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1. Introduction

Austempered Ductile Iron (ADI) is a metal that is going to be used as a substitute to
steel in certain mechanical engineering applications. Depending on what application ADI is
used, it can bring some advantages. However, to carry out this replacement it is necessary to
conduct tests to guarantee that ADI is safe when thus applied.

In this project the application of ADI in gears of the mass balance systems (MBS) will
base and their functional properties will be verified.

As the case under scrutiny certain properties play a major role in attaining good
system performance. A mass balance system (MBS) is used to reduce vibration and
consequently engine-related noise. The material applied, to the gears in this case, has to
exhibit the ability to absorb a given quantity of engine-caused vibration.

To try verifying this ability of the ADI it will be doing experimental tests, with steel
gears and ADI gears and both materials will be compared.

The experimental tests will be confronted with of AMESim simulation.

Figure 1 — Nodular graphite cast iron with spheroidal graphite.
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2. Objectives

This project’s objective is the experimental comparison of the mass balance system
performance with carbonitrided steel gears and austempered ductile iron gears.

Here are the various objectives suggested:

e Material characterisation;
Research into literature on tolerances in gear production;
Working principle of mass balance system;
Geometric characterisation;
Drawings to manufacture the wheels in initial form;
Production of gears;
Assembly;

e Make a experimental tests;

However, to carry out the production of gears will be necessary to take some careful,
principally with the gears G9T.

At same time will be doing a simulation in the software AMESim. Principal objective
of this simulation is to create a model that represents the reality, for in the future studies about
the application of the other materials in the MBS. Consequently the simulation results will be
compared with the results of experimental tests.

Henrique Pinto 6/154 July - 2004




- FINAL PROJECT
Experimental Comparison of the Mass Balance System @ b s

performance With Carbonitrided Steel Gears and

Universidade do Porto

Austempered Ductile Iron Gears Faculdade de Engenharia CACIA RENAULT

e -“g%‘;m FEUP

3. Mass Balance System

The mass balance system is a mechanism that will balance 2™ order inertia forces.
These forces are generated because of the push rod movement in the internal combustion
engine. The movement of the push rod is twice as faster as the crankshaft’s. While the
crankshaft makes a half turn, the push rod moves from its initial position to a new one and its
mass creates a considerable inertia force. These forces are the 2™ order inertia forces.

It is hard to devise a system as close as possible to the ideal one, as one must achieve
synchronization between the movement of the crankshaft and that of the mass balance system.

Theoretically, the mass balance system is to make the alternating inertia forces
ineffective; in practice though this is a much harder task, since it is difficult to obtain
movement synchronization entailing complete ineffectiveness. Nevertheless, when such
phenomenon indeed takes place, engine-related vibration and noise are markedly reduced. An
engine including this system will hence make car users feel much more comfortable. As this
system leads to an increase, even if minimal, in consumption, it is more often applied to high
piston displacement engines.

T e

Figure 2 — G9T Mass balance system.
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4. Materials Characterisation

4.1. Carbonitrided Steel

When the carbonitriding heat treatment is applied to steel carbonitred steel is obtained.

Carbonitriding combines carbonising and nitriding: very hard surface layers about 0,1
mm depth are thus obtained. This treatment may be applied to any steel.

During carbonitriding carbon and nitrogen are absorbed into the steel’s surface.
Ensuing nitrogen combines with steel and forms nitrides just as it happens in nitriding. Due to
nitrogen absorption transition a~ .y reaches relatively low temperatures — austenite forms
about 600° to 750° C. At the same time carbon (dissolves in y -iron) absorption is favoured so
that during cooling there is enough carbon to form martensite. There are two types of
carbonitriding taking into consideration transition o”.y of the workpiece’s core.
Consequently, there is carbonitriding involving or not transition a”.y of the core; such
transition solely depends on temperature, except for small-sized parts: diffusion is uniform.

Cooling is carried out immediately after carbonitriding and it takes place in the right
environment for the steel type concerned. Cooling is achieved by means of nitrogenous salt
or, as to carbonitriding in a gaseous atmosphere, by means of hydrocarbons with ammonia.

Carbonising is a treatment applied especially to ferritic-pearlitic steels. The surface
layer of the workpiece is carburised: the piece is wrapped in a carbonising atmosphere and
heated at a temperature between 870 and 930° C for a given period depending on the type of
carbonising atmosphere. The carbonising atmosphere thus passes activated carbon down to
the workpiece’s surface. The longer the treatment lasts, the higher the depths of carburised
surface will be.

Nitriding is a treatment in which nitrogen, in the form of iron nitrides, is introduced
into the surface layer of steel hence obtaining great surface hardness.

This process is applied when you wish to obtain maximum hardness or great wear
resistance. Volume swell of the nitrided layer gives rise to compressive residual stress that
considerably increases fatigue resistance.

4.2. ADI Characterization®

4.2.1. Base Material

ADI i§ produced from cast iron containing spheroidal graphite (SG iron).
Graphite is spheroidized before the metal is poured by adding an element that contains
Mg and rare earths. This material’s metallic matrix may range from totally ferritic (17 %

; See «Agos - caracteristicas, tratamentos», Pinto Soares.

See «Resisténcia a0 des_gaste € gripagem de engrenagens em ferro fundido nodular austemperado» - Thesis
prqsentcd to the Engineering Faculty of Oporto University for a master’s degree in Mechanical Engineering —
Luis Manuel Martins Leite de Magalhies.
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elongation at break) to totally pearlitic (in this case cast iron exhibits greater mechanical
strength, up to 800 MPa ultimate stress; its elongation at break is though not higher than 2 per
cent).

By means of the austempering heat treatment SG iron’s structure is transformed to
contain acicular ferrite and austenite; a material with high mechanical properties is thus
obtained, its ultimate stress can be between 850 and 1400 MPa and it exhibits excellent wear
resistance — the said material is ADI.

Its properties, such as hardenability, are improved adding alloy elements such as
copper, manganese, molybdenum and nickel.

Cast iron involves a relatively cheap production process; such castings are of the same
or higher quality than steels. The properties of the base material (such as the type of structure,
graphite quantity and distribution and type of alloying elements present) are determinant of
the final product’s quality.

4.2.2. ADI production

ADI is produced by employing a thermal treatment on SG iron — austempering.

Ensuing characteristics depend on the properties of the base material and on the
parameters followed during treatment. It is hence important to control parameters such as
temperatures and times linked to each one of the stages in the austempering heat treatment.

Such heat treatment comprises three stages:

austenisation treatment (or solution);

o abrupt cooling followed by a stage in which austenite is isothermally transformed,
cooling until ambient temperature.

900 °C

. 450 «C

250 °C

e

Austenisation Izothcrmic

Transformation

Figure 3 - Heat treatment scheme.

During austenisation the material is heated for a period between 1-4 hours at a
temperature betvyeen 850-950°C. Time and temperature vary with the base material and
expected properties. Carbon homogenizing in the austenite takes place; grain may grow in

Henrique Pinto 9/154 July - 2004
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size, while carbons dissolve in the material and microsegregation of the eventually present
alloying elements decreases.

Prior to isothermal transformation there is an abrupt cooling down to a temperature
between 230-450°C, which is kept for %-5 hours. The final objective is to allow austenite to
isothermally transform to bainite. The time required depends both on the quantity of austenite
you want to transform and on the quantity of alloying elements present. This trarisformation
plays a decisive role in shaping the material’s final properties.

At this stage there are two ranges of temperature that result in obtaining different
materials in terms of mechanical properties, for different structures are formed. Consequently,
ADI is regarded as a “family” of materials, since the conditions each treatment takes place in
lead to materials with quite different properties.

Alloying elements (manganese, molybdenum, copper, nickel) are added to improve
the material’s hardenability as well as its mechanical properties such as toughness and
elongation.

4.2.3. Mechanical Properties

ADI’s mechanical properties vary with: the base material’s quality, alloying elements,
the type of thermal process, mechanical treatments applied to the material and the
workpiece’s size.

ADI offers mechanical properties inferior to carbonised steel, but it exhibits better
performance as to wear resistance than alloy and tempered steels and pearlitic SG iron.

In regard to fatigue resistance ADI that has been applied “shot-peening” exhibits a
performance close to that of carbonised steel: “shot-peening”, mostly carried out due to
existing residual (compressive) stresses and primarily affecting teeth in gears, favours the
spread of microcracks. Such phenomenon has major effects on fatigue resistance, namely flex
fatigue resistance.

Its ability to resist contact fatigue is only inferior to that of nitrided or carbonised
steels. Its bending fatigue resistance is superior to that of steels. Its performance as to bending
and contact fatigue is that of a high resistance material; it may even exhibit performance
superior to that of the most used high resistance steels.

As far as mechanical treatments are concerned, “shot-peening” is applied to ADI. This
treatment improves the material’s resistance, namely bending strength. With regard to surface
wear resistance there are no conclusive results.

“Shot-peening” has beneficial effects when it leads to the transformation of austenite
to martensite on the surface layer of the workpiece under treatment; it has harmful effects
When .it increases the surface roughness, which may be reduced by means of surface
trimming.

When a component made from ADI is used its surface hardens between 500 and 900
HV1; the erth concerned also varies. As regards to 900 HV1 hardness it only affects as far
as some microns undemeath the surface.

SG iron exhibits good machinability, as it contains graphite: energy is thus spared and
the tool life expanded.

Such property changes after austempering — it becomes a hard-to-machine material.
Consequently, the project has to be carefully set up so as to obtain pieces as similar to the
final version as possible hence preventing post-treatment machining.

Henrique Pinto 10/154 July - 2004
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It is thus important to stress that IG iron grows about 0,3 per cent in volume during
thermal treatment; it may even rise to a maximum of 0,5 per cent.

ADI exhibits greater vibration absorption than steel, mostly due to the presence of
graphite. Therefore, gears work more silently. ADI gears produce 6 dB less than steels.

Table 1 - Mechanical properties of the forged steel, nodular pearlitic iron and ADI (ASTM
150/100/7).

Rupture Impact Hardness
Material Cr Go2 elongation resistance
(MPa) (MPa) %) ) (BHV)
Forged Steel 790 520 10 175 262
Nodular
pearlitic iron 690 480 3 55 262
AD1
(ASTM 1100 830 10 165 286
150/100/7)
ADI* 1433 1178 6 73 (414) [HV]
*ADI used for this study.

4.2.4. ADI Gear Deterioration

Nowadays gear wear is calculated with an acceptable margin of error. Nevertheless,
there are situations causing gear to wear. Here are some examples:
e real working conditions are different from the ones projected;
¢ load abnormally distributed due to an incorrect tooth profile;
e residual stresses;
e inadequate lubrication.

The main wear mechanisms are:

Bending fatigue — cracks are formed at the tooth root;
» Contact fatigue - pitting” (pits or micro-fish scaling);
» Adhesion — micro-weldings are formed.

Bending fatigue

When a project‘ i§ carried out properly this type of fault can be avoided. Under
modergte load A]?I exhibits excellent performance; under heavy load only the performance of
carbonised steels is superior. ADI’s composition conditions its resistance to this type of load.

Henrique Pinto 11/154 July - 2004
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Contact fatigue

As it contains a significant number of graphite nodules, ADI has a higher tendency to
micro-crack formation; these micro-craks become a centre of stress. When they spread they
conduce to delamination; this fact must be taken into consideration when great pressure
contacts and great sliding are involved. Volume increase during the transformation of
austenite to martensite is, on the other hand, beneficial as it retards the spread of micro-
cracks. The carbon that has been released from the graphite nodules due to superficial wear is
lubricating; the area that has thus been emptied will later become a place of settling and
accumulation of lubricant.

ADI exhibits good resistance to contact fatigue, only being inferior to high hardness
steels, namely carbonised.

Adhesion

Adhesion occurs when there is insufficient lubrication hence leading the surfaces or
top of any irregularity to touch and thus permitting local material welding and ensuing
delamination in the said areas. This mechanism is further worsened if there is increase in
contact load, sliding speed, temperature and superficial roughness. But it is ameliorated if you
rather increase the lubricant’s viscosity, rolling speed, surface hardness and chemical activity
in the surrounding environment.

Equal materials tend to adhere. In void when their surfaces are completely clean,
almost all materials adhere to each other just by being leaned against.

Adhesion in insoluble materials or materials that are different from each other is not
caused by material welding and consequent material delamination. In this case both surfaces
are delaminated and the ensuing particles remain between the surfaces; if they are not
removed seizing may result. As to gear seizing there is cold seizing relative to low speed and
hot seizing relative to gears working at high speed.

This process may be controlled by using lubricants and being particularly cautious
when selecting the materials.

ADI gear wear

ADI gear exhibits resistance to adhesion-caused wear similar to that of hardened
steels. During tests using low additive oils it exhibited a performance similar to that of
carbonised steels.

Predicting failures in gears

' The study of these components’ life is mainly based on the lubrication regime, the
lubnf:ants, materials and their surfaces, the temperatures involved and mechanical
requirements.

Seizing is the chief mechanism leading to gear wear and deterioration resulting in the
destruction of the said components. Superficial wear caused by fatigue is one of the factors
that may conduce to new processes taking place and eventually ending in gear seizing.

Henrique Pinto 12/154 July - 2004
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As to tribology, and for the above-mentioned reasons, gear deterioration and failure is
predicted taking into consideration thickness of lubricating film and temperature arising from
contact. Seizing displays certain features typical of this phenomenon.

Lubrication regime

There are three types of elastohydrodynamic lubrication:

¢ Full fluid film lubrication

e Mixed film lubrication

e Boundary lubrication

When pressure equals or is higher than 0.5 GPa we shall speak of elastohydrodynamic
lubrication.

Of the existing seizing criteria there are two standards (ISO/DIS 6336/4): the flash
temperature criterion and the integral temperature criterion. Their results show reasonable
margins of error. Both criteria rest on the temperature arising from contact, since it has been
determined that temperature associated with seizing is approximately the same in a given type
of gear when it works using a certain type of lubricant.

The flash temperature criterion is founded on temperature variation across the whole line
of contact of the gear, that is, across the whole active flank.

The integral temperature criterion makes use of an average figure to calculate flash
temperature.

4.2.5. Comparative Advantages of ADI

For ADI is produced from cast iron (an easy-to-found material) the production process
of several components can be reassessed. Casting hence plays a fundamental role in
machining, as it reduces production costs.

ADI offers mechanical strength similar to that of most wrought or tempered alloy
zteels. In some cases it can even replace the steels guaranteeing longer component life without

ailures.

The fact that ADI production is based on a relatively short cycle of heat treatments has
been of great influence on reducing production costs: less energy is consumed than that
required to thermally treat conventional gear steels. This material may be retempered; it is
almost impossible to apply such a process to steels.

ADI evidences a low specific weight rate (10 per cent lighter than steel) and excellent
wear resistance (both in dry and lubricated contacts). Furthermore, it exhibits lower
superficial wear rates than steels the same hardness (ADI - 0.1 mg/kWh and 0.2 mg/kWh —
steels). Superficial roughness on this material quickly disappears after the gear starts working

- it is thus not necessary to carry out so thorough a grinding as that applied to superficially
hardened steels.
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Its wear resistance enables this material to endure extreme lack of lubrication. It
presents low friction coefficient hence making it possible to use lubricants of lower quality.
When it is working it is even more effective than conventional steels, particularly at low
temperatures.

It also shows less notch sensitivity than conventional steels; consequently, it can
endure small machining irregularities on the teeth root. '

ADI displays great vibration absorbing properties — gears thus work more silently than
they do when made from conventional steels.

ADI production does not entail particularly expensive or complex equipment.
Technology involved in the said production has been being developed: nowadays it is easy to
produce significantly reliable ADI components.

ADI is applied to such components as train wheels, hydraulic pumps, crankshafts and
gears — the components are either aimed at resisting wear or are structural components.

Taking into consideration the objective of this project, the most important
characteristic, of the ADI, is the great absorbing properties. Nevertheless properties like less
notch sensitivity and low friction coefficient are important.
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5. Tolerance of the Production in Gears

5.1. Geometry of wheels in external gears with involute profile’

Currently, cogwheel resistance can be calculated by using powerful computer
equipment with good graphical functionalities and the codes of the Finite Elements Method
(FEM) and the Border Elements Method (BEM). A quite complete analysis of stress on tecth
roots is thus carried out. Such analysis cannot though take place without correctly defining the
geometry of the tooth’s profile.

The geometrical analysis of profiles is developed on a transverse section of a gear
(perpendicular to the wheel’s axis); it permits a unified assessment of straight and helical
teeth and it includes the effects of addendum modification and trimming of protuberances on
tooth tops by using pre-shaving tools.

5.2. Precision system of gears with involute teeth*

Application of radial mesh Control

Gear system quality is very dependent on the precision of the production processes
involved: the former is necessary to guarantee the intended functional characteristics as to
working speed, service life, working sound levels and load capacity.

A gear system may contain several types of deviation stemming from different origins
and having been caused at different stages of the production process. A gear is produced in
the following logical order:

e machining of the body of each wheel,;
e shaping teeth in each wheel;
e setting up both cogwheels to start working.

A gear quality control system shall thus focus on:
e control of the body of each wheel;

e control of the teeth of each wheel;

e control of setting-up conditions of the gear.

The complete definition of every standardized precision criterion is contained in the
several existing standards.

Controlling the body of each wheel entails checking:
o the dimensions and geometry of the tapping hole or shaft acting as the datum axis;

3 Sc?c «Robéftica e Aytomatizagio», N.° 8, June, 1992, José Anténio dos Santos Almacinha; Pedro de Campos
Faria; Joaquim Oliveira Fonseca, Jorge Humberto Oliveira Seabra.

* See «Tecnometal», N.° 82, September and October, 1992 José Anténio dos Santos Almacinha; Jorge Humberto
Oliveira Seabra.
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o the diameter of the head of a tip cylinder as well as its rotation runout (radial runout);
e rotation runout and warpage (axial runout) of reference surfaces.

In regard to the control of teeth there are precision criteria that may be divided into
individual deviations (refer to isolated tooth characteristics) and compos1te deviations
(measuring results from several individual deviations).

Individual deviations may be:

e pitch deviation — caused by the cutting machine;
profile deviations — total profile deviation can be sorted into a shape deviation and
profile slope deviation;

e distortion deviations — total distortion deviations can be sorted into a helix shape
deviation and helix slope deviation;

e runout — tooth eccentricity is double as to the wheel’s axis when measured
perpendicularly to the axis and approximately half way up the tooth; it also refers to
irregular tooth backlash resulting from pitch deviations and flank deviations (both
tooth flanks);

¢ tooth thickness tolerance.

Composite deviations may be measured by means of the control of tangential mesh
(on one flank) and radial mesh (on both flanks). By controlling these deviations you can
ascertain the combined effect of individual geometrical deviations in two working wheels.
These deviations may be ascribed to only one of the wheels, if the wheel tested is meshing
with a standard wheel. Composite deviation evaluation methods are often used to control gear
production.
Mesh control can involve checking:
distance deviations;
axis parallelism deviation;
tooth backlash;
composite gear deviation.

There are precision standards, which may vary with the standard’s origin or its author,
prescribing precision types, production processes and their respective applications. The said
standards must be regarded as mere guiding lines: as regards to special applications and after
producer and customer have agreed so different types of precision may be adopted [3].

5.3. Addendum modification in wheels of external gears and in wheels of speed
increasing gears®

) Although teeth can be of several profiles, production reasons have led to the
w1despretad use of involute profile. The said profile permits perfect functioning even when
centre distance varies, while other profiles require normal distance. Involute profile gears

* See «Tecnometal», N.° 78, January and February 1992, José Anténio dos Santos Almacinha, Jorge Humberto
Oliveira Seabra.
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make it possible to use standard tools to cut wheels with non modified tooth profile, called
standard wheels with standard proportion teeth, or wheels with modified tooth profile, the so-
called wheels with modified addendum.

Standard teeth are of standard proportion when the reference cutting line of the cutting
rack coincides with its datum line during manufacture; otherwise, they are modified.

Centre distance is standard if the teeth in both wheels are of standard proportion. If
they have been modified there may be or not distance variation depending on the type of
modification.

Addendum modification is positive when the reference line of the cutting rack is
exterior to the reference cutting circle of the wheel; otherwise, it is negative.

When teeth are modified it must be borne in mind that such an operation is to change
certain important gear characteristics such as contact ratio, specific sliding, gear load capacity
and teeth backlash. Nevertheless, when modifying teeth you can improve some of these
characteristics and neglect others, which are not as important as the former to the said
application.

There are several addendum modification methods conducing to different results: they
improve gear characteristics in different ways.

Gears aimed for special applications shall undergo a specific treatment that takes into
consideration the characteristics indispensable for them to work properly.

54. AGpplying standard precision systems to specify teeth backlash in wheels of external
gears

Dimensional control of tooth thickness

Inevitably, there are differences in gear dimension between the actual model and
design projections. On the other hand, while gears are being used, certain dimensions, which
are important for them to work properly (centre distance, for instance), may also change.
Nonetheless, it must be ensured that the gears will work within certain parameters even if the
said dimensional differences indeed occur.

Tooth backlash is defined differently in standard ISO 1328 and standard DIN 3967.

Under standard ISO 1328 there may be a circular or a normal tooth backlash: they are
interrelated. Standard DIN 3967 defines the ideal circular tooth backlash in the gear
transverse section: it does so by analysing deviations from normal tooth thickness and centre
distance deviations.

. When specifying nominal figures in draft backlash you can base your projection on
previous experience or reference figures in specific literature.

Backlash variation is greatly dependent on tooth thickness tolerance and distance
tolerance. Calculation of backlash, tolerance and deviations from tooth thickness has been
standardized in the various standards.

Dimension control of tooth thickness may be carried out by means of several methods
such as the span measurement over k teeth and the diametrical measurement over spheres or

6S<;'It’) ecnometal», N.° 79, March and April, 1992, José Anténio dos Santos Almacinha, Jorge Humberto Oliveira
eabra.
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rollers. These methods are widely applied during wheel production and control of wheel
quality. They are used to indirectly measure tooth thickness; there are mathematical
expressions to helps us determine actual tooth thickness as to their nominal section.

Tooth backlash results not only from a right choice of deviation from normal tooth
thickness in gear wheels but also from the choice of deviation from centre distance and,
finally, the choice of tolerance of other individual deviations. Tooth backlash must be
calculated as accurately as possible when concerning existing applications.
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6. Materials' characteristics

The characteristics of the materials used to make the detachable metal sleeves and the
wheels are presented follow.

6.1. Austempered Ductile Iron (ADI)
Table 2 — Nominal chemical composition (weight % + 10 %) of the nodular iron.

C Si Cu Mn P S Cr Mo Ni Mg | Others
3.52 | 2.39 -

Annealing (preparation for the austempering heat treatment)

Annealing 1000 °C time — 00:30 h;
Cooling very slow in furnace

Table 3 — Mechanical properties of the nodular iron after annealing.

Tensile Yield strength Elongation Impact Hardness

strength strength

N/mm®) | (Rp0.2,N/mm?) (%) 0) (HV)
712 427 9 39 226

Austempering heat treatment

Austenization 875 °C;

Transfer to the salt bath time - < 5 seconds;
Temperature of isothermal transformation 300 °C;

Cooling in water;

Table 4 — Mechanical properties of the austempered ductile iron (ADI) after heat treatment.

Tensile Yield strength Elongation Impact Hardness

strength strength

(V/mm®) | (Rp0.2,N/mm?) (%) ) (HV)
1433 1178 6 73 414
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6.2. Steel — 36 NCD 16 (AFNOR)

Table 5 — Nominal chemical composition.

C Si Mn Cr Mo Ni
0,36 | <=040 {045| 18 0,35 3,9

This material it was supply with annealing heat treatment.

Table 6 — Hardness after annealing.

Hardness

HY)
226

To increase the hardness this steel was submitted at one hardening in vacuum.

Table 7 — Hardness after heat treatment.

Hardness

HY)
414
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7. Gear Design and Production

Two mass balance systems shall be object of study. They are M1D and G9T.

When the G9T mass balance system was to be produced, a problem with cast iron
wheels was found. The central hole in these wheels was larger than necessary. Faced with this
problem it was decided to make metal sleeves to obtain the necessary internal diameter.

To produce the gears it was first necessary to find out which production process
CACIA uses. Various solutions were suggested to solve this problem. Finally, it was decided
to produce detachable sleeves that are going to be introduced in the gears thus providing the
necessary diameter to the hole. Metal sleeves were designed by taking into consideration the
wheel’s process of manufacture at CACIA and the process to transform cast iron into ADI.

Given the gear production process at CACIA and the production process necessary to
transform cast iron into ADI, the following operations were performed:

1. FEUP:
e Wheels manufacture with intermediate dimensions.
e Metal sleeves manufacture.
e Assembly of the parts process.

2. CAClA:
e Wheels and cog manufacture.
3. FEUP:

e Disassembly the metal sleeves.
e Gears and metal sleeves heat treatment.
e Assembly of the parts.
4. CACIA:
e Rectification of gears.
e Gears assembly in the shafts.
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7.1. Geometric Characterisation

Tables containing the characteristics of the gears of M1D and G9T mass balance systems shall now be presented.

7.1.1. M1D Mass Balance System

Table 8 - Cylindrical Gear Par Cutting Table of the M1D mass balance system.

Cylindrical Gear Par Cutting Table

Gear number

8200385103 8200385231 8200385236
Operating centre distance 74 112 74
Number of gear tecth 1,45 1,4 1,45
Number of teeth 47 49 47
Normal module 1,45 1,4 1,45
Normal pressure angle 20 20 20
Normal helix angle 27,5° 27,5° 27,5°
Helix direction right left left
Reference pitch diameter 76,831 77,338 76,831
Profile theoretical displacement without backlashat radius -1,24 -0,986 -1,24
Profile maximum finishing displacement at radius -1,269 -0,992 -1,269
Profile finished minimum displacement at radius -1,283 -1,045 -1,283
Henrique Pinto 22/154 July - 2004
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Normal base pitch 4,2806 433 42806

Base helix angle 25,715556° 25,715556° 25,715556°

Base diameter 71,08 71,549 71,08

Tip outside diameter 0,0 0,0 0,0
78,18 -0,270 78,97 -0,270 78,18 -0,270

Tip maximum active diameter 77,78 78,57 77,78

Root maximum theoretical 71,72 72,49 71,72

Root maximum active diameter 71,54 73,23 71,54

Root or inside diameter 0,0 0,0 0,0
68,44 -0,270 69,55 -0,270 68,44 -0,270

Test ball diameter 3 2,6 3

Dimension over 2 balls -0,057 -0,01 -0,057
79,82 -0,087 79,48 -0,120 79,82 -0,087

Number of teeth for span measurement k=6 k=6 k=6

Span measurement of k teeth -0,02 0 -0,02
24,04 -0,030 23,41 -0,040 24,04 -0,030

Base apparent thickness ratio 1 1,1 1

Base tra.nsvers.e thickness 2,924 3,044 2,924

(theoretical without backlash)

Operating apparent pressure angle 16,1498 16,6151 16,1498

Operating pitch diameter 74 74,67 74

Operating helix angle on the pitch diameter 26,6885° 26,6833° 26,6885°

Minimum profile contact ratio 2,32 2,27 -2,32

Minimum helix contact ratio 1,22 1,25 1,22

Minimum total contact ratio 3,53 3,53 3,53
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Checking centre distance 73,88 a 73,92 111,84a 111,98 | 73,88 a 73,92
After Before After Before After Before
assembly | assembly | assembly | assembly assembly | assembly
Quality as per standard 01-33-001\-G 8 7 8 7 8 7
Runout(F,) 7 6 7 6 7 6
Total cumulative pitch deviation (Fy) 7 6 7 6 7 6
012
Total profile deviation (F.) 0+ 12 um 7 pm 7 0+ 12 um 7
0+15
Total helix deviation (Fp) 0+15pm 7 um 7 0% 15pum 7
4+2,5 5+£3,5 4+25 4+2)5
Cq 5+3,5um um pm pm 5+3,5um um
3,5+3 45+4 35+£3 3,5+3
Cs 4,5+4 pm pm pm um | 45+4pum pm
7.1.2. G9T Mass Balance System
Table 9 - Gear characteristics of the G9T mass balance system.
Gear Characteristics
Gear n.° 8200085490 8200085493 8200085476
Operating centre distance 1194 60 60
7 Heﬁriqﬁe Pinto 24/154 7 J’ulyr -2004
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Number of tooth 49 41 41
Normal module 1,55 1,4 1,4
Normal helix angle 23°0'0" 20°3'Q" 20°3'Q"
Helix direction Left Left Right
Normal pitch diameter 82,509 61,103 61,103
Profile theoretical displacement -1,119 -0,516 -0,516
Profile maximum finishing displacement -1,16 -0,558 -0,558
Profile finishing minimum displacement -1,228 -0,599 -0,599
Base angle helix 21°32' 28" 18°47' 38" 18° 47 38"
Base diameter 76,729 56,976 56,976
Tip outside diameter 0 0 0

84,42 -0,27 63,16 -0,27 63,16 -0,27
Tip maximum active diameter 84,02 62,56 62,56
Root maximum active diameter 77,15 57,83 57,83
Root or inside diameter 0 0 0

73,82 -0,27 55,81 -0,27 55,81 -0,27
Test ball diameter 3 2,5 2,5
Dimension over 2 balls -0,08 -0,01 -0,01

85,31 -0,22 63,79 -0,13 63,79 -0,13
Reference centre distance De 119,09

a 119,29
Hole diameter 21,95 N6 21,55 K6 21,55 K6
' Henrique Pinto 25154  July-2004
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Table 10 - Tooth quality criteria of G9T mass balance system.
Teeth quality criteria
Gearn.° 8200085490 8200085493 8200085476
Criteria Right Left Right Left Right
side side. | Class side side. | Class side Left side. | Class
Profile slope deviation (f ya) 0+6pum|0+6pum| 6 0+t6um|0+6pm)| 6 0+t6pum| 0+6pum | 6
(Co) 3+2um|3+2pum| 6 3+2um|3+2pum| 6 3+2um| 3+£2pum 6
Helix slope deviation (f yg) 0+7um|{0x7pum| 6 0+7pum|{0x7pum| 6 0+7um| 0+7pum | 6
(Co) 3 +2,5 32,5 3+£2,5 3425 3425
P pm pm 6 pm pm 6 um  [3#25um| 6
Total cumulative pitch deviation (Fy) 27pum | 27 ym 6 24um | 24 pum 6 24 um 24 uym 6
Runout(F,) 21 ym 6 19 pm 6 19 pm 6
fw 3 um Jum 6 3 um 3 pym 6 3um Jum 6
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7.2. Gears and Metal Sleeve Designs

Infra are the schematic drawings of wheels. The detailed drawings of wheels can be

found in appendix A.
These drawings represent the final solution to make the wheels. ‘

7.2.1. M1D Mass Balance System Gears

Al

Figure 4 — Wheels M1D 104 (1) and M1D 593" (2)

These wheels belong to mass balance system M1D.

7.2.2. G9T Mass Balance System Gears

Figure 5 — Gear G9T-(080) with its metal sleeve and cylindrical pins.

* Numbers 104 and 593 correspond to the last three numbers of the intermediate drawings.
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In the following figure it is possible to see the wheel G9T with the respective metal
sleeve and cylindrical pins. In this figure is also possible to see how the assembly of the parts

can be achieved.
For the other two wheels of this mass balance system the construction process was the

same. The function of pins is to give the necessary binding allowing the manufacturing of the
gears. These pins (tension-pins) make possible the easy extraction, to submit 'the heat
treatment of the gears.
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Figure 6 — Gear G9T (079) with its metal sleeve and cylindrical pins.

Figure 7 — Gear GT (078) with its metal sleeve and cylindrical pins.
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8. Production of gears

In this stage of the project the ADI wheels have the same dimensions that the steel
wheels in the beginning of the production. This way it is possible to introduce the ADI
wheels in the production process.

8.1. Turning (pinions G9T and M1D).

Taking into to consideration the differences of materials (ADI vs. steel) and due to
the metal sleeve it was decide to turn the wheels with mechanical lathe and not in the
production line. Then the wheels were turned outside C.A.CI.A.. In the appendix C are
presented the control results of their dimensions and it is possible to verify that they are
inside tolerance drawings.

After this operation, it was found a foundry defects in the HP 5 wheel after a visual
analysis.

Figure 9 - Face with foundry defects.

Henrique Pinto 29/154 July - 2004



- FINAL PROJECT
Experimental Comparison of the Mass Balance System @‘

performance With Carbonitrided Steel Gears and o o~ ] 0
i G Faruidage de Engentans . ]
Austempered Ductile Iron Gears CACTA RENAULT

These defects could be a problem, because they may appear in the teeth after hobbing.

Due to the different behaviour in the heat treatment (different volumes increase) and
taking into consideration the value found in the literature (0.4%) and also because of the lack
of information on that volume increase in gears, with this dimensions, it was decided
hobbing the gears G9T z49. If the final dimension is not inside tolerance, it is maybe possible
to correct the mistake in the assembly. *

8.2. Gears G9T

This stage was done in the production line following the normal operations, but
having more careful in the hobbing.

8.2.1. Hobbing (G9T)

For hobbing gears G9T the radius under ball was calculated. This value is all that the
hobbing machine needs to hob the gears. The others characteristics are related to this value.

Table 11 - Hobbing radius under ball.

GIT Mass Balance System
49 RUB* 41 RUB*
Grinding 39,601 Grinding 29,36
Over Thickness 80 um Over Thickness 80 pm
Hobbing With HLT. Without H.T. Hobbing 29,594
39,677 39,835 *Radius Under Ball

The MatLab file containing the calculus and the expression of the table value is in the
appendix D. The values presented in the table have an associated error of 0.1% compared to
the MatLab calculated ones.

To hob theses wheels it was considered an over thickness of 80 pm for all cases (for
the wh.eel that will be treated and for the one that was not treated). In the case of the wheel
thgt will be treated, the volume increase (due to heat treatment) was removed to the over
thickness. The maximum value of volume increase is 0.4% [2]. The two wheels were cut
with dlfferent dimension under ball. The objective of this operation is to try to know the
volmpe increase that the treated wheel will have, so that the remaining wheels be inside of
drawings specifications. Also for a safety reason, the hob was accomplished with an
approach speed of the gear miller with in 60% of the normal speed, which works at a
rotational speed of 480 rpm.
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Figure 10 - Hobbing machine.

After hobbing, a gear visual analysis was made; it was possible to verify the
emergence of the foundry defects, as it shown in the following figures.

Figure 11 — Gear HP5 with foundry defects.

Figure 12 — Gear HP7 with foundry defects.
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Figure 13 — Gear HP9 with foundry defects.

Foundry defects can provoke failure of a tooth when these are geared.

8.2.2. KLINGELNBERG Control - GIT gears after hobbing.

The cogged control was made in KLINGELNBERG machine. The total cumulative
pitch deviation (Fp), total profile deviation (Fa), total helix deviation (Fp) and runout (F:)
were controlled. It was verified that cogged dimensions after hobbing were inside drawings
specifications.

Figure 14 - KLINGELNBERG measuring machine.

I_t is i}111’°rtant to say that the control of the radius under ball (RUB) was also made in
pmdqcnon line because it is more exact that the value measure in the KLINGELNBERG
machine. In the appendix E it is possible to see the Fp, Fa and RUB of the all gears and the
others characteristics.
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8.2.3. Heat treatment (gears G9T).

Gears heat treatment was making in FEUP (cast iron part) and in F. Ramada, Agos ¢
Industrias, S. A. (steel part). In the appendix are the steel's heat treatment characteristics.

The gears G9T z41 left and right were not suppose to be treated, but due to an error in
FEUP these gears were treated. Because of this fact it was impossible to make the planned
tests. The number of cast iron gears is inferior to the ones previously expected. Only the HPS
(G9T z49) is cast iron, but it will be assembled and tested with the ADI gears.

8.2.4. KLINGELNBERG Control - after heat treatment (gears GIT).

Afier heat treatment the cogged dimensions were controlled and it was verified that
many dimensions were different. These variations were provoked due to heat treatment and
by the assembly of the metal (steel) sleeve. After the heat treatment the sleeve also had
dimensional variations. These variations (both the assembly and heat treatment) increase the
ADI variation and create a difficult situation, because it is impossible to know which
variations are due to the heat treatment.

Figure 15 - Example of the assembly.

The treated gear and the non treated gear had variations. The variations in the non
treated gear were provoked only by metal sleeve assembly.

8.2.5. Hard turning and grinding (gears G9T).

Aﬁer heat treatment it was made the hard turning (the hole and one face of the gears)
and the grinding of the cogged.
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Hard turning is an operation made without lubrication fluid, and its aim is to give at
gear bore the final dimension and surface finish. After this operation the cogged was
dimensionally controlled and was possible to verify that cogged characteristics were better
than after heat treatment. However the cog dimensions are out of drawings specifications.

After this operation the cogged dimension was controlled again, being verified that
there was an improvement in all controlled dimensions. Even so it stayed out of the drawings
specifications.

Figure 16 - Hard turning.

. The grinding was made in the production line and its aim is to give the final
dimensions and surface cogged finish.

Figure 17 - Grinding machine.

Aﬁer this operation it was verified that the gear HP4 was not completely grinding,
because their teeth were not enough thickness. Consequently one flank was not grinding like
shows the following figure.
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Figure 18 - Gear HP4 after grinding.

This happens due to the radius under ball used to hobbing the gear. In that time it was
considered a volume increase of the 0.04%, which it did not happen or it was much lower.
Even though the gear HP4 is inside the tolerances, as is possible to observe in the appendix
E.

8.3. Gears M1D

Taking into consideration that all gears z41 G9T were previously treated, it has been
decided to treat the M1D gears. In this case the tests will be only with ADI gears.

8.3.1. Hobbing pinions M1D

These gears were hobbing in the production line like GIT gears, and it was
considerate the results obtained in the previous case. The initial problem to hobbe the gears it
was to know that is the volume increase due to the heat treatment. Based in these facts it was
calculate the over thickness to hobbe these gears

Table 12 - Hobbing radius under ball.

MI1D Mass Balance System
RUB [mm]
749 left z41 left and right
After Grinding 37,108 36,881
Over Thickness - 80 um
After Hobbing 37,36 37,124

This operation was implemented in the same conditions that the series gears, the same
approach speed and rotational were used in the gear miller.
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8.3.2. KLINGELNBERG control (gears M1D)

In the KLINGELNBERG control machine it was verified that the gears' dimensional
characteristics are inside the tolerances.

After heat treatment the gears were controlled and major deformations were noticed
in the cogged. Theses deformations altered the dimensions and some are out of tolerances. In
addition to deformations it was found foundry defects that were not visible also, appeared
after heat treatment. Its surface has this appearance, because it was clean with sand jet.

Figure 19 - Gear HP3 (M1D z49 left) after heat treatment, with foundry defects.

8.3.3. Hard Turning and Grinding (gears M1D)

These two operations were made in the production line following the normal process.
They were made in the same conditions that the series gears.

. After this stage it was possible to verify that all dimensions and geometric parameters
are into tolerances (appendix E).

8.4. Final conclusions

The ADI shovys a different behaviour that the steel used in series gears. The cast iron
used has problems with foundry, appears foundry defects.

.Heat treatment introduces very deformation although they can be correct in the final
operations.

Table 13 - Final dimensions.

RUB Fr Tip Radius | Root Radius
29,367 0 - -
Min.| 29,353 19 - -
741 left HP8| 29336 10 a _
HP9| 29,363 10 - -
z4lright | HP6| 29,36 10 - .

Nominal
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HP7| 29,362 14 - -
Nominal Max.| 39,636 0 - -
Min.| 39,566 21 - -
249 left HP4| 39,584 25 - -
HPS| 39,583 17 - -
Nominal |—M2% 36,899 0 - -
Min.| 36,863 21 - -
747 left HP2| 36,887 8 38,978 34,185
MID | z47 right HP1| 36,874 12 39,009 34,227
Nominal |—M2X 37,153 0 - -
Min.| 37,063 21 - -
z49 left HP3| 37,108 6 39,375 34,673
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9. Gears assembly

9.1. G9T

Gears assembly it was doing in the production line in the same conditions which the
series gears. First it was assembly the gears in the shafts as show the next figure.

Figure 20 - Assembly the gears G9T in the shafts.

After assembly the gears in the shafts it was assembly the shafts in the crankshaft as
show the next figure.

i

Figure 21 - Assembly the shafts in the crankshaft (G9T).
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During these stages only the assembly of the series shafts in the crankshaft it was not
possible. Consequently the assembly it was doing manually. The others shaft they were
assembly normally without problems.

9.2. M1D

When the MBS M1D was assembly the production process it was in the test stage,
because at this moment the MBS MI1D is not a series product. However the assembly was
made following the production process. It is important refer that this process is different that
the MBS GOT process.

The assembly flowed normally and when the gears were assembly in the shafts it was
possible to see that ADI gears make possible the process to flow faster. Gears were heating
up before the assembly in the shafts and the ADI gears heated up must faster than the steel
gears.
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10. Experimental tests

The experimental tests was realise in the ORMO tests banc. This tests banc needs two
MBS to equilibrate the forces generated by eccentric masses rotation. Tests aith is to try
measure the meshing vibration to know which material has better behaviour.

10.1. MBS G9T ORMO tests

It was tested three MBS, one with ADI gears, one with ADI and cast iron gears and
last one with steel gears. How the time is not enough it was decide to make these tests with
the maximum backlash only, because it was considered the worse work situation. In the next
table were the values of backlash and the position of MBS.

Table 14 - Backlash

66E + 63D 63E + Serie 2
A Side B Side A Side B Side
Backlash Backlash
66E 63D Serie 2 63E
ZAl - z41 | 749 - 798 z41-z41 | z49 - 298 741 -z41 | z49 - 298 z41 - z41 | z49 - 298
0,09 0,075 0,011 0,07 1 0,06 0,04 0,08
0,07 0,07 0,09 0,07 2 0,06 0,04 0,09
0,09 0,09 0,011 0,08 3 0,06 0,05 0,08
0,08 0,08 0,01 0,07 4 0,04 0,05 0,09

Table 15 - Backlash tolerances.

Tolerances
0.08
49 - 208 O
29 -298 =0
0,184
41 -z41 |2
202 0,019

Analysing the previous tables it is possible verify that the meshing z41 — z41 are into
lhe. tolerances and that the MBS that were assembly together are a similar backlash, but the
serics MBS have a backlash smaller than the others. This is important, because it is a
parameter that influences the vibrations behaviour.

Other parameter that is important it is the lateral play that its values are presented in
the next table with their tolerances, :
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Table 16 - Lateral play.

Lateral play [um
63E 63D (ADI +
(Series) cast iron) 66E (ADI) | Tolerance
Primary
shaft 110 156 146 100
Secondary
shaft 120 142 134 200

All lateral plays are into the tolerances and the MBS that will go be assembly together

have a similar lateral play.

Figure 23 - ORMO tests banc (G9T).
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10.1.1. Tests: preparation and realisation

To measure the vibration, initially it was used an accelerometer triaxial, but the
unique accelerometer available can not be used, because it was not ground isolate.
Consequently it was decide to use two accelerometers uniaxial and mounting as show the
next figure.

Figure 24 - Accelerometer mounting and position.

With this mounting it is possible to measure the vibration in two directions one

perpendicular at MBS and the other one parallel. The accelerometer characteristics were in
the appendix F.

. The next table show the different meshing frequencies for both meshing at the
different speeds that it is hope to find in the results analysis.

Table 17 - Meshing frequencies

Meshing frequencies [Hz]
pm 49 41
850 1388 1162
2000 3267 2733
4000 6533 5467

. Takmg into consideration the meshing frequencies and the characteristics of the
acquisition system (PROSIG) it was define the following parameters:
» Acquisition time — 1 S;
» Acquisition frequency — 40 000 Hz;
» Filter low pass — 10 000Hz.
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These values were choosing taking into consideration the error of accelerometer (to
the filter low pass) and the meshing frequencies. In the appendix F are the accelerometer
characteristics.

10.1.2. Results analysis

To analyse the temporal response it was calculated its FFT. This way it is possible to
know what is the response with bigger frequency amplitude.

After an analysis of the results (the graphs are in the appendix G) it was possible to
verify that any meshing frequency is present in the graphs (FFT). The graphics present many
frequencies which characterise all MBS and not only the meshing as it was waited.

Analysing the different rotational speed, at 850 rpm both measure directions (X and
Y) have the same behaviour, appearing at a frequency of the 8000 Hz the natural frequency
with the bigger magnitude value. This frequency is from MBS with steel gears in one
situation and from MBS with cast iron gear.

Each colour corresponds to:

Blsce [laor [ Castiron + ADI

Phase Unwrap - Noise Floor : 5

g

-

KISTLER 8710450 (9)

-

Phase (r)
o

Graph 1 - FFT of the G9T at 850 rpm in the direction X.

Analysing the different rotational speed, at 850 rpm both measure directions (X and
Y) have the same behaviour, appearing at a frequency of the 8000 Hz the natural frequency
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with the bigger magnitude value. This frequency is from MBS with steel gears in one
situation and from MBS with cast iron gear.

B&K 4508 2257931 (g)
§

Phase (r)
N e

Graph 2 - FFT of the MBS G9T at 850 rpm in the direction Y.

A.t 2000 rpm the MBS with ADI show a worse behaviour, because with the natural
frequencies at the same frequencies it has bigger magnitude.

Phase Unwrap - Noise Floor : 5

2733 (241)

3267 (249)

Graph 3 - FFT of the G9T tests in the direction X.

2 Wi;h t?as rotational speed of the 4000 rpm the MBS with one gear in cast iron and in the
dlrectlfth o:lh more natural ﬁf:quencies and with bigger magnitude. Analysing the signals
of the others tow MBS, it is verified that the MBS with steel has the same natural frequencies
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but bigger than MBS with ADL In the direction X the MBS with ADI gears has a worse
behaviour.

It is possible to say that the ADI give at MBS a better behaviour than the steel, but in
these tests this only happen in some cases. Many factors like the two different materials in
the ADI and cast iron gears, the fact that the gears were not equilibrate, influence the results,
and make difficult their analysis.

10.2. MBS M1D ORMO tests

In this case it was not possible to mounting two accelerometers like in the GIT tests,
due to the different geometry of the crankshaft. Taking into consideration this fact it was
decide to mount two accelerometers in the same direction but in different crankshaft
positions. However during the tests it was verified that one accelerometer did not work
correctly.

The tests were doing with a unique backlash due to the fault of "cales". The following
table show the values of backlash in the assembly MBS.

Table 18 - Backlash

A Side B Side
Backlash [mm]

A 102 (Series) A 101 (ADD)
z47+z47 | z49+798 z47+247 | z49+298
0,01 0,05 1 0,03 0,07
0,01 0,05 (2] 0,03 0,07
0,01 0,05 |3] 0,03 0,07
0,01 0,05 4| 0,03 0,07

Table 19 - Backlash tolerences.

Tolerances [mm]
0,09

49 - 798 |

z 0,03
0.184

47 - 74 ;

247-74T 70019

As it is possible to see in the previous table only the meshing z47 — z47 of the series
MBS'have a backlash that is out of tolerances and it is very different of the ADI MBS. The
meshmg.z9_8 — z49 have a different backlash too. This data are important, because they will
have a big influence over the tests and they make impossible the comparison.

Henrique Pinto 45/154 July - 2004



FINAL PROJECT

Experimental Comparison of the Mass Balance System

ce With Carbonitrided Steel Gears and

Austempered Ductile Iron Gears

Universidade 60 Porto

¥ acuidade de Engenharia

FEUP

CACIA

W

RENAULT

Table 20 — Lateral play and tolerances.

Lateral play [um]
A 102
(Series) A 101 (ADI) | Tolerance
Primary
<haft 200 216 35
Secon
ol 206 190 b

The previous table show the lateral play of the MBS M1D and it is possible to verify
that the clearance is into the tolerances.

10.2.1. Tests: preparation and realisation

As it was already said, it was mounting tow acceler
but only one works. The configuration of the acquisition it

tests.

Position 2

ometer as show the next figure,
was the same used in the G9T

Position 1
Attention, this
accelerometer
did not work.

Figure 25 - Accelerometers position.
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10.2.2. Results analysis

Table 21 - Meshing frequencies.

Meshing frequencies [Hz] {
pm 49 47
850 1388 1332
2000 3267 3133
4000 6533 6267

Analyse the results like happen in the G9T tests the meshing frequencies was not
visible in the FFT graphs.

BN LAAEEEEIEE AREEREEAN]

Position 2 (g)
g

—
TTITTTTTYT

nm.h‘.lh.ﬁjnl“.ﬁﬂliid.‘..? L1028 L, St i .‘ e

GHE
™ -

Phase (r)
o

én
T

Graph 4 - FFT of the MBS M1D at 850 rpm.

For these MBS were found natural frequencies with great magnitude in the
frequ;ncnes interval from 2500 to 3500 Hz, but the MBS with ADI show much time a bigger
magnitude. This can be explained, due to the fact that the MBS with steel gears has smaller
backlash in both meshing than the ADI. Each meshing of steel gears has less 20 pm than the
ADI gears. Consequently the comparison of these MBS it is impossible because they are not
in the same conditions. The shocks in the MBS with ADI are stronger than the MBS with
steel, what provoke more and more strong vibrations.

. In this case it is necessary to make more tests with other series MBS and if is possible
with the same backlash or the closest possible of MBS with ADI gears
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Graph 6 - FFT detail of the MBS M1D tests at 4000 rpm with meshing frequencies.

10.3. Tests conclusions

In the MBS GIT with ADI it is possible to see that the ADI give to the MBS a better
behaviour in some situations, principally at 850 rpm and 4000 rpm. At 2000 rpm the Steel
show a better behaviour than ADI. The MBS used in these tests are the backlash near one of
the ot.hers, but not exactly the same as well as the lateral play. The variation of these values is
very important because they influence directly the system behaviour.

: However these tests are not enough to obtain a good conclusion, because the tests
with MBS M1D are not valid for comparison due to the different backlash.
In the MBS GIT tests are tow rotational speed where the ADI are better and other one
where the: st?el is better. It was necessary to make others tests with plus rotational speeds and
maybe thinking in others types of tests.

Henrique Pinto 48/154 July - 2004



- FINAL PROJECT
Experimental Comparison of the Mass Balance System @ s / :\

- performance With CarbmifridedStzeelGearsand e e
ﬁ.ﬂ Austempered Ductile Iron Gears mu'-:-E-J;-- CACIA RENAULT
mp 1

11. AMESim

The AMESim is modelling software that has libraries with mathematic models of
mechanical systems and components. With this tool it is possible to create models that
simulate the real mechanisms, to try knowing its behaviour.

11.1. Models Construction

To run the AMESim simulation there were created two models for mass balance
system G9T and one for mass balance system M1D. The two models of mass balance system
GIT were built to clarify some doubts in relationship to the best division of the part. Later
will be making a comparison with experimental results, to try to see which model better
represents the reality.

Figure 27 — G9T model 1.

Figure 28 — G9T model 2.
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Figure 30 — G9T 2nd model in AMESim.

Figure 31 — M1D model.
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Figure 32 — M1D model in AMESim.

The models in AMESim represent all masses and inertias of shafts and wheels. The
shaft was separate in different parts, which were represented in AMESim by inertia and
stiffness elements (figure).

Figure 34 — Detail of model.

The elements inside the red balloons represent the effect of gravity over eccentric
masses and they exist in all models constructed. While rotating this eccentric mass one time
it favours the movement and other time works thwarts the movement. This phenomenon
increases the noise of meshing, due to a raise of shocks provoked for active flank change.
The gear can be driven and driver in one rotation period.
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11.2. Require Values

After models creation it was necessary to introduce numerical values of the different
model parts, like shaft and wheels inertia. The following table shows the necessary values to
make the calculation.

Table 22 — Material properties.

Material's Properties Steel ADI
Poison coefficient 03 0,275 -
Density 7860 7074 Kg/m"3
Young module 210 170 GPa

Calculate values:
e Shaft and gears inertias — these values were obtained with software CATIA;
e Shaft stiffness;
e Mesh stiffness.

In the appendix H they are the calculate values.

The values like geometric characteristics and teeth number are introduced in the mesh
stiffness calculation.

It is important to refer that one of values requested for the program was not obtained
by calculations, in this case a predefined value was inserted. This value is the mesh damping
and only can be obtained by experimental process. This was verified after a small research in
the WEB and after contacts with AMESim (e-mails in appendix). This value depending of
gears' geometric characteristics too.

However with the help of one Prof. (FEUP) it was elaborated a possible method to
obtain the mesh damping value. But to make it possible with the existing equipment it will be
necessary to destroy almost one gear. The procedure is:

Mesh two gears, one is fix and the other is free;

Apply pre-charge to the gears;

Put in the fix gear an accelerometer;

Apply to the free gear a shock with a hammer;

Analyse the temporal response with Logarithmic decrement method.

Figure 35 — Accelerometer position.
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Before its implementation, this procedure needs to be studied better, or find other
method (the calculation of the mesh damping can give another project). In this project due to
the short time available this value was impossible to obtain. The simulation was run taking
into account the same value of the mesh damping for both materials. The used value was

1000 N/(m/s).

11.3. Results

The simulation was running for different values of the backlash (maximum and
minimum value), to compare the behaviour in the both situations.

Table 23 — Backlash values for the G9T MBS.

G9T
741 z49
Min. 19 20
Max. 184 80 [pm]

Table 24 — Backlash values for the M1D MBS.

MID
z47 and
z49
Min. 30 1
Max 90 [pm

Maybe, the most important result that AMESim provides, for this study, is the
relative linear displacement. These values represent the distance between the active flanks of
the mesh tooth. By analysing these values, when exist a big oscillation it is possible to say
that there will be more shocks leading to an increase of noise. Based in this fact and
analysing the graphs of relative linear displacement, the noise quantification can be observed.

The input signal is a rotational velocity that simulates the acyclic movement which is
a motor characteristic. This figure represents the input signal.
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Graph 7 — Motor velocity at 1000 rpm.

_ The next graphs show the relative linear displacement for the different models and
different values of backlash (minimum and maximum project value).

1 - QET_1_a1—41 (steel) — relative linear displacement [m]
2- GIT_1_41-41 (ADI) - relative lineer displacement [mm]

e "
| \ -
| [ V )

\ \

TR WL TR | T
Time [¢]
Graph 8 — Response of the 1st model G9T, meshing 41-41, with minimum backlash.
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Graph 9 - Detail of the 1st model G9T, meshing 41-41, with minimum backlash.

1-G8T2_1_41-41 (steel) — relative linear displacement [rmm]
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Graph 10 - Response of the 2nd model G9T, meshing 41-41, with minimum backlash.
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Graph 11 — Response detail of the 2nd model G9T, meshing 41-41, with minimum backlash
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Graph 12 — Response of the 1st model G9T, meshing 41-41, maximum backlash.
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Graph 13 — Response detail of the 1st model G9T, meshing 41-41, with maximum backlash.
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Graph 14 — Response of the 2nd model G9T, meshing 41-41, with maximum backlash.
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Graph 15 — Response detail of the

2nd model G9T, meshing 41-41, with maximum backlash.
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Graph 16 — Response detail of the M1D model, meshing 47-47, with minimum backlash.
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Graph 17 — Response detail of the M1D model, meshing 47-47, with minimum backlash.
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Graph 18 — Response of the M1D model, meshing 47-47, with maximum backlash.
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Graph 19 — Response detail of the M1D model, meshing 47-47, with maximum backlash.

By analysing these graphs it is possible to reach the conclusion that ADI has a better
behaviour because it has fewer oscillations than the steel. Taking into account what was
already written, ADI gears produce less noise than steel. With maximum backlash the ADI
gears show a superior displacement at the beginning, but after this the oscillation's amplitude
dgcrease faster than the steel gears and it has less peaks than steel gears. This initial
displacement increase can be explain due to the fact ADI gears have a mesh stiffness smaller
than steel gears.

; To know what happens when a different mesh damping is inserted it was bluit a graph
with the response of the M1D model with minimum backlash, for these values: 0; 100; 700;

1000; 2000; 10000 [N/(m/s)]. The same mesh stiffness was used for all cases, what does not
represent the reality.
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Graph 20 — Response of the M1D model, meshing 47-47, with minimum backlash and
different mesh
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Graph 21 — Response detail of the M1D model, meshing 47-47, with minimum backlash and
different mesh damping.
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Graph 22 — Response detail of the M1D model, meshing 47-47, with minimum backlash and
different mesh damping.

When increasing the mesh damping the oscillation decreases much faster. Without
damping, the oscillation amplitude is the same during the simulation. If damping is big the
oscillation is reduced quickly. The damping materials have an important role in the gears
vibrations.

For values of mesh damping near 700 N/(m/s) and 1000 N/(m/s) there exists a
significant difference in the amplitude values. For a mesh damping of 100 N/(m/s) and 700
N/(m/s) the difference is not so significant. Maybe, if the mesh damping value of steel and
ADI was between 700 and 1000 N/(m/s), the influence of the mesh damping could be of
extreme importance due altering the amplitude values of the relative linear displacement.

11.4. Simulation conclusions

Taking into consideration that the AMESim simulation was not completely (mesh
damping was not calculated) and that the results were not in vibration form, it is possible to
have a good idea if one material is better than other one.

Analysing the relative displacement of all meshing it is possible to say which material
is better. In this case the ADI gears show a better behaviour than the steel gears.
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12. Final conclusions

The project had various stages like the research in the first semester, the AMESim
simulation or tests in the ORMO bancs.

Gears production was the stage that takes more time, because it was necessary to wait
for the production readiness to do the different operations to produce the gears, after discuss
with production if it was possible make the gears or not, due to the different materials and the
metal sleeve. This stage takes much more time than was waited, reducing the available tests
time. However it was controlled the geometric characteristics of gears after each operation to
know which is their behaviour.

Almost all objectives are reached, only the last one and the final propose of the
project it was not well gotten. It was needed more time to do more tests, other tests types and
analyse the results better. Even though it is possible to arrive at some conclusions like that
the ADI has better than steel in some rotational speeds, especially in G9T tests, at 850 and
4000 rpm and in one of two measure directions. They are many factors that influence the
measures like the position of accelerometers, external vibrations, rotational speed variation,
different backlash, the runout (Fr), the pressure and caudal of oil in the MBS, many factors
that are not completely controlled. Due to this it was impossible to do the tests exactly in the
same condition.

In the AMESim simulation it was possible to verify that the ADI has a better
behaviour than steel, taking into consideration that the meshing damping was not calculated
fmd it was used the same value for both material, that do not represent the reality. It is
important too, to say that AMESim results are not vibrations values, they are displacements
and supposed that more variations in the displacement provoke more vibrations. It was in this
way that the results were analysing,

As the experimental results were not as it was expected, the results comparison was
not possible, because the simulation was only run for 1000 rpm, were not made tests at this

speed. There is still a lot of work to do to obtain a complete comparison, like the fatigue
tests.
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13 Further work
Exist yet some work that can be doing in the future:

» Calculate the meshing damping.
» Make more tests, like fatigue tests and tests in the motor

After to analyse the new results and if the ADI is much better than the steel, can be
study too:

» Characterise the ADI behaviour during the production process and analyse if

this is the better process or not.
» Make an analysis of costs with the change material, verify if exist benefits.
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C.1. Dimensional control after turning.
Pinions M1D
HP1-201
Thickness Outside diameter Inside diameter
Nominal Nominal Nominal
dimension Toler. Measured Error dimension Toler. Measured Error dimension Toler. Measured  Error
11 11,074 0,074 78,615 0,075 78,656 0,041 47,700 0,050 47,643 -0,057
11 11,041 0,041 -0,075 -0,050
11 10,997 -0,003
Average 11,037 0,037
HP2-202
Thickness Outside diameter Inside diameter
Nominal Nominal Nominal
dimension Toler. Measured  Error dimension Toler. Measured  Error dimension Toler. Measured  Error
11 11,099 0,099 78,656 0,075 78,625 -0,031 47,700 0,050 47,630 -0,070
1 10,949 -0,051 -0,075 -0,050
11 11,053 0,053
Average 11,034 0,034
~ HP3-203
Thickness Outside diameter Inside diameter
Nominal Nominal Nominal
dimension Toler. Measured Error dimension Toler. Measured  Error dimension Toler. Measured  Error
121 11,989 -0,111 79,405 0,075 79,426 0,021 37,700 0,050 37,638 -0,062
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N performance With Carbonitrided Steel Gears and e e~ 0
) 3 Austempered Ductile Iron Gears ,.mu'.:.,. Ea.l.j.'.s.m.‘. CACIA RENAULT
OGN
Nominal Nominal Nominal
dimension Toler. Measured Error dimension Toler. Measured Error dimension Toler. Measured Error
12 11,905 -0,095 63,66 0 63,74 0,08 2153 0,02 21,231 -0,069
12 12,104 0,104 -0,15 -0,02
12 11,95 -0,05
Average 11,986  -0,014
HP6-101
Total thickness Neckband height Tack height
Nominal Nominal Nominal
dimension Toler. Measured Error dimension Toler. Measured Error dimension Toler. Measured Error
29,46 0,1 29,502 0,042 13,49 0,03 13,436 -0,054 4 0,03 3,992 -0,008
-0,1 29,413 -0,047 -0,03 13,326 -0,164 -0,03 3,929 -0,071
29,382 -0,078 13,311 -0,179 3,856 -0,144
Average 29,432 -0,028 Average 13,358 -0,132 Average 3,926 -0,074
HP7-101
Total thickness Neckband height Tack height
Nominal Nominal Nominal
dimension Toler. Measured Error dimension Toler. Measured Error dimension Toler. Measured  Error
29,46 0,1 29,487 0,027 13,49 0,03 13,416 -0,074 4 0,03 4,014 0,014
-0,1 29,418 -0,042 -0,03 13,346 -0,144 -0,03 3,917 -0,083
29,414 -0,046 13,336 -0,154 3,887 -0,113
Average 29,440 -0,020 Average 13,366 -0,124 Average 3,939 -0,061
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D.1. M-file to calculate dimension over ball.

%This calculus it was made follwing the Henriot book. Pag. 682 until pag. 685.
%%%%%%%%%Data to introduce%%%%%

%Ball diameter (mm)
a=2.6;

%Normal pressure angle (degrees)
alpha0=20;

%Normal module
mO0=1.4;

%Normal helix angle
beta0=27.5;

% Teeth number
z=49;

%Profile theoretical displacement (x*m0)
x=-0.986;

%0Over thickness that we want to (mm)
overth=0.08;

%%%%%%% %% % Program%%%%%%%%%%%% %%
fprintf('Over thikness: %6.5f \n', overth)

% Apparent pressure angle

alphat=solve('tan(alphat0*pi/180)=tan(alpha0*pi/180)/cos(beta0*pi/1 80)','alphat0");
p

alphatO=eval(alphat);

%Apparent module
mt0=mO0/cos(beta0*pi/180);

%Reference pitch radius
r=(z/2)*mt0;

Final Report 87/154
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%Base helix angle
betab=solve('tan(betab*pi/1 80)=tan(beta0*pv/1 80)*cos(alphat0*pi/180)',betab');
betab=eval (betab);

o, Fictitious ball diameter
%af=a/cos(betab);

%Apparent thickness
st=(pi*mt0/2)+2*x*tan(alphat0*pi/1 80)t+overth*2;

o, Thickness between two teeth
et=pi*mt0-st;

%Apparent angle pressure involute
invlaphatO=tan(alphat0*pi/1 80)-alphat0*pi/180;

%Theta involute
invtheta=invlaphatO+(a/(2*r* cos(betab*pi/180)* cos(alphat0*pi/180)))-et/(2*1);

% Newton-Raphson method (to calculate theta)
invthetal=invtheta; theta0=1;
nmax=1000; ep=1E-10;
for i=1:nmax
[f, df]=w(theta0, invthetal);
theta=thetaO-f/df;
if theta==0 them
er=abs(theta-theta0),
clse
er=abs((theta-theta0)/theta);
end
ifer<ep
break
end
thetaO=theta;
end

theta=theta* 180/pi;
fprintf('theta: %6.5f \n', theta)
fprintf('Tterations number: %d \n', 1)

o,Dimension to the ball center
|=r*cos(alphat0*pi/180)/cos(theta*pi/1 80);

o,Dimension under ball
12=1-a/2;
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%0Others dimensions
13=2*1+a;
14=2*1*cos(pi/(2*z))+a;
15=2*1*(cos(pi/(2*z)))"2+a;

o,Comment the values that you do not want and uncomment the values that you want
fprintf('Dimension under ball: %6.5f\n', 12)

% fprintf('Dimension over 2 balls (z pair): %6.5f \n', 13)

fprintf('Dimension over 2 balls (z odd): %6.5f\n', 14)

fprintf('Dimension over 3 balls (z odd): %6.5f \n', 15)

The following M-file code defines the expressions to apply in the Newton-Raphson
method.

%Involute function to apply in the Newton-Raphson method
function [f, df]=w(theta, invthetal);

f=tan(theta)-theta-invthetal;
df=(tan(teta))"2;

D.2. Approximate expression to calculate dimension under ball

Over thickness = overth

pressure angle = a

Dimension under ball .= DUB,

Dimension under ball = DUB,
overth

(a7
sin
(18 j

DUB, = DUB, +
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E.1. Dimensional control

Measures obtained after each operation in the post control of the line production and
in the KLINGELNBERG machine.

Gears G9T

Hobbing
After heat treatment

After hard turning
After Grinding

Table 1 - Dimensions measured in the production line.

Table 2 - HP4 — ADI gear (G9T z49 left): profile control.

Profile
Left Right

Position| 38 26 14 1 1 14 26 | 38
1,5 56 4 06| -88 2] 67] 92

2.8 w4,5 -8 w25
396 153] 86| 94| 135] -118] 129] 346

92 w49 12,3 wd6,4
216 | 109 188 | 103 | 252 | 188 | 103 | 202

15,4 wil,3 18,6 wl4,9
159 | 1,1 2y | 2 19 | 46 THETY

12 3
99,6 93 96,3 995| 108 105] 106] 110
75,6 90 130 121] 113 132] 854| 676
422 36,6 40 356| 458| 347 38| 602
36,2 29 20,8 434 62| 103] 57| 48
100 95 97,6 99.6| 103 101] 101] 104
89 98,1 127 119 119 125 90,7| 792
16,8 233 19,6 269| 18,7 2| 268| 406
7 Only the metal (steel) sleeve was treated.
Final Report 91/154 July - 2004
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Table 3 - HP4 (G9T z49 left): helix control.
Helix
Left Right
Position| 38 26 14 1 1 14 26 | 38
103 9,5 11,8 71| 95 85| -63| -74
9.7 w4,7 -7.9 w32
28 11 1,1 45| -16] 81| 18] -131
-1 wll,6 -1.2 w212
A5 s .10 | 08 22 ] -09 | 33| -1
49 w10,8 27 wl4,3
1,5 | -10,1 113 | 84 51 | 88 |-143]-105
1,1 9.7
18 15,8 20,8 146 20] 174| 226| 283
x 17,8 272 18,6 17,1] 23,1 254| 233| 181
32 39,1 20,2 292 114 21,1] 285| 22,6
14,3 22 73 182] 85 102] 144 117
11,3 9.9 13,7 10,1 214 19/ 24| 304
16,5 29,5 18,4 182] 242] 234| 236] 15
39,5 447 28,5 308| 11,4 214 263| 149
13,5 18,2 74 165 14 il il 2}
Table 4 - HP4 (GOT z49 left): others dimensions controlled.
Fr
Tip d.
Root d.
[Fp [um]
Table 5 - HP5 (G9T z49 left): profile control.
Profile
Left Right
Position 38 26 14 1 1 14 26 38
19,2 12 7,5 11,8 78 52
w17 8,1 w 6,6
31| 30,2 18,6 | 282 29| 9,6
w275 8,6 w378
145 | 107 46 | 54 13 1 22
w 3,8 3,5 w 3,6
TN 02 | 15 5
2.9 -
Final Report 92/154 July - 2004
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27,9 30,7 34,9 28,1 29,7 36,4 34 30,2
P ] 31,1 33,3 455 43,4 39,1 48,7 40 44,8
252 24,4 29,5 24,7 25,3 26,2 23,1 242
47 58 52 6,5 47 45 = 56
29 30,5 30,1 29,7 32,1 33,3 32,3 343
33,7 36 278 25,7 30,2 34,3 37,7 372
14,5 14,9 16,6 15,4 18,9 18,2 17,5 18,8
22 28 2,6 21 29 23 3.8 3,6
Table 6 - HP5 (G9T z49 left): helix control.
Helix
Left Right
Position 38 26 14 1b 1b 14 26 38
10 9.6 6,6 10 -6,5 74 9.8 22
9,1 w 3,4 -8 w33
158 18,3 23 6,4 -12.2] -14,6 -6,7] ET
10,7 wl6é -10,3 w7,9
7,6 94 7 7.9 TR T 93 1 .143
8 w2,4 -10,8 w5,8
% 5,1 78 | 39 T EOR ST
47 98
17,3 17,9 9.2 17,7 11,5 14,7 15,8 15,9
21,9 28,4 11 21 15,1 19,3 15,3 14,7
14,6 11,3 7,7 10,1 12,3 10,5 10,9 14,5
52 6,1 7.9 6,6 103 8,7 8.2 11,3
12,1 133 6,4 12,5 12,6 15 15,3 17,4
13,2 18,4 10,9 18,8 11,4 16,7 16,4 15,9
11,6 53 55 5,2 32 42 59 52
1,8 1,6 2,1 1,8 13 2,1 1,6 1,7
t Left Right
Final Report 93/154 July - 2004
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Table 8 — HP6 and HP7 (G9T z41 right): dimensions measured in the production line.

Table 9 - HP6 (GIT z41 right): profile control.

Profile
Left Right
Position| 32 22 12 1 1 12 22 32
1 23 -3 0.2 -1,6 -1,2 2,9 0,7
0 w 5,3 -1,6 w2,2
26| 2.2 35| 10,7 46| 6,8 12| 1,6
48 3
16 | -08 o) 22 149 | -05 I8xst . 10
=11 44
58 49 5,1 43 3.9 3 3.9 6
19,7 7 9.8 15,1 15,4 153 14,5 9,9
5,1 5.6 4,6 5,1 28 43 42 6,3
5.6 32 58 45 43 2,7 4,4 6,7
18 6,6 7.3 10,5 11,9 10,9 14,7 9,5
2,1 28 24 23 10,8 2.8 3.2 2,1
Table 10 - HP6 (G9T z41 right): helix control.
Helix
Left Right
Position 22 12 1 1 12 22 32
l 23 58 76 46 4,6 79 7.6
5 w353 -6,2 w33
fHB 224 | 8,8 -1,5] 16,1 9,71 9,2 81 3L
FHp: 42 99
2,8 49 | 15 A~ 3 250 ] <28
1,2
2.9 12,4 6,7 11,6 9.9 9.6 14,1
11,2 49 18,6 18,3 9.8 243 24,6
6,3 6.4 5 3,7 6,1 6,7 4,7
2.3 8,1 2.9 13,5 11 8,7 14,9
7.4 44 11,9 13 5.4 13,5 14,3
22 0,9 1,1 1,9 0,5 1 0,8
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Table 11 - HP6 (GIT z41 right): control of the others dimensions.
Right
Profile
Left Right
Position 32 22 12 1 1 12 22 32
0,8 -5,5 -4,7 -1,3 -6 -5 LE 03
-3,1 w 4,7 -3,3 w 6,3
9| 47 22| 1,8 -1,5] 55 64| 8
2,1 4,6
1,10 | -09 23 1 & o an TREAE
-14 0.8
74 12,1 9,1 6,2 11,5 10,7 8,6 8,1
13 18,2 8,1 59 10,4 13,8 14,3 13,6
44 4 43 48 3.8 4 11,4 5
7,1 9 5.2 5.6 8.3 7 7,6 8,2
12,3 16,4 72 6,3 9,6 9,5 16,4 9,2
22 1,8 1,8 1,7 2,6 2.4 7,1 2,5
Table 13 — HP7 (G9T z41 right): helix control.
Helix
Left Right
Position 32 22 12 1 1 12 22 32
49 1,3 23 73 1,1 0,7 45 25
4 w 6 1.3 w 5,6
fHP 08] -08] 6,6 8,4 29 134]  -179] 24
I i3 -6
13 | a2 [ 235 | 22 76 | 83 | -14 | 144
13 3,1
55 5,1 47 65| 206 7,6 9.4 36
7.9 14,7 18,6 10,9 69| 223 21,5 21,4
9.8 4 11,2 42 8.9 9.9 5,6 12,4
4 5 42 44| 201 8 9,6 37
7,6 11,1 16,3 7.7 6 13,6 13,1 11,6
Final Report 95/154 July - 2004
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B o8l o7 08| 1l 12|  o9] 0,6| 0,7

Table 14 — HP7 (G9T z41 right): control of the others dimensions.

[pm]
[mm]
[mm]

Left Right Left Right Left Right

Table 16 - HP8 (G9T z41 left): profile control.

Profile
Left Right
Position | 32 22 12 1 1 12 22 32
-: 0,5 44 3,7 0,9 -1,1 4.4 23 0,2
-2,4 w39 -2 w42
] 96 | 222 28], 12 39| 1,9 11,6] 24.6
6,1 8,6
LY ds 24} dA | 62 28 k1 28 2,6 0,4
-1,6 2.1
5,1 53 47 6,2 3.9 6,9 4,1 4,4
15,1 24,7 10,9 15 7,6 113 18,9 27,1
58 6,1 49 49 4 56 5.8 12,7
52 5 3.6 6,4 3,5 4 42 4,4
6,9 8.2 10 9.6 5,1 11,8 9,5 9,7
2.8 24 2,6 3,1 2,1 23 1,5 10,1
Table 17 - HP8 (G9T z41 left): helix control.
Helix
Left Right .
Position| 32 | 22 | 12 | 1 i - 13 - i -
Final Report 96/154 July - 2004
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12| 56 34|  -105 iz} 17 3,5 -8
W17 w78 -6,6 w17
s88| 10,7 942]  -197 .1,8]  -884 21,7 5719
-11,1 -13,5
A1 .k =17 1 | -66 42 | 57 23 | 3%
-46 0,8
202] 186 19,2 20,1 23,8 22,9 174 266
193] 144 78,2 18,5 5.9 85,1 26,6 48
11 6,7 5.6 7.8 43 7.7 5 7.7
145 146 17,4 15,7 18,2 20,1 16 20
103 102 14,4 5 53 26,6 13,1 8,9
13 1,7 2,5 1,8 1,7 3 2 7,1

Table 19 - HP9 (G9T z41 left): profile control.

Profile
Left Right
Position| 32 22 12 1 1 12 22 32
-1,6 -1,5 ot -5,1 03 -1,9 0.4 -1,5
2,6 w 3,6 08 w23
8| 4.9 22| 10 12,1 0,7 76| 0
3.8 5,1
S5 -1 oy | a3 I T 27 | 14
24 2,8
3,8 3,6 3,6 73 2,6 38 47 3,8
114 9,5 6,5 15,3 18,3 72 17,6 12,4 |
6,1 49 48 6,4 6,4 6,8 59 7,1 |
42 4 3,3 7,6 2,6 44 45 3,6 |
8.4 8,1 5,3 8 8,9 7 13,5 12,4 |
3,1 2,5 2.4 2.8 2,5 29 2.7 43

Table 20 - HP9 (G9T z41 left): helix control.

Helix
I Left Right _
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Position | 12 1 1 12 2 2

-13,1 63 34 3.4 0,7 8,4 ETY
w 9,7 -6 w 13,4
66| 205 -317 529] -718| 216/ 27,7
-16,7
55 31 | a2 TEEET 03 | -03
0,5

18] 16,2 18,5 21,4 24| 288 24,5
11,7] 274 32 433 272] 195 25,7
8.4 7,1 6,5 2,9 3,7 1,7 24
149 12,6 16,5 21,8 243| 218 15,8
96| 138 7,7 6| 268 9 7
23 1,8 23 1,4 24 1,5 2

Table 21 - HP9 (G9T z41 left): control of the others dimensions.

[Fr 145 [pum]
Tip diam. 63,069 [mm]
Root diam. 55,755 [mm]
Left |Ri | Left Right Left Right
F 149 99,6
Gears M1D
After Hobbing
After Heat Treatment
After Grinding and hard turning

Table 22 - HP3 (M1D 249 left): control in the production line.

*Value calculated with the MatLab
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Table 23 - HP3 (M1D z49 left): profile control.
Profile
Left Right
Position 38 26 14 1 1 14 26 38
-84 -6,6 -84 -8,3 8,5 14,5 12,4 11,7
-1.9 11,8
fHo 02 | 05 23 2.2 390 1 213 21 | 286
fHom 12 29,5
T () 0,7 -1 21 | -06 15 | =2h
0,5 I8
10 12,2 12,4 12,4 23,6 243 26,3 23,6
Fa | 195 24,7 242 18,3 52,5 48,5 36,5 45,1
3,1 3 3.9 6.4 38 24 4 48
11,8 13,4 14,8 9.4 19,5 15,4 20 18
il | 196 24,4 23,1 17,1 20,4 28,6 25,2 24,3
1,8 1.8 23 4 2,1 1,6 2 1,7
Table 24 - HP3 (M1D z49 left): helix control.
Helix
Left Right
Position 38 .26 14 1 1 14 26 38
16 | -55 -6,8 0,3 -1,5 -1 -1,7 0,8
-3,6 -13
fHB 86 | -85 -198 | -192 227 | -109 106 | -11,9
-14 -2,7
18 | 16 16 | 2 38 1 24 B S
1,8 -1,9
234 | 398 28,4 16 8.9 7.8 14,9 8,1
F 132 | 177 18,5 21,7 21,1 15 16,6 15,3
58 58 5 5.6 5,1 5,1 48 5,1
24 41,6 30,3 16,6 9,5 8,5 14,5 8,5
118 | 128 11,1 13,8 19,5 11,3 10,5 11,7
1,9 2,5 1,3 2 1,5 1,6 1,8 1,7
Table 25 - HP3 (M1D 249 left): control of the others dimensions.
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[Fr [EE] 88,1 [A] (mm)
Left Right Left Right Left Ri
| Fp [um] 40,5 524
Table 26 - HP2 (M1D z47 left): control in the production line.
' Tip | Root
RUB[mm] Fr Radkics Fr Nadioe Fr
*Value calculated with the MatLab
Table 27 - HP2 (M1D z47 left): profile control.
Profile
Left Right
Position 36 24 13 1 1 13 24 36
3 A5 -11,9 13 11,4 12,8 14
12,8
5 56 | -11,9 103 | 268 25,6 27
22,4
5.7 &5 | A58 46 | -02 -3,5 2,5
17
11,8 13,6 17,2 23,1 24,9 24,3 26,6
20,7 23,9 23 35,9 42,7 45,6 44,9
12,6 7.3 6,7 7.2 6.8 9,7 9.2
13 14,8 14,9 14,8 173 15,9 15,6
19,8 20,4 21,7 30,9 24,5 28,9 22,3
10 1,1 1,7 1,1 1,1 1,2 1,2
Table 28 - HP2 (M1D z47 left): helix control.
Helix
Left t
Position 36 24 13 1 1 13 24 36
1,7 W 0,7 0,4 5,6 4 9.4 9,6
0.4 7.2
-105 | -158 3 #5224 94 | 43 1 45
-7,9 2,6
5.6 43 | 1 07 | 32 47 27
2.8 j
P o,
/3]
Final Report 100/154 July -



FINAL PROJECT

Experimental Comparison of the Mass Balance System @ R 3
performance With Carbonitrided Steel Gears and

Universigade 6o Porto

N4

ﬁ' AustemperedDuctlleImnGears Faculdade de Engenharia (Z‘\(':I.\ RENAU“
FEUP e
1
5,9 9,9 8,1 44 93 9,6 9.8 12,4
17,6 20,8 9 15,9 15,9 10 125 16,5
10,8 10,5 8,8 11,8 7 5,8 5 5,6
5.4 9,8 8,3 4.5 9 11,1 7.8 9,8
12,8 14 8,6 16,3 11,9 11,3 12,8 153
1,6 1,6 1,8 1,8 3.9 22 1,7 251
Table 29 - HP2 (M1D z47 left): control of the others dimensions.
[Fr oA 121 [FNEE] (mm)
Left Right | Left Right Left
| Fp [um] 50,7
Table 30 - HP1 (M1D z47 right): control in the production line.
*Value calculated with the MatLab
Table 31 - HP1 (M1D z47 right): profile control.
Profile
Left | Right
Position 36 24 13 1 1 13 24 36
-13,9 -9,6 -3,7 -10,2 -2,6 34 -2,9 -5
-9.4 -1,8
0 | 97 B3 | -1a3 27 | 18 13,5 1,7
2,2 6,4
33 | 19 A5 1 A £1 | -3 -8,5 -6,1
-5,4 K
14,8 11,6 10,6 15,5 19,3 18,6 214 20,7
18,7 24,8 27,3 2500 30,8 30,8 30,8 233
5,4 8.8 5,7 5,6 T T.7 8,8 2
14,1 13,9 11,1 16,9 20,3 16,8 22.3 21,8
18,7 18,1 14,8 21,8 29,1 26,6 34,9 22,7
2,9 1,6 1,8 2,8 22 3 3.4 43
Table 32 - HP1 (M1D 247 right): helix control.
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Helix
Left Right
Position 36 24 13 1 1 13 24 36
138 | -107 37 126 | -124 -11 156 | -204
-112 -14.9
fHR 147 | 247 | 241 [ -1 134 | 152 | 31,5 | -304
: -17,7 22,6
| 35 21 1«13 T 89 | 51
-1,8 -6,3
10,3 8,6 12,6 14,6 10,9 12,8 15
258 24,7 15,8 15,7 14,8 28 245
34 47 42 5.6 53 6,4 55
9,5 59 8 16,1 8.4 10,3 10,5
8,2 13 13,8 14,9 9 16,9 9,9
1,5 1,5 2,6 1,6 1,6 33 21

Table 33 - HP1 (M1D 247 right): control of the others dimensions.
[Er [mm]

Left Right  |Left Right  |Left Right
68 4

| Fp[um]
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E.2. Dimensional control (graphics) of the G9T.gears

[ Fr W

120

- F ot

- HP4

d oo e
- 4

Fr [Microns]
8 8
>
P

Hobbing After heat After hard tuming ~ After Grinding
treatment

Graph 23 - Fr comparison.

Radius Under Ball

39,85

39,75 \

T
| \ ——y)
[+1] :
3 3065 e
= N

39,6 ‘

39,55
39,5 T T T
Hobbing After heat treatment  After hard tuming After Grinding
e .

Graph 24 - Radius under ball comparison.
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‘i Fp w

100 —

m

80 /‘{3 K\

70 \
T 60 —=—HP4 - |eft
e \ ~#—HP4 - right
z / 5 % ~—#—HP5 - left
& 9 / 3¢~ HP5 - right

\

30 Y4 \

20 ‘f -

10 k .

0o+——— ’ ; .
Hobbing After After After
L S
Graph 25 - Fp comparison.
e
Fr \

120

y 23
/S -
f /// N o

L Hobbing After heat treatment  After hard tumning After Grinding

Fr [mm]
3

Graph 26 - Fr comparison.
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Radius Under Ball
29,65
29,6
— —— 5
29,55
. —8— 3 \
29,5
E 29,45 \\ —o— HPE
@ 294 \ —=— HP7
4
29,35
29,3
29,25
29,2 - - -
Hobbing After heat After hard turning After Grinding
treatment
N W
Graph 27 - Radius under ball comparison.
\
F Fp
70
60 /
k Wi
T o // ; \ —o—HP6 - left
g == Hpé6 - right
i g v - == Hp7 - left
. [ QY
0 | "
Hobbing After heat treatment After Grinding
N S
Graph 28 - Fp comparison.
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= Radius Under Ball A
29,65

29,6 *—‘—¢-K
29,55
29,5 \ —t— HP8
29,45 \ =i HP9
ky X
»

RUB [mm]

29,35
29,3 : r T
Hobbing After heat After hard turning After Grinding
treatment
i Wy
Graph 29 - Radius under ball comparison.
P
~ R
160

8

140 ‘R
/N
/

g

AN e
s

Fr [Microns]
[e ]
o

D
o

A \
20 \.
0 . - :
Hobbing After heat treatment After hard turning After Grinding
N J

Graph 30 - Fr comparison.
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Uml.l
\
PRI Fp
180
160 A
140 A
£ % =
0 HP8 - left
g 100 =~ HPS8 - right
Z 8 ~te—=HP9 - left
o =3&=HP9 - right
w 60 /
40
20
0 : .
k Hobbing After heat treatment After hard tuming
J
Graph 31 - Fp comparison.
E.2. Dimensional control (graphics) of the M1D.gears
/
M1D z49 left B
40
= - .
39
38
— ¢ Do —4—RUB
E a7 —$ ~#—Tip Radius
==y Root Radius
36
35
34 . .
After Hobbing After Heat Treatment After Grinding and hard
turning J
L.

Graph 32 - Comparison of the radius under ball, tip radius and root radius of the M1D gears.
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RUB, Tip Radius and Root Radius
40

38 —&—RUB 747 left
88— Tip Radius 247 left
'E' 37 Root Radius z47 left
E —3¢—RUB z47 right
. —@— Tip Radius z47 right
—3=— Root Radius z47 right

34 AN N N
After Hobbing After Heat Treatment  After Grinding and hard
k 2
J
Graph33-Conpukonofﬁeradiunderhall,tiprullnsamlrootndinsoftheMngeurs.
a = 5
2747 left
—— 747 right
z49 left
_ After Hobbing After Heat Treatment After Grinding and hard
turning
s 8l
e ma

Graph 34 - Fr comparison of the M1D gears.
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~ ™
Fp
80
70
60
—4—z47L (right)
50 == z47L ( left)
E e Z47TR (right)
=== 74TR (left)
30 —¥=249L (right)
== 749L (left)
20
10
0
After Hobbing After Heat Treatment After Grinding and hard
turning
k. =

Graph 35 - Fp comparison of the M1D gears.
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Rroden
Kistlor bns
75 John Giena Drive
Amberst, NY 14282171
Phone 716-691-5W8
Fux 716-691-52%
KALIBRIERSCHEIN CAL/BRATION CERTIFICATE
BESCHLEUNIGUNGSSENSOR ACCELERORRTER
Twp Type 8710A50M3
Serien Nr Sorid Ko C147089
Bereich fooe s +50
Max. Bereich Hax Rege 7 +300
Batrisbstemperoturbereich Tompamsore Fenga, cperrary o -54 to 165
Ausgangimpedanz Dot bmpadance Q <100
Leitkonsronte (t) Jie Garstont (£ ) s 1,1
Ausgangsruhespannung Bes Kdoge Ve 118
Resonanzivequenz montiert (in) Moowied Reserat Fraguency (k) M 238
Seitanemplindlichkeit Tracsowse Saroity % 04
Anzugsmoment HMoumtng Torgie Wm 2002
Massengen Moaswements
Frequenz / Freguency Empfindichkeit /Soasttiny  Aweichung / Jevointine Froquengany / Freomcy fesponse
Hz mlty %
20 97,7 -0,6 .
50 97,9 -0,4 v
100 98,1 0.2 08
159 98,3 0.0
200 98,2 0.1 20
800 98,1 90,2 £
1000 98.0 -0,3 i o ]
m 98,3 0.0 * \'---
5000 96,5 s+ ~-18 <0
7000 95,7 26 R
10000 94,0 43 100 . i
s L LI
10 *® 10
Froq ()
Emphndlichkeit bei 159 Mz, 10,0 grms Sanciiily @ 15912 1009 ms oy 983 g =@ = J8085 w5’
Umpebongsramperony Laviommeie] lamperction X 2zt4
Rolopive Fevctre Lot Boemidily % 30+25
Kelibriort von (alivad by Mark Thomas
Dotun Do 30.4.2001

Wir bestatien, dass das oben identiizierte Gerlt sech den vorgeschviebanen Verichean gepridi wurde. Afle Messairiel sind vl ncsioncle Nosmale rodSivbar, die Bazogsmormale
auf dos Nowona! Instinirte of Skandards and Techmology. Des Kellieriobor eatspriche M- STD-456624.

o coafiam that e device icensibed obove wes estad by the pesonbed procadbees. Al massuning dnices @ saceakie 8 netimel steaderd e sibvarce Sondnds tirocgh fie

Howona! hnstivae of Stonderds and Techwalogy per test mpert 822/261353 The Bstlr coliivation febewstry i in condormency with M- STD45462A

Referesc Gerite Y — TniTye Soddwa- A / Soviel Mo
Beschlounigongs- Sensor (Gebrsudhsnorm) Acrwloanate (Wosking Stndird) 809K112 Ci21186
Lodungsverstirke: (Gebrmuchsonnal) Ohaye Aupider (Working St} 5020 C34168
Beschlaunigungs-Sansor (Bezugsnomal) Accolerameter (Prismery Stonchng) 8002K C17447
|odungsversirkar (Bszvasnomal) Chovge dnpiter (Piwery Stondocd] 5020 CA4870
040-0035-001 - Saite t von 1 150 9003 CERTIFIED QUALITY SYSTEN.
112/154 July - 2004
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istler insiromont Gorpuration
75 John Glanm Drive -
Amherst, M7 14228-2171
Phone 7166915100
Fox 7164M-526
ACCELEROMETER CALIBRATION CERTIFICATE
Type 8710A50MS
Seriel Number C147089
Time Constant w11 ounted Resonont Frequessy Bz 238
Transverse Sensitivity % 04 Hounting Torque bla 18%20
Bios Voltage v, 1.8 Nm 20202
Reference Spacifications
Range 7 +50 Tornp. Ronge, eperoting X 54 10 165
Max Range g + 300 " Outpon impedante Q  s100
Monsuraments
H2 mY/g % (rof = 100 1)
20 : 97.7 04 n
50 97.9 0.2 o I
100 98.1 0.0 s s |
200 98.2 1 ' R @
500 98.1 0.0 &
1000 98.0 0.1 F 3
2000 98.3 0.2 5 o}
5000 96.5 16 M
7000 95.7 28 o8
10000 94.0 -4.1 ”
¢ ) " 1 Rk
) 3 Froq ()
Sensitivity of 100 H2, 10.0 gams w/y 96.1
Semsitivity ot 159 Hz, 10.0 grms w/y 98.3 g=07Tws  1592M2= 1000 rods/sac
Envicomentol Temporature X 24 Condition New .
Ralative Hiumidity % 30:26 ST Tost Rapeet Mumbet ] 8227281353
(olibrasion Dete 4/30/2001 Caibeated By: VikofR Momaa, | .. &

Gauttioto sposs o e i by bl Rlnbin

nsui-m-uwummmmmmmuwquﬁ-wmw Tty Wasking
mmmmm-wmwmunusﬂwwnhwmdu&d
Tochaology {MIST). The MMMkhmﬂlﬂ-dewHM&Hlﬂ'dﬂs“!u}i

respoct i relerance stondond. R

mmumhmg-!mmrﬂam“m

Reference Equigment Type Soclal Namber

Accalesometer (Werking Stendesd) 809K112 C121186

Oronge Ampliber (Working Sendond) 5020 C34168

Iccalerometer {Primery Standord) 8002K C17447

(horge Amplther (Primary Stonderd) 5020 CA870

040-0035-00) - Poge 1 of ) 1S 9001 CERTHIED QUALITY SYSTEM

e
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K-SHEAR®-Piezotron®- Beschleunigungssensor
Accélérométre Piezotron® K-SHEAR®
K-SHEAR® Piezotron® Accelerometer

Universell einsetzbarer, hermetisch dichter
Beschteunigungssensor mit gingebautem
danzwandler (Piezotron®), der trotz hoher
Empfindlichkeit sehr robust ist.

Der Sensor ist masseisoliert und eignet sich
spezieil fir Anwendungen, bei denen die Ge-
fahr von Erdschieifenprobiemen besteht.

Sonderausiiuhrung fir Betrieb bis 165 °C er-

Accélérométre d'usage universel, hermétique-
ment étanche avec convertisseur d'impédance

Ne. [} ¥
8.8710 - 397 T2
Type
S710A...

" 4 sealed accelerome
with buslt-in & converter (Piezotror
combining high sensilivity with ruggedness.

incorporé (Piezotron®). Trés robuste malgeé sa
sensibilité trés dlevée.
L'accélérométre est isolé par
masse et est toul spécialement qualifié pour
les applications avec des problémes de circuit
de retour par |a terre.

Un modale spécial est disponible pour les tem-

halilich pératures de service alteignant 165 °C. 165 °C.
® Hohe Aufldsung bei minimalem Rauschen
Résolution élevée & bruit minimale
High resolution at low noise
2 17
® Quarz-Sensorelemento
Eléments sensibles a quarnz 3
Quartz sensor elements i
® Masseisoliert T+
und hermetisch dicht =
Isole par rapport & la masse b ———
et hermétiquement étanche 11/16" Hex. 4
Ground isolated 1
and hermatically sealed '1:{ |3 W
e Minimale Seitenempfindiichkeit r
Sensibifité transversale minimaie 14" 103
Minimal transverse sensitivity 1:1
® (€-konform
Conforme au C€
Conforming to C€
Technische Daten 5 Donndes techniques Technical Data*
i Tvp Type Tipe S710AS0M1 ST10AS0MS
| Bersich Gamme Renge 9 50 250
Emptindtichkeit Sensibilité Sensitivity mV/g 100 (=5 %) 2100 (£10 %)
F Gemme de fréquence Fraguency <
= 5% Grenze + 5% limie 2 5% limit Hz 08.. Tk - 10.. Tk
£10 % Grenze 210 % limite £10 % limit Hz 04 .. 0k ~08..10k
Betriebstemperatur- Gamme de Opsrating temperniuwe C -55..120 -85 ... 165
bereich (bei 4 mA Speisung) d'wiilisation (4 Falimentation 4 mA) rangs (al power supply 4 mA) .
Masse Masse Biges L~ 2
Ovariosd <2000
Shock (1 ms Puls) Choc (impulsion 1 ms) Shock (1 ms impuisa)
Ansprechschwealle Seull de réponse Threshold Gems «0,002
Resonanzirequenz Fréquence de résonance Resonant frequency kM2 28 24
(monmien) {moniée) {mounted)
Seitenempfindiichieit Sensidillts transversaie Transverse sensitvity % =15
Basisdehnungs- Sensibilité eux contraintes Bage strain i
empfindlichkel de senghtivity glue «0,004
bei 250 pe 4250 pe at 250 pe i
0 Coefficient de tempdrature Tempersture coafficient %/°C -003 ’
der Empfindiichkeit de la sensibilite of sansitivity
Lagerungs- Gamme de température Storage tempergture by -75... 150 -75 .. 180
temperaturbersich de stockage : range
: Zeitkonstante Congstante de temps Time constant s =15 L
Speisung Atimemation Supply
Konstantutreen Courant constant Constant current mA 2..18
Soannung (Kuppler) Tension (coupieur) Voltage (coupiler) v 20..30
L uEtiELm 8t 1m -8 E=0,1019.. @ 1inch = 254 man | N;n-:67’3.7§6—D0l 1g= 60:3527 az 2
Sl Bt donuments., the decmal sign s & comima on b ne (1ISO 31-0:1992).
5 ik W5 -—'_-:- LW e s e t 22T L g _T - 1e pemba gt ¥ 22ER- L LA Proye: +: By '_
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P I FEUP :

5 a1l
LT, Vi
sy U 2. <& )
Ausgang Sortle Output
| Sp g { h (pleine échelie) Voltage (il scale) 5

Ruhespannung Tension de repos Bias voltage vbc -1 .
| Impedanz Impédance impedance Q 100 }
gu-m Isofation par rapport & la masse Ground isolation MQ =10 i
| Gehusewerkstoff Matérisu du boltier Housing material rostireier Stahl / acier inox / Than/Wane/ |
stainiess steel Wanium i

Anzugsdrehmoment Couple de serrage Mounting torque Nm 2107
Beschreibung Description Description
Auf Scherung beanspruchte Quarzelemente Des &léments de quariz sensibies au cisaille- Shear quariz sensing elements are built in a
sind im hermetisch dichten Gehéuse einge- ment sont encastrés dans un bollier hermét-  hermetically sealed housing. This design re-
baut. Mit dieser Bauart werden extrem kleine quement étanche. Cette construction permet suits in extremely fow sensitivily to base strain
Werle i thermische Transienten und Basis- d'oblenir de trés faibles sensibilités aux chocs and thermal transients.
dehnungsempfindiichkeit erreicht. thermiques et aux contraintes de montage. 1
Die von den Quarzelementen abgegebenen Les charges électriques engendrées par les The electrical charges yielded by the quarz
eleirischen Lacungen werden durch einge- éléments en quartz sont transformées en ten- elements are transiomed by the built-in
baute Piezolron®-impedanzwandiler (ICP kom- sions de sortie 2 basse impédance les Piezotron® impedance converters (ICP com-
patibel) in niederohmige Ausgangssignale um- convertisseurs d'impédance incor- patible) into low impedance culput voltages.
gewandelt. Preisgunstige, handeisObliche Kabel porés. Des cables usueis d'un prix Therefore, reguiar low-cost cables of nearly
von fast beliebiger Lange zwischen Sensor und suffissent pour relier le capteur au coupleur a any length can be used between sensor and
Kuppler geniigen daher. une distance presque ilimitée. coupler.

Fir die Speisung und Signalaufbereitung wird
ein Piezotron®-Kuppler verwendet. Der Sensor
kann mit einem normalen Koaxalkabel, z.B.
Typ 1761Cx. angeschlossen werden.

Anwendung

Dank der masseisolierten Basis werden Pro-
bleme wegen elekirischen Erdschieifen ver-
mieden.

3

Montage

Beim Einsatz von Beschleunigungssensoren ist

eine korrekte Montage wesentich. Foigende

Montagearten sind moglich: i

* Direkte Montage mit Befestigungsschraube
Typ 8412 (1/4° - 28) oder Typ 8421 (M8).

e Kigbemontage mil Adapter Typ 8438.

e Klebemontage mit Petro-Wax Typ 8432 for
provisorische Befestigung.

* Montage mit Magnet

- FOr Messungen bis 2.5 kHz kénnen die Sen-
soren zusammen mit Magnet Typ 8456 ein-
gesetzt werden. »

Lieferumfang
Typ 8410, 8412 und 8421

Zubehdr

Abmessungen der oben beschriebanen Mon-
tagehilten: siche Datenblatt 8.011.

Celui-ci peut étre connecté avec un cabie co-
axial normal, p.ex. type 1761Cx.

terre.

Montage $

Lorsque les accéléromdires sont ulilisés, un
adéquat est Les mé-

® Montage direct avec vis de montage lype
8412 (1/4" - 28) ou type 8421 (M8).

o Montage adhésif avec adaptateur type 8438.

® Montage adhésif avec cire Pelro-Wax type
8432 pour fixation provisoire.

* Montage avec aimant
Pour des mesures jusqu'a 2,5 kHz les cap-
teurs peuvent &tre moniés avec ['aimant
type 8456. -

Etendue de |a fourniture
Type 8410, B412 et 8421

Accessoires
Dimensions des accessoires de monlage dé-
crits ci-dessus: voir notice technique 9011, °

o oo amntis Wb sud Type
8412 (14 - 28) or Type 8421 (M8). .~ ~
* Adhasive mounting with adapter Type 8438.

;

Scope of delivery et L !
Type 8410, 8412 and 8421 “ .

Accessories

Dimensions of the mounting accesscries de-
scribed above: see data sheet 9.011. ~

® Anschiusskabe! Typ 1761Cx @ Cable de connexion type 1761Cx  * Connecting cable Type 1761Cx
* Anschlusshabel Typ 1939Ax e Cable de connexion type 1939Ax e Connecting cable Type 1939Ax (
mit integricriem Stecker avec connecteur integré with integratad connector i .
® Adaptor Typ 8506 * Adaplateur type: 8506 * Adapter Type 8506 "
10 Teleoniat-M e nG0€ pour momage triaxiat for triaxial mounting
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Graph 37 - MBS G9T, FFT.
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Graph 42 - MBS GIT, FFT with meshing frequencies.
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G.1. Inertias
These values were obtained with software CATIA.

Mass balance system G9T - Model 1.

Primary shaft

Gears | Shaft-part] | Shafi-part2 | Mass | Shaft-part3 | Shaft-part4 | Mass | Shaft-partS |  Anilha |

] 5,973E-04I J 1,014E-05 | ] 1,263E-05‘ J 1,881E-04‘ J 4338E-06| J 1,697E-05| J 1881E-04 | J 6,624E-06 | J 7,291E-06|

Inertias to impute in AMESim

JA=  6,024E-04 JD= 1,310E-04
JB=  7.910E-05 JE=  7.951E-05
JC= 1,289E-04 JF=  1,060E-05
Secondary shaft
Gears | Shaft-partl | Shaft-part2 | Mass | Shaft-part3 | Shaft-part4 | Mass | Shaft-part5 Anilha |

J 1,648E-04 | J 1,014E-05| J 1,263E-05( J 1,881E-04‘ J 4338E-06 | ] 1,697E-05\ J 1,881E-04| J  6,624E-06 | J 7,291E-06

Inertias to impute in AMESim

JA= 1,699E-04 JD= 1,310E-04
JB= 7,910E-05 JE= 7,951E-05
JC=1,289E-04 JF=  1,060E-05
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Mas#'balance system G9T - Model 1 with ADI gears.

- FINAL PROJECT
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mum

Primary shaft

Gears | Shaft-partl | Shaft-part2 | Mass | Shaft-part3 | Shaft-part4 | Mass | Shaft-parts |  Anilha |

J 5,376E-04| J l,014E-05i J 1,263E-05| J 1,881B-04| J 4,338E-06| J 1,697E-05| J 1,881Ee04| J 6,624E-06 | J 7291E-06|

Inertias to impute in AMESim
JA= 5427E-04 JD= 1,310E-04
JB= 7,910E-05 JE= 7,951E-05
JC= 1,289E-04 JF= 1,060E-05
Secondary shaft
Gears | sShaft-part1 | Shaft-part2 | Mass | Shaft-part3 | Shaft-part4 | Mass | Shaf-parts |  Anilha |

J 1,483E-04| I 1,014E-05| J 1,263E-05| J 1,881E-04| J 4338E-06| J 1,697E-05‘ ] 1,881E-04| J 6,624E-06| J 7,291E-06|

Inertias to impute in AMESim
JA=" 1,534E-04 JD=1,310E-04
JB= 7910E-05 JE= 7,951E-05

JC= 1,289E-04 JF=  1,060E-05

Final Report 140/154 July - 2004



FIN AL PROJECT

S E i\
Experimental Comparison of the Mass Balance System LA
performance With Ca.rbonil;rided Steel Gears and et g0 parto o o
Austempered Ductile Iron Gears W“F1Ed[:| nism.‘. CACTA RENAULT
Mass balance system G9T - Model 2.
Primary shaft
Gears | Shaft-patl | Shaft-part2 | Mass |  Shaft-part3 | Mass |  Anilha
J 5,973E-04 J 1,014E-05 J 1,263E-05 J 1,881E-04 J 1,697E-05 J 1,881E-04 J 7,29E-06
Inertias to impute in AMESim
JA= 6,024E-04 JC= 1,944E-04
JB= 1,224E-04 JD= 1,578E-05
Secondary shaft
Gears | Shaft - part | | Shaft - part 2 l Mass I Shaft - part 3 | Mass I Anilha
J 1,648E-04 J 1,014E-05 J 1,263E-05 J 1,881E-04 J 1,697E-05 J 1,881E-04 J 7,29E-06
Inertias to impute in AMESim
JA= 1,699E-04 IC= 1,944E-04
JB= 1,224E-04 D= 1,578E-05
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Mass balance system G9T - Model 2 with ADI gears.
Primary shaft
Gears | Shaft-partl | Shaft-part2 | Mass | Shaft-part3 | Mass | Anilha
J 5,376E-04 J 1,014E-05 J 1,263E-05 J 1,881E-04 J 1,697E-05 J 1,881E-04 J 7,29E-06
Inertias to impute in AMESim
JA= 5,427E-04 IC= 1,944E-04
JB= 1,224E-04 D= 1,578E-05
Secondary shaft
Gears | Shaft-patl | Shaft-part2 | Mass |  Shaft-part3 | Mass | Anilha
J 1,483E-04 J 1,014E-05 J 1,263E-05 J 1,881E-04 J 1,697E-05 J 1,881E-04 J 7,29E-06
Inertias to impute in AMESim
JA= 1,534E-04 IC= 1,944E-04
IJB= 1,224E-04 JD= 1,578E-05
142/154 July - 2004
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Mass balance system M1D.
Primary shaft
Part | | Part 2 | Part 3 | Part 4 | Part 5 | Part 6
J 7,394E-04 J 8,992E-06 J 8,796E-06 J 1,668E-04 J 6,955E-06 J 1,664E-04
Inertias to impute in AMESim
JA= 3,697E-04 JE= 8,688E-05
JB= 3,742E-04 JF= 8,668E-05
IC= 8,894E-06 JG= 1,664E-04
D= 8,780E-05
Secondary shaft
Part | | Part 2 | Part 3 | Part 4 | Part 5 l Part 6
1) 3,868E-04 J 8,992E-06 J 8,796E-06 J 1,668E-04 J 6,955E-06 J 1,664E-04

Inertias to impute in AMESim

JA=  1,934E-04 JE= 8,688E-05
B= 1,979E-04 JF=  8,668E-05
JC=  B8,894E-06 JG= 1,664E-04
JD=  8,780E-05
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Mass balance system M 1D with ADI gears.
Primary shaft
Part | | Part 2 | Part 3 I Part 4 | Part 5 | Part 6

J 6,758E-04 J 8992E-06| J  8,796E-06}| ] 1,668E-04| J  6955E-06| J 1,664E-04

Inertias to impute in AMESim

JA=  3379E-04 JE= 8,688E-05
JB=  3,424E-04 JF=  8,668E-05
JC=  8,894E-06 JG= 1,664E-04
D= 8,780E-05
Secondary shaft
Part | | Part 2 | Part 3 | Part 4 | Part 5 { Part 6

J 3,585E-04 J 8,992E-06| J  B,796E-06| ] 1,668E-04| J  6,955E-06| ] 1,664E-04

Inertias to impute in AMESim

JA= 1,793E-04 JE= 8,688E-05
JB= 1,838E-04 JF=  8,668E-05
JC= 8,894E-06 JG= 1,664E-04
D= 8,780E-05
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G.2. Stiffness
Mass balance system G9T - Model 1.
Gxx v= 0,3
E= 2,10E+11 Pa
G= 8,08E+10
Primary shaft Part | Part 2 Part 3 Part 4 Part 5
L1 53,39 L2 74 L3 24 L4 74 LS 39,51
d 0 d 0 d 0 d 0 d 0
D 22 D 22 D 22 D 22 D 22
K1 34791,78 K2 25101,8 K3 7739721 K4 25101,8 K5 47014,25 {N.m/rad]
K1 1993422 K2 1438227 K3 4434534 K4 1438227 K5 2693718 [N.m/grau}
Secondary shaft Part 1 Part 2 Part 3 Part 4 Part 5
L1 53,39 L2 74 L3 24 L4 74 LS 39,51
d 0 d 0 d 0 d 0 d 0
D 22 D 22 D 22 D 22 D 22
K1 34791,78 K2 25101,8 K3 7739721 K4 25101,8 K5 47014,25 [N.m/rad]
K1 1993422 K2 1438227 K3 4434534 K4 1438227 K5 2693718 [N.m/grau]

Mass balance system G9T - Model 2
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Gxx v= 03
E= 2,10E+l1 Pa
G= 8,08E+10
Primary shaft Part | Part 2 Part 3
L1 53,39 L2 98 L3 113,51
d 0 d 0 d 0
D 22 D 22 D 22
K1 34791,78 K2 18954,42 K3 16364,49 [N.m/rad]
K1 1993422 K2 1086008 K3 937616,14 [N.m/grau]
Secondary shaft Part 1 Part 2 Part 3
L1 53,39 L2 98 L3 113,51

d 0 d 0

D 22 D 22
K1 34791,78 K2 18954,42 K3 16364,49 [N.m/rad]
K1 1993422 K2 1086008 K3 937616,14 [N.m/grau]

Mass balance system M1D
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v= 0,3
E= 2,10E+11 Pa
G= 8,08E+10
Primary Shaft
Parte 1 Parte 2 Parte 3 Parte 4
D 3800 D 4800 D 56,20 Ka 1181006,24 | L2 26,007 L3 18,85| L4 25,87
d 0,00 d 000 d 0,00 Ka 301742569 d 850| d 8,501 d 8,50
L 1400 L 1395 L 300 Ka 26367554,28] D 2594 D 2800 D 44,60
Ka 118100624 Kb 3017425,69 Kc 26367554,28 K 0,00 K2 136548,09| K3 256367,25| K4  1211199,03
K1 822321,55| K2 7823629,28 | K3 14688761,50 | K4 69396592,50
K1 4711555448
| Parte 5 Parte 6
D 4400 D 3294 Ka 494652289 | D 4460 D 44,60 Ka 7761634,60
d 850 d 850 Kb 334082,11| d 850 d 12,00 Kb 1278969,19
L 6,00 L 27,82 L 404 L 24,40
Ka 4946522,89 Kb 334082,11 (K5)' 0,00| Ka 7761634,60 Kb 1278969,19 (K6)" 0,00
K5 312946,11 K6 1098034,13 [N.m/rad]
KS§ 17930491,26 K6  62912721,57 [N.m/grau]
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v= 0,3
E= 2,10E+11 Pa
G= B8,08E+10
Secondary shaft
Parte 1 Parte 2 Parte 3 Parte 4
D 3800 D 48,00 D 56,20 Ka  1181006,24| L2 26,00 L3 18,85 L4 25,87
d 0,00 d 000 d 0,00 Ka 301742569 d 850! d 850 d 8,50
L 1400 L 1395 L 3,00 Ka 26367554,28] D 2594| D 28,00 D 44,60
(k1y
Ka 1181006,24 Kb 301742569 Kc 2636755428 ' 0,00} K2  136548,09| K3 256367,25|1 K4  1211199,03
K1 822321,55| K2 7823629,28 | K3 14688761,50| K4 69396592,50
K1 47115554,48
| Parte 5 Parte 6
D 44,00 D 3294 Ka 4946522,89 |D 44,60 D 44,6 Ka 7761634,60
d 850 d 850 Kb 334082,11 |d 8,50 d 12 Kb 1278969,19
L 6,00 L 2782 L 4,04 L 24,403
Ka 494652289 Kb 334082,11 (K5)' 0,00 Ka 7761634,60 Kb 1278969,19 (K6)' 0,00
K5 312946,11 K6 1098034,13 [N.m/rad]
K5 17930491,26 K6 62912721,57 [N.m/grau]
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G.3. Mesh stiffness
Example: G9T 41-41 (steel) gears.
Mesh stiffness
1SO 6336-1: 1996(E)
Method B I Dpata introduction
-~ I
¢,=¢"*(0,75%¢,+0,25)
&= 515171 [N/(mm*mm)] c,= 61820525 [N/m]
Single Stiffness (steel/steel)
¢'ws =C'n*Cu*Cr*Cp*cos(B)
Cwe= 10,61923
c'!h QM CR
13 0,8 il 1,087 H
Theorical single stiffness

From ﬁﬁ 1
C'd. =

Correction factors
From ﬁﬁ 2
CM == 0,8 CR'—'
Materials combinations
¢'1=C'sws* (E/Ex)
¢= 10,61923
(EL/Ex)y 1 For steel / steel
(E/Eg)= 0,74 For steel / gray cast iron
(E/Eg)= 0,59 For grey cast iron / grey cast iron

July - 2004
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I
Basic rack factor Specific loading

hep mm g 3,534621 P 2,09446 W
m, F, 65,46323 N i N*m
Olpy id Ka n pm
Cs 1,087 b mm v 31,99445 m/s

d mm

B Nominal helix angle

€a Transverse contact ratio

hey Dedendum of basic rack of cylindrical gears

m, The rack normal module
Olpn Normal pressure angle of the basic rack for cylindrical gears

Ka Constant application factor (2,25 - in this case, for others situations see the table in the norm

b facewidth

T Torque

n Rotation speed

d Pitch diameter

number of teethz number of teeth z
‘ 4550680 60 50,4
pinion o \ st wheol
Zpy =1 \ Zyo=15
m \
4 : \\
¢ SN
/ 2 SN \
-, i =1, =0 0 =0
~ P ‘_"2‘—'— +
Figure 1 - Theoretical single stiffness of spur and virtual spur (of helical) gears, conjugate to basic
rack profile, ISO 53: 0,=20°, hgp=m,, hp=1,25 m,, pp=0,25 m,; steel/steel; method B2 (see 9.3.1.1).
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1,05 T
| |
10 — H
: AHH [ombamd0) o2
0 anl m-1o:: l
[ -
o - H
09 : ?/% iz
3 V. =
0, : // T
: . //// =m
e 7115 =
1
& 075 ] b=40
= m=10
0.7 7 =
/{;///l
0, 5% 1
M by=109
06 A
O D G
| O G D B s
0, ]V 2 Y R0
®% o1 02 03 04 05 08 07 08 09 10 11 12 13
by
3— —_—
Figure 2 - Wheel blank factor Cx

Final Report

151/154

July - 2004



FINAL PROJECT

Experimental Comparison of the Mass Balance System .‘ ;
performance With Carbonitrided Steel Gears and B se=

Austempered Ductile Iron Gears ¢ scurgade de Engennants CACIA RENAULT

Dfouaeﬁ;)f FEUP

.................................

G.4. E-mail from AMESim about Mesh Damping.

From: Fabrice GALLO gallo@ramcsim.com

Sent: Thursday, June 03, 2004 13:46

To: PINTO Henrique henrique.pinto-renexier(@renault.com
Cc:

Subject: Fwd. Amortissement de I'engrenement

Bonjour,

Nous ne disposons pas de valeur d'amortissement car sa valeur dépend de
I'huile utilisée ainsi que de sa température et de la rugosité de I'état de
surface en contact. Le type de contact (lin¢ique ou ponctuelle) est
également important.

Dans 99% des cas, la valeur d'amortissement est estimée ou mesurée a l'aide
de chocs et de mesure en amortissement des accélérations engendrées.

Cordialement
Fabrice GALLO

Lyon technical office

3, cours Albert Thomas

69416 LYON Cedex 03 - FRANCE
tel : 33 (0)4 37 69 72 31

fax : 33 (0)47 8 5439 61

Société IMAGINE SA
5, rue Brison 42300 ROANNE - FRANCE
tel : 33 (0)477236030 fax: 33 (0477236031

| Advanced tools & Expertise in Systems Engineering
| AMESim Simulation Software - Consulting - Training
| Visit our Web Site : www.amesim.com

----- Original Message -----

From: "PINTO Henrique" <henrique.pinto-renexter@renault.com>
To: <gallo@amesim.com>

Cc: "Que Vu-do" <que.vu-do@renault.com>; "Pedro Reis"
<pedro.reis@renault.com>

Sent: Thursday, June 03, 2004 2:39 PM

Subject: Amortissement de I'engrénement
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Cher M. Gallo,

Je réalise actuellement un projet de fin d’études chez Renault - C.A.C.LA.

au Portugal, pour lequel je fais une &tude sur Iutilisation de la fonte ’
dans les engrenages. Pour cette étude, j’ai besoin de faire une simulation

sur AMESim. Mon probléme est que actuellement je ne sais pas comment

calculer I’amortissement de ’engrénement. J *aimerai donc savoir si vous

avez des valeurs d’amortissement d’engrénement pour 1’acier et pour la

fonte, ou si vous disposer d’une méthode pour obtenir ces valeurs ; car je

ne trouve aucun article a ce sujet dans la bibliographie.

Je vous remercie d’avance pour de votre réponse, positive ou négative.
Cordialement,

Henrique Pinto
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