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THERMODYNAMICSSOLUTION

NOV2019/SEM3/MECHANICAL

Q.1(a)Stateandprovecarnot'stheorem. (5M)

Ans:Carnottheorem statesthatnoheatengineworkinginacyclebetweentwo

constantreservoirscanbemoreefficientthanareversibleengineworkingbetween
thesamereservoirs.Inotherwordsitmeansthatalltheenginesoperatingbetween
agivenconstanttemperaturesourceandagivenconstanttemperaturesink,none,
hasahigherefficiencythanareversibleengine.

Proof: Supposetherearetwoengines

EAandEBoperatingbetweenthegivensource

attemperatureT1andthegivensinkat

temperatureT2.LetEAbeanyirreversible

heatengineandEBbeanyreversibleheat

engine.Wehavetoprovethatefficiencyof

heatengineEBismorethanthatofheat

engineEA.Supposeboththeheatengines

receivesamequantityofheatQfrom thesourceattemperatureT1.WAandWBbe

theworkoutputfrom theenginesandtheircorrespondingheatrejectionsbe

(Q–WA)and(Q–WB)respectively.Assumethattheefficiencyoftheirreversible

enginebemorethanthereversibleenginei.e.ηA>ηBHence,WAQ>WBQi.eWA>WB.

NowletuscoupleboththeenginesandEBisreversedwhichwillactasaheat

pump.Itreceives(Q–WB)from sinkandWA

from irreversibleengineEAandpumpsheatQto

thesourceattemperatureT1.Thenetresultis

thatheatWA–WBistakenfrom sinkandequal

amountofworkisproduce.Thisviolates

secondlawofthermodynamics.Hencethe

assumptionwemadethatirreversibleengine

havinghigherefficiencythanthereversible

engineiswrong.
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Henceitisconcludedthatreversibleengineworkingbetweensametemperature

limitsismoreefficientthanirreversibleenginetherebyprovingCarnot’stheorem.

(b)ExplainworkingprincipleofrootsblowerandP-V diagram forit. (5M)

Ans:TherootblowershowninFigureconsistsoftwolobesmountedondifferent

rotorsofepicycloidalorinvoluteprofilesrotatinginoppositedirections.

Construction:Theseprofileshelpinkeepingthe

smoothmotionandcorrectmatingbetweenthe

lobes.Oneoftherotorsisdrivenexternallyandthe

otherisdriventhroughthegearsfrom thefirst.The

rotorswithmorethantwolobesaresometimesused

whenanincreaseinpressureratioisrequired.Asmall

clearancebetweenthelobesandthecylindersurfaces

ismaintainedtopreventwear.However,duetothe

clearancebetweenthesurfaces,thereareinternal

leaksanditreducesitsvolumetricefficiency.

Theworkingofrootblower:Gasistakenatintakeatpressureandastherotor

rotates,amassofgasequaltovolumeVcorrespondingtovolumeofeachfaceof

thelobetransterredtothereceiverside.Atthisinstantsomehighpressuregaswill

rushbackfrom thereceiveranditmixeswiththevolumeVuntilthepressureis

equalised.Thisprocessisknownasbacklowprocess.Theairisnowdeliveredto

thereceiverbytherotationofthelobesalpressureP2.Theprocessisrepresented

on(p-V)diagram inFig.Itshouldbenotedthattheairdeliveredwillbe4timesthe

volumeVfortwokoberotorsandotimesofvolumeVincaseofthreelobe

rotors.TheworkrequiredtodrivetherootblowerwithtwolobesperrevolutionisW=

4V(P2-P1)
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(c)Whatisthedifferencebetweenheatandinternalenergy. (5M)

Ans:.Internalenergyistheenergystoredinabody.Itincreaseswhenthe

temperatureofthebodyrises,orwhenthebodychangesfromsolidtoliquidorfrom

liquidtogas.Internalenergyisthesum ofkineticandpotentialenergyofall

particlesinthebody.Unitofinternalenergy:joule(J)

Heatistheenergytransferredfrom onebodytoanotherasaresultofa

temperaturedifference.Whentwobodiesofdifferenttemperaturesitoucheach

other,energyistransferredfrom theihotbodytothecoldbody.Typicallythetwo

bodiesreachthesametemperature.Thebodiesarethensaidtobeinthermal

equilibrium.

(d)Whyiscarnotcyclenotpracticableforsteam powerplant.(5M)

Ans:1.Firstly,carnotcycleinvolvestransitionfrom anisothermalprocesstoan

adiabaticprocess.Thisisimpossibletoattainpracticallybecauseisothermalisvery

slowandadiabaticisveryfast.

2.Theheatexchangeincarnotcycleisisothermalwhichneedstheworkingfluid

toeitherphasechangeortheprocessbeextremelyslow.

Thusconstantpressureprocessisusedinrankinecycle.

3.Inrankinecycle,thepumpinglossesarelessbecausethepumpingstartsat

saturatedwaterconditionwhichiseasytopump.Incarnot,thepumpingwork,from

diagram,iscomparabletotheturbinework.

4.Also,incarnotcyclewetfluidisattheturboneexitandpumpinlet.This

increasesthechancesofbladecorrosionintheopenflowdevices.

(e)Calculatethestateofsteam (i.e.whetheritisdry,wetorsuperheated).when

steam hasapressureof15barandspeciticvolumeof0.12m3/kg. (5M)

Ans:.Giventhat P=15bar,Vspecific =0.12m 3̂/kg.

Forfindingnatureofthesteam wehavetocheckdrynessfraction

So,from steam tablewegetVg =0.132m 3̂/kg,Ts =198.3°C
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Byformula,Vspecific =x×Vg

0.12=x×0.132

x=0.9»Natureofsteam iswetsteam

Note:xisdrynessfraction

x<1(wetsteam),x=1(drysteam),x>1(saturatedsteam)

Q.2(a)Inagasturbineunit,thegasesflowthroughtheturbineis15kg/sandthe

powerdevelopedbytheturbineis12000kW.Theenthalpiesofgasesattheinlet

andoutletare1260kJ/kgand400kJ/kgrespectively,andthevelocityofgasesat

theinletandoutletare50m/sand110m/srespectively.Calculate:(i)Therateat

whichheatisrejectedtotheturbine,andii)Theareaoftheinletpipe,giventhat

thespecificvolumeofthegasesattheinletis0.45m 3̂/kg. (10M)

Ans.Massofgas,m=15kg/s,PowerP=12000KW ,

Enthalpyatinlet,h1=1260KJ/kg,Enthalpyatoutlet,h2=400KJ/kg,

Velocityatinlet,C1=50m/s,Velocityatoutlet,C2=110m/s,

SpecificVolume,V=0.45m 3̂/kg

1)BySteadyFlowEnergyEquation,

Q-W=∆h+∆PE+∆KE .....(1)

∆KE=C2
2 -C1

2 /2=4.8KJ/Kg

∆h=h2-h1=-860KJ/kg

∆PE=0

Now,P=m/W

»W=P/m =12000/15

»W =800KJ/kg

So,Equation(1)willbecome

Q-800=-860+0+4.8»Q=-55.2KJ/kg

i.eHeat rejected= 55.2×15=828KW ...Ans
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2)Alsowehave,massFlowrate,m =ρ1A1C1=A1C1/V

15=A1×50/0.45

Areaofinletpipe,A1 =0.132m2 ...Ans

(b)Showthatheattransferredthroughfinitetemperaturedifferenceis

irreversible. (5M)

Ans.Wheneverheatistransferredthroughafinite

lemperaturedifference,thereisadecreaseinthe

availabilityofenergysotransferred.

Letusconsiderareversibleheatengineoperating

betweenT1andTo(Fig1)

Q1=T1•∆S&Qo=To•∆SandW =A.E=(T1-To)

•∆s....(1)

Let us now assume that heat Q1 is

transferred through a finite temperature

differencefrom thereservoirorsourceatT1to

the engine absorbing heatQ1 atlowerthan

T1'(Fig2).

TheavailabilityofQ1asreceivedbytheengine

atT1'canbefoundbyallowingtheenginetooperatereversiblyinacyclebetween

T1'andTo'.asshowninfigure2

DuringthecycleitrejectsheatQo
'tothesurrounding.

Now Q1=T1•∆S=T1'•∆S'...(2)

Since,T1 >T1',itimpliesthat,∆S'>∆S ....(3)
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Qo=To•∆SandQo'=To•∆S'...(4)

Itisobviousfrom equations(3)and(4)thatQo'>Qo

Also,Qo'beinggreaterthanQo,thereforeW'<W

Lossofavailableenergy=W -W'=(Qo'-Qo)

Lossofavailableenergy=To(∆S'-∆S)

Availableenergyorexergylostduetoirreversibleheattransferthroughfinite

temperaturedifferencebetweenthesourceandtheworkingfluidoftheengine.

Greateristhetemperaturedifferencegreaterisheatrejectionandgreaterwillbe

unavailableenergy.

(c)A system at500K receives7200kJminfrom asourceat1000K.The

temperatureiofatmosphereis300K.Assumingthatthetemperaturesofsystem

andsourceremainconstantduringheattransferfindout:(i)Theentropyproduced

duringheattransfer;(ii)Thedecreaseinavallableenergyafterheattransfer.

(5M)

Ans.Temperatureofsource,T1=1000K

Temperatureofsystem,T2=500K

Temperatureofsurroundings,To=300K

Heatgivenbysource,Q=-120KJ/s

Heatreceivedbythesystem,Q=120KJ/S

Entropychangeofheatsource,(∆S)source=Q/T1=-120/1000

=-0.12KJ/sK

Entropychangeofsystem ,(∆S)source=Q/T2=120/500

=0.24KJ/sK

(i)Netchangeinentropy

(∆S)system =(∆S)source +(∆S)system=-0.12+0.24=0.12KJ/sK
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(ii)Availableenergyofheatsource

A1=(T1-To)(∆S)fluid =(1000-300)(0.12)=84KJ/s

(iii)Availableenergyofsystem

A2=(T2-To)(∆S)system (500-300)(0.24)=48KJ/s

(iv)Decreaseinavailableenergy

A1-A2=84-48=36KJ/s

Q3(a)ThreereversbleenginesofCarnottypeareoperatinginseriesbetweenthe

limiting tenperatures of 1100 K and 300 K.Determine the intermediate

temperaturesiftheworkoutputfrom enginesisinproportionof3:2:1. (10M)

Ans. WorkoutputsareinproportionW1:W2:W3=3:2:1 ...(1)

ForengineR1

Efficiency,η1=T1-T2/T1=W1/Q1

»W1=Q1(T1-T2)/T1 …(2)

Similarly,

ForengineR2 W2=Q2(T2-T3)/T2 …(3)

ForengineR3 W3=Q3(T3-T4)/T3 …(4)

Assume,

Q1/T1=Q2/T2=Q3/T3=anyconstant(A)

Now,Divide(2)by(3),weget

W1/W2=T1-T2/T2-T3=3/2

»5T2 -3T3=2200 …(5)

Divide(3)by(4),weget

W2/W3=T2-T3/T3-T4=2/1

» -T2+3T3=600 …(6)

Onsolvingequation(5)and(6)weget,

IntermediateTemperatures,T2=700KandT3=433.3K
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(b)Explaintheprincipleofincreaseofentropy. (5M)

Ans.Consideracycleinwhichthesystem istaken

from state1to2byanarbitraryprocess(Reversible

orirreversible)alongthepathAandthecycleis

completedbyareversibleprocessbybringingthe

system from state2toIalongthepathRasshown

infigure.

ApplyingClausiusinequality,

AssumethatduringthearbitraryprocessAthesystem absorbsheatfrom aheat

reservoirattemperatureT,theentropyofsurroundingswilldecreasebyanamount

givenbytheequation,

Sincetheprocess(2R1)isreversible,itimpliesthatthetemperatureofthesystem

andlsurroundingsatanyinstantissameandtheheatenergywillbetransferred

from thesystem totheirsurroundingsduringthisprocess.Therefore,theentropyof

thesystem willdecreaseanditisgivenas,

From thevaluesofentropychangeweget,

-(∆S)surr-(∆S)system ≤0
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(∆S)surr+(∆S)system≥0

i.e.(∆S)universe ≥0

Aboveequationsshowthattheentropychangeofthesystem anditssurroundings

i.euniverseduringanyprocessbetweentwoequlbriunstatesisalwaysequaltoor

greaterthanzero.Thisisknownasprincipleofincreaseofentropy.

(c)DerivethefirstandsecondT-dSequations. (5M)

Ans.Entropyofagascanbeexpressedasafunctionofanytwopropertiesoutof

thethreemeasurablepropertiesP,V,T.Itleadstofirstandsecondentropy

equations.

ConsidertheentropySasafunctionoftemperatureandvolume:S=S(T,V):

Weapplythedefinitionoftheheatcapacitytothefirstterm andaMaxwellrelation

tothesecond,andobtain

ThesecondTdSequationfollowsfrom consideringSasafunctionoftemperature

andpressure:S=S(T,P):

WeagainusethedefinitionofheatcapacityandaMaxwellrelationtoobtain
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TheTdSequationsarefrequentlyusefulinderivingrelationshipsamongvarious

thermodynamicderivatives.

Q.4(a)InathermalpowerplantoperatingonanidealRankinecycle,superheated

steam producedat5MPaand500°Cisfedtoaturbinewhereitexpandstothe

condenserpressureof10kPa.Ifthenetpoweroutputoftheplantistobe20MW,

determine:i)heataddedinboilerinkJ/kii)thethermalefficiency.iii)themass

Iowrateofsteam inkg/sec. (10M)

Ans.Pressureofboiler,Pb=5MPa=5bar

Temperatureatboiler,T=500°C

Pressureofcondenser,Pc=10kPa=0.1bar

Netpowerotput,W=20MW =20000kW

Itisgiventhatsteam issupersaturated.

Forfindingheataddedinboiler,efficiencyand

massflowratewehavetofirstfindenthalpies

atallthepoints(1,2,3,4)showninfigure.

1)Therefore,from steam table

AtPb=5bar,h1=3433.7KJ

S1=6.977J/K

2) Since,Entropyatpoint1=Entropyatpoint2

»S1=S2

»6.977=Sf+(x)Sfg

»x=0.85
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3) Now,h2=hf+(x)hfg

=209.3+(0.85)•(2382.8)

h2 =2234.68KJ

4) Since,hf=h3=209.3KJ

5)Workdonebypump,Wp=h4-h3

V3(P4-P3)=h4-h3

Vf(Pb-Pc)=h4-h3

0.001012(50-0.1)=h4-209.3 »h4=209.35KJ

6)Qaddedinboiler=h1-h4=3224.35KJ …Ans

Qrejectedfrom condenser=h2-h3=2025.33KJ

7)Thermalefficiency

η=1-Qadded/Qrejected=0.37=37% η=37% …Ans

8)Steam rate=3600/Ws=3600/(h1-h2)(h4-h3)=3kg/kWh

…Ans

(b)ShowthattheefficiencyoftheOttocycledependsonlyoncompressionratio.

(5M)

Ans. The cycle is also called a

constantvolume orexplosion cycle.

This is the equivalentaircycle for

reciprocating piston engines using

sparkignition.Figures1and2show

theP-VandT-sdiagramsrespectively.

Analysisofcycle
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Inatruethermodynamiccycle,theterm expansionratioandcompressionratioare

synonymous.However,inarealengine,thesetworatiosneednotbeequalbecause

ofthevalvetimingandthereforetheterm expansionratioispreferredsometimes.

Equation4showsthatthethermal

efficiencyofthetheoreticalOttocycle

increaseswithincreaseincompression

ratioandspecificheatratiobutis

independentoftheheatadded

(independentofload)andinitial

conditionsofpressure,volumeand

temperature.Figure3showsaplotof

thermalefficiencyversuscompression

ratioforanOttocycle.Itisseenthatthe

increaseinefficiencyissignificantat

lowercompressionratios.
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c)Definevolumetricefficiencyofacompressor.Onwhatfactorsdoesitdepend?

(5M)

Ans.Thevolumetricefficiencyrepresentstheefficiencyofacompressorcylinderto

compressgas.Itmaybedefinedastheratioofthevolumeofgasactuallydelivered

tothepistondisplacement,correctedtosuctiontemperatureandpressure.

ηV =Volumeofairactuallycompressed/pistondisplacement

 Factorsonwhichitdepends

 Duetoincreasedpressureratioandclearanceratio

 Pressuredropatinletpassage

Leakypistonrings

Hightemperatureofairatsuctionoffirststage

DirtyairFilter

Lackofwatersupply

Q.5(a)Onekgofairat1barand300Kiscompressedadiabaticallytillitspressure

becomes5timestheoriginalpressure.Subsequentlyitisexpandedatconstant

pressureandifinallycooledatconstantvolumetoreturntoitsoriginalstate.

Calculatetheheatandworkinteractionsandchangeininternalenergyforeach

processandforthecycle. (10M)

Ans.m=1kg,Cv=0.718kJ/kg,

γ=1.4,Cp=1.0052kJ/kg

From gasequation,

v1=mRT1/p1=

1×287×300/1×10̂5

∴ v1=0.861m 3̂

1)HeattransferQ12andchangeininternalenergy(U2-U1)inadiabatic

process(1-2)
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Duetoadiabaticprocess,heattransferQ12=0 …Ans

Changeininternalenergy,(U2-U1)=mCv(T2-T1)=1×0.718(475.15-300)

=125.76kJ…Ans

2)Constantpressureprocess(2-3)

Forconstantpressureprocess(2-3)

HeattransferQ23=mCp(T3-T2)=1×1.0052(1500.2475.15)

=1030.38kJ …Ans

Changeininternalenergy,(U3-U2)=mCv(T3-T2)=1×0.718(1500.2-475.15)

=735.99kJ…Ans

3)ConstantvolumeProcess(3-1)

Changeininternalenergy,(U1-U3)=mCv(T1-T3)=1×0.718(300-1500.2)

=-861.74kJ…Ans

Workdone,W31=∫p•dV=0 (sincedV=0)

Heattransfer,Q31=W31+(U1-U3)=0+(-861.74)=-861.74kJ…Ans

4)Heattransferandchangeininternalenergyforthecycle
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(b)StatetheZerothlawofthermodynamics.Whatisit'ssignificance? (5M)

Ans. IftwobodiesAandBareindividuallyinthermalequilibrium withathirdbody

C,thenthetwobodiesAandBwilllalsobeinthermalequilibrium witheachother.

Abovestatementisknownaszerothlawofthermodynamics.

Thisstatementisrepresentedschematicallyingivenfigure

Explanation:SincebodyAisinthermal

equilibrium withbodyC,therefore,theyareat

equalityoftemperatureTeach.Similarly,the

bodyBbeinginthermalequilibrium withbodyC,

thetemperatureofbodyBwillalsobeT.

Significance:

Ithaswideapplicationsinthermometry.

IfbodyCisathermometerandit'susedto

measuretemperaturesofAandB.Ifit

shoesboththereadingsassame,thenCisinfactshowingitsowntemperature.

(c)Deducetheexpressionforavailableenergyfrom afiniteenergysourceat

temperatureTwhenambienttemperature isTo. (5M)

Ans. Inthiscasetheheatwithdrawnisnotatconstanttemperaturebutduring

theprocess(1-2),thetemperatureofworkingfluidwillincreasewhilethatofthe

heatsourcewilldecreasebeingofafinitesizeasshowninfigure.

Whereas,theheatrejectionstilltakesplaceat

surroundingstemperature,T0.Assumingthat

theheat∆Qwithdrawnisinreversiblemanner,

i.e.thetemperatureofthesourceandworking

fluidremainssameatanyinstant,theavailability

oftheheatenergyisequaltothereversiblework

duringareversiblecyclecompletedwiththehelp

oftwoireversibleadiabaticprocesses(2-3)and

(4-1).
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Availability=(∆W)rev

=(Heatsupplytocycle)+(Heatrejectbycycle)

=∆Q+T0 (S4-S3)=∆Q-T0(S2-S1)

∴Availability,A=∆Q-T0•∆S

Where,∆Srepresentstheincreaseinentropyofworkingfluidduringthereversible

heatadditonprocesswhichalsorepresentstheentropydecreasesduringtheheat

rejectionprocess

Unavailableenergy=Heatsupplied-Availability

=∆Q-(∆Q-T0•∆S)

Or,Unavailableenergy=T0•∆S

Q.6(a)Anoilenginetakesinairat1.01bar.20°Candthemaximum cycle

pressureis69bar.Thecompressionratiois18.Calculatetheairstandardthermal

efficiencybasedonthedualcombustioncycle.Assumethattheheataddedat

constantvolumeisequaltotheheataddedatconstantpressure.(10M)

Ans.p1=1.01bar,T1=20°=293K,p3=p4=69bar

r=v1/v2=18, η=? γ=Cp/Cv=1.4

(Heatadded)consatvolume=(Heatadded)constantpressure …(1)

1)from equation(1)

mCv(T3-T2)=mCp(T4-T3) ∴(T3-T2)=γ(T4-T3)…equation(2)

T2=T1•(r)̂(γ-1)=293(18)̂0.4 ∴T2=931.05K
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2) p1•v1̂γ=p2•v2̂γ

∴p2=1.01(18)̂1.4=57.77bar

3) p2/T2=p3/T3

»T3=p3×T2/p2

»T3=69×931.05/57.7 ∴T3=1112.03K

4) From equation(2)

1112.03-931.05=1.4(T4-1112.03) ∴T4=1241.3K

5)Atconstantpressure

T4/T3=v4/v3=1241.3/1112.03=1.116

v4/v3=(v5/v3)/(v4/v3)=(v1/v2)/(v4/v3)=18/1.116=16.13 =18/1.116=16.13

6) T5=T4(v4/v5)̂(γ-1)

T5=1241.3(1/16.13)̂1.4-1» T5=408.15K

7) Efficiencyofcycle,

η=1-Heatrejected/Heatadded=1-Q51/2×Q23 (Since,Q23=Q34)

=1-mCv(T5-T1)/2×mCv(T3-T1)

=1-(408.15-293/1112.03-931.05)

∴η=0.36=36% …Ans

(b)Asinglestagesingleactingaircompressorrunningat1000rev/mindelivers

airat25bar.Forthispurposetheinductionandfreeairconditionscanbetakenas

1.013barand15°C.andtheFADas0.25m 3̂/min.Theclearancevolumeis3%of

thesweptvolumeandthebore/strokeratiois1.2/1.

Calculate:i)theboreandstrokeii)thevolumetricefficiencyiii)theindicated

poweriv)theisothermalefficiency.Taketheindexofcompressionandre-

expansionas1.3. (10M)
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Ans. Withclearancevolume

Singlestagesingleactingaircompressor

N=1000rpm/min,

p=p1=1.013bar=1.013×10̂5N/m 2̂

p2=25bar=25×10̂5N/m2

T1=15°=273+15=288K,

Vc=0.03Vs,

Vc/Vs=k=0.03,

Bore(L)/Stroke(D)=1/1.2»L=1.2D

FAD=0.25m 3̂/min

n=1.3,PV̂n =C(polytropicprocess)

1)VolumetricEfficiency

ηv=1+k+k(p2/p1)̂(1/n)

=1+0.03-0.03(25/1.013)̂(1/1.3)

ηv=0.6766=67.66% …Ans

2) Vs=FAD/ηv=0.25/0.6766=0.369m /̂min

Now,Vs=π/4•D̂2•L

∴0.369=π/4•D̂2•1.2D»∴D=1071mm …Ans

So, L=1.2D=1.2×1071=1285.2mm …Ans

Vc/Vs=0.03»Vc=0.03×0.369=0.01107m 3̂/min

But,Vc=v3»∴v3=0.01107m 3̂/min

v1=Vc+Vs=0.38007m 3̂/min
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3)3-4isExpansion

PV̂n=C

p4/p3=(v3/v4)̂n

v4/v3=(p3/p4)̂(1/n)=(p2/p1)̂(1/n)

v4=v3(p2/p1)̂(1/n)=0.01107(25/1.013)̂(1/1.3)

∴v4=0.13036m 3̂/min

4)IndicatedPower(I.P)

Wpoly=(n/n-1)p(v1-v4)[(p2/p1)̂(n-1/n)-1]

=(1.3/1.3-1)•1.013×10̂5(0.38007-0.13036)•[(25/1.013)̂(1.3-1/1.3)-1]

∴Wploy=120092.793N.min

Now,I.P=Wploy×N/60

=120092.793×100/60

∴I.P =200146.546kW …Ans

5)Isothermalefficiency(ηiso)

ηiso=Wiso/Wpoly

Wiso=p1(v1-v2)ln(p2/p1)

=1.013(0.38007-0.13036)ln(25/1.013)

∴Wiso=81096.75kW

∴ηiso=81096.745/120092.793

ηiso =0.675=67.5% …Ans
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