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MEASUREMENT OF THE FRICTION
PARAMETERS OF A BELT
TRANSMISSION UNDER HEAVY LOAD

KRZYSZTOF KUBAS!

Abstract

This article presents the results of measurements of a belt transmission with a poly-V belt
5PK, most often used in the industry, especially in industrial drives, agricultural machines and
in the automotive industry. The main goal of the works was to obtain the dependence of the
belt slip value on the measured, relatively high values of resistance torgue. For this purpose,
a series of measurements were made using a specialised research stand consisting of two
alternating current motors and attached pulleys. It considered four cases of the value of the
belt pre-tensioning force. In each of the cases, while making the measurements, the resist-
ance of the passive pulley was increased, resulting in increasing values of belt slip. Finally, the
achieved courses were approximated. The obtained results will be used to develop empirical
models of friction at the belt-pulley interface. They can also be useful for belt manufacturers
to make better belts, especially those subjected to higher loads.
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1. Introduction

Exemplary works presenting the measurements of a poly-V belt are [1, 2], [6-8], and also
[17, 26] where, among other parameters, frictional parameters have been measured. In the
works, the results of measurements of belt slip, as well as contact forces between the poly-V
belt and the pulley, can be found, along with longitudinal and bending stiffness and damping.
Some of these works include measurements of contaminated belt. Particularly noteworthy
are publications [1, 26], due to the similar subject matter of the works.

Among the works covering the research, one can also cite paper [14], in which the elastic prop-
erties of a multi-V belt together with the load-bearing layer were measured. The tests included
stretching the belt and compressing the rubber. It also worth mentioning articles [10, 13, 23],
also [27,32] in which the friction of contaminated rubber and wear processes were investigated.
It is also worth mentioning works [24, 25, 31], which investigate power losses in belt transmis-
sions and the influence of material types and initial belt tension on the friction coefficient.
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Measurements of belt transmissions are can be useful to develop more and more friction
models of belt transmissions. The development of these models, which accurately reflect the
behaviour of the friction belt along the pulley, was dealt with by, among others, Leamy et al.
[20, 22] developing so-called “Piecewise linear friction models”, including the “Coulomb-like
tri-linear creep-rate-dependent friction law", as well as Kim [16] developing the “elastic /
perfectly plastic friction law". One can also find works using commonly used friction models,
such as the Brush model [5, 12], the Dahl model [18], or the GMS model [19].

It is also worth mentioning that generally there are two groups of models of the belt: discrete
and non-discrete models. Studies of discrete belt models have been presented in [15, 21, 22].
Non-discrete belt models can be modelled as an elastic rod (papers [3, 4, 29]), a string with
assumed longitudinal and bending stiffness (papers [9, 11, 28] and [30]). Of course, regardless
of the adopted belt models and models of friction at the belt-pulley contact, there is always
a need to adjust the number of coefficients adopted in them, which will ensure the compat-
ibility of these models with the real object. Thus, there is a constant need to obtain the
results of experimental tests of a transmission performed in various operating conditions.
The results presented in this article should therefore be taken as complementary to the
work of previous authors dealing with similar topics.

2. The measured transmission

Figure 1 shows the analysed belt transmission. Additionally, Figure 2 presents schemati-
cally measured transmission input and output parameters. The transmission consists of
two pulleys (1) and (2] with a 5PK 1200 belt (3). These types of belts are found primarily
in the automotive industry, especially in alternators and air-conditioning compressor drive
systems. In such cases, the driving wheel is driven by the vehicle's engine.

Fig. 1. Research stand with the measured belt transmission
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Fig. 2. Scheme of the measured system with a belt transmission

To simplify the measurements, it was assumed that the pulleys have the same radius of
r1=r,=0.06 m. The transmission can be tensioned by a screw and a bolt (4) moving the left
pulley. The tensioning force Fy can be measured by a force sensar (5) connected to the screw.
It applied rotational velocities w, and w, by manually changing the velacities of two electric
motors. The velocities are measured by incremental sensors connected to the shafts. If both
velocities are equal, the transmission rotates without any load. A test stand designed in such
a way allows the simulation of situations which slips occurring. Reducing the velocity of the
second pulley causes resistance torque M,..

Various rotational velocities of the motors were realised by means of inverters. Therefore,
one should be aware of the difficulties of such a solution. There is a high probability that slip
will occur in the magnetic fields of the rotors (especially in cases of large resistance torque
M, ). However, this difficulty does not affect the reliability of the results, because both rota-
tional speeds and the moment of resistance are measured simultaneously.

Additionally, such a system allows for the measurement of vibrations of the slack part of the
belt via a laser sensor (6) placed in the middle between the two pulleys. Vibrations of the
slack part of the belt result only from its compliance. Compliance in bearings, flexibility of the
frame and longitudinal deformation of the screw can be ignored.

The transmission slip can be described as the following formula:

Wg = W1 — Wy. (1

In certain situations, it may be more convenient to present its relative value as:

s =2"%2.100% = =2 100%. 2)
w wq

1
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In a situation in which the slip @y has positive values, the first motor spins at a higher speed
value than the second (w;>w,). The differences of angular velocities mainly result from
existing nonzero values of resistance torque M,... When the transmission has to be rapidly
stopped, it is possible that inertia of the second pulley (with all masses connected to it)
causes that w,>w;. In this case, the values o, and s will be negative.

It is worth noting here that the values of the dynamic friction coefficient are often expressed
as a function of the slip velocity in the friction connection, because the value of this coeffi-
cient does not have to be constant. In such a case, the values of the friction forces should be
determined taking into account the slip w,. One of two types of characteristics can then be
determined: kinetic characteristics of the friction coefficient (determined for the set sliding
velocities) and dynamic characteristics of the friction coefficient (determined under the
conditions of variable sliding velocities).

3. Results of measurements

It assumed that before each measurement, the angular velocities of the pulleys would be
nearly the same and achieve a value of about 750 rpm. Next, decreased the velocity of the
second motor to load the transmission. The measurements started just after noticing the
nonzero resistance torque Mres. It was decided to achieve a value of about 30 Nm. As a result
of the resistance torque, the Ffirst pulley was also loaded, which also resulted in a reduction
in rotational speed ;.

It was also decided to consider four cases of belt tensioning force F,, of: 500 N, 250 N, 125 N
and 75 N. The first value is closest to the standard tensioning value. The assumed tensioning
forces values of 250 N, 125 N were assumed as a half and a quarter of the standard value of
the belt tension force in the transmission, respectively. The value of 75 N in the last case was
assumed after the initial measurements of the working transmission and the possible meas-
uring range of the belt displacement sensor. Moreover, it was decided that in the first two
cases Fy=550 N and 250 N, the measurement would be completed as soon as the intended
value of the moment of resistance M,,;=30 Nm was reached. In the other two cases, it was
decided that the measurement would be slightly extended to check how the slip values
would change after reaching this value.
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Fig. 3. Measured courses of rotational velacities of pulleys @ [ Jand o, [
(a) Fp=500 N, [b) F=250 N, [c) F=125 N, [d) F)=75 N

Figure 3 shows the courses of the measured rotational velocities of pulleys, whereas Figure
4 presents the course of the measured resistance torque M, As can be noticed from both
figures, with increasing discrepancy between rotational velocities, the resistance torque
increased. However, the forms of the rotational speed courses of the pulleys w, (upper
courses) and w, (lower courses), and the resulting course of the resistance torque M, are
not similar. This is due to, among other factors, the fact that different frictional conditions
occur around the circumference of the belt as well as changes in pressure forces during the
operation of the transmission. Moreover, in cases of lower belt tensioning force F=125 N
and 75 N (Figure 3c and Figure 3d), a slight increase in rotational speed w, after reaching
the intended value of the resistance torque M,,, can be noticed. This is due to the extended
measurement time assumed in both cases. Significant slip resulted in a change in the friction
value due to the increase in belt temperature.
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Fig. 4. Measured courses of resistance torque M, in transmission:
(a) Fy=500 N, (b) Fy=250 N, (c) Fy=125N, (d) F;=75N

In Figure 5, changes in the tensioning force during measurements are presented. As can be
noticed, during the increase of resistance torque M, the tensioning force also increased,
reaching even 800 N (in the case of F,=75 N). Particularly interesting is that despite the
assumed different initial values of tensioning force Fy, after achieving the assumed full
resistance torque value, the tensioning force mostly achieves over 400 N. For the measured
cases of Fp=250 N, 125 N and 75 N, the average values of tensioning force oscillate between
575 N (Figure 5b) to 520 N (Figure 5c). The first case (Figure 5a) seems to be an exception.
There is a noticeable increase in the average value up to 660 N.

Figure 6 shows the waveforms of the measured belt slip values wg. As expected, as the
values of the initial belt tension decrease, the values of the belt slip increase. Its highest
value occurred at the moment of the highest moment of resistance. As can be seen from
the figures shown, the slip was as follows: in case of F,=500 N (Figure 6a) about w,=12 rpm,
which was about s=1.7%, in the case of Fy;=250 N — w,=25 rpm (s=3.6%), F{,=125 N — ;=40
rpm (s=5.5%) and Fy=75 N — wy=47 rpm (s=6.4%). The obtained maximum slip values were
compared with each other in the form of the points in Figure 7.
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Itis reasonable to present the value of the slip as a function of the resistance torque wy(M,s)
(Figure 8). As can be seen, this relationship seems to be linear in a certain time period only for
Fy=500 N. Comparing the measured, presented dependence w(M,,,) in Figure 8b-8d with
the Ffirst in Figure 8a, the linear shape seems to disappear. For this reason, it was decided to
approximate the selected fragment of the course (when torque M, increases) with an expo-
nential approximation. For this purpose, the following formula was obtained:

w's(Myes) = ¢y - eCZIMreSs (3)

where:
¢y, ¢, — approximation coefficients.

In the approximation process, the searched coefficients ¢; and ¢, were determined. The
change in the value of the ¢, coefficient caused the approximation curve to “mave” vertically,
while the change in the ¢, coefficient caused an increase in the slope of the curve, especially
on its right side. It was chosen to minimise the norm given by the following formula:
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N= |37 (0f -t (4)

where:
ny = number of considered measurement points.

In Table 1, the calculated coefficients from the approximation process are presented.
As can be seen from the presented results, regardless of the assumed value of the belt
pre-tensioning force F, the values of the coefficient ¢, are similar to each other. The value
of this coefficient seems to increase slightly with successive cases of decreasing force Fy,.
The discrepancy of the ¢, coefficient is much greater.

Table 1. Calculated coefficient of approximation curves

Fy[N] Selected time [s] cq c) N
500 0-18 213541 0.0532388 212
250 0-12 249763 0.0729562 38.7
125 0-15 170297 0.1041835 56.5
75 0-9 2.50681 0.0885798 355

Figure 8 shows both the approximated fragment of the waveform (in the considered time
period) and the obtained approximation line. The results are consistent to the results
obtained by the authors of works [1, 26], with the difference being that in the quoted
work, much lower values of resistance torque M,,, were used (the values did not exceed
7 Nm]. The results obtained in this study can therefore be treated as supplementary
in a sense.
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Fig. 9. Measured courses of displacement of slick part of the belt:
(a) Fy=500 N, [b) /(=250 N, (c]) Fy=125N, (d) F)=75N

Figure 9 presents the measured displacement of the loose (upper) part of the belt. As can
be seen from the figures, the loose part of the belt began to buckle simultaneously with
increasing transmission velocity. However, the centrifugal forces were so large that they did
not allow the belt to oscillate. In the case of F;=500 N (Figure 3a), displacement has reached
the value of 1.5 mm, but the instantaneous amplitude not exceed 0.7 mm. In the case of
F,=250 N (Figure 9b), the measured values of belt displacement of the deformed shape of
the belt was about 2.6 mm; in the case of F,=125 N (Figure 9c), it increased to about 5 mm;
and in the case of Fy=75 N (Figure 9d), it changed to about 5.5 mm. It should be noted
that the maximum values of the belt deflection depend on the transmission velocity causing
centrifugal forces and the assumed values of the belt tensioning force F),. It should also be
noted that, as the speed increases, the belt reduces the wrap angle on the wheels, so the
simultaneous increase in slip is also caused by this fact.
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4. Conclusions

As mentioned in the introduction, the main goal of the discussed measurements was
to investigate how the belt slip would increase under high loads. Earlier works, e.g. [1, 26],
describe measurements results with much smaller values of resistance torque. Additionally,
it was noticed that the slip values increase non-linearly during the increase of the resistance
torque M,

It should be emphasized here that such high values of resistance torgue, although rarely
occurring in the actual operating conditions of the transmission, are not impossible. Such
a situation may occur, for example, in the case of heavily worn parts of the alternator or
air-conditioning system in the car, e.g. in situations of seized bearings in the alternator, when
the rotor rubs against the stator.

It has been proven in the work that a load reaching even a value of M,.,,=30 Nm can also
occur in the case of a less tensioned transmission. It is surprising that in such situations,
the slip values did not exceed the value of 7%. Due to sufficient wedging of the belt in the
grooves, part of the power can still be transferred to the driven pulley, although, of course,
belt vibrations disqualify the transmission from further operation. It should be emphasised
here that during the tests, efforts were made to not overheat the belt so that too much
of a temperature change would not affect its frictional properties.

The obtained results will be used to develop empirical models of friction at the belt-pulley
interface. It is also worth emphasising that the results, as well as the resulting conclusions,
may prove helpful in understanding the phenomena occurring, in particular, during working
conditions under heavy load.
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