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Casing Vibration and Gas Turbine
Operating Conditions

The results from an experimental investigation of the compressor casing vibration
of an industrial gas turbine are presented. It is dernonstrated that statistical properties
of acceleration signals can be linked with engine operating conditions. The power
content of such signals is dominated by contributions originating from the stages
of the compressor, while the contribution of the shaft excitation is secondary. Using
nonparametric identification methods, accelerometer outpuls are correlated to un-
steady pressure measurements taken by fast response transducers at the inner surface
of the compressor casing. The transfer functions allow reconstruction of unsteady
pressure signal features from the acceleromeler readings. A possibility is thus pro-
vided for “‘seeing’’ the unsteady pressure field of the rotor blades without actually
penetrating through the casing, but by simply observing its external surface vibra-

tions.

1 Introduction

Recognition of the benefits from gas turbine condition mon-
itoring has led to a rapid growth of related systems and tech-
niques in recent years. Both gas path analysis and vibration
techniques are in use. Vibration monitoring in particular pro-
vides important information about machinery health, as it can
reveal the cause of potential problems and provide an early
indication of incipient mechanical failures. This gives the pos-
sibility for diagnosing and correcting malfunctions, leading to
an optimum management of engine operation with respect Lo
engine shutdown and maintenance. In order to fulfill this pur-
pose, before setting up a vibration monitoring system, the

" following items have to be studied: ‘

* Selection of engine parts to be covered by the system and
appropriate measuring locations.
e Measuring instruments to be used.

- = Data evaluation procedures and criteria for deciding on the

significance of collected data.

e Vibration limits and reference values that establish the con-
dition of an engine.

A basis for selecting and justifying a vibration monitoring
system has been provided in a recent paper (Lifsonetal., 1989),
where a number of case histories has also been presented. A
discussion of vibration limits and vibration sources has been
provided by Lifshits et al. (1986), while aspects of data eval-
uation and interpretation have been covered by Baines (1987),
Bently et al. (1986), and Laws and Muszynska (1987). These
authors also give an overview of receat progress in the area.

The aspects of malfunction covered in most of the recent
publications refer mainly to problems showing up in shaft-
related vibrations (the test cases presented by the abovemen-
tioned authors). Such problems are, for example, bearing fail-
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ures, misalignment, shaft cracks, structural resonances,
unbalance, shaft bow, fluid film and bearing instability, rubs,
etc. Most of the published data and fault signatures discussed
in the open literature refer to such cases. Identification of the
condition of the blading itself has not received much attention,
although blading problems have been reported by Barschdorff
and Korthauer (1986) to rank among the most frequent faults.
They presented a study related to blading problems and the
emphasis was on pattern recognition, applied in identifying
blade damages.

The investigation reported in the present paper is focused
on studying the vibrational behavior of a gas turbine com-
pressor casing, with respect to engine operating conditions.
The purpose is to form a background for fault studies. Before
the actual faults are studied, the dependence of casing vibration
characteristics on engine operating conditions has to be ex-
amined. The reasons for proceeding that way are multiple:
first, to understand the nature of sources exciting casing vi-
bration, second, to study their behavior for different operating
conditions of a healthy engine (baseline information), and
third, to attempt to correlate engine outer surface measure-
ments to events in engine interior. An industrial gas turbine
has been used as a test engine.

In the following we start by describing the background rea-
soning, which leads to the choice of the particular measure-
ments and the procedure we use. The experimental setup, results
from the measurements, and conclusions from the data elab-
oration are given.

2 Background of the Investigation

The investigation was designed as a part of a more general
study aiming at the identification of failures of compressor
rotor blades, by means of vibration measurements. The meas-
urements had therefore to be chosen in such a way that they
are influenced by excitations onginating from the rotating
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Fig. 1 Paositions of pressure transducers and accelérometers on the
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blades. Suitable measuring positions for that purpose were
chosen at the outer surface of the compressor casing.

The vibration of the casing surface is excited by forces of
two kinds: (a) forces transmitted through its junctions to the
intake and the rear part of the engine. They represent vibrations
originating at different engine components, reaching the casing
by transmission paths through the engine structure. (&) Forces
of aerodynamic origin. They are created by (/) pressure fields
of rotating blade rows, (i) acoustic waves propagating inside
the annulus, (/) pressure fluctuations from turbulent flow
phenomena, and (iv) unsteady forces from stator blades fixed
on the casing. For all these forces, the fundamental cause is
the rotation of the blade-to-blade pressure fields of rotors.
This therefore is considered as the main exciting mechanism,
as far as aerodynamic forces are considered.

The pattern of the blade-to-blade pressure field around a
rotor circumference depends on the geometric shape of the
blades, which reflects their mechanical condition. (It changes
when blade faults occur, as for example blade bending, loss,
or blade shape changes due to erosion or fouling.) On the other
hand the change of the operating condition of a compressor
blade row corresponds to a change in the pressure distribution
along the blade surface. The casing vibrations are therefore
expected to vary with the compressor operating point.

This variation needs to be studied for two main reasons: (/)
In order to establish baseline information for casing vibration
sensors, we should know how their readings vary for various
operating points. Such variations are not due to any change
in the mechanical conditions of the blades and should therefore
be known in order to avoid misinterpretation of related shifts.
(&) Since the excitation and the resulting vibration change
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Fig.2 Operating points for the experiments on the compressor map

with the operating point, it will be useful to study how the
casing response is influenced. We also want to examine whether
a casing transfer function can be established.

In order to establish the relation between casing vibrations
and excitations inside the engine, measurements must be per-
formed of both the engine outer casing surface vibration and
the internal pressure field. On the other hand, a complete
experimental data set covering the entire operating range of
the compressor that is as reliable as possible must be acquired.

We describe now the setup and the procedure for the ex-
periments.

3 Experimental Setup and Procedure

The experiments were carried out on the single shaft version
of the Tornado Gas Turbine, manufactured by Ruston Gas
Turbines, with a nominal output of 6.2 MW at 11,085 rpm.
A description of the engine has been given by Wood (1981).

Six accelerometers were mounted on the outer surface of
the compressor casing. They were piezoelectric, manufactured
by METRAVIB-RDS (model AM-109-MP) with a frequency
range 1.5 Hz to 10 kHz, a linearity +2 percent up to 1000g,
and a minimum resonant frequency of 30 kHz. Fast response
pressure transducers were flush mounted at the compressor
inner casing wall. They were Kulite XST-190-25 SG. The po-
sitioning of the sensors on the compressor casing is shown
schematically in Fig. 1.

Data were acquired through a data acquisition system man-
ufactured by LMS, with a total capacity of 32 channels and
maximum total sampling frequency of 960 kHz. A key phasor
signal, bearing proximity probe signals from all engine bear-

a = casing surface acceleration [Y]
A; = accelerometer number i; Fig. 1
[H] = transfer matrix; equation (2) S autospectrum of a system in-
p = internal casing wall static put x (X]
pressure S cross-spectrum of a system in-
P; = pressure transducer i; Fig. 1 put x to an output y
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= column vector consisting of
the Fourier transfarms Y of
outputs y

= column vector consisting of
the Fourier transforms X of
inputs x
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Fig. 3 Power spectra from pressure transducers at operating point F

ings, and acoustic signals from microphones placed around
the engine, were acquired simultaneously with unsteady pres-
sure and acceleration. Aerodynamic performance data were
acquired by means of a data logging system described by Tim-
perley and Smith (1983). Performance data provide infor-
mation about operating conditions and cycle parameters for
each operating point.

The engine operating points at which unsteady measurement
data were acquired are shown on the compressor performance
map (Carchedi and Wood, 1982) of Fig. 2. The results pre-
sented here were derived from data strings of 8192 samples
per channel, with acquisition frequencies of 34 kHz (data at
9500 rpm, 11,085 rpm) and 24 kHz (data at 8500 rpm).

4 - Accelerometers and Pressure Transducer Signal Fea-
tures

The results of the measurements of unsteady pressure at the
inner surface of the casing and acceleration on the outer surface
are now presented. First the power spectra of the signals are
discussed, while dependence on operating conditions is dis-
cussed afterward. Although only representative results are given
here, the discussion is based an observations of the full amount
of data.

4.1 Unsteady Pressure. Some sample power spectra of
pressure signals are shown in Fig. 3. Since the frequencies
excited by the individual rotor blade rows are known (blades/
row x frequency of rotation), the relative importance of blade
row interactions can be estimated from such spectra. It can be
seen that the signal of each pressure transducer facing a rotor
blade row is dominated by components with frequencies gen-
erated by the correspending blade row. Harmonics corre-
sponding to rotors of neighboring stages are also present, but
they are of much smaller magnitude. This shows that the pres-
sure field generated by a rotating blade row is not strongly
influenced by the fields of the rotors of the neighboring stages.
The presence of these harmonics, however, shows that they
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cannot be ignored, if one is interested in interpreting the data
or possibly producing a model of the pressure field.

4.2 Accelerometer Signals. The spectra of the six casing
accelerometers at the same operating point are shown in Fig.
4. Before commenting on these, it must be pointed out that
they extend up to 14 kHz. Attention should be focused however
on frequencies up to 10 kHz, since this is the useful range of
the accelerometers. It can be noticed that in the spectra of all
the accelerometers, peaks of comparable magnitude are present
for the frequencies excited by different rotors. Therefore, vi-
brations measured at an axial location corresponding to a blade
row are not necessarily dominated by the excitation of that
row, but contain frequencies excited by the blade rows at ather
axial positions as well. On the other hand the relative impor-
tance of the harmonics is different for the different locations
on the casing. This is interpreted as a consequence of the
asymmetry of the casing geometry, which results in different
transmission paths even for accelerometers placed at the same
axial position.

These observations coming from a first glance at the signals
indicate already that since the accelerometers contain infor-
mation from adjacent blade rows, a suitable combination of
accelerometer signals could be processed in order to derive
information about what is happening in each blade row along
the compressor.

Inspection of the spectra shows also that the signal energy
is contained mainly in the !ﬂghcr frequencies and in particular,
in frequencies corresponding to the blade passing of different
rotors. Therefore, vibrations transmitted from the shaft
through the bearings to the casing are of secondary importance.
This picture changes slightly when we examine different op-
erating points.
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Fig. 6 The rms pressure transducer readings as a function of com-
pressor pressure ratio

This leads to a conclusion about diagnostics: Casing accel-
eration measurements should be used very carefully when they
are meant to detect shaft-related problems. Appropriate fil-
tering should be employed in order to extract excitations from
rotating blades, which contribute most of the signal energy.

4.3 Dependence on Operating Conditions. The obser-
vation that the accelerometer signals contain information from
the excitation of the compressor blade rows suggests that the
features of accelerometer signals depend on engine operating
point (defined, for example, by rotational speed and output
load).

A feature of the signals that we examine in this respect is
the rms value, defined as follows:

N N
1 e it
Xo= ﬁ_—l—z(x,-—x)z where x= REJC, (0

=1 i=1

N is the number of points used. This quantity represents the
energy content of the signal within the range of frequencies
covered. It reflects changes in amplitudes of the different har-
monics in a global manner, without showing how the changes
are distributed among them. We shall first examine its variation
with operating point and we will subsequently proceed in ex-
amining how its changes are distributed among individual har-
monics.

The rms accelerometer signals for the different operating
points of our experiments are shown in Fig. 5. This figure
shows the following: (1) The overall level of the rms changes
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significantly from one speed to another, in comparison to
smaller changes on each speedline. (2) At one operating speed
the rms is changing with the pressure ratio. The change is
monotonous for the cases of 8500 and 9500 rpm.

In order to examine whether the observed changes corre-
spond to a similar behavior of the excitation forces from pres-
sure transducers and bearings, the rms of the corresponding
signals has also been examined as a function of the engine
operating point.

Figure 6 shows the dependence of pressure transducer rms
on operating point. [t can be seen that the rms of the unsteady
pressure signals is also varying with the operating point. In
particular we observe that: (1) Changing the rotational speed
gives a drastic increase of values of the rms, in comparison to
the changes observed on one speedline. (2) The trends of the
change at 8500 and 9500 rpm are monotonous, which is not
the case for 11,085 rpm. From this point of view, the trends
are similar to those of the accelerometers.

Finally, inspecting the rms values of signals from the bearing
proximity probes showed that they do not exhibit a significant
variation. These observations indicate that the vibrations of
the casing outer surface are directly linked to the internal
pressure field.

Further processing of the time domain signals of both the
pressure transducers and accelerometers was done. Correlation
functions and phase averages have been calculated and their
dependence on operating point was examined. Results are not
presented here due to space limitations. A conclusion drawn
from this processing is that pressure transducer signals are far
more suitable than accelerometer signals, for identifying blade
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Fig.8 Energy addition along the frequency range, for operating points
D, E, F, G, and H. Accelerometer A2

operating conditions as well as blade faults. More details are
given by Mathioudakis et al. (1988).

4.4 Power Spectra for Different Operating Condi-
tions. We will examine now how the spectra change with the
engine operating conditions. In Fig. 7 we show power spectra
of signals from accelerometer Al for two operating points on
each speedline of Fig. 2. The spectra at on¢ rotational speed
show that the pattern of the harmonics remains basically the
same, but their relative amplitudes are changing. Spectra at
the different rotational speeds contain harmonics at the cor-
responding frequencies. It must be noted, however, that the
“cnvelope’’ of the spectrum looks similar, for all these op-
erating conditions.

In order to examine how the signal energy is distributed
within the range of frequencies of interest, we integrate the
spectra. An example of a result of the integration is shown in
Fig. 8. The quantity on the ¥ axis is the integral of the spectral
density from zero to a particular frequency f. This quantity is
therefore the energy content of the signal in the frequency
range from 0 to f Hz. Observing its evolution along the fre-
quency range, we can see at what frequencies the energy is
contained. It is seen that the energy is contained mainly in the
frequencies of blade passing of the rotor blade rows, while the
broadband contribution is rather minor. This observation con-
firms our previous comment, that the casing vibration is mainly
excited by aerodynamic sources (unsteady pressurc ficld) com-
ing from the compressor interior. On the other hand, the change
of the overall energy (equal to the variance) shown in Fig. 6
varies with operating conditions, due to a change of the con-
tributions at the individual rotor blade passing frequencies. In
Fig. 8, for example, the change of the total energy content is
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caused mainly by the change of the contribution of the second
harmonic of the rotor 2 blade row.

5 Interrelation Between Unsteady Pressure Field and
Acceleration Measurements

Having at our disposal measurements of both the exciting
forces and the vibratory responses of the casing, its transmis-
sion characteristics can be established. Knowledge of them can
be used for diagnostics, since it enables: (i) the calculation of
the casing vibrations, when the excitations (rotor blade pressure
field, associated with either ‘‘healthy’* or “nonhealthy’’ engine
operation) are known. This gives the possibility of simulating
the effects of blade faults. (ii) The calculation of the excl-
tations when the response is known, namely the reconstruction
of the unstecady pressure signals, from acceleration measure-
ments. This capability is very important from a diagnostics
point of view. As we have scen, unsteady pressure signals are
far more suitable for determining the stage where a fault or a
defect has occurred, since they are influenced mainly by the
corresponding blade row.

5.1 Transfer Function Considerations. The transmission
characteristics of the compressor casing can be mathematically
expressed as a set of vector transfer functions, if the compressor
casing is modeled as a linear system.

The inputs of the linear system are all the excitations of the
casing. They are continuously distributed over the internal
surface of the casing and its connections to adjacent engine
components. A schematic view of the system and the excita-
tions is shown in Fig. 9(a). It is a distributed parameter, dis-
tributed input system. In order to study its characteristics, we
lump the most important excitations and form an equivalent
system with lumped inputs. The vibration of -any point of the
compressor casing can be considered as output of -the linear
system. The resulting simplified system is shown in Fig. 9(5).

‘The calculation of any of the vector transfer functions-from
time domain signals is based on a well-established method
known from systems theory; see for example Bendat and Pier-
sol (1971). The main equation employed is
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This equation has been implemented together with appropriate
averaging procedures, in order to reduce the influence of sto-
chastic noise in the signals (Mathioudakis et al., 1988).

The vector transfer functions are expected to depend on the
dynamics of the compressor casing; dependence on operating
pointis envisaged, only as long as casing temperature variations
occur.

Vector transfer functions were calculated from our data,
according to the model of Fig. 9(b). A representative result
is shown in Fig. 10, where we see the transfer function branches
for the five inputs and accelerometer Al as output, for op-
erating point. F. During our study we have examined various
combinations of inputs and the corresponding transfer func-
tions. The main contributors to a specific output can be de-
termined by discarding some of the inputs and seeing whether
significant changes in the result are produced. In this way we
have found that the main contributors to each accelerometer
are the pressure transducers P2, P3, and P4 (see Fig. 1).

5.2 Dependence on Operating Point. In Fig. 11 we see
one branch of the vector transfer functions for operating points
H, G, E, and D, which lie on the 9500 rpm speedline. A
comparison between them shows that despite small differences,
a general similarity exists. This conclusion has been found to
be also valid for points on the other two speedlines of 8500
rpm and 1,085 rpm. Since visual inspection or crossplots do
not form a proof of similarity, a more rigorous proof for this
observation has been given through signal reconstruction, which
will be discussed in the next section.

A comparison between corresponding branches for oper-
ating points of different speedlines has also been done. In Fig.
12 we can see the results for the operating points J and B,
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respectively. It is seen that between the 8500 rpm and 9500
rpm speedlines there is a lower degree of similarity, while
between them and the 11,085 rpm the degree of similarity
becomes even lower.

From the above discussion, we can conclude that the cal-
culated transfer function is not fully independent of the op-
erating point, but depends to some extent on the rotational
speed and secondarily on the power level. A possible reason
for this dependence is the change of temperatures associated
with operation at different speeds. Changes of dimensions due
to thermal expansion can, for example, reduce clearances be-
tween parts, and change the stiffness of the structure. Another
possible reason is the bias errors due to our assumption about
relations between the distributed inputs in lumping them. In
reality the inputs taken into account are associated with the
ones that are not, by nonlinear relations. Nonlinearities are
expected to exist, mainly with respect to the operating point
and aerodynamic excitations. Statistical reasons for this de-
pendence are also present, due to errors resulting from noise
in the inputs and the output. These errdrs decrease with the
signal-to-noise ratio; therefore they are expected to be smaller

OCTOBER 1990, Vol. 1127483



measured

reconstructed
"
WHLW bl dam el
-1e L

48

-1

btk Robuosiodlly
w bbbl

a0 ry "0
-Je
-
i |
S o L«#MWM L
-30 st e i T

Fig. 13 Comparison between measured and reconstructed power spec-
tra of pressure transducers

at the frequencies of the periodic components (peaks in the
spectra) than at the frequencies of the broadband region.

6 Unsteady Pressure Signal Reconstruction

One of the purposes of the transfer function calculations is
to enable the reconstruction of the casing excitations when the
response is known. We present, now, how this is done.

The unsteady pressure signals of the first four stages’ rotors
have been reconstructed from the signals of accelerometers
A1-A6 by employing the casing transfer function. The four
unsteady pressure transducers P2-P5 have been regarded as
outputs and the six accelerometers as inputs. This inverse di-
rection modeling is a mathematical way devised to improve
the accuracy of the calculations, by avoiding too many matrix
inversions.

First the vector transfer functions [H] are established, be-
tween each one of the unsteady pressure transducers P2-P5
(as output) and the six accelerometers Al-A6 (as inputs). The
test data and relation (2) were used for this purpose. Then,
using these transfer functions, the unsteady pressure transducer
signal Fourier transforms are calculated. The Fourier trans-
forms [¥] of the pressure signals are calculated, from the
transforms [X] of the accelerometers, by means of the relation

[Y1=[H] [X] (3)

Finally from the reconstructed Fourier transforms, the cor-
responding reconstructed spectral densities are calculated.

Using this procedure, the power spectra for the pressure
transducers at the operating point F were reconstructed. The
time domain signals of the accelerometers at that operating
point were the inputs and a transfer function, resulting from
an averaging of transfer functions at all operating points at
that speed. A comparison with the corresponding directly cal-
culated spectrum (Fig. 13) shows a very good agreement, par-
ticularly at frequencies corresponding to the periodic
components of the signals.

The reason for the observed decrease in the level of the
broadband random noise is probably the cross-multiplication
averaging operations of the Fourier transforms in these fre-
quencies. The corresponding Fourier transform values of the
other unsteady pressure transducers or accelerometers involved
in the calculation of cross-spectral densities are uncorrelated.

The same has been done for all the other available operating
points. The general conclusion drawn is that for any operating
point the spectral densities of unsteady pressure transducers
P2-P35 can be satisfactorily reconstructed from the accelerom-
eters’ A1-A6 signals, using a complex average vector transfer
function for the speedline of the operating point. This fact
proves also rigorously the conclusion of the previous section,
that transfer functions corresponding to different operating
points of a speedline are similar. Thus, averaging over the
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different operating points does not influence the possibility of
reconstructing features of the internal pressure signals.
Reconstruction of spectra at operating points on one speed-
line by using a transfer function evaluated at a different one
was also attempted. The conclusion drawn is that, for any
operating point, the reconstruction is not very successful when
using an average transfer function from a different speedline.
This fact confirms the conclusion of the previous section, that
the transfer furction similarity becomes weaker, when we
change speedline. We can finally say that a single transfer
function can be established for one rotational speed.

7 Conclusions

The experimental investigation reported above gives the pos-
sibility of drawing conclusions about the diagnostic value of
the various measured quantities.

Unsteady pressure measurements can be used for identifying
the operating condition of rotating blades. Such measurements
are expected to provide a clear picture of blading faults.

Accelerometer measurements have the following features:
o The signals from accelerometers on the casing contain In-
formation about the operating conditions of compressor stages.
Since the corresponding energy content is dominant along the
frequency range, appropriate filtering should be employed,
when shaft-related problems are considered.

e Each accelerometer signal carries information not only from
the stage in its immediate vicinity, but also from other stages
along the compressor.

» The vibrations of the compressor casing surface are not
symmetrically distributed around the circumference. This fact
is of diagnostic value, since accelerometers placed at the same
axial location can provide information about stages at other
axial locations.

Concerning the casing transfer characteristics:

e Transfer functions have been established, in order to relate
pressure transducer outputs to those of accelerometers.

e Transfer functions from operating points at a certain speed-
line are similar, while transfer functions for different speeds
show a smaller degree of similarity.

Using transfer functions, the power spectra of pressure
transducers have been reconstructed using the accelerometer
signals as inputs. It was shown that the reconstruction is suc-
cessful by using one single transfer function for one rotational
speed.

These last conclusions prove that: By following appropriate
techniques, such as the ones we applied, it is possible to deduce
information about phenomena at the engine. interior, from
measurerments on the casing. In principle, it seems that it will
be possible to diagnose engine condition from such measure-
ments.
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