The International Journal of Advanced Manufacturing Technology (2020) 106:4533-4545
https://doi.org/10.1007/s00170-020-04936-4

ORIGINAL ARTICLE

®

Check for
updates

Thermal characteristic analysis of ball screw feed drive system based
on finite difference method considering the moving heat source

Yang Li' - Wenming Wei' - Dongxu Su® - Wenwu Wu? - Jun Zhang' - Wanhua Zhao'

Received: 28 September 2019 / Accepted: 13 January 2020 /Published online: 22 January 2020
© Springer-Verlag London Ltd., part of Springer Nature 2020

Abstract

The thermal characteristic of the ball screw feed drive system has great influence on machining accuracy as its thermal defor-
mation would induce the positioning deviation. In this paper, finite difference method was applied to simulate the temperature
distribution and thermal growth of the ball screw feed drive system under various working conditions. When simulating, the nut
was considered a moving heat source, and the boundary conditions were optimized based on response surface methodology. By
comparing the simulation results with the testing data, it was verified that the accuracy of the simulation could be improved by
using the proposed method.

Keywords Finite difference method - Ball screw feed drive system - Thermal characteristic - Moving heat source - Boundary

condition optimization

1 Introduction

The ball screw is the widely used drive system in machine tool
due to its high efficiency, good stiffness, and long lifetime.
However, when it is moving rapidly for high-speed
manufacturing, a great deal of heat is generated at bearings
and the nut because of the friction, which could lead to the
temperature rise and thermal deformation [1, 2]. Furthermore,
the thermal deformation of the ball screw feed drive system
would bring about the positioning deviation and finally result
in deterioration of manufacturing accuracy [3]. Therefore,
scholars and engineers devote to study the thermal character-
istics of the ball screw feed drive system and reduce the ther-
mal error [2, 4-6].

Numerical simulation and practical testing are the two most
popular ways to investigate how the heat is transferred in the
ball screw and how the shaft is deformed. Finite element

>< Yang Li
liyangxx @xjtu.edu.cn

State Key Laboratory for Manufacturing Systems Engineering, Xi’an
Jiaotong University, Xi’an 710049, China

Key Laboratory of NC Machine Tools and Integrated Manufacturing
Equipment of the Education Ministry & Key Lab of Manufacturing
Equipment of Shaanxi Province, Xi’an University of Technology,
Xi’an, Shaanxi, China

method (FEM) is one of the most commonly used methods
to simulate the thermal characteristic of the ball screw feed
drive system numerically. Li [7] and Min [8] calculated the
heat generation and boundary conditions mathematically at
first. Then, they investigated the temperature fields and ther-
mal deformations of the ball screw feed drive systems based
on the FEM model. Oyanguren [9] built two 3-D FEM models
of the double-nut ball screw. One was the heat transfer model
which was used to predict the transient temperature. The other
was the mechanical model which was applied to simulate
thermal expansions, stresses, and contact forces. In Li‘s work
[10], FEM was integrated with the Monte Carlo method.
Then, the heat flow rates, the temperature distribution, and
the thermal errors of ball screw feed drive systems were pre-
dicted. In addition, Wu [11] developed a simplified FEM
model of the ball screw feed drive system. The temperature
rise after long-term movement of the working table was mea-
sured and used to determine the strength of the frictional heat
source by inverse analysis, which was then applied to calcu-
late the thermal error based on the FEM model. At last, the
calculation results were compared with testing data to verify
the correctness of the model. It is easier and costless for
scholars to know the thermal characteristics of the ball screw
feed drive system by using the finite element method.
However, some assumptions were made to perform the ther-
mal analysis based on FEM, and the computed value of heat
sources and boundary conditions for the numerical simulation
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are different with the practical working conditions at some
degree. Therefore, the simulation accuracy could be affected
[11, 12].

By testing, thermal characteristics under practical working
conditions can be obtained. Shi and Yang [13—15] conducted
several experiments on a CNC precision boring machine. The
relationships between the thermal error and the axial thermal
expansion as well as temperature of dual ball screw feed drive
system were explored. It was found out that the thermal error
along the axis was nearly linear, but it was nonlinear with
working time. However, the working conditions are various
in practical. It is cumbersome to measure the temperature
changings and thermal error deformation as the ball screw
feed drive system is running at different feeding speed and
in different ranges, and it is difficult to obtain the data some-
times. For example, the temperature of the shaft is hard to
collect by using contact temperature sensors when the shaft
is rotating. Although, it is possible to obtain the temperature of
the shaft of the ball screw feed drive system by using the
thermal infrared imager, the accuracy of the testing is limited,
and the cost of the testing is high.

Therefore, a novel finite difference model is established in
this paper to study the thermal characteristics of the ball screw
feed drive system. In the model, the nut is considered a mov-
ing heat source, and the boundary conditions when the nut is
moving in different ranges at different speeds are applied for
simulation, which could help to improve the simulation accu-
racy. Based on the model, the temperature of shaft and posi-
tioning deviations under various working conditions are sim-
ulated. Finally, the simulation results are verified with the
experiment data.

2 Thermal model of the ball screw feed drive
system based on finite difference
methodology

2.1 Heat sources s of the ball screw feed drive system

As shown in Fig. 1, the ball screw feed drive system is always
simplified as the one-dimensional model.

In the model, the motor drives the ball screw to rotate. The
motor is connected to the screw by the shaft coupling, and it
is assumed that there is little heat transferred from the motor
to the ball screw. Therefore, the front bearing, the nut, and

Front Ty Rear

Bearing — 4" Bearing

q1 q> qs3
Fig. 1 Simplified model of the ball screw feed drive system
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the rear bearing are considered as the heat sources of the ball
screw feed drive system. The heat fluxes transferred from
these heat sources to the system are named as ¢q;, ¢, and
q3, respectively. In addition, a part of heat is dissipated
through heat convection, and the heat convection coefficient
is /1y. The initial temperature distribution is considered uni-
form, and the value is Tj.

The heat generated from bearings is labeled as Oy, which
can be computed as follows [16, 17].

0, = 1.047 x 10 *n,M, (1)
My =Mp +Mp (2)
My = fp1°Po1+dpm (3)

My, = { 10_7fb2(y7b”b)§d13)m3 vy 22000 (4)
160 x 10" f,dpm™  vpny < 2000

where, n,, is the speed of the bearing, r/min. M,,; and M,,
represent the friction torques related to the external load and
the viscous friction, respectively, M mm. f;,; and f;, are coef-
ficients which are determined by the type, the load, and the
lubrication condition of bearings. dj,, is the pitch diameter, m.
v, is the kinematic viscosity of the lubricant, cSt.

P,,; is dependent on the force of the bearing.

Py = aFy 4+ bFy, (5)

where, a and b are the coefficients. F, and F}, are the axial
and radial force of bearings, N.

Meantime, the heat generated due to the friction between
the nut and the ball screw can be computed according to
Eq. (6).

Qnut = 0.1271,M s (6)
Mnut = Mmtt,a + Mnut,b (7)
Fnu _a'P
Mo = #(l_n) (8)
Fnut_b'Ph 2
My =—7"——(1— 9
t_b 27 ( n ) )

where, n,,, is the rotational speed of the ball screw, r/min;
M, o 1s the torque which is used to overcome the axial force
and cutting force, N/m; M, , is the torque which is related to
the preload of the nut, N/'m; /.., , and F',,,, 1, is the axial force
and the preload, respectively, N; P, is the lead of the screw, m;
7 is the transmission efficiency (0.95~0.98).

Then heat flux ¢;, ¢, and g3 in the model can be obtained
according to the following equations.

(10)

where, Q is the heat generated from bearings or the nut, W; A
is the area, m°.
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Fig. 2 Heat transfer of the element in the middle of the ball screw

2.2 Heat dissipation of the ball screw feed drive
system

In this paper, heat convection is considered the main way of
heat dissipation, and the heat radiation is neglected. When the
feed drive system is running, the heat is transferred by forced
convection. Otherwise, it is considered that the heat is dissi-
pated by the free convection. The convection heat transfer
coefficient /# can be computed as follows.

_ Nu)f

h
L

(11)

where, N, is the Nusselt number; Ajis the heat conductivity of
the fluid, W/(m °C), L is the feature size, m.

1) Free convection heat transfer coefficient

For lots of circumstances, the free convection heat transfer
coefficient can be calculated according to Eq. (11), in which
Nusselt number N, is represented as:
N, = C(GrPr)* (12)
where, Cis the constant. Pr is Prandtl number. Gr is Grashof

number, which can be obtained based on the following equa-
tion.

g BLAT

Gr
2

(13)
where, g is the acceleration of gravity, m/s>. 3 is the volume
coefficient of expansion, 1/K. AT is the temperature differ-
ences between the parts of the feed drive system and the fluid.
v is the kinematic viscosity of the fluid, m>/s.

In summary, the free convection heat transfer coefficients
between parts of the feed drive system and the fluid (normally
the air) can be obtained according to the following equation.

h (14)

. 3 i
_oa (rar
L V2

2) Forced convection heat transfer coefficient

Different with the free convection, the Nusselt number of
forced convection can be obtained based on the following
equation.

N, = 0.133Re*Prt (15)

where, Re is the Reynolds number which is represented as

- 7rnm,td2
T 60w

Re (16)

where, d is the diameter of the ball screw, m.
Finally, the equation for computing the forced convection
heat transfer coefficient can be derived.

2
0133 () prt
h =
L

(17)

2.3 Heat transfer model of the ball screw feed drive
system under various working conditions based
on FDM

Finite difference method (FDM), finite element method
(FEM), finite analytic method (FAM), and finite volume
method (FVM) are widely used numerical analysis methods.
Based on FEM, some commercial softwares, such as ANSYS,
were emerged and applied for simulation in the field of heat
transfer. Although the simulation stability is commonly good,
the accuracy is highly dependent on the boundary conditions.
Unfortunately, the working conditions of the ball screw feed
drive system are complex in practical. The nut is always mov-
ing in different ranges under different speeds for different
periods of time, and the nut becomes a moving heat source.
In other words, working conditions are complicated and hard
to be determined for finite element analysis. By contrast, FDM
is suitable for learning the heat transfer in the object of simple
geometry, and the time for numerical simulation is relatively
short. Therefore, FDM is applied to establish the heat transfer

A
A

Now:  T(0,m) T(1,m)

T(0,m+1)

Fig. 3 Heat transfer of the element at the left end of the ball screw (near
front bearing)

Next moment:
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Now: T(N-1,m) T(N,m)

T(N,m+1)

Fig. 4 Heat transfer of the element at the left end of the ball screw (near
rear bearing)

Next moment:

model of the ball screw system in this paper in which the
moving heat source is considered as well.

Supposing that the length of the screw is L, and it is com-
posed of N elements with length of dx. The total time for the
heat transfer is supposed as ¢, and it is divided into M elements
of which the duration time is d. It is considered that there is a
node in the middle of each element. The temperature of the
node is represented as the average temperature of the element.
For example, 7(n,m) is considered the average temperature of
the nth element at moment m. T(n-1,m) and T(n+ 1,m) are the
temperatures of elements next to the nth element at the same
time. T(n,m+ 1) is the temperature of the nth element at the
moment m + /. The heat transfer model of the ball screw feed
drive system based on FDM is showed in Fig. 2. O, is the
heat transferred between the nth element and surroundings at
moment £. x is related to the position of the nut. d is the
equivalent diameter of the ball screw.

Take the nth element for example, the heat flowing into it
from the left element Q. at moment m can be computed
based on the Fourier law.

T(n,m)-T(n—1,m) wd*

Qleﬁ =-A dx T (18)

where, )\ is the heat conductivity coefficient, W m ™' K.
Similarly, the heat flowing into the nth element from right
Oyig: at moment m is

Fig. 5 The nut position when it is
moving in a range of the ball
screw

T(n+1,m)~T(n,m) nd*
dx 4

Qright =-A (19)

The heat transferred from surroundings is labeled as Q-

qur = q(x)ﬂ-d'dx (20)
According to the conservation law, we know that
Q/eﬁ + qur + Q = Qright + Qin (21)

where, Q and Q;, are the heat generated in the system and the
increment of internal energy, respectively.
In this case,

0=0 (22)

T _ 2
(1, + 1)-T(n,m) | d®
dt 4

Qm = pc (23)

Substituting Eq. (22) and Eq. (23) into Eq. (21), then

A dt
T 1) =——|T(n-1 T 1
(1) = 2 [T 1m) + T+ 1)
A dt 4dt
1224y s 24
# (122 ) T + 2 g
Supposing that,
_aa
7_pcde
4dt
ﬁ_ﬁ

Then Eq. (24) can be changed into Eq. (25).
T(nym+1)=~[T(n=1,m)+ T(n+1,m))

+ (1=29)T(n,m) + Bq(x) (25)

The left end of the ball screw is connected to the motor by
coupling, it assumed that there is little heat transferred into
screw from left. The heat transfer model of ball screw at the
left end is shown in Fig. 3, in which 7(0,m) is the average
temperature of the element at the left end at moment m. The

LVC{IV

\ 4

@ Springer




Int J Adv Manuf Technol (2020) 106:4533-4545

4537

OYO
@) \@

w.

oN
—~— E
Fig. 6 One of the installation methods for the ball screw feed drive
system

relationship between 7(0, m), T(0, m+ 1), and T(1,m) is
shown in Eq. (26).

T(0,m+ 1) = (1=y)T(0,m) +~T(1,m) + Bq(x) (26)
Figure 4 shows the heat transfer in the element at the right
end. As the right end is exposed to the air, the heat is transfer
by convection. The convection heat transfer coefficient is as-
sumed as &y T(N, m+ 1) represents the average temperature
of the element at the right end at moment m + 7, which can be
computed according to the following equation (Eq. (27)).

T(N,m+ 1) =~T(N-1,m) + (1-y)T(N, m)

2 holTo-T(N,m)] + ()

(27)

According to Eq. (25), (26), and (27), Eq. (28) can be
derived. Then the temperature of the ball screw at different
locations and different moments can be obtained through iter-
ative computing.

(1=y)T(n,m) +~T(1,m) + Bg(x) n=0
Tnom+1) = YT (n=1,m) + T(n+1,m)] + (172'y)T(n,m) + (q(x) 0<n<N
AT (n=1,m) + (1=y)T (n, m) +iicbch"[T()7T(n’m)] +pBq(x) n=N

(28)

where, g(x) is determined by the position of x on the ball
SCrew.

q1 0< xsl{fmnt
q, x(1)<x<Ly + x(t)

q(x) = q3 L_LrearSXSL (29)
—ho [T(n, m)—T } elsewhere
0
Table 1  Parameters of the X-axis ball screw feed drive system
Full Diameter Effective Effective Effective Length Lead of
length/ of the start end moving  of nut/ the ball
mm shaftmm point/ point/ range/ mm screw/
mm mm mm mm
1800 37 460 1260 800 120 12

Table 2  Material properties of the X-axis ball screw feed drive system

plkgm>  E/Gpa C/Tkg'k' Xwm k' o/pumm k!

7850 200 448 70 12

where, ¢; and g; are the heat flux of the bearings at front and
rear end of the ball screw, respectively. Heat flux from the nut
to the shaft is ¢,. It is assumed that bearings are installed at the
very end of the ball screw feed drive system. L, and L,
are the width of bearings at each end, and L,, is the width of the
nut. L is the length of the ball screw. x(2) is the location of the
nut at moment . Supposing that the nut is moving from p/ to
p2 at speed of v for a period of time(Fig. 5), then x(z) can be
obtained according to Eq. (30).

{ oor ([‘jt> + 1] Lop=vt+p; mod {]‘Zuor([\‘}.t)@} =1
0 = ” v

v-t—floor (z—t> Lop +p; mod {ﬂoor (Z—t> ,2} #1

op op

(30)

where, Lo, =p>-p1 and p; <x(¢) <p».

According to Eq. (28), the temperature and the thermal
deformation of the ball screw feed drive system are simulated
by using MATLAB. In the finite difference model, the moving
heat source is taken into consideration for simulation, and it
would help to improve the accuracy of analysis.

2.4 Thermal deformation of the ball screw feed drive
system

It is common that the ball screw feed drive system is fixed at
one end and supported at the other end (Fig. 6), which means
it could expand freely when heated. Based on Eq. (31), the
thermal growth of each segment of the ball screw at different
moment (AE(x;, ¢;)) can be computed.
AE(x;,t;) = a-AT (i, j)-dx (31)
where, ais the coefficient of linear thermal expansion, K .
AT, j) is the temperature of the ith element at the jzh moment.
dx is the length of the element.

By summation, the thermal growth of the ball screw feed

drive system E(x;, t;) at location x; at moment #; can be ob-

tained.

E()C,', tj) = AE()C,‘, lj') + AE(xH , l‘j) + ...
+ AE(Xi, f/) (32)
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Table 3  The boundary conditions before and after optimization (ambient temperature = 20 °C, feeding rate = 5.4 m/min)

Heat flux (W/m?)

Convection heat transfer coefficient (W/(m?-K))

X1 X X3 X4
Before optimization 2015 1200 565.2 70
After optimization 1788.6 1027.3 605.7 67.2

I Moment 7 (r=0) at first) I

mod(floor(;—).2]=1
Lop

x()= [ﬂnm(%)*l]’Lop- vetpy

l

| Location x (x=0 at first) |

x(0= vt -[/Innr(%)* 1-Lop*py

N

’ qx) = gz | ‘ q(x) = ho[T(n,m)-To]

l

|
I Define n,m (n €[0,N],m €[0,M]) !

n=0
Y

N

| T(0.m+1)=(1=y)T(0.m)+ yT(L.m)+ Bg(x) 0<n<N .

Y

T(n.m+1)=y[T(n—1Lm)+T(n+Lm)|+(1=27)T(n.m)+ /3(/(.\')|

T(N.m+1)=yT(N=1.m)+(1-y)T(N,m) +:/j%l-ho[7‘u —T(N,m)]+ Pq(x)
v

n=n+l }

m=m+1

Fig. 7 Flow chart of the thermal characteristics simulation process based FDM
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3 Thermal characteristic analysis of ball screw
feed drive system based on FDM

3.1 Study object

In this paper, X-axis of a CNC milling machine (DK-1200) is
selected as the study objet to analyze the thermal characteristic
of the ball screw feed drive system under different working
conditions based on FDM. The ball screw (type 1R40-10B1-
FOWC) is manufactured by PMI Company. Some related pa-
rameters are shown in Tables 1 and 2. In the table, p is density,
E represents elastic modulus. C, A, and « is specific heat
capacity, heat conductivity coefficient, and the coefficient of
linear thermal expansion, respectively.

The ball screw is fixed by a pair of angular contact bearings
(7006C/DF, contact angle is 15°) at the front end which is near
to the motor. At the other end, it is supported by the deep
groove ball bearing (61906).

3.2 Boundary condition optimization based
on response surface methodology

According to Section 2.1 and 2.2, the generated heat and
convection heat transfer coefficient when the nut is mov-
ing at 5.4 m/min are calculated. In order to improve the
simulation accuracy, these boundary conditions are opti-
mized based on the response surface methodology in this
paper.

Response surface methodology was proposed by Box and
Wilson in 1951. It is applied for modeling and analysis of
problems in which a response of interest is affected by several
variables. The second-order model (Eq. (33)) is widely used to
optimize the response [18].

4539

Table 4 Working conditions
A B

Heat flux of front bearing(W/mz) 1332.5 13325
Heat flux of rear bean'ng(W/mz) 1200 1200
Heat flux of the nut(W/m?) 0 8652
Convection heat transfer coefficient (W/m”K)) 70 70
Location of the moving heat source (mm) 0 466~1073.6

Y= () be= ot 3 Bt X Bt + S5 By i< (33)
=1 =1 i

where, Y'is the response variable. f{x) is the approximation of
the response function. x; represents the independent variable. &
is the error. 3y, 3;, B;;, and 3;; are the coefficients which can be
determined by the method of least square.

In this paper, heat flux of the front bearing, the rear bearing,
and the nut are denoted as x;, x, and x3. Forced convection
heat transfer coefficients of the ball screw is the independent
variable x,. Free convection heat transfer coefficient is as-
sumed as constant (value =9 W/(m”K)). Then, the approxi-
mation of the response function f(x;, x,, x3, x,) can be obtain-
ed.

S(x1,x5.,X8) = By + Bix1 + Box2 + Baxs + Baxa + Bi1x1 + B + B3axs
FB455 + Brox1xz + Bi3x1x3 + Braxixa + Baaxaxs + BagXaxs + Bagxsxs

(34)

According to relevant references and experiences, the
values of x;, x,, x3, and x, normally lie in some ranges (Eq.
(35)). The purpose of optimization is to find appropriate pa-
rameters (3; to make sure that the differences between simu-
lated and tested temperatures and thermal growth of the ball
screw feed drive system are the smallest.

Fig. 8 Interface of the thermal LR T S
characteristic analysis software SN HIHEES Parameter input I Temperaturc fiela
based on FDM s=grERh=fo ve2-k wiTEg p=fa0 ka3 37.35 TEENHEE S
sangEgT-l0  C wlipe i Mok :: = =
Rk sasRER i X H T Tl
mEpkd= 01 = wTrEER = Wafack 25.13 E ]
SEpE d= ool » wrsegBe-fal  » =
UHRISBEH HHBTTIREMIEH { Thermal growth
TR 1
wisnme -Fes - Tt (N BT RS
wsk1=fs  » gms=psp p p b = f¥n
_ ¢ ol ol el o af
oot A P -l el el el o
#IBEL=p15  »
e SABHEH | WREREN af
15[
0 O,‘Z Ol,é 016 04‘8
LHWE /
Installation method
UHFAHR[FEE. —HEE
g | Em | B
L
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Fig. 9 Simulated temperatures of
the ball screw based on FEM and
FDM. a Working condition A. b

34
32

—=— FEM
—e— FDM

Working condition B O 30 I 30
° 28 ° 28
§ 26 § 26
24 £ 24
=2 = 2
20 \ A ; A \ , 20 ; . . ; ; .
0 300 600 900 1200 1500 1800 0 300 600 900 1200 1500 1800
L/mm L/mm
(a) Working condition A (b) Working condition B
. 1) Initializing. Setting the initial time and starting position as
;ntm 1?(())(6) 1;221 ,525, )(C)%) )’ g .Supposing .the initial temperature of the ball screw feed
1000<x,<1800 (35) rive system is 20 °C. N
400<x;<1000; 2) According to Eq. (30), the position of the nut at moment ¢
50<x,<100; is determined.
i R L 3) Based on the nut position x(?) obtained from step 2), heat
Y1 om) = 5 {<T1>1—<T1>J [<T1> —<T1>’] ot [T, (1)) flux ¢(x) in Eq. (29) is calculated.
n é { ] { } et [(Tz),;(Tz)ﬁ,,]2 4) Then, g(x) is used to compute the temperature of the ele-
L2 { T3y ~(T), } [ To)~(Ts } . [(ﬂ) . } ment at position x at moment ¢+ dt, i.e., T(x, t+ dt).
Sl B o 5) Evaluating x. If x is not equal to the length of the ball
+X { ] { } [(E)m*(E)/m} screw, return to step 3).
(36) 6) Evaluating ¢. If ¢ is equal to the running time, the simula-

where, T;, T>, and T3 are simulated temperatures of the front
bearing block, the rear bearing block, and the nut. £ is the
axial thermal deformation at the rear end of the ball screw feed
drive system. T}, E and T}, E’ (i=1, 2, 3) represent the simu-
lated and tested data, respectively. The test process would be
introduced in Section 4. ¢,,(m =1, 2, ..., m) represents discrete
moment.

The variable values before and after optimization are listed
in Table 3.

3.3 Thermal characteristic simulation results
of the ball screw system under different working
conditions

By using MATLAB, the temperature distributions and thermal
growths of the ball screw feed drive system under five differ-
ent working conditions are simulated based on FDM. The
flow chart of the thermal characteristic simulation process is
shown in Fig. 7 and introduced as follows.

tion is finished. If not, return to step 2).

According to the simulation process, a software for analyz-
ing thermal characteristics of the ball screw feed drive system
has been developed. The software interface is shown in Fig. 8.
In the left, parameters including the structure parameter, phys-
ical parameter, and working conditions of the ball screw feed
drive system and the environmental parameters are deter-
mined and input into the analysis software. After selection
of the installation method of the ball screw at the bottom right
corner, the temperature field and thermal growth can be com-
puted and showed in the right.

In order to verify the correctness of the analysis, tempera-
tures of the ball screw under some given working conditions
(Table 4) are simulated based on FDM and FEM, respectively.
The simulation results are compared and shown as follow
(Fig. 9).

According to Fig. 9, we know that the simulated tempera-
tures based on FEM and FDM are almost the same. The larg-
est differences between them is about 4%. It verifies the cor-
rectness of the analysis based on FDM.

Table 5 Working conditions of the X-axis in a CNC milling machine

No. 1 2 3 4 5

Moving range/mm 0~400 0~800 200~800 600~800 100~600; 300~400; 200~800
Feed rate/m min ' 54 5.4

Running time/h 3 0.5;0.5;0.5
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. . = 0~400
F!g. 10 .Thermal characteristics 0~400 . 0-600
simulation results of the ball * 0~800 100 —4— 200~800
screw feed drive system under 45 4—200~800 v 600~800
. .. I Y v v 600~800 A
working condition 1~4. a e 801 A=
Temperature. b Positioning Il = - oy
Sati = [} 4
deviation Dy | -— 5% . A
g | F o . 8 .
2 / A A / o 40 o N ¥
g% | / y .u\ " " / c ]
2 \ ‘J:‘ . v“ ‘\\ L . v ,-i % . o A
25 - i | ] i
: g P, : s !// a : A v
20 *: v l“*l+ 0 kf.'": v—V v
T T T T T T T T T 1 T T T T T
0 200 400 600 800 1000 1200 1400 1600 1800 2000 0 200 400 600 800
Umm Position/mm
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In order to learn more about the thermal characteristics
of the X-axis in a CNC milling machine (DK-1200),
temperatures and positioning deviations under different
working conditions are simulated. The working conditions
are illustrated in Table 5. In working condition 1~4 as
shown in the table, the nut is moving in different ranges
at 5.4 m/min continuously for 3 h. In working condition
5, the ball screw feed system is running from 100 to
300 mm for 0.5 h, then moving from 300 to 400 mm
for another half an hour. At last, it moves from 200 to
800 mm for 0.5 h. The feed rate is 5.4 m/min. When the
start of the moving range is 0 (Table 5), it means that the
coordinate value is 460 mm (Table 1) because there are
bearings, bearing house, and other parts at the end of the
feed drive system.

The simulation results under working condition 1~4 are
shown in Fig. 10.

According to Fig. 10, it can be known that tempera-
tures at both ends of the ball screw and the temperature of
the part in which the nut is moving back and forth are
higher due to the friction. The high-temperature area of
the ball screw shaft is related to the moving range at each
working condition. But when the moving range is extend-
ed from 400 mm at condition 1 to 800 mm at working

condition 2, the peak temperature of the ball screw feed-
ing system in the moving range is decreased from about
36 to 29 °C. The peak temperature of the ball screw in the
moving range at working condition 4 is higher than
others, though the moving range is shorter. In addition,
the positioning accuracy is deteriorated as the temperature
is rising. The position at the front bearing is considered 0,
and its positioning deviation is treated as 0 as well, be-
cause the ball screw is fixed at the front bearing of which
the thermal deformation is assumed as 0. At working con-
ditions 2 and 3, the positioning deviation is almost linear
with the coordinate value. The largest positioning devia-
tion of them is about 81 and 82 um, respectively. At
working condition 1, the positioning deviation is becom-
ing larger and larger very fast from position 0 to 400 mm.
While at working condition 4, the changing rate of the
positioning deviation is higher from position 600 to
800 mm. In other words, the positioning accuracy is de-
creasing rapidly in the moving range.

Thermal characteristic simulation results under work-
ing condition 5 is shown in Fig. 11. The changing trends
of the temperature rise, and the positioning deviation are
similar with the simulation results obtained under working
condition 3.

Fig. 11 Thermal characteristic Asj 100
simulation results of the ball {

screw feed drive system under . — 80+
working condition 5. a £
.. . = c
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Table 6 Locations of temperature sensors on a CNC milling machine

No. 1 2 3 4

5 6 7 8

Location Left bearing Right bearing Nut

Motor

Slide Beam Environment 1 Environment 2

4 Temperature and thermal deformation
testing of prestretching ball screw feed drive

4.1 Experiment set-up

In order to verify the analysis results, a series of tests were
conducted on the X-axis ball screw feed drive system of a
CNC milling machine (DK-1200). The ball screw feed drive
system was running under five different working conditions
same to the ones listed in Table 5. Temperatures were tested,
collected, showed, and saved by eight temperature sensors and
a data collection system (CYB-809A). The locations of tem-
perature sensors were illustrated in Table 6 and Fig. 12.
According to ISO230-2 [19] and 1SO230-3 [20], the posi-
tioning deviations were tested by Renishaw laser interferom-
eter (XL-80). The experimental setup is shown in Fig. 13.

4.2 Testing result

Experimental temperatures of the ball screw feed drive system
under working condition 1 to 5 are shown in Fig. 14.

According to the simulation results, it was known that the
temperature was rising continuously and rapidly under work-
ing condition 1 to 4 when the moving range and feeding rate
was unchanged. Under working condition 5, the moving
range was various. It had impact on the heat transfer in the
ball screw feed drive system and led to anomalous tempera-
ture changing. The temperature of the front bearing was higher
than the rear bearing as the heat flux of the former was larger
according to Table 3. The nut temperature was lower. The
temperature rise of the nut was about 3 °C under working
condition 1 to 4, and the temperature rise was 2 °C under
working condition 5.

According to Fig. 15, it can be seen that the tested posi-
tioning deviation curves under different working conditions

were close to each other. The positioning accuracy was de-
creasing continually when the ball screw feed drive was run-
ning. After about 3 h, the positioning deviations were basical-
ly unchanged under working condition 1 to 4. At the far end of
the ball screw (800 mm), the positioning deviation reached to
about 88 pm eventually under working condition 2. When the
nut was moving at three different ranges (condition 5), it was
hard to reach to thermal equilibrium. The positioning devia-
tion was changing all the time, and the largest positioning
deviation was more than 80 pum after 1.5 h.

5 Discussion

By comparing the simulation results with the experimen-
tal data, we find out that the simulated temperatures at
both ends of the ball screw feed drive system are higher
than the testing results. This is because temperature sen-
sors are installed on the surface of the bearing house, and
the tested temperature is not the real temperature of the
bearings. As the experimental temperature data are col-
lected at some certain parts, it is hard to illustrate the
temperature distribution all over the ball screw feed drive
system. When the ambient temperature changes in the
working process, we cannot simulate the thermal charac-
teristics precisely as the environment temperature is con-
sidered constant in the simulation program.

The simulated positioning deviations at the far end of the
ball screw (at 3 h in working condition 1 to 4 and 1.5 h in
working condition 5) are compared with the testing results
(Fig. 16).

According to Fig. 16, it can be seen that the simulation
results and the experiment data are close to each other. The
differences between them lies in the range (—7 pm,7 pm).
However, the changing trends of positioning deviation

Fig. 12 Locations of temperature Rear Bearing Nut Front Bearing Motor
Sensors f A \
/ \
7[ ® \ii
O ¢ | / j Z
o] - | k2
1 6 5 3 T2
4
¥ .
7 8
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Fig. 13 Experiment set-up on a
CNC milling machine

showed in Figs. 10, 11 and 15 are not the same. The tested
positioning deviation curves are close to linearity at the end of

Fig. 14 Temperature testing
results of the ball screw feed
drive system under different
working conditions. a Working
condition 1. b Working condition
2. ¢ Working condition 3. d
Working condition 4. e Working
condition 5
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experiments. By contrast, the simulated positioning deviations
are clearly nonlinear with the position. It may be because that
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in simulation, the structure of the feed drive system is simpli-
fied, and the thermal resistances are neglected.
Il simulation
100 - [ Testing
6 Conclusion
g 8
= In this paper, thermal characteristics of the ball screw feed
c . . . oy .
S drive system under various working conditions were studied
© 60 - . . .
3 based on finite difference method. In order to improve the
I accuracy of the analysis, the nut was considered a moving
£ 404 i ..
S heat source, and the boundary conditions were optimized
i‘z based on the response surface methodology. By comparing,
& 5 we found out that the errors between the simulated positioning
deviations at the far end of the ball screw and the experimental
ol data were acceptable small. Based on the finite difference
Condition1 ~ Condition2 ~ Condition3 ~ Condition4 ~ Condition5 analysis process in this paper, an analysis software has been

Fig. 16 Comparison between the simulation and testing results
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developed. It provided an easy, reliable, and costless way to
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know the thermal characteristics of the ball screw feed drive
system by using the proposed method, and the simulation
results could help engineers to optimize the structure or adjust
machining program.
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