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Gas Turbine Degradation &
Representation
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Phenomena of GT degradations

Recoverable Degradations

Fouling (deposition)
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Phenomena of GT degradations

Non-Recoverable Degradations

\" S

https://preciseflight.com/article/aviation-bird-strikes-solutions/ . . :
<<International Turbomachinery>>Vol.45 No.5, Sep./Oct. 2004 (“Failure analysis of gas turbine blades” by Naeem,

Foreign Object Damage (FOD) ~ Domestic Object Damage (DOD) """ /eese

Blunted leading edges
and/or curling

/Blade shortening
and cracks

Unacceptable

dimensional _ Sharpened
changes trailing edges
like
reduced
blade

Material removal
from

& chords . | / \ |
. pressure side t
eh ) CO r I'(iS Ive Dam ag g Sl new <<International Turbomachinery>> Vol.45 No.5 Sep./Oct. 2004
Salehnasab B., Poursaeidi E., Mortazavi SA., Farokhian GH. Hot . . .
corrosion failure in the first stage nozzle of a gas turbine engine. (Schrade & Staudacher, 2014) Combustion system deterioration

EFA. Elsevier Inc.; 2016; EFOSIO n
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COMPRESSOR:

Flow Capacity Index/Scaling Factor
Efficiency Index/Scaling Factor
Pressure Ratio Index/Scaling Factor

Clean

SF, ¢ = FC, &,/ FC,

C

SFC,Eff = T7¢ deg 7 R e
SF. ., =PR_ .. /PR,

c,deg

ASSUMPTION:
SFC,FC — SFC,pR Health Index = SF - 1
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TURBINE:

Flow Capacity Index/Scaling Factor
Efficiency Index/Scaling Factor
Enthalpy Drop Index/Scaling Factor

SFt,FC = FCt,deg/FCt

SFt,Eff = Tt deg /7,
SF, ,, = DH, .. / DH,

t,deg

ASSUMPTION:

SFt,FC — _SFt,DH

Cranfield

Aerospace

t,deg DH

Health Index = SF - 1
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Health Paramefters

COMBUSTOR: t
n,

Efficiency Index/Scaling Factor ", deg

SFy et = b, e /1, e

Combustor load

Health Index = SE - 1 Combustor _Load = f(R,,AT,)
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Fault Signature

0.02

Fault Signature: 001

Measurement Deviation 0 I ' I | I | , | I .
ur
-0.01

-0.02

AX_X actual_X ideal -0.03

Xideal 0.04
-0.05

-0.06

Fault signature of a single shaft industrial engine
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I
LN 1 JCOMPRESSOR
'l: —————————
E
T /
\
1 2 3 4 6

Inlet mass flow:
Compressor pressure ratio
Turbine entry temperature
Exhaust temperature

Net power output

Overall thermal efficiency

— |

/\

TURBINE

-4---] GENERATOR

ENNOZ

408.66 kg/s
15.2

1697.8 K
871.24 K
165.93 MW
35.57 %
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Fault Represented By Range

Compressor Fouling DropinT 0.0 — (-5.0%)
Drop innc 0.0 ~ (-2.5%)

Compressor Erosion DropinT 0.0 - (-5.0%)
Drop in n c 0.0 - (-2.5%)

Turbine Fouling DropinT 0.0 - (-5.0%)
Drop in 1t 0.0 - (-2.5%)

Turbine Erosion RiseinT 0.0 — (+5.0%)
Dropinn 0.0 - (-2.5%)
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Gas Path Analysis (GPA)
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Physical Problems

*Erosion
«Corrosion
“Fouling
-Bult up dirt
+0D

*“Worn seals or excess
clearances

‘Burned, bowed or
missing blades
*Plugged Nozzles

Result in

Degraded Component
Performance

«Pumping capacities
*Compression Efficiencies
*Temperature profile
*Turbine nozZzle areas
Expansion efficiencies

*Exhaust nozzle areas

Producing

Allow
isolation of

Changes in Measurable

Parameters

*Spool speeds
uel flow
*Temperatures
‘Pressures

“Power output

T

Engine fault and parameter relationship (Urban, 1975)
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Direct matrix inverse approach

Engine model: 7 = h(f) 0 — Nominal diagnostic point
R . oh(x) . _.
Expansion: Z = h(xy) + 6§c ) (x —xy) + HOT
Linear engine — — A Az
model: Az = H - Ax /
(ICM) /
Linear GPAmodel: Ay — H—l - A7 /
(FCM) AX
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AZ = H - Ax
Assumptions for GPA:

¢ Aset of accurate measurement deltas (Az) is available
- repeatable, free of measurement noise & bias

¢ The linear model represents engine performance
accurately around a reference point

¢ The ICM (H) is invertible
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Gas Path Analysis (GPA)

Potential capabilities of linear GPA:

Simple

Fast

Fault detection

Fault isolation

Fault quantification
Deal with multiple faults

® & & & o o
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Gas Path Analysis (GPA)

Challenges of linear GPA:

Non-linearity

Data repeatability
Selection of measurements
Smearing effect

® & o o
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Non-Linear Gas Path Analysis (GPA)

Non-linear GPA

Deterioated

L
Performance

Interim #2
Delta Basline

Performance

Dependent / Convergence of non-linear GPA:
Param eter Interim #1

mterimit | L ) SO T —
Performance 4

¢ Under-relaxation
. Convergence criteria:

-

—_\'M
AZsum_z:j AZmeasj _Azcalj <3

Baseline '
Performance MR

0 3 2 6 5 8 1
Delta Independent Parameter
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Data Rep eatablllty - Measurement Noise and Noise Filtering

Noise filters

» Rolling average

» Exponential average
Xi10 = X1y *0.85+x,*0.15

» Artificial Neural Networks

Irpuat Unts
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Data Repeatablllty - Data Corrections

Using referred parameters (based on 0=T/288.15 & 6=P/101.325 corrections) is not accurate
(Such as N* = N/\@0,W* =WwW~0/8,T* =T/0, P* = P/§)

e
B
N
o
()]
]

w

-
amns =
AZLAB apnt

F 3
Clean engine B l
e Degraded engine Az p1p:

T T T - —‘T‘l]r T T I:H:!
Az ¥ 3

i,a Al id Q'» _Q "Cb 2% "fb Q(b&é,\g Q’@ <

=
2

v
\.

\
Deviations (%)
=

—

w

-5
Yi B Real Olnitially Corrected O No correction

[
>

d (baseline condition) b

AZi,a = AZi,b _(Azi,AB _Azi,AlBl)
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Comparison of data (fault signatures) before and
after data correction
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Measurement Selection Criteria

%Y

*

Avallability

Number of sought faults & health parameters
Sensitivity

Correlation

Sub-sets and global set

Redundancy

\/ \/ NG NG
0’0 0’0 0‘0 0‘0

o

*
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Smearing Effect & CFC

“* Smearing effect:

True: IJ

Cranfield

Aerospace

Compressor combustor turbine

Smeared: IJ m l_.

Compressor combustor turbine

<» Component Fault
Cases (CFC)

Component Pre-defined faulty
Fault Case components
CFC1 Compressor
CFC2 Burner
CFC3 Turbine 1
CFC4 Turbine 2
CFC5 Compressor + Burner
CFC6 Compressor + Turbine 1
CFC7 Compressor + Turbine 2
CFC8 Burner + Turbine 1
CFC9 Burner +Turbine 2
CFC10 Turbine 1 + TURBINE 2
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Linear GPA Non-linear GPA
Accuracy: Low Higher in general
Computation
time: Short Slightly Longer
Convergence | No problem in general May diverge
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Change In Massflow [%]

Change In Efficiency [%]

Conpressor ; 4.00 4.01
4 (— / 357
/ 7 2.02
>l / / 2.00
Z Z
s é
N
7
6 |— Z -5.00 -5.01 | |
P e Turbine 1 Turbine 2
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W 7 / -
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_ | % -5.00 -5.00 é _4.99
6 Z é -6.00 -6.00 -6.00 -5.95
81— 748 é
-10 |—
1o Compressor Turbine 1 Turbine 2

1 Implanted Fault
Fault Detected By Linear GPA
E= Fault Detected By Non-Linear GPA

Monitored Parameters (Where T is total
temperature and P is total pressure):
Rotational Speed of Compressor, P.,
T,, Fuel How, P,, T,

Fuel
/*\ Combustor
./ ~

A

!

,,,,,,,,,,,,,

Compressor Turbine 1 Turbine 2
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Change In Massflow [%]
o o
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-10

-15

Change In Efficiency [%]
o

Compressor [1 Implanted Fault
| 4.00 bon Fault Detected By Linear GPA
] E= Fault Detected By Non-Linear GPA
ﬁ 2 (Calculation did not converge!)
-0.65 -1.18
| 2%
-5.00 i )
Turbine 1 Turbine 2 Monitored Parameters (where T is total

temperature and P is total pressure):
PZ’ T2’ PlO! TlO’ PS' T3

B 1.43 005 Fuel

y = /*\ Combustor
B - ORI
B é 10V A 4
B é Compressor Turbine1l Turbine 2
[ -183

Compressor Turbine 1 Turbine 2
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Demonstration of GPA
diagnostic Application
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Gas Path Diagnostics Methodology

&

Step 5:_ _ Step 1: Performance
GPA Diagnostic Model Setup
Analysis

—

Step 4: |

Measurement Step 3 -

Selection Step o. || Step 2_:_[?ata
'// Data Pre- Acquisition &

Processing . Corrections .
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Step 1: Gas Turbine Model Sep Up & Adaptation

Performance Specification:

+ Power output: 29 MW
¢+ Thermal efficiency: 38.8%
¢+ Total pressure ratio: 231
¢+ Exhaust gas flow rate: 83 kg/s
https://www.manxutilities.im/media/1138/welcome-to-pulrose-power-station.pdf
GE2500+ Engine % s QT 15
| 1 Qs —— 13
12

BURNER

NOZCON

COMPRE

BURNER
l il
' '
' '
' 1

INTAKE
il
i
'
'
'
'
'

- 3 s s 6 7 s
Performance Model
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Step 2: Data Acquisition & Correction

Measurement Data Selection
Make ensure that the selected data are at steady state conditions.

Date and Time of Chosen point:  27.10.2012 03:02:28
I Paramiele) Cuwe Show Data.

SHAFT POWER)

5 T Total 3 (C)
=1 T Total 6 (Ch

o T Total §(C)

o Amb TiC)

o Shaft Power (M)
= Comp 1 PCH

| Armb P (atm)

m Moss Flow

=0 =0-8-0-0-0~0-0~0-0-8 -

TN aona 2710 200 2 (0258 > 27 10 2002 TE2T3T I T
| DetaFie Ligl

o PTshanspeed I R
Flehlame | FieFath ]

GIEZFI0124  FADicpbof,. ] N'ml:zﬁ““ I =2
DOP Shakt Speed: JELEUE

MG Density(ka/m3): UL

[ mizamz  [1m0e

Fig. 8-21: PYTHIA data pre-processing
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Step 2: Data Acquisition & Correction

23.0 T I I
= < pt3without correction
o major changes 2s o
220 - Trend
-
in pressures and g us
S
9,
v 210
2
o 205
a
- 20.0
corrections s
19.0
22 23 24 25 26 27 28 29 30
Power [MW]
1.000 T T T 3.7 T T T
0.995 | < PCN without correction < ptéwithout correction
: ¢ PCN 36 | ¢ pt6
0990 | e===Trend —Trend
0.985 3.5
E
Eo.gso p W’% 2 34
& 0975 < B
T 0970 4 a 33 gg
o
0.965 32 3
0.960
3.1
0.955
0.950 3.0 <
22 23 24 25 26 27 28 29 30 22 23 24 25 26 27 28 29 30
Power [MW] Power [MW]
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Step 2: Data Acquisition & Correction

- 770 ] I I
More corrections R
760 | @ Tt3
t t . 755 - =——Trend
O tTemperature £
w750
2
© 745
S
measurements £
g 740
= 735
730
725
720
22 23 24 25 26 27 28 29 30
Power [MW]
785 T T T 1160 T T T
< Tt& without correction < Tt without correction
780 ¢ T8 | 1140 | ® T6
Trend Trend
_. 775 R _. 1120 ™
X o X <><><>
£ 770 : ARRORS £ 1100 =50
E 3 E //OO
"E‘_ 765 "E‘_ 1080 o
@ @ &
= 760 F 1060 —— o < S
755 1040 @
750 A 1020
22 23 24 25 26 27 28 29 30 22 23 24 25 26 27 28 29 30
Power [MW] Power [MW]
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Step 3: Data Pre-processing

Data After Pre-Processing using Three Pre-processing Methods

Day

0 2 4 6 B 10121416 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 Day
I - d 2 4 6 8 10121:11.6 1320221& 2628 30 32 34 36 38 40 42 44 46
—— P* 13 indhirect approadh 2%
a 19 J —— P13 divect approach
a e PRI direct approach {exp. av.) & 1%
E
£ 0% 4 BN it P s S Be st e E 0%
. Lo Iy =
é_l% @ 1% —_——T* tblmllreuapprnuli
’ D""'—o—Ttﬁi ct approach
- - T*th tlu et approach (e ma J 2
2% H 2% - ;
Compressor exit Py, Compressor turbine exit T
2% - 2%
—t—T*t3 indlirect approach
.| —— T Edirectapproach

% % T*t3 direct approach | e, av,) % L
*2: % "E: o Lo —— P *thindwect approach
2 » —O— Pt divect approach
o-1% o-1% J --------- P*t6 direct approach (exp. av ) [T

LT -2%

Compressor exit T, Compressor turbine exit Pt6
2%

—— T*ta indirect approach —=—PCHmdirect approach

2%
e T* B direct approach 1% / \ ﬁ e PCM et apgroach
“ e PN direct approach {exp. av.)

,_.
*®

o THE directapproachesp. av.)

% %

Dev. from DP
- =}

=
Dev, from DP

,_.
=

2% 4

Power turbine exit T,g Compressor shaft speed PCN
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Step 5: GPA Diagnostic Analysis

Comparison of Predicted Compressor Fouling

Day D Da
ay ¥
0 2 4 6 8 10121416 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 0 2 4 6 8 101214 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 0 2 4 6 B 10121416 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46
3% 3% 3% q
| i [ et e ||| !
2 === Trend ] 23 JL==== Ref. Trend E L PP | K Ref. Trend ;
e 5 = —— 1% E
a8 0%
-1%
EL
—— AFC
2% qLo==== Ref Trend
1%
= .
& 0% 1 ==
-1%
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 37 34 36 38 40 42 44 46 0 2 4 & 8 1017 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 O 2 4 5 8 1012 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46
Day Day Day

Exponential Average

¢+ Indirect approach (1) provides smooth results

¢+ Direct approach (2) is more convenient, but with more scattering

¢+ Direct method + Exponential average (3) further reduces scattering (2)
¢ Trend line and the rate of degradation can be identified

¢+ Compressor washing is clearly identified
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Summary of Diagnostic Analysis

¢ Fouling results in
v 0.02% loss per day in flow capacity index

v 0.02% loss per day in efficiency index
¢+ Off-line compressor washing results in

v 1.5% gain in flow capacity index

v 1.0% gain in efficiency index
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Demonsftration of GPA
diagnosftics
using digital twin Platform
PYTHIA
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PYTHIA
Start Refresh Exit

PYTHIA

Version 7.4 for Windows

Gas Turbine Performance
Cranﬁxwrksn\' Simulation and Dlagnosbcs
Software

Centre for Propulsion Engineering
School of Aerospace, Transport and Manufacturing, Cranfield University, Cranfield, Bedford MK43 OAL, UK

Copyright @ 2003 Cranfield Universily - All rights reserved
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Demonstration of GPA Diagnostics

PYTHIA

Prognostics

Engine Model - 2-spool-turbofan

ECRsEEEREEsE0

Engine Model
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Demonstration of GPA Diagnosftics

14

15 16 e

1 2 3 L] 5 6 7 8

Configuration of a 2-shaft gas turbine model

Performance Specification (sea Level static 1sa condition)

= Compressor pressure ratio: 21

= Turbine entry temperature: 1,550 K
= Exhaust gas flow rate: 80 kg/s
= Power output: 30 MW
» Thermal Efficiency: 39.8%
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Demonstration of GPA Diagnosftics

Faulty Component: turbine

Health Mer o1 M M2
parameters: FCl Ftl Ft2

15~ )—— 16—

Measurement
parameters:

ETN Global Oct 2024 Workshop — Training on Gas Turbine Gas Path Diagnostics by Dr Yiguang L.i



Cranfield
Aerospace

Demonstration of GPA Diagnostics

Demo Phase 1
Simulation of Measurement Samples

¢ Implementation of degradation
¢ Measurement setting

¢ Run engine model and record measurement data

ETN Global Oct 2024 Workshop — Training on Gas Turbine Gas Path Diagnostics by Dr Yiguang Li



Cranfield

Aerospace

Demo Phase 2
Diagnostics Using Gas Path Analysis (GPA)

¢ Upload measurement samples and select a sample
¢ GPA setting
¢ Run GPA to predict engine degradation

¢ Run GPAto predict a sensor fault
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