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Summary

Brake application in a heavy commercial truck running with high speed will generate
an excessive thermal environment on the frictional surface of brake drum. This condition
may cause undesirable effects on the material of the brake drum that eventually lead to the
initiation of heat cracks. Therefore, for optimized design of a brake drum, it appears to be
very important to examine the thermal stress due to the excessive temperature in the
rubbing surface of the brake drum in the course of braking. This paper reports a 3-D finite
clement analysis on thermal stress in a brake drum of heavy commercial truck as the first
stage of investigating the initiation of heat crack in the brake drum. The braking is done by
two brake shoes, and the heating and cooling occur alternatively in the brake drum during
the brake application. A severe brake application with deceleration 0.5g is taken into
account. The history of the transient temperature and thermal stress in the course of braking
are plotted and discussed. It is found that the maximum temperature occurs when the
braking time is reaching a half-way, whilst the maximum thermal stress occurs when it is
reaching at around one-fourth of braking time.

Kev-words:

Brake drum, 3-D finite element analysis, transient temperature, thermal stress.
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INTRODUCTION

Friction brakes are widely used to provide an inexpensive, consistent and reliable
means of retardation, and conveniently, generate large frictional forces to give high rates of
deceleration. A severe thermal environment is created at such a friction interface and
satisfactory braking performance largely depends on the effective dissipation of heat energy
from this interface.

Up to now, the drum cracking of heavy and large commercial vehicle has become a
widespread problem caused by thermal damage due to excessively high surface temperature
in the course of brake application. The brake drums are prone to overheat on long down-
grades because they must be braked more frequently under high speed braking and heavier
load.

Nowadays, the predominant trend in the development of large vehicles is toward
higher speeds and heavier loads, which increases considerably the energy required to be
dissipated by the brake drum, and, consequently, it will generate excessive temperature that
produce high thermal stresses. This condition may cause undesirable effects on the material
of the brake drum that eventually lead to the initiation of heat cracks.

The investigation of transient temperatures, thermal stresses, and thermal distortions
in brake drum have been extensively performed by the brake drum designers and
researchers attending to this field. Most thermal analyses assume that the heat generated
during braking is uniformly distributed over the nomina] area of contact between lining and
drum. In practice, manufacturing tolerance and drum distortion give rise to non-uniform
contact and the frictional heat is generated over discrete areas forming a band or bands
whose total width is less than the total band width of the lining material.

The finite clement analysis is a powerful technique for the solution of many
engineering problems, and has been extensively used for thermal analysis applied to the
brake components. Three-dimensional analysis on temperature distribution in a brake drum
using finite element method has been reported by Khairul Fuad et al. 2008. Some other
papers analyzing the thermal analyses in brake drum in two dimensional analyses have been
published, either in axisymmetric analysis (Masashi Daimaruya, 1977; Khairul Fuad, 1994)
or in Cartesian coordinates (Ramachandra Rao et al. 1985 and 1988; Day. AL, 1985,
Ashworth et al. 1977). Ramachandra Rao et al. proposed a clock mechanism as a model to
identify the heating and cooling that alternatively occur in the brake drum during braking.

This study reports the three-dimensional numerical analysis of thermal stresses in a
brake drum of heavy commercial truck. The braking is done by two brake shoes and the
heating and cooling occur alternatively in the brake drum during the brake application. A
severe brake application is taken into account for the wheel load of 40 kN, and the braking
is applied from a speed of 100 km/h until it stops with a deceleration of 0.5¢.

AYNY g VATY Loy ¥ anall £ aladUisheally el o630 T daalan dlone

do gt mdyhasle - ool - AYEPY oy ¥ Sukatt £ lonl - Folealts Ak




Khairul Fuad, et al: Three-Dimensional Finite Element 17

FRICTIONAL HEAT FLUX

A leading and trailing shoe brake model is analyzed in this study. Heating and
cooling that occur alternatively in the brake drum during braking is prescribed as a clock
mechanism (Fig.1). The first heating occurs when the drum absorbs the energy input, or the
frictional energy, for the time interval during which the drum moves from one end of each
brake shoe to the other respective end with its varying velocity (say from point 1 to point 2
and from point 3 to point 4 which is depicted in Fig.1). At this period, cooling through
convection takes place in the other parts of brake drum. In this analysis, the effect of
thermal radiation during the cooling is neglected because it is too small compared to the
convection effects. All parts of the brake drum are subjected to cooling at this period. As
soon as this time lapses, the appropriate heat energy, the second heating, is given again,
noting that the drum speed falls at the rate of 0.5g deceleration. Thus, heating and cooling
occurs alternatively until the braking is fully terminated.

Investigation of brake thermal problems has so far been limited by a number of
simplifying assumptions concerning the distribution of frictional heat generation over the
friction interface and the proportions which are transferred to each part of the friction pair.
In this analysis, the braking condition is considered under assumption of perfect contact
between the brake shoes and the brake drum, and equal amount of generated frictional heat
is distributed over the rubbing surface. The brake drum is assumed to absorb 95% of a
major share of heat energy and the remainder goes into the brake shoes (Ashworth et al.
1977; Newcomb T.P., 1958-59 and 1961).

Considering about 5% of heat energy going to brake shoes, the heat flux resulting
from the transformation of instantaneous kinetic energy can be written as follows

ALy

=0.95
12095 o ®

where g is the heat flux generated on the frictional surface, AE; is the alteration of
kinetic energy from one edge to the other edge of brake shoe, A is the time interval during
heating, and 4, is the area of the two brake shoes surface contacted to the drum.

TRANSIENT TEMPERATURE ANALYSIS

The three-dimensioral unsteady state beat conduction equation for the transient
temperature analysis in the brake drum js governed by the following equation

d*T d°T d*T pedr
R S T 2)
dx"  dy° dz k dt
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Neglecting the thermal radiation effects, the boundary surface condition can be
written in the general form as

ar
q=—k;g~;—h(T—To) (3)

where

Density

specific heat

thermal conductivity.

brake drum temperature at x,y,z,¢
surrounding air temperature
Time

Cartesian coordinate

direction of heat flow

heat transfer coefficient

S'ﬂh-aaqn‘b

R N -

FINITE ELEMENT MODEL

A heavy and large brake drum of a commercial truck is considered for analysis. The
temperature distribution is found by solving Eq.(3) using numerical analysis. ANSYS finite
element based software is used to solve the problem. Fig.2 shows the finite element model
of the brake drum with a circumferential fin near its open end.

SOLID90 is chosen as the element type since the simulation is done in three-
dimensional model and temperature is the only degree of freedom. The model is meshed by
using wedged hexahedral element shape with the total number of nodes is 47736.
Appropriate element length is identified using trial and error method until it produces best
and most consistent element shape. This process is important since the mesh pattem
contributes significantly to the accuracy of the simulation result. It is finally come out with
length element of 0.004 m and this value give best mesh for the model volume.

THERMAL STRESS ANALYSIS

Thermo-elasticity describes the behavior of elastic bodies under the influence of non-
uniform temperature fields. It represents, therefore, a generalization of the theory of
elasticity. The thermal stress may arise in a heated body either because of a non-uniform
temperature distribution, or external constraints, or a combination of these causes.

The total strains at each point of the heated body are, thus, made up of two parts. The
first part is a uniform expansion proportional to the temperature rise A7. Since this
expansion is the same in all directions for an isotropic body, only normal strains and no
shearing strains arise in this manner. If the coefficient of linear thermal expansion is
denoted by «, this normal strain in any direction is equal to aAT.
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The second part comprises the strains required to maintain the continuity of the body
as well as those arising because of external loads. These strains are related to the stresses by
means of the usual Hooke’s law of linear isothermal elasticity. Thus, the strains are the sum
of the two components and are, therefore, related to the stresses and temperature in any
general form of orthogonal coordinate system as

Oy 1-2v
E :_.L+—__( )5:‘;'0';:!: —6,GAT (4)
where
oy - deviatoric stress components

o hydrostatic stress components
Lame’s constant

Poisson’s ratio

modulus of elasticity
Kronecker deltas

linear thermal expansion

Q& m < -

AT ¢ temperature change

The strains are related to the displacements in the same manner as in isothermal
elasticity since purely geometrical considerations are involved: in a rectangular Cartesian
coordinate system the pertinent equations are as follows:

Ou
ox
@
X ay
’ ow
IEA oz
€y = [ J Ou ov
|| 5)
y oy Ox
.- ov  Ow
Y 2 ~ T
oz Oy
ow  ou
Lox Oz )

where u, v, and w are the components of the displacement vector in the x, vy, and z
direction respectively,
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RESULT AND DISCUSSION

The 3-D temperature distribution in the brake drum has been analyzed using finite
element method. The analysis is performed with a number of assumptions. The drum
material is made of grey cast iron A48 Class 40 that is homogenous and isotropic, The
thermal properties of this material are as follows:

e Thermal conductivity, & =51 W/m.K

e Specific heat, C, =550 J/kg.K

e Density, p = 7196 kg/m’

e Thermal diffusivity, ¢ = 12.89x 10 m%s

The heat transfer coefficient along the interface between the surface of brake drum
and surrounding air is also constant at 50 W/m?K. The main data for the brake drum
dimensions are as follows

o Total length of brake drum = 270 mm
e Quter diameter of brake drum = 450 mm
» Inner diameter = 420 mm

e Thickness of brake drum = 15 mm

o Thickness of circumferential fin = 10 mm

s Length of circumferential fin = 20 mm
e Shoe contact angle = 100°

¢ Shoe width = 200 mm

The wheel load of 40 kN is taking into account and the braking is applied from a
speed of 100 km/h to complete stop with a deceleration of 0.5¢, and it takes 5.663 second.
The initial temperature of the brake dram and surrounding air are set to be 30°C.

Fig.3 shows the profile of temperature rise of nodes 4, B, C, and D during the first
brake application. The effect of cyclic heating and cooling fluctuates the temperature rise of
node A4 and reaches the peak temperature at the mid-time of brake application, when the
time lapse is 2.85 s, and decreases afterward. The peak temperature of point 4 is about
248°C. This phenomencn is predominantly caused by the decreasing dissipated kinetic
energy input with respect to time due to the decreasing of truck’s speed. Furthermore, it can
be considered that the heat convection into the surrounding air is greater than the dissipated
kinetic energy input. On the other hand, nodes B, C, and D continuously increase until the
end of braking. This means that the heat conduction of these nodes still advances until the
braking is fully terminated.

The temperature history of the inner surface of brake drum in the course of braking is
shown in Fig.4. It can be seen that the temperature rise in the frictional contact arca is
evenly distributed. The temperature rise at the flank of brake drum increases gradually, due
to the poor heat conduction flowing to this area.
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Fig.5 depicts the temperature history of the a-a cross-section. The steep or higher
temperature gradient occurring in the thickness layer of 1.0 ¢cm from the inner surface will
cause higher thermal stress; and the maximum thermal stress occurs at the rubbing surface.
Small gradient temperature is shown when the heat flows to the region of the
circumferential fin,

The history of von Mises thermal stress for nodes 4, B, C, and D is shown in Fig.6.
The 95-MPa maximum thermal stress occurs at node 4 when the time of brake application
is reaching # = 1.32 sec. Similar with the temperature profile, the profile of thermal stress is
also fluctuating due to heating and cooling in the course of brake application. Considering
the history of thermal stress, we can conclude that the highest thermal stress occurs at
around one-fourth of braking time.

Fig.7 shows the von Mises thermal stress history in a-a cross-section in the course of
braking. The circumferential fin has an effect to reduce the thermal stress and creates a
significant thermal stress gradient that occurs in the region of rubbing surface having a
layer thickness of 0.4 mm. It shows a good agreement with the results reported by Masashi
Daimaruya et al. that the function of circumferential fin is not only to reinforce the brake
drum but also to reduce the thermal stress and the effect of bell-mouthing due to thermal
distortion.

CONCLUSION

The thermal stress distributions under a severe brake application have been discussed
as the first step in investigating the initiation mechanism of heat cracks in the brake drum,
the thermal stress distributions under a severe brake application have been discussed. A
heavy and large brake drum of a commercial truck is considered and analyzed by using
three-dimensional finite element method. It was found that the severe thermal environment
occurred in the inner surface of brake drum will create a high thermal stress in the rubbing
surface. The effect of cyclic heating and cooling fluctuates the temperature rise in the
rubbing surface and reaches the peak temperature at the mid-time of brake application, and
decreases afterward. The profile of thermal stress created in the brake drum also fluctuates
and reaches the maximum value when the braking time is around one-fourth of the fully
stopped brake application,
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Fig.3  Temperature history of nodes 4, B, C, and D at brake application.
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ABSTRACT.

Dental caries grows by the localized dissolution of the tooth hard tissues, caused by
acids that are produced by bacteria in the dental plaque on the teeth and eventually lead to
"cavities". These cavities are decayed areas of the tooth that develop into tiny openings or
holes, a pit and fissure cavities are the common type of tooth diseases which occurs on the
chewing surface of the teeth. Dentists treated the tooth by removing the decayed tooth
material with a drill and replacing it with a filler material.

This study is an investigation of the molar tooth treatment with different filler
materials, amalgam, composites and gold. The analysis is completed and achieved by using
finite element analysis with ANSY'S software. Therefore, the results are indicating that the
amalgam is the best filler material for molar tooth treatment.

Keywords:
Finite Element Analysis, Dental Analysis, Filler Material, Tooth Treatment.
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1.Introduction:

Dental caries (tooth decay) is probably the most common regular diseases in the
world. Although caries has affected humans since antiquity, the popularity of this disease
has greatly increased worldwide now owing to food changes. Tooth decay usually occurs
in children and young adults but can affect any person. The bacteria are normally present in
the mouth. These bacteria convert all foods (especially sugar and starch) into acids.
Furthermore, these bacteria, acid, food debris, and saliva combine in the mouth to form a
sticky substance called plaque that adheres to the teeth (see Figure I and 2). It is most
prominent on the back molars, just above the gnm line on all teeth, and at the edges of
fillings. Plaque that is not removed from the teeth mineralizes into tartar. Plaque and tartar
irritate the gums. Plaque begins to build up on teeth within 20 minutes after eating (the time
when most bacterial activity occurs). If this plaque is not removed thoroughly and
routinely, tooth decay will not only begin, but also grow [1, 2, 3, 4].

The acids in plaque dissolve the enamel surface of the tooth and create holes in the
tooth (cavities). Cavities are usually painless until they grow very large and affect nerves or
cause a tooth fracture. If left untreated, a tooth abscess can develop. It also destroys the
internal structures of the tooth (pulp) and ultimately causes the loss of the tooth [3, 6, 7).

However, there are three types of cavities. Smooth surface cavities occur on the
smooth sides of the teeth, while root cavities develop on the surface over the roots. Hollow
and crack cavities occur on the chewing surface of the teeth, as shown in Figure 3 & 4.

Figure 1: Plaque that adheres to the teeth Figure 2: Infected dental pulp
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Hollow
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Figure 3: Hollow and crack cavities Figure 4: Types of tooth cavities

Tooth treatment can help to avoid the tooth damages from leading to cavities.
Fillings, crowns and root canal are the most common type of tooth treatments. Dentists fill
teeth by removing the decayed tooth material with a drill and replacing it with a material
such as gold, silver amalgam alloy, or composite resin. Composite resin more closely
matches the natural tooth appearance, and may be preferred for front teeth. Many dentists
consider silver amalgam (alloy) and gold to be stronger, and these materials are often used
on back teeth. There is a trend to use high strength composite resin in the back teeth as well
[8,9].

Crowns, or "caps" are used if tooth decay is extensive and there is limited tooth
structure, which may weaken teeth. Large fillings and weak teeth increase the risk of the
tooth breaking. The decayed, or weakened area is removed and repaired. A crown is fitted
over the remainder of the tooth. Crowns are often made of gold, porcelain, or porcelain
attached to metal [10, 117.

A root canal is recommended if the nerve in a tooth dies from decay or injury. The
center of the tooth, including the nerve and blood vessel tissue (pulp), is removed along
with decayed portions of the tooth. The roots are filled with a sealing material. The tooth is
filled, and a crown may be placed over the tooth if needed, Figure 5 shows tooth structure
includes dentin, pulp and other tissues, blood vessels and nerves imbedded in the bony jaw
[12].
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Figure 5: Tooth anatomy

However, many studies on filler composition and polymerization methodology for
composite materials have resulted in both increased esthetic qualities and resistance to
wear. Similarly, the benefits of sealants are becoming more widely accepted for the
prevention of hollow -and-fissure caries.

Further research on biomaterials has led to the introduction of vastly improved dental
materials. Developments in impression materials and gold foil and advancements in
knowledge about liners and sealers are also factors that have resulted in better care and
treatment for patients. Advances in metallurgy have resulted in a variety of improved alloys
that are either already available, or are being developed. Corrosion-resistant amalgam
alloys have been developed, which will enhance the oral health of the population by
providing longer lasting restorations [12,13].

2. Filler Materials:

In this study, there are three different filler materials used for molar tooth treatment:
dental amalgam, gold and composites [14:18]:

2.1. Dental Amalgam

Amalgam technically means an alloy of mercury (Hg) with any other metal. Dental
amalgam is an alloy made by mixing mercury with a silver-tin dental amalgam alloy (Ag-
Sn), see Table 1.

2.2. Direct-Filling Gold

Gold is extremely soft and may be welded to itself under pressure at room
temperature if the surfaces being fixed and cleaned. This makes gold applicant to a direct
restoration. Although it has been used this way for more than a century, the process is
tedious, difficult, and relatively expensive for the patient.
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Gold for direct-filling restorations may be classified on the basis of (1) the geometric
form in which it is supplied; (2) the surface condition of the part; and (3) the microstructure
of the part. It may be supplied as ropes, sheets, strips, or pellets. Direct gold is essentially
100% gold. Pre-alloying with other elements would reduce the weldability and malleability
at room temperature. However, other elements may incorporate (platinum or calcium)
indirectly into the final structure by layering them onto the gold in form such as gold foils.
During cold welding, much greater compaction pressures are required to remove pores or
spaces in mat gold and powdered gold than in gold foil.

2.3. Composites

A composite is a physical mixture of materials. The parts of the mixture are generally
chosen with the purpose of averaging the properties of the parts to achieve intermediate
properties. Quite often, a single material does not have the appropriate properties for a
specific dental application. Composites typically involve a dispersed phase of filler
particles distributed within a continuous phase (matrix phase). In most cases, the matrix
phase is fluid at some point during the manufacture or fabrication of a composite system. A
dental composite has traditionally indicated a mixture of silicate glass particles within an
acrylic monomer polymerized during the application. The silicate particles provide
mechanical reinforcement of the mixture (reinforcing fillers) and produce light transmission
and light scattering that adds enamel like transparency to the material. The acrylic
monomers make the initial mixture fluid and moldable for placement into a tooth
preparation. The matrix flows to adapt to tooth preparation walls and penetrate into
micromechanical spaces on etched enamel or dentin surfaces.

3. Background of Molar Tooth Analysis Using FEM:

Several studies for tooth analysis using FE method such as { Genovese, et 2004)
[19] investigated the mechanijcal behavior of a new customized post system built up with a
composite framework presently utilized for crowns, bridges, veneers and mainly only
dental restorations. The material has been shaped so as to follow perfectly the profile of the
root canal in order to take advantage of the better mechanical properties of composites with
respect to metallic alloys commonly used for cast posts. The analysis has been carried out
with 3-D finite element models previously validated on the basis of experimental work. The
new post system has been compared to a variety of restorations using either prefabricated or
cast posts. The structural efficiency of the new restoration has been evaluated for an upper
incisor under different loading conditions (mastication, bruxism, impact).

Results prove that maximum siress values in restored teeth are rather insensitive to
post types and materials. However, the new customized composite restoration allows to
reduce significantly the stresses inside the dentinal regions where conservative clinical
interventions are not possible.

Pattijn, et al, (2005) [20] evaluated the modal behavior of the bone—implant—
transducer (Osstell) system by means of finite element analyses. The influence of different
parameters was determined: (1) the type of implant anchorage being trabecular, cortical,
uni-cortical, or bi-cortical; (2) the implant diameter; (3) the length of the implant embedded
in the bone; and (4) the bone stiffness.
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The type of anchorage determines the resulting modal behavior of the implant—
transducer system. A rigid body behavior was found for a uni-cortical anchoring and
homogeneous anchoring with low bone stiffness (<1000 MPa), whereas a bending behavior
was found for a homogeneous anchoring with a high bone stiffness (=5000 MPa) and bi-
cortical anchorage. The implant dimensions influence the values for the resomance
frequencies. Generally, an increase in implant diameter or implant length (in bone) results
in higher resonance frequencies. Their study also showed that resonance frequencies in case
of rigid body behavior of the implant-transducer system are more sensitive to changes n
bone stiffness than resonance frequencies in case of bending behavior. In conclusion, it
seems that the Osstell transducer is suited for the follow-up in time of the stability of an
implant, but not for the quantitative comparison of the stability of implants [20].

DeHoff, et al, (2004) [21] studied the viscoelastic option of the ANSYS finite
element program to calculate residual stresses in an all-ceramic FPD for four ceramic—
ceramic combinations. A three-dimensional finite element model of the FPD was
constructed from digitized scanning data and calculations were performed for four systems:
(1) IPS Empress 2, a glass-veneering material, and Empress 2 core ceramic; (2) IPS ErisTM
a low fusing fluorapatite-containing glass-veneering ceramic, and Empress 2 core ceramic;
(3) IPS Empress 2 veneer and an experimental lithium-disilicate-based core ceramic; and
(4) IPS ErisTM and an experimental lithium—disilicate-based core ceramic. The maximum
residual tensile stresses in the veneer layer for these combinations were as follows: (1)
77MPa, (2) 108MPa, (3) 79 MPa, and (4) 100MPa. These stresses are relatively high
compared to the flexural strengths of these materials. In all cases, the maximum residual
tensile stresses in the core frameworks were well below the flexural strengths of these
material. They concluded that the high residual tensile stresses in all-ceramic FPDs with a
layering ceramic may place these systems in jeopardy of failure under occlusal loading in
the oral cavity [22].

Ueda, et al, (2004) [23] investigation used the comparison of photoelastic analysis,
the stress distribution in a fixed prosthesis with 3 parallel implants, to the stress distribution
in the same prosthesis in the existence of an angled central implant. Two photoelastic resin
models were made and a polariscope was used in the visualization of isochromatic fringes
formed in the models when axial loads of 2 kg, 5 kg and 10 kg were applied to a unique
central point of the prosthesis. The presence of inducted tensions (preloads) was observed
in the models after applying torque to the retention screws. Preloads were intensified with
the incidence of occlusal forces. In the parallel implants, the force dissipation followed the
long axis. The angled implant had a smaller quantity of fringes and the stresses were
Iocated mostly around the apical region of the lateral implants.

A 3-D solid model of a human maxillary premolar was prepared and exported into a
3-D-finite element model (FEM) by dusiello, et al, (2001) [24] and a generic class [1 MOD
cavity preparation and restoration was simulated in the FEM model by a proper choice of
the mesh volumes. A validation procedure of the FEM model was executed based on a
comparison of theoretical calculations and experimental data. Different rigidities were
assigned to the adhesive system and restorative materials. Two different stress conditions
were simulated: (a) stresses arising from the polymerization shrinkage and (b) stresses
resulting from shrinkage stress in combination with vertical occlusal loading. Three
different cases were analyzed: a sound tooth, a tooth with a class I MOD cavity, adhesively
restored with a high (25GPa) and one with a low (12.5 GPa) elastic modulus composite.
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The cusp movements induced by polymerization stress and (over)-functional occlusal
loading were evaluated. While cusp displacement was higher for the more rigid composites
due to the prestressing from polymerization shrinkage, cusp movements turned out to be
lower for the more flexible composites in case the restored tooth which was stressed by the
occlusal loading.

This preliminary study by 3-D FEA on adhesively restored teeth with a class II MOD
cavity indicated that Young’s modulus values of the restorative materials play an essential
role in the success of the restoration. Premature failure due to stresses arising from
polymerization shrinkage and occlusal loading can be prevented by proper selection and
combination of materials [25].

Ghulman and Al-Hazmi (2008) [26] investigated the stress analysis of the molar tooth
under loading conditions with different angles, using finite element package ANSYS. The
results of their study indicated that the maximum shearing stress and deformation is
increases with decreasing directional angle of the applied load.

The objective of this study is to investigate the stresses and deformations in proximal
dentine of human molar-tooth with different filler materials. A finite element model of
molar-tooth was constructed, based on a 3-D solid modeling using AutoCAD and exported
to ANSYS FE software to calculate the stress deformation distributions on the molar tooth
with different filler materials which are implemented in a cavity, located in the middle of
the tooth crown.

4. Finite Element Modeling for Molar-Tooth

The approach in this study is to model the molar-tooth by using the 3D finite element
modelling capabilities of ANSYS with cavity located in the central part of the tooth crown.
In this FE analysis, different filler materials are added to the tooth cavity.

4.1. Molar-tooth Geometrical Model and Boundary Conditions:

Two steps were used for modeling the molar-tooth. First, a 3-D solid modeling is
constructed using AutoCAD with a cavity at the top center of the tooth crown, as shown in
Figure 6. Subsequently the model is exported to ANSY'S for FE Analysis.

Figure 7 (a&b) shows the molar-tooth modelling by ANSYS. The 3-D element
SOLID92 with 6 degree of freedom is used for modelling the molar-tooth. The molar-tooth
geometry was meshed to 423693 elements as shown in Figure 7(a).

The boundary conditions of the molar-tooth are:

Displacements in all three directions of the coordinate axes are zero at the roots of the
tooth, as illustrated in Figure 8: Uy=U,=0U,=0.

Also rotations about all three coordinate axes are zero at the roots of the tooth, as
shown in Figure 8: Rot, = Rot, = Rot, = 0.
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Figure 6: 3-D soled model of molar-tooth

a: 3-D finite element meshed molar-tooth model b: 3-D molar tooth with filling material
Figure 7: 3-D Finite element modelling of molar-tooth with filler material

Figure 8: Baundary conditions for molar-tooth
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4.2. Physical Properties
Table 1 gives the physical properties for the different materials:

Table 1: Material properties [ Genovese, et al (2004), and Lee, et al, (2002)]

Material Yield modulus E (MPa) | Possion ratio's v
Enamel 84100 0.20

Dentine 18600 0.31

Pulp 2 0.45

Amalgam 27600 0.35

Gold (alloy) 99300 ' 0.3

Composite alloy | 218000 0.35

5. Results and Discussion:

The results are presented for, molar-tooth cavity treated with three different filler
materials (Amalgam alloy, composites, and gold) applied pressure over the top surface of
molar tooth crown with 100 N/mm?.

Molar- tooth without cavity (natural teoth):

Figure 9 (a & b) shows the finite element results of the molar-tooth deformation and
maximum shear stress profiles. The results show that the maximum deformation is
0.362967 mm at the top surface of the molar tooth and maximum shear stress is 7590. MPa
at the top surface of the molar-tooth.

Molar-tooth with Amalgam filler material:

Figure 10 a & b shows the finite element results of the molar-tooth with cavity treated
by amalgam filler material. The results show that the maximum deformation is 0.352621
mm at the top surface of the tooth and maximum shear stress is 7510 MPa at the top surface
of the tooth. The results indicate that the total deformation of the molar-tooth with filler of
amalgam materia] is less than the total deformation of the molar-tooth without filler, and
the maximum shear stress of on the molar-tooth with filler of amalgam material is less than
the molar-tooth without cavity at similar conditions.

Molar-tooth with gold filler material:

Figure 11 a & b shows the finite element results of the molar-tooth with a cavity
treated by gold filler material. The results show that the maximum deformation is 0.325829
mm at the top surface of the tooth and maximum shear stress is 7270 MPa at the top surface
of the tooth. The results indicate that the total deformation of the molar-tooth with a filler
of gold material is less than the total deformation of the tooth with a filler of amalgam
material, and the maximum shear stress on the molar tooth with a filler of gold material is
less than the molar-tooth with a filler of amalgam material at similar conditions.

Molar-tooth with composite filler material:

Figure 12 a & b shows the finite element results of the molar-tooth with a cavity
treated by composite filler material. The results show that the maximum deformation is
0.315388 mm at the top surface of the tooth and maximum shear stress is 7225 MPa at the
top surface of the molar-tooth. The results indicate that the total deformation of the molar-
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tooth with composite filler material is less than the total deformation of the tooth with a
filler of gold and amalgam material, and the maximum shear stress of on the molar tooth
with filler of composite material is less than the molar tooth with a filler of gold and
amalgam material at similar conditions.
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(a) Total deformation of the molar tooth(b) Von Mises stress of the molar tooth
Figure 9: A finite element results for molar-tooth without cavity
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(a) Total deformation of the molar tooth{b) Von Mises stress of the molar tooth
Figure 10: A finite element results for molar-tooth with amalgam filler material
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Figure 11: A finite element results for molar-tooth with gold filler material
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(a) Total deformation of the molar tooth(b) Von Mises stress of the molar tooth
Figure 12: A finite element results for molar-tooth with composite filler material

5. Comparison between the molar tooth and filler materials:

Figures 13, 14, 15 and 16 show a graphical evaluation of molar-tooth without a
cavity, and with a cavity filled with different filler materials (amalgam, gold, and
composite) alongside the molar-tooth and cross over the crown part of the molar tooth. The
results indicate that the total deformation across the molar tooth is higher at molar tooth
without a cavity than the tooth with filler material. As that it, increases with amalgam to
gold and it decreases with composite to gold as shown at Figure 13. Furthermore, the
maximum shear stress is almost similar at molar tooth without a cavity as molar tooth with
amalgam filler material. However, the maximum shear stress is not quite less than the tooth
with amalgam filler material as the filler with gold and composite materials, as shown in
Figure 14.

Figure 15 shows the total deformation along the molar tooth. The results indicate that
the total deformation at the crown part of the molar tooth is higher than the tooth with filler
material. Besides that, it increases more with amalgam than gold, and decreases more with
composite than gold. On the other hand, the von Mises stress (Figure 16) is the lowest at
molar tooth without cavity than molar tooth with filler materials. In addition, the von Mises
stress increases with filler treatment, whereas the molar tooth with composite filler is higher
than the molar tooth with amalgam and gold.

e [ JSUING BOR r 0.28 — SEQY boR r 1.00E+06
— UISUM gold —EQY Eold
m— | JSUM armalgam - 0.26 —SE0V BBl - 9.00E+05
e UISUM compasite 024 — 5 ECW 5 st - 8.00E+05
0.22 I 7.00E+D5
F 6.0DE+D5
0.2 *
- 5.00E+D5
- 0.18
- 4.00E+05
0.16 I 3.00E+05
F 0.14 2.00E+Q5
012 1.00E+05
- T 01 ] T - 0.00E+0D
4 2 1] 4 2 1]

Figure 13: Total deformation of molar Figure 14: von Mises stress of molar tooth
tooth relations across the ¢crown relations across the crown
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Figure 15: Total deformation of molar Figure 16: Von Mises stress of molar tooth
tooth relations along the molar tooth relations along the molar tooth

6. Conclusion and Recommendations

This study presents a finite element analysis of the molar-tooth cavity treated with
different filler materials to identify the stresses and deformations.

The results are represented in terms of maximum shear stress and total deformation
for the molar tooth cavity treated with three types of filler materials (amalgam, gold, and
composite). The results indicate that the maximum shear stress is the lowest with composite
filler material, and increases with gold filler, amalgam filler and without cavity
respectively. The total deformation is the lowest with composite filler. However, the total
deformation increases with gold filler, amalgam filler, and the tooth without cavity
respectively. Thus, the filler treatment with amalgam material is closer to that for the
pormal molar tooth without cavity. Therefore, the amalgam filler material is approximately
more appropriate filler material than the gold and composite filler materials.

6.1. Recommendation for Future Work

There are several areas where more work is needed for analysis of molar-tooth.
Among these studies are:
1- The study of another type of tooth treatment such as root canal tooth treatments.
2. Finite element analysis of tooth implementation.
3- The study and evaluation of molar-tooth treatment with different filler materials in order
of thermal variation.
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The Effect of the Manufacturing Errors on the Dynamic
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ABSTRACT

Gears are among the most common mechanisms used in mechanical applications.
Vibration signals acquired from a gearbox are usually complicated, due to the existence of
different frequencies generated by modulation. Consequently, vibration signals are often
containing dynamic information for fault diagnosis and prediction of failure. Several
techniques such as FFT frequency spectrum, Cepstrum analysis, Envelope Analysis, as well
as Hilbert transform, and others are applied to analyzing gear vibration signals to extract the
gear fault.

The aim of the present work is to simplify the correlation between the main gear
manufacturing errors and their dynamic response signals. For this reason, damages in gear
tooth and error in center distance between gears were investigated. The results show that,
the vibration time signals as well as the frequency response signal were useful for analyzing
the fault diagnosis of gears.

KeyWords:

Gear dynamics — Vibration — Severity vibration — Envelope Analysis — Frequency
Spectrum — Gear Errors
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1. INTRODUCTION

Gears are one of among the most common mechanisms used for transmitting power
and motion in numerous mechanical applications. Previous studies on gear teeth contacts
have been considered as one of the most complicated applications. Good understanding of
vibration signals is required for the early detection of incipient gear failure to achieve high
reliability. Vibration signals acquired from a gearbox are usually complicated to predict the
symptoms of an inherent fault due to the existence of meshing frequencies, their harmonics,
and coupled frequencies generated by modulation. Cepstrum analysis calculation can be
performed on FFT spectrum or envelope spectrum, and has a simplification of the analysis
of vibrations of gearboxes, which are extremely difficult to analyze. Envelope Analysis of
the FFT frequency spectrum of the modulating signal is useful technique for extracting the
modulating signal from an amplitude-modulated signal [1]. Vibration signals from a
gearbox are usually noisy and the signal-to-noise ratio is low, so that feature extraction of
signal components is very difficult. A new noise canceling method, based on time-
averaging method, is developed by M.A. Jafarizadeh, et al [2] in which feature extraction
and diagnosis of different gear damages are designated. :

Hilbert transform, wavelet packet transform (WPT) anod empirical mode
decomposition (EMD) are applied to gear vibration signals to extract the fault characteristic
information [3,4]. EMD is a method of breaking down a signal for system excited due to
gear errors and profile modifications. EMD gives early detection of pitting [5-7]. The
wavelet transform (WT) is suitable to represent all possible types of transients in vibration
signals generated by faults in a gear box [8]. Moreover, the vibration signal of a spur bevel
gear box in different conditions is investigated using discrete wavelets [8,9]. X. Fan and M.
J. Zuo [10] proposes a new fault detection method that combines Hilbert transform and
wavelet packet transform. Both simulated signals and real vibration signals are collected
from a gearbox dynamics simulator which shows that the proposed method is effective to
extract modulating signal and help to detect the early gear fault. More features arc extracted
from vibration signals and fed to a fuzzy classifier which is built and tested with
representative data. The results are found to be encouraging [11]. As compared to the
wavelet transform, the multiscale statistical scheme is an attractive option due fo its low
complexity, high sensitivity and inherent robustness [12]. A simple technical diagnostic
feature is based on the fact that, a gearbox in a bad condition, is more susceptible to load
than the gearbox in a good condition, and the relation will be different [13]. A mathematical
model is proposed to describc the mechanisms leading to modulation sidebands of
planetary gear sets. This model is used to demonstrate modulation sidebands from
acceleration measurements [14,15]. '

Differences in gear materials, material processing, and gear operating properties may
significantly affect the amounts of such plastic deformations before tooth breakage [16].
While, the effect of common tooth faults: spalling and breakage, bending, fillet foundation
and contact deflection are analytically computed by using analytical gearmesh issued from
analytical modeling and the vibration signatures [17]. The growth in a tooth crack is
reflected in the total mesh stiffness of the gear system [18]. A simulation model for
producing typical fault signals from gearboxes is tested as a new diagnostic algorithms, and
possibly prognostic algorithms [19-20]. Modal testing experiments presented by M.
Amarnath [21] and J. Hongkai, ct al [22] have been carried out on the gear starting from
healthy to worn out conditions to quantify wear damage. The results provide good
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understanding for vibration parameters as measures for effective assessment of wear in spur
gears. Signal processing tools, based on the Order Tracking Method, were developed by
Jean-Luc Dion, et al [23], in order to clarify the underlying phenomena involving gear
impacts. From the aforementioned and other researches, the analysis of gear signals still
need more intensive work and easier techniques for understanding gear fault diagnosis.

Therefore, the aim of the present work is to simplify correlation between the main
gear manufacturing error and the measured dynamic response signals. These correlations
may be uscful to study and analyze both time and frequency response spectra of vibration
generated from meshing gears. For this reason, damages in gear tooth and error in center
distance between gears are usually investigated for both straight spur and helical gear.

2. INSTRUMENTATION OF THE EXPERIMENTAL WORK
2.1 Tested Gear Unit.

In this work, the effect of tooth damages and error in manufacturing gear teeth. Also,
the effect of changing the center distance of the meshed gears were investigated. For this
purpose, four pairs of gears were designed and manufactured for representing versatile
single stage gearbox. The first two pairs were made of steel gears having straight spur teeth;
one pair had correct teeth while the other pair had deliberated damage in one tooth as
shown in Fig.1. For the sake of comparison, the other two pairs were made of the same
material but with helical teeth, The helical teeth were designed and manufactured with the
same center distance as the spur gear. Similarly, one pair contains correct teeth, while the
other is with deliberated damaged tooth. There are three experimental test has been done to
examine, two correct gears, one correct gear meshed with another gear with damaged tooth,
and finally two gears, both of which with damaged tooth. All experiments were carried out
either on spur gears or helical gears. Both types of gear were designed with transmission
ratio of (3), number of teeth (25/75) and module of 2mm. All pairs have the same center
distance 101.543mm pressure angle of 20°, while the helical gears were designed with helix
angle of 10°. The center distance of the spur gears was kept the same by shifting the teeth
profile of the spur gear. Moreover, the influences of backlash or setting errors in the center
distance of gears were also investigated for both types of gears. In order to simulate gear
boxes with different errors in center distance, the bearing location of one shaft must be
changed. For this purpose, the bearings of the output shaft are mounted in the housing of
special design. These bearing housings were equipped with eccentric bores which allow
changes in bearing position if the housing is rotated. Fig.2 shows a bearing housing with
eccentric bore divided on the other face with angular scale related to the shift in position.
The relation between the angular position of the bearing housing and the value of change in
center distance are shown in Table 1. The eccentric bore allows the center distance to be
changed from -0.45mm to +0.904mm. The positive value means excessive clearance or
backlash, while the negative value means interference between gear teeth. Additional work
was carried out to study the dynamic performance of gears under two different working
conditions, loaded or unloaded. A standard braking unit was used to apply a resisting torque
on the output shaft. The applied braking torque was calculated using FEA to find out the
maximum permissible value at which gear failure will not occur.
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2.2 Measurements of Rotating Speeds:

High precise speed control unit was chosen to control both direction and speed of the
driving motor. Running speed at 1800 rpm was selected to carry out the whole
experimental tests. Based on the selected speed, the input shaft runs at 30 Hz (1800rpm/60),
while the output shaft runs at 10 Hz (30Hz/ speed ratio (3)). Gear meshing frequency is
calculated by [pinion speed (30 Hz) muitiplied by the number of its tecth (25)] or equal to
[gear speed (10 Hz) multiplied by its teeth (75)] which is equal to 750Hz. Moreover, during
testing gears with damaged teeth, the direction of rotation was, therefore, important.
Precisely, the rotating speed of the input shaft of the gearbox was measured using
photoelectric tachometer. The tachometer output signal was fed to the computerized
interface system analyzer to work as reference signal for the measuring spectrum.

2.3 Vibration Measurements

In this analysis, an interface analyzer is used to measure the vibration signals with
different parameters and forms. As shown in Fig. 3 the vibration signal can be measured
using two channels vibration analyzer. Two identical vibration sensors (accelerometers) can
be mounted in vertical or horizontal position. During tests, the vibration sensors were
mounted on the rigid location of the bearings o avoid the effect of the housing resonance.
The output signals of the sensors have been pre-processed, using signal amplifier, and fed
to the computenized anatyzer to be presented in time domain. Furthermore, processing had
been carried out to transfer the acquired signals from time domain to frequency domain,
using FFT technique. Moreover, other developments can be carried out fo extract the
modulating signal using envelope analysis technique. Most of the vibration measurements
wete recorded for spur toothed gear with correct teeth, with damaged small gear (pinion),
with damaged large gear, and both gears were with damaged teeth. The same procedure
was repeated for helical gears and during changing the center distance between gears.

2.3.1 Measurements of vibration Severity:

It 1s well-known that the vibration severity of the time domain vibration signals is a
good indicator for the overall vibration level, or the global performance of the investigated
system. Usually, the vibration severity is represented in one value and can be measured in
different forms, such as displacement (micron), velocity (mmv/sec) or acceleration (my/sec?).

2.3.2 Measurements of Frequency Response Spectra:

For detailed analysis, the response signals in time domain were transformed to
frequency domain using FFT method. The vertical axis of the frequency spectra may be
presented in different parameters such as velocity or acceleration. Moreover, zoom in/out
are additional facilities for detailed investigations which mainly depend on the range of
interest on the whole spectrum. Frequency range, time averaging, auto/manual scales and
other facilities may be used to manipulate the recorded signal.

2.3.3 Measurements of Envelope Analysis (Bearcon).

Envelope analysis or bearing condition (bearcon) according to the definition of
B&K™ is the technique of amplitude demodulation from amplitude modulated signal. In
an attempt to extract more information and find out easier correction between the recorded
signals and the faults of gears, envelope analysis spectra are measured for all tested cases.
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The result is the time history of the modulating signal. That signal may be studied or
interpreted as it is in the time domain, or it may be subjected to a subsequent frequency
analysis. Envelope Analysis is the FFT frequency spectrum of the modulating signal.
Envelope Analysis can be used for diagnostics investigation of machinery, where faults
have an amplitude modulating effect on the characteristic frequencies of the machinery.
Envelope analysis (bearcon signature) is very semsitive parameter to analyze the impact
effect, and is also an excellent tool for diagnostics of cracks and spallings in Rolling
Element Bearings [1].

3. NUMERICAL ANALYSIS

FEA technique was carried out using stress analysis on gear teeth to determine the
suitable value of the resistance torque which applied to output gear during tests and to
minimize tooth deflection during running, to avoid the interference effect of gear resonance
frequencies away from their dynamic performance,

3.1 Static Stress Analysis on Gear Teeth.

In order to carry out the theoretical analysis, a set of 3D identical gears was modeled
using CAD software generated using the computer to complete the analysis. Two pair of
gears (spur and helical) were created with the exact center distance, face width and
material. These gears were virtually checked by using the simulation and animation module
of the CAD program. The generated gears were then transferred to the finite element
analysis program (ANSYS), to determine von Mises and the principal stresses of gear teeth
to ensure a minimum effect of stress on the dynamic performance of gears. Both spur and
helical gears were theoretically investigated to determine the suitable braking torque which
will apply during the experimental tests to avoid gear failure and excessive tooth deflection.
The tooth shape and gear hub were divided into several elements and mesh shape, which
depended mainly on the complexity of shape and zone of interests. As shown in Fig. 4, a
3D solid clement (solid 73) are used in this analysis, and the average element size is
selected to be 0.1 mm with grading factor 1.5 and maximum turn angle 60 deg.

3.2 Modal Analysis and Mode Shapes of the Tested Gears.

A modal analysis technique was carried out on both types of gears by using ANSYS.
Moreover, the gear materials and braking load were assigned to finite element analysis.

To ensure the exact interpretation of the recorded frequency spectrum, the resonance
frequencies of the gears are extracted from modal analysis. The modal analysis has been
carried out three times on each type of gear. The first was when the gears were meshed
together; the second was on the large gear alone; and the third last analysis is carried out for
was on small gear (pinion) separately. The natural frequency and mode shape were
obtained for the first ten modes.

4. RESULTS AND DISCUSSIONS
4.1 Theoretical Analysis

From the FEA program, the stress analysis results showed that the suitable value of
the braking torque was found to be 3 N.m which is safe for both types of gears. Additional
results showed that the calculated natural frequencies for the meshed gears are slightly
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different when compared with the calculated values of the disengaged gears, Table 2 shows
a summary of the calculated natural frequencies of spur and helical gears. The mode
shapes of the gear teeth at different frequencies were also investigated. The results showed
that the gear frequency at the first mode for spur or for helical gears is higher than the range
of interest of the measured frequency spectrum, which ranges from [Hz to 1024 Hz.
Consequently, this frequency spectrum range is far from the excitation resonances of the
gear box running frequencies, in addition to the gear meshing frequency and its expected
side bands.

4.2 The Effect of Teeth Errors on the Time Signal and Vibration Severity.

Complete vibration spectra in time domain and overall vibration severity were
recorded. Fig. 5 shows the recorded time spectra for different cases of spur gears. In the
case of correct gears, the maximum amplitude of the measured time signals ranges between
+ 2m/sec” with frequency equal to the gear meshing frequency (750 Hz). Due to the shaft
imperfection, the time signal had been modulated with a relatively low frequency which
represents the shaft rotating speed. While, in the case of one gear with tooth error, the time
signal includes periodic pulses within the time interval equal to the inverse of the shaft
rotating frequency (speed) (T=1/F,). Particularly, for faulty pinion, the pulses occur three
times per 0.1. On the other hand, during running of faulty large gear, the results show that
one pulse occurs per 0.1 second, or frequency equal to 10Hz. In all cases, all pulses were
superimposed (modulated) with high frequency signal that represents the gear mesh
frequency. If the two gears were faulty, three pairs of successive pulses were noticed within
time interval equal to 0.1 second. New bands appeared near to the gear mesh frequencies,
which are called side bands. Morcover, the amplitude of the time signal increases with the
present of faulted teeth, and appears as successive pulses that affect time signal. Similarly,
Fig. 6 shows the recorded signal during running the fauity helical gear; the same trends and
forms were found as the faulty spur gears with some variations in the vibration amplitude.
The recorded vibration levels during running helical gear was slightly lower than the values
which are measured during running spur gears. For the sake of comparison, Fig.7 shows
that; higher overall vibration severity is obtained in the case of two faulty gears with respect
to the corrected pair. Referring to the ISO 2372 (10816 table-1) vibration severity of
machines operating in the frequency range of 10 to 200 Hz. The vibration values recorded
in terms of vibration velocity (mm/sec) were compared with those of the aforementioned
standard, the following results were obtained. In the case of correct gears, the gearbox was
in good condition range, while, during running with faulty gears, the vibration level
increased and became in an unsatisfactory range.

4.3 The Effect of Changing Center Distance on the Time Signal and Vibration
Severity.

The center distance between gears were changed by rotating the eccentric bearing
housing. The correct pair of helical gear was chosen to study the effect of changing the
center distance between gears. Based on the gears configuration, the exact center distance
between both spur and helical gears was adjusted to be equal to 101.543 mm. All changes
referred to that value, whether negative value (interference) or positive value (clearance or
backlash). The results presented in Fig. 8 show the recorded time signals during several
changes in center distance of the correct helical gears. The changes start from interference
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value equal to {~0.308mm) and end with excessive clearance of {(+0.904mm). All collected
umc signals seem to be the same, with a slight variation, especially in the case of excessive
clearance 1n which the pulses are increased. Fig. 9 shows the overall vibration severity for
the different cases of changing center distance. The overall vibration levels in the case of
interference are small relative to the exact center distance, due to the increase of mutual
interfacial damping of the meshed teeth. It was noticed during tests that long time running
in this case will lead to rapid wear as well as teeth failure. Moreover, in case of excessive
clearance, the amplitude will increase with the increase of noise level which is noticed
during tests. Referring to the ISO 2372, the recorded vibration levels of the gearbox for all
cases of interference and correct gears were found in good condition rdnge while the other
cases were in an unsatisfactory condition.

4.4 The Effect of Teeth Faults on the Recorded Frequency Response Spectra.

Figs. 10 and 11 show the effect of tooth fault on the measured frequency spectra for
differcnt cases of meshed gears. It is clear from the results that these effects are
concentrated at the shaft speeds and their higher harmonics as well as the zone of gear
meshing frequency and its surrounded side bands. In case pinion contains tooth error, a
group ol spikes that represents the side bands surrounding the peak signal at the mesh
frequency (750Hz) have appeared. It is also noticed from the results that the side bands are
located at distances apart from one another by a value equal to the shaft rotating speed,
which carries the faulty gear. The distance which measured on the frequency spectra
between spikes at the range of gear meshing frequency is equal to 30 Hz in the case of
faulty pinion, while it is equal to 10 Hz in the case of faulty large gear. Moreover, the
amplitude of the side bands may be larger than the original value of the gear mesh
frequency itself, especially in the cases of faulty pinion and both gears are faulty. On the
other hand, Fig. 12 shows the effect of error in center distance on the measured frequency
spectra. Excessive iaterference will increase the mutual interfacial damping between
meshing teeth and lead to reducing the wvibration level. On the other hand, excessive
clearance will lead to higher amplitude accompany with noticeable noise level. But with
large clearance, the vibration will reduce again due to the decrease of contact area between
teeth, which leads to high stresses and rapid failure.

4.5 Envelope analysis ( Bearcon)

The demodulation process in the envelope analysis technigue will damp the range of
gear meshing frequency and its surrounding side bands. However, the amplitude of the
shaft speed and its higher harmonic are improved and become higher and clearer. Figs. 13
and 14, show the case of correct gears. The dominant peaks are located only at the shafts
speed (10Hz and 30Hz) with some peaks at the higher harmonics of the input shaft due to
shaft imperfection. However, in the case of pinion with tooth error, the peaks are located
at the speed of input shaft and its higher harmonics. But if the two gears contain teeth
error, high peaks appear along the envelope spectrum, spaced by 10 Hz. The peaks at the
pinion speed and its harmonics are still higher because the fault on the pinion is much
deeper as compared with the fault on the large gear which leads to deep impacts. The
same trend is given for two faulty gears. Fig. 15 shows the effect of changing the center
distance on the envelope analysis. That effect is concentrated at the input and output
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shaft speeds rather than their higher harmonics. In these cases, the damage index is the
main parameter which is used to measure the vibration signal.

5. CONCLUSIONS AND RECOMMENDATIONS.

This work addressed the effect of manufacturing errors on the dynamic performance
of gears. Experiments were carried out to present the correlation between the main gear
manufacturing error and the measured dynamic response signals. Damages in gear teeth
and error in center distance between gears were tackled for both straight spur and helical
gears. The following conclusions can be confirmed:

1- In most cases, the resonance frequencies of the gears did not affect their dynamic
performance, especially in the range of normal working speeds.

2- Analysis of overall vibration severity is only useful for judging the overall condition of
gearbox.

3- Time response signal may be useful to predict fault diagnosis of gears, rather than the
error in the center distance between gears.

4- Freguency response signals are stiil among the best methods used for investigating the
fauit diagnosis of gearbox.

5- Envelope spectrum is useful as a comparative method, and may be used in vibration
monitoring technique.

6- Interference in the center distance of gears may appear as a misieading effect on the
dynamic performance of gears, due to the increase of interfacial damping.

7- Clearance (backlash) between meshed gears is useful to some extent after which bad
effect will appear.

Suggestions for further work:

This work focused on gear faults which contain one-tooth errors. Future work can

be extended to:

1- Cepstrum analysis and other advanced techniques, which may give more detailed
information for fault diagnosis. _

2- It is preferred to the study of the misalighment of shafts which carry the gears, in
addition to changing center distance.

3- The investigation of gear faults which contain more than one tooth error, or random
teeth errors.

4- Experiments may be extended to other types of gears, such as helical gears bevel gears
and worm wheel.
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Fig.1 Set of three pair gears (the three mounted in the gearbox).

Fig. 2 Eccentric bearing housing designed to provide several changes in the center distance
between gears
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1-Drive unit  2- Coupling  3- Speed Sensor 4- Gear Box

5- Speed.Cont:roller 6- Coupling  7- Breaking unit 8- Breaking Controller

Fig.3 Test rig prepared for gear testing

Fig. 4 FEA theoretical calculation of stress and modal analysis of spur and hclical gears.
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Fig. 15 Envelope analysis for different changes in center distance of helical gears

Table 1. Relation between the angular position of bearing housing and error in center distance

Housing Position (deg ©)  Centre distance (mm) | Error in center distance (mm)
-20 101.232 -0.308
” -10 101.384 -0.156
0 101.54 0
10 101.696 0.156
B 20 101.848 0.308
30 101.99 0.45
60 102.32 0.78
90 102.444 0.904
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Table 2. The FE rcsults of the natural frequencies of gears

M. W. Al-Hazmi: The Effect of the Manufacturing

Mode Fra. | “ge;’;fsd Dise”ggi‘:f large | pisengaged Small Gear |
Fi(Hz) | 192113 1866.52 55092.60
o Fa(Hz) | 2021.38 1866.96 58770.15
é}f Fi(Hz) | 2322.93 2118.94 58828.70
& Fo(Hz) | 9586.78 9353.41 6578391
F10(Hz) | 9894.61 9374.83 65805.14
Fi(Hz) | 1956.80 1893.73 53264.70
% F2(Hz) 2049.16 1896.09 56674.51
% Fi(Hz) | 234849 214615 56850.04
2 Fo(Hz) | 969136 9376.93 64170.51
| F10(HZ) ‘ 10032.05 | 9379.59 64186.66
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