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Abstract: Experimental monitoring of blade vibration in turbomachinery is typically based on blade-
mounted strain gauges. Their signals are used to derive vibration amplitudes which are compared to
modal scope limits, including a safety factor. According to industrial guidelines, this factor is chosen
conservatively to ensure safe operation of the machine. Within the experimental campaign with
the open-test-case composite fan ECL5/CATANA, which is representative for modern lightweight
Ultra High Bypass Ratio (UHBR) architectures, measurements close to the stability limit have been
conducted. Investigation of phenomena like non-synchronous vibrations (NSV) and rotating stall
require a close approach to the stability limit and hence demand for accurate (real-time) quantification
of vibration amplitudes to ensure secure operation without exhaustive safety margins. Historically,
short-time Fourier transforms of vibration sensors are used, but the complex nature of the mentioned
coupled phenomena has an influence on amplitude accuracy, depending on evaluation parameters,
as presented in a previous study using fast-response wall-pressure transducers. The present study
investigates the sensitivity of blade vibration data to evaluation parameters for different spectral
analysis methods and provides guidelines for fast and robust surveillance of critical vibration modes.

Keywords: vibration monitoring; spectral analysis methods; UHBR fan; stability limit

1. Introduction

Within the European project CATANA, experiments with the open-test-case fan ECL5
(see [1,2]) close to its stability limit are conducted to investigate aerodynamic and aeroelastic
phenomena like flutter, non-synchronous vibration (NSV), and stall. In modern fan designs,
these phenomena lead to rapidly rising blade vibration and blade failure entailing that
operation close to those regions is extremely safety critical.

The established testing procedures for such measurements follow industrial guidelines,
which result in conservative safety limits. These limits ensure the structural integrity of the
machinery during operation and account for potential inaccuracies in measurement and
evaluation methods. However, extensive safety margins prevent anticipated measurements
like Particle Image Velocimetry (PIV) since they require machine stabilization close to the
stability limit. Thus, established procedures need to be revised.

To prevent blade failure during operation, it is crucial to experimentally monitor
blade vibration. This has been a common practice since the early 1950s, involving the
use of blade-mounted strain gauges [3–5]. Signals from the gauges are transmitted to the
stationary reference frame via slip rings or telemetry and spectral analysis methods are
applied to allow for real-time monitoring of vibration frequencies and amplitudes as well
as their comparison to predefined scope limits.

These scope limits are determined for all relevant eigenmodes (typically for the first
six eigenmodes as their frequencies are relatively low) based on a Goodman diagram
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for the used carbon-fiber composite material. The Goodman diagram is defined by two
points, the maximum static stress (only midrange stress, no alternating stress) and the
high cycle fatigue (HCF) limit (no mean/static stress, only alternating stress), which are
connected linearly to cover each loading case of superposed static and alternating stresses.
Values for both of these points are material, i.e., component-related parameters and are
provided by the manufacturer. To determine the HCF limit, constant amplitude fatigue
tests with 107 loading cycles (without static loading) are performed with fabricated blades.
Using Finite Element Method (FEM) calculations, it is possible to determine the maximum
allowed stress for each blade eigenmode based on the Goodman diagram with the static
loading at design conditions [6]. Based on modal solutions (displacement, strain, stress)
from FEM calculations described in [2], blade vibration amplitudes given in micro-strain
(µm) can be related to blade stresses and presented relative to the critical stress (maximum
allowed stress divided by safety factor), i.e., in percent scope limit.

For ECL5 experiments, it is necessary to minimize the safety factor typically considered
during scope limit calculation. At the same time, it has to be ensured that calculated
spectral amplitudes are independent from chosen method parameters to allow for correct
assessment of blade stresses and safe operation.

An experimental investigation of a composite transonic fan, similar to the ECL5 rotor
conducted by Brandstetter et al. [7], revealed that spectral pressure amplitude decreases up
to 50% if the short-time fast Fourier transform (ST-FFT) window size is increased from 5 to
25 rotor revolutions when approaching the stability limit. This behavior is related to non-
harmonic disturbances and their impact on spectral analysis methods. While the results
presented in [7] were mainly focusing on physical interpretation, such a dependency can
lead to safety-critical underestimation of vibration levels in the case of vibration monitoring.

It is well known that Fourier transform (FT) has limitations when dealing with fluctu-
ating signals with unsteady frequency content. Extant literature proposes the use of power
spectral density (PSD) since its results are more robust against evaluation parameters such
as window size (and hence frequency resolution) [8]. However, resulting spectra in the
unit of x̂2/ Hz can not directly be compared to material scope limits. As demonstrated in
this study, the advantage of PSD over FT disappears when spectra are converted into scope
limit amplitudes.

This study presents the development of a robust spectral surveillance method for tur-
bomachinery vibrations. It is based on the investigation of spectral analysis methods using
real-engine test data and artificial signals to analyze sensitivity. The initial methodology
was developed before the start of the ECL5 measurement campaign using experimental
data of a similar transonic UHBR fan. In the present study, this methodology is applied
to the newly available ECL5 measurement data, hence proving that configuration-specific
amplitude correction approaches are useful and can be generalized (calibrated) for spe-
cific architectures.
This paper contains the following sections:

• brief introduction of experimental setup and test procedure
• summary of the mathematical description of spectral analysis methods
• review of the influence of frequency resolution on FT and PSD and problem formulation
• sensitivity analysis based on artificial signals
• derivation and application of correction approach
• summary and propositon of guideline for vibration monitoring

This manuscript is an extended version of the paper published in the conference
proceedings of the XXVI Biennial Symposium on Measuring Techniques in Turbomachinery
held in Pisa, Italy, 28–30 September 2022 [9].

2. Test Facility ECL-B3

The test facility ECL-B3 depicted in Figure 1 was collaboratively designed and con-
structed by Ecole Centrale de Lyon (ECL) and Safran Aircraft Engines (Safran AE) as part
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of the ANR- EQUIPEX program. The facility serves as a platform for investigations of fan
architectures that are representative of modern UHBR stages at scales around 1:4.

Figure 1. Schematic view of ECL-B3 test facility.

The measurements discussed in this study were conducted within the CATANA project
(http://catana.ec-lyon.fr/, accessed on 8 February 2024). The stage under consideration
consists of a 16-bladed composite low-speed transonic fan with a relative design tip Mach
number of 1.02 and 31 conventionally manufactured aluminum outlet guide vanes (OGV),
designed at ECL [1,2]. The machine is placed in an anechoic chamber and operated in
an open cycle. The intake is located on the roof of the building. Air enters the facility
chamber through multiple rows of silencers before passing the single stream fan section
(Figure 2) and the axisymmetric coned-shaped throttle, which is used to control the mass-
flow rate. Through additional rows of silencers in the exhaust system, the air exits to
atmosphere. A turbulence control screen (TCS) is installed in front of the fan section to
ensure homogeneous inflow conditions and reduces turbulence [10].
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Figure 2. Schematic view of the machine core and probe positions.

2.1. Instrumentation

The machine core, hosting the single-stream fan stage as schematically shown in
Figure 2, is instrumented with pressure and temperature sensors, distributed in various ax-
ial positions on hub, casing, and in rakes allowing for detailed performance quantification.

http://catana.ec-lyon.fr/
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In addition to flush-mounted static pressure probes, miniature high-frequency-response
wall pressure transducers (WPT, Kulite XCS-062) are placed in various axial and circumfer-
ential positions for the investigation of unsteady aerodynamics of the fan stage. Observation
of structural vibrations, analyzed in detail in this study, is based on blade-mounted strain
gauges on each rotor blade. Their signals are transferred from the rotating to the stationary
frame of reference via telemetry. Within the CATANA project, strain gauge analysis was
supported by a commercial capacitive tip timing system with sensors, acquisition, and
evaluation provided by MTU [11].

Details on the facility are given in [12], whereas more information on the ECL5 mea-
surement setup and instrumentation can be found in [6,13].

2.2. Test Procedure

The first ECL5/CATANA test campaign with the tuned reference configuration con-
sisted of two major procedures: the fan mapping measurements, with full traversals of
rakes in the stage exit plane at stable operating conditions (black symbols in Figure 3),
and so-called operability measurements during which the machine was continuously throt-
tled towards/beyond the stability limit (red symbols in Figure 3), see [6,13] for details.
Since rakes are not present during operability measurements to avoid pertubation of the
downstream flow, machine performance is determined using total pressure measurements
in the machine exit (out) and the facility chamber (0) for both maneuvers to allow for an
adequate comparison.
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Figure 3. Machine total pressure ratio from fan mapping (black) and operability measurements (red).

For the present study, only operating points close to the stability limit and transient
throttling maneuvers are of interest as vibration amplitudes are negligible for higher mass-
flow rates. Operability measurements at 80% design speed (marked by red hexagons in
Figure 3) have been chosen exemplarily to illustrate the developed methodology within
this study. However, the presented methodology is transferable to all other operating
conditions with significant vibration amplitudes.

At the 80% speed line, non-synchronous vibrations with continuously rising amplitudes
have been encountered in experiments as the rotor was throttled towards low mass-flow
rates [6]. To avoid blade failure, measurements need to be aborted when vibration levels reach
critical values expressed by Finite Element Method (FEM) calculation-based modal scope
limits requiring accurate amplitude determination for each interesting eigenmode.

3. Spectral Analysis Methodology

This section offers a brief review of spectral analysis methods utilized within this study
to derive vibration signal frequency content and corresponding amplitudes. As demon-
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strated in subsequent sections, well-established procedures are not robust to specific pa-
rameters concerning calculated amplitudes.

The Fourier Transform (FT) of a continuous signal

x = f (t) (1)

is defined as
F ( f ) =

∫ ∞

−∞
x(t) · e−i2π f tdt (2)

and provides information on the amplitude of each (positive and negative) frequency.
Accordingly, the FT of a discrete time series with 2M samples

xM[n] =

{
x[n] for |n| ≤ M,
0 for |n| > M.

(3)

is represented by

XM =
M

∑
n=−M

x[n] · e−i2π f n (4)

The total power of a signal x(t) can be calculated with

P = lim
T→∞

1
T

∫ T/2

−T/2
|x(t)|2dt (5)

Applying Parseval’s Theorem∫ ∞

−∞
|x(t)|2dt =

∫ ∞

−∞
|x(2π f )|2d f (6)

allows to express Equation (5) as a function of F ( f )

P = lim
T→∞

1
T
·
∫ ∞

−∞
|x( f )|2d f (7)

The integrand of this equation is defined as the power spectral density

Sxx( f ) = lim
T→∞

1
T
|x( f )|2 (8)

In analogy to the FT, the PSD is used to derive the energy distribution of a signal, i.e., the
energy amount in a distinct frequency range. In contrast to FT amplitude, which conserves
the unit of x(t), PSD has a unit of x̂2/ Hz. As above, PSD can be defined for discrete time
series according to

Sxx( f ) = lim
M→∞

1
2M + 1

|XM|2 (9)

with the measurement sample number M going to infinity.
From Equation (7) and Parseval’s theorem Equation (6), the relation of total power

and the root mean square value (RMS) of the original signal can be expressed as

P = Var(x) =
∫ ∞

−∞
Sxx( f )d f = RMS2 (10)

This relation allows to calculate an RMS with the original unit based on the PSD method [14–16],
which can be compared to the RMS value of the raw signal:

RMS =

√
1
N
(
x2

1 + x2
2 + · · ·+ x2

N
)

(11)
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For pure sinusoidal signals, the ratio between the RMS amplitude and the actual amplitude
of the signal is 1/

√
2.

In practice, the analyzed measurement period T is always finite. Even for perfectly
periodic functions like cos(2π f t), this leads to spectra with non-zero values at frequencies
other than 2π f = ω, a phenomenon called spectral leakage. To mitigate this effect, a
window function can be applied to the signal before calculation FT or PSD. Commonly
used window functions have a value of 1 in the center of the time period of interest and
decay towards the borders. In this study, a Hamming window in the discrete formulation
given as

w[n] = 0.54 − 0.46 · cos
(

2πn
N

)
, 0 ≤ n ≤ N (12)

is used.
Window functions are additionally used to divide the entire measurement signal into

multiple segments for individual analysis. This allows for the investigation of the frequency
content of a signal and its evolution with time. It is hence more suitable for processes
with non-stationary frequencies and amplitudes. One main characteristic of short-time
FT (ST-FT and ST-PSD, respectively) is the uncertainty principle, stating that time and
frequency resolution cannot be narrow at the same time. This relation becomes visible in
the equations which are used to calculate the window size ∆t (in seconds) for a chosen bin
width ∆ f depending on the underlying sampling frequency fs

N =
fs

∆ f
→ ∆t = N · fs =

1
∆ f

(13)

If a short time window is used, the resulting bin width ∆ f is large and consequently,
the frequency resolution fres of the corresponding spectrum is low [17,18].

4. Problem Statement

Window length is a parameter for ST-FFT calculation, which is used to divide the
signal into equal segments before the transformation is applied. When utilized windows are
longer, any stochastic or systematic variation of harmonic signal content leads to decreasing
spectral amplitudes. This is illustrated in Figure 4, which presents the amplitudes of the
first three eigenmodes based on ST-FFT calculation as a function of time of one representa-
tive blade-mounted strain gauge at 80% speed during NSV (shortly before measurement
abortion). During the presented time period of 38 s mass-flow rate, i.e., throttle positions
have been kept constant. However, ST-FFT-based eigenmode amplitudes corresponding
to distinct frequencies present high fluctuations which are attributed to the underlying
non-stationary excitation mechanism.

Two different window sizes, ∆t1 = 0.0625 s and ∆t2 = 0.25 s are compared in Figure 4.
According to Equation (13), they correspond to 16 and 4 Hz bin width, respectively. In both
presented cases, an FFT window overlap of 75% together with a Hamming window was
used (note, that overlap and window function have been varied systematically without
significant changes of calculated amplitudes). The Fourier transformed signal of each 0.25 s
period for the lower bin width of ∆ f = 4 Hz presents a significantly reduced amplitude
for all investigated blade eigenmodes. The ratio x̂∆ f=16 Hz/x̂∆ f=4 Hz varies slightly for the
investigated eigenmodes, from 1.7 for mode 1 and 3 to 2.1 for mode 2. A comparable ratio
applies to the average value. This discrepancy is caused by vibration signals with varying
frequencies and amplitudes.
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Figure 4. ST-FFT-based amplitude of blade-mounted strain gauge of first three eigenmodes over time
for different bin widths ∆ f .

This is obviously a severe problem, as the comparison to modal scope limits yields
completely different levels of criticality. Especially for mode 2, a window size of 0.25 s
results in approximately a 10% scope limit maximum while for quartered window size
amplitudes, a criticality of up to 22% are observed.

However, these elevated amplitudes occur only sporadically during the presented
measurement time. As constant amplitude loading is considered during HCF determination
and within the Goodman approach it is quite difficult to compare those values to the
variable amplitude blade vibration. A fair comparison would require the calculation of an
equivalent criticality for example based on damage accumulation models such as Miner’s
rule [19] or equivalent residual strength assumption models such as those summarized
in [20]. For all these models, the exact shape of the fatigue-life curve (maximum stress
over loading cycles, so-called S-N curve) has to be known and in most cases additional
empirically determined model parameters are necessary to account for the complex nature
of composite failure [21]. As material parameters are determined by the manufacturer, this
data is not available and described methods are not practicable. Thus, the maximum blade
amplitude observed during the analyzed time period is assumed to occur constantly in
each vibration cycle. This assumption can be seen as a worst case scenario and is hence
a conservative approximation of the real loading situation and can be interpreted as an
additional safety factor.

Until today, industrial best practices are followed for the experimental surveillance of
blade vibration, including window size of the ST-FFT. To enable the reduction in safety fac-
tors included in scope limits while ensuring safe machine operation, the sensitivity of such
method parameters needs to be understood. Furthermore, this allows for transferability of
the developed methodology to scaled geometries, novel architectures, etc.

To analyze the influence of the window size on spectral amplitude estimation in more
detail, Figure 5a shows the peak-spectrum for the measurement presented above, i.e., the
maximum amplitude for each frequency bin in a total measurement time of 38 s, separated
into windows with different lengths ∆t.
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Figure 5. (a) FFT spectra of blade-mounted strain gauge for different bin widths ∆ f . (b) Maximum
FFT amplitude as a function of bin width ∆ f .

As described above, a strong dependency of spectral amplitude x̂FFT on chosen
window length is recognized for the whole frequency range. As already mentioned,
eigenmode vibration is highly unsteady even at stable operating conditions, resulting in
temporally fluctuating vibration frequencies and amplitudes, thus preventing accurate
calculation of spectral amplitudes.

For a small bin width of ∆ f = 4 Hz (i.e., a high frequency resolution), multiple small
peaks at integer engine order (EO) frequencies are visible in addition to the dominant peaks
of the first three eigenmodes, which result from synchronous forcing as discussed in [10].
Additionally, all eigenmodes are subject to off-resonant excitation due to the presence of
inlet distortions (see [10]), identifiable in the 4 Hz bin width spectrum by enlarged peak
widths and the occurrence of multiple small peaks around the exact eigenfrequencies.
The presence of such disturbances near the actual eigenmodes indicates the necessity of
high frequency resolutions for proper physical interpretation of the analyzed spectra.

In contrast to 4 and 16 Hz bin width, higher bin widths provide only a coarse ap-
proximation of the spectrum. Amplitudes of narrowly spaced peaks are smudged and
frequencies corresponding to maximum eigenmode amplitudes are shifted compared to
the value obtained by high frequency resolution (i.e., low values of bin width ∆ f ). So far,
the real maximum amplitude is unknown, but as will be shown later in this study, spectral
amplitude converges towards the real maximum amplitude for large bin widths.

Therefore, it is obviously impossible to determine a general window size, which allows
for clear identification of phenomena and correct vibration amplitude at the same time.

To quantify the influence of frequency resolution on spectral amplitude, Figure 5b
shows the evolution of peak amplitude for the first three eigenmodes as a function of
spectral bin width ∆ f . The peak amplitude of each eigenmode x̂FFT(modeX) of each
spectrum from bin width ∆ f = 1 Hz to 98 Hz has been normalized with the respective
maximum value for each eigenmode x̂FFT,max(modeX) corresponding to a bin width of
98 Hz. In Figure 5b, a continuous evolution is visible, showing that for low bin widths the
spectral amplitude drops significantly, but in a comparable way for all modes. For higher
∆ f values, spectral amplitudes converge towards an asymptotic value. The similarity of
the three curves indicates that amplitude correction is possible for a chosen window size
and investigated eigenmode. This allows to combine the possibility of phenomenological
interpretation (low bin width) with an accurate value of vibration amplitudes and hence to
avoid exceeding the scope limits.

The results presented so far do not provide any information on whether the asymptotic
value corresponds to the real maximum amplitude of the respective mode. This will be
discussed in detail in section 5.

According to the literature, the influence of window size is eliminated by the use of
PSD instead of FFT. For the identical signal of 38 s as above, Figure 6a shows PSD spectra
obtained with the same window sizes as before.
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Figure 6. (a) PSD spectrum for different bin widths ∆ f . (b) RMS spectra based on PSD calculation for
different bin widths ∆ f .

It is evident that maximum power densities and PSD peak widths are less dependent
from chosen window size compared to FFT amplitudes, especially for presented intermedi-
ate bin widths 16, 32, and 64 Hz. Nevertheless, PSD still changes with frequency resolution
of up to 60% within the analyzed bin width range. In agreement with the observations
in Figure 5a for FFT, phenomenological interpretation of calculated PSD spectra is diffi-
cult for large bin widths due to peak smudging. Furthermore, power density is given in
µm2/m2Hz and can hence not directly be compared to modal scope limits given in the unit
micro-strain (µm/m).

Based on Equation (10), RMS values in micro-strain are obtained from PSD power
densities (in micro-strain2/Hz) by integrating PSD Sxx over the frequency range and taking
the square root of the result. In discrete cases, this is achieved by multiplying each density
spectrum in Figure 6a with the corresponding frequency bin width ∆ f to receive the
RMS value for each frequency fv. To facilitate comparison with FFT spectra shown in
Figure 5a, calculated RMS values are multiplied with

√
2 to derive an approximation of

peak amplitudes under the assumption of perfectly harmonic oscillation

x̂PSD =
√

2 · RMS =
√

2 ·
√

Sxx,∆ f · ∆ f (14)

The result of this procedure, i.e., PSD amplitude x̂PSD in micro-strain, is shown in Figure 6b
for the same bin widths as before. It reveals the same dependence of spectral amplitude
on bin width as observed for FFT amplitudes in Figure 5a. Thus, peak spectra calculation
using PSD is not beneficial for vibration monitoring if comparison with material- and
eigenmode-dependent scope limits is required.

5. Analysis of Artificial Signals

Figure 5b shows spectral peak amplitudes, which reach an asymptotic value for
high values of ∆ f , i.e., low frequency resolution fres. As stated in the previous section,
it is unclear if the asymptotic value corresponds to the real maximum amplitude of the
respective eigenmode. To allow for systematic parameter analysis, artificial signals with
known amplitudes are studied in the following section.

5.1. Mass-Oscillator Model and System Identification

To approximate the vibratory behavior of the rotor blades, a forced single degree of
freedom (SDOF) mass oscillator is used as presented in Figure 7 was simulated, using its
differential equation

mẍ + dẋ + kx = F (15)

with stiffness k and viscous damping ratio d. Equation (15) can be expressed by means of
natural frequency ω0 and damping ratio ζ [22] using

d
m

= 2ζω0 and
k
m

= ω2
0 → ẍ + 2ζω0 ẋ + ω2

0x =
F
m

(16)
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Excitation of the system is applied through the force F

F = f̂ (t) cos
(

ω f (t)t
)

with f̂ (t) =
1√

2πσ2
f̂

e
−

(
t−µ f̂

)2

2σ2
f̂ and ω f (t) =

1√
2πσ2

ω f

e
−

(
t−µω f

)2

2σ2
ω f

(17)

with amplitude f̂ and excitation frequency ω f varying stochastically around their mean
value µ f̂ according to a Gaussian normal distribution with standard deviation µω f to
represent the physical excitation mechanisms.

k d

m
x

F

Figure 7. SDOF mass oscillator.

Model parameters are based on a system identification of the real blade vibration
process. Frequency, amplitude, and modal damping of each interesting eigenmode have
been determined using the transfer function for the SDOF system

H(ω) =
X(ω)

F(ω)
→ |H(ω)| = 1

k∗
1√(

1 − ω2

ω2
0

)2
+

(
2ζ ω

ω0

)2
(18)

which describes the system response X(ω) to a given excitation F(ω) in the frequency
domain, where k∗ is the normalized stiffness k/µ f̂ of the system. This is possible because
overall damping (comprised of material, i.e., within blades, mechanical, i.e., blade/disc
contact, etc. and aerodynamic damping) is low for UHBR fan architectures as analyzed
within this study, resulting in

ωv = ω0

√
1 − ζ2 → ω0

ωv
≈ 1 (19)

Fitting Equation (18) to the 4 Hz bin width spectra (which are used as system re-
sponse here) allows to determine ωv and ζ. As exemplarily shown in Figure 8a for
the operating point used above, a peak spectrum from 10 successive FFT windows of
∆t = 0.25 s length each was used for the fit. This procedure was performed for each
interval of tint = 0.25 · 10 · 0.25 = 0.625 s (FFT windows have an overlap of 75%) within a
total of approximately 38 s measurement time at each operating point of the operability
measurements at 80% design speed. This enables to determine averaged values as well as
temporal standard deviation of eigenfrequency, maximum vibration amplitude (of the fit),
and damping ratio ζ from at least 60 intervals at each mass-flow rate.

Figure 8b provides exemplarily the evolution of these values over mass flow obtained
for mode 2 for which the highest criticality was observed in Figure 4.
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To simulate the vibration behavior close to the stability limit, values from the last six
operating points, i.e., ṁstd ≤ 24 kg/s are averaged and used as input parameters for the
SDOF model as summarized in Table 1. For those operating points, only marginal changes
of averaged values and standard deviation of eigenfrequency f and damping ratio ζ are
observed in Figure 8b for mode 2, indicating constant system parameters despite constantly
rising vibrations amplitudes. The same observation was made for mode 1 and mode 3.
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Figure 8. System identification: (a) FFT spectrum with ∆ f = 4 Hz with peak fits for eigenmodes 1,
2, and 3. (b) Frequency, amplitude, and damping evolution over mass-flow rate from peak fits for
eigenmode 2.

Table 1. Parameter for the SDOF mass oscillator model

Parameter Mode 1 Mode 2 Mode 3

ωv 2π · 264.8 Hz 2π · 650.0 Hz 2π · 843.6 Hz
µζ 0.057 0.020 0.022
σζ 0.017 0.007 0.005
µω f 2π · 264.8 Hz 2π · 650.0 Hz 2π · 843.6 Hz
σω f 2π · 2.85 Hz 2π · 2.81 Hz 2π · 2.56 Hz
σ f̂ 7% 5% 8%

The mean forcing frequency was chosen to be equal to the eigenfrequency of the system
ω f 0 = ωv and its standard deviation σω f was set to the measured standard deviation of
the eigenfrequency in Figure 8b. In addition, forcing amplitude was varied by σ f̂ = 7%,
5%, and 8%, respectively, according to the observed amplitude variation (i.e., temporal
standard deviation of calculated FFT amplitude) close to the stability limit. Damping of the
system is considered by mean value µζ and corresponding standard deviation σζ .

5.2. Influence of Bin Width

Integrating Equation (16) yields the displacement x(t) of the mass m (see Figure 9)
for each of the simulated eigenmodes, which has been normalized with the respective
maximum amplitude x̂max observed during the simulation time of 7 s. The histograms
presented on the right-hand side of each signal show the normalized amplitude x/x̂max
as a function of normalized counts c/cmax, providing a Gauss distribution with a ratio of
peak amplitude to RMS of approximately 4 in all cases. This ratio has been found to be
independent from the simulation time of the SDOF model if at least 1800 oscillation cycles
are covered, corresponding to 6.8 s for the mode 1 model with the lowest eigenfrequency.
From the presented histrograms, it is evident that the forced vibration of the SDOF system
is far from a perfectly harmonic signal (for which x̂max/RMS is equal to

√
2) and that only

in 0.27% of all vibration periods the amplitude exceeds 3·RMS ≈ 0.75x̂max. Note that the
observed normalized amplitude distribution and the ratio x̂max/RMS of the SDOF model
in Figure 9 is similar to those which can be obtained by bandpass filtering the strain gauge
(raw) signals around the respective frequency for a given time period, confirming the
utilization of a simple SDOF model to represent the blade vibration behavior. However,



Int. J. Turbomach. Propuls. Power 2024, 9, 10 12 of 18

absolute RMS and peak amplitude values of bandpass filtered signals are (in contrast to the
ratio of both values) strongly dependent on chosen filter parameters (i.e., bandpass width
and filter order) and can thus not be used directly for peak amplitude quantification.

The signals generated with the SDOF model as shown on the left-hand side in Figure 9
can be treated in the same way as the signals of rotor strain gauges in the previous section
to analyze the influence of bin width ∆ f .
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Figure 9. Normalized displacement signal x(t)/x̂max of SDOF mass oscillator for different simulated
eigendmodes with parameters from Table 1.

Figure 10a shows peak spectra (maximum amplitude for each frequency bin during
a simulation time of 7 s) obtained by applying an FFT with varying window size to the
signal x(t) of each mode. As the maximum vibration amplitude of the SDOF system is
known from Figure 9, FFT spectra of each eigenmode are normalized with the individual
respective maximum displacement x̂max.
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Figure 10. FFT application to SDOF signal x(t) for different eigenmodes: (a) Peak spectra for different
bin widths ∆ f . (b) Evolution of maximum spectral amplitude over bin width ∆ f .

In accordance with Figure 5, a strong dependence of calculated FFT amplitude on
chosen bin width is observed in Figure 10a, resulting in increased spectral amplitudes for
decreased window sizes ∆t. Figure 10a proves that spectral amplitudes calculated with
short windows, i.e., large bin widths, are close to the real maximum vibration amplitude,
while they are more than 65% too low if a bin width of 4 Hz is used. This influence of
window size on calculated spectral amplitude is quite similar for the three simulated eigen-
modes despite varying system parameters. Minor differences observed for intermediate
bin widths are caused by different positions of the frequency bin centers compared to the
exact eigenfrequency of the system. If the center of a frequency bin coincides with the exact
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eigenfrequency, the amplitude of the frequency is well represented, while a center that is
located next to the exact eigenfrequency results in a distribution of peak amplitude into
two bins and hence reduced spectral amplitude.

Note that PSD application to the SDOF signals (not shown here) gives similar results
to those presented in Figure 6a,b for the real-engine strain gauge data. For the reasons
discussed above, the PSD method is hence unsuitable for desired vibration monitoring.

To study the relation of window size and FFT amplitude in more detail, Figure 10b
presents the FFT amplitude of the SDOF model as a function of bin width similar to
Figure 5b. Here, spectral amplitude has been normalized with the individual real maximum
displacement amplitude x̂max of the signal x(t) of each simulated mode (black/red cross in
Figure 9). This normalization allows for direct assessment of the error of calculated spectral
amplitude depending on the utilized FFT window size. From Figure 10b, it is clearly visible
that the amplitude error decreases for increased bin width, yielding a minimum error of
approximately 14% for a bin width of ∆ f = 98 Hz. As asymptotic behavior of the relation
spectral amplitude versus bin width is observed for all three simulated eigenmodes, further
decreased window sizes ∆t do not result in a better amplitude estimation. In accordance
with Figure 10a, Figure 10b proves the nearly identical influence of the FFT bin width on
the spectral amplitudes despite varying SDOF model parameters.

5.3. Influence of Modal Damping and Excitation

In the case of the real-engine signals shown in Figure 5b, the influence of bin width
seems to vary slightly depending on the investigated eigenmode. As the SDOF model
allows to modify system parameters individually, the influence of the damping ratio ζ
and the excitation of the system F have been analyzed in detail to find an explanation for
this variation.

It was observed that increasing the mean modal damping ratio µζ results in spectral
amplitude curves x̂FFT(∆ f ) with reduced slope and decreased maximum spectral ampli-
tudes for high bin widths. Hence, the error of calculated spectral amplitude compared
to the correct maximum displacement increases with increased damping. Varying the
standard deviation of modal damping σζ from 50% to 200% of the values given in Table 1
indicates only marginal influence of this parameter on the system response.

An equivalent variation of system excitation parameters, namely standard deviation
of forcing amplitude σ f̂ and standard deviation of forcing frequency σω f , was performed
with the result that their influence is smaller compared to µζ . In addition, description of the
effect of these parameters is more complicated as ambiguous results have been obtained
for several variations. This might be a result of the underlying stochastic nature of the
created signals.

The differences in estimated spectral amplitude between different eigenmodes ob-
served in Figures 5b and 10b must hence be considered as the result of the distinct combi-
nation of system parameters and cannot be attributed to a single system property.

However, Figure 10b confirms the assumption that a single parameter function might
be useful to model the observed influence to allow for a correction of the calculated spectral
amplitude depending on the chosen FFT window size.

6. Correction Approach

The results presented in the previous sections provide an identical trend (strong drop
of calculated spectral amplitude for small and asymptotic behavior for large bin widths)
for all investigated real-engine and SDOF cases, indicating that window size dependent
correction of spectral amplitudes is a promising concept for dealing with the stated problem.

The function used to approximate the behavior shown in Figures 5b and 10b

fcorr(a) = b
(

e1− 1
a∆ f+1 − 1

)
with b = x̂asymp

(
e1 − 1

∆ fmaxa + 1

)−1
(20)
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is based on a single curve-shape (correction) parameter a. The term b in front of the brackets
is only necessary to ensure that the asymptotic value x̂asymp of x̂FFT/x̂max is reached for
∆ fmax = 98 Hz.

The shape parameter a is determined by fitting Equation (20) to the points shown
in Figure 5b for each eigenmode (Figure 11a). As a similar asymptotic value x̂asymp of
approximately 86% x̂max was observed for all three simulated eigenmodes in the SDOF
case in Figure 10b, it is assumed that maximum spectral amplitudes in Figure 5b (used
for normalization and thus equal to 1) correspond to 86% of the real maximum amplitude.
Hence, real engine signal curves are scaled down to a value of 0.86 before application of
the curve fit.
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Figure 11. Correction factor a: (a) Curve fit procedure. (b) Evolution over mass-flow rate ṁstd.

This procedure is repeated for all operating points of the operability measurements of
the 80% speed line to analyze the evolution of correction parameter a over mass-flow rate
as shown in Figure 11b. Due to stochastically varying vibration amplitudes, the relation
between estimated spectral amplitude and chosen FFT window size changes slightly from
one operating point to another resulting in different optimal shape parameters a for each
mass-flow rate and eigenmode.

The approximation shown in Figure 11a is used to correct spectral amplitudes for a
given bin width ∆ f according to

x̂corr(∆ f ) =
1

fcorr(∆ f )
· x̂(∆ f ) (21)

for the eigenmodes under investigation.

7. Results and Discussion

Applying the correction Equations (20) and (21) with correction parameters a from
Figure 11b to the three eigenmodes presented in Figure 5 yields the graphs shown in
Figure 12. As correction parameters can only be determined for blade eigenfrequencies,
the frequency ranges around each eigenmode have been corrected individually with the
corresponding value for a, resulting in separated spectra for each eigenmode. Figure 12a
provides consistent estimation of peak amplitude for all three eigenmodes independently
from chosen FFT window size for all bin widths ∆ f ≥ 16 Hz. Amplitude is over-corrected
only for the smallest bin width of ∆ f = 4 Hz.
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Figure 12. Application of correction approach: (a) Corrected FFT spectra of blade-mounted strain
gauge for different bin widths ∆ f . (b) Corrected spectral amplitude evolution over bin width ∆ f .

The real maximum vibration amplitude x̂max, which is necessary to evaluate spectral
amplitude estimation after correction, is estimated using

x̂asymp =
x̂max

x̂FFT,max
→ x̂max =

x̂FFT,max

x̂asymp
(22)

based on the assumption that x̂asymp = 0.86 in accordance with the observations made in
Figure 10b for the simulated SDOF system. The estimated maximum amplitude is used
to normalize corrected spectral amplitudes in Figure 12b. This normalization confirms
over-estimation of vibration amplitude by FFT for bin widths smaller than approximately
10 Hz, while they are robustly well-estimated within a range of ±10% for all greater bin
widths. Especially for mode 2, which was the most critical during experiments, errors are
lower than 5% for ∆ f ≥ 8 Hz. The over-correction of spectral amplitudes in the small bin
width region results in a conservative amplitude estimation, which is much less dangerous
during machine operation.

Figure 12 proves the applicability of the correction approach derived in this study.
For all three eigenmodes, the error of estimated amplitude can be significantly reduced
within the bin width range of interest 16 Hz ≤ ∆ f ≤ 32 Hz from up to 55% in the uncor-
rected case to less than 10% after correction.

As correction parameter a remains in a distinct range over a wide range of mass-flow
rates, an operating point far away from the stability limit might be chosen to determine the
relation of spectral amplitude and window size and thus the value of a. Even if this might
increase the error of corrected spectral amplitude estimation, the error with correction
remains still small compared to the case without correction.

This allows to derive a clear guideline for correcting spectral amplitudes depending
on desired frequency resolution and analyzed eigenmode, which can be summarized
as follows:

1. Perform initial measurement at stable operating conditions, i.e., far away from the
(expected) stability limit.

2. Determine amplitude evolution with different bin widths in post-processing and
perform curve fit of Equation (20) to derive correction parameter a for each eigenmode
of interest.

3. Apply correction according to Equation (21) with correction parameter a to correct spec-
tral amplitude estimation depending on desired bin width and investigated eigenmode.

This correction approach allows for robust use of FFT window sizes in a range, which is
suitable for online turbomachinery surveillance, but very sensitive due to the sharp slope
in Figure 5b (∆ f ≤ 16 Hz) and the absolute value which is underestimated by the order of
40–55% if uncorrected.

The dangerous implications of such an under-estimation of vibration amplitudes
with the commonly used window sizes during operation becomes clear by comparing
Figures 4 and 12a. While uncorrected spectral amplitudes result in a criticality of maximum
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22% for mode 2 (∆ f = 16 Hz), the corrected spectra reveal a maximum vibration amplitude
of approximately 100 micro-strain corresponding to 41% of the previously determined
modal scope limit. Hence, criticality is underestimated by nearly factor 2 if a bin width of
16 Hz is used for ST-FFT calculation and no amplitude correction is performed.

The guideline presented above enables determination of the correction parameter a far
from the stability limit and thus the correction factor for the respectively chosen window
size. This factor, once calculated at stable operating conditions using a post-processing
routine, can then also be used for vibration online monitoring to ensure correct and real-
time amplitude estimation. This allows to abort the experiments when vibration amplitude
reaches critical values (for the experiments presented in this study, 50% criticality have been
chosen as red limit for example) and therefore to avoid blade failure. Since the variable
loading case with a given maximum amplitude is assumed as constant amplitude loading
resulting in a conservative estimation of criticality, the value of 50% could be reduced in
future measurements allowing for detailed investigation closer to the stability limit.

8. Conclusions

Blade vibration monitoring is mandatory during measurements to ensure structural
integrity of the rotor and hence safe operation of the machine. During different measure-
ment campaigns on the transonic fan test facility, a strong dependence of calculated spectral
amplitudes (using FFT and PSD methods) on window length has been identified. This is
related to vibration signals, which contain dominant frequencies related to eigenmodes,
but are disturbed by temporal fluctuations caused by different phenomena (forced response,
lock-in, etc.). For large window sizes ∆t, a high frequency resolution (i.e., small bin width)
is achieved, but estimated vibrational amplitude is up to 90% lower compared to small
window sizes for different eigenmodes. The exact relation between window size and
spectral amplitude has shown to vary slightly depending on operating conditions and
analyzed eigenmode.

Using a SDOF model, it was possible to show that the correct maximum amplitude
of the signal is only captured by spectral methods if very short windows are used. Due
to the uncertainty principle, they result in coarse spectra which prevent differentiation of
narrowly spaced peaks and accurate determination of eigenfrequencies.

Therefore, a correction approach has been developed, which corrects calculated spec-
tral amplitudes based on pre-selected window size and investigated eigenmode. This
allows to use longer windows with the benefit of highly resolved spectra and reliable
amplitude estimation at the same time, within a suitable range for transient turbomachin-
ery experiments.

The proposed method allows for a more purposeful determination of safety factors,
evaluation parameters, and a robust implementation. It has proven to be applicable
to different machine configurations and operating conditions following the guidelines
presented in this study.
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