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So,‌ ‌in‌ ‌this‌‌module‌‌we‌‌will‌‌move‌‌from‌‌essentially‌‌invisible‌‌descriptions.‌‌Until‌‌now‌‌we‌‌were‌‌                             

looking‌‌at‌‌quasi‌‌1D‌‌assumption.‌‌We‌‌looked‌‌at‌‌shock‌‌waves‌‌and‌‌expansion‌‌waves‌‌and‌‌also‌‌the‌‌                               

variable‌‌area‌‌ducts.‌‌So,‌‌under‌‌quasi‌‌1D‌‌assumption‌‌the‌‌variation‌‌of‌‌a‌‌compressible‌‌flow‌‌can‌‌                             

be‌ ‌through‌ ‌various‌ ‌driving‌ ‌potentials‌ ‌or‌ ‌drivers.‌ ‌One‌ ‌driver‌‌of‌‌course‌‌is‌‌the‌‌change‌‌of‌‌duct‌‌                               

area‌ ‌and‌ ‌a‌ ‌compressible‌ ‌flow‌ ‌happens‌ ‌through‌ ‌the‌ ‌varying‌‌area‌‌duct.‌‌And‌‌we‌‌spent‌‌quite‌‌a‌‌                               

good‌ ‌amount‌‌of‌‌time‌‌discussing‌‌various‌‌aspects‌‌of‌‌this‌‌flow‌‌including‌‌nozzles‌‌diffusers‌‌and‌‌                           

so,‌ ‌on.‌ ‌So,‌ ‌for‌‌a‌‌large‌‌part‌‌it‌‌is‌‌true‌‌that‌‌we‌‌do‌‌not‌‌have‌‌to‌‌consider‌‌viscous‌‌effects‌‌because‌‌                                       

they‌‌are‌‌quite‌‌small‌‌but‌‌that‌‌is‌‌not‌‌always‌‌correct.‌‌So,‌‌viscous‌‌effects‌‌have‌‌to‌‌be‌‌considered‌‌in‌‌                                   

real‌ ‌flows.‌ ‌So,‌ ‌under‌ ‌quasi‌‌1D‌‌assumption‌‌under,‌‌the‌‌1D‌‌flow‌‌the‌‌driver‌‌for‌‌that‌‌is‌‌friction,‌‌                                 

fluid‌ ‌friction,‌ ‌at‌ ‌the‌ ‌walls‌ ‌and‌ ‌we‌ ‌are‌ ‌considering‌ ‌1D‌ ‌flow‌ ‌with‌ ‌friction.‌‌ ‌  

‌ 

So,‌‌here‌‌we‌‌do‌‌not‌‌consider‌‌any‌‌change‌‌in‌‌area‌‌of‌‌the‌‌duct.‌‌Examples‌‌of‌‌these‌‌kind‌‌of‌‌flows‌‌                                     

can‌ ‌be‌ ‌flow‌ ‌through‌ ‌pipes.‌ ‌Compressible‌‌flow‌‌through‌‌pipes.‌‌Gaseous‌‌flows‌‌through‌‌pipes.‌‌                         

And‌‌this‌‌kind‌‌of‌‌the‌‌development‌‌of‌‌the‌‌flow‌‌or‌‌analysis‌‌of‌‌the‌‌flow‌‌was‌‌done‌‌by‌‌Fanno‌‌and‌‌                                     

it‌ ‌is‌ ‌also‌ ‌named‌ ‌as‌ ‌Fanno‌ ‌flow.‌ ‌So,‌ ‌1D‌ ‌flows‌ ‌with‌ ‌friction‌ ‌or‌ ‌Fanno‌ ‌flow.‌‌ ‌  
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‌ 



So,‌ ‌what‌ ‌we‌‌are‌‌looking‌‌at‌‌is‌‌we‌‌are‌‌looking‌‌at‌‌a‌‌constant‌‌area‌‌duct‌‌um.‌‌So,‌‌first‌‌we‌‌would‌‌                                       

look‌‌at‌‌the‌‌thermodynamics‌‌of‌‌this‌‌process‌‌and‌‌then‌‌we‌‌will‌‌move‌‌on‌‌to‌‌flow,‌‌how‌‌we‌‌would‌‌                                   

do‌ ‌the‌ ‌flow‌ ‌equations‌ ‌and‌ ‌so,‌ ‌on.‌ ‌And‌ ‌these‌ ‌are‌ ‌well‌ ‌described‌ ‌in‌ ‌very‌ ‌good‌ ‌books,‌ ‌text‌‌                                 

books‌ ‌of‌ ‌gas‌ ‌dynamics.‌ ‌So,‌ ‌several‌ ‌thermodynamic‌ ‌charts‌ ‌and‌ ‌such‌‌kind‌‌of‌‌figures‌‌will‌‌be‌‌                             

taken‌ ‌directly‌ ‌from‌ ‌such‌ ‌text‌ ‌books.‌ ‌So,‌ ‌here‌ ‌we‌ ‌look‌ ‌at‌ ‌steady‌ ‌flow‌ ‌in‌ ‌constant‌ ‌area‌ ‌ducts.‌ ‌ 

‌ 

So‌ ‌A‌‌is‌‌constant‌‌and‌‌we‌‌are‌‌considering‌‌flow‌‌friction‌‌due‌‌to‌‌viscous‌‌forces‌‌at‌‌the‌‌walls‌‌and‌‌                                   

there‌‌is‌‌no‌‌heat‌‌transfer.‌‌So,‌‌the‌‌flow‌‌is‌‌adiabatic.‌‌So,‌‌1D‌‌flow,‌‌uniform‌‌flow‌‌properties‌‌that‌‌is‌‌                                   

quasiminus1D‌‌assumption‌‌and‌‌flow‌‌is‌‌adiabatic‌‌it‌‌is‌‌steady.‌‌So,‌‌friction‌‌always‌‌occurs‌‌in‌‌the‌‌                             

opposite‌‌direction‌‌of‌‌the‌‌flow‌‌or‌‌it‌‌opposes‌‌the‌‌flow‌‌and‌‌this‌‌is‌‌occurring‌‌along‌‌the‌‌wall.‌‌So,‌‌                                   

if‌‌you‌‌consider‌‌pipe‌‌with‌‌circular‌‌cross‌‌section‌‌the‌‌force‌‌of‌‌friction‌‌would‌‌occur‌‌on‌‌the‌‌lateral‌‌                                 

surface‌ ‌area.‌‌ ‌  

‌ 

So,‌‌for‌‌a‌‌small‌‌element‌‌if‌‌we‌‌can‌‌consider‌‌this‌‌as‌‌an‌‌element‌‌dx,‌‌small‌‌element‌‌dx‌‌or‌‌it‌‌can‌‌be‌‌                                         

a‌‌typical‌‌length‌‌L‌‌then‌‌the‌‌lateral‌‌surface‌‌area‌‌is‌‌πD‌‌dx‌‌and‌‌if‌‌shear‌‌stress‌‌on‌‌the‌‌wall‌‌is‌ ‌ ‌                                        τ w  

then‌‌the‌‌force‌‌is‌‌ ‌πD‌‌dx.‌‌So,‌‌this‌‌force‌‌acts‌‌in‌‌the‌‌direction‌‌opposite‌‌to‌‌the‌‌flow.‌‌So,‌‌once‌‌        τ w                                

again‌ ‌the‌ ‌analysis‌ ‌of‌ ‌this‌ ‌flow‌ ‌has‌ ‌to‌ ‌be‌ ‌considering‌ ‌all‌ ‌the‌ ‌three‌ ‌conservation‌ ‌equations.‌‌ ‌  

‌ 

Conservation‌‌of‌‌mass,‌‌momentum,‌‌and‌‌energy.‌‌Here‌‌conservation‌‌of‌‌mass‌‌is‌‌straight‌‌forward,‌                       

.‌ ‌So,‌ ‌it‌ ‌is‌ ‌constant‌ ‌area‌ ‌duct.‌ ‌So,‌ ‌ρV‌ ‌is‌ ‌constant‌ ‌is‌ ‌a‌ ‌constant‌ ‌because‌ ‌it‌ ‌is‌ ‌a‌‌onstant  ṁ = c                                    

constant‌‌area‌‌duct‌‌and‌‌ .‌‌So,‌‌we‌‌look‌‌at‌‌now‌‌the‌‌momentum‌‌equation.‌‌So,‌‌        V onstant  ṁ = ρ = c                    

in‌‌the‌‌momentum‌‌equation‌‌you‌‌have‌‌forces,‌‌you‌‌have‌‌the‌‌flux‌‌of‌‌velocity‌‌is‌‌equal‌‌to‌‌flux‌‌of‌‌                                   

momentum‌ ‌is‌ ‌equal‌ ‌to‌ ‌the‌ ‌forces.‌‌ ‌  

‌ 

That‌ ‌is‌ ‌here‌ ‌is‌ ‌the‌ ‌pressure‌ ‌forces‌ ‌and‌ ‌the‌ ‌frictional‌ ‌forces.‌ ‌So,‌ ‌here‌ ‌is‌ ‌friction‌ ‌and‌ ‌this‌ ‌is‌‌                                   

pressure.‌ ‌And‌ ‌we‌ ‌are‌ ‌doing‌ ‌1D‌ ‌flow‌ ‌so‌ ‌we‌ ‌are‌ ‌considering‌ ‌only‌ ‌the‌‌x‌‌component‌‌of‌‌these‌‌                                 

velocities.‌‌Now‌‌this‌‌can‌‌be‌‌integrated‌‌for‌‌a‌‌cylindrical‌‌volume‌‌.‌‌So,‌‌here‌‌the‌‌incoming‌‌flux‌‌is‌‌                                 

‌ A‌‌=‌‌constant‌‌.Outgoing‌‌is‌‌ ‌ A‌‌and‌‌the‌‌pressure‌‌forces‌‌are‌‌a‌‌P‌1‌ ‌A‌‌on‌‌the‌‌left‌‌hand‌‌ρ1   u2
1           ρ2   u2

2                          

side‌ ‌and‌ ‌P‌2‌‌ ‌A‌ ‌on‌ ‌the‌ ‌right‌ ‌hand‌ ‌side.‌ ‌ 

-‌  ‌ A‌ ‌+‌ ‌  ‌ A‌ ‌=‌ ‌P‌1‌‌ ‌A‌ ‌-‌ ‌P‌2‌‌ ‌A‌ ‌-‌ ‌ ‌ρ1 u2
1 ρ2 u2

2 Dτ  dx∫
L

0
π w  

‌ 



Well‌ ‌friction‌ ‌force‌ ‌which‌ ‌acts‌ ‌against‌ ‌the‌ ‌flow‌ ‌is‌ ‌πD‌ ‌dx‌ ‌and‌ ‌it‌ ‌is‌ ‌an‌ ‌integral‌ ‌0‌ ‌to‌ ‌L‌‌                  τ w                    

because‌ ‌in‌ ‌general‌ ‌ can‌ ‌vary‌ ‌along‌ ‌the‌ ‌duct.‌ ‌So,‌ ‌this‌ ‌is‌‌the‌‌factor‌‌now,‌‌additional‌‌factor,‌‌      τ w                          

that‌ ‌comes‌ ‌in‌ ‌the‌ ‌equation.‌ ‌Since‌ ‌we‌ ‌are‌ ‌taking‌‌a‌‌constant‌‌area‌‌duct,‌‌D‌‌is‌‌constant.‌‌So,‌‌πD‌‌                                   

can‌ ‌be‌ ‌taken‌ ‌out‌ ‌A‌ ‌is‌ ‌also‌ ‌constant.‌ ‌So,‌ ‌dividing‌ ‌it‌ ‌by‌ ‌area‌ ‌you‌ ‌get,‌ ‌since,‌ ‌A‌ ‌=‌ ‌ ‌4
π D2

 

(P‌2‌‌ ‌-‌ ‌P‌1‌‌ ‌)‌ ‌+(‌  ‌  ‌ )‌ ‌=‌ ‌  ‌ ‌ρ2  u2
2 − ρ1  u2

1 D
4−  dx∫

L

0
τ w  

So,‌ ‌the‌ ‌major‌ ‌change‌ ‌that‌ ‌happens‌ ‌is‌ ‌in‌ ‌the‌ ‌momentum‌ ‌equation.‌ ‌What‌ ‌about‌ ‌the‌ ‌energy‌‌                             

conservation‌ ‌equation?‌ ‌There‌ ‌is‌ ‌no‌ ‌heat‌ ‌transfer‌ ‌occurring‌ ‌over‌ ‌here.‌ ‌So,‌ ‌if‌ ‌you‌ ‌take,‌ ‌ 

‌hh1 +   2
u2

1  =   2 +   2
u2

2   

or‌ ‌it‌ ‌essentially‌ ‌says‌ ‌total‌ ‌enthalpy‌ ‌or‌ ‌total‌ ‌temperature‌ ‌remains‌ ‌a‌ ‌constant.‌‌ ‌  
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So,‌ ‌if‌ ‌you‌ ‌take‌ ‌the‌ ‌Fanno‌ ‌flow‌ ‌and‌ ‌first‌ ‌what‌ ‌we‌ ‌shall‌ ‌do‌ ‌is‌ ‌look‌ ‌at‌ ‌the‌ ‌thermodynamic‌‌                                   

description‌ ‌of‌ ‌Fanno‌ ‌flow‌ ‌as‌ ‌a‌ ‌process‌ ‌and‌ ‌see‌ ‌what‌‌we‌‌can‌‌learn‌‌from‌‌this‌‌description.‌‌In‌‌                                 

fact‌‌almost‌‌all‌‌aspects‌‌of‌‌Fanno‌‌flow‌‌will‌‌be‌‌covered‌‌just‌‌by‌‌means‌‌of‌‌one‌‌single‌‌curve‌‌which‌‌                                   

is‌‌the‌‌Fanno‌‌curve.‌‌How‌‌do‌‌we‌‌get‌‌to‌‌this‌‌curve?‌‌It‌‌is‌‌you‌‌consider‌‌2‌‌equations‌‌which‌‌is‌‌the‌‌                                       

mass‌ ‌flux‌ ‌or‌ ‌  ‌=constant‌ ‌and‌ ‌it‌ ‌is‌ ‌given‌ ‌a‌ ‌parameter‌ ‌G.‌ ‌Vρ  

G‌ ‌=‌ ‌ ‌Vρ  

Now‌‌this‌‌parameter‌‌G‌‌will‌‌come‌‌again‌‌and‌‌again‌‌in‌‌the‌‌descriptions‌‌now‌‌and‌‌the‌‌other‌‌one‌‌is‌‌                                   

total‌ ‌enthalpy‌ ‌or‌ ‌ .‌ ‌So,‌ ‌total‌ ‌enthalpy‌ ‌is‌ ‌a‌ ‌constant.‌ ‌Now‌ ‌this‌ ‌can‌ ‌be‌‌      constanth +   2
u 

2

=                        

expressed.‌ ‌So,‌ ‌here‌ ‌given‌   ‌  ‌=‌ ‌G‌‌ ‌Vρ   

we‌ ‌can‌ ‌express,‌   ‌V‌ ‌=‌ ‌  ‌and‌ ‌this‌ ‌can‌ ‌be‌ ‌substituted‌ ‌in‌ ‌the‌ ‌energy‌ ‌equation‌ ‌and‌ ‌we‌ ‌get‌ ‌,‌ ‌ρ
G  



‌ 

‌constanth +   G 
2

2ρ 
2 =    

So,‌‌now‌‌if‌‌you‌‌take‌‌this‌‌particular‌‌equation‌‌then‌‌it‌‌consists‌‌of‌‌only‌‌thermodynamic‌‌variables‌‌                             

along‌ ‌with‌ ‌of‌ ‌course‌ ‌ideal‌ ‌gas‌ ‌equation‌ ‌of‌ ‌state‌ ‌and‌ ‌so‌ ‌on.‌‌ ‌  

‌ 

So,‌‌now‌‌if‌‌we‌‌can‌‌plot‌‌all‌‌possible‌‌states‌‌beginning‌‌from‌‌an‌‌initial‌‌point‌‌which‌‌satisfies‌‌these‌‌                                 

conditions‌‌then‌‌such‌‌a‌‌curve‌‌is‌‌a‌‌Fanno‌‌curve.‌‌So,‌‌Fanno‌‌curve‌‌is‌‌a‌‌curve‌‌for‌‌adiabatic‌‌flow‌‌                                   

through‌‌constant‌‌area‌‌ducts‌‌and‌‌it‌‌is‌‌expressed‌‌here‌‌in‌‌terms‌‌of‌ ‌T‌‌s‌‌that‌‌is‌‌temperature‌‌versus‌‌                                   

entropy‌ ‌T‌ ‌s‌ ‌diagram.‌ ‌Now‌ ‌it‌ ‌get,‌ ‌this‌ ‌is‌ ‌also‌ ‌enthalpy‌ ‌if‌ ‌you‌ ‌are‌ ‌considering‌ ‌a‌ ‌calorically‌‌                                 

perfect‌ ‌gas‌ ‌it‌ ‌is‌ ‌equivalent‌ ‌to‌ ‌enthalpy.‌‌ ‌  

‌ 

So,‌ ‌enthalpy‌ ‌entropy‌‌diagram.‌‌So,‌‌now‌‌if‌‌you‌‌look‌‌at‌‌this‌‌curve‌‌that‌‌is‌‌represented‌‌by‌‌these‌‌                                 

equations‌‌you‌‌see‌‌it‌‌has‌‌a‌‌particular‌‌shape.‌‌Now‌‌take‌‌note‌‌that‌‌first‌‌if‌‌you‌‌if‌‌I‌‌start‌‌from‌‌the‌‌                                       

upper‌ ‌side‌ ‌of‌ ‌this‌ ‌curve,‌ ‌it‌ ‌actually‌ ‌you‌ ‌can‌ ‌see‌ ‌that‌ ‌the‌ ‌curve‌ ‌slowly‌ ‌drops‌ ‌down‌ ‌in‌‌                                 

temperature‌ ‌until‌ ‌it‌ ‌reaches‌ ‌a‌ ‌point.‌ ‌So,‌ ‌here‌ ‌you‌ ‌can‌ ‌see‌ ‌that‌ ‌the‌ ‌entropy‌ ‌is‌ ‌increasing,‌‌                               

temperature‌‌is‌‌decreasing‌‌until‌‌a‌‌point‌‌over‌‌here‌‌which‌‌is‌‌the‌‌maximum‌‌entropy‌‌point.‌‌So,‌‌it‌‌                               

is‌‌maximum‌‌entropy‌‌ ‌After‌‌this‌‌you‌‌see‌‌that‌‌if‌‌you‌‌consider‌‌this‌‌particular‌‌curve,‌‌here‌‌      max.S                          

I‌ ‌again‌ ‌starts‌‌from‌‌the‌‌left‌‌side‌‌if‌‌I‌‌go‌‌and‌‌I‌‌see‌‌here‌‌that‌‌the‌‌temperature‌‌increases‌‌entropy,‌‌                                     

increases‌‌up‌‌till‌‌the‌‌same‌‌point‌‌which‌‌is‌‌ .‌‌Now‌‌there‌‌is‌‌a‌‌specific‌‌reason‌‌why‌‌we‌‌went‌‌                maxS                    

only‌ ‌in‌ ‌one‌ ‌direction‌ ‌the‌ ‌reason‌ ‌is‌ ‌that‌ ‌in‌ ‌fact‌ ‌if‌ ‌you‌‌plot.‌‌So,‌‌this‌‌is‌‌all‌‌static‌‌variables.‌‌In‌‌                                       

case‌‌of‌‌Fanno‌‌curve‌‌the‌‌entropy‌‌or‌‌the‌‌stagnation‌‌enthalpy‌‌remains‌‌constant.‌‌So,‌‌it‌‌let‌‌us‌‌take‌‌                                 

it‌ ‌is‌ ‌a‌ ‌straight‌ ‌line‌ ‌this‌ ‌is‌  ‌ constant.‌‌ ‌h0 =   

‌ 

So,‌‌if‌‌you‌‌look‌‌at‌‌this‌‌essentially‌‌this‌‌particular‌‌distance‌‌describes‌‌ ‌or‌‌if‌‌you‌‌take‌‌enthalpy‌‌                     
u 

2

2Cp
           

it‌‌is‌‌ ‌here.‌‌So,‌‌what‌‌you‌‌see‌‌is‌‌this‌‌part‌‌of‌‌the‌‌curve‌‌which‌‌I‌‌have‌‌described‌‌here‌‌as‌‌is‌‌the‌‌    2
u 

2

                                       

upper‌‌branch,‌‌that‌‌curve‌‌corresponds‌‌to‌‌small‌‌velocities‌‌or‌‌it‌‌is‌‌for‌‌a‌‌subsonic‌‌flow.‌‌While‌‌if‌‌I‌‌                                   

take‌‌the‌‌same‌‌corresponding‌‌point‌‌if‌‌I‌‌take‌‌it‌‌here,‌‌right‌‌here,‌‌then‌‌ ‌is‌‌very‌‌large.‌‌So,‌‌the‌‌                         
u 

2

2Cp
           

bottom‌ ‌branch‌ ‌is‌ ‌a‌ ‌supersonic‌ ‌branch.‌‌ ‌  

‌ 

So,‌ ‌this‌ ‌branch‌ ‌is‌ ‌M‌ ‌>‌ ‌1,‌ ‌this‌ ‌branch‌ ‌is‌ ‌M‌ ‌<‌ ‌1‌ ‌and‌ ‌we‌‌will‌‌soon‌‌find‌‌out‌‌that‌‌this‌‌point‌‌at‌‌                                             

which‌ ‌the‌ ‌entropy‌ ‌is‌ ‌maximum‌ ‌is‌ ‌actually‌ ‌a‌ ‌critical‌ ‌point‌ ‌which‌ ‌is‌ ‌M‌ ‌=‌ ‌1‌ ‌and‌ ‌this‌ ‌is‌ ‌an‌‌                                     

adiabatic‌ ‌flow‌ ‌and‌ ‌so‌ ‌one‌ ‌would,‌ ‌one‌‌should‌‌realize‌‌that‌‌it‌‌is‌‌not‌‌possible.‌‌So,‌‌from‌‌here‌‌if‌‌                                   



you‌ ‌take‌ ‌any‌ ‌particular‌ ‌point‌ ‌one‌ ‌and‌ ‌flow‌ ‌happens‌ ‌within‌ ‌a‌ ‌duct‌ ‌where‌ ‌there‌ ‌is‌ ‌friction‌‌                               

essentially‌ ‌you‌ ‌are‌ ‌going‌ ‌to‌ ‌go‌ ‌along‌ ‌this‌ ‌curve.‌ ‌ 

‌ 

And‌ ‌as‌ ‌you‌ ‌go‌ ‌along‌ ‌this‌ ‌curve‌ ‌what‌ ‌you‌ ‌find‌ ‌really‌ ‌is‌ ‌that‌ ‌Mach‌ ‌number‌ ‌is‌ ‌increasing‌‌                                 

because‌ ‌you‌ ‌get‌ ‌a‌ ‌point‌ ‌which‌ ‌is‌ ‌M‌ ‌=‌ ‌1‌ ‌here.‌ ‌But‌ ‌from‌ ‌this‌ ‌curve‌ ‌it‌ ‌should‌ ‌be‌ ‌readily‌‌                                     

understandable‌‌that‌‌you‌‌cannot‌‌pass‌‌beyond‌‌this‌‌maximum‌‌entropy‌‌point.‌‌So,‌‌a‌‌subsonic‌‌flow‌‌                           

can‌ ‌when‌ ‌it‌‌happens‌‌in‌‌a‌‌duct‌‌with‌‌friction‌‌then‌‌it‌‌is‌‌Mach‌‌number‌‌actually‌‌increases‌‌and‌‌it‌‌                                   

can‌ ‌increase‌ ‌up‌ ‌to‌ ‌Mach‌ ‌number‌ ‌one.‌ ‌ 

‌ 

But‌‌if‌‌you‌‌look‌‌at‌‌a‌‌supersonic‌‌flow,‌‌similarly‌‌if‌‌I‌‌take‌‌another‌‌point‌‌here‌‌which‌‌is‌‌supersonic‌‌                                   

here‌‌beginning‌‌starting‌‌point‌‌to‌‌supersonic‌‌as‌‌the‌‌flow‌‌happens‌‌in‌‌the‌‌duct‌‌it‌‌is‌‌Mach‌‌number‌‌                                 

decreases‌‌but‌‌it‌‌can‌‌decrease‌‌maximum‌‌to‌‌a‌‌point‌‌,1‌‌and‌‌it‌‌is‌‌not‌‌possible‌‌to‌‌go‌‌beyond‌‌that‌‌                                     

the‌ ‌reason‌ ‌is‌ ‌that‌ ‌it‌ ‌is‌ ‌a‌ ‌maximum‌‌entropy‌‌point‌‌and‌‌if‌‌you‌‌try‌‌to‌‌go‌‌beyond‌‌this‌‌particular‌‌                                     

point‌ ‌entropy‌ ‌decreases‌ ‌which‌ ‌is‌ ‌not‌ ‌possible‌ ‌in‌ ‌an‌ ‌adiabatic‌ ‌duct,‌ ‌entropy‌ ‌has‌ ‌to‌ ‌always‌‌                             

increase.‌‌  

(Refer‌ ‌Slide‌ ‌Time:‌ ‌14:10)‌ ‌ 

‌ 

But‌ ‌this‌ ‌particular‌ ‌diagram‌ ‌tells‌ ‌you‌ ‌a‌ ‌lot‌ ‌more‌‌than‌‌this‌‌actually‌‌tells‌‌you‌‌the‌‌whole‌‌story.‌                                 

So,‌ ‌we‌ ‌will‌ ‌go‌ ‌into‌ ‌further‌ ‌details.‌ ‌So,‌ ‌these‌ ‌are‌‌qualitative‌‌curves‌‌and‌‌you‌‌should‌‌actually‌‌                               

practice‌ ‌to‌ ‌draw‌ ‌these‌ ‌qualitative‌ ‌curves‌ ‌of‌ ‌Fanno‌‌curves‌‌and‌‌in‌‌the‌‌later‌‌modules‌‌you‌‌will‌‌                               

learn‌ ‌another‌ ‌one‌ ‌which‌ ‌is‌ ‌Rayleigh‌ ‌curves‌‌and‌‌looking‌‌at‌‌them‌‌on‌‌looking‌‌at‌‌problems‌‌on‌‌                               

described‌‌on‌‌Fanno‌‌curves‌‌or‌‌Rayleigh‌‌curves‌‌T‌‌s‌‌diagrams‌‌gives‌‌you‌‌a‌‌better‌‌feel‌‌for‌‌how‌‌to‌‌                                   

solve‌ ‌them?‌ ‌ 

‌ 



What‌‌are‌‌the‌‌interrelationships‌‌between‌‌different‌‌variables?‌‌Because‌‌in‌‌these‌‌problems‌‌there‌‌                       

is‌ ‌not‌ ‌a‌ ‌single‌ ‌variable‌ ‌that‌ ‌change‌ ‌as‌ ‌one‌ ‌parameter‌ ‌changes‌ ‌all‌‌other‌‌parameters‌‌undergo‌‌                             

change.‌‌So,‌‌these‌‌diagrams‌‌are‌‌effective‌‌ways‌‌to‌‌understand‌‌the‌‌interrelationship‌‌between‌‌all‌‌                         

these‌‌variables.‌‌So,‌‌if‌‌you‌‌draw‌‌an‌‌hs‌‌diagram‌‌then‌‌we‌‌know‌‌how‌‌pressure‌‌lines‌‌look‌‌like‌‌on‌‌                                   

a‌ ‌hs‌ ‌diagram.‌ ‌ 

‌ 

Schematically‌ ‌it‌ ‌is‌ ‌drawn‌ ‌over‌ ‌here.‌ ‌You‌ ‌can‌ ‌see,‌ ‌these‌ ‌are‌ ‌basically‌ ‌pressure‌‌lines.‌‌So,‌‌as‌‌                               

you‌ ‌go‌ ‌from‌ ‌left‌ ‌to‌ ‌right‌ ‌pressure‌ ‌actually‌ ‌decreases.‌ ‌So,‌ ‌also‌‌here‌‌on‌‌the‌‌right‌‌hand‌‌curve‌‌                                 

you‌ ‌have‌ ‌different‌ ‌plots‌ ‌where‌ ‌the‌ ‌only‌ ‌parameter‌ ‌that‌ ‌you‌ ‌saw‌ ‌in‌ ‌the‌ ‌Fanno‌‌curve‌‌was‌‌G‌‌                                 

which‌ ‌is‌ ‌the‌ ‌mass‌ ‌flux‌ ‌basically‌ ‌G.‌ ‌So,‌ ‌if‌ ‌you‌ ‌vary‌ ‌G‌ ‌how‌ ‌does‌ ‌the‌ ‌Fanno‌ ‌line‌ ‌shift?‌ ‌As‌‌                                     

essentially‌‌it‌‌shifts‌‌in‌‌this‌‌manner;‌‌that‌‌as‌‌you‌‌go‌‌from‌‌left‌‌to‌‌right,‌‌G‌‌decreases‌‌you‌‌get‌‌lower‌‌                                     

and‌ ‌lower‌ ‌G.‌‌ ‌  

‌ 

So,‌‌and‌‌at‌‌all‌‌these‌‌points‌‌you‌‌have‌‌this‌‌maximum‌‌entropy‌‌point‌‌which‌‌corresponds‌‌to‌‌Mach‌‌                               

number‌ ‌equal‌ ‌to‌ ‌1.‌ ‌So,‌ ‌if‌ ‌you‌ ‌look‌‌at‌‌this‌‌curve‌‌immediately‌‌what‌‌happens‌‌to‌‌pressure‌‌and‌‌                                 

density‌ ‌will‌‌become‌‌obvious‌‌because‌‌the‌‌pressure‌‌decreases‌‌as‌‌you‌‌go‌‌from‌‌left‌‌to‌‌right‌‌but‌‌                               

be‌‌mindful‌‌they‌‌are‌‌not‌‌parallel‌‌lines.‌‌So,‌‌they‌‌are‌‌curved.‌‌So,‌‌actually‌‌if‌‌you‌‌look‌‌at‌‌the‌‌way‌‌                                     

the‌‌exact‌‌way‌‌in‌‌which‌‌the‌‌Fanno‌‌line‌‌occurs‌‌then‌‌in‌‌the‌‌subsonic‌‌branch‌‌actually‌‌you‌‌have‌‌a‌‌                                   

decrease‌ ‌in‌ ‌pressure‌ ‌as‌ ‌you‌ ‌go‌ ‌along‌ ‌the‌ ‌Fanno‌ ‌curve,‌ ‌P‌ ‌decreases‌ ‌in‌ ‌the‌ ‌subsonic‌ ‌branch.‌ ‌ 

‌ 

But‌ ‌you‌ ‌can‌ ‌notice‌ ‌the‌ ‌supersonic‌ ‌branch‌ ‌is‌ ‌rather‌‌steep‌‌and‌‌if‌‌you‌‌draw‌‌the‌‌pressure‌‌lines‌‌                                 

along‌ ‌this‌ ‌particular‌ ‌curve‌ ‌supersonic‌ ‌branch‌ ‌then‌ ‌you‌ ‌will‌‌find‌‌that‌‌pressure‌‌will‌‌increase.‌‌                           

And‌‌this‌‌corresponding‌‌the‌‌height‌‌over‌‌here‌‌this‌‌is‌‌essentially‌‌ .‌‌So,‌‌from‌‌that‌‌you‌‌are‌‌able‌‌                    2
u 

2

             

to‌ ‌understand‌ ‌that‌ ‌in‌ ‌subsonic‌ ‌flow‌ ‌velocity‌ ‌actually‌ ‌increases‌ ‌in‌ ‌a‌‌Fanno‌‌flow‌‌as‌‌the‌‌flow‌‌                               

goes‌ ‌through‌ ‌a‌ ‌long‌ ‌duct‌ ‌with‌ ‌friction.‌ ‌ 

‌ 

While‌ ‌in‌ ‌supersonic‌ ‌flow‌ ‌if‌ ‌the‌ ‌initial‌ ‌velocity‌ ‌entering‌ ‌the‌ ‌duct‌ ‌is‌ ‌supersonic‌ ‌the‌ ‌velocity‌‌                             

decreases.‌ ‌Now‌ ‌this‌ ‌is‌ ‌an‌ ‌adiabatic‌ ‌flow.‌ ‌So,‌ ‌for‌ ‌adiabatic‌ ‌flow‌ ‌ constant‌ ‌or‌ ‌                      h0 =     T 0 =

constant.‌‌Also,‌‌the‌‌other‌‌fact‌‌that‌‌becomes‌‌constant‌‌is‌‌the‌‌value‌‌ ‌that‌‌is‌‌the‌‌temperature‌‌at‌‌                      T *            

which‌ ‌it‌ ‌reaches‌ ‌Mach‌ ‌number‌ ‌equal‌ ‌to‌ ‌1.‌ ‌So,‌ ‌even‌ ‌ ‌actually‌ ‌is‌ ‌a‌ ‌constant.‌ ‌So,‌ ‌this‌‌                    T *              

particular‌‌point‌‌corresponds‌‌to‌‌ ‌but‌‌please‌‌do‌‌not‌‌confuse‌‌it‌‌with‌‌isentropic‌‌flows.‌‌So,‌‌this‌‌        T *                        

is‌ ‌a‌ ‌flow‌ ‌in‌ ‌which‌ ‌there‌ ‌is‌ ‌friction.‌‌ ‌  

‌ 



So,‌‌friction‌‌always‌‌introduces‌‌entropy‌‌that‌‌is‌‌why‌‌you‌‌see‌‌that‌‌entropy‌‌always‌‌increases‌‌and‌‌                             

it‌ ‌reaches‌ ‌a‌ ‌maximum.‌ ‌If‌ ‌a‌ ‌flow‌ ‌occurs‌ ‌through‌ ‌a‌ ‌duct‌ ‌with‌ ‌friction‌ ‌and‌ ‌Fanno‌ ‌flow‌ ‌is‌‌                                 

considered‌ ‌then‌‌the‌‌critical‌‌point‌‌ ‌is‌‌located‌‌here‌‌at‌‌the‌‌maximum‌‌entropy‌‌point‌‌and‌‌ ‌          T *                     T *  

would‌ ‌correspond‌ ‌to‌ ‌this‌ ‌ ‌that‌‌is‌‌obtained‌‌in‌‌an‌‌adiabatic‌‌flow‌‌because‌‌it‌‌is‌‌an‌‌adiabatic‌‌        T *                          

flow.‌ ‌So‌ ‌in‌ ‌that‌ ‌sense‌ ‌only‌ ‌the‌ ‌ ‌ ‌relationships‌ ‌will‌ ‌be‌ ‌the‌ ‌same‌ ‌but‌ ‌pressures‌ ‌are‌‌              ,T 0   T *                  

completely‌ ‌different.‌‌ ‌  

‌ 

So,‌ ‌ ‌is‌‌not‌‌the‌‌same‌‌as‌‌ in‌‌an‌‌isentropic‌‌flow.‌‌So,‌‌please‌‌bear‌‌that‌‌in‌‌mind‌‌and‌‌do‌‌not‌‌  P *             T *                          

confuse‌ ‌between‌ ‌these‌ ‌2‌ ‌Fanno‌ ‌flow‌ ‌is‌ ‌an‌ ‌entirely‌ ‌different‌ ‌flow‌ ‌where‌ ‌there‌ ‌is‌ ‌change‌ ‌in‌‌                               

entropy‌ ‌and‌ ‌entropy‌ ‌increases.‌ ‌So,‌ ‌that‌ ‌is‌ ‌an‌ ‌important‌ ‌point.‌ ‌So,‌ ‌now‌ ‌we‌ ‌can‌ ‌completely‌‌                             

distinguish‌‌between‌‌the‌‌upper‌‌branch‌‌which‌‌is‌‌a‌‌subsonic‌‌branch‌‌and‌‌the‌‌lower‌‌branch‌‌which‌‌                             

is‌‌the‌‌supersonic‌‌branch.‌‌In‌‌the‌‌subsonic‌‌branch,‌‌friction‌‌causes‌‌Mach‌‌number‌‌to‌‌increase‌‌and‌‌                             

pressure‌‌temperature‌‌decreases‌‌.‌‌So,‌‌density‌‌also‌‌decreases‌‌and‌‌velocity‌‌increases‌‌and‌‌there‌‌is‌‌                           

an‌ ‌increase‌ ‌in‌ ‌entropy.‌‌ ‌  

‌ 

So,‌‌whenever‌‌there‌‌is‌‌increase‌‌in‌‌entropy‌‌and‌‌it‌‌is‌‌an‌‌adiabatic‌‌flow,‌‌the‌‌stagnation‌‌pressure‌‌                               

will‌ ‌decrease.‌ ‌This‌ ‌is‌ ‌directly‌ ‌from‌ ‌our‌‌first‌‌fundamental‌‌principles‌‌where‌‌we‌‌looked‌‌at‌‌the‌‌                             

thermodynamics‌ ‌of‌ ‌process‌ ‌and‌ ‌how‌ ‌stagnation‌ ‌pressure‌ ‌is‌ ‌related‌ ‌to‌ ‌entropy.‌ ‌So,‌ ‌in‌ ‌an‌‌                           

adiabatic‌ ‌flow‌ ‌if‌ ‌there‌ ‌is‌ ‌increase‌ ‌in‌ ‌entropy‌ ‌stagnation‌ ‌pressure‌ ‌will‌ ‌decrease.‌ ‌Stagnation‌‌                         

pressure‌ ‌decreases‌ ‌across‌ ‌a‌ ‌shock‌ ‌it‌ ‌also‌ ‌decreases‌ ‌in‌ ‌the‌ ‌case‌ ‌of‌ ‌Fanno‌ ‌curves‌ ‌Fanno‌ ‌flows.‌ ‌ 

‌ 

Now‌‌what‌‌happens‌‌in‌‌supersonic‌‌flow‌‌friction‌‌it‌‌causes‌‌Mach‌‌number‌‌to‌‌reduce‌‌velocity‌‌also‌‌                             

decreases‌ ‌Mach‌‌number‌‌decreases‌‌and‌‌pressure,‌‌temperature‌‌will‌‌increase‌‌consequently‌‌you‌‌                     

have‌‌increase‌‌in‌‌density‌‌as‌‌well‌‌and‌‌ ‌that‌‌is‌‌ will‌‌decrease‌‌because‌‌even‌‌in‌‌this‌‌case‌‌the‌‌              P 0       P 0                

entropy‌ ‌continues‌ ‌to‌ ‌increase‌ ‌along‌ ‌the‌ ‌supersonic‌ ‌branch.‌ ‌So,‌ ‌understanding‌ ‌if‌ ‌you‌ ‌have‌‌                         

understood‌‌Fanno‌‌curves‌‌,these‌‌curves‌‌very‌‌well‌‌then‌‌you‌‌will‌‌be‌‌in‌‌a‌‌position‌‌to‌‌understand‌‌                               

Fanno‌ ‌flow‌ ‌very‌ ‌well‌ ‌because‌ ‌just‌ ‌by‌ ‌means‌ ‌of‌ ‌this‌ ‌particular‌ ‌curve‌ ‌one‌ ‌can‌ ‌completely‌‌                             

describe‌ ‌the‌ ‌Fanno‌ ‌flow.‌‌ ‌  

‌ 

So,‌‌whenever‌‌flow‌‌is‌‌happening,‌‌so,‌‌as‌‌point‌‌moves‌‌from‌‌so,‌‌initial‌‌point‌‌one‌‌here‌‌to‌‌another‌‌                                 

point‌‌2‌‌here‌‌represents‌‌a‌‌flow‌‌through‌‌a‌‌duct‌‌of‌‌length‌‌corresponding‌‌length‌‌is‌‌L.‌‌So,‌‌you‌‌can‌‌                                   

say‌ ‌this‌ ‌is‌ ‌the‌ ‌duct‌ ‌of‌ ‌length‌ ‌L.‌ ‌Now‌ ‌how‌ ‌we‌ ‌will‌ ‌get‌ ‌to‌ ‌these‌ ‌lengths‌ ‌and‌ ‌what‌ ‌are‌ ‌the‌‌                                       



equations‌‌that‌‌will‌‌help‌‌us‌‌solve‌‌them‌‌for‌‌flow‌‌through‌‌pipes‌‌and‌‌so‌‌on.‌‌We‌‌will‌‌soon‌‌come‌‌                                   

to‌ ‌it.‌‌ ‌  

(Refer‌ ‌Slide‌ ‌Time:‌ ‌22:54)‌ ‌ 

‌ 

Here‌ ‌we‌ ‌are‌ ‌discussing‌ ‌thermodynamic‌ ‌aspects‌ ‌of‌ ‌Fanno‌ ‌flows‌ ‌and‌ ‌just‌ ‌by‌ ‌means‌ ‌of‌ ‌a‌‌                             

thermodynamic‌‌curve‌‌hs‌‌or‌‌T‌‌s‌‌diagram.‌‌We‌‌can‌‌know‌‌all‌‌that‌‌is‌‌to‌‌know‌‌about‌‌this‌‌particular‌‌                                   

flow.‌‌Now‌‌we‌‌have‌‌to‌‌look‌‌at‌‌that‌‌particular‌‌point.‌‌So,‌‌we‌‌are‌‌looking‌‌at‌‌this‌‌particular‌‌point‌‌                                   

where‌‌there‌‌is‌‌a‌‌maximum‌‌of‌‌entropy‌‌S‌ ‌and‌‌ ‌is‌‌a‌‌constant.‌‌So,‌‌constant‌‌what‌‌is‌‌the‌‌              axm     T 0                  

condition‌ ‌at‌ ‌which‌ ‌S‌ ‌=‌ ‌S‌ ,‌ ‌entropy‌ ‌is‌ ‌maximum‌ ‌what‌ ‌is‌ ‌this‌ ‌particular‌ ‌condition?‌‌ ‌axm   

‌ 

So,‌ ‌for‌ ‌this‌ ‌we‌ ‌look‌ ‌at‌ ‌the‌ ‌relation,‌ ‌Tds‌ ‌=‌ ‌dh‌ ‌–vdP‌ ‌ ‌   

here‌‌v‌‌specific‌‌volume.‌‌So,‌‌at‌‌maximum‌‌entropy‌‌point‌‌if‌‌you‌‌look‌‌at‌‌the‌‌neighbourhood‌‌of‌‌a‌‌                                 

maximum‌‌entropy‌‌point‌‌essentially‌‌it‌‌is‌‌a‌‌maximum.‌‌So,‌‌ds‌‌should‌‌be‌‌equal‌‌to‌‌0,‌‌ds‌‌=0.‌‌This‌‌                                   

is‌ ‌a‌ ‌condition‌ ‌for‌ ‌maxima.‌ ‌So‌ ‌if‌ ‌you‌ ‌put‌ ‌ds‌ ‌=‌ ‌0‌ ‌you‌ ‌get‌ ‌dh‌ ‌=‌ ‌v‌ ‌dp‌ ‌and‌ ‌from‌ ‌continuity‌‌                                         

equation‌ ‌or‌ ‌this‌ ‌is‌ ‌the‌ ‌definition‌ ‌of‌ ‌the‌ ‌mass‌ ‌flux,‌  ‌  ‌=‌ ‌G‌ ‌and‌ ‌G‌ ‌is‌ ‌a‌ ‌constant.‌‌ ‌Vρ   

‌ 

So,‌ ‌you‌ ‌can‌ ‌express‌ ‌v‌ ‌that‌ ‌is‌ ‌the‌ ‌velocity‌ ‌is‌ ‌V‌ ‌=‌ ‌ ‌,‌ ‌v‌ ‌is‌ ‌specific‌ ‌volume.‌ ‌So,‌ ‌it‌ ‌is‌ ‌Gv‌‌                        ρ
G                    

specific‌ ‌volume.‌ ‌Then‌ ‌the‌ ‌other‌ ‌term‌ ‌which‌ ‌remains‌ ‌constant‌ ‌is‌ ‌the‌ ‌total‌ ‌enthalpy,‌‌ ‌  

.‌ ‌This‌ ‌ ‌is‌ ‌now‌ ‌written‌ ‌solely‌‌in‌‌terms‌‌of‌‌G‌‌and‌‌specific‌‌volume‌‌G‌‌    constanth +   2
u 

2

= h0     u 
2                          

square‌ ‌  ‌=‌ ‌constant.‌ ‌And‌ ‌differentiating‌ ‌this‌ ‌equation‌ ‌we‌ ‌get,‌ ‌u 
2  

dh‌ ‌+‌  ‌V‌ ‌dV‌ ‌=‌ ‌0‌ ‌G 
2  

‌So,‌‌now,‌ ‌dh‌‌=v‌‌dP‌‌,‌ ‌that‌‌is‌‌from‌‌the‌‌maximum‌‌entropy‌‌point‌‌at‌‌the‌‌maximum‌‌entropy‌‌point‌‌                                     

dh‌ ‌=‌ ‌v‌ ‌dp.‌ ‌ 



‌ 

So‌‌now‌‌from‌‌here‌‌we‌‌can‌‌easily‌‌proceed‌‌ ,this‌‌can‌‌ ‌can‌‌be‌‌written‌‌as‌ ‌ ‌.‌‌So,‌‌it‌‌                G 
2     G 

2          G 
2 =   ρ 

2
u 

2

       

can‌‌be‌‌written‌‌as‌‌ ‌ ‌,‌‌ ‌.‌‌but‌‌you‌‌also‌‌have‌‌a‌‌v‌‌in‌‌a‌‌specific‌‌volume‌‌factor‌‌over‌‌here‌‌         ,ρ 
2     u 

2      G 
2                              

and‌ ‌considering‌ ‌all‌ ‌of‌ ‌them‌ ‌together‌ ‌what‌ ‌you‌ ‌arrive‌ ‌at,‌ ‌ 

‌ V  ρ
dP −    

2
ρ

dρ = 0  

 ‌Or‌  ‌  ‌  ‌=‌ ‌  ‌=‌ ‌ ‌ V  
2 =   dρ

dP  ( dρ
dP )s  a 

2*  

That‌ ‌is‌ ‌happening‌ ‌at‌ ‌this‌ ‌particular‌ ‌point‌ ‌where‌ ‌ds‌ ‌=‌ ‌0‌ ‌or‌ ‌entropy‌ ‌is‌ ‌constant.‌‌ ‌  

‌ 

So,‌‌ ‌=‌‌ ‌is‌‌constant‌‌is‌‌nothing‌‌but‌‌the‌‌speed‌‌of‌‌sound.‌‌So,‌‌ ‌ ‌or‌‌M=.‌‌So,‌‌   ( dρ
dP )s      a 

2*                        V  
2 =      a 

2*        

this‌‌shows‌‌that‌‌at‌‌the‌‌critical‌‌point‌‌Mach‌‌number‌‌is‌‌equal‌‌to‌‌1‌‌or‌‌at‌‌maximum‌‌entropy‌‌Mach‌‌                                   

number‌ ‌is‌ ‌1.‌ ‌And‌ ‌precisely‌ ‌from‌ ‌the‌ ‌nature‌ ‌of‌ ‌this‌ ‌curve‌ ‌it‌ ‌should‌ ‌be‌ ‌understood‌ ‌that‌ ‌one‌‌                                 

cannot‌ ‌move‌ ‌from‌‌the‌‌subsonic‌‌branch.‌‌So,‌‌you‌‌if‌‌you‌‌start‌‌initially‌‌from‌‌this‌‌point‌‌you‌‌are‌‌                                 

flowing‌ ‌the‌ ‌gas‌ ‌is‌ ‌flowing‌ ‌through‌ ‌duct‌ ‌and‌ ‌through‌ ‌a‌ ‌length‌ ‌L.‌‌ ‌  

‌ 

So,‌‌L‌‌can‌‌be‌‌varied‌‌it‌‌can‌‌be‌‌having‌‌different‌‌lengths.‌‌So,‌‌as‌‌you‌‌go‌‌through‌‌different‌‌lengths‌‌                                   

you‌ ‌are‌ ‌getting‌ ‌to‌ ‌different‌‌points.‌‌So,‌‌you‌‌have‌‌say‌‌poin‌‌2‌‌you‌‌can‌‌vary‌‌this.‌‌So,‌‌until‌‌you‌‌                                     

reach‌ ‌this‌ ‌maximum‌ ‌entropy‌ ‌point‌ ‌which‌ ‌is‌ ‌equal‌ ‌to‌ ‌M‌ ‌=‌ ‌1.‌ ‌Beyond‌ ‌this‌ ‌it‌ ‌cannot‌‌change‌‌                                 

because‌ ‌entropy‌ ‌will‌ ‌decrease.‌ ‌Similarly‌ ‌if‌ ‌you‌ ‌start‌ ‌from‌ ‌a‌ ‌supersonic‌ ‌branch‌ ‌you‌ ‌can‌ ‌go‌‌                             

until‌ ‌maximum‌ ‌entropy‌ ‌point‌ ‌but‌ ‌you‌ ‌cannot‌ ‌go‌ ‌from‌ ‌supersonic‌ ‌to‌ ‌subsonic.‌ ‌ 

‌ 

So‌ ‌subsonic‌ ‌to‌ ‌supersonic‌‌or‌‌supersonic‌‌to‌‌subsonic‌‌flow‌‌via‌‌a‌‌Fanno‌‌curve‌‌only‌‌via‌‌Fanno‌‌                               

curve‌ ‌is‌ ‌not‌ ‌possible.‌ ‌It‌ ‌is‌ ‌limited‌ ‌by‌ ‌entropy.‌‌ ‌  

(Refer‌ ‌Slide‌ ‌Time:‌ ‌27:36)‌ ‌ 



‌ 

So,‌ ‌here‌ ‌there‌ ‌are‌‌different‌‌kinds‌‌of‌‌Fanno‌‌curves‌‌that‌‌are‌‌plotted.‌‌This‌‌one‌‌it‌‌is‌‌taken‌‌from‌‌                                   

this‌‌particular‌‌textbook‌‌and‌‌these‌‌are‌‌curves‌‌beginning‌‌from‌‌the‌‌same‌‌point‌‌1‌‌which‌‌is‌‌having‌‌                               

the‌ ‌same‌ ‌static‌ ‌pressure‌ ‌and‌ ‌temperature‌ ‌same‌ ‌static‌ ‌conditions‌ ‌but‌ ‌having‌ ‌different‌ ‌Mach‌‌                         

numbers.‌‌So,‌‌different‌‌initial‌‌Mach‌‌numbers,‌‌this‌‌for‌‌example‌‌this‌‌particular‌‌curve‌‌belongs‌‌in‌‌                           

the‌ ‌subsonic‌ ‌branch‌ ‌in‌ ‌G2‌ ‌as‌ ‌well‌ ‌as‌ ‌in‌ ‌G3.‌ ‌ 

‌ 

For‌ ‌G3‌‌it‌‌is‌‌0.1,‌‌G‌‌2‌‌it‌‌is‌‌0.5‌‌but‌‌another‌‌curve‌‌G1‌‌,it‌‌is‌‌having‌‌a‌‌supersonic‌‌velocity.‌‌So,‌‌it‌‌                                           

belongs‌‌in‌‌the‌‌supersonic‌‌branch.‌‌While‌‌the‌‌curves‌‌on‌‌the‌‌right‌‌show‌‌different‌‌Fanno‌‌curves‌‌                             

which‌ ‌start‌ ‌with‌ ‌the‌ ‌same‌ ‌stagnation‌ ‌conditions.‌ ‌So,‌ ‌initial‌ ‌conditions,‌ ‌the‌ ‌stagnation‌‌                       

conditions‌ ‌are‌ ‌the‌ ‌same‌ ‌but‌ ‌they‌ ‌have‌ ‌different‌ ‌Mach‌ ‌numbers.‌‌So,‌‌consequently‌‌you‌‌have‌‌                           

different‌ ‌Fanno‌ ‌curves‌ ‌over‌ ‌here.‌‌ ‌  

‌ 

So,‌‌this‌‌is‌‌how‌‌it‌‌looks‌‌like‌‌and‌‌a‌‌general‌‌understanding‌‌qualitative‌‌understanding‌‌of‌‌how‌‌to‌‌                               

quickly‌ ‌draw‌ ‌a‌ ‌Fanno‌ ‌curve‌ ‌is‌ ‌very‌ ‌useful‌ ‌in‌ ‌understanding‌ ‌this‌ ‌particular‌ ‌topic‌ ‌and‌ ‌in‌‌                             

solving‌ ‌problems‌ ‌also.‌‌ ‌  

(Refer‌ ‌Slide‌ ‌Time:‌ ‌29:16)‌ ‌ 



‌ 

So,‌ ‌now‌ ‌we‌ ‌come‌ ‌to‌ ‌the‌ ‌point‌ ‌that‌ ‌we‌ ‌want‌‌to‌‌now‌‌look‌‌at‌‌getting‌‌numbers,‌‌quantitatively‌‌                                 

understanding‌ ‌Fanno‌ ‌flow.‌‌When‌‌trying‌‌to‌‌do‌‌this‌‌we‌‌did‌‌an‌‌initial‌‌integration‌‌but‌‌we‌‌came‌‌                               

up‌‌with‌‌the‌‌factor‌‌this‌‌particular‌‌factor‌‌ ‌ ‌because‌‌the‌‌shear‌‌stress‌‌in‌‌general‌‌varies‌‌              D
4−    dx∫

L

0
τ w                

along‌‌x‌‌direction.‌‌So‌‌proceeding‌‌this‌‌way‌‌would‌‌be‌‌difficult.‌‌So,‌‌rather‌‌under‌‌1D‌‌assumption‌‌                             

itself‌ ‌with‌ ‌uniform‌ ‌flows,‌ ‌let‌ ‌us‌ ‌look‌ ‌at‌ ‌small‌ ‌lengths,‌ ‌dx.‌‌ ‌  

‌ 

So,‌ ‌from‌ ‌integration‌ ‌integral‌ ‌kind‌ ‌of‌ ‌an‌ ‌approach‌ ‌we‌ ‌move‌ ‌towards‌ ‌looking‌ ‌at‌ ‌small‌ ‌control‌‌ 
volumes‌ ‌with‌ ‌the‌ ‌length‌ ‌dx‌ ‌we‌ ‌have‌ ‌to‌ ‌just‌ ‌look‌ ‌at‌ ‌the‌ ‌differential‌ ‌form.‌ ‌So,‌ ‌on‌ ‌the‌ ‌left‌ ‌hand‌‌ 
side‌ ‌you‌ ‌have,‌ ‌ 

 ‌dP‌ ‌+d(‌  ‌=‌ ‌  ‌ ‌ρ) V  
2

D
4−  dxτ w  

 ‌Now‌ ‌  ‌can‌ ‌be‌ ‌differentiated‌ ‌also‌ ‌considering‌ ‌the‌ ‌fact‌ ‌that‌ ‌  ‌is‌ ‌a‌ ‌constant.‌‌ ‌ρ V  
2 ρV   

So,‌‌ ‌  

‌ 

dp‌ ‌+‌  ‌=‌ ‌  ‌ ‌V  dVρ D
4−  dxτ w  

‌ 

Now‌‌we‌‌need‌‌some‌‌way‌‌to‌‌express‌‌the‌‌shear‌‌stress‌‌on‌‌the‌‌wall.‌‌For‌‌this‌‌we‌‌take‌‌the‌‌definition‌‌                                     

of‌ ‌coefficient‌ ‌of‌ ‌friction.‌‌This‌‌something‌‌we‌‌can‌‌easily‌‌borrow,‌‌C‌f‌ ‌or‌‌f‌‌is‌‌equal‌‌to‌‌it,‌‌is‌‌also‌‌                                     

written‌ ‌as‌ ‌Cf‌ ‌or‌ ‌f‌ ‌,coefficient‌ ‌of‌ ‌friction,‌ ‌ 

‌f = τ w

 ρV2
1

 
2  

‌Usually‌ ‌f‌ ‌is‌ ‌also‌ ‌not‌ ‌a‌ ‌constant‌ ‌but‌ ‌it‌ ‌is‌ ‌a‌‌slow‌‌function‌‌of‌‌flow‌‌condition.‌‌So,‌‌it‌‌does‌‌not‌‌                                         

vary‌ ‌very‌ ‌rapidly.‌ ‌It‌ ‌is‌ ‌somewhat‌ ‌slow‌ ‌in‌ ‌it’s‌ ‌variation.‌‌ ‌  



(Refer‌ ‌Slide‌ ‌Time:‌ ‌31:28)‌ ‌ 

‌ 

So,‌ ‌if‌ ‌you‌ ‌put‌ ‌that,‌ ‌we‌ ‌write‌ ‌then‌ ‌this‌ ‌in‌ ‌terms‌ ‌of‌  ‌‌f‌ ‌ 

dp‌ ‌+‌  ‌=‌  ‌  ‌=‌ ‌0‌ ‌V  dVρ   dx2
  ρV−  

2

D
4f ′  

‌ 

‌ 

‌The‌ ‌term‌ ‌ ‌is‌ ‌written‌ ‌because‌ ‌soon‌ ‌we‌ ‌will‌ ‌discuss‌ ‌there‌ ‌are‌ ‌2‌ ‌descriptions‌ ‌of‌ ‌this‌‌       f ′                            

coefficient‌ ‌of‌ ‌friction‌ ‌and‌ ‌friction‌ ‌factor‌ ‌they‌ ‌are‌ ‌not‌ ‌the‌ ‌same.‌ ‌Coefficient‌ ‌of‌ ‌friction‌ ‌we‌‌                             

represent‌ ‌by‌ ‌ while‌ ‌friction‌ ‌factor‌ ‌is‌ ‌represented‌ ‌as‌ ‌f.‌ ‌So,‌ ‌we‌ ‌will‌ ‌soon‌ ‌come‌ ‌to‌ ‌it.‌ ‌So,‌‌ ‌ f ′   

dp‌ ‌+‌  ‌=‌  ‌ ‌V  dVρ   ρV   dx2
1−

 
2

D
4f ′  

‌ 

So,‌‌now‌‌this‌‌can‌‌be‌‌taken‌‌to‌‌the‌‌left‌‌hand‌‌side‌‌and‌‌taken‌‌together.‌‌So,‌‌you‌‌get‌‌this‌‌particular‌‌                                     

equation.‌ ‌Now‌ ‌since‌ ‌coefficient‌ ‌of‌ ‌friction‌ ‌varies‌ ‌very‌ ‌slowly‌ ‌you‌ ‌can‌‌consider‌‌an‌‌average‌‌                           

coefficient‌ ‌of‌ ‌friction‌ ‌defined‌ ‌in‌ ‌this‌ ‌way,‌ ‌ 

 ‌=‌ ‌ ‌f  dxL
1 ∫

x2

x1

f  

‌So,‌‌and‌‌consider‌‌that‌‌the‌‌average‌‌friction‌‌remains‌‌constant.‌‌So,‌‌this‌‌is‌‌what‌‌has‌‌been;‌‌what‌‌I‌‌                                   

was‌ ‌just‌ ‌now‌ ‌mentioning‌ ‌is‌ ‌that‌ ‌sometimes‌ ‌many‌ ‌literatures‌ ‌describe‌ ‌friction‌ ‌in‌ ‌terms‌ ‌of‌‌                           

fanning‌ ‌coefficient‌ ‌of‌ ‌friction‌ ‌which‌ ‌is‌ ‌the‌ ‌definition‌ ‌of‌ ‌coefficient‌ ‌of‌ ‌friction‌ ‌itself,‌ ‌ .‌ ‌ f ′  

‌ 

But‌‌in‌‌many‌‌places‌‌the‌‌friction‌‌factor‌‌particularly‌‌in‌‌pipe‌‌flows‌‌and‌‌such‌‌kind‌‌of‌‌descriptions‌‌                               

friction‌‌factor‌‌is‌‌given‌‌which‌‌is‌‌f=‌ ‌4‌ ,4‌‌times‌‌Cf.‌‌So,‌‌look‌‌at‌‌the‌‌wordings‌‌carefully‌‌when‌‌               f ′                    

you‌‌look‌‌at‌‌literature‌‌relevant‌‌to‌‌Fanno‌‌flows‌‌whether‌‌they‌‌are‌‌talking‌‌in‌‌terms‌‌of‌‌coefficient‌‌                               



of‌ ‌friction‌ ‌or‌ ‌friction‌ ‌factor.‌ ‌So,‌ ‌correspondingly‌ ‌this‌ ‌factor‌ ‌multiplication‌ ‌should‌ ‌be‌‌                       

considered.‌‌ ‌  

‌ 

So,‌‌but‌‌in‌‌general‌‌what‌‌we‌‌understand‌‌from‌‌here‌‌is‌‌that‌‌we‌‌are‌‌looking‌‌at‌‌average‌‌coefficient‌‌                                 

of‌ ‌friction‌ ‌which‌ ‌remains‌ ‌constant.‌‌ ‌  

(Refer‌ ‌Slide‌ ‌Time:‌ ‌34:01)‌ ‌ 

‌ 

So,‌ ‌now‌ ‌what‌ ‌about‌ ‌this,‌ ‌so,‌ ‌here‌ ‌we‌ ‌said‌ ‌we‌ ‌will‌ ‌represent‌ ‌it‌ ‌in‌ ‌terms‌ ‌of‌ ‌coefficient‌ ‌of‌‌                                   

friction‌ ‌but‌ ‌we‌ ‌need‌ ‌to‌ ‌know‌ ‌coefficient‌ ‌of‌ ‌friction.‌ ‌For‌ ‌this‌ ‌we‌ ‌can‌ ‌look‌ ‌at‌ ‌several‌‌                               

correlations‌ ‌several‌ ‌relations‌ ‌that‌ ‌are‌ ‌available‌‌that‌‌is‌‌for‌‌laminar‌‌flows‌‌and‌‌turbulent‌‌flows‌‌                           

they‌ ‌are‌ ‌expressed‌ ‌in‌ ‌such‌ ‌relations.‌ ‌For‌ ‌laminar‌ ‌flow‌ ‌of‌ ‌course‌ ‌this‌ ‌ ‌=‌ ‌ ‌and‌ ‌for‌‌                         f ′     Re

64      

turbulent‌ ‌flows‌ ‌also‌ ‌there‌ ‌are‌ ‌various‌ ‌descriptions‌ ‌for‌ ‌a‌ ‌smooth‌ ‌wall‌ ‌this‌ ‌is‌ ‌a‌ ‌particular‌‌                             

equation.‌‌ ‌  

(Refer‌ ‌Slide‌ ‌Time:‌ ‌34:45)‌ ‌ 



‌ 

While‌ ‌for‌ ‌walls‌ ‌which‌ ‌have‌ ‌certain‌ ‌roughness’s‌ ‌we‌ ‌have‌ ‌different‌ ‌equations.‌ ‌A‌ ‌suitable‌‌                         

equation‌ ‌can‌ ‌be‌ ‌chosen.‌‌ ‌  

(Refer‌ ‌Slide‌ ‌Time:‌ ‌34:57)‌ ‌ 

‌ 

Also,‌ ‌a‌ ‌common‌ ‌chart‌ ‌which‌ ‌sort‌ ‌of‌ ‌depicts‌ ‌all‌ ‌the‌ ‌variations‌ ‌of‌ ‌friction‌ ‌factor‌ ‌or‌ ‌friction‌‌                               

coefficient‌ ‌is‌ ‌the‌ ‌Moody‌ ‌chart‌‌where‌‌you‌‌have‌‌the‌‌laminar‌‌flow‌‌and‌‌the‌‌turbulent‌‌flows‌‌for‌‌                               

different‌ ‌surface‌ ‌roughness’s‌ ‌because‌‌turbulent‌‌flows‌‌are‌‌affected‌‌by‌‌surface‌‌roughness.‌‌So,‌‌                       

you‌‌have‌‌all‌‌these‌‌are‌‌available‌‌either;‌‌if‌‌one‌‌is‌‌doing‌‌some‌‌of‌‌the‌‌problems‌‌and‌‌is‌‌using‌‌an‌‌                                     

approach‌ ‌where‌ ‌it‌ ‌can‌ ‌be‌ ‌evaluated‌ ‌analytically.‌ ‌ 

‌ 

Then‌ ‌we‌ ‌can‌ ‌use‌ ‌such‌ ‌analytical‌ ‌expressions‌ ‌or‌ ‌rather‌ ‌relations‌ ‌to‌ ‌get‌ ‌the‌ ‌coefficient‌ ‌of‌‌                             

friction‌‌or‌‌if‌‌one‌‌is‌‌doing‌‌it‌‌using‌‌calculators‌‌and‌‌charts‌‌then‌‌Moody's‌‌chart‌‌is‌‌available.‌‌But‌‌                                 

when‌‌we‌‌are‌‌looking‌‌at‌‌these‌‌problems‌‌of‌‌friction‌‌flow‌‌through‌‌pipes‌‌then‌‌we‌‌will‌‌generally‌‌                               



know‌‌f,‌‌f‌‌would‌‌be‌‌given‌‌and‌‌then‌‌we‌‌would‌‌solve‌‌the‌‌equation.‌‌So,‌‌that‌‌is‌‌how‌‌most‌‌of‌‌the‌‌                                       

textbook‌ ‌problems‌ ‌are‌ ‌given.‌ ‌ 

‌ 

For‌ ‌applications‌ ‌you‌ ‌can‌ ‌refer‌ ‌to‌ ‌these‌ ‌charts.‌ ‌So,‌ ‌now‌ ‌from‌ ‌here‌ ‌we‌ ‌understood‌ ‌in‌ ‌a‌‌                               

qualitative‌‌sense‌‌what‌‌is‌‌happening‌‌in‌‌Fanno‌‌flows.‌‌And‌‌there‌‌are‌‌differences‌‌in‌‌how‌‌the‌‌flow‌‌                               

behaves‌‌in‌‌subsonic‌‌flow‌‌and‌‌supersonic‌‌flow‌‌with‌‌the‌‌point‌‌Mach‌‌number‌‌equal‌‌to‌‌1‌‌being‌‌                               

the‌‌critical‌‌point‌‌,‌‌where‌‌entropy‌‌is‌‌maximum.‌‌Now‌‌in‌‌the‌‌next‌‌class‌‌what‌‌we‌‌will‌‌look‌‌at‌‌is‌‌                                     

look‌ ‌at‌ ‌getting‌ ‌equations‌ ‌in‌ ‌terms‌ ‌of‌ ‌Mach‌ ‌number.‌ ‌So,‌ ‌that‌ ‌term‌ ‌such‌ ‌as‌ ‌pressures,‌‌                             

temperatures‌ ‌change‌ ‌of‌ ‌Mach‌ ‌number‌ ‌can‌ ‌be‌ ‌evaluated‌ ‌in‌‌a‌‌flow‌‌through‌‌the‌‌constant‌‌area‌‌                             

duct‌ ‌with‌ ‌friction.‌ ‌ 

‌ 

‌ 


