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Abstract

The present investigation originated under the objec-
tive of designing a software with Matlab that allows
calculating the abrasive wear rate of spur and heli-
cal gears with involute profile. Where, the unstudied
generalities about the design of gears have gener-
ated negative consequences in functionality and have
generated catastrophic failures that have produced
unexpected stoppages of mechanical processes, for
which understanding their causes becomes essential.
Considering, for the calculation of the abrasive wear
of the tribological pairs in heavy machinery, it will de-
pend on the degree of grinding or size of the abrasive
particles, the hardness, the material of the base gear,
the lubrication regime and the geometric conditions
that determine the nature of tribological contact, as
well as the time and speed of use of heavy machinery.
Initially, the theoretical environment that makes up
the study based on the main components such as:
gears, lubrication, steel, heat treatments and finally
Matlab is established.

Resumen

La presente investigacién se origin con el objetivo de
disenar un software con Matlab que permita calcular
la velocidad de desgaste abrasivo de engranajes rectos
y helicoidales de perfil evolvente. Donde, las generali-
dades no estudiadas sobre el diseno de engranajes han
generado consecuencias negativas en la funcionalidad
y fallas catastroficas que han producido paras impro-
vistas de procesos mecanicos, por lo cual entender
las causas de los mismos se vuelve fundamental. El
calculo del desgaste abrasivo de los pares tribolégi-
cos en maquinaria pesada dependera del grado de
trituracion o tamafo de las particulas abrasivas, la
dureza, el material del engrane base, el régimen de
lubricacién y las condiciones geométricas que determi-
nen la naturaleza del contacto triboldgico, asi como
el tiempo y velocidad de uso de la maquinaria pe-
sada. Inicialmente, se establece el entorno tedrico que
compone el estudio basado en los principales com-
ponentes como engranajes, lubricacion, el acero, los
tratamientos térmicos y, al final, Matlab.
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Next, the mathematical models of Archard and Kra-
glesky were established, which were adapted to the
circumstances of the problem and based on this in-
formation, a software capable of calculating the rate
of abrasive wear was formulated using a graphical
Matlab user tool; We proceed to execute the ma-
nual calculation with the determined variables taking
experimental data obtained from previous investiga-
tions and that comply with the variables determined
for the execution of the mathematical process, given
that the results generated through the software can
be tabulated, graphed in Excel and verified. with
manual mathematical development. Looking for the
comparison, differentiation and trend of the behavior
of the wear rate, varying the parameters involved
in the process using the two mathematical models
proposed.

Keywords: Gears, Abrasive, Wear, GUI, Matlab,
Wear rate

Seguidamente, se establecieron los modelos matemati-
cos de Archard y Kraglesky que fueron adaptadas
a las circunstancias del problema y en funciéon de
esta informacién formular un software capaz de cal-
cular la velocidad de desgaste abrasivo mediante una
herramienta grafica de usuario de Matlab. Se pro-
cede a ejecutar el cdlculo manual con las variables
determinadas, tomando datos experimentales obte-
nidos de investigaciones previas y que cumplan con
las variables determinadas para la ejecucién del pro-
ceso matematico, dado que los resultados generados a
través del software puedan ser tabulados, graficados
en Excel y comprobados con el desarrollo mateméatico
manual. Buscando la comparacion, diferenciacion y
tendencia del comportamiento de la velocidad de
desgaste, variando los parametros involucrados en
el proceso utilizando los dos modelos matematicos
planteados.

Palabras clave: engranajes, desgaste, abrasién, GUI,
Matlab, velocidad de desgaste
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1. Introduction

At present, gears have a great importance as transmis-
sion elements in mechanical systems, since they are
mechanical pieces found in any industry as main ma-
chine elements that generate force and movement. The
degree of wear of the gears depends on the work carried
out by the equipment, the grain size and composition
of the abrasive, the working power, the design load,
and the efficiency and reliability of the process. These
are major factors that should be considered to deter-
mine the costs of executing corrective and preventive
maintenance.

Detecting failures in a timely and efficient manner
constitutes one of the most important challenges asso-
ciated to predictive maintenance. Unexpected failures
may affect the integrity and reliability of equipment
through unscheduled stops, reduction of useful life,
high costs of corrective maintenance and low quality
of products [1].

Studying the wear process of gears is increasingly
important, because they are the mechanical transmis-
sion elements mostly used in different fields and under
different working conditions, from tiny gears used in
watches or as part of any machine independent of its
size.

In industry, wear is one of the most frequent prob-
lems that appear in systems that contain gears, re-
gardless of the work they perform. The abrasives are
elements that are found in the environment and are
typical of heavy machinery elements, such as walk-
ing equipment, agricultural machinery, construction
machinery, mining industry machinery, etc. The abra-
sive particles are a determining factor to significantly
reduce the useful life of the gear.

The most important aspects to be considered in
the design of the gear teeth profile, are related to the
load capacity, transmission error, pressure angle, wear
and failure analysis [2].

The lack of information and review of the anal-
ysis criteria for designers and for people responsible
for machinery maintenance, whose main object of de-
sign are spur and helical gears with involute profile
which are continuously subject to abrasive elements,
has generated that mechanisms get damaged with the
consequent unnecessary stops, and even the no imple-
mentation of laboratory research processes that are
extremely delayed and costly. The abrasive found in
the environment directly affects the performance of
mechanical systems, since it generates catastrophic
failures that produce losses to the industrial processes
of companies. The parameters that have influence are
grain size, abrasive hardness, quantity of abrasive and
work carried out, which reduce the performance of
industrial processes and the production.

Hence, it is necessary to study them to try to ad-
dress the problems that may appear in gears. Thus,

the wear, the abrasive and the failures are related as-
pects that will be the case study here, to determine the
wear rate depending on the abrasive and on the gear
material. The substitution of 90% of the gearwheels is
due to an efficiency loss as a consequence of the wear
of the teeth; in general, the following mechanisms are
used to tackle this phenomenon:

¢ Optimization of geometrical parameters accord-
ing to the design.

e Improvement of the quality of the teeth surface
and of the assembly of the parts

o Appropriate selection of the material and of the
parameters of the thermal treatment.

e Appropriate selection of the lubricant and opti-
mization of the lubrication process [3].

Hence, it follows that there will be a greater chance
that a hydrodynamic film is formed in the zone of the
gear pole, and if lubricant is present in the tribological
process, this zone will have less wear in the toothed
transmissions.

The present work proposes the usage of a graphical
user interface to carry out the theoretical calculation of
the wear rate in gears with involute profiles, to provide
the designer with tools that enable to predict the be-
havior of the tribological system, evaluate the validity
of its design theories and generate timely maintenance
plans.

Taking into account the approximations made, it
is considered the process based on a scheme that uses
vibrations to update a wear prediction model. First, it
is developed a dynamic model of a system of spur gears
to generate realistic vibrations, which enables a quanti-
tative study of the effects of wear on the surface of the
gear teeth. The sliding speed and the contact forces of
the model are used in combination with the known Ar-
chard wear model, to calculate the wear depth at each
contact point in the mesh. Since the wear coefficient
in the model is not constant during the wear process
(and in any case it is difficult to estimate initially), the
vibrations measured are compared with the vibrations
generated by the model, to update the coefficient when
it is detected a deviation in the predictions [4].

1.1. Tribology

The term tribology comes from the Greek terms «tri-
bos» and «logos», which mean friction and study, re-
spectively. Hence, this term is used to designate the
science that studies the surfaces with relative move-
ments between each other.

For this reason, terminologies such as friction, wear
of the different surfaces and the presence or absence
of lubricant between the parts in contact, are essential
to obtain machines and processes with less energy loss,



Mena Chavarrea et al. / Calculation of abrasive wear speed in straight and helical gears with evolving profile,

using a Matlab GUI

35

avoid long stop times that limit the efficiency of the
production activity, improve the life cycle of machines
and, above all, have available a reliable tool to generate
good repair and maintenance practices [5].

1.2. Mechanical contact

Figure 1 shows the apparent area corresponding to the
entire surface of the parts in contact, and the real area,
which considers that all surfaces have rough points
that cause that the contact occurs only at the points
of coincidence of the corresponding crests of each of
the surfaces involved in the movement [6].
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Figure 1. Apparent contact area [6]

1.3. Wear

Is the process of destruction and detachment of ma-
terial that occurs between the surfaces of the bodies,
revealed as accumulation of deformations and vari-
ation of the initial dimensions of the corresponding
object [7].

1.3.1. Abrasive wear

This wear mechanism is characterized by the presence
of hard particles that interact with surfaces that slip
against each other. As it is determined in Figure 2,
under this system it is important to characterize that
this type of wear causes imperfections and microbreaks,
due to the action of extremely hard and small particles,
compared to the base surface [8].

Figure 2. Wear due to abrasion [8]

Figure 3 indicates that, according to its nature,
abrasive wear may be classified in two types, namely,
of two or three bodies. The abrasive wear of two bodies
is generally used as a machining mechanism, to obtain
specific results in a particular surface, whereas the

abrasive wear of three bodies is due to the contamina-
tion of the interface between two surfaces.

(3) (6

Figure 3. Abrasive wear a) 2 bodies y b) 3 bodies [9]

1.4. Failure analysis in gears

The American Society for Metals has created four sub-
groups to classify failure modes, namely, wear, surface
fatigue, deformations and crack. Table 1 shows the
percentages of the common failures, which take into
account the parameters that are established due to the
abrasive wear of gears, analyzing each failure mode
and consequence.

1.5. Matlab

Matlab is a very powerful and adaptable tool for math-
ematical calculation, with graphical capabilities that
improve the data presentation experience. As a con-
sequence of these features, it has become popular as
an option for making calculations in science and re-
search [10].

Table 1. Causes of failures in gears [11]

Cause of failure Percentage %

Related to the service (Total) 74,7
Inappropriate assembly 21,2
Inadequate lubrication 11

Continuous overloads 25

Impact loads 13,9
Bearing failures 0,7
Foreign material 14
Equipment operation errors 0,3
Abusive operation 1,2
Related to Thermal Treatment (Total) 16,2
Excessive hardness of the gear body 0,5
Insufficient hardness of the gear body 2

Excessive depth of the coating 1,8
Insufficient depth of the coating 4,8
Inappropriate hardening 5,9

Inappropriate tempering 1

Related to The Design (Total) 6,9
Inappropriate design 2,8
Inappropriate material selection 1,6
Inappropriate treatment specification 2,5
Related to Manufacturing (Total) 1,4
Burns due to grinding 0,7
Marks of tools Marks or notches 0,7
Related to the Material (Total) 0,8
Forging defects 0,1
Steel defects 0,5
Steel mixture or composition errors 0,2
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One of the most important Matlab features in the
interactive user interface, which enables a fast numer-
ical calculation and an efficient data processing. In
addition, it has various functionalities, such as the
presentation of graphical tools that enable that user’s
experience is simpler, pleasant and efficient enough to
fulfill all needs, without requiring many software [12].

1.5.1. GUI Tool

A Graphical User Interface (GUI) is a software pack-
age within Matlab, that uses a set of preprogrammed
images and action boxes to synthetize the need of the
user for managing data and tasks.

Figure 4 determines the main functionality of this
tool, which is to facilitate the communication between
the user and the software, so that it is not necessary to
consider programming processes and the language re-
quired to modify and create the graphical interface [13].

4| GUIDE Quick Start — m} x
Create New GUI - Open Existing GUI
GUIDE templates Preview
| ) Blank GUI (Defaul)
4\ GUl with Uicontrols
4 GUI with Axes and Menu
4\ Modal Question Dialog
BLANK
[ save new figure as: | H:\untitled 1 fig Browse...

Figure 4. Interface “GuideMatlab”

2. Materials and methods

The aim is to obtain the necessary theoretical-
conceptual tools, evaluate the formulas presented in
the selected bibliography and adapt them to the cir-
cumstances of the problem, and appropriately arrange,
interpret and use the data obtained.

. _'::('”5‘:[_ + It is collected tribology books, scientific journals and papers.
WL IEIEEIN  and any other material from a reliable source that contributes to
references address the problem
_— =Taking Archard wear equation as starting
L;;n:trutt.‘t 1 point, it is stated the first solution
OB approximation, frem which Kraglesky model is
models adopted as the closest to the real value
Develap
software

*The user interface and the
corresponding calculation
equations are programmed

Tabulate and
Compare
results

Improve the
software and
prepare the
user manual

Figure 5. Flow diagram of the methodology [14]

For this purpose, dependent and independent va-
riables are defined and, based on this information, it
is formulated a software capable of calculating the
abrasive wear rate of gearwheels through a Matlab
graphical user tool. The flow diagram of the method-
ology is illustrated in Figure 5.

2.1. Techniques for collecting information

The techniques used during this research work will
focus on two main aspects, as described below.

2.1.1. Documentary-Bibliographic

It has been collected books, certified journals, scientific
papers and user manuals about the abrasive wear of
gearwheels and the use of Matlab. This information
will be the base to discretize and adapt the calculation
equations and the mathematical models to the prob-
lem stated, and will guide the process of constructing
the Matlab graphical tool.

2.1.2. Theoretical and experimental

Once the software has been developed, the validity
of equations will be evaluated based on the results
obtained, the similarity between the mathematical
models and the trends of the wear rate. A value of
error will be obtained when the parameters of the
equations are varied, and it will be intended to adjust
the constants of the equations to get an appropriate
fit to real values, that enable to obtain the initial ap-
proximations of the design. The data obtained in the
real approximations carried out in the operation tests
is taken into account [4].

2.2. Fundamentals of gears

Since gears are key for this work, it should be remarked
the importance of the fundamental tools and knowl-
edge to determine the geometry, type, materials and
manufacturing processes of the most common gears, to
correctly do the calculation and dimensioning process.

2.2.1. Terminology

To introduce the analysis and study of gears, it is nec-
essary to define the terminology shown in Figure 6.
The INEN 1143 standard about gears states that:

¢ Teeth of a gear Elements that carry out the
thrust work, transmit power and have a charac-
teristic profile according to their arrangement.

e Outer circumference. Part of the circumfer-
ence of the gear shape that limits it on its out-
most part.

¢ Inner circumference. Part that limits the base
of the teeth, also known as root.
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e Primitive circumference. Circumference
formed due to the rotation of the contact points
of the gear teeth involved in the process.

¢ Addendum. Perpendicular distance between
the pitch circle or primitive circumference and
the highest point of the teeth.

o Helix angle. Angle formed by the base of the
cylinder and the teeth of a helical or screw gear
with involute profile.

¢ Gear or crown. It refers to the largest gear in
an arrangement of gears.

¢ Pinion. Smallest gear, typically in charge of
transmitting movement.

e Eccentricity. Is the offset between the common
centers of two circumferences.

o Face width. Length of the tooth at the plane

located at 90 degrees of the gear formation plane.

¢ Gear ratio. Ratio between the greatest and the
smallest number of teeth in meshed gears.

e Module. Ratio between the pitch circle diameter
(in millimeters) and the number of teeth.

e Pitch. Distance between a point of a tooth and
the same point in the adjacent tooth. It is an
indication of the tooth size.

e Reference line. Imaginary flat surface tangent
to the pitch surfaces of two gears; it is basically
the plane that limits the contact points between
the gears.

e Pressure angle. Angle between the pressure
line of the tooth and the flat tangent to the pitch
surface. It is basically the direction normal to a
gear tooth [15].

Lo
'MDeuendum
J.."\X circumference
/) Base

Pressure
line

circumferenc
Primitive
circumferenc

b

Addendum
circumference

o
\
/1
/ |’
Frlmmve
"ZZI_ _ - AN— circumference

Circunferencia

de dedendum circumference

Figure 6. Elements that constitute a gear [16]

2.3. Spur gear

Consider that the total force in a gear is given by
Equation (1).

power

F =19100
x Do xn

(1)

Where: F' is the total contact force in gears, P
is the power of the machine given in KW, Do is the
outer diameter and n is the angular speed. The outer
diameter is given by Equation (2).

Do = z x m + 2mcos(tan™(2)) (2)
Where z is the number of teeth and m is the gear
module.

For the spur gear, the normal force applied in the
process is given by Equation (3).

Pnormal = Fsenf

(3)

With € equal to the pressure angle of the gear [17].

2.4. Helical gear

The normal force applied for helical gears is given by
Equation (4).

Pnormal = F X sengt X cosy) (4)

Where: 1 is the helix angle and ¢t is the angle of
transverse pressure.

To incorporate time as a variable in the base Ar-
chard formula of Equation (5), it is necessary to relate
the distance traveled in the abrasion process with the
linear displacement of the gear surface when the ma-
chine is in operation.

Dpxnxt
2

L= (5)

Where n is the angular speed, t is the time variable,
and Dp the primitive diameter of the gear, given by
Equation (6):

(6)

Dp=2zxm

Where Do is the outer diameter, and z is the num-
ber of teeth in the gear.
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2.5. Calculation of abrasive wear

According to Equation (7), the volume loss (W) in
a piece is directly proportional to the probability (z)
that an abrasive particle removes material when it
finds a crest of the surface in its trajectory, and to
the normal force (N) that acts between the sliding
surfaces and the abrasive particles, and is inversely
proportional to their hardness measured in the Brinell
scale (HB) [18], i.e.

N
W=2zx— 7
2% o (7)
Equation (8) shows the abrasive particle that has
semispherical shapes with a radius given by the radius
of the contact point between the surfaces.

k N
W = 3 X B (8)

Where k is the probability of finding an abrasive
particle of the contact point between the surfaces, and
varies between 1072 and 10~7 [19].

The methods of Equation (9) to calculate the wear
due to abrasion in various machines elements were
tested experimentally and widely by the scientific com-
munity, recognizing the nature of wear due to fatigue,
and finally, Kraglesky equation will be taken as refer-
ence.

Ax K
=2 (9)

Where (V) is the wear rate measured in [um/h],
(A) is the parameter that characterizes the abrasive
material, (K) is the characterization of the geometrical
conditions of the contact point of the sliding surfaces
and (M) depends on the properties of the material of
the surface [3].

The base equation to measure the wear rate in spur
and helical gears is obtained from these considerations.

|4

o Archard Equation: Wear rate in a spur gear [3]
(10).

19100 X power
Do

Dpxn

X 0 x
sen 5 (10)

H

V= Kprocess

o Archard Equation: Wear rate in a helical gear [3]
(11).

19100 X power

Dpxn
Do 2

X senft X cosy x
H

V= Kprocess
(11)

o Kraglesky abrasive wear rate (12).

Ax K
M

The variables necessary to characterize Kraglesky

equation (Equation (12)) are divided in three parame-

ters, the term corresponding to the abrasive particle,

where the mechanical properties, size and composi-

tion of the abrasive material modify its characteristics
according to Equation (13) [20].

V=

(12)

o Properties of Kragelsky abrasive particle.

A = ¢2/3,05925 (13)

In this same context, factor (M) of Equation (14)
is related to the mechanical properties of the base
material, and is directly proportional to the hardness
and the stretching percentage of the material under
analysis, taking the abrasive data from the values in
Table 2 [20].

Table 2. Size of the types of abrasive particles

Granulometry Particle size
of the soil range (mm)
Brick 600 >
Stone 250 - 600
Gravel 75 - 250
Coarse-grained sand 0,5-1
Medium-grained sand 0,25-0,5
Fine-grained sand 0,05 - 0,25
Clay < 0,002

o Kragelsky parameter of mechanical properties of
the material (14).

M = e HB{*HBs (14)

Where €, corresponds to the stretching percentage
of the material before the crack, ¢ is a nondimensional
parameter associated to the contact between bodies,
and H B represents the hardness of the materials that
constitute the tribological pair of the process, mea-
sured in Brinell scale. Finally, factor (K) involves all
the geometrical conditions that impact the variation
of the contact between the surfaces, such as the type
and size of pieces, lubrication conditions and distri-
bution of the contact forces between the elements of
the tribological pair. For this reason, Equations (15)
and (16) are established for spur and helical gears,
respectively [20].

e Spur gear

K = (m x (21 4 22)sin9)*® x 0.106 x n (15)

o Helical gear
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m X (z1 + 22)sind
K= -
cosp(1 — cost? x siny?

0.5
)> % 0.106 x n (16)

Therefore, according to Kraglesky, the calculation
of abrasive wear rate is summarized as follows (17)
and (18).

o Kraglesky Equation: Wear rate spur gear

(62/3T0'5192'5)

V =576F——=+="
56HB%5HB2

(m x (214 22)sin1))% x 0.106n
(17)

o Kraglesky Equation: Wear rate helical gear

V =576

(52/31"0'5192'5) <

ey HB{->HBy \ cosy(1 — cosd? x siny?

2.6. Designation of variables for calculating the
abrasive wear rate

Archard equation was used as a first approximation for
calculating the abrasive wear rate in gearwheels. On
the other hand, the mathematical model formulated
by Kragelsky, given by Equation 3, was used to deter-
mine the result closest to the real value. Afterwards,
both methods were programmed in a beta version of
the software designed with the Matlab graphical tool.
Then, results were generated to test the calculation ap-
plication, aspect issues were improved and the software
mas made as friendly as possible for the user.

At last, the final version of the application was
developed and compiled to make it independent of
Matlab. Then, the variables and the parameters of
the equations are changed, and the data obtained is
used to make plots in Excel. The final step involved
preparing a user manual and presenting the results.

2.7. Declaration of variables

Based on the data required by the equations and to
clearly state the names of the variables used in the
programming process, this section presents.

9 (theta) = pressure angle

¥ (psi) = helix angle

z1 = number of teeth of gear 1

z2 = number of teeth of gear 2

m = module of the gears

P = power of the machine

H1 = hardness of material 1 (Brinell)

H2 = hardness of material 2 (Brinell)
Karch = process constant, Archard equation

n = angular speed
rg = average grain size of the abrasive particle

cv = concentration in volume of the abrasive
particle

FEol = stretching percentage of the material of gear

FEo2 = stretching percentage of the material of gear

3. Results and discussion

3.1. Results
3.1.1. App version

When entering the app (see Figure 7), it should be

) 0.5
(m x (21 + Zz)smw)o'S)) «0.106n selected the gear type and the known parameters. The

interface enables a clear view of the requirements, such
as number of teeth of the gear, gear diameter, pressure
angle, helix angle, gear type, power required, angular
speed, among the most important factors for recording
the data necessary for the calculation.

Caracterizacion del engranaje

Tipa de engranaje Nimero de dientes 0 éangulo de presidn 7] 0
® Recto
Hedicoidal Didmetro del engranaje [mm] 0 angulo de hélice [°] 4]
Caracterizacion del proceso
Tipo de contacte | CONtacta sin fubricacion Patencia [Kw] 0
contacto con lubricacion
contacto mixto - Velocidad anguwiar [revimin] 0

Caracterizacion de la particula abrasiva

Tamafio promedio 0

i Minerales
Tipo de parficula del grano [mm]

Metaficos
Aita dureza (Diamante) -

TIEMPO DE VIDA 0
ESTIMADO

CALCULAR

Figure 7. App for calculating the wear rate

Afterwards, the necessary inputs and outputs of
the system are evaluated for each equation, as shown
in Figure 8. Then, a second test version of the model
was generated taking into account details that improve
user’s experience, such as a help button, a table for
unit conversion, as well as other factors to avoid unnec-
essary formulation errors. In other words, it is sought
to avoid repetitive data, or to minimize the data that
should be entered when the values necessary can be
calculated from the ones already obtained.
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Calculo de la velocidad de desgaste abrasivo. Avoa [2

Thooe Ecusctn | Kemgkest ¥

Figure 8.
rate

Version 2 of the App for calculating the wear

Based on the necessary variables and on the re-
quirements for the correct operation of the software
for calculating the abrasive wear rate of gearwheels,
using the Archard and Kraglesky methods, Figure 9
shows the final interface developed so that it is user
friendly and has a pleasant look.

Calculo de la velocidad de desgaste abrasivo AYUDA | 2

Caracterizacion del sistema
Tinode Ecuacion | Kraglesky ¥

Tipo de engranaje .
4 LEI Modulo del sistema_[mm] 4 Conversién de durezas ?

Recto ) a
éngulo de presion ['] 20
) Helicoidal Durezas tipicas 2

angulo de héice [7 21

Potencia de la maquina [HF] 3 Caracterizacién de la particula abrasiva
Caracterizacion del engranaje 1
Tipo de particula | Arena de cuarzo -
Material | BRONGE v
Radio promedio [ gp
Dureza superficial [HE] 250 i G o

Porcentaje de elongacion 15 Gancentracion r

§ en volumen(%)
Ntimero de dientes 43

Frecuencia de giro [rev/imin] 1430
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‘CALCULAR
Material| BRONCE v
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o EpeeEEEn pr Velocidad de desgaste engrane 1 [umin] 2515
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Frecuencia de giro frevimin] | 614 Velocidad de desgaste engrane 2 [umin] 1209

Figure 9. Version final APP

3.1.2. Collection of final data

At this point, it is sought a comparison of the math-
ematical models to point out their differences, and
compare the results for the cases of plots with spur
and helical gears. In this manner, it is possible to see
a trend in the models to assure that there are no data
with significant errors, and verify the validity of the
model in each case. Hence, isolated cases are limited,
and it is understood when and under which conditions
it is relevant to use each of the models stated.

For this purpose, two simple analyses are performed.
In the first one, which is shown in Table 3, the num-
ber of teeth of one of the gears is changed, and it
is intended to calculate the wear for both spur and
helical gears, for each of the gearwheels involved in the
process.

The hardness and the stretching percent of the
base material of both wheels are kept constant at 250
HB and 18%, respectively; it is also kept constant at
1430 rpm the frequency of gearwheel one. The module
of the system is set at 4, and the pressure angles at 20
and 21 degrees, respectively.

The average power of the machine to be evaluated
was set at 200 HP for Archard equation. Regarding
the particle characterization for Kraglesky equation,
it was used quartz sand with an average grain size of
0.05 mm and 4% of concentration in volume in the
surrounding medium [20].

Table 3. Wear rate with variable number of teeth [14]

Number Spur gear Helical gear
of teeth Wear Wear Wear Wear
speed 1 speed 2 speed 1 speed 2
Archa Kragle Archa Kragle Archa Kragle Archa Kragle

z1  z2 rd sky rd sky rd sky rd sky
43 10 17,42 15,03 73,54 64,63 18,66 16,52 78,77 71,03
43 12 17,42 15,31 61,65 54,86 18,66 16,83 66,03 60,3
43 15 17,42 15,72 49,56 45,07 18,66 17,28 53,09 49,54
43 20 17,42 16,39 37,31 35,23 18,66 18,01 39,97 38,72
43 25 17,42 17,02 29,91 29,28 18,66 18,71 32,03 32,18
43 43 17,42 19,14 18,66 19,14 18,66 21,04 18,66 21,04
43 50 17,42 19,91 14,99 17,12 18,66 21,88 16,05 18,82
43 60 17,42 20,95 12,49 15,02 18,66 23,03 13,38 16,5
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The wear values for spur gears under the afore- Wear speed (S2) of the spur gear vs. number of

mentioned variable specifications are determined in teeth (22)

Figures 10 and 11; these values are changed to obtain 80

the data plotted in Excel, to be able to appropriately =

manage the parameters of the approximations, taking
into account that Kraglesky mathematical equation is
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Figure 10. Wear rate 1 of spur gears with Z2
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The previously stated data will be considered for
0 the second case of analysis, with the difference that
e s s 50 w0 the number of teeth of the gears involved will be kept
constant at 43, and the surface hardness of the second
gear will be varied. Similarly, it will be calculated the
wear rate for each gear, either spur or helical. In this
The results of both Archard and Kraglesky models manner, the data given by the final version of the App
are plotted in an Excel sheet for spur gears (Figure will be presented in detail, where another comparison
12) and helical gears (Figure 13). is made according to the resistance HB2 (Table 4).

Number of teeth (£2)

Figure 11. Wear rate 1 of helical gears with Z2

Table 4. Velocidad de desgaste con dientes variables [14]

Material Spur gear Helical gear
hardness Wear Wear Wear Wear
speed 1 speed 2 speed 1 speed 2
HB1 HB2 Archa Kragle Archa Kragle Archa Kragle Archa Kragle

250 150 17,42 31,91 29,04 41,91 18,66 35,07 31,11 45,28
250 170 17,42 28,15 26,62 34,14 18,66 30,95 27,45 37,53
250 190 17,42 25,19 22,93 28,9 18,66 27,69 24,56 31,76
250 220 17,42 21,76 19,8 23,19 18,66 23,91 21,21 25,49
250 250 17,42 19,14 17,42 19,14 18,66 21,04 18,66 21,04
250 280 17,42 17,09 15,56 16,15 18,66 18,79 16,66 17,75
250 300 17,42 15,95 14,52 14,56 18,66 17,54 15,55 16,01

250 350 17,42 13,67 12,45 11,56 18,66 15,03 13,33 12,7
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3.2. Discussion

Considering the real approximations performed, it is
taken into account the scheme based on vibrations
proposed in [4] for updating a wear prediction model.
First, it is developed a dynamic model of a system
of spur gears to generate realistic vibrations, which
enables performing a quantitative study of the effects
of wear on the surface of the gear teeth.

The sliding speed and the contact forces are used
in combination with Archard wear model, to calculate
the depth at each contact point of the mesh. The pro-
file of the teeth of the worn-out gear is fed back in
the dynamic model as a new geometrical transmission
error, which represents the offset of the profile from an
ideal involute curve; hence, it is zero for perfect gears.

Since the wear coefficient of the model is not con-
stant during the wear process (and difficult to estimate
initially in any case), the vibrations measured are com-
pared with the ones generated by the model, to update
the coefficient when offsets in the predictions are de-
tected.

3.2.1. Data for the calculation

The following data obtained from a study are consid-
ered to determine the evaluation process:

Acero dulce AIST 1045

Module: 4

Pressure angle: 20

Power: 4 kW (5,3641 HP)
Hardness: 163 HB

Stretching percentage: 16

Number of teeth: pinion 19 gear 52
Frequency: 6000 rpm

Grain average: 0.05

Concentration of the volume: 1.85 [4]

Figure 14 shows the values determined in the pa-
per under analysis, which specifies the values of the
experimental model and Archard model, calculated by
the authors; the data obtained from this paper is used
for the comparative analysis between the experimental
process and the calculations carried out by the Matlab
App developed in this work.

—&— Model-based // 0
700 | | —€— TE-based /

Maximum wear depth (um)
&
=]
T

'
0 6000
Wear cycles

12000 18000

Figure 14. Results for the comparison of the maximum
wear depth: experiment and model [4]

3.2.2. Evaluation of the experimental model
from the paper and Kraglesky model in
the Matlab App.

The error percentage is calculated in this subsection,
to verify the coincidence between the data of the ap-
plication from Kragelsky equation and the data of the
experimental model, to plot the analysis model of the
abrasive wear prediction with the use of vibrations.

A primary analysis is performed between the math-
ematical model (blue line) and the experimental model
(orange dots). Figure 15 shows the data obtained from
the calculation with Kragelsky mathematical model
(gray line), used in this research work, and Archard
equation (yellow line).

]
.
£
H
£
£ 213,00]
=
[oi0] +
e [iao] =
Cycles
-+ Paper mode| (um) ® Experimental (um) Matlab App/Krageisky model Matlab AppfArchard model

Figure 15. Calculation of proximities between the values
given by the App and the experimental paper [14]

Based on the above, it will be verified if the data
calculated through the Matlab application are within
the permissible ranges to consider them as appropriate
for comparing the two situations, namely, Kraglesky
equation and the data obtained from the experiment.

The mean quadratic error is considered for the sta-
tistical calculation, since it enables to compare the
difference between the estimator and what is being
estimated. This function is a risk evaluator correspond-
ing to the expected value of the quadratic loss. The
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difference is due to the randomness or because the
estimator does not take into account the information
that could produce a more precise estimation (ecuation

(19)).

1 n

ECM = — Ye—Ye)?

nE (Ye c)
t=1

(19)

The mean square error (MSE) given by Equation
(19) is used to calculate the difference of the random-
ness process to produce a more precise estimation. The
data chosen corresponds to the data that will be used
to determine the expected loss.

Table 5 shows the values calculated, which reflect
the effectiveness of the proximity with the data of the
experiment. In particular, Krageslsky mathematical
model is effective for predicting the wear index, with a
48.56 %, which indicates that the data calculated are
within the range of the experimental values of wear. It
is convenient to specify that the mathematical model
of the paper yields an approximation of 49.06 % with
respect to the experimental values.

Table 5. Data of the mean square error [14]

Experiment vs
Kragelsky (APP)

Experiment vs
model in paper

0,00 0,00
406,69 3721,00
3500,69 3969,00
5525,44 1936,00
Total sum 9432,83 9626,00
1/n 2358,21 2406,50
Calculated value 48,56% 49,06

On the other hand, Archard equation is analyzed
for the identification of the values calculated; Figure
15 depicts that the data show a significant offset, with
an error close to 90 %.

It is important to remark that the analysis shows
that Kragelsky equation is more effective than Archard
equation, since it has data that encompasses the abra-
sive size and percentage; for this reason, it is feasible
for determining the wear index in mechanical elements.

4. Conclusions

Archard and Kraglesky mathematical models have
been selected, and it has been correctly identified the
necessary variables and the usage of each of these mod-
els for calculating the abrasive wear rate. Based on the
analysis with the paper under study and the analysis
of the quadratic error between the experimental values
and the values obtained with the equations, it was
determined that Kragelsky model shows a better per-
formance, since it yields a quadratic error of 48.56 %
with respect to the experimental data, compared to a
quadratic error of 49.06 % given by the mathematical

model of the paper. The limitations of this research
work are that the data necessary for the calculations
should be obtained after the element has been designed
and it is also known the construction material.

Regarding the graphical tool created using the Mat-
lab user graphical application (GUIDE), it fulfilled the
requirements to calculate the abrasive wear rate in
gearwheels, needing prior knowledge of the variables
that the user should enter as well as the data of the
type of abrasive to be analyzed. The programming
was made according to the mathematical model un-
der study, avoiding unintentional errors, and providing
options to help the user to determine the unknown
variables.

The results obtained with the software were tab-
ulated and plotted in Excel to compare their trends,
as shown in the results section, concluding that the
best decision for the design of a gear with specific
features can be made after the data has been varied;
in addition, the designer has available data that may
improve the functionality of the mechanical element
designed, taking into account the abrasive found in
the environment.

Based on the verification of the data obtained from
the app and the experiment, besides the explanation
provided, it is concluded that the software developed
in this research work enables to calculate the abrasive
wear rate on spur and helical gearwheels with involute
profile. It also establishes prediction data for decision
making regarding the execution of maintenance pro-
grams, and the prevention of catastrophic failures that
may harm the working area and the personnel in charge
of the machinery. The contribution of the software is
to become a tool to determine values that enable the
mechanical designer to perform a quick evaluation of
the construction of a mechanical element, based on
variables that may be found in the gear construction
process.

Future works

The perfect companion for the software developed is a
short-term database that contains experiments with
gears and different abrasives, to verify the data and
similarly calibrate the constants of the processes for
different working conditions under lubrication regime
and controlled operation. In addition, to assess the
data with statistical tools for improving the error per-
centage, and that the data calculated with the Matlab
app are as close as possible to the data obtained when
executing an experimental process.

References

[1] J. C. Vesga Ferreira, G. Granados Acuia, and
J. E. Sierra Carrillo, “Optimizacién de una red



44

INGENIUS N.° 29, january-june of 2023

multiservicio sobre un canal PLC bajo MmQoS,”
Ingenieria y Desarrollo. Universidad del Norte,
vol. 33, no. 2, pp. 260-280, 2015. [Online]. Avail-
able: http://dx.doi.org/10.14482/inde.33.2.6368

P. N. Martinez Henao and N. A. de la Pena, “Es-
tado del arte sobre perfiles de dientes para en-
granajes,” Prospectiva, vol. 12, no. 2, pp. 29-40,
2014.

A. Fernandez del Rincén and P. Garcia Fernan-
dez. (2019) Méquinas y mecanismos. [Online].
Available: https://bit.ly/3UG1X4K

K. Feng, P. Borghesani, W. A. Smith, R. B.
Randall, Z. Y. Chin, J. Ren, and Z. Peng,
“Vibration-based updating of wear prediction
for spur gears,” Wear, vol. 426-427, pp.
1410-1415, 2019, 22nd International Confer-
ence on Wear of Materials. [Online]. Available:
https://doi.org/10.1016/j.wear.2019.01.017

I. D. Marinescu, W. B. Rowe, B. Dimitrov, and
H. Ohmori, Tribology of Abrasive Machining
Processes. Elsevier Inc., 2013. [Online]. Available:
https://doi.org/10.1016/C2010-0-67070-2

G. W. Stachowiak, Wear - Materials, Mechanisms
and Practice. John Wiley & Sons, Ltd., 2005.

Robles, Desgaste.  Universidad Auténoma
de Nuevo Leén, 2012. [Online]. Available:
https://bit.ly /3X2BkbV

L. Marciano Véazquez, “Disefio de engranajes
rectos y helicoidales asistido por computado-
ras,” Master’s thesis, 2000. [Online]. Available:
https://bit.ly /3X20Wno

Motorex. (2019) Qué es un engranaje recto.
[Online]. Available: https://bit.ly/3EbMXT7S

D. O. Barragan Guerrero, Manual de interfaz
grifica de usuario en Matlab. Escuela Superior
Politécnica del Litoral, 2013. [Online]. Available:
https://bit.ly/2UUgwD2

[11]

[15]

[16]

D. S. Romero Lozano and J. A. Giraldo Ramos,
Andlisis de falla de un engranaje de la caja
de cambios de una motocicleta. Fundacion
Universitaria Los Libertadores, 2018. [Online].
Available: https://bit.ly /3EONtDk

Hardwaresfera. (2020) Definicién de software
de sistema, de programa y de aplicacién,
ademdas de la definicién de software libre
y software propietario. [Online]. Available:
https://bit.ly /2UVUG644

G. Cid Espinoza, “Programacion de interfaz
grafica en app designer MATLAB,” 2018. [Online].
Available: https://bit.ly/306EXcK

J. M. Mena Chavarrea, “Célculo de la velocidad
de desgaste abrasivo en engranajes de dientes rec-
tos y helicoidales con perfil evolvente, utilizando
una GUI de Matlab,” 2021.

INEN, “Engranajes. terminologia para negrana-
jes helicoidales cruzados 90°,” 1983. [Online].
Available: https://bit.ly /3g3TeKT

J. L. M. Rodriguez and J. A. Velazquez Pérez,
“Céalculo de engranajes plasticos,” Ingenieria
Mecdnica, vol. 10, no. 3, pp. 25-32, 2007. [Online].
Available: https://bit.ly /3UCqO9v

H. W. Gamboa Marifio and D. R. Vistin Guil-
capi, “Anélisis tensional en transmisiones de
engranajes rectos mediante el método de los
elementos finitos,” 2006. [Online]. Available:
https://bit.ly /3UDsVtV

Masterhacks. (2017) Fundamentos de engranajes.
[Online]. Available: https://bit.ly/3UJtpyD

Engranabreider. (2016) Engranajes. [Online].
Available: https://bit.ly /3X7SCEr

I. V. Kragelsky, M. N. Dobychin, and V. S.
Kombalov, Friction and WearCalculation Meth-
ods. Elsevier Ltd., 1982. [Online|. Available:
https://doi.org/10.1016/C2013-0-03333-6


http://dx.doi.org/10.14482/inde.33.2.6368
https://bit.ly/3UG1X4K
https://doi.org/10.1016/j.wear.2019.01.017
https://doi.org/10.1016/C2010-0-67070-2
https://bit.ly/3X2BkbV
https://bit.ly/3X2OWno
https://bit.ly/3EbMX7S
https://bit.ly/2UUgwD2
https://bit.ly/3E9NtDk
https://bit.ly/2UVU644
https://bit.ly/3O6EXcK
https://bit.ly/3g3TeKT
https://bit.ly/3UCqO9v
https://bit.ly/3UDsVtV
https://bit.ly/3UJtpyD
https://bit.ly/3X7SCEr
https://doi.org/10.1016/C2013-0-03333-6

	Introduction
	Tribology
	Mechanical contact
	Wear
	Abrasive wear

	Failure analysis in gears
	Matlab
	GUI Tool


	Materials and methods
	Techniques for collecting information
	Documentary-Bibliographic
	Theoretical and experimental

	Fundamentals of gears
	Terminology

	Spur gear
	 Helical gear
	Calculation of abrasive wear
	Designation of variables for calculating the abrasive wear rate
	Declaration of variables

	Results and discussion
	Results
	App version
	Collection of final data

	Discussion
	Data for the calculation
	Evaluation of the experimental model from the paper and Kraglesky model in the Matlab App.


	Conclusions

