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Abstract

Minimum Quantity Lubricant (MQL) is a sustainable machining method
offering better lubrication and cooling efficiency for high machining
performances. To further enhance its sustainability, this study is
conducted based on the Computational Fluid Dynamic (CFD) analysis
on an MQL delivery model using Treated Recycled Cooking Oil (TRCO)
to simulate a high-speed cutting process. The main aim is to optimise
the mist flow velocity which leads to optimum penetration of
lubrication deep into the cutting zone. Through the design of
experiment approach under the Box-Behnken Response Surface
Methodology (RSM) method, 13 sets of parameters were simulated
with controlled factors of oil flow rate (50-150 ml/hr), nozzle distance
(20-60 mm), and nozzle diameter (1-2 mm). Then, Analysis of Variance
(ANOVA) was applied to investigate how the controlled factors
influence the response. The simulation works resulted in the MQL mist
flow reaching velocity that varied from 15.43 to 115.52 m/s. The
ANOVA revealed that the response is significantly influenced by nozzle
distance, nozzle diameter, and the interaction between them. The
highest velocity was generated at minimum nozzle distance and
maximum nozzle diameter. Contrary, maximum nozzle distance and
minimum nozzle diameter generated the lowest value. The flowback or
rebound conditions of the mist flow at different flow velocities were
also visualized and discussed with the aid of CFD contour images.
Through optimization, the optimum MQL mist flow velocity at 115.34
m/s is predicted at; oil flow rate: 100 ml/hr, nozzle diameter: 2 mm,
and nozzle distance: 20 mm from the tool edge. This optimum MQL mist
flow is vital for high-speed cutting due to massive generation of friction
and heat that require deep penetration of the lubricant into the cutting
edge for maximum heat dissipation.

1. Introduction

In metal cutting, one of the major concerns is high cutting temperature and cutting force due to friction and heat
that are inherently generated particularly during high-speed machining of hard materials. The main cause is due
to poor dissipation of heat from the cutting zone which then accumulates at the cutting tool edge and workpiece
[1]. This situation leads to excessive tool wear, poor surface finish, and work hardening which are heat-
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dependent and also interdependent [2]-[4]. This phenomenon happens in any conventional machining but
worsens in dry cutting with the absence of lubrication and cooling effect. To overcome the issue, a conventional
flood cooling method is widely applied. However, the usage of a great amount of lubricant in flood cutting and
improper handling and disposal methods have negative impacts on the environment and human health which
make it impractical to be utilised [5]. Thus, a sustainable Minimum Quantity Lubrication (MQL) has been
introduced with a cost-effective and environmentally friendly alternative to dry and flood machining. MQL is
regarded as a sustainable approach as it utilises only 6 to 100 mL/h of lubricant at the cutting zone, as compared
to 1000 L/min in flood cutting [6]. The MQL system uses a mixture of pressurised air and cutting fluid which
supplies it directly into the cutting zone by atomising and spraying technique. The extreme reduction in lubricant
quantities results in nearly dry workpieces and chips. Yet, it efficiently provides a cooling and lubrication effect
to disseminate heat and immediately improve machining performances [7]-[8].

Literature shows that the MQL cutting performance highly depends on the effectiveness of the mist to
penetrate deep into the cutting zone [9]-[10]. Good penetration means the mist has successfully reached and is
evenly distributed across the entire contact area of tool-workpiece and tool-chip interfaces, particularly along the
tool edge. At the same time, it provides consistent and sufficient cooling and lubrication effect which creates a
machining environment with effective friction, heat, and chip removal, preventing localised overheating or wear.
It was reported that the mist flow velocity is one of the important mist flow behaviours as it significantly influences
the penetration level. According to Rahim et al. [11], high mist flow velocity facilitates deep penetration of the
lubricant to reduce friction between interfaces. This is because it allows the lubricant to continuously flow faster
and hit the cutting zone effectively. Paralely, Rahim, and Dorairaju [12] reported that the mist particles with low
velocity have led to less cooling effect due to the tendency of condensation along its travel. When referring to Zhu
et al. [13], they highlighted the negative impact of high mist flow velocity as it also has the potential to reduce the
penetration through rebounding effect, where the flow back of the mist happens as it hits the cutting surface. Thus,
there must be an optimum value or a balance between low and high mist flow velocity for the MQL machining.
Literatures have also suggested that MQL system parameters such as oil flow rate [14], [15], air pressure [16],
spray angle, and nozzle distance [14]-[15] are responsible for affecting the velocity of the mist spray.

Another critical factor that controls the MQL mist behaviour is the nozzle used in the MQL supply system. The
nozzle plays an important role in supplying the mist of fluid directly into the cutting zone. Thus, its variables in
terms of geometry, position, and distance are continuously gaining interest in study. For instance, Liu et al. [17]
found that oil flow rate and spraying distance are among the critical factors to be controlled as they affect the
performances of end milling processes. Referring to Wang et al. [18] and Pereira et al. [19], they mentioned that
appropriate nozzle designs and positions are essential to ensure the cutting fluids or coolant penetrates deep into
the tool-chip interface. Effectively, it hinders the increase of cutting temperatures as well as rapid tool wear rates.
In addition, Pereira et al. [19] suggested that the right diameter of the nozzle is essential to be analysed and
identified so that the mist can reach the tooltip during cutting without being spread into the atmosphere.
Meanwhile, Zaman and Dhar [20] stated that turning with double jet nozzles of the MQL system resulted in better
surface roughness, and tool life as well as a reduction of cutting temperatures as compared to single jet nozzle.
Thus, it can be said that the variations of the nozzle such as its geometry, design, and position play an important
role in the machining performance; hence, it must be chosen correctly to ensure efficient lubrication supply.

Previous studies on MQL machining revealed that the parametric studies of fluid flow analysis of the MQL mist
flow behaviour are still lacking, particularly for multiphase flow that is physically complex and not easily captured
and analysed experimentally. Indeed, how the MQL system parameters influence the mist performances is still
questionable and continuously gaining interest from researchers. Past research focused more on analysing MQL
machining performances experimentally such as on the aspects of tool wear rate, surface roughness, and cutting
force as they are measurable by specific measuring devices. Thus, this present work aims to fill this gap by utilising
Computational Fluid Dynamics (CFD) modeling of ANSYS Fluent to analyse and optimise the MQL mist flow
velocity in high-speed milling. CFD provides a detailed visualisation of the flow characteristics, mist formation,
dispersion, and interaction with surfaces, which is challenging to observe visually [16], [21]-[22]. In a study by
Pereira et al. [19], they applied CFD to analyse the performance of a new nozzle adaptor with different outlet
diameters of cryoMQL application where the study focused on validating the flow velocity. Meanwhile, Najiha et
al. [16] applied CFD to investigate the temperature profile and oil droplet behaviour in the cutting zone of the
turning process with variations of MQL parameters. In this study, the design of the experiment approach under
the response surface methodology of the Box Behnken method was utilised to design the controlled variables. For
a thorough analysis of the interdependencies of the controlled variables, the statistical method of Analysis of
Variance (ANOVA) was applied. To further enhance the sustainability of MQL machining, Treated Recycled
Cooking Oil (TRCO) is used to replace commercial cutting oil.
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2. Methodology

In this study, the influence factors of the MQL system which are oil flow rate, nozzle diameter, and nozzle distance
on the MQL mist flow velocity were thoroughly analysed through simulation works using CFD ANSYS Fluent
software. The concept of a 2D-symmetrical MQL delivery model used in this study is shown in Figure 1 where it
was established by referring to Najiha et al. [24], Pereira et al. [19], and Subramani et al. [25]. The preliminary
study on mesh independence was conducted earlier in order to identify the optimum mesh setting for this study
[26].

2.1 Mathematical Model

The mathematical model established in this study was based on the MQL delivery system design concept as shown
in Figure 1a. A detailed configuration of the MQL system as shown in Figure 1b portrays the channel of each fluid
which are air pressure as input 1 atinlet 1 and oil lubricant as input 2 atinlet 2. A multiphase flow was implicated
as two different fluid properties were channeled into the MQL nozzle before the mixture in the form of mist was
dispersed directly into the contact zone of the tool-workpiece interface. The mathematical model was derived
from the Navier Stokes equation which is known for the 3-dimension flow system and consists of the Continuity
equation as in Equation 1 and the Momentum equation as in Equation 2. These equations are commonly used for
fluid flow to study and analyse the flow behaviour and condition.

Inlet 1

Outlet nozzle
Inlet 2
Input: oil
Ih,: oil mass flow rate
— M @y
1 . " . .
' I, | Mixture (air+oil)
Cutting tool | @ ! I thy: mixture mass
Inlet 1 , \: flow rate
Ir?lp‘lJ:irarl';ass —l_.l 1’i11 ma —— surrounding
1" ]
flow rate ' /E
: :
1
1

() (b)

Fig. 1 The schematic diagram of (a) MQL model and boundary conditions in CFD; and (b) MQL mist flow system

The Navier-Stokes equation was derived into Bernoulli’s equation as it is suitable for a linear streamline flow.
There are five (5) assumptions considered for the MQL flow conditions which are (i) unidirectional, (ii) steady,
(iii) incompressible, (iv) frictionless, and (v) adiabatic.

For the Continuity equation:

p v -
—+Vp-v=0 1
Fral o (1
For the Momentum equation:

ov

pE+p(ﬁ-V)5: pg — Vp + uv?s (2)

Where v, u, p, and g are denoted as velocity, viscosity, pressure, and gravity. The MQL flow is assumed

7]
incompressible where the density (p) is constant with respect to time and space. Thus, the term a—i is neglected

from Equation 1 and derived into Equation 3.

<
<
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(e}

(3)
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In Bernoulli’s equation principle, the flow is displaced between distance, s in a linear path and the trajectory
of the flow is expressed as a segment. The ds represents the length of the flow from the inlet to the outlet in one
direction. As shown in Figure 1b, there are two inlet points which are point 1 for air inlet and point 2 for oil
lubricant inlet. Both flows are channeled into point 3 which is the outlet for the MQL mist flow. Thus, to meet the
second condition of Bernoulli’s, a segment d§ is projected into Equation 2. The equation in vectors is converted
into scalar where now a series of variables are as shown in Equation 4.

dv
pE.ds + p(w.V)v.ds = pg.ds — Vp.ds + uV?v.ds (4)

The MQL flow is assumed steady whereas there are no changes in time. Meanwhile, it is also assumed the flow

is frictionless as the flow viscosity is negligible, thus MVZU. ds = 0. To simplify the equation, both sides are
divided by ds and developed into Equation 5.

pvdv = —pg dz — dP (5

With the assumption that the flow is adiabatic with p = constant, the flow is considered as no interaction with
the heat transfer. The derivation is involved with the integration work that involves the differential equation with
a proper boundary condition to acquire the actual behaviour such as velocity, pressure, and density throughout
the fluid domain. This information is essential for predicting flow aspects like flow patterns. The trajectory
distance is assumed from the initial as @ and the end as b, and the boundary condition is taken from the path of a

to b. Then, integrate them within this distance for Equation 6 which is expressed as p fab Vdv = —p fab gdz —

fab dP. The flow is assumed it be not affected by gravity as the fluid flows horizontally, thus — fab pgdz = 0=0. A
completed Bernoulli’s equation for the MQL system delivery flow is derived in Equation 6.

For the Bernoulli's equation:

pAv?

AP + =0 (6)

Bernoulli’s equation is now applied to the fluid flow in the MQL delivery system. By referring to the schematic
diagram in Figure 1 and assuming there is no leaking in the system; ), m;,, = ). 1, Therefore, the fluid flow in
the system is expressed in Equation 7.

m3 = m1 + mz [7)

Where m,, m, and m; are the mass flow rates of inlet 1, inlet 2, and outlet, respectively. Subsequently, Equation
7 is derived into p;v;A; = p;v1A; + p,V,A,, where p, v, and A are denoted as density, velocity, and nozzle area,
respectively. From this equation, there are two unknown parameters which are output density (p;) and output
velocity (vs) that this study needs to solve. By rearranging the equations, Equation 8 is derived for the unknown
output density (p5).

_ P1V1A1 + PV A,
V3A3

(8)

P3

Bernoulli’s equation in Equation 6 is rearranged according to the MQL delivery system where the inlet is equal
P1AU%

to the outlet resulting in Equation 9. The term AP; + represents the flow at inlet 1 which is the air

p2Av3 p3bv3

pressure, while APZ + indicates the flow atinlet 2 which is the oil lubricant, and stands for the output

parameters which is the MQL mist flow. The Bernoulli’s equation in the MQL delivery system is:
Av? Av? Av?
p1AVY P28V, P3AV3 9)

+ AP, + = AP+ =0

AP, +
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where Pj, Pz, and P3 are pressure for air, oil lubricant, and MQL mist flow, respectively. Now, the derivation from
Equation 8 is introduced into Equation 9 which generates Equation 10. Further manipulation then results in
Equation 11 which represents vsas the unknown output velocity that requires to be solved.

v, 4, + p,v,A 2 Av,? Av,?
[ZAP3+(p1 11 T Pl Z)Av3]=<AP1+p121>+<AP2+p222) (10)

V3A3

_(28P A5 + py Av,*Ay) + (20P, A5 + poAv,° Ay) — (2AP;A3)

(11)
(p1v14; + pav24;)

U3

Where the parameters of the output velocity (vs) are influenced by various input factors of vs, vz, P1, P2, p1, and p2.
From the equation, the variables of Pi, P2, P3 and areas of A1, Az, and A3, are treated as constant parameters as
shown in Table 1.

Table 1 MQL constant parameters

Variables Values
Air pressure, P; (bar) 4
Oil lubricant pressure, Pz (bar) 0
MQL mist flow pressure, Pz (bar) 1
Air nozzle area, A1 (m?2) 3.14x10%
0il nozzle area, Az (m?) 3.14x10%
MQL mist flow nozzle area, A3 (m?) 3.14x10¢

2.2 Governing Equation and CFD Modeling

The governing equation used in CFD is based on the Navier-Stokes equation, with a set of partial differential
equations involved which are continuity and momentum equations. The Finite Volume Method (FVM) in Ansys
Fluent is used numerically to solve the governing equations in CFD. The FVM applies the conservation rules of
mass, momentum, and energy at each control volume after discretising the computational domain into tiny control
volumes. Only the laws of mass and momentum are applied in this research. Once convergence is attained, the
resultant system of equations is solved again. Meanwhile, modelling in CFD involves several steps, including
setting up the model geometry, defining the boundary conditions, specifying the fluid properties, and selecting an
appropriate turbulence model. The boundary conditions are where the inlet of air and oil lubricant, as well as the
outlet of MQL mist flow, are defined in the CFD.

In CFD work, Volume of Fluid (VOF) is used to simulate the behaviour of fluids with a multiphase model. VOF
is atechnique where the two-phase flows are applied separately to track the interface between them at the defined
domain. The domain represents the surrounding atmosphere where the mist flow is dispersed in the MQL model.
In this study, the VOF was selected since it models the interface between the fluids as a sharp, distinct boundary,
and solves the Navier-Stokes equations for both compressed air and lubricant separately in two-phase flow.
Mousavi et al. [27] also suggested applying the VOF model as it is suitable for free-surface flow simulation as of
the MQL model. In addition, the VOF model is also able to track the volume fraction occupied by fluid and air or
other fluids within each computational cell. Thus, the phase volume fraction as in Equation 12 is introduced in
order to capture the interface between two phases of air and oil lubricant. Table 2 lists all the controlled
parameters for the MQL model, while the value of viscosity and density of the lubricant are referred to Ahmad et
al. [28].

In the VOF model, the volume fraction is a sum of all phases presented, with a total value of one. Typically, air
is considered as the primary phase with lower density, while oil lubricant is defined as the secondary phase with
higher density [29].

Xair + Aoit = 1 [12)

Where aair and awil represent the volume fractions of the air phase and oil lubricant phase, respectively. In this
study, the standard k-epsilon turbulence model was chosen based on the Reynolds number calculation, and it is
appropriate for studying the centre flow of the MQL mist throughout the domain. The turbulence model which is
known for its stability and accuracy in fluid flow and heat transfer simulations consists of two equations which
are turbulent kinetic energy (k) and turbulent energy dissipation as shown in Equation 13 and Equation 14,
respectively [30].
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Table 2 Parameters for CFD model

Parameters Values/Conditions
Geometry 2-dimensional
Multiphase: Volume of Fluid (VOF) Turbulence:
Models Standard k-epsilon
Solver Pressure-based, steady state
Solution method SIMPLE pressure coupling scheme
Initialisation Hybrid
Nozzle air inlet diameter (mm) 2
Nozzle oil inlet diameter (mm) 2
Air density, p: (kg/m3) 1.225
Air viscosity (kg/m-s) 1.7894x10-5
Air flowrate (1/hr) 72.6
0il density, pz (kg/m3) 929.4
0il viscosity (kg/m-s) 0.297
Air inlet velocity, V1 (m/s) 231
Air inlet pressure, P; (kPa) 400
Oil inlet pressure, P2 (kPa) 0
Outlet pressure, P3 (kPa) 0
V-(pl7k)=V-[(u+%)|7k]+Pk—ps (13)
k
- Ue € g2
V-(pVe)=0" [(,u+—) Vs] +=C1ePy ——Cpep (14)
O, k k

Where the laminar viscosity is presented in p. Equation 15 presents the turbulent viscosity model, ut, while
Table 3 shows the constant parameters of the k-¢ turbulent model.
2

e = Cup— (15)

The Semi-Implicit Method for the Pressure-Linked Equation algorithm type is implemented to solve the scalar
variables and simulate the spray behaviour of this solution method.

Table 3 Constant parameters of k-¢ turbulent model

Parameters Value
Cie 1.44
Cye 1.92
Cu 0.09

2.3 Design of Experiment (DoE) and Optimization

Table 4 presents the controlled ranges of each factor where they are controlled at 3 levels, and the response is
MQL mist flow velocity. To design the parameters for simulation work, the Design of Experiment (DoE) approach
through Response Surface Methodology (RSM) under the Box-Behnken method is applied. DoE is a systematic
technique for planning and analysing experiments in order to determine the correlation between independent
variables and dependent variables [31]. In this study, 13 sets of parameters were generated which were then
simulated using CFD Ansys Fluent to identify the measured response. The main aims are to simulate the flow of
MQL mist, computably visualise how the mist flow penetrates deep into the cutting zone and identify the
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variations of MQL mist flow velocity. In the CFD environment, the MQL mist flow that happens in the domain is
where the data and results are taken and then analysed.

Table 4 Controlled parameters and response for MQL mist flow system

Controlled levels Response Objective
Controlled factors
2 3
0il flow rate (ml/hr) 50 100 150 MQL mist flow :
. Maximum
Nozzle diameter (mm) 1 1.5 2 velocity
Nozzle distance (mm) 20 40 60

After that, a thorough analysis of how the controlled factors influence the responses and the possible
interaction between them is performed through statistical analysis of Analysis of Variance (ANOVA). Then,
response optimisation is carried out with the aim to maximise the MQL mist flow velocity.

3. Results and Discussion

3.1 Simulation Results

Through CFD analysis of 13 sets of MQL parameters, it was found that the MQL mist flow reaching velocity varies
from 15.43 m/s to 115.52 m/s, as listed in Table 5. The highest and lowest velocities are generated in Simulation
2 and Simulation 4, respectively. The average velocity is 55.63 m/s.

Table 5 Simulation results from CFD analysis

Simulation Controlled Factors Measured Response
No. A: 0il Flow Rate, B: Nozzle Diameter, C: Nozzle Distance, Mist flow Velocity,
Q (ml/hr) D (mm) d (mm) V(m/s)
1 100 1 20 81.37
2 100 2 20 115.52
3 50 2 40 58.18
4 100 1 60 15.43
5 50 1.5 20 97.11
6 50 1.5 60 22.36
7 150 1.5 20 105.52
8 150 1 40 42.19
9 150 1.5 60 22.86
10 50 1 40 30.32
11 100 2 60 30.16
12 100 1.5 40 43.28
13 150 2 40 58.83

By referring to Figure 3, generally, it can be said that the MQL mist flow velocity increases with the reduction
of nozzle distance as in simulations 1, 2, 5, and 7. However, when the distance is increased, it significantly reduces
the velocity as in simulations 4, 6, 9, 10, and 11. Meanwhile, the influence of oil flow rate and nozzle diameter is
not clear and vague which needs detailed analysis. Kiat et al. [10] believed that a shorter distance between the
nozzle and tool-workpiece is more efficient for penetrating the lubricant deep into the contact interfaces as the
flow reaches the contact surfaces faster before it starts to lose its kinetic energy. When referring to Van and
Nguyen [32], larger nozzle diameters are suggested as they increase mist flow production and allow a large
amount of lubricant to disperse from the nozzle and travel longer. However, identifying an optimum nozzle
distance and diameter is suggested as the overflow or oversupply also tends to cause a rebound or splashing effect
that becomes a disturbance for the flow to enter the cutting zone [33].

3.2 Statistical Analysis by ANOVA for MQL Mist Flow Velocity

Table 6 shows the ANOVA for MQL mist flow velocity. Based on the findings, the model has an F-value of 334.72
with a Prob>F value less than 0.05 which implies that the model is significant. After model reduction, the MQL
mist flow velocity is dominantly influenced by factor C as it has the highest F-value at 1726.97, followed by B, C?,
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and the interaction between factors B and C, factor 4, and interaction between factors A and B. As suggested by
the ANOVA, the interaction between factors 4 and B is also included in the model as its p-value is less than 0.1.

170
160
150 4
140
130 4
120 4

~ 110 <

g 100 =

904

80 4

70 4 @

I~

60 4

Velocity (

12 3 4 5 6 7 8 9 10 11 12 13
Run
Fig. 3 MQL mist flow velocity from 13 sets of MQL system parameters

Table 6 ANOVA for MQL mist flow velocity (V)

Sum of Mean
Source df F-value p-value
squares square
Model 13853.60 6 2308.93 334.72 <0.0001 significant
A: Oil flow rate (Q) 57.41 1 57.41 8.32 0.0279
B: Nozzle diameter (D) 1089.98 1 1089.98 158.01 <0.0001
C: Nozzle distance (d) 11912.73 1 11912.73 1726.97 <0.0001
AB 31.47 1 31.47 4.56 0.0766
BC 94.28 1 94.28 13.67 0.0101
c? 667.72 1 667.72 96.80 <0.0001
Residual 41.39 6 6.90
R? 0.9970
Adj. R-Squared 0.9940
Pred. R- Squared 0.9885
Adegq. Precision 52.1583

The ANOVA also found that the R? value of the regression model of MQL mist flow velocity is 0.9970 which is
very close to the Adjusted R? values of 0.9940. Both responses of R? and adjusted R? values show that the model
satisfactorily represents the real relationship between the control factors. The predicted R? value is 0.9885, which
is in reasonable agreement with the adjusted R? as the difference is less than 0.2. The smaller difference indicates
a better balance between model complexity and better fit, while the larger difference means the model might
overfit the data. Meanwhile, the adequate precision at 52.1583 which is greater than 4 shows that the signal ratio
is considered desirable.

A predictive empirical model developed in ANOVA for MQL mist flow velocity is shown in Equation 16. This
quadratic model can be used to predict and analyse the effect of controlled factors on the response under the
controlled ranges of this study.

V =96.33 + 0.22Q + 53.96D — 4.15d — 0.112QD — 0.486Dd + 0.0368d? (16)

3.3 Model Diagnostic for MQL Mist Flow Velocity

Model diagnostic is conducted to check the validity and reliability of the quadratic model. It also assists in
confirming that the model meets all ANOVA's assumptions and that the data fit and follow certain rules. At the
same time, this analysis is also important as it helps to identify any potential issues or outliers that may prevent
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the model from fitting the data well. To aid the analysis, diagnostic plots which include normal plots of residuals,
residuals vs. predicted, and predicted vs. actual are used.

The main function of residual plots is to analyse the residual values for normality and variability [20]. The
difference between the actual and predicted response levels is known as the residual. The diagnostic plots for the
mist flow velocity as shown in Figure 4 revealed that the residuals are well distributed and fit into the data. In
Figure 4a, the normal plot of residuals shows that most of the data are distributed close to the straight line, which
indicates the residuals follow a normal distribution in ANOVA. Some points slightly scatter far but there is no
significant pattern observed. According to Shaikh et al. [34], the robustness of the analysis of variance is intended
to support the normality assumption.

Figure 4b shows the plots of residual vs. predicted, which is used to identify if the variance of residuals is
consistent across all levels of predicted values. As shown, the residual plots are randomly scattered around the
horizontal line and within the limit of upper and lower red lines. This means that the model is fit with no obvious
pattern and has an unusual structure. The reliability of the model is further analysed by comparing the actual
value from 13 sets of parameters with the expected values from the linear regression model as plotted in Figure
4c. From the results, all the points fall along a straight line. The errors between predicted and actual results range
between 0.09% to 11.02%, with an average of 3.79%. Since the average error is less than 10%, the error is
considered low and the model is acceptable, which is fit to do the prediction for the MQL mist flow velocity [35].

Mormal Plot of Residuals Residuals vs. Predicted
G100 =
0764
A
. 4100 =4
a5 L}
w i z
= ; o 7
£ ] a & 200 -
8 4 nn B u -
o H g o
= 5 8 T oam . -
# & 2 o " o
= &
E o a = s o o
E = -] -2100 =
10.: o i
5 N o
3 4010 =
i 50764
6100
T T T T T T T T T T T T
-200 -100 aad 100 200 Q o &0 [7i]) j21) 100 120
Externally Studentized Residuals Predicted
(a) (b)

Predicted vs. Actual

120 -

100

Predicted
&
1

L] 20 £ L] & 100 120
Actual

(@
Fig. 4 Model analysis for MQL mist flow velocity model; (a) Normal plots of residuals; (b) Residuals vs. predicted;
and (c) Predicted vs. actual
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3.4 Interaction Between Factors for MQL Mist Flow Velocity

The interaction effect between controlled factors on MQL mist flow velocity is more interpretable in the form of a
3D surface model graph. Figure 5 illustrates the significant interactions and how they influence the response.

Figure 5a shows the interaction between factor A (oil flow rate, Q), and B (nozzle diameter, D) on the MQL
mist flow velocity. It shows that the increase of both factors values results in a slight increase of the response. The
highest flow velocity at V: 58.38 m/s can be achieved at the maximum oil flow rate (Q: 150 ml/hr) and nozzle
diameter (D: 2 mm). Meanwhile, the lowest mist flow velocity happened with the reduction of both factors to the
minimum points. The shape of the curve also indicates the influence level of both factors on the response. The 3D
graph shows a slight inclination with the changes of both factors, indicating that the interaction has less influence
as compared to other interactions.

In this study, factor B is seen to provide a more substantial impact as the changes in its value at any point of
factor A influence the response. This is aligned with the finding reported by Subramani et al. [25] in enhancing the
mean particle velocity of MQL mist flow. According to them, the size of the nozzle diameter controls the amount
of lubricant dispersed from the nozzle. However, the oil flow rate also provides a direct influence as it controls the
volume of oil being atomised as well as the volume of lubricant delivered per unit of time [33], [36]. Both factors
are important to ensure the mist flow provides sufficient coverage of the cutting area, facilitating friction reduction
at the contact surfaces. In addition, Chen et al. [36] suggested controlling the airflow rate as the compressed air
will break up the oil into micron-sized droplets for better penetration.

The interaction between factor B (nozzle diameter, D) and C (nozzle distance, d) on the mist flow velocity is
illustrated in Figure 5b. It was found that both factors interact in opposite ways to influence the response. The
highest mist flow velocity is generated at the minimum distance of nozzle (d: 20 mm) from the cutting tool but at
the maximum nozzle diameter (D: 2 mm). The same pattern can be seen for the lowest velocity where it is
generated at maximum nozzle distance (d: 60 mm), but at minimum nozzle diameter (D: 1 mm). The increase of
factor C significantly reduces the velocity, while the changes of factor B are seen to be less influenced. At any factor
B value, factor C reduction increases the velocity. The steepest skewness of factor € showed its higher influence
on the velocity performance.

This finding is basically aligned with Liu et al. [17] who mentioned the spraying distance as one of the critical
controlled parameters to enhance the penetration effect of the MQL mist which relies on its travel velocity.
According to them, the distance is also responsible for influencing the diameter of the oil droplet and must be
adjusted to match the different cutting parameters and MQL system to be applied. This is important as sufficient
lubricant also helps to improve other heat-dependent cutting performances such as surface roughness and cutting
force as reported by [28], [33].
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velocity

The increase of MQL mist flow velocity generally provides positive and negative impacts on cutting
performances. Supplying the lubricant at high velocity is literally required as it ensures sufficient lubricant is
continuously penetrated directly to the cutting point during the cutting. However, it may also cause the mist's
rebounding effect, potentially reducing the amount of mist penetrating the cutting region [13]. When referring to
Warjito et al. [37], they found that larger nozzle diameters aid in massive fluid flow, which is effective in fluid
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penetration. However, it also increases consumption and leaves an unpleasant smell and excessive oily marks on
the machined surface and machine parts [9].

In MQL, the rebounding or flowback effect refers to a phenomenon where the mist flow bounces back after
hitting the cutting point during the cutting process [17]. This occurs as the mist fails to flow deep into the narrow
space between the tool-workpiece and tool-chip interface, and it is forced to return to its source. However, the
condition and concentration of the rebound effect depend on parameters setups such as oil flow rate, nozzle
distance, and nozzle diameter [38]. Therefore, the analysis was further conducted to analyse the two variations of
rebound conditions under the maximum and mid-range of velocity values and different nozzle distances. Nozzle
distance is varied as it significantly influences the mist flow velocity, as shown in Table 7. In this analysis, the CFD
contour images as in Figure 6, and Figure 7 are used to observe the rebound effects and conditions. The red
contour indicates the highest velocity value, while the yellow to dark blue contour indicates a decrease in velocity
value. The legend in the figures shows the range of contour colours with the velocity values.

Figure 6a shows a CFD contour of Simulation 2 where the highest flow velocity has a sharply pointed flow
toward the cutting zone. At the shortest nozzle distance, the highest velocity is generated as it clearly penetrates
the narrow area of the cutting zone, which then collides with the obstruction. The collision causes a high intensity
of rebound effect that produces a high velocity rebound flow, as shown in Figure 6b. At the same time, this
condition also creates a high-pressure zone that builds up at the narrow cutting zone area where the collision
happens as shown in Figure 6¢c. When referring to Chen et al. [36] in their CFD analysis, they observed the same
pattern of pressure distribution in the MQL flow field. They found that the high-pressure zone can drastically
reduce the mist flow velocity in the cutting zone. However, it can enhance the mist dispersion where more surface
area can be covered with the lubricant, particularly along the tool edge, hence reducing friction.

According to Rahim et al. [11] and Yang et al. [39], effective penetration from high mist flow velocity offers
sufficient cooling and lubrication effect as well as better chip removal which outperforms the negative impact of
the rebound flow. However, further reduction in nozzle distance may reduce the flow velocity so as to the rebound
effect, which leads to poor mist flow penetration [40]. In terms of cutting performance, Zhu et al. [13] reported
that the closest nozzle distance resulted in higher cutting force and surface roughness due to poor penetration as
the droplets rebound from the tool surface. Thus, an optimum nozzle distance is important to be identified for
better MQL machining performance.

Velocity . T— )

Contour 1 Penetration Rebound flow
2.498e+02
2.342e+02 !
2.186e+02 )

2.030e+02
1.874e+02
1.717e+02
1.561e+02
1.405e+02
1.249e+02
- 1 0936402 Rebound
- 9.368e+01 flow
i 7.807e+01 /
- 6.245e+01
4.684e+01
3.123e+01
1.561e+01
0.000e+00
[m s*1]
0.005 0.015 N
(b)
Pressure
i
. 2.716e+04
2.430e+04
2.144e+04
1.858e+04
1.572e+04
1.286e+04
1.000e+04
7.142e+03
4.283e+03
1.423e+03 | DGR Yol =EE
-1.436e+03 ‘
-4.296e+03
-7.165e+03
-1.001e+04
-1.287e+04
-1.573e+04 0 0.01 0,02 (m)
-1.859e+04
[Pa] 0.005 0.015
()
Fig. 6 Simulation 2 with V: 115.52 m/s (Q:100 ml/hr, D: 2 mm, D: 20 mm); (a) Velocity contour; and (b) Pressure
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Figure 7a shows the CFD contour of the mist flow condition at a nozzle distance of 40 mm. Initially, the flow
is in a steady phase before it turns to a dispersed phase as in mist form, where the mist becomes more turbulent
as it travels toward the cutting area. This is believed to happen due to the flow losing its kinetic energy as it moves
far from its energy source, which is from the centre line of the nozzle, as discussed by Rahim et al. [11]. At the
turbulent regime of dispersed phase, the flow slowly loses its sharp pointed shape, and the dispersion of the flow
becomes wider. This situation explains the reduction of flow velocity values, where it decreases as the flow travels
along the distance. This condition also reduces the penetration of lubricant at the contact point as well as the
cooling and lubricating effect by the MQL mist flow.

Referring to Figure 7b, the rebound effect happens around the cutting area but with lesser effect and
concentration as compared to Figure 6b. Other than that, the concentration of the rebound can also be confirmed
by the pressure contour in Figure 7c. The green-yellow contour pressure indicates a lower pressure value than in
Figure 6c, meaning moderate turbulence occurs at the cutting zone.

When concerning actual cutting conditions, Zhu et al. [13] found that the increase in nozzle distance resulted
in better machining performance. Through CFD analysis, they showed that it happens due to the reflow regime
where the majority of the rebound droplets to rebound and re-adhesion to the contact surfaces. During machining,
this condition will happen from the continuous flow of the MQL lubricant. Thus, it can be said that the rebound
effect may have positive and negative effects depending on the proper combination of independent and dependent
variables and cutting conditions.

From this analysis, it can be summarised that higher velocities are achieved with shorter nozzle distance,
which is the most influential factor, followed by nozzle diameter and oil flow rates. A balance between the mist
flow velocity and the rebound effect is important to ensure efficient mist flow penetration for better cooling and
lubricating effect as well as chip removal. The lack of sufficient mist flow at the cutting zone may result in
inefficient cooling and lubrication effects and the development of built-up edges (BUE) at the tool edge that will
reduce machining performance [41].
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3.5 Optimization and Validation of Optimum Parameters

The controlled factors of MQL mist flow are optimised to maximise the response, which is the MQL mist flow
velocity. This is to ensure that the MQL mist efficiently penetrates the contact surfaces to provide sufficient
lubrication, which is important to reduce friction and increase heat dissipation. At the same time, the high velocity
of MQL mist flow is also required to help remove possible BUE formation onto the cutting edge during the cutting
process.

The desirability approach is employed to optimise the response. Vera Candioti et al. [42] stated that the
desirability functions as a principle for a model to indicate whether the model features are within or over the
desirability limit. In this study, ANOVA suggested 100 solutions with different sets of optimum parameters and
desirability values. Solution 11 with a desirability value of 1 for each controlled factor and response selected for
this optimisation was chosen as shown in the ramp view in Figure 8. This optimum MQL parameter at Q: 100
ml/hr, D: 2 mm, and d: 20 mm suggests the optimum MQL mist flow velocity at 115.34 m/s. The desirability of 1
is a combination of all desirability from a single response and the factors are combined using a composite
desirability function [43]. It also represents the ideal situation of this model, where an improvement beyond this
point is impossible [20].

The confirmation test of single objective optimisation is conducted at the predicted optimal parameters to
validate the predicted optimal output response through simulation. The analysis assesses the statistical
significance of the difference between the simulated output response and the predicted output response of
predicted optimal MQL parameters. The ANOVA outcomes indicated that the discrepancy between the predicted
and optimal MQL parameters is not statistically significant, indicating that the single objective optimisation model
is accurate with a difference percentage of 0.84%, which can be seen in Figure 9. The difference percentage is
acceptable as the difference is less than 5% [44].

A Flow Rate = 100 BNorzle Diameter = 2

T | T

20 0 1543 1882

Desirability = 1.000
ENozzle Distance = 20 Velodty = 15342 Solution 11 out of 100

Fig. 8 Ramp view of optimum MQL parameters

B simulation
140 Bl Predicted

Velocity (m/s)

Simulation Predicted

Fig. 9 Comparison of velocity results between predicted and simulation

4. Conclusion

This paper focuses on the sustainable method of MQL to optimise the mist flow velocity for efficient lubrication
and penetration into the tool-workpiece interface by optimising the MQL parameters. The sustainability approach
was enhanced using the Treated Recycled Cooking Oil (TRCO) biodegradable cutting fluid. The application of the
MQL delivery system with the TRCO properties was performed through simulation work by CFD in Ansys Fluent.
The ANOVA reported that the response of MQL mist flow velocity is significantly influenced by the nozzle distance,
nozzle diameter, and interaction between them. It was found that the highest velocity mist flow is generated at a
shorter nozzle distance with a larger nozzle diameter. In contrast, the lowest velocity is generated at a longer
nozzle distance with a smaller nozzle diameter. A thorough analysis of the rebound and rebound conditions
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through CFD contour images showed that the highest velocity mist flow produced high rebound and rebound
conditions, which contradicts the lowest velocity mist flow. This analysis helps to improve the MQL system to get
better penetration through maximum velocity. In the optimisation, the optimum MQL parameters to maximise the
MQL mist flow velocity are determined at Q: 100 ml/hr, D: 2mm, d: 20 mm by Box-Behnken RSM. The confirmation
test was conducted with a difference percentage between the simulated and predicted outputs using the predicted
optimal MQL parameters of 0.84%. In this study, the effective MQL nozzle distance was found to be between 20
mm and 40 mm, where any more or less than that will worsen the negative effect of rebound and hinder the ability
of the mist flow to penetrate the cutting zone, causing insufficient cooling and lubrication.
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