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Abstract Cutting fluid is the most common method to con-
trol the cutting temperature. However, it is usually harmful to
the environment and personal health. Near-dry cutting could
be an effective substitute of cutting fluid. Most researchers
focus on the lubrication during near-dry cutting processes.
Actually, the cooling ability of near-dry cutting is very impor-
tant for the control of cutting temperature and effectiveness of
coolant. In this study, heat transfer coefficients (HTCs) of
different cooling processes, including nature cooling, com-
pressed air cooling, compressed cold air cooling, minimal
quantity lubrication (MQL) cooling, and atomizing water
cooling, have been estimated. Surface temperature, tempera-
ture of coolant carrier, and air velocity of coolant carrier have a
great effect on the cooling ability of near-dry cutting system.
The finite element method (FEM) is employed to simulate the
cooling process and modify the estimated heat transfer coef-
ficients. It is found that HTC is from 9.3 to 53.9W/m2/°C with
different surface temperatures in nature cooling. HTC in-
creases with the increase of surface temperature. HTC is from
48.1 to 346.0 W/m2/°C with different air velocity and surface
temperature in compressed air cooling. HTC has an increased

trend with the increase of air velocity. HTC is from 52.6 to
405.6 W/m2/°C with different air velocities and surface tem-
peratures in compressed cold air cooling. Lower air tempera-
ture increases HTC by 10∼20 %. HTC is from 96.5 to
718.7 W/m2/°C with different oil quantities and surface tem-
peratures inMQL cooling. HTC increases with the increase of
oil quantity of MQL. As a comparison, HTC is from 133.7 to
519.6 W/m2/°C with different water quantities and surface
temperatures in atomizing water lubrication (AWL) cooling.
HTC of AWL is much lower than that of MQL in the same
condition, especially when the surface temperature is high.
The boiling point of water is much lower than oil; subsequent-
ly, less water mist arrives at the cooled surface, so less heat is
removed with AWL cooling than that with MQL cooling in
the same condition. HTC is from 282.1 to 1890.3 W/m2/°C
with different oil quantities and surface temperatures in cold-
air MQL cooling. Lower carrier temperature increases the
HTC greatly, even increases the HTC by 150 % when the
surface temperature is up to 700 °C. The reason is that the
coolant prevents high-temperature deterioration before the
coolant arrives at a cooled surface.
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1 Introduction

Using cutting fluid is the most common strategy to control the
cutting temperature, but it also brings in environmental and
cost concerns. In addition, it has been pointed out that cutting
fluid, especially water-soluble coolant, may lead to hydroge-
nation and oxidation of some workpiece and cutting tool ma-
terials, which result in chipping at the cutting edge and frac-
ture on the rake face of the cutting tool [1]. Near-dry cutting
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method, including minimal quantity lubrication (MQL) ma-
chining [2], atomizing water lubrication (AWL) machining
[3], cold-air machining [4], cryogenic machining [5], and so
on, is an effective substitute of conventional cutting fluid.
Near-dry cutting technique could enhance cutting perfor-
mance in terms of increasing tool life and improving the qual-
ity of the machined surface [6]. It is found that the cutting
temperature in near-dry cutting is even lower than that in
wet cutting when fluid nozzle position and cutting parameters
are optimized [7]. Furthermore, cold air is used as the carrier
of cutting fluid to decrease the effect of cutting temperature on
cutting fluid [4]. It is found that the cooling intensity of
compressed air cooling with air temperature −40 °C is
about 10 % more than the cooling intensity of compressed
air cooling with air temperature 20 °C [8]. And the oil

mist with cold air as a carrier prevents effectiveness lose
due to high cutting temperature [9].

Most researchers consider that the performance improve-
ment of near-dry cutting is due to better lubrication, especially
enhanced penetration of lubricant into the cutting zone [10].
Actually, the cooling ability of the carrier is very important to
keep the performance of cutting fluid as well as lower the
cutting temperature [11]. It is found that the cooling intensity
of compressed air cooling with air velocity 500 m/s is about
50 % of the cooling intensity of water cooling with water
speed 0.2 m/s [8]. And the cooling ability of near-dry cutting
system is limited by the thermal properties, diameter of mist
nozzle, flow rate, and air pressure of homogeneous fluid [12].
Heat transfer coefficient (HTC) could be a reasonable index to
measure cooling ability. And HTC is an important input

Table 1 The HTC values obtained under different conditions

Manufacturing processes Cooling method Estimation method HTC (W/m2 K) Cooling media Literature

Grinding Flooding Analytical 43,400 5 % synthetic [12]

MQL Analytical 1400 to 1630 100 % mineral [12]

1450 100 % hydrocracked [12]

Tapping/drilling Flooding Inverse 10,000 100 % mineral [15]

Analytical 3218 100 % mineral [16]

MQL Inverse 100 100 % mineral [15]

Analytical 3555 100 % mineral [16]

Dry Inverse 100 Natural air [15]

Analytical 3207 Natural air [16]

Turning Flooding Analytical 3811 59 % mineral [17]

5310 45 % vegetable

Inverse 2500 Water-based coolant [18]

MQL Analytical 678 100 % mineral [17]

454 83 % vegetable

Compressed air Analytical 36.8 to 355 in the different
air pressure and surface
temperature

Compressed cold air with
temperature −20 °C

[19]

Dry Analytical 122 Natural air [17]

9.32 to 55.1 in the different
surface temperature

Natural air [19]

Finite element 4 to 320 with different cutting
speed and feed rate

Natural air [20]

Inverse 22.6 Natural air [18]

Milling Dry Finite element 436-1372 with different thermal
models and cutting speed

Natural air [21]

Finite element 500 to 1000 with different
milling tool and workpiece
materials

Natural air [22]

Compressed air Finite element 2500 with different milling tool
and workpiece materials

Compressed air of 0.6 MPa [22]

Finite element 10,000 to 50,000 with different
milling tool and workpiece
materials

Compressed cold air of 0.6
MPa and −2 °C

[22]

Wire electro-discharge Wet Analytical 13,420 to 18,234 with different
peak current and flushing
pressure

WEDM coolant [23]
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parameter in numerical simulation of heat transfer process,
including the prediction of cutting temperature [13, 14]. Heat
transfer coefficient in the machining process could be obtain-
ed by analytical model, inverse method, and finite element
method (FEM). The HTC value of different machining pro-
cesses is listed in Table 1.

However, the heat transfer coefficients obtained from dif-
ferent estimation methods and different machining processes
exist in great differences, as shown in Table 1. The contact
condition between the cutting tool and workpiece materials
affect the estimation of HTC greatly. Moreover, HTC is de-
pendent on the surface temperature [19]. But the temperature
scope in the given machining process is limited, so the
temperature-dependent HTC is difficult to obtain in a certain
machining process.

In this study, heat transfer coefficients (HTCs) of different
cooling processes, including nature cooling, compressed air
cooling, compressed cold-air cooling, minimal quantity lubri-
cation (MQL) cooling, and atomizing water cooling, have
been estimated. Cemented carbide cutting inserts with block
shape are used as a measured objective. The temperature
changes of inserts in cooling processes are measured by infra-
red (IR) pyrometer. The temperature-dependent emissivity is
measured to ensure the precision of the measured temperature.
The effect of surface temperature, temperature of coolant

carrier, and air velocity of coolant carrier on HTCs is consid-
ered. The finite element method (FEM) is employed to simu-
late the cooling process and modify the estimated heat transfer
coefficients.

2 Temperature measurement by infrared pyrometer

The different methods of temperature measurement also affect
the estimation of HTC. Nowadays, there are several experi-
mental techniques available for temperature measurement,
such as thermocouples, infrared (IR) pyrometers,
thermosensitive coating, and metallurgical inspection [24].
Thermocouple method is widely used to measure the average
temperature of a certain area. But thermocouple which is fixed
on the surface may affect the temperature distribution of the
surface, especially the maximal temperature on the surface. In

Fig. 1 Temperature-dependent emissivity of cemented carbide

16

Asbestos Net2

Bracket

Unit: mm IR pyrometer

Nozzle

20

Fig. 2 Schematic of the experiment set

Table 2 Cooling conditions

Cooling
medium

Carrier
temperature (°C)

Carrier
velocity (m/s)

Oil quantity
(ml/h)

Nature cooling 25 – –

Compressed air 25 4 –

8 –

16 –

32 –

Compressed cold air –20 4 –

8 –

16 –

32 –

MQL 25 8 5

10

15

20

MQL −20 8 5

10

15

20

AWL 25 8 5

10

15

20

O

Fig. 3 Cutting insert and the position of temperature measurement
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(a) specific heat (b) thermal conductivity

Fig. 4 Temperature-dependent thermal properties of cemented carbide. a Specific heat. b Thermal conductivity

(a) Cooling curve of natural cooling (b) Calculated heat transfer coefficients of natural cooling

Fig. 5 Typical cooling curve and calculated heat transfer coefficients of nature cooling. a Cooling curve of natural cooling. b Calculated heat transfer
coefficients of natural cooling

(a) Cooling curve of compressed air cooling (b) Calculated heat transfer coefficients of compressed air cooling

Fig. 6 Typical cooling curve and calculated heat transfer coefficients of compressed air cooling (air velocity 8 m/s, solid line: compressed air cooling,
dash line: forced cold air cooling). a Cooling curve of compressed air cooling. b Calculated heat transfer coefficients of compressed air cooling
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(a) Cooling curve of MQL with oil (b) Calculated heat transfer coefficients of MQL with oil

Fig. 7 Typical cooling curve and calculated heat transfer coefficients of MQL with oil (air velocity 8 m/s, oil quantity 10 ml/h, solid line: MQL with
normal air, dash line: MQL with cold air). a Cooling curve of MQL with oil. b Calculated heat transfer coefficients of MQL with oil

(a) Cooling curve of MQL with water (b) Calculated heat transfer coefficients of MQL with water

Fig. 8 Typical cooling curve and calculated heat transfer coefficients of MQL with water (air velocity 8 m/s, oil quantity: 10 ml/h). a Cooling curve of
MQL with water. b Calculated heat transfer coefficients of MQL with water

Fig. 9 Heat transfer coefficients
of natural and compressed air
cooling (25 °C)

Int J Adv Manuf Technol



this study, the maximal temperature of the measured surface is
required. The cooling media used in near-dry cutting may not
block the radiation from the surface measured. Therefore, the
IR pyrometer method is the best choice.

IR pyrometer receives and measures the radiation en-
ergy from object surface. Stefan-Boltzmann law is
employed to calculate the surface temperature with the
given emissivity:

E ¼ ε � σ � T 4 ð1Þ

where ε is the emissivity of an object, which depends
on the surface properties and surface temperature. σ is
Stefan-Boltzmann constant which is equal to 5.67E-10.

T is the temperature of object surface. E is the radiation
energy in the unit area of object surface.

Emissivity of object ε is very important for the precision of
measured temperature. So the calibration for the emissivity of
cemented carbide (material of measured cutting tool) is per-
formed first. The calibration procedures are as follow:

& The thermal couple with a diameter of 0.5 mm is fixed on
the surface of cemented carbide inserts.

& The blocks of cemented carbide K30 with thermal couple
are heated in the resistance furnace to about 300, 400, 500,
600, 700, and 800 °C, respectively.

& The blocks are taken out and put on a bracket with an
asbestos net under them.

Fig. 10 Heat transfer coefficients
of compressed cold air cooling
(−20 °C)

Fig. 11 Heat transfer coefficients
of MQL (25 °C)
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& The thermal couple records the temperature during the
cooling process. And IR pyrometer records the thermal im-
ages during the cooling process at the same time. The mea-
surement processes’ finish temperature drop is about 50 °C.

& The energy from the IR pyrometer and the temperature
from the thermal couple are in the same position of sample
surface and at the same time are used to calculate the
average emissivity in the different surface temperatures.

The temperature-dependent emissivity is shown in Fig. 1.
The emissivity increases with the increase of surface temper-
ature. The relationship between emissivity and temperature is
expressed as cubic term.

3 Cooling conditions

It always pays more attention on the temperature of cutting
tool than the temperature of workpiece due to control of tool
wear. So it focuses on heat transfer analysis of cutting tool in
this study. The cemented carbide blocks with a dimension
16*16*2 mm are selected. The material is K30 cemented car-
bide, which is widely used as a cutting tool material. The top
surface (measure surface) is polished to Ra 0.1 μm. The sam-
ples are heated in the resistance furnace to about 800 °C and
then put on a bracket with asbestos net under it. Cooling noz-
zle is vertical to the top surface of the sample. The inner
diameter of the nozzle is 4 mm. The air velocity and

Fig. 12 Heat transfer coefficients
of in MQL (−20 °C)

Fig. 13 Heat transfer coefficients
of AWL (25 °C)
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temperature are measured by type KA33 hot wire air velocity
and temperature meter of Kanomax Company. A NEC IR
pyrometer R300 is used to record the thermal images during
the cooling process. Sampling interval is 0.1 s. A cold air
generationmachine withMQL system is employed to produce
different cooling conditions. The oil used forMQL is a kind of
low-temperature synthetic oil with boiling point 280∼320 °C
and condensation point −40 °C. The experiment set is shown
in Fig. 2.

The cooling conditions are listed in Table 2.

4 Results and discussions

Themaximal temperature of inserts during the cooling process
is located in the center of the top face, point O in Fig. 3. The

temperature of point O is always the maximal temperature in
the thermal image from the IR pyrometer. The change of max-
imal temperature in the thermal image is recorded.

It is assumed that the maximal temperature is T1 in the
cooling time t1 while T2 in the cooling time t2. The heat
transfer coefficient of temperature (T1+ T2)/2 of insert is
expressed as

hT1þT2
2

¼
cT1þT2

2
ρv T 1−Tð Þ2

A t2−t1ð Þ T 1 þ T2

2
−T ambient

� � ð2Þ

where A is the convection area, T1 and T2 are the surface
temperatures in the cooling time t1 and t2, Tambient is the ambient
temperature, which is approximately considered as the cold-air
temperature (−20 °C) in cold-air cutting and room temperature
(25 °C) in other cooling conditions. V2 is the volume of sample

Fig. 14 FEM-simulated results

Cooling experiments

Measured time-dependent temperature Tm(ti);
Total cooling time tc

j=0

Theoretical calculation

hij

Cooling simulation

FEA

Simulated time-dependent temperature Ts(ti)

?05.0
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im

imis

tT
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?

hij=hij(1+0.1*0.5j)

hij=hij(1-0.1*0.5j)
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0)()( imis tTtT

ti: Cooling intervals from

0.1*tc*(i-1) to 0.1*tc*i
Where i=1, 2…, 10

j: modification times

Start

End

Fig. 15 Flow chart of
modification
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block with a value of 512 mm3. ρ is the density of K30
cemented carbide material with a value of 14.1 g/cm3. c is the
specific heat, which is temperature dependent.

Most researchers consider that thermal properties, includ-
ing specific heat and thermal conductivity, for cutting tool
material and workpiece material are kept constant because of
their slight variation in the studied temperature range. The
temperature range in this study is wide, so the temperature-
dependent thermal properties of cemented carbide material are
measured by Netzsch LFA 457 MicroFlash, as shown in
Fig. 4. The relationship between thermal properties and tem-
perature is expressed as cubic term, which could be used in
Eq. (2).

The measured cooling curve and calculated HTC are
shown in Figs. 5, 6, 7, and 8.

It is found that HTC increases with the increase of surface
temperature in all the cooling conditions. Cold air could in-
crease HTC, especially inMQL cooling condition. The reason
is that the coolant is present from high-temperature deteriora-
tion before the coolant arrives at a cooled surface. HTC of
water mist cooling is much lower that of HTC of oil mist
cooling. The reason is that the boiling point of water is much
lower than oil; subsequently less water mist arrives at the
cooled surface, so less heat is removed by water mist, com-
pared with oil mist.

The estimated HTC are shown in Figs. 9, 10, 11, 12,
and 13.

It is found that HTC has an increased trend with the in-
crease of air velocity in compressed (cold) air cooling. But the
effect of air velocity on HTC is limited. Actually, during the

Table 3 Estimated and modified heat transfer coefficients in natural and compressed air cooling of room temperature

T (°C) Heat transfer coefficients (W/m2 °C)

Natural cooling Compressed air
cooling 25 °C, 2 m/s

Compressed air
cooling 25 °C, 4 m/s

Compressed air
cooling 25 °C, 8 m/s

Compressed air
cooling 25 °C, 16 m/s

Compressed air
cooling 25 °C, 32 m/s

Estimated Modified Estimated Modified Estimated Modified Estimated Modified Estimated Modified Estimated Modified

300 9.4 9.3 41.1 48.1 53.0 56.8 70.0 66.5 77.5 80.3 84.4 88.3

350 12.5 12.3 62.5 69.4 79.3 82.4 94.0 90.6 105.7 107.3 113.0 114.7

400 17.6 17.3 97.9 93.8 97.9 102.3 110.4 113.5 128.6 128.0 134.3 135.8

450 23.1 22.8 130.8 135.8 143.1 136.7 166.9 142.4 156.4 176.6 182.9 178.2

500 29.7 29.3 166.0 167.3 198.9 160.6 198.7 171.9 192.0 210.5 200.5 201.6

550 35.8 35.3 189.8 190.1 211.4 176.8 223.5 190.9 213.9 226.7 214.5 217.2

600 41.7 41.1 197.3 203.5 246.3 214.5 244.3 224.6 262.6 258.1 249.7 251.0

650 47.2 46.5 247.5 243.5 271.1 247.1 279.3 256.9 291.6 294.9 293.1 289.1

700 54.7 53.9 292.9 275.2 295.1 297.1 301.3 298.9 332.9 340.8 362.9 346.0

Table 4 Estimated and modified heat transfer coefficients in compressed cold air cooling (−20 °C)

T (°C) Heat transfer coefficients (W/m2 °C)

Compressed air cooling
−20 °C, 2 m/s

Compressed air cooling
−20 °C, 4 m/s

Compressed air cooling
−20 °C, 8 m/s

Compressed air cooling
−20 °C, 16 m/s

Compressed air cooling
−20 °C, 32 m/s

Estimated Modified Estimated Modified Estimated Modified Estimated Modified Estimated Modified

300 48.8 52.6 57.5 60.9 75.5 78.3 83.8 86.9 99.1 98.9

350 77.3 78.7 84.5 88.5 109.5 109.3 115.8 117.8 132.9 130.7

400 101.9 103.9 114.0 113.3 135.0 134.1 150.2 149.3 159.6 155.9

450 144.7 147.6 159.4 155.9 185.4 180.1 194.7 189.7 223.8 212.4

500 178.5 181.4 194.4 200.9 236.1 228.6 232.7 226.8 285.3 258.0

550 198.7 203.4 216.6 218.7 257.5 251.7 258.3 251.3 309.4 279.0

600 236.7 231.5 240.0 252.1 305.9 294.3 293.8 289.4 346.0 316.1

650 275.5 271.9 287.3 287.8 343.5 329.7 345.7 335.7 387.9 358.1

700 328.0 316.7 338.6 328.5 390.3 367.7 409.3 393.8 422.6 405.6
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air cooling of sample block, the air velocity is vertical to the
surface of cutting tool, so the convention velocity on the sur-
face of cutting tool is much less than the air velocity from
nozzle, as shown in Fig. 2.With the given power of air cooling
machine, the pressure is inversely proportional to flow rate,
which determines the air velocity. Because the air velocity has
little influence on the heat transfer coefficient, a higher pres-
sure can be selected to increase the outlet pressure and de-
crease the adhesion loss of oil mist and carry the oil mist to
the closer position of the cutting point.

It is found that HTC has an increased trend with the in-
crease of oil mist in the cooling condition of MQL. Compared
with regular MQL, the HTC increases by even 150 % in
cooling condition of cold air MQL due to performance protect
of oil mist by cold air. It is found that HTC of AWL is much

lower than that of MQL in the same condition. However,
cooling ability of water is stronger than that of oil. The reason
is that most water mist is evaporated far away from the cooled
surface due to high temperature. So the actual cooling media is
basically water vapor.

5 Modification method of HTC based on FEA

In the theoretical model, it is assumed the heat transfer accords
with the steady-state one-dimensional heat transfer and no
energy is lost from heat radiation. These assumptions can
result in the error in the estimation of heat transfer coefficients.
So a finite element model is built to simulate the cooling

Table 6 Estimated and modified heat transfer coefficients in MQL (−20 °C)

T (°C) Heat transfer coefficients (W/m2 °C)

MQL, compressed air
cooling −20 °C, 0 ml/h,
8 m/s

MQL, compressed air
cooling −20 °C, 5 ml/h,
8 m/s

MQL, compressed air
cooling −20 °C, 10 ml/h,
8 m/s

MQL, compressed air
cooling −20 °C, 15 ml/h,
8 m/s

MQL, compressed air
cooling −20 °C, 20 ml/h,
8 m/s

Estimated Modified Estimated Modified Estimated Modified Estimated Modified Estimated Modified

300 75.5 78.3 293.4 282.1 452.3 426.4 626.3 555.2 812.2 642.1

350 109.5 109.3 485.4 469.7 587.5 539.1 815.1 773.8 1056.1 956.1

400 135.0 134.1 538.3 521.4 660.7 602.9 904.2 841.7 1163.8 1048.4

450 185.4 180.1 718.1 691.0 850.6 811.8 1153.1 1072.5 1474.6 1357.2

500 236.1 228.6 791.0 752.7 964.1 822.2 1299.3 1101.0 1630.4 1367.5

550 257.5 251.7 735.2 696.4 917.9 794.4 1254.7 1031.3 1585.4 1327.8

600 305.9 294.3 763.5 714.2 963.9 865.7 1341.2 1100.6 1706.1 1442.2

650 343.5 329.7 833.2 775.9 1071.7 978.7 1495.8 1228.8 1913.3 1631.9

700 390.3 367.7 941.0 871.6 1221.6 1136.1 1705.3 1417.8 2193.0 1890.3

Table 5 Estimated and modified heat transfer coefficients in MQL (25 °C)

T (°C) Heat transfer coefficients (W/m2 °C)

MQL, compressed air
cooling 25 °C, 0 ml/h,
8 m/s

MQL, compressed air
cooling 25 °C, 5 ml/h,
8 m/s

MQL, compressed air
cooling 25 °C, 10 ml/h,
8 m/s

MQL, compressed air
cooling 25 °C, 15 ml/h,
8 m/s

MQL, compressed air
cooling 25 °C, 20 ml/h,
8 m/s

Estimated Modified Estimated Modified Estimated Modified Estimated Modified Estimated Modified

300 70.0 66.5 123.1 96.5 224.0 204.2 305.0 284.5 406.9 380.9

350 94.0 90.6 152.9 120.6 262.4 240.7 416.3 376.6 518.0 487.2

400 110.4 113.5 169.5 143.5 288.6 275.9 424.3 388.3 516.8 480.8

450 166.9 142.4 239.0 172.4 379.0 317.7 479.7 437.2 598.9 549.7

500 198.7 171.9 271.0 201.9 429.9 360.1 518.2 473.9 658.8 598.7

550 223.5 190.9 291.9 220.9 469.6 391.0 509.1 466.8 636.0 573.0

600 244.3 224.6 306.4 254.6 502.9 438.0 532.1 489.1 667.0 599.2

650 279.3 256.9 336.4 286.9 558.9 483.6 582.3 530.9 725.7 646.6

700 301.3 298.9 349.8 328.9 594.1 539.8 653.4 589.7 808.9 718.7
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processes and modify the estimated value of heat transfer
coefficients.

The sample block is modelled as Fig. 14 shows. The heat
convection and radiation conditions are applied in the top and
four sides of the surface of the cutting insert. The adiabatic
boundary condition is applied in the bottom surface to simu-
late the thermal barrier effect of asbestos net. The thermal
properties of cemented carbide are modelled as temperature
dependent, as shown in Fig. 4. FEM software ABAQUS 6.10
is employed to simulate the cooling processes.

The flow chart of modification is shown in Fig. 15. Total
cooling time is divided into i intervals. Tm(ti), Ts(ti) and hij are,
respectively, the measured maximal temperature, simulated
maximal temperature, and heat transfer coefficients in the ith
intervals. Tm(ti) and Ts(ti) is compared in every interval. If
(Tm(ti)−Ts(ti))/Tm(ti)≤0.05, the current hij is accepted; or else,
the hij is modified and the simulations are performed again, as
Fig. 5 shows. Finally, a group of modified hij is obtained and
modification is completed.

Comparisons of estimated and modified heat transfer coef-
ficients are listed in the Tables 3, 4, 5, 6, and 7.

6 Conclusion

Heat transfer coefficients (HTCs) of different cooling process-
es, including nature cooling, compressed air cooling, com-
pressed cold air cooling, minimal quantity lubrication
(MQL) cooling, and atomizing water cooling, have been esti-
mated and modified by FEM.

It is found that HTC is from 9.3 to 53.9 W/m2/°C with
different surface temperatures in nature cooling. HTC in-
creases with the increase of surface temperature. HTC is from

48.1 to 346.0 W/m2/°C with different air velocity and surface
temperature in compressed air cooling. HTC has an increased
trend with the increase of air velocity. HTC is from 52.6 to
405.6 W/m2/°C with different air velocities and surface tem-
peratures in compressed cold air cooling. Lower air tempera-
ture increases HTC by 10∼20 %. HTC is from 96.5 to
718.7 W/m2/°C with different oil quantities and surface tem-
peratures inMQL cooling. HTC increases with the increase of
oil quantity of MQL. As a comparison, HTC is from 133.7 to
519.6 W/m2/°C with different water quantities and surface
temperatures in AWL cooling. HTC of AWL is much lower
than that of MQL in the same condition, especially when the
surface temperature is high. The boiling point of water is
much lower than oil; subsequently, less water mist arrives at
the cooled surface, so less heat is removed with AWL cooling
than that with MQL cooling in the same condition. HTC is
from 282.1 to 1890.3 W/m2/°C with different oil quantities
and surface temperature in cold air MQL cooling. Lower car-
rier temperature increases the HTC greatly, even increases the
HTC by 150 % when the surface temperature is up to 700 °C.
The reason is that the coolant prevents high-temperature dete-
rioration before the coolant arrives at cooled surface.
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AWL, compressed air
cooling 25 °C, 20 ml/h,
8 m/s

Estimated Modified Estimated Modified Estimated Modified Estimated Modified Estimated Modified
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