'.) Check for updates

Journal of
MECHANICAL
ENGINEERING SCIENCE

Institution of

(o
ENGINEERS

Original Article

Proc IMechE Part C:

| Mechanical Engineering Science

2017, Vol. 231(12) 23572369

© IMechE 2016

Reprints and permissions:
sagepub.co.uk/journalsPermissions.nav
DOI: 10.1177/0954406216631781
journals.sagepub.com/home/pic

®SAGE

Numerical simulation and experimental
study of the air-cooled motorized spindle

He Qiang', Shen Yuan', Ren Fengzhang?, Li Lili'
and A Volinsky Alex®

Abstract

In this study, numerical methods are used to investigate the flow and temperature fields of the air-cooled motorized
spindle. The wind speed effects on the motorized spindle temperature and the relationships between the rotating speed,
vibration and noise are studied experimentally. The purpose of this work is to provide the basis for optimization design
of the air-cooled motorized spindle. First, the boundary conditions are defined and the wind speed in the heat sink
groove, fluid field of the fan area and temperature distribution of the spindle in the thermal steady state are predicted by
the finite element method. Second, the temperature, wind speed, vibration of the key points on the motorized spindle
and the noise are measured experimentally. The results show that the wind speed of the fan area is high in the center and
low near the wall. The spindle temperature is higher in the area of contact with the rotor and the front bearings, while
changes in the heat sink section have little effect on the wind speed. It is found experimentally that the vibration, noise
and temperature increase with rotating speed. The numerical and experimental results are consistent. It is suggested to
improve the design of the motorized spindle through optimizing the blade structure to decrease the temperature,

vibration and noise.
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Introduction

The motorized spindle plays a vital role in improving
the machining precision and processing efficiency
of the manufactured goods. Among all errors that
affect the motorized spindle precision, thermal errors
cause most problems.! Wood needs to be protected
from water and oil during the machining process.
Typically, cooling of the motorized spindle in wood-
working is achieved by means of an axial fan, where a
fan blade is installed at the rear of the spindle to blow
cooling air. For the wood-working motorized spindle
with the air-cooling system, its vibration and noise
character, impacted by the wind, will be different
from the traditional motorized spindle.

Previous experiments and numerical simulations of
the fluid machinery often focus on studying the blade
to improve its performance.” * Mori et al.” studied an
axial flow fan operating under rotating stall condi-
tions using particle image velocimetry method and
numerical analysis. Sadowski and Golewski® com-
pared thermal characteristics of the turbine blade
with applied thermal barrier coatings and the
normal turbine blade. Fike et al.” introduced a

visualization system of the axial flow fan and studied
the flow distribution around the blade. Allison et al.®
discussed the air-cooled heat exchanger with interdi-
gitated impeller blades and provided a design method
for the heat exchanger. Zhao et al.” studied the ther-
mal behavior of the CNC machine tool spindle using
the finite element method and showed good agree-
ment with experimental results. Holkup et al.'® pre-
sented a thermo-mechanical model of the spindle that
can simulate the bearing performance and thermo-
mechanical deformation of the spindle parts.
Anandan and Ozdoganlar'' found that the thermal
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character, rotating speed of the spindle and span all
have impact the performance of the ultrahigh-speed
micromachining spindle. Zahedi and Movahhedy'?
studied the relations between generated heat, stiffness,
rotating speed and natural frequency. However, only
a few researchers have studied the dynamic character-
istics and the fluid flow of the air-cooled motorized
spindle.

This paper studied the fluid flow and the tempera-
ture distribution of the air-cooled motorized spindle.
The wind speed effects the motorized spindle tempera-
ture and the relationships between the rotating speed,
vibration and noise were studied experimentally. In
this paper, the fluid flow was investigated by the
finite element method, and a thermal model was
built to simulate the thermal characteristics of the
spindle. Numerical results are verified by experiments
which are consistent with the experimental results.

Numerical model

The problem is complicated because the heat transfer
in the motorized spindle involves both internal and
external heat exchange. However, it is difficult to
study the internal heat exchange character without
breaking the overall structure of the motorized spin-
dle. A better solution at present is to simulate the heat
and fluid flow using numerical methods.

The Navier-Stokes equations express the Newton’s
second law for the motion—force and acceleration of
the incompressible viscous flow. They represent the
fundamental mathematical model of fluid dynamics
problems.'® These equations include the conservation
of mass or continuity equation, the conservation of
momentum equation and the conservation of energy
equation.

The conservation of mass equation using an indi-
cial notation is

i (1)

ax,-

where i=1, 2 for the two-dimensional case and i=1,
2, 3 for the three-dimensional flow.
The conservation of momentum equation is

ou; u; ap Pu
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This equation is applicable in any space dimensions.

The energy conservation equation in the indicial
form is

oT 9T PT
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This equation is applicable in any space dimensions.
The k-¢ turbulence model fits most engineering tur-
bulence conditions quite well; it is a two-equation

model that solves for the speed and length separately.
The k is the turbulent kinetic energy, which stands for
the variation of velocity fluctuations. The ¢ is the dis-
sipation rate of the turbulent kinetic energy, which
stands for the dissipation rate of the velocity
fluctuations.

The standard k- turbulence model is
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where C,,, C,, C,,, ok, 0, are constant' (Ce, =1.44,
C,, =192, C,,=0.09, 0, =1.0, 0. =1.3). G, stands
for the turbulent kinetic energy generated by the aver-
age velocity gradient. G, stands for the turbulent kin-
etic energy generated by buoyancy. Y, stands for the
influence of compressible turbulent flow pulsation on
the total dissipation rate. The turbulent viscosity coef-
ficient, u,, can be expressed as

&2
wi=pCur (6)

Fluid flow boundary conditions. It is very important to
know the heat dissipating capacity of the fan and
the sink when designing the air-cooled motorized
spindle. The heat dissipating capacity of the sink at
a certain mass flow is the key concern of this paper. In
this case, the flowing fluid is air with velocity-inlet
boundary conditions of the fan vents, while the
temperature of the fluid is the same as the room
temperature. Turbulent kinetic energy is 0.5% of
the average kinetic energy of the inflowing fluid.
Hydraulic diameter uses the characteristic length of
the heat sink around the air inlets. The boundary con-
ditions of the fluid outlet are defined by the outlet
pressure.

Heat generation in the bearings and the motor

Heat generation in the bearings:

Palmgren'® gives empirical formulas for calculating
the heat generated in the bearings

Or=1.047x10*M -n (7)

where M is the total friction torque of the bearings
(N-mm), n is the rotating speed of the bearing inner
race (r/min) and Qyis the heat generated in the bear-

ings (W).
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The total friction torque of the bearings consists of
the two terms

M =M+ M, (8)

M is the friction torque related to the rotating speed,
lubrication and bearing type, and can be calculated as

My = 107" x fo(vm)y**d,  vn > 2000 )

M, =160 x 10 'fod},  vn < 2000 (10)

where f; is a coefficient related to the bearing type and
lubrication. For the angular contact ball bearings
lubricated by grease, fo=2; d,, is the mid-diameter
of the bearings; v is the kinematic viscosity of the
lubricant at operating temperature. For the ball bear-
ings lubricated by grease, it means that the base oil
kinematic viscosity of grease is valid for a short period
after greasing.'®

M, is the friction torque related to the load of the
bearing. It can be calculated as

M2 :.flpldm (11)

where f] is the load coefficient, and for the angular
contact ball bearings f; =0.001; P; is the equivalent
load of the bearings.

Heat generation in the motor:

Copper loss is the electric energy loss caused by the
resistance of the rotor and the stator winding, given by'’

Glﬁppr
S

Pew =001 = (12)
where 6 is the number of phases of the motor, ,, is the
phase current of the rotor or stator winding (A), r is
the resistance of the single-phase rotor or stator wind-
ing (£2), p, is the resistivity of the winding (2-m), L, is
the length of each phase winding (m), S is the cross-
sectional area of the conductor (m?).

Iron loss (magnetic loss) is another loss of the
motor, which can be calculated as'’

43
Pr. = P50 () k,B*m, (13)

where Pjjs50 is the iron loss coefficient when B=1T
and f=50Hz, m, is the mass (kg), B is the magnetic

flux (7).

Heat transfer coefficients. The flow state of the air in the
heat sink can be described by the Reynolds number
(Re). The cross-section of the heat sink is U-shaped
cross-section and its hydraulic radius can be used as
the characteristic length

R=A4/x (14)

Re = ‘K}R (15)

where A is the cross-sectional area, x is the wetted
perimeter of the cross-section, v is the mean flow vel-
ocity of the fluid, v is the kinematic viscosity of the
fluid.

When Re < 2200 the flow state is laminar flow, and
the Nusselt number is given by'®

Pro\%25 7 g\ 04
Nu/v:0.46R¢/9'5P(]9'43<P—/> (Z) (16)

where L is the length of the heat sink, d is the char-
acteristic length of the flow pass diameter (d=4 R),
Pr,, is calculated according to the wall temperature,
T,. The experimental verification scope: 1.41 < Pry/
Pr,, <18.2, Rey<2200.

For 2200 < Re < 10,000, the average heat transfer
coefficients of air is given by'®

Ny = 0.0214( Ref* — 100)

2/3 045
X Pr_;’:“[l + (i) }(?) (17)

The temperature, 75 is the average value of
the inlet and the outlet fluid temperature. The
experimental  verification scope: 0.6 < Pry<1.5,
0.5<T/T, < 1.5, 2200 < Re;< 10,000.

When the flow state is strongly turbulent
(Re >10,000), the Nusselt number is typically calcu-
lated by the Dittus-Boelter formula'®

Nuy = 0.023Rep* Pr} (18)

n=0.4 when cooling the fluid and n=0.3 when heat-
ing the fluid. This formula is suitable for the condi-
tion when the temperature difference is below
the medium (no more than 50°C for gas). The experi-
mental verification scope: 10,000 < Re,< 120,000,
0.7 < Pry< 120, L/d > 60.

The Nusselt number of the front heat sink wind
area is given by'®

Nuy = 0.664R¢)” Pr/> (19)

The heat transfer coefficients of the forced convec-
tion is given by

Nul,,

d

where Nu is the Nusselt number of the fluid that can
be calculated using the above equations, and /,, is the
thermal conductivity of the fluid.

The heat exchange is complicated in the air gap
between the rotor and the stator, and the simplified
heat transfer coefficients can be given by'’

hw = (20)

he = 28(1 + 02?) 21



2360

Proc IMechE Part C: | Mechanical Engineering Science 231(12)

Front cover

Heat sinks

Shell  Bearing

Rear cover

Figure |. The structure of the motorized spindle.

where w, is the average wind velocity of the gap
(wy =v,/2), v, is rotating speed of the rotor).

The simplified heat transfer coefficients of the spin-
dle surface can be given by'”

h = 28(1 + \/0.45\),) 22)

where v, is the velocity of the spindle surface, as
for the end region of the rotor and the spindle, v, is
the average velocity of their end region.

The heat transfer of the motorized spindle surface
includes convection and radiation. The entire thermal
resistance can be seen as parallel two thermal resist-
ances, so the entire heat transfer equals the sum of the
convection and radiation heat transfer

d = P, + Dy (23)

where ® is the entire heat transfer, ®. is the convec-
tion heat transfer, ®y is the radiation heat transfer.
According to Chen and Chen,” the heat transfer
coefficient of the motorized spindle surface is
31.6 W/(m*°C).

Figure 1 shows an air-cooled motorized spindle,
whose power is 8 KW, while the operating voltage is
380V, and the rotating speed is 6000 r/min. The spin-
dle is supported by the front and the rear bearings.
The front bearings are two angular contact ball bear-
ings (7010C/P4) and adopt the face-to-face mounting.
The rear bearing is a deep-groove ball bearing (6007)
and is compressed by a wave spring. The wave spring
can compensate the thermal deformation of the spin-
dle. The lubricating grease is Kluber L252. The spin-
dle cooling fan is a stamped product with six fan
blades mounted on the spindle by four hexagonal

head bolts. Outside the fan area, a shield was
mounted for protection. There are four vents in the
rear cover to let the cold air pass.

The numerical model is simplified according to the
real motorized spindle. The model can be divided into
the fluid analysis model and the heat transfer model.

Different computational domains have different
parameter settings in fluid analysis. As shown in the
Figure 2, the fluid analysis model is divided into two
parts, one is the rotating domain around the fan area
and another is the fixed domain, which is the rest of
the fluid area. The rotating domain includes the cylin-
der that envelopes the fan and the interface between
air and the fan. The rest of the fluid area is a fixed part
for the fluid state calculations.

It is important to simplify the model for the ther-
mal analysis. In the simulation of the motorized spin-
dle, the rotor and the stator can be simplified as thick
cylinders with evenly distributed heat source. The roll-
ing elements of the bearing can be equivalent to a ring
with the same cross-sectional area. The simplified heat
source of the bearings is an evenly distributed heat
source and the heat flows out through the external
surface and the area in contact with the bearing hous-
ing. The wiring structure, the bolts, bolt holes and
other tiny structures are neglected. The thermal con-
tact resistance of the contact parts in the simplified
model is 0. The simplified model is shown in Figure 3.

The bearings and motor heat generation rate and
the heat transfer coefficient of all the surfaces can be
calculated as in the Heat generation in the bearings
and the motor section. In addition, it should be noted
that the cross-section of the heat sink changes in the
middle, the front surface of the heat sink is about a
quarter less than the latter half. Thus, the heat sink
characteristic length was wused for numerical



Qiang et al.

2361

Figure 2. Physical model of the fluid: (a) the rotating domain and (b) the fixed domain.
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Figure 3. The simplified model of the motorized spindle.

calculations of the latter half of the heat sink,
while the wind speed in the heat sink grooves was
adopted as three quarters of the mean wind speed
value.

Numerical results

The numerical simulation utilized the above numer-
ical model. To obtain the wind speed of the fan area,
the ANSYS CFX 14.5 commercial code was applied.
The environment temperature of the simulation is
27°C, the rotating speed is 6000 r/min and the influ-
ence of natural wind is neglected in the fluid field
simulations.

Figure 4 shows the numerical results of the velocity
streamline in the fan area. It shows a vortex in the
upper-left corner of the fan area. The cooling air
enters the fan area from the shield and flows with
the fan (the fan rotating direction is counterclock-
wise). Some air flows out from the vents, while some
hits the shield and flows together with the newly
entered cooling air, which is why there is a vortex in
the upper-left corner. This is because the vortex inter-
acts with the fan and the wind speed (about 70 m/s) is
higher than in all other areas. The wind speed is
around 10 to 45m/s in most areas of the fan. The
wind speed is higher in the center and lower close to
the wall.

The internal temperature of the motorized spindle
is shown in Figure 5, which was performed with the
commercial code ANSYS Workbench. Among all
heat sources (front and rear bearings and the motor)
of the motorized spindle, the temperature of the front
bearings and the rotor is higher, so the spindle tem-
perature of the contact areas is also higher. The end of
the spindle is close to the fan and has good heat dis-
sipation, so is the rear bearings.

Experimental study of the motorized
spindle

It is important to consider many factors when choos-
ing the experimental setup facilities. The purpose of
the experiments is to investigate the wind speed effects
on the motorized spindle temperature and the rela-
tionships between the rotating speed, vibration and
noise. Thus, the main parameters are related to the
fluid and the temperature of the motorized spindle,
like wind speed, wind temperature, air density, the
rotating speed, vibration, noise and the temperature
of the motorized spindle. The fin pitch of the heat sink
is less than 15mm, so the Smart Sensor AR866
hot-film anemometer is chosen to measure the wind
speed and air temperature. The surface temperature of
the motorized spindle is measured by the infrared
thermometer (Shaanxi RG Automatic Instrument
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Figure 5. Temperature distribution of the motorized spindle.

PT120). The rotating speed and the vibration are mea-
sured by the overall dynamic balance instrument
(wiBalancer). The noise is measured by the digital
sound level meter (CEM DT-8852).

Figure 6 shows the experimental setup. The ambi-
ent temperature is 27°C and the temperature of the
entire motorized spindle surface is assumed to be
the same. The natural air flow in the lab is less than
0.1m/s. In order to make sure the rotating speed
exactly meets the test requirements, the speed sensor
is set at the front of the spindle to measure the rotat-
ing speed.

Figure 7(a) shows the map of the surface sampling
points. There are nine lines of the sampling points and
each line has 30 sampling points, with the 270 sampling
points in total. As shown in the Figure 7(c), there are
nine sampling point lines along the Y direction dividing
the motorized spindle into nine sampling planes, and
each plane is divided evenly by the 30 points (30 sam-
pling points along the X direction). Among all the

points, there are five key sampling points (points
1 (15,1), 2 (15,5), 3 (15.,9), 4 (25,5), and point 5 (5,5)).
In the temperature rise experiments, the temperature of
the key points is recorded each minute. In the experi-
ment of the steady-state temperature, the temperature
of every sampling point is also recorded. In the wind
speed experiment under the condition of steady-state
temperature, the wind speed of the heat sink groove at
each sampling point is recorded. In addition, there is a
vibration sampling point in the front bearing area. All
reported experimental data have the mean value of five
experiments.

Temperature characteristics of the motorized spindle.

Figure 8 shows the temperature rise of the motorized
spindle at the normal operating rotating speed
(6000 r/min). Figure 8(a) shows the temperature com-
parison of the first three key sampling points, which
are all in the Y =5 sampling plane. The temperature is
almost the same on the same sampling plane. The
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Figure 7. Schematics of the sampling points: (a) surface development figure; (b) back view of the motorized spindle; (c) sketch of the

sampling planes.

temperature rise of the sampling point 2 on the sur-
face B is a little faster than the other two sampling
points, since there is no wind blowing through the
surface B. The temperature rise trend of a sampling
plane has only a slight difference, so the temperature
trend of the whole motorized spindle can be repre-
sented by the front, middle and rear points (points

4, 2, 5). As shown in Figure 8(b), the front side of
the motorized spindle reaches the steady thermal
state first. In addition, the temperature of the front
is a little lower than the middle in the first 25 min and
higher after that. This is because there is not only
bearings heat in the front of the motorized spindle
but also the cooling air is heated at the latter part,
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Figure 8. Temperature rise curve of the motorized spindle: (a) the middle section and (b) the front, middle and rear temperature

rise curve of the motorized spindle.
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Figure 9. The wind speed in the heat sink grooves: (a) wind speed on the surface A; (b) wind speed on the surface B.

so the ambient temperature is higher. The tempera-
ture of the entire motorized spindle increased fast and
entered the steady thermal state in about 90min.
After that, the steady-state thermal data of the spindle
are recorded.

Wind speed characteristics in the heat sink grooves. The
wind speed in all heat sink grooves is shown in
Figure 9. The wind speed is reduced in the vents,
while for each vent the wind speed is higher in the
middle groove than others. The grooves x=15 and
x =25 are at the joint of the vents, so the wind
speed in those grooves is lower. The grooves x =2
and x =29 are blocked at the ends, which is why the
wind speed increases (see the color of the sampling
planes 2 and 3). In addition, the results show that
the change of the heat sink cross-section area has
little effect on the wind speed.

The relationships between the rotating speed, wind speed,
surface temperature and noise. The wind speed change
in groove x =27 is typical, thus this groove is chosen

to represent the wind speed change at different rotat-
ing speed. It can be seen from the Figure 10 that the
wind speed increases with the rotating speed, and the
front, middle and rear wind speed difference is also
increasing with it. This illustrates that the kinetic
energy dissipation of the fluid is larger when the
wind speed is high.

In the temperature rise experiments, the tempera-
ture trend of a sampling plane differs only slightly,
thus the temperature of the motorized spindle can
also be represented by the front, middle and rear
points (points 4, 2, 5). Figure 11 shows the tempera-
ture of the key points on the motorized spindle. The
temperature increases with the rotating speed,
although the wind speed also increases. The tempera-
ture of the front port is higher than the other parts
because it is heated by the bearings and the motor.
The temperature of the middle part also increases with
the rotating speed, since the heat transmitted to the
rear part increased its temperature.

The relationships curves of the rotating speed,
vibration and noise are shown in Figures 12 and 13.
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The noise and vibration of the motorized spindle
increase with the rotating speed. The noise reaches
103dB at 4000 r/min and after that the increase of
rotating speed only causes a very small noise increase.
The vibrations at 3000-4000 r/min rise more slowly
than at other rotating speeds.

Comparison of numerical and
experimental results
Figure 14 shows the numerical and experimental

results of the x =27 groove, and the results are basic-
ally consistent.
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It is shown in Figure 15 that the maximum tem-
perature areas are in the middle part and the area
below the middle part. The reason is that the heat
dissipation is not so good in those areas (the cool
air is blocked by the joint of the vents in the middle
part and by the rear cover in the lower part), and these
areas are also close to the stator. The lower-left corner
of the surface C is connected with the experimental

table, thus this area is cooled, since the heat of the
spindle is transmitted to the experimental table. The
numerical result of the temperature simulation
method is a little higher than the experiment result
at the end of the motorized spindle, because the
whole heat sink uses the averaged heat transfer coef-
ficient. Figure 16 shows the temperature comparison
of the experimental and numerical results in the x =15
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x =125 groove.

and x =25 grooves. The temperature distribution of
the motorized spindle can be divided into the latter
part temperature rise area and the front part stable
temperature area, according to Figures 15 and 16. In
the latter part rise area, the temperature increases fast
and in the front part stable area the temperature is
around 47 £ 1.5°C.

Conclusions

In this paper, numerical model has been developed to
simulate the flow and temperature fields of the air-
cooled motorized spindle. The temperature rise
and the wind speed were studied experimentally.
The relationship between the rotating speed,
vibration and noise were also investigated by experi-
ments. Numerical and experimental results are
comparable.

The numerical result shows that there is a vortex in
the upper-left corner of the fan area, the wind speed is
higher in the center and lower corner close to the wall.
The spindle temperature of areas in contact with the
front bearings and the rotor is higher than the other
areas. It is shown in the experiments that the tempera-
ture of the motorized spindle increases fast in the first
40 min and then reaches the steady thermal state. The
wind speed of an operating motorized spindle is
higher in the middle groove than other grooves. The
change of the heat sink cross-section area has little
effect on the wind speed and the kinetic energy dissi-
pation of the fluid is larger when the wind speed is
high. The temperature, vibration and noise of the
motorized spindle increase with the rotating speed.
The temperature is high in the front part and low in
the latter part, and the noise has a modest increase
past 103 dB. The numerical and experimental results
are basically consistent, and show that the tempera-
ture variation of the front part is small, while the tem-
perature variation of the latter part is large.

(a) temperature of the x =15 groove; (b) temperature of the

It is suggested to improve the design of the motor-
ized spindle and optimize the blade structure in order
to decrease the temperature rise, vibration and noise.
Better numerical results can be obtained by using the
coupled calculation of the thermal and fluid flow
models.
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Appendix

Notation

A cross-section area (m?)

B magnetic flux (7)

d characteristic length of the flow pass
diameter (m)

f frequency of the motor (Hz)

N load coefficient (—)

Gy turbulent kinetic energy generated by

buoyancy (—)

G

63> <E

dr

turbulent kinetic energy generated by
the average velocity gradient (—)

heat transfer coefficients of the

air gap between rotor and stator
(W/(m*>C))

heat transfer coefficients of the spindle
surface (W/(m*°C))

heat transfer coefficients of the heat
sink (W/(m*Q))

phase current of the rotor winding or
stator (A)

turbulent kinetic energy, (m”s~?)
length of each phase winding ()
friction torque (N?mm)

friction torque (N mm)

rotating speed of the bearing inner race
(r/min)

Nusselt number (—)

equivalent load of the bearings (N)
iron loss coefficient when B=1T and
/=50 (=)

copper loss (W)

iron loss (W)

Prandlt number

temperature coefficient (°C)
characteristic length (m)

Reynolds number (—)

resistance of single-phase rotor winding
or stator winding (£2)

cross-sectional area of the conductor
(m?)

time, (s)

temperature, (K)

average value of fluid temperature (°C)
wall temperature (°C)

the average inlet velocity in the 7 direc-
tion (—)

mean flow velocity of the fluid (m/s)
wetted perimeter of the cross-section
(m)

xi direction (—)

influence of compressible turbulent
flow pulsation on total dissipation rate
(=)

thermal diffusivity (—)

dissipation rate of turbulent kinetic
energy, (m*s)

phase number of the motor (—)
thermal conductivity of the fluid (W/
(m°C))

turbulent viscosity coefficient (—)
kinematic viscosity of the fluid (m?/s)
density of the fluid (kg?m ™)
resistivity of the winding (g-m)

entire heat transfer (—)

convection heat transfer (—)

radiation heat transfer (—)



