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BUT: Combustor/Turbine characterization historically based on separated approaches
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Background and motivations

BUT: Combustor/Turbine characterization historically based on separated approaches
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Background and motivations — Lean Burn Combustors
O Implementation of lean burn combustion for Rich Burn (RQL) VS Lean Burn Combustion
high OPR future aero-engine Air Aircoq,
Cool - asu
— Control of local FAR conditions ,' L e | A “\\40 ';0‘;7
— Limitation of temperature peaks \ | AirSto';c; 40% 2}"5:7062; T.:f' ’
— NOXabatement V\.\.{‘o;j:t% +20% _+30%/ ﬁ y
| —— pa
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O Implications
— More air dedicated to combustion process
— Coolant has to be reduced by 50%
- More effective cooling schemes
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Background and motivations — Lean Burn Combustors

O Implementation of lean burn combustion for
high OPR future aero-engine
— Control of local FAR conditions
— Limitation of temperature peaks
— NO, abatement

O Implications
— More air dedicated to combustion process
— Coolant has to be reduced by 50%
- More effective cooling schemes

- | Highly unsteady /non-uniform combustor outflow |

- | Challenge for traditional turbine modelling/design procedures |

Rich Burn (RQL) Vs Lean Burn Combustion
a
AirCool lr(Zool
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=. » = Air. 40 - 30%
\ Air o 60-70%
Stoich - o L
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New generation Lean Burn
combustors:

Hot streak + Swirl + Turbulence
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Background and motivations — Lean Burn Combustors

O Implementation of lean burn combustion for
high OPR future aero-engine
— Control of local FAR conditions
— Limitation of temperature peaks
— NO, abatement

O Implications
— More air dedicated to combustion process
— Coolant has to be reduced by 50%
- More effective cooling schemes

Rich Burn (RQL) Vs Lean Burn Combustion
Al
AirC°°| 'rCooI
. {/ =i , =SS
. 0
40% Airgyicn E 40 30%
'?"ff;glch i 60 - 70% L
10°/o “ +20% —+30% ﬁ .

- | Highly unsteady /non-uniform combustor outflow |

- | Challenge for traditional turbine modelling/design procedures |

—

combustor outflow conditions

Necessity for experimental investigations with representative

New generation Lean Burn

combustors:
ﬂ | e ﬁ‘*

a‘,d ~

Hot streak + Swirl + Turbulence
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UniFi: AeroEngine Test Rig
N O Three sector non-reactive test rig
———— g O Combustor simulator:
Outer O 3 swirlers + ducts designed to achieve representative flow
coolant Plne  Biane conditions without combustion
40 41 O Lean combustor chamber air split
1 O 65% swirlers (=260°C)

O 35% liners with effusion holes (no dilutions)
O Inner liner strongly convergent (35°)

L/D,,=2.5
FACTOR Swirler

Mainstrea
|

T~ It

I NGV OOOLANT
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Inner coolant
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Optical
access
n°3

combustor-turbine

interactions

Optical
access
n°2

access
n°l

O Different optical accesses for film measurements

O Slot on P40 and P41 for traversing 5hole probe and HWA

UniFi: AeroEngine Test Rig

O 5 airfoils (3 fully film cooled)
O Swirler-Vane count ratio 1:2, LE aligned with centerline

O NGVs feed by a plenum chamber
O Two feeding cavities for each NGV

O CFD friendly
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UniFi: Industrial (land-based) Test Rig

o Developed within Smart Technologies” program

ﬁ
O Co-funded by Regione Toscana and Baker Hughes -

Outer nuggets flow

Swirleg
mainflow

o 3-sector combustor simulator
O Longer combustion chamber |

O Real hardware swirlers and combustor «shape» i
O Non-reactive " \ 4

O Heated mainflow (300°C) N [ T 1!

O Ambient temperature cooling nuggets ¥ _— A"‘"‘

iplane (Plane 40)

o NGV cascade

O 2 vanes— 3 passages
O RH fully cooled doublet
O Not cooled plastic model for thermal test (Peek) NGV2

access
n°l
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Outer
coolant . .
i1 i S — o Aerothermal characterization on comb. outlet plane
PRI Pla"em_ " “F(,é,; 4 / O Verification of NGV inlet boundaries
O 0./ ol R
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Inner coolant
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Test Campaign(s)
Outer
coolant

Inner coolant

Plane 41
Q _Q

Plane 40 N\

o Aerothermal characterization on comb. outlet plane

O Verification of NGV inlet boundaries

o Aerothermal characterization on NGV outlet plane
O Hot Streaks migration
O Swirl effect on secondary flows / pressure losses
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Test Campaign(s)
Outer
coolant . .
T o o Aerothermal characterization on comb. outlet plane
s T r ,# O Verification of NGV inlet boundaries

o Aerothermal characterization on NGV outlet plane
O Hot Streaks migration

Inner coolant

O Swirl effect on secondary flows / pressure losses

o NGV optical measurements

Adiabatic effectiveness measurements on aero-engine test case

O Adiabatic effectiveness: swirl effect on film-cooling

L S

-..,.--."._.-:"

o S e -
LX)

Bacci, T., Becchi, R., Picchi, A., and Facchini, B. Adiabatic effectiveness on high-
pressure turbine nozzle guide vanes under realistic swirling conditions. ASME J.
Turbomach., 141:011008-1, 2019.
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Test Campaign(s)

o , o Aerothermal characterization on comb. outlet plane
el el L [ / O Verification of NGV inlet boundaries

M
=t

o Aerothermal characterization on NGV outlet plane
O Hot Streaks migration

O Swirl effect on secondary flows / pressure losses

o NGV optical measurements

Inner coolant

O Adiabatic effectiveness: swirl effect on film-cooling

O HTC-Taw with hot streaks: swirl effect on HTC and T distribution

through NGV
I Only for industrial test case!!
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Comb. Exit conditions
: 5-hole probe + embedded TC traversing on
Aeroengine Test Case combustor exit plane
NGV1 NGV2 NGV3 NGV1 NGV2 NGV3 NGV1 NGV2 NGV3

ssTes  [sslps ssles ssles  'sslps ss'ps sslps
) H

= M) == | 1
08 1 1 | 1
1 1 1
07 o I 1
o B ! 1
oy orr 1 S 1
| ® |
. T \ !
03] 1 1 1
3 1 1 1
02 1 1 1
02 1 1
M ] ! ! : o ! ;
T4 98 o6 w4 0z o oz o4 o6 05 1 O v os B+ 97 o o7 o4 o5 o5 o b S T !
vpl) v 1 08 06 04 02 UVO 02 04 08 o8 1
00 EEEm BT I a0 -
-60 swirl [°] 60 0 Non-dim. T [-] 080 Tu[-] 0.4
5-hole probe traversing TC traversing HWA traversing

HWA traversing on combustor exit plane
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Comb. Exit conditions

NGV3 NGv1 NGV3 NGV1

ssles = 7 7 77 Tssles| gglps

Lean Burn combustors peculiarities

Swirl + Hotstreaks + Turbulence

Combustor-exit flow features representative of desired characteristics
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Comb. Exit conditions
Aeroengine Test Case ' Industrial (land-based) Test Case
I
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Comb. Exit conditions

Next of the presentation: Focus on newest
results on Industrial Test Case

Goal of the investigations

O Analysis of comb. exit flow features on NGV
performance

O Pressure losses / Secondary flows

EXP

O Hot Streaks migration across NGV
NGV Film coverage }
O NGV Heat transfer coefficient

O Identification of possible design issues

Shown in this
presentation

— O

Industrial (land-based) Test Case

NGV1
PS | ss PS_: SS

NGV1

NGV2 NGV1 NGV2
PS:SS

NGV2

pPS :SS

+ 08
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Up -] Up, [-] pyey [
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5-hole probe traversing TC traversing HWA traversing
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Comb. Exit conditions

Next of the presentation: Focus on newest
results on Industrial Test Case

NGV1

Industrial (land-based) Test Case

NGV2 NGV1 NGV2

NGV1 NGV2

Goal of the investigations

hH [-]

PS =

SS pPS i SS PS:SS pS :SS

+ 08

1 06

1 04

1 02

O Analysis of comb. exit flow features on NGV 0
performance

O

@)

O

O

0.4

EXP

Pressure losses / Secondary flows
Hot Streaks migration across NGV

NGV Heat transfer coefficient }
O Identification of possible design issues

Shown in this
presentation

NGV Film coverage

O Benchmark of current practice for numerical modelling

CFD

O Understand limitations of standard predictive approaches
O Tuning of Hi-Fi CFD codes

-05

" L [
025 0 0.5

Upyey [

.
0 Tu [-] 0.4

T z r 2 J 0 h
-0.25 0 0.25 0.5 075 -0.75 05

Vpyay [
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0 Non-dim. T [-] 1

0.2 05 0.5

0.25 0
Upyey [

| DS

0.75 -0.75 0.25 0.75

swirl [°] 40

5-hole probe traversing TC traversing HWA traversing

Ongoing activity
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NGV cascade — Adiabatic effectiveness

. Tmain _ Tfilm

Naa =

Tmain — Tcool

Pressure Sensitive Paint (PSP)

O Fluorescence behaviour

O LED-excited

O Response proportional to O, pressure

O Pressure distribution
O Adiabatic Effectiveness

o CO, for film-cooling flows g
8
/N

LED UV
400nm + —

Blue y I

) . ) 940 08,0 0g0 8y 0, 9 []
PSP (4o e e e e e F s e,

Base Coat | |

Industrial Test Case

«

&
c =%
AN “
» “‘
&

o W : 1 " Opti'cal
N
%@\\ 4 S " n1

Fast Response PSP
to achieve unsteady behaviour
* f,q=1kHz
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NGV cascade — Adiabatic effectiveness

O Investigation through three
optical accesses:

©)

©)
©)
©)

Map of central passage surfaces
F1: PS of NGV2
F2: LE of NGV1 + TE/PS of NGV2
F3:SS of NGV1

O Effects of inlet swirl on film
coverage...

Frame 1

Frame 2

Frame 3

Prof. Bruno Facchini— “Combustor-Turbine Interaction — Experimental Investigation”
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NGV cascade — Adiabatic effectiveness (ind. test case)

Effects of swirl
O Alteration of stagnation position

r]czd/ r]czd,ref [']

mfc/ mfc,nom =50%

hH [-

Prof. Bruno Facchini— “Combustor-Turbine Interaction — Experimental Investigation”
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NGV cascade — Adiabatic effectiveness (ind. test case)

Effects of swirl Frame 1
O Alteration of stagnation position

O Different coverage between tip/hub

areas on PS/SS Higher coverage

Lower coverage
r]czd/ r]czd,ref [']

Frame 3
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NGV cascade — Adiabatic effectiveness (ind. test case)

Effects of swirl
O Alteration of stagnation position

O Different coverage between tip/hub
areas on PS/SS

O Unsteady behaviour

O Fluctuation of stagnation spots at LE
=» Fuctuation of swirl position
and shape

PS instantaneous coverage

SS instantaneous coverage

0O 005 01 0.15 0.2 0.

... '
25 0.3 0.35 0.4 045 0.5 Noa 1
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Measurements vs CFD predictions

O CFD RANS simulations of integrated
combustor-nozzle cascade domain

O Internal cooling system meshed and resolved

SWIRLERS

COOLING NUGGETS INLETS

cr vsectordomai /N [-]

0 0.125 0.25 0.375 0.5 0.625 0.75 0.875 1

»OUTCOME: CFD satisfactorily replicates the coolant alternate spread on higher/lower half of the PS/SS due to main flow
BUT underestimation of turbulent mixing = wide margin for improvement (such as scale-resolving methods)

Prof. Bruno Facchini— “Combustor-Turbine Interaction — Experimental Investigation”
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NGV cascade — HTC/T,_, (ind. test case)

o Test approach

o Transient test

o Mesh-heater =& Mainstream AT=50-60 K Peek not-cooled
NGV is used for
o Operating conditions HTC/T,, tests

o Tswirler=260°C

Optlcal

access
n°1l

o Novel data analysis approach for HTC/Taw reconstruction from:
o IR measurement of NGV temperature evolution Tw(t)

o Air temperature evolution on one point of Plane 40 by fast thermocouple Tair(t)

240

— e ena i P
E 220 f”" Tair (t)
e e b iy ek e . .
% roe | et = ) HTC Post-processing procedure not reported in the
; / T, presentation. Can be found in:
£ 180 Bacci, T., Picchi, A., Facchini, B., and Cubeda, S. A new experimental
g5/ . "
B4 approach for heat transfer coefficient and adiabatic wall
160 0 5 10 15 20 25 10 temperaturemeasurements on a nozzle guide vane with inlet temperature
time [s] distortions. ASME J. Turbomach., 144:031007-1, 2022
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Opt. Acc. 1 Opt. Acc. 2 Opt. Acc. 3 0 0.2 0.4 0.6 0.8 1
HTC/HTC, ., [-]

o HTC pattern

o Streamwise reduction on PS

o Transition on SS

Prof. Bruno Facchini— “Combustor-Turbine Interaction — Experimental Investigation”

28



UNIVERSITA

DEGLI STUDI B:ITGSEI(I;/I'\IIEEIF‘{&
FIRENZE INDUSTRIALE

NGV cascade — HTC/T,,, (ind. test case)
 Ceesesess |

Opt. Acc. 3 0 0.2 0.4 0.6 0.8 1

Opt. Acc. 1
HTC/HTC,., [-]

o HTC pattern
o Streamwise reduction on PS
o Transition on SS

o High HTC on LE

o Swirl-Induced twisted shape

Prof. Bruno Facchini— “Combustor-Turbine Interaction — Experimental Investigation”
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NGV cascade — HTC/T,,, (ind. test case)
 Ceesesess |

0.

Opt. Acc. 1 Opt. Acc. 2

Opt. Acc. 3 0 0.2 0.4

0.8 1
HTC/HTC,_, [-]

1DS an-wise averaage pro i[e iD Pl'oﬁles at d[:ﬁerent vane hEIght
o HTC pattern ., 1bsp erage prof »
1 \ -
o Streamwise reduction on PS e | ~. " essura S [k
1 :ﬁm ! N ' Tside —o.25
o Transition on SS 08 I—si °-8 = ;
0.6 /| M 0.6 I~ ~ - ~ —0.5
@) ngh HTC on LE 0.4 \ “'/l Suction 0.4 ~ t —]
0.2 =__S_i_de 0.2 —0.75
o Swirl-Induced twisted shape 0 R O ISR LN NS 0 ] ‘
-1 -0.6 -0.2 0.2 0.6 1 -1 -0.6 -0.2 0.2 0.
o 3D pattern with hub-to-tip differences (incidence, vi x/Cx [-] x/Cx [-]

load, streamlines divergence/convergence,...)

Prof. Bruno Facchini— “Combustor-Turbine Interaction — Experimental Investigation”
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Measurements vs CFD predictions
HTC Max HTC value at airfoil nose
. . . HTCadim _ HTC Higher HTC, than in previous slide
O Comparison between experimental data and numerical ref due to higher CFD values
predictions of HTC (not-cooled NGV): \/‘

*  First simulation: adiabatic (adiabatic wall temperature
T, is retrieved)

imposed, equal to T,, detracted by arbitrary AT

which determines a wall heat flux q,,: Frame 1
dw dw
HTC = 77— =—
Tow — Ty AT

I
|
I
|
I
|
I
|
1 * Second simulation: specified wall temperature T,,is
|
I
|
I
|
I
|
|

» OUTCOME: HTC values are significantly overpredicted
[ D

HTC —
=» More advanced CFD methods must be considered /HTCref[ ] 0'0:125 0.25 0.375 0.5 0-625 0.75 0.875 2

Prof. Bruno Facchini— “Combustor-Turbine Interaction — Experimental Investigation”
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NGV cascade — HTC/T,,, (ind. test case)

o Taw pattern

o 2D pattern (Plane 40 distribution) 1

06

hWH[

04

0.2

Opt. Acc 2

Plane 40 -

PS iSS

90.?5 05 025 0 0.25 05 0.75

YPngy Tnd [-]
[ D |

0 01 02 03 04 05 06 07 08 09 1

Opt. Acc.

3

0

B T
.2

0.4 0.6 0.8 1

Taw—Tnuggets

Taw,4 =

Tswirter _Tnuggets

[-1]
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NGV cascade — HTC/T,,, (ind. test case)

o Taw pattern
o 2D pattern (Plane 40 distribution)

o Treduction on PS

o Hot spot moved towards tip (swirl)

h/H [-]

1D Radial Profiles at different axial positions

Opt. Acc 2

Opt. Acc.

(=)

o

0.6 0.8 1

Taw—Tnuggets [ _ ]

Taw,, =

Tswirter _Tnuggets

Taw,y [-]

= [ —0.5
— —0.4
ressure SN | —o.3
I.AI‘J /) —0, 2
7/, —_—0.1
22
> = |—o0.02
l'
—0
| X ax|
|
0.5 0.6 0.7 0.8 0.
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NGV cascade — HTC/T,,, (ind. test case)

B3 2 T e
Opt. Acc 2 Opt. Acc. 3 0O 0.2 0.4 0.6 0.8 1

Taw—Tnuggets [ _ ]

Taw,, =

Tswirter _Tnuggets

o Taw patte rn 1D Radial Profiles at different axial positions
o 2D pattern (Plane 40 distribution) 1 T ——
o5 xfoaxi\;%\\\\i ~ Suction

o Treduction on PS R P \\:\s\ Side

o Hot spot moved towards tip (swirl) L 06 |—o.65[—— \\. =

- —0.9 |

o Limited T reduction on SS %1

o Limited displacement towards hub 0-2 ﬁs"’:}"’; !

o Higher flow momentum 00_4 0.5 0.6 0.7 0.8 0.9

Taw,s [-]

Prof. Bruno Facchini— “Combustor-Turbine Interaction — Experimental Investigation”



UNIVERSITA DIEF
DEGLI STUDI B:mg;l(l;ﬁl%g
FIRENZE INDUSTRIALE

NGV cascade — HTC/T,,, (ind. test case)

[ T
Opt. Acc 2 Opt. Acc. 3 0O 0.2 0.4 0.6 0.8 1

Taw—Tnuggets [ _ ]

Taw,, =

Tswirter _Tnuggets

o Taw patte rn 1D Radial Profiles at different axial positions
o 2D pattern (Plane 40 distribution) 1 x/Cax . T increase in tip area of SS due
_ os [0 N JCt’.On to hot PS flow carried over by

o T reduction on PS o2 %\ Sl\de swirling flow

o Hot spot moved towards tip (swirl) 2, 0.6 |—o.65 N = >

- —0.9

o Limited T reduction on SS %1

o Limited displacement towards hub 0.2 ﬁﬂ'ﬁ

o Higher flow momentum 00_4 0.5 0.6 0.7 0.8 0.9

Taw,a [-1]
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NGV cascade — HTC/T,,, (ind. test case)

B3 2 T e
Opt. Acc 2 Opt. Acc. 3 0O 0.2 0.4 0.6 0.8 1

Taw—Tnuggets

T = -
AWna Tswirler_Tnuggets [ ]
o Taw P attern 1D Radial Profiles at different axial positions
Confirmed by preliminary CFD
o 2D pattern (Plane 40 distribution 1 .
p ( ) X/Coaﬂ . \ \ Suction x/Cax=0.85
o T reduction on PS S ~ il . —b .
~ 0.6 . \ 09
o Hot spot moved towards tip (swirl) AR —0.65 N > 08 L
x —0.9 07 % RS
o Limited T reduction on SS =0 Hot streak o % 9
tracking = 2 3
o Limited displacement towards hub 0.2 — — through § g
o Higher flow momentum 00_4 0.5 6.6 0.7 0.8 0.9 central
Taw.. [-] passage .,

0
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Measurements vs CFD predictions

O Comparison between experimental data and numerical predictions of T,
(not-cooled NGV)

Different MAX values
* Underprediction of turbulent mixing
* Heat losses across combustion
chamber in test rig

» OUTCOME: Acceptable comparison in terms of measured pattern

Taw - Tnuggets

Tawna =
' Tswirler - Tnuggets

Frame 1

Frame 2

0 0.125 0.25 0.375 0.5 0.625 0.75 0.875 1
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Combustor Turbine Interactions — Experimental Investigation
Conclusions & Perspectives

Goal of the investigations

O Analysis of comb. exit flow features on NGV performance

O NGV Film coverage » Areas with poor film coverage
Highly 3D HTC-Taw pattern

O NGV Heat transfer coefficient
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Combustor Turbine Interactions — Experimental Investigation
Conclusions & Perspectives

Goal of the investigations

O Analysis of comb. exit flow features on NGV performance

o NGV Film coverage » Areas with poor film coverage

Highly 3D HTC-Taw pattern

. 4

Design challenge for both
stator and rotor cascade

A

O NGV Heat transfer coefficient

O Identification of possible design issues
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Combustor Turbine Interactions — Experimental Investigation
Conclusions & Perspectives

Goal of the investigations

O Analysis of comb. exit flow features on NGV performance

o NGV Film coverage » Areas with poor film coverage

Highly 3D HTC-Taw pattern

. 4

Design challenge for both
stator and rotor cascade

O CFD benchmark: ongoing A

O RANS approach fails to accurately predict mixing and heat loads

O NGV Heat transfer coefficient

O Identification of possible design issues
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Combustor-Turbine Interactions

Experimental Investigation

Effects of representative lean burn combustor outflow on
flow field and film effectiveness through HP cooled vanes

Bruno Facchini
bruno.facchini@unifi.it

Back-up slides
HTC/Taw post-processing
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HTC Post-Processing procedure
o Conventional approach (linear regression .
pproach g ) g = HTC. (Tgy — T,
- A Bae
— | ;| : /1N
s §scs »E / \\\\’\ » i / \“‘x, ITC
/ Fourier i MMW g / \hh
/ equation| /
time time Tw TaW

o T-distortions inflow (comb-turbine interaction studies)

N s /7
= X . = | X AWML DA
3 ;,w’ s 3 == 3 /“V”/ g
T ‘ i M =t - iy 9 :
[ Fourier | = HH Uil ‘ o vy
Pquation ' i I !
time time Tw

» Not possible to retrieve HTC-Taw through conventional approach
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HTC Post-Processing procedure
o Developed approach
1. Verification that air temperature evolution in different annulus locations is «similar» =» can be
scaled with constant value
70 | 70
60 - _
50 - | | UL Results from different
— e " ¢l isiti Plane 40 (i.e.
40 | e FET e acquisition on
410 | H\'" »"M[ww’“ﬂ * : ‘5_}, different mesh heater
B j‘ i [ activations with TC moved in
g 20 - : .
16 different positions)
0 10 20 30 40 0 10 20 30 40
Time[s] Time[s]

=» Same can be said for Taw evolution on the NGV (constant aero-conditions and rec. factor)
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HTC Post-Processing procedure
o Developed approach

2. Measurement of T, (t) and calculation of T, (t) from analytical relation imposing different HTC values

C HTC?a(ty — 1)) HTC J a(ty =)
Ty (tN) — T, (to) = z 1—exp 2 erfc . (Taw ~Taw, )
j=1 _
e \
260 Imposed HTC
time [s]

=» The higher is the imposed HTC, the more increasing is the calculated Taw trend
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o Developed approach

HTC Post-Processing procedure

3. Comparison between T, (t) measured on Plane 40 and calculated T, (t) trends

AT, (t)/AT,, (t) = Cost = 8

10

15

2
1.8 -
16
1.4 -MAAAA
1.2 YRR
1
@038
0.6 |
0.4 |
02

+ 3 + { 0 + -1
25 30 35 40 2 7

eta [-]

Imposed HTC

12 17 22

time [s]

time [s]

Expected
uncertainty = 12%
(evaluated from
numerical
experiments)

Post-process interval

¥

CHECK: angular coefficient (m)
closest to zero

MEASURED HTC: imposed HTC for minimum |m|

-

MEASURED Taw: Calculated Taw (mean on post-
process interval)
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