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MORPHY THE MULTIFUNCTIONAL CORDLESS GARDEN TOOL -
PRODUCT DESIGN PROJECT

TAMAS BIRTA-DANIEL HERBST-GABOR KISS-
KRISTA KIVIHALME-BEATA KUBLIK-MIKLOS MEZEI-
KAISA OINONEN-PAAVO PARKKONEN

University of Miskolc, Institute of Machine and Product Design
3515, Miskolc-Egyetemvaros, Hungary
JAMK University of Applied Sciences
PO BOX 207, FI-40101 Jyvéskyld, Finland
tamas.birta@gmail.com

Abstract: This paper is about designing a garden hand tool that means a full product design from the
market research to the shape and part design. Main guidelines of the international product
development project were given by Robert Bosch Power Tool Ltd. Universities of the contribution
pointed on the main milestones and deadline. We assess market requirements and user needs. Our
group has found possible field of improvements that can be competitive with current products and
even completely new.

Keywords: multifunctional product, product design, cordless, battery, garden tool, market

1. Introduction

The international product development project was contributed in cooperation between the
University of Miskolc, Hungary and the JAMK University of Applied Sciences, Finland.
The process of the project was supported by both Finnish and Hungarian supervisors and
also by the representative of Bosch. From different fields of engineering studies the
students worked in a real life case for the multinational company. There were two student
groups working separately on the same task. The subject of the project was about creating a
cordless gardening tool with at least three functions.

The name of the tool is Morphy that comes from the Latin word: metamorphosis. It
supposes to mean what our designed tool is capable of. Morphy is a lawn and garden tool,
multipurpose and battery operated. It is a revolutionary cordless garden tool in its area.
What people need is to make various garden tasks easier and entertain with additional
technologies like smart applications, achievement system, capability of smart glasses and
revolutionary design with changeable housing colour. We truly believe that gardening tasks
can be fun and could mean so much more than something to get over it.

We would like to connect an ordinary multifunctional product with the latest
technologies. Create your own tool, put the attachment and battery on and the fun can start
right away!

2. Market research

To fulfil all the requirements from different sides, a market research had to be done; users’
need had to be collected. We also had to know what users still do not know. It gives an
advantage if we can come up with something new, so we need to know their environment
perfectly.
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The real field of competition lies in the multifunctional tools within the gardening area.
Fast development of cordless technologies was the start point of innovation in the lawn and
garden area. Nowadays our technologies make it possible to have effective battery operated
tools, which can make our work easier. Multifunctional and compact tools are becoming
more and more popular these days since the users would like their tools to consume less
space and want to do as much job as they can with one device.

Figure 1. Morphy with its attachments

According to the online market research and gardening related forums we collected user
feedbacks of the cordless gardening devices. The most annoying features are the lack of
power and the short working time. The four things that users appreciate are easy handling,
light weight, easily attachable battery and that the tools can be easily switched. To find out
the competitive products for the concept Morphy, some research had to be done. Morphy
was compared to the most similar tools available on the markets like TEHO, Bosch and
Chameleon.

Our product emphasizes the things users really need. In the following there the initial
concept and key messages for the user are listed.

Table 1
Key messages to user

Performance Ergonomics User benefits
Charging time Form of handle Light
Speed Accessibility of operating Compact
Battery capacity elements Powerful

Balance of the tool Simple to use

No memory effect on battery




Morphy the Multifunctional Cordless Garden Tool — Product Design Project 7

There were also requirements from the side of Bosch but these were related somehow to
compete with other market products. While focusing on the needs and requirements of the
users, the principal’s needs had to be kept in mind. The concept of a multifunctional
cordless tool pointed the guidelines (battery size, operation time, weight).

Principal is an economic- actor, who choose, pays and use the product documentation.
The most important element of user centred quality is buyer’s satisfaction of the product.
Because user buys the product, he/she wants to get value for his/her money.

3. Creating concepts

Morphy was created by using many alternative methods. The goal was to create something
new, there needed to prepare a market analysis. This way the risk of creating something
already existing is minimized.

Brainstorming was used during the whole project in different situations. The main
brainstorming sessions took place already at the beginning of the project. Using this method
helped us first to find of our goal and then later to generate concept in every possible
subject. From the ideas some were chosen and some were left behind.

weer peace

table gate

green
furnitures appletrees rain

beautiful

51 rawbermy
\\ \ / ___ potatoe

time :Ti////f \‘\\\‘\ pets
/ /

walking \ darkness

fruits shadows leaf

bush
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picnic iree
pool flower

Figure 2. Brainstorming about the word ““garden”

The manifestation of the developed concept is Morphy. Among the countless ideas rose
up this garden tool that is based on modular principle. The name of the product can be
variable depending on what users want and how marketing can touch them. If the shape of
the product can be compared with a well-known thing, it is often useful to use it as an
advantage. In our case Morphy is more or less shaped like a dolphin. Due to its
interchangeable components, Morphy offers great flexibility for the users. It is adaptable
for the particular job and for the user needs.

The research phase is followed by the feature-based conceptual design. Based on the
tool’s main and sub-functions a list and physical assignment has been made. The
preliminary design of the building blocks was constructed here. The created solution was
selected from the best variants with Copeland procedure that is based on a positive criterion
consisting system of criteria. The evaluation criteria are presented in the following:

— Simplicity and Cost: It contains small number of parts and it is easy to assemble.
How much does it cost to the manufacturer to make the tool? If something is simple
it is not expensive so much.

— Innovation: The technical innovation that catches the user.

— Energy usage: How efficiently the tool use the energy stored in the battery?
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Handling: How obvious the interface is and how clear the tool’s shape hints to the

right usage.
Comfort: In which conditions the user uses the tool and how clear and conspicuous

the feedback is from the tool.
The adequate level of comfort of users is provided by ergonomic considerations. The
human-centred design helps prevent the loss of comfort for the users, in case of a longer

period of usage.

]
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!_717‘ 27 |35:0 (w40 PR

Figure 3. Sketch of the back grip and body
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Figure 4. Charming features on the garden tool

Anthropometric dimensions for the ergonomic body design came from measurements,
and professional literature research (EN 14866). Main target was the back grip, because this
subpart must be comfortable with the switches.

The design of the frontal grip takes into account the average size of the fingers and their
distance from each other. There are threaded holders on both sides of the main unit to
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support the right and left-handed usage. To ensure the safety of the users, the frontal grip
can be provided with hand guard cover.

4. Solutions

Based on the functional list of Morphy the main components can be determined. The body
shape, the shape of housing is based on ergonomic considerations, but it takes into account
the function fulfilment of the functional components.

After long deliberation, we have chosen the main attachments, which are the hedge
trimmer, sweeper and cultivator. Also some promising attachment ideas have been
predesigned like weed puller multi tool and weed sweeper.

Back grip Main unit Frontal
ri
On-off Electric Main o
switch2 motor gearbox

| Main pcb | Bluetooth Torque | Coupling |

pcb limiter

Figure 5. Preliminary internal structure of Morphy

Engineering calculations are based on the functional analysis of the internal structure of
Morphy. We have chosen one solution for the structure and tried to estimate the related
main data. These were the power supplied by the battery, and the torque what we need for
the approximated function. Going through the design process, we have got the rough
components with their size (motor, couplings, planetary gears, shafts).

Among the possible attachments, the hedge trimmer attachment has the highest rotation
speed. The output rotation speed have to be around 3000 rpm, in this case the further
transmission ratio reduction can be easily implemented.

For torque limiter we use a common mechanism. It has 4 main parts. It has a cylinder to
carry balls, balls, a shaped counterpart and a spring. A spring squeezes the two cylinder
parts. If the torque is too big the two parts can rotate on each other because of the balls.
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4.1. Sweeper

Sweeper is the tool of health and cleanness. It is already alone a multi-purpose tool to clean
the greenhouse, floor, tables, shelves, plant pots and all of your garden tools. It can help not
only in the garden, but also with cleaning anything from snow and from dust. With the pole
cart extension tool of Bosch, high places can be reached. It can be equipped by several
types of brushes, stiffness and size of the threads can change. It is the perfect solution that
fits every hand and helps for every age to make cleaning more fun.

Calculation of the attachments was made based on the power need of the working main
function. The power consumption comes from the needed rotational moment of the tool’s
shaft. It was calculated from the force needed to push away the specified amount of
material.

Planetary gear can be used in the sweeper attachments to reduce the rotation speed near
to 1000 rpm. It was necessary to gain as much torque as possible for sweeping. The insight
components of the sweeper are presented in the figure below.

Brush
Planetary disc
gearbox

Brush
disc hub

Coupling

Bevel
gear pair

Bearings

Brush

Sweeper shaft

housing

Figure 6. Section view of the sweeper attachment

Summarized data for the sweeper:

Sweeps dust/soil/dirt/sand from narrow places

Max effective height of swept material: 50 mm

Rotation speed: ~ 1000 rpm

Dimension: 280x165 mm

Estimate continuous operational time in normal use: ~ 40 min
Power need in normal use 42 W.
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4.2. Cultivator

A small one-hand cultivator tool is another attachment for Morphy. Cultivator tool is
designed to loosen the ground in small vegetable gardens and greenhouses. It digs, blends
soil with fertilizer. Cultivator has bended steel blade to do perfect work.

For the cultivator it is also a good solution to use a planetary gear for speed reduction.
In this case it transmits the 3000 rpm rotation speed (which comes from Morphy) to nearly
100 rpm. It means nearly 30 transmission ratio, which can only be carried out in two stages
in small size. The other side of the cultivator tool’s gearbox is a simple bevel gear pair, with
1 to 1 transmission ratio, to turn 90 degrees of the direction of rotation, as in the case of the
sweeper tool.

Our calculations gave only a rough result. It is based on the power of rotating an amount
of soil. The real value varies a lot depending on pushing force and friction.

This idea uses the same size components and parts as sweeper for modularity.
Difference between sweeper and cultivator design is that the cultivator has stronger blade
shaft and size of shaft bearings. Cultivator has different rotating speed so different gearbox
is also needed.

Planetary
gearbox

Star blade
disc

Coupling

Bevel
gear pair

Blade

Cultivator —_—

housing

Figure 7. Final design of the inside of the cultivating tool

4.3. Weed puller rotary tool with spiral shaped blades

Weed puller multi-tool is a multifunctional easy-to-attach extension. The main concept of
the spiral shaped bladed attachment comes from the paint mixer and the rotary weed puller
what are used normally with drilling machines, or battery operated drill-drivers. The auger
type tools with half to two pitch can be used for hole digging and soil, humus mixing. With
a special geometry blade, this is capable of doing all those jobs. The blade spiral angle is
increased, and beside the rotating shaft is undercut. This geometry allows the tool to be able
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to dig holes and also weed is entangled in the rotating blades. This tool could stand alone,
as it can be sold even with other Bosch products as an extension.

4.4. Weed sweeper

Weed sweeper is a weed cutting attachment. This is a special purpose tool to cut grass and
weeds from narrow places. This high speed tool with hard brushes cut the weeds out like a
string grass trimmer, but this tool rotates in vertical plane. The structure of this attachment
is related to the design of the sweeper.

4.5. Bush shaper

Bush shaper tools are the ordinary function of the present Bosch products. The basics for
these grass trimming and hedge cutting function came from the product Isio. In our
concept, it was a basic function what should be implemented in a multi-functional garden
tool.

5. Smart solutions

Customers always would like to feel better from their new products, and their expectations
are growing year-to-year. Nowadays the biggest trend is the smart gadgets. Other brands try
to make everything smart, and this will cause the “smartness” to become a future basic
expectation.

Our idea for this problem is the Personal Gardening Assistant (PGA). This application
will run on the basic operation systems, which will be compatible with smart phones,
glasses and watches. The main function will be the connectivity. Users will be able to
connect their gadgets to garden tools and with this they will easily get information about the
tool furthermore they will have the option to control it. Smart solutions will open a new
field on the market.

5.1. Virtual reality

Virtual reality can be a huge hit in a few years, and that will be a good idea to think about
the smart gadget options. In the future users will be able to be more professional with the
Bosch applications.

Figure 8. Working area detection via specified prerequisite

It will also give advice about the most convenient tool, and if they do not have it also
recommend a nearby reseller.

Working area detection can be also a huge hit in the future, because the user will easily
calculate how much time it will cost to do the work.
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5.2. Experience based levelling

Nowadays other trends are the micro transaction games, which are about that people will
always want to get to the other level, and compete with other people and get their well-
deserved prizes. These games give the idea to make this application to more game-like. But
every game need a competitive system and this is the experience base levelling. If people
buy Bosch products they will get experience, and they will level up and also gain sale
points.

Basically we want to use the human nature. Everybody wants to be better than the
others. This is why we need experience point, because with these the user will level up, and
the level is where they can compete with each other. Sale point is very different from the
last two. The user can consume them to get different prizes depends on their level. For
example at early level they can get only some euro discounts, but later they will get bigger
prizes; which means percentage discounts. This system makes the user more loyal to Bosch.
It will be like a point card system.

5.3. Positive feedback

Every game has to give positive feedback to the users. The absolute basic components can
be the achievements. In this application the achievements will be the most important
experience and discount source. For example Bosch can make competitions for local
communities in a seasonal holiday topic, where the competitors will get an achievement.

5.4. Tie-in sales

Tie-in sales will be the main profit source of the application. Achievements will give a
discount for another Bosch family product. For example with a gardening tool they will get
a Bosch Home discount. The user will go to the reseller store and see a lot of brands, but
they will not care about them, because only one company give them a discount already, and
this can be enough for an average user. This will also increase the loyalty for the Bosch
products.

The previously detailed game-like systems works well when connected. They bring the
users closer to Bosch and closer to their hobbies.

6. Failure mode and effects analysis

Failure modes and effects analysis (FMEA) is a step-by-step approach for identifying all
possible failures in a design, manufacturing or assembly process, or a product or service.
The first stage of FMEA was made for the motor, gearbox and housing.
Once actions have been completed, re-scoring the occurrence and detection is
necessary. In most cases there is no need to change the severity score unless the customer
decides this is not an important issue.

7. Purchasing

In this project, the purchasing was a major part for gathering information about the
suppliers and marketing prices.

At low production rate the injection moulding price is significant so this is where the
company can cut expenses and increase the profit. But at higher rate, the battery, charger
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and dc motor can be the components where the company can make an extra profit if they
can manage to cut the cost.

8. Summary

Using the full scale of product design tools like market research, risk analysis, FMEA,
design book, brainstorming, solution evaluation methods... etc. showed the future way of
garden tool improvements. We have made a preliminary model of an ergonomic battery
operated multifunctional tool for garden works.
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FLOW AND HEAT FLUX BEHAVIOUR IN THIN 2D CHANNEL
WITH ROUGH MOVING WALLS

DMITRY BOGOMOLOV-VALERY POROSHIN-VALENTIN NIZHNIK

Moscow State Industrial University
115280, Avtozavodskaya st. 16, Moscow, Russia
bogom-ov@mail.ru,vporoshin@mail.ru, valngnk@yandex.ru

Abstract: Paper describes the investigation of flow and heat flux in thin channel with rough moving
walls in the 2D approach. The effect of the real measured roughness profiles upon Nusselt-number in
comparison with smooth wall channel is shown. Both static and dynamic flow components were
investigated.

Keywords: thin channel, surface roughness, fluid flow, heat flux, moving wall

1. Introduction

Study of the fluid flow and heat flux in thin channels of technological devices is one of the
main problems of modern applied mechanics. Practical aspects of the problem are referred
to the heat flux intensification in compact heat exchangers, heat flux study in moving parts
of pumps and engines and so on. Behaviour of the flow and heat flux in the thin channel
differs from the same processes in large size channels. Due to the small gap size, surface
roughness becomes one of the main factors, having great impact on the resulted leakage and
heat-exchange rate in the channel. One of the common ways to stimulate heat-exchange in
large channels and pipes (especially for turbulent flow) is to produce some regular surface
texture on its’ walls. In the small channel the surface texture influence should be even more
clear.

In authors’ earlier work [1] the mathematical model of heat flux in the thin channels
with rough immovable walls was proposed. Present work is an attempt for extending our
researches over the heat flux in channels with rough moving walls. Such model allows to
analyse the roughness effect upon the static and dynamic components of flow and heat flux
in the thin channel.

2. Calculation model

The geometry model of the thin channel with moving walls formed by two rough surfaces
hy, h, is presented in Figure 1. The gap between two rough surfaces (H) is taken as the
distance between their mean lines. Upper and lower walls has coordinates

H, () =H +h,(x) gng H, 09 =H +h,(x) The current gap in the channel is calculated as
hr 0O = H +h, (})+h, (<) The upper wall slides in parallel direction to the lower with
constant U speed.

Measured profiles of the real industrial surfaces or simulated roughness profiles with
desirable features can be used as a surface geometry. Both profiles are always specified on
regular grid with Ax step. Calculation step in x direction is considered as some fraction of
the profile grid step Ax = kéx (where k is an integer value). Calculation step in y direction
dy is also considered regular comparable to 5x.
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H/2

H/2

Figure 1. Geometry model of the thin channel with rough moving walls

To model the flow in the described thin channel the lubrication flow model was
proposed. It is based on the common Reynolds equation (3D case):

CW Ty ) X v, =0 ()

vx=i?z( -h )+U(l—éj vy=2ig—sz(z h; )

where p is the flow pressure, v is the local flow velocity, p is the dynamic viscosity. For
the 2D case Reynolds equation is significantly simplified and can be solved analytically, as
shown in [2].

p —p-—GuUT de
X df out in Oh_lg(é) X df
= Min 6uU
PO = b oul [0 e e
27 (&) |
L dé

t in_6 u
op_euu T [ @
ax  hi(x) h?(x_T dé

s D (&)
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where pj, is the pressure at the channel inlet, py. is the pressure at the channel outlet
(boundary conditions).

To model the conjugated to the flow heat flux the thermal balance equation is
commonly used:

dT
pCpE=lA(T)+,uCD, 3)

where T is the local flow temperature, p is the media density, C, is the media thermal
capacity, A is the media thermal conductivity, t is the time, @ is the dissipative function.
The dissipation process is not natural for the described problem, so @ was neglected in the
proposed model.

The flow in the 2D thin channel is in general ordered in x direction, from inlet to the
outlet. So vy, = 0 is considered from the flow equation. Supposing the process as stationary it
gives:

dT dT dT dT
=V, V=V, ——. 4)
dt dx dy dx

The heat transfer in the 2D thin channel is generally ordered in y direction, from
channel walls to the flow media. So d?T/dx’ in the Laplace operator was also neglected.
The resulting heat transfer model is:

dT d’T
pCpVX—:/l—z. (5)
dx dy

Equation (5), being the simplified approach to (3), still takes into account main process
features.

Difference problem (5) was solved with known temperature T,, at the channel walls and
known temperature of the flow Tj, at the channel inlet. Under such boundary conditions the
problem was solved by using the implicit finite-difference method. The stencil for that
method is shown in Figure 2.

(#1,]+1)

(*1,1)

(#1,1-1)

Figure 2. Implicit finite difference stencil for the thermal balance equation

According to the implicit finite difference method the temperature derivatives are
substituted by the following finite differences:

d_T _ Ti+1,j _Ti,j d’T _ Ti+1.j—1 - 2Ti+1,j +Ti+1,j+l (6)
dx X 1 ody’ &? '

So, the (5) equation is substituted by the following finite difference equation:
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C [V ] Ti+1,j _Ti,j _/1Ti+l,j 2TI+1J
PLp Vil 5 = 2
X o
The sweep method (tridiagonal matrix algorithm) was used for the solution of (7). The
scheme is always numerically stable and convergent. The scheme errors are linear in X
direction and quadratic in y direction.

+T... .
i+1, j+1 ) (7)

3. Heat flux characterisation

The operational capacity of the thin channel with rough walls was assessed by means of
flow factors, and Nusselt-number. The dimensionless flow factors ¢y and ®, shows how
decreases the leakage through the channel Q in comparison to the leakage through the equal
channel with smooth walls Q*:

E _ .
Q: — BH (pout pm) + BUH '
12uL 2

where B is the channel thickness.

It is clear from (8) that the flow is the algebraic sum of two flow components. The first
component is the static flow. It is caused by the pressure gradient at the channel inlet and
outlet. The second component is the dynamic flow. It is caused by the channel wall sliding.
So, different flow factors for dynamical and static flow components should be calculated.

The static flow factor ¢4 should be calculated taking into account only static part of
leakage and not taking into account the wall movement (U=0):

(®)

— BhT(L)38_p _ B(pout_pin)
QXS_ - L
12/“ aXx—L J‘ dé:
hs (¢)
. BH®*(Po — Pi) @, =0Q,./Q;
= — ou n g XS XS 9
Qs 12,1 ©)

The dynamical flow factor @y is calculated taking into account only dynamic part of
leakage and not taking into account the pressure gradient on the channel inlet and outlet:

Qs = h (5)/ Jh (&)

*

Qxd = 2 0 Qxd /Qxd (10)

Such method of flow factors calculation provides that both of them do not depend on
particular values of wall sliding velocity U and pressure gradient, viscosity and so on. They
are mostly determined by the roughness form and roughness-to-gap proportion.

The Nusselt-number is the ratio of convective and conductive heat transfer normal to
the boundary. The conductive component is measured under the same conditions as the heat
convection but with a stagnant flow. In our case this dimensionless shows the efficiency of
the reviewed channel for managing the heat transfer by manipulating the flow pressure and
wall velocity.
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For the fully developed laminar flow the Nusselt-number, calculated for some cross
section (x = const) is [3]:
Nu = %50 (1)
A
where o is the convective heat transfer coefficient, Dy, is the hydraulic diameter. The
hydraulic diameter of the channel in section is:

D _4A,  4BH  2BH

y=—Lt= = : (12)
P 2B+2H B+H
where A, is the cross sectional area, P is the wetted perimeter of the cross section.
The convective heat transfer coefficient of the channel is calculated as:
a=—d (13)
Tw _Tm

where q is the normal heat flux near the walls, T, is the representative flow temperature
in the section.
The normal heat flux near the walls was calculated neglecting the roughness slopes as:

q=12" (14)

The representative flow temperature was calculated by averaging the flow temperatures
concerning the flow velocity:

Hy(x) H,(x)
T.00= [v.)TWdy / [v.(y)dy. (15)
H, (x) H, (x)

The resulting Nusselt-number of the flow can be calculated by averaging the Nusselt-
numbers in all the cross-sections of the channel except the developing zone near the
channel inlet. The distinct static and dynamic Nusselt-numbers can be calculated for both
static and dynamic case of the boundary condition.

4. Analysis

To verify the developed calculation model and computation software the channel with
smooth walls was examined, which has already been studied by many authors [4]. In the
stated assumptions the flow process is hydraulically developed from the beginning and flow
velocity in any cross section has parabolic form. For the heat flux there is some zone near
the channel inlet in which the process is developing. For the developed process the cross
section of the temperature field has a clear parabolic shape. For the developing process it
has a shape of flattened parabola. The results of the numerical experiments are agreed to the
expected process behaviour. The resulting evolution of the heat flux in the channel with
smooth walls is shown in Figure 3.

The quasy-parabolic distribution of the temperature was achieved for the inner sections
of the channel (Figure 3b). The centre of the temperature distribution is shifted towards the
moving wall direction. This is due to the higher velocity of the flow near the moving wall.
Near the channel inlet the cross-section temperature gradually evolutes from the constant
boundary condition to the quasy-parabolic form (Figure 3a).
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Figure 3. Flow temperature in the channel with smooth walls
a) — cross-section of flow temperature near the channel inlet, b) — cross-section of flow temperature
in the middle zone, c¢) — flow temperature field

In complex the results achieved for the smooth wall channels allow to validate the
correctness of the proposed numerical model.

Other numerical experiments were carried out for the rough wall channels. The surfaces
after polishing, grinding, milling and turning were used (Figure 4). The length of the
analysed channel was 0,8mm.

The experiments were carried out for H = 40um, p, = 10kPa, pg = 0, U = 200m/s, T;, =
343K, T,, = 373K. Typical flow temperature fields for the static boundary condition is
shown in Figure 5. Typical flow temperature fields for the dynamic boundary condition is
shown in Figure 6.
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Figure 6. Flow temperature fields in channels with rough walls and dynamic flow boundary
The cross sections of the flow temperature fields are also has a quasy parabolic shape as

for the smooth channel. There is also zone of the developing flow near the channel inlet.
The heat flux is more intensive for the greater roughness heights.
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The resulting Nusselt-number evolution for flows in channels with different surface
roughness for static and dynamic boundary conditions are shown in Figure 7, 8. The results
are shown as a graph of the Nusselt-number evolution while growing of the average gap
from 40 to 60 um.
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Figure 7. Evolution of Nusselt-number for static flow component
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Figure 8. Evolution of Nusselt-number for dynamic flow component

Nusselt-number grows with growing average gap, because Reynolds-number of the
flow also grows. It is consistent to the known theoretical assumptions and experimental
data for macro-size channels.

For both static and dynamic flow components the Nusselt-numbers for the rough
surfaces becomes more distinct from the smooth channel ones with growing of the average
gap. But the difference in Nusselt-numbers is much lesser for the more thin channels.
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For the static case the mean flow temperature is located approximately in the middle of
the channel vertical section. The central flow layers are mostly affect the resulting Nusselt-
number. For the dynamic case the mean flow temperature is biased in the direction of
moving wall. The layers adjacent to the moving wall are much more involved into the heat
flux. The Nu curves for the dynamic case are quite parallel to each other. That is an
unsuspected fact that requires further detailed investigation.

5. Conclusion

Proposed mathematical model allows to forecast flow and heat flux in 2D channels with
rough moving walls. It can be effective for the optimal selection of the processing methods
of surfaces at the projecting stage.

Numerical experiments show that the surface roughness have a great influence upon the
heat flux. For both static and dynamic flow components the Nusselt-numbers for the rough
surfaces becomes more distinct from the smooth channel ones with growing of the average
gap.

The research was performed with the financial support of the Ministry of Education and
Science of the Russian Federation for higher education institutions within the state job
service.
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Abstract: The paper deals with design of an electromagnetic damper prototype. An introduction to
the automotive dampers is given and motivation is mentioned. Modelling of the dampers using
quarter car model and full car model are described. Several design variants of the damper were
studied and briefly discussed in the text. First case was a passive damper based on energy dissipation
due to eddy currents created by movement of permanent magnet inside a massive copper tube. In the
second case the copper tube is replaced by set of coils. It allows adjusting damper parameters,
applying active and semi-active concepts and opening a possibility for energy recovery. A test facility
used designed for out-of-the-vehicle testing of automotive dampers is mentioned at the end of the
paper.

Keywords: shock absorber, electromagnetic damper, energy recovery

1. Introduction

Automotive suspension is one of the key components in nowadays cars. Proper suspension
design can significantly improve vehicle behaviour and safety.
The automotive suspension on a vehicle typically has the following functions [4]:

— toisolate a car body from road disturbances in order to provide good ride quality.
i.e. to reduce vibrations transmitted from the axle to the body/passenger, i.e.
reduce body acceleration .

— to keep good road holding (cornering, braking, traction) — i.e. variations in normal
tire loads are minimized. Since a tire roughly behaves as a spring, it can be directly
related to vertical tire deflection.

— to provide good handling — i.e. minimize the roll and pitch motion.

— to support vehicle static weight — i.e. rattle space requirements are kept small.

The analysis of passive automotive suspension in literature (e.g. [1, 2, 3, 4]) shows, that
there are significant trade-offs in performance between the ride quality, rattle space and tire
deflection transfer functions. Improvements in one of them usually deteriorate the other two
transfer functions. Therefore active and semi-active suspensions were introduced.

The fundamental difference between active and semi-active control strategy is in the
form of input energy. While active suspension uses force actuator to control motion of the
body (i.e. it needs enough energy to move the body with the desired velocity and
acceleration), semi-active suspension system utilizes a variable damper or other dissipation
component (see Figurel). Compared to active suspension, semi-active one consumes
significantly less power.

Various published studies (e.g. [8, 10]) show, that energy of ap. 100-1600 W
(depending on other factors) dissipates in a damper of common cars. Studies further show,
that ap.10% of the dissipated energy can be recuperated.
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2. Suspension modelling

A brief introduction to the suspension modelling is given in this section.

2.1. Quarter car models

Simplified models are very often used for modelling of vehicle suspension. Typical
example is using of a quarter-car model for description of vertical motion of vehicle. The
model is very simple and gives relevant results. For more complex study (including roll and
pitch motions etc.) a half-car or a full-car model must be used.

1=

bSE‘u’I

1=

BE BE

Figure 1. A quarter-car model — from left to right: passive suspension, active suspension,
semi-active suspension
Equation of motion for quarter car model can be expressed in the following form [2]:

K i e L et i S S M
¢ m,(Z —-b, b,+b, |z, -k, k+k |z, k, b, -1
Detailed mathematical description of the models can be found in the literature (e.g. [1,
2, 3, 4]). For complex manoeuvre simulation the quarter car model doesn’t offer enough
information and an integration of the suspension model into full car model is required. The
complete full car model usually includes sub models of powertrain, driveline, tires, brakes,
steering etc. Development of such a complex model takes lots of effort, and it is easier to

use one of the commercially available and proven solutions described in the following
section.

2.2. Full vehicle models

For overall understanding of vehicle behaviour, it is useful to model the vehicle in one of
available commercial software packages, which provide the user proven and quite complex
models of vehicle components. Typical example of such a software package is ADAMS
and it’s automotive modules called ADAMS/Car. ADAMS also offers possibility of co-
simulation with software like MATLAB/Simulink and with EASY5.

ADAMS/Car provides the user with an easy way how the overall car model can be
build. It uses so called template based approach, i.e. each component is described in a
template, which is used to generate a subsystem as a part of the full vehicle assembly.

Shock absorber properties are defined in a property file, an ASCII file with the force-
velocity curve definition.
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Among above mentioned the SW provide user with a number of pre-defined
manoeuvres and a tool — event builder — for creating user-defined manoeuvres. The SW
contains a tool Road Builder for creating a test track with various obstacles (compliant road
is also available). Many various functionalities as Smart Driver, DoE and optimisation
options are available in the SW.

There is an example of a road with several obstacles and a simulation results for a demo
vehicle running across.

Figure 2. Graphical representation of a full vehicle model in ADAMS/Car package

Complex simulation option of the full vehicle exposed to different road conditions,

driver behaviour etc., gives the users an excellent opportunity to investigate complex tasks
in the virtual reality.

2.3. Electromagnetic passive damper

However using of electromagnetic shock absorber is quite rare in the commercial

applications, it is very often discussed in the scientific papers. There are several principles
described on the literature.

Neodymium permanent magnets

rod motion

Ferromagnetic poles Cylinder from massive copper
£

Figure 3. Principle of the EM damper — drawing and testing prototype photography

One of the principles discussed is a passive electromagnetic damper based on eddy
currents (see Figure 3). A rod (mover) equipped with a set of neodymium permanent
magnet and ferromagnetic poles are moving through a tube made out of a massive copper.
The movement of the rod generates eddy currents in the copper tube and force acting
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against the motion, which causes required power dissipation. The force can be calculated
either analytically or numerically. The principle of such a damper is shown on the Figure3.

copper i moving
tube —— ; rod o
b s
] N
'\\ L I

permanent

magnets Spacers

Figure 4. Arrangements of the permanent magnets — from left case 1, 2 and 3

As mentioned above the damping effect is generated by eddy currents arising in the
copper stator due to movement of the rod with permanent magnets. Design parameters of
such a damper are material and geometrical properties of all components — copper tube,
permanent magnets, and pole arrangement (orientation of magnetic field of a single magnet,
size of spacers, size of the air gap etc.).

A prototype of such a damper was designed (based on [7]) and manufactured at the
author’s workplace. Calculations of the magnetic field were done in Comsol Multiphysics
and in FEMM software. The focus was given to evaluation of several magnet
configurations — see Figure 4.

It was proved, that the magnet arrangement has significant influence to the resulting
magnetic field in the air gap, and to the whole system performance.

Three main configurations were studied.

Case 1 consists of axially magnetized neodymium (NdFeB) permanent magnets,
ferromagnetic spacers, and non-magnetic rod — see Figure 4a. Case 2 consists of
combination of axially and radially magnetized permanent magnets — see Figure 4b. Case 3
is inspired of idea of so called Hallbach’s field mentioned in many literature sources. In
contains only permanent magnets with axial, radial and axial-radial magnetic field
orientation. The magnetic field orientation changes along the rod — see Figure 4c. The main
reason for such an arrangement was significant amplification of magnetic field in particular
directions, described for Hallbach’s field in the literature.

Evaluation of the magnetic field in the air gap was done in SW Comsol Multiphysics
and FEMM - see the visualisation example on Figure 5.
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Figure 5. Visualisation of magnetic field for the design case 1 in Comsol Multiphysics and FEMM

For building of the model several unified parameters were used for all the design cases
to allow simplicity of evaluation and comparison — see below. Performing of the analysis
for the whole range of available parameters would probably give more detailed results, but
it was not the goal in this case.

Table 1
Unified model parameters

Case 1 Case 2 Case 3
Copper tube outer/inner diameter [mm] 60/30 60/30 60/30
Copper tube length [mm] / modelled length [mm] 300 300 300
Permanent magnet inner/outer diameter [mm] 13/28 13/28 13/28
Permanent magnet length [mm] 7 7 7
Number of permanent magnets 6 13 13
Rod diameter/length [mm] 13/450 13/450 13/450
Spacers outer/inner diameter [mm] 13/28 N/A N/A
Spacers length [mm] 15 N/A N/A
Number of spacers 5 N/A N/A
Air gap between PM and copper tube [mm] 1 1 1
Air gap between spacers and copper tube [mm] 1 N/A N/A
Permanent magnet material — NiFeB N40 N40 N40
Rod - non-magnetic steel — relative permeability 1 1 1
Spacers material — soft steel — relative permeability 3000 N/A N/A

It was assumed, that the damper has the same outer dimensions (copper tube outer
diameter and length), i.e. we are comparing dissipation of energy related to the same
volume of the damping device. The overall size of the damper is approximately in the same
range as common damper size in nowadays personal vehicles.

It was assumed, that the size of PM is the same for all cases. The size (outer and inner
diameter and length) was selected from a shopping list of a distributor of permanent



30 Roman Cermak

magnets. The reason was to fit the analysis to the particular design configuration, which
could be later manufactured.
Model parameters are given in the Table 1.

Table 2
Comparison of design cases
Case 1 Case 2 Case 3
Magnetic field in the middle of the air gap 0.38 0.56 0.28
avg [B[ [T]

The evaluation is given in the Table 2 — showing comparison of magnetic field in the air
gap for the studied cases (measured in the middle points of the air gap).

Figure 6 shows an example of calculated magnetic field along the inner surface of
copper tube for the Case 1.

0.5 9
|B|, Tesla
0.45
0.4
0.35 o

0.3

0.25

0.2 T T
0 50 100

Figure 6. Magnetic field along the inner surface of cooper tube
for the Case 1 (x-axis length of tube)

It shows that Case 2 is the best arrangement from the magnetic field intensity point of
view. The most complicated and economically less suitable case (Case 3) generates quite
low magnetic field in the air gap. Manufacturing of the magnets with given magnetic field
orientation would be much expensive than other variants.

Case 1 is the simplest one from the design point of view. Permanent magnets with
required magnetic field orientation can be easily purchased on market. Number of
permanent magnets is lower than in other cases. Magnetic properties of the Case 1 are
lower than in the Case 2, but still acceptable.

When taking into account both functional and economical point of view the Case 1 was
selected for development of the first prototype.

2.4. Coiled design, energy recovery

Another principle of the electromagnetic damper is an arrangement similar to linear drive,
so called tubular drive (see Figure 7, compare with Figure 3) — passive copper can be
replaced by a stator winding or some mechanism can be used to convert linear to rotary
motion. There are several principles mentioned in the literature using rotary actuators and
planetary gear or various techniques to change linear motion of the rod to the rotary motion
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of the actuator. The actuator (either rotary or linear) is in principle an electric drive, either
rotary or linear) containing a coil or several coils, which can be fed by constant or variable
electric currents. Such an actuator can act as an active or semi-active damper and it also
offers ability of energy recuperation. Energy recuperation option can be extremely
interesting topic in nowadays electrical vehicles, because of large amount of energy
dissipated in the damper during normal operation.

Combination of both principles mentioned above leads to a hybrid damper (see also
[7]). Inspired but the text [7] similar damper was designed at author’s workplace, and will
be manufactured and tested in the nearest future.

EHAFEAES

Figure 7. Active and adaptive EM damper with energy recovery option

3. Testing facility for shock absorbers

Mathematical models of the suspension require detail information about the shocks and
their behaviour. Understanding of the shock absorber behaviour requires not only virtual
testing (modelling and simulation), but also performing several physical tests.

Figure 8. Test rig for automotive shocks design and manufactured at the UWB

Therefore we have built a test device able to measure basic characteristics of the shock
absorbers, change properties of the semi-active shocks, understand the behaviour of the
dampers and identify parameters further used for simulation models (either simple quarter
car model or the full vehicle model). A simple structure (see Figure 8) with four columns
for fixing the damper was designed. The rod is driven by linear electric motor. Force sensor
is located at the end of the rod. Displacement sensor is included in the drive. Simple
amplifier with IGBT transistor driven by analogous voltage from 0 to 10V is used to change
the damping characteristics. The whole test rig is controlled from MATLAB via card
MF624 and Real Time Target.

The device for testing allows us not only to acquire desired damper characteristic
(force-velocity curves) required for modelling and simulation, but also to perform out-of-
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the-vehicle tests of shocks with simulated environment and hardware-in-the-loop. The
whole system includes the simulation environment mentioned in the paragraph 2, based on
SW MATLAB and ADAMS/Car, and the model described in the same chapter.

4. Summary

The paper gives an overview of a design process for a damper for an automotive
application, demonstrated on a passive electromagnetic damper. Based on the magnetic
field calculations the damper was designed and manufactured. It will be physically tested to
evaluate fundamental characteristics of the system and use them in the calculations of
mechanical behaviour of the entire system.
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Abstract: This paper presents a method on the determination of tool profile for internal grinding of
ball-nut. The solution is based on the so-called derivation theory, where the parameters of the tool (tilt
angle, profile points, approximated profile curve) are determined by numerical methods. The final
approximating tool profile is an ellipse-arc where the data points for the approximation are the
intersection points of the surface intersection curves. Points of tool profile curves are determined by
an initial value problem of ordinary differential equation system (ODE-IVP). The fitting method of
approximating ellipses uses a numerically stable noniterative algorithm.

Keywords: ball-nut, tool profile, approximation, grinding

1. Introduction

Ballscrew mechanisms are widely used in machine tools and the demand for high-lead
ballscrews is increasing due to the high-speed manufacturing. The shape of the ball-nut
profile is a gothic arc, which is a symmetrical combined curve of two arcs with equal radius
and distance between their centres. These types of balls-nuts are generally manufactured by
form grinding (Figure 1), where the grinding tool has corresponding profile [5], for high
precision ballscrews lapping techniques are used as well [4]. In case of long and high lead
threaded ball-nut the grinding wheel is not tilted at the lead angle of the thread to avoid the
collision between the quill and workpiece.

k|

Figure 1. Internal ball-nut grinding with conical tool holder

Due to these conditions the profile obtained is not gothic-arc, because the grinding
wheel tends to overcut the thread surface, this problem is well defined i.e. worm and gear
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drives [1-3]. There are known methods to obtain the tool surface geometry. Analytical
solutions for profiling tools generated by surface enveloping are common and have been
used for decades. These solutions are based on the fundamental theorems of the surfaces
enveloping such as Olivier’s second theorem and Gohman’s fundamental theorem [3], [10].
Also, frequently used is Nicolaev’s theorem [7], based on the helical movement
decomposition. The minimum distance method [9] and the in-plane generating trajectories
method [13] are also known profiling methods of this type of tools.

In case of long threaded ball-nut the setting of optimum tilt angle is not possible due to
the collision of quill and workpiece (Figure 2). This limits the length of ball-nut which is
manufactured. Generally, the length of a ball-nut is specified in advance. In the presented
method the quill-inclination is reduced not to meet the internal surface of the workpiece
within the specified ball-nut length. For this purpose, the grinding wheel has to be modified
with a proper profile, which generates the gothic-arc thread to be obtained [5].

2. Tool tilt angle determination

The tool tilt angle determination is based on a collision detection, or minimum distance
computation between the solid bodies of quill and workpiece. Collision detection between
cylindrical bodies is widely used in three dimensional mechanical systems, for example
machine tools, robots, different mechanisms. Detecting of collision between cylindrical
rigid bodies were developed using line geometry by Ketchel and Larochelle [6]. Distance
computation between cylinders has four different types according to their three dimensional
positions in space (line-line, line-circle, circle-disk and circle-circle distance). Fast and
accurate computation method was developed by Vranek [14]. To determine the maximum
tilt angle for the grinding the minimum distance determination is required between the tilted
quill axis and the edge of the ball-nut represented as a circle (Figure 2).

Determination of minimum distance between the quill and the ball-nut is equivalent
with the computation of the distance between the quill axis and the circular edge of the ball-
nut.

Figure 2. Spatial position of tool-workpiece
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The equation of the workpiece circular edge can be written as

P, :C+%(cos(¢)u+sin(¢)v) 1)
where ¢<[0, 27], P, is point of the circle, C is centre of the circle, D, is diameter of the
quill and u and v are unit vectors in the plane containing the circle. The distance between

the quill axis and the circular edge is
D, ) 2 Q-C
d_ t)=b —| =& C-P,| -D -(C-P
mln(}/t ) h ( 2 j +| M| szt|Q_C| ( M) (2)

where Py, is a point on the quill axis and Q is the projection of Py, on the circle plane and by,
is a safety gap between the quill and the ball-nut. Applying the expressions from [12] a
nonlinear equation system can be formulated for the unknown parameters. Differentiate
equation (2) with respect the quill axis parameter

admin (7t’t) :0 (3)
ot
the minimum distance between the quill and workpiece can be obtained. Equation (2) and
(3) form a quartic nonlinear equation system. Its solutions can be found by root finder
algorithms (generally Newton—Raphson method is used). In case of conical quill the
distance equation is reformulated to

C|(}/t,¢)=|PA—Va|Siﬂ(COS_1(MJ_ﬂ], (4)

[Pa=Valvil

where v, the direction vector of the conical surface generatrix, £ half opening angle of the
cone. The minimum distance between the conical surface and the workpiece edge is

admin (7/1'¢)
o¢
Due to the reduced quill-inclination the grinding wheel has to be modified with the proper

profile depends on the workpiece parameters. In the next section the method of tool profile
generation is described.

=0. ®)

3. Tool profile generation

In this section a numerical method for the determination of tool profile of grinding tool is
described. The surface intersection method is based on the solution of system of ODEs. The
parametric equation of the internal gothic arc ball-nut surface is

S, (u,v)=h(u)+R, [b-sin(v)-n-cos(v)], (6)
where h(u) is the parametric equation of helical curve of swept surface, b is the binormal, n

is the normal vector of helical curve and R, is the radius of gothic arc. The parametric
equation of the tool plane is given by

S (aqt)=0,+0q -z, +t-X,. @
The intersection curve of two surfaces is determined by
C(u,v,q,t)=S,(u,v)-S,(q,t)=0. (8)

If a direction vector can be found such that is orthogonal to all gradients, than the
intersection curve can be traced by following this direction. This orthogonal vector is
determined by a modified Jacobian determinant
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P(u,v,q,t) = det G & & & 9
1 vq! - .JC (U,V,q,t) ’ ( )
where Jc(u,v,q,t) is the Jacobian of the intersection curve formed by equation (8). The
above formula determines an ODE-IVP system. The initial value vector is determined by
fixing one of the parameters and solving for the rest by Newton—-Raphson method. After the
appropriate starting point found the ODE system is solved numerically by 4-5 order
Runge—Kutta algorithm [8].
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Figure 3. Surface intersection points of Runge—Kutta algorithm

The number of surface intersections determines the number of ODEs to solve (Figure
3). Obtaining the points of intersection curve an approximated ellipse-arc is determined by
a numerically stable non-iterative algorithm, described in the next section.

Starting and ending points and the intersection points of the ellipse-arcs are requested to
generate tool profile. Figure 3 shows the intersection points, the profile and noise points
transformed into xz plane of the tool. Ellipses are special cases of general conics which can
be described by an implicit second order polynomial

F(x,.z)=ax’+bxz+cy’ +dx+ez+ f =0, (10)
where a, b, ¢, d ,e ,fare coefficients of the conic and b*4ac < 0 is a further constraint for
ellipse. The algebraic distance F(x,z) rewritten in vector form
F(x)=x-a=0. (12)
The fitting of a general conic to a set of points (x;; z;); i = 1...n may be approached by

minimizing the sum of squared algebraic distances of the points to the conic which is
represented by coefficients a:

miniZ:l:F (%,2) = miniZ;:(F (xi))2 = ming(F (X; ~a))2 (12)

Equation (12) can be solved directly by the standard least squares algorithm, but the result
is a general conic. In specific ellipse case further constraint required to fit an ellipse to the
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filtered profile points [15]. An improved fitting algorithm is proposed and implemented in
the appropriate MATLAB code [11].
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Figure 4. Points for profile approximation, d = 50mm, p = 30mm

There are two noise sections among these collected points which have to be filtered out.
The limiting point of undercutting is calculated by

B(t),,, ~F|+[B(1),, ~F|-2a=0 (13)

where B(t)i.1; is the i-th cubic Bezier curve (t = 0...1, i = 1..n, n the number of
intersection curves), F; and F, focus points of fitted ellipse on the intersection points of
ellipse-arcs between the minimum point of intersection points and ending point of tool
profile (this point calculated from ball-nut parameters), a semi-major axis of the fitted
ellipse-arc. The solution of nonlinear equation (13) is determined by Newton—-Raphson
method. The final approximated tool profile is generated by mirroring of the two
approximating cubic Bezier curve and ellipse-arc (Figure 4).

4. Summary

This paper presents numerical applications for the profiling of grinding tools for the
generation of gothic-arc helical surfaces with constant pitch, based on derivation theory and
surface-surface intersection. The proposed methods used the capabilities of the MATLAB
mathematical computing environment. The results was obtained in numerical form and
confirmed by graphically. The final approximating tool profile is an ellipse-arc where the
data points for the approximation was the intersection points of the surface intersection
curves determined by an initial value problem of ordinary differential equation system
(ODE-IVP).

The accuracy of the results depends on the Runge—Kutta step size used for to solve the
ODE-IVP. The method is generic that it can be used for different geometrical shapes and
different tool profile.
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FEM MODELLING OF CONTACT INTERACTION BETWEEN
WHEEL AND SUPPORTING
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Abstract: Modelling of contact interaction of wheel and the supporting surface is an important
problem for the vehicle design. Paper considers the option of modelling the wheel, as well as methods
of processing the calculation results of the dynamic contact interaction for the main evaluation
parameters. A version of simulation cord and breaker of the shell element is proposed. The adequacy
and effectiveness of the proposed method of processing the results of contact interaction of the wheel
and the bearing surface are shown.

Keywords: car, wheel, tire, contact, modelling of contact interaction, CAD, FEM, ANSYS, LS-DYNA

1. Introduction

As part of his thesis on the topic of choosing the optimal parameters of suspension system,
depending on the operating conditions faced with the task of processing the results of
modelling of contact interaction of the wheel and the supporting surface. From the
perspective of permeability, the most important parameters are the contact interaction are
peak pressure at the contact patch, the average pressure at the contact patch, the coefficient
of rolling resistance, width and depth track.

The software package ANSYS LS-DYNA was chosen to model the contact interaction
between the wheel and the bearing surface because it is one of the most advanced tools for
solving problems of this kind, well in the work of the leading manufacturers of wheel tire
companies (including Michelin, Goodyear). This program is designed to simulate nonlinear
problems involving large deformations.

2. Simulation of finite-element model

The system contains two parts: tire (p. 1, Figure 1) and supporting surface (p. 2, Figure 1).
In this case it is not attempt to obtain quantitative results, a qualitative assessment only and
analysis of it. That is why the supporting surface is represented by the height of one
parallelepiped element and superior in size to the dimensions of the wheels 50%.

As the material of the supporting surface (p. 2, Figure 1) is selected concrete with
following characteristics: elasticity modulus 2 - 1010Pa, Poisson ratio 0.2, density 2500
kg/m3. Modell were performed by volume elements solid164 type.

Wheel modelled from several parts: belt (p. 1, Figure 2), cord (p. 2, Figure 2), rubber
part of tyre (p. 3, Figure 2), bead (p. 4, Figure 2), rim (p. 5, Figure 2), disk (p. 6, Figure 2).
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Figure 1. Finite-element model of the system
1 —tyre; 2 —supporting surface
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Figure 2. Finite-element model of tyre
1 - belt; 2 - cord; 3 — rubber part of tyre; 4 — bead; 5 —rim; 6 — disk

Belt (p. 1, Figure 2) and cord (p. 2, Figure 2) were performed by shell elements shell163
by orthotropic material (carbon steel) with following characteristics by main direction:
elasticity modulus 2.1-1011Pa, Poisson ratio 0.28, density 7800 kg/m3. In two other
directions of the modulus of elasticity is 9.3 - 1010Pa. The thickness of the elements is
0,025 mm.

Thickness and elasticity modulus elements on secondary directions chosen so to ensure
the rigidity and weight [1] equivalent to the corresponding parameters of the cord and the
belt composed of steel filaments (Figure 3).
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Figure 3. Converting square of cord to equivalent to the area of a rectangle

In the case of small dimensional deformations (within the elastic zone, where in
Hooke's law is valid), the stiffness can be defined as the product of modulus of elasticity (in
tension, compression and bending) or the shear modulus (shear and torsion) to the relevant
geometrical characteristics of the element cross section. In the case of bending it is the axial
moment of inertia. Belt and cord works on bending and stretching in this task [0]. The
equivalence of the tensile stiffness is provided by the equality of cord steel filaments area
and the equivalent rectangle:

2
H-ZD ®
4L

The equivalence of the bending stiffness is determined by the product of the modulus of
elasticity to the polar moment of inertia for both sections. This means that:

1212
eq =
q 7342

The flexural rigidity of belt and cord in the transverse direction is much less than in a
longitudinal because weaving structure where rigid steel filaments in this direction are
connected kapron flexible filaments.

Since the thickness of the equivalent cross-section has been determined previously, the
equivalent modulus of elasticity in the transverse direction define equal to experimentally
obtained.

Rubber part of tire (p. 3, Figure 2) was performed by solid elements solid164 type by
Mooney-Rivlin model (used to modelling hyper elastic elastomeric materials such as
rubber). Material characteristics: Poisson ratio 0.499, density 1200 kg/m3. Size and load
curve of the sample correspond to the experimentally obtained data.

Bead (p. 4, Figure 2) was performed by solid elements solid164 type from carbon steel
material. It has the following characteristics: elasticity modulus 2.1 - 1011Pa, Poisson ratio
0.28, density 7800 kg/m3.

Rim and disk (p. 5 and p. 6, Figure 2) were performed by shell element shell163 from
carbon steel material with following characteristics: elasticity modulus 2.1-1011Pa,
Poisson ratio 0.28, density 7800 kg/ms3. In this task the solution accuracy is not required.
Therefore, to simplify model the thickness of the element is set to 5 mm in all sections.

Assumptions: this model is intended for the qualitative assessment of contact interaction
of the wheel and the bearing surface, so all the elements that do not affect the stiffness of
the tire were modelled with simplifications and their mechanical properties are set to the

E

Esteel )
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reserve. The bead is made of steel and considerably larger than the prototype. It has no
effect on the stiffness of the tire because of the distance from the contact patch. But this
simplification reduces the complexity of the simulation.

Rim and disk executed by the simplified geometry, so that loads are applied to node in
the geometric centre of the wheel assembly. The thickness of the elements was chosen
higher than necessary to eliminate the influence of the rigidity of the disk on the
interactions of tire and supporting surface. In this model they perform an auxiliary function.

Consolidations and loads: the support surface mounted on axes X, Y and Z in the lower
part. Disk nodes have restrictions on lateral movements.

To the inner surface of the rubber part of the tire pressure of 200 kPa is applied. To the
central disk node attached downward direction vertical force 1750 N. The same node
attached torque 100 Nm in the direction of the wheel rolling. To all nodes of the model
applied acceleration of gravity g.

Due to the fact that a model created for the qualitative analysis of the interaction and
does not require the precise values he tread pattern is absent.

3. Method of results calculation process

To determine the width and depth of the track is required to obtain data on the movement of
the reference points of the surface. It will be enough to get the data from all three points —
vertical movement of the node in the centre of track and coordinates of nodes on opposite
edges of the gauge (the track width is absolute value of their difference).

To obtain the desired peak value of pressure at the contact patch, the average pressure at
the contact patch, the coefficient of rolling resistance is required to convert data received
from the pattern of pressure distribution in the contact patch.

This picture is available in ANSYS and LS-DYNA postprocessor: Plot > Results >
Contour plot > Element solution > Stress > Y-Component of stress.

For the convenience of processing the results should make the colour scale legend in the
form of shades of grey from black (zero pressure) to white (maximum pressure). To do this,
create a new scale: PlotCtrls > Style > Colours > Create Colour Map. The preferred will
create 16 shades of grey and even pitch in brightness. If possible, one must create 256
levels.

For ease of processing it is recommended to set a scale so that the minimum value is
negative, so that:

min = ——— 3
1 ®)
where max is the maximum value of the study, n is the number of grey levels.
In this case, it turns out that each gradation (except the first one corresponding to zero
and negative values) corresponds to the value:

P = @(i +1) 4)
n-1

where i is number of level.

Then one can bring a picture of the pressure distribution on the screen and save the
image: PlotCtrls > Capture Image > File > Save as > select the file name and format bmp
(bitmap — no compression). It is recommended to use the maximum resolution of the
monitor ANSYS expands the window to full screen and hide all the tool windows.
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Next, in a graphics editor (e.g.: GIMP 2.8) one must clear the corresponding section of
the wheel is not involved in the contact (make them black tool brush, which corresponds to
zero pressure) and save the file in PBM p2 (portable bitmap encoded in ASCII [3]): File >
Export > Drawing PGM > Export > Text (ASCII) > Ok.

At this stage it is possible to reduce the size of an image without carrying the
information about voltages (black squares), to reduce the size of the matrix and increase the
rate of calculating (Part 11, Figure 4).
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Figure 4.The processing steps of calculation results
1 - original picture of the stress distribution; 2 — treated pattern of stress distribution; 3 — vector
format data PGM; 4 — matrix stress distribution

The resulting file should be opened in a text editor (e.g.: Notepad++). Figure 5 shows a
sample file PGM. In it, the first line p2 represents the version of the format (in this case,
grayscale, recorded in the encoding ASCII), the third row contains information about image
size (number of columns {col} and row {row}, respectively), and the fourth — the depth of
colour {depth} [0] (255 means that each pixel can have a brightness of 0 to 255). The fifth
and next to the end of file — brightness {data}.

=l gmp pom E3|
1 Pz
2 ¢ CREATOR: GIMP PHM Filter Versiom 1.1
13 5

255
5 247
& 240
7 246

Figure 5. Listing of the PGM file

The resulting data can be transferred into the program, which make calculation

(MathCAD, Excel etc.).
The variable data contains a column of data (Part 1ll, Figure 5), which should be

transformed into a matrix of brightness:
data(row-1)+ j
depth

lightness; j = (®)
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where j varies from 1 to row, i varies from 1 to col.

Now lightness is a matrix of relative brightness. Multiplying it by the maximum
pressure {max} of the legends of the initial picture of the stress distribution (Part I, Figure
5) we obtain the matrix of the pressure distribution in the contact patch (Part IV, Figure 5).

In the event of a major partitioning into finite elements model the pressures can be
calculated manually using the colour picker tool in your photo editor and putting it into line
value from the legend of the original image.

Define the contact area:

S = ZSZT PHeavisidel ? ©)

where n, m are the number of rows and columns in the matrix of pressure values,
Preaviside 1S the matrix of pressure values, each element of which is equal to one if the
corresponding element of a non-zero pressure (using the Heaviside step function [0]), I is
the length corresponding to one pixel of the image pattern pressure distribution in the
contact patch.

This length is determined by the ratio of the size of the model in millimetres
corresponding to the size of the image in pixels. For this purpose it is convenient to create a
finite element model of three-element beam length of 0.1 m (or any other comparable with
the characteristic dimensions of the model) in the direction of the principal coordinate and
consolidate all of their components from moving. They are conveniently situated away
from the main model, so they do not overlay on the deformed model after calculation but
were visible. The size of the image in pixels can be defined in a graphics editor.

Defining the total vertical force exerted by the wheels on the supporting surface:

Fs = ZSZ{” pl? )

where p is the pressure of the matrix (obtained by the mapping results to calculate
pressure LS-DYNA). In the stabilized mode, this force must be equal to the sum of the
vertical forces acting on the centre of the wheel and the mass of the wheel.

Then the average pressure in the contact patch will be determined by dividing the total
force to the area of the contact:

Fs
Pavg = = ®)
avg S
Peak pressure in the contact spots will be determined as a function of the maximum:
Pmax = Max(p) ©)

The coefficient of rolling resistance is determined by the formula:
. M (rg _rdyn)+ a

(10)
Fsrk fdyn Idyn

where M is the torque, rg is the free wheel radius (defined geometry), ryy, is the dynamic
wheel radius (calculated as the difference between the vertical coordinates of the central
disk node (O) and a node located in the contact), a is the longitudinal displacement of the
centre of pressure relative to the projection in the centre of the wheel contact patch.

Calculate longitudinal displacement of the centre of pressure as the difference of the
distance between the longitudinal coordinates of the centre of the wheel (O) and the farthest
node of the contact (L,) and the distance from the node to the centre of pressure (Op) of the
contact (L,). L, value is determined in ANSYS: TimeHistPostpo >AddData > Nodal
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Solution > DOF Solution > X-Component of displacement > one need to choose the node >
List Data > after this, select the value corresponding to the time when the oscillations died
down and the wheel moves in steady mode. L, value is determined from the pressure
distribution matrix according to:

M P
Ly =—— (11)
Fy
where M, is the moment created by the pressure relative to the farthest node of the
contact:
Ce2enem| o (]
Mp=1">> {p,lj(ﬂ +Eﬂ (12)
4. Results

Processing of the results gave the following values (Figure 6): col = 167 is the number of
columns in the contact patch pattern; row = 230 is the number of rows in the contact patch
pattern; depth = 255 is the brightness depth; max = 3 - 10° Pa is the maximum pressure in
the contact patch (in legend); | = 0.59 mm is the length corresponding to one pixel; S = 66.9
cm? is the contact patch area [62]; Fx = 2580 N is the integrated force in contact patch
[2450]; pavg = 386 kPa is the average pressure at the contact patch [395]; pmax = 2860 kPa is
the peak pressure in contact patch; f = 0.016 is the coefficient of rolling resistance [0.015—
0.018].

The numbers in square brackets are the theoretical values. As you can see, all the values
are relatively minor error theoretical except peak pressure. Lots of peak pressures under the
edge of the belt, at the transition to the sidewall of the tire tread. This corresponds to the
observed picture of the stress distribution in the contact patch.
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Figure 6.The results of the calculation.contact pressure

5. Conclusion

The calculation results show that the proposed finite-element model of the wheel and the
method of processing the results of the calculation are adequate and can be applied in the
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future. The error in the estimated parameters of the contact interaction of the wheel and the
bearing surface does not exceed 10%.

The calculation showed that the main novelty of the model (modelling cord and breaker
of the shell element) is admissible and can reduce the dimensionality of the model, thereby
increasing the speed of calculation, by reducing the number of beam elements.

Evaluation of contact interaction parameters were calculated by hand and by the
proposed method. The parameters obtained by the proposed method have a smaller error
relative to the experimental data.
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Abstract: The article deals with Sustainable Development from the point of view of the designer
who selects materials for a given product. Is it possible to objectively assess the impact of our
actions on the environment 100 years from now? One of possible methods for assessing the
impact of the selection of materials on the environment is given in the case study.
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1. Introduction

The concept of sustainable development is understood in different ways by different people,
often depending on their needs for pursuing their own interests. Some politicians abuse the
term for political purposes, and some large corporations use the term “sustainability’ only
for purposes of growing their business. On the other hand oil companies understand the
term sustainable development in relation to their future as a ‘time after oil’. Generally it can
be said that the majority of people think of sustainability as the unlimited use of all
available technologies for the growth of gross domestic product whilst reducing the
undesirable effects on the environment (for example, reduction of carbon emissions). And
then there are those who do not trust this approach, who see the free market as the cause of
environmental problems, which is the continuous driving force behind the growing threat to
an unsustainable future. Sustainable development is seen as equilibrium, not growth.
Between these two points of view there are many other opinions. We are living at a time
when neither conclusive proof — nor one side of the argument, can be obtained — only time
will tell.

2. Sustainability

So what then is sustainability? It depends on your point of view — the scale, whether it is
local or global, and the time frame — whether it is weeks, years, or centuries.

Sustainable development is a means of developing human society which is carried out
in agreement with economic and social progress whilst fully preserving the environment.
The main objective of sustainable development includes the preservation of the
environment for future generations with as little change as possible. The principles of
sustainability are set out in standard CSN 01 0391, which was released in October 2013,
entitled ‘Corporate social responsibility management system — Requirements’ [4]. The
introduction of this standard states:

‘Specifically, the integration of social responsibility manifests itself by integration of
positive attitudes, practices and programmes into an organization’s strategy at the level of
top management. It requires a shift in the view of their social role from the level of “profit
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only” to a broader perspective in the context of the often-mentioned three pillars “P” —
People — Planet — Profit’.

Unfortunately many firms see social responsibility as a fashionable trend a means for
self-promotion.

The Figure 1 shows sustainability represented as the “Triple Bottom Line’.

Planet

1 -
\ Viable "’”..‘,‘leeable |

Sustain)\
{ NJ-able L/
| Prosperity == People

J
@ Fair J
“n a"v

\,

[

e

Figure 1. Triple Bottom Line [5]

This apparently simple diagram is very hard to implement in practice. It demands a
detailed analysis of single actions (‘articulations”) in a system and a subsequent synthesis of
the facts and, most significantly, a large dose of common sense.

How should engineers approach the issue of sustainability? What and how should we
teach students? Thanks to a certain Czech president (and not only him), the overwhelming
opinion in the Czech Republic is that there is no threat. Technical specialists tend to see this
issue as something for philosophers. Questions such as the following are regarded by
technical specialists as, at the very least, strange:

How long can economic growth, which is always exponential, be sustainable?

Is strong economic growth compatible with the needs of today’s and future population?

Is sustainable development (in the context of the continuously widening gap between
rich and poor countries) actually achievable?

And is it really in our interests to worry about what comes after us?

3. Sustainability from the viewpoint of engineers

I would like to share with you a rational analysis of sustainability issues, conducted by
Professor Ashby et al. from the perspective of material selection [5]. How is it done? By
separating the rings and developing their meaning (Figure 2).

There are many different proposals (“articulations”) that are used to promote a
“Sustainable Development”. Proposals are submitted from various stakeholders. Among the
stakeholders include governments, the public, local communities, owners, manufacturers,
suppliers, trade unions, customers, lobbyists, investors, national press, managers. They have
their interests and their power of influence. Thereby get their proposals logically into
conflict. Due to the length of the contribution skip lists the main proposals of individual
stakeholders. Their interests can be derived following main categories (meaning still in
terms of material selection):
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— Materials(manufacture supply chain, life cycle)

—  Environment(carbon release, air, water, land)

— Design-energy (energy efficiency, function, performance, safety)
— Legislation(awareness, compliance, reporting)

—  Society(social equity, education, health)

—  Economics (cost, benefit).

Atmosphere, land,
fresh water, oceans,
bio-sphere, material
and energy resources

/ Comprehensive
capital

Natural

capital
(Planet)

= Sustainable development =
Growth in Comprehensive

capital?
Ma:l;fa':tur.e? Human and = How link to projects
e, nlc = Social capital claiming Sustainable
AP (People) Development?
(Prosperity)
BRW SIN R, Education, health

Industrial capacity,
Financial health,
(GDP)

skills, knowledge,
happiness

Figure 2. Macro-economic view: the Three Capitals [5]

Individual proposals (“articulations™) of stakeholders must be systematically explored.

Generally, you can define a method to assess the sustainability of these five steps:

Step 1: Clarify objective

Step 2: Stakeholders analysis

Step 3: Fact finding (objective)
Step 4: Debate impact (subjective)
Step 5: Reflection

4. Case study: the electric car

Practical application of the method is demonstrated on the electric car. Is the electric car
sustainable?

Step 1: Clarify objective

Based on these facts (background): Global car production is 60 million units per year;
15% of CO, release comes from car; Governments targets are 10% electric by 2020.
Prime objective is decarbonize road transport. Scale is 8 million cars/year by 2020.
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Step 2: Stakeholders and concerns
— National and local government — carbon targets
—  Car makers and distributors — sales
—  Battery makers — supply chain, recycling
—  Labour Unions — employment, rights
—  Drivers, Automobile Association — range anxiety, cost
—  Environmental campaigners — carbon footprint
Battery makers have strongest influence and greatest interest.

Step 3: Fact finding
The strongest stakeholder interests split into major categories stakeholder interests,
which have been described above:

— Material supply chain — Lithium

—  Energy - batteries

— Legislation — battery directive

—  Environment — CO, footprint

— Society — range anxiety

—  Economics — acceptance of cost

Best battery
Lithium-ion
0.6 MJ/kg

Energy storage systems

Factor 75

Nickel-Metal Hydride Battery
Thermal Storage

J ( Lead -Acid Battery
Vanadium Flow Batte
/I """""""" LT‘ v

1 Sodium-Sulfur Battery

Specific energy (MJ/kg)

Super Capacitors
Compressed Air kel
0.014 Nickel -Cadrnlurn Battery Hydro
Flywheel
0.001+
Superconducting Magnetiy
le-44

Spring

Figure 3. Bar chart — Energy storage systems [2]

Material — Consumption per car is 7.3 kg Lithium, if the goal of 8 million cars per year,
consumption is 58,400 tons per year Lithium. Annual world production of Lithium in
2011 was 34,000 tons. From these facts it follows that the requirement for 2020 would
be 160% of current world production.
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Energy — What are alternative batteries? Bar chart in Figure 2 created using the CES
software (link) shows the energy density of materials. The graph shows that the
Lithium-ion battery has the highest energy capacity. Energy density of batteries is much
smaller than gasoline.

Regulation — EU battery directive is no batteries to landfill.

Society and stakeholders concerns — The travelling distance is limited by the battery
weight and cost. 500 km range requires more than half tonne Li-on battery. It follows
that battery weight is proximately 1 kg/km. Cost at todays prices $42,000
(http://evobsession.com/electric-cars-2014-list/)

Environment — Can prime objective be met? Will be decarbonizes road transport?

The battery must be recharged from the National Grid (gas/coal fired) — the carbon
footprint resulting in the production of electricity from gas is 140 g/MJ.

Delivered energy to propel small car is 0.6 MJ/km.

Efficiency of battery — electric motor set is 85%.

It follows that carbon footprint of electric car is 140 x 0.6 / 0.85 ~ 100 g/km.

Step 4: Impact on the three capitals

* Objective not achieved
* Possible if grid decarbonised

Natural
capital
(Planet)

Manufactured

: : Human and
and financial , .
ital Social capital
capita (People)
( Prosperity) /
* Supply chain for Li in doubt * Range anxiety not met
* Expanded Li production + Battery development

Figure 4. Assessment impacts [5]

Planet — the prime objective will not be met without grid decarbonized.

Prosperity — now is inadequate infrastructure for the production and recycling of
Lithium.

People — their expectations of range anxiety are not currently met.
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Step 5: Reflection

The issue of electric vehicles can be seen in the short-term (7 years), in this case, the
electric car are not sustainable. In long-term (25 years), it is necessary to establish the
infrastructure. Alternative strategy (for sustainability) is rethink car use.

5. Conclusion

Designers should not think about the design of the product only from a technical point of
view, but in a broader context, as indicated in this contribution.
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Abstract: In many cases, rolling element bearing defect is attributed to be one of the main causes of
breakdown in devices. So that impede troubles, continuous condition monitoring is highly
recommended. The following paper deals with several analysis techniques of rolling element
bearings.

Keywords: condition monitoring, rolling element bearing, signal processing

1. Introduction

Permanent monitoring of machinery has been considered to be an essential and integral part
of any modern manufacturing facility [1]. Device monitoring implies periodic or sequential
collection and interpretation of data relating to the condition of hazardous components.

Rolling element bearings are important components of most machinery and their
operating circumstances influence directly the operation of the entire machinery. Fault
detection supports to determine the location of the fault so that corrective activity can be
taken and maintenance work can be planned accordingly [2].

2. Rolling element bearing components

Bearing geometry is a crucial factor for identify bearing defects, because for example the
geometry of ball bearings specifies the dynamics of the bearing components and their
vibration attribute [3].

Generally, a rolling element bearing comprises two rings with a set of elements running
in the tracks among the rings. Almost all of them feature cages. The cages decrease wear,
friction, provides equivalent spacing and prevents the elements from friction against each
other. Rings and rolling elements material are typically made of low-alloyed, through
hardening chromium steel. As lubricant supply is burdensome with rolling element bearing
geometry, bearings are frequently packed with thick greases and then sealed so that the
bearing operates under lubrication. The standard types of a rolling element comprise ball,
tapered roller, cylindrical roller, barrel roller and needle roller [4].

3. Condition monitoring methods

Condition monitoring is one possibility of a predictive maintenance program. The
information collected can be used to specify machinery problems and corrective actions can
then be implemented.

Several methods are used for the perception of bearing condition monitoring. The
techniques are broadly classified as acoustic measurements, noise analysis, temperature
monitoring, wear debris detection, vibration analysis etc.
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3.1. Acoustic measurement

Acoustic measurement is receiving increasing attention in condition monitoring of rolling
element bearings. The most effectual acoustic-based bearing health monitoring is acoustic
emission. This is a transient impulse generated by the rapid release of strain energy in solid
material under thermal or mechanical stress. The perception of cracks is the main
application of acoustic emission. Thus, this method can be used as a device for condition
monitoring of bearing defects and shaft cracks. The acoustic emission is not influenced or
disturbed by other mechanical noise, and defects in rotating machinery, such as
misalignment and unbalance, which cannot be eliminated lightly and entirely. So the
acoustic emission based methods are superior in certain areas, especially for initial fault
detection in rolling element bearings [5]. The acoustic emission process is capable of
detecting defects forming deep inside the material, even before it would propagate out to
the surface [6]. The measurement of a machine’s sound can also be employed for
diagnosing defects in bearings. Usually, the precision of these methods depends on sound
pressure and sound intensity data [3].

The most frequently used acoustic emission parameters are energy, counts, rms,
amplitude and duration time. The representation of acoustic emission parameters illustrated
in Figure 1.
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Figure 1. Acoustic emission parameters [7]

3.2. Noise analysis

Even though the most advanced manufacturing technology is used, sound still befall
naturally in rolling element bearings. Since the noise emitted by bearings is composed of all
types of faults developed during the working time of the bearings and the manufacturing
process, the effective values of certain noise quantities enable quick and accurate
examination [8].

Race noise is enough elementary sound in rolling bearings. It is a smooth and
continuous sound. The magnitude of this noise is used to assess bearing quality. The
frequency of this sound does not modify even if rotational speed changes, as shown in
Figure 2.
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Figure 2. The impact of rotation speed on race noise [8]

Race noise is considered to be caused by configuration mistake, which happens even
though the most advanced machining technology is used to process the surfaces of the
raceways and rolling elements of a bearing. There are no particular countermeasures to
eliminate the race noise entirely, but it can be minimized by perfecting the overall quality
and precision of bearings [8].

Squeal noise is a metallic noise that can be rather loud in certain cases. This noise tends
to occur with comparatively large bearings used under a radial load. It occurs usually in
cylindrical roller bearings, but can also occur in ball bearings [8].

Click noise is generated merely at low speeds and cease when speed exceeds a concrete
level. It is the collisions among the rolling elements and the cage and/or inner ring which
cause click noise. It tends to occur more frequently in comparatively large bearings under
radial loads [8].

Cage noise is attributed to the rotating cage colliding with raceway rings or rolling
elements. Since there is clearance among the cage and both the raceway rings and rolling
elements, it is cumbersome to fully eliminate cage noise. Nevertheless, it could be reduced
to some extent by reducing the mounting mistake [8].

When a defect such as a rust or dent exists on a finished raceway surface of a rolling
bearing, then a pulsating, machine-gun-like noise is created if the bearing rotates. In this
case the level of the entire frequency spectrum rises [8].

Noise analysis technique can be implemented in conjunction with widely used signature
analysis methods like cepstrum analysis, time domain statistics and spectrum analysis to
meliorate the overall diagnostic and detection ability of these conventional methods in the
presence of severe noise [9].
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3.3. Temperature monitoring

Heat emission is a phenomenon that accompanies nearly each dynamic activity. Rolling
element bearing distributed defects generate excessive heat in the rotating components.
Rolling bearing manufacturers have long been aware of the connection of heat to bearing
life and have designed formulas to precisely calculate safe operating temperatures. The
outcomes indicate a temperature band in which both lubricants and bearings will operate at
top performance with the least stress. As soon as outside the ideal temperature range, they
will degrade at an accelerated rate [10].

Figure 3 shows the temperature range of a typical rolling element bearing. The red zone
represents the critical section, the yellow zone symbolizes the decreasing lubricant and
bearing life, the green zone expresses the sweet spot for bearing and lubrication
temperature [10].

-50°C 0°C 50°C  100°C 150°C 200°C 250°C

Figure 3. Thermal ranges of rolling element bearings [10]

Exist different temperature bands for distinct combinations of bearing and lubricant, but
they will have the identical general trend regarding the optimal operating temperature and
its effect on accelerated wear and failure.

Thermal imaging empowers real-time temperature monitoring and localization of
temperature increases. Nevertheless, it allows a spatial visualization of heat propagation in
monitored areas [11].

3.4. Wear Debris Analysis

The wear progress of a given machine is generally the result of many different,
simultaneous wear mechanisms, each of which has its own way of affecting to the
machine’s operating environment and the changes that occur in it. When the poor operating
conditions persist, the wear could either inflict parts of the machine to break or disturb the
machine’s operation. To allow detection at an untimely phase and control of the wear
process, the amount, size, and appearance of wear debris particles in the machine’s
lubricating oil must be monitored [12].

In this technique, the presence of metallic particles in the lubricant is detected by
sensitive sensors. Additionally, the spectrographic analysis of the dissimilar metallic
elements in the lubricant could facilitate the location of the defect [3].

3.5. Vibration analysis

Vibration monitoring is a helpful tool in the maintenance. As the anomalous vibration of
rotary machines is the first sensory effect of rotary component fault, vibration analysis is
extensively employed in the industry. Vibration analysis could be applied for the diagnosis
of every type of faults even distributed or localized. Among other things the vibration
measurement methods benefits are accurate results, low-cost sensors and specific
information [3].
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Vibration analysis techniques are Fourier-transform, artificial neural networks, fuzzy
logic systems, Wavelet-transform, Wigner—Ville distribution, singular spectrum analysis
and so on.

4, Conclusion

Several diverse methods have been evolved for monitoring and diagnosis of rolling element
bearings in the past decades. Vibration based methods are well established for the condition
monitoring of rolling element bearings, although they are not so effectual in detecting early
defects in the bearing. Acoustic emission is receiving increasing attention as a
complementary method for condition monitoring of bearings as acoustic emission is enough
sensitive to incipient defects. Temperature monitoring of bearing is a quick method for fault
perception in rotary machines.
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