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Abstract

Dry hobbing machine is a kind of specialized machine tool to manufacture high-quality small-module gears. With the develop-
ment of shipbuilding, automobile, and wind power industries, higher request on the dry gear hobbing accuracy is called. The
thermal-induced error, which accounts for 50-70% of machining error, needs to be reduced more efficiently. Hence, in-depth
investigation on the thermal-structural characteristics of the dry hobbing machine is indispensable. In this paper, thermal-
structural coupling numerical simulations were conducted to investigate the heat transfer process as well as thermal-induced
deformation of the worktable of a YDE3120CNC gear hobbing machine in the large-volume gear production. New equations
were used here to describe the convection heat transfer happened on the worktable assembly. Verifying test results proved the
feasibility of the newly proposed numerical method. Following numerical simulation, results indicated that during the gear
hobbing process, the highest surface temperature of the worktable assembly appeared at the top surface of the fixture, and
corresponding thermal-induced deformation reached the maximum of 49.9 um. Besides, in a large-volume production, the
worktable assembly would attain thermal equilibrium in 15,000 s. Hence, the assumption widely used in previous studies on
gear hobbing machines that the worktable assembly could be treated as an ideal solid without any thermal deformation is wrong.
The thermal-induced deformation of the worktable assembly should be considered in the subsequent development of the thermal
error compensation system.

Keywords Thermal error - Worktable assembly - Dry hobbing machine - Thermal-structural coupling analysis

Nomenclature D,, Mean diameter of bearing (mm)
A Coefficient of hob [-] F  Tangential cutting force (N)
b A constant used in the calculation of the convectionheat ~ Fr  Internal parameter [-]
transfer coefficient [-] F,  Tangential cutting force(Kgf)
C A constantused in the calculation of the convection heat  f;  Coefficient due to bearing type and lubrication method
transfer coefficient [-] f Coefficient due to bearing type and load
Number of threads [-] H  Convection heat transfer coefficient [-]
Cy Rated static bearing load (N) i Groove number of hob [-]
C,, Coefficient of workpiece material [-] L Characteristic length (m)
D Diameter (mm) M Overall friction torque (Nem)
M, Torque due to kinetic energy loss of lubricant (Nem)
M, Normal modulus [-]

D4 Zheng Zou M; Torque due to the applied load (Nem)
z.zou@cqut.edu.cn N  Rotation speed (r/min)
P; Internal parameter [-]
' Chonggqing Machine Tool (Group) Co., Ltd., Chongging 401339, Pr Prandtl number [-]
China QOp The bearing heating, (W)
> The State Key Laboratory of Mechanical Transmission, Chongqing Oc The cutting heat (W)
University, Chongqing 400044, China Re  Reynolds number [-]
> College of Mechanical Engineering, Chongging University of S Hob axial feed (mm/r)
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S,  Feed rate in axial direction (mm/r)

T Hobbing depth(mm)

VvV Air velocity (m/s)/cutting speed (m/min)
ve  Cutting speed (r/min)

X  Coefficient of profile modification [-]

Y  Coefficient of axial load [-]

Z  Gear teeth number [-]

Greek symbols

(  Helical angle of workpiece ()

A Thermal conductivity (W/(m=°C))

x  Coefficient of tooth shape amendment [-]

v;  The kinetic viscosity of lubricant in bearings [-]
v, The dynamic viscosity of air (Pa s)

p  Air density (kg/m’)

1 Introduction

The dry hobbing machine is a kind of specialized machine
tool to manufacture high-quality small-module gears. With
the development of shipbuilding, automobile, and wind power
industries, higher request on the dry gear hobbing accuracy is
called. There are several factors that would influence the gear
hobbing accuracy, such as thermal error, tool wear, geometri-
cal error, and vibration.

To reduce the negative impacts of various types of machin-
ing errors on the gear hobbing accuracy, scholars have made a
lot of efforts. Jiang et al. [1] developed a mathematic model to
describe the gear hobbing process of a six-axis gear hobbing
machine. With this application of proposed model, the geo-
metric error of this type of gear hobbing machine was effec-
tively controlled. On the other hand, Chiu et al. [2] proposed a
new approach to adjust the eccentricity of the hob, based on
which the meshing error of the hob was minimized and the
tooth profile error of the production was reduced.

Similar to other types of machine tools, the thermal-
induced error (thermal error for short) accounts for 60—-70%
of total machining error of a hobbing machine. Hence, rele-
vant studies on gear hobbing machines were mainly concen-
trated on this type of machining error. To better understand the
temperature distribution and consequent thermal-induced de-
formation in the gear hobbing, Stark et al. [3] proposed a new
two-step simulation method, in which the generated heat was
calculated firstly and the results were used in the following
numerical simulation. Experimental data from a fly-cutting
test proved the reliability of their proposed method. The ther-
mometers are the important research tools in the experimental
studies on the thermal-induced error of gear hobbing ma-
chines. Based on a comprehensive analysis of the sources of
the thermal error, Guo et al. [4] reported an ICA (independent
component analysis) method to reduce required number of
thermometers and optimize their locations. With the help of
this new method, a thermal error compensation software
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system was proposed. Experiments on the Y3150K hobbing
machine proved the reliability of developed thermal error
compensation system. Liu et al. [S] discussed the inter-
relationship between the process parameters and the hob tem-
perature by means of experiments. The results of the discus-
sion provided reference standards for the selecting process
parameters to prolong the lives of hobs. According to the
theory of Euer-Bernouli Beam and the Kirchhoff’s thin plate
theory, Wang et al. [6] built the mathematical relationship
between the temperature variations of key thermal points se-
lected on the surface of hobbing machine and the thermal-
induced bending deformation of the column. Based on this
model, a thermal error compensation system was developed
to compensate the thermal error in the x-axis direction.

It should be noted that previous-developed mathematic
models of the relationship between temperature variation
and thermal-induced deformation of the gear hobbing ma-
chine were established based on a hypothesis: the worktable
assembly could be treated as an ideal solid without any
thermal-induced deformation in the hobbing process.
However, this hypothesis is in question in practice. In the gear
hobbing process, the workpieces were clamped by the fixture
which rotates about its own axis. As a result, theoretically, a
large amount of cutting heat would transfer to the fixture and
sequentially transfer to the other components of the worktable
assembly. This may cause the thermal-induced deformation of
the worktable assembly. Due to the deficiencies in these pre-
viously developed mathematical models, the thermal-induced
deformation characteristics of the worktable assembly should
be synthetically investigated. A finite element analysis is a
good research method to achieve this goal.

Although few numerical studies were focused on the dry
hobbing machines, many numerical analyses of other types of
CNC machine tools were reported in the literature, which are
useful to accurate modeling of the dry hobbing machine.
Creighton et al. [7] developed a numerical model to conduct
a thermal-structure coupling analysis of the spindle of a high-
speed micro milling machine under different working condi-
tions. Experiments proved the calculated temperature and de-
formation fields. With the help of the simulation results, a
compensation system was developed to control the thermal-
induced deformation of the spindle unit. Lee et al. [8] also
reported a numerical study on the thermal-induced deforma-
tion of a spindle rotating at different speeds. An optimal de-
sign scheme to reduce the thermal-induced deformation of the
spindle was proposed based on the simulation results. Liu
et al. [9] conducted a heat-fluid-solid coupling simulation to
study the thermal-induced deformation feature of a motorized
spindle assembly. The correctness of the numerical simulation
results was experimentally verified.

The aim of this study is to provide refined numerical model
of the worktable assembly in the dry hobbing machine to
discover the heat transfer process of the worktable assembly
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Fixture-2 |

Fixture-3

Fig. 1 The structure of the worktable assembly of the dry hobbing
machine

in the cutting process, as well as both the static and transient
thermal-induced deformation characteristics of the worktable
assembly.

2 Modeling
2.1 Physical model

This study is based on the worktable assembly of a
YDE3120CNC dry hobbing machine shown in Fig. 1. This
worktable assembly mainly consists of the shell, worktop,
shield, spindle, fixture, bearings, and servo motor. The typical
process parameters of this gear hobbing machine and the geo-
metric parameters of the coupled hob are listed in Table 1.

A geometric model of the worktable assembly with a sim-
plified structure is shown in Fig. 2.

2.2 Mathematic model

For a dry gear hobbing machine in the cutting process, there
are three heat sources, i. €., the friction heat of bearing, the heat
generated from the servo motor, and the cutting heat. To cool
the motor, the dry hobbing machine is equipped with a water
chiller whose cooling capacity is significantly higher than the

was ignored in the modeling, instead, considering that the
water outlet temperature of the chiller is 25 °C, the outer
surface temperature of the spindle part of the motor was de-
fined as 27 °C.

2.2.1 Quantification of cutting heat

A huge amount of heat would be released when the hob cuts the
workpieces. Although both the fallen chips and compressed air
ejected from the air blowers takes away a large amount of cutting
heat, the rest would still transfer to the hob, workpiece, and
worktable assembly. In the modeling, the cutting heat generated
in the cutting process was evaluated by

Oc = Fe (1)

The cutting speed was determined by:

mdn
) @

The cutting force of the hob can be calculated according to
the equation developed by Pfauter Co., Ltd. [10, 11],

F 2000}110'9550'810‘ ISe0.0IZﬂcg 0,652 035
= 02807406 €

Cy (3)
ve

According to the engineering experience, about 12% of the
cutting heat would be left to the workpiece in the dry hobbing
process. In this numerical study, the remaining heat was rep-
resented by a constant heat source placed at the outer surfaces
of the workpiece. Its quantity was determined by the solution
of Egs. (1-3). By substituting the known parameters listed in
Table 1 into the Egs. (1-3), the heat load applied to the work-
piece was 224.727 W.

2.2.2 Quantification of friction heat of bearings

The friction heat of bearing was evaluated by:

_ —4

heat generated from the servo motor. Hence, the motor heating Op = 1.047 x 10 "Mnp (4)
Table 1 Process parameters used in the modeling
Hobbing depth Hob spindle speed hob thread Gear normal Hob axial feed Outer diameter of
#(mm) ny,(r/min) number module m, S(mm/r) gear hob dj,(mm)
6.75 796.18 3 3 1 80
Hob normal Worktable spindle gear tooth Material of Gear helical Groove number

module m;, speed n,(1/min) number workpiece angle 3(°) of hob i
3 59.71 40 40Cr 17.7528 14
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Fig. 2 The geometric model of the worktable assembly of the dry gear
hobbing machine

where the overall friction torque (M) consists of two parts: the
torque due to the load (M) and that due to the fluid kinetic
energy loss (Mp). M was determined by

_ 107 fy(vm) D}, vn=2000 5)
160 x 1077 f,D>,, v < 2000

where the value of fycan be chosen from Table 2.
On the other hand, the value of M can be calculated by

M = f\PDy, (6)

where f] is the coefficient representing the bearing type and
the load exerted on it, and P, is an internal parameter used to
calculate the torque of the bearing friction. Their values can be
selected from Table 3.

There are two bearings in the worktable assembly of a
YDE3120CNC gear hobbing machine. One locates at the up-
per end of the spindle and the other is at the lower end. The
friction heats generated by these bearings were defined as
constant heat sources placed on the contact surfaces between
the bearings and the spindle. By solving Eqgs. (4-6), the

Table 2 Values of f; [12]

Type of bearing Fog Oil bath lubrication or
lubrication ~ grease lubrication
Single-row radial ball bearings 0.7~1 1.5~2
Double-row radial ball bearings ~ 0.7~1 1.5~2
Single-row angular contact 1 2
ball bearings
Double-row angular contact 2 4
ball bearings
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friction heats generated by these bearings were 4.38 W and
0.5 W, respectively.

2.2.3 Calculation of the forced convection heat transfer
coefficient

Except for the conduction heat transfer among each compo-
nents of the worktable assembly, the worktable assembly also
conducts convection heat transfer with surrounding air.
Therefore, accurate simulation of convection heat transfer pro-
cess is key to the accuracy modeling of worktable assembly. In
previous numerical studies, the forced convection heat trans-
fer coefficient was evaluated by using an empirical equation,
as shown below,

e 0.133Re?/*Pr!/3 ) .
= 2 )

Although this empirical equation has been widely used in
the previous studies of thermal characteristics of wet hobbing
machines, it may be not fit for the case of the dry hobbing
machine, which uses high-speed compressed air rather than
the cooling oil to cool the cutting zone. In fact, the convection
heat transfer between the wortable assembly and the com-
pressed air is similar to the condition that air flows through a
single tube. Hence, in present numerical study, another meth-
od was adopted to calculate the forced convection heat trans-
fer coefficient, in which the convection heat transfer coeffi-
cient of the rotating surfaces was defined by the following
equations:

Nu\
"= ®)
Nu = CRe’Pr'/? (9)
L
Re = % (10)

where the values of related parameters can be selected from
Table 4.

The temperature determines the thermodynamic character-
istics of air. Hence, the values of thermodynamic parameters
of air around the worktable assembly were derived from the
average temperature between the rotating surfaces of the
worktable assembly and the compressed air. In the numerical
simulations, the pressure, temperature, and density of the
compressed air used in the numerical simulations were
0.5 MPa, 25 °C, and 5.8455 kg/m’ respectively. Other ther-
modynamic properties were defined the same as those of dry
air under standard atmospheric pressure [14].

According to the equations above, the calculated forced
convection heat transfer coefficients of each components of



Int J Adv Manuf Technol (2019) 100:179-188 183

Table 3 Formulas for f; and P,

[13] Type of bearing N P,
Single-row radial ball bearings 0.0009(Py/C)®> 3F,—0.1F,
Double-row radial ball bearings 0.0003(Po/Cy)** 1.4YF,—0.1F.,
Single-row angular contact ball bearings 0.0013(Py/C)*33 F,—0.1F,
Double-row angular contact ball bearings 0.001(Py/Co)*? 14F,—0.1F,

If P<F,,Pywas set equal toF,

the worktable assembly are listed in Table 5. It should be noted
that the forced convection heat transfer between the com-
pressed air and the worktable assembly was much larger than
that due to the rotating motion of the worktable assembly.
Hence, only the convection heat transfer brought by com-
pressed air was considered in the modeling.

2.2.4 Other boundary conditions

The natural convection and radiation heat transfers between
the worktable assembly and surrounding air were considered
in this numerical study as well. The radiation heat transfer
coefficient was set at 0.82. The natural heat transfer coefficient
was set as 10W/(m* C).

Besides, the shell was firmly attached to the bed of the
YDE3120CNC gear hobbing machine; hence, the displace-
ment of the shell was limited in order to accurately simulate
real working conditions.

2.3 Numerical simulation procedure

The sequential coupling analysis scheme was used here to
conduct both steady-state and transient-state thermo-structure
coupling analysis of the worktable assembly. The steps used in
the analysis conducted in this study are shown in Fig. 3.

To avoid the mesh quantity affects the prediction accuracy
of our proposed model of the worktable assembly, a grid-
independence test was conducted the calculation results of
the same test case but with different mesh sizes (1182248,
1655162, and 2317216) were comparatively analyzed. The
mean temperature of the upper surface of the fixture was used
as the evaluation parameter. Three different test cases of dif-
ferent mesh sizes simulating the same worktable assembly
were comparatively analyzed. When mesh size rose from

Table 4 The value of C

and n [13] Re C N
0.4~4 0.989 0.330
4~40 0911 0.385
40~4000 0.683 0.466
4000~40,000 0.193 0.618
40,000~400,000 0.0266 0.805

1,655,162 to 2,317,216, the deviation of calculation results
was smaller than 0.5%. It revealed that when the mesh size
is over 1.6 millions, the solution of the numerical model
would be grid independent. To save the computation resource,
in following numerical investigation on the thermodynamic
characteristics of the worktable assembly, the mesh with
1,655,162 elements was used and finer mesh was allocated
at the fixture and the workpiece, where the cutting heat en-
tered. The mesh of our model of the worktable assembly is
shown in Fig. 4.

3 Thermal-structure coupling simulation
and experimental results

3.1 The characteristics of the steady-state
temperature field and thermal error

The time required to process a single workpiece and reload
another was short (less than 1 min for gear hobbing and 10 s
for reloading), and the process of gear hobbing was both con-
tinuous and steady. Thus, the workpiece was involved in the
model of the worktable assembly, and the cutting heat left on
the surfaces of the workpiece was kept constant.

Figure 5 showed the steady-state temperature distribution
ofthe worktable assembly, in which the x-axis is parallel to the
axial direction of the worktable spindle, whereas the z-axis is
parallel to the axial direction of the hob. As shown in Fig. 5,
the cutting heat concentrated at the workpiece, and the highest
temperature (70.83 °C) appeared at the surface of the

Table 5 Calculated convection heat transfer coefficients of each
components of the worktable assembly

Part Coefficient of forced convection

heat transfer (W/m>'C)

Workpiece 159.12

The end of fixturel 5.70

The center of fixture 1 5.42

The end of fixture 2 5.48

The center of fixture 2 5.87

Fixture 3 5.48
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Internal heat source,
Enviroment temperature,
Thermal conductivity

Convective heat
transfer coefficient

Load steps
Time stepping

Heat-Conduction

Thermal
Steady State boundary Steady state Steady State
thermal analysis conditions temperature field |/ Thermal load structural
of the hob Heat.-Condu.ction f=t (x’ y,z) analysis of the
assembly differential hob assembly
i equations

Thermal FEM model of
the hob assembly

Elastic mechanics
equations

Mechanics boundary
conditions

Steady State
thermal
deformation

w=w(x,y,z)

Transient
thermal
deformation
w= w(x, ¥, Z,T)

Elastic mechanics 4
equations

Mechanics boundary
conditions

Fig. 3 Thermal-structural coupling finite element analysis

workpiece. The temperature of the worktable assembly de-
creases from the top to the bottom along the axial direction,
reaching its lowest at the base shell (25.24 °C). This temper-
ature was only slightly higher than the temperature of com-
pressed air. It is possible because although a part of cutting
heat transfers to the worktable assembly by heat conduction,
most of it still remained at the workpiece, which caused the
highest temperature to appear at the surface of the workpiece.
On the other hand, due to the long heat transfer distance and
large exposed area to surrounding air, the temperature of the

Fig. 4 The mesh of the developed model of the worktable assembly
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nt th | differential Transient Transient
Transient therma equations temperature Thermal load structural
analysis of the hob fi .
Thermal ield analysis of the
assembly
boundary t= t(x, A z') hob assembly
conditions

shell at the bottom of the worktable assembly had the lowest
temperature.

Based on the obtained temperature field of the worktable
assembly, analyses of structural deformation in three axis-
directions were carried out as well. The thermal-induced de-
formation fields in the x-, y-, and z-directions are shown in
Fig. 6, respectively. Figure 6a revealed that the largest total
thermal-induced deformation of the worktable assembly ap-
pears at the fixture (49.88 um). The explanation for this ob-
servation is that the upper end of the fixture directly contacted
the workpiece where the cutting heat entries, whereas its op-
posite end was close to the base shell, which had lowest

Unit: °C

u

—

70.832 Max
65.766
60.701
55.636
50.57

45.505
40.439
35.374
30.309
25.243 Min

Fig. 5 Steady temperature field of the worktable assembly
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Fig. 6 Steady thermal-induced
deformation fields of the Unit: m
worktable assembly

4.4334e-5
3.8792e-5
3.3251e-5
2.7709e-5
2.2167e-5
1.6625e-5
1.1084e-5
5.5418e-6
0 Min

4.9876e-5 Max

Unit: m

4.8658e-5 Max
4.2256e-5
3.5854e-5
2.9452e-5
2.3051e-5
£ 16649-5

-~ 1.0247e-5
3.8451e-6
-2.5568e-6
-8.9586e-6 Min

(a) Total deformation (b) Directional deformation of x-axis

Unit: m

4.3089e-5 Max

Unit: m

3.9056e-5 Max

3.0365e-5
3.4368e-5 21673e-5
2.5648e-5 1.2982¢-5
1.6927e-5 4.2908e-6
8.2071e-6 -4.4005¢-6

| -5.134e-7 -13092-5
-9.2338e-6 -2.1783e-5
-1.7954e-5 -3.0474e-5
-2.6675¢-5 -3.9166e-5 Min
-3.5395e-5 Min

(c) Directional deformation of y-axis (d) Directional deformation of z-axis

temperatures in the cutting process. This temperature differ-  temperature gradient, leading to the largest thermal-induced
ence between the two ends of the fixture causes the largest  deformation.

Fig. 7 Temperatures of the key
points increased over time
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Table 6 The locations of eight key points

Key points Location

Ty Outer surface of the workpiece

T, Outer surface of the fixture2

Ts Outer surface of the fixture3

T4 Outer surface of the fixturel

Ts Outer surface of the shield

Ts Outer surface of the shell

4 Bearings at the upper end of spindle
t Bearings at the lower end of spindle

Because the thermal-induced deformation in the y-axis di-
rection was the most important effect factor of the tooth profile
error in gear hobbing, it was necessary to find out which
component is the most vulnerable to the y-axis-direction de-
formation. As shown in Fig. 6b, the largest y-axis-direction
deformation appeared at the workpiece, which was 43.09 um.
The reason is that the workpiece was fixed by the fixture and
the center above it, which limited the displacement in the axial
direction. Therefore, the thermal-induced deformation has to
happen at other directions.

3.2 The characteristics of the time-variant
temperature distribution and the thermal error

To further comprehend how the temperature and deformation
fields vary with time, the transient-state thermal-structure
characteristics of the worktable assembly were analyzed as
well. Eight points from the surface of the worktable assembly
were selected and monitored. Figure 2 and Table 6 show the
locations of these eight points.

As shown in Fig. 7, temperature of these eight points varies
with time and location: the closer to the workpiece, the faster

50

Tl ====T2 ----T3
T5 T6 ----tl

T4
©2

45

Thermal deformation/pm

200 5200 10200 15200 20200
Time/s

Fig. 8 Deformation trend of then monitoring points
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\ PT100O
temperature
sensors

Fig.9 T
he locations of PT100 thermometers used in the experiments

the temperature rises. At the initial stage of large-volume gear
hobbing, the temperature of the worktable assembly kept in-
creasing and subsequently leveled off. It is because that the
compressed air cools the worktable assembly by the convec-
tion heat transfer. The heat transfer rate mainly depends on the
difference between the air temperature and surface tempera-
ture of each component. At the initial stage of large-volume
gear hobbing, the cutting heat accumulated on the worktable
assembly was relatively small. Therefore, the surface temper-
ature of the worktable assembly was close to surrounding air
temperature, which led to the less heat dissipated therefore the
quick rise in the surface temperature of the worktable assem-
bly. As the increasing of heat accumulated on the worktable
assembly, the increasing temperature disparity between the
worktable assembly and the surrounding air caused an in-
crease in the heat transfer rate. At the later stage of large-
volume dry gear hobbing, the cutting heat inputted and the
heat dissipated finally reached equilibrium (Table 6). Figure 7
also revealed that the thermal balance of the worktable assem-
bly can be found in 15,000 s.

Figure 8 shows the tendencies of thermal-induced de-
formations at these eight monitoring points. No matter at

! '

Fig. 10 A thermal image taken in the experiment
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Fig. 11 Change tendencies of the temperature at the points of T2 and T5

which points, the magnitude of thermal-induced deforma-
tion increased rapidly in the first 2 h. After that, the de-
formation velocity of these points gradually decreased and
finally, no further deformation happened. Besides, al-
though there was a similarity between the change tenden-
cies of temperatures and those of deformations at these
eight points, the deformation magnitudes of these points
were not necessarily dependent on their temperatures.
Take T, as an example, the point 77 had the highest tem-
perature in later stage of the gear hobbing process
(68.12 °C), but the amount of deformation was relatively
small (39.7 um). An explanation for this finding is that
the deformation magnitude was more associated with tem-
perature gradient than the temperature itself.

3.3 Experimental verification

To prove the reliability of the developed thermal-structure
coupling analysis model, an experimental test was run. In
this experiment, the working condition of the dry hobbing
machine was the same as those listed in Table 1. Two

temperature sensors (PT100) were used to measure the
outer surface temperature of the shell in the worktable
assembly (TS5, T6), and a thermal infrared imager
(Ti400) was adopted to measure the temperatures of T1-
T4 located at the rotating components of the worktable
assembly. Figure 9 shows the locations of the temperature
sensors placed at the shell.

One hundred gears were processed in the experiments,
which took 6000 s in total. The whole gear hobbing pro-
cess was automatically stopped at regular intervals, i. e.,
30 s in every 1,200 s. In each interval, the temperatures of
the points T1-T4 were measured by the infrared imager. A
thermal image taken in the test is shown in Fig. 10. On
the other hand, temperatures at the points T1-T4 were
monitored in real-time during the experiment.

As revealed in Fig. 11, in the transient-state tempera-
ture field analysis of the worktable assembly, calculated
temperatures of T1-T6 were relatively higher than the ex-
perimental data, and there was a deviation between the
experimental curve and the curve derived from the numer-
ical simulation results. This is because that in each inter-
vals of the experiment, the shield of the dry hobbing ma-
chine must be opened in order to measure the tempera-
tures of T1-T4. In this case, there was an exchange be-
tween the warmer air inside and cooler ambient air out-
side of the dry hobbing machine. Hence, more heat was
taken away from the worktable assembly by the convec-
tion heat transfer. However, as suggested by Table 7, the
relative error between experiment data and simulation re-
sults was only 5%; the accuracy of our proposed numer-
ical model was acceptable. Figure 11 also indicated that
the numerical simulation results achieved by using Eq. (7)
had a larger deviation from the experimental curve than
those obtained by using Egs. (8—10). It verified our point
that the set of Eqs. (8—10) is fitter for the simulation of the
forced convection heat transfer that happens to the work-
table assembly.

The satisfactory agreement between the calculated re-
sults and the experimental data indicates that the newly

Table 7 Comparison between the simulation results and the experimental data
No. of the critical temperature measuring points T, Ts T
Initial Final Initial Final Initial Final
temperature temperature temperature temperature temperature temperature
Experimental values (°C) 40.41 57.65 25.01 26.85 25.00 25.02
Simulation values from novel method (°C) 41.38 59.02 25.02 27.71 25.00 25.33
Relative error (%) 2.40 2.38 0.04 3.20 0 1.24
Simulation values from empirical method (°C) 43.42 61.32 25.77 29.05 25.51 27.30
Relative error (%) 7.47 6.37 3.05 8.21 2.03 9.14
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proposed numerical model is a good research tool to in-
vestigate the thermal behavior of the worktable assembly.
Furthermore, this model is very helpful in the optimiza-
tion design of the worktable assembly.

4 Conclusions

To comprehend the thermal-structural characteristics of the
worktable assembly of the dry gear hobbbing machine, a pre-
cise model was developed in this study. Its accuracy was ex-
perimental verified lately. According to the experimental data
and numerical simulation results, the following conclusions
were received:

1. The convection heat transfer occurs to the worktable as-
sembly can be analogous to the condition that air flows
through a single tube. Therefore the equations corre-
sponding to this situation is fitter for the modeling of the
worktable assembly.

2. Inthe large-volume gear hobbing process, the temperature
at the workpiece was highest at all, whereas the tempera-
ture of the shell at the bottom of the worktable assembly
was lowest (25.24 °C). Besides, the largest thermal-
induced deformation appears at the fixture (49.9 pum).
Hence, the previous assumption that the worktable assem-
bly could be treated as an ideal solid without any thermal-
induced deformation is wrong.

3. The temperature of workable assembly rose sharply in the
first 2 h of large-volume gear hobbing process. However, the
worktable assembly reached the thermal equilibrium in 5 h.
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