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Utilizing coolant strategies is vital in the manufacturing industry to reduce the tool wear and heat
dissipation through the workpiece during machining and consequently enhancing tool life. This
becomes more significant when machining difficult to cut materials, such as Austempered Ductile
Iron (ADI), where the amount of heat generated significantly affects the insert life and the
mechanical properties of the workpiece. To the best of the authors knowledge there is a gap in the
open literature on machining of ADI. An environmental friendly coolant strategy known as
minimum quantity lubrication (MQL) uses small amounts of oil such as rapeseed or castor. A
computational fluid dynamics (CFD) model was developed in this research using ANSYS Fluent
to model the temperature profile and the oil droplet behavior in the cutting zone. The tool
temperatures employed in the CFD model were generated by a numerical frictional model. The
CFD model compared multiple coolant strategies (MQL, Dry, Flood, Aerosol Water) at different
flow rates and inlet pressures to predict the thermal effects on the tool and to select optimum
process parameters. Experimental tests, conducted using a CNC Lathe on Grade 2 (ADI), validated
the numerical model’s results for both dry, flood coolant and MQL with a 1.25% , 1.33% and
6.56% relative error respectively. The measured flank wear of the cutting insert was 1.260mm,
0.341mm and 0.302mm for the dry, flood and MQL coolants respectively.
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1

Introduction

1.1 Preamble
This thesis investigates the computational modeling of a standard turning machining process,
utilizing minimum quantity lubricant as an environment friendly coolant strategy on
Austempered Ductile Iron Grade 2. A Computational Fluid Dynamics (CFD) model is developed
to accurately model the heat distribution that occurs at the tool tip. The modeled results are
compared to experimental data in order to determine whether the model can accurately predict
the tool heat wear. This will ultimately limit the need for the experimental analysis in
determining how new parameters might affect the machining process and cutting insert
replacement.

1.2 Thesis Scope and Aim
In manufacturing, a change in the established operating parameters can result in accelerated
cutting tool wear, and reduce effectiveness of coolant use. A change in the cutting material may
also necessitate a complete overhaul in the parameters and cutting insert used. The use of
computational fluid dynamics can assist in reducing the amount of experimental and trial and
error work done when altering machining process parameters. There are already a few
established research papers that consider the use of CFD for predicting temperature behavior
under standard flow conditions. However, due to the negative associations with the standard
flood coolant strategy, a push in the industry for the applications of MQL as a substitute has been
gaining strength. Modeling MQL use in a machining process, entails greater difficulty on
account of the increased computational time requirements for the discrete phase modeling of the
particle trajectories and associated conjugate heat transfer for the particles. As a result, the scope
of this thesis is broken down into two parts. The first is to approximate the average temperature
generated on the cutting edge of the tool during machining. The second part is to model as
accurately as possible the conjugate heat transfer model of a turning insert with MQL as the
coolant strategy using ANSYS Fluent as the modeling software. The objective of the work is to
develop a model that can be used to approximate how different workpiece materials, cutting
inserts, cutting parameters and coolants have an effect on one another, so that the costs of
experimental testing can be saved.
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1.3 Thesis Layout
This master’s thesis is focused on developing a simulation to represent the turning process with
minimum quantity lubrication as the coolant strategy. The thesis is divided into seven chapters,
as outlined below.

The present Chapter 1 introduces the scope and objectives of the research, and outlines the
overall structure of this thesis.

Chapter 2 reviews the existing state of the manufacturing industry, the coolant strategies used,
and the gaps in research on expanding use of alternative coolant strategies. This leads into a
discussion of how minimum quantity lubrication performs under different machining criteria.
The review continues in discussing the issues of MQL, with alternative options to improve its
performance. Lastly, existing discrete phase models are discussed and critiqued, concluding with
a statement of the main objectives of the research.

Chapter 3 details the experimental setup for collecting cutting tool temperature data on a CNC
lathe. The experimental turning tests are performed on Austempered Ductile Iron (ADI) Grade 2.

Chapter 4 provides the numerical setup for the shear temperature numerical model, and for
analyzing the heat transfer characteristics that occur between the cutting tool, workpiece and chip
interface in the cutting process.

Chapter 5 discusses the methodology for setting up the simulation. The methodology combines
Ansys Explicit Dynamics to obtain the heat generation model, and Ansys Fluent for the discrete
phase modeling of the conjugate heat transfer characteristics of the MQL fluid domain and
cutting tool solid domain. Substantial discussion is devoted to the selection of Fluent parameters,
models and variables to obtain a functional CFD model, in consideration of the complexity and
convergence challenges associated with a discrete phase model (DPM).
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Chapter 6 discusses and compares the results between the numerical model, the Fluent CFD
model, and the experimental temperature and wear results.

Chapter 7 provides conclusions and recommended future work to further improve the practicality
and realism of the CFD model.
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2

Literature Review

2.1 Background
The use of traditional cutting fluids leads to the reduction of tool tip interface temperature and
work piece heat generation, resulting in increased tool life and enhanced work piece quality.
However, the negative impacts on the environment from the chemical composition of the water
based solvents incurs costly disposal methods that are subjected to strict governmental
regulations. The use of cutting fluid has also led to worker health issues caused by particles
inhaled on the work floor, further contributing to increased total process costs. A recent German
automotive industry study (Silva et al., 2013) reported that cutting fluid incurred between 7 and
17% of the process costs, compared to 2-4% for tool costs.
Sustainability is presently a major consideration in the manufacturing industry’s effort to
improve efficiency. Green Machining refers to methods of machining in which toxic coolant
strategies are eliminated, and the energy consumption of machines is reduced by optimizing the
input parameters (Tomas Beno, 2009). Such strategies can result in increased profits for the
industry, in addition to helping sustain the environment. Consequently, research into methods to
improve the sustainability of the manufacturing industry is becoming more widespread (Ghani et
al., 2014). Sustainable manufacturing requires a more in-depth knowledge of how different
machining operations can be optimized with regard to insert tool life, energy consumption and
the metal working fluids.

A cutting insert is a specified material that is used to cause a shear deformation in the materials
being machined. These inserts need to have specific characteristics, such as hardness to
withstand high machining temperatures, toughness to prevent fractures, and wear resistance to
maximize tool life (Schneider Jr., 2009). The types of materials these inserts can be made of
includes carbide, cement, ceramic and diamond based. (Stephenson & Agapiou, 1997)

When the insert impacts the workpiece, the resulting friction causes the material to peel off the
part. As this happens, the mechanical energy input to the system is converted into thermal
energy. The vast majority of this thermal energy is focused at the point of contact on the tip of
the insert. The remainder of the energy leaves the system with peeled off material bits, as well as
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in the form of noise produced from the vibrational chatter of the impact (Kountanya et al., 2016).
The higher the temperature caused by this process, the lower is the quality of the part’s surface
finish, and the shorter is the insert’s tool life. This is why coolant strategies have been introduced
in the manufacturing industry, in order to reduce the temperature generated between the parts
and insert tip, thereby improving the energy efficiency of the system. A schematic of the turning
process is illustrated in Figure 2.1.
Workpiece Rotation/Cutting Speed

N
Workpiece

Tool Insert
Tool Holder

Figure 2.1: Turning Cutting Process Schematic Diagram
The following review of the literature on lubrication in machining operations is organized as
follows: First, the traditional cooling methods are discussed, followed by a review of the most
recent developments in the use of MQL as an alternative coolant strategy. Lastly, a review on the
optimization of machining input parameters to coolant strategies is presented.

Pervaiz et al. (2016) used a finite element analysis to study the energy consumption for uncoated
carbide inserts in machining AISI 1045 carbon steel. A numerical simulation was done using
Deform-2D, where the cutting forces applied were predicted. The research showed that an
increase in cutting speed caused a decrease in energy required. This result was attributed to
thermal softening. This study, however, did not consider modeling the temperature distribution.
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Analysis of the cutting fluid consumption can be modeled using two variables. The first is the
reusable cutting fluid, while the second is the non-reusable cutting fluid that is lost due to
deposition on the chips and work piece, as well as diffusion into the air. These two variables can
be combined to reflect the total cutting fluid consumption. A study that optimized a set of cutting
parameters to minimize the cutting fluid consumption was conducted by Jiang et al. (2015). The
study used a hybrid genetic algorithm and compared the modeled results to the experimental.
Looking at Table 2.1, different scenarios were conducted based upon the optimal results and the
cutting fluid consumption and process costs were determined for the selected parameters.
Table 2.1: Experimental Scenario Results Jiang et al. (2015)
Scenario Machining

Cutting

Feed

Fluid

Surface

Process

Cutting Fluid

Time

Speed

Rate

Flow

Roughness

Cost

Consumption

(min)

(m/min)

(mm/rev)

Rate

(um)

($)

(L)

(L/min)
1

3.27

129

0.31

9.85

9.55

2.55

36.7

2

3.25

135

0.37

9.96

9.55

3.65

37.1

3

3.35

117

0.35

12.15

9.12

2.94

44.1

4

3.38

112

0.33

11.95

9.25

2.35

45.7

5

3.12

143

0.28

9.32

9.30

3.45

34.6

It can be seen from scenarios 3 and 4 in Table 2.1 that the lower the cutting speed, the greater is
the cutting fluid consumption, due mainly to the increased processing time. At the higher cutting
speeds, on the other hand, less cutting fluid is consumed and processing time is reduced, but this
comes with an increase in tool wear, which in turn contributes to increased process costs. The
optimized solution obtained, represented in scenario 1, had a balance between cost, cutting fluid
consumption and processing time. Although Scenario 1 resulted in a 17% decrease in cutting
fluid consumption, the issues still remain that despite having optimal parameter settings, using
traditional cutting fluid produces approximately 2L of non-reusable fluid. The result of having
2L of toxic waste per unit produced is a matter that needs to be addressed. Hence the research
efforts in the area of alternative cutting fluids such as MQL (Jiang et al., 2015).
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Ueda et al. (1999) observed that the relationship between temperature and cutting parameters
was mostly dependent on the cutting speed, and not so much influenced by the depth of cut. In
addition, they discovered that there was a close relationship between the temperature of the insert
and the hardness of the material being machined. Iqbal et al. (2008) discussed the effect that the
heat transfer between the material and the environment has on the metal machining process. This
heat transfer directly affects the temperature at the insert, tool life and the accuracy of the
finished product. Therefore, an ability to model the heat transfer characteristics in the
manufacturing process is essential in order to simulate the temperature distribution (Iqbal et al.,
2008). Pervaiz et al. (2015) conducted further research into the temperatures generated at the
cutting tool tip during machining. Deform-3D was used to simulate their model for a machining
operation of 0.5 mm depth of cut, feed rate of 0.3 mm/rev and a cutting speed of 104 m/min,
employing an uncoated carbide and a Titanium alloy (Ti6Al4V). The model indicated a
maximum resultant temperature generation of 817 degrees Celsius.

The incorporation of Computational Fluid Dynamics can serve as an effective tool in simulations
of the cutting environment to obtain a prediction of the heat generation on the insert. This will
help with the selection and optimization of non-traditional coolant strategies, e.g. Carbon
Dioxide, MQL and nanoparticle mixed MQL (Kishawy et al., 2005).

An investigation by Nouioua et al. (2016) centered on the assessment of MQL technology in the
machining process by means of comparison between dry, wet and MQL cutting fluids in
machining X210Cr12 steel. The study used a multilayered tungsten coated carbide insert with a
thick Al2O3 top layer coating for thermal and chemical protection, followed by MT-CVD TiCN
for the best mechanical wear resistance. A high cutting speed was used when determining the
flank wear on the tool, so as to increase the rate at which tool wear occurs. The depth of cut was
0.2 mm and the feed rate was 0.08 mm/rev. The tool wear trend increase can be seen in Figure
2.2 where the flank wear vs. machining time is plotted for dry, wet and MQL cutting fluids
(Nouioua et al., 2016).
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Figure 2.2: Flank wear progression for dry, wet and MQL cutting conditions using a tool nose
radius of 0.8mm. (Nouioua et al., 2016)

Figure 2.2 shows that the MQL lubrication method extends the machining time by an extra 3.5
minutes, in comparison to wet cutting, before critical failure occurs. Based on this result, it may
be concluded that utilizing MQL as a lubricating cutting fluid is likely to extend the tool life in
this type of process (Nouioua et al., 2016).

Perri et al. (2016) modeled the particle flow of air as a coolant source to help reduce machining
errors and improve cutting accuracy in air-cooled milling machines. They incorporated CFD
analysis and FEM to experimental methodology in order to validate their findings. The results
demonstrated that the temperature conditions for an air cooled system can be achieved with
relatively low volumetric flow rates, and the CFD model was validated to the experimental
results. In addition, the model can further be used to optimize cutting conditions and flow rates,
in conjunction with the Taguchi method to further improve the working temperature and improve
energy savings (Perri, et al., 2016).

Pereira et al. (2017) conducted a study on the nozzle design for a combined use of MQL and
cryogenic gas in machining, where the inlet speeds and nozzle diameters were the primary
parameters being determined. Figure 2.3 shows the nozzle schematic used to conduct the given
analysis. A CFD simulation was used to simulate the flow aspect using primarily the Volume of
Fluid (VOF) model without an energy equation boundary active, consequently implying the lack
of a continuous phase implementation in the model. The experimental analysis concluded that
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the optimal CO2 velocity was 325 m/s with a nozzle diameter of 1.5 mm. The implementation of
the CO2 to the MQL (MQLCO2) provided an increased machining time. This is in comparison
to the Wet machining time of 17.2 minutes, where MQL on its own achieved 84.2% of that time
and MQLCO2 achieved 93.5% of that machining time, demonstrating that improvements can be
made to the MQL lubrication process. The difference between the model used in Pereira et al.
(2017) and the one being studied here lies in the interaction the DPM model has with the energy
equation and viscous model selected (Pereira et al., 2017).

Figure 2.3: MQL CO2 nozzle schematic (Pereira et al., 2017).
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2.2 Turning Machining Practice
The machining of cylindrical work pieces into different sized diameters is typically completed by
a turning process. In Figure 2.4 the forces that act on the cutting tool geometry can be seen. The
tool with the rake angle α moves along the work piece removing material of chip thickness h and
the shear angle is represented by s. The uncut chip material goes through plastic deformation
with a high strain rate resulting in high temperatures. These forces result in high friction
generation, which leads to the high temperature at the contact point B seen in Figure 2.4 (Cheng,
2009). As previously discussed, this heat generated by the friction of machining can be reduced
by introducing a coolant strategy, such as flood coolant or Minimum Quantity Lubrication to
help extend the lifespan of the tool before thermal failure occurs. Many studies have been done
on the force analysis and consequent energy consumption in the machining process of these hard
to cut materials and how to optimize the cutting conditions and parameters of the process.
However, in order to accomplish this, an in-depth amount of work is required, along with trial
and error machining runs. The goal of this study is to establish a fluid flow model to reduce the
time spent on experimental machining, in order to obtain a better idea of the optimal cutting
parameters required to extend the tool life.

Figure 2.4: Turning Orthogonal Cutting Geometry (Cheng, 2009)
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2.3 Effect of MQL Nozzle Positioning
When the optimal conditions are being selected in the machining of the work, an important
variable in the MQL set up is the position and angle of the nozzles. A research paper on the
optimization of MQL on turning of AISI4140 Steel focused on the angle and positions of the
nozzle. The resultant graphs showed how the measured cutting force of MQL on the rake face,
flank face and both faces compare to that of dry and wet cutting.

Figure 2.5: Machining Forces under different cutting fluid conditions for a) Cutting Forces and
b) Feed Forces (Hadad & Sadeghi, 2013).
The two plots in Figure 2.5 show that the cutting and feed forces during dry cutting are higher in
the majority of cases, but these differences decrease with a higher cutting speed. Most notable,
however, is the difference in the forces for MQL when it’s applied to the rake, flank and both.
When only one nozzle is active, the effectiveness of the MQL system is hindered. On the other
hand, when both nozzles are active on both face sides, the results are improved in each case. In
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addition, MQL is more effective at the lower speeds, but still performs better than wet cutting,
under certain parameters.

In summary, the position of the nozzle has an important influence on the lubrication
effectiveness on the work piece. The cutting temperature also has a close relation to the cutting
forces, where the higher the force is, the higher the temperature generated is. This leads to
increase tool wear and increased processing costs (Hadad & Sadeghi, 2013).

2.4 Machining with MQL’s Effect on Surface Roughness
The use of MQL has the potential to improve the surface roughness finish of a machined part due
to the lubricating qualities it possesses. An investigation on the parameters for optimal surface
roughness values when machining AISI 1050 Steel was done by using the Taguchi method, and
optimum results were obtained within the confidence interval of 0.814 m. Sarikaya & Güllü
(2013) then used the RSM method, and the optimal parameter selections for turning AISI 1050
Steel were selected found to be a flow rate of 120 ml/hour, cutting speed of 200 m/min, a feed
rate of 0.07 mm/rev and a depth of cut of 1.2 mm. These parameters resulted in an average
roughness value of 0.7795 m.

The research of Hadad & Sadeghi (2013) compared the experimental results of machining MQL
with wet and dry cutting. The varying surface roughness values for different cutting speeds and
lubrication methods at a depth of cut of 1 mm and feed rate of 0.09 mm/rev showed the MQL
surface roughness is consistently lower than that of dry and wet cutting. This advantage,
however, is lost at the higher cutting speeds, where the surface roughness quality drops, and the
differences between the different cutting fluids becomes insignificant.

The effectiveness of MQL and the resulting surface roughness was also tested with different
depths of cuts ranging from 0.5mm, 1mm and 1.5mm as shown in Figure 2.6. It can be noted that
the surface roughness improved with the smaller depth of cuts. In addition, the results showed
that the use of MQL provided more desirable surface roughness values than with the other
cutting fluid methods (Rabiei et al. 2014).
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Figure 2.6: Surface Roughness at different depths of cut and lubrication methods for AISI 4140
Steel (Rabiei et al. 2014).

2.5 Forms of MQL
As a lubricating cutting fluid, MQL can use multiple variations of oil bases in combination with
the compressed air mist. Some types of oil that can be substituted are: castor, palm, maize,
sunflower, rapeseed, and castor/soybean (Zhang Y., et al., 2016). The majority of these are
biodegradable and environmentally friendly options. A study into the different oils available in
the grinding of a nickel-based alloy using different types of vegetable oils was conducted by
Zhang et al. (2016). The results of their research showed that the typical use of flood coolant
provided a higher specific grinding energy value of 145.23 J/mm3. Moreover, the grinding forces
for the normal, tangential and axial directions were far higher and displayed more noise than that
of the MQL based cutting fluids. The comparison of grinding energies for the flood coolant and
the other vegetable oils can be seen in Figure 2.7. From this figure, it can also be noted that the
different vegetable oils are relatively similar in their energy values, even though some
outperformed others by approximately 30 J/mm3.
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Figure 2.7: Specific Grinding Energy for Different Lubricating Conditions (Zhang Y., et al.,
2016)
When comparing the grinding forces of the flood coolant to that of castor, rapeseed and paraffin,
it can be seen that the latter three are of a more desirable cutting force plot, with castor oil
performing best (Zhang Y., et al., 2016). The study concluded that the cutting fluids, in order of
performance for a grinding process, ranked as follows: maize oil < rapeseed oil < soybean oil <
sunflower oil < peanut oil < palm oil < castor oil. A key finding in the comparison of the
vegetable oil to the flood coolant involved the oleic and ricinoleic acids found in the oil
properties. These acids have high binding energies and low friction coefficients which result in
enhanced lubrication properties. The castor oil had the highest concentration of ricinoleic acids,
which is a possible reason why it displayed enhanced lubrication properties (Wang, et al., 2016).

15

2.6 Frictional Modeling with MQL
A significant contribution of MQL in machining practices is that it lubricates the workpiece
surface, and consequently improves the friction coefficients in the tool-workpiece interface
during a cutting, drilling or milling process. This lubrication aids in reducing the temperatures
generated during a process. The basics of a turning process were discussed in section 2.2,
however this section will discuss the theory of how lubricants can affect the machining process.

In a turning operation there are three main cutting zones on the tool-workpiece interface. These
are the primary shear zone, secondary shear zone, and the rubbing zone. The thermal energy
created during the cutting process is due to the transformation of the mechanical energy at the
cutting zone. The heat dissipated by MQL at the cutting zone can be found in a thermal analysis
of the primary, secondary and rubbing zones. Figure 9 shows the location of each zone in
relation to the workpiece and tool.

Figure 2.8: Cutting Parameters and Cutting Zone Locations (Hadad & Sadeghi, 2013)

2.6.1

Primary Shear Zone

The primary shear zone is where the thermo-mechanical process of chip formation occurs, where
the rate of material removal varies from the cutting speed to chip velocity. Much of the heat that
occurs during the machining process is dissipated in the workpiece chip removal (S.Atlatia et
al., 2017). The key assumption is that the majority of the heat from the primary shear zone is
transferred into the chip as its formed, and that the shearing strip moves over a semi-infinite
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velocity Vc. The primary shear zone average temperature can then be calculated, beginning with
the heat flux density as given in eq.(1).

𝜑𝑐1 =

𝑃𝑐ℎ
𝑎𝑝 𝑙

(1)

where Pch is the power in the primary zone (W), ap is the depth of cut (mm) and l is the chip
width (m). The solution for temperature change in a quasi-steady-state regime as a function of
temperature with distance is given as shown in eq. (2) (Carslaw & Jaeger, 1965).

𝑇1 (𝑥) =

𝜑𝑐1
(𝐻(𝑥) − 1) , 𝑥 > 0
𝜌𝑝 𝐶𝑐 𝑉𝑐

(2)

where pp is the mass density (kg/m3), Cc is the specific heat of the chip (J/kg K), Vc is the cutting
speed (m/min) and H represents a Heaviside step function. Therefore, the average temperature at
the primary shear zone at x=0 can be represented as in eq. (3).

𝑇1 =

2.6.2

𝜑𝑐1
𝜌𝑝 𝐶𝑐 𝑉𝑐

(3)

Secondary Shear Zone

The secondary shear zone is the tool-chip interface which, unlike the primary, represents the
chip’s relation to the cutting tool. The power spent in the secondary zone due to friction is
divided between the chip and the amount that diffuses into the cutting tool. The average
temperature of the tool contact point at the surface of a semi-indefinite medium, assuming the
contact point can be modeled as a rectangle of dimension 2ap x 2y, is calculated according to eq.
(4) (Battaglia, 2008).
𝑇𝑜 =

2𝜑𝑜 2 √𝛼𝑜
𝑎𝑝 𝑦𝑘𝑜 √𝜋

𝜂1

(4)

where o2 is the heat dissipation into the tool (W/m2), o is the thermal diffusivity of the tool
(m2/s), and ko is the thermal conductivity of the tool (W/mK). The parameter 1 (sec) is
computed as found in eq.(5).
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2

𝜂1 = 2.85𝑒

−5

𝑦
𝑦
( ) + 0.000785 ( ) − 0.000486
𝑎𝑝
𝑎𝑝

(5)

where, as mentioned previously, y and ap are the dimensions of the modeled rectangular heat
source for the tool contact point. The assumption is that the chip is fixed and that the heated area
moves at a velocity relative to the chip. If the chips move at a speed relative to the heated
location, the average temperature for the heat strip relative to the rectangular heated area is
expressed in eq. (6) (Carslaw & Jaeger, 1965).

𝑇𝑐 =

8𝜑𝑐2 √𝐿
3𝜌𝑐 𝐶𝑐 𝑉𝑐𝑜𝑝 √𝜋

= 𝑏𝜑𝑐2

(6)

with Vcop being the velocity of the chip relative to the heated source, while L is obtained from eq.
(7).
𝐿=

𝑉 𝑐𝑜𝑝 𝑦
4𝛼𝑐

(7)

If the assumption that the temperature of the tool-chip interface is equal between the tool and
chip, and that the thermal sliding contact resistance is negligible, then the following relationship
holds.
𝑎𝜑𝑜2 = 𝑏𝜑𝑐2

(8)

The heat flux equations for both the secondary chip zone and tool zone are obtained according
to eq. (9) and eq. (10).

2.6.3

𝜑𝑐2 =

𝑃𝑓𝑅
𝑎 𝑃𝑓𝑅
= 𝜂𝑐
𝑎 + 𝑏 𝑎𝑝 𝑦
𝑎𝑝 𝑦

(9)

𝜑𝑜2 =

𝑃𝑓𝑅
𝑏 𝑃𝑓𝑅
= 𝜂𝑐
𝑏 + 𝑎 𝑎𝑝 𝑦
𝑎𝑝 𝑦

(10)

Rubbing Zone

The third friction zone is created depending on the type of tool nose being used. If the radius of
the tool nose is large or worn enough, it can rub upon the workpiece. This rubbing friction is one
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of the main sources of heat generated, and if large enough, it can lead to thermal failure for the
tool. The heat source that acts on the workpiece in the rubbing zone can be modeled as a
rectangular source (ap x ld), similar to the approach used for the secondary heat source. This
rectangular heat source moves across the workpiece medium. The previous solution for the tool
heat flux can be used with the altered rectangular dimensions. In addition, the a and b
coefficients are replaced with the expressions in eq. (11) and eq. (12).

𝑎′ =

𝑏′ =

2 √ 𝛼𝑜
𝑎𝑝 𝑙𝑑 𝑘𝑜 √𝜋

(11)

𝜂2

8𝐷
√2 − 1
(ln(1 + √2) − (
)),
𝜌𝑐 𝐶𝑐 𝑉𝑐 𝜋
3

𝐷=

𝑉𝑐 𝑙𝑑
4𝛼𝑐

(12)

where the parameter 2 is obtained from the expression given in eq. (13).
2

𝜂2 = 2.85𝑒

−5

𝑙𝑑
𝑙𝑑
( ) + 0.000785 ( ) − 0.000486
𝑎𝑝
𝑎𝑝

(13)

Therefore, the average temperature in the rubbing zone may be expressed as.
𝑇3 = 𝑎′ 𝜑𝑜1 = 𝑏′ 𝜑𝑝

(14)

where p is the heat dissipated at the rubbing zone by the workpiece. The above temperature
equations model dry cutting conditions only, with no outside lubrication or coolant strategy
applied to aid in the dissipation of the heat at the contact points (Battaglia, 2008) and (Hadad et
al., 2012).

2.6.4

Coolant/Lubrication Influence on Contact Heat Generation

The increase in temperature on the tool occurs from the friction with the tool-chip, toolworkpiece interactions. The heat loss that occurs in the tool from the rake and flank face can be
improved by the inclusion of minimum quantity lubricant or other coolant strategies. The
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average temperature on the rake face of the tool (Tctool) can be calculated as seen in eq. (15) with
the parameter 3 calculated by the expression in eq.(16). (Hadad et al., 2012)
𝑇𝑐𝑡𝑜𝑜𝑙 =

2 (𝜑𝑜2 − 𝜑𝑚𝑞𝑙 𝑟𝑎𝑘𝑒 ) √𝛼𝑜
𝑎𝑝 𝑦𝑘𝑜 √𝜋

(15)
𝜂3

2

𝜂3 = 2.85𝑒

−5

𝑦
𝑦
( ) + 0.000785 ( ) − 0.000486
𝑎𝑝
𝑎𝑝

(16)

The heat flux caused by the MQL is obtained from eq.(17) , where hmql is the convective heat
coefficient of the MQL, and T is the change in temperature during the cutting process.
𝜑𝑚𝑞𝑙 𝑟𝑎𝑘𝑒 = ℎ̅𝑚𝑞𝑙 (𝑇𝑐𝑡𝑜𝑜𝑙 + ∆𝑇)

(17)

The average temperature at the tools flank face can be calculated in a similar manner,
incorporating the rubbing zone parameters as opposed to the tool-chip parameters as seen in eq.
(18). Similarly the constant parameter 4 can be obtained from eq. (19), where the dimensional
values are altered for the workpiece rectangular model.
𝑇𝑝𝑡𝑜𝑜𝑙 =

2 (𝜑𝑜1 − 𝜑𝑚𝑞𝑙

𝑓𝑙𝑎𝑛𝑘

) √ 𝛼𝑜

𝑎𝑝 𝑙𝑑 𝑘𝑜 √𝜋
2

𝜂4 = 2.85𝑒

−5

(18)
𝜂4

𝑙𝑑
𝑙𝑑
( ) + 0.000785 ( ) − 0.000486
𝑎𝑝
𝑎𝑝

(19)

The MQL heat removed from the flank face is calculated similarly to that of the rake face, as
given in eq. (20). (Hadad et al., 2012)
𝜑𝑚𝑞𝑙𝑓𝑙𝑎𝑛𝑘 = ℎ̅𝑚𝑞𝑙 (𝑇𝑝𝑡𝑜𝑜𝑙 + ∆𝑇)

(20)
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2.7 Issues with MQL
Minimum quantity lubrication is generally a healthier, more environmentally friendly coolant
strategy. However, like all machining coolants, its effectiveness depends on the type of fluid oil
selected, the work piece material, and the machining process. This means that switching to MQL
may not be an effective method of reducing the heat generation that occurs during the machining
process in all cases. It can also pose a problem when machining with multiple tools that have
varying diameters and lengths, such as in deep hole drilling. (Lawal et al., 2013) and (Carou et
al., 2015) An investigation into the grinding applications of minimum quantity lubrication also
suggests that despite the beneficial lubricating properties, it cannot meet the coolant
requirements for a grinding process. This is due to the thermal properties of a standard minimum
quantity lubricant fluid. Current research has been investigating the effect nanofluids have on the
tribiological properties of the MQL, due to the enhanced thermal properties the nanoparticles
attribute. (Hadad et al., 2012) The next section discusses some of the alternative coolant
strategies to MQL and flood coolant.

2.8 Alternative Coolant Strategies
It was found that MQL mixed with nanoparticles would rub with the asperities at the work piece
surface, with the result that the interaction between the newly machined surface and the
nanolubricant would increase, forming thereby a more intensive protective film on the machined
surface. (Karim et al., 2013). The use of nanoparticles mixed with a vegetable-oil-based MQL in
different volume fractions of Al2O3 as the cutting fluid was investigated in the machining of an
Inconel 600 alloy was studied by Vasu & Pradeep Kumar Reddy (2011). The three different
experimental methods used were dry cutting, MQL, and MQL with Al2O3 at 4% and 6% volume
fractions, respectively. The results of the research indicated that the MQL + Al2O3 nanoparticles
produced reductions in surface roughness, tool tip temperature, cutting forces and tool wear
when compared to dry cutting and plain MQL conditions. The use of the nanofluids was also
accompanied by a better chip formation than that observed under the dry and plain MQL cutting.
The reason for the nanofluids’ effectiveness is their enhanced thermal properties, namely the
higher thermal conductivity and heat transfer coefficients when compared with plain MQL. As a
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consequence, there was found to be a reduction in tool tip interface temperatures of about 12 to
20% in MQL + 6% Al2O3, compared to the dry, plain MQL and 4% Al2O3. The 6% Al2O3 was
observed to enable a reduction of 30 to 35% of cutting forces, and a tool life increase of 45%
when compared to the dry cutting. The increase in tool life occurs because the enhanced
thermophysical properties of nanofluids help to reduce the temperature, resulting in a decrease of
built-up edge formation. Lastly, the chip formation when using the MQL + 6% Al2O3 significant
decreases in length, as well as a decrease in continuity and more metallic chip color, in
comparison to the dark brown color of the dry cut chips (Vasu & Pradeep Kumar Reddy, 2011).

Further discussion on the use of nanofluids in MQL can be found in Najiha et al. (2015), who
investigated the end milling of aluminum alloys using nanofluids, with particular consideration
of nanoparticles mixed with water as opposed to MQL. The water-based TiO2 (Titanium Oxide)
nanofluid with a nanoparticle volume fraction of 1.5% wt was compared with conventional oilbased MQL using an uncoated carbide insert. The purpose of using a water-based nanofluid for
machining is to enhance the sustainability of the process. The study used a new nanoparticle
known for its good performance in friction, anti-wear and load carrying capacity as well as heat
transfer enhancements. The nanoparticles were mixed into de-ionized water with the dilution
method and the parameters used were a cutting speed of 5300 rpm, a depth of cut of 3.0 mm and
a feed rate of 440 mm/min. MQL machining with a water based nanofluid cooling medium
provided almost similar results to conventional oil-based MQL machining. The tool wear
obtained in the case of nanofluid machining was similar to the results obtained with oil-based
MQL. Less edge chipping was observed in the water-based nanofluid, because the water seemed
to be more effective at cooling the process down. The study concluded that the water-based
nanofluid MQL machining yielded similar tool wear, especially since the edge chipping is
reduced with nanofluid machining on account of the water cooling rates. Hence, water-based
nanofluid lubricants are apparently a suitable replacement for the conventional oil-based
lubricants (Najiha et al., 2015).

Liu et al. (2006) studied the effect of water vapor, gases and a mixture of water vapor and gases
in machining applications, and the results were compared with dry and wet machining. The gas
mixtures used in the study included water vapor, carbon dioxide, oxygen, water vapor plus
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carbon dioxide, and water vapor plus oxygen. The results for water vapor as a coolant and
lubricant showed the cutting force being reduced by about 30-40%, 20-30% and 10-15% as
compared with dry cutting, compressed air and oil water emulsion, respectively. With regard to
the tool wear, the tool life approximately doubled at a high cutting speed in the presence of water
vapor cooling, when compared with dry cutting. Tool life is also extended by about two times at
a low cutting speed with cooling by a mixture of vapor and gas rather than dry cutting. The
temperature of the cutting zone was also the lowest with the application of the water vapor when
compared to the other coolants considered in the study. The study concluded that there are higher
benefits for using water vapor, which is the cheapest, pollution-free and non-harmful coolant and
lubricant to be advocated for green cutting. (Liu et al., 2006).
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2.9 Air Pressure Injection State
A primary parameter for the injection of MQL is the compressed air tank pressure. In modeling
the oil mist flow in the fluid domain, the tank pressure was set at 0.4 bar, resulting in the mean in
flow velocity of air calculated at 235 m/s for an ordinary nozzle, versus the alternative covertype nozzle. (Obikawa et al., 2009) In an alternative study on experimental cutting using MQL
by Hadad et al.(2012), the MQL air pressure supply discussed ranged from 2 Bar to 10 Bar. The
coinciding air jet velocities ranged from 108 m/s to 440 m/s, with an exit nozzle diameter of
3mm. (Hadad et al., 2012) When the air velocity was at a Mach number in the supersonic regime
with a small to insignificant change in nozzle surface area, the flow velocity did not vary a great
deal with respect to the initial compressed pressure velocity. When dealing with nozzles in the
subsonic regime, the subsonic nozzle assumption that the change in area decreases and an
increase in velocity occurs no longer applied. This phenomena is illustrated in Figure 2.9 which
outlines the change in parameters for a diffuser and nozzle in subsonic and supersonic flow
regimes.

Figure 2.9: Nozzle and Diffuser Subsonic and Supersonic Differences (White, 1999)
As a result, when selecting the optimal nozzle inlet and outlet diameter, a different standard must
be used when the supplied air pressure has a Mach number greater then 1.3. (White, 1999) The
research in this thesis models the MQL delivery systems injection diameter as a constant
diameter (dA=0), with supersonic flow based on the minimum inlet velocity (Ma>1).
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2.10 Euler-Lagrange Modeling
Discrete Phase modeling accounts for particle-particle interaction effects, which in the case of
this research represents the MQL oil droplet behavior. Fluent uses the Euler-Lagrange approach
where the fluid phase is treated as a continuum solving the time-averaged Navier-Stokes
equations. The Lagrangian approach comes into effect as the dispersed phase is solved by the
tracking of the numerous particles, bubbles or droplets through the designated flow domain. This
method still allows the dispersed phase to exchange mass, energy and momentum with the fluid
phase. The discrete phase model is designed around the assumption that only a 10-12% volume
fraction of the injection material is injected into the domain. As such, Fluent does not take the
injection into account with the continuous phase model. The general form for the mass equation
in Fluent can be found in eq.(21), where the source Sx is the mass added from the continuous
phase from the dispersed second phase.
𝜕𝑝
+ ∇ ∙ (𝜌𝑣⃑) = 𝑆𝐷𝑃𝑀 + 𝑆𝑂𝑡ℎ𝑒𝑟
𝜕𝑡

(21)

The general form for the momentum conservation equation is given in eq.(22), where p is the
static pressure,  is the stress tensor, and pg and F are the gravitational body force and external
body forces such as those that occur from the dispersed phase interaction.
𝜕𝜌𝑣⃑
+ ∇ ∙ (𝜌𝑣⃑𝑣⃑) = −∇𝑝 + ∇ ∙ 𝜏 + 𝜌𝑔⃑ + 𝐹⃑𝐷𝑃𝑀 + 𝐹⃑𝑂𝑡ℎ𝑒𝑟
𝜕𝑡

(22)

The DPM model calculates the particle or droplet trajectories individually at specified intervals
where, as mentioned above, the dispersed phase exchanges momentum, mass and energy with
the fluid phase. The interaction with the heat transfer characteristics are important due to the
conjugate heat transfer portion of the intended model. The Lagrange model most adequately
accounts for the accuracy of the heat and mass transfer and trajectories of the particles, whereas
the Euler model adequately computes the fluid phase in conjunction with the Lagrange model
particle calculations.
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2.11 Modeling and Optimization of MQL Parameters
Duchosal et al. (2015) investigated the numerical modeling of MQL impingement over an insert
in a milling tool. The numerical model was compared to the experimental results to determine
the effectiveness of a tool with inner channels using a micro-quantity coolant. The primary
objective of Duchosal et al. (2015) was to analyze the impact of oil mist on a surface under
different machining configurations. The liquid-has flow in the model was calculated using a oneway lagrangian multiphase flow model. However, the particles had no influence on the
continuous phase, such that the MQL particle trajectories were the primary focus. The droplet
impingement was broken into 3 states, where state one was the incoming droplet pre-impact
state. The second state corresponded to the moment of impact, where the droplet was assumed to
be similar to a pancake shape on the surface of the tool. Lastly, state 3 represented the post
impact state reflecting the different potential trajectories the droplet could take. These
trajectories were: 1) the droplet shatters into smaller diameter droplets; 2) the droplet is trapped
onto the surface of the tool; and 3) the droplet simply rebounds as illustrated in Figure 2.10. The
assumptions made in this numerical model for fluid film formation were that the velocity profile
is either laminar or turbulent, and that isothermal conditions are ignored. This research
concluded that the aerodynamic effects from tool design, in addition to the rotational velocity
created, provide interference on oil mist spray. The channel orientation was recommended to be
75o to minimize the oil waste due to the localization of the outlets secondary location to the
cutting edge (Duchosal et al., 2015).

Figure 2.10: Particle Droplet Behavior at Different States (Duchosal et al.,, 2015)
The method of using discrete phase modeling (DPM) was researched further by Cloete et al.
(2010) for resolving the cluster formation in circulating fluidized bed risers. The dense discrete
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phase model (DDPM) was used to track the particles in the domain in a Lagrangian method, but
it did not simulate the particle-particle interactions. The simulation was modeled on Fluent 12.1
where the DPM boundary conditions for the wall of impact was set to have a reflection
coefficient of 0.9 for the tangential and normal directions. The research considered an
independence study in terms of grid size, time step size, iterations per time step and the number
of particles. Results showed that the solution retained grid independency at resolutions
substantially coarser than what was achieved by the Two Fluid model (TFM). The use of the
DDPM framework is found to involve a far lower computational load then that of the Two Fluid
Model (Cloete et al., 2010).

Sarikaya & Güllü, 2015 examined three different levels of lubricant flow rate (60,120,180 ml/h)
and three different cutting speeds (30,40,50 m/min) and how best to optimize the conditions with
relation to the turning experiments conducted using the surface quality as the response variable.
The experimental results showed an improvement in surface quality during the turning process at
the higher cutting speeds, which allow easier plastic deformation and chip flow. This
improvement comes with an increase in energy consumption due to the higher temperatures
generated by the speed. The Taguchi-based multi-response optimization was obtained using the
largest signal to noise (S/N) ratio, which found that the best operating values were for a fluid
flow rate of 180 ml/h and a cutting speed of 30m/min. The percentage improvement using the
grey relational grade (GRG) was 39.4%, where the flank wear, notch wear and surface roughness
were significantly improved using the Taguchi based GRA for the Haynes 25 super alloy. It was
then concluded that MQL was a good tool in order to increase the productivity of the machining
process and decrease the health and environmental impacts caused by traditional cutting fluids
(Sarikaya & Güllü, 2015).

The optimization of MQL parameters for the hard milling of AISI H13 Steel was investigated by
Do & Hsu (2016). The objective was to optimize the parameters of the MQL such as the flow
rate, air pressure and type of lubricant base used, rather than the feed rate, cutting speeds and
depths of cut. The surface roughness was used as the determining factor when comparing the
optimal parameter settings. The parameters that influence surface roughness are the work piece
properties and the cutting parameters, together with associated phenomena occurring during the
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operation, such as vibration and friction (Bernardos & Vosniakos, 2003). A previous experiment
on the optimization of AISI H13 cutting parameters concluded that a high cutting speed, low
depth of cut and a low feed rate provided best results (Ghani, Choudhury, & Hassan, 2004). The
Taguchi method and ANOVA were applied to the MQL fluid parameters to determine the
optimal parameter settings, which were found to be a water-soluble oil lubricant, 3 kg/cm2
pressure, and a flow rate of 50ml/h. The type of MQL lubricant and pressure were the two
factors that determined the quality of the surface roughness most, with the lubrication factor
contributing 30.189% and the pressure 68.127% (Do & Hsu, 2016). Yildirim et al. (2016)
conducted an analysis in the optimization of MQL parameters using the Taguchi method in the
milling of Nickel Based Waspaloy. The Taguchi method was used for the optimum MQL
parameters on the surface roughness, and ANOVA was used to evaluate the significance of the
test results. It was found that the combination of a vegetable based oil, flow rate of 100 ml/h, and
a pulverization distance of 50mm produced the optimum surface roughness value. A verification
test resulted in a measured confidence interval of 95% where the flow rate had the greatest effect
(46.7%) on the surface roughness. (Yildirim et al., 2016).

2.12 Literature Review Summary
This chapter outlined the standard machining practice methodology and research performed in
the utilization of MQL as a lubricating coolant strategy. Previous research on MQL as a
multiphase flow model in metal grinding applications did not take into account the individual
droplet behavior of the injected oil and its fluctuating mass flow rate. The research in this thesis
aims to fill this gap by utilizing CFD modeling to predict the MQL oil droplet behavior on a
cutting tool during machining. Additionally, the research workpiece material is selected as
austempered ductile iron (ADI) grade 2. There is an increased interest in ADI due to its excellent
material properties, and it has not previously been investigated in CFD models and experimental
validation.
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3

Experimental Methodology

The objective of the research in this thesis is to create a CFD model to predict the heat transfer
with a pressurized MQL injection. The experimental setup is designed to observe the heat
conduction throughout the insert, whilst machining Austempered Ductile Iron (ADI) under dry
and flood coolant conditions.

3.1 Design of Experiment
The experimental design involves turning operations on a CNC lathe machine under dry,
conventional flood coolant and MQL systems. The goal of the experimental analysis is to
tabulate the recorded temperature generation at the nose of the cutting tool under different
machining input parameters. The primary machining parameters that will be varied are the
cutting speed and feed rate. The depth of cut for all tests is held constant at 0.5mm, and each tool
is used for one cutting pass, in order to reduce the effects of rubbing friction arising from a worn
tool nose, which can cause temperature readings that do not align with the modeled temperatures.
The measured dry cutting temperatures are used to validate the friction model and verify the
accuracy of the finite element analysis developed. The measured flood coolant and MQL values
will be used to verify the accuracy of the computational fluid dynamics model. All tests are
performed on the 15HP ST-10 CNC lathe machine shown in Figure A.6.1 and the experimental
diagram flow chart is found in Figure 3.1. The experimental temperature data is acquired with a
thermocouple on the tool nose and a high resolution microscope is used to analyze the
comparative wear patterns on the cutting tools. The melting point for the uncoated carbide insert
is approximately 3003 K. If the temperature values measured or calculated reach 3003K, the tool
will experience critical failure. The cutting temperature generated on the workpiece will heavily
factor into the materials final surface hardness value. (Hosseini & Kishawy, 2014) The melting
temperature for the ADI is 1422 K. As the cutting temperature increases to 1422K, the thermal
softening of the workpiece will become more prominent. (Penticton Foundry, 2017)
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Figure 3.1: Experimental Data Acquisition Flow Diagram
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3.2 Workpiece and Cutting Tool Materials
The workpiece used in the turning experiments is ASTM A897 Grade 2 Austempered Ductile
Iron (ADI). A stock of ADI grade 2 in cylindrical rod format is used with the chemical
composition (wt. %) and mechanical properties displayed in Table A.6.1 & Table 3.1. The
selection of machining ADI was made in order to observe the material’s behavior in a cutting
process, on account of it being a relatively new material in the industry. It exhibits an excellent
combination of high ductility, fatigue strength, wear resistance and toughness, all of which
appealing material properties in the industry. (Zhang, et al., 2013)
Table 3.1: Mechanical and Thermal Properites of ASTM A897 Grade 2 (MatWeb, 2018)
Properties

Values

Hardness, Brinell

340

Tensile Strength

1140 MPa

Tensile Strength, Yield

896 MPa

Elongation at Break

7.0 %

Modulus of Elasticity

160 GPa

Compressive Yield Strength

1650 MPa

Poisson’s Ratio

0.25

Thermal Conductivity

21.8 W/(m-K)

Specific Heat Capacity

461 J/(kg-K)

Thermal Expansion

14.3 m/(m-oC)

The cutting tool used in the experiments is the uncoated carbide tool CNMG432-MM by Sandvik
Coromant. This tool has been selected because it is best suited for medium to rough turning of
alloy cast irons and malleable irons with good thermal resistance and mechanical resistance,
providing excellent edge security. (Sandvik Coromant, 2018)
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3.3 Experimental Setup
The experimental setup includes several data acquisition components to collect the machining
variables. Figure 3.1 illustrates the method of data acquisition for the primary variables. While
other measurement tools are included in Figure 3.1, the data acquisition focuses on the
thermocouple measurements and microscopic image readings, as described in the remainder of
this section.

3.3.1

Microscopic Images

The microscopic images of the cutting inserts upon completion of the experimental tests are
taken using the Keyence VH-Z250R Microscope. The high resolution and magnification of this
microscope produces detailed images of the tool wear. The Keyence software allows for a three
dimensional depth analysis, permitting a comparison of the experimental crater wear depth
between coolant strategies to be measured. The microscopic setup is seen in Figure 3.2
highlighting the location of the cutting tool under the microscope as well as the Keyence
computer and operating software.

Figure 3.2: Keyence VH-Z250R Microscopic Set Up
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3.3.2

Thermocouple & Thermal Camera Measurement

Cutting temperature is measured using a thermocouple located at a distance 3mm away from the
nose on the rake face of the tool to ensure it does not impede the cutting process. The
thermocouple monitors the temperature at this point on the tool for the dry cutting, MQL and the
flood coolant scenarios. The thermocouple is wired to a temperature data logger which feeds the
incoming data to the data acquisition system. The thermocouple used is a Omega Compact
Transition Joint Probe with SMPW, seen mounted onto the cutting tool in Figure 3.3. The
thermocouple data logger is a HH374 Omega Data Logger seen mounted on a high strength and
durable tripod as seen in Figure 3.3. The thermocouple probe length is 2 inches, the wire length
is 36 inches and the sheath diameter is 0.062 inches. The K type thermocouple used has a
maximum temperature measurement of 1250oC with an estimated accuracy of 0.75% the
measured temperature. When mounting the thermocouple, it is put to contact with the desired
rake face location and then kept in place with thermal resistant adhesives away from the probe
tip.

The thermocouples calibration is completed by measuring the voltage across the thermocouple
with a multimeter in a hot bath with known temperatures. The stable voltage values are recorded
for the varying temperature increments, where a one degree increase in temperature roughly
relates to approximately 40 microvolts. The thermocouple calibration is then verified in an ice
bath and boiling water both with known temperature values. The experimental outcome of these
tests for the above experimental setup are presented in section 6.2.

Figure 3.3: Mounted Omega Thermocouple (Left) & Thermocouple Data Logger (Right)
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4

Friction Model

This chapter discusses the frictional heat generation model at the tool-workpiece interface. This
model is used to predict temperature generation at the nose tip, which is then used as a boundary
condition in the CFD model. An analysis based upon George Tlustys’ discussion on the
temperature field in the chip and tool in a cutting process is first described, and the numerical
methodology then discussed in detail. (Tlusty, Manufacturing Processes and Equipment, 2000)

4.1 Numerical Analysis Model
The numerical finite-difference analysis is discussed in Tlusty (2000) as a modified numerical
approach outlined by Boothroyd (Boothroyd, 1963) where a two-dimensional steady state
problem is converted into a single-dimension transient one. The numerical analysis derives the
primary parameters of the turning process, the temperature field for the specified finite difference
range, the average temperature at the contact point between chip and tool, and the average
temperature that escapes from the cutting tool based on the power passing through the tool. The
primary assumptions in this numerical model are the following:

1. No heat escapes from the shear plane into the workpiece.
2. The conducted heat is negligible in comparison to the heat and mass transfer in the
direction of the chips motion.
3. All tests are conducted with a side cutting tool.

The initial step is to define the chip thickness (h1) and width (b) in mm. This can be calculated
based on the metal removal rate in conjunction with assumption number 4 above, where ap=b and
fr = h1 for the side cutting tools in eq.(23).
𝑀𝑅𝑅 = 𝑏ℎ𝑣𝑐 = 𝑎𝑝 𝑓𝑟 𝑣𝑐

(23)

where ap is the depth of cut (mm), fr is the feed rate (mm/rev) and vc is the cutting speed (m/s). In
order to determine the shear plane angle, experimental results on the cutting forces are typically
required to provide more accurate results. Alternatively, shear plane angle could be calculated
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utilizing the chip ratio between the chip thickness and deformed chip thickness (h2), utilizing the
rake angle of the tool according to eq.(24).

𝜙 = tan−1

𝑟𝑐𝑜𝑠𝛼
,
1 − 𝑟𝑠𝑖𝑛𝛼

𝑟=

ℎ1
ℎ2

(24)

The shearing velocity is calculated as a function of the chip velocity vc (m/s) and the cutting
speed v(m/s). The shearing velocity is given below in eq.(25).

𝑣𝑠 =

𝑣 𝑐𝑜𝑠𝛼
cos(𝜙 − 𝛼)

(25)

One of the variables that requires the experimental cutting forces is the friction angle , which
can be obtained from the friction force and tangential forces according to eq.(26).

β = tan−1

Ff
𝐹𝑇

(26)

An alternate method to approximate the friction angle is by using the friction coefficient value .
Banerjee and Sharm (2014) found that the friction coefficient during MQL cooling can be
represented in a non-linear relationship as a function of the cutting speed and feed rate as
expressed in eq.(27) and eq.(28).
𝜇 = 3.32𝑣 −0.45 − 0.24𝑓

(27)

𝛽 = tan−1 𝜇

(28)

The temperature field is calculated in the one dimensional plane in a manner similar to that
illustrated in Figure 2.4, with the chip plane divided into multiple incremented slices over the
contact length of the tool to chip as shown in Figure 4.1.
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Figure 4.1: Finite-Difference formulation for temperature in the chip (Tlusty, Manufacturing
Processes and Equipment, 2000)
The temperature field Tj,k for j=1,20, k=1, KK and KKK, where KK is the number of increments
over the contact length. Lastly, KKK represents the points between KK and KKK where no more
heat is input into the chip due to the separation from the tool and chip. The temperature field
equations for the varying points in the y axis can be found in eq.(29) to (31).

𝑗 = 1,

𝑇1,𝑘+1 = [

𝑗 = 2 𝑡𝑜 19,

𝑗 = 20,

𝑝𝑘
(𝑇1,𝑘 − 𝑇2,𝑘 )𝛼
−
] ∆𝑡 + 𝑇1,𝑘
(∆𝑦)2
𝑏∆𝑥∆𝑦𝜌𝑐

𝑇𝑗,𝑘+1 =

(𝑇𝑗−1,𝑘+1 + 𝑇𝑗+1,𝑘 − 2𝑇𝑗,𝑘 )𝛼∆𝑡
+ 𝑇𝑗,𝑘
(∆𝑦)2

𝑇20,𝑘+1 =

(𝑇19,𝑘+1 − 𝑇20,𝑘 )𝛼∆𝑡
+ 𝑇20,𝑘
(∆𝑦)2

(29)

(30)

(31)

where pk is the heat flow from the lower element (N-mm/sec), x and y are the x and y
direction interval lengths (mm),  is the thermal diffusivity (mm2/sec), and t is the time
increment which is calculated according to eq. (32).

∆𝑡 =

∆𝑥
𝐿𝑐
=
𝑣𝑐
𝐾𝐾𝑣𝑐

The average temperature across the temperature field may be calculated by eq.(33).

(32)
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𝐾𝐾

𝑇𝑐𝑎𝑣

1
=
∑ 𝑇1,𝑘
𝐾𝐾

(33)

1

The last phase in predicting the temperature field is to correct the above calculations for the heat
that escapes through the tool. This is done by calculating the power flow through the tool and
updating the tool’s thermal resistance along the segmented sections. In Figure 4.2 it can be seen
that the tool body is broken into two sections, A and B, where A refers to the tool material and B
to the tool holder material.

Figure 4.2: Finite difference formulation for the tool (Tlusty, Manufacturing Processes and
Equipment, 2000)
The tool is represented as a wedge here, divided into zi layers representing the isotherms. It is
assumed here that all the heat entering an increment section leaves it as well, leading to the
power flowing through the tool to be the same for each increment. The mean width at the top of
the wedge, calculated using eq. (34), represents the tool-chip contact point.

𝑤1 = 𝐿𝑐 +

∆𝑧
2

(34)

All successive increments following the mean width are a function of the previous width and the
incremental z value, according to eq. (35). The final mean width value goes from the final
temperature value to the room temperature over half the incremental z distance, as expressed in
eq. (36).
𝑖 = 2 𝑡𝑜 40,

𝑤𝑖 = 𝐿𝑐 + 2(𝑖 − 1)∆𝑧

(35)

37
𝑤41 = 𝐿𝑐 + 79.5∆𝑧

(36)

Finally, the power flowing through the tool and the corresponding thermal resistance across it
can be determined from the following set of eq. (37) to eq. (40), where ka and kb are the thermal
conductivity values for the material designated in the tool wedge in sections A and B.

𝑃𝑡 =

𝑇𝑐𝑎𝑣 − 𝑇1
∆𝑧

∆𝑧

(𝑤1 𝑏𝑘𝑎 ),

𝑅1 =

2

𝑇1 − 𝑇2
(𝑤2 𝑏𝑘𝑎 ),
∆𝑧

𝑅2 =

𝑇𝑖 − 𝑇𝑖+1
(𝑤𝑖 𝑏𝑘𝑖 ),
∆𝑧

𝑅𝑖 =

𝑃𝑡 =
𝑃𝑡 =
𝑃𝑡 =

𝑇41 − 𝑇𝑟
∆𝑧

2

(37)

𝑤1

∆𝑧
𝑤2

(38)

∆𝑧
𝑤𝑖+1

(39)

∆𝑧

(𝑤41 𝑏𝑘𝑏 ),

𝑅41 =

2

2

𝑤41

(40)

The individual temperatures can then be expressed in terms of Tcav as shown in eqs. (41) to (43).

𝑇1 = 𝑇𝑐𝑎𝑣 −

𝑇2 = 𝑇1 −

𝑃𝑡
𝑅
𝑏𝑘𝑎 1

(41)

𝑃𝑡
𝑃𝑡 𝑅1 𝑅2
𝑅2 = 𝑇𝑐𝑎𝑣 − ( + )
𝑏𝑘𝑎
𝑏 𝑘𝑎 𝑘𝑎
𝑖+1

𝑇𝑖+1

𝑃𝑡
𝑃𝑡
𝑅𝑖
= 𝑇𝑖 −
𝑅𝑖+1 = 𝑇𝑐𝑎𝑣 − ∑
𝑏𝑘𝑖
𝑏
𝑘𝑖

(42)

(43)

1

The above finite-difference formulation analysis is used to obtain a numerical analysis on the
cutting temperature, which is then to be compared with the simulated FEA model as well as the
experimental results for dry cutting in the results section. The above is written in a MATLAB
code to enter the cutting parameters and run the iterative program to obtain the final converged
tool-chip interface temperature. Tlusty (2000) estimates that the finite difference outlined in this
section typically has an error less than 20%. The code, which is a modified version of the one
published by Tlusty (2000), can be found in Appendix A: Friction Model Numerical Analysis
Code.
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5

Computational Fluid Dynamic Model

The utilization of ANSYS Fluent to simulate the discrete phase modeling of MQL interacting
with a cutting insert geometry in a restricted domain is discussed in this chapter. The cutting
insert solid model geometry is designed in Solidworks. The set up and experimental
methodology of the research are described in this chapter.

5.1 Model Geometry
The geometry is designed based on a CNMG432-MM by Sandvik Coromant cutting tool. The
isometric view of the solid model imported into Fluent is shown in figure 5.1. The nose of tool
has a radius set to a 0.5mm depth of cut on a solid workpiece. The purpose of the hole in the
center of the insert is for the tool to be clamped down or screwed through into place.

Figure 5.1: Model Insert Geometry Body
The geometry is imported into the ANSYS space claim geometry editor, where the enclosure can
be created to simulate the restricted fluid flow. In preparing the solid cutting insert model and the
enclosure, the shared topology option should be enabled in order to ensure the mesh is constant
throughout the regions where the different bodies touch, eliminating the need to define contact
regions. In the scenario of the designed geometry, it is important to share the topology once
before generating the enclosure. Once the enclosure is generated, it must be ensured that no bad
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faces exist in the model, otherwise Fluent will have difficulty importing the mesh. Once the
model’s bad faces have been patched, the topology is shared once more to ensure the surfaces of
the solid walls are in contact with the fluid domain. The details for the enclosure are provided in
Table 5.1, where it may be observed that the enclosure is created as a rectangular box around the
cutting tool, as illustrated in Figure 5.2.
Table 5.1: Enclosure Geometry Dimensions
Enclosure
Type

Box

Cushion -X

25mm

Cushion +X

10mm

Cushion –Y

6mm

Cushion +Y

6mm

Cushion –Z

6mm

Cushion +Z

6mm

Cutting Edge

Flow Outlet

Nozzle Inlet

Figure 5.2: Final Model Geometry
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5.2 Mesh & Named Selections
Mesh quality is critical to the numerical accuracy and stability of the simulation. Some of the
associated attributes in mesh quality are its skewness, orthogonality, smoothness, and node point
distribution. The computational time consumption required by the model depends highly on the
mesh, as the node density and distribution account for the number of calculations the program
needs to run. A grid sensitivity test can be performed to compare the results from coarser meshes
to a finer mesh. This aids in determining whether the mesh is suitable for the intended model
convergence, taking into account that a low quality mesh will typically have a larger variance in
comparison to a medium quality mesh, and likewise in comparison to a finer mesh.

The mesh quality for the model in question must be high, as the particle trajectories involved in
the discrete phase model must be accurately modeled. This means that the element sizes must be
slightly larger than that of the minimum particle diameter. The mesh around the solid bodies heat
wall contact with the fluid domain must also be very fine to model very accurately the energy
transfer interaction caused by the injected coolant strategy. The procedure for producing the
desired mesh is described in the following.

The element order should be set to linear, on account of the increased computational time that a
quadratic order would bring with it. When dealing with a non-structural model, the linear
elements are nearly just as accurate as the quadratic elements, but require less computational
effort.

The mesh size function is set as proximity and curvature. The curvature size function controls the
angles between the normal for adjacent mesh elements, whereas the proximity size function
controls the number of elements assigned in any gaps between two different geometric entities.
The function that combines both of these methods is ideal to deliver the highest quality mesh in
our solid-fluid domain model.

The relevance center setting should be set to fine, in order to create a finer mesh throughout the
model. The relevance setting on its own has the option of low quality mesh with fast
computational time (-100) to a high quality mesh with a slow computational time (+100). Setting
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the relevance center to fine automatically adjusts the mesh relevance to the higher quality mesh
option. When setting up the mesh of the model, the element size (as previously noted) should be
larger than that of the particle diameters, which are typically of a maximum diameter of 10 -5m
size. As a result, the maximum face size of the model is set to 9e-04m, which has been found by
trial and error be one of the best face sizes to achieve the fastest computational time without
sacrificing model accuracy.

Using the span angle setting in conjunction with the relevance center is a quick way to set up a
high density element mesh. The span angle options vary between coarse, medium and fine where
the coinciding span angles are 91o to 60o, 75o to 24o and 36o to 12o. Using a 100 relevance setting
with a fine span angle will consequently result in a span angle of 12o , as opposed to a coarse
relevance center with a fine span angle resulting in a span angle of 36o. The span angle for the
mesh in question will be set to fine to continue ensuring a high quality mesh.

Proximity Size Function Sources is set as edges, as opposed to faces or both. Selecting faces as
the size function results in a refined face mesh all over the geometry due to face-face proximity,
whereas the edge proximity refines the mesh along edges and the proximity near them, without
refining the center of a face. The combination of both provides the most detailed, however at the
cost of increased computational time. In the case of the model geometry, the behavior at the
impact tip of the cutting insert is the point of interest, rather than the cutting insert’s other faces.
Hence, a focus is placed on the edges proximity.

Due to the nature of the model, the interaction between the solid and fluid domains is one of the
primary interests. The wall boundary layer between the two domains is critical for accuracy in
solving the near wall physics of the CFD model. When setting the inflation options of the model,
the primary objective is in the tool tip inflation settings. This is done by creating a named
selection for the points/faces of interest, and activating that selection’s program controlled
inflation option. The meshing program will automatically generate the default optimal inflation
mesh on the selected faces.
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There are 6 sections of the model that should incorporate a named selection prior to importing
the mesh into the setup. The initial named selection is the Heat_Wall of the model, which
required face can be seen selected in Figure 5.3. Following the flank face named selection can
be found in Figure B.6.2. The remainder of the solid domain walls are assigned to the named
selection Insert_Wall as seen in Figure B.6.3. The outlet face of the enclosure walls is assigned
the named selection Outlet shown in Figure B.6.4. The remaining walls of the enclosure are
selected and titled Enclosure, as seen in Figure B.6.5 and also found in Mesh & Named Selection
Diagrams.

Heat Wall

Figure 5.3: Named Selection face selection for Heat_Wall Boundary
The Discrete Phase Injection surface is denoted as MQL_Inlet, and it is highlighted in Figure 5.4,
where the diameter of the surface injection is 0.003 meters. The associated boundary conditions
to each of the named selections are discussed in Section 5.6.
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Figure 5.4: Named Selection face selection for MQL_Inlet Boundary
The final mesh statistics obtained from a mesh independence study are seen in Table 5.2, an
isometric view of the imported mesh may be seen in Figure 5.5.
Table 5.2: Final Mesh Statistics
Nodes

91124

Elements

521885

Average Orthogonal Quality

0.7680

Average Skewness

0.2306

Figure 5.5: Isometric view of the Final Model Mesh Density
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5.3 Model Selection
5.3.1

Flow Equations

The governing flow equations are outlined in this section, briefly discussing the continuity,
momentum and energy equations.

5.3.1.1 Continuity Equation
The conservation of mass entails that the total mass entering the system must equal to the total
mass exiting the system in addition to any reactions that may causes residual mass to remain in
the system. The conservation of mass is commonly referred to as the continuity equation and can
be found in eq.(44). (Sayma A. , 2009)
𝜕𝜌 𝜕
𝜕
𝜕
(𝜌𝑢) +
(𝜌𝑣) + (𝜌𝑤) = 0
+
𝜕𝑡 𝜕𝑥
𝜕𝑦
𝜕𝑧

(44)

5.3.1.2 Momentum Equation
The momentum equation, or the Navier-Stokes three dimensional unsteady equation form can be
found in equations 45 to 47. The three equations describe how the flow velocity, pressure,
temperature and density are related to one another. It is based on Newton’s second law of
motion, and states how the change in momentum equals to the applied forces. The equations are
a set of coupled differential equations which are too difficult to typically solve analytically. As
such the three dimensional nature of the problem requires the advanced solving techniques and
simplifications utilized in computational fluid dynamic software such as Ansys Fluent. (Sayma
A. , 2009)
𝜕(𝜌𝑢) 𝜕(𝜌𝑢 2 ) 𝜕(𝜌𝑢𝑣) 𝜕(𝜌𝑢𝑤)
𝜕𝜌
1 𝜕𝜏𝑥𝑥 𝜕𝜏𝑥𝑦 𝜕𝜏𝑥𝑧
+
+
+
=−
+
[
+
+
]
𝜕𝑡
𝜕𝑥
𝜕𝑦
𝜕𝑧
𝜕𝑥 𝑅𝑒𝑟 𝜕𝑥
𝜕𝑦
𝜕𝑧

(45)

𝜕(𝜌𝑣) 𝜕(𝜌𝑢𝑣) 𝜕(𝜌𝑣 2 ) 𝜕(𝜌𝑣𝑤)
𝜕𝜌
1 𝜕𝜏𝑥𝑦 𝜕𝜏𝑦𝑦 𝜕𝜏𝑦𝑧
+
+
+
=−
+
[
+
+
]
𝜕𝑡
𝜕𝑥
𝜕𝑦
𝜕𝑧
𝜕𝑦 𝑅𝑒𝑟 𝜕𝑥
𝜕𝑦
𝜕𝑧

(46)

𝜕(𝜌𝑤) 𝜕(𝜌𝑢𝑤) 𝜕(𝜌𝑤𝑣) 𝜕(𝜌𝑤 2 )
𝜕𝜌
1 𝜕𝜏𝑧𝑥 𝜕𝜏𝑧𝑦 𝜕𝜏𝑧𝑧
+
+
+
=−
+
[
+
+
]
𝜕𝑡
𝜕𝑥
𝜕𝑦
𝜕𝑧
𝜕𝑧 𝑅𝑒𝑟 𝜕𝑥
𝜕𝑦
𝜕𝑧

(47)
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5.3.1.3 Energy Equation
The Energy Equation is based on the first law of thermodynamics, stating that the change in the
fluid must be equal to the sum of the generated heat flux and the work done on the fluid. The
conservation of energy equation for a fluid element is expressed by eq. (48) (Sayma A. , 2009).

𝜌𝐶𝑝 (

𝜕𝑇
𝜕𝑇
𝜕𝑇
𝜕𝑇
𝜕
𝜕𝑇
𝜕
𝜕𝑇
𝜕
𝜕𝑇
𝜕𝑝
𝜕𝑝
𝜕𝑝
+𝑢
+𝑣
+𝑤 ) = 𝜙+
+𝑣
+𝑤 )
[𝜆 ] +
[𝜆 ] + [𝜆 ] + (𝑢
𝜕𝑡
𝜕𝑥
𝜕𝑦
𝜕𝑧
𝜕𝑥 𝜕𝑥
𝜕𝑦 𝜕𝑦
𝜕𝑧 𝜕𝑧
𝜕𝑥
𝜕𝑦
𝜕𝑧

(48)

where  is the dissipation function, given by eq.(49). The dissipation function factors in the
internal heat that is generated by viscous dissipation. In the case of large pipes, this value can be
negligible, however in the case of a small scale system it can have an effect (Tryggvason, 2013).

𝜙 = 2𝜇 [(

5.3.2

𝜕𝑢 2
𝜕𝑣 2
𝜕𝑤 2 1 𝜕𝑢 𝜕𝑣 2 1 𝜕𝑣 𝜕𝑤 2 1 𝜕𝑤 𝜕𝑢 2
2 𝜕𝑢 𝜕𝑣 𝜕𝑤 2
+ ) ]− 𝜇( +
+
) +( ) +( ) + ( + ) + ( +
) + (
)
𝜕𝑥
𝜕𝑥
𝜕𝑥
2 𝜕𝑦 𝜕𝑥
2 𝜕𝑧 𝜕𝑦
2 𝜕𝑥 𝜕𝑧
3 𝜕𝑥 𝜕𝑦 𝜕𝑧

(49)

Viscous Model

Determining which viscous model to select revolves around the Reynolds number that represents
the fluid flow in the domain. The flow can either be classified as laminar, transitional or
turbulent. The applicable viscous model options for a laminar flow or turbulent flow will be
discussed in this section, followed by the numerical analysis to determine which one must be
selected.

The laminar viscous model specifies a laminar flow in the fluid domain. Laminar flow is
determined to be a Reynolds number value less than 2000, with higher values falling into the
transitional/turbulent flow regime.

The viscous model selection should best model turbulent flow in a small boundary domain, while
incorporating the convective heat transfer that occurs on the cutting insert surface. The two
options considered in this research are that of the k-epsilon model and the Shear Stress Transport
model. The primary advantages and disadvantages of both viscous models are outlined below.
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The k- is a viscous two equation model that simulates the kinetic energy (k) and the rate of
dissipation for kinetic energy (). It utilizes wall functions to analytically account for fluid
velocity in the viscous sub-layer near the target wall. It is a widely used model for the reasons
that it typically has good convergence, and is not too computationally demanding.

The Shear Stress Transport (SST) model, however, is a combination of the k- and the k-omega
models, wherein it utilizes the k- functionality in the far field of the domain and the k-omega
equations closer to the targeted geometry. As a result it should theoretically provide improved
results when compared to the k- model, as a broader focus on the entirety of the domain is
obtained. The SST model is highly sensitive to fluctuating inlet boundary conditions however,
and due to the increased set of calculations run, an increase in computational time and poor
convergence results will occur.

The Reynolds number for both fluids is calculated using the fluid material properties seen in
Table 5.5 through 5.6. The largest MQL flow rate is 200ml/h, equating to a mass flow rate of
5.11E-05 kg/s, and the nozzle diameter is 0.003 m. The velocities of the fluids can be determined
from the mass flow rates which are used to calculate the Reynolds number and, subsequently, the
best viscous model to use would be the one given between eq. (50) and eq. (51).
𝑚̇𝑜𝑖𝑙 = 𝜌𝑜𝑖𝑙 𝑉𝑜𝑖𝑙 𝐴

𝑉𝑜𝑖𝑙 =

5.11𝑒 −05
𝑘𝑔

(50)

𝑘𝑔
𝑠

(920 𝑚3) (7.07𝑒 −6 𝑚2 )

= 7.86𝑒

−03

𝑚
𝑠

(51)

In order to determine the approximate incompressible air velocity, Bernoulli’s equation is used
with the assumption that the potential energy difference is negligible, the velocity at the inlet is
stagnant with an atmospheric outlet pressure, and the air flow is steady and friction caused by
viscous forces is negligible. The original form of the Bernoulli equation is given in eq. (52).

𝑃1 +

𝜌𝑉12
𝜌𝑉22
+ 𝜌𝑔ℎ1 = 𝑃2 +
+ 𝜌𝑔ℎ2
2
2

(52)
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Applying the assumptions, and substituting the material properties for air as an ideal gas with the
lowest inlet pressure value of 1 Bar, the velocity at the inlet of the enclosure domain can then be
calculated according to eq.(53). It is important to note that this is the velocity under the
assumption the flow is incompressible and the density remains constant throughout the inlet
distance traveled.

𝑉𝑎𝑖𝑟 = 𝑉2 = √

2𝑃1
2(100000 𝑃𝑎)
𝑚
=√
= 404.06
𝑘𝑔
𝜌
𝑠
1.225

(53)

𝑚3

Using the above calculated velocities in the Reynolds number equations as shown in equations
(54) to (56), the maximum Reynolds number for the flow in the models domain is found to be
58961, which is classified as a turbulent flow. As such, the turbulent k-e model is selected to
represent the flow in the domain. The high velocity calculated for the pressurized air injection
classifies the flow rate as a compressible flow, and this is taken into consideration when
proceeding to the setup of the model parameters.
𝑅𝑒 =

𝑘𝑔

𝑅𝑒𝑜𝑖𝑙 =

(54)

𝑚

(920 𝑚3) (7.32𝑒 −03 𝑠 ) (0.003𝑚)
𝑘𝑔

0.072 𝑚∙𝑠
𝑘𝑔

𝑅𝑒𝑎𝑖𝑟 =

𝜌𝑜𝑖𝑙 𝑉𝑜𝑖𝑙 𝑑ℎ
𝜇

(55)
= 0.205

𝑚

(1.225 𝑚3) (404.06 𝑠 ) (0.003𝑚)
𝑘𝑔

1.7894𝑒 −05 𝑚∙𝑠

(56)
= 58961
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The k- model selected is governed by two transport equations for the turbulent kinetic energy
(k) and its rate of dissipation () seen in eq. (57) and eq. (58).
𝜕
𝜕
𝜕
𝜇𝑡 𝜕𝑘
(𝜌𝑘) +
(𝜌𝑘𝑢𝑖 ) =
[(𝜇 + )
] + 𝐺𝑘 + 𝐺𝑏 − 𝜌𝜖 − 𝑌𝑀 + 𝑆𝑘
𝜕𝑡
𝜕𝑥𝑖
𝜕𝑥𝑗
𝜎𝑘 𝜕𝑥𝑗
𝜕
𝜕
𝜕
𝜇𝑡 𝜕𝜖
𝜖
𝜖2
(𝜌𝜖) +
(𝜌𝜖𝑢𝑖 ) =
[(𝜇 + )
] + 𝐶1𝜖 (𝐺𝑘 + 𝐶3𝜖 𝐺𝑏 ) − 𝐶2𝜖 𝜌 + 𝑆𝜖
𝜕𝑡
𝜕𝑥𝑖
𝜕𝑥𝑗
𝜎𝜖 𝜕𝑥𝑗
𝑘
𝑘

(57)

(58)

where Gk is the kinetic energy turbulence generated from the mean velocity gradients, G b is the
turbulence kinetic energy caused by buoyancy, and YM is the fluctuating dilatation from
compressible turbulence to the overall dissipation rate. For the rate of dissipation equation, C1𝜖,
C2𝜖, and C3𝜖 are constants, k and e are the Prandtl numbers for k and  in turbulent flow, and
Sk and Se are the user defined source terms.

5.3.3

Species Model

The default options when modeling the minimum quantity lubricant oil injection in the discrete
phase model is to represent the particles as inert. The issue in modeling the particles as inert is
that there cannot be any meaningful interactions between an inert or massless particle with the
flow field or surface temperatures. The species transport model must be activated in order to
model the MQL particles as droplets which can have reactions. The inclusion of the species
transport model activates the second law, which in addition to the inert/heating and cooling
behavior introduces boiling and vaporization. The basics of the second law for when the
temperature of the droplet reaches the vaporization temperature and continues until it reaches its
boiling temperature, are found in eq. (59).
𝑇𝑣𝑎𝑝 < 𝑇𝑝 < 𝑇𝑏𝑝

(59)

where Tvap is the vaporization temperature (K) of the droplet material (K), Tp is the droplet
temperature (K) and Tbp is the droplet boiling temperature (K). The heat transfer to the droplet
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can be determined according to eq.(60). The heat balance relates the heat change of the droplet to
the latent and convective heat transfer to that of the droplet and continuous phase.

𝑚𝑝 𝑐𝑝

𝑑𝑇𝑝
𝑑𝑚𝑝
= ℎ𝐴𝑝 (𝑇∞ − 𝑇𝑝 ) +
ℎ
𝑑𝑡
𝑑𝑡 𝑓𝑔

(60)

where mp is the droplet mass (kg), cp is the droplet specific heat capacity (J/kg-K), h is the
convective heat transfer coefficient (W/m2-K), T is the temperature of the continuous phase (K),
dmp/dt is the rate of evaporation (kg/s), hfg is the latent heat (J/kg) and Ap is the surface area of
the droplet (m2). The primary alterations to be made by activating the species transport model is
in the mixture template settings. Two separate minimum quantity lubricant materials are required
to be input, one as a droplet material and the other as a fluid material. The properties for the
rapeseed canola oil used as the MQL material can be found in Table 5.6. The droplet material
(denoted as mqld) list specifies the vaporization, boiling temperature, and latent heat input values
to determine when the droplet is in the evaporation state. The fluid material (denoted as mqlf) is
included into the mixture template along with the default air property. When the discrete phase
injection is being created, the droplet material should be selected as the mqld and the evaporating
material as mqlf. This is discussed in further detail in the following section on Discrete Phase
Modeling. It should be noted that the species mass fractions should remain unaltered for mql on
the inlet and outlet boundaries.

50
5.3.4

Discrete Phase Model

The discrete phase model (DPM) is selected to simulate the Minimum Quantity Lubrication
particle trajectories and properties within the fluid boundary domain. This model is chosen
because it permits spherical particles or droplets to be dispersed into the continuous phase
allowing for coupled heat and mass transfers between the MQL droplets and air flow to be
determined (ANSYS Inc., 2013). This section discusses the many discrete phase model
parameters and settings. First, however, the following limitations of the discrete model must be
noted:

1. The Discrete Phase Model does not allow for stream-wise periodic flow to be modeled when
activated.
2. Adaptive Time Stepping cannot be used in conjunction with the DPM model.
3. Any surface injections will not move with the grid when a moving, sliding or deforming
mesh is used.
4. When the pre-mixed combustion model is selected, only non-reacting particles can be used.

The injection must be created. The material used is the Minimum Quantity Lubricant for
rapeseed, whose properties have been provided in Section 5.4. The injection method is a surface
injection using the MQL_Inlet surface, where the diameter of the injection is 0.003 meters. The
consequent mass flow rate of the MQL can be calculated from the MQL flow rate range of 50200ml/h to obtain 1.28E-05 to 5.11E-05 kg/s.

The injection particle velocities are initially set up as the x,y and z components, rather than as a
velocity magnitude. To rectify this, the ‘inject using face normal direction’ option is selected.
This injects the particles in the face normal direction, resulting in the magnitude of velocity
being an input, instead of its vector components. (ANSYS Inc., 2013)

The non-uniform diameter distribution method can be used by enabling the Rosin Rammler
Diameter distribution method. (ANSYS Inc., 2013) This option’s significance is that it enables a
convenient representative spread of the particle size distribution. The default uniform setting
models all the particles as a single diameter size, which helps simplify the problem, but does not
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accurately model the real world scenario. The Rosin Rammler model takes a specified range of
diameters and divides them into an adequate number of discrete intervals where each interval is
represented by a mean diameter at which the trajectory calculations are conducted. The Rosin
Rammler distribution function makes the assumption that there exists an exponential relationship
between the particle diameter and the mass fraction of the particles with a diameter greater then d
as seen in eq.(61).
𝑑 𝑛

𝑌𝑑 = 𝑒 −(𝑑̅)

(61)

Fluent refers to the variable 𝑑̅as the mean diameter and the spread parameter as n, which are all
set by the user. As discussed in section 3.2 Mesh and Named Selections, the particle diameters
should be much smaller than the minimum mesh sized element. This is due to the way in which
Lagrangian particle tracking is performed, as the individual particle parcel trajectories are
calculated throughout the domain. As such the particles should be smaller than the mesh to avoid
erroneous data that can cause divergence in the model. The settings in the point properties of the
injection for the Rosin Rammler model are the minimum diameter, maximum diameter, mean
diameter, spread parameter, and the number of diameters.

The minimum diameter is set as 1e-06 mm and is the smallest diameter to be accounted for in the
size distribution range. The maximum diameter is 1e-04 mm and is the largest diameter to be
accounted for in the size distribution range. The mean diameter is the size variable seen above in
Rosin Rammler eq. (61) as 𝑑̅ and is set as 1e-05 mm. The spread parameter is the exponential
variable in the Rosin Rammler equation as n and is set as 3.5. Lastly, the number of diameters is
the number of diameters in each distribution, that being the number of different diameters in the
injected stream from the surface of each face. This value is set at 10. (ANSYS Inc., 2013)

Discrete phase model particles are statistical entities. An individual particle represents the mass
of a large number of same-sized particles, all of which Fluent assumes to have identical
trajectories, effectively lumping them together. As a result, an increase to the number of particles
injected leads to a larger variance in the modeled trajectories that can be represented. The
stability of the DPM simulations can therefore be improved with an increase in the particles
injected. This increase in trajectories can be modeled by activating the Turbulent Dispersion
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model in the injection (Discrete Random Walk). The variable that can be controlled here is the
Number of Tries, which acts as a multiplier for the number of particles injected. This increased
number of particle trajectories improves the spread of the particles momentum, mass and energy
sources over more representative trajectories, improving the model’s discrete phases’ stability.
The stochastic turbulent dispersion number of tries is set to 5 for the model, while the time
constant remains unaltered at 0.15. (ANSYS Inc., 2013)

Interaction with the continuous phase enables the discrete phase to exchange mass, momentum
and/or energy. Once activated, the option for the frequency with which the particles are tracked
and the discrete phase sources are updated appears. The number of continuous phase iterations
per discrete phase sources iteration is set at 10. An increase in the number of iterations to a
steady state solution will improve stability, but it will also means an increase in the iterations
required for convergence. The continuous discrete phase source term S changes as it updates
under relaxation factors (URF) when applied to the flow equation. The effect the URF has on the
interphase of the mass, momentum and heat can be seen in eq.(62-64) below, where  represents
the URF value, which has a default value of 0.5.
𝐹𝑛𝑒𝑤 = 𝐹𝑜𝑙𝑑 + 𝛼(𝐹𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 − 𝐹𝑜𝑙𝑑 )

(62)

𝑄𝑛𝑒𝑤 = 𝑄𝑜𝑙𝑑 + 𝛼(𝑄𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 − 𝑄𝑜𝑙𝑑 )

(63)

𝑀𝑛𝑒𝑤 = 𝑀𝑜𝑙𝑑 + 𝛼(𝑀𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 − 𝑀𝑜𝑙𝑑 )

(64)

The variable with the new subscript defines the new updated source terms, whereas the
subscripted calculated variables define the particle source term. Lastly, the variables with the old
subscript denote the previous iterations new source term variable. The new and calculated source
terms can be calculated at the same time, as opposed to updating the new source terms in every
flow iteration. The particle source term is updated every discrete phase model iteration, which is
best suited to transient problems. (ANSYS Inc., 2013)
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The two-way coupling of the discrete phase and continuous phase is solved as Fluent tracks each
individual particle trajectory and the momentum, heat and mass gained or lost by the particle as
it traverses through the domain. The two-way coupling solves both the continuous and discrete
phase equations until the residuals in both phases meets the acceptable solution criteria. The
momentum, heat and mass exchange equations between both phases are calculated by examining
the particle’s change as it passes through each control volume as seen in the following equations
(65) and eq.(66). (ANSYS Inc., 2013)

𝐹 = ∑(

18𝜇𝐶𝐷 𝑅𝑒
(𝑢𝑝 − 𝑢) + 𝐹𝑜𝑡ℎ𝑒𝑟 ) 𝑚̇𝑝 ∆𝑡
𝜌𝑝 𝑑𝑝2 24

(65)

where F is the momentum,  is the viscosity of the fluid, p is the density of the particle, dp is the
diameter of the particle, Re is the relative Reynolds number, up is the velocity of the particle, u is
the velocity of the fluid, CD is the drag coefficient, 𝑚̇𝑝 is the mass flow rate of the particles, t is
the time step and Fother are the other interaction forces. (ANSYS Inc., 2013)

𝑄 = (𝑚𝑝𝑖𝑛 − 𝑚𝑝𝑜𝑢𝑡 ) [−𝐻𝑙𝑎𝑡𝑟𝑒𝑓 + 𝐻𝑝𝑦𝑟𝑜𝑙 ] − 𝑚𝑝𝑜𝑢𝑡 ∫

𝑇𝑝𝑜𝑢𝑡

𝑇𝑟𝑒𝑓

𝐶𝑃𝑝 𝑑𝑇 + 𝑚̇𝑝𝑖𝑛 ∫

𝑇𝑝𝑖𝑛

𝑇𝑟𝑒𝑓

𝐶𝑝 𝑝 𝑑𝑇

(66)

where Q is the heat exchange, mpin is the mass of the particle upon cell entry (kg), mpout is the
mass of the particle upon cell exit (kg), CPp is the heat capacity of the particle (J/Kg-K), Hpyrol is
the heat of the pyrolysis as volatiles are evolved (J/kg), Tpin is the temperature of the particle
upon cell entry (K), Tpout is the temperature of the particle upon cell exit (K), Tref is the reference
temperature for enthalpy (K) and Hlatref is the latent heat at reference conditions (J/kg). Under the
scenario where the species transport model is enabled to permit the inert particles to behave as
droplets, the latent heat at reference conditions can be calculated as the difference between the
liquid and gas formation enthalpies, and can be related to the latent heat at the boiling point of
the particle as seen in eq. (67). (ANSYS Inc., 2013)
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𝐻𝑙𝑎𝑡𝑟𝑒𝑓 = 𝐻𝑙𝑎𝑡 − ∫

𝑇𝑏 𝑝

𝑇𝑟𝑒𝑓

𝑐𝑝𝑔 𝑑𝑇 + ∫

𝑇𝑏 𝑝

𝑇𝑟𝑒𝑓

𝑐𝑝 𝑝 𝑑𝑇

(67)

where cpgis the heat capacity of gas product species (J/kg-K), Tbp is the boiling point temperature
(K), Hlat is the latent heat at the boiling temperature (J/kg). The mass exchange between the
continuous and discrete phase is calculated simply as found in eq.(68). (ANSYS Inc., 2013)

𝑀=

∆𝑚𝑝
𝑚̇
𝑚𝑝,𝑜 𝑝,𝑜

(68)

Fluent utilizes the above equations and methods to include the particles’ behaviors on the
continuous phase, which further improves the reality of the model, but at a tradeoff of the
increased computational time.

The complexity of the DPM model has been discussed, along with the associated intensity of the
computational time involved in the model. The injected parcels of particles when interacting with
the continuous phase can affect the discrete phase’s source terms and particle data related to the
fluid drag, volume fractions, temperature and velocity. Fluent defaults the effects of a parcel to
the cell the parcel is applied to, which can be heavily dependent on the quality of the grid, which
in the model’s case happens to be a high quality mesh. The option to enable node based
averaging is selected to reduce computational time. Node based averaging applies the cells’
parcel data to the neighboring nodes to distribute the parcels’ effects, reducing the grid
dependency of the model for DPM simulations. (ANSYS Inc., 2013)

In the numeric tab of the DPM injection, the option to linearize source terms is made available
once the node-based averaging is activated. The source terms in the discrete phase that relate to
momentum, energy and mass can be linearized, and this can strongly improve stability for a
steady state flow or permit for larger time steps and under-relaxation factors in a transient flow
with respect to the cell variable  , as seen in eq.(69) utilizing Picard’s method. (ANSYS Inc.,
2013)
𝑆𝐷𝑃𝑀 ,𝜙 = 𝑆𝑐𝑜𝑛𝑠𝑡 + 𝑆𝑙𝑖𝑛 𝜙

(69)
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The above method uses a Taylor series expansion to break the momentum, heat exchange and
species equations into subsequent values to simplify the discrete phase source terms. So that
solving takes less computational time. This improved solution stability includes a small error in
the simulated model due to the linearization of the discrete phase’s source terms. This error,
however, is typically small enough that it has limited influence on the final results however.

When small particles are suspended in a gas experiencing a thermal gradient, a force acts upon
that particle in the opposite direction of the thermal gradient. This phenomenon is called
thermophoresis, and the effect of it can be enabled in Fluent’s DPM settings. The thermophoretic
force is included in the particle force balance equation discussed in eq. (65), and it is also
included in the Fother term, which uses the Talbot thermophoretic coefficient form. (ANSYS Inc.,
2013)

5.3.5

Minimum Quantity Lubrication Volume Fraction

The quantity of oil in the injection is representative of the actual minimum quantity lubrication
flow rates of 50, 100 and 200 ml/h. As previously stated the discrete phase model is ideally
suited towards flows where the volume fraction of the second phase is less then 10 percent. The
volume fraction comprises of the mass flow rates of the pressurized air and injected rapeseed oil.
The volume fraction of the minimum quantity lubricant material selected is found in Table 5.3.

Table 5.3 Minimum Quantity Lubrication Volume Fraction Values

50ml/h
100ml/h
200ml/h

1 Bar
0.41%
0.82%
1.64%

3 Bar
0.29%
0.57%
1.15%

5 Bar
0.25%
0.50%
1.00%

The quantity of minimum quantity lubrication is not adjusted with the increase in air flow,
resulting in the larger pressurized air flows having reduced oil volume fractions. The largest
volume fraction percentage is 1.64% which is well below the recommended discrete phase model
maximum volume fraction value of 10%.
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5.4 Computational Fluid Dynamics Model Materials
The selected material for the simulation’s solid domain is uncoated carbide, whose properties are
found in Table 5.4. The fluid domain is air, which acts as the compressed gas that aids in
injecting the MQL, the properties of which are found in Table 5.5.
Table 5.4: Uncoated Carbide Material Properties (Pervaiz, Deiab, Wahba, Rashid, & Nicolescu,
2015)
Uncoated Carbide Tool Properties
Density (kg/m3)

15000

Specific Heat (J/(kg-K))

203

Thermal Conductivity (W/(m-K))
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Table 5.5: Air Fluid Properties
Air Fluid Properties
Density (kg/m3)

Ideal Gas

Specific Heat (J/(kg-K))

1006.43

Thermal Conductivity (W/(m-K))

0.0242

Viscosity (Kg/(m-s))

1.79E-05

The selected MQL oil was rapeseed, the properties of which are given in Table 5.6. The specific
heat capacity for the rapeseed injection is set as a piecewise linear function (Accu-Svenska AB,
2013) (Colley, 2008) (J. Parrilla, 2007).

Table 5.6: MQL Fluid Properties
MQL Properties
Density(kg/m3) (300K)
Specific Heat (J/(kg-K))

920
Piecewise Linear

Thermal Conductivity (W/(m-K)) (300K)

0.185

Viscosity (Kg/m-s) (300K)

0.07

Latent Heat (kJ/kg)

209

Boiling Temperature (K)

584

Vaporization Temperature (K)

546
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The properties for the water miscible flood coolant can be found in Table 5.7. The flood coolant
is run separately from the MQL injection.
Table 5.7: Water Miscible Fluid Properties
Water Miscible Properties
Density(kg/m3) (300K)

998.21

Specific Heat (J/(kg-K))

4181

Thermal Conductivity (W/(m-K)) (300K)

0.606

Viscosity (Kg/m-s) (300K)

0.000959

5.5 Cell Zone Conditions
The cell zones generated are for the fluid domain enclosure geometry, the insert body geometry
and the heat tip geometry. The enclosure cell zone conditions remain as the default settings. The
single alteration to the Insert_wall cell zone condition is to alter the material to the carbide
properties, as defined in the materials section. Similarly, to the Insert_Wall, the material for the
Heat_Tip is selected to be carbide.

5.6 Boundary Conditions
The Boundary conditions discussed for the model pertain only to the edited boundaries, and any
other boundary not included in this section remains unaltered, and is left at the default Fluent
parameters. As outlined in section 5.2, the boundary condition locations can be illustrated for the
MQL inlet location Figure 5.4, the enclosure location in Figure B.6.5, the Heat_wall location in
Figure 5.3, and the Insert_wall location in Figure B.6.3.

5.6.1

MQL Inlet

The initial boundary to set up is the MQL_Inlet, as this prepares the pressurized air flow into the
fluid domain. The boundary is a pressure-inlet, since the pressurized air tank is what mixes with
the MQL, and then injects from the nozzle. The range of pressure inlet flow conditions into the
system are 1, 3 and 5 Bar. It is important to note that the below range of gauge pressures all
inject the air at a velocity value greater than the incompressible flow mach number of 0.3. This
results in all the simulations being modeled with compressible flow conditions.
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The turbulent settings for the air inlet is set as the hydraulic diameter and turbulent intensity. The
hydraulic diameter value is set as the same as the diameter of the nozzle, which is 0.003 m. The
turbulent intensity is approximated using eq. (70), where u’ is the root-mean-square of the
turbulent velocity fluctuations, U is the mean averaged velocity, ReDh is the Reynolds number
calculated based on the hydraulic diameter.
𝐼=

1
𝑢′
−
= 0.16𝑅𝑒𝐷 8
ℎ
𝑈

(70)

Turbulent intensity is a scale expressed in a percentage that quantifies whether or not the system
has a high turbulence or low turbulence. Theoretically, a flow with no fluctuations in direction or
speed would have a turbulence intensity of zero. The turbulent intensity values for the MQL inlet
boundary condition have an average of 0.0456%, indicating that the model is not highly turbulent
in its flow behavior.

5.6.2

Enclosure

Surrounding the solid cutting tool in a fluid domain enclosure is the named selection Enclosure.
The Enclosure walls are set as symmetry boundary condition. This is chosen as the viscous
effects caused by the air and MQL particles are not the primary concern of the model, and as a
result are negligible. The alternative is to select a no-slip wall boundary condition, which models
the velocity of a fluid at the solid-fluid interface zone as approaching zero, implying there is no
friction at the fluid-surface zone. However, using a wall boundary condition on the enclosure can
cause convergence difficulties when modeling compressible flow conditions.
The DPM settings for the Enclosure are set as ‘reflect’ by default, without the ability to alter the
particle impact behavior. While not the real world scenario of how the particles would behave
with the wall, the simplified symmetry condition greatly improves the model’s stability.
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5.6.3

Heat Wall

All solid domain walls that interface with the fluid domain are default set to be coupled between
both domains, ensuring that the fluid flow interacts and exchanges cell data with the solid
domain heat conduction caused by the volumetric heat source, as discussed in the cell zone
conditions.

The wall-jet setting defines the droplet particles impact interaction with the heat wall as the
change in its direction and velocity based on the momentum flux, which is a function of the
droplets impingement angle. The wall-jet boundary condition is best suited for high temperature
walls such as the heat wall in question. However, it does not allow for film to be formed onto the
specified boundary condition. The flank_face wall boundary will similarly have the wall-jet
DPM setting.

Lastly, the maximum temperature solved in the friction model is applied to the wall boundary
condition as a constant temperature source. The temperature source is selected as a constant
temperature to best replicate the consistent temperature that occurs in a dry cutting situation at
the nose of the insert from rubbing friction.
5.6.4

Insert Wall

The singular setting to alter for the Insert_Wall boundary condition is in its DPM settings. Unlike
the Heat_Wall boundary condition, the Insert_Wall DPM setting should be set to ‘trap’. This
terminates the trajectory calculations of the particle upon impact. When using a species transport
model in conjunction with the trapped DPM boundary condition, the entire mass of the particle
passes into its vapor phase and enters into the nearest adjacent cell.

5.6.5

Operating Conditions

As discussed earlier, the initial operating condition is on the gravitational vector in the –y
direction as the gravitational acceleration value 9.81m/s. The primary alteration to the operating
conditions is in the operating density. The operating density is set to 0 as per Fluent’s
recommendation in modeling compressible flow regimes.
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5.7 Solution Settings
5.7.1

Solver Methods

The solver methods selected to optimally run the simulation with accurate results are noted here.
The primary option is to change the solver method to a coupled algorithm solution. The
advantage of using the coupled algorithm is that it accelerates the rate of convergence as will be
discussed below. However, the convergence improvement comes at the tradeoff of increased
memory usage. The coupled algorithm differs from the default segregated solution in that it
simultaneously solves the momentum and pressure-based equations. The segregated solution
solves the momentum equations sequentially, which then solves the continuity equation using the
updated momentum values.

Update Properties

Simultaneously solves the
momentum and pressurebased continuity equations

Update Mass Flux

Solving the energy,
turbulence and discrete phase
and other scalar equations

Convergence

Figure 5.6: Coupled Algorithm Flow Diagram
The spatial discretization schemes are set as second order for pressure and second order upwind
for the density, momentum, turbulent kinetic energy, turbulent dissipation energy and the energy
schemes. The primary difference between other spatial discretization schemes and the secondary
discretization schemes are that the secondary schemes will typically yield more accurate results.
However, first order may yield better convergence depending on the mesh. If the modeled flow
is aligned with the flow, the first order scheme could produce acceptable results, which in the
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modeled scenario is the case. The second order schemes are selected despite the increased
convergence time, because the flow in the model is of a complex nature incorporating the
tracking and coupling of particles, and a more accurate solution is necessary to best distinguish
the varying effects of different MQL flow rates.
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6

Results

This section highlights the results from the mesh sensitivity analysis for the CFD model, the
frictional model results, the results obtained from the CFD model and the experimental
temperature results. The rake and flank face results, which were measured as a temperature
profile along the one dimensional lines seen in Figure 6.1, will be referred to throughout. The
temperature plots for the rake and flank face lines start at the tool nose as 0mm, with the flank
face length of 4.61mm and the rake face of 5.25mm.

Rake Face

Flank

Figure 6.1: Rake and Flank Face Data Collection Lines

6.1 Mesh Sensitivity
The use of computational fluid dynamics software to model the heat transfer and fluid flow of
the problem at hand can result in inaccurate results if the convergence and meshing schemes
differ drastically. (Henke & Shanbhag, 2014) A mesh sensitivity analysis was conducted for four
meshing schemes, ranking from a coarse (1) to fine mesh (4), in order to determine the optimal
mesh settings. The statistics for the nodal and element values for the mesh ranks 1 to 4 are
presented in Table 6.1.
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Table 6.1: Coarse to Fine Mesh Nodes and Elements Values
Mesh Rank

1

2

3

4

Nodes

65274

91124

117904

178734

Elements

381060

521885

667149

995062

The sensitivity analysis was conducted for 3 separate coolant strategies to observe the
consistency in the mesh results between them. The coolant strategies tested were a water
miscible coolant at 5 L/min, a MQL injection at 1 Bar with a flow rate of 50 ml/h and
pressurized air at 1 Bar. The rake face nodal points shown in Figure 6.1 were used to quantify the
temperature comparison between the contrasting mesh statistics.

6.1.1

MQL Injection Sensitivity

The mesh sensitivity of MQL injected at 50ml/h at a pressure of 1 Bar can be found in Figure
6.2. In this figure, the mesh densities are ranked based on the number of nodes, with the
corresponding nodal and element values displayed in Table 6.1.

MQL Injection Mesh Sensitivity
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Figure 6.2: Mesh Sensitivity for MQL Injection @3Bar/100mlh
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The computational time for the higher density meshes have, as expected, a greater run time to
reach convergence. However, the temperature values across the rake face for the MQL injection
are all very similar regardless of the mesh quality, suggesting that the coarser mesh option is a
viable alternative to the fine mesh.

6.1.2

Water Miscible Sensitivity

The traditional water miscible coolant mesh sensitivity analysis can be observed in Figure 6.3 for
the ranked mesh density settings seen in Table 6.1. Similar to the MQL injection mesh
sensitivity, the rake face temperature value differences between mesh densities is negligible. The
benefit of the coarser mesh option is a faster computational time.
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Figure 6.3: Mesh Sensitivity for Water Miscible Flood Coolant @5 L/min
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6.1.3

Pressurized Air Sensitivity

The mesh sensitivity for pressurized air coolant at 1 Bar can be found in Figure 6.4. The results
from this sensitivity analysis show the coarser mesh provided inaccurate results in comparison to
the other three mesh density ranks. Similar to the previous two sensitivity tests for MQL and
Flood coolant, the fine mesh ranks have a negligible difference between the temperature values
across the rake face. However, due to the inaccuracies of the coarsest mesh in the pressurized air
test, the second ranked mesh density will be used to run all computational fluid dynamic results
for the remainder of the simulations. This is justified by reduced improved computational time,
and the negligible maximum error in temperature values (0.315%) between ranks two and four
being.
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Figure 6.4: Mesh Sensitivity for Pressurized Air @3Bar
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6.2 Experimental Validation Results
The experimental setup outlined in section 3.1 is used to test dry, water miscible coolant and
MQL strategies at a cutting speed of 140 m/min and a feed of 0.1mm/rev. The cutting parameters
were selected based on the recommended range for the machining of ADI grade 2 (Marcelo
Vasconcelos de Carvalho, 2012). The dry cutting results are compared to the numerical analysis
results, so as to evaluate the accuracy of the predicted cutting temperature. Lastly, the flood
coolant experimental results are compared in order to assess the accuracy of the CFD model
results. The detailed numerical and CFD model results are found in the proceeding sections.
6.2.1

Experimental Dry Cutting Temperature Results

The thermocouple in these experiments was placed a distance 3mm away from the nose tip with
a tolerance of 0.75%, and aligned parallel to the flank wall. The initial test is to determine the
accuracy of the friction model, the numerical results of which are found in Table 6.2. The
thermocouple recordings can be found in Figure 6.5, where the length of cut is approximately
35mm, leading to a thermocouple measurement time of 11 seconds and a maximum temperature
of 400.3K  3K.

Dry Cutting Temperature Generation
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Figure 6.5: Dry Machining Experimental Test Results
Comparing the experimental thermocouple readings to the numerical model’s temperature value
requires a transient thermal analysis for the temperature conduction across the cutting tool. The
inputs for the transient thermal analysis on ANSYS Multiphysics are the machining time and
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numerical temperature. The geometry and mesh settings for the transient thermal model are
identical to the Fluent models. The total computational time step is 11 seconds, and the friction
model temperature output of 928.2 K is entered as the heat_wall temperature. The outcome of
the thermal analysis is found in Figure 6.6, which is based on the thermocouple measurement
point taken on the rake face. The friction model is validated here, with the recorded temperature
value of 405.2 K (132.2oC). This is a mere 5.02 K temperature difference between the
experimental reading and the numerical model’s prediction, which amounts to a 1.25% error
with a thermocouple tolerance percent error of 0.70%.

Figure 6.6: Transient Thermal Analysis for Dry Cutting at Vc=140m/min and f=0.1 mm/rev
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6.2.2

Experimental Water Miscible Temperature Results

Having validated the frictional model temperature generation during an orthogonal cutting
process in the previous section, the CFD model results for traditional water miscible coolant
conditions are now compared to the experimental outcomes. The flow settings used in the
experiments are identical to those employed in the CFD model, so as to maintain consistency
between real and simulated results. The result for the water miscible test run can be found in
Figure 6.7 where it is observed that the maximum temperature recorded at the thermocouple
point is 316.1K, just as the temperature begins to reach a steady state.
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Figure 6.7: Water Miscible Water Coolant Experimental Results at 5 L/min and Vc=140 m/min
and f=0.1 mm/rev
The experimental temperature measurement at the thermocouple location is 316.1 K. The CFD
model’s temperature reading under the same operating conditions is 311.9 K (see Figure 6.14).
The difference between the temperature values is only 4.2 K (1.33%), with a thermocouple
tolerance percent error of 0.75%. These percent errors are well within the acceptable
percentage error between the experimental and simulated results.
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MQL Experimental Temperature Results
The result for a MQL test can be found in Figure 6.7 where it is observed that the maximum
temperature recorded at the thermocouple point is 309.9 K. Similarly to the water miscible
coolant results, the temperature recordings begins to reach steady state. The thermocouple
measurement location is 2mm away from the cutting nose for the MQL experiments due to
improved readings from the thermocouple, however this comes at an increased risk of damage to
the thermocouple nose.
Minimum Quantity Lubrication Temperature Generation
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Figure 6.8: Minimum Quantity Lubrication Experimental Results at 50 ml/h and Vc=140 m/min
and f=0.1 mm/rev
The CFD model’s temperature reading under the same operating conditions is 330.2 K (see
Figure 6.14). The difference between the measured temperature values is 20.3 K (6.56%) and a
thermocouple tolerance percent error of 0.80%. The above percent errors between the
experimental and simulated results are more significant relative to the dry and flood cutting test
results.
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5.3.4

Experimental Cutting Tool Wear

To assess the effect that different coolant strategies have on the tool life, the microscopic images
of the flank and rake faces of the tool were taken after the experiments were completed. These
images are exhibited in Figure 6.9 below. A noticeable difference in the tool wear for the flank
and rake faces between the dry and wet cuts may be observed in these images.
b)

a)

c)

d)
Crater Wear

Flank Wear

e)

f)

Built Up Edge

Figure 6.9: Rake and Flank wear images at 0.5mm DOC, Vc=140 m/min and f=0.1mm/rev for a)
Dry Rake, b) Dry Flank, c) Water Miscible Rake, d) Water Miscible Flank, e) MQL rake and f)
MQL Flank
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The tool wear images above indicate that both scenarios result in crater wear on the rake face.
The maximum length of the crater wear for the dry tool is 0.57mm compared to a length of
0.63mm under wet cutting, where the MQL cut demonstrated a built up edge on the tool nose.
Analyzing the flank wear on the flank face of the tool, a significant difference can be seen with a
maximum flank wear value of 1.26mm for the dry cut, 0.34mm for the wet cut and 0.30mm for
the MQL cut. Using the Keyence microscope software, a 3D contour depth of the above rake
face images can be generated to display the depth of crater wear between methods. The images
in Figure 6.10 show that the maximum crater depth for dry cutting is approximately 0.51mm,
compared to the 0.24mm depth observed in the water miscible machining. Moreover, the crater
wear in dry cutting also covers a greater surface area and increased flank wear damage then that
produced in water miscible coolant tests.

Figure 6.10: Insert Tool Crater Wear 3-D Depth Contour for Dry (Top Left), Water Miscible
(Top Right) and MQL (Bottom)
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This relation in tool wear values can be attributed to the thermal wear on the tool during the
machining process. From the simulated and experimental results above, the primary method of
heat dissipation in the dry cutting is through the chips, and hence the larger temperature and
faster wear pattern. The water miscible coolant strategy provides better tool wear values due to
the improved heat dissipation afforded by that coolant strategy. The MQL strategy produced the
minimal flank wear value and a built up edge on the rake face nose. All of the experimental trials
were conducted using the ADI grade 2 material, the properties of which however make it a hard
metal to cut. As such, all tool tests for the uncoated carbide inserts exhibit increased wear
patterns when compared to easier to cut metals.

6.3 Friction Model Results
The Friction model as proposed by Tlusty (Tlusty, Manufacturing Processes and Equipment,
2000) was run to match the above experimental test results. The MATLAB code found in
Appendix B was used to determine the average temperatures at the tool-chip interface, which are
then entered as input to the Fluent CFD model. The results from the code are displayed in Table
6.2, Table 6.3 and Table 6.4. The same parameter settings are used in the experimental trials for
the depth of cut, tool dimensions and workpiece material properties. It is important to note that
the specific cutting force for ADI grade 2 is assumed as a constant value of 1550 MPa. Carvalho
et al.(2012) conducted a range of turning tests to determine the specific cutting force for ADI
grades 2 and 3. A relatively linear trend between the change in depth of cut and specific cutting
force was found, with different process parameters, resulting in a range of specific cutting force
outcomes. A constant cutting force value was chosen as opposed to a variable force to maintain
consistency between numerical results by incorporating the averaged value for a range of cutting
parameters. (Carvalho et al., 2012)
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Table 6.2: Numerical Model Average Temperature at Cutting Tool-Chip Interface for
V=90m/min
Feed Rate (mm/rev)

Temperature (oC)

0.1

658.4

0.15

653.2

0.2

648.0

Table 6.3: Numerical Model Average Temperature at Cutting Tool-Chip Interface for
V=120m/min
Feed Rate (mm/rev)

Temperature (oC)

0.1

657.3

0.15

651.4

0.2

645.6

Table 6.4: Numerical Model Average Temperature at Cutting Tool-Chip Interface for
V=140m/min
Feed Rate (mm/rev)

Temperature (oC)

0.1

655.2

0.15

649.0

0.2

642.8

Figure 6.11 shows plotted temperature results for the varying feeds and cutting velocities. While
the temperature change between cutting speeds seems to have a less notable effect on the
calculated temperature at the contact point, the feed rate parameter has the most significant
change on the contact tip temperature. The values shown in Figure 6.11 are for a 0.5mm depth of
cut length on the tool.
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Effect of Cutting Speed and Feed Rate on Contact Temperature
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Figure 6.11: Numerical Friction Model Temperature Results for Varying Cutting Speeds and
Feed Rates
Figure 6.11 indicates that as the cutting speed increases, a decrease in temperature occurs. This
does not compare to the literature, as the temperature should theoretically increase. It is
important in analyzing the temperature results to recall that the specific cutting force is kept
constant for all cutting speeds and feed rates, which is one of the primary factors on the
mechanical energy conversion to thermal energy in the cutting process. In addition, the
calculated temperatures plotted in Figure 6.11 highlight the average temperature on the cutting
tool rake face surface for the depth of cut simulated. This lead to reduced frictional contact due
to a reduced timestep caused by the increase cutting speed which meant less time for the
mechanical energy to be converted on the tool. It is important to note here that this applies to the
cutting edge depth of cut only, the temperature contours along the chip have a similar trend to the
literature in that the average temperature along the entire control area increases with the increase
in cutting speed. As discussed in Section 4.0, the frictional model analyzes the tool-chip interface
temperature distribution in a cutting process. The temperature contours in the tool-chip region
can be seen in Figure 6.12 for the maximum temperature result, where the remainder plots are
found in Appendix C: Numerical Model Contour Plots.
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Figure 6.12: Numerical Model MATLAB generated Contour Plot for f=0.1 mm/rev and
Vc=140m/min (Tlusty, Manufacturing Processes and Equipment, 2000)
As can be seen in Figure 6.12 the temperature increases across the tool-chip interface and then
decreases close to the KK increment, which represents the point where the tool and chip are no
longer in direct contact. The temperatures used in the CFD are for the average temperature on the
depth of cut of 0.5 mm, which corresponds to the matrix of values for x(1:100) and y(1). The
plotted linear data set for the tool-chip interface can be seen in Figure 6.13, which displays a
similar temperature conduction trend as the temperature contour seen in Figure 6.12. The contour
plots for the remainder of the cutting parameters modeled are found in Appendix C.

Figure 6.13: Average Temperature Plot along the Tool-Chip Interface for f=0.1 mm/rev &
Vc=140 m/min
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6.4 CFD Temperature Results
The solved temperature values reported in section 6.3 simulate a dry cutting scenario for the
specified cutting speeds and feed rates. The CFD results predict the effect different coolant
strategies will have on the temperature conduction through the cutting tool for a water miscible
coolant; MQL using rapeseed oil; an aerosol water vapor; and pressurized air. The MQL
injection simulation results are compared to the aerosol water injection, in order to observe the
difference in droplet material reactions. The temperature conducted through the rake face and
flank face is compared for all coolant material tests. The default applied temperature at the
heat_tip boundary condition is used as the maximum cutting temperature for a cutting speed of
140m/min, and it is calculated in Table 6.2 to be 928.20K. (Octavio Pereira, 2017) The
supporting temperature/velocity contour images of the tool and particle trajectories are provided
in Appendix D: CFD Discrete Phase Model Results.

6.4.1

Rake Face

The temperature conduction across the rake face for the different coolant strategies is shown in
Figure 6.14. The tests were run are for a pressure inlet value of 1 Bar for pressurized air, an
MQL injection at 50 ml/h at 1 Bar, aerosol water vapor at 50 ml/h at 1 Bar and water miscible
coolant at a velocity inlet of 5 L/min. Based on Figure 6.14, the effectiveness of the coolant
strategies can be ranked based on their temperature values in the following order: Flood Coolant,
Aerosol Water Vapor, MQL and air, with Flood performing the best. This can best be observed
in Figure 6.15, where the average temperature across the rake faces is compared.
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Temperature Distribution on Rake Face for Multiple Coolant Strategies
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Figure 6.14: Temperature Distribution @1 Bar Air Pressure for 4 Different Coolant Strategies
on the Tool Rake Face
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Figure 6.15: Averaged Rake Face Temperatures for Inlet Pressure of 1 Bar
The 2D view of the rake face is displayed in Figure 6.16 which shows the static temperature
contours for the 4 different coolant strategies.
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Figure 6.16: Rake Face Temperature for Air @1 Bar (Top Left), MQL at 50ml/h @1Bar (Top
Right), Aerosol Water at 50ml/h @1Bar (Bottom Left) and Water Miscible Coolant @5 L/min
(Bottom Right)
6.4.2

Flank Face

The temperature conduction across the flank face for the different coolant strategies is shown in
Figure 6.17. The trend in temperature distribution between the coolant strategies is similar to that
of the rake face results observed in Figure 6.15 & Figure 6.14. The average temperature values
across the flank face of the tool for the same coolant condition parameters is displayed in Figure
6.18.
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Temperature Distibution on Flank Face for Multiple Coolant Strategies
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Figure 6.17: Temperature Distribution @1 Bar Air Pressure for 4 Different Coolant Strategies
on the Tool Flank Face
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Figure 6.18: Averaged Flank Face Temperatures for Inlet Pressure of 1 Bar
Similar to the rake face results, the static temperature contour for the flank faces can be seen in
Figure 6.19.
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Figure 6.19: Flank Face Temperature for Air @1 Bar (Top Left), MQL at 50ml/h @1Bar (Top
Right), Aerosol Water at 50ml/h @1Bar (Bottom Left) and Water Miscible Coolant @5 L/min
(Bottom Right)
6.4.3

MQL and Aerosol Water Injection

The next set of tests compare the droplet behavior as it traverses the fluid domain for the
different injection materials. To best compare the heat transfer characteristics of the injections,
the mass flow rate variable is adjusted for flow rates of 50 ml/h, 100 ml/h and 200 ml/h. Figure
6.21 & Figure 6.23 shows the water injection temperatures across the rake face and flank face for
the various injection flow rates. As in the previous two sections, the average temperature values
for both parameters are seen in Figure 6.20 & Figure 6.22, highlighting the average temperature
change of 19.48 K between the ranges of flow rates on the rake face for the aerosol water
injection. The MQL injection change in flow rates produces a minimal reduction in temperature
of 2.2 K on the rake face between flow ranges. The average temperature drop on the flank face
for the aerosol and MQL injections is 29.7 K and 3.2 K. The aerosol water injection is more
effective at dissipating heat away from the tool body than is the MQL injection at the same low
flow rates. The flank face has a more significant temperature drop due to it being perpendicular
to the coolant flow direction in the model’s enclosure.
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Figure 6.20: Average Temperature across Rake Face for Varying Droplet Materials at 1 Bar
Rake Face Temperature Distribution for Varying Injected Mass Flow Rates
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Figure 6.21: Temperature Distribution across Rake Face on the Tool for Varying Mass Flow
Rates at Air Inlet Pressure of 1Bar
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Figure 6.22: Average Temperature across Flank Face for Varying Droplet Materials at 1 Bar
Flank Face Temperature Distribution for Varying Injected Mass Flow Rates
973

Temperature (K)

873
773
673
573
473
373
273
0

0.5

1

1.5

MQL @50mlh
Aerosol @50ml/h

2

2.5
Distance (mm)
MQL @100ml/h
Aerosol @100ml/h

3

3.5

4

4.5

5

MQL @200ml/h
Aerosol @200ml/h

Figure 6.23: Temperature Distribution across Flank Face on the Tool for Varying Mass Flow
Rates at Air Inlet Pressure of 1Bar
The visual temperature contour trend is shown in Figure 6.24 & Figure 6.25 for the rake face of
the model for both the aerosol water liquid and MQL at 100 ml/h. These 2D rake face
temperature contours show how the temperature conduction through the cutting tool changes
based on the droplet material selected. While the majority of the heat conduction at the contact
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point of the tool does not vary drastically by the material selection, it still demonstrates a
reduction of a few degrees, which is beneficial for reducing thermal wear during the machining
process.

Figure 6.24: MQL Static Temperature Contour at 100 ml/h and 1 Bar

Figure 6.25:Aerosol Water Liquid Static Temperature Contour at 100 ml/h and 1 Bar
6.4.4

Compressed Air Pressure Change Results

The focus of the research at hand was on the cooling behavior of a MQL strategy for a turning
process. Its performance in reducing the rake and flank face temperatures, in comparison to
alternate coolant methods and flow rates has been discussed. This section will highlight the
change in MQL’s effectiveness at the compressed air injection pressures of 1,3 and 5 Bar. The
rake face temperature for MQL at the 3 different mass flow rates and pressure inlet values can be
seen plotted in Figure 6.26, with the average values shown in Figure 6.27. The Flank face results
are provided in Figure 6.28 and Figure 6.29.
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Rake Face Temperature for Differing Pressures & MQL Flow Rates
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Figure 6.26: Temperature Variation across the Rake Face for 1,3 and 5 Bar with Flow Rates of
50,100 and 200 ml/h
Rake Face Average Temperatures for Differing Pressures &
MQL Flow Rates
550

Temperature (K)

540
530

539

539
530

537
530

529

520
510
497

500

497

496

490
480
470
50 ml/h

100 ml/h
1 Bar

3 Bar

200 ml/h

5 Bar

Figure 6.27: Average Rake Face Temperatures for Inlet Pressures of 1,3 and 5 Bar at MQL
Flow Rates of 50,100 and 200ml/h
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Flank Face Temperature for Differing Pressures & MQL Flow Rates
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Figure 6.28:Temperature Variation across the Flank Face for 1,3 and 5 Bar with Flow Rates of
50,100 and 200 ml/h
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Flow Rates of 50,100 and 200ml/h
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The temperature change at different pressures, but identical mass flow rates, has been observed
to be negligible for the rake and flank face results. The primary cause for the decreased
temperature in the tool body is the larger air flow from the increased compressed air pressure,
rather than the cooling effects of MQL. The temperature relation between the pressurized air
inlets and the injection oil flow rates decreases with the increase in pressure, which is likely due
to the decreases oil volume fraction as discussed in Section 5.3.5.

6.4.5

CFD Particle/Air Flow

This section discusses the fluid flow behavior for the CFD simulation’s Mach number values at
the inlet pressures, and the temperature conduction through the MQL during its modeled
trajectory at the impact point on the tool nose.

6.4.5.1

Mach Contour

The Mach number is representative of the compressible flow regime that dictates the CFD’s
models viscous model setup. As outlined in section 5.3.2, the minimum pressure inlet value of 1
Bar was calculated to produce a maximum velocity of 404.06 m/s, resulting in a Mach number of
1.18. Looking at the velocity contour for the Mach number at a pressurized air inlet of 1 Bar in
Figure 6.30, the maximum Mach number is 1.09. The Mach contours for the pressurized inlets of
3 Bar and 5 Bar are seen in Figure E.8 & Figure E.9 in Appendix E:.

Figure 6.30: Mach Number Velocity Contour at 1 Bar
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6.4.5.2

MQL Particle Temperature Trajectories

The particle trajectories for the MQL and aerosol water droplets impacting the cutting nose are
examined here for an inlet pressure of 1 Bar and mass flow rates of 50ml/h, 100ml/h and
200ml/h. Figure 6.31 shows the MQL droplets as they impact the nose and the temperature
conducted through them. Referring to Table 5.6, the boiling and vaporization values for MQL
are 584K and 546K. However, the droplets in the domain fail to conduct to the evaporation
temperature. In the higher MQL mass flow rates seen in Figure E.10 and Figure E.11(Appendix
E:), the droplets are seen to have a slightly higher temperature with the increase in flow, due to
the higher concentration of oil to conduct the heat away from the surface. Comparing the MQL
injection to that of the aerosol spray, it can be observed how the water droplet trajectory paths
end as they achieve their latent heat of evaporation value dispersing more heat than the MQL
material does. Figure E.12 & Figure E.13 (Appendix E:) show the injected droplets for aerosol
water at 100 and 200 ml/h.

Figure 6.31: Temperature Droplet Trajectory at 1Bar for MQL @50ml/h

Figure 6.32:Temperature Droplet Trajectory at 1Bar for Aerosol Water Liquid @50ml/h
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7

Conclusion & Recommended Future Work

7.1 Conclusion
This study set out to model the cooling effects of a minimum quantity lubrication strategy
utilizing Fluent’s computational fluid dynamics software. To accomplish this, the temperature
generated during an orthogonal turning process was numerically modeled to generate the average
surface temperature within the depth of cut region. This temperature was then used as the steady
state temperature on the nose of a cutting tool in the CFD model. The MQL with rapeseed oil
and 3 other coolant strategies were used (Pressurized air, Aerosol Water Liquid Injection, Water
Miscible Flood Coolant) were investigated in this research. These strategies were tested at three
different air inlet pressures of 1 Bar, 3 Bar and 5 Bar with injection mass flow rates for the MQL
and Aerosol at 50 ml/h, 100 ml/h and 200 ml/h. The water miscible flood coolant was set to an
inlet velocity flow rate of 5 L/min.

Simulated results from the CFD model were compared with experimental data obtained from
actual turning operations with respect to temperature at the tool nose for the dry cutting and
water miscible cooling strategies. Table 7.1 summarizes the experimental and simulated
temperature values along with the percent error between the two. The percent error between the
two temperature measurements for dry and water miscible cutting strategies are 1.21% and
1.57% which is deemed to be an acceptable discrepancy between methods. A similar comparison
for MQL was carried out, where inaccuracies in temperature measurements were noted between
the CFD model and experimental. The cause for the MQL CFD temperature inaccuracies will be
explained further on.
Table 7.1: Experimental vs. Simulated Temperature Results and Error

Dry
Water Miscible
MQL

Experimental (K)

Simulated (K)

% Error

400.30
316.10
309.90

405.20
311.20
330.23

1.21
1.57
6.16

With regards to the machinability of ADI grade 2, it was found that the small nose radius of the
uncoated carbide insert resulted in a high wear rate. The tool began to fail after an approximate
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material removal rate of 450 mm3/s for dry cutting and approximately 700 mm3/s for the water
miscible coolant cutting tests. The primary reason for the high wear rate is attributed to the high
strength and toughness of ADI grade 2, in addition to the cutting tool used. A coated cutting tool
with a larger nose radius would likely produce better tool wear behavior. However due to
limitations on available uncoated carbide inserts, this could not be incorporated to validate the
numerical and CFD models.

The frictional model results generated reasonably accurate temperatures for the 0.5mm depth of
cut portion of the output. The remainder of the cutting tool-chip interface was shown by the
model to have an increase in temperature as the shear stress of the chip increases away from the
cutting nose tip. The numerical model defines the point where the chip separates from the tool as
KK to KKK, which in this research was 400 to 600. From Figure 6.12 and the numerical model
contour plots, it could be seen that the expected outcome caused by the shear chip deformation
occurs as the temperatures increased until KK. The temperature then decreases once the tool-chip
contact ends, with the temperature dispersing once the chip begins to separate entirely from the
workpiece. The average temperature used in the CFD simulations was 928.20K, however the
15.57K deviation between the modeled maximum and minimum temperatures and minimum
temperature is not significant enough to have a notable effect on the CFD results.

The simulations for the four initial coolant strategies produced expected results, with the average
rake temperatures being 545.5 K for air, 539.5 K for MQL at 50 ml/h, 534.4K for Aerosol Liquid
Water at 50 ml/h, and finally 474.5 K for the Water Miscible Flood Coolant. Likewise, the flank
face temperature distribution was 387.6 K, 375.0 K, 359.8 K and 334.1 K, respectively. The
temperature drop between the standard pressurized air and the MQL showed a reduction of 6.0 K
for the rake face and 53.5 K for the flank face. This difference in temperature is attributed to the
flow direction being perpendicular to the flank face, resulting in a higher concentration of fluid
conduction with the solid body. Additionally, the main frictional rubbing zone is found on the
rake face, and with the temperature conducting through the flank face, a lower temperature zone
on the flank face then the rake is to be expected. These initial results highlight the excellent
temperature reduction of flood coolant, as well as the improvement a material with a lower
vaporization temperature (i.e. Aerosol Water Liquid) has on reducing the tool temperature.
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Simulating the three different flow rates for the rapeseed MQL mixture and the aerosol water
liquid mixture at pressure inlets of 1 Bar demonstrated the effectiveness of these two fluids’
boiling and vaporization temperatures on dissipating the thermal energy generated. The
simulations also showed (Figure 6.21 & Figure 6.23) how the same increase in mass flow rate for
the aerosol water produces an overall lower temperature between the 50ml/h to 200ml/h injection
when compared to the MQL’s injection. The temperature difference between both methods’
mass flow rates for the flank and rake face can be seen in Figure 7.1. The temperature reduction
for the aerosol water is far higher than that of the MQL, due to the material properties of the
water droplet allowing it to reach its evaporation temperature while traversing the fluid domain
and interacting with the solid tools temperature zone. The hot surface caused by the cutting
process causes the water droplets to flash, and that flashing phenomenon uses the latent heat in
the particles to reduce the surface temperature. The use of MQL in this situation does not result
in the same outcome, due to its requirement of more energy to mimic the behaviour of the water
droplets. Hence, the rake and flank face temperature difference between the mass flow rates for
MQL is noticeably lower when compared to the water droplets.

Rake

MQL

Aerosol Water

50 ml/h

0

0

100 ml/h

0.78 K

8.60 K

200 ml/h

1.40 K

10.90 K

Flank

MQL

Aerosol Water

50 ml/h

0

0

100 ml/h

1.20 K

14.40 K

200 ml/h

1.97 K

15.30 K

Figure 7.1: Temperature Difference Between MQL Injection and Aerosol Water Injections at 50,
100 and 200ml/h @1 Bar
Finally, the CFD results for the effect of MQL as a cooling strategy did not correspond with the
research findings reported in the literature. The cause of this discrepancy may be attributed to the
fact that utilizing a minimum quantity lubrication technique with an oil substance such as the
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rapeseed oil is not effective at dissipating the heat generated from the cutting process (Hadad,
Tawakoli, Sadeghi, & Sadeghi, 2012). The primary benefit of using a MQL strategy is in its
lubricating behavior as it coats the cutting tool and work piece in a film of oil that reduces the
frictional coefficient during machining, which in turn reduces thermal wear on the tool. The
research conducted in this thesis focused on simulating the droplet and temperature heat transfer
between the discrete and continuous phase models, while neglecting the effect of the lubrication
method.

7.2 Recommended Future Work
The results from this research point to a number of potential areas of interest for future research
on the lubrication effect of minimum quantity lubrication on the tool-workpiece interface.
Possible methods of implementing this work with the aid of the developed CFD model would be
to convert the model into a transient simulation activating the wall film boundary condition on
the walls of the cutting tool. If the CFD model can produce results highlighting the thickness of
the oil coating caused by different mass flows at the inlet, then the resultant information can
potentially be imported to model the frictional coefficient reduction in a metal deforming
software models such as Abaqus or Deform.

A tribiological study conducted by Banerjee & Sharma (2014) concluded that a MQL coolant
methodology is an ideal option at high cutting speed and feed rates compared to wet machining.
This was due to the lubrication improving the cutting coefficient, however the research did not
take into account the air pressure and oil flow rate effects on the frictional coefficient value
(Banerjee & Sharma, 2014). Further research to develop a function to represent the friction
coefficient under MQL operation could be used to more accurately model the temperature
generated at the tool tip. Such a function would incorporate the flow rate and air pressure
variables, to better predict the lubricating effects on the friction coefficient.

It is also important to note that the CFD simulation does not account for a converging nozzle
geometry leading into the model domain. This means that the inlet velocities are going to be
large due to the high Mach numbers entering the domain caused by the high inlet pressures. As
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the flow enters the domain it begins to settle with the atmospheric conditions and the velocity of
the flow reduces. As a result further improvements to the model can be made in regards to
modeling a nozzle with 2 different diameters to account for the decrease or increase in velocity
for diverging or converging nozzle diameters.

Additional work to the model would be to adjust the model’s geometry to reflect the coating
material properties traditionally used on many tool inserts. This can be accomplished by
determining the material composition of the coating elements and applying them to a thin shelled
geometry merged around the tool, separating the cell zones and subsequent solid material
conduction layers. The difficulty in accomplishing this work would primarily lie within
determining the material properties of the many different coating materials found in the industry.

In conclusion, this research presented a multi-tiered model to determine the cutting temperature
based upon pre-determined cutting parameters and a CFD model to determine the approximate
effect a coolant strategies will have on reducing thermal wear. The benefit of being able to
simulate the aforementioned allows for industry and researchers to save time and money on
cutting tools and repetitive experimental testing to determine the optimal machining and coolant
parameters with regards to the tool thermal wear. The research completed in this thesis included
the option of modeling MQL strategies, permitting a less costly and time intensive approach in
considering the implementation of the environmentally friendly and sustainable coolant strategy.
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Appendix A: Experimental Setup

Figure A.6.1: ST-10 CNC Lathe Machine
Table A.6.1: Elemental Composition of ASTM A897 Grade 2 (MatWeb, 2018)
Element

Wt. %

Carbon, C

3.70%

Copper, Cu

<= 0.80 %

Iron, Fe
Manganese, Mn
Molybdenum, Mo

93%
0.28%
0.00 - 0.25 %

Nickel, Ni

<= 2.0 %

Silicon, Si

2.50%
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Appendix B: Friction Model Numerical Analysis Code
%Finite Difference Thermal Field Calculation Model referenced by George
%Tlusty
v=140/60; %cutting speed m/s
feed=.2; %Feed Rate mm/rev
Ks=1550; %Specific cutting force N/mm2
con=21.8; %conductivity (N/sC)
rho=7082; %Workpiece material
cp=461; %Specific Heat Capacity
roc=(10^-6)*cp*rho;%Specific heat per unit volume N/mm2C
h1=0.5; %Chip Thickness
cont=46 ; %Tool Conductivity
KK=400; %Max # of Elements
mu=3.32*(v*60)^(-0.45)-0.24*(feed); %Friction Coefficient Model
beta=atan(mu);%Friction Angle
h2=2*h1; %Deformed chip thickness
a=0*pi/180; %Rake Angle
b=1; %Chip Width mm
KKK=fix(KK*1.5);
r=h1/h2; %Chip Ratio
fi=atan(r*cos(a)/(1-r*sin(a))); %Shear Angle
Ts=Ks*cos(fi+beta)/(roc*cos(fi)*cos(beta))+20; %Shear Temperature
vc=v*tan(fi); %Chip Velocity
Pf=Ks*b*h1*tan(beta)*vc*1000; %Friction Power
alp=con/roc; %Thermal Diffusivity
Tr=20; %Room Temperature
Lc=4*h1;
dx=Lc/KK
dy=h2/20;
dt=dx/(1000*vc);
dz=0.5;
%initialize
for j=1:20
T(j,1)=Ts;
y(j)=j*dy;
end
%calculating the thermal resistance r of the tool
w(1)=Lc+dz/2;
R(1)=dz/(2*w(1));
for l=2:40
w(l)=Lc+2*(l-1)*dz;
R(l)=dz/w(l);
end
w(41)=Lc+79.5*dz;
R(41)=dz/(2*w(41));
r=0;
for l=1:41
r=r+R(l)/cont;
end
i=1;
Tcav(1)=Ts;
Pt(1)=0;
err(1)=1.0;
%start the loop indexed by i;
%err is defined in the last line of this loop, Pf is the friction power
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%Pc is power entering the chip, Pt is power passing through tool
while abs(err(i))>0.02
Pc=Pf-Pt(i);
for k=1:(KKK-1)
pmax=Pc*16/(9*KK);
dp=pmax*8/(KK*7);
if k<=(KK/8)
p(k)=pmax;
elseif k>KK/8 & k<=KK
p(k)=pmax-dp*(k-KK/8);
else
p(k)=0;
end
%Thermal field in chip calculation
T(1,k+1)=(p(k)/(b*dx*dy*roc)-(T(1,k)-T(2,k))*alp/dy^2)*dt+T(1,k);
for j=2:19
T(j,k+1)=(T(j-1,k+1)+T(j+1,k)-2*T(j,k))*alp*dt/dy^2+T(j,k);
end
T(20,k+1)=(T(19,k+1)-T(20,k))*alp*dt/dy^2+T(20,k);
end
%Tc is the temperature in chip tool contact
%Tcav equates to the average temperature
sum=0;
for k=1:KK
x(k)=(k-1)*dx;
Tc(k)=T(1,k);
sum=sum+Tc(k);
end
for m=1:10
for n=1:50
Td(m,n)=round(T(2*m-1,12*n-11));
end
end
i=i+1;
Tcav(i)=sum/KK;
Pt(i)=(Tcav(i)-Tr)*b/r;
%e is fraction of power passing to tool
e(i)=Pt(i)/Pf;
err(i)=(Tcav(i)-Tcav(i-1))/Tcav(i);
if i>8,break,end
end
%When err<0.02 the for loop completes
plot(x,Tc)
mesh(T)
M=T(1,1:100);
Ttip=mean(M)
Tcav
contour(T,'ShowText','on','LabelSpacing',3000)
title('Temperature Contour Plot at f=0.2 mm/rev & Vc=140 m/s')
xlabel('x(k)')
ylabel('y(i)')
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Appendix C: Mesh & Named Selection Diagrams

Figure B.6.2: Named Selection face selection for Flank_Face Boundary

Figure B.6.3: Named Selection face selection for Insert_Wall Boundary

105

Figure B.6.4: Named Selection face selection for Outlet Boundary

Figure B.6.5:Named Selection face selection for Enclosure Boundary
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Appendix D: Numerical Model Contour Plots

Figure D.1:Numerical Model MATLAB generated Contour Plot for f=0.15 mm/rev and Vc=90
m/min

Figure D.2:Numerical Model MATLAB generated Contour Plot for f=0.2 mm/rev and Vc=90
m/min
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Figure D.3:Numerical Model MATLAB generated Contour Plot for f=0.1 mm/rev and Vc=120
m/min

Figure D.4:Numerical Model MATLAB generated Contour Plot for f=0.15 mm/rev and Vc=120
m/min
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Figure D.5:Numerical Model MATLAB generated Contour Plot for f=0.2 mm/rev and Vc=120
m/min

Figure D.6:Numerical Model MATLAB generated Contour Plot for f=0.1 mm/rev and Vc=140
m/min
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Figure D.7:Numerical Model MATLAB generated Contour Plot for f=0.15 mm/rev and Vc=140
m/min

Figure D.8:Numerical Model MATLAB generated Contour Plot for f=0.2 mm/rev and Vc=140
m/min
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Appendix E: CFD Discrete Phase Model Results

Figure E.1: Midplane Temperature Contour for Air at 1 Bar

Figure E.2: MQL Static Rake Temperature Contour at 200 ml/h and 1 Bar
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Figure E.3: MQL Static Flank Temperature Contour at 200 ml/h and 1 Bar

Figure E.4:Aerosol Water Liquid Static Rake Temperature Contour at 100 ml/h and 1 Bar
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Figure E.5:Aerosol Water Liquid Static Flank Temperature Contour at 100 ml/h and 1 Bar

Figure E.6:Aerosol Water Liquid Static Rake Temperature Contour at 200 ml/h and 1 Bar
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Figure E.7:Aerosol Water Liquid Static Flank Temperature Contour at 200 ml/h and 1 Bar

Figure E.8:Mach Number Velocity Contour at 3 Bar
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Figure E.9:Mach Number Velocity Contour at 5 Bar

Figure E.10: Temperature Droplet Trajectory at 1Bar for MQL @100ml/h
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Figure E.11:Temperature Droplet Trajectory at 1Bar for MQL @200ml/h

Figure E.12:Temperature Droplet Trajectory at 1Bar for Aerosol Water Liquid @100ml/h

116

Figure E.13:Temperature Droplet Trajectory at 1Bar for Aerosol Water Liquid @200ml/h

