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Influence of Kinematic, Physical and Mechanical
Structure Parameters on Aeroelastic GTU Shaft
Vibrations in Magnetic Bearings
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Abstract—At present, vibrations of rotors of gas transmittal unit
evade sustainable forecasting. This paper describes elastic oscillation
modes in resilient supports and rotor impellers modeled during
computational experiments with regard to interference in the system
of gas-dynamic flow and compressor rotor. Verification of aeroelastic
approach was done on model problem of interaction between
supersonic jet in shock tube with deformed plate. ANSYS 15.0
engineering analysis system was used as a modeling tool of
numerical simulation in this paper. Finite volume method for gas
dynamics and finite elements method for assessment of the strain
stress state (SSS) components were used as research methods.
Rotation speed and material’s elasticity modulus varied during
calculations, and SSS components and gas-dynamic parameters in the
dynamic system of gas-dynamic flow and compressor rotor were
evaluated. The analysis of time dependence demonstrated that gas-
dynamic parameters near the rotor blades oscillate at 200 Hz, and
SSS parameters at the upper blade edge oscillate four times higher,
i.e. with blade frequency. It has been detected that vibration
amplitudes correction in the test points at magnetic bearings by
aeroelasticity may correspond up to 50%, and about -1/4 for phases.
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[LINTRODUCTION

EVELOPMENT of the compressor equipment is

associated with the terms such increase in the pressure
ratio and decrease in the material capacity and weight. The
latter is particularly true for gas transmittal unit (GTU), due to
the need aviation transport in region of the Far North which is
difficult of access. Reduced stiffness and load growth can
increase the risk of aeroelastic oscillation processes in a non-
rigid thin-walled structure under the action of intense gas
flows.

The foregoing allows selecting the following factors, which
influence the turbomachinery equipment oscillations:
imbalances arising in the manufacture and assembly of the
structure; the geometry of the gas-dynamic channel;
acroelastic effects on the compressor blades and labyrinth
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sealing; aeroelastic interaction in a dynamic system "gas-
dynamic flow - a rotor with magnetic bearings".

The influence on rotor oscillations made by the
technological imbalances [1], [2], and the influence on the
oscillations of the blades made by processes of interaction
between the flow and the impeller blades [3]-[5] are mostly
studied. The rest factors are insufficiently studied [6], [7].

To study the compressors’ aeroelasticity, a large scope of
research activities needs to be carried out. In this paper the
authors studied the differences aeroelastic vibrations in
compressors from oscillation calculated in the "classical"
unsteady formulation. In addition, the authors explore the
characteristics aeroelastic vibrations in the gas in the blades
and magnetic bearings. However, the authors examine the
impact of the speed of rotation, physical and mechanical
properties of materials on the parameters of aeroelastic rotor
vibrations taking into account technological imbalances and
magnetic bearings.

Aeroelastic calculations were carried out at model problem
for verification.

IL.UP-TO-DATE STUDIES’ STATUS REVIEW

The history of the aeroelastic numerical calculations stems
from the works related to the asymmetrical flutter that
occurred during the flight of the Handley Page bomber. It was
F. Lanchester who among the first researchers defined the
reasons of its crush (1916) [8]. In 1918, after a breakage of the
Albatros D.II biplane lower wing, Paul Richard Heinrich
Blasius, the German physicist, carried out one of the first
flutter analytical calculations. The first numerical calculation
of the aerodynamic force affecting a thin plate harmonically
oscillating in a two-dimensional flow was carried out later in
1922 by W. Birnbaum in his thesis research, which was
written at Goettingen University [9], [10]. In the 1920s,
theoretical physicists W. Birnbaum, H. Wagner, H. G.
Kiissner developed a flutter mathematical model being an
ordinary differential system. The first precise solution of the
flutter problem was obtained by T. Theodorsen in 1934. In
Russia, the studies of the flutter phenomenon started later in
1930. A pioneer in this area was E. P. Grossman [8].

Many researchers studied the aeroelasticity problem. In
1972, A. S. Volmir described forced oscillation of a plate
undergoing the effect of an alternate shearing load [11]. In
paper [12] the problem of aerohydroelasticity was considered
in details. The authors considered the range of tasks where the
influence made by the environment on the structure behavior
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needed to be taken into consideration. It was noted that the
range of such tasks continuously widens [12]. The authors
take a gas-elastic approach to calculate vibration modes in
power installations, give physical and mathematical models of
a process, and suggest a unified algorithm and solution
method [13]. Large number of model tasks’ solutions is
quoted.

When solving the task of coupled oscillations of a solid
object and gas flow numerically, researchers encounter a
number of difficulties. Firstly, multidisciplinarity of the task:
to solve it, methods of theory of elasticity, aerodynamics and
theory of oscillations are to be used. Secondly, nonstationarity
of the progressing processes. Thirdly, difficulties of
mathematical character occur when solving coupled problems,
which is caused by physical inhomogeneity of the gas-
structure system and absence of the unified mathematical
apparatus to describe its behavior within the framework of
simultaneous equations [14]. Fourthly, solving of the
aeroelasticity tasks is a computationally and resource intensive
process and requires certain knowledge in the area of
supercomputer technologies, including parallel computations.

Due to existing difficulties, the problem of oscillations is
studied either from the point of gas dynamic, or of the theory
of elasticity. For example, in the papers [15]-[17] the studies
of gas dynamics in the centrifugal compressors are presented.
In addition, in the paper [18] a suggestion that the compressor
blade’s oscillatory mode and frequency are independent on the
airflow was made. This paper concerns flow oscillations
around an oscillating blade of the jet engine compressor.
Nonetheless, there are some papers, which describe the
associated statement implementation. Researchers from the
USA [19] carried out an overview of associated numerical
schemes. They applied one of approaches to the flutter

research problem [19]. Vibration phenomenon of the wind
driven turbine blades was jointly studied by researchers [20]
from three countries: China, Australia and the USA. The
authors carried out their numerical calculations in ANSYS
application software product, with due consideration of
interaction between the gas flow and the structure. The
scientists noted that the effect caused by the abovementioned
interaction is significant and shall not be disregarded [20]. In
paper [21], the description of aeroelastic calculations of a
turbine blade in the gas flow is given. This approach
demonstrated that estimated blade capacity significantly
differs due to consideration of the aeroelastic deformations.

III.VERIFICATION OF THE NUMERICAL AEROELASTIC
CALCULATIONS

A.Physical Model

With a view to verify the methodology of carrying out the
coupled calculation in ANSYS, a testing task of modeling the
interaction of a supersonic gas-dynamic flow with a deformed
plate in the 3.75 m long shock tube (Fig. 1). [22], [23] was
considered.

It must be noted that the workflow is generated due to
nonstationary expansion of air from the high-pressure
chamber. Membrane rupture during the installation start
ensures formation of the expanding detached shock wave. In
the computational experiment, the flow is the perfect gas. The
installation consists of two areas: HPA (High Pressure Area)
and LPA (Low Pressure Area). The deformed plate is an
elastic homogenous body made of steel (density p=7,600
kg/m® and Young’s modulus E=220 GPa). The plate is
installed on the nondeformed foundation.

HPA LPA « 8 |

750 2640 e

i

Plate Foundation 8

265

Fig. 1 Experimental installation scheme [22], [23]

The following system of assumptions for development of
the calculation model was accepted:

1. Friction on the sidewalls is not be taken into account in
calculations. To decrease the calculation time, in direction
of the Z-axis the dimension corresponding to two
computational cells is accepted.

2. To decrease the calculation time, the distance between the
entrance and the butt-end of the deformed plate is
reduced.

3. Deformations of the foundation are not taken into account
in evaluating calculation of the stress strain behavior
components.

4. The k-e turbulence model is used.

5. The process of the membrane rupture is modeled by an

instantaneous membrane disappearance.

B.Realization in ANSYS

Thereat, the following 2FSI (two-way Fluid Structure
Interaction) bilateral calculation scheme is realized in ANSY'S
(Fig. 2) [20]. The solution is found by means of an iterative
method. Two problem solvers: Transient Structural (non-
stationary mechanics, finite element method) and CFX
Transient (gas dynamics, finite volume method) are joined
together by the data transfer. The obtained gas-dynamic flow
parameters are the initial data for calculation of the boundary
conditions of the task aimed at evaluation of the structure
stress strain behavior (SSS). Thereat, the 2FSI problem solvers
get prepared in two stages:
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Stage 1: Preparation of the plate submodel in the SSS
Transient Structural problem solver;

Gas computational region
{domain)

Description of initial and
boundary conditions [BC)

|
+
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tien of the gas dynamics
parameters

Canvergency
analysis

Calculation results of the

Stage 2: Preparation of submodel of the gas-dynamic channel
in the CFX Transient problem solver.

Structure computational
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Mon-stationary
calculation for the 555
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components

I

Calculation results of the “new
ones” for this t BC

Gas velocity field

Mo
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[ Caleulation in the following time step I

Fig. 2 Block diagram of the 2FSI algorithm in ANSYS

C.Mathematical Model

In accordance with the selected physical model,
mathematical model, which includes two submodels, is used.
The gas-dynamics submodel is based on the mass, impulse,
and energy conservation laws, equation of perfect
compressible gas state, and is closed by the initial and border
conditions. The mathematical submodel for SSS evaluation is
recorded as follows [24], [25]:

mX + cX + kx = F (t). @))]

where m is the mass matrix; ¢ is damping matrix; K is rigidity
matrix; F(t) is the load vector; x means displacements.

At any specific time, these equations can be considered as a
set of static equilibrium equations, where the forces of inertia
and damping are also taken into account. To solve these
equations, Newmark time integration method [24], [25] is
used. The increment between sequential instants of time,
integration steps, etc., are calculated. The mathematical model
is closed by the initial and border conditions.

D.Initial Conditions
Initial conditions for the associated statement are the stress-

free state of the structure and the undisturbed gas.

E.Boundary Conditions of the Structure’s Submodel in the
SSS Transient Structural Problem Solver

Boundary conditions for the structure are presented in Fig.
3. The plate is fastened with its bottom butt-end (i.2). Three
faces of the plate interact with the gas flow (i.3). The flow
moves in the direction of the OX axis.

F.Boundary Conditions of the Gas-dynamic Submodel in
the CFX Transient Problem Solver

Boundary conditions for gas dynamics are presented in Fig.
4. Tt is accepted that the calculation model consists of two
areas: HPA and LPA, and in each of them, the gas is
motionless in the initial instant of time. The pressure drop was
accepted equaling 0.254 MPa.
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G.Boundary Conditions of the Gas-dynamic Submodel in
the CFX Transient Problem Solver

To solve the initial partial differential system, the
submodels were split to cells. The fragments of the gridded
models are presented in Fig. 5.

H.Verification

The results of the computational experiments (CE) done by
the authors and the results [22], [23] that were taken as
standards are shown in Fig. 6. The instant of time was taken
about zero when interaction between the plate and the incident
normal shock wave result in the plane shock wave moving
against the flow. The positive values on the charts correspond

Fig. 3 Calculation model for evaluation of the plate SSS components:  to the edge displacement against the flow [22], [23].
1 — blockage of normal displacement; 2 — anchorage; 3 — “structure—
gas” interface

1

Fig. 4 Calculation model for gas dynamics: 1 — wall; 2 — symmetry; 3 — “gas—structure” interface

e 2,
| X
0.008

(b)

Fig. 5 Fragments of the gridded model: (a) gas-dynamic channel; (b)
structure

Le..

(@

The percentage error between the authors’ calculations and
the research data from the USA for the maximum
displacements does not exceed 20%.
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Fig. 6 Time dependence of the plate edge displacement: (a) experiment [23], (b) CE [23], (¢) CE [22], (d) CE

IV.AEROELASTIC CALCULATION OF THE GTU CENTRIFUGAL
COMPRESSOR

A.Physical Model

The given aeroelastic calculation method was applied for
the modeling in the system of gas-dynamic flow and magnetic
suspension rotor by the example of the centrifugal compressor
experimental stage. Its geometry is constructed by means of
Vista CCD builder (centrifugal compressor design).

The rotor, which rotates with a uniform angular velocity, is
considered in the gas-dynamic submodel. The rotor in
assembly, including its shaft, impeller and magnetic bearings
(MB1 (magnetic bearing) near free rotor end, MB2 near
transmission), is considered in the calculation of the SSS
components evaluation. Eccentricities of the shaft areas are
logged. Calculations were carried out with due consideration
of gravitation. Interference of the gas-dynamic flow and
deformed rotor is logged.

The ratio of the shroud to the hub equals 4.4; impeller width
is 134 mm. On the impeller, eight blades are installed; their
thickness is 4 mm. The rotor is 2 m long, the width of a
magnetic bearing equals 200 mm, the structure material is
steel, the walls are rough-surfaced, and their eccentricity
equals 10 pm. The rotor speed equals 6,000 rpm. The flow of
the non-reacting perfect gas is considered; the flow is
monophasic. The pressure ratio is 1.3; the inlet pressure equals
0.1 MPa, mass flow rate equals 1.8 kg/s.

B.Boundary Conditions of Rotor Submodel in the SSS
Transient Structural Solver

In Fig. 7, the boundary conditions for the structure are
presented.

C.Modeling of Eccentricity

Since the non-coaxial values of various shaft areas does not
exceed dozens of micrometers, the direct numerical modeling
requires splitting the grid in the areas of these displacements
to dimensions of a cell which is 5 to 10 times smaller than the
non-coaxial value. Thereat, even with due consideration of the
adaptation, the grid model contains several dozens of millions
of cells. This, in its turn, requires the usage of expensive
highly productive computer systems and significantly

increases calculation time. Mostly, this problem is
unachievable for user engineers.
ANSYS
R15.0
Academic

0.300

Fig. 7 Calculation scheme for evaluation of compressor SSS
components: 1 and 2 correspond to MP1 and MP2 magnetic bearings,
accordingly; 3 — normal displacements blockage to the surface; 4 —
“structure—gas” interface

There was suggested a possibility to overcome the above
mentioned computational problem in the course of numerical
modeling. It is suggested to use a load on the surface of a shaft
in order to simulate imbalance occurring in this section (Fig.
8). Thus, it becomes possible to reduce the timing and
computing resources required.

Noncoaxial
area

0600 (m) ‘/I\
i 2
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Fig. 8 Modeling of compressor rotor eccentricity: a — in an evident
manner; b — by means of a corrective load

D.Boundary Conditions of Gas-Dynamic Channel

Submodel in the CFX Transient Solver

A 3D computational submodel of gas dynamics is presented
in Fig. 9.

ANSYS

R15.0
Academic

Fig. 9 Calculation scheme of compressor gas dynamics: 1 —inlet; 2 —
outlet; 3 — “gas—structure” interface (realized on the blade surfaces,
top discs and the hub); 4 — moving grid on the surfaces of the hub and
shroud

1] 0.200 (m)
L EE—

0.100

E.Gridded Models

Then, solid and gridded models of the structure and gas-
dynamic part were developed. In Figs. 10 and 11, fragments of
gridded models are presented. Gridded models were
developed by means of using the Ansys Meshing grid builder.

The gridded model for evaluation of the SSS components
includes about 75,000 elements, and 1,666,000 clements for
calculation of gas dynamics.

F.Carrying out of Computational Experiments

Calculations were carried out in the ANSYS 15.0 computer
engineering analysis system with usage of the computing
capacities of the high performance computer complex of Perm
National Research Polytechnic University. The average

duration of calculation comprised 2.5 days using 16 IntelXeon

E5-2680 processor cores. Memory space required for the
results storage shall be at least 90 GB.

ANSYS

R15.0
Academic

Fig. 10 Fragment of the gridded model of gas-dynamic channel

o
s
S
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Fig. 11 Fragment of the gridded model of rotor structure

V.RESULTS OF AEROELASTIC CALCULATIONS OF THE GTU
CENTRIFUGAL COMPRESSOR

In the course of calculations, rotation speed and the
modulus of the structure material elasticity were being varied.
At that, the SSS components and gas-dynamic parameters in
the system of gas-dynamic flow and magnetic suspension
rotor were evaluated.

Time dependences of the gas-dynamic parameters and
stress strain behavior components obtained in the course of the
computational experiments were calculated within the same
time periods. As a matter of analysis convenience, the charts
were located under each other. In each chart the results of the
2FSI calculation and either the nonstationary SSS, or the
nonstationary gas dynamics calculations were represented.
The average displacements value was located between the first
maximum and minimum values. The oscillations amplitude
values were evaluated as the difference of displacements in the
first maximum and the average value. To define the oscillation
periods, the time interval between the first two maximums was
selected.

A.Preliminary Analysis

A preliminary analysis demonstrated that the “rotor”
frequency equals 100 Hz, the “blade” frequency equals 800
Hz, and the critical one is about 111 Hz. The critical frequency
was defined by means of the Campbell diagram with the usage
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of the tools of Modal ANSYS module which does not take
into account the influence made by the gas. The obtained

result is presented in Fig.12, where the critical rotation speeds
are marked with triangles.
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Fig. 12 Campbell diagram

The basic calculation time dependences analysis (Fig. 13)
demonstrated that oscillations of the gas-dynamic parameters
in vicinity of a rotor blade occur with the frequency of about
200 Hz, and oscillations of the SSS parameters on the upper

blade edge occur with the frequency of approximately four
times higher, i.e. with almost “blade” frequency. In Table I
computing experiment results are quoted.
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Fig. 13 Time dependences obtained for the basic calculation: a — displacements in the test point corresponding to MP1; b — displacements in the
test point corresponding to MP2; ¢ — displacements in the test point on the blade; d — full pressure in the point above the blade

TABLEI
COMPUTATIONAL EXPERIMENT RESULTS
1 2 3 4 5 6 7 8
Are Gas Structure Oscillation  Displacement Oscillation Maximum Minimum Amplitude
oscillations oscillations amplitude of s’ nominal  frequency, displacements’ displacements’  difference,
frequency, Hz  frequency, Hz  structure, pm  values, um Hz difference, um _difference, pm um
Basic calculation
MP1 - 726 25,5 53,1 685 10.33 11.8 -0.779
MP2 - 1,754 32,2 39.56 1,649 133 0.857 6.22
Blade 227.58 909 101 241.5 824 8.18 -17.8 13
Rotation speed, ®=4000 rpm
MP1 - 909 5.22 25.7 492 11.3 19.2 -3.94
MP2 - 1,090.5 3.34 245 600 11.5 19.3 -3.88
Blade 189.39 946.97 18.9 25.5 537 -29.7 -6.9 -11.4
Material’s elasticity modulus, E=9x10'° Pa
MP1 - 1,032.3 29.3 174.5 1,000 4.82 96.3 -45.8
MP2 - 1,084.6 36 125.5 1,084.6 16.5 65 =243
Blade 228.57 653.59 171 560 621.36 -16 40.3 -28.2

Columns 1, 2, 3, 4 — gas flow is considered; Column 5 —gas flow is not considered; Column 6, 7, 8 — comparison of the 2FSI calculation and the nonstationary

SSS.

B.Analysis of the Influence Made by the Modulus of
Structure’s Material Elasticity

It can be seen from Table I that with the tenfold increasing
of the elasticity modulus, the pressure oscillation amplitude (in
the aeroelastic statement) drops about two times, from
4.92x103 m to 2.79%103 m. Increase in the modulus of the
structure’s material elasticity results in the rise of
displacement oscillations’ frequencies, namely, 1.4 times in
the test point on the blade (Table I) and 1.6 times in the test
point on MP2 (Table I). Displacement oscillations frequency
in the test point on MP1 decreases 1.4 times (Table I).

When having increased the modulus of material elasticity,
the displacement amplitude oscillation in the test points at
MP1 and MP2 decreased insignificantly, by 3.8 pm. At that,
the average displacement values decreased three times.
Despite the significant decrease of the average displacement
values at the abovementioned modulus of the structure’s
material  elasticity,  oscillation  amplitude  changes
insignificantly.

C.Analysis of the Rotor Rotation Speed

The analysis of the influence made by the rotation speed on
the oscillations revealed that its increase results in the rise of
frequency and amplitude of the aeroelastic pressure
oscillations. The 50% rotation speed growth can cause the

displacement oscillation frequency in the test point on MP2
(by 60%), and its decrease in the test point on MP1 (by 20%)
and in the test point on the blade (by 4%). At that, the
displacement oscillation amplitude increases in all test points.

D.Comparison of the 2FSI Calculation and Nonstationary
SSS

In the 2FSI statement, related to elastic nonstationary SSS,
an initial shift of the aeroelastic oscillations is observed. In the
baseline scenario, it equaled (-n/4) in the test point on MP1
(Fig. 13 (a)). Oscillations’ amplitudes in the 2FSI statement
are higher than in the nonstationary SSS; for the test point in
MP1 in the basic calculation this value equaled 10 pm. The
values for the other test points and calculations are presented
in Table I.

Along with that, oscillations’ modulations caused by the
oscillatory process running on with “rotor” frequency are
observed both in the gas and in the structure.

VI.CONCLUSION

Differences between the aeroelastic oscillations and those
calculated in the “classical” nonstationary statement both by
the amplitude (up to 45 um), and the initial phase (being —n/4
for the baseline scenario) are observed. At the low rotation
speeds, the frequency difference up to two times was revealed.
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The difference between the oscillations’ frequencies in the
gas in vicinity of the blade (equaling 227.6 Hz for the baseline
scenario) and the oscillations’ frequencies in the blade
(equaling 909 Hz for the baseline scenario) is observed in the
test point on MP1 (726 Hz), and in the test point on MP2
(1,754 Hz).

The effect made by the interaction in the system of gas-
dynamic flow and magnetic suspension rotor is more visible at
low values of the material elasticity modulus.

Change in the rotor rotation speed causes the oscillation
frequencies redistribution in the magnetic bearings and on the
blades.

To carry out the regimes analysis both in the area of critical
frequencies and in working regimes, the aeroelastic processes
shall be metered.

With the rotation speed increase in the aeroelastic
statement, regimes both with decrease of the oscillations’
characteristic frequency in MP1 and on the blade, and with
decrease in MP2 were revealed.

It was revealed that with the increase of the structure
material’s elasticity modulus, oscillations frequencies
decreased in one support and increased in another one.
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