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Abstract:

This research work focuses on the analysis of the impact of different
parameters, such as the angular speed Nj, the resistant torque M, and the
setting tension T of the timing belt on its operation. The main objective is to
optimize the performance of the belt by understanding how these
parameters influence its thermal behaviour. By carefully examining these
factors, it becomes possible to identify the adjustments needed to improve
the overall efficiency of the belt. An in-depth statistical analysis was
conducted using three different approaches: analysis of variance (ANOVA),
response surface method (RSM) and desirability function (DF) method, in
order to examine the temperature of the heating of the belt T; and its
efficiency n. Data from the experiment are examined and manipulated to
develop mathematical models that demonstrate the correlation between
various parameters and growth rates. The results clearly demonstrate that
the resistant couple M, plays a preponderant role, with contributions of
55.25% and 69.82%, respectively. In addition, the N; angular speed also has
a significant influence, contributing 7.58% and 17.84%, respectively. On the
other hand, setting tension T makes a small contribution to the temperature
of belt T;. And a strong influence of 21.91% on their performance. These
results clearly indicate that better efficiency can be obtained by reducing the
angular speed N; and increasing the resistive torque M.. These results show
that the developed models have been well established and that there is a
good correlation between the experimental and predicted data.

1. INTRODUCTION

Belt manufacturers are well aware of the
importance and valuable advantages of this
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The belts offer the same advantages as a single
belt (flat, trapezoidal or toothed) [5,6] due to their

transmission element. They make every effort to
develop and improve its geometric and mechanical
properties in order to guarantee optimal long-term
use [1-4]. Binder Magnetic type synchronous belts
are specially designed to meet the needs of machine
manufacturers operating in various fields such as
textiles, machine tools, automobiles, office
automation, medical, agriculture, food, transport or
packaging.

lightweight and minimal maintenance. Its wide
linear speed range and high gear ratio benefit from
the advantages of a chain: absence of slip,
synchronous speed transmission and low installation
voltage, among others. Eighty years ago, numerous
studies were carried out both theoretically and
experimentally in order to better understand the
behaviour of synchronous belts, with the aim of
optimizing their lifespan and improving their
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efficiency [7]. Scientifically, this research has played
a crucial role in solving problems related to
synchronous belts by shedding light on different
aspects of their behaviour. The analysis of the work
carried out on the belt transmission made it possible
to obtain data on the static, dynamic and thermal
aspects observed. It is important to note that the
conditions of use have a significant impact on the
behaviour of synchronous belts. Belt-driven
machines are inevitably subject to wear,
temperature variations and friction [8,9]. Thus,
maintaining an adequate level of friction is essential
to ensure efficient, slip-free power transmission.
However, excess friction can lead to overheating,
causing premature belt wear.

A relatively large number of articles present
multidisciplinary research studies on both static and
dynamic domains. Kubas presented two studies; the
first [10] presents a research device for measuring
static and dynamic friction parameters between the
belt and pulley in a belt transmission. This device can
be rebuilt in three custom configurations: static
friction, kinetic and dynamic friction characteristics,
and complete belt transmission. The results
obtained from these bench tests will allow the
development of simplified empirical models of
friction between the belt and pulley in the
transmission, which should improve the efficiency of
calculations during dynamic analyses. In the second
study [11], the author presented the results of
experimental measurements of static friction forces
between a 5pk poly-V belt and a pulley at a
specialized research stand. It assumed an average
effective static coefficient as a function of wrap
angle and preload force. Kubas used the Nelder-
Mead optimization method to approximate the
measured results using a nonlinear function and
obtain a good agreement. Following this, the author
presented the dependence of the effective friction
coefficient on the rest time. On the other hand,
Wang et al. [12] developed a dynamic model of an
automobile belt drive system with a non-circular
gear instead of a round gear. The objective of this
study was to analyze the effect of reducing the
angular variation of camshafts and to numerically
evaluate the dynamic performance of a belt drive
system with a specific gear parameter design. The
model has been divided into two distinct parts: the
motor model and the belt drive model. To calculate
the steady-state responses of the motor and belt
drive models, the researchers used a modified
incremental harmonic balance method that
integrates the fast Fourier transform and Broyden's
method. In 2020, Long et al. [13] developed models

for the dynamic responses of a timing belt drive
system (TBDS) considering the mesh teeth model
and the bilinear hysteresis model of the tensioner.
They even conducted experiments to validate the
developed models and study the influences of
different mesh tooth models on the dynamic
responses of a TBDS. A year before that, Shen et al.
[14] presented a study developed a coupled FEM and
DEM model to analyze the dynamic deflection of the
belt. Based on the proposed strategy and procedures,
the coupling was implemented with a focus on the
challenges associated with data exchange and
continued analysis. The coupling of the FEM and
DEM model was used to study the dynamic
deflection of two varieties of belts with distinct
properties and transporting coal and iron ore. The
simulation results demonstrated satisfactory
agreement with the experimental data.

Research into the thermal behaviour of belts is
still limited in terms of the amount of work carried
out. A study by Li et al. [15] experimentally and
numerically examined the heat generation and
transfer phenomena in nonlinear 8M synchronous
belt transmission in depth using the FEA method.
The researchers developed two models using
commercial ABAQUS software: the first model is a
sequential thermo-mechanical coupling model for
the steady-state belt. In contrast, the second model
is used for thermal analysis, simulating the
production and transfer of heat from the
synchronous belt. A proposal was made by Zuging et
al. [16] for a coupled thermo-mechanical analysis
approach of the V-belt transmission system. In this
study, the V-belt geometry is described using an
eight-node thermally integrated ANCF solid beam
element. This approach is based on the analysis of
the deformation modes of the V-belt. However, it
should be noted that Merghache and Ghernaout [17]
have developed a numerical model which makes it
possible to estimate the heat transfer through an
AT10-type pulley and belt transmission system. In
2016, research by Wurm et al. [18] focused on heat
transfer analysis of continuously variable rubber belt
transmissions. Using the computational fluid
dynamics method, they developed a model to
quantify the effects of heat transfer in a closed belt
continuously variable transmission. The effect of
temperature on fatigue of V-ribbed serpentine belts
was studied by Sundararaman et al. [19].

These researchers developed a predictive model
to evaluate the growth of cracks caused by fatigue,
thus making it possible to monitor the evolution of
initial defects in small ribs subjected to thermal and
mechanical stress. This model is based on
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computational fracture theory and fatigue tests
carried out on samples subjected to different
temperatures. Song et al. [20] conducted a study on
the operation of a serpentine and pulley belt system
equipped with ribs in a car. They developed a three-
dimensional model using the dynamic finite element
method, including a driving pulley, a driving pulley
and a V-belt with five complete ribs. This model was
integrated into the ABAQUS/EXPLICIT code to
perform simulations and analyze the thermal
stresses and temperature-dependent properties of
rubber compounds. This approach made it possible
to obtain precise and detailed results on the
behaviour of the belt system under varied operating
conditions. Zhang and Xia [21] developed an energy
model with the aim of improving the operational
efficiency of a transportation system equipped with
a belt conveyor. Their approach began with the
examination of existing energy models, followed by
the proposal of an analytical model based on the ISO
5048 standard. This model integrates all the
parameters into four coefficients which can be
deduced from the design parameters or identified
using a parameter identification technique.

In this article, a new method for determining the
parameters that impact the thermal behaviour of an
AT10-type timing belt, with a view to improving its
performance is determined. Compared to previous
research, a larger number of parameters, as well as
their interactions, are taken into account, such as
angular speed N;, braking torque M, setting tension
T and belt type. To achieve this, a statistical study of
the results was carried out using three methods:
ANOVA, RSM and DF. These analyzes made it
possible to examine the heating of the belt and its
performance by varying the previous operational
parameters. The measurements were carried out on
a test bench to evaluate the belt temperature and
transmission efficiency for different configurations.
The experimental results were subjected to analysis
and processing to create mathematical models that
help illustrate the relationship between several
parameters and the rate of development. These
techniques were chosen in order to determine the
optimal parameters to guarantee the proper
functioning of the belt.

2. METHODOLOGY
2.1 Structure and Geometry of Belts
Binder Magnetic belts are essential components

in many power transmission systems, providing a
low-cost, efficient means of transferring motion

between two pulleys. Made from various materials
such as rubber, leather, nylon or even metal. They
are designed to withstand varied operating
conditions while ensuring smooth and precise
transmission of motion. Whether in industrial,
automatic or domestic applications, these belts play
a crucial role in ensuring efficient operation of
machines and equipment. These belts are made of
polymers and high-strength reinforcements, which
give them mechanical properties that can be
adapted to all industrial applications. These
transmissions are a simpler and more economical
solution than a gear transmission. Furthermore, the
elasticity of these elements makes it possible to
absorb shocks and vibrations, which contributes to
making the transmission silent and increasing its
lifespan [22-24].

The dimensions and characteristics of type AT10
Fig.1-a toothed belts are described in the catalogues
and various documents provided by the
manufacturers. The machine designer's role is to
make an informed choice based on the procedures
established by the manufacturers. To succeed, it is
necessary to know the operating principles and the
important factors that can influence the choice of
these elements [17]. These belts are armed, as
standard, with zinc-plated steel cables Fig.1-b.
Thanks to these cables, the belts maintain their
length stability [3]. However, like any metal, steel
deforms under stress following Hooke's law. This law
describes the deformations under stress in the
elasticity phase. The elongation of the belt will be
proportional to the force in the strand [25]. These
belts, obtained by linear extrusion or “endless”
molding, are equipped with two types of parallel
reinforcing cables.

-a- -b-

Standard cable (ST)

High flexibility cable (E)

Fig. 1. Distribution belts Magnetic Binder: a) AT10 belt
and b) the different types of belt reinforcing cables

The toothed belts, having a length of 1280 mm, a
width of 32 mm, a pitch of 10 mm and a center
distance of 400 mm, transmit a power P, or more
precisely a torque M, through the teeth in contact Z.
on the small driving pulley of diameter di; and
angular speed N. Each tooth in engagement is
capable of transmitting a maximum force of F7/.. To
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characterize a belt, it is therefore essential to
determine the tangential force Fr, which is exerted
on the teeth in contact Z. as well as on the
reinforcing cables, as illustrated in Fig. 2.

[dkz; NZ ] ZZ]

[dli Nl; Z1]

Fig. 2. Pulley-belt arrangement

The following equations Eq. (1), Eq. (2), Eq. (3), Eq.
(4), Eq. (5) and Eq. (6) are used to determine the
power to be transmitted P then the tangential force
Fr, the linear speed V, the number of teeth engaged
Z. on the driving pulley and the resonance frequency
f to adjust the setting tension T using the TSM3
device is deduced [26]:

dy, - Fr
M=—2,103, (1)
p=_MN 2
"~ 955- 103’ )
~19.1-10°-P

Fr=——— 3
T N'dkl ) ()

N- dyy
V=— 4
19.1 - 103’ @
4 t.Z

> Ty . g %2 Z1)]. (5)

(6)

According to the previous equations, the values
of the parameters of these belts as a function of
angular speed, torque and setting tension is
obtained and given in Table 1.

Table 1. Calculation parameters for toothed belts

Torque (Nm) Tangential Angular speed (rpm)
force (N) 1000 2000 3000
50 534 2.6 5.2 7.8
Power 75 1068 5.2 10.4 15.6
(kW) 100 1602 78 | 156 | 234
Linear speed (m/s) 2.43 4.87 7.31
Setting tension (N) 400 500 600
Frequency (Hz) 48.2 53.9 59
Number of teeth | 14.67 « Maximum for calculation 14 »

2.2 Calculation of Efficiency and Power Losses in
Toothed Belt Transmission

In order to minimise energy losses and improve
the efficiency of mechanical transmissions, it is
crucial to focus more on belt transmissions, as they
have the capacity to generate energy savings similar
to those of low-consumption motors. Over the past
three decades [27,28], extensive analyzes have been
conducted on power loss mechanisms, which can be
divided into two main categories: torque loss and
speed loss. Almeida et al. [29] also explained that
torque losses mainly include hysteresis losses that
occur due to bending/deflection of the belt around
the pulleys. In order to minimize these losses, it is
necessary to reduce the thickness of the belt or
increase the diameter of the pulley to reduce stress
on the belt material. An increase in drive pulley
speed results in a significant increase in hysteresis
power losses, which are independent of load. Then,
friction losses occur between the side walls of the
belt and the inner walls of the pulley each time the
belt enters and exits the pulley. Finally, wind losses
are associated with the kinetic energy that is
transferred to the surrounding air due to belt
movement. The second category of power reduction
mechanism concerns speed losses, which do not
manifest themselves in the timing belts and include
slip and creep losses. Slippage occurs when belt
tension is not sufficient to provide static friction
between the belt and pulley. A study conducted by
Childs and Cowburn [30] examined the effects of
power loss on flat and V-belts combined with small
pulleys. Their research found that belts that do not
match the groove angles of their pulleys may exhibit
reduced efficiency due to greater radial compliance
of these belts. These results highlight the
importance of precise fit between belts and pulleys
to ensure optimal operation of the transmission
system. Kot et al. [6] carried out a comparative
analysis of the performance of three rubber V-belts
for a continuously variable transmission (CVT) on a
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light two-wheeled vehicle under real operating
conditions.

Their measurements focused on gear ratios,
overall efficiency, belt slippage and longitudinal
speed. Zhu et al. [31] for their part evaluated the
performance of a CVT with a rubber V-belt installed
on a snowmobile. Their experimental study made it
possible to measure power losses, including torque
loss and speed loss and demonstrated that the
efficiency of CVTs varies depending on operating
conditions. Finally, Balta et al. [32] developed a V-
belt drive test setup to determine the efficiency up
to atorque of 200 Nm and a speed of 6000 rpm, with
a fixed shaft distance. They measured braking torque
as a function of slip for a single combination of belt
tension, belt length, and pulley diameter.

To evaluate the efficiency of the belt drive, it is
necessary to compare the output power to the input
power. The low-efficiency results from large power
losses, meaning that only part of the initial energy is
transmitted. Adjusting the transmission parameters,
such as rotational speed, torque, installation tension,
and friction coefficient, makes it possible to improve
the overall efficiency of the system. This approach
saves energy and ensures more efficient power
transmission. In this context, power losses can be
classified into two categories: torque losses and
speed losses. The transmitted power P can be
calculated as follows:

_ w-N-M

P = 30 (7)

Consequently, the transmission efficiency n is
represented by:

N, -M,
N M
The variables N; and N, refer to the rotational
speeds of the drive pulley and the driven pulley,
while M; and M; refer to the motor torque and the
resistive braking torque, respectively. The fact that

M and N are variable over time, the differentiation
of the equation above leads to the relation:

n (8)

dP = M-dN + N-dM. (9)

The results of Eq.(7) and Eqg.(9) show that the
power losses are the sum of the torque losses and
the speed losses:

dP _dM dN

PTM TN (10)

3. EXPERIMENTAL STUDY

The study focuses on the analysis of the impacts
of various parameters on the thermal behaviour of a
toothed belt transmission, with the configuration
presented in Fig.3. An AT10 type belt (5), with a
trapezoidal profile (20° angle, 10 mm pitch), is used
to transmit power between a driving pulley (4) and a
receiving pulley (6). The assembly can be moved
perpendicular to the axis of the well for assembly
and adjustment of the belt tension. Then, all the
elements are fixed to heavy rigid support, with the
two pulleys mounted on shafts (1-7) 40 mm in
diameter. The belt drive is switched on by an electric
motor with a maximum power of 7 kW, which is fixed
on a stationary support. A frequency variation is
used to control the angular speed N; of the driving
pulley (which varies between 1000 and 3000 rpm).
The braking torque M, is applied to the driven pulley
using a hydraulic pump, which serves as a
dynamometer. This torque varies from 50 Nm to 100
Nm. It can operate under different steady-state
operating conditions by adjusting a valve; in this
way, different levels of braking torque can be
provided. The setting tension T of the belt is adjusted
manually using a screw and nut mechanism. Its
adjustment is carried out using the TSM3 device
(remote sensor, measuring range: 7 to 450 Hz,
precision: £ 5 Hz, and operating temperature range:
0 to 50°C) [17, 26]. The setting tension varies from
400 N to 600 N. The dynamometer is installed on a
cylindrical rolling bearing (8-9). The amplitudes of
the reaction forces which generate the torque are
measured by the load cell mounted on this bearing.

Rear engine bearing Rear receiver bearing

Front engine bearing

Fig. 3. The experimental setup

In this study, ignoring friction torques, the torque
calculated from the force values measured on the
bearing is considered equivalent to the braking
torque directly applied by the dynamometer.

The rotation speeds of the driving and driven
pulleys are measured using two optical encoders
(10-11). It should be noted that the thermocouples
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(18) are positioned at various locations on the test
bench in order to monitor the thermal behaviour of
the machine, particularly for the specific behaviours
of our test bench. Additionally, the average belt
temperature is measured using a non-contact
infrared thermometer (with laser pointer, measuring
range: -50°C to 380°C, accuracy: +/- 1.5° VS). Tests
were performed for each combination of test
conditions. Only one test is performed for each test
condition because preliminary tests showed low
dispersion of all results (less than 5%). After tension
was applied, the belt ran and then resisted when the
twisting moment was applied. Different values of
resistance to the twisting moment were applied
successively for an angular velocity. After stabilising
the parameters (the 5-minute average), the
measurements were carried out. Each test condition
requires approximately ten minutes of testing.
However, to evaluate efficiency, it is necessary to
measure both the torque and speed on the motor
shaft, as well as the resistive torque and speed on
the slave shaft. To measure the speed of the shafts,
Fig.4, optical encoders with reference HEIDENHAIN
ERO1325 were used, which have a resolution of 2048
lines and a TTL output signal. These encoders are
placed on the motor and receiver shaft. The data
were recorded on a specific T114 digital data
acquisition card, where the frequency sampling and
filters were adjusted according to the signals.

1- Motor shaft 7- Receiver shaft

2- Cylindrical bearing 1 8- Cylindrical bearing 3
3- Cylindrical bearing2  9- Cylindrical bearing 4
4-Driving pulley 10- Optical coder 1 16- Collector 2

5- AT10 toothed belt 11-Optical coder 2 17- Accelerometer
6-Receiver pulley 12- Ganges of constraints 1 18- Thermocouple

2 1 12 10 3 4 15

SN

Motor I @

v —_®
‘ Hydraulic 3}
Brake -
o ©
13 11 1 8

9 7 4 6 16

13- Ganges of constraints 2
14-Force sensor
15-Collector 1

Fig. 4. Kinematic diagram of the test bench

4. RESULTS AND DISCUSSION

The major objective of the tests was to determine
the temperature of the belt T; and its transmission
efficiency n between the two pulleys (driving and
receiving) for an AT10 toothed belt of the BINDER
MAGNETIC type based on the Eq.(8). For this the
rotational speeds of the receiver pulley N, and the
motor torques M; from the test bench experience in
the first instance was measured. These
measurements are carried out under nominal
conditions. Indeed, the variation of the average
rotational speed of the receiving pulley N; and the
motor torque M; as a function of time are
represented by Fig.5 and Fig.6.

752
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742

Angular speed N2 [rpm]

748
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Fig. 5. The variation of the average angular speed of the
receiver pulley as a function of time by AT10 belt: a) T=
400N, b) T=500N and c) T=600 N
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Fig. 6. The variation of the motor torque as a function of
the number of measurement points and setting tension
for an angular speed of 1000 rpm by AT10 belt: a) T=
400 N, b) T=500 N and c) T=600 N

The measurement results presented in Figs. 5 and
Fig.6 highlight the significant impact of the angular
speed of the driving pulley N; on the motor torque
M;. Indeed, the latter increases almost linearly with
the increase in speed, going from 1000 rpm to 3000
rpm for the same resistive torque M,. Furthermore,
it is interesting to note that the differences in motor
torque remain relatively constant for the three
settings of tension T. The maximum values of these
deviations are 5.18 Nm for T=400 N, 4.13 N for T =

500 N and 6.13 N for T = 600 N, which suggests a
certain stability in the behaviour of the system
studied. On the other hand, it is observed that the
angular speed of the receiving pulley N; only
undergoes slight variations despite the increase in
parameters such as the rotation speed of the driving
pulley N, the resistant torque M; and the setting
tension T. These Speed differences are small, lying
between 1.2 rpm for T=400 N, 1.5 rpm for T = 500
N and 2.89 rpm for T=600 N.

The experimental results include various
measurements, including belt temperature T; and
efficiency n. These results are based on three factors
considered in this study Ni, M, and T in Table 2.

Table 2. Experimental results of Tz and n as a function of
Operating parameters

Input factors Responses

No. | N, M, T temp?eerI;ture Efficiency
(rpm) | (Nm) | (N) I, () n (%)
1 2000 50 400 30 92.53
2 1000 75 400 33 97.48
3 2000 100 400 37 97.51
4 2000 100 600 40 97.55
5 3000 100 500 39 96.68
6 2000 50 600 36 92.65
7 3000 75 400 35 95.39
8 1000 100 500 36 98.32
9 3000 75 600 39 95.49
10 1000 75 600 37 96.90
11 1000 50 500 28 94.95
12 2000 75 500 33 96.00
13 3000 50 500 31 90.03

4.1 Statistical Analysis and
Technological Parameters

Modeling of

Experiment planning plays a crucial role in
running the experiments using the “DESIGN-EXPERT
13” software and available resources. A multiple
response system is optimized, namely the belt
temperature T; and the transmission efficiency n, as
a function of three main factors: the angular speed
N3, the resistant torque M; and the setting tension T.
The value ranges for each factor are detailed in Table
3, taking into account laboratory experience,
physical resources and information published in the
scientific literature for similar systems [33]. Analysis
of variance (ANOVA) is a widely used statistical tool
for model validation and comparison, as well as data
analysis.
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Table 3. Constraints of the optimization process

Name Coel L(_)w.er U.pp_er Importance
limit limit
N, (rpm) in range 1000 3000 3
M, (Nm) in range 50 100 3
T (N) in range 400 600 3
Belt temperature| maximize 28 40 3
Ty (C°)
Efficiency 1 (%) maximize | 90.03 98.32 3

This method uses variance measures to assess
the significance of the factors and the model. The
interest of this analysis is to be able to absolutely
test the influence of factors on the variations of a
given response [33,34]. The results of the analysis
are presented in Table 4 and Table 5, highlighting
significant terms with a p-value less than 0.05.

Table 4. Analysis of variance ANOVA for belt temperature T:

Source sum of Contribution (%) | df |Meam square| F-Value P-Value Noticed
squares
Model 161.17 97.73 9 17.91 14.33 0.025 significant
N, 12.50 7.580 1 12.50 10.00 0.049 significant
M, 91.12 55.25 1 91.12 72.90 0.003 significant
T 36.13 21.91 1 36.13 28.90 0.012 significant
N;- M, 0.000 0.000 1 0.000 0.000 1.000
N;- T 0.000 0.000 1 0.000 0.000 1.000
M, T 2.250 1.360 1 2.250 1.800 0.272
le 0.321 0.190 1 0.321 0.257 0.647
M22 0.035 0,020 1 0.035 0.028 0.876
T? 15.75 9.550 1 15.75 12.60 0.038 significant
Residual 3.750 2.270 3 1.250
Cor Total 164.92 100.00 12
Table 5. Analysis of variance ANOVA for belt efficiency n
Sum of I .
Source Contribution (%)| df [Meamsquare| F-Value P-Value Noticed
squares
Model 69. 67 98.27 9 7.740 18.97 0.0177 significant
N, 12.65 17.84 1 12.65 31.00 0.0114 significant
M, 49.50 69.82 1 49.50 121.32 0.0016 significant
T 0.012 0.020 1 0.012 0.031 0.8707
N;- M, 2.690 3.790 1 2.690 6.590 0.0827
N;- T 0.115 0.160 1 0.115 0.283 0.6314
M,- T 0.001 0.000 1 0.001 0.004 0.9540
le 0.035 0,050 1 0.035 0.087 0.7866
M22 2.920 4.120 1 2.920 7.150 0.0754
T? 0.082 0.120 1 0.082 0.202 0.6834
Residual 1.220 1.720 3 0.408
Cor Total 70.90 100.00 12
The analysis of the main factors and their increase in belt temperature. Increasing the

interactions on T; aims to determine their effect.
From the results presented in Table 4, it is clear that
the resistive torque M, is the most determining
factor for the belt temperature, with a contribution
of 55.25%. Then, the setting tension T also plays an
important role, with a contribution of 21.91%. On
the other hand, the angular speed N; has a weak
influence, with a contribution of only 7.58%. This
observation is logical because an increase in
resistant torque inevitably leads to a significant

installation tension also leads to an increase in
power and friction at the pulley bearings, which
contributes to the rise in belt temperature. The
contribution of the T? interaction is estimated at
9.55%. On the other hand, the quadratic terms M T,
M>? and N;? have small contributions varying from
0.02% to 1.36%. However, the terms N;-M; and N;-T
are not significant.

It is clear from the analysis of Table 5 that the
resistant torque M, and the angular speed N; have
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the greatest influence on the efficiency n of belt
transmission AT10 with the respective contributions
of 69.82% and 17.84%, followed by the M.’
interaction with 4.12% contribution followed by the
N:-M; interaction with 3.32% contribution. On the
other hand, the other factors and the interactions T,
N:-T, M,-T, T? and N7 do not have a significant effect
since the probability value P-Value is greater than
0.05. And their contributions are low, varying from
0.01% to 0.16%. It can be noted that the increase in
the resistant torque M, leads to an increase in
efficiency n. For its part, the increase in angular
speed N; contributes slightly to the reduction in this
efficiency n. According to the results of the ANOVA,
it is clear that the setting tension T on the efficiency
is not statistically significant and that the variation in
efficiency n with the setting tension T is a minimum
of 0.02%.

The normal probability plot of the residuals of
belt temperature and efficiency shown in Fig.7, and
shown that the residuals (error) lie very close to the
straight line of normality, proves that the limits
mentioned in the first degree model are the only
significant factors. Normality seems acceptable in
addition to the very high correlation coefficients.

Normal Plot of Residuals

ormal % Probability

N

Belt temperature [T1]

T T T
-3.00 -2.00 -1.00 0.00 1.00 2.00 3.00
Nomnal Plot of Residuals

Normal % Probability

Efficiency [n]

90.03 I 05 .32

Fig. 7. Normal probabilities of the residuals of the belt
temperature T: and the efficiency n

4.2 Regression Analysis for Belt Temperature and

Efficiency

Two second-order mathematical regression
models were created to study the relationship
between belt temperature T; and efficiency n. These
models were developed using Design Expert
software, excluding insignificant terms and focusing
only on the main effects. Thus, improved and
simplified prediction models for T; and n were
obtained. The response variable is the belt
temperature T; and the efficiency n, while the
predictors are the angular speed N;, the resisting
torque M and the setting tension T. Therefore, the
equations of the fitted models in function of the real
factors for the belt temperature T; and the efficiency
n are represented by the following two Eq.(11) and
EqQ.(12):

T, = 66.75 — 2.5107*.N; + 0.255-M, —
0.218 T + 4.252.107*°.N, - M, +
2.1771072°.N; T —3.107*-M,-T +
3.751077 -N;? — 2.107*-M,* +
2.631074.12 (11)

Hence, its coefficient of determination R?is 97.73%

n = 92.652 — 5.068-1073-N; + 0.309-M, —
2.22.1072.T 4+ 3.3.107°-N; -M, +
1.7-1076-N, T — 8.107°-M,-T +
1.25-1077-N;? — 1.808-1073 -M,* +
1.9-1075.T2 (12)

With its coefficient of determination, R? is

98.27%.

The values of the coefficient of determination R?2
for the belt temperature model T; and the efficiency
model n are 0.9773 and 0.9827, respectively. This
means that 97.73% and 98.27% of the variations in
the level of the belt temperature T; and the
efficiency n are explained by these two models and
that 3% and 2%, therefore, remain unexplained. The
adjusted coefficient of determination values of these
models is R?sjusted = 90.90% for the belt temperature
and Rustes = 93.50% for its efficiency. They
represent a correction of the R2 which allows the
number of variables used in these models to be
taken into consideration. They thus allow a better.
Referring to two Fig.8 and Fig.9, it is possible to see
that these two determination coefficients show a
satisfactory correlation between the models and the
simulation data. This reinforces the validity of the
models established for the belt temperature T; and
the efficiency n by highlighting the capacity of these
models to explain a large part of the variations
observed.

125



A. Haroun and S.M. Merghache / Applied Engineering Letters Vol.9, No.3, 117-131 (2024)

_a-
60

—=— T, measured |
—+— T, predicted
50 |-
I
2 40 L
L o 5 Ve I - ol SE
Qo = . 2
E /l/ ‘\“‘F_ I
o > N Ay
30w - P B
o k &
5
= 20
©
m
10}
0 L
0 2 4 8 8 10 12 14
Numbre of tests
-b-
110 T
—=— n measured
—e—n predicted
105 ! i
=
5100_ I IR RN SN R I I
5 f—e—a
S P i S| / -
= J W hS /-\ A
E g5 L f/ I\\ e | g ';\....._
2 ' \.
90 - -
85 I L I
(4] 2 4 6 8 10 12 14
Numbre of tests

Fig. 8. Comparison between the measured and
predicted values depending on the number of tests: a)
the temperature of the belt T: and b) the efficiency n

Predicted vs. Actual
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Belt temperature [T1]
28 40
T

Actual
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Fig. 9. The estimated values of the belt temperature T:
of the efficiency n by the equations of the models
developed and the observed values

4.3 Analysis Using the Response Surface Method

Response Surface Methodology (RSM) was used
to model and analyze the operating characteristics
of a belt transmission in order to minimize belt

heating and maximize its efficiency. In MSR, the
quantitative form of the input ratio between the
observed response and the independent variables
can be represented as follows [33, 34]:

y= f(NliMZJT)r (13)

where: y is the observed response and f is the
response function (or response surface).

MSR allows the visualization of a three-
dimensional (3D) plot, illustrating the response of
the process as a function of two parameters but
keeping the other parameters constant. In addition,
Fig.10 and Fig.11 present the graphs of the 3D
response surface and the 2D contours of the belt
temperature T; as a function of the parameters N;,
M;and T. The analysis of curves indicate that the belt
temperature T; increases significantly with the
increase in the resisting torque M; and the setting
tension T. However, the angular speed N; induces a
very slight increase in the belt temperature T;. So, it
is clear that the influence of the resisting torque M.
and the installation voltage T is more important than
the rotation speed N;. Analysis of the contour graphs
shows that the best (lowest) value of the belt
temperature T; is 30.29°C, which corresponds to the
following operating speed: N; = 1000 rpm, M, =
65.226 Nm and T=442.358 N.

100

M [Nm]

1
1000 1500 2000 2500 3000

M [Nm]

1000 1500 2000 2500 3000

N [rpm]

Fig. 10. Belt temperature contours Tz as a function of
the rotation speed Nj, the resistant torque Mz and the
setting tension T: a) the minimized value and b) the
maximized value
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Fig.12 and Fig.13 bring together the graphs of the
3D response surface and the 2D contours of the
efficiency n of the belt as a function of the
parameters N;, M; and T. It is noted that the torque
resisting an impact is more significant on the
efficiency n. This efficiency does not change much
with the increase in the installation voltage but tends
to almost decrease with the increase in the angular
speed N;.

This figure indicates that a better efficiency can
be achieved for the smallest value of the angular
speed N; and very large values of the resistant
torque M.. So, it is clear that the influence of the
resisting torque M, is more important than the
setting tension T the angular speed N;. The analysis
of the contour graphs shows that the best (highest)
value of the belt efficiency n is 97.397%, which
corresponds to the following operating speed: 1000
N;:=2418.724 rpm, M,=100 Nm and 7=599.999 N

Efficiency [%]

Efficiency [%]

150

2000

70
N[rpm] 2500 60 M [Nm]

3000 50

Fig. 13. The response surfaces of the belt efficiency n as

a function of the rotation speed Ni, the resistant torque

M: and the setting tension T: a) the minimized value and
b) the maximized value
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To summarize, it is essential to consider the
resistive torque M, when designing and optimizing
belt transmission systems, as it has a significant
impact on the overall efficiency. The results obtained
highlight the importance of finding an adequate
balance between various parameters such as
angular speed, belt tension and resistive torque in
order to guarantee the correct operation and
optimal performance of the system.

5. OPTIMIZATION OF BELT OPERATING
CHARACTERISTICS

The final technique for optimizing multiple
responses of a system simultaneously is the
desirability function. This function allows imposing
additional criteria, such as unacceptable limits and
the severity with which the response must remain
near the desired area. Starting from several
equations expressing different responses and having
common factors, it is a question of synthesizing
these functions into a single one, called the
composite response or desirability. Subsequently, it
is sufficient to optimize it using the usual response
surface techniques. Such a method becomes
practically necessary when the analysis includes
more than three factors. The optimal values of the
characteristics N;, M, and T, which produce the
greatest thermal efficiency n with minimum belt
heating T; in order to improve the performance of
belt transmissions are determined. Given the
planning of the experimental design, the generated
equations can be determined from prediction
equations, which allow for predicting the results for
achosen set of settings. Likewise, it is possible to find
the settings corresponding to the optimal responses.
Simultaneous response optimization (T; and n) is
performed for these purposes.

Table 3 shows the constraints used during the
optimization process. Table 6 reports the optimal
solutions in order of decreasing desirability. The
desirability value 1 corresponds to the best value of
efficiency n with minimum belt temperature T; in the
range of operating conditions.

The graph of the desired optimal solution is given
in Fig.14. This figure shows the maximum desirability
value and the values of the operating conditions Nj,
M and T to obtain the best performance values of a
belt transmission of type AT10 (reduction in belt
heating and increase in efficiency).

Table 6. Optimal solutions

N M T Belt T
Number ! z . ! n (%) |Desirability
(rpm) | (Nm) | (N) (c)
1 1000.74 | 91.11 |410.17| 34.99 | 98.34 1.000
Selected

2 1036.97 | 94.40 [404.37| 35.76 | 98.38 1.000

3 1006.17 | 98.09 [408.42| 36.24 | 98.32 1.000

95 2570.38 | 100.00 |599.99| 41.34 | 97.38 0.886

96 2950.02 | 100.00 |599.99| 42.03 | 97.35 0.883

1000 3000 50 100

Ni= 1000.74 rpm

| | |

400 600 28 40

M2= 91.1109 Nm

T =410.171N T,= 34,9957 C°

90,03 98,32

1 = 98.3405 %

Fig. 14. Multiple response optimization diagram of belt

temperature T: and efficiency n
6. CONCLUSION

This more in-depth approach allows for a better
understanding of the factors influencing the thermal
operation of the belt, which can lead to significant
improvements in its overall performance. By
considering a wider range of parameters, this study
provides a more comprehensive perspective on how
these variables interact and affect the thermal
behaviour of the AT10-type timing belt. The main
conclusions of this work are as follows:

= The ANOVA results show that the main factors

influencing the belt temperature and its
performance are the resisting torque M., with
contributions of 55.25% and 69.82%,
respectively. The angular speed N; contributes
7.58% and 17.84%, respectively. However, a
strong contribution of 21.91% of the setting
tension T is observed on the belt temperature,
while its effect on the efficiency is negligible.

= The values of the determination coefficient R (97

% and 98%) and the adjusted determination
coefficient R%4justeq (90.90% and 93.509%) indicate
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a good correlation between the belt temperature
T; and efficiency n models and simulation data.
The correction made by the adjusted coefficient
of determination allows one to take into account
the complexity of the variables used in these
models, which reinforces their validity and
precision.

According to the MSR method, it should be
pointed out that increasing the rotational speed
N; and the resistant torque M, have greater
effects on the belt temperature T;. On the other
hand, the engine torque has a more pronounced
impact on the efficiency n. The latter does not
vary much with increasing installation voltage,
but tends to decrease almost systematically with
increasing angular speed N;.

The DF method makes it possible to obtain the
optimal values of the belt operating
characteristics. For example, the angular speed
N; is 1000.74 rpm, the torque M is 91.1109 Nm
and the installation tension T is 410.171 N.
Thanks to these values, it is possible to achieve an
efficiency n of 98.3405%, while maintaining the
temperature of the T; belt at a minimum of
34.9957°C.

The results obtained thanks to our modeling
made it possible to highlight a solid agreement
between the values estimated by the modeling and
those provided by the experiment, which underlines
the advantage of the optimization technique
proposed in this study.
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