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Abstract
Turbine and bushing bearing are the most critical components of high-speed machines. This paper describes the design of a
high-speed turbine supported by hydrodynamic bearings. The mathematical dimensioning and the FEM analysis are presented
to validate the mechanical strength of the turbine and the bushing bearing models. Fatigue life and factor of safety are also
determined. The simulations show that the maximum von Mises stress values obtained are associated with the centrifugal
force generated by the system rotational movement. The results variation is mainly due to the properties of the materials
proposed. For the turbine, 7075-T6 aluminum alloy and SAE 4340 steel obtained satisfactory behavior under a constant
operating speed of 30,000 RPM. For the hydrodynamic bearing, the TM23 bronze alloy exhibited excellent results, without
fracture, and low mechanical deformation. The models exhibited a great potential employment in several applications, such
as biogas systems to generate electrical energy, and educational test bench for thermodynamic and tribological simulations.
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List of symbols

Hq
Aa

Coefficient of dynamic friction
Turbine full-arc

Blades theoretical velocity
Mean blade diameter
Dynamic friction force
Normal force

Input enthalpy

Output enthalpy

Mass flow

Internal efficiency
Mechanical efficiency

Mean radius of blades length
Tangential velocity

Mean velocity coefficient
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W Power

VA Number of blades

Zin  Minimum number of blades

y Specific internal work

£ Coefficient of laminar steam flow
@ Angular velocity

1 Introduction

The utilization of thermal resources for the energy gen-
eration, transportation, and carrying out daily tasks was
always considered useful for society. However, due to the
concern about Brazilian energy matrix concentrated on
water resources, alternative sources of energy generation are
increasingly studied [1-3]. Turbogenerators are closed-cir-
cuit exothermic rotary motors that convert kinetic energy—
produced by water, gas, or steam—into mechanical work in
the form of torque and rotation speed of rotation [4]. This
generated energy is transferred to an shaft, and it can be used
efficiently for the pumps drive, compressors, turboblowers,
propulsion, electric generators, among other several applica-
tions. Such efficiency is justified since this type of machine
can operate at frequencies an order of magnitude above line
frequency, which allows to reduce the size of the machines
in the same power rating [5]. Currently, great percentage of
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the world’s energy is produced by the turbogenerators. The
increase in high-speed machines use was due to the high
energy efficiency provided by its operation—62.8%, consid-
ering a turbine entry temperature of 1703 K [6]—which is a
low cost and low environmental impacts solution.

High-speed machines employed to electrical energy
conversion have mechanical coupling and are supported by
mechanical rotational bearings. Among the several bear-
ings models, hydrodynamic bearings are widely used in
turbomachines because of their ability to withstand high-
load situations, high rotations, and good precision [7, §]. In
a simplified way, hydrodynamic bearings can be defined as
a mechanical assembly formed by a shaft and a bushing, in
which the shaft diameter is very close to the bushing inner
diameter, in such a way that the gap between them is very
small. This passive lubrication is generated from the bear-
ing rotation upon reaching the hydrodynamic lubrication
regime. Hydrodynamic term refers to the thin layer of fluid
responsible for bearing loads, a phenomenon possible due
to the generation of a pressure field in the oil, resulting from
the movement of the rotor and the construction geometric
characteristics. Hydrodynamic pressure depends on several
factors such as system rotation, bearing clearance, diameter,
bushing length, and applied load [9].

Knowing the conditions of the system in operation and the
efforts required in its operation are important parameters to
define the components sizing and the materials to be applied
in study. The static and dynamic behavior analysis of the
mechanical assembly requires an interaction between prac-
tice and theory by the mathematical computational methods.
In this way, several researches have been developed around
the performance of hydrodynamic bearings used in high-
speed machines [10-12]. Since the finite element method
(FEM) offers obvious modeling advantages, the implementa-
tion of simulations for the study of high-speed systems has
been the subject of recent publications. The results enable
to define the materials to be used, according to its mechani-
cal properties and stresses required of project. Nguyen et al.
[13] simulated the turbulent flow past a vertical axis wind
turbine by the direct finite element method in a rotating ALE
framework. The simulation results showed good validations
against experimental data in parked and rotating conditions.
Komori et al. [14] studied the dynamic characteristics of
a high-speed turbine rotor supported by superconducting
magnetic bearings. Rezaei [15] evaluated the dynamics and
the aeroelastic effects of geometric nonlinearities in a wind
turbine assembly by FEM model. The results revealed that
the single-blade models are helpful in demonstrating the
overall trends of turbine rotor aeroelasticity. Yao et al. [16]
proposed the identification and optimization of unbalance
parameters in a rotor-bearing assembly by the modal expan-
sion technique, in order to provide more accurate predictions
of system behavior.

@ Springer

The present paper shows in detail the structural design
development of a high-speed turbogenerator assembly sup-
ported by hydrodynamic bearings, to be used in biogas
systems to generate electrical energy. On the shaft, there
is a de Laval steam turbine rotor that will act in generation
mode. The machine must withstand the pressure conditions,
caused by the injection of water vapor on the blades, and
the centrifugal force generated by a rotation of 30,000 RPM
applied to the system by an asynchronous motor. Mathemati-
cal control for the turbomachinery supported by hydrody-
namic bearings is presented. The system is modeling as a
simple concentrated mass when designing the components.
The static behavior of the system is evaluated by the finite
element method (MEF) under the desired conditions. This
preliminary analysis is important to the future success of the
control system design.

2 Mechanical design and calculation
procedure

2.1 Turbine rotor-blade architectures modeling

Adopting the values present in Table 1, for the components
dimensioning, is necessary to have knowledge of param-
eters such as mass flow, tangential velocity, centrifugal
force, radial load, and maximum torque. These parameters
are fundamental for the movements study of rotating com-
ponents, verifying whether they support the requests that
will be required. At the beginning, the maximum speed of
the shaft is defined considering the squirrel cage induction
generator (SCIG) acquired. For maximum power delivered
from SCIG, the mechanical speed was set to 30,000 RPM.
All the mechanical developments were made based on the
Inventor® Autodesk software.

Specific internal work considers the system enthalpic vari-
ation, as defined by Eq. 1. This stagnation enthalpy variation
can be determined by analyzing the flow between the blades
using velocity triangle, in which V| and C, are the relative
velocity and absolute velocity of the fluid at the turbine inlet,

Table 1 General parameters to calculate the turbine rotor-blade char-
acteristics

Parameters Value
Desired power (kW) 50
Rotation of the turbine rotor (RPM) 30,000
Operating pressure (MPa) 2.2
Exhaust steam pressure (MPa) 0.6
Steam temperature (K) 593
Input enthalpy (kJ kg™1) 3064
Output enthalpy (kJ kg™ 2772
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Table 2 Turbine design characteristics and operating conditions

Mean turbine rotor diameter (m) 0.1556
Number of blades 20

Blade length (m) 0.04351
Blade width (m) 0.03
Full-arc turbine (m) 0.04888
Mass flow (g s7hH 271.7
Tangential velocity (m s™!) 244.6
Minimum centrifugal force (N) 1.6125x10°
Torque (N m) 15.9155
Tangential force (N) 0.2045x10°
Axial force (N) 0.499 % 10°

Fig.1 Velocity triangle for the steam turbine

respectively; V, and C, are the relative velocity and absolute
velocity of the fluid at the turbine outlet; C,; and C,, are the
axial velocity of the fluid in the rotor and the stator, respec-
tively; C,,; and C,, are the tangential velocity of the fluid in
the rotor and the stator; and U is the blade velocity. The input
and output angles in the rotor are, respectively, @; and f;; @,
and f, are the input and output angles in the stator (Fig. 1).

Y= he - hs (1)

The fluid conditions in the transition of the stages are the
same, since the absolute velocities, as the angles of entrance,
are similar. The mass flow is the amount of steam consumed
by the system, determined by Eq. 2. Due to the low power, the
mechanical efficiencies #; and 7,,, are 0.7 and 0.9, respectively,
thereby obtaining a mass flow of 271.7 g s\,
. W
m= ————— @)

Y X Ui X Mm

In order to operate at constant pressure, the design of a
single stage rotor with partial admission was determined. Tan-
gential velocity (Eq. 3) corresponds to the vectorial variation
of position with respect to time, given by the variation in the
turbine rotation. Among its main characteristics, it highlights
the change of trajectory at each moment, but with its module
remaining constant. Due to partial admission, the tangential
velocity was estimated from the mean velocity coefficient
vm=0.32—obtained by the mean value between the initial
and final of the adiabatic-isentropic from Mollier diagram for
water steam—and from the blades theoretical velocity (Eq. 4).

u=vyXC, 3)

C,=v2x7 @

The mean blade diameter (Eq. 5) was determined from the
tangential velocity, as well as the number of turbine blades
(Eq. 6). Cylindrical blades—with length L=0.04351 m
and width »=0.03 m—were adopted according previous
studies. The turbine full-arc value (Eq. 7) was estimated by
the e=0.1. It is not advantageous to have a small number
of blades, as this causes the loss of a fluid portion without
doing work. Many blades are also not advantageous, since
it can increase the turbine cost and can even reduce its effi-
ciency. For safety, it is recommended to adopt a number of
blades Z from 1.15 to 1.5 times greater than Z ;,, beside a
multiple value of 2 or 4. Assuming for this case 1.5 value, it
was obtained a turbine with mean diameter D, =0.1556 m,
and a total number of 20 blades.

2Xu
Dy == ®)
R
Zin=12+ <0.7 X A—> 6)
A, =n XD, Xe @)

The centrifugal force, torque, tangential force, and axial
force values, resulting in the turbine rotor, were estimated
according to the calculated dimensional parameters and are
presented in Table 2.

2.2 Hydrodynamic bearing modeling

The most commonly determinant criterion for selecting a
bearing is the least possible friction, defined as an actuat-
ing force contrary to the relative movement of the contact
surfaces [17], or dynamic friction force (Eq. 8). Its inten-
sity is proportional to the normal force intensity. So as to
reduce the friction between the sliding bushing bearing and
the rotary shaft, the use of a hydrodynamic lubrication was
selected in order to replace it with a viscous friction of a
lubricating fluid.

@ Springer



455 Page4of9

Journal of the Brazilian Society of Mechanical Sciences and Engineering (2019) 41:455

Table 3 Mathematical method for the calculation of bearing clear-
ance (ho)

For shaft diameter around Bearing
clearance
(ho)

25 to 50 mm D/1000

50 to 100 mm D/1500

100 to 200 mm D/2000

30

L
w JZ777777777
et g s
77777777777,
a #
L.

Fig.2 Hydrodynamic bearing design with its calculated final bushing
dimensions

Fy=pg X Fy ®)

Hydrodynamic pressure depends on several factors, such
as the system rotation, the bearing clearance, bushing diam-
eter and length, and applied load. As the damping and stiff-
ness of a bearing are highly sensitive to the gap (ho), this
parameter is extremely important for the assembly dynamics
control. Bearing clearance ho is defined by Table 3, where
D is the shaft diameter. Considering that the shaft diam-
eter where the bearings will be allocated is D=30 mm [5],
the bearing clearance value was 70 =0.03 mm. The other
constructive measures of the bushing bearing were obtained
according to DIN 1850-5 standard [18]. Bushing bearing
modeling was performed by the presented methodology
from the available dimensional parameters. Figure 2 shows
the hydrodynamic bearing final design.

3 Simulation results and discussion
3.1 Turbine stress analysis

The critical parts of a turbine are those in contact with the
intake steam, based on the concept that the mechanical char-
acteristics of a metal undergo major modifications with the
increasing temperature [9, 19]. The parameters analyzed in
the selection of possible materials for the turbine rotor-blade
structural analysis by FEM were good corrosion and oxida-
tion resistance, high creep resistance, low density, and high
mechanical properties. Steel has been the most widely used
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Table 4 Main properties of the materials under stress analysis

Property AISI 420 SAE 4340 7075-T6
Density (kg m™) 8000 7850 2810
Young’s modulus (GPa) 195 210 75
Poisson’s ratio 0.27 0.30 0.33
Shear modulus (GPa) 77 80 26.9
Tensile strength (MPa) 655 1980 570
Yield strength (MPa) 275 1800 505
Fracture strength (MPa) 1095 2250 2042

material in turbine development, due to its high mechanical
resistance, high corrosion resistance, and an inert material
[19, 20]. However, they are composed of expensive alloying
elements—chrome, molybdenum, nickel, vanadium, mag-
nesium—besides high density (7870 kg m~>). Because of
this, it was chosen to compare the steel behavior with an
aluminum alloy, because this material is three times lighter
than steel [20]. Thus, the selected materials were the AISI
420 martensitic stainless steel, the SAE 4340 steel, and the
7075-T6 aluminum alloy, indicated for applications in struc-
tures under high stress (Table 4).

Initially, support restrictions were defined, in which
there is a coupling on the surface of the turbine rotor socket,
besides to the addition of contact restriction throughout the
turbine full-arc outer surface—simulating the steam turbine
housing. FEM mesh will create a model that contains vol-
umes, areas, lines and key points, etc., solid model entities
in addition to elements and nodes. The proper definition of
boundary conditions is a critical point in FEM computa-
tional simulations due to the need to limit the domain of
the model, producing an artificial contour close to the real.
This effect was obtained by fixing on the rotor coupling
region to the displacement and rotation restrictions, since
that the resulting stress is directly proportional to the cen-
trifugal force generated by the system rotational movement
[9]. The closer to the real operating conditions the bound-
ary constraints are applied, the more reliable the results are
obtained. The option available for generating the 3D FEM
mesh model is shown in Fig. 3. von Mises method was used
in the stress and strain analyses of the structures, criterion
that presents more reliable results since it considers as ref-
erence the intermediate stress [21, 22], acting in the elastic
deformation region of the materials. The stress analysis for
the given three materials has been carried out under an oper-
ating speed of 30,000 RPM and has kept constant throughout
the analysis. SolidWorks Simulation software was used for
FEM study of the turbine rotor, and the results are mentioned
below.

Figure 4 shows the von Mises stress induced in the
turbine rotor for AISI 420 stainless steel. The maximum
stress founded was 1138 MPa—4.14 X greater than its yield
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Fig.3 Contour and 3D FEM mesh conditions used for stress analyses
of the steam turbine rotor blade

strength. It is observed that the maximum stress (Fig. 4a), as
well as the maximum strain (Fig. 4b), occurs in the regions
close to the rotor coupling—aggravated by the rotor center
mass displacement, and promoted by centrifugal force—and
in the steam outlet region, since it is the largest area with
pressure incidence. Factor of safety (FOS) is a term describ-
ing the structural capacity of a system beyond the applied
loads or actual loads [19, 23]. A calculated ratio of structural
capacity to actual applied load (Eq. 9) is as follows:

yield strength

FOS = &)

Von Mises stress

The FOS value must be a number greater than 1, in order
to avoid greater possibility of component failure. In the pre-
sent work, the FOS value was determined from 1.2, indi-
cating that the turbine rotor blade can tolerate 20% greater
effort than the load applied. Strain life approach is used to

(a)
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. 9.4864008

. 8.537e0008

. 1.589¢+008
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L 379424008
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. 2.846¢0008
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0.000e+000

~ Yield strength: 2.750¢+ 003

A

calculate the fatigue life of the turbine rotor according to
Muralidharan and Manson equation (Eq. 10), where &; is the
fatigue ductility coefficient; S, is the ultimate stress; A €is
the obtained strain; E is the Young’s modulus; and Nfis the
number of cycles [24].

0.832
—Aze =0.623 <SE> (2n,) "%
10
0.155 [ Sy 033 ~0.56 (10
+ 0.0196(&) = (2N;)

It can be observed that the maximum strain induced is
equal to 0.3302 mm. In this way, the fatigue life cycles for
AISI 420 martensitic stainless steel are limited at around
5.068e3. The results suggested that the component will
rupture under the conditions presented, since the stress
values obtained from FEM analyses exceed the material
yield strength, indicating that it will not withstand the
efforts required. Figure 5 presents the maximum von
Mises stress and strain distribution in the turbine rotor
for 7075 aluminum alloy. The component did not suf-
fer any premature fractures. The maximum stress value
founded was 399.6 Mpa (Fig. 5a)—20.8% less than its
yield strength. In addition, the turbine rotor exhibited a
maximum strain of 0.4584 mm (Fig. 5b), relatively low
compared to the component movement accuracy, with a
FOS =1.264, and a fatigue life cycles at around 3.649¢3.
Although these values are practically at the stipulated
limit, the results of 7075 aluminum alloy may be con-
sidered acceptable. Figure 6 exhibits the maximum von
Mises stress and strain distribution in the turbine rotor
for SAE 4340 steel. The maximum stress founded was
1089 MPa, and the maximum strain induced is equal
to 0.2483 mm, with a FOS =1.653, and the fatigue life
cycles at around 8.659e3. The results obtained from the
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Fig.4 a Maximum von Mises stress and b strain distribution of turbine rotor blade for AISI 420 martensitic stainless steel
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Fig.5 a Maximum von Mises stress and b strain distribution of turbine rotor blade for 7075-T6 aluminum alloy
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Fig. 6 a Maximum von Mises stress and b strain distribution of turbine rotor blade for SAE 4340 steel

Table 5 Summary of FEM simulation results for the three materials

AISI 420 SAE 4340 7075-T6
Yield strength (MPa) 275 1800 505
Maximum stress (MPa) 1138 1089 399.6
Maximum strain 0.3302 0.2483 0.4584
Factor of safety 0.242 1.653 1.264
Fatigue life cycles 5.068e3 8.659%¢3 3.649¢3

stress analysis are presented in Table 5, and also the FOS
and fatigue life of the turbine rotor are calculated using
strain life approach. Thus, for an operating speed of
30,000 RPM, the SAE 4340 steel presents as an excellent
alternative for the de Laval steam turbine development,
since the maximum von Mises stress endured by the tur-
bine rotor blade was only 60.5% its yield strength, and the
maximum strain was 55% smaller than the displacement
that showed with the 7075-T6 aluminum alloy, with the
highest FOS presented in all FEM simulations.

@ Springer

3.2 Hydrodynamic bearing stress analysis

Several materials have been commonly used in the manufac-
ture of the hydrodynamic bushing bearings [9, 20], among
which stand out the bronze alloys, aluminum alloys, sintered
metals, nylon, and Teflon. The coefficient of linear thermal
expansion ( is an important material property to define the
bushing construction material. According to Eq. 11, D is the
bushing diameter (mm) and d is the shaft diameter (mm).
The result indicated that the leaded tin bronze alloy is the
material with the most suitable characteristics.
D-d

Q= a4 (11)

The presence of lead (Pb) is responsible for preventing or
retarding the mechanical locking of the bushing/shaft assem-
bly, prolonging the bearing fatigue life [25]. Specifically, the
use of TM 23 and TM 620 bronze alloys was determined for
the FEM analyses due to their chemical characteristics and
mechanical properties (Table 6).

Inventor® Autodesk software was used for stress analy-
sis of the bush hydrodynamic bearing under an operat-
ing speed of 30,000 RPM, a radial load of 93 N, a torque
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Table 6 Comparison of chemical characteristics and mechanical properties of the TM 23 and TM 620 leaded tin bronze alloys

Mechanical properties

Chemical characteristics

Poisson’s ratio

Hardness
(HB 10)

Yield strength  Fracture

Lead (at.%) Density (kg m™) Young’s modu-
lus (GPa)

Zinc (at.%)

Tin (at.%)

Copper (at.%)

strength (MPa)

(MPa)

157 275 75 0.30
350 0.32

103
109

9045

15

73
87

T™ 23

92

167

8830

™ 620

value of 15.915 N m, and a minimum centrifugal force
of 23.8x10° N. The results obtained by the FE analy-
sis suggested that the TM 23 bronze alloy did not suffer
deformation or premature fracture under the conditions
requested. The maximum von Mises stress value founded
was 125 MPa, 20.4% less than its yield strength (Fig. 7a),
with an excellent FOS =2.2. Besides, the maximum strain
induced in the bushing bearing over the simulation is equal
to 0.007972 mm—relatively low in relation to the compo-
nent movement accuracy and the stresses required by the
system. Thus, it is noted that the TM 23 bronze alloy can
be used for the bushing bearing development under these
conditions. Figure 8 shows the static analysis results for
the TM 620 bronze alloy. It is possible to observe that the
respective material did not withstand the load required, since
the maximum von Mises stress founded was, approximately,
233 MPa—around 39% above its yield strength. Although
TM 23 bronze alloy has a lower mechanical strength than the
TM 620 alloy, the same presents in its composition around
15% more lead—element that optimizes its self-lubricating
properties [20, 25], which reduces its coefficient of friction
and facilitates the bushing bearing rotational movements.
In this way, the TM 620 bronze alloy is suitable for systems
applications at low rotations.

4 Conclusions

The present research has shown a high-speed turbogen-
erator machine supported by hydrodynamic bearings to
be used in biogas systems to generate electrical energy.
To achieve this, a de Laval steam turbine rotor-blade
model was designed using a methodology based on the
mathematical control of characteristics. Finite element
stress analysis was carried out for the moving turbine
rotor blades, and for bush bearing, selecting the mate-
rial which has better behavior under a constant operating
speed of 30,000 RPM. Considering the pressures, forces,
and restrictions applied on the high-speed turbogenerator
assembly, after the structural analyses carried out by the
finite element method, it was concluded that the maximum
von Mises stress values obtained during the simulations
are associated with the centrifugal force generated by the
system rotational movement. Thus, taking into account
that such action is directly proportional to the rotor radius
length, and the angular velocity modulus, it is noted that
the results variation was mainly due to the properties
and chemical composition of the materials proposed in
the study. For the steam turbine, AISI 420 stainless steel
should not be used, because its low yield strength does
not withstand the stresses caused by high speed of the
turbine rotor. On the other hand, the 7075 aluminum alloy
and the SAE 4340 steel obtained satisfactory results when
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Fig.7 a Maximum von Mises stress and b strain distribution of hydrodynamic bushing bearing for TM 23 leaded tin bronze alloy

Fig.8 a Maximum von Mises stress and b strain distribution of hydrodynamic bushing bearing for TM 620 leaded tin bronze alloy

subjected to efforts under the same conditions, particularly
the SAE 4340 steel, since it was the material that pre-
sented the greatest factor of safety, in this way, being the
indicated material for the turbine rotor-blade development.
For the hydrodynamic bearing, the TM 23 bronze alloy
exhibited excellent results, which makes evident its use
for the development of the respective component. The TM
23 bronze alloy withstood the efforts that were required
during the FEM simulation, without fracture, and present-
ing low mechanical deformation. Future improvement may
include analysis of the vibration phenomena in the blades,
EHL and tribological experiments, a full fluid—structure
interaction model, and FE simulations of the first elastic
vibration mode for the shaft.
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