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ABSTRACT

DEVELOPMENT OF A CYCLE DESIGN SOFTWARE FOR TURBOSHAFT
ENGINES

Erk, Mert
M.S., Department of Mechanical Engineering

Supervisor: Prof. Dr. M. Haluk Aksel

SeptembeR015,98 pages

In this thesis a computersoftwarefor the cycle designof a turboshaft engine is
developed Firstly, a numericalair model was implemented arlde model of the
turboshaft to be used e simulation was selectedhe first requirementfor the
softwareis the capability of performing design point calculations and parametric
studies This feature,which is the initial part of an aircraft engine designwas
integrated intothe software At this point, to have a betterstimation ofthe
component performances, basic efficienestimation modules of compressor
combustor and turbines were developed and embeddethmtmde. After setting
the design point othe engingthe softwarecan give insight tothe designer about
operating atdifferent pointsfrom thedesign point in th@perating envelope of the
aircraft. In order to accomplisthe offdesign performance estimatiorthe map
scaling techniquavasused withthereference maps and matchingtloé components
of the designed turboshafivas programmed withthe Newton-Raphsoniteration
technique.In addition to the off-design performance estimationthe dynamic
behavior(transien} estimation modulef the softwarewas developed After all, a
GUI (Graphical User Interfaceyas constucted for the use of each pauds the

softwarei n a-fiuead!| yo Thermsults of theneodeere compared

\Y



with the engine performance data andthe commercially avdable program
i Gas T ur botdéroto donfirm thereliability of the softwareto perform
preliminary engine design studies.

Keywords Gas Turbine Model, Thermodynamic Matching Model, Turboshaft
Simulation, Inlet DistortionModel TurboshaftPreliminary Design
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TURBOKAFT MARTRRKNE VR KINSARIM YAZILIMI
GELKKkTKRKLMESK

Erk, Mert
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CHAPTER 1

INTRODUCTION

1.1 Gas Turbinesand Brayton Cycle

Gas turbine engines armhe engines that are widely employed iirceafts and
industrial plants.lt has three main parts which atee compressor, combustion
chamber and turbind.he most simplified versi@of gas turbines areirbojet and

turboshafts. Thechematiof a turboshafis given inFigurel.1.

POWER SECTION GAS GENERATOR SECTION
Output Power  Compressor Centrifugal Axial
Shaft  Turbines Turbine Compressor Compressor

£

Reduction Exhaust Combustion Inlet Accessory
Gearbox Duct Chamber Gearbox

Figure 1.1 - Simple turboshaft engine[1]

Basic operation beginsy increasinghe air pressuraising acompressotowardsthe
combustion chamberFuel is then injected into the high pressure air irthe
combustion chambewhere thecombustion process occurs. After combustion,
acquired high energy flow is converted into mechanical energy by expanding the
flow to alower pressuran a turbine This drained energy is used operate the

1



compressarThere is aremaining energyhat isobtainedwhen the fuel is more than
requiredto rotate onlythe compressarSince the main purpose of an engine is to
producemore power tharthe amount required just to rotdtee compressor, this a
must[2]. This remaining energy dhe flow is used to produce thrust by increasing
the air velocity in the nozzlelndustrial or helicopter applications differ at this point
since there is10 need for thrustin these casesn additional turbine extracts the
remaining energy ofhe flow and its shaft is connected the locationwhere the

mechanical powes required.

Gas turbine operatiencan be besmodeled bya Brayton cycle. The simplest
Brayton cycle approactuses theassumption ofin air-standard modednd givesan

idea abouthe fundamentabperationof this cycle.

1.1.1 Ideal Cycle

combustor
2 3

compressor

turbine

1* ‘-‘-‘-‘-H"‘-,rzl
I i
I 1
L] |
i [l
lq-----—————-;”# lIl,|-r.,". ---------- -
Q
3
p T
2 3
4
2
1 4 1
v s

Figure 1.2 - Air standard Brayton cycle[3]
The schematic representation of an standard cycle of turbojet engine and the

corresponding-v and T-s diagrams are given iRigure 1.2. Assumingthat there is

no bleed, ompressoand turbingpowerscan be founds|3]



@ a Q0 (1.2)
@ «a 4 Q0 (1.2)

where7 is the compressagoower, 7 is the turbinepower, | is the mass

flow rate of operating ga$, is the fuel flow rate ané is thetotal enthalpy of the
operating gasin addition, numbered subscripts denote the corresponding air stations

as seen ifrigurel.2.

Net totalpoweroutput for this type of gas turbine
[ [ [ (1.3)
where7 is the net totapoweroutput.

Combustion is modeled in this simple cycle with heat additionte@@mount of the

heat addition igiven by

0 & 0 Ow a a Q aQ (14)
where 0 is the heat addition rate at combustor whed "Ods the lower heating
value of the fuel.

The resulting efficiency othecycle can be defined as
- w T (15)

Furthermore, ifthe specific heats are assumed to be constant througheuatcle
(gas is calorifically and thermally perfecit) the air flow rate is assumed to be much
more tharthefuel flow rate andinally if thecompressor and turbine efficiencies are
assumed to be 100%he cycle efficiency can be written 3]

P

- P (1.6)
iRY%

whered'Y is the pressure ratio of the compressor[iglthe specific heat ratio

of the operating gas.



This formula can be represented in an efficieneysus pressure ratio graph as
shown inFigurel.3.

100
B0
¥ = 1.66

58
=60 ¥=14
&
=
2 A0
o
F
(V)

200

0 1 1 | 1 1 1 L1

=

2 4 b 8 10 12 14 16
Pressure ratio PR

Figure 1.3 - Efficiency versus pressureratio [2]

Another important parameter for a turboshaft engine is the specificdnstumption.
It is defined by the ratio of the fuel consumption of the engine over the delivered
shaft power. Specific fuel consumpti'Y’Qdcanbe expressed in formulation as

a
YO0 - 1.7
- (L7)

wherel is the fuel consumption of the turboshaft engine.

Moving on to actual cyclesather than ideal cyclesequires thediscussion and
explanations abougfficiency definitions forthe fundamental cmponents of gas

turbinesand pressurdosses.This enableshe understandingof the actual cycle
behavior.

1.1.2 Actual Cycle

In the actual cycles, there are sources of losses that degrade the performance of the
gas turbine engine. The irreversible process in compressors and turbines, the pressure
losses in the burnemd the ducts ar¢he examples of these losses. order to

understand the basics of these losses, it is required to investigate the gas turbine
components in detail.



1.1.2.1 Efficiencies of Compressvand Turbins

The ratio ofthe actualto theideal work transfes is the efficiency definition for any
machine The idealprocess in turbomachines isentropic since ttbomachines

essentially operat@ an adiabatic waf2].

Taking the stagnation properties into accourthe isentropic efficiencyfor a
compressors definedas

yQ
d 1.8
5 (18)

whereYE is the enthalpy change for ideal compression wheY"Quss the change in

enthalpy in actual compression.

For a perfect gas,

~

0 oY (1.9)

where A is the specific heat capacity ardis the temperature and subscript

denotes the total (stagnation) property of the working gas.

Because of the assumption ainstanfd , the Equation (18) can be rearranged by

usingair station numbersvhich aredefined inFigurel.2, as

Y ¥ (1.10)
- "Y "Y -
where4 denotes outlet temperatutederideal compressionin compressolnd
S is the isentropic compressor efficienchhe atual and ideal processes for

compressor can be shownTirs graphin Figurel.4.

T

Figure 1.4 - T-sdiagram for compressor[2]

5



Besidestheisentropicturbine efficiency is defined as

yQ 111
- o (111

wheres is the isentropic turbine efficiency.

It is thereciprocalof s given byEquation(1.8) since turbine operatedo absorb
energy fromthe operating gas. Rewritinthe abovesquation withthe assumption of

constantA andusingthesame station numbegévenin Figure1.2, one can obtain

A 112
- ~ Y (1.12
where4 denotegheoutletstagnatiortemperatur@inderideal expansion in turbine.

It shouldalsobe noted that, faanisentropic procesi?]

(113

Cl| Ca
<| <

whereP is the pressure of operating gbksing Equation(1.13), the exit temperature
of a compressorcan beobtained in term®f the inlet total temperaturasentropic

efficiency and pressure ratas

YooY p P LL’)_ 0 (114)

Y Yoo - p 3_ (1.15)

Another widely used efficiency definitions the polytropic efficiency.In cycle
parametricstudieswith varying pressure ratipsa question ariseabout whether
fixing the values ofthe compressor and turbine isentropic efficiendes logical
way ornot Since t is found thatheisentropic efficiency othe compressor tends to
decrease with increasing pressure ratio whetkadurbine isentropic efficiency
tends to increase with [2]. Therefore, the main reason for defining polytropic

efficiency isto removethis controversy.



Assuming that the compressor has certain number of stages and isewyic
efficiency of each stage is constatfie ncrease irthe overall total temperature rise

can be given by

vy 2 oyy (1.16)

wheresubscriptOdenotes stage whereasdenoteshat the process is an ideaie
Using thedefinition of the isentropic efficiency foa compressogiven in Equation

(1.8) with the assumption afonstant , the overall total temperature rise is
Y'Y YYI- (1.17)
CombiningEquations(1.16) and (1.%) yields

- BY'Y

(1.18)

— Y'Y

Figure 1.5 - Comparison of sage bystageand total temperature rises[2]

It can be seen fromigure 1.5 thatB Y4 is largerthanY4 . This implies thats is
largerthan s and the difference between them increasssthe pessure ratio
increasesThe physicalinterpretation can be given as followsction in one stage
requiresmorewor k i n the next stage whi ¢h <can

This approach can be used in turbined itresulsins >s .

The sentropic efficiency of each stadaring thecompression process is assumed to

be constant and it is definedthg polytropic efficiency. In formulation,



Q — =constant (1.19

where A is the polytropicefficiency of the compressor.

For anisentropic process,

N e
— wEEi OwWE O (120
0
So that
ayY (93]
L el (L21)
Y r v
CombiningEquations (120) and (1.2)
Q AR 1.22

Integrating this equation betwetreinlet andthe exit of thecompressor resudin

. .0 7

a E*Lv)—

' 123

0 Y (123
Y

This equation can be used for finditig polytropic efficiencyby using theaneasured
values of the total pressure and temperature the inlet and the exit of the
compressor.The mlytropic efficiency can be related the isentropic efficiency
usingEquatiors (1.10) and (1.3) as
b p
- _J (1.24)
0
0 p

A similar procedure can be applied ftre expansion process in turbines athe
resulting equatiorrelating theisentropic efficiency ofthe turbine tothe turbine

polytropic efficiency can be obtained as



p "—6
v
- = 1.25)
Y] 7 (
P

whereA s the polytropic efficiency of the turbine.

1.1.2.2 Pressure Losses

Pressure losses in ducts and inlet sections of engines should be introduced for actual
cycles. These losses are mainly due to friction emdatures along the patbf
operating gasesvhich significantly affect the engine performance. In addition,
burner pessure losseshould beccommodateh the actual cycle modelling due to

the aerodynamic resistance of flame stabilizingixing devces and momentum

changes produced by exothermic reacfijn

1.1.2.3 Mechanical Losses

Friction andwindage in bearings are the main source of mechanical lossegas
turbine A mechanical efficiency of 98 to 99 percent can be used for the estimation of
the performance of actual cycles.

1.1.2.4 Variation of Specific Heat

For real gases in normal operationndiions, the specific heat value can be
approximated to be dependent only on temperafline. assumption ofonstant
specific heat results in some error in cycle calculations which degrades the
performance estimation. In order to overcome this issges model, which will be
explained in next chapter, is introduced irtee developedcode and the air

properties are updatedth respect to theemperature of working gas @dch station.

1.1.2.5 Bleeds

In gas turbinesan increase in the exit temperature of thelgostion chambeesults

in higher thermal efficiency and lower specific fuel consumption. However,

limitations in materials because of metallurgical reasons dithet engine

manufacturerso coolthe materialsBesidesstate of the art coatings or métiagjical

improvements in materialreused in turbine blade$he turbine cooling aibleedis

extractedrom the compressor discharge alue toits high pressure which enables a
9



cooling operation without external power requiremeMsxing of the cooling air
with the main streamair is modeled with no pressure losstie developedsoftware

andthetemperature calculations will be given in detaithenext chapter.

Another bleed usage is termed as customer bleed extractiah raay be usedor
aircraft cabinpressurizationUsually discharge air @he exit of thecompressor is
used as modeled thedevelopedsoftware

In addition, handling bleed may aldwe needed inthe gas turbine applications.
Handling bleedscan be extracted from theénterstage othe discharge aipassing
through the compressdepending on needs. Briefly, it is usedeasehe concerns

on thephenomean of surge in compressors.

1.2 Component Details

In order to havea broader understandingf how the engine Weves indifferent
conditions, a deeper investigation of the gas turbine components is néétlethis

aim, details of thanain componentwill be introducedn this section.

1.2.1 Compressors

The high pressure air in gas turbines are providedtheycompressor andts
performance is generally presented plptting the pressure ratioagainst the
correct@ airflow. Theseplots areused inthe cycle offdesign calculationandwill

be mentioned in detalhter. Mainly, two types of compressors are used which are
centrifugal and axial compressors. The axial compressor is used at medium and high
power applications where#se centrifugal compressors aread in low powered gas
turbines.The compressor operation in both typensted due to the phenomena of
60st al | gde)( oan ds darcStormekWall) @tdcertain conditions of airflow,

pressure ratio and rotational spééf

Airflow over airfoil exerts forces on bladeand they can beseparatedinto

components as iRigure1.6.
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Figure 1.6 - Forces acting on blade§4]

Looking fromthe aerodynamic perspectivieyo important parametestronglyaffect
the successfubperation ofa compressor whiclare theangle of attack of the airfoil

andthe speed otheairfoil relative to the approaching air

> e >
Airflow —

—_—
(a)
—_—
Airflow —— Q/“—Q
—_— D,

(b)

ff _— ﬁ/ﬁ\j
Airtlow — .
\\:\'_ t:,

(c)

Figure 1.7 - Airfoil angle ofattack relative toapproaching air [4]

It can be seen iRigurel.7b that,for large positiveangle of attackmayresult inthe
flow not following the convex surface dhe airfoil. In another caséFigure 1.7c),

large negative values olie angle of attackmay result inseparationfrom concave
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surface of the airfoil. The drag increases for both of these casesthermore,
excessive speedsay result in shock waves and increase in drag force on laade
well [4].

ABSOLUTE
VELOCITY ﬁgfgé';?
seeep | /0 ____D —
RELATIVE
VELOCITY ELATIVE

VELOCITY

Figure 1.8 - Axial compressorvelocity triangles [5]

In Figure 1.8, it is possible to see how the velocity componartsdefined. The
powerrequired to operatéthe compressor can bestimated via these triangles with
the help of Eulerturbine equation which will be illustrated inthe component

efficiency estimation section.

The point of stall is defined as the incidence at which the airfoil loss coefficient
doubles its minimumvalue. In multistage compressors, s&l operation is
acceptablaup toa certaindegree. To illustrate, front stagesthe compressomay

stall at low speeds whereasteady state operation is possible at rear stages.
Moreover, if stall increases its imsity, compression op&tion mayresult in surge
phenomean, whichis the point thatoladescannotsupportthe adverse pressure
gradient and instantaneous brdatwns intheflow. A sudden actiorsuch apening

the bleed valves or reducinghe fuel flow should be appliedto prevent the

breakdown otheengineand/or flameout§s].

As the flow is increasedn the compressor at constant spead,dynamicimpact
such as stall occutsut the operation is very inefficierdt these points. In addition,

the operationat these pointwill result in high temperaturea theturbine.

With these limitations, the compressor performance can be pressnptottingthe
pressure ratio against corrected airfliav a number of correted speed lines and

efficiency islands ashown inFigure1.9.
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Figure 1.9 - Compressorperformance map [4]

The main reason lying under the usagé¢hefpressure ratio versus corrected airflow
plotsis explained irreferencd?2] in detail To briefly explain, the main parameters
that affectthe operaton of the compressor are diameter, speed, airflow, total pressure
and tempeture atthe inlet and the exit of the compressor. Afterapplying
BuckinghamPi theorem, the resulting nordimensional parameterare the total
pressure ratio, total temperature ratio, corrected airflow and corrected speed. Total
temperature ratio can hrelated to total pressure ratio tye isentropic efficiency
definition. Therefore the resulting four parameters are completey using the
isentropic efficiency rather than usitige temperature ratiorhe btal pressure ratio
andthe corrected airflow ge selected athe verticalandhorizontalaxis respectively
whereaghe numbers of corrected speeds plattedon the compressor performance
map Isentropic efficiency contours are also placad the plot to finalize the
presentation ofhe compressor performancurthermore, it should be noted that the

turbine maps are generated in the same way that the compressor maps are generated.

1.2.2 Combustion Chamber

Combustion chamber (or burner) is the compomenthich the chemical energy of
thefuel is convertednto thermal energy in gas turbin&¥ith the increasing usage of
Computational Fluid Dynamid&CFD) in the design ofthe combustion chamber, the
complex flow in hese componerg can be optimisedo obtain themaximum

efficiency. Different of types of combustorexistand the most widely used ones in

13



aircraft applications ar¢he forward andthe reverse flow annular combustorBhe

canannulartype combustor can be sesthematicallyn Figurel.10.

COMBUSTOR INNER AND OUTER WALLS

N
i j :
\ TURBINE NGV

ANNULAR/DUMP DIFFUSERS

e

a) Forward flow annular

QUTER CASING

PRIMARY ZONE

—
AXIAL STRAIGHTENERS FROM
CENTRIFUGAL COMPRESSOR

TURBINE NGV

b) Reverse flow annular

Figure 1.10 - Annular combustor types (forward and reverse flow annular combustors)5]

Before examining how the combustion occwr in gas turbing it is helpful to
investigate themain sectionf the combustion chamber. Mainlghe combustion
chamber is divided into three parts which are primary, secondary and tertiary zones.

These zones are shownHRigurel.11.
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Figure 1.11 - Combustor parts and sample equivalenceratios [5]

Operation ofthe combustor needairflow with a low velocityso thatthe burning
operationcontinuessteadily andsufficient time exists for the combustion process
Sincethe core(primary zoneltemperatures arextremely hot to belirected tothe
turbine, nearly half ofthe main flow of air isusedonly for cooling this hot cordn
thesecondary zone ther® somecombustiorprocess as webut with the helpf the
fresh air, equivalenceratio decreases rapidly. Ithe tertiary zone, theras no
combustion and the only process is coolifghe air for turbine operation.

There are combustgrarameters that affethe cycle performance stronglpamely
the combustion efficiency anthe combustion pressure loss. Combustion efficiency
is the rato of the fuel burnt tothe total fuel input[5]. The latter onas generally
presented in percentage loss @d resulof mixing of flows and friction. For small
gas turbines like turboshaftie combustion efficiency of 99 - 99.9% andthe

pressure loss 0f-83% can beaakenasstandardralues.

On the other hand, there are also paraméetsre importanin the basic sizing of
thecombustion chamber. These #ne combustor loadinghe combustion intensity,
the residencetime, the local Mach numbers,equivalenceratios and outlet

temperature distributiong’he bading gives the idea about tddéference between

the expected work andhe work capabilityof the designed chambewhereas the
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intensity shows the rat# heat release per unit volumetbé combustor. Finallythe
residence time is the timequiredfor air to passhroughthe combustion chamber.

1.2.3 Turbines

Turbines are one of the turbomactsrbat extract power from working fluid by
expanding it from hilger to lower pressuseSimilar tothe compressors, two types of
turbines are commgmamelyaxial and radial turbines. However, radial turbiaes
rather inefficient with respect the axial ones. In addition, sint¢ke pressure ratio of
theinlet andthe exit is favorable and not adverasin the compressor, it is possible
to reach much higher pressure ratinsone stageDue to these reasonthe axial

onesarewidely used.

Generallyturbines are designed for choked operation in design condiiticdase of
control ofthe gas turbine operatiormhe affecting parameters atbe sameas the
compressorandthe parameters athe performance map dheturbines are the same
as the compressor namely pressure ratio, isentropic efficiency, correctedafiow
corrected speed. However, becaudethe choked operation ithe turbine, the
corrected mass flow ithe turbine maps are vergloseto each othethroughout the
most of the operating envelapko detectwhere the turbineperategrom theturbine
map easiey the horizontalaxis is selected athe corrected speed multiplied ke
corrected mass flow rather th#ime corrected mass flowrurthermorethe velocity
triangles can be drawn i@mannersimilar to the compressa@ as shown inFigure
112
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Figure 1.12 - Turbine velocity triangles[5]
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1.3 DesignMethodologies

The arcraft engine design process starts witle constraint analysis in which the
forces on the aircraft such as weight, lift, drag and thrust are examined. The next step
is to determine and define the mss profile of the aircraft. Thent is time to start

the design othespecific engine thaheaircraft can accomplish thmissions that are
defined in mission profiles anihe engine is capable of overcoming the forces that
are examined ihe constraint analysis. The objective of tstep is to estimate the
performance parameters in terms of design limitations, flight conditions anad desig
choices. This is achieved lssuming D flow of a perfect gas with neideal
efficiencies of engine component$o find an optimum engine for aagicular
application, the operating point is selected within this step of design probgss
comparing severahumbersof operating points. After this pointhe off-design
analysis of an engine should be made in order to estimate the engine performance in
the flight envelopg6]. From now on, sizing of the determined engine should be
made with the aim of estimating the installed performance of the engisty, the
components of the engine such as inlet, exhaust, compressor, turbine and burner must
be desiged in order to provide the desired power frahe engine. This part is
known asthe engine component desighhe design sequence gfeliminary design

of an engne is shown irFigure1.13.
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Figure 1.1371 Designsequenceof preliminary design[6]

The ol to be developedimsto be capable of performing cycle analysis, parametric

analysis for cycle selection aedgine steadyhsteady behavior estimations

1.4 Modelling of Gas Turbines

There are four main matching models accordingraterence[5] and a brief

introduction will begivenin this sectionabout these modgl

1.4.1 Thermodynamic matching transient performance model

Steadystate matching equatioifaork and flow compatibility equationsor
matching the components are used in this mdded difference that turns the
model into transient ieapplication ofanunbalanced power onto the shafts.
Fuel flow value which is providedby the user or the control system of the

engine will be compared withihefuel value omingout fromthe model with
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1.4.2

the specified corrected speed. After matchihgsetwo values, next time step
calculation is done untithe unbalanced power reaches zeeat soakage,
volume and/or combustor dynamics, which will be mentioned later in this
thesis maybe included in order to improve the qualitytbé simulation. This
type of model is the most accurate representatigdhedtfransient simulations
of engineperformance according teferencd5] andtheused in
1 Engine control desigphilosophy
1 Control schedule design such as fuel flmariable inlet guide vanes
(VIGVs) etc. in order to maintain safe operation of engine
Engine tansient performanaexaminatiorduring design phase
Engine performance prediction in some points of operating envelope
that it is not practical to test the engine
1 Examination ofmaneuverghat may be expensive or not practical to

test

Due to the need otarations inside the model, rarely the model of this type
can achieve real time simulation thie engine performance. Hence, in order
to combine with hardware control system of engines, real time models are

developed.

Real time aerothermal transient parmance model

For matching, a steady state point is run and themodelswitchesinto the
transient modevhere the modetontinuously rurat points atthe intervals of
time correspondingo the digital controller update frame. The volumes
betweenthe turbomachinery parts dhe engine are important in this mdde
and the values attime t is found by previously foundRidt6 s timaett-1
calculated by volume dynamic3.o explain, the time rate of change of
pressure at some sections of the enginerelaeed to the temperaturewith
some constants that are defined specifically for the interested eSgieeds
are also updated witthe unbalanced power atie shafs by consideringthe
spoolinertias Componentmaps are used in order to calculate tempersture

After completingthe calculatiors, the codepasses tdhe next time step and
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so, one stepof the transient performance is completed. Compared ieh
thermodynamic matching model, it has significamprovementn execution
time; however the accuracy is lower than that model since no iteration is
doneduring the simulation. This model is often used fibre engine control
system hardware and flight simulatofi® have detailed informatiorabout
this methodgreferencg5] can be used as a guide.

1.4.3 Real time transfer function transient performance model

The key performance parameters are relateth&fuel flow in this type of
model andhetime constants to be used must be derived fitoeoutputs of

the transient mateing model orthe engine test datalhis modelis mosty

used in flight simulators due to its simpticiand fast solution capability.
Generally the accuracy is lower thathe real time aerothermal transient
performance model. In addition, auxiliary system parameters such as oil or
starter system can be modelled with this approacniengine performance

simulation.

1.4.4 Real time lumped parameter transient performance model

From test data or aerothermal modelstbé engine,the matrix of the steady

state andhe transient performance parameters are generated in this type of
model and partial derivatives are obtained with respect to all other
parameters. These obtained matrices ased forthe simulation of the
transients othe engine. This type of model is more favorable to be used in

flight simulators but less commonly encountered tinaprevious model.

1.5 Literature Survey

With the aim of modelling the gas turbine engines, tla@esaa number oftudies in
theliterature. As mentioned ithe previous part, the highest accuracy can be reached
with thethermodynamic matching transient performance model and the main interest
of this thesis is this type of modelling. teference[7], there is an overview dhe
performance simulation methods with respect heirt complexity and accuracy

which can be seen fgurel.14.
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Figure 1.14 - Performancesimulation models'accuracy versuscomplexity graph

Figure 1dillustrates the choice of using component matching mindilis thesisand
theavailable sources ithe literature about this methaoalill be mentionedat first In
the samereference,gas turbine model is developed withe component map
matching andthe model is validatedby comparison ofthe results withavailable
literature data. In additiorthe interaction betweethe gas turbine operation aride

electricalthermal systems is investigated witie developed model.

Mostly referenced studies ithe thermodynamic matchindgype of model are
executed by, Kurzke SaravanamuttqoWalsh and FletcherThe fundamental
equations and approaches are explaindtef¢rence$5], [8], [9] and[2]. The main

idea underlying these references is the santethey concluded that thise of this
method is the most practical and accurate way for estimating the gas turbine
performance. Furthermore Kurzke developed a commercial product named as
GasTurb which is available for both educational and commerciallugeference

[8], the introduction of this program is mentioned and typical helicopter cycle
optimization is stated atheillustration ofthe usage of GasTurb. It is stated that the
code covers all significant aspects of cycle design point selectiordesfign and

transient operation estimations with reasonably short simulation times.

There are a numbeof studies which compares the results of GasTurb with
experimental data or models of their osuch asn reference410], [11], and[12].
In the first one, Kong et al. (2001) developed a performance simulation program for

KT-1 turboprop engineScaled maps of a similar engine arsed inthe off-design

21



and transient simulations atite results are validated by comparitige results with
GasTurb andthe performance data provided llye engine manufacturer. In the next
study, Wemming (2010) conducted a master thesis aheuirediction of aircraft
performancedy usingtherubber engine performance model. GasTurb is usetthéor
simulationmodels and the conclusion isat GasTurb can be used to makeurate
engine performance modeind can be incorporated to multidisciplinary design
optimization MDO) environment Lastly, Martinjako (2014) mentioned in his thesis
that GasTurb is validatetbr predicting the performance of LM2500 and Garrett
GTCP8598D.

For the usage in previously mentioned aims suckngge transient performance

examination duringhe design phasehe accuracy ishe mostimportantfeature of

the software instead of trepeed of the modeln the case of real time simulation

models whichis neededy theengine control systenone ofthe most interested and
referenced st ud[il3¢.sThis rafereBca papaan lesusedoothek

purpose of developing reattime controller for gas turbine enginda. this study,

reattime simulation of T7065E-700 turboshaft engine is developed with a model of

control system based on UWS0A Black Hawk Helicopter. Validation of th&udyis

demonstrated byhe comparison ofthe results with analysisriented simulations

developed byhemanuf act ur er . I n addition to this wo
reattime model for a small turbojet and investigated thedast ingestion scenario

using aerothermal model of T8GIOHT-800 turboshaft mode]14]. I n Novi kovds
masted shesis (2012)15], after the development of retime T700 model, inlet

distortion and engine deterioration simulatioveredemonstrated.

In referencd16], Alexio et al. (2005) descrildehe modelling of a turbofan engine
using an objeebriented simulation tool named as EcosimPTbe results are then

compared with those models tlaeaccepted by industry aride possible adaptivity

feature of the model is demonstrated.

In reference[17], Lazzaretto et al (200Xreatedgas turbine design and edesign
models In this study,off-design maps wergeneratedvith map scaling technique
and analytical model was implemented via a commeegaation solver. In addition,

the Neural Network Model is presented asalernative way to analytical modelling.
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In referencg18], Shahroudi (1994) participated in a study that aims to obtain a tool
in preliminary design phase afgas turbine based aircraft engifiéie softwarevas
named as Comper Aided General Engine Design (CAGED) andiltivariate
NewtonRaphson method is used in obtaining high speed in iterations. Engine
modelsweregenerated for any engine configuration and variatéesbe changed in

the softwarewith developed graphical esinterface (GUI).

In reference [19], Panov (2009)stated that a new Simulink library called
GasTurboLibis developedUsingthe prepared blockshe usercan create any type

of the engine configuration andarry outsteady state and transient performance
analyes in Simulink In addition,a control method is developéddr full simulation

of the engine. To illustrate, engine can be started, operated and shut down in
simulations via a governor model. In this referengeper, demonstration of
modeled single and twin shaft engine is available with developed Simulink
GasTurboLib library blocks and validatéy comparison withthe availableengine

test data.

In reference[20], Garrard (1995)resented his studwhich is a time dependent
simulation of g& turbine enginenamed as ATEC (Aerodynamic Turbine Engine
Code). The engine operation is simulated by solving conservat@guations
expressed as ondimensionaltime dependent Euler equatmrwith additional
turbomachinery source terms. Furthermotiee transients can be simulated by
combining both implicit and explicit equation solvers inside the programhenag
the capability of simulating the possible stalthie compressor.

In referene [21], Visser (2014)synthesized the gas turbine performance modelling
and simulatiomavailable in literatureand explained the developmentafmmercial
software GSP from beginningo the current version of GSP Starting from gas
turbine performance modelthe author introduced the modellings used in GSP and
illustrated the applications of the program. In additidhe author stated that this
study can be used for an insight for further developments in gasdyéiformance

modelling.

In referencd22], J a n(20EO0pmemtibned that estimation of the life of the engine

parts(required due to calculation of operating co$a$ become an essential part in
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the airline industrydue b the growth in competitiveness. The autleonducted this
study with the aim of developing the needed tool. He added that high fidelity engine
models are needdd accuratéy predict thevariations of thermodynamic parameters

of engine Two transientmethod, namely rapid transient performance method and
thermodynamic matchingnethodare tested ithis study. As a conclusion, due to the
greater stability and robustnesstloé thermodynamic matching methatiis method

is adopted and used the performance analysis o& gas turbine engine which is

needed for estimation tiie operating cost

1.6 Objectives

It should be noted that very important decisions are made during the preliminary
design phase of a gas turbine engiBased on the available technololgyel, the
flow annulus and the bearing arrangement are selected. Heoseoihthe necgsary
resources are committexh completion of the@reliminary design phag@3] and the

commitments in development phase can be seEgurel.15.
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Figure 1.15 - Developmentphasecommitments [23]
The pe-development stage determines the success of the prejectthere is no
way to return back and change the initial paramettesa certain timeAs quick as
possibleagood estimation of whaheengine will lok like and how heavit will be

shoud be determined.

Making a competitive engine requires high thermal efficiency which results in low

specific fuel consumption. The basis tis criterionis strongly dependent on
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thermodynamic cycle selectiof23]. Therefore, cycle studieshave a crucial

importanceon engine design.

In order to perform cycle studieacycle performance estimation program should be
used. In this thesisa computersoftwareis developed in order to achieve a good

estimation oturboshaft enginperformancen different operating points.

1.7 Thesis Outline

In Chapter 2the design point analysis mode tife developedsoftwareis explained
in detail. The turboshaft modetedandthe numbering oéir stationsare stated. The
developed air mdel that isused inall of themodulesof the softwareis mentioned in
detail. Then, ordesign calculations are explained witte definitions before going

into details othe parametric design.

In Chapter 3, component performance estimation modulethensoftwareare
investigated and detailed calculations are presented. Compressor, turbine and
combustor parameters can be calculated via references given in this chapter and these
modulesleadthe designer to set realistic expectatidram themain components of

theturboshaft and model the cyddy keeping these expectations in mind.

In Chapter 4, off design performance estimationtled modeled turboshaft is
discussed. Map scaling and beta line techrigaee explained in detail to
approximate the oftlesign behavioof theturbomachinery parts ahe engine. After
settingthe performance maps fdhe compressors and turbines, the components of
the turboshaft engineare matchedThe matching procedure is explained in this
chapter withusing the NewtoiRaphson iteratin method Sample results of off
designestimationsare then compared with GasTurb11.

In Chapter 5, simulation of inlet distortion effects is discussed and modellihgs of
phenomenons explained. Modelling results are then validated wiité resultsof
GasTurb11.

In Chapter 6, transient performance estimation methodology is mentioned. After
explaining the model used with built algorithm comparison othe results ofthe

softwarewith GasTurb11 is presented.
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In Chapter 7, comgrison of literature restd with the models thaareconstructed in
the developedsoftware is presented. Dividing into two parts, afésign and
transient, some of the key parameters are comparedthégtlvailabledata inthe

literature andhedifferences between theparameters are stated in a tabulated form.

In Chapter 8the summary of what has been done in this thebmsir causeand the

possiblemprovementsabout this studgprediscussed.
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CHAPTER 2

ON-DESIGN PERFORMANCE ESTIMATION

For the design point calculationsiet fundamental equations oéferenceg5], [8],
[9] and [2] are widdy used throughouthis chapter. Tis chapterbeginswith a
turboshaftmodel andthe air station numberingsedthroughout the chapter anket

thesis are indicated in Figugel.

2.1 Turboshaft Model and Air Stations

The nodel used as a turboshahgine isa twin-spool configuration witha free

power turbine and can be seen kigure 2.1. The operation begins bgucking
ambient air from station 0 to station Through the inlet portionthere are some
losses such as friction losses so that the properties of air may change (station 1 to
station 2). Then the compressaocreagsthe air pressure towards the combusti
chamber (station 2 to station 3). Some bleed air is taken dhe aurner exit for
turbine coolingand customer usage. Fuel is then injected into the high pressure air in
the combustion chamber where the combustion process occurs (station 3.bio stati
4). After combustion, some cooling is required to cool down the nozzle vanes with
coolant mixer 1 (station 4 to station 4.1). Then, the high energy flow is converted
into mechanical energy by expanding the flow to a lower pressure in a turbine
(station4.1 to station 4.4). This drained energy is used to operate the compressor.
Turbine rotor also requires cooling and it is modeled with a coalawmr 2 (station

4.4 to station 4.5)There is a remaining energy that is obtained when the fuel is more
than equired to rotate only the compressor. Since the main purpose of an engine is to
produce more power than the amount required just to rotate the compressor, this is a

must[2]. This remaining energy of the flow extracted withan additional turbine

27



(station 4.5 to station 5and its shaft is connected to the location where the
mechanical power is requiredt last, the operating gas is thrown out at the station 8.

Bleed Air
e
Cooling Air 2
Power Offtake
T Cooling Air 1 2
A ) v 41 44 4.5 S __/
Main Nozzle First \| Last Coolant Power
Burner Vanes Rotor Rotor Mixer 2 | | Turbine
Inlet Compressor and \ Exhaust
Coolant
Mixerl &
2 3 3.1 4 _ \
./ .
] 1 Power Turbine Shaft

Gas Generator Shaft

Figure 2.1 - Model of turboshaft engine withpower turbine
Stations and locations can be showiable2.1.

Table 2.1 - Air Stations used inthe developedsoftware

Station Location
0 Freestream
1 Inlet or diffuser entry
2 Inlet or Diffuser exit Compressor inlet
3 Compressor exit
3.1 Burner entry
4 Burner exit- Nozzle vanes entryCoolant mixer entry
Nozzle vanes exit Coolant mixer 1 exit High pressure turbine
1 entry
4.4 High Pressure Turbine exiCoolant Mixer 2 entry
4.5 Coolant mixer 2 exit Power Turbine inlet
5 Power Turbine Exit
8 Nozzle exit
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2.2 Air Model

The air model is embedded into software by using formulations of refefghdy

definition,
Y "WpTmTmT (2.1

By using temperatur€dK) and fuel to air ratiothe calculation ofthe required

parameters aheworking fluid can be calculated via formulas (2.1) to (2.10).

The specific enthalpy (kJ/kgF, of the operating gais calculated by

Q pnma Y = v X v Loy
(0) T

v oy 2y 2wy
v ¢ X Y
5
— Y 0

W

0 5 5
2 sy Loy 2y (2.2
p Q C o
S oy Loy Ly 2y
T v () X
5
— Y o}

"

The emperature dependent portion of entropy (kJ/kgKJs calculated by

oY

=y (2.3

. @

Assuming that reference temperature is equdKkpthe formula for calculatiorof

the temperature dependent portion of entropgdsiced to
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X

The specific heat capacity (kJ/kgh,, of theoperating gas is calculated by

@ 6 oY o Y o Y o Y o Y

=6 &Y 6 Y 5 Y 2.9

The gas constant (kJ/kgk), of theoperating gas is calculated by
Y CUFUL TBIMTOWRAT T QP T (2.6

wheref is the fuel to air ratio.

The specific heat ratio (kJ/kgKp, of theoperating gas is calculated by
@
r Y, (2.7

The reduced pressui@,df the operating gas is calculated[By
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01 Qo F]T 2.9
where . T8 p 1 pkd/kigK (2.9
Lastly, the speed of sound (m/8) of theoperating gas is calculated by

O 7YY (2.10

There are some cases that input T is not avail@bl¢hese formulasin this case,
NewtonRaphson iteration is performed with an initial guesshe temperaturdo
find the temperature that matches withe input of enthalpy or reduced pressure.
NewtonRaphson iteration technique will be explainedppendixA.

In Ref[5], the defined constants for the calculation of the air model are shown in
Table2.2.

Table 2.2 Dry air property constants

0 0.992313 0 7.097112
0 0.236688 0 -3.234725
0 -1.852148 0 0.794571
0 6.083152 0 -0.081873
0 -8.893933 0 0.422178

0 0.001053

In this thesis, kerosene is used as the fuel and the constants related to this fuel are

shown inTable2.3.

Table 2.3 - Kerosene property constants
0 -0.718874 0 3.081778
0 8.747481 0 -0.361112
0 -15.863157 0 -0.003919
0 17.254096 0 0.0555930
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0 -10.233795 0 -0.0016079

2.3 On-Design Calculations

After creating thesubfunctions for calculating the air propertieslesign point
calculations can bmade

Input parameters ahedesign poinimodeareas follows:

1 Altitude

1 Deviation frominternational Standard Atmosphet8A4) temperature
1 Inlet Machnumber,

1 Poweroff-take,

1 Customebleed air prcentage,

1 High pressure turbine (HPT) nozzle guide varmdGY) cooling air
percentage

HPT rotor cooling air percentage,

Intakepressuregatio,

Freestreamrecoverypressureatio,

Compressopolytropic efficiency,

Compressopressurgatio,

Burnerefficiency,

Burnerpressurepercentagdoss,

Lower heatingvalue offuel,

HPT inlet total émperature,

HPT polytropic &iciency,

Powerturbine(PT) polytropic efficiency,

Exit duct pressure ratjo

Exhaustpressureatio,

=4 =4 4 4 -4 -4 -4 -4 -4 -4 -4 A A

Mechanicalefficiencies of each shafts inturboshaftmodel namelyofftake,

high pressurdHP) andpower turbine gools

=

HP spool speed,
Power turbine spoolEeed.
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The graphical user interfac&sUl) of design point calculation inputs can be seen in

Figure2.2.
Inputs
Altitude : 2000 ft Burner Efficiency : 099 ag
K
Delta ISA : 12 Burner Pressure Loss : rl
Inlet Mach No : 0.2 Lower Heating Value : 43124 kl/kg
Corrected Air Flow : 3s kg/s HP Turbine Inlet Temperature: 1450 K
wer Offtake :
Eeweu Hiiaks 30 kw HP Turbine Polytropic Efficiency 085 %
Bleed Air Percentage : 3 %
Power Turbine Polytropic Efficiency 087 %%
Cooling Air Percantage 1 :
o % Nozzle Efficiency : .
Cooling Air Percantage 2 : 0 % i
Exhaust Pressure Ratio : 1.03
S 0.59 Offtake Shatft Mech. Efficiency : 1
Free Stream Recovery PR : 1
L GG Mechanical Efficiency : 1
Compressor Polytropic Efficiency : %
" tytrop Y, 082 PT Spool Mechanical E fficiency : 0.98
Compressor Pressure Ratio : 13

Figure 2.2 - Sample input ofdesignpoint calculations

The Ink betweenthe temperature anthe pressure athe inlet with the altitude is

achievedvy theformulas of ISA [24] given by

Y oCYRIL @B a0 QDVEQFTYQQU QE0NBEEYD  (2.11)

8 z 8

) 2.1
0 prmpcyp y &1

Theratio ofthetotal stagnation pressures ahd totaltemperaturebetween the inlet

and the exit of the engine commmnt iare defined af5]

0
- (2.13
.
Q (2.14

Oneadditional definition is needed fdine design point calculationspecifically for

the turboshaft engin@amelythe exhauspressureatio
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(2.15)

C-zl =

It represents the ratio @he total pressure at exhaust ambient pressurand it is
selected by the designéviostly, the value of this parameter is in between 1.02 and
1.04. Therefore, it is an input fothe developedsoftwaresinceit changes from

engine to engine.

Besides, rassflows throughout the engirere

a a & (2.16)

g G p 1 - - (2.17)

a a p 1 - - zZp Q (2.18)

adg a« pIT - - z2p Q - (2.19
ag a« pI1 - - zp Q- - (2.20)

wherey is the customer bleed air percentageis the high pressure turbine (HPT)
nozzle guide vane (NGV) cooling air percentage mnis the HPTrotor cooling air

percentage.

Thefuel-to-air ratioandthebleed percentages adefined as

"O0IO&EIT T x &

—— 221
"OONAD KO A4 (221)
#0001l BM&RAIAT x &
[ - (2.22)
#1 1 DPORDEED | xd 4
(04" &1 1 INEERACT xa 093
7T 1 DO RDEER 1 & 5 (223
021 CHIO 1'EERCCT *a

R ( (2.29

#1 1 DPORCDEER | xd& 4

The orrected mass flowt any station is calculated by
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Y
.

. : 22
a a@ — (225
—
wherel is themass flow rate corrected gtandard day conditiond, is the

standardtemperature298.15K and0 is the standardpressurel01.325 kPaof a

standard day conditions.

The gagnation pessure ratios ofhe compressor, high pressure and low pressure

turbines are dependent tive polytropic efficiencies as

C*l| C
| C-

— (2.26)
5o Ble,
. Vs U 22
U g Ul g ( 7)
0 0 i
[1] - - T
i (2.28)

respectively. Furthermore,as explained inthe introduction part,the isentropic
efficiency of the compressor andhe turbine components are linked with their

polytropic efficiencies andhe total pressure ratiosy using the followingformula

[2]

- . (2.29
: Y
For burner modellinghefollowing burner energyalancesquation is used,
p QQ 1Q KO) KO) " 0 Ow (2.30)

where ref subscript denotesuel referencetemperaturewhich is assumed to be
298.15 K There would be one additional termthie fuel reference temperature is

different than the reference temperature.

There are some important poirmsring theconstructon of the softwarehat should

bekept in mindin order toestimate the&esign poinbf aturboshaft engineorrectly
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I. HPT pressure ratio can be found lepsuringenergy balancéetween
HPT and compressas

e 06y, ..
a0 — a4 9 0 - (2.31)

wherePOT is the power oftake from high pressure spogl, is the power
off-take shaft mechanical efficiency apd is the mechanical efficiency of

the spool of the gas generator section of the turboshaft engine.

This formula set&  whichis needed fothe HPTpressure ratio calculation.
After finding this value,0 Og andA can be obtainedThen, the total

pressure at the inlet of the power turbisiealculatedy

O0g 0 g0igMis (2.32)

ii. PT Pressure ratio can be foumsl
13 13 [1] [1] 13 [1] 1] 1] 113 £ (2.33)

After gathering the formulas and definitiongentioned beforéogether the design
mode ofthedevelopedsoftwareis generated.

A sample output of design point mode is showRigure2.3.

m ( kg/s) Tt{K) Pt(kPa) meorr Power 818.768 K
3.2547 29619 94213 0
_amb SFC: 0.284403 kg/(KW*h)
1 3.2547 29856 95.879 0
2 3.9547 248 .56 95910 3 5000 Fuel Flow Rate : 0.0691359 kg,n's
3 3.2547 714,65 12463 0 Exit Area : 0.0596641 m'2
3 d1a97 714685 1246.8 0 Thermal Efficiency : 28,3557 %
4 32188 1450 1157.0 0
41 32188 1450.0 1187.0 0.5108
u 32168 10879 282 98 0 izentropic eff polytropic eff P/P
45 3.2166 1087.9 28228 22435 Compressor | 0.7510 0.2200 12
5 32166 866.97 97.039 p_  Bumer | 0.9950 05950 09600
8 3.2166 886,97 57.039 g HP Turbine | 0.8709 0.8500 4.2403
bleed 0.1050 714,68 1246.8 g LPTurbine | 0.2844 0.2700 2.9088

Figure 2.3 - Sample output ofdesignpoint calculations with the inputs in Figure 2.2
With the same inputshec o mmer ci al ly available product
shown inFigure2.4. In this figure,WRstdis the corrected mass flow raRWSDis
the shaft powerWF is the fuel flow rateW is the actual mass flow ratd8 is the
exit area and herm Effis the thermodynamic efficiency of the designed turboshatft.
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W T P WRstd
Station kg/= K kPa kg/= BWSD = 818,86 kW
amb 286,19 54,215
1 3,255 298,56 56,881 psFe = 0,2945 ka/ (kW*h)
2 3,255 258,56 95,912 3,500
3 3,255 714,30 1246,856 0,416 WF = 0,0866585 kg/=
31 3,150 714,30 124¢,856
4 3,217 1450,00 11%¢,%81 0,611 Thexm Eff= 0,28351
41 3,217 1450,00 11%6,9%81 0,611
43 3,217 1087,53 282,330 AB = 0,06564 m*
44 3,217 1087,53 282,330
45 3,217 1087,53 282,330 2,243
49 3,217 866,15 87,042
5 3,217 866,15 87,042 5,823
& 3,217 866,15 87,042
B 3,217 866,15 97,042 5,823
Eleed 0,105 714,30 1246,856
Efficiencies: isentr polytr RNI P/P
Compressor 0,750 0,8200 0,908 13,000
Burner 0, 59%0 0,960
HP Turbine 0,8709 0,8500 1,787 4,240
LP Turbine 0,8845 10,8700 0,586 2,909
Generator 1,0000

Figure 2.4 - Output of "GasTurb" software with the inputs in Figure 2.2

When the results are comparék largestdifferenceis approximately 0.1%, which

is a negligible value.

2.4 Parametric Design

In order to select a design pqgintomparison of different operagnpoints is
necessary. As mentioned befotiee design point ofthe engine has to be selected
carefully in order not to wastbeengine capability by not operating ititg optimum
point. Design phase @ghe components stasimmediately afteithe selection ofthe
design point As soon ast is selected,large changes inthe design point will
definitely result indelay inthe duedate ofthe engine program anddditionalcoss

due to thisdelay may put the program ata risk of losing lots of money.Therefore,

lots of points should be examined in order to fit the design point in the most
beneficial way forthe user in the operating envelope of the air vehidlbe

restrictions are theontractual valueghich must be provideby the airframer.

In the developedsoftware there is a possibility ofarying any of the two design
point inputs by determining the initial value, final value and steps of iteration.
Corresponding cycle result in each steii be shown in a carpet plot. Thaefault
output graphis the specific fuel consumption ersus theshaft power andhe
parametergepresented by the axean bealteredby the user of the softwarén
addition, it is possible to ugbhe design mode®f the rotating componentsyhich

gives the usen much morerealistic approactthan assuming constant component
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efficiencies.Sample screenshots tie parametric design mode ithe developed
softwareis presented ithe AppendixB.

Sample inputparameters ofhe parametric design calculaticare shown inFigure
2.5.

Inputs

min value max value
Outputs

E-F;‘ressureRatin x| | 7 ‘ ‘ 15 y-axis

Einer Specific Fuel Consumption Al

1EurnerEerTemperalure vi | 1300 | | 1700 x-axis

|Shat Power Delivered

Steps in terations: [ 8 J

Figure 2.5 - Sample input parameters of parametric design calculation

The related outpus shown inFigure2.6.

03

Specific Fuel Consumption (kg/lkWwh)

0.28

0.26

600 700 800 900 1000 1100 1200 1300
Shaft Power (kW)

Figure 2.6 - Output of parametric designmodule with given input in Figure 2.5

Therearevery smalldifferences betweenthe results ofthe developedsoftwarewith
AGasTurbo whi digureRdn be seen in
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Specific Fuel Consumption (kg/kWh)

0.39

[N

0.37 ~

\h —— GasTurb11

== == Developed Program
035 S ‘\ )
033 \§§ E E& } ‘.-'\"‘ﬁru
0.27
xn—?____#-.'
0.25
400 500 600 700 800 900 1000 1100 1200 1300 1400
Shaft Power (kW)

Figure 2.7 7 Results of parametric study example irthe same graph
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CHAPTER 3

COMPONENT DESIGN PERFORMANCE ESTIMATIONS

Component performance estimation is a required feature of a preliminary design tool
The reason is thahe component efficiencies should be estimated proparkyrder

to start from a suitable cyclén this chapter, how the component performances are
estimatedis explained starting fronthe compressor.The main outputs of the
developed component performance estimation modules can be $egureS.1.

Residence Time

______________

: Tip Mach No’s :
jmmm === Compressor Design ! :
L _meus > > Diameters !

Module ! )

: Spool Speed :

CTTTToTTTT TR

. 1 Ncomp |

jmmmmm===n Compressor Efficiency ! 1
ool | Estimated :
Estimation Module ! 1

: PRcomp 1

: Loading :

: 1

- I
jmm - . Combustor Design ' Efficiency !
Lo _lmeus T > > |

Module ' Intensity !

! 1

! 1

: 1

Nturb

Velocity
Triangles

Flow Factor

1st Rotor
Blade Metal
Temperature

1
1
1
1
1
1
|
: Loading
1
1
1
1
1
1
1
1
1
1

Figure 3.11 Main outputs of the developed component performance estimation modules
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3.1 Compressor Design Mode

Referencq?2] is used for the calculation of the compressor design parameters with

the velocity triangle nomenclature statedrigure 3.2.

Figure 3.2 - Velocity triangle nomenclature ofcompressor[3]

3.1.1.1 Inputs
Inputs of the compressor design moduleasdollows:

i) Totalpressure

i) Totaltemperature
iii) Tip speed

Iv) Radiusratio

v) Machnumber

3.1.1.2 Calculationprocedure

Thestatic temperature #teinlet of thecompressocan be found as

Y o . (3.1)
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whereM is the Mach number of the working flui®imilarly, the static pressureta
theinlet of thecompressois

5y ——

(3.2
~

0

C

While the ebnsity of air can be calculated bging the equation of state for a perfect
gas
" L 3.3
VY (3.3
where m is the density of the working fluidCorresponding inlet area dhe

compressors then

. a
0 T (3.9
andthe required tip diameter ttieinlet of the compressois
‘ o 3
l “won d) p ”@ ‘l ( 5)

whereQ is the tip diamete6 is the axial velocity an"® iis the hub to tip ratio.
Resulting rotational speed withdse parameters canfoend by
QY
o (3.6)

where'Y is the impeller speed at the tip.

The main output of this modevhich is the rotational speed of the HP Spool, is
finally found by applying the above calculations via Equatiof3.1) to (3.6)
Furthermorewith assuminghat thereare no inlet guide vaneandthe flow enters
axially into the compressotinlet blade height and relaBvMach mmber atthe tip
can be caldated attheinlet of thecompressor bysingthefollowing equationsThe
axial velocity is assumed to be constant everywher¢hatinlet. Its value can be
found by:

w o " YY (3.7
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Then,the relative velocity athetip of theinlet of the compressor can be calculated
by

W 0 Y (3.8
where 7 is the relativevelocity at the tipFinally, Mach number athetip of the
compressor inlet is

. w

0] —_ 3.9

” lY "Y ( )

Resulting rotational speed is used in other calculatiorikanlesignmodule ofthe
softwareif this mode is on.

3.2 Compressor Efficiency Calcuation Mode

In the developedsoftware there are two types of efficiency estimation moedsch
arefor axial and radial compressols.is a designchoiceto construct a turboshaft
engine with axial or radial compressars combiningboth Different methds are

used inthe calculaton of these typesf compressors.

3.2.1 Axial Compressor

Axial compressor efficiencgstimation ispresented inaference[25]. Additionally,
tip clearance effect is simulatdxy inputting thepercentagechange incompressor
efficiency withthe clearanceat last stage. Default value for this changgiien as

2% inreferencd9] andit is a userefined value.

3.2.1.1 Inputs

Inputsof thismodule arehe followings

)] Total tototal pressurgatio of compressor

i) Correctedair flow at inlet ofcompressor

i) Number ofstages

iv) Losscorrectionfactor :Depending ongchnologylevel
V) Machnumber aiexit of compressor

Vi) Compressoexit hub totip radiusratio

vii) Laststagetip clearane
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viii) % Compressor Change for % Clearance

3.2.1.2 Calculation procedure

The unit of the corrected air flow that is used in this module is British units and
denotel by x . Pressure ratio ofachcompressostages

Ao — (3.10)
where B Gs the pressureatio of each compressor stageolytropic efficiency is
givenby

z

- T@TX0oQL T®POPY pd T dorpr 2 (3.11.9)

z

— @1 ¢ X onui¢m® o 1 X Yforpr 2 (3.11.b)

wheres® is the polytropic efficiencyvhich is not modified withrespect tcsize and

tip clearance.

If thetip clearanceé n p u t the sseftwardo&s not considehetip clearance losses
with the additional modification explained above and ugbe experimental
correlation inreferencg25]. The sizing of the compressaan be takemto account
by using

Y : T8IV QTO
Y- 1@ @ Ycpgt 0 @ G G T
for0 <10ory >=1.5 (3.12.9
Y- mipxdpéiigie ford <15 (3.12.b)
Y- m  for 0 >10 (3.12.0)

whereYs is the modification of polytropic &ffiency with the effect of sizdf the

tip clearance is not equal to zetben

o

Y- m (3.13)
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By definition,
o (3.14)
- P Q p - (3.15)
where s is the polytropic efficiency of the compressand E is the loss
correction factor.

After the polytropic efficiency is found, it is straightforwardprocedureo find the
isentropic efficiency ofthe compressorby using theEquation (2.29). The fip

clearance effect is included Hye followingformula,
- - 0Qil 0 ® (3.16)

wherecer is compressor efficiency decrease rate with clearamcas relative tip

clearance the tip clearancedivided bythe last stage blade heighand— is the

isentropic efficiency of the compressor without including the effect of tip clearance.

Validation of this study witlthe experimental data is availableneferencg25].

3.2.2 Centrifugal Compressor

Centrifugal compressor efficiengstimation is fronreferencg26] andthe software

givesan additional outpubf the expected pressure ratio fitre designedentrifugal

compressoffrom the inputted fundamentalgeometric parameters. It theus er 0 s

option to uplate input pressure ratio oot

3.2.2.1 Inputs

The inputs required for the calculationtbke centrifugal compressor efficiency can

be given as follows:

) Actual massflow rate ofair atinlet ofcompressor

i) Total temperature angressure ainlet of compressor
iii) Stagenumber (One otwo stages)

V) Type ofdiffuser (Vaned orvaneless)

V) Impellertip radius

Vi) Secondcompressormpellertip radius (If available)

Air station number$or only this sukfunctionis stated aTable3.1.
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Table 3.1 - Air Stations used incentrifugal compressorefficiency estimation

Station Location
0 Compressor Inlet
1 First Centrifugal Compressor Exit
2 Second Centrifugal Compressor Eitavailable)

3.2.2.2 Calculation procedure

The density volumetricflow rate andthe compressor blade exit tip speed with the

assumption ofonstantip heightis calculatedy using

” U 3.17
VY, (3.17)
- a
And
Y C—i 0 (3.19)
QT

respectively.In the above equationg, is the volumetric flow rate andll is the

rotational speed of impeller in revolution per minutes.

After calculatingthe stageflow coefficientby using

(3.20)

the work input coefficient andhe head coefficient of stagare calculated by

empirical formulagyivenin referencg26] as

. TS TT C

0 @y = = (321)

and

‘ T W T * X® o

(3.22)
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Respectively. In the above equatiogsijs the stage flow coefficien) is the work
input coefficient and is the head coefficient of stage. In addition, the subscript VD

denotes vartediffuser.

Fora compressor with vaned diffuseglytropic efficiency is calculated by

0
S (3.23)

Fora compressor with vaneless diffusgolytropic efficiency is calculated by

Q 0 mBtp X (3.24)
TBIT Ue Q

whereas subscript VLD denotd® \aneless diffuser.

Forvaned diffuser typethe enthalpy rise can be calculated by

Y ~.

ya Y (3.25)
Similarly, the enthalpy risdéor vaneless diffuser type compressan be calculated
by

ya Y (3.26)

Finally, the estimation of the pressure ratof the compressor is found by
yo
5N .Q, v .Q.Y v : T (327)
01 i 1T otlp p)oz)%

If available,the same procedure is applied fine second compressofhe inputs of
the second compressor ateterminedrom theresuts of thefirst compressorThese
formulations arebtainedfrom a number of experimentsarried outas mentioneaéh

referencd26].

3.3 Turbine Efficiency Calculation Mode

The deelopedsoftware gives an idea aboutthe velocity triangles inthe turbine
stagesby assuming symmetrical trianglg§urbine reaction ratio=0.5) and it

edimates the efficiencypy usingthese triangles as eferencg27]. Stage loading,
flow factor, exit angles and exit Mach numbers are also calculatatidaletailed

analysis ofthe turbine sectionThis provides thedesigneran estimation of the stage
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number which isa very important parameteavith regards tacost and weight othe
turbine design. Furthermore, coolingfeature is embedded ito the code from
referenceg28] andthis leads user to have an idea abibetfirst rotor meanmetal
tenperature. It should be noted that this temperatgreone of the essential
considerationsn gas turbine desigsince the determination ofthe cooling air is
completely dependent on this value d@hdcycle calculations considerably changes
with the amount ofcooling air for HP turbineVelocity triangle nomenclature is the

same ashe onean Figure3.2.

Air station numbers for onlgection 3 are stated &able3.2.

Table 3.2 - Air Stations used inturbine efficiency estimation

Station Location
1 Turbine First Stage Stator Inlet
2 Turbine First Stage Rotor Inlet (Stator EXxit)
3 Turbine First Stage Rotor Exit
4 Turbine Last Stage Stator EXRotor Inlet)
5 Turbine Last Stage Rotor Exit

3.3.1 HP Turbine Efficiency Calculations

3.3.1.1 Inputs

In order to estimate the HP turbine efficientlye following input parameters are

required:
)] Total temperaturand pressurat station 4
i) Requiredturbinepower
i) Mass flow rate of bleed air
V) Total temperature of bleed air
V) Rotational speed of high speed spool
Vi) Fuel to air ratio
Vii) Actual mass flow rate of working gas at statidn 4
viii) Number ofstages
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IX) First HPTrotorinletdiameter

X) Last HPTrotor inletdiameter ( For more than one stage of HPT )
Xi) Exit radiusratio

Xii) 6 T6

Xiii) Lossfactor (0.30.4)

Xiv) Firstrotor cooling constant

3.3.1.2 Calculation procedure

3.3.1.2.1 Velocity Triangles

First of all, the expected turbine power should be known in ordealtulate the

velocity triargles. This can be calculated by

o 00"y .
a Q9 Qo —7F- @ (3.28)

It should be noted thatlP turbineefficiency estimationis an iterative process
Initially, the efficiency oftheturbineis assumed anithe pressure ratio aheturbine
corresponding tthat efficiencyis found After calculationsthe efficiencyis updated
and this process continues upagoint where the difference betwettre guessed
andcalculated efficiencies is less thard01.Additionally, the tangential component
of the exit velocity is assumed at first andmpared withthe calculatedvalueby the
Eulerturbineequation. This requiresanotheriterative processandcontinuesuntil the

velocity difference of 0.01.

Calculatingthe exit tangential speed thfe turbine last stage at mean radass

~

2% (329

S
0 —i

QT
Thepressure ratio of each stage is

Gy e (3:30)

where0 'Yis the pressure ratio of each stage ansl the number of axial stages in
HPT.

Calculating the exit tangential speedluéturbine first stage ahemean radiusis
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Y 0 c_i (3.31)
QT

Updatingthereduced pressures at station 3 and hefiirbinescan be updated as

vi ol " (3.32)

vi Vi OoY (3.33)

The properties of the gas at station 3 can now be updated by using the reduced

pressure.

The ip radius ofthelaststage exit can be found by

Lo (3.34)
So that the hub radius is
i i @i (3.35)
The it area can béund by
o ‘i i (3.36)

The «ial velocity atthe last rotor oftheturbine can be found by continuigguation

asfollows,
, a
W T (3.37)
° vy
wherel is the mass flow rate through HPT.

An iterative process shoulde carried out by usingdgtatiors (3.29) to (3.37) to
evaluate the static temperature otistas until the calculatedturbine mass flow rate
value is equal ttheinput mass flow ratevalue. With this iteration, static temperature

of station 5 is found.

The alsolute velodiy at station 5 can be found by
W W W (3.38)

The corresponding Mch number anthe static temperature can be found with this

obtained velocityy formulas,
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5
VY (3.39
y Y
[ Py (3.40)
P
After finding 4 , thestatic pressure can be fouby
- Y T
' _ (341)
0 ~
Now, it is possible to findhedensity ofthegas at station &s
" 0 342
VL (342)
Finally, thegas flow rate can be foury
a w 0" (343)

Since6 AT B\ areknown, now it is possible to construct the velocity triangle at

station 5by using the following relations,

) Yoo (3.44)

W W W (3.45)
Wi ool—(st (3.46)

1 wl ool—(st (347)

where | is the absolute flow angler is the relative flow angle and subscript

denotes the whirl component of the corresponding velocity.

After thesecalculations, liere issufficientinformation tocalculateto the parameters

atstation 4. Thealculation of enthalpwt turbine station & done by

Q Y Q Q Q (3.48)
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where'Y is the degree of reaction of turbine to be desigiiée. gas properties are

then evaluated by using the evaluated enthalpy.

Thevelocity trianglesmay now be calculated as follows

W w Tw (349
w Y o (3.50)
&) 0 (351)
® W (352)

where6 is the ratio of the exit axial velocity to the average axial velocity of the

stage.

Since velocity and air properties are known, itpassible to calculatéhe Mach

number andhe pressure at stationak

VIAY (¢ (353)
0 5 O 354
O 0 = (3.54)

With the available values, it is possible to construct the velocity triangle at station 3

as

W d)*Y 355

~ (3.55)

@ Y 3.56

Y (3.56)

v 357

() w oV (3.57)

0 0 MY (358)

With the assumption of symmetricatlocity trianglesall the necessargarameters
are found in order tbeusal in the Eulerturbineequation for updatinghe tangential

velocity as iteratively until the difference between its successive values is 0.01.
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co Y'Y Yco Y

(359
Y co Y

The parameters aftation 2are calculated by the values sthtion 3similar to the
calculationof station 4 fronthe values o$tation 5.
3.3.1.2.2 Cooling Effects
Cooling effecivenesss calculatedy using eferencg28] as
a

- — (3.60)

wheres is thecooling effectivenesand+ is the rotor cooling constanthe
resulting metal temperatui®then
Y Y - Y Y (361)

whered4  is the cooling air temperature which is equalh®compressor exiital
temperature4  istheHPT First rotor inlet relative total temperature and calculated

by using

Y Y op r . P (362)

The rext step isthe calculation ofthe outputs of intereswhich ae the HPT first
rotor inlet relative temperature, the HPT first stage flow fac®r ¥5 ), theHPT
first stage loading¥E 75 ), the HPT exit Mach number-( Fthe HPT exit flow
angle { , the HPT cooling effectiveness (  and theHPT first robr blade

metal temperatured(

3.3.1.2.3 Efficiency Estimation
This dficiency estimation is provided by R§7] with the inputs ofHPT velocity
triangles The isentopic efficiency of the stage is

i 0n

3.63
672 (363)
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where s is the isentropic efficiency of the stageswp is the speedvork

parameteando is a constant to be calculatéthe swpis defined as
i 0N —— (3.64)

where the subscript represents the inlet station of the considered rotor and the
subscripte specifies the exit station of the considered rotor. The conétaanhbe
calculated as
YQ 8
wEé|o

Lz

N6 QO (3.65)

whereK is the loss factorY (s Reynolds number at the rotor aticand$ are the
defined constants in order to calculate the turbine efficiehlg.constants/E and

A/ are calculated as

For the rotor

£ ¢ for 0 swp 1 (3.66)
For the stator

)] For single or first stage
£ pfor0 swp 1 (3.67)

i) For intermediate stages
"Q ¢p i 0N for 0O swp 05 (3.68a)

and

(3.68b)

£ p for05 swp 1
The constano is calculated for bth the rotor and the stator as
For Single or First Stages
6 p C QED i OnmM for0O swp 0.5 (3.69)
& p C QEO for0 swp 0.5 (3.6%)

For Intermediate or Last Stages
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6 p C QEID ) i Ofm  forO swp

0.5 (3.70a)
6 p C QEO for0.5 swp 1 (3.70b)
Similarly, the constariD is calculated for oth the rotor and the stator as
0O ¢ WEéld fonm ™ for0O swp 0.5 (3.71a)
0 ¢ WEd p i 0n i & for05 swp 1 (3.71b)

Thed/nami c viscosity u(sPankgs )t hies Suatl[Bteatrl|aatneddd sb yr ¢
theturbine inlet withthe followingformula,

uY8
Y pqT

C PR PTEP T (372

wheret is the dynamic viscosityCalculatingthe Reynolds Number @herotor by

a
i

YQ (3.73)

whereO is the mean radius of the first stage of the interested turbine.

Finally, thetotal turbine stage isentropic efficiencgn be calculatedia following

formula,

p € G p (3.74)

As mentioned before, this i1dterative procesaind continues until the efficiency
foundges very close to the guessed value (previous resthig. resultingstage flow
factor andthe stage loading is plotted in Smitthart [29] to give an insight tdahe
designer thats whetherthe designed turbine is feasible and efficient or nottha

designecconfiguration ofthecycle.

Validation of this study withthe experimental data is available reference[27].

Sample turbine efficiency mode output GUI is presentesppendix B.
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3.3.2 Power Turbine Efficiency Calculations

All of the calculations aresimilar to the HP Turbine calculations except thie

pressure ratio ahepower turbine igvaluatedy usingEquation(2.33).

3.4 Combustor Design Mode

The @mbustor efficieny estimation is fronreferencd5] andthe softwaregivesan

idea abouthe combustor design parameters such as loading, intensity and residence
time. In addition, withthe parametergound in this mode the softwareupdates the
burner efficiency inthe designcalculationsfor better approximatiorof the cycle

towards reality.

3.4.1.1 Inputs
For the estimatio of the combustion efficiency,

1) Actual mass flow rate at station 3.1

2) Total temperature and total pressure at statibn 3
3) Combustomeanradius

4) Combustotheight,

5) Combustotength

6) Combustorverage Macmumberand

7) Fuel toair ratioare required.
3.4.1.1.1 Combustion Efficiency

3.4.1.2 Calculation Procedure

The radius of the tip and hub of the combustion charcdeibe calculateby

l i (3.75)
q
and
l | (3.76)
q
respectively. Thethevolumew of thecombustoiis
w “0 i i (3.77)
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where 0 is the length of the combustion chamber. The loadintgnsity and

residenceaime for the combustor can be evaluated as

. A g
v, 8 o o (3.78)
® SSmcu P YT TP TYg TTITM
. 0 Ow
O a g 0. o (379
p @G U
o 07w (3.80)

WherelL is the loading of the combustdris the combustion intensity ar@ is the

residence timeThe esulting combustion efficienayan be found by

— L8 QT O oYX wgpot O YK o x peym O

TMINMMoONTNITMMKNTT LV P WG Tp T 1T (381)

where- is the combustion efficiencyt should be noted that, sin=- and therefore
fuel to air ratio (f ) changescombustiorcalculations areepeated thregmes In the
software these calculations are performed three times for this purpodbevalues

are updated accordingly.
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CHAPTER 4

OFF-DESIGN PERFORMANCE ESTIMATION

After determining the design poirdf the turboshaft enginet is important to
estimate and examine how the engine behavefatentoperating points within the
aircraft operating envelop@&his is a mussince thecapability ofthe engine to cope

with the defined missionshould be examined byhe engine manufacturewhile
developing the cycle of the enginetire preliminary design phasén theactual case,
compressor and turbine maps are not determaeddis point ofthe engine design

phase. In order to estimate the performance, there are some techniques to estimate
the maps othe components whicltan be usetb determine the performancethe

desired operating point. One of these technigonasielymap scalingis used in this

thesis

4.1 Map Scaling

In the map scalingmethod, reference aps are used and scaled for-aésign
calculations.The pessure ratio, efficiency and massw valuesof the mapsshould

be scaledo thedesignvaluesof theengine to be designed
The galing factor used in the pressure rati{3i3]

oY p .

UYG'Y—pUY P P 4.1

Formass flow and efficiengyhe following scales are used,

Y —— 0 4.2
0(0( a 4.2
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- —- 4.3

wheresubscriptd denotes the design value of the engine to be desigmkdenotes
the design value of the reference mapsram®notes the value of interested point for

scaling at the reference maps.

Referencamaps forthe components are selectaed the ones referencg?9]. As the
compressor reference map, NASA TM 101433 compressor map is used. For the HPT
reference map, high work low aspect ratio turbine of NASA TM83655 is used.
Finally, AGARD two staye turbine map is used ftire power turbine.

Furthermorethe reference map fathe compressor changes to a differemipwhen

the centrifugal compressor type is selected in the softvrarethis reasona two-

stage centrifugal sample engine map is digitized and embeddethetoftware

from referencg31]. This conversiorof mapsis necessary because althoubbhsame
progress iscarried out thermodynamically fdyoth types, eaclype hasdifferent
operating characteristics which letw very different engine parameterstire off-

design matching. To illustrate the difference, characteristics of both types are as

shownin Figure4.1.

Axial Flow Compressor

Centrifugal Compressor

080

0.90 0.95 1.0 1.05 1.10 1.15

Qf Qdesign
Figure 4.1 - Performance characteristics of axial and centrifugal compressors[32]

Centrfugal compressorcharacteristics ardlatter than axial flow compressor
characteristics at constant spaedhe pressure ratio versus flow graptence, in

centrifugal compresssgrthe flow canbe decreasethuch more with respect to axial
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ones without reachingthe surge ine. Furthermore, the efficiency of an axial
compressor is higher thacentrifugal compressor i@noperation withinthe normal

range of designgl].

After determining therotating component maps, it iteenrequired to match these
components.The engine operates at one point ftre given fuel input andhe
determinatioedn menmsitberaldéntomer modynami cé o
dependent on these compahenaps. Constraints that fortiee engine to opete at

this single pointfor the given fuelare work andflow compatibility equations. To
illustrate, the flow that passeshroughthe compressor anthe turbine is strongly
connected to each other whereas the power required to ttiieveompressor is

provided bytheextracted power frortheworking fluid attheturbine.

4.2 Betaline Technique

Before matching, new mapfrmedfor the componentsare tabulated fothe usage

in the developed computer softwar€o provideapr eci se r dirredli ng,
technique is usetnh which mass flow, efficiency and pressure ratiostfoe specified
speeds are tabulated with respect to thetas Beta lines are arbitrary lines which
are placed nearly equally spaced and parallel t@esdine inthe compressor nga
After this point,createdmaps are tabulated as threatricescarryingcorrected mass
flow, total pressure ratio and isentropic efficierdatato be usedn the developed
software[5]. The surge Ine betavalueis equal tol whereasthe lowest line beta
valueis equal to0. The regionin between these two lineme divided into equal
sections the mosty preferred section number is )2@nd named as their respective
beta value that is interpolated linearly betw&eand 0.The map presentation artie
respective tabulation dhedata can be seen gure4.2.
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BETA l 70 80 90 100 N/VT(%)

0.625 TABULATED VALUES OF

0.5 .
1T /P
EFFICIENCY 0375

PR 05 TABULATED VALUES OF PR

05 TABULATED VALUES OF EFFICIENCY

Figure 4.2 - Compressormap and betalines

In turbine maps, linear interpolation betwele map points is used:he leta value
is determined by settinthe upper most point at that speedual tol whereasthe
lower most point beta value is set to zelmterpolation forthe interested point is

done between these three points.

4.3 Component Matching in Off-Design Calculatiors

The hermodynamic matching type modelused inthe software. Thigs a universal
form of the steady state design modand is commonly referred to as a deck. Once
themaps of the components dneed by settingthe geometrical specifications tiie
components, it is possible to represent the performantteeehgine at all on and off
design conditions. Forgiven engine operating conditioiihe operating point at each
map is also unique fdhe designed componen|s]. In other words, unique maps of
the unique componenge matched to each other founique operating point dhe

engine.

In the componentmatching, there are four independent variables and four errors that
can arise from mismatching dhe rotating compaents. These variables arthe
compressor beta valuthe turbine inlet temperatureéhe high pressure turbine beta
value andhepower turbine beta valu&rrors that havéo be minimized aréhe high
pressureurbine flow difference ghould be equal tche expected flowrate through
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the compressor)the high pressure turbine work differenceh¢uld be equal to the
expected work required to rotate tt@mpressor)the powerturbine flow difference
(should be equal to the expected flow rate through )H&I lastlythe exhaust
pressure ratioA certain total pressure is required to force the exit mass flow with the
exit total temperature through the given exit area while the back pressure is equal to
ambient pressurfd]. Herce, the lasterror is the difference betwedhe required
pressure ratio and the actual andhe iteration It should be nted thatthe power
turbine speed is set agnstant in offidesign (i.e.in a helicopter application it is
requisite). Asthe main input for the off-design calculationsthe relative high
pressure spool speed selected For the given spool speedhe operatingooint is
fixed atthe compressor map witthe input of beta value othe compressorlin
addition, the corrected speetN/I"Y is fixed forthe HP turbinewith the knowledge
of the turbine inlet temperaturéfter setting thebeta value othe HP turbine inthe
map,the operatingoint of the HPturbine is fixedas well With the determination of
this operating conditiorthe power turbine inlet temperature is fixed whigsults in
the fixed corrected speed dhe power turbine Lastly, the beta valudor the power
turbine is put intdhe codeo fix the power turbine operating point this point, he
problem is how to reach a solutidterations begin with initial guesses ftbie four
independent parameters mentioned above and iterations are updatedhevith
NewtonRaphson iteration method. This method calculdtegacobians and updates
theseparanetes accordingly.This process goes on until tequare of thsum of the

errois decreases up @ 1™ 8

The dgorithm forthe off-design calculations are presentedrigure4.3.

63



)
Compressor Beta Value [ PT Beta Value J
HPT Beta Value
Burner Exit Temperature W
T Errorl=th(HPT)-m(comp)  |Ncorr PT| Error3=rii(PT)-m(HPT)
Error2=work(HPT)-work(comp) Error4=EPR-EPR(required)
[ START
v
HP’Spool Spcleéd S errorc10-®
Ambient Conditions No Yes
( Newton Raphson method

L to update guesses

[ Iteration finishes ]

Figure 4.3 - Off-designmatching algorithm

4.4 Changing Parameters at OffDesign

Someof the design point input parameters should be modified since the engine is
operating in various mass flows in its operating envelope. In order to apply this
necessary modification, pressure lossab@burner andheexit duct are assumed to

be changingropotional to the corrected mass flow rate such ageferencd9]. In
addition, the burner efficiency is also updated withe comparison ofthe burner
loadings ofthedesign andheinterested ofdesign poinis obtainedn thesame way

as in referencf9].
The kurner loading is defined as
W g

5 L) \'\’Y
0§ oQogs

(4.4

Where® g is the air mass flovin the combustor) g is the pressurat the inlet of
the combustoin bas, "Ys is the combustor inlet temperature inafd w is the
combustor volume it . The lurner efficiency can be estimated the formula

from referencg28],
AEM - O waée (45)

where® 1 1@ — and b is the burner part load constant.the developed

software the burner part load constant is taken as 1.6 which is the default value Ref

[9].

64



4.5 Operating Lines

Solvingnumbersof spool speed operati@t off-designwill result in operating points
for steady state operation in each of the component maps. Linking these points to

each othegivesthe operating line othe commpnents of the engine.

Some samples of off design operati@sultsof the developedodeare $iown in
Figure4.4 to Figure4.6.

Axial Compressor Map

S F——

18 --nmmnes :

[l Values in red: Percentage of Corrected Speed (Applies for all plats)
Bl Red Line: Surge Line i ' : :

Pressure Ratio

Corrected Flow (kg's)

Figure 4.41 Sample output of operating line in compressor rap in the developed ode
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HP Turbine Map

Pressure Ratio

. 06
Corrected Flow * Corrected Speed (kg/s)

Figure 4.57 Sampleoutput of operating line in HP turbine map in the developedcode

Power Turbine Map

Pressure Ratio

1
0.857 1 12 14 16 18 2 22 24 26 28
Corrected Flow * Corrected Speed (kg/s)

Figure 4.61 Sample aitputs of operating line in power turbine map inthe developedcode

In Table4.1, the sample outputs dhe operating lines othe developedsoftwareand
GasTurb are compareshile resulting power outputs are presented able 4.2. It

can be seen th#teresults are nearly matched with each other.
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Table 4.1- Comparison ofresults ofthe developedsoftware and GasTurb for given sample inputs

Relative Developed Code Gasturb Absolute % Diff
Speed | PRc Tt4 m PRc Tt4 m PRc Tt4
0.75 1.87 6.05 1190 1.8800 6.07 1187 0.53 0.41 0.23
0.8 2.25 7.46 1217 2.2540 7.46 1214 0.18 0.00 0.22
0.85 2.63 8.99 1270 2.6310 8.99 1272 0.04 0.08 0.16
0.9 2.97 10.45 1333 2.9650 10.44 1331 0.17 0.04 0.16
0.95 3.25 11.74 1387 3.2450 11.72 1384 0.15 0.16 0.27
1 3.50 12.99 1445 3.5000 13.00 1450 0.00 0.08 0.33
1.05 3.66 14.12 1545 3.6630 14.09 1544 0.08 0.23 0.08
MEAN 0.16 0.14 0.21
Table 4.2 - Operating line power output comparison ofthe developedSoftware and GasTurb11
Relative Developed Code Gasturb Absolute Differencg
Speed POWER (kW) %
0.75 151.2 153.2 1.2
0.8 259.4 259.2 0.1
0.85 395.1 3960 0.2
0.9 541.6 540.5 0.2
0.95 677.8 673.8 0.5
1 815.6 818.5 0.4
1.05 957.4 955.7 0.2
MEAN 0.4

To sum up,after using the same reference maps with GasThebresultsof the
developed codere in close agreement wite results ofGasTurlhwhich shows that
the written code is operating correctly amgladyto be usel in engine @ and off

design (steady operatipperformance estimations.

4.6 Handling Bleed Effects

The handling bleed effect is introduced intbe developedsoftwareand can be
switchedon in theoff-design and transient calculations. It is modelethasir flow
which is taken fromthe discharge air athe compressor without affectingpe main

flow. Required inputs foscheduling the handling bleeaodule are:

)] Closed abovéhecorrected speed
i) Open belowhe corrected speed
i) Maximum handling bleed (kg/s)
iv) Minimum handling bleed (kg/s)

The handling bleed is widely used the gas turbine applications dueits beneficial

effects over the compressor garphenomemn. Using thehandling bleed valves in
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low speedoperationis necessary sincé movesthe operatingline down inthe
compressor performance magde reason ishat the mass flow rate is increased
when the valves are opened and hence the surge margin is incieasiastrate,
the sample operating lines with and without handling blesdsshownn Figure4.7
(thedarker operating line is the one ttia¢ handling bleeckffect isactive):

Axial Compressor Map

20

18

J Values in red: Percentage of Corrected Speed (Applies for all plots)

Pressure Ratio

1.5 2 2.5 3
Corrected Flow (kag/s)

Figure 4.7 - Handling bleed effect on operating line
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CHAPTER 5

SIMULATION OF INLET DISTORTION EFFECTS

The two main influences otheinlet distortion in gas turbines aom the stability of
the compression system and propulsion system performdnegothe compressor
efficiency degradation antthe control system action ithe engine[33]. The effects
of the ontrol systemin order not to stall the compressarewidely investigated in
the literature such a# reference[34] . However, since thenain interest of the
softwareis not the control systemthe compressor efficiency degradation ate
resulting performance changes the turboshaft engineare considered irthe

software

Methodologyof the inlet distortion part ofthe softwarefollows mainly reference
[33] and the results then will be compared with the commercially available tool
GasTurbl11.lt should be noted thathe coupling factoris not considered in this
thesis since the main interesttige turboshaft engineBecause these engines are
small gas turbines, there areserially connected low and high pressure compressors

in general.

5.1 Methodology

The parallel compressor theornyas first proposed by PearsdB5] and it is the

commonmethod inmodelling theinlet distortion. The main ideaf this theory is that
two different streams ithe compressor is assuméal be working athe same time
and matchedavith each other to havibe same exit static pressurédet properties of
theeach flow can be modeled Hyedefinitionsin referencd36].

The @mpressor map is divided into parts the parallel compressor operation and

new mas arerequiredfor each sectiorof the compressor. In order to create new
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maps, same mapvith the only difference of corrected mass flows are used for each
section.The designpoint corrected mass flow rat# the distorted paiis calculated

by the user input angle divided by 360 degrees and multiplighl the whole design
point mass flow rate of theompressor. The remaining corrected mass flow is the
design point of clean section thfe compressaused. New betas are defined in each
map andhe Newton- Raphson iteration is performed with five parameters and five
constraintsThe new constraint is thtte static pressures at each compressor section
exit must behe same. Inthe developedsoftware Mach number of 0.2 is the default
value atthe exit of the compressor anthe static pressure is calculated by this value
andthetotal pressuréor each section iund viatherelated compressor maps.

Beforeall calculationsthe aerodynamic interface plari&lP) should be defined just
before the inlet of the compressor. In order to calculatiee propertiesthere the

compressor design modutalculations should be made before.

The datic pressure athe inlet of the compressor can be found blye following

formula,

— (5.1)

whered is the static pressure.

In the compressor design mode calculaticthg hubradius,O, andthetip radius,Oh
can befound. Using these valuethe area athe aerodynamic interface plane
can be calculately

0 “ i (5.2
Thecompressor inlet areatisencalculated by

o “ i i (5.3

The \elocity at the inlet othe compressors then

w 0 ® (5.9

Assuming constant densitiet \elocity at AIP can be calculated
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I A (5.9

5.1.1 PressureDistortion:

The pessure distortion coefficient is definemtake thanlet distortion into account
and it is an input value frorthe user to calculatéhe inlet stationpropertiesof the
compressoandit adjusts the magnitude tfepressure distortian

06 - - (5.6
o
where $ #is the pressure distortion coefficient. In additi®n, is the average
pressurandO Is the pressure at tlustortedsection.
Using$ #0 can be calculateldy usingEquation (5.6) It is assumedhatthe

total temperature does not change wihiea pressure distortion is appliedfter
finding the samestatic pressures fdhe exit at the same corrected speeds for each
flow ratein the compressorthe average valueare set depending dhe actual mass

flow rates andhenthecycle calculation is performed.

5.1.2 Temperature Distortion:

Similar tothe pressure distortion coefficierthe temperature distortionoefficientis
an input thatthe user can change the intensitf the temperature distortionBy
definition,

0"Y o (5.7

where$ 4denotes the temperature distortion coefficient.

Additional definition inreference[9] is used inthe developedsoftware for the

calculation ofthetemperature witlheinput ofthetenperature distortion coefficient,

"y (5.9

where | is the circumferential extent tiedistortion in degrees
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After finding 4 , the corrected speed dhe distorted section is updated and
theiteratioral process goes on unthe same static pressures thie compressor exit
is found,as mentionedefore Again, the averagevalues are set depending tre

actual mass fl rates.

5.2 Sample Results and Comparison with GasTurb11

For the temperature and pressure distorted inletampeinput and output in the

developed software is presentedrigure5. 1.

Axial Compressor Map

Inlet Distortion Inputs.

Pressure Distortion Index: 1

Temperature Distortion Index: 01

Sector Angle of

Distortion (degrees): 80

Pressure Ratio

Inlet Distortion Output:

PRdis 13.1723 mdis: 0.45803  Pdis: 53.7402

PRclean 12434 mclean: 282277 Pclean: 101.356

0 0.5 1 15 2 25 3 35 4
Corrected Flow (kg/s)

Figure 5.1- Inlet distortion output of the developedsoftware

In this figure,i dis affix denotes the distorted section properties wherelsmnaffix
denotes the clean section propertiéghe darkestpoint in the compressor map
belongs tahedistorted section whereése rightnost darkpoint showghe operating
point of the clean part ofhe compressor. Furthermorthe point in betweenis the
average working point dhe compressor. As expectetie pressure ratio is higher in
thedistorted section in order to reach the same static pressiesexit with starting

from amuch lower pressure valuetheinlet.

A sample atput of GasTurbl forthesame inputs ishown inFigure5.2.
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T|and P distortion:

B dist sector operating point
O/ average operating point
124 O clean sectof operating pojnt

Distortion Details:

P2 P3/pP25 m2

33 Clean 101,221 12,408 2,916

Distorted 93,928 13,256 0,460

P3g2 Compressor Pressure Ratio

4 8 12 16 2 24 28 32 36 4
Mass Flow W2RSHd [kg/s]

Figure 5.2 - GasTurb11 output with inlet distortion
It is concluded from the results thhere isa maximum difference 0.5 % which is

an acceptable value ftine inlet disturbance model. The mawoncernof this inlet
distortion model ighe effect orthe performance of the turboshaft. Because of this,
the results ofthe developed software and GasTurbll with and withouhe
disturbance shaft powers and spedfiel consumptions are presented’able5.1 in

order to see the degradation of the performance with inlet distortion.

Table 5.1 - Inlet distortion effect on performance

Without Distortion |  With Distortion
Developed Shaft Power (kW) 87937 820.13
Software SFC (kg/k\h) 0.3002 0.3040
Shaft Power (kW) 880.7 817.2
GasTurb 11
SFC (kg/kWh) 0.3005 0.3042

It can be seen fromthe results that, moderate inlet distortion inp@»r=0.1 and

DC=1 taken insample)resultin nearly 7 percendf loss inthe shaft powerwhich

can beevaluatedasasignificant loss.
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CHAPTER 6

TRANSIENT PERFORMANCE ESTIMATION

On and off designef a system can give outputs on state changksne needs to
determine howhe engineard its outputs readb varying inputs(such aduel inpu,
dynamic analysi®f theturboshaft engines required This means that a modification
is required on thetealy state modeh order to gethetransienimodel of theengine.
This can be ammplished by takinghe polar moment of inertia into account while
establishing the power balance betwé#emcompressors antlirbines. It is obvious
that more fuel is ragred during accelerationthan that for steady state design point
For decelerationdess fuéis required in the samsensd9].

In accelerations, there is an additional power on the high speed spool due to the
increased fueinput. In other words, the power output of the HP turbine exceeds the
power that required to drive the compressor, auxiliaries and mechanical losses.
Conversely, the power output of the HP turbileereases angecomes insufficient

to drive compressor, ailiaries and mechanical losses due to the decreased fuel flow
ratein decelerationsTo take thee effecs into account, nbalanced powefY( is
introducedto the work compatibility equation of the compressor and the gas
generator turbinén order to demonstrate the effect of transseas in the following

formula,
- A gwQ a4 &Q 00 YYD (6.1)

It should be noted that the unbalanced power is negative in deceleration type
transientsNewtonRaphson Method is used guessthe unbalanced powgiUP) in

the HP spool. In addition tthe off-design matchingthe desired fuel flom(WF) is
matched withthe addition of theguessed unbalanced powertire gas generator
spool (similar tathe effect of power offtakegt the initial spool speed he teration
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IS completedwhen the two fuel values are matched aride unbalanced power
(results inacceleration odeceleration) is foundAfter this matching, calculations in
the current time stepre carried outandthe coa@d moves on tdhe next time steplt
should benotedthat the fuel pump is modeled with a response with first order time

lag.
The ool acceleration is calculated

Q0 YO EBQO®D QQQO Q6 D

E(‘) T e (6.2
o @
then the new spool speed istained by Euler integration as
Q0 A
nini 6.3
0 0 g5 10 (6.3

where0 is the spool speed in rpris the polar moment of inertia of the HP spool in

Q& ,'QrQ ds the HP spool acceleration rate in rpm/s B8nis the time step.

The dgorithm that explaia the transient process the developed code igivenin

Figure6.1.

HP Spool Unbalanced
Power
aci WF
0 I Off Deggn ]—)[Erron WF — Desired WF]
Matching
| smrr |

HP Spool Speed No Yes
New Fuel Flow Rate
( Newton Raphson
method to update Next Time Step
L guesses
( dN UP \
= o
(30) IN

dN.
LNnew = Njgsr + (E)last ot

Figure 6.1 - Transient matching algorithm

The teration processcontinuesuntil the magnitude ofthe unbalanced power

decreases t0.01. After thatthe new steady stateperatingpoint is reached witkhe
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desired fuel value anthe operation path othe transient performance estimation is

plotted inthe component maps. In additighe following plots are obtained from the

developed code

)] Burnerexit temperature versusne elapsed

i) Turbine rotor inletémperature versusne elapsed
i) Power turbine inletamperature versusne elapsed
iv) Gas generator spogbsed versuime elapsed

V) Unbalanced pwer versusime elapsed

Vi) Fuel flow rate versusime elapsed

The sample output is shovimFigure6.2 andFigure6.3.
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Figure 6.2 - Sampleoutput of transient performance oncomponentmaps
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Burner Exit Temperature vs Time Graph
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Figure 6.3 - Sampleoutput of transient performance - output figures of Tt4 and Ncorr

There are differences betwetire results ofthe developedsoftwareand GasTurb 11
which can be seen iRigure 6.4. The difference between the results of these two
softwares is mainly due to the different madededfor the fuel pump. It can be seen
in thetemperature versus time elapsed grgpienin Figure 6.4 that the increase in
the temperature is more rapid in the developed softwEnes result cannot be

interpreted amcorrectsince themodelng of the fuel injection may differ from each
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Figure 6.4 - Comparison of Tt4 and GG spool peed of GasTurblland the developedsoftware

In the developedsoftware the formulaused inthe creation ofthefirst order time lag
model forthefuel pump is
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®O0 ®0 w0 wOo p QF (6.4)

where7 & is thefuel flow rate at initial state of transiefit,& is the fuel flow rate at
final state of transient is the fuel pump time constant a0 the elapsed time after

initialization of transient.

6.1 Heat Soakage Model

In transient estimations, there are two phenomena that significantly affect the engine
performance namely theheat soakage and volume packing (dynami€igre are
large heatfluxes betweenthe operating gas andhe metal parts ofthe engine
especially atheinlet of the HP turbine[13] . This resul§ in a considerable variation

in the engine performance anihe operating gas temperature. The latédfect,
volume packing, can be seentire transient operation dhe engine. The reason is
thatthe mass flow at the inlet & volume (such as a dud$)not equal tahat ofthe

exit of thatvolumeduring transient operation #se pressure and tempdure (hence
density)changeswith respect to time. However, in order to introduce these effects,
detailed geometrical and metallurgical data the engine of interest or some
empirical relationships that fits well to transient behavior of a speeifgineare
required According toreference[5], Reynolds and Prandtl numbers dominantly
affect the heat transfer coefficients and these coefficients are difficult to evaluate
accurately. Hence, empirical correlation factora ba appliedo matchthe model

with the engine test data. Sintlee main interest of this thesisgeneratingatool for

a generic turboshaft engine, a basic heat soakage model is implernmetiteccode
andthevolume dynamics effects are not considered

The heat transfer betweethe metal andthe gas can be found bghe following

formula
0 QoY Y (6.5

whereE is the heat transfer coefficient between the operating gas and the metal
part, ! is the area of where the heat transfer occdrs,is the operating gas
temperature and is the temperature of the metal part of the engine in between

engine air stations 4 and 4.1.

In thedevelopedsoftware this effect is modeled wittheinputs of
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i Heat Transfer Constant

1 Heat Soakage Time Constant

The maximum heat transfer betwe#re gas andhe metal is found byhe following

formula,
0 oY Y'Y (6.6)

where'C’Y  is used forthe approximation ohA of the enginestatiors 4 and4.1

and Y'Yis the differencébetweenthe maximumgas temperature dle initial time

and the steadystate gas temperature. The mentioned maximum gas temperature
corresponds to the temperature that could be reached if the effects of thenfyel

and the heat soakage models are not includéeén approximation othe heat

transfer iscalculatedby the following1st order time lag formula,
1 1 A7 (6.7)

wheret is thetime elapsed after initiation dhe transient performance arfd3 4i#
the heat soakage time constant which is an input theaser.Sample resultsith a

heat soakage model can be seen in Sectiom FRure7.1 to Figure 7.2.
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CHAPTER 7

COMPARISON OF THE DEVELOPED SOFTWARE RESULTS WITH
THE LITERATURE

In addition tothe comparison ofthe results of thelevelopedsoftware with the
commercial tool GasTurb 11, comparison witte engine dataavailable in the
literature will enhancehe reliability of the softwareThis alsashows the progress of
the softwareand the possible applicable improvements init. The deady state
performancesare expected to well matchith experimental datavhereassmall
variations inthe transient performance resultsay be acceptable due two main
error sources. The first one tise control system that maintairihe power turbine
speed at 100% relative egd.In the developedsoftware no control model is defined
and itis assumedhatthe power turbine always operatesaatonstantelative speed
duringthetransientsThe £cond one ishe absence ofthe volume dynamics and the
coarsemodelling of the heat soakageffect. The developedsoftwareis a generic
performance estimation tool and these effects ey much dependent orthe
specific dateof the engineof interest The consideration othe application of these

effects isdiscussedn thefuturework section.

7.1 Steadyi State Performance Comparison

The geadystate performance estimation resultstiod softwareare compared with
the available performance data bHTEC CTS80&4N in FAA Certification in

reference[37]. The engine is modeledvith the developedsoftwarein the design
mode withthe help of some literature data as neference[31]. In addition,the
compressor mapsedin the off-designcalculationsis the digitized version ofthe
compressor map ithe same pape[31] whereasthe turbine maps ar¢he default
maps inthe softwareas mentioned irthe map scaling section of this thesiBhe
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valuesof the shaftpower andoowerturbine inlet temperatur@TIT) arepresented in
Table7.1 with theHP Spool Speeds given ieferencd37].

Table 7.1 - Comparison of certification data of LHTEC CTS800-4N with model in the developedsoftware

. FAA Developed Difference (%)
523:%98 N(rpm) Povi(a)rft WarI?’TIT Power
Power(kW) | PTIT(K (KW) (K) (kW) PTIT(K|
30 sec OEIl| 46681 1208 1251 | 1197 1249 0.89 0.18
2 min OEl | 45556 1108 1201 | 1104 1206 0.38 040
COEI 44576 1014 1158 | 1008 1163 0.64 0.45
Takeoff | 44576 1014 1178 | 1008 1163 0.64 1.26
Max Cont | 43983 955 1134 943 1135 1.32 0.07
AVERAGE 0.78 0.47

Average differencesf 0.78 % and 0.4®6 in the power and power turbine inlet
temperaturesespectively,show thatthe model matchesvell with the certification
data andthe softwarecan be used irthe estimation ofthe on and off design
performance othe CTS8004N engine.

7.2 Transient Performance Comparison

The transient performance estimation capability the developed software is
compared withthe simulation results ofeferencg13]. In this referencepaper, there

is a comparisonof a developed real time model dfie T700 engine of General
Electric with the NASA Lewis simulation. The latter simulation is also validated
with the NASA Lewis experimental test engine and referencethénsame paper.
The nodels mentioned ithis paper are mbedded withthe heat sink and volum
dynamics approximationwith the constants developespecifically forthe T700
engine.In referencd38], the digitized T700 engine map is available and this map is
used inthetransient pdgormance estimation ithe developedsoftware Thetransient
scenario used in this comparison is thetfuel flow of the engineis increased from
400 Ibm to 775 Ibm per hour (step increase). Resultant turbine inlet temperatures and
therelative spool speeds are giverHigure7.1 andFigure 7.2.
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There aresomedeviationsmainly due tothe different heat soakage and volume
dynamics aproaches in betwedhe simulation modelsThe constructed models are
developed in 100% corrected speed at the developed software, and then gas generator
speed values are reduced to nearly 90% of the corrected speed in-tesigff
calculation moduleln this kind of preliminary design calculations, the important
examination of the transient applications are the initial and final points of the
transient scenario. In other words, if the initial and final parameters (sstatey
values with considering thelapsed time after initiation of the transient) of the
transient scenario match well with real application results, this software can be
categorized as sufficient for preliminary design transient estimations. The difference
at the initial part of the traments is caused by the differences in the approximations
of the offdesign performances of the engine. However, it is seen that there are not
any huge differences in these parts in between simulation models. In the two figures
above, there are differencestemperature values at some portions of the transients.
However, as mentioned before, these variations are due thfffxent modelingof

the heat soakage and volume dynamics in between the nawmdetse not considered

in the cycle design phase ottlurboshaft engine.

However,as expected, similar trendstransient performances can $eenin Figure
7.1 andFigure7.2 In addition propertiesat steady state performances (@t =0s
andt = 5 s) nearly matclwith each otherwhich implies thathe developed model
matcheswell with the engine. Furthermoréhe effect ofthe heat transfer tdhe
engine walls can be seenthe modelsin the developed modelithout heat soakage
effect, the temperature values are a bit highethafirst part ofthe transient. After
consideration of this effea@ndtheimplementation othe model ofthe heat soakage
the resultsmatchmore with the available data irthe literature as seen ithe same

figures.
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CHAPTER 8

CONCLUSIONS AND FUTURE WORK

8.1 Conclusion

The purpose of thithesisis to developa computersoftwareto carry out on and off
design performance predictionsf a turboshaft engine along with the dynamic
analysis With these abilities of the developed softwahes tycle of the engine can
be designed in an optimum way ascomplishthe previously defined missions for

the aircraft

The design point (on-design engine performance analysis starts witle design
choices.The importance ofhe preliminary design is usually high because when the
calculations proceed further, it may be hard to revive those initial stepsdesign

of an engine. Thereforéhe desgn point calculations are needed todagried out
carefully and lots of different designs should be compared with each other to find the
optimum cycle design dd turboshaft enginéwith this aim,firstly the design point
andthe parametric study modesf the softwareare developed in order to compare
the design points which satisfthe requirements ofhe engine and select the
optimum onelnsidethese modes, there are options for efficiency estimatiorthdor
components ofhe turboshaft.Theseoptions resultin better approximations of real
cycles in different pressure ratios, rotational speeds Iet@rder to check the
accuracy of the developed tool, the resultdhaf softwareare compared with the
results of theeommercial product Gastuth for the same conditions and inputs. The

deviations in results anly 0.1-0.2%, indicatinga high accuracy has been obtained.

The softwareshould also carry on the edfesign analysis order to find out whether

the designedengine is capablef overcomingevery missionn its defined mission

profiles or not The eference compressor and turbine maps hmeen used ithe
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off-design performance calculations witte technique of map scalingferations for
the component matchirgrecarried outby the NewtonRaphsorparameteupdating
method. The @erating line ofthe engine can be investigated in this modie.
addition,thehandling bleecndtheinlet distortion effect can be simulatedthne off-
designmode These effects are important in applicatibacause operating lise
differ from each othesignificantlyif these effects are taken into consideration and it
should be noted that these effects masult invarying the fundamental parameters
of theengine design durinthe preliminary studies.In addition tothe comparison of
the results with Gasturblihe LHTEC CTS8064N is modeled irthe developed
softwareandthe off-design results are compared wiihcertification data. It is seen

thatthe resultsnatchwell and offdesign model is alidatedsatisfactorily

In the transient model othe turboshaft enginethe fuel pump is modeled witla
delayandthe heat soakage effect is introducetiereasthe power turbine speed is
kept constant. Witlthe knowledge ohow much additional fuel exertedandthe
value of theinertia of the gas generator spqgotorrespondingbehavior ofthe
designedengine can be seen in component maps as an output. In addhigmyen
some important parameters of the designed engine withcam&eseenin the main
screenof the ransient mode othe developedsoftware The results are compared
with the commercially available tool Gasturb11l and presentdtamelated chapter.
Furthermore the GE T700 turboshaft model is developedtive softwareand a
sample transient scenario is appli€tde esults are then compared witte available
literature data and it igrovedthatacceptabléevels of accuracy ameached.

To concludea computersoftwarethat can model the turboshaft engine with features
of design, offdesign andransient performance estimatisndeveloped fotheuse of
performance engineer$he reliability of the developedsoftwareis also \alidated
with comparisonto the available literature data anthe available commercial

softwareGasturb 11.

8.2 Future Work

Although the developedoftwarehas reached to an agreement wtle available

engine data, there are some points to be improved.
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Firstly, the iteration timemay be shortenedoy improving the Newtoni Raphson
iterationschemewith the Broyden update model. Since tharesmall differences in
the offdesign simulation timesshortertime targets can be reachedpeciallyin

transient matching.

Secondly,the control algorithm forthe power turbine may be embedded iribe
code.By changing gas generator speedstité designedurboshaft engine, in real
applicationsthe engine control responses to kep power turbine speed constant.
However, after the initial application ofthe fuel, there will be fluctuations ithe

power turbinespeed, which is not the case in the model in the software developed.

Another possibleimprovements that the mean line analysis may be introduced to
the softwardor amore detailed design tiie turboshaft engineThe @mpressor and
turbine 1D meatine codes will be useful fothe determination ofthe main gas path
andtheestimation othe pressure ratios in addition tee efficiency levels. However,

it is seen inthe literature that, instead of using these codes, fundamental efficiency
estimation modeasin the developedsoftwaremaybe sufficientfor the estimation of

thecycle design performance.

Lastly, there may bean additional modefor the detailed modeling of the heat
soakage and volume dynamics effeafisich can be used to updatiee resulting
behavior of the engine in transients asréference[13]. This can be doneby
introducing thedetailed inputsrequiredfor the detailed simulation of the engine

transients.
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APPENDIX A

NEWTON-RAPHSON ITERATION METHOD

One of the most widely used root finding methods is the NeRtmphson iteration

method.

-

f(x)

Slope = f(x;)

fO)pmmmmmmmmmmmmmmeees
f(x;) =0
0 *o——>
- X

Figure A.17 Newton-Raphson method
This method is derived from the geometrical interpretatioRigiire A1. The slope

atw can be found by

Qw T
Mo — (A1)
W
After rearranging,
"Qw
) D A2
o ® e (A.2)

This formula is called the NewteRaphson formul&39]. In words, this method uses

the tangent of the equation at the first point to find the root of the interested equation.
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After numbers of iterations, the root can be found as long as the second derivative of
the equation at gniteration point is not equal to zero.

In the developed software, since there are many equations linked together, taking the
derivative of the equation is not a feasible way to reach a solution. Rather than this,
step increases are applied to variablgsasstely and the differences in errors are

examined. To illustrate:

At first, assume the beta value of the compressor is equal to 0.5 and the
corresponding four errors are 0.2, 0.1, 0.3 and 0.05. It is assumed that the beta value
of the compressor is inaesed to 0.52 and the corresponding errors changes to 0.25,
0.15, 0.25, and 0.03. The new beta value of the compressor is found by the procedure

explained below.

At first, Jacobians should be found,

b p EZ—E @ (A3)
L (A)
6 o H ® (A5)
0T TT[Z)GC—%U P (A.6)

The next step is to find how much change is required for beta by (assuming zero
errors in other error parameters for only this example)

og& 0 (A.7)
where A is the matrixf derivatives and the B matrix contains the error values. The

X matrix gives how much change in the examined variable is needed.

Different than this sample procedure, all variables affect the errors so that this
procedure should be applied simultaneously all variables by constructing the
matrices and all of the variables updated accordingly in one calculation step of the

off-design iterations.
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APPENDIX B

SCREENSHOTS OF THE DEVELOPED SOFTWARE
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Figure B. 1 - TEImep home page
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PT TRIANGLES ( First and Last Stages )
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Figure B. 4 - TEImep operating line sample result
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Figure B. 5 - TEImep transient sample screenshot
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Figure B. 6 - Transient sample map result
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