gy

%%2 = 9%‘}?9
#FKTHY

VETENSKAP
28 OCH KONST 2%

Boat®

ADiISS— Aerodynamic Damping in
Separated Flow

Project summary

Nenad Glodic

Presentation material prepared by Carlos Tavera Guerrero

FT2025



§ 8, Methodology

¥ Outline “j“ D
Research
Questions Qg Key

Results

/

Introduction @ﬁ % Contributions

FT2025 2



Foreign objects e.g. sand
grains, hail, water droplets
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Different sizes,

concentrations, material, etc | l PC HPC 'HI‘)T LPTh

Inherent interaction with atmospheric conditions that
drive erosion mechanisms

@ N. Salvat, “Modeling of shaft precessional motions induced

by unilateral and frictional blade/casing contacts in aircraft FT2025
engines,” Ph.D. dissertation, Nov. 2015.
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= Introduction - Erosion
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Fan meridional view
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4~6% 1in the fan while 1% is more
(ﬁ) common in the compressor

“ ‘@' !l Images modified from: Shi, L., et al. (2023). A review on leading-
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Variety of LE contours
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Lower efficiency

edge erosion morphology and performance degradation of aero-
engine fan and compressor blades. Energies, 16(7), 3068.
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Introduction - Erosion

Can LE erosion influence
aeroelastic instabilities?

Images from: Delta TechOps (DTO), GKN Aerospace, MDS Coating,
America’s Phenix, Inc. (2024), Leading Edge Protective Coating Against
Fluid and Particulate Erosion for Turbofan Blades.
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&% Bendiksen, O., Kielb, R. E., & Hall, K. C. (2010).

Turbomachinery aeroelasticity. Encyclopedia of Aerospace
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2 Introduction - Compressor aeromechanics

Flow direction

Supersonic pocket

Separation

bubble

Shock-induced
separation mechanism
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) Introduction — Research Window

+ Aeromechanics

Sparse or non-

] ) ,
B cxistent in the

available
literature

Supersonic pocket

\

Separation

4-6% chord .
Erosion area

TE bubble
’p-"
/. . . : Transonic
Goal: Identify the effect of leading-edge erosion mechanisms :
. ! B incar Cascade
on the aeroelastic response of transonic compressors
s (TLC)
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RQ1 How well do numerical methods compare to experimental data when
predicting the reattachment line and aeroelastic response in a shock-
induced separation mechanism?

RQ2 What 1s the contribution of roughness in the aerodynamic damping
and aeroelastic response?

RQ3 How does the eroded leading edge mechanism affect the aeroelastic
response in a shock-induced separation mechanism?

)

2/ Research Questions

FT2025
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! Methodology — VINK LPC R1
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Reference compressor rotor blade profile VINK R1

VINK R1 95% span

| Chord (mm) 104.6

| tmax(mm) 2.04
7 - 7 | Stagger angle (deg) 64.78
; | Pitch-to-chord ~0.72

~———= l | ! Mintet ~1.2
" Moute ~0.83

e T
0 ——_ Oscillating |

blade
-1

7

+— thrattle

lawer
tailboard

TLC blade is a prismatic extrusion,
blade height 70mm

Cascade is operated in influence
coefficient mode

FT2025 11
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#; Methodology - Overview

Experimental campaigns
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FLOW DIRECTION
L

Transonic Linear Cascade at KTH

g H FT2025

Numerical analysis

First Second Convergent-  Test Section
contraction contraction Divergent
Nozzle
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s Methodology — Test section instrumentation
Upstream and downstream

Downstream location

Inlet an tream location :
and upstream locatio location
VAR i | : \ - ‘ :
: ' b3
I’t
;e- o
"?Am
i —
® ; &
L2F - Velocity field, flow angle Pressure taps =2 M, Five-hole probe > Downstream
\ flow properties (calibration &
S 2 = =2 reconstruction)
FLOW DIRECTION £ - A v
O =2 = X 1
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.5 Methodology— Blades instrumentation

ulites an

Pressure taps = Blade loading Flow visualization = Reattachment line
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| BM2. .8 IH
fa. Ful- — 2> A= to
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@. —> Unsteady response ° S ° / PSP = B0 SS My,
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“TH - Methodology — Blade oscillation mechanism

Measured vibration amplitude of the first two modes

i - 111111

1t Flex [mm] It Torsion [}
1.0 Io.m - = 0.47

0.3 | Mo.37

—0.75 i _‘

g.. 0.47 0.28

T 05

E 0.31 0.19

R 0.09

—
—
()
(1]

0.16

0.00

090 02 05 o 10 %000 025 05 075 10
LE Normalized chord [-] TE LE Normalized chord [-] TE

The blade 0 vibration is induced by means of two MFC P1 type (M-2814-P1) piezoelectric actuator elements
Supplied with continuous voltage signal in form of a sinus wave, max input voltage +£500V
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A FT2025 15
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& Methodology — Test objects definition

Modifications are done in BM1,
B0, and BP1

New blade Early stage of erosion Last stage of erosion

Smooth Rough Eroded

FT2025 16
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S} Methodology- Numerical Overview

LE modelling

Represents the experimental setup

First Second Convergent-  Test Section
contraction contraction Divergent
Nozzle

Ansys CFX
~12 M elements
yt <2
SST with Reattachment Modification

BOERODED'LE
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Real surface Equivalent sand-grain = == oce s

roughness (k) oo

3.500e-05

Positive skew Negative skew o y 7500 08
(peak dominated) (valley dominated) Packed sand-grain '

Colebrook Nikuradse o 00000400

Non-physical length scale

kf Wall regime

0<kf <5 Hydraulically Smooth

= oy
1/ 5<kf<70 Transitional
70 < ki Fully Rough
ooo
Schlichting, H., & Gersten, K. (20 16). Boundary-layer theory. springer.
@ Goodhand, M. N., Walton, K., Blunt, L., Lung, H. W., Miller, R. J.,, &

Marsden, R. (2016). The limitations of using “Ra” to describe surface
roughness. Journal of Turbomachinery.

FT2025

Methodology- Numerical Overview

Sand Grain Roughness Height
TEST SECTION BLADE ZERO

Numerical roughness mimic
experimental setup

k; = 8.9 R, +— Measured

k; = 63 um Icing method
(Colebrook)

Schiffler, A. (1980). Experimental and analytical investigation
of the effects of Reynolds number and blade surface roughness 18
on multistage axial flow compressors.
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Two operational points, 1% tip gap, _f_ o
representing VINK LPC R1: PE 5
(IT = 1.29) and NS (IT = 1.25). 2 ‘20

The upstream and downstream conditions at
both operating points are captured by the
numerical model

Largest difference at NS (I = 1.25),
influenced by BM2 and bottom bypass.
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Operating point

, P1
SSTRM . I = SST-RM
7’
7 <=
7’
,/
’ PM1
/, l Iillllllll..
7 7 : n
BM2 PE . .
_— . .
2.0 -1.5 -1.0 0.5 0.0 0.5 1.0 1.5 :I -2.0 1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
Normalized Streamwise [-] nummummsR®? Normalized Streamwise [-]
Mach number 5—]
0.30 0.44 0.58 0.7 0.86 1.00
1.0
---- Upstream T Upstream ---- Upstream T Upstream
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0.9 b ‘\\ 1 n l‘ ‘\
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Normalized pitch [-]
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-1.5-1.0-0.5 0.0 0.5 1.0 1.5
Normalized pitch [-]
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Nomlnal Cascade Reattachment location

Height [ mm ]

45 10 05 00 05 1.0 15 20 -15 -10 -05 00 05 1.0 1.5

(M=1.29) (I = 1.25)
Blad IT=1.29 IT=1.29 IT=1.25 M=1.2
a9 Exp mm| CFD [mm] EXP [mm] CFD [nm]
BM1 7.1 £0.2 6.2 7.8 £0.2 6.8
BO 5.8 £0.2 5.6 7.1 £0.2 7.9
BP1 7.3 =0.2 6.9 8.5 £0.2 8.8

il
| S

Comparison at 50% span

BM2

Normalized Streamwise [-] Normalized Streamwise [-]

Mach number [-]
0.30 0.44 0.58 0.72 0.86 1.00

___ ' >

Flow visualization confirmed the separation bubble and
reattachment line

CFD and Exp reattachment line in alignment, std +0.7 mm

L2F measurements confirmed a shock-induced separation

FT2025 20
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TR
PE NS
(I = 1.29) (Il = 1.25)
12
EXP NUM EXP NUM
10 BM1 BM1 | BM1 BM1
8 o BO — BO BO — B0
o o BP1 - BP1 o BP1 - BPI
= b
=, || Shock || Shock
Location 85%, SPAN Location 85% SPAN
10
. a8
=~ 6
“
4
2: ...................
0 :
=1.0 =0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5
Normalized chord [-] Normalized chord [-]
Suction Side «— LE — Pressure Side Suction Side «— LE — Pressure Side
SS
L[f ————————— —
o= PS

FT2025
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At 85% span:

* Shock dominates the aeroelastic response

e Reattachment location appears to not contribute
to [Cp

* Fast decrease of unsteady pressure from EXP

* CFD overprediction of |¢,| downstream of the
shock

At 50% span:

e CFD overprediction might not be driven by near
wall effects

* The maximum amplitude is not at the shock
location. Apparent shock-separation onset
interaction

21



| I;TH% Nominal Cascade — CFD B0 Aeroelastic response
[
2 4 6 8 9 __ 11 13 15

i 95% SPAN I, Unsteady pressure peak driven by

85% SPAN ’ ,_ an interaction of the shock and the
it separation onset. Lower amplitude

, at NS, as the shock 1s moved

50% SPAN downstream

Towards the tip the response is
PE | 1 NS dominated by the shock wave
[1=1.29 g B8 [1=125 location and end wall mechanisms

/ ‘ ™~ Reattachment line

Shock location

Separation line

o=
C FT2025
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%) VINK LPC R1 - kg influence on operating point

Mach Number
Area 1 Losses 1 m ‘ Incidence Shift in
blockage angle OP

I].5
1.4

1.3

1.3

F 1.2

'l.!
1.0

Roughness (via Nikuradse) applied to the
entire blade and for different wall regimes Nloo
Wall regime ke [um]
Smooth 0
: Change of
Hydrauhca.ll.y Smooth 5 :9, ol turbulence |
Transitional 30 S _ model
Fully Rough 350 0.6 e —

0.0 0.2 04 0.6 08 1.0 0.0 02 0.4 0.6 0.8 1.0
} Cnorm [_] Cnorm [_]
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ks [um]
5 s 30 B 350
N70  pE NS
1.0 ]
0.8
20.6
=
5y 0.4
0.2
0.01, ‘ 1, ,
0.0 0.2 0.4 0.0 0.2 0.4
Cnorm [_] Cnorm [_]

Separated areas are reduced due to an increase
in roughness

Nikuradse wall modelling could not predict

— separated regions at fully rough regime
} FT2025
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St e
ks [um] ks[uml  asssssaeas,
5 mmm 30 EEE 350 —~— 0 45 -4- 30 —a- 350 ¢ : Waero i
N70 PE NS PE NS B 8K Emode
1.0 1
0.8 R N100
_ A
0.6
= -0.2
2,
0.4 1
N
‘]4" k¢ influenced
0.2 E_E 0.2 numerical
— | ) *~.\_ convergenge N70
Ao 0.0k TR T by
00 ; ; 1 ; . | e L BT 1
0.0 0.2 0.4 0.0 0.2 0.4 0.2
Cnorm [-] Crorm [-] 4T 20 2 4 6 —4-20 2 4 6 8 10
Nodal Diameter [ - ] Nodal Diameter [ - ]
Separated areas are reduced due to an increase
in roughness Roughness does not modify the least stable ND
Nikuradse wall modelling could not predict Roughness produced no general trend on ¢
5= separated regions at fully rough regime N70 showed convergence issues at NS
D FT2025 25




by

o T Sy,

G%X‘%é)‘h

(S} LE eroded cascade — Steady aero (PSP B0 M;,,)
PE (IT = 1.29) NS(H—125)
EXP CFD

| T

‘ T

(

p!

e — ' e

05 0.6 0.7 08 09 1.0 i1 12 13 14 15
........... FT2025

Roughness reduces the supersonic pocket
extension, while in the eroded case it increases.
The supersonic region extends at the tip in both
cases

CFD does not predict significant changes
in the pressure field due to roughness
(Icing model)

In the eroded case, there is a qualitative
mismatch at the LE high-pressure
gradient (exp vs. CFD)

A larger extension of the supersonic
regions is observed at higher incidence for
both methods. Overall qualitative
mismatch.
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FT2025

LE eroded cascade— Aeroelastic Response

The phase remains fairly unaffected due to
erosion and roughness. Aeroelastic
response is driven by steady-state
aerodynamics

Num: The maximum amplitude is located
at the shock. Exp: Largest amplitude
slightly shifted from the shock location

Rough: The experimental data shows an
amplitude increase of 26%, while it
numerically remains unchanged.

Eroded: The experimental data shows an
amplitude increase of 36%, while
numerically it decreases by 8%
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RQ1 How well do numerical methods compare to experimental data when predicting o= o= o=
the reattachment line and aeroelastic response in a shock-induced separation A B C

mechanism?

* In the cascade, the SST with reattachment modification (RM) model showed closer agreement
with experimental data. SST RM set as the reference turbulence model.

* The aeroelastic response for the smooth case showed that, at both operating points (PE and NYS),
CFD appears to overpredict the harmonic pressure coefficient amplitude downstream of the

shock.

* At the measurement plane, the numerical results indicate that the aeroelastic response is
driven by the shock wave location. At midspan, the shock interacts with the separation line,
while the reattachment line does not appear to have a direct correlation to the aeroelastic
response.

FT2025 28
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RQ2 What is the contribution of roughness in the aerodynamic damping and aeroelastic 0=
response? D

e

=

In VINK LPC R1:
o Roughness affects the operating point, modifying the blade loading but at part speed
differences are negligible for hydraulically smooth and transition wall regimes.
o Reduction of separated areas due to roughness had a negligible effect on the aerodynamic
damping. Roughness affects the acrodynamic damping but with no general trend.

Roughness wall modeling based on Nikuradse showed limitations at fully rough regimes in VINK
LPC RI1 and in the TLC at the transition regime. Icing modeling based on Colebrook 1s
recommended.

In the cascade:

o Experimental data showed an increase of harmonic pressure coefficient amplitude of 22% and
26% atI1=1.29 & 1.25. The increase might be associated with a stronger steady shock (via
PSP) near the leading edge.

o At 85% span, numerical data showed negligible differences when roughness was included. At
midspan, an interaction appears to exist between the rough wall modeling and the separation
line.

FT2025

29



by

S,
éiéKTH

vvvvvvvvv s Contributions

RQ3 How does the eroded leading edge mechanism affect the aeroelastic response in a shock-
induced separation mechanism?

* The isentropic Mach number increases with larger supersonic extension w.r.t smooth and rough cases.
Numerical results predict a weaker and localized Mach number at the leading edge

* The eroded case, showed an increase of 36% in the harmonic pressure coefficient amplitude w.r.t. smooth
case at both operating points, while CFD predicts a reduction of 24% and 8% at [1=1.29 & 1.25.

* Experimental results confirmed the numerical prediction of a fairly unchanged phase lag between the
blade motion and unsteady pressure.

FT2025 30
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