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The cutting fluid serves as a coolant, assisting in removing 
the enormous quantity of heat generated during the machin-
ing process. Second, it acts as a lubricant, reducing fric-
tion between the tool’s cutting edge and the workpiece. A 
comparative study of dry machining and MQL shows that 
while dry machining is more environmentally friendly and 
produces cleaner products, it comes at a higher tooling cost 
due to high tool wear. As a result, Minimum Quantity Lubri-
cation (MQL), also known as near-dry machining, uses a 
small amount of coolant and it serves as a middle ground 
between dry machining and flood cooling [1]. While aiming 
for sustainability, concentrating on one of the goals - qual-
ity, production, or environmental concerns - impedes the 
others [2].

Through simultaneous optimization, a reasonable bal-
ance between the three aspects is possible. Compostable oil 
and compressed air aerosol is usually sprayed on the cutting 
zone in this process. MQL has grown in popularity in recent 
years due to its emphasis on sustainability. Several factors 
influence the success of this approach, volume proportions 
of oil and air, the nozzle material’s resistance coefficient, 
and the fluid properties all impact the output metrics such 

1  Introduction

Ti6Al4V is an alpha-beta titanium alloy (Grade 5) that 
accounts for almost 80% of total titanium usage. Titanium 
alloys are widely used in the aerospace sector and biologi-
cal applications. Titanium machining is characterized by the 
high temperature, caused due to low thermal conductivity, 
low specific heat and chemical reactions of work with tool 
material. Researchers are seeking methods to maximize 
the efficiency of such scarce resources, where sustainabil-
ity is vital. Manufacturers can quickly create economical, 
reliable, and high-quality items because of the exponential 
rise and advent of sophisticated manufacturing processes. 
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Abstract
Ti-6Al-4V is a titanium alloy with a high strength-to-weight ratio and is corrosion-resistant, but its limited thermal conduc-
tivity makes processing difficult and reduces tool life. Machining with mist lubrication, or minimum quantity lubrication 
(MQL), is an ecological and sustainable machining method. However, it is unclear how, droplet size inherent to MQL is 
affected by cutting fluids and operational conditions. On the other hand, conventional lubrication is not environmentally 
friendly. The effectiveness of MQL as a cooling agent during the end milling processes is investigated using three cool-
ant types of distinguishable qualities and various air pressures. Droplet size is determined experimentally using Phase 
Doppler Anemometry. The experimental data gathered about the SMD of particles, is used to validate the finite volume 
CFD model of MQL spray process, built with ANSYS Fluent. The air pressure and coolant flow rate effects on the Sauter 
Mean Diameter are studied for three different coolants by CFD simulation. Out of three coolants, 120 V cutting oil with 
a density of 820 kg/m3 and specific heat of 4.30 kJ/kgK, when mixed with 150ml/hr flow rate at 3 bar air pressure pro-
duced the lowest machining temperature of 147.90 °C and tool wear of 0.0508 mm corresponding to SMD of 35.50 μm.
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as surface polish and tool life. In addition, the input process 
parameters, such as tool feed rate and tool cutting speed, 
are greatly influenced by the material of the workpiece. It is 
now feasible to anticipate jet direction because of advances 
in computational approaches. As mentioned in this article, 
researchers have used various numerical and experimental 
methods in various MQL settings to study the effect of vari-
ous process parameters on overall process efficiency. MQL 
focuses on generating aerosol droplets, which can be uti-
lized to increase heat transmission through quick vaporiza-
tion, due to their high surface-area-to-volume ratio during 
machining [3].

The experimental and numerical analysis was employed 
to optimize the MQL milling process’s stand-off distance, 
which specifies the position of the MQL nozzle from the 
cutting zone. The drop impingement domain is examined 
to construct an equation for the actual nozzle distance 
for droplet adherence in a given spray system [4]. The 
authors noticed an intriguing reflow regime in which most 
rebounded droplets reattached to the tool surface at ideal 
nozzle distances. The impact of air intake pressures, inner 
oriented channels, cutting speeds, and feed rates on the over-
all spray efficiency of the MQL process was investigated 
using a Design of Experiments (DOE) technique [5]. The oil 
droplet impingement was studied in connection to specific 
characteristics such as oil flow rate and distance between 
oil scatter and droplet impingement. A survey of the current 
literature was used to validate these findings experimentally. 
The droplet trajectories and temperatures were examined in 
MQL milling using the Discrete Phase Model (DPM) [6]. 
When the nozzle inclination angle is set to zero degrees, 
it is discovered that the sensible cooling condition results 
in a greater number of droplets passing across the cutting 
zone. Grinding temperatures under MQL cooling for steel, 
nickel-based alloys, and nodular cast iron were investigated 
to determine the effect of material properties and grinding 
forces on temperature [7]. The effect of MQL and flood 
lubrication on the milling of aerospace-grade titanium alloy 
was investigated to understand the reasons for the superior-
ity of MQL over flood lubrication. Lower primary cutting 
force, which lowers machining temperature and extends 
tool life, and lower sensitivity to tool breaking due to ther-
mal shock were promising features of the MQL process [8].

MQL system produces a lubricant mist having droplets of 
various sizes. The surface area of droplets plays an impor-
tant role in the effectiveness of MQL. Sauter Mean Diam-
eter (SMD), which characterizes the droplet size, is the 
diameter of droplets with the same volume-to-surface-area 
ratio. Under optimum MQL milling conditions, SMD was 
estimated to be 15.39 μm [9]. The micro lubrication flow 
inside a nozzle was studied using a k-ε model based on com-
putational fluid dynamics (CFD). Effective spray cooling is 

largely dependent on the atomization process in micro lubri-
cation. Oil and air volume fractions in the resulting spray 
are crucial for optimizing heat transfer rates, which increase 
tool life and finish. Additionally, it is observed that coolant 
qualities such as viscosity, density, and surface tension all 
play a role in determining the droplet size. Liquid ligaments 
are prevented from contorting into droplets by the viscosity 
force. Bigger droplet size is the result of increased viscosity. 
The coolant will resist acceleration if it has a higher density, 
resulting in a bigger droplet [10, 11].

The effect of dry, flood cooling, and vegetable oil-based 
MQL machining on the milling performance of an Al-6061 
workpiece was studied while using a TiAlN-coated car-
bide PVD insert. Also, the authors suggest 300  mm/min, 
0.045 mm, and 1 mm as appropriate cutting speeds, feed/
tooth, and depth of cut for all lubrication settings [12]. The 
relationship between material resistance coefficient and the 
droplet size and distribution were studied [13]. Because 
of the larger droplet sizes at low flow rates, the increased 
resistance coefficient tends to increase surface roughness. 
At a flow rate of 50 l/h, the droplet size was the same for 
all three atomizers used in the experiments. Under constant 
Re number scenarios, the droplet size of all three atomiz-
ers rises at the same pace as the flow rate increases. Using 
the MQL approach, Computational analysis was conducted 
to identify the flow field during thread turning [14]. The 
DPM model was used for the study at different flow rates. 
Despite the chips’ barriers, the researchers determined that, 
the airstream may reach the cutting region from various 
directions. A greater flow rate of compressed air helps to 
refine oil droplets and accelerate air flow in the cutting zone. 
Another evident discovery was that the bigger and heavier 
droplets were concentrated in the centre of the spraying 
zone, where they either adhered to the cutting surface or 
dispersed into smaller droplets. The behaviour of oil drop-
let and temperature in the cutting zone was studied for four 
cooling approaches, namely MQL (Rapseed oil), dry, flood, 
and aerosol water, both computationally and practically 
[15]. The effects of flow rates and inlet pressures on the 
lubrication process were studied in order to identify the best 
process parameters.

The presence of negative pressure around the tool face 
and workpiece could be identified by computational fluid 
dynamics (CFD) analysis of the MQL flow field surround-
ing the cutting zone [16]. It is observed that a target distance 
of 20 mm was superior to 10 and 30 mm because the former 
had bigger oil droplet generation and lower droplet concen-
tration in the flow field, resulting in less process influence 
in the latter. Performance of a water spray cooling system 
was investigated, taking the nozzle atomization effect and 
gravity angle into account. According to the findings, the 
spray mass flow rate is the most influential factor under the 
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same operating conditions [17]. Phase Doppler Anemome-
try (PDA) has been adopted to visualize a flow and calculate 
mean droplet size and velocity distribution measurements. 
According to PDA data, the SMD of droplets is lowest in the 
spray center and progressively rises toward the spray outer 
area. Under different settings and spray width locations, 
SMD was found to have a range of 50 to 120 μm [18]. Com-
putational Fluid Dynamics has optimized cooling and lubri-
cation for micro-milling Ti6Al4V alloy. This study assesses 
the efficiency of jet cooling, MQL, and dry micro-milling. 
The influence of cooling and lubrication on the accuracy, 
burr formation, and geometric shape was also studied. Com-
pared to the jet technique, the MQL approach has a lower 
tool wear rate [19]. A study of the addition of sub-zero air 
in minimal quantity lubrication (MQL) systems in the end 
milling of a Ti6-Al-4 V alloy resulted in increasing cutting 
fluid lubrication at lower temperatures and making it easier 
for chips to come off the rake face [20]. An experimental 
study on particle emission rate and size distribution during 
milling shows that the particle emission rate increases with 
tool rotation speed. In contrast, particle SMD increases only 
in the cooling mode without cutting [21]. The Sauter mean 
diameter of a collection of spherical objects with varying 
sizes equals the diameter of identical spherical objects cre-
ating an equivalent collection of spheres [22]. The droplet 
diameter is influenced by stand-off distance and airflow rate. 
It has been demonstrated that a wider angle of stream split-
ting ensures that droplets do not stick together in the air, 
resulting in a tiny diameter on the surface. Furthermore, the 
results reveal that the emulsion mass flow has no effect on 
the droplet diameters by more than 12% [23]. The effect of 
varying the angle of the MQL nozzle with respect to the tool 
feed direction has been studied to find the effect on cutting 
zone temperature. Mist flow and the droplet are observed 
for 0°, 45° and 90°, respectively. Lower cutting temperature 
is observed for 0° and 90° compared to 45° nozzle angle. 
However, a 90° nozzle angle is not suitable from the lubri-
cation point of view in the milling process due to poor pen-
etration of droplets to the cutting zone [24].

Effects of MQL parameters such as cutting fluid flow 
rate, compressed air pressure, and type of cutting fluid on 
the droplet size of MQL mist and its effect on machin-
ing requires more detailed study. The optimal MQL can 
be defined using droplet size determined using the “Phase 
Doppler Anemometry”(PDA) and corresponding machining 
experiments. Due to the limited availability of information 
on the flow regimes in MQL, the primary objective of this 
work is to investigate the effect of various cutting fluids and 
the operating parameters, such as “compressed air pressure” 
and “cutting fluid flow rate” in milling of titanium alloy. 
Various numerical models have been developed to simulate 
the characteristics of oil/coolant sprays. Some numerical 

studies have been done to predict the droplet size of MQL 
mist. A previous study found that water-soluble coolants, 
despite having higher specific heat, performed poorly com-
pared to other coolants. To investigate this problem, further 
study on SMD effects is necessary. In this paper, fifteen 
PDA tests were conducted to measure SMD for various cut-
ting fluid types and operating conditions (air pressure and 
coolant flow rate). A finite volume-based CFD tool, ANSYS 
Fluent, is used to predict the droplet size using a discrete 
phase model. The numerical results were compared to those 
found during PDA tests. The combined effect of air pressure 
and coolant flow rate can be analysed based on Sauter Mean 
Diameter (SMD) variations, which is the ratio of volume to 
surface area of the identical diameter particles.of the mist.

2  Materials and methods

The minimum quantity lubrication setup has a mixing noz-
zle in which coolant and air are mixed and directed to the 
cutting zone. The nozzle has an arrangement for changing 
the coolant flow rate, and the MQL box has an air pressure 
adjustment arrangement. Specially manufactured, three 
types of cutting fluids are considered for the study, out of 
which two coolants are vegetable base neat cutting oils 
(350 V and 120 V), and the third is water soluble. Cutting 
fluids are selected with varying specific heat, density, vis-
cosity, etc., as shown in Table 1. The specific heat of cutting 
oil was determined using a Differential scanning calorime-
ter. This MQL setup is proposed for cooling and lubrication, 
during the vertical end milling of the Ti-6Al-4 V alloy work-
piece using a TiAlN inserted cutting tool. The workpiece 
material is 100 × 90 × 8  mm, and its properties are listed 
in Table  2. Prior experience and reference handbooks are 

Table 1  Properties of different coolants used for the analysis
Properties Type of coolant oil

350 V 120 V Water-based
Density (kg/m3) 840 820 997
Kinematic viscosity (m2/s) 3.8 × 10− 5 1.2 × 10− 5 1.787 × 10− 6

Thermal conductivity (W/
mK)

0.640 0.696 0.590

Specific heat (kJ/KgK) 3.97 4.30 7.11

Table 2  Properties of Ti-6Al-4 V work material used in the machining 
process
Sr no Mechanical Properties Value
1 Tensile Strength (Mpa) 1170
2 Yield Strength (Mpa) 880
3 Elongation (%) 10
4 Modulus of Elasticity (GPa) 113
5 Hardness (HB) 334 (35 to 36 

HRC)
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3  Experimental setup for study of droplet 
characteristics

Experiments are conducted using various cutting oils (that 
will be used as coolants) and compressed air as working 
fluids at a room temperature of around 30 ºC—the estima-
tion of droplet size is done with Phase Doppler Anemometry 
(PDA). The dimensions of the nozzle are determined using 
a Coordinate measuring machine (CMM). The nozzle has 
an inside diameter of approximately 2.3123 mm at the exit 
and a length of approximately 78.72 mm. PDA was used to 
determine the droplet size. Figure 1 depicts a schematic of 
the experimental test setup for droplet size measurement by 
PDA. PDA analysis includes a laser source, optical cable, 
long-distance microscope, camera, diffuser optics, and tra-
verse system. The PDA system used in the current study is a 
double-pulsed laser (Nd-YAG) beam with a wavelength of 
532 nm to project speckle-free, high-intensity illumination. 
The laser light was guided from the laser head to the diffuser 
via an optical cable, allowing the diffuser to be positioned 
precisely opposite the camera-microscope arrangement. 
There are four significant steps performed in PDA analysis, 
viz. (1) Scalability, (2) Image capture, (3) Image processing, 
and (4) Calibration for droplet size measurement. A CCD 
camera with a resolution of 2448 × 2050 pixels was com-
bined to obtain a magnified field of view of 3 mm x 3 mm 
for spray imaging. The CCD camera is aligned 90° to the 
laser sheet and focused on the sheet/droplets. The imaging 

helpful to arrive at a desirable range of machining param-
eters, i.e. cutting speed, feed rate and depth of cut. Under 
the given machining conditions, choosing the right type of 
cutting fluid, its flow rate, and air pressure is required to 
obtain efficient cooling and lubrication of the cutting zone 
in milling. Three different air pressures (1, 2, and 3 bar) and 
three different coolant flow rates (100, 150, and 200 ml/hr) 
are considered in this investigation along wuith the three 
coolant oils as mentioned previously.

MQL effectiveness is better understood by estimating 
the SMD, maximum droplet size, and velocity that char-
acterizes the MQL jet. Therefore, it is decided to perform 
CFD analysis to obtain droplet size and to validate the CFD 
model through the experimental determination of droplet 
size using PDA technique. The MQL parameters are then 
optimized through CFD analysis. The SMD values of MQL 
spray particles obtained from the CFD analysis help to 
determine the best coolant flow rate and air pressure values 
(MQL Parameters). To reduce machining temperature and 
tool wear to a minimum, selecting the optimal air pressure, 
coolant flow rate, and cutting fluid is essential in addition to 
the choice of optimum machining parameters.

Fig. 1  Diagrammatic representation of PDA experimental arrangement for MQL droplet size measurement
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4  Experimental setup for machining 
experiments

Kenko Lubrication System sprays mist in the cutting zone 
via external pipe and nozzle arrangement. As a result, the 
cutting fluid is mixed with air before being ejected through 
a nozzle, 60  mm from the cutting zone and 45° inclined 
toward it, at meager flow rates (100,150,200 ml/h). The 
MQL system works between pressure of 1 bar to 5 bar and 
between the airflow rate of 0.5 cfm at 1 bar to 2 cfm at 5 bar. 
The instrument is calibrated to check the flow rate, and it 

system’s field of view was then converted from pixels to 
physical units (mm) using a scaling plate. The scaling plate 
was replaced with an injector for spray imaging, with the 
atomizer axis aligned with the focal plane.

The moving droplets’ shadows were captured briefly 
while maintaining a constant field of view (3 mm × 3 mm). 
To adequately capture the motion of all imaged spray drop-
lets, the illumination unit was set to 20 ns, and 500 instan-
taneous images were captured. A long-distance microscope 
combined with a CCD camera can detect droplets larger 
than 5 μm in diameter. In shadowgraphy experiments, all 
images were captured in single-frame mode. Davis 8.1 soft-
ware was then used to process each set of images for droplet 
size. A backlight illumination without the atomizer or scal-
ing target was used to ensure accurate size. During the image 
processing step, images were taken away from the spray, to 
eliminate errors caused by the inhomogeneous background. 
The droplet size was calibrated by substituting a transparent 
calibration target plate for the atomizer between the CCD 
camera and diffuser. The calibration target comprises small 
circular printed dots with known diameters ranging from 10 
to 200 μm. These images were processed to determine the 
diameter of droplets on the target plate. The calibration of 
droplet size reveals a smaller difference in the Sauter mean 
diameter between the actual and measured values.

Fig. 3  Thermal image of cutting zone taken from the thermal infrared 
camera for 120 V cutting fluid at 3 bar and 150ml coolant flow rate

 

Fig. 2  Experimental setup for machining/ milling experiments
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To simulate a turbulent flow, the k-epsilon (k-∈) model is 
preferred. The turbulence velocity and longitudinal scales 
are solved separately using a two-equation turbulence 
model with independent transfer equations. This class 
of turbulent model comes with the standard k-ε model in 
ANSYS FLUENT. The realizable k-model was chosen for 
this high-speed, high-pressure simulation using k-∈ model 
Eqs. (5, 6 and 7).
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has a 1 cfm flow rate at 3 bar air pressure. A fine mist is 
sprayed under high pressure (3 bar) during the MQL pro-
cess, in the cutting zone. Machining is done at a cutting 
speed of 1000 rpm, feed rate of 0.06 mm.tooth− 1, and depth 
of cut of 0.8 mm. Each experiment is performed using new 
PVD- TiAlN coated APKT100308PDTR dense grade car-
bide insert having a hardness of 87 HRC. The schematic 
diagram of the experimental setup and equipment used is 
represented in Fig. 2. A 500X magnification Rapid-I vision 
measurement equipment is used to quantify flank wear. The 
Testo 875-1i infrared thermal imaging camera with a tem-
perature range of -20 °C to + 350 °C is employed to capture 
the thermal image of the cutting zone and it is shown in 
Fig. 3. The thermal images are taken for all the combina-
tions of experimental parameters.

5  Numerical Study

To control the velocity and size of the droplets, the best air 
pressure and coolant flow rate must be chosen. The atomi-
zation process is incomplete if the air pressure is too low, 
resulting in relatively large droplets with poor cooling abil-
ity. In MQL, a few coolant droplets are mixed with com-
pressed air inside the nozzle to create a cutting fluid spray 
that can be applied to the cutting tool and workpiece. A 
computational fluid dynamics (CFD) technique was used to 
analyse the nozzle flow by varying the air pressure and cool-
ant flow rate. A finite volume-based commercial ANSYS 
Fluent program simulates flow inside the nozzle and air 
domain. The spray was investigated using a pressure-based 
transient solver. A realizable k-ε model was studied for high-
speed and high-pressure flow simulations. This model can 
predict the spreading rate of spherical particles with greater 
accuracy. The oil mist atomization was simulated using a 
discrete phase model (DPM), with oil acting as a discrete 
phase medium in air. To achieve the best results in MQL 
milling, the obtained jet velocity and droplet diameter val-
ues of oil are used to determine the best mass flow rate and 
air pressure values. The CFD analysis of MQL spray is 
based on the equations below describing the flow.

Continuity equation
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Fig. 4  Schematic diagram of (a) nozzle used in MQL (b) computa-
tional domain used for CFD
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setup is shown in Fig. 4 (a). The inside diameter of the air-
flow nozzle tip is 2.3123 mm, as shown in Fig. 4 (b), while 
the diameter of the oil-carrying pipe inside the nozzle is 
1.3 mm.

5.1  Computational domain and Numerical Method

A numerical domain was modelled using design modeller 
software. A two-dimensional domain is used for the analy-
sis. The schematic of the nozzle geometry used for the MQL 

Fig. 5  Particle distribution 
contours for different air pressure 
with SMD of 120 V coolant type 
at (a) 1 bar, (b) 2 bar, and (c) 
3 bar pressures and 150 ml/hr
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The numerical model was validated by considering the 
droplet size of several tests conducted during the PDA test 
as observed in Table 3. Table 3; Figs. 6 and 7 illustrate the 
effect of the MQL parameters on the diameter-air pressure 

The study is conducted in the detailed numerical domain 
shown in Fig. 4, along with its boundary conditions, con-
sisting of the nozzle and milling cutter shown in the plan 
view. A total distance of 60  mm is provided between the 
nozzle and an open atmosphere section confronting the tool 
and workpiece. A virtual box of atmospheric air has been 
built and connected through meshing to analyse spray and 
droplet distribution throughout the tool and workpiece. Oil 
nozzle surface injection is set to the “Mass Flow Rate” con-
dition, and air nozzle area injection was considered a “Pres-
sure Inlet” condition. The tool region was set with a spindle 
speed of 1000 rpm. For two seconds, a transient simulation 
was run with an unstable particle tracking mode enabled. A 
grid independence study was done for different grid sizes 
and number of elements under the specified mesh matrix 
to determine the optimum mesh for the analysis, reducing 
processing time. A residual convergence factor of 10− 4 and 
an energy factor of 10− 6 were used in the simulations.

6  Results and discussion

6.1  Validation of numerical model and optimization 
of air flow rate

Particle sizes for 120 V coolant at a coolant flow rate of 
150ml/h were determined by numerical analysis. For 120 V 
coolant, at air pressures of 1, 2, and 3 bar and a coolant flow 
rate of 150ml/hr, the droplet distribution from the nozzle is 
depicted in Fig. 5(a), 5(b) and 5(c) and it was found to be 
in the range of over 63 μm, 49 μm and 40 μm respectively.

Figure 5 (a)-(c) reveals that the highest concentration of 
droplets occurred in the jet-core region at the jet exit and 
decreased with increasing distance from the tip end. Further, 
it can be clearly seen that, at 1 bar and 2 bar pressures, the 
particles are widely distributed all over the domain under 
study, wheres at 3 bar pressure, the particles remain focussed 
as a bundle of particles directed to the cutting zone, thereby 
rendering better cooling and lubrication.

Fig. 7  Plots for coolant type vs. SMD at 3 bar Air pressure and 150ml 
coolant flow rate

 

Fig. 6  Impact of air pressure on droplet SMD for the case with 350 V 
coolant type and 150 ml/hr coolant flow rate

 

Pressure(bar) Mass flow rate(ml/hr) Experimental(PDA) SMD(µm) Numerical (Fluent) SMD(µm)
350 V coolant type

1 150 60.20 69.84
2 150 52.90 61.48
3 150 48.70 55.69

120 V coolant type
1 150 59.60 63.78
2 150 43.30 49.68
3 150 35.50 40.87

Water miscible fluid
1 150 113.40 117.69
2 150 72.30 74.65
3 150 58.40 64.98

Table 3  Comparison of SMD 
from PDA test and numerical 
analysis for various experiments
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for three different coolants with varying coolant flow rates, 
as shown in Table 4. The table outlines the tool wear val-
ues and machining temperature corresponding to particular 
coolant flow rates and SMD. It can be seen from Table 4 that 
there is a minimal change in SMD by changing the coolant 
flow rate at a constant pressure of 3 bar. This is because cut-
ting fluid acts as a discrete medium in air, and the coolant 
volume is much less than air in MQL mist. Out of all three 
cutting fluids, the cutting fluid 120 V resulted in the lowest 
tool wear (Fig. 8a) and machining temperature (Fig. 8b) at a 
150 ml/hr flow rate. Therefore all the results are compared 
by considering 3 bar air pressure and 150 ml/hr flow rate.

Although water-miscible cutting fluid has high spe-
cific heat, it resulted in the highest machining tempera-
ture (Fig.  9) because of improper formation of droplets 
and large SMD. Due to large SMD, sticking in the cutting 
zone becomes difficult, resulting in poor machining perfor-
mance. On the other hand, the cutting fluid 120 V resulted 
in the lowest machining temperature of all the three cool-
ants because medium size droplets are formed due to their 
medium viscosity and density.

In this research, 120 V oil with a coolant flow rate of 150 
ml/hr at 3 bar air pressure and a corresponding SMD value 
of 35.50 μm produced the lowest machining temperature of 
147.90◦C. This is because low-viscosity coolants are more 
likely to be accelerated even at low pressures, resulting in 
tiny particles that evaporate quickly in the cutting zone and 
creating poor lubrication. However, coolants with higher vis-
cosity are more challenging to accelerate, even at increased 
air pressure, leading to droplets that are too large to be eas-
ily carried in the cutting zone. Therefore, coolants with a 
medium viscosity are recommended for MQL setup since 
they will provide the ideal droplet size. Figure 10 shows the 
relation between SMD and machining temperature, show-
ing that cutting temperature varies directly proportional to 
SMD. This indicates the significance of SMD in the MQL. 
Considering the tool wear and temperature data, medium-
size droplets ranging from 35 to 60 μm are recommended.

relationship for various coolant types. The results indicated 
that increasing the air pressure leads to a decrease in the 
overall diameter of the droplet. From PDA test results, at 
1 bar air pressure, the maximum SMD was determined to 
be 113.4  μm for water-based oils; due to the oil’s higher 
density, particle formation at the nozzle end would be criti-
cal. Numerical analysis of the MQL spray was conducted at 
the same experimental and boundary conditions as that of 
the PDA test. For each case, the SMD was determined and 
compared to that of PDA test results (mentioned in Table 3). 
The greatest inaccuracy in SMD was found to be 13.96% for 
the 350 V coolant type. For other oil types also, the experi-
mental SMD values were found to be in good accord with 
the numerical results of the droplet size analysis.

The optimal air and coolant flow rates must be chosen 
during MQL development to regulate the droplet speed and 
size. If the air pressure is very low, the atomization process 
is ineffective, resulting in relatively large droplets with poor 
cooling capabilities. However, suppose the air pressure is 
very high (or the coolant flow rate is very low), the com-
paratively tiny droplet size creates a lubricant mist in the 
air, increasing the internal pressure of the droplets and ren-
dering them unstable. As a result, the spraying characteris-
tics are inadequate, resulting in decreased lubrication and 
ineffective cooling. MQL aims to use as little oil/coolant 
as possible to reduce friction and extend tool life. On the 
other hand, an excessive coolant flow rate causes the chip to 
adhere to the tool and destroys the MQL’s primary function.

6.2  Experimental optimization for optimum Sauter 
mean diameter, machining temperature, and tool 
wear

The previous section outlines the optimum air pressure 
required to carry the MQL jet to the cutting zone. The desir-
able mass flow rate of the coolant in the MQL jet has to 
be ascertained along with the best performing coolant type. 
Various machining/ milling experiments were conducted 

Pressure (bar) Mass flow 
rate (ml/hr)

Experimen-
tal (PDA) 
SMD(µm)

Numeri-
cal (Fluent) 
SMD(µm)

Tool 
Wear(mm)

Machining 
temperature(°C)

350 V coolant type
3 100 50.30 60.36 0.1874 185.20
3 150 48.70 55.69 0.0937 156.20
3 200 44.80 50.46 0.0988 151.50

120 V coolant Type
3 100 42.30 49.68 0.1655 179.30
3 150 35.50 40.87 0.0508 147.90
3 200 31.90 35.69 0.0719 150.90

Water Miscible fluid
3 100 104.40 103.65 0.2045 188.50
3 150 58.40 64.98 0.1382 163.70
3 200 52.30 57.98 0.1136 160.10

Table 4  Tool wear and machining 
temperature with corresponding 
SMD and coolant type
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coolant will resist acceleration, resulting in a larger droplet 
[10, 11].

7  Conclusion

PDA analysis was used to experimentally determine the 
droplet size (SMD) under the same MQL parameters 
under which the numerical simulation was done. PDA 

Mist lubrication/MQL is heavily reliant on the mist-
generating process. Many studies concentrated on mist for-
mation by modifying MQL settings to achieve the required 
flow rate that efficiently cools the cutting zone. In this study, 
coolant parameters such as coolant density and viscosity 
are also equally important. Figure 11 compares the Sauter 
mean diameter obtained for several coolants of varying den-
sity, and it is discovered that higher-density fluid resulted in 
substantially bigger SMD and vice versa. A higher-density 

Fig. 8  Plots for (a) coolant type 
vs. tool wear (b) coolant type vs. 
cutting temperature compared at 
3 bar air pressure and 150ml/hr 
flow rate condition
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parameters. Negligible difference is noted in the values of 
SMD obtained from CFD analysis and PDA measurements 
at various MQL parameters.

The influence of OFR and air pressure on the effective-
ness of MQL process is explored by observing the SMD 
variations. The numerical simulation and experimental 
results reveal that the droplet size shrinks when the flow 
rate and atomization pressure increase. Increased air pres-
sure of 3 bar results in a decrease in the overall diameter of 
the droplet and SMD by up to 45%. The high-velocity, tiny 
particles of the MQL jet are more effective in cooling and 
lubricating the cutting zone. The simulated results are con-
sistent with those obtained from experimentally determined 
values.

The droplet size is critical in MQL milling. A medium 
size and high-velocity droplet can efficiently lubricate the 
cutting zone. It penetrates the high-pressure boundary layer 
to reach the cutting zone. For end milling of Ti6Al4V, cool-
ant type 120 V with medium viscosity and density could be 
used at 150ml/hr coolant flow rate and 3 bar air pressure to 
achieve the ideal SMD, resulting in the lowest machining 
temperature and tool wear.
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