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Summary

Rotating machinery condition assessment employs, to a large extent, vibration-based symp-
toms, characterized by high information content. Diagnostic reasoning is often supported by well-
developed qualitative or even quantitative relations. In many cases, however, a situation is
encountered wherein several possible malfunction types give similar symptoms. Qualitative diag-
nosis may thus demand additional diagnostic procedures. The paper concentrates on those
employing correlation coefficients, which belong to a broader class of evolutionary symptoms.
Such symptoms are sensitive to the malfunction type and thus can substantially enhance
qualitative diagnostic capabilities. Moreover, correlation coefficient as a function of time provides
valuable quantitative information on lifetime consumption. This is demonstrated by a number of
examples, pertaining to large steam turbines operated by utility power plants.

Keywords: technical diagnostics, diagnostic symptom, correlation, prognosis.
ANALIZA KORELACJI W DIAGNOZOWANIU USZKODZEN TURBIN PAROWYCH

Streszczenie

Ocena stanu technicznego maszyn wirnikowych opiera si¢ w duzym stopniu na symptomach
drganiowych, charakteryzujacych si¢ duza zawarto$cia informacji. Wnioskowanie diagnostyczne
czesto wykorzystuje sprawdzone relacje diagnostyczne, jakoSciowe, a nawet ilo§ciowe. W wielu
przypadkach mamy jednak do czynienia z sytuacja, w ktorej szereg mozliwych uszkodzen daje po-
dobne symptomy. Diagnoza jakoSciowa wymaga wowczas dodatkowych procedur. Artykut jest
poswigcony zastosowaniu wspolczynnikéw korelacji, nalezacych do szerszej klasy symptomow
ewolucyjnych. Sa one wrazliwe na typ uszkodzenia i moga znacznie poprawi¢ mozliwosci diag-
nozowania jako$ciowego. Wspotczynniki korelacji w funkcji czasu dostarczaja takze cennej infor-
macji ilo§ciowej o stopniu wyczerpania zywotnosci. Jest to zilustrowane kilkoma przykladami,
odnoszacymi si¢ do duzych turbin parowych w energetyce zawodowe;j.

Stowa kluczowe: diagnostyka techniczna, symptom diagnostyczny, korelacja, prognoza.

1. INTRODUCTION

When studying technical diagnostics develop-
ment, it is useful to have in mind the definition of
damage as a ‘continuous or sudden loss of integrity
and/or operational feature’ [1]. At early stages,
attention was focused principally on ‘sudden’ losses,
referred to as random damages: the aim of diag-
nostic methods was to detect such occurrences and
identify malfunctions. This can be referred to as
qualitative diagnostics. Next stages were to evaluate
damage extent and eventually make a forecast (pro-
gnosis) concerning its future development: that, in
turn, means focusing on ‘continuous’ losses, or
natural damages, and quantitative diagnostics.
Obviously this corresponds to the generalized da-
mage concept (see e.g. [2,3]), wherein generalized
damage can be expressed as D = 6/ 6, (6, denotes
time to breakdown and is determined by object
parameters).

Quantitative diagnostic methods have developed
considerably in recent years (a concise review for
rotating machines can be found in [4]). It has to be
kept in mind, however, that a large and complex ma-
chine has many possible faults, i.e. its technical con-
dition is described by a multidimensional fault space
[5]. At the same time, this condition is assessed on
the basis of many diagnostic symptoms. It is con-
venient to express this in a vector form [6]:

S(0) = FIX(9)] , )

wherein S(6) and X(6) denote symptoms and condi-
tion parameters vectors, respectively. Now, consider
a symptom Sy 6). Obviously,

Sl(g) :f[Xl(g)9 X2(H)’ [ERES Xn(g)] . (2)

In fact, Eq.(2) may be viewed a more general form
of the following relation, derived from the Energy
Processor (EP) model (see [2,3]):
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-1, (3)
0
S(0)=d VO[I—HJ

b

where V; denotes the power of residual processes for
&= 0. It is easily seen that Egs.(2) and (3) become
equivalent if only one component of the vector X,
i.e. X= 06, is taken into account (this issue shall be
recalled in Section 3.3). In the ideal case, we have'

0S/0X, > 0ifk=j, 0S/X, ~ 0ifk =/ , (4)

which means that, within a reasonable approxima-
tion, S; depends on X, only. Such assumption is
sometimes acceptable for fast-developing faults with
very specific representations in the symptom space;
in such cases, diagnostic relations of the S; = fX))
type can be determined e.g. by means of regression
analysis (see e.g. [8]). Usually, however, a symptom
is influenced by a number of condition parameters;
synchronous component of vertical vibration in
rotating machines provides a good example [9,10].
Therefore, problems arise already at the stage of da-
mage identification.

The problem is further exacerbated by the
consequences of the fact that general relation of the
type given by Eq.(l) is in most cases only
approximate. Usually we have

S(0) = FIX(6), R(0), Z(0)] , ©)

where vectors R(6) and Z(6) describe control and
interference, respectively. Control parameters R; are
determined by the operator’s purposeful action and
their influence can, in principle, be normalized (see
e.g. [11]). Influence of interference, in particular
non-measurable, cannot be normalized. A good
example is provided by two vibration trends, recor-
ded for a 230 MW steam turbine in a utility power
plant (see Fig. 1). Both refer to the blade (high)
frequency range, wherein vibration components are
very sensitive to the R and Z vectors components
[12]. It is easily seen that, for the 5 kHz component
(Fig. la), there is a single ‘peak’, which corresponds
to operation at a very low load, about 40% of the
rated power. In such situations, pressure distribution
over the fluid-flow system cross section, especially
immediately downstream the steam inlet, is very
uneven and this causes excessive vibration in this
frequency range [12,13]. For the 3.15 kHz compo-
nent (Fig. 1b) the same phenomenon can be obser-
ved, but there are two more ‘peaks’, obviously com-
parable in magnitude, which are absent in the trend
shown in Fig.1a”. The first (indicated by *) can also
be attributed to low load (50% of the rated power),
but the second (indicated by +) occurred at 87% of

! With the assumption that S; monotonically in-
creases with damage extent, in accordance with
the EP model (for more details, see e.g. [3,7]).

? Influence of ‘peaks’ such as shown in Fig.1 can be,
to some extent, reduced by averaging raw data;
for details see e.g. [14].

the rated power. Most probably it can be attributed
to some interference, but this cannot be resolved on
the basis of vibration trends analysis only.

a Turbine T1, bearing 1 axial, 5000 Hz
4,0

Vibration velocity, mm/s
~
°©
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Time, days

b Turbine T1, bearing 1 axial, 4000 Hz

Vibration velocity, mm/s

0 500 1000 1500 2000 2500 3000 3500 4000

Time, days
Fig. 1. Vibration velocity trends (23% CPB
spectra) for a 230 MW steam turbine, front
bearing, axial direction; a, 5 kHz; b, 4 kHz
frequency band (see main text for details).

With this all in mind we are have to admit that
typical procedures, such as analysis of vibration
spectra obtained during steady-state operation and
even trends analysis, are sometimes not sufficient
for a qualitative diagnosis. This draws our attention
to additional symptoms that can augment diagnostic
reasoning — among them those employing quanti-
tative measures of correlation. In fact, suitability of
such symptoms has been pointed out earlier by some
authors (see e.g. [10, 15]), albeit in somehow
cursory and basically qualitative manner. In the
following this issue shall be dealt with in more
detail.

Although in this paper attention is focused on
steam turbines and vibration-based symptoms, some
results and conclusions can obviously be generali-
zed, to cover a broader class of rotating machines or
even technical objects and other types of diagnostic
symptoms, not necessarily related to vibration.
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2. BASIC CONSIDERATIONS

To begin with, let us consider a case wherein
observation of turbine condition evolution covers
a period from 8= 0 to 8= 6, and furthermore that &,
is sufficiently large, typically of the order of magni-
tude of machine service life — for steam turbines this
means at least a few years. In such case we may
usually assume that components Z; of the interfe-
rence vector have no long-time evolution trends, i.e.
do not systematically increase or decrease with time.
This can be written as

AH—)w:—AZi(H)—)O , (6)
; 0
where AZ(0) = Z{(6) — Z(0). The same usually
applies to the control vector components R;,* which
means that, in a similar manner,
A0 — 0= —AR’Q(Q) —>0

1

()

The above implies that, when considering symptom
evolution between €= 0 and 8= 6,, we may neglect
influences of control and interference. This in fact
means that we accept approximate relations of the
type given by Eq.(2), and forms the basis for diag-
nostic reasoning based on vibration trends, both S(6)
function types [12,15] and evolution rates [16].

Let us now return to Eq.(2) and assume that the
function given by this equation is differentiable with
respect to every X, j = 1, 2, ..., n. We can thus
define a set of partial derivatives s; = 0S5/0.X; (cf. Eq.
(4)), each representing the ‘sensitivity’ of i-th symp-
tom to j-th condition parameter. Due to non-
linearity, s; in general will change with time. This
set can be conveniently written in the m x n matrix
form:

Sip S e Sy,
S S S

[s]=| 2 2 2n , (8
Sm] Sm2 Smn

each row representing a symptom and each column a
condition parameter. If we can assume that in each
row one element is substantially larger than all other,
we have an ideal situation with no ambiguity in
qualitative diagnosis. This is, however, seldom the
case with complex machines, even if we neglect the
fact that the s; elements do change with time.
Typically a malfunction (which is equivalent to a
condition parameter change) influences a number of
symptoms and each symptom can be influenced by a

3 Exceptions to this rule do exist. If a steam turbine
is shifted from base-load to peak-load operation,
this usually implies that it will be operated in con-
siderably broader load range, hence values of
control vector components will also vary within
broader limits. In the following we shall neglect
such cases.

number of malfunctions. Some additional measures
are thus necessary for failure identification.

In general, any symptom will depend on
a number of condition parameters, so there will be
no deterministic functional relation of the S; = (X))
type. We may, however, expect that changes of X;
will affect probability distribution of S;, which im-
plies a stochastic relation. Moreover, it is justified to
assume that if X; changes substantially, then with
various values of X;, k& # j, the value of S; will
fluctuate about some expected value S; = AX)). This
means a statistic or correlative relation. If X; in-
fluences a number of symptoms, its changes will
affect their probability distributions accordingly.
Thus, if two symptoms can be shown to be correla-
ted, we may infer that they are dependent, i.e. that
their changes have been caused by the same con-
dition parameter X;. The opposite is not true: if two
random variables are not correlated, this does not
necessarily mean that they are independent [17].

Strength of correlation between symptoms S; and
S, is often described by the Pearson linear correla-
tion coefficient, i.e. a normalized covariance [17]:

_E{(S,—n)(S,-m)}
VEUS, —n) YE(S, —m.)}
where E denotes expected value and
m = E(S), m=E(S) . (10)

It can be shown that |#| < I; » = 0 means no corre-
lative relation between S; and S,, while || = 1 means
a functional relation.

A formal question may be asked whether » can
be used as a diagnostic symptom. It should be stres-
sed here that we are speaking of a symptom in the
broader sense (a function, usually continuous, rather
than an event), in accordance with the EP model
[2,3]. We may define such symptom as ‘a measu-
rable quantity which is covariant with object con-
dition’ [5]. Correlation coefficient can be regarded
a measure of probability that changes of S| and S,
have been caused by a change of the condition para-
meter X;, qualitative relation being determined from
the diagnostic model of the object under considera-
tion. We can thus see that 7 is sensitive to the failure
type and conforms to the above diagnostic symptom
definition.

According to [10], a measure of correlation
between vibration amplitude and an operational pa-
rameter is an important diagnostic symptom for
steam turbines. This point needs some explanation.
In practical applications, correlation (or, more pre-
cisely, covariance) between vibration amplitude and
turbine load is sometimes used to augment diag-
nostic reasoning. The same refers to the correlation
between vibration amplitude and rotational speed,
which can help in identifying malfunctions such as
shaft crack or rotor bend; detailed treatment can be
found in [9]. In such cases, correlation is usually
treated in a purely qualitative manner: investigations
are intended to determine whether vibration am-

)
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plitudes change significantly with operational para-
meters or not. Some remarks on this issue can be
found in [18]. In the following, attention shall be
focused on the correlation between two vibration
components.

3. EXAMPLES

All results dealt with in the following have been
obtained with large steam turbines, rated between
200 and 260 MW, operated by utility power plants.
These machines differ in details, but all are con-
densing, base-load units; each consists of a high-
pressure (HP), intermediate-pressure (IP) and two-
stream low-pressure (LP) section and drives a two-
pole generator. Absolute vibration velocity (23%
constant percentage bandwidth spectra, 10 kHz
frequency range) has been recorded on bearing outer
casings and LP turbine casing.

3.1. Turbine fluid-flow system failure

This case has been described in detail in refe-
rences [19,20]. Here we shall concentrate on issues
directly related to correlation analysis.

Turbine T9 suffered an IP rotor failure (crack of
several last stage blades) and was shut down. It was
decided to remove the entire rotor stage blading and
keep the turbine in operation until replacement rotor
could be supplied. Immediately afterwards, a sig-
nificant increase of the 4xf, component in a number
of measurement points (mostly in axial direction)
was observed. After opening IP turbine casing
during overhaul it was found that steam flow guide
fences, mounted inside the outlet part of the casing,
were loose and cracked and had to be repaired.
Detailed analysis revealed that turbine operation
without last stage IP rotor blading resulted in sub-
stantial increase of guide fences vibration, probably
of resonance nature; this was caused by changes of
magnitude and distribution of forces imposed by
steam flow. Excited vibration, much higher in am-
plitude than during normal operation, caused rapid
damage of the steam flow guide fences and inten-
sified their vibration; this is a good example of the
destructive feedback [3].

Interpretation of higher harmonic components in
absolute vibration spectra is by no means straight-
forward. 3xfy and 4xf, components are sometimes
associated with faulty machining of rotating ele-
ments, coupling malfunctions or rotor cracks [10,
15]. They can also result from resonance, which in
turn suggests changes in stiffness and/or damping,
caused e.g. by substantial material parameters de-
terioration. It is thus difficult to point out the reason
for a dramatic increase of the 4xf; component, which
became dominant in vibration spectra and caused a
substantial increase of overall vibration levels. It
can, however, be noticed that this component is, to
a high degree, correlated with those from the blade
frequency range, which are sensitive to the condition
of the fluid-flow system [8]. This can be easily seen

from scatterplots (see Fig.2). In turbine T9, scatter-
plot clearly indicates correlation, while in turbine T8
(of the same type) vibration components are
obviously not correlated.

At the same time, correlation with the fy and 2xf,
components is much weaker than in turbines T8 and
T10, which suggests that untypical vibration patterns
cannot be attributed to phenomena directly related to
the rotational motion (see Table 1) and influence of
the fluid-flow system failure is dominant.
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Fig. 2. Scatterplots of 200 Hz vs. 1000 Hz
components for turbines T9 (a) and T8 (b); rear
IP turbine bearing, axial direction (after [18])

Table 1. Linear correlation coefficients for turbines
T8, T9 and T10: rear IP bearing axial (after[18])

Frequency band | Coefficient of correlation with
[Hz]; 23% CPB the 4 x f, component

spectrum T8 T9 T10

50 0.19 -0.19 0.77

100 0.23 0.00 -0.35

800 0.16 0.91 0.06

1000 0.11 0.93 0.17

1250 0.07 0.83 0.13

1600 0.22 0.79 0.16
2000 0.04 0.69 0.24
2500 0.06 0.55 0.18
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Results for turbine T9 clearly indicate that the
4xfy and certain blade range components exhibit
strong correlation, i.e. behave in a very similar
fashion, which suggests that they probably have the
same origin, in terms of object technical condition.
In fact, for some frequency bands correlation co-
efficients are only slightly lower than 1. This facili-
tates a qualitative diagnosis, as many possible (and
more typical) causes can be readily eliminated on
this basis.

3.2. IP turbine rotor bow

This case has also received some attention in
references [16, 18]. Again, issues relevant to correla-
tion analysis shall be dealt with in the following.

Permanent rotor bow (i.e. involving plastic de-
formation) is a rare, but serious failure. Repair is
costly and time-consuming; in many cases rotor
replacement is the only solution. Basically, rotor
bow produces symptoms similar to that of a ‘plain’
unbalance and in fact of many common failure types
[9]. Additional tests and measurements are thus
required for unambiguous identification. These in-
clude vibration monitoring at slow rotational speed
[9], monitoring of harmonic components during run-
downs in various thermal conditions [21] or phase
angle variations at startup [22]. All this requires
measurements during transient operation.

IP turbine rotor bow has recently occurred in two
steam turbines. Vibration trends shown in Fig.3
reveal that in both cases this has resulted in con-
tinuous and rapid increase of the 1xf, component of
vertical vibration velocity, measured at the rear IP
bearing. Rotor balancing, intended as a ‘symptom
treatment’ provided in order to keep turbines in
operation until next scheduled overhaul, resulted in
some improvement (indicated by arrows), but it is
evident that the root case has not been eradicated. It
can be easily seen that, in each cycle, S 0) is almost
linear and 0S/06 is hardly influenced by rotor
balancing. Moreover, influences of interference and
control are much weaker than that of the condition
parameter (in this case, unbalance resulting from the
rotor bow), so trends are fairly regular.

Application of correlation analysis for dis-
tinguishing between rotor bow and other possible
faults that produce similar behavior of the 1xf; com-
ponent is based on the following reasoning.
Normally in a rotating machine with the horizontal
shaft line there will always be a rotor sag under its
own weight, but resulting rotor shape is maintained
during a full rotation [9]. On the other hand, if there
is a permanent bow, this shape will change during
the period 7' = 1/f;, so that rotor disks will exhibit a
time-dependent tilt in a plane parallel to the rotor
axis. For a given disk, the angle o between the disk
plane and a vertical plane perpendicular to the rotor
axis will behave approximately as [18]

a= a;+ ay sin 2afot (11)

where ¢ is the angle resulting from rotor sag due to
gravity load and ¢, is the amplitude of angle deter-
mined by permanent bow. This will result in an
additional periodic axial force, with a period of T.
We may thus expect axial vibration component with
the frequency of f; and amplitude increasing with the
permanent rotor bow. At the same time, the
permanent bow will produce an unbalance with
accompanying increase of the f, component of
vertical vibration. It is therefore justified to suppose
that, if this type of fault is present, there will be a
correlation of the f; components in vertical and axial
directions.

a Turbine T1, bearing 3 vertical, 50 Hz

Normalized vibration velocity

0 500 1000 1500 2000 2500 3000 3500 4000
Time, days

Turbine T2, bearing 3 vertical, 50 Hz

Normalized vibration velocity
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o N P o ®m o NP ®O N B O ® O

500 1000 1500 2000 2500 3000 3500
Time, days

Fig. 3. 50 Hz component of vertical vibration
velocity, measured at rear IP rotor bearing in
turbines T1 (a) and T2 (b) as a function of time.
Values are normalized with respect to those
measured for 6 = 0. Arrows indicate IP rotor
balancing.

Correlation coefficients calculated for turbines
T1 (three cycles, determined by rotor balancing
attempts — cf. Fig.3a) and T2 (two cycles — the third
one in Fig.3b is too short for a meaningful analysis)
are listed in Table 2, together with corresponding
values for turbine T3 of the same type, in which no
permanent bow has occurred. Values are given for
rear IP rotor bearing (i.e. the point at which trends
shown in Fig.3 have been recorded) and two
adjacent bearings (front IP and front LP), as periodic
axial force is transmitted along the shaft line. It is
clearly seen that for turbines T1 and T2 correlation
is very strong, with seven values of » equal to or
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higher than 0.9. All fifteen values are positive. For
turbine T3 correlation is much weaker, maximum
value of || being 0.15; moreover, two values of
three are negative, which indicates that an increase
of one symptom is accompanied by a decrease of the
other. Correlation coefficient thus turns out to be
sensitive to the fault type and can be used to provide
a reliable qualitative diagnosis. This is accomplished
on the basis of steady-state measurement results
only.

Table 2. Linear correlation coefficient values for
turbines T1, T2 and T3 (see main text for details).

Coefficient of correlation between

1xf, components of vertical vibra-

Turbine and | tion velocity at rear IP bearing and

cycle axial vibration velocity at

front IP rear IP | front LP

bearing bearing | bearing
T1, cycle 1 0.69 0.90 0.91
T1, cycle 2 0.94 0.79 0.73
T1, cycle 3 0.87 0.91 0.88
T2, cycle 1 0.97 0.97 0.95
T2, cycle 2 0.65 0.60 0.51
T3 -0.15 0.14 -0.04

3.3. Fluid-flow system condition deterioration

As already mentioned, so-called blade compo-
nents, usually easily distinguished in absolute vibra-
tion spectra, convey information on the fluid-flow
system condition; details can be found in references
[8,12,23]. Amplitudes of these components, with
frequencies usually in the range from a few hundred
hertz to 10+20 kilohertz, can be used as diagnostic
symptoms. This is particularly useful in old turbines,
for which residual lifetime assessment is often of
vital importance.

The main problem in vibration patterns assess-
ment in the blade frequency range is in fact a direct
consequence of Eq.(5). As already mentioned, in-
fluence of interference and control on vibration
components in this range is in most cases much
stronger than on harmonic (low-frequency) ones.
This is illustrated by Fig.4, which shows normalized
standard deviation o/S, (S, is the mean value) as a
function of frequency for three different turbines and
measuring points. Data have been obtained during
sessions lasting about 1.5 h each, so that resulting
scatter is due mainly to interference. Similar results
have been obtained for other measuring points and
other turbine types. It is clearly seen that for the
harmonic components o/S, is of the order of a few
percent, while for the blade components o/S, is
roughly one order of magnitude higher. This
explains why vibration trends pertaining to this
frequency range are often very irregular (cf. Fig.1).

Moreover, in certain measuring points, there are
vibration sources other than turbine fluid-flow sys-
tem. This refers mainly to front HP bearing, which
in typical large steam turbines is usually housed in
a casing together with main oil pump drive, speed

governor and several other drives, which generate
their own characteristic vibration patterns. Some of
these components fall within the blade frequency
range and, if spectral resolution is not high enough
to distinguish them, which is often the case, interpre-
tation of vibration patterns and trends can be vague.

Relative standard deviation. %
.

o
‘.-!-
BEpfane

Frequency, Hz

Fig. 4. 6/S, as a function of frequency, determined
from 23% CPB vibration velocity spectra; (squares)
K-200 turbine, front LP bearing axial, 58
measurements; (circles) K-200 turbine, front HP
bearing horizontal, 55 measurements; (triangles)
TK-120 turbine, rear part of the LP casing
horizontal, 90 measurements

Can correlation analysis be useful in such cases?
It seems reasonable to assume that technical condi-
tion deterioration affects the rotor as a Whole4,
although degradation rates will of course be different
for individual stages. Thus, if there is a positive
correlation between vibration amplitudes in spectral
bands that contain vibration generated by the fluid-
flow system, we can infer that the increasing trend,
if present, can be attributed to its technical condition
deterioration.

Correlation analysis has been performed for the
front HP bearing of turbine T10, which was com-
missioned in early 1960s and modernized in early
1990s (modernization concerned mainly LP turbine).
Two examples of vibration trends, recorded at this
point, are shown in Fig.5. Accelerated deterioration
of fluid-flow system condition can be suspected, as
there is a marked increase and noticeable departure
from linearity in S;(6) histories [12,16]. Considerable
fluctuations, due to the influences of control and
interference, are noteworthy; that of interference is
probably dominant, as the turbine in most cases ran
at 90 to 100 % of the rated power and in this range
load influence is comparatively small [11]. On the
basis of these (and also other) vibration trends it is
not possible, however, to confirm this conjecture.

In this case there are ten frequency bands in
a CPB spectrum that contain blade components, and
hence ten symptoms for each measuring direction.

* Of course this refers to ‘natural damage’ only.
With random failures, caused e.g. by foreign
objects, this is in general not the case.
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Correlation data seem, at a glance, inconclusive. Ge-
nerally correlation between blade components is not
strong and many values are negative (20, 27 and 20
of 45 in vertical, horizontal and axial directions, res-
pectively). If we, however, distinguish those excee-
ding +0.5 (which is obviously an arbitrary limit), we
immediately notice that they fall into two groups:
the first one comprises three components (1.6 kHz,
2 kHz and 2.5 kHz) and the second two (5 kHz and
6.3 kHz). Correlation between these groups is weak
and almost all values (16 of 18) are negative.

a Turbine T10, bearing 1 vertical, 5000 Hz
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b Turbine T10, bearing 1 horizontal, 6300 Hz

Vibration velocity, mm/s
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Fig. 5. Vibration velocity trends, recorded at the
front HP bearing of turbine T10; a) 5 kHz band,
vertical direction; b) 6.3 kHz band, horizontal
direction

For this particular turbine type, frequency bands
up to 3150 Hz contain components generated by
bladed diaphragms, while higher frequency bands
contain those generated by rotor stages. It may thus
be inferred that both bladed diaphragms and rotor
stages exhibit symptoms of substantial lifetime
consumption degree, but quantitatively behave in
different manners. In general, correlation is stronger
for rotor stages, which suggests that their deterio-
ration is more advanced; this is, however, just
a conjecture, as quantitative relations still remain to
be established.

It may be argued that in all above cases corre-
lation coefficient is treated as a two-value (binary)
symptom: in fact the question is whether there is
a correlation or not. It seems natural to check how
this coefficient changes with time (or, more

precisely, with D). In order to deal with this issue, it
is useful to recall the so-called ‘old man syndrome’:
as 6, is approached, all condition symptoms become
more and more correlated [24]. This can be
understood on the basis of Eq. (5) if we assume — in
accordance with suggestions put forward e.g. in [25]
— that D should be treated as a condition parameter,
i.e. a component of the X(6) vector. For small values
of D each symptom is dominated by specific
condition  parameters  (or  control  and/or
interference), so correlation between individual
symptoms is expected to be weak. If, however, D is
large, or & is close to 6, its influence on all
symptoms becomes dominant; note that, according
to the EP model, each S; is a monotonically
increasing function of D’. This implies that, for
a pair of symptoms,

0—>6, =>r—>1. (12)

Can this syndrome be observed? Fig. 6 refers to
turbine P4 similar to T10 dealt with earlier in this
section, in which HP rotor and casing (together with
bladed diaphragms) were replaced after about
220,000 hours in operation; last measurements were
performed  immediately before replacement.
A marked increase of vibration velocity amplitudes
in frequency bands containing components
generated by rotor stages can be observed (Fig. 6a).
On the other hand, those that contain components
generated by bladed diaphragms show no
distinguishable monotonic trend (Fig. 6b). In fact,
trend shown in Fig. 6a is qualitatively similar to that
shown in Fig. 5 — no wonder, as a similar
phenomenon of the HP turbine fluid-flow system
lifetime consumption is observed.

Correlation coefficients, shown as functions of
time in Figs. 6¢ and 6d, have been calculated in such
a manner that, for a given point on the time axis,
they refer to ten preceding measurements. Fig. 6¢
refers to two velocity amplitudes from the blade fre-
quency range. Initially correlation between them is
quite weak and 7 is negative. Then a fast increase is
observed, up to » = 0.82, followed by a decrease.
Last section of the 7(#) curve exhibits a monotonic
increase, with » = 0.95 shortly before the overhaul;
the length of this increase period is about three
years. Detailed analysis has revealed that after about
1500 days several components of the HP turbine
(inlet nozzles and several bladed diaphragms
clamping rings) were replaced. This is most pro-
bably responsible for the temporary correlation
strength decrease. Vital fluid-flow system elements,
however, were not affected, so after a comparatively
short period the increasing tendency reappeared.

Fig. 6d, on the other hands, shows that
correlation between components generated by rotor
stages and bladed diaphragms is weak. Time history

> It has to be kept in mind that s;; values (see Eq. (8))
usually increase with D, which intensifies the
effect.
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Fig. 6. Vibration velocity amplitudes and correlation
coefficients vs. time; turbine P4, front HP bearing
vertical. a) vibration, 8 kHz band; b) vibration, 1.6
kHz band; ¢) correlation between 6.3 and 8 kHz
bands; d) correlation between 1.6 and 5 kHz bands

r(6) is very irregular and most values fall within the
range from 7 = -0.4 to » = 0.2. This confirms the
observations already mentioned in this section that
rotor stages and bladed diaphragms behave in
different manners and that rotor condition
deterioration is more advanced. It may be added here
that, for rotor stages, correlation between results
obtained for different measuring directions is
weaker, but the ‘old man syndrome’ can
nevertheless be observed; two examples are shown
in Fig. 7.
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Fig. 7. Correlation coefficients vs. time; turbine P4,
front HP bearing. a) correlation between freq-
uency bands 6.3 kHz (vertical) and 5 kHz
(horizontal); b) correlation between frequency
bands 8 kHz (vertical) and 8 kHz (horizontal)

It should be kept in mind that the above results
have been obtained from databases recorded during
routine measurements rather than by means of
a purpose-designed diagnostic experiment. This is
probably responsible for irregularities of the 7(60)
time histories, at least to a certain extent. Similarly,
the method employed for determining r as a function
of time is responsible for the lag in the correlation
coefficient decrease after an overhaul. The potential
of the method is, however, clearly demonstrated.
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4. CONCLUSION

Vibration-based symptoms, in particular absolute
vibration amplitudes in certain frequency bands and
their time histories, are widely employed in the
diagnostics of rotating machines. It has been shown
that correlation between such symptoms contains
valuable information on machine technical condition
and hence a measure of this correlation can itself be
employed as a symptom.

In qualitative diagnostics, presence (or absence)
of correlation is indicative of the possible mal-
function or damage type and therefore can augment
diagnostic capabilities in dubious cases. This is
particularly useful in the harmonic (low) frequency
range, wherein several phenomena have very similar
representations in vibration characteristics. In such
approach, correlation can be even treated as a binary
Ssymptom.

In quantitative diagnostics, analysis of corre-
lation coefficient as a function of time can reveal the
‘old man syndrome’, which is indicative of
a substantial lifetime consumption degree. This
seems particularly important for machines operated
beyond their design lifetime (which is by no means
an exceptional practice), where residual life
assessment becomes vital. In such approach,
correlation coefficient is treated as a continuous
function of time or of generalized damage.

Examples presented in this paper reveal a sub-
stantial potential of diagnostic methods based on
correlation analysis. Further research in this field is
therefore justified.
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