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ARTICLE INFO ABSTRACT

Communicated by: Cummings Russell The emergence of blade tip timing (BTT) data simulators, providing timing samples from their known blade tip
vibration output, has been primarily driven by the necessity of developing and evaluating BTT signal processing
algorithms, avoiding costly experimental set-ups. Apart from the realism required of its mathematical model, the
simulator is required to produce data from all blades, and various configurations of probes, in feasible time
frames, including the effect of axial deformation on the timing data. It should also have the capability to produce
data with errors comparable to speed-dependent noise in real data. The novel contribution of this paper is the
presentation of three novel bladed disk simulators that address these requirements, and their validation in a
novel type of study that considers all blades of an aero-engine compressor, and which uses a commercial BTT
software package to process the data and identify an excited blade mode-family member. Simulated data with
speed-dependent errors amounting to 10% noise-to-signal ratio are successfully processed, resulting in mean
errors of 2.4%, 0.15% in resonant amplitude and frequency across the blades. The simulated BTT data are shown
to correctly distinguish between two excited mode-pair members differing by just 1% in natural frequency.
Correlation with experimental BTT data is also presented.
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1. Introduction The BTT process consists of a measurement system determining

blade times of arrival (TOAs) from probes circumferentially distributed

Turbomachinery blade vibration measurement has traditionally
relied on strain gauges (SGs), but the use of such technology has
declined over the last two decades in favour of blade tip timing (BTT) [1,
2]. Apart from disadvantages due to cost and complexity of installation
(including telemetry), vulnerability to harsh operating environments,
and interference with the structure and flow field [2], SGs suffer from
the limitation of being unsuitable to monitor more than a few blades per
rotor stage [1]. On the other hand, BTT is non-intrusive, is easy to install
and durable, and enables the monitoring of all blades with a small
number of sensors [2]. Compared to other non-contact methods, BTT
supports flexibility in the selection of sensor type according to the re-
quirements of the application [2].

on the casing, and a signal processing algorithm to convert TOA data
first to raw instantaneous displacement data (using their difference from
the expected times of arrival [3]), and then to amplitude, frequency and
phase for each blade in each revolution. The amplitude can then be
converted to equivalent stress level using calibration factors based on
finite element (FE) modelling [4]. The TOAs constitute what is termed as
‘BTT data’. The BTT instantaneous displacements derived from BTT data
are inevitably under-sampled because the probes can only detect TOAs
of a blade once per revolution, and the BTT signal processing algorithms
are devised to deal with this feature [3].

BTT signal processing algorithms are extensively investigated in in-
dustry and literature, processing simulated and real BTT data [5]. The
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order; FE, finite element; FRF, frequency response function; HP, high precision; LE, leading edge; ND, nodal diameter; NSR, noise-to-signal ratio; ODE, ordinary
differential equation; OPR, once-per-revolution; PAD, product of angular differences; SG, strain gauge; TE, trailing edge; TOA, time of arrival.
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emergence of BTT data simulators was primarily driven by the necessity
of developing and evaluating BTT signal processing algorithms. BTT
simulators allow for more accurate error estimation of the BTT process
than experimental setups, provided that the simulated BTT data corre-
lates well with real data, since the true (exact) vibration amplitude of
resonance in simulations is known. BTT simulators avoid reliance on
more costly experimental set-ups that would be required to generate
BTT data and validate the process using alternative measurement sys-
tems (e.g. SGs). Additionally, BTT simulators can be used before such
experimentation to ensure that an optimum experimental rig is set up,
providing an assessment of detection capabilities of BTT systems applied
for any type of vibration. BTT probe axial and radial position sensitivity
can be evaluated before expensive design and casing modifications [5].

A BTT data simulator should generate accurate and realistic data to
bridge the current gap between FE simulations and real BTT data. Most
of the earlier BTT simulators presented in the literature were based on
lumped parameter models (an idealised mass-spring-damper system
representing each blade, coupled to its two neighbouring blades via two
spring-damper systems linking adjacent blades), e.g. [6-9]. Several
FE-based BTT simulators are available in the literature and have the
potential to be more representative of real BTT data [3,10-13].

In this paper, three novel bladed disk simulators for generating BTT
data based on FE reduced order modelling are presented and the reli-
ability of their data is assessed in a novel type of study. The simulators
determine BTT data from the time integrated mode superposition
(reduced order model) solution for the bladed disk vibration (displace-
ment time history data) similarly to [3,10-13], but the studies per-
formed in the present paper use a much larger number of modes, to
generate accurate time domain data predictions across the frequency
range of interest. The three presented simulators differ from each other
in the method of determination of the blade-probe crossing times (in the
circumferential direction) of the FE nodes of interest on the blade tip,
which is the first stage in determining the TOA of a blade at a probe. Two
of the BTT simulators are termed ‘interpolated TOA simulators’ since the
blade-probe crossing times are interpolated from the time-steps before
and after the actual blade-probe crossing. To the authors’ knowledge the
use of interpolation to determine the blade-probe crossing times does
not appear to have been previously verified. The third BTT simulator, is
termed ‘high precision TOA simulator’, since the simulator relies on
repeatedly increasing the time resolution in the vicinity of every
blade-probe crossing point (by forcing reductions in the time step size)
to generate highly precise blade-probe crossing times. Such a
high-precision method of TOA determination was used previously in the
simulators of [3,6-9,11,13,14] using the Matlab-Simulink block Hit
Crossing. BTT data from the high-precision TOA simulator is used as a
benchmark for the validation of the new interpolated TOA simulators.
Simulation times using a high precision TOA simulator increase with the
number of blades, number of probes and the magnitude of axial defor-
mation (since this would require consideration of more FE nodes on the
blade tip). On the other hand, simulation times for interpolated TOA
simulators are independent of such factors. Accordingly, the use of
interpolated TOA simulators, as opposed to the high precision TOA
simulator, makes it feasible to generate BTT data for all blades and for
many probes, which is necessary to allow for a proper assessment of BTT
algorithms and to correlate simulated data with experimental data.

Real BTT displacement data contains instrumentation-induced noise,
speed-independent offsets (e.g. probe positioning errors [15]),
speed-dependent offsets (e.g. centrifugal forces, axial float, thermal
expansion [15]) and speed-dependent fluctuations (additional noise)
due to errors in TOAs and/or expected times of arrival, (Section 2.2) [16,
17]. Przysowa and Spychata in 2008 [18] were one of the first to discuss
speed-dependent errors due to timing resolution of probes. He et al. [17]
theorised and developed formulations to obtain speed-dependent errors
in BTT displacement due to errors in the obtained TOAs and/or expected
times, by isolating the effects of the probe’s time resolution, vibration of
probes and geometrical assumptions. Speed-dependent errors in BTT
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displacements are not usually observed when raw BTT displacements
are presented in the literature, since instrumentation-induced noise is
usually higher than the additional noise in the BTT displacement caused
by the aforementioned speed-dependent errors [16]. However, im-
provements in BTT instrumentation will lead to reduced levels of
instrumentation-induced noise, and the speed-dependent errors in BTT
displacements will become apparent, as already evident in data pre-
sented in Wang et al. [19] in 2020, Ren et al. [20] in 2022 and Wang
et al. [21] in 2022. Savitzky-Golay filtering [22] is typically used for
minimising noise in BTT displacement data [3,21]. However,
Savitzky-Golay filtering requires a BTT signal with a constant
signal-to-noise ratio which would not provide optimum minimisation of
speed-dependent errors in BTT displacements, as found in [21]. Mini-
misation of speed-dependent errors in BTT displacements requires
adaptive filtering techniques, such as those utilised in industrial-grade
commercial BTT software packages (e.g. [23], which is utilised in the
present paper).

Although numerous researchers have taken highly precise simulated
BTT displacement data and corrupted it with noise, speed-dependent
offsets and speed-independent offsets (e.g. [6,24]), there have not
been any attempts at generating simulated BTT data that result in
speed-dependent errors in BTT displacements. For this reason, this paper
considers two types of interpolated TOA simulators alongside the high
precision (HP) TOA simulator. Whereas one of the interpolated TOA
simulators will be shown to have comparable accuracy to the HP TOA
simulator, the other performs blade-probe crossing time interpolation in
such a way as to induce speed-dependent errors in the BTT displacement
data.

Apart from the novel aforementioned interpolation for blade-probe
crossing times, all three simulators utilise a novel axial interpolation
method which considers the effect of axial deformation to accurately
determine the TOA at a probe from the blade-probe crossing times of the
various FE nodes of the blade tip (second and final stage in TOA deter-
mination). As will be shown in the present paper, this method overcomes
the hitherto unreported problem of discontinuities in BTT displacement
data introduced by the discrete FE nodes on the blade tip in FE-based
BTT simulators. The method ensures that the TOA pertains to the
point on the blade tip that is actually detected by the probe (i.e. the point
that is instantaneously coincident with the axial position of the probe, in
addition to being circumferentially coincident), rather than the nominal
sensing point or any other point on the blade tip. Hence, the sampled
displacements derived from such TOAs simulate the BTT displacements
obtained in real-world applications. Such displacements are different
from the tangential displacements of the nominal sensing point [4],
which is what would be obtained if the TOAs are based only on this
point. Previous simulation work, e.g. [3,11-13], did not consider or
report the problems introduced by axial deformation that are reported
and resolved in the present paper. The reason for this was either that the
TOAs were based on the nominal sensing point on the blade tip (as in
fact stated in Fig. 18 of [3]), or because the displacement samples were
determined using an approach that did not use the difference between
the actual and expected arrival times [11,13]. As discussed in Section
2.1, this latter approach does not follow the real-world BTT process,
despite taking into account the deviations of the nominal sensing point
from the axial position of the probe.

The reliability of the BTT data generated by the aforementioned
novel simulators is validated in a study that is novel in three aspects: (i)
it considers BTT data from all blades of the FE-based model of an aero-
engine compressor; (ii) it introduces an equivalent BTT displacement
time function based on the nominal sensing point as an independent
benchmark for validation; (iii) the BTT data (arrival times) generated by
the simulators are validated by feeding them into a commercial BTT
software package (MultiTool [23]), whose output for amplitude and
frequency is then correlated with the equivalent BTT displacement time
function from the simulator for determination of BTT errors. The exci-
tation type used in the simulators is a harmonic travelling wave
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excitation that is phased to excite modes of a given number of nodal
diameters (Nyp) within a blade-dominated mode family, as in [25].

2. BTT data simulator and analysis methodology
2.1. BTT displacement definition and benchmarking

The BTT probes are axially positioned to detect blade arrival at a

particular area of interest on a blade tip, e.g. trailing edge (TE) or
leading edge (LE). With reference to Fig. 1, probe no j has a fixed po-
sition at (xj, Y, zj) and its angular position is # = 6¢;. The point on a
blade that has the same axial position as the probe when the blade is
undeformed is defined as the nominal sensing position Py on the blade
i.e. 2p.. lunder = %- In this work, the FE model has a node corresponding
to Prom. The BTT displacement detected by probe no j is determined from
the difference between the expected time of arrival of the blade (i.e. the
time based solely on rotation of the undeformed blade), texp j p,,.., and the
actual time of arrival, troa:
& = QR (Cexpipoom — trons) @
where Rg:f> is the radius at P,y and Q is the average rotational speed
over one revolution. In this work, tepp,.. is obtained directly from the
times of angular coincidence of P, with the probe position, assuming
rigid body motion. This eliminates errors in texp,...» Which are typically
obtained using a once-per-revolution (OPR) probe [24,26].

With regard to the actual arrival times of the blade troaj, these will
generally not pertain to P,y due to the axial deformation, as shown in
Fig. 1, and will be determined using the method in Section 2.2 (including
axial interpolation between the FE nodes Py, , and Py _, ,). However, as
seen from Fig. 1, d; can be related to the axial and tangential displace-
ments of Phoy, at t = troa; (relative to its undeformed location), denoted
as d,, ding; respectively, using the following relation:

dj = dang; + dzj/tan () )

‘min,2

For the present rotor, the angle 7, is 41.5°. In general, defining an
equivalent BTT displacement function in the time domain, deq(t):

deqy (t) = drang (£) + da(t) /tan () &)

where d,(t), diung(t) are the instantaneous axial and tangential dis-
placements of Py, we can say from the previous two equations that

dj = degy (fTOA.j) = diang (tTOAj) +d, (tTOAj) / tan(”[ip) ()]

since, by definition in Fig. 1, diangj = drang (troa;), dzj = d(troas). In the
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present paper deqy (t) is used to benchmark the accuracy of the amplitude
and displacement derived from the independently determined BTT data.

It should be noted that the above relations Egs. (2)-(4) assume a very
thin blade tip and neglect the error from any twisting deformation d1y,,
(including blade untwist). The latter is justified by considering that such
an error would be a second order effect i.e. O{d;-n, }.

It is important to note that, despite the evident equivalence of d; and
degy (tTOA J) (which is verified in Section 3.2), the BTT displacement data
d; is (and should be) always determined independently of deqy(t) using
Eq. (1) rather than the samples of deqy (t) at t = troa . The reasons for this
are twofold:

e it ensures independent benchmarking (via deqy(t)) for the simulated
BTT process;

e BTT probes can only measure TOAs, which means that Eq. (1) cannot
be avoided in practice, and commercial BTT software packages
typically take such TOAs as inputs (e.g. [23]).

It is noted that recent BTT simulator work [11,13] has avoided using
Eq. (1) by considering the BTT displacement as the tangential deflection
of the node on the blade tip that comes closest axially to the probe at the
instant it crosses the probe's angular position. However, from Fig. 1 it is
seen that such a deflection is not actually equal to the (true) BTT
displacement d; (Eq. (1)) or its equivalent deqv (troa; ). Hence, in addition
to missing the features bulleted above, the simulated BTT displacement
data extraction method in [11,13] is not aligned with BTT practice. The
motivation for not using Eq. (1) in [11,13] was to avoid use of an
average rotational speed over each revolution to calculate the BTT
displacement under variable speed conditions or speed fluctuation [11].
However, speed fluctuations should be smoothed out before applying
Eq. (1), and this fundamental BTT relation worked well in [3] (where
angular velocity sweeps of 100 rev/s in 1 s were considered). Also, Eq.
(4) provides an independent check for Eq. (1).

2.2. Determination of times of arrival by the simulator

Let (R%,‘;f) , 91(;:0), where 0 < 60" < 27, be the x-y plane polar co-

ordinates corresponding to the Cartesian coordinates (x{,rkef) 7y]<;:f) i zl(,‘:f)) of
a blade tip node Py (k = 1,...K) in a reference angular position of the
undeformed bladed disk at which ¢t = 0. Neglecting shaft vibration, the
angular position of Py at time t, 6p,(t), is given by superimposing the

(def)

angular deformation ¢, ' (t) relative to a rotating x-y frame, onto the

angular position of P, under rigid conditions Hf,rkgd) (t), and “flooring” the

(def)

result to the range (0,2x] [3]. The deformation 665, ' (t) is calculated

0=06 < Plane of Rotation
I »
1 /, /Deformed blade Undeformed blade
i @t =tros, @t =troa,
[nterpola'ted point 4
= @ probe no. j +’
E Mip 2 - Prom
§ Kmina| dz_j dtang,j _
o k. -Zj >>>>>>>>>>>> T anﬂmlundef =%
s d,,;/ tan(nup)
é 3 z,j ip ~

/\7] > \[n terpolated point
_____ tip

(undef location)

Fig. 1. Axial and tangential deflections of nominal sensing point Py, (depicted as a yellow ‘+°) on a blade tip (including FE nodes) at the instant of arrival of the

blade tip at probe no j i.e. t = troa;.
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from the deformation displacements éxl(,ief), Eyf,‘:eﬂ, 523136 of Py in the
rotating x-y frame, which are determined by mode superposition of the
time-integrated solution of the modal equations of motion of the bladed
disk assembly under excitation f(t) [3]. The excitation force f(t) on the
blade-disk assembly is a superposition of M chirp signals with user
prescribed fixed engine orders (EOs):

T
(0) = [+Fugy (6) By, () Fry (0) ] ®)
where, for example, Fg,) represents the z-directional dynamic excitation
force for nodes Q, (n=1, ..., N) due to an EO,, excitation:
M M Q — O
— (m) () — (m) g . 1 (m)
Fao (0= S R0 = Y- AsinB0n (0+ (22 2)e) + ot
m=1 m=1
(6)
For a travelling wave, (p;'gj is:
2n(b — 1)N,
o =TI ®

where b =1, 2,..., N, is the blade number corresponding to node Q,.
Nj, is the total number of blades and Nyp is the user prescribed number of
nodal diameters.

With reference to Fig. 1, troa; is determined in two stages A, B:

A. Detection of the crossing times tyejp, at which all blade tip nodes of
interest, Py (k = 1,...K), cross the angular position of the probe no j,
6, by solving the equation

Op, (taetjp,) — 6, =0 (8

B. Determination of tros; from tgejp, (k = 1, ...K), through a novel
approach that interpolates between the two FE nodes Py, , and
Py...,that are axially positioned nearest to probe noj. (z = 2;) and on

min,2

opposite sides of it, at their respective crossing times t = fgetjp, >t

= tdetj,Pk .

‘min,2

With regard to stage B, the TOA is determined as follows.

[P — tyees

=t~ (2200
where

‘ Azip, | Kmin1

‘Azj,Pkminz Kmin,2 - (10)
mink( [ ‘Azjvpl |’ Aijp2|"’|AZj_pK| ] 2 )7 Azj-Pkminl -Azj~Pkmin.2 <0
and
Azjp, = 2p, (taerjn,) =% 25 (taerjn) = Zhp + 024" (taetimy ) an

In Eq. (10), mink([ 1,2) is a Matlab function that finds the two ele-
ments of a vector [ ] that have the smallest values, and their positions
Kmin1> Kmino in that vector.

With regard to stage A, the determination of the crossing times tejp,
is performed in three alternative ways in this paper:

e High-precision (HP) detection using the Simulink Hit-Crossing block,
wherein Eq. (8) is solved by comparing p, (tgetjp,) to 6; and forcing
increasingly smaller time steps t; — t;; in the integration of the
equations of motion, until the exact detection time is determined,
similarly to [3].

Aerospace Science and Technology 178 (2026) 112951

e Linear interpolation based on zeroing the angular difference (AD)

Ab;p, (&) = O, (8:) — 6 (12)

e Linear interpolation based on zeroing the product of angular differ-
ences (PAD) at two consecutive time steps

A p, (t;) = Ajp, (t)-Ab;p, (ti1) 13)

In either interpolation approach, for the interval [t;_1, ] to contain a
crossing point, the PAD, ITA6;p, (t;) < O i.e.

AGp, (t;) < 0=>taerjp, € [ti1,ti] 14

In either interpolation approach, the accuracy is dependent on the
size of the time step t; — t;_;, and therefore the relative tolerance of the
Matlab ODE solver. For typical integration tolerance values, AD inter-
polation yields BTT displacements d; (Eq. (1)) that are very close to those
obtained by the much slower high-precision (HP) crossing time
approach. On the other hand, the inaccuracy of linear interpolation
based on PAD is found to induce in noise-like perturbations in d; while
keeping the TOAs within the bounds of Eq. (14). As illustrated later in
Section 3.3, these perturbations increase with rotational speed similarly
to noise in real BTT displacement data [16-18,27]. With reference to Eq.
(1), the primary source of speed-dependent noise in real displacement
data is the probe’s accuracy in obtaining troa j, which is quantified by its
timing resolution &t,.s [27,18]. Additional sources of error that affect the
accuracy of obtaining troa; and tegjp,., that lead to speed-dependent
errors in BTT displacements include:

sensor type (whether based on field or spot detection) [16,28];
detection method (threshold or curve fitting) [16];

vibration in shaft/disk leading to errors in OPR times [16];
probe vibration in casing [17].

If the maximum magnitude of the total error from all sources is
denoted as 6tyo, then from Eq. (1) one can express the maximum
magnitude of the error in BTT displacement as

od; = QRéfm) Otiot,  Otiot > Oles (15)

Eq. (15) is consistent with that in [27] (which considered 6t.; only)
and shows the increase of 6d; with both speed and blade radius.

2.3. BTT signal processing algorithm

EMTD MultiTool by Russhard [23] is a validated industrial and ac-
ademic BTT software package including a BTT signal processing algo-
rithm which processes probe TOAs into BTT amplitudes, speeds,
frequencies and phases at each revolution. The software computes data
preparation procedures and integral/non-integral EO data analysis
based on BTT signal processing techniques in [16], which are referred to
in [3] as Multi-frequency Sine Fitting with Data Preparation (MSFP). As
explained in [3,16], prior to the application of BTT algorithms, a data
preparation procedure is applied to the raw BTT displacement data to
minimise the offset and the noise. For the present case of a single integer
EO (determined from the Campbell diagram [3]), the prepared BTT
displacement data d; for a particular blade detected by N, probes over a
given revolution are given by:

d; 1 sin(EO x6;)  cos(EO x 6;) ap
: : : : a; | ord =Ba
1 sin (EO x06y,) cos (EO x6y,) | |a,

dy, |
ae)

The vector a=[ay @ a,]" can then be computed, determining
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Agrr, Wyrr and Apc at each revolution, where Apc = ao is the residual
steady offset, the identified vibration amplitude is Agrr = \/a? + a3 , and

its phase is yypp = tan™! (Z—f) From the average speed at each revolu-

tion Q and the fixed EO, the corresponding BTT frequency fgrr at a given
revolution is determined as follows:

ferr = EO x Q(t) a7

Resonance is defined to occur at the revolution for which the

amplitude reaches a peak i.e. i.e. Agrr = ABPTe{:’k>, and the corresponding

frequency and speed are respectively denoted as fyrr = fi&, Q =

Qpeal)
In this work, Aprr and fgrr will be determined from the three
developed BTT simulators through two approaches for comparison:

i. applying data preparation followed by solution of Eq. (17) (all per-
formed by EMTD MultiTool);
ii. directly solving Eq. (17) without data preparation.

The result of approach (ii) will be less accurate in the case of BTT
data generated by the interpolated TOA simulators, compared to the
case of BTT data generated by the high precision TOA simulator, due to
interpolation errors which are akin to measurement noise.

2.4. BTT error determination

The deformation displacements of each blade’s nominal sensing
point Pyom, determined by integration of the modal equations of motion
of the bladed disk assembly in a rotating frame, are used in Eq. (3) to
determine deq(t) at all time steps. Furthermore, all times at each inte-
grated point are converted to rotational speed and then to frequency
(given that the EO is known and fixed), i.e. f =EO x Q(t). This is useful

since it can be directly compared with AP and f{P%™ . Since the TOAs
and deqy(t) are both determined based on a mode superposition time

. : K k)
domain solution, the error between the processed AP and £P can

be directly compared with Aege;‘lgﬂ, the resonant amplitude of deqy(t)

(and its corresponding frequencies f, g‘e,aé(TT) This enables the determi-

nation of the following BTT resonant amplitude and frequency errors,
denoted as E4 and Ej, respectively:

| A (Peak)

(peak)
BTT A

eqv,BTT

E, =100 x (18)

(peak)
A eqv,BTT

peak peak)

B — 100 X’/BTT‘feqvm

peak)
feqv BTT

19)
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It is noted that the above errors are strongly dependent on the con-
dition number (CN) of the matrix B (Eq. (17)) which is a measure of the
sensitivity of the BTT solution, based on probe angular positions and EO

[3].
3. Presentation of results and discussion
3.1. Modelling and simulation overview

The bladed disk assembly analysed in this paper is a compressor rotor
from a Rolls-Royce Viper turbojet engine, shown in Fig. 2, which was
dynamically tested under both non-rotational and rotational experi-
mental conditions in [4,29]. The disk and one reference blade were 3D
scanned by laser and coordinate measuring machine (CMM) respectively
and the geometric models imported into SolidWorks. The disk and blade
geometries were then exported to ANSYS 19.2 and assembled by
bonding to set up the FE model with 29 blades (shown in Fig. 2(a)) based
on the reference blade, to ensure that the bladed disk assembly has
identical blades. Nonetheless, the system is not perfectly tuned due to
imperfect cyclical symmetry of the disk (with slight errors in CMM
scanning of its features adding to this).

The engineering material properties defining the blades composed of
alloy steel are as follows: density of 7640 kg/m?; elasticity modulus of
200 GPa; Poisson’s ratio of 0.28. Engineering material properties
defining the disk composed of A286 Iron Base Super alloy are: density
7920 kg/m?; elasticity modulus 190 GPa; Poisson’s ratio 0.31. Modal
analysis at zero rotor speed was performed on the ANSYS FE models of
the individually supported blade (Fig. 2(b)) and the bladed disk as-
sembly with identical blades (Fig. 2(a)). The meshed FE models of the
individually supported blade and the bladed disk assembly have a total
of 97,692 nodes (293,076 DOF) and 1698,525 nodes (5095,575 DOF),
respectively. Mesh convergence was already ascertained in [4]. As
previously reported [4], there are three blade-dominated mode families,
associated with the respective first three modes of the individually
supported blade (347.47 Hz, 1148.9 Hz, 1717 Hz). These latter modes
were experimentally validated in [4] in terms of frequencies and
stress-deflection ratios. The three blade-dominated families each
comprise 29 members, arranged in 14 pairs with respective nodal
diameter (ND) numbers 1 to 14, plus a 0 ND mode. Fig. 3 presents the
natural frequencies and the ND number (Nyp) of each of the 29 mode
members for the 1st blade dominated mode family at zero rotor speed.
The average of the frequency of the Nyp = 14 modes tends to correlate
best with the natural frequency of the individually supported blade, as
presented in Fig. 3. The 1st blade-dominated mode family is the focus of
this paper. Fig. 4 presents the simulated Campbell diagram for this mode
family performed from ANSYS rotordynamic analysis at four discrete
speeds. It is seen that resonance is predicted at a speed of ~2500 rpm for
an 8EO excitation, in line with data from an experimental rig of this
bladed disk model [29]. This EO is therefore used for the simulations of

(b)

Fig. 2. (a) FE model of bladed disk assembly; (b) FE mode shape of mode no.1 of individually supported blade.
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Fig. 4. Campbell diagram for the bladed disk assembly including rotational effects (centrifugal stiffening, spin softening, Coriolis).

this paper. The Campbell diagram of Fig. 4 also shows that
rotation-induced inertia effects are negligible over the operational speed
range of the experimental rig (0-4000 rpm), the variations in the natural
frequencies of the 1st blade dominated mode family not exceeding 4%
over the full range (and <1.5% at 2500 rpm).

The simulated BTT data were generated based on the parameters
shown in Table 1, which correspond to the bladed disk experimental rig
test of [29]. The nominal sensing position Py, on all blades coincided
with an FE node located 1.75 mm from the TE. A total of 9 FE nodes per
blade tip, including the FE node at Py, (which is the 5th FE node away
from the TE), are considered in the determination of tsjp, in Eq. (8) i.e.
k = 1...9 (from which tro, is then determined by axial interpolation, as
per Egs. (9)-(11)). The damping was assumed to be
stiffness-proportional, with the constant f (= 2{y, /@exp) determined
from estimates for damping ratio ., and natural frequency wey, that
were in turn determined by applying the half-power point method on
four experimental rig datasets. Unless otherwise stated, the travelling

Table 1
Simulation parameters.
Start Speed 1000 rpm
Final Speed 4000 rpm
Total Time 130s
Stiffness-proportional damping coefficient 9 x10°°s
225N

Force amplitude Ag'(;'") (Eq. (6))

No. of nodal diameters Nyp excited (Eq. (7)) 1 (unless otherwise stated)

EO (Eq. (6)) 8

Probe angular positions (anticlockwise from 5°, 15.15°, 23.82°, 220°, 301.5°
the positive x axis in Fig. 2a) (unless otherwise stated)

Probe axial position (z;) 12.26 mm

wave excitation in Eq. (6) is set to a phase angle corresponding to Nyp =
1 to induce resonance of the Nyp = 1 modes of the 1st blade-dominated
mode family. The excitation on each blade was applied to the leading
edge and the force amplitude was set to 2.25 N so as to result in blade tip
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peak-to-peak amplitudes of under 2.5 mm to correlate with rotational
rig experimental results. The BTT data were produced with 5 probes.
Unless otherwise stated, their angular positions are as shown in Table 1
so that the condition number (CN) of the matrix Bin Eq. (16) isCN = 1.4
(the lowest possible CN for a 5-probe configuration, as determined by
iterative methods in EMTD MultiTool).

A total of 145 mass-normalised modes of the undamped bladed disk
assembly at zero speed were used in the time integration of the simu-
lator’s modal equations of motion (reduced order model) of the bladed
disk assembly to generate the BTT data. Such a high number was not
actually needed within the region of the first blade-dominated mode
family (~343 Hz to ~348 Hz), but ensured convergence accuracy
outside this region. This is illustrated in Fig. 5, which shows the per-
centage error of the results of a frequency domain (harmonic response)
analysis performed using modal superposition of the first 145 modes in
the frequency response functions (FRFs), compared to the full harmonic
response solution (i.e. based on the FRFs computed directly from FE
matrices of order 5095,575 x 5095,575). In the example shown in
Fig. 5, the harmonic excitations were applied to the leading edge of each
blade with Nyp = 0 phasing in Eq. (7) in order to excite the corre-
sponding mode.

3.2. Effect of axial deformation of blades on BTT data

Fig. 6 serves to validate Eq. (4). It shows the BTT displacements d; of
a particular blade as seen by one of the probes j, determined from Eq. (1)
using times of arrival troa; generated from the high precision simulator
(Section 2.2). Also shown are deqy(t), its tangential component diang(t),
and deqy (troa;) (Eq. (4)). The close agreement of the latter with d;
confirms the validity of using deqv(t) (Eq. (3)) as the benchmark
continuous signal for quantifying the BTT signal processing errors in
Egs. (15), (16). The significant difference between ding(t), and deqy(t)
highlights the fact that the detected point on the blade is generally not
the nominal sensing point. For this reason, stage B in the determination
of the TOA (Section 2.2) is essential, including the use of axial inter-
polation between nodes on the blade tip (Egs. (9)-(11)). The effect of the
latter is illustrated in Fig. 7, which shows that picking the TOA based
solely on the node with lowest |Az;p, | (as suggested in [3,11,13], i.e.
taking troaj = tget P rather than axial interpolation given by Eq. (9)),

results in considerable discontinuity errors in d;, despite nine closely
spaced FE nodes being considered per blade tip. The reasons why this
effect was not reported in [3,11,13] are attributed to the issues raised in
the penultimate paragraph of Section 1 and the final paragraph of
Section 2.1.
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3.3. Validation of BTT data in signal processing

3.3.1. Comparison of BTT data simulators

Fig. 8 compares the BTT data generated by the two types of inter-
polated TOA simulators in Section 2.2 (AD, PAD, Egs. (9)-(10)) with the
high precision (HP) TOA simulator. It is seen that the BTT displacement
data from the HP TOA simulator is highly smooth (as already evident in
the previous figures), providing a benchmark signal for validation of the
other simulators. With the HP TOA simulator, the Simulink Hit-Crossing
block forces small time-step changes in the integration of the modal
equations of motion in the vicinity of a probe-node angular crossing
until a highly precise tyejp, for each blade tip node Py is obtained.
Moreover, this process has to be repeated for each probe and as many
blade tip nodes required in Eq. (8), thereby drastically increasing the
simulation times with increasing numbers of probes and blades, and
significant axial deformation (since this latter effect would require
consideration of more nodes per blade tip in Eq. (10)). On the other
hand, the simulation times required by both types of interpolated TOA
simulators are not influenced by these factors and are therefore very
much faster. Fig. 8 shows that the BTT displacement data from the AD-
interpolated TOA simulator has only minor fluctuations arising from the
interpolation error. Integration of the modal equations of motion is
computed with a relative tolerance of 1072 for the AD-interpolated TOA
simulator. The BTT displacement data from the PAD-interpolated TOA
simulator has much larger fluctuations arising from the interpolation
error even when computed with a much lower relative tolerance of 107°,
which results in the simulation being 4 times slower than when utilising
a relative tolerance of 107>,

The maximum difference between PAD-interpolated and HP TOAs at
all blades and at all revolutions is just 0.033%. However, these miniscule
errors in TOAs are magnified when converted to BTT displacements (Eq.
(1)), leading to speed-dependent errors in BTT displacements, strikingly
similar to measurement noise e.g. [21]. The fluctuations due to errors in
the PAD-interpolated data with the chosen relative tolerance of 10~°
amount to an average noise-to-signal ratio (NSR) of around 10%, close to
NSR nominal value reported in [3,9]. Although one might consider using
the much cleaner and computationally efficient AD-interpolated data
with an equivalent amount of added noise, this would not yield
speed-dependent errors like the PAD-interpolated TOA simulator.

Fig. 9 shows the BTT resonant amplitude error E, (Eq. (18)) and the
BTT resonant speed/frequency error E; (Eq. (19)) at each blade using
data from the PAD-interpolated TOA simulator, which was processed by
the two alternative methods described at the end of Section 2.3 (i.e.
using EMTD MultiTool, including data preparation, or solving directly
Eq. (17) without any data preparation). The resultant mean resonant
amplitude and frequencies across all blades from d.qy are 2.37 mm peak-

1
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Fig. 5. Illustration of percentage error between modal superposition (MS) harmonic response solution with 145 modes and full harmonic response solution.



A. Nour et al.

Displacement (mm)
O
(6, ] o

1!
L

300 320 340

Aerospace Science and Technology 178 (2026) 112951

d_ (&) —d_(f

tang eqv

- 'deqv(tTOAJ) _dj

360 380 400

EO x Q(f) + (27) (Hz)

Fig. 6. BTT displacement plot between 300 and 400 Hz for blade 16 (probe 1).

1.5-

Displacement (mm)

_1 .5 - 1 1
300 320 340
EO x Q(f) + (27) (Hz)

Y
- - d1(t): w/o axial interp. b/w nodes |

—d1(t): with axial interp. b/w nodes

360 380 400

Fig. 7. Effect of axial interpolation between nodes for blade 18 (probe 1).

to-peak and 344.16 Hz, respectively. It is found that including data
preparation leads to more accurate BTT amplitudes since the “noisy”
BTT signal is successfully filtered, as part of the data preparation pro-
cess. The maximum and average E, across all blades decrease from
8.18% and 5.33% to 6.28% and 2.39%, respectively, when including
data preparation. On the other hand, while E; values are a fraction of a
percentage by both methods, the maximum and average Ef across all
blades are actually higher when including data preparation (0.29% and
0.15%) than when not including data preparation (0.27% and 0.08%).
This is due to the nature of the data preparation process (e.g. filtering,
averaging, etc.) applied on the under-sampled “noisy” data, which
slightly hinders the identification of the resonant speed.

The above results for the PAD-interpolated TOA simulator are sum-
marised in the “PAD” columns of Table 2, and the remaining columns of
this table summarise the corresponding results for the AD-interpolated
TOA simulator and the high-precision TOA simulator. It is seen that,
in contrast to the PAD-interpolated TOA simulator, the BTT errors for
the AD-interpolated and HP simulators increase when applying data
preparation since their displacement data have negligible errors to start
with. Indeed, the E4 and E; values for the HP simulator data without data
preparation can be regarded as the theoretical (minimum) errors for the
used probe configuration (Table 1). The results presented in the
remainder of this paper are all based on BTT data determined from the
PAD-interpolated TOA simulator and processed using the commercial
BTT processing software package.

3.3.2. Identification of nodal diameter from travelling wave plot

For each revolution, the travelling wave plot in Fig. 10 gives the Fast
Fourier Transform of the BTT displacements of all 29 blades as observed
by probe 1, which define a travelling wave of circular frequency equal to
(EO + Nnp)Q rad/s. The plot provides a quick view to determine the
nodal diameter of the resonant response (given the EO (=8) is known
from the Campbell diagram), and the approximate speed and revolution
at which the resonance occurs. The plot in Fig. 10 shows the correct
identification of the nodal diameter of the excited mode family mem-
bers. The plot also shows the increase with speed of the level of noise
arising from the simulator’s PAD interpolation process.

3.3.3. Effect of condition number

The effect of the CN is investigated to ensure the BTT data generated
by the simulator conforms to previous findings from BTT data generated
by a company-confidential simulator [16]. 11 potential angular posi-
tions for the probes were considered (5°, 10.6°,15.15°, 23.82°, 190.35°,
202.11°, 220°, 255.6°, 301.5°, 357°). The total number of possible
combinations from the 11 aforementioned probes that make up a
distinct configuration of 5 probes is 462, exhibiting CNs between 1.4 and
16.7 for an EO of 8. Fig. 11a,b investigate the effects of the CNs shown in
the last column of Table 3 (corresponding to the angular positions
shown) with all other parameters kept the same as in Table 1. Fig. 11a
shows the variation of the maximum and mean of the resonant ampli-
tude error across the blades (max(E, ), mean(E4)) and the maximum and
mean values of the BTT signal processing uncertainty. This latter
quantity is computed using a proprietary formula in MultiTool [23] that



A. Nour et al.

Displacement (mm)
=
13 o

1
-

150 200 250 300
EO x t) + (27) (Hz)

(b)

Displacement (mm)
=
[&)] o

1
—_

330 335 340

345 35
EO x (f) + (27) (Hz)

Aerospace Science and Technology 178 (2026) 112951

— g (0

eqv' /L
~_(PAD)
d5

__4AD)
d5

—gHP)
d

350 400 450 500

T |

1 |

50 355 360

Fig. 8. Probe 5 raw BTT displacements generated by high-precision and interpolated (AD, PAD) TOA simulators df-,Hp), d(SAD) and déPAD), respectively, plotted on top of

deqv(t) (blade 1): (a) wide band view; (b) zoomed view.

is not disclosed for commercial reasons [30]. However, it is described in
[30] as a measure of the quality of the least squares fit (i.e. p-Ba in Eq.
(16)). From Fig. 11a one can make the following observations.

e As the CN reduces, the overall trend in E, and the BTT signal pro-
cessing uncertainty is towards a reduction, with mean(E,) < 4% for
CN<10.

However, a lower CN does not guarantee lower max/mean of E,; this
is consistent with the findings in [16] where it is observed that a
given CN can be achieved by different configurations of a given
number of probes, and the range of the mean/max BTT errors across
all blades attained from these different probe configurations in-
creases for higher CNs.

The max/mean uncertainty graphs tend to follow the max/mean E4
graphs but the latter are essential in cases of disagreement e.g. a dip
in uncertainty for CN of 7.3 is moderated by a local peak in max(E4)
of over 10%.

The latter observation is mirrored by the local peak in the maximum
resonant frequency error E; (Fig. 11b), which is nonetheless below
0.62% for all CN values considered. Although it is clear that the CN has
more of an effect on E, than Ey, it is noted that E; is <0.31% for CNs
between 1.4 and 2.6.

Further investigations involved using the aforementioned 11 po-
tential angular positions for the probes to investigate probe configura-
tions with different numbers of probes (ranging from 3 to 9) for the same
low value of CN (CN=1.5) at an EO of 8. It was found that although
convergence in mean(E,) and mean(Ef) is evident as the number of

probes is increased from 5 to 9 (reducing the likelihood of anomalies),
the reduction in these values was not significant for the case studied
(details of these further investigations are given in [31]).

3.3.4. Distinguishing between different ND mode responses

In the previous results, the phasing of the travelling wave excitation
(Eq. (7)) was set to excite the Nyp = 1 mode pairs. The final stage of the
validation of the simulator is to test whether its data can enable the
commercial BTT processing software to correctly distinguish between
responses excited by travelling waves with Nyp phasing respectively
corresponding to two selected mode-pair members of the 1st blade-
dominated mode family. The selected mode pairs are those corre-
sponding to Nxp = 1 (frequencies of 343.89 Hz and 343.94 Hz, Fig. 3),
and Nyp = 14 (frequencies of 347.43 Hz and 347.65 Hz). The difference
between the average frequencies of these mode pairs is therefore 1.05%.
Figs. 12a,b and 13a,b shows that the BTT data from the simulator does
indeed enable the BTT processing software to accurately distinguish
between the two mode-pairs. In these figures, for each blade there are
three values of resonant frequency (Fig. 12a,b) or resonant amplitude
(Fig. 13a,b), obtained by the following alternative methods:

(i) from processing of the simulator BTT data (f5<™, A< in Fqs.

(18), (19));
(i) from the resonant frequency and amplitude of the time history of

the equivalent BTT displacement deqy(t) obtained from the time

integrated modal solution of the simulator equations (fe(ﬁf,:‘g})-r,

AP in Eqs. (18), (19));
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The maximum and average E, and E; across all blades of BTT data generated by the high-precision, AD-interpolated and PAD-interpolated TOA simulator, using BTT

signal processing algorithm with and without data preparation.

BTT Signal Processing Method BTT Resonant Error Type

Amplitude error E, (%)

Frequency error Ef (%)

Simulator TOA Extraction Type High-Precision Interpolated High-Precision Interpolated
AD PAD AD PAD
With Data Prep. Max. across all blades 5.87 6.12 6.28 0.198 0.237 0.288
Avg. across all blades 2.79 3.04 2.39 0.148 0.144 0.147
Without Data Prep. Max. across all blades 1.28 2.02 8.18 0.0316 0.130 0.267
Avg. across all blades 0.822 1.17 5.33 0.0201 0.0432 0.0765

(iii) from the resonant frequency and amplitude of the FRF mode
superposition solution of deqy(t) obtained in ANSYS Workbench
(wherein the simultaneous harmonic excitations on the blades are
applied according to the phasing in Eq. (17) and in steps of 0.01
Hz).

The difference between the benchmark solutions (ii) and (iii) is that
the latter is fully steady-state at each rpm, whereas the former is tran-
sient (acceleration of 23 rpm/s). The mean percentage difference be-
tween the resonant frequencies of Fig. 12a (Nyp = 1) and Fig. 12b (Nxp
=14) is 0.99% based on the BTT data (method (i)), which is the same as
the difference registered by the benchmark methods (ii), (iii). The mean
percentage difference between the resonant amplitudes of Fig. 13a (Nxp
=1)and b (Nyp = 14) is 11.62% based on BTT data (method (i)), which
is very close to the differences registered by the benchmark methods

10

(11.48% for (ii) and 11.57% for (iii)).

The reader is referred to the thesis [31] associated with this paper
which contains the results of further tests showing the correct identifi-
cation of simultaneously applied excitations of the same EO (8) and Nxp
phasings of 1 and 14, respectively.

3.4. Comparison of simulated and measured BTT amplitude responses

In this penultimate section, the results for BTT amplitude-frequency
response from the simulated BTT data are compared to those from the
experimental rig BTT data when both types of datasets are processed by
the same solver (EMTD MultiTool). The compressor rotor (bladed disk)
described in Section 3.1 was instrumented and set up in the experi-
mental rig described in [29]. Excitation was applied to the blades under
rotational conditions using electromagnets adapted from [32]. Further
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details on the instrumentation are found in [29]. Fig. 14a,b show ex-
amples of the best achievable correlation between the results from the
simulated and experimental BTT data and Fig. 14c,d show examples of
poor correlation. BTT resonant amplitudes and frequencies from the
experimental data vary from 0.32 to 2.12 mm pk-pk and 326.24 and
338.85 Hz, respectively. Such large variations are not observed in the
results processed from the simulated data, where BTT resonant

11

amplitudes and frequencies merely vary from 2.20 to 2.40 mm pk-pk
and 343.49 and 343.85 Hz, respectively. The FE model of the bladed
disk assembly of the simulator had identical blades whose CAD model
was scanned from a reference blade of the actual rotor and the low level
of mistuning was due to the disk (Section 3.1). On the other hand, as
noted by Mohamed et al. [4], there is variability in tip profile among the
blades as a result of defects (distortions) that may have developed
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Table 3
Condition number and probe positions for all probe configurations utilized.

Probe Angular Position (*) Condition Number

Probe 1 Probe 2 Probe 3 Probe 4 Probe 5

5 15.15 23.82 220 301.5 1.4
5 23.82 148.5 220 255.6 1.5
10.6 15.15 23.82 190.35 220 2

5 23.82 148.5 190.35 255.6 2.6
15.15 148.5 190.35 202.11 301.5 3.8
5 10.6 148.5 220 357 5
10.6 148.5 190.35 255.6 301.5 7.3
10.6 15.15 23.82 148.5 190.35 10
5 10.6 15.15 148.5 190.35 16.7

during their operating life as part of the Rolls-Royce Viper engine.
Mohamed et al. [4] investigated the experimental dynamic response of 6
of the 29 blades when individually supported under non-rotating con-
ditions, and found variations in natural frequency from 323.4 to 331 Hz.
This variation is similar to the aforementioned blade-to-blade variation
observed in the BTT resonant frequencies from the rotational rig, with
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the latter being wider (12.6 Hz compared 7.6 Hz) due to the larger
number of blades in the rig (giving a wider spread of defects). Although
the difference between the averages of the experimental and simulated
BTT resonant frequencies is just 3%, the significant spread in blade
resonant frequencies from the experimental BTT data (12.6 Hz, as
opposed to a spread of just 0.4 Hz from the simulated BTT data) is
indicative of a high level of mistuning that results in the considerable
variability in BTT resonant amplitude. As will be shown in a later paper
by the authors, such high level of mistuning also leads to difficulty in
exciting a response with a specific number of NDs for a given EO since
the phase angle difference between the blades would be non-uniform. In
the present research, the level of mistuning in the simulator was delib-
erately kept minimal to enable excitation of a prescribed ND for vali-
dation on BTT processing software (Section 3.3).

Secondary sources of discrepancies between simulated and experi-
mental results are:

e use of the OPR probe to get the expected blade arrival times for the
rig — this induces errors in expected times due to vibration/noise

I I I I
BTT
Natural Frequency
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Fig. 12. Resonant frequencies generated from BTT, equivalent BTT displacement time history deqy (t), FRF mode superposition solution for deqy (t) (0.01 Hz frequency
resolution), are compared for two cases, with phase set so that: (a) Nxp = 1, (b) Nyp = 14.
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Fig. 14. BTT amplitudes (based on experimental and simulated data) across the resonant speed region: (a) blade 24; (b) blade 26; (c) blade 4; (d) blade 18.

from shaft, resulting in large speed-dependent noise induced in BTT
raw displacements;

e probe positional errors;

o variable asynchronous EO excitations (due to aerodynamic effects)
that were not considered in any simulations.

3.5. Discussion on the scope and limitations of the simulation study

The core innovation of the presented BTT data simulator method-
ology, relative to the latest simulator works e.g. [11,13], lies in the
following attributes: (i) the incorporation of realistic features such as
axial deformation effects on timing data and speed-dependent noise; (ii)
proper alignment with the actual BTT process and independent bench-
marking (as detailed in Section 2.1); (iii) the ability to handle all blades
of a real aero-engine compressor stage with various probe configurations
in feasible computational times; (iv) validation on an industrial-grade
commercial BTT software package.

The presented simulators did not incorporate rotation-induced
inertia effects (centrifugal stiffening, spin softening, Coriolis). The
neglect of such effects was justified for the present study as per the
Campbell diagram in Fig. 4. On the other hand, the works in [11,13]
efficiently consider such effects using load interpolation [11] or matrix
interpolation [13]. For studies where rotation-induced inertia effects are
significant, the present modelling can be adapted according to the
method presented by the co-authors in [33] for reduced order models
based on zero-speed modes. It is also noted that the works in [11,13]
considered noise introduced by the effect of speed fluctuation. This was
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out of scope of the present paper, and its inclusion would likely hinder
observation of speed dependent errors.

The present study investigated the optimisation of the configuration
of a set of 5 probes, and further studies in [31] consider sets of 3 to 9
probes (finding that a minimum of 5 probes is satisfactory). Such
numbers are typical for the industrial BTT processing software used. It is
noted that researchers in [34] have developed an algorithm aimed at
reducing the number of probes to 2. However, the potential savings in
installation costs of such a system need to be weighed against its
increased vulnerability to downtime in the event of one of the probes
failing in the harsh environment.

As in [11,13], the excitations in the present paper were limited to
integer EOs, although the signal processing method used can handle
asynchronous excitations [3]. Asynchronous excitation introduces
fluctuations in BTT data [3] that obscure the speed-dependent noise and
was therefore not useful for the purpose of this research.

The investigation of mistuning was not within the scope of the pre-
sent study, and the level of mistuning in the simulator model was kept
minimal (by using identical blades) to facilitate excitation of a response
with a specific number of NDs (as explained towards the end of the first
paragraph of Section 3.4). However, the model can accurately accom-
modate any level of stiffness or mass mistuning of the blades since the
modes of the actual (mistuned) assembly are used in the modal super-
position for the vibration response (in fact, the slight geometric asym-
metry in the scanned disk model is captured in the present model as
reflected in the slight blade-to-blade variability of the benchmark results
in Figs. 12 and 13). On the other hand, the works in [11,13] use an
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alternative approach based on the component mode mistuning method.
In this approach, the vibration response for small mistuning in the
blades is obtained from the modal superposition of the modes of the
tuned bladed disk assembly, with the mistuning effect accounted in the
modal coordinates’ equation of motion by additional terms for each
blade that are weighted by mistuning parameters and reduced using the
modes of a representative cantilevered blade. This approach of [11,13]
has the advantage of enabling more efficient analysis of different mis-
tuning configurations and facilitates experimental model updating of the
individual blades’ mistuning levels. It also allows the investigation of
variability in damping from blade to blade (damping mistuning), which
cannot readily be accommodated in the present form of the reduced
order model of the present paper.

4. Conclusions

This paper has presented three novel bladed disk simulators for BTT
data based on a finite element modal model. The data have been vali-
dated in a novel type of study that considered all blades of an aero-
engine compressor, and which used an industrial-grade commercial
BTT software package to identify an excited blade mode-family member
from the data. The simulators differed with regard to the method used
for the determination of the blade-probe crossing times in the circum-
ferential direction: high precision (HP) using successive time-step
reduction; time-step interpolation based on either angular difference
(AD) relative to the probes, or the product of angular difference (PAD).
All three used the same novel axial interpolation method to determine
the correct time of arrival (TOA) from the aforementioned times taking
into account deviations from the nominal sensing position on the blade
tip (Phom) caused by axial deformation.

The main findings are summarised as follows:

i. An introduced equivalent BTT displacement function based on
P,om has been proven to be a valid benchmark for validating both
BTT displacement data and the processed amplitude and
frequency.

ii. The use of axial interpolation for the TOA eliminated errors due

to discontinuities in BTT displacement data caused by discrete FE

nodes on the blade tips.

The interpolated TOA simulators (AD, PAD) enabled the gener-

ation of BTT data from all blades and probes within feasible time

frames.

Whereas the AD-interpolated TOA simulator had a comparable

accuracy to the HP TOA simulator, the PAD-interpolated TOA

simulator induced speed-dependent errors in the BTT displace-
ment data analogous to measurement noise caused by probe
timing errors.

v. Such errors, amounting to an average noise-to-signal ratio of

10%, were successfully processed by the BTT software, resulting

in mean errors in resonant amplitude and frequency of 2.4%,

0.15%, respectively, and correct identification of the ND by the

travelling wave plot.

The effect of the probe configuration condition number on the

simulated BTT data was shown to be consistent with established

findings, and the resonant amplitude error criterion based on (i)

above was shown to be consistent with (and complementary to)

the proprietary uncertainty parameter used in the commercial

BTT processing software.

The simulated BTT data were shown to correctly distinguish be-

tween two excited mode-pair members of a mode-family whose

natural frequencies differed by just 1%.

Although the blade resonant frequencies identified from the

simulated BTT data differed by just 3% on average from those

identified from experimental BTT data, the simulator did not
capture the significant variability in frequency and amplitude

iii.

iv.

vi.

vii.

viii.
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observed across the blades of the experimental rig since its model
was based on identical blades.

Having validated the simulated BTT data on BTT processing soft-
ware, a future paper will consider the effect of mistuning from blade
mass variability on the simulated BTT data and the processed resonant
amplitude, frequency and stress-deflection ratios.
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