-

@¢l 99 eaiEesy

GOVERNMENTPOLYTECHNIC,DHENKANAL
Programme:DiplomainMechanicalEngineering

Course:ThermalEngineering-1I(Theory)

Courselnstructor’sName: Mukesh Kumar Dalei

E-mail-mukeshkumardalei@gmail.com

Contact no- 9437461912

Semester:4'h



THEORY4-THERMALENGINEERING-II

MNameoftheCourse:DiplomamnMech/&0therMechanicalAlliedBranches
Coursecode: Semester 4th
TotalPeriod: 60 Examination 3hr
Theoryperiods: 4P/week ClassTest: 20
Maximummarks: 100 EndSemesterExamination: 80
A, RATIONAL:
Modernsocietyneedslotsofapplications ofthermodynamics, whichdealswithenergy
possessed by hot vapors, its production and its application in different fields.
B. COURSEOBIJECTIVES:
Studentwilldevelopabilitytowards.
o Understandingthepowerdevelopedinl. Cengineandefficiency.
» Understandingtheprinciple. performanceandapplicationofaircompressor.
» Determmmgthermodynanucpropertiesofsteamusingsteamtables&mollierchart.
» Comprehendingtheworlangofvarioussteamgenerators:.e boilers.
¢ Comprehendingthevaporpowercyclesandcomputingworkdonedrefficienciesthereof.
C. TOPICWISEDISTRIBUTIONOFPERIODS
SLNo. Topic Periods
01Perforn anceofl. Cengine 08
02 AirCompressor 12
03Propert| esofsteam 12
045team nerator 12
05Vapor| wercycle 08
06 HeatTransfer 08
TotalPeriod: 60
D.CONTENT

1. Performanceofl.Cengine
Define mechanical efficiency, Indicated thermal efficiency,

Relative Efficiency, brake thermal efficiency overall efficiency
Mean effective pressure &specific fuel consumption.
Defineair-fuelratio& calorificvalueoffuel.

Workoutproblemstodetermineefficiencies&specificfuelconsumption.




2. AirCompressor
Explain functions of compressor & industrial use ofcompressor air
Classify air compressor & principle of operation.
Describe the parts and working principle of reciprocating Air compressor.
Explain the terminologyv of reciprocating compressor such as bore, stroke,
pressure ratio free airdelivered&Volumetricefficiency.
Derive the work done of single stage & two stage compressor with and without
clearance.
Solvesimpleproblems(withoutclearanceonly)
3. PropertiesofSteam
Differencebetweengas&vapours.
Formation of steam.
RepresentationonP-V,T-5 H-S,&T-Hdiagram.
Definition & Properties of Steam.
Useofsteamtable&mollier chartfor findingunknownproperties. Non
flow & flow process of vapour.
P-V, T-S&H-5,diagram.
Determinethechangesinproperties&solvesimplenumerical.

4. SteamGenerator
Classification&typesofBoiler. Important

terms for Boiler.
Comparisonbetweenfiretube& WatertubeBoiler.
Description& workingofcommonboilers(Cochran I ancashire. Babcock& Wilcox
Boller)
BoilerDraught(Forced.induced&balanced) Boiler
mountings & accessories.

5. SteamPowerCycles
Carnotcyclewithvapour,
Derivework&efficiencyofthecycle.
Rankinecycle,
RepresentationinP-V, T-5&b-sdiagram.
Derive Work & Efficiency.
EffectofVariousendconditionsinRankinecycle.
Reheat cycle & regenerative Cycle.
SolvesimplenumericalonCarnotvapourCycle&RankineCycle.

L1



6. HeatTransfer
ModesofHeatTransfer(Conduction.Convection,Radiation). Fourier
law of heat conduction and thermal conductivity (k).
Newton’slawsofcooling.
Radiationheattransfer(Stefan, Boltzmann& Kirchhoff slaw)onlystatement,

noderivation&nonumericalproblem.
BlackbodyRadiation. DetmitionofEmissivity.absorptivity, &transnmssibility.

CHAPTERSCOVEREDUPTOIA-1,2,3.

SINg, ReferenceBook AuthorName PublisherName
1 ThermalEngineering R.S.Khurmi S.Chand
2 ThermalEngineering A.R.Basu DhanpatRal
3 ThermalEngineering A.S.Sarao SatyaPrakash
4 EngineeringThermodynamics P.kNag TMH
5 ThermalEngineering MaheshMRathore TMH




CHAPTER-1
PERFORMANCEOFILC.ENGINE

INTRODUCTION

UWithagrowingdemand fortransportation ICenginehavegained lot
ofimportance in automobile industry.

Oltisthereforenecessarytoproduceefficientandeconomical engines.

While developing an IC engine it is required to take
inconsiderationalltheparameters affectingtheenginesdesign and
performance.

OThereareenormousparameterssoitbecomesdifficulttoaccount them
while designing an engine. So it becomes necessaryto
conducttestsonthe engineanddeterminethemeasurestobetaken
to improve the enginesperformance.

OBJECTIVE

UTounderstandtheperformanceparametersinevaluationofIC
engineperformance,

OTocalculate the speed of IC engine, fuel consumption, air
consumption, etc.,

OToevaluatetheexhaustsmokeandexhaustemission.

PERFORMANCEPARAMETERS

. PowerandMechanicalEfficiency

. FuelAirRatio

. VolumetricEfficiency

. SpecificOutputandspecificweight

SpecificFuelConsumption
ThermalEfficiencyandHeatBalance

. ExhaustSmokeandEmissions

. EffectivePressureandTorque



The particular application of the engine decides the relative
importance of these performance parameters.

For Example: For an aircraft engine specific weight is more important
whereas for an industrial engine specific fuel consumption i1s more

important.

Powerandmechanicalefficiency

OAnICengineisusedtoproducemechanicalpowerbycombustion
offuel. Powerisreferredtoastherateatwhichworkisdone.

Powerisexpressedas the productof force andlinearvelocity or

productoftorqueandangularvelocity. Inordertomeasurepower one
needs to measure torque or force and speed. The forceor torque is
measured by Dynamometer and speed by Tachometer.

UThepowerdevelopedbyanengineandmeasuredattheoutput shaft
iscalled thebrake power (bp)and is given by.

B 2nNT
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bp

where:

Tisthetorque,inNewtonmeter(N.m),Nis
the rotational speed, in minutes, bpis
the brake power, in watt.

HoweverwhilecalculatingtheMechanicalefficiencyanotherfactor
calledIndicated Power (ip)is considered. It is defined as the
powerdevelopedby  combustionoffuelintheenginecylinder.Itis always
more than brake power and is given by,
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where:

Pisthemeanpressure,
Visthedisplacementvolumeofthepiston

Nistherotationalspeed,inminutes
Kisthenumberofcylinders

Therefore.thedifferencebetweenipandbpindicatesthepowerlossin
themechanical components of engine (due to friction).

Sothemechanicaletficiencyisdefinedasratioofbrakepower tothe
indicated power.

e T mees——
o 'E“bp+fp

Measurementofbrakepower

OThetorqueandtheangularspeedmeasurementofengineare involved in
measurement of brake power.

UDynamometerisusedfortorquemeasurement. Therotorofthe
enginewhichisunderstateisconnectedtostator.Rotormovesthrough
distance 2nr agaimnst force F. Hence work done,

W = 2arF

Theyareoftwotypes-
1. Absorptiondynamometer

2. Transmissiondynamometer



1. Absorptiondvnamometer

Oltabsorbsandmeasuresoutputpowerofengine. Thispoweris dissipated in
the form of heat. e.g., prony brake, hydraulic
dynamometer, rope dynamometer, eddycurrentdynamometer,
swinging field d.c. dynamometer etc.

UAbsorptiondynamometersareideallysuitedfortestingpetrol engines
for mopeds and electrical F.H.P. motors. Their main advantage
lies in the fact thattheyareself-air-cooledandhence
water cooling or additional aircooling is not required.

2. Transmissiondvnamometer

OInthisthepoweristransmittedtoloadconnectedtoengine.
Torquemeterisalternativenameofthisdynamometer.

OItisusuallyconsistofstraingaugewhichmeasuresthetorquebyangular
deformation of shaft.

OThesedynamometersareaccurateandwidelyusedinautomaticunits.

Air—fuelratio

OItistheratioofmassoffueltomassorvolumeofairinmixture. Itaffects
thephenomenonofcombustionandusedfordetermining
flame propagation velocity, the heat released in combustion
chamber. Forpracticealwaysrelativeairfuelratioisdefined. It is
theratioofactualair—fuelratiotothatofthestoichiometricairfuelratio

required for burning of fuel which 1s supplied.

ORelativeratio,
L:(A/F)={Actualair-fuelratio/Stoichiometricair-fuelratio

Volumetricefficiency

Oltistheratiooftheactualvolumeofthechargedrawninduring the
suction stroke to the swept volume of the piston.

UTheamountofairtakeninsidethecylinderisdependentonthe
volumetricefficiencyofanengineandhenceputsalimitonthe



amountoffuelwhichcanbeefficientlyburnedandthepoweroutput.

OThevalueofvolumetricefficiencyofanormalengineliesbetween 70 and
80 percent, but for engines with forced induction it may be more
than 100percent.

Specificoutputandspecificweight

OSpecificoutputofanengineisdefinedasthebrakepower(output) per unit
of piston displacement and is given by,

bp
AxL

Specific output =

OSpecificweightisdefined astheweightoftheengineinkilogram
foreachbrakepowerdeveloped andisanindicationoftheengine bulk.
Specific weightplays animportant roleinapplications such as
power plants for aircrafts.

Thermalefficiencyvandheatbalance

UThermaleftficiencyotanengineisdefinedastheratiooftheoutputtothatofthe
chemical energy input in the form of fuel supply.
OItmaybebasedonbrakeorindicatedoutput.Itisthetrueindication of the

efficiencywith which the chemical energyof fuel (input) is
converted intomechanical work.

OThermalefficiencyalsoaccountsforcombustionefficiency.i.e..for
thefactthatwholeofthechemicalenergyofthefuelisnotconvertedinto
heat energy during combustion.

bp

me X C,

Brake thermal efficiency =



Where,

Cv=Calorificvalueoffuel.kJ/kg,andm;
=Massoffuelsupplied.kg/sec.

OTheenergyinputtotheenginegoesoutinvariousforms—apartisin
theformotbrakeoutput,apartintoexhaust,andtherestistakenby
cooling water and the lubricating oil.

OThebreak-upofthetotalenergymputintothesedifferentpartsiscalledthe heat
balance.

UThemaincomponentsinaheatbalancearebrakeoutput,coolantlosses, heat
going to exhaust, radiation and other losses.

OPreparationotheatbalancesheetgivesusanideaabouttheamountof
energywastedinvariouspartsandallowsustothinkofmethods to
reduce the losses so incurred.

Brakespecificfuelconsumption(BSEC)

OItisdefinedastheamountoffuelconsumedforeachunitofbrake power
per hour; it indicates the efficiency with which the
enginedevelops the power from fuel. It is used to compare
performance of different engines.

OTheamountoffuelwhichanengineconsumesisratedbyitsbrake specific
fuel consumption (BSFC).

FormostinternalcombustionenginestheBSFCwillbeintherangeof0.5 to
0.6.

OThefuelefficiencywilltendtopeakathigherenginespeeds. The BSFC tends to
be the same for similar engines.

UTheestimateofbrakespecificfuelconsumptionfortwo-stroke
enginesrangesfrom0.55toashighas0.8poundsoffuelperhorsepowerper
hour.



Exhaustsmokeandotheremission

USmokeandotheremissionareundesirableforpublicenvironment.

[Becauseofglobalwarmingandemphasisonairpollutionall possible
things are tried to keep them low.

OSmokeisanindicationofincompletecombustion.Itlimitstheoutputofan
engine if air pollution control is the consideration.

UHerearesometipsofwhatyoucanadoptasairpollutionsolutions:

JAirconditioningsystemsandelectricalgadgetswithinthevehicle (e.g.
sound system, mobile tv systems) also take up energy. So ifthey
are not in use, turn them off.

UKeepyourcarinefiicientworkingcondjition.
Ucheckthepressureofyourcartiresregularly.

OGetridofexcessloadinyourcar.

Meaneffectivepressureandtorque

Mean effective pressure is an important parameter for comparingthe
performance of different engines. It is defined as theaverage pressure
acting over piston throughout a power stroke. It 1s given by thefollowing
relation:

ip60
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p

where:  PistheMeanEffectivePressure,ip
is Indicated Power
AistheAreaofthePiston R is
the Rotational Speed

KistheNumberofCylinders,
Lisstrokelength



[Ifmean effectivepressureisbasedonbrakepower(bp)thenit 1s referred
to as brake mean effective pressure(bmep). If 1t is based on
indicated power(ip) it is called indicated mean effective
pressure(imep).

[OMeaneffectivepressurealsohasaneffectontorque. Torquecould be
expressed by following relation also,

- bmepARK
- 27

OMeaneffectivepressureandtorquebothareaffectedbythesizeof engine.

Alarge engine produces more Torque for the same mean
effectivepressure.Forthisreasonenginesmeanetfectivepressure
gives indication of its displacement utilization and not torque.

T

[OPowerofan engineisdependent onitssizesoit 1snotpossibleto compare
different engines based on their power or torque.
Therefore,meaneffectivepressureisthetrueindicationoftherelative

performance of different engines.



CHAPTER-2

AIRCOMPRESSOR

Intoduction

Compressors areworkabsorbing devices whichareusedfor increasingpressure of fluidat theexpense of
workdoneonfluid. Thecompressorsusedforcompressingairarecalledaircompressors.Someofpopular
applications of compressor are, for driving pneumatic tools and air operated equipments, spray painting,
compressed air engine, supercharging in internal combustion engines, material handling (for transfer of
material), surface cleaning, refrigeration and air conditioning, chemical industry etc.

ClassificationofCompressors

(a) Basedonprincipleafoperation:Basedontheprincipleofoperationcompressorscanbeclassifiedas,
(1) Positivedisplacementcompressors
(ii) Non-positivedisplacementcompressors

Inpositivedisplacementcompressorsthecompressionisrealizedbydisplacementofsolidboundary  and
preventing fluid by solid boundary from flowing backinthe directionofpressure gradient. Positive
displacement compressors canbefurther classifiedbased onthetypeof mechanismused for compression.

(i) Reciprocatingtypepositivedisplacementcompressors

(il) Rotarytvpepositivedisplacementcompressors

Reciprocatingcompressorsgenerally.employpiston-cylinderarrangementwheredisplacementofpistonin
cylinder causes risein pressure. Reciprocatingcompressors are capable of givinglarge pressure ratios
butthemasshandlingcapacityislimitedorsmall Reciprocatingcompressorsmavalsobesingleacting
compressor (one delivery stroke per revolution) or double acting (two delivery strokes per revolution of
crank) compressor.

Rotary compressors employing positive displacement have a rotary part whose boundary causes positive
displacement offluidandtherebycompression.Rotarycompressorsofthistypeareavailableinthenames asgiven
below:

(i) Rootsblower

(ii) Vanedtypecompressors

(111} Screwcompressor

(iv) Scrollcompressor

Non-positivedisplacementcompressors,alsocalledassteadyflowcompressorsusedynamicactionofsolid
boundary for realizing pressure rise. Non-positive displacement compressor can be classified depending
upon type of flow in compressor

(i) axialflowtype

(ii) centrifugaltype

(b) Basedonnumberofstages:Compressorscanbesinglestageornmltistage.
(i) Singlestagecompressor,fordeliverypressureuptoSbar

(i) Twostagecompressor.fordeliverypressurebetweenSand35bar

(iii} Threestagecompressor,fordelivervpressurebetween3 SandsSbar

(iv) Foursiagecompressor. fordeliverypressuremorethan8Sbar



(c) Basedoncapacity(airdeliveredperunittime jofcompressors:

(i) Lowcapacitycompressors,havingairdeliverycapacityof0.1 5m3/sorless

(ii) Mediumcapacitycompressors, havingairdeliverycapacitybetween0. 1 S5and5m3/s.
(iii) Highcapacitycompressors,havingairdeliverycapacitymorethansm3/s.

(d) Basedonhighestpressuredeveloped:Typicalvalues ofmaximumpressuredevelopedfor different
compressors are as under:

(1) Lowpressurecompressor.havingmaximumpressureupto L bar
(1i) Medinmpressurecompressor.havingmaximumpressurefroml!to8bar

(iii) Highpressurecompressor.havingmaximumpressurefrom8to1Obar
(iv) Superhighpressurecompressor,havingmaximumpressuremorethan 1 Obar.

RECIPROCATINGCONMPRESSORS

ReciprocatingcompressorhaspistoncvlinderarrangementasshowninFig.(1)

Cvlinder head, (.4 ng jacket
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Fig.(1)Linediagramofreciprocatingcompressor

Construction:Reciprocatingcompressorhaspiston,cvlinder. inletvalve, exitvalve, connectingrod, crank pisto
n pin, crank pin and crank shaft. Inlet valve and exit valves may be of spring loaded type which get
opened and closed due to pressure differential across them.

Working:L ctusconsiderpiston to be attopdead centre (TDC) andmove towardsbottom dead centre

(BDC ).DuetothispistonmovementiromTDCtoBDCsuctionpressureiscreatedcausingopeningofinlet ~ valve.
Withthisopeningofinletvalveandsuctionpressure.atmosphericairentersthecylinder. Airgets
intocylinderduringthisstrokeandissubsequentlycompressedinnextstrokewithbothinletvalveandexit
valveclosed. AfterpistonreachingBDClitreversesitsmotionandcompressestheairinductedinprevious



stroke.Compressioniscontinuedtillthepressureofairinsidebecomessufficienttocausedeflectioninexit

valve Atthemomentwhenexitvalveplategetslifiedtheexhaustofcompressedairtakesplace. Thispiston
againreachesTDCfromwheredownward  pistonmovement is againaccompanied bysuction. Thisishow
reciprocating compressor keeps on working as flow device.

Seetheworkingofreciprocatingcompressor https:/www. youtube. com/watch?v=F STcvEVxuG4
https://www.voutube.com/'watch?v=bJluUxA7aa¥

Thermodvnamic AnalysisofReciprocatingCompressor

Compressionof air incompressor maybecarried out inthree different ways of thermodynamic processes
such as isothermal compression, polytropic compression or adiabatic compression. Figure (2) shows the
thermodynamiccveleinvolvedincompression. Clearancevolumeisprovidedinreciprocatingcompressor.

Purpose ofclearancevolume in cylinderistwofold. One istoaccommodate valvemechanismandanother one

is to prevent collision of piston with cylinder head.

Onp-¥Fdiagramprocess 4—1showsthesuctionprocess followedbycompressionduringl-2. discharge process
2-3 and expansion of clearane air 3-4 (if clearance volume is provided).

1-2 = Adiabalic process
1 -2 = Polytropic process, PV" = Constant
1 - 2" = lsothermal process
CV = Clearance volume Discharge

i
| y—
V—> m |+vulurna sucked -P’
Stroke volume——pt

(a) (b)
Fig.(2)Compressioncycleonp-Vdiagrami a)withoutclearancevolume(b)withclearancevolume

Alr enters compressor at pressurep iand is compressed upBtoyrs. Compression work requirement can
beestimatedfromtheareaboundedbythecurvescomprisingthecycle. Areaonp—Vdiagramshowsthatwork
requirementshallbe minimmm with i1sothermalprocess— ", Work requirementis maximum with
process |—2i.e.adiabaticprocess. Asanenginesroneshallattempttominimisetherequirementofcompression-
work. Therefore, ideallycompressionshouldoceurisothermallyforminimmmworkinput. Inpractice. itisnot
possible to realise isothermal compression. Reason is maintaining constant temperature during
compression is very difficult. Generally, compressors run at substantially high speed while
isothermalcompressionrequirescompressortorunatveryslowspeedsothatheatproducedduring
compressionisdissipatedoutandtemperatureremainsconstant. Highrunningspeedofcompressorlead



compression process near to adiabatic or polytropic process. It is thus obvious that actual compression
process should be compared with isothermal compression process. A mathematical parameter called
isothermal efficiency is defined for quantifying the degree of deviation of actual compression process
(adiabatic or polytropic process) from ideal compression process (isothermal compression process).
Isothermal efficiency is defined as the ratio of isothermal work to actual indicated work in reciprocating
compressor. 3 3 kAl
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CompressionprocessfollowingthreedifferentprocessesisalsoshownonT-sdiagraminFig.{ 3).

53—
;] Fig.(3)CompressionprocessonT-Sdiagram.

CompressionWork,(withoutclearancevolume)- Assumingcompressionprocessfollowpolyviropic
process i.e.pV r=C
I = Areca on p-}" diagram
' W = )
. ,H:F;+(P-'- 2 1” -k

\ ri—1
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or, W, = [ H” : ] mR (T, — T))

Incaseofcompressorhavingisothermalcompressionprocess.n=I1.e.pV=p:V>
Wi P2hatpV Inr—pl,

o
W_ o, 2V Inr, where r— I'}
Incase,.compressorfollowadiabaticcompressionprocess.n=
" S 2
c. adiabatic mix - l:I
y—1)
Or, r o — <3
. Hr. achabaric mCP (‘TZ jrl-:'
W adiabatic — 7" (hl N hl)
Henceisothermalefficiency
5 plnr
nihu o o (i=1) :

(Frr)em (5] " -

As an engineer one should attempt to design a compressor which efficiency approaches 1002, thereby
meaningthatactualworkofcompressionshouldapproachisothermalworkofcompression. Thiscanbeachievedby
adopting following method

I.  Providefinsoverthesurfaceofcylinder Finsfacilitatequickheattransferfromair( whichis being
compressed) to atmosphere.

II. Watenacketmaybeprovidedaroundcompressoreyhindersothatheatcanbepickedbycoolingwater
circulating through water jacket.

M.  Watermayalsobeinjectedattheendofeompressionprocessinordertocooltheairbeing
compressed.

IV.  Incaseofmultistagecompressionindifferentcompressorsoperatingsenally.theairleavingone
compressormaybecooleduptoambientstateorsomewhathightemperaturebeforebeinginjected into
subsequent compressor.

Allthesemethodsrestrictthetemperatureriseduringcompression. Henceactualcompressionprocess
approaches to isothermal compression.

CompressionWork.(with clearancevolume)-WithclearancevolumethecyeleisrepresentedonFig. (2-
b). Theworkdoneforcompressionofairpolytropicallycanbegivenbytheareaenclosedineyele1-2-3— 4.



] = Arcal234

e |(2) 7 1|-(2) e

¢ with CV

in—1) ] I (=11 1

e o (2] o[

n-1 fi-1 j2

(“P1=p+&p2=p3)

P
)

] S AR L

; - no
W with e = [_rr—l J Py l

This( 11—V4).sayV g.isactuallythevolumeofairinhaledinthecyeleanddeliveredsubsequently.
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Assumingairbehavesasaperfectgas. Nowtemperatureandpressurecanberelatedas

{n=1) (n=1) (n—1}

(B)% -5 w0 (2T (87 L
P 1 Ps 3 P; I
Substituting,
W = | E RT ry |22 g
ewith ¥ | (m RI| — m,RI1,) T
1

Ideallythereshallbenochangeintemperatureduringsuctionanddeliveryl.e.T1=T:&T:=Ts.Aboveequationcanbe
written as

4]

n—1

: I 7~
e, with €V ( L ) (m RT, — m,RT) [-Tl]

Or,

H}.mmﬂfz(ﬂil] (my — my) R(T5 — 1)

Where(m:—m:)indicatesthemassofairsuckedordelivered.For unit massofairdeliveredthe workdone
per kg of air can be given as,
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W, it cv— (-;—l] R(T, — 1,), per kg of air

Thusfromaboveexpressionsitisobviousthattheclearancevolumereducestheeffectiveswept volume i.e. the
mass of air handled but the work done per kg of air delivered remains unaffected.

Powerrequiredtorunthecompressor
Forsingleactingcompressor,

. N 5 e AT R ) I .
Power required = [; lJPIH,—-h% ol ﬂl[ x N

i =1
f N =
for double acting compressor, power = r = L )Pl (F,—¥.) L i — |} x 2N

VolumetricEfficiency

Itisdefinedastheratioofactualvolumeofairsuckedintothecylinderduringsuctionstroketothepistondisplacement(
PD)orsweptvolume(V ;)ofthe cylinder. Volumetricefficiencyofcompressorisoften referredtoat free
airconditions.i.e., temperature and pressureof the environment, which maybe taken as

9°C& 101.325kPa.ifnotmentioned.

Consideration for free air is necessary as otherwise the different compressors can not be compared using
volumetric efficiency because specific volume or density of air varies with altitude. This concept is used
forgivingthecapacitvofcompressorintermsof® freeairdelivery (FAD)."“Freeairdeliveryisthevolume of air
delivered being reduced to free air conditions™. In case of air the free air delivery can be obtained using
perfect gas equation as,

oV _ =V, _ p(}5-1)
T, T 5

Vuiumeuiceﬂicienrgreferredtnfreeairmnﬂiﬂuns.

B
Volumeofairsuckedreferredtofreeairconditions(FAD)Swept
vl

Volume
Vi—Va

Vi Vs
(Ve Vo)—Vs

Vs

HereVisclearancevolume,.=VsandV.=V:—Vs.



CHAPTER-4
STEAM GENERATOR

Introduction

Asteam generator or boiler, usually, a closed vessel made of steel. its function is to transfer
the heat produced by the combustion of fuel (solid, liquid or gaseous) to water, and ultimately to
generate steam. The steam proeduced may be supplied :

1. Toanexternal combustion engine, i.e. steam engines and turbines

2. Atlowpressures for industrial process work in cotton mills, sugar factcries, breweries,
etc, and

3. For producing hot water, which can be used for heating installations at much lower
Pressures.

Classification of steam boilers.

Though there are many classification of steam bailers, yet the following are important from
the subject pointof view

1. According to the contents in the tube. The steam bollers, according to the contents
in the tube may be classified as :

(@) Fire tube or smoke tube boiler and
(b) Watertube boller.

In fire lube steam boilers. the flames and hot gases, produced by the combustion of fuel,
pass through the tubes (called multi-tubes) which are surrounded by waler. The heat is conducted
through the walls of the tubes from the hot gases to the surrounding water. Examples of fire tube
hoilers are ' Simple vertical boiler, Cochran bailer, Lancashire boiler, Cornish boiler, Scotch marine
boiler, Locomofive boiler and Velcon boller

In water tube steam boilers, the water is contained inside the tubes (called water tubes)
which are surrounded by flames and hot gases from outside. Examples of watertube boilers are :
Babcock and Wilcox boiler, Stirling boiler, La-Mant boiler, Benson boiler, Yarrow boller and Loeffler
boiler,

2. According to the position of the furnace, The steam bollers, according to the position
ofthe furnace are classifiedas:

(a) Internally fired boilers, and
(b) Externally firad boilers

In nternally fired steam boilers, the furnace Is located inside the boller shell. Most of the fire
tube steam boilers are internally fired.

In externally firad steam boilers, the furnace is aranged underneath In a brick-work setting.
Water tube steam boilers are always externally fired
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3. According to the axis of the shell. The steam boillers, according to the axis of the
shell, may be classified as :

(a) Vertical boilers and
(b) Horzontal boilers.

In vertical steam boilers, the axis of the shell is vertical. Simple vertical boiler and Cochran
boiler are vertical bollers.

In horizontal steam baoilers, the axis ofthe shell is horizontal. Lancashire boller, Locomolive
holler and Babcock and Wilcex boiler are horizontal boilers.

4. According to the number of tubes. The steam bollers, according to the number of
tubes, may be classified as :

(&) Single tube boilers and
(by Multi tubular boilers

In single tube steam boilers there is only one fire tube orwater tube. Simple vertical boiler and
Comnish boiler are single tube boilers.

In Multitubular steam bollers, there are two or more fire tubes or water tubes. Lancashira
holler, Locomotive boller, Cochran boiler, Babcock and Wilcox boiller are multitubular bollers.

5. Accarding to the method circulation of water and steam. The steam bollers,
according to the method of circulation of water and steam, may be classified as:

(a) Natural circulation bollers, and
(b) Forced circulation boilers

In natural circulation steam boilers the circulation of water is by natural cenvention currents,

which are set up during the heating ofwater In most ofthe steam boilers, there is a natural circulation
of water.

In forced circulation steam bollers, there is a forced circulation of water by a centrifugal pump
driven by some extemal power Use of farced circulation is made in high pressure bollers such as
La-Mont boiler, Benson beiler, Loeffler boilerand Velcon boiler.

6. Accordingtothe use. The steam bollers, according the their use, may be classified as
(a) Stationary boilers, and
(b) Mobile boilers

The stationary steam beilers are used in power plants, and in industrial process work. These
are called stationary because they do not move from one place to another.

The mobile steam bailers are those which move from one place to another. These boilers
are locomotive and marine bailers

/. According to the source of the heat. The steam boilers may also be classified
according to the source of heat supplied for producing steam. The sources maybe the combustion

of solid, liquid or gaseous fuel, hot waste gases as by-products of other chemical processes,
elecincal energy or nuciear energy etc.
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Cochran Boiler or Vertical Multitubular Boiler

These are various designs of vertical multitubular boilers, A Cochran boiler is considered to
be one of the most efficient type of such boilers. Itis an improved type of simple vertical boliler,

This boller consists of an external cylindrical shell
and afire box asshowninFig.  The shelland fire box
are both hemispherical. The hemispherical crown of the
boller shell gives pressure of steam and strength to
withstand the pressure of steam Inside the boiler. The
hemispherical crown of the fire box is also advantageous
for resisting intense heat. The fire box and the combustion
chamber is connected through a short pipe. The flue
gases from the combustion chamber flowto the smoke
box through a number of smoke tubes. Then tubes
generally have 62.5 mm external diameterand are 165 in
number. The gases from the smoke box pass to the
atmosphere through a chimney. The combustion chamber
is lined with fire bricks on the shell side. Amanhole near
the top of the crown on the shellis provided for cleaning.

Fig. Cochran Boller

At the bottom ofthe fire box, there is a grate (in case of coal firing) and the coal Is fed through
the fire hole. Ifthe boiler is used for oil finng, no grate Is provided, but the bottom of the fire box is
lined with firebricks. The oil burneris fitted at the fire hole.

Babcock and Wilcox Boiler

It is a straight tube, stationary type water tube boiler, as show in Fig

It consist of a stem

and waterdrum (1). ltis connected by a short tube with uptake header or niser (2) at the back end.

The water tubes (5) (100mm diameter) are
inclined to the horizontal and connects the uptake
head to the down take header. Each row of the
tubes is connected with two headers, and there
are plenty of such rows. The headers are curved
when viewed in the direction of tubes so that one
tube is not in the space of other, and hot gases
can pass properly after heating all the tubes. The
headers are provided with hand holes in the front
of the tubes and are covered with caps (18).

A mud box (6) is provided with each down
take header and the mud, that settles down is
removed. There is slow moving automatic chain
grate on which the coal is fed from the hopper |%.*."
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(21). Afire bricks baffle causes hot gases to move
upwards and downwards and again upwards

Fig. Babcock and Wilcox Boiler
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before entering shell by a chain (22) which passes over a pulley to the boiler is suspended on steel
girders, and surrender on all the four sides by fire brick walls. The doors (4) are provided fora man
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to enter the boller for repaining and cleaning. Water circulates fromthe drum (1) into the header (2)
and through the tubes (5) to header (3) and again to the drum. Water continues to circulate like this
till it is evaporated. A steam superheater consists of a |large number of steel tubes (1) and contains
twio boxes; one is superheated steam box (11) and other is saturated steam box (12).

The sleam generated above the waler level in the drum flows in the dry pipe (13) and through
the inlel tubes into the superheated steam box (11). It then passes through the tubes (10) into the
becomes superhealed. The steam, during the passage through tubes (10), gels further heated
and through the outlet pipe (14) o the stop valve (15).

The boiler is fitted with usual mountings, such as safely vale (19), feed valve (20), water level

Indicater (8) and pressure gauge (9).
Comparison between Water and Fire Tube boilers

Following are the few points cfcomparison between a water tube and a fire tube boiler,

Water tube boiler Fire tube boiler
1.| The water circulates inside the tubes which | The hot gases from the furnance the fumace
are surrounded by hol gases from the | pass through the tubes which are surrounded
fumace. by water.
2.| tgenerates steam at a higher pressure upto | It can generation of steam only up to 24.5 bar.
165 bar.
3.| The rale of generalion of steam is high i.e. | The rate of generation of steam is low, i.e. uplo
upto 450 tonnes per hour. 9 fonnes per hour.
4. Fora given power, the floor area requiredfor | The floor area required is more, i.e. about 8m?
the generation cfsteam is less. L.e.aboltd | nertonne perhour of steam generation.
m? per tone per hour of steam generation.
9.| Overall efficiency with economizer is upto | its overall efficiency is only 75%.
90%.
€.|ltcanbe transported and erected easily as | The transportation and erection is difficult,
its various parts can be separted.
7.| tis preferred for widely fluctuating loads. | It can &lso cope reasonably with sudden
increase in load but for a shorter period.
8.| The direction of water circulation is well | The water does not circulate is a definite
defined. direction.
g.| The operating cost is high. The operating cestis less
10| The bursting chance are more. The bursting chances are less.
11.|The bursting does not proeduce any | The bursting preduces greater risk to the
destruction to the whole boiler. damage of the property.
12| Itis used for large pawer plants. ltis notsuitable for large plants.
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Boiler Mountings and Accessories

Introduction

Boiler mountings and accessories are reuigred for the proper and satisfactory functioning of
the steam boilers. Now in this chapter, we shall discuss these fittings and appliances which are
commeoenly used these days.

Boiler Mountings

These are the fittings, which are mounted on the boiler for its proper and safe functioning.
Though there are many types of boiler mountings, yet the following are important from the subject
point of view:

1. Waterlevelindicator
Pressure gauge
Safety valves

Stop valve

Blow off cock

; o os W N

Feed check valve and

7. Fusible plug
1. Water level indicator

It is important fitting, which indicates the water level inside
the boiler to an observer. It is a safety device upon which the
correct working ofthe boiler depends. This fitting may be seen EE
in front ofthe boiler, and are generally two in number. '

Awater level indicator, mostly employed in the steam boiler
is shown in Fig. It consists of the cocks and a glass tube.

Steam cock C, Keeps the glass tube in connection with the
steam space. Water cook C, Puts the glass tube in connection

with the water in the boiler. Drain cock C, is used at frequent
intervals to ascertain that the steam and water cocks are clear.

=
=

e o T
| I |
ll'l.l.ll i

In the working of a steam boiler and for the proper ®
functioning of the water level indicator, the steamand watercocks ¢
are opened and the drain cock is closed. In this case, the handles
are place in a vertical position as shown in Fig. The rectangular
passage at the ends of the glass tube contains two balls.

Fig. Water level indicator

In case the glass tube is broken, the two balls are carried along its passages to the ends of
the glass tube. Itis thus obvious, that water and steam will not escape out. The glass tube can be
easily replaced by closing the steam and water cocks and opening the drain cock.

When the steam boiler is not working, the bolts may be removed for cleaning. The glass tube
is kept free from leaking by means of conical ring and the gland nut.
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2. Pressure gauge

A pressure gauge is used to measure the pressure of the
steam inside the steam boiler. It is fixed in front of the steam boiler.

The pressure gauges generally used are of bourden type.

A bourden pressure gauge, in its simplest form, consists of
an elliptical elastic tube ABC bent into an arc of a circle, as shown
In Fig. This bent up tube Is called bourden's tube.

One end of the tube gauge is fixed and connected to the
steam space in the boiler. The other end is connected to a sector
through a link. The steam, under pressure, flows into the tube. As
a result of this increase pressure, the bourden’s tube tends to
straighten itself. Since the tube is encased in a circular curve, Fig.  Water level indicator
therefore it tends to become circular instead of straight, With the
help of a simple pinion and sector arrangement, the elastic deformation of the bourdens tube
rotates the pointer. This pointer moves over a calibrated scale, which directly gives the gauge
pressure.

3. Safety valves

These are the devices to the steam chest for preventing explosions due to excessive internal
pressure of steam. A steam boiler is, usually, provided with two safety valves. These are directly
placed on the boiler. In brief, the function of a safety valve is to blow offthe steam when the pressure
of steam inside the boiler exceeds the working pressure. The following are the fourtypes of safety
valves :

() Leversafety valve,

() Dead weight safety valve

(i) High steam and low water safety valve
(v) Spring loaded safety valve.

It may be noted that the first three types of the safety valves are usually employed with
stationary boilers, butthe fourth type is mainly used for locomotive and marine boilers.

(i) Lever safety valve

A lever safety valve used on steam boiler is shown puen{™ 5%
Fig. It serves the purpose of maintaining constant safe -|
pressure inside the steam boiler. If the pressure inside the wal E
Loead

boiler exceeds the designed limit, the valve lifts from its

seat and blows off the steam pressure automatically. =
at

A lever safety valve consists of a valve body with a
flange fixed to the steam boiler. The bronze vailve seat is
screwed to the body, and the valve is also made of bronze. f,g. Lever safety valve -

It may be noted that by using the valve and seat ofthe same
material, rusting is considerably reduced. The thrust on the valve is transmitted by the strut. The
guide keeps the lever in a vertical plane. The load is properly adjusted atthe other end ofthe lever.

1 Body

Page 21



(ii) Dead weight safety valve

A dead weight safely valve, used for stationary boilers, isshowninFig.  The valve is made
of gun metal, and rests on its gun metal seat. It is fixed to the top of a steel pipe. This pipe is bolted
to the mountings block, riveted to the top ofthe shell. Both the valve and the pipe are covered by a
case which contains weights. These weights keep
the valve on its seat under normal working
pressure, The case hangs freely over the valve to
which it is secured by means of a nut.

When the pressure of steam exceeds the
normal pressure, the valve as well as the case
(along with the weights) are lifted up from its seat.
This enables the steam to escape through the
discharge pipe, which carries the steam outside
the boiler house.

The lift of the valve is controlled by the studs.
The head ofthe studs projects into the interior of
the casing. The centre of gravity ofthe dead weight
safety valve is considerably below the valve which
ensures that the load hangs vertically.

Fig. Dead weight safety valve

The dead weight safety valve has the advantage that it cannot be readily tempered because
any added weight be equal to the total increases pressure of steam on the valve. The only
disadvantage ofthese valves, is the heavy which these valves carry.

(ili) High steam and low water safety valve

These valves are placed at the top of
Cornish and Lancashire boilers. Itis combination
of two valves, one of which Is the lever safety Main valve
valve which blows off steam when the working _temsphencal valve
pressure of steam exceeds. The second valve
operates blowing off the steam when the water
level becomes too low.

A best known combination of high steam
low water safety valve is shown in Fig. It Lever
consists of a main valve (known as lever safety Collar
valve) and rests on its seat. In the centre of the J =)
main valve, a seat for a hemispherical valve is

formed for low water operation. This valve Is ¥ weights
loaded directly by the dead weights attachedto | . ——eee———==="""T 7~ =
thevalvebyalongrod. ThereisaleverJK which E= == -+ -—-_-———-L i

- —

has its fulcrum at K. the lever has weight E -= ‘___':" ___________

suspended at the K. when it is fully immersed in . e
water, it is balanced by a weight F at the other Fig.  High steam and low water safety valve

end J ofthe lever.
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When the water level falls, the weight E comes out of water and the weight F will not be
sufficient to balance weight E. Therefore weight E comes down. There are two projections on the
lever to the left of the fulcrum which comes in contact with a collar attached to the rod. When
weight E comes down, the hemispherical valve is lifted up and the steam escapes with a loud
noise, which warns the operator. A drain pipe is provided to carry water, which is deposited in the
valve casing.

(iv) Spring loaded safety valve.

A spring loaded safety valve is mainly used for
locomotives and marine boilers. It is loaded with spring
instead of weights. The spring is made of round or square
spring steel rod in helical form. The spring may be in
tension or compression, as the steam pressure acts along
the axis of the spring. In actual practice, the spring is placed
in compression.

A Ramsbottom spring loaded safety valve is shown
inFig.  Itl, usually, fitted to locomotives. tconsists of a
castiron body connected to the top of a boiler. It has two
separate valves ofthe same size. These valves have their
seating’s in the upper ends of two hallow valve chests, These valve chests are united by a bridge
and a base. The base is bolted to a mounting block on the top of a boiler over the fire box.

Fig. Spring loaded safety valve

The valves are held down by means of a spring and a lever. The lever has two pivots E and
F. the pivot E is joined by a pin to the lever, while the pivot F is forged on the lever. These pivots rest
on the centre’s of the valves. The upper end of the spring is hooked to the arm H, while the lower
end of the shackle, which is secured to the bridge by a nut. The spring has two safety links, one
behind the other, or one either side of the lever connected by pins at the ends. The lower pin
passes through the shackle while the upper one passes through slot in arm H of the lever. The
lever has an extension, which projects into the driver's cabin. By pulling or raising the lever, the

driver can release the pressure from either valve separately. v —
4. Steam Stop valve g =
Ml

It is the largest valve on the steam boiler. Itis, usually, i
fitted to the highest part of the shell by means of a flange as Gland ~ Gy / -
showninFig.  The principal functions of a stop valve are : [ | i

1. To control the fiow of steam from the boiler to the
main sfream pipe. Body i

2. Toshutoffthe steam completely when required. -

The body of the stop valve is made of cast iron or cast el
steel. The valve, valve seat and the nutthrough which the valve
spindle works, are made of brass or gun metal. '

The spindle passes through a gland and stuffing box. —
The spindle is rotated by means of a hand wheel. The upper Fig. Steam Stop valve
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portion of the spindle Is screwed and made to pass through a nut in across head carried by two
pillars. The pillars are screwed in the cover of the body as shown in the figure. The boiler pressure
acts under the valve, so that the valve must be closed against the pressure. The valve is, gen—erally,
fastened to the spindle which lifts it up.

A non-return valve is, sometimes, fitted near the stop valve to prevent the acciden~tal
admission of steam from other boilers. This happens when a number of boilers are con—nected to
the same pipe, and when one is empty and under repair.

5. Blow off cock

The principal functions of a blow-off cock are :

3. Toemptythe boiler whenever requited.

4. Todischargethe mud, scale or sediments
which are accumulated at the bottom of the boiler.

The blow-off cock, as shown in Fig. s
fitted to the bottom of a boiler drum and consists of a
conical plug fitted to the body or casing. The casing
is packed, with asbestos packing, in grooves round
the top and bottom of the plug. The asbestos packing
Is made tight and plug bears on the packing. It may
be noted thatthe cocks packed in this way keep the
grip better under high pressure and easily operated
than unpacked.

Fig. Blow off cack

The shank of plug passes through a gland and stuffing box in the cover. The plug is held
down by a yoke and two stud bolts (not shown in the figure). The yoke forms a guard on it. There
are two vertical slots on the inside of a guard for the box spanner to be used for operating the cock.

6. Feed check valve

It is a non-return valve, fitted to a screwed
spindle to regulate the lift. Its function is to regulate the
supply of water, which is pumped into the boiler, by
the feed pump. This valve must have its spindie lifted
before the pump is started. itis fitted to the shell slightly

below the normal water level of the boiler. | {%ﬁ Spindle

A feed check valve for marine boilers is shown “43 Vaive
inFig.  .ltconsists ofa valve whose liftis controlled _E & B i
by a spindle and hand wheel. The body of the valve is :'.'i: £ valve
made of brass casting and except spindle, its every f : Flange
part is made of brass. The spindle is made of muntz ‘.’4
metal. Aflange is bolted to the end of boiler at a point &

from which perforated pipe leads the feed water. This
pipe distributes the water in the boller uniformily.

Fig. Feed check valve and
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7. Fusible plug

It is fitted to the crown plate of the furnace or the fire
box. Its object is to put off the fire in the furnace of the boiler
when the level of water in the boiler falls to an unsafe limit,
and thus avoids the explosion which may take place due to
overheating ofthe furnace plate.

Afusible plug consists of a hollow gun metal plug P, as
shown in Fig. It is screwed to the furnace crown. A
second hollow gun metal plug P2 is screwed to the first plug.
There is also a third hollow gun metal plug P3 separated
from P, by a ring of fusible metal. The inner surface of P2 and
outer surface of P3 are grooved so that when the fusible metal
is poured into the plug, P2 and P3 are locked together. A
hexagonal flange is provided on plug P, to take a spanner for
fixing or removing the plug Pr There is a hexagonal flange on
plug P2 for fixing or removing it. The fusible metalis protected
from fire by the flange on the lower end of plug P2. There is
also a contact at the top between P2 and P3 so that the fusible
metal is completely enclosed.

Furnace crown

Fig. Fusible plug

The fusible plugs must be keptin a good condition and replaced annually. Afusible plug must

not be refilled with anything except fusible metal.
Boiler Accessories

These are the devices which are used as integral parts of a boiler, and help in running efficiently.
Though there are many types of boiler accessories, yet the following are important from the subject

point of view :
1. Feed pump
2. Superheater
3. Economiser and
4. Air Preheater

Fig. shows the schematic diagram of a boiler plant with the above mentioned accessories.

To

r————————

l Steam i To engine
Boiler | -—e-4 Superheater |- ———- 4 ECONOMISer - -
) 1
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4
[} : Water Feed pump
o Water
Aur
el J

Fig. schematic diagram of a boiler plant
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1. Feed Pump

We knowthat water, in a boiler, is continuously converted into steam, which is used by the
engine. Thus we need a feed pump to deliver water to the boiler.

The pressure of steam inside a boller is high. So the pressure of feed water has to be increased
proportionately before it is made to enter the boiler. Generally, the pressure of feed water is 20%

more than that in the boiler.
Air cock

. 0

2
srass M E@eredod Bdi

Fig.  Duplexfeed Pump

A feed pump may be of centrifugal type or reciprocating type. But a double acting reciprocat™ing
pump is commeonly used as a feed pump these days. The reciprocating pumps are run by the
steam from the same boiler in which water is to be fed. These pumps may be classified as simplex,
duplex and triplex pumps according to the number of pump cylinders. The common type of pump
used is a duplex feed pump, as shown in Fig. This pump has two sets of suction and delivery
valves for forward and backward stroke. The two pumps work alternately so as to ensure continuous

supply offeed water. sieam pipe
2. Superheater o — .

A superheateris an important device ofa g
steam generating unit. Its purpose is to increase =0 Damper
the temperature of saturated steam without Water level Case
raising its pressure. It is generally an integral = SR
partofa boiler, and is placed in the pathofhot [ |7~ "~ 1T 7|~
flue gases fromthe furnace. The heat, givenup | |1 ___ 1 Lt
by these flue gases, is used in superheating the
steam. Such superheaters, which are installed Supsitasier
within the boiler, are known as integral oo
superheaters. ~

Fig.  Superheater

A Sudgen’s superheater commonly employed with Lancashire boilers is shown in Fig. It
consists of two mild steel boxes or heaters from which hangs a group of solid drawn tubes bent to U-
form. The ends of these tubes are expanded into the headers. The tubes are arranged in groups of four
and one pair of headers generally carries ten of these groups or forty tubes in all. The outside of the
tubes can be cleaned through the space between the headers. This space is closed by covers.
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The steam enters at one end ofthe rear header and leaves at the opposite end of the front
header. The overheating of superheater tubes is prevented by the use of a balanced damper which
is operated by the handle. The superheater is in action when the damper is in a position as shown
in the figure. If the damper is in vertical position, the gases pass directly into the bottom flue without
passing over the superheater tubes. In this way, the superheater is out of action. By placing the
damper in intermediate position, some ofthe gases will pass over the superheater tubes and the
remainder will pass directly to the bottom flue. it is thus obvious, that required degree of heat for
superheating may be obtained by altering the position of the damper.

it may be noted that when the superheater is in action, the stop valves G and H are opened
and F is closed. When the steam is taken directly from the boiler, the valves G and H are closed
and F is open.

3. Economiser

An economiser is a device used to heat teed water by utilising the heat in the exhaust Hue
gases before leaving through the chimney. As the name indicates, the economiser improves the
economy ofthe steam boiler.

A well known type of economiser is Greens economiser. It is extensively used for stationary
boilers, especially those of Lancashire type. It consists of a large number of vertical pipes or tubes
placed in an enlargement of the flue gases between the boiler and chimney as shown in Fig.
These tubes are 2.75 meters long, 114 mm in external diameter and 11.5 mm thick and are made
of cast iron.

10 10
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Soot chamber
Fig. Economiser

The economiser is built-up of transverse section. Each section consists of generally six or
eight vertical tubes (1). These tubes are joined to horizontal pipes or boxes (2) and (3) at the top
and bottom respectively. The top boxes (2) of the different sections are connected to the pipe (4),
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while the bottom boxes are connected to pipe (5). The pipes (4) and (5) are on opposite sides,
which are cutside the brickwork enclosing the economiser.

The feed waler is pumped into the economiser at (6) and enters the pipe (5). It then passes
into the bottom boxes (3) and then info the top boxes (2) through the tubes (1). tis nowled by the
pipe (4) to the pipe (7) and then to the boiler. There is a blow-off cock al the end of the pipe (§)
oppasite (o the feed inlel (€). The purpose of this valve is lo remove mud or sediment depaosited in
the bolttom boxes. Al the end of pipe (4) (opposite to the feed outlet) there is a safety valve.

[tis essential that the vertical tubes may be Kept free from deposits of scot, which greatly
affect efficiencies of the economiser. Each tube I1s provided with scraper for this purpose. The
scrapers of two adjoining sections cf tubes are grouped together, and coupled by rods and chains
to the adjacentgroup of scrapers, The chain passes over a pulley (9) so that one group of scrapers
balance the adjacent group. The pulley (2) of each chain is connected to a worm wheel (10) which
is driven by a worm on a lengitudinal shaft (not shown in the figure). The scrapers automatically
reverse when they reach the top orbottom end of the tubes. These are kept in motion continuously
when the economiser is in use. The speed of scraper is about 46 m/h.

[t may be noted that the temperature of feed should not be Iess than about 35° C, otherwise
there is a danger of corrosion due to the moisture In the flue gases being deposited in cold tubes.
Following are the advantages of Using an economiser

4. Thereis aboul 15 to 20% of coal saving.

5. Itincreases the steam raising capacity of a boller because it shortens the time required
to convertwater into steam.

6. It prevents formation of scale in boiler water tubes, because the scale tormed in the
economiser tubes, can be cleaned easily.

7. Sincethe feed water entering the boileris hot, therefora strains due to unequal expansion
are minimisad.

4. Air Preheater

An air preheater is used to recover heat from the exhaust flue gases. It is installed between
the economiser and the chimney. The air required for the purpese of combustion is drawn through
the air preheater where its temperature is raised. It is then passed through ducts to the furnace.
The air is passed through the tubes of the heaterinternally while the hot flue gases are passad over
the outside ofthe tubes.

The following advantages are obtained by using an air preheater:

1. The preheated air gives higher furnace temperature which results in more heattransfer
to the water and thus increases the evaporative capacity per kg of fuel,

2. There is an increase of about 2% in the boiler efficiency for each 35-40° C rise in
temperature of air

3. Itresults in better combustion with less soot, smoke and ash.

It enables a low grade fuelto be burnt with less excess air.
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CHAPTER-S
STEAMPOWERCYCLE

STEAMPOWERPLANTCYCLE:
Wateristheworkingfluidhere Itundergoesachangeofphasein the course

of cycle. Energy 1s released by the continuous burning of the fuel m the
combustion chamber of a steam
generationplantthatincludesaboilerandsuperheater. Theworking fluidischargedt
otheboilerviaa BFW feed pump. Heat is transferred to the water in the boiler
whereupon a high pressure and high temp saturated steam is generated in the
boiler. The dry saturated HP steam is converted into aHP superheated steam
inthesuper heater.

The high pressure and high temperature superheated steam is then
allowed to expand through the steam turbine. As the steam passes over the
bladesoftheturbine.itshedsitsenthalpy whichisconvertedintoshaft work of the
turbine which then generates power from the turbo alternator coupled to the
turbine,



The steamafter expansion inthe ST isexhausted into atotalcondenser
which is essentially a water steam heat exchanger wherein the exhaust steam
is condensed into a condensate onlyto be recycled to theboiler via the boiler
feed pump.

So a simple steam power cycle comprises a boiler + turbine +
condenser + BFW pump where water is acting as the working fluid.

Sometimes a vapour power cycle is referred to as a pressure limited
cycle indicating the power plant operates between two pressure limits:

_Thehigherpressurelimitistheboilerpressure
_Thelowerpressurelimitisthecondenserpressure.

Superheated steam

Steam ' .' B Tirbo -"f..« ﬁl""ﬁ J.nJ
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F Stack

BFW pump
M'up water

As the case of first approximation, the steam power plant cycle is idealized
as aquasi-staticprocessapproximatinganidealheatenginecycle:

fQnet= Wnet
@l
] r;

OrQ-Q=Wr-Wp

WhereQ;=theheatinputtowaterintheS GP(BF Wpreheater+boiler+s
uperheater) in @EIEF?

Q:=theheatrejectedfromtheworkingfluid(inthesurfacecondenser) EIFAEIFC

Wr=theworkoutput(theshaftworkofthesteamturbine) CEEEIZ"?



Wpe=themechanicalworkinput(theBF Wpumpwork) & pREI7] 00

Theefficiencyoftheidealvapourpower 2

cycle.nl ===w=Thermalefficiency(u):

Thermalefficiency isanimportantindexofperformanceofaheatengine or steam

power plant cycle. It is obtained from the first law:nu= EIE—F;I_-

CARNOTSCYCLE:

An ideal vapour power cycle would follow a carnot vapour cycle that
comprises two iso-thermal and two adiabatic processes. In the vapour cycle ,the
workingsubstanceschangesphases.these are attainable bytwointernally reversible
isothermalprocessesin the form ofboilingof the liquid and condensation of the
vapour. But, the heat ftransfer from a  high temp. reservoir
aswellasfromthecondensingvapourtoalowtemp reservoirwillremain externally
irreversible.

Process4-1:

Isothermal heat addition to the water. The water isconverted into a
drysaturated steam
Heatadded=Qadd

Processl-2:

Isentropicexpansionofthesteaminthesteamturbinei. e;thesteamisexpandinga
diabatically.

Heatinteractionisnil, positiveworkoutput=w
Process2-3:

Isothermalheat rejection Heatisextracted from thewaste steamexhausted by the
steam turbine to the condenser,

Heatrejected=Qrej

Process3-4:

Thesteamwater mixtureispumpedtotheboiler.
Input work = pump work = Wp

NetworkoutputWnet=Woutput-Wp



Therefore efficiency,u=

Also.i=1-

=

RANKINECYCLE:

Arankine vapour cycle is based on a modified carnot cycle to
overcomeitslimitations.Itconsistsoffoursteadyflowprocessesasin figure
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Process4-1:

Heat 1s added in the boiler to the BFW, which is a constant pressure
process generating a dry, saturated steam at saturation temp. corresponding

to the boiler operating pressure,
Qadd=m(hl1-h4)

Processl-2:

Thesteamisreversiblyandadiabaticallyexpandedintheturbine.

So.turbineworkinput=We=m(h1-h2)

Specilic cutropy, &



Process2-3:

Constant pressure heat rejection in the condenser. The cooling water
extracts the latent heat of condensation from the exit steam exhausted to the

condenser.the condensation is complete. The entire vapour is converted intoa
condensate.

Thereforeheatrejection=m(h2-h3)

Process3-4:

Pumpwork.Thisworkmust beapportioned fromtheturbineoutput. Wp =
m(h4 - h3)

Networkoutput, Wnet=We-Wp Therefore,
efficiency,
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RANKINECYCLEWITHSUPERHEATEDSTEAM:

Ifthe heating ofthe working fluid(BFW) is continued beyond thedry
saturation point, i.e:; well into superheat regime before feeding it to the
turbine.Le: statel instead of state 1 . the amount of heat added increase
bringing about an incipient increase in the work output

Gl fARFARFAIZMAERE G E 13 Fl §)So,
superheatingbegetsahighercycleetficiency.
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Specific entropy, £



RANKINECYCLEWITHSUPERHFEATEDSTEAM:-

EFFECT OF [INCREASING PRESSURE WHILE BEING
TEMPERATURE CONSTANT:
ThesteampressureattheSHPexitisincreasedfrompto Ewhile

maintainingaconstantsuperheatedsteamtemperature.i.e;T;=F1".

Theoperatingconditionsofthecondenserremainunchanged. Thework output
remains nearlythe same.1.e; there is no drastic gain in theworkoutput;
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However.theheat rejectionarea isreducedduetothehigherpressuresteam
utilization(area 2-85-6).

Thisincreasestheefficiencyofthecycle.

Efficiency,
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RANKINECYCLEWITHSUPERHEATEDSTEAM:

EFFECT OF REDUCING CONSTANT PRESSURE:
Ifthecondenserpressureisreduced, thenetworkisincreasedbyarea2-..
AERJN AR mES 7
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Spccific entiopy, 5
When the operating pressure of the condenser 1s decreased ,the heat added
area automaticallyincreasesand at the same timeQrejalso decreaseswiththe
net effect;the cycle efficiency increases..

QUALITIESOFIDEALWORKINGFLUIDFORVAPOUR
POWER CYCLES:

The desirable characteristics of the working fluid in a vapour power
cycle to ensure the best thermal efficiency of the cycle are :

l. The maximumpermissible limitsofoperatingpressureandtemp. isset by
the metallurgy boiler and super heater tubes pipes lines. and
headers. Theworkingfluidshouldbetterhaveahighcriticaltemp.sothatits
saturation pressure at the maximum permissible working
temp.isrelativelylow.Itshouldhavealargeenthalpyofevaporationatthat
pressure
Todraw vaccuminthe condenser is anothercostly setupthat calls for
adequate maintenance as less than the desired vaccum level will tellon
the overall cycle efficiency. So it is better that the saturation pressure
atthetemp. ofheat rejectionshould lie above theatmospheric pressure.

3. The specific heat of liquid should be low so as to boil it out with a
relatively little heat transfer. However  lowspecificheatmeansalow
enthalpy content-not a desirable criterion for a high cycle efficiency.

b



4. ThesaturatedvapourlineintheT-sdiagramshouldbesteeprather
than flat. This will safeguard the last stages of the turbine
bladesfromanexcessivelevelofcondensationoftheworkingfluidas
it expands through the successive stages of the turbine,

5.The freezingpointoftheworkingfluidshouldbebelowthe
ambient temp. to avert pipeline chocking due to freezing.

6. Obviouslytheworkingfluidshouldbechemicallystableandnon-
reactivewiththematerialsofconstructionoftheoperating system
at the maximum working temp

7. Theworkingfluidmustbeabundantlyavailabletobuyeconomy.
8. Itmustbenon-toxic,non-corossive, andnotexcessivelyviscous.

BINARYVAPOURPOWERCYCLES:

A binary cycle comprises two different cycles working in tanderm
with two different fluids so that the sink of one becomes the source of the
other.

Thehighestachievableefficiencyisthatofcarnots
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Which necessitates heat absorption at a constant temp. T1 and heat
rejection at a constant temp. T2. Now, the efficiency is fixed byT1 asT2 is
fixed bythenaturalsink. Thismakes it imperative that T1 shouldbe aslarge as
possible,consistent with the vapour being saturated.

Whenwaterisusedastheworkingfluiditscriticaltemp. is

374.150 and the critical pressure is 225 bar. Operating with a critical or
supercriticalsteamentailsdesigncomplicacyandenhancescost,operationaland
maintenanceproblems,andcontrollingdifficulties. inordertoobviate these
difficulties .it would be better to harness some fluid other than

steam, whichishavingmoredesirablethermodynamicpropertiesthanwater. The
mostfitting fluidfor thispurpose shouldhaveavery highcriticaltemp.yet
atalowpressure. Mercury,biphenyloxideandsimilarothercompounds,
aluminmmbromide.andzincaluminmumchloridearethefluidswhich
possesestherequisitepropertiesinvaryingdegrees. Mercury,amongthem



Jsthebest candidate. Ithasahighcriticaltemp.of588.4yetatlo®critical
pressure. Mercuryalonecannotbeusedasitssaturationtemp. atthe

atmosphericpressureishigh(355). HEnce abinaryvapourcycleisusedtoincrease
the overall efficiency of the plant.

The most important binary vapour cycle is the mercury steam cycle,
which comprises two cycles—mercury cycle and steam cycle.

MERCURYCYCLE:

The mercuryeycle is super imposed onthe steamcycle. Liquid mercury is
circulatedthroughtheevaporatortubesinthebo ilerwhereupontheliquidmercury
1sconvertedinto vapourwhichisthenchargedtothe mercuryturbinewhere the
Heg—vapour expands to generate electricpower. The turbine is then exhausted
to the mercury condenser boiler where the vapour mercury condenses and
then pumped back to the boiler.

STEAMCYCLE:

The heat rejected by the vapour mercury in the mercury condenser
boiler is absorbed by the BFW to generate steam at a desired pressure. This
steamis thensuperheated and thencharged tothesteamturbineto produce an
additional power output.

Fuelisburned inthe mercuryboiler furnace.The liberatedheat goesto
vaporize the mercury,superheat the steam , and preheatthe combustion airand
the boiler feedwater.

The heat rejectedduring the condensationofmercury is transferredto
boil water to saturated steam(stage 5-6). The saturated steam is then
superheated to state 1 by an external heat source(stage 6-1).
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Fig w&t dagram of =2 marcury-sleam binary

Steam cyele

This superheated steam i1s then allowed to expand in the steam
turbine(stage 1-2) and the waste steam is then exhausted to the surface
condenser where the condensation is completed(stage 2-3). The condensateis
then pumped back (by the BFW group) to the boiler(stage 3-4) . This is then
heated in the economizer to the saturated liquid(stage 4-5) and thengoes tothe
mercury condenser steam boiler, where the latent heatisabsorbed.

Heat supplied = Q1= Qm= m(ha-hd) + (hl - h6) + (h5 - h4)

Heat rejected= Q2=Qout=(h2-h3)



Turbine work= Wshaft = m(ha-hb)+(h1-h2)
Pump work= Wpump=m(hd-hc)+{h4-h3)
Thethermalefficiencyofthemercury-steamcycle

=uthermal,mer-wat="8

icd)
P PN e B
£
Steamrate= i ZIE3
EEEEE

Energybalance=m(hy-h:)=h6-h5m=

AE]VE\%AGE SOFMERCURY-STEAMCYCLE:

1. Highoverallplantefficiency

2. Highdegreeofavailability(-85%)

3. Simplicityinoperation

4. Reasonableplantmaintenance

5. Nooperationaltrouble(cf. mercuryistoxic)

Pagell



CHAPTER-6
HEATTRANSFER

MODESOFHEATTRANSFER.

CONDUCTION:-

A physical law for heat transfer by conduction is given by
fourieraccording towhich the rate ofheat conduction is proportional tothe area
measurednormaltothedirectionof heatflow, andtothetemp. gradient inthat direction.

Q=-kAR=
BE]
org—-k IE

BE]



The constant of proportionality is called the coefficient of
thermalconductivity, whichisa physicalpropertyofthesubstanceandisdefinedas the
ability of a substance to conduct heat,.

Thequantityofheattransferredperunittimeperunitareaofisothermal surface is
definedas theheat fluxis determinedby the relation

Q=-n; K=
lied
Theheatfluxq.isnormaltotheisothermalsurface.andispositiveinthedirectionofd
ecreasingtemp.becauseaccordingtothesecondlawofthermodynamics, heatalwaysflowfr
omahotterpointtoacolderone Hence.thevectorsgradTandqgarebothnormaltoisothermsbu
truninoppositedirections. This alsoexplains theexistenceof theminussign in equation.

Fig, Lines of Heat Flow and Isotherms

Thegreatestrateofheatflowwillbealongthelines normaltothe
isothermalsurfaces. Then.inaccordancewithequationwehave

Qv=-Kx. AT orge=Uil=-Ky. ue=

BE] 8 ae
Qf‘—K}'_ﬁi Or(Jyw HE =Ky. =
FE £ EE

Qr=-Kz 4= org. -k, i=
g 4 u re



AmaterialhavingK y=Ky=Kz=Kiscalledanisotropicmaterial Foranis

otropicmaterial theheattransfer equationreducestoQy=-K 1.= L
 Zvrd |

Theheatflowvectorqecanbewrittenas:q=1.qs=)q,kq.

Fora planewallofthicknessLwithtemp. ToandTronitstwosidesintegration of
equation yields:

T
Heot flow
s — ey
‘,.4-"
A

i

Fig. Oce-Dimerstona| Conduction

Qx| =mEmEE [ ==mm
2 e

Q= [Af @Al
=]

Theunitofthermalconductivityk,is 2/ e B V4 6

Sinceconductionisamolecularphenomenon, fourierlawissimilartonewtonsvi

scosity law for laminar flow:ZE[E] et

=
Thermalconductivityisa physicalpropertyofa substanceandlikeviscocity, itis
primarily a functionoftemp.and’ orposition ,nature ofthe substance. It varies
significantly with pressure only in thecase ofgases subjected to high pressure.
Howeverformanyenginneringproblems, materialsareoftenconsideredto process
a constant thermal conductivity .
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Fig. Thermal Coodoctivity of Some Engincering Materials.

The thermal conductivity for most materials can be
determinedexperimentallybymeasuringtherateofheatflowandtemp.
gradient of the substance most commonly used.

From table ,;We see that pure metals have thehighest value of
thermalconductivities while gases and vapours have the lowest; insulating
materialsandinorganicliquids havethermalconductivitiesthatlieinbetween those
of metals and gases.



Tabie Thermal Cyndactivities of Common Substances a2 20 *C

Subsrance K k)
Silver, pure 4070
Copper pute 3869
Aluminium, pure 175.6
Mikd Btecl 72
Leed .
Stwinless Steci 18.3
Wood 0.15
Asbestos, fibre 0,095
Wasez 0.51
Air 0.022

Thermal conductivity is also a function of temperature. For most
puremetalsitdecreaseswithincreasingtemp.whereasforgasesandinsulating materials it
increaseswith rise in temp. .AppendxA gives the thermal conductivity and other
physical properties of some the most commonly used substances.



Examprr |
A stainless steel plate 2 em thick i maintained at a temperature of §50°C-

at one face and 50°C on the other. The thermal conductivity of stainless
steel at 300°C is 19.1 W/m K, Compute the heat transferred through the

material per unit area.

N
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e

Fig. Ex. 1.1 Ezample 1.1

Solurion  This is the case of & plane wall as shown in Fig, Ex, 1.1. Using
o (L.15,
kd
r Q:"'"{Tn_Tﬂ

:
=5 @~ 1) =CDOB=0 _ 137 s ppjme
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CONVECTION:

Forafluidflowingatameantemp. Toverasurficeatatemp. Ts,newton proposed

thefollowing heat convection equation:q = “:I-IEI HEZEAET = Hr

Free streom

Flow Yoo

Fig. Contection from & Feated Plate



Whereqistheheatfluxatthewall. Thisequ.iscallednewtonlawof

cooling. Theheattransfercoefficienthhasunits Ik EIIEE;’ v 4 when

/@
theheatfluxgisgivenintheunitsof S¥ndthetemp.in.
=X

Infig.itisseenthattheviscosityoffluidlayerat thewalliszerosothe heat must be
transferred only by conduction over there. Thus we may use fto
computeheattransferatthewall. Thenquestionarises, whyconsiderconvection at  all
when we can easily compute q by conduction. The answer is simple; the temp.
gradientisdependentupontherateatwhichthefluidscarriestheheataway,
whichinturndependsuponviscositvandotherthermalpropertiesofthefluid.
Comparingtheseequationsatthewall h=- B SR

il ool sl

Equationrelateshwiththermalconductivityandthetemp. gradientatwall

.andisusedinthedeterminationofhexperimentally,

Ithasbeenfoundthattheheattransfercoefficienthvariessignificantly
withthetypeoffluidandtemperature. tablegivestheapproximationrangesof
convectiveheattransfercoefficientforforcedandfreeconvectionencounteredintypical
engineering application.

EXAMPLE |

A fiat plate of length 1 m and width 0.5 m is placed in air stream at 30°C
blowing parallel to it. The convective heat transfer coellicicnt is 30 W/m*K.
Caleulate the heat transfer if the plate is maintained ata temperature of

3D0“C.
Solution
Q = kA (T, — T.3)
= (30} (1.0) (0.5) (300—30)
— 4,05 kW,
THERMAI RADIATION:
AccordingtotheStefan-

boltzmannlaw,theradiationenergyemittedbyabodyisproportionaltothefourthpower
ofitsabsolutetemperature. Q=EET".

WhereZiscalledStefan-boltzmannconstantwiththevalueofs.6697% 10
f—=— andTisthesurfacetemp.indegreeKelvin

ConsiderablackbodyofsurfaceareaAandatanabsolutetemp. T1excha
ngingradiation withanother blackbody at atemp. T Thenet heatexchange
isproportional to thedifference in T*.

Q=A(T,*-T1")



Therealsurface, likeapolishedmetalplate.donotradiateasmuchasenergyasa

blackbody. Thegraynatureofrealsurfacescanbeaccountedforbyintroducinga
factorBcalledemissjvitywhichrelatesradiationbetweengrayandblack
bMies.%E&{%E‘lJl L s
Ey

Toaccountfor geometryandorientationoftwoblacksurfacesexchanging
radiation ismodified to Q=EAF(T*-T>")

When the factor F, is called view vector,is dependentupon geometry ofthe
two surfaces exchanging radiation.

FExamern |

A rudiator i a domestic F.t:-'l_-F.:.E'I.H ayvilcom opcratics al a surface ithE‘I“lHlt’

i 557C. Determine the rale at which it emits radiant heat per unit area if
it bebaves as n blagk body,

Yolution

‘.-; Y oY e 56697 > 10-%(273 + 55)¢ = 0.66 kW/n*
FOURIERLAWOFHEATCONDUCTION:-

=1 =1 = =1

WhereQ=amountofheatflowthroughthebodyina unittime A=
surface area of heat flow
dT=temperaturedifferenceonthetwofacesofbody

dX= thicknessof the body throughwhich the heat flows. It is taken alongthedirection
of heat flow

k=constantofproportionalityknownasthermalconductivityofthebody

THERMAIL CONDUCTIVITY:-

F BE{EEJ'E

' id
Thethermalconductivityofamaterialisnumericallyequaltothequantityotheatwhichflo
wsinonesecondthroughaslabofmaterialofarea | m*andthickness 1 mwhenits faces
differ in temperature by | k



Example 1. The glass windows of a room have @ total areg of 10 m™ and the glass is 4
mr thick. Calculate e guarinity of heat that escapes from the room by conduction per second whes
the inside surfaces of windows are at 25° C and the outside surfaces ar 10° C. The valug of k iz (158
Wim K

Solutlon. Given-A=10m :r=dmm=00Mm: T, =25°C=298K ;=1 C=283K
k=084 Wim K

We know thit the guantty of heat that escapes from the room per setond.

kA (T =T, vt 7
I HANLES

= | 1 L T1EC

HEATCONDUCTIONTHROUGHPLANEWALLS:-

Consideraplanewallofmaterialsofuniformthermalconductivityk, whichis
assumedtobeextendingtoinfinityinyvandzdirections. Forthisproblems,the
temp.isonlyafunctionofx.thewallsofaroommaybeconsideredasaplaneifenergylostthroug
htheedgesisnegligible Startingthegeneralconduction

CAIEEEE
Bq‘ﬂﬂIID[FH tt Lkt g EEa

Forthiscase I==0(steadystate)
i icd|

& = 0fone-dimensional) ,=0(noheatgeneration)
EE EFE ]
Theconductionequationsimplifiesto 'N= =0o0r==a0 (1)
- o [En ird [[10d

Above equation is a second orderdifferential equation requiring two
boundaryconditions for its solution.

TheseareT=T jatx=0
T=Taatx=L
Integrating this above equation twice . we get  T=Cix~C:Where

C1 and C2 can be determined from the boundary conditions



Fig, Steady State Conductios Through a Plane Wall

Atx=0T=T,s0thatC>=T)
Ax=L.T=TysothatT=C;L-+-T:0rC=

m , Bl
e
Sotheequationforiemp.distributionbecomes T==R+F 2 __
e

Or  ZEX & pQ=K.AZZ 1w Za5 Medol
EE = EE = =

eneee(2)

ThisquantityofheatQ,mustbesuppliediothelowfaceofthewallto
maintainatemp.difference

I F3EpE Facrossit.ThethermalresistancelsdefinedforaplanewallisRth==

Equation-2canalsobeobtainedbyfourierequation, Q=-KA B e ceceeeaaaee

(3)
Integratingthis equationbetweentheboundariesoftheplanewall,

weget | IEIER 1EE | @E
a i

QL=-KA(H Iz W
Or Q=tulz=igh

=1
__1UEEY



Thetemp. atanypoint xalongthewallcanbeobtainedbyintegrating
equation-3 between 0 and X

Q.x=-KA(T-T})
andcomparingwithequation-2,T= g
wd 1
HEATCONDUCTIONTHROUGHHOLLOWCYLINDER.:-

'Consideralongcylinderofinsideradiust;,outsideradiusrg.andlength
L.we considerthe cylinder to be long so that theendlosses are negligible.The
inside and outside surfaces are kept at constant temperature T1and
Torespectively. Asteampipeina roomcanbetakenas anexample of a longhollow
cvlinder. Thegeneralheatconductionequationincylindricalcoordinatesis

TR Ymehes P30
= EtE et im0 EE

Assumingtheheatflows onlya radialdirections, theaboveequationunder steady
state takes the form:

g1
4 ELC

or ERIEE=O
rafwafwal v

Subjecttotheboundaryconditions, T=T;atr=r)
T=Teatr=

rolntegrating twice we get , T =Cilnr +C: (1)

Usingtheboundaryconditions,atr=r1, T=T1;T1=Cilor;~Cz

atr=ro. T=Tg. T¢=Clnrg+C»

Fig. Steady State Cendoction theoupir @ Hullow Crlinder
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C=T1— ﬂ??rjhr l

FI=1=1E O i
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| 3
SubstitutingthevaluesofC,andCymequation-1, 1

=B 015 B o GEE0S
ELE I.Eﬂ
= =

Q=-EAEEE?| Z; [
lied |ied
=K.2BhL. B =K 2B L(Te-Ti).
; mi

Equation-2canalternativelvbederivedasfollows:

Q=—KA=whereA=21L
i

Or Q.= EEFEHT
=

Integrationofthisequationgives

Q"™ mrEf T ee
EBE i
Q.(In=2 | 11 -T1)
] & id v
T
FEIEIEREIE
¢

Thethermalresistanceforthehollowceylinderwouldbe. Rth=

[



HEATCONDUCTIONTHROUGHHOLLOWSPHERE:

Consider ahollowspherewhoseinsideandoutsidesurfacesareheldat constant
temperature Tiand Torespectively . if the temperation is only in the radial
direction , then for steady state conditions withno heat generation , the
heatconduction equation simplifies to

a_ o Lﬂﬂ 0
g
Multiplyingthroughtbyr,wegetr’ 1= 2r.280
BE dird
Or =P EEy=—0 PECRS
= i |

Integrationofequation-1givesdT=C; = _

ied
Integratingagain,weget T=F 7] II
=]
Applyingtheboundaryconditions,
T=T)atr=ry; T=E=y.3
3]
T=Tpatr=1p; To== 11& .
&=
SolvingforCiandC;
El= JI;EF, LCo=0T ﬁ*
I. Mm £ ME
FT=Ti- =28 44+
T = al
E fp
— = ey [ 2 AE)+T
EIEEE] »
KnowingthatQ=-KA=4Z] g
IIEI q
ird
whereA~=
4E@Wecanknowth
at.
Q= JF_B: e = @

Equation-2canalsobeobtainedbyintegrationoffourierequationasfollows:
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Fig. Steady State Canduction Through o Hollow Sphere

T = EER
Equation-3canalsobeputas,Q e 2 e
E1= fiplig

5 Rl

Em-

Wherethethermalresistanceofasphereisdefinedas Fles=
Geometricmeanarea: sscanberearrangedas
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WhereAandAparetheareasoftheinnerandoutersurfacesofthe
sphere.

[l ==#=[#: IFFthicknessofsphere

Ag=\ FTaliscalledthegeometric meanareaofthesphere.

Thethermalresistanceofa spheregivenbyequation-d4issimilartothatofa
planewallexceptthattheareaisreplacedbythegeometricmeanarea.

NEWTONLAWOFCOOLING:-

Itstatesthat,—heattransferfromahotbodytoacoldbodyisdirectlyproportionaltothe
surfaceareaanddifferenceoftemperaturebetweenthe bodies.

It is a generallaw, for the heat transferwhichcannotbe applied to all
setsofconbdition. Butitpaved thewayforotherlawsdealingin theheatloss.

ABSORPTION,REFLECTION,ANDTRANSMISSION:-

Whenincidentradiationiscalledirradiationimpingesonasurface, threethings
happen:apartisreflectedback,apartistransmittedthroughandtheremainderisabsorbed,de
pendinguponthe characteristicsofthe body.

Byconservationofenergyparticle, Ga+Gr+Gt=G
DividingbothsidesbyG,weget, =F—5 _| _

i S - S i O
SofiEN Hi

Black body:- For perfectly absorbing body,| T BT 0. Such a body is
called black body.it is one which neither reflect nor transmit any part ofthe
incident radiation but absorb all of it.

White body:-If all the incident radiation falling on abody are
reflected.itiscalled white body. Gases such as hydrogen, oXygen, nitrogen
have a transmittivity of practically unity.

Graybody:-Iftheradiativepropertiesofabodvareassumedtobeuniformover the
entirewavelengthspectrum, thensuchabodyiscalledgraybody.Itisalso
definedasonewhoseabsorpivityofasurfacedoesnotvarywithtemperatureandwavelength
of the incident radiation.



CONCEPT OF BLACK BODY:- A black body is an object that absorbs all the

radiantenergyreachingitssurface. Noactualbodyisperfectlyblack:ablack body  has
following properties:

1. It absorbs all the incident radiation falling on it and doesnot transmit
orreflect regardless of wavelength and direction

Itemitsmaximumamountofheatradiationatallwavelengthatanyspe
cified temperature,
3. Itisadiffuseemitter.

[ ]

EIRCHHOFF 'SLAW -

Thelawstatesthatanytemp.theratiooftotalemissivepowerEtothetotalabsorpivityisa
constantfor Fll substanceswhich are in thermalequilibrium with their environment.
Let us consider a largeradiating body of surface area A which encloses a small
body of surface area A;. let the energy fall on the unit surface of the body at a
rate Ep.byconsidering generalityof bodies, we obtain, Ey= ZEE=E_

My [y r
- - - - L] - E -
Also,asperthedefinitionofemissivityl!! (1 @@ "~ Bycomparing,we
e
obtain, * ¥
PLANCK:SLAW:-
b | AHY M e Planck shwomaed | V TR T han 1he spiscrmal illaribution of the mdistion
intensily of a black body s giver by
Ex i rsalieaie Planck™s Jaw) g1 |
e - |
LALT
WHETL, £ = Manochmomatie (s gle wavelength) emissive povwer of o hlack oy
= velocity of lighl in vacaum, 2998 x [(F= 3 % (" m/
it = Manck™s comtunt = 0023 x |10 |5
Wawale naily, L
& = Ralirmann e tand — ARiTS W= 011 /K. and
[ | Absolule temperatumne. K
Henoe the ynit of (F. ), s Whm=. uy
uille edten the Pl k™ Lew is swiiticn o=
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MAXWELLEQUATION:-
MNow let us denive the Maxwell's equation.

We kiow that for a sysiem undergoing an infinitesimal reversible procesy from one
equilibrivm state to another

|, Internal enargy, dl =80 - W . ( Geneml gas energy equation)

=TdS-pdv coa 0@ =TdS and OW=pdoi ...100)
The above cqumtion (1) s of the form
de=Mdx+Ndy

where M=T, N==p, x=5 md y=v

x-{l

2. Enthalpy dH =dl 4 d(pr)
=dl/+p dv+vup
=(TdS-pdvy +pdo+vdp A dU=TdS - pdv )
=Tdi+vdp ... ()
The above equation (1) s of the form
e=Mde+Ndy
where M=T7 N=t, x=5 and y=p

. R B

1, Helmholtz lunction (&),
dA =l —d (T 5)
=dl/—TdS-5dT
=(TdS - pde) - TdS 84T cael T dll=TdS-pdv)
== pdp = 5dT ven (W)
The abave squation (v) i of the form
dz=Mdc+ Ndy
where Mz=-p Ne==8 g=p,yv=T

3-8
-l

4, Cibbs functon (G), JdG=dH -d(TS5)
=dH-TdS-5eT
=(TdS +vdp)-TdS-8dT L rdH=TdS+vdp)
=adp-SdT - (v}
The above cquation (vii) is of the form
.ﬁ-”r&-ﬁﬂlﬁ'
where M=v,N=-§, x=p,y=T
A ;
()5 S
mmﬁﬂ.{m}.{ﬁ}uﬂ{ﬁfﬁnhm:lhwuﬂtrwhmhw



HEATEXCHANGER:-

Itmay be defined as an equipmentwhich transfer the energy from ahot fluid

to acoldfluid, withmaximum rate andminimum investmentand running cost.

Inheatexchangerthetemperatureofeachfluidchangesitpassesthronghtheexchang

ers,andhencethetemperatureofthedividingwallbetweenthefluids also
changes along the length of theexchanger.

CLASSIFICATIONOFHEATEXCHANGER:-

L.

]

NATUREOFHEATEXCHANGERPROCESS:-
(i) Directcontactheatexchanger
(i1) Indirectcontactheatexchanger

(a) Regenerators

(b) Recuperators

. RELATIVEDIRECTIONOFFLUIDMOTION:-

(i) Parallelflow
(i) Counterflow
(iii)  Crossflow

. DESIGNANDCONSTRUCTIONALFEATURES:-

(1) Concentrictube

(ii) Shellandtube

(i)  Multipleshellandtubepasses
(iv)  Compactheatexchanger
PHYSICAL STATEOFFLUIDS:-
(i) Condenser

(ii)  Evaporator



