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Abstract. The paper contains a description of the geometry of Beveloid gears. It describes the distribution of forces in a Beveloid gear with
a straight tooth line and a helical tooth line. The paper presents research on the experimentally determined parameters of transmission operation,
including the sound pressure level and the amount of heat emitted during operation. The design and construction of the test stand were presented.
The research methodology was described. Operational tests are carried out on household appliances with Beveloid gears: Grinder and Jam mixer.
Thanks to an appropriately selected narrowing angle, estimated values of service life extension of the above-mentioned transmissions are given.
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1. INTRODUCTION

Transmissions made of polymeric materials play a very im-
portant role in the electrical engineering industry. Their use is
justified due to the need to adjust the rotational speed, which
is forced, in a way, by the characteristics of modern electric
motors or the need to use various attachments requiring differ-
ent speeds. Additionally, they are much cheaper in production
than steel gears and often do not require a lubricant described
in [1,2].

Polymer gears can be found in most household appliances.
Such gears are characterised by a variety of geometries. Prac-
tically, all types of gears are used, even in classical steel solu-
tions. One of the new, untypical solutions of the tooth geom-
etry is helical-bevel gears, hereinafter referred to as Beveloid
gears (proprietary name). In relation to polymeric materials, the
natural advantage of Beveloid gears is the occurrence of a rim
narrowing angle of § and, consequently, a variable tooth thick-
ness. These features make Beveloid gears much better suited for
the removal from injection moulds. Obviously, Beveloid gears
with a small cone angle and a comparably high helix angle
would still retain a negative draft angle in the injection mould-
ing process. Such relationships will be examined in subsequent
articles.

The paper shows that selecting an appropriate 6 angle value
according to the described methodology is possible to minimise
the sound pressure level and amount of heat emitted during op-
eration gears. The analytical method of determining the optimal
angle, based on the FEM method, is described in item [3].

*e-mail: pstrojny@prz.edu.pl

Manuscript submitted 2021-03-02, revised 2021-07-26, initially accepted
for publication 2021-08-22, published in October 2021

Bull. Pol. Acad. Sci. Tech. Sci. 69(5) 2021, e138818

Beveloid gears are created by cutting a notch between the
teeth on a truncated cone rotational surface using a fixed-width
tool (Fig. 1). This tool is compatible with standard tools used
in gear machining. This leads to a tooth geometry with variable
thickness (Fig. 2). One of the features of such gears is that they
have a geometry identical to helical gears with a straight tooth
line in the central section of the rim (Fig. 3).

Fig. 1. The geometry of a Beveloid gear: 1 — the rotational surface of
a truncated cone, 2 — gear rim, 3 — tooth notch

Fig. 2. Tooth shape in a Beveloid gear

© 2021 The Author(s). This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 3. The geometric relationship between a Beveloid gear and heli-
cal gear with a straight tooth line

One of the most important features of Beveloid gears is the
occurrence of an additional axial force F; in the gearing, the
value of which can be determined from dependencies (1)—(4)
based on Fig. 4.
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Fig. 4. Forces diagram in a Beveloid gear transmission with a helical
tooth line

Equations to determine the values of forces in Beveloid gears
with straight tooth lines:

M
F=—, (H
P
F.=Ftanao, 2)
F,
tand = —, 3)
ab
F,
F, = 4
ab tan67 ( )
tan o
F,=F—— 5
ab tan67 ( )

where
M — entry torque,
r  — pitch radius,
F - circumferential force,
o - pressure angle,
F, - radial force,
6 — gear rim narrowing angle,
F,, — axial force.

The distribution of forces in Beveloid gear transmissions
with helical tooth lines is presented in Fig. 4. This facilitates
formulating the following relationships (6)—(11).

Equations to determine the values of forces in Beveloid gears
with a helical tooth line:

F=—, (6)
-
tan o,
F=F—1, @)
cos 3
F,=Ftanf, 8)
F,
tand = ——, ©))
Fap
F,
Fu = 10
ab tand ’ ( )
tan o,
Fpp=F——— 11
@ =" cosBtand’ (i
where:
M - entry torque,
r  — pitch radius,
F  — circumferential force,
a, — pressure angle in the normal section,
F, - radial force,
F, - axial force from tooth tilting angle,
0 — gear rim narrowing angle,
B — tooth tilting angle,
F,, — axial force from a rim narrowing angle.

If the direction of the helical line is selected correctly, it is
possible to compensate for the F, force and F, force, as shown
in equations (12)—(16). This is only possible under the assump-
tion that the transmission will rotate in one direction.

Compensating for axial forces in Beveloid gear transmissions
with helical tooth line:

F,=Fy,, (12)
Ftanﬁ:F%, (13)
tanStanff = tjssogl , (14)
5= atan%, (15)
5 = atan 2% (16)

sinff
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The possibility of obtaining a small angle between the axles
of mating gears is not insignificant, which increases the possi-
bility of constructional application of Beveloid gear geometry.

Based on the analysed literature, it was found that there
are no experimentally research-determined parameters of trans-
mission operation, including the sound pressure level and the
amount of heat emitted during the operation of a Beveloid gear.

The research results presented below refer to the possibility
of using Beveloid gears made of polymer material in devices
in the electromechanical sector. Two representative devices de-
scribed in Section 6 were designed, made, and tested in accor-
dance with the guidelines of the methodology below to verify
its correctness.

2. STAND TESTS OF POLYMER TRANSMISSIONS WITH
BEVELOID GEARS

The purpose of the study was to check how Beveloid transmis-
sions behave in real working conditions, based on the construc-
tion of the stations described in [4-7]. The tests were carried
out on a specially designed and constructed stand (Figs. 5-9)
for this purpose. They stand together with additional acces-
sories, the FLIR SC5000 [8] type thermal imaging camera and
the VOLTCRAFT SL-50 type sound pressure level sensor al-
lowed to check how the transmission heats up and what is the
sound pressure level. The results made it possible to estimate
how much the application of an appropriate angle 6 will affect
the operation of the transmissions described.

Fig. 5. CAD design of the Beveloid transmission test stand

The stand consists of an analogue speed controller {1} for
controlling the electric motor {2} with a rated power of 0.25
kW and a rotation speed of 11000 rpm, a crane system {3} for
adjusting the distance and the angle of inclination of axes be-
tween the cooperating gears. The stopping torque is provided by
adisc brake {4}. A cover with an aluminium insert {5} protects
the transmission from the influence of the temperature from the
motor. The gears tested were locked to the motor and brake
shafts by means of screws {6} and {7} (Fig. 9).

Bull. Pol. Acad. Sci. Tech. Sci. 69(5) 2021, e138818

Fig. 7. Complete test stand for testing transmissions with Beveloid
gears

Fig. 8. FLIR SC5000 thermal imaging camera [8]

Fig. 9. Manner of locking gears on the motor pivot and brake shaft
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Table 1
Parameters of the transmissions tested
Ratio | Module (ﬁlll)rfrlll:g; Ij)?r;leb:rr Crest | Circumference .Pini(')n Gegr rim TF)Oth fine Beveloid gear narrowing angle
teeth teoth clearance clearance rim width | width | tilt angle
u |m[mm] 21 22 ¢ [mm] J [mm] by [mm] | by [mm] | B [°] o [°]
Beveloid gear narrowing angle with a straight tooth line
15625 4 | 16 | 25 | 1 | 03 | so | 41 | o o1 ][2]3]4]5s
Transmission index: P.1 P10 |PI1.1|P12|P13|P14|P1.S5
wettt| 3 [ 18 | 20 | o8 | 02 | 4 | 40 | o ol 1 |2]3]4]s
Transmission index: P.2 P2.0|P2.1|P22|P23|P24|P25
Beveloid gear with a helical tooth line
15625 4 | 16 | 25 | 1 | 03 | s0 | 41 | 16 o1 ]2]3]a]s
Transmission index: P.4 P4.0|P4.1|P4.2 | P43 |P4.4|P4S5
wettt| 3 | 18 | 20 | 08 | 02 | 43 | 40 | 14 o1 |[2|3]4]s
Transmission index: P.5 P5.0|P5.1|P5.2|P53|P54|P5.5

3. THE TECHNOLOGY OF TEST MODEL MAKING

The physical models of previously modelled Beveloid gears
were made using rapid prototyping (RP) techniques described
in the literature [9—11]. A group of test models was made in SLS
(Selective Laser Sintering) technology. The technology consists
of producing parts by applying layers of powdered plastic and
sintering them selectively by laser.

The SLS technology was chosen because it allowed mak-
ing parts from materials with parameters similar to those used
in the mass production of polymeric gears [12, 13]. Gears in
SLS technology were made of polymer Derlin S00P NCO010
(ISO 1043, ISO 11469), which corresponded to the group of
polymers used in mass production of plastic gears (data from
DuPont™company) [14, 15].

48 Beveloid gears were made for testing in the SLS tech-
nology. The gears were assembled into 24 transmissions with
different parameters.

A detailed breakdown and parameters of the gears used for
testing are given in Table 1.

Fig. 10. Numbering to facilitate the correct combination of transmis-
sions tested

Due to many models tested, the transmission faces were
numbered to allow us for an unmistaken comparison of the
tested gears (Fig. 10).

The models of SLS gears were made in the accuracy grade
of typical mass-produced gears made of polymeric materials
in dies. According to the manufacturer of the tested gears, af-
ter the measurements, the gears were in the 9th accuracy grade
(IT09 —ISO 286-1). Gears produced in dies have often defects
that did not occur with SLS technology, i.e., various types of
deformations resulting from heterogeneous contraction, which
is influenced by complex tooth geometry. However, modern die
design techniques facilitate avoiding such faults.

4. THE MEASUREMENT AMOUNT OF THE HEAT EMITTED

DURING THE GEAR OPERATION
After all the pairs of gears were manufactured using the SLS
method, the temperature during transmission operation was
measured. The research was carried out in accordance with the
methodology described in [2, 16, 17]. The tests aimed to check
how the § angle affects the amount of heat emitted during the
gears mating. In order to limit the occurrence of measurement
errors, each pair of mating gears was tested three times, and
then the arithmetic mean of the obtained measurement results
was calculated. Each transmission worked for exactly ten min-
utes [1].

The torque and rotational speed were constant over time for
all measurements and were 0.216 [Nm] and 11000 [rpm], re-
spectively. The ten-minute test time was dictated by the guide-
lines in the manual of household appliances that work period-
ically, and the maximum working time should not exceed ten
minutes. The tests were carried out in an air-conditioned room
at a constant temperature (20°C) and humidity (45%). The RTI
Impact for the tested material according to UL 746B is 85C.
The relative temperature index (RTT) is a characteristic parame-
ter related to the thermal degradation of plastic materials. Dur-

Bull. Pol. Acad. Sci. Tech. Sci. 69(5) 2021, e138818
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ing the process of the UL 746B program, the degradation of
certain properties of the material, like dielectric and mechanic
strength, is investigated regarding thermal ageing. The RTI is
the temperature in °C, at which the properties have decreased
to 50% of their initial value after a long-term exposure to this
temperature. The highest temperature during the tests of the de-
scribed gears was 41.3°C.

The number of tested objects allowed us to conduct 72 mea-
surements. The ALTAIR software version 5.90.001 dedicated
for FLIR SC5000 type thermal imaging camera allowed us for
the precise reading of the average temperature value on the side
surface of a gear tooth (Fig. 11) [8].
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Fig. 11. Temperature distribution on the side surface of the tooth

The last step of the heat emission test was a graphical presen-
tation of the obtained results. Figures 12—15 present the change
in temperature at the gear side surface for different § angles in
the four transmission groups tested.

P.1 transmission group

41.60

41.40

4
41.20
41.00 \
40.80 \
40.60 \ /
40.40 \
40.20 \
40.00
39.80 \ /
39.60 \ /

39.40 \
SN

39.20

Average temperature value on side surface of gear [°]

39.00
0 1 2 3 4 5

Beveloid gear narrowing angle & [°]
Fig. 12. Average temperature value on the side surface of the gear

for the analysed group of gears with variable § angle (according to
Table 1)

Figures 16-19 show how the value of the average measured
temperature on the side surface of gear changed for subsequent
measurements (measurements 1, 2, 3) carried out in given gear
groups (P1, P2, P4, P5).
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P.2 transmission group
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Fig. 13. Average temperature value on the side surface of the gear
for the analysed group of gears with a variable 6 angle (according to
Table 1)

P.4 transmission group
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Beveloid gear narrowing angle 6 [°]
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Fig. 14. Average temperature value on the side surface of the gear
for the analysed group of gears with a variable § angle (according to
Table 1)

P.5 transmission group
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Fig. 15. Average temperature value on the side surface of the gear
for the analysed group of gears with a variable 6 angle (according to
Table 1)
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P.1 transmission group
(summary of individual dimensions)
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Fig. 16. Three measurement series of the average temperature value
on the side surface of the gear for the analysed group of transmission
with a variable § angle (according to Table 1)
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Fig. 18. Three measurement series of the average temperature value
on the side surface of the gear for the analysed group of transmission
with a variable 0 angle (according to Table 1)

5. THE SOUND PRESSURE LEVEL MEASUREMENT

Due to the high importance of the sound pressure level during a
transmission operation in electro-machinery equipment (mainly
household appliances), an attempt was made to estimate the in-
fluence of 6 angle on its level during the transmission operation.
The above-mentioned methodology is described in [17, 18].
Measurements of the sound pressure levels were made si-
multaneously with temperature measurements. Similar to tem-
perature measurement, the sound pressure level was measured
three times for each transmission, and then the arithmetic mean
of the measurement results was calculated. Each time during 10
minutes of transmission operation, the sound pressure level was

P.2 transmission group
(summary of individual dimensions)

= 3440 \ |

= 3420 : ! -

‘E’Z 34.00 +———]

S 3380 4 =¢=|\Vleasurement 1
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Beveloid gear narrowing angle 6 [°]

Fig. 17. Three measurement series of the average temperature value
on the side surface of the gear for the analysed group of transmission
with a variable § angle (according to Table 1)
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Fig. 19. Three measurement series of the average temperature value
on the side surface of the gear for the analysed group of transmission
with a variable § angle (according to Table 1)

measured at the 3rd, 5th, and 9th minute of transmission opera-
tion, and then the arithmetic mean of the obtained measurement
results was calculated. The number of tested objects allowed us
for 216 measurements.

The last step of the sound pressure level test was a graphical
representation of the obtained measurement results. The graphs
in Figs. 20-23 show how the sound pressure level in transmis-
sions changes for different 6 angles.

The diagrams in Figs. 24-27 show how the average sound
pressure level changed for subsequent measurements (measure-
ments 1, 2, 3) carried out in given transmission groups (P1, P2,
P4, P5).
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Fig. 21. The value of the average sound pressure level for the analysed
group of transmissions with a variable & angle (according to Table 1)
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Fig. 26. The average value of the sound pressure level for subsequent
measurements carried out in given transmission groups (according to
Table 1)
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Fig. 27. The average value of the sound pressure level for subsequent
measurements carried out in given transmission groups (according to
Table 1)

6. OPERATIONAL TESTS OF HOUSEHOLD APPLIANCES

WITH BEVELOID GEARS
Using the method described in the paper for the selection of
0 angle, two devices from the electromechanical sector were
designed and manufactured: a grinder (Fig. 28) and a jam mixer
(Fig. 29).

These devices were subjected to the same loads as those in
commercial solutions. According to the instructions for use, the
working time under load for the grinder is 10 - 15 minutes and
20 -+ 30 minutes for the mixer.

First, the grinder was tested in which helical gears with a he-
lical tooth line were used on the first stage of the (planetary)
gear. The device was cyclically switched on for 15 minutes and
off, leaving it to cool down for a total of 30 minutes. This cycle
was repeated until the transmission was damaged. The trans-
mission in the machine was damaged after 223 cycles. There

Fig. 28. Grinder transmission units: on the right, CAD model of a
grinder; on the left, an actual model of the second gear of grinder trans-
mission

Fig. 29. Jam mixer: on the right, CAD model of a mixer; on the left,
actual mixer model

was a tooth breakage on the central gear. In addition, after the
185th cycle, the sound pressure level in the device increased
noticeably. Then, identical tests were started on the device after
replacing the helical gears with Beveloid gears with a helical
tooth line on the transmission first gear. As in the previous test,
the central gear was damaged. The damage occurred after 267
cycles, and an increase in the sound pressure level was noticed
after 239 cycles.

The operational tests of the mixer were conducted in the
same way. The device was started up for 30 minutes and then
left to cool down for 60 minutes. This cycle was repeated until
the transmission was damaged. The transmission in the mixer
was damaged after 191 cycles. As in the grinder, a tooth on the
central gear was broken. In addition, after the 168th cycle, the
sound pressure level in the device increased noticeably. Then,
the tests were started on the device after replacing the helical
gears with Beveloid gears with a helical tooth line on the trans-
mission first gear. The damage to the central gear occurred after
217 cycles, and an increase in the sound pressure level was no-
ticed after 202 cycles.

A relatively small number of work cycles obtained before the
destruction of the gear in the above-mentioned devices may re-
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sult from the fact that the tested devices were prototypes. They
did not have the same degree of technological refinement as
the series-produced devices. Nevertheless, the obtained number
of cycles with the assumed unit operating time (1015 min-
utes and 20-+-30 minutes) allows the above-mentioned devices
to work for about 100 hours. Devices of this type work periodi-
cally, and the obtained number of cycles gives the possibility of
many years of operation.

7. DISCUSSION ABOUT THE RESULTS

After testing the amount of heat emitted during the mating of
transmissions with Beveloid gears, it can be concluded that
the O angle influences the transmission heating during opera-
tion. Four groups of transmissions (P1, P2 transmissions with
straight tooth lines and P4, PS transmissions with helical tooth
lines) were analysed. The tests carried out have shown that
in the transmission groups tested, the & angle influences the
amount of heat emitted in the transmission. In the first two
groups of transmissions P1, P2 (Figs. 12, 13), it can be clearly
seen that at angles 6 from 1° to 3°, there is a decrease in the
heating of the transmission, while at extreme values of the & an-
gle, the measured temperatures are higher. Similar results were
obtained in groups of transmissions with a P4, P5 (Figs. 14, 15)
helical tooth line; the lowest temperatures of heating of the side
surfaces of the tooth were noted at & angles from 1° to 3°. A cer-
tain analogy of test results was noted in the size of the test mod-
els. Transmissions from groups P1, P4 were almost twice as big
as those from groups P2, P5, which could cause differences in
the trends in profiles visible in the graphs. Due to the use of 3D
printing technology (SLS), characterised by a constant value of
accuracy regardless of the size of the model (constant error re-
lated to resolution and accuracy of the apparatus), larger mod-
els (groups P1, P4) had absolute geometry errors just like the
smaller models, so it can be considered that their relative man-
ufacturing accuracy was greater than for groups P2, P5. There-
fore, it can be assumed that the results of studies carried out on
models of groups P1, P4 are more reliable than those of groups
P2, P5.

The list of all measurements (measurements 1, 2, 3) in given
transmission groups (Figs. 16—-19) additionally shows how the
heat build-up of the side surfaces of the gear tooth decreases
with the running-in of the transmission. Figures 16-19 show
how the trends decrease in subsequent measurements. This sug-
gests that the last measurement carried out after the initial
running-in of the transmission most closely reflects the relia-
bility of the results.

After the sound pressure level in the analysed transmissions
was tested, it can be unequivocally stated that similarly to
transmission heating, the narrowing angle of a Beveloid trans-
mission impacts the sound pressure level in polymeric trans-
missions. The results of the sound pressure level measure-
ments shown in Figs. 20-23 show how the sound pressure level
changes with an increase in 0 angle. The lowest sound pres-
sure level is at & angles from 1° to 3°. In addition, the shape
of the obtained trends is comparable to the shape of the trends
obtained during the transmission heating tests. This shows that
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the 0 angle affects both the heating of the transmission and the
sound pressure level according to similar characteristics.

The sound pressure level results are shown in Figs. 24-27 for
the individual minutes of measurement (3, 5, 9th minutes) and
display an insignificant reduction in the sound pressure level
of the transmission operation with time. As with transmission
heating, this may be caused by the transmission running in dur-
ing operation.

The operation tests for household appliances described in
Section 6 confirm the previous results of tests carried out di-
rectly on transmissions. During intense service, the service life
of a Beveloid gear grinder has proven to be 16% longer than
its equivalent with helical gears with helical tooth lines. In the
case of the mixer, the difference was 12% in favour of Beveloid
gears.

8. SUMMARY

Many variable parameters in the design of the transmission do
not facilitate the unambiguous indication of the 6 narrowing
angle at which polymeric transmissions would have the best
operating conditions. To select an appropriate § angle, several
transmissions with identical parameters differing only in § an-
gle must be analysed each time.

The results of operational tests on household appliances
show that by using Beveloid gears we can increase the life
of such appliances by about 14%. That results from the previ-
ously conducted heating and sound pressure level tests. A lower
sound pressure level is due to the higher uniformity of the trans-
mission operation, leading to a lower temperature. The whole
contributes to a longer service life of the transmissions, which
are the most critical point of most equipment in the electro-
machinery sector.
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