ï̂Ü˛– ~Ó̊)̨ õ ~Ü˛!ê˛ ≤Ã!Ü ̨ Î̊y
l#!ï˛àï˛Ë˛yˆÏÓ x!ï˛ô#Ó˚ •Î˚ñ ~çlƒ ~Ó˚ lyÙ xy˛õyï˛!fiÌÓ˚ å≤ÃyÎ˚
!fiÌÓ˚ ˆÓyV˛yÎ˚ä– §ÇfiÌy!ê˛ ~Ó˚ ã˛°Ó˚y!¢à%ˆÏ°y (P, T, V ) ˆÜ˛ ~ï˛
ô#ˆÏÓ˚ ˛õ!Ó˚Óï≈˛l Ü˛ˆÏÓ˚ ˆÎñ ~!ê˛ ˛õy!Ó˚˛õy!Ÿª≈ˆÏÜ˛Ó˚ §ˆÏAà ï˛y˛õ#Î˚ ~ÓÇ
Îy!sfÜ˛ §yÙƒyÓfiÌyÎ˚ Ìy Ï̂Ü˛– ~Ü˛!ê˛ ≤ÃyÎ˚ !fiÌÓ˚ ≤Ã!Ü ̨ Î˚yÓ˚ ≤Ã!ï˛!ê˛ ôy Į̈̂ õ
§ÇfiÌy!ê˛Ó˚ ã˛y˛õ ~ÓÇ Óy!•ƒÜ˛ ã˛yˆÏ˛õÓ˚ ÙˆÏôƒ ˛õyÌ≈Ü˛ƒ x!ï˛ «%˛o •Î˚–
§ÇfiÌy ~ÓÇ ~Ó̊ ̨õy!Ó̊˛õy!Ÿª≈̂ ÏÜ˛Ó̊ Ù Ï̂ôƒ ï˛y˛õÙyeyÓ̊ ̨õyÌ≈̂ ÏÜ˛ƒÓ̊ ̂ «˛ Ï̂eG
~Ü˛•zË˛y Ï̂Ó §ï˛ƒ •Î˚– ~Ü˛!ê˛ ≤ÃyÎ˚ !fiÌÓ˚ ≤Ã!Ü ̨ Î˚yÎ˚ ~Ü˛!ê˛ àƒy§ Ï̂Ü˛ (P,

T ) xÓfiÌy ˆÌ Ï̂Ü˛ (P ′, T ′ )  xÓfiÌyÎ˚ !lˆÏÎ˚ ˆÎˆÏï˛ xyÙÓ˚y
Óy!•ƒÜ˛ ã˛y˛õˆÏÜ˛ á%Ó•z fl∫“ ˛õ!Ó˚ÙyˆÏî ˛õ!Ó˚Óï≈˛l Ü˛!Ó˚ ˆÎl §ÇfiÌy!ê˛
~Ó˚ ã˛y˛õ ̨õy!Ó˚˛õy!Ÿª≈ˆÏÜ˛Ó˚ ã˛yˆÏ˛õÓ˚ §Ùyl Ü˛Ó˚ˆÏï˛ ̨õyˆÏÓ˚ ~ÓÇ ≤Ã!Ü ˛Î˚y!ê˛
x!ï˛ ô#ˆÏÓ˚ ã˛°ˆÏï˛ ÌyˆÏÜ˛ Îï˛«˛î ly §ÇfiÌy!ê˛ ã˛y˛õ P ′ xç≈l Ü˛ˆÏÓ˚–
~Ü˛•zÓ̊Ü˛ÙË˛y Ï̂Ó ï˛y˛õÙyeyÓ̊ ̨õ!Ó̊Óï≈̨ Ï̂lÓ̊ ̂ «˛ Ï̂eñ xyÙÓ̊y §ÇfiÌy ~ÓÇ
˛õy!Ó˚̨ õy!Ÿª≈Ü˛ xyôyÓ˚à%̂ Ï°yÓ˚ Ù Ï̂ôƒ x!ï˛«%̨ o ï˛y˛õÙyeyÓ˚ ̨õyÌ≈Ü˛ƒ §,!T˛
Ü˛!Ó˚ ~ÓÇ T ˆÌ Ï̂Ü˛ T ′ ˛õÎ≈hs˝ Ü ˛Ùyàï˛ !Ó!Ë˛ß¨ ï˛y˛õÙyeyÎ˚ xyôyÓ˚
!lÓ≈yã˛l Ü˛!Ó˚ ̂ Îl §ÇfiÌy!ê˛ T ′ ï˛y˛õÙyey!ê˛ xç≈l Ü˛ˆÏÓ˚–

~Ü˛!ê˛ ≤ÃyÎ˚ !fiÌÓ˚ ≤Ã!Ü ˛Î˚y fl∫yË˛y!ÓÜ˛Ë˛yˆÏÓ•z ~Ü˛!ê˛ Ü˛y“!lÜ˛
≤ÃÜ˛“– ÓƒÓ•y!Ó˚Ü˛ ̂ «˛ Ï̂eñ ̂ Î §Ü˛° ≤Ã!Ü ̨ Î˚y x!ï˛ ÙrÌÓ˚ ~ÓÇ !˛õT˛l
cÓ̊l¢#° à!ï˛Î%=˛ lÎ̊ G ï˛y˛õÙyeyÓ̊ l!ï˛ Ó,•Í lÎ̊ñ Î%!=˛§Çàï˛Ë˛y Ï̂Ó•z
ˆ§ §Ü˛° ≤Ã!Ü ˛Î˚y •° xyl%Ùy!lÜ˛Ë˛yˆÏÓ ≤ÃyÎ˚ !fiÌÓ˚ ≤Ã!Ü ˛Î˚y– xyˆÏà
ˆÌ Ï̂Ü˛ !l Ï̂ò≈!¢ï˛ ly ÌyÜ˛ Ï̂°ñ xyÙÓ˚y ~ál ̂ Ì Ï̂Ü˛ ≤ÃyÎ˚ !fiÌÓ˚ ≤Ã!Ü ̨ Î˚y
!l Ï̂Î˚ xy Ï̂°yã˛ly Ü˛Ó˚Ó–

ˆÎ ≤Ã!Ü ̨ Î˚y Ï̂ï˛ §ÇfiÌy!ê˛Ó˚ ï˛y˛õÙyey §Ó≈òy !fiÌÓ˚ Ìy Ï̂Ü˛ñ ï˛y Ï̂Ü˛
§ Ï̂Ùy£÷Ï ≤Ã!Ü ̨ Î˚y Ó Ï̂° åisothermal processä– !fiÌÓ˚ ï˛y˛õÙyeyÎ˚

ÌyÜ˛y ~Ü˛!ê˛ Ó,•Í xyôy Ï̂Ó˚Ó˚ Ù Ï̂ôƒ Ó˚yáy ~Ü˛!ê˛ ôyï˛Ó ̂ ã˛y Ï̂.Ó˚ ̂ Ë˛ï˛ Ï̂Ó˚
àƒyˆÏ§Ó˚ ≤Ã§yÓ˚î •° ~Ü˛!ê˛ §ˆÏÙy£÷Ï ≤Ã!Ü ˛Î˚yÓ˚ í˛zòy•Ó˚î– åxyôyˆÏÓ˚Ó˚
í˛zFã˛ ï˛y˛õ ôyÓ˚Ü˛ˆÏcÓ˚ Ü˛yÓ˚ˆÏî xyôyÓ˚!ê˛ ˆÌˆÏÜ˛ §ÇfiÌyˆÏï˛ ï˛yˆÏ˛õÓ˚
§M˛y°l Ó›ï˛ xyôy Ï̂Ó˚Ó˚ ï˛y˛õÙyey Ï̂Ü˛ ≤ÃË˛y!Óï˛ Ü˛ Ï̂Ó˚ lyä– §Ùã˛y˛õ
≤Ã!Ü ˛Î˚yÎ˚ ã˛y˛õ !fiÌÓ˚ ÌyˆÏÜ˛ ˆÎáyˆÏl §ÙxyÎ˚ï˛l ≤Ã!Ü ˛Î˚yÎ˚ xyÎ˚ï˛l
!fiÌÓ˚ Ìy Ï̂Ü˛– xÓ Ï̂¢ Ï̂£Ï Î!ò §ÇfiÌy!ê˛ Ï̂Ü˛ ̨õy!Ó˚̨ õy!Ÿª≈Ü˛ ̂ Ì Ï̂Ü˛ xhs˝!Ó˚ï˛
Ü˛Ó˚y •Î˚ ~ÓÇ §ÇfiÌy!ê˛ G ̨õy!Ó˚̨ õy!Ÿª≈̂ ÏÜ˛Ó˚ Ù Ï̂ôƒ ï˛y Į̈̂ õÓ˚ xyòyl ≤Ãòyl
ly âˆÏê˛ñ ï˛ˆÏÓ ≤Ã!Ü ˛Î˚y!ê˛ •° Ó˚%Âôï˛y˛õ åAdiabaticä– ~•z
≤Ã!Ü ̨ Î˚yà%̂ Ï°yÓ˚ §ÇK˛y 12.2 lÇ §yÓ˚!î Ï̂ï˛ §Ç!«˛ÆyÜ˛y Ï̂Ó˚ Ó˚̂ ÏÎ˚̂ ÏSÈ–

~ál xyÙÓ˚y ~•z ≤Ã!Ü ̨ Î˚yà%̂ Ï°y !ÓhflÏy!Ó˚ï˛Ë˛y Ï̂Ó !Ó Ï̂Óã˛ly Ü˛Ó˚Ó–

12.8.2 §ˆÏÙy£÷Ï ≤Ã!Ü ˛Î˚y (Isothermal process)

~Ü˛!ê˛ § Ï̂Ùy£÷Ï ≤Ã!Ü ̨ Î̊yÓ̊ ̂ «˛ Ï̂e åT !fiÌÓ̊äñ xyò¢≈ àƒy Ï̂§Ó̊ §Ù#Ü˛Ó̊î!ê˛
• Ï̂Óñ

                  PV  =  ô %ÓÜ˛

xÌ≈≈yÍñ !l!ò≈T˛ Ë˛ Ï̂Ó̊Ó̊ àƒy Ï̂§Ó̊ ã˛y˛õ ~Ó̊ xyÎ̊ï˛ Ï̂lÓ̊ § Ï̂Aà ÓƒyhflÏyl%̨ õy Ï̂ï˛
˛õ!Ó˚Ó!ï≈˛ï˛ •Î˚– ~!ê˛ ÓˆÏÎ˚ˆÏ°Ó˚ §)e SÈyí˛¸y xyÓ˚ !Ü˛S%È•z lÎ˚–

ôÓ˚y ÎyÜ˛ñ ~Ü˛!ê˛ xyò¢≈ àƒy§ åT ï˛y˛õÙyeyÎ˚ä §ˆÏÙy£÷ÏË˛yˆÏÓ
~Ó˚ ≤ÃyÌ!ÙÜ˛ xÓfiÌy (P

1
, V

1
) ˆÌˆÏÜ˛ ã)̨ í˛¸yhs˝ xÓfiÌyÎ˚ (P

2
, V 

2
)

ˆà°– àƒy§!ê˛Ó˚ ˆÎÈüÈˆÜ˛yˆÏly ~Ü˛!ê˛ xhs˝Ó≈ï≈˛# xÓfiÌyÎ˚ ã˛y˛õ P ~ÓÇ
xyÎ˚ï˛l V ˆÌˆÏÜ˛ ˛õ!Ó˚Ó!ï≈˛ï˛ •ˆÏÎ˚ V + ∆V • Ï̂°y (∆V «%˛o)

     ∆W  = P ∆ V

(∆V → 0) ôˆÏÓ˚ ~ÓÇ ∆W ~•z Ó˚y!¢!ê˛ˆÏÜ˛ §Ù@˝Ã ≤Ã!Ü ˛Î˚y!ê˛Ó˚
í˛z˛õÓ˚ ˆÎyà Ü˛ˆÏÓ˚ ˛õy•zñ

W P dV

V

V

= ∫  

1

2

= ∫ =      µ µRT

V

V

RT In
V

V

dV

V
1

2
2

1

    (12.12)

ˆÎáy Ï̂l !mï˛#Î̊ ôy Į̈̂ õ xyÙÓ̊y xyò¢≈ àƒy Ï̂§Ó̊ PV = µ RT §Ù#Ü˛Ó̊î!ê˛

§yÓ˚!î  12.2 !Ü˛S%È !Ó Ï̂¢£Ï ï˛y˛õàï˛#Î˚ ≤Ã!Ü ̨ Î˚y

≤Ã!Ü ˛Î˚yÓ˚ ôÓ˚î ˜Ó!¢T˛ƒ

§ Ï̂Ùy£÷Ï åIsothermalä ï˛y˛õÙyey !fiÌÓ˚
§Ùã˛y˛õ åIsobaricä ã˛y˛õ !fiÌÓ˚
§ÙxyÎ˚ï˛l åIsochoricä xyÎ̊ï˛l !fiÌÓ̊
Ó%̊Âôï˛y˛õ åAdiabaticä §ÇfiÌy ~ÓÇ ̨õ!Ó˚̂ ÏÓ Ï̂¢Ó˚ Ù Ï̂ôƒ

ï˛yˆÏ˛õÓ˚ §Ó˚ÓÓ˚y• âˆÏê˛ ly–
å∆Q  = 0ä
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ÓƒÓ•yÓ˚ Ü˛ Ï̂Ó˚!SÈ ~ÓÇ ô %ÓÜ˛!ê˛ Ï̂Ü˛ §ÙyÜ˛° Ï̂lÓ˚ Óy•ẑ ÏÓ˚ xyly • Ï̂Î˚̂ ÏSÈ–
~Ü˛!ê˛ xyò¢≈ àƒy Ï̂§Ó˚ ̂ «˛ Ï̂e xhs˝/¢!=˛ ̂ Ü˛Ó°Ùye ~Ó˚ ï˛y˛õÙyeyÓ˚
í˛z˛õÓ˚ !lË≈˛Ó˚ Ü˛ˆÏÓ˚– ~çlƒ §ˆÏÙy£÷Ï ≤Ã!Ü ˛Î˚yÎ˚ ~Ü˛!ê˛ xyò¢≈ àƒyˆÏ§Ó˚
ˆ«˛ Ï̂e xhs˝/¢!=˛Ó̊ ̨õ!Ó̊Óï≈̨ l •Î̊ ly– ̂ § Ï̂«˛ Ï̂e ï˛y˛õà!ï˛!ÓòƒyÓ̊ ≤ÃÌÙ
§)e!ê˛ ̂ ÓyV˛˛yÎ̊ ̂ Î àƒy§!ê˛ Ï̂ï˛ §Ó̊ÓÓ̊y!•ï˛ ï˛y˛õ àƒy§!ê˛ myÓ̊y Ü,̨ ï˛Ü˛y Ï̂Î≈Ó̊
§Ùyl ı Q = W – 12.12lÇ §Ù#Ü˛Ó˚î ˆÌ Ï̂Ü˛ °«˛ Ü˛Ó˚y ÎyÎ˚ ˆÎ
V

2
 > V

1
 • Ï̂° W > 0 ~ÓÇ V

2
 < V

1
 •ˆÏ° W < 0– ~çlƒ ~Ü˛!ê˛

§ Ï̂Ùy£÷Ï ≤Ã§yÓ˚̂ Ïî àƒy§!ê˛ ï˛y˛õ ̂ ¢y£Ïî Ü˛ Ï̂Ó˚ ~ÓÇ Ü˛yÎ≈ Ü˛ Ï̂Ó˚– ̂ Îáy Ï̂l
§ Ï̂Ùy£÷Ï §Ç Ï̂Ü˛yã˛ Ï̂l ̨õ!Ó˚̂ ÏÓ¢ àƒy Ï̂§Ó˚ í z̨̨ õÓ˚ Ü˛yÎ≈ Ü˛ Ï̂Ó˚ ~ÓÇ ï˛y˛õ Ù%=˛
•Î˚–

12.8.3 Ó˚%Âôï˛y˛õ ≤Ã!Ü ˛Î˚y (Adiabatic process) :

~Ü˛!ê˛ Ó̊%Âôï˛y˛õ ≤Ã!Ü ̨ Î̊yÎ̊ §ÇfiÌy!ê˛ñ ̨õy!Ó̊˛õy!Ÿª≈Ü˛ ̂ Ì Ï̂Ü˛ xhs˝!Ó̊ï˛ Ìy Ï̂Ü˛
~ÓÇ ï˛y Į̈̂ õÓ˚ ̂ ¢y£Ïî Óy Óç≈l ¢)lƒ •Î˚– §Ù#Ü˛Ó˚î (12.1) lÇ ̂ Ì Ï̂Ü˛
xyÙÓ˚y ̂ ò!á ̂ Îñ àƒy§!ê˛Ó˚ myÓ˚y Ü,̨ ï˛Ü˛yÎ≈ àƒy§!ê˛Ó˚ xhs˝/¢!=˛Ó˚ •…y§
âê˛yÎ˚ å~ÓÇ ~çlƒ ~Ü˛!ê˛ xyò¢≈ àƒyˆÏ§Ó˚ ï˛y˛õÙyey •…y§ ˛õyÎ˚ä–
≤ÃÙyî SÈyí˛̧y•z xyÙÓ̊y í ẑ̨ ÏÕ‘á Ü˛Ó̊Ó ̂ Î åí z̨Fã˛ ̨õyë˛ƒÜ ̨ Ï̂Ù xyÙÓ̊y §¡õÜ≈̨ !ê˛
!¢áˆÏÓyä ~Ü˛!ê˛ xyò¢≈ àƒyˆÏ§Ó˚ Ó˚%Âôï˛y˛õ ≤Ã!Ü ˛Î˚yÎ˚ åAdiabatic

processä
  PV 

γ
  =  ô %ÓÜ˛ (12.13)

ˆÎáy Ï̂l γ •° åfl∫yË˛y!ÓÜ˛ xÌÓy ˆÙy°yÓ˚ä !fiÌÓ˚ ã˛yˆÏ˛õ ~ÓÇ
!fiÌÓ˚ xyÎ˚ï˛ Ï̂l xy Į̈̂ õ!«˛Ü˛ ï˛y˛õm Ï̂Î˚Ó˚ xl%̨ õyï˛

      γ =

C
p

C
v

~Ë˛yˆÏÓ Î!ò ~Ü˛!ê˛ xyò¢≈ àƒy§ Ó˚%Âôï˛y˛õ#Î˚Ë˛yˆÏÓ (P
1
, V

1
)

xÓfiÌy ˆÌˆÏÜ˛ (P
2
, V

2
) xÓfiÌyÎ˚ ˛õ!Ó˚Ó!ï≈˛ï˛ •Î˚ ï˛ˆÏÓñ

P
1
 V

1

γ  = P
2
 V

2

γ
(12.14)

12.8lÇ !ã˛e!ê˛ ˆòáyÎ˚ ˆÎñ ~Ü˛!ê˛ xyò¢≈ àƒyˆÏ§Ó˚ P-V

ˆ°á!ã˛e!ê˛ ò%!ê˛ Ó̊%Âôï˛y˛õ ≤Ã!Ü ̨ Î̊yñ ò%!ê˛ § Ï̂Ùy£÷Ï ≤Ã!Ü ̨ Î̊y Ï̂Ü˛ Î%=˛ Ü˛ Ï̂Ó̊ Ï̂SÈ–
˛õ)ˆÏÓ≈Ó˚ lƒyÎ˚ ~Ü˛!ê˛ Ó˚%Âôï˛y˛õ ≤Ã!Ü ˛Î˚yÎ˚ñ ~Ü˛!ê˛ xyò¢≈ àƒy§

åP
1
, V

1
, T

1
ä xÓfiÌy ˆÌˆÏÜ˛ (P

2
, V

2
, T

2
) xÓfiÌyÎ˚ ˛õ!Ó˚Ó!ï≈˛ï˛

•ˆÏ° Ü,˛ï˛Ü˛yÎ≈ˆÏÜ˛ xyÙÓ˚y àîly Ü˛Ó˚ˆÏï˛ ̨ õy!Ó˚ÈüüüÈ

         W P dV

V

V

= ∫
1

2

= ô %ÓÜ˛ × 
dV

V
V

V

γ

1

2

∫ = ô %ÓÜ˛ ×
V

V

V
− +

−

γ

γ

1

1
1

2

ô %ÓÜ˛
1

1 1

2

1

1

1
−( )

× −











− −

γ
γ γ

V V
(12.15)

(12.14) lÇ §Ù#Ü˛Ó˚î ˆÌ Ï̂Ü˛ñ ô %ÓÜ˛!ê˛ •° P
1
V

1
γ  xÌÓy P

2
V

2
γ

W
P V

V

PV

V

=

−
− −

−












 

1

1

2 2

2

1

1 1

1

1  γ

γ

γ

γ

γ

 =

−

−

−

−

[ ] = 
1

1 1
2 2 1 1

1 2

  γ

µ

γ

P V PV
R T T( )

(12.16)

≤Ãï˛ƒy!¢ï˛Ë˛y Ï̂Óñ Ó̊%Âôï˛y˛õ ≤Ã!Ü ̨ Î̊yÎ̊ àƒy§!ê˛ myÓ̊y Ü˛yÎ≈ §¡õy!òï˛
•ˆÏ° (W > 0) (12.16) lÇ §Ù#Ü˛Ó˚î ˆÌˆÏÜ˛ T

2
 < T

1
 •Î˚–

x˛õÓ˚!ò Ï̂Ü˛ñ àƒy§!ê˛Ó˚ í z̨̨ õÓ˚ Ü˛yÎ≈ §¡õy!òï˛ • Ï̂° (W < 0), xyÙÓ˚y
˛õy•z T

2
 > T

1
 xÌ≈yÍ àƒy§!ê˛Ó˚ ï˛y˛õÙyey Ó,!Âô˛ õyˆÏÓ–

12.8.4 §ÙxyÎ˚ï˛l ≤Ã!Ü ˛Î˚y (Isochoric process)

§ÙxyÎ˚ï˛l ≤Ã!Ü ˛Î˚yÎ˚ñ V ô %ÓÜ˛ ÌyˆÏÜ˛– àƒy§ myÓ˚y xÌÓy àƒyˆÏ§Ó˚
í z̨̨ õÓ˚ ̂ Ü˛y Ï̂ly Ü˛yÎ≈ •Î˚ ly– (12.1) lÇ §Ù#Ü˛Ó˚î xl%ÎyÎ˚# àƒy§!ê˛Ó˚
myÓ˚y ˆ¢y!£Ïï˛ ï˛y˛õñ §¡õ)î≈Ó˚)ˆÏ˛õ ~Ó˚ xhs˝/¢!=˛ ~ÓÇ ï˛y˛õÙyeyÓ˚
˛õ!Ó̊Óï≈̨l Ü˛̂ ÏÓ̊– !Ü˛S%È ̨õ!Ó̊Ùyî ï˛y˛õ≤Ãòy Ï̂lÓ̊ Ê˛̂ Ï° ï˛y˛õÙyeyÓ̊ ̨õ!Ó̊Óï≈̨l
àƒy§!ê˛Ó˚ !fiÌÓ˚ xyÎ˚ï˛ Ï̂l xy Į̈̂ õ!«˛Ü˛ ï˛y˛õ myÓ˚y !lô≈y!Ó˚ï˛ •Î˚–

12.8.5 §Ùã˛y˛õ ≤Ã!Ü ˛Î˚y (Isobaric process)

§Ùã˛y˛õ ≤Ã!Ü ˛Î˚yÎ˚ P !fiÌÓ˚ ÌyˆÏÜ˛– àƒy§!ê˛ myÓ˚y Ü,˛ï˛Ü˛yÎ≈ •°

W = P (V
2
 – V

1
)  =  µ R (T

2
 – T

1
)    (12.17)

ï˛y˛õÙyeyÓ˚ ˛õ!Ó˚Óï≈˛l •GÎ˚yÎ˚ xhs˝/¢!=˛Ó˚ ˛õ!Ó˚Óï≈˛l âˆÏê˛–
ˆ¢y!£Ïï˛ ï˛y Į̈̂ õÓ˚ ~Ü˛ xÇ¢ xhs˝/¢!=˛Ó˚ Ó,!Âô Ü˛ Ï̂Ó˚ ~ÓÇ x˛õÓ˚ xÇ¢
Ü˛yÎ≈ Ü˛ Ï̂Ó˚– !Ü˛S%È ̨õ!Ó˚Ùyî ï˛y˛õ ≤Ãòy Ï̂lÓ˚ Ê˛ Ï̂° ï˛y˛õÙyeyÓ˚ ̨õ!Ó˚Óï≈̨ l
àƒy§!ê˛Ó˚ !fiÌÓ˚ ã˛y Į̈̂ õ xy Į̈̂ õ!«˛Ü˛ ï˛y˛õ myÓ˚y !lô≈y!Ó˚ï˛ •Î˚–

12.8.6 xyÓï≈˛ ≤Ã!Ü ˛Î˚y (Cyclic process)

xyÓï≈̨  ≤Ã!Ü ̨ Î̊yÎ̊ §ÇfiÌy!ê˛ ï˛yÓ̊ ≤ÃyÌ!ÙÜ˛ xÓfiÌyÎ̊ !Ê˛̂ ÏÓ̊ xy Ï̂§– ̂ Î Ï̂•ï%̨
xhs˝/¢!=˛ ~Ü˛!ê˛ xÓfiÌyÓ˚ ã˛°Ó˚y!¢ñ ~Ü˛!ê˛ xyÓï≈˛ ≤Ã!Ü ˛Î˚yÓ˚ çlƒ
∆U = 0 •Î˚– (12.1) lÇ §Ù#Ü˛Ó˚î xl%ÎyÎ˚# ˆÙyê˛ ˆ¢y!£Ïï˛ ï˛y˛õ
§ÇfiÌyÓ˚ myÓ˚y Ü,̨ ï˛Ü˛y Ï̂Î≈Ó˚ §Ùyl–

!ã˛e 12.8 ~Ü˛!ê˛ xyò¢≈ àƒyˆÏ§Ó˚ §ˆÏÙy£÷Ï ~ÓÇ Ó˚%Âôï˛y˛õ ≤Ã!Ü ˛Î˚yÓ˚
P-V ˆ°á!ã˛e–

§ Ï̂Ùy£÷Ï

Ó%̊Âôï˛y˛õÓ%̊Âôï˛y˛õ

§ Ï̂Ùy£÷Ï
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12.9  ï˛y˛õ •z!Ol (Heat Engines)

ï˛y˛õ •z!Ol •° ~Ü˛!ê˛ Îy!sfÜ˛ ÓƒÓfiÌy ÎyÓ˚ myÓ˚y §ÇfiÌy!ê˛ ~Ü˛!ê˛
xyÓï≈˛ ≤Ã!Ü ˛Î˚yÓ˚ Ùôƒ !òˆÏÎ˚ !àˆÏÎ˚ ï˛y˛õˆÏÜ˛ Ü˛yˆÏÎ≈ Ó˚)˛õyhs˝!Ó˚ï˛ Ü˛ˆÏÓ˚–
(1) ~!ê˛ ~Ü˛!ê˛ Ü˛yÎ≈Ü˛Ó˚# í z̨̨ õyòylÈüüüÈ§ÇfiÌy !l Ï̂Î˚ à!ë˛ï˛– í z̨òy•Ó˚î

fl∫Ó)̨̊ õñ àƒy Ï̂§y!°l xÌÓy !í˛ Ï̂ç° •z!O Ï̂l çµy°y!l Óy‹õ ~ÓÇ
ÓyÎ˚%Ó˚ ~Ü˛!ê˛ !Ù◊î xÌÓy Óy‹õ#Î˚ •z!OˆÏl ÓyÏ‹õ •° Ü˛yÎ≈Ü˛Ó˚#
í z̨̨ õyòyl–

(2) Ü˛yÎ≈Ü˛Ó˚# í z̨̨ õyòyl!ê˛ !Ó!Ë˛ß¨ ≤Ã!Ü ̨ Î˚y §Ù!ß∫ï˛ ~Ü˛!ê˛ ã˛ Ï̂Ü ̨ Ó˚ Ùôƒ
!òˆÏÎ˚ ÎyÎ˚– ~•z ≤Ã!Ü ˛Î˚yà%ˆÏ°yÓ˚ ÙˆÏôƒ Ü˛ˆÏÎ˚Ü˛!ê˛ˆÏï˛ T

1 
í˛zFã˛

ï˛y˛õÙyey §¡õß¨ ~Ü˛!ê˛ Óy!•ƒÜ˛ xyôyÓ˚ ˆÌˆÏÜ˛ Ü˛yÎ≈Ü˛Ó˚#
í˛z˛õyòyl!ê˛ ˆÙyê˛ Q

1
 ˛õ!Ó˚Ùyî ï˛y˛õ ˆ¢y£Ïî Ü˛ˆÏÓ˚–

(3) ã˛Ü ̨ !ê˛Ó̊ x˛õÓ̊ !Ü˛S%È ≤Ã!Ü ̨ Î̊yÎ̊ Ü˛yÎ≈Ü˛Ó̊# í z̨̨ õyòyl!ê˛ T
2 
!l¡̈ï˛y˛õÙyey

§¡õß¨ ~Ü˛!ê˛ Óy!•ƒÜ˛ xyôy Ï̂Ó˚ ̂ Ùyê˛ Q
2
 ̨õ!Ó˚Ùyî ï˛y˛õ §Ó˚ÓÓ˚y•

Ü˛ Ï̂Ó˚–
(4) ã˛Ü ˛!ê˛ˆÏï˛ §ÇfiÌy!ê˛ myÓ˚y Ü,˛ï˛Ü˛yÎ≈ (W) !Ü˛S%È ÓƒÓfiÌyÓ˚ ÙyôƒˆÏÙ

˛õ!Ó˚ˆÏÓˆÏ¢ §M˛y!°ï˛ •Î˚ åí˛zòy•Ó˚îfl∫Ó˚)˛õñ à!ï˛¢#° !˛õT˛l§•
~Ü˛!ê˛ ̂ ã˛y. ÙôƒfiÌ Ü˛yÎ≈Ü˛Ó̊# í z̨̨ õyòyl ~Ü˛!ê˛ Îy Ï̂lÓ̊ ã˛yÜ˛yà%̂ Ï°y Ï̂ï˛
xyÓï≈̨ l¢#° ã˛y°Ü˛ò Ï̂[˛Ó̊ Ùyôƒ Ï̂Ù Îy!sfÜ˛ ¢!=˛ §M˛y!°ï˛ Ü˛Ó̊ Ï̂ï˛
˛õy Ï̂Ó˚ä–
~Ü˛!ê˛ ï˛y˛õ#Î˚ •z!OˆÏlÓ˚ ˆÙÔ!°Ü˛ ˜Ó!¢T˛ƒà%ˆÏ°yÓ˚ Ó˚)˛õˆÏÓ˚áy

å12.9ä lÇ !ã˛ˆÏe ̂ òáyˆÏly •°–

!Ü˛S%È í ẑ̨ Ïj¢ƒ §yô Ï̂l ≤Ã Ï̂Î˚yçl#Î˚ Ü˛yÎ≈ ̂ ˛õ Ï̂ï˛ ã˛Ü ̨ !ê˛Ó˚ ÓyÓ˚ ÓyÓ˚
˛õ%lÓ˚yÓ,!_ Ü˛Ó˚y •Î˚– ï˛y˛õ •z!O Ï̂lÓ˚ xôƒÎ˚̂ ÏlÓ˚ Ù Ï̂ôƒ•z ï˛y˛õà!ï˛!Óòƒy
!Ó£ÏÎ˚!ê˛Ó˚ !Ë˛!_ !l•#ï˛ Ó˚ˆÏÎ˚ˆÏSÈ– ï˛y˛õ •z!OˆÏlÓ˚ Ü˛Ù≈ò«˛ï˛yÓ˚ §ˆÏAà
§¡õ!Ü≈˛ï˛ ~Ü˛!ê˛ Ù)° ≤ÃŸ¿ Ó˚ˆÏÎ˚ˆÏSÈ– ~Ü˛!ê˛ ï˛y˛õ#Î˚ •z!OˆÏlÓ˚ Ü˛Ù≈
ò«˛ï˛y (η) !lˆÏ¡¨Ó˚ §¡õÜ≈˛ myÓ˚y §ÇK˛y!Î˚ï˛ •Î˚

η  =

W

Q
1

(12.18)

ˆÎáyˆÏlñ Q
1
 •° à,•#ï˛ ï˛y˛õ xÌ≈yÍ ~Ü˛!ê˛ ˛õ)î≈ã˛ˆÏÜ ˛ §ÇfiÌy!ê˛ myÓ˚y

ˆ¢y!£Ïï˛ ï˛y˛õ ~ÓÇ W •° ~Ü˛!ê˛ ã˛ Ï̂Ü ̨  ̨õ!Ó˚̂ ÏÓ Ï̂¢Ó˚ í z̨̨ õÓ˚ Ü,̨ ï˛Ü˛yÎ≈–
~Ü˛!ê˛ ã˛ˆÏÜ ˛ •z!Ol!ê˛ !Ü˛S%È ˛õ!Ó˚Ùyî ï˛y˛õ (Q

2
) ˛õ!Ó˚ˆÏÓˆÏ¢ ï˛ƒyàG

Ü˛Ó̊ Ï̂ï˛ ̨õy Ï̂Ó̊ñ ï˛ál ï˛y˛õà!ï˛!ÓòƒyÓ̊ ≤ÃÌÙ §)eyl%§y Ï̂Ó̊ ~Ü˛!ê˛ ̨õ)î≈ã˛ Ï̂Ü ̨ ñ

W  =  Q
1
 – Q

2
(12.19)

xÌ≈yÍ η    = −1
2

1

Q

Q
(12.20)

Q
2
 = 0 ~Ó˚ çlƒ η = 1, xÌ≈yÍ •z!Ol!ê˛ ï˛y˛õˆÏÜ˛ Ü˛yˆÏÎ≈

Ó˚ )˛õyhsˆÏÓ˚Ó˚ ˆ«˛ˆÏe 100% Ü˛Ù≈ò«˛ï˛y Ó˚yˆÏá– °«˛î#Î˚ ˆÎñ
ï˛y˛õà!ï˛!ÓòƒyÓ˚ ≤ÃÌÙ §)e xÌ≈yÍ ¢!=˛Ó˚ §ÇÓ˚«˛î §)e!ê˛ ~Ó)̨̊ õ ~Ü˛!ê˛
•z!Ol Ï̂Ü˛ Óy!ï˛° Ü˛Ó˚̂ Ïï˛ ̨õy Ï̂Ó˚ ly– !Ü˛v x!Ë˛K˛ï˛y ̂ òáyÎ˚ ̂ Î ~Ü˛!ê˛
≤ÃÜ,˛ï˛ •z!OˆÏlÓ˚ §ˆÏAà Î%=˛ !Ó!Ë˛ß¨ ≤ÃÜ˛yˆÏÓ˚Ó˚ «˛Î˚ x˛õ§yÓ˚î Ü˛Ó˚yÓ˚
˛õÓ˚G η = 1 !Ó!¢T˛ ~Ó˚)˛õ ~Ü˛!ê˛ xyò¢≈ •z!Ol Ü˛áˆÏly §Ω˛Ó lÎ˚–
~Ó˚ ˆÌˆÏÜ˛ !§Âôyhs˝ ˆlGÎ˚y ÎyÎ˚ ˆÎñ ï˛y˛õ à!ï˛!ÓòƒyÓ˚ !mï˛#Î˚ §)e
åxl%ˆÏFSÈò12.11ä lyÙÜ˛ ≤ÃÜ,̨ !ï˛Ó˚ ~Ü˛ fl∫ï˛sf l#!ï˛Ó˚ myÓ˚y ~Ü˛!ê˛
ï˛y˛õ •z!OˆÏlÓ˚ Ü˛Ù≈ò«˛ï˛yÓ˚ Ù)° §#Ùy !lô≈y!Ó˚ï˛ •Î˚–

!Ó!Ë˛ß¨ ï˛y˛õ •z!OˆÏlÓ˚ ˆ«˛ˆÏe ï˛y˛õˆÏÜ˛ Ü˛yˆÏÎ≈ Ó˚)˛õyhs˝Ó˚ Ü˛Ó˚yÓ˚
ˆÜ˛Ô¢° !Ó!Ë˛ß¨ •Î˚– Ù)°ï˛ ˆ§ˆÏ«˛ˆÏe ò%!ê˛ í˛z˛õyÎ˚ Ó˚ˆÏÎ˚ˆÏSÈ ı ~Ü˛!ê˛
Óy!•ƒÜ˛ ã%˛!Õ‘ myÓ˚y §ÇfiÌy!ê˛ˆÏÜ˛ åˆÎÙl ~Ü˛!ê˛ àƒy§ xÌÓy ~Ü˛!ê˛
àƒy§ !Ù◊îä í z̨_Æ Ü˛Ó˚y •Î˚ñ ̂ ÎÙl ~Ü˛!ê˛ Óy‹õ#Î˚ •z!O Ï̂ló xÌÓy
~Ü˛!ê˛ xË˛ƒhs˝Ó̊#î ò•l •z!O Ï̂lÓ̊ ̂ «˛ Ï̂e ~Ü˛!ê˛ ï˛y Į̈̂ õyÍ˛õyò# Ó̊y§yÎ̊!lÜ˛
!Ó!Ü ˛Î˚yÓ˚ myÓ˚y ~ˆÏÜ˛ xË˛ƒhs˝Ó˚#îË˛yˆÏÓ í˛z_Æ Ü˛Ó˚y •Î˚– ~Ü˛!ê˛ ã˛ˆÏÜ ˛
Î%=˛ !Ó!Ë˛ß¨ ôy˛õà%ˆÏ°yG ~Ü˛ •z!Ol ̂ ÌˆÏÜ˛ xlƒ •z!OˆÏl !Ë˛ß¨ •Î˚–

12.10 !•ÙyÎ˚Ü˛ ~ÓÇ ï˛y˛õ#Î˚ ˛õy¡õ (Refrigerators and

heat pumps)

!•ÙyÎ˚Ü˛ åRefrigeratorä •° ~Ü˛!ê˛ ï˛y˛õ •z!OˆÏlÓ˚ !Ó˛õÓ˚#ï˛–
~ˆÏ«˛ˆÏe Ü˛yÎ≈Ü˛Ó˚# í˛z˛õyòyl!ê˛ T

2 
ï˛y˛õÙyeyÓ˚ ~Ü˛!ê˛ ¢#ï˛° xyôyÓ˚

ˆÌ Ï̂Ü˛ Q
2
 ï˛y˛õ !l‹Òy¢l Ü˛ Ï̂Ó˚ñ ~Ó˚ í z̨̨ õÓ˚ !Ü˛S%È ̨õ!Ó˚Ùyî Óy!•ƒÜ˛ Ü˛yÎ≈

§¡õyòl Ü˛ˆÏÓ˚ ~ÓÇ T
1
 ï˛y˛õÙyeyÎ˚ í˛z£÷Ï xyôyÓ˚!ê˛ˆÏï˛ Q

1
 ï˛y˛õ Ù%=˛

Ü˛ Ï̂Ó˚ å12.10 !ã˛ Ï̂eä–

!ã ˛e 12.10 ï˛y˛õ •z!OˆÏlÓ˚ !Ó˛õÓ˚#ï˛ ~Ü˛!ê˛ !•ÙyÎ˚Ü˛
åRefrigeratorä xÌÓy ~Ü˛!ê˛ ï˛y˛õ#Î˚ ˛õyˆÏ¡õÓ˚
Ó)̨̊ õ Ï̂Ó˚áyÓ˚ í z̨̨ õfiÌy˛õl–

!ã˛e 12.9 ï˛y˛õ •z!O Ï̂lÓ˚ Ó)̨̊ õ Ï̂Ó˚áy– •z!Ol!ê˛ T
1 
ï˛y˛õÙyeyÎ˚ í z̨_Æ

xyôyÓ˚ ˆÌˆÏÜ˛ Q
1
 ï˛y˛õ @˝Ã•î Ü˛ˆÏÓ˚ ~ÓÇ T

2
 ï˛y˛õÙyeyÎ˚

¢#ï˛° xyôyˆÏÓ˚ Q
2
 ï˛y˛õ Óç≈l Ü˛ˆÏÓ˚ ~ÓÇ ÚWÛ ˛õ!Ó˚Ùyî

Ü˛yÎ≈ ˛õy!Ó˚˛õy!Ÿª≈ˆÏÜ˛ ≤Ãòyl Ü˛ˆÏÓ˚–

í z̨£÷Ï
xyôyÓ̊

¢#ï˛°
xyôyÓ̊

í z̨£÷Ï
xyôyÓ̊

¢#ï˛°
xyôyÓ̊
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ï˛y˛õà!ï˛ !ÓòƒyÓ˚ ≤ÃÓï≈˛Ü˛àî (Pioneers of Thermodynamics)

°í≈˛ ˆÜ˛°!Ë˛l åí˛z•z!°Î˚yÙ ÌÙ‰§l‰ä (1824-1907), xyÎ˚yÓ˚°ƒyˆÏu˛Ó˚ ˆÓ°Ê˛yˆÏT˛ çß√@˝Ã•î Ü˛ˆÏÓ˚l–

í˛zl!ÓÇ¢ ¢ï˛y∑#ˆÏï˛ Ù%áƒ !Ó !ê˛¢ ˜ÓK˛y!lÜ˛ˆÏòÓ˚ ÙˆÏôƒ !ï˛!lG ~Ü˛çl– ˆçÙ§‰ ç%° (1818-1889)ñ

ç%!°Î˚y§ ˆÙÎ˚yÓ˚ (1814-1878) ~ÓÇ •yÓ˚Ùyl ˆ•Õ√ˆÏ•y°‰ˆÏçÓ˚ (1821-1894) Ü˛yˆÏçÓ˚ myÓ˚y ≤ÃhflÏy!Óï˛

¢!=˛Ó˚ §ÇÓ˚«˛î §)ˆÏeÓ˚ í˛zß¨!ï˛ˆÏï˛ ÌÙ§l Ù%áƒ Ë)˛!ÙÜ˛y @˝Ã•î Ü˛ˆÏÓ˚l– ï˛ÌyÜ˛!Ìï˛ ç%°ÈüÈÌÙ§l !Ü ˛Î˚y ı

¢)lƒfiÌyˆÏl ≤Ã§yÓ˚ˆÏîÓ˚ Ê˛ˆÏ° àƒyˆÏ§Ó˚ ¢#ï˛°#Ü˛Ó˚ˆÏîÓ˚ í˛z˛õÓ˚ Ü˛yˆÏç !ï˛!l ç%ˆÏ°Ó˚ §•ˆÏÎy!àï˛y Ü˛ˆÏÓ˚l–

!ï˛!l ˛õÓ˚Ù¢)ˆÏlƒÓ˚ ôyÓ˚îy ≤Ãã˛°l Ü˛ˆÏÓ˚l ~ÓÇ ï˛y˛õÙyeyÓ˚ ˛õÓ˚Ù ˆflÒˆÏ°Ó˚ ≤ÃhflÏyÓ Ü˛ˆÏÓ˚lñ ÎyˆÏÜ˛ ïÑ˛yÓ˚

§¡øylyˆÏÌ≈ Óï≈˛ÙyˆÏl ˆÜ˛°!Ë˛l ˆflÒ° Ó°y •Î˚– §!í˛ Ü˛yî≈ˆÏê˛Ó ̊ (1796-1832) Ü˛yç ˆÌˆÏÜ˛ ÌÙ§l

ï˛y˛õà!ï˛!ÓòƒyÓ˚ !mï˛#Î˚ §)ˆÏeÓ˚ Ó˚)˛õ!ê˛ ≤Ãòyl Ü˛ˆÏÓ˚l– ÌÙ§l ~Ü˛çl Ó•%à%ˆÏî à%îy!ß∫ï˛ ˛õòyÌ≈ !ÓK˛yl#

!SÈˆÏ°l– ï˛!í˛¸Í ã%˛¡∫Ü˛#Î˚ ï˛_¥ ~ÓÇ ≤ÃÓy•# à!ï˛!ÓòƒyÎ˚˚ ïÑ˛yÓ˚ xÓòyl í˛zˆÏÕ‘áˆÏÎyàƒ–

Ó˚%í˛°‰Ê˛ Üœ˛!§Î˚y§ (1822-1888)ñ ˆ˛õy°yˆÏu˛ çß√@˝Ã•î Ü˛ˆÏÓ˚l– !ï˛!l §yôyÓ˚îï˛ ï˛y˛õà!ï˛!ÓòƒyÓ˚

!mï˛#Î˚ §)ˆÏeÓ˚ xy!Ó‹ÒyÓ˚Ü˛ !•§yˆÏÓ §¡øy!lï˛– Ü˛yl≈ê˛ G ÌÙ§ˆÏlÓ˚ Ü˛yˆÏçÓ˚ í˛z˛õÓ˚ !Ë˛!_ Ü˛ˆÏÓ˚ Üœ˛!§Î˚y§

~lê˛∆!˛õÓ˚ à%Ó˚%c˛õ)î≈ ôyÓ˚îyÎ˚ í˛z˛õl#ï˛ •l– ~!ê˛ ï˛y˛õà!ï˛!ÓòƒyÓ˚ !mï˛#Î˚ §)ˆÏeÓ˚ ˆÙÔ!°Ü˛ §ÇflÒÓ˚î–

~Ó˚ !ÓÓ,!ï˛!ê˛ •°ñ !Ó!FSÈß¨ §ÇfiÌyÓ˚ ~lê˛∆!˛õ åEntropyä Ü˛áˆÏly Ü˛ÙˆÏï˛ ̨ õyˆÏÓ˚ ly– Üœ˛!§Î˚y§ àƒyˆÏ§Ó˚

à!ï˛ï˛ˆÏcÓ˚ í˛z˛õÓ˚G Ü˛yç Ü˛ˆÏÓ˚l ~ÓÇ §Ó≈≤ÃÌÙ xî%Ó˚ xyÜ˛yÓ˚ñ ̂ Óàñ àí˛¸ Ù%=˛ ̨õÌ ≤ÃË,˛!ï˛Ó˚ !lË≈˛Ó˚ˆÏÎyàƒ

!•ˆÏ§Ó Ü˛ˆÏÓ˚l–

~Ü˛!ê˛ ï˛y˛õ#Î˚ ̨õy¡õñ ~Ü˛!ê˛ !•ÙyÎ˚ˆÏÜ˛Ó˚•z åRefrigeratorä
xl%Ó˚)˛õ– Îsf!ê˛Ó˚ ÓƒÓ•y!Ó˚Ü˛ í˛zˆÏjˆÏ¢ƒÓ˚ í˛z˛õÓ˚ !lË≈˛Ó˚ Ü˛ˆÏÓ˚•z xyÙÓ˚y
lyÙ!ê˛ ÓƒÓ•yÓ˚ Ü˛!Ó˚– Î!ò xyÙyˆÏòÓ˚ í˛zˆÏj¢ƒ ~Ùl •Î˚ ˆÎñ ˆÜ˛yˆÏly
fiÌyˆÏlÓ˚ ~Ü˛!ê˛ xÇ¢ˆÏÜ˛ ë˛yu˛y Ü˛Ó˚ˆÏï˛ •ˆÏÓñ ˆÎÙlÈüÈ ã˛yÓ˚˛õy¢
í˛zFã˛ï˛y˛õÙyeyÓ˚ ï˛y˛õ xyôyÓ˚ myÓ˚y ̨õ!Ó˚ˆÏÓ!T˛ï˛ ≤ÃˆÏÜ˛yˆÏ¤˛Ó˚ xË˛ƒhs˝Ó˚
Ë˛yàñ ̂ §ˆÏ«˛ˆÏe xyÙÓ˚y Îsf!ê˛ˆÏÜ˛ !•ÙyÎ˚Ü˛ Ó!°– xyÓ˚ Î!ò ôyÓ˚îy!ê˛
•Î˚ ̂ Ü˛yl fiÌy Ï̂lÓ˚ ~Ü˛!ê˛ xÇ Ï̂¢ ï˛y˛õ ≤Ãòyl Ü˛Ó˚y å~Ü˛!ê˛ xRy!°Ü˛yÓ˚
ˆÜ˛yl ~Ü˛!ê˛ Ü˛ Ï̂«˛ñ ̂ Îáy Ï̂l Óy!• Ï̂Ó̊Ó̊ ̨õ!Ó̊ Ï̂Ó¢ ¢#ï˛° Ìy Ï̂Ü˛ä Îsf!ê˛ Ï̂Ü˛
ï˛y˛õ#Î˚ ̨õy¡õ Ó°y •Î˚–

!•ÙyÎ̊ Ï̂Ü˛Ó̊ åRefrigeratorä Ü˛yÎ≈Ü˛Ó̊# í z̨̨ õyòyl!ê˛ å§yôyÓ̊îï˛
àƒy§#Î˚ xÓfiÌyÎ˚ Ìy Ï̂Ü˛ä !l¡¨!°!áï˛ ôy˛õà%̂ Ï°yÓ˚ Ùôƒ !ò Ï̂Î˚ ÎyÎ˚ ı
(a) í˛zFã˛ ã˛y˛õ ˆÌˆÏÜ˛ !l¡¨ã˛yˆÏ˛õ àƒy§!ê˛ˆÏÜ˛ •ë˛yÍ ≤Ã§y!Ó˚ï˛ •ˆÏï˛

!ò Ï̂° ~!ê˛ ¢#ï˛° •Î˚ ~ÓÇ Óy‹õ G ï˛Ó˚̂ Ï°Ó˚ ~Ü˛!ê˛ !Ù◊ Ï̂î
˛õ!Ó˚Ó!ï≈̨ ï˛ •Î˚–

(b) ˆÎ fiÌyl!ê˛ˆÏÜ˛ ¢#ï˛° Ü˛Ó˚ˆÏï˛ •ˆÏÓ ˆ§•z fiÌyl ˆÌˆÏÜ˛ ï˛y˛õ
ˆ¢y£Ï̂ Ïî ≤ÃÓy•#!ê˛ åÜ˛yÎ≈Ü˛Ó˚ ̨õòyÌ≈!ê˛ä Óy Ï̂‹õ ̨õ!Ó˚îï˛ •Î˚–

(c) §ÇfiÌy!ê˛Ó˚ í z̨̨ õÓ˚ Óy!•ƒÜ˛ Ü˛yÎ≈ Ü˛!Ó˚̂ ÏÎ˚ ̨Óy‹õ!ê˛ Ï̂Ü˛ í z̨_Æ Ü˛Ó˚y
•Î˚ñ ~ÓÇ

(d) Óy‹õ!ê˛ myÓ˚y ̨õ!Ó˚̂ ÏÓ Ï̂¢ ï˛y˛õ Óç≈l Ü˛!Ó˚̂ ÏÎ˚ ≤ÃyÌ!ÙÜ˛ xÓfiÌyÎ˚
!lˆÏÎ˚ ÎyGÎ˚y •Î˚ ~ÓÇ ã˛Ü ˛!ê˛ §¡õ)î≈ Ü˛Ó˚y •Î˚–

!•ÙyÎ˚Ü˛!ê˛Ó˚ ò«˛ï˛y à%îyAÜ˛!ê˛ (α) •°ñ

α  =
Q

W

2
(12.21)

ˆÎáy Ï̂l Q
2
 •° ¢#ï˛° xyôyÓ˚ ˆÌˆÏÜ˛ à,•#ï˛ ï˛y˛õ ~ÓÇ W •°

!•ÙyÎ˚Ü˛ ÈüÈ §ÇfiÌy!ê˛Ó˚ í z̨̨ õÓ˚ Ü,̨ ï˛Ü˛yÎ≈ åï˛y˛õ#Î˚ ̨õy¡õ!ê˛Ó˚ çlƒ α •°
Q

1
/Wä– °«˛î#Î˚ñ ̂ Îáy Ï̂l §ÇK˛yàï˛Ë˛y Ï̂Ó η Ü˛á Ï̂ly 1 ~Ó˚ x!ôÜ˛

• Ï̂ï˛ ̨õy Ï̂Ó̊ lyñ ̂ §áy Ï̂l α , 1 ~Ó̊ x!ôÜ˛ • Ï̂ï˛ ̨õy Ï̂Ó̊– ¢!=˛Ó̊ §ÇÓ̊«˛î
xl%ÎyÎ˚#ñ í˛z£÷Ï xyôyˆÏÓ˚ Ó!ç≈ï˛ ï˛y˛õ •°

Q
1
  = W +  Q

2

xÌ≈yÍñ α   

 − 

=
Q

Q Q

2

1 2

(12.22)

~Ü˛!ê˛ ï˛y˛õ •z!OˆÏlñ ï˛y˛õ §¡õ)î≈Ó˚)ˆÏ˛õ Ü˛yˆÏÎ≈ Ó˚)˛õyhs˝!Ó˚ï˛ •Î˚
lyó ~Ü˛•z Ó˚Ü˛ÙË˛yˆÏÓ §ÇfiÌy!ê˛Ó˚ í˛z˛õÓ˚ Óy!•ƒÜ˛ Ü˛yÎ≈ Ü˛Ó˚y ly •ˆÏ°
!•ÙyÎ˚Ü˛!ê˛ åRefrigeratorä Ü˛yÎ≈ Ü˛Ó˚̂ Ïï˛ ̨õy Ï̂Ó˚ lyñ xÌ≈yÍ (12.21)

lÇ §Ù#Ü˛Ó˚î xl%ÎyÎ˚# ò«˛ï˛y à%îyAÜ˛!ê˛ x§#Ù •ˆÏÓ–

12.11  ï˛y˛õà!ï˛!ÓòƒyÓ˚ !mï˛#Î˚ §)e (Second Law of

Thermodynamics)

ï˛y˛õà!ï˛!ÓòƒyÓ˚ ≤ÃÌÙ §)e!ê˛ •° ¢!=˛Ó˚ §ÇÓ˚«˛î l#!ï˛– §yôyÓ˚î
x!Ë˛K˛ï˛y ˆòáyÎ˚ ˆÎñ xˆÏlÜ˛ xl%ôyÓl#Î˚ ≤Ã!Ü ˛Î˚y Ó˚ˆÏÎ˚ˆÏSÈ ˆÎà%ˆÏ°y
≤ÃÌÙ §)e!ê˛ myÓ˚y §!ë˛Ü˛Ë˛yˆÏÓ à,•#ï˛ •ˆÏ°G xòƒy!˛õ Ü˛álG
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˛õÎ≈̂ ÏÓ!«˛ï˛ •Î˚!l– í z̨òy•Ó˚îfl∫Ó)̨̊ õñ ̂ ê˛!Ó Ï̂°Ó˚ í z̨̨ õÓ˚ Ó˚yáy ~Ü˛!ê˛ Ó•z
!lˆÏç ̂ ÌˆÏÜ˛ °y!Ê˛ˆÏÎ˚ ~Ü˛!ê˛ í˛zFã˛ï˛yÎ˚ í˛zë˛ˆÏSÈ ~Ùlê˛y ̂ Ü˛í˛z Ü˛álG
ˆò Ï̂á!l– !Ü˛v ~Ó)̨̊ õ âê˛ly §Ω˛Ó • Ï̂Ó Î!ò ¢!=˛Ó˚ §ÇÓ˚«˛î l#!ï˛!ê˛•z
~Ü˛Ùye !Ó!ô !lˆÏ£Ïô •Î˚– ̂ ê˛!Ó°!ê˛ fl∫ï˛/fl≥)˛ï≈˛Ë˛yˆÏÓ ë˛yu˛y •ˆÏÎ˚ ~Ó˚
xhs˝/¢!=˛Ó˚ !Ü˛S%È xÇ¢ Ï̂Ü˛ Ó•ẑ ÏÎ˚Ó˚ Îy!sfÜ˛ ¢!=˛ Ï̂ï˛ Ó)̨̊ õyhs˝!Ó˚ï˛ Ü˛Ó˚̂ Ïï˛
˛õyˆÏÓ˚ ~ÓÇ Ó•z!ê˛Ó˚ x!ç≈ï˛ Îy!sfÜ˛ ¢!=˛Ó˚ §Ùyl !fiÌ!ï˛¢!=˛ §¡õß¨
í z̨Fã˛ï˛yÎ˚ °yÊ˛y Ï̂ï˛ ̨õy Ï̂Ó˚– !Ü˛v ~!ê˛ Ü˛á Ï̂ly â Ï̂ê˛ ly– flõT˛ï˛•zñ ~!ê˛
¢!=˛Ó˚ §ÇÓ˚«˛ˆÏîÓ˚ l#!ï˛ˆÏÜ˛ Ùylƒ Ü˛Ó˚ˆÏ°G ≤ÃÜ,˛!ï˛Ó˚ !Ü˛S%È x!ï˛!Ó˚=˛
Ù)° l#!ï˛ ~Ó˚)˛õ •ˆÏï˛ Óyôy ˆòÎ˚– ï˛y˛õà!ï˛ !ÓòƒyÓ˚ ≤ÃÌÙ §)ˆÏeÓ˚
§ Ï̂Aà §Çà!ï˛˛õ)î≈ âê˛lyà%̂ Ï°y Ï̂Ü˛ x@˝Ãy•ƒ Ü˛Ó˚yÓ˚ ~ l#!ï˛!ê˛ ï˛y˛õà!ï˛
!ÓòƒyÓ˚ !mï˛#Î˚ §)e !•§y Ï̂Ó ̨õ!Ó˚!ã˛ï˛–

ï˛y˛õà!ï˛ !ÓòƒyÓ˚ !mï˛#Î˚ §)eñ ~Ü˛!ê˛ ï˛y˛õ •z!OˆÏlÓ˚ ò«˛ï˛y
~ÓÇ !•ÙyÎ˚ˆÏÜ˛Ó˚ ò«˛ï˛y à%îyˆÏAÜ˛Ó˚ ~Ü˛!ê˛ Ù)° §#Ùy ≤Ãòyl Ü˛ˆÏÓ˚–
~Ü˛ Ü˛ÌyÎ̊ ~!ê˛ !l Ï̂ò≈¢ Ü˛ Ï̂Ó̊ ̂ Îñ ~Ü˛!ê˛ ï˛y˛õ •z!O Ï̂lÓ̊ ò«˛ï˛y Ü˛á Ï̂ly
~Ü˛Ü˛ åUnityä •ˆÏï˛ ˛õyˆÏÓ˚ ly– (12.20) lÇ §Ù#Ü˛Ó˚î xl%ÎyÎ˚#
~!ê˛ ˆÓyV˛yÎ˚ ˆÎ ~Ü˛!ê˛ ¢#ï˛° xyôyˆÏÓ˚ Ó!ç≈ï˛ ï˛y˛õ Ü˛áˆÏly ¢)lƒ
Ü˛Ó˚y ÎyÎ˚ ly– !mï˛#Î˚ §)eyl%§y Ï̂Ó˚ ~Ü˛!ê˛ !•ÙyÎ˚̂ ÏÜ˛Ó˚ ò«˛ï˛y à%îyAÜ˛!ê˛
Ü˛áˆÏly x§#Ù •ˆÏï˛ ˛õyˆÏÓ˚ ly– (12.21) lÇ §Ù#Ü˛Ó˚î xl%ÎyÎ˚#ñ
~!ê˛ ˆÓyV˛yÎ˚ ˆÎ Óy!•ƒÜ˛ Ü˛yÎ≈ (W ) Ü˛áˆÏly ¢)lƒ •ˆÏï˛ ˛õyˆÏÓ˚ ly–
!l¡¨!°!áï˛ !ÓÓ,!ï˛ ò%!ê˛ ı ~Ü˛!ê˛ÈüüüÈ ˆÜ˛°!Ë˛l ~ÓÇ ≤’ƒyAÜ˛ Ü˛ï,≈˛Ü˛
ÎÌyÌ≈ ï˛y˛õ •z!OˆÏlÓ˚ §Ω˛yÓly!ê˛ˆÏÜ˛ xfl∫#Ü˛yÓ˚ Ü˛Ó˚y ~ÓÇ x˛õÓ˚!ê˛
Üœ̨ !§Î̊y§ Ü˛ï,≈̨ Ü˛ ÎÌyÌ≈ !•ÙyÎ̊ Ï̂Ü˛Ó̊ xÌÓy ï˛y˛õ#Î̊ ̨õy Ï̂¡õÓ̊ §Ω˛yÓly Ï̂Ü˛
xfl∫#Ü˛yÓ˚ Ü˛Ó˚yñ •° í z̨̨ õ Ï̂Ó˚Ó˚ ̨õÎ≈̂ ÏÓ«˛îà%̂ Ï°yÓ˚ §yÓ˚§Ç Ï̂«˛˛õ–

ï˛y ˛õà!ï˛!ÓòƒyÓ ˚ !mï˛#Î ˚ § )e åSecond Law of

Thermodynamicsä

ˆÜ˛°!Ë˛lÈüÈ˛≤’yˆÏAÜ˛Ó˚ !ÓÓ,!ï˛ (Kelvin-Planck statement)

~ Ó˚Ü˛Ù ˆÜ˛yl ≤Ã!Ü ̨ Î˚y §Ω˛Ó lÎ˚ ÎyÓ˚ ~Ü˛Ùye í ẑ̨ Ïj¢ƒ •° ~Ü˛!ê˛
xyôyÓ˚ ̂ ÌˆÏÜ˛ ï˛y˛õ ̂ ¢y£Ïî Ü˛Ó˚y ~ÓÇ ï˛y˛õ!ê˛ˆÏÜ˛ §¡õ)î≈ Ó˚)ˆÏ˛õ Ü˛yˆÏÎ≈
Ó)̨̊ õyhs˝!Ó˚ï˛ Ü˛Ó˚y–

Üœ˛!§Î˚yˆÏ§Ó˚ !ÓÓ,!ï˛ (Clausius statement)

~Ùl ˆÜ˛y Ï̂ly ≤Ã!Ü ̨ Î˚y §Ω˛Ó lÎ˚ ÎyÓ˚ ~Ü˛Ùye í ẑ̨ Ïj¢ƒ •° ¢#ï˛°
Ó› ˆÌˆÏÜ˛ í˛z_Æ Ó›ˆÏï˛ ï˛y˛õ §Ó˚ÓÓ˚y• Ü˛Ó˚y–

≤ÃÙyî Ü˛Ó̊y ÎyÎ̊ ̂ Î í z̨̨ õ!Ó̊í z̨=˛ !ÓÓ,!ï˛ ò%!ê˛ §¡õ)î≈Ë˛y Ï̂Ó §Ùï%̨°ƒ–

12.12 ≤Ãï˛ƒyÓï≈˛Ü˛ ~ÓÇ x≤Ãï˛ƒyÓï≈˛Ü˛ ≤Ã!Ü ˛Î˚y (Reversible

and irreversible processes)

~Ùl !Ü˛S%È ≤Ã!Ü ̨ Î˚y Ü˛“ly Ü˛Ó˚y ÎyÜ˛ ̂ Îáy Ï̂l ~Ü˛!ê˛ §ÇfiÌy ≤ÃyÌ!ÙÜ˛
xÓfiÌy i •ˆÏï˛ ã)˛í˛¸yhs˝ xÓfiÌy f ÈüÈ~ ÎyÎ˚– ≤Ã!Ü ̨ Î˚y!ê˛ ã˛°yÜ˛y°#l
§ÇfiÌy!ê˛ ˛õy!Ó˚˛õy!Ÿª≈Ü˛ ˆÌˆÏÜ˛ Q ï˛y˛õ ˆ¢y£Ïî Ü˛ˆÏÓ˚ ~ÓÇ ~Ó˚ í˛z˛õÓ˚

W ˛õ!Ó˚Ùyî Ü˛yÎ≈ Ü˛ˆÏÓ˚– ˆÜ˛yÌyG xlƒ ˆÜ˛yˆÏly ≤ÃÜ˛yÓ˚ ≤ÃË˛yÓ ly
ˆÓ̊ Ï̂á xyÙÓ̊y ~ ≤Ã!Ü ̨ Î̊y!ê˛ Ï̂Ü˛ !Ó˛õÓ̊#ï˛Ù%á# ~ÓÇ §ÇfiÌy G ̨õy!Ó̊˛õy!Ÿª≈Ü˛
í˛zË˛Î˚ˆÏÜ˛ ~ˆÏòÓ˚ ≤ÃyÌ!ÙÜ˛ xÓfiÌyÎ˚ xylˆÏï˛ ̨õy!Ó˚ !Ü˛⁄ x!Ë˛K˛ï˛yÓ˚
!l!Ó˚ˆÏá ˆÓyV˛y ÎyÎ˚ ˆÎ ≤ÃÜ,˛!ï˛Ó˚ ˆÓ!¢Ó˚ Ë˛yà ≤Ã!Ü ˛Î˚yà%ˆÏ°yˆÏï˛ ~!ê˛
§Ω˛Ó lÎ˚– ≤ÃÜ,̨ !ï˛Ó˚ fl∫ï˛/fl≥)̨ ï≈̨  ≤Ã!Ü ̨ Î˚yà%̂ Ï°y x≤Ãï˛ƒyÓï≈̨ Ü˛ •Î˚– ~Ùl
xˆÏlÜ˛ í˛zòy•Ó˚ˆÏîÓ˚ í˛zˆÏÕ‘á Ü˛Ó˚y ˆÎˆÏï˛ ˛õyˆÏÓ˚– ã%˛!Õ‘Ó˚ í˛z˛õˆÏÓ˚ Ó˚yáy
~Ü˛!ê˛ ˛õyˆÏeÓ˚ ˛õyòˆÏò¢ñ ~Ó˚ x˛õÓ˚ xÇ¢à%ˆÏ°y ˆÌˆÏÜ˛ í˛z£÷Ïï˛Ó˚ •Î˚–
˛õye!ê˛ˆÏÜ˛ Îál §!Ó˚ˆÏÎ˚ ˆlGÎ˚y •Î˚ ï˛ál ˛õyòˆÏò¢ ˆÌˆÏÜ˛ x˛õÓ˚
xÇ¢à%̂ Ï°y Ï̂ï˛ ï˛y Į̈̂ õÓ˚ §M˛y°l â Ï̂ê˛ ~ÓÇ ̨õye!ê˛ Ï̂Ü˛ §Ùï˛y˛õ ÙyeyÎ˚
xyˆÏl åÎy ÎÌy§ÙˆÏÎ˚ ˛õy!Ó˚˛õy!Ÿª≈ˆÏÜ˛Ó˚ ï˛y˛õÙyeyÎ˚ ¢#ï˛° •Î˚ä– ~•z
≤Ã!Ü ˛Î˚y!ê˛ˆÏÜ˛ ≤Ãï˛ƒyÓï≈˛l Ü˛Ó˚y ÎyÎ˚ lyó ˛õye!ê˛Ó˚ ~Ü˛!ê˛ xÇ¢ fl∫ï˛/
fl≥)̨ ï≈̨ Ë˛y Ï̂Ó ¢#ï˛° • Ï̂Ó ly ~ÓÇ ̨õyò Ï̂ò¢!ê˛ àÓ̊Ù • Ï̂Ó ly– Î!ò ~Ùlê˛y
•Î˚ ï˛ˆÏÓ ï˛y ï˛y˛õà!ï˛!ÓòƒyÓ˚ !mï˛#Î˚ §)e!ê˛ˆÏÜ˛ °Aâl Ü˛Ó˚ˆÏÓ–

~Ü˛!ê˛ àƒy Ï̂§Ó̊ Ù%=˛ ≤Ã§yÓ̊î x≤Ãï˛ƒyÓï≈̨ Ü˛– ̂ ˛õ Ï̂ê ∆̨y° ~ÓÇ ÓyÎ̊%Ó̊
!Ù◊î Ï̂Ü˛ fl≥%̨ !° Ï̂AàÓ̊ myÓ̊y çµy!° Ï̂Î̊ §Çà!ë˛ï˛ ò•l !Ó!Ü ̨ Î̊y ≤Ãï˛ƒyÓï≈̨ Ü˛
•ˆÏï˛ ̨ õyˆÏÓ˚ ly– Ó˚yß¨yâˆÏÓ˚Ó˚ ~Ü˛!ê˛ àƒy§ !§!°u˛yÓ˚ ̂ ÌˆÏÜ˛ !°Ü˛ Ü˛Ó˚y
àƒy§ §Ù@˝Ã Ü˛ˆÏ«˛ SÈ!í˛¸ˆÏÎ˚ ˛õˆÏí˛¸– Óƒy˛õl ≤Ã!Ü ˛Î˚y!ê˛ fl∫ï˛/fl≥)˛ï≈˛Ë˛yˆÏÓ
≤Ãï˛ƒyÓï≈̨ Ü˛ • Ï̂Ó ly ~ÓÇ àƒy§!ê˛ Ï̂Ü˛ !Ê˛!Ó˚̂ ÏÎ˚ !§!°u˛y Ï̂Ó˚ !l Ï̂Î˚ ̂ Î Ï̂ï˛
˛õyÓ˚̂ ÏÓ ly– ~Ü˛!ê˛ xyôy Ï̂Ó˚Ó˚ §y Ï̂Ì ï˛y˛õ#Î˚ §Çflõ Ï̂¢≈ ÌyÜ˛y ï˛Ó˚° Ï̂Ü˛
xy Ï̂°y!í ¸̨ï˛ Ü˛Ó˚̂ Ï° Ü,̨ ï˛Ü˛yÎ≈ ï˛y Į̈̂ õ Ó)̨̊ õyhs˝!Ó˚ï˛ • Ï̂Î˚ xyôy Ï̂Ó˚Ó˚ xhs˝/
¢!=˛ Ó,!Âô Ü˛ˆÏÓ˚– §!ë˛Ü˛Ë˛yˆÏÓ ≤Ã!Ü ˛Î˚y!ê˛ˆÏÜ˛ ≤Ãï˛ƒyÓï≈˛l Ü˛Ó˚yˆÏly ÎyÎ˚
lyó xlƒÌyÎ˚ ~!ê˛ ï˛y˛õà!ï˛!ÓòƒyÓ˚ !mï˛#Î˚ §)e °Aâl Ü˛ˆÏÓ˚ ï˛y˛õˆÏÜ˛
§¡õ)î≈Ë˛yˆÏÓ Ü˛yˆÏÎ≈ Ó˚)˛õyhs˝!Ó˚ï˛ Ü˛Ó˚ˆÏÓ– x≤Ãï˛ƒyÓï˛≈lï˛y ≤ÃÜ,˛!ï˛ˆÏï˛
Óƒ!ï˛Ü ̨ Ù lÎ̊ ÓÓ̊Ç ~Ü˛!ê˛ !lÎ̊Ù– ≤Ãôylï˛/ ò%!ê˛ Ü˛yÓ̊ Ï̂î x≤Ãï˛ƒyÓï≈̨ lï˛y
§,!T˛ •Î˚ ı ≤ÃÌÙ˛ñ x Ï̂lÜ˛à%̂ Ï°y ≤Ã!Ü ̨ Î˚y åˆÎÙlñ ~Ü˛!ê˛ Ù%=˛ ≤Ã§yÓ˚îñ
xÌÓy ~Ü˛!ê˛ !ÓˆÏfl≥˛yÓ˚Ü˛ Ó˚y§yÎ˚!lÜ˛ !Ó!Ü ˛Î˚yä §ÇfiÌy!ê˛ˆÏÜ˛
x§yÙƒyÓfiÌyÎ˚ !lˆÏÎ˚ ÎyÎ˚ó !mï˛#Î˚!ê˛ñ x!ôÜ˛yÇ¢ ≤Ã!Ü ˛Î˚yà%ˆÏ°yˆÏï˛
xhs˝Ë) ≈˛=˛ â£Ï≈îñ §ywï˛y ~ÓÇ xlƒylƒ x˛õã˛Î˚# ≤ÃË˛yÓ§Ù)•
åí z̨òy•Ó˚îfl∫Ó)̨̊ õ ~Ü˛!ê˛ à!ï˛¢#° Ó› ̂ Ì Ï̂Ù ̂ à Ï̂° Ó›!ê˛ GÓ˚ Îy!sfÜ˛
¢!=˛ ˆÙˆÏV˛ G Ó›ˆÏï˛ ï˛y˛õÓ˚)ˆÏ˛õ •y!Ó˚ˆÏÎ˚ ˆÊ˛ˆÏ°ó ï˛Ó˚ˆÏ°Ó˚ ÙˆÏôƒ
â)î≈yÎ˚Ùyl ~Ü˛!ê˛ ˆÓœí˛ §ywï˛yÓ˚ çlƒ ˆÌˆÏÙ ÎyÎ˚ ~ÓÇ ~Ó˚ Îy!sfÜ˛
¢!=˛ •y!Ó˚̂ ÏÎ˚ ï˛Ó˚°!ê˛Ó˚ xyl%£Ï!AàÜ˛ xhs˝/¢!=˛ Ó,!Âô Ü˛ Ï̂Ó˚ä– ̂ Î Ï̂•ï%̨
§Ó≈e x˛õã˛Î˚# ≤ÃË˛yÓ§Ù)• Óï≈˛Ùyl ~ÓÇ ~!ê˛ Ü˛ÙyˆÏly ˆÎˆÏï˛ ˛õyˆÏÓ˚
!Ü˛v §¡õ)î≈Ó˚)ˆÏ˛õ x˛õ§yÓ˚î Ü˛Ó˚y ÎyÎ˚ lyó xyÙÓ˚y ã˛ã≈˛y Ü˛!Ó˚ ~Ùl
ˆÓ!¢Ó˚Ë˛yà ≤Ã!Ü ̨ Î˚yà%̂ Ï°y•z •° x≤Ãï˛ƒyÓï≈̨ Ü˛–

~Ü˛!ê˛ ï˛y˛õàï˛#Î̊ ≤Ã!Ü ̨ Î̊y åxÓfiÌy i → xÓfiÌy f ä ≤Ãï˛ƒyÓï≈̨ Ü˛
• Ï̂Ó Î!ò !ÓŸªÓ ·y Ï̂[˛Ó˚ xlƒe ̂ Ü˛y Ï̂ly ≤ÃÜ˛y Ï̂Ó˚Ó˚ ̨õ!Ó˚Óï≈̨ l ly â!ê˛ Ï̂Î˚ñ
§ÇfiÌy ~ÓÇ ̨õy!Ó̊˛õy!Ÿª≈Ü˛ í z̨Ë˛Î̊ Ï̂Ü˛•z ~ Ï̂òÓ̊ ≤ÃyÌ!ÙÜ˛ xÓfiÌyÎ̊ !Ê˛!Ó̊ Ï̂Î̊
xyly ÎyÎ˚–  ̨õ)Ó≈Óï≈̨ # xy Ï̂°yã˛ly xl%§y Ï̂Ó˚ñ ~Ü˛!ê˛ ≤Ãï˛ƒyÓï≈̨ Ü˛ ≤Ã!Ü ̨ Î˚y
•° ~Ü˛!ê˛ xyò¢≈y!Î˚ï˛ ôyÓ˚îy– ~Ü˛!ê˛ ≤Ã!Ü ˛Î˚y ≤Ãï˛ƒyÓï≈˛Ü˛ •ˆÏÓ
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ˆÜ˛Ó°Ùye Î!ò ~!ê˛ ≤ÃyÎ˚ !fiÌÓ˚ å≤Ã!ï˛ ôyˆÏ˛õ §ÇfiÌy!ê˛ ~Ó˚
˛õy!Ó˚˛õy!Ÿª≈ˆÏÜ˛Ó˚ §ˆÏAà §yÙƒyÓfiÌyÎ˚ ÌyˆÏÜ˛ä ~ÓÇ ˆ§áyˆÏl ˆÜ˛yˆÏly
≤ÃÜ˛yÓ˚ x˛õã˛Î˚# ≤ÃË˛yÓ ly ÌyˆÏÜ˛– í˛zòy•Ó˚îfl∫Ó˚)˛õñ â£Ï≈î•#lË˛yˆÏÓ
ã˛°l«˛Ù ~Ü˛!ê˛ !˛õT˛lÎ%=˛ ̂ ã˛y Ï̂.Ó˚ Ù Ï̂ôƒ ÌyÜ˛y ~Ü˛!ê˛ xyò¢≈ àƒy Ï̂§Ó˚
≤ÃyÎ˚ !fiÌÓ˚ §ˆÏÙy£÷Ï ≤Ã§yÓ˚î!ê˛ •° ~Ü˛!ê˛ ≤Ãï˛ƒyÓï≈˛Ü˛ ≤Ã!Ü ˛Î˚y–

ï˛y˛õà!ï˛!ÓòƒyÎ˚ ~ ôÓ˚̂ ÏlÓ˚ ≤Ãï˛ƒyÓ!ï≈̨ ï˛y ~Ü˛ ̂ ÙÔ!°Ü˛ ôyÓ˚îy
ˆÜ˛l⁄ xyÙÓ˚y ̂ ÎÙlê˛y ̂ ò Ï̂á!SÈ ï˛y˛õà!ï˛!ÓòƒyÓ˚ §Ç!Ÿ’T˛ !Ó£ÏÎ˚!ê˛ •°
ò«˛ï˛y ÎyÓ˚ §y•yˆÏÎƒ ï˛y˛õˆÏÜ˛ Ü˛yˆÏÎ≈ Ó˚)˛õyhs˝!Ó˚ï˛ Ü˛Ó˚y ÎyÎ˚–
ï˛y˛õà!ï˛!ÓòƒyÓ̊ !mï˛#Î̊ §)e!ê˛ 100% ò«˛ï˛y §• ~Ü˛!ê˛ ÎÌyÌ≈ ï˛y˛õ#Î̊
•z!OˆÏˆÏlÓ˚ §Ω˛yÓlyˆÏÜ˛ lyÜ˛ã˛ Ü˛ˆÏÓ˚– !Ü˛v T

1
 ~ÓÇ T

2
 ï˛y˛õÙyeyÎ˚

ÌyÜ˛y ò%!ê˛ ï˛y˛õ#Î˚ xyôyˆÏÓ˚Ó˚ ÙˆÏôƒ Ü˛yÎ≈Ü˛Ó˚# ~Ü˛!ê˛ ï˛y˛õ#Î˚ •z!OˆÏlÓ˚
§Ω˛yÓƒ § Ï̂Ó≈yFã˛ ò«˛ï˛y!ê˛ Ü˛ï˛⁄ ~!ê˛ ≤ÃÙy!îï˛ ̂ Îñ xyò¢≈ ≤Ãï˛ƒyÓï≈̨ Ü˛
≤Ã!Ü ̨ Î̊yÓ̊ í z̨̨ õÓ̊ !Ë˛!_ Ü˛ Ï̂Ó̊ ~Ü˛!ê˛ ï˛y˛õ#Î̊ •z!Ol §Ω˛yÓƒ § Ï̂Ó≈yFã˛ ò«˛ï˛y
xç≈l Ü˛ˆÏÓ˚– ˆÜ˛yˆÏly ly ˆÜ˛yˆÏly x≤Ãï˛ƒyÓ!ï≈˛ï˛yÎ%=˛ xlƒ §Ó
•z!Olà%ˆÏ°yÓ˚ åÓƒÓ•y!Ó˚Ü˛ •z!OˆÏlÓ˚ ̂ «˛ˆÏe Îy ≤ÃˆÏÎyçƒ •Î˚ä ò«˛ï˛y
~•z §#ÙyfiÌ ò«˛ï˛y ˆÌˆÏÜ˛ Ü˛Ù ÌyˆÏÜ˛–

12.13  Ü˛yˆÏl≈y •z!Ol (Carnot Engine)

ôÓ˚y ÎyÜ˛ñ xyÙy Ï̂òÓ˚ Ü˛y Ï̂SÈ T
1
 ï˛y˛õÙyeyÓ˚ ~Ü˛!ê˛ í z̨_Æ xyôyÓ˚ ~ÓÇ

T
2
 ï˛y˛õÙyeyÓ˚ ~Ü˛!ê˛ ¢#ï˛° xyôyÓ˚ xyˆÏSÈ– ~ ò%!ê˛ ï˛y˛õ xyôyˆÏÓ˚Ó˚

ÙˆÏôƒ !Ü ˛Î˚y¢#° ˆÜ˛yˆÏly •z!OˆÏlÓ˚ §Ω˛yÓƒ §ˆÏÓ≈yFã˛ ò«˛ï˛y Ü˛ï˛ •ˆÏÓ
~ÓÇ ~ § Ï̂Ó≈yFã˛ ò«˛ï˛y xç≈̂ Ïl ̂ Ü˛yl‰ xyÓï≈̨  ≤Ã!Ü ̨ Î̊y @Ã̋•î Ü˛Ó̊y í z̨!ã˛ï˛⁄
§!í˛ Ü˛yˆÏl≈y åSadi Carnotä lyˆÏÙ ~Ü˛ Ê˛Ó˚y!§ •z!O!lÎ˚yÓ˚ 1824

!á fiê˛yˆÏ∑ §Ó≈≤ÃÌÙ ~ ≤ÃŸ¿!ê˛ !ã˛hs˝y Ü˛ˆÏÓ˚l– ÙçyÓ˚ !Ó£ÏÎ˚ñ Ü˛yˆÏl≈y ~Ó˚
~Ü˛!ê˛ §!ë˛Ü˛ !§Âôy Ï̂hs˝ í z̨̨ õl#ï˛ •lñ Î!òG  ï˛y˛õ G ï˛y˛õ à!ï˛!ÓòƒyÓ˚
ˆÙÔ!°Ü˛ ôyÓ˚îyà%̂ Ï°y ï˛álG §!ë˛Ü˛Ë˛y Ï̂Ó ≤Ã!ï˛!¤˛ï˛ •Î˚!l–

xyÙÓ˚y xy¢y Ü˛!Ó˚ ò%!ê˛ !Ë˛ß¨ ï˛y˛õÙyeyÓ˚ Ù Ï̂ôƒ !Ü ̨ Î˚y¢#° xyò¢≈
•z!Ol!ê˛ ~Ü˛!ê˛ ≤Ãï˛ƒyÓï≈̨ Ü˛ •z!Ol • Ï̂Ó– ̨õ)Ó≈Óï≈̨ # xôƒy Ï̂Î̊ Ó°y • Ï̂Î̊ Ï̂SÈ
ˆÎñ x≤Ãï˛ƒyÓ!ï≈˛ï˛yÎ˚ x˛õã˛Î˚# ≤ÃË˛yÓ ÌyˆÏÜ˛ ~ÓÇ ò«˛ï˛y •…y§ ˛õyÎ˚–
~Ü˛!ê˛ ≤Ã!Ü ̨ Î˚y ≤Ãï˛ƒyÓï≈̨ Ü˛ •Î˚ Î!ò ~!ê˛ ≤ÃyÎ˚ !fiÌÓ˚ åquasi-staticä
G xl˛õã˛Î˚# ånon-dissipativeä •Î˚– xyÙÓ˚y ̂ ò Ï̂á!SÈ ̂ Îñ ̂ Ü˛y Ï̂ly
§ÇfiÌy G ï˛y˛õ xyôyˆÏÓ˚Ó˚ ï˛y˛õÙyeyÓ˚ ˛õyÌ≈Ü˛ƒ §§#Ù •ˆÏ° GˆÏòÓ˚
Ù Ï̂ôƒ !Ü ̨ Î˚y¢#° ≤Ã!Ü ̨ Î˚y ≤ÃyÎ˚ !fiÌÓ˚ •Î˚ ly– ~Ó˚ ï˛yÍ˛õÎ≈ •° ò%!ê˛ !Ë˛ß¨
ï˛y˛õÙyeyÓ˚ ÙˆÏôƒ !Ü ˛Î˚y¢#° •z!Ol xÓ¢ƒ•z §ˆÏÙy£÷Ï ≤Ã!Ü ˛Î˚yÎ˚ åí˛z£÷Ï
xyôyÓ˚ ˆÌˆÏÜ˛ä ï˛y˛õ ˆ¢y£Ïî Ü˛Ó˚ˆÏÓ ~ÓÇ å¢#ï˛° xyôyˆÏÓ˚ä ï˛y˛õ
Óç≈l Ü˛Ó˚̂ ÏÓ– ~Ë˛y Ï̂Ó xyÙÓ˚y ≤Ãï˛ƒyÓï≈̨ Ü˛ ï˛y˛õ •z!O Ï̂lÓ˚ ò%!ê˛ ôy˛õ Ï̂Ü˛
§ly=˛ Ü˛Ó˚̂ Ïï˛ ̨õy!Ó˚ ı T

1
 ï˛y˛õÙyeyÎ˚ § Ï̂Ùy£÷Ï ≤Ã!Ü ̨ Î˚yÎ˚ í z̨_Æ xyôyÓ˚

ˆÌ Ï̂Ü˛ Q
1
 ï˛yˆÏ˛õÓ˚ ˆ¢y£Ïî ~ÓÇ T

2
 ï˛y˛õÙyeyÎ˚ §ˆÏÙy£÷Ï ˛≤Ã!Ü ˛Î˚yÎ˚

¢#ï˛° xyôy Ï̂Ó̊ Q
2
 ï˛y Į̈̂ õÓ̊ Óç≈l– ã˛Ü ̨ !ê˛ Ï̂Ü˛ §¡õ)î≈ Ü˛Ó̊ Ï̂ï˛ §ÇfiÌy!ê˛ Ï̂Ü˛

T
1
 ï˛y˛õÙyey ̂ Ì Ï̂Ü˛ T

2
 ï˛y˛õÙyeyÎ˚ !l Ï̂Î˚ ̨õ%lÓ˚yÎ˚ ~ Ï̂Ü˛ T

2
 ï˛y˛õÙyey

ˆÌ Ï̂Ü˛ T
1
 ï˛y˛õÙyeyÎ̊ xyl Ï̂ï˛ • Ï̂Ó– ~ Ï̂«˛ Ï̂e ~Ùl ̂ Ü˛yl‰ ≤Ã!Ü ̨ Î̊yà%̂ Ï°y

ÓƒÓ•yÓ˚ Ü˛Ó˚Ó ÎyÓ˚y ≤Ãï˛ƒyÓï≈̨ Ü˛⁄ ~Ü˛ê%̨  Ë˛yÓ Ï̂°•z ̂ ÓyV˛y ÎyÎ˚ ̂ Î ò%!ê˛
ˆ«˛ Ï̂e•z xyÙÓ̊y ¢%ô%Ùye ≤Ãï˛ƒyÓï≈̨ Ü˛ Ó̊%Âôï˛y˛õ ≤Ã!Ü ̨ Î̊y•z ≤Ã Ï̂Î̊yà Ü˛Ó̊ Ï̂ï˛
˛õy!Ó˚ñ ̂ Îáy Ï̂l ̂ Ü˛y Ï̂ly xyôyÓ˚ ̂ Ì Ï̂Ü˛•z ̂ Ü˛y Ï̂lyÓ)̨̊ õ ï˛y˛õ≤ÃÓy• âê˛ Ï̂Ó
ly– §ÇfiÌy!ê˛ Ï̂Ü˛ ~Ü˛ ï˛y˛õÙyey ̂ Ì Ï̂Ü˛ xlƒ ï˛y˛õÙyeyÎ˚ !l Ï̂Î˚ ̂ Î Ï̂ï˛
xyÙÓ˚y Î!ò Ó%̊Âôï˛y˛õ ≤Ã!Ü ̨ Î˚y Óƒï˛#ï˛ xlƒ ̂ Ü˛y Ï̂ly ≤Ã!Ü ̨ Î˚yñ ôÓ˚y ÎyÜ˛ñ
§ÙyÎ˚ï˛!lÜ˛ ≤Ã!Ü ˛Î˚y åisochoric processä ≤ÃˆÏÎ˚yà Ü˛!Ó˚ ï˛ˆÏÓ
ˆ§ˆÏ«˛ˆÏe ≤Ã!Ü ˛Î˚y!ê˛ˆÏÜ˛ ≤ÃyÎ˚ !fiÌÓ˚ Ó˚yáˆÏï˛ T

2
 ̂ Ì Ï̂Ü˛ T

1
 ï˛y˛õÙyeyÓ˚

˛õyÕ‘yÎ˚ xyÙyˆÏòÓ˚ xˆÏlÜ˛à%ˆÏ°y ˆ◊!îÓÂô ï˛y˛õ xyôyˆÏÓ˚Ó˚ ≤ÃˆÏÎ˚yçl
•ˆÏÓ– å°«˛î#Î˚ ˆÎñ ˆÜ˛yˆÏly ≤Ã!Ü ˛Î˚y ≤ÃyÎ˚ !fiÌÓ˚ ~ÓÇ ≤Ãï˛ƒyÓï≈˛Ü˛
•ˆÏï˛ •ˆÏ° §ÇfiÌy G ï˛y˛õ xyôyˆÏÓ˚Ó˚ ï˛y˛õÙyeyÓ˚ ˛õyÌ≈Ü˛ƒ xÓ¢ƒ•z
§§#Ù åfiniteä • Ï̂Ó lyä– !Ü˛v xyÙÓ˚y ~Ùl ~Ü˛ ≤Ãï˛ƒyÓï≈̨ Ü˛ •z!Ol
ô Ï̂Ó̊ !l Ï̂Î̊!SÈ ̂ Î!ê˛ ¢%ô%Ùye ò%•z !Ë˛ß̈ ï˛y˛õÙyeyÓ̊ Ù Ï̂ôƒ Ü˛yÎ≈Ü˛Ó̊– xï˛~Óñ
~ •z!OˆÏl §ÇfiÌy!ê˛Ó˚ ï˛y˛õÙyeyˆÏÜ˛ T

1
 ˆÌ Ï̂Ü˛ T

2
 ˆï˛ ~ÓÇ ˛õ%lÓ˚yÎ˚

T
2
 ˆÌ Ï̂Ü˛ T

1
-~ ˛õ!Ó˚Óï≈˛l Ü˛Ó˚ˆÏï˛ xÓ¢ƒ•z Ó˚%Âôï˛y˛õ ≤Ã!Ü ˛Î˚yˆÏÜ˛•z

≤ÃˆÏÎ˚yà Ü˛Ó˚ˆÏï˛ •ˆÏÓ–

!ã˛e 12.11 xyò¢≈ àƒy§ Ï̂Ü˛ Ü˛yÎ≈Ü˛Ó̊ ̨õòyÌ≈Ó̊)̂ Į̈ õ ÓƒÓ•yÓ̊ Ü˛Ó̊y ~Ü˛!ê˛
•z!O Ï̂lÓ˚ Ü˛y Ï̂l≈y ã˛Ü ̨ –

ò%!ê˛ !Ë˛ß¨ ï˛y˛õÙyeyÓ˚ Ù Ï̂ôƒ !Ü ̨ Î˚y¢#° ~Ü˛!ê˛ ≤Ãï˛ƒyÓï≈̨ Ü˛ ï˛y˛õ
•z!Ol Ï̂Ü˛ Ü˛y Ï̂l≈y •z!Ol Ó Ï̂°– xyÙÓ˚y Î%!=˛Ó˚ §y•y Ï̂Îƒ ̂ ò!á Ï̂Î˚!SÈ ̂ Î
~Ó˚)˛õ ~Ü˛!ê˛ •z!OˆÏlÓ˚ ~Ü˛!ê˛ ã˛Ü ˛ !lˆÏã˛Ó˚ ôy˛õà%ˆÏ°yÓ˚ Ü ˛Ùyl%§yˆÏÓ˚
§Çà!ë˛ï˛ •Î̊– ~Ó̊)̨ õ ã˛Ü ̨ Ï̂Ü˛ñ 12.11. !ã˛ Ï̂e  ̂ ÎÙlê˛y ̂ òáy Ï̂ly • Ï̂Î̊ Ï̂SÈñ
Ü˛yˆÏî≈yã˛Ü ˛ ÓˆÏ°– xyÙÓ˚yñ xyò¢≈ àƒy§ˆÏÜ˛ Ü˛yˆÏî≈y •z!OˆÏlÓ˚ Ü˛yÎ≈Ü˛Ó˚#
í z̨̨ õyòylÓ)̊̂ Į̈ õ ô Ï̂Ó˚ !l Ï̂Î˚!SÈ–
(a) ôy˛õ 1 → 2 àƒy§!ê˛ Ï̂Ü˛ ~Ó˚ (P

1
, V

1
, T

1
) xÓfiÌy ˆÌˆÏÜ˛

(P
2
, V

2
, T

1
) xÓfiÌyÎ˚ !lˆÏÎ˚ ˆÎˆÏï˛ àƒyˆÏ§Ó˚

§ Ï̂Ùy£÷Ï ≤Ã§yÓ˚î–
T

1 
ï˛y˛õÙyeyÎ̊ ï˛y˛õ xyôyÓ̊ ̂ Ì Ï̂Ü˛ àƒy§ Ü˛ï,≈̨ Ü˛ ̂ ¢y!£Ïï˛ ï˛y Į̈̂ õÓ̊

˛õ!Ó˚Ùyî (Q
1
)ñ (12.12) §Ù#Ü˛Ó˚ˆÏîÓ˚ §y•yˆÏÎƒ ˆòGÎ˚y ÎyÎ˚– ~!ê˛
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xyÓyÓ˚ àƒy§ Ü˛ï,≈̨ Ü˛ ̨õ!Ó˚̂ ÏÓ Ï̂¢Ó˚ í z̨̨ õÓ˚ Ü,̨ ï˛Ü˛yÎ≈ (W
1 → 2

) ~Ó˚ §Ùyl
•Î˚–

W
1 → 2

  =  Q
1
 = µ R T

1
  ln 

V

V

2

1









           (12.23)

(b) ôy˛õ 2 → 3 àƒy§!ê˛Ó˚ (P
2
, V

2
, T

1
) xÓfiÌy ̂ Ì Ï̂Ü˛ (P

3
,

V
3
, T

2
) xÓfiÌyÎ˚ Ó˚%Âôï˛y˛õ ≤Ã§yÓ˚î–

§Ù#Ü˛Ó˚î (12.16) xl%§y Ï̂Ó˚ñ ~ Ï̂«˛ Ï̂e àƒy§ Ü˛ï,≈̨ Ü˛ Ü,̨ ï˛Ü˛yÎ≈

W
R T T

2 3

1 2

1
→

=

−( )

−

  

  

µ

γ

 
(12.24)

(c) ôy˛õ 3 → 4 àƒy§!ê˛Ó˚ (P
3
, V

3
, T

2
) xÓfiÌy ˆÌ Ï̂Ü˛ (P

4
,

V
4
, T

2
) xÓfiÌyÎ˚ §ˆÏÙy£÷Ï §ÇˆÏÜ˛yã˛l–

T
2
 ï˛y˛õÙyeyÎ˚ àƒy§ Ü˛ï,≈̨ Ü˛ ¢#ï˛° ï˛y˛õ xyôy Ï̂Ó˚ Ó!ç≈ï˛ ï˛y˛õ

(Q
2
), 12.12 §Ù#Ü˛Ó˚î ˆÌˆÏÜ˛ ˛õyGÎ˚y ÎyÎ˚– ~!ê˛ ˛õ!Ó˚ˆÏÓ¢ Ü˛ï,≈˛Ü˛

àƒyˆÏ§Ó˚ í˛z˛õÓ˚ Ü,˛ï˛Ü˛yÎ≈ (W
3
 
→ 4

) ~Ó˚ §Ùyl–

W Q RT
V

V
3 4 2 2

3

4

  →
= =











µ ln (12.25)

(d) Step 4 → 1 àƒy§!ê˛Ó˚ (P
4
, V

4
, T

2
) xÓfiÌy ˆÌˆÏÜ˛

(P
1
,V

1
, T

1
) xÓfiÌyÎ˚ Ó%̊Âôï˛y˛õ §Ç Ï̂Ü˛yã˛l–

(12.16) §Ù#Ü˛Ó˚î xl%§y Ï̂Ó˚ ~ Ï̂«˛ Ï̂e àƒy Ï̂§Ó˚ í z̨̨ õÓ˚ Ü,̨ ï˛Ü˛yÎ≈

W R
T T

4 1

1 2

1
   
→

=
−









µ

γ -
(12.26)

(12.23) ̂ Ì Ï̂Ü˛ (12.26) §Ù#Ü˛Ó˚î ̨õÎ≈hs˝ ~Ü˛!ê˛ ̨õ)î≈ ã˛ Ï̂Ü ̨  àƒy§
Ü˛ï,≈̨ Ü˛ ̂ Ùyê˛ Ü,̨ ï˛Ü˛yÎ≈

W = W1 → 2  + W2 → 3 – W3  → 4 – W4 → 1

= µ RT
1
  ln 

V

V

2

1









  – µ RT

2
  ln

V

V

3

4









 (12.27)

Ü˛y Ï̂î≈y •z!O Ï̂lÓ˚ ò«˛ï˛y

η       −= =

W

Q

Q

Q
1

2

1

1

   
= −































    1
2

1

3

4

2

1

T

T

In V

V

In

V

V

(12.28)

~álñ ˆÎˆÏ•ï%˛ ôy˛õ 2 → 3 ~Ü˛!ê˛ Ó˚%Âôï˛y˛õ ≤Ã!Ü ˛Î˚y ï˛y•z

T V T V
1 2

1

2 3

1

  
γ γ− −

=

xÌ≈yÍ         
V

V

T

T

2

3

2

1

1 1

  =











−

 

/( )γ

(12.29)

xl%Ó˚)˛õË˛yˆÏÓñ ôy˛õ 4 → 1 ~Ü˛!ê˛ Ó˚%Âôï˛y˛õ ≤Ã!Ü ˛Î˚y •GÎ˚yÎ˚ñ

T V T V
2 4

1

1 1

1

  
γ γ− −

=

xÌ≈yÍ     
V

V

T

T

1

4

2

1

1 1

=











−

 

/γ

(12.30)

(12.29) ~ÓÇ (12.30) §Ù#Ü˛Ó˚î ˆÌˆÏÜ˛ ˛õyGÎ˚y ÎyÎ˚ñ

V

V

V

V

3

4

2

1

=      (12.31)

(12.31) ~ÓÇ (12.28) §Ù#Ü˛Ó˚î ÓƒÓ•yÓ˚ Ü˛ˆÏÓ˚ ̨ õyGÎ˚y ÎyÎ˚ñ

η    = −1
2

1

T

T
  (Ü˛yˆÏl≈y •z!Ol) (12.32)

xyÙÓ̊y •ẑ Ïï˛yÙ Ï̂ôƒ•z ̂ ò Ï̂á!SÈ ̂ Î Ü˛y Ï̂l≈y •z!Ol ~Ü˛!ê˛ ≤Ãï˛ƒyÓï≈̨ Ü˛
•z!Ol– ≤ÃÜ,̨ ï˛˛õ Ï̂«˛ñ Ü˛y Ï̂l≈y •z!Ol ~Ü˛Ùye §Ω˛yÓƒ ≤Ãï˛ƒyÓï˛Ü≈̨  •z!Olñ
Îy !Ó!Ë˛ß¨ í˛z£÷Ïï˛yÓ˚ ò%!ê˛ ï˛y˛õ xyôyˆÏÓ˚Ó˚ ÙˆÏôƒ Ü˛yç Ü˛ˆÏÓ˚– 12.11

!ã˛ Ï̂e ̂ òáy Ï̂ly Ü˛y Ï̂î≈yã˛ Ï̂Ü ̨ Ó˚ ≤Ã!ï˛!ê˛ ôy˛õ Ï̂Ü˛ !Ó˛õÓ˚#ï˛Ù%á# Ü˛Ó˚y ÎyÎ˚–
~Ó˚ Ê˛ Ï̂° T

2 
ï˛y˛õÙyeyÓ˚ ¢#ï˛° xyôyÓ˚ ˆÌˆÏÜ˛ Q

2 
ï˛y˛õ @˝Ã•î Ü˛ˆÏÓ˚

§ÇfiÌy!ê˛Ó˚ í˛z˛õÓ˚ W ˛õ!Ó˚Ùyî Ü˛yÎ≈ Ü˛ˆÏÓ˚ ~ÓÇ í˛z_Æ xyôyˆÏÓ˚ Q
1

ï˛y˛õ §Ó˚ÓÓ˚y• Ü˛ Ï̂Ó˚– ~!ê˛ ~Ü˛!ê˛ ≤Ãï˛ƒyÓï≈̨ Ü˛ ̂ Ó˚!Ê ̨ çy Ï̂Ó˚ê˛Ó˚ • Ï̂Ó–

˛õÓ˚Óï≈̨ # Ï̂ï˛ xyÙÓ˚y ~Ü˛!ê˛ à%Ó%̊c˛õ)î≈ ï˛_¥ ≤Ã!ï˛¤˛y Ü˛Ó˚Ó åÎy Ï̂Ü˛
Ü˛y Ï̂l≈yÓ˚ í z̨̨ õ˛õyòƒG Ó°y •Î˚ä Îyñ (a) T

1
 ~ÓÇ T

2
 ï˛y˛õÙyeyÎ˚ ÌyÜ˛y

ò%!ê˛ ÎÌyÜ ˛ˆÏÙ í˛z_Æ G ¢#ï˛° xyôyˆÏÓ˚Ó˚ ÙˆÏôƒ !Ü ˛Î˚y¢#°– ˆÜ˛yˆÏly
•z!O Ï̂lÓ˚ ò«˛ï˛y•z Ü˛y Ï̂l≈y •z!O Ï̂lÓ˚ ò«˛ï˛yÓ˚ ̂ Ì Ï̂Ü˛ ̂ Ó!¢ • Ï̂ï˛ ̨õy Ï̂Ó˚
lyñ ~ÓÇ (b) Ü˛yˆÏl≈y •z!OˆÏlÓ˚ ò«˛ï˛y ÓƒÓ•,ï˛ Ü˛yÎ≈Ü˛Ó˚# í˛z˛õyòyˆÏlÓ˚
≤ÃÜ,̨ !ï˛ !lÓ˚̂ Į̈ õ«˛–

(a) Ê˛°yÊ˛° Ï̂Ü˛ ≤ÃÙyî Ü˛Ó˚yÓ˚ çlƒ ôÓ˚y ÎyÜ˛ñ ~Ü˛!ê˛ ≤Ãï˛ƒyÓï≈̨ #
åÜ˛yˆÏl≈yä •z!Ol R ~ÓÇ ~Ü˛!ê˛ x≤Ãï˛ƒyÓï≈̨ # •z!Ol I ~Ü˛•z ï˛y˛õ
í z̨Í§ åí z̨_Æ xyôyÓ̊ä ~ÓÇ !§ Ï̂AÜ˛Ó̊ å¢#ï˛° xyôyÓ̊ä Ù Ï̂ôƒ !Ü ̨ Î̊y¢#°–
I ~ÓÇ R •z!Ol ò%!ê˛Ó˚ ~Ùl ˆçyí˛¸ ˜ï˛!Ó˚ Ü˛Ó˚y •° ˆÎl I ï˛y˛õ
•z!O Ï̂lÓ˚ Ùï˛ ~ÓÇ R !•ÙyÎ˚Ü˛ åRefrigeratoräÈüÈ~Ó˚ Ù Ï̂ï˛y xyã˛Ó˚î
Ü˛ˆÏÓ˚– ôÓ˚y ÎyÜ˛ñ I •z!Ol!ê˛ í˛zÍ§ ̂ ÌˆÏÜ˛ Q

1
 ï˛y˛õ ̂ ¢y£Ïî Ü˛ˆÏÓ˚ W ′

˛õ!Ó˚Ùyî Ü˛yÎ≈ Ü˛ Ï̂Ó˚ ~ÓÇ åQ
1
- W′ä ̨õ!Ó˚Ùyî ï˛y˛õ Ï̂Ü˛ ¢#ï˛° xyôy Ï̂Ó˚

Ù%=˛ Ü˛ˆÏÓ˚– xyÙÓ˚y ~Ùl ÓƒÓfiÌy Ü˛ˆÏÓ˚!SÈ ÎyˆÏï˛ Ü˛ˆÏÓ˚ R •z!Ol!ê˛
§Ù˛õ!Ó̊Ùyî ï˛y˛õ Q

1
 í z̨Í§ Ï̂Ü˛ ̂ Ê˛Ó̊ï˛ !ò Ï̂ï˛ ̨õy Ï̂Ó̊ ~ÓÇ ¢#ï˛° xyôyÓ̊

ˆÌˆÏÜ˛ Q
2
 ˛õ!Ó˚Ùyî ï˛y˛õ !lˆÏÎ˚ ~Ó˚ í˛z˛õÓ˚ W = Q

1
 – Q

2
 ˛õ!Ó˚Ùyî

Ü˛yÎ≈ §¡õyòl Ü˛Ó˚̂ Ïï˛ ̨õy Ï̂Ó˚– ~ál ôÓ˚y ÎyÜ˛ η
R
 < η

I
 xÌ≈yÍ R Î!ò
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I

R

W

!ã˛e 12.12 ~Ü˛!ê˛ x≤Ãï˛ƒyÓï≈̨ # •z!Ol åIä ~Ü˛!ê˛ ≤Ãï˛ƒyÓï≈̨ # !•ÙyÎ̊Ü˛
åRä ~Ó˚ §ˆÏAà Î%=˛ •ˆÏÎ˚ˆÏSÈ– Î!ò W ′ > W •Î˚ñ
ï˛ˆÏÓ ~!ê˛ ¢#ï˛° í˛zÍ§ åsinkä ˆÌˆÏÜ˛ åW′ – Wä
˛õ!Ó˚Ùyî ï˛y˛õ !l‹Òy¢l Ü˛ Ï̂Ó˚ ~ Ï̂Ü˛ §¡õ)î≈Ó)̊̂ Į̈ õ Ü˛y Ï̂Î≈
Ó˚)˛õyhs˝Ó˚ Ü˛Ó˚yñ ï˛y˛õà!ï˛!ÓòƒyÓ˚ !mï˛#Î˚ §)ˆÏeÓ˚ §ˆÏAà
x§Aà!ï˛˛õ)î≈–

•z!Ol Ó˚)ˆÏ˛õ Ü˛yç Ü˛ˆÏÓ˚ ï˛ˆÏÓ ˆÎ ˛õ!Ó˚Ùyî Ü˛yÎ≈ Ü˛Ó˚ˆÏÓ ï˛yÓ˚ Ùyl I
myÓ˚y Ü,̨ ï˛Ü˛yÎ≈ x Į̈̂ õ«˛y Ü˛Ù •Î˚ xÌ≈yÍ ≤Ãò_ Q

1 
~Ó˚ çlƒ W <W ′–

R !•ÙyÎ˚Ü˛Ó˚)ˆÏ˛õ Ü˛yç Ü˛Ó˚yÓ˚ xÌ≈ •° Q
2
 =  Q

1
–W >Q

1 
–W ′–

§yÙ!@˝ÃÜ˛Ë˛yˆÏÓ I-R Î%@¬ §ÇfiÌy!ê˛ í˛zÍ§ Óy xlƒ ˆÜ˛yˆÏly çyÎ˚àyÎ˚
!Ü˛S%È ˛õ!Ó˚Óï≈˛l ly Ü˛ˆÏÓ˚•z ¢#ï˛° xyôyÓ˚ ˆÌˆÏÜ˛ (Q

1
 – W) – (Q

1

– W ′) = (W ′ – W ) ˛õ!Ó˚Ùyî ï˛y˛õ !l‹Òy¢l Ü˛ˆÏÓ˚ ~ÓÇ ~Ü˛!ê˛
ã˛ˆÏÜ ˛ §Ù˛õ!Ó˚Ùyî Ü˛yÎ≈ Ù%=˛ Ü˛ˆÏÓ˚– flõT˛Ë˛yˆÏÓ ~!ê˛ ï˛y˛õà!ï˛!ÓòƒyÓ˚
!mï˛#Î̊ §)e §¡õ!Ü≈̨ ï˛ ̂ Ü˛°!Ë˛lÈüÈ≤’ƒy Ï̂AÜ˛Ó̊ !ÓÓ,!ï˛!ê˛Ó̊ !Ó˛õÓ̊#ï˛– §%ï˛Ó̊yÇ
η

I
 > η

R
 !ÓÓ,!ï˛!ê˛ Ë%˛°– ˆÜ˛yˆÏly •z!OˆÏlÓ˚ ò«˛ï˛y Ü˛yˆÏl≈y •z!OˆÏlÓ˚

ò«˛ï˛y x Į̈̂ õ«˛y ̂ Ó!¢ • Ï̂ï˛ ̨õy Ï̂Ó˚ ly– ~Ü˛•z Ó˚Ü˛ Ï̂ÙÓ˚ Î%!=˛Ó˚ §y•y Ï̂Îƒ
ˆòáy Ï̂ly ̂ Î Ï̂ï˛ ̨õy Ï̂Ó˚ ̂ Îñ ~Ü˛!ê˛ !l!ò≈T˛ í z̨̨ õyòyl ÓƒÓ•yÓ˚Ü˛yÓ˚# ~Ü˛!ê˛
≤Ãï˛ƒyÓï≈̨ # •z!Olñ xlƒ ~Ü˛!ê˛ í z̨̨ õyòyl ÓƒÓ•yÓ˚Ü˛yÓ˚# •z!O Ï̂lÓ˚ ò«˛ï˛y
xˆÏ˛õ«˛y ̂ Ó!¢ ò«˛ï˛y§¡õß¨ •ˆÏï˛ ̨ õyˆÏÓ˚ ly– 12.32 lÇ §Ù#Ü˛Ó˚ˆÏî
ˆòÎ˚y ~Ü˛!ê˛ Ü˛y Ï̂l≈y •z!O Ï̂lÓ˚ §Ó≈y!ôÜ˛ ò«˛ï˛y!ê˛ Ü˛y Ï̂l≈yã˛ Ï̂Ü ̨  §Çâ!ê˛ï˛
ôy˛õà%̂ Ï°y §¡õyòlÜ˛yÓ˚# §ÇfiÌy!ê˛Ó˚ ≤ÃÜ,̨ !ï˛Ó˚ í z̨̨ õÓ˚ !lË≈̨ Ó˚¢#° lÎ˚–
Ü˛yˆÏç•zñ Ü˛yˆÏl≈y •z!OˆÏlÓ˚ ò«˛ï˛y η àîlyÎ˚ xyÙÓ˚y §!ë˛Ü˛Ë˛yˆÏÓ•z
§ÇfiÌyÓ̊)̂ Į̈ õ xyò¢≈ àƒy§ Ï̂Ü˛ ÓƒÓ•yÓ̊ Ü˛ Ï̂Ó̊!SÈ– xyò¢≈ àƒy Ï̂§Ó̊ xÓfiÌyÓ̊
~Ü˛ §Ó˚° §Ù#Ü˛Ó˚î Ó˚ˆÏÎ˚ˆÏSÈ ÎyÓ˚ §y•yˆÏÎƒ §Ó˚y§!Ó˚ η àîly Ü˛Ó˚yÓ˚
§%ˆÏÎyà Ó˚ˆÏÎ˚ˆÏSÈñ !Ü˛v ηÈüÈ~Ó˚ ã)̨ í ¸̨yhs˝ Ùyl å§Ù#Ü˛Ó˚î12.32 ÓƒÓ•yÓ˚
Ü˛ˆÏÓ˚ä ̂ Î ̂ Ü˛yl Ü˛yˆÏl≈y •z!OˆÏlÓ˚ ̂ «˛ˆÏe•z §!ë˛Ü˛–

~•z ã)̨ í ¸̨yhs˝ !ÓÓ,!ï˛ xl%ÎyÎ˚# Ü˛y Ï̂l≈y ã˛Ü ̨ !ê˛ Ï̂ï˛ñ

Q

Q

T

T

1

2

1

2

= (12.33)

•° ~Ü˛!ê˛ §yÓ≈çl#l §¡õÜ≈̨  Îy §ÇfiÌyÓ˚ ≤ÃÜ,̨ !ï˛Ó˚ í z̨̨ õÓ˚ !lË≈̨ Ó˚¢#°
lÎ˚– ~áy Ï̂l Q

1
 ~ÓÇ Q

2
 •° ÎÌyÜ ̨ Ï̂Ù Ü˛y Ï̂l≈y •z!O Ï̂l § Ï̂Ùy£÷ÏË˛y Ï̂Ó

à,•#ï˛ ~ÓÇ Ó!ç≈ï˛ ï˛y˛õ åí˛z_Æ xyôyÓ˚ ˆÌˆÏÜ˛ ¢#ï˛° xyôyˆÏÓ˚ä–
xï˛~Ó 12.33 lÇ §Ù#Ü˛Ó˚î!ê˛ ~Ü˛!ê˛ §!ï˛ƒÜ˛yˆÏÓ˚Ó˚ §Ó≈çl#l
ï˛y˛õàï˛#Î˚ ï˛y˛õÙyeyÓ˚ ˆflÒ°ˆÏÜ˛ §ÇK˛y!Î˚ï˛ Ü˛Ó˚yÓ˚ §¡õÜ≈˛ !•ˆÏ§ˆÏÓ
ÓƒÓ•yÓ˚ Ü˛Ó˚y ̂ Î Ï̂ï˛ ̨õy Ï̂Ó˚ Îy Ü˛y Ï̂l≈yÓ˚ ã˛ Ï̂Ü ̨  ÓƒÓ•,ï˛ §ÇfiÌy!ê˛Ó˚ ~Ü˛!ê˛
!l!ò≈T˛ ô Ï̂Ù≈Ó̊ í z̨̨ õÓ̊ !lË≈̨ Ó̊¢#° lÎ̊– Ü˛y Ï̂l≈y •z!O Ï̂lÓ̊ Ü˛yÎ≈Ü˛Ó̊# í z̨̨ õyòyl
!•§y Ï̂Ó xÓ¢ƒ•z xyò¢≈ àƒy Ï̂§Ó˚ ~•z §Ó≈çl#l ï˛y˛õÙyey 12.11 lÇ
xl%̂ ÏFSÈ̂ Ïò í z̨̨ õfiÌy!˛õï˛ xyò¢≈ àƒy§ ï˛y˛õÙyeyÓ̊ § Ï̂Aà §yÙO§ƒ ̨õ)î≈–

§yÓ̊yÇ¢

1. ï˛y˛õ à!ï˛!ÓòƒyÓ˚ ¢)lƒï˛Ù §)e §ÇÜ ˛yhs˝ !ÓÓ,!ï˛!ê˛ •° Úò%!ê˛ §ÇfiÌy Î!ò ï,˛ï˛#Î˚ ~Ü˛!ê˛ §ÇfiÌyÓ˚ §ˆÏAà ï˛y˛õ#Î˚ §yˆÏÙƒ ÌyˆÏÜ˛
ï˛ˆÏÓ §ÇfiÌy ò%!ê˛Ó˚ ≤ÃˆÏï˛ƒˆÏÜ˛ ˛õÓ˚flõˆÏÓ˚Ó˚ §ˆÏAà ï˛y˛õ#Î˚ §yˆÏÙƒ ÌyˆÏÜ˛ñ ¢)lƒï˛Ù §)e!ê˛ ï˛y˛õÙyeyÓ˚ ôyÓ˚îyÓ˚ ˛õÌ ≤Ãò¢≈Ü˛–

2. ~Ü˛!ê˛ §ÇfiÌyÓ˚ xË˛ƒhs˝Ó˚#î ¢!=˛ •° §ÇfiÌy!ê˛Ó˚ xyî!ÓÜ˛ í˛z˛õyòylà%ˆÏ°yÓ˚ à!ï˛¢!=˛ ~ÓÇ !fiÌ!ï˛ ¢!=˛Ó˚ §Ù!T˛– ~!ê˛
§ÇfiÌy!ê˛Ó˚ §yÙ!@˝ÃÜ˛ à!ï˛¢!=˛ˆÏÜ˛ xhs˝Ë%≈˛=˛ Ü˛ˆÏÓ˚ ly– §ÇfiÌy!ê˛ˆÏï˛ ¢!=˛ §M˛y°ˆÏlÓ˚ ò%!ê˛ í˛z˛õyÎ˚ •° ï˛y˛õ ~ÓÇ Ü˛yÎ≈–
§ÇfiÌy!ê˛ ~ÓÇ ˛õy!Ó˚˛õy!Ÿª≈ˆÏÜ˛Ó˚ ÙˆÏôƒ ï˛y˛õÙyeyÓ˚ ˛õyÌ≈ˆÏÜ˛ƒÓ˚ òÓ˚%î §M˛y!°ï˛ ¢!=˛•z •° ï˛y˛õ– Ü˛yÎ≈ •° xlƒ í˛z˛õyˆÏÎ˚
xyly ¢!=˛Ó˚ §M˛y°lñ ˆÎÙl àƒy§˛õ)î≈ ~Ü˛!ê˛ ˆã˛yˆÏ.Ó˚ ã˛°l¢#° ~Ü˛!ê˛ !˛õT˛lˆÏÜ˛ ~Ó˚ §ˆÏAà Î%=˛ !Ü˛S%È Ë˛yˆÏÓ˚Ó˚ §y•yˆÏÎƒ
í˛z˛õÓ˚ÈüÈl#ã˛ Ü˛Ó˚yˆÏly–

3. ï˛y˛õ à!ï˛!ÓòƒyÓ˚ ≤ÃÌÙ §)e!ê˛ •° ˆÜ˛yˆÏly §ÇfiÌyÎ˚ ≤ÃÎ%=˛ ¢!=˛Ó˚ §ÇÓ˚«˛ˆÏîÓ˚ §yôyÓ˚î §)eñ ˆÎáyˆÏl ¢!=˛ ˛õy!Ó˚˛õy!Ÿª≈Ü˛
ˆÌˆÏÜ˛ Óy í˛z•yˆÏï˛ åï˛y˛õ ~ÓÇ Ü˛yˆÏÎ≈Ó˚ ÙyôƒˆÏÙä §Ó˚ÓÓ˚y!•ï˛ •Î˚– !ÓÓ,!ï˛!ê˛ !l¡¨Ó˚)˛õÈüüüÈ

∆Q  = ∆U  +  ∆W

ˆÎáyˆÏl ∆Q  = §ÇfiÌyÎ˚ §Ó˚ÓÓ˚y•Ü,˛ï˛ ï˛y˛õ
∆W = §ÇfiÌy Ü˛ï,≈˛Ü˛ Ü,˛ï˛Ü˛yÎ≈ ~ÓÇ
∆U  = §ÇfiÌy!ê˛Ó˚ xË˛ƒhs˝Ó˚#î ¢!=˛Ó˚ ˛õ!Ó˚Óï≈˛l–
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4. ~Ü˛!ê˛ ˛õòyˆÏÌ≈Ó˚ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ ôyÓ˚Ü˛cˆÏÜ˛ !l¡¨Ó˚)ˆÏ˛õ §ÇK˛y!Î˚ï˛ Ü˛Ó˚y •Î˚ñ

s
m

Q

T
=

1 ∆

∆

ˆÎáyˆÏl   m = ˛õòyÌ≈!ê˛ Ë˛Ó˚
~ÓÇ  ∆Q  = ˛~Ó˚ ï˛y˛õÙyey ∆T ˛õ!Ó˚Óï≈˛l Ü˛Ó˚ˆÏï˛ ≤ÃˆÏÎ˚yçl#Î˚ ï˛y˛õ– ~Ü˛!ê˛ ˛õòyˆÏÌ≈Ó˚ ˆÙy°yÓ˚ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ
ôyÓ˚Ü˛cˆÏÜ˛ !l¡¨Ó˚)ˆÏ˛õ §ÇK˛y!Î˚ï˛ Ü˛Ó˚y •Î˚ñ

C
Q

T
=

1

µ

∆

∆

ˆÎáyˆÏl µ = ˛˛õòyÌ≈!ê˛Ó˚ ˆÙy° §Çáƒy– ~Ü˛!ê˛ Ü˛!ë˛ˆÏlÓ˚ çlƒñ ¢!=˛Ó˚ §Ù!ÓË˛yçl l#!ï˛ xl%§yˆÏÓ˚ C  =  3 R Îy §yôyÓ˚î
í˛z£÷Ïï˛yÎ˚ ˛õÓ˚#«˛yÓ˚ §ˆÏAà §Çà!ï˛˛õ)î≈– ï˛yˆÏ˛õÓ˚ ≤Ãyã˛#l ~Ü˛Ü˛ Ü˛ƒy°!Ó˚– ~Ü˛ @˝ÃyÙ çˆÏ°Ó˚ ï˛y˛õÙyey 14.5 °C ˆÌˆÏÜ˛ 15.5

°C ˛õÎ≈hs˝ Ó,!Âô Ü˛Ó˚ˆÏï˛ ≤ÃˆÏÎ˚yçl#Î˚ ï˛y˛õ •° 1 Ü˛ƒy°!Ó˚–
 1 cal  =  4.186 J.

5. ~Ü˛!ê˛ xyò¢≈ àƒyˆÏ§Ó˚ çlƒñ !fiÌÓ˚ ã˛y˛õ ~ÓÇ xyÎ˚ï˛ˆÏl ˆÙy°yÓ˚ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ ôyÓ˚Ü˛cà%ˆÏ°yÓ˚ ÙˆÏôƒ C
p
 – C

v
  = R

§¡õÜ≈˛!ê˛ Ùylƒ •Î˚– ˆÎáyˆÏl R •° §Ó≈çl#l àƒy§ ô %ÓÜ˛–

6. ~Ü˛!ê˛ ï˛y˛õàï˛#Î˚ §ÇfiÌyÓ˚ §yÙƒ xÓfiÌy §Ù)• xÓfiÌy ã˛°Ó˚y!¢à%ˆÏ°y åstate variableä myÓ˚y Óî≈ly Ü˛Ó˚y •Î˚– ~Ü˛!ê˛
xÓfiÌy ã˛°Ó˚y!¢Ó˚ Ùyl ˆÜ˛Ó° !l!ò≈T˛ xÓfiÌyÓ˚ í˛z˛õÓ˚ !lË≈˛Ó˚ Ü˛ˆÏÓ˚ñ ˙ xÓfiÌyÎ˚ ˆ˛õÔÑSÈˆÏï˛ ˆÎ ˛õÌ ÓƒÓ•,ï˛ •ˆÏÎ˚ˆÏSÈ ï˛yÓ˚
í˛z˛õÓ˚ lÎ˚– xÓfiÌy ã˛°Ó˚y!¢Ó˚ í˛zòy•Ó˚îà%ˆÏ°y •° ã˛y˛õ åPäñ xyÎ˚ï˛l åV äñ ï˛y˛õÙyey åT äñ ~ÓÇ Ë˛Ó˚ åmäñ ï˛y˛õ ~ÓÇ
Ü˛yÎ≈ xÓfiÌy ã˛°Ó˚y!¢ lÎ˚– xÓfiÌyÓ˚ ~Ü˛!ê˛ §Ù#Ü˛Ó˚î åxyò¢≈ àƒyˆÏ§Ó˚ §Ù#Ü˛Ó˚î PV  =  µ RT ~Ó˚ Ùï˛ä •° !Ó!Ë˛ß¨
xÓfiÌy ã˛°Ó˚y!¢à%ˆÏ°yÓ˚ §ÇÎ%!=˛ §¡õ!Ü≈˛ï˛–

7. ≤ÃyÎ˚ !fiÌÓ˚ ≤Ã!Ü ̨ Î˚y!ê˛ ~Ùl ~Ü˛ xï˛#Ó ô#Ó˚ ≤Ã!Ü ̨ Î˚y åinfinitely slow processä ̂ Î §ÇfiÌy!ê˛ §Ó≈yÇ Ï̂¢ ̨ õy!Ó˚̨ õy!Ÿª≈̂ ÏÜ˛Ó˚
§ˆÏAà ï˛y˛õ#Î˚ ~ÓÇ Îy!sfÜ˛ §yˆÏÙƒ ÌyˆÏÜ˛– ≤ÃyÎ˚ !fiÌÓ˚ ~Ü˛!ê˛ ≤Ã!Ü ˛Î˚yÎ˚ ˛õy!Ó˚˛õy!Ÿª≈ˆÏÜ˛Ó˚ ã˛y˛õ ~ÓÇ ï˛y˛õÙyey G•z§Ó §ÇfiÌy
ˆÌˆÏÜ˛ ˆÜ˛Ó°Ùye xï˛#Ó «%˛o ˛õyÌ≈ˆÏÜ˛ƒ ÌyÜ˛ˆÏï˛ ˛õyˆÏÓ˚–

8. ~Ü˛!ê˛ xyò¢≈ àƒyˆÏ§Ó˚ T ï˛y˛õÙyeyÎ˚ xyÎ˚ï˛l V
1 

ˆÌˆÏÜ˛ V
2 

§ˆÏÙy£÷Ï ≤Ã§yÓ˚ˆÏî ˆ¢y!£Ïï˛ ï˛y˛õñ àƒy§ Ü˛ï,≈˛Ü˛ Ü,˛ï˛Ü˛yˆÏÎ≈Ó˚
§Ùyl ~ÓÇ ≤Ã!ï˛ ˆ«˛ˆÏe•z

Q  =  W  =   µ R T   ln 
V

V

2

1











9. ~Ü˛!ê˛ xyò¢≈ àƒyˆÏ§Ó˚ Ó˚%Âô ï˛y˛õ ≤Ã!Ü ˛Î˚yÎ˚
PV

γ
  =  ô %ÓÜ˛

ˆÎáyˆÏl γ =

C

C

p

v

(P
1
, V

1
, T

1
) ˆÌˆÏÜ˛ (P

2
, V

2
, T

2
) ˛õÎ≈hs˝ xÓfiÌyÓ˚ Ó˚%Âôï˛y˛õ ˛õ!Ó˚Óï≈˛ˆÏlñ ~Ü˛!ê˛ xyò¢≈ àƒy§ Ü˛ï,≈˛Ü˛ Ü,˛ï˛Ü˛yÎ≈

W
R T T

  
  

=

−( )

−

µ

γ

  
1 2

1

10. ï˛y˛õ •z!Ol ~Ü˛!ê˛ Îsf ˆÎáyˆÏl ~Ü˛!ê˛ §ÇfiÌy ~Ü˛!ê˛ ã˛Ü ˛#Î˚ åcyclicä ≤Ã!Ü ˛Î˚yÓ˚ ÙyôƒˆÏÙ ï˛y˛õˆÏÜ˛ Ü˛yˆÏÎ≈ Ó˚)˛õyhs˝!Ó˚ï˛ Ü˛ˆÏÓ˚–
Î!ò í˛zÍ§ ˆÌˆÏÜ˛ ˆ¢y!£Ïï˛ ï˛y˛õ Q

1
ñ ¢#ï˛° xyôyˆÏÓ˚ Ó!ç≈ï˛ ï˛y˛õ Q

2 
~ÓÇ ˛õ)î≈ ã˛Ü ˛!ê˛ˆÏï˛ §¡õy!òï˛ Ü˛yÎ≈ W •Î˚ñ ï˛ˆÏÓ

•z!OˆÏlÓ˚ Ü˛Ù≈ ò«˛ï˛y

η = = −     
W

Q

Q

Q
1

2

1

1
 

11. ~Ü˛!ê˛ ˆÓ˚!Ê ˛çyˆÏÓ˚ê˛ˆÏÓ˚ Óy ~Ü˛!ê˛ ï˛y˛õ ˛õyˆÏ¡õñ §ÇfiÌy!ê˛ ë˛y[˛y xyôyÓ˚ ˆÌˆÏÜ˛ Q
2
 ï˛y˛õ !l‹Òy¢l Ü˛ˆÏÓ˚ ~ÓÇ ï˛Æ xyôyˆÏÓ˚
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Ó̊y!¢ ≤Ãï˛#Ü˛ Ùyey ~Ü˛Ü˛ Ùhs˝Óƒ

xyÎ˚ï˛l ≤Ã§yÓ˚î à%îyAÜ˛ α
v

[K–1] K–1 α
v
 = 3 α

1

~Ü˛!ê˛ §ÇfiÌyÓ˚ §Ó˚ÓÓ˚y!•ï˛ ï˛y˛õ ∆Q [ML2 T–2] J Q ~Ü˛!ê˛ xÓfiÌy
ã˛°Ó˚y!¢ lÎ˚

xy Į̈̂ õ!«˛Ü˛ ï˛y˛õ s [L2 T–2 K–1] J kg–1 K–1

ï˛y˛õ ˛õ!Ó˚Óy!•ï˛yAÜ˛ K [MLT–3 K–1] J s–1 K–1 H = – KA 
dT

dx

Q
1
 ï˛y˛õ Ù%=˛ Ü˛ˆÏÓ˚ ~ÓÇ §ÇfiÌy!ê˛Ó˚ í˛z˛õÓ˚ W Ü˛yÎ≈ §¡õyòl Ü˛ˆÏÓ˚– ˆÓ˚!Ê ˛çyˆÏÓ˚ê˛yÓ˚!ê˛Ó˚ ò«˛ï˛y à%îyAÜ˛ˆÏÜ˛ åco-

efficient of performanceä ˆ°áy •Î˚

α  = =

−

   
  

Q

W

Q

Q Q

2 2

1 2

 

12. ï˛y˛õàï˛#Î˚ !ÓòƒyÓ˚ ≤ÃÌÙ §)ˆÏeÓ˚ §ˆÏAà §Çà!ï˛˛õ)î≈ !Ü˛S%È ≤Ã!Ü ˛Î˚yˆÏÜ˛ñ ï˛y˛õàï˛#Î˚ !ÓòƒyÓ˚ !mï˛#Î˚ §)e xl%ˆÏÙyòl ˆòÎ˚ ly–
ˆÜ˛°!Ë˛lÈüÈ≤’yˆÏAÜ˛Ó˚ !ÓÓ,!ï˛ÈüüüÈ
~Ùl ˆÜ˛yl ≤Ã!Ü ˛Î˚y•z §Ω˛Ó lÎ˚ ÎyÓ˚ ~Ü˛Ùye °«˛ƒ •° ~Ü˛!ê˛ í˛zÍ§ ˆÌˆÏÜ˛ ï˛y˛õ ˆ¢y£Ïî ~ÓÇ ï˛y˛õˆÏÜ˛ §¡õ)î≈Ó˚)ˆÏ˛õ Ü˛yˆÏÎ≈
Ó˚)˛õyhs˝!Ó˚ï˛ Ü˛Ó˚y–
Üœ˛!§Î˚yˆÏ§Ó˚ !ÓÓ,!ï˛ÈüüüÈ
~Ùl ˆÜ˛yˆÏly ≤Ã!Ü ˛Î˚y•z §Ω˛Ó lÎ˚ ÎyÓ˚ ~Ü˛Ùye °«˛ƒ •° ~Ü˛!ê˛ ¢#ï˛° Ó› ˆÌˆÏÜ˛ í˛z£÷Ï Ó›ˆÏï˛ ï˛y˛õ §M˛y!°ï˛ Ü˛Ó˚y–
§•çË˛yˆÏÓ Ó°ˆÏ°ñ !mï˛#Î˚ §)e!ê˛ ˆÓyV˛yÎ˚ ˆÎñ ˆÜ˛yˆÏly ï˛y˛õ#Î˚ •z!OˆÏlÓ˚ Ü˛Ù≈ ò«˛ï˛y η = 1 •ˆÏï˛ ˛õyˆÏÓ˚ ly xÌÓy
ˆÜ˛yˆÏly ˆÓ˚!Ê ˛çyˆÏÓ˚ê˛yˆÏÓ˚•z Ü˛Ù≈ò«˛ï˛y à%îyAÜ˛ αñ x§#Ù ÙyˆÏlÓ˚ •ˆÏï˛ ˛õyˆÏÓ˚ ly–

13. !ÓŸªÓ ·yˆÏ[˛Ó˚ xlƒ ˆÜ˛yÌyG ˆÜ˛yˆÏlyÓ˚)˛õ ˛õ!Ó˚Óï≈˛l SÈyí˛¸y•z Î!ò ˆÜ˛yˆÏly ~Ü˛!ê˛ ≤Ã!Ü ˛Î˚y ~ÙlË˛yˆÏÓ ≤Ãï˛ƒyÓï≈˛# •Î˚ ˆÎl
§ÇfiÌy G ˛õy!Ó˚˛õy!Ÿª≈Ü˛ í˛zË˛ˆÏÎ˚•z ï˛yˆÏòÓ˚ Ù)° xÓfiÌyÎ˚ !Ê˛ˆÏÓ˚ ÎyÎ˚ ï˛ˆÏÓ ˙ ≤Ã!Ü ˛Î˚y!ê˛ ~Ü˛!ê˛ ≤Ãï˛ƒyÓï≈˛# ≤Ã!Ü ˛Î˚y– ≤ÃÜ,˛!ï˛Ó˚
fl∫ï˛/fl≥)˛ï≈˛ ≤Ã!Ü ˛Î˚yà%ˆÏ°y x≤Ãï˛ƒyÓï≈˛Ü˛– xyò¢≈y!Î˚ï˛ ≤Ãï˛ƒyÓï≈˛Ü˛ ≤Ã!Ü ˛Î˚yñ x˛õã˛Î˚Ü˛yÓ˚# à%îÜ˛ ˆÎÙl â£Ï≈îñ §ywï˛y ≤ÃË,˛!ï˛
SÈyí˛¸yñ ~Ü˛!ê˛ ≤ÃyÎ˚ÈüÈ!fiÌÓ˚ ≤Ã!Ü ˛Î˚y–

14. Ü˛yˆÏl≈y •z!Ol ò%!ê˛ í˛z£÷Ïï˛y T
1
 åí˛zÍ§ä ~ÓÇ T

2
 å¢#ï˛° xyôyÓ˚ä ~Ó˚ ÙˆÏôƒ !Ü ˛Î˚y¢#° ~Ü˛!ê˛ ≤Ãï˛ƒyÓï≈˛Ü˛ •z!Ol– Ü˛yˆÏl≈y

•z!Ol!ê˛ ò%!ê˛ Ó˚%Âôï˛y˛õ ≤Ã!Ü ˛Î˚y G ï˛yˆÏòÓ˚ §ÇˆÏÎyàÜ˛yÓ˚# ò%!ê˛ §ˆÏÙy£÷Ï ≤Ã!Ü ˛Î˚yÓ˚ §Ùß∫ˆÏÎ˚ à!ë˛ï˛–
~Ü˛!ê˛ Ü˛yˆÏl≈y •z!OˆÏlÓ˚ Ü˛Ù≈ò«˛ï˛y

η = −   1
2

1

 T

T
åÜ˛yˆÏl≈y •z!Olä

ò%!ê˛ í˛z£÷Ïï˛yÓ˚ ÙˆÏôƒ !Ü ˛Î˚y¢#° ˆÜ˛yˆÏly •z!OˆÏlÓ˚•z Ü˛Ù≈ò«˛ï˛y Ü˛yˆÏl≈y •z!Ol xˆÏ˛õ«˛y ˆÓ!¢ ÌyÜ˛ˆÏï˛ ˛õyˆÏÓ˚ ly–

15. Î!ò Q > 0 •Î˚ñ ï˛ˆÏÓ §ÇfiÌy!ê˛ˆÏï˛ ï˛y˛õ §Ó˚ÓÓ˚y!•ï˛ •Î˚–

Î!ò Q > 0 •Î˚ñ ï˛ˆÏÓ §ÇfiÌy!ê˛ ˆÌˆÏÜ˛ ï˛y˛õ x˛õ§y!Ó˚ï˛ •Î˚–

Î!ò W > 0 •Î˚ñ ï˛ˆÏÓ §ÇfiÌy!ê˛ Ü˛ï,≈˛Ü˛ Ü˛yÎ≈ §¡õy!òï˛ •Î˚–
Î!ò W < 0 •Î˚ñ ï˛ˆÏÓ §ÇfiÌy!ê˛Ó˚ í˛z˛õÓ˚ Ü˛yÎ≈ §¡õy!òï˛ •Î˚–
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ˆË˛ˆÏÓ ˆòáyÓ˚ !Ó£ÏÎ˚ §Ù)•

1. ~Ü˛!ê˛ Ó›Ó˚ ï˛y˛õÙyey ~Ó˚ àí˛¸ xhs˝/¢!=˛Ó˚ §yˆÏÌ §¡õÜ≈˛ Î%=˛ñ •z•yÓ˚ Ë˛Ó˚ˆÏÜ˛ˆÏwÓ˚ à!ï˛¢!=˛Ó˚ §yˆÏÌ lÎ˚– ~Ü˛!ê˛ Ó®%Ü˛
ˆÌˆÏÜ˛ !l!«˛Æ Ó%ˆÏ°ˆÏê˛Ó˚ í˛zFã˛ o%!ï˛Ó˚ çlƒ ~Ó˚ ï˛y˛õÙyey í˛zFã˛ï˛Ó˚ •Î˚ ly–

2. ï˛y˛õà!ï˛!ÓòƒyÎ˚ §yÙƒyÓfiÌy ˆ§•z ˛õ!Ó˚!fiÌ!ï˛!ê˛ˆÏÜ˛ !lˆÏò≈¢ Ü˛ˆÏÓ˚ Îál §ÇfiÌy!ê˛Ó˚ ï˛y˛õàï˛#Î˚ xÓfiÌyÓ˚ !ÓÓÓ˚îÜ˛yÓ˚#
˛õ!Ó˚Ó#«˛!îÜ˛ ã˛°Ó˚y!¢à%ˆÏ°y §ÙˆÏÎ˚Ó˚ í˛z˛õÓ˚ !lË≈˛Ó˚ Ü˛ˆÏÓ˚ ly– Ó°!ÓòƒyÎ˚ ~Ü˛!ê˛ §ÇfiÌyÓ˚ §yÙƒyÓfiÌy Ó%V˛yÎ˚ ˆÎ §ÇfiÌy!ê˛Ó˚
í˛z˛õÓ˚ ̂ Ùyê˛ Óy!•ƒÜ˛ Ó° G ê˛Ü≈˛ ¢)lƒ–

3. ï˛y˛õà!ï˛Î˚ §yÙƒyÓfiÌyÎ˚ ~Ü˛!ê˛ §ÇfiÌyÓ˚ xyî%Ó#«˛!îÜ˛ í z̨̨ õyòylà%̂ Ï°y §yÙƒyÓfiÌyÎ˚ Ìy Ï̂Ü˛ ly åÓ°!ÓòƒyÓ˚ ôyÓ˚îy xl%ÎyÎ˚#ä–

4. §yôyÓ˚îï˛ ï˛y˛õôyÓ˚Ü˛cñ ï˛y˛õ§Ó˚ÓÓ˚yˆÏ•Ó˚ ÙyôƒˆÏÙ §ÇfiÌy!ê˛ ˆÎ ≤Ã!ï˛!Ü ˛Î˚yÓ˚ Ùôƒ !òˆÏÎ˚ ÎyÎ˚ ï˛yÓ˚ í˛z˛õÓ˚ !lË≈˛Ó˚ Ü˛ˆÏÓ˚–

5. ≤ÃyÎ˚ÈüÈ!fiÌÓ˚ §ˆÏÙy£÷Ï ≤Ã!Ü ˛Î˚yà%ˆÏ°yˆÏï˛ñ §ÇfiÌy!ê˛ myÓ˚y ï˛y˛õ ˆ¢y!£Ïï˛ xÌÓy Ó!ç≈ï˛ •Î˚ Î!òG ≤Ã!ï˛!ê˛ ôyˆÏ˛õ•z àƒy§!ê˛ í˛z•yÓ˚
˛õy!Ó˚˛õy!Ÿª≈Ü˛ xyôyˆÏÓ˚Ó˚ §yˆÏÌ ~Ü˛•z ï˛y˛õÙyeyÎ˚ ÌyˆÏÜ˛– §ÇfiÌy!ê˛ ~ÓÇ •z•yÓ˚ xyôyˆÏÓ˚Ó˚ ÙˆÏôƒ x!ï˛«%˛o ï˛y˛õÙyeyÓ˚ ̨ õyÌ≈Ü˛ƒ
ÌyÜ˛yÎ˚ñ ~!ê˛ §Ω˛Ó •Î˚–

xl%¢#°l#

12.1 ~Ü˛!ê˛ !àçyÓ˚ 3.0 !°ê˛yÓ˚ ≤Ã!ï˛ !Ù!lê˛ •yˆÏÓ˚ ≤ÃÓy!•ï˛ ç°ˆÏÜ˛ 27 °C •ˆÏï˛ 77 °C ï˛y˛õÙyeyÎ˚ í˛z_Æ Ü˛ˆÏÓ˚–
~•z !àçyÓ˚!ê˛ Î!ò ~Ü˛!ê˛ àƒy§ Óyl≈yˆÏÓ˚Ó˚ í˛z˛õÓ˚ Ü˛yç Ü˛ˆÏÓ˚ ï˛ˆÏÓ çµy°y!l ÓƒÓ•yˆÏÓ˚Ó˚ •yÓ˚ Ü˛ï˛ •ˆÏÓ Î!ò •z•yÓ˚
ò•ˆÏl ï˛y˛õ 4.0 × 10

4
 J/g ?

12.2 åâˆÏÓ˚Ó˚ ï˛y˛õÙyeyÎ˚ä !fiÌÓ˚ ã˛yˆÏ˛õ 2.0 × 10–2 kg Ë˛ˆÏÓ˚Ó˚ ly•zˆÏê˛∆yˆÏçˆÏlÓ˚ ï˛y˛õÙyey 45 °C Ó,!Âô Ü˛Ó˚̂ Ïï˛ Ü˛#
˛õ!Ó˚Ùyî ï˛y˛õ §Ó˚ÓÓ˚y• Ü˛Ó˚ˆÏï˛ •ˆÏÓ⁄ åly•zˆÏê˛∆yˆÏçˆÏlÓ˚ xyî!ÓÜ˛ Ë˛Ó ̊= 28; R = 8.3 J mol–1 K–1.)

12.3 Óƒyáƒy Ü˛ Ï̂Ó˚y ̂ Ü˛lÈüüüÈ

(a) T1 ~ÓÇ T2 ï˛y˛õÙyeyÎ˚ ÌyÜ˛y ò%!ê˛ Ó› Ï̂Ü˛ ï˛y˛õ#Î˚ §Çflõ Ï̂¢≈ xyl Ï̂° ≤Ã Ï̂Î˚yçl#Î˚Ë˛y Ï̂Ó (T1 + T2 )/2 àí ¸̨
ï˛y˛õÙyey °yË˛ lyG Ü˛Ó˚ˆÏï˛ ̨ õyˆÏÓ˚–

(b) Ó˚y§yÎ˚!lÜ˛ xÌÓy !lí z̨!Üœ̨ Î˚yÓ˚ ̂ ≤’ Ï̂rê˛ ¢#ï˛°#Ü˛yÓ˚Ü˛!ê˛Ó˚ åcoolantä åxÌ≈yÍ ̂ ≤’rê˛!ê˛Ó˚ !Ó!Ë˛ß¨ xÇ¢à%̂ Ï°y
x!ôÜ˛ í˛z_Æ ly •GÎ˚yÓ˚ çlƒ ÓƒÓ•,ï˛ ï˛Ó˚°!ê˛ä í˛zFã˛ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ •GÎ˚y í˛z!ã˛ï˛–

(c) ày!í ¸̨ ã˛y°yÓyÓ˚ §ÙÎ˚ ã˛yÜ˛yÓ˚ ê˛yÎ˚yÓ˚!ê˛ Ï̂ï˛ ÓyÎ%̊Ó˚ ã˛y˛õ Ó,!Âô ̨õyÎ˚–

(d) ~Ü˛•z x«˛yÇ Ï̂¢ ÌyÜ˛y ~Ü˛!ê˛ ÙÓ%̊Ë)̨ !ÙÓ˚ làÓ˚#Ó˚ ̂ ã˛ Ï̂Î˚ ~Ü˛!ê˛ Ó®Ó˚ làÓ˚#Ó˚ xyÓ•yGÎ˚y x!ôÜ˛ í z̨_Æ •Î˚–

12.4 à!ï˛¢#° !˛õT˛l Î%=˛ ~Ü˛!ê˛ ̂ ã˛y Ï̂. ≤ÃÙyî ï˛y˛õÙyey ~ÓÇ ã˛y Į̈̂ õ 3 ̂ Ùy° •y•ẑ Ïí»̨ y Ï̂çl Ó˚̂ ÏÎ˚̂ ÏSÈ– ̂ ã˛y.!ê˛Ó˚ ̂ òGÎ˚y
ï˛y˛õ#Î˚ xhs˝Ó˚Ü˛ ̨ õòyÌ≈ myÓ˚y ̃ ï˛!Ó˚ ~ÓÇ !˛õT˛l!ê˛ ï˛yÓ˚ í˛z˛õÓ˚ Ó˚yáy Óy!°hflÏΩ˛ myÓ˚y xhs˝!Ó˚ï˛– àƒy§!ê˛ˆÏÜ˛ í˛z•yÓ˚
≤ÃyÌ!ÙÜ˛ xyÎ˚ï˛ˆÏlÓ˚ xˆÏô≈Ü˛ §ÇÜ%˛!ã˛ï˛ Ü˛Ó˚yˆÏly •ˆÏ° àƒy§!ê˛ ã˛yˆÏ˛õÓ˚ Ü˛ï˛ Ë˛@¿yÇ¢ Ó,!Âô ̨õyˆÏÓ⁄

12.5 §yÙƒyÓfiÌy A • Ï̂ï˛ x˛õÓ˚ ~Ü˛!ê˛ §yÙƒyÓfiÌy B ̂ ï˛ Ó%̊Âôï˛y˛õ#Î˚Ë˛y Ï̂Ó ~Ü˛!ê˛ àƒy Ï̂§Ó˚ xÓfiÌyÓ˚ ̨õ!Ó˚Óï≈̨ l Ü˛Ó˚y Ï̂ly
•ˆÏ° §ÇfiÌy!ê˛Ó˚ í˛z˛õÓ˚ 22.3 J Ü˛yÎ≈ Ü˛Ó˚y •Î˚– Î!ò àƒy§!ê˛ Ï̂Ü˛ ~Ùl ~Ü˛!ê˛ ≤Ã!Ü ̨ Î˚yÓ˚ Ùôƒ !ò Ï̂Î˚ A xÓfiÌy •ˆÏï˛
B xÓfiÌyˆÏï˛ !lˆÏÎ˚ ÎyGÎ˚y •Î˚ ˆÎáyˆÏl §ÇfiÌy myÓ˚y ˆ¢y!£Ïï˛ ï˛y˛õ 9.35 calñ ï˛ˆÏÓ ˆ§ˆÏ«˛ˆÏe §ÇfiÌy myÓ˚y
ˆÙyê˛Ü,˛ï˛ Ü˛yˆÏÎ≈Ó˚ ˛õ!Ó˚Ùyî Ü˛ï˛ •ˆÏÓ⁄ åôˆÏÓ˚y 1 cal = 4.19 J)

12.6 §Ùyl ôyÓ˚Ü˛c !Ó!¢T˛ ò%!ê˛ ˆã˛y. A ~ÓÇ B ˛õÓ˚flõˆÏÓ˚Ó˚ §ˆÏAà ~Ü˛!ê˛ fiê˛˛õÜ˛Ü˛ myÓ˚y Î%=˛– ≤ÃÙyî ã˛y˛õ G
ï˛y˛õÙyeyÎ˚ ~Ü˛!ê˛ àƒy§ A ̂ ï˛ Ó˚ˆÏÎ˚ˆÏSÈ– B §¡õ)î≈Ë˛yˆÏÓ áy!°– §¡õ)î≈ §ÇfiÌy!ê˛ ï˛y˛õ#Î˚Ë˛yˆÏÓ xhs˝!Ó˚ï˛ ÌyˆÏÜ˛–
~ál ̨õƒyã˛Ü˛°!ê˛ åstopcockä ã˛y°% Ü˛Ó˚y •°– !l¡¨!°!áï˛à%ˆÏ°yÓ˚ í˛z_Ó˚ ̂ °ˆÏáy ı

(a) A ~ÓÇ B ̂ ï˛ xÓ!fiÌï˛ àƒyˆÏ§Ó˚ ã)˛í˛¸yhs˝ ã˛y˛õ!ê˛ Ü˛ï˛ •ˆÏÓ⁄
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(b) àƒy§!ê˛Ó˚ xË˛ƒhs˝Ó˚#î ¢!=˛Ó˚ ̨õ!Ó˚Óï≈̨ l Ü˛ï˛⁄

(c) àƒy§!ê˛Ó˚ ï˛y˛õÙyeyÓ˚ ̨õ!Ó˚Óï≈̨ l Ü˛ï˛ • Ï̂Ó⁄

(d) P-V-T ï˛ˆÏ° xÓfiÌylÓ˚ï˛ §ÇfiÌy!ê˛Ó˚ åã)˛í˛¸yhs˝ §yÙƒyÓfiÌy í˛z˛õ!fiÌï˛ •GÎ˚yÓ˚ ˛õ)ˆÏÓ≈ä xhs˝Ó≈ï≈˛# xÓfiÌy
ÌyÜ˛ˆÏÓ !Ü˛⁄

12.7 ~Ü˛!ê˛ Óy‹õ •z!Ol ≤Ã!ï˛ !Ù!l Ï̂ê˛ 5.4×108J •y Ï̂Ó˚ Ü˛yÎ≈ §Ó˚ÓÓ˚y!•ï˛ Ü˛ Ï̂Ó˚ ~ÓÇ ~Ó˚ ÓÎ˚°yÓ˚ ̂ Ì Ï̂Ü˛ ≤Ã!ï˛ !Ù!l Ï̂ê˛
3.6 × 109J ï˛y˛õ ˆÓÓ˚ Ü˛ˆÏÓ˚– •z!Ol!ê˛Ó˚ ò«˛ï˛y Ü˛ï˛ •ˆÏÓ⁄ ≤Ã!ï˛ !Ù!lˆÏê˛ Ü˛ï˛ ï˛yˆÏ˛õÓ˚ x˛õã˛Î˚ •ˆÏÓ⁄

12.8 ~Ü˛!ê˛ ̃ Óò%ƒ!ï˛Ü˛ !•ê˛yÓ˚ ~Ü˛!ê˛ §ÇfiÌy Ï̂Ü˛ 100W •y Ï̂Ó˚ ï˛y˛õ §Ó˚ÓÓ˚y• Ü˛ Ï̂Ó˚– §ÇfiÌy!ê˛ ≤Ã!ï˛ ̂ § Ï̂Ü˛ Ï̂u˛ 75 J Ü˛yÎ≈
Ü˛ˆÏÓ˚– ~ˆÏ«˛ˆÏe xhs˝/¢!=˛Ó˚ Ó,!ÂôÓ˚ •yÓ˚!ê˛ Ü˛ï˛ •ˆÏÓ⁄

12.9 ~Ü˛!ê˛ ï˛y˛õàï˛#Î˚ §ÇfiÌyˆÏÜ˛ Ù)° xÓfiÌy D •ˆÏï˛ ~Ü˛!ê˛ xhs˝Ó≈ï≈˛# xÓfiÌy E ˆï˛ §Ó˚° ˜Ó˚!áÜ˛ ≤Ã!Ü ˛Î˚y myÓ˚y
!l Ï̂Î˚ ÎyGÎ˚y •° Îy (12.13) lÇ !ã˛ˆÏe ̂ òáyˆÏly •°–

!ã˛e 12.13

~Ü˛!ê˛ §Ùã˛y˛õ ≤Ã!Ü ˛Î˚yÓ˚ myÓ˚y ~Ó˚ xyÎ˚ï˛l E ̂ Ì Ï̂Ü˛ F ̨ õÎ≈hs˝ !lˆÏÎ˚ !àˆÏÎ˚ Ù)° Ùyl ̨õÎ≈hs˝ Ü˛!ÙˆÏÎ˚ ̂ òGÎ˚y •°–
D •ˆÏï˛ E •ˆÏÎ˚ F ~ ˆÎˆÏï˛ àƒy§!ê˛Ó˚ myÓ˚y Ü,̨ ï˛Ü˛yÎ≈ àîly Ü˛ˆÏÓ˚y–

12.10 ~Ü˛!ê˛ ˆÓ˚!Ê ˛çyˆÏÓ˚ê˛ˆÏÓ˚Ó˚ ˆË˛ï˛ˆÏÓ˚ áyÓyÓ˚ Ó˚yáˆÏ° ï˛yˆÏï˛ 90C ï˛y˛õÙyey ÓçyÎ˚ ÌyˆÏÜ˛– Î!ò âˆÏÓ˚Ó˚ ï˛y˛õÙyey
360C •Î˚ ï˛ˆÏÓ •z•yÓ˚ ò«˛ï˛y à%îyAÜ˛ àîly Ü˛Ó˚–

ã˛y
˛õ

xyÎ̊ï˛l



xôƒyÎ̊ ı e Ï̂Î̊yò¢

àï˛#Î̊ ï˛_¥
(KINETIC THEORY)

13.1 Ë)̨ !ÙÜ˛y ( Introduction)

1661 §y Ï̂° Ó Ï̂Î˚° ~Ü˛ §)e xy!Ó‹ÒyÓ˚ Ü˛ Ï̂Ó˚lñ Îy ïÑ̨ yÓ˚ lyÙ xl%§y Ï̂Ó˚ Ó Ï̂Î˚̂ Ï°Ó˚ §)e
Ó Ï̂° ̨õ!Ó̊!ã˛ï˛– Ó Ï̂Î̊°ñ !lí z̨ê˛l ~ÓÇ xyÓ̊G xlƒylƒ !ÓK˛yl#Ó̊y àƒy§ Ï̂Ü˛ §)- ̨õyÓ̊Ùyî!ÓÜ˛
Ü˛îyÓ˚ myÓ˚y à!ë˛ï˛ ô Ï̂Ó˚ !l Ï̂Î˚ àƒy Ï̂§Ó˚ ôÙ≈à%̂ Ï°y Óƒyáƒy Ü˛Ó˚yÓ˚ ˆã˛T˛y Ü˛ Ï̂Ó˚l– ≤ÃÜ,̨ ï˛
˛õyÓ˚Ùyî!ÓÜ˛ ï˛_¥ ~Ó˚ ≤ÃyÎ˚ 150 ÓSÈÓ˚ ̨õÓ˚ ≤Ã!ï˛!¤˛ï˛ • Ï̂ÎÏ̊!SÈ°– àƒy Ï̂§Ó˚ à!ï˛ï˛_¥ñ àƒy§
ï˛#Ó  à!ï˛§¡õß¨ ̨õÓ˚Ùyî% xÌÓy xî% myÓ˚y à!ë˛ï˛ ~ ôyÓ˚îyÓ˚ í z̨̨ õÓ˚ !Ë˛!_ Ü˛ Ï̂Ó˚•z àƒy Ï̂§Ó˚
ôÙ≈ Óƒyáƒy Ü˛ Ï̂Ó˚– xyhs˝/˛õyÓ˚Ùyî!ÓÜ˛ Ó° Îy fl∫“ ̃ ò Ï̂â≈ƒÓ˚ Ó° Ó Ï̂°G ̨õ!Ó˚!ã˛ï˛ ï˛y Ü˛!ë˛l
~ÓÇ ï˛Ó˚̂ Ï°Ó˚ ˆ«˛ Ï̂e à%Ó%̊c˛õ)î≈ Ë)̨ !ÙÜ˛y ˛õy°l Ü˛Ó˚̂ Ï°G àƒy Ï̂§Ó˚ ˆ«˛ Ï̂e í ẑ̨ Į̈ õ«˛î#Î˚
Ó Ï̂°•z ~!ê˛ §Ω˛Ó • Ï̂Î̊ Ï̂SÈ–  |l!ÓÇ¢ ¢ï˛y∑# Ï̂ï˛ Ùƒy:G Ï̂Î̊°ñ ̂ Óy°Íç‰Ùƒyl ~ÓÇ xlƒylƒ
!ÓK˛yl# Ï̂òÓ˚ myÓ˚y àï˛#Î˚ ï˛_¥ !ÓÜ˛!¢ï˛ • Ï̂Î˚!SÈ°– ~!ê˛ x§yôyÓ˚îË˛y Ï̂Ó §Ê˛° • Ï̂Î˚!SÈ°–
~!ê˛ àƒy Ï̂§Ó˚ ã˛y˛õ G ï˛y Į̈̂ õÓ˚ xyî!ÓÜ˛ Óƒyáƒy ̂ òÎ˚ ~ÓÇ xƒy Ï̂í˛yày Ï̂í»̨ y ≤ÃÜ˛“ ~ÓÇ àƒy§
§)̂ ÏeÓ˚ § Ï̂Aà §Aà!ï˛˛õ)î≈– ~!ê˛ !Ó!Ë˛ß¨ àƒy Ï̂§Ó˚ xy Į̈̂ õ!«˛Ü˛ ï˛y˛õ ôyÓ˚Ü˛ Ï̂cÓ˚ §!ë˛Ü˛Ë˛y Ï̂Ó
Óƒyáƒy ˆòÎ˚– àƒyˆÏ§Ó˚ §ywï˛yñ ˛õ!Ó˚Óy!•ï˛y ~ÓÇ Óƒy˛õˆÏlÓ˚ ÙˆÏï˛y ˛õ!Ó˚Ùy˛õˆÏÎyàƒ
˜Ó!¢T˛ƒà%̂ Ï°y Ï̂Ü˛ xyî!ÓÜ˛ ≤Ãyã˛ Ï̂°Ó˚ §y Ï̂Ì §¡õÜ≈̨  fiÌy˛õl Ü˛ Ï̂Ó˚ ~ÓÇ xyî!ÓÜ˛ Ë˛Ó˚ G
xyÜ˛y Ï̂Ó˚ ̨õ!Ó˚Ùy˛õ §Ω˛Ó Ü˛ Ï̂Ó˚– ~ xôƒy Ï̂Î˚ àï˛#Î˚ ï˛ Ï̂_¥Ó˚ ≤ÃyÓ˚!Ω˛Ü˛ K˛yl ̂ òGÎ˚y • Ï̂Î˚̂ ÏSÈ–

13.2  ˛õòy Ï̂Ì≈Ó˚ xyî!ÓÜ˛ ≤ÃÜ,̨ !ï˛ (Molecular Nature of Matter)

!ÓÇ¢ ¢ï˛y∑#Ó̊ ~Ü˛çl Ù•yl ̨õòyÌ≈!Óò !Ó̊ã˛yí≈̨  !Ê˛lÙƒylÈüü ÚÚ˛õòyÌ≈ ̨õÓ̊Ùyî% !ò Ï̂Î̊ à!ë˛ï˛ÛÛ
~•z xy!Ó‹ÒyÓ˚!ê˛ !Ó Ï̂Óã˛ly Ü˛ Ï̂Ó˚l Îy ~Ü˛ x!ï˛ à%Ó%̊c˛õ)î≈ !Ó£ÏÎ˚– xyÙÓ˚y Î!ò !Óã˛«˛îï˛yÓ˚
§y Ï̂Ì xyã˛Ó˚î ly Ü˛!Ó˚ ï˛ Ï̂Ó ÙylÓ§Ë˛ƒï˛yÓ˚ ôÁÇ§ å˛õyÓ˚Ùyî!ÓÜ˛ !Ó˛õÎ≈̂ ÏÎ˚Ó˚ Ü˛yÓ˚̂ Ïîä
xÌÓy !Ó Ï̂°y˛õ å˛õ!Ó˚̂ ÏÓ¢àï˛ !Ó˛õÎ≈̂ ÏÎ˚Ó˚ Ü˛yÓ˚̂ Ïîä âê˛ Ï̂ï˛ ˛õy Ï̂Ó˚– Î!ò ~Ó˚Ü˛Ù â Ï̂ê˛ ˆÎñ
§ÙhflÏ ˜ÓK˛y!lÜ˛ K˛yl ôÁÇ§ • Ï̂Î˚ ˆà°ñ ï˛y• Ï̂° !Ê˛lÙƒyl ã˛y•ẑ ÏÓl !Ó Ï̂ŸªÓ˚ ˛õÓ˚Óï˛#≈
≤Ãç Ï̂ß√Ó˚ §,!T˛Ü˛yÓ˚# Ï̂òÓ˚ Ü˛y Ï̂SÈ Ú˛õyÓ˚Ùyî!ÓÜ˛ ≤ÃÜ˛“ÛÈüÈ!ê˛ Ï̂Ü˛ ˆ˛õÑÔ Ï̂SÈ !ò Ï̂ï˛– ˛õyÓ˚Ùyî!ÓÜ˛
≤ÃÜ˛“ ı ÚÚ§ÙhflÏ ̨õòyÌ≈ ̨õÓ˚Ùyî% !ò Ï̂Î˚ ̃ ï˛!Ó˚ÛÛñ ̨õÓ˚Ùyî% x!ï˛ «%̨ o ̨õòyÌ≈Ü˛îy Îy x!ÓÓ˚yÙ
à!ï˛¢#°ñ «%̨ o ò)Ó˚̂ ÏcÓ˚ ÓƒÓôy Ï̂l ÌyÜ˛ Ï̂° ~Ó˚y ˛õÓ˚flõÓ˚̂ ÏÜ˛ xyÜ˛£Ï≈î Ü˛ Ï̂Ó˚ !Ü˛v ~Ó˚y
˛õÓ˚flõÓ˚ §ÇÜ%̨ !ã˛ï˛ • Ï̂° åsqueezed ä !ÓÜ˛£Ï≈î Ü˛Ó˚̂ Ïï˛ ¢%Ó%̊ Ü˛ Ï̂Ó˚–
Ë˛yÓy •Î˚ ̂ Îñ ̨ õòyÌ≈ !lÓ˚Ó!FSÈß¨ lyG • Ï̂ï˛ ̨ õy Ï̂Ó˚ñ !Ó!Ë˛ß¨ fiÌy Ï̂l ~ÓÇ ̃ Ó!ã˛eƒ˛õ)î≈Ë˛y Ï̂Ó
xÓfiÌyl Ü˛Ó˚̂ Ïï˛ ̨õy Ï̂Ó˚– Ë˛yÓ˚̂ Ïï˛Ó˚ Ü˛îyò ~ÓÇ !@˝Ã Ï̂§Ó˚ ̂ í˛ Ï̂Ùy!Ü ̨ ê˛y§ ≤ÃhflÏyÓ Ü˛ Ï̂Ó˚!SÈ Ï̂°l
ˆÎñ ˛õòyÌ≈ x!ÓË˛yçƒ Ü˛îy !ò Ï̂Î˚ ˜ï˛!Ó˚– §yôyÓ˚îï˛ !ÓK˛yl§¡øï˛ ˛Ú˛õyÓ˚Ùyî!ÓÜ˛ ï˛_¥Û

13.1 Ë)̨ !ÙÜ˛y
13.2 ˛õòyˆÏÌ≈Ó˚ xyî!ÓÜ˛ ≤ÃÜ,˛!ï˛
13.3 àƒyˆÏ§Ó˚ xyã˛Ó˚î
13.4 xyò¢≈ àƒyˆÏ§Ó˚ àï˛#Î˚ ï˛_¥
13.5 ¢!=˛Ó˚ §Ù!ÓË˛yçl l#!ï˛
13.6 xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ ôyÓ˚Ü˛c
13.7 àí˛¸ Ù%=˛ ˛õÌ

§Ç!«˛Æ§yÓ˚
ˆË˛ˆÏÓ ˆòáyÓ˚ !Ó£ÏÎ˚§Ù)•
xl%¢#°l#
x!ï˛!Ó˚=˛ xl%¢#°l#
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åAtomic Theoryä çl í˛y°ê˛ Ï̂lÓ˚ xÓòylÓ)̊̂ Į̈ õ fl∫#Ü,̨ ï˛ ̂ ÙÔ Ï̂°Ó˚
§Ç Ï̂Îyç Ï̂lÓ˚ Ê˛ Ï̂° ˆÎÔà àë˛ Ï̂lÓ˚ §Ù !fiÌÓ˚yl%õyï˛ ~ÓÇ à%îyl%̨ õyï˛
§)e ̂ Ù Ï̂l ã˛ Ï̂°ÈüüüÈ ~!ê˛ Óƒyáƒy Ü˛Ó˚yÓ˚ çlƒ çl í˛y°ê˛l ̨õyÓ˚Ùyî!ÓÜ˛
ï˛ Ï̂_¥Ó˚ ≤ÃhflÏyÓ Ü˛ Ï̂Ó˚l– ≤ÃÌÙ §)eyl%§y Ï̂Ó˚ñ ̂ ÎÈüÈˆÜ˛y Ï̂ly ≤Ãò_ ̂ ÎÔ Ï̂àÓ˚
í z̨̨ õyòyl ̂ ÙÔ°à%̂ Ï°yÓ̊ Ë˛ Ï̂Ó̊Ó̊ xl%̨õyï˛ !fiÌÓ̊ Ìy Ï̂Ü˛– !mï˛#Î̊ §)eyl%§y Ï̂Ó̊ñ
Îál ò%̂ Ïê˛y ˆÙÔ Ï̂°Ó˚ §Ç Ï̂Îy Ï̂à ~ Ï̂Ü˛Ó˚ ˆÓ!¢ ˆÎÔà ˜ï˛!Ó˚ •Î˚ñ ~Ü˛!ê˛
ˆÙÔ Ï̂°Ó̊ !fiÌÓ̊ Ë˛ Ï̂Ó̊Ó̊ § Ï̂Aà xlƒylƒ ̂ ÙÔ°à%̂ Ï°yÓ̊ Ë˛Ó̊ «%̨o ̨õ)î≈ §ÇáƒyÓ̊̊
xl%̨ õy Ï̂ï˛ Ìy Ï̂Ü˛–

§)eà%̂ Ï°y Óƒyáƒy Ü˛Ó˚yÓ˚ çlƒ í˛y°ê˛l 200 ÓSÈÓ˚ ˛õ)̂ ÏÓ≈ ≤ÃhflÏyÓ
Ü˛ˆÏÓ˚!SÈˆÏ°l ˆÎñ ˆÙÔˆÏ°Ó˚ «%˛oï˛Ù í˛z˛õyòyl •° ˛õÓ˚Ùyî%– ~Ü˛•z
ˆÙÔ Ï̂°Ó˚ ̨õÓ˚Ùyî%à%̂ Ï°y ~Ü˛•z Ó˚Ü˛Ù !Ü˛v !Ë˛ß¨ ̂ ÙÔ Ï̂°Ó˚ ̨õÓ˚Ùyî%à%̂ Ï°y
!Ó!Ë˛ß̈ •Î̊– ≤Ã!ï˛!ê˛ ̂ ÙÔ Ï̂°Ó̊ x“ §ÇáƒÜ˛ ̨õÓ̊Ùyî% §Ç Ï̂Îy Ï̂à ̂ ÎÔà!ê˛Ó̊
xî% à!ë˛ï˛ •Î˚– í z̨!l¢ ¢ï˛ Ï̂Ü˛Ó˚ ¢%Ó%̊̂ Ïï˛ ̂ òGÎ˚y ̂ à °%§y Ï̂Ü˛Ó˚ §)̂ ÏeÓ˚
!ÓÓ,!ï˛!ê˛ •° ı àƒy Ï̂§Ó˚ xî%à%̂ Ï°y Ó˚y§yÎ˚!lÜ˛Ë˛y Ï̂Ó §ÇÎ%=˛ • Ï̂Î˚ lï%̨ l
àƒy§ ̃ ï˛!Ó˚Ó˚ §ÙÎ˚ ̂ §à%̂ Ï°yÓ˚ xyÎ˚ï˛l ̨õ)î≈§ÇáƒyÓ˚ xl%̨ õy Ï̂ï˛ Ìy Ï̂Ü˛–
xƒy Ï̂Ë˛yày Ï̂í»̨ yÓ˚ §)̂ ÏeÓ˚ åÓy ≤ÃÜ˛ Ï̂“Ó˚ä !ÓÓ,!ï˛ ı ~Ü˛•z ã˛y˛õ G í z̨£÷Ïï˛yÎ˚
§Ù xyÎ˚ï˛l §Ó àƒy Ï̂§ §Ùyl §ÇáƒÜ˛ xl% Ìy Ï̂Ü˛– xƒy Ï̂Ë˛yày Ï̂í»̨ yÓ˚
§)e í˛y°ê˛ Ï̂lÓ˚ ï˛ Ï̂_¥Ó˚ §Ç Ï̂Îy Ï̂à ˆà °%§y Ï̂Ü˛Ó˚ §)̂ ÏeÓ˚ Óƒyáƒy Ü˛ Ï̂Ó˚–
ˆÎ Ï̂•ï%̨  àƒy Ï̂§Ó˚ í z̨̨ õyòylà%̂ Ï°y ≤ÃyÎ˚•z xî%Ó)̊̂ Į̈ õ Ìy Ï̂Ü˛ñ í˛y°ê˛ Ï̂lÓ˚
˛õyÓ˚Ùyî!ÓÜ˛ ï˛_¥̂ ÏÜ˛ ̨õòy Ï̂Ì≈Ó˚ xyî!ÓÜ˛ ï˛_¥ !•§y Ï̂ÓG !Ó Ï̂Óã˛ly Ü˛Ó˚y
ˆÎ Ï̂ï˛ ˛õy Ï̂Ó˚– ~•z ï˛_¥ ~ál !ÓK˛yl# Ï̂òÓ˚ myÓ˚y §yò Ï̂Ó˚ à,•#ï˛– !Ü˛v

|l!ÓÇ¢ ¢ï˛y∑#Ó˚ ˆ¢ Ï̂£ÏG x Ï̂lÜ˛ !Óáƒyï˛ !ÓK˛yl# !SÈ Ï̂°l ÎyÓ˚y
˛õyÓ˚Ùyî!ÓÜ˛ ï˛_¥̂ ÏÜ˛ !ÓŸªy§ Ü˛Ó˚̂ Ïï˛l lyú

§y¡±!ï˛Ü˛ §Ù Ï̂Î˚ !Ó!Ë˛ß¨ ̨ õÎ≈̂ ÏÓ«˛î ̂ Ì Ï̂Ü˛ xyÙÓ˚y çy!l ̂ Î xî%
§Ù)••z å~Ü˛ Óy ~Ü˛y!ôÜ˛ ̨õÓ˚Ùyî%Ó˚ §Ùß∫̂ ÏÎ˚ à!ë˛ï˛ •Î˚ä ̨õòyÌ≈ àë˛l
Ü˛ Ï̂Ó̊– ~Ùl!Ü˛ •ẑ Ï°Ü˛ê ∆̨l Ùy•ẑ ÏÜ ̨ y Ï̂flÒy˛õ åElectron microscopeä
~ÓÇ flÒƒy!lÇ ê˛y Ï̂l!°Ç Ùy•ẑ ÏÜ ̨ y Ï̂flÒy Į̈̂ õÓ˚ åscanning tunnelling

microscopeä §y•y Ï̂Îƒ xyÙÓ̊y ~à%̂ Ï°y Ï̂Ü˛ å˛õÓ̊Ùyî%ä ̂ òá Ï̂ï˛ ̨õy!Ó̊–
~Ü˛!ê˛ ̨õÓ˚Ùyî%Ó˚ xyÜ˛yÓ˚ ≤ÃyÎ˚ ~Ü˛ xƒyÇfiê ∆̨̂ ÏÙÓ˚ å10 -10   mä §Ùyl–
Ü˛!ë˛ Ï̂lñ ˛õÓ˚Ùyî%à%̂ Ï°y ¢=˛Ë˛y Ï̂Ó xyÓÂô Ìy Ï̂Ü˛ñ ~ÓÇ ~ Ï̂Ü˛ x˛õÓ˚
ˆÌ Ï̂Ü˛ ≤ÃyÎ̊ !Ü˛S%È xƒyÇfiê ∆̨Ù å2 Åä ò)̂ ÏÓ̊ Ìy Ï̂Ü˛– ï˛Ó̊ Ï̂°Ó̊ ò%̂ Ïê˛y ̨õÓ̊Ùyî%Ó̊
Ù Ï̂ôƒ ò)Ó˚c ≤ÃyÎ˚ ~Ü˛•z Ìy Ï̂Ü˛– ï˛Ó˚̂ Ï° ˛õÓ˚Ùyî%à%̂ Ï°y Ü˛!ë˛ Ï̂lÓ˚ Ù Ï̂ï˛y
ò,ì ¸̨Ë˛y Ï̂Ó xyÓÂô Ìy Ï̂Ü˛ ly ~ÓÇ •zï˛hflÏï˛ â%Ó˚̂ Ïï˛ Ìy Ï̂Ü˛– ~•z Ü˛yÓ˚̂ Ïî
ï˛Ó˚°  ≤ÃÓy!•ï˛ • Ï̂ï˛ §«˛Ù– àƒy Ï̂§ xyhs˝/˛õyÓ˚Ùyî!ÓÜ˛ ò)Ó˚c ~Ü˛
xƒyÇfiê ∆̨̂ ÏÙÓ˚ ò¢à%î– ~Ü˛!ê˛ xî% §Çâ£Ï≈ SÈyí ¸̨y ̂ Î àí ¸̨ ò)Ó˚c x!ï˛Ü ̨ Ù
Ü˛ Ï̂Ó˚ ï˛y Ï̂Ü˛ Ó Ï̂° àí ¸̨ Ù%=˛˛õÌ åmean free pathä– àƒyˆÏ§Ó˚
ˆ«˛ˆÏe àí˛¸ Ù%=˛˛õÌ ~Ü˛ xƒyÇfiê˛∆ˆÏÙÓ˚ •yçyÓ˚ à%î •Î˚– àƒyˆÏ§Ó˚
˛õÓ˚Ùyî%à%̂ Ï°y x Ï̂lÜ˛ ̂ Ó!¢ åfreerä fl∫yô#l ~ÓÇ ̂ Ü˛y Ï̂lyÓ)̊)̨ õ ôyE˛y Óy
§Çâ£Ï≈ SÈyí ¸̨y•z ò#â≈ ò)Ó˚c x!ï˛Ü ̨ Ù Ü˛Ó˚̂ Ïï˛ ̨õy Ï̂Ó˚– àƒy§ Î!ò xyÓÂô ly
Ìy Ï̂Ü˛ ï˛y• Ï̂° àƒy§ ã˛yÓ˚!ò Ï̂Ü˛ SÈ!í ¸̨̂ ÏÎ˚ ˛õ Ï̂í ¸̨– Ü˛!ë˛l ~ÓÇ ï˛Ó˚̂ Ï°Ó˚
˛õÓ˚Ùyî%à%̂ Ï°yÓ˚ ̃ lÜ˛ê˛ƒï˛yÓ˚ çlƒ xyhs˝/˛õyÓ˚Ùyî!ÓÜ˛ Ó°!ê˛ à%Ó%̊c˛õ)î≈–
Ó°!ê˛ ò#â≈ ̨õ!Ó˚§ Ï̂Ó˚ xyÜ˛£Ï≈îôÙ#≈ ~ÓÇ fl∫“ ̨õ!Ó˚§ Ï̂Ó˚ !ÓÜ˛£Ï≈îôÙ#≈ •Î˚–

≤Ãyã˛#l Ë˛yÓ˚ï˛ ~ÓÇ !@˝ÃˆÏ§ ˛õyÓ˚Ùyî!ÓÜ˛ ≤ÃÜ˛“ (Atomic Hypothesis in Ancient India and Greece)

xyô%!lÜ˛ !ÓK˛yˆÏl Î!òG ˛õyÓ˚Ùyî!ÓÜ˛ ò,!T˛ˆÏÜ˛yˆÏîÓ˚ §yˆÏÌ ˛õ!Ó˚ã˛Î˚ âê˛yˆÏlyÓ˚ Ü,˛!ï˛c çl í˛y°ê˛lˆÏÜ˛ ˆòGÎ˚y •Î˚ñ !Ü˛v ≤Ãyã˛#l Ë˛yÓ˚ï˛#Î˚ ~ÓÇ
!@˝ÃˆÏ§Ó˚ ˛õ![˛ï˛àî Ó•% ˛õ)ˆÏÓ≈•z xî% ~ÓÇ ˛õÓ˚Ùyî%Ó˚ x!hflÏˆÏcÓ˚ Ü˛Ìy xl%Ùyl Ü˛ˆÏÓ˚!SÈˆÏ°l– Ë˛yÓ˚ˆÏï˛ ˜Ë˛ˆÏ§!¢Ü˛ ò¢≈l !Óòƒy°ˆÏÎ˚ñ ÎyÓ˚ ≤Ã!ï˛¤˛yï˛y
!SÈˆÏ°l  Ü˛îyò å!á fiê˛˛õ)Ó≈y∑ £Ï¤˛ ¢ï˛y∑#ä ˛õyÓ˚Ùyî!ÓÜ˛ !ã˛e ˆÓ¢ !ÓhflÏy!Ó˚ï˛Ë˛yˆÏÓ !ÓÜ˛!¢ï˛ •ˆÏÎ˚!SÈ°– ˛õÓ˚Ùyî%ˆÏÜ˛ ¢yŸªï˛ñ x!ÓË˛yçƒñ Ó›Ó˚
x!ï˛«%˛o ~ÓÇ ã)˛í˛¸yhs˝ ˆÙÔ!°Ü˛ xÇ¢ ÓˆÏ° ÙˆÏlÜ˛Ó˚y •ï˛– ~!ê˛ !lˆÏÎ˚G !Óï˛Ü≈˛ •ˆÏÎ˚!SÈ° ˆÎ ˛õòyÌ≈ˆÏÜ˛ !ÓË˛yçl Ü˛Ó˚yÓ˚ ≤Ã!Ü ˛Î˚yÓ˚ ˆÜ˛yˆÏly ˆ¢£Ï ly
ÌyˆÏÜ˛ ï˛y•ˆÏ° ~Ü˛!ê˛ ¢§ƒòyly ~ÓÇ ̂ ÙÓ˚% ̨ õÓ≈ï˛Ùy°yÓ˚ ÙˆÏôƒ ̂ Ü˛yˆÏly ̨ õyÌ≈Ü˛ƒ ÌyÜ˛ˆÏÓ ly– ã˛yÓ˚ ôÓ˚ˆÏlÓ˚ ̨ õÓ˚Ùyî%Ó˚ [Paramanu å˛õÓ˚Ùyî%ÈüÈ§Çfl,Òï˛
¢ˆÏ∑ §)-ï˛Ù Ü˛îyˆÏÜ˛ ̨ õÓ˚Ùyî% ÓˆÏ°ä ] Ü˛Ìy Ü˛“ly Ü˛Ó˚y •ˆÏÎ˚!SÈ° ̂ Îà%ˆÏ°yÓ˚ à%îàï˛ Ë˛Ó˚ ~ÓÇ xlƒylƒ ̃ Ó!¢T˛ƒà%ˆÏ°y •° ÎÌyÈüü Ë)˛!Ù åEarthäñ
x˛õ åwateräñ ˆï˛ç åfireä ~ÓÇ ÓyÎ˚% åairä– Ë˛yÓy •ˆÏÎ˚!SÈ° ˆÎ xyÜ˛yˆÏ¢Ó˚ ˆÜ˛yˆÏly ˛õyÓ˚Ùyî!ÓÜ˛ àë˛l ˆl•z ~ÓÇ ~!ê˛ !lÓ˚!Ó!FSÈß¨ ~ÓÇ !lŸã˛°–
˛õÓ˚Ùyî%%Ó˚ §ÇˆÏÎyˆÏà !Ó!Ë˛ß¨ xî% ˜ï˛!Ó˚ •Î˚– [í˛zòy•Ó˚îfl∫Ó˚)˛õñ ò%!ê˛ ˛õÓ˚Ùyî%Ó˚ §ÇˆÏÎyˆÏà !m˛õÓ˚Ùyî%Ü˛ xî% Óy mƒî%Ü˛yñ !ï˛l!ê˛ ˛õÓ˚Ùyî%Ó˚ §ÇˆÏÎyˆÏà
!e˛õÓ˚Ùyî%Ü˛ xî% Óy ê ∆̨ƒyl%Ü˛y åtryanukaä ̃ ï˛!Ó˚ •Î]̊ñ ~à%̂ Ï°yÓ˚ ôÙ≈ xî%Ó˚ í z̨̨ õyòylà%̂ Ï°yÓ˚ ≤ÃÜ,̨ !ï˛ ~ÓÇ í z̨̨ õyòyl ̨õÓ˚Ùyî%à%̂ Ï°yÓ˚ xl%̨ õy Ï̂ï˛Ó˚ í z̨̨ õÓ˚
!lË≈˛Ó˚ Ü˛ˆÏÓ˚– xl%ÙyˆÏlÓ˚ myÓ˚y xÌÓy xyÙyˆÏòÓ˚ Ü˛yˆÏSÈ xçyly xlƒ ˆÜ˛yˆÏly ˛õÂô!ï˛Ó˚ ÙyôƒˆÏÙ ˛õÓ˚Ùyî%Ó˚ xyÜ˛yˆÏÓ˚Ó˚ !•§yÓ– ˆàÔï˛Ù Ó%ˆÏÂôÓ˚
ç#Ól#Ù)°Ü˛ !Óáƒyï˛ Ó•z Ú°!°ï˛y Ü˛Ó˚y •ˆÏÎ˚!SÈ° !Ë˛§ï˛yÓ˚yÛ Îy Ù)°ï˛ !á fiê˛˛õ)Ó≈ !mï˛#Î˚ ¢ï˛ˆÏÜ˛ ˆ°áy •ˆÏÎ˚!SÈ°ñ ˆ§áyˆÏl ˛õÓ˚Ùyî%Ó˚ xyÜ˛yˆÏÓ˚Ó˚
!•§yˆÏÓÓ˚ §ˆÏAà xyô%!lÜ˛ !•§yÓ á%Ó Ü˛ySÈyÜ˛y!SÈ •Î˚ ~ÓÇ Ùyl!ê˛ •° 10 –10 m !Ùê˛yÓ˚–
   ≤Ãyã˛#l !@˝ÃˆÏ§ ˆí˛ˆÏÙy!Ü ˛ê˛y§ ïÑ˛yÓ˚ ˛õyÓ˚Ùyî!ÓÜ˛ ≤ÃÜ˛ˆÏ“Ó˚ çlƒ å!á fiê˛˛õ)Ó≈ ã˛ï%˛Ì≈ ¢ï˛ˆÏÜ˛ä !Óáƒyï˛ !SÈˆÏ°l– !@˝ÃˆÏÜ˛ ÚÚxƒyê˛ÙÛÛ ¢∑!ê˛Ó˚ xÌ≈ •°
x!ÓË˛yçƒ – ïÑ̨ yÓ˚ Ù Ï̂ï˛ ̨õÓ˚Ùyî% xyÜ˛yÓ˚ñ xyÜ,̨ !ï˛ ~ÓÇ xlƒylƒ ̂ Ë˛Ôï˛ ô Ï̂Ù≈Ó˚ !Ë˛!_ Ï̂ï˛ ~Ü˛!ê˛ xlƒ!ê˛ ̂ Ì Ï̂Ü˛ xy°yòy Ê˛ Ï̂° ~à%̂ Ï°yÓ˚ §Ùß∫̂ ÏÎ˚ à!ë˛ï˛
!Ó!Ë˛ß¨ ̨ õòyˆÏÌ≈Ó˚ ÙˆÏôƒ ôˆÏÙ≈Ó˚ ̨ õyÌ≈Ü˛ƒ •Î˚– çˆÏ°Ó˚ ̨ õÓ˚Ùyî%à%ˆÏ°y Ù§,î ~Ó ̂ ày°yÜ˛yÓ˚ ~ÓÇ ~ˆÏÜ˛ x˛õˆÏÓ˚Ó˚ §ˆÏAà xyê˛ˆÏÜ˛ ÌyÜ˛ˆÏï˛ ̨ õyˆÏÓ˚ ly ÓˆÏ°
ç° ~ÓÇ ï˛Ó˚° §• Ï̂ç•z ≤ÃÓy!•ï˛ •Î˚– Ùy!ê˛Ó˚ åearthä ̨õÓ˚Ùyî%à%̂ Ï°y xÙ§,î ~ÓÇ áÑyç Ü˛yê˛y •GÎ˚yÎ˚ ~à%̂ Ï°y ~Ü˛§ Ï̂Aà ̂ Ì Ï̂Ü˛ Ü˛!ë˛l ̨õòyÌ≈ àë˛l
Ü˛ˆÏÓ˚– xyà%ˆÏlÓ˚ ˛õÓ˚Ùyî%à%ˆÏ°y ï˛#«¯˛ åthornyä ˆÎ Ü˛yÓ˚ˆÏî ~à%ˆÏ°y ÎsfîyòyÎ˚Ü˛ ò•l âê˛yÎ˚– ~ !ã˛_yÜ˛£Ï≈Ü˛ ôyÓ˚îyà%ˆÏ°yÓ˚ í˛zqyÓl# ò«˛ï˛y ÌyÜ˛y
§ˆÏ_¥G ~à%ˆÏ°y x!ôÜ˛ ÙyeyÎ˚ ≤ÃÜ˛y¢ ̨ õyÎ˚!lñ Ü˛yÓ˚î ̂ §à%ˆÏ°y fl∫K˛yï˛ xl%Ùyl !SÈ° ~ÓÇ xl%Ùylà%ˆÏ°y ̨ õ!Ó˚Ùyîàï˛ ̨ õÓ˚#«˛y myÓ˚y ≤ÃÙy!îï˛ ~ÓÇ
§ÇˆÏ¢yôl Ü˛Ó˚y •Î˚!lÈüü Îy xyô%!lÜ˛ !ÓK˛yˆÏlÓ˚ ≤ÃÙyî !ã˛•´ åhallmarkä–
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˛õÓ˚Ùyî%à%̂ Ï°y Ü˛ Ï̂Î˚Ü˛ xƒyÇfiê ∆̨Ù ò)̂ ÏÓ˚ ̂ Ì Ï̂Ü˛ ̨õÓ˚flõÓ˚̂ ÏÜ˛ xyÜ˛£Ï≈î Ü˛ Ï̂Ó˚
!Ü˛v x!ôÜ˛ï˛Ó˚ !lÜ˛ê˛Óï˛#≈ • Ï̂° ̨õÓ˚flõÓ˚̂ ÏÜ˛ !ÓÜ˛£Ï≈î Ü˛ Ï̂Ó˚– àƒy Ï̂§Ó˚
!fiÌÓ˚ xÓfiÌy !Óºy!hs˝Ü˛Ó˚– àƒy§ §¡õ)î≈ §!Ü ̨ Î˚ ~ÓÇ ~Ó˚ §yÙƒyÓfiÌy
!ã˛Ó˚à!ï˛¢#°– !ã˛Ó˚à!ï˛¢#° §yÙƒyÓfiÌy xî%à%̂ Ï°yÓ˚ §Çâ£Ï≈ â Ï̂ê˛ ~ÓÇ
§Çâ Ï̂£Ï≈Ó˚ §ÙÎ˚ ï˛y Ï̂òÓ˚ o%!ï˛Ó˚ ̨õ!Ó˚Óï≈̨ l â Ï̂ê˛– ¢%ô% àí ¸̨ ̃ Ó!¢T˛ƒà%̂ Ï°y
!fiÌÓ˚ Ìy Ï̂Ü˛–

˛õyÓ̊Ùyî!ÓÜ˛ ï˛_¥ xyÙy Ï̂òÓ̊ xl%§rôy Ï̂lÓ̊ åquestä ̂ ¢£Ï lÎ̊ñ ÓÓ̊Ç
¢%Ó%̊– ~ál xyÙÓ˚y çy!l ˆÎñ ˛õÓ˚Ùyî% ˆÙÔ!°Ü˛ Óy x!ÓË˛yçƒ lÎ˚–
˛õÓ˚Ùyî% !lí z̨!Üœ̨ Î˚y§ ~ÓÇ •ẑ Ï°Ü˛ê ∆̨l !l Ï̂Î˚ à!ë˛ï˛– !lí z̨!Üœ̨ Î˚y§ !l Ï̂ç•z
ˆ≤Ãyê˛l ~ÓÇ !lí z̨ê ∆̨l !ò Ï̂Î̊ à!ë˛ï˛– ̂ ≤Ãyê˛l !lí z̨ê ∆̨l ̃ ï˛!Ó̊ xyÓyÓ̊ ̂ Ü˛yÎ̊yÜ≈̨
!ò Ï̂Î˚– ~Ùl!Ü˛ ̂ Ü˛yÎ˚yÜ≈̨ •z à Ï̂“Ó˚ ̂ ¢£Ï lÎ˚– ̂ §áy Ï̂l ï˛vÓ˚ åstringä
Ù Ï̂ï˛y ˛≤ÃyÌ!ÙÜ˛ §_y Ó˚̂ ÏÎ˚̂ ÏSÈ– ≤ÃÜ,̨ !ï˛ §Ó≈òy•z xyÙy Ï̂òÓ˚ çlƒ ã˛ÙÜ˛
Ó̊y Ï̂áñ !Ü˛v § Ï̂ï˛ƒÓ̊ xl%§rôyl ≤ÃyÎ̊•z xyl®òyÎ̊Ü˛ ~ÓÇ xy!Ó‹ÒyÓ̊à%̂ Ï°y
•Î̊ §%®Ó̊– ~ xôƒy Ï̂Î̊ xyÙÓ̊y àƒy Ï̂§Ó̊ ~ÓÇ Ü˛!ë˛ Ï̂lÓ̊ §yÙylƒ ̨õ!Ó̊Ùy Ï̂î
~Ü˛ VÑ̨ yÜ˛ à!ï˛¢#° xî%Ó̊ x!Ó◊yÙ à!ï˛ !•§y Ï̂Ó àƒy Ï̂§Ó̊ ̃ Ó!¢T˛ƒyÓ!°
ˆÓyV˛yÓ˚ Ù Ï̂ôƒ xyÙy Ï̂òÓ˚ §#ÙyÓÂô Ó˚yáÓ–

13.3   àƒy Ï̂§Ó˚ xyã˛Ó˚î (Behaviour of Gases)

Ü˛!ë˛l ~ÓÇ ï˛Ó˚̂ Ï°Ó˚ ˆã˛ Ï̂Î˚ àƒy Ï̂§Ó˚ ôÙ≈à%̂ Ï°y Ó%V˛ Ï̂ï˛ §%!ÓôyçlÜ˛–
~Ó˚ ≤Ãôyl Ü˛yÓ˚î •°ÈüüüÈ àƒy Ï̂§ xî%à%̂ Ï°y ̨õÓ˚flõÓ˚ ̂ Ì Ï̂Ü˛ ò)̂ ÏÓ˚ Ìy Ï̂Ü˛
~ÓÇ ò%̂ Ïê˛y xî%Ó˚ Ù Ï̂ôƒ §Çâ£Ï≈ Óƒï˛#ï˛ ~ Ï̂òÓ˚ ̨õyÓ˚flõ!Ó˚Ü˛ xhs˝/!Ü ̨ Î˚y
åinteractionsä làîƒ •Î˚– ̂ Î ã˛y˛õ G í z̨£÷Ïï˛yÎ˚ àƒy§ ï˛Ó˚°#Ë)̨ ï˛ •Î˚
åÓy Ü˛!ë˛ Ï̂l ̨õ!Ó̊îï˛ •Î̊ä ï˛yÓ̊ ̂ ã˛ Ï̂Î̊ !l¡̈ã˛y˛õ ~ÓÇ í z̨Fã˛ í z̨£÷Ïï˛yÎ̊ ≤Ãò_
lÙ%lyÓ˚ ~Ü˛!ê˛ àƒy Ï̂§Ó˚ ˆ«˛ Ï̂e ã˛y˛õñ í z̨£÷Ïï˛y ~ÓÇ xyÎ˚ï˛ Ï̂lÓ˚ Ù Ï̂ôƒ
xyl%Ùy!lÜ˛Ë˛y Ï̂Ó ~Ü˛!ê˛ §Ó˚° §¡õÜ≈̨  !ÓòƒyÙyl å~Ü˛yò¢ xôƒyÎ˚
oT˛Óƒä Îy !l¡¨Ó)̨̊ õ ı

PV = KT (13.1)

ˆÎáy Ï̂l T  •° ˆÜ˛°!Ë˛l ˆflÒ Ï̂° åxÌÓy ˛õÓ˚Ù ˆflÒ Ï̂°ä í z̨£÷Ïï˛y– K
•° ≤Ãò_ lÙ%lyÓ˚ çlƒ ô %ÓÜ˛ñ !Ü˛v àƒyˆÏ§Ó˚ xyÎ˚ï˛ˆÏlÓ˚ §ˆÏAà
˛õ!Ó˚Ó!ï≈̨ ï˛ •Î˚– ~ál Î!ò xyÙÓ˚y xî%ñ ˛õÓ˚Ùyî%Ó˚ ôyÓ˚îy  xy!lñ
ï˛y• Ï̂° ÚKÛ xî%Ó˚ §ÇáƒyÓ˚ § Ï̂Aà §Ùyl%̨ õy!ï˛Ü˛– ô!Ó˚ñ ≤Ãò_ lÙ%lyÎ˚
xî%Ó˚ §Çáƒy N– §%ï˛Ó˚yÇñ xyÙÓ˚y !°á Ï̂ï˛ ̨õy!Ó˚ K = N k– ̨õÎ≈̂ ÏÓ«˛î
ˆÌ Ï̂Ü˛ ˆòáy ÎyÎ˚ §Ü˛° àƒy Ï̂§Ó˚ ˆ«˛ Ï̂e ÚkÛ ÈüÈ~Ó˚ Ùyl ~Ü˛•z– ~ Ï̂Ü˛
ˆÓy°Íç‰Ùƒyl ô %ÓÜ˛ Ó Ï̂° ~ÓÇ ~ Ï̂Ü˛ Ú k

B
Û !ò Ï̂Î˚ ˆ°áy •Î˚–

ˆÎ Ï̂•ï%̨ ñ 
P V

N T

P V

N T

1 1

1 1

2 2

2 2

=  =  ô %ÓÜ˛ = k
B

      (13.2)

Î!ò P, V ~ÓÇ T  ~Ü˛•z •Î˚ ï˛y• Ï̂°ñ §Ü˛° àƒy Ï̂§Ó˚ ˆ«˛ Ï̂e ÈNüÈ~Ó˚
ÙylG ~Ü˛•z • Ï̂Ó– xÌ≈yÍñ ~Ü˛•z ã˛y˛õ G í z̨£÷Ïï˛yÎ˚ §Ü˛° àƒy Ï̂§Ó˚
~Ü˛Ü˛ xyÎ˚ï˛ Ï̂l §Ùyl §ÇáƒÜ˛ xî% Ìy Ï̂Ü˛ÈüüüÈ ~!ê˛ xƒy Ï̂Ë˛y@˝Ãy Ï̂í»̨ yÓ˚
≤ÃÜ˛“– ̂ Î ̂ Ü˛y Ï̂ly àƒy Ï̂§Ó˚ 22.4 !°ê˛yÓ˚ xyÎ˚ï˛ Ï̂l xî%Ó˚ §Çáƒy • Ï̂°y
6.02 × 1023– ~ Ï̂Ü˛ xƒy Ï̂Ë˛yày Ï̂í»̨ y §Çáƒy Ó Ï̂° ~ÓÇ ~ Ï̂Ü˛ N

A
 !ò Ï̂Î˚

§)!ã˛ï˛ Ü˛Ó˚y •Î˚– ÈS.T.PüÈ̂ ï˛ å≤ÃÙyî í z̨£÷Ïï˛y 273 K ~ÓÇ ã˛y˛õ 1 atm ä
22.4 !°ê˛yÓ̊ xyÎ̊ï˛̂ ÏlÓ̊ ̂ ÎÈüÈ̂ Ü˛y Ï̂ly àƒy Ï̂§Ó̊ Ë˛Ó̊ @Ã̋yÙ ~Ü˛̂ ÏÜ˛ å≤ÃÜ˛y!¢ï˛ä
àƒy§!ê˛Ó˚ xyî!ÓÜ˛ Gç Ï̂lÓ˚ §Ùyl– ~•z ˛õ!Ó˚Ùyî ˛õòyÌ≈̂ ÏÜ˛ ÚˆÙy°Û
ÓˆÏ°– åxyÓ˚G §%!l!ò≈T˛ §ÇK˛yÓ˚ çlƒ !mï˛#Î˚ xôƒyÎ˚ ˆòˆÏáyä–
Ó˚y§yÎ˚!lÜ˛ !Ó!Ü ̨ Î˚y§Ù)• ̂ Ì Ï̂Ü˛ xƒy Ï̂Ë˛yày Ï̂í»̨ y xl%Ùyl Ü˛ Ï̂Ó˚!SÈ Ï̂°lñ
!fiÌÓ˚ ï˛y˛õÙyey ~ÓÇ ã˛y Į̈̂ õ §Ùyl xyÎ˚ï˛ Ï̂lÓ˚ àƒy Ï̂§ §Ùyl §ÇáƒÜ˛
xî% Óï≈̨ Ùyl Ìy Ï̂Ü˛– àƒy Ï̂§Ó˚ à!ï˛ï˛_¥ ~•z ≤ÃÜ˛“ Ï̂Ü˛ §ÙÌ≈l Ü˛ Ï̂Ó˚–

xyò¢≈ àƒy§ §Ù#Ü˛Ó˚î!ê˛ Ï̂Ü˛ !l¡¨Ó)̨̊ Į̈̂ õ ̂ °áy ̂ Î Ï̂ï˛ ̨õy Ï̂Ó˚ÈüüüÈ

PV = µ RT (13.3)

ˆÎáy Ï̂l µ •° ˆÙy° §Çáƒy ~ÓÇ  R  = N
A
 k

B
 •° §Ó≈çl#l

ô %ÓÜ˛– T  • Ï̂°y ˛õÓ˚Ù ï˛y˛õÙyey– ˛õÓ˚Ù ï˛y˛õÙyeyÓ˚ çlƒ ˆÜ˛°!Ë˛l

çl í˛y°ê˛l (John Dalton) (1766 – 1844)

í˛y°ê˛l !SÈˆÏ°l ~Ü˛çl •zÇˆÏÓ˚ç Ó˚§yÎ˚l!Óò– Îál !Ó!Ë˛ß¨ ôÓ˚ˆÏlÓ˚ ̨ õÓ˚Ùyî%Ó˚ §ÇˆÏÎyçl âˆÏê˛ ï˛ál
~à%ˆÏ°y !l!ò≈T˛ !Ü˛S%È §Ó˚° §)e ̂ ÙˆÏl ã˛ˆÏ°– í˛y°ê˛ˆÏlÓ˚ ̨ õyÓ˚Ùyî!ÓÜ˛ ï˛_¥
ˆ§ §ÙhflÏ §)eà%ˆÏ°yˆÏÜ˛ §•ç í˛z˛õyˆÏÎ˚ Óƒyáƒy Ü˛ˆÏÓ˚– !ï˛!l Óî≈yrôï˛yÓ˚G
~Ü˛!ê˛ ï˛_¥ !òˆÏÎ˚!SÈˆÏ°l–

xƒyˆÏÙ!í˛G xƒyË˛yàyˆÏí»˛y (Amedeo Avogadro) (1776 – 1856)

!ï˛!l ~Ü˛!ê˛ x§yôyÓ˚î ôyÓ˚îy Ü˛ Ï̂Ó˚!SÈ Ï̂°l ̂ Îñ ~Ü˛•z ã˛y˛õ G í z̨£÷Ïï˛yÎ˚ §Ù
xyÎ˚ï˛ˆÏlÓ˚ §Ó àƒyˆÏ§ §Ùyl §ÇáƒÜ˛ xî% ÌyˆÏÜ˛– ~•z ôyÓ˚îy !Ó!Ë˛ß¨
ôÓ˚ˆÏlÓ˚ àƒyˆÏ§Ó˚ §ÇÎ%!=˛ á%Ó §•çË˛yˆÏÓ Ó%V˛ˆÏï˛ §y•yÎƒ Ü˛ˆÏÓ˚– ~ˆÏÜ˛

Óï≈˛ÙyˆÏl xƒyˆÏË˛yàyˆÏí»˛yÓ˚ ≤ÃÜ˛“ Óy §)e Ó°y •Î˚– !ï˛!l xyÓ˚G ÓˆÏ°!SÈˆÏ°l åÓy ≤ÃhflÏyÓ Ü˛ˆÏÓ˚!SÈˆÏ°lä ̂ Îñ
•y•zˆÏí»˛yˆÏçlñ x!:ˆÏçl ~ÓÇ ly•zˆÏê˛∆yˆÏçˆÏlÓ˚ ÙˆÏï˛y àƒyˆÏ§Ó˚ «%˛o í˛z˛õyòylà%ˆÏ°y ˛õÓ˚Ùyî% lÎ˚ñ ÓÓ˚Ç
!m˛õÓ˚Ùyî%Ü˛ xî%–
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ˆflÒ° !lÓ≈yã˛l Ü˛Ó˚y • Ï̂°     R = 8.314 J mol–1K–1.

~áy Ï̂lñ

µ = =
M

M

N

N A0
(13.4)

ˆÎáy Ï̂l M  •°ñ   N §ÇáƒÜ˛ xî% §¡∫!°ï˛ àƒy Ï̂§Ó˚ Ë˛Ó˚ñ   M
0
 •°

ˆÙy°yÓ˚ Ë˛Ó˚ ~ÓÇ  N
A
 • Ï̂°y xƒy Ï̂Ë˛yày Ï̂í»̨ y §Çáƒy– §Ù#Ü˛Ó˚î  (13.4)

~ÓÇ (13.3) ÈüÈˆÜ˛ !l¡¨Ó)̊̂ Į̈ õG ̂ °áy ̂ Î Ï̂ï˛ ̨õy Ï̂Ó˚ÈüüüÈ
PV = k

B
 NT xÌÓy P = k

B
 nT

P (atm)

!ã˛e 13.1 !l¡¨ã˛y˛õ ~ÓÇ í˛zFã˛ ï˛y˛õÙyeyÎ˚ ÓyhflÏÓ àƒy§§Ù)• xyò¢≈
àƒyˆÏ§Ó˚ ÙˆÏï˛y xyã˛Ó˚î Ü˛ˆÏÓ˚–

ˆÎáy Ï̂l  n  •° §Çáƒy âlcñ xÌ≈yÍñ ≤Ã!ï˛ ~Ü˛Ü˛ xyÎ˚ï˛ Ï̂l xî%Ó˚
§Çáƒy–  k

B
 •° í z̨̨ õ Ï̂Ó˚ Ó!î≈ï˛ ˆÓy°ÍçÙƒyl ô %ÓÜ˛– SI ~Ü˛ Ï̂Ü˛ ~Ó˚

Ùyl • Ï̂°yñ  1.38 × 10–23 J K–1.

§Ù#Ü˛Ó˚î   (13.3) ~Ó˚ xy Ï̂Ó˚Ü˛!ê˛ Ü˛yÎ≈Ü˛Ó˚# Ó)̨̊ õ •°ÈüüüÈ

P
RT

M
=

ρ

0
(13.5)

ˆÎáy Ï̂l ρ •° àƒy Ï̂§Ó˚ Ë˛Ó˚ âlc –
§Ü˛° ã˛y˛õ G ï˛y˛õÙyeyÎ̊ ̂ Î àƒy§ (13.3) §Ù#Ü˛Ó̊î ÎÌyÎÌË˛y Ï̂Ó

ˆÙ Ï̂l ï˛y Ï̂Ü˛ Úxyò¢≈ àƒy§Û å ideal gasä Ó°y •Î˚– àƒy Ï̂§Ó˚ ~Ü˛!ê˛
§Ó̊° ï˛y!_¥Ü˛ Ù Ï̂í˛° •° xyò¢≈ àƒy§– ̂ Ü˛y Ï̂ly ÓyhflÏÓ àƒy§•z ≤ÃÜ,̨ï˛̨õ Ï̂«˛
xyò¢≈ àƒy§ lÎ̊– !ï˛l!ê˛ !Ó!Ë˛ß̈ ï˛y˛õÙyeyÎ̊ ~Ü˛!ê˛ ÓyhflÏÓ àƒy§ xyò¢≈
àƒy Ï̂§Ó˚ xyã˛Ó˚î ̂ Ì Ï̂Ü˛ Ü˛#Ë˛y Ï̂Ó !Óã%̨ ƒï˛ •Î˚ ï˛y !ã˛e 13.1 ~ ̂ òáy Ï̂ly
•ˆÏÎ˚ˆÏSÈ– °«˛ Ü˛ˆÏÓ˚ ˆòˆÏáyñ §Ü˛° ÓÜ ˛ˆÏ°á !l¡¨ã˛y˛õ ~ÓÇ í˛zFã˛
ï˛y˛õÙyeyÎ˚ ÓyhflÏÓ àƒy Ï̂§Ó˚ ̂ °áÈüÈ~Ó˚ !lÜ˛ê˛Óï˛#≈ •Î˚–

!l¡¨ã˛y˛õ xÌÓy í z̨Fã˛ ï˛y˛õÙyeyÎ˚ xî%à%̂ Ï°y ò)̂ ÏÓ˚ ò)̂ ÏÓ˚ Ìy Ï̂Ü˛ ~ÓÇ
xyhs˝/ xyî!ÓÜ˛ !Ü ̨ Î˚y làîƒ •Î˚– xyhs˝/ xyî!ÓÜ˛ !Ü ̨ Î˚y Óƒï˛#ï˛ àƒy§
xyò¢≈ àƒy Ï̂§Ó˚ Ù Ï̂ï˛y xyã˛Ó˚î Ü˛ Ï̂Ó˚y–

Î!ò §Ù#Ü˛Ó˚î å(13.3äÈüÈ~ xyÙÓ˚y  µ  ~ÓÇ T  ˆÜ˛ !fiÌÓ˚ ô!Ó˚ñ
xyÙÓ˚y ˛õy•zÈüü

PV =  ô %ÓÜ˛ (13.6)

xÌ≈yÍñ ï˛y˛õÙyey !fiÌÓ˚ ÌyÜ˛ Ï̂° ≤Ãò_ Ë˛ Ï̂Ó˚Ó˚ àƒy Ï̂§Ó˚ ã˛y˛õ àƒy Ï̂§Ó˚
xyÎ˚ï˛ Ï̂lÓ˚ §y Ï̂Ì ÓƒhflÏ xl%̨ õy Ï̂ï˛ ˛õ!Ó˚Ó!ï≈̨ ï˛ •Î˚– ~!ê˛•z !Óáƒyï˛
Ó Ï̂Î˚̂ Ï°Ó˚ §)e– ˛õÓ˚#«˛y°kô P-V ˆ°á ~ÓÇ Ó Ï̂Î˚̂ Ï°Ó˚ §)eyl%§y Ï̂Ó˚
xl%!Ùï˛ ï˛y!_¥Ü˛ ̂ °áÈüÈÓ˚ ï%̨ °ly !ã˛e 13.2 ÈüÈ~ ̂ òá Ï̂ly • Ï̂Î˚̂ ÏSÈ– !ã˛ Ï̂e
xyÓ˚G ~Ü˛ÓyÓ˚ ˆï˛yÙÓ˚y ˆòá Ï̂° ˆÎ !l¡¨ã˛y˛õ ~ÓÇ í z̨Fã˛ ï˛y˛õÙyeyÎ˚
ˆ°áà%̂ Ï°y §Aà!ï˛˛õ)î≈ •Î˚– ̨õÓ˚Óï˛#≈̂ Ïï˛ñ Î!ò ï%̨ !Ù P ̂ Ü˛ !fiÌÓ˚ Ó˚y Ï̂áyñ
ï˛y• Ï̂° §Ù#Ü˛Ó˚î 13.1 ̂ Ì Ï̂Ü˛ ̂ òáy ÎyÎ˚ñ V ∝  Tñ xÌ≈yÍñ !fiÌÓ˚ ã˛y Į̈̂ õ
àƒy Ï̂§Ó˚ xyÎ˚ï˛l ̨õÓ˚Ù ï˛y˛õÙyey ÈT üÈ~Ó˚ §Ùyl%̨ õy!ï˛Ü˛ •Î˚ åã˛y°≈̂ Ï§Ó˚
§)eä å!ã˛e 13.3 ̂ ò Ï̂áyä–

!ã˛e 13.2 !ï˛l!ê˛ !Ë˛ß¨ í˛z£÷Ïï˛yÎ˚ ç°#Î˚ ÓyˆÏ‹õÓ˚ ˛õÓ˚#«˛y°kô  P-V

ˆ°áÓ˚ (ê˛yly ˆÓ˚áy)§ˆÏAà ÓˆÏÎ˚ˆÏ°Ó˚ §)ˆÏeÓ˚ åÜ˛yê˛y ˆÓ˚áyä
ï%̨ °ly– ã˛y˛õ P ̂ Ü˛  22 atm ~Ü˛ Ï̂Ü˛ ~ÓÇ xyÎ˚ï˛l  V ̂ Ü˛
0.09 !°ê˛yÓ˚ ~Ü˛ˆÏÜ˛–

˛õ!Ó˚̂ Ï¢ Ï̂£Ïñ P ã˛y˛õ ~ÓÇ T ï˛y˛õÙyeyÎ˚ñ ˛õÓ˚flõ Ï̂Ó˚Ó˚ § Ï̂Aà !Ü ̨ Î˚y
Ü˛ Ï̂Ó˚ ly ~Ó˚Ü˛Ù xyò¢≈ àƒy Ï̂§Ó˚ ~Ü˛!ê˛ !Ù◊ Ï̂î àƒy§ È1üÈ~Ó˚  µ

1
 ̂ Ùy°

~ÓÇ àƒy§ È2üÈ~Ó˚ µ
2
ˆÙy° •zï˛ƒy!ò Ï̂Ü˛ V xyÎ˚ï˛ Ï̂lÓ˚ ~Ü˛!ê˛ ˛õy Ï̂e

ˆlGÎ˚y •°– ï˛y• Ï̂°ñ !Ù◊ Ï̂îÓ˚ xÓfiÌyÓ˚ §Ù#Ü˛Ó˚î •Î˚ ı
PV = ( µ

1
 + µ

2 
+…  ) RT (13.7)

xÌ≈yÍ P
RT

V

RT

V
= + +µ µ1 2 ... (13.8)

= P
1
 + P

2
 + … (13.9)

flõT˛ï˛•zñ P
1
 =    µ

1
 R T/V   •° Î!ò xlƒ ̂ Ü˛y Ï̂ly àƒy§ í z̨̨ õ!fiÌï˛

ly Ìy Ï̂Ü˛ñ ï˛ Ï̂Ó ï˛y˛õÙyeG xyÎ˚ï˛ Ï̂lÓ˚ ~Ü˛•z ¢ Ï̂ï≈̨  àƒy§ 1 Ü˛ï,≈̨ Ü˛
≤ÃÎ%=˛ ã˛y˛õ– ~ Ï̂Ü˛ àƒy§!ê˛Ó˚ xyÇ!¢Ü˛ ã˛y˛õ Ó°y •Î˚– §%ï˛Ó˚yÇñ xyÇ!¢Ü˛
ã˛y˛õà%%̂ Ï°yÓ˚ §Ù!T˛•z •° ~Ü˛!ê˛ xyò¢≈ àƒy§ !Ù◊ Ï̂îÓ˚ ˆÙyê˛ ã˛y˛õ–
~!ê˛ •° í˛y°ê˛ Ï̂lÓ˚ xyÇ!¢Ü˛ ã˛y˛õ §)e–

p
V T

µ

J
m

o
l�1

K
�1

(
)

xyò¢≈ àƒy§
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⊳

!ã˛e  13.3 !ï˛l!ê˛ !Ë˛ß¨ ã˛yˆÏ˛õ ÈCO
2
 üÈ~Ó˚ ˛õÓ˚#«˛y°kô T-V ˆ°áÓ˚

(ê˛yly ˆÓ˚áy) §ˆÏAà ã˛y°≈ˆÏ§Ó˚ §)eyl%ÎyÎ˚#  T - V ˆ°áÓ˚
åÜ˛yê˛y ˆÓ˚áyä ï%˛°ly– T ˆÜ˛ 300 K~Ü˛ˆÏÜ˛ ~ÓÇ V ˆÜ˛
0.13  !°ê˛yÓ˚ ~Ü˛ˆÏÜ˛–

˛õÓ̊Óï≈̨ # Ï̂ï˛ xyÙÓ̊y !Ü˛S%È í z̨òy•Ó̊î ̂ lÓ ̂ Îà%̂ Ï°y ~Ü˛!ê˛ ~Ü˛Ü˛ xî%Ó̊
xyÎ˚ï˛l ~ÓÇ ~Ü˛!ê˛ !l!ò≈T˛ xî% Ü˛ï,≈̨ Ü˛ x!ôÜ,̨ ï˛ xyÎ˚ï˛l §¡õ Ï̂Ü≈̨
xyÙy Ï̂òÓ˚ ï˛Ìƒ ̂ ò Ï̂Ó–

⊳ í z̨òy•Ó˚î 13.1 ç Ï̂°Ó˚ âlc 1000 kg m–3–  100 °C  í z̨£÷Ïï˛y
~ÓÇ 1 atm ã˛y Į̈̂ õ ç°#Î˚ Óy Ï̂‹õÓ˚ âlc 0.6 kg m–3– ~Ü˛!ê˛
xî%Ó˚ xyÎ˚ï˛l Ï̂Ü˛ ˆÙyê˛ xî%Ó˚ §Çáƒy !ò Ï̂Î˚ à%î Ü˛Ó˚̂ Ï° ˆÎ
xyÎ˚ï˛l ̨õyGÎ˚y ÎyÎ˚ ï˛y Ï̂Ü˛ xyî!ÓÜ˛ xyÎ˚ï˛l Ó Ï̂°– í z̨̨ õ Ï̂Ó˚
í z̨!Õ‘!áï˛ ã˛y˛õ G ï˛y˛õÙyeyÓ̊ ¢ Ï̂ï≈̨  ç°#Î̊ Óy‹õ myÓ̊y x!ôÜ,̨ ï˛
xyî!ÓÜ˛ xyÎ˚ï˛l ~ÓÇ ˆÙyê˛ xyÎ˚ï˛ Ï̂lÓ˚ xl%̨ õyï˛ !lî≈Î˚
Ü˛ Ï̂Ó˚y–

í z̨_Ó˚   ≤Ãò_ Ë˛ Ï̂Ó˚Ó˚ ç Ï̂°Ó˚ xî%§Ù)̂ Ï•Ó˚ Î!ò xyÎ˚ï˛l ˆÓ!¢ •Î˚ñ
ï˛y• Ï̂° âlc  Ü˛Ù • Ï̂Ó–  §%ï˛Ó˚yÇñ Óy Ï̂‹õÓ˚ xyÎ˚ï˛l  1000/0.6  = 1/

(6 ×10 -4 ) à%î ̂ Ó!¢– Î!ò xyÎ˚ï˛!lÜ˛ ç Ï̂°Ó˚ åbulk waterä âlc
~ÓÇ ç Ï̂°Ó˚ xî%Ó˚ âlc §Ùyl •Î˚ñ ï˛y• Ï̂° ï˛Ó˚° xÓfiÌyÎ˚ xyî!ÓÜ˛
xyÎ˚ï˛l ~ÓÇ ˆÙyê˛ xyÎ˚ï˛ Ï̂lÓ˚ xl%̨ õyï˛ 1 • Ï̂Ó– ˆÎ Ï̂•ï%̨  Óy‹õ#Î˚
xÓfiÌyÎ˚ xyÎ˚ï˛l Ó,!Âô ˆ˛õˆÏÎ˚ˆÏSÈ ï˛y•z xyÇ!¢Ü˛ xyÎ˚ï˛l ~Ü˛•z
xl%̨ õy Ï̂ï˛  åxÌ≈yÍ 6 ×10 -4  xÇ¢ä •…y§ ̨õy Ï̂Ó– ⊳

í˛zòy•Ó˚î  13.2   í z̨òy•Ó˚î 13.1 ÈüÈ~ ̂ òGÎ˚y ï˛ Ï̂ÌƒÓ˚ §y•y Ï̂Îƒ
ç Ï̂°Ó˚ ~Ü˛!ê˛ xî%Ó˚ xyÎ˚ï˛l !lî≈Î˚ Ü˛ Ï̂Ó˚y–

í z̨_Ó˚  Ü˛!ë˛l xÌÓy ï˛Ó˚° ò¢yÎ˚ ç Ï̂°Ó˚ xî%à%̂ Ï°y á%Ó Ü˛ySÈyÜ˛y!SÈ
§ÇâÓÂô ÌyˆÏÜ˛– ~ Ü˛yÓ˚ˆÏî çˆÏ°Ó˚ xî%Ó˚ âlc ˆÙyê˛yÙ%!ê˛Ë˛yˆÏÓ

xyÎ˚ï˛!lÜ˛ ç Ï̂°Ó˚ åbulk waterä âlc È= 1000 kg m–3üÈ~Ó˚ §Ùyl
ôÓ˚y ÎyÎ˚– ç Ï̂°Ó˚ xî%Ó˚ xyÎ˚ï˛l !lî≈Î˚ Ü˛Ó˚yÓ˚ çlƒ xyÙy Ï̂òÓ˚ ç Ï̂°Ó˚
~Ü˛!ê˛ xî%Ó˚ Ë˛Ó˚ çyl Ï̂ï˛ •Î˚– xyÙÓ˚y çy!l ~Ü˛ ˆÙy° ç Ï̂°Ó˚ Ë˛Ó˚
≤ÃyÎ̊

(2 + 16)g  = 18 g  =  0.018 kg.

ˆÎ Ï̂•ï%̨  1 ˆÙy Ï̂° ≤ÃyÎ˚ 6 × 1023 åxƒy Ï̂Ë˛yày Ï̂í»̨ y §Çáƒyä §ÇáƒÜ˛
xî% Ìy Ï̂Ü˛ñ ç Ï̂°Ó˚ ~Ü˛!ê˛ xî%Ó˚ Ë˛Ó˚ •Î˚  (0.018)/(6 × 1023) kg  =

3 × 10–26 kg –  §%ï˛Ó˚yÇñ ˆÙyê˛yÙ%!ê˛Ë˛yˆÏÓ çˆÏ°Ó˚ ~Ü˛!ê˛ xî%Ó˚
xyÎ˚ï˛ Ï̂lÓ˚ àîly •° !l¡¨Ó)̨̊ õ ı

ç Ï̂°Ó˚ xî%Ó˚ xyÎ˚ï˛l
= (3 × 10–26 kg)/ (1000 kg m–3)

= 3 × 10–29 m3

= (4/3) π  (Óƒy§yô≈ )3

§%ï˛Ó˚yÇñ Óƒy§yô≈  ≈ 2 ×10-10  m = 2 Å ⊳

í˛zòy•Ó˚î  13.3    ç Ï̂°Ó˚ ò%̂ Ïê˛y ˛õÓ˚Ùyî%Ó˚ Ù Ï̂ôƒ àí ¸̨ ò)Ó˚c
åxyhs˝/ ˛õyÓ˚Ùyî!ÓÜ˛ ò)Ó˚cä Ü˛ï˛⁄ í z̨òy•Ó˚î 13.1~ÓÇ 13.2

ÈüÈ~ ̂ òGÎ˚y ï˛ÌƒyÓ!° ÓƒÓ•yÓ˚ Ü˛ Ï̂Ó˚y–

í z̨_Ó̊   Óy‹õ#Î̊ xÓfiÌyÎ̊ ç Ï̂°Ó̊ ≤Ãò_ Ë˛Ó̊ ï˛Ó̊° xÓfiÌyÎ̊ §ÙË˛ Ï̂Ó̊Ó̊
ç Ï̂°Ó̊ xyÎ̊ï˛ Ï̂lÓ̊ 1.67×103 à%î åí z̨òy•Ó̊î 13.1 ä– ~!ê˛ •° xyÓyÓ̊ñ
§•ç°Ë˛ƒ ≤Ã!ï˛!ê˛ ç Ï̂°Ó˚ xî%Ó˚ xyÎ˚ï˛l Ó,!ÂôÓ˚ ˛õ!Ó˚Ùyî– Îál
xyÎ˚ï˛l 103 à%î Ó,!Âô ˛õyÎ˚ñ Óƒy§yô≈ Ó,!Âô ˛õyÎ˚ V1/3 xÌÓy 10 à%îñ
xÌ≈yÍ 10 × 2 Å  = 20 Å – §%ï˛Ó˚yÇ àí ¸̨ ò)Ó˚c •°ñ 2 × 20 = 40  Å–

⊳

í z̨òy•Ó˚î  13.4   ~Ü˛!ê˛ ̨õy Ï̂e ̨õÓ˚flõÓ˚ !Ó!Ü ̨ Î˚y Ü˛ Ï̂Ó˚ ly ~Ó)̨̊ õ
ò%!ê˛ àƒy§ xy Ï̂SÈ ı !lÎ˚l å~Ü˛ ˛õÓ˚Ùyî%Ü˛ä ~ÓÇ x!: Ï̂çl
å!m˛õÓ˚Ùyî%Ü˛ä– àƒy§ ò%̂ Ïê˛yÓ˚ xyÇ!¢Ü˛ ã˛y Į̈̂ õÓ˚ xl%̨ õyï˛ 3:2 –
˛õy Ï̂e ÌyÜ˛y !lÎ˚l ~ÓÇ x!: Ï̂çl àƒy Ï̂§Ó˚  (i) xî%Ó˚ §ÇáƒyÓ˚
~ÓÇ  (ii) Ë˛Ó˚ âlˆÏcÓ˚ xl%˛õyï˛ !lî≈Î˚ Ü˛ˆÏÓ˚y– Ne ~Ó˚
˛õyÓ˚Ùyî!ÓÜ˛  Ë˛Ó˚  = 20.2 u,   ~ÓÇ  O

2
 ÈüÈ~Ó˚  xyî!ÓÜ˛  Ë˛Ó˚

= 32.0 u –

í z̨_Ó˚   !Ù◊ Ï̂îÓ˚ ~Ü˛!ê˛ àƒy Ï̂§Ó˚ xyÇ!¢Ü˛ ã˛y˛õ ~Ü˛•z xyÎ˚ï˛l ~ÓÇ
ï˛y˛õÙyeyÎ˚ Î!ò àƒy§!ê˛ ~Ü˛Ü˛ Ë˛y Ï̂Ó ̨õy Ï̂e Ìy Ï̂Ü˛ ï˛yÓ˚ ã˛y Į̈̂ õÓ˚ §Ùyl–
å˛õÓ˚flõ Ï̂Ó˚Ó˚ § Ï̂Aà !Ó!Ü ̨ Î˚y Ü˛ Ï̂Ó˚ ly ~Ó˚Ü˛Ù àƒy§!Ù◊ Ï̂îÓ˚ ̂ Ùyê˛ ã˛y˛õ
í z̨̨ õyòyl  àƒy§à%̂ Ï°yÓ˚  xyÇ!¢Ü˛  ã˛y Į̈̂ õÓ˚  ˆÎyàÊ˛ Ï̂°Ó˚  §Ùylä–
≤Ã!ï˛!ê˛ àƒy§ åxyò¢≈ àƒ§ ô Ï̂Ó˚ !l Ï̂Î˚ä àƒy§ §)e ̂ Ù Ï̂l ã˛ Ï̂°– ̂ Î Ï̂•ï%̨
ò%̂ Ïê˛y àƒy Ï̂§Ó˚ ̂ «˛ Ï̂e•z  V  ~ÓÇ T §Ùylñ xyÙÓ˚y !°á Ï̂ï˛ ̨õy!Ó˚ñ  P

1
V

= µ 
1 
RT  ~ÓÇ P

2
V = µ

2
 RT  xÌ≈yÍ (P

1
/P

2
) = (µ

1 
/ µ

2
) – ̂ Îáy Ï̂l

1 ~ÓÇ 2 •° ÎÌyÜ ̨ Ï̂Ù !lÎ̊l ~ÓÇ x!: Ï̂çl àƒy§– ̂ Î Ï̂•ï%̨ ñ åˆòGÎ̊y
xy Ï̂SÈä  (P

1
/P

2
) = (3/2) ñ  ï˛y•z (µ

1
/ µ

2
) = 3/2–

⊳
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(i) §ÇK˛y xl%§y Ï̂Ó̊  µ
1
 = (N

1
/N

A
 ) ~ÓÇ µ

2 
= (N

2
/N

A
)  ̂ Îáy Ï̂l N

1

~ÓÇ N
2
 •° àƒy§ 1 ~ÓÇ àƒy§ 2 ÈüÈ~Ó˚ xî%Ó˚ §Çáƒy ~ÓÇ N

A

• Ï̂°y xƒy Ï̂Ë˛yày Ï̂í»̨ y §Çáƒy –
§%ï˛Ó˚yÇñ  (N

1
/N

2
) = (µ

1 
/ µ

2
)  = 3/2 –

(ii) xyÙÓ˚y xyÓ˚G !°áˆÏï˛ ˛õy!Ó˚ñ µ
1
 = (m

1
/M

1
) ~ÓÇ µ

2
 =

(m
2
/M

2
) – ̂ Îáy Ï̂lñ  m

1 
~ÓÇ m

2
 •° àƒy§ 1 ~ÓÇ 2 ~Ó˚ Ë˛Ó˚

xyÓyÓ˚ M
1
 ~ÓÇ M

2
 •° ï˛y Ï̂òÓ˚ xyî!ÓÜ˛ Ë˛Ó˚ – åm

1
~ÓÇ M

1

~Ü˛•zË˛y Ï̂Ó m
2
~ÓÇ M

2 ̂
Ü˛ ~Ü˛•z ~Ü˛ Ï̂Ü˛ ≤ÃÜ˛y¢ Ü˛Ó˚̂ Ïï˛ • Ï̂Ó–ä

àƒy§ 1 ~ÓÇ 2 ~Ó˚ âlc ÎÌyÜ ̨ Ï̂Ù ρ
1 
~ÓÇ ρ

2 
• Ï̂°ñ xyÙÓ˚y

˛õy•zñ

ρ

ρ

µ

µ

1

2

1

2

1

2

1

2

1

2

= = = ×






m V

m V

m

m

M

M

/

/

= × =
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2
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13.4  xyò¢≈ àƒy Ï̂§Ó̊ à!ï˛ï˛_¥ (Kinetic theory of an ideal gas)

àƒy Ï̂§Ó˚ à!ï˛ ï˛ Ï̂_¥Ó˚ !Ë˛!_ •° ̨õòy Ï̂Ì≈Ó˚ xyî!ÓÜ˛ !ã˛e– ~Ü˛!ê˛ àƒy§
x§Çáƒ xî%Ó̊ å§yôyÓ̊îï˛ xƒy Ï̂Ë˛yày Ï̂í»̨ y §Çáƒy Ü ̨ Ï̂Ùä §Ùß∫̂ ÏÎ̊ à!ë˛ï˛ñ
ˆÎà%̂ Ï°y xlÓÓ˚ï˛ ~ Ï̂°y Ï̂Ù Ï̂°yË˛y Ï̂Ó à!ï˛¢#° Ìy Ï̂Ü˛– §yôyÓ˚î ã˛y˛õ
G ï˛y˛õÙyeyÓ˚ xî%§Ù)̂ Ï•Ó˚ Ù Ï̂ôƒ àí ¸̨ ò)Ó˚c xî%Ó˚ xyÜ˛y Ï̂Ó˚Ó˚ (2 Å) 10

à%î Óy ï˛yÓ˚ ˆã˛ Ï̂Î˚ ˆÓ!¢ •Î˚– ï˛y•z xî%à%̂ Ï°yÓ˚ Ù Ï̂ôƒ ˛õyÓ˚flõ!Ó˚Ü˛
xyhs˝/!Ü ̨ Î˚y làîƒ ~ÓÇ xyÙÓ˚y ô Ï̂Ó˚ !l Ï̂ï˛ ̨õy!Ó˚ ̂ Îñ !lí z̨ê˛ Ï̂lÓ˚ ≤ÃÌÙ
§)e xl%§y Ï̂Ó˚ xî%à%̂ Ï°y Ù%=˛Ë˛y Ï̂Ó §Ó˚° Ï̂Ó˚áy ÓÓ˚yÓÓ˚ à!ï˛¢#° •Î˚–
ï˛Ìy!˛õ xî%à%ˆÏ°y ÙyˆÏV˛ ÙyˆÏV˛ Ü˛ySÈyÜ˛y!SÈ ã˛ˆÏ° xyˆÏ§ñ Ê˛ˆÏ°
xyhs˝Ó˚yî!ÓÜ˛ Ó° xl%Ë˛Ó Ü˛ Ï̂Ó˚ ~ÓÇ ï˛y Ï̂òÓ˚ à!ï˛ Ï̂Ó Ï̂àÓ˚ ˛õ!Ó˚Óï≈̨ l
â Ï̂ê˛– ~•z xyhs˝/!Ü ̨ Î˚yà%̂ Ï°y Ï̂Ü˛ §Çâ£Ï≈ Ó Ï̂°– xî%à%̂ Ï°y ˛õÓ˚flõ Ï̂Ó˚Ó˚
§ Ï̂Aà ~ÓÇ ̨õy Ï̂eÓ˚ ̂ òGÎ˚̊y Ï̂°Ó˚ § Ï̂Aà xlÓÓ˚ï˛ ôyE˛y áyÎ˚ ~ÓÇ ~ Ï̂ï˛
~ Ï̂òÓ̊ à!ï˛ Ï̂Ó Ï̂àÓ̊ ̨õ!Ó̊Óï≈̨ l â Ï̂ê˛– §Çâ£Ï≈à%̂ Ï°y Ï̂Ü˛ !fiÌ!ï˛fiÌy˛õÜ˛ ôÓ̊y
•Î˚– àƒy Ï̂§Ó˚ à!ï˛ï˛ Ï̂_¥Ó˚ í z̨̨ õÓ˚ !Ë˛!_ Ü˛ Ï̂Ó˚ xyÙÓ˚y ã˛y Į̈̂ õÓ˚ ~Ü˛!ê˛
Ó˚y!¢Ùy°y ≤ÃÜ˛y¢ Ü˛Ó˚̂ Ïï˛ ̨ õy!Ó˚–

xyÙÓ̊y ~ ôÓ̊îyÓ̊ § Ï̂Aà xyÓ̊Ω˛ Ü˛!Ó̊ ̂ Îñ àƒy Ï̂§Ó̊ xî%à%̂ Ï°y xlÓÓ̊ï˛
~ Ï̂°y Ï̂Ù Ï̂°yË˛y Ï̂Ó à!ï˛¢#° ~ÓÇ ~ Ï̂Ü˛ x˛õ Ï̂Ó˚Ó˚ § Ï̂Aà ~ÓÇ ̨õy Ï̂eÓ˚
ˆòGÎ˚y Ï̂°Ó˚ § Ï̂Aà §Çâ£Ï≈ âê˛yÎ˚– xî%Ó˚ § Ï̂Aà ˛õy Ï̂eÓ˚ ˆòGÎ˚y Ï̂°Ó˚
§Çâ£Ï≈ ~ÓÇ xî%à%̂ Ï°yÓ˚ ̨õyÓ˚flõ!Ó˚Ü˛ §Çâ£Ï≈ §Ó•z !fiÌ!ï˛fiÌy˛õÜ˛– ~Ó˚
xÌ≈ ̂ Ùyê˛ à!ï˛¢!=˛ §ÇÓ̊!«˛ï˛ Ìy Ï̂Ü˛– fl∫yË˛y!ÓÜ˛Ë˛y Ï̂Ó•z ̂ Ùyê˛ Ë˛Ó̊ Ï̂ÓàG
§ÇÓ˚!«˛ï˛ Ìy Ï̂Ü˛–

13.4.1 ~Ü˛!ê˛ xyò¢≈ àƒy Ï̂§Ó˚ ã˛y˛õ (Pressure of an Ideal Gas)

ôÓ˚y ÎyÜ˛ñ ~Ü˛!ê˛ àƒy§ ÚlÛ Óy•%!Ó!¢T˛ ~Ü˛!ê˛ âl Ï̂Ü˛ xyÓÂô xy Ï̂SÈ–
!ã˛e È13.4üÈ~Ó˚ Ù Ï̂ï˛y âl Ï̂Ü˛Ó˚ Óy•%à%̂ Ï°yÓ˚ §Ùyhs˝Ó˚y Ï̂° x«˛à%̂ Ï°y Ï̂Ü˛

ˆlGÎ̊y •°– ~Ü˛!ê˛ xî% ÎyÓ̊ ̂ Óà (v
x
, v

y
, v

z
 )ñ  yz - ï˛ Ï̂°Ó̊ §Ùyhs˝Ó̊y°

ˆòGÎ̊y Ï̂°ñ ÎyÓ̊ ̂ «˛eÊ˛°  A (= l2) xyâyï˛ Ü˛ Ï̂Ó̊– ̂ Î Ï̂•ï%̨  §Çâ£Ï≈à%̂ Ï°y
!fiÌ!ï˛fiÌy˛õÜ˛ñ xî%à%̂ Ï°y ~Ü˛•z ̂ Óà !l Ï̂Î˚ ≤Ã!ï˛!«˛Æ •Î˚ó §Çâ Ï̂£Ï≈Ó˚
Ê˛ Ï̂° xî%!ê˛Ó˚ ̂ Ó Ï̂àÓ˚  y ~ÓÇ z í z̨̨ õyÇ Ï̂¢Ó˚ ̂ Ü˛y Ï̂ly ̨õ!Ó˚Óï≈̨ l •Î˚ lyñ
!Ü˛v x-í z̨̨ õyÇ Ï̂¢Ó˚ !ã˛•´ í ẑ̨ ÏŒê˛ åÓyñ !Ó˛õÓ˚#ï˛ !ã˛•´Î%=˛ä ÎyÎ˚– xÌ≈yÍ
§Çâ Ï̂£Ï≈Ó˚ ̨õ Ï̂Ó˚ ̂ Óà •Î˚ (-v

x
, v

y
, v

z
) – xî%!ê˛Ó˚ Ë˛Ó˚̂ ÏÓ Ï̂àÓ˚ ̨õ!Ó˚Óï≈̨ l

•Î˚ ı  –mv
x
 – (mv

x
) = – 2mv

x 
– Ë˛Ó˚̂ ÏÓ Ï̂àÓ˚ §ÇÓ˚«˛î §)e xl%§y Ï̂Ó˚ñ

§Çâ Ï̂£Ï≈Ó˚ Ê˛ Ï̂° ̂ òGÎ˚y Ï̂° ≤Ã Ï̂òÎ˚ Ë˛Ó˚̂ ÏÓà •°  = 2mv
x
 .

ˆòGÎ̊y Ï̂° ≤ÃÎ%=˛ Ó° å~ÓÇ ã˛y˛õä àîly Ü˛Ó̊ Ï̂ï˛ñ ≤Ã!ï˛ ~Ü˛Ü˛ §Ù Ï̂Î̊
ˆòGÎ˚y Ï̂° ≤Ã Ï̂òÎ˚ Ë˛Ó˚̂ ÏÓà àîly Ü˛Ó˚y ≤Ã Ï̂Î˚yçl–  ∆t  «%̨ o §ÙÎ˚
xÓÜ˛y Ï̂¢ ~Ü˛!ê˛ xî% ̂ Ó Ï̂àÓ˚   x-í z̨̨ õyÇ¢ v

x
 !l Ï̂Î˚ ̂ òGÎ˚y Ï̂° xyâyï˛

Ü˛Ó̊ Ï̂Ó Î!ò xî%%!ê˛ ̂ òGÎ̊y° ̂ Ì Ï̂Ü˛ v
x
 ∆t  ò)Ó̊ Ï̂cÓ̊ Ù Ï̂ôƒ Ìy Ï̂Ü˛– xÌ≈yÍñ

§ÙhflÏ xî% Îy Ï̂òÓ̊ xyÎ̊ï˛l  Av
x 
∆t  ÈüÈÓ̊ Ù Ï̂ôƒ ¢%ô% ̂ §à%̂ Ï°y•z  ∆t §Ù Ï̂Î̊

ˆòGÎ˚y Ï̂° xyâyï˛ Ü˛Ó˚̂ Ïï˛ ̨ õy Ï̂Ó˚– !Ü˛v à Ï̂í ¸̨ ~à%̂ Ï°yÓ˚ Ù Ï̂ôƒ x Ï̂ô≈Ü˛
xî% ̂ òGÎ˚y Ï̂°Ó˚ !ò Ï̂Ü˛ ~ÓÇ Óy!Ü˛ x Ï̂ô≈Ü˛ ̂ òGÎ˚y Ï̂°Ó˚ !Ó˛õÓ˚#ï˛ !ò Ï̂Ü˛
à!ï˛¢#° •Î̊– §%ï˛Ó̊yÇñ ∆t §Ù Ï̂Î̊  (v

x
, v

y
, v

z
 ) à!ï˛ Ï̂Óà !l Ï̂Î̊ ̂ òGÎ̊y Ï̂°

xyâyï˛Ü˛yÓ˚# xî%Ó˚ §Çáƒy  ½A v
x  

∆t n, ̂ ÏÎáy Ï̂l n • Ï̂°y ≤Ã!ï˛ ~Ü˛Ü˛
xyÎ˚ï˛ Ï̂l xî%Ó˚ §Çáƒy–  ∆t  §Ù Ï̂Î˚ ~ xî%à%̂ Ï°y myÓ˚y ˆòGÎ˚y Ï̂°
§M˛y!°ï˛ ̂ Ùyê˛ Ë˛Ó˚̂ ÏÓà •° ı

Q = (2mv
x
) (½ n A v

x
 ∆t ) (13.10)

ˆòGÎ˚y Ï̂° ≤ÃÎ%=˛ Ó° •° Ë˛Ó˚̂ ÏÓà §M˛y° Ï̂lÓ˚ •yÓ˚ Q/∆t  ~ÓÇ
ã˛y˛õ •° ≤Ã!ï˛ ~Ü˛Ü˛ ˆ«˛eÊ˛ Ï̂° ≤ÃÎ%=˛ Ó° ı

P =  Q /(A ∆t)  =  n m v
x
2 (3.11)

≤ÃÜ,̨ ï˛˛õ Ï̂«˛ ~Ü˛!ê˛ àƒy Ï̂§Ó˚ §Ó xî%à%̂ Ï°yÓ˚ ̂ Óà ~Ü˛•zÓ˚Ü˛Ù lÎ˚ó
ˆ§áy Ï̂l à!ï˛ Ï̂Ó Ï̂àÓ̊ ~Ü˛!ê˛ Ó ˝̂ê˛l Ìy Ï̂Ü˛– §%ï˛Ó̊yÇñ í z̨̨ õ Ï̂Ó̊Ó̊ §Ù#Ü˛Ó̊î!ê˛
• Ï̂°y x- x!Ë˛Ù%̂ Ïá  v

x
 ̂ Óà§¡õß¨ xî%§Ù!T˛Ó˚ çlƒ ã˛y Į̈̂ õÓ˚ §Ù#Ü˛Ó˚î

~ÓÇ n •ˆÏ°y G•z xî%§Ù!T˛Ó˚ §Çáƒy âlc– §Ü˛° xî%à%ˆÏFSÈÓ˚

!ã˛e 13.4  ˛õyˆÏeÓ˚ ˆòGÎ˚yˆÏ°Ó˚ §ˆÏAà àƒy§ xî%Ó˚ !fiÌ!ï˛fiÌy˛õÜ˛ §Çâ£Ï≈
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xÓòy Ï̂lÓ˚ åã˛y Į̈̂ õÓ˚ä §Ù!T˛ !l Ï̂Î˚ ̂ Ùyê˛ ã˛y˛õ ̨õyGÎ˚y ÎyÎ˚ ı

P = n m vx
2 (13.12)

ˆÎáy Ï̂l vx
2  •°  v

x
2  ~Ó˚ àí ¸̨– ~ál àƒy§ §Ù§_¥ •GÎ˚yÎ˚

˛õy Ï̂eÓ̊ xË˛ƒhs˝̂ ÏÓ̊ xl%§Ù)̂ Ï•Ó̊ à!ï˛ Ï̂Ó Ï̂àÓ̊ ̂ Ü˛y Ï̂ly ̨õSÈ®§•z !òÜ˛ Ìy Ï̂Ü˛
ly– §%ï˛Ó˚yÇñ ̨≤Ã!ï˛§yÙƒ xl%ÎyÎ˚#ñ

vx
2  = vy

2  = vz
2

= (1/3) [vx
2  +  vy

2  + vz
2 ] = (1/3) v2 (13.13)

ˆÎáy Ï̂lñ  v • Ï̂°y àí ¸̨ o%!ï˛ ~ÓÇ  v2   •° àí ¸̨ Óà≈ ˆÓà– §%ï˛Ó˚yÇñ

P = (1/3) n m v2 (13.14)

~•z Ó̊y!¢Ùy°y !lî≈Î̊ §¡õ!Ü≈̨ ï˛ !Ü˛S%È Ùhs˝Óƒ ı ≤ÃÌÙï˛ñ Î!òG xyÙÓ̊y
˛õye!ê˛ Ï̂Ü˛ âlÜ˛ xyÜ,̨ !ï˛Ó˚ ô Ï̂Ó˚ !l Ï̂Î˚!SÈñ ≤ÃÜ,̨ ï˛˛õ Ï̂«˛ ̨õye!ê˛Ó˚ xyÜ˛yÓ˚
Ù%áƒ lÎ˚– ̂ ÎÈüÈˆÜ˛y Ï̂ly xyÜ,̨ !ï˛Ó˚ ̨õy Ï̂eÓ˚ çlƒ xyÙÓ˚y x!ï˛«%̨ o ̂ «˛e
å§yÙï˛!°Ü˛ä ô Ï̂Ó˚ !l Ï̂Î˚ í z̨̨ õÎ%=˛ ôy˛õà%̂ Ï°y §¡õß¨ Ü˛!Ó˚– °«˛ Ü˛ Ï̂Ó˚
ˆò Ï̂áyñ ã)̨ í ¸̨yhs˝ Ê˛ Ï̂°  A ~ÓÇ ∆t ò%̂ Ïê˛y•z xl%̨ õ!fiÌï˛– ò¢Ù xôƒy Ï̂Î˚
ˆòGÎ̊y ̨õyflÒy Ï̂°Ó̊ §)e xl%§y Ï̂Ó̊ §yÙƒ xÓfiÌyÎ̊ àƒy Ï̂§Ó̊ ̂ Ü˛y Ï̂ly xÇ Ï̂¢
ã˛y˛õñ àƒy Ï̂§Ó˚ xlƒ ̂ Î ̂ Ü˛y Ï̂ly xÇ Ï̂¢Ó˚ ã˛y Į̈̂ õÓ˚ §Ùyl •Î˚– !mï˛#Î˚ï˛ñ
~•z !lî≈̂ ÏÎ˚ xyÙÓ˚y xhs˝Óï˛#≈ §Çâ£Ï≈à%̂ Ï°y í ẑ̨ Į̈ õ«˛y Ü˛ Ï̂Ó˚!SÈ– Î!òG ~•z

xl%Ùyl!ê˛Ó̊ §ï˛ƒï˛y §!ë˛Ü˛Ë˛y Ï̂Ó Îyã˛y•z Ü˛Ó̊y Ü˛!ë˛lñ xyÙÓ̊y à%îàï˛Ë˛y Ï̂Ó
ˆòá Ï̂ï˛ ˛õy!Ó˚ ˆÎñ ~!ê˛ Ê˛°yÊ˛° Ï̂Ü˛ e%!ê˛˛õ)î≈ Ü˛Ó˚̂ Ïï˛ ˛õy Ï̂Ó˚ ly– ˆòáy
ÎyÎ̊ ̂ Î ∆t §Ù Ï̂Î˚ ̨õy Ï̂eÓ˚ ̂ òGÎ˚y Ï̂° xyâyï˛Ü˛yÓ˚# xî%Ó˚ §Çáƒy •Î˚  ½
n Av

x
 ∆t – ~ál §Çâyï˛à%̂ Ï°y ~ Ï̂°y Ï̂Ù Ï̂°y ~ÓÇ àƒy§ !fiÌ!ï˛¢#°

xÓfiÌyÎ˚ Ó˚̂ ÏÎ˚̂ ÏSÈ– §%ï˛Ó˚yÇñ  (v
x
, v

y
, v

z
 ) ˆÓà §¡õß¨ ~Ü˛!ê˛  xî%

§Çâ Ï̂£Ï≈Ó˚ Ê˛ Ï̂° Î!ò !Ë˛ß¨ ˆÓà °yË˛ Ü˛ Ï̂Ó˚ñ ï˛y• Ï̂° ˆ§áy Ï̂l §Ó≈òy•z
!Ë˛ß¨ ≤ÃyÌ!ÙÜ˛ ˆÓà §¡õß¨ xlƒ ˆÜ˛y Ï̂ly xî% ÌyÜ˛ Ï̂Ó Îy §Çâ Ï̂£Ï≈Ó˚
Ê˛ Ï̂°  (v

x
, v

y
, v

z
 ) ˆÓà °yË˛ Ü˛Ó˚̂ ÏÓ– Î!ò ~Ó˚Ü˛Ù ly •Î˚ñ ï˛y• Ï̂°

xî%§Ù)̂ Ï•Ó̊ ̂ Óà Ó ˝̂ê˛l !fiÌÓ̊ ÌyÜ˛ Ï̂Ó ly– ̂ ÎÈüÈ̂ Ü˛y Ï̂ly ̂ «˛ Ï̂e•z xyÙÓ̊y
vx

2 ÈüÈ~Ó˚ Ùyl !lî≈Î˚ Ü˛Ó˚Ó– §%ï˛Ó˚yÇñ §yÙ!@˝ÃÜ˛Ë˛y Ï̂Ó xyî!ÓÜ˛ §Çâyï˛
åÎ!ò §Çâ£Ï≈à%̂ Ï°y á%Ó âl âl ly •Î˚ ~ÓÇ ~Ü˛!ê˛ §Çâ Ï̂£Ï≈ Óƒ!Î˚ï˛
§ÙÎ˚ ò%̂ Ïê˛y §Çâ Ï̂£Ï≈Ó˚ ÙôƒÓï˛#≈ §Ù Ï̂Î˚Ó˚ ï%̨ °lyÎ˚ làîƒ •Î˚ä í z̨̨ õ Ï̂Ó˚Ó˚
àîly Ï̂Ü˛  ≤ÃË˛y!Óï˛ Ü˛Ó˚̂ ÏÓ ly–

13.4.2 ï˛y˛õÙyeyÓ˚ àï˛#Î˚ Óƒyáƒy (Kinetic Interpretation of

Temperature)

§Ù#Ü˛Ó˚î (13.14) ̂ Ü˛ ̂ °áy ÎyÎ˚Èüü

PV   =  (1/3) nV m v2 (13.15a)

PV   =   (2/3) N. ½ m v2 (13.15b)

àƒy Ï̂§Ó˚ àï˛#Î˚ ï˛ Ï̂_¥Ó˚ ≤Ã!ï˛¤˛yï˛y !ÓK˛yl#àî (Founders of Kinetic Theory of Gases)

ˆçÙ§ Üœ˛yÜ≈˛ Ùƒy:GˆÏÎ˚° (1831 – 1879) [James Clerk Maxwell (1831 –

1879)], flÒê˛°ƒy Ï̂u˛Ó ~!í˛lÓy Ï̂à≈ çß√@˝Ã•î Ü˛ Ï̂Ó˚l– !ï˛!l |l!ÓÇ¢ ¢ï˛ Ï̂Ü˛Ó˚ !Óáƒyï˛ ̨õòyÌ≈!Óò Ï̂òÓ˚
~Ü˛çl !SÈˆÏ°l– !ï˛!l àƒyˆÏ§Ó˚ xî%Ó˚ ï˛y˛õ#Î˚ ˆÓà Ó^˝ê˛l§)e ≤Ã!ï˛¤˛y Ü˛ˆÏÓ˚l– !ÓK˛yl#ˆÏòÓ˚ ÙˆÏôƒ
!ï˛!l•z ≤ÃÌÙ ̨õ!Ó̊Ùy˛õ Ï̂Îyàƒ Ó̊y!¢ ̂ ÎÙl §ywï˛y •zï˛ƒy!ò ̂ Ì Ï̂Ü˛ xyî!ÓÜ˛ ≤Ãyã˛° !lî≈̂ ÏÎ̊Ó̊ !lË≈̨ Ó̊ Ï̂Îyàƒ
àîlyÓ˚ í z̨̨ õyÎ˚ ≤Ã!ï˛¤˛y Ü˛ Ï̂Ó˚l– Ùƒy:G Ï̂Î˚̂ Ï°Ó˚ Ó Ï̂í ¸̨y Ü,̨ !ï˛c •° ï˛!í ¸̨Í ~ÓÇ ã%̨ ¡∫Ü˛ Ï̂cÓ˚ §)eà%̂ Ï°yÓ˚
åˆÎà%̂ Ï°y xy!Ó‹ÒyÓ˚ Ü˛ Ï̂Ó˚!SÈ Ï̂°l !ÓK˛yl# Ü%̨ °¡∫ñ GÓ˚̂ Ïfiê˛í˛ñ xƒyÙ!˛õÎ˚yÓ˚ ~ÓÇ Ê˛ƒyÏÓ˚y Ï̂í˛ä ~Ü˛e#Ü˛Ó˚î
Ü˛ Ï̂Ó˚ §Aà!ï˛˛õ)î≈ §Ù#Ü˛Ó˚̂ Ïî ≤ÃÜ˛y¢ñ ̂ Îà%̂ Ï°y ~ál Ùƒy:G Ï̂Î˚° §)e Ó Ï̂° ̨õ!Ó˚!ã˛ï˛– ~Ó˚ ̂ Ì Ï̂Ü˛ !ï˛!l
~Ü˛!ê˛ à%Ó%̊c˛õ)î≈ !§Âôy Ï̂hs˝ ̂ ˛õÑÔ Ï̂SÈ!SÈ Ï̂°l  ̂ Îñ xy Ï̂°yÜ˛ • Ï̂°y ï˛!í ¸̨Íã%̨ ¡∫Ü˛#Î˚ ï˛Ó˚Aà– ÙçyÓ˚ Óƒy˛õyÓ˚
•°ñ Ùƒy:G Ï̂Î˚° !Óò%ƒ Ï̂ï˛Ó˚ Ü˛îy ≤ÃÜ,̨ !ï˛Ó˚ ôyÓ˚îyÓ˚ åÎy Ê˛ƒy Ï̂Ó˚̂ Ïí˛Ó˚ ï˛!í ¸̨Í !Ó Ï̂Ÿ’£Ï̂ ÏîÓ˚ §)̂ Ïe ò,ì ¸̨Ë˛y Ï̂Ó
≤ÃhflÏyÓ Ü˛Ó˚y • Ï̂Î˚!SÈ°–ä § Ï̂Aà Ü˛á Ï̂ly ~Ü˛Ùï˛
!SÈˆÏ°l ly–

°%í˛!Óà ̂ Óy°ç‰Ùƒyl (1844 – 1906)

[Ludwig Boltzmann (1844 – 1906)]

°%í˛!Ó§ ˆÓy°ç‰Ùƒyl x!fiê˛∆Î˚yÓ˚ !Ë˛ˆÏÎ˚lyÎ˚
çß√@˝Ã•î Ü˛ˆÏÓ˚l– !ï˛!l Ùƒy:GˆÏÎ˚° ˆÌˆÏÜ˛

xy°yòy G fl∫yô#lË˛y Ï̂Ó àƒy Ï̂§Ó̊ àï˛#Î̊ ï˛ Ï̂_¥Ó̊ í z̨̨ õÓ̊ Ü˛yç Ü˛ Ï̂Ó̊l– àï˛#Î̊ ï˛ Ï̂_¥Ó̊ !Ë˛!_ ̨õÓ̊Ùyî%Óy Ï̂òÓ̊
ò,ì ¸̨ §ÙÌ≈Ü˛ ̂ Óy°ç‰Ùƒyl ï˛y˛õà!ï˛!ÓòƒyÓ˚ !mï˛#Î˚ §)e ~ÓÇ ~lê ∆̨!˛õÓ˚ ôyÓ˚îyÓ˚ §Çáƒyï˛y!_¥Ü˛ Óƒyáƒy
!ò Ï̂Î̊!SÈ̂ Ï°l– ïÑ̨ y Ï̂Ü˛ §lyï˛l Ó°!ÓòƒyÓ̊ ~Ü˛çl ≤Ã!ï˛¤˛yï˛y !•§y Ï̂Ó àîƒ Ü˛Ó̊y •Î̊– àƒy Ï̂§Ó̊ à!ï˛!ÓòƒyÎ̊
¢!=˛ ~ÓÇ ï˛y˛õÙyeyÓ˚ §¡õÜ≈˛ fiÌy˛õlÜ˛yÓ˚# §Ùyl%˛õy!ï˛Ü˛ ô ÓÜ˛ˆÏÜ˛ ïÑ˛yÓ˚ §¡øylyˆÏÌ≈ ˆÓy°ç‰Ùƒyl
ô %ÓÜ˛ Ó°y •Î˚–
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ˆÎáy Ï̂l  N (= nV ) •° lÙ%ly!ê˛ Ï̂ï˛ xî%Ó˚ §Çáƒy–
Órôl#Ó˚ Ù Ï̂ôƒ Ó˚y!¢!ê˛ •° àƒy Ï̂§Ó˚ xî%§Ù)̂ Ï•Ó˚ ã˛°lç!lï˛ àí ¸̨

à!ï˛¢!=˛– ̂ Î Ï̂•ï%̨  xyò¢≈ àƒy Ï̂§Ó˚ xË˛ƒhs˝Ó˚#î ¢!=˛ E •° ̂ Ü˛Ó°Ùye
à!ï˛¢!=˛  *,

E = N × (1/2) m v2 (13.16)

§Ù#Ü˛Ó̊î (13.15) ̂ Ì Ï̂Ü˛ ̨õyGÎ˚y ÎyÎ˚ :
PV = (2/3) E (13.17)

xyÙÓ̊y ~ál í z̨£÷Ïï˛yÓ̊ àï˛#Î̊ Óƒyáƒy ̂ òGÎ̊yÓ̊ çlƒ ≤Ã›ï˛– §Ù#Ü˛Ó̊î
(13.17) ̂ Ü˛ xyò¢≈ àƒy§ §Ù#Ü˛Ó˚î  (13.3) ÈüÈ~Ó˚ §y Ï̂Ì §ÇÎ%=˛ Ü˛ Ï̂Ó˚
˛õy•zñ

E = (3/2)  k
B  

NT                                             (13.18)

xÌÓy  E/ N = ½  m v2    =   (3/2) k
B
T (13.19)

xÌ≈yÍñ àƒy Ï̂§Ó˚ ~Ü˛!ê˛ xî%Ó˚ àí ¸̨ à!ï˛¢!=˛ àƒy§!ê˛Ó˚ ̨ õÓ˚Ù í z̨£÷Ïï˛yÓ˚
§Ùyl%̨ õy!ï˛Ü˛ó ~!ê˛ xyò¢≈ àƒy Ï̂§Ó˚ ã˛y˛õñ xyÎ˚ï˛l xÌÓy ≤ÃÜ,̨ !ï˛Ó˚
í z̨̨ õÓ˚ !lË≈̨ Ó˚¢#° lÎ˚– ~!ê˛ ~Ü˛!ê˛ ̂ ÙÔ!°Ü˛ Ê˛°ñ Îy ̂ Ü˛y Ï̂ly àƒy Ï̂§Ó˚
ï˛y˛õÙyey ˆÎ!ê˛ àƒyˆÏ§Ó˚ ~Ü˛ ˛õ!Ó˚ˆÏÙÎ˚ ˛õ!Ó˚Ó#«˛!îÜ˛ ≤Ãyã˛°ˆÏÜ˛
åparameterä åÎy Ï̂Ü˛ ~Ü˛!ê˛ ï˛y˛õàï˛#Î˚ ã˛° Ó°y •Î˚ä àƒy Ï̂§Ó˚ ~Ü˛!ê˛
xî%Ó˚ àí ¸̨ à!ï˛¢!=˛ lyÙÜ˛ xyî!ÓÜ˛ Ó˚y!¢Ó˚ § Ï̂Aà §¡õ!Ü≈̨ ï˛ Ü˛ Ï̂Ó˚–
ˆÓy°ç‰Ùƒyl ô %Ó Ï̂Ü˛Ó˚ myÓ˚y ~ ò%!ê˛ ˆ«˛ Ï̂eÓ˚ §ÇÎ%!=˛ â Ï̂ê˛– §Ù#Ü˛Ó˚î
(13.18) ̂ Ì Ï̂Ü˛ xyÙÓ̊y ̂ òá Ï̂ï˛ ̨õy•z ~Ü˛!ê˛ xyò¢≈ àƒy Ï̂§Ó̊ xË˛ƒhs˝Ó̊#î
¢!=˛ ¢%ô%Ùye ï˛y˛õÙyeyÓ˚ í z̨̨ õÓ˚ !lË≈̨ Ó˚ Ü˛ Ï̂Ó˚ñ ã˛y˛õ ~ÓÇ xyÎ˚ï˛ Ï̂lÓ˚
í z̨̨ õÓ̊ lÎ̊– ï˛y˛õÙyeyÓ̊ ~ Óƒyáƒy ̂ Ì Ï̂Ü˛ ̂ òáy ÎyÎ̊ xyò¢≈ àƒy§ §Ù#Ü˛Ó̊î
~ÓÇ ~Ó˚ í z̨̨ õÓ˚ !Ë˛!_ Ü˛ Ï̂Ó˚ à Ï̂í ¸̨ Gë˛y !Ó!Ë˛ß¨ àƒy§ §)eà%̂ Ï°y xyò¢≈
àƒy Ï̂§Ó˚ à!ï˛ï˛ Ï̂_¥Ó˚ § Ï̂Aà §yÙO§ƒ˛õ)î≈–

˛õÓ˚flõ Ï̂Ó˚Ó˚ § Ï̂Aà !Ó!Ü ̨ Î˚y Ü˛ Ï̂Ó˚ ly ~Ó˚Ü˛Ù xyò¢≈ àƒy Ï̂§Ó˚ ~Ü˛!ê˛
!Ù◊ Ï̂îÓ˚ ̂ Ùyê˛ ã˛y˛õ !Ù◊ Ï̂îÓ˚ í z̨̨ õyòyl àƒy§à%̂ Ï°yÓ˚ ã˛y Į̈̂ õÓ˚ §Ù!T˛Ó˚
§Ùyl– §Ù#Ü˛Ó˚î   (13.14)  ̂ Ü˛ ̂ °áy ÎyÎ˚ÈüüüÈ

P = (1/3) [n
1
m

1v1
2  + n

2 
m

2
 v2

2 +…  ] (13.20)

§yÙƒ xÓfiÌyÎ˚ !Ó!Ë˛ß¨ àƒy Ï̂§Ó˚ xî%à%̂ Ï°yÓ˚ àí ¸̨ à!ï˛¢!=˛ §Ùyl
• Ï̂Ó– xÌ≈yÍ

½  m
1
 v1

2  = ½ m
2
 v2

2 = (3/2) k
B
 T

ï˛y•zñ

P = (n
1
 + n

2
 +…  ) k

B
 T (13.21)

Îy •° í˛y°ê˛ Ï̂lÓ˚ xyÇ!¢Ü˛ ã˛y˛õ§)e–
§Ù#Ü˛Ó˚î  (13.19) ˆÌ Ï̂Ü˛ xyÙÓ˚y ˆÜ˛y Ï̂ly àƒy Ï̂§Ó˚ xî%à%̂ Ï°yÓ˚

!Ó Ï̂¢£Ï (typical) ̂ Ó Ï̂àÓ̊ ôyÓ̊îy Ü˛Ó̊ Ï̂ï˛ ̨õy!Ó̊–   T = 300 K ï˛y˛õÙyeyÎ̊ñ
ly•ẑ Ïê ∆̨y Ï̂çl àƒy Ï̂§Ó˚ ~Ü˛!ê˛ xî%Ó˚ àí ¸̨ Óà≈ ̂ Óà •°È ı

v2   =  3 k
B
 T / m    =    (516)2 m2s-2

ˆÎáy Ï̂lñ m
M

N

N

A

= =
×

= ×2 28

6 02 10
4 65 10

26

26

.
. �

kg.

v2  ~Ó˚ Óà≈Ù)° Ï̂Ü˛ Ù)° àí ¸̨ Óà≈̂ ÏÓà Ó°y •Î˚ ~ÓÇ ~ Ï̂Ü˛ ˆ°áy

•Î˚   v
rms

, myÓ˚y–

( v2
    
ˆÜ˛ xyÙÓ˚y  < v2 > !•§y Ï̂ÓG !°á Ï̂ï˛ ̨õy!Ó˚)

v
rms

   =    516 m s-1

~•z ̂ Óà ÓyÎ%̊̂ Ïï˛ ¢ Ï̂∑Ó˚ ̂ Ó Ï̂àÓ˚ xî%Ó)̨̊ õ Ü ̨ ÙÎ%=˛ åsame orderä
•Î̊– §Ù#Ü˛Ó̊î (13.19) ̂ Ì Ï̂Ü˛ ̂ òáy ÎyÎ̊ ̂ Îñ ~Ü˛•z ï˛y˛õÙyeyÎ̊ •y°Ü˛y
xî%à%̂ Ï°yÓ˚  rms ̂ Óà ̂ Ó!¢ •Î˚–

˛í z̨òy•Ó̊î 13.5 ~Ü˛!ê˛ Êœ̨ y Ï̂: xyà≈l ~ÓÇ ̂ Üœ̨ y!Ó̊l àƒy§ñ Ë˛ Ï̂Ó̊Ó̊
2:1 xl%̨ õy Ï̂ï˛ Ó˚̂ ÏÎ˚̂ ÏSÈ– !Ù◊î!ê˛Ó˚ ï˛y˛õÙyey 27 °C – ò%!ê˛
àƒy Ï̂§Ó˚  (i) ≤Ã!ï˛ xî%̂ Ïï˛ àí ¸̨ à!ï˛¢!=˛ ~ÓÇ   (ii) xî%à%̂ Ï°yÓ˚
Ù)° àí˛̧ Óà≈̂ ÏÓ Ï̂àÓ̊ xl%̨õyï˛ !lî≈Î̊ Ü˛̂ ÏÓ̊y– xyà≈̂ ÏlÓ̊ ̨õyÓ̊Ùyî!ÓÜ˛
Ë˛Ó˚ = 39.9 u; ̂ Üœ̨ y!Ó˚̂ ÏlÓ˚ xyî!ÓÜ˛ Ë˛Ó˚  = 70.9 u –

í z̨_Ó̊  Ù Ï̂l Ó˚yáyÓ˚ Ù Ï̂ï˛y à%Ó%̊c˛õ)î≈ !Ó£ÏÎ˚ •° ̂ Îñ ̂ ÎÈüÈ̂ Ü˛y Ï̂ly àƒy Ï̂§Ó˚
åxyò¢≈ä àí˛̧ à!ï˛¢!=˛ å≤Ã!ï˛ xî%̂ Ïï˛ä å~Ü˛ ̨õÓ̊Ùyî%Ü˛ ̂ ÎÙlñ xyà≈lñ
!m˛õÓ˚Ùyî%Ü˛ ̂ ÎÙl ̂ Üœ̨ y!Ó˚l xÌÓy Ó•%̨ õÓ˚Ùyî%Ü˛ä §Ó§ÙÎ˚ (3/2) k

B
T

~Ó˚ §Ùyl •Î˚– ~!ê˛ ¢%ô% ï˛y˛õÙyeyÓ˚ í z̨̨ õÓ˚ !lË≈̨ Ó˚ Ü˛ Ï̂Ó˚ ~ÓÇ àƒy Ï̂§Ó˚
≤ÃÜ,̨ !ï˛Ó˚ í z̨̨ õÓ˚ !lË≈̨ Ó˚ Ü˛ Ï̂Ó˚ ly–

(i) ˆÎ Ï̂•ï%̨  Êœ̨ y Ï̂: xyà≈l ~ÓÇ ̂ Üœ̨ y!Ó˚l ò%̂ Ïê˛y•z ~Ü˛•z í z̨£÷Ïï˛yÎ˚ Ìy Ï̂Ü˛
àƒy§ ò%̂ Ïê˛yÓ˚ àí ¸̨ à!ï˛¢!=˛Ó˚ å≤Ã!ï˛ xî%̂ Ïï˛ä xl%̨ õyï˛ •°  1:1–

(ii) ~ál ½ m v
rms

2  =  ≤Ã!ï˛ xî%̂ Ïï˛ àí˛̧ à!ï˛¢!=˛  =  (3/2) ) k
B
T–

ˆÎáy Ï̂l m •° àƒy§ xî%Ó˚ Ë˛Ó˚– §%ï˛Ó˚yÇñ

v

v

rms

rms

m

m

M

M

2

2

( )
( )

=
( )
( )

=
( )
( )

Ar

Cl

Cl

Ar

Cl

Ar

= 
70 9

39 9

.

.
 =1.77

ˆÎáy Ï̂l M •° àƒy Ï̂§Ó˚ xyî!ÓÜ˛ Ë˛Ó˚– åxyà≈̂ ÏlÓ˚ ˆ«˛ Ï̂e ~Ü˛!ê˛
˛õÓ˚Ùyî%•z •° ~Ó˚ ~Ü˛!ê˛ xî%–ä í z̨Ë˛Î˚̨ õ Ï̂«˛ Óà≈Ù)° !l Ï̂Î˚ ̨ õy•zñ

v

v

rms

rms

( )
( )

Ar

Cl

 =  1.33

ˆï˛yÙÓ˚y xÓ¢ƒ•z °«˛ Ü˛Ó˚ˆÏÓ ˆÎñ í˛z˛õˆÏÓ˚y=˛ àîlyÎ˚ !Ù◊î!ê˛Ó˚
í z̨̨ õyòylà%̂ Ï°yÓ̊ Ë˛Ó̊!Ë˛!_Ü˛ xl%̨ õyï˛ ~Ü˛yhs˝•z x≤Ãy§!AàÜ˛– ï˛y˛õÙyey

* Eñ xË˛ƒhs˝Ó˚#î ¢!=˛  U üÈ~Ó˚ ã˛°lç!lï˛ xÇ¢ˆÏÜ˛ §)!ã˛ï˛ Ü˛ˆÏÓ˚– ˆÎáyˆÏl U üÈˆï˛  xlƒ fl∫yô#lï˛yÓ˚ Ùyey ç!lï˛ ¢!=˛à%ˆÏ°yG xhs˝Ë%≈˛=˛ •ˆÏï˛ ˛õyˆÏÓ˚– åxl%ˆÏFSÈò
13.5  oT˛Óƒä
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x˛õ!Ó̊Ó!ï≈̨ ï˛ ÌyÜ˛ Ï̂° xyà≈l G ̂ Üœ̨ y!Ó̊ Ï̂lÓ̊ Ë˛Ó̊!Ë˛!_Ü˛ xlƒ xl%̨ õy Ï̂ï˛Ó̊
ˆ«˛ Ï̂eG (i)  ~ÓÇ (ii), ~Ó˚ ~Ü˛•z í z̨_Ó˚ xy§ Ï̂Ó– ⊳

í˛zòy•Ó˚î  13.6   •zí˛zˆÏÓ˚!lÎ˚yˆÏÙÓ˚ ò%ˆÏê˛y xy•zˆÏ§yˆÏê˛yˆÏ˛õÓ˚ Ë˛Ó˚
ÎÌyÜ ˛ˆÏÙ 235  ~ÓÇ 238  ~Ü˛Ü˛– •zí˛zˆÏÓ˚!lÎ˚yÙ ˆ•:yÊœ%˛Ó˚y•zí˛
àƒyˆÏ§ Î!ò ò%!ê˛•z í˛z˛õ!fiÌï˛ ÌyˆÏÜ˛ñ ï˛ˆÏÓ ̂ Ü˛yl‰!ê˛Ó˚ àí˛¸ ̂ Óà ̂ Ó!¢
• Ï̂Ó⁄ Î!ò Êœ%̨ !Ó̊ Ï̂lÓ̊ xyî!ÓÜ˛ Ë˛Ó̊ 19 ~Ü˛Ü˛ •Î̊ñ ï˛y• Ï̂° ̂ ÎÈüÈ̂ Ü˛ Ï̂ly
ï˛y˛õÙyeyÎ˚ ~Ó˚ ˆÓˆÏàÓ˚ ¢ï˛Ü˛Ó˚y xhs˝Ó˚ !lî≈Î˚ Ü˛ˆÏÓ˚y–

í z̨_Ó˚  !fiÌÓ˚ ï˛y˛õÙyeyÎ˚ àí ¸̨ ¢!=˛  = ½ m <v2 > ô %ÓÜ˛– §%ï˛Ó˚yÇñ
xî%Ó˚ Ë˛Ó˚ Îï˛ Ü˛Ù • Ï̂Óñ ˆÓà ï˛ï˛ ˆÓ!¢ • Ï̂Ó– ˆÓ Ï̂àÓ˚ xl%̨ õyï˛
Ë˛ Ï̂Ó˚Ó˚ Óà≈Ù)̂ Ï°Ó˚ xl%̨ õy Ï̂ï˛Ó˚ § Ï̂Aà ÓƒhflÏyl%̨ õy Ï̂ï˛ Ìy Ï̂Ü˛– Ë˛Ó˚à%̂ Ï°y

•°  349 ~ÓÇ 352 ~Ü˛Ü˛– §%ï˛Ó˚yÇñ

v
349

 / v
352

  =   ( 352/ 349)1/2 = 1.0044 .

∴˛õyÌ≈Ü˛ƒ  
∆V

V
= 0.44 %.

[235U
 
~Ü˛!ê˛ xy•ẑ Ï§y Ï̂ê˛y˛õ Óy §ÙfiÌy!lÜ˛ Îy !lí z̨Üœ̨ #Î̊ !ÓË˛yç Ï̂lÓ̊

çlƒ òÓ˚Ü˛yÓ˚–  238U ÈüÈ~Ó˚ ≤Ãã%̨ Ó˚ xy•ẑ Ï§y Ï̂ê˛y˛õ ˆÌ Ï̂Ü˛ ~ Ï̂Ü˛ xy°yòy
Ü˛Ó˚yÓ˚ çlƒ !Ù◊î!ê˛ Ï̂Ü˛ ~Ü˛!ê˛ §!SÈo ˆã˛y. !ò Ï̂Î˚ ˆÓT˛l Ü˛ Ï̂Ó˚ Ó˚yáy
•Î˚– §!SÈo !§!°u˛yÓ˚!ê˛ Ï̂Ü˛ xÓ¢ƒ•z ˛õ%Ó%̊ ~ÓÇ §Ó%̊ • Ï̂ï˛ • Ï̂Óñ Îy Ï̂ï˛
xî%à%̂ Ï°y °¡∫y!SÈ Ï̂oÓ˚ ˆòGÎ˚y Ï̂° ~Ü˛Ü˛Ë˛y Ï̂Ó §Çâ£Ï≈ Ü˛Ó˚̂ Ïï˛ Ü˛Ó˚̂ Ïï˛
ˆÓ!Ó˚̂ ÏÎ˚ ˆÎ Ï̂ï˛ ˛õy Ï̂Ó˚– ÙrÌÓ˚àyÙ# xî%Ó˚ ˆã˛ Ï̂Î˚ o%ï˛àyÙ# xî%à%̂ Ï°y

Ùƒy:G Ï̂Î˚° Ó ˝̂ê˛l x Į̈̂ õ«˛Ü˛ (Maxwell Distribution Function)

≤Ãò_ Ë˛ˆÏÓ˚Ó˚ àƒyˆÏ§Ó˚ çlƒ §Ü˛° xî%Ó˚ ˆÓà ~Ü˛ lÎ˚ñ Î!òG ˆÓ!¢Ó˚Ë˛yà ≤Ãyã˛°à%ˆÏ°y ˆÎÙlÈüÈ ã˛y˛õñ xyÎ˚ï˛l ~ÓÇ í˛z£÷Ïï˛y ô %ÓÜ˛ ÌyˆÏÜ˛– §Çâ£Ï≈
xî%à%ˆÏ°yÓ˚ o%!ï˛ ~ÓÇ x!Ë˛Ù%%ˆÏáÓ˚ ˛õ!Ó˚Óï≈˛l âê˛yÎ˚– ï˛ySÈyí˛¸yñ §yÙƒ xÓfiÌyÎ˚ ˆÓˆÏàÓ˚ Ó^˝ê˛l fiÌyÎ˚# ô %ÓÜ˛ •Î˚– Ó•%§ÇáƒÜ˛ Ó› ôyÓ˚îÜ˛yÓ˚#
§ÇfiÌyˆÏÜ˛ !lˆÏÎ˚ Ü˛yç Ü˛Ó˚yÓ˚ §ÙÎ˚ o%!ï˛Ó˚ Ó^˝ê˛l á%Ó•z à%Ó˚%c˛õî≈ ~ÓÇ í˛z˛õˆÏÎyà#– í˛zòy•Ó˚îfl∫Ó˚)˛õñ ~Ü˛!ê˛ ¢•ˆÏÓ˚Ó˚ !Ó!Ë˛ß¨ Óƒ!=˛Ó˚ ÓÎ˚§ !ÓˆÏÓã˛ly
Ü˛ˆÏÓ˚y– ≤ÃˆÏï˛ƒÜ˛ Óƒ!=˛Ó˚ ÓÎ˚§ xy°yòyË˛yˆÏÓ !lˆÏÎ˚ Ü˛yç Ü˛Ó˚y §Ω˛Ó lÎ˚–

çl§yôyÓ˚îˆÏÜ˛ xyÙÓ˚y Ü˛ˆÏÎ˚Ü˛!ê˛ òˆÏ° Ë˛yà Ü˛Ó˚ˆÏï˛ ̨õy!Ó˚– !¢¢%  20 ÓSÈÓ˚ ÓÎ˚§ ̨õÎ≈hs˝ñ ≤ÃyÆ ÓÎ˚flÒ  20 ̂ ÌˆÏÜ˛ 60 ÓSÈÓ˚ ÓÎ˚§ ̨õÎ≈hs˝ ~ÓÇ Ó,Âô
60 ÓSÈÓ˚ ÓÎ˚̂ Ï§Ó˚ í z̨̨ õÓ˚– Î!ò xyÙÓ˚y xyÓ˚G !ÓhflÏy!Ó˚ï˛ ï˛Ìƒ ã˛y•zñ ï˛y• Ï̂° xyÙÓ˚y ÓÎ˚§ Ï̂Ü˛ xyÓ˚G ̂ SÈy Ï̂ê˛y ̂ SÈy Ï̂ê˛y ÓƒÓôy Ï̂lñ ̂ ÎÙlÈüÈ  0-1, 1-2,...,

99-100 Ë˛yà Ü˛Ó˚ˆÏï˛ ̨õy!Ó˚– Î!ò ÓƒÓôyl ̂ SÈyˆÏê˛yñ ̂ ÎÙl xô≈Ó£Ï≈ •Î˚ñ ï˛y•ˆÏ° G•z ̂ SÈyˆÏê˛y ÓƒÓôyˆÏl ̂ °yÜ˛§ÇáƒyG Ü˛ˆÏÙ ÎyˆÏÓñ xyl%Ùy!lÜ˛Ë˛yˆÏÓñ
xô≈Ó£Ï≈ §ÙˆÏÎ˚Ó˚ ÓƒÓôyˆÏl ˆ°yÜ˛§Çáƒy ~Ü˛ ÓSÈÓ˚ ÓƒÓôyˆÏl ˆ°yÜ˛§ÇáƒyÓ˚ ≤ÃyÎ˚ xˆÏô≈Ü˛ •ˆÏÎ˚ ÎyˆÏÓ– x ~ÓÇ x+dx ~•z ÓÎ˚ˆÏ§Ó˚ ÓƒÓôyˆÏl ÌyÜ˛y
ˆ°yÜ˛§Çáƒy  dN(x)ñ dx ~Ó˚ §Ùyl%̨ õyï˛# •Î˚– xÌ≈yÍ  dN(x)  =   n

x
  dx – xyÙÓ˚y ~áy Ï̂l  x ÓSÈÓ˚ ÓÎ˚!§ ̂ °yÜ˛ Ï̂òÓ˚ §Çáƒy ̂ ÓyV˛y Ï̂ï˛ n

x
  ÓƒÓ•yÓ˚

Ü˛Ó˚!SÈ–

xî%Ó˚ o%!ï˛Ó˚ Ùƒy:GˆÏÎ˚° Ó^˝ê˛l

~Ü˛•zË˛yˆÏÓ xî%à%ˆÏ°yÓ˚ o%!ï˛  v ~ÓÇ v+ dv ~Ó˚ ÙˆÏôƒ xî%Ó˚ o%!ï˛ Ó^˝ê˛l ˆÌˆÏÜ˛ xî%Ó˚ §Çáƒy ˛õyGÎ˚y ÎyÎ˚ñ  dN(v)
 
= 4p N a3e–bv2 v2 dv

= n
v
dv – ~ Ï̂Ü˛ Ùƒy:G Ï̂Î˚° Ó^˝ê˛l Ó Ï̂°– !ã˛ Ï̂e  n

v 
 ~ÓÇ v  ~Ó˚ Ù Ï̂ôƒ ̂ °á ̂ òáy Ï̂ly • Ï̂Î˚̂ ÏSÈ–  v ~ÓÇ v+dv o%!ï˛Ó˚ Ù Ï̂ôƒ xî%Ó˚ §Çáƒy ̂ °á!ã˛ Ï̂e

˛õ!ê˛Ó˚ ̂ «˛eÊ˛° myÓ˚y ̂ òáy Ï̂ly • Ï̂Î˚̂ ÏSÈ–   v2 ÈüÈ~Ó˚ Ù Ï̂ï˛y ̂ Î ̂ Ü˛y Ï̂ly Ó˚y!¢Ó˚ àí ¸̨ ≤ÃÜ˛y¢ Ü˛Ó˚y •Î˚– §ÙyÜ˛°l <v2> = (1/N ) ∫ v2 dN(v)
   
= ∫A(3k

B

T/m)
   
myÓ˚yñ Îy ≤ÃyÌ!ÙÜ˛ !ÓˆÏÓã˛ly ˆÌˆÏÜ˛ ≤ÃyÆ Ê˛°yÊ˛ˆÏ°Ó˚ §ˆÏAà ~Ü˛Ùï˛ •Î˚–
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⊳

ˆÓ!¢ ̨õ!Ó̊Ùy Ï̂î ̂ Ó!Ó̊ Ï̂Î̊ xy§ Ï̂ï˛ ̨õy Ï̂Ó̊ñ ï˛y•z §!SÈo !§!°u˛y Ï̂Ó̊Ó̊ Óy•ẑ ÏÓ̊
•y°Ü˛y xî% å§Ù,!Âôä ̂ Ó!¢ ̨õ!Ó̊Ùy Ï̂î Ìy Ï̂Ü˛ å!ã˛e 13.5ä – ~•z ̨õÂô!ï˛
á%Ó ̂ Ó!¢ Ü˛yÎ≈Ü˛Ó̊# lÎ̊ ~ÓÇ Î Ï̂ÌT˛ §Ù,ÂôÜ˛Ó̊ Ï̂îÓ̊ çlƒ Ó•%ÓyÓ̊ ̨õ%lÓ̊yÓ,_
Ü˛Ó˚y •Î˚– ⊳

Îál àƒy Ï̂§Ó˚ Óƒy˛õl â Ï̂ê˛ñ àƒy Ï̂§Ó˚ Óƒy˛õ Ï̂lÓ˚ •yÓ˚ àƒy Ï̂§Ó˚ Ë˛ Ï̂Ó˚Ó˚
Óà≈Ù)̂ Ï°Ó̊ ÓƒhflÏyl%̨ õy!ï˛Ü˛– åxl%¢#°l 13.12 ̂ ò Ï̂áyä– í z̨̨ õ Ï̂Ó̊Ó̊ í z̨_ Ï̂Ó̊Ó̊
!Ë˛!_ Ï̂ï˛ ï%̨ !Ù ~•z ï˛ Ï̂_¥Ó˚ ÓƒyáƒyÓ˚ xl%Ùyl Ü˛Ó˚̂ Ïï˛ ̨õy Ï̂Ó˚y !Ü˛⁄

!ã˛e 13.5  ~Ü˛!ê˛ §!SÈo ˆòGÎ˚y° !òˆÏÎ˚ xî%Ó˚ ˆÓ!Ó˚ˆÏÎ˚ ÎyGÎ˚y

í z̨òy•Ó̊î  13.7  (a)  Îál ~Ü˛!ê˛ xî% åxÌÓy ~Ü˛!ê˛ !fiÌ!ï˛fiÌy˛õÜ˛
Ó°ä ~Ü˛!ê˛ åË˛yÓ˚#ä ˆòGÎ˚y°ˆÏÜ˛ xyâyï˛ Ü˛ˆÏÓ˚ñ ~!ê˛ ~Ü˛•z ˆÓà
!l Ï̂Î˚ ≤Ã!ï˛!«˛Æ •Î˚– Îál ~Ü˛!ê˛ Ó° ò,ì ¸̨Ë˛y Ï̂Ó Ó˚yáy ~Ü˛!ê˛ Óƒyê˛ Ï̂Ü˛
xyâyï˛ Ü˛ˆÏÓ˚ñ ï˛yG ~Ü˛•z âê˛ly âˆÏê˛– !Ü˛vñ Îál Óƒyê˛ ÓˆÏ°Ó˚
x!Ë˛Ù%ˆÏá ÎyÎ˚ñ Ó° ï˛ál xy°yòy ˆÓà !lˆÏÎ˚ ≤Ã!ï˛!«˛Æ •Î˚– ~
ˆ«˛ˆÏe ÓˆÏ°Ó˚ à!ï˛ o%ï˛ï˛Ó˚ •ˆÏÓ ly ÙrÌÓ˚ï˛Ó˚ •ˆÏÓ⁄ åxôƒyÎ˚
È6üÈ~ñ !fiÌ!ï˛fiÌy˛õÜ˛ §Çâ£Ï≈ §¡õˆÏÜ≈˛ ˆï˛yÙyÓ˚ flø,!ï˛ˆÏÜ˛ §ˆÏï˛ç
Ü˛Ó˚ˆÏÓ–ä

(b) !§!°u˛yˆÏÓ˚ Ó˚yáy ˆÜ˛yˆÏly àƒy§ˆÏÜ˛ !˛õfiê˛ˆÏlÓ˚ §y•yˆÏÎƒ ã˛y˛õ
≤ÃˆÏÎ˚yˆÏà §ÇÜ%˛!ã˛ï˛ Ü˛Ó˚ˆÏ° àƒyˆÏ§Ó˚ ï˛y˛õÙyey Ó,!Âô ˛õyÎ˚– àï˛#Î˚
ï˛ˆÏ_¥Ó˚ §y•yˆÏÎƒ ~Ó˚ ÓƒyáƒyÎ˚ í˛z˛õˆÏÓ˚Ó˚ (a) ~Ó˚ âê˛lyà%ˆÏ°y ôˆÏÓ˚
lyG–

(c) ~Ü˛!ê˛ §ÇÜ%˛!ã˛ï˛ àƒy§ Îál !˛õfiê˛lˆÏÜ˛ Óy•zˆÏÓ˚Ó˚ !òˆÏÜ˛ ôyE˛y
ˆòÎ˚ ~ÓÇ ≤Ã§y!Ó˚ï˛ •Î˚ñ ï˛ál Ü˛# âê˛ˆÏÓ⁄ ï%˛!Ù !Ü˛ °«˛ Ü˛Ó˚ˆÏÓ⁄

(d) §!ã˛l ˆï˛u%˛°Ü˛Ó˚ !Ü ˛ˆÏÜ˛ê˛ ˆá°yÓ˚ §ÙÎ˚ ~Ü˛!ê˛ Ë˛yÓ˚# Óƒyê˛
ÓƒÓ•yÓ˚ Ü˛ˆÏÓ˚l– ~!ê˛ !Ü˛ ï˛yˆÏÜ˛ ˆÜ˛yˆÏlyË˛yˆÏÓ §y•yÎƒ Ü˛ˆÏÓ˚–

í z̨_Ó˚  (a) ô!Ó˚ñ Óƒy Ï̂ê˛Ó˚ ˆ˛õSÈ Ï̂l ÌyÜ˛y í z̨•ẑ ÏÜ˛ Ï̂ê˛Ó˚ §y Į̈̂ õ Ï̂«˛ Ó Ï̂°Ó˚
ˆÓà u – Î!ò í z̨•ẑ ÏÜ˛ Ï̂ê˛Ó˚ §y Į̈̂ õ Ï̂«˛ Óƒyê˛ Ó Ï̂°Ó˚ !ò Ï̂Ü˛ V  ˆÓà !l Ï̂Î˚
~!à Ï̂Î˚ ÎyÎ˚ñ ï˛y• Ï̂° Óƒy Ï̂ê˛Ó˚ x!Ë˛Ù%̂ Ïá Óƒy Ï̂ê˛Ó˚ §y Į̈̂ õ Ï̂«˛ Ó Ï̂°Ó˚

xy Į̈̂ õ!«˛Ü˛ ̂ Óà V + u – Îál Ó°!ê˛ åË˛yÓ˚# Óƒyê˛!ê˛ Ï̂Ü˛ xyâyï˛ Ü˛Ó˚yÓ˚
˛õÓ˚ä ≤Ã!ï˛!«˛Æ •Î˚ñ ~!ê˛ Óƒy Ï̂ê˛Ó˚ §y Į̈̂ õ Ï̂«˛ V + u  xy Į̈̂ õ!«˛Ü˛ ̂ Óà
!l Ï̂Î˚ Óƒyê˛ ̂ Ì Ï̂Ü˛ § Ï̂Ó˚ ÎyÎ˚– §%ï˛Ó˚yÇñ í z̨•ẑ ÏÜ˛ Ï̂ê˛Ó˚ §y Į̈̂ õ Ï̂«˛ ≤Ã!ï˛!«˛Æ
• Ï̂Î˚ Ó°!ê˛ V + (V + u) = 2V + u ̂ Óà !l Ï̂Î˚ í z̨•ẑ ÏÜ˛ Ï̂ê˛ ̂ Ì Ï̂Ü˛ § Ï̂Ó˚
ÎyÎ˚– §%ï˛Ó˚yÇ Óƒy Ï̂ê˛Ó˚ § Ï̂Aà §Çây Ï̂ï˛Ó˚ ̨ õÓ˚ Ó Ï̂°Ó˚ ̂ Óà ̂ Ó Ï̂í ¸̨ ÎyÎ˚–
Î!ò Óƒyê˛!ê˛ Ë˛yÓ˚# ly •Î˚ ï˛y• Ï̂° Ó Ï̂°Ó˚ ≤Ã!ï˛ Ï̂«˛˛õ ̂ Óà u ̂ Ì Ï̂Ü˛ Ü˛Ù
•Î˚– xî%Ó˚ ˆ«˛ Ï̂e ~Ó˚ xÌ≈ •° ï˛y˛õÙyeyÓ˚ Ó,!Âô ˛õyGÎ˚y–

 (a)  ~Ó˚ í z̨_ Ï̂Ó˚Ó˚ í z̨̨ õÓ˚ !Ë˛!_ Ü˛ Ï̂Ó˚ ï%̨ !Ù  (b) (c) ~ÓÇ (d) ~Ó˚
í z̨_Ó˚ !ò Ï̂ï˛ ̨õy Ï̂Ó˚y–
(§Ç Ï̂Ü˛ï˛ ı !˛õfiê˛l à Óƒyê˛ , !§!°u˛yÓ˚  à í z̨•ẑ ÏÜ˛ê˛, xî% à Ó° ñ

~ Ï̂òÓ˚ ̂ «˛ Ï̂e §yò,¢ƒ!ê˛ °«˛ Ü˛ Ï̂Ó˚yä       ⊳

13.5  ¢!=˛Ó̊ §Ù!ÓË˛yç Ï̂lÓ̊ §)e (LAW OF EQUIPARTITION

OF ENERGY)

~Ü˛!ê˛ ~Ü˛Ü˛ xî%Ó˚ à!ï˛¢!=˛ •°Èüü

εt x y zmv mv mv      = + +
1

2

1

2

1

2

2 2 2
(13.22)

ï˛y˛õ#Î˚ §yÙƒ xÓfiÌyÎ˚ T  ï˛y˛õÙyeyÎ˚ ÌyÜ˛y ̂ Ü˛y Ï̂ly àƒy Ï̂§Ó˚ àí ¸̨
¢!=˛Ó˚ Ùyl < εt > myÓ˚y ≤ÃÜ˛y¢ Ü˛Ó˚y •Î˚ñ §%ï˛Ó˚yÇ

εt x y z Bmv mv mv k T= + + =
1

2

1

2

1

2

3

2

2 2 2 (13.23)

ˆÎ Ï̂•ï%̨ ñ ̂ §áy Ï̂l ̂ Ü˛y Ï̂ly ̨õSÈ̂ Ï®Ó˚ x!Ë˛Ù%á ̂ l•zñ §Ù#Ü˛Ó˚î  (13.23)

ˆÓyV˛yÎ˚ñ

1

2

1

2

2    mv k Tx B=  ,
1

2

1

2

2    mv k Ty B= ,

1

2

1

2

2    mv k Tz B= (13.24)

!eÙy!eÜ˛ ̂ ò Ï̂¢ fl∫yô#l à!ï˛¢#° ̂ Ü˛y Ï̂ly xî%Ó˚ xÓfiÌyl !l!ò≈T˛
Ü˛Ó̊yÓ̊ çlƒ !ï˛l!ê˛ fiÌyly Ï̂AÜ˛Ó̊ òÓ̊Ü˛yÓ̊ •Î̊– Î!ò xî%!ê˛ ~Ü˛!ê˛ §Ùï˛ Ï̂°
à!ï˛¢#° ÌyÜ˛ Ï̂ï˛ Óyôƒ •Î˚ñ ï˛y• Ï̂° ò%!ê˛ñ xyÓ˚ Î!ò xî%!ê˛ ~Ü˛!ê˛
§Ó˚° Ï̂Ó˚áy ÓÓ˚yÓÓ˚ à!ï˛¢#° •Î˚ñ ï˛y• Ï̂° ~Ó˚ xÓfiÌyl !l!ò≈T˛ Ü˛Ó˚yÓ˚
çlƒ ~Ü˛!ê˛Ùye !l Ï̂ò≈¢Ü˛ Óy fiÌyly Ï̂AÜ˛Ó˚ òÓ˚Ü˛yÓ˚ •Î˚– !Ó£ÏÎ˚!ê˛ Ï̂Ü˛
xlƒË˛y Ï̂ÓG Óƒyáƒy Ü˛Ó̊y ÎyÎ̊– xyÙÓ̊y Ó° Ï̂ï˛ ̨õy!Ó̊ ̂ Îñ ̃ Ó̊!áÜ˛ à!ï˛Ó̊
çlƒ ~Ü˛!ê˛ fl∫yô#lï˛yÓ̊ Ùyeyñ §Ùï˛ Ï̂° à!ï˛Ó̊ çlƒ ò%!ê˛ ~ÓÇ !eÙy!eÜ˛
ˆò Ï̂¢ à!ï˛Ó̊ çlƒ !ï˛l!ê˛ fl∫yô#lï˛yÓ̊ ÙyeyÓ̊ òÓ̊Ü˛yÓ̊ •Î̊– §yÙ!@Ã̋Ü˛Ë˛y Ï̂Ó
ˆÜ˛y Ï̂ly Ó›Ó˚ ~Ü˛ !Ó®% ̂ Ì Ï̂Ü˛ xlƒ !Ó®%̂ Ïï˛ à!ï˛ Ï̂Ü˛ Ó°y •Î˚ ã˛°l–
§%ï˛Ó̊yÇñ !eÙy!eÜ˛ ̂ ò Ï̂¢ Ù%=˛Ë˛y Ï̂Ó à!ï˛¢#° ~Ü˛!ê˛ xî%Ó̊ !ï˛l!ê˛ ã˛°l
àï˛#Î̊ åtranslationalä fl∫yô#lï˛yÓ̊ Ùyey Ìy Ï̂Ü˛– ≤Ã Ï̂ï˛ƒÜ˛ ã˛°l àï˛#Î̊̊
fl∫yô#lï˛yÓ˚ Ùyey ~Ü˛!ê˛ Ó˚y!¢ ≤Ãòyl Ü˛ Ï̂Ó˚ Îy Ï̂ï˛ Ìy Ï̂Ü˛ à!ï˛Ó˚ !Ü˛S%È
ã˛°Ó˚y!¢Ó˚ Óà≈ñ ˆÎÙlñ ½ mv

x
2 ~ÓÇ  v

y
 ~ÓÇ v

z
 ~Ó˚ ~Ü˛•zÓ˚Ü˛Ù



àï˛#Î˚ ï˛_¥ 333

Ó˚y!¢– §Ù#Ü˛Ó˚î (13.24) ̂ Ì Ï̂Ü˛ xyÙÓ˚y ̂ ò!á ï˛y˛õ#Î˚ §yÙƒ xÓfiÌyÎ˚
~Ó˚Ü˛Ù ≤Ã!ï˛!ê˛ Ó˚y!¢Ó˚ àí ¸̨ •°  ½ k

B
T –

xyà≈̂ ÏlÓ̊ Ù Ï̂ï˛y ~Ü˛ ̨õÓ̊Ùyî%Ü˛ àƒy Ï̂§Ó̊ ¢%ô% ã˛°l àï˛#Î̊ fl∫yô#lï˛yÓ̊
Ùyey Ó˚̂ ÏÎ˚̂ ÏSÈ– !Ü˛v O

2
 xÌÓy N

2 
ÈüÈ~Ó˚ !m˛õÓ˚Ùyî%Ü˛ àƒy Ï̂§Ó˚ ˆ«˛ Ï̂e

Ü˛# • Ï̂Ó⁄ ~Ü˛!ê˛ O
2 
 xî%Ó̊ !ï˛l!ê˛ ã˛°l àï˛#Î̊ fl∫yô#lï˛yÓ̊ Ùyey Ó̊ Ï̂Î̊ Ï̂SÈ–

!Ü˛v ~Ü˛•z § Ï̂Aà ~!ê˛ ï˛yÓ˚ Ë˛Ó˚̂ ÏÜ˛ Ï̂wÓ˚ §y Į̈̂ õ Ï̂«˛ xyÓ!ï≈̨ ï˛G •Î˚–
!ã˛e 13.6ÈüÈ~ x!: Ï̂ç Ï̂lÓ˚ ò%!ê˛ ̨õÓ˚Ùyî%Ó˚ §Ç Ï̂ÎyàÜ˛yÓ˚# §Ó˚° Ï̂Ó˚áyÓ˚
§ Ï̂Aà °¡∫ ò%!ê˛ fl∫yô#l â)î≈l x«˛ 1~ÓÇ 2ñ ̂ Îà%̂ Ï°yÓ˚ §y Į̈̂ õ Ï̂«˛ xî%!ê˛
xyÓ!ï≈̨ ï˛ • Ï̂ï˛ ̨õy Ï̂Ó̊*– xî%!ê˛Ó̊ ï˛y•z ò%!ê˛ â)î≈lç!lï˛ fl∫yô#lï˛yÓ̊ Ùyey
Ìy Ï̂Ü˛ ̂ Îà%̂ Ï°yÓ˚ ̃ Ó˚!áÜ˛ à!ï˛¢!=˛ εt  

~ÓÇ â)î≈l à!ï˛¢!=˛ ε
r
 ÈüÈ~Ó˚

§Ùß∫̂ ÏÎ˚ §,T˛ ̂ Ùyê˛ ¢!=˛ Ï̂ï˛ ~ Ï̂òÓ˚ í z̨Ë˛ Ï̂Î˚Ó˚•z Ë)̨ !ÙÜ˛y Ó˚̂ ÏÎ˚̂ ÏSÈ–

ε εt r x y zmv mv mv I I+ = + + + +
1

2

1

2

1

2

1

2

1

2
2 2 2

1 1
2

2 2
2

ω ω         (13.25)

!ã˛e 13.6 !m˛õÓ˚Ùyî%Ü˛ xî%Ó˚ ò%ˆÏê˛y fl∫yô#l â)î≈l x«˛–

ˆÎáy Ï̂lñ ω
1 
~ÓÇ ω

2 
 •° x«˛ 1 ~ÓÇ 2ÈüÈ~Ó˚ §y Į̈̂ õ Ï̂«˛ ̂ Ü˛Ô!îÜ˛ ̂ Óà

~ÓÇ I
1
, I

2 
 •° çí ¸̨ï˛y ºyÙÜ˛– °«˛ Ü˛ Ï̂Ó˚ ̂ ò Ï̂áyñ ≤Ã!ï˛!ê˛ â)î≈l àï˛#Î˚

fl∫yô#lï˛yÓ˚ Ùyey ¢!=˛Ó˚ Ó˚y!¢ Ï̂ï˛ ~Ü˛!ê˛ ˛õ Ï̂òÓ˚ xÓòyl ˆÎyàyÎ˚ Îy
â)î≈l çyï˛#Î˚ ~Ü˛!ê˛ ã˛°Ó˚y!¢Ó˚ Óà≈ §Ù!ß∫ï˛–

í z̨̨ õ Ï̂Ó˚ xyÙÓ˚y ô Ï̂Ó˚ !l Ï̂Î˚!SÈ ̂ Î  O
2
 xî% ~Ü˛!ê˛ Úò,ì ¸̨ â)î≈Ü˛Û– xÌ≈yÍ

xî%!ê˛Ó˚ Ü˛¡õl •Î˚ ly– ~•z xl%Ùyl!ê˛  O
2
 ÈüÈ~Ó˚ ˆ«˛ Ï̂e §•l#Î˚

ï˛y˛õÙyeyÎ˚ åmoderate temperaturesä §ï˛ƒ •ˆÏ°Gñ §Ó§ÙÎ˚
ÎÌyÎÌ lyG • Ï̂ï˛ ˛õy Ï̂Ó˚–   CO ÈüÈ~Ó˚ Ù Ï̂ï˛y !Ü˛S%È xî%Ó˚ ÙyV˛y!Ó˚
í z̨£÷Ïï˛yÎ˚G Ü˛¡õl •Î˚ñ xÌ≈yÍ ~Ó˚ ̨õÓ˚Ùyî%à%̂ Ï°y xyhs˝/˛ õyÓ˚Ùyî!ÓÜ˛
x«˛ ÓÓ˚yÓÓ˚ ~Ü˛ Ùy!eÜ˛ ˆòy° Ï̂Ü˛Ó˚ lƒyÎ˚ ˆòy°l §¡õß¨ Ü˛ Ï̂Ó˚ ~ÓÇ
~Ó˚ Ê˛ Ï̂° ̂ Ùyê˛ ¢!=˛ Ï̂ï˛ Ü˛¡õl ¢!=˛   ε

v
 ly Ï̂Ù ~Ü˛!ê˛ Ó˚y!¢Ó˚ §ÇÎ%!=˛

â Ï̂ê˛ ı

εv m
y

t
ky= 





+
1

2

1

2

2

2d

d

ε ε ε= + + εt r v (13.26)

ˆÎáy Ï̂lñ k •° ˆòy° Ï̂Ü˛Ó˚ Ó° ô %ÓÜ˛ ~ÓÇ y •° Ü˛¡õl fiÌylyAÜ˛–
˛õ%lÓ̊yÎ̊ °«˛ Ü˛̂ ÏÓ̊yñ §Ù#Ü˛Ó̊î  (13.26) ÈüÈ~ Ü˛¡õl ¢!=˛Ó̊ Ó̊y!¢Ùy°y

à!ë˛ï˛ • Ï̂Î˚̂ ÏSÈ à!ï˛Ó˚ Ü˛¡õl ã˛°Ó˚y!¢  y ~ÓÇ dy/dt ÈüÈ~Ó˚ Ó Ï̂à≈Ó˚
§Ùß∫̂ ÏÎ˚–

§Ù#Ü˛Ó˚î  (13.26) ~Ó˚ °«˛î#Î˚ ~Ü˛!ê˛ à%Ó%̊c˛õ)î≈ ˜Ó!¢T˛ƒ •°
ˆÎáy Ï̂l ≤Ã Ï̂ï˛ƒÜ˛ ã˛°l àï˛#Î˚ ~ÓÇ â)î≈l fl∫yô#lï˛yÓ˚ ÙyeyÓ˚ çlƒ
§Ù#Ü˛Ó̊î (13.26) ÈüÈ~ ¢%ô%Ùye ~Ü˛!ê˛ ÚÓà#≈Î̊ Ó̊y!¢Ûñ åsquared termsä
Ìy Ï̂Ü˛ñ ˆ§áy Ï̂l Ü˛¡õl ≤ÃÜ,̨ !ï˛Ó˚ åvibrational modeä çlƒ Ìy Ï̂Ü˛
ò%̂ Ïê˛y ÚÓà#≈Î˚ Ó˚y!¢Û ı à!ï˛¢!=˛ ~ÓÇ !fiÌ!ï˛¢!=˛–

¢!=˛ Ó˚!¢Ùy°yÎ˚  ÌyÜ˛y  ≤Ã!ï˛!ê˛ !mâyï˛ Ó˚y!¢ •° ~Ü˛!ê˛ xî%Ó˚
myÓ˚y ˆ¢y!£Ïï˛ ¢!=˛Ó˚ Ó)̨̊ õ– xyÙÓ˚y ˆò Ï̂á!SÈ ˆÎ ˛õÓ˚Ù í z̨£÷Ïï˛y  T ˆï˛
ï˛y˛õ#Î˚ §yÙƒ xÓfiÌyÎ˚ ̃ Ó˚!áÜ˛ à!ï˛Ó˚ ≤Ã Ï̂ï˛ƒÜ˛ Ó)̊̂ Į̈ õÓ˚ çlƒ àí ¸̨ ¢!=˛
•°  ½ k

B
T  – §lyï˛l §Çáƒyï˛y!_¥Ü˛ Ó°!ÓòƒyÓ˚ ~Ü˛!ê˛ á%Ó Ùy!ç≈ï˛

l#!ï˛ å§Ó≈≤ÃÌÙ Ùƒy:G Ï̂Î˚° ≤ÃÙyî Ü˛ Ï̂Ó˚!SÈ Ï̂°lä xl%§y Ï̂Ó˚ ¢!=˛Ó˚
≤Ã Ï̂ï˛ƒÜ˛ Ó)̨̊ õ ˆÎÙlÈüü ˜Ó˚!áÜ˛ñ â)î≈l ~ÓÇ Ü˛¡õl ≤ÃÜ,̨ !ï˛Ó˚ çlƒ àí ¸̨
à!ï˛¢!=˛Ó˚ Ùyl ~Ü˛•z •Î˚– xÌ≈yÍñ ï˛y˛õ#Î˚ §yÙƒ xÓfiÌyÎ˚ñ ˆÙyê˛
¢!=˛ §Ω˛yÓƒ ≤Ã!ï˛ ¢!=˛Ó)̊̂ Į̈ õÓ˚ Ù Ï̂ôƒ §ÙylË˛y Ï̂Ó Ó!^˝ê˛ï˛ •Î˚ñ ~ÓÇ
≤Ã Ï̂ï˛ƒÜ˛ Ó)̊̂ Į̈ õ àí ¸̨¢!=˛  ½ k

B
T ~Ó˚ §Ùyl– ~ Ï̂Ü˛ ¢!=˛Ó˚ §Ù!ÓË˛yçl

§)e Ó Ï̂°– xl%Ó)̨̊ õË˛y Ï̂Ó ~Ü˛!ê˛ xî%Ó˚ ã˛°l ~ÓÇ â)î≈̂ ÏlÓ˚ ≤Ã Ï̂ï˛ƒÜ˛
fl∫yô#lï˛yÓ˚ ÙyeyÓ˚ çlƒ ¢!=˛Ó˚ §Ù#Ü˛Ó˚̂ Ïî ~Ü˛!ê˛ Ó˚y!¢ Ìy Ï̂Ü˛  ½ k

B
T–

ˆÎáyˆ Ïl ≤Ãˆ Ïï˛ƒÜ˛ Ü˛¡õˆÏlÓ˚ Ü˛¡õyˆ ÏAÜ˛Ó˚ çlƒ •Î˚
2 × ½ k

B
T  = k

B
T ñ ˆÎ Ï̂•ï%̨  Ü˛¡õ Ï̂l !fiÌ!ï˛ ~ÓÇ à!ï˛ ò%!ê˛ ¢!=˛Ó˚

Ó˚̨ õ•z Ìy Ï̂Ü˛–
¢!=˛Ó˚ §Ù!ÓË˛yçl l#!ï˛Ó˚ ≤ÃÙyî ~•z Ó•ẑ ÏÎ˚Ó˚ ˛õ!Ó˚!ô Ó!•Ë)≈̨ ï˛–

~áy Ï̂l xyÙÓ˚y ï˛y!_¥Ü˛Ë˛y Ï̂Ó àƒy Ï̂§Ó˚ xy Į̈̂ õ!«˛Ü˛ ï˛y˛õ  àîly Ü˛Ó˚yÓ˚
çlƒ ~ §)e!ê˛ ≤Ã Ï̂Î˚yà Ü˛Ó˚Ó– ˛õÓ˚Óï˛#≈̂ Ïï˛ xyÙÓ˚y Ü˛!ë˛l ˛õòy Ï̂Ì≈Ó˚
xy Į̈̂ õ!«˛Ü˛ ï˛y Į̈̂ õÓ̊ ̂ «˛ Ï̂eG §)e!ê˛Ó̊ ≤Ã̂ ÏÎ̊yà !l Ï̂Î̊ §Ç Ï̂«˛ Į̈̂ õ xy Ï̂°yã˛ly
Ü˛Ó˚Ó–

13.6  xy Į̈̂õ!«˛Ü˛ ï˛y˛õ ôyÓ̊Ü˛c (SPECIFIC HEAT CAPACITY)

13.6.1 ~Ü˛ ̨õÓ˚Ùyî%Ü˛  àƒy§ (Monatomic Gases)

~Ü˛ ̨õÓ˚Ùyî%Ü˛ àƒy§ xî%Ó˚ ̂ Ü˛Ó°Ùye !ï˛l!ê˛ ã˛°lç!lï˛ fl∫yô#lï˛yÓ˚
Ùyey Ìy Ï̂Ü˛– §%ï˛Ó˚yÇñ T ï˛y˛õÙyeyÎ˚ ~Ü˛!ê˛ xî%Ó˚ àí ¸̨ ¢!=˛ •°
(3/2)k

B
T  – ~ ôÓ˚̂ ÏlÓ˚ àƒy Ï̂§Ó˚ 1 ˆÙy Ï̂°Ó˚ ˆÙyê˛ xË˛ƒhs˝Ó˚#î ¢!=˛

•°Èüü

* ˛õÓ˚Ùyî% §ÇˆÏÎyàÜ˛yÓ˚# ̂ Ó˚áy ÓÓ˚yÓÓ˚ â)î≈ˆÏlÓ˚ çí˛¸ï˛y ºyÙˆÏÜ˛Ó˚  Ùyl á%Ó Ü˛Ù ~ÓÇ ̂ Ü˛yÎ˚yrê˛yÙ Ó°!ÓòƒyÓ˚ Ü˛yÓ˚ˆÏî ~!ê˛ Ü˛yÎ≈Ü˛Ó˚ •Î˚ ly– xl%ˆÏFSÈò  13.6 ÈüÈ~Ó˚
ˆ¢£Ï xÇ¢ ̂ ò Ï̂áy–
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U k T N RTB A = × =
3

2

3

2
(13.27)

!fiÌÓ˚ xyÎ˚ï˛ Ï̂l ̂ Ùy°yÓ˚ xy Į̈̂ õ!«˛Ü˛ ï˛y˛õ  C
v
, •°

 C
v
 (~Ü˛ ̨õÓ˚Ùyî%Ü˛ àƒy§ ) = 

d

d

U

T
 =

3

2
RT (13.28)

xyò¢≈ àƒy Ï̂§Ó˚ ̂ «˛ Ï̂eñ
C

p
 – C

v
 = R (13.29)

ˆÎáy Ï̂lñ  C
p
 •° !fiÌÓ˚ ã˛y Į̈̂ õ ̂ Ùy°yÓ˚ xy Į̈̂ õ!«˛Ü˛ ï˛y˛õ– §%ï˛Ó˚yÇñ

C
p
 = 5

2

 R    (13.30)

xy Į̈̂ õ!«˛Ü˛ ï˛y Į̈̂ õÓ˚ xl%̨ õyï˛ γ = =
C

C

p

v

5

3
   (13.31)

13.6.2  !m˛õÓ˚Ùyî%Ü˛ àƒy§ (Diatomic Gases)

ˆÎ Ï̂•ï%̨   xy Ï̂à•z Óƒyáƒy Ü˛Ó˚y • Ï̂Î˚̂ ÏSÈñ !m˛õÓ˚Ùyî%Ü˛ xî% •° í˛y Ï̂¡∫°
xyÜ,̨ !ï˛Ó̊ ò,ì˛̧ xyÓï≈̨ Ü˛ ÎyÓ̊ fl∫yô#lï˛yÓ̊ Ùyey Ó̊ Ï̂Î̊ Ï̂SÈ 5 !ê˛ó 3!ê˛ ̃ Ó̊!áÜ˛
~ÓÇ 2 !ê˛ â)î≈l – ¢!=˛Ó˚ §Ù!ÓË˛yçl l#!ï˛ xl%§y Ï̂Ó˚ñ ~ ôÓ˚̂ ÏlÓ˚
àƒy Ï̂§Ó˚ ~Ü˛ ̂ Ùy Ï̂°Ó˚ ̂ Ùyê˛ xË˛ƒhs˝Ó˚#î ¢!=˛ •°ñ

U k T N RTB A= × =
5

2

5

2
(13.32)

ˆ§ Ï̂«˛ Ï̂eñ ̂ Ùy Ï̂°Ó˚ xy Į̈̂ õ!«˛Ü˛ ï˛y˛õñ

C
v
 (ò,ì ¸̨ !m˛õÓ˚Ùyî%Ü˛) = 5

2

R,   C
p
 = 7

2

R (13.33)

γ  (ò,ì ¸̨ !m˛õÓ˚Ùyî%Ü˛) = 
7

5
(13.34)

Î!ò !m˛õÓ˚Ùyî%Ü˛ xî% ò,ì ¸̨ ly •Î˚ñ ÓÓ˚Ç ~Ó˚ ~Ü˛ x!ï˛!Ó˚=˛ Ü˛¡õl
Ó)̨̊ õ Ìy Ï̂Ü˛ñ ï˛y• Ï̂°ñ

U k T k T N  RT
B B A

= +





 =

5

2

7

2

C R C Rv p= = =
7

2

9

2

9

7
, ,  γ (13.35)

13.6.3 Ó•%̨ õÓ˚Ùyî%Ü˛ àƒy§ (Polyatomic Gases)

§yôyÓ˚îï˛ ~Ü˛!ê˛ Ó•% ˛õÓ˚Ùyî%Ü˛ xî%̂ Ïï˛  3!ê˛ ˜Ó˚!áÜ˛ñ  3 !ê˛ â)î≈l
fl∫yô#lï˛yÓ̊ Ùyey ~ÓÇ !l!ò≈T˛ §ÇáƒÜ˛   ( f ) Ü˛¡õl Ó̊)̨ õ Ìy Ï̂Ü˛– ¢!=˛Ó̊
§Ù!ÓË˛yçl l#!ï˛ xl%§y Ï̂Ó˚ ~!ê˛ §• Ï̂ç•z ̂ òáy ÎyÎ˚ ̂ Îñ ~ ôÓ˚̂ ÏlÓ˚
~Ü˛ ̂ Ùy° àƒy Ï̂§Ó˚ xË˛ƒhs˝Ó˚#î ¢!=˛–

U = 
3

2




 k
B
T + 3

2

 k
B
T + f k

B
T   N

A

xÌ≈yÍ, C
v
 = (3 + f ) R,  C

p
 = (4 + f ) R,

γ =
4 +
3 +

f

f

( )
( )

(13.36)

°«˛ Ü˛Ó˚yÓ˚ !Ó£ÏÎ˚ •° ˆÎñ C
p
 – C

v
 = R  ˆÎÈüÈˆÜ˛y Ï̂ly xyò¢≈

àƒy Ï̂§Ó˚ ˆ«˛ Ï̂e•z §ï˛ƒñ ï˛y ˆ§!ê˛ ~Ü˛ ˛õÓ˚Ùyî%Ü˛ñ !m˛õÓ˚Ùyî%Ü˛ Óy Ó•%
˛õÓ˚Ùyî%Ü˛ Îy•z ˆ•yÜ˛ ly ˆÜ˛l–

§yÓ˚!î 13.1 ÈüÈ~ àƒy Ï̂§Ó˚ ˆÎÈüÈˆÜ˛y Ï̂ly ôÓ˚̂ ÏlÓ˚ Ü˛¡õl Ó)̨̊ õ Ï̂Ü˛
í˛zˆÏ˛õ«˛y Ü˛ˆÏÓ˚ àƒyˆÏ§Ó˚ xyˆÏ˛õ!«˛Ü˛ ï˛yˆÏ˛õÓ˚ ï˛y!_¥Ü˛ ˛õ)Ó≈yl%Ùyl
åpredictionsä §)!ã˛ÓÂô Ü˛Ó˚y • Ï̂Î˚̂ ÏSÈ– ~ Ùylà%̂ Ï°y §yÓ˚!î  13.2 ̂ ï˛
ˆòGÎ˚y !Ó!Ë˛ß¨ àƒy Ï̂§Ó˚ ̨õÓ˚#«˛y°kô xy Į̈̂ õ!«˛Ü˛ ï˛y Į̈̂ õÓ˚ Ùy Ï̂lÓ˚ § Ï̂Aà
˛õ%ˆÏÓ˚y˛õ%!Ó˚ !ÙˆÏ° ÎyÎ˚– ~!ê˛ §ï˛ƒ ˆÎñ xlƒylƒ xˆÏlÜ˛ àƒyˆÏ§Ó˚
åˆÎà%̂ Ï°y Ï̂Ü˛ §yÓ̊!î Ï̂ï˛ ̂ òáy Ï̂ly •Î̊!lä ̂ ÎÙl Cl

2
, C

2
H

6
 ~ÓÇ xyÓ̊G

x Ï̂lÜ˛ Ó•% ̨õÓ̊Ùyî%Ü˛ àƒy Ï̂§Ó̊ xy Į̈̂ õ!«˛Ü˛ ï˛y Į̈̂ õÓ̊ ï˛y!_¥Ü˛ ~ÓÇ ≤ÃÜ,̨ ï˛
Ùy Ï̂lÓ˚ Ù Ï̂ôƒ x Ï̂lÜ˛ x!Ù° Ó˚̂ ÏÎ˚̂ ÏSÈ– §yôyÓ˚îï˛ ~•z §Ü˛° àƒy Ï̂§Ó˚
˛õÓ̊#«˛y°kô Ùyl§Ù)• 13.1 §yÓ̊!î Ï̂ï˛ ≤Ãò_ ï˛y!_¥Ü˛ Ùyl§Ù)̂ Ï•Ó̊ ̂ ã˛ Ï̂Î̊
ˆÓ!¢ •Î˚–  ~Ó˚ xÌ≈ • Ï̂°yñ xyÙÓ˚y Î!ò xy Į̈̂ õ!«˛Ü˛ ï˛y Į̈̂ õÓ˚ àîlyÎ˚
Ü˛¡õ Ï̂lÓ˚ Ó)̨̊ õà%̂ Ï°y Ï̂Ü˛ xhs˝Ë%≈̨ =˛ Ü˛!Ó˚ñ ï˛ Ï̂Ó ~•z x!Ù° x Ï̂lÜ˛ê˛y•z
ò)Ó̊ Ü˛Ó̊y Îy Ï̂Ó– ~Ë˛y Ï̂Ó §yôyÓ̊î ï˛y˛õÙyeyÎ̊ ¢!=˛Ó̊ §Ù!ÓË˛yçl l#!ï˛Ó̊
§yÓ˚!î 13.1 !Ü˛S%È àƒyˆÏ§Ó˚ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ ôyÓ˚Ü˛ˆÏcÓ˚ ï˛y!_¥Ü˛

Ùyl åPredicted valuesä å~ Ï̂«˛ Ï̂e Ü˛¡õl Ó)̨̊ õ Ï̂Ü˛
í˛zˆÏ˛õ«˛y Ü˛Ó˚y •ˆÏÎ˚ˆÏSÈä–

§yÓ˚!î 13.2 !Ü˛S%È àƒyˆÏ§ÏÓ˚ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ ôyÓ˚Ü˛ˆÏcÓ˚ ˛õ!Ó˚!Ù!ï˛
åMeasured ä Ùyl

20.8

29.1

33.24

8.31

8.31

8.31

1.67

1.40

1.33

C
p
 – C

v

(J mol–1 K–1)

C
p

(J mol–1 K–1)

àƒyˆÏ§Ó˚
≤ÃÜ,˛!ï˛

~Ü˛ ˛õÓ˚Ùyî%Ü˛

!m˛õÓ˚Ùyî%Ü˛

!e˛õÓ˚Ùyî%Ü˛

12.5

20.8

24.93

C
v

(J mol–1 K–1) ✏✏✏✏✏

C
p
 – C

v

(J mol–1 K–1)

C
p

(J mol–1 K–1)

àƒyˆÏ§Ó˚
≤ÃÜ,˛!ï˛

~Ü˛˛õÓ˚Ùyî%Ü˛

~Ü˛˛õÓ˚Ùyî%Ü

~Ü˛˛õÓ˚Ùyî%Ü˛

!m˛õÓ˚Ùyî%Ü˛

!m˛õÓ˚Ùyî%Ü˛

!m˛õÓ˚Ùyî%Ü˛

!e˛õÓ˚Ùyî%Ü˛

Ó•%˛õÓ˚Ùyî%Ü˛

C
v

(J mol–1 K–1)
✏✏✏✏✏

àƒy§

He

Ne

Ar

H
2

O
2

N
2

H
2
O

CH
4

12.5

12.7

12.5

20.4

21.0

20.8

27.0

27.1

20.8

20.8

20.8

28.8

29.3

29.1

35.4

35.4

8.30

8.12

8.30

8.45

8.32

8.32

8.35

8.36

1.66

1.64

1.67

1.41

1.40

1.40

1.31

1.31
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ÎÌyÌ≈ ̨õÓ˚#«˛yÙ)°Ü˛Ë˛y Ï̂Ó Îyã˛y•z Ü˛Ó˚y ÎyÎ˚–

í z̨òy•Ó˚î 13.8  ˛≤ÃÙyî ã˛y˛õ G ï˛y˛õÙyey !fiÌÓ˚ ôyÓ˚î «˛Ùï˛y
!Ó!¢T˛ ~Ü˛!ê˛ ̂ ã˛yˆÏ.  44.8  !°ê˛yÓ˚ !•!°Î˚yÙ àƒy§ xyˆÏSÈ– ̂ ã˛yˆÏ.
Ó˚yáy ~•z àƒyˆÏ§Ó˚  í˛z£÷Ïï˛y  15.0 °C  Ó,!Âô Ü˛Ó˚ˆÏï˛ Ü˛ï˛ê%˛Ü%˛ ï˛y˛õ
°yà Ï̂Ó⁄ (R = 8.31 J mo1–1 K–1)–

í z̨_Ó̊  àƒy§§)e   PV = µRT, ÓƒÓ•yÓ̊ Ü˛ Ï̂Ó̊ñ ̂ ï˛yÙÓ̊y §• Ï̂ç•z ̂ òá Ï̂ï˛
˛õy Ï̂Ó˚y ˆÎñ 1 ˆÙy° ˛õ!Ó˚Ùyî ˆÎÈüÈˆÜ˛y Ï̂ly xyò¢≈ àƒy Ï̂§Ó˚ ≤ÃÙyî ã˛y˛õ
(1 atm = 1.01 × 105 Pa) ~ÓÇ ï˛y˛õÙyeyÎ̊  (273 K)  xyÎ̊ï˛l 22.4

!°ê˛yÓ˚–  ~•z §Ó≈çl#l xyÎ˚ï˛l Ï̂Ü˛ Ó Ï̂° ̂ Ùy°yÓ˚ xyÎ˚ï˛l– §%ï˛Ó˚yÇñ
~•z í z̨òy•Ó˚̂ Ïî ̂ ã˛y.!ê˛ Ï̂ï˛  2 ̂ Ùy° !•!°Î˚yÙ Ó˚̂ ÏÎ˚̂ ÏSÈ– xyÓyÓ˚ñ ̂ Î Ï̂•ï%̨
!•!°Î˚yÙ ~Ü˛ ˛õÓ˚Ùyî%Ü˛ àƒy§ñ !fiÌÓ˚ xyÎ˚ï˛ Ï̂l ~Ó˚ ˛õ)Ó≈ xl%!Ùï˛
å~ÓÇ ˛õÎ≈̂ ÏÓ!«˛ï˛ä ˆÙy°yÓ˚ xy Į̈̂ õ!«˛Ü˛ ï˛y˛õñ C

v
 = (3/2) R, ~ÓÇ

!fiÌÓ̊ ã˛y Į̈̂ õ ̂ Ùy°yÓ̊ xy Į̈̂ õ!«˛Ü˛ ï˛y˛õñ  C
p
 = (3/2) R + R = (5/2) R–

ˆÎ Ï̂•ï%̨  ̂ ã˛y Ï̂.Ó˚ xyÎ˚ï˛l !fiÌÓ˚ñ ï˛y•z ≤Ã Ï̂Î˚yçl#Î˚ ï˛y˛õ  C
v
 myÓ̊y !lî≈Î̊

Ü˛Ó˚y •Î˚– §%ï˛Ó˚yÇñ
˛≤Ã Ï̂Î˚yçl#Î˚ ï˛y˛õ  = ˆÙy Ï̂°Ó˚ §Çáƒy × ˆÙy°yÓ˚ xy Į̈̂ õ!«˛Ü˛ ï˛y˛õ ×

ï˛y˛õÙyeyÓ˚ Ó,!Âô–
= 2 × 1.5 R × 15.0 = 45 R

= 45 × 8.31 = 374 J. ⊳

13.6.4  Ü˛!ë˛l ˛õòyˆÏÌ≈Ó˚ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õôyÓ˚Ü˛c (Specific Heat

Capacity of Solids)

Ü˛!ë˛l  ˛õòy Ï̂Ì≈Ó˚  xy Į̈̂ õ!«˛Ü˛  ï˛y˛õôyÓ˚Ü˛c !lî≈̂ ÏÎ˚ xyÙÓ˚y  ¢!=˛Ó˚
§Ù!ÓË˛yçl l#!ï˛Ó˚  ÓƒÓ•yÓ˚   Ü˛Ó˚̂ Ïï˛ ̨  õy!Ó˚–   N   §ÇáƒÜ˛  ̨õÓ˚Ùyî%
!Ó!¢T˛  ~Ü˛!ê˛ Ü˛!ë˛l ˛õòyÌ≈ ôÓ˚y  •° ÎyÓ˚ ≤Ã!ï˛!ê˛ ˛õÓ˚Ùyî% ï˛y Ï̂òÓ˚
àí ¸̨ xÓfiÌy Ï̂lÓ˚ ̨§y Į̈̂ õ Ï̂«˛  Ü˛!¡õï˛  • Ï̂FSÈ–  ~Ü˛Ùy!eÜ˛  ̂ òy° Ï̂lÓ˚
àí ¸̨¢!=˛  •Ï°    2 × ½ k

B
T = k

B
T  –  !eÙy!eÜ˛ ̂ òy° Ï̂lÓ˚  àí ¸̨¢!=˛

•° 3 k
B
T – ~Ü˛ ̂ Ùy° Ü˛!ë˛ Ï̂lÓ˚ ̂ «˛ Ï̂e N = N

A
 ~ÓÇ ̂ Ùyê˛ ¢!=˛ •°ı

U =  3  k
B
T  × N

A
  = 3 RT

~álñ !fiÌÓ˚ ã˛y Į̈̂ õ  ∆Q = ∆U + P∆V   = ∆U,  ̂ Î Ï̂•ï%̨   Ü˛!ë˛ Ï̂lÓ˚
ˆ«˛ Ï̂e   ∆V  í ẑ̨ Į̈ õ«˛î#Î˚ñ §%ï˛Ó˚yÇ

C
Q

T

U

T
R = = =

∆
∆

∆
∆

3 (13.37)

§yÓ˚!î 13.3 âˆÏÓ˚Ó˚ ï˛y˛õÙyeyÎ˚ ~ÓÇ ÓyÎ˚%Ù[˛°#Î˚ ã˛yˆÏ˛õ !Ü˛S%È
Ü˛!ë˛ˆÏlÓ˚ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ ôyÓ˚Ü˛c

§yÓ̊!î 13.3 ̂ ï˛ ̂ òáy Îy Ï̂FSÈ ̂ Îñ fl∫yË˛y!ÓÜ˛ ï˛y˛õÙyeyÎ̊ ̨õ)Ó≈ xl%!Ùï˛
Ùyl ~ÓÇ ˛õÓ˚#«˛y°kô Ùyl ~Ü˛•z •Î˚– åÜ˛!ë˛l •° Óƒ!ï˛Ü ̨ Ù#ä–

13.6.5  ç Ï̂°Ó̊ xy Į̈̂õ!«˛Ü˛ ï˛y˛õôyÓ̊Ü˛c (Specific Heat Capacity

of Water)

ç° Ï̂Ü˛ xyÙÓ˚y Ü˛!ë˛l !•§y Ï̂Ó ô Ï̂Ó˚ !l•z– ≤Ã!ï˛!ê˛ xî%Ó˚ çlƒ àí ¸̨ ¢!=˛
•°  3k

B
T – ç Ï̂°Ó̊ xî%̂ Ïï˛ !ï˛l!ê˛ ̨õÓ̊Ùyî% Ó̊ Ï̂Î̊ Ï̂SÈ ÈüüüÈ ò%!ê˛ •y•ẑ Ïí»̨ y Ï̂çl

~ÓÇ ~Ü˛!ê˛ x!:ˆÏçl ˛õÓ˚Ùyî%– §%ï˛Ó˚yÇñ çˆÏ°Ó˚ ~Ü˛ ˆÙyˆÏ°Ó˚
xË˛ƒhs˝Ó˚#î ¢!=˛ñ

U = 3 × 3 k
B
T  × N

A
  = 9 RT

~ÓÇ C = ∆Q/ ∆T =∆ U / ∆T  = 9R .

~•z  Ùyl!ê˛ ˛õÎ≈̂ ÏÓ!«˛ï˛ ~ÓÇ §%§yÙO§ƒ˛õ)î≈– Ü˛ƒy Ï̂°y!Ó˚ñ @˝ÃyÙñ
!í˛!@˝Ã  ~Ü˛ Ï̂Ü˛  ç Ï̂°Ó˚ xy Į̈̂ õ!«˛Ü˛ ï˛y˛õ ôyÓ˚Ü˛ Ï̂cÓ˚ Ùyl 1 – ̂ Î Ï̂•ï%̨
1 Ü˛ƒy Ï̂°y!Ó˚ = 4.179 ç%° ~ÓÇ 1 ˆÙy° ç° • Ï̂°y  18 @˝ÃyÙñ ≤Ã!ï˛
ˆÙy Ï̂°Ó̊ ï˛y˛õ ôyÓ̊Ü˛c ~ 75 J mol-1 K-1 ~  9R – ï˛Ìy!˛õñ xƒy° Ï̂Ü˛y•°
~ÓÇ xƒy!§ Ï̂ê˛y Ï̂lÓ̊ Ù Ï̂ï˛y x Ï̂lÜ˛ ̂ Ó!¢ ç!ê˛° ̂ Ùy Ï̂°Ó̊ ̂ «˛̂ Ïe fl∫yô#lï˛yÓ̊
Ùyey!Ë˛!_Ü˛ ôyÓ˚îy!ê˛ xyÓ˚G ç!ê˛° • Ï̂Î˚ G Ï̂ë˛–

§Ó≈̂ Ï¢ Ï̂£Ïñ ¢!=˛Ó̊ §Ù!ÓË˛yçl l#!ï˛Ó̊ í z̨̨ õÓ̊ !Ë˛!_ Ü˛ Ï̂Ó̊ xy Į̈̂ õ!«˛Ü˛
ï˛y Į̈̂ õÓ˚ ˛õ)Ó≈yl%Ùy Ï̂lÓ˚ ~Ü˛!ê˛ à%Ó%̊c˛õ)î≈ Ó)̊)̨ õ xyÙy Ï̂òÓ˚ Ù Ï̂l Ó˚yá Ï̂ï˛
• Ï̂Ó– xl%!Ùï˛ xy Į̈̂ õ!«˛Ü˛ ï˛y˛õñ ï˛y˛õÙyeyÓ˚ í z̨̨ õÓ˚ !lË≈̨ Ó˚¢#° lÎ˚–
!Ü˛vñ xyÙÓ˚y Îï˛•z !l¡¨ ï˛y˛õÙyeyÓ˚ !ò Ï̂Ü˛ ˆÎ Ï̂ï˛ ¢%Ó%̊ Ü˛!Ó˚ñ ï˛ï˛•z
xy Į̈̂ õ!«˛Ü˛ ï˛y Į̈̂ õÓ˚ ~•z xl%!Ùï˛ Ùy Ï̂lÓ˚ í ẑ̨ ÏÕ‘á Ï̂Îyàƒ !Óã%̨ ƒ!ï˛ ̂ òáy
ÎyÎ̊– ̂ Î Ï̂•ï%̨  T à0 ñ §ÙhflÏ ̨õòy Ï̂Ì≈Ó̊ xy Į̈̂ õ!«˛Ü˛ ï˛y˛õ ¢)lƒ x!Ë˛Ù%á#
•Î˚– ~!ê˛ !l¡¨ ï˛y˛õÙyeyÎ˚ fl∫yô#lï˛yÓ˚ Ùyey xÜ˛yÎ≈Ü˛Ó˚ ~ÓÇ !l!‹;˛Î˚
•ˆÏÎ˚ ˛õˆÏí˛¸ñ ~•z ï˛Ìƒ!ê˛Ó˚ §ˆÏAà §¡õ!Ü≈˛ï˛– §lyï˛l ˛õòyÌ≈!Óòƒy
xl%§y Ï̂Ó̊ñ fl∫yô#lï˛yÓ̊ Ùyey §Ó≈òy x˛õ!Ó̊Ó!ï≈̨ ï˛ Ìy Ï̂Ü˛– !l¡̈ ï˛y˛õÙyeyÎ̊
xy Į̈̂ õ!«˛Ü˛ ï˛y Į̈̂ õÓ̊  xyã˛Ó̊î §lyï˛l ̨õòyÌ≈!ÓòƒyÓ̊ x«˛Ùï˛y Ï̂Ü˛•z ≤ÃÜ˛y¢
Ü˛ Ï̂Ó˚ ~ÓÇ ˆÜ˛yÎ˚yrê˛yÙ ôyÓ˚îyÓ˚ xÓï˛yÓ˚îyÓ˚ myÓ˚y•z Óƒyáƒy Ü˛Ó˚y ÎyÎ˚ñ
ˆÎÙlê˛y §Ó≈≤ÃÌÙ xy•zlfiê˛y•zl ̂ ò!á Ï̂Î̊!SÈ̂ Ï°l– ̂ Ü˛yÎ̊yrê˛yÙ Ó°!ÓòƒyÎ̊̊
fl∫yô#lï˛yÓ̊ Ùyey Ü˛yÎ≈Ü˛Ó̊# •GÎ̊yÓ̊ ̨õ)̂ ÏÓ≈ ~Ü˛!ê˛ §Ó≈!l¡̈ñ x¢)lƒ ̨õ!Ó̊Ùyî
¢!=˛Ó˚ ≤Ã Ï̂Î˚yçl •Î˚– !Ü˛S%È !Ü˛S%È ˆ«˛ Ï̂e ˆÜ˛l ¢%%ô%Ùye Ü˛¡õl¢#°
fl∫yô#lï˛yÓ˚ Ùyey Ü˛yÎ≈Ü˛Ó˚# •Î˚ ~!ê˛•z •° ̂ § Ü˛yÓ˚î–

13.7  àí˛̧ Ù%=˛ ̨ õÌ (MEAN FREE PATH)

àƒy Ï̂§ xî%à%̂ Ï°yÓ˚ ̂ Óà á%Ó ̂ Ó!¢ñ ÓyÎ%̊̂ Ïï˛ ¢ Ï̂∑Ó˚ à!ï˛ Ï̂Ó Ï̂àÓ˚ ÙyeyÓ˚
§Ùyl– Î!òG Ó˚yß¨yâ Ï̂Ó˚ !§!°u˛yÓ˚ !° Ï̂Ü˛Ó˚ åleakingä Ê˛ Ï̂° !là≈ï˛
àƒy Ï̂§Ó˚ â Ï̂Ó˚Ó˚ x˛õÓ˚ ˆÜ˛yîyÎ˚ Óƒ!˛õï˛ • Ï̂ï˛ ˆÓ¢ !Ü˛S%È §ÙÎ˚ °y Ï̂à–
ÓyÎ̊%Ù[˛ Ï̂° ̂ ôÑyÎ̊yÓ̊ Ü%̨ [˛°#Ó̊ ¢#£Ï≈ â ˝̂ê˛yÓ̊ ̨õÓ̊ â ˝̂ê˛y çÙyê˛ ̂ ÓÑ̂ Ïô Ìy Ï̂Ü˛–
~Ó˚ Ü˛yÓ˚î àƒy Ï̂§Ó˚ xî%à%̂ Ï°y ˆSÈy Ï̂ê˛y • Ï̂°G !l!ò≈T˛ xyÜ˛y Ï̂Ó˚Ó˚ •Î˚ñ
ï˛y•z àƒy§ xî%à%̂ Ï°yÓ̊ ̨õÓ̊flõ Ï̂Ó̊Ó̊ § Ï̂Aà §Çâ£Ï≈ • Ï̂ï˛ ̨Óyôƒ– Ê˛°fl∫Ó̊)̨ õñ

˛õòyˆÏÌ≈Ó˚ lyÙ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ
(J kg–1 K–1)

ˆÙy°yÓ˚ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ
(J mol–1 K–1)

xƒy°%!Ù!lÎ˚yÙ
Ü˛yÓ≈l
Ü˛˛õyÓ˚
!§§y
Ó˚%˛õy

ê˛yÇˆÏfiê˛l

900.0

506.5

386.4

127.7

236.1

134.4

24.4

6.1

24.5

26.5

25.5

24.9
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t

d

d

v

xî%à%̂ Ï°y xÓy Ï̂ô §Ó˚° Ï̂Ó˚áyÎ˚ ã˛° Ï̂ï˛ ˛õy Ï̂Ó˚ lyó ~ Ï̂òÓ˚ ˛à!ï˛˛õÌ
xlÓÓ˚ï˛ ̨õ!Ó˚Ó!ï≈̨ ï˛ • Ï̂ï˛ Ìy Ï̂Ü˛–

!ã˛e 13.7  ∆t  §ÙˆÏÎ˚ ~Ü˛!ê˛ xî% myÓ˚y x!ï˛Ü ˛yhs˝ åsweptä xyÎ˚ï˛l
ÎyÓ˚ ÙˆÏôƒ xlƒ ~Ü˛!ê˛ xî%Ó˚ §ˆÏAà ~Ó˚ §Çâ£Ï≈ •ˆÏÓ–

ô Ï̂Ó̊ ̂ lGÎ̊y ÎyÜ˛ ~Ü˛!ê˛ àƒy Ï̂§Ó̊ xî%à%̂ Ï°y d Óƒy§ !Ó!¢T˛ ̂ ày°Ü˛–
<v> àí˛̧̂ ÏÓà §¡õß̈ ~Ü˛!ê˛ xî%Ó̊ í z̨̨ õÓ̊ ò,!T˛ !lÓrô Ü˛!Ó̊– ~•z xî%!ê˛Ó̊
xlƒ ˆÎÈüÈˆÜ˛y Ï̂ly ~Ü˛!ê˛ xî%Ó˚ § Ï̂Aà §Çâyï˛ âê˛ Ï̂Ó Îál xî% ò%!ê˛Ó˚
ˆÜ˛ Ï̂wÓ˚ ÙôƒÓï≈̨  ò)Ó˚c d •Î˚– ∆t  §Ù Ï̂Î˚ ~!ê˛  πd2 <v> ∆t xyÎ˚ï˛l

x!ï˛Ü ̨ Ù Ü˛ Ï̂Ó˚ ̂ Îáy Ï̂l ï˛yÓ˚ § Ï̂Aà xlƒ xy Ï̂Ó˚Ü˛!ê˛ xî%Ó˚ §Çâ£Ï≈ • Ï̂ï˛
˛õy Ï̂Ó˚  (!ã˛e 13.7 ̂ ò Ï̂áy) – Î!ò ≤Ã!ï˛ ~Ü˛Ü˛ xyÎ˚ï˛ Ï̂l xî%Ó˚ §Çáƒy  n
•Î˚ñ ï˛y• Ï̂° ∆t  §Ù Ï̂Î˚  ~Ü˛!ê˛ xî%  nπd2 <v> ∆t  §ÇáƒÜ˛ §Çâ£Ï≈
âê˛yÎ˚– §%ï˛Ó˚yÇñ §Çây Ï̂ï˛Ó˚ •yÓ˚ •Î˚   nπd2 <v> xÌÓy ̨õÓ˚̨ õÓ˚ ò%̂ Ïê˛y
§Çây Ï̂ï˛Ó˚ ÙôƒÓï˛#≈ àí ¸̨ §ÙÎ˚

τ  = 1/(nπ <v> d2 ) (13.38)

˛ò%̂ Ïê˛y ˛õÓ˚̨ õÓ˚ §Çây Ï̂ï˛Ó˚ ÙôƒÓï˛#≈ àí ¸̨ ò)Ó˚c Ï̂Ü˛ àí ¸̨ Ù%=˛ ˛õÌ l
˛Ó°y •Î˚ :

l  = <v> τ = 1/(nπd2) (13.39)

˛~•z §¡õÜ≈̨  ≤Ã!ï˛¤˛yÎ˚ñ xyÙÓ˚y ô Ï̂Ó˚ !l Ï̂Î˚!SÈ ̂ Î xlƒylƒ xî%à%̂ Ï°y
!fiÌÓ˚ xy Ï̂SÈ– !Ü˛v ≤ÃÜ,̨ ï˛˛õ Ï̂«˛ §Ü˛° xî%•z à!ï˛¢#° ~ÓÇ §Çây Ï̂ï˛Ó˚
•yÓ˚ !lî≈Î˚ Ü˛Ó˚y •Î˚ xî%à%̂ Ï°yÓ˚ àí ¸̨ xy Į̈̂ õ!«˛Ü˛ ̂ ÓàÓ˚ myÓ˚y– §%ï˛Ó˚yÇñ
§Ù#Ü˛Ó˚î å13.38äÈüÈ~ xyÙy Ï̂òÓ˚  <v> ̨ˆÜ˛ <v

r
> ̨myÓ˚y ≤Ã!ï˛fiÌy!˛õï˛

Ü˛Ó˚̂ Ïï˛ • Ï̂Ó– ̨xyÓ˚G §!ë˛Ü˛Ë˛y Ï̂Ó !°á Ï̂ï˛ ̂ à Ï̂°ÈüüüÈ

l n d= ( )1 2 2/ π (13.40)

ã˛ Ï̂°yñ ~ál xyÙÓ˚y  <v> = ( 485m/s)  àí ¸̨ ̂ Óà §¡õß¨ xî%Ó˚

çlƒ  STP ÈüÈˆï˛ l ~ÓÇ t àîly Ü˛!Ó˚–

n = 
0 02 10

22 4 10

23

3

.

.

×( )
×( )−

=  2.7 × 10 25 m -3.

  d = 2 × 10–10 m, !l Ï̂Î̊

ˆòˆÏá•z !ÓŸªy§ Ü˛ˆÏÓ˚y (Seeing is Believing)

˛õÓ˚Ùyî%ˆÏÜ˛ ~!òÜ˛ G!òÜ˛ ̂ SÈyê˛yS%È!ê˛ Ü˛Ó˚ˆÏï˛ ̂ òáy ÎyÎ˚ !Ü˛⁄ flõT˛ï˛•z ly •ˆÏ°Gñ xˆÏlÜ˛ê˛y•z ̂ òáy ÎyÎ˚– ̂ ï˛yÙÓ˚y çˆÏ°Ó˚ xî%Ó˚ myÓ˚y ôyE˛y ̂ òGÎ˚yÓ˚
Ê˛ˆÏ° Ê%˛ˆÏ°Ó˚ ˛õÓ˚yàˆÏÓ˚î%Ó˚ ~ˆÏ°yˆÏÙˆÏ°y ã˛°l ˆòˆÏáSÈ– ˛õÓ˚yàˆÏÓ˚î%Ó˚ xyÜ˛yÓ˚ ≤ÃyÎ ̊~ 10-5 !Ù– 1827 §yˆÏ° flÒ!ê˛¢ í˛z!qò !ÓK˛yl# Ó˚Óyê≈˛ Ó yí˛zl
xî%Ó#«˛ˆÏîÓ˚ myÓ˚y ̨õÎ≈ˆÏÓ«˛ˆÏîÓ˚ §ÙÎ˚ ̂ òˆÏál ̂ Î çˆÏ° ≤Ã°!¡∫ï˛  Ê%˛ˆÏ°Ó˚ ̨õÓ˚yàˆÏÓ˚î%à%ˆÏ°y xlÓÓ˚ï˛ xÑyÜ˛yÓÑyÜ˛y ̨õˆÏÌ ~ˆÏ°yˆÏÙˆÏ°yË˛yˆÏÓ à!ï˛¢#°
ÌyˆÏÜ˛–

àï˛#Î˚ï˛_¥ ~•z âê˛lyÓ˚ §Ó˚° Óƒyáƒy ˆòÎ˚– çˆÏ° ≤Ã°!¡∫ï˛ ˆÎÈüÈˆÜ˛yˆÏly Ó›Ó˚ í˛z˛õÓ˚ çˆÏ°Ó˚ xî%à%ˆÏ°y §Ü˛° ˛õyŸª≈ ˆÌˆÏÜ˛ xlÓÓ˚ï˛ ôyE˛y ˆòÎ˚–
ˆÎˆÏ•ï%˛ xî%à%ˆÏ°yÓ˚ à!ï˛ ~ˆÏ°yˆÏÙyˆÏ°y ï˛y•z Ó›!ê˛ˆÏï˛ ~Ü˛!ê˛ !l!ò≈T˛ !òÜ˛ ˆÌˆÏÜ˛ xyâyï˛Ü˛yÓ˚# xî%Ó˚ §Çáƒy ~ÓÇ ï˛yÓ˚ !ë˛Ü˛ !Ó˛õÓ˚#ï˛ !òÜ˛ ˆÌˆÏÜ˛
xyâyï˛Ü˛yÓ˚# xî%Ó˚ §Çáƒy ≤ÃyÎ˚ §Ùyl •Î˚– §yôyÓ˚î xyÜ˛yˆÏÓ˚Ó˚ Ó›Ó˚ çlƒ ~ ôÓ˚ˆÏlÓ˚ ò%ˆÏê˛y §ÇâyˆÏï˛Ó˚ «%˛o ˛õyÌ≈Ü˛ƒ ˆÙyê˛ §ÇâyˆÏï˛Ó˚ §ÇáƒyÓ˚
ï%˛°lyÎ˚ làîƒ ~ÓÇ xyÙÓ˚y G•z Ó›!ê˛Ó˚ ˆÜ˛yˆÏly lí˛¸yã˛í˛¸y °«˛ Ü˛!Ó˚ ly–

Îál Ó›!ê˛ ÎˆÏÌT˛ ˆSÈyˆÏê˛y !Ü˛v ï˛yÓ˚˛õˆÏÓ˚G xî%Ó#«˛ˆÏî ò,¢ƒÙylñ ï˛y•ˆÏ° !Ó!Ë˛ß¨ !òÜ˛ ˆÌˆÏÜ˛ Ó›!ê˛ˆÏÜ˛ xî%Ó˚ xyâyˆÏï˛Ó˚ §ÇáƒyÓ˚ ˛õyÌ≈Ü˛ƒ
§yÙ!@˝ÃÜ˛Ë˛yˆÏÓ xyÓ˚ í˛zˆÏ˛õ«˛î#Î˚ lÎ˚ñ xÌ≈yÍ ÙyôƒˆÏÙ åç° xÌÓy xlƒ ˆÜ˛yˆÏly ï˛Ó˚°ä ≤Ã°!¡∫ï˛ Ó›Ó˚ í˛z˛õÓ˚ ÙyôƒˆÏÙÓ˚ xî%à%ˆÏ°yÓ˚ xlÓÓ˚ï˛
§Çây Ï̂ï˛Ó˚ Ê˛ Ï̂° §,T˛ âyï˛ ~ÓÇ ê˛ Ï̂Ü≈̨ Ó˚ §Ù!T˛ !ë˛Ü˛ ¢)lƒ •Î˚ ly– ̂ § Ï̂«˛ Ï̂e ̂ Ü˛y Ï̂ly ly ̂ Ü˛y Ï̂ly x!Ë˛Ù%̂ Ïá ̂ Ùyê˛ âyï˛ ~ÓÇ ê˛Ü≈̨  ̂ Ì Ï̂Ü˛ ÎyÎ˚– ~Ü˛yÓ˚̂ Ïî
˛≤Ã°!¡∫ï˛ Ó› xÑyÜ˛yÓÑyÜ˛y ˛õˆÏÌ ã˛ˆÏ° ~ÓÇ xlÓÓ˚ï˛ !í˛àÓy!ç áyÎ˚– ÚÓ yí˛z!lÎ˚ à!ï˛Û xyáƒy ˆòGÎ˚y ~•z à!ï˛ xyî!ÓÜ˛ §!Ü ˛Î˚ï˛yÓ˚ ~Ü˛ oT˛Óƒ
˛≤ÃÙyî– àï˛ ≤ÃyÎ˚ 50 ÓÍ§Ó˚ ôˆÏÓ˚ Ü ˛ÙÓ#«˛î §%Ó˚Aà åscanning tunnelingä ~ÓÇ xlƒylƒ !ÓˆÏ¢£Ï xî%Ó#«˛ˆÏîÓ˚ myÓ˚y xî%à%ˆÏ°yˆÏÜ˛ ̂ òáy ̂ àˆÏSÈ–

1987 §yˆÏ° USA ÈüÈ~ Ü˛Ù≈Ó˚ï˛ •z!çˆÏ≤WzÓ˚ !ÓK˛yl# xy•ˆÏÙò ̂ ç!Ó° ¢%ô%Ùye xî%•z lÎ˚ ÓÓ˚Ç xî% §¡∫rô#Î˚ !ÓhflÏy!Ó˚ï˛ xyhs˝/!Ü ˛Î˚yG ̨õÎ≈ˆÏÓ«˛î
Ü˛Ó˚ˆÏï˛ §ÙÌ≈ •ˆÏÎ˚!SÈˆÏ°l– !ï˛!l á%Ó «%˛o 10 ˆÊ˛ÙˆÏê˛yˆÏ§ˆÏÜ˛ˆÏu˛Ó˚G Ü˛Ù xÓÜ˛y¢ §¡õß¨ ˆ°çyÓ˚ xyˆÏ°yÓ˚ «˛îò#!Æ åflashä myÓ˚y xî%ˆÏÜ˛
xyˆÏ°y!Ü˛ï˛ Ü˛ˆÏÓ˚ ~ÓÇ ~à%ˆÏ°yÓ˚ SÈ!Ó ï%˛ˆÏ° ~ Ü˛yç!ê˛ Ü˛Ó˚ˆÏï˛ §ÙÌ≈ •ˆÏÎ˚!SÈˆÏ°l– (1 femto- second = 10-15 s ) ~ál ï˛y ˆï˛yÙÓ˚y Ó˚y§yÎ˚!lÜ˛
ÓrôˆÏlÓ˚ àë˛l ~ÓÇ Ë˛y.l !lˆÏÎ˚G xôƒÎ˚l Ü˛Ó˚ˆÏï˛ ˛õyˆÏÓ˚y– ~!ê˛ ÓyhflÏˆÏÓ ˆòáy ÎyÎ˚ú

3

2
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⊳

τ = 6.1 × 10–10 s

~ÓÇ l = 2.9 × 10–7 m ≈ 1500d (13.41)

≤Ãï˛ƒy¢y Ù Ï̂ï˛yñ §Ù#Ü˛Ó˚î  (13.40)ÈüÈ~ ̂ òGÎ˚y àí ¸̨ Ù%=˛ ̨õÌ xî%Ó˚
xyÜ˛yÓ˚ ~ÓÇ §Çáƒy âl Ï̂cÓ˚ í z̨̨ õÓ˚ ÓƒhflÏyl%̨ õy!ï˛Ü˛Ë˛y Ï̂Ó !lË≈̨ Ó˚¢#°–
~Ü˛!ê˛ ¢)lƒ l Ï̂°  n ÈüÈ~Ó˚ Ùyl Îï˛•z ˆSÈy Ï̂ê˛y ˆ•yÜ˛ ly ˆÜ˛l àí ¸̨ Ù%=˛
˛õ Ï̂ÌÓ˚ Ùyl §Ó≈y!ôÜ˛ l Ï̂°Ó˚ ̃ ò Ï̂â≈ƒÓ˚ §Ùyl • Ï̂ï˛ ̨õy Ï̂Ó˚–

í˛zòy•Ó˚î  13.9   373 K ï˛y˛õÙyeyÎ˚ ç°#Î˚ Óy Ï̂‹õ ç Ï̂°Ó˚
xî%Ó˚ àí ¸̨ Ù%=˛ ˛õ Ï̂ÌÓ˚ Ùyl !lî≈Î˚ Ü˛ Ï̂Ó˚y– í z̨̨ õ Ï̂Ó˚Ó˚ §Ù#Ü˛Ó˚î
å13.41ä ~ÓÇ xl%¢#°l# 13.1 ̂ Ì Ï̂Ü˛ ï˛Ìƒà%̂ Ï°y lyG–

í z̨_Ó˚  ç°#Î˚ Óy‹õ ~ÓÇ ÓyÎ%̊Ó˚ çlƒ d ~Ó˚ Ùyl ~Ü˛•z– §Çáƒy âlc
˛õÓ˚Ù ï˛y˛õÙyeyÓ˚ § Ï̂Aà ÓƒhflÏyl%̨ õy!ï˛Ü˛–

§%ï˛Ó˚yÇñ  n = × × = ×2 7 10
273

373
2 1025 25 3. �m

§%ï˛Ó˚yÇñ àí ¸̨ Ù%=˛ ˛õÌ l = ×4 10 7– m ⊳

°«˛ Ü˛ Ï̂Ó˚yñ ˛õ)̂ ÏÓ≈ àîly Ü˛Ó˚y • Ï̂Î˚!SÈ° ˆÎñ àí ¸̨ Ù%=˛˛õÌ xyhs˝/
˛õyÓ˚Ùyî!ÓÜ˛ ò)Ó˚c   ~ 40 Å = 4 ×10-9  m  ÈüÈ~Ó˚ 100 à%î– àí ¸̨Ù%=˛
˛õ Ï̂ÌÓ˚ ~•z Ó,•Í Ùyl•z àƒy Ï̂§Ó˚ !Ó Ï̂¢£Ï xyã˛Ó˚̂ ÏîÓ˚ l!çÓ˚ Ó˚y Ï̂á–

ˆÜ˛y Ï̂ly ̨õye SÈyí˛̧y àƒy§ Ï̂Ü˛ Ü˛álG xyÓÂô Ü˛Ó̊y  ÎyÎ̊ ly– àƒy Ï̂§Ó̊
à!ï˛ï˛ Ï̂_¥Ó˚ §y•y Ï̂Îƒ §ywï˛yñ ï˛y˛õ ̨õ!Ó˚Óy•#ï˛y ~ÓÇ Óƒy˛õ Ï̂lÓ˚ Ù Ï̂ï˛y
˛õ!Ó˚ÙyîˆÏÎyàƒ ôÙ≈à%ˆÏ°yˆÏÜ˛ xyî!ÓÜ˛ xyÜ˛yˆÏÓ˚Ó˚ ÙˆÏï˛y x!ï˛§)-
xyî%Ó#«˛!îÜ˛ ≤Ãyã˛ Ï̂°Ó̊ § Ï̂Aà §¡õ!Ü≈̨ ï˛ Ü˛Ó̊y ̂ Î Ï̂ï˛ ̨õy Ï̂Ó̊– ~ ôÓ̊ Ï̂lÓ̊
§¡õÜ≈̨ à%̂ Ï°yÓ˚ Ùyôƒ Ï̂Ù•z §Ó≈≤ÃÌÙ xyî!ÓÜ˛ xyÜ˛y Ï̂Ó˚Ó˚ àîly Ü˛Ó˚y
• Ï̂Î˚!SÈ°–

§yÓ̊yÇ¢ (SUMMARY)

1. ã˛y˛õ  (P ), xyÎ˚ï˛l (V ) ~ÓÇ ̨õÓ˚Ù í z̨£÷Ïï˛y (T ) ~Ó˚ §Ç Ï̂ÎyçÜ˛Ü˛yÓ˚# xyò¢≈ àƒy§ §Ù#Ü˛Ó˚î!ê˛ •°ñ
                                         PV = µ RT     = k

B
 NT

ˆÎáy Ï̂l µ  •° ˆÙy°§Çáƒy ~ÓÇ  N •° xî%Ó˚ §Çáƒy–  R ~ÓÇ  k
B
 •° §Ó≈çl#l ô %ÓÜ˛–

R = 8.314 J mol–1 K–1,     k
B
  = 

R

N A
 
  = 1.38 × 10–23 J K–1

ÓyhflÏÓ àƒy§ñ xyò¢≈ àƒy§ §Ù#Ü˛Ó˚î Ï̂Ü˛ ̂ Ùyê˛yÙ%!ê˛Ë˛y Ï̂Ó ̂ Ù Ï̂l ã˛ Ï̂° ~ÓÇ !l¡¨ã˛y Į̈̂ õ G í z̨Fã˛ ï˛y˛õÙyeyÎ˚ x!ôÜ˛ï˛Ó˚
§!ë˛Ü˛Ë˛y Ï̂Ó ̂ Ù Ï̂l ã˛ Ï̂°–

2. xyò¢≈ àƒy Ï̂§Ó˚ à!ï˛ï˛_¥ ̂ Ì Ï̂Ü˛ ≤ÃyÆ §¡õÜ≈̨ ñ

                                        P   n m v=
1

3

2

ˆÎáy Ï̂l  n  •° xî%Ó˚ §Çáƒy âlcñ  m  •° xî%Ó˚ Ë˛Ó˚ ~ÓÇ v  2  •° àí ¸̨ Óà≈̂ ÏÓà– xyò¢≈ àƒy§ §Ù#Ü˛Ó˚̂ ÏîÓ˚

§ Ï̂Aà §ÇÎ%=˛ Ü˛Ó˚̂ Ï° ~Ó˚ ̂ Ì Ï̂Ü˛ ï˛y˛õÙyeyÓ˚ ~Ü˛ àï˛#Î˚ Óƒyáƒy ̨ õyGÎ˚y ÎyÎ˚–

1

2

3

2

2 m v    k  TB= ,  v vrms  = ( )2
1 2/

=
3k T

m

B

~ ˆÌ Ï̂Ü˛ ˆÓyV˛y ÎyÎ˚ ˆÎñ àƒy Ï̂§Ó˚ ï˛y˛õÙyey •° àƒy§ xî%Ó˚ àí ¸̨ à!ï˛¢!=˛Ó˚ ˛õ!Ó˚Ùy˛õ Îy àƒy§ xÌÓy xî%Ó˚
≤ÃÜ,̨ !ï˛Ó˚ í z̨̨ õÓ˚ !lË≈̨ Ó˚ Ü˛ Ï̂Ó˚ ly– !l!ò≈T˛ ï˛y˛õÙyeyÎ˚ ~Ü˛!ê˛ àƒy§ !Ù◊ Ï̂îÓ˚ Ë˛yÓ˚# xî%Ó˚ àí ¸̨ x Į̈̂ õ«˛yÜ,̨ ï˛ Ü˛Ù •Î˚–

3. ã˛°lç!lï˛ åtranslational ä à!ï˛¢!=˛ñ

E = 3

2

 k
B 
NT.

~Ó˚ ̂ Ì Ï̂Ü˛ xyÙÓ˚y ̨l# Ï̂ã˛Ó˚ §¡õÜ≈̨ !ê˛ ̨ õy•zñ

PV = 
2

3

 E

4. ¢!=˛Ó˚ §Ù!ÓË˛yçl l#!ï˛ Ï̂ï˛ Ó°y •Î˚ ̂ Îñ Î!ò ̨õÓ˚Ù ï˛y˛õÙyey T ̂ ï˛ ̂ Ü˛y Ï̂ly §ÇfiÌy §yÙƒ xÓfiÌyÎ˚ Ìy Ï̂Ü˛ñ ï˛y• Ï̂°
ˆÙyê˛ ¢!=˛ñ ¢!=˛Ó˚ ˆ¢y£Ï̂ ÏîÓ˚ !Ó!Ë˛ß¨ ≤ÃÜ,̨ !ï˛ Ï̂ï˛ åmodeä §ÙË˛y Ï̂Ó Ó!^˝ê˛ï˛ •Î˚ ~ÓÇ ≤Ã Ï̂ï˛ƒÜ˛ ≤ÃÜ,̨ !ï˛ Ï̂ï˛ ¢!=˛Ó˚

3

2
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˛õ!Ó˚Ùy˛õ •Î˚ ½ k
B
 T Ï– ≤Ã Ï̂ï˛ƒÜ˛ ã˛°lç!lï˛ ~ÓÇ â)î≈lç!lï˛ fl∫yô#lï˛yÓ˚ ÙyeyÓ˚ § Ï̂Aà §Ç!Ÿ’T˛ ~Ü˛ ¢!=˛Ó˚ ̂ ¢y£Ïî

≤ÃÜ,̨ !ï˛ Ó˚̂ ÏÎ˚̂ ÏSÈ ~ÓÇ ~•z ¢!=˛Ó˚ ̨ õ!Ó˚Ùyî •Î˚   ½ k
B
 T Ï– ≤Ã Ï̂ï˛ƒÜ˛ Ü˛¡õl Ü˛¡õy Ï̂AÜ˛Ó˚ ¢!=˛Ó˚ ò%̂ Ïê˛y Ó)̨̊ õ åà!ï˛¢!=˛

~ÓÇ !fiÌ!ï˛¢!=˛ä ~ÓÇ xl%Ó)̨̊ õ ¢!=˛Ó˚ ̨ õ!Ó˚Ùyî •° ÈüüüÈ
2 × ½ k

B
 T = k

B
 T.

5. ¢!=˛Ó˚ §Ù!ÓË˛yçl l#!ï˛ ÓƒÓ•yÓ˚ Ü˛ Ï̂Ó˚ñ àƒy Ï̂§Ó˚ ˆÙy°yÓ˚ xy Į̈̂ õ!«˛Ü˛ ï˛y˛õ !lî≈Î˚ Ü˛Ó˚y ÎyÎ˚ ~ÓÇ ~•z Ùylà%̂ Ï°y
˛õÓ̊#«˛y myÓ̊y ≤ÃyÆ !Ó!Ë˛ß̈ àƒy Ï̂§Ó̊ xy Į̈̂ õ!«˛Ü˛ ï˛y Į̈̂ õÓ̊ Ùylà%̂ Ï°yÓ̊ § Ï̂Aà !Ù Ï̂° ÎyÎ̊– à!ï˛Ó̊ Ü˛¡õl Ó̊)̂ Į̈ õÓ̊ xhs˝Ë%≈̨ !=˛
~•z !Ù° Ï̂Ü˛ xyÓ˚G í z̨ß¨ï˛ï˛Ó˚ Ü˛Ó˚̂ Ïï˛ ̨ õy Ï̂Ó˚–

6. àí ¸̨Ù%=˛ ˛õ«˛ l  •°ñ ~Ü˛!ê˛ xî%Ó˚ ˛õÓ˚̨ õÓ˚ ò%̂ Ïê˛y §Çây Ï̂ï˛Ó˚ ÙôƒÓï˛#≈ àí ¸̨ ò)Ó˚c ı

l  =
1

2 2 n  dπ

ˆÎáy Ï̂l  n  • Ï̂°y xî%Ó˚ §Çáƒy âlc ~ÓÇ  d  •° xî%!ê˛Ó˚ Óƒy§–

ˆË˛ Ï̂Ó ̂ òáyÓ̊ !Ó£ÏÎ̊§Ù)• (POINTS TO PONDER)

1. ~Ü˛!ê˛ ≤ÃÓy•#Ó˚ ã˛y˛õ ¢%ô%Ùye ï˛yÓ˚ ôyÓ˚Ü˛˛õyˆÏeÓ˚ ̂ òGÎ˚yˆÏ°•z ≤ÃÎ%=˛ •Î˚ lyñ ÓÓ˚Ç ã˛y˛õ ≤ÃÓy•#Ó˚ §Ó≈e !ÓòƒÙyl– ̨õyˆÏe Ó˚yáy
àƒyˆÏ§Ó˚ xyÎ˚ï˛ˆÏlÓ˚ ˆÎÈüÈˆÜ˛yˆÏly hflÏÓ˚ §yÙƒ xÓfiÌyÎ˚ ÌyˆÏÜ˛ñ Ü˛yÓ˚î ~•z hflÏˆÏÓ˚Ó˚ ò%•z !òˆÏÜ˛ §Ùyl ã˛y˛õ ÌyˆÏÜ˛–

2. àƒyˆÏ§Ó˚ xyhs˝/˛õyÓ˚Ùyî!ÓÜ˛ ò)Ó˚c §¡∫ˆÏrô Ê˛°yG Ü˛ˆÏÓ˚ ˆÜ˛yˆÏly ôyÓ˚îy ˆòGÎ˚y xyÙyˆÏòÓ˚ í˛z!ã˛ï˛ lÎ˚– §yôyÓ˚î ã˛y˛õ G
ï˛y˛õÙyeyÎ˚ ~Ó˚ Ùyl Ü˛!ë˛l G ï˛Ó˚° ˛õòyˆÏÌ≈Ó˚ xyhs˝/˛õyÓ˚Ùyî!ÓÜ˛ ò)Ó˚ˆÏcÓ˚ 10 à%î Óy §Ùyl •Î˚– ˛õyÌ≈Ü˛ƒ!ê˛ •°ñ àí˛¸Ù%=˛
˛õˆÏÌ Îy ˆÜ˛yˆÏly àƒyˆÏ§Ó˚ xyhs˝/˛õyÓ˚Ùyî!ÓÜ˛ ò)Ó˚ˆÏcÓ˚  100 à%î ~ÓÇ xî%Ó˚ xyÜ˛yˆÏÓ˚Ó˚  1000 à%î •Î˚–

3. ¢!=˛Ó˚ §Ù!ÓË˛yçl l#!ï˛Ó˚ !ÓÓ,!ï˛!ê˛ •° ı ï˛y˛õ#Î˚ §yÙƒ xÓfiÌyÎ˚ ≤Ã!ï˛!ê˛ fl∫yô#lï˛yÓ˚ ÙyeyÓ˚ §ˆÏAà Î%=˛ ¢!=˛Ó˚ ˛õ!Ó˚Ùyî
•°   ½ k

B
 T – xî%Ó˚ ˆÙyê˛ ¢!=˛Ó˚ §Ù#Ü˛Ó˚ˆÏî ≤Ã!ï˛!ê˛ !mâyï˛ Ó˚y!¢ˆÏÜ˛ ~Ü˛!ê˛ fl∫yô#lï˛yÓ˚ Ùyey !•§yˆÏÓ àîƒ Ü˛Ó˚y •Î˚–

xï˛~Ó ≤Ã!ï˛!ê˛ Ü˛¡õl Ó)̊̂ Į̈ õÓ˚ çlƒ fl∫yô#lï˛yÓ˚ Ùyey å!fiÌ!ï˛ ~ÓÇ à!ï˛¢!=˛Ó˚ Ó)̨̊ õä •Î˚ 2 !ê˛ å1!ê˛ lÎ˚ä ~ÓÇ §Ç!Ÿ’T˛ ¢!=˛
•Î˚  2 × ½ k

B
 T = k

B
 T –

4. ~Ü˛!ê˛ âˆÏÓ˚ ÌyÜ˛y ÓyÎ˚%Ó˚ xî%à%ˆÏ°y §Ó l#ˆÏã˛ ̨ õˆÏí˛¸ ly åx!Ë˛Ü˛ˆÏ£Ï≈Ó˚ Ü˛yÓ˚ˆÏîä ~ÓÇ âˆÏÓ˚Ó˚ ̂ ÙˆÏV˛ˆÏï˛ ~ˆÏ§ çÙy •Î˚ ly– ~Ó˚
Ü˛yÓ˚î ~à%ˆÏ°y í˛zFã˛à!ï˛§¡õß¨ •Î˚ ~ÓÇ ~ˆÏòÓ˚ x!ÓÓ˚yÙ §Çâ£Ï≈ âˆÏê˛– §yÙƒ xÓfiÌyÎ˚ñ Ü˛Ù í˛zFã˛ï˛yÎ˚ ÓyÎ˚%Ó˚ âlc !Ü˛S%Èê˛y
ˆÓ!¢ •Î˚ åÓyÎ˚%Ù[˛ˆÏ°Ó˚ ÙˆÏï˛yä– ~Ó˚ ≤ÃË˛yÓ Ü˛Ùñ Ü˛yÓ˚î §yÙylƒ í˛zFã˛ï˛yÓ˚ çlƒ !fiÌ!ï˛¢!=˛Ó˚ åmghä Ùyl xî%Ó˚ àí˛¸
à!ï˛¢!=˛ È½ mv2  üÈ~Ó˚ ï%˛°lyÎ˚ xˆÏlÜ˛ Ü˛Ù •Î˚–

5. < v2 >  ~Ó˚ Ùyl §Ó≈òy   ( < v >)2 ÈüÈ~Ó˚ §Ùyl •Î˚ ly– ~!ê˛ Óyôƒï˛Ù)°Ü˛ lÎ˚ ̂ Îñ ̂ Ü˛y Ï̂ly Ó˚y!¢Ó˚ Ó Ï̂à≈Ó˚ àí ¸̨ Ùyl G•z Ó˚y!¢Ó˚
àˆÏí˛¸Ó˚ Óà≈ÙyˆÏlÓ˚ §Ùyl •ˆÏÓ– ï%˛!Ù !Ü˛ ~•z !ÓÓ,!ï˛Ó˚ §˛õˆÏ«˛ í˛zòy•Ó˚î !òˆÏï˛ ˛õyÓ˚ˆÏÓ–

xl%¢#°l#

13.1 x!:ˆÏçˆÏlÓ˚ xyî!ÓÜ˛ xyÎ˚ï˛lñ  STP ˆï˛ ~Ó˚ myÓ˚y x!ôÜ,˛ï˛ ≤ÃÜ,˛ï˛ xyÎ˚ï˛ˆÏlÓ˚ Ü˛ï˛ xÇ¢ !lî≈Î˚ Ü˛ˆÏÓ˚y– ôˆÏÓ˚ lyGñ
x!:ˆÏçˆÏlÓ˚ ~Ü˛!ê˛ xî%Ó˚ Óƒy§  3 Å –

13.2 ˆÙy°yÓ˚ xyÎ˚ï˛l •°ñ STP ̂ ï˛ ̂ ÎÈüÈˆÜ˛y Ï̂ly àƒy Ï̂§Ó˚ åxyò¢≈ä  1 ̂ Ùy° myÓ˚y x!ôÜ,̨ ï˛ ≤ÃÜ,̨ ï˛ xyÎ˚ï˛l–  (STP : 1 ã˛y˛õ,

0 °C)– ̂ òáyG ̂ Î ~Ó˚ Ùyl  22.4 !°ê˛yÓ˚–

13.3 !ã˛e 13.8 ~ 1.00×10–3 kg x!: Ï̂çl àƒy Ï̂§Ó˚ çlƒ ò%!ê˛ !Ë˛ß¨ !Ë˛ß¨ ï˛y˛õÙyeyÎ˚  PV/T  ~ÓÇ P ÈüÈ~Ó˚ Ù Ï̂ôƒ ̂ °á!ã˛e
ˆòáyˆÏly •ˆÏÎ˚ˆÏSÈ–
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!ã˛e  13.8

(a) !Ó®% x!AÜ˛ï˛ ̂ Ó˚áy Ü˛# !lˆÏò≈¢ Ü˛Ó˚ˆÏSÈ⁄
(b) ̂ Ü˛yl‰!ê˛ §!ë˛Ü˛ ı   T

1
 > T

2
 xÌÓy T

1
 < T

2
?

(c)  y xˆÏ«˛Ó˚ í˛z˛õÓ˚ ˆÎáyˆÏl ÓÜ ˛ˆÏÓ˚áyà%ˆÏ°y !Ù!°ï˛ •Î˚ñ ˆ§áyˆÏl  PV/T  ÈüÈ ~Ó˚ Ùyl Ü˛ï˛⁄
(d) xyÙÓ˚y Î!ò  1.00×10–3 kg •y•zˆÏí»˛yˆÏçl àƒyˆÏ§Ó˚ çlƒ ~Ü˛•z ̂ °á!ã˛e ̨õy•zñ ï˛y•ˆÏ°ñ y-xˆÏ«˛Ó˚ í˛z˛õÓ˚ ̂ ÎáyˆÏl

ÓÜ ˛ˆÏÓ˚áyà%ˆÏ°y !Ù!°ï˛ •ˆÏÓ ̂ §áyˆÏlG xyÙÓ˚y  PV/T ~Ó˚ çlƒ ~Ü˛•z Ùyl ̨õyÓ !Ü˛⁄ Î!ò ly ̨õyGÎ˚y ÎyÎ˚ñ ï˛y•ˆÏ°
Ü˛ï˛ Ë˛ˆÏÓ˚Ó˚ •y•zˆÏí»˛yˆÏçˆÏlÓ˚ çlƒ  PV/T ~Ó˚ å!l¡¨ã˛y˛õ ~ÓÇ í˛zFã˛ ï˛y˛õÙyeyÓ˚ ̂ «˛ˆÏeÓ˚ä ~Ü˛•z Ùyl ̨õyGÎ˚y ÎyˆÏÓ⁄
åxyî!ÓÜ˛ Ë˛Ó˚  H

2
 = 2.02 u, O

2
 = 32.0 u,  R = 8.31 J mo1–1 K–1)–

13.4 30 !°ê˛yÓ˚ xyÎ˚ï˛ Ï̂lÓ˚ ~Ü˛!ê˛ x!: Ï̂çl !§!°u˛y Ï̂Ó˚Ó˚ x!: Ï̂ç Ï̂lÓ˚ ≤ÃyÌ!ÙÜ˛ àç ã˛y˛õ 15 atm ~ÓÇ ï˛y˛õÙyey 27 °C–
!§!°u˛yÓ˚ ˆÌˆÏÜ˛ !Ü˛S%È x!:ˆÏçl ˆÓÓ˚ Ü˛ˆÏÓ˚ !lˆÏ° àç ã˛y˛õ ågauge pressureä Ü˛ˆÏÙ 11 atm •Î˚ ~ÓÇ ÈüÈ~Ó˚
ï˛y˛õÙyey Ü˛ˆÏÙ •Î˚  17 °C – !§!°u˛yÓ˚ ̂ Ì Ï̂Ü˛ ̂ ÓÓ˚ Ü˛ Ï̂Ó˚ ̂ lGÎ˚y x!: Ï̂ç Ï̂lÓ˚ Ë˛Ó˚ !lî≈Î˚ Ü˛ Ï̂Ó˚y–  (R = 8.31 J mol–

1 K–1, O
2
 ~Ó˚ xyî!ÓÜ˛ Ë˛Ó˚ = 32 u)–

13.5 1.0 cm3   xyÎ˚ï˛ˆÏlÓ˚  ~Ü˛!ê˛  ÓyÎ˚%Ó˚ Ó%ò‰Ó%ò  40 !Ù àË˛#Ó˚ï˛y !Ó!¢T˛ ~Ü˛!ê˛ ç°y¢ˆÏÎ˚Ó˚ ï˛°ˆÏò¢ñ ̂ ÎáyˆÏl ï˛y˛õÙyey
12 °C ̂ ÌˆÏÜ˛ í˛zˆÏë˛ í˛z˛õˆÏÓ˚Ó˚ ̨ õ,ˆÏ¤˛ ~°ñ ̂ ÎáyˆÏl ï˛y˛õÙyey  35 °C – Ó%ò‰Ó%ò!ê˛Ó˚ Ó!Âô≈ï˛ xyÎ˚ï˛l Ü˛ï˛ •ˆÏÓ⁄

13.6 27 °C ï˛y˛õÙyey ~ÓÇ 1 atm ã˛yˆÏ˛õ  25.0 m3 ôyÓ˚î«˛Ùï˛y !Ó!¢T˛ ~Ü˛!ê˛ âˆÏÓ˚Ó˚ ÓyÎ˚%Ó˚ ˆÙyê˛ xî%Ó˚ åÎyˆÏï˛ Ó˚ˆÏÎ˚ˆÏSÈ
x!:ˆÏçlñ ly•zˆÏê˛∆yˆÏçlñ ç°#Î˚ Óy‹õ ~ÓÇ xlƒylƒ í˛z˛õyòylä §Çáƒy !lî≈Î˚ Ü˛ˆÏÓ˚y–

13.7 ~Ü˛!ê˛ !•!°Î˚yÙ ̨õÓ˚Ùyî%Ó˚ àí ¸̨ ï˛y˛õ#Î˚ ¢!=˛ !lî≈Î˚ Ü˛ Ï̂Ó˚y (i) â Ï̂Ó˚Ó˚ ï˛y˛õÙyeyÎ˚  (27 °C), (ii) §)Î≈ ̨õÈ,̂ Ï¤˛Ó˚ å6000 Kä
ï˛y˛õÙyeyÎ˚–  (iii)  10 !Ù!°Î˚l ̂ Ü˛°!Ë˛l å~Ü˛!ê˛ ï˛yÓ˚yÓ˚ ̂ «˛ˆÏe !ÓˆÏ¢£Ï ̂ Ü˛yÓ˚ ï˛y˛õÙyeyä ï˛y˛õÙyeyÎ˚–

13.8 ~Ü˛•z ã˛y˛õ G §Ùyl ôyÓ˚Ü˛c !Ó!¢T˛ !ï˛!lê˛ ˛õyˆÏe àƒy§ Ó˚ˆÏÎ˚ˆÏSÈ– ≤ÃÌÙ ˛õyˆÏe Ó˚ˆÏÎ˚ˆÏSÈ !lÎ˚l å~Ü˛˛õÓ˚Ùyî%Ü˛ä àƒy§ñ
!mï˛#Î˚ ̨õy Ï̂e Ó˚̂ ÏÎ˚̂ ÏSÈ ̂ Üœ̨ y!Ó˚l å!m˛õÓ˚Ùyî%Ü˛ä àƒy§ ~ÓÇ ï,̨ ï˛#Î˚ ̨õy Ï̂e Ó˚̂ ÏÎ˚̂ ÏSÈ •zí ẑ̨ ÏÓ˚!lÎ˚yÙ ̂ •:yÊœ%̨ Ó˚y•zí˛ åÓ•%̨ õÓ˚Ùyî%Ü˛ä
àƒy§– ≤Ã!ï˛!ê˛ ̨ õyˆÏe í˛z˛õˆÏÓ˚y=˛ àƒy§à%ˆÏ°yÓ˚ xî%§Çáƒy !Ü˛ §Ùyl •ˆÏÓ⁄ !ï˛l!ê˛ ̂ «˛ˆÏe•z xî%à%ˆÏ°yÓ˚ Ù)° àí˛¸ Óà≈ˆÏÓà
§Ùyl •ˆÏÓ Ü˛#⁄ Î!ò ly •Î˚ñ ï˛y•ˆÏ° ˆÜ˛yl‰ ˆ«˛ˆÏe  v

rms
 ÈüÈ~Ó˚ Ùyl §Ó≈y!ôÜ˛ •ˆÏÓ⁄

13.9 ˆÜ˛yl‰ ï˛y˛õÙyeyÎ˚ xyà≈l àƒy§ !§!°u˛yˆÏÓ˚ ˛õÓ˚Ùyî%Ó˚ Ù)° àí˛¸ Óà≈ ˆÓàñ È– 20 °C  ï˛y˛õÙyeyÎ˚ !•!°Î˚yÙ àƒyˆÏ§Ó˚
˛õÓ˚Ùyî%Ó˚ Èv

rms
 üÈ~Ó˚ Ùy Ï̂lÓ˚ §Ùyl • Ï̂Ó⁄ åAr  ~Ó˚ ̨õyÓ˚Ùyî!ÓÜ˛ Ë˛Ó˚ = 39.9u ~ÓÇ ÈHeüÈ~Ó˚ ̨õyÓ˚Ùyî!ÓÜ˛ Ë˛Ó˚ = 4.0

uä  –

13.10 ly•ẑ Ïê ∆̨y Ï̂çl àƒy Ï̂§Ó̊ ~Ü˛ !§!°u˛y Ï̂Ó̊ 2.0 atm ã˛y˛õ ~ÓÇ 17 0C  ï˛y˛õÙyeyÎ̊ ÌyÜ˛y ly•ẑ Ïê ∆̨y Ï̂çl xî%Ó̊ àí˛̧ Ù%=˛ ̨õÌ ~ÓÇ
§Çâ£Ï≈  Ü˛¡õyAÜ˛ !lî≈Î̊ Ü˛ Ï̂Ó̊y– ly•ẑ Ïê ∆̨y Ï̂çl xî%Ó̊ Óƒy§ ̂ Ùyê˛yÙ%!ê˛Ë˛y Ï̂Ó ô Ï̂Ó̊ lyG  1.0 Å– §Çâ Ï̂£Ï≈Ó̊ §Ù Ï̂Î̊Ó̊ § Ï̂Aà ̨õÓ̊˛õÓ̊
ò%̂ Ïê˛y §Çâ Ï̂£Ï≈Ó̊ Ùy Ï̂V˛ xî%Ó̊ myÓ̊y Ù%=˛Ë˛y Ï̂Ó ã˛° Ï̂lÓ̊ §Ù Ï̂Î̊Ó̊ ï%̨ °ly Ü˛ Ï̂Ó̊y   ( N

2
 ~Ó̊ xyî!ÓÜ˛ Ë˛Ó̊ = 28.0 u)–

PV

T
(J K   )

–1

P

T
1

T2

x

y
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Additional Exercises

13.11 1 !Ùê˛yÓ˚ °¡∫y §Ó%̊ !SÈo !Ó!¢T˛ ~Ü˛!ê˛ l° åÎyÓ˚ ~Ü˛ ≤Ãyhs˝ Órôä xl%Ë)̨ !ÙÜ˛Ë˛y Ï̂Ó Ó˚yáy xy Ï̂SÈ ~ÓÇ ~ Ï̂ï˛ 76 cm ò#â≈ ̨õyÓ˚ò§)e Ó˚̂ ÏÎ˚̂ ÏSÈ Îy l Ï̂°Ó˚
ÙˆÏôƒ  15 cm ÓyÎ˚%hflÏΩ˛ˆÏÜ˛ xyÓÂô Ó˚yˆÏá– ̂ áy°y ≤Ãyhs˝ l#ˆÏã˛Ó˚ !òˆÏÜ˛ ̂ Ó˚ˆÏá l°!ê˛ˆÏÜ˛ Î!ò áyí˛¸yË˛yˆÏÓ Ó˚yáy •Î˚ñ ï˛y•ˆÏ° Ü˛#  âê˛ˆÏÓ⁄

13.12 ˆÜ˛yˆÏly ~Ü˛ !l!ò≈T˛ Îsf (apparatus) ˆÌˆÏÜ˛ •y•zˆÏí»˛yˆÏçl àƒyˆÏ§Ó˚ àí˛¸ Óƒy˛õˆÏlÓ˚ •yÓ˚ •°  28.7 cm3 s–1  – ~Ü˛•z ¢ˆÏï≈˛ xlƒ xyˆÏÓ˚Ü˛!ê˛
àƒyˆÏ§Ó˚ àí˛¸ Óƒy˛õl •yÓ˚ 7.2 cm3 s–1  – àƒy§!ê˛ ¢ly=˛ Ü˛ˆÏÓ˚y–
[•z!Aàï˛  :  @˝Ãy•y Ï̂ÙÓ˚ àƒy§ Óƒy˛õl §)e ı  R

1
/R

2
 = ( M

2
 /M

1
 )1/2, ̂ Îáy Ï̂l  R

1
 ~ÓÇ  R

2
  •° àƒy§1 ~ÓÇ 2, ~Ó˚ Óƒy˛õl •yÓ˚ M

1 
~ÓÇ M

2

ÓƒÓ•yÓ˚ Ü˛ˆÏÓ˚y– @˝Ãy•yˆÏÙÓ˚ §)e!ê˛ •° àï˛#Î˚ ï˛ˆÏ_¥Ó˚ ~Ü˛!ê˛ §Ó˚° Ê˛°– ]

13.13 §yÙƒ xÓfiÌyÎ˚ ÌyÜ˛y ~Ü˛!ê˛ àƒyˆÏ§Ó˚ âlc ~ÓÇ ã˛y˛õ àƒy§!ê˛Ó˚ §¡õ)î≈ xyÎ˚ï˛ˆÏl ~Ü˛•z •Î˚– ~!ê˛ ÎÌyÎÌË˛yˆÏÓ §ï˛ƒ •ˆÏÓ ï˛ál•z Îál ~ˆÏï˛
ˆÜ˛y Ï̂ly Óy!•ƒÜ˛ ≤ÃË˛yÓ ÌyÜ˛ Ï̂Ó ly– í z̨òy•Ó˚îfl∫Ó)̨̊ õñ x!Ë˛Ü˛ Ï̂£Ï≈Ó˚ xô# Ï̂l ÌyÜ˛y ~Ü˛!ê˛ àƒy§ hflÏ̂ ÏΩ˛Ó˚ âlc å~ÓÇ ã˛y˛õä §%£ÏÙ •Î˚ ly– ï%̨ !Ù xy¢y
Ü˛Ó˚̂ Ïï˛ ̨õy Ï̂Ó˚y ̂ Îñ ~Ó˚ âlc í z̨Fã˛ï˛y Ó,!ÂôÓ˚ § Ï̂Aà •…y§ ̨õyÎ˚– §%!l!ò≈T˛ !lË≈̨ Ó˚ï˛y ÓyÎ%̊Ù[˛ Ï̂°Ó˚ ï˛ÌyÜ˛!Ìï˛ §)e (laws of atmosphere) myÓ˚y
ˆòGÎ˚y •Î˚–

                                   n
2
 = n

1
 exp [ -mg (h

2
 – h

1
)/ k

B
T ]

ˆÎáyˆÏl  n
1 
 ~ÓÇ n

2
  •ˆÏ°y ÎÌyÜ ˛ˆÏÙ  h

1 
~ÓÇ

  
h

2
 í˛zFã˛ï˛yÎ˚ §Çáƒy âlc– ~ §¡õÜ≈˛!ê˛ˆÏÜ˛ ï˛Ó˚°hflÏˆÏΩ˛Ó˚ ˆ«˛ˆÏe ≤Ã°!¡∫ï˛ ˆÜ˛yˆÏly Ü˛îyÓ˚

xô/ˆÏ«˛˛õî åSedimentationä Ë˛yÓ˚§yˆÏÙÓ˚ §Ù#Ü˛Ó˚î ≤Ã!ï˛¤˛y Ü˛Ó˚yÓ˚ çlƒ ÓƒÓ•yÓ˚ Ü˛ˆÏÓ˚y ı
n

2
  = n

1
 exp [ -mg N

A
 ( ρ  - ρ′ ) (h

2
 –h

1
)/ (r RT)]

ˆÎáyˆÏl ρ •° ≤Ã°!¡∫ï˛ Ü˛îyÓ˚ âlcñ ~ÓÇ ρ′  •° ã˛yÓ˚˛õyˆÏ¢Ó˚ ÙyôƒˆÏÙÓ˚ âlc–
[N

A
 •ˆÏ°y xƒyˆÏË˛y@˝ÃyˆÏí»˛y §Çáƒy ~ÓÇ R •ˆÏ°y §Ó≈çl#l àƒy§ ô %ÓÜ˛ ] [ •z!Aàï˛ : ≤Ã°!¡∫ï˛ Ü˛îyÓ˚ xy˛õyï˛ Gçl ˆÓÓ˚ Ü˛Ó˚yÓ˚ çlƒ

xy!Ü≈˛!Ù!í˛ˆÏ§Ó˚ §)e ≤ÃˆÏÎ˚yà Ü˛ˆÏÓ˚y ]

13.14 l#ˆÏã˛ !Ü˛S%È Ü˛!ë˛l ~ÓÇ ï˛Ó˚° ˛õòyˆÏÌ≈Ó˚ âlc ˆòGÎ˚y xyˆÏSÈ– ˛õòyÌ≈à%ˆÏ°yÓ˚ ˛õÓ˚Ùyî%Ó˚ xyÜ˛yˆÏÓ˚Ó˚ xy§ß¨Ü˛y° !lî≈Î˚ Ü˛ˆÏÓ˚y ı

[•z!Aàï˛ : ôˆÏÓ˚ lyGñ Ü˛!ë˛l ~ÓÇ ï˛Ó˚° xÓfiÌyÎ˚ ˛õÓ˚Ùyî%à%ˆÏ°y Úò,ì˛¸Ë˛yˆÏÓ xyÓÂôÛ ÌyˆÏÜ˛ ~ÓÇ xƒyˆÏË˛yàyˆÏí»˛y §ÇáƒyÓ˚ K˛yï˛ Ùyl ÓƒÓ•yÓ˚
Ü˛ˆÏÓ˚y– ï˛ˆÏÓ ˆï˛yÙÓ˚y !Ó!Ë˛ß¨ ˛õyÓ˚Ùyî!ÓÜ˛ xyÜ˛yˆÏÓ˚Ó˚ çlƒ ≤ÃyÆ ≤ÃÜ,˛ï˛ §Çáƒyà%%ˆÏ°y á%Ó §Ó˚y§!Ó˚ åliterallyä ≤ÃˆÏÎ˚yà Ü˛Ó˚ˆÏÓ ly– Ü˛yÓ˚î
ò,ì˛¸Ë˛yˆÏÓ xyÓÂô ò,ì˛¸ï˛yÓ˚ xl%Ùyl ˆÌˆÏÜ˛ ≤ÃyÆ Ê˛°yÊ˛° !lˆÏò≈¢ Ü˛ˆÏÓ˚ ˆÎñ ˛õÓ˚Ùyî%Ó˚ xyÜ˛yÓ˚ ¢%ô%Ùye Ü˛ˆÏÓ˚Ü˛ Å ˛õ!Ó˚§ˆÏÓ˚Ó˚ ÙˆÏôƒ ÌyˆÏÜ˛–]

˛õòyÏÌ≈ ˛õyÓ˚Ùyî!ÓÜ˛ Ë˛Ó˚ (u)
âlc

(103 kg m–3 )

Ü˛yÓ≈l å•#Ó˚Ü˛ä 12.01 2.22

ˆ§yly 197.00 19.32

ly•zˆÏê˛∆yˆÏçl åï˛Ó˚°ä 14.01 1.00

!°!ÌÎ˚yÙ 6.94 0.53

ˆÊœ˛y!Ó˚l åï˛Ó˚°ä 19.00 1.14



Ü˛¡õl

åOSCILLATIONSä

14.1 Ë)̨ !ÙÜ˛y åIntroductionä

˜òl!®l ç#ÓˆÏl xyÙÓ˚y !Ó!Ë˛ß¨ Ó˚Ü˛Ù à!ï˛Ó˚ §¡ø%á#l ••z– ï%˛!Ù ~Ó˚ÙˆÏôƒ Ü˛yÓ˚G Ü˛yÓ˚G

§¡õ Ï̂Ü≈̨  ̂ ç Ï̂l !l Ï̂Î˚SÈ– ̂ ÎÙl §Ó˚° Ï̃Ó˚!áÜ˛ à!ï˛ ~ÓÇ ≤Ãy Ï̂§Ó˚ à!ï˛– í z̨Ë˛Î˚ à!ï˛Ó˚•z ̨õ%lÓ˚yÓ,!_

â Ï̂ê˛ ly– xyÙÓ˚y §ÙÓ,_#Î˚ à!ï˛ ~ÓÇ ̂ §ÔÓ˚çà Ï̂ï˛ @˝Ã Ï̂•Ó˚ Ü˛«˛˛õ Ï̂ÌÓ˚ à!ï˛ §¡õ Ï̂Ü≈̨ G ̂ ç Ï̂l!SÈ–

~ˆÏ«˛ˆÏe !l!ò≈T˛ §ÙÎ˚ ÓƒÓôyˆÏl à!ï˛Ó˚ ˛õ%lÓ˚yÓ,!_ •Î˚ñ xÌ≈yÍ ~!ê˛ ˛õÎ≈yÎ˚Ó,_– ˜¢¢ˆÏÓ ï%˛!Ù

!lŸã˛Î˚•z ~˛õy¢ G˛õy¢ ˆòyˆÏ°SÈ xÌÓy ˆòy°lyÎ˚ ˆòyˆÏ°SÈ– í˛zË˛Î˚à!ï˛•z ˛õ%lÓ˚yÓ,_ •Î˚ !Ü˛v

~Ó˚y @˝ÃˆÏ•Ó˚ ˛õÎ≈yÓ,_ à!ï˛ ˆÌˆÏÜ˛ xy°yòy– ~ˆÏ«˛ˆÏe Ó› §yÙƒyÓfiÌyÓ˚ §yˆÏ˛õˆÏ«˛ xyˆÏà!˛õˆÏSÈ

à!ï˛¢#° •Î˚– ˆòÎ˚y° â!í˛¸Ó˚ ˆòy°Ü˛ ~Ü˛•z ≤ÃÜ˛yÓ˚ à!ï˛ §¡õß¨ Ü˛ˆÏÓ˚– ~Ó˚Ü˛Ù x@˝ÃÈüÈ˛õŸã˛yÍ

˛õÎ≈yÎ˚Ó,_ à!ï˛Ó˚ ≤Ãã%̨ Ó˚ í z̨òy•Ó˚î  xy Ï̂S  ı lò# Ï̂ï˛ ̂ lÔÜ˛yÓ˚ í z̨ë˛ylyÙyñ !fiê˛Ù•z!O Ï̂lÓ˚ !˛õfiê˛ Ï̂lÓ˚

xyˆÏà!˛õˆÏSÈ ÎyGÎ˚y •zï˛ƒy!ò– ~ôÓ˚ˆÏlÓ˚ à!ï˛ ˆòy°à!ï˛ lyˆÏÙ ˛õ!Ó˚!ã˛ï˛– ~•z xôƒyˆÏÎ˚ xyÙÓ˚y

~•z à!ï˛ !lˆÏÎ˚ xôƒÎ˚l Ü˛Ó˚Ó–

ˆòy°à!ï˛ !lˆÏÎ˚ xôƒÎ˚l ˛õòyÌ≈!ÓòƒyÓ˚ ~Ü˛!ê˛ ˆÙÔ!°Ü˛ !Ó£ÏÎ˚ó xˆÏlÜ˛ ˆË˛Ôï˛ âê˛lyÓ°#

xl%ôyÓl Ü˛Ó˚̂ Ïï˛ ~Ó˚ ôyÓ˚îy ÌyÜ˛y ≤Ã Ï̂Î˚yçl– ̂ §ï˛yÓ˚ñ à#ê˛yÓ˚ xÌÓy ̂ Ó•y°yÓ˚ Ù Ï̂ï˛y ÓyòƒÎ Ï̂sf

xyÙÓ̊y Ü˛¡õÙyl ï˛yÓ̊à%̂ Ï°y ̂ Ì Ï̂Ü˛ Ù Ï̂lyÓ̊Ù ¢∑ í z̨Í˛õß̈ • Ï̂ï˛ ̂ ò!á– í»̨ y Ï̂ÙÓ̊ ̨õò≈yñ ̂ ê˛!° Ï̂Ê˛y Ï̂lÓ̊

í˛yÎ˚yÊ ˛yÙ ~ÓÇ !flõÜ˛yÓ˚ !§ˆÏfiê˛Ù ï˛yˆÏòÓ˚ §yÙƒyÓfiÌyˆÏlÓ˚ §yˆÏ˛õˆÏ«˛ ~!òÜ˛ÈüÈG!òÜ˛ Ü˛!¡õï˛

•Î˚– ÓyÎ˚%Ó˚ xî%Ó˚ Ü˛¡õˆÏlÓ˚ Ê˛ˆÏ° ¢ˆÏ∑Ó˚ §M˛y°l §Ω˛Ó •Î˚– Ü˛!ë˛l ̨õòyˆÏÌ≈Ó˚ ̂ «˛ˆÏe ̨õÓ˚Ùyî%

§yÙƒyÓfiÌyÓ˚ §yˆÏ˛õˆÏ«˛ Ü˛yÑˆÏ˛õñ Ü˛¡õˆÏlÓ˚ àí˛¸ ¢!=˛ í˛z£÷Ïï˛yÓ˚ §ˆÏAà §Ùyl%˛õyï˛#– ˛õ!Ó˚Óï˛#≈

!Óò%ƒÍ §Ó˚ÓÓ˚yˆÏ• !ÓË˛Óñ àí˛¸ÙyˆÏlÓ˚ å¢)lƒä §yˆÏ˛õˆÏ«˛ ˛õÎ≈yÎ˚Ü ˛ˆÏÙ ôlydÜ˛ ~ÓÇ }îydÜ˛

ÙyˆÏl Ü˛!¡õï˛ •Î˚–

˛õÎ≈yÎ˚Ó,_ à!ï˛Ó˚ Óî≈lyÎ˚ !ÓˆÏ¢£Ï Ü˛ˆÏÓ˚ ̂ òy°à!ï˛Ó˚ ̂ «˛ˆÏe ̨õÎ≈yÎ˚ñ Ü˛¡õyÇÜ˛ñ §Ó˚îñ !ÓhflÏyÓ˚

~ÓÇ ò¢yÓ˚ ÙˆÏï˛y !Ü˛S%È ˆÙÔ!°Ü˛ ôyÓ˚îyÓ˚ ≤ÃˆÏÎ˚yçl– ~•z ôyÓ˚îyà%ˆÏ°y ˛õÓ˚Óï˛#≈ xl%ˆÏFSÈˆÏò

xyˆÏ°yã˛ly Ü˛Ó˚y •ˆÏÎ˚ˆÏSÈ–

14.1 Ë)̨ !ÙÜ˛y

14.2 ˛õÎ≈yÓ,_ ~ÓÇ ˆòy°à!ï˛

14.3 §Ó˚° ˆòy°à!ï˛

14.4 §Ó˚° ˆòy°à!ï˛ ~ÓÇ §ÙÓ,_#Î˚ à!ï˛

14.5 §Ó˚° ˆòy°à!ï˛ˆÏï˛ ˆÓà ~ÓÇ cÓ˚î

14.6 §Ó˚° ˆòy°à!ï˛Ó˚ ˆ«˛ˆÏe ÓˆÏ°Ó˚ §)e

14.7 §Ó̊° ˆòy°à!ï˛ Î%=˛˛ Ü˛îyÓ̊ ˆÙyê˛ ¢!=˛˛

14.8 §Ó˚° ˆòy°à!ï˛ §¡õyòlÜ˛yÓ˚# !Ü˛S%È

§ÇfiÌy

14.9 xÓÙ!®ï˛ §Ó˚°ˆÏòy°à!ï˛

14.10 ˛õÓ˚Ó¢ Ü˛¡õl ~ÓÇ xl%lyò

§yÓ˚yÇ¢

ˆË˛ˆÏÓ ˆòáyÓ˚ !Ó£ÏÎ˚§Ù)•

xl%¢#°l#

x!ï˛!Ó˚=˛˛ xl%¢#°l#

˛õ!Ó˚!¢T˛

xôƒyÎ̊ ı ã˛ï%̨ ò≈¢
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14.2 ˛õÎ≈yÎ˚Ó,_ ~ÓÇ ̂ òy°à!ï˛ åPeriodic and Oscillatory

motions ä

14.1 lÇ !ã˛ˆÏe !Ü˛S%È ˛õÎ≈yÎ˚Ó,_ à!ï˛ ˆòáyˆÏly •ˆÏÎ˚ˆÏSÈ– ôÓ˚ ~Ü˛!ê˛ ˆ˛õyÜ˛y

~Ü˛!ê˛ ì˛y° ÓÓ˚yÓÓ˚ ˆÓˆÏÎ˚ í˛zˆÏë˛ ~ÓÇ l#ˆÏã˛ ˆlˆÏÙ xyˆÏàÓ˚ çyÎ˚àyÎ˚ !Ê˛ˆÏÓ˚

xyˆÏ§ ~ÓÇ ≤Ã!Ü ˛Î˚y!ê˛Ó˚ •%Ó•% ˛õ%lÓ˚yÓ,!_ •Î˚– Î!ò ï%˛!Ù §ÙˆÏÎ˚Ó˚ §yˆÏÌ

Ë)̨ ˛õ,¤˛ ̂ Ì Ï̂Ü˛ ï˛yÓ˚ í z̨Fã˛ï˛yÓ˚ ̂ °á xyÑÜ˛ ï˛ Ï̂Ó ~!ê˛ ̂ òá Ï̂ï˛ x Ï̂lÜ˛ê˛y  14.1

(a) lÇ !ã˛ Ï̂eÓ˚ Ù Ï̂ï˛y • Ï̂Ó– Î!ò ~Ü˛!ê˛ !¢¢% ~Ü˛!ê˛ !§Ñ!í ¸̨ ̂ Ó Ï̂Î˚ í ẑ̨ Ïë˛ ̂ l Ï̂Ù

xyˆÏ§ ~ÓÇ ≤Ã!Ü ˛Î˚y!ê˛Ó˚ ˛õ%lÓ˚yÓ,!_ •Î˚ñ ï˛ˆÏÓ Ë)˛˛õ,¤˛ ˆÌˆÏÜ˛ ~Ó˚ í˛zFã˛ï˛yÓ˚

ˆ°á!ã˛e ̂ òá Ï̂ï˛ 14.1 (b) lÇ !ã˛ Ï̂eÓ̊ Ù Ï̂ï˛y • Ï̂Ó– Îál ï%̨ !Ù ~Ü˛!ê˛ Ó° Ï̂Ü˛

Ë)̨ !Ù Ï̂ï˛ ˆÊ˛ Ï̂°y ï˛ál Ë)̨ !ÙÓ̊ ≤Ã!ï˛ Ï̂«˛ Į̈̂ õÓ̊ çlƒ Ó°!ê˛ ˛õ%lÓ̊yÎ̊ •y Ï̂ï˛ !Ê˛ Ï̂Ó̊

xy Ï̂§– ~Ë˛y Ï̂Ó •y Ï̂ï˛Ó̊ ï˛y°% ~ÓÇ Ë)̨ !ÙÓ̊ Ù Ï̂ôƒ Ó° Ï̂Ü˛ !l Ï̂Î̊ ˆá°yÓ̊ §ÙÎ̊

~Ó̊ í z̨Fã˛ï˛y ÓlyÙ §Ù Ï̂Î̊Ó̊ ̂ °á  14.1 (c) lÇ !ã˛ Ï̂eÓ̊ Ù Ï̂ï˛y • Ï̂Ó– °«˛ Ü˛ Ï̂Ó̊y

14.1 (c) lÇ !ã˛̂ ÏeÓ̊ ̂ °áÓ̊ í z̨Ë˛Î̊ ÓÜ ̨xÇ¢ !lí z̨ê˛̂ ÏlÓ̊ ̂ òGÎ̊y àï˛#Î̊ §Ù#Ü˛Ó̊î

ˆÌ Ï̂Ü˛ ̨õyGÎ̊y x!ôÓ,̂ Ï_Ó̊ xÇ¢ åxl%̂ ÏFSÈò 3.6 ̂ òáä–

h = ut + 21

2
gt  l#ˆÏã˛Ó˚ !òˆÏÜ˛Ó˚ à!ï˛Ó˚ ˆ«˛ˆÏeñ

h = ut 2− 1

2
gt  í˛z˛õˆÏÓ˚Ó˚ !òˆÏÜ˛Ó˚ à!ï˛Ó˚ ˆ«˛ˆÏeñ

≤Ã!ï˛ Ï̂«˛ Ï̂e u ~Ó˚ Ùyl xy°yòy– ~à%̂ Ï°y ̨õÎ≈yÎ˚Ó,_ à!ï˛Ó˚ í z̨òy•Ó˚î– ï˛y•z

ˆÜ˛yˆÏly à!ï˛ !l!ò≈T˛ §ÙÎ˚ ˛õÓ˚˛õÓ˚ ˛õ%lÓ˚yÓ,_ •ˆÏ° ï˛yˆÏÜ˛ ˛õÎ≈yÎ˚Ó,_ à!ï˛
ÓˆÏ°–

!ã˛e  14.1 ˛õÎ≈yÎ˚Ó,_ à!ï˛Ó˚ í˛zòy•Ó˚î– ≤Ã!ï˛ˆÏ«˛ˆÏe ̨ õÎ≈yÎ˚Ü˛y° T ̂ òáyˆÏly
• Ï̂Î˚̂ ÏSÈ–

≤ÃyÎ˚ §ÙÎ˚ ̨ õÎ≈yÎ˚Ó,_ à!ï˛ˆÏï˛ ̂ òy°lÓ˚ï˛ Ó›Ó˚ à!ï˛˛õˆÏÌÓ˚ ̂ Ü˛yˆÏly

!Ó®%ˆÏï˛ §yÙƒyÓfiÌy ˛õyGÎ˚y ÎyÎ˚– Îál Ó› ~•z xÓfiÌyˆÏl ÌyˆÏÜ˛

ï˛ál ~Ó˚ í z̨̨ õÓ˚ ˆÜ˛y Ï̂ly l#ê˛ Óy!•ƒÜ˛ Ó° !Ü ̨ Î˚y Ü˛ Ï̂Ó˚ ly– ï˛y•z ~ Ï̂Ü˛

˙ fiÌy Ï̂l ˆSÈ Ï̂í ¸̨ !ò Ï̂° ˆ§ ˙ fiÌy Ï̂l !ã˛Ó˚!ò Ï̂lÓ˚ çlƒ !fiÌÓ˚ ÌyÜ˛ Ï̂Ó–

Î!ò Ó›!ê˛ Ï̂Ü˛ ~ ÓfiÌy ˆÌ Ï̂Ü˛ §yÙylƒ §Ó˚y Ï̂ly •Î˚ ï˛ Ï̂Ó ~Ü˛!ê˛ Ó°

Ó›!ê˛ Ï̂Ü˛ §yÙƒyÓfiÌy Ï̂l !Ê˛ Ï̂Ó˚ xyl Ï̂ï˛ ˆã˛T˛y Ü˛ Ï̂Ó˚ ~ÓÇ ˆòy°l Óy

Ü˛¡õl §,!T˛ Ü˛Ó˚ˆÏÓ– ˆÎÙl ~Ü˛!ê˛ Ó°ˆÏÜ˛ Óy!ê˛ˆÏï˛ Ó˚yáˆÏ° ~!ê˛ l#ˆÏã˛

§yÙƒyÓfiÌy Ï̂l xy§ Ï̂Ó– ~ Ï̂Ü˛ ~ xÓfiÌy ˆÌ Ï̂Ü˛ §yÙylƒ §!Ó˚̂ ÏÎ˚ ˆSÈ Ï̂í ¸̨

!òˆÏ°ñ ~!ê˛ Óy!ê˛ˆÏï˛ ˆòy°l §¡õß¨ Ü˛Ó˚ˆÏÓ– ≤Ã!ï˛!ê˛ ˆòy°l ˛õÎ≈yÎ˚Ó,_

!Ü˛v ≤Ã!ï˛!ê˛ ˛õÎ≈yÎ˚Ó,_ à!ï˛ ˆòy°à!ï˛ lyG •ˆÏï˛ ˛õyˆÏÓ˚– Ó,_#Î˚ à!ï˛

~Ü˛!ê˛ ˛õÎ≈yÎ˚Ó,_ à!ï˛ !Ü˛v ~!ê˛ ˆòy°là!ï˛ lÎ˚–

ˆòy°l ~ÓÇ Ü˛¡õˆÏl !ÓˆÏ¢£Ï ˆÜ˛yl ï˛yÍ˛õÎ≈˛õ)î≈ ˛õyÌ≈Ü˛ƒ ˆl•z–

ˆòáy ÎyÎ˚ Îál Ü˛¡õyAÜ˛ Ü˛Ù •Î˚ ï˛ál ~ Ï̂Ü˛ xyÙÓ˚y ˆòy°l Ó!°

åˆÎÙl àyˆÏSÈÓ˚ í˛y°˛õy°yÓ˚ ˆòy°läñ xyÓyÓ˚ Îál Ü˛¡õyAÜ˛ ˆÓ!¢

•Î˚ ï˛ál ~ Ï̂Ü˛ xyÙÓ˚y Ü˛¡õl Ó!° åˆÎÙl ÓyòƒÎ Ï̂sfÓ˚ ï˛y Ï̂Ó˚ Ü˛¡õlä–

§Ó˚° ˆòy°à!ï˛ •° ˆòy°là!ï˛Ó˚ §Ó˚°ï˛Ù Ó)̨̊ õ– Îál ˆÜ˛y Ï̂ly

ˆòy°lÓ˚ï˛ Ó›Ó˚ í˛z˛õÓ˚ ≤ÃÎ%=˛ Ó° Ùôƒ xÓfiÌyl ˆÌˆÏÜ˛ åÎyˆÏÜ˛

§yÙƒyÓfiÌylG ÓˆÏ°ä §Ó˚ˆÏîÓ˚ §yˆÏÌ §Ùyl%˛õyï˛# •Î˚ ï˛ál ~•z à!ï˛Ó˚

§,!T˛ •Î˚– xyÓyÓ˚ ~•z ˆòy°ˆÏlÓ˚ ≤Ã!ï˛!ê˛ !Ó®%ˆ Ïï˛ ~•z Ó°

§yÙƒyÓfiÌy Ï̂lÓ˚ !ò Ï̂Ü˛ !Ü ˛Î˚y¢#° •Î˚–

ÓyhflÏ̂ ÏÓ ˆòy°lÓ˚ï˛ Ó›ñ â£Ï≈î ~ÓÇ xlƒylƒ x˛õ!ã˛ï˛ Ó Ï̂°Ó˚ çlƒ

xÓˆÏ¢ˆÏ£Ï §yÙƒyÓfiÌyˆÏl !fiÌÓ˚ xÓfiÌyÎ˚ xyˆÏ§– Î!òG ˆòy°lÓ˚ï˛

Ó› Ï̂Ü˛ !Ü˛S%È Óy!•ƒÜ˛ ˛õÎ≈yÎ˚Ó,_ §ÇfiÌyÓ˚ myÓ˚y ˆòy°l ÓçyÎ˚ Ó˚yá Ï̂ï˛

•Î˚– xyÙÓ˚y ˛õˆÏÓ˚ ~•z xôƒyˆÏÎ˚ xÓÙ!®ï˛ ~ÓÇ ˛õÓ˚Ó¢ Ï̂òy°l !l Ï̂Î˚

xyˆÏ°yã˛ly Ü˛Ó˚Ó–

ˆÜ˛yl çí ¸̨ÙyôƒÙ Ï̂Ü˛ Ó•%§ÇáƒÜ˛ Î%@¬ ˆòy° Ï̂lÓ˚ §ÙÓyÎ˚Ó)̊̂ Į̈ õ Ë˛yÓy

ÎyÎ˚– ÙyôƒˆÏÙÓ˚ í˛z˛õyòylÜ˛îyà%ˆÏ°yÓ˚ ˆòy°ˆÏlÓ˚ §ÙÓyÎ˚ ï˛Ó˚AàÓ˚)ˆÏ˛õ

í z̨qy!§ï˛ •Î˚– ï˛Ó˚ Ï̂AàÓ˚ í z̨òy•Ó˚ Ï̂îÓ˚ Ù Ï̂ôƒ xhs˝Ë%≈˛=˛ •° çˆÏ° §,T˛

ï˛Ó˚Aàñ Ë)̨ Ü˛¡õl â!ê˛ï˛ ï˛Ó˚Aàñ ï˛!í ¸̨Í ã%̨ ¡∫Ü˛#Î˚ ï˛Ó˚Aà– xyÙÓ˚y ̨õÓ˚Óï˛#≈

xôƒy Ï̂Î˚ ï˛Ó˚̂ ÏAàÓ˚ !Ó!Ë˛ß¨  âê˛lyÓ!° !l Ï̂Î˚ xy Ï̂°yã˛ly Ü˛Ó˚Ó–

14.2.1 ˛õÎ≈yÎ˚ ~ÓÇ Ü˛¡õyAÜ˛ åPeriod and frequencyä

xyÙÓ˚y ̂ ò Ï̂á!SÈ ̂ Ü˛yl à!ï˛ !l!ò≈T˛ §ÙÎ˚ ̨õÓ˚̨ õÓ˚ ̨õ%lÓ˚yÓ,_ • Ï̂° ï˛y Ï̂Ü˛

˛õÎ≈yÎ˚Ó,_ à!ï˛ Ó Ï̂°– §Ó Ï̂ã˛ Ï̂Î˚ Ü˛Ù ̂ Î §ÙÎ˚ ÓƒÓôy Ï̂l à!ï˛Ó˚ ̨õ%lÓ˚yÓ,!_

•Î˚ ï˛yˆÏÜ˛ ˛õÎ≈yÎ˚ ÓˆÏ°– xyÙÓ˚y ˛õÎ≈yÎ˚ˆÏÜ˛  T !ã˛ˆÏ•´Ó˚ myÓ˚y ≤ÃÜ˛y¢

Ü˛!Ó˚– ~Ó˚  SI ~Ü˛Ü˛ •° ˆ§ Ï̂Ü˛u˛– ˛õÎ≈yÎ˚Ó,_ à!ï˛Ó˚ ˆ«˛ Ï̂e ˆ§ Ï̂Ü˛u˛

(a)

(b)

(c)
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ˆflÒ Ï̂°Ó˚ !Ë˛!_ Ï̂ï˛ ÎyÓ˚y á%Ó o%ï˛ Óy ô#Ó˚̊ñ ï˛y Ï̂òÓ˚ ̂ «˛ Ï̂e §Ù Ï̂Î˚Ó˚ xlƒylƒ

§%!ÓôyçlÜ˛ ~Ü˛ˆÏÜ˛Ó˚ ÓƒÓ•yÓ˚ •Î˚– ˆÜ˛yÎ˚yç≈ ˆÜ˛°yˆÏ§Ó˚ Ü˛¡õˆÏlÓ˚

˛õÎ≈yÎ˚ Ùy•ẑ ÏÜ ̨ y Ï̂§ Ï̂Ü˛ Ï̂u˛ (10–6 s) ≤ÃÜ˛y¢ Ü˛Ó˚y •Î˚ ~ÓÇ §Ç Ï̂«˛ Į̈̂ õ  µs

Ó)̊̂ Į̈ õ ≤ÃÜ˛y¢ Ü˛Ó˚y •Î˚– x˛õÓ˚!ò Ï̂Ü˛ Ó%ô @˝Ã Ï̂•Ó˚ ≤Ãò!«˛î Ü˛y° åorbital

periodä  •°  88 ˛õy!Ì≈Ó !òl åearth daysä– •ƒy!°Ó˚ ô)Ù Ï̂Ü˛ï%̨

≤Ã!ï˛ 76 ÓSÈÓ˚ ˛õÓ˚˛õÓ˚ ò,¢ƒÙyl •Î˚–

T ~Ó˚ xˆÏlylƒÜ˛ myÓ˚y ≤Ã!ï˛ ~Ü˛Ü˛ §ÙˆÏÎ˚ ˛õ%lÓ˚yÓ,!_Ó˚ §Çáƒy

˛õyGÎ˚y ÎyÎ˚– ~•z Ó˚y!¢ˆÏÜ˛ ˛õÎ≈yÎ˚ Ó,_à!ï˛Ó˚  Ü˛¡õyAÜ˛ åfrequency

of the periodic motion ä Ó Ï̂°– ~ Ï̂Ü˛ ν  myÓ˚y ≤ÃÜ˛y¢ Ü˛Ó˚y •Î˚– ν

~ÓÇ  T ~Ó˚ §¡õÜ≈˛ •° ÈüüüÈ

ν  = 1/T  (14.1)

ï˛y•z ν ~Ó˚ ~Ü˛Ü˛ •° s–1– ˆÓï˛yÓ˚ ï˛Ó˚Aà xy!Ó‹ÒyÓ˚Ü˛ Heinrich

Rudolph Hertz (1857–1894) ~Ó˚ lyÙyl%§yˆÏÓ˚ Ü˛¡õyˆÏAÜ˛Ó˚ ~Ü˛!ê˛

lï%˛l lyÙ •yÍ≈ç å§ÇˆÏ«˛ˆÏ˛õ Hzä ˆòGÎ˚y •Î˚–

1 hertz  = 1 Hz = ≤Ã!ï˛ ˆ§ Ï̂Ü˛ Ï̂u˛ ~Ü˛!ê˛ ˆòy°l =1s–1

 (14.2)

°«˛Ü˛Ó˚ Ü˛¡õyAÜ˛ ν xá[˛§Çáƒy lyG •ˆÏï˛ ˛õyˆÏÓ˚–

u í z̨òy•Ó˚î  14.1  ˆÙyê˛yÙ%!ê˛Ë˛yˆÏÓ Ó°y ÎyÎ˚ ~Ü˛çl Ùyl%ˆÏ£ÏÓ˚

•,ò!˛õ[˛ àˆÏí˛¸ !Ù!lˆÏê˛ 75 ÓyÓ˚ flõ!®ï˛ •Î˚– ~Ó˚ Ü˛¡õyAÜ˛

~ÓÇ ˛õÎ≈yÎ˚Ü˛y° !lî≈Î˚ Ü˛ Ï̂Ó˚y–

í z̨_Ó˚ ı •,ò!˛õ Ï̂[˛Ó˚ flõ® Ï̂lÓ˚ Ü˛¡õyAÜ˛ = 75/(1 min)

= 75/(60 s)

                                                    = 1.25 s–1

                                                    = 1.25 Hz

 ˛˛    õÎ≈yÎ˚Ü˛y°  T         = 1/(1.25 s–1)

                                                    = 0.8 s ⊳

14.2.2   §Ó˚î åDisplacementä
4.2 lÇ xl%̂ ÏFSÈ Ï̂ò xyÙÓ˚y xÓfiÌyl ̂ Ë˛Q Ï̂Ó˚Ó˚ ̨õ!Ó˚Óï≈̨ l Ï̂Ü˛ §Ó˚î Ó)̊̂ Į̈ õ

§ÇK˛y!Î˚ï˛ Ü˛ˆÏÓ˚!SÈ– ~•z xôƒyˆÏÎ˚ xyÙÓ˚y §Ó˚îˆÏÜ˛ xyÓ˚G §yôyÓ˚î

xˆÏÌ≈ ÓƒÓ•yÓ˚ Ü˛Ó˚Ó– ~!ê˛ §ÙˆÏÎ˚Ó˚ §yˆÏÌ !ÓˆÏÓã˛lyô#l ˆÜ˛yl ˆË˛Ôï˛

ô Ï̂Ù≈Ó˚ ̨õ!Ó˚Óï≈̨ l ̂ ÓyV˛yÎ˚– ̂ ÎÙlñ ̂ Ü˛y Ï̂ly ï˛ Ï̂° ~Ü˛!ê˛ !fiê˛ Ï̂°Ó˚ Ó Ï̂°Ó˚

§Ó˚°˜ÏÓ˚!áÜ˛ à!ï˛Ó˚ ˆ«˛ˆÏe ≤ÃyÌ!ÙÜ˛ ˆÜ˛yˆÏly !Ó®% ˆÌˆÏÜ˛ §ÙˆÏÎ˚Ó˚

xˆÏ˛õ«˛Ü˛!ê˛•z •° •z•yÓ˚ xÓfiÌyl §Ó˚î– Ù)°!Ó®% §%!ÓôyçlÜ˛Ë˛yˆÏÓ

!lÓ≈yã˛l Ü˛Ó˚y •Î˚– ÙˆÏl Ü˛Ó˚ñ ~Ü˛!ê˛ ÓœÜ˛ ~Ü˛!ê˛ !fl±Ç ~Ó˚ §yˆÏÌ Î%=˛

~ÓÇ ~Ó˚ xlƒ≤Ãyhs˝ ~Ü˛!ê˛ ò,ì ¸̨ ˆòGÎ˚y Ï̂°Ó˚ §y Ï̂Ì Î%=˛ [14.2(a) lÇ

!ã˛e ˆòá]– §yôyÓ˚îï˛ Ó›Ó˚ §Ó˚îñ ~Ó˚ §yÙƒyÓfiÌyl ˆÌˆÏÜ˛ Ùy˛õy

§%!ÓôyçlÜ˛– ~Ü˛!ê˛ ˆòy°lÓ˚ï˛ §Ó˚° ˆòy° Ï̂Ü˛Ó˚ §Ù Ï̂Î˚Ó˚ x Į̈̂ õ«˛Ü˛

Ó˚)ˆÏ˛õ í˛z°ˆÏ¡∫Ó˚ §yˆÏÌ xylï˛ ˆÜ˛yîˆÏÜ˛ §Ó˚îÓ˚)˛õ# ã˛°Ó˚y!¢ !•ˆÏ§ˆÏÓ

!Ó Ï̂Óã˛ly Ü˛Ó˚y ̂ Î Ï̂ï˛ ̨õy Ï̂Ó˚ [14.2(b) lÇ !ã˛e ̂ òá]– §Ó˚î Ï̂Ü˛ §Ó§ÙÎ˚

!ã˛e 14.2(a) ı ~Ü˛!ê˛ ÓœÜ˛ !fl±Ç ~Ó˚ ~Ü˛≤ÃyˆÏhs˝Ó˚ §ˆÏAà Î%=˛ ~ÓÇ

x˛õÓ˚≤Ãyhs˝ ò,ì˛¸ ˆòGÎ˚yˆÏ°Ó˚ §ˆÏAà Î%=˛– ÓœÜ˛!ê˛ Ù§,î ï˛°
ÓÓ˚yÓÓ˚ à!ï˛¢#°– ˆòGÎ˚y° ˆÌˆÏÜ˛ ò)Ó˚c Óy §Ó˚î x  ~Ó˚
§y•yˆÏÎƒ ÓœˆÏÜ˛Ó˚ à!ï˛ Óî≈ly Ü˛Ó˚y ÎyÎ˚–

ˆÜ˛Ó° xÓfiÌyˆÏlÓ˚ ˛õ!Ó˚ˆÏ≤Ã!«˛ˆÏï˛•z !ÓˆÏÓ!ã˛ï˛ Ü˛Ó˚y •Î˚ ly– §Ó˚î

ã˛°Ó˚y!¢!ê˛ !Ó!Ë˛ß¨ Ó˚Ü˛ˆÏÙÓ˚ •ˆÏï˛ ˛õyˆÏÓ˚– ôyÓ˚ˆÏÜ˛Ó˚ ò%ÈüÈ≤ÃyˆÏhs˝Ó˚ !ÓË˛Ó

!Ü˛ÇÓy AC Óï≈˛l#ˆÏï˛ §ÙˆÏÎ˚Ó˚ §yˆÏÌ !ÓË˛ˆÏÓÓ˚ ˛õ!Ó˚Óï≈˛lG §Ó˚î

ã˛°Ó˚y!¢ˆÏÜ˛ ˆÓyV˛yÎ˚– ~Ü˛•zË˛yˆÏÓ ¢∑ï˛Ó˚ˆÏAàÓ˚ §M˛y°ˆÏl §ÙˆÏÎ˚Ó˚

§yˆÏÌ ã˛yˆÏ˛õÓ˚ ˛õ!Ó˚Óï≈˛lñ xyˆÏ°yÜ˛ ï˛Ó˚ˆÏAà ï˛!í˛¸ÍˆÏ«˛e ~ÓÇ

ˆã˛Ô¡∫Ü˛ˆÏ«˛ˆÏeÓ˚ ˛õ!Ó˚Óï≈˛là%ˆÏ°y xlƒÓ˚)ˆÏ˛õ §Ó˚ˆÏîÓ˚ í˛zòy•Ó˚î– §Ó˚î

ã˛°Ó˚y!¢Ó˚ Ùyl ôlydÜ˛ Óy }îydÜ˛ ôÓ˚y ÎyÎ˚– ˆòy° Ï̂lÓ˚ ˛õÓ˚#«˛yÎ˚

!Ó!Ë˛ß¨ §ÙˆÏÎ˚Ó˚ çlƒ §Ó˚î ˛õ!Ó˚Ùy˛õ Ü˛Ó˚y •Î˚–

§Ó˚îˆÏÜ˛ §ÙˆÏÎ˚Ó˚ ày!î!ï˛Ü˛ xˆÏ˛õ«˛Ü˛Ó˚)ˆÏ˛õ ≤ÃÜ˛y¢ Ü˛Ó˚y ÎyÎ˚–

˛õÎ≈yÎ˚Ó,_ à!ï˛Ó˚ ˆ«˛ˆÏe ~•z xˆÏ˛õ«˛Ü˛ §ÙˆÏÎ˚Ó˚ §yˆÏÌ ˛õÎ≈yÎ˚Ü ˛ˆÏÙ

˛õ!Ó˚Ó!ï≈˛ï˛ •Î˚– §Óã˛y•zˆÏï˛ §Ó˚°ï˛Ù ˛õÎ≈yÎ˚Ü ˛!ÙÜ˛ xˆÏ˛õ«˛Ü˛ •° ÈüüüÈ

    f (t) = A cos ωt                           (14.3a)

Î!ò ~•z xˆÏ˛õ«˛ˆÏÜ˛Ó˚ ˆÜ˛yîyAÜ˛ åargumentäñ ωt ˆÜ˛  2π

ˆÓ˚!í˛Î˚y Ï̂lÓ˚ xá[˛ à%!îï˛ Ï̂Ü˛ Ó,!Âô Ü˛Ó˚y •Î˚ñ ï˛ Ï̂Ó x Į̈̂ õ«˛ Ï̂Ü˛Ó˚ Ùyl

!ã˛e 14.2(b) ı ~Ü˛!ê˛ ˆòy°lÓ˚ï˛ §Ó˚° ˆòy°Ü˛ó ~Ó˚ à!ï˛ í˛zÕ‘ˆÏ¡∫Ó˚

§yˆÏÌ ˆÜ˛Ô!îÜ˛ §Ó˚î θ ~Ó˚ §yˆÏ˛õˆÏ«˛ Óî≈ly Ü˛Ó˚y ÎyÎ˚–
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x˛õ!Ó˚Ó!ï≈˛ï˛ÌyˆÏÜ˛–  f (t ) ï˛ál ˛õÎ≈yÎ˚Ó,_ x Į̈̂ õ«˛Ü˛ • Ï̂Ó ~ÓÇ  T

•ˆÏÓ !l¡¨Ó)̨̊ õñ

    T = 
2π

ω

    (14.3b)

Ê˛ˆÏ°  f (t) •° ˛õÎ≈yÎ˚Ó,_ x Į̈̂ õ«˛Ü˛ ÎyÓ˚ ˛õÎ≈yÎ˚Ü˛y°  T,

f (t) = f (t+T )

Î!ò xyÙÓ˚y ~Ü˛!ê˛ sine xˆÏ˛õ«˛Ü˛  f (t ) = A sin ωt  !Ó Ï̂Óã˛ly

Ü˛!Ó˚ñ ï˛ˆÏÓ ˆ§ˆÏ«˛ˆÏeG í˛z˛õˆÏÓ˚Ó˚ §¡õÜ≈˛!ê˛ xÓ¢ƒ•z §!ï˛ƒ •ˆÏÓ–

 xyÓyÓ˚      f (t)  =  A sin ωt + B cos ωt                 (14.3c)

~Ó˚ lƒ yÎ˚ sine ~ÓÇ cosine x Į̈̂ õ«˛ Ï̂Ü˛Ó˚ ˜Ó˚!áÜ˛ §ÓÓyÎ˚ G ~Ü˛•z

T  ˛õÎ≈yÎ˚Ü˛y Ï̂°Ó˚ ˛õÎ≈yÎ˚Ó,_ x Į̈̂ õ«˛Ü˛ • Ï̂Ó–

ô!Ó˚ñ A = D cos φ  ~ÓÇ  B = D sin φ

∴ (14.3c)  §Ù#Ü˛Ó˚î Ï̂Ü˛ ˆ°áy ÎyÎ˚

f (t) = D sin (ωt + φ ) ,                        (14.3d)

~ Ï̂«˛ Ï̂e  D ~ÓÇ φ  •° ô %ÓÜ˛ ˆÎáy Ï̂l

D A B= +2 2 ~ÓÇ φ = tan
− 








1 B

A

Ê ̨ y™ à!îï˛K˛ !çl‰ Óƒy˛õê˛y•z§ê‰̨  ̂ çy Ï̂§Ê‰̨  Ê%̨ !Ó̊Î̊yÓ̊ åJean Baptiste

Joseph Fourier 1768–1830) ÓˆÏ°lñ ÚÚˆÎÈüÈˆÜ˛yl ˛õÎ≈yÎ˚Ó,_

x Į̈̂ õ«˛Ü˛ Ï̂Ü˛ !Ë˛ß¨ ˛õÎ≈yÎ˚Ü˛y Ï̂°Ó˚ ~ÓÇ í z̨̨ õÎ%=˛ §•àÎ%=˛  sine ~ÓÇ

cosine xˆÏ˛õ«˛ˆÏÜ˛Ó˚ í˛z˛õ!Ó˚ ˛õyï˛lÓ˚)ˆÏ˛õ ≤ÃÜ˛y¢ Ü˛Ó˚y ÎyÎ˚–ÛÛ ~•z

í˛zˆÏÕ‘áˆÏÎyàƒ ≤ÃÙy!îï˛ Ê˛°yÊ˛ˆÏ°Ó˚ !Ë˛!_ˆÏï˛ Ó°y ÎyÎ˚ sine ~ÓÇ

cosine ˛õÎ≈yÎ˚Ó,_ x Į̈̂ õ«˛Ü˛ !Ó Ï̂¢£Ï à%Ó%̊c˛õ)î≈–

u í z̨òy•Ó̊î 14.2   l# Ï̂ã˛Ó̊ §Ù Ï̂Î̊Ó̊ ̂ Ü˛yl x Į̈̂ õ«˛Ü˛!ê˛  (a) ̨õÎ≈yÎ̊Ó,_

~ÓÇ (b) x˛õÎ≈yÎ˚Ó,_ à!ï˛ˆÏÜ˛ ≤ÃÜ˛y¢ Ü˛ˆÏÓ˚⁄ ≤Ã!ï˛!ê˛ ˛õÎ≈yÎ˚Ó,_

à!ï˛Ó˚ ˛õÎ≈yÎ˚Ü˛y° í ẑ̨ ÏÕ‘á Ü˛Ó˚– [ω •° ˆÜ˛yl ôlydÜ˛ ô %ÓÜ˛].
(i) sin ωt + cos ωt

(ii) sin ωt + cos 2 ωt + sin 4 ωt

(iii) e–ωt

(iv) log (ωt)

í z̨_Ó˚ ı

(i) sin ωt + cos ωt •° ~Ü˛!ê˛ ̨õÎ≈yÎ˚Ó,_ x Į̈̂ õ«˛Ü˛– ~ Ï̂Ü˛ xyÓyÓ˚

ˆ°áy ÎyÎ˚  2  sin (ωt + π/4).

~ál 2  sin (ωt + π/4)= 2  sin (ωt + π/4+2π)

       = 2  sin [ω (t + 2π/ω) + π/4]

xˆÏ˛õ«˛Ü˛!ê˛Ó˚ ̨õÎ≈yÎ˚Ü˛y° •°  2π/ω.

(ii) ~!ê˛ ~Ü˛!ê˛ ˛õÎ≈yÎ˚Ó,_ à!ï˛Ó˚ í˛zòy•Ó˚î– °«˛ Ü˛Ó˚ ˆÎ ≤Ã!ï˛!ê˛

˛õò ~Ü˛ ~Ü˛!ê˛ !Ë˛ß¨ ̂ Ü˛Ô!îÜ˛ Ü˛¡õyˆÏÜ˛Ó˚ ̨ õÎ≈yÎ˚Ó,_ xˆÏ˛õ«˛Ü˛–

ˆÎˆÏ•ï%˛ ˛õÎ≈yÎ˚Ü˛y° •° l)ƒlï˛Ù §ÙÎ˚Ü˛y°ñ ˆÎ §ÙÎ˚ ˛õÓ˚

xˆÏ˛õ«˛Ü˛!ê˛Ó˚ Ùyl ˛õ%lÓ˚yÓ,_ •Î˚ñ ï˛y•z  sin ωt ~Ó˚̊ ˛õÎ≈yÎ˚Ü˛y°

T
0
= 2π/ω ; cos 2 ωt ~Ó˚ ̨õÎ≈yÎ˚Ü˛y°  π/ω =T

0 
/ 2ó ~ÓÇ sin

4 ωt x Į̈̂ õ«˛ Ï̂Ü˛Ó˚ ˛õÎ≈yÎ˚Ü˛y°  2π/4ω = T
0
/4 – ≤ÃÌÙ ˛õ Ï̂òÓ˚

˛õÎ≈yÎ˚Ü˛y°ñ ˆ¢£Ï ò%!ê˛ ˛õˆÏòÓ˚ ˛õÎ≈yÎ˚Ü˛yˆÏ°Ó˚ à%!îï˛Ü˛– §%ï˛Ó˚yÇ

l)ƒlï˛Ù T
0
 §ÙÎ˚ ˛õÓ˚ !ï˛l!ê˛ ˛õˆÏòÓ˚ §Ùß∫ˆÏÎ˚ §,T˛ ˛õÎ≈yÎ˚Ó,_

à!ï˛Ó˚ ˛õ%lÓ˚yÓ,!_ •ˆÏÓ– ï˛y•z °!kô xˆÏ˛õ«˛Ü˛!ê˛ ~Ü˛!ê˛ 2π/ω

˛õÎ≈yÎ˚Ü˛y Ï̂°Ó˚ ˛õÎ≈yÎ˚Ó,_ x Į̈̂ õ«˛Ü˛–

(iii) e–ωt  xˆÏ˛õ«˛Ü˛ ˛õÎ≈yÎ˚Ó,_ xˆÏ˛õ«˛Ü˛ lÎ˚– ~!ê˛ §ÙÎ˚ Óyí˛¸yÓ˚

§y Ï̂Ì §y Ï̂Ì á%Ó Ü˛Ù •…y§ ˛õyÎ˚ ~ÓÇ t → ∞ •ˆÏ° xˆÏ˛õ«˛Ü˛!ê˛

¢)̂ ÏlƒÓ˚ !lÜ˛ê˛Óï˛#≈ •Î˚– Ê˛ˆÏ° ï˛yÓ˚ ÙyˆÏlÓ˚ Ü˛álG ˛õ%lÓ˚yÓ,!_

•Î˚ ly–

(iv) log(ωt) xˆÏ˛õ«˛Ü˛ §ÙˆÏÎ˚Ó˚ §yˆÏÌ á%Ó Ü˛Ù Ó,!Âô ˛õyÎ˚ñ ï˛y•z

Ü˛álG ~Ó˚ ÙyˆÏlÓ˚ ˛õ%lÓ˚yÓ,!_ •Î˚ ly– ~ÓÇ ~!ê˛ ~Ü˛!ê˛

x˛õÎ≈yÎ˚Ó,_ x Į̈̂ õ«˛Ü˛– °«˛ Ü˛Ó˚ t → ∞ • Ï̂° log(ωt) ~Ó˚

Ùyl Ó,!Âô ̂ ˛õˆÏÎ˚ ∞ ~Ó˚ x!Ë˛Ù%á# •ˆÏÓñ§%ï˛Ó˚yÇ ~!ê˛ ̂ Ü˛yˆÏlyÓ)̨̊ õ

§Ó˚î Ï̂Ü˛ ≤ÃÜ˛y¢ Ü˛ Ï̂Ó˚ ly–               ⊳

14.3 §Ó˚° ̂ òy°à!ï˛ åSimple harmonic motionä

14.3 lÇ !ã˛ Ï̂eÓ˚ lƒyÎ˚ Ù Ï̂l Ü˛Ó˚ ~Ü˛!ê˛ Ü˛îy x- x«˛ ÓÓ˚yÓÓ˚ Ù)°!Ó®%Ó˚

§yˆÏ˛õˆÏ«˛ +A ~ÓÇ –A §#ÙyÓ˚ ÙˆÏôƒ xyˆÏà !˛õˆÏSÈ ò%°ˆÏSÈ– ~•z

!ã˛e ı14.3 ~Ü˛!ê˛ Ü˛îy x- x«˛ ÓÓ˚yÓÓ˚ Ù)°!Ó®%Ó˚ §yˆÏ˛õˆÏ«˛ +A ~ÓÇ

–A §#ÙyÓ˚ ÙˆÏôƒ xyˆÏà !˛õˆÏSÈ ò%°ˆÏSÈ–

ˆòy°à!ï˛ˆÏÜ˛ §Ó˚°ˆÏòy°à!ï˛ Ó°y •ˆÏÓ Î!ò Ù)°!Ó®% ˆÌˆÏÜ˛ Ü˛îyÓ˚

§Ó˚î  xñ §ÙˆÏÎ˚Ó˚ §yˆÏÌ !lß√Ó)̊̂ Ï˛õ ˛õ!Ó˚Ó!ï≈˛ï˛ •Î˚ ı
x (t) = A cos (ω t + φ ) (14.4)

ˆÎáy Ï̂l  A, ω  ~ÓÇ  φ  •° ô %ÓÜ˛–

14.4 lÇ !ã˛ Ï̂e §Ó˚° ˆòy°à!ï˛Ó˚G ˆÜ˛y Ï̂ly Ü˛îyÓ˚ !Ó!Ë˛ß¨ ˛õ,ÌÜ˛

˛õ,ÌÜ˛ §ÙˆÏÎ˚ xÓfiÌyl ˆòáyˆÏly •ˆÏÎ˚ˆÏSÈñ ≤Ã!ï˛!ê˛ §ÙÎ˚ ÓƒÓôyl T/4,

ˆÎáy Ï̂l T  •° à!ï˛Ó˚ ˛õÎ≈yÎ˚Ü˛y°– 14.5 lÇ !ã˛ˆÏe t ÓlyÙ x ~Ó˚
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ˆ°á!ã˛e xAÜ˛l Ü˛Ó̊y • Ï̂Î̊ Ï̂SÈ Îy ̂ Ì Ï̂Ü˛ §Ù Ï̂Î̊Ó̊ !lÓ̊Ó!FSÈß̈ x Į̈̂õ«˛Ü˛ Ó̊)̂ Į̈ õ

§Ó̊ Ï̂îÓ̊ Ùyl ˛õyGÎ̊y ÎyÎ̊– 14.6 lÇ !ã˛̂ Ïe §Ç Ï̂«˛̂ Į̈ õ A, ω ~ÓÇ φ  ~Ó̊

§%!l!ò≈T˛ ≤ÃÙyî lyÙà%̂ Ï°y ˆòGÎ̊y •° ÎyÓ̊y §Ó̊° ˆòy°à!ï˛Ó̊ ˜Ó!¢T˛ƒ Ï̂Ü˛

≤ÃÜ˛y¢ Ü˛̂ ÏÓ̊– ã˛° xyÙÓ̊y ~•z Ó̊y!¢à%̂ Ï°y Ó%V˛̂ Ïï˛ ˆã˛T˛y Ü˛!Ó̊–

§Ó˚° ˆòy°à!ï˛Ó˚ !ÓhflÏyÓ˚  A •° ˆÜ˛yl Ü˛îyÓ˚ § Ï̂Ó≈yFã˛ §Ó˚̂ ÏîÓ˚

Ùyl– å°«˛î#Î˚ ˆÎñ A ˆÜ˛ §yôyÓ˚îï˛ ôlydÜ˛ ôÓ˚y ÎyÎ˚ä– ˆÎ Ï̂•ï%̨

§Ù Ï̂Î˚Ó˚ cosine xˆÏ˛õ«˛Ü˛ +1 ˆÌ Ï̂Ü˛ –1 ~Ó˚ ÙˆÏôƒ ˛õ!Ó˚Ó!ï≈˛ï˛ •Î˚ñ

ï˛y•z §Ó̊î  A ~ÓÇ – A ~Ó̊ Ù Ï̂ôƒ ̨õ!Ó̊Ó!ï≈̨ ï˛ •Î̊– ò%!ê˛ §Ó̊° ̂ òy°à!ï˛Ó̊

ω ~ÓÇ φ ~Ü˛•z !Ü˛v !Ó!Ë˛ß¨ !ÓhflÏyÓ˚  A ~ÓÇ B • Ï̂ï˛ ̨õy Ï̂Ó˚ å!ã˛e 14.7

(a) ~Ó˚ lƒyÎ˚ä–

!ã˛e ı 14.4 §ÙˆÏÎ˚Ó˚ ˛õ,ÌÜ˛ ˛õ,ÌÜ˛ Ùyl  t = 0, T/4, T/2, 3T/

4, T, 5T/4  ~Ó˚ ˆ«˛ˆÏe §Ó˚° ˆòy°à!ï˛ §¡õß¨ Ü˛îyÓ˚
xÓfiÌyl– ˆÎ §ÙÎ˚ ˛õÓ˚ à!ï˛Ó˚ ˛õ%lÓ˚yÓ,!_ •Î˚ ï˛y •° T–
≤ÃyÌ!ÙÜ˛ xÓfiÌyl (t = 0) ï%˛!Ù Îy•z !lÓ≈yã˛l Ü˛Ó˚ ly
ˆÜ˛lñ T ~Ó˚ Ùyl x˛õ!Ó˚Ó!ï≈˛ï˛ ÌyÜ˛ˆÏÓ– ¢)lƒ §Ó˚ˆÏîÓ˚
(x = 0) ˆ«˛ˆÏe o%!ï˛ §ˆÏÓ≈yFã˛ ~ÓÇ à!ï˛Ó˚ ≤Ãyhs˝ !Ó®%ˆÏï˛
¢)lƒ •Î˚–

!ã˛e ı 14.5 §Ó˚° ̂ òy°à!ï˛Ó˚ ̂ «˛ Ï̂e §Ó˚î •° §Ù Ï̂Î˚Ó˚ !lÓ˚Ó!FSÈß¨ x Į̈̂ õ«˛Ü˛–

!ã˛e ı 14.7 (b) 14.4 lÇ §Ù#Ü˛Ó˚î ˆÌˆÏÜ˛ ˆ°á xAÜ˛l– 3 lÇ ~ÓÇ 4

lÇ ˆ°á ÎÌyÜ ˛ˆÏÙ φ = 0 ~ÓÇ −π/4 ~Ó˚ çlƒ– í˛zË˛Î˚
ˆ°á ~Ó˚ ˆ«˛ˆÏe !ÓhflÏyÓ˚ A ~Ü˛•z–

!ã˛e ı 14.7 (a) 14.4 lÇ §Ù#Ü˛Ó̊î ̂ Ì Ï̂Ü˛ φ = 0 ô Ï̂Ó̊ §Ù Ï̂Î̊Ó̊ x Į̈̂õ«˛Ü˛Ó̊)̂ Į̈ õ

§Ó̊î–1 lÇ ~ÓÇ 2 lÇ •° ò%!ê˛ !Ë˛ß̈ !ÓhflÏyÓ̊ A ~ÓÇ B
Ùyl §¡õß̈ §Ó̊°  ˆòy°à!ï˛Ó˚ ˆ°á!ã˛e–

x (t) : §ÙÎ˚ t ~Ó˚ §y Į̈̂ õ Ï̂«˛ §Ó˚î åxä x Į̈̂ õ«˛Ü˛

A : !ÓhflÏyÓ˚

ω : ˆÜ˛Ô!îÜ˛ Ü˛¡õyAÜ˛

ωt + φ : ò¢y å§ÙÎ˚ ÈüÈ !lË≈̨ Ó˚ä

φ : ≤ÃyÌ!ÙÜ˛ ò¢y

!ã˛e ı 14.6  §%!l!ò≈T˛ ≤ÃÙyî !ã˛•´à%̂ Ï°yÓ˚ lyÙ å14.4 lÇ §Ù#Ü˛Ó˚̂ Ïîä

Îál !l!ò≈T˛ §Ó˚° ̂ òy°à!ï˛Ó˚ ̂ «˛ Ï̂e A ô %ÓÜ˛ •Î˚ ï˛ál ̂ Ü˛yl t

§Ù Ï̂Î˚ Ü˛îyÓ˚ àï˛#Î˚ xÓfiÌy åxÓfiÌyl ~ÓÇ ̂ Óàä !lî≈#ï˛ •Î˚ cosine

x Į̈̂ õ«˛ Ï̂Ü˛Ó˚ argument xÌ≈yÍ ˆÜ˛yîyAÜ˛ (ωt + φ) myÓ˚y– ~•z §ÙÎ˚

!lË≈̨ Ó˚ Ó˚y!¢  (ωt + φ) ˆÜ˛ à!ï˛Ó˚ ò¢y å phaseä Ó°y •Î˚–  t = 0

§ÙˆÏÎ˚ ò¢yÓ˚ Ùyl •°  φ  ~ÓÇ ~ Ï̂Ü˛ ≤ÃyÌ!ÙÜ˛ ò¢y åÓy ò¢y Ï̂Ü˛yîä

Ó Ï̂°– Î!ò !ÓhflÏyÓ˚ çyly Ìy Ï̂Ü˛ ï˛ Ï̂Ó t = 0 §Ù Ï̂Î˚ §Ó˚î ̂ Ì Ï̂Ü˛ φ  !lî≈Î˚

Ü˛Ó˚y Îy Ï̂Ó– 14.7 (b) !ã˛ Ï̂eÓ˚ Ù Ï̂ï˛y ò%!ê˛ §Ó˚° ˆòy°à!ï˛Ó˚ A ~ÓÇ ω

~Ü˛•z !Ü˛v !Ë˛ß¨ ò¢y ˆÜ˛yî φ  • Ï̂ï˛ ˛õy Ï̂Ó˚–
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xÓ Ï̂¢ Ï̂£Ï xyÙÓ˚y ˆòá Ï̂ï˛ ˛õy!Ó˚ ˆÎ ω Ó˚y!¢!ê˛ à!ï˛Ó˚ ˛õÎ≈yÎ˚Ü˛y°

T ~Ó˚ §ˆÏAà §¡õÜ≈˛Î%=˛– 14.4 lÇ §Ù#Ü˛Ó˚̂ Ïî φ = 0 ôˆÏÓ˚ §Ù#Ü˛Ó˚î!ê˛

§Ó˚°#Ü,˛ï˛ Ü˛ˆÏÓ˚ xyÙÓ˚y ˛õy•z

x(t ) = A cos ωt   (14.5)

ˆÎ Ï̂•ï%̨  à!ï˛Ó˚ ̨õÎ≈yÎ˚Ü˛y° T, x (t) ~Ó˚ Ùyl x (t + T ) ~Ó˚ §Ùyl • Ï̂Óñ

xÌ≈yÍñ A cos ωt = A cos ω (t + T )        (14.6)

~ál cosine x Į̈̂ õ«˛Ü˛ ̨õÎ≈yÎ˚Ó,_ ~ÓÇ ~Ó˚ ̨õÎ≈yÎ˚Ü˛y°  2π xÌ≈yÍ

Îál ˆÜ˛yîyAÜ˛  2π ˛õ!Ó˚Ùyî ˛õ!Ó˚Ó!ï≈˛ï˛ •ˆÏÓ ï˛ál ~!ê˛ ≤ÃÌÙÓyÓ˚

˛õ%lÓ˚yÓ,_ •ˆÏÓ– §%ï˛Ó˚yÇñ

ω (t + T ) = ωt + 2π

xÌ≈yÍ ω = 2π/ T (14.7)

ω ˆÜ˛ §Ó˚° ˆòy°à!ï˛Ó˚ ˆÜ˛Ô!îÜ˛ Ü˛¡õyAÜ˛ Ó Ï̂°– ~Ó˚ S.I. ~Ü˛Ü˛

•° ˆÓ˚!í˛Î˚yl ‡ ˆ§ˆÏÜ˛u˛– ˆÎˆÏ•ï%˛ Ü˛¡õˆÏlÓ˚ Ü˛¡õyAÜ˛ •°  1/T,

ï˛y•z ω •° Ü˛¡õyˆÏAÜ˛Ó˚ 2π à%î– 14.8 lÇ !ã˛ˆÏeÓ˚ lƒyÎ˚ §Ó˚°

ˆòy°à!ï˛Ó˚ A ~ÓÇ  φ, ~Ü˛•z !Ü˛v  ω !Ë˛ß¨ •ˆÏï˛ ̨õyˆÏÓ˚– ~ˆÏ«˛ˆÏe  (b)

ˆ°á!ã˛ˆÏeÓ˚ ˛õÎ≈yÎ˚Ü˛y° G Ü˛¡õyAÜ˛ñ (a) ˆ°á!ã˛ Ï̂eÓ˚ ˛õÎ≈yÎ˚Ü˛y° G

Ü˛¡õy Ï̂AÜ˛Ó˚ ÎÌyÜ ̨ Ï̂Ù x Ï̂ô≈Ü˛ G !mà%î • Ï̂Ó–

~•z xˆÏ˛õ«˛Ü˛ ~Ü˛!ê˛ §Ó˚° ˆòy°à!ï˛ˆÏÜ˛ ≤ÃÜ˛y¢ Ü˛ˆÏÓ˚ ÎyÓ˚

˛õÎ≈yÎ˚Ü˛y°  T = 2π/ω  ~ÓÇ ò¢y Ï̂Ü˛yî (–π/4) Óy (7π/4)

(b)sin2 ωt

= ½ – ½ cos 2 ωt

xˆÏ˛õ«˛Ü˛!ê˛ ˛õÎ≈yÎ˚ Ó,_yÜ˛yÓ˚ ÎyÓ˚ ˛õÎ≈yÎ˚Ü˛y°  T = π/ω ~!ê˛G

~Ü˛!ê˛ ̂ òy°à!ï˛ Ï̂Ü˛ ≤ÃÜ˛y¢ Ü˛ Ï̂Ó˚ ÎyÓ˚ §yÙƒ!Ó®% ¢)̂ ÏlƒÓ˚ ̨õ!Ó˚Ó Ï̂ï≈̨

½ •Î˚–                    ⊳

14.4  §Ó˚° ˆòy°à!ï˛ ~ÓÇ §ÙÓ,_#Î˚ à!ï˛ åSimple harmonic

motion and uniform circular motionä

~•z xÇ Ï̂¢ xyÙÓ˚y ˆòáÓ ˆÎ Ó,̂ Ï_Ó˚ Óƒy Ï̂§Ó˚ í z̨̨ õÓ˚ °¡∫ x!Ë˛ Ï̂«˛˛õ

~Ü˛!ê˛ §Ó˚° ˆòy°à!ï˛ xl%§Ó˚î Ü˛ˆÏÓ˚– ~Ü˛!ê˛ §•ç ˛õÓ˚#«˛yÓ˚ å!ã˛e

14.9ä §y•y Ï̂Îƒ ~!ê˛ Ü˛“ly Ü˛Ó˚̂ Ïï˛ xyÙy Ï̂òÓ˚̂ ÏÜ˛ §y•yÎƒ Ü˛Ó˚̂ ÏÓ– ~Ü˛!ê˛

§%ˆÏï˛yÓ˚ ~Ü˛ ≤ÃyˆÏhs˝ ~Ü˛!ê˛ Ó° ˆÓÑˆÏô ~ÓÇ ~ˆÏÜ˛ xl%Ë)˛!ÙÜ˛ ï˛ˆÏ°

~Ü˛!ê˛ !fiÌÓ˚ !Ó®%Ó˚ §y Į̈̂ õ Ï̂«˛ !fiÌÓ˚ ˆÜ˛Ô!îÜ˛ o%!ï˛ Ï̂ï˛ â%Ó˚yG– Ó°!ê˛

ï˛ál xl%Ë)̨ !ÙÜ˛ ï˛ Ï̂° Ó,_#Î˚ à!ï˛§¡õß¨ Ü˛Ó˚̂ ÏÓ– àï˛#Î˚ ï˛ Ï̂° ̂ ï˛yÙyÓ˚

ò,!T˛ ˆÓ˚̂ Ïá ˛õy¢ ˆÌ Ï̂Ü˛ Óy §yÙ Ï̂l ˆÌ Ï̂Ü˛ Ó°!ê˛ Ï̂Ü˛ °«˛ƒ Ü˛Ó˚– Ó°!ê˛

~Ü˛!ê˛ xl%Ë)̨ !ÙÜ˛ ˆÓ˚áy ÓÓ˚yÓÓ˚ â)î≈l !Ó®% åpoint of rotationäˆÜ˛

§yÙƒyÓfiÌyl ôˆÏÓ˚ x@˝ÃÈüÈ˛õŸã˛yò à!ï˛§¡õß¨ Ü˛Ó˚ˆÏSÈ ÓˆÏ° ÙˆÏl •ˆÏÓ–

ï%˛!Ù xlƒË˛yˆÏÓ Ó,_ï˛ˆÏ°Ó˚ x!Ë˛°ˆÏ¡∫ fiÌy!˛õï˛ ˆòGÎ˚yˆÏ° ÓˆÏ°Ó˚ SÈyÎ˚y

°«˛ Ü˛Ó˚̂ Ïï˛ ˛õyÓ˚– ~ Ï̂«˛ Ï̂e ò,!T˛Ó˚ x!Ë˛Ù%̂ ÏáÓ˚ § Ï̂Aà °¡∫ x!Ë˛Ù%̂ Ïá

Ó,̂ Ï_Ó˚ Óƒy§ ÓÓ˚yÓÓ˚ Ó Ï̂°Ó˚ à!ï˛ xyÙÓ˚y °«˛ Ü˛Ó˚!SÈ–

!ã˛e ı 14.9 ˆÜ˛yˆÏly ï˛ˆÏ° ~Ü˛ ˛õy¢ ˆÌˆÏÜ˛ ˆòáˆÏ° ~Ü˛!ê˛ ÓˆÏ°Ó˚ Ó,_à!ï˛

~Ü˛!ê˛ §Ó˚° ˆòy°à!ï˛–

!ã˛e ı 14.8   ò%!ê˛ !Ë˛ß¨ ˛õÎ≈yÎ˚Ü˛yˆÏ° φ  = 0 ~Ó˚ çlƒ (14.4) §Ù#Ü˛Ó˚ˆÏîÓ˚

ˆ°á!ã˛e–

u í˛zòy•Ó˚î ı 14.3  !l Ï̂ã˛Ó˚ §Ù Ï̂Î˚Ó˚ ˆÜ˛yl x Į̈̂ õ«˛Ü˛ (a) §Ó˚°

ˆòy°à!ï˛ ~ÓÇ (b) ˛õÎ≈yÎ˚Ó,_ à!ï˛ !Ü˛v §Ó˚° ˆòy°à!ï˛ lÎ˚

ÈüüüÈ ≤ÃÜ˛y¢ Ü˛Ó˚ˆÏSÈ⁄ ≤Ã!ï˛ˆÏ«˛ˆÏe ˛õÎ≈yÎ˚Ü˛y° Ü˛ï˛ •ˆÏÓ⁄
(1) sin ωt – cos ωt

(2) sin2 ωt

í z̨_Ó˚ ı
(a) sin ωt – cos ωt

= sin ωt – sin (π/2 – ωt)

= 2 cos (π/4)  sin (ωt – π/4)

= √2 sin (ωt – π/4)

14.10 lÇ !ã˛ˆÏe ~Ü˛•z xÓfiÌy ày!î!ï˛Ü˛Ë˛yˆÏÓ Óî≈ly Ü˛Ó˚y •°–

ôÓ˚ ~Ü˛!ê˛ Ü˛îy  P §%£ÏÙË˛yˆÏÓ  A Óƒy§y Ï̂ô≈Ó˚ Ó,_ ÓÓ˚yÓÓ˚ ω ˆÜ˛Ô!îÜ˛

ˆÓˆÏà â!í˛¸Ó˚ Ü˛yê˛yÓ˚ !Ó˛õÓ˚#ï˛!òˆÏÜ˛ â%Ó˚ˆÏSÈ– Ü˛îyÓ˚ ≤ÃyÌ!ÙÜ˛ xÓfiÌyl

ˆË˛QÓ˚ xÌ≈yÍ t = 0 §Ù Ï̂Î˚  OP  ˆË˛QÓ˚  x x Ï̂«˛˛Ó˚ ôlydÜ˛ !ò Ï̂Ü˛Ó˚

§ Ï̂Aà φ  ˆÜ˛yî §,!T˛ Ü˛ Ï̂Ó˚–  t §ÙˆÏÎ˚ ~!ê˛ xyÓ˚G ωt ˛õ!Ó˚Ùyî ˆÜ˛y Ï̂î

~!à Ï̂Î˚ ˆà Ï̂° ~Ó˚ xÓfiÌyl ˆË˛QÓ˚ x x Ï̂«˛Ó˚ ôlydÜ˛ !ò Ï̂Ü˛Ó˚ § Ï̂Aà
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ωt + φ  ˆÜ˛yî §,!T˛ Ü˛ Ï̂Ó˚– ~Ó˚̨ õÓ˚ x-x Ï̂«˛Ó˚ í z̨̨ õÓ˚ OP xÓfiÌyl

ˆË˛QˆÏÓ˚Ó˚ x!Ë˛ˆÏ«˛˛õ  OP′ !Ó Ï̂Óã˛ly Ü˛!Ó˚– P Ü˛îy Ó,_ ÓÓ˚yÓÓ˚ ̂ âyÓ˚yÓ˚

§y Ï̂Ì §y Ï̂Ì x x Ï̂«˛Ó˚ í z̨̨ õÓ˚  P′ ~Ó˚ xÓfiÌyl l#ˆÏã˛Ó˚ §Ù#Ü˛Ó˚î myÓ˚y

≤ÃÜ˛y!¢ï˛–

x(t ) =  A cos (ωt + φ )

Îy §Ó˚° ˆòy°à!ï˛Ó˚ §Ù#Ü˛Ó˚î !lˆÏò≈¢ Ü˛ˆÏÓ˚– ~ˆÏÌˆÏÜ˛ ˆÓyV˛y ÎyÎ˚

ˆÎñ Î!ò P ~Ü˛!ê˛ Ó,_ ÓÓ˚yÓÓ˚ §%£ÏÙ à!ï˛ˆÏï˛ à!ï˛¢#° •Î˚ñ ï˛ˆÏÓ

Ó,̂ Ï_Ó˚ Óƒy Ï̂§Ó˚ í z̨̨ õÓ˚ ~Ó˚ x!Ë˛ Ï̂«˛˛õ P′ §Ó˚° ̂ òy°à!ï˛ §¡õß¨ Ü˛ Ï̂Ó˚–

P Ü˛îy ~ÓÇ ~!ê˛ ̂ Î Ó,_ ÓÓ˚yÓÓ˚ à!ï˛¢#° •Î˚ ï˛y Ï̂òÓ˚ Ü˛á Ï̂ly Ü˛á Ï̂ly

ÎÌyÜ ̨ Ï̂Ù !l Ï̂ò≈¢Ü˛ Ü˛îy ~ÓÇ !l Ï̂ò≈¢Ü˛ Ó,_ Ó°y •Î˚–

xyÙÓ˚y à!ï˛¢#° P Ü˛îyÓ˚ ˆÎ ˆÜ˛yl Óƒy§ ÓÓ˚yÓÓ˚ñ ôÓ˚  y- x«˛

ÓÓ˚yÓÓ˚ x!Ë˛ˆÏ«˛˛õ  !lˆÏï˛ ˛õy!Ó˚– ~ˆÏ«˛ˆÏe P′ ~Ó˚ y x«˛ ÓÓ˚yÓÓ˚

§Ó˚î  y (t) !l¡¨!°!áï˛ §Ù#Ü˛Ó˚î myÓ˚y ≤ÃÜ˛y!¢ï˛

y = A sin (ωt + φ )

~!ê˛G ~Ü˛!ê˛ §Ó˚° ̂ òy°à!ï˛ Îy x-x Ï̂«˛Ó˚ í z̨̨ õÓ˚ x!Ë˛ Ï̂«˛ Į̈̂ õÓ˚ ̂ «˛ Ï̂e

Îy !ÓhflÏyÓ˚ !SÈ° ï˛yÓ˚ §Ùyl !Ü˛v π/2 ò¢y ˛õyÌ≈Ü˛ƒÎ%=˛–

Ó,_#Î̊ à!ï˛ ~ÓÇ §Ó̊° ˆòy°à!ï˛Ó̊ Ù Ï̂ôƒ í z̨=˛ §¡õÜ≈̨  ÌyÜ˛y § Ï̂_¥G

˜Ó̊!áÜ˛ §Ó̊° ˆòy°à!ï˛Ó̊ ˆ«˛ Ï̂e Ü˛îyÓ̊ í z̨̨ õÓ̊ ≤ÃÎ%=˛ Ó°Ü˛îy Ï̂Ü˛ §%£ÏÙ

Ó,_˛õ Ï̂Ì à!ï˛¢#° Ó̊yá Ï̂ï˛ ≤Ã̂ ÏÎ̊yçl#Î̊ x!Ë˛ Ï̂Ü˛w Ó° ~Ó̊ ̂ Ì Ï̂Ü˛ xy°yòy–

u í z̨òy•Ó˚î ı  14.4   !ã˛e 14.10 ò%!ê˛ Ó,_#Î˚ à!ï˛ Ï̂Ü˛ Óî≈ly Ü˛ Ï̂Ó˚–

Ó,̂ Ï_Ó˚ Óƒy§yô≈ñ  â)î≈̂ ÏlÓ˚ ˛õÎ≈yÎ˚Ü˛y°ñ ≤ÃyÌ!ÙÜ˛ xÓfiÌyl ~ÓÇ

â)î≈ˆÏlÓ˚ x!Ë˛Ù%á !ã˛ˆÏe !lˆÏò≈¢ Ü˛Ó˚y xyˆÏSÈ– ≤Ã!ï˛ˆÏ«˛ˆÏe

â)î≈l¢#° p Ü˛îyÓ˚ xÓfiÌyl ˆË˛Q Ï̂Ó˚Ó˚ x- x!Ë˛ˆÏ«˛˛õ §Ó˚°

ˆòy°à!ï˛Ó˚ §Ù#Ü˛Ó˚î ≤Ã!ï˛¤˛y Ü˛ˆÏÓ˚–

í z̨_Ó˚ ı
(a) t = 0 §Ù Ï̂Î˚ OPñ x x Ï̂«˛Ó˚ ôlydÜ˛ !ò Ï̂Ü˛Ó˚ §!•ï˛ 45o = π/4

rad ˆÜ˛yî §,!T˛ Ü˛ Ï̂Ó˚– t §ÙÎ˚ ˛õÓ˚ ~!ê˛ â!í˛¸Ó˚ ÜÑ˛yê˛yÓ˚ !Ó˛õÓ˚#ï˛

!ò Ï̂Ü˛ 
2π

T
t  ˆÜ˛yî ˆây Ï̂Ó˚ ~ÓÇ x-xˆÏ«˛Ó˚ §!•ï˛ 

 

2
 + 

4

π π

T
t

ˆÜ˛yî §,!T˛ Ü˛ Ï̂Ó˚–

t §ÙˆÏÎ˚ x xˆÏ«˛Ó˚ í˛z˛õÓ˚  OP ~Ó˚ x!Ë˛ˆÏ«˛˛õ !l¡¨!°!áï˛

§Ù#Ü˛Ó˚î myÓ˚y ≤ÃÜ˛y¢ Ü˛Ó˚y ÎyÎ˚ñ

x (t) = A cos 
2

 + 
4

π π

T
t







T = 4 s ~Ó˚ çlƒñ

x(t) = A cos  
2

4
 + 

4

π π
t







~!ê˛ ~Ü˛!ê˛ A !ÓhflÏy Ï̂Ó˚Ó˚ §Ó˚° ˆòy°à!ï˛ ÎyÓ˚ ˛õÎ≈yÎ˚Ü˛y°  4 s,

~ÓÇ ≤ÃyÌ!ÙÜ˛ ò¢y * = 
π

4  
.

(b) ~ Ï̂«˛ Ï̂e t = 0 §Ù Ï̂Î˚ OPñ x x Ï̂«˛Ó˚ §!•ï˛  90o = 
π

2
 ˆÜ˛yî

* §yôyÓ˚î Ë˛yˆÏÓ ˆÜ˛yˆÏîÓ˚ ~Ü˛Ü˛ •° ˆÓ˚!í˛Î˚ylñ ã˛y˛õ ~ÓÇ Óƒy§yˆÏô≈Ó˚ xl%˛õyï˛ myÓ˚y §ÇK˛y!Î˚ï˛ •Î˚– ˆÜ˛yî •° ~Ü˛!ê˛ Ùyey•#l Ó˚y!¢– §%ï˛Ó˚yÇ Îál xyÙÓ˚y π
~Ó˚ à%!îï˛Ü˛ Óy à%!îï˛yÇ¢ ÓƒÓ•yÓ˚ Ü˛!Ó˚ ï˛ál ˆÓ˚!í˛Î˚yl ~Ü˛Ü˛ í˛zˆÏÕ‘á Ü˛Ó˚y §Ó≈òy !l‹±ˆÏÎ˚yçl– ˆÓ˚!í˛Î˚yl ~ÓÇ !í˛!@˝ÃÓ˚ ÙˆÏôƒ Ó˚)˛õyhs˝Ó˚ !Ùê˛yÓ˚ ~ÓÇ ˆ§!rê˛!Ùê˛yÓ˚
Óy Ùy•zˆÏ°Ó˚ ÙˆÏôƒ Ó˚)˛õyhs˝ˆÏÓ˚Ó˚ ÙˆÏï˛y lÎ˚– Î!ò ~Ü˛!ê˛ !eˆÏÜ˛yˆÏîy!Ù!ï˛ xˆÏ˛õ«˛ˆÏÜ˛Ó˚ ˆÜ˛ylyAÜ˛ ~Ü˛Ü˛ SÈyí˛¸y !ÓÓ,ï˛ •Î˚ ï˛ˆÏÓ Ó%V˛ˆÏï˛ •ˆÏÓ ˆÎ ~Ü˛Ü˛ •° ˆÓ˚!í˛Î˚yl–
x˛õÓ˚!òˆÏÜ˛ Î!ò ˆÜ˛yˆÏîÓ˚ ~Ü˛Ü˛ !•ˆÏ§ˆÏÓ !í˛!@˝Ã ÓƒÓ•yÓ˚ Ü˛Ó˚y •Î˚ ï˛ál ~ˆÏÜ˛ flõT˛Ë˛yˆÏÓ ≤Ãò!¢≈ï˛ Ü˛Ó˚y ≤ÃˆÏÎ˚yçl– ˆÎÙl sin(150) Ó°ˆÏï˛ ˆÓyV˛yÎ˚ 15

!í˛!@˝ÃÓ˚  sin !Ü˛v sine å15ä Ó°ˆÏï˛ ˆÓyV˛yÎ ̊15 ˆÓ˚!í˛Î˚yˆÏlÓ˚ sine– Ü˛yˆÏç•z xyÙÓ˚y ≤ÃyÎ˚•z ~Ü˛Ü˛ !•ˆÏ§ˆÏÓ‘rad’ Óyò ˆò•z ~ÓÇ Ó%V˛ˆÏï˛ •ˆÏÓ ˆÎ Îál
ˆÜ˛yîˆÏÜ˛ ~Ü˛Ü˛ SÈyí˛¸y ˆÜ˛yl §yÇ!áÜ˛ Ùyl myÓ˚y ≤ÃÜ˛y¢ Ü˛Ó˚y •Î˚ ï˛ál ~ˆÏÜ˛ ˆÓ˚!í˛Î˚yl !•ˆÏ§ˆÏÓ ôÓ˚y •Î˚–

!ã˛e ı 14.10
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§,!T˛ Ü˛ˆÏÓ˚– t §ÙÎ˚ ˛õÓ˚ â!í˛¸Ó˚ Ü˛yê˛yÓ˚ !òˆÏÜ˛ ~!ê˛ 2π

T
t  ˆÜ˛yî

§,!T˛ Ü˛ Ï̂Ó˚ ~ÓÇ x  xˆÏ«˛Ó˚ §!•ï˛ π π

2
  

2
−



T

t   ˆÜ˛yî §,!T˛

Ü˛ Ï̂Ó̊–  t §Ù Ï̂Î̊ x- x Ï̂«˛Ó̊ í z̨̨ õÓ̊  OP ~Ó̊ x!Ë˛ Ï̂«˛˛õ !l¡̈!°!áï˛

§Ù#Ü˛Ó˚î myÓ˚y ≤ÃÜ˛y!¢ï˛

x(t) = B cos 
π π

2
  

2
−



T

t

= B sin 
2π

T
t







T = 30 s • Ï̂°

           x(t) = B sin 
π

15
t







~!ê˛ Ï̂Ü˛ ̂ °áy ÎyÎ˚ñ x (t ) = B cos 
π π

15
  

2
t −





~ÓÇ  (14.4)

lÇ §Ù#Ü˛Ó˚ˆÏîÓ˚ §!•ï˛ ï%˛°ly Ü˛ˆÏÓ˚ xyÙÓ˚y ˆòáˆÏï˛ ˛õy•z ~!ê˛

B !ÓhflÏy Ï̂Ó˚Ó˚ ~ÓÇ 30 s ̂ òy°lÜ˛y Ï̂°Ó˚ ~Ü˛!ê˛ §Ó˚° ̂ òy°à!ï˛ Ï̂Ü˛

≤ÃÜ˛y¢ Ü˛ Ï̂Ó˚– ~Ó˚ ≤ÃyÌ!ÙÜ˛ ò¢y −
π

2
. ⊳

14.5 §Ó˚° ˆòy°à!ï˛Ó˚ ˆÓà ~ÓÇ cÓ˚î åVelocity and

acceleration in simple harmonic motionä

§ÙÓ,_#Î˚ à!ï˛ˆÏï˛ ˆÜ˛yˆÏly Ü˛îyÓ˚ o%!ï˛ v •° Ó,_˛õ Ï̂ÌÓ˚ Óƒy§yô≈ A ~Ó˚

ω  åˆÜ˛Ô!îÜ˛ o%!ï˛ä à%î–

xÌ≈yÍ v = ω A      (14.8)

t §Ù Ï̂Î˚ ˆÓ Ï̂àÓ˚ x!Ë˛Ù%á •° ˙ Ù%•)̂ Ïï≈̨  Ü˛îy!ê˛ Ó,̂ Ï_Ó˚ ˆÎ !Ó®%̂ Ïï˛

xÓ!fiÌï˛ ï˛yÓ˚ flõ¢≈Ü˛ ÓÓ˚yÓÓ˚– 14.11 lÇ !ã˛ˆÏe çƒy!Ù!ï˛ ˆÌˆÏÜ˛

~Ü˛!ê˛ flõT˛ ˆÎ t §ÙˆÏÎ˚ x!Ë˛ˆÏ«˛˛õ Ü˛îy P′ ~Ó˚ ˆÓà •°

v(t ) = –ωA sin (ωt + φ )              (14.9)

ˆÎáy Ï̂l }îydÜ˛ !ã˛•´ myÓ˚y ˆÓyV˛yÎ˚ ˆÎ v (t) ~Ó˚ x!Ë˛Ù%á x-x Ï̂«˛Ó˚

ôlydÜ˛ !ò Ï̂Ü˛Ó˚ !Ó˛õÓ˚#ï˛ x!Ë˛Ù%á#– (14.9) lÇ §Ù#Ü˛Ó˚î ̂ Ì Ï̂Ü˛ §Ó˚°

ˆòy°à!ï˛ §¡õß¨Ü˛yÓ˚# Ü˛îyÓ˚ ï˛yÍ«˛!îÜ˛ ˆÓà ˛õyGÎ˚y ÎyÎ˚ ~ÓÇ §Ó˚î

(14.4) lÇ §Ù#Ü˛Ó˚î myÓ˚y !l Ï̂ò≈!¢ï˛– xyÙÓ˚y xÓ¢ƒ ̂ Ó Ï̂àÓ˚ §Ù#Ü˛Ó˚î

çƒy!Ù!ï˛Ü˛Ë˛y Ï̂Ó ly Ü˛ Ï̂Ó˚ §Ó˚y§!Ó˚ t §y Į̈̂ õ Ï̂«˛ å14.4ä lÇ §Ù#Ü˛Ó˚î Ï̂Ü˛

xÓÜ˛°l Ü˛ Ï̂Ó˚G ˆ˛õ Ï̂ï˛ ˛õy!Ó˚ ı

v(t) = 
t

x t
d

d
( ) (14.10)

~Ü˛•zË˛yˆÏÓ !lˆÏò≈¢Ü˛ Ó,_ ˛õÂô!ï˛Ó˚ ÙyôƒˆÏÙG §Ó˚° ˆòy°à!ï˛

§¡õyòlÜ˛yÓ̊# Ü˛îyÓ̊ ï˛yÍ«˛!îÜ˛ cÓ̊î ˛õyGÎ̊y ÎyÎ̊– xyÙÓ̊y çy!l ˆÎ

§%£ÏÙ Ó,_à!ï˛ Ï̂ï˛ à!ï˛¢#° ˆÜ˛y Ï̂ly Ü˛îyÓ̊ P ~Ó̊ x!Ë˛ Ï̂Ü˛w cÓ̊ Ï̂îÓ̊

Ùyl v2/A Óy ω2A ~ÓÇ ~!ê˛ ̂ Ü˛wy!Ë˛Ù%á# xÌ≈yÍ x!Ë˛Ù%á PO ÓÓ̊yÓÓ̊–

ï˛ál x!Ë˛!«˛Æ Ü˛îy  P′ ~Ó̊ ï˛yÍ«˛!îÜ˛ cÓ̊î å14.12 !ã˛e ˆòáä

a (t)  = –ω2A cos (ωt + φ)

               = –ω2x (t) (14.11)

!ã˛e ı 14.11 P′  Ü˛îyÓ˚ ̂ Óà v (t) •° !lˆÏò≈¢Ü˛ Ü˛îy P ~Ó˚ ̂ Óà υ

~Ó˚ x!Ë˛ Ï̂«˛˛õ–

!ã˛e ı 14.12 P′  Ü˛îyÓ˚ cÓ˚î a(t), •° !lˆÏò≈¢Ü˛ Ü˛îy P ~Ó˚ cÓ˚î a
~Ó˚ x!Ë˛ˆÏ«˛˛õ–

(14.11) lÇ §Ù#Ü˛Ó˚î ̂ Ì Ï̂Ü˛ §Ó˚° ̂ òy°à!ï˛ §¡õß¨Ü˛yÓ˚# Ü˛îyÓ˚ cÓ˚î

˛õyGÎ˚y ÎyÎ˚– xyÓyÓ˚ å14.9ä lÇ §Ù#Ü˛Ó˚̂ Ïî ˆÓà v(t) ˆÜ˛ §Ù Ï̂Î˚Ó˚

§y Į̈̂ õ Ï̂«˛ xÓÜ˛°l Ü˛ Ï̂Ó˚G ~Ü˛•z §Ù#Ü˛Ó˚î ˛õyGÎ˚y ˆÎ Ï̂ï˛ ˛õy Ï̂Ó˚ ı

a t  = 
t

v t( )
d

d
( ) (14.12)

(14.11) lÇ §Ù#Ü˛Ó˚î ˆÌ Ï̂Ü˛ xyÙÓ˚y ~Ü˛!ê˛ à%Ó%̊c˛õ)î≈ ôÙ≈ °«˛

Ü˛ˆÏÓ˚ ˛õy•z ˆÎ §Ó˚° ˆòy°à!ï˛§¡õß¨ ˆÜ˛yˆÏly Ü˛îyÓ˚ cÓ˚î §Ó˚ˆÏîÓ˚

§Ùyl%̨ õyï˛#– x(t) > 0, ~Ó˚ ̂ «˛ Ï̂e a(t) < 0  ~ÓÇ  x(t) < 0 ~Ó˚ ̂ «˛ Ï̂e

a(t) > 0. ï˛y•z –A ~ÓÇ A  ~Ó˚ Ù Ï̂ôƒ x ~Ó˚ ̂ ÎÈüÈˆÜ˛y Ï̂ly Ùy Ï̂lÓ˚ ̂ «˛ Ï̂e

cÓ˚î  a(t) §Ó≈òy ˆÜ˛wy!Ë˛Ù%á# •Î˚–
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§Ó˚°#Ü˛Ó˚̂ ÏîÓ˚ çlƒ xyÙÓ˚y ô!Ó˚ñ  φ = 0 ~ÓÇ x (t), v (t) ~ÓÇ

a(t) ~Ó˚ Ó˚y!¢Ùy°yà%̂ Ï°y Ï̂Ü˛ !l¡¨Ó)̊̂ Į̈ õ ≤ÃÜ˛y¢ Ü˛!Ó˚
x(t) = A cos ωt, v(t) = – ω Asin ωt, a(t)=–ω2 A cos ωt

14.13 lÇ !ã˛ Ï̂e ~ Ï̂òÓ˚ xyl%£Ï!AàÜ˛ ̂ °á!ã˛e ̂ òáy Ï̂ly •°– ≤Ã!ï˛!ê˛

Ó˚y!¢ §ÙˆÏÎ˚Ó˚ §yˆÏÌ §y•zlôÙ#≈ xˆÏ˛õ«˛Ü˛Ó˚)ˆÏ˛õ ˛õ!Ó˚Ó!ï≈˛ï˛ •Î˚ó

ˆÜ˛Ó°Ùye ï˛yˆÏòÓ˚ §ˆÏÓ≈yFã˛Ùyl !Ó!Ë˛ß¨ •ˆÏÓ ~ÓÇ !Ó!Ë˛ß¨ ˆ°áÈüÈ~Ó˚

ò¢y !Ó!Ë˛ß¨ • Ï̂Ó– –A ˆÌ Ï̂Ü˛ A ~Ó˚ ÙˆÏôƒ x ˛õ!Ó˚Ó!ï ≈̨ï˛ •Î˚ó –ωA

ˆÌ Ï̂Ü˛ ωA ~Ó˚ Ù Ï̂ôƒ v(t) ̨õ!Ó˚Ó!ï≈̨ ï˛ •Î˚ ~ÓÇ  –ω2A ̂ Ì Ï̂Ü˛ ω2A ~Ó˚

Ù Ï̂ôƒ a(t) ̨õ!Ó˚Ó!ï≈̨ ï˛ •Î˚– §Ó˚î ̂ °á ~Ó˚ §y Į̈̂ õ Ï̂«˛ ̂ Ó Ï̂àÓ˚ ̂ °áÈüÈ~Ó˚

ò¢y ˛õyÌ≈Ü˛ƒ  π/2 ~ÓÇ cÓ˚̂ ÏîÓ˚ ˆ°á ~Ó˚ ò¢y˛õyÌ≈Ü˛ƒ  π.

(b) 14.9 lÇ §Ù#Ü˛Ó˚î ÓƒÓ•yÓ˚ Ü˛ˆÏÓ˚ ˛õy•z ÈüüüÈ

Ó›Ó˚ o%!ï˛  = – (5.0 m)(2π s–1) sin [(2π s–1) ×1.5 s + π/4]

       = – (5.0 m)(2π s–1) sin [(3π + π/4)]

       = 10π × 0.707 m s–1

      = 22 m s–1

(c) 14.10 lÇ §Ù#Ü˛Ó˚î ÓƒÓ•yÓ˚ Ü˛ˆÏÓ˚ ˛õy•z ÈüüüÈ

Ó›Ó˚ cÓ˚î  = –(2π s–1)2 × §Ó˚î
              = – (2π s–1)2 × (–3.535 m)

            = 140 m s–2 ⊳

14.6 §Ó˚° ˆòy°à!ï˛Ó˚ ˆ«˛ˆÏe ÓˆÏ°Ó˚ §)e åForce law for

simple harmonic motionä

!lí˛zê˛ˆÏlÓ˚ !mï˛#Î˚ à!ï˛§)e ~ÓÇ §Ó˚° ̂ òy°à!ï˛ §¡õyòlÜ˛yÓ˚# Ü˛îyÓ˚
cÓ̊ Ï̂îÓ̊ Ó̊y!¢Ùy°y ÓƒÓ•yÓ̊ Ü˛ Ï̂Ó̊ å14.11 §Ù#Ü˛Ó̊îäñ §Ó̊° ̂ òy°à!ï˛ Ï̂ï˛
m Ë˛ Ï̂Ó˚Ó˚ Ü˛îyÓ˚ í z̨̨ õÓ˚ !Ü ̨ Î˚y¢#° Ó°

F (t )  = ma

    = –mω2 x (t )

xÌ≈yÍ  F (t )  = –k x (t ) (14.13)

ˆÎáyˆÏl  k = mω2 (14.14a)

Óy ω = 
k

m
(14.14b)

cÓ˚̂ ÏîÓ˚ Ù Ï̂ï˛yñ Ó° §Ó≈òy §yÙƒyÓfiÌy Ï̂lÓ˚ !ò Ï̂Ü˛ !Ü ̨ Î˚y Ü˛ Ï̂Ó˚ ÈüüüÈ
ï˛y•z ~ Ï̂Ü˛ Ü˛á Ï̂ly Ü˛á Ï̂ly §Ó˚° ˆòy°à!ï˛Ó˚ ≤Ãï˛ƒylÎ˚Ü˛ Ó° Ó Ï̂°–
~ï˛«˛ Ï̂îÓ˚ xy Ï̂°yã˛ly ˆÌ Ï̂Ü˛ §Ç Ï̂«˛ Į̈̂ õ Ó°y ÎyÎ˚ñ §Ó˚° ˆòy°à!ï˛ Ï̂Ü˛
ò%Ë˛y Ï̂Ó §ÇK˛y!Î˚ï˛ Ü˛Ó˚y ÎyÎ˚ñ 14.4 lÇ §Ó˚ˆÏîÓ˚ §Ù#Ü˛Ó˚î myÓ˚y !Ü˛ÇÓy
14.13 lÇ §Ù#Ü˛Ó˚î myÓ˚y Îy ˆÌ Ï̂Ü˛ ~Ó˚ Ó Ï̂°Ó˚ §)e ˛õyGÎ˚y ÎyÎ˚–
ò%ÓyÓ˚ xÓÜ˛°l Ü˛ Ï̂Ó˚ 14.4 lÇ §Ù#Ü˛Ó˚î ˆÌ Ï̂Ü˛ 14.13 lÇ §Ù#Ü˛Ó˚̂ Ïî
ÎyGÎ˚y ÎyÎ˚– ~Ü˛•zË˛y Ï̂Ó 14.13 lÇ Ó Ï̂°Ó˚ §)̂ ÏeÓ˚ §Ù#Ü˛Ó˚î Ï̂Ü˛ ò%ÓyÓ˚
§ÙyÜ˛°l Ü˛ Ï̂Ó˚ 14.4 lÇ §Ù#Ü˛Ó˚ˆÏî !Ê˛ˆÏÓ˚ ˆÎˆÏï˛ ˛õy!Ó˚–

°«˛ Ü˛ˆÏÓ˚y (14.13) lÇ §Ù#Ü˛Ó˚ˆÏî Ó°ñ x(t) ~Ó˚ §ˆÏAà
˜Ó˚!áÜ˛Ë˛yˆÏÓ §Ùyl%˛õy!ï˛Ü˛– ~Ó˚)˛õ ÓˆÏ°Ó˚ xô#ˆÏl ~Ü˛!ê˛ Ü˛îy
ˆòy°yÎ˚Ùyl • Ï̂° ï˛y Ï̂Ü˛ ̃ Ó˚!áÜ˛ §%§ÙO§ flõ®Ü  ålinear harmonic

oscillatorä Ó Ï̂°– ÓyhflÏ̂ ÏÓ Ó Ï̂°Ó˚ Ó˚y!¢Ùy°yÎ˚ Ó Ï̂°Ó˚ §y Ï̂Ì  x2, x3

•zï˛ƒy!òÓ˚ §Ùylyl%˛õy!ï˛Ü˛ !Ü˛S%È «%˛o x!ï˛!Ó˚=˛ ˛õò ÌyÜ˛ˆÏï˛ ˛õyˆÏÓ˚–
ï˛ál ~ Ï̂òÓ˚ x Ï̃Ó˚!áÜ˛  flõ®Ü˛ ånon-linear oscillatorsä Ó Ï̂°–

u í z̨òy•Ó˚î ı 14.6  m Ë˛ Ï̂Ó˚Ó˚ ~Ü˛!ê˛ Óœ̂ ÏÜ˛Ó˚ ò%ÈüÈ≤Ãy Ï̂hs˝ k fl±#Ç
ô %Ó Ï̂Ü˛Ó̊ ò%!ê˛ xl%Ó̊)̨ õ fl±#Ç 14.14 !ã˛ Ï̂eÓ̊ lƒyÎ̊ ò,ì˛̧ xÓ°¡∫l G
Óœ̂ ÏÜ˛Ó̊ Ù Ï̂ôƒ Î%=˛ Ü˛Ó̊y •°– ˆòáyG ˆÎ Îál ÓœÜ˛!ê˛ §yÙƒyÓfiÌyl
ˆÌ Ï̂Ü˛ ˆÎÈüÈˆÜ˛y Ï̂ly !ò Ï̂Ü˛ §!Ó̊ Ï̂Î̊ ˆSÈ̂ Ïí˛̧ ˆòGÎ̊y •Î̊ ï˛ál ~!ê˛
§Ó̊° ̂ òy°à!ï˛ §¡õß̈ Ü˛ Ï̂Ó̊– ̂ òy° Ï̂lÓ̊ ̨õÎ≈yÎ̊Ü˛y° !lî≈Î̊ Ü˛ Ï̂Ó̊y–

u í z̨òy•Ó˚î ı14.5  §Ó˚° ˆòy°à!ï˛ Ï̂ï˛ ˆÜ˛yl Ó› x = 5 cos

[2π t + π/4] §Ù#Ü˛Ó˚î xl%§y Ï̂Ó˚ åSI ~Ü˛ Ï̂Ü˛ä ̂ òy°lÓ˚ï˛–

t = 1.5 s §Ù Ï̂Î˚ Ó›Ó˚ (a) §Ó˚î, (b) o%!ï˛ ~ÓÇ (c) cÓ˚î !lî≈Î˚

Ü˛ˆÏÓ˚y–

í z̨_Ó˚ ı Ó›Ó˚ ˆÜ˛Ô!îÜ˛ Ü˛¡õyAÜ˛ ω  = 2π s–1 ~ÓÇ ~Ó˚ ˛õÎ≈yÎ˚Ü˛y°
T = 1 s.

t = 1.5 s §Ù Ï̂Î˚

(a) §Ó˚î = (5.0 m) cos [(2π s–1) ×1.5 s + π/4]

= (5.0 m) cos [(3π + π/4)]

= –5.0 × 0.707 m

= –3.535 m

!ã˛e ı 14.13 §Ó˚° ˆòy°à!ï˛ §¡õyòlÜ˛yÓ˚# ˆÜ˛yˆÏly Ü˛îyÓ˚ §Ó˚îñ ˆÓà

~ÓÇ cÓ˚îÈüÈ~Ó˚ ˛õÎ≈yÎ˚Ü˛y° T ~Ü˛•z •Î˚ñ !Ü˛v ~ˆÏòÓ˚ ò¢yÎ˚
˛õyÌ≈Ü˛ƒ ÌyˆÏÜ˛–

§Ó
˚î

ˆÓ
à

cÓ
˚î
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!ã˛e ı 14.14

í z̨_Ó˚ ı  14.15 lÇ !ã˛ˆÏeÓ˚ lƒyÎ˚ ôˆÏÓ˚yñ ÓœÜ˛!ê˛ˆÏÜ˛ §yÙƒyÓfiÌyˆÏlÓ˚

í˛yl!ò Ï̂Ü˛ x“ ò)Ó˚c x §Ó˚y Ï̂ly •°– ~ xÓfiÌyÎ˚ ÓÑy!ò Ï̂Ü˛Ó˚ !fl±Ç ~Ó˚

˜òâ≈ƒ x ˛õ!Ó˚Ùyî ≤Ã§y!Ó˚ï˛ ~ÓÇ í˛yl!òˆÏÜ˛Ó˚ !fl±ÇÈüÈ~Ó˚ ˜òâ≈ƒ ~Ü˛•z

˛õ!Ó˚Ùyî §ÇÜ%˛!ã˛ï˛ •Î˚– Ê˛ˆÏ° ÓœˆÏÜ˛Ó˚ í˛z˛õÓ˚ !Ü ˛Î˚y¢#° Ó° •ˆÏÓ

!ã˛e ı 14.15

F
1
   = –k x (Óy!ò Ï̂Ü˛Ó˚ !fl±Ç ~Ó˚ myÓ˚y ≤ÃÎ%=˛ Ó° ÓœÜ˛!ê˛ Ï̂Ü˛

§yÙƒyÓfiÌy Ï̂lÓ˚ !ò Ï̂Ü˛ ê˛ylyÓ˚ ˆã˛T˛y Ü˛ Ï̂Ó˚)

F
2 
  =

  
–k x (í˛yl!ò Ï̂Ü˛Ó˚ !fl±Ç ~Ó˚ myÓ˚y ≤ÃÎ%=˛ Ó° ÓœÜ˛!ê˛ Ï̂Ü˛

§yÙƒyÓfiÌy Ï̂lÓ˚ !ò Ï̂Ü˛ ̂ ë˛ Ï̂° !ò Ï̂ï˛ ̂ ã˛T˛y Ü˛ Ï̂Ó˚)

ˆ§ Ï̂«˛ Ï̂e Óœ̂ ÏÜ˛Ó˚ í z̨̨ õÓ˚ !Ü ̨ Î˚y¢#° °!kô Ó°

F   = –2kx

Ê˛ˆÏ° ÓœÜ˛!ê˛Ó˚ í˛z˛õÓ˚ ≤ÃÎ%=˛ Ó° §Ó˚ˆÏîÓ˚ §ˆÏAà §Ùylyl%˛õy!ï˛Ü˛

~ÓÇ §yÙƒyÓfiÌyl x!Ë˛Ù%á#ó §%ï˛Ó˚yÇ ÓœÜ˛!ê˛Ó˚ myÓ˚y §¡õy!òï˛ à!ï˛

§Ó˚° ˆòy°à!ï˛– ˆòy° Ï̂lÓ˚ ˛õÎ≈yÎ˚Ü˛y°ñ

T = 2  
m

2k
π ⊳

14.7 §Ó˚° ˆòy°à!ï˛Ó˚ ˆ«˛ˆÏe ¢!=˛ åEnergy in simple

harmonic motionä

§Ó˚° ˆòy°à!ï˛ §¡õyòlÜ˛yÓ˚# ˆÜ˛yˆÏly Ü˛îyÓ˚ à!ï˛ ~ÓÇ !fiÌ!ï˛ í˛zË˛Î˚

¢!=˛ ¢)lƒ ~ÓÇ ï˛yˆÏòÓ˚ §ˆÏÓ≈yFã˛ ÙyˆÏlÓ˚ ÙˆÏôƒ ˛õ!Ó˚Ó!ï≈˛ï˛ •Î˚–

14.5 xl%̂ ÏFSÈ̂ Ïò xyÙÓ̊y ˆò Ï̂á!SÈ ˆÎ §Ó̊° ˆòy°à!ï˛ §¡õyòlÜ˛yÓ̊#

Ü˛îyÓ˚ ˆÓà •° §Ù Ï̂Î˚Ó˚ x Į̈̂ õ«˛Ü˛– §Ó˚̂ ÏîÓ˚ ≤Ãyhs˝!Ó®%̂ Ïï˛ ~Ó˚ Ùyl

¢)lƒ– §%ï˛Ó̊yÇ ~Ó̊)̨ õ Ü˛îyÓ̊ à!ï˛¢!=˛ Ï̂Ü˛ (K) !l¡̈Ó̊)̂ Į̈ õ ≤ÃÜ˛y¢ Ü˛Ó̊y ÎyÎ̊

K =  mv
1

2

2

= m A    
1

2
sin ( + )2

ω ω φ
2 2 t

=  k A t 21

2
sin ( + ) 

2
ω φ     (14.15)

§%ï˛Ó˚yÇ à!ï˛¢!=˛ §Ù Ï̂Î˚Ó˚ ̨õÎ≈yÎ˚Ó,_ x Į̈̂ õ«˛Ü˛– Îál §Ó˚î § Ï̂Ó≈yFã˛

ï˛ál à!ï˛¢!=˛ ¢)lƒ ~ÓÇ Îál Ü˛îy §yÙƒyÓfiÌyˆÏl ÌyˆÏÜ˛ ï˛ál

à!ï˛¢!=˛ §ˆÏÓ≈yFã˛– °«˛ Ü˛ˆÏÓ˚y K ~Ó˚ Ó˚y!¢Ùy°y v ~Ó˚ !ã˛ Ï̂•´Ó˚ í z̨̨ õÓ˚

!lË≈̨ Ó˚ Ü˛ Ï̂Ó˚ ly ~ÓÇ ~çlƒ  K ~Ó˚ ˛õÎ≈yÎ˚Ü˛y° T/2.

§Ó˚° ˆòy°à!ï˛ §¡õyòlÜ˛yÓ˚# Ü˛îyÓ˚ !fiÌ!ï˛¢!=˛  (U) Ü˛# • Ï̂Ó⁄

£Ï¤˛ xôƒy Ï̂Î˚ xyÙÓ˚y ˆò Ï̂á!SÈ ˆÎ ˆÜ˛Ó°Ùye §ÇÓ˚«˛# Ó Ï̂°Ó˚ ˆ«˛ Ï̂e•z

!fiÌ!ï˛¢!=˛Ó˚ x!hflÏc Ìy Ï̂Ü˛– !fl±Ç Ó°  F = – kx •° ~Ü˛!ê˛ §ÇÓ˚«˛#

Ó° ~ÓÇ ~ Ï̂«˛ Ï̂e !fiÌ!ï˛¢!=˛

U = k x
1

2

2
(14.16)

§%ï˛Ó˚yÇ §Ó˚° ˆòy°à!ï˛ §¡õyòlÜ˛yÓ˚# Ü˛îyÓ˚ !fiÌ!ï˛¢!=˛ •°

U(x)  =   
1

2
 k x

2

         = k A t 
1

2
cos ( + ) 

2 2
ω φ  (14.17)

§%ï˛Ó˚yÇñ §Ó˚° ̂ òy°à!ï˛ §¡õyòlÜ˛yÓ˚# ~Ü˛!ê˛ Ü˛îyÓ˚ !fiÌ!ï˛¢!=˛G

˛õÎ≈yÎ˚Ü ˛!ÙÜ˛ ÎyÓ˚ ˛õÎ≈yÎ˚Ü˛y° T/2 – §yÙƒyÓfiÌyˆÏl !fiÌ!ï˛¢!=˛ ¢)lƒ

~ÓÇ §Ó˚̂ ÏîÓ˚ ≤Ãyhs˝!Ó®%̂ Ïï˛ § Ï̂Ó≈yFã˛–
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(14.15) ~ÓÇ (14.17) lÇ §Ù#Ü˛Ó˚î ˆÌ Ï̂Ü˛ Ó°y ÎyÎ˚ §ÇfiÌy!ê˛Ó˚

ˆÙyê˛ ¢!=˛ E •ˆÏ°ñ

E  = U + K

=  k A t  k A t 
1

2
cos ( + ) + 

1

2
sin ( + )  

2 2 2 2
ω φ ω φ

=  k A t t 
1

2
cos ( + ) + sin ( + )2 2

ω φ ω φ
2 

å˛õ!Ó˚!ã˛ï˛ !eˆÏÜ˛yˆÏîy!Ù!ï˛ xˆÏË˛òyÓ°# ÓƒÓ•yÓ˚ Ü˛ˆÏÓ˚ñ Órôl#Ó˚

Ó˚y!¢Ùy°yÓ˚ Ùyl ~Ü˛Ü˛ •GÎ˚yÎ˚ä

E =  k A
1

2

2
(14.18)

§%ï˛Ó˚yÇñ §Ó˚° ̂ òy° Ï̂Ü˛Ó˚ ̂ Ùyê˛ Îy!sfÜ˛ ¢!=˛ §ÙÎ˚ !lÓ˚̂ Į̈ õ«˛ ̂ ÎÙlê˛y

ˆÎÈüÈˆÜ˛yˆÏly §ÇÓ˚«˛# ÓˆÏ°Ó˚ xô#l à!ï˛Ó˚ ˆ«˛ˆÏe ≤Ãï˛ƒy!¢ï˛– ~Ü˛!ê˛

˜Ó˚!áÜ˛ §Ó˚° ˆòy°ˆÏÜ˛Ó˚ !fiÌ!ï˛¢!=˛ G à!ï˛¢!=˛ñ §ÙÎ˚ ~ÓÇ §Ó˚ˆÏîÓ˚

í˛z˛õÓ˚ !Ü˛Ë˛yˆÏÓ !lË≈˛Ó˚ Ü˛ˆÏÓ˚ ï˛y 14.16 lÇ !ã˛ Ï̂e ˆòáy Ï̂ly • Ï̂Î˚̂ ÏSÈ–

14.16 lÇ !ã˛ˆÏe °«˛ Ü˛ˆÏÓ˚y §Ó˚° ˆòy°à!ï˛Ó˚ o%!ï˛Ó˚ ÓˆÏà≈Ó˚

§ˆÏAà §Ùylyl%˛õyï˛# ï˛y•z à!ï˛¢!=˛ xÓ¢ƒ•z Ü˛áˆÏly }îydÜ˛ •ˆÏï˛

˛õyˆÏÓ˚ ly– !fiÌ!ï˛¢!=˛Ó˚ §Ù#Ü˛Ó˚ˆÏî ô %ÓÜ˛ˆÏÜ˛ §%!ÓôyçlÜ˛Ë˛yˆÏÓ ̂ ÓˆÏSÈ

ˆlGÎ˚yÓ˚ Ü˛yÓ˚ˆÏî !fiÌ!ï˛¢!=˛ ôlydÜ˛ •Î˚– §Ó˚° ˆòy°à!ï˛Ó˚ ≤Ã!ï˛

˛õÎ≈yÎ˚Ü˛yˆÏ° !fiÌ!ï˛¢!=˛ ~ÓÇ à!ï˛¢!=˛ í˛zË˛ˆÏÎ˚•z ò%ÓyÓ˚ §ˆÏÓ≈yFã˛ ÙyˆÏl

ˆ˛õÔÑSÈyÎ˚– x = 0 ˆï˛ ¢!=˛Ó˚ §¡õ)î≈ê˛y•z ˆÜ˛Ó° à!ï˛¢!=˛ ~ÓÇ

≤Ãyhs˝!Ó®%ˆÏï˛ xÌ≈yÍ  x = ±A !Ó®%ˆÏï˛ §¡õ)î≈ ¢!=˛•z !fiÌ!ï˛¢!=˛–

í˛z=˛ §#ÙyÓ˚ ÙôƒÓï˛#≈ ˆÜ˛y Ï̂ly !Ó®%ˆÏï˛ !fiÌ!ï˛¢!=˛Ó˚ •…yˆÏ§Ó˚ Ü˛yÓ˚ˆÏî

à!ï˛¢!=˛ Ó,!Âô ˛õyÎ˚ xÌÓy à!ï˛¢!=˛Ó˚ •…yˆÏ§Ó˚ Ü˛yÓ˚ˆÏî !fiÌ!ï˛¢!=˛

Ó,!Âô ˛õyÎ˚–

u í z̨òy•Ó˚î ı 14.7   1 kg Ë˛ Ï̂Ó˚Ó˚ ~Ü˛!ê˛ ÓœÜ˛ ~Ü˛!ê˛ !fl±Ç ~Ó˚

§y Ï̂Ì ˆÓ Ï̂ô ˆòGÎ˚y •°– !fl±Ç ~Ó˚ !fl±Ç ô %ÓÜ˛  50 N m–1–

ÓœÜ˛!ê˛ Ï̂Ü˛ !fiÌÓ˚ xÓfiÌy ̂ Ì Ï̂Ü˛ â£Ï≈î•#l ï˛° ÓÓ˚yÓÓ˚ t = 0 §Ù Ï̂Î˚

§yÙƒyÓfiÌyl x = 0 ̂ Ì Ï̂Ü˛  x = 10 cm ò)Ó˚̂ Ïc ê˛y Ï̂l ̂ lGÎ˚y •°–

ÓœÜ˛!ê˛ Îál §yÙƒyÓfiÌy ˆÌ Ï̂Ü˛ 5 cm ò)ˆÏÓ˚ ï˛ál ï˛yÓ˚ à!ï˛¢!=˛ñ

!fiÌ!ï˛¢!=˛ ~ÓÇ ˆÙyê˛ ¢!=˛ !•ˆÏ§Ó Ü˛ˆÏÓ˚y–

í z̨_Ó˚ ı  ÓœÜ˛!ê˛ §Ó˚° ̂ òy°à!ï˛ §¡õyòl Ü˛ Ï̂Ó˚–  14.14b lÇ §Ù#Ü˛Ó˚î

xl%§y Ï̂Ó˚ ~Ó˚ ˆÜ˛Ô!îÜ˛ Ü˛¡õyAÜ˛ñ

ω = 
k

m

 = 
50 N m–1

1kg

             = 7.07 rad s–1

t §Ù Ï̂Î˚ ~Ó˚ §Ó˚î !l¡¨!°!áï˛ §Ù#Ü˛Ó˚î myÓ˚y ≤ÃÜ˛y¢ Ü˛Ó˚y ÎyÎ˚ñ

x(t) = 0.1 cos (7.07t)

§%ï˛Ó˚yÇñ Îál Ü˛îy!ê˛ §yÙƒyÓfiÌyl ˆÌˆÏÜ˛ 5 cm ò)̂ ÏÓ˚ Ìy Ï̂Ü˛ ï˛ál

xyÙÓ˚y ˛õy•z

0.05 = 0.1 cos (7.07t)

Óyñ cos (7.07t) = 0.5 ~ÓÇ ~ ˆÌ Ï̂Ü˛ ˛õy•z ÈüüüÈ

sin (7.07t)  =
3

2
 

 
= 0.866

!ã˛e ı 14.16 §Ó˚° ̂ òy°à!ï˛ §¡õß¨ ̂ Ü˛y Ï̂ly Ü˛îyÓ˚ §Ù Ï̂Î˚Ó˚ x Į̈̂ õ«˛Ü˛Ó)̊̂ Į̈ õ
å!ã˛e aä ~ÓÇ §Ó˚ˆÏîÓ˚ xˆÏ˛õ«˛Ü˛ Ó˚)ˆÏ˛õ å!ã˛e b ä à!ï˛¢!=˛ñ
!fiÌ!ï˛¢!=˛ ~ÓÇ ̂ Ùyê˛ ¢!=˛Ó˚ ≤ÃÜ˛y¢– T/2 §ÙÎ˚ ̨õÓ˚ à!ï˛¢!=˛
~ÓÇ !§Ì!ï˛¢!=˛ í˛zË˛ˆÏÎ˚•z ˛õ%lÓ˚yÓ,_ •Î˚– §ÙhflÏ  t Óy x ~Ó˚
ÙyˆÏlÓ˚ çlƒ ˆÙyê˛ ¢!=˛ ô %ÓÜ˛ ÌyˆÏÜ˛–

¢!
=˛

¢!
=˛
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~ Ï̂«˛ Ï̂e  x = 5 cm ~ ÓœÜ˛!ê˛Ó˚ ˆÓà

      = 0.1 × 7.07 × 0.866 m s–1

          = 0.61 m s–1

§%ï˛Ó˚yÇ ÓœÜ˛!ê˛Ó˚ à!ï˛¢!=˛

 = 
1

 
2

  m v
2

           = ½[1kg × (0.6123 m s–1 )2 ]

           = 0.19 J

ÓœÜ˛!ê˛Ó˚ !fiÌ!ï˛¢!=˛

  = 
1

2
  k x

2

           = ½(50 N m–1 × 0.05 m × 0.05 m)

           = 0.0625 J

x = 5 cm ~ ÓœÜ˛!ê˛Ó˚ ˆÙyê˛ ¢!=˛

           =  K.E. + P.E.

           =  0.25 J

xyÙÓ˚y xyÓ˚G çy!l ˆÎñ §ˆÏÓ≈yFã˛ §Ó˚ˆÏîÓ˚ ˆ«˛ˆÏe à!ï˛¢!=˛ ¢)lƒ

~ÓÇ ~çlƒ §ÇfiÌyÓ˚ ˆÙyê˛ ¢!=˛ !fiÌ!ï˛¢!=˛Ó˚ §Ùyl •Î˚– §%ï˛Ó˚yÇ

§ÇfiÌy!ê˛Ó˚ ˆÙyê˛ ¢!=˛ñ

          = ½(50 N m–1 ×  0.1 m × 0.1 m )

          = 0.25 J

~!ê˛ 5 cm §Ó˚̂ ÏîÓ˚ ̂ «˛ Ï̂e ò%!ê˛ ¢!=˛Ó˚ ̂ ÎyàÊ˛ Ï̂°Ó˚ §Ùyl– ~!ê˛ ¢!=˛Ó˚

§ÇÓ˚«˛î §)̂ ÏeÓ˚ ÎÌyÌ≈ï˛y ˆÙ Ï̂l ã˛ Ï̂°–       ⊳

14.8   §Ó˚° ̂ òy°à!ï˛ §¡õyòlÜ˛yÓ˚# !Ü˛S%È §ÇfiÌy åSome systems

executing simple harmonic motionä

§¡õ)î≈ !Ó¢%Âô §Ó˚° ˆòy°à!ï˛Ó˚ ˆÜ˛y Ï̂ly ÓyhflÏÓ í z̨òy•Ó˚î ˆl•z–

ÓyhflÏˆÏÓ xyÙÓ˚y ˆÎ §Ü˛° §ÇfiÌyÓ˚ §¡ø%á#l ••z ï˛y !l!ò≈T˛ !Ü˛S%È ¢ï≈˛

§y Į̈̂ õ Ï̂«˛ ̂ Ùyê˛y Ï̂Ùy!ê˛ §Ó˚° ̂ òy°à!ï˛ §¡õß¨ Ü˛ Ï̂Ó˚– ̨õÓ˚Óï˛#≈ xl%̂ ÏFSÈ Ï̂ò

xyÙÓ˚y ~Ó˚Ü˛Ù !Ü˛S%È §ÇfiÌyÓ˚ à!ï˛ !lˆÏÎ˚ xyˆÏ°yã˛ly Ü˛Ó˚Ó–

14.8.1 !fl±Ç ~Ó˚ çlƒ ˆòy°l åOscillations due to a

Springä

§Ó˚° ˆòy°à!ï˛Ó˚ §Ó˚°ï˛Ù ˛õÎ≈̂ ÏÓ«˛îÙ)°Ü˛ í z̨òy•Ó˚î •° 14.17

lÇ ≤Ãò_ !ã˛ Ï̂eÓ˚ lƒyÎ˚ !fl±Ç Ï̂Î˚Ó˚ §y Ï̂Ì Î%=˛  m Ë˛ Ï̂Ó˚Ó˚ ~Ü˛!ê˛ Óœ̂ ÏÜ˛Ó˚

«%˛o ˆòy°l– !fl±Ç ~Ó˚ x˛õÓ˚ ≤Ãyhs˝ ~Ü˛!ê˛ ò,ì˛¸ ˆòGÎ˚yˆÏ°Ó˚ §yˆÏÌ

Î%=˛– ÓœÜ˛!ê˛ ~Ü˛!ê˛ â£Ï≈î•#l xl%Ë)˛!ÙÜ˛ ï˛ˆÏ°Ó˚ í˛z˛õÓ˚ Ó˚yáy xyˆÏSÈ–

Î!ò ÓœÜ˛!ê˛ˆÏÜ˛ ~Ü˛!òˆÏÜ˛ ˆê˛ˆÏl ˆSÈˆÏí˛¸ ˆòGÎ˚y •Î˚ ï˛ˆÏÓ ~!ê˛

§yÙƒyÓfiÌy Ï̂lÓ˚ §y Į̈̂ õ Ï̂«˛ ~!òÜ˛ G!òÜ˛ à!ï˛ §¡õß¨ Ü˛Ó˚̂ ÏÓ– ôÓ˚  x =

0 §yÙƒyÓfiÌy Ï̂l Óœ̂ ÏÜ˛Ó˚ Ë˛Ó˚̂ ÏÜ˛ Ï̂wÓ˚ xÓfiÌyl !l Ï̂ò≈¢ Ü˛ Ï̂Ó˚–  –A ~ÓÇ

+A xÓfiÌyl ÎÌyÜ ̨ Ï̂Ù §yÙƒyÓfiÌy Ï̂lÓ̊ ÓÑy!ò Ï̂Ü˛ ~ÓÇ í˛yl!ò Ï̂Ü˛Ó̊ § Ï̂Ó≈yFã˛

§Ó̊î !l Ï̂ò≈¢ Ü˛ Ï̂Ó̊– xyÙÓ̊y ~Ó̊ Ù Ï̂ôƒ !fl±Ç ~Ó̊ !Ó Ï̂¢£Ï ôÙ≈yÓ°# !¢ Ï̂á!SÈñ

Îy §Ó≈≤ÃÌÙ •zÇ Ï̂Ó̊!ç ̨õòyÌ≈!Óò Ó̊Óyê˛ •%Ü˛ åRobert Hookeä xy!Ó‹ÒyÓ̊

Ü˛ Ï̂Ó̊l– !ï˛!l ˆòáyl ˆÎ ~Ó̊Ü˛Ù §ÇfiÌy Îál !ÓÜ,̨ ï˛ •Î̊ ï˛ál ~Ó̊

í z̨̨ õÓ˚ ~Ü˛!ê˛ ≤Ãï˛ƒylÎ˚Ü˛ Ó° !Ü ̨ Î˚y¢#° Ìy Ï̂Ü˛ñ ÎyÓ˚ Ùyl !ÓÜ,̨ !ï˛ Óy

§Ó̊ Ï̂îÓ̊ §y Ï̂Ì §Ùylyl%̨ õy!ï˛Ü˛ ~ÓÇ !Ó˛õÓ̊#ï˛ x!Ë˛Ù%̂ Ïá !Ü ̨ Î̊y¢#°– ~ Ï̂Ü˛

•%̂ ÏÜ˛Ó̊ §)e ålÓÙ xôƒyÎ̊ä Ó Ï̂°– !fl±Ç ~Ó̊ ˜ò Ï̂â≈ƒÓ̊ ï%̨ °lyÎ̊ §Ó̊î «%̨ o

• Ï̂° ï˛ Ï̂Ó•z ~!ê˛ ≤Ã Ï̂Îyçƒ– ˆÜ˛y Ï̂ly t §Ù Ï̂Î̊ Î!ò ÓœÜ˛!ê˛Ó̊ §yÙƒyÓfiÌyl

ˆÌ Ï̂Ü˛ §Ó̊î  x •Î̊ñ ï˛ Ï̂Ó ÓœÜ˛!ê˛Ó̊ í z̨̨ õÓ̊ !Ü ̨ Î̊y¢#° ≤Ãï˛ƒylÎ̊Ü˛ Ó°

F (x)  = –k x     (14.19)

§Ùylyl%˛õy!ï˛ ô %ÓÜ˛ k ˆÜ˛ !fl±Ç ô %ÓÜ˛ Ó Ï̂°ñ ~Ó˚ Ùyl !fl±Ç ~Ó˚

!fiÌ!ï˛fiÌy˛õÜ˛ ôˆÏÙ≈Ó˚ í˛z˛õÓ˚ !lË≈˛Ó˚¢#°– ~Ü˛!ê˛ ò,ì˛¸ !fl±Ç ~Ó˚ ˆ«˛ˆÏe

k ~Ó˚ Ùyl ˆÓ!¢ •Î˚ ~ÓÇ lÓ˚Ù !fl±Ç ~Ó˚ ˆ«˛ Ï̂e k ~Ó˚ Ùyl Ü˛Ù

•Î˚–  (14.19) lÇ §Ù#Ü˛Ó˚î §Ó˚° ˆòy°à!ï˛Ó˚ Ó Ï̂°Ó˚ §)̂ ÏeÓ˚ xl%Ó)̨̊ õ

~ÓÇ ~çlƒ §ÇfiÌy!ê˛ §Ó˚° ˆòy°à!ï˛ §¡õß¨ Ü˛ Ï̂Ó˚– (14.14) lÇ

§Ù#Ü˛Ó˚î ˆÌˆÏÜ˛ xyÙÓ˚y ˛õy•z ÈüüüÈ

 =  ω
k

m
   (14.20)

~ÓÇ ˆòy° Ï̂Ü˛Ó˚ ˛õÎ≈yÎ˚Ü˛y° T l#ˆÏã˛Ó˚ §Ù#Ü˛Ó˚î ˆÌˆÏÜ˛ ˛õyGÎ˚y ÎyˆÏÓñ

  = 2  T
m

k
π (14.21)

ò,ì˛¸ !fl±Ç ~Ó˚ ̂ «˛ˆÏe k å!fl±Ç ô %ÓÜ˛ä ~Ó˚ Ùyl ̂ Ó!¢ •Î˚– (14.20)

lÇ §Ù#Ü˛Ó˚î xl%§y Ï̂Ó˚ ~Ü˛!ê˛ ò,ì ¸̨ !fl±Ç ~Ó˚ § Ï̂Aà Î%=˛ «%̨ o m Ë˛ Ï̂Ó˚Ó˚

~Ü˛!ê˛ Óœ Ï̂Ü˛Ó˚ ˆòy° Ï̂lÓ˚ Ü˛¡õyAÜ˛ ˆÓ!¢ •Î˚ ÓyhflÏ Ï̂ÓG ï˛y ≤Ãï˛ƒy!¢ï˛–

!ã˛e ı 14.17 ~Ü˛!ê˛ ˜Ó˚!áÜ˛ §Ó˚° ˆòy°Ü˛ Îy m Ë˛ˆÏÓ˚Ó˚ ~Ü˛!ê˛ ÓœÜ˛ Îy

ˆÜ˛yˆÏly ~Ü˛!ê˛ !fl±Ç ~Ó˚ §ˆÏAà Î%=˛– ÓœÜ˛!ê˛ â£Ï≈î•#l ï˛°
ÓÓ˚yÓÓ˚ à!ï˛¢#°– ÓœÜ˛!ê˛ Îál ˆê˛ˆÏl xÌÓy ˆë˛ˆÏ° ˆSÈˆÏí˛¸
ˆòGÎ˚y •Î˚ñ ï˛ál ~!ê˛ §Ó˚° ˆòy°à!ï˛ §¡õß¨ Ü˛ˆÏÓ˚–
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~Ü˛≤ÃyˆÏhs˝ ~Ü˛ê%˛Ü˛ˆÏÓ˚y ˛õyÌÓ˚á[˛ ˆÓÑˆÏô !lˆÏç ~Ü˛!ê˛ ˆòy°Ü˛ ˜ï˛!Ó˚

Ü˛Ó˚ˆÏï˛ ˛õyˆÏÓ˚y– ˆï˛yÙyÓ˚ ˆòy°Ü˛!ê˛ˆÏÜ˛ ~Ü˛!ê˛ §%!ÓôyÙˆÏï˛y xÓ°¡∫l

ˆÌˆÏÜ˛ ˆV˛y°yG ˆÎl ~!ê˛ Ù%=˛Ë˛yˆÏÓ ò%°ˆÏï˛ ˛õyˆÏÓ˚– ˛õyÌÓ˚á[˛!ê˛ˆÏÜ˛

~Ü˛!òˆÏÜ˛ x“ §Ó˚yG ~ÓÇ ~!ê˛ˆÏÜ˛ ˆSÈˆÏí˛¸ òyG– ˛õyÌÓ˚á[˛!ê˛

~˛õy¢ÈüÈG˛õy¢ ˛õÎ≈yÎ˚Ü ˛!ÙÜ˛Ë˛yˆÏÓ à!ï˛¢#° •ˆÏÓ ~ÓÇ ~Ó˚ ˛õÎ≈yÎ˚Ü˛y°

• Ï̂Ó ≤ÃyÎ˚ ò%•z ˆ§ Ï̂Ü˛u˛–

xyÙÓ˚y ˆòáyÓ ˆÎ §yÙƒyÓfiÌyl ˆÌ Ï̂Ü˛ x“ §Ó˚̂ ÏîÓ˚ ˆ«˛ Ï̂e ~•z

˛õÎ≈yÎ˚Ó,_ à!ï˛ •° §Ó˚° ˆòy°à!ï˛– m Ë˛ˆÏÓ˚Ó˚ ~Ü˛!ê˛ !˛õ[˛ ~Ü˛!ê˛  L

˜ò Ï̂â≈ƒÓ˚ Ë˛Ó˚•#l x≤Ã§yÎ≈ §)̂ Ïï˛yÓ˚ §y Ï̂Ì ˆÓÑ̂ Ïô ~Ü˛!ê˛ §Ó˚° ˆòy°Ü˛

!Ó Ï̂Óã˛ly Ü˛ Ï̂Ó˚y– §% Ï̂ï˛yÓ˚ x˛õÓ˚ ≤Ãyhs˝ SÈy Ï̂òÓ˚ ò,ì ¸̨ xÓ°¡∫ Ï̂lÓ˚ §y Ï̂Ì

Î%=˛– ò,ì˛¸ xÓ°¡∫l !Ó®%àyÙ# í˛z°¡∫ˆÏÓ˚áyÓ˚ §yˆÏ˛õˆÏ«˛ !˛õ[˛!ê˛ ~Ü˛!ê˛

ï˛° ÓÓ˚yÓÓ˚ ˆòy Ï̂°– 14.18(a) !ã˛ˆÏe §ÇfiÌy!ê˛ˆÏÜ˛ ˆòáyˆÏly •ˆÏÎ˚ˆÏSÈ–

14.18(b) •° §Ó˚° ˆòy° Ï̂Ü˛Ó˚ ~Ü˛ ôÓ˚̂ ÏlÓ˚ ÚÙ%=˛ Ó› !ã˛eÛ åfree-

body diagramä ̂ Îáy Ï̂l !˛õ Ï̂[˛Ó˚ í z̨̨ õÓ˚ ≤ÃÎ%=˛ Ó° ̂ òáy Ï̂ly • Ï̂Î˚̂ ÏSÈ–

u  í z̨òy•Ó˚î ı 14.8  500 N m–1 !fl±Ç ô %ÓÜ˛ !Ó!¢T˛ ~Ü˛!ê˛ !fl±Ç

~Ó˚ ~Ü˛≤Ãyhs˝ å5kgä Ë˛Ó˚!Ó!¢T˛ ~Ü˛!ê˛ Ó°Î˚ åcollarä Î%=˛

xyˆÏSÈ ~!ê˛ ~Ü˛!ê˛ xl%Ë)˛!ÙÜ˛ òˆÏ[˛Ó˚ í˛z˛õÓ˚ â£Ï≈î•#lË˛yˆÏÓ

à!ï˛¢#°– Ó°Î˚!ê˛ˆÏÜ˛ §yÙƒyÓfiÌyl ˆÌˆÏÜ˛ 10.0 cm §!Ó˚̂ ÏÎ˚

ˆSÈ Ï̂í ¸̨ ˆòGÎ˚y •°– Ó°Î˚!ê˛Ó˚

(a) ˆòy° Ï̂lÓ˚ ˛õÎ≈yÎ˚Ü˛y°ñ

(b) §ˆÏÓ≈yFã˛ o%!ï˛ ~ÓÇ

(c) Ó°Î˚!ê˛Ó˚ § Ï̂Ó≈yFã˛ cÓ˚î !lî≈Î˚ Ü˛ Ï̂Ó˚y–

í z̨_Ó˚ ı (a) (14.21) lÇ §Ù#Ü˛Ó˚î xl%§y Ï̂Ó˚ ˆòy° Ï̂lÓ˚ ˛õÎ≈yÎ˚Ü˛y°ñ

 = 2  T
m

k
π  = 2π

5 0

500
1

.  kg

 N m
−

           = (2π/10) s

           = 0.63 s

(b) §Ó˚° ˆòy°à!ï˛ §¡õß¨ Ó°Î˚!ê˛Ó˚ åcollarä ˆÓà
v(t) = –Aω sin (ωt + φ)

§ˆÏÓ≈yFã˛ o%!ï˛ñ
v

m
 =  Aω

             = 0.1 × 
k

m

             = 0.1 ×
500 N m� 1

5 kg

              = 1 m s–1

~ÓÇ ~!ê˛ x = 0 !Ó®%̂ Ïï˛ â Ï̂ê˛–

(c) §yÙƒÓfiÌyl ˆÌ Ï̂Ü˛ Ó° Ï̂Î˚Ó˚ x (t) §Ó˚̂ Ïî cÓ˚̂ ÏlÓ˚ Ùylñ
a (t) =  –ω2 x(t)

                 = – 
k

m
 x(t) 

§%ï˛Ó˚yÇ §ˆÏÓ≈yFã˛ cÓ˚îñ
                 a

max
 = ω2 A

                = 500 N m–1

5 kg
 x 0.1 m 

                 = 10 m s–2

~ÓÇ ~!ê˛ ≤Ãyhs˝!Ó®%à%ˆÏ°yˆÏï˛ âˆÏê˛– ⊳

14.8.2 §Ó˚° ̂ òy°Ü˛ åThe Simple Pendulumä

~ê˛y Ó°y •Î˚ ˆÎ àƒy!°!°G åGalileoä ˆÜ˛yˆÏly ~Ü˛ à#ç≈yÎ˚

V˛yí˛¸Óy!ï˛Ó˚ ˛õÎ≈yÎ˚Ü˛y° ï˛yÓ˚ •,òflõ®ˆÏlÓ˚ §y•yˆÏÎƒ ˆÙˆÏ˛õ ˆòˆÏál–

!ï˛!l °«˛ Ü˛ˆÏÓ˚l ˆÎ V˛yí˛¸Óy!ï˛Ó˚ à!ï˛ ˛õÎ≈yÎ˚Ó,_yÜ˛yÓ˚– §ÇfiÌy!ê˛

~Ü˛≤ÃÜ˛yÓ˚ ˆòy°Ü˛– ï%̨ !Ù ≤ÃyÎ˚ 100 cm °¡∫y ~Ü˛!ê˛ x≤Ã§yÎ≈ §)̂ Ïï˛yÓ˚

 (b)

!ã˛e ı 14.18 (a) §yÙƒyÓfiÌyˆÏlÓ˚ §yˆÏ˛õˆÏ«˛ ~Ü˛!ê˛ !˛õ[˛ ˆòy°lÓ˚ï˛–

(b) Óƒy§yô≈Ù%á# Ó° åradial forceä T-mg cosθ

x!Ë˛ Ï̂Ü˛w Ó° §Ó̊ÓÓ̊y• Ü˛ Ï̂Ó̊ !Ü˛v ò,ì˛̧ xÓ°¡∫̂ ÏlÓ̊ §y Į̈̂ õ Ï̂«˛
~Ó̊ ̂ Ü˛y Ï̂ly ê˛Ü≈̨  Ìy Ï̂Ü˛ ly– flõy¢≈Ü˛ Ó° åtangential forceä
mg sinθ  ≤Ãï˛ƒylÎ̊Ü˛ ê˛Ü≈̨  §Ó̊ÓÓ̊y• Ü˛ Ï̂Ó̊–

(a)

ò,ì˛¸ xÓ°¡∫l
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ô Ï̂Ó˚y í z̨° Ï̂¡∫Ó˚ § Ï̂Aà §%̂ Ïï˛y!ê˛ θ ˆÜ˛yî §,!T˛ Ü˛ Ï̂Ó˚– !˛õ[˛!ê˛ Îál

§yÙƒyÓfiÌyˆÏl ÌyˆÏÜ˛ ï˛ál θ = 0

!˛õ Ï̂[˛Ó˚ í z̨̨ õÓ˚ ˆÜ˛Ó°Ùye ò%!ê˛ Ó° !Ü ̨ Î˚y Ü˛ Ï̂Ó˚ó §%̂ Ïï˛y ÓÓ˚yÓÓ˚ ê˛yl

T ~ÓÇ x!Ë˛Ü˛ Ï̂£Ï≈Ó˚ çlƒ í z̨°¡∫ Ó° mg– mg Ó° Ï̂Ü˛ §%̂ Ïï˛y ÓÓ˚yÓÓ˚

í˛z˛õyÇ¢ mg cosθ ~ÓÇ ~Ó˚ í z̨°¡∫ í z̨̨ õyÇ¢ mg cosθˆï˛ !ÓË˛y!çï˛

Ü˛Ó˚y ÎyÎ˚– ˆÎˆÏ•ï%˛ !˛õ[˛!ê˛ L Óƒy§y Ï̂ô≈Ó˚ Ó,_ ÓÓ˚yÓÓ˚ ˆây Ï̂Ó˚ ~ÓÇ ~Ó˚

xÓ°¡∫l!Ó®%!ê˛ •° Ó,ˆÏ_Ó˚ ˆÜ˛wñ ï˛y•z !˛õ[˛!ê˛Ó˚ Óƒy§yô≈Ù%á# ~Ü˛!ê˛

cÓ˚î (ω2L) ~ÓÇ flõ¢≈Ü˛ ÓÓ˚yÓÓ˚ ~Ü˛!ê˛ cÓ˚î ÌyÜ˛ Ï̂Óó Ó,_ã˛y˛õ ÓÓ˚yÓÓ˚

à!ï˛ §%£ÏÙ ly •GÎ̊yÓ̊ çlƒ flõ¢≈Ü˛ ÓÓ̊yÓÓ̊ cÓ̊î Ìy Ï̂Ü˛– Óƒy§yô≈ ÓÓ̊yÓÓ̊

°!kô Ó° T – mg cosθ ~Ó̊ çlƒ Óƒy§yô≈ ÓÓ̊yÓÓ̊ cÓ̊î §,!T˛ •Î̊–

xlƒ!ò Ï̂Ü˛  mg sinθ Ó Ï̂°Ó̊ çlƒ flõ¢≈Ü˛ ÓÓ̊yÓÓ̊ cÓ̊î §,!T˛ •Î̊– ò,ì˛̧

xÓ°¡∫̂ ÏlÓ̊ §y Į̈̂ õ Ï̂«˛ ê˛Ü≈̨  !l Ï̂Î̊ Ü˛yç Ü˛Ó̊y x Ï̂lÜ˛ §%!ÓôyçlÜ˛ Ü˛yÓ̊î

Óƒy§yô≈ ÓÓ̊yÓÓ̊ Ó Ï̂°Ó̊ çlƒ ê˛Ü≈̨  ¢)lƒ •Î̊– ò,ì˛̧ xÓ°¡∫̂ ÏlÓ̊ §y Į̈̂ õ Ï̂«˛ ê˛Ü≈̨

τ ˛õ%̂ ÏÓ̊y˛õ%!Ó̊ flõ¢≈Ü˛ ÓÓ̊yÓÓ̊ Ó Ï̂°Ó̊ í z̨̨ õyÇ Ï̂¢Ó̊ myÓ̊y §Ó̊ÓÓ̊y!•ï˛ •Î̊

τ =  –L (mg sinθ ) (14.22)

í˛z=˛ ê˛Ü≈˛ •° ≤Ãï˛ƒylÎ˚Ü˛ ê˛Ü≈˛ Îy ˆÜ˛Ô!îÜ˛ §Ó˚îˆÏÜ˛ Ü˛ÙyˆÏï˛ ˆã˛T˛y Ü˛ˆÏÓ˚

~ÓÇ ~çlƒ }îydÜ˛ !ã˛•´ ˆòGÎ˚y •ˆÏÎ˚ˆÏSÈ– xyÓï≈˛ à!ï˛Ó˚ ˆ«˛ˆÏe

!lí˛zê˛ˆÏlÓ˚ §)e xl%§yˆÏÓ˚ñ

τ   =  I α (14.23)

ˆÎáy Ï̂l  I •° ò,ì ¸̨ xÓ°¡∫̂ ÏlÓ˚ §y Į̈̂ õ Ï̂«˛ §ÇfiÌyÓ˚ çyí˛ƒ ºyÙÜ˛ ~ÓÇ

α •° ˆÜ˛Ô!îÜ˛ cÓ˚î– Ê˛ Ï̂°

I α = –m g sin θ   L (14.24)

Óyñ

α  =  − 
m g L

I
 sin θ (14.25)

xyÙÓ˚y Î!ò §Ó˚î θ ̂ Ü˛ «%̨ o ô Ï̂Ó˚ ̂ l•z ï˛ Ï̂Ó 14.25 lÇ §Ù#Ü˛Ó˚î Ï̂Ü˛

§Ó˚°#Ü,̨ ï˛ Ü˛Ó˚ˆÏï˛ ̨ õy!Ó˚– xyÙÓ˚y çy!l ̂ Î sin θ  ̂ Ü˛ !l¡¨Ó)̊̂ Į̈ õ ≤ÃÜ˛y¢

Ü˛Ó˚y ÎyÎ˚

sinθ θ
θ θ

  =  
3 5

− +
3! 5!

 – ...  (14.26)

ˆÎáy Ï̂l θ  ˆÓ˚!í˛Î˚y Ï̂l ≤ÃÜ˛y!¢ï˛–

~ál Î!ò  θ  «%˛o •Î˚ñ ï˛ˆÏÓ sin θ ̂ Ü˛  θ  ~Ó˚ !lÜ˛ê˛Óï˛#≈ ôÓ˚y ÎyÎ˚

~ÓÇ ï˛ál 14.25 §Ù#Ü˛Ó˚î Ï̂Ü˛ ˆ°áy •Î˚

 α θ  =   −
mgL

I
 (14.27)

14.1lÇ §yÓ˚!îˆÏï˛ñ xyÙÓ˚y ˆÜ˛yî θ ˆÜ˛ !í˛!@˝ÃˆÏï˛ñ ~Ó˚ ï%˛°ƒ

ˆÓ˚!í˛Î˚yl ~Ü˛ Ï̂Ü˛ ~ÓÇ  sin θ  xy Į̈̂ õ«˛ Ï̂Ü˛Ó˚ Ùy Ï̂l ̂ ◊!îË%̨ =˛ Ü˛Ó˚°yÙ–

§Ó˚° ˆòy°à!ï˛Ó˚ !ÓhflÏyÓ˚ Ü˛ï˛ «%˛o •GÎ˚y í˛z!ã˛ï˛⁄

Îál ˆï˛yÙÓ˚y §Ó˚° ˆòy° Ï̂Ü˛Ó˚ ˛õÎ≈yÎ˚Ü˛y° !lî≈̂ ÏÎ˚Ó˚ ˛õÓ˚#«˛y!ê˛
Ü˛ˆÏÓ˚yñ ï˛ál ˆï˛yÙyÓ˚ !¢«˛Ü˛ Ù•y¢Î˚ ˆï˛yÙyˆÏÜ˛ §Ó˚° ˆòy°ˆÏÜ˛Ó˚
!ÓhflÏyÓ˚ Ü˛Ù Ó˚yáˆÏï˛ ÓˆÏ°l– !Ü˛vñ ˆï˛yÙÓ˚y Ü˛áˆÏly !çˆÏK˛§
Ü˛ˆÏÓ˚ˆÏSÈy !Ü˛ñ ~•z !ÓhflÏyÓ˚ ˆSÈyê˛ ÙyˆÏl Ü˛ï˛ê%˛Ü%˛ ˆSÈyê˛⁄ !ÓhflÏyÓ˚ Ü˛ï˛
•GÎ˚y í z̨!ã˛ï˛  50, 20, 10, xÌÓy 0.50? xÌÓyñ !ÓhflÏyÓ˚ 100, 200,

xÌÓy 300  •ˆÏï˛ ˛õyˆÏÓ˚ !Ü˛⁄
!Ó£ÏÎ˚!ê˛ˆÏï˛ í˛zÍ§y• ≤ÃòyˆÏl xyÓ˚G Ë˛yˆÏ°y •ˆÏÓ Î!ò xyÙÓ˚y

Ó Ï̂í ¸̨y Ùy Ï̂lÓ˚ !ÓhflÏyÓ˚ ˛õÎ≈hs˝ñ !Ó!Ë˛ß¨ !ÓhflÏy Ï̂Ó˚Ó˚ çlƒ ˆòy° Ï̂Ü˛Ó˚
˛õÎ≈yÎ˚Ü˛y° ˛õ!Ó˚Ùy˛õ Ü˛!Ó˚– xÓ¢ƒ•zñ Óí˛¸ÙyˆÏlÓ˚ ˆòy°ˆÏlÓ˚ çlƒ
ˆï˛yÙy Ï̂Ü˛ °«˛ƒ Ó˚yá Ï̂ï˛ • Ï̂Óñ ̂ òy° Ï̂Ü˛Ó˚ ̂ òy°l ̂ Îl í z̨Õ‘¡∫ ï˛ Ï̂°
Ìy Ï̂Ü˛– ôÓ˚y ÎyÜ˛ñ fl∫“ !ÓhflÏyÓ˚ §¡õß¨ ˆòy° Ï̂lÓ˚ çlƒ ˛õÎ≈yÎ˚Ü˛y°
T (0) ~ÓÇ θ

0
 !ÓhflÏy Ï̂Ó˚Ó˚ çlƒ ˛õÎ≈yÎ˚Ü˛y° Ï̂Ü˛ T (θ

0
) = cT (0)

!°!˛õÓÂô Ü˛Ó˚y •°ñ ˆÎáyˆÏl c •° à%îÜ˛ åmultiplying

factorä– Î!ò ï%̨ !Ù c ~ÓÇ θ
0
 ~Ó˚ Ù Ï̂ôƒ ˆ°á xAÜ˛l Ü˛Ó˚ ï˛ Ï̂Ó

ï%˛!Ù xˆÏlÜ˛ê˛y ~Ó˚Ü˛Ù Ùyl ˛õyˆÏÓ ı
θ

0
: 200 450 500 700 900

c : 1.02 1.04 1.05 1.10 1.18

~Ó˚ xÌ≈ • Ï̂°yñ 200 !ÓhflÏy Ï̂Ó˚Ó˚ çlƒ ̨õÎ≈yÎ˚Ü˛y Ï̂° e%!ê˛ ≤ÃyÎ˚  2%ñ
500 !ÓhflÏy Ï̂Ó˚Ó˚ çlƒ ˛õÎ≈yÎ˚Ü˛y Ï̂° e%!ê˛ ≤ÃyÎ˚ 5%ñ 700 !ÓhflÏy Ï̂Ó˚Ó˚
çlƒ ˛õÎ≈yÎ˚Ü˛yˆÏ° e%!ê˛ ≤ÃyÎ˚ 10% ~ÓÇ 900 !ÓhflÏyˆÏÓ˚Ó˚ çlƒ
˛õÎ≈yÎ˚Ü˛yˆÏ° e%!ê˛ 18%–

~ ̨õÓ˚#«˛yÎ˚ñ ï%˛!Ù Ü˛áˆÏly  T (0) å˛õÎ≈yÎ˚Ü˛y°ä ̨õ!Ó˚Ùy˛õ Ü˛Ó˚̂ Ïï˛
˛õyÓ˚̂ ÏÓ lyñ Ü˛yÓ˚î ~Ó˚ xÌ≈ •° ˆ§áy Ï̂l ˆÜ˛y Ï̂ly ˆòy°l•z ˆl•z–
~Ùl!Ü˛ ï˛y!_¥Ü˛Ë˛yˆÏÓ θ  = 0 ~Ó˚ çlƒ•z ¢%ô%Ùye sin θ ~Ó˚ Ùyl
§!ë˛Ü˛Ë˛y Ï̂Ó θ ~Ó̊ §Ùyl •Î̊– θ ~Ó̊ xlƒylƒ Ùy Ï̂lÓ̊ çlƒ ̂ §áy Ï̂l
!Ü˛S%Èê˛y e%!ê˛ xyˆÏ§– ~•z e%!ê˛ θ ~Ó˚ ~Ó˚ Ùyl Óyí˛¸yÓ˚ §ˆÏAà
§ˆÏAà Ó,!Âô ˛õyÎ˚– §%ï˛Ó˚yÇñ xyÙyˆÏòÓ˚ !§Âôyhs˝ !lˆÏï˛ •ˆÏÓ ˆÎñ
Ü˛ï˛ê%˛Ü%˛ ˛õÎ≈hs˝ e%!ê˛ xyÙÓ˚y !lˆÏï˛ ˛õyÓ˚ˆÏÓy– ÓyhflÏˆÏÓ ˆÜ˛yˆÏly
˛õ!Ó˚Ùy˛õ•z ̨õ%̂ ÏÓ˚y˛õ%!Ó˚ e%!ê˛Ù%=˛ lÎ˚– ï%̨ !Ù ~ôÓ˚̂ ÏlÓ˚ ≤ÃŸ¿G !Ó Ï̂Óã˛ly
Ü˛Ó˚ˆÏï˛ ˛õyˆÏÓ˚y ı fiê˛˛õ GÎ˚yˆÏã˛Ó˚ §!ë˛Ü˛ï˛y Ü˛ï˛ê%˛Ü%˛⁄ fiê˛˛õGÎ˚yã˛
¢%Ó˚% ~ÓÇ Órô Ü˛Ó˚ˆÏï˛ ˆï˛yÙyÓ˚ !lçfl∫ §!ë˛Ü˛ï˛y Óy !lË%≈˛°ï˛y
Ü˛ï˛ê%˛Ü%˛⁄ ï%˛!Ù Ó%V˛ˆÏï˛ ˛õyÓ˚ˆÏÓ ˆÎñ ~ hflÏˆÏÓ˚ ˆï˛yÙyÓ˚ ˛õ!Ó˚ÙyˆÏ˛õÓ˚
§!ë˛Ü˛ï˛y Ü˛á Ï̂ly 5% xÌÓy 10% ̂ Ì Ï̂Ü˛ ̂ Ó!¢ • Ï̂Ó ly– í z̨̨ õ Ï̂Ó˚Ó˚
§yÓ˚!î ̂ Ì Ï̂Ü˛ ~ê˛y flõT˛ ̂ Î x Į̈̂ õ«˛yÜ,̨ ï˛ x“ !ÓhflÏy Ï̂Ó˚Ó˚ ï%̨ °lyÎ˚
500 !ÓhflÏy Ï̂Ó˚Ó˚ çlƒ ˆòy° Ï̂Ü˛Ó˚ ˛õÎ≈yÎ˚Ü˛y Ï̂°Ó˚ Ó,!Âô 5% x Į̈̂ õ«˛y
ˆÓ!¢ •Î˚ ly– §%ï˛Ó˚yÇ ̂ ï˛yÙyÓ˚ ̨õÓ˚#«˛yÎ˚ §%!ÓôyçlÜ˛ ̨õ!Ó˚Ùy Į̈̂ õÓ˚
çlƒ !ÓhflÏyÓ˚ 500ˆï˛ Ó˚yá Ï̂ï˛ ˛õy Ï̂Ó˚y–
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§yÓ˚!î ˆÌ Ï̂Ü˛ ˆòáy ÎyÎ˚ ˆÎ  θ ~Ó˚ Ùyl 20 !í˛@˝Ã#Ó˚ ÙˆÏôƒ •ˆÏ°ñ θ ~Ó˚

ˆÓ˚!í˛Î˚y Ï̂l ≤ÃÜ˛y!¢ï˛ Ùyl ~ÓÇ sin θ  ~Ó˚ Ùyl ≤ÃyÎ˚ §Ùyl •ˆÏÓ–

§yÓ˚!î  14.1  θθθθθ  ˆÜ˛y Ï̂lÓ˚ x Į̈̂ õ«˛Ü˛Ó)̊̂ Į̈ õ sin θθθθθ

14.27 lÇ ~ÓÇ 14.11 lÇ §Ù#Ü˛Ó˚î ày!î!ï˛Ü˛Ë˛y Ï̂Ó x!Ë˛ß¨ñ ̂ Ü˛Ó°

ã˛°Ó˚y!¢!ê˛ •ˆÏÓ ˆÜ˛Ô!îÜ˛ §Ó˚î– xï˛~Ó ≤ÃÙy!îï˛ •° ˆÎ θ «%˛o

• Ï̂° !˛õ Ï̂[˛Ó˚ à!ï˛ §Ó˚° ˆòy°à!ï˛– 14.27 ~ÓÇ 14.11 §Ù#Ü˛Ó˚î

ˆÌˆÏÜ˛ ˛õy•zÈüüüÈ

ω  =  
mgL

I
 

~ÓÇ

 T
I

mgL
   = 2   π     (14.28)

~ál ˆÎˆÏ•ï%˛ §Ó˚° ˆòy°ˆÏÜ˛Ó˚ §%ˆÏï˛y!ê˛ Ë˛Ó˚•#l ï˛y•z çyí˛ƒ ºyÙÜ˛

I • Ï̂Ó   mL2 – (14.28) lÇ §Ù#Ü˛Ó˚î ï˛ál §Ó˚° ˆòy° Ï̂Ü˛Ó˚ Ó•%°

˛õ!Ó˚!ã˛ï˛ ˛õÎ≈yÎ˚Ü˛y Ï̂°Ó˚ §)e Ï̂Ü˛ !l Ï̂ò≈¢ Ü˛ Ï̂Ó˚–

T
L

g
   =  2   π   (14.29)

u í z̨òy•Ó˚î  14.9  ̂ § Ï̂Ü˛u˛ ̂ òy° Ï̂Ü˛Ó˚ Ü˛yÎ≈Ü˛Ó˚ ̃ òâ≈ƒ !lî≈Î˚ Ü˛ Ï̂Ó˚y–

í z̨_Ó̊ ı 14.29 lÇ §Ù#Ü˛Ó˚î ̂ Ì Ï̂Ü˛ §Ó˚° ̂ òy° Ï̂Ü˛Ó˚ ̨õÎ≈yÎ˚Ü˛y° !l¡¨Ó)̨̊ õ

 T
L

g
   =  2   π

í˛z=˛ §Ù#Ü˛Ó˚î ˆÌˆÏÜ˛ ˛õyGÎ˚y ÎyÎ˚ñ

L   =   
gT 2

24
 

π

ˆ§ Ï̂Ü˛u˛ ˆòy° Ï̂Ü˛Ó˚ ˛õÎ≈yÎ˚Ü˛y° 2 s– §%ï˛Ó˚yÇ g = 9.8 m s–2 ô Ï̂Ó˚

~ÓÇ T  = 2 s •GÎ˚yÎ˚

!ã˛e ı 14.19 ˆòy°Î˚Ùyl !fl±Ç ~Ó˚ í z̨̨ õÓ˚ ̨õy!Ó˚̨ õy!Ÿª≈Ü˛ §ywÙyôƒÙ Ü˛ï,≈̨ Ü˛

≤ÃÎ%=˛ xÓÙ®Ü˛ Ó° xÓ Ï̂¢ Ï̂£Ï ~ Ï̂Ü˛ !fiÌÓ̊ xÓfiÌyÎ̊ xy Ï̂l–

L  =   
9.8(m 

4
 

s s– ) ( )2 2

2

4  ×

π

        = 1 m ⊳

14.9  xÓÙ!®ï˛ §Ó˚° ̂ òy°à!ï˛ åDamped simple harmonic

motionä

xyÙÓ˚y çy!l ̂ Îñ ÓyÎ%̊̂ Ïï˛ ̂ òy°Î˚Ùyl ~Ü˛!ê˛ §Ó˚° ̂ òy°Ü˛ xÓ Ï̂¢ Ï̂£Ï

ˆÌ Ï̂Ù ÎyÎ˚– ~Ó˚Ü˛Ù ˆÜ˛l â Ï̂ê˛⁄ ~Ó˚Ü˛Ù •GÎ˚yÓ˚ Ü˛yÓ˚î •° ÓyÎ%̊Ó˚

Óyôy ~ÓÇ ò,ì ¸̨ xÓ°¡∫̂ ÏlÓ˚ â£Ï≈î ˆòy° Ï̂Ü˛Ó˚ à!ï˛ Ï̂Ü˛ Óyôy ˆòÎ˚ ~ÓÇ

~Ó˚ ¢!=˛Ó˚ Ü ˛Ù¢ x˛õã˛Î˚ •Î˚– Ó°y •Î˚ñ ˆòy°Ü˛!ê˛ xÓÙ!®ï˛ ˆòy°l

§¡õyòl Ü˛ˆÏÓ˚– xÓÙ!®ï˛ ˆòy°ˆÏlñ §ÇfiÌyÓ˚ ¢!=˛ xlÓÓ˚ï˛ •…y§

˛õyÎ˚ó !Ü˛v xÓÙ®l x“ •ˆÏ°ñ ˆòy°l ≤ÃyÎ˚ ˛õÎ≈yÎ˚ Ü ˛!ÙÜ˛ •Î˚–

x˛õã˛Î˚Ü˛yÓ˚# Ó°à%ˆÏ°y •° §yôyÓ˚îï˛ â£Ï≈î Ó°§Ù)•– ˆòy°ˆÏÜ˛Ó˚

ˆòy°à!ï˛Ó˚ í˛z˛õÓ˚ ~Ó˚Ü˛Ù Óy!•ƒÜ˛ ÓˆÏ°Ó˚ ≤ÃË˛yÓ ̂ ÓyV˛yˆÏï˛ñ 14.19 lÇ

!ã˛ˆÏeÓ˚ ÙˆÏï˛y ~Ü˛!ê˛ §ÇfiÌy !ÓˆÏÓã˛ly Ü˛!Ó˚– ~ˆÏ«˛ˆÏe í˛z°¡∫Ë˛yˆÏÓ

ˆòy°Î˚Ùyl m Ë˛ Ï̂Ó˚Ó˚ ~Ü˛!ê˛ ÓœÜ˛  k Ó° ô %Ó Ï̂Ü˛Ó˚ !fiÌ!ï˛fiÌy˛õÜ˛ !fl±Ç

~Ó˚ § Ï̂Aà Î%=˛– ÓœÜ˛!ê˛ l# Ï̂ã˛Ó˚ !ò Ï̂Ü˛ x“ ̂ ê˛ Ï̂l ̂ SÈ Ï̂í ¸̨ !ò Ï̂° 14.20 lÇ

§Ù#Ü˛Ó˚ˆ ÏîÓ˚ ÙˆÏï˛y ~Ó˚ ˆòy°ˆÏlÓ˚ ˆÜ˛Ô!îÜ˛ Ü˛¡õyAÜ˛ •ˆÏÓ

ω =
k

m
– Î!òG ÓyhflÏ̂ ÏÓ ̨õy!Ó˚̨ õy!Ÿª≈Ü˛ ÙyôƒÙ åÓyÎ%̊ä ÓœÜ˛!ê˛Ó˚ à!ï˛Ó˚

í z̨̨ õÓ˚ ~Ü˛!ê˛ xÓÙ®Ü˛ Ó° ådamping forceä ≤Ã Ï̂Î˚yà Ü˛ Ï̂Ó˚ ~ÓÇ

ÓœÜ˛ÈüÈ!fl±Ç ~Ó˚ Îy!sfÜ˛ ¢!=˛ •…y§ ˛õyˆÏÓ– ¢!=˛Ó˚ •…y§ ˛õy!Ó˚˛õy!Ÿª≈ˆÏÜ˛Ó˚

å~ÓÇ ÓœˆÏÜ˛Ó˚ä ï˛y˛õ¢!=˛Ó)̊̂ Ï˛õ xyd≤ÃÜ˛y¢ Ü˛Ó˚ˆÏÓ– [14.19 lÇ !ã˛e]

å!í˛!@˝Ãä åˆÓ˚!í˛Î˚ylä

ò,ì˛¸ xÓ°¡∫l

!fl±Ç

ÓœÜ˛

˛õy!Ó˚˛õy!Ÿª≈Ü˛ ÙyôƒÙ
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xÓÙ®Ü˛ Ó° ˛õy!Ó˚˛õy!Ÿª≈Ü˛ ÙyôƒˆÏÙÓ˚ ≤ÃÜ,˛!ï˛Ó˚ í˛z˛õÓ˚ !lË≈˛Ó˚ Ü˛ˆÏÓ˚–

Î!ò ÓœÜ˛!ê˛ˆÏÜ˛ ~Ü˛!ê˛ ï˛Ó˚ˆÏ° !lÙ!Iï˛ Ü˛Ó˚y •Î˚ ï˛ˆÏÓ xÓÙ®ˆÏlÓ˚

Ùyl xˆÏlÜ˛ ˆÓ!¢ •Î˚ ~ÓÇ ¢!=˛Ó˚ •…y§ xˆÏlÜ˛ o%ï˛ •ˆÏÓ– xÓÙ®Ü˛

Ó° §yôyÓ˚îï˛ !˛õˆÏ[˛Ó˚ ˆÓˆÏàÓ˚ §Ùyl%˛õy!ï˛Ü˛ •Î˚ [ (10.19) lÇ

§Ù#Ü˛Ó˚îñ ˆfiê˛yÜ˛ˆÏ§Ó˚ §)e ÙˆÏl ˆÓ˚ˆÏá] ~ÓÇ ˆÓˆÏàÓ˚ x!Ë˛Ù%ˆÏáÓ˚

!Ó˛õÓ˚#ï˛ x!Ë˛Ù%ˆÏá !Ü ˛Î˚y¢#° •Î˚– Î!ò xÓÙ®Ü˛ Ó°ˆÏÜ˛  F
d
 myÓ˚y

≤ÃÜ˛y¢ Ü˛Ó˚y •Î˚ ï˛ˆÏÓ xyÙÓ˚y ˛õy•z

F
d
  = –b v     (14.30)

ˆÎáy Ï̂l ôlydÜ˛ ô %ÓÜ˛  b Ùyôƒ Ï̂ÙÓ˚ ̃ Ó!¢T˛ƒ  åí z̨òy•Ó˚î fl∫Ó)̨̊ õ §ysfï˛yä

ÓœˆÏÜ˛Ó˚ xyÜ˛yÓ˚ ~ÓÇ xyÜ,̨ !ï˛ •zï˛ƒy!òÓ˚ í˛z˛õÓ˚ !lË≈˛Ó˚ Ü˛ˆÏÓ˚– 14.30 lÇ

§Ù#Ü˛Ó˚î §yôyÓ˚îï˛ x“Ùy Ï̂lÓ˚ ˆÓ Ï̂àÓ˚ çlƒ•z ≤Ã Ï̂Îyçƒ–

m Ë˛Ó˚!ê˛ Ï̂Ü˛ Îál !fl±Ç ~Ó˚ § Ï̂Aà Î%=˛ Ü˛ Ï̂Ó˚ ˆSÈ Ï̂í ¸̨ ˆòGÎ˚y •Î˚ñ

ï˛ál !fl±Ç áy!lÜ˛ê˛y ≤Ã§y!Ó˚ï˛ •ˆÏÓ ~ÓÇ Ë˛Ó˚!ê˛ ̂ Ü˛yˆÏly ~Ü˛ í˛zFã˛ï˛yÎ˚

!fiÌÓ˚ • Ï̂Ó–  14.19 lÇ !ã˛ Ï̂e ~•z xÓfiÌy Ï̂Ü˛ O myÓ˚y ̂ òáy Ï̂ly • Ï̂Î˚̂ ÏSÈñ

Îy Ë˛Ó̊!ê˛Ó̊ §yÙƒyÓfiÌy– Î!ò Ë˛Ó̊!ê˛ Ï̂Ü˛ !l Ï̂ã˛Ó̊ !ò Ï̂Ü˛ áy!lÜ˛ê˛y ̂ ê˛ Ï̂l xÌÓy

í z̨̨ õ Ï̂Ó˚Ó˚ !ò Ï̂Ü˛ áy!lÜ˛ê˛y ˆë˛ Ï̂° !ò Ï̂°ñ ÓœÜ˛!ê˛Ó˚ í z̨̨ õÓ˚ !fl±Ç ~Ó˚ çlƒ

≤Ãï˛ƒylÎ̊Ü˛ Ó° •Î̊  F
S
 = –kx, ̂ Îáy Ï̂l x •° §yÙƒyÓfiÌyl ̂ Ì Ï̂Ü˛ §Ó̊î

*– ï˛y•z Ë˛Ó̊!ê˛Ó̊ í z̨̨ õÓ̊ ˆÜ˛y Ï̂ly t §Ù Ï̂Î̊ ˆÙyê˛ ≤ÃÎ%=˛ Ó° •°
F = –kx –bv.

Î!ò t §Ù Ï̂Î̊ Ë˛Ó̊!ê˛Ó̊ cÓ̊î a(t) •Î̊ ï˛ Ï̂Ó à!ï˛Ó̊ x!Ë˛Ù%̂ Ïá !lí z̨ê˛ Ï̂lÓ̊

àï˛#Î˚ §Ù#Ü˛Ó˚î ≤ÃˆÏÎ˚yà Ü˛ˆÏÓ˚ xyÙÓ˚y ˛õy•z
m a(t) = –k x(t) – b v(t) (14.31)

~áyˆÏl xyÙÓ˚y ˆË˛QÓ˚ !ã˛•´ í˛zˆÏ˛õ«˛y Ü˛ˆÏÓ˚!SÈ Ü˛yÓ˚î xyÙÓ˚y

~Ü˛Ùy!eÜ˛ à!ï˛ !lˆÏÎ˚ xyˆÏ°yã˛ly Ü˛Ó˚!SÈ–

v (t) ~ÓÇ a (t) ˆÜ˛ ÎÌyÜ ̨ Ï̂Ù x (t) ~Ó˚ ≤ÃÌÙ G !mï˛#Î˚ xÓÜ˛°

Ó)̊̂ Į̈ õ ÓƒÓ•yÓ˚ Ü˛ Ï̂Ó˚ xyÙÓ˚y ˛õy•z

     m
t

 b
t
  k   0

2

d

d

d

d

2x x
x+ + = (14.32)

(14.32) lÇ §Ù#Ü˛Ó˚ˆÏîÓ˚ §Ùyôyl ˆÓˆÏàÓ˚ §Ùylyl%˛õy!ï˛Ü˛

xÓÙ®Ü˛ ÓˆÏ°Ó˚ ≤ÃË˛yˆÏÓ ÓœˆÏÜ˛Ó˚ à!ï˛ˆÏÜ˛ Óî≈ly Ü˛ˆÏÓ˚– ˆòáy ÎyÎ˚

§Ùyôyl !l¡¨Ó˚)˛õ •Î˚

x(t)  =   A e–b t/2m cos (ω′t + φ ) (14.33)

ˆÎáy Ï̂l A  •° !ÓhflÏyÓ˚ ~ÓÇ ω ′ •° xÓÙ®ˆÏÜ˛Ó˚ ˆÜ˛Ô!lÜ˛ Ü˛¡õyAÜ˛ñ

ω ’
k

m

b

4m
     

2

2
= − (14.34)

~•z xˆÏ˛õ«˛ˆÏÜ˛ ˆÜ˛y§y•zl x Į̈̂ õ«˛ Ï̂Ü˛Ó˚ ˛õÎ≈yÎ˚Ü˛y°  2π/ω′ !Ü˛v

x(t) xˆÏ˛õ«˛Ü˛!ê˛ ˛õ%ˆÏÓ˚y˛õ%!Ó˚ ˛õÎ≈yÎ˚Ó,_#Î˚ lÎ˚ Ü˛yÓ˚î  e–b t/2m à%îÜ˛!ê˛

§ÙˆÏÎ˚Ó˚ §yˆÏÌ Ü ˛Ù¢ •…y§ ˛õyÎ˚– ï˛ˆÏÓ Î!ò ~Ü˛!ê˛ ˛õÎ≈yÎ˚Ü˛yˆÏ° •…y§

á%Ó Ü˛Ù •Î˚ ï˛ Ï̂Ó 14.33 lÇ §Ù#Ü˛Ó˚î!ê˛ ≤ÃyÎ˚ ̨õÎ≈yÎ˚Ó,_#Î˚ à!ï˛ !l Ï̂ò≈¢

Ü˛ˆÏÓ˚–

14.33 §Ù#Ü˛Ó˚î myÓ˚y ≤ÃÜ˛y!¢ï˛ §Ùyôyl!ê˛ˆÏÜ˛ 14.20 lÇ !ã˛ˆÏe

≤Ãò!¢≈ï˛ !ã˛ˆÏeÓ˚ myÓ˚y ≤ÃÜ˛y¢ Ü˛Ó˚y ÎyÎ˚– xyÙÓ˚y ~ˆÏÜ˛ ˆÜ˛y§y•zl

xˆÏ˛õ«˛Ü˛ Ó)̊̂ Ï˛õ !ÓˆÏÓã˛ly Ü˛Ó˚ˆÏï˛ ̨õy!Ó˚ñ ÎyÓ˚ !ÓhflÏyÓ˚  Ae–b t/2m  §Ù Ï̂Î˚Ó˚

§yˆÏÌ  Ü ˛Ù¢ •…y§ ˛õyÎ˚–

* x!Ë˛Ü˛ˆÏ£Ï≈Ó˚ xô#l !fl±Ç ~Ó˚ §ˆÏAà Î%=˛ ÓœÜ˛!ê˛  O xÓfiÌy Ï̂l §y Ï̂Ùƒ xy Ï̂SÈ– ~áy Ï̂l x ˙ xÓfiÌyl ˆÌ Ï̂Ü˛ §Ó˚î Ï̂Ü˛ ≤ÃÜ˛y¢ Ü˛ Ï̂Ó˚–

!ã˛e ı 14.20 ˆòy°ˆÏlÓ˚ Ü ˛Ù•…y§Ùyl !ÓhflÏyˆÏÓ˚Ó˚ §yˆÏÌ ~Ü˛!ê˛ xÓÙ!®ï˛
ˆòy°Ü˛ ≤ÃyÎ˚ ˛õÎ≈yÎ˚Ó,_#Î˚ •Î˚– xÓÙ®l ˆÓ!¢ •ˆÏ° ˆòy°l
o%ï˛ •yˆÏÓ˚ •…y§ ˛õyÎ˚–

xÓÙ®l •Î˚ lyñ ~Ùl ˆòy° Ï̂Ü˛Ó˚ Îy!sfÜ˛ ¢!=˛ •° 1/2 kA2 –

xÓÙ®l •Î˚ ~Ùl ˆòy° Ï̂Ü˛Ó˚ !ÓhflÏyÓ˚ !fiÌÓ˚ lÎ˚ñ ~!ê˛ §Ù Ï̂Î˚Ó˚ í z̨̨ õÓ˚

!lË≈̨ Ó˚ Ü˛ Ï̂Ó˚– «%̨ o xÓÙ® Ï̂lÓ˚ çlƒ xyÙÓ˚y ~Ü˛•z Ó˚y!¢Ùy°y ÓƒÓ•yÓ˚

Ü˛Ó˚̂ Ïï˛ ̨õy!Ó˚ !Ü˛v !ÓhflÏyÓ˚̂ ÏÜ˛  A e–bt/2m !• Ï̂§ Ï̂Ó !Ó Ï̂Óã˛ly Ü˛Ó˚̂ Ïï˛ ̨õy!Ó˚–

E t    k A  e   2 � b t/m( ) =
1

2
(14.35)

(14.35) lÇ §Ù#Ü˛Ó˚î ˆÌ Ï̂Ü˛ ˆòáy ÎyÎ˚ ˆÎ §ÇfiÌyÓ˚ ˆÙyê˛ ¢!=˛

§Ù Ï̂Î˚Ó˚ §y Ï̂Ì §)ã˛Ü˛#Î˚Ë˛y Ï̂Ó •…y§ ̨õyÎ˚– °«˛ Ü˛ Ï̂Ó˚y ̂ Î «%̨ o xÓÙ® Ï̂lÓ˚

xÌ≈ •° ˆÎñ b

k m
 









  •° 1 å~Ü˛ä x Į̈̂ õ«˛y x Ï̂lÜ˛ «%̨ o ~Ü˛!ê˛

Ùyey•#l xl%˛õyï˛–
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xyÙÓ˚y Î!ò  b = 0 Ó§y•z ï˛ˆÏÓ ~ˆÏ«˛ˆÏe xÓ¢ƒ•z xÓÙ!®ï˛

ˆòy° Ï̂Ü˛Ó˚ §Ü˛° §Ù#Ü˛Ó˚î xÓÙ!®ï˛ lÎ˚ ~Ùl ̂ òy° Ï̂Ü˛Ó˚ xyl%£Ï!AàÜ˛

§Ù#Ü˛Ó˚ˆÏî ˛õ!Ó˚îï˛ •ˆÏÓ xy¢y Ü˛Ó˚y ÎyÎ˚–

u í˛zòy•Ó˚î ı 14.10 ı 14.20 lÇ !ã˛ˆÏe ≤Ãò!¢≈ï˛ xÓÙ!®ï˛

ˆòy° Ï̂Ü˛Ó˚ ˆ«˛ Ï̂e ÓœÜ˛!ê˛Ó˚ Ë˛Ó˚ m •° 200 g, k = 90 N m–1

~ÓÇ Ù®l ô %ÓÜ˛  b •° 40 g s–1– (a) ˆòy° Ï̂lÓ˚ ˛õÎ≈yÎ˚Ü˛y°

!lî≈Î˚ Ü˛ Ï̂Ó˚y, (b) ï˛yÓ˚ Ü˛¡õ Ï̂lÓ˚ !ÓhflÏyÓ˚ ≤ÃyÌ!ÙÜ˛ Ùy Ï̂lÓ˚ x Ï̂ô≈Ü˛

•…y§ ˆ˛õˆÏï˛ §ÙÎ˚ !lî≈Î˚ Ü˛ˆÏÓ˚y ~ÓÇ (c) ï˛yÓ˚ Îy!sfÜ˛ ¢!=˛

≤ÃyÌ!ÙÜ˛ Ùy Ï̂lÓ˚ x Ï̂ô≈Ü˛ •…y§ ˆ˛õ Ï̂ï˛ §ÙÎ˚ !lî≈Î˚ Ü˛ Ï̂Ó˚y–

í z̨_Ó˚ ı  (a) xyÙÓ˚y ~ Ï̂«˛ Ï̂e ̂ òá Ï̂ï˛ ̨õy•zñ km = 90×0.2 = 18 kg N

m–1 = kg2 s–2;  §%ï˛Ó˚yÇñ km = 4.243 kg s–1 ~ÓÇ b = 0.04 kg

s–1. §%ï˛Ó˚yÇñ b ~Ó˚ Ùyl km  ~Ó˚ ã˛y•zˆÏï˛ xˆÏlÜ˛ Ü˛Ùñ ï˛y•z

(14.34) lÇ §Ù#Ü˛Ó˚î •ˆÏï˛ ˛õÎ≈yÎ˚Ü˛y° TˆÜ˛ !l¡¨Ó)̊̂ Į̈ õ ˆ°áy ÎyÎ˚

T
m

k
 = 2π

   = 2
0 2

90
π

.  

  

kg

N m � 1
 

   =  0.3 s

(b) ~ál 14.33 lÇ §Ù#Ü˛Ó˚î ˆÌ Ï̂Ü˛ !ÓhflÏyÓ˚ ï˛yÓ˚ ≤ÃyÌ!ÙÜ˛ Ùy Ï̂lÓ˚

x Ï̂ô≈Ü˛ •…y§ ˆ˛õ Ï̂ï˛ §ÙÎ˚ ˆl Ï̂Ó

T    
1/2

=
ln(1/2)

/2b m

             = × ×
0 693

40
2 200

.
s 

             = 6.93 s

(c)  ï˛yÓ˚ Îy!sfÜ˛ ¢!=˛ ≤ÃyÌ!ÙÜ˛ ÙyˆÏlÓ˚ xˆÏô≈Ü˛ •…y§ ˆ˛õˆÏï˛ ˆlGÎ˚y

§ÙÎ˚ t
1/2

, !lî≈Î˚ Ü˛Ó˚̂ Ïï˛ xyÙÓ˚y (14.35) lÇ §Ù#Ü˛Ó˚î ÓƒÓ•yÓ˚ Ü˛Ó˚Ó–

~•z §Ù#Ü˛Ó˚î ˆÌˆÏÜ˛ xyÙÓ˚y ˛õy•z ÈüüüÈ

E (t
1/2

)/E (0)   =  exp (–bt
1/2

/m)

Or                  ½   =  exp (–bt
1/2

/m)

              ln (1/2)  =  –(bt
1/2

/m)

Or  t
1/2

  = ×− 
 

   
0 693

40
200

.

g s
g

1 

              =  3.46 s

~!ê˛ !ÓhflÏyÓ˚ •…y Ï̂§Ó˚ ˛õÎ≈yÎ˚Ü˛y Ï̂°Ó˚ !ë˛Ü˛ x Ï̂ô≈Ü˛ ~Ó˚Ü˛Ù•z •GÎ˚y

í˛z!ã˛ï˛ñ ˆÜ˛lly (14.33) lÇ ~ÓÇ (14.35) lÇ §Ù#Ü˛Ó˚î xl%§y Ï̂Ó˚

¢!=˛ñ !ÓhflÏyˆÏÓ˚Ó˚ ÓˆÏà≈Ó˚ í˛z˛õÓ˚ !lË≈˛Ó˚ Ü˛ˆÏÓ˚– ò%!ê˛ §)ã˛Ü˛#Î˚ Ó˚y!¢Ùy°yÓ˚

§)ã˛Ü˛ °«˛ Ü˛ Ï̂Ó˚ ˆò Ï̂áy ~Ü˛!ê˛ à%îÜ˛  2 ˛õyGÎ˚y ÎyˆÏÓ– ⊳

14.10 ˛õÓ˚Ó¢ ˆòy°l ~ÓÇ xl%lyò åForced oscillations

and resonanceä

Îál ~Ü˛!ê˛ §ÇfiÌyˆÏÜ˛ åˆÎÙl ~Ü˛!ê˛ §Ó˚° ˆòy°Ü˛ Óy !fl±Ç ~Ó˚

§ Ï̂Aà Î%=˛ ÓœÜ˛ä ï˛yÓ˚ §yÙƒyÓfiÌyl ˆÌ Ï̂Ü˛ §!Ó˚̂ ÏÎ˚ ˆSÈ Ï̂í ¸̨ ˆòGÎ˚y •Î˚

ï˛ál ~!ê˛  ω fl∫yË˛y!ÓÜ˛ Ü˛¡õyAÜ˛ˆÏÜ˛ ò%°ˆÏÓ ~ÓÇ ˆòy°lˆÏÜ˛ Ù%=˛

ˆòy°l åfree oscillationsä Ó°y •Î˚– §Ü˛° Ù%=˛ ˆòy°l §Ó§ÙÎ˚

xÓÙ®l Ó Ï̂°Ó˚ çlƒ xÓ Ï̂¢ Ï̂£Ï ˆÌ Ï̂Ù ÎyÎ˚– Î!òGñ ~Ü˛!ê˛ Óy!•ƒÜ˛

Ó Ï̂°Ó˚ §•yÎ˚ï˛yÎ˚ ~•z ˆòy°l ÓçyÎ˚ Ó˚yáy ÎyÎ˚– ~ Ï̂òÓ˚̂ ÏÜ˛ ˛õÓ˚Ó¢ Óy

ã˛y!°ï˛ ̂ òy°l åforced or driven oscillations ä ÓˆÏ°– xyÙÓ˚y

~Ùl ~Ü˛ ˛õ!Ó˚!fiÌ!ï˛ !ÓˆÏÓã˛ly Ü˛Ó˚Ó ˆÎáyˆÏl Óy!•ƒÜ˛ Ó°!ê˛ •ˆÏÓ

ω
d
 ã˛y°Ü˛ Ü˛¡õyˆÏAÜ˛Ó˚ ~Ü˛!ê˛ ˛õÎ≈yÎ˚Ó,_ Ó°– ˛õÓ˚Ó¢ ˛õÎ≈yÎ˚Ó,_

ˆòy°ˆÏlÓ˚ ~Ü˛!ê˛ à%Ó˚%c˛õ)î≈ !Ó£ÏÎ˚ •° ̂ Î §ÇfiÌy!ê˛ ~Ó˚  ω fl∫yË˛y!ÓÜ˛

Ü˛¡õyˆÏAÜ˛ ˆòy°ˆÏÓ lyñ Óy!•ƒÜ˛ ω
d
 ã˛y°Ü˛ Ü˛¡õyˆÏAÜ˛ ˆòy°ˆÏÓ–

xÓÙ®ˆÏlÓ˚ çlƒ Ù%=˛ ˆòy°l xyˆÏhflÏ xyˆÏhflÏ ˆÌˆÏÙ ÎyˆÏÓ– Îál

ÓyàyˆÏl ~Ü˛!ê˛ !¢¢% ̂ òy°lyÎ˚ ̂ òyˆÏ° ï˛ál ̂ § ̂ òy°l ÓçyÎ˚ Ó˚yáˆÏï˛

Ùy!ê˛ˆÏï˛ ˛õy !òˆÏÎ˚ ã˛y˛õ ˆòÎ˚– åÓy ˆÜ˛í˛ z ~Ü˛çl !¢¢%!ê˛ˆ ÏÜ˛

˛õÎ≈yÎ˚Ü ˛!ÙÜ˛Ë˛yˆÏÓ ˆë˛°y ˆòÎ˚ä– ~!ê˛ ˛õÓ˚Ó¢ ˆòy°ˆÏlÓ˚ ~Ü˛!ê˛

˛õ!Ó˚!ã˛ï˛ í˛zòy•Ó˚î–

ÙˆÏl Ü˛ˆÏÓ˚y §ÙˆÏÎ˚Ó˚ §ˆÏAà ˛õÎ≈yÎ˚Ü ˛!ÙÜ˛Ë˛yˆÏÓ ˛õ!Ó˚Óï≈˛l¢#° F
0

!ÓhflÏy Ï̂Ó˚Ó˚ ~Ü˛!ê˛ Óy!•ƒÜ˛ Ó° F(t) ~Ü˛!ê˛ xÓÙ!®ï˛ ˆòy°ˆÏÜ˛Ó˚ í˛z˛õÓ˚

≤Ã Ï̂Î˚yà Ü˛Ó˚y •°– ~Ó˚Ü˛Ù Ó° Ï̂Ü˛ !l¡¨Ó)̊̂ Į̈ õ ≤ÃÜ˛y¢ Ü˛Ó˚y ÎyÎ˚

F(t)  = F
o
 cos ω

d 
t (14.36)

˜Ó˚!áÜ˛ ≤Ãï˛ƒylÎ˚Ü˛ Ó°ñ xÓÙ®l Ó° ~ÓÇ §ÙÎ˚ !lË≈˛Ó˚¢#°

14.36 lÇ §Ù#Ü˛Ó˚î myÓ˚y ≤ÃÜ˛y!¢ï˛ ã˛y°Ü˛ ÓˆÏ°Ó˚ xô#l ~Ü˛!ê˛ Ü˛îyÓ˚

à!ï˛ Ï̂Ü˛ !l¡¨Ó)̊̂ Į̈ õ ≤ÃÜ˛y¢ Ü˛Ó˚y ÎyÎ˚

m a(t) = –k x(t) – bv(t) + F
o
 cos ω

d 
t    (14.37a)

(14.37a) lÇ §Ù#Ü˛Ó˚̂ Ïî cÓ˚̂ ÏîÓ˚ ˛õ!Ó˚Ó Ï̂ï≈̨  d2x/dt2 Ó!§ Ï̂Î˚ ~ÓÇ

~ Ï̂Ü˛ ˛õ%lÓ˚yÎ˚ §y!ç Ï̂Î˚ xyÙÓ˚y ˛õy•z
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m
x

t
b x

t
kx 

d

d
d
d

2

2
+ + =  F

o
 cos ω

d 
t (14.37b)

í˛z˛õˆÏÓ˚Ó˚ §Ù#Ü˛Ó˚î!ê˛ •° ω
d
 åˆÜ˛Ô!îÜ˛ä Ü˛¡õyˆÏAÜ˛Ó˚ ˛õÎ≈yÎ˚Ó,_

ÓˆÏ°Ó˚ xô#ˆÏl !Ü ˛Î˚y¢#l  m Ë˛ˆÏÓ˚Ó˚ ~Ü˛!ê˛ ˆòy°ˆÏÜ˛Ó˚ §Ù#Ü˛Ó˚î–

ˆòy°Ü˛!ê˛ ≤ÃÌˆÏÙ ï˛yÓ˚ ω fl∫yË˛y!ÓÜ˛ Ü˛¡õyAÜ˛ !lˆÏÎ˚ ˆòyˆÏ°– Îál

xyÙÓ˚y Óy!•ƒÜ˛ ˛õÎ≈yÎ˚Ó,_ Ó° ≤ÃˆÏÎ˚yà Ü˛!Ó˚ñ fl∫yË˛y!ÓÜ˛ Ü˛¡õyˆÏAÜ˛Ó˚

ˆòy°l ˆÌˆÏÙ ˆàˆÏ° Ó›!ê˛ Óy!•ƒÜ˛ ˛õÎ≈yÎ˚Ó,_ ÓˆÏ°Ó˚ åˆÜ˛Ô!îÜ˛ä

Ü˛¡õy Ï̂AÜ˛ ˆòy° Ï̂ï˛ Ìy Ï̂Ü˛– fl∫yË˛y!ÓÜ˛ ˆòy°l Órô •GÎ˚yÓ˚ ˛õÓ˚ ~Ó˚

§Ó˚î !l Ï̂¡¨Ó˚ §Ù#Ü˛Ó˚î myÓ˚y ≤ÃÜ˛y¢ Ü˛Ó˚y ÎyÎ˚

x(t)  =  A cos (ω
d
t  + φ ) (14.38)

ˆÎáy Ï̂l t •° ˛õÎ≈yÎ˚Ó,_ Ó° ≤ÃˆÏÎ˚yà Ü˛Ó˚yÓ˚ Ù%•)ï≈˛ ˆÌˆÏÜ˛ ˛õ!Ó˚Ùy˛õ

Ü˛Ó˚yÓ˚ §ÙÎ˚ñ

!ÓhflÏyÓ˚ A •° ˛õÓ˚Ó¢ Ü˛¡õyAÜ˛  ω
d
 ~ÓÇ fl∫yË˛y!ÓÜ˛ Ü˛¡õyAÜ˛  ω

~Ó˚ x Į̈̂ õ«˛Ü˛– !Ó Ï̂Ÿ’£Ïî Ü˛ Ï̂Ó˚ A ˆÜ˛ !l¡¨Ó)̊̂ Į̈ õ ˆ°áy ÎyÎ˚

A
F

m bd d

1/2
=

−( ) +{ }
ο

2 2 2 2 2
ω ω ω

2 (14.39a)

~ÓÇ tan φ =
−v

x
d

ο

ο
ω

(14.39b)

ˆÎáy Ï̂l m •° Ü˛îyÓ˚ Ë˛Ó˚ ~ÓÇ v
0
 ~ÓÇ  x

0
 •° t = 0 xÌ≈yÍ ˆÎ

Ù%•)̂ Ïï≈̨  xyÙÓ˚y ˛õÎ≈yÎ˚Ó,_ Ó° ≤Ã Ï̂Î˚yà Ü˛!Ó˚ ˆ§•z Ù%•)̂ Ïï≈̨  Ü˛îyÓ˚ ˆÓà

~ÓÇ §Ó˚î– (14.39) §Ù#Ü˛Ó˚î ˛õÓ˚Ó¢ ˆòy° Ï̂lÓ˚ !ÓhflÏyÓ˚ Îy ã˛y°Ü˛

Ó Ï̂°Ó˚ åˆÜ˛Ô!îÜ˛ä Ü˛¡õy Ï̂AÜ˛Ó˚ í z̨̨ õÓ˚ !lË≈̨ Ó˚ Ü˛ Ï̂Ó˚–  ω
d
 ~Ó˚ Ùyl ω

~Ó˚ ã˛y•zˆÏï˛ x Ï̂lÜ˛ ˆÓ!¢ Óy !lÜ˛ê˛Óï˛#≈ • Ï̂° xyÙÓ˚y ˆòy° Ï̂Ü˛Ó˚ !Ë˛ß¨

!Ë˛ß̈ xyã˛Ó̊î ̂ òá Ï̂ï˛ ̨õy•z– ~ál xyÙÓ̊y ~•z ò%!ê˛ ̂ «˛e !l Ï̂Î̊ xy Ï̂°yã˛ly

Ü˛Ó˚Ó–

(a) fl∫“ xÓÙ®lñ ã˛y°Ü˛ Ü˛¡õyAÜ˛ Îy fl∫yË˛y!ÓÜ˛ Ü˛¡õyAÜ˛ xˆÏ˛õ«˛y

x Ï̂lÜ˛ ̂ Ó!¢ ı ~ Ï̂«˛ Ï̂eñ  ω
d 
b ̨ õò!ê˛ m(ω2

 
–ω2

d
) ~Ó˚ ã˛y•zˆÏï˛ xˆÏlÜ˛

«%̨ o • Ï̂Ó ~ÓÇ xyÙÓ˚y ~•z ̨õò!ê˛ í ẑ̨ Į̈ õ«˛y Ü˛Ó˚̂ Ïï˛ ̨õy!Ó˚– ï˛ál (14.39)

§Ù#Ü˛Ó˚î !l¡¨Ó˚)ˆÏ˛õ ˛õ!Ó˚Ó!ï≈˛ï˛ •ˆÏÓ

A
F

m d

=
−( )

ο

ω ω
2   2 (14.40)

14.21 lÇ !ã˛ˆÏe §ÇfiÌyÎ˚ !Ó!Ë˛ß¨ ÙyˆÏlÓ˚ xÓÙ®ˆÏlÓ˚ çlƒ ã˛y°Ü˛

ÓˆÏ°Ó˚ ˆÜ˛Ô!îÜ˛ Ü˛¡õyˆÏAÜ˛Ó˚ í˛z˛õÓ˚ ˆòy°ˆÏÜ˛Ó˚ §Ó˚ˆÏîÓ˚ !ÓhflÏyˆÏÓ˚Ó˚

!lË≈̨ Ó˚ï˛y ˆòáy Ï̂ly • Ï̂Î˚̂ ÏSÈ– °«˛ Ü˛ Ï̂Ó˚ ˆòá Ï̂Ó §Ó ˆ«˛eà%̂ Ï°yÓ˚ Ù Ï̂ôƒ

!ÓhflÏyÓ˚ § Ï̂Ó≈yFã˛ • Ï̂Ó Îál ω
d 
/ω = 1– !ã˛ Ï̂e ÓÜ ̨ Ï̂Ó˚áyà%̂ Ï°y ˆÌ Ï̂Ü˛

ˆòáy ÎyÎ˚ ˆÎ xÓÙ®l Ü˛Ù • Ï̂° xl%ly Ï̂òÓ˚ ã%̨ í ¸̨y í z̨Ñã%̨  ~ÓÇ §Ó%̊ • Ï̂Ó–

xyÙÓ˚y Î!ò ã˛y°Ü˛ Ü˛¡õyAÜ˛ ˛õ!Ó˚Ó!ï≈˛ï˛ Ü˛Ó˚ˆÏï˛ Ìy!Ü˛ñ ï˛ˆÏÓ Îál

~!ê˛ fl∫yË˛y!ÓÜ˛ Ü˛¡õy Ï̂AÜ˛Ó̊ §Ùyl • Ï̂Ó ï˛ál ̂ òy° Ï̂lÓ̊ !ÓhflÏyÓ̊ x§# Ï̂ÙÓ̊

!lÜ˛ê˛Óï˛#≈ •ˆÏÓ– !Ü˛v ~!ê˛ ¢)lƒ xÓÙ®ˆÏlÓ˚ xyò¢≈ xÓfiÌy– ˆÜ˛yˆÏly

ÓyhflÏÓ ̂ «˛ Ï̂e ~!ê˛ §Ω˛Ó lÎ˚ Ü˛yÓ˚î xÓÙ®l ̂ Ü˛y Ï̂ly xÓfiÌyÎ˚ §¡õ)î≈

¢)lƒ •ˆÏï˛ ˛õyˆÏÓ˚ ly– ï%˛!Ù !lŸã˛Î˚ Ü˛áˆÏly ˆòy°lyÎ˚ ˆòy°yÓ˚ §ÙÎ˚

~ê˛y xl%Ë˛Ó Ü˛ˆÏÓ˚ˆÏSÈ ˆÎñ Îál ˆï˛yÙyÓ˚ ≤ÃÎ%=˛ ôyE˛yÓ˚ ˛õÎ≈yÎ˚Ü˛y°

§¡õ)î≈Ó̊)̂ Į̈ õ ̂ òy° Ï̂lÓ̊ fl∫yË˛y!ÓÜ˛ ̨õÎ≈yÎ̊Ü˛y Ï̂°Ó̊ §Ùyl • Ï̂Ó ï˛ál ̂ ï˛yÙyÓ̊

ˆòy° Ï̂lÓ˚ !ÓhflÏyÓ˚ § Ï̂Ó≈yFã˛ • Ï̂Óñ ~•z !ÓhflÏyÓ˚ § Ï̂Ó≈yFã˛ • Ï̂Ó !Ü˛v x§#Ù

•ˆÏÓ lyñ ˆÜ˛lly ˆï˛yÙyÓ˚ ˆòy°ˆÏl §Ó≈òy !Ü˛S%È ly !Ü˛S%È xÓÙ®l

ÌyÜ˛ˆÏÓ•z– ~ê˛y ˛˛õÓ˚Óï˛#≈ b xÇ Ï̂¢ flõT˛ • Ï̂Ó–

(b) Îál ã˛y°Ü˛ Ü˛¡õyAÜ˛ fl∫yË˛y!ÓÜ˛ Ü˛¡õy Ï̂AÜ˛Ó˚ !lÜ˛ê˛Óï˛#≈ ı ω
d 
ñω

~Ó˚ á%Ó !lÜ˛ê˛Óï˛#≈ •ˆÏ°ñ b ~Ó˚ ˆÜ˛y Ï̂ly §%!ÓôyçlÜ˛ Ùy Ï̂lÓ˚ ˆ«˛ Ï̂e

m (ω2

 
–ωd

2)ñ ω
d 
b ~Ó˚ ï%̨ °lyÎ˚ x Ï̂lÜ˛ «%̨ o • Ï̂Ó ~ÓÇ ï˛ál (14.39)

lÇ §Ù#Ü˛Ó˚î ˛õ!Ó˚Ó!ï≈˛ï˛ •ˆÏÎ˚ òÑyí˛¸yˆÏÓ

A
F

= ο

ω
d
b

(14.41)

~ ̂ Ì Ï̂Ü˛ flõT˛ï˛ ̂ Î ̂ Ü˛y Ï̂ly ≤Ãò_ ã˛y°Ü˛ Ü˛¡õy Ï̂AÜ˛Ó˚ çlƒ §Ω˛yÓƒ

§ˆÏÓ≈yFã˛ !ÓhflÏyÓ˚ ã˛y°Ü˛ Ü˛¡õyAÜ˛ ï˛Ìy xÓÙ®ˆÏlÓ˚ í˛z˛õÓ˚ !lË≈˛Ó˚¢#°

~ÓÇ Ü˛áˆÏly x§#Ù •ˆÏÓ ly– Îál ã˛y°Ü˛ Ü˛¡õyAÜ˛ ˆòy°ˆÏÜ˛Ó˚

fl∫yË˛y!ÓÜ˛ Ü˛¡õy Ï̂AÜ˛Ó˚ á%Ó !lÜ˛ê˛Óï˛#≈ • Ï̂Ó ï˛ál ˆòy° Ï̂lÓ˚ !ÓhflÏyÓ˚

§ˆÏÓ≈yFã˛ •ˆÏÓ– ~Ó˚Ü˛Ù âê˛lyˆÏÜ˛ xl%lyò ÓˆÏ°–

!ã˛e ı 14.21 ~Ü˛!ê˛ ˛õÓ˚Ó¢ ˆòy°ˆÏÜ˛ ã˛y!°ï˛ ÓˆÏ°Ó˚ ˆÜ˛Ô!îÜ˛ Ü˛¡õyˆÏAÜ˛Ó˚

xˆÏ˛õ«˛Ü˛Ó˚)ˆÏ˛õ §Ó˚îÈüÈ!ÓhflÏÓ˚– !ÓhflÏyˆÏÓ˚Ó˚ Ùyl §ˆÏÓ≈yFã˛ •Î˚

Îál w
d 
‡w = 1

 
 •Î˚ñ Îy xl%lyˆÏòÓ˚ ¢ï≈˛– §ÇfiÌy!ê˛ˆÏï˛

!Ë˛ß¨ ÙyˆÏlÓ˚ !ï˛l!ê˛ xÓÙ®ˆÏlÓ˚ çlƒ !ï˛l!ê˛ ˆ°á!ã˛eˆÏÜ˛
ˆòáyˆÏly •ˆÏÎ˚ˆÏSÈ– 1 lÇ ~ÓÇ 3 lÇ ˆ°á!ã˛e ÎÌyÜ ˛ˆÏÙ
§Ó≈!l¡¨ G §ˆÏÓ≈yFã˛ xÓÙ®lˆÏÜ˛ ≤ÃÜ˛y¢ Ü˛Ó˚ˆÏSÈ–

!Ó
hfl

ÏyÓ
˚
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ï˛y Ï̂òÓ˚ !lç !lç fl∫yË˛y!ÓÜ˛ Ü˛¡õy Ï̂AÜ˛ !Ó!Ë˛ß¨ !ÓhflÏyÓ˚ !l Ï̂Î˚ ˆòy° Ï̂Ó–

!Ü˛v ~•z ˆòy°l ˆÓ!¢ fiÌyÎ˚# •ˆÏÓ lyñ Ü ˛Ù¢ xÓÙ!®ï˛ •ˆÏÓ– ï˛yˆÏòÓ˚

ˆòy°ˆÏlÓ˚ Ü˛¡õyAÜ˛ ô#ˆÏÓ˚ ô#ˆÏÓ˚ ˛õ!Ó˚Ó!ï˛≈ï˛ •ˆÏÎ˚ 1 lÇ ˆòy°ˆÏÜ˛Ó˚

Ü˛¡õy Ï̂AÜ˛ xÌ≈yÍ ã˛y°Ü˛ Ó Ï̂°Ó˚ Ü˛¡õy Ï̂AÜ˛ !Ë˛ß¨ !Ë˛ß¨ !ÓhflÏyÓ˚ !l Ï̂Î˚

ˆòy°ˆÏÓ– ï˛yÓ˚y x“ !ÓhflÏyÓ˚ !lˆÏÎ˚ ˆòy°ˆÏÓ– !Ü˛v 4 lÇ ˆòy° Ï̂Ü˛Ó˚

≤Ã!ï˛!Ü ˛Î˚y xlƒ !ï˛l!ê˛ ˆòy°Ü˛ ˆÌˆÏÜ˛ !Ó˛õÓ˚#ï˛ •ˆÏÓ– ~•z ˆòy°Ü˛  1

lÇ ̂ òy° Ï̂Ü˛Ó˚ Ü˛¡õy Ï̂AÜ˛ ̂ òy° Ï̂Ó !Ü˛v ~Ó˚ !ÓhflÏyÓ˚ ô# Ï̂Ó˚ ô# Ï̂Ó˚ Óyí ¸̨̂ Ïï˛

ÌyÜ˛ Ï̂Ó ~ÓÇ ~Ü˛ §ÙÎ˚ x Ï̂lÜ˛ ̂ Ó!¢ • Ï̂Ó– ~ Ï̂«˛ Ï̂e xl%ly Ï̂òÓ˚ Ù Ï̂ï˛y

≤Ã!ï˛!Ü ˛Î˚y ˆòáy ÎyÎ˚– ~ê˛y âê˛yÓ˚ Ü˛yÓ˚î ~ˆÏï˛ xl%lyˆÏòÓ˚ ¢ï≈˛ ˛õy!°ï˛

•Î˚ xÌ≈yÍ §ÇfiÌyÓ˚ fl∫yË˛y!ÓÜ˛ Ü˛¡õyAÜ˛ ã˛y°Ü˛ ÓˆÏ°Ó˚ Ü˛¡õyˆÏAÜ˛Ó˚

§y Ï̂Ì !Ù Ï̂° ÎyÎ˚–

~ï˛«˛î xyÙÓ˚y ~Ùl ˆòy°l §ÇfiÌy !Ó Ï̂Óã˛ly Ü˛!Ó˚ ÎyÓ˚ ˆÜ˛Ó°

~Ü˛!ê˛ fl∫yË˛y!ÓÜ˛ Ü˛¡õyAÜ˛ xy Ï̂SÈ– §yôyÓ˚îï˛ Ó°y ÎyÎ˚ ̂ Ü˛y Ï̂ly §ÇfiÌyÓ˚

xˆÏlÜ˛ fl∫yË˛y!ÓÜ˛ Ü˛¡õyAÜ˛G •ˆÏï˛ ˛õyˆÏÓ˚– ˆï˛yÙÓ˚y ~Ó˚Ü˛Ù §ÇfiÌyÓ˚

í˛zòy•Ó˚î ˛õÓ˚Óï˛#≈ xôƒyˆÏÎ˚ ˆòáˆÏï˛ ˛õyˆÏÓ åÜ˛¡õÙyl ï˛yÓ˚ñ ÓyÎ˚%hflÏΩ˛

•zï˛ƒy!òä– ˆÜ˛yˆÏly Îy!sfÜ˛ ˛õ!Ó˚Ü˛yë˛yˆÏÙy ˆÎÙl ˆÜ˛yˆÏly ~Ü˛!ê˛ òy°ylñ

ˆÜ˛y Ï̂ly ̂ §ï%̨  Óy ̂ Ü˛y Ï̂ly ~Ü˛!ê˛ ÓyÎ%̊Îy Ï̂lÓ˚ x Ï̂lÜ˛ fl∫yË˛y!ÓÜ˛ Ü˛¡õyAÜ˛

§Ω˛Ó– ˆÜ˛yˆÏly Óy!•ƒÜ˛ ˛õÎ≈yÎ˚Ó,_ Ó° xÌÓy xyˆÏ°yí˛¸l §ÇfiÌy!ê˛ˆÏï˛

˛õÓ˚Ó¢ ˆòy°l xyˆÏÓ˚y˛õ Ü˛ˆÏÓ˚– Î!ò âê˛lyÜ ˛ˆÏÙ ˛õÓ˚Ó¢ Ü˛¡õyAÜ˛ ω
d
ñ

§ÇfiÌyÓ˚ ~Ü˛!ê˛ fl∫yË˛y!ÓÜ˛ Ü˛¡õyˆÏAÜ˛Ó˚ Ü˛ySÈyÜ˛y!SÈ •Î˚ ï˛ál ˆòy°ˆÏlÓ˚

!ÓhflÏyˆÏÓ˚Ó˚ xï˛ƒ!ôÜ˛ Ó,!Âô âˆÏê˛ åxl%lyòäñ ÎyÓ˚ Ê˛°fl∫Ó˚)˛õ «˛!ï˛ •ˆÏï˛

˛õyˆÏÓ˚– ~çlƒ ˜§lƒˆÏòÓ˚ ˆ§ï%˛ ˛õyÓ˚ •GÎ˚yÓ˚ §ÙÎ˚ Ùyã≈˛ Ü˛ˆÏÓ˚ ˆÎˆÏï˛

!l Ï̂£Ïô Ü˛Ó˚y •Î˚– ~Ü˛•z Ü˛yÓ˚̂ Ïî «˛!ï˛@˝ÃhflÏ ~°yÜ˛yÎ˚ Ë)̨ !ÙÜ˛ Ï̂¡õ §Ü˛°

òy°yˆÏlÓ˚ «˛!ï˛ ~Ü˛Ó˚Ü˛Ù •Î˚ ly– Î!òG ï˛yÓ˚y ~Ü˛•z í˛z˛õyòyl G

~Ü˛•z «˛Ùï˛y§¡õß¨ •Î˚– òy°yˆÏlÓ˚ fl∫yË˛y!ÓÜ˛ Ü˛¡õyAÜ˛ ~Ó˚ í˛zFã˛ï˛yñ

xlƒylƒ xyÜ˛yÓ˚ ç!lï˛ ≤Ãyã˛° ~ÓÇ òy°yˆÏlÓ˚ í˛z˛õyòyˆÏlÓ˚ ≤ÃÜ,̨ !ï˛Ó˚

í˛z˛õÓ˚ !lË≈˛Ó˚ Ü˛ˆÏÓ˚– ˆÎ§Ü˛° òy°yˆÏlÓ˚ fl∫yË˛y!ÓÜ˛ Ü˛¡õyAÜ˛ñ

Ë)̨ !ÙÜ˛ˆÏ¡õÓ˚ Ü˛¡õyˆÏAÜ˛Ó˚ !lÜ˛Óï˛#≈ •Î˚ ˆ§§Ü˛° ˆ«˛ˆÏe «˛!ï˛§yôl

•GÎ˚yÓ˚ §Ω˛yÓly §Ó≈y!ôÜ˛ •Î˚–

§yÓ˚yÇ¢

1. ˆÎ à!ï˛ !lç ˆÌ Ï̂Ü˛ ˛õ%lÓ˚yÓ,_ •Î˚ ï˛y Ï̂Ü˛ ˛õÎ≈yÎ˚Ó,_ à!ï˛ Ó Ï̂°–

2. ~Ü˛!ê˛ ˛õ)î≈̂ Ïòy°l §¡õß¨ • Ï̂ï˛ Óy ~Ü˛!ê˛ ˛õ%̂ ÏÓ˚y xyÓï≈̨ Ï̂lÓ˚ ≤Ã Ï̂Î˚yçl#Î˚ §ÙÎ˚̂ ÏÜ˛ ˛õÎ≈yÎ˚Ü˛y° T  Ó°y •Î˚– ~!ê˛

Ü˛¡õyAÜ˛ ν ~Ó˚ §yˆÏÌ !l¡¨Ó)̊̂ Ï˛õ §¡õÜ≈˛Î%=˛–

T  =
1

ν

 xyÙyˆÏòÓ˚ ˜òl!®l ç#ÓˆÏl xyÙÓ˚y xl%lyò §¡õ!Ü≈˛ï˛ âê˛lyÓ˚

§¡ø%á#l ••z– ˆï˛yÙyˆÏòÓ˚ ˆòy°lyÎ˚ ˆòy°yÓ˚ xl%Ë˛Ó xl%lyˆÏòÓ˚ ~Ü˛!ê˛

≤ÃÜ,̨ T˛˛ í˛zòy•Ó˚î– ˆï˛yÙÓ˚y !lŸã˛Î˚ x!ôÜ˛ í˛zFã˛ï˛yÎ˚ ˆòy°lyÎ˚ ˆòy°yÓ˚

x!Ë˛K˛ï˛y G Ü%̨ ¢°ï˛y xy Ï̂SÈ– ~ê˛y §Ω˛Ó Îál Ë)̨ !Ù Ï̂ï˛ ̂ çyí ¸̨ °yàyÓyÓ˚

SÈ®ñ ˆòy° Ï̂Ü˛Ó˚ ˆòy°yÓ˚ fl∫yË˛y!ÓÜ˛ Ü˛¡õy Ï̂AÜ˛Ó˚ § Ï̂Aà !Ù Ï̂° ÎyÎ˚–

~•z Óƒy˛õyÓ˚ê˛y  xyÓ˚G Ë˛yˆÏ°y Ü˛ˆÏÓ˚ Óƒyáƒy Ü˛Ó˚ˆÏï˛ñ ã˛ˆÏ°y ~Ü˛!ê˛

˛õÓ˚#«˛y Ü˛!Ó˚– ≤Ãò_  14.22 lÇ !ã˛ Ï̂eÓ˚ Ù Ï̂ï˛y ~Ü˛!ê˛ ò!í ¸̨ ̂ Ì Ï̂Ü˛ !Ó!Ë˛ß¨

Ü˛yÎ≈Ü˛Ó˚ ˜òˆÏâ≈ƒÓ˚ ˛õyÑã˛!ê˛ §Ó˚° ˆòy°Ü˛ ˆV˛y°yˆÏly •°– 1 lÇ ~ÓÇ 4

lÇ ̂ òy° Ï̂Ü˛Ó˚ Ü˛yÎ≈Ü˛Ó˚ ̃ òâ≈ƒ §Ùyl ~ÓÇ xlƒ Ï̂òÓ˚ ̃ òâ≈ƒ !Ó!Ë˛ß¨ñ ~ál

1 lÇ  ˆòy°Ü˛ Ï̂Ü˛ ˆòy°y Ï̂ly •°ñ ~•z ˆòy° Ï̂Ü˛Ó˚ ¢!=˛ §Ç Ï̂ÎyàÜ˛yÓ˚#

xl%Ë)̨ !ÙÜ˛ ò!í ¸̨Ó˚ Ùyôƒ Ï̂Ù xlƒylƒ ̂ òy°Ü˛à%!°Ó˚ Ù Ï̂ôƒ §M˛y!°ï˛ • Ï̂Ó–

Ê˛°fl∫Ó)̨̊ õ ˆ§à%!° ˆòy° Ï̂ï˛ ÌyÜ˛ Ï̂Ó– xl%Ë)̨ !ÙÜ˛ §Ç Ï̂ÎyàÜ˛yÓ˚# ò!í ¸̨Ó˚

Ùôƒ !ò Ï̂Î˚ ã˛y°Ü˛ Ó° ≤Ãòyl Ü˛Ó˚y •Î˚– ~•z ã˛y°Ü˛ Ó Ï̂°Ó˚ Ü˛¡õyAÜ˛

•° 1 lÇ ̂ òy° Ï̂Ü˛Ó˚ Ü˛¡õy Ï̂AÜ˛Ó˚ §Ùyl– Î!ò xyÙÓ˚y 2ñ 3ñ ~ÓÇ 5 lÇ

ˆòy°ˆÏÜ˛Ó˚ ≤Ã!ï˛!Ü ˛Î˚y °«˛ƒ Ü˛!Ó˚ ï˛ˆÏÓ xyÙÓ˚y ˆòáÓ ï˛yÓ˚y ≤ÃÌˆÏÙ

!ã˛e ı 14.22 ~Ü˛!ê˛ xl%Ë)̨ !ÙÜ˛ §yôyÓ˚î xÓ°¡∫l ̂ Ì Ï̂Ü˛ !Ó!Ë˛ß¨ ̃ ò Ï̂â≈ƒÓ˚
˛õÑyã˛!ê˛ ˆòy°Ü˛ ˆV˛y°yˆÏly •°–
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˛õÎ≈yÎ˚Ó,_yÜ˛yÓ˚ Óy ˆòy°à!ï˛Ó˚ Ü˛¡õyAÜ˛  ν  •° ~Ü˛Ü˛ §Ù Ï̂Î˚ ˆòy° Ï̂lÓ˚ §Çáƒy– SI ~Ü˛ Ï̂Ü˛ ~!ê˛ •yÍ≈ç åhertzä

~Ü˛ Ï̂Ü˛ ˛õ!Ó˚Ùy˛õ Ü˛Ó˚y •Î˚ó

                      1 hertz = 1 Hz = 1 ≤Ã!ï˛ Ï̂§ Ï̂Ü˛ Ï̂u˛ ~Ü˛!ê˛ ˆòy°l = 1s–1

3. §Ó˚° ˆòy°à!ï˛ˆÏï˛ (SHM) ˆÜ˛yl Ü˛îyÓ˚ §yÙƒyÓfiÌy ˆÌ Ï̂Ü˛ §Ó˚î x (t) !l¡¨Ó)̊̂ Ï˛õ ≤ÃÜ˛y¢ Ü˛Ó˚y ÎyÎ˚ñ

x (t)  = A cos (ωt + φ ) (§Ó̊î),

ˆÎáy Ï̂l  A
 
 •° §Ó˚̂ ÏîÓ˚ !ÓhflÏyÓ˚ñ (ωt + φ ) Ó˚y!¢!ê˛ •° à!ï˛Ó˚ ò¢yñ ~ÓÇ φ •° ò¢y ô %ÓÜ˛ åphase constantä–

ˆÜ˛Ô!îÜ˛ Ü˛¡õyAÜ˛  ωñ à!ï˛Ó˚ ˛õÎ≈yÎ˚Ü˛y° ~ÓÇ Ü˛¡õyˆÏAÜ˛Ó˚ §ˆÏAà !l¡¨Ó)̊̂ Ï˛õ §¡õÜ≈˛Î%=˛–

                         ω ν  
T

  = =2
2

π
π (ˆÜ˛Ô!îÜ˛ Ü˛¡õyAÜ˛).

4. §ÙÓ,_#Î˚ à!ï˛Ó˚ ˆ«˛ Ï̂e ˆÎ Ó,_ ÓÓ˚yÓÓ˚ à!ï˛ §¡õß¨ •Î˚ ï˛yÓ˚ Óƒy Ï̂§Ó˚ í z̨̨ õÓ˚ x!Ë˛ Ï̂«˛˛õ •° §Ó˚° ˆòy°à!ï˛–

5. §Ó˚° ˆòy°à!ï˛Ó˚ ˆ«˛ Ï̂e §Ù Ï̂Î˚Ó˚ x Į̈̂ õ«˛Ü˛Ó)̊̂ Į̈ õ Ü˛îyÓ˚ ˆÓà ~ÓÇ cÓ˚î • Ï̂Ó !l¡¨Ó)̨̊ õñ

v (t)  =  –ωA sin (ωt + φ )            (ˆÓà),

 a (t)  =  –ω2A cos (ωt + φ )

          =  –ω2x (t)                            (cÓ˚î),

§%ï˛Ó˚yÇñ xyÙÓ˚y ˆòá Ï̂ï˛ ˛õy•z ˆÎ §Ó˚° ˆòy°à!ï˛ §¡õyòlÜ˛yÓ˚# ~Ü˛!ê˛ Ó›Ó˚ ˆÓà ~ÓÇ cÓ˚î í z̨Ë˛ Ï̂Î˚•z ˛õÎ≈yÎ˚Ó,_

x Į̈̂ õ«˛Ü˛ñ ÎyÓ˚ ˆÓ Ï̂àÓ˚ !ÓhflÏyÓ˚ v
m
=ω A  ~ÓÇ cÓ˚̂ ÏîÓ˚ !ÓhflÏyÓ˚ a

m 
=ω 2A–

6. §Ó˚° ˆòy°à!ï˛ §¡õyòlÜ˛yÓ˚# Ü˛îyÓ˚ í˛z˛õÓ˚ !Ü ˛Î˚y¢#° Ó° §Ó˚ˆÏîÓ˚ §Ùylyl%˛õyï˛# ~ÓÇ §Ó≈òy•z àï˛#Î˚ˆÏÜ˛w åcentre

of motionä x!Ë˛Ù%á# •Î˚–

7. ˆÜ˛yˆÏly Ù%•)̂ Ïï≈˛ §Ó˚° ˆòy°à!ï˛ §¡õß¨ ˆÜ˛yˆÏly Ü˛îyÓ˚ à!ï˛¢!=˛ K = ½ mv2  ~ÓÇ !fiÌ!ï˛¢!=˛ U = ½ kx2 – Î!ò

ˆÜ˛y Ï̂ly â£Ï≈î Ó° ly Ìy Ï̂Ü˛ ï˛ Ï̂Ó §ÇfiÌyÓ˚ Îy!sfÜ˛ ¢!=˛ñ  E = K + U §Ó≈òy !fiÌÓ˚ Ìy Ï̂Ü˛ Î!òG §Ù Ï̂Î˚Ó˚ §y Ï̂Ì §y Ï̂Ì

K ~ÓÇ U ˛õ!Ó˚Ó!ï≈˛ï˛ •Î˚–

8. •%̂ ÏÜ˛Ó˚ §)eyl%§y Ï̂Ó˚  F = – k x ≤Ãï˛ƒylÎ˚Ü˛ Ó Ï̂°Ó˚ ≤ÃË˛y Ï̂Ó ˆòy°lÓ˚ï˛ m Ë˛ Ï̂Ó˚Ó˚ ~Ü˛!ê˛ Ü˛îy §Ó˚° ˆòy°à!ï˛ §¡õß¨

Ü˛Ó˚̂ ÏÓ ÎyÓ˚ ˆ«˛ Ï̂e

ω 
k

m
= (ˆÜ˛Ô!îÜ˛ Ü˛¡õyAÜ˛)

T 
m

k
= 2π (˛õÎ≈yÎ˚Ü˛y°)

~ ôÓ˚̂ ÏlÓ˚ §ÇfiÌy Ï̂Ü˛ ˜Ó˚!áÜ˛ ˆòy°Ü˛ Ó Ï̂°–

9. «%̨ o ˆÜ˛y Ï̂î ˆòy°yÎ˚Ùyl ˆÜ˛y Ï̂ly §Ó˚° ˆòy° Ï̂Ü˛Ó˚ à!ï˛ ≤ÃyÎ˚ §Ó˚° ˆòy°à!ï˛– ˆòy° Ï̂lÓ˚ ˛õÎ≈yÎ˚Ü˛y°

T 
L

g
= 2π

10. ÓyhflÏ̂ ÏÓ ˆÜ˛y Ï̂ly ˆòy°yÎ˚Ùyl §ÇfiÌyÓ˚ Îy!sfÜ˛ ¢!=˛ ˆòy°lÓ˚ï˛ xÓfiÌyÎ˚ •…y§ ˆ˛õ Ï̂ï˛ Ìy Ï̂Ü˛ ˆÜ˛lly Óy!•ƒÜ˛ Ó°ñ

ˆÎÙl ≤Ã!ï˛ˆÏÓ˚yôÜ˛ Ó° ˆòy°lˆÏÜ˛ Óyôy !òˆÏï˛ ˆã˛T˛y Ü˛ˆÏÓ˚ ~ÓÇ Îy!sfÜ˛ ¢!=˛ ï˛y˛õ¢!=˛ˆÏï˛ Ó)̨̊ õyhs˝!Ó˚ï˛ Ü˛ˆÏÓ˚– ÓyhflÏÓ
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ˆòy°Ü˛ ~ÓÇ ï˛yÓ˚ à!ï˛ ï˛ál xÓÙ!®ï˛ •ˆÏFSÈ Ó°y •ˆÏÓ– Î!ò ã˛y°Ü˛ Ó°  F
d
 = –bv •Î˚ñ ˆÎáy Ï̂l v •° ˆòy° Ï̂Ü˛Ó˚

ˆÓà ~ÓÇ b •° xÓÙ®l ô %ÓÜ˛ñ ï˛ál ˆòy° Ï̂Ü˛Ó˚ §Ó˚îñ

                                     x (t) = A
 
e–bt/2m cos (ω′t + φ )

ˆÎáy Ï̂l ω′ •° xÓÙ!®ï˛ ˆòy° Ï̂Ü˛Ó˚ ˆÜ˛Ô!îÜ˛ Ü˛¡õyAÜ˛ Îy Ï̂Ü˛ !l¡¨Ó)̊̂ Į̈ õ ≤ÃÜ˛y¢ Ü˛Ó˚y ÎyÎ˚

                                   ω′ = −  
k

m
  

b

m

2

24

Î!ò xÓÙ®l ô %ÓÜ˛ «%̨ o •Î˚ ï˛ál ω′ ≈ ωñ ˆÎáy Ï̂l ω •° xÓÙ!®ï˛ lÎ˚ ~Ùl ˆòy° Ï̂Ü˛Ó˚ ˆÜ˛Ô!îÜ˛ Ü˛¡õyAÜ˛–

xÓÙ!®ï˛ ˆòy°ˆÏÜ˛Ó˚ Îy!sfÜ˛ ¢!=˛  E ˆÜ˛ !l¡¨Ó)̊̂ Į̈ õ ≤ÃÜ˛y¢ Ü˛Ó˚y ÎyÎ˚–

                                    E(t) kA e2= −1

2

bt m/

11. Î!ò ω fl∫yË˛y!ÓÜ˛ ˆÜ˛Ô!îÜ˛ Ü˛¡õy Ï̂AÜ˛Ó̊ ˆÜ˛yl ˆòy°Î̊Ùyl §ÇfiÌyÎ̊ ω
d 
ˆÜ˛Ô!îÜ˛ Ü˛¡õy Ï̂AÜ˛Ó̊ ˆÜ˛y Ï̂ly Óy!•ƒÜ˛ Ó° ≤Ã Ï̂Î̊yà

Ü˛Ó̊y •Î̊ñ ï˛ Ï̂Ó ˙ §ÇfiÌy ω
d
 ˆÜ˛Ô!îÜ˛ Ü˛¡õy Ï̂AÜ˛ ò%° Ï̂ï˛ ÌyÜ˛ Ï̂Ó– ~•z ˆòy° Ï̂lÓ̊ !ÓhflÏyÓ̊ § Ï̂Ó≈yFã˛ • Ï̂Ó Îál

                                    ω
d
  =  ω  •Î˚ñ

Îy •° xl%ly Ï̂òÓ˚ ¢ï≈̨ –

ˆË˛ Ï̂Ó ˆòáyÓ˚ !Ó£ÏÎ˚§Ù)• ı

1. l)ƒlï˛Ù ˆÎ §ÙÎ˚ ˛õÓ˚ à!ï˛ !lç ˆÌˆÏÜ˛ ˛õ%lÓ˚yÓ,_ •Î˚ ï˛yˆÏÜ˛ ˛õÎ≈yÎ˚Ü˛y° T Ó Ï̂°– Ê˛ Ï̂°  nT §ÙÎ˚ ˛õÓ˚ ˛õÓ˚ à!ï˛

!lç ˆÌ Ï̂Ü˛ ˛õ%lÓ˚yÓ,_ •Î˚– ˆÎÜ˛y Ï̂l n •° ~Ü˛!ê˛ xá[˛ §Çáƒy–

2. ≤Ã!ï˛!ê˛ ˛õÎ≈yÎ˚Ó,_ à!ï˛ §Ó˚° ˆòy°à!ï˛ lÎ˚– ˆÜ˛Ó°Ùye ~Ùl ˛õÎ≈yÎ˚Ó,_ à!ï˛•z §Ó˚° ˆòy°à!ï˛ •ˆÏÓ Îy  F = –

k x Ó Ï̂°Ó˚ §)e ˆÙ Ï̂l ã˛ Ï̂°–

3. Ó,!_Î˚ à!ï˛ í z̨Í˛õß¨ • Ï̂ï˛ ˛õy Ï̂Ó˚ ÓƒhflÏÓà≈ Ó° åˆÎÙl @˝Ã Ï̂•Ó˚ à!ï˛Ó˚ ˆ«˛ Ï̂eä !Ü˛ÇÓy !mÙy!eÜ˛ §Ó˚° ˆòy°à!ï˛ Ó Ï̂°Ó˚

çlƒ ÎyÓ˚ Ùyl  –mω2r– ˆ¢ Ï̂£Ïy=˛ ˆ«˛ Ï̂e ò%!ê˛ °¡∫ x!Ë˛Ù%̂ Ïá (x ~ÓÇ y) àï˛#Î˚ ò¢y xÓ¢ƒ•z  π/2 ò¢y ˛õyÌ≈Ü˛ƒ

Ìy Ï̂Ü˛– Ê˛ Ï̂° (0, A) ≤ÃyÌ!ÙÜ˛ xÓfiÌy Ï̂l ÌyÜ˛y ~ÓÇ  (ω A, 0) ˆÓà  !Ó!¢T˛ ~Ü˛!ê˛ Ü˛îy –mω2r Ó Ï̂°Ó˚ xô# Ï̂l A

Óƒy§yô≈!Ó!¢T˛ Ó,_˛õˆÏÌ §%£ÏÙË˛yˆÏÓ à!ï˛¢#° •ˆÏÓ–

4.     ω ~Ó˚ ≤Ãò_ Ùy Ï̂lÓ˚ çlƒ ˜Ó˚!áÜ˛ §Ó˚° ˆòy°à!ï˛ §¡õ)î≈Ë˛y Ï̂Ó Óƒyáƒy Ü˛Ó˚̂ Ïï˛ ò%!ê˛ ≤Ã Ï̂Î˚yçl#Î˚ ~ÓÇ xyÓ!¢ƒÜ˛

≤ÃyÓ˚!Ω˛Ü˛ ¢ Ï̂ï≈̨ Ó˚ ≤Ã Ï̂Î˚yçl– ≤ÃyÓ˚!Ω˛Ü˛ ¢ï≈̨ mÎ˚ !l¡¨Ó)̨̊ õ ˆlGÎ˚y ˆÎ Ï̂ï˛ ˛õy Ï̂Ó˚ (i) ≤ÃyÓ˚!Ω˛Ü˛ xÓfiÌyl ~ÓÇ ≤ÃyÓ˚!Ω˛Ü˛

à!ï˛ˆÏÓàñ (ii) !ÓhflÏyÓ˚ ~ÓÇ ò¢yñ  (iii) ¢!=˛ ~ÓÇ ò¢y–

≤ÃyÜ,˛!ï˛Ü˛ Ó˚y!¢

˛õÎ≈yÎ˚Ü˛y°

Ü˛¡õyAÜ˛

ˆÜ˛Ô!îÜ˛ Ü˛¡õyAÜ˛

ò¢y ô %ÓÜ˛

Ó° ô %ÓÜ˛

≤Ãï˛#Ü˛ Ùyey ~Ü˛Ü˛ Ùhs˝Óƒ
à!ï˛Ó˚ fl∫Î˚Ç ̨ õ%lÓ˚yÓ,!_Ó˚

l)ƒlï˛Ù §ÙÎ˚

§Ó˚° ˆòy°à!ï˛Ó˚ §Ó˚ˆÏîÓ˚
ò¢yÓ˚ ≤ÃyÌ!ÙÜ˛ Ùyl

§Ó˚° ˆòy°à!ï˛Ó˚ ˆ«˛ˆÏe

Óy

Ùyey•#l
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5. í z̨̨ õ Ï̂Ó˚y=˛  4 lÇ ˛õˆÏÎ˚ˆÏrê˛ ≤Ãò_ !ÓhflÏyÓ˚ xÌÓy ¢!=˛ ~ÓÇ àï˛#Î˚ ò¢yˆÏÜ˛ ≤ÃyÌ!ÙÜ˛ xÓfiÌyl ~ÓÇ ≤ÃyÌ!ÙÜ˛ ˆÓà myÓ˚y

!lô≈yÓ˚î Ü˛Ó˚y ÎyÎ˚–

6. •zFSÈyô#l !ÓhflÏyÓ˚ ~ÓÇ ò¢yÎ%=˛ ò%!ê˛ §Ó˚° ̂ òy°à!ï˛Ó˚ §ÇˆÏÎyçl ̨õÎ≈yÎ˚Ó,_yÜ˛yÓ˚ lyG •ˆÏï˛ ̨õyˆÏÓ˚– ~!ê˛ ̨õÎ≈yÎ˚Ó,_yÜ˛yÓ˚

à!ï˛ •ˆÏÓ ~Ü˛Ùye Î!ò ~Ü˛!ê˛ à!ï˛Ó˚ Ü˛¡õyAÜ˛ x˛õÓ˚ Ü˛¡õyˆÏAÜ˛Ó˚ xá[˛ à%!îï˛Ü˛ •Î˚– Î!òG ~Ü˛!ê˛ ˛õÎ≈yÎ˚Ó,_

à!ï˛ˆÏÜ˛ §Ó≈òy í˛z˛õÎ%=˛ !ÓhflÏyˆÏÓ˚Ó˚ x§#Ù§ÇáƒÜ˛ ˆòy°à!ï˛Ó˚ §Ù!T˛Ó)̊̂ Ï˛õ ≤ÃÜ˛y¢ Ü˛Ó˚y ÎyÎ˚–

7. §Ó˚° ˆòy°à!ï˛Ó˚ ˛õÎ≈yÎ˚Ü˛y°ñ !ÓhflÏyÓ˚ Óy ¢!=˛ Óy ò¢y ô %Ó Ï̂Ü˛Ó˚ í z̨̨ õÓ˚ !lË≈̨ Ó˚ Ü˛ Ï̂Ó˚ ly– ~!ê˛ Ù•yÜ˛ Ï̂£Ï≈Ó˚ xô#l @˝Ã Ï̂•Ó˚

Ü˛«˛#Î˚ ˛õÎ≈yÎ˚Ü˛yˆÏ°Ó˚ !Ó˛õÓ˚#ï˛  åˆÜ˛˛õ°yˆÏÓ˚Ó˚ ï,̨ ï˛#Î˚ §)eä–

8. «%̨ o ˆÜ˛Ô!îÜ˛ §Ó˚̂ ÏîÓ˚ çlƒ §Ó˚° ˆòy° Ï̂Ü˛Ó˚ à!ï˛ §Ó˚° ˆòy°à!ï˛–

9. ˆÜ˛y Ï̂ly Ü˛îyÓ˚ à!ï˛ §Ó˚° ˆòy°à!ï˛ • Ï̂° ~Ó˚ §Ó˚î x !l Ï̂ã˛Ó˚ ˆÎ Ï̂Ü˛y Ï̂ly ~Ü˛Ó)̊̂ Į̈ õ ≤ÃÜ˛y¢ Ü˛Ó˚̂ Ïï˛ • Ï̂Ó ı

x = A cos ωt  +  B sin ωt

x = A cos (ωt + α ), x =  B sin (ωt + β )

!ï˛l!ê˛ Ó)̨̊ õ•z ˛õÓ˚flõˆÏÓ˚Ó˚ ˛õ!Ó˚˛õ)Ó˚Ü˛ åˆÎˆÏÜ˛yˆÏly ~Ü˛!ê˛ˆÏÜ˛ x˛õÓ˚ ò%!ê˛ Ó)̊̂ Ï˛õÓ˚ §yˆÏ˛õˆÏ«˛ ≤ÃÜ˛y¢ Ü˛Ó˚y ÎyÎ˚ä–

ï˛y•z xÓÙ!®ï˛ §Ó˚° ˆòy°à!ï˛  [14.31lÇ §Ù#Ü˛Ó˚î ] ˛õ%̂ ÏÓ˚y˛õ%!Ó˚ §Ó˚° ˆòy°à!ï˛ lÎ˚– ~ê˛y ˆÜ˛Ó° 2m/b ˆÌ Ï̂Ü˛

x Ï̂lÜ˛ «%̨ o §ÙÎ˚ ÓƒÓôy Ï̂lÓ˚ çlƒ ≤ÃyÎ˚ §Ó˚° ˆòy°à!ï˛ •Î˚– ˆÎáy Ï̂l b •° xÓÙ®l ô %ÓÜ˛–

10. ˛õÓ˚Ó¢ ˆòy° Ï̂lÓ˚ ˆ«˛ Ï̂eñ Ü˛îy Îál §yÙƒyÓfiÌyÎ˚ xy Ï̂§ å˛õÓ˚Ó¢ ˆòy°l ˆ¢£Ï •GÎ˚yÓ˚ xy Ï̂àä ï˛ál ï˛yÓ˚ à!ï˛

§Ó˚° ˆòy°à!ï˛ •Î˚ ÎyÓ˚ Ü˛¡õyAÜ˛ ã˛y°Ü˛ Ü˛¡õyAÜ˛ ω
d
 ~Ó˚ §Ùyl •Î˚ñ !Ü˛v Ü˛îyÓ˚ fl∫yË˛y!ÓÜ˛ Ü˛¡õyAÜ˛ ω ~Ó˚

§Ùyl •Î˚ ly–

11. ¢)lƒ xÓÙ® Ï̂lÓ˚ xyò¢≈ ˆ«˛ Ï̂eñ xl%ly Ï̂òÓ˚ §ÙÎ˚ §Ó˚° ˆòy°à!ï˛Ó˚ !ÓhflÏyÓ˚ x§#Ù •Î˚– ï˛ Ï̂Ó ~ !l Ï̂Î˚ Ë˛yÓyÓ˚ !Ü˛S%È

ˆl•zñ ˆÜ˛lly §Ü˛° ÓyhflÏÓ §ÇfiÌyÎ˚ ˆÜ˛y Ï̂ly ly ˆÜ˛y Ï̂ly xÓÙ®l xÓ¢ƒ•z ÌyÜ˛ Ï̂Óñ ˆ§ Îï˛•z «%̨ o •í z̨Ü˛ ly ˆÜ˛lñ

xyò¢≈ xÓfiÌy Ü˛á Ï̂ly xy Ï̂§ ly–

12. ˛õÓ˚Ó¢ ˆòy° Ï̂lÓ˚ xô# Ï̂l ÌyÜ˛yÜ˛y°#l Ü˛îyÓ˚ §Ó˚° ˆòy°à!ï˛Ó˚ ò¢y ã˛y°Ü˛ Ó Ï̂°Ó˚ ò¢y ˆÌ Ï̂Ü˛ !Ë˛ß¨ •Î˚–

xl%¢#°l#

14.1 l# Ï̂ã˛Ó˚ ˆÜ˛yl‰ í z̨òy•Ó˚î ˛õÎ≈yÎ˚Ó,_ à!ï˛ !l Ï̂ò≈¢ Ü˛ Ï̂Ó˚⁄
(a) ~Ü˛çl §Ñyï˛yÓ%̊ lò#Ó˚ ~Ü˛ ï˛#Ó˚ ˆÌ Ï̂Ü˛ x˛õÓ˚ ï˛# Ï̂Ó˚ ÎyÎ˚ ~ÓÇ !Ê˛ Ï̂Ó˚ ~ Ï̂§ ï˛yÓ˚ ˛õ%̂ ÏÓ˚y Îyey §¡õ)î≈ Ü˛ Ï̂Ó˚–
(b) ~Ü˛!ê˛ Ù%=˛Ë˛yˆÏÓ V%˛°yˆÏly ò[˛ã%˛¡∫Ü˛ ï˛yÓ˚ N-S x!Ë˛Ù%á ˆÌ Ï̂Ü˛ §!Ó˚̂ ÏÎ˚ ˆSÈ Ï̂í ¸̨ ˆòGÎ˚y •°–
(c) ~Ü˛!ê˛ •y•ẑ Ïí»̨ y Ï̂çl xî% ï˛yÓ˚ Ë˛Ó˚̂ ÏÜ˛ Ï̂wÓ˚ §y Į̈̂ õ Ï̂«˛ â%Ó˚̂ ÏSÈ–
(d) ôl%Ü˛ ˆÌˆÏÜ˛ ~Ü˛!ê˛ ï˛#Ó˚ ˆSÈyí˛¸y •°–

14.2 l# Ï̂ã˛Ó˚ ˆÜ˛yl‰ í z̨òy•Ó˚î ˆÜ˛y Ï̂ly §Ó˚° ˆòy°à!ï˛ Ï̂Ü˛ ˆÙyê˛yÙ%!ê˛Ë˛y Ï̂Ó ≤ÃÜ˛y¢ Ü˛ Ï̂Ó˚ ~ÓÇ ˆÜ˛yl!ê˛ ˛õÎ≈yÎ˚Ó,_yÜ˛yÓ˚
!Ü˛v §Ó˚° ˆòy°à!ï˛ lÎ˚⁄
(a) ˛õ,!ÌÓ#Ó˚ !l Ï̂çÓ˚ x Ï̂«˛Ó˚ §y Į̈̂ õ Ï̂«˛ ˆâyÓ˚y–
(b) ~Ü˛!ê˛ U l Ï̂° ˛õyÓ˚òhflÏ̂ ÏΩ˛Ó˚ ˆòy°l–
(c) ~Ü˛!ê˛ Ù§,î ˆày°#Î˚ Óy!ê˛Ó˚ !Ë˛ï˛Ó˚ ~Ü˛!ê˛  Ó° ˆÓÎ˚y!Ó˚Ç Ï̂Ü˛ §Ó≈!l¡¨ !Ó®% ˆÌ Ï̂Ü˛ áy!lÜ˛ê˛y í z̨̨ õ Ï̂Ó˚ !l Ï̂Î˚

ˆSÈ Ï̂í ¸̨ !ò Ï̂° Ó° ˆÓÎ˚y!Ó˚Ç!ê˛Ó˚ à!ï˛–
(d) ˆÜ˛yˆÏly Ó•% ˛õÓ˚Ùyî%Ü˛ xî%Ó˚ §yÙƒyÓfiÌyÓ˚ §yˆÏ˛õˆÏ«˛ §yôyÓ˚î Ü˛¡õl–

14.3 14.23 lÇ !ã˛e ~Ü˛!ê˛ Ü˛îyÓ˚ ˜Ó˚!áÜ˛ à!ï˛Ó˚ ˆ«˛ˆÏe ã˛yÓ˚!ê˛ x-t  ˆ°á!ã˛e Óî≈ly Ü˛Ó˚̂ ÏSÈ– ~ Ï̂òÓ˚ Ù Ï̂ôƒ ˆÜ˛yl!ê˛
˛õÎ≈yÎ˚Ó,_ à!ï˛ !l Ï̂ò≈¢ Ü˛ Ï̂Ó˚⁄ à!ï˛Ó˚ ˛õÎ≈yÎ˚Ü˛y° !Ü˛ • Ï̂Ó å˛õÎ≈yÎ˚Ó,_ à!ï˛Ó˚ ˆ«˛ Ï̂eä⁄
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!ã˛e ı 14.23

14.4 !l¡¨!°!áï˛ §ÙÎ˚ xˆÏ˛õ«˛Ü˛à%ˆÏ°yÓ˚ ÙˆÏôƒ ̂ Ü˛yl‰!ê˛ (a) §Ó˚° ̂ òy°à!ï˛, (b) ˛õÎ≈yÎ˚Ó,_ à!ï˛ !Ü˛v §Ó˚° ̂ òy°à!ï˛
lÎ˚ ~ÓÇ (c) x˛õÎ≈yÓ,_ à!ï˛ !l Ï̂ò≈¢ Ü˛ Ï̂Ó˚⁄ ≤Ã!ï˛!ê˛ ˛õÎ≈yÓ,_ à!ï˛Ó˚ ˆ«˛ Ï̂e ˆòy°lÜ˛y° !lî≈Î˚ Ü˛ Ï̂Ó˚y åω •°
ˆÜ˛y Ï̂ly ôlydÜ˛ ô %ÓÜ˛ä ı
(a) sin ωt – cos ωt

(b) sin3 ωt

(c) 3 cos (π/4 – 2ωt)

(d) cos ωt + cos 3ωt + cos 5ωt

(e) exp (–ω2t2)

(f) 1 + ωt + ω2t2

14.5 ~Ü˛!ê˛ Ü˛îy 10 cm ò)Ó˚Óï˛#≈ ò%!ê˛ Ü˛îy A ~ÓÇ B !Ó®%Ó˚ ÙˆÏôƒ ̃ Ó˚!áÜ˛ §Ó˚° ̂ òy°à!ï˛ˆÏï˛ ̂ òy°lÓ˚ï˛–˛ A ̂ Ì Ï̂Ü˛ B
x!Ë˛Ù%áˆÏÜ˛ ôlydÜ˛ x!Ë˛Ù%á ôˆÏÓ˚ Ü˛îyÓ˚ ˆÓàñ cÓ˚î ~ÓÇ Ü˛îyÓ˚ í˛z˛õÓ˚ ≤ÃÎ%=˛ ÓˆÏ°Ó˚ !ã˛•´ !Ü˛ •ˆÏÓ Îál
Ü˛îy!ê˛ ı
(a) A ≤ÃyˆÏhs˝ ÌyÜ˛ˆÏÓñ (b)  B ≤Ãy Ï̂hs˝ ÌyÜ˛ Ï̂Ó,

(c) AB ~Ó˚ Ùôƒ!Ó®%ˆÏï˛ ~ÓÇ A !Ó®%àyÙ#, (d)  B ≤Ãyhs˝ ̂ Ì Ï̂Ü˛ 2 cm ò)̂ ÏÓ̊ ~ÓÇ A !Ó®%àyÙ#ñ
(e) A ≤Ãyhs˝ ˆÌ Ï̂Ü˛ 3 cm ò)̂ ÏÓ˚ ~ÓÇ B !Ó®%àyÙ#•z ~ÓÇ (f) B ≤Ãyhs˝ ̂ Ì Ï̂Ü˛ 4 cm ò)̂ ÏÓ̊ ~ÓÇ A !Ó®%àyÙ#–

14.6 cÓ˚î  a ~ÓÇ  x ~Ó˚ ÙˆÏôƒ l#ˆÏã˛Ó˚ ˆÜ˛yl‰ §¡õÜ≈˛!ê˛ §Ó˚° ˆòy°à!ï˛ §¡õß¨⁄
(a) a = 0.7x (b) a = –200x2

(c) a = –10x (d) a = 100x3
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14.7 !l¡¨!°!áï˛ §Ó˚î xˆÏ˛õ«˛Ü˛ myÓ˚y §Ó˚° ˆòy°à!ï˛ §¡õyòlÜ˛yÓ˚# ~Ü˛!ê˛ Ü˛îyÓ˚ à!ï˛ !l¡¨Ó)̊̂ Ï˛õ ≤ÃÜ˛y!¢ï˛ ı

                 x(t) = A cos (ωt + φ ).

Î!ò Ü˛îy!ê˛Ó˚ ≤ÃyÌ!ÙÜ˛ xÓfiÌyl 1 cm ~ÓÇ ≤ÃyÌ!ÙÜ˛ ˆÓà ω cm/s–1  •Î˚ñ ï˛ˆÏÓ Ü˛îy!ê˛Ó˚ !ÓhflÏyÓ˚ ~ÓÇ ≤ÃyÌ!ÙÜ˛
ò¢y ˆÜ˛yî Ü˛ï˛ •ˆÏÓ⁄ ˆòGÎ˚y xyˆÏSÈ Ü˛îy!ê˛Ó˚ ˆÜ˛Ô!îÜ˛ Ü˛¡õyAÜ˛ π s–1–

Î!ò ˆÜ˛y§y•zl x Į̈̂õ«˛̂ ÏÜ˛Ó̊ ˛õ!Ó̊Ó Ï̂ï≈̨  §y•zl x Į̈̂õ«˛̂ ÏÜ˛Ó̊ §y•y Ï̂Îƒ §Ó̊° ˆòy°à!ï˛̂ ÏÜ˛ ≤ÃÜ˛y¢ Ü˛Ó̊y •Î̊ xÌ≈yÍ Î!ò  x(t ) =

B sin (ωt + α) •Î̊ñ ï˛̂ ÏÓ í ẑ̨ ÏÕ‘!áï˛ ≤ÃyÌ!ÙÜ˛ ¢ï≈̨à%̂ Ï°y Ï̂Ü˛ ÓƒÓ•yÓ̊ Ü˛̂ ÏÓ̊ Ü˛îy!ê˛Ó̊ !ÓhflÏyÓ̊ G ≤ÃyÌ!ÙÜ˛ ò¢y !lî≈Î̊ Ü˛̂ ÏÓ̊y–

14.8 ~Ü˛!ê˛ !fl±Ç ï%˛°yÓ˚ ˆflÒ° 0 ˆÌ Ï̂Ü˛ 50 kg ˛õÎ≈hs˝ ˛õyë˛ !òˆÏï˛ ˛õyˆÏÓ˚– ˆflÒ°!ê˛Ó˚ ˜òâ≈ƒ 20 cm– !fl±Ç ï%˛°y!ê˛ ˆÌˆÏÜ˛
~Ü˛!ê˛ Ó› V%˛!°ˆÏÎ˚ ˆòGÎ˚y •°– Ó›!ê˛ˆÏÜ˛ ï˛yÓ˚ §yÙƒyÓfiÌyl ˆÌˆÏÜ˛ !Ü˛S%Èê˛y ˆê˛ˆÏl ˆSÈˆÏí˛¸ !òˆÏ° Ó›!ê˛ §Ó˚°
ˆòy°à!ï˛ §¡õß¨ Ü˛ Ï̂Ó˚– Ó›!ê˛Ó˚ à!ï˛Ó˚ ˛õÎ≈yÎ˚Ü˛y° 0.6 s • Ï̂° Ó›Ó˚ Gçl Ü˛ï˛⁄

14.9 1200 N m–1 !fl±Ç ô %ÓÜ˛ §¡õß¨ ~Ü˛!ê˛ !fl±ÇÈüÈ~Ó˚ ~Ü˛≤Ãyhs˝ ~Ü˛!ê˛ ˆòÎ˚yˆÏ° xyê˛Ü˛yˆÏly xyˆÏSÈ– Ù§,î xl%Ë)˛!ÙÜ˛
ˆê˛!Ó Ï̂°Ó˚ G˛õÓ˚ Ó˚yáy 3 kg Ë˛Ó˚!Ó!¢T˛ ~Ü˛!ê˛ Ó›Ó˚ § Ï̂Aà 14.24 lÇ !ã˛ˆÏeÓ˚ lƒyÎ˚ ~Ó˚ x˛õÓ˚ ≤Ãyhs˝ Î%=˛– Ó›!ê˛ˆÏÜ˛
ˆê˛!Ó° ÓÓ˚yÓÓ˚  2.0 cm ˆê˛ Ï̂l ˆSÈ Ï̂í ¸̨ ˆòGÎ˚y •°–

!ã˛e ı 14.24

(i) ̂ òy°à!ï˛Ó˚ Ü˛¡õyAÜ˛ !lî≈Î˚ Ü˛ Ï̂Ó˚yñ  (ii)  Ë˛Ó˚!ê˛Ó˚ § Ï̂Ó≈yFã˛ ï˛Ó˚î !lî≈Î˚ Ü˛ Ï̂Ó˚y ~ÓÇ (iii) Ë˛Ó˚!ê˛Ó˚ § Ï̂Ó≈yFã˛ o%!ï˛ !lî≈Î˚
Ü˛ˆÏÓ˚y–

14.10 14.9 lÇ xl%¢#°l#ˆÏï˛ñ Îál !fl±Ç!ê˛ x≤Ã§y!Ó˚ï˛ xÓfiÌyÎ˚ ÌyˆÏÜ˛ ï˛ál Ë˛Ó˚!ê˛Ó˚ xÓfiÌylˆÏÜ˛ x = 0 ~ÓÇ ÓÑy!òÜ˛
ˆÌ Ï̂Ü˛ í˛yl!ò Ï̂Ü˛Ó˚ x!Ë˛Ù%á Ï̂Ü˛ x-x Ï̂«˛Ó˚ ôlydÜ˛ x!Ë˛Ù%á !• Ï̂§ Ï̂Ó ôÓ˚– ˆòy°lÓ˚ï˛ Ó›Ó˚ §Ó˚î x ˆÜ˛ §ÙÎ˚ t ~Ó˚
xˆÏ˛õ«˛Ü˛ Ó)̊̂ Ï˛õ ≤ÃÜ˛y¢ Ü˛Ó˚ Î!ò fiê˛˛õ GÎ˚yã˛ ¢%Ó˚% Ü˛Ó˚yÓ˚ Ù%•)̂ Ïï≈˛ (t = 0) Ë˛Ó˚!ê˛Ó˚
(a)  §yÙƒyÓfiÌyÎ˚ Ìy Ï̂Ü˛ñ (b) § Ï̂Ó≈yFã˛ ≤Ã§y!Ó˚ï˛ xÓfiÌyÎ˚ Ìy Ï̂Ü˛ ~ÓÇ
(c)  §ˆÏÓ≈yFã˛ §ÇÜ%˛!ã˛ï˛ xÓfiÌyÎ˚ ï˛yˆÏÜ˛–
§Ó̊° ˆòy°à!ï˛Ó̊ ~•z x Į̈̂õ«˛Ü˛à%̂ Ï°y Ü˛¡õy Ï̂AÜ˛ñ !ÓhflÏyÓ̊ xÌÓy ≤ÃyÌ!ÙÜ˛ ò¢yÎ̊ !Ü˛Ë˛y Ï̂Ó ~ Ï̂Ü˛ x˛õÓ̊ ˆÌ Ï̂Ü˛ !Ë˛ß̈ •Î̊⁄

14.11 14.25 lÇ !ã˛ˆÏe ò%!ê˛ Ó,_#Î˚ à!ï˛ ˆòáyˆÏly •ˆÏÎ˚ˆÏSÈ– ≤Ã!ï˛!ê˛ à!ï˛Ó˚ ˛Ó,_˛õˆÏÌÓ˚ Óƒy§yô≈ñ xyÓï≈˛ˆÏlÓ˚ ˛õÎ≈yÎ˚Ü˛y°ñ
≤ÃyÌ!ÙÜ˛ xÓfiÌyl ~ÓÇ xyÓï≈˛ˆÏlÓ˚ x!Ë˛Ù%á åxÌ≈yÍ ÓyÙyÓï˛#≈ Óy ò!«˛îyÓï˛#≈ä ˆòáyˆÏly •ˆÏÎ˚ˆÏSÈ– ≤Ã!ï˛!ê˛ ˆ«˛ˆÏe
xyÓï≈̨ lÓ˚ï˛ Ü˛îy p ~Ó˚ Óƒy§yô≈ ˆË˛Q Ï̂Ó˚Ó˚ x  x Ï̂«˛Ó˚ í z̨̨ õÓ˚ x!Ë˛ Ï̂«˛ Į̈̂ õÓ˚ §Ó˚° ˆòy°à!ï˛Ó˚ §Ù#Ü˛Ó˚î !lî≈Î˚ Ü˛ Ï̂Ó˚y–

!ã˛e ı 14.25
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14.12 !lˆÏã˛Ó˚ ≤Ã!ï˛!ê˛ §Ó˚° ˆòy°à!ï˛Ó˚ xyl%£Ï!AàÜ˛ !lˆÏò≈¢Ü˛ Ó,_ xAÜ˛l Ü˛Ó˚– Ü˛îyÓ˚ ≤ÃyÌ!ÙÜ˛ (t =0) xÓfiÌylñ Ó,̂ Ï_Ó˚
Óƒy§yô≈ ~ÓÇ â)î≈yÎ˚Ùyl Ü˛îyÓ˚ ˆÜ˛Ô!îÜ˛ o%!ï˛ !l Ï̂ò≈¢ Ü˛ Ï̂Ó˚y– §Ó˚°#Ü˛Ó˚̂ ÏîÓ˚ çlƒ ≤Ã!ï˛!ê˛ ˆ«˛ Ï̂e â)î≈l ÓyÙyÓï˛#≈ ô Ï̂Ó˚
lyG ı (x ˆÜ˛ cm ~ ~ÓÇ  t ˆÜ˛ ˆ§ Ï̂Ü˛ Ï̂u˛ ô Ï̂Ó˚ lyG)–
(a) x = –2 sin (3t + π/3) (b)    x = cos (π/6 – t)

(c) x = 3 sin (2πt + π/4) (d)    x = 2 cos πt

14.13 k Ó° ô %ÓÜ˛ !Ó!¢T˛ ~Ü˛!ê˛ !fl±Ç ~Ó˚ ~Ü˛≤Ãyhs˝ ˆòGÎ˚y Ï̂°Ó˚ §y Ï̂Ì ò,ì ¸̨Ë˛y Ï̂Ó xyê˛Ü˛y Ï̂ly •° ~ÓÇ !fl±Ç!ê˛Ó˚ Ù%=˛
≤Ãy Ï̂hs˝Ó˚ §y Ï̂Ì m Ë˛Ó˚!Ó!¢T˛ ~Ü˛!ê˛ ÓœÜ˛ Î%=˛ Ü˛Ó˚y •° å!ã˛e14.26 (a)ä

ÓœÜ˛!ê˛Ó˚ í z̨̨ õÓ˚ ~Ü˛!ê˛ Ó°  F ≤ÃˆÏÎ˚yà Ü˛ˆÏÓ˚ !fl±Ç!ê˛ˆÏÜ˛ ≤Ã§y!Ó˚ï˛ Ü˛Ó˚y •°– xl%Ó˚)ˆÏ˛õ ~Ü˛!ê˛ !fl±ÇÈüÈ~Ó˚ ò%!ê˛ Ù%=˛
≤Ãy Ï̂hs˝Ó˚ §y Ï̂Ì m Ë˛Ó˚!Ó!¢T˛ ò%!ê˛ ÓœÜ˛ Î%=˛ Ü˛Ó˚y •° å14.26 (b)ä ~ Ï̂«˛ Ï̂e í z̨Ë˛Î˚ Óœ̂ ÏÜ˛Ó˚ í z̨̨ õÓ˚ F Ó° ≤Ã Ï̂Î˚yà Ü˛ Ï̂Ó˚
!fl±Ç!ê˛ˆÏÜ˛ ≤Ã§y!Ó˚ï˛ Ü˛Ó˚y •°–

!ã˛e ı 14.26

(a)  ≤Ã!ï˛!ê˛ ˆ«˛ Ï̂e !fl±Ç ~Ó˚ §Ó≈y!ôÜ˛ ≤Ã§yÓ˚î Ü˛ï˛ • Ï̂Ó⁄
(b) 14.26 (a) !ã˛ˆÏe m Ë˛ Ï̂Ó˚Ó˚ ÓœÜ˛!ê˛ Ï̂Ü˛ ~ÓÇ 14.26 (b) !ã˛ˆÏe m Ë˛ Ï̂Ó˚Ó˚ ÓœÜ˛ ò%!ê˛ Ï̂Ü˛ ˆSÈ Ï̂í ¸̨ !ò Ï̂° ≤Ã!ï˛ Ï̂«˛ Ï̂e

ˆòy° Ï̂lÓ˚ ˛õÎ≈yÎ˚Ü˛y° Ü˛ï˛ • Ï̂Ó⁄

14.14 ˆÜ˛yl ày!í ¸̨Ó˚ •z!O Ï̂lÓ˚ !§!°u˛y Ï̂Ó˚Ó˚ ¢# Ï̂£Ï≈ xÓ!fiÌï˛ !˛õfiê˛ Ï̂lÓ˚ ˆfiê ∆̨yÜ˛ å!ÓhflÏy Ï̂Ó˚Ó˚ !mà%îä 1.0 m ˚– Î!ò !˛õfiê˛l 200

rad/min ˆÜ˛Ô!îÜ˛ Ü˛¡õyˆÏAÜ˛ §Ó˚° ˆòy°à!ï˛ˆÏï˛ à!ï˛¢#° •Î˚ñ ï˛ˆÏÓ ï˛yÓ˚ §ˆÏÓ≈yFã˛ o%!ï˛ Ü˛ï˛ •ˆÏÓ⁄

14.15 ã˛w ˛õ,̂ Ï¤˛ Ù•yÜ˛£Ï≈ç cÓ˚î 1.7 m s–2– Î!ò ˛õ,!ÌÓ# ˛õ,ˆÏ¤˛ ˛õÎ≈yÎ˚Ü˛y° 3.5 s •Î˚ ï˛ Ï̂Ó ã˛w˛õ,̂ Ï¤˛ ˙ §Ó˚° ˆòy° Ï̂Ü˛Ó˚
˛õÎ≈yÎ˚Ü˛y° Ü˛ï˛ •ˆÏÓ⁄ å˛õ,!ÌÓ#˛õ,ˆÏ¤˛ g •° 9.8 m s–2ä

14.16 !l Ï̂ã˛Ó˚ ≤ÃŸ¿à%̂ Ï°yÓ˚ í z̨_Ó˚ òyG ı
(a) §Ó˚° ˆòy°à!ï˛ Ï̂ï˛ ˆòy°lÓ˚ï˛ ˆÜ˛y Ï̂ly Ü˛îyÓ˚ xyÓï≈̨ lÜ˛y°ñ Ó° ô %ÓÜ˛  k ~ÓÇ Ü˛îyÓ˚ Ë˛Ó˚  m ~Ó˚ í z̨̨ õÓ˚

!lË≈˛Ó˚ Ü˛ˆÏÓ˚ ı  T
m

k
= 2π . ˆÜ˛yl §Ó˚° ˆòy°Ü˛ ˆÙyê˛yÙ%!ê˛Ë˛yˆÏÓ §Ó˚° ˆòy°à!ï˛ §¡õß¨ Ü˛ˆÏÓ˚– ï˛y•ˆÏ°

~Ü˛!ê˛ ˆòy° Ï̂Ü˛Ó˚ ˛õÎ≈yÎ˚Ü˛y° ˆòy° Ï̂Ü˛Ó˚ Ë˛ Ï̂Ó˚Ó˚ í z̨̨ õÓ˚ !lË≈̨ Ó˚ Ü˛ Ï̂Ó˚ ly ˆÜ˛l⁄

(b) «%̨ o ̂ Ü˛y Ï̂îÓ˚ ̂ òy° Ï̂lÓ˚ çlƒ §Ó˚° ̂ òy° Ï̂Ü˛Ó˚ à!ï˛ ̂ Ùyê˛yÙ%!ê˛Ë˛y Ï̂Ó §Ó˚° ̂ òy°à!ï˛– Ó,•Í ̂ Ü˛yîÎ%=˛ ̂ òy° Ï̂lÓ˚

çlƒ x!ôÜ˛ §Ç!Ÿ’¤˛ !Ó Ï̂Ÿ’£Ïî myÓ˚y ̂ òáy Ï̂ly ÎyÎ˚ ̂ Î T ~Ó˚ Ùyl 2π
l

g
 ̂ Ì Ï̂Ü˛ ̂ Ó!¢ •Î˚– ~•z Ê˛°yÊ˛°!ê˛ Ï̂Ü˛

Óƒyáƒy Ü˛Ó˚ˆÏï˛ ~Ü˛!ê˛ à%îàï˛ Î%!=˛ !ã˛hs˝y Ü˛ˆÏÓ˚y–

(c) ~Ü˛çl ˆ°yÜ˛ ï˛yÓ˚ •yˆÏï˛ •yï˛â!í˛¸ !lˆÏÎ˚ !ÙlyÓ˚ ~Ó˚ ¢#£Ï≈ ˆÌˆÏÜ˛ Ù%=˛Ë˛yˆÏÓ ˛õˆÏí˛¸– Ù%=˛Ë˛yˆÏÓ ˛õí˛¸yÓ˚ §ÙÎ˚
â!í ¸̨!ê˛ §!ë˛Ü˛ §ÙÎ˚ ˆò Ï̂Ó !Ü˛⁄

(d) x!Ë˛Ü˛̂ Ï£Ï≈Ó̊ xô#l Ù%=˛Ë˛y Ï̂Ó ˛õï˛l¢#° ˆÜ˛y Ï̂ly ˆÜ˛!Ó Ï̂l Ó̊yáy ~Ü˛!ê˛ §Ó̊° ˆòy° Ï̂Ü˛Ó̊ ˆòy° Ï̂lÓ̊ Ü˛¡õyAÜ˛ !Ü˛ • Ï̂Ó⁄

14.17 ~Ü˛!ê˛ ày!í˛¸ˆÏï˛ l ˜òˆÏâ≈ƒÓ˚ ~ÓÇ M Ë˛ˆÏÓ˚Ó˚ !˛õˆÏ[˛Ó˚ ~Ü˛!ê˛ §Ó˚° ˆòy°Ü˛ ˆV˛y°yˆÏly xyˆÏSÈ– ày!í˛¸ R Óƒy§y Ï̂ô≈Ó˚ Ó,_#Î˚
˛õˆÏÌ v §Ùo%!ï˛ˆÏï˛ à!ï˛¢#°– Î!ò ˆòy°Ü˛ §yÙƒyÓfiÌyÓ˚ §yˆÏ˛õˆÏ«˛ Óƒy§yô≈ ÓÓ˚yÓÓ˚ «%˛o ˆòy°l §¡õß¨ Ü˛ˆÏÓ˚ ï˛ˆÏÓ
~Ó˚ ˛õÎ≈yÎ˚Ü˛y° !Ü˛ • Ï̂Ó⁄
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14.18 ρ âl Ï̂cÓ˚ ~Ü˛!ê˛ ˆã˛y.yÜ,̨ !ï˛ Ü˛ Ï̂Ü≈̨ Ó˚ Ë)̨ !ÙÓ˚ ˆ«˛eÊ˛° A ~ÓÇ í˛zFã˛ï˛y h– Ü˛Ü≈˛!ê˛ ρ
l
 âl Ï̂cÓ˚ ~Ü˛!ê˛ ï˛Ó˚̂ Ï°

Ë˛y§ˆÏSÈ– Ü˛Ü≈˛!ê˛ˆÏÜ˛ ï˛Ó˚ˆÏ°Ó˚ ÙˆÏôƒ x“ í%˛!ÓˆÏÎ˚ ˆSÈˆÏí˛¸ !òˆÏ° ˆòáyG ˆÎ Ü˛Ü≈˛!ê˛ G˛õÓ˚ÈüÈ!lˆÏã˛ §Ó˚° ˆòy°à!ï˛ˆÏï˛
Ü˛!¡õï˛ •ˆÏï˛ ÌyÜ˛ˆÏÓ ÎyÓ˚ ˛õÎ≈yÎ˚Ü˛y°

                                     
T

h

g1

= 2π
ρ

ρ

ˆÎáy Ï̂l ρ •° Ü˛Ü≈̨ !ê˛Ó˚ âlc– åï˛Ó˚̂ Ï°Ó˚ §ywï˛yÓ˚ çlƒ xÓÙ®l Ï̂Ü˛ í ẑ̨ Į̈ õ«˛y Ü˛Ó˚–ä

14.19 ˛õyÓ˚̂ Ïò Ë˛!ï≈̨  ˆÜ˛y Ï̂ly ~Ü˛!ê˛ U l Ï̂°Ó˚ ~Ü˛≤Ãyhs˝ ~Ü˛!ê˛ ˆ¢y£ÏÜ˛ ˛õy Ï̂¡õÓ˚ § Ï̂Aà Î%=˛ ~ÓÇ x˛õÓ˚ ≤Ãyhs˝ ÓyÎ%̊Ù[˛ Ï̂°
í z̨ß√%=˛– ò%!ê˛ hflÏ̂ ÏΩ˛Ó˚ Ù Ï̂ôƒ ~Ü˛!ê˛ «%̨ o ã˛y Į̈̂ õÓ˚ ˛õyÌ≈Ü˛ƒ ÓçyÎ˚ Ó˚yáy •Î˚– ˆòáyG ˆÎ Îál ˆ¢y£ÏÜ˛ ˛õy¡õ §!Ó˚̂ ÏÎ˚
ˆlGÎ˚y •Î˚ ï˛ál U l Ï̂°Ó˚ ˛õyÓ˚òhflÏΩ˛ §Ó˚° ˆòy°à!ï˛ §¡õß¨ Ü˛Ó˚̂ ÏÓ–

x!ï˛!Ó˚=˛ xl%¢#°l#

14.20 V  xyÎ̊ï˛l!Ó!¢T˛ ~Ü˛!ê˛ ̨õy Ï̂eÓ̊ §Ó̊% Ù%á!ê˛Ó̊ ≤ÃfiÌ Ï̂FSÈ̂ ÏòÓ̊ ̂ «˛eÊ˛° a  (!ã˛e14.27) ̨õye!ê˛Ó̊ §Ó̊% Ù%á!ê˛Ó̊ xË˛ƒhs˝̂ ÏÓ̊
m Ë˛ Ï̂Ó̊Ó̊ ~Ü˛!ê˛ Ó° xyê˛ Ï̂Ü˛ xy Ï̂SÈ ̂ Î!ê˛ â£Ï≈î•#lË˛y Ï̂Ó Gë˛ylyÙy Ü˛Ó̊ Ï̂ï˛ ̨õy Ï̂Ó̊– ̂ òáyG ̂ Î Ó°!ê˛ Î!ò !l Ï̂ã˛Ó̊ !ò Ï̂Ü˛
x“ ̂ ê˛ Ï̂l ̂ SÈ̂ Ïí˛̧ ̂ òGÎ̊y •Î̊ñ ï˛y• Ï̂° ~!ê˛ §Ó̊° ̂ òy°à!ï˛ §¡õß̈ Ü˛ Ï̂Ó̊– xyÎ̊ï˛ Ï̂lÓ̊ §y Ï̂Ì §y Ï̂Ì ÓyÎ̊%Ó̊ ã˛y˛õ § Ï̂Ùy£÷Ï
≤Ã!Ü ̨ Î̊yÎ̊ ˛õ!Ó̊Ó!ï≈̨ ï˛ • Ï̂FSÈ ô Ï̂Ó̊ !l Ï̂Î̊ Ó°!ê˛Ó̊ §Ó̊° ˆòy°à!ï˛Ó̊ ˆòy°lÜ˛y° !lî≈Î̊ Ü˛ Ï̂Ó̊y– [!ã˛e 14.27 ˆòá].

14.21 ï%˛!Ù ˆÜ˛yˆÏly 3000 kg. Ë˛ˆÏÓ˚Ó˚ ˆÙyê˛Ó˚ ày!í˛¸ˆÏï˛ ºÙî Ü˛Ó˚ˆÏSÈy– ôˆÏÓ˚ lyG ˆÎ ï%˛!Ù ~•z ày!í˛¸!ê˛Ó˚ ≤Ã°¡∫l
≤Ãîy°#Ó˚ ˆòy°l ˜Ó!¢ Ï̂T˛Ó˚ ˛õÓ˚#«˛y Ü˛Ó˚̂ ÏSÈy– Îál §¡õ)î≈ ày!í ¸̨!ê˛ ~Ó˚ í z̨̨ õÓ˚ Ó˚yáy •Î˚ ï˛ál ≤Ã°¡∫l15 cm

ˆã˛ Į̈̂ õ ÎyÎ˚– xyÓyÓ˚ ~Ü˛!ê˛ ˛õ)î≈ ˆòy° Ï̂lÓ˚ ˆ«˛ Ï̂e ˆòy° Ï̂lÓ˚ !ÓhflÏyÓ˚ 50% •yˆÏÓ˚ •…y§ ˛õyÎ˚– (a) !fl±Ç ô %ÓÜ˛ k ~Ó˚
Ùyl ˆÓÓ˚ Ü˛Ó˚ ~ÓÇ (b) !fl±Ç ~ÓÇ ã˛yÜ˛yÓ˚ âyï˛ ˆ¢y£ÏÜ˛ ≤Ãîy°#Ó˚ çlƒ xÓÙ®l ô %ÓÜ˛ b ~Ó˚ Ùyl åô Ï̂Ó˚ lyG
≤Ã!ï˛!ê˛ ã˛yÜ˛y 750 kg.Ë˛yÓ˚ Ó•l Ü˛ Ï̂Ó˚ä !lî≈Î˚ Ü˛ Ï̂Ó˚y–

14.22 ˆòáyG ˆÎ ˜Ó˚!áÜ˛ §Ó˚° ˆòy°à!ï˛ §¡õyòlÜ˛yÓ˚# ˆÜ˛y Ï̂ly Ü˛îyÓ˚ ˆ«˛ Ï̂e ˆòy° Ï̂lÓ˚ ˆÜ˛y Ï̂ly ˛õÎ≈yÎ˚Ü˛y Ï̂° àí ¸̨
à!ï˛¢!=˛ ~Ü˛•z ˛õÎ≈yÎ˚Ü˛yˆÏ° àí˛¸ !fiÌ!ï˛¢!=˛Ó˚ §Ùyl •Î˚–

14.23 10 kg Ë˛ˆÏÓ˚Ó˚ ˆÜ˛yˆÏly Ó,_yÜ˛yÓ˚ ã˛yÜ˛!ï˛ ~Ü˛!ê˛ ï˛yÓ˚ myÓ˚y ã˛yÜ˛!ï˛Ó˚ ˆÜ˛ˆÏwÓ˚ §yˆÏÌ Î%=˛ Ü˛ˆÏÓ˚ ˆV˛y°yˆÏly •ˆÏÎ˚ˆÏSÈ–
ã˛yÜ˛!ï˛!ê˛ Ï̂Ü˛ â%!Ó˚̂ ÏÎ˚ ï˛y Ï̂Ó˚ ˆÙyã˛í ¸̨ !ò Ï̂Î˚ ˆSÈ Ï̂í ¸̨ ˆòGÎ˚y •°– ÓƒyÓï≈̨  ˆòy° Ï̂lÓ˚ ˛õÎ≈yÎ˚Ü˛y° ˆòáy ˆà° 1.5 s–
ã˛yÜ˛!ï˛Ó˚ Óƒy§yô≈ •° 15 cm.– ï˛yˆÏÓ˚Ó˚ ÓƒyÓï≈˛ !fl±Ç ô %ÓÜ˛ !lî≈Î˚ Ü˛ˆÏÓ˚y– åÓƒyÓï≈˛ !fl±Ç ô %ÓÜ˛ ÚαÛˆÜ˛ §ÇK˛y!Î˚ï˛
Ü˛Ó˚y •Î˚ J = –α θ  §Ù#Ü˛Ó˚̂ ÏîÓ˚ §y•y Ï̂Îƒñ ˆÎáy Ï̂l J •° ≤Ãï˛ƒylÎ˚Ü˛ m®µ ~ÓÇθ •° ˆÙyã˛í ¸̨̂ ÏÜ˛ylä–

14.24 ~Ü˛!ê˛ Ó› 5 cm !ÓhflÏy Ï̂Ó˚Ó˚ ~ÓÇ 0.2 s ˛õÎ≈yÎ˚Ü˛y Ï̂°Ó˚ §Ó˚° ˆòy°à!ï˛ §¡õß¨ Ü˛Ó˚̂ ÏSÈ– Ó›!ê˛Ó˚ cÓ˚î ~ÓÇ ˆÓà
!lî≈Î˚ Ü˛ Ï̂Ó˚y Îál Ó›Ó˚ §Ó˚î (a) 5 cm (b) 3 cm (c) 0 cm.

14.25 ~Ü˛!ê˛ !fl±Ç ~ Î%=˛ ~Ü˛!ê˛ Ë˛Ó˚ ω ˆÜ˛Ô!îÜ˛ ˆÓˆÏàñ â£Ï≈î Óy xÓÙ®l SÈyí˛¸y ˆÜ˛yˆÏly xl%Ë)̨ !ÙÜ˛ ï˛ˆÏ° Ù%=˛Ë˛yˆÏÓ
ˆòy° Ï̂SÈ– ~ Ï̂Ü˛  x

0
 ò)Ó˚̂ Ïc ê˛yly •° ~ÓÇ t = 0 §Ù Ï̂Î˚ v

0 
ˆÓ Ï̂à ˆÜ˛wy!Ë˛Ù%̂ Ïá ˆë˛ Ï̂° ˆòGÎ˚y •°– ω, x

0
 ~ÓÇ

v
0 
≤Ãyã˛°à%!°Ó˚ §y Į̈̂ õ Ï̂«˛ °!kô ̂ òy° Ï̂lÓ˚ !ÓhflÏyÓ˚ !lî≈Î˚ Ü˛ Ï̂Ó˚y [§Ùyôyl §ÇˆÏÜ˛ï˛ ı  x = a cos (ωt+θ) §Ù#Ü˛Ó˚î

!ò Ï̂Î˚ ¢%Ó%̊ Ü˛ Ï̂Ó˚y ~ÓÇ °«˛ Ü˛ Ï̂Ó˚y ≤ÃyÌ!ÙÜ˛ ˆÓà }îydÜ˛]

Fig.14.27

ÓyÎ%̊



xôƒyÎ˚ ı ̨õM˛ò¢

ï˛Ó˚Aà
(Waves)

15.1 Ë)̨ !ÙÜ˛y åIntroductionä

˛õ)Ó≈Óï˛#≈ xôƒyˆÏÎ˚ xyÙÓ˚y !Ó!FSÈß¨Ë˛yˆÏÓ ˆòy°l¢#° Ó›Ó˚ à!ï˛ §¡õˆÏÜ≈˛ ˆçˆÏl!SÈ–

~Ó˚)˛õ Ó›Ó˚ §Ùß∫ˆÏÎ˚ à!ë˛ï˛ §ÇfiÌyÓ˚ ˆ«˛ˆÏe Ü˛# âˆÏê˛⁄ çí˛¸ ÙyôƒÙ •° ~Ùl  ~Ü˛ í˛zòy•Ó˚î–

~ˆÏ«˛ˆÏeñ !fiÌ!ï˛fiÌy˛õÜ˛ Ó° ÙyôƒˆÏÙÓ˚ Ü˛îyà%ˆÏ°yˆÏÜ˛ ˛õÓ˚flõˆÏÓ˚Ó˚ §yˆÏÌ xyÓÂô Ó˚yˆÏá ~ÓÇ

~Ó˚ Ê˛ˆÏ° ~Ü˛!ê˛ Ü˛îyÓ˚ à!ï˛ x˛õÓ˚ Ü˛îyÓ˚ à!ï˛ˆÏÜ˛ ≤ÃË˛y!Óï˛ Ü˛ˆÏÓ˚– Î!ò ï%˛!Ù ˛õ%Ü%˛ˆÏÓ˚Ó˚ !fiÌÓ˚

ç Ï̂° ~Ü˛!ê˛ !ì˛° S%Èí ¸̨ñ ç°ï˛° xy Ï̂°y!í ¸̨ï˛ •Î˚– ~•z xy Ï̂°yí ¸̨l ̂ Ü˛y Ï̂ly ~Ü˛!ê˛ fiÌy Ï̂l §#ÙyÓÂô

ÌyˆÏÜ˛ lyñ Ó,_yÜ˛yˆÏÓ˚ Óy•zˆÏÓ˚Ó˚ !òˆÏÜ˛ SÈ!í˛¸ˆÏÎ˚ ˛õˆÏí˛¸– ï%˛!Ù Î!ò ˛õ%Ü%˛ˆÏÓ˚ Ü ˛Ùyàï˛ !ì˛° ˆÊ˛°ˆÏï˛

ÌyÜ˛ ̂ òá Ï̂Óñ ̂ Îáy Ï̂l ç°ï˛° xy Ï̂°y!í ¸̨ï˛ • Ï̂Î˚!SÈ° ̂ § !Ó®% ̂ Ì Ï̂Ü˛ Ü˛ï˛à%̂ Ï°y Ó,_ o%ï˛à!ï˛ Ï̂ï˛

Óy•zˆÏÓ˚Ó˚ !òˆÏÜ˛ ~!àˆÏÎ˚ ÎyˆÏFSÈ– ~!ê˛ ~Ùl ~Ü˛ xl%Ë)˛!ï˛ çyàyÎ˚ ˆÎñ xyˆÏ°yí˛¸l !Ó®% ˆÌˆÏÜ˛

ç° Óy•zˆÏÓ˚Ó˚ !òˆÏÜ˛ ~!àˆÏÎ˚ ÎyˆÏFSÈ– ï%˛!Ù Î!ò !Ü˛S%È Ü˛ˆÏÜ˛≈Ó˚ ê%˛Ü˛ˆÏÓ˚yˆÏÜ˛ xyˆÏ°y!í˛¸ï˛ ç°ï˛ˆÏ°Ó˚

G˛õÓ˚ ˆSÈˆÏí˛¸ òyGñ ï˛ˆÏÓ ˆòáy ÎyÎ˚ Ü˛ˆÏÜ≈˛Ó˚ ê%˛Ü˛ˆÏÓ˚yà%ˆÏ°y í˛z˛õˆÏÓ˚ÈüÈl#ˆÏã˛ í˛zë˛y lyÙy Ü˛ˆÏÓ˚ !Ü˛v

xyˆÏ°yí˛¸l ˆÜ˛w ˆÌˆÏÜ˛ ò)ˆÏÓ˚ §ˆÏÓ˚ ÎyÎ˚ ly– ~ˆÏï˛ ≤Ãï˛#Î˚Ùyl •Î˚ ˆÎñ Ó,ˆÏ_Ó˚ §yˆÏÌ ç°Ü˛îy

Óy•zˆÏÓ˚Ó˚ !òˆÏÜ˛ ≤ÃÓy!•ï˛ •Î˚ ly ÓÓ˚Ç  ~Ü˛!ê˛ à!ï˛¢#° xyˆÏ°yí˛¸l §,!T˛ •Î˚– ~Ü˛•zË˛yˆÏÓñ

xyÙÓ˚y Îál Ü˛Ìy Ó!°ñ ÓyÎ˚% ÙyôƒˆÏÙÓ˚ ~Ü˛ xÇ¢ ˆÌˆÏÜ˛ xlƒ xÇˆÏ¢ ÓyÎ˚%Ó˚ ˆÜ˛yˆÏly ≤ÃÓy•

SÈyí˛¸y•z ¢∑ xyÙyˆÏòÓ˚ ˆÌˆÏÜ˛ ò)ˆÏÓ˚ Óy•zˆÏÓ˚Ó˚ !òˆÏÜ˛ ~!àˆÏÎ˚ ÎyÎ˚– ÓyÎ˚%ˆÏï˛ §,T˛ ~•z xyˆÏ°yí˛¸l

xÓ¢ƒ•z xˆÏlÜ˛ê˛y Ü˛Ù •Î˚ ~ÓÇ ~Ü˛Ùye xyÙyˆÏòÓ˚ Ü˛yl Óy Ùy•zˆÏÜ ˛yˆÏÊ˛yl ~ˆÏòÓ˚ˆÏÜ˛ ¢ly=˛

Ü˛Ó˚̂ Ïï˛ ̨õy Ï̂Ó˚– ~Ó)̨̊ õ xy Ï̂°yí ¸̨l Îy ÙyôƒÙ Ü˛îyÓ˚ ≤ÃÜ,̨ ï˛ fiÌylyhs˝Ó˚ SÈyí ¸̨y•z Óy Ùyôƒ Ï̂ÙÓ˚ §yÙ!@˝ÃÜ˛

≤ÃÓy• Óƒï˛#ï˛ ~!àˆÏÎ˚ ã˛ˆÏ° ˆ§Ó˚)˛õ xyˆÏ°yí˛¸lˆÏÜ˛ ï˛Ó˚Aà ÓˆÏ°– ~ xôƒyˆÏÎ˚ xyÙÓ˚y ~Ó˚)˛õ

ï˛Ó˚Aà §¡õˆÏÜ≈˛ çylÓ–

ï˛Ó˚Aàà%ˆÏ°y ¢!=˛ G xyˆÏ°yí˛¸ˆÏlÓ˚ Ó˚)ˆÏ˛õÓ˚ §yˆÏÌ ç!í˛¸ï˛ ï˛Ìƒà%ˆÏ°yˆÏÜ˛ ~Ü˛ !Ó®%

ˆÌˆÏÜ˛ xlƒ !Ó®%ˆÏï˛ §M˛y!°ï˛ Ü˛ˆÏÓ˚– xyÙyˆÏòÓ˚ §y!Ó≈Ü˛ ò)Ó˚§M˛yÓ˚ ÓƒÓfiÌy Ù)°ï˛ ï˛Ó˚ˆÏAàÓ˚

ÙyôƒˆÏÙ §ÇˆÏÜ˛ˆÏï˛Ó˚ §M˛y°ˆÏlÓ˚ í˛z˛õÓ˚ !lË≈˛Ó˚¢#°– Ü˛Ìy Ó°yÓ˚ xÌ≈ •° ÓyÎ˚%ˆÏï˛ ¢∑ï˛Ó˚ˆÏAàÓ˚

§,!T˛ Ü˛Ó˚y ~ÓÇ ̂ ¢yly Ó° Ï̂ï˛ G•z ¢∑ï˛Ó˚̂ ÏAàÓ˚ ¢ly=˛Ü˛Ó˚î Ï̂Ü˛ ̂ ÓyV˛yÎ˚– ≤ÃyÎ˚ §Ó ̂ Îyày Ï̂Îyà

ÓƒÓfiÌy•z !Ó!Ë˛ß¨ ï˛Ó˚ˆÏAàÓ˚ §ˆÏAà §¡õÜ≈˛Î%=˛– í˛zòy•Ó˚îfl∫Ó˚)˛õñ ¢∑ ï˛Ó˚AàˆÏÜ˛ ≤ÃÌˆÏÙ ï˛!í˛¸Í

§ÇˆÏÜ˛ˆÏï˛ Ó˚)˛õyhs˝!Ó˚ï˛ Ü˛Ó˚y ˆÎˆÏï˛ ˛õyˆÏÓ˚ Îy ˛õˆÏÓ˚ ï˛!í˛¸Fã%˛¡∫Ü˛#Î˚ ï˛Ó˚ˆÏAà Ó˚)˛õyhs˝Ó˚!ï˛ Ü˛ˆÏÓ˚

15.1 Ë)̨ !ÙÜ˛y
15.2 !ï˛Î≈Ü˛ G xl%˜Ïòâ≈ƒ ï˛Ó˚Aà
15.3 ã˛° ï˛Ó˚ˆÏAà §Ó˚î §¡õÜ≈˛
15.4 ã˛° ï˛Ó˚ˆÏAàÓ˚ ˆÓà
15.5 ï˛Ó˚ˆÏAàÓ˚ í˛z˛õ!Ó˚˛õyˆÏï˛Ó˚ l#!ï˛
15.6 ï˛Ó˚ˆÏAàÓ˚ ≤Ã!ï˛Ê˛°l
15.7 fl∫Ó˚Ü˛¡õ
15.8 í˛˛õ°yÓ˚ !Ü ˛Î˚y

§yÓ˚§Ç Ï̂«˛˛õ
ˆË˛ˆÏÓ ˆòáyÓ˚ !Ó£ÏÎ˚§Ù)•
xl%¢#°l#
x!ï˛!Ó˚=˛ xl%¢#°l#
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xyˆÏ°yÜ˛#Î˚ Ó˚I% myÓ˚y Óy í˛z˛õ@˝ÃˆÏ•Ó˚ ÙyôƒˆÏÙ §M˛y!Ó˚ï˛ Ü˛Ó˚y ̂ ÎˆÏï˛ ̨õyˆÏÓ˚–

Ù)° §Ç Ï̂Ü˛ Ï̂ï˛Ó˚ ̨õ%lÓ)̊ÂôyÓ˚ §yôyÓ˚îï˛ í z̨̨ õ Ï̂Ó˚y=˛ ≤Ã!Ü ̨ Î˚yÓ˚ !Ó˛õÓ˚#ï˛ ≤Ã!Ü ̨ Î˚yÎ˚

Ü˛Ó˚y •Î˚–

§Ó ï˛Ó˚ˆÏAàÓ˚ !ÓhflÏyÓ˚°yˆÏË˛ ÙyôƒˆÏÙÓ˚ ≤ÃˆÏÎ˚yçl •Î˚ ly– xyÙÓ˚y

çy!lñ xyˆÏ°yÜ˛ï˛Ó˚Aà ¢)lƒ ÙyôƒˆÏÙÓ˚ Ùôƒ!òˆÏÎ˚ ã˛°yã˛° Ü˛Ó˚ˆÏï˛ ˛õyˆÏÓ˚–

¢ï˛¢ï˛ xyˆÏ°yÜ˛Ó£Ï≈ ò)ˆÏÓ˚ xÓ!fiÌï˛ l«˛e Ü˛ï,≈˛Ü˛ !l/§,ï˛ xyˆÏ°y

xyhs˝/ly«˛!eÜ˛ fiÌyl Îy ÓyhflÏˆÏÓ ¢)lƒñ ~Ó˚ Ùôƒ !òˆÏÎ˚ xyÙyˆÏòÓ˚ Ü˛yˆÏSÈ

~ˆÏ§ ˆ˛õÔÑSÈyÎ˚–

xyÙyˆÏòÓ˚ x!ï˛ ˛õ!Ó˚!ã˛ï˛ ï˛Ó˚Aà§Ù)• ˆÎÙl !fl±ÇÈüÈ~ §,T˛

ï˛Ó˚Aàñ ç°ï˛Ó˚Aàñ ¢∑ ï˛Ó˚Aàñ Ë)˛Ü˛¡õˆÏl §,T˛ ï˛Ó˚Aà åseismic

waveä ≤ÃË,̨ !ï˛ •° ï˛ÌyÜ˛!Ìï˛ Îy!sfÜ˛ ï˛Ó˚Aà– ~§Ó ï˛Ó˚̂ ÏAàÓ˚ §M˛y° Ï̂l

çí˛¸ ÙyôƒˆÏÙÓ˚ ≤ÃˆÏÎ˚yçl •Î˚– ~Ó˚y ¢)lƒ ÙyôƒˆÏÙ ã˛°yã˛° Ü˛Ó˚ˆÏï˛ ˛õyˆÏÓ˚

ly– ~Ó˚)˛õ ï˛Ó˚Aà ÙyôƒˆÏÙÓ˚ í˛z˛õyòyl Ü˛îy§Ù)ˆÏ•Ó˚ Ü˛¡õl G GˆÏòÓ˚

!fiÌ!ï˛fiÌy˛õÜ˛ ôˆÏÙ≈Ó˚ í˛z˛õÓ˚ !lË≈˛Ó˚¢#°– ï˛!í˛¸Í ã%˛¡∫Ü˛#Î˚ ï˛Ó˚Aà§Ù)•ñ

ÎyˆÏòÓ˚ §¡õˆÏÜ≈˛ ̂ ï˛yÙÓ˚y myò¢ ̂ ◊!îˆÏï˛ ̨ õí˛¸ˆÏÓñ ~•zà%ˆÏ°y !Ë˛ß¨ ôÓ˚ˆÏlÓ˚

ï˛Ó˚Aà– ï˛!í˛¸Í ã%˛¡∫Ü˛#Î˚ ï˛Ó˚ˆÏAàÓ˚ !ÓhflÏyˆÏÓ˚Ó˚ çlƒ ˆÜ˛yˆÏly ÙyôƒˆÏÙÓ˚

≤ÃˆÏÎ˚yçl •Î˚ ly ÈüüüÈ ~Ó˚y ¢)lƒ ÙyôƒˆÏÙÓ˚ Ùôƒ !òˆÏÎ˚G ã˛°yã˛° Ü˛Ó˚ˆÏï˛

˛õyˆÏÓ˚– xyˆÏ°yÜ˛ ï˛Ó˚Aàñ ˆÓï˛yÓ˚ ï˛Ó˚AàñÈ x Èü ÈÓ˚!Ÿ¬ ~Ó˚y §Ó•z

ï˛!í˛¸Fã%˛¡∫Ü˛#Î˚ ï˛Ó˚Aà– ¢)lƒ ÙyôƒˆÏÙ §Ó ï˛!í˛¸Fã%˛¡∫Ü˛#Î˚ ï˛Ó˚Aà ~Ü˛•z

ˆÓà  c !lˆÏÎ˚ ã˛ˆÏ°– c ~Ó˚ ÙylÈüüüÈ

c = 299, 792, 458 ms–1.            (15.1)

ï,̨ï˛#Î̊ ≤ÃÜ˛y Ï̂Ó̊Ó̊ ~Ü˛ ï˛Ó̊Aà xy Ï̂SÈ Îy Ï̂Ü˛ ̨õòyÌ≈ï˛Ó̊Aà Ó Ï̂°– ~Ó̊y ̨õòy Ï̂Ì≈Ó̊

í z̨̨ õyòyl Ü˛îy§Ù)• ı •ẑ Ï°Ü˛ê ∆̨lñ ˆ≤Ãyê˛lñ !lí z̨ê ∆̨lñ xî% G ˛õÓ̊Ùyî%Ó̊ § Ï̂Aà

ç!í˛¸ï˛– ≤ÃÜ,̨ !ï˛Ó̊ Óî≈lyÎ̊ ̂ Ü˛yÎ̊yrê˛yÙ Ó°!ÓòƒyÎ̊ ̨õòyÌ≈ï˛Ó̊ Ï̂AàÓ̊ xÓï˛yÓ̊îy

Ü˛Ó˚y •Î˚– ~§¡õ Ï̂Ü≈̨  ˆï˛yÙÓ˚y ˛õÓ˚Óï˛#≈̂ Ïï˛ çyl Ï̂Ó– Î!òG ôyÓ˚îyÓ ̊ !òÜ˛

ˆÌ Ï̂Ü˛ Îy!sfÜ˛ xÌÓy ï˛!í˛̧Fã%̨ ¡∫Ü˛#Î̊ ï˛Ó̊ Ï̂AàÓ̊ ï%̨ °lyÎ̊ ˛õòyÌ≈ï˛Ó̊Aà x Ï̂lÜ˛

ˆÓ!¢ !ÓÙ)ï≈̨ ñ ï˛Ìy!˛õ xyô%!lÜ˛ ≤ÃÎ%!=˛!ÓòƒyÓ˚ § Ï̂Aà §¡õÜ≈̨ Î%=˛ x Ï̂lÜ˛

Îsfy!ò Ï̂Ü˛ ~ Ï̂òÓ̊ ≤Ã Ï̂Î̊yà •z!ï˛Ù Ï̂ôƒ • Ï̂Î̊ ˆà Ï̂SÈ– •ẑ Ï°Ü˛ê ∆̨l Ùy•ẑ ÏÜ ̨ y Ï̂flÒy˛õ

Î Ï̂sf •ẑ Ï°Ü˛ê ∆̨̂ ÏlÓ̊ § Ï̂Aà §Ç!Ÿ’T˛ ˛õòyÌ≈ï˛Ó̊ Ï̂AàÓ̊ ≤Ã Ï̂Î̊yà Ü˛Ó̊y •Î̊–

~ xôƒy Ï̂Î˚ xyÙÓ˚y Îy!sfÜ˛ ï˛Ó˚Aà §¡õ Ï̂Ü≈̨  ̨õí ¸̨Óñ Îy Ï̂òÓ˚ !ÓhflÏyÓ˚°y Ï̂Ë˛

~Ü˛!ê˛ çí˛¸ ÙyôƒˆÏÙÓ˚ ≤ÃˆÏÎ˚yçl •Î˚–

xy!òÜ˛y° ˆÌˆÏÜ˛•z Ü˛°y G §y!•ˆÏï˛ƒ ï˛Ó˚ˆÏAàÓ˚ ly®!lÜ˛ ≤ÃË˛yÓ ˆòáy

ˆà Ï̂°G §Æò¢ ¢ï˛y∑#Ó˚ ≤ÃÌÙ !ò Ï̂Ü˛•z §Ó≈≤ÃÌÙ ï˛Ó˚Aàà!ï˛Ó˚ ̃ ÓK˛y!lÜ˛

!ÓˆÏŸ’£Ïî ˛õyGÎ˚y ÎyÎ˚– ï˛Ó˚Aàà!ï˛!ÓòƒyÓ˚ §yˆÏÌ Î%=˛ !Óáƒyï˛ Ü˛ˆÏÎ˚Ü˛çl

!ÓK˛yl# •ˆÏ°l !á !fiê˛Î˚yl •y•zˆÏàl§‰ å1629-1695äñ Ó˚Óyê≈˛ •%Ü˛ ~ÓÇ

xy•zçƒyÜ˛ !lí˛zê˛l ≤ÃÙ%á– ï˛Ó˚Aàà!ï˛ˆÏÜ˛ Ó%V˛ˆÏï˛ •ˆÏ° ≤ÃÌˆÏÙ !fl±ÇÈüÈ~Ó˚

§yˆÏÌ Î%=˛ ~Ü˛!ê˛ Ë˛ˆÏÓ˚Ó˚ Ü˛¡õl ~ÓÇ ~Ü˛!ê˛ §Ó˚° ˆòy°ˆÏÜ˛Ó˚ ˆòy°à!ï˛

§¡õˆÏÜ≈˛ K˛ylyç≈l xyÓ¢ƒÜ˛– ˆÜ˛yˆÏly !fiÌ!ï˛fiÌy˛õÜ˛ ÙyôƒˆÏÙ ï˛Ó˚ˆÏAàÓ˚

à!ï˛ §%£ÏÙ ̂ òy°à!ï˛Ó˚ § Ï̂Aà xAày!AàË˛y Ï̂Ó Î%=˛ åê˛yl Ü˛Ó˚y ï˛yÓ˚ñ Ü%̨ [˛!°ï˛

!fl±Çñ ÓyÎ˚% •zï˛ƒy!ò •° !fiÌ!ï˛fiÌy˛õÜ˛ ÙyôƒˆÏÙÓ˚ í˛zòy•Ó˚îä–

xyÙÓ˚y ~Ü˛!ê˛ §•ç í˛zòy•Ó˚ˆÏîÓ˚ §y•yˆÏÎƒ ~ §¡õÜ≈˛ˆÏÜ˛ !Ó¢ˆÏò

xyˆÏ°yã˛ly Ü˛Ó˚ˆÏÓy–

!ã˛e 15.1 ~Ó˚ lƒyÎ˚ ~ˆÏÜ˛ xˆÏlƒÓ˚ §yˆÏÌ Î%=˛ ~Ùl !Ü˛S%È !fl±ÇˆÏÎ˚Ó˚
§ÙÓyÎ˚ ̂ lGÎ˚y •°– ~Ü˛ ≤Ãy Ï̂hs˝Ó˚ ~Ü˛!ê˛ !fl±Ç Ï̂Ü˛ •ë˛yÍ ̂ ê˛ Ï̂l ̂ SÈ Ï̂í ¸̨ !ò Ï̂°
~Ü˛!ê˛ xyˆÏ®y°l §,!T˛ •Î˚ Îy !fl±ÇˆÏÎ˚Ó˚ x˛õÓ˚ ≤ÃyˆÏhs˝ §M˛y!°ï˛ •Î˚–
~ Ï̂«˛ Ï̂e Ü˛# â Ï̂ê˛⁄ ≤ÃÌÙ !fl±Ç!ê˛ ï˛yÓ̊ §yÙƒyÓfiÌyÓ̊ ̃ òâ≈ƒ ̂ Ì Ï̂Ü˛ xy Ï̂°y!í˛̧ï˛
•Î˚– ˆÎˆÏ•ï%˛ !mï˛#Î˚ !fl±Ç!ê˛ ≤ÃÌÙ !fl±ÇˆÏÎ˚Ó˚ §yˆÏÌ Î%=˛ ï˛y•z ~!ê˛ ê˛yl
áyÎ˚ Óy §ÇÜ%˛!ã˛ï˛ •Î˚ ~ÓÇ ~Ùlê˛y ̨õÓ˚˛õÓ˚ âê˛ˆÏï˛ ÌyˆÏÜ˛– §,T˛ xyˆÏ°yí˛¸l
~Ü˛≤Ãyhs˝ ̂ Ì Ï̂Ü˛ x˛õÓ˚ ≤Ãy Ï̂hs˝ §M˛y!°ï˛ •Î˚ó !Ü˛v ≤Ã Ï̂ï˛ƒÜ˛ !fl±Ç•z ¢%ô%Ùye
GÓ˚ §yÙƒyÓfiÌy Ï̂lÓ˚ §y Į̈̂ õ Ï̂«˛ «%̨ o ̂ òy°l §¡õyòl Ü˛ Ï̂Ó˚– ~Ó)̨̊ õ xÓfiÌyÓ˚
ÓƒyÓ•y!Ó˚Ü˛ í z̨òy•Ó˚îÓ)̂̊ Į̈ õ ̂ Ó˚° Ï̂fiê˛¢ Ï̂l òÑyí ¸̨y Ï̂ly ~Ü˛!ê˛ !fiÌÓ˚ ̂ Ó˚°ày!í ¸̨̂ ÏÜ˛
ôˆÏÓ˚y– ˆÓ˚°ày!í˛¸Ó˚ !Ó!Ë˛ß¨ Ó!àà%ˆÏ°y ˛õÓ˚flõÓ˚ §ÇˆÏÎyçÜ˛ !fl±ÇˆÏÎ˚Ó˚
§y•yˆÏÎƒ Î%=˛ ÌyˆÏÜ˛– ~Ó˚ ~Ü˛≤ÃyˆÏhs˝Ó˚ §ˆÏAà Î%=˛ •z!Ol Îál ˛õÓ˚Óï˛#≈
Ó!à Ï̂ï˛ ~Ü˛!ê˛ ôyE˛y ̂ òÎ˚ñ ï˛ál G•z ôyE˛y §¡õ)î≈ ̂ Ó˚°ày!í ¸̨̂ ÏÜ˛ fiÌylã%̨ ƒï˛
ly Ü˛ˆÏÓ˚ ~Ü˛ Ó!à ˆÌˆÏÜ˛ xlƒ Ó!àˆÏï˛ §M˛y!°ï˛ •Î˚–

~ál xyÙÓ˚y ÓyÎ˚%ÙyôƒˆÏÙ ¢∑ï˛Ó˚ˆÏAàÓ˚ !ÓhflÏyÓ˚ ˆÜ˛Ô¢° §¡õˆÏÜ≈˛
çylÓ– ÓyÎ̊%Ó̊ Ùôƒ !ò Ï̂Î̊ ÎyGÎ̊yÓ̊ §ÙÎ̊ ï˛Ó̊Aà ÓyÎ̊%Ó̊ «%̨ o xÇ Ï̂¢Ó̊ §Ç Ï̂Ü˛yã˛l
xÌÓy ≤Ã§yÓ˚î âê˛yÎ˚– ôˆÏÓ˚y ~Ó˚ Ê˛ˆÏ° ÓyÎ˚%Ó˚ G•z xÇˆÏ¢ âlˆÏcÓ˚ δρ

˛õ!Ó˚Óï≈˛l âˆÏê˛– ôˆÏÓ˚yñ âlˆÏcÓ˚ ~•z ˛õ!Ó˚Óï≈˛l G•z xÇˆÏ¢Ó˚ ã˛yˆÏ˛õÓ˚ δρ

˛õ!Ó˚Óï≈˛l âê˛yÎ˚– ã˛y˛õ •° ≤Ã!ï˛ ~Ü˛Ü˛ ˆ«˛eÊ˛ˆÏ° ≤ÃÎ%=˛ Ó°– xï˛~Óñ
G•z fiÌy Ï̂l xy Ï̂°yí˛̧ Ï̂lÓ̊ §Ùyl%̨ õy!ï˛Ü˛ ~Ü˛!ê˛ ≤Ãï˛ƒylÎ̊Ü˛ Ó° åRestoring

forceä ÈüüüÈ !Ü ˛Î˚y¢#° ÌyˆÏÜ˛ñ !ë˛Ü˛ ˆÎÙlê˛y ÌyˆÏÜ˛ !fl±ÇˆÏÎ˚Ó˚ ˆ«˛ˆÏe–
~ˆÏ«˛ˆÏe åÓyÎ˚%Ó˚ ̂ «˛ˆÏeä !fl±ÇˆÏÎ˚Ó˚ ≤Ã§yÓ˚î G §ÇˆÏÜ˛yã˛ˆÏlÓ˚ xl%Ó˚)˛õ Ó˚y!¢
•° âlˆÏcÓ˚ ˛õ!Ó˚Óï≈˛l– Î!ò ˆÜ˛yˆÏly ~Ü˛!ê˛ xM˛° §ÇÜ%˛!ã˛ï˛ •Î˚ñ G•z
xM˛ˆÏ°Ó˚ ÓyÎ˚%Ó˚ xî%à%ˆÏ°y ~Ü˛§ˆÏAà ˆçyê˛ÓÂô •Î˚ ~ÓÇ GÓ˚y §Ç°@¿
xM˛ˆÏ°Ó˚ !òˆÏÜ˛ ˆÓ!Ó˚ˆÏÎ˚ ˆÎˆÏï˛ ã˛yÎ˚ ~ÓÇ ~Ë˛yˆÏÓ §Ç°@¿ xM˛ˆÏ° ÓyÎ˚%Ó˚
âlc Ó,!Âô ˛õyÎ˚ ï˛Ìy âl#Ë˛ÓˆÏlÓ˚ §,!T˛ •Î˚– Î!ò ˆÜ˛yˆÏly ~Ü˛!ê˛ xM˛°
xˆÏ˛õ«˛yÜ,˛ï˛ ˆÓ!¢ ˛õ!Ó˚ÙyˆÏî ï˛l%Ë)˛ï˛ •Î˚ åÓyÎ˚%Ó˚ xî%à%ˆÏ°y ò)ˆÏÓ˚ ò)ˆÏÓ˚
§ Ï̂Ó˚ ÎyÎ˚ä ï˛yÓ˚ ̨õy!Ó˚̨ õy!Ÿª≈̂ ÏÜ˛Ó˚ ÓyÎ%̊ o%ï˛ ̂ Ó Ï̂à ̂ ô Ï̂Î˚ ~ Ï̂§ ï˛l%Ë˛Ól!ê˛ Ï̂Ü˛
GÓ˚ §Ç°@¿ xM˛ Ï̂° ̂ ë˛ Ï̂° ̂ òÎ˚– ~Ë˛y Ï̂Óñ âl#Ë˛Ól G ï˛l%Ë˛Ól ~Ü˛fiÌyl
ˆÌˆÏÜ˛ xlƒfiÌyˆÏl ã˛y!°ï˛ •ˆÏÎ˚ ÓyÎ˚%ÙyôƒˆÏÙ xyˆÏ°yí˛¸ˆÏlÓ˚ §M˛y°lˆÏÜ˛
§Ω˛Ó˛õÓ˚ Ü˛ˆÏÓ˚ ˆï˛yˆÏ°–

!ã˛e 15.1 ̨õÓ˚flõ Ï̂Ó˚Ó˚ §y Ï̂Ì Î%=˛ !Ü˛S%È !fl±Ç Ï̂Î˚Ó˚ §ÙÓyÎ˚–  !fl±Ç Ï̂Î˚Ó˚ ‘A’

≤Ãyhs˝ˆÏÜ˛ •ë˛yÍ ˆê˛ˆÏl ˆSÈˆÏí˛¸ !òˆÏÎ˚ í˛zÍ˛õß¨ Ü˛Ó˚y ~Ü˛ xyˆÏ®y°l Îy x˛õÓ˚

≤ÃyˆÏhs˝ §M˛y!°ï˛ •Î˚–
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Ü˛!ë˛l ÙyôƒˆÏÙÓ˚ ˆ«˛ˆÏeG xl%Ó˚)˛õ Î%!=˛ ˆòGÎ˚y ÎyÎ˚– ˆÜ˛°y§yÜ˛yÓ˚
ˆÜ˛y Ï̂ly Ü˛!ë˛l ̨õòy Ï̂Ì≈ ̨õÓ̊Ùyî%§Ù)• Óy ̨õÓ̊Ùyî%à%FSÈ ~Ü˛ ̨õÎ≈yÎ̊Ü ̨ !ÙÜ˛ °ƒy!ê˛§
åa periodic latticeä ~Ó˚ xyÜ˛yˆÏÓ˚ §!Iï˛ ÌyˆÏÜ˛– ~ˆÏ«˛ˆÏe ≤Ã!ï˛!ê˛
˛õÓ˚Ùyî% Óy ˛õÓ˚Ùyî%à%FSÈ GÓ˚ ˛õy!Ó˚˛õy!Ÿª≈Ü˛ ˛õÓ˚Ùyî% Ü˛ï,≈˛Ü˛ ≤ÃÎ%=˛ ÓˆÏ°Ó˚
xô# Ï̂l §yÙƒyÓfiÌyÎ˚ Ìy Ï̂Ü˛– ~Ü˛!ê˛ ̨õÓ˚Ùyî%̂ ÏÜ˛ GÓ˚ xÓfiÌy Ï̂l !fiÌÓ˚ ̂ Ó˚̂ Ïá
xlƒ ~Ü˛!ê˛ ˛õÓ˚Ùyî%ˆÏÜ˛ fiÌylã%˛ƒï˛ Ü˛Ó˚ˆÏ° ~Ü˛!ê˛ ≤Ãï˛ƒylÎ˚Ü˛ ÓˆÏ°Ó˚ §,!T˛
•Î˚ñ !ë˛Ü˛ ̂ ÎÙlê˛y !fl±ÇˆÏÎ˚Ó˚ ̂ «˛ˆÏe •ˆÏÎ˚ ÌyˆÏÜ˛– xï˛~Ó xyÙÓ˚y ̂ Ü˛yˆÏly
~Ü˛!ê˛ °ƒy!ê˛ Ï̂§Ó˚ ̨õÓ˚Ùyî%à%̂ Ï°y Ï̂Ü˛ !fl±Ç§Ù)̂ Ï•Ó˚ ≤Ãyhs˝!Ó®% !•§y Ï̂Ó ôÓ˚̂ Ïï˛
˛õy!Ó˚ñ ÎyˆÏòÓ˚ ÙyV˛áyˆÏl Ó˚ˆÏÎ˚ˆÏSÈ ~Ü˛!ê˛ !fl±Ç–

~ xôƒyˆÏÎ˚Ó˚ ˛õÓ˚Óï˛#≈ ˛õ!Ó˚ˆÏFSÈòà%ˆÏ°yˆÏï˛ xyÙÓ˚y ï˛Ó˚ˆÏAàÓ˚ !Ó!Ë˛ß¨
˜Ó!¢T˛ƒÙ)°Ü˛ ôÙ≈yÓ!° xyˆÏ°yã˛ly Ü˛Ó˚Ó–

15.2 !ï˛Î≈Ü˛ ï˛Ó˚Aà G xl%˜Ïòâ≈ƒ ï˛Ó˚Aà (Transverse and

longitudinal waves)

xyÙÓ˚y ̂ ò Ï̂á!SÈñ Îy!sfÜ˛ ï˛Ó˚̂ ÏAàÓ˚ à!ï˛ Ùyôƒ Ï̂ÙÓ˚ í z̨̨ õyòyl Ü˛îy§Ù)̂ Ï•Ó˚
ˆòy° Ï̂lÓ̊ §y Ï̂Ì §¡õ!Ü≈̨ ï˛– Ùyôƒ Ï̂ÙÓ̊ Ü˛îy§Ù)• ï˛Ó̊Aà !ÓhflÏy Ï̂Ó̊Ó̊ x!Ë˛Ù%̂ ÏáÓ̊
§y Ï̂Ì °¡∫Ë˛y Ï̂Ó Ü˛!¡õï˛ • Ï̂° ï˛Ó̊Aà!ê˛ Ï̂Ü˛ xyÙÓ̊y !ï˛Î≈Ü˛ ï˛Ó̊Aà Ó!°– xyÓ̊
Î!ò Ùyôƒ Ï̂ÙÓ̊ Ü˛îy§Ù)• ï˛Ó̊Aà !ÓhflÏy Ï̂Ó̊Ó̊ x!Ë˛Ù%̂ Ïá åÓy §Ùyhs˝Ó̊y Ï̂°ä Ü˛!¡õï˛
•Î̊ ï˛ Ï̂Ó ï˛Aà!ê˛ Ï̂Ü˛ xyÙÓ̊y xl%̃ Ïòâ≈ƒ ï˛Ó̊Aà Ó!°–

!ã˛e 15.2 ˆï˛ ˆÜ˛yˆÏly ï˛yˆÏÓ˚ ~Ü˛!ê˛ í˛z˛õÓ˚ÈüÈl#ã˛ V˛ÑyÜ%˛!lÓ˚ Ê˛ˆÏ° §,T˛
~Ü˛!ê˛Ùye flõ®l ï˛yÓ˚!ê˛ ÓÓ˚yÓÓ˚ !ÓhflÏyÓ˚°yË˛ ̂ òáy Ï̂FSÈ– flõ® Ï̂lÓ˚ ÙyeyÓ˚

~Ü˛!ê˛ ï˛Ó˚AàˆÏÜ˛ xyÙÓ˚y ò%Ë˛yˆÏÓ °«˛ Ü˛Ó˚ˆÏï˛ ˛õy!Ó˚– xyÙÓ˚y §ÙˆÏÎ˚Ó˚
ˆÜ˛y Ï̂ly ~Ü˛ !l!ò≈T˛ Ù%•)̂ Ïï≈̨  ¢)lƒfiÌy Ï̂l ï˛Ó˚̂ ÏAàÓ˚ ~Ü˛!ê˛ SÈ!Ó ï%̨ ° Ï̂ï˛ ̨õy!Ó˚–
~!ê˛ xyÙyˆÏòÓ˚ˆÏÜ˛ ˆÜ˛yˆÏly Ù%•)ˆÏï≈˛ ¢)lƒfiÌyˆÏl ï˛Ó˚ˆÏAàÓ˚ §y!Ó≈Ü˛ xyÜ˛yÓ˚
§¡õˆÏÜ≈˛ ôyÓ˚îy ˆòÎ˚– xlƒ ~Ü˛ í˛z˛õyÎ˚ •°ñ ˆÜ˛yˆÏly xÓfiÌylˆÏÜ˛ !l!ò≈T˛
Ü˛Ó˚y xÌ≈yÍ ï˛yˆÏÓ˚Ó˚ ˆÜ˛yˆÏly !ÓˆÏ¢£Ï í˛z˛õyòyl xÇˆÏ¢Ó˚ ≤Ã!ï˛ ÙˆÏlyˆÏÎyà
!lÓÂô Ü˛ˆÏÓ˚ §ÙˆÏÎ˚Ó˚ §yˆÏÌ GÓ˚ ˆòy°là!ï˛ °«˛ Ü˛Ó˚y–

!ã˛e 15.4 xl%˜Ïòâ≈ƒ ï˛Ó˚ˆÏAàÓ˚ §%˛õ!Ó˚!ã˛ï˛ í˛zòy•Ó˚î ¢∑ ï˛Ó˚ˆÏAàÓ˚
!ÓhflÏyˆÏÓ˚Ó˚ xÓfiÌy Óî≈ly Ü˛ˆÏÓ˚ – àƒy§˛õ)î≈ ~Ü˛!ê˛ °¡∫y l° ˆlGÎ˚y •°ñ
ÎyÓ˚ ~Ü˛≤ÃyˆÏhs˝ ~Ü˛!ê˛ !˛õfiê˛l Î%=˛ xyˆÏSÈ– •ë˛yÍ Ü˛ˆÏÓ˚ ~Ü˛ÓyÓ˚ Ùye
!˛õfiê˛l!ê˛ Ï̂Ü˛ l Ï̂°Ó˚ !Ë˛ï˛ Ï̂Ó˚ ̂ ë˛ Ï̂° !ò Ï̂Î˚ §y Ï̂Ì §y Ï̂Ì ̂ ê˛ Ï̂l xyl Ï̂°ñ l Ï̂°Ó˚
xË˛ƒhs˝Ó˚fiÌ Ùyôƒ Ï̂Ù åÓyÎ%̊̂ Ïï˛ä ~Ü˛!ê˛ âl#Ë˛Ól åí z̨Fã˛ï˛Ó˚ âlcä G ~Ü˛!ê˛
ï˛l%Ë˛Ól å!l¡¨ï˛Ó˚ âlcä !Ó!¢T˛ ~Ü˛!ê˛ xyˆÏ°yí˛¸ˆÏlÓ˚ §,!T˛ Ü˛ˆÏÓ˚–
!˛õfiê˛l!ê˛ Ï̂Ü˛ !lÓ˚Ó!FSÈß¨ G ̨õÎ≈yÎ˚Ó,_ å§y•zlôÙ#≈ä Ë˛y Ï̂Ó ̂ ë˛°y !ò Ï̂Î˚ ̂ ê˛ Ï̂l
xyly •ˆÏ° ~Ü˛!ê˛ §y•zlôÙ#≈ ï˛Ó˚Aà §,!T˛ •Î˚ ~ÓÇ lˆÏ°Ó˚ ˜òâ≈ƒ ÓÓ˚yÓÓ˚
ÓyÎ˚%ˆÏï˛ !ÓhflÏyÓ˚ °yË˛ Ü˛ˆÏÓ˚– ~!ê˛ flõT˛ï˛•z xl%˜Ïòâ≈ƒ ï˛Ó˚ˆÏAàÓ˚ ~Ü˛!ê˛
í˛zòy•Ó˚î–

í˛z˛õˆÏÓ˚ xyˆÏ°y!Ü˛ï˛ !ï˛Î≈Ü˛ G xl%˜Ïòâ≈ƒ ï˛Ó˚Aà§Ù)• ã˛°ï˛Ó˚Aà Óy

!ã˛e 15.3 ı  ê˛yl Ü˛Ó˚y ï˛yÓ˚ ÓÓ˚yÓÓ˚ à!ï˛¢#° ˆòy°ï˛Ó˚Aà å§y•zlôÙ#≈äñ !ï˛Î≈Ü˛

ï˛Ó˚ˆÏAàÓ˚ ~Ü˛!ê˛ í˛zòy•Ó˚î– ï˛Ó˚Aà §Ù!ß∫ï˛ xÇˆÏ¢ ï˛yˆÏÓ˚Ó˚
í˛z˛õyòyl Ü˛îyà%ˆÏ°y ï˛Ó˚ˆÏAàÓ˚ !ÓhflÏyÓ˚ˆÏÓ˚áyÓ˚ °¡∫Ë˛yˆÏÓ GˆÏòÓ˚
§yÙƒyÓfiÌyl Óy §yÙƒ!Ó®%Ó˚ §yˆÏ˛õˆÏ«˛ Ü˛!¡õï˛ •Î˚–

!ã˛e 15.2 Îál ê˛yl Ü˛Ó˚y ï˛yˆÏÓ˚Ó˚ ˜òâ≈ƒ ÓÓ˚yÓÓ˚ åx ÈüÈx!Ë˛Ù%ˆÏáä ˆÜ˛yˆÏly

flõ®l x@˝Ã§Ó˚ •Î˚ ï˛ál ï˛yˆÏÓ˚Ó˚ í˛ z˛õyòyl Ü˛îyà%ˆÏ°y í˛ z˛õÓ˚ Èü Èl#ˆÏã˛
åyÈüÈx!Ë˛Ù%ˆÏáä Ü˛!¡õï˛ •Î˚–

åsizeä ï%˛°lyÎ˚ ï˛yÓ˚!ê˛ ÎˆÏÌT˛ °¡∫y •ˆÏ° flõ®l!ê˛ ï˛yˆÏÓ˚Ó˚ x˛õÓ˚ ≤ÃyˆÏhs˝
ˆ˛õÔÑSÈyÓ˚ ̨õ)̂ ÏÓ≈•z flõ®l!ê˛ ò%Ó≈° • Ï̂Î˚ ̨õ Ï̂í ¸̨ ~ÓÇ ̂ § ≤Ãyhs˝ ̂ Ì Ï̂Ü˛ flõ®l!ê˛Ó˚
≤Ã!ï˛Ê˛°l Ï̂Ü˛ x@˝Ãy•ƒ Ü˛Ó˚y ÎyÎ˚– !ã˛e 15.3 xl%Ó)̨̊ õ xy Ï̂Ó˚Ü˛!ê˛ xÓfiÌy Ï̂Ü˛
ˆÓyV˛y Ï̂FSÈñ !Ü˛v ~ Ï̂«˛ Ï̂e Ó!•/fiÌ §ÇfiÌy!ê˛ ï˛y Ï̂Ó˚Ó˚ ~Ü˛≤Ãy Ï̂hs˝ ~Ü˛lyày Ï̂í ¸̨
í˛z˛õÓ˚ÈüÈl#ã˛ ˛õÎ≈yÎ˚Ü ˛!ÙÜ˛ §y•zlôÙ#≈ åsinusoidalä VÑ˛yÜ%˛!l !òˆÏFSÈ– ~Ó˚
Ê˛ Ï̂° ï˛y Ï̂Ó̊ í z̨Í˛õß̈ xy Ï̂°yí˛̧l!ê˛ ~Ü˛!ê˛ §y•zlôÙ#≈ ï˛Ó̊Aà •Î̊– Îál flõ®l
Óy ï˛Ó˚Aà!ê˛ ï˛yˆÏòÓ˚ Ùôƒ!òˆÏÎ˚ x@˝Ã§Ó˚ •Î˚ñ ï˛ál í˛zË˛Î˚ˆÏ«˛ˆÏe•z ï˛yˆÏòÓ˚
í z̨̨ õyòyl Ü˛îyà%̂ Ï°y G Ï̂òÓ˚ §yÙƒyÓfiÌyÓ˚ àí ¸̨ xÓfiÌy Ï̂lÓ˚ §y Į̈̂ õ Ï̂«˛ Ü˛!¡õï˛
•ˆÏï˛ ÌyˆÏÜ˛– ~•z Ü˛¡õlà%ˆÏ°y ï˛yÓ˚ ÓÓ˚yÓÓ˚ ï˛Ó˚Aàà!ï˛Ó˚ x!Ë˛Ù%ˆÏáÓ˚
°¡∫Ë˛yˆÏÓ •Î˚ñ ï˛y•z ~!ê˛ !ï˛Î≈Ü˛ ï˛Ó˚ˆÏAàÓ˚ ~Ü˛!ê˛ í˛zòy•Ó˚î–

!ã˛e 15.4 ı !˛õfiê˛ˆÏlÓ˚ í˛z˛õÓ˚ÈüÈl#ã˛ à!ï˛Ó˚ §y•yˆÏÎƒ ÓyÎ˚%˛õ)î≈ lˆÏ° xl%˜Ïòâ≈ƒ

ï˛Ó˚ˆÏAàÓ˚ å¢∑ ï˛Ó˚ˆÏAàÓ˚ä í˛zÍ˛õyòl– ï˛Ó˚Aà !ÓhflÏyˆÏÓ˚Ó˚
x!Ë˛Ù%ˆÏáÓ˚ åÓy !ÓhflÏyÓ˚ ˆÓ˚áyÓ˚ä §Ùyhs˝Ó˚yˆÏ° ~Ü˛ !l!ò≈T˛
xyÎ˚ï˛ˆÏlÓ˚ åvolume elementä ÓyÎ˚% Ü˛!¡õï˛ •Î˚–

flõ®l

ÓyÎ˚%

ˆòy°ï˛Ó˚Aà
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x@˝ÃàyÙ# ï˛Ó˚Aà ̂ Ü˛llyñ ~à%ˆÏ°y ÙyôƒˆÏÙÓ˚ ~Ü˛ xÇ¢ ̂ ÌˆÏÜ˛ xlƒ xÇˆÏ¢
àÙl Ü˛ˆÏÓ˚ ˆï˛yÙÓ˚y ˆçˆÏlSÈñ ~ˆÏ«˛ˆÏe çí˛¸ ÙyôƒÙ §yÙ!@˝ÃÜ˛Ë˛yˆÏÓ
fiÌylyhs˝!Ó̊ï˛ •Î̊ ly– í z̨òy•Ó̊îfl∫Ó̊)̨ õñ lò# Ï̂ï˛ ç Ï̂°Ó̊ §yÙ!@˝ÃÜ˛ à!ï˛Ó̊ Ê˛ Ï̂°•z
ç°≤ÃÓyˆÏ•Ó˚ §,!T˛ •Î˚– xlƒ!òˆÏÜ˛ñ ç°ï˛Ó˚ˆÏAà ¢%ô%Ùye xyˆÏ°yí˛¸l!ê˛
~!à Ï̂Î̊ ÎyÎ̊ó §yÙ!@˝ÃÜ˛Ë˛y Ï̂Ó ç Ï̂°Ó̊ ̂ Ü˛y Ï̂ly fiÌylã%̨ ƒ!ï˛ â Ï̂ê˛ ly– ~Ü˛•zË˛y Ï̂Ó
ÓyÎ˚%≤ÃÓy•ˆÏÜ˛ åÓyÎ˚%Ó˚ §yÙ!@˝ÃÜ˛ à!ï˛ä ¢∑ï˛Ó˚ˆÏAàÓ˚ §yˆÏÌ à%!°ˆÏÎ˚ ˆÊ˛°y
í˛z!ã˛ï˛ lÎ˚ ˆÜ˛llyñ ¢∑ï˛Ó˚Aà •° ÓyÎ˚%ÙyôƒˆÏÙÓ˚ §yÙ!@˝ÃÜ˛ à!ï˛ SÈyí˛¸y•z
ÓyÎ˚%Ó˚ Ùôƒ!òˆÏÎ˚ xyˆÏ°yí˛¸ˆÏlÓ˚ åã˛y˛õ G âlˆÏcÓ˚ä !ÓhflÏyÓ˚–

!ï˛Î≈Ü˛ ï˛Ó˚̂ ÏAàñ Ü˛îy§Ù)̂ Ï•Ó˚ à!ï˛ ï˛Ó˚Aà !ÓhflÏy Ï̂Ó˚Ó˚ x!Ë˛Ù%̂ ÏáÓ˚ § Ï̂Aà
°¡∫Ë˛yˆ ÏÓ •Î˚– ï˛y•z ï˛Ó˚Aà !ÓhflÏyˆ ÏÓ˚Ó˚ §yˆÏÌ §yˆÏÌ ÙyôƒˆÏÙÓ˚
í˛z˛õyòylà%ˆÏ°yˆÏï˛ Ü,˛hs˝l !ÓÜ,˛!ï˛ âˆÏê˛– xï˛~Ó !ï˛Î≈Ü˛ ï˛Ó˚Aà ¢%ô%Ùye
ˆ§•z §Ü˛° ÙyôƒˆÏÙ•z !ÓhflÏyÓ˚°yË˛ Ü˛Ó˚ˆÏï˛ ˛õyˆÏÓ˚ ˆÎ §Ü˛° ÙyôƒˆÏÙ Ü,˛hs˝l
˛õ#í˛¸l §•ƒ Ü˛Ó˚ˆÏï˛ ˛õyˆÏÓ˚ñ ˆÎÙlñ Ü˛!ë˛l ÙyôƒÙ !Ü˛v ≤ÃÓy•# ÙyôƒÙ lÎ˚–
≤ÃÓy•# ~ÓÇ Ü˛!ë˛l í˛zË˛Î˚ ÙyôƒÙ•z §ÇlÙÜ˛ !ÓÜ,˛!ï˛ åCompressive

strainä §•ƒ Ü˛Ó˚̂ Ïï˛ ̨õy Ï̂Ó˚ó ï˛y•z §Ü˛° !fiÌ!ï˛fiÌy˛õÜ˛ Ùyôƒ Ï̂Ù•z xl%̃ Ïòâ≈ƒ
ï˛Ó˚Aà !ÓhflÏyÓ˚°yË˛ Ü˛Ó˚̂ Ïï˛ ̨õy Ï̂Ó˚– í z̨òy•Ó˚îfl∫Ó)̨̊ õñ •zflõy Ï̂ï˛Ó˚ Ù Ï̂ï˛y Ùyôƒ Ï̂Ù
!ï˛Î≈Ü˛ G xl%̃ Ïòâ≈ƒ í z̨Ë˛Î̊ ≤ÃÜ˛yÓ̊ ï˛Ó̊Aà•z !ÓhflÏyÓ̊°yË˛ Ü˛Ó̊ Ï̂ï˛ ̨õy Ï̂Ó̊ñ ̂ Îáy Ï̂l
ÓyÎ˚%ÙyôƒˆÏÙ ¢%ô%Ùye xl%˜Ïòâ≈ƒ ï˛Ó˚ˆÏAàÓ˚ !ÓhflÏyÓ˚ §Ω˛Ó– ç°ï˛ˆÏ°Ó˚
ï˛Ó˚Aà§Ù)• ò%•z ≤ÃÜ˛yˆÏÓ˚Ó˚ ı ˜Ü˛!¢Ü˛ ï˛Ó˚Aà åCapillary wavesä ~ÓÇ
x!Ë˛Ü˛£Ï≈ç ï˛Ó̊Aà åGravity wavesä–  ≤ÃÌ Ï̂Ùy=˛ ï˛Ó̊Aà§Ù)• •° Ü˛ Ï̂Î̊Ü˛
ˆ§!rê˛!Ùê˛yˆÏÓ˚Ó˚ ˆÓ!¢ lÎ˚ ~Ùl á%Ó•z «%˛o ï˛Ó˚Aà˜ÏòˆÏâ≈ƒÓ˚ ˆì˛í˛zï˛Ó˚Aà
åripplesä Îy ç Ï̂°Ó˚ ̨õ,¤˛ê˛yl ç!lï˛ ≤Ãï˛ƒylÎ˚Ü˛ Ó Ï̂°Ó˚ çlƒ•z §,!T˛ •Î˚–
xlƒ!ò Ï̂Ü˛ x!Ë˛Ü˛£Ï≈ç ï˛Ó˚̂ ÏAàÓ˚ ï˛Ó˚Aà Ï̃òâ≈ƒ ̂ Ùyê˛yÙ%!ê˛Ë˛y Ï̂Ó Ü˛ Ï̂Î˚Ü˛ !Ùê˛yÓ˚
ˆÌ Ï̂Ü˛ Ü˛ Ï̂Î˚Ü˛¢ï˛ !Ùê˛yÓ˚ ̨õÎ≈hs˝ • Ï̂Î˚ Ìy Ï̂Ü˛– ̂ Î ≤Ãï˛ƒylÎ˚Ü˛ Ó° ~•z ï˛Ó˚̂ ÏAà
§,!T˛ Ü˛ Ï̂Ó˚ ï˛y •° x!Ë˛Ü˛£Ï#≈Î˚ ê˛ylñ Îy ç°ï˛° Ï̂Ü˛ ï˛yÓ˚ §Ó≈!l¡¨ xÓfiÌy Ï̂l
Ó˚yáˆÏï˛ ã˛yÎ˚– ~§Ü˛° ï˛Ó˚ˆÏAà ÙyôƒˆÏÙÓ˚ Ü˛îy§Ù)ˆÏ•Ó˚ ˆòy°l ¢%ô%Ùye
ç°ï˛ Ï̂°•z §#ÙyÓÂô Ìy Ï̂Ü˛ lyñ ÓÓ̊Ç Ü ̨ Ù•…y§Ùyl !ÓhflÏyÓ̊ !l Ï̂Î̊ ç Ï̂°Ó̊ §Ó≈!l¡̈
ï˛° ˛õÎ≈hs˝ ˆ˛õÔÑSÈyÎ˚– ç° ï˛Ó˚ˆÏAà ÙyôƒˆÏÙÓ˚ Ü˛îy§Ù)ˆÏ•Ó˚ ˆòy°là!ï˛
x Į̈̂ õ«˛yÜ,̨ ï˛ ç!ê˛° ÈüüüÈ ~ Ï̂«˛ Ï̂e Ü˛îy§Ù)• ¢%ô%Ùye í z̨̨ õ Ï̂Ó˚ÈüÈl# Ï̂ã˛ lÎ˚ñ
x@˝ÃÈüĘ̀ õŸã˛y Ï̂ï˛G xy Ï̂®y!°ï˛ •Î̊– Ù•y§yàÓ̊#Î̊ ç°ï˛Ó̊Aà •° xl%̃ Ïòâ≈ƒ
ï˛Ó̊Aà G !ï˛Î≈Ü˛ï˛Ó̊Aà í z̨Ë˛Î̊ ≤ÃÜ˛yÓ̊ ï˛Ó̊ Ï̂AàÓ̊ §Ùß∫Î̊–

§yôyÓ˚îï˛ ̂ òáy ÎyÎ˚ ~Ü˛•z ÙyôƒˆÏÙ !ï˛Î≈Ü˛ ï˛Ó˚Aà G xl%˜Ïòâ≈ƒ ï˛Ó˚Aà
!Ó!Ë˛ß¨ ˆÓˆÏà x@˝Ã§Ó˚ •Î˚–

uuuuu í˛zòy•Ó˚î 15.1  l#ˆÏã˛ ï˛Ó˚Aàà!ï˛Ó˚ !Ü˛S%È í˛zòy•Ó˚î ˆòGÎ˚y •°–
≤Ã!ï˛ Ï̂«˛ Ï̂e ï˛Ó˚Aà à!ï˛!ê˛ !ï˛Î≈Ü˛ñ xl%̃ Ïòâ≈ƒ xÌÓy í z̨Ë˛ Ï̂Î˚Ó˚ §Ùß∫Î˚
!Ü˛ ly ÓˆÏ°y ı

Ü˛ä ~Ü˛!ê˛ °¡∫y !fl±Ç Ï̂Î̊Ó̊ ~Ü˛ ≤Ãyhs˝̂ ÏÜ˛ ̃ òâ≈ƒ ÓÓ̊yÓÓ̊ ~Ü˛˛õy Ï̂¢ ≤Ã§y!Ó̊ï˛
Ü˛Ó˚y •ˆÏ°ñ G•z !fl±ÇˆÏÎ˚Ó˚ ~Ü˛!ê˛ Ü%˛[˛°# ¢#ˆÏ£Ï≈Ó˚  åkinkä à!ï˛–

åáä ï˛Ó˚°˛õ)î≈ ~Ü˛!ê˛ ̂ ã˛yˆÏ.Ó˚ Ù%ˆÏáÓ˚ !˛õfiê˛lˆÏÜ˛ x@˝ÃÈüÈ˛õŸã˛yÍ à!ï˛¢#°
Ü˛ˆÏÓ˚ í˛zÍ˛õß¨ ï˛Ó˚Aà–

åàä çˆÏ° ã˛°Ùyl ˆÙyê˛Ó˚ ˆÓyê˛ myÓ˚y çˆÏ° í˛zÍ˛õß¨ ï˛Ó˚Aà
åâä Ü˛¡õÙyl ˆÜ˛yÎ˚yç≈ˆÏÜ˛°y§ myÓ˚y ÓyÎ˚%ˆÏï˛ §,T˛ ¢ˆÏ∑y_Ó˚ ï˛Ó˚Aà–

í˛z_Ó˚
åÜ˛ä !ï˛Î≈Ü˛ G xl%˜Ïòâ≈ƒ
åáä xl%̃ Ïòâ≈ƒ
åàä !ï˛Î≈Ü˛ G xl%˜Ïòâ≈ƒ

åâä xl%̃ Ïòâ≈ƒ ⊳

15.3 ã˛°ï˛Ó˚̂ ÏAà §Ó˚î §¡õÜ≈̨  (Displacement relation in a

progressive wave)

ã˛°ï˛Ó˚̂ ÏAàÓ˚ ày!î!ï˛Ü˛ ÓƒyáƒyÎ˚ xÓfiÌyl åxä G §ÙÎ˚ åtä í z̨Ë˛Î˚ §Ù!ß∫ï˛
~Ü˛!ê˛ x Į̈̂ õ«˛ Ï̂Ü˛Ó˚ ≤Ã Ï̂Î˚yçl •Î˚– ~Ó)̨̊ õ x Į̈̂ õ«˛Ü˛ ≤Ã!ï˛Ù%•)̂ Ïï≈̨  ï˛Ó˚̂ ÏAàÓ˚
xyÜ˛yÓ˚ §¡õˆÏÜ≈˛ ôyÓ˚îy ˆòˆÏÓ– xyÓyÓ˚ñ ≤ÃˆÏï˛ƒÜ˛ xÓfiÌyl åÓy !Ó®%ˆÏï˛ä

xˆÏ˛õ«˛Ü˛!ê˛ G•z !Ó®%!fiÌï˛ ÙyôƒˆÏÙÓ˚ í˛z˛õyòyl Ü˛îyÓ˚ à!ï˛ Óî≈ly Ü˛Ó˚ˆÏÓ–
xyÙÓ˚y Î!ò ~Ü˛!ê˛ §y•zlôÙ#≈ ã˛°ï˛Ó˚AàˆÏÜ˛ åˆÎÙl 15.3 !ã˛ˆÏe ˆòáyˆÏly
•ˆÏÎ˚ˆÏSÈä ≤ÃÜ˛y¢ Ü˛Ó˚ˆÏï˛ ã˛y•zñ ï˛ˆÏÓ xyl%£Ï!AàÜ˛ xˆÏ˛õ«˛Ü˛!ê˛ˆÏÜ˛G xÓ¢ƒ•z
§y•zlôÙ#≈ •ˆÏï˛ •ˆÏÓ– §%!ÓôyˆÏÌ≈ xyÙÓ˚y ~Ü˛!ê˛ !ï˛Î≈Ü˛ ï˛Ó˚AàˆÏÜ˛•z ˆlÓ
Îy Ï̂ï˛ Ùyôƒ Ï̂ÙÓ˚ í z̨̨ õyòyl Ü˛îyÓ˚ xÓfiÌyl Ï̂Ü˛ x myÓ˚y §)!ã˛ï˛ Ü˛Ó˚y • Ï̂°ñ GÓ˚
§yÙƒyÓfiÌyl •ˆÏï˛ §Ó˚îˆÏÜ˛ y myÓ˚y ≤ÃÜ˛y¢ Ü˛Ó˚y ÎyÎ˚– ˆ§ˆÏ«˛ˆÏeñ ~Ü˛!ê˛

§y•zlôÙ#≈ ã˛°ï˛Ó˚AàˆÏÜ˛ !l¡¨Ó˚)ˆÏ˛õ ≤ÃÜ˛y¢ Ü˛Ó˚y ÎyÎ˚ ı

y x t a kx t( , ) sin( )= − +ω φ            (15.2)

í z̨̨ õ Ï̂Ó˚Ó˚ §y•zl x Į̈̂ õ«˛Ü˛!ê˛Ó˚ ̂ Ü˛yîyAÜ˛ Óy xyÓ˚à%̂ ÏÙ Ï̂rê˛Ó˚ φ ̨õò!ê˛ ~Ü˛
!ÓˆÏ¢£Ï ï˛yÍ˛õÎ≈˛õ)î≈ó ~ˆÏ«˛ˆÏe xyÙÓ˚y §y•zl G ˆÜ˛y§y•zl xˆÏ˛õ«˛ˆÏÜ˛Ó˚
§Ó˚° §Ùß∫Î˚ˆÏÜ˛ ålinear combinationä !ÓˆÏÓã˛ly Ü˛Ó˚!SÈı

y x t A kx t B kx t( , ) sin( ) cos( )= − + −ω ω       (15.3)

(15.2) lÇ G (15.3) lÇ §Ù#Ü˛Ó˚î ̂ ÌˆÏÜ˛ ̨õyGÎ˚y ÎyÎ˚ñ

a A B= +2 2  ~ÓÇ  φ = −tan 1 B

A







(15.2) §Ù#Ü˛Ó˚î!ê˛ ̂ Ü˛l ~Ü˛!ê˛ §y•zlôÙ#≈ ã˛°ï˛Ó˚Aà Ï̂Ü˛ ≤ÃÜ˛y¢ Ü˛ Ï̂Ó˚

ï˛y Ó%V˛ Ï̂ï˛ ̂ Ü˛y Ï̂ly ~Ü˛ !l!ò≈T˛ Ù%•)ï≈̨ Ï̂Ü˛ñ ô Ï̂Ó˚y t = t
0
 ̂ lGÎ˚y •°– xï˛~Óñ

(15.2) §Ù#Ü˛Ó˚ˆÏîÓ˚ §y•zl xˆÏ˛õ«˛Ü˛!ê˛Ó˚ ˆÜ˛yîyAÜ˛ •Î˚ åkx + ô %ÓÜ˛ä–

xÌ≈yÍñ åˆÜ˛yˆÏly !l!ò≈T˛ Ù%•)ˆÏï≈˛ä ï˛Ó˚Aà!ê˛Ó˚ ≤ÃÜ,˛!ï˛ åÓy xyÜ,˛!ï˛ä •Î˚ x

~Ó˚ xˆÏ˛õ«˛Ü˛Ó˚)˛õ# ~Ü˛ §y•zl ï˛Ó˚Aà– xl%Ó˚)ˆÏ˛õñ ~Ü˛!ê˛ !fiÌÓ˚ xÓfiÌylñ

ôˆÏÓ˚y x = x
0
 ˆlGÎ˚y •ˆÏ° (15.2) lÇ §Ù#Ü˛Ó˚ˆÏîÓ˚ §y•zl xˆÏ˛õ«˛Ü˛!ê˛Ó˚

ˆÜ˛yîyAÜ˛ ~Ü˛!ê˛ ô %ÓÜ˛ Ùyl å-ωtä •ˆÏÓ– xï˛~Óñ ˆÜ˛yˆÏly ~Ü˛ !l!ò≈T˛

xÓfiÌy Ï̂l §Ó˚î y §Ù Ï̂Î˚Ó˚ §y Ï̂Ì §y•zlôÙ#≈Ë˛y Ï̂Ó ̨õ!Ó˚Ó!ï≈̨ ï˛ •Î˚– xÌ≈yÍñ

!Ó!Ë˛ß¨ xÓfiÌy Ï̂l xÓ!fiÌï˛ Ùyôƒ Ï̂ÙÓ˚ Ü˛îy§Ù)• §Ó˚° ̂ òy°à!ï˛ §¡õyòl

Ü˛ˆÏÓ˚– §ˆÏÓ≈y˛õ!Ó˚ t  ~Ó˚ Ùyl Ó,!Âô ̂ ˛õˆÏ° å kx – ωt + φ ä ~Ó˚ Ùyl ô %ÓÜ˛

Ó˚yá Ï̂ï˛ ôlydÜ˛ x!Ë˛Ù%̂ Ïá x ~Ó˚ ÙylG xÓ¢ƒ•z Óyí ¸̨̂ ÏÓ– xï˛~Ó (15.2)

§Ù#Ü˛Ó˚î!ê˛ ôlydÜ˛  x x«˛ x!Ë˛Ù%á# ~Ü˛!ê˛ §y•zlôÙ#≈ åˆòy°à!ï˛

§¡õß¨ä ã˛°ï˛Ó˚AàˆÏÜ˛ ≤ÃÜ˛y¢ Ü˛ˆÏÓ˚– xlƒ!òˆÏÜ˛ñ ~Ü˛!ê˛ xˆÏ˛õ«˛Ü˛
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y x t a kx t( , ) sin( )= + +ω φ           (15.4)

}îydÜ˛ x-x«˛ x!Ë˛Ù%á# ~Ü˛!ê˛ ã˛°ï˛Ó˚Aà Ï̂Ü˛ ≤ÃÜ˛y¢ Ü˛ Ï̂Ó˚– (15.5)  lÇ
§Ù#Ü˛Ó˚ˆÏî ÓƒÓ•,ï˛ !Ó!Ë˛ß¨ ˆË˛Ôï˛ Ó˚y!¢Ó˚ lyÙ !ã˛e (15.2) ÈüÈ~ ˆòGÎ˚y
•° ~ÓÇ ~ál xyÙÓ˚y ~ˆÏòÓ˚ Óƒyáƒy Ü˛Ó˚Ó–

   !ã˛e 15.6 ÈüÈ~ §Ùyl §ÙˆÏÎ˚Ó˚ ÓƒÓôyˆÏl §ÙˆÏÎ˚Ó˚ !Ó!Ë˛ß¨ ÙyˆÏl
(15.2) lÇ §Ù#Ü˛Ó˚ˆÏîÓ˚ ̂ °á!ã˛e ̂ òáyˆÏly •°– ̂ Ü˛yˆÏly ~Ü˛!ê˛ ï˛Ó˚ˆÏAàñ
ï˛Ó˚Aà¢#£Ï≈ åcrestä •° §Ó≈y!ôÜ˛ ôlydÜ˛ §Ó˚î åÓy !ÓhflÏyÓ˚ä !Ó!¢T˛

!Ó®% ~ÓÇ ï˛Ó˚Aà˛õyò åtroughä •° §Ó≈y!ôÜ˛ }îydÜ˛ §Ó˚î!Ó!¢T˛
!Ó®%– ï˛Ó˚Aà Ü˛#Ë˛yˆÏÓ §M˛y!°ï˛ •Î˚ çylˆÏï˛ •ˆÏ° ˆÜ˛yˆÏly ~Ü˛!ê˛
ï˛Ó˚Aà¢# Ï̂£Ï≈Ó˚ í z̨̨ õÓ˚ xyÙy Ï̂òÓ˚ Ù Ï̂ly!l Ï̂Ó¢ Ü˛Ó˚̂ Ïï˛ • Ï̂Ó ~ÓÇ °«˛ Ó˚yá Ï̂ï˛
•ˆÏÓ §ÙˆÏÎ˚Ó˚ §yˆÏÌ G•z !Ó®%!ê˛ Ü˛#Ë˛yˆÏÓ ~!àˆÏÎ˚ ã˛ˆÏ°– !ã˛ˆÏe ï˛Ó˚Aà
¢#£Ï≈!ê˛ˆÏÜ˛ ~Ü˛!ê˛ Ü ˛§ (×) myÓ˚y !ã˛!•´ï˛ Ü˛Ó˚y •ˆÏÎ˚ˆÏSÈ– ~Ü˛•zË˛yˆÏÓ ̂ Ü˛yˆÏly
~Ü˛ !l!ò≈T˛ xÓfiÌyˆÏlñ ôˆÏÓ˚y x-xˆÏ«˛Ó˚ Ù)°!Ó®%ˆÏï˛ñ ÙyôƒˆÏÙÓ˚ ~Ü˛!ê˛

í˛z˛õyòyl Ü˛îyÓ˚ à!ï˛G °«˛ Ü˛Ó˚ˆÏï˛ ˛õy!Ó˚– ~ Ü˛îyÓ˚ xÓfiÌylˆÏÜ˛ ~Ü˛!ê˛
Ë˛Ó˚yê˛ í˛ê˛ (•) myÓ˚y !ã˛!•´ï˛ Ü˛Ó˚y •ˆÏÎ˚ˆÏSÈ– !ã˛e å15.6ä ~Ó˚ ˆ°á!ã˛e

ˆÌˆÏÜ˛ ˆÓyV˛y ÎyÎ˚ ˆÎñ Ù)°!Ó®%!fiÌï˛ Ë˛Ó˚yê˛ í˛ê˛!ê˛ (•) ˛õÎ≈yÓ,_ à!ï˛ˆÏï˛
à!ï˛¢#°– xÌ≈yÍ ï˛Ó˚Aà!ê˛ Îï˛ x@˝Ã§Ó˚ •Î˚ Ù)°!Ó®%!fiÌï˛ Ü˛îy!ê˛ GÓ˚
ÙôƒxÓfiÌyl åÓy !Ó®%Ó˚ä §y Į̈̂ õ Ï̂«˛ Ü˛!¡õï˛ •Î˚– ~!ê˛ xlƒylƒ ̂ ÎÈüÈˆÜ˛y Ï̂ly
xÓfiÌyˆÏlÓ˚ çlƒG §ï˛ƒ– xyÙÓ˚y xyÓ˚G °«˛ Ü˛!Ó˚ ̂ Îñ Ë˛Ó˚yê˛ í˛ê˛!ê˛ (•)

ˆÎ §ÙˆÏÎ˚ ~Ü˛ ˛õ)î≈ Ü˛¡õl §¡õß¨ Ü˛ˆÏÓ˚ ˆ§ §ÙˆÏÎ˚ ï˛Ó˚Aà¢#£Ï≈!ê˛ xyÓ˚G
~Ü˛ !l!ò≈T˛ ò)Ó˚c ~!àˆÏÎ˚ ÎyÎ˚–

!ã˛e 15.6 ~Ó̊ ̂ °á!ã˛e Ï̂Ü˛ ÓƒÓ•yÓ̊ Ü˛ Ï̂Ó̊ xyÙÓ̊y (15.2) lÇ §Ù#Ü˛Ó̊ Ï̂îÓ̊
!Ó!Ë˛ß¨ Ó˚y!¢ˆÏÜ˛ §ÇK˛y!Î˚ï˛ Ü˛Ó˚Ó–

15.3.1 !ÓhflÏyÓ̊ G ò¢y (Amplitude and Phase)

(15.2) §Ù#Ü˛Ó˚ˆÏîñ §y•zl xˆÏ˛õ«˛Ü˛!ê˛Ó˚ Ùyl 1 ~ÓÇ –1 ~Ó˚ ÙˆÏôƒ
˛õ!Ó˚Ó!ï≈̨ ï˛ •Î˚ñ ï˛y•z §Ó˚î y (x,t)ñ  a ~ÓÇ –a ~Ó˚ Ù Ï̂ôƒ ̨õ!Ó˚Ó!ï≈̨ ï˛ •Î˚–
§yôyÓ˚î#Ü˛Ó˚̂ ÏîÓ˚ ̂ Ü˛y Ï̂ly x§%!Óôy ly â!ê˛ Ï̂Î˚ xyÙÓ˚y a È ̂ Ü˛ ~Ü˛!ê˛ ôlydÜ˛
ô %ÓÜ˛ Ùyl !•§yˆÏÓ ôˆÏÓ˚ !lˆÏï˛ ˛õy!Ó˚– ˆ§ˆÏ«˛ˆÏe a ÙyôƒˆÏÙÓ˚ í˛z˛õyòyl
Ü˛îy§Ù)ˆÏ•Ó˚ §yÙƒÓfiÌyl ˆÌˆÏÜ˛ GˆÏòÓ˚ §ˆÏÓ≈yFã˛ §Ó˚îˆÏÜ˛ !lˆÏò≈¢ Ü˛ˆÏÓ˚–
ÙˆÏl Ó˚yáˆÏÓ ˆÎñ §Ó˚î  y ~Ó˚ Ùyl ôlydÜ˛ •ˆÏï˛ ˛õyˆÏÓ˚ñ !Ü˛v a ~Ó˚ Ùyl

§Ó≈òy•z ôlydÜ˛ •Î˚– ~ˆÏÜ˛ ï˛Ó˚ˆÏAàÓ˚ !ÓhflÏyÓ˚ åamplitudeä ÓˆÏ°–
(15.2) §Ù#Ü˛Ó˚ˆÏî §y•zl xˆÏ˛õ«˛ˆÏÜ˛Ó˚ ̂ Ü˛yîyAÜ˛Ó˚)ˆÏ˛õ ≤ÃÜ˛y!¢ï˛ Ó˚y!¢

(kx – ωt + φ) ˆÜ˛ ï˛Ó˚ˆÏAàÓ˚ ò¢y åphaseä ÓˆÏ°– ≤Ãò_ !ÓhflÏyÓ˚ a ~Ó˚
çlƒñ ˆÜ˛yˆÏly !l!ò≈T˛ xÓfiÌyˆÏl ~ÓÇ ˆÜ˛yˆÏly Ù%•)ˆÏï≈˛ ò¢y ï˛Ó˚ˆÏAàÓ˚
!ÓhflÏyÓ˚ˆÏÜ˛ åÓy §Ó˚îˆÏÜ˛ä !lô≈yÓ˚î Ü˛ˆÏÓ˚– flõT˛ï˛•z Îál x = 0 ~ÓÇ t =
0ó ï˛ál ò¢y •Î˚ φ È– ~çlƒ φ ˆÜ˛ ≤ÃyÓ˚!Ω˛Ü˛ ò¢y ˆÜ˛yî Ó°y •Î˚–  x-

xˆÏ«˛Ó˚ í˛z˛õÓ˚ Ù)°!Ó®%Ó˚ xÓfiÌyl ~ÓÇ ≤ÃyÌ!ÙÜ˛ §ÙÎ˚ˆÏÜ˛ §%!ÓôyÙˆÏï˛y

ôˆÏÓ˚ !lˆÏÎ˚ φ = 0 Ü˛Ó˚y §Ω˛Ó– xï˛~Ó φ ÈˆÜ˛ Óyò ˆòGÎ˚y •ˆÏ° xÌ≈yÍ
(15.2) §Ù#Ü˛Ó˚ˆÏî φ = 0 ̂ lGÎ˚y •ˆÏ° §yôyÓ˚î#Ü˛Ó˚î ≤ÃË˛y!Óï˛ •Î˚ ly–

15.3.2 ï˛Ó̊Aà Ï̃òâ≈ƒ ~ÓÇ ̂ Ü˛Ô!îÜ˛ ï˛Ó̊Aà§Çáƒy (Wavelength and

Angular Wave  Number)

§Ùò¢y §¡õß¨ ˛õÓ˚˛õÓ˚ ò%!ê˛ !Ó®%Ó˚ ÙˆÏôƒÜ˛yÓ˚ l)ƒlï˛Ù ò)Ó˚cˆÏÜ˛ ï˛Ó˚ˆÏAàÓ˚
ï˛Ó˚Aà˜Ïòâ≈ƒ ÓˆÏ° ~ÓÇ ~ˆÏÜ˛ §yôyÓ˚îï˛ λ myÓ˚y §)!ã˛ï˛ Ü˛Ó˚y •Î˚– xï˛~Ó
˛õÓ˚˛õÓ˚ ò%!ê˛ ï˛Ó˚Aà¢#£Ï≈ xÌÓy ï˛Ó˚Aà ̨õyˆÏòÓ˚ ÙôƒÓï˛#≈ ò)Ó˚c•z •° ï˛Ó˚Aà
˜òâ≈ƒ– 15.2 §Ù#Ü˛Ó˚ˆÏî  φ = 0 Ó§yˆÏ°ñ  t = 0 Ù%•)ˆÏï≈˛ §Ó˚îñ

y x a kx( , ) sin0 =            (15.5)

ˆÎˆÏ•ï%˛ ≤Ã!ï˛ 2π ̂ Ü˛y Ï̂îÓ˚ ̨õ!Ó˚Óï≈̨ Ï̂l §y•zl x Į̈̂ õ«˛Ü˛!ê˛Ó˚ Ùyl ̨õ%lÓ˚yÓ,ï˛
•Î˚ñ xï˛~Ó

sin sin( ) sinkx kx n k x
n

k
= + = +





2
2

π
π

y(x,t) : xÓfiÌyl x ~ÓÇ §ÙÎ˚ t ~Ó˚ xˆÏ˛õ«˛Ü˛Ó˚)ˆÏ˛õ §Ó˚î
a : ï˛Ó˚ˆÏAàÓ˚ !ÓhflÏyÓ˚

ω : ï˛Ó˚ˆÏAàÓ˚ ˆÜ˛Ô!îÜ˛ Ü˛¡õyAÜ˛
k : ˆÜ˛Ô!îÜ˛ ï˛Ó˚Aà §Çáƒy
kx–ωt+φ : ≤ÃyÌ!ÙÜ˛ ò¢y Ï̂Ü˛yî (a+x = 0, t = 0)

!ã˛e 15.5 (15.2)  lÇ §Ù#Ü˛Ó˚̂ Ïî ÓƒÓ•,ï˛ ̃ Ó!¢T˛ƒ§)ã˛Ü˛ §Ç Ï̂Ü˛ï˛

§Ù)ˆÏ•Ó˚ lyÙ–

!ã˛e 15.6 ı !Ó!Ë˛ß¨ §ÙˆÏÎ˚ ôlydÜ˛ ÈXüÈx«˛y!Ë˛Ù%ˆÏá x@˝ÃàyÙ# ~Ü˛!ê˛
      ˆòy°ï˛Ó˚Aà–
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xÌ≈yÍñ x ~ÓÇ x
n

k
+

2 π
 !Ó®%§Ù)̂ Ï• åˆÎáy Ï̂l  n=1,2,3,... ä §Ó˚î

~Ü˛•z å§Ùylä •Î˚– n = 1 ˆlGÎ˚y •ˆÏ°ñ å≤Ãò_ ˆÜ˛yˆÏly ~Ü˛ Ù%•)ˆÏï≈˛ä
§Ù!ÓhflÏyÓ˚ §¡õß¨ !Ó®%à%̂ Ï°yÓ˚ Ù Ï̂ôƒ §Ó≈!l¡¨ ò)Ó˚c ̨õyGÎ˚y ÎyÎ˚– ̂ § Ï̂«˛ Ï̂e
ï˛Ó˚Aà ˜òâ≈ƒñ

λ
π

=
2

k
     Óy   k =

2π

λ
         (15.6)

k ̂ Ü˛ ̂ Ü˛Ô!îÜ˛ ï˛Ó˚Aà §Çáƒy Óy !ÓhflÏyÓ˚ ô %ÓÜ˛ åpropagation constantä

ÓˆÏ° ~ÓÇ ~Ó˚ SI ~Ü˛Ü˛ ̂ Ó˚!í˛Î˚yl ≤Ã!ï˛!Ùê˛yÓ˚ Óy rad m 
−1 *

15.3.3 ˛õÎ≈yÎ˚Ü˛y°ñ ˆÜ˛Ô!îÜ˛ Ü˛¡õyAÜ˛ G Ü˛¡õyAÜ˛ (Period,

Angular Frequency and Frequency)

15.7 !ã˛ˆÏe xyÓyÓ˚ ~Ü˛!ê˛ §y•zlôÙ#≈ ÓÜ ˛ˆÏÜ˛ ˆòáyˆÏly •°– ~!ê˛ ˆÜ˛yˆÏly
!l!ò≈T˛ Ù%•)ˆÏï≈˛ ï˛Ó˚ˆÏAàÓ˚ xyÜ,˛!ï˛ˆÏÜ˛ ≤ÃÜ˛y¢ Ü˛ˆÏÓ˚ lyñ !Ü˛v §ÙˆÏÎ˚Ó˚

xˆÏ˛õ«˛Ü˛Ó˚)ˆÏ˛õ åÙyôƒˆÏÙÓ˚ ˆÜ˛yˆÏly ~Ü˛ !l!ò≈T˛ xÓfiÌyˆÏlä ~Ü˛!ê˛ ÙyôƒÙ
Ü˛îyÓ˚ §Ó˚î Ï̂Ü˛ ≤ÃÜ˛y¢ Ü˛ Ï̂Ó˚– §%!Óôy Ï̂Ì≈ xyÙÓ˚y (15.2) §Ù#Ü˛Ó˚̂ Ïî φ = 0

ôˆÏÓ˚ x=0 xÓfiÌyˆÏl xÓ!fiÌï˛ ~Ü˛!ê˛ ÙyôƒÙ Ü˛îyÓ˚ à!ï˛ˆÏÜ˛ ˛õÎ≈ˆÏÓ«˛î
Ü˛Ó˚Ó– xï˛~Ó (15.2) §Ù#Ü˛Ó˚î ̂ Ì Ï̂Ü˛ xyÙÓ˚y ̨õy•zñ

ω πT = 2   Óy  ω
π

=
2

T
(15.7)

ω ˆÜ˛ ï˛Ó˚ˆÏAàÓ˚ ̂ Ü˛Ô!îÜ˛ Ü˛¡õyAÜ˛ åangular frequencyä ÓˆÏ°– ~Ó˚
SI ~Ü˛Ü˛ ̂ Ó˚!í˛Î˚yl ≤Ã!ï˛ ̂ § Ï̂Ü˛u˛ Óy rad s –1– ≤Ã!ï˛ ̂ § Ï̂Ü˛ Ï̂u˛ ̨õ)î≈ Ü˛¡õl
§ÇáƒyˆÏÜ˛ Ü˛¡õyAÜ˛ ν Ó°y •Î˚– §%ï˛Ó˚yÇñ

ν
ω

π
= =

1

2T
 (15.8)

ν  ˆÜ˛ §yôyÓ˚îï˛ •yÍ≈ç ~Ü˛ˆÏÜ˛ ˛õ!Ó˚Ùy˛õ Ü˛Ó˚y •Î˚–
 í˛z˛õˆÏÓ˚Ó˚ xyˆÏ°yã˛lyÎ˚ñ xyÙÓ˚y §Ó≈e ~Ü˛!ê˛ !fl±Ç ÓÓ˚yÓÓ˚ à!ï˛¢#°

ï˛Ó˚Aà Óy !ï˛Î≈Ü˛ ï˛Ó˚ˆÏAàÓ˚ ˛õ!Ó˚ˆÏ≤Ã!«˛ˆÏï˛ xyˆÏ°yã˛ly Ü˛ˆÏÓ˚!SÈ– xl%˜Ïòâ≈ƒ
ï˛Ó˚ˆÏAà ÙyôƒˆÏÙÓ˚ í˛z˛õyòylà%ˆÏ°yÓ˚ §Ó˚îñ ï˛Ó˚Aà !ÓhflÏyˆÏÓ˚Ó˚ x!Ë˛Ù%ˆÏáÓ˚
§Ùyhs˝Ó˚yˆÏ° âˆÏê˛– (15.2) §Ù#Ü˛Ó˚ˆÏî xl%˜Ïòâ≈ƒ ï˛Ó˚ˆÏAàÓ˚ §Ó˚î

xˆÏ˛õ«˛Ü˛!ê˛ˆÏÜ˛ !l¡¨Ó˚)ˆÏ˛õ ≤ÃÜ˛y¢ Ü˛Ó˚y •ˆÏÎ˚ˆÏSÈ–

s(x, t) = a sin (kx – ωt + φ) (15.9)

ˆÎáy Ï̂lñ s(x, t) •° ï˛Ó˚̂ ÏAàÓ˚ !ÓhflÏyÓ˚̂ ÏÓ˚áyÎ˚  x xÓfiÌy Ï̂l xÓ!fiÌï˛
Ùyôƒ Ï̂ÙÓ˚ ̂ Ü˛y Ï̂ly ~Ü˛!ê˛ í z̨̨ õyòy Ï̂lÓ˚ t §Ù Ï̂Î˚ §Ó˚î– (15.9) §Ù#Ü˛Ó˚ˆÏî a

•° §Ó˚ˆÏîÓ˚ !ÓhflÏyÓ˚ñ xlƒylƒ Ó˚y!¢à%ˆÏ°y !ï˛Î≈Ü˛ ï˛Ó˚ˆÏAàÓ˚ ˆ«˛ˆÏeÓ˚ lƒyÎ˚
~Ü˛•z xˆÏÌ≈ ÓƒÓ•,ï˛ ¢%ô%Ùye §Ó˚î xˆÏ˛õ«˛Ü˛  y (x, t ) ˆÜ˛ s (x, t)

xˆÏ˛õ«˛Ü˛ myÓ˚y ≤Ã!ï˛fiÌy˛õl Ü˛Ó˚ˆÏï˛ •Î˚–

uuuuu í z̨òy•Ó˚î 15.2  ~Ü˛!ê˛ ï˛yÓ˚ ÓÓ˚yÓÓ˚ à!ï˛¢#° ï˛Ó˚̂ ÏAàÓ˚ §Ù#Ü˛Ó˚î

y(x, t) = 0.005 sin (80.0 x – 3.0 t),

ÎyˆÏï˛ §yÇ!áƒÜ˛ ô %ÓÜ˛à%ˆÏ°yÓ˚  SI ~Ü˛Ü˛ (0.005 m, 80.0 rad

m–1, ~ÓÇ 3.0 rad s–1)– ï˛Ó˚Aà!ê˛Ó˚ (a) !ÓhflÏyÓ˚, (b) ï˛Ó˚Aà
˜òâ≈ƒ ~ÓÇ (c) ̨õÎ≈yÎ˚Ü˛y° ~ÓÇ Ü˛¡õyAÜ˛ !lî≈Î˚ Ü˛ˆÏÓ˚y ~ÓÇ x =

30.0 cm ò)Ó˚ˆÏc ~ÓÇ t = 20 s §ÙˆÏÎ˚ ï˛Ó˚ˆÏAàÓ˚ §Ó˚î y !lî≈Î˚
Ü˛ˆÏÓ˚y–

í˛z_Ó˚ ı  ≤Ãò_ §Ó˚î §Ù#Ü˛Ó˚î!ê˛ˆÏÜ˛ (15.2) §Ù#Ü˛Ó˚î

y (x, t ) = a sin (kx –  ωt ) ~Ó˚ §yˆÏÌ ï%˛°ly Ü˛ˆÏÓ˚

xyÙÓ˚y ˛õy•z ÈüüüÈ
(a) ï˛Ó̊Aà !ÓhflÏyÓ̊ñ 0.005 m = 5 mm.

(b) ̂ Ü˛Ô!îÜ˛ ï˛Ó˚Aà §Çáƒy k ~ÓÇ ̂ Ü˛Ô!îÜ˛ Ü˛¡õyAÜ˛ ω ~Ó˚ Ùyl ÎÌyÜ ̨ Ï̂Ù

k = 80.0  m–1 ~ÓÇ ω = 3.0 s–1

* ~áyˆÏl xyÓyÓ˚ ̂ Ó˚!í˛Î˚yl ~Ü˛Ü˛!ê˛ˆÏÜ  Óyò ̂ òGÎ˚y ̂ ÎˆÏï˛ ̨õyˆÏÓ˚ ~ÓÇ ~Ó˚ ~Ü˛Ü˛ §yôyÓ˚îï˛˛ m–1 ôÓ˚y ̂ ÎˆÏï˛ ̨õyˆÏÓ˚– xï˛~Ó ≤Ã!ï˛ ~Ü˛Ü˛ ̃ òˆÏâ≈ƒ ï˛Ó˚Aà

§ÇáƒyÓ˚ 2π à%î•z •° k [ xÌÓy §¡õ)î≈ ò¢y ˛õyÌ≈Ü˛ƒ] ~ÓÇ ~Ó˚ SI ~Ü˛Ü˛ •° m–1–

y t a t( , ) sin( )0 = −ω

   = −a tsinω

~ál ï˛Ó˚ˆÏAàÓ˚ ˆòy°ˆÏlÓ˚ ˛õÎ≈yÎ˚Ü˛y° Ó°ˆÏï˛ ˆÓyV˛yÎ˚ ÙyôƒˆÏÙÓ˚ ~Ü˛!ê˛
í˛z˛õyòyl Ü˛îy ~Ü˛!ê˛ ˛õ)î≈ Ü˛¡õl §¡õß¨ Ü˛Ó˚ˆÏï˛ ˆÎ §ÙÎ˚ ˆlÎ˚– xÌ≈yÍñ

− = − +a t a tsin sin ( )ω ω T

   = − +a tsin( )ω ωT

ˆÎˆÏ•ï%˛ §y•zl xˆÏ˛õ«˛Ü˛ ≤Ã!ï˛ 2π  xhs˝Ó˚ ˛õ%lÓ˚yÓ,ï˛ •Î˚ ï˛y•zñ

!ã˛e  15.7 ı !fl±ÇˆÏÎ˚Ó˚ Ùôƒ !òˆÏÎ˚ ï˛Ó˚ˆÏAàÓ˚ !ÓhflÏyÓ˚Ü˛yˆÏ° ˆÜ˛yˆÏly ~Ü˛
!l!ò≈T˛ xÓfiÌyˆÏl xÓ!fiÌï˛ !fl±ÇˆÏÎ˚Ó˚ ~Ü˛!ê˛ í˛z˛õyòyl Ü˛îy a
!ÓhflÏyÓ˚ G T ˛õÎ≈yÎ˚Ü˛y° !lˆÏÎ˚ Ü˛!¡õï˛ •ˆÏFSÈ–
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 xyÙÓ˚y ï˛Ó˚Aà ˜òâ≈ƒ λ G k È~Ó˚ §¡õÜ≈˛ (15.6) lÇ §Ù#Ü˛Ó˚î ˆÌˆÏÜ˛
˛õy•z ñ

λ = 2π/k

   = −

2π

80.0 m 1

=  7.85 cm

(c) T ~ÓÇ ω  ~Ó˚ §¡õÜ≈˛ ̂ ÌˆÏÜ˛ ̨ õy•z

T = 2π/ω

                   = −

2π

3 0 1.  s

                    = 2.09 s

~ÓÇ Ü˛¡õyAÜ˛ v  = 1/T = 0.48 Hz

x = 30.0 cm ~ÓÇ t = 20 s §ÙˆÏÎ˚ §Ó˚î

y = (0.005 m) sin (80.0 × 0.3 – 3.0 × 20)

= (0.005 m) sin (–36 + 12π)

= (0.005 m) sin (1.699)

= (0.005 m) sin (970) j 5 mm   ⊳

15.4   ã˛°ï˛Ó˚̂ ÏAàÓ˚ o%!ï˛ (The speed of a travelling wave)

~Ü˛!ê˛ ã˛°ï˛Ó˚ˆÏAàÓ˚ !ÓhflÏyÓ˚ ˆÓà !lî≈Î˚ Ü˛Ó˚ˆÏï˛ñ ï˛Ó˚ˆÏAàÓ˚ í˛z˛õ!Ó˚!fiÌï˛
ˆÜ˛y Ï̂ly ~Ü˛!ê˛ !Ó®%Ó̊ í z̨̨ õÓ̊ å!l!ò≈T˛ ò¢y Ï̂Ü˛yî !Ó!¢T˛ä xyÙy Ï̂òÓ̊ Ù Ï̂ly Ï̂Îyà
!lÓÂô Ü˛Ó˚ˆÏï˛ •ˆÏÓ ~ÓÇ Ü˛îy!ê˛ Ü˛#Ë˛yˆÏÓ à!ï˛¢#° •Î˚ ï˛yÓ˚ ≤Ã!ï˛ °«˛

Ó˚yáˆÏï˛ •ˆÏÓ– ï˛Ó˚ˆÏAàÓ˚ ˆÜ˛yˆÏly ~Ü˛!ê˛ ï˛Ó˚Aà¢#ˆÏ£Ï≈Ó˚ í˛z˛õÓ˚ °«˛ Ó˚yáy•z
§%!ÓôyçlÜ˛– 15.8 !ã˛ Ï̂e ~Ü˛!ê˛ «%̨ o §Ù Ï̂Î˚Ó˚ ÓƒÓôyl ∆t ̂ ï˛ ò%!ê˛ !l!ò≈T˛
Ù%•)ˆÏï≈˛ ï˛Ó˚Aà!ê˛Ó˚ xyÜ,˛!ï˛ ˆòáyˆÏly •ˆÏÎ˚ˆÏSÈ– ˆòáy ÎyˆÏFSÈ §¡õ)î≈
ï˛Ó˚AàÓ˚)˛õ!ê˛ í˛yl!òˆÏÜ˛ åx-xˆÏ«˛Ó˚ ôlydÜ˛ !òˆÏÜ˛ä ∆x ò)Ó˚c §ˆÏÓ˚ ˆàˆÏSÈ

!ÓˆÏ¢£Ïï˛ Ü ˛§ !ã˛!•´ï˛ ï˛Ó˚Aà¢#£Ï≈!ê˛ ∆t §ÙˆÏÎ˚ ∆x ò)Ó˚c ~!àˆÏÎ˚ ÎyÎ˚–

xï˛~Óñ ï˛Ó˚Aà!ê˛Ó˚ ̂ Óà 
∆
∆

x

t
– xyÙÓ˚y xlƒ ̂ ÎÈüÈˆÜ˛y Ï̂ly ò¢y§¡õß¨ xlƒ

ˆÜ˛yˆÏly ~Ü˛!ê˛ !Ó®%ˆÏÜ˛G Ü ˛¢ Ó!§ˆÏÎ˚ !ã˛!•´ï˛ Ü˛Ó˚ˆÏï˛ ˛õy!Ó˚– ~!ê˛G ~Ü˛•z
o%!ï˛ v  !l Ï̂Î˚ à!ï˛¢#° • Ï̂Ó åxlƒÌyÎ˚ ï˛Ó˚AàÓ)̨̊ õ!ê˛ x˛õ!Ó˚Ó!ï≈̨ ï˛ ÌyÜ˛ Ï̂Ó
lyä– ï˛Ó˚ˆÏAàÓ˚ í˛z˛õ!Ó˚!fiÌï˛ !l!ò≈T˛ ò¢y§¡õß¨ ~Ü˛!ê˛ !Ó®%Ó˚ à!ï˛ˆÏÜ˛
l#ˆÏã˛Ó˚ §Ù#Ü˛Ó˚î myÓ˚y ≤ÃÜ˛y¢ Ü˛Ó˚y ÎyÎ˚ ı

kx – ωt = ô %ÓÜ˛ (15.10)

xï˛~Óñ §ÙÎ̊ t ~Ó̊ ̨õ!Ó̊Óï≈̨ Ï̂lÓ̊ §y Ï̂Ì §y Ï̂Ì !l!ò≈T˛ ò¢y!Ó®%!ê˛Ó̊ xÓfiÌyl
xG xÓ¢ƒ•z ˛õ!Ó˚Ó!ï≈˛ï˛ •ˆÏÓ ˆÎl GÓ˚ ò¢y §Ó≈òy ô %ÓÜ˛ •Î˚– §%ï˛Ó˚yÇñ

kx – ωt = k (x+∆x) – ω(t+∆t)

Óy k ∆x – ω ∆t =0

∆x G ∆t ˆÜ˛ xlhs˝«%˛o ôˆÏÓ˚ !lˆÏ° í˛z˛õˆÏÓ˚Ó˚ §Ù#Ü˛Ó˚î!ê˛ !l¡¨Ó˚)˛õ •Î˚ñ

 dx

k
v

 

dt
= =

ω (15.11)

ω ˆÜ˛ T myÓ˚y ~ÓÇ k ˆÜ˛ λ myÓ˚y ≤ÃÜ˛y¢ Ü˛ˆÏÓ˚ ˛õyGÎ˚y ÎyÎ˚ñ

v
T

= = =
2

2

πν

π λ
λν

λ

/
(15.12)

§Ü˛° ≤ÃÜ˛yÓ˚ ã˛°ï˛Ó˚̂ ÏAàÓ˚ §yôyÓ˚î §¡õÜ≈̨ ñ §Ù#Ü˛Ó˚î (15.12) ̂ Ì Ï̂Ü˛
≤Ãï˛#Î˚Ùyl •Î˚ ˆÎñ ÙyôƒˆÏÙÓ˚ ˆÎÈüÈˆÜ˛yˆÏly ~Ü˛!ê˛ í˛z˛õyòyl Ü˛îyÓ˚ ~Ü˛ ˛õ)î≈
ˆòy°ˆÏlÓ˚ çlƒ ≤ÃˆÏÎ˚yçl#Î˚ §ÙˆÏÎ˚ ï˛Ó˚AàÓ˚)˛õ!ê˛ ï˛Ó˚Aà ˜òˆÏâ≈ƒÓ˚ §Ùyl
ò)Ó˚c x!ï˛Ü ˛Ù Ü˛ˆÏÓ˚– ~ê˛y xÓ¢ƒ•z ÙˆÏl Ó˚yáˆÏï˛ •ˆÏÓ ̂ Îñ ̂ Ü˛yˆÏly Îy!sfÜ˛
ï˛Ó˚ˆÏAà o%!ï˛ ÙyôƒˆÏÙÓ˚ çyí˛ƒôÙ≈ åï˛yˆÏÓ˚Ó˚ ˜Ó˚!áÜ˛ Ë˛Ó˚ âlcñ §yôyÓ˚î
Ë˛Ó˚ âlcä ~ÓÇ !fiÌ!ï˛fiÌy˛õÜ˛ ôÙ≈ å˜Ó˚!áÜ˛ Ùyôƒ Ï̂ÙÓ˚ ̂ «˛ Ï̂e •zÎ˚Ç à%îyAÜ˛ñ
Ü,̨ hs˝l à%îyAÜ˛ñ xyÎ˚ï˛l !ÓÜ˛yÓ˚ à%îyAÜ˛ä myÓ˚y !lô≈y!Ó˚ï˛ •Î˚– ÙyôƒÙ ï˛Ó˚Aà

o%!ï˛ Ï̂Ü˛  !lô≈yÓ˚î Ü˛ Ï̂Ó˚ ~ÓÇ ≤Ãò_ o%!ï˛Ó˚ ̂ «˛ Ï̂e (15.12) §Ù#Ü˛Ó˚î ï˛Ó˚Aà
˜òâ≈ƒ G Ü˛¡õyAÜ˛ˆÏÜ˛ §¡õ!Ü≈˛ï˛ Ü˛ˆÏÓ˚– xyˆÏà•z í˛zˆÏÕ‘á Ü˛Ó˚y •ˆÏÎ˚ˆÏSÈ ˆÎñ
ÙyôƒˆÏÙÓ˚ Ùôƒ !òˆÏÎ˚ !ï˛Î≈Ü˛ ï˛Ó˚Aà G xl%˜Ïòâ≈ƒ ï˛Ó˚Aàñ í˛zË˛Î˚ ≤ÃÜ˛yÓ˚
ï˛Ó˚ˆÏAàÓ˚•z §M˛y°l âˆÏê˛– !Ü˛v ~Ü˛•z ÙyôƒˆÏÙ í˛zË˛Î˚ ï˛Ó˚ˆÏAàÓ˚ o%!ï˛
!Ó!Ë˛ß̈ •Î̊– ~ xôƒy Ï̂Î̊Ó̊ ̨õÓ̊Óï˛#≈̂ Ïï˛ñ xyÙÓ̊y !Ü˛S%È Ùyôƒ Ï̂Ù Îy!sfÜ˛ ï˛Ó̊ Ï̂AàÓ̊
o%!ï˛Ó˚ !l!ò≈T˛ Ó˚y!¢Ùy°y ≤Ã!ï˛¤˛y Ü˛Ó˚Ó–

15.4.1 ê˛yl Ü˛Ó˚y ï˛yˆÏÓ˚ !ï˛Î≈Ü˛ ï˛Ó˚ˆÏAàÓ˚ o%!ï˛ (Speed of a

Transverse Wave on Stretched String)

ˆÜ˛y Ï̂ly Ùyôƒ Ï̂Ù Îy!sfÜ˛ ï˛Ó˚̂ ÏAàÓ˚ o%!ï˛ ÙyôƒÙ!ê˛ Ï̂Ü˛ xy Ï̂°y!í ¸̨ï˛ Ü˛Ó˚y • Ï̂°
ï˛yˆÏï˛ í˛zÍ˛õß¨ ≤Ãï˛ƒylÎ˚Ü˛ Ó° ~ÓÇ ÙyôƒˆÏÙÓ˚ çyí˛ƒôˆÏÙ≈Ó˚ åË˛Ó˚ âlcä
myÓ˚y !lô≈y!Ó˚ï˛ •Î˚– ï˛Ó˚Aà o%!ï˛ ≤ÃÌÙ!ê˛Ó˚ å≤Ãï˛ƒylÎ˚Ü˛ ÓˆÏ°Ó˚ä
§Ùyl%̨ õy!ï˛Ü˛ ~ÓÇ ̨õ Ï̂Ó˚Ó˚!ê˛Ó˚ åçyí˛ƒô Ï̂Ù≈Ó˚ä § Ï̂Aà ÓƒhflÏyl%̨ õy!ï˛Ü˛– ï˛y Ï̂Ó˚
í˛zÍ˛õß¨ ï˛Ó˚ˆÏAàÓ˚ ̂ «˛ˆÏe ï˛yˆÏÓ˚Ó˚ ê˛yl T  ≤Ãï˛ƒylÎ˚Ü˛ Ó Ï̂°Ó˚ ̂ çyàyl ̂ òÎ˚–

!ã˛e 15.8  ı t  ̂ Ì Ï̂Ü˛ t + ∆t §Ù Ï̂Î̊Ó̊ ~•z «%̨o ÓƒÓôyl ∆t ̂ ï˛ ~Ü˛!ê˛ ̂ òy°ï˛Ó̊ Ï̂AàÓ̊
!ÓhflÏyÓ˚– ï˛Ó˚AàÓ˚)˛õ!ê˛ §yÙ!@˝ÃÜ˛Ë˛yˆÏÓ í˛yl!òˆÏÜ˛ §ˆÏÓ˚ ÎyÎ˚– ï˛Ó˚Aà!ê˛Ó˚
ï˛Ó̊Aà¢#£Ï≈ åxÌÓyñ ̂ ÎÈüÈ̂ Ü˛y Ï̂ly ò¢y!Ó!¢T˛ ~Ü˛!ê˛ !Ó®%ä ~•z ∆t §Ù Ï̂Î̊
í˛yl!ò Ï̂Ü˛ ∆x ò)Ó˚c x!ï˛Ü ̨ Ù Ü˛ Ï̂Ó˚–
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xyÓ˚ çyí˛ƒ ôÙ≈ •° ˜Ó˚!áÜ˛ Ë˛Ó˚ âlc µ, Îy ï˛yˆÏÓ˚Ó˚ Ë˛Ó˚ˆÏÜ˛ åmä GÓ˚
˜òâ≈ƒ åLä myÓ˚y Ë˛yà Ü˛ˆÏÓ˚ ̨õyGÎ˚y ÎyÎ˚– !lí˛zê˛ˆÏlÓ˚ à!ï˛§)eyÓ!° ÓƒÓ•yÓ˚

Ü˛ˆÏÓ˚ ï˛yˆÏÓ˚ ï˛Ó˚Aà o%!ï˛Ó˚ ~Ü˛!ê˛ ÎÌyÌ≈ §)e ≤Ã!ï˛¤˛y Ü˛Ó˚y ÎyÎ˚ñ !Ü˛v ˆ§•z
≤Ã!ï˛¤˛y ˛õÂô!ï˛ ~•z Ó•zˆÏÎ˚Ó˚ ˛õ!Ó˚!ôÓ˚ Óy•zˆÏÓ˚– ï˛y•z xyÙÓ˚y Ùy!eÜ˛
!Ó Ï̂Ÿ’£Ï̂ ÏîÓ˚ §y•yÎƒ ̂ lÓ– xyÙÓ˚y xy Ï̂à ̂ Ì Ï̂Ü˛•z çy!l ̂ Îñ ¢%ô%Ùye Ùy!eÜ˛
!ÓˆÏŸ’£Ïî Ü˛áˆÏly•z ÎÌyÌ≈ §)e ≤Ã!ï˛¤˛y Ü˛Ó˚ˆÏï˛ ̨õyˆÏÓ˚ ly– Ùy!eÜ˛ !ÓˆÏŸ’£ÏˆÏî
§y!Ó≈Ü˛Ë˛yˆÏÓ Ùyey•#l ô %ÓÜ˛à%ˆÏ°y §Ó≈òy•z x!lô≈y!Ó˚ï˛ ˆÌˆÏÜ˛ ÎyÎ˚–

 µ ~Ó˚ Ùyey [ML–1] ~ÓÇ ÓˆÏ°Ó˚ lƒyÎ˚ T ~Ó˚ ÙyeyG [MLT–2] –

o%!ï˛Ó˚ Ùyey  [LT–1] ˆ˛õˆÏï˛ •ˆÏ° Ùyey ò%!ê˛ˆÏÜ˛ §Ù!ß∫ï˛ Ü˛Ó˚y ≤ÃˆÏÎ˚yçl

•Î˚– §yôyÓ˚î xl%§rôyˆÏl•z ˆÓyV˛y ÎyÎ˚ 
T

µ
 ~Ó˚ ≤Ãy§!AàÜ˛ Ùyey!ê˛ •°ñ

MLT

ML
L T

−

−
−

 
 

=  

2

1

2 2

xï˛~Óñ T  ~ÓÇ µ ̂ Ü˛•z Î!ò ̨≤Ãy§!AàÜ˛ ̂ Ë˛Ôï˛ Ó˚y!¢Ó)̊̂ Į̈ õ ôÓ˚y ÎyÎ˚ ï˛ Ï̂Óñ

v  = C 
T

µ
(15.13)

ˆÎáyˆÏl C •° Ùy!eÜ˛ !ÓˆÏŸ’£ÏˆÏîÓ˚ x!lô≈y!Ó˚ï˛ ô %ÓÜ˛– ÎÌyÌ≈ §)ˆÏe C=1

•Î˚– ê˛yl Ü˛Ó˚y ï˛yˆÏÓ˚ !ï˛Î≈Ü˛ ï˛Ó˚ˆÏAàÓ˚ o%!ï˛Ó˚ Ó˚y!¢Ùy°y!ê˛ •° ıÈ

v  = T

µ
  
(15.14)

!ÓˆÏ¢£ÏË˛yˆÏÓ °«˛î#Î˚ ̂ Îñ ï˛Ó˚Aà o%!ï˛ ÙyôƒˆÏÙÓ˚ ¢%ô%Ùye ò%!ê˛ ôÙ≈ T ~ÓÇ
µ ~Ó˚ í˛z˛õÓ˚ !lË≈˛Ó˚¢#° åT  •° Óy!•ƒÜ˛ ÓˆÏ°Ó˚ !Ü ˛Î˚yÎ˚ ê˛yl Ü˛Ó˚y ï˛yˆÏÓ˚

§,T˛ ~Ü˛!ê˛ ôÙ≈ä– !Ü˛v ~!ê˛ ï˛Ó˚ˆÏAàÓ˚ !lçfl∫ ï˛Ó˚Aà˜Ïòâ≈ƒ Óy Ü˛¡õyˆÏAÜ˛Ó˚
í˛z˛õÓ˚ !lË≈˛Ó˚ Ü˛ˆÏÓ˚ ly– í˛zFã˛ï˛Ó˚ ̂ ◊!îˆÏï˛ ̂ ï˛yÙÓ˚y ~Ùl Ü˛ï˛à%ˆÏ°y ï˛Ó˚Aà
§¡õˆÏÜ≈˛ çylˆÏÓ ÎyˆÏòÓ˚ ï˛Ó˚Aà o%!ï˛ Ü˛¡õyAÜ˛ !lÓ˚ˆÏ˛õ«˛ lÎ˚– ò%!ê˛ ≤Ãyã˛°ñ
xyˆÏ°yí˛¸ˆÏlÓ˚ í˛zÍˆÏ§Ó˚ ï˛Ó˚Aà˜Ïòâ≈ƒ λ ~ÓÇ Ü˛¡õyAÜ˛ ν í˛zÍ˛õß¨ ï˛Ó˚ˆÏAàÓ˚
Ü˛¡õyAÜ˛ ν ˆÜ˛ !lô≈yÓ˚î Ü˛ˆÏÓ˚– ˆÜ˛yˆÏly ÙyôƒˆÏÙÓ˚ ~Ü˛!ê˛ ≤Ãò_ ï˛Ó˚ˆÏAàÓ˚
o%!ï˛ G Ü˛¡õyˆÏAÜ˛Ó˚ ÙˆÏôƒ §¡õÜ≈˛ (15.12) §Ù#Ü˛Ó˚î myÓ˚y §)!ã˛ï˛ •ˆÏÓ–

λ
ν

   =
v

(15.15)

uuuuu  í˛zòy•Ó˚î 15.3  0.72 m °¡∫y ~Ü˛!ê˛ •zflõyï˛ ï˛yˆÏÓ˚Ó˚ Ë˛Ó˚ 5.0

×10–3 kg– ï˛yÓ˚!ê˛ Î!ò 60 N ê˛yˆÏl Ó˚yáy •Î˚ ï˛ˆÏÓ ï˛yÓ˚!ê˛ˆÏï˛
í˛zÍ˛õß¨ !ï˛Î≈Ü˛ ï˛Ó˚ˆÏAàÓ˚ o%!ï˛ Ü˛ï˛ •ˆÏÓ⁄

ò!í˛¸ˆÏï˛ ~Ü˛!ê˛ flõ®ˆÏlÓ˚ §M˛y°l

ˆï˛yÙÓ˚y á%Ó §•ˆÏç•z ò!í˛¸ˆÏï˛ ~Ü˛!ê˛ flõ®ˆÏlÓ˚ à!ï˛ˆÏÜ˛ ˆòáˆÏï˛ ˛õyˆÏÓ˚y– ˆï˛yÙÓ˚y xyÓ˚G ˆòáˆÏï˛ ˛õyˆÏÓ˚y
ˆÜ˛yˆÏly ò,ì˛¸ §#Ùyly åôyÓ˚ä ˆÌˆÏÜ˛ flõ®l!ê˛Ó˚ ≤Ã!ï˛Ê˛°l ~ÓÇ GÓ˚ à!ï˛Ó˚ ˆÓà !lî≈Î˚ Ü˛Ó˚ˆÏï˛ ˛õyˆÏÓ˚y–
~Ó˚ çlƒ ̂ ï˛yÙyÓ˚ ≤ÃˆÏÎ˚yçl •ˆÏÓ 1cm ˆÌˆÏÜ˛ 3 cm Óƒy§ !Ó!¢T˛ ~Ü˛!ê˛ ò!í˛¸ñ ò%!ê˛ •%Ü˛ ~ÓÇ Ü˛ˆÏÎ˚Ü˛!ê˛
Ë˛yÓ˚ Óy Óyê˛áyÓ˚y– ~•z ˛õÓ˚#«˛y!ê˛  ˆï˛yÙÓ˚y ˆï˛yÙyˆÏòÓ˚ ˆ◊!îÜ˛ˆÏ«˛ Óy ˛õÓ˚#«˛yàyˆÏÓ˚ Ü˛Ó˚ˆÏï˛ ˛õyˆÏÓ˚y–

1 cm ̂ Ì Ï̂Ü˛ 3 cm Óƒy Ï̂§Ó˚ ~Ü˛!ê˛ °¡∫y ò!í ¸̨ Óy ~Ü˛!ê˛ ï˛yÓ˚ !l Ï̂Î˚ ̂ Ü˛y Ï̂ly •°âÓ˚ Óy ̨õÓ˚#«˛yày Ï̂Ó˚Ó˚
ò%•z !Ó˛õÓ˚#ï˛ ̂ òGÎ˚yˆÏ°Ó˚ •%ˆÏÜ˛Ó˚ §yˆÏÌ ~ÙlË˛yˆÏÓ ÓÑyˆÏôy ̂ Îl ~Ü˛!ê˛ ≤Ãyhs˝ •%ˆÏÜ˛Ó˚ í˛z˛õÓ˚ !òˆÏÎ˚ !àˆÏÎ˚ V%˛ˆÏ°
˛õˆÏÓ˚ ~ÓÇ G•z ≤ÃyˆÏhs˝ !Ü˛S%È Ë˛yÓ˚ å≤ÃyÎ˚ 1 ̂ ÌˆÏÜ˛ 5 kg ä V%˛!°ˆÏÎ˚ òyG– ̂ òGÎ˚y° ò%!ê˛ 3 ̂ ÌˆÏÜ˛ 5 m ò)ˆÏÓ˚
•ˆÏï˛ •ˆÏÓ–

~Ü˛!ê˛ Ü˛y!ë˛ Óy Ó˚í˛ !lˆÏÎ˚ ò!í˛¸!ê˛Ó˚ ˆÜ˛yˆÏly ~Ü˛≤ÃyˆÏhs˝Ó˚ !lÜ˛ˆÏê˛ §ˆÏçyˆÏÓ˚ xyâyï˛ Ü˛ˆÏÓ˚y– ~Ó˚Ê˛ˆÏ°
ò!í˛¸!ê˛ˆÏï˛ ~Ü˛!ê˛ flõ®ˆÏlÓ˚ §,!T˛ •Î˚ Îy ò!í˛¸ ÓÓ˚yÓÓ˚ x@˝Ã§Ó˚ •Î˚– ˆï˛yÙÓ˚y ˆòáˆÏï˛ ˛õyˆÏÓ flõ®l!ê˛

ò!í˛¸Ó˚ x˛õÓ˚ ≤ÃyˆÏhs˝ ˆ˛õÔÑSÈyˆÏÓ ~ÓÇ ˆ§áyˆÏl  ≤Ã!ï˛Ê˛!°ï˛ •ˆÏÎ˚ !Ê˛ˆÏÓ˚ xy§ˆÏSÈ– ˆï˛yÙÓ˚y xy˛õyï˛ï˛ G ≤Ã!ï˛Ê˛!°ï˛ flõ®l ò%!ê˛Ó˚ ò¢y §¡õÜ≈˛ ˛õÓ˚#«˛y Ü˛ˆÏÓ˚ ˆòáˆÏï˛
˛õyˆÏÓ˚y– flõ®l!ê˛ !l/ˆÏ¢£Ï •GÎ˚yÓ˚ ˛õ)ˆÏÓ≈ ò%ÈüÈ!ï˛l!ê˛ ≤Ã!ï˛Ê˛°l ˆï˛yÙÓ˚y °«˛ Ü˛Ó˚ˆÏï˛ ˛õyÓ˚ˆÏÓ– ˆï˛yÙÓ˚y ~Ü˛!ê˛ fiê˛˛õ GÎ˚yã˛ ÓƒÓ•yÓ˚ Ü˛ˆÏÓ˚ ò%!ê˛ ˆòÎ˚yˆÏ°Ó˚ ÙôƒÓï˛#≈
ò)Ó˚c x!ï˛Ü ˛ˆÏÙ flõ®ˆÏlÓ˚ ≤ÃˆÏÎ˚yçl#Î˚ §ÙÎ˚ ˆÓÓ˚ Ü˛ˆÏÓ˚y ~ÓÇ ~Ë˛yˆÏÓ GÓ˚ ˆÓà !lî≈Î˚ Ü˛ˆÏÓ˚y– ~ÓyÓ ̊(15.14) §Ù#Ü˛Ó˚î ÓƒÓ•yÓ˚ Ü˛ˆÏÓ˚ ≤ÃyÆ ÙyˆÏlÓ˚ §yˆÏÌ
ˆï˛yÙyÓ˚ ˛õÓ˚#«˛y°kô ÙyˆÏlÓ˚ ï%˛°ly Ü˛ˆÏÓ˚ ˆòˆÏáy–

ˆÜ˛yˆÏly ÓyòƒÎˆÏsfÓ˚ §Ó˚% ôyï˛Ó ï˛yˆÏÓ˚Ó˚ §y•yˆÏÎƒG xl%Ó˚)˛õ ˛õÓ˚#«˛y Ü˛Ó˚y ÎyÎ˚– ò%ˆÏ«˛ˆÏe Ù)° ˛õyÌ≈Ü˛ƒ •ˆÏÓ ˆÎñ ˆÙyê˛ ò!í˛¸Ó˚ ï%˛°lyÎ˚ §Ó˚% ï˛yˆÏÓ˚ flõ®ˆÏlÓ˚ ˆÓà
ÎˆÏÌT˛ ˆÓ!¢ •ˆÏÓ– ˆÜ˛llyñ §Ó˚% ï˛yˆÏÓ˚Ó˚ ˆ«˛ˆÏe ≤Ã!ï˛ ~Ü˛Ü˛ ˜òˆÏâ≈ƒÓ˚ Ë˛Ó˚ ˆÙyê˛ ò!í˛¸Ó˚ ï%˛°lyÎ˚ Ü˛Ù–
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í˛z_Ó˚ ı ï˛yˆÏÓ˚Ó˚ ≤Ã!ï˛ ~Ü˛Ü˛ ˜òˆÏâ≈ƒÓ˚ Ë˛Ó˚

µ =
× −

5 0 10

0 72

3
.

.

 kg

m 

   = 6.9 ×10–3 kg m–1

ê˛ylñ T = 60 N

∴ ï˛yˆÏÓ˚ ï˛Ó˚Aà o%!ï˛

 v  
T

= =
×

=− −
−

µ

60

6 9 10
93

3 1

1 
 

N

kg m
m 

.
s   ⊳

15.4.2 xl%˜Ïòâ≈ƒ ï˛Ó˚ˆÏAàÓ˚ o%!ï˛ å¢ˆÏ∑Ó˚ o%!ï˛ä (Speed of a

Longitudinal Wave  [Speed of Sound])

xl%˜Ïòâ≈ƒ ï˛Ó˚ˆÏAà ÙyôƒˆÏÙÓ˚ í˛z˛õyòyl§Ù)• ï˛Ó˚Aà !ÓhflÏyˆÏÓ˚Ó˚ x!Ë˛Ù%ˆÏá

x@˝ÃÈüÈ˛õŸã˛yÍ Ü˛!¡õï˛ •Î˚– •zˆÏï˛yÙˆÏôƒ•z xyÙÓ˚y ˆçˆÏl!SÈ ˆÎñ ÓyÎ˚%Ó˚ «%˛o
xyÎ˚ï˛!lÜ˛ í z̨̨ õyòy Ï̂lÓ˚ ̨õÎ≈yÎ˚Ü ̨ !ÙÜ˛ âl#Ë˛Ól G ï˛l%Ë˛ÓlÓ)̊̂ Į̈ õ ¢∑ï˛Ó˚Aà
ÓyÎ˚%ÙyôƒˆÏÙ !ÓhflÏyÓ˚°yË˛ Ü˛ˆÏÓ˚– ÙyôƒˆÏÙÓ˚ !fiÌ!ï˛fiÌy˛õÜ˛ ôÙ≈!ê˛ Îy ÓyÎ˚%Ó˚
§ÇˆÏÜ˛yã˛l !ÓÜ,˛!ï˛ˆÏï˛ §,T˛ ˛õ#í˛¸lˆÏÜ˛ !lô≈yÓ˚î Ü˛ˆÏÓ˚ ï˛y•z •° ÙyôƒˆÏÙÓ˚
xyÎ˚ï˛l !ÓÜ˛yÓ˚ à%îyAÜ˛ åbulk modulusä ålÓÙ xôƒyÎ˚ ̂ òˆÏáyä ÎyˆÏÜ˛
!l¡¨Ó˚)ˆÏ˛õ ≤ÃÜ˛y¢ Ü˛Ó˚y ÎyÎ˚–

B  
P

V / V
= −

∆
∆ (15.16)

~áyˆÏl ∆P ã˛yˆÏ˛õÓ˚ ˛õ!Ó˚Óï≈˛ˆÏl í˛zÍ˛õß¨ xyÎ˚ï˛l !ÓÜ,˛!ï˛ 
∆V

V
– B ~Ó˚

Ùyey G ã˛yˆÏ˛õÓ˚ Ùyey ~Ü˛•z ~ÓÇ ~Ó˚  SI ~Ü˛Ü˛ ̨ õyflÒy° (Pa)– ï˛Ó˚Aà
!ÓhflÏyˆÏÓ˚Ó˚ §yˆÏÌ §¡õÜ≈˛Î%=˛ ÙyôƒˆÏÙÓ˚ çyí˛ƒ ôÙ≈!ê˛ •° GÓ˚ Ë˛Ó˚ âlc
ρ, ÎyÓ˚ Ùyey [ML–3]– §Ó˚° !lÓ˚#«˛ˆÏî•z ˆòáy ÎyÎ˚ B/ρ Ó˚y!¢!ê˛Ó˚
Ùyey •° ı

(15.17)

~Ë˛yˆÏÓñ Î!ò ôˆÏÓ˚ ˆlGÎ˚y •Î˚ ˆÜ˛Ó°Ùye B ~ÓÇ ρ ÈüÈ•z •° xyl%£Ï!AàÜ˛
ˆË˛Ôï˛Ó˚y!¢ ï˛ˆÏÓñ

v  = C 
B

ρ
(15.18)

ˆÎáyˆÏlñ xyˆÏàÓ˚ ÙˆÏï˛y•zñ  C •° Ùy!eÜ˛ !ÓˆÏŸ’£ÏˆÏî x!lô≈y!Ó˚ï˛ ô %ÓÜ˛–
§)e!ê˛Ó˚ ÎÌyÌ≈ ≤Ã!ï˛¤˛yÎ˚ ˆòáy ÎyÎ˚  C=1– xï˛~Óñ ˆÜ˛yˆÏly ÙyôƒˆÏÙ
xl%˜Ïòâ≈ƒ ï˛Ó˚ˆÏAàÓ˚ ˆÓˆÏàÓ˚ §yôyÓ˚î §)e!ê˛ •Î˚ñ

v  = 
B

ρ
(15.19)

Ü˛!ë˛l òˆÏ[˛Ó˚ lƒyÎ˚ ˆÜ˛yˆÏly ˜Ó˚!áÜ˛ ÙyôƒˆÏÙÓ˚ ˆ«˛ˆÏe òˆÏ[˛Ó˚ ˛õyŸª#≈Î˚

˛≤Ã§yÓ˚î x!ï˛ làîƒ •Î˚ ~ÓÇ xyÙÓ˚y ôˆÏÓ˚ !lˆÏï˛ ˛õy!Ó˚ òˆÏ[˛Ó˚ ¢%ô%Ùye
xl%˜Ïòâ≈ƒ !ÓÜ,˛ï˛ âˆÏê˛– ˆ§ˆÏ«˛ˆÏe xyl%£Ï!AàÜ˛ !fiÌ!ï˛fiÌy˛õÜ˛ à%îyAÜ˛!ê˛

•° •zÎ˚Ç à%îyAÜ˛ñ ÎyÓ˚ Ùyey xyÎ˚ï˛l !ÓÜ˛yÓ˚ à%îyˆÏAÜ˛Ó˚ ÙyeyÓ˚ §Ùyl–
~ˆÏ«˛ˆÏe Ùy!eÜ˛ !ÓˆÏŸ’£Ïî xyˆÏàÓ˚ ÙˆÏï˛y•z ~ÓÇ (15.18) §Ù#Ü˛Ó˚ˆÏîÓ˚
§Ùï%˛°ƒ §¡õÜ≈˛ ≤ÃÜ˛y¢ Ü˛ˆÏÓ˚ñ ÎyÓ˚ ÎÌyÌ≈ ≤Ã!ï˛¤˛yÎ˚ Ùy!eÜ˛ !ÓˆÏŸ’£ÏˆÏîÓ˚
x!lô≈y!Ó˚ï˛ Ó˚y!¢ C ~Ó˚ Ùyl 1 ˛õyGÎ˚y ÎyÎ˚– xï˛~Óñ ˆÜ˛yˆÏly Ü˛!ë˛l
òˆÏ[˛Ó˚ Ùôƒ !òˆÏÎ˚ xl%˜Ïòâ≈ƒ ï˛Ó˚ˆÏAàÓ˚ o%!ï˛ñ

 v  = 
Y

ρ
(15.20)

ˆÎáyˆÏlñ Y •° òˆÏ[˛Ó˚ í˛z˛õyòyˆÏlÓ˚ •zÎ˚Ç à%îyAÜ˛– §yÓ˚!î 15.1 ˆï˛ !Ü˛S%È

ÙyôƒˆÏÙ ¢ˆÏ∑Ó˚ ˆÓà ˆòGÎ˚y xyˆÏSÈ–

§yÓ˚!î 15.1 ı !Ó!Ë˛ß¨ ÙyôƒˆÏÙ ¢ˆÏ∑Ó˚ ˆÓà

   àƒy§#Î˚ ˛õòyˆÏÌ≈Ó˚ ï%˛°lyÎ˚ Ü˛!ë˛l G ï˛Ó˚° ˛õòyˆÏÌ≈Ó˚ ¢ˆÏ∑Ó˚ o%!ï˛
§yôyÓ˚îï˛ ˆÓ!¢ •Î˚– [ÙˆÏl Ó˚yáˆÏÓ ~áyˆÏl Ü˛!ë˛l ˛õòyˆÏÌ≈ ¢ˆÏ∑Ó˚ o%!ï˛
Ó°ˆÏï˛ xl%˜Ïòâ≈ƒ ï˛Ó˚ˆÏAàÓ˚ o%!ï˛ˆÏÜ˛ ˆÓyV˛yˆÏFSÈ–] ~Ùlê˛y •Î˚ ˆÜ˛llyñ
àƒy Ï̂§Ó˚ ï%̨ °lyÎ˚ Ü˛!ë˛l Óy ï˛Ó˚° ̨õòyÌ≈̂ ÏÜ˛ §ÇÜ%̨ !ã˛ï˛ Ü˛Ó˚y x!ôÜ˛ Ü˛T˛§yôƒ
~ÓÇ GˆÏòÓ˚ xyÎ˚ï˛l !ÓÜ˛yÓ˚ à%îyAÜ˛ í˛zFã˛ÙyˆÏlÓ˚ •Î˚– Ü˛!ë˛l G ï˛Ó˚°
˛õòyˆÏÌ≈Ó˚ ~•z ˜Ó!¢T˛ƒ àƒyˆÏ§Ó˚ ï%˛°lyÎ˚ ï˛yˆÏòÓ˚ í˛zFã˛âlcç!lï˛ o%!ï˛Ó˚

•…y§ˆÏÜ˛ SÈy!˛õˆÏÎ˚ ÎyÎ˚–

xyò¢≈ àƒy§ ôˆÏÓ˚ !lˆÏÎ˚ xyÙÓ˚y ˆÜ˛yˆÏly ~Ü˛!ê˛ àƒyˆÏ§ ¢ˆÏ∑Ó˚ o%!ï˛
!lî≈Î˚ Ü˛Ó˚ˆÏï˛ ̨ õy!Ó˚– xyò¢≈ àƒyˆÏ§Ó˚ ã˛y˛õ P, xyÎ˚ï˛l V ~ÓÇ ï˛y˛õÙyey
T ˛õÓ˚flõÓ˚ !l¡¨Ó˚)ˆÏ˛õ §¡õ!Ü≈˛ï˛ å~Ü˛yò¢ xôƒyÎ˚ ˆòáä ı

PV = Nk
B
T (15.21)

ÙyôƒÙ      ˆÓà

àƒy§#Î˚ ˛õòyÌ≈
ÓyÎ%̊
ÓyÎ%̊
!•!°Î˚yÙ
•y•zˆÏí»˛yˆÏçl

ï˛Ó˚° ˛õòyÌ≈

ç°
ç°
§Ù%oç°

Ü˛!ë˛l ˛õòyÌ≈
xƒy°%!Ù!lÎ˚yÙ
ï˛yÙy
•zflõyï˛
@˝Ãyly•zê˛
Ë˛y°Ü˛yly•zç
Ó˚yÓyÓ˚
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ˆÎáyˆÏlñ  N •° V xyÎ˚ï˛ˆÏl xî%Ó˚ §Çáƒyñ k
B
 •° ˆÓy°ÍçyÙƒyl ô %ÓÜ˛

åBoltzmann constantä ~ÓÇ T •° àƒyˆÏ§Ó˚ ï˛y˛õÙyey åˆÜ˛°!Ë˛l
ˆflÒˆÏ°ä– xï˛~Óñ §ˆÏÙy£÷Ï ≤Ã!Ü ˛Î˚yÓ˚ ˆ«˛ˆÏe (15.21) §Ù#Ü˛Ó˚î ˆÌˆÏÜ˛
˛õyGÎ˚y ÎyÎ˚ñ

V∆P + P∆V  = 0

Óy  
P

V /V
P− =

∆
∆

(15.16) §Ù#Ü˛Ó˚ˆÏî ~•z Ùyl ≤Ã!ï˛fiÌy˛õl Ü˛ˆÏÓ˚ ̨ õyGÎ˚y ÎyÎ˚ñ
B = P

xï˛~Óñ (15.19) §Ù#Ü˛Ó˚î ̂ ÌˆÏÜ˛ ̨ õyGÎ˚y ÎyÎ˚ñ xyò¢≈ àƒyˆÏ§ xl%˜Ïòâ≈ƒ
ï˛Ó˚ˆÏAàÓ˚ o%!ï˛

v  = P

ρ
(15.22)

~•z §¡õÜ≈˛!ê˛ !lí˛zê˛l §Ó≈≤ÃÌÙ !òˆÏÎ˚!SÈˆÏ°l ~ÓÇ ~!ê˛ !lí˛zê˛ˆÏlÓ˚
§)elyˆÏÙ ˛õ!Ó˚!ã˛ï˛–

uuuuu í˛zòy•Ó˚î 15.4  ≤ÃÙyî ï˛y˛õÙyey G ã˛yˆÏ˛õ ÓyÎ˚%ˆÏï˛ ¢ˆÏ∑Ó˚ o%!ï˛
!lî≈Î˚ Ü˛ Ï̂Ó˚y– ~Ü˛ ̂ Ùy° ÓyÎ%̊Ó˚ Ë˛Ó˚  29.0 ×10–3 kg–

í˛z_Ó˚ ı xyÙÓ˚y çy!lñ ≤ÃÙyî ï˛y˛õÙyey G ã˛yˆÏ˛õ ~Ü˛ ˆÙy° ˆÎ ˆÜ˛yˆÏly
àƒyˆÏ§Ó˚ xyÎ˚ï˛l 22.4 !°ê˛yÓ˚– xï˛~Óñ ≤ÃÙyî ï˛y˛õÙyey G ã˛yˆÏ˛õ ÓyÎ˚%Ó˚
âlc ı

 ρ
o
 = ~Ü˛ ̂ Ùy° ÓyÎ˚%Ó˚ Ë˛Ó˚/ ≤ÃÙyî ï˛y˛õÙyey G ã˛yˆÏ˛õ ~Ü˛ ̂ Ùy° ÓyÎ˚%Ó˚

 xyÎ˚ï˛l

=
×
×

−

− 
29 0 10

22 4 10

3

3

.

.

kg

m3

=  1.29 kg  m–3

ˆÜ˛yˆÏly ÙyôƒˆÏÙ ¢ˆÏ∑Ó˚ o%!ï˛ §ÇÜ ˛yhs˝ !lí˛zê˛ˆÏlÓ˚ §)eyl%§yˆÏÓ˚ ≤ÃÙyî
ï˛y˛õÙyey G ã˛yˆÏ˛õ ÓyÎ˚%ˆÏï˛ ¢ˆÏ∑Ó˚ o%!ï˛

 = 280 m s–1          (15.23)

⊳

(15.23) §Ù#Ü˛Ó˚ˆÏî ˆòáyˆÏly ¢ˆÏ∑Ó˚ ˆÓˆÏàÓ˚ Ùyl §yÓ˚!î 15.1 ~
≤Ãò_  ˛õÓ˚#«˛y°kô ÙyˆÏlÓ˚ ï%˛°lyÎ˚ ≤ÃyÎ˚ 15% Ü˛Ù– xyÙyˆÏòÓ˚ ˆÜ˛yÌyÎ˚
Ë%˛° •ˆÏÎ˚!SÈ°⁄ !lí˛zê˛l ≤ÃyÌ!ÙÜ˛Ë˛yˆÏÓ ôˆÏÓ˚ !lˆÏÎ˚!SÈˆÏ°lñ ¢ˆÏ∑Ó˚ !ÓhflÏyÓ˚

Ü˛yˆÏ° ÙyôƒˆÏÙÓ˚ ÙˆÏôƒ ã˛yˆÏ˛õÓ˚ ˛õ!Ó˚Óï≈˛l •° §ˆÏÙy£÷Ï ≤Ã!Ü ˛Î˚yñ !Ü˛v Î!ò
xyÙÓ˚y ˛õÓ˚#«˛y Ü˛!Ó˚ ˆòáˆÏï˛ ˛õyÓ ~!ê˛ §!ï˛ƒ lÎ˚– °ƒy˛õ°y§ ÓˆÏ°l ˆÎñ
¢ˆÏ∑Ó˚ !ÓhflÏyÓ˚Ü˛yˆÏ° ã˛yˆÏ˛õÓ˚ ˛õ!Ó˚Óï≈˛l ~ï˛ o%ï˛ âˆÏê˛ ˆÎ §Ùï˛y˛õÙyey
ÓçyÎ˚ Ó˚yáˆÏï˛ ï˛y˛õ ≤ÃÓyˆÏ•Ó˚ çlƒ x!ï˛«%˛o §ÙÎ˚ ̨õyGÎ˚y ÎyÎ˚– xï˛~Óñ
ã˛yˆÏ˛õÓ˚ ~•z ˛õ!Ó˚Óï≈˛l Ó˚%Âôï˛y˛õñ §ˆÏÙy£÷Ï lÎ˚– Ó˚)Âôï˛y˛õ ≤Ã!Ü ˛Î˚yÎ˚ xyò¢≈

àƒy§ l#ˆÏã˛Ó˚ §¡õÜ≈˛!ê˛ Ùylƒ Ü˛ˆÏÓ˚–

PV γ  =  ô %ÓÜ˛

xÌ≈yÍ ∆(PVγ )  = 0

Óy P γ V γ –1 ∆V + V γ ∆P = 0

xï˛~Óñ xyò¢≈ àƒyˆÏ§Ó˚ ˆ«˛ˆÏe Ó˚%Âôï˛y˛õ xyÎ˚ï˛l !ÓÜ˛yÓ˚ à%îyAÜ˛
•ˆÏÓñ

B
ad

 = − 
P

V /V

∆
∆

  =  γP

   ˆÎáyˆÏl γ  •° ˆÙy°yÓ˚ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ ôyÓ˚Ü˛cmˆÏÎ˚Ó˚ xl%˛õyï˛ñ
C

p
/C

v
– xï˛~Óñ ÓyÎ˚% ÙyôƒˆÏÙ ¢ˆÏ∑Ó˚ o%!ï˛ñ

v = γ

ρ

 P
(15.24)

!lí˛zê˛ˆÏlÓ˚ §)ˆÏeÓ˚ ~•z §ÇˆÏ¢yôlˆÏÜ˛ °ƒy˛õ°yˆÏ§Ó˚ §ÇˆÏ¢yôl
åLaplace correctionä lyˆÏÙ x!Ë˛!•ï˛ Ü˛Ó˚y •Î˚– Ó%Î˚yÓ˚ γ = 7/5 –
~á Ï̂lñ (15.24) §Ù#Ü˛Ó˚î ÓƒÓ•yÓ˚ Ü˛ Ï̂Ó˚ ≤ÃÙyî ï˛y˛õÙyey G ã˛y Į̈̂ õ ÓyÎ%̊̂ Ïï˛

¢ˆÏ∑Ó˚ o%!ï˛ !lî≈Î˚ Ü˛ˆÏÓ˚ ≤ÃyÆ Ùyl  331.3 m s–1 ˛õyGÎ˚y ˆà° Îy
˛õ!Ó˚Ùy˛õàï˛ o%!ï˛Ó˚ ÙylˆÏÜ˛ §ÙÌ≈l Ü˛ˆÏÓ˚–

15.5 ï˛Ó˚ˆÏAàÓ˚ í˛z˛õ!Ó˚˛õyï˛ˆÏlÓ˚ l#!ï˛ (The principle of

superposition of waves)

ò%!ê˛ ï˛Ó˚Aà ˛õÓ˚flõÓ˚ !Ó˛õÓ˚#ï˛ !òÜ˛ ˆÌˆÏÜ˛ x@˝Ã§Ó˚ •ˆÏÎ˚ ˛õÓ˚flõÓ˚

˛õÓ˚flõÓ˚ˆÏÜ˛ x!ï˛Ü ˛Ù Ü˛Ó˚ˆÏ° Ü˛# âê˛ˆÏÓ⁄ ˆòáy ÎyÎ˚ ˆÎñ ˛õÓ˚flõÓ˚

˛õÓ˚flõÓ˚ˆÏÜ˛ x!ï˛Ü ˛ˆÏÙÓ˚ ̨õÓ˚G ï˛Ó˚Aà ò%!ê˛ GˆÏòÓ˚ fl∫Ü˛#Î˚ï˛y ÓçyÎ˚ Ó˚yˆÏá–

!Ü˛v §Ùy˛õï˛l Ü˛yˆÏ° ï˛Ó˚AàÓ˚)˛õ!ê˛ ≤ÃˆÏï˛ƒÜ˛!ê˛ ï˛Ó˚Aàflõ®l ˆÌˆÏÜ˛

!Ë˛ß¨– 15.9 !ã˛ˆÏe ˛õÓ˚flõÓ˚ !Ó˛õÓ˚#ï˛ !òÜ˛ ˆÌˆÏÜ˛ ˛õÓ˚flõˆÏÓ˚Ó˚ !òˆÏÜ˛

x@˝Ã§Ó˚ •GÎ˚y ò%!ê˛ §Ùyl !Ü˛v !Ó˛õÓ˚#ï˛ xyÜ,˛!ï˛Ó˚ ï˛Ó˚Aàflõ®lˆÏÜ˛

ˆòáyˆÏly •ˆÏÎ˚ˆÏSÈ– Îál flõ®l ò%!ê˛ ˛õÓ˚flõÓ˚ §Ùy˛õ!ï˛ï˛ •Î˚ñ °!kô

§Ó˚î ≤ÃˆÏï˛ƒÜ˛!ê˛ flõ®ˆÏlÓ˚ çlƒ ˛õ,ÌÜ˛ ˛õ,ÌÜ˛ §Ó˚ˆÏîÓ˚  Ó#çà!î!ï˛Ü˛

§Ù!T˛– ~ˆÏÜ˛•z ï˛Ó˚ˆÏAàÓ˚ í˛z˛õ!Ó˚˛õyï˛ˆÏlÓ˚ l#!ï˛ åprinciple of

superpositionä ÓˆÏ°–

~•z l#!ï˛ xl%§yˆÏÓ˚ñ xlƒ ̂ Ü˛y Ï̂ly flõ®ˆÏlÓ˚ xl%˛õ!fiÌ!ï˛ˆÏï˛ ≤ÃˆÏï˛ƒÜ˛

flõ®l ˆÎË˛yˆÏÓ x@˝Ã§Ó˚ •ï˛ §Ùy˛õï˛ˆÏlÓ˚ ˛õÓ˚G flõ®là%ˆÏ°y

~Ü˛•zË˛yˆÏÓ x@˝Ã§Ó˚ •Î˚– xï˛~Ó ÙyôƒˆÏÙÓ˚ í˛z˛õyòyl§Ù)• ~Ü˛ §yˆÏÌ

í˛zË˛Î˚ flõ®ˆÏlÓ˚ òÓ˚%l §Ó˚î °yË˛ Ü˛ˆÏÓ˚ ~ÓÇ ˆÎˆÏ•ï%˛ §Ó˚î ôlydÜ˛ G

}îydÜ˛ •ˆÏï˛ ˛õyˆÏÓ˚ ï˛y•z ˆÙyê˛ §Ó˚îñ í˛zË˛Î˚ §Ó˚ˆÏîÓ˚ Ó#çày!î!ï˛Ü˛

§Ù!T˛ •Î˚– !ã˛e 15.9 !Ó!Ë˛ß¨ §ÙˆÏÎ˚ ï˛Ó˚Aà xyÜ,˛!ï˛Ó˚ ̂ Ó˚áy!ã˛e Ê%˛!ê˛ˆÏÎ˚
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ï%˛ˆÏ°ˆÏSÈ– (c) ̂ Ó˚á!ã˛ˆÏe ~Ü˛ lyê˛Ü˛#Î˚ âê˛ly °«˛ Ü˛ˆÏÓ˚yñ ò%!ê˛ flõ®ˆÏlÓ˚

çlƒ §,T˛ §Ó˚î ò%!ê˛ ˛õÓ˚flõÓ˚ ˛õÓ˚flõÓ˚ˆÏÜ˛ §¡õ)î≈Ë˛yˆÏÓ lyÜ˛ã˛ Ü˛Ó˚ˆÏSÈ

~ÓÇ ˆ§ˆÏ«˛ˆÏe §Ó˚î ¢)lƒ •Î˚–

    ï˛Ó˚ˆÏAàÓ˚ í˛z˛õ!Ó˚˛õyï˛ˆÏlÓ˚ l#!ï˛ˆÏÜ˛ ày!î!ï˛Ü˛Ë˛yˆÏÓ ≤ÃÜ˛y¢ Ü˛Ó˚ˆÏï˛ ôÓ˚y
ÎyÜ˛ ò%!ê˛ ï˛Ó˚Aà åxyˆÏ°yí˛¸ˆÏlÓ˚ä òÓ˚%l ÙyôƒˆÏÙ §Ó˚î ÎÌyÜ ˛ˆÏÙ y

1
 (x,t)

~ÓÇ y
2
 (x,t) – ï˛Ó˚Aà ò%!ê˛ ˆÜ˛yˆÏly ~Ü˛!ê˛ xM˛ˆÏ° Î%à˛õÍ ˆ˛õÔÑSÈyˆÏ°

í˛zË˛ˆÏÎ˚Ó˚ §Ùy˛õï˛l âˆÏê˛ ~ÓÇ ˆ§ fiÌyˆÏl °!kô §Ó˚îñ y (x,t) •ˆÏÓ–

y (x, t) =  y
1
(x, t) +  y

2
(x, t) (15.25)

Î!ò ÙyôƒˆÏÙÓ˚ Ùôƒ !òˆÏÎ˚  ò%•z Óy ï˛yÓ˚ x!ôÜ˛ ï˛Ó˚Aà à!ï˛¢#° •Î˚

ï˛ˆÏÓ °!kô ï˛Ó˚Aà Ó˚)˛õ!ê˛ •ˆÏÓ ï˛Ó˚Aà xˆÏ˛õ«˛Ü˛à%ˆÏ°yÓ˚ §Ù!T˛– xÌ≈yÍñ

ã˛°ï˛Ó˚Aàà%ˆÏ°yÓ˚ ï˛Ó˚Aà xˆÏ˛õ«˛Ü˛à%ˆÏ°y Î!ò

y
1
 = f

1
(x–vt),

y
2
 = f

2
(x–vt),

..........

..........

           y
n
 = f

n
 (x–vt)

•Î˚ ï˛ˆÏÓ ~Ó˚ x xˆÏ˛õ«˛Ü˛!ê˛ Îy  ÙyôƒˆÏÙ xyˆÏ°yí˛¸l  §,!T˛ Ü˛ˆÏÓ˚ ï˛y
•°ñ

y = f
1
(x – vt)+ f

2
(x – vt)+  ...+ f

n
(x – vt)

   = −( )∑ f
i
 x vt

n

i=1
(15.26)

Óƒ!ï˛ã˛yˆÏÓ˚Ó˚ Ù)ˆÏ° Ó˚ˆÏÎ˚ˆÏSÈ ï˛Ó˚ˆÏAàÓ˚ í˛z˛õ!Ó˚˛õyï˛ˆÏlÓ˚ l#!ï˛–

~Ó˚ §Ó˚°#Ü˛Ó˚ˆÏîñ ôˆÏÓ˚y ~Ü˛•z ˆÜ˛Ô!îÜ˛ Ü˛¡õyAÜ˛ ωñ ˆÜ˛Ô!îÜ˛ ï˛Ó˚Aà

§Çáƒy  k ~ÓÇ ~Ü˛•z ï˛Ó˚Aà ˜òâ≈ƒ λ !Ó!¢T˛ ò%!ê˛ ã˛° ï˛Ó˚Aà ~Ü˛!ê˛ ê˛yl

Ü˛Ó˚y ï˛yˆÏÓ˚Ó˚ Ùôƒ !òˆÏÎ˚ x@˝Ã§Ó˚ •ˆÏFSÈ– GˆÏòÓ˚ ï˛Ó˚Aà ˆÓà §Ùyl •ˆÏÓ–

xyÓ˚G ôÓ˚y ÎyÜ˛ñ ï˛Ó˚Aà ò%!ê˛ ~Ü˛•z !ÓhflÏyÓ˚§¡õß¨ ~ÓÇ í˛zË˛ˆÏÎ˚ ôlydÜ˛

x-x«˛ x!Ë˛Ù%ˆÏá à!ï˛¢#°– ï˛Ó˚Aà ò%!ê˛Ó˚ ¢%ô%Ùye ≤ÃyÓ˚!Ω˛Ü˛ ò¢y !Ó!Ë˛ß¨–

§Ù#Ü˛Ó̊î (15.2) xl%ÎyÎ̊# ï˛Ó̊Aà ò%!ê˛ Ï̂Ü˛ l# Ï̂ã˛Ó̊ ò%!ê˛ x Į̈̂ õ«˛Ü˛ myÓ̊y ≤ÃÜ˛y¢

Ü˛Ó˚y ÎyÎ˚ ÈüüüÈ

y
1
(x, t) = a sin (kx – ωt) (15.27)

~ÓÇ y
2
(x, t) =  a sin (kx – ωt + φ ) (15.28)

í˛z˛õ!Ó˚˛õyï˛ˆÏlÓ˚ l#!ï˛ xl%ÎyÎ˚#ñ °!kô §Ó˚î

y  (x, t ) = a sin (kx – ωt) + a sin (kx – ωt + φ )

(15.29)

=
−( ) + − +( )
















a

kx t kx t
2

2 2
sin cos

ω ω φ φ

(15.30)

ˆÎáyˆÏlñ xyÙÓ˚y x!ï˛ ˛õ!Ó˚!ã˛ï˛ !eˆÏÜ˛yî!Ù!ï˛Ü˛ xˆÏË˛ò

 sin sinA B+ ÓƒÓ•yÓ˚ Ü˛ˆÏÓ˚!SÈ–

xï˛~Óñ y x t a kx t, cos sin( ) = − +





2
2 2

φ
ω

φ

(15.31)

§Ù#Ü˛Ó˚î (15.31) G ~Ü˛•z Ü˛¡õyAÜ˛ G ï˛Ó˚Aà ̃ òâ≈ƒ !Ó!¢T˛ ôlydÜ˛

x-x«˛ x!Ë˛Ù%á# ~Ü˛!ê˛ ̂ òy° ã˛°ï˛Ó˚Aàó Î!òG ~Ó˚ ≤ÃyÓ˚!Ω˛Ü˛ ò¢yˆÏÜ˛yî

φ

2
–  ï˛yÍ˛õÎ≈˛õ)î≈ !Ó£ÏÎ˚ •° ˆÎñ ~Ó˚ !ÓhflÏyÓ˚ í˛z˛õ!Ó˚˛õy!ï˛ï˛ ï˛Ó˚Aà ò%!ê˛Ó˚

ò¢y ˛õyÌ≈ˆÏÜ˛ƒÓ˚ xˆÏ˛õ«˛Ü ÈüüüÈ˛

A(φ)  =  2a cos ½φ (15.32)

Îál φ = 0ñ xÌ≈yÍ í˛z˛õ!Ó˚˛õy!ï˛ï˛ ï˛Ó˚Aàò%!ê˛ §Ùyò¢y §¡õß¨ •Î˚

ï˛álñ

y x t a kx t, sin( ) = −( )2 ω (15.33)

ˆ§ˆÏ«˛ˆÏeñ °!kô ï˛Ó˚ˆÏAàÓ˚ !ÓhflÏyÓ˚ •Î˚ 2a, Îy A ~Ó˚ §Ó≈y!ôÜ˛ §Ω˛yÓƒ

!ã˛e 15.9 !Ó˛õÓ˚#ï˛ !òÜ˛ ̂ ÌˆÏÜ˛ x@˝ÃàyÙ# ò%!ê˛ §Ùyl G !Ó˛õÓ˚#ï˛Ù%á#
§Ó˚î !Ó!¢T˛ ò%!ê˛ flõ®l– (c) ˆÓ˚áy!ã˛ˆÏe flõ®l ò%!ê˛Ó˚
§Ùy˛õï˛ˆÏlÓ˚ Ê˛ˆÏ° ¢)lƒ §Ó˚ˆÏîÓ˚ §,!T˛ •ˆÏÎ˚ˆÏSÈ–
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ò,ì ¸̨ • Ï̂° flõ®l Óy ï˛Ó˚Aà ̂ §áy Ï̂l ≤Ã!ï˛Ê˛!°ï˛ •Î˚– ≤Ã!ï˛ôÁ!lÓ˚ åechoä

§,!T˛ •° ò,ì˛¸ ˆÜ˛yl §#Ùyly •ˆÏï˛ ï˛Ó˚ˆÏAàÓ˚ ≤Ã!ï˛Ê˛°ˆÏlÓ˚ ~Ü˛ í˛zòy•Ó˚î–

Î!ò §#Ùyly!ê˛ §¡õ)î≈ ò,ì˛¸ ly •Î˚ xÌÓy ò%!ê˛ !fiÌ!ï˛fiÌy˛õÜ˛ ÙyôƒˆÏÙÓ˚

xhs˝/˛õ,¤˛ •Î˚ ï˛ Ï̂Ó xÓfiÌy !Ü˛S%Èê˛y ç!ê˛° • Ï̂Î˚ ̨õ Ï̂í ¸̨– xy˛õ!ï˛ï˛ ï˛Ó˚̂ ÏAàÓ˚

~Ü˛ xÇ¢ ≤Ã!ï˛Ê˛!°ï˛ ~ÓÇ x˛õÓ˚ xÇ¢ !mï˛#Î˚ ÙyôƒˆÏÙ §M˛y!°ï˛ •Î˚–

Î!ò ï˛Ó˚Aà!ê˛ ÙyôƒÙ ò%!ê˛Ó˚ §#Ùyhs˝ï˛ˆÏ° !ï˛Î≈Ü˛Ë˛yˆÏÓ xy˛õ!ï˛ï˛ •Î˚ ï˛ˆÏÓ

!mï˛#Î˚ ÙyôƒˆÏÙ §M˛y!°ï˛ ï˛Ó˚Aà!ê˛ˆÏÜ˛ ≤Ã!ï˛§,ï˛ ï˛Ó˚Aà ÓˆÏ°– xy˛õ!ï˛ï˛

G ≤Ã!ï˛§,ï˛ ï˛Ó˚Aà ̂ fl¨̂ Ï°Ó˚ §)e ̂ Ù Ï̂° ã˛ Ï̂° ~ÓÇ xy˛õ!ï˛ï˛ G ≤Ã!ï˛Ê˛!°ï˛

ï˛Ó˚Aà ≤Ã!ï˛Ê˛°ˆÏlÓ˚ §yôyÓ˚î §)e ˆÙˆÏl ã˛ˆÏ°–

15.11 !ã˛ Ï̂e ê˛yl Ü˛Ó˚y ï˛yÓ˚ ÓÓ˚yÓÓ˚ à!ï˛¢#° ~Ü˛!ê˛ ï˛Ó˚Aà Ï̂Ü˛ ̂ òáy Ï̂ly

•ˆÏÎ˚ˆÏSÈ Îy ï˛yˆÏòÓ˚ ≤Ãyhs˝§#Ùy •ˆÏï˛ ≤Ã!ï˛Ê˛!°ï˛ •ˆÏÎ˚ˆÏSÈ– ï˛yˆÏÓ˚Ó˚
≤Ãyhs˝§#ÙylyÎ˚ ¢!=˛Ó˚ ˆÜ˛ylÓ˚)˛õ ˆ¢y£Ïî âˆÏê˛ ly ôˆÏÓ˚ !lˆÏ° ≤Ã!ï˛Ê˛!°ï˛
ï˛Ó˚ˆÏAàÓ˚ xyÜ,˛!ï˛ xy˛õ!ï˛ï˛ flõ®ˆÏlÓ˚ xyÜ,˛!ï˛Ó˚ ÙˆÏï˛y•z •Î˚ !Ü˛v
≤Ã!ï˛Ê˛° Ï̂lÓ˚  Ê˛ Ï̂° ~Ó˚ ò¢yÓ˚ π Óy 1800 ̨õ!Ó˚Óï≈̨ l â Ï̂ê˛– ~Ó˚ Ü˛yÓ˚î •°
ï˛y Ï̂Ó˚Ó˚ ≤Ãyhs˝ §#Ùyly!ê˛ ò,ì ¸̨ ~ÓÇ ̂ §áy Ï̂l xy Ï̂°yí ¸̨̂ ÏlÓ˚ !ÓhflÏyÓ˚ §Ó≈òy ¢)lƒ
•Î˚– ï˛Ó˚̂ ÏAàÓ˚ í z̨̨ õ!Ó˚̨ õyï˛ Ï̂lÓ˚ l#!ï˛ xl%ÎyÎ˚# ~Ó)̨̊ õ ̂ Ü˛Ó°Ùye §Ω˛Ó˛õÓ˚

•Î˚ Î!ò ≤Ã!ï˛Ê˛!°ï˛ G xy˛õ!ï˛ï˛ Ó˚!Ÿ¬Ó˚ ÙˆÏôƒ π ò¢yÓ˚ ˛õyÌ≈Ü˛ƒ ÌyˆÏÜ˛
~ÓÇ ÎyÓ˚ Ê˛ Ï̂° °!kô §Ó˚î ¢)lƒ •Î˚– ~•z Î%!=˛!ê˛ ò,ì ¸̨ ̂ òGÎ˚y Ï̂°Ó˚ §#Ùyly
¢ Ï̂ï≈̨ Ó˚ åboundary conditionä í z̨̨ õÓ˚ !Ë˛!_ Ü˛ Ï̂Ó˚ ≤Ã!ï˛!¤˛ï˛– Ó°!ÓòƒyÓ˚
ò,!T˛ˆÏÜ˛yî ˆÌˆÏÜ˛G xyÙÓ˚y ~Ü˛•z Ê˛° ˆ˛õˆÏï˛ ˛õy!Ó˚– Îál flõ®l!ê˛
ˆòGÎ˚yˆÏ° ˆ˛õÔÑSÈyÎ˚ G!ê˛ ˆòGÎ˚yˆÏ°Ó˚ í˛z˛õÓ˚ ~Ü˛!ê˛ Ó° ≤ÃˆÏÎ˚yà Ü˛ˆÏÓ˚–
!lí˛zê˛ˆÏlÓ˚ ï,˛ï˛#Î˚ §)eyl%§yˆÏÓ˚ ˆòGÎ˚y° G ï˛yˆÏÓ˚Ó˚ í˛z˛õÓ˚ ~Ü˛!ê˛ §Ùyl G
!Ó˛õÓ˚#ï˛Ù%á# Ó° ≤Ã Ï̂Î˚yà Ü˛ Ï̂Ó˚ ï˛y Ï̂Ó˚ ≤Ã!ï˛Ê˛!°ï˛ flõ®l í z̨Í˛õß¨ Ü˛ Ï̂Ó˚ñ Îy

xy˛õ!ï˛ï˛ ï˛Ó˚ˆÏAàÓ˚ §yˆÏÌ πππππ ò¢y ˛õyÌ≈ˆÏÜ˛ƒ ÌyˆÏÜ˛–

!ã˛e 15.11 ı ò,ì˛¸ §#ÙylyÎ˚ ~Ü˛!ê˛ flõ®ˆÏlÓ˚ ≤Ã!ï˛Ê˛°l

!ã˛e 15.10 ı í˛z˛õ!Ó˚˛õyˆÏï˛Ó˚ l#!ï˛ xl%ÎyÎ˚# §Ù!ÓhflÏyÓ˚ G §Ùï˛Ó˚Aà

˜òâ≈ƒ !Ó!¢T˛ ò%!ê˛ ˆòy°ï˛Ó˚ˆÏAàÓ˚ °!kôï˛Ó˚Aà– °!kô

ï˛Ó˚̂ ÏAàÓ˚  !ÓhflÏyÓ˚ í z̨̨ õ!Ó˚̨ õy!ï˛ï˛ ï˛Ó˚Aà ò%!ê˛Ó˚ ò¢y ̨õyÌ≈Ü˛ƒ

φ ~Ó˚ í˛z˛õÓ˚ !lË≈˛Ó˚¢#°ñ Îy (a) ¢)lƒ ~ÓÇ (b) ˆï˛ π–

Ùyl– Îál φ π=  •Î˚ñ ï˛Ó˚Aà!ê˛ §¡õ)î≈Ë˛y Ï̂Ó ò¢y¢)lƒ • Ï̂Î˚ ̨õ Ï̂í ¸̨ ~ÓÇ

§Ó≈òyñ §Ó≈e °!kô §Ó˚î ¢)lƒ–
y   (x, t )  = 0 (15.34)

§Ù#Ü˛Ó˚î (15.33) ò%!ê˛ ï˛Ó˚ˆÏAàÓ˚ ï˛ÌyÜ˛!Ìï˛ àë˛lÙ)°Ü˛ Óƒ!ï˛ã˛yÓ˚ˆÏÜ˛

åconstructive interferenceä §)!ã˛ï˛ Ü˛ˆÏÓ˚

ˆÎáyˆÏl °!kô ï˛Ó˚ˆÏAàÓ˚ !ÓhflÏyÓ˚ ï˛Ó˚Aà ò%!ê˛Ó˚

!ÓhflÏyˆÏÓ˚Ó˚ ˆÎyàÊ˛ˆÏ°Ó˚ §Ùyl •Î˚– §Ù#Ü˛Ó˚î

(15.34) §)!ã˛ï˛ Ü˛ˆÏÓ˚ ôÁÇ§ydÜ˛ Óƒ!ï˛ã˛yÓ˚ˆÏÜ˛

ådestructive intereferenceäñ ̂ Îáy Ï̂l °!kô

ï˛Ó˚ˆÏAà ï˛Ó˚Aà ò%!ê˛Ó˚ !ÓhflÏyÓ˚ ˛õÓ˚flõÓ˚ˆÏÜ˛

≤Ã!ï˛!Ùï˛ Ü˛ Ï̂Ó̊– !ã˛e 15.10 í z̨̨ õ!Ó̊˛õyï˛ Ï̂lÓ̊ Ê˛ Ï̂°

í˛zÍ˛õß¨ ï˛Ó˚ˆÏAàÓ˚ Óƒ!ï˛ã˛yˆÏÓ˚Ó˚ G•z ò%!ê˛ âê˛lyˆÏÜ˛

≤ÃÜ˛y¢ Ü˛Ó˚ˆÏSÈ–

15.6 ˛ï˛Ó˚̂ ÏAàÓ˚ ≤Ã!ï˛Ê˛°l (Reflection of

waves)

~ ̨õÎ≈hs˝ xyÙÓ̊y §#Ùy•#l Ùyôƒ Ï̂Ù !ÓhflÏyÓ̊°yË˛

Ü˛Ó˚ˆÏSÈ ~Ùl §Ó ï˛Ó˚ˆÏAàÓ˚ Ü˛Ìy•z !ÓˆÏÓã˛ly
Ü˛ Ï̂Ó˚!SÈ– ̂ Ü˛y Ï̂ly flõ®l Óy ï˛Ó˚Aà Î!ò Ùyôƒ Ï̂ÙÓ˚
§#ÙylyÓ˚ §¡ø%á#l •Î˚ ï˛ˆÏÓ Ü˛# âê˛ˆÏÓ⁄ §#Ùyly
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xlƒ!òˆÏÜ˛ñ ≤Ãyhs˝ å§#Ùyhs˝ä !Ó®%!ê˛ ò,ì˛¸ ly •ˆÏÎ˚ Î!ò §¡õ)î≈ Ù%=˛Ë˛yˆÏÓ

ã˛°l«˛Ù •Î˚ åˆÜ˛y Ï̂ly Ó˚̂ Ïí˛Ó˚ í z̨̨ õÓ˚ Óyôy•#lË˛y Ï̂Ó lí ¸̨yã˛í ¸̨yÎ˚ §«˛Ù ~Ü˛!ê˛

!Ó˚ÇˆÏÎ˚Ó˚ §yˆÏÌ ÓyÑôy ï˛yˆÏÓ˚Ó˚ ˆ«˛ˆÏe ˆÎÙlê˛y •Î˚äñ ï˛ˆÏÓ ≤Ã!ï˛Ê˛!°ï˛

flõ®ˆÏlÓ˚ ò¢y G !ÓhflÏyÓ˚ xy˛õ!ï˛ï˛ flõ®ˆÏlÓ˚ ò¢y G !ÓhflÏyˆÏÓ˚Ó˚ §Ùyl

•Î˚ åô Ï̂Ó˚ lyG ~áy Ï̂l ¢!=˛Ó˚ ̂ Ü˛y Ï̂ly x˛õã˛Î˚ •Î˚ lyä– ̂ § Ï̂«˛ Ï̂e §#Ùy Ï̂hs˝

°!kô § Ï̂Ó≈yFã˛ §Ó̊î ≤Ã Ï̂ï˛ƒÜ˛ flõ® Ï̂lÓ̊ !ÓhflÏy Ï̂Ó̊Ó̊ !mà%î •Î̊– xò,ì˛̧ §#ÙylyÓ̊

~Ü˛!ê˛ í˛zòy•Ó˚î •° xàƒ≈yl lˆÏ°Ó˚ ̂ áy°y ≤Ãyhs˝–

§ÇˆÏ«˛ˆÏ˛õñ ~Ü˛!ê˛ ã˛°ï˛Ó˚Aà ˆÜ˛yˆÏly ò,ì˛¸ §#ÙylyÎ˚ å≤Ã!ï˛Ê˛°ˆÏÜ˛ä

≤Ã!ï˛Ê˛!°ï˛ •ˆÏ° GÓ˚ π ÈüÈ˛õ!Ó˚Ùyî ò¢yÓ˚ ̨ õ!Ó˚Óï≈˛l âˆÏê˛ ~ÓÇ Ù%=˛ ≤ÃyˆÏhs˝

≤Ã!ï˛Ê˛!°ï˛ •ˆÏ° GÓ˚ ò¢yÓ˚ ˆÜ˛yˆÏly ˛õ!Ó˚Óï≈˛l âˆÏê˛ ly– ~ˆÏÜ˛

ày!î!ï˛Ü˛Ë˛yˆÏÓ  ≤ÃÜ˛y¢ Ü˛Ó˚ˆÏï˛ñ

ôÓ˚y ÎyÜ˛ñ xy˛õ!ï˛ï˛ ã˛°ï˛Ó˚Aà!ê˛ •° ÈüüüÈ

y x t a kx t
2

, sin( ) = −( )ω

ˆÜ˛yˆÏly ò,ì˛¸ §#ÙyˆÏhs˝ ≤Ã!ï˛Ê˛!°ï˛ ï˛Ó˚Aà!ê˛ •ˆÏÓ
y

r
(x, t) = a sin (kx – ωt + π).

   = – a sin (kx – ωt) (15.35)

ˆÜ˛yˆÏly Ù%=˛ ≤ÃyˆÏhs˝ ≤Ã!ï˛Ê˛!°ï˛ ï˛Ó˚Aà!ê˛ •ˆÏÓ
y

r
(x, t) = a sin (kx – ωt + 0).

   = a sin (kx – ωt) (15.36)

flõT˛ï˛•zñ ò,ì˛¸ ≤ÃyˆÏhs˝ §Ó≈òy•zñ  y y y
r

= + =
2

0

15.6.1 fiÌyl%ï˛Ó˚Aà ~ÓÇ fl∫yË˛y!ÓÜ˛ Ó˚)˛õ åÓy ôÓ˚îä åStanding

Waves and Normal Modesä

xyÙÓ˚y ̂ Ü˛yˆÏly ~Ü˛!ê˛ ï˛ˆÏ° í˛z˛õˆÏÓ˚y=˛ ≤Ã!ï˛Ê˛°l!ê˛ !ÓˆÏÓã˛ly Ü˛!Ó˚– !Ü˛v

~Ùl !Ü˛S%È x!ï˛ ˛õ!Ó˚!ã˛ï˛ xÓfiÌy xyˆÏSÈ åí˛zË˛Î˚ ≤ÃyˆÏhs˝ xyê˛Ü˛yˆÏly ï˛yÓ˚

xÌÓy ̂ Î ̂ Ü˛yˆÏly ≤Ãyhs˝ ÓÂô lˆÏ° xyÓÂô ÓyÎ˚% hflÏΩ˛ä ̂ ÎáyˆÏl ò%•z Óy ï˛yÓ˚

ˆÓ!¢ ≤ÃyˆÏhs˝ ≤Ã!ï˛Ê˛°l âˆÏê˛– í˛zòy•Ó˚îfl∫Ó˚)˛õ ~Ü˛!ê˛ ï˛yˆÏÓ˚Ó˚ Ùôƒ !òˆÏÎ˚

í˛yl !òˆÏÜ˛ ~!àˆÏÎ˚ ã˛°y ~Ü˛!ê˛ ï˛Ó˚Aà ~Ü˛ ≤ÃyˆÏhs˝ ≤Ã!ï˛Ê˛!°ï˛ •ˆÏÓ Îy

!Ó˛õÓ˚#ï˛ åÓyÙä !òˆÏÜ˛ ~!àˆÏÎ˚ !àˆÏÎ˚ ï˛yˆÏÓ˚Ó˚ x˛õÓ˚ ≤ÃyˆÏhs˝ ≤Ã!ï˛Ê˛!°ï˛

•ˆÏÓ– Îï˛«˛î ly ˛õÎ≈hs˝ ï˛yˆÏÓ˚ ~Ü˛!ê˛ !fiÌÓ˚ ï˛Ó˚AàÓ˚)˛õ §,!T˛ •ˆÏFSÈñ ~Ó˚)˛õ

≤Ã!ï˛Ê˛°l âê˛ Ï̂ï˛•z ÌyÜ˛ Ï̂Ó– ~Ó)̨̊ õ ï˛Ó˚AàÓ)̨̊ õ Ï̂Ü˛ !fiÌÓ˚ ï˛Ó˚Aà åstanding

waveä Óy fiÌyl%ï˛Ó˚Aà ÓˆÏ°– ~Ó˚ ày!î!ï˛Ü˛ !ÓˆÏŸ’£ÏˆÏî ôˆÏÓ˚ lyGñ ~Ü˛!ê˛

ï˛Ó˚Aà x-xˆÏ«˛Ó˚ ôlydÜ˛ x!Ë˛Ù%ˆÏá x@˝Ã§Ó˚ •ˆÏFSÈ ~ÓÇ ~Ü˛•z !ÓhflÏyÓ˚ G

ï˛Ó̊Aà ̃ òâ≈ƒ !Ó!¢T˛ ~Ü˛!ê˛ ≤Ã!ï˛Ê˛!°ï˛ ï˛Ó̊Aà x-x Ï̂«˛Ó̊ }îydÜ˛ x!Ë˛Ù%̂ Ïá

x@˝Ã§Ó˚ • Ï̂FSÈ–(15.2) ~ÓÇ (15.4), §Ù#Ü˛Ó˚̂ Ïî φ = 0, ô Ï̂Ó˚ xyÙÓ˚y ̨õy•z
y

1
(x, t) = a sin (kx – ωt)

y
2
(x, t) = a sin (kx + ωt)

ï˛Ó˚ˆÏAàÓ˚ í˛z˛õ!Ó˚˛õyï˛ˆÏlÓ˚ l#!ï˛ xl%§yˆÏÓ˚ ï˛yˆÏÓ˚ í˛zÍ˛õß¨ °!kô ï˛Ó˚Aà!ê˛

•ˆÏÓ ı
y (x, t) =  y

1
(x, t) + y

2
(x, t)

= a [sin (kx – ωt) + sin (kx + ωt)]

x!ï˛ ˛õ!Ó˚!ã˛ï˛ !eˆÏÜ˛yîy!Ù!ï˛Ü˛ xˆÏË˛ò

Sin (A+B) + Sin (A–B) = 2 sin A cosB ÓƒÓ•yÓ˚ Ü˛ˆÏÓ˚ ̨õy•zñ

y (x, t) = 2a sin kx cos ωt (15.37)

(15.2) Óy (15.4) §Ù#Ü˛Ó˚î myÓ˚y ≤ÃÜ˛y!¢ï˛ ï˛Ó˚̂ ÏAàÓ˚ §y Ï̂Ì (15.37)

§Ù#Ü˛Ó˚î myÓ˚y ≤ÃÜ˛y!¢ï˛ ï˛Ó˚ˆÏAàÓ˚ à%Ó˚%c˛õ)î≈ ˛õyÌ≈Ü˛ƒ!ê˛ °«˛ Ü˛ˆÏÓ˚y– kx

~ÓÇ ωt ̨õò ò%!ê˛ §Ù!ß∫ï˛  kx - ωt !•§y Ï̂Ó ly ̂ Ì Ï̂Ü˛ ̨õ,ÌÜ˛Ë˛y Ï̂Ó Ó˚̂ ÏÎ˚̂ ÏSÈ–

~•z ï˛Ó˚Aà!ê˛Ó˚ !ÓhflÏyÓ˚  2a sin kx – xï˛~Óñ  °!kô ï˛Ó˚Aà!ê˛Ó˚ !ÓhflÏyÓ˚

~Ü˛ !Ó®% ̂ Ì Ï̂Ü˛ xlƒ !Ó®%̂ Ïï˛ ̨õ!Ó˚Ó!ï≈̨ ï˛ •Î˚ñ !Ü˛v ï˛y Ï̂Ó˚Ó˚ ≤Ã!ï˛!ê˛ í z̨̨ õyòyl

Ü˛îy ~Ü˛•z ˆÜ˛Ô!îÜ˛ Ü˛¡õyAÜ˛ ω G ˛õÎ≈yÎ˚ Ü˛y° T !lˆÏÎ˚ Ü˛!¡õï˛ •Î˚–

ï˛Ó˚ˆÏAàÓ˚ !Ó!Ë˛ß¨ xÇˆÏ¢Ó˚ Ü˛¡õˆÏlÓ˚ ò¢yÓ˚ ˆÜ˛yˆÏly ˛õyÌ≈Ü˛ƒ ÌyˆÏÜ˛ ly–

ï˛yÓ˚!ê˛ §yÙ!@˝ÃÜ˛Ë˛yˆÏÓ ~Ü˛•z ò¢yÎ˚ !Ü˛v !Ó!Ë˛ß¨ !Ó®%ˆÏï˛ !Ó!Ë˛ß¨ !ÓhflÏyˆÏÓ˚

Ü˛!¡õï˛ •Î˚– ï˛Ó˚AàÓ)̨̊ õ!ê˛ í˛y Ï̂l Óy Óy Ï̂Ù x@˝Ã§Ó˚ •Î˚ ly– ~ Ü˛yÓ˚̂ Ïî ~Ó)̨̊ õ

ï˛Ó˚Aà Ï̂Ü˛ !fiÌÓ˚ ï˛Ó˚Aà Óy fiÌyl%ï˛Ó˚Aà Ó°y •Î˚– ̂ Ü˛y Ï̂ly !l!ò≈T˛ xÓfiÌy Ï̂l

ï˛Ó˚Aà !ÓhflÏyÓ˚ !l!ò≈T˛ñ !Ü˛v ̨õ)̂ ÏÓ≈•z í ẑ̨ ÏÕ‘á Ü˛Ó˚y • Ï̂Î˚̂ ÏSÈñ !Ó!Ë˛ß¨ xÓfiÌy Ï̂l

!ÓhflÏyÓ˚ !Ó!Ë˛ß¨– ˆÎ§Ó !Ó®%ˆÏï˛ !ÓhflÏyÓ˚ ¢)lƒ åxÌ≈yÍ ˆÜ˛yˆÏlyÓ˚)˛õ à!ï˛•z

ÌyˆÏÜ˛ lyä ï˛yˆÏòÓ˚ !l/flõ® !Ó®% ånodes ä ÓˆÏ°ó xyÓ˚ ˆÎ§Ó !Ó®%ˆÏï˛

!ÓhflÏyÓ˚ §Ó≈y!ôÜ˛ñ ï˛yˆÏòÓ˚ §%flõ® !Ó®% åantinodes ä ÓˆÏ°– 15.12

!ã˛ Ï̂e !Ó˛õÓ˚#ï˛ !òÜ˛ • Ï̂ï˛ xy§y ò%!ê˛ xl%Ó)̨̊ õ ã˛°ï˛Ó˚̂ ÏAàÓ˚ í z̨̨ õ!Ó˚̨ õyï˛ Ï̂lÓ˚

Ê˛ˆÏ° §,T˛ ~Ü˛!ê˛ fiÌyl%ï˛Ó˚AàÓ˚)˛õ ˆòáyˆÏly •ˆÏÎ˚ˆÏSÈ–

fiÌyl%ï˛Ó˚̂ ÏAàÓ˚ ~Ü˛ ï˛yÍ˛õÎ≈̨ õ)î≈ ̃ Ó!¢T˛ƒ •° ̂ Î §#Ùyly ¢ Ï̂ï≈̨ Ó˚ çlƒ•z

§Çáƒy!ê˛Ó˚ ˆÎ ˆÜ˛yˆÏly ï˛Ó˚Aà ˜òâ≈ƒ §Ω˛Ó˛õÓ˚ lÎ˚– §ÇfiÌy!ê˛ ˆÎ ˆÜ˛yˆÏly

Ü˛¡õyˆÏAÜ˛ Ü˛!¡õï˛ •ˆÏï˛ ˛õyˆÏÓ˚ ly åˆòy° ã˛°ï˛Ó˚ˆÏAàÓ˚ §yˆÏÌ ~Ó˚ ï%˛°ly

Ü˛ Ï̂Ó˚yäñ !Ü˛v fl∫yË˛y!ÓÜ˛ Ü˛¡õy Ï̂AÜ˛Ó˚ ~Ü˛!ê˛ ̂ §ê˛ Óy Ü˛¡õ Ï̂lÓ˚ ~Ü˛ §yôyÓ˚î

Ó˚#!ï˛ å normal modesä myÓ˚y !ã˛!•´ï˛ •Î˚– xyÙÓ˚y ~ál ò%ÈüÈ≤ÃyˆÏhs˝

xyê˛Ü˛yˆÏly ~Ü˛!ê˛ ê˛yl Ü˛Ó˚y ï˛yˆÏÓ˚Ó˚ ~§Ó §yôyÓ˚î ôÓ˚l !lô≈yÓ˚î Ü˛Ó˚Ó–

≤ÃÌÙï˛ñ (15.37) §Ù#Ü˛Ó̊î xl%§y Ï̂Ó̊ !l/flõ® !Ó®%§Ù)̂ Ï•Ó̊ xÓfiÌyl

åˆÎáyˆÏl !ÓhflÏyÓ˚ ¢)lƒä •ˆÏÓ

sin kx = 0 .

kx = nπ;   n = 0, 1, 2, 3, ...

ˆÎˆÏ•ï%˛ñ  k = 2π/λ , xyÙÓ˚y ˛õy•z

∴ x = 
nλ

2
 ; n = 0, 1, 2, 3, ...        (15.38)

flõT˛ï˛•zñ ˛õÓ˚˛õÓ˚ ò%Û!ê˛ !l/flõ® !Ó®%Ó˚ ÙôƒÓï˛#≈ òÓ˚)c 
λ

2

xl%Ó˚ ) ˛õË˛yˆÏÓ §%flõ® !Ó®%§Ù)ˆÏ•Ó˚ xÓfiÌyl åˆÎáyˆÏl !ÓhflÏyÓ˚

§Ó≈y!ôÜ˛äà%ˆÏ°yˆÏï˛ sin kx ~Ó˚ Ùyl §ˆÏÓ≈yFã˛ •Î˚ ı
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sin k x
 
= 1

kx = (n + ½) π ; n = 0, 1, 2, 3, ...

ˆÎˆÏ•ï%˛ k = 2π/λ, xyÙÓ˚y ̨õy•z

∴ x = (n + ½)
λ

2
 ; n = 0, 1, 2, 3, ...                        (15.39)

~ˆÏ«˛ˆÏe ˛õÓ˚˛õÓ˚ ò%!ê˛ §%flõ® !Ó®%Ó˚ ÙôƒÓï˛#≈ ò)Ó˚c λ

2
– ò%ÈüÈ≤ÃyˆÏhs˝

xyê˛Ü˛yˆÏly L ̃ òˆÏâ≈ƒÓ˚ ~Ü˛!ê˛ ê˛yl Ü˛Ó˚y ï˛yˆÏÓ˚Ó˚ ̂ «˛ˆÏe §Ù#Ü˛Ó˚î (15.38)

≤ÃˆÏÎ˚yà Ü˛Ó˚y ÎyÎ˚– ï˛yˆÏÓ˚Ó˚ ~Ü˛≤ÃyˆÏhs˝Ó˚ xÓfiÌyl x = 0 ôˆÏÓ˚ !lˆÏ°

§#Ùyly¢ Ï̂ï≈˛ åboundary conditionä !l/flõ® !Ó®%Ó˚ xÓfiÌyl •ˆÏÓ

x = 0 ~ÓÇ x = L –  x = 0 ¢ï≈˛!ê˛ xyˆÏà•z ˛õ)î≈ •ˆÏÎ˚ˆÏSÈ– x = L

xÓfiÌyˆÏl !l/flõ® !Ó®% •GÎ˚yÓ˚ ¢ˆÏï≈˛ λ ~Ó˚ §yˆÏÌ L ~Ó˚ §¡õÜ≈˛

•° ı

L = n 
λ

2
;     n = 1, 2, 3, ...      (15.40)

xï˛~Óñ fiÌyl%ï˛Ó˚̂ ÏAàÓ˚ §Ω˛yÓƒ ï˛Ó˚Aà ̃ òâ≈ƒ l# Ï̂ã˛Ó˚ §¡õÜ≈̨  myÓ˚y !lô≈y!Ó˚ï˛

•Î˚ ÈüüüÈ

λ  = 2L

n

;    n = 1, 2, 3, … (15.41)

xyl%£Ï!AàÜ˛ Ü˛¡õyAÜ˛§Ù)•

v =  
nυ

2L

, for  n = 1, 2, 3, (15.42)

~Ë˛yˆÏÓ xyÙÓ˚y ̂ Ü˛yˆÏly §ÇfiÌyÓ˚ ̂ òy°ˆÏlÓ˚ fl∫yË˛y!ÓÜ˛ Ü˛¡õyAÜ˛§Ù)• G•z

§ÇfiÌyÓ˚ ˆòy°ˆÏlÓ˚ §yôyÓ˚î ôÓ˚l ˆÌˆÏÜ˛ çylˆÏï˛ ˛õy!Ó˚– §ÇfiÌyÓ˚ §Ω˛yÓƒ

§Ó≈!l¡¨ fl∫yË˛y!ÓÜ˛ Ü˛¡õyAÜ˛ˆÏÜ˛ GÓ˚ Ù)° §%Ó˚ åfundamental modeä

Óy ≤ÃÌÙ §ÙˆÏÙ° å first harmonicä ÓˆÏ°– í˛zË˛Î˚ ≤ÃyˆÏhs˝ xyê˛Ü˛yˆÏly

ê˛yl Ü˛Ó˚y ï˛y Ï̂Ó˚Ó˚ çlƒ Ù)° §%̂ ÏÓ˚Ó˚ Ü˛¡õyAÜ˛ • Ï̂Ó v = 
v

L2
– ~áy Ï̂l v •°

ÙyôƒˆÏÙÓ˚ ï˛Ó˚ˆÏAàÓ˚ o%!ï˛ Îy ÙyôƒˆÏÙÓ˚ ôˆÏÙ≈Ó˚ myÓ˚y !lô≈y!Ó˚ï˛ •Î˚– n = 2

~Ó˚ xyl%£Ï!AàÜ˛ Ü˛¡õyAÜ˛ˆÏÜ˛ Ó°y •Î˚ !mï˛#Î˚ §ÙˆÏÙ°ó n = 3 ~Ó˚

!ã˛e 15.12 ˛õÓ˚flõÓ˚ !Ó˛õÓ˚#ï˛ !òÜ˛ ̂ Ì Ï̂Ü˛ ~!à Ï̂Î˚ xy§y ò%!ê˛ ̂ òy° ï˛Ó˚̂ ÏAàÓ˚ í z̨̨ õ!Ó˚̨ õyï˛ Ï̂lÓ˚ Ê˛ Ï̂° §,T˛ fiÌyl%ï˛Ó˚Aà– °«˛î#Î˚ñ ¢)lƒ !ÓhflÏyÓ˚ !Ó!¢T˛

!Ó®%Ó˚ å!l/flõ® !Ó®%ä xÓfiÌyl §Ó≈òy !fiÌÓ˚ Ó˚ˆÏÎ˚ˆÏSÈ–
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xyl%£Ï!AàÜ˛ Ü˛¡õyAÜ˛ •° ï,̨ ï˛#Î˚ §Ù Ï̂Ù° ~ÓÇ ̨õÓ˚Óï˛#≈

§ÙˆÏÙ°§Ù)• ˛õyGÎ˚y ÎyÎ˚– xyÙÓ˚y !Ó!Ë˛ß¨ §ÙˆÏÙ°

§Ù)• Ï̂Ü˛ ν
n
  §Ç Ï̂Ü˛ï˛ myÓ˚y ≤ÃÜ˛y¢ Ü˛Ó˚̂ Ïï˛ ̨õy!Ó˚ ̂ Îáy Ï̂l

n = 1, 2, ...

15.13 !ã˛ˆÏe ò%ÈüÈ≤ÃyˆÏhs˝ xyê˛Ü˛yˆÏly ~Ü˛!ê˛ ê˛yl Ü˛Ó˚y

ï˛yˆÏÓ˚Ó˚ ≤ÃÌÙ SÈÎ˚!ê˛ §ÙˆÏÙ° ˆòáyˆÏly •ˆÏÎ˚ˆÏSÈ– ~Ü˛!ê˛

ï˛yÓ̊ ≤Ãò!¢≈ï˛ ~ ôÓ̊l Óy Ó̊#!ï˛ Ï̂ï˛•z Ü˛!¡õï˛ • Ï̂Ó ~Ùlê˛y

lÎ˚– §yôyÓ˚îË˛yˆÏÓñ ~Ü˛!ê˛ ï˛yˆÏÓ˚Ó˚ Ü˛¡õl •° !Ó!Ë˛ß¨

ôÓ˚ˆÏlÓ˚ Ü˛¡õˆÏlÓ˚ í˛z˛õ!Ó˚˛õyï˛ló ̂ Ü˛yˆÏly ̂ Ü˛yˆÏly ôÓ˚l

åmodesä ˆÓ¢ ¢!=˛¢y°# •Î˚ xyÓyÓ˚ !Ü˛S%È §ÇáƒÜ˛

Ü˛Ù ¢!=˛¢y°# •Î˚– ˆ§ï˛yÓ˚ñ ˆÓ•y°yÓ˚ ÙˆÏï˛y

ÓyòƒÎsfà%̂ Ï°y  ~•z Ù)°l#!ï˛Ó˚ í z̨̨ õÓ˚ ≤Ã!ï˛!¤˛ï˛– ï˛y Ï̂Ó˚Ó˚

Ü˛¡õˆÏlÓ˚ ˆÜ˛yl‰ ôÓ˚l!ê˛ x!ôÜ˛ï˛Ó˚ ≤ÃÜ˛ê˛ •ˆÏÓ ï˛y

!lô≈y!Ó˚ï˛ •Î˚ ï˛yÓ˚!ê˛Ó˚ ˆÜ˛yÌyÎ˚ ê˛yly Óy â£Ïy •° ï˛yÓ˚

myÓ˚y–

~ÓyÓ˚ xyÙÓ˚y ~Ü˛Ù%á ÓÂô G ~Ü˛Ù%á ˆáy°y lˆÏ°

xyÓÂô ÓyÎ˚%hflÏˆÏΩ˛Ó˚ Ü˛¡õl §¡õˆÏÜ≈˛ xyˆÏ°yã˛ly Ü˛Ó˚Ó–

~Ü˛!ê˛ xyÇ!¢Ü˛ ç°˛õ)î≈ Ü˛yã˛l° ~Ó˚)˛õ ÓƒÓfiÌyÓ˚ ~Ü˛

§!ë˛Ü˛ ò,T˛yhs˝– çˆÏ°Ó˚ flõˆÏ¢≈ ÌyÜ˛y ≤Ãyhs˝!ê˛ˆÏï˛ ~Ü˛!ê˛

!l/flõ® !Ó®% à!ë˛ï˛ •Î˚ñ ̂ áy°y ≤ÃyˆÏhs˝ ~Ü˛!ê˛ §%flõ®

!Ó®% à!ë˛ï˛ •Î˚– !l/flõ® !Ó®%ˆÏï˛ ã˛yˆÏ˛õÓ˚ ˛õ!Ó˚Óï≈˛l

§Ó≈y!ôÜ˛ •Î˚ñ ˆÎáyˆÏl !ÓhflÏyÓ˚ §Ó≈!l¡¨ å¢)lƒä– lˆÏ°Ó˚

Ù%=˛ ≤ÃyˆÏhs˝ ï˛Ìy §%flõ® !Ó®%ˆÏï˛ !Ó˛õÓ˚#ï˛ âê˛ly âˆÏê˛ó

ã˛yˆÏ˛õÓ˚ ˛õ!Ó˚Óï≈˛l •Î˚ §Ó≈!l¡¨ ~ÓÇ §Ó˚ˆÏîÓ˚ !ÓhflÏyÓ˚

§Ó≈y!ôÜ˛– çˆÏ°Ó˚ §Çflõ¢≈ ï˛°ˆÏÜ˛ x = 0 ôˆÏÓ˚ !lˆÏ°

!l/flõ® !Ó®%Ó˚ ¢ï≈˛!ê˛ å15.38 §Ù#Ü˛Ó˚îä ̨õ)Ó˚î •Î˚–

x˛õÓ̊≤Ãyhs˝  x = L ~ §%flõ® !Ó®% à!ë˛ï˛ • Ï̂° §Ù#Ü˛Ó̊î

(15.39) xl%§y Ï̂Ó˚ ÈüüüÈ

L =   n +





1

2
 
λ

2
,  n = 0, 1, 2, 3, …

ˆ§ˆÏ«˛ˆÏeñ §Ω˛yÓƒ ï˛Ó˚Aà ˜òâ≈ƒ§Ù)ˆÏ•Ó˚ §¡õÜ≈˛

λ  = 
2

1 2

L

n  +( )/
,  n = 0, 1, 2, 3,... (15.43)

§ÇfiÌyÓ˚ fl∫yË˛y!ÓÜ˛ Ü˛¡õyAÜ˛§Ù)• ÈüüüÈ

ν  =  n +





1

2

υ

2L
; n = 0, 1, 2, 3, ... (15.44)

n = 0 ~ xyl%£Ï!AàÜ˛ Ù)° §%ˆÏÓ˚Ó˚ Ü˛¡õyAÜ˛
v

L4
 í˛zFã˛ï˛Ó˚ Ü˛¡õyAÜ˛§Ù)•

xÎ%@¬ §Ù Ï̂Ù° åodd harmonicsäxÌ≈yÍ Ù)° §%̂ ÏÓ̊Ó̊ Ü˛¡õy Ï̂AÜ˛Ó̊ xÎ%@¬

à%!îï˛Ü˛ : 3
v

L4
, 5

v

L4
, ≤ÃË,˛!ï˛– 15.14 !ã˛ˆÏe ~Ü˛Ù%á Órô G xlƒ

Ù%á ̂ áy°y l Ï̂° xyÓÂô ÓyÎ̊%hflÏ̂ ÏΩ˛Ó̊ Ü˛¡õ Ï̂lÓ̊ ≤ÃÌÙ SÈÎ̊!ê˛ §Ù Ï̂Ù° ̂ òáy Ï̂ly

• Ï̂Î˚̂ ÏSÈ– í z̨Ë˛Î˚ ≤Ãy Ï̂hs˝ ̂ áy°y l Ï̂°Ó˚ ̂ «˛ Ï̂e í z̨Ë˛Î˚≤Ãy Ï̂hs˝ ~Ü˛!ê˛ Ü˛ Ï̂Ó˚ §%flõ®

!Ó®% §,!T˛ •Î˚– ̂ § Ï̂«˛ Ï̂e §• Ï̂ç•z ̂ òáy Ï̂ly ÎyÎ˚ ̂ Î ~Ü˛!ê˛ Ù%=˛ ÓyÎ%̊hflÏ̂ ÏΩ˛Ó˚

Ü˛¡õˆÏl Î%@¬ G xÎ%@¬ í˛zË˛Î˚ ≤ÃÜ˛yÓ˚ §ÙˆÏÙ° í˛zÍ˛õß¨ •Î˚ å!ã˛e15.15ä–

í˛z˛õˆÏÓ˚Ó˚ §ÇfiÌyà%ˆÏ°y ï˛yÓ˚à%ˆÏ°y ~ÓÇ ÓyÎ˚%hflÏΩ˛à%ˆÏ°yG ˛õÓ˚Ó¢

Ü˛¡õˆÏlG Ü˛!¡õï˛ •Î˚ åxôƒyÎ˚ÈüÈ14ä– Óy!•ƒÜ˛ ˛õÎ≈yÓ,_ ÓˆÏ°Ó˚ Ü˛¡õyAÜ˛

ˆÜ˛yl ~Ü˛!ê˛ fl∫yË˛y!ÓÜ˛ Ü˛¡õyˆÏAÜ˛Ó˚ §Ùyl Óy á%Ó Ü˛ySÈyÜ˛y!SÈ ÙyˆÏlÓ˚ •ˆÏ°

§ÇfiÌyÎ˚ xl%lyˆÏòÓ˚ å resonance ä §,!T˛ •Î˚–

!ã˛e 15.13  ò%ÈüÈ≤Ãy Ï̂hs˝ xyê˛Ü˛y Ï̂ly ~Ü˛!ê˛ ê˛yl Ü˛Ó˚y ï˛y Ï̂Ó˚Ó˚ Ü˛¡õ Ï̂lÓ˚ ≤ÃÌÙ SÈÎ˚!ê˛ §Ù Ï̂Ù°–

Ù)°§%Ó˚ Óy
≤ÃÌÙ §ÙˆÏÙ°

ï,˛ï˛#Î˚ §ÙˆÏÙ°

!mï˛#Î˚ §ÙˆÏÙ°

ã˛ï%˛Ì≈ §ÙˆÏÙ°

˛õM˛Ù §ÙˆÏÙ°

£Ï¤˛ §ÙˆÏÙ°
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ï˛Ó°yÓ˚ ̨õ!Ó˚!ô ÓÓ˚yÓÓ˚ ò,ì ¸̨Ë˛y Ï̂Ó xyê˛Ü˛y Ï̂ly Ó,_yÜ˛yÓ˚ ̨õò≈yÓ˚ fl∫yË˛y!ÓÜ˛

Ü˛¡õˆÏlÓ˚ ôÓ˚l ̂ Î §#Ùyly ¢ï≈˛ myÓ˚y !lô≈y!Ó˚ï˛ •Î˚ ï˛y •° ̨õò≈yÓ˚ ̨õ!Ó˚!ôÓ˚

í z̨̨ õÓ˚ xÓ!fiÌï˛ ̂ Ü˛y Ï̂ly !Ó®%•z Ü˛!¡õï˛ •Î˚ ly– ~Ó)̨̊ õ §ÇfiÌyÓ˚ Ü˛¡õ Ï̂lÓ˚

Ü˛¡õyAÜ˛§Ù)• !lî≈Î˚ Ü˛Ó˚y x!ôÜ˛ï˛Ó˚ ç!ê˛°– ~ˆÏ«˛ˆÏe ï˛Ó˚Aà!ÓhflÏyÓ˚

!mÙy!eÜ˛ •Î˚– Î!òG ~ˆÏ«˛ˆÏeG Ü˛¡õl ~Ü˛•z !lÎ˚ˆÏÙ •Î˚–

uuuuu  í˛zòy•Ó˚î  15.5  30.0 cm ò#â≈  ~Ü˛!ê˛ lˆÏ°Ó˚ ò%ÈüÈ≤Ãyhs˝ ˆáy°y–

lˆÏ° í˛zÍ˛õß¨ ˆÜ˛yl‰ §ÙˆÏÙ° 1.1 kHz  í˛zÍˆÏ§Ó˚ §yˆÏÌ xl%lyò

§,!T˛ Ü˛Ó˚ˆÏÓ⁄ l°!ê˛Ó˚ ~Ü˛≤Ãyhs˝ Órô Ü˛Ó˚y •ˆÏ° ~Ü˛•z í˛zÍˆÏ§Ó˚

§yˆÏÌ xl%lyò §,!T˛ •ˆÏÓ Ü˛#⁄ ôˆÏÓ˚ lyGñ ÓyÎ˚%ˆÏï˛ ¢ˆÏ∑Ó˚ o%!ï˛
330 m s–1.

í˛z_Ó˚ ı ≤ÃÌÙ §ÙˆÏÙˆÏ°Ó˚ Ü˛¡õyAÜ˛ •ˆÏÓñ

      ν
1
 = 

υ

λ

υ

1
2

  =
L

     (Ù%=˛ l°)

ˆÎáyˆÏl L •° lˆÏ°Ó˚ ̃ òâ≈ƒ–

 n ï˛Ù §ÙˆÏÙˆÏ°Ó˚ Ü˛¡õyAÜ˛ •ˆÏÓ ÈüüüÈ

ν
n
 = 

n

L

υ

2
, ı n = 1, 2, 3, ... (Ù%=˛ l°)

15.14  !ã˛ˆÏe ≤ÃÌÙ !Ü˛S%È §ÙˆÏÙˆÏ°Ó˚ §,!T˛ ̂ òáyˆÏly •ˆÏÎ˚ˆÏSÈ–

ˆÎ Ï̂•ï%̨ ñ  L = 30.0 cm, υ = 330 m s–1,

ν
n
 = 

n m s

m)

330

0 6

1
 (

 (

−
)

.

 = 550 n s–1

flõT˛ï˛•zñ  1.1 kHz Ü˛¡õy Ï̂AÜ˛Ó˚ í z̨Í§  v
2
 ï˛Ìy !mï˛#Î˚ §Ù Ï̂Ù Ï̂°Ó˚ §y Ï̂Ì

xl%lyò# •ˆÏÓ–

~ál l°!ê˛Ó̊ ~Ü˛≤Ãyhs˝ Órô Ü˛ Ï̂Ó̊ ̂ òGÎ̊y • Ï̂° å!ã˛e 15.15äñ §Ù#Ü˛Ó̊î

(14.50)  xl%ÎyÎ˚# Ù%°§%ˆÏÓ˚Ó˚ Ü˛¡õyAÜ˛ •ˆÏÓ ÈüüüÈ

ν
1
 =  

υ

λ

υ

1
4

  =
L

 (~Ü˛≤Ãyhs˝ ÓÂô l°)

~ÓÇ ~ˆÏï˛ ¢%ô%Ùye xÎ%@¬ §ÙˆÏÙ°à%ˆÏ°y•z í˛z˛õ!fiÌï˛ ÌyˆÏÜ˛  :

ν
3
 = 

3

4

υ

L
,  ν

5
 = 

5

4

υ

L
, ~ÓÇ ˛õÓ˚Óï˛#≈ §ÙˆÏÙ°à%ˆÏ°y–

L = 30 cm ~ÓÇ υ = 330 m s–1 •ˆÏ° ~Ü˛Ù%á ÓÂô lˆÏ° í˛zÍ˛õß¨

Ù)°§%ˆÏÓ˚Ó˚ Ü˛¡õyAÜ˛ •ˆÏÓ 275 Hz ~ÓÇ í˛zÍˆÏ§Ó˚ Ü˛¡õyAÜ˛ ~Ó˚ ã˛ï%˛Ì≈

§ÙˆÏÙˆÏ°Ó˚ §Ùyl– ̂ ÎˆÏ•ï%˛ ~•z §ÙˆÏÙ°!ê˛ §Ω˛Ó˛õÓ˚ lÎ˚ñ ̂ §ˆÏ•ï%˛ lˆÏ°Ó˚

~Ü˛≤Ãyhs˝ Órô Ü˛ˆÏÓ˚ ˆòGÎ˚y •ˆÏ° xl%lyò §,!T˛ •ˆÏÓ ly– ⊳

15.7   fl∫Ó˚Ü˛¡õ åBeatsä

ï˛Ó˚ˆÏAàÓ˚ Óƒ!ï˛ã˛yˆÏÓ˚Ó˚ Ê˛ˆÏ° §,T˛ fl∫Ó˚Ü˛¡õ ~Ü˛ ÙçyòyÓ˚ âê˛ly– ≤ÃyÎ˚

Ü˛ySÈyÜ˛y!SÈ å!Ü˛v §Ùyl lÎ˚ä Ü˛¡õyˆÏAÜ˛Ó˚ ò%!ê˛ ˆòy° ¢∑ ï˛Ó˚Aà ~Ü˛•z

§ÙˆÏÎ˚ ˆ¢yly ˆàˆÏ°ñ xyÙÓ˚y xl%Ó˚)˛õ Ü˛¡õyˆÏAÜ˛Ó˚ åò%!ê˛ ≤ÃyÎ˚ Ü˛ySÈyÜ˛y!SÈ

!ã˛e 15.14 ı ~Ü˛Ù%á ̂ áy°y G xlƒÙ%á Órô l Ï̂° xyÓÂô ÓyÎ%̊ hflÏ̂ ÏΩ˛Ó˚
Ü˛¡õˆÏlÓ˚ §yôyÓ˚î ôÓ˚l– ¢%ô%Ùye xÎ%@¬ §ÙˆÏÙ°à%ˆÏ°y
§Ω˛Ó˛õÓ˚ •ˆÏï˛ ˆòáy ÎyˆÏFSÈ–

§ÆÙ lÓÙ ~Ü˛yò¢
§ÙˆÏÙ° §ÙˆÏÙ° §ÙˆÏÙ°

.

.

Ù)°§%Ó˚ Óy ï,˛ï˛#Î˚ ˛õM˛Ù
≤ÃÌÙ §ÙˆÏÙ° §ÙˆÏÙ° §ÙˆÏÙ°
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Ü˛¡õy Ï̂AÜ˛Ó˚ àí ¸̨ä ~Ü˛!ê˛ ¢∑ ¢%l Ï̂ï˛ ̨õy•zñ !Ü˛v §y Ï̂Ì xyÓ˚G !Ü˛S%È ¢%l Ï̂ï˛

˛õy•z– í˛z˛õ!Ó˚˛õy!ï˛ï˛ ¢∑ï˛Ó˚Aà ò%!ê˛Ó˚ Ü˛¡õyˆÏAÜ˛Ó˚ ˛õyÌ≈ˆÏÜ˛ƒÓ˚ §Ùyl

Ü˛¡õyAÜ˛ !Ó!¢T˛ ¢ˆÏ∑Ó˚ ≤ÃyÓˆÏ°ƒÓ˚ Ó,!Âô ~ÓÇ •…y§  åwaxing and

waningä xyÙÓ˚y §%flõT˛Ó˚)ˆÏ˛õ ¢%lˆÏï˛ ˛õy•z– !¢“#Ó˚y ï˛yˆÏòÓ˚ ÓyòƒÎsf

˛õÓ˚flõ Ï̂Ó˚Ó˚ §y Ï̂Ì §%Ó˚Ü˛Ó˚î åtuningä Ü˛Ó˚̂ Ïï˛ ~•z âê˛lyÓ˚ ÓƒÓ•yÓ˚ ≤ÃyÎ˚•z

Ü˛ˆÏÓ˚ ÌyˆÏÜ˛l– ï˛yÓ˚y ~ ≤Ã!Ü ˛Î˚y ï˛ï˛«˛î ã˛y!°ˆÏÎ˚ Îylñ Îï˛«˛î ly ˛õÎ≈hs˝

ï˛yÓ˚y ˆÜ˛yˆÏly ~Ü˛!ê˛ fl∫Ó˚Ü˛¡õ ¢%lˆÏï˛ ˛õyl–

fl∫Ó˚Ü˛ˆÏ¡õÓ˚ ày!î!ï˛Ü˛ !ÓˆÏŸ’£ÏˆÏîñ ≤ÃyÎ˚ §Ùyl ˆÜ˛Ô!îÜ˛ Ü˛¡õyAÜ˛  ω
1

G ω
2
 !Ó!¢T˛ ò%!ê˛ ˆòy° ¢∑ ï˛Ó˚AàˆÏÜ˛ ôˆÏÓ˚ !l°yÙ ~ÓÇ §%!ÓôyˆÏÌ≈

≤ÃyÌ!ÙÜ˛ xÓfiÌyl ôÓ˚y •°  x = 0 – §%!ÓôyçlÜ˛ ò¢y åí˛zË˛Î˚ ï˛Ó˚ˆÏAàÓ˚

ˆ«˛ Ï̂e  φ = π/2 ) ~ÓÇ í z̨Ë˛Î̊ ï˛Ó̊ Ï̂AàÓ̊ !ÓhflÏyÓ̊ §Ùyl ô Ï̂Ó̊ !l Ï̂° §Ù#Ü˛Ó̊î

(15.2) ̂ ÌˆÏÜ˛ ̨ õyGÎ˚y ÎyÎ˚ ÈüüüÈ

 s
1
 = a 

 
cos ω

1
t   ~ÓÇ  s

2
 = a 

 
cos ω

2
t          (15.45)

ˆÎˆÏ•ï%˛ xyÙÓ˚y !ï˛Î≈Ü˛ §Ó˚ˆÏîÓ˚ ˛õ!Ó˚ÓˆÏï≈˛ xl%˜Ïòâ≈ƒ §Ó˚î ≤Ã§ˆÏAà

xyˆÏ°yã˛ly Ü˛Ó˚!SÈ ï˛y•z ~ˆÏ«˛ˆÏe  y ˆÜ˛  s myÓ˚y ≤Ã!ï˛fiÌy!˛õï˛ Ü˛Ó˚y •°–

ô!Ó˚ñ ò%!ê˛ ˆÜ˛Ô!îÜ˛ Ü˛¡õyˆÏAÜ˛Ó˚ ÙˆÏôƒ ω
1
 §yÙylƒ ˆÓ!¢– ï˛Ó˚ˆÏAàÓ˚

í˛z˛õ!Ó˚˛õyï˛ˆÏlÓ˚ l#!ï˛ xl%§yˆÏÓ˚ °!kô §Ó˚îñ
s =  s

1
 + s

2
 = a (cos

 
ω

1 
t + cos ω

2 
t)

x!ï˛ ˛õ!Ó˚!ã˛ï˛ !eˆÏÜ˛yî!Ù!ï˛Ü˛ xˆÏË˛òñ  cos A + cosB, ÓƒÓ•yÓ˚ Ü˛ˆÏÓ˚

˛õy•z ÈüüüÈ

s =
−( ) +( )

 2  
1 2 1 2

a
t t

cos cos
ω ω ω ω  

2 2
(15.46)

Óyñ s = [ 2 a  cos ω
b 
t ] cos ω

a
t (15.47)

 ˆÎáyˆÏlñ

ω
b
 = 

ω ω1 2 −( )
2

  ~ÓÇ  ω
a
 = 

ω ω1 2 +( )
2

 G

|ω
1 
– ω

2
| <<ω

1
, ω

2
, ω

a
 >> ω

b
,

~ál Î!ò ôˆÏÓ˚ !l•z  |ω
1 
– ω

2
| <<ω

1
 ï˛Ìy ω

a
 >> ω

b
, xyÙÓ˚y

(15.47) §Ù#Ü˛Ó˚î!ê˛ˆÏÜ˛ !l¡¨Ó˚)ˆÏ˛õ Óƒyáƒy Ü˛Ó˚ˆÏï˛ ˛õy!Ó˚– °!kô ï˛Ó˚Aà!ê˛

ω
a
 àí˛¸ ˆÜ˛Ô!îÜ˛ Ü˛¡õyˆÏAÜ˛ ˆòy°y!Î˚ï˛ •Î˚ñ  Î!òG ~Ó˚ !ÓhflÏyÓ˚ !Ó¢%Âô

ˆòy°ï˛ ï˛Ó˚ˆÏAàÓ˚ lƒyÎ˚ §ÙˆÏÎ˚Ó˚ §yˆÏÌ ô %ÓÜ˛ ÌyˆÏÜ˛ ly–  cos ω
b 
t ̨õò!ê˛Ó˚

§#ÙyfiÌ Ùyl  +1 Óy –1 ˆlGÎ˚y •ˆÏ° !ÓhflÏyÓ˚ §ˆÏÓ≈yFã˛ •Î˚– xlƒÜ˛ÌyÎ˚ñ

°!kô ï˛Ó˚ˆÏAàÓ˚ ï˛#Ó ï˛y  2ω
b
 = ω

1
 – ω

2
 ˆÜ˛Ô!îÜ˛ Ü˛¡õyˆÏAÜ˛Ó˚ §ˆÏAà

Fig. 15.15 ~Ü˛!ê˛ ˆáy°y lˆÏ° §,T˛ fiÌyl%ï˛Ó˚ˆÏAà !ã˛!eï˛
≤ÃÌÙ ã˛yÓ˚!ê˛ §ÙˆÏÙ°–

§Çà#ï˛ hflÏΩ˛

åMusical Pillarsä

!Ó!Ë˛ß ¨ Ù!®ˆÏÓ ˚ ÓyòƒÎsf

ÓyòlÓ˚ï˛ ÙylÓ !ã˛eá!ã˛ï˛

!Ü˛S%È !Ü˛S%È hflÏΩ˛ ÌyˆÏÜ˛ó !Ü˛v

Ü˛òy!ã˛ï˛ !Ü˛S%È hflÏΩ˛ !lˆÏçÓ˚y•z

§Çà#ï˛ å§%Ó˚ä §,!T˛ Ü˛ˆÏÓ˚–

ï˛y!Ù°lyí˛YÓ˚ ̂ lÕ‘y•z xyØyÓ˚

åNellaiappar templeä

Ù!® Ï̂Ó˚ñ ~Ü˛!ê˛Ùye ̨õyÌ Ï̂Ó˚ ̂ áyòy•z Ü˛Ó˚y hflÏΩ˛à%̂ ÏFSÈ Ù,ò% xyâyï˛ Ü˛Ó˚̂ Ï°

Ë˛yÓ˚ï˛#Î˚ ¢yflf#Î˚ §Çà#ˆÏï˛Ó˚ åIndian classical musicä Ù)°

§%Ó˚§Ù)• §yñ ˆÓ˚ñ àyñ Ùyñ ˛õyñ ôyñ !lñ §y §,!T˛ •Î˚– hflÏΩ˛§Ù)ˆÏ•Ó˚

Ü˛¡õl ̨õyÌ Ï̂Ó˚Ó˚ !fiÌ!ï˛fiÌy˛õÜ˛ï˛yñ âlc ~ÓÇ xyÜ,̨ !ï˛Ó˚ í z̨̨ õÓ˚ !lË≈̨ Ó˚

Ü˛ Ï̂Ó˚–

§%Ó˚hflÏΩ˛§Ù)• !ï˛l!ê˛ ̂ ◊!îˆÏï˛ !ÓË˛=˛ ≤ÃÌÙ ≤ÃÜ˛yÓ˚ˆÏÜ˛ Ó°y •Î˚

◊%!ï˛ hflÏΩ˛ñ ~Ó˚y Ù)° §%Ó˚§Ù)• Óy fl∫Ó˚ §,!T˛ Ü˛Ó˚ˆÏï˛ ˛õyˆÏÓ˚– !mï˛#Î˚

≤ÃÜ˛yˆÏÓ˚Ó˚ hflÏΩ˛§Ù)• Ó° àyly Ì%Aà° åGana Thoongal ä ÎyÓ˚y

Ù)° §%Ó˚ §,!T˛ Ü˛ˆÏÓ˚ ÎyˆÏòÓ˚ §Ùß∫ˆÏÎ˚ ̃ ï˛!Ó˚ •Î˚ Ó˚yà– ï,˛ï˛#Î˚ ≤ÃÜ˛yˆÏÓ˚Ó˚

hflÏΩ˛§Ù)• •° °Î̊ Ì%Aà° åLaya Thoongalä ÈüüüÈ ~ Ï̂òÓ̊ Ï̂Ü˛ xyâyï˛

Ü˛Ó˚ˆÏ° Úï˛y°Û (beats) í˛zÍ˛õß¨ •Î˚– ˆl°y•z xyØyÓ˚ Ù!®ˆÏÓ˚Ó˚

hflÏΩ˛§Ù)• •° ◊%!ï˛ hflÏΩ˛ G °Î˚hflÏˆÏΩ˛Ó˚ §Ùß∫Î˚–

≤Ãbï˛y!_¥Ü˛ åArchaeologistsä ÙˆÏï˛ ˆlÕ‘y•z xyØyÓ˚

Ù!®Ó˚!ê˛ §ÆÙ ¢ï˛y∑#Ó˚ ~ÓÇ ~!ê˛ ̨ õy[˛ Ó˚yçÓÇˆÏ¢Ó˚ Ó˚yçyÓ˚y ̃ ï˛!Ó˚

Ü˛!Ó˚ˆÏÎ˚!SÈˆÏ°l–

ˆl°y•z xyØyÓ˚ Ù!®Ó˚ ~ÓÇ •y!¡õñ Ü˛lƒyÜ% ˛ÙyÓ˚# G

!ï˛Ó˚%Óhs˝˛õ%Ó˚ÙÈüÈ~Ó˚ Ù!®Ó˚à%ˆÏ°yÓ˚ ÙˆÏï˛y ò!«˛îÈüÈË˛yÓ˚ˆÏï˛Ó˚ !Ó!Ë˛ß¨

Ù!®ˆÏÓ˚Ó˚ §%Ó˚hflÏΩ˛§Ù)• xyÙyˆÏòÓ˚ ˆòˆÏ¢ xllƒ ~ÓÇ ˛õ,!ÌÓ#Ó˚ xlƒ

ˆÜ˛yÌyG xyÓ˚ ˆl•z–

Ù)°§%Ó˚ Óy ≤ÃÌÙ §ÙˆÏÙ°

ï,˛ï˛#Î˚ §ÙˆÏÙ°

!mï˛#Î˚ §ÙˆÏÙ°

ã˛ï%˛Ì≈ §ÙˆÏÙ°
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~Ü˛!ê˛ !fiÌÓ˚ ¢∑ í˛zÍˆÏ§Ó˚ !òˆÏÜ˛ o%ï˛ o%!ï˛ˆÏï˛ x@˝Ã§Ó˚ ••z ï˛ál ¢ˆÏ∑Ó˚

ï˛#«¯˛ï˛y ¢∑ í˛zÍˆÏ§Ó˚ ≤ÃÜ,˛ï˛ Ü˛¡õyAÜ˛ xˆÏ˛õ«˛y ̂ Ó!¢ ÙˆÏl •Î˚– ̂ ◊yï˛y

¢∑ í˛zÍ§ ˆÌˆÏÜ˛ ò)ˆÏÓ˚ §ˆÏÓ˚ ˆÎˆÏï˛ ÌyÜ˛ˆÏ° ˆflÀyï˛yÓ˚ !lÜ˛ê˛ ¢ˆÏ∑Ó˚

ï˛#«¯˛ï˛y Óy Ü˛¡õyAÜ˛ñ í˛zÍˆÏ§Ó˚ ≤ÃÜ,˛ï˛ Ü˛¡õyAÜ˛ xˆÏ˛õ«˛y Ü˛Ù ÙˆÏl •Î˚–

à!ï˛Ó˚ §yˆÏÌ §¡õ!Ü≈˛ï˛ Ü˛¡õyˆÏAÜ˛Ó˚ ~Ó˚)˛õ ̨ õ!Ó˚Óï≈˛lˆÏÜ˛ í˛˛õ°yÓ˚ !Ü ˛Î˚y
ÓˆÏ°– x!fiê˛∆Î˚yl ˛õòyÌ≈!Óò ˆçy•yl !Ü ˛!Ÿã˛Î˚yl í˛˛õ°yÓ˚ åJohann

Christian Doppler ä 1842 !á fiê˛yˆÏ∑ §Ó≈≤ÃÌÙ ~•z ≤ÃË˛yˆÏÓÓ˚ Ü˛Ìy

≤ÃhflÏyÓ Ü˛ˆÏÓ˚l– 1845 !á fiê˛yˆÏ∑ñ Óy•z§ Óƒy°ê˛ ˛õÓ˚#«˛yÓ˚ §y•yˆÏÎƒ ~!ê˛

≤ÃÙyî Ü˛ˆÏÓ˚l– í˛˛õ°yÓ˚ !Ü ˛Î˚y ~Ü˛ ï˛Ó˚Aà !Ó£ÏÎ˚Ü˛ âê˛lyñ ~!ê˛ ¢%ô%Ùye

¢∑ ï˛Ó˚ˆÏAàÓ˚ ˆ«˛ˆÏe•z âˆÏê˛ ï˛y lÎ˚ñ ï˛!í˛¸Fã%˛¡∫Ü˛#Î˚ ï˛Ó˚ˆÏAàÓ˚ ˆ«˛ˆÏeG

âˆÏê˛– Îy ̂ •yÜ˛ñ ~áyˆÏl xyÙÓ˚y ¢%ô%Ùye ¢∑ ï˛Ó˚AàˆÏÜ˛ !lˆÏÎ˚•z xyˆÏ°yã˛ly

Ü˛Ó˚Ó–

ˆáy°y lˆÏ° ¢ˆÏ∑Ó˚ ≤Ã!ï˛Ê˛°l åReflection of sound

in an open pipeä

Îál ÓyÎ˚%Ó˚ ~Ü˛!ê˛ í˛zFã˛ã˛y˛õ

flõ®l ~Ü˛!ê˛ ˆáy°y lˆÏ°

l# Ï̂ã˛Ó̊ !ò Ï̂Ü˛ x@˝Ã§Ó̊ •Î̊ l Ï̂°Ó̊

x˛õÓ˚ ≤ÃyˆÏhs˝ ˆ˛õÔÑSÈyÎ˚ñ ~Ó˚

Ë˛Ó˚ˆÏÓà lˆÏ°Ó˚ ÓyÎ˚%ˆÏÜ˛ ˆê˛ˆÏl

Óy•zˆÏÓ˚ !lˆÏÎ˚ xyˆÏ§ñ ˆÎáyˆÏl

ã˛y˛õ o%ï˛ Ü˛ˆÏÙ ÓyÎ˚%Ù[˛°#Î˚

ã˛yˆÏ˛õ ˆlˆÏÙ xyˆÏ§– ~Ó˚ Ê˛ˆÏ°

flõ®ˆÏlÓ˚ ˆ˛õSÈˆÏl xy§y !Ü˛S%È

ÓyÎ̊%G l° ̂ Ì Ï̂Ü˛ Óy•ẑ ÏÓ̊ ̂ Ó!Ó̊ Ï̂Î̊ ÎyÎ̊– l Ï̂°Ó̊ ̂ áy°y ≤Ãy Ï̂hs˝Ó̊ !l¡̈ã˛y˛õ

lˆÏ°Ó˚ í˛z˛õ!Ó˚Ë˛yˆÏàÓ˚ !Ü˛S%È ÓyÎ˚%ˆÏÜ˛ ˆê˛ˆÏl ly!ÙˆÏÎ˚ xyˆÏl– ˆáy°y

≤Ãy Ï̂hs˝Ó˚ !ò Ï̂Ü˛ ̂ l Ï̂Ù xy§y ÓyÎ%̊ !l¡¨ã˛y˛õ  ̂ «˛e Ï̂Ü˛ í z̨̨ õÓ˚ !ò Ï̂Ü˛ ã˛y!°ï˛

Ü˛ Ï̂Ó̊– Ê˛°fl∫Ó̊)̨ õ l Ï̂°Ó̊ l# Ï̂ã˛Ó̊ !ò Ï̂Ü˛ ã˛°Ùyl í z̨Fã˛ã˛y˛õ flõ®l !l¡̈ã˛y˛õ

flõ® Ï̂l Ó)̨̊ õyhs˝!Ó˚ï˛ • Ï̂Î˚ l Ï̂°Ó˚ í z̨̨ õÓ˚ !ò Ï̂Ü˛ í z̨ë˛ Ï̂ï˛ ¢%Ó%̊ Ü˛ Ï̂Ó˚– xyÙÓ˚y

Ó° Ï̂ï˛ ̨õy!Ó˚ñ ~Ü˛!ê˛ ã˛y˛õ ï˛Ó˚Aà 1800 ò¢yÓ˚ ̨õ!Ó˚Óï≈̨ l â!ê˛ Ï̂Î˚ l Ï̂°Ó˚

ˆáy°y ≤Ãyhs˝ ̂ Ì Ï̂Ü˛ ≤Ã!ï˛Ê˛!°ï˛ • Ï̂Î˚̂ ÏSÈ– ~Ó)̨̊ õ âê˛lyÓ˚ Ê˛ Ï̂°•z ÓÑy!¢Ó˚

ÙˆÏï˛y xà≈ƒyl lˆÏ° fiÌyl%ï˛Ó˚ˆÏAàÓ˚ §,!T˛ •Î˚–

Îál ~Ü˛!ê˛ í z̨Fã˛ã˛y˛õ ÓyÎ%̊Ó˚ flõ®l l Ï̂°Ó˚ ÓÂô ≤Ãy Ï̂hs˝ ̂ ˛õÔÑSÈy Ï̂°

Îy âˆÏê˛ ï˛yÓ˚ §yˆÏÌ ~Ó˚ ï%˛°ly Ü˛ˆÏÓ˚y ı ÓÂô ≤ÃyˆÏhs˝Ó˚ §yˆÏÌ í˛zFã˛ã˛y˛õ

flõ®ˆÏlÓ˚ §Çâyï˛ âˆÏê˛ ~ÓÇ ~Ó˚ Ê˛°fl∫Ó˚)˛õ ÓyÎ˚% !Ó˛õÓ˚#ï˛ x!Ë˛Ù%ˆÏá

!Ê˛ Ï̂Ó̊ xy Ï̂§– ~ Ï̂«˛ Ï̂eñ xyÙÓ̊y Ó° Ï̂ï˛ ̨õy!Ó̊ñ ò¢y ̨õyÌ≈̂ ÏÜ˛ƒÓ̊ ̨õ!Ó̊Óï≈̨ l

ly â!ê˛ˆÏÎ˚•z ã˛y˛õ ï˛Ó˚Aà ≤Ã!ï˛Ê˛!°ï˛ •Î˚–

!ã˛e 15.16 ò%!ê˛ ˆòy°ï˛Ó˚ˆÏAàÓ˚ í˛z˛õ!Ó˚˛õyï˛lñ (a) ~Ü˛!ê˛Ó˚ Ü˛¡õyAÜ˛ 11

Hz  ~ÓÇ (b) x˛õÓ˚!ê˛Ó˚ Ü˛¡õyAÜ˛ 9 Hzó 2 Hz Ü˛¡õyAÜ˛

!Ó!¢T˛ fl∫Ó˚Ü˛ˆÏ¡õÓ˚ §,!T˛ Ü˛ˆÏÓ˚ˆÏSÈ  (c)–

í˛zë˛ylyÙy Ü˛ˆÏÓ˚– ̂ ÎˆÏ•ï%˛ ω = 2πν  fl∫Ó˚Ü˛ˆÏ¡õÓ˚ Ü˛¡õyAÜ˛
ν

beat
 = ν

1
 – ν

2
(15.48)

15.16 !ã˛ Ï̂eñ  11 Hz ~ÓÇ 9 Hz Ü˛¡õyAÜ˛ !Ó!¢T˛ ò%!ê˛ ̂ òy°ï˛Ó̊ Ï̂AàÓ̊

í˛z˛õ!Ó˚˛õyï˛ˆÏlÓ˚ Ê˛ˆÏ° fl∫Ó˚Ü˛ˆÏ¡õÓ˚ §,!T˛ ˆòáyˆÏly •ˆÏÎ˚ˆÏSÈ– °!kô ï˛Ó˚Aà

2 Hz Ü˛¡õy Ï̂AÜ˛Ó˚ fl∫Ó˚Ü˛¡õ í z̨Í˛õß¨ Ü˛ Ï̂Ó˚–

uuuuu í˛zòy•Ó˚î  15.6  ò%!ê˛ ˆ§ï˛yÓ˚ ï˛yÓ˚  A ~ÓÇ B ˆï˛ ÚôyÛ §%Ó˚!ê˛

§yÙylƒ §%Ó˚ ˛õyÌ≈ˆÏÜ˛ƒ ˆÓˆÏç 5 Hz Ü˛¡õyˆÏAÜ˛Ó˚ fl∫Ó˚Ü˛¡õ §,!T˛

Ü˛ Ï̂Ó˚–  B ï˛y Ï̂Ó˚Ó˚ ê˛yl §yÙylƒ Óyí ¸̨y Ï̂° fl∫Ó˚Ü˛ Ï̂¡õÓ˚ Ü˛¡õyAÜ˛ Ü˛ Ï̂Ù

3 Hz •Î˚– A ï˛yˆÏÓ˚Ó˚ Ü˛¡õyAÜ˛ 427 Hz •ˆÏ° B ï˛yˆÏÓ˚Ó˚ Ù)°

Ü˛¡õyAÜ˛ Ü˛ï˛⁄

í˛z_Ó˚ / ï˛yˆÏÓ˚Ó˚ ê˛yl Ó,!ÂôˆÏï˛ ï˛yÓ˚!ê˛Ó˚ Ü˛¡õyAÜ˛ Ó,!Âô ˛õyÎ˚– Î!ò  B

ï˛yˆÏÓ˚Ó˚ Ù)° Ü˛¡õyAÜ˛ ν
B
ñ  A ï˛yˆÏÓ˚Ó˚ Ù)° Ü˛¡õyAÜ˛ ν

A 
xˆÏ˛õ«˛y ̂ Ó!¢ •Î˚

ï˛ˆÏÓ ν
B
 ~Ó˚ xyÓ˚G Ó,!ÂôÓ˚ Ê˛ˆÏ° fl∫Ó˚Ü˛ˆÏ¡õÓ˚ Ü˛¡õyAÜ˛ Ó,!Âô ˛õyGÎ˚y

í z̨!ã˛ï˛– !Ü˛v ~ Ï̂«˛ Ï̂e fl∫Ó˚Ü˛ Ï̂¡õÓ˚ Ü˛¡õyAÜ˛ •…y§ ̂ ˛õ Ï̂Î˚̂ ÏSÈ– xï˛~Óñ  ν
B

< ν
A
 – ̂ Î Ï̂•ï%̨  ν

A
 – ν

B
 = 5 Hz, ~ÓÇ ν

A
 = 427 Hz, §%ï˛Ó̊yÇ ν

B
 = 422

Hz.             ⊳

15.8    í˛˛õ°yÓ˚ !Ü ˛Î˚y åDoppler effectä

~!ê˛ ~Ü˛ ˜òl!®l x!Ë˛K˛ï˛y ˆÎ ò)ˆÏÓ˚ §ˆÏÓ˚ ˆÎˆÏï˛ ÌyÜ˛y ~Ü˛!ê˛ o%ï˛àyÙ#

ˆê ∆̨̂ ÏlÓ˚ ÓÑy!¢Ó˚ Óy • Ï̂l≈Ó˚ ï˛#«¯̨ ï˛y Óy Ü˛¡õyAÜ˛ Ü˛Ù Ï̂ï˛ Ìy Ï̂Ü˛– xyÙÓ˚y Îál
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xyÙÓ˚y !ï˛l!ê˛ !Ó!Ë˛ß¨ ̨ õ!Ó˚!fiÌ!ï˛ˆÏï˛ Ü˛¡õyˆÏAÜ˛Ó˚ ̨ õ!Ó˚Óï≈˛l !ÓˆÏŸ’£Ïî

Ü˛Ó˚Ó ı (1) ̂ ◊yï˛y !fiÌÓ˚ !Ü˛v í z̨Í§ à!ï˛¢#°ñ (2) ̂ ◊yï˛y à!ï˛¢#° !Ü˛v

í˛zÍ§ !fiÌÓ˚ ~ÓÇ (3) ˆ◊yï˛y G í˛zÍ§ í˛zË˛ˆÏÎ˚•z à!ï˛¢#°– ˆ◊yï˛y ~ÓÇ

Ùyôƒ Ï̂ÙÓ˚ Ù Ï̂ôƒ xy Į̈̂ õ!«˛Ü˛ à!ï˛ ÌyÜ˛y xÌÓy ly ÌyÜ˛yÓ˚ Ü˛yÓ˚̂ Ïî ̨õ!Ó˚!fiÌ!ï˛

(1) ~ÓÇ (2) ˛õÓ˚flõÓ˚ !Ë˛ß¨ •Î˚– x!ôÜ˛yÇ¢ ï˛Ó˚ˆÏAàÓ˚ §M˛y°ˆÏlÓ˚ çlƒ

~Ü˛!ê˛ Ùyôƒ Ï̂ÙÓ˚ ≤Ã Ï̂Î˚yçl •Î˚ ı Î!òG ï˛!í ¸̨Fã%̨ ¡∫Ü˛#Î˚ ï˛Ó˚̂ ÏAàÓ˚ §M˛y° Ï̂lÓ˚

çlƒ ˆÜ˛yˆÏly ÙyôƒˆÏÙÓ˚ ≤ÃˆÏÎ˚yçl •Î˚ ly– Î!ò ˆÜ˛yˆÏly ÙyôƒÙ ly ÌyˆÏÜ˛

ï˛ Ï̂Ó ò%!ê˛ ̨õ!Ó˚!fiÌ!ï˛Ó˚ Ù Ï̂ôƒ ̨õyÌ≈Ü˛ƒ Ü˛Ó˚yÓ˚ ̂ Ü˛y Ï̂ly í z̨̨ õyÎ˚ Ìy Ï̂Ü˛ lyñ Ê˛ Ï̂°

í˛zÍ§ à!ï˛¢#° ˆ•yÜ˛ !Ü˛ÇÓy ˆ◊yï˛y à!ï˛¢#° ˆ•yÜ˛ í˛˛õ°yÓ˚ §Ó˚î ~Ü˛•z

•Î˚–

15.8.1   í˛zÍ§ à!ï˛¢#° ı ˛õÎ≈ˆÏÓ«˛Ü˛ !fiÌÓ˚ åSource Moving ;

Observer Stationaryä

ã˛ Ï̂°y xyÙÓ˚y ̨õÎ≈̂ ÏÓ«˛Ü˛ ̂ Ì Ï̂Ü˛ í z̨Í Ï̂§Ó˚ !ò Ï̂Ü˛ ̂ Ó Ï̂àÓ˚ x!Ë˛Ù%á Ï̂Ü˛ ̂ Ó Ï̂àÓ˚

ôlydÜ˛ x!Ë˛Ù%á ô Ï̂Ó˚ !l•z– Ù Ï̂l Ü˛!Ó˚ñ ~Ü˛!ê˛ í z̨Í§ ÚSÛ vs ̂ Ó Ï̂à à!ï˛¢#°

~ÓÇ ~Ü˛çl ̨õÎ≈ˆÏÓ«˛Ü˛ ~Ùl ~Ü˛!ê˛ !lˆÏò≈¢ï˛ˆÏsf !fiÌÓ˚ xÓfiÌyÎ˚ xyˆÏSÈ

ˆÎáyˆÏl ÙyôƒÙG !fiÌÓ˚ xÓfiÌyÎ˚ xyˆÏSÈ– ôˆÏÓ˚ !l•zñ ÙyôƒˆÏÙÓ˚ §yˆÏ˛õˆÏ«˛

!fiÌÓ˚ xÓfiÌyÎ˚ ÌyÜ˛y ̂ Ü˛yˆÏly ̨ õÎ≈ˆÏÓ«˛Ü˛ myÓ˚y ̨ õ!Ó˚Ùy˛õ Ü˛Ó˚y ω ˆÜ˛Ô!îÜ˛

Ü˛¡õyAÜ˛ G To ˛õÎ≈yÎ˚Ü˛y° !Ó!¢T˛ ~Ü˛!ê˛ ï˛Ó˚ˆÏAàÓ˚ o%!ï˛ v ~ÓÇ

˛õÎ≈ˆÏÓ«˛ˆÏÜ˛Ó˚ Ü˛yˆÏSÈ ~Ü˛!ê˛ ¢ly=˛Ü˛yÓ˚# ådetectorä Îsf xyˆÏSÈ Îy GÓ˚

Ü˛y Ï̂SÈ ̂ ˛õÔÑSÈy Ï̂ly ≤Ã Ï̂ï˛ƒÜ˛ ï˛Ó˚Aà¢#£Ï≈ àîly Ü˛ Ï̂Ó˚– !ã˛e 15.17 ~ ̂ ÎÙlê˛y

ˆòáyˆÏly •ˆÏÎ˚ˆÏSÈ t = 0 §ÙˆÏÎ˚ í˛zÍ§!ê˛ ˛õÎ≈ˆÏÓ«˛Ü˛ ˆÌˆÏÜ˛ L ò)Ó˚ˆÏc

S1!Ó®%ˆÏï˛ xÓ!fiÌï˛ ~ÓÇ ~Ü˛!ê˛ ï˛Ó˚Aà¢#£Ï≈ í˛zÍ˛õß¨ Ü˛ˆÏÓ˚ˆÏSÈ Îy t
L

1
=

ν

§ÙˆÏÎ˚ ̨ õÎ≈ˆÏÓ«˛ˆÏÜ˛Ó˚ !lÜ˛ê˛ ̂ ˛õÔÑSÈyÎ˚– t = To §ÙˆÏÎ˚ í˛zÍ§!ê˛  vsTo ò)Ó˚c

x!ï˛Ü ̨ Ù Ü˛ Ï̂Ó˚ ̨õÎ≈̂ ÏÓ«˛Ü˛ ̂ Ì Ï̂Ü˛ (L + vsTo) ò)Ó˚̂ Ïc xÓ!fiÌï˛  S2 !Ó®%̂ Ïï˛

ˆ˛õÔÑSÈyÎ˚– S2 !Ó®%ˆÏï˛ í˛zÍ§ !mï˛#Î˚ ~Ü˛!ê˛ ï˛Ó˚Aà¢#£Ï≈ í˛zÍ˛õß¨ Ü˛ˆÏÓ˚– ~!ê˛

˛õÎ≈ˆÏÓ«˛ˆÏÜ˛Ó˚ !lÜ˛ê˛ t2 §ÙˆÏÎ˚ ˆ˛õÑÔSÈyÎ˚–

ˆÎáyˆÏl t T
L T

v
2 0
  

 
 

s 0= +
+( ) υ

n To §Ù Ï̂Î˚ í z̨Í§  (n+1) ï˛Ù ï˛Ó˚Aà¢#£Ï≈ í z̨Í˛õß¨ Ü˛ Ï̂Ó˚ Îy ̨õÎ≈̂ ÏÓ«˛ Ï̂Ü˛Ó˚

!lÜ˛ê˛ ̂ ˛õÔÑSÈyÎ˚

t n T
L T

n

n

v
+

s 0
   

 
 

1
= +

+( )
0

 υ
§ÙˆÏÎ˚–

xï˛~Óñ

nT
L nv T

v

L

v

s

0 +
+( )

−










  
 

0

§Ù Ï̂Î̊Ó̊ ÓƒÓôy Ï̂l ̨õÎ≈̂ ÏÓ«˛ Ï̂Ü˛Ó̊ ¢ly=˛Ü˛yÓ̊# Îsf n §ÇáƒÜ˛ ï˛Ó̊Aà¢#£Ï≈ àîly

Ü˛ Ï̂Ó̊ ~ÓÇ ˛õÎ≈̂ ÏÓ«˛Ü˛ ï˛Ó̊ Ï̂AàÓ̊ ˆÎ ˛õÎ≈yÎ̊Ü˛y°ñ !°!˛õÓÂô Ü˛ Ï̂Ó̊ ï˛y •° ÈüüüÈ

T nT
L n T

v

L

v
n  

 
/  

s 0= +
+( )

−








0

 v

   =  T
T

v
0

+
v

s 0

Óy T  =  T
v

v
0

1+





s

(15.49)

§Ù#Ü˛Ó˚î (15.49) ˆÜ˛ Ü˛¡õyˆÏAÜ˛Ó˚  vo §y•yˆÏÎƒG ˆ°áy ÎyÎ˚– Î!ò

í z̨Í§ G ̨õÎ≈̂ ÏÓ«˛Ü˛ í z̨Ë˛ Ï̂Î˚ !fiÌÓ˚ Ìy Ï̂Ü˛ ï˛ Ï̂Ó ~•z Ü˛¡õyAÜ˛ åvoä ̨õ!Ó˚Ùy˛õ

Ü˛Ó˚y •Î˚ ~ÓÇ í˛zÍ§!ê˛Ó˚ à!ï˛¢#° xÓfiÌyÎ˚ !lî#≈ï˛ Ü˛¡õyAÜ˛  v •ˆÏ°

v  = v
0

1

1+





−
v

v

s

(15.50)

ï˛Ó˚Aà Ï̂Óà v ~Ó˚ ï%̨ °lyÎ˚ í z̨Í Ï̂§Ó˚ ̂ Óà  vs «%̨ o • Ï̂°ñ !m˛õò !Óhfl,Ï!ï˛Ó˚

υs/v ~Ó˚ ~Ü˛âyˆÏï˛Ó˚ ˛õò ˛õÎ≈hs˝ !lˆÏÎ˚ ~ÓÇ í˛zFã˛âyˆÏï˛Ó˚ ˛õòà%ˆÏ°yˆÏÜ˛

x@˝Ãy•ƒ Ü˛ˆÏÓ˚ ̨ õyGÎ˚y  (15.50) §Ù#Ü˛Ó˚ˆÏîÓ˚ xy§ß¨Ó˚)˛õ!ê˛ •ˆÏÓ

v  = v
v

v

s

0
1−





(15.51)

˛õÎ≈ˆÏÓ«˛ˆÏÜ˛Ó˚ !òˆÏÜ˛ ~!àˆÏÎ˚ xy§y í˛zÍˆÏ§Ó˚ ˆ«˛ˆÏe  vs ˆÜ˛  – vs myÓ˚y

≤Ã!ï˛fiÌy˛õl Ü˛ˆÏÓ˚ ˛õyGÎ˚y ÎyÎ˚

v = v
v

v

s

0
1+





                                        (15.52)

~Ë˛yˆÏÓñ ˛õÎ≈ˆÏÓ«˛ˆÏÜ˛Ó˚ !lÜ˛ê˛ ï˛yÓ˚ ˆÌˆÏÜ˛ ò)ˆÏÓ˚ §ˆÏÓ˚ ÎyGÎ˚y í˛zÍˆÏ§Ó˚

Ü˛¡õyAÜ˛ˆÏÜ˛ñ í˛zÍ§!ê˛ !fiÌÓ˚ ÌyÜ˛y xÓfiÌyÎ˚ Ü˛¡õyAÜ˛ xˆÏ˛õ«˛y Ü˛Ù ÙˆÏl

• Ï̂Ó– xyÓyÓ˚ Îál í z̨Í§!ê˛ ï˛yÓ˚ !ò Ï̂Ü˛ ~!à Ï̂Î˚ xy Ï̂§ ï˛ál í z̨Fã˛ Ü˛¡õyAÜ˛

˛õ!Ó˚Ùy˛õ Ü˛ Ï̂Ó˚–

15.8.2 ˛õÎ≈̂ ÏÓ«˛Ü˛ à!ï˛¢#°ó í z̨Í§ !fiÌÓ˚ åObserver Moving;

Source Stationaryä

~álñ !fiÌÓ˚ í˛zÍˆÏ§Ó !òˆÏÜ˛  vo ˆÓˆÏà à!ï˛¢#° ˛õÎ≈ˆÏÓ«˛ˆÏÜ˛Ó˚ ˆ«˛ˆÏe

í˛˛õ°yÓ˚ §Ó˚î !lî≈Î˚ Ü˛Ó˚ˆÏï˛ xyÙÓ˚y ~Ü˛ !Ë˛ß¨ ˛õÂô!ï˛ˆÏï˛ x@˝Ã§Ó˚ •Ó–

!ã˛e 15.17 Îál í z̨Í§ à!ï˛¢#° ~ÓÇ ̨õÎ≈̂ ÏÓ«˛Ü˛ Ùyôƒ Ï̂Ù !fiÌÓ˚ xÓfiÌyÎ˚
xyˆÏSÈ ~Ùl ˆ«˛ˆÏe í˛˛õ°yÓ˚ !Ü ˛Î˚y åï˛Ó˚ˆÏAàÓ˚ Ü˛¡õyˆÏAÜ˛Ó˚
˛õ!Ó˚Óï≈˛lä ¢ly=˛Ü˛Ó˚î–
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xyÙÓ̊y à!ï˛¢#° ˛õÎ≈̂ ÏÓ«˛ Ï̂Ü˛Ó̊ !l Ï̂ò≈¢ï˛ Ï̂sf•z Ü˛yç Ü˛Ó̊Ó– ~•z !l Ï̂ò≈¢ï˛ Ï̂sf

í z̨Í§ ~ÓÇ ÙyôƒÙ í z̨Ë˛ Ï̂Î̊•z  vo o%!ï˛ Ï̂ï˛ ˛õÎ≈̂ ÏÓ«˛ Ï̂Ü˛Ó̊ !ò Ï̂Ü˛ x@˝Ã§Ó̊ • Ï̂FSÈ

~ÓÇ Ê˛ Ï̂° ï˛Ó̊Aà!ê˛ x@˝Ã§Ó̊ • Ï̂FSÈ åvo + v ä o%!ï˛ Ï̂ï˛– ˛õ)̂ ÏÓ≈Ó̊ Ù Ï̂ï˛y ~Ü˛•z

˛õÂô!ï˛ xl%§Ó̊î Ü˛ Ï̂Ó̊ xyÙÓ̊y ̂ òá Ï̂ï˛ ̨õyÓ ̂ Î ̨õÎ≈̂ ÏÓ«˛ Ï̂Ü˛Ó̊ !lÜ˛ê˛ ≤ÃÌÙ G

(n+1) ï˛Ù ï˛Ó̊Aà¢#£Ï≈ ˆ˛õÔÑSÈyÓ̊ Ù Ï̂ôƒ §Ù Ï̂Î̊Ó̊ ÓƒÓôyl •Î̊ñ

t t n T
n T

n+1

0 0

0

    − = −
+1 0

v

v v

~Ë˛yˆÏÓñ ˛õÎ≈ˆÏÓ«˛Ü˛ ï˛Ó˚Aà!ê˛Ó˚ ˛õÎ≈yÎ˚Ü˛yˆÏ°Ó˚ ˆÎ Ùyl ˛õyˆÏÓ ï˛y •ˆÏÓñ

T = −
+







T

v

v
0

1
0

0
ν

= +





T
v

v
0

0

1

1

–

 

~ÓÇ Ü˛¡õyˆÏAÜ˛Ó˚ ˆ≤Ã!«˛ˆÏï˛ ˛õyGÎ˚y ÎyÎ˚ ÈüüüÈ

v  = ν0
01 +





v

v
(15.53)

ˆÎˆÏ•ï%˛ §Ù#Ü˛Ó˚î (15.52) ~ÓÇ xy§ß¨ §¡õˆÏÜ≈˛Ó˚ §Ù#Ü˛Ó˚î (15.53)

~Ü˛•zñ ï˛y•z ˛õÎ≈ˆÏÓ«˛Ü˛ Óy í˛zÍ§ ˆÎ!ê˛•z à!ï˛¢#° ˆ•yÜ˛ ly ˆÜ˛lñ  
v

v

0

«%˛o •ˆÏ° í˛˛õ°yÓ˚ §Ó˚î ≤ÃyÎ˚ ~Ü˛•z •Î˚–

15.8.3  í˛zÍ§ ~ÓÇ ̨õÎ≈ˆÏÓ«˛Ü˛ í˛zË˛ˆÏÎ˚•z à!ï˛¢#° åBoth Source

and Observer Movingä

xyÙÓ˚y ~ál í˛˛õ°yÓ˚ §Ó˚̂ ÏîÓ˚ ~Ü˛ §yôyÓ˚î Ó˚y!¢Ùy°y !lî≈Î˚ Ü˛Ó˚Óñ Îál

í˛zÍ§ G ̨õÎ≈ˆÏÓ«˛Ü˛ í˛zË˛ˆÏÎ˚•z à!ï˛¢#°– ̨õ)ˆÏÓ≈Ó˚ ÙˆÏï˛y•z ̨õÎ≈ˆÏÓ«˛Ü˛ ̂ ÌˆÏÜ˛

í˛zÍˆÏ§Ó˚ !òÜ˛ˆÏÜ˛•z ˆÓˆÏàÓ˚ ôlydÜ˛ x!Ë˛Ù%á !•§yˆÏÓ ôˆÏÓ˚ ˆlÓ– ôˆÏÓ˚

!l•zñ í z̨Í§ ~ÓÇ ̨õÎ≈̂ ÏÓ«˛Ü˛ í z̨Ë˛ Ï̂Î˚ ÎÌyÜ ̨ Ï̂Ù vs ~ÓÇ vo ̂ Ó Ï̂à à!ï˛¢#°ñ

ˆÎÙlê˛y 15.18 !ã˛ Ï̂e ̂ òáy Ï̂ly • Ï̂Î˚̂ ÏSÈ– ô!Ó˚ñ t = 0 §ÙˆÏÎ˚ ̨õÎ≈ˆÏÓ«˛Ü˛ G

í z̨Í Ï̂§Ó˚ xÓfiÌyl ÎÌyÜ ̨ Ï̂Ù O1 ~ÓÇ S1, O1ñ S1 ~Ó˚ ÓÑy!ò Ï̂Ü˛ xÓ!fiÌï˛–

í˛zÍ§!ê˛ v ï˛Ó˚Aà  ̂ Óàñ v Ü˛¡õyAÜ˛ G T0 ˛õÎ≈yÎ˚Ü˛y° !Ó!¢T˛ ï˛Ó˚Aà !l/

§Ó˚î Ü˛Ó˚ˆÏSÈó ~áyˆÏl vñ vñ T0 §ÓÜ˛!ê˛ Ó˚y!¢ ÙyôƒˆÏÙÓ˚  §yˆÏ˛õˆÏ«˛ !fiÌÓ˚

ˆÜ˛y Ï̂ly ̨õÎ≈̂ ÏÓ«˛ Ï̂Ü˛Ó˚ myÓ˚y ̨õ!Ó˚Ùy˛õ Ü˛Ó˚y– ô!Ó˚ñ t = 0, §Ù Ï̂Î˚ Îál í z̨Í§

≤ÃÌÙ ï˛Ó˚Aà¢#£Ï≈!ê˛ !l/§Ó˚î Ü˛ˆÏÓ˚ ï˛ál O1 ~ÓÇ S1 ~Ó˚ ÙôƒÓï˛#≈ ò)Ó˚c

L– ˆÎˆÏ•ï%˛ ˛õÎ≈ˆÏÓ«˛Ü˛ à!ï˛¢#° ï˛y•z ˛õÎ≈ˆÏÓ«˛ˆÏÜ˛Ó˚ §yˆÏ˛õˆÏ«˛ ï˛Ó˚Aà

ˆÓà •°  v + v0 – xï˛~Óñ ≤ÃÌÙ ï˛Ó ˚Aà¢#£Ï ≈ !ê ˛

t1 = L/(v+v0) §ÙÎ˚ ̨õÓ˚ ̨õÎ≈̂ ÏÓ«˛ Ï̂Ü˛Ó˚ !lÜ˛ê˛ ̂ ˛õÔÑSÈyÎ˚–  t = T0 §Ù Ï̂Î˚

˛õÎ≈̂ Į̈ Ó«˛Ü˛ G í z̨Í§ í z̨Ë˛ Ï̂Î˚•z x@˝Ã§Ó˚ • Ï̂Î˚ G Ï̂òÓ˚ lï%̨ l xÓ§yl ÎÌyÜ ̨ Ï̂Ù

O2 ~ÓÇ S2 ̂ ï˛ ̂ ˛õÔÑSÈyÎ˚– ̨õÎ≈ˆÏÓ«˛Ü˛ G í˛zÍˆÏ§Ó˚ lï%˛l ò)Ó˚c O2 S2 • Ï̂Ó

L+(vs–v0) T0– S2 xÓfiÌyˆÏl í˛zÍ§ !mï˛#Î˚ ï˛Ó˚Aà¢#£Ï≈ !l/§Ó˚î Ü˛ˆÏÓ˚

Îy ˛õÎ≈ˆÏÓ«˛ˆÏÜ˛Ó˚ !lˆÏÜ˛ê˛ ˆ˛õÔÑSÈyˆÏï˛ §ÙÎ˚ °yˆÏà–

!ã˛e 15.18 í˛zÍ§ G ˛õÎ≈ˆÏÓ«˛Ü˛ í˛zË˛ˆÏÎ˚•z Îál !Ó!Ë˛ß¨ ˆÓˆÏà

à!ï˛¢#° ˆ§ˆÏ«˛ˆÏe í˛˛õ°yÓ˚ !Ü ˛Î˚y–

t2 = To + [L + (vs – vo)To)] /(v + vo)

nTo §ÙˆÏÎ˚ í˛zÍ§!ê˛ GÓ˚  (n+1) ï˛Ù ï˛Ó˚Aà¢#£Ï≈ !l/§Ó˚î Ü˛ˆÏÓ˚ ~ÓÇ

~!ê˛ ˛õÎ≈ˆÏÓ«˛ˆÏÜ˛Ó˚ !lÜ˛ê˛ ˆ˛õÔÑSÈyˆÏï˛ §ÙÎ˚ °yˆÏà

tn+1 = nTo + [L + n (vs – vo)To)] /(v + vo)

xï˛~Óñ  tn+1 –t1,  xÌ≈yÍ

nTo + [L + n (vs – vo)To)] /(v + vo) – L /(v + vo),

í˛˛õ°yÓ˚ !Ü ˛Î˚yÓ˚ ≤ÃˆÏÎ˚yà

ˆ§lyÓy!•l#ñ !ã˛!Ü˛Í§y !ÓK˛ylñ ˆçƒy!ï˛!Ó≈K˛yl ~Ó˚ ÙˆÏï˛y !Ó!Ë˛ß¨ ˆ«˛ˆÏe
í˛˛õ°yÓ˚ !Ü ˛Î˚yÓ˚ ≤ÃË˛yˆÏÓ à!ï˛¢#° Ó›Ó˚ Ü˛¡õyˆÏAÜ˛Ó˚ ˛õ!Ó˚Óï≈˛lˆÏÜ˛  Ó›Ó˚
à!ï˛!ÓˆÏà !lî≈ˆÏÎ˚ ÓƒÓ•yÓ˚ Ü˛Ó˚y •Î˚– ˆÓ!¢ ˆÓˆÏà à!ï˛¢#°  ÎylÓy•l
!lÓ˚#«˛ˆÏî ˛õ%!°¢ !ÓË˛yˆÏà G í˛˛õ°yÓ˚ !Ü ˛Î˚y ≤ÃˆÏÎ˚yà Ü˛Ó˚y •Î˚–
~Ü˛!ê˛ çyly Ü˛¡õyˆÏAÜ˛Ó˚  ¢∑ï˛Ó˚Aà Óy ï˛!í˛¸Fã%˛¡∫Ü˛#Î˚ ï˛Ó˚AàˆÏÜ˛ ~Ü˛!ê˛
à!ï˛¢#° Ó›Ó˚ !òˆÏÜ˛ ˛õyë˛yˆÏly •Î˚– ï˛Ó˚Aà!ê˛Ó˚ !Ü˛S%È xÇ¢ à!ï˛¢#° Ó›
ˆÌˆÏÜ˛ ≤Ã!ï˛Ê˛!°ï˛ •Î˚ ~ÓÇ !lÎ˚sfî ˆfiê˛¢yˆÏl ‡ ˛õÎ≈ˆÏÓ«˛î ˆfiê˛¢ˆÏl
åmonitoring stationäÈüÈ~ ≤Ã!ï˛Ê˛!°ï˛ ï˛Ó˚ˆÏAàÓ˚ Ü˛¡õyAÜ˛ ¢ly=˛ Ü˛Ó˚y
•Î˚– Ü˛¡õyˆÏAÜ˛Ó˚  ~ ˛õ!Ó˚Óï≈˛lˆÏÜ˛ í˛˛õ°yÓ˚ §Ó˚î åDoppler shiftä
ÓˆÏ°–

!ÓÙyl Ó®ˆÏÓ˚ ÓyÎ˚%ÎyˆÏlÓ˚ åaircraftä ã˛°yã˛° !lÎ˚sfˆÏî ~ÓÇ ¢e%
ÓyÎ˚%Îyl §ly=˛ Ü˛Ó˚ˆÏ° ˆ§lyÓy!•l#ˆÏï˛ í˛˛õ°yÓ˚ !Ü ˛Î˚y  ≤ÃˆÏÎ˚yà Ü˛Ó˚y •Î˚–
l«˛eˆÏòÓ˚ ˆÓà !lî≈ˆÏÎ˚ ˆçƒy!ï˛!Ó≈K˛yl#Ó˚y ~ !Ü ˛Î˚yÓ˚ ≤ÃˆÏÎ˚yà Ü˛ˆÏÓ˚ ÌyˆÏÜ˛l–

í˛y=˛yÓ˚Ó˚y ~Ó˚ ÓƒÓ•yÓ˚ Ü˛ˆÏÓ˚l •,òflõ®l !lî≈ˆÏÎ˚ G !Ó!Ë˛ß¨ xÇˆÏ¢
Ó˚=˛≤ÃÓy• §¡õ!Ü≈˛ï˛ xôƒÎ˚ˆÏl– ~ˆÏ«˛ˆÏe ï˛yÓ˚y ¢ˆÏ∑y_Ó˚ ï˛Ó˚Aà ÓƒÓ•yÓ˚
Ü˛ Ï̂Ó˚l ~ÓÇ §yôyÓ˚î ÓƒÓ•y!Ó˚Ü˛ ̂ «˛ Ï̂e ~ Ï̂Ü˛ ̂ §y Ï̂ly@˝Ãy!Ê˛ Ó°y •Î˚– ~ Ï̂«˛ Ï̂e
¢ˆÏ∑y_Ó˚ ï˛Ó˚Aà Óƒ!=˛Ó˚ ¢Ó˚#ˆÏÓ˚ ≤ÃˆÏÓ¢ Ü˛ˆÏÓ˚ñ ~Ó˚ !Ü˛S%È xÇ¢ ≤Ã!ï˛Ê˛!°ï˛
•ˆÏÎ˚ !Ê˛ˆÏÓ˚ xyˆÏ§ ~ÓÇ Ó˚=˛≤ÃÓy• G •,ò!˛õˆÏ[˛Ó˚ Ü˛˛õ!ê˛Ü˛yÓ˚ flõ®l !Ó£ÏÎ˚Ü˛
~ÓÇ º%ˆÏlÓ˚ •,òflõ®l §¡õ!Ü≈˛ï˛ ï˛Ìƒ ≤Ãòyl Ü˛ˆÏÓ˚– •,Í!˛õˆÏ[˛Ó˚ ˆ«˛ˆÏe ˆÎ
!ã˛e í˛zÍ˛õß¨ •Î˚ ï˛yˆÏÜ˛ •zˆÏÜ˛yÜ˛y!í≈˛G @˝ÃyÙ ÓˆÏ°–
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§ÙˆÏÎ˚Ó˚ ÓƒÓôyˆÏl ˛õÎ≈ˆÏÓ«˛Ü˛  n §ÇáƒÜ˛ ï˛Ó˚Aà¢#£Ï≈ àîly Ü˛ˆÏÓ˚ ~ÓÇ

˛õÎ≈ˆÏÓ«˛Ü˛ ï˛Ó˚ˆÏAàÓ˚ ˆÎ ˛õÎ≈yÎ˚Ü˛y° T  !°!˛õÓÂô Ü˛ˆÏÓ˚ ï˛y •° ÈüüüÈ

T T
v v

v v
T

v v

v v

s o s
  

  
0

= +
+







=

+
+


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

0
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1
-

    (15.54)

˛õÎ≈ˆÏÓ«˛Ü˛ Ü˛ï,≈˛Ü˛ ˛õÎ≈ˆÏÓ«˛î Ü˛Ó˚y Ü˛¡õyAÜ˛ •° ÈüüüÈ

(15.55)

ˆ§yçy åstraightä ê˛∆ƒyˆÏÜ˛ à!ï˛¢#° ~Ü˛!ê˛ ̂ ê˛∆ˆÏl Ó§y ~Ü˛çl Îye#Ó˚

Ü˛Ìy !ÓˆÏÓã˛ly Ü˛Ó˚y ÎyÜ˛– ôˆÏÓ˚ lyG ˆ§ ˆê˛∆ˆÏlÓ˚ ã˛y°ˆÏÜ˛Ó˚ myÓ˚y ÓyçyˆÏly

ÓÑy!¢Ó˚ åwhistleä ¢∑ ¢%lˆÏSÈ– ̂ § ̂ Ü˛yˆÏly Ü˛¡õyAÜ˛  Ùy˛õˆÏÓ Óy ¢%lˆÏÓ–

~áy Ï̂l ̨õÎ≈̂ ÏÓ«˛Ü˛ ~ÓÇ í z̨Í§ í z̨Ë˛ Ï̂Î˚ ~Ü˛•z ̂ Ó Ï̂à à!ï˛¢#°ñ ï˛y•z ~ Ï̂«˛ Ï̂e

Ü˛¡õy Ï̂AÜ˛Ó˚ ̂ Ü˛y Ï̂ly í˛˛õ°yÓ˚ §Ó˚î • Ï̂Ó ly ~ÓÇ Îye# fl∫yË˛y!ÓÜ˛ Ü˛¡õyAÜ˛•z

¢%lˆÏÓ– !Ü˛v ˆê˛∆ˆÏlÓ˚ Óy•zˆÏÓ˚ ÌyÜ˛y ê˛∆ƒyˆÏÜ˛Ó˚ §yˆÏ˛õˆÏ«˛ !fiÌÓ˚ ~Ü˛çl

˛õÎ≈ˆÏÓ«˛Ü˛ ~Ü˛!ê˛ í˛zFã˛ï˛Ó˚ Ü˛¡õyˆÏAÜ˛Ó˚ ¢∑ ¢%lˆÏÓ Î!ò ̂ ê˛∆l!ê˛ ï˛yÓ˚ !òˆÏÜ˛

~!àˆÏÎ˚ xy§ˆÏï˛ ÌyˆÏÜ˛ ~ÓÇ ~Ü˛!ê˛ !l¡¨ï˛Ó˚ Ü˛¡õyˆÏAÜ˛Ó˚ ¢∑ ¢%lˆÏÓ Î!ò

ˆê˛∆l!ê˛ ï˛yÓ˚ ˆÌˆÏÜ˛ ò)ˆÏÓ˚ §ˆÏÓ˚ ˆÎˆÏï˛ ÌyˆÏÜ˛–

°«˛Ü˛ˆÏÓ˚yñ xyÙÓ˚y ˛õÎ≈ˆÏÓ«˛Ü˛ ˆÌˆÏÜ˛ í˛zÍˆÏ§Ó˚ !òÜ˛ˆÏÜ˛ ôlydÜ˛ !òÜ˛

ôˆÏÓ˚ !lˆÏÎ˚!SÈ– ï˛y•zñ Î!ò ̨õÎ≈ˆÏÓ«˛Ü˛ í˛zÍˆÏ§Ó˚ !òˆÏÜ˛ à!ï˛¢#° •Î˚ ï˛ˆÏÓ  v0

ôlydÜ˛ å§yÇáƒÙyl !Ó!¢T˛ä •Î˚ xyÓ˚ Î!ò ̨õÎ≈̂ ÏÓ«˛Ü˛ åOä í z̨Í§  S • Ï̂ï˛

ò)ˆÏÓ˚ §ˆÏÓ˚ ˆÎˆÏï˛ ÌyˆÏÜ˛ ï˛ˆÏÓ v0 }îydÜ˛ Ùyl!Ó!¢T˛ •Î˚– x˛õÓ˚˛õˆÏ«˛ñ

Î!ò  Sñ  O ˆÌˆÏÜ˛ ò)ˆÏÓ˚ §ˆÏÓ˚ ˆÎˆÏï˛ ÌyˆÏÜ˛ ï˛ˆÏÓ vs ôlydÜ˛ Ùyl!Ó!¢T˛

xyÓ˚ Î!ò Sñ O ~Ó˚ !ò Ï̂Ü˛ x@˝Ã§Ó˚ • Ï̂ï˛ Ìy Ï̂Ü˛ ï˛ Ï̂Ó vs }îydÜ˛ Ùyl!Ó!¢T˛

•Î˚– í˛zÍ§ Ü˛ï,≈˛Ü˛ !l/§,ï˛ ¢∑ §Ó!òˆÏÜ˛•z àÙl Ü˛ˆÏÓ˚– ~!ê˛ •° ¢ˆÏ∑Ó˚

ˆ§•z xÇ¢ Îy ̨õÎ≈ˆÏÓ«˛ˆÏÜ˛Ó˚ !òˆÏÜ˛ xyˆÏ§ G ̨õÎ≈ˆÏÓ«˛Ü˛ ï˛y @˝Ã•î G §ly=˛

Ü˛ˆÏÓ˚– ï˛y•zñ ̨õÎ≈ˆÏÓ«˛ˆÏÜ˛Ó˚ §yˆÏ˛õˆÏ«˛ ¢ˆÏ∑Ó˚ xyˆÏ˛õ!«˛Ü˛ ̂ Óà §ÓˆÏ«˛ˆÏe•z

v + v
0
 –

uuuuu í z̨òy•Ó˚î  15.7  ~Ü˛!ê˛ Ó˚̂ ÏÜ˛ê˛ 200 m s–1 o%!ï˛ Ï̂ï˛ ~Ü˛!ê˛ °«˛ƒÓ›Ó˚

!òˆÏÜ˛ à!ï˛¢#° xÓfiÌyÎ˚ 1000 Hz Ü˛¡õyˆÏAÜ˛Ó˚ ï˛Ó˚Aà !l/§Ó˚î

Ü˛Ó˚ˆÏSÈ– °«˛ƒÓ›ˆÏï˛ ̂ ˛õÔÑSÈyˆÏly ¢ˆÏ∑Ó˚ !Ü˛S%È xÇ¢ ≤Ã!ï˛Ê˛!°ï˛ •ˆÏÎ˚

≤Ã!ï˛ôÁ!lÓ˚)ˆÏ˛õ Ó˚ˆÏÜ˛ˆÏê˛ !Ê˛ˆÏÓ˚ xyˆÏ§– (1) °«˛ƒÓ› Ü˛ï,≈˛Ü˛ ¢ly=˛

Ü˛Ó˚y ¢ Ï̂∑Ó˚ Ü˛¡õyAÜ˛ ~ÓÇ  (2) Ó˚̂ ÏÜ˛ê˛ Ü˛ï,≈̨ Ü˛ ¢ly=˛ Ü˛Ó˚y ≤Ã!ï˛ôÁ!lÓ˚

Ü˛¡õyAÜ˛ !lî≈Î˚ Ü˛ˆÏÓ˚y–

í˛z_Ó˚ ı (1) ˛õÎ≈ˆÏÓ«˛Ü˛ !fiÌÓ˚ ~ÓÇ í˛zÍ§  200 m s–1 ˆÓˆÏà à!ï˛¢#°–

ˆÎˆÏ•ï%˛ ~•z ˆÓà ¢ˆÏ∑Ó˚ ˆÓà 330 m s–1 ~Ó˚ §yˆÏÌ ï%˛°l#Î˚ñ xyÙÓ˚y

xÓ¢ƒ•z xy§ß¨ÙyˆÏlÓ˚ §Ù#Ü˛Ó˚î (15.51) ~Ó˚ ˛õ!Ó˚ÓˆÏï≈˛  (15.50)

§Ù#Ü˛Ó˚î ÓƒÓ•yÓ˚ Ü˛Ó˚Ó– í˛zÍ§!ê˛ !fiÌÓ˚ °«˛ƒÓ›Ó˚ !òˆÏÜ˛ ~!àˆÏÎ˚ ÎyˆÏFSÈñ

ï˛y•z v
o
 = 0 ~ÓÇ v

s
 ˆÜ˛  –v

s 
myÓ˚y ≤Ã!ï˛fiÌy˛õl Ü˛Ó˚ˆÏï˛ •ˆÏÓ– xï˛~Óñ

v v  

v
s

v
0

= −










−
1

1

 v = 1000 Hz × [1 – 200 m s–1/330 m s–1]–1

    j  2540 Hz

(2) ~ Ï̂«˛ Ï̂e  °«˛ƒÓ›!ê˛•z í z̨Í§ñ åˆÜ˛lly ~!ê˛•z ≤Ã!ï˛ôÁ!lÓ˚ í z̨Í§ä ~ÓÇ

Ó˚̂ ÏÜ˛ Ï̂ê˛Ó˚ §ly=˛Ü˛yÓ˚# Îsf •° ̨õÎ≈̂ ÏÓ«˛Ü˛ åˆÜ˛lly ~!ê˛ ≤Ã!ï˛ôÁ!l Ï̂Ü˛ ¢ly=˛

Ü˛ Ï̂Ó˚ä– xï˛~Óñ v
s
 = 0 ~ÓÇ v

o
 ôlydÜ˛ Ùyl!Ó!¢T˛– í z̨Í§ Ü˛ï,≈̨ Ü˛ !l§,ï˛

¢ Ï̂∑Ó˚ Ü˛¡õyAÜ˛ xÌ≈yÍ °«˛ƒÓ› Ü˛ï,≈̨ Ü˛ ¢ly=˛ Ü˛¡õyAÜ˛ vó Ù)° Ü˛¡õyAÜ˛

v
o
 lÎ˚– xï˛~Óñ Ó˚ˆÏÜ˛ê˛ Ü˛ï,≈˛Ü˛ !lÓ!rôÜ,˛ï˛ ¢ˆÏ∑Ó˚ Ü˛¡õyAÜ˛

v′ =  v 

v v

v

+









0

= ×
+





− −

−2540
200 330

330

1 1

1
Hz

ms ms

ms

j  4080 Hz  ⊳

.
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 §yÓ˚§ÇˆÏ«˛˛õ

1. Îy!sfÜ˛ ï˛Ó˚Aà åMechanical wavesä çí˛¸ ÙyôƒˆÏÙ•z §Ω˛Ó ~ÓÇ ~Ó˚y !lí˛zê˛ˆÏlÓ˚ §)e myÓ˚y !lÎ˚!sfï˛–

2. !ï˛Î≈Ü˛ ï˛Ó˚Aà åTransverse wavesä •° ~Ùl ï˛Ó˚Aà ˆÎ ï˛Ó˚ˆÏAà ÙyôƒˆÏÙÓ˚ Ü˛îyà%ˆÏ°y ï˛Ó˚Aà !ÓhflÏyˆÏÓ˚Ó˚ x!Ë˛Ù%ˆÏáÓ˚

§yˆÏÌ °¡∫Ë˛yˆÏÓ Ü˛!¡õï˛ •Î˚–

3. xl%˜Ïòâ≈ƒ ï˛Ó˚Aà åLongitudinal wavesä •° ~Ùl ï˛Ó˚Aà ˆÎ ï˛Ó˚ˆÏAà ÙyôƒˆÏÙÓ˚ Ü˛îyà%ˆÏ°y ï˛Ó˚Aà !ÓhflÏyˆÏÓ˚Ó˚ x!Ë˛Ù%á

ÓÓ˚yÓÓ˚ Ü˛!¡õï˛ •Î˚–

4. ã˛°ï˛Ó˚Aà åProgressive waveä ~Ùl ~Ü˛ ï˛Ó˚Aà Îy ÙyôƒˆÏÙÓ˚ ~Ü˛ !Ó®% ˆÌˆÏÜ˛ xlƒ !Ó®%ˆÏï˛ àÙl Ü˛ˆÏÓ˚–

5. ôlydÜ˛  x ÈüÈx«˛ x!Ë˛Ù%ˆÏá §M˛yÓ˚î¢#° ~Ü˛!ê˛ §y•zlôÙ#≈ ï˛Ó˚Aà §Ó˚î

y (x, t) = a sin (kx – ωt + φ)

ˆÎáyˆÏlñ  a •° !ÓhflÏyÓ˚ñ  k ˆÜ˛Ô!îÜ˛ ï˛Ó˚Aà§Çáƒyñ  ω  ˆÜ˛Ô!îÜ˛ Ü˛¡õyAÜ˛ñ  (kx – ωt + φ) ò¢y ~ÓÇ φ •° ò¢yô %ÓÜ˛ Óy

ò¢ˆÏÜ˛yî–

6. ã˛°ï˛Ó˚ˆÏAàÓ˚ ï˛Ó˚Aà ˜òâ≈ƒ λ Ó°ˆÏï˛ Ó%V˛yÎ˚ ˆÜ˛yˆÏly ~Ü˛ Ù%•)ˆÏï≈˛ ˛õÓ˚˛õÓ˚ ò%!ê˛ §Ùò¢y§¡õß¨ !Ó®%Ó˚ ÙôƒÓï˛#≈ ò)Ó˚cˆÏÜ˛–

fiÌyl%ï˛Ó˚ˆÏAàÓ˚ ˆ«˛ˆÏe ~!ê˛ ˛õÓ˚˛õÓ˚ ò%!ê˛ §%flõ® Óy !lflõ® !Ó®%mˆÏÎ˚Ó˚ ÙôƒÓï˛#≈ ò)Ó˚ˆÏcÓ˚ !mà%î–

7. ~Ü˛!ê˛ ï˛Ó˚ˆÏAàÓ˚ ̂ òy°ˆÏlÓ˚ ̨ õÎ≈yÎ˚Ü˛y° T •° ̂ Î §ÙˆÏÎ˚ ̂ Ü˛yˆÏly ~Ü˛!ê˛ ÙyôƒÙ Ü˛îy  ~Ü˛!ê˛ ̨ õ)î≈ ̂ òy°l §¡õß¨ Ü˛ˆÏÓ˚– ~!ê˛

ˆÜ˛Ô!îÜ˛ Ü˛¡õyAÜ˛ ω ~Ó˚ §yˆÏÌ !l¡¨ Ó˚)ˆÏ˛õ §¡õ!Ü≈˛ï˛–

T =
2π
ω

8. 1/T ˆÜ˛ ï˛Ó˚ˆÏAàÓ˚ Ü˛¡õyAÜ˛ ÓˆÏ° ~ÓÇ ~!ê˛ ˆÜ˛Ô!îÜ˛ Ü˛¡õyˆÏAÜ˛Ó˚ §yˆÏÌ !l¡¨Ó˚)ˆÏ˛õ §¡õ!Ü≈˛ï˛–

ν =
ω

2π
9. ã˛°ï˛Ó˚ˆÏAàÓ˚ ï˛Ó˚AàˆÏÓà v = = =

ω λ
λ

k T
ν

10. ˆÜ˛yˆÏly ê˛yl Ü˛Ó˚y ï˛yˆÏÓ˚ !ï˛Î≈Ü˛ ï˛Ó˚ˆÏAàÓ˚ ̂ Óà ï˛yˆÏÓ˚Ó˚ ôÙ≈yÓ!° myÓ˚y !lÎ˚!sfï˛ •Î˚–  T ê˛yˆÏl ê˛yl Ü˛Ó˚y  µ ̃ Ó˚!áÜ˛ Ë˛Ó˚ âlc

!Ó!¢T˛ ï˛yˆÏÓ˚ !ï˛Î≈Ü˛ ï˛Ó˚ˆÏAàÓ˚ ˆÓà

v =
T

µ

11. ¢∑ï˛Ó˚Aà ~Ü˛ôÓ˚ˆÏlÓ˚ xl%˜Ïòâ≈ƒ Îy!sfÜ˛ ï˛Ó˚Aà Îy Ü˛!ë˛lñ ï˛Ó˚° xÌÓy àƒy§#Î˚ ÙyôƒˆÏÙ §M˛y!°ï˛ •ˆÏï˛ ˛õyˆÏÓ˚–  B

xyÎ˚ï˛l!ÓÜ˛yÓ˚ à%îyAÜ˛ G ρ âlc!Ó!¢T˛ ˆÜ˛yˆÏly ≤ÃÓy•# ÙyôƒˆÏÙ ¢ˆÏ∑Ó˚ ˆÓà

v
B

=
ρ

ˆÜ˛yl ôyï˛ÓòˆÏ[˛ xl%˜Ïòâ≈ƒ ï˛Ó˚ˆÏAàÓ˚ ˆÓà

v
Y

=
ρ

àƒy§#Î˚ ÙyôƒˆÏÙñ ˆÎˆÏ•ï%˛  B = γP ï˛y•z ¢ˆÏ∑Ó˚ ˆÓà

v
P

=
γ

ρ
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12. Îál ò%•z Óy ï˛yÓ˚ ˆÓ!¢ ï˛Ó˚Aà ~Ü˛•z ÙyôƒˆÏÙ §M˛y!°ï˛ •Î˚ ˆ§ˆÏ«˛ˆÏe ÙyôƒˆÏÙÓ˚ ˆÜ˛yl ~Ü˛!ê˛ í˛z˛õyòyl Ü˛îyÓ˚ §Ó˚îñ
≤ÃˆÏï˛ƒÜ˛!ê˛ ï˛Ó˚ˆÏAàÓ˚ çlƒ ̨ õ,ÌÜ˛ ̨ õ,ÌÜ˛ §Ó˚ˆÏîÓ˚ Ó#çày!î!ï˛Ü˛ §Ù!T˛Ó˚ §Ùyl •Î˚– ~!ê˛ ï˛Ó˚ˆÏAàÓ˚ í˛z˛õ!Ó˚˛õyï˛ˆÏlÓ˚ l#!ï˛
lyˆÏÙ ˛õ!Ó˚!ã˛ï˛–

y f x vti

i

n

= −
=
∑ ( )  

1

13. ~Ü˛•z ï˛y Ï̂Ó˚ §M˛y!°ï˛ ò%!ê˛ ï˛Ó˚Aà í z̨̨ õ!Ó˚̨ õyï˛ Ï̂lÓ˚ l#!ï˛ xl%ÎyÎ˚# Óƒ!ï˛ã˛yÓ˚ åinterferenceäñ §Ç Ï̂Îyçl xÌÓy lyÜ˛ã˛Ü˛Ó˚î
≤Ãò¢≈l Ü˛ Ï̂Ó˚– Î!ò ~Ü˛•z !ÓhflÏyÓ˚  a ~ÓÇ ~Ü˛•z Ü˛¡õyAÜ˛ !Ó!¢T˛ !Ü˛v ò¢yô %ÓÜ˛ ò¢y ̨õyÌ≈̂ ÏÜ˛ƒ  φ  ÌyÜ˛y ò%!ê˛ ï˛Ó˚Aà ̂ Ü˛y Ï̂ly
ÙyôƒˆÏÙ ~Ü˛•z x!Ë˛Ù%ˆÏá à!ï˛¢#° •Î˚ ï˛ˆÏÓ ~ˆÏòÓ˚ °!kô ~Ü˛•z ˆÜ˛Ô!îÜ˛ Ü˛¡õyAÜ˛ ω !Ó!¢T˛ ~Ü˛!ê˛Ùye ï˛Ó˚Aà •Î˚ ı

y (x, t)  = 2
1

2

1

2
a kxcos sinφ ω φ







− +





 t 

Î!ò  φ = 0 xÌÓy 2π  ~Ó˚ §Ó˚° à%!îï˛Ü˛ •Î˚ ï˛ˆÏÓ ï˛Ó˚Aà ò%!ê˛ §Ùò¢y§¡õß¨ •Î˚ ~ÓÇ Óƒ!ï˛ã˛yÓ˚ àë˛lydÜ˛ •Î˚– Î!ò φ

= π  •Î˚ ï˛ˆÏÓ GÓ˚y §¡õ)î≈Ë˛yˆÏÓ !Ó˛õÓ˚#ï˛ ò¢yÎ˚ ÌyˆÏÜ˛ ~ÓÇ Óƒ!ï˛ã˛yÓ˚ ôÁÇ§ydÜ˛ •Î˚–

14. ~Ü˛!ê˛ ã˛°ï˛Ó˚Aà ˆÜ˛yˆÏly ò,ì˛¸ §#ÙyˆÏhs˝ årigid boundaryä xÌÓy ÓÂô ≤ÃyˆÏhs˝ !Ó˛õÓ˚#ï˛ ò¢yÎ˚ ≤Ã!ï˛Ê˛!°ï˛ •Î˚ !Ü˛v Ù%=˛
§#ÙyˆÏhs˝ ≤Ã!ï˛Ê˛°ˆÏlÓ˚ ˆ«˛ˆÏe ò¢yÓ˚ ˛õ!Ó˚Óï≈˛l âˆÏê˛ ly–

~Ü˛!ê˛ xy˛õ!ï˛ï˛ ï˛Ó˚Aà
                           y

i 
(x, t) = a sin (kx – ωt ) ~Ó˚

ˆÜ˛yˆÏly ò,ì˛¸ §#ÙyˆÏhs˝ ≤Ã!ï˛Ê˛!°ï˛ ï˛Ó˚Aà

                         y
r 
(x, t) = – a sin (kx + ωt )

~ÓÇ ˆÜ˛yˆÏly Ù%=˛ §#ÙyˆÏhs˝ ≤Ã!ï˛Ê˛!°ï˛ ï˛Ó˚Aà
                       y

r 
(x,t ) = a sin (kx + ωt)

15. ˛õÓ˚flõÓ˚ !Ó˛õÓ˚#ï˛ !òÜ˛ ̂ ÌˆÏÜ˛ ~!àˆÏÎ˚ xy§y ò%!ê˛ x!Ë˛ß¨ ï˛Ó˚ˆÏAàÓ˚ í˛z˛õ!Ó˚˛õyï˛l fiÌyl%ï˛Ó˚̂ ÏAàÓ˚ åstanding wavesä §,!T˛
Ü˛ˆÏÓ˚– ò%ÈÛ≤ÃyˆÏhs˝ ò,ì˛¸Ë˛yˆÏÓ xyê˛Ü˛yˆÏly ê˛yl Ü˛Ó˚y ï˛yˆÏÓ˚ í˛zÍ˛õß¨ fiÌyl%ï˛Ó˚Aà ı

y (x, t) = [2a sin kx ] cos ωt

fiÌyl%ï˛Ó˚ˆÏAàÓ˚ ¢)lƒ §Ó˚î !Ó!¢T˛ xÓfiÌylà%ˆÏ°yˆÏÜ˛ !l/flõ® !Ó®% ånodesä ÓˆÏ° ~ÓÇ §ˆÏÓ≈yFã˛ §Ó˚î !Ó!¢T˛
xÓfiÌylà%ˆÏ°yˆÏÜ˛ §%flõ® !Ó®% åantinodesä ÓˆÏ°– ˛õÓ˚˛õÓ˚ ò%!ê˛ §%flõ® Óy !l/flõ® !Ó®%Ó˚ ÙˆÏôƒ ÓƒÓôyl λ/2–

í˛zË˛Î˚≤ÃyˆÏhs˝ xyê˛Ü˛yˆÏly  L ˜òˆÏâ≈ƒÓ˚ ~Ü˛!ê˛ ê˛yl Ü˛Ó˚y ï˛yˆÏÓ˚Ó˚ Ü˛¡õˆÏlÓ˚ Ü˛¡õyAÜ˛

v  =
nv

L2
,      n = 1, 2, 3, ...

í˛z˛õˆÏÓ˚Ó˚ §¡õˆÏÜ≈˛ ̂ òGÎ˚y Ü˛¡õyAÜ˛§Ù)ˆÏ•Ó˚ ̂ §ê˛ˆÏÜ˛ §ÇfiÌy!ê˛Ó˚ Ü˛¡õˆÏlÓ˚ fl∫yË˛y!ÓÜ˛ Ü˛¡õyAÜ˛ ånormal modesä ÓˆÏ°–
§Ó≈!l¡¨ Ü˛¡õyAÜ˛ˆÏÜ˛ Ù)°§%Ó˚ Óy ≤ÃÌÙ §Ù Ï̂Ù° å first harmonicä ÓˆÏ°– !mï˛#Î˚ §ÙˆÏÙ° •°  n = 2 ̂ ï˛ Ü˛¡õ Ï̂lÓ˚ ôÓ˚î
~ÓÇ ˛õÓ˚Óï˛#≈ §ÙˆÏÙ°§Ù)•–

 L ˜òˆÏâ≈ƒÓ˚ ~Ü˛≤Ãyhs˝ Órô G ~Ü˛≤Ãyhs˝ ̂ áy°y lˆÏ° xyÓÂô ÓyÎ˚%hflÏˆÏΩ˛Ó˚ Ü˛¡õyAÜ˛§Ù)• •°

v = +( )n  
L

½
v

2
,       n = 0, 1, 2, 3, ...

í z̨̨ õ Ï̂Ó˚Ó˚ §¡õÜ≈̨  myÓ˚y ≤ÃÜ˛y!¢ï˛ Ü˛¡õy Ï̂AÜ˛Ó˚ ̂ §ê˛ Ï̂Ü˛ §ÇfiÌy!ê˛Ó˚ Ù)°ôÓ˚̂ ÏlÓ˚ Ü˛¡õ Ï̂lÓ˚ fl∫yË˛y!ÓÜ˛ Ü˛¡õyAÜ˛ Ó Ï̂°– §Ó≈!l¡¨
Ü˛¡õyAÜ˛  v/4L •° Ù)° §%ˆÏÓ˚Ó˚ Ü˛¡õyAÜ˛ Óy ≤ÃÌÙ §ÙˆÏÙ°–

16. L ˜òˆÏâ≈ƒÓ˚ í˛zË˛Î˚≤ÃyˆÏhs˝ xyê˛Ü˛yˆÏly ~Ü˛!ê˛ ï˛yÓ˚ !Ü˛ÇÓy ~Ü˛≤Ãyhs˝ ÓÂô G x˛õÓ˚ ≤Ãyhs˝ ˆáy°y lˆÏ° xyÓÂô ÓyÎ˚%hflÏΩ˛ GˆÏòÓ˚
fl∫yË˛y!ÓÜ˛ Ü˛¡õy Ï̂AÜ˛ Ü˛!¡õï˛ •Î˚– ~§Ó Ü˛¡õy Ï̂AÜ˛Ó˚ ≤Ã Ï̂ï˛ƒ Ï̂Ü˛ G•z §ÇfiÌyÓ˚ xl%lyò# Ü˛¡õyAÜ˛ åresonant frequencyä–

17. §yÙylƒ !Ë˛ß¨ ò%!ê˛ Ü˛¡õyAÜ˛  v
1
 G v

2
 ~ÓÇ ̨õÓ˚flõÓ˚ ï%˛°l#Î˚ !ÓhflÏyÓ˚ !Ó!¢T˛ ò%!ê˛ ï˛Ó˚ˆÏAàÓ˚ í˛z˛õ!Ó˚˛õyï˛ˆÏlÓ˚ Ê˛ˆÏ° fl∫Ó˚Ü˛¡õ

åbeatä §,!T˛ •Î˚– fl∫Ó˚Ü˛ˆÏ¡õÓ˚ Ü˛¡õyAÜ˛

ν
beat

 = ν
1
 ~ ν

2
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18. ÙyôƒˆÏÙÓ˚ §yˆÏ˛õˆÏ«˛ Îál í˛zÍ§ G ˛õÎ≈ˆÏÓ«˛Ü˛ à!ï˛¢#° •Î˚ ï˛ál ï˛Ó˚ˆÏAàÓ˚ Ü˛¡õyˆÏAÜ˛Ó˚ ˆÎ ˛õ!Ó˚Óï≈˛l ˛õ!Ó˚°!«˛ï˛ •Î˚
ï˛yˆÏÜ˛ í˛˛õ°yÓ˚ !Ü ˛Î˚y åDoppler effectä ÓˆÏ°– ¢∑ï˛Ó˚ˆÏAàÓ˚ ˆ«˛ˆÏe í˛zÍˆÏ§Ó˚ Ü˛¡õyAÜ˛ ν

o
 ~Ó˚ §y•yˆÏÎƒ ≤ÃÜ˛y!¢ï˛ñ

˛õ!Ó˚°!«˛ï˛ Ü˛¡õyAÜ˛

v = v
o
 

v v

v v

+

+











0

 
s

~áyˆÏlñ  v •° ÙyôƒˆÏÙ ¢ˆÏ∑Ó˚ ˆÓàñ  v
o
 ÙyôƒˆÏÙÓ˚ §yˆÏ˛õˆÏ«˛ ˛õÎ≈ˆÏÓ«˛ˆÏÜ˛Ó˚ ˆÓà ~ÓÇ  v

s
  ÙyôƒˆÏÙÓ˚ §yˆÏ˛õˆÏ«˛ í˛zÍˆÏ§Ó˚

ˆÓà– ~ §)e!ê˛ ÓƒÓ•yˆÏÓ˚Ó˚ ˆ«˛ˆÏe OS  x!Ë˛Ù%á# ˆÓà§Ù)•ˆÏÜ˛ ôlydÜ˛ ~ÓÇ ~Ó˚ !Ó˛õÓ˚#ï˛ x!Ë˛Ù%á# ˆÓà§Ù)•ˆÏÜ˛
}îydÜ˛ ôÓ˚y •ˆÏÓ–

ˆË˛ Ï̂Ó ̂ òáyÓ˚ !Ó£ÏÎ˚§Ù)•

1. ï˛Ó˚Aà ÙyôƒˆÏÙÓ˚ ÙˆÏôƒ ˛õòyˆÏÌ≈Ó˚ §yÙ!@˝ÃÜ˛ à!ï˛ lÎ˚– ÓyÎ˚% ÙyôƒˆÏÙ ¢∑ï˛Ó˚Aà •ˆÏï˛ ÓyÎ˚%≤ÃÓy• !Ë˛ß¨– ÓyÎ˚%≤ÃÓyˆÏ•Ó˚ §yˆÏÌ
ÓyÎ˚%Ó˚ ~Ü˛fiÌyl ˆÌˆÏÜ˛ xlƒfiÌyˆÏl ÓyÎ˚%Ó˚ à!ï˛ ç!í˛¸ï˛– ÓyÎ˚%hflÏÓ˚ §Ù)ˆÏ•Ó˚ âl#Ë˛Ól åcompressionsä G ï˛l%Ë˛ÓˆÏlÓ˚
årarefactionsä Ê˛ˆÏ° ¢∑ ï˛Ó˚ˆÏAàÓ˚ §M˛y°l âˆÏê˛–

2. ï˛Ó˚ˆÏAàñ ~Ü˛ !Ó®% ˆÌˆÏÜ˛ xlƒ !Ó®%ˆÏï˛ ¢!=˛Ó˚ §M˛y°l âˆÏê˛ !Ü˛v ˛õòyˆÏÌ≈Ó˚ lÎ˚–

3. ÙyôƒˆÏÙÓ˚ ˛õy¢y˛õy!¢ ÌyÜ˛y flõ®l¢#° xÇ¢à%ˆÏ°yÓ˚ ÙˆÏôƒ !Ü ˛Î˚y¢#° !fiÌ!ï˛fiÌy˛õÜ˛ ÓˆÏ°Ó˚ §ÇˆÏÎyˆÏàÓ˚ Ê˛ˆÏ°•z ¢!=˛Ó˚
§M˛y°l âˆÏê˛–

4. ¢%ô%Ùye !fiÌ!ï˛fiÌy˛õÜ˛ Ü,˛hs˝l à%îyAÜ˛ åshear modulusä !Ó!¢T˛ ÙyôƒˆÏÙ•z !ï˛Î≈Ü˛ ï˛Ó˚Aà !ÓhflÏyÓ˚°yË˛ Ü˛Ó˚ˆÏï˛ ˛õyˆÏÓ˚–
xl%˜Ïòâ≈ƒ ï˛Ó˚ˆÏAàÓ˚ ˆ«˛ˆÏe !fiÌ!ï˛fiÌy˛õÜ˛ï˛yÓ˚ xyÎ˚ï˛l !ÓÜ˛yÓ˚ à%îyˆÏAÜ˛Ó˚ åbulk modulusä ≤ÃˆÏÎ˚yçl •Î˚ ~ÓÇ ï˛y•z
Ü˛!ë˛lñ ï˛Ó˚° G àƒy§ §Ó ÙyôƒˆÏÙ•z xl%˜Ïòâ≈ƒ ï˛Ó˚ˆÏAàÓ˚ !ÓhflÏyÓ˚°yË˛ §Ω˛Ó–

5. ˆÜ˛yˆÏly ≤Ãò_ Ü˛¡õyˆÏAÜ˛Ó˚ ~Ü˛!ê˛ ˆòy° ã˛°ï˛Ó˚ˆÏAàÓ˚  ˆ«˛ˆÏe ÙyôƒˆÏÙÓ˚ §Ó Ü˛îy•z §Ù!ÓhflÏyÓ˚ §¡õß¨ •Î˚ !Ü˛v §ÙˆÏÎ˚Ó˚
ˆÜ˛yˆÏly !l!ò≈T˛ Ù%•)ˆÏï≈˛ GˆÏòÓ˚ ò¢y !Ó!Ë˛ß¨ •Î˚– fl¨yl%ï˛Ó˚ˆÏAàÓ˚ ˆ«˛ˆÏeñ ˛õÓ˚˛õÓ˚ ò%!ê˛ !l/flõ® !Ó®%Ó˚ ÙôƒÓï˛#≈ xÇˆÏ¢Ó˚
Ü˛îyà%ˆÏ°y §ÙˆÏÎ˚Ó˚ ˆÜ˛yˆÏly !l!ò≈T˛ Ù%•)ˆÏï≈˛ñ §Ùò¢y §¡õß¨ •Î˚ !Ü˛v GˆÏòÓ˚ !ÓhflÏyÓ˚ !Ó!Ë˛ß¨ •Î˚–

6. ˆÜ˛yˆÏly ÙyôƒˆÏÙ !fiÌÓ˚ xÓfiÌyÎ˚ ÌyÜ˛y ˆÜ˛yˆÏly ˛õÎ≈ˆÏÓ«˛ˆÏÜ˛Ó˚ §yˆÏ˛õˆÏ«˛ G•z ÙyôƒˆÏÙ Îy!sfÜ˛ ï˛Ó˚ˆÏAàÓ˚ ˆÓà ¢%ô%Ùye
ÙyôƒˆÏÙÓ˚ !fiÌ!ï˛fiÌy˛õÜ˛ï˛y G xlƒylƒ ôÙ≈yÓ!°Ó˚ åˆÎÙlñ Ë˛Ó˚ âîcä í˛z˛õÓ˚ !lË≈˛Ó˚ Ü˛ˆÏÓ˚– !Ü˛v ~!ê˛ ˆÜ˛yˆÏlyË˛yˆÏÓ•z
í˛zÍˆÏ§Ó˚  ˆÓˆÏàÓ˚ í˛z˛õÓ˚ !lË≈˛Ó˚ Ü˛ˆÏÓ˚ ly–

7. ÙyôƒˆÏÙÓ˚ §yˆÏ˛õˆÏ«˛  v
o
 ˆÓˆÏà à!ï˛¢#° ˆÜ˛yˆÏly ˛õÎ≈ˆÏÓ«˛ˆÏÜ˛Ó˚ ˆ«˛ˆÏe ï˛Ó˚ˆÏAàÓ˚ xy˛õyï˛ ˆÓàñ xÓ¢ƒ•z ≤ÃÜ,˛ï˛ ˆÓˆÏàÓ˚

ˆÌˆÏÜ˛ !Ë˛ß¨ •Î˚ ~ÓÇ G•z ˆÓà v ± v
o
 •Î˚–

ˆË˛Ôï˛ Ó˚y!¢      !ã˛•´ Ùyey    ~Ü˛Ü˛ Ùhs˝Óƒ

ï˛Ó˚Aà ˜òâ≈ƒ

!ÓhflÏyÓ˚ ô %ÓÜ˛

ï˛Ó˚AàˆÏÓà

fl∫Ó̊Ü˛ Ï̂¡õÓ̊ Ü˛¡õyAÜ˛

˛õÓ˚˛õÓ˚ ò%!ê˛ §Ùò¢y §¡õß¨ !Ó®%Ó˚ ÙôƒÓï˛#≈ ò)Ó˚c

í˛ z ˛õ!Ó˚˛õy!ï˛ï˛ ï˛Ó˚AàmˆÏÎ˚Ó˚ Ü˛ySÈyÜ˛y!SÈ ò%!ê˛
Ü˛¡õyˆÏAÜ˛Ó˚ ˛õyÌ≈Ü˛ƒ

υ νλ=
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xl%¢#°l#

15.1 2.50 kg Ë˛ Ï̂Ó˚Ó˚ ~Ü˛!ê˛ ï˛yÓ˚̂ ÏÜ˛ 200 N  ê˛y Ï̂l Ó˚yáy xy Ï̂SÈ– ê˛yl Ü˛Ó˚y ï˛yÓ˚!ê˛Ó˚ ̃ òâ≈ƒ 20.0 m– ï˛yÓ˚!ê˛Ó˚ ~Ü˛≤Ãy Ï̂hs˝
xl%≤ÃfiÌË˛y Ï̂Ó §yÙylƒ VÑ̨ yÜ%̨ !l !ò Ï̂° ̂ § xy Ï̂°yí ¸̨l ï˛y Ï̂Ó˚Ó˚ x˛õÓ˚≤Ãy Ï̂hs˝ ̂ ˛õÔÑSÈy Ï̂ï˛ Ü˛ï˛ §ÙÎ˚ ̂ l Ï̂Ó⁄

15.2 300 m í z̨Ñã%̨  ̂ Ü˛y Ï̂ly hflÏ̂ ÏΩ˛Ó˚ í z̨̨ õÓ˚ ̂ Ì Ï̂Ü˛ ̂ Ê˛°y ~Ü˛!ê˛ ̨õyÌÓ˚ hflÏ̂ ÏΩ˛Ó˚ ̨õyò Ï̂ò Ï̂¢Ó˚ ~Ü˛!ê˛ ̨õ%Ü%̨ Ï̂Ó˚Ó˚ ç Ï̂° ̨õí ¸̨°–
Ü˛ï˛ §ÙÎ˚ ̨õÓ˚ hflÏˆÏΩ˛Ó˚ ã)˛Ñí˛¸yÎ˚ ç° !SÈê˛yˆÏlyÓ˚ ¢∑ ̂ ¢yly ÎyˆÏÓ⁄ ̂ òGÎ˚y xyˆÏSÈ ÓyÎ˚%ˆÏï˛ ¢ˆÏ∑Ó˚ o%!ï˛ 340 m s–

1ñ (g = 9.8 m s–2)–

15.3 ~Ü˛!ê˛ •zflõyï˛ï˛yˆÏÓ˚Ó˚ ̃ òâ≈ƒ 12.0 m ~ÓÇ Ë˛Ó˚  2.10 kg.– ï˛y Ï̂Ó˚ Ü˛ï˛ ê˛yl ≤Ã Ï̂Î˚yà Ü˛Ó˚̂ Ï° ï˛yÓ˚!ê˛ Ï̂ï˛ !ï˛Î≈Ü˛ ï˛Ó˚̂ ÏAàÓ˚

o%!ï˛ 20 °C í˛z£÷Ïï˛yÓ˚ ¢%‹Ò ÓyÎ˚%ˆÏï˛ ¢ˆÏ∑Ó˚ o%!ï˛ 343 m s–1 ÈüÈ~Ó˚ §Ùyl •ˆÏÓ⁄

15.4 v  
P

=
γ

ρ
   
§)e ≤ÃˆÏÎ˚yà Ü˛ˆÏÓ˚ Óƒyáƒy Ü˛ˆÏÓ˚yñ ˆÜ˛l ÓyÎ˚%ˆÏï˛ ¢ˆÏ∑Ó˚ o%!ï˛

(a) ã˛y˛õ !lÓ˚̂ Į̈ õ«˛ñ

(b) í˛z£÷Ïï˛y Ó,!ÂôˆÏï˛ Ó,!Âô ˛õyÎ˚ñ

(c) xyo≈ï˛y Ó,!ÂôˆÏï˛ ˛Ó,!Âô ˛õyÎ˚–

15.5 ˆï˛yÙÓ˚y !¢ˆÏáSÈ ˆÎñ ˆÜ˛yˆÏly ~Ü˛!ê˛ ~Ü˛Ùy!eÜ˛ ã˛°ï˛Ó˚AàˆÏÜ˛  y = f (x, t) xˆÏ˛õ«˛Ü˛ myÓ˚y ≤ÃÜ˛y¢ Ü˛Ó˚y •Î˚ó ˆÎáyˆÏl

x ~ÓÇ t xÓ¢ƒ•z x + v t ~ÓÇ x – v t ~Ó˚ §Ù!ß∫ï˛Ó˚)ˆÏ˛õ ÌyˆÏÜ˛ xÌ≈yÍ  y = f (x ± v t) – ~Ó˚ !Ó˛õÓ˚#ï˛ Ó=˛Óƒ!ê˛ §ï˛ƒ

!Ü˛⁄ !lˆÏã˛ ̂ òGÎ˚y y ~Ó˚ xˆÏ˛õ«˛Ü˛à%ˆÏ°yˆÏÜ˛ Îyã˛y•z Ü˛ˆÏÓ˚ ÓˆÏ°y ~Ó˚y §Ω˛yÓƒ ̂ Ü˛yˆÏly ã˛°ï˛Ó˚AàˆÏÜ˛ ≤ÃÜ˛y¢ Ü˛ˆÏÓ˚ !Ü˛ly

(a) (x – vt )2

(b) log [(x + vt)/x
0
]

(c) 1/(x + vt)

15.6 ~Ü˛!ê˛ Óyò%Ó˚ ÓyÎ˚%ˆÏï˛ 1000 kHz Ü˛¡õyˆÏAÜ˛Ó˚ ¢ˆÏ∑y_Ó˚ ¢∑ !l/§Ó˚î Ü˛ˆÏÓ˚– Î!ò ¢∑!ê˛ ̂ Ü˛yˆÏly ç°ï˛ˆÏ°Ó˚ §¡ø%á#l

•Î˚ ï˛ˆÏÓ (a) ≤Ã!ï˛Ê˛!°ï˛ ¢ˆÏ∑Ó˚ñ  (b) çˆÏ° ≤Ã!ï˛§,ï˛ ¢ˆÏ∑Ó˚ ï˛Ó˚Aà ˜òâ≈ƒ Ü˛ˆÏï˛y •ˆÏÓ⁄ ÓyÎ˚% G çˆÏ° ¢ˆÏ∑Ó˚ o%!ï˛

ÎÌyÜ ˛ˆÏÙ  340 m s –1 ~ÓÇ  1486 m s–1–

15.7 ~Ü˛ •y§˛õyï˛yˆÏ° ˆò•Ü˛°yÎ˚ !ê˛í˛zÙyˆÏÓ˚Ó˚ xÓfiÌyl !lî≈ˆÏÎ˚ ¢ˆÏ∑y_Ó˚ flÒƒylyÓ˚ åultrasonic scannerä ÓƒÓ•,ï˛ •Î˚–

ˆÎ ˆò•Ü˛°yÎ˚ ¢ˆÏ∑Ó˚ ˆÓà 1.7 km s–1 ˆ§ ˆò•Ü˛°yÎ˚ ¢ˆÏ∑Ó˚ ï˛Ó˚Aà ˜òâ≈ƒ Ü˛ï˛ •ˆÏÓ⁄

15.8 ~Ü˛!ê˛ ï˛yˆÏÓ˚ ~Ü˛!ê˛ !ï˛Î≈Ü˛ ˆòy°ï˛Ó˚AàˆÏÜ˛ !lˆÏã˛Ó˚ §Ù#Ü˛Ó˚î myÓ˚y ≤ÃÜ˛y¢ Ü˛Ó˚y ÎyÎ˚

                    y(x, t) = 3.0 sin (36  t + 0.018 x + π/4)

ˆÎáyˆÏlñ x ~ÓÇ  yñ cm ~Ü˛ˆÏÜ˛ ~ÓÇ  t sec ~Ü˛ˆÏÜ˛ ≤ÃÜ˛y!¢ï˛– ÓyÙ ̂ ÌˆÏÜ˛ í˛yl!òˆÏÜ˛ x ~Ó˚ x!Ë˛Ù%á ôlydÜ˛–

(a) ï˛Ó˚Aà!ê˛ ã˛° ï˛Ó˚Aà ly fiÌyl%ï˛Ó˚Aà⁄

Î!ò ~!ê˛ ~Ü˛!ê˛ ã˛°ï˛Ó˚Aà •Î˚ñ ~Ó˚ §M˛y°ˆÏlÓ˚ o%!ï˛ G x!Ë˛Ù%á Ü˛# •ˆÏÓ⁄

(b) ï˛Ó˚Aà!ê˛Ó˚ !ÓhflÏyÓ˚ G Ü˛¡õyAÜ˛ Ü˛ï˛⁄

(c) Ù)°!Ó®%ˆÏï˛ ï˛Ó˚Aà!ê˛Ó˚ ≤ÃyÓ˚!Ω˛Ü˛ ò¢y Ü˛ï˛⁄

(d) ï˛Ó˚Aà!ê˛ˆÏï˛ ˛õÓ˚˛õÓ˚ ò%!ê˛ ï˛Ó˚Aà¢#ˆÏ£Ï≈Ó˚ ÙôƒÓï˛#≈ l)ƒlï˛Ù ò)Ó˚c Ü˛ï˛⁄

15.9 15.8 xl%¢#°l#ˆÏï˛ Ó!î≈ï˛ ï˛Ó˚ˆÏAàÓ˚ ˆ«˛ˆÏe  x = 0, 2 ~ÓÇ 4 cm ~Ó˚çlƒ §Ó˚î åyä ÓlyÙ §ÙÎ˚ åtä ˆ°á!ã˛e

xyÑˆÏÜ˛y– ~ ̂ °á!ã˛eà%ˆÏ°yÓ˚ xyÜ,˛!ï˛ Ü˛#Ó˚)˛õ⁄ ̂ Ü˛yl‰ ̂ ≤Ã!«˛ˆÏï˛ ̂ Ü˛yˆÏly ã˛°ï˛Ó˚ˆÏAà Ü˛îyÓ˚ ̂ òy°l ~Ü˛ !Ó®% •ˆÏï˛ xlƒ

!Ó®%ˆÏï˛ ˛õ,ÌÜ˛ •Î˚ ı !ÓhflÏyÓ˚ñ Ü˛¡õyAÜ˛ ly ò¢y⁄
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15.10   ˆÜ˛yˆÏly ã˛°ï˛Ó˚ˆÏAàÓ˚ §Ù#Ü˛Ó˚î

y(x, t) = 2.0 cos 2π (10t – 0.0080 x + 0.35)

ˆÎáyˆÏl  x  ~ÓÇ yñ  cm  ~Ü˛ˆÏÜ˛ ~ÓÇ   tñ  s ~Ü˛ˆÏÜ˛ ≤ÃÜ˛y!¢ï˛– ï˛Ó˚Aà!ê˛Ó˚ ò%!ê˛ !Ó®%Ó˚ ̂ òy°ˆÏlÓ˚ ò¢y ̨ õyÌ≈Ü˛ƒ !lî≈Î˚

Ü˛ˆÏÓ˚y Îál !Ó®% ò%!ê˛Ó˚ ò)Ó˚c

(a) 4 m,

(b) 0.5 m,

(c) λ/2,

(d) 3λ/4

15.11 ò%≤ÃyˆÏhs˝ ò,ì˛¸Ë˛yˆÏÓ xyê˛Ü˛yˆÏly ~Ü˛!ê˛ ï˛yˆÏÓ˚Ó˚ !ï˛Î≈Ü˛ §Ó˚î

y(x, t) = 0.06 sin 
2

3

π
x





  cos (120 πt)

ˆÎáyˆÏlñ  x G y  m ~Ü˛ˆÏÜ˛ ~ÓÇ   t ñ  s ~Ü˛ˆÏÜ˛ ≤ÃÜ˛y!¢ï˛– ï˛yÓ˚!ê˛Ó˚ ˜òâ≈ƒ  1.5 m  ~ÓÇ ~Ó˚ Ë˛Ó˚  3.0 ×10–2 kg–

l#ˆÏã˛Ó˚ ≤ÃŸ¿à%ˆÏ°y í˛z_Ó˚ òyG ı

(a) xˆÏ˛õ«˛Ü˛!ê˛ ã˛°ï˛Ó˚AàˆÏÜ˛ ≤ÃÜ˛y¢ Ü˛ˆÏÓ˚ ly !Ü˛ fiÌyl%ï˛Ó˚AàˆÏÜ˛⁄

(b) ˛õÓ˚flõÓ˚ !Ó˛õÓ˚#ï˛ !òˆÏÜ˛ à!ï˛¢#° ò%!ê˛ ï˛Ó˚ˆÏAàÓ˚ í˛z˛õ!Ó˚˛õyï˛ˆÏlÓ˚ Ê˛ˆÏ° §,T˛ ï˛Ó˚AàÓ˚)ˆÏ˛õ ~ˆÏÜ˛ Óƒyáƒy Ü˛ˆÏÓ˚y–

≤ÃˆÏï˛ƒÜ˛ ï˛Ó˚ˆÏAàÓ˚ ï˛Ó˚Aà ˜òâ≈ƒ Ü˛¡õyAÜ˛ ~ÓÇ ï˛Ó˚Aà o%!ï˛ !lî≈Î˚ Ü˛ˆÏÓ˚y–

(c) ï˛yÓ˚!ê˛Ó˚ ê˛yl !lî≈Î˚ Ü˛ˆÏÓ˚y–

15.12 (i) 15.11 xl%¢#°l#ˆÏï˛ Ó!î≈ï˛ ï˛yˆÏÓ˚ í˛zÍ˛õß¨ ï˛Ó˚ˆÏAàÓ˚ ˆ«˛ˆÏe ï˛yˆÏÓ˚Ó˚ ≤ÃˆÏï˛ƒÜ˛!ê˛ !Ó®%•z !Ü˛ ~Ü˛•z  (a) Ü˛¡õyˆÏAÜ˛ñ

(b) ò¢yÎ˚ñ  (c) !ÓhflÏyˆÏÓ˚ Ü˛!¡õï˛ •Î˚⁄ ˆï˛yÙyÓ˚ í˛z_Ó˚!ê˛ Óƒyáƒy Ü˛ˆÏÓ˚y–  (ii) ˆÜ˛yˆÏly ~Ü˛≤Ãyhs˝ •ˆÏï˛  0.375 m ò)ˆÏÓ˚Ó˚

ˆÜ˛yˆÏly ~Ü˛!ê˛ !Ó®%ˆÏï˛ Ü˛¡õl!ÓhflÏyÓ˚ Ü˛ï˛⁄

15.13 l#ˆÏã˛  x G  t  ~Ó˚ !Ü˛S%È xˆÏ˛õ«˛Ü˛ ˆòGÎ˚y •° ÎyÓ˚y ˆÜ˛yˆÏly !fiÌ!ï˛fiÌy˛õÜ˛ ï˛Ó˚ˆÏAàÓ˚ å!ï˛Î≈Ü˛ Óy xl%˜Ïòâ≈ƒä §Ó˚îˆÏÜ˛

≤ÃÜ˛y¢ Ü˛ˆÏÓ˚– ~ˆÏòÓ˚ ̂ Ü˛yl!ê˛   (i) ~Ü˛!ê˛ ã˛°ï˛Ó˚AàˆÏÜ˛ñ  (ii) ~Ü˛!ê˛ fiÌyl%ï˛Ó˚AàˆÏÜ˛ Óy   (iii) ˆÜ˛yˆÏlyÓ˚)˛õ ï˛Ó˚AàˆÏÜ˛•z

≤ÃÜ˛y¢ Ü˛ˆÏÓ˚ ly ı

(a) y = 2 cos (3x) sin (10t)

(b) y x  vt  = −2

(c) y = 3 sin (5x – 0.5t) + 4 cos (5x – 0.5t)

(d) y = cos x sin t + cos 2x sin 2t

15.14 ò%!ê˛ ò,ì˛¸ xÓ°¡∫ˆÏlÓ˚ ÙyˆÏV˛ ê˛yl Ü˛ˆÏÓ˚ Ó˚yáy ~Ü˛!ê˛ ï˛yÓ˚  45 Hz ñ Ù)°§%ˆÏÓ˚Ó˚ Ü˛¡õyˆÏAÜ˛ Ü˛!¡õï˛ •ˆÏFSÈ– ï˛yÓ˚!ê˛Ó˚ Ë˛Ó˚

3.5 × 10–2  kg ~ÓÇ ~Ó˚ ˜Ó˚!áÜ˛ Ë˛Ó˚ âlc  4.0 × 10–2 kg m–1 –  (a) ï˛yÓ˚!ê˛ˆÏï˛ !ï˛Î≈Ü˛ ï˛Ó˚ˆÏAàÓ˚ o%!ï˛ ~ÓÇ (b)

ï˛yˆÏÓ˚Ó˚ ê˛yl Ü˛ï˛⁄

15.15 ~Ü˛ !Ùê˛yÓ̊ °¡∫y ~Ü˛!ê˛ l Ï̂°Ó̊ ~Ü˛≤Ãyhs˝ ̂ áy°yñ x˛õÓ̊ ≤Ãy Ï̂hs˝ ~Ü˛!ê˛ ã˛°l«˛Ù !˛õT˛l Î%=˛ xy Ï̂SÈ– ~Ü˛!ê˛ !fiÌÓ̊ Ü˛¡õy Ï̂AÜ˛Ó̊

í z̨Í§  340 Hz Ü˛¡õy Ï̂AÜ˛Ó̊ §%Ó̊¢°yÜ˛yÓ̊ §y Ï̂Ì l°!ê˛ Ï̂ï˛ Îál ÓyÎ̊%hflÏ̂ ÏΩ˛Ó̊ ˜òâ≈ƒ  25.5 cm  ~ÓÇ 79.3 cm •Î̊ ï˛ál

xl%lyò §,!T˛ Ü˛ Ï̂Ó̊– ̨õÓ̊#«˛yÜ˛y°#l ï˛y˛õÙyeyÎ̊ ÓyÎ̊%̂ Ïï˛ ¢ Ï̂∑Ó̊ ̂ Óà !lî≈Î̊ Ü˛ Ï̂Ó̊y– å≤Ãy!hs˝Î̊ e%!ê˛ í ẑ̨ Į̈ õ«˛î#Î̊ä–

15.16 100 cm ò#â≈ ~Ü˛!ê˛ •zflõyï˛ ò[˛ !ë˛Ü˛ ÙyV˛áyˆÏl ò,ì˛¸ Ü˛ˆÏÓ˚ xyê˛Ü˛yˆÏly xyˆÏSÈ– ò[˛!ê˛Ó˚ xl%˜Ïòâ≈ƒ Ü˛¡õˆÏlÓ˚ Ù)°§%ˆÏÓ˚Ó˚

Ü˛¡õyAÜ˛ 2.53 kHz •ˆÏ° •zflõyˆÏï˛ ¢ˆÏ∑Ó˚ o%!ï˛ Ü˛ï˛⁄
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15.17 20 cm ò#â≈ ~Ü˛!ê˛ lˆÏ°Ó˚ ~Ü˛Ù%á ÓÂô– l°!ê˛Ó˚ ̂ Ü˛yl §ÙˆÏÙ° ~Ü˛!ê˛  430 Hz í˛zÍˆÏ§Ó˚ §yˆÏÌ xl%lyò §,!T˛ Ü˛ˆÏÓ˚⁄

l°!ê˛ í˛zË˛Î˚ ≤Ãyhs˝ ˆáy°y •ˆÏ°ñ ~Ü˛•z í˛zÍ§ l°!ê˛Ó˚ §yˆÏÌ xl%lyò# •ˆÏÓ !Ü˛⁄ åÓyÎ˚%ˆÏï˛ ¢ˆÏ∑Ó˚ o%!ï˛ 340 m s–1ä–

15.18 ò%!ê˛ ̂ §ï˛yÓ˚ ï˛yÓ˚  A G B ̂ ï˛ ÚàyÛ §%Ó˚!ê˛ §yÙylƒ §%Ó˚ ̨õyÌ≈̂ ÏÜ˛ƒ ̂ Ó Ï̂ç 6 Hz Ü˛¡õy Ï̂AÜ˛Ó˚ fl∫Ó˚Ü˛¡õ §,!T˛ Ü˛ Ï̂Ó˚–  A ï˛y Ï̂Ó˚

ê˛yl §yÙylƒ Ü˛ÙyˆÏly •ˆÏ° ˆòáy ÎyÎ˚ fl∫Ó˚Ü˛ˆÏ¡õÓ˚ Ü˛¡õyAÜ˛ Ü˛ˆÏÙ  3 Hz •Î˚–  A ï˛yˆÏÓ˚Ó˚ ≤ÃÜ,˛ï˛ Ü˛¡õyAÜ˛  324 Hz

•ˆÏ° B ï˛yˆÏÓ˚Ó˚ Ü˛¡õyAÜ˛ Ü˛ï˛⁄

15.19 Óƒyáƒy Ü˛ˆÏÓ˚y ˆÜ˛l åxÌÓy Ü˛#Ë˛yˆÏÓä ı

(a) ¢∑ ï˛Ó˚ˆÏAà ~Ü˛!ê˛ §Ó˚ˆÏîÓ˚ !l/flõ® !Ó®% •ˆÏ°y ã˛yˆÏ˛õÓ˚ §%flõò !Ó®% ~ÓÇ !Ó˛õÓ˚#ï˛Ü ˛ˆÏÙG ~!ê˛ §ï˛ƒñ

(b) ˆÜ˛yˆÏly Úˆã˛yáÛ SÈyí˛¸y•z Óyò%Ó˚ ˆÜ˛yl ≤Ã!ï˛ÓrôˆÏÜ˛Ó˚ ò)Ó˚cñ !òÜ˛ñ ≤ÃÜ,˛!ï˛ G xyÜ,˛!ï˛ !lÓ˚)˛õî Ü˛Ó˚ˆÏï˛ ˛õyˆÏÓ˚ñ

(c) ~Ü˛!ê˛ ˆÓ•y°y G ~Ü˛!ê˛ ˆ§ï˛yˆÏÓ˚Ó˚ §%ˆÏÓ˚Ó˚ Ü˛¡õyAÜ˛ ~Ü˛•zñ ï˛Ìy!˛õ xyÙÓ˚y §%Ó˚ ò%!ê˛Ó˚ ˛õyÌ≈Ü˛ƒ Ó%V˛ˆÏï˛ ˛õy!Ó˚ñ

(d) Ü˛!ë˛l ÙyôƒˆÏÙ xl%˜Ïòâ≈ƒ G !ï˛Î≈Ü˛ í˛zË˛Î˚ ≤ÃÜ˛yÓ˚ ï˛Ó˚Aà !ÓhflÏyÓ˚°yË˛ Ü˛ˆÏÓ˚ñ !Ü˛v àƒy§#Î˚ ÙyôƒˆÏÙ ¢%ô%Ùye

xl%˜Ïòâ≈ƒ ï˛Ó˚Aà !ÓhflÏyÓ˚°yË˛ Ü˛ˆÏÓ˚ñ ~ÓÇ

(e) ˆÜ˛yˆÏly !ÓFS%ÈÓ˚Ü˛ ÙyôƒˆÏÙÓ˚ Ùôƒ!òˆÏÎ˚ !ÓhflÏyÓ˚Ü˛yˆÏ° flõ®ˆÏlÓ˚ xyÜ,˛!ï˛Ó˚ !ÓÜ,˛ï˛ •Î˚–

15.20 ~Ü˛!ê˛ ̂ Ó˚° ̂ fiê˛¢ Ï̂lÓ˚ Óy•ẑ ÏÓ˚Ó˚ !§àlƒy° ~ òÑyí ¸̨y Ï̂ly ~Ü˛!ê˛ ̂ ê ∆̨l !fiÌÓ˚ ÓyÎ%̊̂ Ïï˛ 400 Hz Ü˛¡õy Ï̂AÜ˛Ó˚ ÓÑy!¢ Óyçy Ï̂FSÈ–

(i) ≤’ƒyê˛Ê˛ˆÏÙ≈ òÑyí˛¸yˆÏly ˛õÎ≈ˆÏÓ«˛ˆÏÜ˛Ó˚ Ü˛yˆÏSÈ G•z ÓÑy!¢Ó˚ Ü˛¡õyAÜ˛ Ü˛ï˛ •ˆÏÓñ Îál ˆê˛∆l!ê˛ (a)  10 m s–1 o%!ï˛ˆÏï˛

≤’ƒyê˛Ê˛ˆÏÙ≈Ó˚ !òˆÏÜ˛ x@˝Ã§Ó˚ •Î˚ñ (b) 10 m s–1 o%!ï˛ˆÏï˛ ≤’ƒyê˛Ê˛Ù≈ ˆÌˆÏÜ˛ ò)ˆÏÓ˚ §ˆÏÓ˚ ÎyÎ˚⁄ (ii) ≤Ã!ï˛!ê˛ ˆ«˛ˆÏe ¢ˆÏ∑Ó˚

o%!ï˛ Ü˛ˆÏï˛y⁄ ôˆÏÓ˚ lyGñ !fiÌÓ˚ ÓyÎ˚%ˆÏï˛ ¢ˆÏ∑Ó˚ o%!ï˛ 340 m s–1–

15.21 ˆfiê˛¢l ã˛cˆÏÓ˚ òÑyí˛¸yˆÏly ~Ü˛!ê˛ ˆê˛∆l !fiÌÓ˚ ÓyÎ˚%ˆÏï˛ 400 Hz Ü˛¡õyˆÏAÜ˛Ó˚ ~Ü˛!ê˛ ÓÑy!¢ å•%•zˆÏ§°ä ÓyçyˆÏFSÈ– ˆfiê˛¢l

ã˛cÓ˚ ˆÌˆÏÜ˛ ˆfiê˛¢yˆÏlÓ˚ x!Ë˛Ù%ˆÏá 10 m s–1 o%!ï˛ˆÏï˛ Óyï˛y§ Ó•zˆÏï˛ ¢%Ó˚% Ü˛Ó˚ˆÏ°y– ˆfiê˛¢yl ≤’ƒyê˛Ê˛ˆÏÙ≈ òÑyí˛¸yˆÏly

~Ü˛çl ˛õÎ≈ˆÏÓ«˛ˆÏÜ˛Ó˚ Ü˛yˆÏSÈ ÓÑy!¢Ó˚ ¢ˆÏ∑Ó˚ Ü˛¡õyAÜ˛ñ ï˛Ó˚Aà˜Ïòâ≈ƒ ~ÓÇ ˆÓà Ü˛ˆÏï˛y⁄ Î!ò ÓyÎ˚%!fiÌÓ˚ ÌyÜ˛ï˛ ~ÓÇ

˛õÎ≈ˆÏÓ«˛Ü˛ ̂ fiê˛¢ylã˛cˆÏÓ˚Ó˚ !òˆÏÜ˛ 10 m s–1 o%!ï˛ˆÏï˛ ̂ òÔí˛¸yˆÏï˛yñ ̂ §ˆÏ«˛ˆÏeG Ü˛# !ë˛Ü˛ xl%Ó˚)˛õ xÓfiÌyÓ˚ §,!T˛ •ˆÏï˛y⁄

ôˆÏÓ˚ lyGñ !fiÌÓ˚ ÓyÎ˚%ˆÏï˛ ¢ˆÏ∑Ó˚ o%!ï˛ 340 m s–1 –

x!ï˛!Ó˚=˛ xl%¢#°l#

15.22 ˆÜ˛yˆÏly ï˛yˆÏÓ˚ §,T˛ ã˛° ˆòy° ï˛Ó˚AàˆÏÜ˛ l#ˆÏã˛Ó˚ §Ù#Ü˛Ó˚î myÓ˚y ≤ÃÜ˛y¢ Ü˛Ó˚y ÎyÎ˚ ÈüüüÈ

y(x, t) = 7.5 sin (0.0050x +12t + π/4)

(a) t = 1 s  ~ x = 1 cm xÓfiÌyˆÏl ˆÜ˛yˆÏly !Ó®%Ó˚ ˆòy°l !ÓhflÏyÓ˚ ~ÓÇ ˆÓà Ü˛ï˛⁄ ~ ˆÓà Ü˛# ï˛Ó˚ˆÏAàÓ˚ !ÓhflÏyˆÏÓ˚Ó˚

ˆÓˆÏàÓ˚ §Ùyl⁄

(b) ï˛yˆÏÓ˚Ó˚ ˆ§§Ó !Ó®%Ó˚ xÓfiÌyl !ã˛!•´ï˛ Ü˛ˆÏÓ˚yñ ˆÎ §Ó !Ó®%ˆÏï˛ xl%≤ÃfiÌ §Ó˚î G ˆÓà t = 2 s, 5 s ~ÓÇ 11 s

§ÙˆÏÎ˚ ï˛yˆÏÓ˚Ó˚  x = 1 cm  !Ó®%ˆÏï˛ ˆÎ xl%≤ÃfiÌ §Ó˚î G ˆÓà !SÈ° ï˛yÓ˚ §Ùyl–

15.23 «˛îfiÌyÎ˚# ~Ü˛!ê˛ ¢∑flõ®l åí˛zòy•Ó˚î fl∫Ó˚)˛õ ÓÑy!¢Ó˚ ~Ü˛!ê˛ !˛õ˛õ åpipä ¢∑ä ÙyôƒˆÏÙÓ˚ Ùôƒ !òˆÏÎ˚ ̨ õyë˛yˆÏly •ˆÏ°y–

(a) flõ®l!ê˛Ó˚ !Ü˛ ̂ Ü˛yˆÏly !l!ò≈T˛  (i) Ü˛¡õyAÜ˛ñ  (ii) ï˛Ó˚Aà ̃ òâ≈ƒñ  (iii) !ÓhflÏyÓ˚ o%!ï˛ xyˆÏSÈ⁄  (b) flõ®l •yÓ˚ ≤Ã!ï˛

20 s ̨õÓ˚ 1 ÓyÓ˚ •Î˚ åxÌ≈yÍ ≤Ã!ï˛ 20 s ̨õÓ˚˛õÓ˚ Ù%•)ˆÏï≈˛Ó˚ çlƒ ÓÑy!¢!ê˛ ÓyçyˆÏly •°ä ï˛ˆÏÓ Ü˛# ÓÑy!¢Ó˚ myÓ˚y §,T˛ §%ˆÏÓ˚Ó˚

Ü˛¡õyAÜ˛  1/20 Óy 0.05 Hz •ˆÏÓ⁄

15.24 8.0 × 10–3 kg m–1 ˜Ó˚!áÜ˛ Ë˛Ó˚ âlˆÏcÓ˚ ~Ü˛!ê˛ °¡∫y ï˛yˆÏÓ˚Ó˚ ~Ü˛≤Ãyhs˝  256 Hz Ü˛¡õyˆÏAÜ˛Ó˚ ~Ü˛!ê˛ ï˛!í˛¸Íã˛y!°ï˛

§%Ó˚¢°#Ü˛yÓ˚ §yˆÏÌ Î%=˛ Ü˛Ó˚y xyˆÏSÈ– ï˛yÓ˚!ê˛Ó˚ x˛õÓ˚ ≤Ãyhs˝ ~Ü˛!ê˛ Ü˛!˛õÜ˛ˆÏ°Ó˚ í˛z˛õÓ˚ !òˆÏÎ˚ !àˆÏÎ˚ 90 kg Ë˛Ó˚ §Ù!ß∫ï˛

~Ü˛!ê˛ ï%˛°y˛õyˆÏeÓ˚ §yˆÏÌ ò,ì˛¸Ë˛yˆÏÓ xyê˛Ü˛yˆÏly– Ü˛!˛õÜ˛° ≤Ãyhs˝ xyàï˛ ¢!=˛Ó˚ ˛õ%ˆÏÓ˚yê˛y•z ˆ¢y£Ïî Ü˛ˆÏÓ˚ ˆlÎ˚ ˆÎl G•z
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≤ÃyˆÏhs˝ ≤Ã!ï˛Ê˛!°ï˛ ï˛Ó˚ˆÏAàÓ˚ !ÓhflÏyÓ˚ làîƒ •Î˚– t = 0 §ÙˆÏÎ˚ ï˛yˆÏÓ˚Ó˚ ÓÑy ≤ÃyˆÏhs˝ å§%Ó˚¢°#Ü˛y ≤ÃyˆÏhs˝ä x = 0 xÓfiÌyˆÏl

!ï˛Î≈Ü˛ §Ó˚î åtransverse displacementä  y = 0 •Î˚ ~ÓÇ y-xˆÏ«˛Ó˚ ôlydÜ˛ x!Ë˛Ù%á ÓÓ˚yÓÓ˚ x@˝Ã§Ó˚ •Î˚–

ï˛Ó˚Aà!ê˛Ó˚ !ÓhflÏyÓ ̊5.0 cm – !ï˛Î≈Ü˛ §Ó˚î  y ̂ Ü˛  x ~ÓÇ  t ~Ó˚ x Į̈̂ õ«˛Ü˛Ó)̊̂ Į̈ õ ̂ ° Ï̂áy ̂ Îl ̂ § x Į̈̂ õ«˛Ü˛!ê˛ ï˛y Ï̂Ó˚ í z̨Í˛õß¨

ï˛Ó˚AàˆÏÜ˛ ≤ÃÜ˛y¢ Ü˛ˆÏÓ˚–

15.25 ~Ü˛!ê˛ í%˛ˆÏÓyçy•yç ~Ó˚ §yˆÏÌ Î%=˛ ÓƒÓfiÌy 40.0 kHz Ü˛¡õyˆÏAÜ˛ Ü˛yç Ü˛Ó˚ˆÏSÈ– ~Ü˛!ê˛ ¢e% ̨ õˆÏ«˛Ó˚ í%˛ˆÏÓy çy•yç G•z

SONAR ÓƒÓfiÌyÓ˚ !òˆÏÜ˛ 360 km h–1 ˆÓˆÏà x@˝Ã§Ó˚ •ˆÏFSÈ– SONAR ˆÌˆÏÜ˛ !là≈ï˛ ï˛Ó˚Aà G•z ¢e% í%˛ˆÏÓyçy•yç

ˆÌˆÏÜ˛ ≤Ã!ï˛Ê˛!°ï˛ •ˆÏ°y– ≤Ã!ï˛Ê˛!°ï˛ ï˛Ó˚ˆÏAàÓ˚ Ü˛¡õyAÜ˛ Ü˛ï˛ •ˆÏÓ⁄ ôˆÏÓ˚ lyG çˆÏ° ¢ˆÏ∑Ó˚ o%!ï˛  1450 m s–1–

15.26 Ë)̨ !ÙÜ˛¡õ ̨õ,!ÌÓ#Ó˚ xË˛ƒhs˝ Ï̂Ó˚ ¢∑ï˛Ó˚Aà í z̨Í˛õß¨ Ü˛ Ï̂Ó˚– ̨ ˛õ,!ÌÓ# !ï˛Î≈Ü˛ (S) ~ÓÇ  xl%̃ Ïòâ≈ƒ (P) í z̨Ë˛Î˚ ≤ÃÜ˛yÓ˚ ï˛Ó˚Aà Ï̂Ü˛

§M˛y!°ï˛ Ü˛Ó˚ˆÏï˛ ˛õyˆÏÓ˚– ≤Ãï˛#Ü˛# S  ï˛Ó˚ˆÏAàÓ˚ o%!ï˛ ≤ÃyÎ˚ 4.0 km s–1 ~ÓÇ P ï˛Ó˚ˆÏAàÓ˚ o%!ï˛ 8.0 km s–1– ~Ü˛!ê˛

!§§ Ï̂Ùy@˝ÃyÊ˛ ̂ Ü˛y Ï̂ly ~Ü˛ Ë)̨ !ÙÜ˛ Ï̂¡õÓ˚ í z̨Ë˛Î˚ ï˛Ó˚Aà Ï̂Ü˛ l!ÌË%̨ =˛ Ü˛ Ï̂Ó˚– ≤ÃÌÙ P ï˛Ó˚Aàñ ≤ÃÌÙ S ï˛Ó˚̂ ÏAàÓ˚ 4 min ̨õ)̂ ÏÓ≈

ˆ˛õÔÑSÈyÎ˚– ï˛Ó˚Aàà%ˆÏ°y §Ó˚°ˆÏÓ˚áyÎ˚ ã˛ˆÏ° ôˆÏÓ˚ !lˆÏÎ˚ñ Ü˛ï˛ ò)Ó˚ˆÏc Ë)˛!ÙÜ˛ˆÏ¡õÓ˚ §,!T˛ •ˆÏÎ˚ˆÏSÈ !lî≈Î˚ Ü˛ˆÏÓ˚y–

15.27 ~Ü˛!ê˛ à%•yÓ˚ ÙˆÏôƒ ~Ü˛!ê˛ Óyò%Ó˚ ¢ˆÏ∑y_Ó˚ ï˛Ó˚Aà !l/§,ï˛ Ü˛Ó˚ˆÏï˛ Ü˛Ó˚ˆÏï˛ x!fiÌÓ˚Ë˛yˆÏÓ í˛zˆÏí˛¸ ˆÓí˛¸yˆÏFSÈ– ôˆÏÓ˚ lyG

Óyò%ˆÏÓ˚Ó˚ !l/§,ï˛ ¢ˆÏ∑Ó˚ Ü˛¡õyAÜ˛ 40 kHz– §¡ø%áfiÌ ~Ü˛!ê˛ §Ùï˛° ˆòGÎ˚yˆÏ°Ó˚ !òˆÏÜ˛ §Ó˚y§!Ó˚ ≤ÃÌÙ ˆSÈÑy ÙyÓ˚yÓ˚

§ÙÎ˚ Óyò%Ó˚!ê˛Ó˚ ˆÓà ÓyÎ˚%ˆÏï˛ ¢ˆÏ∑Ó˚ ˆÓˆÏàÓ˚ 0.03 à%î !SÈ°– ˆòGÎ˚y° ˆÌˆÏÜ˛ ≤Ã!ï˛Ê˛!°ï˛ Ü˛ï˛ Ü˛¡õyˆÏAÜ˛Ó˚ ¢∑

Óyò%Ó˚!ê˛ ¢%lˆÏï˛ ˛õyÎ˚⁄
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xôƒyÎ˚ ı lÓÙ

9.1 1.8

9.2 (a) ≤Ãò_ ˆ°á!ã˛e ˆÌˆÏÜ˛ 150 × 106 N m–2 ˛õ#í˛¸ˆÏlÓ˚ çlƒ !ÓÜ,˛!ï˛ •°  0.002

(b) ˛õòyÌ≈!ê˛Ó˚ ˛õÓ˚yË˛Ó ˛õ#í˛¸ˆÏlÓ˚ åyield strengthä Ùyl •ˆÏ°y 3 × 108 N m–2 å≤ÃyÎ˚ä–

9.3 (a) ˛õòyÌ≈ åAä–

(b) ̂ Ü˛y Ï̂ly Ó›Ó˚ ò,ì ¸̨ï˛y Ó° Ï̂ï˛ Ó%V˛yÎ˚ § Ï̂Ó≈yFã˛ Ü˛ï˛ ̨õ#í ¸̨̂ ÏlÓ˚ í z̨̨ õÓ˚ ~ Ï̂ï˛ fiÌyÎ˚# Ê˛yê˛ Ï̂°Ó˚ §,!T˛ •Î˚– ̨õòyÌ≈ åAäñ ̨õòyÌ≈ åBä x Į̈̂ õ«˛y
ˆÓ!¢ ò,ì˛¸–

9.4 (a) Ë%˛°  (b) §!ë˛Ü˛

9.5 1.5 × 10–4 m å!fiê˛°ä; 1.3 × 10–4 m å!˛õï˛°ä–

9.6 !ÓˆÏ«˛˛õl = 4 ×  10–6 m

9.7 2.8 × 10–6

9.8 0.127

9.9 7.07 × 10
4 
N

9.10 D
ï˛yÙy

/D
ˆ°y•y

 = 1.25

9.11 1.539 × 10–4 m

9.12 2.026 × 109 Pa

9.13 1.034 × 103 kg/m3

9.14 0.0027

9.15 0.058 cm3

9.16 2.2 × 106 N/m2

í z̨_Ó˚Ùy°y
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9.17 ˆl•y•zÈüÈ~Ó˚ ï˛#«¯˛ ≤ÃyˆÏhs˝ ã˛y˛õ •ˆÏ°y  2.5 × 1011 Pa

9.18 (a) 0.7 m (b)  0.43 m !fiê˛ˆÏ°Ó˚ ï˛yˆÏÓ˚Ó˚ çlƒñ

9.19 ≤ÃyÎ˚ 0.01 m

9.20 260 kN

9.21 2.51 × 10–4 m3

xôƒyÎ˚ ı ò¢Ù

10.3 (a) •…y§ ˛õyˆÏÓñ (b) í˛z£÷Ïï˛y Ó,!ÂôÓ˚ §ˆÏAà àƒyˆÏ§Ó˚ §ywï˛yÇÜ˛ Ó,!Âô ˛õyÎ˚ñ !Ü˛v ï˛Ó˚ˆÏ°Ó˚ §ywï˛yÇÜ˛ •…y§ ˛õyÎ˚ñ (c) Ü,˛hs˝l !ÓÜ,˛!ï˛ñ
Ü,˛hs˝l !ÓÜ,˛!ï˛Ó˚ •yÓ˚ñ (d) Ë˛ˆÏÓ˚Ó˚ §ÇÓ˚«˛î l#!ï˛ñ ÓyˆÏl≈Ô!°Ó˚ §Ù#Ü˛Ó˚îñ  (e) ˆÓ!¢–

10.5  6.2 × 106 Pa

10.6  10.5 m

10.7 §Ù%ˆÏoÓ˚ G•z !l!ò≈T˛ àË˛#Ó˚ï˛yÎ˚ ã˛y˛õ ≤ÃyÎ˚ 3 × 107 Pa – ~•z àë˛l!ê˛Ó˚ @˝Ã•îˆÏÎyàƒï˛y ˆÓ!¢ Ü˛yÓ˚î ~ê˛y ˆÓ!¢ ã˛y˛õ Óy ˛õ#í˛¸l §•ƒ
Ü˛Ó˚ˆÏï˛ ˛õyˆÏÓ˚–

10.8 6.92 × 105 Pa

10.9 0.800

10.10 !flõ!Ó˚ê˛˛õ)î≈ Óy•%ˆÏï˛ ˛õyÓ˚ò í˛z˛õˆÏÓ˚ í˛zë˛ˆÏÓ– ˛õyÓ˚ˆÏòÓ˚ ï˛ˆÏ°Ó˚ ˛õyÌ≈Ü˛ƒ •ˆÏÓ  0.221 cm –

10.11 lyñ ÓyˆÏl≈Ô!°Ó˚ í˛z˛õ˛õyòƒ ˆÜ˛Ó°Ùye ôyÓ˚yˆÏÓ˚á ≤ÃÓy• Óy ¢yhs˝ ≤ÃÓyˆÏ•Ó˚ ˆ«˛ˆÏe ≤ÃˆÏÎyçƒ–

10.12 lyñ ˆÎ ò%!ê˛ !Ó®%ˆÏï˛ ÓyˆÏl≈Ô!°Ó˚ §Ù#Ü˛Ó˚î ≤ÃˆÏÎ˚yà Ü˛Ó˚y •ˆÏFSÈñ G•z ò%!ê˛ !Ó®%ˆÏï˛ ÓyÎ˚%Ù[˛°#Î˚ ã˛y˛õ Îï˛«˛î ly ˛õÎ≈hs˝ ï˛yÍ˛õÎ≈˛õ)î≈Ë˛yˆÏÓ
˛õ,ÌÜ˛ •Î˚–

10.13 9.8 × 102 Pa (ˆÎˆÏ•ï%˛ ˆÓ˚l”˛§ÈüÈ~Ó˚ §Çáƒy ≤ÃyÎ˚  0.3 •Î˚ñ ï˛y•z ≤ÃÓy•!ê˛ hflÏ!Ó˚ï˛ Óy ¢yhs˝ ≤ÃÓy• •ˆÏÓ–ä

10.14 1.5 × 103 N

10.15 !ã˛e (a) !ê˛ §!ë˛Ü˛ lÎ˚ åÜ˛yÓ˚îñ lˆÏ°Ó˚ «%˛o ≤ÃfiÌˆÏFSÈˆÏòÓ˚ ̂ «˛eÊ˛ˆÏ°Ó˚ çlƒ ï˛Ó˚ˆÏ°Ó˚ o%!ï˛ ̂ Ó!¢ •Î˚ñ Ë˛ˆÏÓ˚Ó˚ §ÇÓ˚«˛î l#!ï˛ xl%Îy!Î˚–
xyÓyÓ˚ ÓyˆÏl≈Ô!°Ó˚ í˛z˛õ˛õyòƒ xl%Îy!Î˚ G•z !Ó®%ˆÏï˛ ã˛y˛õ Ü˛Ù •ˆÏÓ– xyÙÓ˚y ï˛°°!ê˛ˆÏÜ˛ x§ÇlÙƒ !ÓˆÏÓã˛ly Ü˛ˆÏÓ˚!SÈä–

10.16 0.64 m s–1

10.17 2.5 × 10–2 N m–1

10.18 4.5 × 10–2  N – (b) ~ÓÇ (c) ~Ó˚ çlƒñ  (a) ~Ó˚ çlƒ ~Ü˛•z–

10.19 x!ï˛!Ó˚=˛ ã˛y˛õ = 310 Pa, ˆÙyê˛ ã˛y˛õ = 1.0131 × 105 Pa– ˆÎˆÏ•ï%˛ ï˛Ìƒà%ˆÏ°y !ï˛lâÓ˚ ï˛yÍ˛õÎ≈˛õ)î≈ xÇÜ˛ §Çáƒy ˛õÎ≈hs˝
§!ë˛Ü˛ñ ï˛y•z ï˛Ó˚° ̂ ÊÑ˛yê˛y!ê˛Ó˚ xË˛ƒhs˝ˆÏÓ˚ ̂ Ùyê˛ ã˛y˛õ  1.01 × 105 Pa–

10.20 §yÓyˆÏlÓ˚ Ó%òÓ%ˆÏòÓ˚ xË˛ƒhs˝ˆÏÓ˚ x!ï˛!Ó˚=˛ ã˛y˛õ •°  20.0 Pa– §yÓyˆÏlÓ˚ çˆÏ° ÓyÎ˚% Ó%òÓ%ˆÏòÓ˚ !Ë˛ï˛ˆÏÓ˚ x!ï˛!Ó˚=˛ ã˛y˛õ = 10.0 Pa–
ÓyÎ˚% Ó%òÓ%ˆÏòÓ˚ Óy•zˆÏÓ˚ ã˛y˛õ = 1.01 × 105 + 0.4 × 103 × 9.8 × 1.2 = 1.06 × 105 Pa – x!ï˛!Ó˚=˛ ã˛y˛õ å!ï˛l!ê˛
ï˛yÍ˛õÎ≈ ˛õ)î≈ xÇÜ˛ §Çáƒy ˛õÎ≈hs˝ä ~ˆÏï˛y «%˛o •Î˚ ˆÎñ ÓyÎ˚% Ó%òÓ%ˆÏòÓ˚ !Ë˛ï˛ˆÏÓ˚ ˆÙyê˛ ã˛y˛õ •ˆÏÓ  1.06 × 105 Pa–
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10.21 55 N åí˛zˆÏÕ‘áƒ ı ˛õyˆÏeÓ˚ ≤ÃfiÌˆÏFSÈˆÏòÓ˚ ˆ«˛eÊ˛° ~•z Ê˛°yÊ˛°ˆÏÜ˛ ≤ÃË˛y!Óï˛ Ü˛ˆÏÓ˚ lyä–

10.22 (a) ̨õÓ˚Ù ã˛y˛õ = 96 cm í˛zFã˛ï˛yÎ˚ ̨õyÓ˚òhflÏˆÏΩ˛Ó˚ ã˛y˛õñ àç ã˛y˛õ = 20 cm í˛zFã˛ï˛yÎ˚ ̨õyÓ˚òhflÏˆÏΩ˛Ó˚ ã˛y˛õ (a) ~Ó˚ çlƒ– ̨õÓ˚Ù ã˛y˛õ
= 58 cm í˛zFã˛ï˛yÎ˚ ̨ õyÓ˚òhflÏˆÏΩ˛Ó˚ ã˛y˛õñ àç ã˛y˛õ = -18 cm í˛zFã˛ï˛yÎ˚ ̨ õyÓ˚òhflÏˆÏΩ˛Ó˚ ã˛y˛õñ (b) ~Ó˚ çlƒ–

(b) ÓyÙ !òˆÏÜ˛Ó˚ Óy•%ˆÏï˛ ˛õyÓ˚ò í˛z˛õˆÏÓ˚ í˛zë˛ˆÏÓ ÎyˆÏï˛ ò%!ê˛ Óy•%ˆÏï˛ ˛õyÓ˚ˆÏòÓ˚ ï˛ˆÏ°Ó˚ í˛zFã˛ï˛yÓ˚ ˛õyÌ≈Ü˛ƒ 19 cm •Î˚–

10.23 §Ùyl ≤ÃfiÌˆÏFSÈˆÏòÓ˚ ˆ«˛eÊ˛ˆÏ°Ó˚ ò%!ê˛ ï˛ˆÏ° ã˛y˛õ å~ÓÇ Ó°ä §,¢ •ˆÏÓ– ˛õyˆÏeÓ˚ ã˛yÓ˚˛õyˆÏ¢Ó˚ ï˛°à%ˆÏ°y Î!ò Ë)˛!ÙÓ˚ §yˆÏ˛õˆÏ«˛ í˛zÕ‘¡∫ ly
•Î˚ñ ï˛ Ï̂Ó ̨õy Ï̂e xÓ!fiÌï˛ ç° Ü˛ï,̨ ≈Ü˛ ̂ òGÎ˚y Ï̂° ≤ÃÎ%=˛ Ó Ï̂°Ó˚ ~Ü˛!ê˛ í z̨Õ‘¡∫ í z̨̨ õyÇ¢ ÌyÜ˛ Ï̂Ó– ç° Ü˛ï,≈̨ Ü˛ ̂ òGÎ˚y Ï̂° ≤ÃÎ%=˛ Ó Ï̂°Ó˚ ̂ Ùyê˛
í˛zÕ‘¡∫ í˛z˛õyÇ¢ ≤ÃÌÙ ˛õyˆÏeÓ˚ ˆ«˛ˆÏe !mï˛#Î˚ ˛õye xˆÏ˛õ«˛y ï%˛°lyÙ)°Ü˛ ˆÓ!¢ •Î˚– ï˛y•z G•z ò%!ê˛ ˛õyˆÏe Gçl !Ó!Ë˛ß¨ñ Î!òG
˛õyeà%ˆÏ°yÓ˚ Ë)˛!ÙˆÏï˛ ~Ü˛•z ˛õ!Ó˚Ùyî Ó° ≤ÃÎ%=˛ •ˆÏFSÈ–

10.24 0.2 m

10.25 (a) ã˛yˆÏ˛õÓ˚ xÓlÙl ˆÓ!¢ •ˆÏÓ– (b) ≤ÃÓyˆÏ•Ó˚ à!ï˛ Ó,!ÂôÓ˚ §ˆÏAà ~Ó˚ à%Ó˚%c Ó,!Âô ˛õyÎ˚–

10.26 (a)  0.98 m s–1;   (b) 1.24 × 10–5 m3 s–1

10.27 4393 kg

10.28 5.8 cm s–1,  3.9 × 10–10 N

10.29 5.34 mm

10.30 ≤ÃÌÙ à Ï̂ï≈̨ Ó˚ çlƒñ xÓï˛° G í z̨_° ï˛ Ï̂°Ó˚ Ù Ï̂ôƒ ã˛y Į̈̂ õÓ˚ ̨õyÌ≈Ü˛ƒ  = 2 × 7.3 × 10–2 / 3 × 10–3 = 48.7 Pa – xl%Ó)̨̊ õË˛y Ï̂Ó
!mï˛#Î˚ àˆÏï≈˛Ó˚ çlƒñ ã˛yˆÏ˛õÓ˚ ˛õyÌ≈Ü˛ƒ  = 97.3 Pa–

Ê˛ˆÏ° G•z ò%!ê˛ àˆÏï≈˛ ï˛Ó˚° hflÏˆÏΩ˛Ó˚ ˆ°ˆÏË˛ˆÏ°Ó˚ Óy ï˛ˆÏ°Ó˚ ˛õyÌ≈Ü˛ƒ  [48.7 / ( 103 × 9.8 )] m = 5.0 mm.

§Ó˚% àˆÏï≈˛ ï˛°!ê˛ ~Ü˛ê%˛ í˛z˛õˆÏÓ˚ xyˆÏSÈ– å!ÓˆÏ¢£ÏË˛yˆÏÓ í˛zˆÏÕ‘áˆÏÎyàƒ •ˆÏÓ Î!ò flõ¢≈ ˆÜ˛yî ¢)lƒ •Î˚ñ ï˛Ó˚ˆÏ°Ó˚ í˛z˛õ!Ó˚ï˛ˆÏ°Ó˚ ÓÜ ˛ï˛ˆÏ°Ó˚
Óƒy§yô≈ ~ÓÇ àˆÏï≈˛Ó˚ Óƒy§yô≈ §Ùyl •ˆÏÓ– í˛zË˛Î˚ àˆÏï≈˛Ó˚ ˆ«˛ˆÏe ï˛Ó˚ˆÏÓ˚ xÓï˛° xÇˆÏ¢ ÓyÎ˚%ã˛y˛õ = 1 ÓyÎ˚%Ùî‰í˛°#Î˚ ã˛yˆÏ˛õÓ˚ §Ùyl
•ˆÏÓä–

10.31 (b) 8 kmñ Î!ò í˛zFã˛ï˛yÓ˚ §ˆÏAà x!Ë˛Ü˛£Ï≈ç cÓ˚ˆÏîÓ˚ ˛õ!Ó˚Óï≈˛lˆÏÜ˛ xyÙÓ˚y !ÓˆÏÓã˛ly Ü˛!Ó˚ñ ï˛ˆÏÓ í˛zFã˛ï˛y!ê˛ ≤ÃyÎ˚  8.2 km •ˆÏÓ–

xôƒyÎ˚ ı ~Ü˛yò¢

11.1 !lÎ˚l :  – 248.58 °C  = – 415.44 °F;

CO
2
:  – 56.60 °C  =  – 69.88 °F

( t
F
  =  

9

5
32t

c
+ ) å~•z §Ù#Ü˛Ó˚îˆÏÜ˛ ÓƒÓ•yÓ˚ Ü˛ˆÏÓ˚ä

11.2 T
A
  = ( 4/7)  T

B

11.3 384.8 K

11.4 (a) !eò¢y !Ó®%Ó˚ ~Ü˛!ê˛•z Ùye í˛z£÷Ïï˛y ÌyˆÏÜ˛– à°lyÇÜ˛ ~ÓÇ fl≥%˛ê˛lyÇÜ˛ ã˛yˆÏ˛õÓ˚ í˛z˛õÓ˚ !lË≈˛Ó˚¢#°–  (b) xyˆÏÓ˚Ü˛!ê˛ !fiÌÓ˚ !Ó®% •°
˛õÓ˚Ù ¢)lƒ í˛z£÷Ïï˛y–  (c) !eò¢y !Ó®%Ó˚ í˛zFã˛ï˛y •°  0.01°C, 0 °C í˛z£÷Ïï˛y lÎ˚– (d)  491.69.

11.5 (a)  T
A
  =  392.69 K, T

B
 =  391.98 K;  (b) ~•z àÓ˚!Ù° •Î˚ñ Ü˛yÓ˚î àƒy§à%ˆÏ°y xyò¢≈ àƒy§ lÎ˚– ~•z àÓ˚!Ù°ˆÏÜ˛

Ü˛ÙyˆÏlyÓ˚ çlƒ !l¡¨ ˆÌˆÏÜ˛ !l¡¨ï˛Ó˚ ã˛yˆÏ˛õÓ˚ ˛õyë˛à%ˆÏ°y !lˆÏÎ˚ ˛àƒyˆÏ§Ó˚ !eò¢y!Ó®%ˆÏï˛ ˛õ!Ó˚!Ùï˛ ï˛y˛õÙyey ÓlyÙ ˛õÓ˚Ù ã˛yˆÏ˛õÓ˚ ˆ°á
xÇÜ˛l Ü˛Ó˚y í˛z!ã˛ï˛ ~ÓÇ ~Ó˚ ˆÌˆÏÜ˛ ˆ°áÈüÈ!Ó!hfl,Ï!ï˛Ó˚ åextrapolated methodä ˛õÂô!ï˛ˆÏï˛ ã˛yˆÏ˛õÓ˚ ≤ÃyÎ˚ ¢)lƒ §#ÙyÎ˚ í˛z£÷Ïï˛y
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!lî≈Î˚ Ü˛Ó˚ˆÏï˛ •ˆÏÓó Îál àƒy§!ê˛ xyò¢≈ àƒyˆÏ§Ó˚ Ü˛ySÈyÜ˛y!SÈ xyã˛Ó˚î Ü˛ˆÏÓ˚–

11.6 45.0 °C í z̨£÷Ïï˛yÎ˚ ~Ü˛!ê˛ ò Ï̂[˛Ó˚ ≤ÃÜ,̨ ï˛ ̃ òâ≈ƒ = (63.0 + 0.0136) cm = 63.0136 cm– å!ï˛l!ê˛ ï˛yÍ˛õÎ≈̨ õ)î≈ §Çáƒy ̨õÎ≈hs˝
ò[˛!ê˛Ó˚ ˜òâ≈ƒ Ó,!Âô 0.0136 cmñ !Ü˛v ò[˛!ê˛Ó˚ !ï˛l!ê˛ ï˛yÍ˛õÎ≈˛õ)î≈ §Çáƒy ˛õÎ≈hs˝ ˆÙyê˛ ˜òâ≈ƒ 63.0 cmñ 27.0 °C

í˛z£÷Ïï˛yÎ˚ G•z ~Ü˛•z òˆÏ[˛Ó˚ ˜òâ≈ƒ = 63.0 cmä

11.7 Îál ày!í˛¸Ó˚ ã˛yÜ˛yÓ˚ !Ë˛ï˛ˆÏÓ˚Ó˚ ˆÓí˛¸!ê˛ˆÏÜ˛  – 690C í˛z£÷Ïï˛yÓ˚ ë˛y[˛y Ü˛Ó˚y •Î˚ñ ï˛ál Óy•zˆÏÓ˚Ó˚ ã˛yÜ˛y!ê˛ ˆÓí˛¸ ÓÓ˚yÓÓ˚ !˛õSÈ!°ˆÏÎ˚ ÎyÎ˚–

11.8 ÓƒyˆÏ§Ó˚ Ó,!Âô = 1.44 × 10–2 cm.

11.9 3.8 × 102 N

11.10 ˆÎˆÏ•ï%˛ ò%!ê˛ òˆÏ[˛Ó˚ §ÇÎ%!=˛ˆÏï˛ñ ~ˆÏòÓ˚ ˛≤Ãyhs˝à%ˆÏ°y ò,ì˛¸Ë˛yˆÏÓ xyê˛Ü˛yˆÏly lÎ˚ñ ï˛y•z í˛zË˛Î˚ ò[˛ Ù%=˛Ë˛yˆÏÓ ≤Ã§y!Ó˚ï˛ •ˆÏï˛ ˛õyˆÏÓ˚–

∆l
!˛õï˛°

 =  0.21  cm, ∆l
!fiê˛°

  =  0.126 cm  =  0.13 cm

§%ï˛Ó˚yÇñ ˜òˆÏâ≈ƒÓ˚ ˆÙyê˛ ˛õ!Ó˚Óï≈˛l = 0.34 cm– ò[˛à%ˆÏ°yÓ˚ §ÇˆÏÎyà ≤ÃyˆÏhs˝ ˆÜ˛yˆÏly ï˛y˛õ#Î˚ ˛õ#í˛¸l í˛zqÓ •ˆÏÓ lyñ Ü˛yÓ˚î G•z
≤Ãyhs˝à%ˆÏ°y Ù%=˛Ë˛yˆÏÓ ≤Ã§y!Ó˚ï˛ •Î˚–

11.11 0.0147  =  1.5 × 10– 2

11.12 103 °C

11.13 1.5 kg

11.14 0.43 J g –1 K–1 ; «%˛o–

11.15 àƒy§à%ˆÏ°y !m˛õÓ˚Ùyî%Ü˛ ~ÓÇ ~ˆÏòÓ˚ ˜Ó˚!áÜ˛ à!ï˛Ó˚ fl∫yô#lï˛yÓ˚ Ùyey SÈyí˛¸yG xyˆÏÓ˚y xlƒylƒ §Ω˛yÓƒ à!ï˛Ó˚ fl∫yô#lï˛yÓ˚ Ùyey ÌyˆÏÜ˛

å!Ó!Ë˛ß¨ Ó˚Ü˛Ù à!ï˛Ó˚ çlƒä– àƒy§!ê˛Ó˚à í z̨£÷Ïï˛y ~Ü˛!ê˛ !l!ò≈T˛ Ùy Ï̂l Ó,!Âô Ü˛Ó˚yÓ˚ çlƒñ ï˛y˛õ¢!=˛Ó˚ ≤Ã Ï̂Î˚yçl •Î˚ ~ÓÇ G•z §Ó˚ÓÓ˚y•Ü,̨ ï˛

˛ï˛y˛õ¢!=˛ §Ó ôÓ˚ˆÏlÓ˚ à!ï˛Ó˚ àí˛¸ ¢!=˛ˆÏÜ˛ Ó,!Âô Ü˛ˆÏÓ˚– Ê˛ˆÏ° !m˛õÓ˚Ùyî%Ü˛ àƒyˆÏ§Ó˚ xyl!ÓÜ˛ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ ~Ü˛ ̨ õÓ˚Ùyî%Ü˛ àƒyˆÏ§Ó˚

xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ xˆÏ˛õ«˛y ˆÓ!¢ •Î˚– Î!ò !m˛õÓ˚Ùyî%Ü˛ àƒyˆÏ§Ó˚ ˆ«˛ˆÏe xyÓï≈˛l à!ï˛ !ÓˆÏÓã˛ly Ü˛Ó˚y •Î˚ñ ï˛ˆÏÓ ˆòáyˆÏly ÎyÎ˚ñ

!m˛õÓ˚ÙyÙ%Ü˛ àƒyˆÏ§Ó˚ xyî!ÓÜ˛ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ ≤ÃyÎ˚ (5/2) R •Î˚ñ Îy §yÓ˚!îˆÏï˛ Ó!î≈ï˛ ˆÜœ˛y!Ó˚î myÓ˚y §Ü˛° àƒyˆÏ§Ó˚ ˛õÎ≈ˆÏÓ«˛ˆÏî

~Ü˛•z Ê˛°yÊ˛° ̂ òÎ˚– ̂ Üœ˛y!Ó˚ˆÏîÓ˚ xyî!ÓÜ˛ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ á%Ó•z í˛zFã˛ •Î˚– ̂ Üœ˛y!Ó˚ˆÏîÓ˚ xyÓï≈˛l à!ï˛ SÈyí˛¸yG xyˆÏÓ˚Ü˛!ê˛ à!ï˛ xyˆÏSÈñ

ÎyˆÏÜ˛ Ü˛¡õl à!ï˛ ÓˆÏ°– ˆÜœ˛y!Ó˚ˆÏîÓ˚ xî%Ó˚ âˆÏÓ˚Ó˚ í˛z£÷Ïï˛yÓ˚ xyÓï≈˛l à!ï˛ SÈyí˛¸yG Ü˛¡õl à!ï˛ ÌyˆÏÜ˛– xÌ≈yÍ âˆÏÓ˚Ó˚ í˛z£÷Ïï˛yÎ˚

ˆÜœ˛y!Ó˚ˆÏîÓ˚ xî%à%ˆÏ°y ˜Ó˚!áÜ˛ à!ï˛ñ xyÓï≈˛l à!ï˛ñ Ü˛¡õî à!ï˛Ó˚ x!ôÜ˛yÓ˚# •Î˚– ï˛y•z ˆÜœ˛y!Ó˚ˆÏîÓ˚ xî%Ó˚ xyî!ÓÜ˛ xyˆÏ˛õ!«˛Ü˛ ï˛y˛õ

ˆÓ!¢ •Î˚–

11.16 4.3 g/min

11.17 3.7 kg

11.18 238 °C

11.20 9 min

11.21 (a) !eò¢y !Ó®%ˆÏï˛ í˛z£÷Ïï˛y = – 56.6 °C ~ÓÇ ã˛y˛õ = 5.11 ÓyÎ˚%Ù[˛°#Î˚ ã˛y˛õ åatmä–

(b) Ü˛yÓ≈l í˛y•zx:y•zˆÏí˛Ó˚ fl≥%˛ê˛lyÇÜ˛ ~ÓÇ Ü˛!ë˛lyÇÜ˛ñ í˛zË˛Î˚•z ã˛y˛õ •…yˆÏ§ñ •…y§ ̨õyÎ˚–

(c) Ü˛yÓ≈l í˛y•zx:y•ẑ Ïí˛Ó˚ §ÇÜ˛ê˛ í z̨£÷Ïï˛y ~ÓÇ ã˛y˛õ ÎÌyÜ ̨ Ï̂Ù  31.1 °C ~ÓÇ 73.0 ÓyÎ%̊Ù[˛°#Î˚ ã˛y˛õ– G•z í z̨£÷Ïï˛yÓ˚ í z̨̨ õ Ï̂Ó˚ CO
2

ˆÜ˛ í˛zFã˛ ã˛y˛õ ≤ÃˆÏÎ˚yà Ü˛ˆÏÓ˚G ï˛Ó˚ˆÏ° ˛Ó˚)˛õyhs˝!Ó˚ï˛ Ü˛Ó˚y ÎyˆÏÓ ly–

(d) (a)  Óy‹õ  (b)  Ü˛!ë˛l  (c)  ï˛Ó˚°–
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11.22 (a) lyñ Óy‹õ §Ó˚y§!Ó˚ Ü˛!ë˛ˆÏl âl#Ë)˛ï˛ •Î˚ ly–

(b) ~ê˛y ï˛Ó˚° ò¢yÎ˚ Ó˚)˛õyhs˝!Ó˚ï˛ •GÎ˚y SÈyí˛¸y•z Ü˛!ë˛ˆÏl §Ó˚y§!Ó˚ âl#Ë)˛ï˛ •Î˚–

(c) ~ê˛y ≤ÃÌˆÏÙ ï˛Ó˚ˆÏ° ̨õ!Ó˚îï˛ •Î˚ ~ÓÇ ~Ó˚˛õÓ˚ ̨ÓyˆÏ‹õ ̨õ!Ó˚îï˛ •Î˚–  P –T ̂ °á!ã˛ Ï̂e 10 ÓyÎ˚%Ù[˛°#Î˚ ô %ÓÜ˛ ã˛yˆÏ˛õ xl%Ë)˛!ÙÜ˛
ˆÓ˚áy!ê˛ à°l ÓÜ ˛ˆÏÓ˚áy G Óy‹õ#Ë˛ÓˆÏlÓ˚ ÓÜ ˛ˆÏÓ˚áyˆÏÜ˛ ̂ Î !Ó®%ˆÏï˛ ̂ SÈò Ü˛ˆÏÓ˚ñ G•z !Ó®%à%ˆÏ°y•z à°lyÇÜ˛ G fl≥%˛ê˛lyÇÜ˛ !lˆÏò≈¢
Ü˛ Ï̂Ó˚–

(d) ~ê˛y ï˛Ó˚ˆÏ° Ó˚)˛õyhs˝ˆÏÓ˚Ó˚ ˆÜ˛yˆÏly §%flõT˛ !lò¢≈l ˆòáyˆÏÓ ly– ã˛y˛õ Ó,!ÂôÓ˚ Ê˛ˆÏ° ~!ê˛˚ xyò¢≈ àƒyˆÏ§Ó˚ xyã˛Ó˚î ˆÌˆÏÜ˛ xˆÏlÜ˛
xˆÏlÜ˛ ˆÓ!¢ !Óã%˛ƒï˛ •Î˚–

xôƒyÎ˚ ı myò¢

12.1 16 g / min

12.2 934 J

12.4 2.64

12.5 16.9 J

12.6 (a) 0.5 ÓyÎ˚%Ù[˛°#Î˚ ã˛y˛õ (b) ¢)lƒ (c) ¢)lƒ åxyò¢≈ àƒy§ !ÓˆÏÓã˛ly Ü˛Ó˚y •ˆÏÎ˚ˆÏSÈä (d) lyñ ̂ ÎˆÏ•ï%˛ ~•z ≤Ã!Ü ˛Î˚y!ê˛ o%ï˛ à!ï˛ §¡õß¨
~ÓÇ ~ê˛yˆÏÜ˛ !lÎ˚sfî Ü˛Ó˚y ÎyÎ˚ ly– ÙyV˛áyˆÏlÓ˚ xÓfiÌyà%ˆÏ°y x!fiÌÓ˚ §yÙƒÓfiÌyÎ˚ ÌyˆÏÜ˛ ~ÓÇ àƒyˆÏ§Ó˚ §Ù#Ü˛Ó˚îˆÏÜ˛ ÙyˆÏl ly– ~•z
xÓfiÌyÎ˚ àƒy§!ê˛ §%!fiÌÓ˚ §yˆÏÙƒ !Ê˛ˆÏÓ˚ xy§ˆÏï˛ ˛õyˆÏÓ˚–

12.7 15%, 3.1×109 J

12.8 25 W

12.9 450 J

12.10 10.4

xôƒyÎ˚ ı e Ï̂Î˚yò¢

13.1 4 × 10–4

13.3 (a)  !Ó®% x!AÜ˛ï˛ ådottedä ̂ °á!ã˛e!ê˛ xyl%£Ï!AàÜ˛ xyò¢≈ àƒy§ xyã˛Ó˚îˆÏÜ˛ ≤ÃÜ˛y¢ Ü˛ˆÏÓ˚ó  (b) T
1
 > T

2
; (c) 0.26 J K–1;

(d) ly, 6.3 × 10–5 kg  Ë˛ˆÏÓ˚Ó˚ •y•zˆÏí»˛yˆÏçl àƒy§ ~Ü˛•z Ùyl ˆòˆÏÓ–

13.4 0.14  kg

13.5 5.3 × 10–6   m3

13.6 6.10 × 1026

13.7 (a)  6.2 × 10–21 J (b)  1.24 × 10–19 J                 (c) 2.1 × 10–16 J
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13.8 •Ñƒyñ xƒyˆÏË˛yàyˆÏí»˛yÓ˚ §)e xl%ÎyÎ˚#– lyñ !ï˛l!ê˛ àƒyˆÏ§Ó˚ ÙˆÏôƒ §ÓˆÏã˛ˆÏÎ˚ •y°Ü˛y àƒy§!ê˛Ó˚ xî%à%ˆÏ°yÓ˚ r.m.s. à!ï˛ˆÏÓà åv
rms

ä
§ÓˆÏã˛ˆÏÎ˚ ˆÓ!¢ •ˆÏÓó !lÎ˚l–

13.9 2.52 × 103 K

13.10 àí˛¸Ù%=˛ ˛õˆÏÌÓ˚ Ó˚y!¢Ùy°y!ê˛ ÓƒÓ•yÓ˚ Ü˛ˆÏÓ˚ ˛õy•zñ

l
nd

=
1

2 2π

ˆÎáyˆÏl d •° ~Ü˛!ê˛ xî%Ó˚ Óƒy§– ≤Ãò_ ã˛y˛õ G í˛z£÷Ïï˛yÎ˚ N/V = 5.10 × 1025 m–3 ~ÓÇ l   = 1.0 × 10–7 mñ  v
rms

= 5.1 × 102 m s–1.

§Çâyï˛ Ü˛¡õyAÜ˛ = 
v

l

rms s= × −5 1 109 1. – §ÇâyˆÏï˛Ó˚ çlƒ §ÙÎ˚ xÓÜ˛y¢ = d / v
rms

  = 4 × 10–13 s– ˛õÓ˚ ˛õÓ˚ ò%!ê˛

§ÇâyˆÏï˛Ó˚ ÙˆÏôƒ §ÙÎ˚Ü˛y° = l / v
rms

 = 2 × 10-10 s– ï˛y•z ˛õÓ˚ ˛õÓ˚ ò%•z!ê˛ §ÇâyˆÏï˛Ó˚ ÙˆÏôƒ §ÙÎ˚Ü˛y°ñ ~Ü˛!ê˛ §ÇâyˆÏï˛Ó˚ çlƒ
Óƒ!Î˚ï˛ §ÙˆÏÎ˚Ó˚ 500 à%î– ï˛y•z àƒyˆÏ§Ó˚ xî% ˆÓ!¢Ó˚Ë˛yà §ÙÎ˚•z Ù%=˛Ë˛yˆÏÓ §M˛Ó˚î¢#°–

13.11 ≤ÃyÎ˚ 24 cm ̃ òˆÏâ≈ƒÓ˚ ̨õyÓ˚òhflÏΩ˛ ̂ Ó!Ó˚ˆÏÎ˚ ÎyˆÏÓ– 52 cm ̃ ÏòˆÏâ≈ƒÓ˚ ̨õyÓ˚ò hflÏΩ˛ ~ÓÇ ~Ó˚ í˛z˛õˆÏÓ˚ 48 cm ̃ ÏòˆÏâ≈ƒÓ˚ ÓyÎ˚%hflÏˆÏΩ˛Ó˚ ̂ Ùyê˛
ã˛y˛õ Óy•zˆÏÓ˚Ó˚ ÓyÎ˚%ã˛yˆÏ˛õÓ˚ §ˆÏAà §yÙƒyÓfiÌyÎ˚ ÌyÜ˛ˆÏÓ– å~•zˆÏ«˛ˆÏe í˛z£÷Ïï˛yÓ˚ ˆÜ˛yˆÏly ˛õ!Ó˚Óï≈˛l !ÓˆÏÓã˛ly Ü˛Ó˚y •Î˚!l–ä

13.12 x!: Ï̂çl

13.14 Ü˛yÓ≈l [1.29 Å ]; fl∫î≈ [1.59 Å]; ï˛Ó˚° ly•zˆÏê˛∆yˆÏçl [1.77 Å ]; !°!ÌÎ˚yÙ [ 1.73 Å ]; ï˛Ó˚° ˆÊœ˛y!Ó˚l [1.88 Å ]

xôƒyÎ˚ ı ã˛ï%˛ò¢≈

14.1 (b), (c)

14.2 (b) ~ÓÇ (c ): §Ó˚° ˆòy°à!ï˛; (a) ~ÓÇ (d) ˛õÎ≈yÎ˚Ó,_ à!ï˛ !lˆÏò≈¢ Ü˛ˆÏÓ˚ !Ü˛v §Ó˚°ˆÏòy°à!ï˛ !lˆÏò≈¢ Ü˛ˆÏÓ˚ ly– å~Ü˛!ê˛ Ó•%
˛õÓ˚Ùyî%Ü˛ xî%Ó˚ xˆÏlÜ˛à%ˆÏ°y !lçfl∫ Ü˛¡õyÇÜ˛ ÌyˆÏÜ˛– §yôyÓ˚îï˛ ~ˆÏòÓ˚ Ü˛¡õl xˆÏlÜ˛à%ˆÏ°y !Ó!Ë˛ß¨ Ü˛¡õyÇˆÏÜ˛Ó˚ §Ó˚° ˆòy°à!ï˛Ó˚
í˛z˛õ!Ó˚˛õyï˛ˆÏlÓ˚ Ê˛ˆÏ° •Î˚– ~•z í˛z˛õ!Ó˚˛õyï˛l ˛õÎ≈yÎ˚Ó,_ •Î˚ !Ü˛v §Ó˚° ˆòy°à!ï˛ •Î˚ ly–ä

14.3 (b) ~ÓÇ (d) •° ̨õÎ≈yÎ˚Ó,_ à!ï˛ ~ÓÇ ≤Ã!ï˛!ê˛Ó˚ ̨õÎ≈yÎ˚Ü˛y° 2 ̂ § Ï̂Ü˛[˛; (a) ~ÓÇ (c) ̨õÎ≈yÎ˚Ó,_ à!ï˛ lÎ˚–  [ (c) ~Ó˚ ̂ «˛ Ï̂e í ẑ̨ ÏÕ‘áƒ
~Ü˛!ê˛ xÓfiÌyˆÏlÓ˚ ÓyÓ˚ÇÓyÓ˚ ˛õ!Ó˚Óï≈˛l•z ˛õÎ≈yÎ˚Ó,_ à!ï˛Ó˚ çlƒ ÎˆÏÌT˛ lÎ˚ñ ~Ü˛ ˛õÎ≈yÎ˚Ü˛yˆÏ°Ó˚ ÙˆÏôƒ §¡õ)î≈ à!ï˛!ê˛ ~ˆÏÜ˛Ó˚ ˛õÓ˚ ~Ü˛
˛õ%lÓ˚yÓ,!_ •ˆÏÓ ]–

14.4 (a) §Ó˚° ̂ òy°lñ T = (2π/ω); (b) ˛õÎ≈yÎ˚Ó,_, T =(2π/ω) !Ü˛v §Ó˚°ˆÏòy°à!ï˛ lÎ˚ó (c) §Ó˚° ̂ òy°lñ T = (π/ω); (d)

˛õÎ≈yÎ˚Ó,_ñ T = (2π/ω) !Ü˛v §Ó˚° ̂ òy°à!ï˛ lÎ˚; (e) ̨õÎ≈yÎ˚Ó,_ lÎ˚ ó (f) ̨õÎ≈yÎ˚Ó,_ lÎ˚ åÓyhflÏˆÏÓ @˝Ã•îˆÏÎyàƒ lÎ˚ñ Ü˛yÓ˚î t → ∞

•ˆÏ°ñ G•z xˆÏ˛õ«˛Ü˛!ê˛ x§#Ù •ˆÏÓä–

14.5 (a) 0, +, + ; (b) 0, –, – ; (c) –, 0,0 ;  (d) –, –, – ;  (e) +, +, + ;   (f ) –, –, ––

14.6 (c) §Ó˚°ˆÏòy°à!ï˛ ≤ÃÜ˛y¢ Ü˛ˆÏÓ˚–

14.7 A = 2  cm, φ = 7π/4; B = 2  cm, a = π/4.

14.8 219 N
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14.9 Ü˛¡õyÇÜ˛ 3.2 Hz  ; Ü˛îy!ê˛Ó˚ §ˆÏÓ≈yFã˛ cÓ˚î  8.0 m s–2; Ü˛îy!ê˛Ó˚ §ˆÏÓ≈yFã˛ o%!ï˛ 0.4 m s–1–

14.10 (a) x = 2 sin 20t

(b) x = 2 cos 20t

(c) x = – 2 cos 20t

ˆÎáyˆÏl x •° cm ~Ü˛ˆÏÜ˛– ~•z xˆÏ˛õ«˛Ü˛à%ˆÏ°yÓ˚ !ÓhflÏyÓ˚ ~ÓÇ Ü˛¡õyÇÜ˛ ~Ü˛•zñ !Ü˛v ~ˆÏòÓ˚ ≤ÃyÓ˚!Ω˛Ü˛ ò¢y !Ó!Ë˛ß¨–

14.11 (a) x = – 3 sin πt  ˆÎáyˆÏl x •° cm ~Ü˛ˆÏÜ˛–

(b) x = – 2 cos π
2

t  ˆÎáyˆÏl x •° cm ~Ü˛ˆÏÜ˛–

14.13 (a) (a) G (b) í˛zË˛ˆÏÎ˚Ó˚ çlƒ F/k –

(b) (a) ~Ó˚ çlƒ ̨õÎ≈yÎ˚Ü˛y° T = 2π
m

k
 ~ÓÇ  (b) ~Ó˚ çlƒ ̨õÎ≈yÎ˚Ü˛y°  2π

m

k2
 
–

14.14 100 m/min

14.15 8.4 s

14.16 (a) ~Ü˛!ê˛ §Ó˚° ˆòy°ˆÏÜ˛Ó˚ çlƒ k ~Ó˚ Ùylñ  m ~Ó˚ §ˆÏAà §Ùyl%˛õy!ï˛Ü˛ñ ï˛y•z m x˛õ§y!Ó˚ï˛ •Î˚–

(b) sin θ < θ ; ≤Ãï˛ƒylyÎ˚Ü˛ Ó°  mg sin θ  ̂ Ü˛  mgθ  myÓ˚y ≤Ã!ï˛fiÌy!˛õï˛ Ü˛Ó˚y •°ñ ̂ Ó!¢ !ÓˆÏ«˛˛õî ̂ Ü˛yˆÏîÓ˚ çlƒñ  g ~Ó˚

Ùyl Ü˛ˆÏÙ ~ÓÇ ï˛y•z ˛õÎ≈yÎ˚Ü˛y° Ó,!Âô ˛õyÎ˚–  T = 2π
l

g
 ñ ~•z §Ù#Ü˛Ó˚ˆÏîÓ˚ çlƒ sinθ = θ  !ÓˆÏÓã˛ly Ü˛Ó˚y •ˆÏÎ˚ˆÏSÈ–

(c) •Ñƒyñ ~Ü˛!ê˛ •yï˛â!í˛¸Ó˚ Ü˛yê˛yÓ˚ â)î≈l !fl±Ç !Ü ˛Î˚yÓ˚ í˛z˛õÓ˚ !lË≈˛Ó˚¢#° ~ÓÇ ï˛y•z ~ˆÏï˛ x!Ë˛Ü˛£Ï≈ç cÓ˚ˆÏîÓ˚ ˆÜ˛yˆÏly ≤ÃË˛yÓ ÌyˆÏÜ˛
ly–

(d) Ù%=˛Ë˛yˆÏÓ ˛õï˛l¢#° Óƒ!=˛Ó˚ cÓ˚î ¢)lƒñ ï˛y•z ~ˆÏ«˛ˆÏe Ü˛¡õyÇÜ˛ ¢)lƒ–

14.17
 
T = 2

/
π

l

v Rg2 4 2+
 å §ÇˆÏÜ˛ï˛ ı xl%Ë)˛!ÙÜ˛ §Ùï˛ˆÏ° Óƒy§yô≈Ù%á# cÓ˚ˆÏîÓ˚ çlƒ Ü˛yÎ≈ƒÜ˛Ó˚# x!Ë˛Ü˛£Ï≈ç cÓ˚ˆÏîÓ˚ •…y§

â Ï̂ê˛–ä

14.18 §yÙƒyÓfiÌyÎ˚ Ë˛y§Ùyl Ü˛Ü≈˛!ê˛Ó˚ Gçl ≤’Óï˛y ÓˆÏ°Ó˚ §Ùyl– Ü˛Ü≈˛!ê˛Ó˚ x ˛õ!Ó˚Ùyî xÓlÙˆÏlÓ˚ çlƒ |ôÁ≈Ù%á# °!kô ÓˆÏ°Ó˚ Ùyl

Axρ
l 
g– ï˛y•z Ó° ô %ÓÜ˛ •°  k = Aρ

l 
g , m = Ahρ – T = 2π

m

k
 ñ ~•z §Ù#Ü˛Ó˚î!ê˛ˆÏï˛˛ (k, m) ÓƒÓ•yÓ˚ Ü˛ˆÏÓ˚ í˛z˛õˆÏÓ˚Ó˚

§ÙÎ˚Ü˛yˆÏ°Ó˚ Ó˚y!¢Ùy°y ˛õyGÎ˚y ÎyÎ˚–

14.19 Îál í˛zË˛Î˚ ≤Ãyhs˝ ÓyÎ˚% ÙyôƒˆÏÙÓ˚ !òˆÏÜ˛ ˆáy°y ÌyˆÏÜ˛ñ ï˛ál ò%•z ˛Óy•%ˆÏï˛ ï˛Ó˚° ï˛ˆÏ°Ó˚ ˛õyÌ≈Ü˛ƒ •° h ñ ï˛Ó˚° hflÏˆÏΩ˛ °!kô Ó° •°
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,Ahρgñ  ˆÎáyˆÏl A •° lˆÏ°Ó˚ ≤ÃfiÌˆÏFSÈˆÏòÓ˚ ˆ«˛eÊ˛° ~ÓÇ  ρ •° ï˛Ó˚ˆÏ°Ó˚ âlc– ˆÎˆÏ•ï%˛ ≤Ãï˛ƒylÎ˚Ü˛ Ó°  h ~Ó˚ §ˆÏAà
§Ùyl%˛õy!ï˛Ü˛ñ ï˛y•z à!ï˛!ê˛ §Ó˚° ˆòy°à!ï˛ •ˆÏÓ–

14.20 T = 2π Vm

Ba
2

 ˆÎáyˆÏl  B •° ÓyÎ˚%Ó˚ xyÎ˚ï˛l !ÓÜ,˛!ï˛ à%îyÇÜ˛– §ˆÏÙy£÷Ï ≤Ã!Ü ˛Î˚yÓ˚ ˆ«˛ˆÏe  B = P–

14.21 (a)  5 ×104N m–1;  (b) 1344.6 kg s–1

14.22 §ÇˆÏÜ˛ï˛ ı àí˛¸ à!ï˛¢!=˛ = 
1 1

2

2

0
T

m v d t

T

∫ ; àí˛¸ !fiÌ!ï˛¢!=˛ = 
1 1

2

2

0
T

k x d t

T

∫

14.23 §ÇˆÏÜ˛ï˛ ı  ~Ü˛!ê˛  ÓƒÓï≈˛  ˆòy°ˆÏÜ˛Ó˚ ˛ õÎ≈yÎ˚Ü˛y°  T = 2π
I

α
, ˆÎáyˆÏl I •° â)î≈l xˆÏ«˛Ó˚ §yˆÏ˛õˆÏ«˛ çyí˛ƒ ºyÙÜ˛– ~ˆÏ«˛ˆÏe

I = 1

2

2
M R , M •° ã˛yÜ‰˛!ï˛!ê˛Ó˚ Ë˛Ó˚ ~ÓÇ  R •° Óƒy§yô≈– ~•z Ùylà%ˆÏ°yˆÏÜ˛ Ó!§ˆÏÎ˚  α  ~Ó˚ Ùyl ˛õyGÎ˚y ÎyÎ˚

α  = 2.0 N m rad–1.

14.24 (a)  – 5π2 m s–2 ; 0; (b) – 3π2 m s–2; 0.4π m s–1; (c) 0 ; 0.5 π m s–1

14.25 x
v

0
2 0

2

2
+











ω

xôƒyÎ˚ ı ˛õM˛ò¢

15.1 0.5 s

15.2 8.7 s

15.3 2.06 × 104 N

15.4 xyò¢≈ àƒy§ §Ù#Ü˛Ó˚î !ÓˆÏÓã˛ly Ü˛ˆÏÓ˚ ̨ õy•zñ  P = ρ RT

M

, ̂ ÎáyˆÏl ρ •° âlcñ  M •° xyî!ÓÜ˛ Ë˛Ó˚ ~ÓÇ T  •° àƒyˆÏ§Ó˚ í˛z£÷Ïï˛y–

í˛z˛õ!Ó˚í˛z=˛ §Ù#Ü˛Ó˚î ˆÌˆÏÜ˛ ˛õy•zñ v=
RT

M

γ  ñ ~•z §Ù#Ü˛Ó˚î ˆÌˆÏÜ˛ ˆòáy ÎyÎ˚  v •°ñ

(a) ã˛y˛õ !lÓ˚̂ Į̈ õ«˛ñ

(b) T  ~Ó˚ §ˆÏAà §Ùyl%˛õy!ï˛Ü˛ñ
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(c) çˆÏ°Ó˚ xyî!ÓÜ˛ Ë˛Ó˚ (18) Îy•y N
2
 (28) ~ÓÇ O

2
 (32) ˆÌˆÏÜ˛ Ü˛Ù–

xyo≈ï˛y Ó,!Âô ˆ˛õˆÏ°ñ ÓyÎ˚%Ó˚ Ü˛yÎ≈ƒÜ˛Ó˚# xyî!ÓÜ˛ Ë˛Ó˚ •…y§ ˛õyÎ˚ ~ÓÇ ï˛y•z  v  Ó,!Âô ˛õyÎ˚–

15.5 !Ó˛õÓ˚#ï˛Ü ˛ˆÏÙ ~ê˛y §!ï˛ƒ lÎ˚– ~Ü˛!ê˛ ã˛° ï˛Ó˚ˆÏAàÓ˚ çlƒ ≤ÃˆÏÎ˚yçl#Î˚ @˝Ã•îˆÏÎyàƒ xˆÏ˛õ«˛ˆÏÜ˛Ó˚ ¢ï≈˛ •°ñ ã˛°ï˛Ó˚Aà!ê˛ §Ü˛° §ÙˆÏÎ˚Ó˚
çlƒ ~ÓÇ §Ü˛° fiÌyˆÏl §§#Ù •ˆÏÓ– ¢%ô%Ùye (c) xˆÏ˛õ«˛Ü˛!ê˛ ~•z ≤ÃˆÏÎ˚yçl#Î˚ ¢ï≈˛!ê˛ ÙyˆÏl !Ü˛v Óy!Ü˛ xˆÏ˛õ«˛Ü˛à%ˆÏ°y ã˛°ï˛Ó˚AàˆÏÜ˛
≤ÃÜ˛y¢ Ü˛ˆÏÓ˚ ly–

15.6 (a)    3.4 × 10–4 m (b)    1.49 × 10–3 m

15.7 4.1 × 10–4 m

15.8 (a) ~Ü˛!ê˛ ã˛°ï˛Ó˚Aà– ~ê˛y í˛yl !òÜ˛ ˆÌˆÏÜ˛ ÓyÙ !òˆÏÜ  ms–1 o%!ï˛ !lˆÏÎ˚ ã˛ˆÏ°–

(b) 3.0 cm, 5.7 Hz

(c) π/4

(d) 3.5 m

15.9 §Ü˛° ˆ°á!ã˛eà%ˆÏ°y §y•zl ~ÓÇ ˆÜ˛y§y•zl ôÙ≈#– ~ˆÏòÓ˚ !ÓhflÏyÓ˚ ~ÓÇ Ü˛¡õyÇÜ˛ ~Ü˛•z !Ü˛v ≤ÃyÓ˚!Ω˛Ü˛ ò¢y ˆÜ˛yî !Ó!Ë˛ß¨–

15.10 (a) 6.4 π ̂ Ó˚!í˛Î˚yl

(b)   0.8 π ̂ Ó˚!í˛Î˚yl

(c) π ̂ Ó˚!í˛Î˚yl

(d) (π/2) ̂ Ó˚!í˛Î˚yl

15.11 (a) fiÌyl% ï˛Ó˚Aà–

(b) l = 3 m, n = 60 Hz, ~ÓÇ v = 180 m s–1 ≤Ã!ï˛ ï˛Ó˚ˆÏAàÓ˚ çlƒ–

(c ) 648 N

15.12 (a) ï˛yˆÏÓ˚Ó˚ §Ü˛° !Ó®%Ó˚ Ü˛¡õyÇÜ˛ ~ÓÇ ò¢y ~Ü˛•z å¢%ô%Ùye !l/flõ® !Ó®% SÈyí˛¸yäñ !Ü˛v !Ó®%à%ˆÏ°yÓ˚ !ÓhflÏyÓ˚ ~Ü˛•z •ˆÏÓ ly–

(b) 0.042 m

15.13 (a) fiÌyl% ï˛Ó˚Aà–

(b) ˆÎÈüÈˆÜ˛yˆÏly ï˛Ó˚ˆÏAàÓ˚ çlƒ x@˝Ã•î#Î˚ xˆÏ˛õ«˛Ü˛–

(c) §Ó˚°ˆÏòy°àï˛#Î˚ ã˛°ï˛Ó˚Aà–

(d) ò%!ê˛ fiÌyl%ï˛Ó˚ˆÏAàÓ˚ í˛z˛õ!Ó˚˛õyï˛l–

15.14 (a) 79 m s–1

(b) 248 N

15.15 347 m s–1
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§ÇˆÏÜ˛ï˛ ı v
n
 = 

2 1

4

n v

l

−( )
 ; n = 1,2,3,….[ ~Ü˛Ù%á ÓÂô lˆÏ°Ó˚ ˆ«˛ˆÏe ]

15.16 5.06 km s–1

15.17 ≤ÃÌÙ §ÙˆÏÙ° Óy Ù)°§%ˆÏÓ˚Ó˚ Ü˛¡õyÇÜ˛ó ly–

15.18 318 Hz

15.20 (i)  (a) 412 Hz,   (b) 389 Hz,    (ii) 340 m s–1 ≤Ã!ï˛ˆÏ«˛ˆÏe

15.21 400 Hz, 0.875 m, 350 m s–1– lyñ Ü˛yÓ˚î ~•zˆÏ«˛ˆÏe ÙyôƒˆÏÙÓ˚ §yˆÏ˛õˆÏ«˛ ò¢≈Ü˛ ~ÓÇ í˛zÍ§ í˛zË˛Î˚•z à!ï˛¢#°–

15.22 (a) 1.666 cm,  87.75 cm s–1; lyñ ï˛Ó˚AàˆÏÓà – 24 m s–1

(b) n λ ò)Ó˚ˆÏcÓ˚ §Ü˛° !Ó®% ( n = ±1, ±2, ±3,….) ˆÎáyˆÏl λ = 12.6 m, x = 1 cm !Ó®% •ˆÏï˛–

15.23 (a) ï˛Ó˚Aà!ê˛Ó˚ ˆÜ˛yˆÏly !l!ò≈T˛ ï˛Ó˚Aà˜Ïòâ≈ƒ Óy Ü˛¡õyÇÜ˛ ˆl•zñ !Ü˛v x@˝ÃàÙˆÏlÓ˚ ~Ü˛!ê˛ !l!ò≈T˛ o%!ï˛ ÌyˆÏÜ˛ åˆÎ ÙyôƒˆÏÙ !ÓFS%ÈÓ˚î
•Î˚ lyä–

(b) ly–

15.24 y = 0.05 sin(ωt – kx); ~áyˆÏl ω = 1.61 ×103 s–1, k = 4.84 m–1; åx G y !Ùê˛yÓ˚ ~Ü˛ˆÏÜ˛ä

15.25 45.9 kHz

15.26 1920 km

15.27 42.47 kHz
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