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Abstract The surface heat transfer exhibits highly nonlinear
characteristic during minimum quantity lubrication (MQL)
grinding owing to the high grinding surface temperature gra-
dient, the complicated movement characteristic of the spray
and the random droplet size. Based on the atomization mech-
anism, the influencing factors about the velocity and the diam-
eter of the droplet were analyzed. The grinding zone was
divided into four different regions according to the heat transfer
mechanism of the droplet at different surface temperatures,
namely non-boiling heat transfer region, nucleate boiling heat
transfer region, transitional boiling heat transfer region and
stable film boiling heat transfer region. Furthermore, the relat-
ed mathematical models of heat transfer in the grinding zone
were established. The surface grinding experiment is carried
out; a good agreement is found between the simulative result
and experimental measuring result of the surface temperature
during MQL grinding, which shows that the theory of surface
heat transfer coefficient during MQL grinding is creditable.

Keywords Heat transfer coefficient - MQL grinding -
Boiling - Spray
1 Introduction

The grinding energy ratio is very high during the grinding
process, especially for hard-to-cut materials. Moreover,
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most of the grinding energy is converted into grinding heat
and accumulated in the grinding zone. If this grinding heat
cannot be taken away in time, the temperature in grinding
zone would be risen sharply, which has serious influence on
the quality and service life of the component [1]. Therefore,
looking for an effective cooling method has great signifi-
cance on controlling the grinding temperature and improv-
ing the workpiece quality. Cooling techniques usually
include traditional wet cooling, steam cooling, liquid nitro-
gen cooling, cold air cooling, jet impinging wet cooling and
minimum quantity lubrication (MQL) technique. From the
cooling effect, economic, environmental protection and so
on, the MQL technique is regarded as a kind of more
effective green cooling technology [2]. Although MQL
technique is widely applied in drilling [3], milling [4] and
turning [5], MQL grinding is still a relatively new research
area. Previous research [6] found that an enhanced grinding
performance was obtained with lower grinding force, de-
creased wheel wear, improved surface roughness and resid-
ual compressive stresses in comparison with dry grinding.
It is obvious that the spraying process is dynamic and is
affected by various factors. In addition, the contact heat trans-
fer depends strongly on the impacting droplet dynamics, and
in turn, the droplet dynamics depend on the diameter and
impinging velocity of the droplet. Meanwhile, the heat trans-
fer during MQL grinding is a complex nonlinear system.
When grinding temperature is risen up to a certain extent,
the droplets entering into grinding zone would momentarily
be boiled and vaporized [7, 8]. Therefore, the research of heat
transfer coefficient during MQL grinding is more difficult.
Based on the atomization mechanism, the effect of the
pressure of air and liquid, air-liquid ratio, liquid properties
and nozzle parameters on the diameter and the impinging
velocity of the droplet were investigated in this study.
According to the heat transfer mechanism of the droplet
under different surface temperatures, the grinding zone

@ Springer



364

Int J Adv Manuf Technol (2013) 66:363-370

was divided into four different regions, namely non-boiling
heat transfer region, nucleate boiling heat transfer region,
transitional boiling heat transfer region and stable film boil-
ing heat transfer region. In addition, the related mathemat-
ical models of heat transfer in the grinding zone were
established. Furthermore, the surface grinding experiment
was carried out to validate the theory of surface heat transfer
coefficient during MQL grinding.

2 Spraying parameters

The MQL technique has a better heat transfer effect on
grinding zone because the droplets can break through the
barrier layer of gas around the grinding zone and be injected
into the grinding zone [9, 10]. But it cannot be achieved in
the traditional wet grinding. Thus, the heat transfer effect of
MQL technique depends on the droplet impinging force. It
is known that the droplet impinging force depends strongly
on the momentum of the impacting droplet, and in turn, the
droplet momentum depends on the diameter and the imping-
ing velocity of the droplet. Therefore, the diameter and the
impinging velocity of the droplet have a significant effect on
the heat transfer effect on grinding zone.

The MQL system is shown in Fig. 1. In this system, the
compressed air which is supplied by the air compressor
enters into the gas inlet pipe. Moisture and dust are excluded
by the air filter, and a small quantity of compressed air is
used to control pneumatic pump by the frequency generator.
The grinding fluid is conveyed to the liquid inlet pipe. The
compressed air passes through the flow rate adjustment and
then is mixed with grinding liquid in the nozzle. The work-
piece and grinding wheel is cooled and lubricated when the
atomized grinding fluid is injected into the grinding zone
with a high velocity. In addition, the flow rate of grinding
fluid is controlled by a flow rate adjustment.

The internal-mixing two-phase flow nozzle is employed
in the MQL equipment. The grinding liquid tube with a

Fig. 1 a The MQL system: /
reservoir, 2 grinding fluid flow
rate adjustment, 3 manometer, 4
air inlet, 5 air filter, 6 frequency
generator, 7 pneumatic pump
for individual adjustment. b
The MQL grinding
experimental equipment:

§ grinding wheel, 9 double
layers tube, /0 workpiece and
thermocouple, /1 nozzle, 12
clamping device, 13
dynamometer
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smaller diameter is installed in the air tube with a larger
diameter, and the axes of the two tubes coincide with each
other. The compressed air is transported by the air tube, and
the grinding liquid is injected into the liquid tube. The
compressed air and the grinding fluid are mixed in the
nozzle. It is obvious that the velocity of the air is very high,
but the velocity of the liquid is quite slow, and then the
relative velocity between the liquid and the air is very high.
Therefore, there is a greater frictional force between the air
and the liquid, and thus the grinding liquid can be split into
droplets with a micron grade diameter.

According to the Bernoulli equation [11], the relation of
the droplet velocity at the nozzle exit vy, the cooling liquid
flow rate Oy and the pressure of the compressed air p, can be
expressed by:

where p, is the atmosphere pressure, p; is the cooling liquid
density, D is the nozzle diameter, and £ is the resistance
coefficient.

It is known that the gravity force of the droplet is quite
small in comparison with the resistance of the ambient air
before the droplet is collided with the contact zone between
the grinding wheel and the workpiece. Thus, only the effect
of the resistance of ambient air on the velocity of the droplet
is considered. The velocity of the ambient air is very low in
comparison to that of the droplet, and then the ambient air
can be considered as static. Thus, the velocity of the droplet
v; before it is collided with the grinding zone can be
expressed as [11]:

2\/()
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where Cj, is the air resistance coefficient, S, is the section
area of the droplet, and +, is the gravity of air.

(2)
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It is known that the distance between the nozzle and the
grinding zone is very small (about 25-40 mm in this study),
and there also exists a dip angle between the nozzle and the
grinding zone. Then, it only takes a relatively short time when
the droplet is injected into the grinding zone from the exit of
the nozzle. According to Eq. (2), the velocity of the droplet v,
before it is collided with the grinding zone is really close to the
spraying velocity of the droplet at the nozzle exit vy.

The compressed air and the liquid are mixed in the
nozzle, and the liquid is split into droplet by the compressed
air. According to the reference [12], the average diameter of
the droplets is calculated as follows:

0.45
585 1.5
=385V | sq| i x (1000g> (3)
Vry/P1 V p16 Qa

where 0 is the surface tension of the cooling liquid, pj is the
density of the cooling liquid, v, is the relative velocity
between the air and the liquid, y is the viscosity of the
cooling liquid, Q, is the flow rate of the cooling liquid, and
0, is the flow rate of the air.

Based on Eq. (3), the ratio of O, to Q,, the viscosity of the
cooling liquid 4, the density of the cooling liquid p; and the
relative velocity v, between the air and the liquid are the
important factors that influence the droplet diameter.

The different velocity of the droplets at the nozzle exit
can be obtained by changing the pressure of the compressed
air when the nozzle and cooling liquid were selected. In
addition, as the pressure of the compressed air is increased,
the flow rate of the compressed air increases. The diameter
of droplets is affected by the ratio of O, to Q,. Therefore, the
pressure of compressed air and the flow rate of cooling fluid
are the major factors that affect the velocity and diameter of
droplets during spraying.

3 The surface heat transfer mechanism during MQL
grinding

It is well known that there are three different heat transfer
mechanisms in the MQL technique [8, 13]: (1) droplet
contact heat transfer, (2) air convective heat transfer and
(3) radiation heat transfer. The radiation heat transfer can be
usually neglected when the surface temperature is less than
800 °C [8]. Based on the experiment of dry grinding, the
authors found that the peak temperature in the grinding zone
during dry grinding does not exceed 800 °C under the given
grinding parameters in this study. It is obvious that the peak
temperature for MQL grinding is lower than that for dry
grinding. Therefore, the radiation heat transfer is neglected.
The temperature distribution in grinding zone is varied
along the grinding direction, and the heat transfer is closely

related to surface temperature. According to the heat transfer
mechanism of the droplet at different surface temperatures
and the temperature distribution in the grinding zone, the
heat transfer in grinding zone can be divided into four parts:
non-boiling heat transfer (when the surface temperature 7y is
less than 105 °C), nucleate boiling heat transfer (105 °C <
Ty < 125 °C), transition boiling heat transfer (125 °C < Ty <
300 °C) and stable film boiling heat transfer (300 °C < Ty).

For simplifying the computational process, the heat trans-
fer model of MQL grinding in the grinding zone is simpli-
fied as follows:

(1) The heat source of grinding surface is derived from the
friction between the grinding wheel and the workpiece. It
is assumed that a constant heat flux load is applied on the
microscopic subunits of grinding surface per unit time.

(2) It is known that the velocity of droplet is higher than
that of the grinding wheel. Furthermore, the nozzle is
angularly positioned toward the grinding wheel. There-
fore, it can be assumed that the droplet can break
through the gas barrier layer around the grinding wheel
surface, and then the droplet can be injected into the
grinding zone.

(3) The volume flow rate of air is 5—6 orders of magnitude
larger than that of the liquid. It can be assumed that the
heat transfer style of the air is convection, and the heat
transfer style of the droplet is only considered as boiling
heat transfer.

(4) The interaction of droplets can be ignored since the
density of them is quite small.

(5) The droplet can be kept to a spherical shape when it is
collided with the gas layer on the grinding wheel surface.

(6) The droplet diameter is quite small so that they can be
heated to the grinding surface temperature in a moment.

(7) In the high temperature zone, the temperature of vapor
near the grinding surface is assumed as the same with
grinding surface temperature7y,. The temperature of
vapor contact with liquid film is considered as the
saturated temperature of liquid 7.

3.1 Non-boiling heat transfer

When the grinding temperature is below 105 °C, it cannot
make the droplet phase change. Therefore, this region is non-
boiling heat transfer. The ratio of the flow rate of the air O, to
the flow rate of the cooling liquid Q, is quite large, and then
the heat transfer in this region only included two parts: air
convective heat transfer and droplet contact heat transfer.

The heat transfer coefficient of air convective %, can be
expressed as [14]:

~ AaNu
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Nu = 0.906Re?Pr s (5)
VaPal
a
L l}-a
hy = 0.906Re2Pr 3 7 (7)

where )\, is the thermal conductivity of air, Nu is the Nusselt
number, Re is the Reynolds number, Pr is the Prandtl num-
ber, [ is the width of heat transfer in grinding zone, v, is the
velocity of the air, p, is the density of the air, and p, is the
viscosity of the air.

The heat transfer coefficient of droplet contact /4, can be
expressed as:

q1
h=—"—— 8
e (®

q1 = Cm(Ty — Th) )

where C) is the specific heat of the droplet, m is the quality of

the droplet that participated in heat transfer, 7, is the grinding

zone temperature, and 7 is the initial temperature of the droplet.
The total heat transfer coefficient can be expressed as:

(10)

In the non-boiling heat transfer region, there is a nearly
linear relation between the grinding zone temperature and
the heat transfer quantity which is carried by MQL tech-
nique [11]. The heat transfer coefficient is the ratio of the
heat transfer quantity to the temperature difference be-
tween the grinding zone temperature and the initial tem-
perature of the grinding liquid. Therefore, the heat transfer
coefficient can be approximately regarded as a constant in
this region.

h=hy,+h

3.2 Nucleate boiling heat transfer and transition boiling heat
transfer

In this region, the droplet is formed as a very thin liquid film
on the heat transfer surface when the temperature is low, and
which performs as the general boiling characteristics. The
liquid film will be broken with the increasing of the surface
temperature, which causes local liquid film section and dry
section to be coexisted on the heat transfer surface. The heat
transfer reaches to the peak value when the liquid film is
completely vaporized. It shows a stable transition boiling
rather than a film boiling when the temperature continues to
rise.

@ Springer

Therefore, the heat transfer quantity is quite complex in
the nucleate boiling and transition boiling heat transfer
region, and it performs a non-linear relation with the
surface temperature. It is difficult to accurately estimate
the heat transfer coefficient at different surface temper-
atures. Based on this problem, a large number of experi-
mental and theoretical researches have been carried out
[15-19]. But the results differ since the experimental
parameters and the environment are different. However,
these results show that there is a common characteristic;
namely, the relation between the heat transfer quantity and
the surface temperature is an analogous parabolic distri-
bution. In the nucleate boiling region, the curve is steeper
with the rising of the temperature. The heat transfer rea-
ches to the peak value at the critical point of 125 °C and
then drops down rapidly in the transition boiling region.
In the transition boiling region, the curve becomes smooth
with the rising of temperature. Nevertheless, the heat
transfer coefficient is the ratio of heat transfer quantity
to the temperature difference between the grinding surface
temperature and the initial temperature of the grinding
liquid. After the parabolic curve function is analyzed, it
can be concluded that as the temperature increases, the
heat transfer coefficient will increase in the nucleate boil-
ing region, but it will decrease in the transition boiling
region. At the point of critical heat flux, it reaches to the
peak value.

The critical heat flux is as follows [15]:

Gmax ze[hfa+C1(TS _Tl)]¢+qa, (11)

(12)

where € is the ratio of the droplet that participated in evap-
oration, Ay, is the latent heat of vapor, C; is the specific heat
of the droplet, Ty is the saturation temperature of the droplet,
T, is the initial temperature of the droplet, ¢ is the mass flow
rate of the liquid, and ¢, is the heat transfer quantity of the
air.

The momentum of the droplet is quite large, and then
the part of the droplets which are taken away by the vapor
in the grinding zone can be neglected. Hence, it is assumed
that all the droplets are evaporated in the heat transfer
surface (the value of € is set to 1). Equation (11) can be
simplified as:

g = O.906Re%Pr%% (Tw — Tp)

(13)

Therefore, the heat transfer coefficient in the point of
critical heat flux can be expressed as:

qmax = [hfa + CI(TS - Tl>]¢ + Qa,

hmax :ﬂ (14)
Iw—Ti
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3.3 Stable film boiling heat transfer

The film boiling of MQL technique is slightly different from
pool film boiling, but the mechanism is fairly similar. Based
on the pool film boiling, the mathematical model is revised,
and a revised heat transfer mathematical model of film
boiling for MQL technique is obtained. The heat transfer
in this region includes the droplet contact heat transfer, the

d?

air convective heat transfer and the radiation heat transfer. As
mentioned in “Section 3”, the radiation heat transfer can be
neglected when the surface temperature is less than 800 °C.
Therefore, only the droplet contact heat transfer and the air
convective heat transfer are considered in this model.

The heat transfer quantity of single droplet contact with a
hot surface can be expressed as [8]:

qa = Tpl[hfa + G(Ts — Tl)]{0'027 eXp Bl5

where the Weber number,

_ prdvy’®

we (16)
o
the surface superheat parameter,
C(Ty—T
B= 7( ) (17)
hfa
and the dimensionless vapor parameter,
Av
ke = (18)
Copy

Then, the heat transfer quantity of all droplets contact
with hot surface at per unit area and time can be
expressed as:

ql// = gan

60,
p— 1
"= Sad (19)

where 7 is the number of droplets contact with hot surface
per unit time, S is the coverage area of the spraying, Q) is the
volume flow rate of the cooling liquid, d is the average
diameter of the droplets, p; is the density of the cooling
liquid, v, is the normal velocity of the droplet, A, is the
thermal conductivity of the vapor, p, is the viscosity of the
vapor, and C, is the specific heat of the vapor.

The heat transfer quantity of air convective is given by:

¢a = 0.906Re*PriZ (Ty — Tp) (20)

Therefore, the heat transfer coefficient of the film boiling
region can be expressed as:

ql + qau
h— 21
Tw —To (1)

l0.0S Tn(we/35 + 1)

we + 1

+0.21kdBexp{ —90 ]} (15)

3.4 The distribution of heat transfer coefficient on grinding
surface

In this study, the air pressure is set to 0.6 Mpa; the liquid flow
rate is 5 ml/min, and the air flow rate is 7.5 m>/h. The hole
diameter of the nozzle is 1.2 mm, and the nozzle is placed at a
distance of about 30 mm from the grinding wheel-workpiece
interface. The spraying diameter of the nozzle can cover the
entire grinding surface of 8x4 mm (length x width). The
grinding liquid is 5 vol.% water-based Al,O5; nanofluids.
The heat transfer characteristic of the water-based Al,O;
nanofluids has been obviously improved in comparison with
pure water since the Al,O; nanoparticles have high thermal
conductivity. The effective thermal conductivity of pure water
can be improved by up to 23 % through the dispersion of
5 vol.% Al,O5 nanoparticles [20]. Therefore, the Al,O3 nano-
fluids were used for the cooling medium of MQL grinding.
According to the above mathematic model, the heat trans-
fer coefficient in the non-boiling region (surface temperature
Tw<105 °C) is 0.01 w/mm®. It has increased eight to nine

0.06

Heat transfer coefficient h( w/mm?)

0 Il Il Il Il Il
25 125 225 325 425 525

Grinding temperature 7, /'C

Fig. 2 The effect of grinding temperature on heat transfer coefficient
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096 1 The first nucleate boiling

Transition boiling

0.05 |
0.04 The second nucleate boiling

0.03 -

0.02

| Non-boiling
0.01 W

Stable film boiling

Heat transfer coefficient h (w/mm?2)

0.8 1.6 24 32 4.0 4.8 54
Distance along the grinding direction x/mm

Fig. 3 The distribution of heat transfer coefficient in the grinding zone

times in comparison with bulk air convective heat transfer,
which is agreed well with the research of Ye et al. [21]. In the
nucleate boiling region (105 °C<Tw <125 °C), the heat trans-
fer coefficient increases with the increase of the temperature,
and it reaches the peak value of 0.052 w/mm? at the point of
critical heat flux. However, in the transition boiling region
(125 °C < Tw<300 °C), the heat transfer coefficient decreases
with the rising temperature. In the stable film boiling region
(300 °C < T), the curve relationship of heat transfer quantity
and the grinding temperature is quite close to horizontal line
based on Egs. (15), (19) and (20). It has good agreement with
the experimental result in the reference [11]. As the heat
transfer coefficient is the ratio of heat transfer quantity to the
temperature difference between the grinding temperature and
the initial temperature of the grinding liquid, it shows a
slightly decreasing trend in this region. The heat transfer
coefficient is only 0.006 w/mm? when the temperature reaches
to 300 °C. The relationship of heat transfer coefficient and the
grinding temperature is shown in Fig. 2. The heat transfer
coefficient can be approximately regarded as a constant in
non-boiling region. In the nucleate boiling region, it immedi-
ately increases with the temperature rising, and it reaches a
peak value at the point of critical heat flux. However, in the

Fig. 4 The experimental
apparatus of the single
thermocouple

region of transition boiling and stable film boiling, it decreases
with the temperature rising. The decline rate of transition
boiling is quite large, and the stable film boiling tends to
smooth. The distribution of heat transfer coefficient in the
grinding zone is shown in Fig. 3. Nevertheless, the tempera-
ture distribution in the grinding zone is parabolic. In the
ground surface, the heat transfer coefficient shows a linear
distribution since the temperature is quite low. It presents a
curve distribution in grinding zone where the temperature is
quite high. It shows the second nucleate boiling heat transfer
at the exit of grinding zone where the temperature is decreased
sharply, as shown in Fig. 3.

4 Experiment

In order to verify the accuracy of the heat transfer coeffi-
cient, the temperature field for MQL grinding is analyzed by
using the finite element method. In addition, the grinding
temperature at the same grinding conditions as the simula-
tion is measured by a single thermocouple. The experimen-
tal apparatus of the single thermocouple is shown in Fig. 4.

The grinding experiments were conducted on the ultra-
precision surface grinder. A ceramic bond aluminum oxide
grinding wheel (WA46) was used, and the diameter of the
grinding wheel is 200 mm. The workpiece and clamping
device were fixed on the three-dimensional piezoelectric crys-
tal dynamometer, as shown in Fig. 1. The material of the
workpiece is AISI52100. The thermal conductivity coefficient
and the specific heat capacity of the workpiece are 41 W/m K
and 371 J/Kg K, respectively. The speed of the grinding wheel
is 31.4 m/s. The speed of the workpiece is 0.1 m/s. The
moving direction of the workpiece is adverse to the rotating
tangent direction of the grinding wheel. The cutting depth is
25 um. The Al,O3 nanofluids are used for cooling medium.
The grinding conditions are summarized in Table 1.

It is well known that the grinding temperature of the
workpiece is directly affected by the wheel-workpiece real
contact length and the heat flux which entered into the
workpiece [22]. For the calculation of the wheel-workpiece

Mica sheet Computer
Workpiece Constantan foil =
Mica sheet__|
I Clamp Amplifier
Dynamometer Amplifier |}—
S rr s ij/ /// A/D converter
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Table 1 Grinding

conditions Grinding wheel WA46

Wheel diameter (mm) d=200

Wheel speed (m/s) vs=31.4
Work material AISI52100
Table speed (m/s) Ve=0.1
Cutting depth (um)  a,=25
Grinding state Up grinding

Grinding fluid Al,O3 nanofluids

real contact length and the heat flux which entered into the
workpiece, see the previous research by the authors [23]. In
the simulation, the heat load is applied on the related grind-
ing surface at different time steps. The simulated result of
grinding surface temperature is shown in Fig. 5. The grind-
ing temperature measured by a single thermocouple is
shown in Fig. 6. An example temperature field is shown in
Fig. 7. As shown in Fig. 6, the workpiece experiences an
elevated background temperature at the surface due to the
distributed action of all the abrasive grains on the wheel
operating in the grinding zone. Localized temperatures at
the abrasive—wear flat interface, which are illustrated by the
spikes, elevated above the background temperature.

It can be seen from Figs. 5 and 6 that the simulative
temperature is really close to the experimental temperature.
The peak temperatures of simulating and measuring are
447.6 and 460.4 °C, respectively. It is obvious that the peak
temperature of the measuring is slightly higher than that of
the simulating. This is probably attributed to the heat inertia
of the thermocouple. The node must be heated for a period of
time before it reaches the temperature value of workpiece
surface. In addition, the instrument is a little unresponsive
for the signal-processing so that it could not keep up with
the changing of the actual heat signal. It can also be seen from
Figs. 5 and 6 that the simulative temperature falls faster than
the experimental temperature on the ground surface. The
probable reason which results in this phenomenon is that the

450+
400
350+
300
250
200
150+
100

50

Temperature T/ °C

0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
Time t/X0.1s

Fig. 5 The simulative temperature distribution in the grinding zone

450

400
Background temperature
350
300 -
250

200 -

Temperature T/C

150 -

100 -

Spike temperature

005 010 015 020 025 030 035 040

Time t/x0.1s

Fig. 6 The experimental temperature distribution in the grinding zone

heat resistance of the mica sheet in the single pole thermocou-
ple is higher than steel, which slowers the diffusion speed of
the heat into the workpiece. The good agreement between the
simulative result and experimental measuring value shows
that the theory of surface heat transfer coefficient during
MQL grinding is creditable.

5 Conclusions

The heat transfer coefficient on workpiece surface during
MQL grinding is analyzed, and the simulation of grinding
surface temperature based on the theory of surface heat
transfer coefficient during MQL grinding is carried out.
The simulative result and the experimental measurement

JUN 3 2012

18153144

259.78

71886 15.%68

Fig. 7 The temperature ficld at the 16th load step
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result are compared. The main conclusions are summarized
as follows:

(M

)

3)

“4)
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The grinding zone is divided into four different regions
according to the heat transfer mechanism of droplet at
different surface temperatures, namely non-boiling
heat transfer region, nucleate boiling heat transfer re-
gion, transitional boiling heat transfer region and stable
film boiling heat transfer region. Furthermore, the re-
lated mathematical models of heat transfer in the grind-
ing zone are established.

The heat transfer coefficient can be approximately
regarded as a constant in the non-boiling region. In the
nucleate boiling region, it immediately increases with
the temperature rising, and it reaches the peak value at
the point of critical heat flux. However, in the regions of
transition boiling and stable film boiling, the heat trans-
fer coefficient decreases with the temperature rising. The
decline rate in the transition boiling region is quite large,
and the stable film boiling tends to smooth.

The surface grinding experiment is carried out; a good
agreement is found between the simulative result and
the experimental measuring result of the surface tem-
perature during MQL grinding, which shows that the
theory of surface heat transfer coefficient during MQL
grinding is creditable.
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heat transfer model proposed in this study, which pro-
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ature field.
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