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74, APPLYING INVERSE METHOD FOR HEAT TRANSFER OF HIGH SPEED SPINDLE
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Abstract:

This paper presents an inverse method for finding quantity of heat sources in high speed spindle.
A commercial ANSYS software and Conjugate Gradient optimization method are used to construct the
proposed inverse method. Simulations for different number of measurementpoints andlocations are
performed. These results show that excellent estimation on heat generation can be obtained through using
only two measurement points. The current methodology will provide a useful tool to investigate the complex

heat transfer process in the high speed spindle.
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1. Introduction

When working under high speed, friction
of bearings (and power loss of motorized) in the
spindle will generate heat which leads to increase
temperature and further cause thermal deformation
in the spindle. Therefore,understanding temperature
distribution in the spindle can give useful
information for predicting and controlling thermal
error. To estimatetemperature fieldin the spindle,
the heat sources are indispensable. Palmgren[1]
gave an empirical formula to estimate total bearing
friction torque that was then used for calculating
bearing heat generation. By adding the spinning
friction moments to formula, Harris presented a
new form for calculating heat generation of bearing
in [2]. Palmgren’s model has achieved popular
acceptance as an accurate method. Bossmanns and
Tu [3] proposed a model to determine quantitative
heat source of the built-in motor and the bearings.
Based on data from coast test, they established
empirical equations which are function of preload
and rotational speed for calculating bearing heat
generated. Moorthy[4] introduced an improved
analytical model for estimation of heat generation
in angular contact ball bearings of high speed
spindle. Through literature review, it can be
seen that none of researches were investigated to
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obtain heat generated in bearings by using inverse
heat transfer method. Recently, inverse method
for estimating heat generation and interface
temperature in ultrasonic welding [12, 13] and
temperature-dependent thermophysical properties
of material [14] was successfully studied.In this
study, an inverse method is proposed to predict heat
sources (heat generated by bearings)in the spindle.
A combination of Mechanical Ansys Parametric
Design Language (MAPDL) and Conjugate
GradientMethod (CGM) is applied to find the
unknown heat sources.

2. Thermal model of the high speed spindle
2.1 The high speed spindle structure

A direct driver spindle with 24000 rpm
maximum speed, namely, TD30 is investigated in
this study. To design the complex spindle, CATIA
software is used to draw the spindle as shown in
Fig. 1. To simplify the spindle model, small nuts,
holes, and small structures are omitted. Material
properties of each part in the spindle are listed
in Table 1. A finite element (FE) model of the
spindle is established in MAPDL. Because of the
symmetric spindle, a small partition of the spindle
(10) is considered instead of entire spindle. Meshed
model of the spindle is displayed in Fig.2.
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Fig. 1. High speed spindle structure
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Fig. 2. Meshed model of the spindle in ANSYS

Table 1. Material properties

Shaft | Housing | Inner/ | Balls | Other
Outer parts
Material | SCM | SCM440 | SUJ2 [ Ce- | S45C
name 415 ramic
Density | 7850 7800 7830 | 3200 | 7830
(kg/m?)
Thermal | 46.6 43 46 30 47
conduc-
tivity
W/Am.K)
Specific | 460 450 470 850 | 480
heat
kJ/A(kg.K)
Expansion | 12.5 11.8 12.5 3.0 12.8
coefficient
x10°%°C)

2.2. Heat transfer coefficients

The spindle is assembled from many parts,
this leads to create a lot of joint between these
parts. Hence, the contact heat transfer at joint of
spindle parts must be considered. Thermal contact
resistance between the balls and outer/inner rings
is given by [5]
R = g K6 3 g Kle T) ()

The contact between outer rings and housing
through small air gap, so the thermal contact
resistance coefficient is determined as [6, 7]:

_ hring hgap_(TM'ng_ Y;L)arh
th B k’ri'ngS + kai'rS (2)

Thermal contact conductance of negative
assembly of inner ring and shaft is computedas[8]:

h=1.13( Km0 )( L

for plastic deformation (Y = 1)

4h= 1.55(m)< pi2 >0'94

3)

o Etan6
Jor plastic deformation (Y < 1)
The heat transfer convection in spindle
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includes force and free convection. The convection
coefficient is defined by

h= Nukair/d 4)
in which d is the equivalent diameter of the rotation
bodies/cylinder or size of small gap; Nu is the
average Nusselt number. Nu is calculated for
different kind of convection as listed in Table2.
Table 2. Nusselt number for convection boundary

condition

Convection
boundary
condition

Equations for calculating Nu

Free convection
of horizontal
cylinder [9]

Convection
around rotation
shaft [10]

Forced
convection in
rotating annuli

[11]

2
. {0 oo 0.387Rap’ }
u- .

[1+ (0. 559/Pr)9/1ﬁ]8/27

Nu=0.6366(Re.Pr)'"?

L 742 024
Nu=0. 409<Tg)

for 10" < Ta*/F,y < 107

3. Inverse method

Two unknown heat generations, which
contain heat generation at front and rear bearings,
are regards as:

w=[q ¢l (5)

Solution of an inverse problem is obtained
when the object function is minimized with respect
to each of unknown parameters. The object function
has been defined to solve this inverse problem as:

tr o
Jw)= [ 2 [T(tx:,z) - Tu(toxi,z) Pl (6)
t=0 "'~
where 7(tx,z) is the estimated temperature on
the housing surface at the measured locations
determined from the solution of the direct problem
by using an updated estimation for the unknown
quantity w. In order to minimize the objective
function, the CGM is chosen in this study.The
algorithm of proposed inverse method as follows:
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Step 1: Set index of step k =1 and give initial
wi =g g®]
q1 4>

Step 2: Solve the direct problem by using
MAPDL to obtain 7(,x,,z,).

Step 3: Check the stop criterion J(w) < &

Continue if not satisfied.
Step 4: Calculate a gradient object function

aJw) Iw) [
VJ= % % and conjugation coefficient
M . M
r= £ 19T/ £ 19T
J= J=

Step S5: Compute the direction of descent
P =V 4P
Step 6: Compute the search step size:

Lf
[ S (txi,20) - To (i, 20) JAT (01,2 ) e

1

ﬁk: t=0 "= —
> ATz(l‘,xi,Zf,)dt

/2

=0 ¢

—

Step 7: Compute the new estimation
whl = wk_'BkPk+1 _

Step 8: Set k = k + [ and go to step 2.

4. Simulation results and discussions

To illustrate for proposed inverse method,
suppose that the running spindle with 15000
rpm speed for 7000 seconds under constant heat
generation at front and rear bearings is used. The
temperature at some locations is extracted and then
employed as measured temperatures.

In order to consider possible effects of
measurement pointnumber, inverse results of
temperature and heat generation using given
temperature from only one measurement point (T,
or T,) are shown in Figs. 3&4. It can be seen that
estimated temperature, although, agrees excellently
with exact temperature, unknown heat sources can’t
give correct solution. This phenomenon is occurred
because one measurement temperature point
doesn’t provide enough information for estimating
two unknowns. However, the accuracy of inverse
solution was quickly improved when two points
of measurement were applied. Figs. 5&6 display
a comparison of estimation and exact solution
of temperatures and heat generations using two
measurement temperaturesat different locations.
According to these figures, the predicted results are
in very good agreement with exact values for both
cases. However, estimated heat sources using two
measurement points T4 and TS5 are tiny better than
that using two measured temperatures at T1 and
T3. Clearly, the presented method can get reliable
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results as knowing temperatures at easy measuring
positions (T, and T,).
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Fig. 3. Inverse results using T ;
(a) Temperature, (b) Heat generation

50
O 45;
L
£ 40
®
© 35
5
=307 o Tinverse

25 I I I L I I L

0 1000 2000 3000 4000 5000 6000 7000
Time (sec)
(o]

"'%53)( 10
= o " q/
% a0 i N
S (b)
&1
2 5
N I . W ]
§
I, —Exact - Inverse

0 1000 2000 3000 4000 5000 6000 7000
Time (sec)

Fig. 4. Inverse results using T ,;
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Fig. 7 indicates an excellent performance
results between inverse and exact solutions when
employing three measurement points. However, the
accuracy of case using three points is slightly higher
than that of using two points. From analysis of these
findings, one is said that the proposed method can
accurately estimate heat generations in high speed
spindle through using only two measurement
positions.
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5. Conclusion

An inverse method for determining
unknown heat generations in high speed spindle
are successfully applied in this study. Results show
that measurement point number affects accuracy
of numerical solution. These results lead to a
conclusion that two unknown heat generations in the
spindle can precisely be evaluated with minimum
two measurement points. This method may apply
to give a simple method to predict quantity of heat
generation for different kind of spindle.
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UNG DUNG PHUONG PHAP NGHICH TRONG TRUYEN NHIET
CUA TRUC CHINH TOC PQ CAO

Tom tat:

Bal bao nay trinh bay mot phuong phap nghich dé tim nguén nhiét sinh ra trong truc chinh lam
viée véi toc dé cao. thmg phdp nghich dé xudt dwoc xdy dung bang cdch sir dung phan mém thirong mai
ANSYS va phu’(mg phadp t6i wu llen hop Gradient. Cac mé phong véi sé diém do va vi tri do khac nhau diroc
thuee hién. Két qud cho thdy nguon nhiét cé thé dwoc du' dodn vé6i dp chinh xdc cao khi chi can sir dung nhiét
o do tai 2 diém. Phwong phdp hién tai sé cung cdp mot cong cu hiru ich cho viéc nghién ciru qua trinh
truyén nhiét phikc tap trong cdc truc chinh lam viée véi toc do cao.

Tir khéa: Phwong phap nghich, Truc chinh téc @6 cao, Phwong phdp lién hop Gradient, Phan mém ANSYS.
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