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Abstract

Cooling systems in standard machining operations play an essential role in achieving the
quality and performance required in operational outcomes. Most machining operations, and
especially those dealing with refractory materials such as nickel, cobalt, and titanium-based
alloys, cannot be conducted efficiently without the application of cooling. Cooling nozzles are
important elements of cooling systems and control the flow rates of coolants as well as their
direction. The design of the nozzle may significantly influence the efficiency of cooling
systems, where high coolant consumption is one of their main ecological and economic
drawbacks and poor nozzle design may result in the dissipation of coolant in an inefficient
manner. This paper reviews state-of-the-art cooling systems used for machining, with an
emphasis on the designs and applications of cooling nozzles used for grinding, milling, and
turning operations. The first part of the paper considers recent publications concerning common
types of cooling systems as well as the nozzle designs and applications used, and also
summarises the advantages and disadvantages of each system. The second part briefly
discusses important research studies of the design, location and orientation of cooling nozzles.
Finally, conclusions are drawn that represent the most significant results and findings of this
review, the main objective of which is to fill the research gap identified with regard to the
development of cooling and lubrication nozzles and their applications during grinding, milling,
and turning processes.

Keywords: Cutting fluid; Flood cooling; MQL; Nozzle; Nozzle location and orientation;
Coherent nozzle

oadlal)
Tl s (Lt s sl ¢ opatl) calaall) (SolSall Jusniil) dlassdgy aiatll ciblee Cilfidie g 2yl Al Canls
daslial) dprigll Sgall Laagead slgall (s o (SalSed) il cllee eha) (Ko Y - llaall o3 ol 835a 3

1 Copyright © ISTJ b gama adall Ggi>
duailly polal) ddgull dleald


http://www.doi.org/10.62341/ISTJ/12453712
mailto:s.gariani@tpc.ly1,%20abdsu75@gmail.com2
mailto:g.m@tpc.ly

— 4881 o glall 40 gal) Al
H IC Ag— u"l—:’ dde International Scionce and Technolozy Jonrnal > <
utsncigl! g aisadall pglald (3 gl il 330 & 5”‘197]\ ‘Q}L,,U Qﬁ“\” %JJUA:}AJb I S I ' /
dpwodigll 9

2022 yeatias -28-27

pskyd dash JSHs pob pia . anal) Bilog Al aladial (50 8eUSH o gulially CallisSlly ISl il Jia 3)all
N ane b aSay Cum eyl Aalail 8 lage faaie SolSl) Jiriil) Sllee o1 (Cooling Nozzle) )
s - Glad sl Gl apal) el 5oUS e ayall gkl dagh mensi fig 3. Lgalaladl Gy aynl Blgw (385
O Oos b gl illae ol At dpaliail g Adill ($ilgal) anl ayl) gl wiall Dgaa¥) yiia cadlgl)
Cayind AilKeg Allad e dinylas 2yl Wilgw o IS 000 ) St (50 208l asla)d gl foand) pranail
IS eguall 48501 o LS L Solaa) Jordill ibilee Calida 8 dandiional) 2yl dadail aoal daalad) Alaall 020
SIS Jarll cllee aal 8 deadiall aal Al adala clagh by Slaeal) Cifide e pals
ehal 225 ) 48,50 auitis ((Coherent Nozzle) suliall sl 3wyl dada adal & cilagh Lgiana e Al
lgadaty lasaad ) ALY 0l dadal delal @l ddlaia) cluhall Gaal gapeion Jo¥) eiall tdu,
Laiy alds JS Aalend) Lpalell il ilgags clalagls labu 28y (o peied LS gy Aalaiall alall cilagh
bkl o gt Clasenaly wigh Al diaall lahyall sl (e waall Jase lage wdil &5l o (SB gal) Ganad
Lad) Glupal (e clalinay) aadl (adle Ayl syl Lokl dihie sai lggangs Sy anyall Lokl
Dk Gl Lad Ll L) Badll 2 2 48501 03g] Aliaall dadlly i)l iagl) o) Ldlaall a8 8 Sl
il 8ol CalSeall Jrdll lilee calida ol Lgilindais 2yl dadail aidal & cilasd

bl Clagh clgaialsas 2yl dadal aalala cilash ¢ SilKual) Juanil) Cililae capl) daliily Jilgas 140 el
Gomeliiall 3l 3 ) Al

1. Introduction

In the machining industry, cutting fluid supply systems (cooling systems) are crucial. Without
coolants, most difficult-to-cut materials such as hardened steels, and ferrous, nickel, and
titanium-based alloys cannot be machined efficiently. These systems have significantly
improved machinability, cutting efficiency, and productivity. The use of these systems in
manufacturing has enabled various advances such as in heat dissipation, cutting force
reduction, lubrication, chip control, improved surface finish, higher metal removal rate, and
dust suppression. Regardless of its type and design, a cooling system consists of two main
parts: the hardware or the equipment used to deliver the cooling agent, and the cooling fluid
(coolant) itself. Coolants have been developed to protect the microstructures of materials being
machined from the heat generated during cutting operations. Coolants dissipate heat and help
provide a uniform heat temperature field around a tool tip and inside the workpiece, which
helps in the production of more accurate products, protects the cutting tool from premature
failure, and maintains the microstructure of the machined material. Coolants also prevent
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Nomenclature

MOs Mineral oils

VOs Vegetable oils

FCL Flood cooling and lubrication system

MQL Minimum quantity lubricant

HPC High pressure cooling

HPCL High pressure cooling and lubrication system
OMCCL Oil mist and cryogenic cooling and lubrication system
MCL Mist cooling and lubrication system

CCS Cryogenic cooling systems

ACF Atomisation-based cooling fluid spray system
CUT-LIST  Controlled cutting fluid impinging supply system
CFD Computational fluid dynamics

CNC Computer numerical control

CO2 Carbon dioxide

Ti—6-Al-4V Titanium Alloy

MQL+CO2 A mixture of minimum quantity lubricant and carbon dioxide
Loc-Line A type of commercial cooling nozzle used in standard machine tools
Ra Average surface roughness

Ve Principal tool flank wear

Vs Auxiliary tool flank wear

TL Tool life

corrosion and contribute to reducing the friction between the cutting tool and workpiece
material (by lubrication action at lower cutting speeds) and dissipating heat from the machining
zone (by cooling action at higher cutting speeds), resulting in extended tool life and improved
machining quality [1]. Coolants are categorised into three main groups of neat cooling oils,
water-soluble coolants, and gas-based coolants [2]. Coolants based on mineral oils (MOs) are
used widely in the machining industry. However, they are associated with various
environmental and health issues throughout their lifecycle [3]. Due to their better tribological
qualities and high biodegradability, vegetable oil (VO)-based coolants have recently been
proposed as suitable alternatives to conventional coolants [4]. Meanwhile, regardless of which
type is used, coolants are delivered to machining zones using different supply methods and
corresponding hardware. The nature of a cooling system’s hardware depends on whether it
employs, for example, conventional flood cooling and lubrication (FCL), high pressure cooling
and lubrication (HPC), minimum quality lubrication (MQL), or oil mist and cryogenic cooling
and lubrication (OMCCL) [5]. However, any cooling system must have a nozzle which delivers
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coolants to cutting zones. Indeed, the cooling efficiency of the system is not only influenced
by coolant type and volume, but also by the type and design of the nozzle which controls the
flow rate and direction of the coolant [6]. The traditional sloped nozzle is the most common
type of nozzle, especially when performing common machining operations like turning,
milling, and drilling. For various grinding activities such as cylindrical and surface grinding,
coherent, tapered, slot, spot jet, or shoe-type nozzles are frequently used [7]. This is because,
in comparison to other machining operations, grinding can produce a significant amount of
heat due to the high contact area between the grinding wheel and workpiece surface. Many
studies have been conducted of coolants and their applications, and the characteristics of
coolants during machining processes and their environmental impact have been investigated.
However, no substantive review has comprehensively discussed recent developments in the
design of nozzles used for cooling and lubrication in turning and milling operations.

This research presents state-of-the-art knowledge concerning the most common cooling and
lubrication systems used for grinding, milling, and turning, focusing on recent publications
related to the types and designs of cooling nozzles used. The paper is divided into three main
parts. The first part presents a literature review of the most common cooling and lubrication
systems used in standard machining operations, and summarises their advantages and
disadvantages. The second part then considers recent research studies of cooling nozzle designs
and applications, and the results of real-world case studies are discussed. Finally, conclusions
are drawn which represent the most significant findings of the review. The main objective of
this study is to fill the research gap which has been identified in regard to the development of
cooling and lubrication nozzles and their applications and adjustments during grinding, milling
and turning processes.

2. The most common cooling and lubrication systems used for machining operations

2.1 Flooding cooling and lubrication (FCL)

This is the most widely used cooling and lubrication system in many standard machining
operations. In this system, a high stream of cooling and lubrication fluid (coolant) is pumped
directly toward machining zones through conventional, randomly positioned, and sloped
nozzles, as illustrated in Figure 1. The coolant is usually delivered under low pressure (10 bar
or less), and low flow rate < 220 L/min [8]. The coolant disperses heat from machining zones
S0 as to prevent damage to workpieces and tools, and also clears chips away from as well as
lubricating the machining zone, thus reducing friction at the tool-workpiece and tool-chip
interfaces. This type of cooling system relies on different types of fluids such as water-soluble
oils (emulsion), synthetic and semi-synthetic fluids, and pure oils. However, these systems are
not very efficient, since they utilise huge quantities of fluids, most of which are not ecologically
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friendly. In addition, they have to be replaced and disposed of frequently after specific periods
of time, which creates further environmental problems. These cooling systems also fail to
control the fluid stream at localised hot zones and exhibit low penetrability, especially at high
cutting speeds, due to the formation of a high-temperature vapour blanket that renders the
coolant ineffective [9].

Furthermore, when the cutting fluid stream is applied to the rake and flank faces
simultaneously, good cooling performance can be attained. This requirement cannot be
properly achieved by flood cooling where the fluid is often flooded from the chip side (i.e., the
rake face) to the cutting tip, and therefore a substantial thermal load leads to rapid tool wear
and shorter tool life [10].

4 . < =4 \ Coolant hose
Coolant collar ‘
T Coolant sloped

‘ \ nozzle
: f -

Cutting tool - ' '

A a »
Figure 1. Flooding cooling and lubrication system [11]

2.2 High-pressure cooling and lubrication system (HPCL)

This is an upgraded version of FCL in which the coolant is pressurised and directed onto
machining zones to increase the heat dissipation rate, and chips are ejected from the narrow
points of the cutting zone. This system was invented to tackle the high temperatures
accompanying modern machining processes in which metal removal rates increased
substantially and assists to cut hard-to-machine materials. . HPCL applies coolants under high
pressure (up to 200 bar) through customised nozzles to provide a powerful jet of fluids into the
machining zone [12]. The force of the pressurised coolant in the system promotes superior
penetration capabilities into the tool-workpiece and tool-chip interfaces, thus prolonging the
tool’s life and inhibiting tool wear. Additionally, HPCL helps to create small discontinuous
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chips, which can easily be hydraulically ejected away from the machining zone and tool rake
face. However, the the main limitation of such systems is that up to 75 L/min of coolant are
applied utilising very expensive pumping and filtration techniques, and the microparticles (<
20um) of chips may cause damage to the system [13]. Figure 2. illustrates the HPCL system
applied in a high-speed milling operation.

R

'+«  Coolant nozZles

tting tool

Workpiece

4
Figure 2. HPCL system applied in a high-speed milling operation [11]

2.3 Mist cooling and lubrication (MCL)

Figure 3. shows an MCL system where external equipment attached to a machine is connected
to a special compressor which pressurises the air up to six bars and cools it down to 0°C. The
compressed and cooled air is pumped to a special nozzle connected to a small tank that supplies
the coolant. The high-pressurised cold air splits up the coolant particles into a mist (aerosol) of
droplets of about 20 um. The aerosol is sprayed toward the cutting zone in order to cool the
hot tool tip and workpiece surfaces and to blow chips away. MCL is characterised by its high
cooling and lubrication efficiency. Moreover, the aerosol can reach narrow zones as well as
provide good visibility during machining operations [14]. Additionally, unlike FCL and HPCL
systems, MCL applies a much smaller volume of coolants all of which is converted into an
aerosol, and thus tanks or containers to collect the coolant for reuse or disposal are not required.
This characteristic is very important since coolants may be very toxic and hazardous to the
environment. Moreover, the equipment used can be adapted for manual, semi-automatic, and
automatic operations, and MCL can dramatically improve the quality and productivity of most
machining operations. However, neat mineral oil mists, particularly when used in grinding
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processes, are more prone to fluid ignition than water-miscible fluids [15]. In addition to its
other drawbacks, the use of MCL necessitates an appropriate ventilation system to prevent
personnel breathing in harmful airborne fluid particles. Furthermore, high-speed machining
with oil mist poses severe health risks because so much mist is produced, making it far riskier
than low-speed milling [16].

Figure 3. Mist cooling and lubrication system

in an end-milling operation [11]

2.4 Minimum quantity lubrication and cooling (MQL)

The MQL system depicted in Figure 4. is also known as ‘micro-lubrication’ or ‘near-dry
lubrication’, and this system was presented as a feasible substitute for FCL [17]. Its main
principle is that it spreads a fine mist containing a mixture of air and oil to cutting zones where
oil and air are mixed inside well-directed and specially designed nozzles. This application uses
pressures of up to 6 bar, nozzles with an outlet diameter of around 1 mm, and flow rates of 10
to 450 mL/h. MQL systems depend on very low oil volumes (in mL/h instead of L/min)
compared to the previously mentioned systems, and it commonly uses biodegradable lubricants
such as vegetable oil-based fluids [18]. The best coolants for MQL are neat vegetable oils and
synthetic ester oils because of their better lubrication capabilities and biodegradability. When
compared to dry and FCL, MQL has been observed to significantly lower the frictional cutting
force by 24 % and 32 % respectively at low cutting speeds [19]. When applied to the tool flank
face rather than the rake face, MQL has also demonstrated a considerable reduction in tool
wear. However, the use of MQL is restricted to the machining of typically hard and refractory
materials like nickel- and titanium-based alloys where heat dissipation is a priority, and many
studies view it as a lubrication rather than cooling system [20-22]. In addition to other
criticisms, hazardous fluid aerosols are frequently produced in MQL machining due to the mist
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application spraying mechanism used [23]. Additionally, the utilisation of MQL in the
machining of highly ignitable materials like magnesium alloys is particularly risky [24]. Figure
4. illustrates the commercial MQL system applied in an end-milling process.

1 190

- L

s o N \

Cutting tool Coolant feeé
pipes _

3 -\ MQL nozzles

QL system applied in an end-milling process [11]

Fur .

2.5 Cryogenic cooling system (CCS)

Cryogenic cooling refers to the application of a high-velocity jet of cryogenic agents such as
liquid nitrogen or liquid carbon dioxide which possess very low boiling points (—195°C and
—78 °C respectively) to deliver the rapid cooling of machining zones. This system provides a
highly efficient cooling effect and maintains cleaner machining environment since no oil or
liquid is left. When using this system, the cooling agent is blown toward cutting zones which
are too hot. The agent cools both the workpiece and tool and instantly evaporates, and hence
this system creates what is termed a pollution-free atmosphere. However, because cryogenic
coolants spread into the atmosphere as soon as they leave the nozzle, they perform poorly as
lubricants [25].

3. Design of cooling and lubrication nozzles in machining

3.1 Grinding operations

Grinding operations are characterised by relatively large contact areas between tools and
workpieces. Consequently, high friction usually arises between abrasive grits and workpiece
surfaces. Sometimes coolants experience difficulty reaching deep and narrow zones between
the grinding wheel and workpiece and extinguishing the grinding arcs. Thus, there is a high
risk of thermal damage to the workpiece surface, as well as grinding wheel wear [26]. Thermo-
mechanical processes in contact zones are defined by tribological relationships between the
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grain cutting edge, grinding wheel bonding, workpiece, and chip, and therefore cooling and
lubrication play a decisive role during grinding with respect to heat generation and dissipation.
In addition to cutting fluid type, composition and filtration, studies have shown that cutting
fluid supply variables including nozzle type, position, and geometry, supplied flow rate, and
jet characteristics can influence process productivity, workpiece quality and tool wear [27].
Many nozzles have been designed and fabricated to control thermal damage to surface layer of
the workpiece. Figure 5. shows various nozzle designs based on different grinding operations
[28]. In comparison to other grinding processes, creep-feed grinding is widely prevalent and
characterized by slower workpiece speeds and deeper cuts, resulting in a longer arc length of
contact between the grinding wheel and workpiece [29]. One of the more popular upgrades to
creep-feed is the use of coherent jet nozzles, as shown in Figure 6.

Coherent jet needle flat 3D printed solid stream 3D printed
nozzle nozzle nozzle nozzle A nozzle nozzle B

Coherent Jet
Nozzle

H. Rouse introduced a coherent cooling nozzle for the metalworking industry in 1951 after
observing a jet produced by fire hose nozzles. Later, Webster [31] improved nozzle design for
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use in cooling systems suitable for most grinding operations. Figure 7. illustrates the distinctive
interior design of coherent nozzles which inhibits the development of boundary layers,
enhances flow coherency, and creates high-quality jet streams with minimal entrained air and
low dispersion. The coherent nozzle’s fundamental feature is coherency, which is described as
“a dimensionless unit defined by the ratio of jet width at some downstream distance over the
jet width at the orifice” [32]. To meet the coherency requirement, the contraction ratio of the
inlet to exit diameter must be greater than or equal to 2:1. According to continuity and
Bernoulli's theorem [33], the coherent nozzle can enhance dynamic pressure more than fourfold
as kinetic energy in the form of a homogenous jet up to 300 mm in length.

View A

(Sharp edga@
d

W=3.2 ~ 4.8 mm

D is the diameter of nozzle feed pipe
d is the diameter of nozzle exit
Contraction ratio (Cr) = D/d
Coherency criterion Cr22

Figure 7. Cross-sectional view of a coherent round nozzle used in grinding operations [34]

It has been shown that a coherent nozzle’s effectiveness depends on a variety of variables,
including pressure, flow rate, and the direction of the fluid jet, all of which have an impact on
how effectively the fluid cools and lubricates. While pressure controls fluid velocity, flow rate
controls the rate of heat transfer into the fluid [35]. It has been noted that a coherent jet of fluid
was shown to dramatically decrease cutting temperature and improve heat and mass transfer
performance between the fluid and the exposed work part and grinding wheel surfaces during
grinding operations [36].

3.2 Turning and milling operations

The majority of CNC turning and milling machines are equipped with two or more
conventional sloped nozzles, also known commercially as Loc-line nozzles. They are used
where a plentiful volume of cutting fluids is required, as shown inFigure 8, and these nozzles
are often made of plastic with conical or spherical connectors that can be manually fixed at a
specific orientation during milling and turning processes [31].
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Loc-line conventional

)il - Py nozzle

Figure 8. A Loc-line cdoling and lubrication nozzle used in turning and milling operations [11]

Figure 9. Shows a sectional view of the Loc-line nozzle type. They have a large nozzle aperture
diameter and are made to feed cutting fluid at flow rates greater than 4000 L/h (up to 10 mm)
[37]. However, ‘vena contracta’ phenomenon and eddy formation are the main problems
affecting the efficiency of these nozzles. Eddy formation occurs when a sudden change in the
tube diameter reduces the coolant’s flow direction from a large zone into a smaller one, causing
fluid dispersion particularly at higher velocities. Due to the adhesion of fluid to the inner side
of the nozzle, the vena contracta (a point in a fluid stream where the diameter of the stream is
lowest and fluid velocity is highest) can negatively affect the aperture size [32].

Predicted Eddy
formation

Contracta

Figure 9. Cross-sectional view of a Loc-line nozzle showing eddy formation and vena contracta [32]
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4. Design of MQL cooling and lubrication nozzles

In general, the MQL nozzle mechanism consists of two main parts. The first is the mixing
chamber, where the compressed air and oil are mixed; and the second is the nozzle’s tip where
the pressurised mixture is sprayed out toward cutting zones. MQL mechanisms afford many
advantages such as maximising the volume of cooling liquids, controlling the mixing rates of
air and oil, and precise spray direction using less mist [38].

Figure 10. depicts an MQL nozzle mechanism in which the liquid mixture is accomplished
inside the nozzle.

Mixing

Nozzle tip Chamber \FL Q Q

// ] || Qil
f - - ——
N //
Lubricant U g Air
] il

Figure 10. MQL nozzle mechanism [38]

5. Evolution of nozzle design for turning and milling operations

Kapoor et al. [39] designed and validated an atomisation-based cooling fluid (ACF) spray
system for the end-milling of Ti-6Al-4V. The study has been conducted to compare the
machinability of titanium under different cooling fluid application methods, including dry
cutting, FCL, ACF, and MCL, based on the five machinability parameters of tool life, tool
wear, cutting forces, surface roughness and chip morphology. The ACF spray system they
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developed is shown in Figure 11., which involves: (i) an ultrasonic-based atomizer; (ii) a
cutting fluid reservoir with a delivery tube; (iii) a nozzle unit consisting of a coaxially-
assembled outer droplet and inner gas nozzles; and (iv) a high-pressure gas delivery tube for
the nozzle-spray unit. The ultrasonic atomizer used was vibrated at a frequency of 130 kHz and
atomized droplets were generated with a mean diameter of 11.8 um. Once the fluid was
atomized, the micro-sized droplets moved forward through the outer droplet nozzle. High-
velocity gas flowing through the gas nozzle entrains these droplets to produce a focused
axisymmetric spray jet that is employed in the cutting zone during machining. The exit
diameters of the droplet nozzle and the high-velocity gas nozzle were designed to be 18.8 mm
and 1.6 mm respectively, with convergence slopes of 40° and 0.75°, and the gas nozzle was
placed inside the droplet nozzle 5 mm from the exit point in order to avoid the divergence of
droplets.

High-velocity gas *

Power supply
\

Fluid delivery

Atomizer 5
Tube cover ~ Nozzle unit

Milling Tool

etallic Frame
- ACF spray unit: ’ '

Figure 11. Cutting fluid ACF spray system developed for the milling of Ti—-6Al-4V [39]

Experimental results from Kapoor et al.’s study showed that the application of the ACF spray
system resulted in uniform tool flank wear, lower cutting forces, better surface finish, and a
tool life extended by up to 75% compared to an FCL system. Moreover, chip morphology
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analysis revealed that using ACF leads to the formation of shorter and thinner chips, as
compared to those when FCL is used. Figure 12 and Figure 13 depict the effects of ACF on Ra
and tool flank wear respectively.

3.5

2.5

1.5

0.5

Avg. roughness, Ra (um)

Figure 12.

~+—Dry -#-ACF -+—Flood Cooling
| = :W
0 5 10 15 20 25
Machining time (min)
Ra results during end-milling of Ti—6-Al-4V under ACF spray system [39]
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Figure 13. The progress of tool flank wear during end-milling of Ti—6-Al-4V under ACF system [39]

Recently, Gariani et al. [34] developed a new controlled cutting fluid impinging supply system
named ‘CUT-LIST’ to deliver an accurate quantity of cooling fluid into machining zones
through precisely-oriented round coherent nozzles, as shown in Figure 14. Unlike conventional
sloped nozzles, CUT-LIST nozzles were designed based on the Webster jet nozzle model. The
new system can simultaneously target cooling fluids towards and backwards from the feed
direction at three different angles of 15°, 45° and 60° and with various stand-off distances. The
performance of the CUT-LIST system equipped with a conventional sloped nozzle when
milling Ti-6Al-4V alloy using a soluble vegetable oil-based coolant was compared with that of
an FCL system, and the effects of cutting conditions on cutting force, workpiece temperature,
tool flank wear, burr formation, and average surface roughness (Ra) were investigated.
Additionally, the effects of CUT-LIST on chip formation, microstructure, and micro-hardness
of the machined surface have been assessed. According to the study’s findings, the proposed
system significantly reduces the amount of cooling fluid used by up to 42%, while also
significantly reducing the cutting force, tool flank wear, and burr height by 16%, 47%, and
60% respectively.

Also, it was observed that Ra improved when applying the CUT-LIST supply system, as
illustrated in Figure 15. Considering the effects of CUT-LIST machining parameters
particularly feed rates, it was found that feed rate has decreased the cutting force by 47.46%,
and improved burr formation and surface roughness by 38.69% and 39.10%, respectively
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compared to a conventional flood cooling system. Likewise, the micro-hardness,
microstructure, and chip formation of the machined surface were all assessed. It was revealed
that there is no significant disparity between the two cooling (CUTLIST and conventional)
systems in terms of microstructural damage. In addition, SEM analysis showed that the
formation of discontinuous serrated chips is the main characteristic of the milling of Ti-6Al-
4V with both cooling systems. Both cooling systems achieved acceptable micro-hardness
variations (always ranging between 386.3 — 419 HV100). In terms of nozzle orientation effects,
stand-off distance was found to have a stronger influence on the key process variables than
nozzle angle position. This is due to the strong correlation between stand-off distance and fluid
penetrability. However, as shown in Figure 16., the positioning of the nozzles, in particular at
acute angles (< 15°) in the feed direction, greatly aids in enhancing coolant access to the
machining zones and reducing workpiece temperature. The preferred position for chip
evacuation and the appropriate cooling of the tool at the tool exit point, however, might be
nozzles angled at 45 degrees backwards in the feed direction.
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Figure 14. CUT-LIST fluid supply system with round coherent nozzle involved in end-milling of Ti-
6Al-4V [34]
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Figure 16. Mean effect plot of nozzle orientation against workpiece temperature for CUT-LIST [40]
Pereira et al. [41] developed plug and play nozzles based on the Laval nozzle model
which are directly applicable to commercial MQL systems, as shown in Figure 17.
Image of the developed (MQL + CO2) supply system when milling Inconel 718 [41]

. The behaviour of developed nozzle adapters were simulated using computational fluid
dynamics (CFD) and the optimal nozzle adapter was tested in the milling of Inconel 718. In
these milling tests, tool life was measured using different prominent cooling-lubrication
techniques of dry, wet using FCL, CO: stand-alone, MQL stand-alone and CO>+MQL,; the
latter being the proposed alternative.

In this study, compressible fluid dynamics were taken into account with the aim to achieve that
liquid CO; speed exceeds sound speed. To accomplish this, the CO> channels were modified
with convergent-divergent outlets (Laval nozzles). The results showed that tool life in dry
machining was 46.7% shorter compared to that when wet machining using FCL. CO2 cryogenic
machining improved the values obtained with dry machining, reaching 67.7%. With an oil flow
rate of 100 ml/h in machining with MQL, tool life increased by 84.2%. Finally, when
connecting the CO2 nozzle adapter (CO.+MQL), the increase rises to 93.5% compared with
wet machining as shown in Figure 18.
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Figure 17. Image of the developed (MQL + CO2) supply system when milling Inconel 718 [41]
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Figure 18. Tool life results of the tested cooling systems when cutting Inconel 718 [41]
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Zaman et al. [42] investigated the performance of their new double-jet micro nozzle connected
to an oil/air mixing chamber in the turning of medium carbon steel in comparison to dry and
external single-jet MQL machining, as shown in Figure 19. MQL supply parameters were air
pressure (13, 16, 19 bar), flow rate (60, 80, 100 ml/hr), nozzle diameter (0.75, 1.00 mm), and
primary and secondary nozzle angle (10, 15, 20° each). It was found that the double-jet MQL
micro nozzle machining was most effective among other machining conditions regarding
cutting temperature, surface roughness, chip reduction coefficient, main cutting force, and tool
wear. Their analysis also demonstrated that the most influential factor in providing an optimum
response was nozzle diameter followed by air pressure, secondary nozzle angle, oil flow rate,
and primary nozzle angle, the optimum values of which were 1 mm, 19 bar, 15°, 80 ml/h and
20° respectively. Figure 20. shows the progress of average principal flank wear (Vg) and
auxiliary flank wear (VS) against machining time under different cooling conditions when
turning medium carbon steel.

Mixing

i
Nozzle

Figure 19. (a) 3D design of double-jet micro nozzle connected to the mixing chamber; and (b) image
of external single-jet nozzle set-up used in the experiments [42]
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Figure 20. Progress of average: (a) principal flank wear (Vg); and (b) auxiliary flank wear (Vs) against
machining time under different cooling conditions when turning medium carbon steel [42]

6. Conclusion
This review has presented the state-of-the-art of the most common cooling and lubrication

systems applied in standard machining operations, which are flooding cooling and lubrication
(FCL), high-pressure cooling and lubrication (HPCL), and mist cooling and lubrication (MCL).
Minimum quantity lubrication and cooling (MQL) and cryogenic cooling systems (CCSs) have
also been briefly presented along with the advantages and disadvantages of all of the systems
described. Cooling nozzles are very essential elements in cooling systems and for this reason,
they have been focused on in this study. In particular, this study has concentrated on the
coherent and traditional sloped nozzles used for turning, milling, and grinding, and the findings
of several relevant case studies and research endeavours have been presented and discussed.
The literature suggests that the coherent nozzle, which is widely used in grinding operations,
is a promising alternative to the traditional sloped nozzle used in most flood cooling supply
systems. A round coherent nozzle has a unique internal geometry that affords a homogeneous
jet stream, reduced coolant consumption and improved machining efficiency. The studies
described show that the coherent nozzle orientation in terms of angle, position and stand-off
distance plays also a vital role in minimising average surface roughness and workpiece
temperature when milling refractory materials such as titanium alloys. These features extend
the range of applications for round coherent nozzles, particularly in milling operations. The use
of an MQL+CO> nozzle adaptor based on the Laval nozzle model elongated tool life by up to
93.5% compared to conventional flood cooling during milling of Inconel 718 in an atomisation-
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based cooling spray system. The developed double-jet MQL micro nozzle outperformed dry
cutting and the traditional external single-jet nozzle in terms of cutting temperature, surface
roughness, chip reduction coefficient, main cutting force and tool wear when turning medium
carbon steel. In summary, the round coherent and MQL nozzles, along with the other hybrid
nozzle adaptors such as MQL + CO., are believed to be promising alternatives to traditional
flood cooling-based nozzles that could reduce the consumption of cutting fluid with better
cutting and cooling performance when turning and milling different engineering materials.

7. Future work

Future research should give more attention to the use of round coherent nozzles in turning and
milling operations. Similarly, further attention is warranted to the application of MQL nozzles
and MQL+ cryogenic nozzle adaptors, particularly when cutting refractory materials.
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