








Editors note

‘Development in Machinery Design and Control’ is a periodical publication issued
annually since 2002. Herewith we provide the reader with the fourth volume. The
publication is designed as a forum for the researchers of designing in general and
designing control systems in machine technology and process technology to share their
scientific experience. Our journal publishes original scientific papers as well as
interesting reviews of essential engineering achievements, short information on new
books available and conferences held.

The publication is open for the authors mostly dealing with the problems of
machinery designing, computer aided engineering, aspects of calculation and
experiments in verifying the design, especially with numerical methods and verifying the
design due to fatigue. There are also welcome papers on the automatic control in open
and closed loop, mostly state-of-the-art plant and process modeling, computer aided
control and modern technology to perform control processes.

To provide those willing to contribute a paper with more details about the profile
of the publication, here are Table of Contents of the three volumes published so far.
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MODELLING OF WIND TURBINE BLADE LOAD
AT DIFFERENT WIND SPEEDS

Abstract: The results of modeling the air flow through wind-plant rotor which
consists of 3 blades. are analyzed in the article. In the view of different air-flow

velocities (3 +20m-s™), information about forces distribution on the blade is the

results of modeling. Such information is essential for blade rigidity analysis. The
conclusions concern the results of the solution of stress and deformation state of
rotor blade carried out with Finite Elements Method (FEM).

Keywords: FEM, aerodynamic characteristics, blade strength calculation

NOMENCLATURE

¢; — coefficient of axial strength of wind motor (WM), —

¢y, — coefficient of torque of WM, —

¢, — coefficient of efficiency of WM, —

D — diameter of rotor, m

dQ - elementary tangential force in the plane of rotation for radius r , N
dR — resulting elementary aerodynamic force for radius r, N
dX - elementary resistance force for radius r, N

dY - elementary uplift force for radius r, N

M  — torque, N-m

n — rotor revolutions of WM, s

P — performance of the wind motor, W

r, — radius of computation cross-section, m

R — resulting force acting on the rotor, N

r — rotor radius, m

T — axial force acting on the rotor, N

— peripheral speed, m-s™

— speed of air current running on the blade element, m-s™

=S &F

— resulting flowing speed of the blade element, m-s™

'Corresponding author. 7el.: 421-55-602 4359, fax: +421-55-602-2452
E-mail address: Maria.Carnogurska@tuke.sk (M. Carnogurska)
























Modelling of Wind Turbine Blade Load at Different Wind Speeds 17

6. SUMMARY

The results from the solution of rigidity analysis of the wind power plant rotor blade by
numeric mathematical methods show an option to calculate blade load by modern
computational methods, e.g. using COSMOS/M. So far no static blade computation has
been made with complicated analytical procedures. Here the solutions applied were
preferred rather than those which involved experimental research on reduced scale
physical models. The advantage of this procedure was that it also took into account the
dynamic effect of the wind. Unfortunately, there has been, so far, no equipment available
in Slovakia that would be suitable for experimental research.

The results obtained using the Finite Elements Method make it possible to, in case
of unfavorable results, propose a change in the blade shape and to repeat the
computation. It is how we can optimize the blade shape in a way that it would be, as for
its rigidity, suitable for given load conditions.
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ROBUST CONTROL OF ONE AXIS
OF SHAFT SUPPORTED MAGNETICALLY

Abstract: This paper presents a robust control of magnetic suspension of shaft.
The dynamics of magnetic suspension systems are characterized by their
instability and uncertainty of plant. Therefore except modeling of plant we
determined a model of parametrical uncertainty. The uncertainty is modeled on
additive. The uncertainty parameters we assumed current stiffness k; and
displacement stiffness k. The performance of closed loop system, limits of
signals and disturbances influence are determined with the weighting functions.
Three weighting functions are designed: W, (s) — penalizing error signal e,
w, (s) — penalizing input signal v . and W, }s; — penalizing output signal y .
For this functions and uncertainty model we assigned augmented control model.
For augmented control system we assigned robust controller. The robust
controller was assured high quality of control despite of uncertainty model of
plant, disturbances in systems, limits of signals and high dynamics of system.
Next the H, closed loop system is compared with standard PID closed loop
system. Finally simulation results show effectiveness of control system as good
initial responses/transient responses and robustness of designed robust controller.

Kevwords: parametric uncertainty, additive uncertainty, weight functions,
H_ controller

1. INTRODUCTION

The active magnetic suspension system is a non-contact suspension of a shaft. That
means there are no friction forces and no mechanic wear in kinematic pairs. A dynamic
development of mechatronic systems like magnetic suspensions needs new advanced
control methods. Standard control methods are not able to take into account all factors
which influence the static and dynamic quality of the closed-loop system. The robust
control allows us to achieve a good control performance in spite of disturbances and
uncertainty of the plant. Particularly the robust control method can be used to control
the nonlinear and unstable systems [7]. The limits of signals can be considered in robust
stable systems. In the paper the robust control is applied for a magnetic bearing system.
In our considerations we assumed that the rotor was supported in two radial
magnetic bearings and one axial bearing [3]. Each radial bearings controls motion of
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Effect of Support Structure Receptance on Mechanisms Operation 43

In this paper receptance matrix was determined experimentally.
, 1
Only for the system of the 1. degree of freedom Z (Iw) = —ﬁ .
aliw
The right side of the equation (2) consists of two components. If the system is
linear, we can write:

(m, +my )%, + cx, + (k, + Z)x, = -Z(i w)-a (4a)
(m, +m)%, +cx, + (k, + Z)x, = P(t) (4b)
P(t) = (mzaou2 + Za)coswt (4c)

X=X, +X, (4d)

Solving (4a), we obtain:
Z(iw)-a

X, = = -a, 5

Yk +Z(iw) Y ©)

=28 (52)
k+Z(iw)’

and it is a static deflection dependent on the dynamic deflection Z(jw).

Solving the equation (4b), we assume that, the vector of input functions has the
following form:

P(t)=(mau? +Z-a™ =E+iF (6)
where: E — amplitude of the real part of the input function,

F — amplitude of the imaginary part of the input function.
We assume the response in the following form:

X, = X,elt ¥ =xe' = A+B (7
where: @ is the phase shift angle and A and B are real and imaginary parts of
response module respectively.
B
Angle @ is calculated from the relationship @ = arCth .

It was also assumed that the matrix of dynamic rigidity Z (iw) is a complex
number.
Z(iw)=G+iH . (8)
Substituting (6, 7, 8) to (4b), we obtain:
[ (my+m,)w? +iwe +k +G +iH)(A+iB)=(maw? +G +iH\E +iF) (9
Comparing real and imaginary parts, we obtain:
[—wz(m,+m2)+k|+G ~w*C+H }{A}:[mzawz+G -H ]{E} (10)

wC —w'(m, +m,)+k, +G||B H m,aw® +G ||F
To simplify notation, the square matrix at the amplitude vector was marked as [Q], and
matrix at the inputs vector as [R]
The following is obtained:
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=L22+Z>1andy= <1 (20)
-muw* +Z k,+Z
The response:
x = a(Acoswt -y) @21
3. Case of high frequencies
From formula (15) we can see that A <<1, as:
|w2m2| < I— w’m, —w’m, + k1| (22)

and finally the response assumes the form (16) where amplitude x is lower than x

Z->cc

X< X (23)

Zox

3. CALCULATION RESULTS

To illustrate the theoretical calculation, simulations were made for specific data. Two
foundation stiffness values Z(w) and three different spring stiffness values k, were
assumed. Dynamic stiffness Z(w) was determined by reversing dynamic receptance
cr(w) which was defined experimentally. The dumping measurement was disregarded as
considered low. For such assumed data, coefficients A and y for different combinations
k, Z(w) were calculated and, finally, response X was found.

The set of formulas:
X = Aacoswt - ya

2
Mw) = — muw*+27Z
—w (m +my)+k,+2Z
Z(w)-a
y:—
k1+Z(w)

The following combination were taken under consideration:
Z,(w) Z,(w)
k| Ay w7
k1 xvi | kv

where:
m, =0.15kg; m, = 0.3 kg, k, = 4500 N-m™; k; =7500 N-m”;a=0,03m.
The results are given in figures Fig. 2 — Fig. 10.
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Fig. 10. Coefficients difference a; —y,

4. CONCLUSIONS

When designing dynamic systems, founded on flexible foundation, the effect of the
foundation can be very essential.

Sensitivity of the system to cam follower resonance frequency is low.

Effect of the flexible support is considerable when the system operates in the range of its
resonance frequency.
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MULTILEVEL VIBRATION SIFTER

Abstract: The paper presents a multilevel vibration sifter concept and design. It
shows a long spiral path of the material in the sieve from the central batch to the
chute. A comparative study of the sifting process, operation time and effectiveness
are reported. The sifter design has been implemented 1n the production process.

Keywords: sifter, sifting, grain motion on the sifter

1. INTRODUCTION

Operations involving loose and grain products often require dividing the material into
fractions. Contemporary sifters show stable characteristics, are usually large in size and
are difficult to operate.

The present paper provides analysis of most common solutions as were as presents
a new sifter design.

2. DESIGN OF THE NEW SIFTER

Fig. 1 shows the cross-section of the new type of vibration sifter.

The device consists of cylindrical sieve segments positioned vertically. The lowest
segment is located on the base with pneumatic suspension. Each sieve segment includes
the housing with grain or loose material chute, sieve and a perforated element. Cleaning
elements can be placed between the perforated element and the sieve. A lower conical
part of each segment ends up with grain or loose material chute of a lower segment.

The drive can be equipped with the following drives:

— engine placed centrally in a lower segment with unbalanced masses,
—  pair of vibrators placed on one of the segments.

The power of the engine, vibrators and degree of unbalancing can be chosen In
a wide range. The pneumatic suspension with changeable characteristics 1s essential for
this new solution. The suspension can be made as toroidal element or as multi-chamber
group of elements of different shape, e.g. spherical.

A wide range of practicable drives and suspensions allows for the most adequate
selection of parameters of sifter, depending on the specific needs.
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MODELING SELECTED RESISTANCE ELEMENTS
OF THE PNEUMATIC SUSPENSION SYSTEM

Abstract: The paper presents the pneumatic suspension system modeling. The
preliminary analysis was based on the basic module which consists of the flexible
and stiff vessels. Further an analysis is provided, defining the energy losses due to
constant resistance. It is through that resistance that the flow between the two
vessels occurs. Additionally an experimental identification method of more
complex pneumatic resistance properties has been developed.

Keywords: pneumatic suspension, pneumatic resistance, modeling

1. INTRODUCTION

The aim of the present paper was to determine the operation properties of typical
elements of the pneumatic suspension system of the carriage from the point of view of
its mathematical model. Finally the authors intended to build the suspension system
model based on the theory of pneumatic cascades [5]. The basic parameter of the
pneumatic cascade is the resistance of input pipe and the vessel volume. The present
paper covers methods of determining the resistance of typical elements of the
suspension system being an unknown element of the pneumatic cascade. Based on the
required properties of the cascades and the knowledge of the resistance, one can select
an appropriate volume of the cascade vessel, which will ensure correct dynamic
properties of the suspension system.

A typical basic suspension system module consists of pneumatic spring and
leveling valve [1]. Two such modules form a typical set of accessories of bogies. They
are joined to each other with a double non-return valve which protects against excessive
pressure differences in pneumatic springs matting with each other, located transverse
symmetrically to the carriage axis. Suspension deflection results in a decreased distance
between the mounting points, which causes a turn of control lever and opening the flow
between the supply vessel and the pneumatic spring. It allows for filling the two
chamber cascade with air, and the lifting the carriage body until the distance between
the upper and the lower mounting points returns to the reference value. If the distance
between the mounting points increases (a decreased carriage load), than the control
lever turns in the opposite direction and the pneumatic spring is connected with the
surroundings and, as a result, empting the air from the chamber cascade, which lasts
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Losses Pg,4 z can be expressed as follows:

W2
Pstr1-3 = (1-3 9’2—3_ (12)
From equations (11) and (12) we can obtain:
2
{1s = i‘l': +G—1] (13)

From the experiments conducted for Reynolds’ high numbers [4] we can see that
coefficients y and {, , do not depend on Re, however they depend on the ratio of

cross-sections A, / A,. In the special case when the fluid flows through the pipe from
abig vessel, namely when A,/A =0, the experiments show that p=0.617,
{,=05, and {,,=0.04. By substituting these values to equation (13)
{,_, ~0.105073 + 0.385325 ~ 0.5 to equation (13) one can observe that the first part
is slightly over 20% of the value of {, 5, which confirms the data given above.

Applying the equation (13) is more difficult as ¢, , and p must be known. In
practice, a simplified formula is used:

A
([ =O.5(1—f] (14)

1

2.2. SUDDEN ENLARGEMENT OF THE CROSS-SECTION

The considerations have been based on the assumption that there are no pressure losses
due to Ffriction (much lower than the local losses). The stream does not change it cross-
section suddenly, and so from both sides of line 4 approximately static pressure
p, applies. In cross-section 5 static pressure ps occurs, however with no loses, there
would be static pressure ps .

The pressure p, is only a local loss. Theoretically determining this loss is
possible using equations of motion, Bernoulli equation, and continuity of flow.
Assuming that even velocity fields w, and w; in each cross-section 4 and 5, based
on the equation of motion (momentum conservation) for the control area determined
with the rectangle between lines 4 and 5, Fig. 2, we can formulate:

rh(Wa—W5)=A4(p5—p4) (15)
P A

] P Pe ‘>

J W Y
A | P

Pos 2 psrr¢ A - 2 Y
P Ap
- -~ o5
\ == oA Ps
Y 1y Y A y X
4 5

Fig. 3. Sudden enlargement of the cross-section — assumed pressure distribution
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The vessel air mass is defined with:

"4
m:_F?,_T(pi-f_patm) (31)

With the spreadsheet, it is possible to define the characteristics in question.

Test stand

The test stand was developed based on two air vessels between which the component
examined was placed. Each vessel can be supplied with the compressed air.

13 14
[0 o]l 1A [[oA] &
. <A/D?_>—|
E

7 122 6 429 Ip—gd)ﬂ

Fig. 5. Test stand diagram

[0)0F “NN \V]

— pressure vessel, 0,24 m® each,

— cut-off valve,

— release valve,

— component examined, here double non-return valve,

8,9 - pressure transducer,

10, 11 — precise measurement manometer,

Data acquisition equipment

12 - PCLD - 87 10 Terminal Wiring Board by Advantech

13 —PCI-1710 series 12/16 Multifunction CARD

14 — Personal computer with software Geni DAQ and Excel spreadsheet

ID - digital input, OD — digital output, IA — analogue input, OA — analogue output

~Norw =

Measurements results

The research concerned the double non-return valve given in Fig. 1, since the properties
of rail-bus moving along the curved railway track and in case of uneven distribution of
load depend on the valve parameters.
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The pressure drops were measured in vessels for the flow from vessel no 1 to vessel no
2 (left chart in Fig. 6) and from 2 to 1 (right chart in Fig. 6).
Pa

p kPa p. ki
100 100
90
90 3 p:

80 ! 80
70 70
60 60
50 50
40 40
30 30
20

20 pZW P W
10 10
0 0

0 1 2 3 4 5 6 7 8 9 1MWtts o 1 2 3 4 5 6 7 8 9 10ts
Fig. 6. Pressure in vessels during air flow measurements: left chart — from 1 to 2; right chart from
2t01

The results indicate that the equipment measured shows a considerable symmetry,
although, as compared to the flow lock-pressure expected ( p,. = 0.69 kPa), it is too

low, as it is about p,,, = 0.65 kPa for the flow 1— 2, and p,, = 0.67 kPa for the
flow 2 > 1.

Q. t kg/h
800

700 ~

600 /
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400 /
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60 65 70 75 80 8s 90 s 100 kPa

Fig. 7. Valve flow characteristic calculated based on the results given in Fig. 6

4. CONCLUSIONS

The two types of defining pneumatic resistance properties give approximate results, and
they cannot compete with the models of defining characteristics known from literature,
as far as the accuracy is concerned, however they are much more simple. They allow for
a quick determination of properties at sufficient accuracy using analytical or
experimental methods. Such an identification is sufficient in automatic control systems
in which only the order of magnitude of model parameters is required.

Additionally there is need for the analysis of the third pneumatic resistance
connected with the stiff vessel, supply valve, which will be non-linear characteristic
with zone of insensitivity.
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A damaged bus, in the investigated utilization and maintenance system, is directed
to the usability assurance subsystem, where it is a subject to the renovation (servicing)
processes. If at a certain moment reserve vehicles are available in the reserve
subsystem, then they are directed to the working subsystem, where they substitute the
damaged vehicles. Because the buses got damaged at the random time moments, the
service arrivals reach the usability assurance subsystem at the random time moments f; .
The service arrivals sequence (distributed in a determined way throughout the time)
forms the so-called arrival stream. Having completed the servicing processes, the task-
usable vehicle is directed to the executive subsystem (reserve or working one — if the
number of the vehicles in the working subsystem is too small to execute completely the
transportation tasks). The duration of vehicle servicing (time length when a vehicle
stays in usability assurance system) is of a random nature. At a further stage of the
investigations it was assumed that the objects utilized and maintained in the analyses
system are homogenous (as far as the servicing process performed is concerned). The
time needed to service a vehicle is a random variable (denoted with ) symbol),

distribution of which is equal for all the vehicles (service operations).

3. RESERVE PROCESS MODEL

If from the renovation point of view the only important factor is whether arrival occurs
or not at the certain moment in time (it is assumed that all the arrivals are equal for the
usability assurance subsystem), then we face homogenous event stream [3]. In such
acase each arrival is characterized by moment ¢, >0, j=12...,k when it
appears in the system, and the arrival stream is determined by the moment sequence
t;, t,,, or by a formula describing the moment order ;.

In order to describe the arrival random stream, it is enough to determine the
combined (multidimensional) distribution of the random variables ¢,, t,, t,,....{,, ...
Instead of variables t; time ranges §, between consecutive arrivals may be investi-

gated:
t1 = §1
t2 = §1 + §2
ty=8+E,+ &

0y

The distribution of the random variables §; may be determined by means of the
following cumulative distribution functions:

Fz, z, ....2,) = P(¢§ <z, § <2z, .., ¢ <z)fork >1 2)
It was assumed that the random variables §; representing the time between the

consecutive arrivals of the damaged technical objects that reach the usability assurance
subsystem are continuous variables and they may be described by the frequency
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the reserve subsystem state equals E, (exactly k reserve elements is available in this
subsystem). The states k of the process {X(t), t >0} correspond to the states E, of

the reserve subsystem. Possible transitions between process states {X(t), t >0} are

0 il n n
2 n T 7.
Fig. 2. Digraph representing the change process of the reserve subsystem state (of process
{X@), t=0})

presented in Fig. 2.

In order to build transition intensity matrix between the process states {X(t), t > 0} the
change probabilities of the reserve subsystem state changes are analyzed. Assuming that
exactly k objects are available in the reserve subsystem at the moment t (at the moment
t the reserve subsystem state is state E, ) and that the reserve object immediately takes
over the task of the damaged object of the working subsystem, the probability of reserve
subsystem state change (within time length range At ) from state E, to state E, , may
be described with the following formula:

P{X(t+At)=k -1 X(t)=k}= At +o(At) 9)

where:

A —arrival stream intensity reaching usability assurance subsystem

(intensity of ‘leaving reserve state’),
. .. . 0(At)
o(At) — any function that meets the condition lim ——==0.
at->0 At

State change of the reserve subsystem state E, to state E;,; (increasing the number of
the objects in the reserve subsystem) may take place only if a technical object after
completed renovation processes (of task usability state) is moved from usability
assurance subsystem to the reserve subsystem. Probability of such an event is expressed
by the following formula:

P{X(t+At)=k+1| X(t)=k}=pAt+o(At) (10)
where:
M - arrival stream intensity reaching usability assurance subsystem

(intensity of ‘entering reserve state’),
Moreover, the following assumptions were adopted:

P{X(t+At)=k+i| X(t)=k}=o(At) for i>0, (1)
and
P{X(t+at)=k—i|] X(t)=k}=o0(At) for i>2 (12)

The matrix of the process state change intensity {X(t), t > 0} takes the following form:
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interactions between impacting bodies in the time function, i.e. describing the impact force
course and its influence on deformations and the positions of the bodies.

During analytic research of the inelastic impact of the load against the fence, the non-
linear spring-inelastic properties of the load are considered. Dynamic interactions which
appear during the impact between the load and the fence are represented with a modified
Kelvin model and spring-damping properties of the fence — with a traditional linear Kelvin
model.

2. PROBLEM PRESENTATION

Commonly known design solutions of the dividers in driving systems are characterised
by big stiffness — they do not have any elements that would be responsible for taking
over and dissipation of the energy generated during the impact between the loads and
the fence [5]. With such an approach driving system of the divider is modelled as a
system that consists of non-deformable elements and the fence motion is realised
according to an exactly described trajectory (in the case of the rocker of the four-bar
mechanism resulting from the position of the crank in relation to the links) which is not
sensitive to the dynamic interactions which appear while sorting the loads. So far in the
formal description in the field of the manipulation process of the loads, the fence
together with the driving system of the divider has been treated as a body with infinite
mass value (and mass of inertia) whose motion parameters after striking against the load
have not been changed (for example: [1], [2], [4], [5]). Introduction of elements
softening the impact results into the dividers, ‘frees’ the fence and makes it possible for
it to perform (during sorting of the loads) a motion around the balance position that is
partially independent of the driving system constraints (Fig. 1).

In order to have an influence on the manipulator design, and to be able to predict
the manipulated loads behaviours as a response to the exploitation parameters, it is
necessary to work out a theoretical model of the sorting process. One of the most
essential elements of this model is a description of the impact phenomenon.

3 I \N my, 1,

Bk AT\

Fig. 1. Scheme of divider with the rotary fence (m,, 1) and with the spring-damping element
(B2, K3); 1 —load, 2 — fence, 3 — conveyor belt, o, — kinetic constraint

3. MODELS OF THE BODIES IMPACT PROCESS

Parameters of the load motion after the collision with the fence which has the infinite
mass or with the fence being a free body (not connected with the divider’s driving
system) can be assigned based on a traditional impact theory for the rough bodies. This
theory uses the stiff body model, and treats the impact phenomenon as instantaneous
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(timeless, [3], [5], [8]) process. In this way it is not possible to estimate the quantity, the
force or the time duration of the strike. However, in order to compare the load dynamic
interactions in the sorting process (in instance applying the fence with the above
mentioned motion freedom degree) with the permissible overloads specified by
standards which usually refer to the dynamic overloads obtained during the free fall of
the load from permissible height on the non-deformable plate, it is sufficient to know
the impulse force created — determined in a traditional impact theory:

S = m,L,w_(0)(1+e)

y 2
m, R+,

0]

where: R - distance between the point of impact and the axis of the fence rotation,

e — coefficient of restitution,

I, - moment of inertia.
The problem appears when we want to camry out research into the impact process
eliminating the stiff divider design and using divider that is designed to dissipate impact
energy. The fence has then finite mass and it is not a free body — it is connected with the
driving system of the divider by means of spring-damping elements. A traditional
impact theory (as a discrete process) is totally useless. The problem may be solved if we
treat the impact phenomenon as a continuous process. This interpretation takes into
consideration the change of dynamic interactions between impacting bodes vs. time and
can describe the impact force duration, the deformation and change of the bodies
position.

However, not each model that treats impact phenomenon as a continuous impact
process can meet the requirements of the application considered. For example, the linear
Kelvin model [7], the most common in literature, is unreliable. It comes from the fact
that in the case of inelastic impact between bodies (i.e. with the coefficient of restitution
e<l, which characterises loads in the sorting process analysed), the impact force
duration described by the equation:

N=b,x+k,x @)

where: x and X — deformation and velocity deformation of the loads,
b, and k, - coefficient of damping and stiffness,

is not consistent with the physical nature of the impact process [3]. The impact force at
the impact initiation time (t = 0) reaches nonzero value (0a) and maximum value of this
force is not sensitive to the fence construction change, 0b. Therefore based on the linear
Kelvin’s model, it cannot be estimated how the spring-damping properties (or even
unconstrained fence, 0b(3)) introduced into the driving system limit the dynamic
interactions. Independently of the fence property (with parameters B, and K;), the
maximum value of the impact force is the same as when the fence has infinite mass -
0b(1). Only the impact force course changes immediately after the impact initiation
(t> 0) but the achieved result is not readable enough to describe the advantages of the
modifications introduced into the driver design. Kelvin’s model limits the impact
process analysis when the bodies deformation does not increase the contact area
between the bodies.

Considering the connections between the deformation of the impacting bodies and
their area of contact, in equations describing impact force there appears non-linearity.
This property includes Hertz’s theory but its application is limited only to the elastic
deformations. The model of the impact process of the load against the fence should









80 T. Pigtkowski and J. Sempruch

It is convenient to present the impact process configuration between the load and active
rotary fence in the translatory motion (Fig. 4).

Using these arrangements, Fig. 5b shows the quotient of the maximum force value
that appears during the impact between the load (treated as a mass point) and the fence
if the fence has an infinite mass, and if its moment of inertia is a mass function
(L=m,F/3, 1=1.2 m — fence length) and when the fence can be an unconstrained body
(B,=0, K,=0) during the impact process. The fence moment of inertia has a big
influence on the dynamic overloads achieved by manipulated loads. Designing the
fence, it is important to give it possibly the smallest mass.

a) b) <)
Fima/Fo Siman/S,
T T T T T T T 25 T T 40 T T
s
< LoF _lte=1,36s 30 4
E] 2,0 -
g 20 + -
5§ 06 B
E 1.5 .
e 10 g
c L
5 =0.02
< 02 LH=002%m ... ] I,Ol ! | 0 | !
06 1,4 2,2 v [mis] 0 5 10 15 o 5 1015
m: [kg] m; [kg]

- ~—~ - free fall of the load, my=o0,
- sorting process, m;=o,
—--=—- - sorting process, my=5 kg

Fig. 5. Dynamic interactions exerted on the load: a) non-dimensional impact force, b) quotient of
the maximum forces Fyy.x (1;=20) and Fy, (I, = f{m)), ¢) quotient of the maximum impulse

force Symax (I = o0) and S, (I; = f{my))

For example, the fence mass m;=35 kg can cause an about 1.7-time reduction of the
dynamic interactions of the load (if an extreme case of the sorting load conditions is
assumed, i.e. m; = 15 kg, R=1,2 m, .= 1.36 5, v =2 m/s). It means that it is possible to
decrease the dynamic overload level (for the sorting parameters range examined:
working time cycle t., velocity of the conveyor belt v) to the dynamic overload obtained
during a free fall from the height of H = 0.1 m. These results refer to the ‘idealised’ case
of the impact against the unconstrained (free) fence. The fence linkage with the driving
system through spring-damping element takes away motion freedom from the fence
causing an increase in the dynamic interactions that are dependent on the restraint
degree of the fence motion by damping coefficient B, and stiffness K,.

In the case of the similar analysis, when we use a discrete model of the impacting
bodies from the comparison of the dynamic interactions achieved during striking, the
load against the fence having infinite mass (I,=co) with the impact against the

unconstrained fence (1,=f (mz) ), the quotient of the impact impulse force (Fig. 5¢) is

considerably bigger than the one presented previously in Fig. 5b. According to the
discrete impact model, the unconstrained fence with finite mass m, = 5 kg should reduce
a dynamic interaction exerted on the load above 8 times, whereas according to the
continuous impact model presented earlier — about 1.7 times. The rightness of the
analytic research results obtained can be estimated only during experimental research of
the loads sorting process.
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Fig. 6.  Influence of the spring-damping property (B, and K;) on the maximum impact force

Fig. 6 shows a chart according to which the parameters influence B,, K, (that limit the
motion fence freedom) limiting the dynamic interactions exerted on the manipulated
loads can be estimated. The chart is worked out by means of the modified Kelvin’s
model, according to a discrete impact model such analysis cannot be carried out. On the
basis of the initial research, the proposed optimal parameters of the spring-damping
element are: B, = 72 Nms and K, = 570 Nm. In comparison with the strike against the
unconstrained fence these parameters (in Fig. 3b the parameters are referred to in curve
(2)) only slight increase the maximum dynamic interaction that appears during
impacting bodies.

Using the modified Kelvin’s model during analysis of the impact process, we can
estimate the spring-damping properties of the fence affecting the maximum impact
force, and if the design changes introduced into divider can limit the dynamic
interactions of the manipulated loads.

5. CONCLUSIONS

e On the basis of carried out literature survey it can be seen that in the description of
inelastic impact phenomenon of the bodies appear two fundamental model groups:

o discreet (timeless),

o continuous.

e Application of a given model results from the method of the tested mechanical
system identification:

o impact phenomenon treated as a discreet process is suitable for impact analysis
of undeformable and unconstrained bodies or analysis of these bodies colliding
with motionless and undeformable obstacle; during calculation the basic
algebraic operations are performed,

o impact phenomenon treated as a continuous process is suitable for impact
analysis of deformable bodies that could be constrained or unconstrained bodies;
during calculation solving differential equations of motion are needed.
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In the model group treating the impact phenomenon as a continuous process the
most complete information about dynamic force course is provided by models
whose description of impact energy dissipation is a function of body strain and
strain velocity in the contact point.

Modified nonlinear Kelvin model presented in the paper shows all the above
mentioned properties. The model effectiveness was verified during simulation of
the unit load impact against the flexible working element of the sorting
manipulator. By means of the model the flexibility of the machine working element
can be consciously formed. The aim of flexibility forming is achievement of
minimal dynamic reactions.
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2. PROBLEM PRESENTATION

The structural fence stiffness and the internal damping of the manipulator fence may be

depicted as an spring-damping beam with one end fixed to the rotation axis and set into

the rotary motion (above the conveyor surface) by means of the kinetic constrained
motion. The main problem in the sorting process modelling is the fence dynamic
property description and its interactions with the object.

The solution of the system presented, first of all, depends on the proportion
between the beam mass and the handled object mass [9]:

— if the beam mass is much smaller than the object mass, then the beam mass may be
omitted and the beam treated as a weightless deformable body having one degree of
freedom. In the system the beam is regarded as a deformable spring element whose
effect on the body is reduced to the spring reaction force.

— if the regarded beam does not get into interactions with the object or if this object
has small mass in relation to the beam mass then the beam presents mechanical
system with an unlimited number of freedom degrees.

~ in certain cases, if the beam mass is small but its influence on the object motion may
be considerable, the beam may be reduced to the system with one degree of freedom
and its reduced mass attached to the object mass.

— if the beam mass and the mass of the object cooperating with it are of the same
order, the system should treat the beam as a continuous body and the object as
a body with concentrated mass.

Taking into consideration the proportion between the beam mass and the handled object

mass (supposing here the orders are the same) means that during the beam dynamic

property modelling the beam should be treated as a continuous body.

The equation of motion the continuous beam has a form of a partial differential
equation.

An analytic solution of such an equation exists only for special cases of the load
and the beam mounts, i.e. freely supported beam and loaded by transverse force
concentrated with constant value moving along the beam with constant velocity [6].
Despite a big practical significance (modelling vehicle motion on the railway tracks and
bridges), the solution cannot be adopted for our needs. First of all, it results from
characteristics of the force loading the beam (arising between the object and the fence)
and its changeable velocity motion along the fence.

To determine the interaction between the spring-damping fence and the object
manipulated on the conveyor, an approximate method is needed. Such methods involve
a digitalisation of continuous systems and converting the mathematical model from the
partial differential equations to ordinary equations solved numerically.

Out of the approximate methods available (i.e. Finite Element Method, Finite
Difference Method, Boundary Element Method and their combination) the Stiff Finite
Element Method (SFEM) was selected as it can be easily implemented in the Matlab
programming environment.

3. THE SFEM METHOD DESCRIPTION BASIS

The Stiff Finite Element Method (SFEM) represents the group of the Finite Element
Methods (FEM). Apart from the deformable finite element method (DFEM), it is the
core of the FEM methods. The SFEM method was created to analyze the ship structure
vibration (torsional, longitudinal and bending vibrations of the drive shafts, device
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vibration on the spring washers, bending vibrations of the hull ships). Due to its
simplicity the method was found the be applicable in the beam system vibrations
analysis and, particularly, in the systems with solids that may be treated as
undeformable. The SFEM may be linked with the DFEM [1].

a) b)
EPE
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Fig. 1. Continuous beam division [1]: a) stage I, b) stage I1
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Fig. 2. Stiff finite element (SFE). in the fence arm: q3, g5 — generalised coordinates (two degrees
of freedom: translation and rotation), Q;, Qs — generalised forces, E — Young’s modulus,
G — Kirchhoff’s modulus, S — cross-section area, £ — internal damping, p,, —~ density

The beam modelling (by means of the SFEM) takes place at two stages [1]. At the first
stage (Fig. 1a) the beam is divided into sections with the Al lengths. It is assumed that
each of these sections is prismatic and in the centre of each of them spring-damping
properties are concentrated, creating a weightless spring-damping element (EPE). At the
second stage (Fig. 1b) between points where EPE are placed, it is assumed that the
beam sections create solids with mass mg, and moment of inertia I ¢ 1), 152, ki3). These
solids are stiff finite elements (SFE). Mathematic formulas describing EPE (stiffness
and damping coefficients) can be received on the basis of elementary strength of
materials comparing the individual beam section deformations with the EPE
deformations. Assuming that the beam (after adaptation into a fence arm) is subjected to
the shear and bending stress, the formulas assume the following form [2]:
e shear load in the direction of axis x; (Fig. 2):

3 -1
hy=| XL AT | o 0
GS ' 12El, KA

e bending load in relation to axis x; (Fig. 2):
_El, ¢,

k. = =22
SN TN

)
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where:
15, I3 — geometrical moment of inertia of the beam cross-section (in relation to the
axis X,, x3 — Fig. 2),
¢ - internal damping coefficient,
Kk  — shape coefficient of the beam cross-section regarding the irregular
distribution of the tangent stress (k = 1.2 — rectangular cross section).
Such a discreet beam model corresponds to Timoshenko’s continuous beam model.

4. MODEL OF OBLIQUE IMPACT BETWEEN THE OBJECT
AND THE FENCE

In the impact process the analytic equations describing the object and fence motion are
derived on the basis of the forces and moments balance principle (d’Alembert
principle). The physical model (Fig. 3, Fig. 4) has three reference systems: rectangular
(motionless) Ox,y, connected with the manipulator frame, rectangular (local) Oxsg)X; ;)
connected with the given SFE and the polar one with the radius-vector r and the polar
angle o, It is also assumed that:
e the positive motion direction is an anticlockwise direction,
e the impact process is regarded as the plane motion in the belt conveyor plane,
e the object spring-damping properties are modelled by means of the modified
nonlinear Kelvin model {3],
e the load is (in the belt conveyor plane projection) rectangular in shape,
the fence is treated as cantilever Timoshenko beam with the fixed end that is set
into the rotary motion with the help of kinetic constrained motion; the beam is
modelled following the Stiff Finite Element Method (SFEM); each discreet fence
element has two degrees of freedom (Fig. 2),

Fig. 3. Scheme of the forces acting on the cuboidal object: 1 — object, 2 — fence

e the friction forces are modelled according to Coulomb law; in the plane motion the
resultant friction force and friction moment are determined according to [4],
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o the object density distribution is homogeneous; the object, the fence and conveyor
belt friction properties are also homogeneous.

Yo

P

(Xop.Yop)

; e Yoo Xo Xoa )t Hea X

XoR XorG

Fig. 4. Geometric relationships between the object and the Stiff Fence Elements (SFE)

Inelastic impact model between the load and the fence treated as a continuous process
enables us to estimate the force occurring between the impacting constrained bodies,
and makes it possible to describe the object and the fence motion from the impact
beginning until a disappearance of forces between them. This model allows for
a simulation of the object rotation around the corner sliding against the fence and
placing the object along the fence.

Taking into consideration the above established assumptions, the object and the
fence motion may be described with equations (according to Fig. 3):

Mi+Bq+Kq=Q
mi=F - N(pzsign(wxj)cos(ap -a,)-sin(a, —q, ))+ mpdpzr (3)
mrd, = N(pzsign(wxj )sin(a, —@,) + cos(a, —a, ))— F,—2ma,r
Ip('f) = —rGN[cos(yJ -q, + go)+ pzsign(w‘j )sin(yJ -0, + go)]— Msign(¢)
where:
j=10,1,2,3 — number of the object corners having contact with the fence,
M, B, K - inertia, damping and stiffness matrixes of the discreet fence model,
q — generalised dislocation vector of the size n,
Q — generalised forces vector, constraining fence motion, of the size n,
n=2nges — degree of freedom of the discreet fence model,
nges — amount of the stiff fence elements (SFE).
Taking into account the fence boundary conditions, the first equation in the system (3)
should be ordered: according to unconstrained generalised co-ordinates (u — co-
ordinates) and according to constrained generalised co-ordinates (w — co-ordinates,
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where n = ut+w). After the boundary conditions consideration, the equation of fence
motion the form:

{Mrr" M.":WH@?*'HB.".“ B.";W]x[qr*'HKrr" K.";WHq."*'}:[or*'} @
LV Vel Ko - -l Dl B RSl Sl Kl B oy

In the normal impact direction the interaction of forces between the object and the fence
(appearing in the equation system (3)) is a sum of the spring and damping forces of the
object:

N=b, (m,k,)*(D)"* (D)+b,(D)'* &)

where:

b; —dimensionless damping coefficient,

k, - stiffness coefficient.
In the contact point G, the object deformation D appearing in the equation (5) expresses
the shortest distance between the fence arm and the object corner (Fig. 4). This distance
is determined by the line segment linking two points: G, and P:

D=(%,0 %)’ +(Yoo Voo )’ ©)

The point P is an intersection point between two lines:
e the line parallel to the i-th SFE element and crossing the point
W(XOW,yOW):

yo :tga(i) (Xo -xoW )+yow (7)
o the normal to the i-th element SFE and crossing the point Gi(X.6,Yoc):
Yo=-(XoXoc )/ [0 P t))

The object deformation velocity is expressed with the following equation:
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Fig. 5. Diagram describing the object position in relation to the i-th stiff fence element (SFE)
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The object position in relation to the fence (i-th SFE determination that is in the contact with
the object, vector R, angle o and length d) is determined during the impact process simulation
according to Fig. 5. The input data are: r, Al, rg, ¥;, ¢

Depending on which of the object corners is in contact G, with the fence, the angle
¥; can be described as:

arctg L ji=13
_ A
Y, = L (10)
T —arctg ~ when otherwise

Radius r; linking the corner G, with the object gravity centre C; is a half of the object
diagonal.
The friction component forces F, and F, between the object and the conveyor

belt and the friction moment M in the plane motion appearing in the equation system
(3) may be described on the basis of [4]:

FF,: EF , F = T]F , M = anx (11)
M o) M, o) E.v,)
Vo 1+ ._._"“‘QP_ v, 1+ max P 1+ max (3
Fmaxvo Fmaxvn Mmﬂ\(p
where:
m,ghy, Vo[>0
F= N mgu,, > INI — the friction force appearing in the case

m,gu, sign(N) m,gu,, SINI
of the pure translatory object motion,

P,isign(@) [, ds o] >0
Sp
M, =/ M... PHy, _[re ds > M., — the friction moment
S
. : 9] <
p“lsSlgn(Mzew) Ipds puls _[re dS < |Mzew
Sp Sp

appearing in the case of the pure rotary object motion,
g — gravitational acceleration,

W, M, —static and kinetic coefficient of friction between the object and the
conveyor belt,

U, — kinetic coefficient of friction between the object and the fence,

S, — area of the contact between the object and the conveyor belt,

p — unit pressure between the object and the conveyor belt,

r, — vector linking the object rotary axis with the elementary friction area ds,

g=vcosa, -, n=vsing +ré, — components of the slide velocity between the object and

the conveyor belt,
moreover:
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w,; = Feos(a, — a;) + re@sin(y; —a; + @) — the slide velocity between the object corner

and the fence.
In order to maintain the continuous and even load N transferring between the object and
the fence, it is assumed that the neighbouring couples of SFE are loaded by properly
reduced generalised forces N; and N,;; according to the below presented proportions:

N, =N1-—2 N, =N—2 04 20, (12)
Al +AlL,, Al +Al,,

This reduction is carried out on the basis of the forces and moments balance principle —

Fig. 6.
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Fig. 6. Force interactions between the object and the fence

5. ELEMENTS OF NUMERIC VERIFICATION

The dynamic processes appearing during the impact between the object and the
manipulator fence are given in Fig. 7 and Fig. 8. Numeric research was carried out
assuming the homogenous rectangular prism fence made of two hypothetical
construction materials: steel (Fig. 7) and polyamide (Fig. 8). In the charts (Fig. 7, Fig. 8)
point 1 refers to the impact initiation moment and point 2 — to the impact end.

The impact process was arranged to generate maximal dynamic interactions.
Before the impact the object was placed on the conveyor in the position to achieve the
contact with the fence end and to locate the object centre of gravity C, on the impact
normal. When the object centre of gravity lies on the impact normal the maximum
impact force assumes the same mathematic form like during the impact between the
material point and the motionless obstacle. Thus the object kinetic energy loss for rotary
motion is avoided.

During the impact phenomenon research the maximum attention was focused on
dynamic interactions (Fig. 7f, Fig. 8f) in order to refer them to the permitted overloads
(achieved during the object free fall from the permitted height on the undeformable
ground — Hg, = 0.3 m, [10]) and to estimate the effect of manipulator parameters as
well as the influence of parameters of the sorting process on the overload level exerted
on the objects handled.

The dimensions of the beam cross-section (made of steel and polyamide) are
matched so as to achieve the most loading impact conditions during the impact
(v=2m/s, m,= 15 kg, I = 1.2 m, maximum constrain angular velocity «&,, ,.. =1.53

rad/s — Fig. 7d, Fig. 8d) the fence end deflection up to 0.09 m (Fig. 7c, Fig. 8c).
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In relation to the fences made of different construction materials, the fundamental
difference in the object impact process course concerns the occurrence of weakly fading
oscillatory vibrations resulting from the low internal damping (in the case of steel
fence). This feature worsens the fence work conditions. After the fence working cycle
realization and its returning to the starting position the fence end oscillates around the
balance position with the deflection amplitude up to 0.02 m (Fig. 7c). These deflections
may disturb the next working cycles and the objects flow to the further manipulators
placed along the conveyor.

Fig. 9 refers to the estimation of the softening effectiveness of the dynamic effects
between the object and the spring-damping fence Zg, y and the stiff unconstrained
fence Zg,q, (in the thickness function of the beam cross-section h and the beam mass).
On the basis of these charts the fence that is designed with respect to the construction
stiffness should give greater benefits for softening the impact results (for the regions
marked in the charts, Fig. 9) than in the case of application of the stiff fence linked with
the complianed driving system ([7, 8]).
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Fig. 8. Impact process simulation results, the fence made of polyamide; the beam cross-section
ah=0,1-0.04 m, E,=10°MPa, G,=4-10° MPa, &,=7-10" N-m? remaining symbols

given in Fig. 7
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6. CONCLUSIONS

The paper presents the modelling proposal of the impact process between the object (in
the form of the package of the rectangular box shape) transported on the conveyor belt
and the spring-damping active rotary fence. The fence dynamic properties are described
using the Stiff Finite Element Method (SFEM) and the impact phenomenon — by means
of nonlinear modified Kelvin model.
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Fig. 9. Softening effectiveness of the dynamic overloads occurring between the object and the
spring-damping fence Zg,.p and the stiff unconstrained fence Zg,op: @) the steel fence,
b) the polyamide fence

The inelastic impact model makes it possible to examine the influence of the fence

geometric-material features on:

e value of forces occurring between impacting bodies,

e the object and the fence motion path from the impact beginning to the impact force
disappearance.

The preliminary research shows that:

e the compliance fence design (which takes into consideration construction stiffness)
should bring bigger benefits in softening the impact results than the stiff fence
linked with the compliance driving system,

e the compliance fence made of homogenous construction material with the small
internal damping performs weakly fading oscillatory vibrations after the working
cycle,

e excessive oscillatory fence vibration may be softened by an introduction of
damping structure or/and selection of constructional materials with high internal
damping to the fence.
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GEOMETRY AND INITIAL VERIFICATION OF A FATIGUE
TESTING STAND EXPOSED TO ROTARY BENDING

Abstract: The paper presents a design and verification of the basic assumptions
made for a fatigue testing stand exposed to rotary bending. The verification includes
the modelling of numeric stand zone in which the sample is fixed. Numerical
analyses of stress distribution are made on the measurement part of the sample using
FEM software.

Keywords: fatigue, rotary bending, numerical analysis

1. INTRODUCTION

The aim of the present paper is mainly a presentation of the designing process
preformed for fatigue testing stand exposed to rotary bending. To perform this process,
the following design assumptions were made: stress distribution homogeneity along the
sample measurement length, a development of the design, despite author’s character,
should refer as much as possible to research methods treated as standard in fatigue testing
when exposed to bending, a source of load input is pneumatic cylinder. Another essential
assumption for the solution presented is a possibility of performing tests under different
load conditions (constant and variable amplitudes). The paper also presents the
verification of the assumption about the stress distribution homogeneity along the sample
measurement length for the fixing and load method used, which will be applied with the
stand model developed with FEM software.

2. STAND CONCEPT AND SELECTED SOLUTION

Futher in the paper three concepts of the stand will be presented. This stand will allow
for performing fatigue testing exposed to rotary bending. The concepts were developed
with the information given in [1], (Fig. 1, Fig. 3, Fig. 5). For the purpose of the sample
fixing and load given in [1], kinematic testing stands geometries were developed which
constituted a field of possible solutions.

Figure 1 presents the method of fixing and load of single-sided fixed sample.
When applying this method, the sample is exposed to bending moment of a linear-
variable value. To limit the effect of this variation, there was determined a part of the
measurement sample of a lower stiffness for which, according to Fig. 1, the distribution
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of bending moment M, and normal nominal stress S show a slight variation. Figure 2
offers a proposal of a research stand geometry solution showing the idea given in Fig. 1.
In Fig. 2. the left holder of the sample has one degree of freedom, that is a possibility of
turning against its own axis, which makes it possible to introduce torque on the sample
from the drive system given in diagram in Fig. 2. The right holder allows for turning the
sample against the non-turning socket. The lever system refers to the assumption about
the use of pneumatic cylinder and allows for, at the cost of greater dislocations, limiting
the force impacting the sample load system. The right holder can perform dislocations
U according to diagram given in Fig. 2.

Mo

S
HH H%S
Fig. 1. Stress and bending moment distribution Fig. 2. Kinetic stand diagram — concept I
in the sample of the constant cross-

section single-side loaded with the force,
has been developed based on [1]

Figure 3. refers to, after [1], the idea of performing four-point bending. Two sample
holders, two of which can turn together with the sample against their axis, were
impacted by two couples of forces. Such a method of sample loading makes the bending
moment constant along the sample length between the holders, thus ensuring the
constants of nominal stresses along the sample measurement length.

According to kinematic and geometry diagram (Fig. 4), each sample holder is a
two-support beam which allows for turning against the fixed load impact system. One
couple of forces is performed as a coupling rod system connected with the load source
(pneumatic cylinder) — active forces. The second couple of forces is obtained in a form
of reactive forces on rotary supports A B.

The third stand concept has been developed with the idea given in Fig. 5. It is a
logical connection of earlier discussed methods of sample loading. The left side of the
sample is fixed in the holder, adequately for the one-sided-fixed sample, while the right
side of the sample is impacted with a couple of forces. As a result, partially we obtain
advantages characteristic for one-sided-fixed sample — simplicity of the testing stand
and four-point load, namely the homogeneity, which is the constancy of distribution of
bending moment and nominal stresses which come from it on the measurement part of
the sample. Figure 6 presents a geometry concept of the stand, the left sample holder is
made the same as in concept I given in Fig. 2, while the right sample holder is much
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Adjusting the frequency of the changes in the load performed on the pneumatic cylinder
to the frequency of stress changes as a result of rotational speed of the sample, we can
obtain random variable load of a narrow spectrum,

The expected load methods can be applied for an adequately designed control
system which is synchronized with the rotational frequency.

5. CONCLUSIONS

The paper presents a fatigue testing stand exposed to rotary bending developed by the
authors. The design follows the standard methodology proposed by [1]. What is unique
in the solution offered is the homogeneity of stress distribution along the measurement
length of the sample (characteristics for four-pint bending), with a limited number of
nodes which occur in the load dislocation system. The application of the pneumatic
cylinder makes it possible to decrease the testing stand manufacturing costs
substantially. The stand, as given in Fig. 12, allows fatigue testing in a very wide range,
which refers to the load model applied.
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NUMERICAL COMPUTATIONS OF AERODYNAMIC PERFORMANCE
OF WIND TURBINE ROTOR SECTIONS
— USING GENERAL PURPOSE SOFTWARE

Abstract: Paper summarises experience with computing aerodynamic performance
of wind turbine rotor airfoils derived from popular NACA 63-418. Effects of
shape changes necessitated by manufacturing aspects on the section polar diagram
were evaluated by numerical flowfield computations using standard commercially
available FLUENT package. The task is not easy for this typical general purpose
CFD software, mainly because of the decisive influence of the laminar boundary
layer and its transition into turbulence. Especially the section drag is affected by
these effects, not so important in typical engineering problems for which
FLUENT is optimised. While lift and its dependence on attack angle were
computed with excellent accuracy, results for drag are less successful.
Fortunately, no absolute precision was asked for in the present computations,
which were to provide a comparison between the basic section and the modified
alternatives. For this purpose the solutions performed under the same conditions
provided reasonably reliable conclusions.

Keywords: wind turbine rotors; CFD solutions, NACA 63-418, polar diagram

1. INTRODUCTION

Wind turbine rotor sections in current use profit from the extensive and painstaking
research of aircraft wing sections performed mainly in the first half of the last century.
High popularity among the rotor designers is attributed to the families of airfoil shapes
developed in 1930-1945 at NACA [1]. While earlier design of airfoils up to 1930 was
rather arbitrary, guided only by experience with known shapes and experimentation
with modifications, NACA airfoil shapes were generated using analytical specification
of geometry. Extensive airfoil families were set up, backed by exceptionally reliable
experiments in the world's best wind tunnels — especially for the laminar flow airfoils,
low turbulence tunnels were built with large area contraction upstream from the test
section, making such tunnels large and expensive.

A dramatic change in the character of Fluid Mechanics in general — and
aeronautical aerodynamics in particular — came with the availability of computers and
CFD software. Ideally, they should make it now possible to compute the performance
without recourse to experiments. However, despite the tremendous progress, general
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advice is to consider the computation an excellent tool for interpolation between
available experimental data at which the numerical solution is adjusted for agreement.
Even extrapolation outside the range of available experimental results should be viewed
upon with caution.

Two fundamental problems have led to this unsatisfactory state of the art:
computational limits on one hand and fundamental insolvability of turbulence and its
origin on the other hand. The computing power limits the number of discretisation
elements in the flowfield. About ten years ago, the typical number of discretisation
elements into which the computed domain could be divided were of the order of 1 000.
This is a number usually too small for resolving details of thin shear layers. This
limitation was due to the capacity of the computer memory. Even until about five years
ago, with all the phenomenal progress in available computer memory capacity, the
largest number of discretisation elements in the flowfield had been rarely above the
order of 10 000. The limiting factor then was the computation speed. A larger number
of mesh elements was possible but would result in the computations being agonisingly
slow. There were supercomputers with large number of parallel processors, available,
however, only in specialised institutions for special tasks. A common user has obtained
an access to high performance computers, enabling him to chose number of the element
larger than 100 000, only very recently.

The other problem area is due to the fact that most practical flows encountered by
engineers are turbulent and there are no exact solutions of turbulence [2]. All what can
be done is modelling the turbulence. A whole hierarchy of models is available, none of
them the ‘best’ one: different flow configuration call for different complexity of the
model. Advanced models are, of course, better — but they generally require
simultaneous solution of a large number of transport equations for turbulence
parameters, slowing down the solution progress. Only experience — a thick portfolio of
computed cases — can lead to a reliable guidance as to which turbulence model is
suitable for a particular problem.

Shear flows [2] — such as the flow in the boundary layers on airfoil surfaces —
present a particularly difficult task. The steep transverse velocity gradient in the
boundary layer at the wall calls for an extremely fine discretisation mesh, often with the
number of mesh elements at the very limits posed by the available computation facility.
In addition, as the wall is approached, the size of the turbulent eddies of importance for
momentum transport decreases. The Reynolds number of turbulence becomes small. In
the immediate vicinity of the wall, in the viscous sub-layer, the flow (though not
completely devoid of vortical motions) behaves as if it were laminar. The basic models
of turbulence are usually set up under an assumption of fully developed turbulence,
ceasing to be valid at and near the wall. The software authors were forced to by-pass
the problem by introducing approximate dependences, the wall functions. These are
usually based upon known turbulent boundary layer solutions on flat plates. The first of
the discretisation node, the one nearest to the wall, is placed at a distance large enough
for it being outside the sub-layer. Even then the models of turbulence have to be
modified to handle the low Reynolds number turbulence [2]. Quite a number of such
modifications are known (about ~10 of them are in current use), unfortunately again all
being just approximations with uncertain applicability for a particular problem. On the
usual, most often curved, airfoil surfaces the application of the flat-plate wall functions
with a modified turbulence model may provide a reasonable result as often as not.
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Rec = 3.00E+06 and to ease the geometric conversions, the section chord length was

chosen to be simply ¢ = 1 m. For air specific volume v = 0.816326 m>kg™ (the value
inserted automatically by FLUENT for what is considered the standard conditions) and
the air kinematic viscosity v = 1.460735 E-05 m?s™, the constant velocity at the
left-hand side (upstream) domain boundary was 43.822 m%s™.

3. COMPUTATION RUNS

The solution of the flowfield equations was performed with the standard software
FLUENT based on the finite volume discretisation of the computation domain. The
used solver was the Segregated Implicit — steady version with cell-based absolute
velocity formulation. The version used was the latest FLUENT 6.1.22, supplied by
FLUENT Inc.. This is a general purpose software and as such it expects the computed
boundary layers to be turbulent — as it is in the absolute majority of cases in engineering
tasks. Neither it nor GAMBIT used to generate the mesh expect the laminar character.
GAMBIT, therefore, does not distribute the discretisation nodes accordingly at and near
the leading edge. In the present computation, this problem was circumvented to a degree
by using the adaption procedure, with the software automatically refining the
computation mesh during the solution run in the regions of higher velocity gradient.
Subsequent analysis of the results has unfortunately shown that too much hope was
pinned on the refinement procedure. The remedy achieved is far from perfect and
cannot eliminate completely the consequence of the initial distribution unsuitable for
this special case. Sorely needed mesh nodal points in the laminar boundary layer region
were missing. Nevertheless, this was not immediately apparent during the computations
and this is an area for possible future improvement of the presented results.

Initially, the author used the k-¢ turbulence model [2] with rng modification for
low turbulence Reynolds numbers. This model was found reliable in internal flow
problems solved earlier. Unfortunately, later comparisons with known experimental
data has shown a considerable discrepancy: too high drag, obviously caused by
improper handling of turbulence. Although this was later found to be to a large degree
caused not by the model itself but by a turbulence inadvertently introduced into the
incoming flow, an improvement was sought in using another turbulence model. In
published literature on analogous airfoil computations [4], preference was given to the
k-o turbulence model due to Menter [8] and it was also used for all the present
computation runs. The standard version (non-SST) was used with the shear flow
corrections as provided by FLUENT. The set of the model constants was not adapted,
either. It was taken over as provided by the software supplier: a*; ,§ = 1.0 oipf

=0.52, B*; g =0.09, B; = 0.072, Rg = 8, {* = 1.5. The value of the Prandtl

number for diffusion transport of fluctuation energy had value (surprisingly large)
2. 0. Computations were run with very small convergence criterion value 1E-05 for
relative continuity residual and larger (but still small by usual standards) 1E-04
residual for the relative fluctuation energy. Dynamic adaption of the grid was run
automatically at each 20th interval, with the velocity magnitude refinement threshold
0. 0006 using the curvature method.

Due to lack of experience with laminar airfoils as a specific type of flowfield
computation task, the author's progress has been slowed by several wrong starts,
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To obtain some information about the actual density of the nodal points in the boundary
layer in the performed computations, profiles of absolute velocity magnitude in the
computed flowfield for the case of zero attack angle flow past the modified airfoil were
evaluated along the four vertical lines a, b, ¢, and 4 perpendicular to the
overall horizontal flow direction, as shown in Fig. 4. As for the profiles shown in Fig.
10, it should be noted that only the central part of the computational domain, in the very
vicinity of the investigated airfoil is shown (the domain width is 4 metres). The points
in the diagram Fig. 10 represent the vertices of the discretisation triangles. It is evident
that the distribution of these nodes is extremely dense in the outer parts of the flowfield,
outside the boundary layer. The points there are so densely located that they form
practically a continuous line. Nevertheless inside the boundary layer itself the
distribution is visibly worse. It immediately shows that the number of the data points
inside the boundary layer is too small. The resolution of the conditions inside the
boundary layer is poor. Considering this poor resolution, it seems surprising that the
computed friction on the wall, which determines the drag in this part of the airfoil, is
evaluated at all with some accuracy.

The conclusion from the analysis of the conditions in the most important region
inside the boundary layer is that the used procedures for placement and refinement of
the discretisation element did not do their job as expected. It was probably designed for
different conditions. In the approach used a sufficient number of the nodal points inside
the layer could be obtained only by many times more repeated refinement procedure —
but this would produce too many points outside the boundary layer so that the
computations would be unacceptably slow.

5. CONCLUSIONS

1. The objective of the computations was attained: it was possible to compare the
aerodynamic performance of the baseline section NACA 63-418 and its modified
versions.

2. Both section shapes behave in much more similar manner that could be expected on
the basis of their considerable difference (larger thickness of the modified airfoil)
and distinguishable differences of the flowfield. They, in fact, tend to follow what
seems to be identical polar diagram curve. The main difference caused by the
modification tends to be the increased effective angle of attack. However, the
modified profile does not attain the same maximum lift and is more prone to flow
separation, but the differences are rather small.

3. Computations can show how the aerodynamic performance of both airfoils may be
substantially influenced by turbulence in the incoming flow.

4. The used computational resources were operated near their practical limits regarding
e.g. the number of the used discretisation elements. The size of the computational
domain was chosen perhaps too generously large.

5. The used general purpose CFD software computed almost exactly the generated lift
— to an error less than 3% at small angles of attack. On the other hand, the computed
drag is much higher than experimental data in this region. It was computed with less
than desirable accuracy, the error reaching typically 100% of the experimental
value (or 50% of the computed value). At larger attack angles and especially for the
separated flow, the drag is computed better — but the computations there are more
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STABILITY AND CONTROL POSSIBILITY OF COAXIAL JETS

Abstract: Confined coaxial jets were investigated experimentally and numerically,
the visualization was made in the air and the numerical simulation used software
FLUENT. The study focuses on the limiting coaxial geometry when the outer
diameter of the annular jet is identical with that of the confining round duct.
A series of laminar flow patterns is presented. The patterns observed are
comparable with a classification known from available literature. Certain
differences in scenarios of the patterns were observed such as three-dimensional
structures and helical modes. To portrayal these structures, a stereoscopic
technique was employed. The passing frequency of several modes was evaluated
stroboscopically. The results are considered important for basic research as well
as for many applications.

Keywords: jets, stability, visualization, numerical simulation, flow control.

1. INTRODUCTION

Fig. 1 shows the investigated task, namely the confined coaxial fluid jets at the limiting
geometry when the outer diameter of the annular jet is identical with that of the
confining round duct. The coordinate system is shown in Fig 1 as well. The arran-
gement is sometimes referred to in literature as the merging flow in coaxial cylindrical
pipes (Blyth & Mestel, 2001) or the laminar Craya-Curvet jets (Revuelta et al. 2004).
Although problems of flow stability downstream the trailing edge of the inner pipe seem
to be very interesting from both the fundamental and engineering application point of
view, the available literature exhibits a great lack of information. A rare example is the
conference paper (Gore & Crowe, 1988) discussing the behavior of the laminar flow
field near the stability loss. Eight distinct flow regimes were identified by visualization
experiments. The present paper describes a new investigation based on experimental
and numerical approaches.

Flow field regimes. The flow field is classified by three parameters (Gore &
Crowe, 1988): d/D, U/U, and Re;; where d and D are the inner and outer diameters (see
Fig. 1), respectively. Further, U, and U, are the average velocities in the inner (round)
and outer (annular) jets, respectively, and the Reynolds number is defined from the
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laminar flow model correspond with the reality, the flow must be stable. The existence
of the trailing edge at the end of the inner tube makes the question of flow stability
highly nontrivial. Therefore, a large part of this work is devoted to this problem.

2. EXPERIMENTAL METHODS

Fig. 1 shows a schematic view on the present experimental setup. The entire facility is
situated vertically and connected to pressurized air supply (1) through two flow
branches. The inner and outer airflow rates are controlled by the throttle valves (2, 3)
and measured by rotameters (4, 5) respectively. The average velocities U; and U, are
calculated from the airflow rates.

The present flow visualization was made by a home-made fog/smoke generator 6.
Optionally, either water fog or cigarette smoke were employed. Further, the outer jet
supply was equipped width a home-made humidifier 7 to investigate an influence of air
humidity gradient on the shear layer stability. Typical air temperature and humidity
were, respectively, 25°C and 35% without the humidification, or 23°C and (75-85)%
with the humidification.

An illumination was made by a flashlight. Contrasting white streaklines on black
background were observed and photographed with a digital camera (OLYMPUS 2500).
To investigate three-dimensional effects, a stereoscopic technique was employed: a pair
of identical digital cameras were located at azimuthal angle 90° one towards the other.
Since both camera shutters were open for a relatively long time (0.25s), the single
flashlight guaranteed a synchronization of both photographs.

3. NUMERICAL SIMULATION

The fluid flow is assumed to be incompressible, isothermal, laminar, and stationary. The
fluid properties (density and viscosity) are assumed to be constant. With these
simplifications, two equations govern the mean velocity flow field: continuity and
momentum (Navier-Stokes) equations. Moreover, to model mass transfer of
multicomponent and multiphase flow including a condensation, mass transport
equations of contaminant / (water vapor in the annular jet) and a (acid coming through
the inner jet) were solved, too.

The flow field is computed with the commercial finite-volume code FLUENT, in
implicit formulation, in absolute velocities. Continuity and momentum equation are
coupled by the SIMPLE algorithm, which works in predictor—corrector steps, (Patankar,
1980). The segregated solver applied has been traditionally used for incompressible and
mildly compressible flows. A standard scheme is used for the pressure discretisation,
and first order upwind is used in the momentum. The multi-grid method to accelerate
the convergence, and iterative technique with under-relax predictions of the velocity
and pressure are applied. Default under-relaxation factors of the solver were used,
which were 0.3 and 0.7 for the pressure and momentum, respectively. The results of
iterations were evaluated by means of convergence criteria based on residual evolutions.
The solution was considered to be converged when the sum of normalized residuals was
less then 1-10 with the exception of the water vapor and the acid where residuals have
been less then 1 10™. The present computations were performed using the common PC
multiprocessor Silicon Graphic computer, and usually took from half an hour to one
hour per a task.
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some conditions, the laminar region extends far from the end of the inner tube. It is
sufficient when the flow remains (practically) stable within the ‘flame’ area. The
experiments indicate high susceptibility of the flow-field to minor disturbances. This
fact will be respected in the design of the final experimental device for nucleation
measurements.

The results are considered important for basic research as well as for many
applications. The study is a step in development of a new method of basic investigation
of aerosol formation out of gaseous precursors. The control of two—phase flow is
essentially important in many applications such as in flow mixing, chemical reactors,
and combustion processes. Apparently, periodic oscillations can potentially lead to
enhancement of these processes. It should be helpful to correlate the natural frequency
of flow (such as investigated passing frequency of large vortex structures) with a
periodic external forcing. An efficient control can be achieved if a natural unsteady
behavior of large—scale structures is in tune with a periodic external forcing. However,
the present investigation deals with steady flows; a periodic forcing lies outside the
scope of this study, thus it remains be a promising task for the future.
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X(t) = 5, then at the moment t a transformer is a reserve one.
Let Py(t) = P{X(t)=i} represent the probability that at the moment t the process X(t) is in
state i. It is assumed that the initial state of the process is state S1, that means that the
initial distribution assumes the following form:
P{X(0)=1}=1, P{X(0)=i}=0for1=2,3,4,5.
The intensity of the transitions between the process states is included in the matrix A:

[~ +2,+2) A, A, A, O]
0 w00y
A= 0 0 = H2 0 Ha 1. m
0 0 0 -u u
| A 0 0 0 -2

A

Fig.1. Digraph representing maintenance process of the distribution transformers

2. DETERMINING PROBABILITIES PI(T) BASED ON THE SYSTEM
OF DIFFERENTIAL EQUATIONS BY A.N. KOLMOGOROV

The transition intensity matrix A allows us to build a system of differential equations of
the following form:

P’i(t) =—AP,(t) + A P1),
P7(t) = M Pi(1) — 1 Po(D),
P?3(t) = 2,P (1) — p2Ps(1), 2
P74(t) = &3Py (1) — paPa(t),


















