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Abstract. The present paper considers a multi-criteria analysis algorithm of turbo generator fluid-
film bearing operability and its connection with rotor machine monitoring system data. It is
substantiated that implementation of predictive analysis of load capacity, locus curves and
dynamic displacements allows prognosis of useful life of a fluid-film bearings and improvement
of reliability of a rotor machine.
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1. Introduction

One of the key components of a power plant is a turbogenerator. Ensuring its reliable and safe
operation is a priority, the downtime of such equipment leads to significant costs and
underproduction of energy. Compensation of under-generated energy, as a rule, is carried out by
transferring workable equipment to a higher than nominal operating mode, which, in turn, leads
to an increase in dynamic and thermal loads on critical components of a turbogenerator: rotor,
stator, fluid-film bearings (FFB), seals, etc. [1-6].

Modern systems for monitoring and diagnostics of turbogenerators use, basically, classical
spectral analysis of the signal of vibration displacement sensors [7-10], monitoring of other
parameters of the turbogenerator (partial discharges, current, voltage, gas content, pressure,
temperature) is carried out according to the nominal signal of the sensors and its comparison with
the limiting characteristics. A turbogenerator is a complex multi-parameter system (Fig. 1) in
which interconnected electromagnetic, thermal, hydrodynamic, mechanical processes take place,
for example, in a gas turbine unit GE LM6000, more than 6000 parameters are simultaneously
controlled [11].

Such an analysis is not always effective, since the process of the controlled parameters going
beyond the set limits actually means the beginning of the emergency process of the technical
system, followed by a stop and the subsequent determination of the causes of failures and their
exclusion during repair work. An exception is the system of intelligent forecasting of a healthy
state based on multivariate statistical analysis using machine learning methods, for example:
Predictive system PRANA [12]; Plant Monitor — Siemens [13]; Predix — GE [14].

These systems are a natural evolution of existing monitoring and diagnostic systems, based on
the development of the Internet of things, artificial neural networks and machine learning. But in
fact, these systems collect data about the signals from the sensors, compare them with the
reference settings and give a forecast about what can happen to the equipment based on the
statistics of previous failures and emergency cases. At the same time, the responsibility for
bringing the turbogenerator into repair lies with the director of the power plant — prognostic results
are basic knowledge that should be verified by experts and the relevant services of the power plant.
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Fig. 1. Turbogenerator as a multi-parameter monitoring system
2. Predictive model for FFB operability analysis

Predictive analysis, in the authors’ understanding, means a deeper interpretation of the
monitoring system signal by using it as input in mathematical models that describe processes in
critical nodes of a turbogenerator based on a model-based approach [15].

As an example, we will develop a model for predictive analysis of the operability of the FFB
based on the measured parameters of the temperature of the lubricant at the outlet of the FFB with
sensors that all turbo generator monitoring systems are equipped with. Typical types of failures of
the FFB of a turbogenerator are wear of the antifriction layer, misalignment of bearings, loss of
lubricity of a lubricant, and a change in geometric characteristics due to uneven thermal loads.

Fig. 2 shows a block diagram of a multicriteria analysis of the operability of the FFB by the
signal of the oil temperature at the input and output of the sliding bearing. The predictive analysis
is based on a mathematical model of the FFB, which allows calculating its main characteristics:
load capacity, friction moment, lubricant consumption, temperature field distribution, stiffness
and damping coefficients, as well as additional dependences of lubricant viscosity on pressure and
temperature [16-18].

Parameter 1

1st level calculations

2nd level calculations

Bearing outlet
lubricant
temperature 7,

Current dynamic
viscosity p

Moment of friction

M,

Temperature
distribution over the
surface of the
sleeve FFB T(x.z)

Load capacity W

Mechanical stress-

strain state oy,

Criteria analysis

Failure Identification and
Residual Calculation

Fig. 2. The block diagram of a multicriteria analysis of the operability
of the FFB by a temperature parameter
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The essence of multicriteria analysis is to maximize the use of signals from the monitoring
system in simulation models of processes that are associated with a particular type of failure. An
important issue is also the establishment of criteria with respect to which a conclusion should be
made about the predicted failure. For example, based on the readings of oil temperature sensors,
it is possible to calculate the averaged dynamic viscosity, calculate the bearing capacity of a sliding
bearing, and determine the temperature distribution over the surface of the bearing sleeve. Not all
calculated parameters allow you to immediately conduct a criterial analysis and require further
calculation. For example, knowledge of the current viscosity of the oil does not give an answer to
the question of satisfactory sliding operability, but by calculating the friction moment or the
coefficient of friction or for greater convenience to estimate the friction power loss, we can
estimate how much the current frictional state differs from the initial one. And if the condition is
not fulfilled, then this suggests one or more versions of failures, for example, the friction moment
may increase due to the transition from the hydrodynamic friction mode to the semi-fluid friction
mode or due to wear of the antifriction layer of the plain bearing sleeve. Using this approach, it is
possible to solve specific problems that sometimes do not have obvious solutions. For example,
by calculating the temperature distribution over the surface of the FFB sleeve, it is possible to
calculate the stress-strain state considering local temperature changes and determine the likelihood
of a crack. Such a task may be relevant for FFB operating under conditions of large temperature
differences during start-stop periods and made of materials with high brittleness, for example,
silicon carbide FFB in pumps for pumping oil and gas products in regions with low average daily
temperatures.

In order to determine what kind of failure is still most likely, verification of the following
criterion is required — ensuring sufficient load capacity. For example, if the current load capacity
is sufficient, and the friction moment is high, then we are talking about the wear of the antifriction
layer, and if the load capacity is insufficient and the friction moment is high, then it is logical to
assume the operation in the semi-fluid friction mode. To clarify this type of failure, it is necessary
to solve the direct problem of rotor dynamics and compare the real eccentricity with the
permissible one. At this stage, the module for analysis of rotor movements in the clearance of the
sliding bearing should be connected according to the monitoring system. That is, such block
diagrams can be constructed for each signal and determining the interconnections and conjugation
conditions between each criterion is a separate complex task.

3. Predictive model for bearing operability analysis

The figures below show the sequence of actions in the predictive analysis system. In the first
iteration, it is proposed to use sufficiently proven dependencies to reduce the computational load.
Fig. 3 shows the dynamic viscosity of oils y with different initial value y, and temperature in the
Iubricant layer on sliding speed v,;. The temperature in the lubricating layer, depending on the
sliding speed, is determined Eq. (1) [19]:

_3.“077s2
4k

T—T, (1)

where kj is the thermal conductivity of the lubricant (Wm™'K™").
To account for changes in the thermophysical properties of the lubricant, a function is adopted
that relates viscosity and density to temperature and pressure for oils [20]:

U= MoeapP_Y(T_TO), )

where y is the temperature viscosity coefficient of the lubricant, a, the pressure-viscosity
coefficient and y the viscosity at room temperature and ambient pressure.
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For most oils, you can take k = 0.14 Wm'K™!, y = 0.028 K.

The diagram allows you to trace the mutual relationship of the influence of temperature factors
and sliding speed on the current viscosity of the lubricant and it is convenient to associate this
parameter with the readings of the temperature sensor at the bearing exit.

We consider two cases of a change in the viscosity of the lubricant p, as a result of heating to
temperature T; under the action of friction for a model plain bearing with parameters: diameter
40 mm, length 40 mm, radial clearance 40 um, angular velocity 250 rad/s, sliding speed 5 m/s,
fluid lubrication with an initial viscosity of 0.1 Pa-s. Suppose that in the first case, the liquid
temperature sensor at the outlet of the bearing shows the value T, = 55 °C, and in the second case,
T3 =75 °C (Fig. 3). The reason for this heating may be the technological processes of rotary
machines, increased friction — that is, those factors that are not considered by Eq. (1).
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Fig. 3. Dynamic viscosity of oils as a function of sliding speed and temperature

The mathematical model of the sliding bearing allows you to calculate the current load capacity
and compare it with the required (Fig. 4) in order to achieve the condition Eq. (2).

For example, for viscosity pt; we have that the required load capacity W;, determined by the
weight of the rotor and dynamic loads, is achieved at a relative eccentricity € = 0.61. After heating
the oil to a temperature of 55 °C and dropping the viscosity to u,, the required load capacity will
be achieved at a relative eccentricity € = 0.69, and when heated to 70 °C for viscosity i3 at a
relative eccentricity € = 0.77. When this occurs, situations that are different for analysis depend
on the geometric characteristics and surface treatment conditions.
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In the first case, an increase in eccentricity does not exceed the limit relative eccentricity,
which is determined by the margin of the minimum thickness of the lubricant layer h,. A decrease
in viscosity in the second case leads to the achievement of a given load capacity already beyond
the zone of critical relative eccentricity h.,. At the same time, from the point of view of a classical
evaluation of the operability of the FFB, this means going beyond critical boundaries and requires
measures, but from the point of view of predictive analysis, this means the need for further
verification. For example, by solving the equations of motion of the rotor, taking as the perturbing
forces only the rotor weight forces Eq. (6), it is possible to construct mobile equilibrium curves to
determine the position of the center of mass of the rotor, and then apply the values of the dynamic
amplitudes of vibrations to check whether the rotor falls into the boundary or not (Fig. 5) according
to the readings of the vibration sensors of the monitoring system or by solving the equations of
rotor dynamics Eq. (4), taking as external forces, in addition to the forces of weight and inertia, it
is possible to construct rotor movements and evaluate whether the rotor amplitude of the critical
eccentricity will not exceed the amplitude of the rotor, that is, will there be semi-liquid or semi-dry
friction at a certain phase of the rotor precession motion, as a result of which increased wear of
the sliding bearing sleeve will occur (Fig. 5):

X 0 Ry
wfg}=mal0)-{3)

¥ 0) Rx} , (sinwt
m{y} —mg {1} {Ry +mhw {coswt}’ )
where m is the mass of rotor, A is the unbalance, w is the angular velocity, Ry, Ry is the axle
bearing capacity (load capacity W = \/R3 + R?).

After checking all the criteria, it can be concluded that the sliding bearing is moving to what
type of failure. In fact, the shift to the region of large eccentricities is not a failure, but work in the
mixed friction zone will lead to wear of the bearing and, by connecting a mathematical model for

determining sleeve wear, we can predict the residual life of the bearing assembly compared to the
initial one [21].
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Fig. 5. Predictive analysis of dynamic characteristics
4. Conclusions

Each failure or emergency of a rotary machine can be detailed in n steps. Each scenario
requires its own computational algorithm and its own verified model. If we consider the
turbogenerator of a power plant, then the key nodes as the objects of analysis are the rotor, stator,
bearings, seals, brush-contact apparatus, pathogen, cooling system.
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For example, it is possible to solve the inverse problem of rotor dynamics by supplying rotor
displacement as input data from the monitoring system and determining the inertial force and
comparing it with the initial values after balancing. This solution will allow you to compare the
current value of the inertial forces with the initial one after balancing the rotary machine and make
a forecast about undesirable changes, for example, the separation of the impeller blades of the
turbine, the compressor or the offset of the balancing weights due to creep.

Each failure scenario should be mathematically formalized by the steps of its occurrence in
order to build a global predictive model for analyzing the health of rotor machines. To solve the
problem of simultaneous processing of a large amount of data, it is necessary to use modern
methods of machine learning and the use of artificial neural networks to process signals from the
monitoring and forecasting systems [22].
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