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Abstract Hydrostatic guideways are widely applied into pre-
cision and ultra-precision machine tools. Meanwhile, the oil
film heat transfer causes thermal disturbance to the machine
accuracy. Therefore, it is necessary to study the mechanism of
the oil film heat transfer and the heat-transfer-reducing meth-
od to improve the machine accuracy. This paper describes a
comprehensive thermal finite element (FE) simulation model-
ing method for the hydrostatic machine feed platform to study
methods of reducing machine thermal errors. First of all, the
generating heat power of viscous hydraulic oil flowing be-
tween parallel planes is calculated based on the Bernoulli
equation. This calculation is then employed for the simulation
load calculations for the closed hydrostatic guideways, which
is adopted by the hydrostatic machine feed platform.
Especially, in these load calculations, the changing of oil film
thickness (resulted from external loads) and the changing of
oil dynamic viscosity (influenced by its temperature) are taken
into account. Based on these loads, thermal FE simulation
modeling of the hydrostatic machine feed platform is complet-
ed to predict and analyze its thermal characteristics. The reli-
ability of this simulation modeling method is verified by ex-
periments. The studies demonstrate that the hydrostatic ma-
chine thermal error degree is determined by the oil film heat
transfer scale, and this scale is mainly influenced by the rela-
tive oil supply temperature to ambient temperature (quantita-
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tive comparison of oil supply temperature and ambient tem-
perature). Furthermore, the reduction of the absolute value of
this relative oil supply temperature can reduce the oil film heat
transfer scale and improve the machine accuracy.

Keywords Thermal simulation modeling - Hydrostatic
machine feed platform - Closed hydrostatic guideways - FE -
Thermal errors

Nomenclature

w Width of parallel planes (m)

L Length of parallel planes (m)

h Clearance between parallel planes (m)

Pi/Poy Pressures of viscous hydraulic oil at input/
output sides of parallel planes (Pa)

P Pressure of flow viscous hydraulic oil
(Pa)

u Velocity of flow viscous hydraulic oil
(m/s)

t Moment (s)

g Acceleration due to gravity (m/s%)

m Mass of slide (kg)

p Density of hydraulic oil (kg/m®)

hy Friction power in 1 N gravity of oil film
(m)

i Average dynamic viscosity of hydraulic
oil at a moment ¢ (Pa s)

1o(To) Dynamic viscosity of hydraulic oil when
its temperature is 7 (Pa s)

Pg Supply pressure of hydraulic oil (Pa)

Ts Supply temperature of hydraulic oil (°C)

O, Volume flow rate of hydraulic oil (m?/s)

0, 1/0; » Volume flow rate of oil films of pad 1/2
(m?/s)

06 1/06 » Volume flow rate of oil film on gap

restrictor of pad 1/2 (m’/s)
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O /0L » Volume flow rate of oil film on land of « Linear expansion coefficient of metal
pad 1/2 (m*/s) material of machine
H, Heat generated by friction power of oil c Specific heat of hydraulic oil (J/(kg K))
films (J/s) Tpa/Tpp/Tpc/Tpp  Measured temperature of positions A—D
H, \/H, > Heat generated by friction power of oil (°O)
films of pad 1/2 (J/s) Toue Output temperature of hydraulic oil (°C)

H, t_up/ H, t_low/
H, t_hor
Hg 1/Hg >

Hy /Hy >
Ae

E
Ev/Ex

€ (1>>0)
evieny (1>ey>0,
1>eu>0)

B

Bi/ B2

Heat generated by friction power of oil
films of upper/lower/horizontal pad (J/s)
Heat generated by friction power of oil
film on gap restrictor of pad 1/2 (J/s)
Heat generated by friction power of oil
film on land of pad 1/2 (J/s)

Effective bearing area of hydrostatic pad
(m’)

External load (N)

External load on vertical/horizontal di-
rection (N)

Relative displacement of oil film
Relative displacement of vertical/
horizontal oil films

Design pressure ratio of hydrostatic pad
Pressure ratio of hydrostatic pad 1/2

Pg 1 (=Ps/(31)/Pr_» Recess pressure of hydrostatic pad 1/2

(=Ps/3)

ho

Fi(=P RilAe)/
Fy(=P, R72Ae)
Lc/Ws

Ly

WL
szl/Mriz

Jup/Jlow/Jhor
v

T

Tou

T out_up(?) /T, out_low
(t)/ T, out_hor(?)

M

knt

™m
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(Pa)
Design thickness of oil films (m)
Reaction force from pad 1/2 (N)

Length/width of gap restrictor (m)
Radial scale of land (m)

Average circumferential scale of land (m)
Mass flow rate of oil films of pad 1/2 (kg/s)
Mass flow rate of oil films of upper/low-
er/horizontal pad (kg/s)

Stiffness of oil films of pad 1/2 (N/m)
Stiffness of oil films of upper/lower/hori-
zontal pad (N/m)

V-T index coefficient

Temperature of hydraulic oil (°C)

Output oil temperature of hydrostatic pad
at moment ¢ (°C)

Output oil temperature of upper/lower/
horizontal hydrostatic pad at a moment ¢
°O

Density of metal material of machine (kg/
m’)

Thermal conductivity of metal material of
machine (w/(m K))

Specific heat of metal material of machine
(kg K)

Stiffness of metal material of machine
(N/m)

Poisson’s ratio of metal material of
machine

AT/ AT/ ATs Temperature gradient from oil films to
environment in condition 1/2/3 (°C)

N Ambient temperature (°C)

trlts Total time/substep time length in transient
FE simulation (min)

A/ AyYIA, Machine feed errors on X/Y/Z direction
(X: positioning error; Y/Z: straightness
error)

Ox/0yl0, Machine feed angle errors around X/Y/Z
direction

d Distance of the two parallel lines in
Fig. 16

a Angle of two parallel lines and X-axis in
Fig. 16

1 Introduction

Past decades have witnessed an increasingly widespread ap-
plication of hydrostatic guideways or bearings into various
kinds of high- and ultra-precision machine tools, owing to
their special advantages [1]. These advantages include zero
starting friction, low viscous running friction, high load-
carrying capacity, high stiffness, high positioning accuracy,
and so on [2]. Nevertheless, when the hydrostatic machine is
working, the convective heat transfer exists between the oil
films and the surface of machine metal material, and causes
machine thermal errors. Therefore, the thermal simulation
modeling investigation and the heat transfer reduction of the
hydrostatic guideways or bearings can contribute to the accu-
racy improvement of the hydrostatic machine tools.

The thermal modeling method is the critical basis for the
research on thermal characteristics and regulations of the hy-
drostatic guideways or bearings. A variety of researching ef-
forts about this topic were based on experimental modeling
methods. Yang et al. [3] studied the thermal effects in liquid
oxygen hydrostatic journal bearings experimentally. Sharma
et al. [4, 5] measured and summarized the influence of oil
temperature rise on the symmetric and asymmetric slot-entry
hybrid journal bearing, as well as the influence of oil temper-
ature rise and bush deformation on static and dynamic perfor-
mances of hole-entry hybrid journal bearing. Park et al. [6]
investigated the relationship between oil temperature and po-
sitioning error of hydrostatic guideways by experimental
methods. Kumar et al. [7] explored the influence of oil
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temperature rise and bush deformation on the stability margin
of hybrid journal bearing by experimental methods. Suzuki
et al. [8] compared and analyzed two types of thermal defor-
mations of the high-precision machine tool equipped with oil-
lubricated hydrostatic bearings based on experiments. These
experimental modeling activities are of great value onto the
recognition about thermal characteristics of hydrostatic guide-
ways or bearings. However, they are lacking in the discussions
about hydrostatic heat transfer mechanism and then difficult to
be used to predict and analyze thermal characteristics of hy-
drostatic guideways or bearings, during the design phase of
hydrostatic machine tools.

Some other activities placed emphasis on theoretical and
simulation modeling methods for thermal characteristics of
hydrostatic guideways and bearings. Kapur and Verma [9]
investigated the simultaneous inertia and temperature effects
on the model of parallel stepped hydrostatic thrust bearing and
obtained the expressions for pressure profile and load capacity
under the conditions of the adiabatic flow. Sun et al. [10]
studied the steady temperature field of double rows and nar-
row cavity hydrostatic and hydrodynamic hybrid bearings
based on the adiabatic assumption and THD analysis. Zhang
and Chi [11] adopted the finite difference method to overcome
the simultaneous general Reynolds equation, energy equation
and bearing thermal conductivity equation, analyzed theoret-
ically the temperature field of the shallow recess step hydro-
static and hydrodynamic bearing. Zhang and Yuan [12] calcu-
lated the correlation between the pressure, temperature of hy-
draulic oil, and its turbulence, density, viscosity about the
hydrostatic and hydrodynamic hybrid bearing with a capillary
restrictor and four recesses. Fu and Zhu [13] established the
three-dimensional temperature field model of hydrodynamic
bearing, with the heat flux continuity condition, by the simul-
taneous solution of the generalized Reynolds equation, three-
dimensional energy equations, three-dimensional heat transfer
equation, and force equilibrium equation. Chen et al. [14]
studied the thermal deformation effect of a hydrostatic spindle
onto its oil films thickness, stiffness, load capacity, and ma-
chine accuracy, by a thermomechanical finite element (FE)
model. Jiang et al. [15] analyzed thermal deformation influ-
ence to the machine accuracy of high-speed moving guide
under different conditions by FE simulation method. Wang
et al. [16] estimated the power consumption of hydrostatic
guideways in working process and analyze the influence from
its thermal deformation to machine accuracy by FE simulation
method. Su et al. [17] established a hydrostatic spindle system
model by FVEM and then studied the variation of its predicted
thermal behaviors. These studies tried to establish mechanism
models to analyze the thermal characteristics of hydrostatic
guideways or bearings. But in these models, the hydrostatic
heat transfer was always ignored or simplified to be constant
values, which reduced their modeling accuracy. The heat
transfer variation of hydrostatic guideways or bearings and

its association with working conditions (such as oil supply
temperature and ambient temperature) can hardly be studied
based on them.

This paper presents a thermal FE simulation modeling
method of a hydrostatic machine feed platform to analyze its
thermal characteristics. This method considers the heat trans-
fer of oil films to be related to the relative oil supply temper-
ature to ambient temperature, and this heat transfer scale leads
to the machine thermal error. The structure of this paper is
arranged as follows: Section 2 introduces the necessary theory
preparations of the thermal simulation modeling procedure for
the hydrostatic machine feed platform. The discussed heat
modeling of viscous hydraulic oil flowing between parallel
planes is applied onto the required simulation load calcula-
tions. Then, based on these loads, in Section 3, thermal FE
simulation modeling of hydrostatic machine feed platform is
realized under various working conditions. In Section 4, the
reliability of this FE simulation modeling method of hydro-
static machine feed platform is verified by experimental meth-
od. Furthermore, based on the simulation modeling results,
Section 5 analyzes systemically the association between ther-
mal errors of hydrostatic machine feed platform and its work-
ing condition (oil supply temperature and ambient tempera-
ture). Eventually, conclusions of the paper are summarized in
Section 6.

2 Theory analyses for thermal simulation modeling
of hydrostatic machine feed platform

This section discusses the theory preparations for the thermal
FE simulation modeling method of the hydrostatic machine
feed platform. Figure 1 depicts the logical relationships of
these theory preparations: The necessary calculated loads for
the thermal simulation modeling of hydrostatic machine feed
platform includes mass flow rate, friction power, and stiffness
of oil films. These calculations consider the changing of oil

Heat modeling of viscous hydraulic
oil flowing between parallel planes

Supply temperature of

External load Load calculations of | cratl
hydraulic oil

oil films

Y y

Dynamic viscosity

Relative
displacements of
oil films

Thermal simulation modeling of
hydrostatic machine feed platform

Fig. 1 Theory analyses for thermal simulation modeling of hydrostatic
machine feed platform
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film thickness (resulted from external loads) and the changing
of oil dynamic viscosity (influenced by its supply tempera-
ture), and they are guided by the heat modeling of viscous
hydraulic oil flowing between parallel planes. The thermal
FE simulation modeling of hydrostatic machine feed platform
will be completed based on these calculated loads. The calcu-
lation methods are deduced as follows.

2.1 Heat modeling of viscous hydraulic oil flowing
between parallel planes

The theory analyses about the oil films of hydrostatic guide-
ways must be based on a heat modeling of friction power
generated by viscous hydraulic oil flowing between parallel
planes. This modeling is described in Fig. 2: The viscous
hydraulic oil has a laminar flow on X direction between fixed
parallel planes 1 and 2. Parallel planes have the same width 77,
same length L, and a clearance /# (L>»h, W>h). The pressure
values of the flowing viscous hydraulic oil at input and output
sides of parallel planes are P;, and P, respectively (Pj,>Py).
L>»h and W»h mean that the flowing viscous hydraulic oil has
the approximately uniform temperature and pressure distribu-
tions on Yand Z directions. Thus, with the potential energy of
flowing viscous hydraulic oil being ignored, the Bernoulli
equation for viscous liquid at a moment ¢ is:

dpP
Py +—L 2
R ( dx) ut L
— o= +( 2"") + hy, (1)
rg 28 pg g

The laminar flow means du/dx=0, which presents the uni-
form flow velocity of viscous hydraulic oil on X direction.
Thus, Eq. (1) can be simplified by du/dx=0 as follows:

L dpP

pg dx

+hy =0 (2)

Besides, there is a linear pressure decline of the flow vis-
cosity hydraulic oil on X direction, which means:

dp _ Pou_Pin

- 7 (3)

Fig. 2 Flowing viscous hydraulic oil between parallel planes
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Substituting Eq. (3) into Eq. (2):

1
hW:_Pin_Pou 4
pg( ) (4)

The volume flow rate O, at the moment ¢ is [18]:

wh

= Pinfpou
3 7 PorPo) (5)

o,

Then, the heat generated by friction power of the flowing
viscous hydraulic oil at the moment ¢ can be expressed as:

H,; = hypg0Q, (6)

Substituting Eqgs. (4) and (5) into Eq. (6), the friction power
H, of the flowing viscous hydraulic oil at the moment ¢ is:

wh

= ——(Pin—Po)’ 7
12771«[/( n 0) ( )

H,

The conclusions of this subsection are preparations and
guidance for simulation load calculations of closed hydrostatic
guideways with gap restrictors.

2.2 Simulation load calculations of closed hydrostatic
guideways with gap restrictors considering the variation of oil
film thickness

2.2.1 Operational principle of closed hydrostatic guideways
with gap restrictors

The structure of the single pad of closed hydrostatic guide-
ways with gap restrictors is shown in the axonometric drawing
Fig. 3a, and Fig. 3b is an orthography drawing of gap
restrictors and land, especially the average circumferential
length Wy of the land is shown as a dash and dot line and
has a middle position between the inner and outer edges of
land. Meanwhile, the effective bearing area A, of the hydro-
static pad is the area surrounded by the dash and dot line in
Fig. 3b.

The operational principle of the closed hydrostatic guide-
ways with gap restrictors is shown in Fig. 4. This figure illus-
trates the hydrostatic pad 1(2) to be a view of cross-section A—
A of Fig. 3b: When the pump is switched on, the pressurized
hydraulic oil is conveyed from oil supply hole into hydrostatic
pad 1(2). It flows into clearances between bilateral gap
restrictors and guide rail to form oil films in them, and be
directed by oil output holes into internal pipelines, then be
collected by oil input hole of the opposite pad 2(1) into its
recess. Finally, it flows into the clearance between land and
guide rail to form the oil film and goes into the oil returning
chute. If an external load E is exerted on the closed hydrostatic
guideways with gap restrictors, the oil film thickness values of
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Gap restrictors

Oil output holes

Oil input hole
Oil supply hole

(b) Vertical projection

Fig.3 A single pad of closed hydrostatic guideways with gap restrictors.
a Axonometric drawing. b Vertical projection

hydrostatic pads 1 and 2 will be ho+chy and ho—chy,
respectively.

The thickness scale of oil films is far less than its length and
width, so that the oil films have the indelible friction power,
decreasing oil pressure and increasing oil temperature.
Generally, the friction power results from two contributions:
One part is the friction power of the hydraulic power supplied

Guide rail Gap restrictors Recess and
—— \ \ -

Oil outf;ut holes pad 1

chute N
Ap, Oil input hole

YF Hydrostatic
pad 2

1

Fig. 4 Operational principle of closed hydrostatic guideways with gap
restrictors

by the pump through the restrictors and land to drive
the laminar flow in oil films; another is the friction
power in the shear flow generated by the relative mo-
tion of hydrostatic guideways [14]. In this paper, the
latter part is ignored, for the reason that closed hydro-
static guideways have a low speed to the machine when
they are working [19]. To sum up, the conclusions in
Section 2.1 will be used to analyze the mass flow rate,
friction power and stiffness of oil films, which are re-
quired by the thermal FE simulation modeling of the
closed hydrostatic guideways with gap restrictors.

2.2.2 Mass flow rate of oil films

According to Eq. (5), the volume flow rates of oil films on
unilateral gap restrictor and land of pads 1 and 2 at a moment ¢
respectively are:

O, = szon—;zho)}(Ps—PRz) = %Z}M)(Ps—;—j) (8)
0, = MLy gy MY (B g) )

The continuity of the volume flow rates of oil films on
bilateral gap restrictors and land of pads 1 and 2 at a moment
t are:

WG(h0_€h0)3 Ps
=2 = = | Pc—=
0, =200, =0, = =g (P
Wil sk (7 g (1)
12771LL 51
Wa(ho + Eh0)3 Ps
=2 = - —_
Qt2 QGI QLZ 677t LG S 62
_ Wilhoeho)® (ﬁ—o) (13)
12n,Ly Ba
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Equations (12) and (13) can be arranged into:

i LgWL(l + 5)3

B =
! ZLLVVG(I*E)3

+1 (14)

4, LWy (1-¢)?
2oL wg(l+e)

As far as Egs. (14) and (15) are concerned, when the exter-
nal load E=0, £=0 and =03,=/3,. Thus:

WilLg

/6 = ﬁl'fzo = ﬁle:O = ZWGLL

+1 (16)

In order to find out the relationships between pressure ra-
tios of hydrostatic pads [3;/3, (1>e>0), the design pressure
ratio of these hydrostatic pad 3 (¢=0) and the relative dis-
placement of oil film ¢, Eq. (16) is substituted into Eqgs. (14)
and (15), respectively, to offset their common term LgWi/
2LLWG:

o (1+6)3
Bi= (Do (17)
b= (1) 1= (18)
’ (1+¢e)

Thus, according to Egs. (12) and (13), the mass flow rates
of oil films of pads 1 and 2 at a moment ¢, respectively, are:

pPs Wg(ﬂ_l)(h() —+ 5h0)3

1+e¢)

6n,Lg [(6_1) ((1_;;2
pPsW 1 (ho + cho)’

. (lJr&t)3
et

M, = PQn =
+1

12n,L1 +1

pPS WG(ﬁ_l)(h0_€h0)3

_\3
6n,Lc [(ﬁ_l) (1175)

Mlz = thz =

(+s)3+1

pPs WL (h0_5h0)3

. (1—5)3
(6-1) (1 +€)3

12n,L1 +1
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2.2.3 Heat generated by friction power of oil films

According to Eq. (7), the heat values generated by friction
powers of the oil films on unilateral gap restrictor and land
of pads 1 and 2 at a moment ¢, respectively, are:

~ Wolho+eho)’ 2 Wglho+ehy) ([ Ps ?
Ha, 121,Lg (PsPr,)” = 121,Lg S B,
(21)
_ Walho+eho) o Walho+eho) (L Ps\?
He, 12n,Lg (Ps~Pr, )" = 12n,Lg s B
(22)
_ Wg(ho + 8]1())3 2 WL(h() +€h0)3 Ps :
iy == (Pg,~0)* = A 5 (23)
gy, = Wil teho) g2 Wil +em) (P o)
L 12n,LL f 12n,Ly Ba

Because there are two oil films being on the bilateral gap
restrictors and one oil film being on the land in each hydro-
static pad, the heat generated by friction powers of oil films in
pads 1 and 2 at a moment 7 are, respectively:

H;l = 21‘[(}1 +HL]

Ps*(ho +eho)* | W 1\ w1\
st a1 (1))
67, Lg B, 2L\ By

H, =2Hg, + Hy,
Ps2(ho—cho)® | W, 11N> L/ 1)?
_ Ps"(ho=eho)” G<1_> +L<) (26)
67, Lg B 2L\ B,

Substituting Egs. (17) and (18) into Egs. (25) and (26),
respectively, the heat values generated by friction powers of
oil films can be rewritten as follows:

n

P { Wa(6-1)*(1-¢)* (hg—chy)* Wy (ho + eho)’ }

6, 3 a1y 0=’ 2 o (14e)
(1 +eP [0 L 1] an (1) 4
(27)
i P We(B-1)2(1 + &) (ho + eho)’ W (ho—cho)®
| Lo-eP [0 1] 2w G ]’
(28)
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2.2.4 Stiffness of oil films

The stiffness values J; and J, of oil films of pads 1 and 2 are,
respectively:

dF, 1 d(Pg,4;) Psde d (1
Y d(hg +ehy) kg de hy de <ﬁ1> 29)

dF, 1 d(PryAe) _ Psde d (1) (30)

Jo = = — | =
* T d(ho +cho)  hy de hy de \ 3,

Substituting Eqs. (17) and (18) into Egs. (29) and (30), the
stiffness values of oil films of pads 1 and 2 can be achieved as
follows:

Ji = PsA, 6(1_/8)(52_1)2 5 (31)
ho 3
(8= +172:(3+ )]
5, - Pse 6(5-1)(>-1)* (32)
ho

{ﬂ(6—1)3—25(3 + 62)} ’

2.2.5 Relative displacement of oil films

In all the equations above, the relative displacement £ must be
obtained by the force—balance relationship about the closed
hydrostatic guideways with gap restrictors shown in Fig. 4:

Ps P

Fi~Fy+E="24~"24,+E=0 (33)
B b
Substituting Egs. (17) and (18) into Eq. (33), we obtain:
E - 1 B 1
Psd. ,, . 1-3e+3e?—¢ 1 +3e+324¢1
(3 1)1+36+3€2+63+1 (5-1) 1-3e + 3e2—¢? 1
(34)

The values of relative displacement £ can be obtained
by solving Eq. (34), and the value of ¢ in the range of
[0, 1) must be selected from the results, to be used into
the calculations of mass flow rate, friction power and
stiffness of oil films.

2.3 Simulation load calculations of hydrostatic machine feed
platform

To calculate mass flow rate, friction power, and stiffness of oil
films described in Section 2.2, the values of relative

Machine base

Fig. 5 Structure and six error kinds of hydrostatic machine feed platform

displacement and dynamic viscosity must be obtained by the
following methods.

2.3.1 Relative displacement of oil films of hydrostatic machine
feed platform

As illustrated in Fig. 5, the hydrostatic machine feed
platform is assembled with a slide and a machine base,
and the proximal and remote hydraulic cylinders can
drive the slide collaboratively to realize its round-trip
linear feed motion within a more than 1000 mm stroke.
Being the horizontal feed axis of a hydrostatic machine
tool, it has six machine feed axis error kinds: Ay, Ay
Ay Ox, 0y and 6, [20].

All the sliding contacts between the slide and ma-
chine base are based on the closed hydrostatic guide-
ways with gap restrictors. The layout of the hydrostatic
pads is described specifically in Fig. 6: There are two
pairs of horizontal hydrostatic pads and six pairs of
vertical ones located at the slide.

The gravity of slide is sustained by six pairs of ver-
tical hydrostatic pads, which is illustrated in Fig. 7. As
far as one pair of vertical hydrostatic pads is concerned,
Ey=mg/6, and thickness values of upper and lower ver-
tical oil films are hg+evhy and hg—eyhy, respectively;
the thickness values of horizontal hydrostatic pads re-
main /g, for that Ey=0.

Therefore, being the applications of the method provided
by Section 2.2.5, the relative displacement of horizontal oil

Vertical hydrostatic pads

Horizontal hydrostatic pads
Fig. 6 Layout of hydrostatic pads on slide
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films: =0, and the vertical one can be obtained by solving
the following equation:

mg 1

6Psd,
e (g

35
1-3ey 4355, (33)

1
/1—&-35\/—1—35%,—1-5%,_'—

1
(ﬂ—l)l +3ev + 3¢ + &3y
1-3ey + 3&}—¢3,

+1

Then, the real ey value must be determined by the selection
from the results of Eq. (35), according to the range [0, 1).

2.3.2 Dynamic viscosity of oil films dependent on temperature

With the influence consideration from temperature factor
onto oil dynamic viscosity, the Reynolds V—T equation
[21] is used into the methods provided in Sections 2.2.2
and 2.2.3:

0 =nee Y (36)

Based on the Eq. (36) and for the feasibility of FE simula-
tion method, the average dynamic viscosity value 7, of oil
films in one pad at a moment ¢ is approximately obtained as
follows:

noefﬂrsfr"), t=20
N =

’ (Ts”out(z—l)

(37)
nee '\ 2 7T°),t >0

Toue—1) stands for the output oil temperature of hydrostatic
pad at the moment ¢— 1. In transient FE simulation, this value
can be automatically acquired from the result of every substep
by APDL.

3 Thermal FE simulation modeling of hydrostatic machine
feed platform

This section determines some design and process parameters
of hydrostatic machine feed platform. Then its simulation

Fig. 7 Force analysis about slide
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Table 1  Design parameters of hydrostatic machine feed platform and
its closed hydrostatic guideways with gap restrictors
Design parameters Values
Mass of slide m (kg) 2.0582¢3
Density of metal material of machine py; (kg/m®) 7350
Thermal conductivity of metal material of machine 35.7

kg (W/(m K))
Specific heat of metal material of machine c\; (J/(kg K)) 460
Stiffness of metal material of machine Jy; (N/m) 1.2ell
Poisson’s ratio of metal material of machine 0.125
Linear expansion coefficient of metal material of machine o«  10e—6
Design pressure ratio 3 2
V-T index coefficient v (used in Reynolds V~T equation)  0.468
Supply pressure of hydraulic oil Pg (Pa) 2.4e6
Design thickness of oil films /¢ (m) 2¢—5

Density of hydraulic oil p (kg/m®) 865

Specific heat of hydraulic oil ¢ (J/(kg K)) 2.1e3
Dynamic viscosity of hydraulic oil 7 (Pa s) 1o=1.27¢3
(Ty=20 °C)
Width of gap restrictor Wg (m) 2¢-3
Length of gap restrictor Lg (m) Te2
Radial scale of land Wy (m) 8e-3
Average circumferential scale of land L; (m) 0.6
Effective bearing area A, (m?) 3.9¢e2

loads can be obtained by the methods introduced in
Section 2 to complete its FE simulation modeling. This sec-
tion illustrates the realization of the thermal FE simulation
modeling of the hydrostatic machine feed platform. This real-
ization includes the determination of CAE modeling, simula-
tion loads, and boundary conditions, and some necessary anal-
yses about thermal FE simulation results.

3.1 CAE modeling and determination of simulation loads
and boundary conditions

The main design parameters of the hydrostatic machine feed
platform and its closed hydrostatic guideways with gap
restrictors are listed in Table 1. Based on these parameters, the
simplified CAE model of the hydrostatic machine feed platform
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is established in ANSYS. The distance between the slide and
the proximal of machine base varies from 0 to 1000 mm, and
the increasing step is 200 mm. Therefore, the machine stroke is
divided into five parts averagely to predict and analyze thermal
errors of the hydrostatic machine feed platform.

As shown in Fig. 8, the sheet models are established to
stand for oil films of hydrostatic pads. Then, the established
models are meshed, and the 3-D thermal surface effect ele-
ments are created between oil film models and the machine
model, in order to simulate the convective heat transfer be-
tween oil films and the machine in ANSYS. The local cylin-
drical coordinate system is built up based on every oil film
model. It is built with the central location of oil film model
being its origin and the perpendicular direction to the model
being its Z axis. Then, the elements used to mesh oil film
model are set abiding by this local cylindrical coordinate sys-
tem. Thus, every oil film model is set to have a radial diver-
gent outflow originated from oil supply location.

The values of mass flow rate, friction power, and stiffness
of oil films are obtained by the methods provided in
Section 2.2. Some fluid parameters in Table 1 and the friction
power and stiffness obtained are set up for elements of every
oil film model, and the metal material parameters in Table 1
are set up for elements of machine model. The oil supply
temperature is exerted onto the oil supply location shown in
Fig. 8. The mass flow rate of oil films must be exerted on the
whole oil film model by a heat flux method in the FE simula-
tion. Specially, the mass flow rates and friction powers must
be exerted as functions (with moment # being the independent

Fig. 8 Model meshing and
determination of simulation loads
and boundary conditions onto
hydrostatic machine feed
platform

variable) for the transient FE simulation. In these functions,
the values of 7, out_up(r—1)» T out_low(z—1) and T, out_hor(—1) aI¢ ac-
quired automatically from edges of oil film models, shown in
Fig. 8, after every substep. This procedure is realized by
APDL in ANSYS, and the transient FE simulations are done
in condition 1/2/3 (Tp=17 °C/20 °C/23 °C, Ts=20 °C), to
respectively study thermal characteristics of hydrostatic ma-
chine feed platform. Finally, in all these simulation conditions,
the three-dimensional displacement fix constraint is exerted to
the bottom surface of the machine model, and the ambient
temperature and gravity are exerted onto the machine model
as a whole.

3.2 Results of FE simulations

This paper concentrates on the temperature and horizontal/
vertical thermal deformation results of transient FE simula-
tions about hydrostatic machine feed platform. Figures 9 and
10 show, respectively, its temperature and vertical thermal
deformation fields of conditions 1-3 at typical simulation
steps (the distance between the slide and the proximal of ma-
chine base is 600 mm). It can be seen from Fig. 9 that hydro-
static pads and their surrounding areas have higher tempera-
ture than other areas of the machine. With time increase, the
temperature gradients are growingly obvious in all the three
conditions. Meanwhile, the temperature gradients in condition
2 (TAo=Ts=20 °C) are likely to be less obvious than condition
1 (Ta<Ts) and condition 3 (T5>T5s). On the other hand, the
vertical deformations caused by oil film heat transfer of these

Local cylindrical coordinate system

Oil film model —_

“Hydrostatic pad

Ol supply location

\ Edge of oil film
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three conditions are illustrated in Fig. 10: With time increase,
thermal deformations have the growing tendency, and the ma-
chine thermal deformation degree in condition 2 is also lower
than other two conditions. These thermal FE simulation re-
sults are the bases for the further discussions.

4 Experimental verifications

The reliability of the thermal FE simulation modeling method
of hydrostatic machine feed platform is verified by experi-
mental methods. These verifications are based on the

Fig. 9 Temperature fields of
hydrostatic machine feed
platform

condition 1/2/3 (Tp=17 °C/20 °C/23 °C, Ts=20 °C) defined
above. This section introduces the experimental procedure
and the comparisons of experimental and simulation results.
These comparisons can lead to the reliability verification of
the studied FE simulation modeling method.

4.1 Experimental procedure

As shown in Fig. 11, verification experiments were done by
this method: When the hydrostatic machine feed platform was
working at a low feeding velocity, temperatures and thermal
deformations were continuously measured by thermal resisters

17.0 17.4 17.8 18.2 186 189 19.2 198 20.1 20.4

(a) Condition 1, 1-hour

20.0 20.06 20.12 20.2 20.3 20.34 20.4120.48 205 206

(c) Condition 2, 1-hour

207 21.84 21.98 22.13 22.28 22.4 22.57 22.7 22.85 22.99

(e) Condition 3, 1-hour
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and the laser interferometer, respectively. The temperature sig-
nals from the former were conveyed by signal gathering sys-
tem to the host computer, and thermal deformation values from
the latter were directly received by the host computer.
Specially, the locations of sensors mentioned on the ma-
chine are also illustrated in Fig. 11: Thermal resisters are lo-
cated to positions A—D; temperatures of positions A and B
(Tpa and Tpp) stand for the oil film temperature; temperature
of C (Tpc) is measured to be ambient temperature; and tem-
perature of D (Tpp) corresponds to the oil output temperature
of hydrostatic pads. On the other hand, the reflector of laser
interferometer is located at position O, in order to measure the
horizontal and vertical thermal deformations of the working
slide. The setting method of the laser interferometer is shown

Fig. 10 Vertical thermal
deformation fields of hydrostatic
machine feed platform

in Fig. 12. Experiments were done in conditions 1-3 defined
above (T5=17 °C/20 °C/23 °C, Ts=20 °C), respectively, to
verify comprehensively the thermal FE simulation modeling
method of hydrostatic machine feed platform. The measure-
ments in every defined condition would not be terminated
until the changing scales of its signals in last hour
were <15 % of the ones in first hour [22].

4.2 Comparisons between experimental data and simulation
results

According to the locations A—D in Fig. 11, the simulated
temperature values are obtained from the machine temperature
fields of three defined conditions in Fig. 9. They are compared
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Fig. 11 Experimental method

with the measured Tpa—Tpp of three defined conditions, re-
spectively, in Fig. 13. Meanwhile, thermal deformation values
of location O (shown in Fig. 11) are obtained from the simu-
lated machine thermal deformations in Fig. 10. Both the ob-
tained horizontal (Y direction) and vertical (Z direction) ther-
mal deformations are compared with the corresponding mea-
sured values of three defined conditions, respectively.
Figure 14 shows the comparisons of the vertical simulated
thermal deformations and their measured values. It can be
clarified by Figs. 13 and 14 that the simulated results are in
agreement with the corresponding experimental data in three
defined conditions. These consistencies can verify the reliabil-
ity of the introduced thermal FE simulation modeling method
of hydrostatic machine feed platform.

5 Analyses and discussions

Some further analyses based on FE simulation results in
Section 3 are done in this section. On the one hand, the oil
film heat transfers in conditions 1-3 are analyzed and com-
pared. The difference of them is the dominant factor causing

I 4

’Laser head

15 S

Reﬂeétor

Fig. 12 Setting method of laser interferometer
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Fig. 13 Temperature comparisons between experimental data and FE
simulation results

thermal deformation difference of hydrostatic machine feed
platform. On the other hand, thermal deformation FE results
of the platform lead to its thermal error prediction methods.
The association between the predicted machine thermal errors
and the oil film heat transfer is analyzed and discussed.
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Fig. 14 Vertical thermal deformation comparisons between experimental
data and FE simulation results

5.1 Oil film heat transfer discussion of hydrostatic machine
feed platform

The thermal deformation of hydrostatic machine feed platform is
attributed to the oil film heat transfer towards the platform. The
oil output temperatures (7, of conditions 1-3 are obtained
based on the temperature FE results of hydrostatic machine feed

platform, respectively. Then, (Ts+7y,)/2 is used to approximate-
ly present the average oil film temperature. Furthermore, the
temperature gradient between oil films and the environment is:

_ Ts +Tout7
2

AT Ta (38)

Based on this method above, the time-varying temperature
gradients from oil films towards the environment of condi-
tions 1-3 are illustrated and compared in Fig. 15. This figure
shows the following: conditions 1-3 have growing tempera-
ture gradients with time increase, but the one of condition 2
(TA=T5=20 °C) is the least and close to 0, compared with the
other two conditions. The initial temperature of hydrostatic
machine feed platform in operation is generally assumed to
be same with ambient temperature. When the hydrostatic ma-
chine feed platform is running, the oil film heat transfer is
generally through the machine structure and dissipated in the
ambient air convection. This heat transfer brings the time-
varying machine structure temperature, and this heat transfer
is the critical factor causing machine thermal deformation.
The heat transfer scale is determined by the temperature gra-
dients from oil films towards the environment. (The negative
temperature gradient of condition 3 in Fig. 15 means its re-
verse heat conveying direction.). Because condition 2 has the
least temperature gradient scale, it has the least heat transfer
scale to cause machine thermal deformation. This is the reason
why the machine thermal deformation in condition 2 is lower
than that in the other two conditions, which is presented in
Section 3.2. Therefore, condition 2 (To=75=20 °C) is more
beneficial than the other two conditions (7o <Tg and 75>T5)
in cutting down the machine thermal deformation.

s H{ I 2% (B=20C;%=17C) |..i0rrrrrrnnn SR— i
[ AB(%=20C;=20C) | g
4HC O AB(B=20°C;Th=23C) | i S _

0 60 120 180 240
Typical moments in transient FE simulations/min

Temperature gradient from oil films to environment/C

Fig. 15 Time-varying temperature gradients from oil films to
environment
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5.2 Thermal errors prediction of hydrostatic machine feed
platform

5.2.1 Methods for thermal errors prediction of hydrostatic
machine feed platform based on FE simulation results

Thermal errors of hydrostatic machine feed platform Ay Ay,
Oy and 9, shown in Fig. 5 can be predicted based on its ther-
mal FE simulation results. The prediction method of these
thermal errors is introduced, with vertical thermal deforma-
tions of hydrostatic machine feed platform in condition 1 be-
ing an example: Fig. 16 shows steady vertical thermal defor-
mation values of point O (shown in Fig. 11), when the dis-
tance between the slide and the proximal of machine base is
0-1000 mm (increasing step is 200 mm).

These thermal deformations are obtained from the FE sim-
ulation results in Section 3.2. As shown in Fig. 16, parallel
lines 1 and 2 are located with the minimum distance to include
all these thermal deformation values. Then, the straightness
error and rotating error of hydrostatic machine feed platform
can be predicted [20]. According to the Cartesian coordinate
system for hydrostatic machine feed platform in Fig. 5, the
distance d of the two parallel lines in Fig. 16 is predicted as
Ay, and the angle « caused by two parallel lines with hori-
zontal axis is predicted as dy They are the predicted thermal
errors of hydrostatic machine feed platform.

5.2.2 Machine thermal error variations caused
by the temperature gradient from oil film to environment

The method mentioned in Section 5.2.1 can be applied onto
the thermal straightness (horizontal and vertical) error and
angle error estimations of hydrostatic machine feed platform
in condition 1-3. Thus, the influence from quantitative com-
parison result between T, and T onto thermal errors of

6 _ ........... ........ 1 .......... ‘ . a
: ; ‘ "\Horizontal direction

Steady vertical thermal deformation/pum
)

2 i i i i
-200 0 200 400 600 800

1000 1200
Slide locations onto the machine base(from remote to proximal) /mm

Fig. 16 Thermal straightness error and angle error prediction method of
hydrostatic machine feed platform (vertical direction, condition 1)
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Fig. 17 Comparisons about predicted thermal straightness errors 4y 4,

hydrostatic machine feed platform can be summarized based
on the thermal simulation results of hydrostatic machine feed
platform.

Figures 17 and 18 show the comparisons of thermal errors
Ay Ay, by and 6, in conditions 1-3, based on the prediction
method in Section 5.2.1. It can be seen from the comparisons
that condition 2 has the smaller thermal straightness errors and
angle errors (Ay=3.94 um, A;=2.8 um; 6y=—6.3e—007 rad,
6,=—3.1333e-007 rad) than the other two conditions because
condition 2 has the minimum heat transfer scale through the
machine structure in these three conditions. This scale is de-
termined by the temperature gradient from oil films to envi-
ronment, and the oil film temperature relies on oil supply
temperature. Thus, the machine thermal errors are determined
by the quantitative comparison result of oil supply tempera-
ture and ambient temperature; then, this relative oil supply
temperature to ambient temperature should be diminished as
possible to reduce machine thermal errors.

Meanwhile, as far as the high- or ultra-precision machine
tool are concerned, the desired accuracies of them are gener-
ally in the order of micrometer or submicrometer, thermal
influence to machine accuracy from the hydrostatic

H
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et Il Condition3(7=20 C;Th=23 0) ||
&,

Angle error kinds

Steady thermal angle error values/rad

Fig. 18 Comparisons about predicted thermal angle errors dy
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guideways cannot be ignored (To=75=20 °C: Ay=3.94 um,
A,=2.8 um; §y=—6.3¢—007 rad, 6,=—3.1333e—007 rad) and
must be taken into the account in design and error compensa-
tion about hydrostatic machine tools.

6 Conclusions

A comprehensive thermal simulation modeling method of hy-
drostatic machine feed platform is presented in this paper, so
as to predict its thermal characteristics and study the reducing
method of its machine thermal errors. This method includes
the theory analyses about the simulation loads of closed hy-
drostatic guideways and the thermal FE simulation of hydro-
static machine feed platform. Specially, the former is guided
by a friction power heat model of viscous hydraulic oil
flowing between parallel planes based on Bernoulli equation.
The main conclusions of the study are listed as follows:

1. In machine design phase, the presented thermal simula-
tion modeling method of hydrostatic machine feed plat-
form is reliable and accurate to predict and analyze its
thermal characteristics, which is verified by experiments.

2. Based on the thermal FE simulation results of the hydro-
static machine feed platform in this paper, machine feed
thermal errors Ay A, 6y and d, can be calculated and
predicted. For high- or ultra-precision machine tool whose
desired accuracy is in the order of micrometer or
submicrometer, hydrostatic machine feed errors caused
by thermal factors generally cannot be ignored.

3. The hydrostatic machine thermal error degree is deter-
mined by the oil film heat transfer scale, and this scale
mainly results from the quantitative comparison result of
oil supply temperature and ambient temperature.
Therefore, the distinction between these two temperatures
should be diminished, so as to cut down the oil film heat
transfer scale, and then to reduce thermal errors of hydro-
static machine feed platform.
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