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List of symbols, abbreviations and terms

General symbols, abbreviations and terms

A

B

Discharge point for spring force A
Discharge point for spring force B
Carrier

Object

Inertial mass

Buffers

Floor

Vibration exciter

Latin symbols and terms

b Damping coefficient (kg s?]
bys Damping coefficient in point A corresponding to distance “s” (kg s?]
bgs Damping coefficient in point B corresponding to distance “s” (kg s
b, Damping coefficient in x-direction (kg s
b,, Damping coefficient in y-direction (kg s
b, Damping coefficient in z-direction (kg s
f Frequency [Hz]
fi Natural frequency of mass 1 of a two-mass conveyor [Hz]
fz Natural frequency of mass 2 of a two-mass conveyor [Hz]
fon Friction coefficient between objects and conveying element
fvo Internal friction coefficient between object elements
F Force [N]
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Fy Initial force [N]
Fg Excitation force [N]
Fpi5  Force of pneumatic spring between mass 1 and mass 2 of a two-mass conveyor [N]
Fpq Internal lever force corresponding to mass 1 of a two-mass conveyor [N]
Fro1 Internal lever force corresponding to mass 2 and mass 1 of a two-mass conveyor  [N]

Fryo  Friction force between object layers

Fyox Internal friction force of objects in x-direction

Mass moment of inertia in z-direction
Mass moment of inertia of objects in z-direction
Spring stiffness

Spring stiffness in point A corresponding to distance “s” of lever guided
one mass conveyor

Spring stiffness in point B corresponding to distance “s” of
lever guided one mass conveyor

Spring stiffness in x-direction point A

Spring stiffness in x-direction point B

Spring stiffness in z-direction point A

Spring stiffness in z-direction point B

Spring stiffness corresponding to distance s of lever guided one mass conveyor
Total spring stiffness in z-direction

Spring stiffness corresponding to mass 1 of a two mass conveyor

Spring stiffness corresponding to mass 1 and mass 2 of a two mass conveyor
Length of the conveying element

Mass

Mass of object

Mass 1

Mass 2
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Mass 3 [kel
Lever corresponding to mass 1 of a two-mass conveyor
Lever corresponding to mass 2 and mass 1 of a two-mass conveyor
Displacement of objects [mm]
Displacement of mass 1 of a two-mass conveyor [mm]
Displacement of mass 2 of a two-mass conveyor [mm]
Displacement amplitude of mass 1 of a two mass conveyor [mm]
Displacement amplitude of mass 2 of a two mass conveyor [mm]
Relative Displacement of mass 2 to mass 1 of a two-mass conveyor [mm]
Velocity [mm]
Acceleration of mass 1 of a two-mass conveyor [mm]
Acceleration of mass 2 of a two-mass conveyor [mm]
Relative acceleration of mass 2 to mass 1 of a two-mass conveyor [mm]
Time [s]
Period of oscillation [s]
Width of the conveying element [m]
Displacement in x-direction [mm]
1°* amplitude of a free wave [mm]
2" amplitude of a free wave [mm]
Displacement amplitude at the beginning of the motion in x-direction [mm]
Displacement in x-direction corresponding to mass 1 of a two-mass conveyor [mm]
Displacement in x-direction corresponding to mass 2 of a two-mass conveyor [mm]
Relative displacement in x-direction corresponding to mass 1 and mass 2 of a
two-mass conveyor [mm]
Velocity in x-direction [m s
Acceleration in x-direction [m s?]
Acceleration of mass 1 in x-direction of a two-mass conveyor [m s?]
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Acceleration of mass 2 in x-direction of a two-mass conveyor

Displacement in z-direction

Displacement amplitude at the beginning of the motion in z-direction

Displacement in z-direction corresponding to mass 1 of a two-mass conveyor

[ms?]
[mm]
[mm]

[mm]

Relative displacement in z-direction of mass 2 to mass 1 of a two-mass conveyor [mm]

Velocity in z-direction
Acceleration in z-direction
Acceleration of mass 1 in z-direction of a two-mass conveyor

Acceleration of mass 2 in z-direction of a two-mass conveyor

Greek symbols and terms

B
Bns
1
B2
Br
Ber

Na
B

Npr

$a
$p
gPF

Angle of force transmission to mass for simplified model
Angle of micro threw of objects

Angle of force transmission to mass 1 of a two-mass conveyor
Angle of force transmission to mass 2 of a two-mass conveyor
Angle of force transmission to mass

Angle between force transmission point to mass centre point
Damping constant

Distance mass centre point to discharge point A in z-direction

Distance mass centre point to discharge point B in z-direction

Distance mass centre point to force transmission point in z-direction

Logarithmic decrement
Distance mass centre point to discharge point A

Distance mass centre point to discharge point B

Distance mass centre point to force transmission point in x-direction

Length of radius vector of force to point of application for simplified model
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PpF Length of radius vector of force to point of application [mm]
Q Rotation angle corresponding to mass moment of inertia [°]
(4] Angular acceleration [°s?
w Angular frequency [s7]
wg Free angular frequency [s7]
w4 Free angular frequency of mass 1 of a two-mass conveyor [s1
AP Free angular frequency of mass 2 of a two-mass conveyor [s1
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1 Introduction

Vibration technology since many years is part of production plants in the automotive
industry, electronic industry, food industry and other industries. The greatest expansion has
been achieved at the time, when it started being used for the transport of various materials
and for other special operations, which include for example, mixing or compaction. For
decades, vibrating devices are used in many heavy-duty areas, especially in the mining and
construction industries, which are the sectors with high demands regarding intended vibrations
and the avoidance of unwanted vibrations [2].

Additionally, vibration technology started to be used in areas with strict hygienic
conditions, such as the food industry and the medical industry. Experts dealing not only with
the correct function and with sufficient delivery capacity of the conveyors, but also with the
reduction of the transmission of vibrations to the surroundings and thus limiting the noise
generated. Although this research has been ongoing for many years, it remain difficulties in the
design and determination of optimum parameters of dynamic vibratory conveyors with regard
to their mechanical nature or the mechanical nature of the transported objects. Operational
problems concerning also the functional reliability and performance stability, as well as adverse
effects of vibration and noise to the working environment.

These important requirements to vibratory conveyors operating in resonance regions
are additionally influenced by changes of the goods to be conveyed during the transport
process. The number and thus the mass of the parts and eventually their material cause
changes. These factors generating considerable problems, because production lines are
generally designed for the steady and continuous supply of components or materials.
Therefore, it is necessary to ensure smooth transport performance [3].

Interlocking dynamic parameters influencing the natural frequencies and appropriate
vibration shapes are decisive for the vibration service.

Desired function and optimal performance of vibratory conveyors can be provided by
changing the dynamic parameters so that the system remained dynamic in the resonance range
even while changing the number of parts transported or weight of conveyed material. This
problem can be solved in principle by changing the weight and inertia of moving masses
parameters or changing the stiffness of resilient links. In terms of practical use, prioritize
measures can be used to regulate inertial effects [4].

For an optimum operation of vibratory conveyors, also low emission of vibrations into
the ground and surroundings has to be guaranteed. To minimize the dynamic effects, methods
for primary dynamic forces can be applied, consisting of balance respectively absorber
mechanisms, including the transported materials. Methods of dynamic vibration suppression
on the conveyor frame or its vibro-isolation to the surroundings must be taken under
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consideration. Particular of these measures are dealt with in this dissertation, to optimize the
design and the performance of linear conveyors.

Nowadays, the use of vibration technology is practice in many sectors of industrial
production. It is an integral part of production and assembly lines as a means for transporting
components to place processing or assembling. Without such machinery today mining,
metallurgical, processing plants and other primary engineering cannot even be
imagined [7, 29].

Vibratory conveyors are often deployed in large groups and are part of automated
manufacturing and assembly processes (figure 1)

e —

—

Source: [33]
Figure 1: Vibratory conveyors as part of assembly line

Extensive application of vibratory conveyors in industrial plants leading to efforts to
improve their function and eliminate the problems in conjunction with them. Much effort is
dedicated to the optimum adjustment of geometrical parameters, which depends on many
factors, such as mechanical properties of the transported objects, their size, the friction against
the conveying surface and the frequency of oscillation of the conveying element [13].

There is a constant effort of producers to increase transport capacity and reduce the
energy intensity of the whole transport process by operating vibratory conveyors on the
resonance range. However, this requirement sets high demands to the correct tune of the
dynamic conveyor system. The main problem for a successful solution is to change the total
charge weight of transported objects during the transport process, which significantly affects
the stability of the operating resonance range. This leads to variations in transport performance
and reliable operation of the conveyor [22, 27].

In practice, vibratory conveyors are often situated in production-assembly plants,
operating in a number of many tens and various structural variants. Problems therefore arising
not only in the requested capacity, the function and stability of performance of the conveyors,
but also in lowering the quality of the working environment of the operating personnel due to
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the transmission of unwanted dynamic forces into the floor and supporting the building
structure [14].

The topic of the dissertation came up due to urgent needs in practice on a linear
vibratory conveyor of VIBROS s.r.o, Pfibram (CZ).
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2 Objective of the dissertation

The main target of the dissertaion is to determine design methods and selected
structural measures for building linear vibratory conveyors in a way that their application
achieving operational reliability, sufficient and uniform performance during transport of objects
and bulk materials. Guaranteeing this, the transmission of dynamic forces into the floor hast to
be kept on a minimum level.

The chosen methods of treatment of the topic is based on the identification of the
dynamic parameters of the existing representative vibratory conveyor dynamic analysis and
optimization of its dynamic parameters in the design and manufacture of functional samples of
selected measures and evaluate their contribution to practice.

The dissertation is divided into four parts [21].

The first part deals with linear vibratory conveyor systems and their parameters. The
basic dynamic parameters are defined, directly affecting the function and performance of
vibratory conveyors transport. Their identification is performed with selected and
representative types of conveyors on the basis of measurements of kinematic quantities.

In the second part, dynamic characteristics are analysed in terms of their effect on the
function and performance parameters of the conveyors. With regard to significant nonlinearity
of computational models for solving dynamic conditions, numerical methods are applied to
vibratory conveyors of the simplest cases.

The third part is devoted to proposals of structural measures for functional and
performance optimization operation of vibratory conveyors. They are defined procedures for
determining parameters of a specific modification of the centre of elasticity and a proposal of a
guide mechanism of the conveying element. The main attention is focused on the elimination
of depending tunes of the system, to harmonise the motion of the transported objects.
Achieving this goal, significantly increases operational reliability and increasing transport
performance.

The fourth part of the dissertation deals with systems limiting the transmission of
undesirable vibrations to the surroundings. The problems is solved by the use of vibration
absorbers. In this part of the dissertation, structural solutions are introduced in the form of
functional samples of selected proposals from the previous chapter and their implementation
into a demonstration model. Conclusion of the chapter is devoted to the measurement of
kinematic quantities of optimized vibration conveyor and evaluate the effectiveness of selected
structural measures for functional and performance optimization.

TECHNICAL UNIVERSITY OF LIBEREC i.=
Faculty of Mechanical Engineering | EEE



Design Optimization of Linear Vibratory Conveyors

3 Vibratory conveyors and their underlying systems

Nowadays, various manufacturers of vibratory conveyors existing worldwide. This
offers a wide field of applications in different industries to transport parts or in heavy industry
to transport and sorting of bulk materials. The main advantage of vibratory conveyors are
structural modesty and low overall maintenance requirements. This definition, however, is
more concerned with just vibratory conveyors used in heavy industry. The use of vibratory
conveyors in buildings and assembly halls, showing over the time its main drawbacks
associated with the vibration and noise [8].

This dissertation assumes the term vibratory conveyor only as such a device which
allows to transport an object in a horizontal direction or additionally also in the vertical
direction upwards. Other facilities are considered chutes, screens, compactors, mixers etc. and
their problems are not intended to be solved, although some calculation procedures,
mechanical models of dynamic systems, simulation of operating conditions, etc. would
probably be beneficial. Despite this separation from the machines using a vibration technique,
vibratory conveyors are a wide range of devices which are characterized by different
mechanical systems and design configurations (figure 2).

Source: [34], [35], [36], [37]
Figure 2: Linear vibratory conveyors
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According to the nature of the design and the main carrier of the oscillatory motion of
objects, vibratory conveyors are divided in linear and screw conveyors.

Vibratory conveyors are fundamentally different from other transport systems.
Conventional devices for transport purposes usually characterized by a continuous motion of
the object transported along the conveying element (carrier) while vibratory conveyors include
the transported objects, components or bulk material, to a periodic motion having a main
component of transport way without contact with the carrier.

The trajectory of oscillation of the carrier respectively the conveying element can be
easily determined by looking to a certain point of the transport surface during operation.

In operation, a vibratory conveyor from a mechanical point of view is always a repeated
oblique litter object in order to transfer (figure 3) [30].
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Source: [18]
Figure 3: Transport of an object by a vibratory conveyor (Carrier motion N, Object O)

Amplitude and frequency of conveying elements are obviously the main parameters for
correct function and sufficient output of a conveyor. In addition to these variables, it is
necessary to define the angle of the direction vector of the oscillatory motion of the conveying
element relative to the main direction of the objects transported, or to the horizontal plane.
This angle is called the elevation.

Other important factors effecting the function and performance of vibratory conveyors
are mechanical properties of the conveyed objects, such as surface and shape of the object and
the transport surface of the conveying element. It can be imagined, that the physical transport
friction between the object and the surface of the conveying element takes a fundamental role
[30].

For linear conveyors driven by exciter induction motors are commonly using the
following frequency (Tablel).

Table 1: Second field-driven asynchronous motors

Frequency [Hz] Speed [min_l] Motor embodiments

12 720 Eight poles

16 960 Six poles

24 1440 Four pole

50 3000 Two poles

Source: Own table
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The elevation angle, which generates the direction of the goods is always determined
for a given application due to the significant influence of the shape and the material of the

conveyed parts, its material and its surface. In practice, an elevation angle between 15° and 35

o

is chosen. This range is based on practical experiments. As bigger the angle, as lower the

frequency of excitation has to be chosen [15].

3.1 General conveyor designs

The designs of basic vibratory conveyors such as shown in figure 2 generally containing

the following components and properties:

- Conveying element,

- Inertial mass,

- Frame,

- Floor,

- Elasticity of the conveying element to the frame,

- Guide mechanism between the conveying element and frame,
- Elasticity of the conveying element to the inertial mass,

- Guide mechanism between the conveying element and inertia,

- Vibration exciter attached to a conveying element,
- Vibration exciter to the inertial mass,

- Vibration exciter between the carrier and inertia,

- Buffers.

Linear vibratory conveyors in technical practice are operated in a large number of

design variants and combinations. Most frequently used states are shown in table 2.

Table 2: Design variants of vibratory conveyors

Common design variants A|B|C|D

Conveying element (carrier) N X | X | X [X
Inertial mass S X | X
Buffers V X | X
Floor P X | X | X [X
Springing and damping bond PT between carrier N and floor P X | X
Guiding mechanism VM between carrier N and Floor P X
Springing and damping bond PT between carrier N and inertia S X
Guiding mechanism VM between carrier N and inertia S X
Vibration exciter B connected to the carrier N X | X |X
Vibration exciter B connected to inertia S X
Note: X - The above objects are part of structural variants of a vibratory conveyor
Source: Own source
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The individual structural variants A through D are mainly used in technical practice and
can be identified on real products.

Conveying elements of vibratory conveyors often are designed like pipes, cylindrical or
conical drums as well as rectangular channel. The guiding mechanism of the carrier relative to
the frame or inertia, often is designed as parallelogram due to the simplicity and reliability of
this kind of construction.

Flexible binding between conveying element and frame or inertia often is conducted by
leaf springs or helical springs. The inertia mass is resiliently linked on one side to the carrier and
the other side to the frame. This is preferably applied for generating a certain form of motion
to the conveying element or minimizing the transmission of undesirable vibrations to the frame
and the surroundings. Besides that, stabilization of tuning is another issue for the use of an
inertia mass.

Frames of vibratory conveyors consists of a welded or a cast construction and are often
supported in form of rubber springs with a relatively high rigidity. In some cases, frames are
connected to the floor by rigid links, for example by means of screw anchors. In this cases, no
rubber sprigs are installed [2].

Eccentric drives or electromagnetic vibration exciters realize excitation. External
vibration exciters are inherently imbalanced rotors and can be connected to the conveying
element or the inertial mass. Electromagnetic oscillation exciter are usually connected exciting
a spring. The split core on one side is attached to the inertial mass and the second side to the
conveying
element [11, 20].

Four typical individual state of the art design variants of one-mass and two-mass linear
vibratory conveyors are schematically shown in figure 4.

I E=SIAN=L

C ) D \
ST R =0 \EE

W] W] W/ v/

- P

Source: Own source
Figure 4: Schematic representation of design variants (A, B, C, D) of vibratory conveyors: N —

conveying element, S — additional mass, V - buffers, PT — springing and damping bond, VM —
guiding mechanism, B — drive
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The fundamental division of vibratory conveyors can be found in the character of the
main traffic motion of the objects transported, which can be linear or helical. From this point of
view, vibratory conveyors can be divided into linear conveyors and screw conveyors. In both
designs, the structural variants are similar. In technical practice, linear conveyors variant occurs
mostly in A to D, but variant C has only low importance. The general configurations A, B and D
is given special attention.

3.2  Vibratory conveyors for linear motion

Vibratory conveyors with linear motion (Figure 5) used for the transport of small
articles or bulk material in a number of industries. All of the above-mentioned embodiments A
to D are common.
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Source: [38]
Figure 5: Vibratory conveyor with rectilinear motion

The conveying element mainly meets the requirements for transportation. In addition it
can be supplemented with a sieve for sorting, or a tube where the material is transported in an
enclosed space to significantly reduce dust.

The surface of the conveying element, which is in contact with the goods to be
conveyed, must be made of wear-resistant material. In addition, the coefficient of friction
between the surface and the conveyed material must be taken into account. Correctly chosen
conveying surfaces will last for the life time of a conveyor [29].

The conveying element (carrier) is attached to the frame or inertia of a guide
mechanism that defines the kinematics of the conveyor. Springing and damping binding of the
carrier to the frame or the inertia using steel helical springs or leaf springs. Leaf springs can be
used in the conveyor structure as guide mechanism, since the spring and damper bond exhibits
pliability almost exclusively in the perpendicular direction to the longitudinal of the leaf spring.
Therefore, the position of the carrier relative to the frame or the inertia is unambiguously
defined [12].
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The spring and damper bond of the inertial mass to the frame is normally performed by
helical springs. The frame of vibratory conveyors is supported by levelling aids or secured for
example using screw anchors to the floor.

Source: [39]
Figure 6: Clamp exciter vibrator on a vibratory conveyor reciprocating

External vibration exciter (figure 6) for reciprocating conveyors are attached to a carrier
or to the inertial mass. Often they are duplicated so that the force effect generates a harmonic
force in one direction. The amplitude of the driving force depends on the eccentricity and the
angular velocity of the rotating masses. Suitable controllers adjust angular velocity sometimes
for desired infinitely variability. This determines the excitation frequency, the amplitude of the
driving force, the size of the displacement and the frequency of the oscillatory motion of the
conveying element. The amplitude depends on the relationship between excitation and the
natural frequency of the dynamic vibration conveyor system. Most conveyors are operated in
the natural frequency, when the energy consumption of the device is minimal [6].

If the conveying element is equipped with two exciters connected duplicated to the
carrier, the resulting excitation force in the vertical plane of symmetry of the vibration
conveyor is generated. This enables the main direction of oscillatory motion of the carrier,
without respect to the frame or inertia bound guide mechanism. For the design variants A to D,
that principle is presupposed.

The spring linkage and mass distribution media along with the transported objects must
meet this solution, to minimize rotation around the transverse axis of the carrier. Given a stable
structural design, when a relatively long carrier has a large moment of inertia to said axis, said
condition is approximately satisfied. This also requires that the resulting excitation force pass
through the centre of gravity (mass centre point) close enough to support the centre of
elasticity of its bond to the frame. Nevertheless, it can be expected that the individual points of
the conveying element will move along ellipses, which will affect the operation form of the
conveyor. These simplified systems are mainly used for bulk materials and the transport
process may be carried to their desired mix [25].

To stabilize the motion of the carrier which is connected to inertia (Figure 4, B to D),
requires that the inertial mass shows a small angular displacement to an axis perpendicular to
the vertical plane of symmetry of the vibratory conveyor.
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This requirement can be ensured sufficiently using a large inertia mass to said axis and
by the same time a sufficient stiffness and damping of strong bonds inertial mass to the frame.
It is necessary respectively recommended, to respect the resonance range of the dynamic
system of the vibratory conveyor. Especially when driving a vibratory conveyor by a
reciprocating drain exciter, oscillations can occur during the shutdown sequence and crossing
the area of resonance will result in a significant increase in the amplitude. The entire machine
will vibrate very strong [16].

Another frequently used option of excitation is the drive by an electric motor crank
mechanism. The electric motor is mounted on the frame and through a belt drive a crank
mechanism, whose piston rod is resiliently mounted to the conveying element creates the
motion (figure 7).

<——— Material path
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Source: [17]
Figure 7: Excitation model using a crank mechanism with an electric motor
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4 Mechanical models of vibratory conveyors

The basis of each kinematic and dynamic analysis of mechanical systems is a properly
and correctly assembled mechanical model, which enables not only to determine its properties,
but also to simulate operational processes. In addition, it is also possible to monitor the impact
and dynamic parameters on their behaviour [1].

For vibratory conveyors, mechanistic models for the determination of equations of
motion and their solutions, allowing functional and performance optimization of the transport
process, can be used. Subsequently, mechanical models and equations of motion for the most
common structural variants of linear vibratory conveyors and screw motion conveyors can be
assembled [18]. With the reduction of inertial effects and parameters of springing and damping
characteristics of the system, a generalized mechanical model is provided. So it is possible to
optimize the transport process for both types of vibratory conveyors [6, 7]. The solved
mechanical models of vibratory conveyors have to be evaluated. The object properties do not
affect the dynamic attitude of the monitored dynamic systems. This assumption can be
accepted only in cases, when the transported objects are part of the nominal value of the total
weight. Due to the possible diversity of the objects, their dynamic properties will be discussed
and integrated into the mechanical model in subsequent chapters.

4.1 Models for reciprocating oscillation of a one-mass system

One-mass linear vibratory conveyors corresponding to the in chapter 3.1 described
variant A consisting of a conveying element which is connected to the base frame by four
helical springs. Two eccentric drives are connected directly to the conveying element under a
certain angle to the horizontal line. The eccentric dives turning clockwise (left drive in direction
of material flow) and anti-clockwise (right drive in direction of material flow). These drives are
self-centring and so a motion across the main forwarding direction is eliminated.

One-mass linear conveyors are designed to forward bulk goods such as stones
respectively small rocks, sand and mixtures of these materials.

Source: [35]
Figure 8: Vibratory conveyor with linear motion in constructive variant A
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4.1.1 Model for a linear conveyor of variant A

Corresponding to the conveyor variant A as shown in figure 8, the following general

mechanical model can be of this conveyor type can be generated:
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Figure 9: Mechanical model of vibration conveyor with linear motion in the design of variant A

Based on this mechanical model, the following general equations can be build [24]:

Jz=m-§,¢p

Assuming &4 = &g, equation (1) can be converted to

(1)

J;=m-§? (2)
Based on this assumption, the following equations can be set up:
mx + (kgy + kpy) -z + [(kAx —kgy) g] @ = Fy - cos(wFt) (3)
m + (kag + koz) - 2 + [(kaz — ka) 2] - 9 = Fo - sin(wFt) (4)
B, $ &2l .
J,0 + | (ky, — sz)E cz+ |(ky, — kg,) 2| P= —FycosBF - pPFsinBPF +
+FysinfF - pPFcosfSPF (5)
Converted into the matrix form, the following matrices can be built
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a) Forthe mass

m 0 O
M=[0 m 0] (6)

0 0 J,

b) For the stiffness of the springs

kax + kg 0 —NaKax — Npkpx
K= 0 kaz + kg $akaz +Epkp, (7)
—Nakax —Nkpx Eakaz +Epkp, Mikax + Nhkpy + E5kas + E5kp,

The mechanical model described in figure 9, enables three degrees of freedom, i.e. a
longitudinal motion in x-direction, a second longitudinal motion in z-direction and a rotation
around the mass centre point, depending on the situation and effective direction of the
excitation force and the centre of elasticity of the system. To ensure a pure linear motion under
the intended excitation angle, it is necessary to avoid any kind of rotation around the mass
centre point on this type of linear vibratory conveyor. As soon as a rotation takes place, the
motion of the conveyed goods will be influenced in an unintended way, causing a suboptimal
motion of the goods and a potential malfunction of the conveyor [5].

A mayor influence in this model comes from the damping conditions. To exemplify this
point, the following simplified model is introduced:
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Source: Own source

Figure 10: Simplified mechanical model of vibration conveyor with linear motion variant A

In this model, the influence of the situation and effective direction of the excitation
force as well of the horizontal components of the motion is neglected. For this model, the
following equations can be formed for the values in z-direction:

TECHNICAL UNIVERSITY OF LIBEREC i.=
Faculty of Mechanical Engineering | EEE



Design Optimization of Linear Vibratory Conveyors

For the displacement

Z = z, - sin(wt), (8)
for the velocity

Z = zow * cos(wt) (9)
and for the acceleration

7 = —zyw? - sin(wt). (10)

The velocity which is linked to the damping in the dynamic calculation of the system,
represents the first derivation of the displacement and is the only component including a
cosine function. For systems with very low damping, as given on a linear vibratory conveyor of
the variant A, the following equations then can be formed:

ku,zosin(wt) + kg, zysin(wt) — mxyw?sin(wt) = F, - sin(wFt) (11)
kAZZO + kBZZO - mZsz = FO (12)
kazéa + kp$p — Fop =0 (13)

By the use of a numerical model, based on the equations (11) to (13), the following
graph for amplitude over stiffness in z-direction will be received:

Source: Own source

Figure 11: Amplitude over stiffness 3-D graph of a linear vibratory conveyor of variant A
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The graph shows the area of no-rotation, where the valley between the stiffness k4,
and kg is situated. The intended amplitudes of the system can be selected by following the
particular lines through the valley. In addition, a graph for amplitude over time can be build,
using the results from the above calculation as shown in figure 12:
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-0.0006

Source: Own source

Figure 12: Amplitude over time function of a linear vibratory conveyor of variant A

In this graph, the red line represents the excitation in z-direction, the green line shows
the amplitude in z-direction, the blue line demonstrates the amplitude in x-direction and the
brown line stands for the rotation of the system under the selected conditions. It can be seen,
that the brown line for the selected case is nearly in line with the blue line. So the rotation can
be avoided by the correct selection of parameters of such a system.

Transmitting these conditions into the general model shown in figure 9, a conveyor
variant A with pure linear motion and no rotation around its mass centre point can be
designed.

4.1.2 Model for a linear conveyor of variant B

Corresponding to the conveyor variant B as shown in figure 12, the following type of
linear vibration conveyor can be found in practice. Here two possibilities for the transmission of
the excitation force are typical. The first possibility is, that the conveying element is driven by
an exciter with eccentric disk, mounted to the frame of the conveyor. The force is transmitted
by a crank mechanism to the conveying element under a certain angle, 90° to the angle of the
guiding levers. This type of design is shown in figure 13. For this kind of excitation, typically only
one electric motor is sufficient.
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Source: [40]
Figure 13: Guided linear vibratory conveyor of variant B

An alternative option is the installation of eccentric drives as shown in figure 6 directly
to the conveying element. The direction of the excitation force then has to be given by the
angle of fixation of the drives to the conveying element, comparable to variant A. In this case
typically two counter-rotating exciters are installed to the conveying element, avoiding
unwanted motion of the goods to be conveyed across the mayor conveying direction. Often on
linear vibratory conveyors of variant B, flat springs replacing a system of helical spring and
guiding levers. The design in that case is simpler and the intended effects are the same. An
example is shown in figure 14.

Source: [41]
Figure 14: Guided linear vibratory conveyor of variant B with flat springs

For this type of linear vibratory conveyor, the following general mechanical model can
be developed:

TECHNICAL UNIVERSITY OF LIBEREC =I=
Faculty of Mechanical Engineering [ ] OO



Design Optimization of Linear Vibratory Conveyors

M~

asp
F

Br
A
PF npF
Bpr v
IF?B
\ B
Iil-cz
-
¢

)
L)

??AI
|i| Ber
e

$a

AAA
VYV
VYV

-4
-

Source: Own source

Figure 15: Mechanical model of vibration conveyor with linear motion in the design of variant B

For the particular application as vibratory conveyor of variant B as shown in figure 17
and 18 specifications can be made to ensure the intended motion of the goods:

The angle of force vector to the horizontal Bpf in its application is identical to the angle
of the force vector effecting the mass centre point and the horizontal Sg.

Ber = Br (14)

Applying the excitation force directly to the vertical situation of the mass centre, the
following definition can be made:

npr =0 (15)
Which results in the conclusion:
opr =0 (16)

The angle of the force vector effecting the mass centre point and the horizontal Spf is
identical to the angle between the vertical and the lever mechanism. Additionally the
assumptions for the relation of {4 to {5 and J, are identical to the model of variant.

Based on these assumptions, equations (3) of variant A can be formed:

Jo + [(haz = ks &| - 2+ [Ceas = k) ] -0 = 0 (17)

In this mechanical model the rotation around the mass centre point is eliminated by
the use of the levers. The remaining motion is linear and corresponds to the excitation force

angle Sr.
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Converting the remaining equations (3) and (4) into matrix form, the following matrices
can be build

c) Forthe mass

u-ly o)

d) For the stiffness of the springs

_ [kax + kpx 0
k= [ 0 kAz + sz (19)
The amplitude over time graph will show the following characteristic:

s[m]
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v v U}’
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~0.0006 t[s]

Source: Own source

Figure 16: Amplitude over time function of a linear vibratory conveyor of variant B

The red line represents the excitation in z-direction, the green line shows the amplitude
in z-direction and the blue line demonstrates the amplitude in x-direction.

Linear vibratory conveyors of variant B are less sensitive to slight differences in spring
stiffness and a change of the mass centre of the goods to be conveyed during the real
conveying process.

In case of critical applications with sudden changes of loads respectively masses,
especially on only one side of a conveying element, variant B supplies the much more change
resistant conveying motion compared to variant A.

4.2 Model for reciprocating oscillation of a two-mass system

The assembly of the following two-mass vibratory conveyor consists of three principal
parts, the conveying element build as a conveying trough, represented by character m, , the
excited mass with the drive, represented by character m; and a supporting element, fixed to
the ground [2,9].
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Both masses are connected by the use of springs. In this case, helical springs are
chosen. The excitation of m; is done by an eccentric drive, installed to excite the mass 90° to
the lever Ry [5]. The springs with their particular stiffness are defined as k; and k,; . The
damping of the system is neglected. Mass m; is connected to the ground by levers under an
angle 8; , mass m, is connected to mass m, by levers under an angle 3, . The levers enabling a
defined guidance of the masses motion. Figure 17 shows the mechanical model of this two-
mass conveyor.

Source: [42]
Figure 17: Vibratory conveyor with two masses of variant D

The corresponding dynamic model of a two-mass linear vibratory conveyor based on
the design principle shown in figure 17 is shown in the following figure 18 [17].

Source: Own source

Figure 18: Mechanical model of the vibratory conveyor

Based on the mechanical model shown in figure 18, the following equations
are formed [10]:

my¥; + kyXy — Ka1X21 — FreSinpy + FroSinf,; = Fpcosfy, (20)
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mqZ; + k12, — ky1251 — Frecosfy + Fryqcosf, = Fgsinfy , (21)
MyXy + Kp1X21 — FrpgSin, =0, (22)
MyZy + k1231 — Fraicosf, =0, (23)

Summing up the equations (20) and (22), (21) and (23) as well as (22) and (23),
the following equations can be formed:

mljél + k1x1 - FRlsinﬁl + mzjéz = FECOSﬁl y (24)
m121 + mzzz + k121 - FR1COSﬁ1 = FESinﬁl ) (25)
(Mmy¥; + ka1x21)c08Bs + (MyZ;y + kp1221)sinf, = 0. (26)

Merging equation (24) and (25), the equation can be formed as

m156'1+k1x1+m256'2 m121+k12+m222 COSBl Sinﬁl
. + = Fg — E o (27)
sinf34 cosf31 sinf4 cosf4
and after converting equation (27)
(mljél + mzjéz + klxl)COSﬁl — (mlil + mzzz + k1Z1)Sinﬁl = FE , (28)

Splitting up the motion of x, and z,into the components, the following form
can be written

(Mm%, + my¥; + myXyg + kyxq)cosf; — (Mg Z; + myZ, + myZ, + kyzy)sinf; = Fg,  (29)
(Mmy¥1 + Xy + ka1X21)c0sBy + (MyZy + MyZyy + kg1 751)sinf, = 0. (30)

The levers guide the motion of each of the two masses between floor and mass m;
and between mass m; and mass m,. Therefore the coordinate vectors with the characters x
and z can be merged and replaced by character s [19].

Then the equations (29) and (30) can be formed as

my8;c0s2B; + my8;cos? By + my5,,cosP,cosPy + kys cos?fy + my§;sin?p; +
m,8,sin?B; + +m,5,,sinf,sinB; + kys;sin?p; = Fg, (31)

M, 8, cosf1cosPy + My5,1c082 B, + kyy5,1c082B, + my§;sinfysinf, + m,5,,sin?p, +

+k2152151n252 =0. (32)
with
521 = Sz - Sl (33)

After simplifying the equations (31) and (32), the final equations of motion for the
analysed conveyor model are

(my + my)§; + my38,1(cosB,cosB; + sinf,sinpy) + kis; = Fg, (34)
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m, §; (cosP,cosfy + sinfysinfy) + my3y1 + koyS,1 = 0. (35)
For the further analysis of the dynamic model, three cases are of particular interest:
- Case one with B; = f3,,
- Case two with f; = 0 and
- Case three with 8, = 0.

For case one with §; = f5, equation (31) can be converted step by step

(my +my )81 + my8yy + kysy = Fg, (36)
m1§1 + m2§1 + m2§2 - m2§1 + k151 = FE ) (37)
m1§1 + m2§2 + k1$1 = FE ) (38)

to the final form

my 8y + k1S1 — ka1(S2—$1) = Fg . (39)

Equation (32) is transformed by the same way into the final form
m,8, + ky1(s, —s1) = 0. (40)
For case two with 8; = 0, the equations are
(mq + my )8, + my8,,cosP, + ks, = Fg, (41)
m,81c0Sfy + MyS8y1 + kg5, = 0. (42)
For case three with 8, = 0, the following equations can be formed
(mq + my)§; + my8,,cosfy + kys; = Fg, (43)

m2§1COSB1 + m2§21 + k21521 = 0. (44)

Excitation

Source: Own source
Figure 19: General example of amplitudes of a two mass system
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4.3 Conveyed goods

The conveyed object of the vibratory conveyors must have some mechanical and
physical properties, relate to its material, shape, dimensions, etc. For example, the object must
have a solid state. There must be physical friction between the conveying element and the
object.

Linear vibratory conveyors are mainly used to transport small parts and loose materials.
As a rule, minor parts immediately after initial contact with the conveying surface of the
oscillating conveying element are disposed so that they are not permanently stacked during
transport. They have to be integrated into a mechanical model by their total weight m,, the
experimentally determined moment of inertia J,, and the coefficient of friction f,y relative to
the individual surface of the conveying element.

The situation changes, as soon as the transported goods having the nature of bulk
material or components remaining during the transport in the layers. In this case, the object
will be loaded to the mechanical model also by its total weight my and moment of inertia /5,
but the coefficient of friction must be considered not only between the object and the carrier
fon, but also in the contact surfaces between the layers of the object itself f,( .

It is obvious that in many cases the identification of these parameters is very difficult.
The replacement mechanical model of the object in a simplified solution is based on the
definition of the layers and the coefficient of friction fi,o between them (shown in figure 20).

Under the simplistic assumption that two layers will exist, the layers are volumetric and
each layer or particles of the transported object are not able to climb, it will be possible to
express the condition for the transport of the layers of material without the relative
displacement of the shape.

Fyox < Fryo (45)
and
—sycosPns < (g + Snsinfys)fvo- (46)
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Source: [18]
Figure 20: Simplified mechanical model of bulk goods being conveyed

Unless the conditions (45) and (46) are met, there is a permanent slip of the
transported objects or layers of conveyed bulk material and the intended effect of the vibration
transport is lost.

In this case, the transport process is significantly disturbed and mixing, tumbling or
compaction occurs simultaneously. The issue of the process is not the subject of dissertation,
and therefore it will be further assumed that conditions (45) and (46) are fulfilled for the
ongoing considerations.

For the functional reliability and conveying performance, the magnitude of the
coefficient of friction between the transported object and the conveying element is decisive in
terms of friction. As it will be explained below, the friction coefficients and properties
associated with the coherence of an object playing a very important role and influence
conveying process.

Dynamic parameter analysis will be performed based on time courses of the kinematic
quantities of the carrier and the transported objects. Particular attention will be given to
frequency dependencies. In dynamic analysis, it is recommended that vibratory conveyors
operate in the resonant area of their major natural frequency, which minimizes the energy
demands on their operation. Therefore, when observing the influence of changes in dynamic
parameters on the oscillation of the conveying element, it is necessary to evaluate the possible
deviation from its optimal tuning, i.e. from the resonant state [15].

The dynamic parameters of the vibratory conveyor, which have a significant effect on
its function and conveying performance, considering in particular the weight of the conveyed
objects m, and the quantities describing the springs and the dampers as well as the inertia
bonds, stiffness, and friction coefficients. The criteria for assessing this effect will be the
amplitude of the oscillating motion of the conveying element.
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The influence of geometric parameters, elevation angle and climb angle are of
importance for transport performance. Geometric links are directly associated with frictional
bonds that are given by the coefficient of friction between the transported object and the
carrier surface of the carrier.

The analysis of vibration conveyors also includes the determination of their dynamic
force effects that act on the floor and cause its vibration and the associated noise load of
operation.

4.4 Influence of the conveyed goods to vibratory conveyors

The mass parameters and the texture of the goods to be conveyed on a vibratory
conveyor will influence the motion of the conveyer in any of the representative variants A to D.
However, the individual influence to each of the variants will show different effects.

The common relation between mass, stiffness and natural frequency on the of an
oscillating system is described in the equation

= |= (47)

Assuming that the frequency of excitation of the conveyor is matching the natural
frequency of the system, the stiffness and the mass will have to be in a ratio that keeps the
vibratory conveyor in its optimum performance condition.

The stiffness of the springs can be chosen in a way that an average object-mass is
considered to be permanently part of the conveyor and can be added to the mass of the
conveying element being excited. In addition, it will be necessary to determine the maximum
and the minimum mass level of the goods to be conveyed, to keep the efficiency of the
conveyor and to avoid damages by overloading the system.

The mass of the goods will have additional effects, depending on the area of mass
concentration on the conveying element. Especially vibratory conveyors of variant A will react
extremely critical to single sided mass concentrations, due to the week guidance of the
conveying element to its frame. The mass immediately will influence the situation of the mass
centre of the conveying element and the conveying process will not be running on its optimum.
In the worst case created by overloading the system on one single side of the conveying
element, the conveying process will stop and damages can affect the structure.

On guided conveying elements like in variants B to D, the influence of the mass mainly
is reduced to an effect on the capacity of the conveyor. The guiding mechanism compensates
the displacement of the mass centre point up to a certain range. In any case it is necessary even
on guided mechanisms to define the optimum mass to be conveyed and to determine an
individual tolerance range.
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The average mass of the objects to be conveyed can easily calculated by using equation
(47), the tolerance range can be determined easiest by evaluation tests of a system with
reference to its capacity and the transmission of vibrations to the environment.

4.5 The power effect of the vibratory conveyor on the subsoil

It is significant for the operation of the vibratory conveyor, to analyse its force effect
causing vibration of the floor and the associated surrounding noise. Vibratory conveyors are
usually deployed to assembly lines in large numbers.

In terms of ground forces transfer and associated noise, vibration conveyor operations
are very unfavourable and operators are making great efforts to unwanted floor vibrations and
often blocking the entire building.

Particularly unfavourable phenomena are disturbances that represent an increase in
the dynamic forces of a group of machines or devices operating at the same or very close
operating frequency.

Avoidance of such a phenomenon is only possible with the perfect vibration isolation of
each individual vibratory conveyor.

Dynamic forces that are transmitted to the conveyor frame, in basic design variants are
given by the forces of rubber springs forming an elastic bond between the inertia mass and the
frame against the floor.

Figure 21 shows an example for the result of calculating the time course of dynamic
forces and subsoil for a representative vibratory conveyor and the optimal weight of the loaded
objects.

FSRx 400

FSRy
[N] 200
o
-200+
-400

1.00 1.02 1.04 1.06 1.08 1.10
t[s]
— Fopy, = FSR):
Source: [18]

Figure 21: Time course of dynamic forces transmitted to the conveyors frame and the floor
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The amplitude of the dynamic force acting on the vibratory conveyor on its subsoil is
relatively large, depending on the variant of the conveyor and the chosen conditions. The group
effect of the devices can be expected to give rise to vibrations of the floor and the whole
building. In case of excessive vibration, which could damage the health of the operator, anti-

vibration and noise protection often are implemented.
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5 Analysis and optimization of the transport process

The initial step in the process of optimizing a system is the detailed und structured
analysis of the existing system with reference to all impacts of the existing design. In case of a
linear vibratory conveyor, these impacts are manly influenced by the design, but also by
influences of the location, the conveyor is operating in. Optimizing of the transport process can
also be influenced by eliminating vibrations, transmitted to the floor, the conveyor is situated
on. These vibrations can cause negative effects to the building by creating unwanted
resonances. By the same time, the transmission of vibration forces to the ground costs energy,
which could be used for the increase of efficiency of the conveying process. A detailed analysis
of design and motion of a representative vibratory conveyor is done in the following chapters.

5.1 Selection of a representative vibratory conveyor

The linear vibratory conveyor to be analysed and improved is manufactured by the
Czech company VIBROS s.r.o, Pfibram and the type designation is PVA 050.012 P. It consists of
the conveying element which is connected to the base frame by four helical springs, so it is a
typical variant A conveyor. Two eccentric drives are connected directly to the conveying
element under an angle of 30° to the horizontal line. The eccentric dives turning clockwise (left
drive in direction material flow) and anti-clockwise (right drive in direction of material flow).
These drives are self-centring and so a motion across the main forwarding direction is
eliminated. Figure 22 shows the side view of the conveyor with the top cover of the left
eccentric drive opened. So the eccentric mechanism of the drive can be seen. The conveyor is
designed to forward bulk goods such as stones respectively small rocks, sand and mixtures of
these materials.

Source: Own source

Figure 22: Vibros vibratory conveyor with eccentric drive
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The technical specification of the linear conveyor are follows [23, 32]:

Length of conveying element: 1200.00 mm

Width of conveying element: 500.00 mm

Drive: 2 x 400 V/50 Hz, 3 Ph, 0.55 kW
Operating frequency: 16.00 Hz

Angle of drive axis to vertical a: 30°

Maximum displacement (90° to drive axis): 10.00 mm

Maximum acceleration (90° to drive axis): 100.00 m s

Delivery rate: 1.00 kg s?

Oscillating weight: 268.00 kg

5.2 Identification of dynamic parameters of the vibratory conveyor

It is expected, that a uniform motion over the full length or the conveying element will
be generated, to enable a smooth transport of the bulk goods to the hand over point of the
conveyor. This will be necessary for an efficient supply of the goods, avoiding any kind of
blocking respectively bottle neck effect by goods not conveyed properly close to the hand over
point.

The first step to get necessary information on the linear vibratory conveyor is the
determination of the resonance frequencies and the corresponding directions of their
appearance. Therefore, a test series is established, using the following test equipment [17]:

e Piezo-sensors type 4508, brand Briel & Kjzer
e Connecting wire to analyser
e 4-channel analyser type 3050, brand Briiel & Kjzer
e Software “Pulse Labshop V.19”
The sensor has to be fixed to the test object by an adhesive wax that enables the
operator to place the sensor to different positons of the conveyer.

The sensors are calibrated using a calibration unit on 77.00 Hz calibration frequency
brand RFT in advance of the trials.
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GRS T T R

Source: Own source Source: Own source

Figure 23: RFT calibration unit Figure 24: Calibration signal 77.00 Hz

For the description of the effective direction of the resonance frequencies, the coordinate
system shown in figure 4 is defined.

_’
i
_’
z X Py

Source: Own source

Figure 25: Conveying element and its coordinate system defined

5.2.1 Mass and inertia parameters

The linear vibratory conveyor consist of the conveying element with the eccentric
exciters and the frame made of steel profiles, which are fixed to the ground. The total mass of
the moving parts, i.e. the conveying element including the two exciters is 268.00 kg, while the
mass of each exciter is 55.00 kg. The conveying element without exciters has a mass of
158.00 kg. The frame of the conveyor is a welded design made of steel, having a total mass of
49.00 kg. The mass of each of the four springs is 1.73 kg. The average mass of the goods to be
conveyed has to be determined due to the fact that no information on that matter is available.

In a first step, the conveyor is analysed by testing the empty system. Based on the
result of the analyses, data for the integration of mass influences will be developed.
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The coupling of the conveying element to the frame of the conveyor consists of the
following elements:

- Four cylindrical pipes of 80.00 mm length and 63.00 mm diameter, welded to the
conveying element

- Four cylindrical pipes of 80.00 mm length and 63.00 mm diameter, welded to the frame

- Four helical springs

No additional guiding mechanism exists and no dampers are installed. The full motion
generated by the exciters fixed to the conveying element, is transmitted by the four springs to
the frame.

5.2.2 Springs and damping conditions

In a test, the vertical stiffness (in direction of the spring centre axis) is determined. This
is done by using a special test equipment, where single helical springs can be loaded along their
centre line with a pre-defined force. The data are recorded manually and as result, the
following value is calculated form 4 trials:

Vertical stiffness per single spring k,, : 84326 N m™*

FIN] Spring characteristic
1030
830
630
430

230

30
0 1 2 3 4 5 6 7 8 9 10 11 12

e Test ] —emm——Test 2 Test3 emm=Test 4 simm]

Source: Own source

Figure 26: Characteristic of helical springs of the conveyor in vertical direction

In a second test, the horizontal stiffness (across the spring centre axis) of the helical
springs is determined by using a special equipment, which enables an even horizontal tensile
load to the conveying element. The data again are recorded manually and the result is divided
by four, to get the following result per spring:

TECHNICAL UNIVERSITY OF LIBEREC =.=
Faculty of Mechanical Engineering [ | OO



Design Optimization of Linear Vibratory Conveyors

Horizontal stiffness per single spring kj: 33583 N m™*
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Source: Own source

Figure 27: Characteristic of helical springs of the conveyor in horizontal direction (own source)

The damping of the system is determined by using the method of the logarithmic
decrement. For this method, the time function of acceleration is analysed, using the free

oscillation of the system.
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Source: Own source

Figure 28: Time function of acceleration in vertical direction on free oscillation

The necessary equations for the calculation of the logarithmic decrement A are

A=InIm (48)
Xn
Alternatively A can be calculated as well using the equations
A= _2ms (49)
w3-682
and
A=6-T (50)
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with
d=wyb. (512)

The values for x,,, and x,, in x-direction and in z-direction can be determined from the
respective recorded graph. Melting and adjusting the equations (48) and (50), the damping can
be determined:

wo b-T =InZm (52)

Xn

For the calculation of b, the equation can be formed to the final term:

hb=—21 (53)

The determined values now can be fit into equation (53) and as result a relatively low
damping is in x-direction and z-direction is calculated, showing the following values:

Damping of the conveyor in x-direction:
by = b, = 654.60 kg s~*

Damping of the conveyor in z-direction
b, =588.80 kg s~!

Dividing the results by four, the damping per spring can be determined:

S
=
1

by, = 163.65kg s™!
and
b, =147.20 kg s™1

The major target of a vibratory conveyor is the efficient transport of the goods to be
conveyed. High damping would have a strong negative effect on the amplitude and the
acceleration of the goods and so directly on the output of the conveyor. In addition, based on
the conclusion done with the help of equation (9), the potential rotation around the mass
centre point of the conveying element would be increased having higher damping. The values
meet the expectation for this type of linear conveyor, matching variant A.

5.2.2 Natural frequencies of the conveyor

To get the necessary information on the resonance frequencies corresponding to the
coordinate system of the conveying element, two piezo sensors are used for parallel in
combination with two channels of the analyser.
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Therefor the frequency spectrum is analysed, taking one sensor a reference to one fix
position and moving the second sensor to different positions, representing all six degrees of
freedom of the coordinate system of the conveying element. The excitation step by step then is
done manually in the six directions of freedom and the date are recorded. Figures 29 to 32

intended to give representative outline of the testing.

Source: Own source Source: Own source
Figure 29: Resonances with sensor position Figure 30: Resonances with sensor position
z- and z- direction x- and z- direction
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Figure 31: Resonances with sensor position x- and y- direction and horizontal excitation
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Figure 32: Resonances with sensor position x- and z- direction and vertical excitation

As result of this analysis the following resonance frequencies are identified:

- Resonance in x- direction (conveying direction): 3.25Hz
- Resonance in y-direction (across conveying direction): 3.25Hz
- Resonance in z-direction (vertical): 4.25 Hz
- Rotation around x-axis (A): 3.50 Hz
- Rotation around y-axis (B): 8.00 Hz
- Rotation around z-axis (C): 5.25 Hz

This analysis already shows, that none of the natural frequencies matching the
intended excitation frequency of 16.00 Hz. It can be presumed, that the conveyor will not
provide the optimum conveying capacity.

5.2.4 Analysis of the conveying element motion

As next step of the system analysis, the motion of the linear conveyor under working
conditions is checked. Therefore, the conveyor drive is started and the operation frequencies
are determined. It is expected to find the operation frequency of 16.00 Hz of the excitation
drive as described in the manual of the conveyor. Of additional interest is, if any resonance
frequencies can be identified and what the occurrence of these frequencies will be during the
operation.

As shown in figure 33, the 16.50 Hz signal is clearly traceable and none of the resonance
frequencies appearing on the graph. The difference to the intended operation frequency can be
explained by an inaccuracy of the transformer and is not deeper analysed.
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Figure 33: Operation condition

Running the conveyor, it becomes obvious, that the motion over the full length of the
conveying element is not the same at any point. Putting a piece onto the conveying element,
for example a screw, it can be seen, that the good is moving with a small amplitude and a quick
forward motion into the direction of the hand over point.

Approximately in the middle of the conveying element, i.e. after 600.00 mm, the
amplitude in z-direction is bigger than in the beginning and the forward motion is significantly
slower. Close to the hand-over point of the conveying element, the amplitude in z-direction is
very strong and the forward motion of the good is only very slow. Repeating the test with
different testing objects, having different masses and centre points, the general motion
characteristic is confirmed. Some of the objects even get thrown backward close to the hand
over point.

Therefore, the motion of the conveying element at three significant positions of the
conveying element is analysed, by using reference marks which are photographed with slow
shutter speed. As significant positions are identified a position close to the back, the
approximate centre and a point close to the hand-over position of the conveying element. The
marks are fixed to the side frame of the conveying element. Then the angles of the motion to
the horizontal line are determined by graphic analysis. The results are taken from figure 34.
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Source: Own source

Figure 34: Motion of reference marks

a) close to hand-over point, b) close to conveying element centre c) close to back side
Legend corresponding to figure 34:

- The orange Line represents the horizontal (parallel to x-direction)
- The yellow line represents the angle of excitation of 30°
- Thered line represents the motion of the considered reference mark

The evaluation of the test shows the following results:

- The motion of reference mark “a” takes place under 42° to the horizontal i.e. +12° to
the excitation direction

- The motion of reference mark “b” takes place under 30° to the horizontal i.e. the
excitation direction

- The motion of reference mark “c” takes place under 18° to the horizontal i.e. -12° to
the excitation direction

The different amplitudes in z-direction in each measured points is of particular interest.
The increase of that component of the motion causes the most significant obstacle of a smooth
transport of the goods to be conveyed.

For the analysis of the amplitude in z-direction, the pictures used in figure 34 are
supplied with individual scales and the amplitude is directly measured out of the picture. This
well-established photogrammetric method needs a known reference figure to determine the
requested dimensions. This reference is the diameter of the reference dots used for the test of
5.00 mm diameter. Figure 35 indicates the results of the analysis.
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Front Middle Back

Scale: 0.5:1 Scale: 0.6:1 Scale: 0.7:1

(Reference dot: 5 mm) (Reference dot: 5 mm), (Reference dot: 5 mm)
Amplitude in z-direction: 2 mm Amplitude in z-direction: 1.1 mm Amplitude in z-direction: 0.8 mm

Source: Own source
Figure 35: Amplitudes in z-direction of reference marks

It is demonstrated, that the motion of the conveying element is not like it should be. As
reason for this is suspected, that the centre mass point and the centre of elasticity of the
conveying element is not situated in the geometrical centre of the system, in line with the force
vector of the excitation. A detailed analysis to identify the influence factors will be done further

on.

5.2.5 Determination of the mass centre point and the centre of elasticity

A first rough confirmation of the assumption, that geometrical centre point and mass
centre point in x-direction are not identical, can be done by visualizing the mass conditions
based on figure 22. The result of this simple method is visualized in figure 36. The geometrical
centre point is situated in the middle of the conveying element, i.e. half way in x-direction
between the helical springs. The geometrical distance between the spring-centres is
1070.00 mm, so the half distance is 535.00 mm.
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" Half-length of
. conveying glement

Source: Own source

Figure 36: Photographical determination of mass centre point

A precise determination of the mass centre point and the distance to the geometrical
centre in x-direction will be done based on the 3-D CAD model of the conveying element
including the eccentric drives fixed to it.

Source: Own source

Figure 37: 3D-CAD model of the conveying element

The red sphere shows the position of the mass centre point. Corresponding to the
Cartesian coordinate system shown in figure 37, the mass centre point of the conveying
element has the following position:

x-direction: 833.25 mm

y-direction: 300.00 mm (centre line)

z-direction: -286.50 mm
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Based on the CAD model it is demonstrated, that the assumption of a difference of
geometrical and mass canter point in x-direction exists on the conveyor. The geometrical
centre point can be found at 665.00 mm length and the mass centre point has its position in
x-direction at 833.25 mm from the hand over point.

To create a smooth and uniform motion in all areas of the conveying element, the mass
centre point has to be brought in-line with the force vector of the excitation.

The second important point to be found, is the centre of elasticity of the vibratory
conveyor. To guarantee a uniform motion of the conveying element in all areas, it is necessary
that the mass centre point and the centre of elasticity are both situated in line with force
vector of the system. The centre of elasticity must be determined practically in x- and z-
direction on the conveyor. Therefor a force is put to the conveying element in different zones,
first in x-direction and the in z-direction. As soon as the force only results in a pure linear
motion, the positional centre is identified. Figure 38 shows the result of this experimental
determination.

llﬁ
)
]

Source: Own source

Figure 38: Centre of elasticity (white) and mass centre point (orange)

Immediately it is visible, that the force vector of the excitation force is not in- line with
the centre of elasticity and the mass centre point of the system, which explains the present un-
uniform motion of the conveying element.

Based on this perception, an engineering design will be developed to solve the

problem.
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5.2.6 Attitude of the conveyed goods

Due to the motion of the conveyor causing different amplitudes under different angles
on the conveying path, the conveyed good are accelerated differently during their way from
the end to the hand-over point of the conveying element. At the backside of the conveying
element, the goods are accelerated under an angle of 18°, which supplies a smooth and
relatively quick in x-direction oriented motion. The motion more and more receives a
component in z-direction, as more the goods are getting conveyed into the direction of the
hand-over point of the conveying element. Simultaneously, the decrease of the goods speed in
x-direction can be detected. Approximately, on the half way between the geometrical centre
and the hand-over point of the conveying element, the motion of the goods starts to get very
turbulent. The acceleration in z-direction moves the goods to more than the double amplitude
compared to the start point of the motion. By the same time, the conveying speed lowers
significantly. Bulk material is strongly segregated in this zone. Additionally, a blocking effect can
be identified, caused by goods remaining in this part of the conveying element. New material
from the back of the conveyer will be retained. The Last quarter of the distance between
geometrical centre and hand-over point converts into a bottleneck.

A video demonstrating the effect enclosed in appendix 4 of the dissertation. Figure 39
will give an impression of the described effect.

Source: Own source
Figure 39: Recorded motion of an example good. Position a) near the start point, b) in the area
of the geometrical centre and c) close to the hand-over point of the conveying element
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5.2.7 Vibration transmission to the ground

To get the necessary information on the vibration forces transmitted to the ground
during the operation of the vibratory conveyor, one sensor is fixed to the frame.

It is oriented in z-direction and situated in the approximate geometrical centre of one
of the two traverse steel bars to record the full spectrum of the vibrations transmitted by the
conveying element. Operating the conveyor in a real situation, the frame will be fixed to the
ground by heavy-duty screws and no damping elements are foreseen to be placed between the
frame and the ground. The result of this installation method is the direct and undamped
transmission of the full vibration. Due to the relevance of vibration signals up to 100.00 Hz, the
recorded spectrum shown in figure 40 is cut off at this value.
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360m 1 T | T 1 1 Overload: 0,00%
320m
e
dX=8275Hz
280m dY = 436m m/s*
Delta
240m
Sum =477um/s*
200m - t 1 + t + 1 ‘
160m ‘
120m |
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Figure 40: Recorded spectrum of vibrations to the ground from 0 — 100 Hz

The excitation frequency of 16.50 Hz is clearly identified. In addition the multiples of
the excitation frequency can be found. However, the third multiple of 66.00 Hz and the fourth
multiple of 82.50 Hz are the signals showing the highest acceleration values. The first multiple
value of 33.00 Hz and the second multiple value of 49.50 Hz are proportionally low to the
strength of the original excitation signal. Additional, very week signals showing multiples of the
half frequency, beginning with 57.75 Hz, but these frequencies will have no significant effect to

the subsoil.
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5.3  Analysis of dynamic parameters

Comparing the natural frequencies to the excitation frequency of the linear vibratory
conveyor it is obvious that the conveyor is not working in its optimum capacity range. Due to
the relation between the frequency w,, the mass of the conveyor m and the stiffness of the
springs k, the optimum excitation frequency wg would have to match the natural frequency in
z-direction of 27 f,,, which is 26.70 s . However, based on the 16.00 Hz excitation frequency,
the value for wgz = 100.53 s*. This means the system is running over resonant in an area high
above the optimum working point of the system. In figure 43 the effect is shown in a graph
amplitude over frequency.

For a further general optimisation of the conveyor, the system has to be modified in a
way that the natural frequency wgy and the excitation frequency wg will get closer or under the
best conditions will become identical. This is not part of this dissertation work.

wg in z — direction
y

(oh w

Source: Own source

Figure 41: Example for excitation over resonance

5.3.1 Determined data of the vibratory conveyor

Analysing the motion of the conveyor, it will be of interest to harmonize the vertical
motion in particular over the full length of the conveyor. Therefor the general mechanical
model figure 42 presented in chapter 4.1 of the conveyor is taken as base for a model of the
real vibratory conveyor.
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Figure 42: Mechanical model of the examined conveyor

To generate a harmonic and even motion over the full length of the conveyor in a later
step, it is necessary to find the correct parameters to avoid a rotation around the mass centre
point of the system. The necessary values can be determined by analysing the CAD-drawing,
certain values from the tests and measured dimensions to calculate the dynamic parameters.
Later these values will be used to calculate the displacement of the centre of elasticity and to
simulate the modified motion by using the mathematical software “Maple”.

The result of the analysis is a maximum acceleration of 40.60 m s2. For the calculation
of the effective force, this value has to be lowered to the effective value of acceleration,
dividing the value by V2 . The effective acceleration is 28.70 m s.

Based on the Formula
Frp=m - q, (54)
the result for the effective force on the force vector is

Fr =268.00kg - 28.70ms™2

Fg = 7692 N = 7.70 kN

The moving mass m of the linear vibratory conveyor is 268 kg. The mass moment of
inertia in z-direction can be calculated based on the equation:

Jz=m- G2 +=w?), (55)

where I represents the length and w the width of the conveying element. This results in:
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1 1
Jz =268.00 kg - (§ 1.40 m? + E0.006 m?)

Jz = 175.00 kg m?

The distances between the points A respectively B and the mass centre point m of the
conveyor are:

&4 =603.25mm
&g = 468.75 mm

The total mass of the conveying element of 268.00 kg can be distributed to the spring
fixation points A and B as follows:

my =117.20 kg

and
mg = 150.80 kg

The distance between mass centre point s and force transmission point is
ppr = 105.00 mm.

The angle Spr between the horizontal crossing the point of application and the radius
vector ppp is

ﬁPF = 36.200.

The angle between the excitation force and the horizontal crossing the point of
application to the conveying element is

Br = 30°.

The vertical distance 14 and ng between the mass centre and the fixation point of the
springs is

Ng =ng = 111.00 mm.
The stiffness in x-direction of each spring pair in A and B is
ksr = kg, = 67166 N m™1.

Based on these data, a numerical analysis can be done by the use of the mathematical
software “Maple”. This analysis will show the characteristics of the present motion of the
vibratory conveyor and will give ideas for the modification of the system.
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5.3.2 Amplitude and stiffness characteristics of the vibratory conveyor

Based on the method described in chapter 4.1.1, the calculated and determined values
are fit into the general equations (3), (4) and (5). In addition, the damping of the system has to
be considered on the real conveyor. This is done by extending the equations by the terms
corresponding to the damping of the system as follows:

mx + (kpy + kpy) X + [(Kax — kpx)éa + (Kax — kpx)ép] - @ + (bax + bgy) - X +
+[(bax — bpx)éa + (bax — bpx)épl - ¢ = Fy - cos(wFt) (56)

mZ + (kaz +kp,) -z + [(kaz — kpz)éa + (kaz — kpz)épl - @ + (baz + bpy) - 2 +
+[(baz — bpz)éa + (baz — bp,)ég] - ¢ = Fy  sin(wFt) (57)

129 + [(kaz — kpz)éa + (kaz + kp)épl - 2 + [(baz + bpy)Ea + (baz + bp,)Ep] - 2 +
+[(kaz — kp)E5 + (kaz — kp)E5] - @ + [(baz + bpz)E5 + (bay + bp,)E5] =
= —FycosPF - pPFsinBPF + +FysinSF - pPFcosf3PF (58)

Finally all equations are converted into matrix form. For the mass matrix and the
damping matrix, the equations will stay identical to equations (6) and (7). For the damping, the
following matrix has to be created:

be + be 0 _nAbe — B be
B = 0 by, + bg, $abaz + ¢pbp; (59)
—Nabax —Nebpx  $abaz + Epbp, Nibax + Nebpy + E5ba, + E5bpy

As result of the numerical calculation under use of the software “Maple”, the graph
figure 43 for the relation amplitude over Stiffness in z-direction for the rotation of the system
can be found:
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Source: Own source

Figure 43: Amplitude over stiffness for the rotation of the linear vibratory conveyor

The valley of the graph represents the zone, where no rotation of the system will take
place. Following that valley, the stiffness k,, and kg,can be found, where no rotation of the
vibratory conveyor will take place. Looking on the stiffness of the springs installed, each pair of
springs installed in point A and B represents a value of 168652 N m™. Following the graph, kg,
is situated in the area of no rotation while the amplitude for k4, corresponds to an amplitude
of approximately 1.00 mm. That means, the rotating component of the motion in point A has
an additional effect of 0.90 mm compared to point B. The graph figure 44 illustrates this effect.
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Figure 44: Rotation component of the amplitude in point A of the conveyor (blue line)

Calculation and graph confirming the experience made during testing the system. So
the equations are verified as useful tool for the general analysis of linear vibratory conveyors of
variant A. In a further step, the calculation model will be used for the determination of spring
pairs, elimination the rotation component of the conveyor.

5.3.3 Time and frequency characteristics of the vibratory conveyor

As a cross check and to verify the calculation for amplitude over time, an additional
calculation and numerical simulation is done for the relation amplitude over time.

This graph shows the time function of the different components of the motion for the
excited system, i.e. The Amplitude of the excitation, the x-component of the amplitude, the
z-component of the amplitude and the rotation component of the amplitude. The rotation
component should ideally be zero respectively very close to zero to enable a smooth linear
conveying motion. A significant rotation component will confirm the effect calculated already
for the model amplitude over stiffness. The result of the numerical calculation of the “Maple”
software id shown in figure 45.
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Figure 45: Graph amplitude over time for the motion of the linear vibratory conveyor.

In this graph, the red line represents the excitation, the blue line demonstrates the
amplitude in x-direction, the green line shows the amplitude in z-direction and the brown line
stands for the rotation of the system under the selected conditions. The expected results are
shown in this graph, corresponding to the experiences made during the operation tests of the
conveyor.

In the further steps, both simulations will be used for the identification and selection of
appropriate springs for the optimisation of the linear vibratory conveyor.

5.3.5 The power effect of the vibratory conveyor on the foundation

In all previous analysis of the linear vibratory conveyor, the effect of the transmission of
vibration to the ground has been neglected. Due to the principle of design of this tested
conveyor of variant A it can be determined, that the system has a very low damping due to its
nature. No dampers are installed between conveying element and frame due to the fact, that
the primary target of conveying good guaranteeing a certain capacity could not be put into
reality under technical acceptable conditions.

Increasing the damping between the conveying element and the frame, to reduce
vibration transmission to the ground, would result a lower conveying capacity and as already
demonstrated in equation (9) a increasing rotation of the conveying element, which in any case
has to be avoided.
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The frame of the existing conveyor is welded of steel profiles, which are foreseen to be
fixed to the ground by heavy duty screws. No rubber damper is foreseen to be situated
between the frame and the ground.

An integration of rubber elements could help to lower the amplitude of the transmitted
vibrations to the ground, but no significant effect would be perceptible. A disadvantage of this
potential approach to solve the problem is the direct effect on the stiffness of the whole
system. The operation conditions regarding the intended motion will change and a loss of
capacity compared to an optimised system will occur.

One favourable solution to segregate the transmission of vibration without the loss of
conveying capacity is the compilation of a vibratory conveyor of variant A into a conveyor of
variant D. This possibility and its effect will be followed as option for the improvement of the
conveyors motion by simultaneous reduction, if possible even elimination of the transmission
of vibration to the environment of the conveyor.
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6 Improvement of the conveyor

This chapter deals with the possibilities of optimising the motion characteristic of linear
vibratory conveyors. Based on the already set up models for the optimisation of the motion
and so by the same time the increase of conveying capacity of one-mass conveyors, the
possibilities and limitations for linear conveyors of variant A and B will be proposed verified by
testing and validated with reference to their potentials and limitations in the first step.

In the second step, a two-mass conveyor system will be analysed, as well with regards
to its possibilities and limitations, but with particular focus on the possibility of elimination of
vibration transmission to the ground. The proposed mechanical model of such a system will be
simulated, verified and validated by testing. To do the verification, a representative function
model is presented, build and tested.

6.1 Improvement of the one-mass system

The target is to influence the motion of the linear vibratory conveyor based on
the described mechanical model. Therefor the centre of elasticity must be moved, which
will be demonstrated using the two alternative possibilities,

a) Modifying the vertical springs stiffness k,,
b) Modifying the distances &, or/and &5 or
c) Modifying the mass

Putting the focus on the capacity, the balance conditions and the possibilities of
modification of the reviewed conveyor, a modification of the mass by fixing additional mass
elements to the hand-over point of the conveyor cannot be preferred.

The modification of the distances &, or &5 will effect a major redesign and
structural changes to the vibratory conveyor. In addition the system will become more
rotation sensitive when the vertical brackets of the frame will be positioned closer to each
other. As soon as the goods to be conveyed will come in contact with the conveying
element, the rotation effect will increase supplemental and the modification will become
counterproductive and under the worst condition totally useless.

To keep the compact and rigid design of the linear vibratory conveyor, the best
possible solution to modify the conveyors motion would be a re-location of the centre of
elasticity. This can be done based on equations (56) to (58), respectively their matrix forms.
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Keeping the mass conditions of the conveying element untouched and ensuring the
damping conditions staying competitive to the presently existing once, a solution will be
found by changing the stiffness conditions of the springs in the points A and B of the
conveyor.

Keeping the focus on this modification possibility, three options of influencing the
situation of the mass centre point with a simultaneous elimination of the rotation part of
the motion are generally possible:

- Changing the stiffness k4, by replacing the springs in point A

- Changing the stiffness kg, by replacing the springs in point B

- Changing the stiffness k,, and the stiffness kg, by replacing all springs in
points A and B

The first option, keeping the stiffness k,, = 158652 N m™ constant on a modified
system, would be a practicable possibility. Looking to the graph amplitude over stiffness, the
corresponding value of kg, can easily be identified:
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Figure 46: Corresponding stiffness k,, and kg, for non-rotation condition (blue line = neutral
zone)
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For the selected stiffness k,, = 168652 N m™, a value for kg, = 352000 N m*is
shown in the graph. Finding springs with this stiffness characteristic, the existing springs in
point B just have to be replaced and the conveying element is expected to generate a pure
linear motion with no rotation components.

Using the same graph it can be determined, that a modification of stiffness k,, by
simultaneous retention of stiffness kg, cannot be realised. The stiffness of the new springs
in point A would become so low, that the conveyor could not realise a technical useful
motion anymore.

Any stiffness modification of both springs along the blue line would be possible as
well. However, it is recommended to select stiffness values not below approximately
k,, = 80000 N m™, to keep the system and the conveying process reliable.

One important decision factor for the method of the modification is the availability
of standard springs. To match the target of implementing an efficient and cost effective
solution with less as possible special solutions into reality, the test application for the
existing linear vibratory conveyor has to be done by the use of standard springs.

A deep investigation on springs with the requested stiffness shows, that no
standard springs for the planned modification are available on the European market for the
case, that the springs used in point A remain in the system. Based on the proposed method
of following the non-rotation zone in the amplitude over stiffness graph, suitable springs
can be identified. For the verification and validation test of the proposed method, the
following springs have been identified and installed:

- Two spring with 51000 N m? stiffness to reach a total stiffness of
k,, = 102000 N m*installed in point A

- Two spring with 124000 N m? stiffness to reach a total stiffness of
kg, = 248000 N m?installed in point B

This combination will comply very closely with the requirements, as shown in figure 47:
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Figure 47: Corresponding stiffness k4, and kg, for the selection of test springs

(blue line = neutral zone)
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Based on that correlation, spring pairs with the specification shown in figure 48 and 49
are implemented to the linear vibratory conveyor:
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Figure 48: Selected spring type for the installation in point A
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Source: Lesjofors AB
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Figure 49: Selected spring type for the installation in point B

The new springs having different length’. To avoid an inclination of the conveying

element, a spacer is installed directly to the frame of the vibratory conveyor. The new

conditions are shown in figure 50.

Source: Own source

Figure 50: Spring with spacer

The effect of the modification using the new springs with a total stiffness of

6.1.1 Modification of the centre of elasticity
ks, = 102000 N m™!

and
kg, = 248000 N m~?!
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Can be simulated by the use of the numerical calculation model and the software
“Maple” again. Replacing the original springs by the new springs, the graph for amplitude over
time will have the characteristic, shown in figure 51:
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Figure 51: Graph amplitude over time for the motion of the modified linear vibratory conveyor

Based on this simulation, the positive effect on the modification can be seen. Again, the
red line shows the excitation, the blue line demonstrates the amplitude in x-direction, the
green line shows the amplitude in z-direction and the brown line stands for the rotation of the
system. This rotation is in a very low and acceptable tolerance range now. The influence of the
rotation on the total motion is now in the area of only +/- 0.1 mm as shown on the outline
figure 52.
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Figure 52: Graph amplitude over time — outline influence of rotation

Based on this simulation, a test series for the determination of the new natural
frequencies and the operation conditions is realised.
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6.1.2 Modification by the use of guiding levers

In chapter 4.1.2, the general dynamic model of a linear vibratory conveyor is already
introduced. In this chapter, the potential effects of such a guiding mechanism to the analysed
vibratory conveyor are simulated. Figure 53 shows the mechanical model of the conveyor, with
integrated guiding levers.
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Source: Own source

Figure 53: Mechanical model variant B of the analysed conveyor

The mechanical model corresponds to the model presented in figure 15. All
assumptions made for the general dynamic model in equations (14) to (17) are valid for the
analysed conveyor.

Assuming that the change of the angle [r during the operation is very small, the
following assumption can be done:

Br < 0 = const. (60)

For that case, the coordinate vectors with the characters x and z can be merged and
replaced by character s. Doing this, the equations (3) und (4) can be merged to

The stiffness k ¢ and kg will have to be determined by the equation

ks =\ kZ+kZ, (62)

With the value of

ks = \[(67166 Nm~1)% + (163000 N m=1)2 = 176296 N m™?
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Taking the influence of the damping into consideration, equation (61) has to be
extended to its following final form

m:S: + (kAS + kBS) s+ (bAS + bBS) - S‘ == FO (O)Ft) (63)

The systems now is reduced to one degree of freedom, having a general expressiveness
for linear vibratory conveyors of variant B.

6.1.3 Simulation of the modification by using guiding levers

The values from the analysed conveyor are transmitted to the numerical simulation
model for the determination of the amplitude over time, which already is applied to the variant
A conveyor. A simulation of the amplitude over stiffness will not be necessary, due to the
reduction of three degrees of freedom to only one degree of freedom. The results of the
simulation are shown in figure 54.
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Figure 54: Graph amplitude over time for the motion of the simulated linear vibratory conveyor
variant B

Again the red line shows the excitation, blue line demonstrates the amplitude in x-
direction and the green line shows the amplitude in z-direction. Due to the condition of only
one remaining degree of freedom caused by the lever arm system, no rotation of the conveying
element takes place.

The additional benefit of a solution with lever arms compared to a conveyor of variant
A is less sensitivity and dependence on the individual stiffness of the springs mounted in point
A and B of the conveyor. As well, sudden changes of the mass of transported objects do not
have a big influence to the vibratory conveyor with reference to the motion characteristic over
its length. The levers enabling a restricted guidance of the conveying element, with and without
conveyed goods.
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Due to the difficult modification possibilities of the analysed linear vibratory conveyor
and the lack of influence to the reduction of vibration to the ground, this solution is identified
as proper solution to optimise a linear vibratory conveyor but will not be verified and evaluated
by tests.

For new designs of linear vibratory conveyors, used in insensitive environments with
reference to vibration transmission, variant B conveyors can be recommended and the
numerical simulation presented is of general use.

6.1.4 Experimental determination and validation of the modification

Based on the calculations done in chapter 6.1, the springs presented in figure 48 and 49
and the spacer shown in figure 50 are implemented. The total stiffness k4, close to the hand
over point of the linear vibratory is now lowered to 102000 N m™ while the total stiffness kg,
close to the back end of the conveyor is increased up to 248000 N m™. The result of the
modification is shown in figure 55:

Source: Own source

Figure 55: One-mass vibratory conveyor with modified springs

A first simple test, exciting the system manually close to the hand over point and at the
back end of the vibratory conveyor supplies the effect of different reaction amplitudes on both
sides compared to the original condition.

To get detailed information of the effects of the modification, a series of tests is set up
with the target to determine

- Resonance frequencies and operation frequencies of the new system
- Effects to the motion of the conveying element
- Effects to the transmission of vibrations to the ground
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Due to the sudden defect of one force sensor, the determination of the necessary

values is done by the use of one single sensor, covering the su
dimensions.

rface stepwise in all three

In the first step, the resonance frequencies in x-, y- and z- direction are determined.

The results are shown in figures 56 to 61:
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Figure 56: Frequencies determined for excitation in x-direction, sensor situated in the

geometrical centre of the conveying element
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Figure 57: Frequencies determined for excitation in x-direction, sensor situated next to the

hand-over point of the conveying element

TECHNICAL UNIVERSITY OF LIBEREC

Faculty of Mechanical Engineering [ ]



Design Optimization of Linear Vibratory Conveyors

[ aoweammimen s |- TE
e Autospectuming 2) Curser Values
FRE input Ingut FFT Analyzer . ¥+ 15.7m me*
e | X=3260H2
18m
Mazimum Vaive
Y =15 7m mis*
om 1 1 1 | X=3260Hz
| Total
Sum + 26 4mee*
e !
07122017 160413 155
f Averaoes 1
2m 3
‘ [ dX = 3250 Hz
dY = 9.39m mys*
I ' Deta
L / \ Sum = 6. 2me*
o +
/
| / i
L
= |
° —~ — —
[] 2 ‘4 6 10 2 " *» » 2
A 4 | =

Source: Own source
Figure 58: Frequencies determined for excitation in y-direction, sensor situated in the
geometrical centre of the conveying element
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Figure 59: Frequencies determined for excitation in y-direction, sensor situated next to the
hand-over point of the conveying element
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Figure 60: Frequencies determined for excitation in z-direction, sensor situated in the
geometrical centre of the conveying element
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Figure 61: Frequencies determined for excitation in z-direction, sensor situated next to the hand-
over point of the conveying element

With reference to the results of the testes, the new resonance frequencies are
determined. To point out the differences to the original assembly, the new values are
compared with the original values by the same time. The results are shown in table 3:

Table 3: Resonance frequencies after modification of the system and comparison with original
values

After modification Original
Resonance in x- direction (conveying direction) 4.25 Hz 3.25Hz
Resonance in y-direction (across conveying direction) 3.25Hz 3.25Hz
Resonance in z-direction (vertical) 5.00 Hz 4.25 Hz
Rotation around x-axis (A): 4.00 Hz 3.50 Hz
Rotation around y-axis (B) 9.50 Hz 8.00 Hz
Rotation around z-axis (C) 5.75 Hz 5.25 Hz

Source: Own source

It can be realised, that nearly all values changed compared to the initial situation. The
frequencies for the linear motion in x-direction and in z-direction showing increased
frequencies of 1.00 Hz, respectively 1.25 Hz, which can be explained by a significant higher
stiffness kg of the new spring pair compared to the original springs, installed close to the back
end of the conveyor compared. In addition, the new springs are 50.00 mm shorter, which
increases the stiffness in x-direction as well.

The frequency in y-direction is not increased, which only can be explained with a
compensation of the stiffness in this direction compared to the original equipment. In any case,
this direction is of no importance to the conveying process and will not be analysed any deeper.

The rotation frequencies around the x-axis and the z-axis is increased by 0.50 Hz, while
the rotation around the y-axis is increased by 1.50 Hz.
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A slight increase of the single frequencies of spectrum is expected due to the total
increase of the stiffness of the system in z-direction from k,,4 =337304 N m* to
k, new = 350000 N m™and is identified during the tests individually.

The second effect to be determined is the re-situation of the centre of elasticity. For
this purpose, again the conveying element is loaded by punctual forces over the full conveying
length in x-direction, to identify the point, where only a linear motion with no rotation
component can be identified. The same procedure is done in z-direction, beginning at the top
end of the conveying element, going stepwise downward into the direction of the ground.

The result of this test is shown in figure 62 and the results are compared anticipant to
the original ones in table 4:

Table 4: Resonance frequencies after modification of the system and comparison with original

value
Centre of elasticity From hand-over point From the top end
After modification 770 mm 300 mm
Original 650 mm 315 mm
Difference +120 mm -15mm

Source: Own source

Force vector

Source: Own source

Figure 62: New centre of elasticity

As result of the modification, the centre of elasticity moved much closer to the force
vector. The major intention for the modification is demonstrated herewith, but unfortunately
the centre of elasticity does not match the excitation vector precisely. The centre of elasticity
would have to be moved additionally 45 mm into the direction of the back end of the conveyor,
do match the force vector.
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Explanations for the difference between existing value and calculated value will be
found in slight mistake calculating the mass distribution of the conveying element to the spring
centre points of the conveyor and production variation in the stiffness of the supplied springs.
It can be expected, that the motion of the goods over the full length of the conveying element
will be much more uniform, but still a small differences of the amplitudes in z-direction will be
found.

In the next step, the motion under operation conditions of the vibratory conveyor has
to be analysed. The acceleration sensor is fixed to the geometrical centre of the conveying
element in x-direction with its recording orientation in z-direction. This position and orientation
is identical to the recording situation during the analysis of the original system and supplies
comparable data.

The data record showing again a clear signal of 16.50 Hz as in the first test. Again the
expected signal of 16.00 Hz as described in the manual of the vibratory conveyer, is not
matched precisely. This confirms the assumption of a slight inaccuracy of the transformer. Due
to the smallness of the difference, this inaccuracy is not corrected and the potential influence
to the results is neglected.

Figure 63 shows the excitation signal of the conveying element, which is identical to the
original signal.
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Figure 63: Excitation frequency of the modified vibratory conveyor

Identical to the test series of the original system, the motion of the reference dots is
analysed. The position of the reference dots has not been changed and is recorded by a photo
camera using slow shutter speed. Doing this, two important parameters can be identified by
the same time. The first parameter is the excitation angle of the different reference dots and
the second parameter is the amplitude of the conveying element in area of the reference dots.
The focus again is put on the amplitude in z-direction of the conveying element.
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The angles of the excited reference dots are shown in figure 64:

o |

Source: Own source

Figure 64: Motion of reference marks a) close to hand over point, b) close to conveying element
centre c) close to back side

Legend corresponding to figure 64:

- The orange Line represents the horizontal (parallel to x-direction)
- The yellow line represents the angle of excitation of 30°
- The red line represents the motion of the considered reference mark

The evaluation of the test shows the following results:

- The motion of reference mark “a” takes place under 34° to the horizontal i.e. +4° to the
excitation direction

- The motion of reference mark “b” takes place under 30° to the horizontal i.e. the
excitation direction

- The motion of reference mark “c” takes place under 26° to the horizontal i.e. -4° to the
excitation direction

The analysis of the amplitude after the modification supplies the following results:
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Front
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Back
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Amplitude in z-direction: 1.0 mm
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Figure 65: Amplitudes in z-direction of reference marks after modification

The amplitude in z-direction after the modification compared to the original values is
almost identical in all referent dot positons. For the selection of the new springs, the intended
amplitude has not be pre-defined, due to the intention of using standard springs for the test.
The measured amplitudes in z-direction are higher than calculated, but this can be explained
with the real situation of the centre of elasticity being closer to the force vector, but still not
being touched by it.

The target to generate an even motion of the conveying element is nearly precisely
matched by the test. The distance in x-direction between centre of elasticity and force vector
centre still results in a slight unevenness of the motion over the full length of the conveying
element, but the results are much closer to the ideal motion now.

It can be assumed, that a small modification of either the stiffness k,, or kg, would
result in the intended effect of a completely even motion. Table 5 shows the comparison of the
results before and after the modification of the system:

Table 5: Comparison of angles and amplitudes before and after the modification

Reference Original value Value after Difference
modification

Angle at hand-over point 42° 34° -8°
Angle in geometrical centre 30° 30° 0°
Angle at the back end 18° 26° +8°
Amplitude at hand-over point 2.00 mm 1.50 mm -0.50 mm
Amplitude in geometrical centre 1.10 mm 1.30 mm +0.20 mm
Amplitude at the back end 0.80 mm 1.00 mm +0.20 mm
Source: Own source
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6.1.5 Improvement of the conveying process

In a further step, the same sample part as in the test sequence of the original equiped
vibratory conveyor is used for the representative analysis of the goods motion. As already
expected, the good is conveyed showing a bigger amplitude from the beginning of the motion
at the back end position in x-direction of the conveying element. But the motion is still smooth
and strictly orineted into the direction of the hand over point. Over the full length of the
conveying element, only a very slight cahnge of the goods motion occures. The amplitude of
the good increases a little bit in the area of the geometrical centre of the conveying element
but then remains nearly constant until it reaches the hand-over point. The speed of the good in
x-direction is not decreasing anymore and the blocking effect does not occure.

The motion is recorded by a video camera and the video is attached in appendix 5 to
this dissertation. A representative outline of the motion is shown in figure 66:

Source: Own source

Figure 66: Recorded motion of an example good after the modification. Position a) near the
start point, b) in the area of the geometrical centre and c) close to the hand-over point of the
conveying element

6.1.6 Transmission of Vibration to the ground after modification

After the successful optimisation of the conveyors motion, the focus has to be put on
the transmission of vibration to the ground of the modified system. For this purpose, the
vibration sensor is fixed to one of the two traverse steel bars of the frame, close to its
geometrical centre in x-direction. Again it is oriented in z-direction to record the full spectrum
of the vibrations transmitted by the conveying element.

Due to the relevance of vibration signals up to 100.00 Hz, the recorded spectrum
shown in figure 67 is cut off at this value.
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Figure 67: Recorded spectrum of vibrations to the ground from 0 — 100 Hz after the modification

The graph shows again the 16.50 Hz excitation signal and its multiples. The amplitude
of the excitation signal is nearly identical to the original installation but the signals of all
multiples increased significantly. The third multiple of 66.00 Hz is lower, but the fourth multiple
of 82.50 Hz is nearly identical compared to the original application and the fifth multiple of
99.00 Hz is approximately 5 times higher than in the test of the original conveyor.

This small differences of the transmission of vibrations to the ground must be mainly
explained by the significant change of the spring stiffness in k4, and kg, compared to the initial
situation. The situation generally is very similar to the initial transmission of vibrations to the
subsoil.

This result demonstrates, that the optimisation of the motion and the simultaneous
reduction of vibration to the ground of a linear vibratory conveyor designed as a one-mass
system is not possible. It will be tested, if a two-mass vibratory conveyor will fulfil this
requirements. For this purpose a function model is designed and tested and the results are
documented in the following chapter.

6.2 Model of a two-mass system

In chapter 4.2, the design principles and additional possibilities for the modification of a
conveyors motion is generally explained. The additional benefit of the specific control of the
transmission of forces and vibrations of a two mass linear vibratory conveyor as well is
explained and supported by the implementation of general equations. For an easy recall of the
principle, figure 68 shows the mechanical model of such a system once again:
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Source: Own source

Figure 68: Observed mechanical model of a two-mass linear vibratory conveyor

For the optimisation of the conveyors motion by the simultaneous elimination
respectively lowering of vibration transmission to the ground, the following condition with
reference to the modification of the angles 8, and 8, of the mechanical model is of highest
interest to be observed:

B1 = B2
Following up equations (39) and (40) already developed in chapter 4.2, the zero
displacement s, of mass m;and the maximum displacement s, of mass m, can be found with

the help of the corresponding equations for the case 8, = 3,

(kz1—miw?)Fgg

S10 = an 64
10 (k1—-myw?)(kz1—maw?) =Kk myw? (64)

_ k21Fgo
S20

= . 65
(k1—-myw?)(kz1—myw?) =Kk myw? (65)

Equation (64) can be adjusted in a way that s,y will become zero. This will be the case
for k,; = myw?. For that case, the minimum transmission of forces to the floor is
achieved [28, 30].

To explain the importance of this case for the solution of the described problem, the
optimisation of the motion of the conveying element by simultaneous elimination respectively
reduction of vibration transmission to the ground, the following general graph for the
amplitude s over frequency w function of a two mass swing system will be observed.
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Figure 69: Amplitude over frequency function of the two-mass swing system

The graph generally describes the amplitude over frequency function of two masses,
m4 with the amplitude s; and m, with the amplitude s,. Mass m, is excited directly by a drive
while m, is excited by mass m,. Observing the area of the red line, the amplitude s; of mass
m, is zero, while the amplitude s, of m, matches it's maximum.

Matching this point permanently with an excited operating two-mass conveyer would
have the effect that mass m; remains stationary, receiving the full excitation and mass m, will
work as absorber, transmitting the full excitation into the maximum amplitude S ;45 Using
mass m, as conveying element, the optimum motion will be generated to convey the goods
under optimum conditions with the maximum capacity of the conveyor. By the same time, any
vibration to the ground is eliminated by the excited mass m,.

Based on this dynamical model, the minimum transmission of vibration and forces to
the floor is achieved. As soon as mass m, remains stationary, the total excitation is passed over
to the absorber mass m,, supplying the optimum conveying of goods [26]. To achieve the
optimum performance of the system, the influence of the mass of the goods has to be taken
under consideration, otherwise the conveyor will operate outside his optimum conditions
immediately, as soon as the goods touching the conveying element.

This kind of two-mass vibratory conveyor based on the absorber principle has to fulfil
the following important conditions very precisely to enable the intended performance:

- Masses, operation frequencies and stiffness of the implanted springs have to be
concerted precisely
- The mass with corresponding tolerance field of the goods to be will have to be

determined
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If these conditions are chosen precisely, the intended performance of the conveyor can
be realised. Figure 70 shows an example for the selection of fitting conditions and the resulting
function amplitude over time.
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Mass 1

Excitation Mass 2 t[s]

Source: Own source

Figure 70: Amplitude over time function of the implemented two-mass swing system

In the following chapter, the data for a function model for the verification and
validation of tests is developed and simulated.

6.2.1 Simulation of the conveying process

As starting point for the calculation and construction of the test model is the selection
of the excitation source. An electromagnetic exciter, generating an excitation of f = 50 Hz is
available.

The intention is to run the model in resonance, to achieve the optimum performance of
the conveyor. The necessary spring stiffness and masses can be determined by selecting springs
and finding the corresponding masses based on equation (44). This equation is converted to

m==. (66)
With
w = 2nf (67)

One target for the design of the model is the use of standard springs. To simplify the
conditions, it is decided to use the same springs for mass m,and mass m,.

So the following definition can be made:

ki = kyq (68)
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Standard springs with a stiffness of 232860 N m™ and a length of 75.00 mm are chosen
for the model and two springs are installed per mass, so the total stiffness per mass is
465720 N m™ based on equation (63), the necessary masses m;and m, are determined. Doing
this, all necessary mechanical parts for the design like levers, springs, screws, bearings etc. have
to be dedicated correctly to the masses miand m,. For these masses in dependence to the
spring stiffness and the frequencies w; and w, can be calculated.

The values used for the test model are the following:
w; = 314.16 s (corresponding to f; = 50.00 Hz),
my; = 25.88 kg and
w, = 134.15 s71 (corresponding to f, = 21.35 Hz),
m, = 6.45 kg.
For the angle is selected:
B =B, =30°

Based on these data, the function model shown in figure 71 is designed. As material
steel with the specification S235 JR is selected.

Source: Own source

Figure 71: Function model of a two-mass vibratory conveyor
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Mass m, is assembled of the conveying element, the half-length of the two springs and
the half-length guiding levers. For the calculation of the mass with help of the CAD-model, only
one spring and one lever pair is calculated while the second lever pair will be added to mass
m,. This procedure supplies the most precise results. Figure 72 shows the assembled parts
involved in the mass calculation of m, under use of the sectional view:

Source: Own source
Figure 72: Components of mass m,

Mass m; consists of the excited mass element, the half-length of the springs connected
to mass m,, the half-length of the springs connected to the frame of the model, the half-length
of the levers connected to mass m, and the half-length of the levers connected to the frame.
For the mass calculation the same method is used, i.e. the calculation of two springs, in total
four levers and the excited mass. The parts involved for the calculation of mass m, are shown
in figure 73, again as sectional view:

Source: Own source

Figure 73: Components of mass my

The frame section consist of the remaining parts and the electromagnetic exciters. It
will be put to the ground with no fixation. For the completeness, the frame section with its
elements and a total mass of ms = 20.53 kg is shown as sectional view in figure 74. For the
determination of the requested results, the mass ms can be neglected.
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Source: Own source
Figure 74: Components of mass ms

The motion of the masses m,; and m, now can be described by differential equations.
These equations are solved numerical by the use of the mathematical software “Maple”. The
detailed calculations are attached in the annex to this dissertation.

As result of the calculation, the graph for amplitude over time of the motion, shown in
figure 75 is received:
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Figure 75: Graph amplitude over time for the two-mass conveyor model

The graph confirms the intended motions of the masses m; and m,. It shows, that the
full excitation is passed over from the excited mass m; to the absorber mass m,, representing
the conveying element. Mass m, remains stationary and the vibration to the ground is cut off.
This simulated motion will be confirmed and evaluated by test in the following chapter.
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6.2.2 Experimental determination of the two-mass systems characteristic values

Based on CAD-drawing presented in chapter 6.2.1, the two-mass test conveyor for the
verification of the calculation model has been built. It is made of laser cut steel elements using
standard steel S235JR. The shape of each element including all necessary drill holes are
manufactured using the laser cutting technology. For the manufacturing of the single elements,
tolerances based on standard DIN 7168-1 medium have been used. The tolerance ranges
defined in this standard are shown in table 6:

Table 6: Tolerances based on DIN 7168-1

Class of Limit of deviation in mm for nominal size range in mm
tolerance 0,5-3 >3-6 > 6-30 >30-120 > 120- >400-1000 | > 1000-2000
400
f (fine) +/-0.005 | +/-0.005 | +/- 0.10 +/-0.15 +/-0.20 +/-0.30 +/-0.50
m (medium) | +/-0.10 +/-0.10 +/-0.20 +/-0.30 +/-0.50 +/-0.80 +/-1.20
c (rough) J. +/-0.50 | +/-1.00 | +/-1.50 | +/-2.50 | +/-4.00 +/-6.00

Source: Own source

The medium class of tolerance has been selected due to the manufacturing precision
and possibilities of the existent laser in the company manufacturing the steel element. The
bearings for the levers are manufactured as bush bearings, as well made of standard steel pipe
and shaft elements. Shafts with a diameter of 11.00 mm are pressure-grouted to the conveying
element m,, the excited mass m4, and the base frame m3 of the conveyor.

The standard steel pipes with an outer diameter of 15.00 mm as well are pressure-
grouted to the already fixed shafts. The drill holes diameters of the levers having diameters
between 15.05 mm and 15.08 mm depending on the tolerance manufactured. The arising gaps
may are used for the lubrication with oil. The relatively big gaps of 0.025 mm to 0.04 mm will
be analysed with regards to impacts on the frequencies and the motion of the conveyor.

To avoid any kind of distortion, stresses and unplanned mass increase to the conveyor,
the whole construction is bonded by using a two-component metal bond. Due to the fact, that
mainly pressure loads are expected to take effects on the construction, this method will
generate sufficient stability to the system.

The selected springs are fit self-centred to the arbores, working by the load of the
conveying element m, and the excited mass m;. No additional fixation is foreseen. The
electromagnetic exciters are fixed to the base frame m3 using metric screws M8. The counter
elements to the exciters are fixed to the excited mass m,, as well using metric screws M8. The
finished and ready to work installation of the two-mass linear vibratory conveyor is shown in
figure 76:
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Source: Own source

Figure 76: Two-mass linear vibratory conveyor test model

The electromagnetic exciters of the new conveyor have been taken from a blow feeder
type SMB 6 of the German manufacturer Sortimat. This exciter is already described in chapter
6.2.1 and is selected previous to the design of the new conveyor, due to the similarities of the
masses to be moved and the stiffness of the springs comparing the new linear conveyor with
the bowl feeder. The following additional technical data of the exciter shown in figure 77 are:

- 220V, 1pH

- Max. current: 1.13 A

- Max. achievable amplitude: 2.50 mm
- Excitation impulse: 25 Hz

Source: Own source

Figure 77: Electromagnetic exciter and its technical data
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The analysis of the two-mass new linear vibratory conveyor starts with the
determination of the natural frequencies of the system. In the first test, the sensor is fixed to
the conveying element m, in x-direction and in z-direction. The excitation occurs in recording
direction of the sensor. The recording spectrum is selected from 0 — 1000 Hz to catch all

representative frequencies. Figure 78 shows the results recorded in x-direction, the main
intended conveying direction:
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Figure 78: Frequencies determined for excitation in x-direction of the conveying element
mass m,

The main frequencies identified are 22.50 Hz and 50.00 Hz which represents by far the
strongest signal. Between 75.00 Hz and 600.00 Hz, a wide band of not identifiable frequencies

occurring. These frequencies have to be seen as random noise caused by the imperfections of
the multiple bearings.

The clear 50.00 Hz signal matches precisely the calculated value for f; of the excited
mass m, in correspondence to the stiffness of the selected springs. This demonstrates the
preciseness of the manufactured steel parts and of the spring stiffness.

The 22.50 Hz is slightly above the expected frequency f, of 21.35 Hz for the conveying
element mass m,. Presuming, that all springs having a similar preciseness, a small difference of
the conveying elements mass m, supplies the reason for this differences.

To crosscheck the results, the natural frequencies in z-direction of the conveying
element m, are analysed and the results are shown in figure 79:
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Figure 79: Frequencies determined for excitation in z-direction of the conveying element

mass m,

The graph of the identified frequencies looks very different compared to the graph
recorded in x-direction and frequency peeks now can clearly be identified. The frequencies
22.50 Hz and 50.00 Hz as well as their doubles and triples clearly can be identified, but the
following signals cannot be put into any relation to these frequencies. It must be assumed, that
in the range over 150.00 Hz, the influence of the various imperfections with regards to the
fixation of the springs and the play in the bearings creating strong signals if the system gets

excited in z-direction.

It can be expected, that a signal above 100.00 Hz will not have strong impact on the
motion of the conveyor and these signals will not be analysed any deeper. For the further
analysis on operation, the x-direction as the major conveying direction will be analysed

exclusively, to avoid the influence of potentially disturbing signals.

The next analysis is done by fixing the sensor in x-direction to the excited mass m; and
exciting this mass in x-direction as well. The results of the natural frequencies identified is

shown in figure 80:
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Figure 80: Frequencies determined for excitation in x-direction of mass m;

Again the 22.50 Hz and 50.00 Hz signals are identified clearly and the graph shows
strong similarities to the graph shown in figure 78. The peaks above 100.00 Hz are appearing
more clearly compared to the results recorded on mass m,, but the general explanation for this
random noise, various imperfections in the bearings and the fixation of the springs, has to be
confirmed.

The analysis by fixing the sensor in z-direction to the excited mass m,, exciting this
mass in z-direction results in the recording shown in figure 81:
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Figure 81: Frequencies determined for excitation in z-direction of mass m,

Clearly the 50 Hz signal can be identified, but already the double frequency of 100.00
Hz is surrounded by even stronger interfering signals. The 22.50 Hz signal cannot explicit be
identified. This confirms the affiliation of this frequency to the conveying element m,. The
signal is absorbed by the various interfering signals caused by the already named
imperfections.
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Comparing the graphs shown in figure 79 and in figure 81, only a far similarity can be
seen. The random noise as a different effect to the much higher mass m; compared to the
mass m,, representing only one quarter of m;.

For the further analysis, again only the x-direction as the major conveying direction will
be analysed exclusively, to avoid the influence of potentially disturbing signals.

In the following step, mass m; is excited by the electromagnetic excitation device.
Doing some trials to find the best adjustment, the 50 % excitation power of the device, shown
in figure 82, turns out to be the optimum operation condition. Below this adjustment, the
amplitude generated is too small to supply a significant effect to the conveyor. Above the 50 %
position, the imperfections of the conveyor showing effect of strong disruptive vibration effects
to the system and the goods to be conveyed.

Source: Own source
Figure 82: Operation controller of 2-mass linear vibratory conveyor on 50 % operation power

On operation only very little amplitudes << 1 mm occur, so only analysis of acceleration
over frequency can be done for the verification of the calculation presented in chapter 6.2.

For the first analysis on operation, the sensor for the recording is placed in x-direction
to the conveying element m,, which is the major conveying direction. The results are shown in
figure 83:
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Figure 83: Excitation frequency during operation in x-direction of the
conveying element mass m,
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The graph shows a clear 50 Hz signal and signals of the multiples of this frequency. The
acceleration of the 50.00 Hz signal is 19.90 m s, the double frequency of 100.00 Hz already
shows only 1.50 m s2. All other multiples of the 50.00 Hz signals up to 1000.00 Hz getting
weaker from period to period.

The conveying element m,, is precisely running in resonance with the excitation signal
and the major natural frequency of the excited mass m;. By the same time, is running over
resonant to its own natural frequency of 22.50 Hz. Due to the lower mass of the conveying
element m, compared to the excited mass m,, this effect could be expected and will not have
negative impact on the capacity of the linear conveyor.

Based on the general equation [1]
F(t) = —m-w?-s(t) (69)

the maximum amplitude of the conveying element can be calculated using the
transformed equation

F(t)

§=—= (70)
with
F(t) =m-a(t) (71)

the equation can be simplified to

s =29, (72)

—w?
The following parameters are known:
m=6.45kg
and
a=199ms?,
so the calculated absolute value for the maximum amplitude is
Sy0 =0.20mm.

Based on equation (54), an excitation force of F; =90.10 N can be determined.

The result of this calculation corresponds with the observed motion of the conveying
element m,. The precise determination by measuring is not possible with the instruments
being available in the laboratory, so the result from the calculation is taken for the further
contemplation.
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In a second test, the sensor is installed in x-direction to the excited mass m,. The result
of this test is shown in figure 84:
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Figure 84: Excitation frequency during operation in x-direction of mass m,

Again, a clear and interference-free 50.00 Hz signal is recorded. The acceleration on
50.00 Hz shows a value of 0.638 m s2. The signals for the double and triple of the excitation

frequency showing values in the range of 0.500 m s?, all further multiples are in the range
below

0.100 m s2and can be neglected.

Based on equation (72), the calculated absolute value for amplitude of the excited mass
myis

S10 = 0.0065 mm,

which is only 3.2 % of the conveying elements acceleration. The real amplitude over
time function is shown in the scaled outline graph figure 85:
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Source: Own source
Figure 85: Graph amplitude over time of the tested real two-mass conveyor
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This analysis confirms the correctness of the calculation presented in chapter 6.2 and
equations (64) and (65). The excited mass m4is nearly in static condition with very low
amplitude, while the conveying element m, operates in resonance with a 31.2 times higher
acceleration, generating a significant amplitude for the conveying of goods.

The imperfections in manufacturing of the elements the conveyor consists of, the
simple bearing type as well as the week fixation possibilities of the springs used in the system
are identified to be the reason for the generation of the remaining motion of the excited mass
m,. It can be assumed, that optimized conditions would cause in even better results.

6.2.3 Effect of the conveyed goods on the two-mass system

The last trial is done to find the tolerance range for the loads conveyed by the two-
mass vibratory conveyor.

Due to the fact that the conveyor is built under adherence of the optimum masses for
the empty system the value of interest will be the maximum mass to be put to the conveying
element, avoiding an amplitude generating the risk of destruction of the conveyor. Figure 85
shows the general idea of the test:

0.0006 I

s[m]

0.0004

0.0002

100 200 300 400 500 700 B00
1F[s1]

-0.0002

-0.0004

=0.0006 I
Mass 1 —— Mass 2

Source: Own source

Figure 86: Amplitude over frequency function of the tested two-mass swing system and its
optimum operation point (red line) and its presumed amplitude tolerance range (grey line)
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For the determination of the requested range, masses of 0.50 kg, 2.00 kg and 5.00 kg
are put to the conveying element of the operating conveyor. The mass of 5.00 kg represents

the maximum mass fitting to the conveying element. To receive reference figures for the
comparison and evaluation of the test results, the different masses are set into equations (64)
and (65) in advance of the tests. The results of these calculations are shown in table 7:

Table 7: Calculated amplitudes s,y and s, for different masses on the conveying element m,

Casel Case 2 Case 3 Case 4
Added mass [Kg] 0.00 0.50 2.00 5.00
Total mass m, [Kg] 6.45 6.95 8.45 11.45
Amplitude 519 [mm] 0.00 0.0014 0.0018 0.0032
Amplitude 5,9 [mm] 0.204 0.189 0.156 0.110

Source: Own source

For the calculation, an excitation force Fy = 90 N has been presumed. The results of
the calculation including the mentioned systematic deviation are transmitted into the graphs

87 and 88, showing the amplitude over mass function:

s[mm]

0.00004

0.00002

-0.00002
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0
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Figure 87: Amplitude s for empty conveying element and added masses
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Figure 88: Amplitude s, for empty conveying element and added mass

The graphs showing the expected behaviour characteristics of the amplitudes, caused
by the increase of mass m, due to addition of goods. The graphs are corresponding to figures
69 and 86, showing an increase of the amplitude s;, and a decrease of the amplitude s, as
reaction on the mass load of goods to be conveyed.

The calculated value for sigof the unloaded conveyor of 0.0009 mm shows a big
difference to the measured value of 0.0065 mm. This difference can only be explained by
influences due to imperfections of the manufacturing process of the conveyor, resulting in a
higher measurement values. Due to the smallness of the amplitude and the obviously
sensitivity to not identifiable perturbations to the recorded real-data, it will be resigned on
further tests with sensors mounted to mass m,, due to the lack of certainty.

In addition, the transformation of the amplitude over frequency function is analysed
with regards to its transformation caused by the change respectively increase of the total mass
m, by loading the conveying element with goods. It can be expected, the characters of both
amplitudes m; and m, will change and the location as well as the maximum value of the
amplitude of m, will change.

Figure 89 shows a comparison of the characters of the graph of the unloaded system
and the system loaded with 5.00 Kg:

TECHNICAL UNIVERSITY OF LIBEREC i.=
Faculty of Mechanical Engineering | EEE

101



Design Optimization of Linear Vibratory Conveyors

0.0006 / 0.0006 /
s[m] s[m]
0.0004 0.0004
0.0002 0.0002
0 0
100 200 300 400 500 00 800 10 2 300 400 S0 3 700 800
omegar [s7H] omegar” [S[1]
-0.0002 -0.0002
-0.0004 -0.0004
-0.0006 -0.0006
Massl —— Mass 2

Source: Own source

Figure 89: Amplitude s, for empty and loaded conveying element (left: empty, right: loaded)

It can be seen, that for the loaded system the inflexion points of the curves moved
slightly in direction of the zero-point of the w-axis. By the same time, the gradient of the
m4-curve becomes flatter in the area of crossing the w-axis and the m,-curve becomes wider.
The maximum amplitude of the m,-curve is slightly lower (shown by the grey lines). As a result
of these graphs, the increase of loads on the system will result in lower amplitudes of the
conveying element. These diagrams confirming the results of the graphs for the amplitude to
mass correlation, shown in figure 87 and 88. Generally it can be expected, that a load of 5.00 Kg
will not cause a strong change in the motions and conveying characteristic.

The described effect can be compensated by increasing the excitation force Fg if
necessary, to avoid a decrease of the conveyors capacity. The amplitude of mass m, will be
increasing by the same time, but due to the expected, very small changes it can be assumed
that it will still be very low and of no significant influence to the transmission of vibration to the
subsoil.

After the determination of the calculated results, the conveyor is loaded with the
different masses as shown in figure 90 and a corresponding video showing the masses in
motion is added in the appendix 6 to this dissertation.

Source: Own source

Figure 90: Goods on conveying element mass m, during test; a) 0.50 kg, b) 2.00 kg, c) 5.00 kg
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During the test, the acceleration of the conveying element m, is measured in
x-direction and the result for the maximum load of 5.00 kg is shown in figure 90:
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Figure 91: Excitation frequency during operation in x-direction of the conveying element mass
m, including 5.00 kg mass element

The identification of differences in the conveying velocity, documented in the video of
appendix 6, is very difficult. All masses are conveyed by approximately the same speed. The
result of the recorded acceleration graph for the mass of 5.00 kg shows a maximum
acceleration value of 8.90 m s, which is a significant difference to the empty conveyor. Based
on equation (69), the amplitude of the loaded conveying element is now:

Sy0 = 0,09 mm

Comparing the test result with the calculated result for the total added mass of 5.00 kg
to the conveying element of s;3 =0.11 mm, a difference between calculated and measured
value of only 0.02 mm occur. This difference can be explained by the real excitation force,
being slightly smaller than the presumed 90 N, respectively some friction in the bearings of the
whole system.

The result generally confirms the expectations of the test. The observed motion
characteristics of the goods to be conveyed demonstrating, that the two-mass vibratory
conveyor in practice does not react very sensitive to an increase of the mass by 5.00 kg, which
is already 78 % increase to the mass of the conveying element. By the same time, the
transmission of vibration to the ground still is massively reduced, compared to a one-mass
linear vibratory conveyor.
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6.2.4 Evaluation of the Two-mass system

It surely can be expected, that two-mass vibratory conveyors based on the tested
design principle will be able to convey a multiple mass of goods compared to the mass of its
conveying element. They will show a smooth and stable conveying characteristics by very low
transmission of vibration to the ground.

Unfortunately it is not possible to match a maximum tolerance value for the
permissible loadings of the tested conveyor. But due to the dimensions of the conveying
element, it's mass and its support the conclusion can be done, that this type of design will allow
the transport of high loads without the risk of damages or even destruction of the conveyor or
parts of it.

The expected, measureable increase of the maximum amplitude by increasing the loads
in the range of the test conveyors possibilities, unfortunately cannot be verified. Increasing the
load by 78 %, not a decrease of the amplitude can be detected on the conveying element,
having no big influence on the capacity of the conveyor.

Based on the tests it can be presupposed, that even rapid load changes, caused for
example by filling up the conveying element sequential, will not have a significant impact on
the conveying characteristics of the linear vibratory conveyor. This result confirms the
suitability of a two-mass vibratory conveyor based on the calculated design principle for the
efficient use in industrial applications.

With reference to the reduction respectively isolation of vibrations to the ground,
caused by the linear vibratory conveyor and its goods, the test confirms totally the
expectations. The excited mass m; is nearly coming to static condition and the forces are
passed over to the conveying element m,, operating as absorber mass.

Herewith, the general objective of this dissertation, the optimisation of the conveying
process by simultaneous reduction of vibrations to the ground is achieved and the correctness
of the developed equations and the industrial applicability is achieved and confirmed.

6.2.5 Recommendations

For future designs of linear vibratory conveyors based on the introduced and
scientifically proven principle of this dissertation, the following recommendation are worth to
be considered:
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- The calculation introduced in this dissertation is open to be using different possibilities
regarding the selection of individual spring stiffness, excited and conveying element
masses and excitation frequencies. By the selection of springs with the individual
stiffness, different masses or different excitation frequencies, equal or very similar
results will be achieved with reference to the performance of a conveyor and the
reduction of vibration to the ground. Designers will have to choose the optimum
conditions for each individual system in dependence of shape and mass of the goods to
be conveyed.

- Based on the experiences with the test conveyor, it has to be put special attention to
the bearing technology and individual design of a conveyor. Probably the best
possibility is the use of fitting and shock resistant roller bearings, to avoid the
generation of additional, unwanted vibrations to the system.

- The fixation of the springs to the vibratory conveyor is of additional importance. Here
as well unwanted vibrations could occur. The springs should be selected with regards
to a proper pre load condition generated especially by the conveying element, to avoid
unwanted bouncing effects.

- Designing and calculating the conveying element, it can be of use to pre assume a
certain base load of goods to be conveyed to the conveying element, to increase the
capacity range with reference to the maximum upper tolerance limit of the load.

An additional positive effect on a two-mass linear vibratory conveyor operating on the
analysed type can be generated by the additional implementation of pneumatic springs to such
a system. Doing this, a systematic increase of stiffness can be generated and mass variations
will be compensated due to the relation presented in equation (47). A linear vibratory conveyor
can easily be adjusted to convey for example coal or coke, having significant different specific
masses. By a simple pressure adjustment, the same conveying conditions can be generated for
the different materials. Figure 92 shows an example of a pneumatic spring element.

Source: Own source

Figure 92: Pneumatic spring element

Fitting this kind of pneumatic spring into a two mass linear vibratory conveyor between
mass m, and mass m, in a way that the pneumatic force Fy,,, will affect the levers as shown in
figure 93, the intended impact on mass variations of goods can be generated.

TECHNICAL UNIVERSITY OF LIBEREC i.=
Faculty of Mechanical Engineering | EEE

105



Design Optimization of Linear Vibratory Conveyors

Source: Own source

Figure 93: Effective force Fy,, caused by a pneumatic spring element

Taking all these aspects under consideration, a two-mass linear vibratory conveyor
based on the principles presented, will operate under stable conditions and with very low
generation of vibration to the ground.
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7 Conclusion

This dissertation deals with the function and performance optimisation of linear
vibratory conveyors. Target of the dissertation is to introduce equations of common validity,
enabling the optimisation of the motion of existing linear vibratory conveyors and linear
vibratory conveyors in the stage of their design development with regards to the optimum
performance and capacity and simultaneously the reduction of transmission to the ground.

Initially, different typical designs of linear vibratory conveyors are introduced, their
operating principles are explained and representative excitation devices are described. Four
conveyor types are identified, where later the three most common linear vibratory conveyor
design types are selected for further analysis.

Two dynamical models for linear vibratory conveyors operating on the principle of one-
mass being excited and working as conveying element by the same time are set up. The
corresponding equations to these principles are developed and with help of mathematic
software numerical simulated. In a next step, a dynamical model for a linear vibratory conveyor
consisting of an excited mass and an absorber mass, operating as conveying element is
introduced. The corresponding equations for the determination of the motion forms of these
types of conveyors are developed and three cases of general interest are described. A short
introduction of potential goods to be conveyed by linear vibratory conveyors and the
corresponding effects between conveyor and goods is given, followed by a description of the
conveyors’ effect to the subsoil.

In the next step, an existing linear vibratory conveyor is deeply analysed with regards to
its motion characteristics and the transmission of vibration to the ground. This is done by a
detailed experimental determination of the characteristic values in the laboratory. A
verification of the developed equations follows by developing an individual dynamical model of
the particular linear vibratory conveyor and the numerical simulation using the determined
data of the analysis. Based on the results of the numerical simulation, the parameters for the
optimisation of the conveyor are calculated. The determined modifications are implemented to
the linear vibratory conveyor and verified by an addition analysis of the conveyors motion and
vibration transmission.

Due to the expected, unsatisfactory results regarding the transmission of vibration to
the subsoil, a two-mass test vibratory conveyor is designed. It is operating based on the results
of the developed equation for the use of an excited mass, passing over the full excitation to an
absorber mass, with the intention to work as conveying element. By the same time, the excited
mass is intended to come to rest position and isolating the vibration to the subsoil.

The idea is verified and validated by building the two-mass linear vibratory conveyor
and the experimental analysis of the conveyors motion and emission of vibration.
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The calculated result is matched nearly perfectly and the calculation can be used for
general design purposes. Only due to some imperfections in the bearings and the fixation of
the springs, the isolation of vibration to the ground is not isolated totally.

Finally, the effect of the conveyed goods mass is analysed experimentally by a stepwise
increase of mass elements to the linear vibratory conveyor. As result of the limited test can be
recorded, that two-mass linear vibratory conveyors built on the principle of the determined
equations are operation under very stable conditions, even under the condition of heavy load
changes.

The target of the dissertation, function and performance optimization of linear
vibratory conveyors is fully achieved and equations as well numerical calculation tools for the
general, reproducible design of linear vibratory conveyors are developed.
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Dissertation as PDF-file:
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CAD-model of the tested one-mass linear vibratory conveyor:
“11 _mass_system_asm.stp”

CAD-model of the tested two-mass linear vibratory conveyor:
“2 2_mass_system_asm.stp”

Video of the one-mass linear vibratory conveyors” original motion:
“3 1_mass_original.mov”

Video of the one-mass linear vibratory conveyors” motion after the modification:
“4 1_mass_modified.mov”

Video of the two-mass linear vibratory conveyors” motion with different masses:
“52 mass_different_goods.mov”

Maple calculation folder including:
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“8 amplitude_stiffness_simplified_model.mv”
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“10 amplitude_time_lever_model.mv”

“11 amplitude_time_variant_B_conveyor.mv”

“12 amplitude_stiffness_modified_conveyor.mv”

“13 amplitude_time_modified_conveyor.mv”

“14 2_mass_system_30_30_testmodell_realfedern_v5b_k21b_fuer_modell.mv”
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