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Object Oriented Gas Turbine Performance Modelling

Object-Oriented Programming (OOP) Features

§ Encapsulation
§ Inheritance
§ Abstraction
§ Polymor phism
§ Aggregation

OOP Advantages
8§ Supportsflexible and modular design

8§ Facilitates codere-use
§ M akes code evolution and maintenance easier

§ Provides user-friendly interface
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Object Oriented Gas Turbine Performance Modelling

GasTurb

Predefined gas turbine configurations
GSP

Only the developer can create new components
NPSS / Onyx

Restricted availability
Matlab-Simulink

Not fully OO

Use a commercially available general purpose OO
simulation tool to model gas turbine components
from which to build any engine configuration using
a flexible and user-friendly interface
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Features of Simulation Tool

§ Software COMPONENT = mathematical description of engine component
§ Components arejoined together through their PORTS
§ PORTSdefinethe set of variablestransferred between connections

Component Code Component Icon

COMPONENT Duct IS_A CrasChannel PORT
DATA
REALK =0 "Loszs Factor"
REAL g=0.  "Heat fux(W)" Duct
CONTINUOUS
H out=H in+g/fg in'W
= outP=g inP *(10-K*M_inl**3)
END COMPONENT

COMPONENT

Compressor
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MTUA_CompReturs.el
MNTUA_CompShaftEnd.el
MTUA_CompT urbing. el
MTUA_Fuelkdeter el
NTUA_Functionz.el

NTUA_Mapz.el

MTUA_Farts el
MTUA_Thrusttonitar. el
MNTUA_TrbBetabap.el
Part_End.el
SASicons. eds
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MTUA_HeatSoakFunction. el

MTUA_MapScalingF actars. el
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Compressorkd apFile [twpe: array]
cap

Cp_T_FAR

d_head

DTAME [type: real)

Duct [iz a MNTUAG asChannel]
ECPAmMD ata

EgSS_Cale Type

Fan iz a MNTUA AbzCompreszor)
FannoLine

FlowCasze

FlowSplit

Fluidkdodel

Force

fuel

Fuelmeter

GAMSTD [type: real

Gas

GasChannel [iz a MNTUA GaslnGas0ut)
GaslnGasOut

GazTurbo (iz 2 NTUA GaslnGas0ut)
General

X Global_FH [type: enum element]
L Grav [twpe: real)
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MTUA_CompBurmer.el Flaw '
MTUA,_CompCompressor.el L A b f | Checklnput a e
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MNTUA_CompFan.el - cf o Lzt
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- p .
NTUA_CompMiser. el COMPRESSOR_MAPS e n
MTUA_CompMozzle.el COMPRESSOR_TYPE F Fat
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Features of Simulation Tool

A PARTITION iscreated to define the mathematical model

1-'13 Boundaries Selection Wizard

Library  [NTUA_MODELS Component  [mew COMP_ATM
EcosimPro has detected that this partition needs some boundary conditions. This
wizard helps you to select them.
Tatal | i 1
sztta 110— Sets of candidates: |[EXRIRREIAE Sel eCt I n g
Selected: Smmmmmmmnn andidates:
CIETER Boundary
< Add -
Conditions
L~
< ddd Al /
Remove:
<- Equivalences ->
e Pl | Selecting
Suggest boundaries AI g e b rai C
Variables
LCheck All Equivalences LCancel Mest > ‘

d

By A lgebraic Loops Wizard

Libran

Selected
for tearing:

[NTUA_MODELS

[J FANIN.BETA
[ FaNOUT.BETA

[JHPC.BETA
[JHPT.BETA
[JLPTEBETA

Vet

O FLOwW_SPLITEPR
[ FLOW_SPLIT.g_in

Mezzages

Component

< Add

< Add Al

Femove >

<-Equivalences-»

Inew COMP_ATH

E cosimPro haz detected a nonlinear algebraic loop [a box). Thiz wizard helpz you to
select the tearing vanables to break in it

Current Box: 1

Total Boxes: 1 Sets of Eandidates:15uggested -

Algebraic loop
variables:

Filter: ]

Suggest ]

Al Equivalences ]

Reszet

|

Mest »
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Features of Simulation Tool

EXPERIMENT ACCEL ON TURBOFAN OBIDIZOTE_MODEL TEATA

. Different EXPERIMENTS can be
TARLE D el made for a PARTITION

INIT  -- set indtial walues for variables
-- Dpriatrde wariables
FAMNIN XM = 1740

" Algstrac vaiabios Initial Values for Dynamic
FANOUTBETA 06— & Algebraic Variables

FLOW _SPLITEPR=60
FLOW SPLIT.g in W =150
HPC BETA =052
HPT BETA =029
LPT BETA =029

BOUNDE  -- set expressions for boundary vatiables: v=1,..0) B oun d ary
NTUA_ ALT=0 Or
ATM DTAME =0 o— Condition Values
HTOA  RH=D0
ATMEM=0

BODY Reporting

REPORT_TAELE("*") @

EcoReadTablel D" CMEcosimProWIEER_LIBSVWHTU A _RMODELIVWELT

FMETER.f inWF = 1.0 * timeTablelnterp( TIME, fael_law)

STEADY) @— Steady State Calculation
INTEG TO(,0.02) @ .
END EXPERIMENT Integration
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Main Window of Simulation Tool
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=1 bosrcingBall, BEALEL=6170 “epring coeFhcent 1 ()"
& cirenit eds REAL ki =H310 "spring coefhicient 2 (M)
=] chrenit el REAT. h=3B.1 "lworizoatal length of cable {n)”
] chient e
=] equateon. o Y
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g waveFumctions eds EEAL x “honczondnl distmece nirornft smrester cable (m)" .
=) waveFumctions el EEAL I:!cl1 B2 "cabde tensons (M)” Ed Itl n g
41 wvePunctions igr FEAL sinefhets  "=m of sngle of cahle under tenssan ()"
Workspace =1 wheExmmple d REAL oy ~feng neets (Vs 2im 2 — A
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Z] zoneExmuple. o : r e a
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B G ¥ = saitfx ¥ -
30 TR BN s thets = viglriyl)
< i@ MATH
= MNTUA Caleulnts drag coefficsent frony e table
+ @NTUA_MODELS temp = linearInterp 1 D4k, y3)
+ i SCLIB e
THEERLAL « dmg torce
8 fdrag = temp * y3'"*3
catble tenmions
fkl = ZONE (y1 > 2 * y2) k1 * {y1 - 2 *¥2)
OTHEES ¢
k2 = ZONE (y2 = y3p k2 * {yd - y3)
OTHEES @
| s e . . -- sepeleradiogn of nacsec . L
O u t p u t | [EcosimPro Ready
—Y

Area

Cuitpid | Compan | Espwarand | P Pl
et _TURERE_E-SNALES
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Graphical Component Creation
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Graphical OQutput from Simulation
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Modelling Methods: Component Hierarchy

COMPONENTS
ATMOSPHERE GasinGasCut MIXER NOZZLE BLEED REINTRODUCTION VOLUME
DYNAMICS
GasTurbo BURNER GasChannel
—  Compressor — LPT_Exhaust
HPC = DUCT
FAN — INLET PORTS
== Turbine
GAS FUEL SHAFT FORCE
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Modelling Methods: Dynamic Modelling

dXN, a2ps”

DPW = J* XN * .
dt &60g

Shaft Dynamics

h=0.0201* C* Re %8 K / L

Cp*M*Cr;—tm:h*As*(Tg- Tm)

Heat Soakage
« HP compressor (blades and casing)
« Combustion (casing)
* HP turbine (blades and casing)

Gas Dynamics:

dr _ Win B Wout

dt Volume

dw 1

oL WV A - (WY +p* A, + Foocy
d 1

“(r*H- p)= IW*H). . - (W*H

dt I P) Volume [( I - )

e Conservation of Mass

e Conservation of
Momentum

+P\N+Q]

out » Conservation of Energy
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Model Comparison for SLS and TOC Cases

0.20

OsLS
mTOC _|

0.10 +
0.00 ~
P41 T41 P6 XNLP F

-0.10

-0.20

'"" llllllll"' I
-0.30 mmml

% DIFFERENCE

-0.40

-0.50
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Model Comparison for Steady State Cases at SLS

Pressure Ratio

************************************************************************************************************

Corrected Flow
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Model Comparison for Transient Cases

— ACCEL
- - DECEL

Pressure Ratio

“\' - [sTEADY

Corrected Flow
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Engine Dynamics: Effect on Thrust

SD + Volume Dynamics (VD)
l

Shaft e
e 2 1

Dynamics o
(SD) ﬁlf SD + VD + Heat Soakage

7

. % Difference

THRUST
o

|
1
1
AN

0 2 4 6 g 10
TIME (s)
T T T T _6
0 2 4 6 8 10

TIME (s)

% Difference
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Gas Dynamics Effects on Compressor Surqge
Marqgin during a Fuel Spike

WITH TIME

/

XMARg, - XMARgp/p
N

o o5 1 15 2 25 3 35 4 45 5
TIME ()

| LL
FUEL VARIATION =
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Gain Variation with Frequency for Sinusoidal Fuel Input
1

0.5 4

10 100
Gain = Ag / A t=0.01Hz

O
o1

/!

z
<
9 _1 | \
o -
°
-1.5
-2 - ;gu' —+— W1
8 — XNHP
25 | i —o— P3
' 1 WFE=0.7+0.4*sin(2pft) —-—T6
0700 7‘10 7‘20 7C‘i0 71‘10 »7‘50 7(;0 7‘70 7‘80 7;90 800 _|_ FGN
-3 Time (s)
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Adaptive Performance Modeling: Principle

Actual Engine

Measured variables / Available Data

Engine Model

)4

Do data match?

Predicted variables

T

Adjust mode| Parameters |,

through MFs
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Adaptation to Test Data: | mplementation in OOP

E ¢ Select Data variables:

Library |N TUA_MODELS

Compaorient

unknown rariable.

Changed: |1 0

MNew unknown
variables:

FaMIM.SE

FAMIM. S < Add
FAMOUT.SE =
FAMOUT. 5%
HPC.5E

HPLC. 5w
HPFT.5E

HPT. 5w
LPT.SE
LPT.S%W

< Add Al

Remowve >

Specifying Adaptation

Factors

Thiz wizard provides the option to change any existing component DATA to be

x|

x|
TURBOFAM_OBIDICOTE_MODEL
Specifying Measured
Existing DATA: p y g o
uantities
BL_IMT.qwl :I Q
BL_OUT.qw1 —— - - - - - - - - —_—
BL_OUT.gwz 1-".; Boundaries Selection Wizard
BYvPa.A_inl ]
BvRA K Library |NTL|.¢._MEIDELS Component |TURBOFAN_ORBIDICOTE_MODEL
BvPaq
EE:.E‘EIM E-;:usimF'm haz detected that thiz partiion needs some boundary conditions. Thiz
EEH:FH"-@' wizard helps you to zelect them.
CLHE Tatal s : )
FaAMIM.A_inl Leit e Setz of candidates: ISuggest Baoundaries j
Selected: e Candidates:
BL_OUT.q_inP - FAMIN.EETA
BL_OUT.g_in.T — < Add FaMIM.SE
FMETER.[_in\wF FAMIM.TF
HFC.o_inF FAMOUT.SE
HFC.o_in.T HFC.BETA
LF15.q_in.P HPC.5E
LP15.qin.T SSEEREI P o in P
LP51.g_in.T HPT.BETA
MTUA__ALT - HPT.SE
HTUa __DTAME LFT.BETA
HTUA__RH ;I Remove: LRPT.5E
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Sample Results: Estimated Values of Adaptation Factors from

Measurements Simulating a Deteriorated Engine

SW12 SE12 SW2 SE2 SW26 SE26 SW41 SE41  SW49  SE49
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Conclusions

§ An Object-Oriented smulation environment was used to create are-usable
library of gasturbine components

§ A model of a typical civil two-spool turbofan engine was developed by
connecting the appropriate components from thelibrary through an advanced
graphical user interface

§ Both steady state and transient ssmulation results agreed well with those
produced by an industry-accepted model

§ The ease of incor porating dynamic effectsinto the model and implementing
adaptation factors (for matching a model to given measur ements) was
demonstrated

§ The approach presented allows for quick implementation of new models and
rapid analysis of results
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