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Experimental Analysis of
Dynamic Interaction Between
a Centrifugal Compressor
and Its Casing
In turbomachinery, one way to improve aerodynamic performance and reduce fuel con-
sumption consists of minimizing the clearance between rotor and casing. Yet, the proba-
bility of contact is increased and this may lead in some specific conditions to a large and
even unstable excitation on the impeller and stator. To achieve better understanding of
the dynamic behavior occurring during the blade-to-casing contact, many numerical
studies have been conducted but only a few experiments have been reported in the litera-
ture thus far. The interaction experiment reported in this paper involves a low-pressure,
rotating centrifugal compressor and its casing tested in a vacuum chamber. Contact is
initiated by introducing a gap near zero, and certain events with significant dynamic lev-
els are observed during the run-up. Measurements are performed using strain gauges on
both the rotating and stationary parts and a scanning laser Doppler vibrometer on the
stator. This research focuses on an analysis of the recorded data. Time series data are
also analyzed by means of standard signal processing and a full spectrum analysis in
order to identify the direction of traveling wave propagation on the two structures as
well as nodal diameters and frequencies. The dynamic response of structures is accompa-
nied by variations in other physical parameters such as temperature, static deformed
shapes, speed, and torque. A wearing pattern is evaluated following the contact experi-
ments. The spectral content of response is dominated by frequency modes excited by
rotating speed harmonics as well as by sidebands due to inherent system nonlinearity.

Keywords: blade-casing contact, short-time Fourier transform, traveling waves, full
spectrum, thermal effect, abradable coatings, wear

1 Introduction

In axial and centrifugal compressors, minimizing the clearance
between the blade tips of the impeller and its surrounding casing
increases aerodynamic efficiency but also the probability of con-
tacts. An energy exchange is then produced between the two struc-
tures, leading to forced excitation of the natural modes or even
modal interaction phenomena [1,2], which is a dynamical instability.
A detailed analysis of physical phenomena presents during blade–
casing contacts was presented in Ref. [3]. Numerical studies based
on finite element models were used to predict the vibratory behav-
iors associated with contacts on axial [4,5] and centrifugal compres-
sors [6]. Given the complexity of the phenomena, experimental
setups were developed to get a better understanding on the physics
involved during contacts [7–10]. To our knowledge, blade-casing
contact experiments were only studied with axial compressors.

This work focuses on the study of the dynamic and thermome-
chanical behavior resulting from blade-to-casing interaction
between a real centrifugal compressor and its casing. The contact
experiment is performed within a controlled and instrumented envi-
ronment. The test bench uses the following simplification: vacuum
and no coupling with the shaft dynamic. The main purpose of this
paper is the building of a likely scenario to explain the various phe-
nomena present during the test and the creation of a database for
subsequent comparison with numerical simulation results.

The paper is organized as follows. First, the experimental setup
is described, focusing in the instrumentation and the modal analy-
sis of both structures. Then, the recorded data are presented and
analyzed using signal processing tools adapted to testing analysis.

2 Experimental Setup

2.1 General Description. An overview of the test rig is shown
in Fig. 1. The system consists of a stiff shaft supported by a pre-
loaded precision roller and ball bearings driven by an electric motor
that provides a rotational speed in the range of 0–6000 rpm. An
actual low-pressure centrifugal compressor with ten main blades
and ten secondary blades is thermally fitted to the shaft at the rear
bore. The shaft of the test rig has been designed to avoid any critical

Fig. 1 Test rig general view
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rotor speed within the speed range. A real casing is clamped near
the leading edge inside a stiff vacuum tank, thus providing optical
access to the front (the polymethyl methacrylate window). This
setup allows for laser vibrometer measurements on both the station-
ary and rotating parts. The casing was redesigned to produce modal
interactions within the test bench speed range. The signal from the
strain gauges on the rotating part is transmitted via an inductive te-
lemetry system. The vacuum tank, in turn, has been mounted on a
ball rail table; a linear motor is introduced to adjust the gap between
the two structures by moving the stator along the impeller axis.

Test conditions were monitored using accelerometers, thermo-
couples, strain gauges, a torquemeter, and an angular position sen-
sor. These tests were performed at room temperature and under
vacuum conditions.

2.2 Instrumentation. Figure 2 shows the location of strain
gauges and thermocouples on both structures. The impeller has
ten strain gauges on the leading edge, three on the blade tip, and
three on the trailing edge of all three main and secondary blades.
Gauges used on the impeller feature a thermal compensation for
titanium (gauge types EA-05-062AQ-350 and CEA-05-124AQ-
350). The placement of strain gauges was carefully chosen, as
described in Ref. [11].

On the casing, eight strain gauges were bonded onto the trailing
edge and another four onto the middle chord. The stator’s gauges
offer a thermal compensation for steel (gauge type EA-06-
062AQ-350), and their conditioning is provided by a half-bridge
powered by 5 V DC. Eight thermocouples of type K were used to
measure the casing temperature; these were placed at an angle

between the strain gauges and equally distributed along the exter-
nal face of the casing near the trailing edge.

Modal characterization was carried out with two embedded
lead zirconate titanate (PZT) piezoelectric plates working in d31
mode for the centrifugal compressor [11,12] and a piezoelectric
stack on the stator. The speed and torque were measured (or
derived), respectively, by a shaft position encoder and a strain
gauge torquemeter. Wear was measured using a high resolution
linear variable differential transformer (LVDT) sensor affixed to
the centrifugal compressor (see Fig. 3). The LVDT is slowly
rotated around the casing in order to measure the wearing pattern
on the abradable coating after the runs.

2.3 Modal Analysis. The modal parameters of both structures
will be helpful in analyzing the response during interaction. This
modal analysis is conducted by a standard curve-fitting of fre-
quency response functions (FRFs) measured separately on the
structures. Sample frequency ranges containing the initial family
of modes are given in Figs. 4 and 5. Frequencies are normalized
with respect to the mean frequency of the first family of modes of
the two structures at rest.

A modal analysis has been performed for the first four mode
families on the impeller (Fig. 6) and for the two mode families on
the casing (Fig. 7). Figure 8 illustrates one modal shape of the cas-
ing measured along the axial direction using scanning laser Dopp-
ler vibrometer (SLDV) for one mode of the first family. The
natural frequencies, damping factors, and mode shapes, along
with their nodal diameter numbers, have been extracted from mea-
surement data. The modal analysis was completed under various
thermal conditions and has revealed a decreasing frequency rate
versus temperature [11].

Modal parameters allow us to define the structural dynamic
time scale; this time constant may be determined using the follow-
ing logarithmic decrement:

Tm ¼
m lnð10Þ

nx
(1)

where Tm is the time required for the amplitude to decrease by m
orders of magnitude, n the damping ratio, and x the natural fre-
quency of the selected mode. This time scale will be related to du-
ration of bursts in the following.

It has been found that the casing damping ratios are one or two
orders higher than those of the impeller. Let us recall that the
damping ratios of the impeller are very sensitive to pressure, as
shown in Ref. [13], whereas such is not the case for the stator.

The Campbell diagram in Fig. 9 has been established using pre-
viously identified frequencies at rest. Please note that the stress
stiffening is negligible within the speed range [11]. So, the Camp-
bell diagram could be estimated directly from modal tests

Fig. 2 Instrumentation installed on both structures Fig. 3 LVDT sensor fixed on the centrifugal compressor
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performed at rest. In the experimental diagram, frequencies appear
as separate pairs for some modes due to mistuning. Moreover, as
mentioned by Schmiechen [2], this mistuning has a stabilizing
effect on the coupled system dynamics with respect to modal inter-
action phenomena. This feature is unavoidable for actual structures
and should be taken into account in numerical predictions.

2.4 Testing Objectives. The main purpose of this paper is to
study the dynamic and thermomechanical behavior of an impeller
and a casing during contact. The contact can be engaged either
dynamically by modal interaction, either by reducing blade–
casing clearance at standstill and then by forcing contact through
use of the centrifugal effect [3]. The contact is initiated here by

closing the gap between the structures. The two parts are precisely
aligned and centered with respect to one another by a radial clear-
ance at the leading edge. Contact is likely to occur at the trailing
edges, once the axial gap is closed. The radial gap between the
two structures at the leading edge is kept when the rotor is moved
axially. Another purpose is to study the dynamic behavior, partic-
ularly the expected modal interaction case when the natural impel-
ler frequency coincides with the natural casing frequency, as
expressed within the same frame [2].

X� xr

nd

�
�
�
�

�
�
�
�
’ xs

nd
(2)

Fig. 5 Typical casing FRF: measured FRF (– – –), synthesized FRF (——)

Fig. 6 Family modes of the impeller Fig. 7 Family modes of the casing

Fig. 4 Typical impeller FRF: measured FRF (– – –), synthesized FRF (——), modal participa-
tion of each mode (thin curves)
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with X the rotating speed, xr the natural impeller frequency, xs

the natural casing frequency, and nd the nodal diameter. From lit-
erature, energy can only be exchanged in the case of two modes
with the same number of diameters. It is admitted for this case
that Eq. (2) is a necessary condition for dynamic instability.

Modal interaction may be predicted by means of the Campbell
diagram pictured in Fig. 9 [3]. Two critical velocities were found
within the test rig speed range, where Xc ¼ ðxr � xsÞ=nd . The
target modes were: 4ND at 1560 rpm and 3ND at 4720 rpm. The
speed condition applied to the presented herein corresponds to a
constant value below the critical speed for the 4ND (X<Xc).

2.5 Test Description. The contacting process was performed
in several steps. First, the impeller was rotating in the rig (under
vacuum conditions at a selected speed), with an initial gap that
avoided any contact until stabilization of the bearings tempera-
ture. The modal parameters of the two structures were then identi-
fied using strain gauges and SLDV. The target frequency modes
were used to establish critical velocities Xc. The test rig was then
shut off to adjust the axial position between the centrifugal com-
pressor and the casing. The initial gap was set close to zero. The
presence of contact was detected using SLDV on the casing.
SLDV was then set at its maximum sensitivity level. The level of
sound perception when the blade touches the abradable coating
and a visual test using ink applied to the blade tips have served to
confirm the contact. However, it was noticed that this contact was
not maintained throughout an entire revolution due to the

inevitable geometric imperfections. Vibration of blades was moni-
tored during test and the rig stop when a given threshold was
reached. This several observations showed that the initial contact
is probably very light.

Next, the recording step begun, and the speed was set at the
desired value (constant speed).

3 Time Analysis

In this section, we will present in detail one of several runs with
this test rig looking at time histories recorded from the different
sensors.

3.1 Dynamic Response. During the test, the dynamic
response of both the impeller and casing displayed eight transient
events (bursts of vibration), characterized by a simultaneous
increase in amplitude on both structures (see Fig. 10). These tran-
sient events will be called bursts of vibration or shorter “bursts” in
this paper. The final burst of vibration had the highest amplitude,
at, respectively, two and five times greater than the others on the
impeller and casing. The duration of each burst was on the order
of Tm—see Eq. (1)—and associated with dynamical transient
responses of structures. The burst was spaced in time by intervals
of one or two orders of magnitude greater than Tm.

Speed and torque signal fluctuations were noticeable whenever
the bursts occurred, as illustrated in Fig. 11. This variation was
attributed to resistant torque due to tangential forces acting
between the two structures.

3.2 Thermal Response. Figure 12 shows the temperature his-
tory during the test. An eight-step thermal evolution is visible,
with the transition from one step to the next being initiated by a
burst. The maximum temperature was obtained with thermocou-
ples TC1 and TC8. At the fourth burst, TC1 reached 56 �C and the
temperature decreased afterward. The decay of temperature meas-
ured after a burst matches with the free thermal response of a
numerical conduction model.

The temperature profile of TC8 revealed a similar behavior to
the other thermocouples until the fifth burst. Ultimately, after the
sixth burst, the temperature peak was reached at 180 �C.

During bursts, whenever the vibration level increased, the ther-
mal behavior tended to become uniform on the casing (probably
by heat conduction). At the highest burst, the thermal field
appeared to be more uniform, as pictured in Fig. 12, whereas it
appeared localized during previous bursts. It is believed that a
higher vibration level tends to increase the contact area on the sta-
tor despite the geometrical imperfectness mentioned before.
Although a decay of temperature was seen after each burst, note
that cumulative effect produced a general warming of the stator.

3.3 Quasi-Static Part of the Response. The quasi-static part
of the strain gauge response on the casing is shown in Fig. 13.
This output was obtained by applying a numerical low-pass fre-
quency filter to the signals. The frequency cut was approx. 0.5%
of the first impeller frequency. The maximum quasi-static defor-
mation was measured by gauges located between the thermocou-
ples measuring the highest temperature peaks. The quasi-static
deformation of the casing is localized, and this localization is
indeed due to geometric imperfections resulting in a nonuniform
gap. The quasi-static analysis combined with the thermal analysis
is used to indicate zones where the contact is supposed to occur.
The first zone was identified between gauges R_01 and R_02
(Fig. 2) for the first and third bursts; the peak temperature at ther-
mocouple TC1 confirms this assertion. Let us recall that the ther-
mocouples were placed in between the strain gauges. During the
fourth burst, strain gauge R_01 measured the highest quasi-static
response; moreover, TC1 yielded the highest temperature. This
finding was interpreted as a displacement of the contact area near
the zone where strain gauge R_01 was located. This could be
attributed to thermal expansion or wear. Then, gauges R_01 and

Fig. 8 Example of an operational deflection shape closed to a
resonance with 5ND

Fig. 9 Campbell diagram in stationary frame
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R_08 recorded the highest quasi-static response, while TC8 showed
the highest temperature at the seventh burst. A similar situation can
be detected near TC8. During the final burst, all strain gauges
seemed to lie at the same quasi-static level and temperature was
also increasing uniformly on the casing. This result might be inter-
preted as the uniform closure of the gap due to strong vibration.

Using the finite element model of the casing, it can be shown
that a positive strain at the gauges corresponds to a static deflection
in the direction opposite the impeller. The instantaneous time when
the maximum quasi-static deformation occurred corresponds to the
instantaneous time of the maximum dynamic part. When the
dynamic part vanishes, the quasi-static part returns to equilibrium
contrary to the thermal behavior. The width of peaks observed on
the quasi-static part is on the order of Tm, see Eq. (1), which may
be interpreted as a coupling between dynamic and static equilib-
rium positions of the stator due to contact nonlinearity.

4 Frequency Analysis

4.1 Spectral Analysis Tools. Two spectral analysis tools will
be applied to the following signals. A short-time Fourier

transform (STFT) with a temporal window provides the spectro-
gram of each measurement channel versus time [14]. The tempo-
ral window has been chosen in order to provide a satisfactory
tradeoff between time and frequency resolutions [15].

The other tool used in this paper is based on a two-dimensional
discrete Fourier transform (2D DFT) applied to a set of sensors
equally spaced on both structures [13]. Ten strain gauges placed
on the impeller leading edge and eight strain gauges bonded onto
the casing trailing edge were used. For each frequency, the 2D
DFT yielded the spatial decomposition arranged in nodal diame-
ters. The full spectrum analysis allows identifying the direction of
the rotating wave for each nodal diameter [16]. A negative nodal
diameter was interpreted as a backward traveling wave. A corre-
sponding negative and positive nodal diameter with equal ampli-
tudes corresponds to a standing wave. Full spectrum analysis was
motivated by the fact that different modal coincidences on the
Campbell diagram were characterized by different combination of
wave propagation direction (cf. backward/forward) [3]. This could
be used to verify the assumption given by some references [4,6]
that the contact forces always produce backward traveling modes
on the bladed disks. This analysis could be performed at several

Fig. 10 Dynamic response of the impeller (top) and the casing (bottom)

Fig. 11 Speed and torque time history
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Fig. 12 Temperature history on the stator

Fig. 13 Quasi-static response of the casing

Fig. 14 STFT with rotating speed harmonics (a) casing and (b) impeller
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different times over the entire recorded signal. Let us note that the
ten measurement points on the wheel provide sufficient spatial
sampling to identify five different diameters. On the other hand,
the number of sensors (8) on the stator limits the analysis to four
diameters. In that case, the finite element method could help the
identification of modal diameter.

4.2 Results and Discussions. The STFT was performed using
the signal from a leading edge gauge on the centrifugal compres-
sor and the SLDV signal on the casing. Figure 14 shows the STFT
of the selected sensors in the frequency range (0–3). In this same
figure, the rotating speed harmonics with the highest amplitudes
during the test can easily be observed.

This analysis was conducted for all measurement channels on
both structures. In Fig. 15, the natural frequencies of the impeller
are plotted on the spectrogram zoomed on 3F and 4F. The strong
contributions of the third and fourth family modes of the impeller
are readily apparent, with such contributions triggering burst ini-
tiation. Prior to the first burst, harmonic 182 of the rotating speed
(182 X) coincides with the fourth family mode of the impeller
and with 3ND (see Fig. 15(a)). It seems that modal excitation by
rotating speed harmonics increases vibration on both structures,
thus leading to a burst. For the other bursts, the third family mode
of the impeller with 3ND is excited by harmonic 167 of the rotat-
ing speed (167 X), as depicted in Fig. 15(b). Note that as the
speed decreases, one mode may be excited successively by two

Fig. 15 STFT of the impeller: initiation of bursts (a) initiation of the first burst and (b) initiation of other bursts

Fig. 16 Family contributions at seventh burst
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or more passing rotating speed harmonics. Figure 15(b) shows
the excitation of the third family mode of the impeller with 3ND
by harmonic 168 of the rotating speed (168 X) during the fifth
burst.

Please note that the thermal influence on frequencies is
clearly highlighted by the evolution of the yellow trace which cor-
respond to the natural impeller frequency (x3

r ). Indeed, one can
see that the frequency decreases with time as the temperature
increases.

During the seventh burst, two family modes of the impeller
(i.e., the second and third families) belonging to two different fre-
quency ranges were excited at two different times, as shown in
Fig. 16. Note that, as it has been shown above, the nodal diameters
from 0ND to 2ND does not participate in the response, which
make possible to use frequency filters in order to identify the fam-
ily modes excited during the response.

The spectrogram analysis displayed in Fig. 17 was performed
around the first family modes of both structures. The horizontal
dashed lines and dotted lines indicate, respectively, the natural
frequencies and rotating speed harmonics. The STFT of a casing
channel–given in Fig. 17(a)—shows the coincidence between

harmonic 75 of the rotating speed (75 X) and mode with 4ND

(x4
s;S ¼ 75 Xc at the stationary frame

1).

This coincidence leads to a sufficiently high excitation to be
perceptible on the centrifugal compressor sensors, as depicted in
Fig. 17(b), which corresponds to the casing vibration as per-
ceived from the rotating frame according to the following
equation:

xnd
s;R ¼ xnd

s;S þ ndXc (3)

with nd¼ 4 and x4
s;S ¼ 75 � Xc. On the impeller, this indeed

becomes 79 X, by use of Eq. (3): x4
r;R ¼ 79 � Xc. In this same fig-

ure, another coincidence between harmonic 77 of the rotating
speed (77 X) and the mode with 2ND is also visible.

Moreover, when x4
r ¼ 80 � Xc at t� 600 s one can see some fre-

quencies (black dashed–dotted circles on Fig. 17(b)) with high
vibration level every X from x4

r (blue dashed–dotted circle).
Although these frequencies does not correspond to natural

Fig. 17 STFT spectrum of the first family modes of both structures (a) casing and (b) impeller

Fig. 18 STFT spectrum zoomed on the eighth burst (a) casing and (b) impeller

1Subscript S is used for the stationary frame while R refers to the rotating frame.
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impeller frequencies, these frequencies are analogous to sidebands
as if vibration at x4

r was modulated by rotating frequency [17]. It
can be shown that nonlinearity can explain the occurrence of side-
bands. A detailed description of sidebands is beyond the scope of
this paper and will be discussed in future publications.

During the bursts, speed decreases, thus leading to a sweep-
ing effect of mode frequencies by means of rotating speed har-
monic excitation. At the final burst, harmonics 81–87 of the
rotating speed (81 X–87 X) coincide with the first family mode
with 3ND, as shown in Fig. 18(b). On the other hand, the
stator’s response is dominated by rotating speed harmonic 80
(Fig. 18(a)), which may be interpreted as the frequency of a
3ND vibration of the impeller seen from the stationary frame
according to Eq. (3). The spectrograms of Fig. 18 were calcu-
lated with a different temporal window than the others spectro-
grams in order to improve the time resolution despite a lower
frequency resolution. Finally, the 2D DFT diagram shown in
Fig. 19 highlights the nodal diameter content of the impeller
response during the eighth burst. The third nodal diameter for-
ward mode of the predominant first family is observed, along
with several modes of higher families. At the same time, the
first family modes on the casing with a 1ND forward traveling
wave, as well as 2ND and 3ND backward traveling wave, pro-
duce the highest amplitudes. The terms forward and backward
are correlated with the rotating direction (clockwise). Let us
note that on the casing, the modal participation of higher fami-
lies is imperceptible.

5 Wear Pattern Analysis

Measurements of the wear pattern were performed on the trail-
ing edge along the casing circumference, where wear lobes could
be seen (Fig. 20). The angular position of the rotor with respect to
the casing was recorded simultaneously with the wearing pattern
in order to perform a spatial Fourier analysis.

The spatial spectrum of the surface state of the abradable
coating is displayed in Fig. 21; the maximum wear depth of
35 lm was found for an index number in the spectrum of 83.
As in Ref. [18], this number corresponds to the ratio between
the first family mode of the impeller with 3ND and the
rotating speed X,

nblobes ¼
xr

X
(4)

The previous equation could be considered as a particular case of
Eq. (2) where the natural casing frequency is a static shape
(xs¼ 0), and the number of nodal diameter is equal to the number
of lobes (nd¼ nblobes).

Fig. 19 2D DFT diagram: eighth burst

Fig. 20 Wear pattern of the casing
Fig. 21 Spatial spectrum analysis of the wear pattern of the
abradable coating
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It can therefore be concluded that this pattern was probably cre-
ated during the last burst.

6 Conclusion

In this paper, experiments have been performed with a rotating
centrifugal compressor at constant speed in contact with its cas-
ing lined with abradable coating. The contact was initialized by
reducing the gap between the two structures. As conclusion,
we were summarized the physical behaviors observed during
experiments.

Simultaneous dynamical transient events (signal bursts) have
been observed on both structures. These bursts were spaced by
relatively long time periods and were attributed to contact. During
contact, the rotating speed was perturbed and transient of tempera-
tures were measured on the stator. The heating of the casing was
first localized and then more distributed as the dynamical behavior
increase. The zone of localization could change from one burst to
another. This was attributed to abradable wear and/or thermal de-
formation shape. The dynamic response of the casing was domi-
nated by the first family of modes whereas much more families of
modes were involved for the impeller.

In the case of contact both structures were simultaneously
excited by rotating speed harmonics. These rotating speed har-
monics then coincided with the impeller or casing modes. Such
coincidences caused a vibration amplification that led to high-
level transient events (bursts). During these events, speed
decreased causing new coincidences with other modes. During a
burst, the vibration amplitude may be sufficiently high to wear
the casing with a specific pattern. The number of lobes corre-
sponds to the ratio between the excited mode and the rotating
speed. The blades were not damaged; however, as the abradable
coating mitigated, the severity of contact in order to avoid any
degradation on the rotating part. At a different time scale, the
thermal behavior appears to raise the system to a higher dynamic
vibration level, and this is likely due to the thermal expansion
effect.

A low rotating speed causes a high density of its harmonics,
which in turn excites both structures when they cross the modes.
Further experiments will be performed at higher speeds using the
target mode with 3ND. The distance between harmonics of the
rotating speed will also be higher, and fewer harmonics will be
present in the target frequency range. This revised setup may
result in less perturbation to rotating speed harmonics when test-
ing possible modal instability.
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Nomenclature

DFT ¼ discrete Fourier transform
F ¼ family of modes

FRF ¼ frequency response function
LVDT ¼ linear variable differential transformer

nd ¼ number of nodal diameter
nblobes ¼ number of wearing lobes

ND ¼ nodal diameter
PMMA ¼ polymethyl methacrylate

PZT ¼ lead zirconate titanate piezoelectric material
SLDV ¼ scanning laser Doppler vibrometer
STFT ¼ short-time Fourier transform

Tm ¼ time required for the amplitude to decrease by m orders
of magnitude

TC ¼ thermocouples
n ¼ damping ratio

xnd
r ¼ natural frequency of the impeller with nd diameters

xnd
s ¼ natural frequency of the casing with nd diameters
X ¼ rotating speed

Xc ¼ critical modal interaction speed
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