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Abstract

Considering the poor lubricating effect of cryogenic air (CA) and inadequate cooling ability of nanofluid minimum
quantity lubrication (NMQL), this work proposes a new manufacturing technique cryogenic air nanofluid minimum
quantity lubrication (CNMQL). A heat transfer coefficient and a finite difference model under different grinding
conditions were established based on the theory of boiling heat transfer and conduction. The temperature field in the
grinding zone under different cooling conditions was simulated. Results showed that CNMQL exerts the optimal
cooling effect, followed by CA and NMQL. On the basis of model simulation, experimental verification of the
surface grinding temperature field under cooling conditions of CA, MQL, and CNMQL was conducted with Ti—6Al-
4V as the workpiece material. Simultaneously, CNMQL exhibits the smallest specific tangential and normal grinding
forces (2.17 and 2.66 N/mm, respectively). Further, the lowest grinding temperature (155.9 °C) was also obtained,
which verified the excellent cooling and heat transfer capabilities of CNMQL grinding. Furthermore, the experimen-
tal results were in agreement with theoretical analysis, thereby validating the accuracy of the theoretical model.

Keywords Grinding - Cryogenic air - Nanofluid minimum quantity lubrication - Finite difference simulation - Heat transfer
coefficient - Temperature field - Boiling heat transfer

1. On the basis of theory of boiling heat transfer and conduction, a heat
transfer coefficient model and a finite difference model under different
grinding conditions were established, and the temperature field in the
grinding zone under different cooling conditions was simulated.

2. The experimental verification of the surface grinding temperature field
under cooling conditions of CA, MQL, and CNMQL was carried out.

3. Al,05 nanoparticles was added to synthesis lipid to prepare nanofluids,
and workpiece material Ti-6Al-4V was studied.

4. Numerical simulation and experimental results were discussed.

5. The cooling performance and heat transfer mechanism under different
cooling conditions were analyzed.
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cryogenic air

minimum quantity lubrication

nanofluids minimum quantity lubrication
cryogenic air nanofluids minimum quantity
lubrication

peripheral velocity of grinding wheel (m/s)
feed speed (mm/min)

cutting depth (um)

nozzle angle (°)

gas pressure (MPa)

specific tangential grinding force (N/mm)
specific normal grinding force (N/mm)
tangential grinding force (N)

normal grinding force (N)

grinding width (mm)

thermal diffusion coefficient (m?/s)

transient temperature (°C)

total grinding time (s)

density of workpiece (kg/m®)

specific heat capacity of workpiece (J/[kg-K])
total heat flux density (J/[m*K-s])

grinding power (J/s)

contact area (mmz)

contact arc (mm)

grinding wheel diameter (mm)

grinding depth (nm)

energy ratio coefficient

heat flux density transmitted into the workpiece
(J/[m*K-s])

thermal conductivity coefficient (W/[m*K])
a constant

peak temperature rise (°C)

temperature difference (°C)

the minimum degree of superheat to produce bub-
bles (°C)

surface tension (N/m)

boiling point of liquid (°C)

radius (mm)

density of liquid (kg/m?)

air density (kg/m®)

dynamic viscosity of liquids (cP)

Nusselt number

the minimum degree of film boiling heat transfer
°O)

gas film density (kg/m®)

air film heat transfer coefficient (kJ/[m-K-s])
latent heat (kJ/kg)

convection heat transfer coefficient (W/[m*K])
thermal conductivity of air (W/[m*-K])

heat transfer width (mm)

gas dynamic viscosity (cP)

air pressure specific heat capacity (J/[kg-K])
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supply amount of nanofluids per unit grinding
time (um?>/s)

pavement radius of single droplet (pm)

quantity of droplets

length of the workpiece (um)

volume of a single droplet (um®)

spherical diameter of a single droplet (um)
contact angle (°)

specific heat capacity of droplets (J/[kg-K])
convective heat transfer coefficient of in natural—
convection heat transfer (W/[m?*K])

convective heat transfer coefficient of room tem-
perature air (W/[m*K])

convective heat transfer coefficient of initial point
of the transition boiling heat transfer (W/[m*-K])
convection heat transfer of air at room tempera-
ture (J/[m*K-s])

latent heat of vaporization (kJ/kg)

starting point temperature of transition boiling
heat transfer (K)

temperature of nanofluids (K)

internal pressure in the nozzle (Pa)

barometric pressure (Pa)

effluent velocity of droplets (m/s)

vertical velocity (m/s)

thermal conductivity of steam (W/[m-K])

steam viscosity (cP)

thermal capacity of mass (J/[kg-K])

convective heat transfer coefficient at the initial
point of film boiling (W/[m*K])

time increment

infinitesimal quantity

comprehensive coefficient of heat transfer
(W/[m®K])

internal energies of phase 1

volume of unit mass

entropies per unit mass of phase 1

1 Introduction

Grinding is widely used in various fields because of its high
processing accuracy, strong technological adaptability, and
applicability to many materials. This process plays an impor-
tant role in advanced manufacturing technologies. During
grinding, relatively high-speed motion and friction, plowing,
and cutting between abrasive particles and workpieces will
consume abundant energy. Meanwhile, grinding consumes
higher amounts of energy to remove a unit volume of mate-
rials compared with other processing techniques because
grinding particles generally have negative rake [1]. Energy
generated during grinding is mainly converted into heat.
Concentrated heat forms a local high-temperature region in
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the grinding zone, thereby causing certain surface heat dam-
ages in materials, such as surface oxidization, burning, and
even cracks and residual stress. These damages will deterio-
rate the surface quality of workpiece. High temperature may
intensify the wear of the grinding wheel and deteriorate fa-
tigue resistance, leading to shortened processing accuracy and
service life of the grinding wheel [2—-5]. Thus, the processes of
effectively cooling and lubricating the grinding zone are of
great significance.

During grinding, high-speed rotation of the grinding wheel
will drive the movement of surrounding air, forming a dense
air barrier layer surrounding the grinding wheel. Only 5 to
40% of the grinding fluids reach the grinding contact zone
for cooling and lubricating due to the hindrance by the air
barrier layer [6—8]. The use of abundant cutting fluids results
in resource waste and environmental pollution. Traditional
pouring lubrication cannot adapt to the requirements of
environment-friendly production. Scholars have conducted
many explorations and studies and proposed minimum quan-
tity lubrication (MQL). In this process, a minimum quantity of
grinding fluids (generally, grinding fluids dosage per unit of
grinding wheel width is 0.03—0.2 L/h) is mixed into
high-pressure air (0.4-0.65 MPa), atomized under the assis-
tance of high-pressure air flow, and injected into the
high-temperature grinding zone for cooling and lubricating
[4]. Assisted by high-pressure air, grinding fluids can break
the air barrier layer at a high speed and strong impact and then
enter into the grinding interface, thereby enabling the fluids to
reach the grinding zone. One lubricating film layer will be
formed by adsorbing lubricating oil into the grinding wheel/
workpiece contact surface, which can offer effective lubricat-
ing performance. High-pressure air continuously scours the
surface at a high speed. This phenomenon cannot only elim-
inate abrasive debris but can also realize forced-convection
heat transfer on the workpiece surface and reduce grinding
temperature in the grinding zone to achieve good cooling ef-
fect. Basing on the development of nanotechnology and the-
ory of solid heat transfer enhancement [8], some scholars
added solid nanoparticles into the minimum quantity fluids
and proposed nanofluid minimum quantity lubrication
(NMQL) based on MQL. NMQL possesses excellent thermal
conductivity and tribological property. Under the same vol-
ume content, the surface area and heat capacity of nanoparti-
cles are higher than those of solid particles with size ranging
from millimeter to micrometer level. Thus, the thermal con-
ductivity of nanofluids sharply increases. The addition of
nanofluids can increase the heat exchange performance of
lubricating fluids; this process can also enhance heat exchange
and decrease the temperature in the grinding zone [9-11].
Nanofluids possess excellent properties of antiwear, anti-fric-
tion, and high-bearing capacity, which enhance the tribologi-
cal properties of lubricating fluids. Except for the inherent
advantages of MQL grinding, NMQL significantly improves

the cooling and lubricating performance, reduces the grinding
force and the occurrence of grinding-induced burning dam-
ages, improves the processing quality of workpieces, and pro-
longs the service life of the grinding wheel [12, 13].
Therefore, NMQL is a new environment-friendly,
resource-saving, and high-energy utilization of sustainable lu-
brication model. Luo et al. [14] studied the lubricating prop-
erties of Al,O3 nanoparticles as lubricating oil additives by
four-ball and thrust-ring friction tests; the results discovered
that the friction coefficient and the wear scar diameter are the
smallest when the added concentration is 0.1 wt%. The lubri-
cation mechanism is the formation of a self-laminating protec-
tive film on the friction surface, and the wear behavior chang-
es from sliding friction to rolling friction. Mao et al. [15]
performed an experimental study on the Al,O; NMQL grind-
ing of AISI 52100 steel. Compared with MQL, NMQL grind-
ing can significantly reduce the grinding force, grinding tem-
perature, and surface roughness, indicating its improved sur-
face processing quality. Mao et al. also studied the effect of
NMQL parameters and found that the lowest grinding temper-
ature was achieved at the 15° nozzle angle, 20 mm distance
between the nozzle and the grinding zone, and 0.6 MPa air
pressure [16]. Zhang et al. [17] used soybean, palm, and rape-
seed oils as base oils to evaluate the grinding and lubricating
properties of MQL with nanoparticles under the following
four grinding working conditions: dry grinding, flood grind-
ing, MQL (using three vegetable oils and liquid paraffin), and
NMQL (using nanoparticles of different concentrations).
Palm oil-based nanofluids with MoS, exhibit the optimal lu-
bricating property under NMQL condition because of the high
fatty acid content and film-forming property of carboxyl in
palm oil. Anuj et al. [18] mixed Al,O3 nanoparticles in con-
ventional cutting fluids at different concentrations and exam-
ined their machining performance in turning of AISI 1040 steel
through MQL technique. The experimental results clearly re-
vealed that the performance of Al,O3 nanofluids in terms of
surface roughness, tool wear, cutting force, and chip morphol-
ogy was better compared with dry machining, wet machining
with conventional cutting fluid, and MQL using conventional
cutting fluid. Guo et al. [3] mixed castor oil with six kinds of
vegetable oils at a ratio of 1:1 for minimum quantity lubrication
(MQL) grinding and evaluated the lubricating performance.
The comprehensive lubricating performance of mixed oil is
superior to that of castor oil, and soybean/castor oil exhibits
the optimal performance. The specific tangential and normal
grinding forces are 27.03 and 23.15% reduction, respectively,
with respect to those of castor oil. Lee et al. [19] added
nanodiamond and Al,O3 nanoparticles into paraffin oil with
nanofluid MQL microgrinding. The nanofluid MQL is effective
for reducing grinding forces and enhancing surface quality. The
authors also discovered that the type, size, and volumetric con-
centration of the nanoparticles are critical parameters that influ-
ence the properties of microgrinding process. Hadad et al. [20]
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conducted an experimental study on the grinding temperature
and energy distribution of MQL grinding of brittle hard 100Cr6
steel by using aluminum oxide grinding and CBN grinding
wheels. The results found that the CBN grinding wheel can
improve the shortcomings of MQL cooling. Setti et al. [21]
applied Al,O; nanofluids in the grinding of Ti alloy and found
that the ALO3 nanofluids can reduce the grinding force and
surface quality of processing workpiece. Su et al. [22] investi-
gated the turning effect of NMQL with vegetable-based and
ester oils as base fluids under different cooling conditions.
The experimental results showed that application of graphite
oil-based NMQL significantly reduced the cutting force and
temperature than that under other cooling conditions.

Researchers proposed cryogenic air (CA) to effectively re-
duce the grinding temperature in the grinding zone and de-
crease the grinding-induced burning damages. In this process-
ing technique, the cooling medium is cooled to about 0 to 30 ©
C by the cooling equipment and then sprayed to the process-
ing region by nozzle for cooling and lubrication. The cooling
medium mainly includes cold air, liquid nitrogen, and argon
[23]. Compared with traditional dry grinding, CA achieves
significantly lower temperature in the grinding zone and fric-
tion force between the grinding wheel and workpiece.
Simultaneously, CA prolongs the service life of the grinding
wheel, protects the sharpness of the abrasive particles, and
increases the workpiece surface quality. Compared with tradi-
tional cooling lubricating modes, CA can increase the process-
ing efficiency and workpiece surface quality; CA also has
high availability of the cooling medium (e.g., air) and is envi-
ronment friendly. Simultaneously, CA can reduce the produc-
tion cost and conform to the philosophy of
environment-friendly processing.

Manimaran et al. [24] reported that applying LN, reduces
the grinding force by up to 32%, improves Ra by 30 to 49%,
and reduces the grinding zone temperature within the range of
45-49%. Ravi et al. [25] presented the experimental investi-
gations of the influence of cryogenic cooling by LN, jet on the
milling performance of the hardened AISI D3 tool steel. The
experimental results revealed that the cutting temperatures are
reduced by 43-48% and 26-35%, and the mean cutting forces
are decreased by 40-50% and 22-39% in dry and wet ma-
chining, respectively. Jawahir et al. [26] investigated the com-
prehensive effects of cryogenic cooling on the drilling perfor-
mance and surface integrity characteristics of the CFRP com-
posite material. The findings demonstrated that cryogenic
cooling has a profound effect on reducing the cutting edge
rounding of the drill bit and outer corner wear; it also helps
to enhance the surface integrity characteristics of the produced
hole. Paul et al. [27] reported that cryogenic coolant reduces
tensile residual stress for all materials under different feed
levels. Simultaneously, cryogenic coolant exhibits better chip
formation, lesser grinding force, and lower grinding zone tem-
perature compared with an oil-based coolant. Hence, LN,

@ Springer

application is effective in controlling the grinding force, Ra,
and grinding zone temperature. Schoop et al. [28] have
discussed the differences in chip morphology, cutting temper-
ature, and surface quality under cooling conditions of CA,
MQL, and dry cutting. Experimental results demonstrated that
CA can reduce flank wear of the cutting tools and decrease
temperature better than MQL and dry cutting. MQL can ob-
tain the lowest cutting force and best chip morphology and
surface quality. Adopting CA during high-speed cutting will
reduce temperature in the cutting region, while using MQL
during low-speed cutting will achieve better lubricating effect.
Su et al. [29] compared cutting force, cutting temperature, and
tool wear during high-speed turning of Ti alloy under dry
cutting, room-temperature high-speed air cutting, MQL, CA,
and CAMQL cutting. Results demonstrated that CAMQL can
not only reduce temperature in the cutting zone more effec-
tively than MQL grinding under normal temperature, but also
possess outstanding lubricating advantages, weaken cutting
force and prolong service life of cutting tools.

NMQL has good lubricating performance, but it has poor
heat transfer effect of compressed air under room temperature.
Although CA can reduce the temperature effectively, it has
poor lubricating performance due to the lack of lubricating
medium. Considering that these two green processing technol-
ogies have some shortages in actual applications, NMQL and
CA are combined; thus, cryogenic air nanofluid minimum
quantity lubrication (CNMQL) was proposed. Cryogenic air
carries nanolubricating fluids to play the role of cooling and
lubricating in the grinding zone. Cryogenic air can eliminate
debris and cool the grinding zone. Meanwhile, it lowers tem-
perature on the processing material surface and improves
processing performance of the materials. On the other
hand, a substantial temperature gap can be observed be-
tween the produced cryogenic air flow and the grinding
zone, which can intensify the heat transfer effect. One lu-
bricating film layer, which is formed by the minimum
nanolubricating fluids on the workpiece surface, can cool
and lubricate the processing zone, as well as reduce the
friction force and heat generation between the grinding
wheel and workpiece, thereby realizing excellent cooling
effect. This technique can not only increase the processing
quality and efficiency, but it can also avoid environmental pol-
lution and damages to workers; it also has low cost and meets
the requirements of green manufacturing and sustainable devel-
opment. Li et al. [30] have mixed minimal quantity of cutting
fluids into LN, for milling of the Ti alloy; they have also
discussed the effects of room temperature nitrogen oil and pure
LN, and LN, oil mixture media. Research demonstrated that
compared with the two other working conditions, LN, oil mix-
ture medium has better lubricating performance and significant-
ly lower milling force. On the basis of the analysis of the tool
wear form, researchers have disclosed the tool wear mechanism
under three working conditions. He et al. [31] performed
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experiment on 304 stainless steel with cutting tool under cutting
conditions of CA, CAMQL, and dry cutting. Experimental re-
sults demonstrated that CAMQL can effectively reduce the
surface roughness and improve the chip-breaking ability and
durability of cemented carbide tool. Wang et al. [32] have per-
formed an experiment to explore the grinding performance of
TC4 under the conditions of CA, LN,, flood cooling, and
CAMQL. The experimental results indicated that CAMQL
can not only improve metal removal rate and the life of belt,
but it can also effectively reduce the grinding temperature.

On the basis of the literature review above, we concluded
that although scholars have conducted impressive explora-
tions of CA and MQL in all kinds of mechanical machining
processes, only few researches have studied on the grinding
performance under CNMQL condition. In this study, the
grinding experiment of Ti—-6Al-4V under different cooling
conditions was conducted. Moreover, the heat exchange
mechanism of CNMQL was discussed through numerical
simulation and experiment.

2 Experiment
2.1 Experimental setup

The experiment was conducted using a K-P36 numerical
control precision surface grinder. The main technological
parameters of the surface grinder are presented in Table 1.
The grinder was equipped with a magnetic workbench;
the working range was 600 x 300 mm, and the size was
950 x 1000 mm. The nanofluids transfer device called
Bluebe minimum quantity oil supply system was used.
The VC62015G vortex tube was adopted as the cryogenic
air cooling equipment. During the data collection, the
grinding forces were measured online using the piezoelec-
tric dynamometer (YDM-II199) that was attached with
multichannel charge amplifier and was run with a soft-
ware. The thermocouple method was used to measure
the temperature. The surface morphology of the work-
piece was observed using scanning electron microscope.

Table 1 Parameters of K—P36 numerical control precision surface
grinder

Machine parameters Value

Principal axis power 4.5 kW

Highest rotating speed of 4800 rev/min
spindle
Wheel size 300 mm x 20 mm x 76.2 mm
Wheel particle size 160 mesh
Highest peripheral velocity 50 m/s

of grinding wheel

The experimental equipment and sequence visualization
are shown in Fig. 1.

2.2 Experimental materials

In the experiment, Ti-6Al-4V was used as the workpiece
material. Ti alloy is increasingly used in aviation, aero-
space, navigation, and other industrial departments be-
cause of its excellent mechanical properties, such as high
hardness, high strength, high thermal stability, strong
corrosion resistance, and high reserves. Ti alloy is also
a material that is difficult to be processed and will gen-
erate high temperature and stress, resulting in difficult
processing, poor surface quality of products, and short
service life of the cutting tools. Therefore, experimental
studies on Ti-6Al-4V grinding have significance.
Workpiece size is 40 mm % 30 mm X 30 mm. The chem-
ical composition and performance parameters of the
workpiece are listed in Tables 2 and 3.

In this experiment, the KS—1008 synthesis lipid was
used to prepare 2% volume fraction of the Al,O;
nanofluids using the following steps [22]. First, the
Al,O3 nanoparticles were added into the KS—1008 syn-
thesis lipid according to the volume fraction of 2%.
Afterward, 0.1% volume fraction of the dispersing agent,
which is 12 units of sodium alkyl sulfate (SDS), was
added. The Al,O; nanofluids with a volume fraction of
2% have good lubricating and tribological properties
[33]. Nanoparticles are unstable and easy to agglomerate
in the base oils. Thus, adding a small amount of surfac-
tants in nanofluids can improve its stability. Dema et al.
[34] found that the addition of a small amount of SDS
has little effect on the tribological properties, but it has
considerable effect on the dispersion and stability of the
nanoparticles. Second, they were stirred by machines and
vibrated in the ultrasonic oscillator for 2 h to prepare
nanofluids with high dispersing performance and suspen-
sion stability. The physical properties of the Al,O; nano-
particles are shown in Table 4.

2.3 Experimental conditions

In this experiment, Ti-6Al-4V was used as the workpiece
material during plane grinding to explore the cooling and heat
transfer performances under three different cooling condi-
tions, namely, CA, MQL, and CNMQL.

The carbide ceramic-bonded SiC grinding wheel was
adopted in the experiment, and the specific model is
GC80K12V. The uniform experimental grinding process pa-
rameters in the experiment are shown in Table 5. Temperature
and air flow at the nozzle outlet under three cooling conditions
in the experiment are shown in Table 6.

@ Springer
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Fig. 1 Experimental equipment and sequence visualization

The grinding wheel was finished before every experiment
to achieve controllable grinding process and same conditions
for every grinding experiment. The dressing parameters of the
grinding wheel are listed in Table 7.

For each experiment, a 3D grinding force dynamometer
was used to measure and record the normal, tangential, and
axial forces. The measured sample frequency of the grinding
force was 1 kHz. A total of 100 data points were selected from
the stable grinding force zone in each direction to evaluate the
mean and obtain the corresponding average force. The grind-
ing temperature was determined using a thermocouple.

During the data processing, eliminating larger data was nec-
essary to reduce accidental and random errors.

2.4 Experimental results
2.4.1 Specific grinding force
Grinding force is one of the most important grinding parame-
ters during the grinding process. It is closely related to the

service life of the grinding wheel, processing quality of the
workpieces, and is often used to characterize the lubricating

Table 2 Chemical composition

of Ti-6Al-4V Substrate

Components

Alloy elements (wt%)

Others (wt%)

Ti-6Al-4V Ti Al
5.5-6.8

v Fe Si C N H O
3545 0.3 0.1 0.1 0.05 0.015 0.01

@ Springer



Int J Adv Manuf Technol (2018) 97:209-228

215

Table 3 Performance parameters

of Ti-6A1-4V Thermal Specificheat  Density Elasticity Poisson  Yield Tensile
conductivity J/kg'K) (g/cm3 ) modulus ratio strength strength
(W/m-°C) (GPa) (MPa) (MPa)
7.955 526.3 442 114 0.342 880 950

effect on the grinding wheel/workpiece interface [35]. Smaller
grinding force indicates smaller energy consumption to elim-
inate the same volume of materials and better lubricating ef-
fect and grinding performance. Grinding force is mainly char-
acterized by tangential and normal grinding forces.
Expressions of the specific tangential and specific normal fric-
tion forces are as follows:

/ F
Fz:f (1)
, F
F =" 2
=T @

where F"; is the specific tangential grinding force (N/mm), F",
is the specific normal grinding force (N/mm), F), is normal
grinding force (N), F, is tangential grinding force (N), and b
is the width of the grinding wheel in contact with the work-
piece. In the experiment, b is the width of the grinding wheel
(20 mm). The grinding experiment of 10 strokes was recorded
in each cooling condition. A total of 100 grinding data points
in the grinding force stable region of each stroke were record-
ed, and the average value of data points was chosen as the
grinding force value of the experiment.

Figure 2 shows the specific grinding force under three dif-
ferent cooling conditions. The error bar represents the stan-
dard deviation of grinding force. As shown in Fig. 2, CNMQL
has the smallest specific tangential and specific normal grind-
ing forces, which are 2.17 and 2.66 N/mm, respectively.
However, the specific tangential and normal grinding forces
under NMQL and CA increase to different extents. The spe-
cific tangential and normal grinding forces under NMQL are
2.43 and 3.06 N/mm, which are 12.3 and 15.0% higher than
those of CNMQL, respectively. CA gains the highest specific
tangential grinding force of 3.66 N/mm and specific normal
grinding force of 4.36 N/mm, which are 69.1 and 63.9%
higher than those of CNMQL, respectively.

Given the shortage of lubricating medium, CA generates
substantial grinding force, indicating its higher energy

consumption to eliminate the same volume of materials than
other cooling conditions. NMQL has excellent lubricating per-
formance in the grinding zone due to the excellent lubricating
performance of the nanofluids in the grinding zone; thus,
NMQL has smaller grinding force than CA. CNMQL com-
bines the advantages of the two abovementioned cooling con-
ditions and reaches the best lubricating performance. It re-
duces the grinding force significantly and increases the pro-
cessing quality of the workpieces.

2.4.2 Grinding temperature

Excessive temperature is one of the main factors that influence
and restrict quality of processing parts and service of the
grinding wheel. Therefore, the process of cooling the grinding
zone effectively and lowering the temperature in the grinding
zone are important topics in the grinding process. The grind-
ing experiment of 10 strokes was recorded in each cooling
condition. A total of 50 grinding temperature data points at
the temperature peak region of each stroke were recorded, and
the average value of the data points was chosen as the exper-
imental grinding zone temperature.

Figure 3 shows the measuring curve of the temperature in
the grinding zone under three different cooling conditions.
Figure 4 shows the grinding temperature under different
cooling conditions. As shown in Fig. 4, NMQL achieves
the highest temperature, which is 214.1 °C, reflecting the
poor cooling performance of NMQL. Considering the ex-
cellent cooling and heat exchange performances of cryogen-
ic air, the grinding temperature under CA is 197.5 °C, which
is about 17 °C lower than of NMQL. CNMQL integrates the
advantages of NMQL and CA, thereby achieving satisfying
cooling and lubricating effects. CNMQL achieves the low-
est temperature of 155.9 °C, which is about 42 °C lower than
that of CA, with a drop of 21%. Compared with NMQL, the
temperature of CNMQL was decreased by about 60 °C with
a drop of 28%.

Table 4 Physical properties of

the Al,O5 nanoparticles Grain Crystal Melting Bulk Thermal Color Mohs’
size (nm)  structure point (°C)  density conductivity hardness
(g/cm3) (W/mK)
50 Hexagonal 2050 0.33 36 White 8.8-9.0
close
packing

@ Springer



216 Int J Adv Manuf Technol (2018) 97:209-228
Table 5  Experimental grinding process parameters front of the grinding area, decreases gradually, and decreases
Grinding parameters Value to zero at.the .tall of the grinding zone. Therefore, heat flux on

the grinding interface between the grinding wheel and work-
Grinding pattern Surface grinding piece is approximately in triangular distribution. Thus, the

CA, NMQL, and CNMQL
Peripheral speed of grinding wheel V; (m/s) 24

Cooling conditions

MQL flow rate (ml/h) 50
Feed speed V,, (mm/min) 4000
Cutting depth a,, (um) 10
Total gas flow rate (m>/h) 25
Nozzle distance (mm) 12
Nozzle angle « (°) 15
Gas pressure P (MPa) 0.7

3 Mathematical model of grinding
temperature field

3.1 Heat transfer model

Interaction between grinding particles and workpiece will
generate abundant heat in the grinding zone during the grind-
ing process. With continuous feeding of the workpiece, heat
source moves forward continuously. Heat diffuses around by
centering at the heat source, and heat is at the equilibrium on
the axial direction of the grinding wheel. No heat exchange on
the axial direction is suggested. Therefore, analysis on the
grinding temperature field can be simplified into the
two-dimensional heat transfer model (Fig. 5).

According to the first law of thermodynamics and Fourier
heat transfer law, the two-dimensional transient temperature
field without internal heat source satisfies the following dif-
ferential equation of heat equilibrium [36]:

T T\ 10T ;
(W 5) =aar 3)
where « is the thermal diffusion coefficient of the materials
(m%/s), a= M(pw-cy), T is the transient temperature of the
workpiece (°C), ¢ is the time (s), and p,, and c,, are the density
(kg/m®) and specific heat capacity (J/[kg-K]), respectively.

The grinding process is a random cutting process of numer-
ous abrasive particles to the workpiece material. On the grind-
ing direction, the debris thickness is the largest in the very

Table 6 Temperature and air flow at nozzle outlet under three cooling
conditions

Cooling conditions Air temperature at Air flow (m*/h)
the nozzle outlet (°C)

CA -5 10

NMQL 25 25

CNMQL -5 10
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triangle moving heat source model was used in this study.
3.2 Energy ratio coefficient

In the surface grinding, the heat source model can be approx-
imately regarded as a process caused by a heat source of infi-
nite width and finite length on the semi-infinite heat conduc-
tor. The total heat flux ¢, in the grinding zone caused by the
energy input from the grinding wheel can be calculated using
the following equation [35]:

Q _ Ft'vs

9total = S lcb (4)

where ¢, 1S the total heat flux density (J/ [mz-K-s]), Qs the
grinding power (J/s), S is contact area between the grinding
wheel and workpiece (mm?), v, is the linear velocity of the
grinding wheel (m/s), /. is the contact arc length between the
workpiece and grinding wheel (mm), and b is the grinding
width (mm).

The contact arc length in the grinding zone can be calcu-
lated using the following equation:

le= \V dsap (5)

where d, and a,, are grinding wheel diameter (mm) and grind-
ing depth (um), respectively. The numerical values of the
grinding wheel diameter and grinding depth are very small,
and the grinding wheel length is generally a several microme-
ters. Thus, moving direction of the heat source can be viewed
approximately parallel to the workpiece. In the grinding pro-
cess, the total heat flows to workpiece substrate, abrasive par-
ticles, grinding debris, and grinding liquid. R is the energy
ratio coefficient that is transmitted into the workpiece. R is
determined by type of grinding wheel, workpiece material
properties, and working conditions. R influences the temper-
ature field in the grinding zone significantly. The calculation
formula of the heat flux density, which flows into the work-
piece, can be calculated using the following equation:

F
R=-0Tt R (6)

b\/d,a,

(6)where g, is the heat flux density transmitted into the work-
piece (J/[mZ-K~s]), and ¢q,,,,, is total heat flux density
(J/[m*K-s]).

Energy ratio coefficient R can be calculated using the fol-
lowing equation [37]:

QW . vSFl

9w =
" 9 1otal bl,

kv 1/2
R = ks Ormax (7)
qtntallaawl/zapl/4d5]/4 ’
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Table 7  Dressing parameters of the grinding wheel

Dresser type Fixed PCD dresser
of the K—P36 grinder

Single stroke trimming amount (mm) 0.01

Transverse feed rate (mm/rev) 0.5

Number of stroke 20

where & is the thermal conductivity coefficient of the work-
piece material (W/[m*K]), 3 is a constant determined by the
shape of the hat source and is generally 1.06, o, is the thermal
diffusion coefficient of the materials (m*/s), and Oy is the
peak temperature rise (°C).

3.3 Heat transfer coefficient model

Many studies have been conducted on the boiling heat transfer
theory [38]. According to the classical thermodynamics theo-
ry, temperature in the grinding zone may be higher than the
boiling point of the grinding medium after being sprayed onto
the high-temperature grinding zone. This temperature differ-
ence is depicted as A7, When AT 'is higher than the minimum
degree of superheat AT, the grinding zone is in the boiling
heat transfer process. The boiling heat transfer is divided into
four stages, namely, natural convection, nucleate boiling, tran-
sition boiling, and film boiling heat transfer [39, 40]. Different
AT corresponds to different stages. According to boiling heat
transfer mechanism [41], which is the minimum degree of
superheat to produce bubbles and the formula of film boiling
heat transfer [42], the heat transfer state of the cooling medium
in the grinding zone can be determined using the following
equations:

T2 20 T 20
ATy =Z21g( 1 +— | |1 o 14+ 2= 8
‘ Bg( +rps)[+13g< +rps)} ®)
, g(p _p) 2/3 1/2 1/3
ATy = 0.1277° |23 0 7 & 9)
Ko | P1trg g(pg*p/) g(ﬂ(ﬂz)

where AT, is the minimum degree of superheat to produce
bubbles (°C), o is the surface tension (N/m), T} is the boiling
point of the liquid (°C),  is the radius of the concave meniscus
formed in the capillary (mm), B is the constant, p,=0.1 Mpa,
B=2156, p, is density of liquid (kg/m?), Pg is the air density
(kg/m?), 1, is the dynamic viscosity of liquids (cP), AT, is
the minimum degree of film boiling heat transfer (°C), p', is
the gas film density (kg/m?), K, is the air film heat transfer
coefficient (kJ/[m-K-s]), and ( is the latent heat (kJ/kg).

The composition and boiling point of the synthesis lipid,
which is used in the experiment, are listed in Table 8.
Aromatic hydrocarbon has the largest proportion and lowest

B specific tangential grinding force
B specific normal grinding force

o
]

N w S
1 | 1

Specific grinding force (N/mm)

0+

NMQL CA

CNMQL

Fig. 2 Specific grinding force under different cooling conditions

boiling point; therefore, the boiling point of the nanofluid is
approximately 105 °C.

Comparing the grinding temperature in three different
cooling conditions, we found that CA and NMQL are in the
transition boiling heat transfer state, while CNMQL is in the
nucleate boiling heat transfer state. Using Eqgs. (8) and (9),
AT,=2.1°C and AT,,;, =122 °C can be calculated.

When AT < AT, the forced convection heat transfer by air
and natural convection heat transfer by liquid cooling medium
are dominant heat transfer modes in the heat transfer state in
the grinding zone. Generally, the temperature difference be-
tween the nucleate boiling heat transfer state and AT, ranges
between 20 and 50 °C [43]. When AT, < AT< AT, + 50 °C,
the interface between the cooling medium and workpiece sur-
face is in the nucleate boiling heat transfer state. When AT, +
50 °C < AT < AT the interface between the cooling medi-
um and workpiece surface is in the transition boiling heat
transfer state. When AT, > AT, the interface between the
cooling medium and workpiece surface comes into the film
boiling heat transfer state. The boiling heat transfer state and
heat transfer coefficient corresponding to the temperature in
the grinding zone are shown in Fig. 6. The critical point is the
critical heat flux density point.

No liquid cooling medium was observed under CA; thus,
no boiling heat transfer state is present. The heat transfer pro-
cess that was observed is only the forced convection heat
transfer between cryogenic air and the workpiece surface.
The convection heat transfer coefficient 4, between air and
wall can be calculated using the following equation [44]:

ha = A\aNp/1

Nu = 0.906Re'/>Pr'/3
Re = V,apal/:ua

Pr = p,ca/ M

(10)

where )\, is the thermal conductivity of air (W/[m*K]), Nu is
Nusselt number, / is the heat transfer width in the grinding
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Fig. 3 Measuring the curve of 220
temperature under different
cooling conditions
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zone (mm), Re is Reynolds number, Pr is Prandtl number, v',
is the gas velocity, p, is the gas density (kg/m>), 1, is the gas
dynamic viscosity (cP), and ¢, is the air pressure specific heat
capacity (J/[kg-K]).

The nucleate boiling and transition boiling heat trans-
fer states in the boiling heat transfer process both present
a linear variation trend. The heat transfer coefficient un-
der different working conditions can be calculated using
the linear interpolation method. In the NMQL grinding
condition, the temperature of the grinding zone is 214.1 °
C; at this moment, the single nanofluid droplet which is
sprayed to the workpiece is in the transition boiling heat
transfer state. The heat transfer coefficient under NMQL
is solved by dividing it into four stages:

(1) Natural convection heat transfer state

2104

-

(@]

o
1
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120

(o}
o
1

grinding temperature (°C)
(@]
o

w
o
1

NMQL CA CNI\I/IQL

Fig. 4 Grinding temperature under different cooling conditions
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different cooling conditions

When the workpiece surface temperature 7 is less than
107.1 °C, no boiling heat transfer is generated on the heat
transfer surface [37]. Instead, the forced convection heat trans-
fer is mainly controlled by the ambient temperature air and
nanofluids, where the convective heat transfer of nanofluids is
dominant. Nanofluids are sprayed onto the grinding zone
through a MQL device. The nanofluids ejected in unit time
are discretized into MV, liquid droplets with a volume of V; that
can be calculated as follows [45]:

3
vV, = Ty .
LGN U A
2 tgf, \ cosb, 3 tg20, \ cosh,
3
T
VIZ,TO
-t
v, O
Vi
a
t=—
Vi

(11)

where Q' is supply amount of nanofluids per unit grinding
time (um?/s), Tsurr 1S the pavement radius of a single droplet
(um), N, is the quantity of droplets, # is the total grinding time
(s), a is the length of the workpiece (um), v,, is the feed rate of
the workpiece (um/s), V; is the volume of a single droplet
(um?), d, is the spherical diameter of a single droplet (im),
and @ is the contact angle (°).

According to Yang’s findings on the no-boiling heat trans-
fer coefficient [13], the following formula can be expressed as
follows:

Ncip,V /
By = P (12)

2 a
T syrf =+t
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Table 8 Composition and boiling point of the synthesis lipid

Aromatic Pentaerythritol Pentaerythritol ~Trimethyl
Components hydrocarbon adipate ester phosphate
Content (%) 60 20 10 10
Boiling 105 109 380.4 265
point (°C)

where N, is the quantity of droplets, ¢; is the specific heat
capacity of droplets (J/[kg'K]), p; is the density of the
nanofluid (kg/m?), V, is the volume of a single droplet (um),
Fsuyis the pavement radius of a single liquid drop (um), T is
the saturation temperature (K), and /', is the convective heat
transfer coefficient of room temperature air (W/[m*K]).
Moreover, /', can be calculated according to the equation of
convective heat transfer coefficient between gas and wall. The
following parameters are known: N;=7800,c,= 1870 J/(kg:
K), py=665 kg/m®, V,;=2.14x 1072 m’, =123 107 m,
7.=105 °C, and h', =278 W/m*K.

(2) Nucleate and transition boiling heat transfer states

h reaches the maximum #4,,, at the tail point of the nucleate
boiling heat transfer state and the initial point of the transition
boiling heat transfer state, which is called the critical heat flux
density point (7,,, =157.1 °C). h reaches the minimum at the
tail stage of the transition boiling heat transfer, which is called
the starting point (7,3 =227 °C) of the film boiling heat trans-
fer state. The critical heat flux point heat transfer coefficient
h,> can be calculated as follows [46]:

[hfa + C](TS—TI)] Q,pl /

1
Tn"smfz(Tn27Tl> * ha ( 3)

hn2 =

where ¢', is the convection heat transfer of air at room tem-
perature (J/[m>-K-s]), N, is the amount of evaporated liquid
drops, ¢; is the specific heat capacity of droplets (J/[kg-K]),

Fig. 5 Heat transfer model

hy, s the latent heat of vaporization (kJ/kg), T is the saturated
temperature (K), 7}, is the starting point temperature of the
transition boiling heat transfer (K), and 7; is the temperature of
nanofluids (K).

(3) Transition and film boiling heat transfer states

The heat transfer coefficient 4,,; at the initial point of film
boiling state can be expressed as [48]:

) NVIRE) )
NiQ prlha +ei(T=T0))-[0.027¢ 7= +0.21ksBewcr|
hpy = &
3 bl (Tw3=T)) o
dov?
We = P140Vn
o
2
PPy | 160
s 272
v, = \| L ™o e
1+¢e
B = Cv(Tne_TS)
hp
l. = vV ap'ds
)\v
kg =
Cofhy
(14)

where p,, is the internal pressure in the nozzle (Pa), p,, is the
barometric pressure (Pa), v; is the effluent velocity of droplets
along the nozzle direction (m/s), v, is the vertical velocity
when droplets affect the heat convection surface (m/s), b is
the width of the grinding zone (mm), /. is the contact arc
length (mm), A, is the thermal conductivity of steam
(W/[m-K]), w, is the steam viscosity (cP), ¢, is the thermal
capacity of mass (J/[kg-K]), 6 is the included angle between
the droplets’ efflux and horizontal directions (°), and o is the
surface tension (N/m).

Coefficients that are calculated by formulas/equations men-
tioned above are shown in Table 6. The temperature at the
starting point of nucleate boiling (7},;) is 107.1 °C (h,,; =3.8 x
105 W/m*K). The temperature at the end point of nucleate
boiling, which is called the initial point of transition boiling,
T, is 157.1 °C (h,,=8.2 x 105 W/m*>K). The temperature at
the tail point of transition boiling, which is called the initial point
of film boiling, (7},3) is 227 °C (h,3=2.92 x 105 W/m*K).
II; 111 w I\
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Fig. 6 Schematic diagram of the boiling heat transfer stages
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Through interpolation calculation, when the workpiece surface
temperature 7'is 214.1 °C, the coefficient of heat transfer can be
calculated as follows: 4, =3.74 x 105 W/m>K. The given pa-
rameters are shown in Table 9, and the schematic diagram of the
heat transfer coefficients is shown in Fig. 7.

Similarly, 4 at different turning points in different stages of
heat convection state under CNMQL can be calculated using
the same method. Then, the actual 4 of the stage can be cal-
culated using the interpolation method. Using the calculation,
the heat transfer coefficient under three different conditions is
obtained, as shown in Table 10.

4 Model simulation
4.1 Establishment of the difference equation

The workpiece is simplified into a two-dimensional rectangle
plane and is discretized into a plane uniform gridding structure
by finite difference method, namely, Ax= Az= Al As shown
in Fig. 8, intersection points of the gridding lines are called
nodes. The intersection points between the grinding lines and
object boundaries are the boundary nodes. The temperature at
each node represents the temperature of the grid unit. Use a
point inside the workpiece (i, j) as an example. All adjacent
the nodes (i — 1,), (i+ 1,/), (i,j — 1), and (7, j + 1) have contact
with this node (7, j). According to the first law of thermody-
namics, heat at this node will result in heat conduction with the
surrounding adjacent nodes. Heat transfer ends at the equilib-
rium of heat transfer, finally reaching the stable temperature.

On the basis of the principle of replacing differential quo-
tient with difference quotient, the finite difference method
causes the differential discretization to partial differential
equation and boundary conditions of the field domain. The
finite difference equation set is established based on the
second-order difference quotient. The established equation
set is as follows:

PT . T+ 1,/)2T(,j) + T(i-1,)) >
@(laj) = Ax2 +0(Ax)
azT .. T(i>j+1)_2T(ivj)+T(i7j_1) 2
2 i) = A +0(47)
oT . . Tt+At(ivj)_Tt(iaj)
- - O(At
1) LAl oan
(15)
Table 9 Given
parameters Parameters Value
dy 160 um
N, 7800
', 278 Wim*K
Yy 10.8 m/s
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where 7(i, j) is the temperature at point (Z, j), while T(i, j) and
T, AAi, j) represent temperatures of point (7, /) at times ¢ and ¢
+ At, respectively. At is the time increment, and O represents
the infinitesimal quantity. This difference equation set is
brought by the heat transduction equation under the
two-dimensional space state, thus deducing the difference
equation at different nodes in the grind, as follows:

QAT (i + 1,j) + T(i~1,j) + T(i,j+ 1) + T(i,j-1)] (16)

Tt+At(i7j) = AR

AP —4aAt . .
+ AR T(i, j)

4.2 Boundary conditions of temperature field

With respect to the boundary condition analysis of the
grinding zone, we used the coordinate point (i, 1) on the
surface of workpiece as an example. As shown in Fig. 9,
the heat input on the grinding wheel-workpiece interface
during the grinding process, heat transfer between differ-
ent nodes, temperature rise of node itself, and convection
heat transfer among the workpiece grinding surface,
cooling liquid, and surrounding air obey to the law of
conservation of energy, which can be expressed as fol-
lows:

9(i-1,1)—(i1) T 1,001 T 962)—01) T 9A
oT

=p,C,V
Pw 0 o

+ GA[T;—T,] (17)

where 7(i,1) is the temperature at node (i,1), T, is the
temperature of the cooling liquid or surrounding air, V,
is the unit grid volume, Vy=Ax-AZ1=AP, G is the
comprehensive coefficient of heat transfer, G=[1/Ah]
+AZ/I2 k)]', A is the surface area per unit grid, and
A=Ax'1=AZ1=Al The heat transfer between the
nodes (i—1,1) and (i,1) can be expressed as follows:

Ti11-Ti;

9(i-1,1)>(i1) = k(AZ'1)< Ax ) =k(Ti11-Ti1) (18)

Similarly, the heat transfer between nodes (i + 1,1) and
@,1), (i,2), and (7,1) can be expressed as follows:

qiiv11)-61) = k(T Tix) (19)

4(i2)— (1) = k(T;2=Tiy) (20)
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Merging the three previous formulas into Eq. (17), the tem-
perature at node (i, 1) after A¢ can be calculated as follows:

At

Toniy]) = —
t+At( ) prwA

Temperature #, On workpiece surface (°C)

P {k[TG-1,1) + TG+ 1,1) + T(i,2)-3T(i,1)] + [¢-G(T,—T,))-Al} + T(i, 1) (21)

In the same way, the temperature rise on the other boundary
positions can be analyzed and solved by the heat balance
equation. This experiment is accomplished under room tem-
perature. Therefore, the initial temperature 7,- ¢ is 20 °C.

4.3 Simulation results

A simulation analysis on the temperature field on the work-
piece surface under three cooling conditions was carried out
using Matlab simulation platform. The numerical simulation
diagrams of the grinding temperature distribution of the heat
source with time from cutting in to cutting out in the grinding
zone under CNMQL are shown in Fig. 10. The results of
grinding temperature changing with time at one point of the
workpiece under different cooling conditions are shown in
Fig. 11. As shown in Figs. 10 and 11, the grinding temperature
in the grinding wheel/workpiece contact zone is the highest
(red zone). However, the temperature will decrease gradually
after the heat source passes through. Temperature mainly con-
centrates in the heat source point and in the region where the
heat source passes through. Unprocessed surface has no

Table 10  Heat transfer coefficient under different cooling conditions

Cooling conditions T (°C) 7 (W/m*K)
NMQL 214.1 3.74x%10°
CA 1975 221
CNMQL 155.9 438x10°

significant temperature difference. Given the low heat conduc-
tivity coefficient of the Ti alloy, the temperature at the grinding
point is close to environmental temperature before the grind-
ing wheel reaches it. The temperature on the workpiece sur-
face increases sharply when the grinding wheel reaches the
grinding point. However, the temperature at this point declines
gradually after the grinding wheel leaves this point until it
reaches the temperature close to the environment.
Theoretical result conforms to the grinding temperature
changing law in the actual grinding process.

4.4 Comparison between the simulation
and experimental results

Comparison between experimental and theoretical tempera-
ture of workpiece surface under CNMQL is shown in
Fig. 12. The theoretical result agrees with the experimental
result. The theoretical result of the highest temperature on
the workpiece surface is compared with experimental value.
The temperature difference between the experimental and the-
oretical values under CNMQL is only 5.1% (7.9 °C), which is
in the reasonable range. Meanwhile, the theoretical tempera-
ture on the workpiece surface is higher than the experimental
value. The reason may be as follows [39]: during the simula-
tion calculation, the model hypothesizes that heat transferred
into the workpiece would not diffuse and enter into the exter-
nal environment; in actual situations, the heat entering into the
workpiece will continue to transfer inside the workpiece, and a
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Fig. 8 Plane uniform gridding
structure
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portion will transfer into lateral side of the surfaces of the
workpiece material; simultaneously, a portion of heat on the
workpiece surface will be carried away by the grinding liquid
and surrounding air, thereby decreasing the actual heat enter-
ing into the workpiece material; thus, the actual temperature
will be lower than the theoretical value. In general, theoretical
result agrees highly with the experimental temperature, indi-
cating that the model is reliable to some extent.

5 Discussions

5.1 Evaluations of cooling performances
under different cooling conditions

On the basis of the comparison of grinding temperature in the
grinding zone under three cooling conditions, we can con-
clude that CNMQL has the best cooling performance, follow-
ed by CA and NMQL.

Under the NMQL grinding condition, although the dosage
of minimal quantity of lubricant is only 1/1000 of that in the
traditional pouring lubrication, high pressure air carrying
nanofluid grinding liquid can break the air barrier layer and
enter into the grinding zone effectively, forming a lubricating
oil film [3, 4]. This film can offer good lubricating effect
during the grinding process, manifested by reduction in the
grinding force and heat to some extent. Al,O3 is a tightly
packed crystal material of six parties. It has high hardness,
heat resistance, and wear resistance. In the lattice of o—
Al,O5, the oxygen ions are tightly packed by six parties, and
AP* is symmetrically distributed in the eight surface coordi-
nation centers that are surrounded by oxygen ions. The lattice
has high energy; thus, the melting and boiling points of Al,O;
are very high. The physical properties of the Al,O3 nanopar-
ticles are shown in Table 4 above. The melting point of Al,O3
can reach 2050 °C and has good heat resistance. The addition
of Al,O3 nanoparticles improves the high-temperature stabil-
ity of the lubricating film and enhances the high-temperature
tribological performance of the lubricating film. Meanwhile,
the Mohs’ hardness of Al,Osz can reach 8.8 to 9.0, and the
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Al,O5 nanoparticles with high hardness have excellent wear
resistance. In the grinding process, Al,O; nanoparticles can
play a supporting role in the friction surface. The properties of
Al,O5 nanoparticles can also significantly improve the
cooling and lubricating performance of the nanofluid lubricat-
ing oil. At the same time, the lubricating oil film formed by the
nanofluids in the grinding zone prevents heat from being in-
troduced into the workpiece to some extent. The cooling
mechanism is based on the forced convection of the room
temperature air and boiling heat transfer of the minimal quan-
tity lubricating oil under high temperature by taking away heat
to reduce the temperature of the grinding zone. The cooling
performance is insufficient, thereby achieving the highest
grinding temperature.

CA achieves lower grinding temperature than that of
NMQL. Without the Iubricating medium, CA fails to form
satisfying lubrication performance in the grinding contact
zone, which needs substantial grinding force consumption to
eliminate the workpiece material, as well as high heat con-
sumption. For the cooling mechanism, the CA cooling perfor-
mance under the CA and room temperature air under NMQL
in the grinding zone all belong to the forced convection heat
transfer. However, the temperature of high-pressure air, which
causes the forced convection, is different. CA uses the cryo-
genic high-pressure air as the carrying medium, which en-
larges the temperature difference between the medium and
grinding contact surface and strengthens the convection heat
transfer effect. Although CA lacks a lubricating medium, it
consumes tremendous heat during the material removal; the
excellent cooling and heat exchange capacity of CA offsets

Heat flux input  Convective heat flux
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Workpiece surface
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Fig. 9 Heat transfer state at node (i,1)
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this disadvantage. Therefore, CA achieves better cooling ef-
fect than NMQL.

CNMQL integrates the advantages of NMQL and CA to
achieve the best cooling lubricating effect; thus, the lowest
grinding temperature is obtained. The cooling effect of
CNMQL is superior to that of NMQL and CA in terms of
the cooling effect for the following reasons. Firstly, the lubri-
cating effect of the grinding liquid under CNMQL is better
than that under NMQL. Thus, the grinding liquid consumes
fewer heat during the grinding process under CNMQL than
under NMQL. Second, the nanofluid properties change with
the change in the temperature in the grinding zone. The lower
grinding zone temperature enables the formation of lubricat-
ing film with better lubricity in the grinding contact area,
which reduces energy consumption during the grinding pro-
cess and achieves the best lubricating effect. With the decrease
in temperature, the viscosity of liquid increases. The temper-
ature in the grinding area under CNMQL condition is reduced
by about 60 °C compared with that of NMQL, and higher
viscosity is achieved. With higher viscosity, the lubricating
oil in the grinding wheel/workpiece interface exhibits excel-
lent viscous properties. In addition, the formed lubricating
film is relatively thick, and its lubricating performance and
time are improved, thereby effectively reducing the energy
consumption in grinding. On the other hand, under NMQL
condition, the nanofluid viscosity is relatively low due to the
high temperature in the grinding area. The viscous properties
of the lubricants are inferior to that of the former. The formed
lubricating film is relatively thin, and the lubricating effect is
relatively no good; thus, the energy consumption is relatively
high.

Considering the inadequate heat transfer capacity of
NMQL, the lubricating oil film is very easy to be broken under
high temperature, which deteriorates the lubricating perfor-
mance and increases the grinding force and heat input. CA
involvement increases the stability of the lubricating oil film
and reduces the grinding heat input. On the other hand, its heat
transfer effect is better than that of NMQL and CA under the

80
x(mm) X(mm) 80

effect of CA. The temperature in the grinding zone is only
155.9 °C under NMQL condition, and it is reduced by about
60 °C compared with NMQL. Under NMQL condition, cryo-
genic high-pressure air is used as the heat carrying medium,
which expands the temperature difference between the heat
transfer medium and grinding wheel/workpiece contact zone.
Therefore, cryogenic high-pressure air is superior to the room
temperature air in terms of the forced convection heat transfer
effect. It can carry away more heat from the grinding zone
than the room temperature air, and it can also reduce temper-
ature in the grinding zone.

5.2 Boiling heat transfer analysis

In the process of removing heat from the grinding zone, most
heat is carried away by boiling heat transfer of the grinding
liquid, except for a few amount that is carried away by forced
convection of air in the grinding zone. When the grinding
temperature reaches a specific value, the grinding liquid will
be boiled and vaporized in the grinding zone [47, 48]. Mao
et al. [46] studied the heat transfer mechanism on the work-
piece surface during the grinding process and established a
boiling convection model on the workpiece surface. Boiling
heat transfer is a heat transfer method where the cooling
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Fig. 11 Theoretical result of the grinding temperature changing with time
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Fig. 12 Comparison of the experimental and theoretical temperatures
under CNMQL condition

medium carries away heat by bubble movement and cools the
workpieces. Boiling heat transfer in the grinding zone is a
violent vaporization process that produces and expands abun-
dant bubbles in the grinding zone and transforms the working
medium from liquid state into gas state. It is accompanied by
heat transfer through the gas—liquid transformation of the
grinding liquid. According to the flow characteristics of the
boiling liquid, the boiling heat transfer can be divided into
pool and flow boiling. Boiling heat transfer during the grind-
ing process can be viewed as flow boiling heat transfer ap-
proximately. Simultaneously, nanofluid cooling liquid un-
dergoes directional migration due to the carrying effect of
the cryogenic high-pressure gas, thereby generating boiling
heat transfer in the high-temperature grinding zone [49].
Schematic diagram of boiling heat transfer in the grinding
zone is shown in Fig. 13. At the beginning of boiling heat
transfer in the grinding process, the grinding liquid
absorbs the latent heat on the workpiece and grinding debris
pipeline pits and surface cracks, which forms the evaporation
core [50]. With continuous transfer of heat from the
high-temperature surface to the evaporation core, the bubble
volume increases continuously until the workpiece surface is
left under the effect of floating force and carrying away heat.
During the continuous supply of the grinding liquid by the
cryogenic high-pressure air, numerous bubbles are formed,
grown, and finally vaporized to carry away the grinding heat.
This process repeats continuously until the temperature in the
grinding zone is finally lowered.

The liquid boiling heat transfer generally can be divided
into two stages, namely, vaporization—absorption latent heat
and vaporization—evaporation heat transfer. Latent heat refers
to the heat that is absorbed or released when the materials
transit from one phase to another under fixed temperature; it
is also a quantity of state. When the materials absorb (or re-
lease) latent heat, they would not cause an increase or decrease
in the temperature, and such heat only has potential influences
on the temperature changes. Latent energy covers two parts,

@ Springer

namely, internal energy difference between two phases (inter-
nal latent heat) and power made to overcome the external
intensity of pressure at the phase transition (external latent
heat). Some absorbed latent heat at liquid boiling are used to
overcome the molecular attraction, while rests are used to
resist the power of atmospheric pressure during the expansion
process. If U; and U, are used to express the internal energies
of phases 1 and 2 of the unit mass, then V; and V, are used to
express their volume of unit mass. The absorbed phase tran-
sition latent heat, which is absorbed when the unit mass ma-
terial transited from phase 1 to phase 2, can be expressed as
follows:

I = (Uz—Ul) + (Vz_Vl) =H,—H, (22)

where h; and 4, are the entropies per unit mass of phases 1 and
2, respectively; (U, — Uj;) is the internal latent heat absorbed
by vaporization—absorption of the liquid; and p-(V, — V;) is the
external latent heat absorbed by vaporization—absorption of
the liquid. The initial temperature of the cooling liquid (=5 °
C), which is carried by cryogenic air under CNMQL, is lower
than that carried by room temperature air (25 °C) under
NMQL. In addition, the average initial volume of the vapori-
zation core in the former is smaller; when the volume of the
vaporization core increases, more energy is needed; thus, the
internal latent heat (U, — U;) during the latent heat adsorption
process of the former is higher than that of the latter. At the
same time, with the increase in temperature, the liquid mole-
cules will have higher kinetic energy, and the difference be-
tween the gas and liquid phases decreases gradually. Thus, the
liquid needs less energy from the outside to vaporize. The
grinding temperature of the former (155.9 °C) is significantly
lower than that of the latter (214.1 °C). Therefore, the heat
adsorbed from the grinding zone in the vaporization absorp-
tion latent heat process under CNMQL is much higher than
that of NMQL condition.

In the vaporization—absorption latent heat process, liquid
can only absorb heat from the grinding zone, and temperature
remains constant. Then, the liquid enters into the vaporized
heat transfer process. Heat transfers from high-temperature
surface into the vaporization core continuously. Bubble vol-
ume expands, and the temperature increases continuously un-
til leaving the workpiece surface as well as carrying away heat
under the effect of buoyancy. So far, the boiling heat transfer
process is finished. Given the same specific heat of the cooling
liquid, the temperature difference At between the evaporation
latent heat stage to the evaporation temperature under
CNMQL is higher than that of NMQL. The absorbed heat
during this process is also much higher than the NMQL. On
the basis of the analysis above, the heat that was carried away
under CNMQL from the grinding zone into the boiling heat
transfer process is much higher than that of NMQL, indicating
that CNMQL has better comprehensive heat transfer effect
than NMQL.
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Fig. 13 Boiling heat transfer in the grinding zone

5.3 Influence of surface characteristics
of the workpiece and chip on the cooling effect

In the grinding process of the metal materials, the key for
grinding liquid to develop the best cooling effect effectively
lies in the full pavement to the whole grinding zone, carrying
away heat from the grinding zone through the boiling heat
transfer. A strong air barrier layer will be formed surrounding
the grinding wheel, which is rotating at a high speed; thus,
only 5 to 40% of the grinding liquid can reach the grinding
zone. On the other hand, the rest of the grinding liquid is
prevented from the grinding zone and can only offer local
cooling performance of the workpiece, resulting in poor
cooling effect in the grinding zone, burn damages of the work-
pieces, and poor surface quality [12, 13].

The grinding surface is composed of abundant irregular
scattered abrasive particles, which plows with different
depths. Thus, plastic deformation layer and microcracks will
be developed on the workpiece surface during the grinding
process. Meanwhile, some grinding debris cannot leave the
grinding zone in time. These grinding debris are also easy to
adhere onto the workpiece surface again under high tempera-
ture to form microbulges. These interface frictional character-
istics form the microlevel pipelines with different depths on
the grinding wheel and workpiece surface. Microstructures of
the workpiece surface under NMQL and CNMQL conditions
are shown in Fig. 14. Significant differences have been ob-
served under different conditions. Evident plastic deformation
layer and long deep plows on the workpiece surface under
NMQL is observed, accompanied with serious adhesion and
material sedimentation. As a result, the longitudinal flow of
the lubricants along the pipe and the horizontal spreading

Fig. 14 Workpiece surface
microstructures under NMQL and
CNMQL conditions

effect between the pipes are hindered to a certain extent, which
affects the overall infiltration effect of the lubricants on the
grinding surface, reduces the lubricating effect, and consumes
great energy in the process of material removal. When the
abrasive particles are embedded in the surface of the work-
piece in the grinding process, the furrows are formed due to
the poor lubricating effect on the workpiece surface. Under
high temperature and pressure, the displacement between the
metal crystal occurs, and plastic plow is formed, and metal
particles are deposited onto the both sides of the furrows on
the workpiece again by adhesion, thereby forming the plastic
deformation layer.

Clear and smooth grinding lines, as well as slight plastic
deformation and material adhesion, are present on the work-
piece surface under CNMQL; however, no plows are detected.
A small barrier is present against the flow and pavement of the
lubricating liquid along the line. Thus, better lubricating per-
formances are achieved, and less energy is consumed during
the grinding process. Simultaneously, when grinding debris
are eliminated along the rotating direction of grinding wheel,
the microlevel pipelines will be formed on the grinding wheel
abrasive debris contact surface due to friction and plowing.
During the grinding process, the cryogenic cooling fluids,
which are constantly sprayed from the nozzle, will enter into
these microlevel pipelines continuously. The grinding liquid
flows into the microlevel pipelines and flows forward quickly
due to high kinetic energies brought by high-pressure air. This
phenomenon forms cooling oil film on the workpiece and
grinding debris surface with good spreading effect [3, 4].
The microlevel pipelines on the workpiece surface are shown
in Fig. 15.

On the other hand, the geometric shape of the microlevel
pipelines on the workpiece and grinding debris surface can
significantly increase the spreading and dynamic heat ex-
change area of the cooling liquid. Workpiece material experi-
ences continuous friction, plowing, and cutting effects of the
grinding wheel during the grinding process. Thus, the work-
piece material undergoes plastic deformation, accompanied
with crystal slippage and dislocation interweaving, stretching,
destroying, and fibering of the crystals. The residual stress and
hardening phenomena occur in metals, which makes the
grinding debris curl up gradually and forms corrugated

100um
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Fig. 15 Microlevel pipelines on
the workpiece surface

Micron-level pipelines

ditches. The geometric shape of these corrugated ditches in-
creases the surface area of the grinding debris dramatically.
The grinding debris microstructures in the bottom surface are
shown in Fig. 16. The geometric shape of the workpiece and
grinding debris surface expands spreading and dynamic heat
transfer area of the cooling liquid. Thus, more cooling liquid
can carry away heat from the grinding zone through the boil-
ing heat transfer, thereby achieving the cooling and heat ex-
changing function.

The total heat transfer amount of the grinding zone is
expressed as follows:

¢ = gA = AhAt (23)

where ¢ is the heat transfer amount per unit time and area
between the solid surface in the grinding zone and heat trans-
fer fluid (J/[m*Ks]), A is the heat transfer area in the grinding
zone (mm?), / is the heat transfer coefficient (W/ [mz-K]), and
At is the temperature difference between the grinding zone
and cooling fluid (°C). CA increases At between the grinding
zone and cooling fluid. Compared with the traditional work-
ing conditions, 4 under CNMQL condition is much higher.
The morphological characteristics of the workpiece and grind-
ing debris increase the dynamic heat transfer area A in the
grinding zone, which increases the total heat exchange in the
grinding zone. Cooling effect is improved significantly com-
pared with the traditional conditions. On the basis of the anal-
ysis above, CNMQL achieves the best cooling effect due to
the collaborative effect of CA and nanofluid cooling fluid.

6 Conclusion
Theoretical analysis and experimental study on the tempera-

ture field during the Ti-6Al-4V grinding process under three
cooling conditions (CA, NMQL, and CNMQL) were carried
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out. The cooling performance under different cooling condi-
tions was analyzed from the grinding mechanism. Thus, the
following conclusions are drawn:

(1) On the basis of theory of boiling heat transfer and con-
duction, a heat transfer coefficient model and a finite
difference model under different grinding conditions
were established, and the temperature field in the grind-
ing zone under different cooling conditions was simulat-
ed. The results showed that CNMQL exhibits the best
cooling effect, followed by CA and NMQL.

(2) On the basis of model simulation, the experimental ver-
ification of the surface grinding temperature field under
cooling conditions of CA, MQL, and CNMQL was car-
ried out by using Ti—-6Al-4V as the workpiece material.
The results showed that CNMQL has the smallest spe-
cific tangential and normal grinding forces (2.17 and
2.66 N/mm) and lowest temperature in the grinding zone

BHXY 25.0kV 13.5mm x400 SE

Fig. 16 Grinding debris microstructure in the bottom surface
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(155.9 °C), which verified the excellent cooling and heat
transfer effects of CNMQL grinding. In addition, the
simulation temperature is slightly higher than the exper-
imental temperature. In general, the experimental results
are in agreement with the theoretical analysis, which val-
idated the correctness of the theoretical model.

The temperature in the grinding zone under CNMQL
condition is reduced by about 60 °C compared with that
of NMQL; in addition, higher viscosity is achieved. With
higher viscosity, the lubricating oil in the grinding wheel/
workpiece interface exhibits excellent viscous proper-
ties. In addition, the formed lubricating film is relatively
thick, and its lubricating performance and time are both
improved, thereby effectively reducing the energy con-
sumption in the grinding process. The lower grinding
zone temperature enables the formation of lubricating
film with better lubricity in the grinding contact area,
which reduces the energy consumption during the grind-
ing process and achieves the best lubricating effect.
Meanwhile, lower grinding temperature and oil film
characteristics reduce the occurrence of cracking and
evaporation of oil film due to high temperature and re-
duced the probability for local zone to be under the dry
friction state within a period of short time.
Simultaneously, the stability of the oil film and its lubri-
cating effect are more excellent, there reducing the grind-
ing force and heat input.

The initial temperature of the cooling liquid (=5 °C),
which is carried by cryogenic air under CNMQL, is
lower than that carried by room temperature air (25 °
C) under NMQL. In addition, the average initial vol-
ume of the vaporization core under CNMQL is smaller.
When the volume of the vaporization core increases,
more energy is needed. Given the same specific heat of
the cooling liquid, the temperature difference At be-
tween the evaporation latent heat stage to the evapora-
tion temperature under CNMQL is higher than that of
NMQL. With the decrease in temperature, the liquid
molecules will have reduced kinetic energy, and the
difference between the gas and liquid phase will in-
crease. The vaporization energy absorbed by the liquid
from outside will be higher in the two processes of
boiling heat transfer. The total heat exchange of
CNMQL from the grinding zone is higher than that of
NMAQL; it also achieved better comprehensive heat
transfer effect than NMQL.

Clear and smooth grinding pipelines, as well as slight
plastic deformation and material adhesion, are present
on the workpiece surface under CNMQ condition; how-
ever, no plows are detected. Thus, a small barrier, which
hinders flow and spreading effect of the lubricating lig-
uid along the pipelines to some extent, is present.
Meanwhile, in the process of material removal, the

(6)

bottom surface of the debris gradually curls up and pre-
sents high and low ripple ravines, which increases the
adsorption area of the coolants. The surface geometry
characteristics of the workpiece and grinding debris sig-
nificantly increased the spreading effect and dynamic
heat transfer area of coolant. Thus, more coolants can
carry away heat from the grinding zone through the boil-
ing heat transfer, thereby achieving the cooling and heat
exchanging function better.

To sum up, CNMQL combined the advantages of the
two processing methods, namely, CA and NMQL, and
achieved excellent grinding performance, as well as bet-
ter cooling and lubricating effect. Moreover, CNMQL
had the advantages of low cost and green and environ-
mental friendly properties; thus, it can be used in the
machine field.
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