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ABSTRACT

Gears, which rotate and transmit power by interlocking two cogwheels, were invented in BC. They have
been used in various systems, including industrial machinery, transportation devices, and living facilities,
through the industrial revolution. Regardless of how they are used, gears are a major source of noise and
vibration. Many effective measures are being taken to reduce the radiation noise generated from gears, most
commonly by lubrication. Lubrication in gear units reduces friction on interlocking gear surfaces, dampening
radioactive noise. This can be very useful for quiet gear design if these lubricating damping effects can be
reflected in the analytical phase for gear design. This study experimentally confirms the properties of
lubricated and non-lubricated radioactive noise by designing a decelerator gearbox and analyzing the
radioactive noise characteristics by torque, rotation, and the number of gears using computer analysis.

Key Words : Spur Gear(Z7|01), Noise(2=5), Vibration(Xl&), Torque(F35h), Lubrication(£&), Non-lubrication
(H|- 22, Damping(Z2]), Gear Teeth(7|0{X|)

1. Introduction implemented in various systems such as industrial
machinery, transportation equipment, and facilities for

domestic use. However, gears are a major cause of noise

The gear system, which transmits power by interworking 5101

and vibration regardless of how they are used.

and rotating a set of toothed wheels, was invented in B.C.,

and since the Industrial Revolution, it has been widely Therefore, a number of effective measures have been

developed to reduce the noise radiation due to gear friction,

# Corresponding Author : jp._hong@changwon.ac.kr and the most representative method is the use of lubrication.

Tel: 055-213-2946 Fax: 055-213-2984 The details of the methods of lubrication are described
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in the main text.

If a gear system is lubricated, the friction on the tooth
surface of the meshed gear is reduced, and the noise
radiation is attenuated. Therefore, the reflection of
lubrication damping effect in the analysis at the gear design
stage is expected to yield highly useful outcomes for the
design of a gear system with much reduced level of noise.

Cases of existing research related to this study
include investigation of lubrication characteristics of
lubricating rotating

bearings  and systems,

performance prediction of lubricating bearings,
measures for lubrication performance improvement,
and cavitation models through flow analysis in
lubricated state. In this study, an experimental
reduction gearbox is designed, and its noise
characteristics are numerically analyzed in terms of
the gear rotation speed and torque; the designed
gearbox is actually fabricated to perform an
experiment on changing the torque and rotation
speed. In the experiment, the characteristics of the
gearbox-radiated noise are examined in lubricated
and non-lubricated state, and the analysis results and
experimental results between the two states are

comparatively analyzed.

2. Gear design and noise analysis

2.1 Design of gear system

The type of gear applied to the gearbox design is
a spur gear. A spur gear is a straight, cylindrical
gear with tooth trace parallel to the shaft. This type
of gear is most often employed for power
transmission, and when the gears rotate in a
meshing pair, the two teeth make line contact over
the entire tooth width. At this time, the total
elasticity of the teeth abruptly changes at the
beginning and end of the line of action, and the
load applied to the tooth
leading to noise and

surface shows a
considerable

vibration!l.

variation,

Power transmission is not possible with the use
of a single gear, and the gear function is properly
exhibited by meshing at least one pair of gears. In
the design, three pairs of gear meshing are applied,
and the state with one pair of gears meshed is
called the first-stage gear, which can be represented
as shown in Fig. 1. For gear design, the
information in the KHK technical data of Japan was
used as a reference',

In the pair of gears shown in the figure, if the
number of teeth of the driving gear is 2 the
number of rotations is n,, the number of teeth ofthe
driven gear is z, and the number of rotations of the

driven gear is n, then the gear ratio i is calculated

as shown in Equation (1) below .

No. 2Gear

No. 1 Gear
(Z1.111)

No.4 Gear No.3 Gear No.2 Gear No.1 Gear
(Z4.715) (23.13) (22.1m3) (Z1.71)

Fig. 2 Two pair gear geometry
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n
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Gear ratio i =—=

The 2"-stage gear indicates two pairs of the
first-stage combination of gears described above and
is illustrated in Fig. 2. In this case, the gear ratio i,
is calculated as shown in Equation (2) below!™.

. ) Z, oz gy My
Gear ratio i, = —X—=—Xx—
Zy 23 Ty 77,3

@

where, n, =n,

The gear ratio for the 3"-stage gear with 3 pairs of
gears applied to the design is calculated and presented
in Table 1, and the gear rotation speed is shown in Table
2. The gears and gearbox to be fabricated for this study
were designed as shown in Fig. 3.

Lubrication is one of the commonly used methods
to reduce vibration and gear noise. There are two
main goals for the lubrication of gears. The first is
to reduce the dynamic friction coefficient p by
making the wheels slide smoothly between the tooth
surfaces, and the second is to achieve cooling by
suppressing the temperature rise between the tooth
friction and sliding

surfaces due to rotational

friction.

Table 1 Speed transmission ratio of designed 3 pair gear

Table 2 Gear RPM of designed 3 pair gear

Gear sets Sign | Formula | Speed trans. ratio

Ist i =3 5

z 2 30ea, z, : 60ea 1 2
2nd i 1 5

2y 2 30ea, z, : 60ea K EA
3rd i K 5

25+ 30ea, z; : 60ea 3 2
Total 7 7:1 ><7:2 ><7:3 8

Gear Sign | Formula RPM
No.1 Gear n, - 1750
No.2 Gear & "
No.3 Gear " i 875
No.4 Gear & Ny
No.5 Gear g iy 438
No.6 Gear 7 % 219
s _d'h & AR M
g ]|
.2 ‘
- 8Sa
w220 430
(»
L 170 = & o
Fedo o@B
2 Hiaining A i
| = 50 | 90 ‘ 80
‘r1 o

Fig. 3 Gear box of designed 3 pair gear

Range of tangential speed v (m/s)

Lubrication

0 5 10 15 20 25
Grease Lub. —
Splash Lub. —_—

Forced oil circulation ——

Fig. 4 Ranges of tangential Speed for spur gears™

Fig. 5 Gear box modeling
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Lubrication methods include grease lubrication,

splash lubrication, and forced oil circulation
lubrication, and an appropriate method is selected by
considering the conditions of use of the gear. The
criteria for the selection are based on the rotational
speed of the gear, that is, the rpm . In general,
grease lubrication is applied at low rotational
speeds, splash lubrication is applied at medium
speeds, and forced oil circulation lubrication is
applied at high speeds.

In this experiment, the forced oil -circulation
lubrication method was applied regardless of the
rotational speed because the splash lubrication
method was difficult to apply due to the structure

of the designed gearbox.

2.2 Modeling for numerical analysis

A 3D modeling was performed as shown in Fig.
5 using ANSYS Motion, a gear analysis tool, to
perform noise analysis according to the changes in
the gear rotation speed and torque of the designed
gearbox. The material used for the gears was
SCM21 (carburized, hardness 58—62, pressure angle
20 degrees), and the number of teeth were 30 and
60, respectively, for small and large gears, similar to

that in the design.

2.3 Numerical analysis and results

The boundary conditions for analysis, input power,
end time, and start speed were set as outlined in
Table 3, and it was assumed that there was no
damping effect of the gearbox structure. In addition,

for the parameters affecting the noise level, the
torque of the gear output shaft was changed from 1
N'm to 6 N'm, and the rotational speed of the
input shaft was changed from 100 rpm to 1750 rpm
at intervals of 200 rpm.

The whine nose in the gear system was measured
at the gear mesh frequency (GMF) in the gear
meshing or harmonic components P! Fig. 7 shows

the result of applying SFFT to the whine vibration

Table 3 Boundary conditions and parameters

Description Item Dimension (Range)
Input power 1.5 kW
Start speed 0 rpm
B :
our‘lc?ary Dl:irla;gon 0.5 sec
conditions
End time 1 sec
Microphone 360mm from gear
position box top
Output 1~6
Parameters Torque(Nm) (Interval 1)
Input rom 100 ~ 1750
put Ip (Interval 200)

893.2

762.2

631.2

500.2

Frequency

369.2

Sound pressure level [dB]

Fin (0]
11535

1024.2

893.2

762.2

631.2

500.2

Frequency

369.2

Acceleration [m/s?]

-23.86 0.36
-154.9 Time el 005
-017 -0.04 0.09 022 035 048 061 073 086 099 112

(b) Acceleration
Fig. 6 Noise & Vibration analysis STFT
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Noise [dB]
3

=—1Nm 2N'm | =3 Nm

—4Nm —5N'm —G@Nm
60 -

100 200 400 600 800 1000 1200 1400 1600 1750
RPM

Fig. 7 Noise analysis result

pattern. When the torque to the output shaft load
was 6 N-m, noise level of over 85 dB was
measured at all rotation speeds except 200 rpm or
less. In particular, from 800 rpm, the noise level
was increased above 90 dB, and at 1750 rpm, the
measured noise level was 98 dB. The trend of noise
characteristics according to the torque change with
respect to the total number of rpms is shown in
Fig. 7. From the overall pattern, it can be seen that
a stable distribution of noise values was measured
above 400 rpm, and the noise level increased with

the increase in torque.

3. Experimental setup and Methods

3.1 Experimental setup

In order to conduct an experiment based on
changes in the torque and rotation speed of the
gears and to  comparatively  analyze @ the
characteristics of the noise radiation in lubricated
and non-lubricated states in the experiments, a
gearbox was custom-made as shown in Fig. 8 by a
domestic specialized manufacturer based on the
design plan; the detailed specifications are outlined

in Table 4.

" Vib.
Sensor

Torque System
Powder Break

e Microphone

N

Fig. 8 Gear box and measuring system

Table 4 Equipment specifications

X axis length 1200mm

Y axis length 1300mm

Z axis length 700mm
Gear material(Hardness) SCM21(58~62)

Torque sensor DACELL, 0.5~3mV/V

Powder break Nam Kyeong, NKPB-10

Input moter Hyosung 1.5 kW(4P), 60Hz

Vibration sensor KISTLER, 100.5 mV/g

Microphone G.R.AS., 51.98 mV/Pa

3.2 Methods

To measure the gear noise according to the
change in rotation speed and torque, the gear
rotation speed was changed from 100 rpm to 1750
rpm in the same way as in the numerical analysis,
and the torque applied to the output shaft was
increased from 1 N'm to 6 N-m. The experiments
were performed repeatedly.

In addition, to determine the noise characteristics
in the lubricated and non-lubricated state, which is
the main purpose of this study, the lubricating oil
was completely removed, the gearbox was washed
and completely dried, and repeated experiments were

performed in the same manner as described above*!.
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Table 5 Experiment method for noise measurement

Torque(N-m)
o1 ]2]3]4]s5]6

Progressive chage of RPM
100, 200, 400, 600, 800, 1000, 1200,
1400, 1600, 1750

START

Measurement Equipment Set Up ‘

Test Step

Lubrication

Non-lubrication

(Microphone & Vibration Sensor)

Lubrication or Non-Lubrication
Stand By

1

Initial 100 RPM
Torque 0 N-m

RPM Vibration
Measurement
Change

200, 400, Gear Rotation
In Gear Box

600, 800, Noise
1000, 1200, W
1400, 1600,

1750 l

Change of torque
1 N-m, 2 N-m
3 N-m, 4 N-m
5 N-m, 6 N-m

[

Fig. 9 Flow chart of measurement

4. Results and Discussion

4.1 Results of noise measurement in lubricated and
non-lubricated states

As for the software for noise measurement and
analysis, eZ-Analyst from IOtech was used, and the
density (PSD),
domain, and Auto spec. of the measured data were

power spectral spectrum, time
observed, as shown in Fig. 10, to identify the
overall trend”.

According to the processes described in the
flowchart, the experiment was repeated six times to
increase the reliability of the experimental results,
and the average value of the measurements was
used to obtain a graph representing the trend of
noise characteristics with respect to the applied

torque with an increase in rpm as shown in Fig. 11.

According to the results of noise measurement in
the lubricated state at a low rotational speed (800
rpm or less) and a torque or 1 N-m, the noise level
was 66.1-67.2 dB, and the range of noise level was
74.2-76.1 dB in the non-lubricated state, indicating
a difference of 8.1-9.1 dB between the two states.

In addition, it was confirmed that the noise level
increased in both lubricated and non-lubricated states
as the rpm increased under the same applied load.
When the rotation speed was 1600 rpm or higher,
the noise level in the lubricated state was 74.5-75.8
dB and 78.5-79.4 dB in the non-lubricated state,
indicating an increase of 3.6—4.0 dB. As the torque
increased, a similar trend of difference was
observed. At the low rotation speed (800 rpm or
less) with the highest torque of 6 N-m, the noise
level in the lubricated state was 71.5-75.2 dB, and
that in the non-lubricated state was 83.5-84.6,
showing the largest difference of 9.4-12 dB. As for
the overall characteristics, the difference between the
two conditions (lubricated vs. non-lubricated) was
larger at low rotation speed than at high rotation
speed with the application of the same load, and
the difference ranged from a minimum of 6.3 dB to
a maximum of 12 dB. In addition, the temperature
of the lubricant measured during the experiment as
well as the properties of the lubricant used are
outlined in Table 6.

LRI,

Fig. 10 Noise measuring and analysis system

-6 —
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and experimental results without considering the

damping of the gearbox structure, the result
confirmed that the noise level difference in in each
condition is larger at low rpm than at high rpm.
For all values of torque, noise levels are shown in
the order of Ilubricated state, non-lubricated state,
and numerical analysis results.

In addition, the analysis results from the equation
derived from the trend line and the analyzed noise
values in the lubricated and non-lubricated state
were obtained as shown in Table 7, and the noise
difference for each torque is shown in Table 8.
Based on the analysis results, the average noise
level in the non-lubricated state was 9.47 dB, which
is 11% lower in terms of the noise level, and the
average noise level in the lubricated state was 17.1
dB, confirming a 19% reduction in noise compared
to the analysis results.

That is, the difference with the analysis results was
10% or more for the non-lubricated state and 19%

or more for the lubricated state.

Lubrication
90 1 1 1 ] |
——1Nm B N-m 3 N-m
8 ——4Njm | ——B5Nm | ——6Nm
= 80
=
u
275
=
70 =
< —
60
100 200 400 600 800 1000 1200 1400 1600 1750
RPM
Non-Lubrication
90
85
= 80
g 5 [—
=
70
——1Nm 12 N-m 3N'm
65 . ! 1 !
50 ——4N-m = N-m —6Nm
100 200 400 600 800 1000 1200 1400 1600 1750
RPM
Fig. 11 Noise measurement result
Table 6 Gear Oil Specifications
SAE Viscosity 20W
Kinematic Viscosity at40C 67.6
(mm'/s) at 100C 9.25
Viscosity Index 113
Pour Point (C) -30
Flash Point (C) 240
Oil Temp. during experiment(C) 28
Supplied lubricant quantities(l/min) 6.7
4.2 Comparative analysis between the

numerical results and experimental results
When the trend of noise characteristics for each
applied torque was analyzed with the trend line

shown in Fig. 12 for the numerical analysis results

Torque 1
100 — Analysis

95 —— Measure.(Non-Lub.)

a0 —— Measure.(Lub.)
= 85
2 y =0.0001x + 78.278
=80
875 'W._ : R
= y = 0.0019x + J—,Sﬁg

70 o —— y=0.0061x+64.772

65 ;

60

0 200 400 600 800 1000 1200 1400 1600 1800 2000
RPM
Torque 2
100 —— Analysis
95 — Measure.ENogilub.]
—— Measure.(Lub.
20 =
_ y=0.0012x+84.745

=85 —— —
T, L]
¢80y -00035x+ 744 -
CRE] ® L -

70 y =0.0059x + 66.439

65

60

200 400 600 800 1000 1200 1400 1600 1800 2000
RPM
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Torque 3

100
95
a0 y =0.0009x + 89.184g ' °
' -
E 85
E 80
GRE]
=
70 y 7 — Analysis
65 y=0.0063x + 67.348 —— Measure.(Non-Lub.)
—— Measure.|Lub.)
60
0 200 400 600 800 1000 1200 1400 1600 1800 2000
RPM
Torque 4
100
95 y=0.0015x + 91.301 e
& - — . -—
90 L hd
= ®
28 y=00054x+76.861
4
RE]
=
70 — Analysis
65  y=0.0082x+65.756 == m::za;gﬁﬁ’;)mb]
60
0 200 400 600 800 1000 1200 1400 1600 1800 2000
RPM
Torque 5
100
95 —e—o—2 ———F0
an y=0.0012x + 94.154 $ ®
@8 y =0.0063x+ [6.398 ®
Lt
v 80
3 75
70 ' - — Analysis (
=0.0082x + 66.509 — Measure.(Non-Lub.)
5 Y 4 —— Measure,(Lub.)
60
0 200 400 600 800 1000 1200 1400 1600 1800 2000
RPM
Torque 6
100 —
& & [} - ®
a5 e——*
o0 | Y=0.0017x+95.119 @ s
— a5 /‘_r_/—__——ﬂ
g « |7
0 %0 | y=00032x+82.21 L
CNE] 4
=
70 — Analysis
65 | y=0.0089x+66.74 — Measure (Non-Lub.)
— Measure.(Lub.)
60
0 200 400 600 800 1000 1200 1400 1600 1800 2000
RPM
Fig. 12 Comparison of experimental results and

analysis results

Table 7 Average of the meas. and analysis value

[Unit : dB]

Analysis® | Non-Lub.@ Lub.®

1 78.37 76.23 70.11

2 85.80 77.53 71.60

Torq. | 3 89.97 79.67 72.86
[N'm] | 4 92.61 81.59 72.93
5 95.20 81.91 73.68

6 96.61 85.01 74.53
Average 89.76 80.32 72.62

Table 8 Deviation of the measurement and analysis
average value

[Unit : dB]

©-© 0-© -0

1 2.14 8.26 6.12

2 8.27 14.19 5.93

Torq. | 3 10.30 17.11 6.81
[N'm] | 4 11.03 19.68 8.66
5 13.29 21.52 8.23

6 11.60 22.05 10.48
Average 9.44}) 10.4§ 7.79

(10.5%) (19.1%) (9.5%)

5. Conclusion

In this study, an experimental reduction gearbox
was designed, and the characteristics of the
gearbox-radiated noise were analyzed for each
rotational speed and torque through numerical
analysis. Then, the designed gearbox was actually
fabricated to perform experiments by changing the
torque and rotational speed, and the radiated noise
characteristics in the lubricated/non-lubricated state
were investigated. In addition, through a comparative
analysis between the numerical analysis results and
experimental results, we aimed to investigate how

much the lubrication damping effect should be
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considered in the analysis, and the conclusions from
this study are outlined as follows.

1) When gears rotate in a meshing pair, the two

teeth come into line contact over the entire tooth
width. At this time, the total elasticity of the
teeth changes abruptly at the beginning and end
of the line of action, and the variation in the

load applied to the tooth surface increases
sharply, resulting in noise and vibration.
Lubrication is applied as one of the

countermeasures to reduce the noise level.

2) In the results of the numerical analysis based on

short-time FFT, which converted the time domain
data into frequency domain data for analysis of
the acceleration and noise, when the torque
applied to the output shaft load was 6 N[Im,
noise level of over 85 dB was measured at all
rpms.
level increased to above 90 dB, and it further

increased to 98 dB at a rotational speed of 1750
rpm.

In particular, beyond 800 rpm, the noise

3) In the experimental results, as the applied torque

increased, the noise level difference between the
two conditions decreased. At a torque of 6 N[]
m and low rotation speed (800 rpm or less), the
noise level was measured to be 71.5-75.2 dB in
the lubricated state and 83.5-84.6 db in the
non-lubricated state, indicating a large difference
of 9.4-12 dB. In the analysis of the overall
characteristics, the difference between the two

conditions (lubricated vs. non-lubricated) was
found to be larger at low rotational speed than
at high rotational speed under the same applied
load, and the measured difference ranged from a

minimum of 6.3 dB to a maximum of 12 dB.

4) When the trend of noise characteristics for each

applied torque was analyzed using the trend line
for  the

experimental

numerical  analysis  results and

results without considering the

damping of the gearbox structure, the result

confirmed that the noise level difference in in

5)

6)

of) was

each condition was larger at low rpm than at
high rpm.

On comparatively analyzing the numerical
analysis results and noise values in the lubricated
and non-lubricated states using the equation
obtained from the trend line, it was found that
the average noise level in the non-lubricated
state was 9.47 dB, corresponding to 11% lower
noise level, and the average noise level in the
lubricated state was 17.1 dB, confirming a 19%
reduction in noise compared to the analysis
results.

The difference with the analysis results was 10%
or more for the non-lubricated state and 19% or
more for the lubricated state. Based on these
results, it is possible to set the criteria for
reflecting the lubricating damping effect in the
gear analysis.

Furthermore, based on the above results, it is
possible to estimate the noise reduction effect of

lubrication in a similar gearbox reducer in the

future, and the findings of this study are
expected to provide wuseful data for the
development of algorithms that reflect the
lubrication damping effect in the numerical

analysis tool.
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