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Thispaperdescribesanadvancedsimulationstrategyinwhichacoupleof
steadystatehigh-fidelitythreedimensionanalysisofanenginecomponent,the
inlet andexhaustductaimedatdevelopingareliablesmartUAV capableof
highspeedcruise,takeoff,andallflightmodesthatappliestoaUAV.
Sincetheobjectofstudyinvolvesadvanceflightdynamicsitisessential

thattheintakeandexhaustsystem includingtheplenum chamberbedesigned
with maximum accuracythatfacilitategoodperformancecharacteristics.hence
the purposeofthisstudybeingtheanalysisofinletandexhaustductlosses
experienced in the ducts in question.The losses is then used to analyze
installedengine loss.
3-D CFD analysisisemployedtocalculatethepressurelossandshow the

flow characteristicsthrough theinletandexhaustsystem atdifferentflight
attitudes.inletandexhaustboundaryconditionsusedarethesameasthose
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usedinthedesignpointperformanceanalysisdoneatsealevelstaticcondition
andatcruisealtitudeof10000ft.
Designpointsimulationwasperformedbyacommercialprogram (GasTurb

9)tocalculatedesignandoffdesignperformanceofthecandidategasturbine
engine.
Simulationmethodsarenotonlycostlybutalsotimeconsuming.Superior

simulationandanalysismethodishencevitalandasshowninthisresearch
thatalternativemethodcanbeusedtodescribetheengineperformancewith
specific detail on the performance of the intake and exhaust so that
cost-effectiveandtimemanagementsimulationispresentforfuturedesigns.
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AdvancesinAerospaceindustryhavegrownanddevelopedsignificantlyover
the years. The competition and huge demand for reliable, cost effective,
technologically advanced Aircraftand components has placed pressure on the
industrytodeliverproductsquicklyandefficiently.
Computationalsimulationsarereplacingexperimentalresearchandconsequently

developmenttime and costare decreasing.The primary role ofcomputational
simulationintheengineandAirframedesignistominimizetime,costthroughthe
use oftheoreticalanalysis.Additionaladvantages ofcomputationalsimulations
includethepossibilitytomakedesigntrade-offsbeforecomponentmanufactureand
offerlessriskofmalfunctioningcomponents.
In CFD advancedflow visualizationispossibleonethatisnotpossibleduring

hardwaretesting.HoweverthoughCFD iscosteffectiveandtimeisshorttobe
skillfulin itsuse.Itistimeconsuming and takesvastamountsofcomputer
memory,power.Theperformancereliabilityof3-D simulationisdependentonthe
effectsofthecomponentsupstream anddownstream atthatstation.
Inthisresearchafullyintegratedcommercialprogram GASTURB9isusedto

obtaindesignpointdatausedforoutletboundaryconditionandcalculationdoneat
ISA standardusedforinletconditionsboundary.CFD program isthenusedfor
gridgenerationandperform flow analysistheCFD outputresultsinclude-pressure,
temperature mass flow (calculated)inletmomentum drag atdifferentreference
pointswithinthemodelsimulated.
Bothfreestream flow simulationandvectoredsimulationsay ∘angleofattack

wasperformedatmaximum flightaltitudeandduringtake-off.
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Thispaperdescribesamethodinwhichhigh-fidelity3-D analysisofanengine
componenttheintakeandexhaustwasanalyzedforlossesthatwerelaterusedin
theanalysisofengineinstalledlossperformance.
The research aims to provide the readerand the industry with a detailed

explanation on how components loss analysis may be performed using CFD
program amethodthatmaybeadoptedattheindustryleveltoreducebothcost
andtimerequiredtoanalyzeagivencomponent.
Thestudyanalyzestheeffectonpressurerecoveryforboththestraightand

levelflight(Freestream)conditionandforthedistortedcaseasintakeoffflight.
Thefollowing parameterswereusedduring theinitialCFD analysisaltitude

(sealevel)～10,000ft(3048m)Mach0～0.4.
Thedistortioncaseincludethefollowingflightconditionparameterwhichhave

been chosen in ordertoreproduceatypicalflightfreestream flightMach 0.4
altitude3048m ∘angleofattackMach0.4altitude0.
During the research CFD was used as a means oftesting the data and

providingtheuserwithvisualanalysisoftheprogressmadeinthelossanalysis.
ItisthroughCFD analysisthatphenomenasuchasflow separationanddistortion
canberealizedandwherenecessarycorrected.
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Thechosenenginedesignpointanalysisisperformedinorderthatpreliminary
boundaryconditionsaregotandusedinCFD program.Thedesignpointanalysis
inthisstudywasperformedbytheuseofacommercialprogram GASTURB 9
howeverthoughdatafrom theenginemanufacturermaybeusedifavailable.
Thisstudyhencefocusesontheanalysisofinletloss,flow distortionandon

thepressurerecovery ofaUAV (Unmanned AerialVehicle)inletand exhaust
ducts developed by Korea Aerospace Research Industry K.A.R.I.togetherwith
installedenginelossincurredasaresultofusingthisducts.
Takeoff;engineperformancedataandconditionwhoseparametersarestated

andoutlinedinthepreviouschapterswereusedthroughoutthisstudy.
Theengineoperatingcondition,powersettingandflightconditionareselected

andsteadystatesimulationperformedusingGASTURB9togenerateaninitialset
ofinletandoutletboundarycondition.
Uponconvergence,thedatacanbeusedwithappropriatefunctionsformore

accurate,estimateofthecomponentperformancethefullydefinedcharacteristics
replacesthedefaultdata.Theseboundaryconditionsdefinetheboundaryconditions
usedinthe3-D model.Theinputandoutputparameterscanbesummarizedin
steps.
Figure1 below illustratesthekey stagesthatwasused to derivevarious

boundaryinputcondition.
TheFigure2 below showstheschematicarrangementofinlet,engineand

exhaustductassemblyusedinthisresearchwithplenum chamberfittingonthe
sideintakeoftheenginespecifiedPrattandWhitneyturboshaftenginePW206C
engine.
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Althoughsimulationonintakeandexhausthasbeendoneforyearsliketheuse
ofNumericalpropulsionsystem simulation(NPSS)developedbyNASA,industry,
governmentagenciesanduniversitiestocreateanadvancedcompletesimulation
system toperform detailedfullenginesimulations.
Analysis using CFD method is a relatively new idea that's stillunder

developmentforuseinaeronauticalvehiclepropulsionsystem.
JohnK Lytlediscussedadetailedoverview ofNPSS codein1999andstated

thatextensionofthesimulationcapabilityfrom individualenginecomponentstothe
fullsystem achieves a reduced numberofhardware builds and tests during
advancedpropulsionsystem developmentbyprovidingtheuserwithavirtualwind
tunnel.
Forexample,the integration ofthermaleffects especially heattransferare

important in transient performance simulation. Lytle examined the physical
processes within a gas turbine engine and acknowledged thatthese modeling
techniques must include component integration to capture interactions,
multidisciplinary coupling to capture the key physicalprocesses,and variable
complexityanalysistocapturethekeyphysicalprocesses,andvariablecomplexity
analysistominimize thetimetosolution.
WithintheNPSScodeobjectives,fallseveralcivilaviationrequirements.This

revitalization includesreduction in aerospaceproductsdevelopmenttime,aircraft
accidentsrate,traveltimenoiseandemissionsownershipcost.
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Theinletofandaircraftstructureisthemostforwardpartofthenacelleitis
throughtheintake,thatthegasturbineissuppliedwithahighqualityflow ofair
from theatmosphere.Theairintheatmosphereatadistancefaraheadofthe
aircraftisfrom anundisturbedcondition,upstream infinityastheaircraftmoves
towardsthisairthequantity,theairisdividedintotwostreams.
Thefirststream,internalflow isthatwhichpassesthroughtheintakeandis

requiredtoreachtheenginefacewithoptimum pressureandflow uniformity,thus
maximizing performance and stability of engine operation. This flow is
characterizedby massflow rate,pressurerecovery,distortion,angularflow and
stability.
Theexternalflow hasagreatinfluenceonaircraftaerodynamicsandeffects

mustbedeterminedandanalyzedduringdesignstages.Internalflow isparticularly
characterizedbymassflow rate,pressurerecovery,distortion,flow stability.The
intakehas additionaltask ofdecelerating theflow to a pointwhereoptimum
performanceisrealizedwithoutformationofshockwaves.
Theuppercross-sectionoftheintakegeometryisdepictedonFigure3below

describedasfollows:
￭ Cowl:The exterior curve thatcovers the inner section ofthe intake
successfuldesign preventsflow separation atlow massflow rate& high
angleofattack.

￭ Crest:Thepartoftheexteriorcurvealsocalledthelip.
￭ Throat:Thepartoftheinteriorcurveatwhichtheinternalradiusisthe
minimum.

￭ Diffuser:Theinteriorcurvethatreachesfrom theliptothecompressorface.
Byincreasingtheareaoftheintakealongthelengthofthediffusertheflow
speedislimitedtoavaluethatpreventscompressorstall.
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￭ Lip:Thepartoftheinteriorthatreachesfrom thehighlighttothethroatit
preventsseparationinsidetheintakethatcanstallthecompressor.

Theabovefigureshowsastandardsubsoniccross-sectionofanintakeduct
withgeometrynamingasusedinaerospace.

Thepurposeofadiffuseristorecoverorincreasethestaticpressure.The
recoveryofpressurerealizedbyadiffuserifpredictedbyaco-efficient

.

p
1

p
C

q
∆∆∆∆====

Eqn.1

1q =Inletdynamicpressure
p∆∆∆∆ =Increaseinstaticpressurethroughdiffuser
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Screensareoftenusedingas-turbineintakeductingtokeepforeignobjectsout.
The pressure loss across a screen placed normalto the flow is given by

co-efficient sK .

s

p
K

q
∆∆∆∆==== Eqn.2

p∆∆∆∆ =Pressurelossacrossscreen
 =dynamicpressurebasedontheaveragevelocityinplaneofthescreen.

Thisco-efficientisdependentonReynoldsnumberandscreensolidityS
Where

blocked ...A rea
s

T otal ..cross sec tion a l ..A rea
==== Eqn.3

Atagivenstation,massflow rate

m V Aρρρρ==== Eqn.4
ρρρρ =density
V=velocity
A =cross-sectionalArea

Asintakeductsarehighlydependentonmassflow rateitisvitalthatduring
developmentofductthatthe mass flow rate is calculated with the highest
accuracy.
Itisimportantthattheinternalmassflow ratedoesnotreachspeedsatwhich

compressorstalloccurstheintakehenceshouldactasacompressortoreducethe
airrelativespeedandincreasethestaticpressure.
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Forexampleattakeoffthestaticpressureatthecompressorface(Intake
Outlet)dropsandtheairisacceleratedintotheintakethroughsuction.Although
pressurelossisquantifiedintermsoftotalpressuretheterm pressurerecoveryis
taken asthelossin totalpressurebetween theintakeoutletand freestream
values.Pressurerecoverycanbepredictedandanalyzed.thatoccurswhenpressure
acrosstheintakefallsduetolossesintheflow.
Lossesoccurinboundarylayerregionsofflow separation.thepressurerecovery

ofanintakedependsonseveralfactorsincludingintakegeometry,aircraftspeed,
enginedemandsandaircraftmaneuvers.Itisameasure of efficiencyandisvalid
atallflightspeeds.

The definition ofmass flow rate is taken by considering a given area A
(EffectiveAreaofIntake)iftheareaisorientedintheflow fieldfigure4below.
ThevelocityV acrosstheareaistakentobeuniform,andthefluidelements

with this velocity thatpass through area A are considered in time dt after
crossing A,theelementshavemovedadistance Vdt andhavesweptoutthe
shadedareashown(Figurebelow).
ThevolumeisequaltothebaseareaA,multipliedbytheheightofthecylinder

nV dt.Where nV isthecomponentofvelocitynormaltoA.

i.e. Volume= n(V dt )A Eqn.5

Themassinsidetheshadedareaistherefore

Mass= n(V dt )Aρρρρ Eqn.6
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ThisisthemassthathassweptpastA intime dt . bydefinition,themass
flow ratethroughA isthemasscrossingareaA persecond.
Denotingmassflow rateasM

n( V d t ) A
M

d t

ρρρρ==== Eqn.7

Gives:

nM V Aρρρρ==== Eqn.8

AsthevelocityV,acrossthegivenareaismadeupofx,y,andzcomponents
ofvelocity,ifthearea-planeisrotated,thentheactualvelocitynormaltothearea
isthenthecosinecomponentofthatvelocity.
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θθθθ

Thenew velocitythroughtheareaisthecosineoforiginalthenmassflow rate
becomes.

m V cos .Aθθθθ==== Eqn.9

Forexampleat 4o angleofattackduringtake-offflightsthecapturedmass
flow ratebecomes.

m V cos 4.A==== Eqn.10
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Sincepressurerecoveryisamostimportantperformanceparameterinintake
aerodynamics,analysisofthelossinsidetheintakeastheairflow entersand
reachesthecompressorfaceisofvitalimportancetotellductperformance.
Thetotaltemperaturechangethroughtheintakeofandengineiszerobecause

thereisnoworkdoneontheinternalflow.Howeverthetotalpressurechange
varies due to pressure loss between the inlet and outlet of the intake is

characterizedbypressurerecovery
0 1

a

P

P .WherePisthetotalpressureand(01)

and(a)arethestationsnumbersrespectively.Atsubsonicflightsthelossesdueto
pressure aretheonlylossesandcanberelatedtothetwomostcommonlyused

waysofexpressing intakeefficiency areisentropicefficiency, iηηηη andtheram

efficiency rηηηη (intermsofpressurerise).
ForMachnumberslessthan1thevalueofrecoveryisequatedtoisentropic

efficiency iηηηη definedasthefractionoftheinletdynamicPressureequatedas

2 101
i a

a

P 1
PR F [ 1 M ]

P 2

γγγγ
γγγγγγγγηηηη −−−−−−−−= = −= = −= = −= = −

Eqn.11

Ram efficiencydefinedas

01 a 1
r

0 a a

p p
( )

p p

ϒϒϒϒ
ϒϒϒϒηηηη −−−−−−−−====

−−−− Eqn.12

Intermsoftotalpressure
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a 0 a 01

0 a 0 a

P P P

P P

∆ −∆ −∆ −∆ −
====

Eqn.13

and

2
0 a a a

1
P P ( 1 M )

2
γγγγ −−−−= += += += + Eqn.14

Inlettotal% pressureloss

0 0a a
r

0a 0a

P P P
100* ( 1 )*

P P
ηηηη∆ −∆ −∆ −∆ −

= −= −= −= −
Eqn.15

Equation12below describesthemassflow ratiointermsofcrosssectional
arearatiowhenthisratioissmallthereisriskofspillagedrag.
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Themassflow ratiodescribesthebehaviorofanintakeforagivenoff-design
condition.It affects is affected by power setting and Aircraft speed.Thus
decreasesaspowersetting orAircraftspeeddecrease.Themassflow ratiois
determinedas:

0

A
m

A
∞∞∞∞====

Eqn.16

Where A∞∞∞∞ =Cross-sectionalareaataninfinitedistancefrom theintake.

0A =Cross-sectionalareaofintakeduct.

Distortion is determined atthe compressor face.Itis a measure ofthe
non-uniformity oftheAirflow asitreachesthecompressorentry partofthe
engine.
Thesourcesofinletflow distortionincludeflow separation,ingestionofAircraft

vortices(crosswindsstallandmaneuversassideslip)lipflow separationdueto
highangleofattack.
Inseparatedflow conditionsintakedistortioncanbehighlyturbulentandhave

eddysiegeslargeenoughtocontributetounevendistributionoftotalpressureat
theenginefacethatmayleadtocompressorsurgeandperformanceloss.
Oneportionoftheflow mayhaveahighervelocityorhigherpressurethanthe

othercausingswirlingflow orsomesectionoftheboundarylayermaybethicker
becauseoftheintakeshape.
This changing flow can cause flow separation in the compressor cause

structuraldamageofblades.A goodintakedesignwillsmoothoutflow havehigh
pressurerecovery,low spillagedragandlow distortion.Localvelocityvariations
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maybeinterpretedaslocalvariationsinangleofattackofthecompressorface
flow.
Anoftenusedmeasureofflow qualityorflow distortionisgivenbydistortion

parameter.

f sec tor

f

P P
DC

q
θθθθ

θθθθ

−−−−
====

Eqn.17

fP =overallmeantotalpressure

Pθθθθ =meantotalpressureinsector

fq =engineinletisentropicpressure



- 16 -

Theengineofchoicein thisstudy isthePW206C turboshaftenginefrom
PrattandWhitneyCanadaitsuseinthedevelopmentofunmannedArielvehicle
(UAV)byK.A.R.Ihasledtothisresearchandanalysistoensuresuccessfulusein
aUAV system.

It is a free-turbine turbo shaftengine thatcomprises a single stage
centrifugalcompressordrivenbyasingle-stageturbineandasinglefreeturbine
driving the output shaft through a front-mounted reduction gear box with
aluminum inletandgearboxcasing.
Thisengineisforward facing with sideintakethatrequirestheuseofa

plenum chambertodeliverairontothecompressorface.
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GasgeneratorRPM 65% ～ 100%

Altitude(ft) 0～ 15000

FlightMachNo 0～ 0.4

Table2showstheperformancecharacteristics(defaultdata)withnointakeor
exhaustpressureloss.

Atmospheric
condition

SeaLevelStatic
Standard

Alt.=10000ft,Static
Standard

Massflow ratelbm/s 4.418 3.307

Fuelflow ratelbm/ 0.087 0.0724

Compressorpressureratio 7.912 9.82

Turbineinlettemp 2258 2388

SFC(lbm/hphr) 0.556 0.5260

Shafthorsepower 560.8 496.0

Thistable2representsestimatedperformancedataasgivebythemanufacturer.

A commercialdesignandoffdesignpointsimulationprogram GASTURB9was
usedtoperform preliminarydesignpointsimulation.Inputdataincludesboththe
default,design pointdatathatareoptional,off-design flightcondition datafor
examplevaryingaltitudeorMachnumber.
Forpurposesofthisresearch,thedesignpointdataincludesdefaultvaluesfor
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theindividualcomponentperformancecharacteristicsinsidetheengineandbased
onenginedataavailabletothepublicdomainTable2.
Thedesignpointdataismatchedwiththetake-offdatausingGASTURB9in

ordertogettheoutputdatatoobtaincorrecttake-offnetthrustandTET.

Thesoftwareistheexecutablefileform ofaninteractiveFORTRAN program
forthedesignandanalysisofgasturbineengineandpropulsionsystem itisa
PC/DOS program thatanalyzetheoperation ofauserspecified system having
severalinputparametersvalue,efficiencies,low andhigh,limitersofthefollowing:

n Compressor
n Turbine
n Diffuser
n Nozzle
n Machnumber
n Ambientconditions

Having theseinputstheprogram calculatesboth thedesign and offdesign
points ofthe engine using scaled components maps factorofknown engines
howeverspecificmapsmayalsobeusedifinputtedintheappropriateformat.

Thisisaprogram suppliedbytheenginemanufacturerthatgivestheengine
operatingpointparametersatdifferentflightandaltitudeconditions.
Itworksbygivingcommandoftheinputfiledatanameandacorresponding

outputdatafileisdevelopedby theprogram showing manufacturersspecified
valueoftheenginestateatdifferentoperatingconditions.
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CFD toolGEOM wasusedtomodeltheductandtogeneratebothsurfaceand
volumegrid.Theinitialgeometry datawaskindly offeredby KARIwherethe
coordinatespointsreceivedwasmappedintothex,yandzaxestoform a3
dimensionalcontinuousedge.
Oncetheintakegeometryismodeledtheprocessofgridgenerationstarts.
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Gridgenerationstartswhichinvolvesformationofgridnodepoints,surfaces,
loopsandtrimsdomain forvolumemesh asseen on figure10and 11above.
Structured grid waschosen forthisresearch asithasthehighestdegreeof
accuracyalthoughtakesmoresimulationtime.CFDsimulationisstronglylinkedto
thequalityofthemeshwithinthegrid.
A morerefinedMeshisabletoreducelosseswhereasacoarseduetohigh

frictionlossco-efficient.Tetrahedralvolumemeshwasusedthatproduced61034
elements.
AsaircraftinternalintakesurfacerequirearefinedandsmoothsurfaceReynolds

Navier-strokes(RANS)togetherwithwallfunctionsstandard k− ∈− ∈− ∈− ∈ modelandKato
launder k− ∈− ∈− ∈− ∈ modelwereusedasawayoftryingtoreducefrictioncoefficient.
ThecompletemeshedmodelistheimportedintoCFDsolver(ace)andthefinal

stageinthemeshing processincludetheadditionofboundarylayersalong the
surfaceofthegeometrytocreateinletsandoutletstheseboundaryconditionsare
illustratedbelow onTable3 andincludepressureinletandoutlets.
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Flightaltitude,flightMachnumberaregivenonTable1aboveTET obtained
from designpointsimulationandISA conditionsarecalculated.

Far-field AmbientStatic
Pressure Pressure Density

Inlet StaticPressure Massflow rate Temperature

OutletNozzle TotalPressure StaticPressure Temperature

Foraltitudesbelow 11000ftthen

IS A ,a m b

a lt
T 2 8 8 .1 5 K 6 .5 *

1 0 0 0 m
= −= −= −= − Eqn.18

Ambientpressureatthisaltitudeisfoundby

5.25588
am b

0.0225577 * alt
p 101.325 kPa * ( 1 )

1000 m
= −= −= −= − Eqn.19
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Thevelocityofsounddependsonstatictemperatureandgas

p
sonic am b

p

c
V * R * T

c R
====

−−−− Eqn.20

Theflightvelocityandtotaltemperature

0 0 sonicV M * V==== Eqn.21

Iscalculatedfrom thetotalenthalpy

2
0

0 amb

V
H h( T )

2
= += += += + Eqn.22

From ambientpressurewecanobtainthevalueofinletpressureas

am b) ( T )
0 am bP P * e 0000ψ ( Τ − ψψ ( Τ − ψψ ( Τ − ψψ ( Τ − ψ==== Eqn.23

Altitude

 (ft)

Temperature 

(K)

Pressure 

(Pa)

Density 

(Kg/m^3)

Sonic Vel. 

(m/s)

Viscosity 

(m^2/s)

10000 268.67 70121 0.909 328.58 1.86*10^-5

Thisrepresentstheenvironmentalconditionatanaltitudeof10000basedon
internationalstandardatmosphere(ISA)calculation.
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Computationalfluiddynamicsisanumericaltoolforsimulatingthecomplicated
fluidflow,heattransferandchemicalreactions.
Thistoolhasbeen gaining popularity in recentyearsdueto a numberof

factors.Dramaticincreaseincomputerpoweravailablenow inhomesteaddueto
low prices.Each new generation ofcomputerhardwarecontinuetohavemore
speedandmorememoryatlow cost.
Theimprovementsinthephysicsandsubmodelsthatareavailabletouseritis

possible to modelcompressible and incompressible,viscous and non-viscous,
laminarandturbulent,highandlow pressure,reactingandnon-reacting,multiphase
andothertypesofflow.
CFDmodelingcanbeusedtodramaticallyreducethecycletimesfordeveloping

new productsbyrapidsimulationandawiderangeofconfigurationswhichwould
bebothtime-consumingandexpensivetomakeaprototype.CFD modelingcan
alsobeusedtoscale-uplaboratoryorfieldresultsfrom onespecificapplicationto
anothertypeofapplication.
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Theequationsthatgovernfluidflow arebasedonthreeconservationlaws:
-Masswhichisexpressedthroughacontinuityequation
-Momentum,whichisexpressedthroughaform ofNewton'ssecondlaw
-Energywhichisexpressedthroughthefirstlaw ofthermodynamics

The fundamentalequations,need to be combined with otherequations that
establishrelationshipbetweenvariousfluidpropertiesinordertoclosethesystem
ofequations.
CFD solver,GEOM Solver,ConservationequationsforMassandMomentum for

allflowsinthecaseofflow involvingheattransferofcompressibilityanadditional
equationforenergyissolvedthendependingontheflows,moreequationscanbe
solved.

Theequationforconservationofmassorcontinuityequation,canbewrittenas

i m
i

( u ) S
x

ρρρρ ρρρρ∂ ∂∂ ∂∂ ∂∂ ∂+ =+ =+ =+ =
∂ ∂∂ ∂∂ ∂∂ ∂ Eqn.24

Where ρρρρ=densityand iU =velocityinxdirection.
Thisisthegeneralform ofcontinuityequationandisvalidforincompressible

flow aswellascompressibleflows.

Thesource mS isthemassaddedtothecontinuousphasefrom thedispersed
second phase (e.g.due to vaporization ofliquid droplets)orany user-defined
sources.
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Newton'ssecondlaw statesthattherateofchangeofmomentum ofafluid
particlecorrespondstothesum oftheforcesontheparticles.
Twotypesofforcersonfluidparticlesaredistinguished.Thesurfaceforces

pressureforcesandviscousforces.
ThebodyforcesgravityforceCoriolisforcesandelectromagneticforce.
A normalstressisnotedby ρρρρ andtheviscousstressesarenotedby ττττ body

forcesareincludedbyusingasourceterm miS of i-momentum pervolumeper
unitoftime.
InCartesianco-ordinates,themomentum equationcanbewrittenas

yx zxx x
m x

( p )D u
S

D t x y z

ττττ ττττττττρρρρ
∂∂∂∂ ∂∂∂∂∂ − +∂ − +∂ − +∂ − +

= + + += + + += + + += + + +
∂ ∂ ∂∂ ∂ ∂∂ ∂ ∂∂ ∂ ∂ Eqn.25

x y yy zy zx
m y

( p )D v
S

D t x y y z

τ τ ττ τ ττ τ ττ τ τ ττττρρρρ
∂ ∂ − + ∂∂ ∂ − + ∂∂ ∂ − + ∂∂ ∂ − + ∂ ∂∂∂∂

= + + + += + + + += + + + += + + + +
∂ ∂ ∂ ∂∂ ∂ ∂ ∂∂ ∂ ∂ ∂∂ ∂ ∂ ∂ Eqn.26

y zx z z z
m z

( p )D w
S

D t x y z

τττττ ττ ττ ττ τ
ρρρρ

∂∂∂∂∂ ∂ − +∂ ∂ − +∂ ∂ − +∂ ∂ − +
= + + += + + += + + += + + +

∂ ∂ ∂∂ ∂ ∂∂ ∂ ∂∂ ∂ ∂ Eqn.27

Where ρρρρ=density u=velocity, p=normalstress, T=viscous stress and mS

=sourcemass

Compressibleflowsorincompressibleflowswhereheattransferoccursrequire
theuseofanenergyequation.
Thebasisofitcomesfrom thefirstlaw ofthermodynamics.whereInCartesian

co-ordinatestheenergyequationcanbewrittenas
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2 2
2 2

2 2
p p

T T T k T T u v u v
u v { } [ 2( ) 2( ) ( )]

t x y C x y C x y y x
µµµµ

ρ ρρ ρρ ρρ ρ
∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂+ + = + − + + ++ + = + − + + ++ + = + − + + ++ + = + − + + +
∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ Eqn.28

Where T=temperature,k=thermalconducting, pC =specific heat capacity at

constantpressure,ρρρρ=densityu=velocityandv=velocity
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Inletthroataream 2̂ 0.027

Exitaream 2̂ 0.148

Consideracruisespeedofmach0.4(131m/s)atanaltitudeof10000ftthen
from Table5above.
Thethroatvelocity is141m/sand exit26.39m/sreferto simulation results

Table8below.

U A
m

ρρρρ•••• ==== (throat)=3.555Lb/s

(exit) = 3.555Lb/s
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New Designpointsimulation converges withtheEEPP dataat10000ftMach
0offdesignsimulationisdonetogetTET as1549.99R Figure13howeveroff
designperformancedoneat10000ftatMachnumber0.4maximum continuousstate
withTET=1538.11RisusedFigure14.
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Atmosphericcondition SeaLevel
Static,STD

Altitude=10000ft
Static,STD

Altitude=10000ft
Mach0.4,STD

Massflow rate(lbm/s) 4.418 3.307 3.555
Fuelflow rate(lbm/s) 0.087 0.0724 0.07737

Compressorpressureratio 7.912 9.82 9.469

Turbineinlettemperature 2258 2388 2397.94

SFC(lbm/hphr) 0.5560 0.5260 0.4976

Shafthorsepower 560.8 496.0 559.7
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Parameter Station(1) Station(2) Ambientconditions
Pressure(psia0 10.106 10.337 10.170
Massflow rate(lb/s) 3.555 3.555 -
Density(kg/m3) 0.909 0.909 0.909
Temperature(R) 483.01 1538.11 483.66

SteadystateGASTURB 9simulationprovidestheoutputsasseenoniteration

one 1P, 1T and 2P areenteredasboundaryconditionsintothe3-D CFD model
where(1)and(2)indicatethestationnumberTable7Table6representsEEPP
designpoint.
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ThefigureaboveshowstheCFDacetoolwiththeinletfacedefined.Thethree
boundaryconditionsforeachsimulationaresetasfollowsthefollowingexample
aboveshowstheset-updoneat cruiseconditionof Mach0.4 ataltitude10000ft.

Farfieldpressureinlet-P,initialpressure 1P ,andtotaltemperature 1T ,mass
flow rateperpatchwassetasconstant.

inlet engine exhaustm m m
• • •• • •• • •• • •= == == == =

Eqn.29

Thisisinaccordancetoconservationofmass Eqn 24abovefarfieldoutlet

consistsofpressure 2P ,totaltemperature 2T .
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Simulationisrunanditerationsiscarefullyobservedforpressure,velocityand
othervariablebehaviorwithintheducts.Aswecanseebelow Figure17.Thereis
aslightdecreaseinpressureandothervariablebetweeniteration0~800.thisisan
expectedtrendastheductbeinginvestigatedconsistsofadiffusersection.

OncesimulationisfinisheddataextractionbeginsusingCFD view toolwhere
respective values ofpressure,temperature,Mach numbercan be seen forthe
selectedstation.
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Parameter Inlet Outlet

Density(Kg/m3) 0.957 0.9916

MachNo. 0.435 0.316

Pressure(Pa) 70119.68 68506.263

Temperature(K) 268.0 270.28

VelocityU(m/s) 141 26.39

Boundaryconditionsandpressurelossatmach0.1ie1.05%.

CruiseSpeed(MachNo.) 0.1 0.2 0.3 0.4
MassFlow Rate(lb/s) 3.555 3.555 3.555 3.555
CFDInputpressure(Pa) 70119.68 71650.32 74173.8 77807.34
Outputpressure(Pa) 68506.263 70417.93 73320.80 76990.36
pressureloss(%) 1.05 1.15 1.72 2.3

01 a

01

P P
* 100

P

−−−−
Eqn.30

Pressurelossis
70119.68 68506.263

* 100 2.300%
70119.68

−−−− ==== Eqn.31
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According to theresultspressurelossisexperienced with increasing mach
number.

AspreviouslymentionedintheabstractCFD hasadvantagesofbeingableto
analyzeandseefactorslikeflow field,pressureandtemperaturedistributionwithin
themodel.
Thefollowing diagram representsthegraphicaloutputofthesimulation that

wasperformedatmach0.410000ftfreestream and 4oangleofattack.
Pressurebuild up represented in red and pink colorsisrealized,along the

stagnationpointsaroundtheelbow interfaceplaneandtheplenum chamber.
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Thisshowspressuredistributionwithintheductareaswithredandpinkare
pressurestagnationpoints.

Ambienttemperature is an inputboundary condition parameterthataffects
performancebycontrollingTIT turbineinlettemperature.
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Thisfigureshowsthepressuredistortion attheinterfaceplaneoftheduct
whereflow enterstheplenum chambertothecompressorfaceFigure23.
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Theexhaustductistheendcomponentthatintroducestheexhaustgassesinto
theatmospherejustliketheintakeductitsdesignisofvitalimportancetorealize
optimum performance.
Thepurposeofexhaustednozzleistoincreasethevelocityoftheexhausted

gassesbeforedischargeandalsotocollectandstraightenthegasflow.
Thepressurerationacrossthenozzlecontrolstheexpansionprocessandthe

maximum thrustforagivenengineisobtainedwhen theexitpressure ep is

equaltheambientpressure 0p .
Thefunctionofthenozzlemaybesummarizedbythefollowing
- Acceleratetheflow toahighvelocity withminimum totalpressure loss
- Matchexitandatmosphericpressure
- Allow coolingofwallsif necessary
- Mixcoreandby-passstreams
- Doalltheabovewithminimum cost,weight,andboat-taildrag,while

meetinglifeandreliabilitygoals
Convergentnozzlesarethemostusedforsubsonicaircraftwherethenozzle

pressureration te

0

p
p ismostlylessthan4.

Thethroatofanozzleisoneofthemainmeansavailabletocontrolthethrust
andfuelconsumptioncharacteristicsoftheexistingengines.
Inpreliminaryenginecycleanalysis,theselectionofthespecificvaluesforthe
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enginedesignparametersandthedesignmassflow ratefixesthethroatareaof
thenozzle.
Attimesitisnecessarytochangetheoffdesignoperationoftheenginein

onlyafew operatingregionsandvariationofthethroatareaoftheexhaustnozzle
mayprovidethenecessarychangesatreducedenginecorrectedmassflow rates
(normallycorrespondingtoreducedthrottlesetting)steadystateoperationcloseto
thestallandsurgelineisnotdesirablesincetransientoperationmaycausethe
compressortostallorsurge.
Theoperatinglinecanbemovedawayfrom thestallorsurgebyincreasing

thenozzlethroatarea.hencereducingtheenginebackpressureandincreasethe
correctedmassflow ratethroughthecompressor.
Thestudy oftheexhaustsystem looksattheanalysisofhigh temperature

internalflow oftheexhaustsystem oftheUAV.Its complicatedflow patternof
thegastemperatureintheinternalsystem oftheductisanalyzedusingCFD tool
whereboththeoutputresultsandappropriateformulasareusedtodeterminethe
lossincurredinthisdesignofduct.
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Theprocessofgridgenerationismorelikethatfortheintakeductstructured
gridwasusedwithabout20000elements.Twosetsofinletboundaryconditions
wereusedthecorehotductandcoolingairduct.
Thecoreinletreceiveshotgassesat868.86K (TET)projectedat160m/sand

totalinletmassflow rate(3.555Lb/s)thatremainsconstantfollowingconservation
ofmasslaw andthrough componentsmatching.
The boundary conditions used for exhaust duct include off-design point

simulationresultvaluesof 2T and 2P ,massflow from engineturbineoutlet.
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Thisfigureaboverepresentsmissionanalysisresultsdoneat10000ftandmach
number0.4.Itisatthisstatethatmaximum continuousturbineexittemperature
(TET)isrealizedandthecoolingstream isatitsmaximum flow.

Hotgasinlet Inlet Outlet

Temperature(K) 868.86 626.8

Massflow rate(Lb/s) 3.555 Bothexit3.981

Pressure(Pa) 71271.1 70202.33

Thedifferenceinmassflow rateattheoutletisduetocoolingairfrom outside
ofabout0.4466kg/sbeingthereasonfortemperaturedecreaseto626.8(K).

% pressurelosshencemaybecalculatedas
0 1 a

01

P P
* 100

P

−−−−
Eqn.32

SubstitutingvalueonTable9 Loss=1.499%
PressuredistributionintheexhaustductcanbeseenonFigure42AppendixB.
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Performance targets are usually stipulated as un-installed,with the engine
performance quoted from the engine intake flange to the engine exhaustor
propellingnozzleflange.
Ifperformancetargetsareinstalledtheninstallationeffectssuchastheones

below areconsidered.
-Intakepressureloss
-Jetpipepressureloss
-Accessorypowerrequirements
-Bleedofftake
-Shaftpoweroutput
-Specificfuelconsumption(SFC)

Thestudybeginsbyfirstperformingoutthedesignandoff-designperformance
analysisofthePW206C engineatwhichpointworkandmassflow withinthe
enginecomponentsareiteratedandconverged.
Sincetheperformanceisdoneusingacommercialprogram (GASTURB 9)the

accuracy and closenessoftheoutputdata mustbeverified.Thisisdoneby
referring and comparing data with those from the manufactures deck EEPP
program providedbythemanufacturertoengineowners.
From the simulation the engine converged ata design pointperformed at

10000ft,Mach0.4.
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Plots of the engine thrust,thrust specific fuel consumption and engine
mass-flow rateand flightMach numberand altitudeareusualwaysthatthe
Un-installedengineperformanceinpresented.

1.Pressurelossatinletandexhaustductwereignored
2.Bleedairandaccessorygearboxpowerextractionswerenotconsidered

Threevariationswereconsideredduringthisanalysis.

Gasgeneratorrpm (%) 60 70 80 90 100
Altitude(ft) 5000 10000 15000 - -
Machnumber 0 0.1 0.2 0.3 0.4

Simulated valuesofmassflow rate,fuelflow rate,shafthorsepowerwas
plottedagainstvariationsonTable11abovecomparedtorespectivevaluesgot
from theEEPP.
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Theshaftpowerreducesgraduallyasthealtitudeincreasestowards15000ftthe
trendisobservedinbothvaluegotfrom EEPP andGasturb9thisdatawere
obtainedasaresultofchangingthealtitudeatdesignpointinbetween0~15000ft
and getting the corresponding shafthorse power atmach 0.4,100%RPM of
generatorspeed.
TheFigure27below showsvariation ofmachnumberfollowing thesimilar

procedurewheremachnumberwasvariedatanintervalof0.1between0~0.4at
an altitudeof10000ft,carriedoutat1000ftgasgeneratorspeedof60% was
maintained.

Corresponding valuesofshaftpowerwasnotedandplottedvaluesfrom the
EEPPprogram wasusedasapointofcomparison.Asthemachnumberincrease
thenshafthorsepowerincreases.Shafthorsepowerincreaseswithincreasinggas
generatorspoolspeed.inthiscasetheanalysiswasperformedatsealevelstatic
condition,Machnumber0.4.seeFigure28.
Moregraphs offuelflow rate,massflow ratemaybefoundintheAppendix.
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A.

Installedlossasdescribedaboveconsidersseverallossfactorsinletandexhaust
lossanalysedinthisthesisusingCFDtooltogetherwithotherlossparametersare
collectivelyusedtodotheanalysis.
ThelossesconsideredareseenonTable12below.
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Lossparameter ECSOFF ECSMAX Un-Installed
Condition

Inletefficiency 1 0.9922 1

Inlettemperaturerise 5R 5R 0

Bleedairloss 0 5% 0

Powerextraction 5HP 7HP 0

Intakeloss 2.3% 2.3% 0

Exhaustloss 1.499% 1.499% 0

Thisassumptionsweremadeatenvironmentalconditionoffandenvironmental
condition atmaximum.Since the aircraftcabin needs to nature environmental
conditionthatarefriendlytohumansurvival airconditioningisnecessary bleed
airfrom theenginehencemaybeused.
The engine drives several peripheral devices necessary for good engine

performanceorstarting thisdevicesextractssomepowertorun andovercome
mechanicalinefficiencieslikefrictionandsoon.
Correspondingvaluesofshafthorsepowermassflow rateandfuelflow rate

wereplottedagainstmachnumber,gasgeneratorRPM andaltitudeatbothECSat
MAXandOFFandatun-installedconditions.

Gasgeneratorrpm (%) 60 70 80 90 100

Altitude(ft) 5000 10000 15000 - -

Machnumber 0 0.1 0.2 0.3 0.4
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Shafthorsepowerreduceswith increasing altitudetheirisaslightlossof
poweratECS max duetolossesincurredasaresultofpowerextractionand
changesinairdensity,hencemassflow ratebothMachnumberandGasgenerator
RPM weremaintainedat0.4and100% respectively.
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Variation ofmach numberfigure30abovewasdoneata design pointof
10000ft.Sinceincreaseinmachnumberincreasesthemassflow ratewerealize
powerincreasetowardsmach0.4itappliestoallthecaseswhereECSisoffand
atMAX althoughslightlossatECSmaxduetomechanicallossesandsoonat
gasgeneratorRPM of60%.
Figure31wasalsoperformedatSealevelstaticcondition andMachnumber

0.4wherechangeinRPM yieldedcorrespondingvalueofshafthorsepowerthat
were plotted against RPM between 60~100% .Shaft horse power increase
constantlyuntil100% RPM thatgivesshafthorsepowerofabout550ratedpower.
AsexpectedwhenECSisatmaxtheirisslightpowerlossduetotheseveral

reasonsnotedabove.
MoreperformancegrapharefoundintheAppendixB.
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CFD accuracy the associated errors thatarise from use ofcomputational
simulationtool aresimplebutnotnecessarilyqualifiable.Theprogrammerequires
theusertoinserttheknownconstantsandenginespecifications,butatnopointis
an actualphysicalgeometry specified.Therefore,even with changesofengine
specificationsrelativetotheengineofinterest,othereffectsduetoexteriorand
intakegeometryarenotconsidered.
Intheexampleusedinthispaper,thePW206Cengineusesanintakeductthat

isnotsymmetricalinthex-yplane,ie,theupperlipandlowerlipoftheintake
aredifferentsizeandshape.
CFD program hasnofunctiontoinputthisintothecode,agenericenginewith

intakelipsofequalsizeandshapeisassumedandthiswillleadtoaqualitative
errorintheflow calculationoftheingestedair.
itshoweververydifficulttoeliminatethiserrorastheactualflow differences

needsthatthegeometrybedefinedpriortosimulation.itisthereforeassumedthat
anerrorexists,butisnotquantifiedinthispaper.

Theuseanunstructuredgrid,forproductionofthemesh,automaticallyleadsto
reductioninaccuracyoftheCFD solver.thisisduetoanunstructuredgridmesh
notcapturingthegeometryexactlyandunfortunately ignoringsomeofthecurved
surfacesandhighlycomplexshapes.Itispossibletoincreasetheeffectivenessof
unstructured grids,by increasing the density by a large factor,butthis also
increasetherun-timeforeachsimulationofeachcondition.asmanysimulationare
neededforconvergenceandperformanceestimationsitisgoodpracticetomakea
compromisebetween accuracy andlengthofrun-time.Thereforeby choosing a
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fairlyhighdensity,unstructuredmeshcompromisemaybemade.Alternativelyuse
ofstructuredmesh thathasthesameeffectmaybedone.
Theturbulencemodelofchoicein thisexampleisthe k− ∈− ∈− ∈− ∈ modelwith a

turbulenceintensityof1% andturbulenceviscosityratioof1.ahigherordermodel
withhigherintensityratiomayhavebeenusedbutbecauseofachoicedominated
by timecriteriatheuseofthecurrentmodelisagainthecorrectcompromise,
betweenrun-time,convergenceandaccuracy.
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This paperdescribes a technology strategy foradvanced engine simulation
utilizingtheuseofcomputationalfluiddynamics.Itisthroughthistechniquesthat
componentperformancedatacanbeefficientlyandreliablysimulatedinawaythat
its flow field is visible in 3-D,pressure,temperature and other parameters
associated with fluid dynamics may be made cheaply,fasterand ata fairly
accuratemanner.
The work in this paper describes the accuracy of the CFD generated

performanceresultsstronglydependsonthequalityoftheCFD modelgeometry,
gridqualityanddefinitionofboundaryconditionsintheCFDsolver.
Theanalysisdescribedinnthispaperwascarriedoutatstraightandlevelwith

afixedTET settingwasmaintainedwhilsttheMachnumbervariedfrom 0～0.4
andaltitudefrom 0～10000ft forCFD simulationandslightlyhigherininstallation
lossanalysis.
A detailed comparison between the engine performance predicted by fixed

pressurerecovery valueandtheperformancesimulatedusingCFDgenerated duct
losseswereanalyzedandcomparedforvaryingaltitudes,MachnumberandGas
generatorspoolspeed.
Theresultspresentedinthispaperarefairlyaccurate regardlessofthevarious

sourcesoferrormentioned.ItmaybeconcludedthereforethattheuseofCFD to
analyseenginecomponentsis justified and moredetailed understanding ofthe
program mayfurtherimproveitsaccuracy.
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Massflow reducewithincreasingaltitudeduetochangeindensity.
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Fuelflow ratereduceswithincreasingaltitudeandfollowsthecontoursoftheresults
givenbyEEPP.

Both fuelflow are the same atthe design pointwhere mach numberis 0 the
differenceatmachnumber0.2and0.3maybeattributedtodifferenceinefficiencies.

Fuelflow rateincreasewithincreasingGasgeneratorspeed.
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Fuelflow increasesatECSMAXduetobleedairextraction.

Massflow increaseasitisafunctionofspeeddensityandarea.
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Gasgeneratorspeedincreasesfuelflow slightlywhereitthensettletolower
pointat100% maybelinkedtoincreaseinmechanicalloads.
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Althoughnotmuchincreasingmachnumberincreasesfuelflow tocompensate
fortheadditionworkdonebythecompressorinhandlingadditionalairmass
flow.

Representedhereshowstheintakeontheuppersurfaceandsideexhaustduct.
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