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ABSTRACT 

Achieving higher efficiency and less weight is the most important target for future engine 

development. New lightweight materials like fiber reinforced composites should be applied for 

the fan blading to reduce the weight. The aerodynamic efficiency should be improved 

simultaneously. A method that achieves both targets is presented in this paper. This method 

was carried out on the counter-rotating integrated shrouded propfan (called CRISP), which is 

a possible future fan concept for ultra-high bypass ratio engines (Görke et al., 2012). 

The underlying paper investigates the effects of a numerically optimized multi-ply 

composite for a given application of a fan blade on its aerodynamic and structural mechanical 

properties. To determine the effects of different multi-ply composite structures, two structural 

mechanical preliminary studies with different materials are performed, whereby only the first 

of the two rotors is considered and the blade geometry remains fixed. Both studies, one with a 

symmetrical multi-ply structure and the other with a completely free multi-ply composite, 

showed big advantages through adapted fiber alignments in the optimized multi-ply 

composites. In a subsequent multidisciplinary optimization with CFD and FEM calculation 

processes of the complete fan stage, both, the parameters of the 3D blade geometry and the 

fiber alignments were free. Hence, it was possible to examine the effect of the free parameters 

in the fiber alignment on the aerodynamic and mechanical potential. 
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NOMENCLATURE 

[𝐴] laminate in-plane stretching stiffness matrix VDI Association of German  

[𝐵] coupling stiffness matrix  Engineers 

BAP balanced angle-ply laminate 𝑓𝑀𝐴 frequency distance 

𝐵𝑙  lower limit of permissible frequency range 𝛥𝑓𝑧𝑢𝑙  min. frequency distance to  

𝐵𝑢  upper limit of permissible frequency range  permissible ranges 

CFRP carbon fiber reinforced polymer ℎ𝑟𝑒𝑙  relative blade height 

CRISP counter-rotating integrated shrouded propfan n/s not specified 

[𝐷] bending stiffness matrix 𝑢𝑚𝑎𝑥  maximum displacement 

𝐸𝐹𝑥 Eigen frequency number x 𝛼 fiber angle 

𝐸𝑂𝑥 engine order number x 𝛾 shear strain 

𝐸𝑂𝑥𝑁 speed-combined engine orders rotor 1 & 2 𝜀 strain 

𝑀𝑖𝑠  isentropic Mach number 𝜂𝑖𝑠  isentropic efficiency 

𝑃𝑅 Pareto Rank 𝜅 curvatures 
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INTRODUCTION 

Against the background of increasing air traffic, economical aircrafts and aircraft engines are of 

particular importance to the operators. Therefore, in flightpath 2050 aims are pointed out to further 

reduce emissions and fuel consumption (ACARE, 2017). In addition to novel fan concepts, such as 

the counter-rotating integrated shrouded propfan “CRISP”, the German Aerospace Center (DLR) is 

also researching alternative advanced materials (Lengyel-Kampmann, 2014). In this respect, the use 

of fiber-reinforced polymers is not a novelty in general. General Electric with its GE90 engines has 

been using carbon fiber reinforced polymers (CFRP) for its fan blades for years (GE Aviation, 2014 

and Rossow et al., 2014). However, the composites used are usually symmetric multi-ply 

composites (subscript “S”) with quasiisotropic properties, e.g. (0°/±45°/90°)S. 

Therefore, this paper brings up the optimization of the fiber composite material of the fan blades 

through a multidisciplinary optimization in the fields of aerodynamics and structural mechanics. 

The aim of the optimization is to figure out the effects of a numerical optimized multi-ply 

composite on the structural mechanical properties, the maximum displacement of the fan blades and 

their frequency characteristics. For that reason, the fiber alignment of each single ply of the multi-

ply composite is numerically optimized in the range of −90° to +90°. The optimization target was to 

improve the aerodynamic efficiency and to reduce the blade displacement simultaneously. Finally, 

an optimal multi-ply composite for the respective application should result. 

CASE STUDY: COUNTER-ROTATING FAN 

The basis of the investigated fan stage is the counter-rotating fan CRISPmulti, which is drawn 

up and optimized by DLR, as shown in Figure 1. The rotor blades were optimized for a high 

bypass-ratio, high efficiency, low-cost, lightweight fan targeted to fulfill the future engine 

requirements. The multidisciplinary optimization process was applied for the blade design included 

the blade aerodynamic and structural mechanic calculation of the blades with CFRP material. The 

rig-tests are planned in 2019 on the M2VP test facility of the DLR in Cologne. 

The blades were originally designed with a given CFRP, whereby matrix material is a 

thermoplastic polyether ether ketone (PEEK) with carbon fibers in 0° and ± 45° alignment. The 

aerodynamic design point is at a mass flow of 160 kgs-1 and a total pressure ratio of 1.3. The main 

properties of the last optimizations of the CRISPmulti are stated in Table 1. These values also 

represent the state of the initial configuration for the optimization in this paper. 
 

 
Figure 1: CRISPmulti 

Table 1: Parameters of CRISPmulti (Initial configuration) 
 

Parameters (design point)  rotor 1 rotor 2 

Number of blades [-] 10 12 

Speed [rpm] −5,045 3,981 

Max. displacement [mm] 9.54 n/s 

Min. frequency distance [%] 8.02 n/s 

Isentropic efficiency [%]           𝜂𝑟𝑒𝑓 

 

Due to the excellent strength values with low material weight, a multi-ply composite, also called 

laminate, was chosen as material for the blades. In a multi-ply composite, there are multiple plies 

stacked, each with its own fiber angle alignment 𝛼. For the calculations, the classical laminate 

theory according to VDI 2014 (a standard of Association of German Engineers) is applied. First, a 

microscopic examination of each single ply is carried out. A plane stress state and an idealized 

quasi-homogeneous ply are assumed. For macroscopic analysis, the properties of each ply are 

calculated on the composite. This results in the laminate stiffness matrix, which establishes the 

linkage of external acting forces and moments on the strains and curvatures, see Figure 2. The sub-

matrices are called laminate in-plane stretching stiffness matrix [𝐴], bending stiffness matrix [𝐷], 
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and bending-stretching coupling stiffness matrix [𝐵]. The last sub-matrix combines membrane 

effects with plate effects. (Middendorf, 2004) 

 
Figure 2: Laminate stiffness matrix. Effects of coefficients and representation of 

deformations, modified according to VDI 2014 

 

The blade manufacturing process involves four steps (a) to (d), see Figure 3. First, an organo 

sheet is produced in (a). In fact, eight individual plies are combined to form a symmetric ply 

package in the following alignment: (0°/45°/0°/−45°)S. The entire organo sheet consists of 128 

plies. In the following step (b), the organo sheet is formed in a hot press at 340 °C. After this, the 

blade is finished to its final shape geometry by machining process (c). To prepare the fan blade for 

assembly, other parts like the foot components are mounted in a final step (d). (DLR, 2013 and 

Forsthofer, 2016) 
 

 
Figure 3: Production steps of fan blade 

 

OPTIMIZATION TOOL 

The aim of the optimization tasks is to improve one or more properties, the so-called objective 

function(s), while certain variables can be varied between defined limits, the so-called design 

parameters. In the further discussion, one set of free design parameters is called a member. 

AutoOpti is a powerful computer-based automatic optimization tool, which is a result of many 

years of in-house development at DLR Institute of Propulsion Technology. AutoOpti uses 

optimization algorithms, which are based on the evolution strategy and thus enables the parallel 

improvement of several objective functions in consideration of a multitude of restrictions (Aulich 

and Siller, 2011). Surrogate models, like Kriging and neuronal networks, are applied to accelerate 

the optimization process. In the process chain, the analyses to be calculated can be included, such as 

CFD and FEM tasks. 

STRUCTURAL MECHANICAL PRELIMINARY STUDY 

Optimization setup and configuration 

As part of the preliminary study, two optimizations are carried out with two different types of 

material for rotor 1. Therefore, the blade geometry of rotor 1 is fixed and the optimization process 

chain contains only structural analysis. Rotor 2 of the counter-rotating fan was not obtained. In both 

(a)    (b)          (c)             (d) 
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cases, a multi-ply composite with 128 plies according to the described multi-ply composite is used. 

The following design parameters for the structure of the multi-ply composite have been chosen: 

Preliminary study 1: The multi-ply composite is to be constructed as a balanced angle-ply 

laminate (BAP) and is symmetric to the laminate midplane. With a 128-ply structure, the number of 

fiber angles is reduced to 64 due to the symmetry. With the BAP condition it is further reduced by 

half to 32 individual plies with their fiber angles, which are in a range between −90° ≤ 𝛼 ≤ +90°. 

Preliminary study 2: Here, the structure of the multi-ply composite is completely asymmetric 

free in all 128 plies. Accordingly, there are 128 free design parameters, whereby the fiber angles 

may be between −90° ≤ 𝛼 ≤ +90° in this case as well. 

The goals are getting to know the optimization behavior when changing the material properties, 

estimating the potential for improvement, as well as the creation of a purely structural mechanical 

reference for the subsequent multidisciplinary optimization. The corresponding FEM calculation 

model is designed as a three-dimensionally curved shell model. The choice of a shell model is 

justified as follows: an adequate thickness of the blade is assigned to each shell element, resulting in 

a number of involved individual plies lying parallel to the shell (mean surface of the blade). 

Analogously, the respective material properties of the multi-ply composite per element can be 

calculated from the fiber angle alignment in the global coordinate system (see classic laminate 

theory). 

The objective functions are to minimize the maximum displacement and maximize the 

minimum frequency distance. The frequency distances at 100 % speed are calculated as a 

percentage between all Eigen frequencies 𝐸𝐹𝑖 and all engine orders 𝐸𝑂𝑗 by equation (1), while the 

resulting minimum frequency distance is to be maximized using the second objective function. 

 

𝑓𝑀𝐴,𝐸𝑂𝑗,𝐸𝐹𝑖
=

|𝐸𝐹𝑖 − 𝐸𝑂𝑗|

𝐸𝑂𝑗
∗ 100% (1) 

Analysis and results 

Table 2 shows the results of both preliminary studies, as well as the initial configuration. It can 

be seen that with the BAP in the preliminary study 1 a reduction of the maximum displacement by 

approx. 3 mm and an increase in the frequency distance by approx. 1.6 percentage points can be 

achieved. With the free multi-ply structure in preliminary study 2, however, approx. 3.7 mm less 

displacement but only 0.77 percentage points of frequency distance can be achieved. Because of the 

minor improvement of the minimum frequency distance, a difficulty in maximizing this objective 

function due to complex correlations of Eigen frequencies and material properties can be assumed. 
 

Table 2: Overview of the best values of all configurations of the preliminary study 

 Max. displacement umax Min. frequency distance fMA 

Initial configuration 9.54 mm (± 0.0 %) 8.02 % (± 0.0 %) 

Preliminary study 1 (BAP) 6.58 mm (− 31.0 %) 9.64 % (+ 20.2 %) 

Preliminary study 2 (free structure) 5.86 mm (− 38.6 %) 8.79 % (+ 9.2 %) 

 

Figure 4 shows the optimized fiber angles 𝛼 of each member for the 128 single plies named B1 

to B128. For comparability, the graphs of preliminary study 1 and 2 are shown on top of each other. 

Plies B1 to B13, as well as B116 to B128 do not have any influence due to the thickness of the 

blade. The areas ① to ⑤ marked in yellow show great similarities with respect to the ply structure 

between preliminary study 1 with BAP and preliminary study 2 with free structure. Compared to the 

preliminary study 1, AutoOpti only occasionally sets the fiber angles of the composite in 

preliminary study 2 in the areas ① and ⑤ to the extreme values of ± 90°. Even with a free 

structure, constantly changing fiber angles with positive and negative signs occur. Moreover, there 

is a tendency for symmetry, even with free ply structure, cf. type of areas ① and ⑤, as well as ② 

and ④. 
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Figure 4: Optimized fiber angles over the number of plies. Top: preliminary study 1 with 

BAP. Bottom: preliminary study 2 with a free structure. 

 

MULTIDISCIPLINARY OPTIMIZATION OF THE FAN STAGE 

Optimization setup and configuration 

Parametrization: In this study, both rotors are examined together. As variable design parameters 

for the optimization, (see Figure 5 on the left) 52 blade geometry parameters and 128 ply angle 

parameters for rotor 1 and 18 blade geometry parameters for rotor 2 have been chosen. The 

geometry of rotor 2 could be slightly changed by 18 parameters to allow the modification of the 

stagger and trailing edge angle of rotor 1 and still to enable to fulfill the fan outflow criteria: the 

swirl should be close to 0°. 
 

  Parameter   

R
o
to

r 
1

 

Blade 

geometry 

Leading edge shape 6 

52 
Trailing edge shape 5 

Circumferential shift 5 

Profile parameter 36 

Material Ply angle  128 128 

R
o
to

r 
2

 

Blade 

geometry 
Profile parameter 18 18 

Sum   198 
 

 
Figure 5: Applied parametrization and operating points of the multidisciplinary optimization 

 

The further detailed description about the geometry parameter can be found in the Paper of 

(Görke et al., 2012). 
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Operating points: For the optimization of the aerodynamic properties of the counter-rotating fan, 

the diagram on Figure 5 on the right shows the applied operating points normalized to the OP0 in 

the multidisciplinary optimization. The aerodynamic design point (OP0) corresponds to the cruise 

flight condition. The isentropic efficiency for the objective function was calculated here. The OP1 is 

a near stall operating point, which is calculated to get the increase in total pressure ratio compared 

with OP0 for the stall margin criteria. The OP2 is calculated near the choke limit, where the 

minimal tip clearance is checked. OP3 is an operating point at 70 % speed on the working line. 

Some aerodynamic and mechanical constrains had to be restrained during the optimization. 

These targeted the operability of the rotors on the test rig, such as the power of the electric motors 

should be higher as the required rotor power. The tip clearance has to be higher as 0.2 mm and the 

max. strain of the blades should be lower than 0.8 % in all operating points. From the aerodynamic 

point of view the most important constrains are to ensure an adequate stall margin and to achieve an 

outflow without swirl (max. 3° was allowed), these were restrained as well during the optimization. 

In order to achieve the best possible results by varying the fiber angles 𝛼 and the selected 

aerodynamic parameters, a total of three objective functions in the design point are defined: 

1. objective function: isentropic efficiency 𝜂𝑖𝑠           → maximize 

2. objective function: max. displacement of rotor 1 𝑢𝑚𝑎𝑥,𝑅1          → minimize 

3. objective function: min. frequency distance to permissible ranges Δ𝑓𝑧𝑢𝑙,𝑅1    → minimize 

 

As the preliminary study showed, the objective function for the frequency distance is difficult to 

fulfill. Hence, a new calculation is defined. Based on the experience of previous projects, the engine 

orders EO1 to EO4 and the first two speed-combined engine orders of rotor 1 and 2, EO1N and 

EO2N, are decisive for the stimulating frequencies. Accordingly, a defined safety distance of at 

least 6 % must be kept. If the Campbell diagram of rotor 1 is viewed at 100 % speed, there are five 

permissible green frequency ranges in which the Eigen frequencies EF may lie, see Figure 6. 

 
Figure 6: Representation of the permissible Eigen frequency ranges with 6% safety distance 

to the EOs and drawn EFs of the initial configuration. 

 

The third objective function checks whether all Eigen frequencies are within the permissible 

ranges and outputs the distance in Hertz to the nearest permissible range, in the best case 0 H𝑧. The 

third objective function therefore represents a nested equation of Min and Max functions. In the 

following example, the test for an Eigen frequency 𝐸𝐹 and a permissible frequency range with the 

lower range limit 𝐵𝑙 and the upper range limit 𝐵𝑢 is to be represented: 

 

max (
max (𝐸𝐹 − 𝐵𝑢; 0)

max (𝐵𝑙 − 𝐸𝐹; 0)
) (2) 

 

Example: 𝐸𝐹 = 85 𝐻𝑧; permissible frequency range from 𝐵𝑙 = 89 𝐻𝑧 to 𝐵𝑢 = 141 𝐻𝑧. 

The distance of this EF to the permissible frequency range is therefore outside the  

range with 4 Hz. The value of the objective function is equal with 4. Through 

minimizing this function the value equal to 0 should be reached. It means that the 

actual EF value is lying inside a permissible frequency range. 

RESULTS 

The overall result achieved by AutoOpti is shown in the Pareto diagram in Figure 7. This is 

represented two-dimensionally by considering the third objective function exclusively at a 
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frequency distance to the permissible ranges of 𝛥𝑓𝑧𝑢𝑙 = 0 𝐻𝑧. All converged members are drawn in, 

even those that do not meet all restrictions. A total of 12 members with 𝑃𝑅 = 1 build the Pareto-

front, whereby a maximum improvement of 𝛥𝜂𝑖𝑠 = +1.24 % and 𝛥𝑢𝑚𝑎𝑥 = −8.41 𝑚𝑚 can be 

achieved, see Table 3. The assumption of the third objective function 𝛥𝑓𝑧𝑢𝑙 = 0 𝐻𝑧 can be fulfilled 

by AutoOpti in 67.3 % of all converged members. Compared to preliminary study 2, this represents 

a significant improvement due to the formulation of the objective functions, especially with regard 

to the low optimization progress with completely free composite parameterization. 

 

Table 3: Best values of all optimized members 

 Diff. isentropic efficiency Δ𝜂𝑖𝑠 Max. displacement 𝑢𝑚𝑎𝑥  

Initial configuration 𝜂𝑟𝑒𝑓 9.54 mm (± 0.0 %) 

Multidisciplinary optimization 𝜂𝑟𝑒𝑓 + 0.0124 1.13 mm (− 88.2 %) 

 

 
Figure 7: Pareto diagram of the multidisciplinary optimization at Δ𝒇𝒛𝒖𝒍 = 𝟎 

Analysis of the best members 

Figure 8 shows the fiber angles 𝛼 of each ply of the 12 members with 𝑃𝑅 = 1.  

 

 
Figure 8: Fiber angle over the number of ply 
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With a maximum blade thickness of 15.404 mm resulting from the optimization, 110 plies in the 

middle of the multi-ply composite are involved in the blade. In contrast to the preliminary studies, 

an interpretation is now more difficult, whereby the following statements can be made: The area ⑥ 

shows only negative fiber angles, the area ⑧ only positive fiber angles. In area ⑦, the angles are 

very scattered. The plies B65 to B86 build a block ⑨ with smaller alternating angles of ± 60°, 

followed by the area ⑩ with larger alternating angles of ± 90°. Furthermore, the green marked 

plies represent single plies with fiber angles, which assume the same angular value for all members 

with 𝑃𝑅 = 1. 

Combination study of optimized members with initial parameters 

The aim of this analysis is the comparison and combination of the 12 𝑃𝑅 = 1 members with the 

initial multi-ply composite and the initial blade geometry according to Table 4.  

 

Table 4: Combination of the 12 𝑷𝑹 = 𝟏 members with the initial multi-ply composite and the 

initial blade geometry 

 

m6934 m7038 m7070 

ηis - ηref umax ∆fzul ηis - ηref umax ∆fzul ηis - ηref umax ∆fzul 

Original member +0.0112 1.54 mm 0.00 Hz +0.0107 1.19 mm 0.00 Hz +0.0102 1.13 mm 0.00 Hz 

with initial composite +0.0112 1.00 mm 6.87 Hz +0.0107 0.88 mm 5.41 Hz +0.0102 0.96 mm 0.87 Hz 

with initial blade 0 11.59 mm 3.82 Hz 0 12.36 mm 3.04 Hz 0 11.21 mm 2.10 Hz 

    

 

m7134 m7185 m7195 

ηis - ηref umax ∆fzul ηis - ηref umax ∆fzul ηis - ηref umax ∆fzul 

Original member +0.0109 1.44 mm 0.00 Hz +0.0120 1.90 mm 0.00 Hz +0.0117 1.59 mm 0.00 Hz 

with initial composite +0.0109 1.34 mm 1.55 Hz +0.0120 1.68 mm 0.00 Hz +0.0117 1.32 mm 0.00 Hz 

with initial blade 0 11.46 mm 9.31 Hz 0 11.23 mm 2.87 Hz 0 12.02 mm 4.18 Hz 

    

 

m7207 m7211 m7215 

ηis - ηref umax ∆fzul ηis - ηref umax ∆fzul ηis - ηref umax ∆fzul 

Original member +0.0120 1.95 mm 0.00 Hz +0.0110 1.32 mm 0.00 Hz +0.0119 1.81 mm 0.00 Hz 

with initial composite +0.0120 1.84 mm 0.00 Hz +0.0110 1.55 mm 2.95 Hz +0.0119 1.54 mm 0.00 Hz 

with initial blade 0 11.15 mm 4.05 Hz 0 11.06 mm 4.68 Hz 0 12.18 mm 7.70 Hz 

    
  

m7307 m7309 m7316 

ηis - ηref umax ∆fzul ηis - ηref umax ∆fzul ηis - ηref umax ∆fzul 

Original member +0.0124 2.60 mm 0.00 Hz +0.0120 2.07 mm 0.00 Hz +0.0121 2.28 mm 0.00 Hz 

with initial composite +0.0124 2.36 mm 0.00 Hz +0.0120 1.85 mm 0.14 Hz +0.0121 2.62 mm 0.00 Hz 

with initial blade 0 11.26 mm 2.79 Hz 0 10.81 mm 2.88 Hz 0 10.67 mm 0.00 Hz 

 

This study points out the effects of the geometry and material parameters on the objective 

values. In 10 of 12 cases, the initial multi-ply composite shows a further improvement of the max. 

displacement 𝑢𝑚𝑎𝑥, and in 6 of 12 cases the optimal frequency distance of 𝛥𝑓𝑧𝑢𝑙 = 0 𝐻𝑧 of that 

member can be achieved. The combination of the members with the initial blade geometry causes a 

frequency distance of 0 𝐻𝑧 only in one case. This results in a major part of the geometry in the 

optimization result, whereby in 5 of 12 cases even a member is created, which is better or 

equivalent in all objective functions with new geometry and initial multi-ply composite (m7185, 

m7195, m7207, m7215, m7307). 

This analysis therefore shows that most improvements in multidisciplinary optimization can be 

attributed to optimized blade geometries. The optimized multi-ply composites, on the other hand, 

only lead to good values with the optimized geometries and better values in m7211 than with the 

initial multi-ply composite. This indicates that it is much easier for AutoOpti to minimize the 

objective functions by varying the geometry parameters than varying the multi-ply composite 

parameters. 

  



9 

 

Comparative study of individual configurations 

For a detailed view, two members from the Pareto front are selected. These are m7070, the 

member with the lowest displacement and m7307, the member with the highest isentropic 

efficiency. 

Aerodynamic 

At first, the cause for the higher isentropic efficiency is analyzed, which is directly coupled with 

the blade losses and the total pressure ratio. Figure 9 shows the distribution of the isentropic Mach 

number on the suction side of the blade at OP0. The compression shocks with Mach numbers  

𝑀𝑖𝑠 > 1 are now shifted to the leading edge of the blade. High pre-shock Mach numbers produce 

high losses; therefore the optimizer tries to reduce them to achieve the higher fan efficiency. 

Accordingly the pre-shock Mach number of the shock near the trailing edge was reduced (about 1.4 

for the initial geometry; about 1.2 for both optimized geometries). This phenomenon can be noticed 

on Figure 10 as well, where the Mach number distribution at the mid-section of rotor 1 and rotor 2 

can be seen. The strong shock at the rotor 2 was enhanced as well, but the shock still exists to keep 

the pressure ratio at a constant level. 

 

 
Figure 9: Distribution of isentropic Mach numbers on the suction side of rotor 1 blade at OP0 

 

 

 
Figure 10: Mach number distribution at 50% blade height of both rotor rows at OP0 

Mis [-] 
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The radial distributions on the Figure 11 show clear improvement of the efficiency due to the 

loss reduction through the lower pre-shock Mach number between 50 % and 100 % blade height for 

rotor 1 and between 60 % and 100 % blade height at rotor 2. 

 

 
Figure 11: Radial distribution of the isentropic efficiency of the initial and optimized 

geometries for rotor 1 and rotor 2 at OP0 

Structural mechanics 

Figure 12 presents a maximum strain rate of 𝜀𝑚𝑎𝑥,𝑅1 = 0.404 % for the initial member. The 

member with the lowest displacement, m7070, on the other hand achieves 𝜀𝑚𝑎𝑥,𝑅1 = 0.299 %, and 

the member of highest efficiency, m7307, 𝜀𝑚𝑎𝑥,𝑅1 = 0.208 %. 

 

   
Figure 12: Strain distribution on the blades   Figure 13: Displacement on the blade of rotor 1 

       of rotor 1 at OP0    at OP0. 

 

The strain peaks lie on the blade surfaces in the case of the initial member and in m7307, while 

in m7070 the maximum occurs at the clamping to the disk. If the local area at the clamping is 

excluded, a maximum strain of 𝜀𝑚𝑎𝑥,𝑅1 ≈ 0,18 % can be read off. In this respect, this fact points to 

a singularity due to an insufficiently fine mesh in the area of the clamping, although a sufficiently 

accurate evaluation can be carried out with a detailed evaluation by means of depiction of the 

strains on the blade. In total, the reduction of the maximum strain of up to 55 % is smaller 

compared to the reduction of the displacement of 88.2 %. The reasons for this are the stiffnesses of 

the multi-ply composite and the cross-sectional properties of the blade. 

The fan blades experience large deformations between the so-called cold and hot state, i.e. the 

manufacturing geometry and the operating point. Figure 13 shows the cold, undeformed geometry 

of the blade and the displacements to the hot geometry (blue edge representation). While the initial 

member with 𝑢𝑚𝑎𝑥 = 9.542 𝑚𝑚 almost exclusively bends, the optimized members show 

superimposed bending and torsion deformations. Due to the fully occupied coupling matrices 𝐵𝑖𝑗, 

the shear couplings 𝐴16 and 𝐴26, as well as the bending-drill coupling 𝐷16 and 𝐷26, complex load-

deformation relationships arise which are caused by neither symmetrical nor balanced multi-ply 

Initial           m7070         m7307       Initial            m7070           m7307 
 

+ 0.00404 

+ 0.00229 

+ 0.00208 



11 

 

composites in both optimized members. However, the additional torsional deformation or twisting 

is due in part to the coefficients of the bending-drill coupling 𝐷16 and 𝐷26, as well as the coupling 

coefficients 𝐵𝑖6. 

With 𝑢𝑚𝑎𝑥  =  1.132 𝑚𝑚, m7070 results in a wave-shaped cold geometry, which is also twisted 

at full height around the z-axis in comparison to the hot geometry. The wave shape produces a 

hump directed to the negative y-axis at approximately hrel = 40 %, and a second hump directed to 

the positive y-axis at approximately hrel = 75 %. In contrast, member 7307 only twists at about 50 % 

of the relative height and forms a hump in the direction of the positive y-axis at approx. hrel = 75 %, 

resulting in 𝑢𝑚𝑎𝑥 =  2.596 𝑚𝑚. Due to the wave-like, cold geometry, m7070 deviates less from the 

hot geometry. 

 

 
Figure 14: Eigen frequencies and permissible areas at 100 % speed 

 

Finally, the Eigen frequencies of the optimized members are evaluated. The Eigen frequencies at 

100 % speed are particularly interesting in order to draw conclusions about the new third objective 

function. Figure 14 shows the position of the EFs and their green permissible frequency ranges with 

the ± 6 % distance to the engine orders. With respect to the initial Eigen frequencies, AutoOpti 

keeps them in the respective free area and does not exploit the other areas. Only the Eigen 

frequencies EF2 and EF3 are visibly changed compared to the initial member. The change has little 

effect on EF1. 

CONCLUSIONS 

With the preliminary studies it is shown that the maximum blade displacement could be reduced 

by about 31 % with a balanced angle ply laminate, while a reduction of the displacement of about 

38 % could be reached with the free multi-ply composite. It also proves that a similar structure to 

the BAP can be achieved with free multi-ply composite parameterization, but it promises a greater 

advantage especially for the maximum displacement. 

By means of the multidisciplinary optimization, it is shown that the counter-rotating fan as a 

whole can be improved by a considerable proportion in the objective functions isentropic efficiency 

of +1.4 % and maximum displacement of −88.2 %. However, the improvements are based on the 

blade geometry, according to the combination study of the optimized members. 

Hence, for resilient results a differentiated approach and optimization strategy should be 

considered. The preliminary studies show that there is a general potential for improvements, but 

starting from an already optimized and thus now fixed geometry. According to these findings, a 

strategy based on the preliminary studies can deliver better results as expected, see Figure 15. First, 

E
O

1

E
O

2

E
O

3

E
O

4

E
O

1
N

E
O

2
N

E
F

1

E
F

2

E
F

3

0 50 100 150 200 250 300 350

Frequency [Hz]

Initial

E
O

1

E
O

2

E
O

3

E
O

4

E
O

1
N

E
O

2
N

E
F

1

E
F

2

E
F

3

0 50 100 150 200 250 300 350

Frequency [Hz]

m7070

E
O

1

E
O

2

E
O

3

E
O

4

E
O

1
N

E
O

2
N

E
F

1

E
F

2

E
F

3

0 50 100 150 200 250 300 350

Frequency [Hz]

m7307



12 

 

the blade is optimized aerodynamically and structurally with constant material. Then the multi-ply 

composite optimization is performed on the already fixed blade geometry. 

 

Initial blade geometry
Aerodynamic optimized blade 

geometry with low displacement 

Aerodyn. & structural mechanical 

optimized blade geometry with 

therefor optimized multi-ply composite

CFD & FEM optimization Multi-ply composite optimization

 
Figure 15: Improved optimization strategy 

 

The advantage of this strategy is the elimination of the mutual influence of the blade adjustment 

on the CFD and the multi-ply composite, as well as the multi-ply composite adjustment on the blade 

geometry. The multi-ply composite is adapted purely to the fixed blade geometry and its loads. 

With regard to future optimizations of fiber composites, it should be noted that simpler 

optimization tasks and, if necessary, several individual optimizations should be set up. The proof of 

connections between the multi-ply composite structure and the component properties, especially in 

multidisciplinary optimization, can be provided. However, the recommendation for multi-ply 

composites with symmetry conditions may also be given here for subsequent research. This is 

clearly demonstrated by the preliminary studies, while symmetrical approaches can also be seen in 

multidisciplinary optimization with the benefit of no complex coupling effects of a freely 

parameterized multi-ply composite. 
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