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PREFACE

The proceedings contain 80 conference papers presented at the 35th conference Computational
Mechanics 2019, which was held at the Hotel Srni and Sumava in Srni, Czech Republic, on
November 4 — 6, 2019. This annual conference, which was attended by over one hundred partic-
ipants from the Czech Republic, Slovakia and from abroad, was organised by the Department of
Mechanics, Faculty of Applied Sciences of the University of West Bohemia under the auspices of

e Vlasta Radové, the Dean of the Faculty of Applied Sciences,

e Ivana Bartosova, the Vice-President of the Pilsen Region for Education and Tourism,
e Czech Society for Mechanics,

Czech National Committee of IFToMM,

Central European Association for Computational Mechanics.

The main objective of this traditional conference is to bring together academicians, re-
searchers and industrial partners interested in relevant disciplines of mechanics including

e solid mechanics, e fluid mechanics and fluid-structure interac-
e dynamics of mechanical systems, tion,

e mechatronics and vibrations, e thermodynamics,

e reliability and durability of structures, biomechanics,

e fracture mechanics, e heterogeneous media and multiscale problems,

e mechanics in civil engineering, e experimental methods in mechanics,

to create an opportunity for meeting, discussion and collaboration among the participants. As
in the previous years, the three best papers presented at this conference were awarded the Czech
Society for Mechanics Award for young researchers under 35 years of age.

To all conference participants, we offer the possibility to publish their peer-reviewed full
papers in the international journal Applied and Computational Mechanics indexed by
Scopus. This journal has been published by the University of West Bohemia since 2007 (see
https://www.kme.zcu.cz/acm/).

We would like to express our gratitude to all the invited speakers for their significant con-
tribution to the conference and the time and effort they put. Considerable acknowledgement
belongs also to the members of the Organising Committee for their important work.

We strongly believe that all participants of the CM2019 enjoyed their stay in the beautiful
nature of the Sumava region in a meaningful way. Finally, we would like to invite you all to
come to the next conference CM2020.

Jan Vimmr Vitézslav Adamek
University of West Bohemia University of West Bohemia
Chairman of the Scientific Chairman of the Organising

Committee Committee
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Optimization and control of mechatronic tensegrity for robotics
A. Balon?, Z. Sika?

2 Department of Mechanics, Biomechanics and Mechatronics, Faculty of Mechanical Engineering, Czech Technical University in Prague,
Technicka 4, Praha 6, Czech Republic

1. Introduction

Tensegrities are stable structures consisting of discontinuous compressive members and
continuous tensile members. In engineering applications compressive members are often rods
that do not touch each other, while tensile members are often pretensioned cables. The word
tensegrity comes from conjugation of words tension and integrity [4]. Active tensegrities are
gaining popularity in applications regarding mobile robots and deployable structures (Fig. 1).
Our goal is to explore possibilities of active tensegrity application in robotic manipulators.

Fig. 1. (Left) mobile tensegrity robot “Super Ball Bot”, (right) deployable antenna using tensegrity structure

2. Dynamic model of planar tensegrity

Dynamic model is derived using Lagrange Equations of Second Kind with following
assumptions. Individual rods are considered as perfectly rigid bodies, friction in joints is
ignored, mass of cables is ignored, and cables are modelled as parallel combination of tension
spring and linear viscous damper. However dynamic model alone does not provide stability of
tensegrity.

3. Form-finding optimization

Form-finding is a process of searching for such pretension in cables that stabilizes the
tensegrity structure. Static form-finding method, called Force Density Method, is used to
stabilize the dynamic model. Advantage of this method is that only topology describing the
connection of cables and rods needs to be known. Force density method analyses so called
Stress Matrix which describes force densities between individual nodes of a tensegrity [1].
Genetic algorithm is used to solve the form-finding problem as presented in [2]. This



approach also allows to use the symmetric nature of tensegrity structures to reduce the
number of optimization parameters significantly.

initial state equilibrium stat
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Fig. 2. (Left) initial state of 15 DOF tensegrity and its equilibrium state. (Right) plot showing the evolution of
individual coordinates of the dynamic model from the initial state to the equilibrium state

4. Motion control

Motion control of stable planar tensegrity is achieved by varying free lengths of pretensioned
cables. For this purpose, Computed Torque Control method is applied to the dynamic model
of planar tensegrity with 15 DOF (Fig. 2). Since this method involves solving inverse
dynamics problem and it is assumed that each of total 22 cables are active, an undetermined
system of equations needs to be solved. This allows to optimize the result in such way that all
cables are pretensioned and no force exceeds specified limit given by the cable properties.

5. Eigenmotion

To plan the motion of the 15 DOF tensegrity a concept called Eigenmotion is used.
Characteristic of Eigenmotion is that total mechanical energy is constant during motion [3].
This concept allows to control the motion of the tensegrity so that control inputs only
compensate the energy dissipation in the system. Furthermore, Eigenmotion of tensegrity can
be varied by adjusting mass of individual rods or stiffness of cables to match the Eigenmotion
with desired motion. Adjusting of these parameters is solved as an optimization problem. This
optimization is solved in a model without energy dissipation. Applying optimization results to
a model with active control and energy dissipation leads to an energy efficient control.

Fig. 3. Desired positions of rod 6 at timet=0s,t=0.4 s, and t = 0.8 s for Eigenmotion optimization
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Fig. 4. (Left) comparison of total mechanical energy between trajectory generated with quintic polynomials
(red) and trajectory obtained from Eigenmotion optimization (blue). (Right) comparison between total
mechanical energy of passive tensegrity in a model without dissipation (blue) and total mechanical energy of
controlled tensegrity in a model with dissipation (red)

6. Conclusion

To explore the possibilities of use of active tensegrities in robotic manipulators a dynamic
model of planar tensegrity was derived. This model was then stabilized using genetic
algorithm to solve the form-finding problem. Computed torque control was then applied to the
model to control motion of tensegrity. Lastly, Eigenmotion concept was applied to control the
tensegrity in energy efficient manner.
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SHAVO control of a morphing wing
P. Benes?, Z. Sika?, M. Hrom¢ik®, F. Svoboda®, A. Balon?

2Faculty of Mechanical Engineering, CTU in Prague, Technicka 4,160 00 Praha 6, Czech Republic
® Faculty of Electrical Engineering, CTU in Prague, Technicka 2,166 27 Praha 6, Czech Republic

Conventional wings are usually designed for a single typical flight condition, or for a
balanced combination of multiple flight conditions. Therefore, they cannot be fully optimal
for a wide range of flight modes simultaneously. Continuously variable profile geometries
promise significantly increased efficiency, minimized drag, and low noise levels compared to
wings with conventional flaps with necessary constructional gaps. The use of smart materials
eliminates the large and heavy traditional actuators. The associated reduction in weight and
air resistance also means significant fuel savings and therefore cost savings. Moreover, the
usage of smart materials reduces energy conversions and related losses (classical
servomechanisms with electrical to mechanical or hydraulic forces). Reducing the number of
individual parts also provides better system reliability.

The morphing wing technology appears as feasible and very promising way for near future
air transportation and wind power generation systems. The airfoil fabricated from smart
materials and equipped with a vast number of integrated actuators and sensors can be used for
active damping, increased resistance to flutter, higher lift-to-drag ratio of air vehicles or better
efficiency of wind power generators in various operational regimes. Finding the right control
concept is key to achieve the desired features. The SHAVO control approach combines
advantages of the feedforward command shaping and the feedback control. The command
shaping part based on the model of the system is capable to quickly and efficiently eliminate
residual vibration while the feedback part ensures the stability and robustness to unmodeled
disturbances and deviations. The structure of SHAVO control is in Fig. 1.

) Disturbance
Desired 1

! :

) I

Input , »| Command !
! shaper x=Ax+Bu || PID Flexible | Output
: y=Cx+Du system >
I
1

System model

Regulator

Fig. 1. Structure of SHAVO control, [1]

The system model is used not only to design the shaper itself, but also to predict the
behaviour of the controlled system. The feedback part then compensates only differences
between the expected and the actual state.

Command shaper used in the SHAVO structure is based on an optimized control curve
that is converted into the form of a dynamic shaper with re-entry property [2]. Unlike
traditional approaches to command/shaping control the length of the shaper is not determined
by the system natural frequency and thus can be set arbitrarily (with respect to limits of the
actuator).



The simulation model is based on state space representation of the wing dynamics [3].
We considered small displacements and linear elastic material, thus the Hooks law is valid.
Some of the first simulation results are in Fig. 2. The desired input was a step signal. The
model error has been introduced in the form of 10% change of mass. The external disturbance
was represented by randomly added noise. The performance of SHAVO control was
compared to command shaping without feedback.
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Fig. 2. Simulations: model error and external disturbance

Simulation experiments proved that SHAVO approach is capable to deal with both model
error and unpredicted external disturbance. Actuator requirements remain practically the same
as in the case of the pure command shaper. The next step will be the application to the smooth
morphing trailing edge demonstrator [4].
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Comparison of two numerical approaches for simulation of fire
with radiative heat transfer into solid walls

V. Bétak*

2Czech Aerospace Research Centre, Department of Engines, Beranovych 130, 199 05 Prague, Czech Republic

1. Introduction

Mathematical modeling of fluid flow is important in modern engineering. It allows us to im-
prove performance characteristics and increase the lifetime of modern products due to the pre-
diction of drag, lift, pressure and thermal load, pollutant emission or study of highly unsteady
transition phenomena. Mathematical modeling is often used in cases where the application of
the experimental method is limited such as in the case of combustion. Based on the length scale,
these simulations can be divided into three areas. The smallest one relates to the simulation of
combustion in the combustion chamber of gas turbines [1]. The middle one relates to modeling
combustion in industrial chambers such as glass melting furnace [2]. The great one is focused
on fire modeling in buildings and exteriors. Part of this topic will be discussed in the following
paper.

There are two possibilities for fire modeling. The first one is based on an empirical approach
and does not include any additional equation connected with combustion modeling. The second
approach is based on combustion modeling and it is suitable for complex geometries.

To evaluate the fire resistance, the heat load of the wall must be overstated. The wall can be
heated by direct contact with the hot gases or by radiation. The radiation model and its depend-
ence on the combustion model will be presented in this paper.

2. Mathematical model

The fire modeling is based on the following system of equations

dp 0 _ 0
a*a“’”}‘) =0 W
+ d dp L9 d N ou; 6u]- 26uk8 5
(p i) (pu u;) = “ox T ox [(n ut)(ax} ox,  30m, U L 2)
(h)+ (h)—a(+ )ah +S 3
at P 0x; paty) = 0x; Pr;/ 0x; h ®)

where pis density, wu;is a component of the velocity vector, p is pressure, Wis
a dynamic viscosity, his enthalpy, ais a coefficient of heat diffusion and p, is
a turbulent viscosity. Source terms in enthalpy equations represent via Sj,.

The empirical model is based on the combustion heat Q of fuel and relationship defined
in [3,5] especially length of flames which is based on the diameter of the fire pool

2
Ly = —1.02D + 0,01480Q5. 4)
These parameters define a cell zone where is prescribed source term in enthalpy equations.



If the combustion model is included, then the system of equations (1) — (3) is extended

by transport equation for mass fraction Y;

0 ] d Y,

E(PYL') + o (pY) = o [(+ 1) 6_xj] + Syp (5)
where Sy represent source terms.

The Number of additional PDE and ODE equations is depended on the complexity
of the combustion model. In this case is used the simplest one equation combustion model
called “infinitelyFastChemistry” [6] which is used one constant Cfor tuning heat release rate.

The radiative model has to be included in fire simulation. The P1 radiation model [7] was
chosen first but had to be replaced by DO(discrete-ordinates) radiative model [4].

In order to capture the heat flux into the wall correctly, the energy equation in solid region
has to be solved. This equation is described by following partial differential equation

Sl =0. ©)

Based on required properties a suitable solver has to been chosen. ChtMultiRegion from
OpenFOAM [6] library is used. This solver is based on PISO algorithm and allow to solve
coupled problem of fluid flow with heat transfer through solid region.

3. Results

Fire simulation is tested on simplified geometry with a defined pool (1x1 m) which is 1.5 m
away from the wall as is shown in Fig. 1. The rate of fuel (kerosene) vaporization from
the pool is prescribed as 0.022 kg s* m at temperature 480 K. This amount of fuel correspond-
ing to firepower 0,96 MW. The ambient boundary conditions (300 K, 101325 Pa) is prescribed
at free stream boundaries.

The simulation model is shown in Fig. 1 where the pool is located at a given distance from
the wall. The computational domain is constructed by hexa-dominant algorithm and consist
from 488k cells.

‘ -
N 10m
- 1.5m, .
=
1m
v
a) geometry description b) example of computational domain

Fig. 1. The computational domain

Determining radiative heat flux is the goal of the simulation. There are compared three
models. The first one is based on empirical approach and RANS turbulence model ( “casel ).
The second and third one is based on a simplified combustion model which is used with
different turbulence model. The first one is based on RANS approach (“case2”’) and the second
one is based on DES approach (“case3”). The results are shown in Figs. 2 and 3. It is possible
to see that the model based on a simplified chemical model predicting about three times greater
radiative heat flux. This is caused by the application of the combustion model and modeling of
radiative heat flux from three atomic molecules of H>O and CO,. The difference between the



turbulent model is at a height above 3 m where the higher radiative heat flux and wall
temperature are predicted by simulation based on DES turbulence model.

a) casel b) case2 c) case3

Fig. 2. Comparison of prediction radiative heat flux into wall by diferent model
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Fig. 3. Profile of selected variables along wall symmetry axis

The radiative heat flux intensity can be influenced by setting the combustion model constant
C. If the value is reduced, then radiative heat flux and wall temperature increased.
If, on the other hand, the value is increased then radiative heat flux decreased. To achieve a
similar flame temperature as in the case of the empirical model, it is necessary to select a con-
stant in the range from 20 to 50 as is possible to see in Table 1.

Table 1. Overview of simulations

Combustion | Turbulence | C | Wall heat Wall average Wall maximum | Flame maximum
flux [MW] | temperature [K] | temperature [K] temperature [K]
Case 1 Emp. RANS 0.394 392 583 1405
Case 2 Inf.Fast RANS 5 1.088 533 835 1597
Case 3 Inf.Fast DES 5 1.183 552 829 1631
Case 4 Inf.Fast DES 2 1.186 558 840 1711
Case 5 Inf.Fast DES 1 1.215 556 840 1739
Case 6 Inf.Fast DES 0.5 1.251 556 843 2269
Case 7 Inf.Fast DES 0.1 2.283 709 1059 >2500
Case 8 Inf.Fast DES 10 1.201 547 823 1584
Case 9 Inf.Fast DES 20 1.174 546 814 1589
Case 10 Inf.Fast DES 50 0.855 498 709 1320
Case 11 Inf.Fast DES 100 0.744 460 640 1208




4. Conclusion

Validation and calibration of a simplified combustion model is shown in this paper. This model
is designed to simulate fire and temperature flux into a building wall for a study fire and struc-
tural safety of buildings. It is necessary to choose a combustion model that works with three
and more atomic gases. These gases have a significant influence on the determination of the
radiation heat flux. Their neglect reduces the radiation flow to 1/3.

The calibrated model is used to simulate large fires near and inside buildings.
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1. Introduction

Indenting is a mechanical stress test where a very hard indentor is pressed into the material
under investigation. It takes use of a hard tip whose geometrical and mechanical properties are
known. In a measurement, load placed on the indenter tip is progressively increased, until it
reaches a user defined value Fmax. This load may be held constant for a period and is then
gradually removed again. The periods of loading, holding and unloading the sample are user
defined and recorded along with measured data. The course of the load curve for the
viscoelastic material is shown in Fig. 1.

F(N)
[Fmax 7 dmax ]

loading

=~ unloadig

d(m)
Fig. 1. A typical course of the load curve when indenting a viscoelastic material by a cylindrical indentor

The method is used especially for the testing of mechanical properties of materials at micro
and nano scale. According to available sources, mathematical models are based on the theory
of small deformations and developed especially to determine the hardness of the material. The
question is whether it is possible to extend this reflection to a macroscopic scale and examine
the viscoelasticity of materials? Such a concept could be used in medicine to objectify
palpation examination of soft tissues, especially muscles. Instruments based on this principle
already exist. They are called myotonometers.

2. Aim

The aim of the thesis was to create a mathematical model for the determination of viscoelastic
properties of soft tissues using indentation stress tests.
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3. Methods

Problem is formulated for indentation of a solid cylinder penetrating into an infinite half-
space of viscoelastic material. The task is solved first, provided that the material is only
elastic and with small deformations. The found shape of the deformation is used in the next
step to formulate the tensor of deformation for the Neo-Hooke's hyperelastic material. The
geometry of the task is shown in Fig. 2.

Fig. 2. Penetration of the solid cylinder into half-space by the action of point surface forces F = (0; 0; F,)

4. Solution and results

During each deformation the weight is retained. Deformation gradient F' is used to determine
deformation tensor. The change in density p is related to the change in volume (1-j). The
volume change is proportional to the pressure p, K is the compressibility modulus (1)

E
ox'’
1)
p=K(1-j)= K(l—&j .
Yo
The constitutive equation for the homogeneous elastic material (2a) can be generalized to

the viscoelastic material (2b), [3]. In loading tests is typically measured elastic modulus E and
Poisson's ratio o

po=lp j=det|F' |, F' =

! ! e E E
a) t'=Ke,o0"+2/¢ Kerm——= A=5m—
) ) H 3(1-20) H 2(1+0) )
) ) ©) (©)
b) t'=Ke,o" +24e"+2ud" K {ig} 2 |:i3i| u [Pa-s]
m m

Another generalization is the hyperelastic material (Neo-Hook's). It is especially suitable for
low compressible materials [4] and is also useful for describing biological tissues [1]. For the
geometry of Fig. 2, it can be shown that the main components of Green's stress tensor are

11



1 J
t, = ,—(” ‘x)’ ta =t =0, )

where Ais the elongation in the main direction of deformation. For small deformations
(d ~ 2a/ 3) can be used equation

(1-20)Au+graddivu=0, (4)

where u = (ux; Uy; Ug) is the displacement vector. Assuming the force under the cylindrical
surface generates pressure

p(R):p(O)Kl—R—jj_ for R<a. (5)

a

Analytical solution can be found using the Green function method [2]. It can be shown that
the only non-zero displacement is in the z-direction (for R € (0,a)) and is equal to

The indentation size is the same under the entire indentor area and corresponds to the depth of
indentation d (Fig. 1 and Fig. 2).

2aE
)

Equation (7) is essential for determining the elastic material constants from the indentation
test.

For large deformations, it is necessary to find Green's tensor of deformation C (10) and its
own numbers (in cylindrical coordinates)

+A 2
C = aﬂ \/ -A7) raal, d(a) ) |(orY
2 a, =|1+|o0—| = |
r r\ir OR
, where

T A ; a, =—| oA Q(ET (ﬂj
CZ=L_\/(311—A3) +4a2 ' “rir) \orR)

2

d ()

(8)

Variable A; represents compression of material in the z direction and ¢is the surface
curvature parameter. Next can be used (3).

To determine the viscosity of the material can use the (2b) and the Oldquist equation (4).
For unidirectional load can be written

) i (©) (0)
th=t) +t) where ty = Key 0" +2/1€”, th =2ud",
(0) (0) n
tr =2ud”® = 4 (zj a2, ne(0.5,1)

3013

(9)
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where o [Pa.s] is the coefficient of viscosity. The velocity deformation tensor di; can be
obtained from the tensor of large deformations

2d, =FTCF?, C=F'F (10)
for small deformations, then

d,=¢, =20 z[—g%d’j (1)

3ra T a

5. Discussion

From the experimental point of view, it is difficult to determine the coefficients j, Az, n and J.

The coefficient uo can be determined from the velocity of indentation d at the corresponding
stress.

6. Conclusion

The present study offers a theoretical analysis of indentation tests to determine the
viscoelastic properties of soft tissues. The results can be used to objectify palpation
examinations of the locomotor system by myotonometry.

The proposed concept can be further developed for FEM and layered composite materials.
Can be used to study the mechanical properties of 3D structures (nonwovens, fibrous,
nanofibrous and composite structures, or foam materials).
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1. Space supporting systems

In compliance with the vertical structural elements composition we divide systems into
skeletals, bearing-walls, and combined ones. In principle, we divide structural elements into
two groups: the first said are bar elements and the second form flat ones. Walls are the flat
plane structural elements loaded primarily in the middle-plane level that can be shaped like
web girders and shear walls. The web girders exploit a load-bearing web of the higher floor to
release the lower floor layout. Shear walls represent the basic components of the three-
dimensional stiffening of a building, these walls transfer the horizontal even vertical loads to
foundation construction.

2. Stiffening elements under horizontal loading

As a rule, stiffening elements are made up of shear walls and communication cores,
transferring not only the horizontal loadings but they represent even the vertical loading
carry-over. [2] It is possible to determine the vertical loading magnitude from the issues
analysis of floor plates or approximately from load areas of the adjacent floor structures. The
horizontal loadings of the elements tackled are stipulated by both the building position and its
structural design. Horizontal loading usually acting on buildings, apart from other things, are
represented by eg

e extraordinary horizontal loading

e geotechnics load

e seismicity loading

2.1 Earth pressure loading

This pressure can range whatever values between the active and passive pressure subject to
the magnitude and strain direction, and displacement of both, the construction or its part. For
very small (virtually negligible) strains of the structure, a soil acts for the most part in an
elastic state, for bigger deformations, the structure under earth pressure gain importance the
plastic (irreversible) deformation constituents gradually earth pressure ranges the increased
active pressure values, and when squeezing into the soil more, plastic deformation
constituents gradually gain importance and the earth pressure ranges magnitudes of the
reduced passive pressure.

2.2 Earth pressure at a standstill

This pressure is expressed by a magnitude of the initial pressure at a standstill before building
works are commenced which will be then influenced by technological processes when
building up the supporting structure. The pressure at a standstill represents region of the
predominant elastic deformation without almost significant strains. The limit values of the
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earth pressure at a standstill are “active earth pressure” (the least value) and “passive earth
pressure” (the highest value).

o0 =0z . Ko,
where
Ko =(1-sin¢’ )VOCR,
o effective coefficient of soil internal friction, for cohesive soils it is possible
instead ¢ " introduce tg ¢c =1tg ¢ + c/oz,
® soil internal friction angle,
C soil cohesion,
oz vertical pressure at depth z,
OCR coefficient of overcondolidation.

2.3 Extraordinary loading

Eg the gas explosion loading is in question, or the vehicle impacts (such as at the garages, car
parks) or the high-lift trucks (in the halls and storage structures).

2.4 Gas explosion loading

The design pressure is contemplated as larger from among quantities
Ped = 3.0 + py [KN/m?] and pes =3.0+0.5. py+ 0.04 / ( AW/V) 2 [KN/m?],

where py is an evenly distributed statical pressure in KN/m2 when the infilling elements are
damaged.

For glass walls is considered py = 3kN/m?,

A, area of exhaust elements in m?,

V space volume in m.

The relations hold good for V < 1000 m®3 and A/V ranges from 0.05 to 0.15 m™,

2.5 Seismic effects

In a simplified fashion, this loading can be transferred to the horizontal forces loading applied
in floor plate planes. In is necessary to consider the seismic loads if those are larger than the
1.5 multiple of wind loading. When performing a reduced calculation of equivalent horizontal
forces, we determine the first natural frequency of the building.

2.6 Dynamic structural characteristics:

Magnitude X direction Y direction
Stiffness constant to calculate natural frequency Kx = 3EI/h;® Ky = 3Ely/hi®
Natural frequency wx =\Ky/M oy =/K,/M
Vibration period Tix= 27/wx Tiy= 2w/wy
Design value of spectrum acceleration corresponding Sax=Sd(T1x) Say=Sd(T1y)
to vibration period

Total equivalent horizontal force Fox=Sax M-x Fbx=Sdx M-ix

In the event of reduced method of equivalent horizontal forces determination, the biggest
value of the spectrum acceleration is usually considered (B — C region).

15
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Fig. 1. Spectrum acceleration belonging to the construction work location, [1]

3. Design documentation

Within the bounds of program documentation of a multifloor structure there is chiefly
important to determine the loading on its walls and columns. Concurrently, load-bearing
reinforced concrete elements are dimensioned above all with respect to the horizontal
reinforcement, and further the load-carrying capacity for masonry, steel connections, and
timber plates is checked.

Eg, according to [3], program problems can embrace: wind loading determination; design
walls and columns; global loading division of both floor slabs and bed-plate foundations;
control of both actions and loading stages; imperfect loadings determination (earthquake
loading, response forces, buckling resistance coefficients); determination of the extreme loads
for walls and columns; vertical loadings summarisation; verification dependent on material;
presentation of results.

/v

[\x
e ez

My

Fig. 2. Top building being load himself, [3]

Problem algorithm is illustrated in Fig. 2. A top part of the building originates loading in
the form of both the dead load and imposed one. It is subjected to further loadings (eg snow)
and primarily also to horizontal wind loads and aptly as loading or imperfect one.

Loadings can be summarized and transferred to a floor slab in the top edge height of the
monitored storey. Now, it is necessary to prove that the walls and columns can jointly catch
these loadings when applying safety defined concepts. In order to a necessity is to divide
loadings into individual load — bearing elements. This division is performed in a ratio of walls
to columns taking into account the facts in this way, that supporting elements react by diverse

16



response forces to a displacement (rotation) of the plates. It is assumed that the walls are
subject in the wall direction only. Possible wall loadings scheme is fully described by the
quantities gai, gei and Hi. This approach will be a success all the time, at least, if three walls
are defined which do not lie on line, its basic lines do not intersect in the same point and some
of whom one wall has not located parallel to the other one.

4. Conclusions

In the paper presented, important problems of both the design and assessment of multi-storey
structures are laid down, particularly horizontal stiffness guarantee, coupling and analysis of
shape factors of structural elements, what is connected with requirements for their layout and
systematization of horizontal loadings. In next part, the guidelines for operating sequence in
the points concerning, apart from other things, eg material properties and dimensioning
reinforced concrete and columns.
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Vibration analysis of interacting blades is an essential part in steam turbine design. However,
modern large-scale finite-element-based computational models with a considerable number of
degrees of freedom constitute challenges when used in dynamic simulations due to their com-
plexity and time-consuming computations. Thus, various model reduction techniques are em-
ployed to lower the computational costs [1, 3]. In this contribution, a new generalized modal
reduction method based on the complex modal values of the linearized nonconservative system
is utilized.

Let us consider a rotating turbine blading with frictional inter-blade couplings (see Fig. 1).
The corresponding equations of motion can be written in the form

Mq_‘_(B_I_WOG)q._‘_ [KS+W(2)<Kw_Kso)+KC] q:fF(Q7Q)+fE(t)7 (D

where q is the global vector of the generalized coordinates of all blades, M, B, w G, Kg,
wiK,, and —w? K, are the block-diagonal matrices of mass, internal damping, gyroscopic
effects, static stiffness, centrifugal stiffening and softening due to modelling in the rotating
frame, respectively, K¢ is the stiffness matrix corresponding to the linearized normal contact
forces in couplings, fr (g, q) is the vector of the nonlinear frictional forces and fz (¢) is the

Fig. 1. (Left) Bladed turbine disk consisting of one hundred MTD30-HP15 blades; (right) drawing of
a segment of the disk with contact forces
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vector of the harmonic excitation forces. Eq. (1) may then be expanded to the state-space form

Nu + Pu = p, (2)
where
] 0 M
u = 1 y N = 3
[q] M B +w0G
-M 0 0
P- , . p= . )
0 KS+WO (Kw_Kso)+KC fF(qaq)+fE(t)

In the first step, modal analysis of the linearized homogenous system
Nu+ Pu=0 4)

is performed. Complex right U and left W modal matrices (in the state space) can be written
as

RA
R

QA
Q

U:

; &)

Y

where @ and R, corresponding to complex spectral matrix A, represent complex right and left
modal matrices in generalized coordinates, respectively. Nevertheless, we consider only the
reduced spectral matrix

Ared = diag[/\l, ce )\R, )\T, Ce ,/\E] = diag[Asub, A;kub], (6)
where \;, i = 1,2,..., R, are selected (master) complex eigenvalues with positive imaginary

parts and A} are their complex conjugates. Potential real eigenvalues are excluded. Correspond-
ing right U,¢q and left W4 reduced modal matrices in the form

QredAred RredAred
Ured = ) VVred = (7)
Qred R'red
are composed of the matrices
Qred = [qub7 Q:ub] ) R'red - [Rsubu R:ub] 5 (8)

where the submatrices Q,, and Ry, contain master complex eigenvectors corresponding to
the eigenvalues \; and the submatrices Q3 and R, contain their corresponding complex
conjugates.

In the second step, applying modal transformation

u = Ured €T, (9)

where

*
€T sub

Ly
x=[r1,...,08,7},..., 05" = [ Sb] (10)
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is the vector of the master complex modal coordinates x;, © = 1,2,..., R, and their complex
conjugates z;, and with regard to the biorthonormality conditions

WT PUred = _Areda (11)

red

NU,q = E, W,

red

where F is the identity matrix, Eq. (2) leads to

i N R I I e TR ) (12
Ty 0 ASw | | - Rgb maa " '

Finally, the dynamic response in the generalized coordinates is, according to relations (3), (7),
(8), (9) and (10), given by

q= qubwsub + Q:ubw:ub =2Re (qubwsub) ) (13)
q = qubAsubmsub + Q:ubA:ubm:ub = 2Re (qubAsubmsub) . (14)

The presented methodology was used to perform vibration analysis of the high-pressure
turbine blading consisting of one hundred MTD30-HP15 blades [2] (see Fig. 1), where three
different values of the coefficient of friction f were compared (see Fig. 2). It proved to be a
valuable tool and provided a computationally cheap approach without incurring significant loss
of accuracy.
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Fig. 2. Dynamic response of the blades to harmonic excitation for three different values of the coefficient
of friction f
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Convolution neural network (CNN) is a class of neural networks developed for image process-
ing. The common use of CNN lies in objects classification or image segmentation, see Fig. 1.
A typical CNN architecture consists of a sequence of convolution and pooling layers, see Fig. 1
(left). The convolution layers provide the convolution using a selected kernel function, while
the pooling layers reduce the data dimensions. At the output of the CNN is fully connected
(dense) neural network, which can make an object classification, see Fig. 1 (left). In the case of
image segmentation (Fig. 1 (right)), the additional layers are connected to the output of dense
neural network to recover the original shape of the input data. The additional layers are created
using convolution and up-sampling (reversed to pooling) layers. The resulting CNN is usually
called autoencoder or U-net, see Fig. 2. The autoencoder (U-net) is the base architecture for the
use of CNN in physical modelling.

— CAR
— TRUCK
— VAN

d d — BICYCLE

=2

FULLY

/// INPUT CONVOLUTION + RELU POOLING CONVOLUTION + RELU POOLING FLATTEN CONNECTED

~

FEATURE LEARNING CLASSIFICATION

SOFTMAX

Fig. 1. (Left) The use of the CNN for the cars classification. The image was taken from the web site [7].
(Right) The use of the CNN for the organ segmentation in the human body [6].

The pioneering use of the CNN for the steady fluid flow simulation was published in the
paper [4], where the input image, which contains the boundary information, was transformed to
the velocity field. The CNN was trained on the set of solutions, for various boundaries, solved
by the lattice Boltzmann method. The results show good accuracy of the generated velocity
field. The use of CNN for the unsteady fluid flow simulation was described in [5].

This work aims to use CNN for the pressure prediction along the NACA airfoil and establish
the lift and drag coefficients. The knowledge of the lift and drag coefficients in dependence on
the angle of attack is the most important airfoil characteristic. The determination of the lift
and drag coefficients by the classical CFD methods, such as finite volume or finite element
methods, is very time-demanding. This is inappropriate when a new profile is being designed
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Fig. 2. Architecture of the U-net CNN used for the pressure prediction around a NACA airfoil

using the optimisation techniques, where the calculation of the pressure field for many different
variations of the geometry is necessary. The use of CNN aims to utilize the fast prediction of
the flow field, from which the pressure distribution around NACA airfoil could be extracted.

For the prediction of the flow field the U-net architecture described above was considered.
The x and y coordinates of the structured C-mesh with 64 x 32 points was set as a CNN input,
see Fig. 3. At the output the flow field, which includes density, pressure and velocity in x and y
directions, is generated. The CNN include two decoding and encoding convolution layers with
ReLU (Rectified Linear Unit) activation function. The dense neural network (basically fluid
flow solver) between decoder and encoder has four layers. The CNN contains 106 324 trainable
parameters in total.

Fig. 3. (Left) C-mesh around an airfoil generated using the elliptic mesh generator. (Right) Airfoil
generated by Bezier curve with eight control points (red dots).

The input C-mesh is generated using the elliptic mesh generator. The airfoil body in the cen-
ter of the C-mesh is described using the Bezier curves with eight control points X, = [z, y,],
p = 1,2,....8, where the first and the last control points are the same at the tail of the airfoil.
For the simplicity, the z,, coordinates of the control points were fixed and y, coordinates were
varying in the interval [—0.25,0.25]. The airfoil was consequently parametrized by six free
parameters. The choice of five division per interval for each y, leads to 6° = 7776 variants of
the airfoils. After filtering the inappropriate airfoils, for example with a negative area, the set
of 1866 airfoils were left. The simulation of fluid flow around each of airfoils was performed
using the open-source CFD software FlowPro [2]. The nonlinear system of Euler equations was
chosen for the simulation of inviscid fluid flow. The angle of attack was set to « = 0 and Mach
number to M., = 0.4. For the speed-up of the calculation, only the first order of spatial accu-
racy was utilised. The numerical simulation of all the 1866 airfoil variants took 7.4 hours of the
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Table 1. The relative error of the generated lift coefficient for different angles of attack v and NACA
four digit airfoils

| a/profile | 0012 | 2412 | 4412 [ 6615 | 8607 | 9210 | 0020 | 0030 |
5° 2.57 | 345024 [ 612 [ 2.07 [ 476 [ 2.63 | 2.60
10° 2.89 | 271 [ 239 [ 629 [ 0.75 [ 0.56 [ 0.93 | 5.30
20° 4.50 | 411 | 332 [ 352 | 3.88 [ 1.92 [ 3.00 | 4.54

CPU time (intel 17, 4-cores), where pure computation took 4.5 hours and the mesh generation
with the preliminary phase took the rest of the CPU time.

The implementation of CNN was done using the open-source software Keras [3] through the
python interface. The Keras software provides an interface to a TensorFlow [1] library, which
is an open-source software library for dataflow used for machine learning. The designed neural
network was trained on the full set of 1866 airfoils, with RMSProp (Root Mean Square Prop)
optimiser. The evaluation of all the airfoils with the CNN took 10.7 s of CPU time, which is
approximately 1500 times faster than computation by traditional computation methods.

The precision of CNN generated solution was tested on the set of NACA profiles, which
were not presented in the training set. Table 1 shows the relative error between the CFD solution
and the generated CNN solution computed as

CFD _ CgNN‘

|c
error = 100 —£ OFD [%].
L

The relative error is below five percent in most cases, which is a good result. Together with the
speed of generation, CNN can be used as a powerful tool in the optimisation process. Fig. 4
shows the NACA 4412 airfoil and the corresponding CFD and CNN pressure fields around the
airfoil body for different angles of attack.
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This paper is dedicated to a description of finite elements defined using the absolute nodal co-
ordinate formulation (ANCF). The ANCF is a modern finite element formulation which is suit-
able for modelling of flexible bodies that are parts of multibody systems. The main advantage
of these elements is their ability to describe large displacements and rotations of flexible bodies.
As it is mentioned in [3, 5], the ANCF elements can exactly describe an arbitrary rigid body
motion of a discretized flexible body. This ability is achieved by using absolute position vectors
of nodes and their gradients (slopes) with respect to local element coordinates as nodal coor-
dinates. Unlike the ANCF method, classical finite element formulations of beams and shells
use infinitesimal rotations instead of slopes as nodal coordinates which leads to a nonzero ele-
ment elastic forces in case of an arbitrary rigid body motion [5] and thus these classical finite
elements are not suitable for large motion problems.

Fig. 1. Deformed fully parameterized ANCF beam element and ANCEF plate element with vectors which
defining the nodal coordinates (absolute positions of nodes and gradients in nodes)

In Fig. 1, a deformed fully parameterized original ANCF beam element and ANCF plate
element are shown. In this picture, coordinates X; X, X3 represent the global (absolute) coor-
dinate system and xyz is a local element coordinate system. For the beam element, coordinate

€ (0, [.) is the axial parameter of the beam centerline and /. is the beam element length. Co-
ordinates y and z are cross-sectional beam coordinates. In case of the plate element, coordinates
z € (0, a.) and y € (0, b.) are plate mid-surface coordinates and z € (— 2" , 2) represents the
coordinate perpendicular to plate mid-surface. Parameters a., b. and t. are the plate element
length, width and thickness.

The absolute position vector of node i is denoted as r¥), where i = {A, B, C, D, K, L}.

In Fig. 1, and in further text of this paper, following symbolic notation for partial derivatives of
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node position vector is used

A (@)
(i _ or - |
r,] a] ) .] {x7 y7 Z} * ( )

These partial derivatives represent slope vectors or gradients of node position vector with re-
spect to local coordinates.
The nodal coordinates of chosen node ¢ can be written as

o) = [T, xOT +OT yOT]". @
From Eq. (2), it is apparent, that each node has three positional degrees of freedom and nine
degrees of freedom related to the components of three gradients. The ANCF beam element
has 24 degrees of freedom because it uses two nodes — K and L. Its resultant vector of nodal
coordinates can be expressed as

e= [e(K)T, e(L)T]T. 3)
The vector of nodal coordinates of the ANCF plate element can be expressed in the similar
way with a difference in number of nodes — it uses four nodes (A, B, C' and D). The resultant
element has 48 degrees of freedom and its vector of nodal coordinates is

e = [eWT BT T (D)T] T (4)

It must be noted here that the vector r,(?T (plate element) or vectors rf?T and rfé)T (beam ele-

ment) can be omitted from the Eq. (2). The resultant element is called gradient-deficient ANCF

element [2], its element elastic forces are derived in another manner than it is described later in
this paper and these elements are suitable mainly for thin structures.

In case of the original ANCF beam element, the position vector r of arbitrary beam point

p is approximated using cubic polynomials in x and linear polynomials in y and z, which is
written in following form [2]

aop + a1 + agy + asz + aygxy + asxz + agr® + ara’

r= | by+bx+ by + b3z + bywy + bsxz + bgx® + brad |, %)
co + 1T + oy + 32 + ey + 5wz + cgx? + crad

where coefficients a, b and c can be expressed using known local coordinates of nodes. In case
of plate elements it is similar with the difference that a cubic approximation is used in y. Then
the interpolation uses following set of basis polynomials

(1, 2, y, 2, ay, xz, yz, 22, 07, 20, 47, 2Py, o), wyz, 2Oy, wyt] (6)

After several operations, the global position vector of arbitrary beam/plate point p can be ex-
pressed as
r=S(z, y, 2)e, (7)

where S is the matrix of shape functions of a chosen element (differs for beam and plate ele-
ments).
After the kinematic description of ANCEF elements, the element kinetic energy is

1
B = / piTAV, ®)

27



where V is the element volume and p is material density. With the use of (7), the resultant
constant mass matrix has a form

M., = pSTSAV,. )
Ve
There are several procedures for ANCF element elastic force derivation. The original
ANCEF elements use the continuum mechanics approach. In this formulation, the Saint Venant—
Kirchhoff material model is used and the strain energy is

1
U, = 3 / el EedV,, (10)

e

where E is the matrix of the elastic constants of the material and € is the vector of components
of Lagrange—Green strain tensor written as

€= [51’7 Ey, €z, 251:1/7 253[:za 25yz]a (11)
where 1.7 1/.T 1/.T
Ep = Q(r@,r@, —1), g = E(r,yny —1), e, = 5(1“,21'72 - 1), 12
1 1 1
Evy = ir:‘gr,y, Epp = §rgr,z, Eys = §rgr7,z

The resultant nonlinear vector of element elastic forces is

_oU,
- e’

Based on the described formulation an in-house software in Matlab that uses ANCF beam
and plate elements was created and was used in several applications. The typical benchmark
simulation for ANCF beam elements is the simulation of a motion of a flexible pendulum. This
benchmark problem is used to demonstrate the ability to describe large motions of the flexible
bodies. In Fig. 2, the snapshots of the pendulum motion in discrete time steps are shown. The
pendulum is 2 m long, has a square cross-section with the edge length of 0.01 m, material
density is 4000 kg.m~3, Young’s modulus is 108 Pa, Poisson’s ratio is 0.3 and 10 ANCF beam
elements are used.

Q. (13)

X, m]

Fig. 2. Visualisation of the flexible pendulum in discrete time steps

Similar benchmark problem is typical for plate elements testing and demonstration — flexible
plate pendulum. The tested flexible plate length is 1 m, width is 1 m and thickness is 0.02 m.
The plate is connected to the ground by spherical joint in one plate corner. The chosen material
density is 1000 kg.m3, Young’s modulus is 10° Pa, Poisson’s ratio is 0.3 and 8 x 8 plate
elements are used. The snapshots of the flexible plate motion in discrete time steps are shown
in Fig. 3.
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Fig. 3. Visualisation of the flexible plate in discrete time steps

There are a lot of practical use of various ANCF elements. In paper [1] ANCF beam ele-
ments were used for cable modelling and the cable—pulley interaction model is investigated and
verified by experiment. The ANCF beam and plate elements were successfully used for nonlin-
ear dynamic analysis of parabolic leaf springs in paper [6]. In fact, the ANCF method can be
used anywhere, where the flexibility of bodies of multibody systems is not negligible, such as
detailed tire modelling, dynamics of thin membrane structures used in aerospace or modelling
of railway catenary. For completeness it is necessary to mention that also solid ANCF elements
were developed recently [4] and they can be used, e.g., for rubber structures modelling. The
main disadvantage of ANCF method is, that the resultant dynamic simulations are relatively
time consuming which is caused by nonlinearity of the elastic forces and higher number of
element degrees of freedom.

Acknowledgement

This publication was supported by the project LO1506 of the Czech Ministry of Education,
Youth and Sports under the program NPU 1.

References

[1] Bulin, R., HajZzman, M., Polach, P., Nonlinear dynamics of a cable-pulley system using the abso-
lute nodal coordinate formulation, Mechanics Research Communications 82 (2017) 21-28.

[2] Gerstmayr, J., Shabana, A. A., Analysis of thin beams and cables using absolute nodal co-ordinate
formulation, Nonlinear Dynamics 45 (2006) 109-130.

[3] Mikkola, A.M., Shabana, A.A., A Non-incremental finite element procedure for the analysis of
large deformation of plates and shells in mechanical system applications, Multibody System Dy-
namics 9 (2003) 283-309.

[4] Olshevskiy, A., Dmitrochenko, O., Kim, C.-W., Three-dimensional solid brick element using
slopes in the absolute nodal coordinate formulation, Journal of Computational and Nonlinear Dy-
namics 9 (2014) 1-10.

[5] Shabana, A. A., Dynamics of multibody systems, 3rd edition, Cambridge University Press, Cam-
bridge, 2005.

[6] Wang, T., Tinsley, B., Patel, M. D., Shabana, A. A., Nonlinear dynamic analysis of parabolic leaf
springs using ANCF geometry and data acquisition, Nonlinear Dynamics 93 (2018) 2487-2515.

29



O M PUTAT'ON AL 35 conference with international participation

MECHANICS 2019 oo

Whirl flutter-related certification of turboprop aircraft
J. Cerdle?

2 Czech Aerospace Research Centre (VZLU), Beranovych 130, 199 05 Praha Letiiany, Czech Republic

Whirl flutter is aeroelastic flutter instability that may appear on turboprop aircraft. It is driven
by motion-induced unsteady aerodynamic propeller forces and moments acting on the
propeller plane and it may cause unstable vibration of a propeller mounting, leading to the
failure of an engine installation or an entire wing. Therefore, airworthiness regulation
standards include also requirements related to the whirl flutter; however, these requirements
are specified just generally without any detailed description of the acceptable means and
methodologies of compliance. This paper describes the methodology of compliance with the
requirements of FAR / CS 23 and 25 regulation standards applicable for utility, commuter and
for larger transport aircraft.

The principle of the whirl flutter phenomenon is outlined on a simple mechanical system
with two degrees of freedom. A flexible engine mounting is represented by two rotational
springs of stiffnesses Ky and K, as illustrated in Fig. 1.

Fig. 1. Gyroscopic system with propeller

Such a system has two independent mode shapes (yaw and pitch) with angular frequencies
wy and we. For a propeller rotation with angular velocity ©, the gyroscopic effect causes both
independent mode shapes to merge into a whirl motion. The axis of rotation of the propeller
exhibits an elliptical movement. The orientation is backward relative to the propeller rotation
for the mode with the lower frequency (backward whirl mode) and forward relative to the
propeller rotation for the mode with the higher frequency (forward whirl mode). The
gyroscopic motion results in changes in the propeller blades' angles of attack, consequently
leading to unsteady aerodynamic forces. These forces may induce whirl flutter instability. The
flutter state is defined as the neutrally stable state with no damping of the system, and the
corresponding airflow (V. = VFL) is called the critical flutter speed. If the air velocity is lower
than flutter speed (V» < VrL), the system is stable and the gyroscopic motion is damped
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(Fig. 2a). If the airspeed exceeds the flutter speed (V»> VFL), the system becomes unstable,
and the gyroscopic motion is divergent (Fig. 2b).

Voo
damped X \ undamped

oo < Vi o > Vi
(@) (b)

Fig. 2. Stable (a) and unstable (b) states of gyroscopic vibrations for the backward flutter mode

For whirl flutter analysis, two approaches may be employed: 1) Standard approach in
which the input data are parameters of a structure and the outputs of the analysis are whirl
flutter characteristics, i.e., V-g-f diagrams, and flutter speed and flutter frequency. The
solution is performed for multiple velocities and the state with the zero damping represents
the critical flutter state. 2) Optimisation-based approach employing gradient-based
algorithms. In this case, the flutter speed is set as an input parameter (certification speed), and
the results are critical values of structural parameters. This solution, which is performed only
for a single velocity, enables to obtain the stability margin for the specified certification
speed. The analysed states are then compared with respect to the stability margin only. Such
an approach can save large amount of time because the number of analyses required by the
regulations is dramatically reduced.

FAR / CS 23 represent the simpler category of standards, applicable to the smaller
turboprop aircraft. The whirl flutter-related requirement included in §629(e) is applicable for
all configurations of aircraft regardless the number and placement of engine(s). §629(e)(1)
includes the main requirement to evidence the stability within the required V-H envelope,
while §629(e)(2) requires the variation of structural parameters such as the stiffness and
damping of the power plant attachment. The latter represents the influence of the variance of
the power plant mount structural parameters when simulating the possible changes due to
structural damage (e.g., deterioration of engine mount-isolators). Analysis must include all
wing mass configurations, especially fuel load variation. Contrary to that the payload does not
have a significant influence. Analyses are performed just for the certification altitude, which
is the most critical with respect to both whirl flutter and the value of certification speed
(1.2*Vpras). Inertia characteristics of rotating parts must be considered with respect to the
directions of rotation of a particular part (generator, turbine, propeller), revolutions are usually
normalised to a propeller revolutions. For the purpose of certification analysis, the most
critical mode of the propeller and engine revolutions are considered, i.e. the mode that
produce the maximal normalised moment of inertia of the rotating parts. To comply with the
main requirement (§629(e)(1)), the nominal state analyses are performed. For this purpose,
the standard approach is employed. Fig. 3 shows an example of a V-g-f diagram of such a
calculation for a single mass configuration. No flutter instability is indicated up to the
certification velocity (191.4 m/s), and therefore, the regulation requirement is fulfilled.

To comply with the parameter variation requirement (§629(¢e)(2)), parametric studies that
may include huge numbers of analyses would be necessary and such an approach would
become ineffective. Therefore, the analysis of stability margins using optimisation-based
approach is good for this purpose. In this approach, the flutter speed is set equal to the
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certification speed, and the results are margin values of structural parameters. Fig. 4 shows an
example of a V-g-f diagram of optimisation-based calculation in which flutter speed is equal
to the certification velocity (191.4 m/s). Flutter mode (#2) is the engine pitch vibration mode.
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Fig. 4. Whirl flutter calculation (V-g-f) diagram, (a) damping, (b) frequency, optimisation-based calculation

Calculations are performed for several values of the yaw-to-pitch frequency ratio to
construct a stability margin curve with respect to the engine yaw and pitch vibration
frequency. Stability margins are then constructed for all applicable mass configurations. The
frequency-based margin may be then compared with the engine vibration frequencies,
obtained by the GVT or analytically, to evaluate the rate of reserve as shown in Fig. 5. The
dashed line represents the (+/-) 30% variance margin in engine attachment stiffness. Another
parameter to be evaluated is the damping. This is provided using the calculation with very low
structural damping, represented by the damping of g = 0.005, while the standard structural
damping included in the analyses is g =0.02. As obvious from Fig. 5, there is sufficient
reserve in stability of the nominal state (including parameter variations) with respect to the
stability margin, and therefore, the regulation requirements are fulfilled.

32



whirl flutter margin - A09 - comparison
1

T T
1| —O— stability margin (g = 0.02) P r———

o ]| —o— stability margin (g = 0.005)

® nominal

]| === stiffness (+/-) 30% margin [ | ———

pitch frequency f, [Hz]
~

4 ke

. %E H = 4267 [m]
i
2 |

4 6 8 10 12 14

yaw frequency f, [Hz]

Fig. 5. Whirl flutter stability margin evaluation

FAR/CS 25 is the standard applicable to larger turboprops. In addition to the
requirements similar to those of the previous case, some specific states of failure,
malfunctions and adverse conditions are required to be analysed as well. These states are: 1)
Critical fuel load conditions. This requirement includes the analysis of unsymmetrical
conditions of the fuel loading that may come from the mismanagement of the fuel. In this
case, fuel model is modified while the power plants model shows the nominal conditions. 2)
Failure of any single element supporting any engine. This requirement includes in particular
the failure of any single engine bed truss. The failure conditions are introduced into a single
power plant mount system while other power plant mount systems use a nominal condition.
All engines show the nominal condition. 3) Failure of any single element of the engine. This
requirement includes, in particular, the failure of any single engine mount-isolator. The failure
conditions are introduced into a single power plant mount system while other ones show
nominal conditions. All engine mounts were used under nominal conditions. 4) Absence of
aerodynamic and gyroscopic forces due to feathered propellers. The failure states defined in
this section represent the states of a nonrotating engine and a nonrotating feathered propeller.
The power plant system under such conditions generates no aerodynamic or gyroscopic
forces. In addition, the single feathered propeller or rotating device failure must be coupled
with the failures of the engine mount and the engine. 5) Any single propeller overspeed. The
power plant system under such conditions generates maximal aerodynamic and gyroscopic
forces. The condition of overspeed must include the highest likely overspeed of both engine
and propeller. The state of overspeed is applied to any single propeller while the other ones
are under the nominal conditions. 6) Other failure states coming from the damage-tolerance
analysis, from bird strike damages and from damages of the control systems, the stability
augmentation systems and other equipment systems and installations.
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The electronic structure calculations represent a rigorous tool for predicting and understand-
ing the properties of materials from first principles. In our research devoted to understanding
crack propagation in iron we have developed a new software [2] for electronic structure calcu-
lations that is based on the pseudopotential approach [5, 7] within the context of the density
functional theory [4]. A properly constructed pseudopotential can be used both to reduce nu-
merical difficulties by hiding the core singularity as well as to substantially reduce the number
of the electrons (degrees of freedom) required to calculate with by hiding non-valence electrons.
However, designing an accurate and efficient pseudopotential is a non-trivial task as there are
many, often contradictory, criteria on the pseudopotential optimality, such as smoothness, soft-
ness (no strongly oscillating pseudo-wavefunctions), transferability (validity in different neigh-
boring atom configurations, reproduction of scattering properties in a wide range of energies),
computational efficiency, etc.

Our approach to generating and optimizing pseudopotentials is based on the algorithm pro-
posed in the dissertation work [6], where so called environment-reflecting all-electron pseu-
dopotentials were introduced. The original fortran77 implementation, while still working very
well, started to be a maintenance burden over the years, which motivated us to begin with the
development of a new, easily maintainable and extensible implementation using Python as the
top-level programming language. In this contribution we describe the new implementation and
present preliminary numerical examples.

In our approach [6], a pseudopotential is generated for the given energy F and orbital quan-

tum number /, and is assumed to be a linear combination of basis functions F;(r),i =0, ...,4
4
Vi (r) = a;F(r), (1)
j=0
where

FO(T) - ]' ) F1<T) = 6_(p1T) - 1 ; F2<’]") = <p27*)2€_(P27')2

2 2 2
Fy(r) =e @ — 1 Ey(r) = (pgr)2e”#m)

Pseudopotentials are generated for individual atoms by repeatedly solving the Schrodinger
equation numerically in spherical coordinates: for this purpose we can use either our test im-
plementation in Python (mainly for debugging), or a very fast and accurate implementation
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of dftatom [1]. We denote the resulting all-electron wavefunctions by @Dj}f‘?(r) and the corre-
sponding energy by E, when solving with the original all-electron potential VAE(r), and the
pseudofunctions by v} () for the calculation with V5% (r). For a given cut-off radius R., the
following conditions have to hold

Ver(r) =VA(@r),  r>R., 3)
o o' ,
5aVel () =5V, r=Re, i=12. @)

Using normalization constants such that ¢35 (R.) = 17 (R.), the following conditions are
required to hold

TyPS(r) = Zypi(r), r=R., (5)

e b/ N2, Be B2 2
Of|¢E,l(7“)| redr = Z)[ |¢E,Z(T)| redr. (6)

The condition (6) corresponds to the charge conservation and makes the resulting pseudopoten-
tials “norm-conserving”’, which implies transferability, i.e., use at different energies.

The pseudopotential basis functions F;(r) in (2) have free parameters p = [p1, pa, p3, pa)” -
Those parameters can be chosen in a way that is optimal w.r.t. some selected criterion © —
an optimization problem is defined as follows: Find p such that

@, p] = argmin, {O(VE} (a, p,7))} , (7)

where the linear combination (1) parameters a = |ay, . . - ,&4]T follow from (3) — (6). Many
optimization criteria are possible, for instance:

e minimizing the “length” of Fourier image of the pseudopotential;
e minimizing the integrated curvature;
e minimizing the depth of the pseudopotential.

As an example we show results of pseudopotential optimization for the nitrogen atom and min-
imize the initial pseudopotential curvature
(Vi) _ X
o(VE (@.p,1) = 55
This atom has 7 electrons in three sub-shells 1s: 2, 2s: 2, 2p: 3, with energies /5 ~ —14.01,
Eog ~= —0.676, Eo,3 = —0.266 (in atomic units). The pseudopotentials were generated for the
valence states 2s (I = 0), 2p (I = 1) as well as for the first unoccupied state 3d (I = 2) with
FE3q0 ~ 0.018. The initial parameters were p = [0.5,0.7,1.4,1.3]7. For the optimization, the
L-BFGS-B solver from SciPy [3] was used: it allowed specifying additional box constraints:
0.001 < {p1,p2} < 1.1, 1.11 < {p3,ps} < 2 to prevent linearly dependent basis functions.
The results are summarized in Fig. 1. Adhering (3) — (6), the pseudofunctions are equal to
the all-electron wavefunctions outside the cut-off radius R. = 1.5 (Fig. 1a). The optimized
pseudopotentials (orange curves in Fig. 1b-d) are equal to all-electron potentials (green curves)
outside 1?, and are shallower and smoother than the ones obtained for the initial setting of pa-
rameters (blue curves), and thus more numerically suitable for electronic structure calculations.

Vi) (a, p,0))] . (8)
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Fig. 1. The pseudopotential optimization results: a) comparison of the all-electron wavefunctions (solid)
and the corresponding pseudofunctions (dashed); b) the initial (blue) and optimized (orange) pseudopo-
tentials compared with the all-electron potential (green) for the state 2s, c) for the state 2p and d) for the
state 3d. The cut-off radius R, = 1.5 is denoted by the vertical line.
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One of the main advantages of a Hybrid Electric Vehicle (HEV) is the possibility to control
flow of the power distribution between vehicle power units especially in case of recuperation
energy mode. In general, the power distribution can be controlled independently on the
vehicle velocity and current state of the other vehicle power units, but with respect to physical
limits and other boundaries. The HEV is designed from two main power circuits — driving
power circuit and the thermal power circuit [1]. Both of mentioned circuits can be in general
independent from energy flow point of view and the same from the control point of view, but
the specific and most important advantage of HEV is also connecting driving power circuit
and thermal power circuit on both points of view. By the energy connecting of both circuits is
possible to recuperate the waste thermal energy especially from ICE cooling circuit to the
cabin heating. The cabin heating requirement or vehicle engine and battery preheating
requirement can be also powered directly from recuperation electric energy. The presented
heating and preheating requirements open the new way for smart control all type of energy
flow between each energy units, especially if it is vehicle velocity profile known in advance.

The presented control process can be provided by ordinary type of controller for example
by PID controller in feedback control, it can be provided by the higher level of controller, for
example by the predictive control strategy with chosen value of predictive horizon and in the
highest level, it can be provided by the previous optimization of the energy flows for all
considered route. The task defined by this idea can be one part of the whole optimization
problem focused on the optimization the total energy consumption on the primary energy
sources (vehicle battery and fuel tank). The presented whole optimization problem may be
designed for example in two steps. In the first step is optimized the vehicle velocity profile
and subsequently in the second step will be optimize the internal energy flows. The value of
total energy consumption is calculated in the objective function for lower optimization level
with respect to define velocity profile obtained from higher optimization level. The
contribution presented on the next lines is focused on the concept for optimization energy
flow between vehicle power unit with respect to given vehicle velocity profile.

The basis for optimization task is define the possibilities how to control energy flows
between each power units based on individual concept of the vehicle powertrain and in the
second line the possible energy inputs and its distribution control. The first presented category
is directly fixed on the vehicle powertrain concept. For example for the parallel hybrid
powertrain concept is possible to considered energy flow into the motors controlled
independently. The vehicle energy inputs also directly depends on vehicle powertrain design,
for example for plug-in hybrid powertrain (PHEV) is possible to considered two external
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inputs — electric energy and gasoline and the additional source can be considered recuperation
possibilities depends on specific route properties. The vehicle battery is possible charged from
external and internal sources, whereas for basic type hybrid powertrain (HEV) without
external charging connection is possible battery charging only from internal sources. This
introduced properties is most important for energy flow control, because the battery state of
charge have to be kept on requires level in both cases, but in the case of PHEV is possible to
powered the vehicle only on ICE without forced charging and in second one it is not possible
[2]. If it will be considered the case of PHEV powertrain, the most important energy flow for
optimization is power dividing between each vehicle motors. The power ratio between each
motors can be define by parameter U based on the power requirement on the vehicle wheels.
The U-parameter is given by following power equilibrium equation

Psource(U(t): t) = Py + Pyyacice + Ploss Em + Puvac et + Paux

1 1 1
Ngear Nice NeEMm
+ Pyyvac et + Paux

where Py represents driving power on the vehicle wheels, Prvac ice represents the loss power
from ICE, Puss em represents loss power from electric motor, Prvac er represents the electric
power input to the cabin heating, if it is considered and Paux represents the power of auxiliary
units, like vehicle lights etc.
The other energy flows is controlled with respect to introduced parameter U by the

conventional controllers with respects to following preferences.

a) The temperature of ICE have to be achieved in the shortest time (the cabin heating

is possible only by electric heating unit)
b) The cabin is primarily heating by energy losses from ICE to the cooling system

The presented method have been used for optimization the U-parameter at the testing
route and chosen velocity profile and the result of this test is shown in following Fig. 1.

Rychlostni profil vozidia a rychlostni omezeni v jizdnich sekcich

» * *

Rychlost [m/s]
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Prubeh podilu hnaciho vykonu spalovaciho motoru

Podil hnacho vykonu ICE

0 100 200 300 400 500 600 700 800
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Fig. 1. Optimal velocity profile (above) and U parameter result (below)

The cabin heating has been controlled by basic PID controller that the controller
constants have been settings by MATLAB control settings tool.
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Bearing elements (e.g. cylinders) made of polymer materials are very common in a wide
variety of engineering applications. These elements are typically made of semi-crystalline
thermoplastics like polyamide (PA), polyoxymethylene (POM) or polyetheretherketone
(PEEK). It is typical for these thermoplastics to shrink significantly when cooling down [2]
and develop internal stresses after solidifying from the melt. A widely used manufacturing
process for this type of parts is injection moulding. The injection moulding offers high
production rate while maintaining low production cost. However, shrinkage defects occur
frequently in the injection moulding production of bearing elements. Although the
manufacturers put effort into removing these defects by the so-called holding pressure applied
after filling the cavity however, inside defects keep appearing. This contribution deals with a
case of a bearing cylinder with a crack that initiated from a shrinkage defect. The conditions
of the crack growth are assessed, simulation is carried out and fracture mechanics parameters
are calculated in order to calculate lifetime predictions for these elements later on.

The component in question is a rolling cylinder compressed between two planes. A crack
is considered in the middle of the cylinder. When the element is rolling, the orientation of the
crack to the load direction changes gradually. Pure mode | (crack opening) in compression
loaded cracked cylinder only occurs when the plane of a 2-dimensional crack and the load are
aligned [1] (rolling angle 0°, see Fig. 1 on the left). During the rotation the situation changes
from pure mode | to distinct mixed-mode conditions (all three modes are present at rolling
angle 45°, see Fig. 1 on the right). Thus, the contribution of mode 11 and mode 1l cannot be
neglected in this case. However, mixed mode conditions in bulk polymeric components are
usually ignored. Hence, little information about the material characterization under shear
crack opening (mode Il and mode I11) is available.

0° Rolling angle 45° Crack A-A
«— Force — 3
Rotatlon
Crack \
Symmetry plane Crack tip
S Grownd — -90° position 0°
Fig. 1. Schematic illustration of rotation of cylinder Fig. 2. Schematic illustration of cross-section of
and boundary conditions cylinder with internal central crack
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Fig. 3. Stress intensity factor for two different positions at crack tip, crack length 0.25mm, force 350N

Parametrical finite element model was developed in order to simulate different
combinations of crack lengths, rolling angles, dimensions of cylinder and forces. ANSYS
software was used, taking advantage of APDL and its capability of programming macros.
Model was created with one possible symmetry plane (showed in Fig. 2) to reduce number of
elements as well as computing time. Nevertheless, the whole model contains about from
40000 up to 325000 elements, depending on crack length.

The model consisted of three solid parts all represented by linear elastic isotropic material
—two steel plates (Young’s modulus of 210 GPa and Poisson’s ratio of 0.3) and a cylinder
between them with a flat crack (Young’s modulus of 3.6 GPa and Poisson’s ratio of 0.45).
Dimensions of simulated cylinder are 6 mm for both diameter and length. The crack length
was considered 0.25 mm (a/W = 0,083) to 1.75 mm (a/W = 0.583). Rolling was assessed by
changing the angle between the crack plane and the applied force from 0° to 180°. Force
350 N was applied at the top of upper steel plate and the bottom plate was fixed (Fig. 1). Parts
was connected by contacts for mutual interaction. Contact between crack faces was also
considered. Stress intensity factors K, Ky, Ky for the rotating part were calculated.

Results from the model with the contact between crack faces are shown in Fig. 3 (filled
points). In order to identify the cycle asymmetry, variants without contact on the crack faces
were also solved. In Fig. 3, these values of K, are shown using empty points. Stress
asymmetry is close to -3.5, in the case of mode | loading. Asymmetry for loading modes 11
and 111 is equal to -1. However, shear modes are in out-of-phase loading with opening mode I.
Minimal and maximal values for shear modes are observed in 45° and 135° of rolling angle
respectively however in different crack tip position.
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1. Tensile test arrangement

1.1 Impactor device

The Hopkinson Split Bar is generally a test of the material properties of a sample tested at a
fast dynamic problem. The base of the test is based on a one-dimensional theory of elastic
pulse propagation. The source of the pressure pulse extending longitudinally in the measuring
rods in the Hopkinson test is the impact of the small elastic bar (“impactor”) to the front of the
first rod.

The value of the longitudinal strain (amplitude) on the first bar at the first passage of the
pressure waveform to the strain gauge is directly proportional to the impact velocity of the
impactor. The length of this first pulse depends on the length of the impactor, i.e. the time
over which the kinetic energy of the pound acts on the face of the first rod. This corresponds
to the length of the first input pulse of approximately 60 microseconds.

Voltage [V] Gauge data

123 -
0.73

0.23

-0.28

-0.78 -

-1.28

178 Time [s]

0.0E+00 5.0E-05 1.0E-04 1.5E-04 2.0E-04 2.5E-04 3.0E-04

——Incident and Reflected pulse ——Transmitted pulse

Fig. 1. Typical strain gauge recording of the Hopkinson test in pressure

The impact of the majority of similar devices is caused by the punching of the impactor
from the gun with compressed air. Pulse energy is obtained by releasing compressed air from
a cylinder, such as a diving or cylinder, as part of a compressor station. The device for
Hopkinson's test in SVSFEM uses the energy of a small cartridge that fires a piston from the
pulse generator and the end of that piston hits the rear face of the impactor. On a track of
approximately 40 mm, it will give this impactor a speed of 20 to 60 m/s depending on the set
size of the cartridge chamber. This speed is higher than similar equipment using compressed
air. The pulse generator is based on the ANTREG pistol adapted for mounting on the
proposed device. The source of the piston's energy in this pistol is a standard 9x16 mm
industrial cartridge, for example from Sellier-Bellot.
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1.2 Measuring rods

The new measuring device (TSHB Tri Split Hopkinson Bar) differs from conventional
Hopkinson test equipment by dividing the measuring rods into three parallel bars. This
solution creates a significantly larger space for the sample to be measured and at the same
time it is possible to assemble the rods so that the sample is subjected to tension and pressure.

In the first variant, the numerical simulation showed that with the assumed magnitude of
the input force pulse generated by an impactor hit, stress about approximately 50 MPa is
generated on the specimen. This value is sufficient, for example, to measure samples of
concrete and similar materials.

The disadvantage of this solution is the occurrence of bending stress on the measuring
rods. More variants of the connecting part were analyzed.

In a final variant, the functional part of the measuring device has been adjusted by
inserting another front and rear rod on the axis of the whole device. The force pulse in front of
and behind the sample is thus always transmitted by only one rod in the axis of the device,
which is not stressed by unwanted bending.

For the tensile testing variant, it is possible to replace the rear three parallel bars by simply
anchoring the one rear measuring rod. This anchorage can be easily used to position a load
cell that can directly verify the value of the force pulse obtained from the rear measuring rod.

= A= ——" Y %@
= i i

Fig. 2. Final CAD model of measurement device

2. Measurement evaluation

2.1 Capacity analysis

The exact record of deformation of the test sample in the Hopkinson test is one of the key
problems of this method. The entire test time, in the order of tens of microseconds, places
great demands on the write speed of the entire device while maintaining the high quality of
the recorded data. The deformation of the sample is usually evaluated indirectly from the
deformation of measuring rods. Assuming elastic deformation of the measuring rod and the
constant cross-section, it is possible to quantify the time course of forces acting on the
measured sample and thus also the deformation of the sample. The deformation of the
measuring rods is usually evaluated by means of strain gauges located at half length. In some
cases, the deformation is evaluated by means of capacitive sensors, which evaluate their
longitudinal deformation on the basis of a change in the cross-section of the rod. Capacitive
sensors record the change in electromagnetic field between two surface electrodes. The
distortion of the sample in the Hopkinson test is basically also a change in the position of the
two surface electrodes (sample-to-probe interface). If a voltage difference is applied to these
surfaces, it would be possible to evaluate the deformation of the sample directly from the
position change of the two surfaces. Most measurements are made with steel measuring rods.
An electromagnetic field analysis was performed between two measuring rods.

We start from the capacitance of a plate capacitor consisting of two electrodes and a
dielectric between them. The capacitance of capacitor can be calculated from geometric
properties and material properties - permittivity. The relationship between these properties is
apparent from the following equation

-5
c==
d-!
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where C is the capacitance of the plate capacitor, € is the dielectric permittivity, S is the
electrode area above the dielectric, d is the dielectric thickness between the electrodes.

The measured sample, together with the bars, forms a plate capacitor which changes its
capacity during deformation depending on the change in the dielectric thickness. By
measuring the change in capacity over time during the deformation phenomenon, it is possible
to determine the strain over time. The hypothesis applies only to dielectric (non-conductive)
samples of course.

The deformation of the measured specimen is approximately 10-20%. Typical specimens
are made of materials, wood, plastics or fabrics. Their relative permittivity is very low in the
range of 1 - 10. This makes the ambient air [
permittivity negligible for the electric field. The ®
thickness of the wood specimen is usually
approximately 8 mm.

The relative permittivity of the specimen is g
selected with a value of 2. The analysis is
calculated as electrostatic with a potential of 12
V between the electrodes. By analytical
calculation we can determine the approximate
capacity.

c_fo & 'S_8.854 107*2-2-1.54-107*
T d 8-1073
The capacity of a capacitor with a specimen thickness of 8 mm is determined from the
finite element model through the electrostatic field energy. Due to the environmental impact,
the capacity value has changed by more than 30%.
11
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Fig. 4. Capacity versus specimen thickness

2.2 Stress-strain analysis
The new measuring device (TSHB Tri Split
Hopkinson Bar) was tested by the first set of

—= . e, S measurements. The specimen was made
’ﬁ from UHPC concrete including 6 mm length
- e N Aramid fibers.

Fig. 5. Concrete specimen after test
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Gauge sensors were placed on the
front and back measurement rods. There
was found a good agreement with the
previous numerical simulations. The
strain history of the specimen was
measured directly by the
videoextensometr Model 200XR from H.-
D. Rudolph GmbH company. The stress-
strain curve of the specimen evaluated
from combination of the gauges and the
videoextensometr is presented in next
picture.

3. Conclusion

The tensile test of the UHPC specimen was performed on the new measurement device Tri-
Split Hopkinson Bar (TSHB). The specimen deformation was caused by a hit of the impactor
to pair of measurements rods. The impact velocity was about 50 m/s. Stress-Strain history of
the specimen was evaluated by a combination of gauge measurement and optical

measurement.
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1. Introduction

The aim of research is development of new generation of powered air purifying respirators
designed to filtrate contaminants in the form of gases, vapours and particles. These high
performance units guarantee sufficient protection of the wearer even in heavy industrial
environments, the chemical industry, laboratories and the pharmaceutical industry [4].

To help people while breathing through filter, a fan is used to propel air flowing in personal
respiratory protection systems and units. Because, the reliability and efficiency are crucial for
operation of these systems, our work is focused on improvement and optimization of a
centrifugal fan used.

2. Methods

An example of the geometry of the impellers examined can be seen in Fig. 1. Two types of
wheels were examined: with radial vanes with an inlet blade angle 8, = 90° and an exit blade
angle B, = 90°, and backward curved vanes with various inlet and outlet angles. Around 15
variants with different numbers of various blades were investigated by experimental, numerical
and theoretical methods. All wheels fort testing with diameter d, = 60mm and width b, =
4mm were produced by 3D printing technology [1].

Fig. 1. Investigated wheels — a) radial blades, b) backward blades, c) a wheel manufactured by 3D printing
technology

2.1 Theoretical Background

The theoretical increase of the total pressure Ap., in a radial fan is described by the Euler
equation

Apep = p(Cayly — Cylly), (1)
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where ¢, is a component of the total velocity in the direction of the peripheral velocity u, where
indices 1 and 2 denote an input and an output point, respectively. As can be seen from the above
relationship, it does not affect the number of blades in any way. However, the number of blades
affects the individual losses that occur and which reduce the total achieved pressure 4Ap,;, to the
actual Ap. These losses include impeller inlet and outlet losses, directional input loss, pre-swirl
loss or internal volumetric leakage. Among the most significant losses is the so-called inter
blade circulation loss, which is caused by the finite number of blades z and the only one affects
their number. The swirl loss between the blades is expressed by the formula

Apprage = p(Ux)Tw, (2)
where o is the rotational speed of the impeller is r the radius of the imaginary circle between
two blades, which can be expressed from the blades output angle S, as

ntd, sin 3, (3)
=T
in which d, is the impeller diameter and z is the number of blades. The resulting relationship
for inter blade circulation loss is given by the relationship

T sin f3, 4)
APpiade = PUS PR

It is clear from the above relationship that loss by the finite number of blades is very
significant and grows strongly with a small number of blades. Nevertheless, it should not be
forgotten that with the increasing number of blades there are other losses, which, however, are
often not taken into account: more blades cause a reduction in flow cross section and hence
reduce flow volume and friction losses in the inter-bladder channel increase. The resulting
power fan characteristic is shown in Fig. 2 on the left.

T 8 @ """""""""""" i

Impellerloss

Pressure IPal
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Fig. 2. (on the left) power curve of centrifugal fan, (on the right), testing stand: 1 — suction chamber with filter
assembling, 2 — fan wheel, 3 — brushless DC motor, 4 — working pressure measuring (2P ), 5 — outflow tube, 6 —
differential pressure APn measuring for mass flow specification, 7 — chocking, 8 — measuring of atmospheric
pressure and temperature

2.2 Experimental Investigation

The testing stand is visible in Fig. 2 on the right. The fan wheel (2) was propelled by
electronically controlled brushless DC motor (3). To obtained power curves of a fan, rotations
were specified directly and kept constant during measurements [1].

The air was sucked through suction chamber (1), which allowed assembling of filters, and
was compressed and transported into the outflow tube (5). The back pressure and thus the
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working pressure Ap,, of the fan was controlled manually by chocking (7) at the tube exit and
measured by differential pressure transducer. The mass flow rate was measured by orifice (6),
where differential pressure Ap,,, is measured.

3. Results

The curves obtained experimentally and predicted for the radial blade wheels are plotted in the
diagram in Fig. 3 on the left. As can be seen from the results, the experimentally found
deviations between the measured data for a different number of blades are almost negligible.
With a small difference, the twelve-blade wheel, which exhibits a higher pressure, especially
for higher flow rates, is optimal. The worst case is the 8-blade wheel, while the 16-blade wheel
lies somewhere in between. In contrast, the results obtained theoretically differ considerably
for a wheel with a different number of blades, see relation (4). The 8-blade wheel is the worst,
while the 16-blade is the best. It is also evident that further increases in the number of blades
will have less and less influence. Comparison of theoretically obtained and experimentally
measured data shows the best match for a twelve blade wheel, while the results for the 8 and
16 blades differ considerably.

Similarly, the results for a wheel with 8 and 12 backward curved blades with blade angles
B1 = 80° and B, = 85° are shown in Fig. 3 on the right. Here too, the differences between the
two wheels found experimentally are negligible and we can see good agreement with the
theoretical calculation for the 12 blades, but the high mismatch for the 8-blade wheel.

Very similar results were obtained for backward curved blades with angles §; = 60°, 8, =
76° and also for angles 8, = 40°, B, = 68° (not presented in diagrams). Also with these wheels
there is a relatively good match between the predicted and measured characteristics for the 12-
blade wheel, the influence of the number of blades on the measured curves is negligible and the
predicted curve for 8 blades is significantly underestimated.

The results of the research on the influence of the number of blades on a rear-angled low
angle blade (8, = 45°, B, = 30°) are presented in Fig. 4, where we can observe the results of
testing for 10, 12 and 14 blade wheels and numerical calculations for the wheels with 8 to 16
blades. Here, too, we see that the effect of the number of blades is minimal, but wheels with a
lower number of blades seem to be advantageous for high flow rates, while a higher number of
blades is more favourable for high back pressure. Nevertheless, the differences between the
wheels are negligible.

B,= 90°, p,= 90° B,= 80°, p,= 85°
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Fig. 3. Results for wheels with 8, 12 and 16 radial blades (on the left), results for wheels with 8 and 12 backward
curved blades (on the right), B; = 80°, B, = 85° [3]
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Fig. 4. Results for wheels with 8 to 16 backward blades with angles B, = 45°, B, = 30° obtained experimentally
(on the left) and numerically (on the right) [2]

4. Discussions

The results show that the influence of the number of blades on the characteristics of the fan is
very small, sometimes almost negligible. The ideal number of blades appears to be 12 for the
wheel under investigation, but neither the number 8 nor the 16 shows too much difference in
the achieved values. The results show that theoretically determined influence of the number of
blades on pressure loss due to inter blade circulation loss is considerably overestimated.
Apparently this is due to the fact that in the calculations the number of blades is included only
in this loss, which perceives the increase in the number of blades only positively and does not
include accompanying influences — e.g. reduction of the characteristic dimension of the inter-
blade channel.

5. Conclusions

Research into the influence of the number of blades on the characteristics of a radial fan has
shown that the number of blades only slightly influences the performance of the fan. According
to the test results, 12 blades seem to be optimal regardless of their shape. Numerical calculations
show similar results. The predicted curves visibly overestimate the effect of inter blade
circulation loss and do not count on additional losses at a higher number of blades. In order to
optimize and predict the appropriate number of blades, the fan flow analysis model will need
to be further modified.
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Automotive turbochargers [1] are typically supported by floating ring bearings (FRBs), where
a rotor journal is held by two oil films separated by a rotating ring. This construction brings
the advantage of high damping capacity, however, the rotor tends to behave in the nonlinear
way—during the operation, oil whirl/whip instabilities [3] occur in the inner or outer oil film
or in both at the same time. This leads to jump phenomena [2, 5] in the rotor response during
runup/rundown.

Although the rotors with the FRBs are by nature nonlinear, linear analysis can also provide
important insight into the dynamical behaviour of such a system. Using the linear approach,
the nonlinear forces generated in the fluid films are approximated by linear or linearized spring-
damper couplings. If the modelling is done precisely enough, it can show the possible regions of
instability and predict operation modes of the rotor in these regions. There are several methods
to create the linear model, that are discussed in this contribution. In order from the simpliest
to the most complex, the bearing model can be considered as follows: (7) constant isotropic
approximation of the whole FRB, (i7) constant orthotropic approximation of the whole FRB,
(¢22) FRB with linearized outer oil film only [4], (¢v) constant isotropic approximation of the
inner and outer fluid film with neglected ring mass, (v) constant isotropic approximaiton of the
inner and outer fluid film with ring mass considered, (v¢) ring mass considered and both fluid
films linearized. Moreover, the last method can be performed in several ways:

e (a) separated linearization for the inner and the outer fluid film,
e (b) coupled linearization for both fluid films,
e (c) same as (b) with ring speed ratio (RSR) variable with eccentricity,

e (d) same as (b) with RSR calculated based on its own degree of freedom in the static
equilibrium (algebraic) equations.

In general and not distinguishing between the methods with and without ring degrees of
freedom, the turbocharger with two floating ring bearings can be described by the matrix equa-
tion

Mg + B+G(wR)+B](3M)] g+ [K+K§3M)] qr =0, (1)

where M, B,G, K € R™" are global mass, damping, gyroscopic and stiffness matrices, re-
spectively, without bearing couplings. Bearing couplings are expressed using coupling bearing
matrices K](SM), B,(BM) € R™". The particular form of these matrices depends on the chosen
method M = 4,41, ...vi. For the methods with M = 4,ii, v, v, these matrices are constant
and for M = 442, vi (in all the considered variants), they are a product of linearization process
and hence they are speed dependent, i.e. KJ(BM) = KJ(BM) (WRy WFR), B](3M) = BJ(BM) (W, WFR)-
Number of degrees of freedom is also dependent on the chosen method — for the methods with
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neglected ring mass n = ng (number of degrees of freedom of the rotor) and for the methods
with FRBs considered n = nyr + 4 (a,b,c) and n = ngr + 6 (d). Since the stability of the
turbocharger is analysed using Campbell diagrams, right-hand side of Eq. (1) equals zero for
modal analysis purposes.
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Figure 1. Campbell diagram of the turbocharger considering separated static solution for both fluid films
— the diagram up to 3000 Hz (left) and the detail of unstable branches (right)

The results are analysed using the Campbell diagrams depicting together all important in-
formation about the system: they show change of natural frequencies with angular speed of the
rotor, the precession (forward, backward and combined) is distinguished by different markers
and the damping is shown using a carefully designed colormap. The results show significant
differences between proposed methods with respect to the measure of abstraction. Slight dif-
ferences in Campbell diagrams are obtained in case of method (v7) with all the considered sub-
cases (a)-(d). However, the computational time is strongly affected by the chosen method. The
contribution also shows a comparison of resulting Campbell diagrams with nonlinear run-up
simulations.
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1. Introduction

The flow-induced vibration causes very interesting effects namely in the case of slender engi-
neering structures. The airflow around the structure induces a wide spectrum of the non-linear
aero-elastic processes. The beating effects which emerge due to vortex shedding may represent
(almost) periodic load. This type of excitation is dangerous to the functionality and safety of
structures. When the vortex frequency becomes close to the structure eigenfrequency, i.e., when
the lock-in regime occurs, the quasiperiodic beatings constitute regular load and possibly cause
significant fatigue in the material of the structure. Unfortunately, the non-linear character of
slender or soft structures is often neglected in the engineering practice. This could lead to a
significant underestimation of the overall response properties because the non-linear physical
systems of such type are prone to the effect of the sub- or super-harmonic synchronization.

The sub- or super-harmonic synchronization effect represent cases when the driving fre-
quency is close to integer multiples or fractions of the eigenfrequency of the structure. Due to
non-linear effects, such load can induce significant vibration of the structure in the dominant
eigenmode and can cause undesired or even dangerous effects.

The quasiperiodic phenomena of the resonance which occurs in the basic aero-elastic model
and its stability properties were theoretically investigated by the authors in the past [3]. The
recent study of the authors [4] concentrates on the stability assessments of the sub- or super-
harmonic synchronization and its effect on the free component of the system response. The both
works use the harmonic balance method for analytical investigation and their results depend on
the fulfilment of the relevant assumptions. The authors also tried to illustrate some properties of
the system using the numerical study in [1]. On the analysis of numerically obtained resonance
curves, the authors shown dependence of the sub- and super-harmonic synchronization effect on
the value of the excitation amplitude. It has been shown that due to the synchronization effect
loses the response its beating character in a vicinity of integer multiples of the eigenfrequency of
the structure and exhibits stationary response. The effect was better visible for lower excitation
amplitudes, where the width of affected frequency interval was wider than it was for higher
amplitudes. The super-harmonic synchronization effect (for driving frequency close to integer
fractions of the dominant eigenfrequency) was much lower than the sub-harmonic one.

The present contribution studies numerically effect of the sub-harmonic, resonant and super-
harmonic excitation on the frequency content of the response. This way it tries to measure
effects of individual excitation modes on the character of the response, namely the influence of
the sub- and super-harmonic excitation on the dominant eigenmode vibration.
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The commonly used Single-Degree-of-Freedom (SDOF) or the more complicated Two-
Degree-of-Freedom (TDOF) section models of a structure in the air stream represent a rea-
sonable compromise between complexity and ability to characterise the dynamic processes.
Such type of models is used often in the aerodynamic wind tunnel experiments and well serve
their purpose. However, it appears that in many cases when the TDOF model is used, one of the
components is dominant and, thus, the second one can be neglected. It reveals that majority of
the resulting SDOF systems can be modelled by the van der Pol-Duffing or generalized van der
Pol type equations or their combination adjusting degree of individual non-linear terms or their
coefficients. This hypothesis is generally accepted, see, e.g., [2].

The paper is organized as follows. First, the generalized van der Pol model is described
and modified to separate the forced and induced parts of the response. Then the resonance
properties of the model are discussed. In Section 3, the individual sub- and super-harmonic
cases are briefly mentioned. Results are summarized in the last section.

2. Mathematical model

Vibration of a slender structure in an airflow is usually modelled using the generalized van der
Pol equation with a harmonic right hand side. The inclusion of the fourth order term in the
description of the damping allows to better describe the lock-in regime and the corresponding
most important limit cycles, from whose one is stable (attractive) and the other is unstable
(repulsive). Consequently, the governing equation reads

i — (n — vu® + rﬁu‘*)u + wgu = wSP cos wt, (D

where u is the response of the system, w? = K /m is the eigenfrequency of the associated linear
system with stiffness K and concentrated mass m, 7, v, v are positive coefficients of linear
viscous and non-linear damping, w? P is the amplitude of the harmonic excitation (excitation
force per unit mass, frequency w). P can be interpreted as an amplitude of the air pressure
variation during vortex shedding.

Following [4], the solution in the sub- or super-harmonic cases can be written in the form

u=v+ F, coswt, F, = P/(1—n?), 2)

where n = 2,3, ... for sub-harmonic cases and n = 1/2,1/5 ... for super-harmonic cases. The
solution u consists from a harmonic forced term (F}, coswt) and an auto-oscillation compo-
nent v which represents the (possible) sub- or super-harmonic effects induced by the equation.
The auto-oscillation part does not occur in a linear case. This approach neglects the damping,
however, the introduced inaccuracy is acceptable, see the discussion in [4].

Introduction of Eq. (2) into (1) results in the following differential relation for the comple-
menting auto-oscillation component v:

b+ wpo(t) = (n —v(v+ Feoswt)® +9(v+ Fcoswt)?) (0 — Fwsinwt)
+ (w2 — n2w3) Fcoswt. (3)

3. Numerical analysis

A thorough analysis was conducted to illustrate the general properties of the theoretical system.
Results obtained for particular setting of system parameters (n = 1, v = 0.5, v = 0.1, ¥ =
0.025) are described in this paragraph. The natural frequency of the oscillator is set as wy = 1
and thus the integer fractions and multiples of the natural frequency are easy to follow.
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Fig. 1. Numerically obtained resonance curves of the generalized van der Pol equation response u,
Eq. (1), and the corresponding auto-oscillation component v, Eq. (3), for the excitation amplitude P =
0.75andn =1/2,1,2,3;n=1,v=0.5,7v=0.1,9 = 0.025, wp = 1

The resonance curves for the selected
example are depicted in Fig 1. Each row
shows the complete plot on the left and a de-
tailed view of interval (0.7, 1.3) on the right
hand side. Four curves are shown in individ-
ual graphs. For each excitation frequency
w they represent the maximal and minimal
values of the solution envelope curves for «
and v separately. When both minimal and
maximal envelope curves coincide, the re-
sponse is stationary. The response u does
not change within individual plots, as it is
apparent from Eq. (1), however, character of
the part v varies significantly with increas- Fjg 2. Frequency properties of the auto-oscillatory
ing value of n. Fig. 2 shows dependence of part v for n = 2.
the frequency content of the response (verti-
cal axis, wy) on the excitation frequency (horizontal axis, w). The heat map in the logarithmic
scale shows amplified responses for w; ~ 1 and 3 for almost all excitation frequencies (hori-
zontal), and also narrow peaks corresponding to selected excitation frequencies (vertical lines).

The most important results of the paper measure the influence of the sub- or super-harmonic
excitation to individual frequency components of the response. These characteristics are shown
in Fig. 3. The excitation intervals surrounding 2wy and 3wy, wy = 1 7%, are considered in the
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Fig. 3. Contributions of the individual frequency components 1, 2, 3 rad.s~! in to the total auto-
oscillation part of the response to the sub-harmonic excitation

left and right hand plots, respectively. The curves show amplitudes of the frequency components
w = 1,2,3 rad™! of the auto-oscillation response in dependence on excitation frequencies. In
both plots is the component of the response in the eigenfrequency wy = 1 dominant (blue
curves). In the left plot for n = 2, the response component "2rad/s" (brown curve) exhibits
resonance for excitation w = 2, however, the system is apparently not very sensitive. Similar
results are predicted also in [4]. More interesting is the case n = 3. The effect of the sub-
harmonic excitation is clearly visible in all three component curves in the right hand plot. Note
that the curves in Fig. 3 are approximative only because the actual resonance frequency is
generally shifted down from the nominal values due to non-linear effects.
Results for w = 1/2,1/3. ... rad~! are less apparent and are omitted due to space limitation.

4. Conclusions

The generalized van der Pol equation describes the state when the linear damping component
becomes negative and the stability of the system is maintained due to non-linear effects only. Its
selected resonance properties are identified numerically in the present contribution as a supple-
ment to the approximate analytical results by the authors published in the past. The quantitative
results support those theoretical, however, only a single value set was used and thus they serve
for illustrative purposes only.
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The work deals with numerical simulation of non-equilibrium wet steam flows. The non-
equilibrium steam is described by the system of Navier-Stokes equations. Thermophysical
properties of the steam are calculated according to IAPWS IF97 formulation [3] and the non-
equilibrium condensation is described by an additional two-equation model for liquid phase
mass fraction and specific number of droplets (the so called mono-dispersion no-slip model,
see e.g. [2] or [6]).

The system of Navier-Stokes equations describing the movement of the gas-liquid mixture
is

pe+ V- (pv) = 0, (1)
(p0)i + V- (pi@0)+Vp = V-7 )
(pE)+V - (pH?) = V- (7-8)—V-q 3)

Here p is the density, ¢’ is the common velocity, p is the pressure, 7 is the effective deviatoric
stress tensor, = e + v?/2 is the specific total energy where e is the specific internal energy,
H = h + v?/2 is the specific total enthalpy, and ¢ is the effective heat flux. The system is
coupled to standard two equation k—w SST turbulence model.

The non-equilibrium condensation is described by the classical nucleation theory using the
wetness w defined as the mass fraction of the liquid phase in the mixture and the specific number
of droplets ()y. These quantities are described by the following system of equations

4
(pw) + V- (pwv) = gﬂrgpﬂ + 4mr2, p1p Qo 4)
(pQo)e + V- (pQo¥) = J, &)

where 7. is the critical droplet radius, 7390 = /3w /4Qo7p; is the average droplet radius, 7- is the
droplet growth ratio, p; is the liquid phase density, and J is the nucleation rate. For details see,
e.g., [2].

Thermophysical properties of the mixture are calculated using IAPWS IF97 equation of
state for gaseous phase (denoted by subscript ¢g) and combined with polynomial properties of
liquid phase (subscript /) at the saturation line in the following way

1 1— 1—
e R (©)
P P Pg Pg
h why + (1 —w)hy = hy — wL, (7
P = Dy ()
T = T1,=1, )
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where L = h, — Iy is the specific latent heat of evaporation.

The whole system of 9 partial differential equations is solved with an in-house finite volume
solver based on the OpenFOAM framework [4]. The time dependent solution is of coupled sys-
tem of equations is obtained using a modified version of sequential pressure correction method
for compressible flows. The basic structure of the algorithm is described in the following listing
for one time-step:

Algorithm 1: Pressure correction loop structure
input : State at the time ¢"
output: State at the time t"*!

1 update p using continuity eq. (1)

2 for outer corrector = 1, ... do

3 update ¥ using momentum eq.(1) with actual pressure

4 update h using energy eq. (1) formulated in terms of enthalpy
5 correct condensation model by solving eq. (4) and (5)

6 calculate h, using current L and w using eq. (7)

7 calculate gas phase properties from p and h, using IF97

8 calculate mixture properties using eqns. (6-9)

9 for piso corrector = 1, ... do

10 correct the pressure in order to satisfy continuity

1 update velocity from the pressure correction; update turbulence model;
12 end

13 end

For most of calculations we use 2 PISO correctors (line 9) and 5-10 outer correctors (line 2),
although the actual number of outer correctors depends on the setup of convergence criteria.

The solver is validated using 2D flows through a transonic nozzle. The nozzle inflow is
characterized by the value of total pressure p;,; = 78.39kPa and total temperature 7;,; =
373.15 K. The outflow is supersonic. The simulation is performed using a structured mesh with
500 x 100 hexahedral cells with near-wall refinement corresponding y+ ~

Fig. 1. Wet steam flow through a transonic nozzle: (left) wetness w, (right) sub-cooling T' — T4

Fig. 1 shows the distribution of the wetness w (on the left) and the subcooling defined as
the difference of 7" and the saturation temperature Ty, (p). One can see that the condensation
starts approximately at ' — T,; ~ —35 K, whereas the equilibrium condensation would start at
T = Ty

Fig. 2 shows the distribution of the pressure, wetness, and droplet radius along the axis of
the nozzle. The pressure is compared to experimental data taken from [1]. One can see that the
current calculation overpredicts the strength of the condensation shock, although the position
of the shock corresponds very well to the experimental data. Similar behavior was found also
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Fig. 2. Distribution of the pressure (left), wetness (middle), and droplet radius (right) along the nozzle
axis

for completely different numerical method based on advanced Riemann solvers in [2] with very
fine meshes. The wetness and the droplet radius correspond to results published in [2].

Fig. 3 shows the results of simulation of flows through a 2D model of turbine cascade. The
simulation is done using an unstructured mesh with approximately 25000 cells. The mesh is
refined in the vicinity of the blade with y™ ~ 50 and the near wall treatment with standard wall
functions is used. The regime is characterized by the inlet total pressure p;,; = 40.3 kPa, total
temperature 7;,;, = 354 K and axial flow direction. The outlet pressure is po = 16.3 kPa. Fig. 3
shows the distribution of the<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>