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SU14MARY

Accuratevaluesofthespecificheatfordryairwereapplied
tothecalculationoftheworkrequiredtocompressdryair. TWO
workchartsarepresentedfromwhichtheworkof compressioncanbe
quicklyandaccuratelydeterminedfroRItheinitialtemperature,the
over-allpressureratio,andeitherthecompressionexponentorthe
adiabaticefficiencyofthecompress(-~r.Thefirstchartpresents
theworkof compressionat pressureratiosup to100,~nitialtem-
peraturesof400°to 600°R, andcompressionexponentsof 1.40to
2.00.Thesecondchartpresentsthesamevaluesforpressureratios
up to 25,initialtemperaturesof400°to 1000°R, andcompression
exponentsof 1.40to 2.00.Theaccuracyoftheresultsthusobtained
isofthesameorderas theaccuracyobtainedwhentemperature-
enthalpytablesareusedfordeterminingtheworkofcompression.

In
turbine
of such

INTRODUCTION

viewofrecentdevelopmentsinthefieldof oompressor-
combinations,increasingemphasishasbeenplacedontheuse
unitsforairoraftpropulsion.In orderto facilitatethe

designof suchunits,a simple-accuratemethodofpredictingthe
performanceisessential.Oneofthemostimportantproblems
encounteredintheperformancecalculationsisthedeterminationof
theworkrequiredby thecompressor.Forconventionalsingle-stage
centrifugalcompressors,thecalculationoftheworkofcompression
issimplifiedby theassumptionthatthestateofthegasisdefined
by theperfectgaslawandthatthevalue-ofthespecificheatat
constantpressureisconstant.Whenmultistagecentrifugalcompres-
sorsoraxial-flowcompreesoreofhighover-allpressureratioare
considered,hawevor,theseassumptionsmayleadtoan appreciable
errorinthecalculationof thoworkrequiredto compresstheair.



NACATNNo.1043 2

Althoughtheworkneededforcompressioncanbeaccurately
determinedfromtemperature-enthalpytables,a methodofcalcula-
tionbaseddirectlyon compressoroperatingvariableswouldbe
adwxntageoxs.A studyofavailabledatawasmadeattheNACA
Clevelandlaboratorytodeterminetheapplicabilityoftheperfect
gaslawtoexpressthestateconditionofthedryairendtodeter-
minethevariationofthespecificheatat constantpressurewith
pressureandtemperature.An empiricalexpressionwasfittedto
recentlyobtaineddata(reference1)thataremoreaccuratethan
previouslyavailabledataforthevariationofthespecificheat
ofairat constantpressureto permitthecalculationofthework
of compressionfromtheusualthermodynamicequations.

Twoworkchartswerepreparedfromwhichit ispossibleto
determinegraphicallytheworknecessaryforthecompressionof
dryairwhenthepressureratio,theinitialtemperature,anda
measureofthecompressorefficiencyareknown.Thefirstof these
chartscoverspressureratiosupto 100,therangeof initialtem-
peraturesforaltitudesup totheisothermalregion,anda wide
rangeof compressorefficiencies.Thesecondchartisan enlarged
versionofthefirstforpressureratiosup to 25,initialtempera-
turesfrom400°to1000°R, andthesamerangeof efficiencies.

AMKGYSIS

PropertiesofDryAir

~q~tions of state.- Inthedeterminationofthework.necessary
forcompressionofanygas,itisfirstnecessarytoestablishthe
relationbetweenthepressure,theqpecti”lcvolume,andthetempera-
tureof thegas. Thecommonengineeringpracticeisto considerthat
dryaircanbe treatedas a perfectgasandthus

PV= RT “(1)
where

P pressure,poundspersquarefoot

v specificvolume,cubicfeetperpound

T temperature,OR

R universalgasconstant,53.35foot-poundsperpoundper%? _
fordryair

A closerapproximationtotheactualstateconditionsfordry
air,particularlyat lowtemperaturesandhighpressures,maybe
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obtainedfromtheequationofstateproposedby Beattieand
BrMgemaninreferenoe2. Inreference1,themaximumdeviation
ofthisequationfrommeasurementsoftheaotualgasisgivenas
0.5percentandtheauthorsstatethattheaverageerrorwith
pressuresupto 177atmospheresandforthetemperaturerangeof
230~to 851°R isonly0.198percent.

ThedeviationoftheperfectgaslawfromtheBeattieand
Bridgemanequation presentedinreferences1 and2 forpressures
up to 25atmospheresandtemperaturesupto 3000°R isgivenin
figure1. Thehighpositivevaluesofthevariationshowninfig-
ure1 representa conditionoftempmatureandpressurethatis
notencounteredincontinuous-flowcompressors.

AccordingtoK@enanandKaye(referenca3),airat a tempera--
tureof32°F obeysthe~erfectgaslawwitha deviationof1 pm-
centat 300poundspersquareinchand0.1percentatatmospheric
pressure.Thegaininacouracyresultingfrcatheuseof the
BaattieandBridgemanequationove~thatobtainedwiththeperfect
gaslawIsnotgreatenoughto justifytheadditionalcomplexity
oftheequationsthusIntrcduoednorhasthevalidityoftheBeattie
andBridgemanequationbeenestablishedbeyond8510R. Consequently,
dryairhasbeentreatedas a perfeotgasforthepurposesofthis
report.

Variationof specificheat.-Althoughtheassumptionthatair
sotsasa perfectgasimpliesa changeinthespeoifioheat Op oaY
withtemperature,foraira slightvariationwithpressurealso
exists,whichmaybeneglectedInthisinstance,References4, 5,
6,and7 showthatconsiderabledisagreementexiste~amongearly
investigatorsofthee~ut-variatfonof Cp with T. Inreoent
years,however,a methodof calculatingspecifioheatsfrcmspeo-
trographiodatahasbeendevelopedandthemethodisnowrecognized
asbeingveryaccurateovera largerangeoftemperatures.A great
dealofworkhasbeendonebyH. L. Johnstonandhisassociates,
someofwhiohispresentedinrefez?ence8, inapplyingthistech-
niquetomostoftheco?monmonatogioSJ@d~atomiogases.The
absenceoflimitationsdueto strengthconsiderationspezmitscal-
culationof specificheatsfortemperaturesup to5!IW0R.

~ valuesofthespecificheatofdryairat zeroconstant
pressurepresentedhereinwereobtainedfrcmreference1,theauthors
ofwhichattributethamtoE.L. Johnstonwhooalculatadthevalues
fromspectrographicdata. Thesevaluesofspecificheatare.gIven
asdatapointstnfigure2;thesolidlineconsistsofarcsoftwo
parabolas,whicharematchedompfrioaUyto thesedata. Thisempir-
ioalcurvewasalsofoundtoagreewithvaluas deteminedfrcm
spectrographicdata(reference9)witha maximumdeviationof
1.07percent,whichoocurredat 1300°R.
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Theempirioalmathematicalexpressionsfittedtothedataof
figure2 to formtwoparabolioarcsgivethevariationof specific
heatat oonstantpressurewithtemperatureas:

= 0.2445- 2.20Gx 10-5 -8‘1?‘P T+ 2.758xlO

fortemperaturesfrom360°to 1140°R and

‘P= 0.2413+ 1.0G86X 10‘3v

(2)
.— —

(3)

fortemperaturesfrom1140°

Temperature-Pressure

to 5500°R.

RelationforCompressionProcess

Polytropicrelation~-
iscustomaryto basetileefficiencyofthecompressionprocessupon

In continuous-flowcompres&orwork,it

thereversibleadiabatio(isentropic)case. (Seereference10.)
Actually,theInternallossesnormallyresultingfromfriction,
throttling,andmixing causepart oftheenergyaddedtobe rendered
unavailableandtheprocessisno longerisentropic,althoughadia-
batic. A convenientmeansofexpressingtheactual
theinitialandthefinalconditionsisaffordedby
exponentn intheexpression

.
P1Vln= p~ v2n

wherethesubscripts1 and2 denotetheinitialand
respectively.Thevalueof n isa measureof the

relationbetween
theuseofan

(4)

finalstates,
comDrL3ssion

eff~oiency,-whichmaybe convertedtoadiabatioefficiency,poly-
tropicefficiency,oranydesiredefficiencyfactor.Whenthe
perfectgaslawiscombinedwiththisexpressf.on,a convenient

expressionmaybe had,fromWhichthgpolytropicrelationsoftem-
peraturesandpressuresmaybe found:

~

‘~’)” %( (5)” ___
P1/~ ‘q

Thenumerioalvalueoftheexponentn forsoverticontinuoue-
flowcomprcmsorsliesbetween1.45@ 1.80forallpractioal
operatingconditions.

Isentropicrelation.- Theworkrequiredforadiabaticcompres-
sionisa minimumforan isentroplcprocessand,therefore,the
adiabaticefficiency,orratioof isentrapictoaotualwork,is

.
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cormuonlyusedasa.measureof compressorefficiency.If Cp is
assunwdtobe constant,thetemperatureandpressurerel.atlonmay
be obtainedfromequation(5)by substitutingtheratioof speoific
heats 7 for n. Forthepresentcase,however,7 maynotbe
consideredas constant.Fromcommonthermodynamicrelations,
however,

[

2cdT ~2
+=5 Q

)J-l p (6)
“1

where J isthemechanicalequivalentofhsat,778.3foot-pounds
perBtu. Whentheempiricalexpressionsofequations(2)and(3)
aresubstitutedinequation(6]andintegrated,thefollowingequa-
tionsfortherelationbetweenpressureandtemperatureforisen-
tropiccompressionareobtained:

P2 T2- [(>1/-T2
log— = 3.55690logT1 1.39374x 10-4T -1

PI q-j’-?

forfinal
[(31

2
+ 8.71247X 10-8T12 # - 1

..
temperaturesbelow1140GR and

logP2 1140- 1.39374x 10-4T1 [()]
1140 - ~

— = 3“5569010g T1P1 \T1

+ 6.71247X 10-8T12 [(*Q -j

T2
+ 3.51064log~

- 0.429734arc&

forinitialtemperaturesbelowand
Theangleinequation(8)must,of
logarithmsareto thebase10.

T+ 1.37555X 10-2 “T2- 976

(7)

e - 0.0089776 (a)

finaltemperaturesabove1140°R.
course,be inradiansandthe

.

.
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WorkofCcmpress.ion

Bymeansoftheforegoingrelations,Itispossibletofind,
thefinaltemperatureT2 fromknownvaluesofpressureratio,
inlettemperature,andpolytropicexponentforbothpolytropi.c
andisentropiccompression.Whentheexpressionsfor ‘P ‘nequations(2)and(3)aresubstitutedintotheconventionalwork
equationandtheresulttngexpressionsareintegratedbetweenthe
initialandfinalconditions,thefollowingequationsareobtained:

work(hp)/(lb)(sec)= 0.3460(T2- ~) - 1.56084

+ 1.3009X 10-6[T23-

fortemperaturesbetween360°and1140°R and

work(hp)/(lb)(sec)= 0,3460(1140- Tl)-

+ 1.3009x 10-a

+ 0.34149(T2-

X10-5 (T22-T$

Tf)

1.56084X 10-5

(11403- %3)
1140)+ 1.0270

X 10-3(T2- 976)3/2- 2.157

(9)

( )11402-T12

1...5[J-u)

whentheinitialtemperatureisbelawsndthefinaltemperatureis
shove1140°R. Theworkvaluethusobtaineddoesnotincludeany
mechanicallossesofthecompressor.

Thus,fora processofthetypeunderconside~tbn,thework
ofcompressionbetweentwotemperaturesremainsat me fixedvalue
andmaybe foundby determiningtheendtemperaturefrcmthepressure-
temperaturerelationspreviouslydiscussed.

DISCUSSION

Errorresultingfromassumptionof constantc . - Thepercentage
differencebetweentheworkofcompressionfoundby usinga constant
valuefor cp of0.243(Btu)/(lb)(°F)(thevaluecommonlyusedfor
normalairinengineeringwork)andtheworkof impressionfound
fromequations(9)and(10)isplottedinfigure3 forpressure
ratiosup to 100andforv~iousvaluesoftheexponentn. At a
pressureratioof 25anda valueof n of1.80,thepercentage
errorduetotheassumptionof con@ant Cp is 6.5percent.Fcm
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pressureratiosbelow5,however,thiserrorwillbe lessthan
1 percentfortheentirerangeofvaluesof n considered.The
use ofvariablevaluesof Cp isthereforenecessaryforoom-
prossorsoperatingintherangeofpressureratiosabove5.

Effeotofvaryinginitial-temperatureconditions.- Theeffect
ontheworkofcompressionofvaryingtheinitial-temperaturecondi-
tionsisshownInfigure4,wheretheworkof’compressionisplotted
againstpressureratiofora numberofvaluesof ~ andforvalues
of n of 1.40,1.60,and2.00.Thevaluesof T1 usedherein
correspondtothestandardatmospherictemperatureataltitudesfrom”
sealeveltotheisothermalregion.Thedecreaseintheworkofcom-
pressionas theinitialtemperatureisdecreasedisclearlyshown,
altinoughtheeffectislesspronouncedat lowvaluesof n.

From thisfigure,itmayalsobe seenthattheover-allwork
ofcompressiondecreasesrapidlyas thevalueoftheexponentn
decreases.At highpressureratiosa givendecreasein n results
ina greaterpercentagedeureaseintheworkrequiredthanat lower
pressureratios.

.

GRAPHICALWORKCHKRTS
.

In figures5 and6,chartsaropresentedfkomwhichtheactual
andtheisentropicworkofcompressionmaybe determinedforthe
entirerangeofpracticaloperatingconditions.Theuseofthese
chartsenablesthefinaltemperature,theactualworkof ccsnpression,
andtheIsentropicworkofcompressiontobe foundwhenthepressure
ratio,thecompressionexponentor theadiabatloefficiency,andthe
initialtemperatureareknown.Fortheconvenienceofthereader,
figures5 and6 havebeen”preparedinorigjnalsizetG permitmore
accuratereadingsandareattached.

Infigure5,pressureratiosup to100wereusedandvaluesof
n werechosenIncloseincrementsfrom1.40to 2.00.Thefinal
temperatewaslimitedto WJOO”R, whichexceedsthepresentprac-
ticalUmit imposedby strengthconsiderationsofroetalcompressors,
hitialtemperatureswereselectedtoallowinterpolationandto
ooverinletconditionsforallaltitudesfromsealevelto the
isothermalregion.

.

.

Thechartpresentedinfigure6 coversa lowrangeofpressure
ratios.A largerangeof initial-temperatureconditionswaspre-
sentedto permtttheuseof thechartwhencompressorsareInstalled
Znseries.Theuseofthesechartsisfullyillustratedby the
samplecalculationsintheappendix.
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OnlydryairhasbeenconsideredInall.oaloulations.Any
correctionsforhumidityeffectswillincr~sethevalueof Cp
slightlyandthusinoreasetheworkof compression.

AircraftEngineResearchLaboratory,
NationalAdvisoryCommitteeforAeronautics,

Cleveland,Ohio,July7,1945.

.

.
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APPENDIX- USEOF

Thechertsgiveninfigures5

9

GMPEICALCEMRTS

and6 givea step-by-stepgraph-
icalplotofthecalculationoftheactuaiworkof compressio~from
lmowninitialconditions.Theactualworkpf compressionmaybe
detelvnineddirectlyfromthechartby proceedingaroundthechart
ina ccunterclookwisedirectionfromtheupperrightquadrant.In
thefirstquadranta plotofpressureratioagainsttemperatureratio
forvariousvaluesof thepolytropicexponentn isgiven,which
fixesthepressure-temperaturerelation.Thesecond@adrantcon-
tainsthetransitionfromtemperatureratiotofinaltemperatureby
themultiplicationoftemperatureratioby thevariousvaluesof
theinitialtemperature.As previouslystated,foreachinitial
temperaturethereisa fixedrelationbetweenfinaltemperatureand
theworkofcompression.Thisrelationisgiveninthethirdquad-
rant. In thefourthquadrant,twosetsofcurvesaresuperimposed.
TheisentropicworkOP compressionisgivenforthe‘completerange
ofpressureratiosat a numbercf initialtem~ratures.Inaddi-
tion,curvesof constantvaluesofadiabaticefficiencyareplotted
to showtherelationofactualworkto isentropicwork.

It shouldbe notedthatifthechartsareusedinthereverse
sense,thevaluesof n maybe found.whentheover-alladiabatic
efficiencyiskmx?n.l?@herexplanationoftheuse ofthesecharts
isgivenby thefollowingsamFlecalculations.

SampleCalculations

Determinationofworkof compressionandadiabaticefficiency.-
Assumethefollowingconditionsfurtheeagpleoalculationzpres-
sureratio,15;n, 1.50;initialtemperature,500°R. Thedashed
lineinfiguro6 showsthepathtakenforthisexample.

Enterthefirstquadrantat a pressureratioof15andgoup
to the n curveof 1.50andoverto thetemperature-ratioscale;
thetemperatureratioobtainedis2.47.Continueacrossat this
temperatureratioto the500°R initial-temperaturelineanddown
tothefinal-temperaturescale;thefinaltemperatureobtainedis
1235°R. Continuedowntothe500°R initial-temperaturelinein
thethirdquadrantandacrosstothemale fortheactual workof
compressioninthefourthquadrant;thevaluoobtainedis256horse-
powerpr poundper second.

Theisentro~icworkof compressionisfoundby enteringthe --
fourthquadrantata valueof 15 ontheverticalpressure-ratio
scaleattherightandproceedingacrossto the500°R initiel-
temperaturecurveanddowntotheisentropic-workecale;thevalue
obtainedis198horsepowerperpoundpersecond.
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Theadiabaticefficiencymaybe foundfromtheintersectionof
thepreviouslydeterminedvaluesofactualandisentropicworkby
interpolationbetweentheconstant-efficiencycurves.Theadiabatic
efficiencyobtainedisa~proximately77percent.

lkte~i~tionofthepolfiropicexponentn andworkof com-
pression.- Assumethefollowingconditionsforthesamplecalcula-
tion: pressure~tio, 15;adiabaticefficiency,77percent;initial
temperature,500”R. Thepathfollowedinthisexampleisthe
reverseofthatinthepreviousexample.

Enterthefourthquadrantat a valueof15on thevertical
pressue-ratioscaleandgoacrosstothe500°R initial-temperature
curveanddowntotheisentropicworkof compressionscale;the
valueobtainedis198horsepowerperpoundpersecond.Proceed
fromthisvalueoftheisentropicworkofcompressionup to amadia-
baticefficiencyof 77percent,whichisfoundby interpolating
betweentheconstant-efficiencycurves.Continueacrossfromthis
pointtotheactualworkof compression,whichis 256horsepowerper
poundpersecond.Continueacrossto the500°R initial-temprature
curveinthethirdquadrantandup to thefinal-temperaturescale,
whichresultsina finaltemperatureof 1235°R. Continueup to the
500°R initial-temperaturecurveinthesecondquadrantandacross
intothefirstquadranttoa pressureratioof 15. Thispointis
seentofallon the1.50polytropic-exponentcurve.
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Figure 5,–Graphical work chart for determining the

adiabatic efficiency for pressure ratios to 100 :
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