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Mist Flow in Through-Tool
Minimum Quantity Lubrication
Drilling: Two-Phase Flow
Simulation and Experimental
Observation

Through-tool minimum quantity lubrication (MQL) drilling has been used in industry for
decades, but little information is available on the coolant channel design and the effect
on fluid distribution due to the inability of in-situ measurement. This study utilizes an
Euler—Lagrange computational fluid dynamics (CFD) model to uncover the two-phase
Sflow behavior in MQL drilling. Air is the primary phase modeled as a compressible and tur-
bulent flow. The lubricant droplets are simulated as discrete particles with a proper size
distribution. Two-way coupling and droplet-wall interactions are both considered. The
results show that the primary phase can reach velocities in the transonic region and is
dependent on the helical path of the channel. In addition, most of the lubricant droplets
(>95%) impact the channel wall to form fluid film instead of following the air stream. In
the cutting zone, droplets can hardly reach the cutting edges in both circular and triangular
channel shapes. Finally, a custom-made drilling testbed, along with a transparent work-
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material simulant, is used to observe and qualitatively validate these results.
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1 Introduction

Drilling is the most common process in high-volume automobile
and aerospace part manufacturing [1]. More and more manufactur-
ers are adopting minimum quantity lubrication (MQL) in machining
due to its cost and environmental benefits [2]. As the name implies,
MQL is based on utilizing the minimum amount of lubricant
required for the process. An aerosol of the lubricant is created
using pressurized air and supplied to the cutting zone. This reduces
the total lubricant consumption, and moreover, the parts produced
are free of cutting fluid residue and ready for the next process [3].
In deep-hole drilling operations, since the cutting zone is not
easily accessible with an external MQL supply, the use of internal
through-tool channels is necessary. These through-tool channels
are common in the production drill bits to deliver cutting fluid.
However, unlike flood cooling, the quantity of lubricant used in
MQL is typically less than 100 ml/h, which is the order of magni-
tude lower. It is critical to optimize the delivery of the lubricant
to achieve maximum benefits. A prior study by the authors has
shown that the drilling performance did not necessarily increase
with the amount of MQL flowrate in these through-tool
channels [4].

The exit of the through-tool channels is typically on the flank face
of the tool, and therefore, not all the fluid can penetrate into and
evenly distribute in the cutting zone. Experimental studies on exter-
nally applied MQL have shown that the location of fluid application
and tool geometry are influential parameters of the cutting perfor-
mance [5,6]. It is not hard to imagine the same impacts on the
cutting edges of a drill bit. However, it is technically challenging
to experimentally evaluate these variables since there is no optical
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access to the cutting zone to visualize the flow of the cutting fluid
in drilling. Multiple studies have characterized MQL machining,
but these studies were limited to the flow only at the exit of the
channels and focused on droplet diameter distribution, flow veloc-
ity, and mass flowrate rather than the coverage of oil droplets [7,8].
Therefore, this study aimed to visualize MQL flow in the
through-tool MQL drilling scenario. Specifically, the objective is
to develop a computational fluid dynamics (CFD) model adopted
from sub-models developed for other applications to simulate
droplet trajectories with different internal channel designs. The
results are validated experimentally using a flow visualization tech-
nique developed by the authors.

Multiple research teams have performed studies on numerically
modeling the MQL flow for open configurations such as turning
and milling, but very little work has been found on through-tool
drilling [9,10]. The through-tool channels in a drill bit follow the
helical flutes. The flow of fluid in a helical channel is known as
Dean flow and is characterized by the Dean number [11]. Dean
studied the flow of an incompressible fluid in a toroidal pipe and
showed the effect of curvature on the flow contours. Later,
Germano and Yamamoto et al. extended Dean’s work into helical
channels and showed that the secondary flow pattern changes
based on the torsion and curvature of the helix [12-14]. Based on
that, multiple authors have performed CFD for through-tool drilling
for flood cooling operations but not for MQL [15,16]. In a very
recent paper, Falcone et al. modeled the MQL flow in a circular
through-tool channel using an Euler—Lagrange—Euler model [17].
Their work was focused on the formation of the fluid film on the
through-tool channel and the deposition of the droplets on the
channel. However, no discussion was provided about the principles
behind the distribution, and the flow of the droplets near the cutting
edge was not modeled.

Many models are available for multi-scale modeling based on
different applications [18]. Since MQL is a multiphase flow, the
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ideal method of simulation is the Eulerian two-phase approach, such
as volume of fluid (VOF). However, the mesh requirements for the
VOF method require the mesh to be smaller than the size of the
droplets of the secondary phase. Droplets as small as 0.5 um have
been measured by researchers for MQL flow [19-21]. Also, the
through-tool channel length can range anywhere between 50 mm
and 300 mm, with a diameter ranging from 0.7 mm to 2 mm. There-
fore, for using VOF, elements as small as 0.25 ym are needed for a
control volume, which is a few orders of magnitude smaller for the
length scale of the model. This makes the use of VOF method to
simulate MQL flow computationally expensive and inefficient.
For this reason, this study adopted a Lagrangian-based droplet
tracking approach, namely discrete phase model (DPM) [22]. The
lubricant flowrate in MQL ranges from 5 ml/h to 300 ml/h, while
the air flowrate ranges from 50 l/min to 300 I/min [23]. Therefore,
the secondary phase volumetric flowrate is only about 1-2% of
the primary phase. Since the Lagrangian approach can provide
good accuracy for volume fractions up to 12%, it is suitable for
the current application. Therefore, an Euler—Lagrange coupled
approach was adopted here using the FLUENT® module of ANSYS
(Canonsburg, PA). The primary phase was modeled as a continuum
through the Euler formulation, while the secondary phase (i.e.,
droplets) was modeled using the Lagrangian approach. This paper
also applied the model in the cutting region with different
through-tool channel shapes (circular and triangular) and with a
common drill tip groove called “gash”.

For model validation, an in-situ visualization of drilling is diffi-
cult due to the lack of optical access to the drilling zone. Post-
analyses on tool wear also cannot provide direct evidence of lubri-
cant penetration and distribution. Few methods have been proposed
to characterize and observe the flow effect directly. For example,
John coated the drill with a proprietary polymer coating and
looked at the wear of the coating to correlate the fluid flow velocities
with it [24]. However, this method does not involve actual cutting
of the workpiece, and the contact between the cutting edge of the
drill and the workpiece is also absent. Another method proposed
by Fallenstein and Aurich used a transparent acrylic workpiece
with a pre-drilled hole to be able to visualize the fluid flow in the
cutting region [25]. This method provides in-situ flow data, but it
does not involve the rotation of the drill or active cutting to form
chips. Therefore, to better validate the simulation, a new testbed
is also presented in this study that involves actual drilling of a
clear material, which allows optical access from the bottom of the
hole to observe the flow.

This paper is structured as follows. Section 2 includes a brief dis-
cussion of different drill geometries, meshing, and material proper-
ties of the fluids. Section 3 describes the setup of the CFD model,
the details of the sub-models, and the coupling between the
control volumes. The created model is then applied to different
through-tool channel geometries, and the results for the
through-tool channel and the cutting region are shown and analyzed
in Sec. 4. Section 5 introduces the in-situ flow visualization tech-
nique developed by the authors to replicate critical aspects of
through-tool MQL drilling and uses it to validate the CFD results.
Section 6 discusses the plausibility of the results and the limitations
of the model. Finally, Sec. 6 concludes with important findings from
this study.

2 Drilling Tool Geometries and Mesh

A 9.5 mm (3/8 in.) diameter drill with reduced web design and a
helix angle of 30 deg was selected for the current study and
designed in SolidWorks. This is because most drilling tools have
a standard 30 deg helix angle, and high-performance drills often
use reduced web with a split point. Figure 1 shows the computer-
aided design model of the drill body used for the study. Since cir-
cular and triangular channels are both commercially available,
drill bits with these channel shapes are modeled. The location and
size of the through-tool channels are estimated based on commonly
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Fig.1 (a) Side view of the drill, (b) front view of circular channel
drill, and (c) front view of triangular channel drill

available drills of a similar size. The circular channel has a diameter
of 1.6 mm with a cross-sectional area of 2.01 mmz, and the triangu-
lar channel has a cross-sectional area of 2.06 mm?>. A small fillet of
0.25 mm is added to the corners since sharp corners are not practi-
cally possible. In addition, a gash is considered at the drill point.
The gash is a secondary cut on the drill flank face, known for its
ability to improve fluid flow. A total of four cases are studied to
test the CFD model and to investigate the influence of the drill
geometry on the distribution of lubricant. The 3D models of these
cases are all shown in Fig. 2.

In the model, every drill orientation is vertically placed (along the
gravity). Boolean operations are used to generate a negative model
of the drill, which represents the control volume of the fluid flow.
Figure 3(a) shows the complete control volume of the fluid flow,
including the through-tool channels, cutting region, and flute. Due
to symmetry, only half of the control volume was modeled. Further-
more, to reduce the computational load and also improve the detail
of the modeling results at the drill tip, the whole control volume was
separated into two sections, the through-tool channel section, and
the cutting region section, as shown in Figs. 3(b) and 3(c), and
modeled separately. The partition was performed at 15 mm from

Cutting edge

Flank face

Fig. 2 Isometric view zoomed at the drill point: (a) circular
channel drill without gash, (b) circular channel drill with gash,
(c) triangular channel drill without gash, and (d) triangular
channel drill with gash
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Fig. 3 (a) Control volume for the flow as a negative of the drill,
(b) through-tool channel control volume, and (c) cutting region
control volume (Color version online.)

the drill tip, about 1.5 times the drill diameter. Since the total control
volume was separated into two sections, coupling between the flow
from the through-tool channel region to the cutting region control
volumes was needed. Details for the coupling of the flow
between the two control volumes are given in Sec. 3.3.

Due to the complex geometry of the control volume, an unstruc-
tured tetrahedral mesh was used to discretize the control volume. In
addition, inflation layers were used to capture the viscous boundary
layer near the wall, and mesh refinement was performed until a wall
y-star value ranging from 1 to 5 was achieved by using inflation
layers. The cross-sectional mesh for the circular and triangular
channels is shown in Figs. 4(a) and 4(b). The mesh size on the
channel wall was 0.05 mm, and the thickness of the first inflation
layer was 25 um. The mesh size in the bulk of the volume is
0.15 mm, resulting in a total of about 5 million tetragonal elements
for the circular channel and 4.5 million for the triangular channel.
An isometric view of the mesh for the cutting region of a circular
channel without a gash is shown in Fig. 4(c). There were a total
of 14 million tetragonal elements in the control volume. The
element size in the bulk of the fluid was 0.25 mm, and the
element size on the hole bottom and drill flank face were
0.01 mm. Inflation layers were also added to the through-tool
channel and flute region of the control volume, as shown in

(b)

Inflation Layers

0.005 ()

Fig.4 Images for the mesh: (a) circular channel cross-sectional
mesh, (b) triangular channel cross-sectional mesh, and (c) mesh
for the cutting region
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Table 1 Properties of the fluid used for the study

Property Air Lubricant
Density at 300 K, kg/m> 1.125 835
Viscosity at room temperature, Pa- s 1.72%107° 2.05%1072
Vaporization temperature, K N/A 450
Boiling temperature, K N/A 500
Surface tension, dyn/cm N/A 30

Fig. 4(c), with a close-up image of the mesh near the cutting
edge. A grid independence study was performed with a 25%
coarser and 10% and 25% finer mesh size. The results showed
that the original mesh size is capable of properly discretizing the
control volume and capturing all the important aspects of the flow.

Table 1 shows the properties of the primary phase, air, and lubri-
cant used in the study. The values are based on commercially avail-
able MQL lubricants [26]. The primary phase air was modeled as a
compressible fluid to account for the changes in the density of the
fluid and follows the ideal gas equation to relate the pressure, tem-
perature, and density.

3 Computational Fluid Dynamics Model

The numerical model was built in ANSYS FLUENT due to its capacity
to model complex phenomena of MQL flow. The axial velocity of
the drill is negligible compared to the rotational velocity; therefore,
only the rotation of the drill at a constant rpm of 500 is modeled.
The flow was modeled in a moving reference frame to ensure that
the centrifugal and Coriolis forces were properly modeled. All the
walls of the control volume except the hole bottom and hole side
walls rotate along with the reference frame (the drill axis); the
hole bottom and hole side walls are stationary in the inertial refer-
ence frame. These walls are highlighted in blue in Fig. 3(c). The
no-slip boundary condition was employed at all the walls, and
wall surfaces were assumed to be smooth.

Pressure boundary conditions were used at all inlet and outlet
sections. To correctly enter the boundary conditions, a calibration
test was conducted separately. Drill bits with the exact geometries
of Figs. 2(a)-2(c) were 3D printed using high-resolution (25—
50 um) stereolithography (SLA). Small holes about 0.1 mm were
made on the drill body to access the through channels and thus
allowed a pressure gauge to measure the static pressure at the
required locations. These access holes were small enough not to
distort the flow field. The total pressure at the inlet of the
through-tool channel region was 60 psi (413 kPa), and the static
pressure 15 mm above the drill tip was measured to be 20 psi
(138 kPa) for both channel shapes. This value was used as the
boundary condition at the outlet of the through-tool channel
region (Fig. 3(b)) and the inlet of the cutting zone region
(Fig. 3(c)). Since the fluid exits the control volume into ambient
air, the static pressure at the outlet of the cutting region control
volume was set as 0 psi (gage). The lubricant droplets were injected
normal to the inlet face of the through-tool channel control volume
at a velocity of 50 m/s distributed uniformly across the whole area
and a volumetric flowrate of 15 ml/h to represent an actual drilling
condition. A sensitivity analysis of the effect of the inlet speed and
direction of the droplets was performed. The through-tool channel
length was long enough for the inlet conditions of the droplets to
have no influence on the outlet droplet velocity and location.

The primary phase, air, is modeled using Eulerian equations as a
continuum. The secondary phase is modeled using a Lagrangian
approach as discrete droplets inside the control volume. DPM is
an Euler—Lagrange model and reduces the computational load con-
siderably compared to the Euler—Euler model (i.e., volume of fluid).
It models the flow of spherical droplets dispersed throughout the
control volume and can be used safely when the volumetric
loading of the second phase is less than 10%. The flow field of
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the primary phase is solved first, and the generated flow field is used
to calculate the path of the lubricant droplets using force balance.
The forces include drag force, centrifugal force, Coriolis force,
and gravitational force. Section 3.1 describes the details of the
model for the primary phase and Sec. 3.2 describes the details for
modeling the secondary phase.

3.1 Primary Phase Modeling. The primary phase is modeled
as a steady-state compressible flow. The governing equations are
the continuity equation (Eq. (1)) and the Navier—Stokes conserva-
tion of momentum equation (Eq. (2)). The momentum equations
are modified to incorporate the effect of constant rotation. The
final form of the governing equations is as follows:

V.p, V=0 )]

V., VV)+p, 20XV, +QXxQx1r)=-Vp+ V. 74F, (2)

In the aforementioned equations, V is the velocity vector, € is the
rotation vector, 7 is the stress tensor, F, is the gravitational force,
and p, is the density of air. The primary phase velocity can reach
up to 250 m/s in channels of 1.5 mm diameter based on the reported
data [23]. The approximated Reynolds number for the fluid in the
through-tool channel is about 25,000, which falls under the turbu-
lent flow regime. Therefore, modeling the turbulent nature of the
flow is necessary. The Reynolds averaged Navier—Stokes formula-
tion of the turbulence in the conservation of the momentum equa-
tion was used. Two equation turbulence models were used here
for their accuracy and low computational load. The ko SST
model was chosen because of its capacity to shift between the stan-
dard k—@ model and the standard k—¢ model based on the location.
The k—w model was used in the near-wall region due to its higher
accuracy, while the k—¢ model was used in the bulk of the flow
due to its freestream independence. The k is the kinetic energy of
the fluid, w is the specific rate of dissipation, and ¢ is the rate of dis-
sipation of kinetic energy. The turbulence intensity at the inlet was
set as 5%, a common setting in CFD.

3.2 Secondary Phase Modeling. The flow of the lubricant
droplets is modeled using DPM, which is a Lagrangian tracking
model. The modeling of the second phase can be transient irrespec-
tive of the primary phase being steady-state or transient. The time-
step used for calculating the droplet tracks was 107 s with a total
simulation time of 0.005 s. This was selected because the residence
time of the droplets was in the order of 107% s. For each iteration of
the primary phase, one time-step of the DPM was evaluated. The
parcel approach was used to reduce the computational load.
FLUENT combines droplets with similar properties into a parcel and
tracks parcels instead of tracking the individual droplets. It can
model the interaction of the droplets with the primary phase,
amongst themselves as well as the walls. For this study, since the
volume flowrate of the lubricant droplets was very low (1-2%)
and droplets are small (1-3 um), droplet-droplet interactions were
neglected. Furthermore, droplet breakup and coagulation were not
included in the model. Two-way coupling between the droplet
and primary phase and the droplet-wall interactions were both
considered.

The droplet tracks are calculated using Eq. (3), which is normal-
ized per unit mass. The first term on the right-hand side represents
the droplet inertia per unit mass. The first term on the right repre-
sents the drag force (Fp) per unit mass generated due to the differ-
ence between the velocity of primary flow and droplets [22]. Due to
the flow in the transonic range, a modified high Mach number drag
coefficient (Cp) based on the work of [27] is used here. It is to be
noted that the Reynolds number (Re) in Eq. (3) is based on the dif-
ference in the velocity of primary phase velocity (V;) and the droplet
velocity (V). The effective gravitational force after including the
buoyancy effect is given by the second term on the right, where
pa is the droplet density and p is the air density, and g; is the
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gravitational force in ith direction. The last term (F) accounts for
the forces due to moving reference frame, i.e., the centrifugal
force and the Coriolis force. For a control volume rotating around
the Z-axis, the third term on the right side can be separated into
the forces in X and Y directions. These equations are shown in
Egs. (4) and (5). The first term on the right-hand side of both
Egs. (4) and (5) is the centrifugal force and the second term is the
Coriolis force.

dVy; iPg— Pa
o (V= V) + 80P
dt Pa
. 18 M Cp Re
=x, 9, 2& Fp=———-+ 3
I1=X,Y,2 D 24 Pu d}l ( )
Fo= (1 -2 )92x +2Q (Vd,y -2 Vy> )
Pa Pa
Fy= (1 —ﬁ)g2y+zg (vd,x—ﬂvx> ©)
Pa Pd

To account for the dispersion of the droplets due to turbulence,
the discrete random walk (DRW) model was employed. DRW is
a stochastic droplet tracking model which includes the effect of
local velocity fluctuations on the droplet trajectories. The droplet-
wall interactions are modeled using the wall film model, which is
based on the work of Stanton and Rutland [28]. This model was
employed since the formation of the fluid film on the channel
wall is important for MQL flow. This model is valid for fluid
films thinner than 500 um since the simplified linear fluid velocity
profile is used inside the fluid film. When a droplet impacts a
wall, depending on the energy of the impact, the droplet can
either stick to the wall, spread on the wall surface, or splash and
form smaller droplets, as shown in Fig. 5. The criterion to determine
the outcome is based on the energy of the droplet before the impact.
The impact energy € of the droplet can be calculated based on Eq.
(6). Apart from the droplet properties, the primary phase boundary
layer thickness (;,;) and the height of the preexistent fluid film (%,)
also influence the outcome. V; is the velocity of the droplet in the
normal direction to the wall and ¢ is the surface tension of the lubri-
cant. For low energy impact, the droplet sticks to the wall, attains
the velocity of the wall, and forms a fluid film. For medium
energy impact, the droplet spreads on the wall and its velocity in
the tangential direction to the wall is calculated based on the
work of Naber and Reitz [29]. For high energy impact, the
droplet splashes and forms smaller droplets. For this study, if
splashing occurs, the primary droplet gets divided into four
smaller droplets whose sizes are calculated empirically using a
probability density function based on the work of Mundo et al.
[30]. The mass fraction splashing from the surface (y,) is based
on an empirical relationship developed by Mundo et al. and is

Before
Impact \ \ \
I ] |
After
Impact -.'/
e i -
|
Stick Spread Splash

Fig. 5 Droplet-wall interaction outcomes
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shown in Eq. (7) [30].

V,d, 1
E= PdVndd 6)
min @ 1 +%
ds’ ds
_ | 1.8x107*(E* —E2,) , 5771 <E<86.6 7
W= 0.70 , E>86.6

Multiple researchers have measured and reported the droplet size
at the exit of MQL tools. The average droplet size ranges from
0.5 ym to 10 yum depending on the MQL system and cutting tool
used [19,31]. Based on the results published by Dasch and
Kurgin, the greatest number of droplets falls in the range of
1-1.5 ym for a dual-channel internal MQL system [32]. However,
it is to be noted that these sizes are measured at the exit of the
cutting tool, and secondary atomization can occur as the droplets
exit the through-tool channel. Therefore, these measurements may
not accurately represent the droplet sizes inside the through-tool
channel. For this study, a Rosin—Rammler droplet distribution
with a minimum droplet diameter of 1 ym, a maximum diameter
of 3 um, and a mean diameter of 1.5 um was assumed. The histo-
gram in Fig. 6 shows the fraction of total mass carried by the par-
ticular size droplets. Larger droplets (>3 um) were avoided from
the simulation because they have a high Stokes number (over 10).
For such high values of Stokes number, the droplet momentum
dominates the path of the droplets, and therefore, do not follow
the primary flow and end up sticking to the wall as a fluid film on
the channel wall. Also, since droplet-droplet interactions are not
included in the model, they never move inside the fluid film. There-
fore, the focus of the study is limited to smaller droplets that have
low particle residence time and are expected to follow along with
the primary phase and penetrate deeper into the cutting zone.

3.3 Transfer of Flow Between the Control Volumes. Since
the whole control volume was separated into two smaller sections
to facilitate finer mesh with the same resources, coupling the flow
from the outlet of the through-tool channel control volume and
the inlet of the cutting region control volume is needed. For the
primary phase, the velocity distribution, static pressure, and total
temperature obtained at the outlet of the through-tool channel
region after the solution has converged are saved as a profile file.
This profile file is used as the inlet boundary condition for the

Mass fraction

1 1.5 2.0 25 3
Droplet Diameter, um

Fig. 6 Bar plot of mass distribution between droplet sizes
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cutting region. This ensures that the fluid profile developed due to
the geometry of the through-tool channel gets transferred to the
cutting region and reduces the number of iterations required for
the numerical solution in the cutting region to converge. For the sec-
ondary flow, a monitor is set at the outlet of the through-tool
channel region, which captures the exit location, velocity, tempera-
ture, mass, and time of the droplets crossing the boundary and
reports it into a text file. This text file is used to set the droplet injec-
tions for the cutting region control volume. This approach helps
decouple a large control volume into smaller regions. However,
there can be continuity issues with this approach if the boundary
conditions are ill-posed and might lead to divergence. Also, if the
droplets present zero velocity, for example, being stuck on the
wall as fluid film, they are not recorded as the input, which leads
to a continuity issue.

4 Numerical Results and Analysis

The velocity streamlines of the primary phase, the volume frac-
tion of the secondary phase, and the lubricant film thickness are ana-
lyzed to identify the differences between the cases. These results are
also discussed and compared with available literature data for their
correctness.

4.1 Through-Tool Channel Region

4.1.1 Primary Phase. The channel shape has a great influence
on velocity distribution and, therefore, can affect the lubricant dis-
tribution. Figure 7(a) shows the exit axial velocity contours for the
circular channel. The axis of rotation is on the left side of the cross
section. It can be clearly seen that the velocity is not uniform across
the cross section and differs from the flow profile of turbulent flow
in a circular channel. The maximum velocity region is shifted radi-
ally outwards and toward the bottom side of the channel. Similarly,
for the triangular channel, the maximum velocity region is shifted
radially outwards with higher velocities near the corners, as
shown in Fig. 7(b). This type of velocity profile is observed due
to the secondary flow generated in the fluid. The helical path of
the channel and the rotation of the drill generate centrifugal force
and Coriolis force. The centrifugal force moves the fluid radially
outwards, while the Coriolis force moves the fluid toward the
bottom side of the image shown. The axis of rotation is on the
left side of the image coming out of the plane, and the direction
of rotation is clockwise.

The average velocity at the outlet for the circular channel is
286 m/s. The average exit velocity for the triangular channel is
260 m/s which is slightly lower than that of the circular channel.
In the through-tool channel region, the average velocity at the
outlet for the circular channel, as shown in Fig. 7(a), matches
well with the average velocity measured by Stephenson et al.
[23]. Although no published data for the average velocity at the
outlet of a triangular channel is available, the value obtained from
the CFD results is found reasonable. Although the cross section
area is 2.5% larger, the hydraulic diameter of the triangular

(a) (b) -
300
200
100

0.5 mm 0

Velocity, m/s

0.5 mm

Fig. 7 Primary phase velocity streamlines for the through-tool
channel region: (a) circular channel and (b) triangular channel
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Fig. 8 Lubricant volume fraction at the outlet: (a) circular
channel and (b) triangular channel
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Fig. 9 Droplet location based on their size: (a) circular channel
and (b) triangular channel (Color version online.)

channel is 23% smaller. This reduction in the hydraulic diameter
increases the pressure drop, and therefore a lower outlet velocity
is expected. This is also supported by the average total pressure at
the channel outlets. The total pressure at the outlet for the circular
channel is 46.1 psi (318 kPa) while that for the triangular channel
is 42.8 psi (296 kPa).

4.1.2  Secondary Phase. The lubricant concentration at the exit
of the circular and triangular channels is shown in Figs. 8(a) and
8(b), respectively. It can be clearly seen that the lubricant does
not distribute uniformly across the area. For the circular channel,
a higher droplet concentration is obtained at the bottom left
corner of the channel cross section. Most droplets end up sticking
to the channel wall and form a fluid film on the wall, as shown in
the zoomed images. The formation of this fluid film is only on
the bottom and right sides of the channel; the top region does not
have any fluid layer formed. The experimentally measured lubricant
distribution in a previous work by authors is also shown in Fig. 8(a).
The white region represents the presence of lubricant and the black
region represents the absence of lubricant. The general location of
the distribution of the droplets matches with the results experimen-
tally measured and reported by the authors’ prior work [33]. The
experimental results also show that most droplets exit closer to

the axis, which is on the left side of the image shown in
Fig. 8(a). For the triangular channel, a large quantity of lubricant
is seen near the bottom corner and some near the left corner.
Most of the droplets exit near the bottom corner of the channel,
as shown in Fig. 8(b). The fluid film formation on the wall starts
from the mid portion of the bottom wall and extends up to the
top corner.

Figure 9 shows the instantaneous droplet location in the
through-tool channel. The droplets are colored based on their dia-
meter. As can be seen from the zoomed images of the inlet, droplets
of all diameters enter the through-tool channel, but for both chan-
nels, very few large droplets reach the outlet of the channel.
Larger droplets can hardly be carried along with the primary
phase because of their high momentum and end up impacting the
wall. Even though these droplets have a high velocity, the compo-
nent of their velocity normal to the wall surface is comparatively
small. Because of this, most of these droplets fall in the spreading
zone, while some fall in the splashing zone based on the wall film
model (Sec. 3.2). Once the droplets stick to the wall and form a
lubricant film, their velocity reduces, and it takes much longer for
the fluid film to reach the channel outlet. The instantaneous image
can only provide information about the current location of the drop-
lets and does not provide any information about the droplets that
have already exited the control volume. To look at the number of
droplets that have already exited the control volume, a histogram
of the mass distribution of the droplets crossing the outlet boundary
is shown in Fig. 10. It can be clearly seen that a negligible number
of larger droplets exit the control volume. An interesting difference
between the triangular and circular channels is that the triangular
channel can carry a larger portion of 1 um droplets as compared
to the circular channel, but the circular channel can carry a higher
mass of droplets of 2 yum diameter. Nonetheless, for both cases,
over 95% (volume fraction) of the lubricant droplets end up sticking
to the wall.

4.2 Cutting Region

4.2.1 Primary Flow. Figure 11 shows the velocity streamlines
of the primary phase for all cases. Figures 11(a) and 11(b) show the
velocity streamlines for the circular channel drill without and with a
gash. It can be clearly seen that a gash increases the velocity of the
fluid in the local region directly underneath it. However, no
improvement is seen near the cutting edge with the implementation
of the gash. A similar trend is seen for the triangular channel as
shown in Figs. 11(c) and 11(d), where the local velocity directly
below the gash increases, but no improvement in penetration to
the cutting edge is seen. For both cases, the inclusion of a gash pro-
vided a 10% increase in the mass flowrate. The increase is subtle but
might help improve the heat transfer capability of the fluid. For all
cases, a fluid dead zone is observed near the outermost part of the
cutting. This region has the highest cutting velocity and requires
the most amount of cooling, but practically no flow can reach
there. This might be a reason why high tool wear is observed
near the drill margin.
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Fig. 10 Droplet size distribution at the outlet: (a) circular channel and (b) trian-

gular channel
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Primary phase velocity streamlines bottom view: (a) circular channel

without gash, (b) circular channel with gash, (c) triangular channel without
gash, and (d) triangular channel with gash

4.2.2  Secondary Flow. Unlike the previous section, where
volume fraction is used to show the distribution of the secondary
phase, this section uses the lubricant film thickness at the hole
bottom at 0.005s, which is at the end of the simulation, to
compare among cases. This was done because the volume fraction
only shows the surface data, while the lubricant film thickness can
also provide insight into the thickness of the lubricant film formed.
This is more representative of the friction reduction capacity of the
fluid. FLUENT can calculate the lubricant film thickness by solving
the conservation of mass equation for the droplet mass that has
adhered to the wall.

Figure 12 shows the result of the lubricant film formed at the hole
bottom when the droplets exiting the through-tool channel are trans-
ferred to the inlet of the cutting region. Since the modeled time is
only 0.005 s, the fluid film formed is very thin. This film is expected
to grow as time progresses, but no change in the relative shape is
expected. It can be noted from all the figures that the lubricant

cannot reach the cutting edge of the tool. As can be seen by compar-
ing Figs. 12(a) and 12(b), no improvement is observed in the lubri-
cant penetration to the cutting edge with the inclusion of a gash. A
similar trend is observed for the triangular channel, as seen in Figs.
12(c) and 12(d).

Although the droplets can be transferred from the through-tool
channel control volume to the cutting region control volume, the
lubricant mass exiting the through-tool channel outlet is a small
fraction of what entered (less than 5%). A big portion of droplets
end up sticking to the wall surface, and they travel very slowly com-
pared to the bulk of the fluid, as explained in Sec. 4.1.2. These drop-
lets can eventually exit the through-tool channel but will require a
long flow time to be modeled. Moreover, the droplet breakup
from the lubricant film into the bulk of the fluid due to Taylor’s
instabilities is not included in the model. Therefore, to indepen-
dently investigate the effect of the cutting region geometry as
well as to uncouple the effect of droplet distribution in the

2.00e-6

6.93e-7

2.40e-7

8.33e-8

2.89e-8

Lubricant film thickness (m)

1.00e-8

Fig. 12 Lubricant film thickness on hole bottom with droplet transferred from
through-tool channel to the cutting region: (a) circular channel without gash,
(b) circular channel with gash, (c) triangular channel without gash, and (d) trian-

gular channel with gash
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Fig. 13 Lubricant film thickness on hole bottom with uniform droplet distribu-
tion: (a) circular channel without gash, (b) circular channel with gash, (c) triangu-
lar channel without gash, and (d) triangular channel with gash

through-tool channel region, droplets with a size distribution shown
in Fig. 6 were inserted uniformly across the inlet section of the
cutting region control volume. The new results of all cases are
shown in Fig. 13.

Comparing Figs. 13(a) and 13(b), the lubricant coverage spreads
farther in the direction away from the cutting edge with the imple-
mentation of the gash. Yet, gash does not help the flow penetrate
into the cutting edge. A similar phenomenon in the triangular
channel is observed (Figs. 13(c) and 13(d)). However, there is a
noticeable difference in the lubricant coverage between the circular
channel and the triangular channel. The triangular channel provides
a more uniform coverage across the area as compared to the circular
channel. However, the penetration of the lubricant is lower. Con-
trastingly, for the circular channel, the lubricant penetration is
high but only near the center of the cutting edge.

In summary, in the cutting region, the CFD results showed the
influence of gash and through-tool channel shape to some extent.
The velocity streamlines for the primary phase show that the veloc-
ity near the cutting edge is very low. The gap between the tool and
the hole bottom is extremely small for the fluid to penetrate into the
cutting edge. For all the cases, the region near the outermost portion
of the cutting edge has the least fluid flow. That region is con-
strained from three sides, and therefore flow stagnation is observed.
The gash increases the total fluid flowrate and can be beneficial for
providing more cooling. Although a gash does not directly improve
the fluid penetration to the cutting edge, it directs the fluid toward
the chip generated by the second cutting edge. This may help in
cooling the chip and reducing the heat conduction to the tool. It
also directs the lubricant onto the hole wall, which may help in
reducing the friction between the margin of the drill and the hole
wall.

The fluid film thickness results for all the cases also show depen-
dence on the through-tool channel shape and the gash. The region
closest to the cutting edge has the deepest fluid penetration. For
the circular channel, the lubricant film reaches the fastest to a
narrow portion of the cutting edge which is about halfway from
the center of the drill. While for the triangular channel, the fluid
spreads more evenly across the central portion of the cutting edge.

5 Experimental Observation

5.1 Experimental Setup. As mentioned in the Introduction
section, in-situ visualization of drilling is extremely difficult due
to the lack of optical access to the drilling zone. It is also not pos-
sible to acquire commercial drilling tools with an identical drill
point but different channel shapes and gashes for a controlled exper-
iment. Therefore, a drilling testbed was specifically designed and
fabricated for this purpose. The method uses a transparent work-
piece with cutting behavior similar to that of a ductile metal

031002-8 / Vol. 145, MARCH 2023

which allows optical access to the cutting zone while also replicat-
ing the active cutting process.

The experimental setup used to perform the cutting is shown in
Fig. 14. The setup consists of a high-speed camera, light sources,
a spindle with a dual-channel UNIST Infinity MQL system, and a
moving platform to feed the workpiece in and out of the drill.
The drill designs shown in Fig. 2 were 3D printed using Formlabs
Form 3 (Cambridge, MA) SLA 3D printer with 25-50 pm resolu-
tion. This was done since it allowed freedom in the design of the
drill irrespective of its commercial availability. The material used
must be clear, easily cut by the 3D printed drills, and can form
proper chips like ductile materials. Glycerin was found to be the
best choice for the workpiece material. Figure 14(b) shows the glyc-
erin workpiece used for the experiments, and Fig. 14(c) confirms its
wettability (18-22 deg contact angle), similar to that of actual
metals. The chip formed while machining glycerin is shown in
Fig. 14(d), containing curled and continuous chips.

5.2 Experimental Results. Drilling tests were performed on a
glycerin workpiece, and the cutting was observed from the bottom
view, as shown in Fig. 15. The drill was rotating at 500 rpm, and the
feed was 0.2 mm/rev. The contact between the cutting edge and the
workpiece shows a dark black edge, and the relative location of the
through-tool channel exit is highlighted in the figure. The formation
of the chip can be observed in front of the cutting edge. The forma-
tion of lubricant film on the hole bottom can be clearly observed in
the continuous video. In this particular frame, no fluid penetration

(a)

Dual Channel
MQL Spindle

Drill
Motion Stage

Light Source

High Speed
Camera

Fig. 14 (a) Experimental setup to replicate dual channel MQL
spindle and drill glycerin, (b) glycerin workpiece used for the
experiments, (c) contact angle of the lubricant with glycerin,
and (d) chips formed while machining of glycerin
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Fig. 15 Bottom view of drilling glycerin and identification of the
features of the flow

can be seen toward the cutting edge. Most of the lubricant flows
away from the cutting edge and is directed toward the margin of
the other cutting edge. This observation coincides with the overall
CFD results in Figs. 11-13.

The results for all the cases are shown in Fig. 16. The views at
different time frames are shown for each case. It can be confirmed
that in all cases, the lubricant does not penetrate into the cutting
region. Most of the lubricant is directed away from the cutting
edge towards the margin of the second cutting edge. A thin film
of lubricant spreads radially outwards from the exit of the
through-tool channel. An increase in the velocity of the lubricant
near the gash region is also observed. This phenomenon matches
with the CFD results, where the primary phase velocity increases
with the inclusion of a gash. Additionally, the general distribution
of the lubricant obtained for all the cases matches well with the
lubricant film thickness predicted by the CFD model. The CFD
model shows slightly deeper penetration of the lubricant towards
the cutting edge. This may be explained by the larger contact
angle of the lubricant with glycerin as compared to aluminum
which can reduce the spreading of the lubricant.

6 Discussion

From the results, the through-tool channel shape affects the lubri-
cant droplet distribution. The droplets are subject to three types of
forces, namely, drag, centrifugal, and Coriolis. The density of the
lubricant is a few orders of magnitudes higher than that of the
primary phase, and therefore, the droplets have a greater influence
by the centrifugal and Coriolis force. Based on the results, only
smaller droplets of 1—1.5 um exit the channel as droplets; the
larger droplets fail to follow the primary flow and end up sticking
to the wall. This is reasonable because doubling the diameter of
the droplets increases the mass of the droplets by eight times,
which considerably increases the centrifugal force. Furthermore,
the lubricant used has a high surface energy and low surface
tension; therefore, it tends to readily stick to the channel wall and
fails to re-enter the bulk of the fluid. Once the fluid film thickness
increases beyond a certain extent, the shear force from the
primary phase can generate Kevin—Helmholtz instability and
break the fluid film surface to form droplets. However, this was
not modeled in the current study using a Lagrangian DPM. Yet,
this is an important phenomenon found to guide the future develop-
ment of simulation work. The effect of drill rotation speed is not

Journal of Manufacturing Science and Engineering

Fig. 16 Bottom view of in-situ drilling at different instants:
(@) circular channel without gash, (b) circular channel with
gash, (c) triangular channel without gash, and (d) triangular
channel with gash

particularly studied in the paper, but it is expected that with an
increase in the rotation speed, the centrifugal and Coriolis forces
will become stronger, thus reducing the flowrate and droplets
penetration.

Although many physics-based and empirical models have been
incorporated into this model, certain assumptions must be made
to facilitate the simulation process, which also limits the number
of phenomena that can be concluded from the model. First, the
model does not include any droplet-droplet collisions, and therefore
high droplet volume fraction regions cannot be fully modeled. This
is particularly true in the near-wall regions where the formation of
fluid film is unavoidable. The model also does not include the effect
of capillary action. Capillary action is important for fluid penetra-
tion into the cutting edge as it deposits on the hole bottom. To be
able to include both these phenomena, either a complete multiphase
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model or an Eulerian formulation of the fluid film is needed. Both
are possible but will increase the computational load, which dis-
obeys the objective of this study to use a more efficient model to
approximate droplet dynamics in the MQL flow. Nonetheless, as
seen from the experiments, the lubricant cannot reach the cutting
edge even in the presence of the capillary force due to the motion
of the bottom surface. The hole bottom moves away from the
cutting edge and therefore does not provide enough time for the cap-
illary action to penetrate the lubricant to the cutting edge. Lastly,
even though the current model does not completely capture all
the aspects of MQL flow, it still provides useful insights into the
effect of channel geometry and the drill geometry on MQL flow
which was verified by the experimental validation. All phenomena
concluded can also be justified either through the literature data or
known physics.

7 Conclusion

An Euler-Lagrange CFD model was applied to simulate lubri-
cant droplets in through-tool MQL drilling to provide a better
understanding of various tool designs. The results from the CFD
were validated using a novel in-situ high-speed imaging technique
developed. The in-situ technique provided optical access to the
cutting zone while maintaining the active cutting operation and
rotation of the drill. Two channel geometries and two gashing con-
ditions were compared to investigate their effects on the lubricant
coverage in the cutting zone. The major findings are concluded as
follows. First, the centrifugal and Coriolis forces generated due to
the rotation of the drill were significant enough to generate a sec-
ondary flow in the channel, which affected the droplet distribution
to some degree. Second, the primary phase was incapable of con-
veying the larger droplets effectively through the channel due to
the high Stokes number, because of which they ended up impacting
the channel wall and forming a fluid film. Therefore, the actual flow
at the drill bit outlet (before entering the cutting region) is likely a
result of the second atomization at the channel exit. Smaller droplets
(<2 ym) can be easily carried by the primary phase through the
channel to the cutting zone. Third, the channel geometry (circular
versus triangular) has limited effects on the lubricant coverage,
despite having a gash to create a larger flow stream. The cutting
edges and drill margin can hardly be reached by the lubricant drop-
lets, which may explain the higher tool wear in those regions in
MQL deep-hole drilling.

Lastly, it should be emphasized that several assumptions were
made in this work (as mentioned in the Discussion section) that
limit the CFD model in simulating certain phenomena. However,
although the coverage of the fluid film cannot be quantified nor val-
idated precisely, the model provides information in a qualitative
manner to explain how the droplet size, channel geometry, and
drill point design may lead to various outcomes.
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Nomenclature

~
Il

kinetic energy of the fluid
E = impact energy of the droplet
r = radial vector
V = velocity vector for air
d; = droplet diameter
gi = component of gravity in ith direction
h, = preexistent fluid film thickness
vy = mass fraction splashing from the surface
Cp = coefficient of drag for the droplets
E.,; = critical impact energy for the droplets
Fp = drag force
V4 = component of droplet velocity in ith direction
Vax = velocity component of droplet in X direction
V4, = velocity component of droplet in Y direction
V,, = velocity of the droplet in normal direction to the impact
surface
, = velocity component of air in Y direction

<
Il

V., = velocity component of air in X direction
v, = radial component of velocity
F, = gravitational force

=
I

component of air velocity in ith direction
Re = Reynolds number
dp; = boundary layer thickness
Vp = pressure gradient
¢ = rate of dissipation of kinetic energy
= viscosity of droplets
= density of air
density of droplets
surface tension
stress tensor
specific rate of dissipation
angular velocity of the control volume
rotation vector

DO a0 x
I mnu
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