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Introduction

Design trend of future turbofan engines

Aerodynamic and structural challenges

increasing bypass ratio to reduce specific fuel consumption
shortened intake length to reduce the wetted intake surface
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Goals of CA3VIAR

reduced stall margin with increasing risk of fan flutter
stronger coupling of rotor and intake can enlarge flutter bite
slender and highly loaded blade structures

design a scaled ultra-high bypass ratio (UHBR) fan with
composite rotor blades, which features aeroelastic phenomena
under certain operating points within the wind tunnel

get a better understanding of phenomena and multi-physical _
effects at off-design -

provide an open test case _ _ _
Fig.1: Modern turbofan engine - CFM International LEAP-1C [1
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Fan Stage Design Process

Specify top level fan design parameters

» trends in commercial a/c engine developement

» facility constraints (hub-to-tip ratio, max. rpm, etc.)
= rig compatibility with INFRa Project

instrumented rotor

with telemetry measurement rake module
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instrumented intake adjustable throttle system

Fig.2: INFRa test rig
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Design targets

» values based on A320-Neo specifications
= cruise for engine design point
= take-off for rig investigations
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Fig.3: Definition of aerodynamic design point
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Fan Stage Design Process

lterative design process

linked aerodynamic and aeroelastic tool chain
design constrained by existing rig

Approach

= engine cycle design of a modern UHBR-turbofan : e - -
; ' leridional design Structural blade design
using GasTurb ' » annulus dimensions, design of composite blade,
) ) ) ] : preliminary 2D design layup and material variation
» scaling for rig dimensions based on Mach number ; v ¥
Slmllarlty ! Blade desi ¢ £ Campbell diagram
- . . i . ; | plade %E)Sl"gn N . modal analysis using FEM
= meridional design for annulus dimensions and radial | _ preliminary 3D fan stage P Z
flow distribution P 2 § v
: - : = 3D-Simulati ! Flutter simulati
= blade aerpdynamlc deSIQn using sub- and . meshed f;:;I?:zige]%?O{Iel. : (Iiffer:nrecipgelll':tli]nz llfolilms.
supersonic methods and aerodyn. load control : pre-process ; rotor-only domain
factors (DF, DH, etc.) § v §
. . . . . ' ‘ Coupled intake + rotor
» high fidelity 3D-RANS-CFD analysis for design and | Post-Process : flutter simulation

off-design operating points (Take-Off & Approach)

Aerodynamics

Engine cycle design
mass flow, pressure ratio,
ambient conditions, etc.

L/

Scaling
scaled engine design

aerodynamic results

Aeroelasticity

Analytic prediction
analytic flutter prediction
+ intake analysis

¥

Parameter study
flutter simulation of
synthetic modes

Y

including different intake

lengths

Fig.4: Design process
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Aerodynamic Design

Engine cycle design

massflow, pressure ratio, E ng | ne cyc I e d es | an & Scal | ng

ambient conditions, etc.

» cycle design based on literature values for an UHBR geared turbofan using GasTurb 13
Sealine = cruise condition as reference design point
scaled engine design - take_oﬁ: as reference rlg Operation pOint Tab.1: Design parameters
. . . . . Parameters  Design (10.7km) Rig (Okm)
= constraints in max. speed, tip radius and pressure ratio
) e ) Operation Cruise Cruise  Take-Off
Meriodional design » geometrical similarity met at approximately 1:3.3 BPR o o .
annulus dimensions, . . .
preliminary 2D design u MaCh S|m||a.r|ty met Ma 0.62 0.62 0.52
\ Npoly 0.89 0.89 0.89
Blade desi
prelimiiari 3]§Sf;§rsllage L 1.37 1.37 1.32
1 (*9/5) 272.24 63.39 57.15
\ Nran (Yomin) 2375 8667 8095
o fo e el Ve ("/s) 272 295 275
pre-process T4ip (M) 1.093 0.325 0.325
+ v 0.26 0.26 0.26
Post-Process
aerodynamic results

it Fig.5: GasTurb design
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Aerodynamic Design

Engine cycle design . - .

massflow, ressue aio, Meridional design

ambient conditions, etc.

' » hub and shroud contour taken from rig constraints
: : L 2V g2
Sealing * ISRE design for radial distribution V, — V,; = 2¢,(T — T;) — (Vg* — Vp,;*) — [ =%dr
scaled engine design l
= vortex theory from NASA-SP36

= calculation of blade numbers based on aspect ratio (rotor) and cut-off frequency (stator)

Meriodional design

annulus dimensions,
preliminary 2D design @ SthUd @ @

Tab.2: Meridional design parameters | |
Design parameters Design | |
Blade design o |
preliminary 3D fan stage Flow coefficient Pmean 0.69 m |
| oGV —_—
+ Work coefficient Y,,ean 1.59 | ] |
m
. - |
Poly. efficiency n,o1y [-] 0.86 | |
3D-Simulation .
meshed fan stage model, Fan total pressure ratio 7 [-] 1.37 | | —
pre-process —/
Rotor blades 18 |
+ Stator blades 40 |
Post-Process '
aerodynamic results
Inviscid wall Fig.6: Meridional design
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Aerodynamic Design

Engine cycle design

massflow, pressure ratio, Blade deSan
ambient conditions, etc. . ] ) y ¥
' = superposition of cubic thickness ¢ "
distribution and parabolic camber line H . —

Scaling X c X 77_\_/_1_

scaled engine design = elliptical leading and trailing edge : - -
t
+ - Staggermg and threadmg at center of graVIty Fig.7: Parabolic camber line [& (left) und thickness distribution 18I (right)

Meriodional design = tip clearance of 0.5 mm

e denton » minimum manufacuturable thickness of 0.62 mm

Blade d i — hub Y
prelimiﬁar_s SSSTZEI:tage — mid Ll— .

— tip

3D-Simulation
meshed fan stage model,
pre-process
+ / Fan oGV

Post-Process
aerodynamic results

Fig.8: Profile sections and 3D blades
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Aerodynamic Design

Engine cycle design )
mas;_ﬂow, prgs_gure ratio, Numerlcal Setup
ambient conditions, etc.
v = mesh generation with AutoGrid Numeca 12.2rc
. = one pitch periodic domain of 4.1 x 10° cells
caling

scaled engine design

resolution of boundary layer with y* = 1

v = mesh independence proven with GCI of 0.01%
Meriodional design = simulations done with the 3D RANS solver TRACE
annulus dimensions, .
preliminary 2D design Ve rsion 9 - 1 . 7
+ Tab.3: Setup parameters
Blade design Setting Parameter
preliminary 3D fan stage
Mode RANS
Wall treatment Low-Reynolds
3D-Simulation Inlet Pt,1 Tt,11 Bl1 Blll l, 1, Ma
meshed fan stage model,
pre-process Outlet P3
o interface
Interface Mixing Plane
S inlet ~&—— hub
Post-Process Turbulence model K-w
acrodynamic results Transition model Y-Reb ¥ freeslip hub
Fig.9: Numerical domain with mesh at 50% channel height
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Aerodynamic Design

Engine cycle design

poytropic efficiency L in %

massflow, pressure ratio, Aerodynamic fan characteristics T oo 101
ambient conditions, etc. ] ] ] SM=1 - t'DP._SL
v = simulation of speed lines e TesL Mpp o5
. . - ' /’
= post-processing of fan characteristics :
Scaling p p g J
scaled engine design . . . - /
design point — — — - point A m] '3\ 3
take-off point B 15 ’W k:. " / 85
¥ s | 7 AR
\ / —
o ] | / =] o.' P
Meriodional design | [ o 7
annulus dimensions, a o = P P
preliminary 2D design 08 T 0.8 ] 9 14 A design point 75
- I " | o) /-@’PH
+ _E’ ! _s’ | 5 take-off —__| .
2 . 2 s | 2 -
— U.b — L.b B "
Blade design 2 2 | o 1.3 Y d " 65
preliminary 3D fan stage % ! % I E‘ ’ . 7 . 8250rpm
5 ! 5 ! < T
Qo4 204 ! o - \
+ k5 5 | /--/—‘-‘-.\\ 7500rpm
o e ! ’
3D-Simulation o 0z / 12 s “\\ ¥ 7000rpm %
meshed fan stage model, = = 7 —ulﬁ-—-_.___.\‘
pre-process Y -"’.: B \k‘ 6500rpm
/ // SOODTpm
0 — 0 1.1 T 45
1 12 14 18 0 03 06 09 30 40 50 60 70 80
Post-Process . . .
aerodynamic results fan total pressure ratio fan diffusion factor mass flow in kg /s
Fig.10: Radial distribution of fan Fig.11: Fan performance map

characteristics
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Aerodynamic Design

Engine cycle design

massflow, pressure ratio, Tlp an SenS|t|V|tV
ambient conditions, etc.
v = investigation of tip gap sensitivity to predict influence of blade elongation
sl = throttle lines for 0.5mm, 0.75mm and 1mm tip gap size
caling
scaled engine design = study at design speed (8667rpm) and take-off (8095rpm)
+ 1.5 i T T 97 i ] I
Meriodional design i ——=—— 0.50mm gap i ——=—— 0.50mm gap
annulus dimensions, B —=—— 0.75mm gap B ——=—— 0.75mm gap
preliminary 2D design 1.45 1.00mm gap < 92 ——— 1.00mm gap
+ E" : hlgh r_esiduals S—E: : 8095rpm 8667rpm
o | at fip gap [ AL e
Blade design ® 14 8667rpm > 87 2y .
preliminary 3D fan stage o i %974—!%\ § i \ \
a \ £ | b
@ o
©1.35 o 82
E— B 8095rpm ‘ = B
3D-Simulation s i S o i
meshed fan stage model, = 5 /—- \\ = B
pre-process 1.3 g. 77
i \ I increasing
i i tip gap vorte
Post-P[’()cess 1 -25 i L L L L L L L L L L L L L 72 i L L L L L L L 1 L
aerodynamic results 45 50 55 60 65 70 45 50 55 60 65 70
mass flow [kg/s] mass flow [kg/s]
Fig.12: Influence of increasing tip gap size on the fan performance
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Aerodynamic Design

Engine cycle design
massflow, pressure ratio,
ambient conditions, etc.

v

Scaling

scaled engine design

v

Meriodional design
annulus dimensions,
preliminary 2D design

v

Blade design
preliminary 3D fan stage

3D-Simulation
meshed fan stage model,
pre-process

Post-Process
aerodynamic results

Technische
Universitit
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Tip gap sensitivity

= total pressure ratio and polytropic efficiency drop linearly with increasing tip gap size
= target surge margin SM.,,ise = 11% assured for all investigated tip gap sizes

» |ncrease in tip gap of 1% ~ -1.5% efficiency
= same behavior at take-off and cruise speed

Tab.4: Effect of tip gap size on fan stage performance

8667rpm Tip gap AT, Anpory
0.50 mm 0.23 %

0.75 mm 0.35% -0.07% -0.17%
1.00 mm 0.46 % -0.13% -0.34%
8095 rpm Tip gap AT, Apoty
0.50 mm 0.23%

0.75 mm 0.35% -0.06% -0.18%
1.00 mm 0.46 % -0.12% -0.33%

1.5

1.45

—_
~

total pressure ratio =, [-]
@
(4]

-
w

1.25

i ] I
| ——=—— 0.50mm gap
E 0.75mm gap
— —{+ — 0.75mm gap - higher res.
8 Tpm
i LI
45 50 55 60 65 70

mass flow [kg/s]

Fig.13: Effect of tip gap resolution on fan stage
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Aerodynamic Design

Engine cycle design .
s o, bressuto rat Stall behavior of the fan stage
ambient conditions, etc. . . . . .
7 = total pressure ratio changes slightly with reducing mass flow for design speed
= significant total pressure drop at take-off speed
Scaling
scaled engine design - -
+ 1.6 : 95 i : : 05
:::: i | |
Meriodional design {m '/.-/ | } |take-off || _
annulus dimensions, | |?t design point
preliminary 2D design 1.54 ' | - 85 o 0.98 — i | [ — 0.4
- “ I £ _ [
+ s [ 3 & | ' =
}‘QB' | = 2 B | | 5
Blade design ;1'48 1 : -7 & £0.96 [ @i * ' - 03¢
preliminary 3D fan stage 5 : 6 g l ! g
2 | S @ | | =
@ A | £ o | [ 5
+ %"1 42 ~ \.\_.\:iesign point 65 % %0‘94 : : 02 3
—— 5 . g g ™ o g
3D-Simulation TI:,| ‘g.. ~ \\ | |
meshed fan stage model, L otk [E 1
pre-process 1.36 take-off 1 55 Q 0.92 |t—‘stator| \g 01
B b
@ | |
1.3 , 45 0.9 ' ' 0
Post-P T |
ot masnt et 4 4 52 58 64 0 40 46 52 58 64 70
mass flow in kg/s mass flow in kg/s

Fig.14: Part load behavior of fan stage rows
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Aerodynamic Design

et o Stall behavior of the fan stage . L - L
ambient conditions, etc. X X
’ 1 1 1 1 T N
» increasing incidence due to part .. ; .
v load
ol g e = separations on rotor suction side
at leading edge
v = stator loss increases
e esten continuously, mainly due to
preliminary 2D design interaction with tip gap vortex
v = rotor driven stall behaviour is = <
Blade design beneficial to flutter R R L,
preliminary 3D fan stage =
3D-Simulation
meshed fan stage model,
pre-process
Post-Process
aerodynamic results
Fig.15: Iso-surfaces of flow separations
c"“’i""&
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Aerodynamic Design

Engine cycle design

masflonprssure rat, Thickness reduction and camber adaption
v = reduction based on structural design and aeroelastic behavior
Sealing = thickness of rotor blade reduced to 75%
scaled engine design » increase of total pressure ratio and efficiency

v

Meriodional design

annulus dimensions, .
preliminary 2D design Tab.5: Influence of fan blade thickness

m %/ w1 Moty [%]

Blade design Design target 63.4 1.37 89.2
preliminary 3D fan stage
Reference 63.4 1.37 87.6
hub

Thin blade 63.4 1.37 87.6
3D-Simulation . / reference
meshed fan stage model, Thin blade 63.4 1.40 88.2 / < thin blade

Pre-process camber adap. = == == thin blade camber adaption

mid
Post-Process
aerodynamic results

tip
Fig.16: Fan profile sections
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Aerodynamic Design

Engine cycle design

massllow, pressue o Thickness reduction and camber adaption
ambient conditions, etc.
v = flow gets redistributed due to larger hub passage
= turning and total pressure ratio of the fan is increased

Scaling

scaled engine design = fan efficiency increased over 80% of relative channel height

+ Reference Reference Reference
Red. thickness Red. thickness Red. thickness
Meriodional design P it Red. thickness - camber adaption Pttt Red. thickness - camber adaption Pt Red. thickness - camber adaption
annulus dimensions, D =" R e
preliminary 2D design =3 ‘ _‘—Tﬁ—hx\
- i . . L \
08 : 08 increased turning 08
£ £ due to higher camber £ I
: o T = = !
Blade design | ) / | {
preliminary 3D fan stage % 0.6 % 0.6 o % 06 :
E | e | \ / E '
© I © o . © I I
5 | 5 | \ 5 | h
3 / 204 . S04 "
20T , increased | 2™ N 2 [ ;
] N © X ] '
3D-Simulation s passage area e | W s i
meshed fan stage model, I // I ! ". I |;
pre-process 02 v 02 '; 02 J ]
I \\ I ! l' I r
[ t [ [
MR R 2=t o b— I L SUN I P . - L ——t T
q25 150 175 200 225 250 20 30 40 50 60 70 %‘6 0.68 0.76 0.84 0.92 1
Post-Process VelocityX FlowTurningThetaAbs EfficiencyPolytropic
aerodynamic results
Fig.17: Effect of reduced blade thickness on radial distributions
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Aerodynamic Design

Engine cycle design
massflow, pressure ratio,
ambient conditions, etc.

v

Scaling

scaled engine design

v

Meriodional design
annulus dimensions,
preliminary 2D design

Blade design

preliminary 3D fan stage

3D-Simulation
meshed fan stage model,
pre-process

Post-Process
aerodynamic results
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3D blade design — sensitivity study

» Fan cold shape shows elongation at trailing edge
= Behaviour not acceptable and requires a redesign
1. Adaption of maximum thickness position in hub region
(linear distribution: 0.35 — 0.65; before: 0.55 — 0.65)
2. Sweep angle at tip +10° Adaption max. thicknss position
3. Lean angle at tip £10° i

Perform sensitivity study to
examine the fan blade behaviour

o
oo

o
>

relative channel height
=
T

S
o

L

0 Ll
0.25 0.45 0.65
maximum thickness position

Fig.18: Adaption of max. thickness positio

& Braunschweig
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Fig.19: Cold fan blade under rotational loads
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Aerodynamic Design

Engine cycle design
massflow, pressure ratio,
ambient conditions, etc.

Setup 1 Setup 2 10 sweep Setup 3 110 lean

Scaling
scaled engine design

Y

Meriodional design
annulus dimensions,
preliminary 2D design

Reference
New thickness position

+10 sweep

Y,[ +10 lean
X \

Blade design

preliminary 3D fan stage

3D-Simulation
meshed fan stage model,
pre-process

Post-Process
aerodynamic results

Fig.20: Fan redesign sensitivity setups
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Aerodynamic Design

Engine cycle design

massflow, ressue aio, 3D blade design — sensitivity study
ambient conditions, etc.
v = only positive sweep increases total pressure ratio and efficiency of the fan stage
n

moving thickness upwards leads to a decreased flow turning and total pressure ratio
all configuraions fullfil design criteria

Scaling

scaled engine design

+ i )
1]
Meriodional design . . i i
annulus dimensions, Tab.6: Influence of 3D fan blade design 0.8 o
preliminary 2D design E B i
8667rpm (DP) Ariv Am, Anpory .g" i it
T 0.6 I
Reference 63.4 kg/s 1.402 88.23 % e
Blade design c i
preliminary 3D fan stage Thiqkness -0.85 % 0.46 %P e :
position o
204 reference
Sweep +10° - -0.00 % +0.21 %P s I thickness
s | sweep +10
. . o | -
3D-Simulation Sweep -10° - -0.00 % -0.15 %P sweep -10
0.2 lean +10
meshed fan stage model,
I Y o A N B lean -10
Pre-process Lean +10° - +0.57 % -0.05 %P |
Lean -10° - -0.64 % -0.02 %P oL A RV ERVRR T
1 1.2 14 1.6 1.8 2
Post-Process PressureStagnationAbsRatio

aerodynamic results

Fig.21: Radial distributions fan characteristics
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Aerodynamic Design

Engine cycle design ! [ ] ! | T ! e
massflow, pressure ratio, R I T e ——
. .. B \ I - - ‘\\
ambient conditions, etc. X 1! ﬁ\
i \ i i i 3
+ 0.8 AN 0.8 AT 0.8 A
-— B AN - B ! et B 1
= A = i -
2 | BN 2 0 ifi -S’ i i
. o | VL [ . s |
Scaling T N\ T ifr T iy
. . = 06 AN =< 06 = 086 i
scaled engine design e W\ e 7 2 l;
c : c W £
§ \ g | / g |
N i
Q —— reference N Q 4 Q0 reference :
> 04 —— thickness N > 04 /4 reference 2041 thickness
K] sweep +10 N s [ / ;'u‘;';gesfo s sweep +10
sos : [} sweep -10 ! [} i r + D i sweep -10
M:ﬂ;ilﬁ:ﬂﬂig::gn « - = — - lean+10 A = / sweep -10 & [ | - —— - lean+10
. > 02— ———e— lean -10 ] 02 v - - - - lean+10 02— ———— lean -10
preliminary 2D design i | A ety lean -10 | /
| 4 B |
/I / =
| { - - A
Py SRRV ESRVETIN SR VI . -SRI BRI ol L L L L g et 1
. 0 10 20 .30 40 50 1 1.2 14 .18 18 2 75 0.8 0.85 0.9 0.85 1
Blade design FlowTurningTheta PressureStagnationAbsRatio EfficiencyPolytropic

preliminary 3D fan stage

Fig.22: Radial distributions fan characteristics

Aeroelastic and structural feedback
3D-Simulation .. . .
meshed fanstage model = Positive lean affects the fan blade in the desired way
= Positive lean of +10° is too much and would reduce efficiency unnecessarily

" = Adaption of thickness position is benefical for structural design, due to the reduced camber at the
aerodynamic results h u b

Technische
Universitat 05.09.2022 | Aerodynamic design of a scaled UHBR fan | Slide 20

¢ Braunschwei I FAS Institut fiir Flugantriebe
g und Strémungsmaschinen




Aerodynamic Design

Engine cycle design Tab.7: 3D fan blade redesign
massflow, pressure ratio,
ambient cgnditions, ettc. M . . i e
7 = Positive lean 8° and reposition of max. thickness 8667rpm (DP) A A% gty
- = Positive radial displacement under load = problem solved Reference ~ G34ke/s 1402 88.2:3%
ca‘lng . . . . . - - 00 - 00
scaled engine design = Reduced margin in negative damping X Caselr3 043 % 0.6 %P
* Casel75 - -0.93 % -0.9 %P
Meriodional design m P
annulus dimensions, . 7 -
preliminary 2D design = Positive lean 8° and reduced camber at the hub area // i
= Lean is added to adapt the elongation behaviour under loads Case173 A
,'// Vs e
 Blade design = Camber is reduced due to constructional constraints R A
preliminary 3D fan stage // s /// / -

» Reference maximum thickness position for negative damping IR

= Position of stacking line shifting downstream as the center of
3D-Simulation gravity moves downstream
meshed fan stage model,
pre-process = Positive radial displacement under loads

= Sufficient negative damping

Post-Process
aerodynamic results

Fig.23: Fan blade sections for hub, mid & top
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Aerodynamic Design

Engine cycle design

massflow, pressure ratio, Tab.8: Final design
ambient conditions, etc.
QO
+ m [kg/s] ] Npoly (%] 1.6 95
Design target 63.39 kg/s 1.37 89.2%
Scaling
. . 0 Tpo
scaled engine design Case 175 63.39 kg/s 1.38 87.3% 15 85

(+0.7%)  (-2.1%)

7

v

—
~
.\

poytropic efficiency n,,, [%]

. v
- - HH
Meriodional design = Total pressure ratio target achieved % ___designpoint_| 75
annulus dimensions, . - . o
preliminary 2D design = Polytropic efficiency reduced in trade off for o / oot ]
- . . L) = —
desired aeroelastic behaviour 2 - ZS:;}L
n T,
Blade design " SMCTuise 2 16.4% and SMtakeOff 2 11.0% q’g- 1.3 —‘_.—.—.‘.\ }OL‘,UIPH 65
reliminary 3D fan stage — b
PR (target: SM > 11%) s ™\ 7500r0m
Q
-— 12 ./"—.—‘_..—-"k‘\ 7nnnrpm 55
. |
3D-Simulation : _ ./-——-—H—-—-.:\\ 6500rpm
peshed fn sage model Aerodynamic fan stage design . o0tppm
completed! 1.1 45
30 40 50 60 70 80
Post-Process mass flow [kg/s]

aerodynamic results . . .
Fig.24: Speedlines calculations based on RANS
simulations
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Aerodynamic Design

Fig.25: 3D model of final aerodynamic design
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Conclusions and Outlook

Accomplishments

= design of a fan stage for a geared turbofan with a bypass ratio of 17

= sensitivity studies performed regarding 3D blade design (sweep and lean)
= redesign of fan blade to fulfill aeroelastic and structural needs

= fan stage fulfills all design specifications and achieves a peak polytropic
efficiency of 87%

Next steps
= manufacturing of the scaled UHBR fan stage
= further post-test predictions with additional nacelle geometry

Fig.26: 3D fan model full annulus
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Thank you for your attention
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