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ABSTRACT
New aircraft concepts such as boundary layer ingestion (BLI) are essential to achieve a
reduction of engine emissions and aircraft noise. The key-point of this concept is that
the engine ingests and reaccelerate the boundary layer from the aircraft fuselage in order
to increase propulsive efficiency. The investigation of the aerodynamic and aeroelastic
interaction of the BLI and fan becomes necessary.
For the calculation of the vibration response a process chain is established, starting by the
calculation of the non uniform steady-state flow field and the resulting unsteady airloads
using Harmonic Balance CFD-methods. Further the blade response is calculated with
a Frequency Response Function-formulation in state space using the eigenfrequencies,
eigenvectors and the aerodynamic damping of the system. Several BLI’s corresponding
to different flight conditions and structural integration scenario of the engine were inves-
tigated and analysed for a wide range of rotational speed. Detailed forced response and
fatigue analyses were performed for these point at peak efficiency.
Resonance points with the first and second mode shape provoke significant peaks in the
strain amplitudes and the inverse reserve factor (IRF). Beside that, resonance points with
higher harmonics generate a relevant but not dominant contribution to fatigue.
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NOMENCLATURE
BLI Boundary layer ingestion w = ŵejϕ complex response amplitude
CFRP carbon-fibre reinforced plastic εs Static strain
CRISP Counter Rotating Integrated εA Strain amplitude

Shrouded Propfan εmax Max. allowable strain
EO Engine order ϕ Eigenvector
FRF [H̃] Frequency response function [M ],[D],[K] mass, damping and stiffness matrix
GAF g Generalzied aerodynamic force ϕ eigenvector
IRF Inverse reserve factor λ eigenvalue
()k Index of Eigenmode ω eigenfrequency
()l Index of Engine Order
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INTRODUCTION
The demand for highly efficient modern aircraft engines requires lighter and thinner blades

in combination with higher aerodynamic blade loads. Together with the use of modern and more
flexible materials a precise calculation of forced vibration amplitudes is required. Furthermore
new engine integration scenarios are essential to achieve a reduction of engine emissions and
aircraft noise. One new technology are boundary layer ingestion (BLI) propulsion systems,
where the engines are embedded in the fuselage. Due to this concept the aircraft drag can be
reduced. Further reduction in drag is expected by re-energizing the boundary layer near the
fuselage through its ingestion into the engine. From an acoustic point of view the embedded
engines have a potential benefit as they are shielded by the longer inlet. However there are a
few drawbacks in the BLI concept.

The main challenge is the permanent operation of the engine under distorted inflow. The
fan blades are operating with high incidence through the reduced axial velocity in the ingested
boundary layer which leads to a reduction of the fan efficiency and the operating range. Besides
the influence on the aerodynamics, the effects on the mechanical behaviour of the blades under
inlet distortion are very significant. Additionally the shape (and thus the energy content of
the different harmonics) of the BLI depend on the flight condition (flight Mach number and
altitude). To ensure a safe operation over the whole flight envelope, a high number of BLI’s
have to be evaluated. The main target of this work is to investigate a methodology for the
assessment of the mechanical behaviour of the fan blades through the aerodynamic excitation
resulting from the non-uniform inflow.

The different effects associated with inflow distortions were studied extensively using exper-
iments. Longley and Greitzer (1992) give a comprehensive overview of findings gained during
these efforts. In recent years modern measurement technologies even allowed a deeper insight
into the aerodynamic mechanisms of such interactions, as presented in Mistry and Pradeep (2013),
Wartzek et al. (2015) and Gunn et all. (2013). Experimental data for the structural response of
a distortion tolerant fan are presented in Provenza et al. (2018). As flutter and high strain were
observed during the experiments the importance of a detailed structural evaluation for a wide
frequency range has become clear. Eichner and Belz (2018) presented an approach to evaluate
forced response amplitudes for different rotational speeds.

Because of the numerical effort, investigation of a wider range of rotational speeds and BLI’s
is extensive and time consuming. One possible approach for those studies is the application of
frequency domain methods. They are based on the fact that most unsteady aerodynamic effects
in turbomachines occur periodically due to the periodic movement of the interacting blade rows.
Therefore it is often sufficient to only solve the flow equations for the dominant frequencies of
the interactions.

This work was carried out in the frame of the DLR internal project AGATA. The main target
of this project is the experimental investigation of a counter-rotating integrated shrouded prop-
fan (CRISP) with distorted inflow. The rig-tests are planned in 2019 in the M2VP test facility
of the DLR in Cologne. The rotor blades were optimized without inlet distortion for a high
bypass-ratio, high efficiency, low-cost, light-weight fan targeted to fulfil the future engine re-
quirements. The multidisciplinary optimization process was applied for the blade design includ-
ing the blade aerodynamic and structural mechanic calculation of the blades with carbon-fibre
reinforced plastic (CFRP) material. The goal of this work is the assessment of the mechanical
behaviour of these fan blades under inlet distortion. In this paper forced response evaluations
for the modern CFRP fan blade for several BLI’s, corresponding to real flight conditions, for
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a wider range of rotational speeds were performed. The excitation caused by low engine or-
der excitation caused by boundary layer ingestion is investigated and the impact of taking into
consideration low order modeshapes and lower engine orders is investigated.

FAN OPERATING CONDITIONS WITH INGESTED BOUNDARY LAYER
The shape and energy content of the BLI depends on the geometric boundary condition of

the engine integration and the flight conditions (especially flight Mach number and altitude).
The different shape of the BLI is expressed in different energy content of each harmonic which
can be observed in a redistribution of the harmonic amplitudes. As a result an apparently lighter
BLI can induce a critical blade response due to the increase of one specific harmonic of the
disturbance. This leads to a different structural response and predicted lifetime for each inlet
distortion.

Because of the influence of operating conditions (particularly rotational speeds and back
pressure) it is necessary to analyse a wide range of rotational speed to ensure that cycle fatigue
won’t become critical at any time.

Due to the strong variation of the inlet conditions over the circumference, the stationary
solution is not reproduced correctly by a nonlinear steady state solver. In order to consider the
influence of higher harmonics on the steady-state solution, the harmonic balance method was
used, which is described in more detail in several publications (Junge et al., 2015).

Forced Response Analysis
The forced response amplitudes were predicted using the modal approach, which transform

physical variables into modal space. Transferring the equation of motion of a dynamic aeroe-
lastic system to state space:

[A]

{
{ẇ}
{ẅ}

}
+ [B]

{
{w}
{ẇ}

}
=

{
{f(t)}
{0}

}
(1)

with

[A] =

[
[Dae] [Mae]
[Mae] [0]

]
and [B] =

[
[Kae] [0]

[0] − [Mae]

]
(2)

where the mass [Mae], damping [Dae] and stiffness matrices [Kae] respectively may include an
aerodynamical contribution as well. Using the harmonic approach {y} = {φ}eλt, the system
can be transformed into an eigenvalue problem. Because of the orthogonality conditions of the
modal matrix the system matrix can be rewritten as:

ak = {φk}T [A]{φk} (3)

Thus, the frequency response matrix can be set up:

[H̃] =
∑
k

(
{Φk}{Φk}T∗

ak (jΩ− λk)
+
{Φk}∗{Φk}T

a∗k (jΩ− λ∗k)

)
(4)

with λk = δk + jωk, where δk is the sum of the aerodynamical and structural damping coeffi-
cient and ωk represents the eigenfrequency. The complex response of the system to an external
excitation {F} can be calculated by using the upper left part of the FRF matrix:

{w} =
∑
l

{w}(Ωl) =
∑
l

∑
k

(
{φk}{φk}T∗

ak (jΩl − λk)
+
{φk}∗{φk}T

a∗k (jΩl − λ∗k)

)
{F}(Ωl) (5)
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Equation 5 included the generalized aerodynamic forces (GAF)

gk = {φ}T∗k {f} (6)

which describes the excitability of the mode k by the external disturbance.
It is characteristic for the excitation of blades in rotating machinery that every spatial dis-

turbance in the throughflow will create a time-periodic excitation. Boundary layer ingestion
creates disturbances with lower excitation orders. None of these excitations are pure harmonic,
so higher harmonics have to be taken into account.

The vibration of a tuned rotor can be superposed out of travelling wave modes in the circum-
ferential direction. In this case, all blades oscillate with the same frequency and with a constant
phase shift angle. This fundamental concept is based on Lane (1956) and the inter-blade phase
angle (IBPA) is defined by

σn =
2πn

N
with n = 0, 1, . . . , N − 1 (7)

for N blades. Due to the orthogonality of harmonic functions – in this case travelling wave
modes vs. engine order excitation –, it has to be considered that the harmonic of the excitation
function coincides with the nodal diameter of the excited mode. For the calculation of the
damping coefficient and GAF it has to be ensured that the nodal diameter or IBPA respectively
corresponding to the EO of interest is used. Up to half of the number of blades of the excited
rotor, the nodal diameter is identical to the excitation order. According to the aliasing effect, a
certain lower nodal diameter responds for a higher excitation order.

Structural Analysis
For further evaluation of the forced response results, displacements, strains (and stresses)

are calculated in time, applying modal superposition:

{w}(t) =
∑
k,l

{φ}kĉk,l cos(ϕk,l + Ωlt) (8)

where ĉk,l is the amplitude scaling factor and ϕk,l is the phase in order to scale the complex mode
shape according to Eqn. 5. The tool used allows summing up of single modes or harmonics, so
that the individual contribution to fatigue can be analysed. To determine strain amplitudes from
the FR-results, maximum and minimum principal strains are calculated for the time history of
the strain tensor with the equivalent strain defined as absolute maximum of ε1 and ε3 (examples
shown in Fig. 10). The strain amplitude is defined as half of the peak-to-peak value in a cycle.
Since the peaks are not symmetric in respect to ε = 0, an offset strain tensor is calculated
to correct the static strains. Then equivalent static strains and strain amplitudes are used to
determine the dynamic reserve factor, displayed as inverse reserve factor (IRF), defined as:

IRF =
εA

εmax(εs)

(9)

where IRF = 1 is defined as the upper limit for the allowable strain amplitudes. The IRF is
calculated for all nodes (as shown in Fig. 11) of the blade, the maximum will be used as IRF of
the blade.
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Figure 1: Calculation Procedure

Calculation Procedure
The calculation procedure is shown in Fig. 1. Based on the steady state simulation’s HB-

calculations for specified operating points were performed. Steady-state characteristic values
as well as the unsteady pressure distribution for the harmonics of interest are results of these
calculations. The steady-state pressure distribution is extracted and provided for the structural
analysis. With the mode shapes and the unsteady pressure distribution the GAFs for all con-
sidered harmonics and mode shapes are calculated. The damping calculations are based on the
steady-state solution of the harmonic balance simulations and were performed as forced motion
simulations for all IBPA needed which corresponds to the EO considered. The mode shape and
eigenfrequencies from the structural analysis and the aerodynamic damping values from the
damping analysis are used to build up the FRF-matrices.

Afterwards all modes with the same excitation frequency considered are superimposed on
the complex response amplitude. The complex response amplitudes, together with the excitation
frequencies, can be converted into a time signal. In the time domain it is possible to superim-
pose the time signals with different excitation frequencies and thus allow for a consideration of
different excitation orders in the amplitude calculation.
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For the investigations only the first rotor was considered, for the second rotor the same
mechanisms are expected. For the strain analysis only the blade region (above the root region
of the blade) was taken into account.

CASE STUDY
Analyses are performed for the CRISPMulti geometry which is a modern counter-rotating

ducted fan manufactured from CFRP and was presented in various publications (Lengyel-
Kampmann et al., 2014).

Full Anulus Inlet Duct

Inlet

Rotor 1 Rotor 2

Outlet

Mixing
Plane 
Interface

Figure 2: CFD Setup.

CRISPMulti Test Rig
The experimental investigations are planned to be conducted using the CRISPMulti test rig

in the M2VP (multi-stage, two-shaft compressor) test facility in Cologne. The instrumentation
contains a wide range of the measurement technology, including total pressure and temperature
probes, optical measurement (PIV and IPCT), unsteady pressure measurement, hot-wire and
acoustic measurement. The inlet flow distortion will be produced by a distortion screen.

Figure 3: CRISPMulti fan rig and per-
formance map with speed lines and op-
erating conditions investigated.
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Figure 4: Campbell diagram of the first rotor.

The aerodynamic analyses were performed with the DLR in-house CFD solver TRACE.
Assuming cyclic symmetry in the circumferential direction, just one passage of each rotor was
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Figure 5: BLI investigated (see
Diouf et al., 2018).
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Figure 6: Normalized Fouriercoefficients of
BLI’s investigated.

modelled by a block structured grid with 800 000 cells for each row (Fig. 2). For steady-state
simulations the Wilcox k-ω turbulence model was used. The unsteady aerodynamic calculations
were performed using the Harmonic Balance approach. A detailed description of the simulation
setup can be found at Diouf et al., 2018. The inlet distortions used are depicted in Fig. 5 and
correspond to the fully turbulent boundary layer of an airplane fuselage, standard atmosphere
conditions and different flight conditions like take off, climb and cruise with their respective
height and flight Mach number. There the engine bury height describes the ratio of covered
diameter to the overall diameter of the engine.

The CRISPMulti blades are made of CF/PEEK, manufactured by hot forming of flat ’organo-
sheets’, followed by milling of the final outer shape. As the assumption of a thin shell is not
valid, at least in the root region of the blade, composite shell elements were not used but solid el-
ements (HEX8). For the static and dynamic structural analysis PERMAS is used. The material
model is homogenized 3D-orthotropic, the material reference systems are adjusted according
to tilt and twist of the blades middle surface. The failure criterion used is the maximum prin-
cipal strain. Manufacturing, analysis and material properties are described in more detail in
Forsthofer and Reiber (2016) and Goerke et al. (2012).

The fatigue properties are evaluated assuming HCF condition, adapting the method and cri-
teria used in the development phase of the fan. The allowable dynamic strains were determined
with four different sample geometries on a shaker for N = 107 load cycles, taking into ac-
count different fibre orientations relative to the acting bending loads. Sample surfaces were
milled with the same tooling as the blade. The minimum of the four strain limits, reduced
to 40%, is used in the Goodman diagram for maximum allowable strain amplitude at εs = 0
(Drees and Forsthofer, 2015).

Steady Analysis
For the investigation of the Fan/BLI aerodynamic interaction, a number of different op-

erating conditions of the fan and distortion characteristics were considered; Fig. 3 shows the
performance map with those selected speed lines. The focus of this study, which predominantly
aimed at preparing the experimental campaign, was put on three different rotational speeds of
the fan: 60%, 80% and 100% of the nominal rotational speed, at which the speed ratio of both
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Figure 7: Overview of BLI scenarios in terms of engine bury height (EG) and fan operating
conditions considered in the context of this study and resulting flow field in the duct and
rotor region (see Diouf et al., 2018).

fans was kept constant. At each speed line, the point of maximum efficiency (as also shown
in Fig. 3) was taken for the BLI assessment and all comparisons were made at constant mass
flow rate for this individual point. For each point, different distortions stemming from different
flight conditions and engine integration scenarios were considered and the fan/BLI interaction
was simulated with harmonic balance computations.

The resulting flow fields upstream and inside both rotor are shown in Fig. 7 by example of
the difference in axial velocity between the clean (= no distortion) and distorted inflow to the
fan. The results fit known flow physics, like the decreased static pressure upstream of the rotor
and within the distorted region due to the decreased velocity. This is associated with a circum-
ferential flow re-distribution and swirl angles being induced by the pressure gradient. Those
induced swirl components increase with decreasing RPM for a given distortion. In addition to
the velocity deficit in the distorted region, this also translates into an additional temporal varia-
tion of rotor incidence and blade loading. Furthermore, the second rotor additionally dampens
the flow distortion and the downstream velocity field is more homogeneous than for single
rotation fans. A more detailed overview and discussion of the resulting flow features and a
quantification of the performance characteristics are given in Diouf et al. (2018).

Structural Blade Limitations
The forced response analyses were performed for nine rotational speeds at peak efficiency

conditions for three selected BLI scenarios (take-off, climb and cruise). Figure 8 depicts the
maximum strain for one exemplary node on the blade (located at near trailing edge, at appx.
40% of the blade height) for all calculated rotational speeds on the right. Thereby the black
line represents the overall amplitude as superposition of all modes and harmonics considered.
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Figure 8: Strain amplitude for one exemplary node and GAF for modes and harmonics
considered.

Additionally the strain amplitude for the first, second and fourth harmonic (as superposition of
all considered modes with the same excitation frequency) as well as the strain amplitude from
the first and second mode respectively are shown, where the principal progression is similar
for all three BLI scenarios. The strain amplitude induced by first harmonic increases with the
rotational speed for cruise condition. The strain amplitude induced by the second harmonic
dominates the lower rotational speed range because of the dominant ressonance point at 50%

9



RPM [%]

M
a

x
. 
IR

F

40 50 60 70 80 90 100
0

0.2

0.4

0.6

0.8

1

all Modes

Mode 1

Mode 2

Mode 3

Mode 4

(a) Take Off

RPM [%]

M
a

x
. 
IR

F

40 50 60 70 80 90 100
0

0.5

1

1.5

2

2.5

3

all Modes

Mode 1

Mode 2

Mode 3

Mode 4

(b) Cruise

Figure 9: IRF at blade root.

rotational speed (M1/EO2). This also applies to the area outside of resonance. Especially for
55% rotational speed the overall strain amplitude is still dominated by the second harmonic,
despite the fact that there is a resonance point (M2/EO5). It should therefore be emphasised
that the strain amplitude due to first mode dominates the strain amplitude of the first and second
harmonic.

The relation of the different harmonics to each other depends on the distribution of the GAF
over the rotational speed, which is shown in Fig. 8 on the left side. So for take-off condition
the GAF for the first harmonic and first mode is almost constant over the rotational speed range
which is in line with the strain distribution. In contrast the GAF for the cruise condition for the
first mode and harmonic increases with the rotational speed.

Figure 9 shows the IRF as a function of the rotational speed for the cruise BLI condition,
both as the total sum (contribution of all modes and all EO) as well as the contribution of single
modes. Crossings with mode 1 and 2 (M1/EO2, M2/EO4) provoke significant peaks in the IRF.
Because of the relative low excitation, resonance points with higher harmonics involved (e.g.
M3/EO7, M4/EO8) generate a relevant but not dominant contribution to fatigue.

Evaluation of the IRF over rotational speed-curves of the three operating conditions show
a low IRF (< 0.35) throughout the complete speed range for take-off condition, while cruise
shows IRF > 1 in the complete range with peaks up to nearly 3. Data for climb vary around 1,
with the exception of a large peak (IRF = 2.5) at the M2/EO4 crossing.

In Figure 11 the distribution of the IRF for four critical rotational speeds of the cruise con-
dition is shown (with IRF > 1 in red). With the exception of n = 50%, in all operating points
the transition of the blade to the bearing/hub is by far the most critical region regarding fatigue.
This is due to the lower modes (≤ mode 4) dominating the blades response, but also because of
the small interface to the hub, determined by the fixed hub design, carried over from CRISP I.

Fatigue analysis restricts safe long-term operation of the fan to the take-off condition. Test-
ing of cruise condition even for only a short time, sufficient for measurement recording, is not
possible or at least questionable for the largest part of the speed range. For climb condition a
limited number of transient passings of the M1/EO2 crossing should be feasible, whereas the
crossing at 75% rotational speed is a far severer barrier.

To extend the potential range of safe operating points on the test rig, a more detailed evalu-
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ation of critical OP’s is necessary. Therefore a LCF evaluation should be done. Due to higher
harmonics in the strain curves (see Fig. 10), the peak-to-peak evaluation is not sufficient and
load classification and damage accumulation is necessary. While this is a manageable task
for steady-state conditions, definition of a load history for the ramp-up procedure (or even the
complete test conditions) is challenging.

CONCLUSIONS
The aerodynamical, aeroelastical and structural interaction of several BLI’s, corresponding

to different embedded engines and flight conditions, and a counter-rotating fan were investi-
gated. Detailed CFD calculations for nine rotational speeds were performed using the harmonic
balance approach. The aerodynamic effects induced by BLI/fan interactions show good agree-
ment to the observations found in literature.

For the structural analysis the modal superposition of the forced response amplitudes were
used and the evolution of maximum strain over the rotational speed were calculated. Besides
the expected peaks at resonance condition also the strain of the second harmonic has a notable
impact on the overall strain distribution. For higher rotational speeds the impact of the first
harmonic increase. For both harmonics the first mode always has the biggest contribution to the
overall strain. Beside that, resonance points with higher harmonics involved generate a relevant
but not dominant contribution to fatigue.

Because of the high energy content of the higher harmonics of the different BLI’s it is
necessary to take these into account for the forced response and structural analysis, though the
computational effort increases with each additionally considered harmonic.
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