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Abstract

The thermal accumulation problem of the dry hobbing machine spindles is quite serious and is an essential reason for gear
machining accuracy. Hence, this study focuses on thermal accumulation modeling and optimization for dry hobbing machine
spindles. Firstly, the thermal accumulation characteristics of the hob spindle and workbench spindle in dry hobbing machine
are clarified, and the effect mechanism of thermal accumulation on the machine spindles deformation is revealed. Then, the
thermal accumulation models for the hob spindle and workbench spindle in dry hobbing machine are established, respectively,
and the characteristic parameters of the thermal accumulation models are quantitatively analyzed. Finally, a multi-objective
optimization approach for the process parameters considering minimum thermal accumulation in dry hobbing machine
spindles is proposed, and a case study is conducted. The experimental results indicate that the thermal accumulation of the
hob spindle and workbench spindle is reduced by 11.17% and 19.3%, respectively; the hobbing efficiency is increased by
8.22% as well as effectively reducing the average temperature of the machine spindles and controlling the gear’s M-value,

which proves the effectiveness of proposed approach.
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1 Introduction

Dry cutting is a green and advanced manufacturing technol-
ogy with the advantages of high productivity, low machin-
ing cost, and low environmental hazards in the workshop
[1-3]. However, the high speed and absence of cutting oil/
liquid cooling lubrication for dry hobbing machine result in
higher heat production than heat dissipation in the machine
spindles, which eventually leads to significant thermal defor-
mation problems [4, 5]. It is worth noting that the spindles
of dry hobbing machine are located in a separate confined
cutting space, which dramatically limits the heat dissipation
from spindles and enhances the thermal accumulation effect
of spindles. Therefore, studying the thermal accumulation
models and their optimization approaches in dry hobbing
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machine spindles is of great theoretical significance and
practical value for improving gear machining accuracy.
According to the current research results, thermal defor-
mation errors account for 40 to 70% of the total error in the
machine, which is the leading cause of the impact on work-
piece machining accuracy [6]. To investigate and mitigate
the thermogenic effects of the machine tool, Zhang et al.
[7] derived and established the thermal error transfer func-
tion of the whole machine, and combined it with time and
frequency domain analysis to obtain the machine’s thermal
characteristics. Zhao et al. [8] established a thermal analy-
sis model for identifying large EDM machines’ static and
dynamic thermal behavior, and revealed the heat balance
characteristics of the machines. Yao et al. [9] proposed an
approach for modeling heat errors in machine tools based on
dynamic temperature gradients and optimized the location
of temperature measurements on the machine. Feng et al.
[10] theoretically analyzed the thermal and temperature
distribution characteristics of machine screw shafts, and
proposed a new model based on thermal characterization
to compensate for positioning errors. Wei et al. [11] pro-
posed a thermal error prediction model based on Gaussian
process regression, which enables interval thermal error

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-023-11371-8&domain=pdf

4338 The International Journal of Advanced Manufacturing Technology (2023) 126:4337-4351

prediction for machine tools. Narendra et al. [12] developed
a real-time thermal error compensation module for precision
machine tools, which has been successfully implemented on
a diamond turning machine. The above studies are feasible
and effective in analyzing and mitigating the thermogenic
effects of conventional machine tools. However, dry hobbing
machines differ from conventional machine tools in terms of
structure, heat source, and heat dissipation, resulting in very
complex thermal characteristics and thermal deformation
mechanisms. Hence, there are limitations to the study of
heat problems on dry hobbing machines that require further
exploration.

Due to the uniqueness and complexity of the heat flow
characteristics and temperature field distribution in dry
hobbing machine, the thermal impact problem has received
extensive attention. Zhu et al. [13] analyzed the heat accu-
mulation characteristics of dry hobbing machine and estab-
lished a multivariable heat control model to effectively
control the variation of temperature and heat deformation
error for machine components. Kadashevich et al. [14] pro-
posed an improved DEXEL model to visualize the gear’s
geometric features and temperature field. Li et al. [15] con-
ducted thermal-structural coupling numerical simulations
of the heat transfer process and thermal deformation on dry
hobbing machine workbench, and revealed the temperature
field distribution characteristics of workbench. Yang et al.
[16] revealed the heat accumulation mechanism for dry hob-
bing machines and established a heat balance optimization
model, which effectively reduced the average temperature in
the machine cutting space. Li et al. [17] analyzed the ther-
mal energy accumulation characteristics of the hob spindle
in dry hobbing machine and established a thermal energy
balance optimization model for the electric spindle system
based on process parameters. However, the above studies
have focused on the thermal characteristics and thermal
effects of a single component in dry hobbing machine, leav-
ing a gap in research into the simultaneous implementation
of thermal balance regulation for multiple key components.
Therefore, this study plans to conduct synergistic analysis of
the thermal accumulation characteristics of the hob spindle
and workbench spindle in dry hobbing machine. Based on
the above ideas, the authors’ team has already conducted
some related studies on the thermal problems of dry hobbing
machine, such as the heat flow characteristics of dry hobbing
machine [18], the generation of cutting heat [19], and the
thermal deformation effects of hot chips on the workbench
[20], which provide some basis for the subsequent thermal
accumulation optimization of the machine spindles.

The thermal accumulation of the dry hobbing machine
spindles directly affects the gear machining quality and is
closely related to the dry hobbing process parameters. On
the one hand, the process parameters determine the machine
heat source’s thermal generation and the cooling system’s
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heat dissipation efficiency, which further affects the thermal
accumulation of the spindles. On the other hand, the ther-
mal accumulation control optimization of a single machine
spindle will have local optimum solutions, which have limi-
tations for improving the workpiece accuracy. Therefore,
in this study, the thermal accumulation models of the hob
spindle and workbench spindle in dry hobbing machine are
established to obtain the process parameters that minimize
the thermal accumulation of the machine.

The detailed research structure of this study is as follows:
Section 2 clarifies the thermal deformation mechanism of
the spindles for dry hobbing machine; Section 3 establishes
the thermal accumulation model of the dry hobbing machine
spindles; Section 4 establishes the multi-objective optimiza-
tion model of minimum thermal accumulation for machine
spindles; Section 5 conducts a case study on multi-objective
optimization approach of process parameters for minimum
thermal accumulation in dry hobbing machine spindles; Sec-
tion 6 summarizes the research and looks ahead to subse-
quent studies.

2 Thermal deformation mechanism of dry
hobbing machine spindles

Dry hobbing machine has many differences from conven-
tional machine tools, including structural characteristics,
cooling methods, etc. As shown in Fig. 1a and b, compared
to wet hobbing machines, the inside in dry hobbing machine
consists of a separate enclosed cutting space with machine
shields, metal covers, and isolation baffles. In addition, dry
hobbing is high-speed machining and adopts compressed
air instead of cutting oil/fluid, resulting in enormous heat
generation and extremely ineffective heat dissipation of the
machine spindles. As shown in Fig. 1a and ¢, compared with
other metal cutting machine tools, the dry hobbing machine
has two spindles, including the hob spindle and workbench
spindle, and they are forced to mesh and rotate according to
the transmission ratio in hobbing process. The forced mesh-
ing of the two spindles exacerbates the generation of cutting
heat and causes coupling effects on thermal deformation of
the hob spindle and workbench spindle. Therefore, the heat
flow characteristics and thermal deformation mechanism of
dry hobbing machine spindles have their own complexity
and specificity.

The heat flow in the dry hobbing machine spindles con-
sists of three forms. One is the heat transfer to air through
thermal convection; the second is the heat transfer to the
directly contacted components by heat conduction; the third
is the heat radiation to the surrounding area. Dry hobbing
machine spindles are directly driven by two separate servo
motors; the hob spindle and workbench spindle are subject
to heat transfer from the motors by heat conduction and heat
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Fig. 1 Structural characteristics
comparison of dry hobbing
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radiation. Gears and bearings are the common kinematic
pairs of the hob spindle and workbench spindle; the machine
spindles will be subject to heat conduction and heat radiation
from the gears and bearings. In addition, due to the close
proximity of the hob spindle to feed system, it is also sub-
ject to heat conduction and heat radiation from ball screws,
guides, etc.. Cutting heat is one of the main heat sources
for the machine spindles, in which small part is transferred
to the spindles through hob and workpiece. The majority
is carried away from the machine by cooling air and hot
chips. It is worth noting that hot chips are subject to heat
conduction and heat radiation with workbench spindle in the
discharge process. The environment temperature and elec-
tronic components can also have some effect on the heat
flow of machine spindles through heat convection and heat

Fig.2 Heat transfer model of
dry hobbing machine spindles

(b) Wet hobbing machine (c) Vertical milling machine

radiation. The heat transfer model for dry hobbing machine
spindles is shown in Fig. 2.

The unequal heat generation and heat dissipation in dry
hobbing machine spindles will lead to thermal accumula-
tion effects, resulting in uneven distribution of its tempera-
ture field and thermal deformation, which in turn causes
deviations in the cutting amount and cutting position of the
workpiece material and impacts the gear machining accu-
racy. As shown in Fig. 3, the black model represents the
shape of the machine spindles before machining, and the red
model represents the shape of the machine spindles during
the machining process when thermal deformation occurs.
Dry hobbing machine spindles after the thermal accumu-
lation effect will result in heat deformation so that they
become skewed. Hob deviates &, 5., d., in the X, Y, and
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Fig.3 Thermal deformation
mechanism of dry hobbing
machine spindles
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Z directions, respectively; workpiece deviates dy,, 6y, Sy,
in the X, Y, and Z, directions, respectively, which together
constitute the thermal deformation error of gear machining.
It is worth emphasizing that the thermal deformation error
O, =0y, + 0, in the X direction has the greatest impact on
the hobbing accuracy. Therefore, the temperature rise of the
hob spindle and workbench spindle can be reduced by con-
trolling their thermal accumulation, thus decreasing dy,, 0.
respectively, to minimize the thermal deformation error o,
of gear in the X direction.

The research on the thermal control of guide rails, ball
screws, motors, and gear pairs is quite mature. Meanwhile,
the hobbing process includes cutting time and a relatively
short auxiliary time, while the machine feed parts mainly
generate heat during the auxiliary time. Thus, the heat gen-
erated by the machine guide, ball screw, and other feed sys-
tems is relatively small. In addition, we consider the limita-
tions of conducting thermal effect studies only for a single
spindle in the dry hobbing machine. Therefore, this study
focuses on the thermal accumulation problem of the hob
spindle and workbench spindle with cutting heat and bearing
heat generation as the primary heat sources and conducts the
synergistic optimization study.

3 Quantitative analysis of the spindle
thermal energy

3.1 Thermal accumulation model for hob spindle

The heat flow characteristics of hob spindle include the

frictional heat generated by the bearings at both ends
One the cutting heat Qy ., the forced convective heat
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exchange between the cooling air to hob and bearings
Ohsheas Phsbear the convective heat exchange between the
air to hob spindle Q,,, the heat conduction between the
hob spindle to the parts in direct contact Qy,, and the
radiation heat exchange between the hob spindle to the
surrounding environment Q.. In addition, the thermal
impact of the electronic parts on the machine spindles is
relatively small and is ignored. Therefore, the heat flow
model of hob spindle is shown in Fig. 4.

In summary, the thermal accumulation @, of hob spin-
dle can be expressed as Eq. (1).

th = thb + thc - thhca - thbca - tha - thp - the
ey
Bearing heat generation is calculated by the following
equation:

ths
Oney = / . 1.047 x 10™*M, 4 n, Ny, dt )

where £, is the total hob rotation time, s; ny, is the hob spin-
dle speed, r/min; N, is the number of bearings in hob spin-
dle; My, is the total friction torque of bearings in the hob
spindle, N-mm.

The cutting heat generated during the hobbing process
is mainly distributed among chips, cooling air, hob, and
workpiece. Part of the cutting heat carried by the work-
piece is transferred to the workbench spindle by heat con-
duction. This study defines the proportion of cutting heat
transferred to the hob as R, and the proportion of cut-
ting heat transferred to the workbench spindle through the
workpiece as R,. Thus, the cutting heat to which the hob
spindle is subjected is
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Fig.4 Heat flow model of the
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where ¢, is the total cutting time of hob, s.
The heat removed from the hob by cooling air is

e
thhca = / hhSh(Th - Tc)dt (4)
0

The heat transfer between the bearing of hob spindle
and the cooling air is

fhs
Ohspea = / . Pigo SnspNns(Thgy — To)dt )

where h_h is the average forced convection heat transfer coef-
ficient, W/(mZ-K); T, T, are the temperatures of the hob and
cooling air, respectively, °C; S}, is the cooling area of hob
(related to the width of flat port nozzle), m?; kg, is forced
convective heat transfer coefficient between the bearings of
hob spindle and cooling air, W/(m*K); S, is the convective
heat transfer area of bearing in hob spindle, m?; T, is the
temperature of bearing in hob spindle, °C.

The convective heat transfer of air to the hob spindle is

%
tha = /OhaShs(Ths - Ta)dt (6)

where ¢, is the total working time of machine tool, s; A, is
the natural convection coefficient of air, W/(m?K); S} 18 the
surface area of hob spindle, m?; T, is the temperature of hob
spindle, C; T, is the air temperature, °C.

The heat exchanged by heat conduction between the hob
spindle and the adjacent parts is

where 4, is the thermal conductivity of the adjacent parts
for hob spindle, W/(m-K); Ty, is the temperature of adjacent
parts, °C; 5hsp is the thickness of adjacent parts, m; ShSp is the
area of hob spindle in contact with the adjacent parts, m>.
The heat exchanged between the hob spindle and the sur-

rounding environment through heat radiation is

tl
the = / Ehsashs(Ths - Ta)4dt (8)
0

where ¢ is the emissivity of hob spindle; o is the Stephen-
Boltzmann constant, ¢ = 5.67 X 1078 W/(m?>-K*).

Thus, the thermal accumulation Q, of the hob spindle
can be further expressed as

Ohs = Ohsp T Ohse — Chshea — Chsbea ~ Chsa — Chsp — Phse
01047 X 107 My my Nyodt + [ Ry F o % dr—
Sy Sy(Ty = Tt = [ &l SpoNog (Thasy — Tt~
T oS = T [y TS i
J (€ns0Sng(Ths — T dlt

®

3.2 Thermal accumulation model for workbench
spindle

The heat flow characteristics of the workbench spindle in
dry hobbing machine include the frictional heat generated
by bearings Q,,,, the cutting heat Q,,.., the heat transferred

WwsC?
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by hot chips falling onto the workbench spindle Q... the
forced convective heat transfer between the cooling air and
bearings Q,,c.» the convective heat transfer between the air
and workbench spindle Q,,,, the heat conduction between the
workbench spindle to the parts in direct contact Q,,,, and the
radiation heat transfer between the workbench spindle to the
surrounding environment Q,,., as shown in Fig. 5.

Therefore, the heat accumulation Q,,, of the workbench
spindle can be expressed as Eq. (10).

Qws = Qwsb + Qwsc + Qwshc - Qwsbca - Qwsa - Qwsp - Qwse
(10)

There are two groups of bearings inside the workbench
spindle in dry hobbing machine, and the bearings are located
at the upper and lower ends of workbench spindle. Therefore,
the thermal generated by bearings inside the workbench spin-
dle can be calculated using the following equation:

tWS
Oush = / . 1.047 X 107*M g n, N dt (11)

where N, is the number of bearings in the workbench spin-
dle; z,, is the total workbench spindle rotation time, s; M,
is the total friction torque of bearings, N-mm; n,, is the rota-
tion speed of workbench spindle, r/min.

The cutting heat to which the workbench spindle is sub-

jected is

0 _/ICR Jo 12
wse 0 ws* ¢ 60 ( )
Adjacent IQWSP ,_I’=E_|<— Qwsc

parts
QVVSB Gear
$ . == Workbench
Air -« Spindle
Cooling air AT
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<

Qws he —

VAANNA

Fig.5 Heat flow model of the workbench spindle

@ Springer

The heat transfer from the hot chips to workbench spindle
is [20]

Qwshcznﬁslrewwtr 13)
where n is the total number of chips; A, is the thermal con-
ductivity of workbench shield, W/(m-"C); . is the length of
chip rolling down on the shield, m; e, is the contact width
between the chip and shield, m; 7 is the hot chip tempera-
ture, °C; T, is the workbench spindle temperature, °C; J; is
the shield thickness, m; and ¢, is chip rolling down time on
workbench spindle, s.

The heat exchange between the bearing inside workbench
spindle and cooling air is

Ly
Qwsbca = /O hwswaswas(Twsb - Tc)dt (14)

where h,,, is the forced convective heat transfer coefficient
between the bearings inside workbench spindle and cool-
ing air, W/(m*K); S, is the convective heat transfer area
of bearings inside the workbench spindle, m?; T, is the
temperature of bearings inside the workbench spindle, °C.

The convective heat exchange between the air and the work-
bench spindle is

[
Qwsa = / haSws(Tws - Ta)dt (15)
0
where S, is the surface area of workbench spindle, m?.
The heat exchanged by heat conduction between the work-
bench spindle and adjacent parts is

e (Tws - Twsp)

Qwsp = / )’wsp S Swspdt (]6)
0 wsp

where A, is the thermal conductivity of adjacent parts for

the workbench spindle, W/(m-K); T, is the adjacent part
temperature of workbench spindle, °C; d,,, is the adjacent
part thickness of workbench spindle, m; SWsp is the area of
workbench spindle in contact with adjacent parts, m?.

The heat exchange of workbench spindle to the surrounding

environment through heat radiation is
t\

Qwse = / 6WSGSWS(TWS - Ta)4dt (17
0

where ¢, is the emissivity of workbench spindle.

In summary, the heat accumulation Q,,, of the workbench
spindle can be further expressed as
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Qws = Qwsb + Qwsc + Qwshc - Qwsbca - Qwsa - QWSp - Qwse
/:)ws 1.047 x 10_4Mwsbandet + ng FEW g

WSC60

T c_Tws Tys
n/lslrew s 5 I — f() hwswaswas(Twsb - Tc)dt_
= 1, : 1, (Tws_Tws )
6haSws(Tws - Ta)dt - dﬁwsp B . Swspd[_

fggwsgsws(Tws - Ta)4di
(18)

3.3 Characteristic parameters calculation
for thermal accumulation models

According to the analysis in Section 2, cutting heat and
bearing frictional heat generation are the leading causes of
thermal accumulation in hob spindle and workbench spin-
dle. Meanwhile, during the dry hobbing process, the hob
spindle and workbench spindle are subject to convective
heat exchange with the air, forced convective heat trans-
fer between the hob and bearings and the cooling air, heat
conduction between the hob spindle and workbench spindle
and adjacent parts, as well as heat radiation with the sur-
rounding environment. Therefore, the cutting heat genera-
tion efficiency P, bearing friction heat generation efficiency
Py, bearing and cooling air forced convection heat transfer
efficiency Py, the heat conduction efficiency P, of the
spindles and adjacent parts, and the spindles and the sur-
rounding environment heat radiation efficiency P, are com-
mon characteristic parameters of the thermal accumulation
model for the hob spindle and workbench spindle, which are
calculated as follows.

For cutting heat, the elastic and plastic deformation works
of workpiece material and the friction work between the
hob-chip and hob-gear are almost entirely converted into
cutting heat. Combined with the functional relationship
between the cutting line speed and the spindle speed in dry
hobbing, the cutting heat production efficiency can be deter-
mined according to Eq. (19), where the cutting force F, can
be obtained based on Eq. (20) proposed by the Pfauter Co.,
Ltd. [15].

ﬂ'dhnh
60

pe=F. (19)

1.96 x 104m0.95 .8a O.ISeO.OIZﬁC
= fo p g 60_6511—0.35 CW (20)

c 10.28/0.740.6
c

where d,, is the hob diameter, m; m is the gear module, mm;
fis the hob axial feed, mm/r; @ is the hobbing depth, mm; g
is the gear helix angle, °; C, is the hob head coefficient; y is
the gear hob head coefficient, for master gear, y =0; z is the
tooth numbers of gear; C,, is the gear material coefficient; V,
is hob cutting speed (V,=nd,n;), m/min; i is the number of
hob grooves; A is the hob coefficient, A =d;/2 m.

For the frictional heat generation of bearings, its heat gen-
eration efficiency can be calculated by Eq. (21), where the
frictional torque is calculated according to Eq. (22) as refer-
enced to Ref. [15].

P, = 1.047 x 107*M n, 1)

M, = { 107" fy(vng)** D3 +f, P, D, vngy, > 2000 @)

1.6 X 107, D3 +f, P, D, vy, < 2000

where My, is the total friction torque of the rolling bearing,
N-mm; ny is the bearing support shaft speed, r/min; f; is
the coefficient related to the bearing type and lubrication;
v is the kinematic viscosity of the bearing lubricating fluid,
mm?/s; D, is the bearing middle diameter, mm; f; is the
coefficient related to the bearing structure and load; P, is
determined by the load on the bearing.

For thermal convection heat transfer, there is forced con-
vection heat transfer between the cooling air and the hob and
bearings, and natural convection heat transfer between the air
and the hob spindle and workbench spindle, which differ by
the convection heat transfer coefficient. Considering the large
amount of heat generated during the hobbing process and in
order to prevent hot chips from accumulating on the hob, cool-
ing air is used to cool the hob spindle and blow away the chips.
Therefore, the hob spindle is subjected to forced convection
heat transfer from the cooling air, as shown in Fig. 6. The cool-
ing air is passed through the flat port nozzle to cool hob in the
form of impinging jet, and the forced convection heat transfer
efficiency P, can be calculated by Eq. (23) as referenced to
Ref. [21].

P, = ,Sy(T, - T,) (23)
T~ _ kNu
T
_ ! m, p0.42
NI/t = mRe Pl"
4 N o\ 133 -1 24)
m, = 0.695 — [(ﬁ)+(ﬁ) +3.06]
Re = VeaDy

where £ is the thermal conductivity of cooling air, W/(m-K);
Nu is the average Nussle number; D, is the characteristic
length, m; W is the nozzle slit width, m; H is the distance
between the nozzle and hob surface, m; Re is the Reynolds
number; Pr is the Prandtl number; V,, is the flow speed of
cooling air, m/s; v, is the kinematic viscosity of cooling
air, m%/s, where the functional relationship between the
kinematic viscosity of cooling air and its temperature is
Ve, =8 X 107 T2 +9x 10787, +2x 107,
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Fig.6 Forced heat exchange
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For forced convection transfer between the bearing and
cooling air, the forced convection heat transfer efficiency
Py, can be calculated by Eq. (25) as referenced to Ref. [17].

Pbca = hsstb(st — Tc) (25)
0.0266kPr 3 (pV g0 )"
sb — 0-195,/0.805 (26)

where A, is the forced convective heat transfer coefficient of
the cooling air to bearing, W/(mz-K); S, 1s the convective
heat transfer area of bearing, m?; T, is the bearing tempera-
ture, °C; p is the air density, kg/m?; V,,, is the flow speed
of cooling air in the bearing, m/s; d,, is the bearing middle
diameter, m, where the average flow speed of the cooling air

in the bearing, V,.,. can be calculated by Eq. (27).

v _ ﬂ'nbdesb

sbca - 1
"0z -1

27

For the heat conduction transfer of machine spindles, as
this study focuses on the thermal accumulation effect of the
hob spindle and workbench spindle on their thermal defor-
mation, only the heat conduction between the hob spindle
and workbench spindle and adjacent parts is considered, and
the specific heat conduction efficiency can be calculated by
the following equation:

(T, T,)
P =4

Sp Sp S Sp
sp

(28)

where P, is the heat conduction efficiency, W; 4 is the
thermal conductivity of adjacent parts, W/(m-K); 7 is the

@ Springer

temperature of the hob spindle or workbench spindle, °C; T,
is the temperature of the adjacent parts of the hob spindle or
workbench spindle, °C; 5Sp is the thickness of the adjacent
parts of the hob spindle or workbench spindle, m; S, is the
area of the hob spindle or workbench spindle in contact with
the adjacent parts, m>.

For heat radiation transfer between the machine spindles
and the surrounding environment, in the cutting space, heat
transfer by heat radiation occurs mainly on the component
surface and in the air. The radiative heat transfer efficiency
can be calculated from Eq. (29) as referenced to Ref. [21].

Pse = gsass(Ts - Ta)4 (29)

where P is the radiation heat transfer efficiency, W; ¢ is
the emissivity; S, is the surface area of the hob spindle or
workbench spindle, m?.

4 Multi-objective optimization approach
for minimum spindle thermal
accumulation

4.1 Multi-objective optimization model

The hob spindle and workbench spindle in dry hobbing
machine are key components in direct contact with the work-
piece, and their temperature field distribution characteristics
and thermal deformation directly affect the gear machining
quality. Thermal accumulation is a decisive factor in the
temperature rise of the machine spindles. Therefore, this
study takes the optimization objective for the minimum ther-
mal accumulation of the hob spindle and workbench spindle.
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Combined with the heat transfer calculation equations for
heat conduction and heat radiation, on the one hand, consid-
ering that the temperature change between the hob spindle
and workbench spindle and the contact position of adjacent
parts is relatively tiny; on the other hand, the temperature
difference between the hob spindle and workbench spindle
and the cutting space is not significant, and the Stephen-
Boltzmann constant ¢ is of order 10~%; the heat exchange of
the hob spindle and workbench spindle through heat conduc-
tion and heat radiation is ignored. Therefore, the optimiza-
tion objectives can be further expressed as Eqs. (30) and
3.

th = thb + thc - thhca - thbca - tha
Tns _ 1. d,
o' 1.047 X 107 My ny Nyt + [ ¢ Ry F 225 di—

= JohnSu(Ty — Tc)‘ft — /¢ st St Nas Ty — Tc)dt_
Sy Sin Ty — T,)dt
(30)
Qws = Qwsb + Qwsc + Qw%hc - QWcha Qw%a
1,047 x 10_4Mwsbnw Nyodt + [GRF 2 drt
= n/lslre Thc Wgt /owshWQwasbN s( wsb Tc)dt_
fohasws( ws Ta)dt
(31

The dry hobbing process includes cutting time and auxil-
iary time such as loading and unloading. The auxiliary time
mainly depends on the automation degree of the machine.
Cutting time is mainly related to the cutting speed, feed,
and other process parameters, directly affecting the hobbing
machining efficiency. Therefore, there is some constraint
between machining efficiency and the thermal accumula-
tion of the hob spindle and workbench spindle. To optimize
the thermal accumulation of the hob spindle and workbench
spindle without reducing machining efficiency, cutting time
is used to represent machining efficiency, which is consid-
ered an optimization objective. The cutting time is the ratio
of axial travel to axial feed speed. The axial travel contains
the approach safety tolerance, the retract safety tolerance, the
approach travel, and the overstep travel. Based on engineer-
ing experience, the approach safety tolerance and the retract
safety tolerance are both taken as 2 mm. Therefore, the cut-
ting time of gear machining can be calculated by Eq. (32) as
referenced to Ref. [17].

Ly+Ly+B+4

few= 32
t nthh/Z ( )
\/dy X a, (spur gear)

L =
T X [, +d )’ +d,] (helix gear) (33)

L,,=1.25msiné /tana,, (34)

where 7., is the cutting time, min; L is the approach stroke,
mm; Ly, is the overstep travel, mm; B is the workpiece width,
mm; N, is the number of hob heads; d,, is the outside diam-
eter of workpiece, mm; ¢ is the installation angle of hob, °;
a, is the normal pressure angle of workpiece, °

For decision variables, during the dry hobbing process, the
ratio of workbench spindle rotation speed to hob speed is equal
to the ratio of hob head number to the tooth numbers, which
are closely related to the heat generation of the bearings in
hob spindle and workbench spindle. The speed and axial feed
of the hob are essential factors influencing the cutting heat.
Meanwhile, the hob speed is related to the heat transfer from
the hot chips to workbench spindle. For heat dissipation in
cutting space, the relevant parameters of the cooling air are
controllable factors in determining heat dissipation. Therefore,
three decision variables are considered for optimizing the ther-
mal accumulation in the hob spindle and workbench spindle,
ie,m, f,and T,

For constraint conditions, to ensure that the dry hobbing
machine works appropriately, the optimized parameters should
be within the performance and process requirements of the
machine. According to the technical manual for the dry hob-
bing machine, the value range of speed and axial feed for hob
and the temperature of cooling air can be obtained.

nh,min < ny, < nh,max (35)
fmin Sf Sfmax (36)
Tomin < Te < Ty (37

where 7y 1oy 7 min @re the maximum and minimum values
of spindle speed; f,;n, fimax ar¢ the maximum and minimum
values of hob axial feed; T, ;, is the minimum value of
cooling air temperature.

Based on the above analysis, a multi-objective optimization
model of dry hobbing machine process parameters with syner-
gistic optimization for hob spindle thermal accumulation Oy
and workbench spindle heat accumulation Q,, is established

while maximizing machining efficiency ¢, i.e.,
F(nmy,f, T,) = (minQy,, minQ,,,, mint )
M min < y, < M max (38)
s.L. fmin Sf <fmax
Tc min < T < T
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4.2 Intelligent solution method for optimization
model

In this study, intelligent algorithms are used to optimize the
hobbing process parameters to reduce the thermal accumu-
lation in the hob spindle and workbench spindle. Also, the
workpiece machining efficiency is balanced while minimiz-
ing the heat accumulation in the hob spindle and workbench
spindle. Therefore, this study needs to solve a triple objec-
tive optimization problem. NSGA-III is a suitable optimi-
zation algorithm for solving more than two objectives [22].
NSGA-III achieves a more remarkable improvement in the
ranking of congestion degree compared to NSGA-II, which
mainly introduces widely distributed reference points to
maintain population diversity, making it quite effective in
solving high-dimensional objectives. The optimization pro-
cess of the algorithm NSGA-III for dry hobbing process
parameters is shown in Fig. 7.

Step 1: Coding and initialization of populations. The
parameters involved in the algorithm are encoded in real
coding, and an initial parent population P, of size N is

Fig. 7 Solving process of ther-
mal accumulation optimization
model

randomly generated based on the range of speed and axial
feed for the hob and the temperature of cooling air.

Step 2: Generate offspring populations. The initial parent
population P, is substituted into Egs. (30)—(32) to obtain
the fitness value of each individual. The aim of this study
is to solve for the minimum thermal accumulation for
the hob spindle and workbench spindle as well as the
minimum cutting time. Therefore, the individuals are fast
non-dominated sorted, normalized, and associated with
reference points according to the minimum fitness value.
Then, the initial population is selected, crossed, and var-
ied to produce progeny populations Q, of size N.

Step 3: Merge populations and generate new parent popu-
lations. The parent and offspring populations are merged
into a population of size 2N, then fast non-dominated
sorted, normalized, and associated with reference points
according to the minimum thermal accumulation of the
hob spindle and workbench spindle as well as the mini-
mum cutting time, followed by crowding calculation. N
individuals are selected from the merged population to
create a new parent population R, by fast non-dominated
sorting.

Generate initial parent population combined
with constraints on decision variables

Coding and initialization settings

Decision variables: ny, f, Tt

@ nh,min < nh S nh,max

!

@ fmin ngf;nax

Initial parent population P,

@ 7::,min S]:, <7,

¢

Generate offspring
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Selection, Crossover, Variation

A

Fast non-dominated sorting combined with

objective functions

Merging populations R, = P, [1Q,

A

Objective function:

T<

Generating new
parent population

Fn,, f,T.))=(minQ,,,minQ, ,mint_,)
@ th = thb + thc - thhca - thbca _tha
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Step 4: Determine whether the algorithm reaches the ter-
mination condition. If the population does not get the
iteration termination condition, go to step 2.

5 Case study

The dry hobbing cylindrical spur gear is taken as an
example to solve and validate the optimization model
in this study. Based on the performance of dry hobbing
machine and actual processing condition, the hob speed
is set in the range of 500-1500 r/min, the hob axial feed
is 1-3 mm/r, and the cooling air temperature is taken to
be 5-25 °C. For the main parameters of workpiece, the
normal modulus of gear (m) is 2 mm, the tooth number (z)
is 31, the gear material coefficient (C,) is 1.34, the gear
outside diameter (d,,) is 70.49 mm, the gear width (B) is
13 mm, and the gear normal pressure angle (a,) is 20°.
For the main parameters of hob, the outside diameter of
hob (d,) is 70 m, the number of hob heads (&,) is 3, the
hob head coefficient (Cy) 1s 2, the number of hob grooves
(i) is 17, and the hob installation angle (6) is 5°19'. For
the process parameters of hobbing, the cutting depth (a,,)
is 4.5 mm and the flow speed of cooling air (V) is
313 m/s.

Fig. 8 Pareto solution sets for — —
multi-objective optimization
! P 0.390

0375+

0.360

f,,(min)

0.345

0.330

2.52x10°
2.66x10°

2.80x10°
2.94x10°

QI}S(KI)

5.1 Optimization results

Based on the above dry hobbing data, the established opti-

mization model is solved by the algorithm NSGA-III. Fig-
ure 8 shows the multi-objective optimization solution set
obtained by the algorithm NSGA-III. As shown in Fig. 8,
point C is the theoretical optimum solution, where the ther-
mal accumulation of hob spindle and workbench spindle
as well as cutting time are minimized. In contrast, point D
results in maximum hob spindle and workbench spindle
thermal accumulation and cutting time. Also, as shown in
Fig. 8, the thermal accumulation of both the hob spindle and
workbench spindle at point A is minimal, and the cutting
time is large, reducing the workpiece’s production efficiency.
The cutting time at point B is minimal, and yet the thermal
accumulation of the hob spindle and workbench spindle
becomes larger, which will lead to severe thermal deforma-
tion of the hob spindle and workbench spindle.

Based on the above optimal solution selection problem
for the Pareto, this study adopts the entropy weight TOPSIS
synthetic decision method for optimal solution selection
[23]. Firstly, the Pareto data is reversed and normalized;
then, the entropy weighting method is used to analyze the
thermal accumulation of the hob spindle and workbench
spindle as well as the machining efficiency; finally, TOP-
SIS is adopted to calculate the comprehensive ranking of
each index. The final trade-off optimal solution for thermal
accumulation of the hob spindle and workbench spindle as

_______ l__________::::::/:’;g |
: : D |
| | |
i ' |
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% ' | m=1010r/min |
I: f =11 mm/r |
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Fig.9 The impacts of decision variables on Qy, Q. and 7

well as the machining efficiency is obtained, where the hob
speed n, is 1010 r/min, the hob axial feed fis 1.1 mm/r, and
the cooling air temperature 7, is 5.7 °C.

To investigate the impact of decision variables on the
thermal accumulation Q,, O, in dry hobbing machine
spindles and machining efficiency ¢, sensitivity analysis
has been conducted. As shown in Fig. 9al and b1, the deci-
sion variables have the same impact trend on the thermal
accumulation for hob spindle and workbench spindle, and
the thermal accumulation of hob spindle is overall higher
than the thermal accumulation of workbench spindle. It is
caused by the fact that the hob spindle speed is higher than
the workbench spindle speed, resulting in greater heat gen-
eration from the bearings within the hob spindle; in addition,
the heat transferred from cutting heat into the workbench
spindle is carried away partly by the workpiece. As shown
in Fig. 9a2, a3, b2, and b3, the thermal accumulations Q,,
0,,s of the dry hobbing machine spindles increase with the
increase in hob speed/axial feed/cooling air temperature.

@ Springer

However, higher hob speed and axial feed can reduce
machining times, and higher hob speed can increase the
forced convection heat transfer coefficient between the bear-
ing and the cooling air, which helps to reduce heat build-up
in the machine tool spindle. As shown in Fig. 9cl, c2, and
c3, the cutting time ¢, increases with increasing hob speed/
axial feed; in addition, the cutting time 7, is an important
factor affecting the heat production of the machine spindles
and an essential indicator for controlling the gear machining
efficiency.

5.2 Experimental validation

To verify the validity of the optimization model, the opti-
mum parameters obtained are verified by experiment on a
dry hobbing machine. In this study, the temperature sensor
Pt100 is adopted to collect the temperature variations of the
brackets at two ends in hob spindle as well as the workbench
spindle. The placements of the temperature sensors and the
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Temperature
test platform

e

Fig. 10 Experimental setup for temperature testing

temperature collection platform are shown in Fig. 10. Based
on engineering experience, the values of the unoptimized
decision variables are as follows: hob speed n;, is 800 r/min,
axial feed of the hob fis 1.6 mm/r, and the cooling air tem-
perature 7, is 13 °C.

We compared the values for the decision variables before
and after optimization on the machine’s thermal accumula-
tion and machining efficiency, respectively. It can be found
that after the optimization, the thermal accumulation of hob

machining efficiency while also benefiting the reduction of
thermal deformation in machine components. In addition,
hobbing experiments were carried out for the before- and
after-optimization process parameters. As shown in Fig. 11,
during the hobbing process, the temperature at each collec-
tion point first undergoes a rapid rise and then gradually
stabilizes. After optimizing the parameters, the temperature
of each collection point decreased, and the average tempera-
ture change of each collection point is shown in Table 1.
Therefore, the optimization results effectively reduce the
temperature of the hob spindle and workbench spindle in dry
hobbing machine and improve the gear machining efficiency.

It is worth emphasizing that the thermal deformation of
the dry hobbing machine components is an important factor
affecting the gear machining accuracy, especially the ther-
mal deformation of the hob spindle and workbench spindle,
which will directly affect the contact position of the hob and
workpiece, causing tooth shape error, tooth pitch error, tooth
direction error, etc. Therefore, to further verify the optimiza-
tion model’s validity, the workpiece’s M-values before and
after optimization are measured and compared in this study.
As shown in Fig. 12, with the machining time, the thermal

Table 1 Average temperature variation of collection points

i : B 3 Original Average tem-  Optimized ~ Average tem-  Effects
spindle is reduced from 3.05x 10" to 2.71 X 10” kJ, the ther-  parameters perature (‘C)  parameters  perature (‘C)
mal accumulation of workbench spindle is reduced from n 607 . 1324 7357
2.53%10° to 2.04 x 10° kJ, and the cutting time is reduced spindlel 4074 spindel sy llé 7"
from 0.394 to 0.361 min, which are reduced by 11.17%, ;spimﬂez 22‘44 ;svimﬂez s l7 5‘3;
19.3%, and 8.22%, respectively. It improves the gear bench : bench i \7.59%
Fig. 11 Temperature change 75
curve of collection point Original parameters Optimized parameters
— T pindlel -+ -T spindlel
65 - Tspindle2 T Tspindle2
Tbench -k - T bench

Temperature (°C)
W a~ W
9,1 (9} (V)]

N
(V)]
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deformation of the machine spindles gradually increases,  (2) The thermal accumulation calculation models of the

leading to a gradual increase in the deviation of the work-
piece’s M-value, and finally stabilizing, which is consist-
ent with the temperature change of the machine’s spindles
in Fig. 11. For the original gear machining parameters, the
maximum deviation of M-values is 0.095 mm, while with the
optimized parameters, the maximum deviation of M-values
is reduced to 0.059 mm. The results show that the proposed
thermal accumulation optimization model of dry hobbing
machine is effective in improving gear machining accuracy.

6 Conclusions

The thermal accumulation of the hob spindle and workbench
spindle is directly related to the thermal error for the dry
hobbing machine. This study focuses on the thermal accu-
mulation models of the hob spindle and workbench spindle
and their optimal control method to reduce the thermal influ-
ence of the machine tool and improve the gear machining
accuracy. The study results are as follows.

(1) Combined with the analysis of the structure and motion
relationship for the hob spindle and workbench spin-
dle, the heat transfer model of dry hobbing machine
spindles is established, and the thermal accumulation
deformation mechanism of the dry hobbing machine
spindles is clarified.

@ Springer

dry hobbing machine spindles are established, and the
characteristic parameters of the thermal accumulation
calculation model are quantitatively analyzed.

A multi-objective optimization approach for process
parameters considering the minimum thermal accu-
mulation of the dry hobbing machine spindles is pro-
posed. By applying the proposed optimization method,
the thermal accumulation of the hob spindle and work-
bench spindle is reduced by 11.17% and 19.3%, respec-
tively, the hobbing efficiency is increased by 8.22%,
and the average temperature of the spindles is reduced
as well as the M-value of the gears is controlled.

3

This study has currently only explored and improved
the impact of process parameters on the thermal accumu-
lation in the dry hobbing machine spindles. In fact, the
hobbing process parameters are equally closely related to
the thermal deformation of the machine spindles. There-
fore, further research can be carried out. A mapping rela-
tionship between the process parameters and the machine
spindle thermal deformation can be established, and the
compensation of thermal deformation errors can be con-
sidered along with the optimization of thermal accumula-
tion; secondly, by further combining intelligent sensor sys-
tems to implement precise regulation for each heat source
of the machine tool.
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