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• To perform a literature review of the main issues affecting composite UHBR

engine fans;

• To design a low-transonic fan typical of a future large aircraft UHBR engine, in 

terms of aerodynamic shaping as well as structural design and analysis to make 

sure the test article can safely go close to aerodynamic and aeroelastic 

instabilities in an expected way during WT operations;

• To design the test article(s);

• To manufacture the test article(s);

• To instrument test articles and rigs;

• To perform experimental tests including fan instabilities due to off-design 

operation and inlet distortion;

• To perform a final experimental-numerical assessment for calibrating and 

validating numerical models;

• To provide open access to all the produced models, data and documents for 

other institutions for in-house developed methods validation, with the objective 

to establish an “open test-case” for the whole European scientific community, 

unique in the engine fans landscape.

Project Objectives
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• IBK → Project Coordination, support to Low Transonic Fan (LTF) aeroelastic 

design, test article design Leader and manufacture responsible

• TUBS → requirements management, LTF aerodynamic design and scaling 

approach, rig modification and instrumentation, management of WT tests

• LUH → LTF aeroelastic and aeroacoustic design, support to WT test 

measurements, pre/ post-test predictions

• DREAM → Support to LTF design and post-test predictions (CFD)

• ADC → Manufacture and instrumentation of test article, support to WT tests

Project Partners
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– Fan stage with a scaling factor of 1:3.3; 18 rotor blades and 40 stator blades

– Restrictions due to manufacturability and rig installation

– 𝑆𝑀𝑐𝑟𝑢𝑖𝑠𝑒 = 12.1% and 𝑆𝑀𝑡𝑎𝑘𝑒𝑜𝑓𝑓 = 11.5% (target: 𝑆𝑀 > 11%) 

Aerodynamic Design, status after SRR
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𝑺𝑴 = 𝟏 −
𝝅𝒕,𝑫𝑷
𝝅𝒕,𝑺𝑳

ሶ𝒎𝑺𝑳

ሶ𝒎𝑫𝑷

mass flow total pressure ratio poly. efficiency

Design target 63.4 kg/s 1.37 89.2%

Case 132 63.4 kg/s
1.38

(+0.7%)
89.3%

(+0.1%)
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▪ Thickness of rotor blade reduced to 75%

▪ Reduction driven by structural design reqs.

Aerodynamic Design, new blade geometry
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ሶ𝒎 [ Τ𝒌𝒈
𝒔] 𝝅 [-] 𝜼𝒑𝒐𝒍𝒚 [%]

Design target 63.4 1.37 89.2

Reference 63.4 1.38 89.3

Thin blade 63.4 1.37 87.6

Thin blade C.A. 63.4 1.40 88.2

New 
Fan Design
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▪ Speed lines of the fan stage get shifted to higher total pressure

ratios

▪ Only slight change towards higher mass flows

Aerodynamic Design, speed lines
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▪ Investigation of tip gap sensitivity to predict influence of blade elongation

▪ Throttle lines for 0.5 mm, 0.75 mm and 1 mm tip gap, at design speed

(8667rpm) and take-off (8095rpm)

▪ Total pressure ratio and polytropic efficiency drop linearly with increasing tip gap 

size → Increase in tip gap of 1% ~ -1.5% efficiency

▪ best compromise with mechanical design requirements found with a gap of 

0.75 mm

Aerodynamic design, tip gap sensitivity
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Usual blade design

• No flutter wanted

• High amount of 0° plies for high bending stiffness

• ±45° plies on the outside for torsional stiffness

• Typically above the 2P-line in the Campbell diagramm

CA3ViAR blade design

• Flutter wanted at special conditions (specific massflow and IBPA)

• No flutter at design conditions

• Blade has to be tailored to specific Eigenfrequency for the first bending mode

• Twist-to-plunge (T2P) ratio needs to stay above specific value

• Below the 2P-line in the Campbell diagramm

Structural design, drivers and requirements
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Design possibilities
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Typical design

CA3ViAR design

10% safety margin

Eigenfrequency ↓:
• Young‘s Modulus of

fibre ↓
• Fibre volume fraction ↓
• Substitution of 0° plies

by 90° plies (other
angles increase
torsional stiffness too
much – T2P ratio ↓)

T2P ratio ↑:
• Young‘s Modulus of

matrix ↓ (reduces
shear modulus of plies)

• Substitution of ±45°
plies by ±60° plies
(higher angle = lower
torsional stiffness)

flutter

For flutter additional condition requirements are needed:
• Low massflow
• Specific IBPA (interblade phase angle)

forced response
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Identification of interesting Eigenfrequency and T2P area
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Target Eigenfrequency

• 230Hz at 7500RPM

Replacing 0° layers by ±45°/ ±60°layers
• Reduces T2P and Eigenfrequency

SRR target

Target Twist-to-plunge ratio
• 0.56 at 7500RPM

Interesting area Replacing 0° layers by 90°layers
• Reduces Eigenfrequency,  T2P slightly

Increased T2P allows flutter at higher Eigenfrequencies
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Sensitivity analysis on layup and Campbell diagram

CA3ViAR project - EASN 2021 Virtual Conference 13

15% 43%

11%

11%

[NASA CR-174992 – Large scale prop-fan structural design study]

Operational safety

• Campbell diagramm used to ensure
safe operation at design conditions

• Areas of forced response can also 
be identified

• Safety requirements according to
NASA CR-174992 are met for design 
layup

• Robust design (distance to 1P line
larger than distance to 2P line)

02/09/2021
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Natural modes
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Static stress analysis, Target Layup, Design condition

CA3ViAR project - EASN 2021 Virtual Conference 15

LF = 2.5 max. failure index = 0.732
Knockdown factor = 1.3 LF = 1 displacements

02/09/2021
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Fatigue load condition

• Delta-loads due to non-axial symmetric operating conditions of the fan, e.g. in case of 
rotating stall/ cross-wind scenarios

• Max. pressure ratio vs. choke point

• Derived from maximum and minimum load occurring to the blade in those conditions

• Load factor = 1 and knockdown factor = 1.3 used for fatigue analysis

• Beneficial loads scaled in opposite direction

• Effect of fatigue taken into account by reducing the material performance pcomp in 
relation to the expected amount of cycles

• Low cycle fatigue considered by reducing material performance further

Fatigue analysis

CA3ViAR project - EASN 2021 Virtual Conference 1602/09/2021
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Goodman chart – creating static equivalent loads
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𝐹𝑑𝑦𝑛,𝑒𝑞 = 𝐹𝑑𝑦𝑛 + 𝐹𝑠𝑡𝑎𝑡 ∙ 𝑝𝑐𝑜𝑚𝑝
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Goodman line

Tsai-Wu criterion

pcomp is the performance of the composite material after a certain amount of cycles (e.g. 10^6 
cycles pcomp ~ 0.9; 10^8 cycles pcomp ~ 0.7)

𝑭𝒔𝒕𝒂𝒕,𝒆𝒒 = 𝑭𝒅𝒚𝒏,𝒆𝒒/𝒑𝒄𝒐𝒎𝒑

𝑝𝑐𝑜𝑚𝑝

𝐹𝑑𝑦𝑛

𝐹𝑠𝑡𝑎𝑡 = (𝐹𝑚𝑎𝑥+𝐹𝑚𝑖𝑛)/2

𝐹𝑑𝑦𝑛 = 𝐹𝑚𝑎𝑥 − 𝐹𝑠𝑡𝑎𝑡
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Combined material degradation Low cycle + high clycle Fatigue
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pcomp for 10 cycles = 1
• Zero damage
• Interpolation:
• pcomp 10^4 = 0.951

Combined pcomp

(Accumulated damage)
1 −෍

𝑖=1

𝑘

1 − 𝑝𝑐𝑜𝑚𝑝,𝑖 = 𝑝𝑐𝑜𝑚𝑝,𝑐 = 1 − 0.049 − 0.3 = 𝟎. 𝟔𝟓𝟏

Low cycle reduction high cycle reduction

pcomp for 10^8 cycles = 0.7

Low cycle fatigue
(turning on and off):

High cycle fatigue
(flutter analysis):
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Failure index calculation for Fatigue

CA3ViAR project - EASN 2021 Virtual Conference 02/09/2021 19

Load component (Fx, 
Fy, Fz, Mx, My, Mz) 
max. pressure ratio

-> Fmax

Load component (Fx, 
Fy, Fz, Mx, My, Mz) 

choke point
-> Fmin

𝐹𝑠𝑡𝑎𝑡𝑖𝑐 = (𝐹𝑚𝑎𝑥+𝐹𝑚𝑖𝑛)/2

𝐹𝑑𝑦𝑛𝑎𝑚𝑖𝑐 = 𝐹𝑚𝑎𝑥 − 𝐹𝑠𝑡𝑎𝑡𝑖𝑐

𝐹𝑑𝑦𝑛,𝑒𝑞 = 𝐹𝑠𝑡𝑎𝑡𝑖𝑐 ∙ 𝑝𝑐𝑜𝑚𝑝 + 𝐹𝑑𝑦𝑛𝑎𝑚𝑖𝑐

𝐹𝑠𝑡𝑎𝑡,𝑒𝑞 = 𝐹𝑑𝑦𝑛,𝑒𝑞/𝑝𝑐𝑜𝑚𝑝

combined material 
degradation pcomp

fatigue cycles

For all load components on all span stations

Fatigue Loads

FE Model

Failure index (Tsai-
Wu-criterion)
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Failure index, fatigue analysis
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LF = 2.5 (static design loads)
Knockdown factor = 1.3

Fatigue loads:
Knockdown factor = 1.3

max. failure index = 0.417max. failure index = 0.732 max. failure index = 0.386

LF = 1 (static loads)
Knockdown factor = 1.3
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Aeroelastics, High-fidelity flutter analysis
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Aeroelastic analysis and reqs. for PDR
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Intake effect on flutter, numerical scheme
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Intake lenght effect on ND 2, detail of short intake
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Structural damping and mistuning on natural frequencies

CA3ViAR project - EASN 2021 Virtual Conference 02/09/2021 25



www.ibk-innovation.de Any reproduction is prohibited without permission from the rights holder. All rights reserved.

Flutter simulation to iterate final layup
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Preliminary mechanical design
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The CA3ViAR new rotor and stator stages will be assembled to 

the same rig used for the INFRA project, which featured a blisk 

design for its rotor stage.

An important requirement is to reuse as many interfaces (and 

parts) of the existing rig as possible (e.g. rotor shaft for the rotor 

stage), to minimize design and manufacturing efforts and 

therefore costs

The design approach is to use a slotted rotor hub and rotor 

blades including a dovetail-like foot design.

.

CA3ViAR PDR - Mechanical Design

INFRA-Rig
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CA3ViAR PDR - Mechanical Design
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CA3ViAR Rig

CA3ViAR PDR - Mechanical Design

Full Assembly

The picture shows the full assembly including all newly designed parts.

CA3ViAR full assembly

front view rear view
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CA3ViAR PDR - Mechanical Design
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CA3ViAR Rotor Design

Instrumentation – Strain Gauges

According to FE calculations, SG positions were identified in most critical areas.

• Every blade is instrumented with one SG to monitor maximum stress

• Six blades will be instrumented with two additional SG’s to detect the 

modal participation of the 1st & 2nd natural modes

• Different SG-installation strategies are under investigation (co-cured on 

surface or fully embedded, secondary bonding), with the aim to ensure 

feasible sensor installation, maximize reliability and minimize the impact on 

aerodynamic performance

• More details are given in the presentation by ADCO

The sketch in the figure below shows that there is enough space available on 

the hub for cable routing from the blade foot to the telemetry system

FE and modal analysis

strain gauge positions
routing for wires
“wire channel” going into 
CFRP blade

CA3ViAR strain gauges

CA3ViAR instrumentation cable routing

CA3ViAR PDR - Mechanical Design
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Strain gauges positions and instrumentation breadboard

CA3ViAR project - EASN 2021 Virtual Conference 02/09/2021 30



www.ibk-innovation.de Any reproduction is prohibited without permission from the rights holder. All rights reserved.

Surface/ embedded case study – Measuring equipment
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Bridge

Bridge

Bridge

Datalogger
(Signal 

conditioner
-Dynamic 

strain 
amplifier)

Analog to digital 
converter

PC

The selection of SG 
resistance must be 
verified by the available 
Amplifier

Quarter 
bridge

3 wires 

Align the trial tests with real test
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Plate Trial testing and SG placement options
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Characteristic Option 1 Option 2 Option 3 Option 4 

Option Figure

Strain gauge type Resistance :  basic (350 Ω)
CTE: 1.0E-06/K

Voltage Excitation: 5-10 V

Resistance :  basic (350 Ω)
CTE: 1.0E-06/K

Voltage Excitation: 5-10 V

Resistance :  basic (350 Ω)
CTE: 1.0E-06/K

Voltage Excitation: 5-10 V

Resistance :  basic (350 Ω)
CTE: 0.5 E-06/K

Voltage Excitation: Max 2.5 V

Wiring/Rooting 3 Wires 
Φ0.2 polyester lead wire (-196 deg 
Celc< T< +200 deg) 1.5Ω/m
Max strain value: 50000 μm/m

3 Wires 
Φ0.2 polyester lead wire (-196 deg 
Celc< T< +200 deg) 1.5Ω/m
Max strain value: 50000 μm/m

3 Wires 
Φ0.2 polyester lead wire (-196 deg 
Celc< T< +200 deg) 1.5Ω/m
Max strain value: 50000 μm/m

3 Wires 
Φ0.2 polyester lead wire (-196 deg 
Celc< T< +200 deg) 1.5Ω/m
Max strain value: 50000 μm/m

Adhesive Z70 is recommended Z70 is recommended for SG
Wiring is consolidated with 
CFRP plies

Z70 is recommended for SG
Wiring is consolidated with 
CFRP plies

Z70 is recommended for SG
Wiring is consolidated with 
CFRP plies

Coating SG250 for general mechanical 
protection

SG250 for general mechanical 
protection

SG250 for general mechanical 
protection

SG250 for general 
mechanical protection

Connection-SG/ wiring Soldering ends Through soldering pin Soldering ends Combined
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Summary of instrumentation demonstration test
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Sample No. Test scope Parameters Support equipment

Coupon plate 1: 
Specimen: 3 / 200x 30x 4 
1 SG surface/ routing external

-Functional test:
a) SG/ wiring resistance
b) Dimensional check of 

the assembly

- Thin wire soldering 1) MGSE for the plate 
support

2) Arduino Wheatstone 
bridge for voltage 
excitation 

Coupon plate 2 :      
Specimen: 3 / 200x 30x 4 
1 SG surface/ routing 
embedded 

Functional test:
a) SG/ wiring resistance
b) Wiring interruption 

(possible)
c) Insulation of ‘soldering 

node’

- Soldering option-coating 
spray insulation

- Curing process for wiring.

Coupon plate 3 :      
Specimen: 3 / 200x 30x 4 
1 SG surface/ routing surface 
(groove)

Functional test:
a) SG/ wiring resistance
b) Wiring interruption 

(possible)
c) Dimensional check of 

the assembly
d) Insulation of ‘soldering 

node’

- Soldering options 
insulation-coating spray 
insulation

- Curing process for wiring.

Coupon 4 : 
Specimen : 3 / 200x 30x 4 
1 SG embedded / routing 
embedded 

Functional test:
a) SG/ wiring resistance
b) Wiring interruption 

(possible)
c) Insulation of the SG 

pins

- Soldering options 
insulation-coating spray 
insulation

- Curing process for 
SG/wiring.
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Aeroacoustics
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Design and Optimization of the aeroacoustic rake
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- Refinement of aeroshape and layup to cope with an unexpected 

behaviour of the blade tip under load (unwanted small negative radial 

displacement).

This is now being faced by

- Thickness adaption

- Introduction of lean angle

- As a consequence, further check of aeroelastic performance and stator 

vane aerodynamic design are ongoing

- Completion of detail design including demonstration tests to decide 

on instrumentation cable routing → CDR and start of manufacture

- Test article Manufacture and rig modification

- Test Campaign execution (PTF) and post-test analysis and calibration 

of numerical methods

Ongoing activities and way forward
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