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Abstract

In gear transmission, temperature rise has a non-negligible impact on the accuracy, noise and transmission efficiency.
However, there is no relevant research on the temperature rise of the anti-backlash single-roller enveloping hourglass
worm (ASEHW) gear. To solve this problem, based on tribology principle and Hertz contact theory, the thermal power
calculation method of the ASEHW gear was proposed for the first time and thermal analysis was carried out by Ansys
software. The bulk temperature of the ASEHW gear under four different rotating speed (300 r/min, 600 r/min, 900 r/
min, 1200 r/min) is calculated. The main factors causing temperature rise of the ASEHW gear are analyzed theoreti-
cally. Meanwhile, an experimental study is performed to verify the simulation results and validate the theory methods.
The theory presented in this paper provides a solution for the thermal power calculation of ASEHW gear. This research

provides a theoretical basis for further optimization of ASEHW gear.
Keywords: Roller enveloping hourglass worm gear, Finite element analysis, Temperature field

1 Introduction

During the transmission of the gear, due to the relative
sliding of the meshing tooth surface, an instantaneous
high temperature is generated. The high temperature of
this moment is called the flash temperature [1-4]. Since
the teeth are constantly engaged at the meshing area, the
overall temperature of the gear is increased. The overall
temperature of the gear is called the bulk temperature
[5-7]. The flash temperatures can cause teeth bonding,
resulting in dynamic loads, noise, and increased tooth
wear [8]. If the bulk temperature is too high, the thermal
expansion of the gear will cause the meshing gap between
the gears to become smaller, which will lead to increased
power loss [9]. Since the gear temperature rise has a huge
impact on the life of the reducer, the temperature rise in
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the gear transmission process has always been a hot and
difficult point for experts at home and abroad.

Generally, the research methods of gear temperature
rise include experimental method, simulation analysis
method, experimental method and simulation analysis.
Using experimental method, Mao et al. [10, 11] tested
the relationship between temperature and tooth wear of a
kind of polymer composite gear. Yi et al. [12] use of ther-
mocouples to check the gear surface temperature. The
above experimental method can effectively measure the
gear surface temperature, but the experimental method
has strict requirements on the conditions, the gear sur-
face temperature can only be accurately measured at a
relatively constant ambient temperature.

With the gradual improvement of numerical analysis
methods, simulation analysis has become a high-effi-
ciency and low-cost research method. Using simulation
analysis methods, Shi et al. [13] obtained the steady
temperature field and tooth surface flash temperature
of the gear through simulation analysis. Fernandes et al.
[14] used the finite element method to construct a gear
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finite model of the bulk temperature and flash tempera-
ture. Luo et al. [15] used APDL to establish a single-tooth
finite element model, analyzed the factors affecting the
bulk temperature. Cerne et al. [16] established a pre-
diction model of gear flash temperature by using finite
element model. The simulation analysis method can
effectively analyze the gear temperature, but it also has
high requirements for the accuracy of input parameters.

Therefore, the simulation analysis method is firstly
used for analysis, and then the experimental method
is used to verify the results in the simulation analysis
method. After verifying the accuracy of the results, the
simulation analysis method can be used to provide theo-
retical guidance for future research. Using this method,
Li et al. [17, 18] calculated the temperature field of the
gear, and carried out experimental comparison to verify
the effectiveness of the simulation analysis. Koffe et al.
[19] proposed a numerical model of friction power loss in
gear transmission, and verified the accuracy of the model
through experiments. Long et al. [20] studied the influ-
ence of relevant parameters on the surface temperature
of high-speed gear, and verified the effectiveness of simu-
lation analysis through experimental comparison. Chang
et al. [21] simulated the tooth surface temperature of spur
gear with the consideration of the change of gear motion
heat source and the correctness of the simulation results
is compared by experiments.

To sum up, the temperature rise experiment is a very
important link in the study of gear temperature rise.
Firstly, the corresponding results are obtained by simu-
lation and the correctness of the results is verified by
experiments. The correct simulation model can be
directly used for analysis and research, so that the cost of
research can be reduced accordingly.

Compared with the traditional gear, the anti-backlash
single-roller enveloping hourglass worm (ASEHW) gear
converts the sliding friction into rolling friction due to
the special structure of the roller on the worm wheel.
This greatly improves the transmission efficiency. For this
kind of worm wheel and worm, it was studied in trans-
mission theory [22], machining optimization [23] and
lubrication analysis [24]. But the temperature field of the
ASEHW gear has not been studied. One of the reasons is
that because of the special structure of the worm wheel,
the anti-backlash roller enveloping hourglass worm gear
can not refer to the temperature field calculation method
of the traditional gear drive. However, the temperature
rise has a great influence on the performance of the
ASEHW gear, and the study of temperature rise can pro-
vide theoretical basis for further parameter optimization.
So how to correctly calculate the temperature field of the
anti-backlash roller enveloping hourglass worm gear is
Very necessary.
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Based on the above situation, this paper uses the com-
bination of experimental method and simulation analy-
sis to study the temperature field of the ASEHW gear.
The structure of this paper is as follows: in the first part,
the calculation method of thermal power and convec-
tion heat transfer coefficient of the ASEHW gear is
constructed, the second part is the temperature rise
simulation of the ASEHW gear, the third part is the tem-
perature rise experiment and the comparison with the
simulation results. the last part is conclusion.

2 Calculation of Thermal Power and Convective
Heat Transfer Coefficient

In calculating the temperature field of the ASEHW gear,

it is necessary to calculate the thermal power and convec-

tion heat transfer coefficient in the transmission process.

2.1 Calculation of Thermal Power

When the ASEHW gear is working, since the tooth sur-
face is rolling friction, it cannot be calculated with ref-
erence to the general gear. Here we divide the thermal
power of the ASEHW gear into two parts, the first part
is the power loss caused by rolling friction between roller
and worm surface, the second part is the power loss
caused by rolling friction between the inner roller and
the inner and outer ring.

2.1.1 Calculation of Thermal Power on Roller Outer Ring
Rolling Friction

According to the research in Ref. [25], the rolling of the
roller on the worm can be simplified to the rolling of the
cylinder on the surface, the main energy loss of the roll-
ing friction Q, is composed of two parts: one part is the
energy loss of elastic hysteresis Q; and the other part is
the energy loss of adhesive effect Q,. As shown in Eq. (1):

Qe - Q5 + Qa:
200Pa «x
= X -,
T~ 3r "R 1)
20, + 05 aPx
Qu="2T% 2%
12Hp R

where a is the elastic hysteresis coefficient, P is the con-
tact surface positive pressure, 4 is the contact half width,
R is the cylinder radius, x is the distance that the roller
rolls on the worm, oy, is the tensile strength of the softer
materials in the two materials, o is the yield strength of
the softer materials in the two materials, Hp is the Brinell
Hardness of the harder materials in the two materials.

The contact half width can be determined by the Hertz
contact theory [26]:
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where [ is the length of the contact line, E; and E, are the
elastic modulus of the roller and worm material, ¢#; and
U, are the Poisson’s ratio of the roller and worm material.

The roller is in the process of rolling, P varies with x,
that is, P = P(x), and substitute it into Egs. (1), (2):

20P(x)a
AQs = ———dx,
Q@ ="3r
(204 + o5)aP(x)
AQy = ———F—dx,
Qo 12HsR 3)
) 5\ 11/2
PR (1—p?  1—ud
a= +
mtl E1 E2

By arranging Eqs. (1)—(3), we can obtain the energy loss
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When the roller rotates the angle of d6, the energy lost Q;
can be calculated:

AQ; = Mydf. (7)

There is also a relationship between the rolling distance
and the angle of rotation:

dx = Rd6. (8)

Because n varies with x, that is, n = n(x). By arranging
Egs. (6)-(8), we can obtain Q; caused by the roller rotation
in the meshing process:

dx. (9)

* 11 P(x) +Hfy [on(x)]*3d3, x 1077
Q; :/o R

Therefore, when the worm wheel is rotated once, the
average loss of power per inside each roller H; is obtained:

caused by the rolling friction between roller and worm H; = g (10)
surface in the meshing process: t
(20 2oyt [4R[(1-u2 1-2\]"
Qe = / 4 b s\ | 2 M1 M P(x)3/2dx. (4)
0o \3mR 12HBR Tl E; E

Therefore, when the worm wheel is rotated once, the
average loss of power per roller outer ring H, is obtained:

He = —, (5)

where ¢ is the time taken for the worm wheel to rotate
one week.

2.1.2 Calculation of Thermal Power inside the Roller

Each roller on the worm wheel is composed of an outer
ring, an inner ring, a rolling body and a cage. Therefore,
the thermal power inside the roller can refer to the cal-
culation method of bearing thermal power. It is known
from Ref. [27] that the total friction torque of the roller
M, mainly consists of two parts, one part is the frictional
moment caused by the load M, the other part is the vis-
cous resistance moment caused by the viscosity of lubri-
cating oil inside the roller M :

My =M+ M,,
M; = uPdy, (6)

M, = fo(vom)*?d3 x 1077,
where y is the friction coefficient of the roller, d,, is the
pitch diameter of the roller, £, is the coefficient related to
the bearing type and lubrication method, # is the rota-

tional speed of the outer ring of the roller, v, is the kin-
ematic viscosity of the lubricating oil.

2.2 Calculation of Convective Heat Transfer Coefficient
The convective heat transfer coefficient of the ASEHW
gear can refer to the calculation method of traditional gear
drive. In Ref. [15], the convective heat transfer coefficient
of gear is calculated in detail. The convective heat transfer
coefficient of the ASEHW gear is divided into two parts:
the top and side of the worm and worm wheel, meshing
surface.

2.2.1 Convective Heat Transfer Coefficient of the Top

and Side of Worm and Worm Wheel
The convective heat transfer between the top surface and
the side surface of the ASEHW gear and the lubricating
oil can be simplified as the convective heat transfer of the
lubricating oil through the thin plate. The convective heat
transfer coefficient /1, is as follows:

N 0.5
hg = o~ — 0.664101)3333(‘”) : (11)

Tq Vo

where Nu is the Nusselt number of the lubricating oil, P,
is the Prandtl number of the lubricating oil, w is the rota-
tional speed of the worm wheel and the worm, A, is the
thermal conductivity of the lubricating oil.

P, can be obtained by the following formula:

_ PoCoVo
4o

P, : (12)



Wang et al. Chin. J. Mech. Eng. (2020) 33:59

where p, is the density of the lubricating oil, ¢, is the spe-
cific heat capacity of the lubricating oil.

2.2.2 Convective Heat Transfer Coefficient of the Meshing
Surface

The convection heat transfer coefficient of meshing sur-

face h,, is as follows:

iy = 0.228REOTI1 PO/

L, (13)

where L, is the pitch circle diameter, Re is the Reynolds
number.
Re can be obtained by the following formula:
Ro— @ rZ’

Vo

(14)

where r, is the radius of the worm wheel and worm
meshing point.

2.2.3 Thermal Power Distribution Coefficient of the Meshing
Surface

Since H, is generated by roller rolling on the surface of

worm tooth, H, is jointly distributed by worm tooth sur-

face and roller surface. Distribution coefficients k; and k,

are shown as follows:

A A1preiun

ki = , 15

Naipiciur++/Aapacauts (15)
A2 02Col

ks A A2 pacaur (16)

 Vapiaui+yTapacaus’

where A1, p1, ¢1, #1 and Ay, pg, co,uy are the thermal con-
ductivity, density, specific heat capacity and poisson’s
ratio of worm gear and roller materials, respectively

3 Simulation Analysis

In the second chapter, the calculation method of ther-
mal power and convective heat transfer coefficient of the
ASEHW gear is constructed. For the subsequent analysis,
the relevant parameters are listed in the table, as shown
in Tables 1, 2, 3. And based on the relevant parameters to
build an accurate 3D model, methods of model construc-
tion Refs. [28—30], the model shown in Figure 1.

Table 1 Design parameters

Modulus
M (mm)

Roller radius

Center distance Transmission ratio
i R (mm)

A (mm) i1z

80 30 5 44
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Table 2 Lubricating oil parameters
Density Kinematic Specific heat Thermal
Po (kg/m3)  viscosity capacity conductivity
v, (cst) ¢, (J/(kg-K)) A, (W/(m-K))
873 101.8 1880 0.15

3.1 Calculation of the Positive Pressure on the Contact
Surface

In the process of meshing, the positive pressure of con-
tact surface between roller and worm will change with
the change of meshing position. Because it is difficult
to solve the load distributing between teeth by ana-
lytic method, the transient dynamics module of Ansys
is used to solve the load distributing between teeth.
In addition, it takes a lot of calculation time to solve a
complete meshing process, So the calculation process is
simplified, the change of the force on the roller during a
meshing period is equivalent to the force on five rollers
at the same time. Cording to the previously constructed
3D model, considering the efficiency and accuracy of
the finite element analysis, the model is simplified to
some extent: the keyway, chamfer and other features
are removed, and only the five rollers that are simul-
taneously meshed are considered. Then, it is imported
into Ansys for mesh division. The focus is on the mesh
refinement of the roller and the worm tooth surface.
The result of meshing is shown in Figure 2. The model
has 382700 nodes and 254174 grids.

When the load torque of worm wheel 7' = 50 N-m,
the distribution of load between teeth is obtained. And
for the convenience of subsequent analysis, a coordi-
nate system as shown in Figure 3 is established on each
roller, the z-axis is on the rotation axis of the roller, the
x-axis is parallel to the worm wheel axis, and the y-axis
is perpendicular to the x- and z-axes.

The load shared by each roller is obtained through
simulation calculation. The component force in each
direction is obtained by post-processing and fits into
a curve. This curve can be equivalent to the force
change of the roller in one meshing period. As shown
in Figure 4.

It can be seen from Figure 4 that the normal force F,
is the largest, followed by the tangential force F, and
the axial force F, is the smallest in the whole engage-
ment period. In addition, the values of F, and F, do
not change very much in the whole meshing process.
F, increases gradually between the roller enter worm
and the roller reaches the throat. When it reaches the
throat, F, reaches its maximum value, while the roller
leaves the worm from the throat, F, decreases gradu-
ally. F, is positive pressure P.
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Table 3 worm and roller material parameters
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Elastic Poisson’s ratio Tensile Brinell Density Specificheat  Thermal Yield strength
modulus u strength hardness p (kg/m?3) capacity conductivity o, (MPa)
E (GPa) o, (MPa) Hg (N/mm?) c (J/(kg-K)) A (W/(m-K))

Worm 210 03 600 197 7850 465 46 355

Roller 210 03 860 618 7850 465 46 518

Figure 1 ASEHW gear model
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Figure 2 a Global meshing, b refinement meshing

Figure 3 Coordinate system establishment
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Figure 4 Distribution of load between teeth

3.2 Calculation of Roller Speed

During the process when the roller enters the worm,
the rotation speed of the roller will suddenly change.
Compared with the whole meshing period, this sudden
change process is very short, so it is not considered in the
calculation of temperature rise. During the rotation of
the worm gear, the roller and the meshed worm surface
are theoretically purely rolling. However, due to the error
of machining and manufacturing, as well as the impact
and vibration of meshing, the roller may be stuck or slip.
Because the influencing factors are too complicated, here
the roller and worm surface are calculated as pure rolling,
so the roller speed is shown as follows:
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27R 17)

where v is the tangential velocity of the worm at the point
of contact.

The rotation speed of the roller during the entire
engagement period is shown in Figure 5. It can be seen
that the speed of the roller is maximum when entering
and leaving the worm and the minimum in throat posi-
tion. With the increase of worm speed, the roller speed
difference between entering and leaving worm and throat
is more obvious.

3.3 Simulation Analysis of Temperature Field

In the previous chapter, positive pressure and roller
speed curves were solved, so the thermal power and con-
vective heat transfer coefficient could be solved, as shown
in Figure 6 and Figure 7.

It can be seen from Figure 6 that there is a small dif-
ference between H; and H, at a low speed, but with the
increase of worm speed, H; is significantly higher than
H,. As can be seen from Figure 7, the convective heat
transfer coefficient of worm is much higher than that
of worm wheel. Therefore, in the transmission process,
the heat dissipation effect of worm wheel is better than
that of worm wheel. In addition, both the worm and the
worm wheel, /1, is greater than /.

The steady-state thermal analysis model was estab-
lished by using the thermodynamic analysis module of
Ansys, as shown in Figure 8. The model has 1625848
nodes and 1124184 grids. The thermal power and the
convection heat transfer coefficient were added to the
corresponding position. H, is added to the surface of
worm tooth and roller respectively according to the dis-
tribution coefficient and H; is added to the inner pitch
circular surface of each roller.

10000 n
———300 r/min
9000 600 r/min
~——900 r/min
8000
= ——1200 r/min
£ 7000
£
S~
< 6000
°
® 5000
o
"
o 4000 \
3 T b
O 3000 =
x
2000
1000
0
Enter the The throat Leave the
worm worm
Meshing area
Figure 5 Roller rotation speed
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Figure 6 Thermal power loss at different speeds

Through simulation calculation, the temperature dis-
tributions of worm and worm wheel at 300 r/min, 600
r/min, 900 r/min, and 1200 r/min were obtained. For
the convenience of comparison, we unified the color
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Figure 7 a Convection heat transfer coefficient of the worm, b
convective heat transfer coefficient of the worm wheel
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Figure 8 Meshing of the steady-state thermal analysis model
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Figure 9 Temperature distribution of worm at different rotating
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Figure 10 Temperature distribution of worm wheel at different
rotating speed: a 300 r/min, b 600 r/min, ¢ 900 r/min, d 1200 r/min

Figure 11 Experimental platform of temperature test

scales for the four groups. The results are shown in Fig-
ure 9 and Figure 10.

As can be seen from Figure 9, the highest surface tem-
perature of the worm occurs at the tooth root near the
throat, and the temperature of the worm increases with
the increase of the rotational speed, but the temperature
increases slowly. As can be seen from Figure 10, the high-
est temperature on the surface of worm gear appears on
the surface of the roller, and the temperature of the roller
rises obviously with the increase of worm speed.

The increase of temperature will bring thermal defor-
mation, and excessive temperature rise may lead to
increased wear and decreased efficiency. As the increase
of roller temperature is the most obvious, the thermal
deformation caused by roller temperature rise can be
taken into account in the design, so as to further improve
the transmission performance of the ASEHW gear.

4 Experimental Verification

In order to verify the accuracy of simulation, a tempera-
ture test platform was built, as shown in Figure 11. A
point is selected on the input shaft and output shaft of
the gear box respectively, and the infrared temperature
sensor is used for temperature test, the test position at
the red laser marker as shown in Figure 12.

When the ambient temperature is 22 °C and the load
of worm gear is 50 N-m, the temperature changes of the
ASEHW gear at four rotating speeds of 300 r/min, 600 r/
min, 900 r/min and 1200 r/min are tested respectively. In
the experiment process, in order to make the measure-
ment as accurate as possible, we first let the ASEHW gear
load and run for a period of time at each speed. After the
temperature change is relatively stable, the temperature
of the ASEHW gear is recorded at each speed continu-
ously for 10 min.
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Test point of worm

Figure 12 a Temperature test point of worm, b temperature test
point of worm wheel

After the experiment is completed, the measured
data is plotted as a graph, as shown in Figure 13. When
the worm rotation speed is 300 r/min and 600 r/min,
the temperature of worm and worm wheel at the test
point is similar. With the increase of worm speed, when
the speed reaches 900 r/min, the temperature of worm
wheel is higher than the temperature of worm. When
the speed reached 1200 r/min, the temperature of worm
is much higher than that of worm. The experimental
results are consistent with the simulation results, which
can prove the correctness of the calculation of thermal
power and convection heat transfer coefficient. And

35
——300 r/min
I ——600 r/min
< 32 | ——900 r/min
§ ——1200 r/min
2 29
-
o
e
2 26
I
[}
Q
£ 23
e
20
0 1 2 3 4 5 6 7 8 9 10
Time (min)
a
35
——2300 r/min
——600 r/min
32 r ——900 r/min
——1200 r/min
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26 :
23
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Temperature of worm wheel (°C)

0 1 2 3 4 5 6 7 8 9 10
Time (min)

Figure 13 a Temperature variation of worm at different rotating

speeds, b temperature variation of worm wheel at different rotating
speeds
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with the increase of worm speed, the temperature of
both the input shaft and the output shaft increases, that
is, the thermal power loss increases, which is also con-
sistent with the derived formula.

In order to compare the difference between the sim-
ulation and the experimental results, we averaged the
temperature measured within 10 min of the experiment
and compared it with the simulation data, as shown in
Figure 14. From the comparison results, almost all the
simulation temperatures are lower than the experimen-
tal temperatures. The reason for this may be that the
temperature rise of the bearing is not included in the
simulation calculation, but in the actual experiment,
because of the heat conduction effect, the temperature
rise of the bearing will cause the temperature of the
worm wheel and worm to rise further.

It can also be seen from the relative error in Table 4,
for the temperature rise at 300, 600 and 900 r/min, the
simulation is very close to the experiment, at 1200 r/
min, the error between experiment and simulation
results is large. This may be due to the higher tempera-
ture rise of the bearing at high speeds.
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|
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35
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30
= Experiment
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Figure 14 Comparison of experiment and simulation: a temperature
of the worm, b temperature of the worm wheel
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Table4 The relative error between simulation
and experiment (%)

300 r/min 600 r/min 900 r/min 1200 r/min
Worm —0.81 —278 —6.79 —1236
Worm wheel —0.02 1.05 —4.97 —8.30

Although the relative error between the simulation
and the experiment at 1200 r/min is large, all errors are
within the acceptable range. Therefore, it can be consid-
ered that the calculation method of the ASEHW gear
thermal power proposed in this paper is effective.

5 Conclusions

In this paper, through theoretical derivation, simulation
analysis and experimental verification, the calculation
method of temperature rise of the ASEHW gear is con-
structed, and the following conclusions are obtained.

(1) In the ASEHW gear, thermal power loss can be
divided into two parts: the rolling friction loss of the
outer ring of the roller H, and the rotation energy
loss of the roller H,. And worm speed and load are
the main reasons that affect the bulk temperature.

(2) At low speed, the rolling friction loss of the outer
ring of the roller H, is close to the rotation energy
loss of the roller H, With the increase of worm
speed, at high speed, the rotation energy loss of the
roller H; will becomes the main factor of thermal
power loss.

(3) In the transmission process, the convective heat
transfer coefficient of the worm is always higher
than worm wheel. And with the increase of worm
speed, the convective heat transfer coefficient of
worm wheel and worm will increase correspond-
ingly.

(4) In the transmission process, the temperature rise of
the roller is the most obvious. On the other hand,
the excessively high temperature will lead to the
thermal expansion of the roller, resulting in the
aggravation of tooth surface wear. Therefore, the
thermal deformation of the roller can be taken into
account in the design, so as to further improve the
performance of ASEHW gear.
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