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Abstract

The energy parameters obtained during the tests of turbines of power units on the stand differ from those in the product. The research data, which results are
presented in the materials of the paper, are aimed at analyzing the discrepancies between the parametric indicators of power units and bench tests of the turbines. The
novelty of the obtained results reveals the direct and inverse relationship of changes in the amplitude-frequency characteristics of the elements of the stand (depending
on the realized turbine power) with the obtained results of measuring the turbine power on the stand. We developed and described an algorithm for constructing dynamic
analysis during the formation of the wave field of the test bench for turbines both in transient modes and in stationary modes corresponding to a constant number of
turbine revolutions. It is shown that, by using the algorithm of modal deduction and conditions of dynamic excitation of vibrations from the tested turbine with elements
of studying its power, it is possible to construct transients with certain reliability when the number of revolutions of the turbine changes, i.e. its power. The diagnostic
model has a novelty since it allows not only to assess of the influence of the elements of the stand on the nature of the transient process when measuring turbine power in
transient modes, taking into account the frequency adjustment when changing the revolutions of the turbine and the elements of the stand but also to form requirements
for the frequency tuning of the stand. To clarify the transfer function of the "stand-turbine" system, a modal analysis was applied, which made it possible to clarify the
structure of the transfer function in the frequency range of the natural (partial) frequencies of the elements of the stand when the restructuring of the wave field during the
transient operation of the turbine, but also when the turbine reaches the specified power.

the point of view of the formation and maintenance of self-
oscillatory processes during the operation of these devices.

Introduction

When designing power units with turbine engines and
upgrading them, it is important to ensure high vibrational
reliability. However, when testing the turbine separately from
the power unit at the stand, a discrepancy between the test

In the experimental-theoretical plan of measuring the
level of vibrations for research, there is a significant field in
the choice of measurement tools. In works [5,6] it is proposed

results and the indicators in the power unit, including the level
of vibration load, was noted. The basic approach to evaluating
the vibration parameters of machines was formulated by
Russian and foreign researchers [1-4], which is aimed at
evaluating and influencing the elemental base of gas turbines
depending on their operating parameters. The developed
algorithms make it possible to sufficiently qualitatively
investigate these interactions in the structure of changes in the
oscillation (rotation) of the rotor part and to construct certain
dependencies connecting the dynamic manifestation from

to use fiber-optic sensors for vibroacoustic monitoring. In
[7], the relationship between the bearing vibration and the
number of defects in bearing units for transmission systems
is determined. In [8], the influence of the equipment wear on
vibration levels is shown. Therefore, it is important to develop
and implement methods aimed at evaluating the dynamic
reliability of products and eliminating vibration at the stage of
testing them.

A fairly large number of works deal with methods and
conditions of conducting research when during turbine
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tests [9,10]. However, there are few studies on the influence
of the elemental base of the stand on the technical device
being tested, as applied to the operation of turbines. In this
work, an attempt was made to connect the influence of the
elements of the turbine test stand with the results of studying
the vibrational field of the turbine including the stand. The
conditions of the wave interactions of the stand elements
on the dynamic behavior of the tested product are analyzed
both in stationary modes of its tests and in transient ones.
A dynamic model has been developed and an algorithm for
calculating the natural frequencies of the bench elements has
been developed, which has been verified based on the results
of vibration measurements on an existing bench, both during
modal studies and during dynamic tests using the IDS software
package.

General remarks on the operation of the turbine on the
stand

So, during the experimental tests of turbine blocks of the
power units up to 1 MW on the bench, significant dynamic
loads associated with vibrations of both the bench elements
and the turbine were revealed, which resulted in test failures.
It was revealed that their manifestation increased significantly
during transient modes associated with a change in the
turbine speed (a change of power). In addition, in the process
of a steady state at certain speeds, a non-linear in-time self-
oscillatory state of the wave field of the stand with the turbine
is noted, which leads to non-calculated readings of its power.
As an example, Figure 1 shows a graph of changes in the level
of vibration accelerations for the turbine of a turbine unit,
obtained on the support of its fastening through a spacer to
the bench frame.

A similar image of the change in the vibration load was
recorded at all points of measurement of the bench vibration
during turbine testing, which led to failures in the operation of
the bench equipment.

Assuming that the natural (modal) frequencies of the test
bench elements depend on the load associated with a change
in the rotational speed of the tested turbine (produced power),
it is possible to link the change in power on the turbine with
the mode of dynamic restructuring of the modal amplitude-
frequency characteristics of the test bench elements. The
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Figure 1: Graph of the change in vibration acceleration overtime on the spacer:
a) vibration acceleration (m/s?); t) time (s), 1-7) vibration measurement points on

spacer bearings; I) acceleration to 7000 rpm; Il) transient resonant mode; Il1) fixed
speed mode - 7000 rpm; IV) rise in speed to 14,000 rpm; V) fixed mode - 14000 rpm.
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restructuring of the modal frequencies of the bench elements
changes the partial frequencies of the bench and vice versa.
In this case, the change in the number of revolutions in time
leads to a change not only in the frequency of the dynamic
load acting in the elements of the stand but also in a change in
the amplitude of the alternating modal frequency in a certain
dependence on the turbine speed. This assumption does not
contradict the physics of the change in the natural (partial)
frequencies of the stand when the load changes (an example
of tuning stringed instruments). In this case, the interaction
of the element base of the stand under near or resonant
interactions of elements during the formation of partial
frequencies of the stand is the most characteristic feature of
the manifestation of the dynamic nature of the stand and the
turbine. The restructuring of the frequency characteristics and
the formation of the carrier partial frequency of the bench as
a whole occurs not only in the transient mode of changing
the turbine speeds but at their fixed value. The wave field of
partial frequencies of the bench at each moment tends to form
a self-oscillating mode when the vibrational energy of each
element of the bench changes, that is, it adjusts to the change
in the energy of oscillations inside the bench system. Stand
elements interact with each other, being an external dynamic
load for each other. This interaction is reflected in the partial
frequencies of the stand, which affect the interaction of the
elements of the stand. Thus, the system aims at a certain
balance with restructuring in the amplitude-frequency region
in response to a change in the turbine speed. To understand
the reasons for such a dynamic behavior of "floating" of the
amplitude-frequency characteristics of the bench, both in
transient conditions and in steady state, it is necessary to
develop a mathematical model of the stand and a calculation
algorithm that allow one to construct the transfer function
of the element base of the stand and link the conditions for a
possible change in the wave field with the results of measuring
the parameters of the turbine operation as part of the stand.

Description of the stand for testing turbines

Figure 2 shows a diagram of the bench design. Figure
3 shows a part of the bench with an indication of vibration
measurement points during the modal analysis. The tested
turbine (Figure 2) is mounted in the transitional unit of the
stand, which is called the "spacer" (2). The units for measuring
the speed and torque (power), (3), are mounted in this spacer.
The torque measuring unit through the petal clutch (4) is
connected through the gearbox (5) with the load unit (6). All
these devices are mounted on the frame of the stand, which is
part of the foundation.

When testing a turbine, a working fluid (air at a temperature
of 2930 K) is supplied through its inlet pipe at a pressure of 2.5
MPa to 3.5 MPa. The mass flow rate varies from 5 kg/s to 15
kg/s. These parameters of the working fluid at the entrance
to the working area of the tested turbine make it possible to
obtain the required power during testing.

The control system for the supply of the working fluid
allows you to form certain flow characteristics through the
turbine and explore its energy and vibration parameters.
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1 -Turbine, 2 - Spacer (measuring unit housing), 3 - Turbint torgue measuremont unit,
4 - Petae clutch, 5 - Reducer, 6 - Boot device, 7 - Frame, 8 - Foundation

Figure 2: The design scheme of the stand.

Figure 3 is a part of the stand from the side of the loading
device, where the numbers mark some points of measurement
of the vibration level on the element base of the stand. The total
number of vibration measurement points during the research
was more than 40. The numbering of the points did not change
during the research of various turbine units. So points 3,5 are
points for measuring vibrations in three directions at each
point on the housing in the area of bearings of the low-speed
shaft of the gearbox. Points 6 and 8 are in the area of bearings
of the high-speed shaft. Measuring point 7 is in the area of
installation of bearings for measuring torque. Point 9 shows
the spacer fixing to the frame of the stand. Points 10, and 12
are in the area of fastening the measuring units. Point 15 is the
area of the turbine outlet bearing.

The remaining vibration measurement points were located
in the attachment points of the turbine and bench elements to
the mounting frame.

This number of points when measuring the vibration level
in three directions made it possible to build a dynamic picture
of the standing behavior and evaluate the influence of each
of the elements on the readings of the torque measurement
system both in transient modes and in stationary mode (at a
constant turbine speed).

Mathematical model of the stand

A mathematical model and an automated computational
algorithm for studying the dynamic behavior of an elemental
turbine as part of the elemental base of the bench are built
taking into account the wave interactions of its structural
elements and assemblies over time, taking into account the
change in the turbine speed and its power in the bench. Based
on the analysis of real designs of the element base of the stand,
a range of initial and boundary conditions was chosen for the
mathematical modeling of the dynamic change in the turbine
power during its operation taking into account the interaction
with the element base of the stand.

Figure 4 shows the calculation scheme of the stand model,
in the form of discrete masses with elastic-dissipative bonds
[11-13].

Figure 3: The stand with vibration measurement points for modal and dynamic

vibration analysis. The remaining vibration measurement points were located in the
attachment points of the turbine and bench elements to the mounting frame.

The algorithm of the mathematical model makes it possible
to investigate the conditions for the occurrence of increased
dynamic loads acting on the measuring base of the bench. In
this case, the influence of frequency interactions is taken into
account when changing the number of revolutions of the turbine
and measuring its power. The change in the modal frequencies
of the elements and the partial frequencies of the stand from
the load is modeled when the turbine speed changes.

The algorithm for determining the natural frequencies of
the bench elements is based on a mathematical model as a
system of discrete masses with elastic-dissipative constraints.

Ageneralization of the calculation schemeis the introduction
of elastic-dissipative bonds between non-neighboring chain
masses [9,10].

To determine the natural frequencies of oscillations of the
elements of a stand with a turbine, an algorithm was developed
based on oscillations of a multi-mass model with n degrees
of freedom taking into account torsional vibrations. Natural
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Figure 4: Stand model in the form of six discrete masses with elastic-dissipative constraints.
1) turbine; 2) spacer; 3) measurement system; 4) reducer; 5) load device; 6) frame with foundation; X1 - X6 are geometric characteristics of the location of the masses

along the X coordinate; R1 - R6 are geometrical characteristics along the coordinate R; C1 - C6 is stiffness of the elements of the connection of point masses along the
coordinates; G1 - G2 is inertial mass characteristics of the elements in the connection zone and coordinates; &(t) is the direction of consideration of oscillations.

oscillations of the i-th element of a system of n elements are
described by a system of differential equations

dzx

dt

Where m, is the mass of the i-th element of the system;
x, is the amplitude of movement of the center of mass of the
element; o is the circular frequency of vibrations of the center
of mass of the element; C, is the rigidity of the connection of
the i-th element of the system.

In the matrix form, the displacement amplitude by the
Maskwell-Mohr method was found as follows

(m]{u} +[C] {u} =0 (2)

where {x} is a column vector of displacements; {u} is the
column vector of accelerations, [m] and [C] are the mass and
stiffness matrices, respectively.

The differential equation characterizing the free torsional
vibrations of a multi-mass model can be represented by the
matrix form

(I){e} +[C J{o} = 0 (3)

where {c} is the column vector of angular accelerations;
{0} is the shaft twist angle; [I] and [C ], respectively, are the
matrices of the moment of inertia and the angular stiffness of
the model elements.

The frequency of natural vibrations of each element of the
system in general terms can be represented by the expression

1/2 I
C
b=l - , (4)
(] -t

where f = ¢ is the unit compliance corresponding to the
quasi-elastic coefficient c.

For a system of discrete masses, the expression for the
natural frequency spectrum will be:

The natural frequency equations will be determined by the
following matrix

1 2%]‘ zif A zgf A
- A - -
=1 1k “k1 K=l 1k“k2 k=1 1k k6

28 pod 1-02 % £ 4 28 44
-0 - -0
2k & 262 PR

2% /o4 2% o4 1—0? % 14
- - -0
& ok & ok ok ke

(5)

The general solution of the equation of free oscillations
with natural frequency o, and natural form v, will look like:

n
q(t) = a§1 va(Cycos oyt + Dy sinag,t) (6)

To simplify the solution of this complex system of
equations, it is necessary to divide it into six subsystems, i.e.
partial systems. To do this, it is necessary to find the partial
frequencies of each element of the system. These frequencies
will coincide with the natural frequencies of the elements of
the stand system when: A, =A, =0;C,=C, =0:

1/2 1/2 1/2
Gl %2 L S|
Yo o, | M 1 11 0
y 4 4
11 22 33
172 172 1/2 (7)
v Caa| G5 | Ces
v VA VI
44 55 66
Where o, o, 0, 0., o,, and o, are partial frequencies of the

components of the element base of the stand, respectively. Using
this method, an algorithm for finding the natural frequencies
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of the bench elements was compiled using the analysis of four
subsystems in the MathCAD application package.

The results of the frequency analysis of the modal
characteristics of the stand were verified by the results of the
modal analysis performed on the stand.

Experimental part

In the experimental part, the general task of the research is
reduced to two studies:

1. Finding natural (modal) frequencies of the element base
of the stand.

2. Evaluation of their change under the action of a load
within the range of the measured power.

In addition, an assessment is made of the change in the
partial frequencies of the stand as a whole, as a multi-mass
system. The solution to this problem makes it possible
to evaluate the priority influence of the natural (modal)
frequencies of the wall elements on the partial frequencies of
the stand as a whole.

Evaluation of natural torsional vibrations of the rotor
elements of the stand was carried out according to a similar
algorithm, which made it possible to evaluate the effect
of natural torsional vibrations of the measuring spring
installed in the spacer on the results of the power evaluation
when testing the turbine as part of the stand and to build a
relationship between the change in natural frequencies of the
spring depending on the number of revolutions (measured
power) turbines.

Comparison of the results of the modal analysis of an
unloaded bench carried out on its elemental base and fitting
to the experimental frequencies of the above algorithm made
it possible to refine matrix C of quasi-elastic coefficients at
zero loads, which made it possible to predict the change in
the matrix of quasi-elastic elements depending on the load
implemented on the loading device of the bench directly on the
measuring spring used as a turbine power sensor.

As an example, Table 1 shows the results of studying the
modal frequencies of the test bench elements for constructing
the transfer function from the turbine (point 15) to the
fastening of the spacer to the frame (point 9) and to the moment
measurement unit in the spacer (point 7, see Figure 3). To
construct the transfer function of the test bench elements, the
results of studies of model frequencies are used at all points of
measurement of the passage of the impulse load.

Modeling according to the developed algorithm for
calculating the change in the partial frequencies of the element
base of the stand depending on the number of revolutions of
the turbine agrees quite well with the results of modal analysis
when estimating the transfer function from the turbine to the
frame.

https://www.peertechzpublications.com/journals/annals-of-mathematics-and-physics 8

Table 1: Results of studying the modal frequencies of the test bench elements.

Number of Vibration velocity Vibration acceleration

measuring Vertical Horizontal Axial Vertical Horizontal Axial
points direction direction direction direction direction direction

195 293

293 293 488 293 586
195 586 585 1270 1855 1270
15 488 1270 1270 1855 2148 1758
1269 1855 1758 2030 2441 2344
1855 2148 2344 3418 4004 2637
2441 2637 4004 4395 2930
4004

195 195

195 195 391 195 195 391

9 488 391 586 488 391 586
781 781 781 781 781 781
1660

391

- 195 391 391 195 586
391 488 586 879 488 1172
879 1172 879 1465

I

293 293 293 781 684 293

7 586 684 488 1172 879 56
481 1074 1367 1465 1074

1855 2148

600

SO

A0

300

100
.
Nt
8200 9550 11000 12150 13700 14850 16200 17500

Figure 5: Change in the partial frequency of the spacer depending on the turbine
speed (measurement point 7):

fis the frequency (Hz), Nt is turbine speed (rpm); 1 is the frequency in the axial
direction; 2 is the frequency in the vertical direction.

Modal analysis results

As an example, Figure 5 shows the results of tuning the
partial frequencies of the stand at the point of attachment of the
spacer to the frame from a change in the number of revolutions
of the turbine. The frequency analysis was carried out when
processing the time signal, "cut" from its time implementation
in accordance with the example of vibration measurement of
the sensor at point 9 in Figure 1, the cut zones are indicated
by numbers from 1 to 7. This made it possible to determine the
frequency and amplitude of the carrier signal in each specific
temporal implementation during spectral analysis and to
associate these frequencies and amplitudes with the conditions
for changing the wave (vibration) field of the stand. Since the
vibration measurements were carried out by multichannel
equipment, this made it possible to synchronize the processing
of vibration signals from all sensors, to obtain not only the
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frequency reconfiguration of the modal frequencies of the
bench element base depending on the turbine speed but also
determine the phase shifts in the frequency implementation of
the formation of the partial frequency of the bench as a whole.

Figure 6 shows the results of the experimental studies of
the change in the mean square value (MSV) of the vibration
velocity at point 7 depending on the turbine speed from the
side of the loading device with a multiplier.

Figure 7 shows the results of measurements of the
experimental studies of the change in MSV vibration velocity at
point 9 (power measurement unit in the spacer) depending on
the turbine speed from the turbine side.

Analysis of the results shown in Figures 5-7 clearly
demonstrates the non-linear dependence of the change in the
frequency characteristics of the oscillatory processes in the
elements of the stand on the number of turbine revolutions
(power).

The presented results of studying the dynamic behavior and
restructuring of the frequency characteristics of the element

Figure 6: Change in MSV vibration velocity at the point of attachment of the spacer
to the frame (measurement point 7):

Vis vibration velocity MSV (mm/s), Nt is turbine rotation frequency (rpm); 1) MSV
in the horizontal direction; 2) MSV in the axial direction; 3) permissible level of

MSYV vibration velocity

Figure 7: Change in MSV vibration velocity at the point of attachment of the power
measurement unit to the spacers (measurement point 9)

Vis vibration velocity MSV (mm/s), Nt is turbine rotation frequency (rpm); 1) MSV
in the horizontal direction; 2) MSV in the axial direction; 3) permissible level of
MSV vibration velocity.
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base of the stand allow us to explain the non-stationary picture
of the manifestation of changes not only in the oscillatory
modes but also in the energy of oscillations during transient
modes of studying the turbine operation.

Conclusion

The developed mathematical apparatus based on point
masses for the stand for testing the performance of turbines
of various powers makes it possible to construct the transfer
function of the stand depending on the change in the number
of turbine revolutions. This algorithm allows you to evaluate
the possible level of influence of each of the elements of the
stand on the dynamic implementation through the vibration
pattern of the process.

Using the results of studying the modal frequencies of
bench equipment elements without load made it possible to
refine the stiffness function in the algorithm for calculating the
partial frequencies of the bench, to obtain transfer functions
from the bench element base and the conditions for frequency
transformations by the bench element base when the turbine
power changes.

The results of the studies made it possible to explain the
reasons for the "floating" of the results of measuring the
power of the turbine both in transient modes of changing its
speed and at steady state speed.

The developed algorithm and the results of the experimental
study make it possible to evaluate not only the dynamic state
of a particular test bench in different turbine research modes,
but also to give recommendations for designing various test
benches taking into account the influence of the material base,
and therefore predict dynamic loads on the bench element base.
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