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Abstract

The removal of chips, which is produced during the grinding process and forms, among other things, cloggings on the
grinding wheel active surface (GWAS), is key to extending wheel life and achieving low surface roughness. Currently, as
a result of the minimum quantity lubrication (MQL) method of delivery coolant into the cutting zone, the support of chips
removal with a stream of cooled compressed air (CCA) is becoming particularly important. Among other things, the angle
of the CCA jet delivery nozzle with respect to the GWAS is responsible for the removal efficiency, which has to be consid-
ered individually for each grinding process variation, and experimental tests alone do not give an idea of the CCA jet flow.
In the present study, a numerical flow analysis (using the computational fluid dynamics method) of cooled compressed air
in the grinding zone during the sharpening of a hob cutter face was carried out. The results of the numerical simulations
were verified experimentally by determining the percentage of the grinding wheel clogging Z,,. The experimental results
confirmed the conclusions from the numerical analysis regarding the most favorable angle of the CCA nozzle. The Z,=5.3
clogging index obtained when grinding with the CCA nozzle set at an angle of 45° is 2.5 times lower than the Z,=13.5
index determined for the most favorable setting of the MQL nozzle. Simultaneous delivery of CCA and air-oil aerosol using
the MQL-CCA method resulted in the lowest Z, =2.5, comparable to the Z, =2.0 obtained for a grinding wheel operating
under cooling conditions with a water-based oil emulsion delivered by the flood method (WET).
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Dcca Air pressure for CCA jet grinding (MPa)

P, Area of wall shear stress (mm?)

0y Diamond dresser mass (kt)

OmaqL MQL fluid flow rate (ml/h)

OwEeT Coolant flow rate in flood method (I/min)

Teca CCA temperature (C)

2 Grinding wheel peripheral speed (m/s)

v, Workpiece peripheral speed (m/min)

Zy Number of cutting blades (hob cutter)

Zy, Percentage rate of grinding wheel clogging
(%)

a Pressure angle (°)

€ Angle of nozzle inclination during coolant
delivery (°)

N Efficiency of system delivering air directly
into the grinding zone

T, Wall shear stress (Pa)

T,y max Maximum wall shear stress (Pa)

1 Introduction

The current pursuit to achieve sustainable manufacturing is
one of the most important challenges in the manufacturing
industry [1-3]. The possibility of sustainable manufacturing
using abrasive machining processes depends mainly on neu-
tralizing the risks posed by the use of cooling and lubricating
fluids (coolants) [4, 5]. Currently, they are still commonly
used in the form of oils or aqueous oil emulsions and are
most often supplied to the machining zone in high volume
mode using the flooding (WET) method with high flow rates,
up to 15 I/min (900,000 ml/h) [6, 7]. Despite their known
advantages [8], they are nevertheless considered undesirable
due to the risk to the environment [9], the health of machine
tool operators [10], and the high cost of use [11, 12].

In view of the above, research work on ensuring sustain-
able manufacturing in various areas of the abrasive machin-
ing process is being carried out in global research centers.
An example is a novel approach to machining presented in
[13], whose authors described a new chemical-mechanical
polishing slurry and its polishing mechanisms on a nickel
alloy developed for production in the semiconductor, micro-
electronics, and aerospace industries. Another example in
this area is research on the development of a type of new
chemical-mechanical polishing slurry for copper includ-
ing environmentally friendly compositions [14]. Based on
the work in [15, 16], it should be stated that theories and
models are important for grinding and abrasive machining
to understand machining processes and play an important
role in the development of new approaches to machining.
Their authors have developed a novel model for maxi-
mum undeformed chip thickness that is in good agreement
with those in grinding experiments. Another example of a
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novel approach is the work in [17-19]. A novel approach to
single-grain scratching at 40.2 m/s and nanoscale depth of
cut has been carried out, in which the speeds used are four
to seven orders of magnitude higher than those used in nano-
grinding. Thanks to groundbreaking theories, new methods
of mechanical chemical grinding have been developed [20,
21] and high-performance surfaces that are extremely dif-
ficult to produce by traditional means have been produced.

Among other ways of neutralizing the deleterious effects
of coolants, the method of minimized coolant output, denoted
by the acronym MQL (minimum quantity lubrication), has
gained great popularity [22-24]. In this method, an air-oil
aerosol stream is delivered with a coolant output of only
10-500 ml/h [25-31]. The literature shows [32, 33] that under
specific processing conditions, the use of the MQL method
gives results comparable to the flood method [34-39].

Studies by the authors [40] of this article related to the
application of the MQL method in the grinding process of
hob cutter contact surfaces, however, pointed out the insuf-
ficient cleaning capacity of the MQL method, understood as
the limited ability to remove machining products from the
grinding zone. A solution to this problem can be the use of an
additional cleaning nozzle using a stream of compressed air
[41-43] or cooled compressed air. A vortex tube refrigeration
method using cold air guns (CAG) nozzles [44] is used to cool
the compressed air stream. The available literature indicates
that the simultaneous application of the MQL and CCA meth-
ods creates the possibility of effective cooling and lubrication
in the machining zone [45-48]. This is also confirmed by the
authors’ experimental studies [49, 50] describing the grinding
of the hob cutter [51]. This method, designated by the acro-
nym MQL-CCA, made it possible to achieve a technological
state of the surface layer at the level of values obtained after
machining with coolants supplied by the flood method (WET).
However, the literature indicates the possibility of further
improvement of grinding results, specifying that the effective-
ness of the effect of any coolants significantly depends on the
angular position of the nozzle relative to the active surface of
the grinding wheel (GWAS), and this should be considered
individually for each variation of the grinding process [52-55].
Unfortunately, in this context, experimental studies alone do
not make it possible to perform the necessary analysis of the
CCA flow in the grinding zone during the grinding of the hob
cutter face. For this reason, it is necessary to perform numeri-
cal simulations of such flow for different nozzle settings, while
due to the different geometry and kinematics of this variety of
grinding, it is not possible to use the results of studies available
in the literature [56—62]. These will allow a precise analysis of
the phenomena accompanying the flows and the identification
of the most favorable angular setting of the grinding wheel
from the viewpoint of GWAS cleaning.

In view of the above, the purpose of the research
described in this article is to evaluate the ability of CCA to
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clean GWAS during the sharpening of hob cutters. The eval-
uation is based on numerical simulations of CCA flow and
verification experimental studies. “Section 2” describes the
steps related to the preparation of the geometric model and
mesh, the establishment of boundary and initial conditions,
and the simulation of the flow based on the “SST k-@” model
available in Ansys CFX software using the Kato-Launder
modification. Based on the results obtained (“Sect. 3”), a
parameter was determined that describes the ratio of the
amount of air delivered by the nozzle to the grinding zone
to the amount of air entering directly into the zone of con-
tact between the grinding wheel and the hob cutter — the
efficiency 7, of the air delivery system. The value of the
tangential shear stress z,, occurring on the conical surface of
the grinding wheel in the area of the wheel’s active surface
and the area of the surface P, affected by these stresses were
also determined. “Section 4” describes experimental studies
that verify the results of numerical simulations. The amount
of cloggings occurring on the GWAS, defined as the percent-
age rate Zy, of the wheel’s clogging, was used as a parameter
for verifying the cleaning efficiency of the grinding wheel.
This index was determined by analyzing microscopic images
of the GWAS. The methodology, in a similar form, was also
used by other researchers [63, 64].

The research work in the area described in this article
is new and has not been undertaken before, and the results
have application potential for both scientific and industrial
aspects.

2 Numerical simulation of the flow
of compressed cold air in the grinding
zone during the sharpening of hob
cutters’ face

2.1 Machining conditions and 3D CAD models

Before carrying out the numerical simulations, 3D CAD
models of the actual components involved in the grinding
process of the hob cutter face were made. Figure 1 shows
the machining space of a specialized tool grinding machine
for sharpening hob cutters. During grinding, the hob cutter
1 is mounted on a tool arbor 2 and moves with the grinding
table at a speed v,, relative to the grinding wheel 3 rotating at
a speed n,. The machining allowance a is removed as a result
of the mutual movement of the grinding wheel and the hob
cutter in successive cycles. Within each cycle, which con-
sists of a grinding and return stroke (Fig. 1), the allowance
a, is removed. The coolant is delivered to the grinding zone
through a single nozzle. In the case under consideration, this
constitutes nozzle 4, spraying compressed cold air (CCA).
Three 3D CAD models were made for the numerical
simulations, namely models for (1) the hob cutter, (2) the

¢ {Return stroke !

i
-y :
-
-
-

Fig.1 View of the machining zone during grinding the face of a hob
cutter

grinding wheel, and (3) the CAG (Cold Air Guns) nozzle
used to feed compressed cold air (CCA) into the grinding
zone. In the case of the CAG nozzle model, it was decided
to create only a model of the nozzle tip itself for the purpose
of the research being conducted. It was assumed that this
model, hereinafter referred to as the CCA nozzle, would
be a solid with a circular cross-section and a diameter of
d=5 mm, corresponding to the nozzle outlet diameter used
in the experimental tests. The complete set of assump-
tions made to create the 3D CAD models is summarized
in Table 1.

It should be noted that the value of module m of the hob
cutter was selected as the upper value from the range of
modules of hob cutters most commonly used in the auto-
motive industry in the production of passenger car parts. In
practice, this makes it possible to obtain the most technolog-
ically difficult working conditions resulting from the longest
maximum contact distance between the abrasive grains of
the grinding wheel active surface and the machined surface.

According to the manufacturer’s data [66], the WNT
6910.15.3-7 nozzle can operate at a supply pressure in the
range of 0.3-0.7 MPa, allowing it to produce a compressed
air stream with a temperature even up to 55 “C lower than
the temperature value of the air supplying the nozzle. For
the purpose of the research, experimental measurements of
the T~ temperature of compressed cold air obtained at the
outlet of the CAG nozzle were made, depending on the value
of the supply pressure poc,. An M890G digital multimeter
equipped with a K-type thermocouple measuring probe was
used to measure the temperature. The reading resolution of
the multimeter is 1 “C. The lowest temperature (—20 ‘C)
was obtained at the nozzle outlet when the supply pres-
sure pcca=0.6 MPa was set. Due to the fact that the CAG
nozzle outlet is located at a distance of about 10 mm from
the grinding wheel active surface, the temperature of the
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Table 1 Parameters of 3D CAD CAD 3D model
models
Element
Hob cutter
Grinding wheel
CCA nozzle

- Solid hob cutter for hobbing gears according to ISO 53 and ISO 54

- Module m=3 mm,

- Pressure angle a=20°

- Number of cutting edges z,=9

- Normal ground profile

- Geometric dimensions were selected according to PN-ISO 4468:1999
- Accuracy class B (acc. to PN-ISO 4468:1999)

- Disc wheel type 12 acc. to PN-ISO 525:2001
- Dimensions: 200/90 % 20/2 % 32 acc. to Norton catalogue [65]

- A single CAG nozzle, symbol WNT 6910.15.3-7 [66]
- Nozzle outlet diameter d=5 mm

compressed cold air was measured at various distances from
the nozzle outlet. The measurement results are presented in
Table 2, and the value Tecp =—20 °C obtained at the dis-
tance /=15 mm was used in the further part of the research.

2.2 3D CAD model of the system and supply
of compressed cold air by CCA

Before performing the numerical simulations, the created
3D CAD models were mutually arranged in a way that cor-
responds to the actual positions of the mapped components
during the sharpening process. A 3D CAD model of the
system was thus created (Figs. 2 and 3).

As shown in Fig. 2, a stream of compressed cold air
is delivered to the grinding zone by means of a nozzle,
on the left side of the hob cutter 2, on the CCA fragment
of the active surface of the grinding wheel 1. The CCA
area is located between line X, which is the line of contact
between the apical cutting edges of the hob cutter and the
grinding wheel, and the conventional line Y located paral-
lel to line X at a distance of 25 mm from it. Such a location
of the CCA area results from the information contained in
sources in the literature, a review of which showed that
a stream of compressed cold air should be applied to the
grinding wheel active surface (GWAS) as close as pos-
sible to the contact zone between the grinding wheel and
the workpiece [53]. Locating this area, as shown in Fig. 2,

Table 2 T, temperature of compressed cold air stream (CCA)

Supply  Distance from nozzle outlet / [mm]

pressure

Pcca

[MPa]
0 5 10 13 15 17 20
Temperature T [C]

0.6 -20 -20 -20 -20 -20 -17 -—15
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eliminates the occurrence of collisions resulting from the
respective movement of the grinding wheel and the cutter
during machining.

As shown in Fig. 3, the axis of nozzle 3 is inclined at
an angle of 90° to line C, defined by the form of the cone
describing the grinding wheel body (Fig. 3b), and then at
an angle ¢ to line D (Fig. 3c), which is tangential to the
active surface of the grinding wheel and simultaneously
intersects line C at an angle of 90° (Fig. 3a). As shown
in Fig. 3c, four settings of the angle £ were used in the
tests, which were respectively: 30°, 45°, 60°, and 90°. At
the same time, it should be mentioned that the angular
inclination of nozzle 3 with respect to line D must not be
less than 30°, due to technical limitations in nozzle posi-
tioning. Moreover, the outlet of nozzle 3 was placed at a
distance of 15 mm from the grinding wheel active surface.
The grinding wheel, rotating clockwise, after withdrawing

CCA zone

Fig.2 Location of area on grinding wheel active surface on which
flow of cooled compressed cold air was directed (CCA area); 1 —
grinding wheel, 2 — hob cutter, X — contact line of the hob cutter cut-
ting edges with the grinding wheel, Y — conventional line parallel to
X
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Fig.3 Angular arrangement of
the compressed cold air supply
(CCA) nozzle relative to the a)
grinding wheel active surface:

a general view, b positioning

of the CCA nozzle relative to
line C, ¢ positioning of the CCA
nozzle relative to line D; 1 —
grinding wheel, 2 — hob cutter,
3 — CCA nozzle, C — line drawn
through the cone formation of
the grinding wheel, D — line
tangential to the grinding wheel
active surface

CCA zone

b)

from contact with the workpiece surface, is cleaned by the =~ MQL-CCA method, the wheel rotates and lifts the oil mist
compressed cold air jet (CCA). In the case of simultane-  supplied by the MQL nozzle into the grinding zone and is
ous application of the MQL method and administration  then cleaned of the grinding products by the compressed
of compressed cold air (CCA), as it is the case with the  cold air jet supplied by the CAG nozzle.
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grinding
wheel

L

Fig.4 Location of fluid domain within 3D model of CCA air supply
system

2.3 Numerical simulation of air flow in CCA method
2.3.1 Simulation model and computational grid

The aim of the conducted simulation studies was to deter-
mine the capacity of the air supplied by the CAG nozzle
during the sharpening of hob cutters for GWAS cleaning.
The most important specific objectives of the numerical
simulations carried out were as follows.

1. Determination of the parameter defining the ratio of the
amount of air delivered by the CAG nozzle to the grinding
zone to the amount of air entering directly into the con-
tact zone of the grinding wheel with the hob cutter. It was
assumed that this parameter would be defined as the effi-
ciency 7, of the air supply system when using a CCA jet.

a)

2. Determination of the value of wall shear stress 7,, occur-
ring on the conical surface of the grinding wheel in the
area of active surface of the wheel as a result of air sup-
ply using the CCA method.

3. Determination of surface area P, affected by wall shear
stress 7,,,.

In the course of the research, a flow of compressed cold air
was simulated, which after being discharged from a nozzle
reaches the grinding wheel active surface rotating with the
rotational speed n,. The area in which the air flow was simu-
lated was defined by the fluid domain, located between the
elements of the 3D model of the system and matching the
shape of the grinding wheel, hob cutter, and nozzle tip (Fig. 4).

Prior to simulation, the fluid domain was optimized by
creating hexagonal grid elements whose regular shapes
allow for correct results in numerical simulation. Particular
emphasis was placed on the consistency of the grid and the
appropriate thickening of the inflation layer at the point of
contact between the air and the surface of the rotating grind-
ing wheel. The appearance of the fluid domain grids opti-
mized for the simulation is shown in Fig. 5. Depending on
the nozzle angle, the number of nodes in the model ranged
from 2,119,321 to 5,128,077, while the number of elements
ranged from 2,110,772 to 5,449,291. Detailed values of the
number of nodes and elements for each discrete model are
presented in Table 3 at the end of this chapter.

2.3.2 Boundary and initial conditions

Numerical simulations to determine the efficiency 7,,, the
wall shear stress 7,,, and the area P, of the 7, incidence
region were carried out for four angular positions of the
nozzle. These angles & were respectively 30°, 45°, 60°, and
90° (Fig. 3c).

b)

Fig.5 Discrete model of the fluid domain: a general view and b cross-section
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Table 3 Characteristics of conditions of simulations

Software ANSYS CFX 2019
Assumptions Only the rotational movement of the grinding wheel was taken into account
Air has the properties of an excellent gas
All walls were modeled as smooth
Simplifications Feed movements were omitted in order to simplify the system kinematics and shorten the time of simulation

calculations

The number of geometric variants of the simulation was limited to four nozzle inclination angle settings e:

30°; 45°; 60°, 90°

The influence of earth acceleration on the flow of factors in the system under consideration was omitted

Heat exchange was omitted
Geometric parameters of the
model
Finite element mesh parameters ~ 30° 45°
5,120,877 nodes
5,449,291 elements
Properties of the fluid used in the Air
simulation

Conditions of the simulation
process

Type of analysis: steady state

3,115,011 nodes
3,462,537 elements

Model: ideal gas from the ANSYS® library
Morphology: fluid in continuous phase

The geometric parameters of the 3D CAD model are listed in Table 1

60° 90°
2,119,321 nodes 2,346,014 nodes
2,110,772 elements 2,598,229 elements

Continuous phase turbulence model: shear stress transport (SST) model with Kato and Launder’s modification
Reference pressure value: 1013 hPa

Gravity influence model: no gravity influence

Degree of turbulence intensity: average (intensity 5%)

Flow condition: subsonic
Air supply speed: 50 m/s

Grinding wheel rotational speed: n,=2950 rpm, clockwise

Wall condition: no slip wall
Air temperature: —20 C

It was assumed that the surface to be used in order
to determine what part of the nominal air flow passes
through the exit surface from the fluid domain was
located under the hob cutter tooth shown in Fig. 6. It
should be mentioned that, for the purpose of this simula-
tion, a simplification was made by assuming that the hob
gear and the grinding wheel are stationary with respect
to each other except for rotation of the grinding wheel
with a rotational speed n,=2950 rpm. This simplification

nozzle

Fig.6 Inflow and outflow surface of the fluid domain (red)

results from the fact that during machining, the length
of the contact line between the grinding wheel and the
contact surface of the hob cutter, which has the shape of
a cog, changes continuously and, consequently, the size of
the exit surface from the fluid domain would also change.
According to the authors, failure to adopt this simplifica-
tion would lead to an unnecessary increase in numerical
simulation time.

Finally, the efficiency 7,,, was defined as the ratio of
the mass flow 1, of air at the inlet surface into the fluid
domain to the mass flow 71, of air at the outlet surface
from the fluid domain:

Min

s =

ey

R

out

The numerical simulations were carried out using
Ansys CFX 2019 software. The initial and boundary con-
ditions were defined as.

— working medium: air (air model—ideal gas—was used
in the CFX program);

@ Springer
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— velocities at the nozzle inlet: 50 m/s (value for WNT
nozzle determined by anemometer measurement);

— rotational speed of grinding wheel conical surface
n,=2950 rpm, clockwise.

For the purpose of the simulation, it was assumed that
the absolute atmospheric pressure was 1013 hPa. Relative
to this, the value of the pressure at the exit surfaces from
the fluid domain was defined as O Pa.

2.3.3 Turbulence model

A review of the literature [67-71] indicates that a properly
chosen RANS turbulence model using Reynolds-averaged
Navier—Stokes equations should correctly predict the effect
of small vortex structures on the overall simulated flow and
calculate reliable averaged values of the simulated flow
parameters.

In the present study, the “SST k-®” model, available
in Ansys CFX software [72], was used. This model is a
hybrid combining the best properties of the “k-w” and “k-&”
models and allows the introduction of a segment limiting
the overproduction of turbulence kinetic energy in areas
of large pressure gradients. The equations of the “k-@”
model are used to model turbulent flow in the boundary
layer. Since the “k-@” model is very sensitive to the values
of turbulent quantities in free flow, it is replaced by the
“k-€” model in layers further from the wall. This model
simulates turbulence in free flow well and is less sensi-
tive to inlet conditions for the quantities describing turbu-
lence. The desirable features of both models are combined
into a single model using the fact that the standard “k-&”
model can be transformed into equations for k and w due
to the fact that @ is the inherent kinetic energy dispersion
of turbulence; thus, w = ¢/k. The equations of this model
are then multiplied by a function which has a value of 1
in free flow and O at the wall, while the equations of the
standard “k-@” model are multiplied by the F| function.
The model, through the equation for turbulent viscosity,
limits the values of the flow principal stresses. The model
equations used are as follows:

— turbulent kinetic energy:

ook) , d(pujk) P l(u + Gkﬂ,)ak]

=—P— f*pok+ —
o T ax, ook o ox,

@

— dissipation of turbulent kinetic energy:

@ Springer

opw) | 9(pujo)

S 2 [(M + Gwﬂz)a_w]

ot 0x; v, ox; 0x;
PCyp 0k dw
+2(1-F ——
( 1) dw 0x; 0x;
3)
where
— turbulent viscosity
_ ak
Y = hax(a,, SF,) @)
— production term
P=pusSS 5)
whereby
(6)

— functions F1 and F2:

\/k 500u> 4pcm)2k>

F) = tanh(arg}), arg, = min(“la"(o.o%y’ oy

’ CDkoy?
@)
\/k 500v
F, = anh(arg), arg; = m"‘*<20~09wy’ o) O

— fixed coefficients

oy = 0.850,, = 0.58; = 0.075p* = 0.09 = 0.41y, = g—l — o, 2 V/B*

6., = 1.0c,, = 0.856p, = 0.0828* = 0.09,k = 0.41y, = % —6,,k2V/p*

2.3.4 Modification of the production conditions

In the “SST k-w” model, Kato-Launder modifications [73]
were applied. Normally, the “SST k-w” turbulence model tends
to artificially overproduce turbulence in the pile-up regions
due to the large S values that are generated in these regions.
Kato-Launder’s proposal is to replace shear stress S in the tur-
bulence production equation by vorticity €2, then

P = pu,SQ 9)
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where

10)

2.3.5 Wall shear stresses on the grinding wheel surface

Due to the shear effect in the abrasive layer [74, 75], the wall
shear stress 7,, occurring on the conical surface of the grinding
wheel (wall) was used in the analysis of numerical simulations
in order to determine the possibility of removing contaminants
from the grinding wheel active surface by use of the CCA jet.
These stresses are described by the formula

(3)
=i(5) an

where 7,, is the shear stress on the conical surface of the grind-
ing wheel (wall), u is the dynamic viscosity, u is the velocity
over the conical grinding wheel surface (wall), and y is the
distance from the wall of the conical grinding wheel surface.

2.3.6 Conditions of the numerical simulations

ANSYS CFX 2019 software was used to carry out the
numerical simulations of the flow, using a 3D CAD model
whose geometric parameters are described in Table 1.
Table 3 summarizes the conditions applied during the
numerical work carried out. Among other things, the

assumptions and simplifications made are listed, as well as
the parameters of the finite element mesh. Furthermore, the
properties of the fluid used and the conditions of the simula-
tion process are listed.

Mesh convergence analysis was carried out by incremen-
tally increasing the number of elements and verifying the
estimations to ensure convergence of the numerical solu-
tion. The chart in Fig. 7 shows that for each of the four
geometric variants differing in the angular position of the
nozzle, the densification of the grid causes the results to
converge around a single value. The fact that the efficiency
n,.s for each of the four variants is lower with lower mesh
densification is due to the fact that in the gap between the
abrasive tool and the workpiece, the geometry of the closely
spaced walls is reproduced incorrectly and the calculations
in the wall layer erroneously reduce the amount of fluid that
enters this area. By properly densifying this area and the
area around the main fluid stream, it is possible to achieve a
plateau in the 7, efficiency results.

3 Results of numerical simulations
of compressed cold air flow in grinding zone
of hob cutter blades using CAG nozzle

3.1 Efficiency n,, of air supply system
Figure 8 shows the distribution of air flow streamlines in

the fluid domain obtained by numerical simulation for four
nozzle angle settings: 30°, 45°, 60°, and 90°.

Fig.7 Mesh independence 0.20
study .
0.18 -
0.16 -
'é’ J
< 0.14 -
3‘, J
e 0.12 -
2 :
© 0.10 S
E ] Nozzle angle
0.08 -
l —— 30°
/l-l
0.06 /l —A—45°
0.04 1 - —4—60°
4 " — 900
0.02 -
0.00 . . . . .
0 1x10° 2x108 3x10° 4x10° 5x108 6x10°

Number of mesh cells
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As can be observed in Fig. 8, decreasing the angle ¢ of
inclination of the nozzle in relation to the grinding wheel
active surface causes the lines representing air streams to
be more directed and directed “under the tooth” of the hob
cutter (opposite to the direction of rotation of the grinding
wheel). This results in a greater volume of air flow reaching
the contact zone of the hob cutter with the grinding wheel
due to lower losses resulting from multidirectional disper-
sion of air flow from the point of contact with the rotating
grinding wheel surface, which occurs when the nozzle is
inclined at an angle of 90°, for instance (Fig. 8d).

A confirmation of the above-described effect of changes
in the inclination angle € on the directionality of the CCA jet
is provided by the results of efficiency #,,,, which defines the
ratio of the amount of air delivered by the nozzle to the grind-
ing zone to the amount of air entering directly into the zone
of contact between the grinding wheel and the hob cutter.
The results are summarized in Table 4 and shown in Fig. 9.

a)

As can be seen from the data in Table 4 and Fig. 9, decreas-
ing the angle ¢ increases the efficiency of CCA supply to the
grinding zone expressed as 7, efficiency. The highest effi-
ciency 7, i.e., the most favorable from the point of view of
cooling and cleaning of the grinding zone, was achieved when
the nozzle was positioned at an angle e =30° with respect to
the grinding wheel active surface. It should be noted that in the
case of two successive angular settings of the nozzle (45° and
60°), the efficiency achieved for them reaches almost identical
values, but is lower than the highest one by about 30%. Such
a large difference in the values obtained is due to the nature of
the flow. The numerical simulation indicates that at a nozzle
inclination of 30° in relation to the GWAS, the air stream, due
to the presence of an air cushion around the rotating grinding
wheel, does not reach the GWAS for the most part. Thus, it is
not dispersed as a result of contact with the grinding wheel and
is directed directly to the point of contact between the grinding
wheel and the hob cutter.

Fig.8 Velocity vector distribution on the current line obtained for the angle € of the nozzle inclination: a 30°, b 45°, ¢ 60°, and d 90°
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Table 4 Efficiency 7, of air
supply system using CCA
method 30 45 60 90

Nozzle inclination angle ¢ [°]

Efficiency #,,, [—1]

0.153 0.108 0.106 0.067

In comparing the above-mentioned values of efficiency
with the values obtained using the MQL method (described
by the authors in [40]), it should be noted that the effi-
ciency of the air supply system obtained for identical
angles of nozzle inclination in both cases changes in an
analogous way — for £ =30° it takes on the highest value,
while for £ =90° it is the lowest. Nevertheless, it should
be noted that the efficiency values obtained for the MQL
method are 90-160% higher than the corresponding values
obtained for the CCA method. It must be assumed that
this is due to the way the nozzle is positioned with respect
to the direction of rotation of the grinding wheel. In the
case of the MQL method, the air stream leaving the noz-
zle encounters an air cushion around the rotating grinding
wheel in a clockwise direction. As a result, it is lifted by
the air cushion and directed directly to the point of contact
between the grinding wheel and the hob cutter. When a
CAG nozzle is used, the clockwise rotation of the grind-
ing wheel impedes air flow to the contact area between the
grinding wheel and the hob cutter.

0.18

3.2 Wall shear stress t,, and area P_ of action of wall
shear stress T,

Figure 10 shows the distributions of the wall shear stress 7,,
occurring on the conical surface of the grinding wheel in
the area of the active surface of the wheel. The distributions
are shown for four nozzle angle settings, namely, 30°, 45°,
60°, and 90°.

Table 5 and Fig. 11 show the maximum wall shear stress
7,,-max Values obtained for nozzle inclination angles € of 30°,
45°, 60°, and 90°, respectively.

From the data in Table 5 and Fig. 11, it can be concluded
that the highest value of wall shear stress occurs when the
CAG nozzle is set at an angle e =90°, similar to the authors’
study on air utilization using the MQL method [40]. Moreo-
ver, as the angle of inclination of the CAG nozzle decreases,
the wall shear stress z,, also decreases and reaches, for an
angle e=30°, at,, .. value less than half the value obtained
for an angle £ =90°. This results from the already mentioned
occurrence of the air cushion around the rotating grinding
wheel, which causes that the smaller the value of the noz-
zle inclination angle, the less air reaches the GWAS, while
more enters the contact zone between the grinding wheel
and the hob cutter.

It should be noted that the ability to remove contaminants
from the active surface of the grinding wheel is also influ-
enced, apart from the value of wall shear stress 7,,, by the

Fig.9 Efficiency #,,, of CCA air
supply system obtained for four
angles ¢ of nozzle inclination,

namely, 30°, 45°, 60°, and 90° 0.16
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b)

nnnnn

Fig. 10 Distribution of wall shear stress 7,, obtained for angle € of nozzle inclination: a 30°, b 45°, ¢ 60°, and d 90°

area P_on which these stresses act. The greater the surface
area P, the greater the ability to remove contaminants from
the grinding wheel surface. Table 6 summarizes the values
of the surface area P_ of the action of wall shear stress 7,,
induced by the CCA jet, determined for four cases of nozzle
angular settings (e =30°, 45°, 60°, and 90°). For each of the
four angles ¢, the area is defined by three intervals of wall
shear stresses with values of (1) 30-170 Pa, (2) 40-170 Pa,
and (3) 50-170 Pa.

To illustrate the shape and size of the P, area obtained as
a function of the nozzle inclination angle &, they are sum-
marized in Fig. 12. This figure shows the P, area obtained

Table 5 Maximum wall shear

SLIESS Ty, max

Nozzle inclination angle ¢ [°]

30 45 60 90

Maximum wall shear stress
Typ-max [P2]
50.9 102.0

1114 1229

@ Springer

for case 1, when the wall shear stress 7,, is between 30 and
170 Pa. The surface area is marked in green.

In order to facilitate the analysis of the results in Table 6,
their values were used to make the graph shown in Fig. 13.

From Table 6 and Fig. 13, it can be seen that for all
three ranges of 7,,, the largest P_ surface area was obtained
when the nozzle was positioned at an angle € =45° to the
grinding wheel active surface. Similarly, although smaller
on average by about 5.9%, values were obtained when the
nozzle was positioned in a direction normal (e =90°) to
the GWAS. When an angle of ¢ =60° was used, the dif-
ference averaged 16.2%.

Of note is the large difference (about 215 mm? on aver-
age) in the P_ values obtained for the cases when the noz-
zle is positioned at 30° and 45°. Such a large difference
results from the nature of the flow and is caused by the
occurrence of an air cushion around the rotating grinding
wheel, which blocks most of the air stream from reaching
the GWAS, a fact that was mentioned when discussing
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Fig. 11 Maximum wall shear 140
Stress 7, Obtained for four
angles € of nozzle inclination:

30°, 45°, 60°, and 90° 120 -

-
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30

the efficiency diagram 7, in Fig. 9 and the diagram of

maximum wall shear stress 7, ., (Fig. 11).

4 Experimental verification of numerical
simulation results

4.1 Grinding of face of hob cutters

The aim of the experimental study was to verify the results
of numerical simulations of compressed cold air (CCA) flow
in the grinding zone. The amount of clogging occurring on
the grinding wheel active surface was selected as the param-
eter verifying the efficiency of the air supply. This is due to
the fact that one of the functions of the cooling lubricant
is to remove the swarf from the grinding zone and to clean
the wheel.

In the course of experimental investigations, the contact
surface of a hob cutter was ground, and then the surface

Table 6 Surface area P_ of wall shear stress 7,,

Wall shear stress Nozzle inclination angle ¢ [°]

7,, [Pa]
30 45 60 90
Surface area P, [mm?]
30-170 95.0 334.0 285.5 313.1
40-170 29.7 251.3 209.4 232.9
50-170 0.3 189.5 157.2 181.9

45 60 90

Nozzle angle ¢, °

proportion of deposits on the active surface of the wheel
was measured. It was on this basis that a percentage index
Zy, of the grinding wheel cloggings was determined. The
obtained results allowed an indirect evaluation of the air
supply conditions in the CCA method determined by the
angle ¢ of inclination of the CAG nozzle.

During grinding, the face of solid hob cutters NMFc-
3/20°/B, made of HS6-5-2 high-speed steel without anti-
wear coatings, was sharpened. These cutters are designed for
the production of cylindrical gears according to ISO 53 and
ISO 54. Table 7 summarizes the grinding conditions used
during the described tests.

The cutters were sharpened on a special conventional
grinding machine for sharpening hob cutters using a Norton
38A60KVBE disc wheel [65]. This is a grinding wheel made
of white fused alumina grains with a vitrified bond. The wheel
was conditioned before each test using a single-grain diamond
dresser. The grinding parameters for the hob cutter blades
were selected based on literature data [76, 77] and workshop
practice.

During the first stage of the research, compressed cold
air (CCA) was applied using a single CAG nozzle with the
symbol WNT 6910.15.3-7. The nozzle was inclined with
respect to the active surface of the grinding wheel using four
angles € amounting to 30°, 45°, 60°, and 90°. As a reference,
machining was also carried out with the minimum quantity
of machining fluid using the MQL method. In this method,
coolant in the form of an air-oil aerosol was supplied
using a MicroJet MKS-G100 MQL system from MicroJet
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Fig. 12 Area P, of occurrence of wall shear stress z,, in the range 30-170 Pa obtained for angles £ of nozzle inclination: a 30°, b 45°, ¢ 60°, and

d 90°

(Germany) with a flow rate of 0,5, =50 ml/h. Biocut 3000
synthetic ester-based oil from Molyduval (Germany) was
used as the liquid [78]. The nozzle was an inclined relative
of the grinding wheel active surface using four ¢ angles of
30°, 45°, 60°, and 90°. The air-oil aerosol supply condi-
tions were determined based on previous studies described
in detail in [40].

In the second stage of the experimental study, the grind-
ing of the hob cutter face was carried out using the MQL-
CCA method and the flood (WET) method. During machin-
ing with the MQL-CCA method, the machining conditions
adopted in the first stage of the research were applied during
individual trials for each method. The exception was the
variant in which the nozzles were positioned at an angle
e that allowed the lowest Z,, to be obtained. In the case
of the nozzle used in the MQL method, this was an angle
£=90°, while in the case of the CCA method, the angle &
was 45°. The flood method (WET) was carried out using an

@ Springer

aqueous oil emulsion with Emulgol ES-12 (5%) from Orlen
Oil (Poland) [79]. The emulsion supply conditions to ensure
the lowest index of wheel flooding were established based on
previous studies [55]. A single nozzle inclined with respect
to the active surface of the wheel by an angle ¢ =30° was
used, which supplied the emulsion to the grinding zone at a
nominal flow rate Qygr="7 I/min.

4.2 Conditions for grinding wheel clogging
measurements

Measurements of wheel bonding were commenced by
recording images of a fragment of the grinding wheel active
surface (GWAS) using a digital microscope DO Smart SMP
PRO from Delta Optical (Poland) [80]. The images were
recorded using Delta Optical Smart Analysis 1.0.5 soft-
ware using 50 X magnification (Fig. 14a). Images recorded
in grayscale were analyzed to detect the occlusions and
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Fig. 13 Area P, of occurrence o~ 400
of wall shear stress z,, obtained £
for three ranges of stress values, E
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then to determine the degree of filling of the inter-grain
spaces of the grinding wheel by the chips. For this pur-
pose, the Met-Ilo v.5.1 image analysis program developed
at the Silesian University of Technology [81] was used.
This program enables the detection of chips accumulated
between the abrasive grains on the basis of the intensity of
the light reflected from the chips in relation to the intensity
of the light reflected from the surface devoid of them. This
difference in reflected light intensity is used to segment the
image area by setting the color of the pixels correspond-
ing to the chips as white and giving the remaining pixels
a red color (Fig. 14b). As a result of dividing the number
of black pixels by the total number of pixels, the grinding
wheel clogging index Z, was determined. The final value
of the Z,, index of grinding wheel clogging representative
for a single grinding trial was determined as the arithme-
tic mean of the index values determined from five GWAS
images taken at different locations on the circumference of
the grinding wheel and in total covering approximately 6%
of the GWAS area [55].

4.3 Experimental results and their analysis

Table 8 and Fig. 15 show the results of the measurement of
the active surface indentation of the grinding wheel during
grinding with a stream of compressed cold air (CCA) and
coolant supplied at a minimum flow rate using the MQL

45 60 90

Nozzle angle ¢, °

method. The percentage of surface clogging on the GWAS
is described by the Z,, index of grinding wheel clogging.
As can be seen from Table 8 and Fig. 15, when the CAG
nozzle is used, the Z, index assumes the smallest (most
favorable) value for the nozzle inclination angle e =45° and
increases its value for the other angle settings. This charac-
ter of the occurrence of clogging coincides with the values
obtained from numerical simulations described in “Sect. 2.”
The smallest percentage of cloggings on the GWAS observed
at a CAG nozzle inclination of e=45° is mainly due to the
largest surface area P,, which is affected by the second high-
est wall shear stress 7,, induced by the CCA jet. Moreover, the
cleaning effect of the grinding wheel is enhanced by the air
jet directed into the contact zone of the active abrasive grains
with the workpiece material, as confirmed by the second
highest value of the efficiency #,,, of the air supply system.
In the case of the results obtained for the MQL method,
the Z,, index takes the smallest (most favorable) value for
the nozzle inclination angle € =90°. It should be noted
here that the values of the Z,, index obtained for the other
angles ¢ are similar. The difference between the extreme
Zq, values obtained for the angle e =30° and £ =90° is only
2.3%. Therefore, it can be concluded that a change in the
angle e does not have a significant effect on the efficiency
of chip removal from the inter-grain spaces of the grind-
ing wheel. This property can be explained by analyzing
the results of numerical simulations and assuming that the
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Table 7 Grinding conditions Grinding mode

Hob resharpening

Grinding machine
Workpiece

Grinding wheel

Dressing parameters

Grinding parameters

Method of coolant supply

Conventional hob grinding machine

Hob cutter NFMc-3/20°/B
material: HS6-5-2 high-speed steel, hardened with 62 +1 HRC
m=3 mm
a=20°
= 9
accuracy class: B (according to PN-ISO 4468)
normal ground profile

38A60KVBE
dish grinding wheel — type 12 (according to PN-ISO 525:2001)
dimensions: 200/90 x 20/2 x 32

Single-point diamond dresser
0,=1.0kt
n,=2950 rpm
vy=31m/s
v,,=6.6 m/min
a=0.15 mm
a,=0.01 mm
15 grinding passes

1. Compressed cold air method (CCA)
WNT 6910.15.3-7 — cold air gun (CAG) with single nozzle
Pcca=0.6 MPa
Teca=-20°C
£=30°, 45°, 60°, 90°
2. Minimal quantity lubrication method (MQL)
MicroJet MKS-G100 — oil-mist generator with single external nozzle
Fluid: Biocut 3000
O =50 ml/h
e=30°, 45°, 60°, 90°
3. MQL-CCA - combined MQL and CCA method
CCA method: e=45°
MQL method: £=30°
4. Flood method (WET)
Fluid: 5% water solution of Emulgol ES-12 oil
Ower="7 /min
e=30°

influence of air entering the contact zone of the workpiece/
wheel (expressed by the efficiency 7,,,) on grinding wheel
clogging is equivalent to the influence of the wall shear
stress 7,, acting on the GWAS [40]. For an angle € =90°, the
wall shear stress 7,, has a decisive influence on the GWAS

Fig. 14 Measurements of bond-
ing of grinding wheel: a GWAS
photo after grinding, magni-
fication 50X ; b GWAS photo
processed to determine Z,,

cleaning. With decreasing the nozzle inclination angle, the
influence of 7,, stresses also decreases, and the cleaning
function is taken over by the air entering directly into the
contact zone of the grinding wheel with the attack surface
of the sharpened hob cutter.

: digital microscope DO Smart,
DO Smart Analysis 1.0.5
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Table 8 Z, index of clogging for CCA and MQL

Method of coolant Nozzle inclination angle € [°]
supply
30 45 60 90
Grinding wheel clogging coefficient Zy, [%]
CCA 12.5 5.3 10.5 15.9
MQL 15.8 14.3 15.1 13.5

A comparison of the Zy, values obtained during grinding
using the CCA method and the MQL method indicates a
much better cleaning ability of compressed cold air at an
angular position of the CCA nozzle in the range from 30
to 60°. The difference between the best Zg, values obtained
for both methods is 8.2%, with the Z,, value for the MQL
method being 2.5 times higher than that for the CCA
method.

Table 9 and Fig. 16 summarize the results of the most
favorable (smallest) values of the Z,, index of wheel clogging
determined for four methods of supplying machining fluid to
the grinding zone: CCA, MQL, MQL-CCA, and WET.

As can be seen from the analysis of the results presented
above, the smallest value of the Z, index was obtained by
supplying the cooling lubricant using the flood method
(WET). The application of an additional GWAS cleaning

Table9 Lowest values of Z; index for CCA, MQL, MQL-CCA, and
WET methods

Method of coolant supply

CCA MQL MQL-CCA WET
Grinding wheel clogging index Z, [%]
53 13.5 2.5 2.0

nozzle using compressed cold air (CCA) and supporting
the MQL method resulted in the Z,, value determined for
the hybrid MQL-CCA method being higher by a mere
0.5% in comparison with the indicator for the priming
method (WET).

The above observations and the fact that the Z, value
for the MQL method is almost seven times higher than the
value of the index determined for the flood method (WET)
give rise to the conclusion that the function of evacuat-
ing chips from the contact zone of the GWAS with the
workpiece surface and cleaning the GWAS during grind-
ing with the MQL method can be effectively supported
by feeding an additional stream of CCA in the manner
described in this work. This makes it possible to achieve a
level of wheel clogging similar to that achieved when feed-
ing a water-in-oil emulsion using the flood method (WET)
at an 8400-fold reduction in coolant output.

Fig. 15 Grinding wheel clog- 18
ging index Z,, for CCA and i
MQL methods °\° 16 4
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Fig. 16 Smallest values of Z, index of grinding wheel clogging for
CCA, MQL, MQL-CCA, and WET methods

5 Conclusions

By carrying out numerical flow simulations and verifi-
cation experimental studies, it was established that the
ability of the CCA jet to clean GWAS depends primar-
ily on the value of the tangential shear stress 7,, and the
surface area P, on which it acts. The greater these two
values are, the smaller (more favorable) the value reached
by the grinding wheel clogging index Zy,. In the presented
range of test conditions, the smallest Zy, value of 5.3 was
obtained with the nozzle positioned at an angle of e =45°
to the GWAS and is 2.5 times lower than the value deter-
mined for the most favorable positioning of the nozzle
using the MQL method, for which Z, =13.5. This obser-
vation indicates the validity of using the CCA jet directed
at the GWAS at an angle of 45° to assist in cleaning the
grinding wheel during machining with the simultaneous
application of the MQL method. This is confirmed by the
wheel clogging condition obtained during grinding using
the hybrid MQL-CCA method, for which the Zy, is 2.5 and
its value is comparable to the Z, =2.0 — value obtained for
a wheel working under cooling conditions with a water-
based oil emulsion supplied by the flood method (WET).
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