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Abstract
Grinding technology has evolved in the last decades into a process of high efficiency
and precision to keep track with increasing demands of the industry. However,
the coolant supply has not developed in the same pace. Most grinding machines
still use ancient coolant supply nozzles, which prevent them from maxing out their
capabilities.
The research presented in this thesis concerns the understanding of the coolant flow
into the grinding gap during the external cylindrical plunge grinding operation. An
optimisation of the active flow rate, which is the coolant flow through the grinding
gap and the bulk coolant in contact with the workpiece, can improve cooling and
lubrication effects in order to enhance material removal rates, process efficiency and
tool wear behaviour.
The exit cross-section of the coolant nozzle plays a major role in the distribution of
coolant, and furthermore in terms of efficiency of the coolant supply. This aspect is
particularly important for wide workpieces and grinding wheels. In this work singlejet coolant nozzle combinations are chosen to establish an uniform coolant supply
over the whole width of a 60mm wide workpiece. The effect of the exit velocity of
the coolant is taken into account. The general rule that the exit speed of the fluid
should correspond to 60 − 100% of the cutting speed could not be confirmed for all
nozzle types, as much lower values show sufficient coolant supply for the single-jet
nozzles. It is proposed to adapt these indications to the actual grinding process and
the used nozzle type.
Grinding tests are conducted using different numbers of single-jet round nozzles
with a diameter between 1.5mm and 3.0mm. With the use of an individual coolant
jet, the region of influence of the coolant supply could be defined. Suitable methods for an evaluation along the workpiece width are developed for the roughness,
the residual stress profile and the grinding wheel cleaning condition. It is clearly
shown, that these parameters are maintained in a favourable range in a region along
the grinding wheel width of 3 − 4× the nozzle diameter. The distribution of the
coolant above the workpiece-tool contact line and the supply into the grinding gap
is broaden, depending on the actual transport capacity of the grinding wheel. A
distance between the nozzles of 7mm allowed a uniform and smooth profile of all
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measured values. To apply the principle of the single-jet nozzles to a wide range
of grinding processes, a method is proposed to determine a suitable distance of the
nozzles based on few grinding tests. These results are adapted on the used type of
coolant, cutting velocity, flow velocity, orientation and used nozzle diameter.
An insight in the grinding gap during coolant supply is created by replacing the
workpiece with a transparent Plexiglas tube. The flow distribution and filling of the
grinding gap is compared for several nozzles and flow rates. In contrast to known
indirect measurements, the fluid supply is shown along the grinding wheel width
and transferred into the specific volume flow per width.
To consider the non-uniform boundary layer airflow of the grinding wheel and uneven
coolant nozzles, full 3D CFD multiphase simulations are conducted alongside the
grinding experiments. Cooling effects of the bulk flow, which is not passing the
grinding gap, are considered equal to the real grinding conditions. Good agreement
of the simulated heat distribution below the workpiece surface and the measured
residual stress profile are found. The final stress state and the tool wear is primary
influenced by the temperature profile along the width of the workpiece.
Based on the presented results, the application of single-jet nozzles with large distances is described and justified. The precise and defined supply by individual
nozzles can bring advantages in terms of process stability, coolant use and flexibility
on the grinding contact geometry. Furthermore, when minimising the amount of
coolant, small inhomogeneities of the coolant supply can become crucial and lead to
insufficient supply and thermal damage in certain areas. These local faults might
not be detected by conventional averaging measurements. However, increasing requirements of the workpiece integrity can take the uniformity of the roughness and
residual stress profile with tight tolerances as given.
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Kurzfassung
In der Schleiftechnik gab es in den letzten Jahrzehnten starke Anstrengungen zu
höherer Effizienz und Präzision, um mit den steigenden Anforderungen aus der Industrie Schritt zu halten. Jedoch hat sich die Kühlschmiermittelzuführung nicht im
selben Vermögen verbessert. Die meisten Schleifmaschinen nutzen noch immer veraltete Kühlschmiermitteldüsen, welche eine Ausnutzung des Potentials der Schleifmaschine verhindert.
Die hier gezeigte Arbeit beschäftigt sich mit dem Kühlschmiermittelvolumenstrom
in den Schleifspalt während des Aussenrund-Einstechschleifens. Eine Optimierung
des aktiven Kühlschmiermittelvolumenstroms, welcher den Kühlmittelstrom durch
den Schleifspalt und den in Kontakt mit der Werkstückoberfläche berücksichtigt,
kann die Kühl- und Schmierwirkung erhöhen und damit die Materialabtragsrate,
Prozesseffizienz und das Verschleissverhalten des Werkzeugs verbessern.
Der Austrittsquerschnitt der Kühlschmiermitteldüse hat einen erheblichen Einfluss
auf die Verteilung des Mediums und damit auch auf die Effizienz der Kühlschmierstoffzuführung. Insbesondere für breite Werkstücke und Schleifscheiben spielt dies
eine übergeordnete Rolle. Einzelstrahl-Kühlschmiermitteldüsen werden gewählt, um
eine gleichmässige Verteilung des Mediums über die gesamte Breite eines 60mm
breiten Werkstückes zu erzeugen. Der Effekt der Austrittsgeschwindigkeit wird berücksichtigt. Die allgemeine Regel, dass die Austrittsgeschwindigkeit 60 − 100% der
Schnittgeschwindigkeit entsprechen soll, wird in dem Versuchsaufbau nicht bestätigt.
Es wird vorgeschlagen, dass hierzu spezifische Angaben unter Berücksichtigung des
Schleifprozesses und des genutzten Düsentyps zu treffen sind.
Schleifversuche wurden mit verschiedenen Zahlen von Einzeldüsen mit Durchmessern von 1.5mm bis 3.0mm durchgeführt, um zunächst das Einflussgebiet der Kühlschmierwirkung einer einzelnen Düse zu bestimmen. Geeignete Methoden für eine
Auswertung entlang der Werkstückbreite wurden für die Rauheit, die Eigenspannungen und für den Reinigungszustand des Werkzeugs entwickelt. Es ist deutlich, dass
günstige Werte für diese Parameter jeweils für einen Bereich in der Breite entlang
des Werkstücks von 3 − 4× des Durchmessers der Düse erreicht werden. Die Verteilung des Kühlschmiermittels über den Werkstück-Werkzeug-Kontakt ist abhängig
von der Transportkapazität der Schleifscheibe. Ein Abstand der Düsen von 7mm
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ermöglichte bereits ein gleichmässiges und glattes Profil für alle gemessenen Parameter. Um mit dem Prinzip der Einzeldüsen einen breiten Bereich von Schleifprozessen abzubilden, wird eine Methode vorgeschlagen mit der geeignete Abstände aufgrund weniger Schleifversuche ermittelt werden können. Die Ergebnisse sind dabei
abhängig von Kühlschmierstoff, Schnittgeschwindigkeit, Strömungsgeschwindigkeit,
Ausrichtung und Durchmesser.
Mit einem Einblick in die Schleifzone während der Kühlschmiermittelzuführung
durch den Einsatz eines transparenten Plexiglasrohres als Ersatz für das Werkstück
kann die Verteilung und Füllung des Schleifspalts mit dem Medium für verschiedene
Düsen und Volumenströme untersucht werden. Im Gegensatz zu indirekten Messungen, wird die Kühlschmiermittelzuführung entlang der Werkstückbreite gezeigt und
in den spezifischen Volumenstrom pro Breite übertragen.
Um die ungleichmässige Grenzschichtströmung der Luft und bei verschiedenartigen
Kühlschmiermitteldüsen zu untersuchen, werden 3D CFD Mehrphasen-Simulationen durchgeführt. Kühleffekte von dem Medium ausserhalb des Schleifspalts werden gleich wie bei den Schleifexperimenten berücksichtigt. Gute Übereinstimmung
der simulierten Wärmeverteilung unter der Werkstückoberfläche und den gemessenen Eigenspannungen werden ermittelt. Der finale Spannungszustand und Werkzeugverschleiss wird dabei hauptsachlich durch den Temperaturverlauf entlang der
Werkstückachse beeinflusst.
Basierend auf den gezeigten Resultaten kann die Anwendung der Einzelstrahl-Kühlschmiermitteldüsen beschrieben und begründet werden. Die genaue und definierte Zuführung kann Vorteile bei Prozesssicherheit, Kühlschmiermittelverbrauch und
Flexibilität geben. Weiterhin ist bei minimaler Anwendung von Kühlschmiermittel der Einfluss von Unregelmässigkeiten gravierender und kann zu ungenügendem
Zustrom und thermischen Schäden führen. Diese lokalen Fehler werden womöglich
nicht mit den gewöhnlichen mittelnden Messmethoden ermittelt. Jedoch bedürfen
hohe und weiter steigende Anforderungen an die Werkstückbeschaffenheit auch eine
gleichmässige Verteilung der Rauheit und der Eigenspannungen mit geringen Toleranzen auf dem gesamten Werkstück.
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Greek Letters
[W/(m2 · K)]

α

Convective heat transfer coefficient

αH 2 O

Thermal diffusivity air

αnoz

Contraction number of jet

[−]

δ

Kronecker delta function

[−]

∆ΦM W F

Coolant tolerable temperature rise

[K]

δgw

Grinding wheel boundary layer thickness

[mm]

δl

Lamniar wheel boundary layer thickness

[mm]

δt

Turbulent boundary layer thickness

[mm]

δu

Laminar boundary sublayer thickness

[mm]



Equivalent sand-gain roughness

[µm]

φϕ

Strains

η

Effective angle

ηd

Nozzle efficiency factor

γ

Workpiece angle about z-axis

λ

Wavelength

λc

Low pass filter cut-off

λcon.M W F

Thermal conductivity of coolant

[W/(m · K)]

λcon.S

Thermal conductivity of solid

[W/(m · K)]

λcon.wp

Thermal conductivity of workpiece

[W/(m · K)]

λcon

Thermal conductivity

[W/(m · K)]

µ

Strain rate

µT

Turbulent eddy-viscosity

[m2 /s]

[−]
[◦ ]
[−]
[◦ ]
[Angstrom]
[µm]

[1/s]

xi

[kg/(m · s)]

Nomenclature

[kg/(m · s)]

µair

Dynamic viscosity of air

µM W F

Dynamic viscosity of coolant

ν

Poissons’ ratio

νair

Kinematic viscosity of air

[m2 /s]

νM W F

Kinematic viscosity of coolant

[m2 /s]

ω

Rotational speed

ωT

Turbulent frequency

φM W F

Volume fraction of coolant

Ψ

Goniometer tilt angle

ρ

Density

[kg/dm3 ]

ρS

Density of solid

[kg/dm3 ]

ρair

Density of air

[kg/dm3 ]

ρM W F

Density of coolant

[kg/dm3 ]

ρwp

Density of workpiece

[kg/dm3 ]

σk

Normal residual stresses parallel to vc

[M P a]

σ⊥

Normal residual stresses perpendicular to vc

[M P a]

σM W F

Surface tension of coolant

[N/m]

τ

Shear stress in fluid

[M P a]

τw

Wall shear stress

[M P a]

τ⊥

Shear residual stresses perpendicular to vc

[M P a]

Θ

Diffraction angle

[◦ ]

ΘM W F

Contact angle of coolant

[◦ ]

ϕnoz

Velocity number of jet

ϑ

Celsius temperature

[N · s/m2 ]
[−]

[1/min]
[1/s]
[−]
[◦ ]

[−]
[◦ C]

Capital Letters
dW
dt

Wear rate by Usui

Q̇air

Convective heat flow from workpiece into air

[W ]

Q̇bc.sim

Total heat flow for boundary condition as used

[W ]

Q̇bc

Total heat flow for boundary condition

[W ]

[mm/s]
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Q̇c

Heat flow into chips

[W ]

Q̇gw

Heat flow into grinding wheel

[W ]

Q̇heat

Heat flux

[W ]

Q̇M W F

Heat flow into coolant

[W ]

Q̇rad

Heat flow from workpiece due to radiation

[W ]

Q̇tot

Total energy flow as heat from grinding process

[W ]

Q̇t

Total heat flow

[W ]

Q̇wp

Heat flow into workpiece

[W ]

V̇

Actual volume flow

0
V̇vis.g.max

Maximum possible specific gap flow

[l/mm/min]

0
V̇vis.g.min

Minimum necessary specific gap flow

[l/mm/min]

0
V̇vis.g

Volume flow distribution from observation

[l/min/mm]

V̇sim.g

Volume flow in gap from simulation

[l/min]

V̇th

Theoretical volume flow

[l/min]

V̇vis.g.av

Average volume flow from observation

[l/min]

V̇vis.g.f ill

Fill factor of gap from observation

V̇vis.g.max

Maximum possible gap flow

[l/min]

V̇vis.g.min

Minimum necessary gap flow

[l/min]

V̇vis.g.share

Flow share in gap from observation

V̇vis.g

Integral of volume flow from observation

SM

External momentum source

A

Area

[mm2 ]

Ainlet

Inlet area of contraction section

[mm2 ]

Ajet

Cross-section area of coolant jet

[mm2 ]

Anoz

Cross-section area of nozzle opening

[mm2 ]

Aoutlet

Outlet area of contraction section

[mm2 ]

B

Constant for Usui wear model

[−]

Cµ

Turbulence model constant

[−]

Cf

Skin friction coefficient

[−]

CL
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Chapter 1
Introduction
Grinding is one of the oldest manufacturing techniques for the abrasive machining
of materials. In the course of time and mostly over the last century, its technology
has grown from ancient use to a high-tech precision process with sophisticated and
advanced possibilities, concerning tool choice and preparation, performance, process
monitoring and automation due to an increased knowledge. Unfortunately, the
coolant supply technologies did not keep the pace in many applications.

1.1

Impact of coolants on the grinding process
and environment

The ability of coolants to remove process heat has been known for a quite long time.
Taylor [196] observed in the year 1883 a possible increase of the cutting speed by
30 − 40% due to the pouring of water on the chip as a consequence of lubrication
and cooling. In grinding an exceptionally high share of energy compared to turning
or milling is introduced into the workpiece surface, which is a result of the nature of
the process. Wegener et al. [217] point out, that due to a negative rake angle of the
cutting grains the tool workpiece interaction is prone to friction and ploughing on
the workpiece surface without actually cutting chips. Hence, the main goal of the
application of coolant-lubricants or coolants, which are also known as metal working
fluids (MWF), is the avoidance of thermal damage of the workpiece by lubrication
and cooling of the contact area. It is highly process relevant, as it determines the
possible process speed, material removal rates, wear of the grinding wheel but also
surface quality of the workpiece.
Referring to data from Pause [162] and Kuhrke [110], the electrical power consumption of milling and grinding machines is shared differently between the consumers.
In both cases about 20% of the energy is used to drive the spindles. Comparing a
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milling machine and a grinding machine with the same spindle power, which means
the same energy used for material removal, the share of power for fluid supply is
by a factor of 1.5 larger for the grinding machine than for the milling machine.
This general picture is confirmed by many studies as from Beck et al. [17], Oda
et al. [154] or Brecher et al. [20] with their energy measurements over many years
till today. The coolant application is a topic that concerns the whole process chain
from wheel-, coolant- and machine suppliers till the end-users. Huge economic benefits with energy savings, but also higher productivity and better quality, are the
result of an optimised flow rate and coolant supply, according to Webster [214]. In
Figure 1.1 the contribution of cutting fluid filter and supply are shown and make up
to 30 − 40% of the power demand of the grinding machine, whereas the differences
for different material removal rates are rather low.

Figure 1.1: Electrical power consumption shares in grinding machines by Winter [224].

The performance optimisations of the grinding process were accompanied by the
improved coolant supply conditions. Continuous improvement of the grinding process enabled in some applications material removal rates (MRR) as high as to be
competitive with turning or milling processes to economise them. Exemplarily, the
grinding with high depth of cut to generate a profile in one step is not possible
without the adaptation of the coolant supply, as stated from Zelinski [229].
According to Wegener et al. [220], typical supply systems are oversized and characterised by an inefficient and imprecise oversupply of coolants. Engineer et al. [50]
show that in straight plunge grinding not more than 4 − 30% of the supplied coolant
can enter the grinding zone, which is in literature by Jackson et al. [97] referred to as
useful flow. The increase of the share of useful flow can bring lower manufacturing
costs with less environmental impact and possible process improvements. However,
bulk flow over the workpiece can attribute to the cooling of the workpiece too, and
should be considered as share of an active flow.
2
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The coolant related cost contribution in manufacturing has been investigated. In
the nineties of the last century studies about the coolant related manufacturing costs
became public. Mentionable is one from the production of engine components at
Daimler-Benz Germany, which is referred to by Klocke et al. [106] and many others.
Workpiece-related manufacturing cost of 7 − 17% due to coolant use are calculated.
These results are confirmed by Byrne and Scholta [30] with a share of more than
15%. This includes up to 30% coolant fluid losses in the coolant circuit due to
vaporisation, losses with chips, workpieces and leakage. Narutaki et al. [147] list for
the cost of the whole cutting fluid system: the fluid, pumping systems, collection
and filtering systems as well as storage, disposal and recirculating systems, which
can include the tempering of the coolants. According to Alberdi et al. [3] these
systems can sum up to 120% of the machine space in the workshop.
Naruntaki et al. [147] highlight the negative physiological effects on the machine
operator of coolants with toxic vapours, unpleasant odours, smoke, fumes, skin
irritations and effects of the bacteria cultures in the fluids. Debnath et al. [41]
specifies that 80% of occupational infections of operators are due to skin contact
with coolants even with a tendency to skin cancer. The negative effects of coolants
were considered for a long time as a necessary evil, as they are an essential and
integral part of the whole process [147].
Motivated by these results a minimisation of the coolant use is highly appreciated. Minimum-quantity lubrication (MQL) or even dry grinding, which Debnath
et al. [41] named the best method from the environmental point of view, are considered. However, Klocke and Bücker [105] were truly correct with their prediction
from 1996 that dry grinding maintain a niche application in near future. Industrial
applications of MQL are not possible for general purposes and especially not for
grinding due to damage of the workpiece, the decreasing tool life and lower material
removal rates. Exceptions for processes with very short contact times or the high
performance dry grinding in railway applications exist, where the use of coolants
is technically not possible, but the high wear of the grinding wheels is accepted as
shown by Kuffa et al. [108]. Also, other tasks of the MWFs like flushing of the
debris, corrosion protection and tempering function of the grinding machines [137]
have to be re-thought and re-designed.

1.2

Motivation

The high relevance of grinding in the industry can be shown by impressive economic numbers, as nearly every technological product is somehow connected with
grinding. Malkin et al. [129, 132] claim that for decades about 20 − 25% of total
machining expenditure in industrial countries are spent for grinding processes. According to the year 2009 statistics of the machine market in the EU27 by Winter [224]
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and Schischke et al. [176], 28% of all 750.000 installed CNC machines are grinding
machines, which is the second rank. A drop to the third place after machining
centres and turning machines is predicted. However, through the limitation of raw
materials like tungsten carbide, which is widely used for cutting tools with defined
cutting edges, the forecast for grinding machines improve. Prices of tungsten carbide increased dramatically over the last years with partial tense situation for the
availability, as concluded the DERA raw material report [124]. Typical abrasives
of grinding wheels, like aluminium oxide (corundum or Al2 O3 ) or cubic boron nitride (cBN) can be reproduced synthetically based on a virtually endless amount of
available raw material, only depending on the availability of energy.
The global MWF market is projected to reach by the year 2025 USD 14.54 billion
(CHF 14.33 billion) with a compound annual growth rate (CAGR) of 4.4% [70].
Theses values are prone to the growth of economy and productivity. Rebound
effects as described by the economist William Jevons [100] have to be considered, as
savings can still lead to an increasing demand. Wegener et al. [220] indicate a raising
awareness in the industry with respect to energy cost savings and environmental
impact, which are the main drivers for research in the optimisation of the energy
efficiency of machine tools. Germany is an excellent example of the challenges and
problems of a changing energy supply and production to mainly photovoltaic and
wind energy. Over the last two decades the costs of electricity doubled for medium
voltage supplied business companies, according to the BDEW report 2019 [180].
Especially due to an increase of the taxes and fees, the prices are among the highest
in Europe and even worldwide. Therefore, in order to maintain the competitive
capacity of the producing industry, energy efficiency is, besides automation, eminent.
The introduction of the quality management standard ISO 9000 [94] series aimed,
according to da Silva and Gouveia [63], to an increased production, cost-effectiveness
and consistency by maintaining and increasing the organisational effectiveness. Similar, a standard for environmental management, namely the ISO 14000 [93] family,
was introduced in 1996. As an example, Toyota applied their lean manufacturing
system to green manufacturing [75]. Cleaner production became more important
by questions of waste disposal and the reduction of the pollution. The treatment
and disposal of coolants is outlined in the ISO 14000 standard. More and more
restrictive governmental laws become an extrinsic motivation. New directives force
the companies to conserve resources and lower energy consumption according to
the Eco-Design guidances. The European Commission aims with the directives
2009/125/EC [51] and 2012/125/EC [52], to the energy-related product (ErP) and
a further saving of the primary energy consumption in the European Union. According to the current political measurements, the energy prices and regulations
will increase in the future even more. These regulations can, according to Gutowski
et al. [75], motivate companies for a reallocation of production sides to countries
with lower environmental restrictions and energy prices. The machine tool industry
itself took action with the support of the ISO 14955 [95] family, the Eco-Design for
4

1.2. Motivation

machine tools. Gontarz et al. [66] implement a possible framework in the order to
increase the energy efficiency by the optimisation of the machine tool configuration.
The coolant supply system is part of these considerations, while improvements have
a positive impact on the configuration.
However, in many industrial applications the optimisation of the coolant supply
can be considered as low hanging fruits. General rules as for the necessary and
optimal jet velocity of the coolant of 80 − 100% of the cutting speed are useless, if
the nozzle and adjustments are the weak backbone of the system and not capable
of these requirements. Without the knowledge of a reproducible and defined nozzle
position, the implementation of Industry 4.0 strategies in grinding processes is
not possible at all. No digital twin of the grinding machine and process could be
defined, if the coolant supply is not a stable and defined process, but depending on
the unknown nozzle position and knowledge of the machine operator. According
to Wegener et al. [218], a high deficiency between the commercialisation of highend grinding machines and the state of the art in research is found for the fluid
supply, which is shown in Figure 1.2. That indicates a lack of knowledge transfer
from research to understandable and applicable coolant supply solutions. Often
optimised coolant systems are developed as after-market solutions independent from
the machine manufacturer and cannot profit from a holistic approach of the whole
system.

Figure 1.2: A radar chart showing the state of the art in research and industrial
implementation by Wegener et al. [218], redrawn.
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Chapter 2
State of the Art in Coolant Supply
in Grinding
2.1

Grinding process

Grinding is an important finishing process of typically very hard and difficult to
machine materials. There is almost no material which cannot be ground. As typical
for cutting processes, nearly all mechanical energy is converted into heat. The
nature of the grinding process requires particular care of this circumstance, as most
of the energy is brought into the workpiece surface, while only a small proportion is
actually leading to separate chips. In order to describe the mechanics of the grinding
process, a glance at the geometry of the cutting edges will help to emphasize the
characteristics and give reasoning for the importance of the use of coolants.

2.1.1

Material removal mechanism

Grinding is defined under DIN 8589-0 [44] as an abrasive cutting process, which
employs a large number of undefined cutting edges with usually high negative rake
angles [8, 57], bonded in the rotating grinding wheel. Compared to processes with
defined cutting edges, cutting speeds are generally much higher and can exceed
300m/s for extreme hard workpiece materials, while conventional grinding is typically between 20 − 80m/s according to Fritz [56]. Tönshoff et al. [198] compared
hard turning and grinding based on force and wear measurements. Higher cutting
forces Fc for hard turning compared to the tangential forces Ft in grinding are faced
with much higher power Pc in the grinding process due to the higher cutting speeds
vc with the relation of Pc = Fc/t · vc .
In Figure 2.1 the continuous and non-continuous chip formation are compared. Chip
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path and shear are different due to the geometry and size of the cutting edge,
respectively the grain. The contact area in grinding is mainly localized between the
workpiece and grain at number 4, whereas in cutting with defined edges between
the tool and the forming chip at zone 2.

Figure 2.1: Comparison of the intrusion between defined (e.g. milling or turning, left
side) and undefined (grinding, right side) cutting edges by Denkena and Tönshoff [43],
modified. With 1: primary shear zone, 2: secondary shear zone at chip surface,
3: secondary shear zone at stagnant and separation area, 4: secondary shear zone at
clearance surface, 5: advance deformation zone and the cutting speed vc .

The stout cutting edges and the high number of them engaged in the workpiece surface lead to high normal forces Fn . With increasing number of active cutting grains
the effective chip thickness decreases, whereas only friction and ploughing occurs
below the minimum cutting depth. Similar, a blunt tool has the same effect leading
to a low grinding force ratio between the tangential and normal forces, according
to Rowe [169]. The combination of high normal forces and high relative velocities
between workpiece and grinding tool lead to a huge heat input into the workpiece
during the grinding process. Experimental results for the Kienzle empirical force
model show specific cutting energies of more than one magnitude higher compared
to drilling and milling and even higher as reaming as Denkena et al. [43] remarks.
At the same time the equivalent chip thickness is with 10−3 −10−5 mm much smaller.
The expression “It is dark in front of a grinding grain” as cited by Tönshoff et al. [199]
refers to the lack of knowledge of the grain-workpiece interaction including the mechanisms of the coolant supply. Usually the chip thickness is in the range of a few
micrometer and typically eludes direct observation, whereas theoretical and experimental observations, including single-scratch tests, help to gain understanding of
the process [104].
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2.1.2

Temperature formation in grinding

During grinding, the workpiece surface is machined under high mechanical, thermal and chemical stresses, which include the effects of applied coolants. Very high
cutting speeds imply a highly dynamic thermal behaviour during the process. Marinescu et al. [137] describes contact times based on tribological implications:
 tool and workpiece are in contact until the workpiece moved for the kinematic
contact length lc , accounting for a contact time of lc /vw in the magnitude of
10ms; a large number of grains pass through the workpiece which receives heat
input due to many short grain interactions; laws of moving heat source apply,
while in low-temperature grinding the average temperature is < 100◦ C
 in the individual grain scale the contact time is with lc /vc in the range of
20µs; the sum of these grain interactions lead to the total energy of the grinding process, while the energy exchange is very high due to short time; grain
temperature reaches rapidly steady-state value, which can excess 1000◦ C
 an individual grain passes at cutting speed on a short distance of about 15µm
leading to a contact time in the range of 0.3µs; the workpiece temperature at
this point can excess 1000◦ C

In Figure 2.2 the main heat flows during the grinding process are presented schematically. In the grain-workpiece surface interaction the thermal load is balanced between the workpiece, cutting grains, chips and heat extracted by the cooling of
metalworking fluids. Furthermore, heat can dissipate due to convection and radiation to the surrounding. The heat generation is influenced by the process itself and
the lubrication conditions.
The specific grinding energy (SGE) ec is the quotient of grinding power and material removal rate ec = Pc /Qw [169], while typical values are in the range of
15 − 700J/mm3 . According to Kannappan and Malkin [102] the specific cutting
energy in grinding is the difference between the total specific grinding energy and
the specific sliding energy, which account for material removal and tool wear, respectively. The sliding energy origins from the contact between the workpiece and
wear flats of the grinding tool, which are generated during the grinding process
due to macro and micro fractures. The specific cutting energy is independent from
the grain size, while it decreases with increasing removal rates. Therefore, in high
efficiency dry grinding (HEDG) with cBN grinding tools, the specific energy can
decrease to 10J/mm3 , according to Rowe [169].
Malkin and Anderson [130] concluded from flat surface grinding experiments without coolant use that almost all the ploughing and sliding energies are received from
9
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Figure 2.2: Heat flow distribution during grain penetration by Klocke [104], modified,
with: Q̇t = total heat flow, Q̇M W F = heat flow into coolant, Q̇gw = heat flow into
grinding wheel, Q̇c = heat flow into chips, Q̇wp = heat flow into workpiece.

the workpiece in form of heat. About 55% of the chip formation energy is conducted into the workpiece. Malkin and Guo [131] specified the energy portion of the
grinding energy dissipated by the workpiece with 60 − 85% for shallow cut grinding
with conventional abrasive wheels, depending on the grinding process and coolant
conditions. The portion can be as low as 5% for creep-feed grinding.
The material properties of the grinding tool grains itself are important for the heat
distribution. According to Rowe et al. [171] the thermal conductivity of cBN and
diamond in comparison to aluminium oxide (Al2 O3 ) grinding wheels are by the factor
40 respectively 60 higher. As confirmed by experiments from Lavine et al. [114] this
results in combination with the lower specific grinding energy in a lower grinding
burn tendency, while the wear flat area and the single grain-workpiece contact area
are other important material dependent factors. Hadad et al. [78] determined with
Al2 O3 grinding wheels an energy partition into the workpiece of 73 − 77% applying
MQL in comparison with 82% for dry grinding. In the case when cBN wheels are
used in the same set-up, the heat flux into the workpiece decreased to 52% and 46%,
respectively. If MWFs are applied, these values are lowered down to 36% for Al2 O3
and 14% for cBN wheels.

Thermal models
In the fundamental work Conduction of Heat in Solids John Conrad Jaeger and
Horatio Scott Carslaw [32] presented a concept for the temperature calculation for
many different geometrical conditions on moving heat sources at sliding contacts,
which is still referred to by various authors. The works of Rowe et al. [168, 170],
10
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Malkin et al. [131] and Marinescu et al. [137] give an overview of principle ideas and
assumptions in a historic review in great details.
Most models concentrate on flat surface grinding and do not consider coolants. Rowe
et al. [171] stated that for thermal modelling in grinding the choice of the level of
observation is very important. Typically, the grinding gap defined by the workpiecegrinding wheel contact zone is in the order of two magnitudes larger than the grain
contact zone. Furthermore, the referring speeds between the workpiece vw and the
speed for the grain level, which is vc ± vw depending on the grinding direction, are
very different. Hadad and Sadeghi [77] included the cooling effect of MQL in their
experiments and thermal model to calculate energy partitions and convection heat
transfer coefficients, which varied between 3.7 · 104 W/m2 · K for flood coolant and
900 · 104 W/m2 · K for MQL. Pang et al. [161] shows a heat flux model for dry
and wet cylindrical grinding. A proposed Weibull distribution of the heat flux was
confirmed by temperature measurements. Zhang et al. [231] show the importance
of the correct convection solution in thermal models.
Kundrák et al. [111] used a finite element analysis (FEM) 2D-model, which allows the
calculation of possible hardening depths by exceeding austenitisation temperatures
through the temperature profile without considering coolants. A similar approach
is used by Salonitis [174] with the temperature distribution shown in Figure 2.3.
Liu et al. [127] investigated the effect of multi-pass grinding by employing a finite
element simulation, where a linear heat source over the contact length was assumed.
All these models rely on experimental results of temperature measurements, where
methods are presented in Chapter 2.2.

Figure 2.3: Simulation results of a thermal model using finite element analysis for
cylindrical grinding to calculate grind-hardening properties by Salonitis [174], modified.
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2.1.3

Influence on workpiece surface:
Texture, 1. and 2. order surface geometry

Grzesik et al. [72] were comparing the surface textures of a ground and a turned
workpiece with the same average roughness of Ra ≈ 0.3µm. A mixed periodicrandom anisotropic texture was observed in grinding, while a periodic-anisotropic
texture for turning surfaces was found. The results are visualised in Figure 2.4 by
showing 3D surface measurements and volume functional parameters in the AbbottFirestone curves of both processes. Better fluid retention abilities and bearing properties were assumed for the ground surface.

Figure 2.4: Comparison of turned (upper) and ground (lower) surface textures (left side)
and volume functional parameters (right side) of the same roughness parameter
Ra ≈ 0.3µm by Grzesik et al. [72], composition.

In modelling, the prediction of surface roughness parameters as the arithmetic mean
value Ra , the root-mean-square-average Rq and the maximum roughness height Rt
play an important role, as these parameters are often used to compare the competitiveness of grinding systems. Typically, the traverse surface roughness, which is
orthogonal to the cutting direction, is higher than the longitudinal one, measured in
the cutting direction. However, the traverse surface roughness is more relevant for
comparison in industry [80]. Various models exist to predict surface textures based
on grinding kinematics and wheel properties. Hecker and Liang [80] proposed an
analytical model for the prediction of Ra based on the analysis of grooves, which are
12
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characterized by a probabilistic undeformed chip thickness model. Input parameters
are the wheel microstructure as well as the kinematic and dynamic grinding conditions including depth of cut and speed ratios. In order to avoid time-consuming
measurements of the grinding wheel surface, Nguyen and Butler [152,153] presented
a numerical procedure based on a random field to generate non-Gaussian grinding
wheel surfaces, which were employed in an algorithm identifying the active grains
and referring angle of attack.
Further geometrical surface defects are grinding comma or rills. They might be
induced by grain break-outs and thus loose grains within the grinding gap or contamination of the supplied cutting fluids, which have to be avoided.

2.1.4

Influence on workpiece sub-surface:
Residual stresses and grinding burn

Residual stresses are part of the surface integrity and have different origins, as shown
in Figure 2.5. According to Kohtz [107], one origin is due to thermal gradients or
microstructural transformation in the material, while latter can occur during heat
treatments. Brockhoff and Brinksmeier [29] add mechanical effects to the sources of
compressive residual stresses, as they are present during the grinding process. While
thermal effects are prone to generate tensile stresses, mechanical effects are likely to
induce compressive residual stresses. In grinding, compressive residual stresses are
typical, due to the ploughing of the grains on the workpiece surface. In the event of
insufficient cooling, tensile stresses can occur, when a critical heat flux is exceeded.
According to Brinksmeier et al. [26], the effect of oil and water based emulsions on
the residual stress state depends on their cooling abilities, but is not clear. The final
residual stress state derives from superposition of thermal and mechanical stresses,
as stated by Heinzel [82]. Many parameters add to this, including the grinding
process parameters, material removal rate, dressing conditions and wheel properties.
As the temperatures in the grinding gap and workpiece are strongly dependent on
the coolant supply, a high relation can be found here. Structural transformations
can emerge from high heat impact, while the consequences on the residuals stresses
depend on the material.
Grinding burn summarises in modern literature for example by Höhn et al. [85],
Karpuschewski et al. [103] or Denkena et al. [42] all visible or invisible effects on the
surface and subsurface. Malkin and Guo [131] expanded the definition with oxidation
of the surface, metallurgical phase transformations, softening of the surface layer
with possible rehardening, changes in residual tensile stresses, cracks and reduced
fatigue strength as a consequence [217].
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Figure 2.5: Origins of residual stress by Brockhoff and Brinksmeier [29], redrawn.

2.1.5

Influence on grinding wheel:
Wear mechanisms and clogging

During the interaction of the grinding grains with the workpiece surfaces, different
wear mechanisms take place. As a consequence, profile deviation, roundness deviation and changes in the wheel sharpness develop, which can lead to vibration till
chattering and higher grinding forces. These wheel errors are transferred onto the
workpiece, where thermal defects, chatter marks and also shape, dimension, surface,
and position errors can occur. Marinescu et al. [136] distinguish between five wheel
wear mechanisms, which are abrasive, adhesive, tribo-chemical, surface disruptions
and diffusion.
According to Wegener et al. [219], micro-wear is related to changes in the wheel
surface topography on the grain level, as shown in Figure 2.6. Four different wear
mechanisms can be divided between micro fracturing of the grains up to complete
pull outs of grains due to burst of bond material or failure of the grain-bonding
interface. If the load locally exceeds the rigidity of the grains in a strong bonding,
micro or macro burst at the intruding grain flanks occurs, producing new sharp,
but inactive cutting edges. Attritious wear during the workpiece-tool contact leads
to flattening of the grains and thus blunt cutting edges. Jackson and Davim [98]
define the maximum allowed wear flat area by the thermal damage limit. When
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grain pull outs and bond wear are in a balance, blunt grains will be replaced by
new grains, which results in self-sharpening of the grinding wheel with always fresh
cutting grains in the working layer, as stated by Marinescu et al. [136].

Figure 2.6: Different micro-wear mechanisms in grinding by Wegener et al. [219].

Clogging
During the abrasive machining, chips can couple in the porosities between the grinding grains of the grinding wheel. A clogged grinding wheel loses its cutting ability
similar to flattening of the grinding grain cutting edges. With the filling of the
clearance between the grains, no space is left neither for the transport of chips nor
the coolant. As a consequence, the cutting efficiency decreases alongside with higher
normal forces and more sliding energy. Marinescu et al. [137] found spherical grinding swarf, which developed due to extreme heat during grinding. Thus, clogging
can be a key factor in defining the grinding limit, due to its influence on the cutting
ability of the wheel. The process of removing swarf and chips out of the grinding
wheel is called cleaning, and according to Spur [187], besides dressing, part of the
conditioning of the grinding wheel. The effect of cutting fluid cleaning nozzles is
described in Chapter 2.3.4.

2.2

Temperature measurement in grinding

Temperature measurement in grinding is done from different observations points,
similar to the various contact times, which are explained in Chapter 2.1.2. The
measurement point can be situated in the workpiece or tool focussing on either the
bulk material or the grain temperature. Usually the most relevant temperature
measurement field is the one in the workpiece sub-surface region, to understand the
development of thermal stresses during grinding. There are different demands to
meet for each measurement problem, depending on the kinematics and dynamics
of the grinding contact. Davies et al. [39] give a comprehensive overview of the
available measurement systems and their development in general. For flat grinding of hardened steel Littmann [125] described 1954 the temperature gradient using
thermocouples. Temperatures of about 315◦ C found to be sufficient to generate
15
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hardness changes in 100Cr6 alloy steel, with interpolated surface temperatures of
more than 1040◦ C. Batako et al. [15] achieved a high temporal resolution using a
single-pole grindable thermocouple with high-speed sampling and zero-shift filtering.
Lefebvre et al. [117, 118] could decrease the time constant of a thermocouple measurement system from 10ms to 100µs. Liu et al. [126] show an infrared temperature
measurement system with less than 1ms response time.
In contrast to flat grinding, where the workpiece is stationary or moved linearly in a
defined range, in cylindrical grinding the workpiece is rotating and makes the sensor
implementation more complex. Brinksmeier et al. [25] introduced a grinding wheelbased process monitoring system with thin film thermocouples and force sensors in
the grinding wheel surface to enable the temperature measurement in the grinding
gap. According to Davies et al. [39], standard thermocouple practice is precluded
for very large thermal gradients. In an advanced system with much higher temporal resolution, Brinksmeier et al. [24] embedded an infrared radiation (IR)-sensor
with wireless data transmission into the grinding wheel mount. The radiation is
transmitted to the sensor by optical fibres, which are pointing out of the grinding
wheel face surface between the abrasive grains, as shown in Figure 2.7. Despite the
calibration of the measurement system, coolants and changes in the emissivity of
the workpiece surface lead to deviations of the analysis of the thermal radiation by
the one-colour pyrometer [16].

Figure 2.7: Optical temperature measurement equipped grinding wheel using a
one-colour-pyrometer by Brinksmeier et al. [24], modified.

Two-colour pyrometers overcome the emissivity dependency. Tapetado et al. [193]
gained in their dry block calibrator and blackbody kit with an emissivity greater than
0.99 calibrated pyrometer an uncertainty of ±0.17◦ C in the range of 50−650◦ C. With
that knowledge Ueda et al. [202–204] measured the cutting or flash temperatures in
the grinding grains for several grinding applications.
Hosokawa et al. [87] used a two-colour pyrometer, to measure the process temperatures below the workpiece surface, as shown in Figure 2.8. To transfer the radiation
signal, a coupling between the rotating part of the workpiece and a fixed fibre was
realised. A comparison between the peak grinding zone temperatures, estimated to
16
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be in the range of 1125 − 1250◦ C, was made to compare different cooling conditions.
No temperature gradients during one rotation were shown.

Figure 2.8: Two-colour pyrometer workpiece based temperature measurement in
cylindrical grinding with coupling of rotating and fixed fibre by Hosokawa et al. [87].

2.3
2.3.1

Coolant supply
Effectiveness of coolants in grinding

Marinescu et al. [137] state, that the lubrication mechanisms are not yet well understood and give a rather wide list of functions of the metal working fluids in
grinding:
 lubrication of tribo-mechanical contact surfaces between workpiece and tool
 chemo-physical lubrication between workpiece and tool
 mechanical lubrication of the abrasive contacts
 cooling in the contact area, particularly in creep grinding
 bulk cooling outside the contact area
 flushing or the transport of the debris away from the abrasive process
 entrapment of abrasive dust and metal process vapors

These can be expanded to the cleaning of the grinding wheel porosity to prevent
clogging, corrosion protection of the workpiece and workspace as well as tempering
of the grinding machine. Thus, a change in the coolant system might have influence
on the secondary functions of the coolant. In this work the cooling and lubrication
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effects in the tribo-mechanical grinding contact as well as wear and cleaning of the
grinding wheel are relevant.
The chip formation for grinding of ductile materials is shown in Figure 2.9 with
three zones. In the first section only elastic deformation occurs, while the grain
is rubbing on the surface. With deeper ploughing of the grain into the workpiece
during the second zone, the elastic limit is reached leading to plastic deformation
and material flow along the grains. Bulging build up can occur alongside the cutting
path at the flank faces of the grains. Chip formation starts not before a certain depth
of penetration h is reached referring to h > hcu ef f in the third zone, as the angle
between cutting edge contour and workpiece surface are small at the beginning [104].
As stated by Vits [209] and shown in Figure 2.10 for a lubrication with an oil based
coolant, grain cutting depth increases by improved lubrication along with longer and
stronger plastic material deformation. The efficiency of cutting depends, according
to Klocke [104], on the share of actual chip formation to plastic deformation and
therefore, the effective chip thickness hcu ef f . For increased lubrication, and thus
lower friction, the cut-off point is shifted due to longer lasting plastic deformation
affecting the material flow over the grain [209]. Grain cutting starts, when the chip
thickness hcu corresponds with the grain cutting depth Tµ . Taking the foregoing
statement into account, the efficiency of material removal is decreased by increased
lubrication.

Figure 2.9: Grain intrusion into the workpiece material from elastic deformation till chip
formation for high friction due to no coolant or supply of emulsion by Klocke [104].
Variables: hcu = uncut chip thickness, hcu ef f = effective chip thickness, Ft = grain
tangential cutting force, Fn = normal force on the grinding wheel, vc = grinding wheel
circumferential speed, Tµ = grain cutting depth, η = effective angle. Modified.

According to Jackson et al. [97] three major modes of cooling efficiency exist. Cooling and lubrication are coupled and influencing specific grinding energy and workpiece temperature:
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Figure 2.10: Grain intrusion into the workpiece material from elastic deformation till
chip formation for low friction due to lubrication with oil by Klocke [104], modified.
Nomenclature in Figure 2.9.

1. effective cooling and lubrication ⇒ low SGE & low temperature
2. coolant burn-out but lubrication ⇒ low SGE & high temperature
3. no coolant supply (no cooling nor lubrication) ⇒ high SGE & high temperature

In the second mode coolant burn-out due to the Leidenfrost-Effect can occur. Lavine
and Malkin [113] describe an increased heat transfer due to higher convection, when
the coolant transitions at the boiling point from the liquid phase to nucleate boiling.
Film boiling of the coolant can arise with poor cooling conditions, when the thermal
burn-out threshold temperature is surpassed on the workpiece surface, as Guo and
Malkin [74] remark. The coolant overheats and forms a vapour layer. In this condition the heat transfer is limited to convection and radiation, which is less efficient
than heat conduction [210]. In creep grinding, the temperature in the grinding zone
can pass 1000◦ C [113] and is prone for grinding burn. Depending on the coolant
medium, Howes [88] concluded, that the critical temperatures for porous wheels are
between 130◦ C and 300◦ C for water-based fluids and oil, respectively. The effect
was lower when using cBN as abrasive material.
The final surface roughness depends on a variety of other parameters. Klocke [104]
named cutting edge radius, effective cutting speed angle, cutting speed and flow
properties of the material as influencing quantities of hcu ef f and Tµ . These parameters can be translated into tool/dressing, process and material parameters.
Furthermore, during the grinding process the material temperature increases and
therefore influences the material properties to a more ductile behaviour. It can be
concluded, that there is a coupling between the thermal and lubrication effects on
the workpiece surface and tool itself due to mechanical and thermal loads, which
are highly influenced by the delivered coolant supply. As Brinksmeier et al. [26]
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concluded, these mechanisms can lead to improved tool life and shape accuracy, if
coolants are introduced correctly.

2.3.2

Supply methods

Depending on process, geometry, materials and abrasive medium, various methods
for the supply of coolant into the grinding gap exist. The main categories are divided
in the following ones, as inspired by Weinert et al. [221]:
 dry grinding (no coolant use)
 loss lubrication (open circuit)

– minimum quantity lubrication (MQL)
– coolant mists
– cryogen & hard lubricants
 flood or bulk cooling (closed loop)

– shoe nozzles (low pressure)
– coolant jets (higher/high pressure)

Dry-grinding
Dry-cutting is established in applications using defined cutting edges, where especially in high-speed cutting a high share of induced heat can be extracted by the
chips. Furthermore, in some applications the use of coolants is not possible. In dry
grinding, contact temperatures can reach the melting temperature for very short
time, while the thermal energy has to be dissipated preferably by the chips but
as well by the suitable grinding wheel and workpiece, as Kuffa and Wegener [109]
state. Sreejith et al. [188] note that advantages over cost and environmental reasons
as well as the need to copy with increasing environmental standards drive the interest to eliminate coolants. It is remarked by various publications that all operations
have to be done dry and need to be adapted in order to profit from dry operations
as no lubricants are used and only pressurized air may be employed [106, 188]. In
the nineties of the foregoing century research in the field of dry-grinding increased.
Klocke and Bücker [105] prognosticated that dry grinding will remain a niche application as limited material removal rates and tool live inhibit a wide use in industry,
which has been proved to be correct by Alberdi et al. [3].
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Minimum-quantity-lubrication
MQL makes use of the evaporation heat of the supplied lubricant and convection of
heat by the auxiliary gas flow, which delivers the lubricant to the desired point [221].
The coolant is consumed during the process as a loss lubricant, while flow rates are
according to Weinert et al. [222] typical 10 − 50ml/h. In comparison the coolant
supply in less quantity lubrication is in the range of 2l/min [160]. An after treatment
of the chips due to wetting with coolant can usually be avoided, as highlighted by
Brinksmeier et al. [22].
Several authors [78, 105] state that in contrast to dry grinding the use of MQL
can increase in combination with high cutting speeds and cBN grinding tools the
economic efficiency. Weinert et al. [222] come to similar conclusions proposing that
MQL shows some potentials to substitute conventional flood cooling techniques in
grinding, but sees dry operation limited to processes with defined cutting edges.
In some experiments even possible improvements concerning surface roughness and
integrity, respectively specific material removal and forces, were reported by different
researchers [14, 38]. Nevertheless, Hadad and Sadeghi [77] and Fritz [56] concluded
recently that grinding with MQL is theoretically possible but not yet successful.
Due to much lower performance MQL is not economical applicable and vulnerable
to thermal damage. Also the share of cBN use in industrial applications is according
to Oliveira et al. [157] still a narrow market share due to cost of the tool, dressing
possibilities and the understanding of the grinding process with cBN.

Alternative Concepts
Along with these main concepts other methods evolved mainly for niche applications.
Through-wheel supply, as shown by Graham and Whiston [69], delivers the coolant
from the side into the porous wheel. Shoe nozzles typically seal the nozzle-grinding
wheel contact with low pressure coolant supply close to the grinding gap, as explained by Ramesh et al. [167]. The coolant is accelerated to the cutting speed, due
to adhering on the grinding wheel, and delivered into the grinding gap. Segmented
grinding wheels, as presented by Nguyen and Zhang [149–151], or slotted grinding
wheels investigated by Aurich et al. [10] are considered to improve the guidance of
the coolant into the grinding gap. Also, the supply of water mist with airflow is
considered in a cheap and simple delivery solution by various researchers [11, 194].
Hosokawa et al. [87] showed significant lower use of coolant by using flexible brushes
to deliver the coolant into the grinding wheel. Ezugwu [53] names cryogenic cooling
a suitable technique for the grinding of superalloys. A liquefied gas jet of liquid
nitrogen LN2 can be used to avoid high surface temperatures during grinding. All
these concepts did not accomplish a deep market penetration yet, due to necessary
adaptations in coolant supply or grinding wheel and their specific application.
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Coolant jets for bulk cooling
All the mentioned methods show different weaknesses, including the need to adapt
the grinding machine coolant supply system or tool. A versatile method in conventional grinding are coolant jets for bulk cooling, which are considered here as a base
for optimisation. Coherent coolant jets distributed by nozzles are widely used in
grinding processes due to their naturally good tool cleaning, ability to allow high
material removal rates, high flexibility and supporting the thermal stability of the
grinding machine - if they are applied correctly.

2.3.3

Coolant type and properties

Key physical properties of metal working fluids, which are also named coolant lubricants, are oppositional between oils as the better lubricant and emulsion with better
cooling and wetting effects according to Weinert [221]. The choice between the different compositions is usually based on grinding speeds, abrasive material, removal
rates, tool life and cost. Jackson et al. [97] recommend oil based cooling systems
usually for high stock removal rates in high-speed grinding. They have a more expensive set-up, but provoke better tool life and surface finish. On the other hand,
water based fluids provide better cooling at lower set-up cost but shorter working
and tool life. Depending on the use and maintenance they have to be exchanged
after months to years while oils usually are less impacted by bacteria and mould.
Water-based ones are coolant emulsions i.e. basic oil plus emulsifier or coolant
solutions, which are usually enhanced with additives as anti-corrosion, lubrication enhancing, anti-oxidant, anti-mist or fungicides. In contrast to conventional
water-based coolants, Meyer et al. [141] explored the possibilities of microbial-based
coolants in milling with promising results. The composition of 15 to 60 different
chemical components depends on the manufacturer and can be very complex, especially concerning the additives. That makes coolants itself very difficult to compare.
Vits [209] proposed the need of a procedure to swiftly compare coolants, which is
according to Brinksmeier et al. [27] still an open topic. Many researchers do not
provide information about the in their experiments used coolants and supply. On
the other hand the coolant manufacturers do not deliver the exact composition, as
it is their unique selling point.

2.3.4

Coolant nozzles

Brinksmeier [26] stated that the large contact area between cutting grains and workpiece surface brings difficulties to supply cooling into the grinding gap. Various
nozzle types and shapes have been developed over the time to fulfil this task. Web22
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ster [214] states that there is not a single solution to all problems. Basically nozzles
can be divided in two types.

Versatile nozzles
Unspecific or flexible nozzles can be adapted for many different grinding problems
and are not dependent on the machine itself. Typically, in a modular system, the
nozzles are chosen and combined to fit to the desired grinding geometry, which is
defined by the wheel shape and contact line. The widely used Loc-Line nozzle
system, as shown in Figure 2.11, consists of click-lock flexible hose pipes to allow a
free orientation of the interchangeable nozzle adapter. The price of these nozzles is
typically around CHF 100, while the price of the grinding machine is in the range of
some CHF 1000 000. As these nozzles are usually delivered with the machine and are
used on various machines, the obtainment time is very low, as they are in stock on
the production side. Universal machines, which are used for many different grinding
jobs with mainly small lots, are till today often equipped with them to allow fast
switches between grinding jobs. Webster [215] mentions formed nozzles made from
crushed tube ends, which can deliver relatively good jet quality along with very low
cost and fast preparing times in an in-house work shop.

Figure 2.11: Low pressure Loc-Line nozzle system applied in a cylindrical grinding
machine, till today a typical appearance [58] (left) and during grinding process (right).

Main drawbacks of the flexible solutions are the unreproducible and imprecise orientation, which can lead to a very low energy efficiency due to high volume flows.
Eventually, the higher energy costs can overcompensate the cost savings due to low
acquisition costs.
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Optimized tangential nozzles
Optimized or custom nozzles are built and ordered for specific grinding problems
and typically used on production machines, which are specialised for very few different grinding jobs in the whole machine life time. These nozzles are engineered
and optimised by specialised small and medium sized companies. According to
Webster [214] does the price of these nozzles increase depending on the amount of
necessary engineering and production technique to ≈ CHF 1000. The availability
time is long and can take weeks till months, which demands to be considered in the
planning of the production preparation. Recent advances in the market penetration of additive manufacturing (AM) techniques allow significant faster production
and shorter shipping times. With this technology becoming more available, one can
make use of the freedom in form and complexity to optimise the flow path.
Figures 2.12 top left shows a so called needle-nozzle, which is available with flexible
ducts. In the top right of the figure AM nozzles from titanium are shown with
improved damping and flow properties. Another AM nozzle with flat exit outlet
cross sections is presented in the left bottom. Lopez-Arraiza et al. [128] present the
engineering with the aid of computational fluid dynamics (CFD) simulations for an
optimized coolant nozzle, which is shown in Figure 2.12 on the bottom right side.
The optimisation has been carried out with regard of a homogeneous jet flow, high
flow speeds and the significant reduction of energy use. Furthermore, it includes the
exploration of new materials and manufacturing technologies by combining stereolithography technology and metallic parts as well as fibre reinforced polymers for
weight reduction. These examples show, that not only the engineering and optimisation, but even more the feasibility to manufacture a coolant nozzle for reasonable
costs and effort are very important.

Cleaning nozzles
Clogging prevention and wheel cleaning have a significant impact on the grinding result and process performance. Specific cleaning nozzles have been developed, which
sustain cutting ability and even decrease the total energy use. Significantly less tool
wear and process forces are achieved by optimized tool cleaning. Heinzel et al. [83]
show that these improvements are even possible with low pressure fluid flows, when
considering the jet flow properties, nozzle position and configuration. During the
grinding process a continuous cleaning of the wheel surface is important to decrease
the necessary dressing cycle intervals and prolong wheel life. A camera based insitu observation tool with image analysis is described by Antsupov et al. [5]. The
clogging of the grinding wheel depends on factors as the wheel structure, porosity
and the process parameters [31, 185]. Also, considering coolant jet speed, flow rate
and orientation, Cameron et al. [31] observed an increase in material removal rate
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Figure 2.12: Grind-aix needle nozzles for a straight grinding wheel profile [71] (top left),
titanium AM needle nozzles with optimised flow and damping by TECNO.team
GmbH [92] (top right), AM nozzles by JCM ToolTec GmbH [99] (bottom left),
hybrid flat nozzle by Lopez-Arraiza et al. [128] (bottom right).
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of 100%. Sinot et al. [185] claimed higher flow rates to be more effective than higher
pressures and small distances from the nozzle to the wheel improving the cleaning
effect.
Adibi et al. [2] explain the collision of a liquid droplet with a solid surface, as shown in
Figure 2.13. Starting with the initial shock in the contact zone, strong shear stresses
arise from the lateral jetting towards the surface. These effects can lead to droplet
erosion, which is useful for wheel cleaning to remove chips from the porosities, while
mass removal rate, impact frequency and droplet diameter are considered. In the
experiments the loaded areas were removed completely with a reduction in specific
energy. As the coolant supply to the grinding gap is typically tangential and based
on coherent jets, this effect cannot be considered directly for the influence on the
wheel loading during grinding.

Figure 2.13: Progression of impingement corrosion for droplet impact on a surface by
Adibi et al. [2], modified.

2.4

Fluid dynamics in cylindrical grinding

The interaction between the coolant jet and the airflow induced by the grinding
wheel is a complex problem. The combination of high cutting speeds, very tight
grinding gap and the nature of the two-phase flow are very demanding to investigate.
Non-linear behaviour makes predictions of the supply of coolant into the grinding
gap difficult. In this chapter the airflow, coolant jet flow and their interaction is
presented.

2.4.1

Airflow in grinding

Research and experience in industry show that the coolant can be inhibited from
entering into the grinding zone by the air boundary layer around the rotating grinding wheel, as stated by Ebbrell et al. [49]. For the optimal design of fluid supply,
intense knowledge about the airflow is essential.
The air boundary layer of a rotating grinding wheel is studied intensively, while most
work is done for face grinding. Davies and Jackson [40] used non-intrusive schlieren
imaging, while Wu et al. [226, 227] induced smoke to a rotating grinding wheel to
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make use of laser Doppler anemometry (LDA). Flow conditions were investigated
to gather radial and tangential flow fields around the grinding wheel, while a plot
of the tangential airflow field is shown in Figure 2.14. Particle image velocimetry
(PIV), which is like LDA based on the Eulerian reference system, was used from
Gong et al. [65] to study the flow field. Intrusive methods like hot-wire-anemometers
came to similar results as presented by Shibata et al. [182]. Saito et al. [172] used a
manometer in the grinding gap to measure the flow field. A strong dependency on
the porosity of the wheel and the local heat transfer coefficient is obtained.

Figure 2.14: LDA measured tangential velocity profiles at vc = 20m/s by Wu et al. [226],
modified. Upper line 0.5mm above wheel surface, lines below 0.5mm further each.

Alenius and Johansson [4] used smoke to make the airflow visible, measured the air
velocity with Pitot tubes and proposed CFD simulations to study the whole flow
conditions. Analytical models use simplified Navier-Stokes equations to describe the
flow properties. Han and Li [79] show considerations of a two-dimensional flow field
without workpiece concluding with a steep radial velocity gradient of the airflow.
Considering a workpiece in the case of face grinding, Li and Han [120] show an analytical description and simulation of the grinding wedge-shaped zone. Mentionable
is the defined boundary line for flat grinding, which illustrates the optimal orientation of the coolant nozzle in the range of 15 − 20◦ to the grinding wheel. The coolant
above the boundary line is thus supported by the airflow to reach the grinding gap.
Gong et al. [64] use simplified three-dimensional Navier-Stokes and continuity equations, which are solved by the difference method for an initial boundary using the
ANSYS CFD simulation software. The grinding gap is usually modelled with a defined
distance to the workpiece between 0.05 − 0.20mm [64,235]. Jia et al. [101] show the
three dimensional flow field in front of the grinding gap for flat grinding.
For decades the effect of so called air-scrapers, which do block the airflow around
27

Chapter 2. State of the Art in Coolant Supply in Grinding

the grinding wheel to improve the supply of coolant into the grinding arc, is studied [182]. Different approaches are used including manipulation of the wheel surface [133], brushes [87] and pneumatic barriers [134]. Yoshimi et al. [228] showed an
improvement of coolant supply by an airflow blockage using an air nozzle perpendicular against the grinding wheel surface above the grinding point. Up to 50% of
the coolant flow and wheel spindle power losses could be reduced.

2.4.2

Coolant jets in grinding

Fluid jets have been investigated intensively within the physics of fluid dynamics,
while fundamental results and methods are transferred to coolant jets.

Inner flow in tubes
The MWF supply from the pump to the nozzle is by hose pipes and tubes. Depending on the fluid path pressure loses occur, which have to be overcome by the pumping
power to allow sufficient coolant volume flows and exit speeds. These losses depend
on the inner texture of the piping system, which can change due to contaminations,
connections with blinds, valves, bends, curvatures and tapers. Furthermore, the flow
speed plays a role, as the loss term depends on the flow regime and pipe diameter
according to the Hagen–Poiseuille law. For pipe flows a distinction between laminar
and turbulent flow regime can be made by using the Reynolds number according to
Sigloch [183]:

Repipe

crit

=

vcrit · Din
ρM W F · vcrit · Din
=
≈ 2300
νM W F
µM W F

(2.1)

with vcrit as the critical flow speed, Din the inner diameter or the equivalent diameter
for non-circular cross-sections, νM W F the kinematic or µM W F the dynamic viscosity
and ρM W F as the density of the MWF. The transition from laminar to turbulent
is not sharp. Influence on the flow like vibrations, obstacles, pre-turbulence and
any irregularities can influence the flow regime. Sigloch [183] underlines that most
technical flows are turbulent.
It is important to mention, that the flow regime in the inner nozzle geometry does
influence the jet flow. Therefore, to achieve a homogeneous fully developed flow
profile, a certain inlet path is necessary. Honeycomb meshes might be used to
condition the flow ahead of the nozzle exit. Several approaches exist to estimate the
minimum laminar path length Ll for deviations less than 1% to the stationary state
as shown in Equation (2.2) by Tietjens [183]:
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Ll

T ietjens

= 0.06 · Re · Din

(2.2)

Jet nozzle and nozzle exit
A nozzle converts potential energy in form of pressure into kinetic energy as inertia
of the fluid. According to McCarthy and Molloy [139], the best efficiency is achieved
with sudden and smooth contraction. The jet cross-section is typically smaller
than the nozzle exit and depends on the edge as well as the form of the opening,
which can be convex, concave or cylindrical. There are two principal approaches
to calculate the exit speed of the fluid jet, based on the pressure difference or the
volume flow [183]:

vth =

p

2 · ∆p/ρM W F =

p

2 · (pnoz − patm )/ρM W F

(2.3)

vth = V̇th /Anoz

(2.4)

as the theoretical flow velocity vth not considering the contraction of the jet nor
pressure losses at the exit. pnoz and patm are the pressure inside the nozzle and
the atmosphere pressure, respectively. Anoz describes the cross-section area of the
opening and V̇th the theoretical volume flow. To include contraction of the jet and
additional pressure losses at the opening, which decrease the volume flow and thus
the jet velocity, the following approach is used to calculate the actual jet speed [183]:

vjet = ϕnoz · vth

(2.5)

vjet = V̇ /Ajet

(2.6)

with ϕnoz as the velocity number, which depends on the orifice and the fluid. V̇ =
αnoz · ϕnoz · V̇th is the actual volume flow out of the nozzle with αnoz the contraction
number of the jet leading to a decrease in the jet cross-section Ajet = αnoz ·Anoz [183].
The coefficients αnoz and ϕnoz are smaller than 1 and tabulated for standard openings, while they otherwise have to be determined experimentally. These values are
applicable for coherent jet streams.
Webster et al. [216] describes the need of coherent jets to efficiently supply the
coolant into the grinding zone and proposes a suitable nozzle design. The Websternozzle concept is based on a concave round nozzle as shown in Figure 2.15c, which
differs from the at this time typical convex nozzles in Figure 2.15b. The profile
of the nozzle prevents boundary layer growth and lowers the pressure drop. Eddy
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formation within the nozzle is reduced compared to angular contraction transitions,
which are indicated in Figure 2.15a. For the rectangular version adapters were used
to keep the Reynolds number between the round pipe till the inlet of the rectangular
nozzle constant. The concept origins from a fire hose round nozzle application
by Rouse [197], which intends to supply the water with a coherent jet as far and
precise as possible. The Webster designed grinding nozzle can be considered as the
standard for coherent jet nozzles in grinding. Recent concepts include nozzle exits
with adaptive outlet area, as shown by Heinzel et al. [84]. Within a control loop, a
flat nozzle with inner Rouse profile can demand-oriented in- or decrease the height
of the nozzle to adapt flow rate under a constant jet velocity.

Figure 2.15: Different nozzle inner flow designs. Eddy formation by
McCarthy et al. [139] (left, modified), traditional grinding nozzle (centre)
and Webster based round nozzle design by Irani et al. [96] (right).

Free jets in airflow
A free fluid jet is formed, when the MWF leaves the nozzle exit and enters the
ambient into a two-phase flow. Starting from a circular or rectangular cross-section
with a continuous fluid flow, different mechanisms change the appearance of the jet
over its course. With increasing distance the profile changes, dispersion rises and
the inertia of the coolant decreases.
Mayer [138] describes an experimental set-up to examine liquid jets in fast gas
streams by high-speed cinematography. For very low Reynolds numbers, Rayleigh
instabilities are found showing in waves similar to the jet radius. These results
were compared with large eddy simulations (LES). The atomisation of the liquid
jet depends mainly on the coaxial gas flow, which is in grinding present due to
the airflow of the grinding wheel and strong for high Reynolds number flow, where
instabilities occur. According to Zuckerman and Lior [236] the primary source of
turbulence is shear flow on the edges of the jet. With increasing Reynolds number,
flow instabilities are generated by the shear layers, which are similar to the KelvinHelmholtz instability.
Characteristic numbers are used to describe the flow profile and regime dependent
form of the outlet flow conditions. Prandtl [156] determines the decay into droplets
due to flow instabilities or break-ups due to capillary ripples. Direct atomisation
can occur on certain pressure differences, nozzle shapes, nozzle exit and properties
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of the medium. With the mentioned forces and mechanisms, a coherent jet is not
a minimal energy state and it will always tend to disperse. With the OhnesorgeReynolds number diagram the flow regime from a nozzle can be estimated, as presented in Figure 3.8, Chapter 3.1.2. The Ohnesorge number gives information about
the atomisation of the liquid as viscous and inertial and surface tension forces are
related [60, 156]:

√
µM W F
We
Oh = √
=
Re
Din · ρM W F · σM W F

(2.7)

where σM W F is the surface tension and W e the Weber number, which show the
difference of the droplet to the spherical shape by the relation of inertia Fρ to
surface Fσ forces. With increasing Weber number smaller droplets are formed as
the deformation increases [223]:

We =

Fρ
v 2 · Din · ρM W F
= rel
Fσ
σM W F

(2.8)

The diameter of the nozzle Din is used as the diameter of the jet and vrel = vc − vjet
is the relative velocity of the coolant and the air. Geilert et al. [60] explain, that
for lower Ohnesorge numbers droplets are formed as the friction losses are weaker
due to viscous forces. High Ohnesorge numbers on the other hand show higher
internal viscous dissipation and lead to smaller particle decay of the droplets. In
an explanation by Prandtl [156], the size of the droplet is in relation to the size of
a turbulence vortex within the vicinity for the break-up or coalescence of the fluid.
Analytical models for the coherent length CL are based on these considerations.
Morgan et al. [145] formed a model depending on the Weber number and a nozzle
loss factor Nf determined from experiments of typical nozzle shapes including Rouse,
straight, step, tapered and Lechler type nozzles. The Rouse nozzle with larger
diameter showed the best results. One drawback revealed by this correlation is
however the higher amount of coolant for wider grinding wheels [145]:

CL
= 8.51(W e0.32 ) · Nf
Din

(2.9)

These not linear correlations have a limited range, which can be determined by
Reynolds or Weber number regions. A graphical illustration is given within a jet
stability curve diagram of the break-up length versus velocity, as mentioned by
Lefebre and McDonell [119]. The development of droplets for very low flow rates
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is followed by a steady increase of the laminar coherent jet flow. In the following
transition zone the jet break-up length decreases till a certain flow velocity, before a
consistent turbulent jet forms. Finally, for increasing the jet velocity over a turning
point, the jet will atomise into a spray and the coherent jet length decrease. There
are many empirical estimations concerning for example the ambient pressure or the
nozzle geometrical parameter compared in such diagrams [119, 139].
Morgan and Baines-Jones [144] summarise the factors on the coherent length with:
 average inner surface roughness Ra
 contraction ratio between inlet and outlet cross-section Cr = Ainlet /Aoutlet
 sharpness of exit edge
 nozzle body shape

McCarthy and Molloy [139] furthermore describe that the nozzle aspect ratio L/d
and a contraction angle with an optimum between 15 − 100◦ are very important.
In the nozzle interior both, the smoothness and streamlining define the velocity
distribution at the nozzle exit. An improved surface finish of the nozzle leads to
a better jet coherency. Additive manufactured parts have usually a higher surface
roughness and might need to be reworked with abrasive flow machining or coating.
Accordingly the nozzle discharge coefficient is improved with smoother surfaces due
to less turbulence in the boundary layer. Chamfering does increase the separation
and dispersion of the flow in comparison to sharp exits. Encounters of the nozzle
with the grinding wheel usually influence the jet quality negatively.
Morgan et al. [144] used a Pitot tube measurement system to scan the flow velocities
of the jet in certain distances over the cross-section. Velocity maps are shown in
Figure 2.16 for a coherent jet and in comparison a high pressure fluid jet with
desired mist forming. For the coherent jet the turquoise peak-velocity core has
to be optimised. The velocity gradient is visible, which makes the influence of
the cooling performance due to low coherent lengths clear. Finally, the break-up
region increases with further decreasing high velocity core. For spray jets the peak
velocity core is typically much shorter having the focus on a fast break-up and wider
dispersing of the fluid.
In Figure 2.17 images of the coolant jets for different grinding nozzles are shown.
The nozzle design influences the coherent jet length significantly, while the optimised
AM nozzle showed the best jet coherency. With the used photograph technique the
formation of droplets or mist is distinguishable from the coherent section.
Webster [214] propose to measure the dispersion of the jet at a distance of 300mm,
while the diameter should be in the range of two to three times of the nozzle exit
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Figure 2.16: On the core jet length of a nozzle (adapted):
Coherent jet by Morgan et al. [144] (left), spray nozzle by Adibi et al. [2] (right).

Figure 2.17: Real image jet profiles showing the coherent length of different nozzle types
by Geilert et al. [60], (adapted).
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diameter. The influence of the connection of the nozzle is investigated by Webster
et al. [216]. A necessary pipe length of 48 · Din was determined to achieve a jet
thickness to nozzle diameter ratio of two compared to the vena contracta diameter,
which is the smallest fluid jet diameter and thus highest jet speed. For higher wheel
speeds, which are used for example in grinding with cBN, the coolant jet speed
is needed to be higher as well with correspondingly stable jets, as remarked by
Webster [214]. A different approach showed Sakamoto et al. [173] with ultrasonic
activated coolant. Better cleaning effects on the grinding wheel and improved surface
properties are observed.

Jet impingement on the grinding wheel
The impingement of a jet on a surface is described in literature for some cases. Zuckerman and Lior [236] give a comprehensive review about jet impingement including
heat transfer and modelling on stationary planes. In Figure 2.18 the jet impingement on a surface is shown. On the left side the flow regions are indicated, in which
the stagnation region in front of the nozzle and the fountain region of a reflection
or back flow are eminent. The flow is expected to evenly attach to the wall. On the
right side the characteristics of a turbulent free impinging jet are shown. Secondary
vortices can be formed causing turbulent fluctuations in the lateral and radial velocity including pressure gradient fluctuations. As a result local flow reversals and
separation can occur, which finally leads to lower heat transfer rates.

Figure 2.18: Orthogonal jet impingement on a stationary surface: Laminar jet (left) and
turbulent jet (right) by Zuckerman et al. [236], modified, composition.

The adhesion of the coolant jet to the surface is by some authors correlated with
the Coandă effect. It is first described in a patent by Henri Coandă [35] as a fluid
jet orifice, which allows to adhere at the boundary under a certain airflow and exit
velocity. According to Truckenbrodt [200] the Coandă effect is nowadays generally used to describe the adherence of a tangential or almost tangential jet on a
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curved surface. The rotating grinding wheel might be considered similar according
to Hosokawa et al. [87], while the fluid jet can adhere to the curved grinding wheel
surface. In 1975 Ott [160] described this effect for a velocity ratio of 0.6 − 1.0 due
to a low pressure in the contact zone between grinding wheel and fluid jet.
The heat transfer due to a high velocity air jet is investigated by O’Donovan
et al. [155]. With digital particle imaging velocimetry (DPIV) the velocity flow field
of the airflow was measured with and without the air jet. At the preferable angle of
15◦ tangential to the grinding wheel a high-speed jet was able to cool the grinding
zone. Only with the addition of water mist at 1g/s the cooling was comparable with
a water emulsion jet with an exit speed of 10% of the cutting speed.

Heat transfer with impinging jets
The dimensionless Nusselt number represents an important measurement for the
heat transfer in many technical applications. It describes the ratio between convective and conductive heat transfer of a fluid at a boundary. Thus, the Nusselt
number gives an information of how much the heat flow is increased due to the
movement of the fluid. Nusselt states that there is no convection without thermal
conduction [210]:

Nu =

q̇cond + q̇conv
α·L
=
q̇cond
λcon.M W F

(2.10)

with q̇cond and q̇conv as the conductive and convective heat flows between the solid
and fluid, L the characteristic length, and λcon.M W F the thermal conductivity of the
fluid. The convective heat transfer coefficient α for a certain area A is defined with
the heat transfer Q̇heat and the temperature difference Thot − Tcold :

α=

Q̇heat
A · (Thot − Tcold )

(2.11)

A general form of the Nusselt number for forced convection, which only depends on
the dimensionless temperature distribution, can be given [210]:

N u = f (Re, P r, Geometry, ϑ/ϑw )

(2.12)

with ϑ as the Celsius temperature and Pr the dimensionless Prandtl number as the
ratio between kinematic viscosity and thermal diffusivity [210]:
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Pr =

νM W F · ρM W F · cM W F
λcon.M W F

(2.13)

with the specific heat capacity cM W F . The Nusselt numbers in the form of Equation (2.12) are experimentally investigated for different geometries, fluids and flow
conditions. The heat transfer for jet impingement is studied intensively for various
technical applications. There are experimental investigations for stationary [236]
or moving walls. For example Goldstein and Behbahani [62] investigated a jet
flow normal to the surface with a Nusselt number decrease for an increasing cross
flow. Shevchuk [181] shows experimental Nusselt number correlations, while Nasif
et al. [148] explore the possibilities of two-phase volume of fluid (VOF) simulations
for the jet impingement on rotating discs. Unfortunately, these investigations are
mainly done for the impingement on the sides of rotating discs, as for example
applied in gas turbine design [181].
In the case of cylindrical grinding, the jet impingement takes place on the lateral
area of a rotating disc under a cross flow of the airflow induced by the grinding
wheel. First, the inertia of the coolant jet has to overcome the air boundary layer
of the grinding wheel. Secondly, the interaction of the cross flow with the fluid jet
does influence the wetting of the grinding wheel as well as the heat flux.

Coolant flow properties in the grinding gap
The amount of the supplied coolant, which flows through grinding zone, is an important measure. Most industrial coolant supply applications can be considered to
deliver a turbulent coolant jet with a share of droplets due to separation and atomisation. These effects can lead to a mixture with air and decrease the heat transfer
dramatically similar to the Leidenfrost-Effect.
Schumack et al. [178] found good agreement of their model with experiments for low
Reynolds number flows applying the 2D-model of the standard lubrication theory.
An one-dimensional sinusoidal roughness term is used. The use of the full 2- or 3D
Navier-Stokes equations can predict the coolant flow between the grinding wheel
and workpiece. The hydrodynamic fluid pressure in the grinding gap was investigated by Zhang and Nkajima [230] using partial hydrodynamic lubrication theory
with experimental verification. Hryniewicz et al. [91] included the workpiece and
wheel roughness in their model showing that the maximum hydrodynamic pressure
decreases about 5%, while the flow rate increases about 5% compared to the model
with smooth surfaces [90]. Gviniashvili et al. [76] is considering the airflow in their
model based on the conservation of energy. The coolant flow is investigated by Guo
and Malkin [73] as a 2D flow through a porous medium. Based on a momentum
balance of the fluid, a dimensionless effective porosity was introduced to take the
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wheel structure into account. Also, Chong-Ching [34] investigates the flow through
the porosity of the grinding wheel considering the hydrodynamic pressure from the
Reynolds equation for porous media and the ram pressure of the coolant jet. Gviniashvili et al. [76] relate power, grinding wheel speed and coolant parameter by the
nozzle flow rate and jet speed to a flow model suitable for electroplated or low
porosity grinding wheels. In these models, the axial flows are neglected, while the
geometrical conditions for flat grinding are applied.
Hryniewicz et al. [89] investigated the effect of re-directed fluid on the grinding
wheel. The building of ridges due to ribbing instabilities of the coolant at the open
zone after the grinding gap is shown in Figure 2.19. With droplet formation due
to the surface tension and rejection by the centrifugal forces, a model is shown to
optimise the rejection of fluid in the open zone.

Figure 2.19: Fluid patterns at the exit of the grinding gap showing ribbing instabilities by
Hryniewicz et al. [89]. vs refers to vc .

2.4.3

CFD simulations in grinding

In recent years CFD simulations have become a capable and accessible tool in research and industry. As an integral part from conceptional studies to detailed product development, simulations can help to decrease the number of necessary experiments by virtual adaptations of geometries or boundary conditions. On the other
hand, CFD simulations can be applied to expand the general knowledge about flow
conditions, which would be hard or impossible to measure otherwise. In grinding
the following applications for CFD can be found:
 airflow around grinding wheel
 inner flow geometry optimisation of coolant nozzles
 multiphase flow simulations with air and coolant
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Flow simulations of the induced airflow around the grinding wheel are shown by
different researchers. A numerical simulation by Zheng et al. [235] calculates the
pressure and velocity distributions at the grinding zone for flat grinding in a 3D
model using finite volume method (FVM). Different wheel speeds and distances of
the grinding wheel to the workpiece of 0.05 − 0.20mm were considered. Han and
Li [79] show the pressure distribution around the rotating grinding wheel in an ANSYS
FLUENT 2D flow simulation. A pressure difference of about 9.3P a was calculated with
the lowest pressure close to the grinding wheel surface. Similar to the considerations
of Zheng et al. [235] and Li and Han [120], they show the velocity vector plots based
on a simulation. Wang et al. [211] comes to similar results conducting a 3D flow
simulation, showing the maximum velocities in the middle of the grinding wheel.
The effect of different air scraper designs on the airflow is discussed by Zhang
et al. [234], based on the simulation set-up of Han and Li [79]. Scrapers can decrease the airflow dramatically, but only for a limited region, as shown in Figure 2.20.
Furthermore, the distance between the air scraper and grinding wheel surface is important, as a large gap does not influence the airflow at all. Hosokawa et al. [87]
confirms with ANSYS FLUENT calculations, that the effect of air scrapers is very limited, as the airflow re-establishes shortly after the air scraper.

Figure 2.20: 2D CFD simulation of the airflow for the effect of an air scraper on the
airflow velocity field by Zhang et al. [234]. Scale in m/s of flow velocity.

Baines-Jones et al. [12] used ANSYS CFX to simulate the internal flow through a
grinding nozzle design, which was formerly proposed by Webster et al. [216]. The
fluid was modelled with properties of water, as the coolant, an emulsion with 10%
oil, is considered very similar. The conducted simulation was fully 3D, steady state
and using the SST (shear stress transport) turbulence model. Alberdi et al. [3] is
presenting an optimisation of a Webster based nozzle geometry to minimise the velocity deviations along the exit and the re-circulation inside the flat nozzle using 3D
CFD single-phase simulations, as shown in Figure 2.21. 3D multi-phase simulations
of nozzles were carried out by Morgen et al. [145] to examine the flow profiles for
possible optimisations and comparison over stagnation and recirculation in order to
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gain a improved coherent jet length.

Figure 2.21: CFD simulation of inner coolant flow distribution in a grinding nozzle.
Standard nozzle (left), optimised nozzle geometry by Alberdi et al. [3] (right).

Multiphase flow simulations in grinding
In multiphase flow simulations of a liquid coolant and a gaseous air phase, the
interactions of the fluid jet with the induced boundary airflow of the grinding wheel
media and the small grinding gap with high gradients are the most challenging parts.
Areas of interests are typically the attaching of the fluid to the grinding wheel,
respectively transport into the grinding gap, and resulting heat transfer between
the coolant and workpiece.
Li et al. [122] show a multiphase flow simulation in ANSYS FLUENT using the VOF
approach. The geometric model consisting of grinding wheel and workpiece was
simplified to 2D, while assuming no influence of the grinding wheel width. Zhang
et al. [234] expanded the model to the use of air scrapers. The minimum distance
between workpiece and grinding wheel was chosen based on considerations of the
wheel topography to 49µm. The k −  turbulence model was used. In a later
published work by Zhang et al. [234], a 3D simulation is shown with the axial
distribution of the coolant at low cutting speeds below 5m/s without heat model.
In Figure 2.22 a volume fraction plot of the coolant in the grinding gap is shown
for two different observation planes. In a 2D simulation with ANSYS FLUENT, Pang
et al. [161] shows the fluid distribution in the grinding gap in the vertical plane by
using a shoe nozzle for calculations with a heat model.
Mihic et al. [142] present a 2D numerical grinding model in ANSYS including workpiece and grinding wheel. In the multiphase VOF approach the Reynolds stress
turbulence model (RSM) and a multiple reference frame (MRF) for the porous
grinding zone were used. The wall roughness corresponds to the grain size of the
modelled grinding wheel. Heat was induced by volumetric heat generation in the
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Figure 2.22: Volume fraction of air (red) and coolant (blue) in the grinding gap for
different section planes of 3D multiphase CFD simulations by Zhang et al. [232], adapted.
Side view of nozzle outlet with grinding wheel and workpiece in vertical plane (left), and
coolant distribution in grinding gap in horizontal plane of 0.007mm height (right).

grinding zone as a moving heat source, which rotates with the grinding wheel via
the MRT. The gained temperature data of the CFD simulations matched with the
surface integrity measurements. A 3D flow simulation in ANSYS CFX is conducted
by Stachurski et al. [189] showing the effect of different orientation angles of the
coolant jet nozzle for grinding of hob cutters. Figure 2.23 demonstrates the wetting
of the grinding wheel by the coolant, which was investigated as an effective flow rate
correlating with the wheel clogging. Brackbill’s constant surface force model was
used to model the surface tension as a volume force concentrated on the surface.
To describe turbulence the SST model was implemented with modified production
terms.

Figure 2.23: Showing iso-surfaces of coolant jet pointed on grinding wheel for different
angles in ANSYS CFX by Stachurski et al. [189].

Uncertainty in multiphase flow simulations for grinding
In the presented publications commercial solvers like ANSYS CFX and FLUENT are
used. Some researchers made adaptations of the used turbulence models or expanded the available solvers to the grinding conditions as the porous zone, wall
roughness or adhesion. CFD flow models have grown historically and are extended
by the need for certain applied flow problems, while extensive experimental work
and verifications precedes implementation in a solver. In the multiphase flow simulations the uncertainties are typically much larger compared to single-phase flow
problems, as two media interact and mixtures of two phases are not linear. For
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example the break-up of the fluid jets play an important role to model the correct
flow regime. Balachandar and Eaton [13] name the combination of turbulence and
multiphase flows a formidable challenge, while each of them is presenting a complex
problem to solve. For grinding in particular, a coolant jet exits a nozzle at possibly
high-speeds in a moving air ambient and meets a fast rotating porous grinding wheel
with a rough surface. The coandă effect might occur helping the fluid jet to attach
the grinding wheel if not hindered by the airflow. Finally, the fluid is led to a very
small grinding gap with high gradients of speed, pressure and temperature.
Pereyra et al. [163] name the determination of the flow pattern a fundamental problem in two-phase flow systems, while all design variables strongly depend on the
occurring flow regime. The proposed method had a success rate of 75% to quantify
the confidence level in the prediction of the flow pattern for a two-phase flow. Holm
et al. [86] present a methodology to analyse and quantify uncertainties. First a sensitivity analysis to filter high impact input parameters is shown. Than an uncertainty
analysis is conducted by varying input parameter for a large number of simulations
giving P 10/50/90 intervals. The importance of sensitivity analysis is emphasised by
Gel et al. [61], demonstrated on a flow example. Varying the most significant input
parameter factor to affect the variability in the quantity of interest, the prediction
probabilities can drop below 50%. Furthermore, Cremaschi et al. [36] states that
the uncertainties in the measurement of fluid properties and flow characteristics,
including pressure drop, hold-up and phase distributions, can lead to a discrepancy
between reported flow pattern and measurement data itself. Therefore, no general
estimation of the uncertainty in multiphase flow simulations can be given.

2.5

Measurement and optimisation of the impact
of coolant use

The impact of the coolant supply on the grinding process can be measured on
the workpiece surface and sub-surface, and on the grinding wheel, as described in
Chapter 2.1.3 to 2.1.5. Basically, there are two ways to optimise the coolant supply
efficiency in grinding according to Wittmann et al. [225]: First the specific material
removal rate can be optimised for an applied coolant flow rate, which is for example
limited or optimised by a certain threshold. Secondly, the flow rate can be minimised
by a defined material removal rate, as a bottleneck in a production line or limit of
grinding wheel or machine. In the production sites traditionally the optimisation of
the coolant supply depends on the machine setter or production planner based on
experience, recommendation or small pre-tests, as stated by Heinzel [81]. Insufficient
coolant supply systems with poor nozzle installations are often the bottleneck for
productivity. Many concepts and methods for planning and estimation of coolant
use exist, but are not universalised in industry.
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Useful flow rate in grinding
Jackson et al. [97] stated that the term useful flow in grinding is not defined precisely,
but often referred to the amount of flow passing through the grinding gap. Several
models exist, while the useful coolant flow depends on a variety of parameters.
Excellent reviews of available flow models are given by Webster et al. [213], Jackson
et al. [97] and Marinescu et al. [136, 137].
Beside the coolant type, the difference between flat and cylindrical grinding, the
cutting material and porosity of the tool, feed rate and cutting speeds have a strong
impact on the useful flow rates. The models are based on geometrical conditions
e.g. theoretical fluid layer thickness [137], the wheel topography [37], permeability
through the grinding wheel [33] or grinding power as a measurement [140], while
some take the air-barrier into account [76]. The useful flow rate was found independent from the depth of cut and work speed by Engineer et al. [50]. Li et al. [122] show
a mathematical model based on the grinding wheel surface topography implemented
in MATLAB. Furthermore, the flow into the grinding gap was modelled with ANSYS
FLUENT, while dependencies between jet speed and wheel peripheral velocities were
determined. The results were verified in another publication by Li et al. [121] with
an experimental set-up collecting the fluid flow in the grinding gap similar to the
work from Engineer et al. [50], as shown in Figure 2.24, left side.
To evaluate the effect of the coolant use, various test-rigs and methods have been
introduced. Wittmann et al. [225] employed a set-up developed by Powell [164]
to evaluate the efficiency of the supplied coolant flow indirectly, as shown in Figure 2.24, right side. In a grinding set-up with coolant supply system according to
real grinding conditions, the feed is set to zero. The grinding wheel is plunged in
a heating plate with constant power supplied to the grinding arc area, while the
temperature is measured during the supply of coolant. Lower temperatures relate
to better coolant supply efficiency, as more heat is extracted. Lavisse et al. [115]
built a set-up based on a foil/workpiece thermocouple and used an inverse matching method, which enabled the measurement and calculation of the convection heat
transfer coefficient (CHCT) and maximum temperature in the contact area. For low
coolant jet speeds of about 20% of the cutting speed, the heat partition into the fluid
decreased significant and so the efficiency of cooling. With a sufficient flow rate, an
improvement of the coolant conditions was observed till a speed ratio of 70%. With
increased jet speeds or coolant flows no improvements were noted. These mentioned
experimental set-ups are for flat grinding.
In modelling most publications usually do not consider the effect of coolants on the
process [9,28,111,212,233]. With a model-based fuzzy logic many parameters can be
considered for the optimisation of the grinding process as described by Vishnupad
and Shin [208]. As Brinksmeier et al. [28] state, grinding is complex and employs a
multiplicity of operating parameters, while coolant supply represents a wide field for
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Figure 2.24: Coolant flow collector by Li et al. [121] (left), test-rig of Powell to
investigate coolant supply efficiency by Wittmann et al. [225] (right). Modified/redrawn.

itself. Heinzel [81] described a method using artificial neuronal networks to optimise
a cylindrical grinding process. Various coolant supply parameters were considered
including type of coolant, nozzle configuration and flow volume. Some publications
use simplified approaches to consider the effect of cooling and lubrication on the
temperature field like Li et al. [123]. Mandal et al. [135] show by using analysis of
variance (ANOVA) an optimisation to overcome the air layer of the rotating grinding
wheel.

Important coolant supply parameter
The most important coolant supply parameters at given geometrical grinding conditions, coolant composition and wheel porosity are considered to be:

nozzle type:
⇒ design and cross-section [81, 216, 225]
nozzle position:
⇒ jet alignment to the grinding wheel respectively grinding gap [49, 225]
jet exit speed:
⇒ ratio of flow velocity and circumferential speed of grinding wheel [76, 84,
115, 145, 160, 214]

If these factors are optimised accordingly, an adequate amount of useful flow is provided. An increase of the coolant flow rate above a saturation value will not improve
the coolant situation, if not even deteriorate it [115, 160]. In most publications the
emphasis is on the flow speed and orientation, which appear to be more important than volume flow. As a rule of thumb, the rotational speed of the grinding
wheel should match the jet velocity for maximum useful flow rate [7, 76], respectively 80 − 100% [145]. However, Ott [160] described a range of 60 − 100% based
on observations, while jet speeds towards the cutting speed will have an increased
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attracting on the grinding wheel. On the other hand, if the coolant jet speed exceeds the cutting speeds repealing from the grinding wheel starts and the cooling
efficiency decreases similar to too low flow speeds.

2.6

Research gap and structure of the thesis

The research presented in this thesis concerns the understanding and optimisation
of the MWF flow into the grinding gap during the cylindrical grinding operation,
with the goal to provide a model-based prediction of the cooling conditions. An
optimisation of the active flow rate can improve the material removal rate, process
efficiency, tool wear behaviour and even ecological aspects of the whole grinding
process. To identify the potential of the optimisation, a comprehensive literature
review is carried out to show implemented methods to measure, model and control the filling of the grinding gap with MWFs. The most important nozzle and
flow parameters are identified. For further improvements of the coolant supply the
following subjects are the main goals of the thesis:

1. homogenisation of the cooling conditions along the workpiece-grinding wheel
contact width in external cylindrical plunge grinding
2. 3D multiphase CFD simulations with heat model of the cylindrical grinding
process and evaluation along the width and over the surface of the workpiece
3. method for the visualisation of the flow conditions inside the grinding gap
4. optimising universal and dedicated single-jet coolant nozzles with large distances between the coolant jets

While the first three objectives concern the investigation of the coolant flow, the
last part contains the application and knowledge transfer to industrial use.

1. Homogenisation of the cooling conditions along the workpiece-grinding
wheel contact width in plunge grinding
Increasing requirements of the workpiece quality motivate to consider the distribution of the coolant in axial direction of the workpiece, to accomplish equal grinding results along the workpiece surface. In most industrial tests, average or point
measurements are performed to judge the surface quality. Different methods to investigate the gradients for several surface integrity and tool parameters need to be
developed, with the goal for industrial applications.
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2. 3D multiphase CFD simulations to model the heat transfer between
coolant and workpiece in cylindrical grinding
In current research the interaction of the MWF flow and the airflow of the rotating
grinding wheel is still subject of investigations. The flow regime and break-up of
the coolant jet are mostly studied independent from the airflow and the rotating
workpiece, respectively grinding wheel. High-speed imaging allows to observe the
interactions between the coolant jet, airflow and the grinding wheel. An analytical solution including the radial and axial flows is not possible. Furthermore, the
currently presented simulations are mainly in 2D and for flat grinding, while the
axial effects are not discussed or even neglected. However, it is known for a long
time, that the flow profile over the contact area is not uniformly distributed. These
effects have to be considered, in particular for the use of wider grinding wheels and
low flow quantities. A full 3D simulation allows the examination of different nozzle
cross-sections, which can help to improve the overall efficiency by considering nonuniform exit cross-sections of the nozzle and even flow speed distributions inside
the coolant jet. A heat model is implemented to understand the heat fluxes in the
grinding gap. The effects of bulk cooling of the workpiece compared to the cooling
effect in the grinding gap are evaluated further.

3. Visualisation of the flow conditions inside the grinding gap
Due to the difficulties of the flow observation in the grinding gap, the useful coolant
flow is typically measured indirectly. Available methods include the collection of
the share of fluid passing through the grinding zone or the assessment of the effects
on the grinding result by the coolant. In order to study the mechanisms of the fluid
transport in the grinding gap, a test set-up is developed to overcome these barriers
and allow an insight into the grinding gap domain during the coolant supply under
grinding conditions.
Different nozzle designs and flow rates as well as orientations have to be tested and
judged by the threshold to reach the grinding gap. Furthermore, the distribution
along the workpiece is evaluated. Declarations from literature of the required speed
ratio between MWF and peripheral speed of the grinding wheel are reviewed.

4. Optimising universal and dedicated coolant nozzles
Today, most grinding machines are not optimized in terms of coolant supply and
use. Still, a lot of new, in particular universal grinding machines, are equipped with
standard coolant nozzles like Loc-Line ones. These nozzles do not allow a precise
and repeatable positioning and alignment, as their adjustment is strongly depended
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on the machine operator and changes of the coolant pressure and flow volume.
Due to their construction, only low coolant flow exit velocities are accomplished.
The supply conditions into the grinding gap are widely unknown as well as the
distribution of the coolant along the workpiece. On the other hand, sophisticated
nozzle designs exist for production machines, which are extensively optimised and
adapted to the actual used process. With an increasing awareness in industry for
cost and energy saving and the reduction of waste of coolants lead to the following
goals:
 enable the digitisation and transition with
⇒ precise and known coolant delivery to the grinding gap
⇒ improved productivity and process stability control of the flow parameter
⇒ ability for auto-tracking and demand-driven supply
⇒ allow the integration into Industry 4.0 ready machines
 an optimised but universally applicable coolant nozzle
⇒ swiftly adaptable for various grinding tasks
⇒ according to the Pareto principle:
better solution than standard but not process specific optimised
 exploit modern layout tools including AM and CFD simulations

In Figure 2.25 an overview of the covered areas is presented with indications to the
referring chapters in the thesis.
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Figure 2.25: Overview of the covered areas in this work and their references in the thesis.
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Chapter 3
Experimental Set-ups and
Methods
Breidenstein [21] sums the inherent or enhanced condition of a machined surface
under the term surface integrity. Figure 3.1 visualises the most important surface
and sub-surface properties.

Figure 3.1: Surface and sub-surface properties with structural changes after grinding
based on Breidenstein [21].

Important and common tested grinding results are:
 geometrical deviations
 surface topography (often characterised with roughness)
 residual stress state
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 existence of thermal damage

All these properties are influenced by the coolant supply, which impacts the tribological system and thermal balance in the grinding gap.
In the first part of this chapter, the grinding test-rig of the performed grinding
experiments along with the adaptable coolant supply are presented. Furthermore,
the set-up for the flow observation in the grinding gap is shown. In the second
part the measurement equipment and applied evaluation methods are described.
After starting with the visual evaluations of the workpiece and grinding wheel in
Chapter 3.2, the focus is set on the tactile roughness measurement in Chapter 3.3
and the X-ray based stress measurements in Chapter 3.4. All methods are developed
under the perspective for an evaluation along the width of the grinding wheel.

3.1

Grinding test-rig

Grinding machine
External cylindrical peripheral plunge down-grinding is examined. The experiments
are conducted on a Fritz Studer AG S31 universal cylindrical grinding machine
made in Switzerland [54], as shown in Figure 3.6. For improved damping and thermal
stability, the machine bed is made from a mineral-casting and the laboratory itself
is climate controlled.

Grinding wheel
A Winterthur Technology Group grinding wheel, as shown in Figure 3.2, is used
for all grinding experiments. The label 54A 120 H15 VPMF604W reads as:
54A: white aluminium oxide Al2 O3
120: fine grain size with average diameter of about 0.1mm
H15: soft bond with porous structure
VPMF: ceramic bond with average porosity structure and small pores
The initial dimensions are dgw = 500mm outer diameter and wgw = 63mm width.
A wide wheel is chosen for the investigation of the axial coolant distribution along
the grinding wheel width during a plunge grinding process. Before the experiments
the grinding wheel is balanced using the MPM BMT210M tool.
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Figure 3.2: Grinding wheel (left), 3× magnification of the surface after use (right).

Workpieces
The workpieces are made from cold work tool steel of 90MnCrV8 / 1.2842. Their
geometry after the turning operation and hardening is shown in Figure 3.3. The
workpiece grinding surface has a diameter of dwp = 60mm and a width of lwp =
60mm. The martensite steel is oil through hardened. The Rockwell hardness of
61 ± 1 HRC along the workpiece surface is verified on a Gnehm G-150 hardness
tester. Furthermore, to obtain the hardness gradient below the surface, a non-ground
workpiece is sliced with wire EDM (electric discharge machining) in two equal discs
by a GFMS AgieCharmilles Cut E350 machine. A micro hardness tester from QATM,
the Qness 10 M [166], is used with the Vickers HV 1 method for 20s holding time
on the polished surface. An average of 766 HV 1, respectively about 62.5 HRC over
two different radius lines over the circular cross-section from the workpiece surface
till centre are measured, while the standard deviation is about 12 HV 1. Therefore,
the hardness is considered constant over the whole grinding range. Based on the
isothermal transformation diagram [18], the austenising temperature is about 820◦ C.
The clamping is realised with a chuck on the left side and a tip on the right. For the
main experiments 33 workpieces are provided. The physical properties are listed in
Table 3.1, whereas the composition of the material is given in Table 3.2.
Table 3.1: Material properties of the workpiece made of 90MnCrV8 [18].

Property

Variable

Value

Unit

ρwp

7.85

kg/dm3

λcon.wp

30

W/(m · K)

Specific heat

cwp

460

J/(kg · K)

Modulus of elasticity

Ewp

210 · 103

N/mm2

Density
Thermal conductivity
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Figure 3.3: Workpiece before grinding (left), drawing with dimensions in [mm] (right).
Table 3.2: Workpiece steel 90M nCrV 8 typical chemical composition by source
ISO 4957 [48] (centre) and as provided by the supplier [18] (below).

3.1.1

C

Si

Mn

Cr

V

0.85 ∼ 0.95

0.10 ∼ 0.40

1.8 ∼ 2.2

0.20 ∼ 0.50

0.05 ∼ 0.20

0.90

0.25

2.00

0.35

0.10

Coolant and coolant supply

Coolant emulsion
The coolant, as used in the grinding experiments, is a 7% percent emulsion of Blaser
Swisslube B-Cool 9665 mineral oil. The emulsion is prepared with drinking water
supply and the Blaser Jetmix, which applies the venturi principle for the mixing.
The physical properties of the concentrate are given in a data sheet from Blaser
Swisslube [19]. Due to the non-linear behaviour, properties like the viscosity of
a mixture cannot be calculated. Therefore measurements are done in the Blaser
Swisslube laboratory using a Krüss DSA 100 drop shape analyser, as shown in
Table 3.3.
Table 3.3: Measured coolant properties at reference temperature Tref = 20◦ C.

Property

Variable

Value

Unit

Density

ρM W F

1.0002

kg/dm3

Contact angle (on steel 1.7225)

ΘM W F

51.02 ± 0.70

◦

Surface tension

σM W F

39.03 ± 0.61

mN/m

Viscosity

µM W F

1.2275

mP a · s
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The coolant concentration in the reservoir is checked regularly using a refractometer.
Due to losses of coolant by vaporisation and fogging, the concentration is readjusted
before each experimental session. The total amount of coolant is about 800l. The
MWF is circulated within a cleaning and temperature controlled system. Magnet,
paper band or woven filter medium and cartridge filters are passed by the coolant to
separate the chips, the grinding debris and other particles from the fluid. The target
coolant temperature is 20◦ C. An overview of the complete MWF supply system is
given in Figure 3.4.

Figure 3.4: Coolant supply and conditioning system in the experimental set-up.

The coolant supply pressure itself is limited to 8bar at the pump with a pressure
relief valve. To lower the coolant flow a control valve is used, which reduces an
aperture. In the experiments the volume flow before the nozzle exit is measured to
calculate relevant flow data with the ultrasonic volumetric flow sensor IFM SU8000
as shown in Figure 3.6. It is placed in between the coolant supply connection and
the fluid distributor, which allows a homogeneous coolant distribution of up to eight
individual nozzles. A custom adapter between the metric thread of the grinding
machine and the 1 − inch British Standard Whitworth of the measurement device
serves as a flow calming section to allow the correct measurement. Depending on
the nozzle set-up, flow rates from 1.5l/min to about 80l/min can be adjusted.
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Cross-sections and notation of the coolant jet nozzles
Over the course of the simulations and experiments mainly three different types of
nozzles are used, which are single-jet, Loc-Line and steel flat as shown in Figure 3.5.

Figure 3.5: Different coolant nozzles used in the experiments:
adaptable single-jet (left), Loc-Line (centre) and flat (right) nozzles.

For the experiments, a single-jet nozzle arrangement holder is constructed and implemented into the machine. The prototype nozzle is build modular, consisting of
single tubes connected to a fluid distributor. Several modifications regarding the attachment and adjustment of the nozzle are implemented into the grinding machine,
as shown in Figure 3.6.

Figure 3.6: Studer S31 universal cylindrical grinding machine with GE FANUC
Series 160i-T controls as used in the experiments [205] (left), supply set-up consisting of
single-jet nozzles with 4-axis holding system (black rails) for orientation and positioning
with the distribution of the coolant (fluid distributor and red tubes) and sensors (right).
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The black rails allow a rough positioning in height and distance to the grinding wheel.
Within the silver fixation of the nozzles, a further adjustment in axial direction to the
grinding wheel is set as well as the orientation angle of the nozzles to the grinding
wheel. The nozzles itself are made from ThyssenKrupp seamless precision steel
pipes with an outer diameter of 5mm and three different inner diameters. They
are held between two blocks with three different pre-machined channels, to allow
different distances between the pipes. The connection from the fluid distributor
and the pipes is provided by flexible Festo tubes and fast couplers, which have the
same length. The fluid distributor is designed in a way to distribute the coolant as
even as possible between the single tubes. Unused connections are sealed to allow
nozzle configurations between one and eight active coolant jets. The following nozzle
configuration parameters are possible:
 8 different nozzle numbers of (1-8) with free positions and combinations
 3 different inner diameters (1.5, 2.0 and 3mm)
 3 different nozzle distances (7.5, 8.0 and 8.5mm)

The nozzle cross-section, orientation to the grinding wheel and space between the
nozzles have a huge impact on the filling of the grinding gap with coolant. In
Figure 3.7 the nozzle exit cross-sections in relation to the grinding geometries are
shown including the calculated exit areas Anoz . It is obvious, that the single-jet
nozzle configurations provide a much lower exit cross-section than the flat nozzles for
comparable diameter, respectively slot thickness. In order to minimise the volume
flow rate, smaller exit cross-sections are in favour to use lower coolant amounts
while maintaining a high flow speed. A decreased thickness of the flat nozzle slot
is restricted by exit flow, while break-up becomes more likely for thin jets. Also, to
minimise the surface tension, continuous jets tend to form a round jet. Therefore,
round nozzles are used in the experiments due to their jet properties. The next
chapters examine, if the single-jet nozzles with large distances are able to provide a
sufficient and evenly distributed amount of coolant fluid in the grinding gap.

Notation: To describe the nozzle configuration, a naming convention is used. It
consists of eight digits, while ’1’ stands for 1.5mm, ’2’ for 2.0mm and ’3’ for
3.0mm nozzle exit diameter on their positions 1 − 8 from left to right, as shown in
Figure 4.2. A ’0’ is used for an inactive nozzle without coolant supply. Therefore,
10001000 describes two active nozzles of 1.5mm diameter at the positions 1 and 5.
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Figure 3.7: Nozzle cross-sections of the used coolant nozzles in relation to the grinding
wheel and workpiece size. Left to right: Single-jet nozzles for 1.5, 2.0 and 3.0mm
diameter, Loc-Line nozzles and flat nozzle.

3.1.2

Models of the coolant volume flow rate

The estimation of the necessary volume flow rate for a particular grinding problem
is very complex and involves usually high uncertainties. Several models exist, while
different assumptions and approaches lead to a wide bandwidth of necessary flow
rates. In this thesis the influence of the nozzle type is of highest importance, but
a factor which is often neglected in the models. Table 3.4 applies some of the
models mentioned in Chapter 2.5 on the evaluated grinding problem. In general it
is differentiated between practical experience based approaches and physical models.
It shows the large differences between the different coolant approaches.

Application for grinding simulations and experiments
Minimum velocity: Marinescu et al. [137] compare the momentum per unit
0
0
width of the wheel from the coolant jet Mjet
and the air Mair
, to approximate
the minimum necessary jet exit speed:

0
2
2
0
MM
W F = ρM W F · hjet · vjet = ρair · hair · vc = Mair

(3.1)

while hjet and hair are the coolant jet thickness and the air boundary layer thickness
with the flow speeds of the coolant jet vjet and airflow vc equal to the cutting speed.
Thus, the magnitude of the necessary flow speed is approximated with:
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Table 3.4: Coolant flow models from different sources. Following parameters are used:
Power Ps = 3.14kW , coolant specific heat capacity cM W F = 1900J/(kg · K),
nozzle efficiency factor ηd = 0.9, coolant tolerable temperature rise ∆ΦM W F = 4K,
thermal diffusivity αH2 O = 1.4 · 10−7 m2 /s and contact length lc = 0.43mm
(Sources: Table 4.1, 100%, or indicated sources).

Model

Flow rate
best practice approaches

Spindle power by Marinescu et al. [136] and Silliman [213]
Estimation based on spindle power for creep feed grinding:
V̇M W F = 1.5 − 2.0 gpm/hp = 7.7 − 10.3 (l/min)/kW

= 24 − 32 l/min

Minimum quantity lubrication I by Weinert et al. [222]
Spray of extremely low amounts, typically 10 − 50ml/h:
V̇M W F = 0.01 − 0.05 l/min/mm = 0.01 − 0.05 l/min · wgw

= 0.6 − 3.0 l/min

Minimum quantity lubrication II by da Silva et al. [184]
Spray of extremely low amounts, typically < 100ml/h:
V̇M W F < 0.1l/min/mm = 0.1l/min · wgw

< 6 l/min

Continuous-dress creep feed grinding (CDCF)
Independent from deep of cut as a rule of thumb:
V̇M W F = 4l/min/mm = 4l/min · wgw

= 240 l/min

physical models
Minimum flow rate by Metzger [140]
Contains beside spindle power the thermal properties of MWF:
V̇M W F = Ps /(cM W F · ρM W F · ηd · ∆Φ)

= 28 l/min

Porosity of grinding wheel by Rowe [137]
Include the porosity of the grinding wheel in their model:
V̇M W F = huf · vc · wgw = 0.4 l/min
q
αH2 O ·lc
with thermal boundary layer huf = 2 ·
vc
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s
vjet = vc ·

ρair · hair
= 50m/s ·
ρM W F · hjet

s

1.2kg/m3 · 8.6mm
= 4.1m/s
1000.2kg/m3 · 1.5mm

(3.2)

The air boundary layer thickness is calculated with Equation (5.2) and hair =
δgw max . The coolant jet thickness is approximated with the smallest diameter
of a single-jet nozzle dnoz = 1.5mm, and the density of air at Tamb = 20◦ C is
ρair = 1.2kg/m3 [223]. With about 8% of the cutting speed, the obtained minimum
velocity is low. It is mentioned by the authors [137] that this assumption is only
a estimation for a nozzle, that spreads the coolant evenly over the width of the
grinding wheel, which is valid for flat-nozzles.

Applied volume flow rates for simulation and experiments
Based on these considerations, various volume flow rates are tested in the simulations
and experiments. Table 3.5 gives an overview of the parameter range, for the in
Chapter 3.1.1 presented coolant jet nozzles. The flow rates naturally depend on
the capability of the coolant supply in terms of minimal measurable and maximal
available. An important measure for comparison is the velocity ratio between exit
speed of the medium and cutting speed rvel = vM W F /vc . In the used set-up, speed
ratios between 4 − 26% for the Loc-Line and flat-nozzles and 17 − 67% for the
single-jet nozzles are achieved. Referring to Figure 3.8, the lowest flow rates for
the Loc-Line and flat-nozzles are in the wave and droplet range, sector 2, while
higher flow rates dive into the second wind induced zone, sector 3. The single-jet
nozzles are in sector 3, with the higher flow rates reaching to the atomisation sector
according to the chart, while the Ohnesorge number remains low for all cases.

3.1.3

Flow visualisation in grinding gap

The fluid supply of the grinding gap depends on various parameters. According
to the literature review, the main drivers are the properties of the coolant supply,
the airflow around the grinding wheel and the porosity of the grinding wheel. The
assessment of the amount of coolant, which enters the grinding zone is difficult and
mainly done in two different approaches as denoted in Chapter 2.5:

Direct: measurement of the volume flow by collecting the fluid passing grinding
gap
Indirect: measurement of the effects of the coolant supply
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Table 3.5: Used nozzles and volume flow rates with characteristic numbers. The achieved
values vary for technical reasons, depending on the employed coolant supply system.

[l/min]

[m/s]

[104 ]

[10−3 ]

Nozzle type

V̇MWF

vMWF

Re Number

Oh Number

Loc-Line 3x

13 − 64

1.9 − 9.3

0.4 − 2.2

3.6

Flat-nozzle

13 − 64

2.7 − 13.2

0.3 − 1.6

5.1

Single-jet (coolant flow per nozzle)
dnoz = 1.5mm

1.5 − 3.0

16.6 − 33.3

2.0 − 4.0

5.1

dnoz = 2.0mm

2.0 − 5.0

12.5 − 31.2

2.0 − 5.0

4.4

dnoz = 3.0mm

3.0 − 6.0

8.3 − 16.6

2.0 − 4.0

3.6

Figure 3.8: Classification of modes of disintegration in Ohnesorge-Reynolds number
diagram with associated jet break-up characteristics by Lefebvre et al. [119], redrawn.
1: droplets, 2-3: wave and droplets, 4: atomisation. With indication of used nozzles.
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Both methods have in common that no cutting process is performed during the measurement. Most test-rigs, as for example the one by Powell shown in Figure 2.24,
are used for flat grinding. To visualise the coolant flow within the grinding gap for
a cylindrical grinding process, a new experimental set-up is developed and placed in
the STUDER S31 grinding machine. Realistic grinding conditions referring to speed
and wheel conditions are applied and the machine coolant supply is used. For the
observation the cylindrical workpiece is replaced by a stationary and transparent
Plexiglas tube in the dimensions of dpg.o = 120mm outer diameter, dpg.i = 110mm
inner diameter and a length of lpg = 1000mm, as shown in Figure 3.9. The Plexiglas tube is made of extruded acrylic glass with a transmissivity of more than 90%
including UV radiation. It is fixed on the tailstock of the machine in a height to
match the centre height of 175mm. A convex mirror is placed inside the tube in a
45◦ angle to reflect the image from the grinding gap to the camera, while the image
path is illustrated by red dotted-lines in Figure 3.9. The light source is placed below the mirror. To achieve a preferably homogenous light distribution, a Moritex
CV-BA-74x27W white LED bar, consisting of 6 × 18 white LEDs, is used. The placement inside the tube has several advantages including a direct illumination of the
fluid from inside to the grinding gap, no shading from fluid on the outer surface
of the Plexiglas tube and no reflections from the outside. For the image acquisition a Nikon D300 DSLR (digital single-lens reflex) camera is used with the Zeiss
Makro-Planar T ∗ 2/100 lens in combination with the Kenko Teleplus MC7 2.0×
teleconverter. The distance between the mirror and the camera is about 800mm.
The machine is accessed from the side door, while plastic covers are placed to avoid
coolant splashes on the camera system with the other side of the tube sealed after
aligning the mirror to the camera system. To align the axis of the tube with the
grinding wheel axis parallel, the tube is pressed on the not rotating grinding wheel
surface before it is fixed. Then the grinding wheel is moved away with the knowledge
of the contact point. Possible dilatation effects of the grinding wheel under rotation
and positioning errors of the machine are neglected. The contact point is judged
by the camera image and the grinding depth ae is adjusted using the machine coordinates. Different nozzle types and configurations with various volume flow rates,
respectively exit speeds, are compared. In Figure 3.10 an external view from the
coolant supply on the tube as well as the inside view of the camera are presented.

Simplifications and possible deviations: Three main differences to the active
grinding process are identified with no feed, no rotation and a different diameter of
the workpiece. The first point aligns with typical set-ups, which are described in
Chapter 2.5. Here, with a constant depth of cut and evaluation range, the contact
conditions are kept similar and constant. Furthermore, without rotational speed, the
cutting depth would increase during the image recording. As the rotational speed
of the workpiece is much lower than the one of the grinding wheel, it is neglected in
these experiments. For classification, the speed ratio q = vc /vw between the cutting
speed vc and the rotational speed of the workpiece vw is according to Graf [68] in
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Figure 3.9: Experimental set-up situated in the Studer S31 grinding machine for coolant
flow observation in the grinding gap through a Plexiglas tube.

Figure 3.10: Experiments of the visualisation of coolant supply in grinding gap in
grinding machine (left), camera view on mirror from inside the Plexiglas tube (right).
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the range of 50 − 90 for rough grinding and 90 − 120 for fine polishing. Finally,
the diameters differ as the space in the tube is necessary for the implementation of
the mirror and illumination source. All these differences have an effect on the total
volume flow and is therefore not compared with the experiments. However, there is
little influence on the distribution of the coolant and the comparison between the
different nozzles expected.

3.2
3.2.1

Measurement methods for visual evaluations
High-speed imaging

High-speed imaging is performed for several applications of high dynamics such as:
 flow speed: exit velocity and flow distribution between multiple nozzles
 flow regime: jet coherency, break-up, atomisation
 attachment to grinding wheel: interaction of fluid jet with grinding wheel
 grinding gap: fluid transport in grinding gap and flow speeds

The calculation of the flow speed by using Equation (2.5) describes average values.
The uniformity of the exit flow profile for various nozzles and nozzle combinations
can be investigated by high-speed imaging. The jet coherency as well as the flow
regime is checked accordingly, by evaluating a short exposure time image or a slow
motion video. The interaction of the airflow of the grinding wheel with the coolant
jet is difficult to simulate. High-speed imaging helps to validate CFD simulation
results and show their reliability. Another application is the understanding of the
mechanisms of the coolant transport into and in the grinding gap. With cutting
speeds of 50m/s still frames only show averaged distributions.
For the recording a Vision Research Phantom V12.1 high-speed camera as shown
in Figure 3.11 is used. The maximum achievable frame rate depends on the resolution of the image and the realizable illumination. In the experiments typically
frame rates of 10000−30000f ps are employed, which correspond to image resolutions
between 1024 × 512 and 512 × 512 on the monochrome APS-C sensor. The lens,
a Zeiss Makro-Planar T ∗ 2/100, is combined with a Kenko Teleplus MC7 2.0×
teleconverter, providing a close image section and good detail with a reproduction
scale of about 1 : 1.
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Figure 3.11: Experimental set-up for high-speed imaging (left) and three example images
of the coolant supply in a grinding process with one side clamped workpiece for three
different flow rates and different spark intensities (right).

Illumination system
To allow highest possible frame rates at high apertures several light sources are used.

Dedolight DLH400DT: 400W tungsten metal halide lamp with 5500K daylight,
dimmable, focus adjustable
Dedolight COOLH dedocool: 2 × 250W tungsten light heads with ≈ 3000K,
dimmable, focus adjustable, cooling to prevent heating of the observed object

3.2.2

Image acquisition for flow observation

The evaluation of the still images for the in Chapter 3.1.3 proposed set-up to visualise
the flow in the grinding gap is described here.
Based on the findings of a pre-study concerning illumination and contrast, the following parameters for the Nikon D300 DSLR camera are used: exposure time 1/1000s,
aperture F 5.6, ISO speed 200, white balance 5000K and mirror look-up function
activated. For every case three pictures are taken by a remote control to avoid
moving of the camera. An image resolution of 4352 × 2868 pixel is provided and the
images are saved in Tiff-24-bit RGB format. Before the evaluation the images are
rotated to match the horizon, mirrored and cropped to 2014 × 361 pixel as shown
in Figure 3.12. The porosity of the grinding wheel is visible, while the vertical lines
origin from the grinding process into the Plexiglas.
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Figure 3.12: Grinding wheel surface and resolution of images. The images consists of
2014 columns with 361 vertical values each over the whole width of the grinding wheel.

These cropped images, which represent the grinding gap, are the base of the evaluation of the filling of the grinding gap and deliver results to be compared with the
CFD simulations. In Chapter 5.6 the developed MATLAB script is explained.

3.2.3

Evaluation of the grinding wheel clogging

Restricted by its size and weight, the grinding wheel cannot be evaluated by typical
stand alone microscopes. Therefore, the condition of the grinding wheel surface and
pore filling is analysed in-situ on the grinding machine itself.
A visual evaluation is done based on a MATLAB script, which examines the colour
distributions of images from the grinding wheel. The images are taken with a Nikon
D300 DSLR camera using a magnifying lens in combination with the provided ring
light. The Venus Optic Laowa 25mm allows between 2.5 − 5× magnification at a
maximum aperture of F 2.8. A trade-off is found between magnification, size of
image field and depth of field. At highest magnification of 10×, which is achieved in
combination with the Kenko Teleplus MC7 2.0× teleconverter, a very small field of
depth is generated. The field of view is in the range of 2.7mm × 1.8mm, as shown in
Figure 3.13, left side. Greenish grains, clogged dark chips and the white reflections
of wear flat areas are recognisable. As single grains and single intergranular spaces
are in the order of 100 µm, the aperture is stopped down to F 12 to increase the
depth of field. For the evaluation, the magnification is set to 3.0×, as shown in
Figure 3.13, right side.
The camera is positioned on the tailstock and the machine axis for precise shifts
to focus on the surface, as indicated in Figure 3.14. This set-up does also reduce
the in-motion unsharpness, which is further improved by using the self-timer of the
camera and the mirror look-up function. An exposure time of 1/8s = 125ms at ISO
speed 200 is used.
As the size of the image field is limited, 13 images along the z-axis are taken and
stitched with the Adobe Photoshop software, while two examples are shown in Figure 3.15. After cropping, a maximum image size of 67.5 megapixel in the dimensions
30000 × 2250 pixels is achieved, and provides the basis for further evaluation in
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Figure 3.13: Grinding wheel surface after use in grinding tests with greenish grains,
dark chips and the white reflections as wear flat areas recognisable.
10× magnification (left), 3× magnification (right).

Figure 3.14: Image acquisition in the grinding machine with use of machine axis (left)
and camera position in front of grinding wheel (right).
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MATLAB. In Figure 3.15 bottom, the different zones are explained with four typical
sections of the grinding wheel. The distinction is between well cleaned grinding
wheel after dressing, clogging with chips as a loaded grinding wheel and smeared
material or pressure bonds on top of the grinding wheel.

Figure 3.15: Stitched images of the grinding wheel surface with 67.5 megapixel in the
dimensions 30000 × 2250 after dressing routine before grinding experiment (top first) and
after grinding with one single-jet nozzle on the left side, indicating the cleaned, clogged
and smeared regions (top second). Detail views of the different zones in 3× magnification
as used for evaluation. Distinct clean, clogged and pressure bond zones (below).

The images are saved in Tiff-24-bit RGB format, which contains red, green and
blue colours in three matrices. The core of the MATLAB script is based on the
different behaviour of the colour distribution, which is explained in Chapter 4.2.3.

3.3

Evaluation of the surface roughness

The surface roughness is usually a target value for ground parts and defined for
desired functional properties. Consequently, the grinding process is adjusted and
optimised for a certain roughness value. As the coolant supply influences the surface
quality and tool wear during the grinding process, the roughness measurement is,
under certain conditions, suitable to show the efficiency of the coolant supply and
the progress of the grinding wheel wear.

3.3.1

Effects of coolants on surface roughness

Figure 3.16 compares the Abbott-Firestone or bearing area curve (BAC) of a roughness measurement for a grinding process with high lubrication due to the use of
sufficient coolant, and the case of high friction during dry grinding. The dry ground
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workpiece, which has a higher roughness in terms of Ra and Rz , has a different
distribution of the surface height profile, characterised by higher valleys and lower
peaks. This is in agreement with the theoretical considerations in Chapter 2.3.1, as
lower friction produces thinner chips.

Figure 3.16: Abbott-Firestone curves for dry grinding versus flood grinding (left)
and sparks during dry grinding process (right).

3.3.2

Roughness evaluation

In order to show the roughness distribution along the workpiece axis, the evaluation
of the roughness parameter is done different to the ISO-standard. A Taylor Hobson
Form TalySurf Series 2 [195] rugosimeter, as shown in Figure 3.17, is used for the
measurements. The device uses a phase granting interferometer (PGI) to provide a
resolution of 12.8nm in height. The used standard diamond stylus tip has a radius
of 2µm and a cone angle of 90◦ . Tactile roughness measurements are non-destructive
and fast at about 1mm/s measurement speed.

Figure 3.17: Measurement along workpiece width with stylus tip (left),
Taylor Hobson Form TalySurf Series 2 rugosimeter (right).
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In Figure 3.18 only the leftmost single-jet coolant nozzle is actively delivering coolant
to the process. It is apparent, that in the region of the coolant supply almost no
sparks occur, while many are visible to the right in a certain distance from the
coolant nozzle position. Furthermore, some coolant is presumably guided above the
workpiece-tool contact to the right of the workpiece and leaving the contact zone
without being delivered into the grinding gap either by splashing out at the right
side or being distributed over the whole circumferential workpiece surface.

Figure 3.18: Grinding with one individual single-jet coolant nozzle placed on the left side
of the workpiece. Less sparks are visible close to the nozzle position. Apparently excess
coolant overflow on the right side.

The height profile zi is measured by the rugosimeter, with the index i representing
the position along the length in micrometers according to the resolution of 1µm. The
maximum measurement length is restricted by the positioning of the stylus on top
of the workpiece to lm.ra = 55mm. Additionally a run-in and run-out length are necessary, resulting in an analysable range of lRa = lm.ra − 2 · 0.7mm = 53.6mm. Thus,
the total number of data points is j = 53600. Within the TalySurf software the
data of the height profile is filtered according to the ISO 16610-21 standard [47] and
extracted to load in MATLAB. Figure 3.19 presents the z-profile along the workpiece
axis, while the red column represents the position and size of the active single-jet
coolant nozzle. Less height variation in the vicinity of the coolant nozzle supply is
noticeable with an increase further away.
According to the ISO 4287 standard [46], the minimum evaluation length is depending on the low pass cut-off filter, which is for the expected roughness values
of Ra = [0.1 − 0.8]µm defined with λc = 0.8mm. In difference to the standard, no
minimum evaluation length for the calculation of 5 · λc = 4.0mm is applied to evaluate the roughness gradient in the finest possible solution. Therefore, the arithmetic
average surface roughness Rak is calculated for each segment based on the following
equation:
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Figure 3.19: Height profile from a workpiece, ground with one single-jet nozzle on left
side with dnoz = 1.5mm, which is indicated by the red bar and supplying 3l/min coolant.

Rak

1
=
800

800·k
X

|zi |

(3.3)

i=(k−1)·800+1

with k = lRa /λc as the index of the segment with 67 segments in total to evaluate per
measurement and 800 data points per roughness segment Rak . For each parameter
nine measurements are undertaken with repeating on three different positions on
each ground workpiece, while each experiment is repeated on three different workpieces. The mean value Rak of these is used for further conclusions, while some
comparisons on individual workpieces are done with the average of the three measurements on one workpiece.
Figure 3.20 presents the distribution of Rak along the workpiece axis for the given
example. The moving average is calculated by building the mean of two subsequent
values during 20 passes, which is the standard value if not indicated differently.
The value of the roughness segments is increasing with the distance to the coolant
supply position. Having the minimum of about Ramin ≈ (0.30 ± 0.02)µm at the
position of the active nozzle at x ≈ 5mm, the values increase up to a plateau of
Ramax ≈ (0.50 ± 0.04)µm at x ≈ 30mm. The gradient between these plateaus can
be approximated by a Gaussian normal distribution curve.
The roughness diagrams are used throughout the whole thesis in the analysis of the
different coolant supply conditions.
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Figure 3.20: Rak values as red circles along workpiece axis, step size 0.8mm, after
grinding with one single-jet nozzle on left side with dnoz = 1.5mm and supplying 3l/min
coolant. The dashed line represents a smoothing based on the moving average method.

3.3.3

Roughness measurement errors

Uncertainties in the roughness measurement can origin in various points:
 uncertainty of the measurement device itself including calculation
 rounding of the rugosimeter tip of stylus
 nozzle positioning, flow rate or orientation
 grinding process variations
 grinding wheel composition and dressing variation
 cleanliness of workpiece surface and tip of stylus
 influence of environment due to vibrations and temperature

While the first two points contain systematic errors of the measurement device itself,
the other points are either maintained constant or non-controllable. For example the
composition of the grinding wheel, which can influence the roughness, is probably
non-uniform over the width. The height measurement of the stylus is in the order
of magnitude of 0.005µm. A filter is used to correct the edge of the stylus tip
rounding effect, which works as a mechanical filter over the actual height profile of
the workpiece.
In the foregoing Figures 3.19 and 3.20 the average values of Rak are shown. The
statistical dispersion of the calculated Rak values is evaluated to verify, that it is
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low enough to distinguish the different roughness levels. Therefore, the Student
t-distribution by Gosset [67], is used for the evaluation of the small sample. The
corrected standard deviation sk is calculated using the arithmetical average roughness segments Rak over the nine measurements n = [1..9] per grinding test Rakn .

sk =

v
u 9
uX
u
(Rakn − Rak )2
u
t n=1
8

(3.4)

Given the degree of freedom of 8 and a confidence interval of 95% of a two-sided
range, the value of the t-quantile is t0.95,8 = 2.3060 [143]. The confidence interval is
calculated with Equation (3.5) and shown in Figure 3.21 with the black lines above
and below the Rak values.

Rak − sk · t < Rak < Rak + sk · t

(3.5)

Figure 3.21: Rak values as red circles along workpiece axis, step size 0.8mm, after
grinding with one single-jet nozzle on left side with dnoz = 1.5mm and supplying 3l/min
coolant. The dashed line represents a smoothing based on the moving average method.
The black lines show the confidence interval associated with the Rak values.

Based on these results a maximum error over all 67 elements can be defined with
Emax = max(sk · t) [143], which leads to the 95% confidence interval.

Rak − Emax · t < Rak < Rak + Emax · t

(3.6)

In Figure 3.22 the maximum errors are shown as thin black lines in relation to the
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smoothed roughness profile.

Figure 3.22: Rak values as red circles along workpiece axis, step size 0.8mm, after
grinding with one single-jet nozzle on left side with dnoz = 1.5mm and supplying 3l/min
coolant. The dashed line represents a smoothing based on the moving average method.
The black lines show the maximum error associated with the Rak values.

With the use of the Monte Carlo algorithm the propagated uncertainty can be
calculated. Therefore, a measured height profile of zi points corresponds to a theoretical value zi.exact plus the systematic error Esys of the measurement device and
the random errors Erand as shown in Equation (3.7):

zi = zi.exact + Esys ± Erand

(3.7)

Based on the data sheet of the Talysurf Series 2 [195], the repeatability of the zaxis on a plane surface is given with Rez = 0.05µm. Due to the unknown systematic
error, Equation (3.7) is simplified with the assumption of Erand = Rez to:

zi = zi.exact ± Rez

(3.8)

The measured zi is set to zi.exact , to generate a new and theoretically exact height
profile. With the Monte Carlo method, a pseudo-random number generator algorithm based on a Gaussian normal distribution is used to provide a simulated profile
zi.M C .

zi.M C = zi.exact ± Rez

(3.9)

With a large number of zi.M C -profiles many Rak.M C simulated roughness profiles can
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be calculated. In comparison to the measured Rak values, which are based on the
assumption zi = zi.exact assumed as the exact values, the deviation to the simulated
ones comes only from the uncertainty of the rugosimeter height measurement. With
a large number of generated profiles, the mean value of Rak.M C will become equal to
the mean value of the measured profile Rak . The standard deviation of the simulated
profiles sk.M C solely comes from the measurement device. With the generation of
105 profiles, the mean value of the standard deviation for all 67 segments of the
simulated Rak.M C profiles is calculated with:

sk.M C = 0.017µm

(3.10)

The in Figure 3.21 presented curve has an average corrected standard deviation of
sk = 0.046µm. All in the beginning of this chapter named sources of uncertainty
are included in this value. The fraction of the standard deviation of the rugosimeter
sk.M C to the measured values sk probably below 40%, which is considered to be a
conservative result.
0.017µm
sk.M C
=
= 0.37
sk
0.046µm

(3.11)

Other roughness parameter had been discussed in a pre-study and are suitable as
well. However, due to the wide use and favourable processing in this study the focus
is on the evaluation on Ra , respectively Rak .

3.4

Residual stress evaluation

The X-ray diffraction (XRD) method is a non-destructive testing method to measure
physical properties in a thin surface layer, which are influenced by the stresses [23]
like the macro and micro residual stresses. A Stresstech XStress 3000 with a
G3 goniometer is used for the measurements, as shown in Figure 3.23. The device
features moving axis, to move the X-ray tube up and down depending on the sample
position, left and right to allow mappings and to tilt the collimator within the Ψangle. For a measurement a material sample with known crystalline structure is
irradiated with a X-ray beam from different orientations.
The measurement principle is based on Bragg’s Law [165, 175]:

ndif f · λ = 2d · sin Θ
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Figure 3.23: Residual stress measurements with Stresstech XStress 3000 G3 goniometer.

with ndif f as an integer denoting the order of diffraction, λ the known wavelength of
the electromagnetic radiation, d as the unknown distance between the atomic planes
and Θ as the measured diffraction angle, while the Bragg angle refers to the position
of maximum of the radiation. Using a monochromatic X-ray from a metallic target,
the wavelength is known and given in literature. For example a chromium X-ray tube
provides under a voltage of 30kV a wavelength of λCr = 2.2897 Angstrom for the
Kα peak [186]. Adjacent stresses influence the lattice spacing of the crystal planes
and therefore cause a shift in the diffraction angle 2Θ. Applying the multi-angle
sin2 Ψ-technique, the stress σφ is calculated from the strains φϕ = (dφϕ − d0 )/d0
for applying at least three different Ψ tilting orientations of the X-ray beam and the
probe surface [186]:

φϕ =

1+ν
ν
(σφ sin2 Ψ) − (σ1 − σ2 )
E
E

(3.13)

with ν as the Poisson’s ratio, σ1 and σ2 as the principal stresses and E as the
Young’s modulus. In Figure 3.24 a screenshot of the XTronic Version 1.13.2
software is showing the d − sin2 Ψ-graph for an example measurement, where the
inclination (1+ν)/E ·σφ is determined. Compressive and tensile stresses are referred
to negative, respectively positive inclinations. On the right side the intensity plots of
the reflection are presented for 4/4 tilts in both directions with the according tilting
angles. A minimum intensity of the signal, which is defined by the beam exposure
time, is important for the successful peak fitting. Usually, the cross-correlation
method is applied here for the peak calculation, while manual modifications are
possible. In parallel the Full Width Half Maximum (FWHM) values of the peak are
calculated by the software. The maximum value of the peak by a regression curve
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and the base level are defined to calculate the width at half of the height. Changes
of the FWHM relate to changes in the hardness of the material, which is shown by
Fu et al. [59].

Figure 3.24: Screenshot of XTronic Version 1.13.2 software of a residual stress
measurement here using the highly sensitive Mythen detectors. Results with red and
blue for the different inclination angle directions (left) and measured peaks for evaluation
with green and blue as the values of the two different detectors (right) shown.

3.4.1

Calibration of the measurement device

In order to set-up the measurement device, the distance of the collimator emitting
the X-rays is calibrated. The collimator aperture is chosen according to the probe
surface curvature and the desired spatial resolution, while the exposure time is set
for a sufficient signal. A ferrite powder probe with known material properties, which
is considered to be stress free, is used. The diffraction angle of the powder material is
with 156.4◦ similar to the one of the actual workpiece material, as the position of the
detectors is also calibrated based on the known position of the reflection peak. The
calibration is done for a maximum of ten iterations with five tilting angles, while
the distance of the collimator to the probe surface is optimised for a zero stress
calculation. In that case the d − sin2 Ψ-graph shows no inclination. If necessary
the orientation of the X-ray tube is corrected. The calibration has to be repeated
after every modification of the detectors, tube or collimator. In Table 3.6 the used
parameters of the material and the tube are listed.
The maximum tolerable errors for the calibration are, according to an internal doc75
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Table 3.6: Material properties of Fe (ferrite) based on [186] and the implemented
XTronic software database [191].

Property

Variable

Value

Unit

[hkl]

211

−

X-ray tube voltage

UX−ray

30

kV

X-ray tube current

IX−ray

8

mA

X-ray wavelength

λCrKα

0.229106867

nm

Diffraction angle for Cr-tube

2ΘF e

156.4

◦

Poisson’s ratio

νF e

0.3

−

Young’s modulus

EF e

211000

M P as

Miller indices

umentation of the measurement device based on the DIN EN 15305:2009-01 [45]:
 σerr = ±8M P a for normal stress
 τerr = ±4M P a for shear stress (maximal half the value of normal stress)

3.4.2

Measurement

The radial residual stress distribution in a cylindrical workpiece for fast quenching is described by Kohtz [107]. In the case of through hardening, typically tensile
stresses are expected at the surface with a transition to compressive stresses inside. The residual stress measurements and calibration are performed applying the
standard DIN EN 15305:2009-01 [45], which defines the non-destructive testing of
residual stress using XRD. Six tilting angles Ψ from −45◦ to +45◦ are applied in
the modified χ measuring mode. Type long Stresstech detectors are attached at
the arc at 155◦ . A collimator with an exit diameter of dcoll = 3mm is used with a
exposure time of texp = 3s. The measurements along the axis of the workpiece are
conducted with different mapping distances from 0.2mm to 4.0mm depending on
the expected variations. For small distances the measurement points are overlapping, but weighted over the area of the collimator orifice. The measurement time
is primary defined by the moving of the axis and for 71 measurement points of the
0.8mm mapping about 240min. The cylindrical probe is placed into a prism, as
shown in Figure 3.23. The alignment is done with the help of the laser pointer
indicating the beam orientation, whereas the workpiece is aligned along the moving
axis of the goniometer to allow a mapping on the zenith along the workpiece axis.
The measurement direction depends on the tilting direction of the goniometer in Φ
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and is in this work related to the grinding direction, as shown in Figure 3.25. On
the left side, the perpendicular residual stresses σ⊥ are measured crosswise to the
grinding direction, while the measurement of the residual stresses parallel to the
grinding direction σk is shown on the right. The linear axis enables an automatic
mapping along the workpiece axis to evaluate the perpendicular residual stresses σ⊥ .
In Chapter 3.4.3, measurement direction, both workpiece alignments are compared.
If not particularly mentioned, the measurements refer to the perpendicular residual
stresses σ⊥ .

Figure 3.25: Workpiece alignment to goniometer tilting in Ψ for the measurement of the
perpendicular residual stresses σ⊥ (left) and parallel to the grinding direction σk (right).

Depth profiles
The described method is suitable for the evaluation of residual stresses in the workpiece surface, assuming 5 − 6 µm depth of penetration for the given ferritic material
and CrKα radiation. In grinding typically compressive stresses are desired to be
induced into the workpiece surface. Grinding burn can occur with high tensile
stresses in the surface or hidden in the sub-surface layers. The gradient of the residual stresses and the influence on the sub-layers of the workpiece are determined
by depth profiles. These are prepared by the use of an ATM KRISTALL 650 electro
polishing machine. An electrolyte based on a saline solution and ethanol mixture
is used. The etching speed depends on the solution, voltage and material, while
benchmarks exist as listed in [186]. With this commonly applied method the residual stresses are not relevantly influenced for small material removals. To create a
depth profile, the following steps are conducted after defining the step size, number
of steps and maximum depth:
 mask removal area for repeatable position of the workpiece
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 measure height on the surface
 remove material by etching; adjusting the removal time and current
 control depth, if necessary repeat material removal
 measure residual stresses in new depth
 repeat accordingly following the plan

The depth is continuously controlled using a dial gauge. The depth profile are
prepared with a fine resolution close to the surface in 5 µm steps and increased after
30 µm with a total depth of about 100 − 150 µm. The maximum depth into the
workpiece is restricted by the achieved topography of the material removal, which
limits the quality of the measurements.

3.4.3

Residual stress measurement errors

There are two steps for qualifying the XRD-device for a measurement:
 calibration with a stress free probe
 qualification with a probe of known residual stresses

There is no primary standard of residual stresses. The qualification is done with
a round-robin test. The general reproducibility is defined by ± 30 M P a 95% and
± 50 M P a for a 99% certainty. Requirements and influencing factors on the measurement are (based on [190] and [186]):
 grain statistics (including size, texture, and number)
 reflection peaks and availability of suitable X-ray wavelengths
 accessibility of the measuring point
 evenness and surface topology of the probe including roughness
 size of the probe and measuring point, weight of the probe
 beam penetration

These requirements are met with the workpiece material and geometry, which is
described in Chapter 3.1. The grain structure is suitable to be measured with the
Cr-rays with excellent evaluable peaks. If a depth profile is measured, the surface
topology due to the etching of material is monitored.
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General errors
There are systematic errors within the stress measurement. To determine the peak
position a cross-correlation for the fitting curve is used. The errors of the fitting
are given by the software and are in the range of ±(10 − 20)M P a. Furthermore,
Equation (3.13) shows a dependency on the material elastic constant E, and the
Poisson’s ratio ν. A linear dependency of the residual stress evaluation on the
Young’s modulus for the range of E = [190..215] M P a [6] is deduced, while the
relation of ν = [0.27..0.30] is inverse and less sensitive with an increase of 2.4% for
the lowest assumed value of ν = 0.27 compared to ν = 0.30.

Repeatability
The repeatability of the measurement device itself is tested using a ground workpiece
in a proper aligned position. With a repetition of ten times, eleven points are
measured in a distance of 4mm along the workpiece axis in the x-positions from
x = (10 − 50)mm. The mean axial residual stresses and their standard deviation
are calculated with σ̄⊥.rep = (−345 ± 1.3)M P a and the tangential ones with τ̄⊥.rep =
(−23 ± 0.3)M P a. Thus the deviations are far below the general error due to the
calculation.

Measurement direction
Figures 3.26 and 3.27 compare the goniometer measurement directions for the residual stresses and the FWHM-values, respectively. In general, the measurement direction of the cutting speed vc is more sensitive to the mechanical and thermal
impact of the grinding process and indicated with σk and F W HMk . As the measurement device is limited by the moveable axis, the fully automated evaluation is
only possible in direction of σ⊥ and F W HM⊥ . The two representative graphs for a
single-jet coolant supply on the left side with a gradient of the residual stress along
the workpiece axis show good conformity for both directions. The absolute values
of the residual stress differ, but both measurement directions are suitable to define
an impact range of the coolant jet. Therefore, the measurement perpendicular to
the grinding direction is used in this work.

Positioning errors in residual stress measurements
The circular collimator produces a round irradiation area on the workpiece surface,
when it is in the orthogonal position. If the goniometer is tilted in different Ψ-angles,
the area forms an ellipse. Due to the cylindrical shape of the analysed workpiece,
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Figure 3.26: Comparison of the measurement directions of the residual stress values along
the workpiece axis, step size 1.6mm, with a single-jet coolant supply on the left side.
Dashed lines show moving average with seven passes.

Figure 3.27: Comparison of the measurement directions of the FWHM values along the
workpiece axis, step size 1.6mm, with a single-jet coolant supply on the left side.
Dashed lines show moving average with seven passes.
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further errors occur due to the curvature of the workpiece. As a general rule, the
irradiated width should be less that 40% of the radius of the curvature. Considering
the maximum beam at 45◦ tilt angle, the width on the workpiece of the dcoll = 3mm
√
collimator is multiplied with 2 and the minimal radius of the workpiece based on
√
√
rcoll · 2 < 0.4 · rwp , is calculated with: rwp > (3mm · 2)/(0.4) = 10.6mm. This
value is not gone below in the experiments.
To estimate the positioning errors, a workpiece is moved relative to the X-ray diffractometer collimator position. First the workpiece is aligned properly with the inbuilt
laser point. Based on this position, the workpiece is moved:
 parallel translation to the workpiece axis
 angular displacement to the centre of the workpiece

The inclination of the workpiece is not considered, as the height is touched by the
collimator tip before each measurement.

Linear position in y-direction: The workpiece is moved on a cross table in
certain distances to the proper aligned position. Eleven points along the workpiece
for x = (10 − 50)mm are measured three times and are averaged. The deviations
to the original position y = 0 are given in Table 3.7. Starting from a shift for
y = 3mm or y = 4mm the deviation increases to 2% and 3% for the axial residual
stress. These deviations of the alignment are clearly visible. On the other hand the
deviation of the tangential residual stresses starts with about 9% from y = 1mm
and also increases more significantly from y = 5mm. The higher deviations are
explained by the different reflections of the curved workpiece, which are symmetric
for the axial stresses and probably lowered by reflections away from the collimator
for the tangential ones.
Table 3.7: Deviation of the residual stress measurements for parallel translation.

Movement in [mm]

1.0

2.0

3.0

4.0

5.0

7.5

Deviation to σ⊥.0mm in [%]

-0.7

-0.3

+2.2

+3.2

+5.7

+11.2

Deviation to τ⊥.0mm in [%]

-8.6

-8.5

-7.2

-8.1

-12.4

-15.5

Angular position in γ: Analogue the deviations for different angles are given in
Table 3.8. A rotation around the centre x = 30mm for about 2.5◦ or 5◦ results in
a deviation of y = 1.3mm, respectively y = 2.6mm at the workpiece edges referring
to the end positions x = 0mm and x = 60mm, which is clearly noticeable.
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Table 3.8: Deviation of the residual stress measurements for rotation.

Rotation in [◦ ]

2.5

5

10

15

25

Deviation to σ⊥.0◦ in [%]

+1.0

+0.4

+3.8

+7.6

+19.3

Deviation to τ⊥.0◦ in [%]

-0.8

-3.5

-5.2

-5.0

-8.0

Necessary alignment precision: According to the presented measurements an
alignment of the workpiece for a positioning error of y = ±2mm and an angular
orientation of γ = ±5◦ is acceptable. The manual orientation of the workpiece by
the proposed method is feasible and below these limits.

Workpiece material
Figure 3.28 the measurement of three different workpieces is shown, which are ground
with the same grinding parameter and coolant supply. The blue curve does significantly differ by a shift of about +200M P a compared to the other workpieces, while
the general gradient is very similar.

Figure 3.28: Residual stress measurements along the workpiece axis, step size 0.8mm,
with Ø 3.0mm single-jet coolant supply in centre region on three different workpieces
under same grinding conditions. Dashed lines show moving average with three passes.

This behaviour is investigated within a pre-study of the workpieces. Two completed
grinding sets with a total of 20 grinding tests with different parameters, i.e. specific stock removal rate, coolant flow, nozzle position and nozzle type are evaluated.
Three repetitions per parameter on different workpieces are made. The roughness
measurements show no significant differences between the repetitions, but the resid82
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ual stress measurement revealed significant differences, higher than the estimated
and expected error of the measurement itself.
In Table 3.9 the average values of the residuals stress measured from x = (10 −
50)mm are presented. Differences of more than 70M P a can arise within the three
repetitions of one parameter set. Each workpiece is ground and measured twice,
while the parameter set A is on the left, and the parameter set B on the right side.
The parameters are different for each experiment # and parameter set A or B, which
consists of the grinding of three workpieces wp1−3 . In the table the workpieces
are listed with their individual residual stress value σ⊥.wp(1−3) . The lower values
within one parameter set per workpiece are marked in red, while the high values are
marked green. Both, for parameter set A and parameter set B, the relation between
the workpieces showing higher or lower stresses in each group is the same. Due to
the different parameters, the absolute differences are not the same.
Table 3.9: Average values, measured from x = (10 − 50)mm, of residual stress
measurements for two different experimental sets A and B with different parameter each.
σ⊥.wp1 − σ⊥.wp3 refer to three repetitions on three different workpieces per parameter set.
Uniform coolant supply conditions in all experiments aimed. The red and green colour
indicate lower or higher residual stresses within one repetition set.

Parameter set A

[M P a]

Parameter set B

σ⊥.wp1

σ⊥.wp2

σ⊥.wp3

#

σ⊥.wp1

σ⊥.wp2

σ⊥.wp3

-269.6

-233.7

-287.2

1

-287.7

-251.5

-291.5

-280.8

-239.6

-254.8

2

-298.8

-245.4

-258.7

-306.8

-247.2

-290.3

3

-284.4

-247.0

-292.5

-275.3

-235.9

-280.2

4

-240.2

-197.2

-253.2

-279.5

-228.1

-295.9

5

-263.9

-201.4

-256.5

-293.9

-293.6

-223.0

6

-302.0

-293.0

-246.9

-212.5

-224.7

-232.7

7

-259.1

-267.2

-259.3

-264.1

-269.6

-224.9

8

-304.3

-302.8

-261.6

-232.3

-196.3

-201.7

9

-252.7

-253.7

-261.7

-237.1

-296.2

-244.5

10

-256.2

-303.3

-253.7

There is no clear trend, e.g. a rising value in the progress of the experiments. It is
assumed, that the workpieces are made from different raw material charges or underwent different heat treatments, which makes them behave different under grinding.
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These differences could not be approved by hardness measurements or residual measurements on the non-ground side. In the evaluation of the residual stresses in this
work, a relative calculation of the residual stress changes is applied. Therefore the
changes in the residual stress compared to a base value is used to describe the impact
of the grinding process on the workpiece.
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Chapter 4
Evaluation of the Coolant
Conditions along the Grinding
Gap
The experimental results of the grinding tests with different coolant supply conditions are discussed in this chapter, with Figure 4.1 giving an impression of the
experiments. Workpiece surface, sub-surface and the grinding wheel surface are
evaluated. The influence region of a single-jet nozzle is of particular interest, as
well as the conditions for an even impact of the coolant supply along the grinding
gap with a combination of single-jet nozzles. Based on the experiments, the following parameters are evaluated and presented in Chapter 4.2 along the width of the
workpiece and grinding wheel:
 Workpiece surface properties

– Visual impressions
– Roughness
– Residual stress
 Workpiece sub-surface properties

– Residual stress depth profiles
– Metallographic specimen
 Grinding Wheel

– Visual clogging
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Figure 4.1: Cylindrical grinding process for three different cooling supply conditions:
One single-jet nozzle: centre region shows no sparks, coolant flow through gap (left),
Two single-jet nozzles: regions of nozzle supply show less sparks (centre),
Loc-Line nozzles: dry grinding caused by low volume flow rate with many sparks (right).

4.1

Grinding Parameters

In Figure 4.2 the grinding geometry with the position of the single-jet nozzles is
shown schematically.

4.1.1

Process parameters

The process parameters are chosen based on the given grinding wheel and workpiece
material combination using the StuderTechnology [55] software package. Universal
grinding applications, for example of drive shafts in small batches, are machined
with the calculated stock removal rate. IT5 tolerance and a roughness value of
about Ra = 0.2..0.3µm can be achieved. A typical grinding operation consists of
four different parts: rough grinding, two fine grinding steps and spark-out. In the
first part the highest feed rate allows fast material removal. This part is the most
critical one in terms of thermal damage to the workpiece. In the fine grinding steps,
where the feed rates are decreased, the surface properties are defined. According to
Graf [68] the feed rates between rough to fine and very fine grinding relate to 1/3 and
1/12, respectively. The spark-out process ensures the roundness of the workpiece,
when the feed is set to zero for a few rotations of the workpiece. The combination
of these parameters defines the surface roughness and process performance. In
Table 4.1 the used grinding parameters are shown in comparison to industrial data.
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Figure 4.2: Grinding geometry in side view (left) and frontal view (right).
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Table 4.1: Used grinding process parameters in the experiments and additional ones for
comparison. Based on calculations of the StuderTechnology [55] software package.
Parameters a - rough, b - fine and c - very fine grinding.
“.c” refers to a process with constant feed rate without spark-out.
SGE [169]: ec = Pc /Qw with Qw = Q0w · lwp .

Parameter & Units

50%.c

100%.c

100%

150%

250%

Starting position 0 [mm]

1.1

0.4

0.2

0.2

0.2

Changeover position a/b [mm]

1.0

0.4

0.0115

0.0172

0.0233

Changeover position b/c [mm]

0.5

0.3

0.0035

0.0052

0.0070

Feed rate vf,a [mm/min]

0.2300

0.4599

0.4599

0.6898

1.2479

Feed rate vf,b [mm/min]

0.2300

0.4599

0.1610

0.2414

0.4368

Feed rate vf,c [mm/min]

0.2300

0.4599

0.0690

0.1035

0.1872

0

0

1.5

1.5

1.5

Q0w,a [mm3 /(mm · s)]

0.72

1.44

1.44

2.16

3.88

Q0w,b [mm3 /(mm · s)]

0.72

1.44

0.50

0.76

1.36

Q0w,c [mm3 /(mm · s)]

0.72

1.44

0.22

0.32

0.58

Spindle power (est.) Ps,a [kW ]

-

3.14

3.14

-

-

Spindle power (est.) Ps,b [kW ]

-

3.14

1.47

-

-

Spindle power (est.) Ps,c [kW ]

-

3.14

0.80

-

-

SGE ec,a [J/mm3 ]

-

36

36

-

-

SGE ec,b [J/mm3 ]

-

36

49

-

-

SGE ec,c [J/mm3 ]

-

36

61

-

-

Workpiece rotation [rpm]

146

146

146

146

146

fr for feed rate a [µm]

1.6

3.2

3.2

4.8

8.5

Speed ratio q [−]

109

109

109

109

109

Geo. contact length lg [mm]

0.291

0.412

0.412

0.505

0.677

Kin. contact length lc [mm]

0.306

0.432

0.432

0.529

0.710

Spark-out time [s]
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4.1.2

Dressing parameters

In Table 4.2 the dressing parameters are listed. For the experiments with constant
feed the A.1 -parameters are used. The A.2 -parameters have a much lower feed
and higher overlapping ratio, which is calculated with Ud = bd · ngw /vd . In the
used set-up, the active width of the dressing tool is considered bd = 0.5mm and the
revolution speed of the grinding wheel for the given cutting speed vc = 50m/s is
ngw = vc /(π · dgw ) = 1910/min.
Table 4.2: Dressing parameters of the experiments.

Parameter & Units

A.1

A.2

Number of passes nd [−]

2

2

Dressing depth ad [mm]

0.010

0.002

Dressing traverse rate vd [mm/min]

150

75

Overlapping ratio Ud [−]

6.4

12.7

Before every new experimental session the wheel is reconditioned by 50 − 100 rough
dressing cycles to maintain the repeatability of the process. Thus, the grinding wheel
pores are cleaned from clogged chips and the profile is restored, which is checked
during the dressing cycle by the acoustic emission sensor of the machine. Additional
cooling is used during the dressing process.

4.1.3

Experimental plan

Within Table 4.3 the experimental plan is presented. The grinding experiments
concern one, two, four or eight combined single-jet nozzles with different exit diameters to investigate the region of influence for single nozzles and the combination of
multiple nozzles. The variant 100%.c according to Table 4.1 is used for the grinding
experiments. The whole feed per experiment is 1mm, while three repetitions with
three individual workpieces are ground per parameter combination.
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Table 4.3: Experimental plan for single-jet nozzle experiments.

Experiment

Nozzle configuration

V̇

vM W F

Velocity ratio rvel

Number

Diameter/Position

[l/min]

[m/s]

[−]

4.2
4.2.1

1

1

0

0

0

0

0

0

0

3.0

29.8

0.60

2

0

0

0

2

0

0

0

0

3.0

16.8

0.34

3

1

0

0

0

2

0

0

0

7.5

26.8

0.54

4

1

0 2

0

2

0 2

0

8.0

12.5

0.25

5

1 2 2

2 2 2 2 1

8.0

6.3

0.13

6

1 2 2

2 2 2 2 1

24.0

18.8

0.38

7

3

0

0

0

0

0

0

0

6.0

14.9

0.30

8

0

0

0

3

0

0

0

0

6.0

14.9

0.30

9

3

0

0

0

3

0

0

0

12.0

14.9

0.30

10

3

0 3

0

3

0 3

0

16.0

9.9

0.20

11

3 3 3

3 3 3 3 3

24.0

7.4

0.15

Surface integrity along workpiece axis
Workpiece surface properties

The final workpiece surface is a result of the interaction with the grinding wheel surface depending on their kinematic, as well as resulting physical properties including
pressure distribution, temperature fields and friction changes due to coolant supply.
The grinding wheel leaves an imprint of the adverse of its surface. Not all properties
are equally influenced. In the following the roughness and residual stress profiles
are opposed.

Visual impressions
Workpiece surfaces after grinding with three different coolant supply conditions are
given in Figure 4.3 for:
 10000000 - 1× nozzle with Ø1.5mm and V̇ = 3.0l/min in the left
 00020000 - 1× nozzle with Ø2.0mm and V̇ = 3.0l/min in the centre region
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33333333 - 8× nozzles with Ø3.0mm and V̇ = 24.0l/min along workpiece
The left workpiece shows clear marks of grinding burn with visual surface damage
and chatter due to non-uniform and insufficient coolant supply. It is expected to
reproduce the profile with the following detailed measurements. No obvious marks of
grinding burn or other surface effects are visible on the second workpiece, even with
the same flow rate supplied. In fact, there is no visual differentiation to the right
workpiece, which is ground with the maximum flow rate spread over eight equally
distributed single-jet nozzles. Nevertheless, unwanted surface damage might not
be visible, but detected with residual stress measurements or polished micrograph
sections.

Figure 4.3: Visual impression of three workpieces with different coolant supply conditions
as indicated with the nozzle size and position on the top.

Roughness progression
Based on the in Chapter 3.3 described method, the roughness distribution along the
workpiece width is described here. The general influence of coolants on the workpiece
surface during the grinding process is studied in Chapter 2.3.1. Concerning the
conducted grinding experiments, the following observations have led to the used
grinding parameters and workflow.
Usually the roughness is expected and measured to be uniform along the ground
surface. Measurement software, as the one from the used Taylor Hobson Form
TalySurf Series 2, give the roughness parameter averaged and referred to the
whole measurement length. However, unequal coolant conditions can lead to unequal
roughness distributions. Mainly two factors of the coolant supply influence the
roughness values and distribution on the workpiece after a grinding operation. These
are the coolant supply itself during the grinding process and the coolant dependent
tool wear. The first factor is difficult to measure in a typical grinding process, when
only short contact times occur. In particular for low viscosity coolants like emulsions,
the impact of a non-uniform coolant distribution is rather low. Furthermore, a
typical grinding process terminates with the fine finish and spark-out. The relation
between coolant flow and feed rate is much higher compared to the rough grinding
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process, while the final surface is defined by the last revolutions of the workpiece in
contact with the grinding wheel.
On the other hand, tool wear occurs during the grinding process. Typically, the
roughness is increasing with the amount of grinding operations after the last dressing
cycle, if self-sharpening effects are not dominant. Tool wear is a complex mechanism
involving the forces, speeds, temperatures and chemical reactions on various scales
and depends largely on the grinding wheel type. In the presented experiments the
grains of the grinding wheel are made of aluminium oxide, which are prone to wear
out. Glazing of the grinding grain tips generally lead to more friction, more rubbing
and more heat on the workpiece surface. Break-outs of grains become more likely.
Thus, the wear is increased and shorter dressing cycles are necessary to maintain the
shape of the grinding wheel. Additionally, the clogging of the pores decreases the
ability to transport chips and coolant through the grinding gap, which deteriorate
this process. To improve the effect and enhance the influence on the roughness, the
grinding cycle is different compared to an industrial fine grinding process:
 constant feed rate
 no fine finish, polishing or spark-out
 high total feed of 1mm in diameter per grinding cycle
 furthermore, a wide workpiece and grinding wheel are used

The applied grinding process aims to show the coolant supply dependent wear of the
grinding wheel. It is expected to be proportional to the roughness distribution and
can help to understand the actual coolant flow supply distribution in the grinding
gap. The chosen process parameters allow the evaluation of the small gradients
in the resulting surface integrity. The test is considered indirect, as the result is
measured, not the coolant flow itself.

Repetition: In the Figures 4.4 and 4.5 the roughness distribution along the workpiece width is shown. The three curves in each plot are built based on an average
of three independent measurements for each workpiece repetition. In the top, the
according nozzle configurations and diameters are shown, while the colours refer
to the graphs consisting of single measurements points Ra,k and the corresponding
moving average. While the moving average for all configurations is even, the variation of the level is different. In Figure 4.4 a difference of about 0.05µm between the
repetitions is measured for 14mm distant nozzles, while no visible distance between
the roughness progression for the 7mm distant nozzles is recognisable. It can be
concluded, that the coolant is spread over the whole grinding gap and supplied in
between the free spaces.
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Figure 4.4: Rak roughness values (circles), step size 0.8mm, and moving average (dashed
lines) along the workpiece axis for three repetitions of constant coolant supply conditions
with 4× nozzles on three different workpieces. Each roughness measurement is averaged
from three measurements on different positions on the workpiece.

Figure 4.5: Rak roughness values (circles), step size 0.8mm, and moving average (dashed
lines) along the workpiece axis for three repetitions of constant coolant supply conditions
with 8× nozzles on three different workpieces. Each roughness measurement is averaged
from three measurements on different positions on the workpiece.
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Comparison: Within Figures 4.6 and 4.7 two different coolant supply conditions
are compared. Each plot shows a single-jet nozzle of different diameter and volume
flow as indicated. The nozzles are located either on the left or in the centre region of
the workpiece and lead to unequal lubrication and cooling over the workpiece width.
In the first case the different region of influence is clearly visible. While the minimum
roughness close to the nozzle position is similar, the maximum roughness is higher
for the smaller nozzle with less volume flow. Therefore, the coolant supplied by the
larger nozzle does influence the whole workpiece width, which is consistent with the
observations of the spreading of the coolant in Figure 3.18. A similar behaviour is
observed in Figure 4.7. The general region of influence is larger, as the coolant is
directed into the centre region and not at the edge of the workpiece. Also, the general
roughness values are lower for the higher supply, while the maximum roughness of
the small nozzle maintains below the level of the left position. The shape of the
distribution is similar to an inverted Gaussian distribution or polynomial fit.

Figure 4.6: Rak roughness values (circles), step size 0.8mm, and moving average (dashed
lines) along the workpiece axis for 1× single-jet nozzles on the left side with different
diameter and volume flow. Each roughness measurement is averaged from nine
roughness measurements.

In the next two Figures 4.8 and 4.9 multiple single-jet nozzle compositions are compared to investigate how the space between the nozzles is affected. Figure 4.8 shows
combinations of dnoz = 1.5mm and dnoz = 2.0mm single-jet nozzles. The blue line,
which involves a total of four nozzles, indicates a small waviness by the moving average line. A small improvement can be assumed for the eight nozzles configuration
with the same volume flow, while the roughness decreases with an increase in the
volume flow.
In comparison with the dnoz = 3.0mm nozzles, no obvious differences on the average roughness values for the eight nozzle configurations are spotted, as shown in
Figure 4.9. Similar small waves for the four nozzle configuration are visible, while
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Figure 4.7: Rak roughness values (circles), step size 0.8mm, and moving average (dashed
lines) along the workpiece axis for 1× single-jet nozzles in the centre region with different
diameter and volume flow. Each roughness measurement is averaged from nine
roughness measurements.

Figure 4.8: Rak roughness values (circles), step size 0.8mm, and moving average (dashed
lines) along the workpiece axis for 4× and 8× single-jet nozzles with different volume
flows. Each roughness measurement is averaged from nine roughness measurements.
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the two nozzles are recognisable with increasing roughness away from the nozzle.
Referring to Table 4.3, the coolant exit flow speeds are much smaller compared to
the dnoz = 1.5mm and dnoz = 2.0mm nozzles.

Figure 4.9: Rak roughness values (circles), step size 0.8mm, and moving average (dashed
lines) along the workpiece axis for 2×, 4× and 8× single-jet nozzles with different volume
flows. Each roughness measurement is averaged from nine roughness measurements.

Residual stress progression
Heat and mechanical stress during the grinding process in combination with the
former stress state of the workpiece define the residual stress distribution. The
residual surface stress measurement on the ground cylindrical workpiece is performed
with the in Chapter 3.4 described Stresstech XStress 3000 diffractometer. Like
remarked in Chapter 3.4.3, distinguishable are differences of 30 respectively 50M P a,
while the differences of repeated experiments can exceed these values for different
workpieces.
Mainly tensile stresses are observed in these grinding experiments. In regions of
coolant supply, zero residual stresses or low compressive stresses are measured, as
expected and targeted for grinding. Compressive residual stresses are measured on
the workpiece surface after an industrial like grinding process, when fine grinding
and spark-out are applied. Additionally, the sub-surface residual stress state is
presented in Chapter 4.2.2.

Comparison: Individual single-jet nozzle coolant supplies are compared in Figures 4.10 and 4.11. Similar to the roughness distribution, the residual stresses are
much lower close to the nozzle positions, while the region of influence increases with
the volume flow. The general rise of the residual stresses is similar for both cases, as
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well as the level, which of course is not comparable. Again, the region of influence
is characterised by an inverted Gaussian distribution or polynomial fit.

Figure 4.10: Residual stress measurements along the workpiece axis, step size 0.2mm,
for 1× single-jet nozzles on the left side with different diameter and volume flow.

Figure 4.11: Residual stress measurements along the workpiece axis, step size 0.2mm,
for 1× single-jet nozzles in the centre region with different diameter and volume flow.

A uniform residual stress distribution is desired with the use of multiple single-jet
coolant nozzles, as shown in Figures 4.12 and 4.13. In Figure 4.12 configurations
of four and eight of the smaller nozzles are compared. While the gradient for the
eight nozzles is very similar and uniform for both volume flows, the four nozzles
with a distance of 14mm are not capable to provide an equal stress distribution.
The differences between the valleys and peaks are in the range of 100 − 200M P a.
Assuming the workpiece is exposed to high stresses in use, uneven wear along the
workpiece axis might occur. Depending on the external stresses a higher fatigue rate
or cracks in the transition zones are possible.
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Figure 4.12: Residual stress measurements along the workpiece axis, step size 0.2mm,
for 4× and 8× single-jet nozzles with different volume flows.

Different behaviour is shown in Figure 4.13 for the four nozzle arrangement of dnoz =
3.0mm nozzles, where already a reasonable equal stress profile is provided, similar
to the use of eight nozzles. The two nozzle set-up is easily distinguishable with a
clear footprint of the coolant supply.

Figure 4.13: Residual stress measurements along the workpiece axis, step size 0.2mm,
for 2×, 4× and 8× single-jet nozzles with different volume flows.

Full width half maximum: Besides the residual stresses, the FWHM values are
calculated from the reflected peaks. They are proportional to a change in hardness and thus sub-surface changes, while lower values are associated with lower
microhardness. Figures 4.14 and 4.15 show the gradients for the repetition of a
coolant supply from a single nozzle on the left side of dnoz = 1.5mm, respectively
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dnoz = 3.0mm and a doubled volume flow. In both graphs the FWHM values decrease in distance to the coolant supply, while a typical bend appears on the position
of the maximum of the residual stresses.

Figure 4.14: FWHM values of the reflection peaks along the workpiece axis, step size
0.8mm, for three repetitions of constant coolant supply conditions with 1× dnoz = 1.5mm
single-jet nozzles on the left side on three different workpieces.
Dashed lines moving average with three passes.

Figure 4.15: FWHM values of the reflection peaks along the workpiece axis, step size
0.8mm, for three repetitions of constant coolant supply conditions with 1× dnoz = 3.0mm
single-jet nozzles on the left side on three different workpieces.
Dashed lines moving average with three passes.

In Figure 4.16 straight profiles are shown having different coolant nozzle set-ups of
four and eight nozzles employed.
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Figure 4.16: FWHM values of the reflection peaks along the workpiece axis, step size
0.2mm, for 4× and 8× single-jet nozzles with different volume flows.

Hardness: Figure 4.17 illustrates the hardness distribution along the workpiece
axis for three different cases. The curves have a similar shape as the FWHM values,
with the hardness decreasing away from the coolant impact for the individual singlejet nozzle. For a uniform coolant distribution the hardness is maintained constant.

Figure 4.17: Hardness values along the workpiece axis, step size 4.0mm, for 1 × 1.5mm,
1 × 3.0mm and 8 × 3.0mm single-jet nozzles with different volume flows. Dashed lines
show moving average with 7 passes. Error bars based on an estimated error of ±3%.

4.2.2

Workpiece sub-surface properties

Sub-surface properties are amongst others determined by the time and intensity
impact of the grinding process. Residual stress with FWHM values, micrograph
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cross-sections and sub-surface hardness measurements are analysed.

Residual stress depth profiles
With the workflow presented in Chapter 3.4.2, residual stress depth profiles are
generated, which are shown for two workpieces. For each one three measurement
points in the left at x = 5mm, centre at x = 30mm and right at x = 55mm are
investigated for a maximum depth of 100µm, where no changes are observed.
In Figure 4.18 the case of coolant supply with an individual nozzle on the left is
presented. The residual stresses close to the coolant supply are lowest, but all
approach a value between 0 − 100M P a, which is considered the base residual stress
level of the through hardened cylindrical workpiece. For the first measurement
below the surface at 5µm, the stresses are rising before decreasing. In the plot a
Piecewise Cubic Hermite Interpolating Polynomial (PCHIP)-function implemented
in MATLAB is used for fitting, which is based on a piecewise cubic polynomial for each
subinterval.
The second workpiece is ground with a coolant supply in the centre region as shown
in Figure 4.19. All residual stress levels decrease to the same base level with increasing depth. Starting from the first removed layer of 5µm, the residual stresses
decrease.

Figure 4.18: Residual stress measurement depth profiles at three x-positions along the
workpiece axis for 1× single-jet nozzle (10000000).
Dashed lines are based on PCHIP-function.

Measurements of a non-ground workpiece, which is sliced at x = 30mm into two
cylinders, are done for different positions which refer to depths below the surface of
10mm, 20mm and the workpiece centre of 30mm. After etching 20 − 40µm of the
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Figure 4.19: Residual stress measurement depth profiles at three x-positions along the
workpiece axis for 1× single-jet nozzle (00020000).
Dashed lines are based on PCHIP-function.

surface, residual stresses in the range of −20M P a to +45M P a are measured, which
is considered as stress-relieved.
The FWHM values are shown in Figures 4.20 and 4.21. In the first case lower
values are measured with increasing distance to the coolant supply, which refer to
a decreased hardness. In Figure 4.21 much lower differences are observed due to
the coolant supply in the centre region. Within a depth of 100µm FWHM values of
≈ 8◦ are reached at all three positions.

Figure 4.20: FWHM values of the reflection peaks depth profiles at three x-positions
along the workpiece axis. Coolant supply on the left side.
Dashed lines are based on PCHIP-function.
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Figure 4.21: FWHM values of the reflection peaks depth profiles at three x-positions
along the workpiece axis. Coolant supply in the centre region.
Dashed lines are based on PCHIP-function.

Metallography
Polished and etched micrograph cross-sections of the sub-surface regions are prepared for three workpieces of experiment 1, 7 and 4, while the first two have an
individual single-jet coolant supply on the left, experiment 4 uses 4× nozzles with
14mm distance for the coolant supply. The workpieces are cut in half with the wire
EDM process as indicated in Figure 3.3 with the cut A-A, right side. The specimens
are embedded, polished in a multi-stage process and subsequently etched with a
3% Nital etchant. In Figure 4.22 the metallographic images of the first experiment
are shown for three positions. Clearly visible tempering colours can be identified in
surface near regions. This is due to the reduced coolant supply, while the surface
damage can be seen as significant in this series of experiment at this workpiece.

Figure 4.22: Polished micrograph sections of experiment 1 for 1× single-jet nozzle on the
left at about x = 5mm (10000000) with 3l/min coolant volume flow. Images at different
positions along the axis as indicated, etched with 3% Nital.

All cross-sections show a martensitic microstructure with carbides embedded in the
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matrix. Friction martensite can not be seen due to the relatively short heat impact
and the presence of a coolant, which keeps the temperature below the austenitic
temperature of ≈ 820◦ C [18].

Hardness and grinding burn
On the prepared polished specimen of experiment 1 with the 10000000 nozzle configuration and 3l/min coolant volume flow, hardness measurements with the QATM
Qness 10 M along the x − axis are done in a distance of 10mm starting from
x = 5mm. On the first half x = [5, 15, 25]mm of the workpiece the average hardness
is 760 ± 3 HV 1 or 62.5 ± 0.2 HRC, while on the second half x = [35, 45, 55]mm
655 ± 26 HV 1 or 58.1 ± 2.3 HRC are measured.
According to the literature as described in Chapter 2.1.4, an increasing residual
stress level below the surface is a sign of grinding burn. The visual impression of
the workpiece surface with chatter marks supports the hypothesis for experiment 1.
Other workpieces with a non-uniform coolant supply do have significant and unwanted changes of the residual stress levels, which can be defined as grinding burn.
These workpieces can be, depending on the requirements, considered as rejected
parts.

4.2.3

Grinding wheel conditions

The MWF supply influences the surface conditions of the aluminium oxide grinding
wheel. With the cleaning of chips out of the pores, the clearance for grain protrusion
and coolant transport into the grinding gap is maintained. Due to the lower temperatures, the tool wear is reduced. Thus, the necessary dressing cycles to maintain the
shape of the grinding wheel and to remove clogged grinding swarf from the pores are
reduced too. To evaluate the influence of the single-jet coolant nozzles, the visual
analysation of the grinding wheel clogging is described here.

Visual clogging
Evaluation: The images, which are obtained as described in Chapter 3.2.3, are
processed in MATLAB. The script does differentiate between three different grinding
wheel surface conditions:
 clean and free pores in two grades
 grinding wheel surface loaded with chips
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 smeared material over the surface.

For the investigation, the calculations are done for the individual colours r, g, b
and the converted grey values. First the raw image data is processed as intensities
Iraw (x, y). From this matrix the mean values are calculated for each column y to
Imean (x), which refer to the position along the grinding wheel. As the reference,
a clean grinding wheel after dressing, as shown in the top Figure 3.15, is used.
From this image the average value Iav.ref [0.15,0.85] is calculated. The range is set in
x-direction from 15 − 85% of the width to avoid possibly effects on the edges of the
grinding wheel. Therefore, the scaled mean values of the intensity distribution are
calculated for each single intensity of r, g, b and grey with:

I(x) = Imean (x) − Iav.ref [0.15,0.85]

(4.1)

In Figure 4.23 the working principle of the script is described with an example, where
the grinding wheel clogging is evaluated after the use of a 1× single-jet nozzle on
the left side. The original tiff-image, is shown on the top of the graph. Below the
intensity versus axial-position graph contains two sections, accordingly ylim = [0, 1]
and [−0.25, 0]. On all curves a third order Savitzky-Golay-filtering [159] is applied
over 77 pixel.

Figure 4.23: Raw image of the current evaluated grinding wheel (top left), corresponding
colour distribution plot for r, g, b and grey values with change of sign, and calculated
weighting curves (bottom left). Based on the weighting curves, modified raw images for
the three cases (right) as a base for the calculation of the new composed image, as shown
in Figure 4.24, are presented.

The lower section in the plot illustrate the scaled intensity values Igrey/r/g/b (x) for
each colour r, g, b in dashed line and grey values with a black line. In general,
the clean wheel sections on the left, where the nozzle is situated, have values close to
zero, as the intensities of a cleaned grinding wheel are subtracted. The blue colour
line is lower, which as well is the case for the cleaned grinding wheel. In sections
of clogging, the intensities are lower, while for regions of smearing the intensities
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increase, probably due to the better reflectivity. Consequently, the smeared regions
have to be differentiated by the clean sections. The different properties of the single
colour distributions are used. In the shown scale the green colour line follows very
much the black line, which is the composed value of all colours. Only for the clean
wheel a slight increase is visible. Similar, the red colour distribution is parallel to the
black line with small increases over the smeared regions. Much more distinguishable
is the blue colour line, as the distance to the other lines depends on the state of
the grinding wheel for all three cases. The highest distance between the blue line
and red line is visible for the clean part of the grinding wheel, while the distance is
lowest for the smeared material part. This observation is the base for the formation
of the script. Therefore, the first step is the increasing of the differences to improve
the detection of the different conditions. The following calculations are done:

Irmb (x) = Ir (x) − Ib (x)

(4.2)

Irtb (x) = Ir (x) · Ib (x)

(4.3)

Isme (x) = 1/ (Irtb (x) − Ib (x) + Irmb (x))

(4.4)

The first two equations describe the difference respectively product between the red
and blue light intensities. Based on the observations, the first equation gives a high
value for the clean part and the second equation is high for clogged wheel parts. For
clean and smeared wheel parts the red colour intensity is close to zero resulting in
a low value. The third equation is developed to separate the smeared wheel area.
Three terms are inverted, while the first term takes the distribution of the clogged
curve, as it is low for the smeared parts. Secondly, the subtraction of the blue curve
is also high except for the smeared parts, and lastly the clean wheel parts behave
contrary to the smeared ones. All these curves are shown in Figure 4.23 as normed
values between [0, 1], while the green curve is Irmb (x), the black curve Irtb (x) and
the red curve Isme (x). The three images on the right side of the figure show the
modified original one. They are produced by amplifying the respective properties in
the individual colours weighted with the normed curves. Each calculation is done
for every individual pixel. The modifications are organised within an if-loop.
clean grinding wheel increasing the green part:
⇒ Iclean,g = Ig (x) + Irmb (x) · Ig (x)
clogged grinding wheel decreasing all colours:
for Irmb (x) < 0.5
⇒ Iclogg,r,g,b = Ir,g,b (x) − Irtb (x) · Ir,g,b (x)
smeared grinding wheel increasing the red part:
for Irmb (x) < 0.2, Isme (x) > 0.15 and Irtb (x) < (Iav.rtb (x) − 0.07)
⇒ Ismear,r = Ir (x) + Isme (x) · Ir (x)
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In the last equation, three conditions are used, as it is the most sensitive part. These
parameters are adapted to the recorded images taken with constant image settings
of white and colour balance, which is essential for the comparison and assured by
the use of tiff-images. The use of a different camera, grinding wheel colour or
illumination source needs an adaptation of these parameters, because of the different
interpretation of the given light spectrum and thus a different distribution of the
r, g, b values. In Figure 4.24 two combined images, which are made based on
the modified colour layers described before, are shown on the top to give a visual
∗
impression. The normed intensity curves Ir,g,b
(x) of these high contrast images are
shown below, as they are used to distinguish between clean, clogged and smeared
grinding wheel surface.

Figure 4.24: Combined images with high contrast for clean grinding wheel after dressing
(top) and grinding wheel after grinding with 00020000 nozzle configuration and 3l/min
volume flow (bottom) with the intensity curves and related regions below images.

In the upper figure a clean grinding wheel after dressing is shown with the green
colour line, clearly the highest one. In the figure below, the case of a single-jet nozzle
in the centre region of the grinding wheel is shown. The differentiation of the zones
is in the intensity curve described within an if-loop. The used parameters for the
thresholds are:
clean I - light-green: Ig∗ (x) > 0.90 and Ig∗ (x) − Ib∗ (x) > 0.20
clean II - dark-green: Ig∗ (x) > 0.52 and Ig∗ (x) − Ib∗ (x) > 0.20
smeared - red: Ir∗ (x) − Ig∗ (x) > 0.05
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clogged - gray/blue: if no other condition is met

These parameters and conditions are deducted from several sample cases and work
well with the available data. They are independent from the camera and illumination, if the combined images with the improved contrast are distinguishable enough.
In the given Figure 4.24 it is shown that the thresholds are not sharp, as the combined images are done pixel by pixel rather than column by column. In particular
the cleaned sections are clearly detected. On the other hand the smeared sections
usually arise in the clogged regions and are not expected in a sufficient coolant
supply.

Results: In Figure 4.25 three images and their corresponding evaluation are shown
from the repetition of the experiment. For the coolant supply, one single-jet nozzle
of dnoz = 2.0mm is used and placed close to the centre of the grinding wheel with
a volume flow of 3l/min coolant. The software shows a cleaned region of 6 − 8mm,
which is about 3 − 4× the diameter of the nozzle. The smearing intensity differs,
but is concentrated on the right side of the grinding wheel.
Figure 4.26 compares two different coolant supply conditions, while in both cases a
1× single-jet coolant nozzle is positioned on the left side. In the top a dnoz = 1.5mm
nozzle with a volume flow of 3l/min and below a dnoz = 3.0mm nozzle with 6l/min
is shown. The differences in wheel cleaning are obvious, as the region of impact
increases for the higher coolant flow and diameter. In this particular case the cleaned
wheel section doubled with the coolant nozzle and the smeared part is shifted further
to the right side of the grinding wheel.
As it is known, one single-jet nozzle of the shown sizes is not sufficient to provide an
uniform coolant supply. The workpiece quality and the grinding wheel clogging are
not acceptable. A stable grinding process should not be prone for smearing and the
accompanying of exceeding temperatures. Multiple nozzle arrangements are more
suitable for industrial processes. The next Figure 4.27 presents three different singlejet nozzle arrangements, which are 30003000 at 12l/min, 30303030 at 16l/min and
33333333 at 24l/min coolant flow. All nozzles have a diameter of dnoz = 3mm. In
the first two upper cases the influence regions of the nozzles are separated. If the
distance of the nozzles is reduced to 7mm, which is shown in the lower figure, the
regions of influence start to overlap. Due to the sensitivity of the software, some
regions are marked as clogged, even when the density of chips is lower compared to
the upper cases.
Most industrial grinding processes of this conventional set-up would not involve a
feed of 1mm in one leg. The typical material removal would be in the range of
0.1 − 0.3mm, which compares to 3 − 10× less impact per grinding cycle.
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Figure 4.25: Grinding wheel surface images (top to bottom) after repetition of experiment
with 00020000 nozzle configuration and 3l/min volume flow and the referring intensity
curves below images.
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Figure 4.26: Grinding wheel surface comparison after different experiments with
10000000 (top) and 30000000 nozzle configurations with 3l/min, respectively 6l/min
volume flow and the referring intensity curves below images.

Visual grain evaluation
The dimensions of the grinding wheel do not allow a direct observation of its topography with one of the available stationary microscopes. In the left of Figure 4.28,
the grinding wheel surface is shown after dressing in a detailed view from the described camera set-up. All available pores are open and clean with the ability to
transport coolant into the grinding zone. On the right side an image after the use
of the grinding wheel in experiment 11 is shown, where sufficient amount of coolant
is used. Small parts with clogged chips are noticeable and also some wear flat areas
on the grains.
Figure 4.29 shows the grinding wheel surface after experiment 1, which uses a coolant
supply with a 1× nozzle on the left side of the workpiece. In the left image the
transition zone from the region of direct coolant supply to indirect coolant supply is
shown. The wear flats areas are increasing as well as the clogging of chips and the
decrease of the open pores. Going further away from the coolant supply on the right,
in addition to the higher amount of wear flats, surface welding of material on top
of the grinding wheel is visible. The material accumulation leaves the surface much
more closed. During the dressing is observed, that the regions of surface welding
clean faster. Apparently less clogging in between the pores occurs below the surface
welding, which is removed by the first contact with the dressing tool.
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Figure 4.27: Grinding wheel surface comparison after different experiments with
30003000 (top), 30303030 (centre) and 33333333 (bottom) nozzle configurations with 3,
16 and 24l/min volume flow and the referring intensity curves below images.

Figure 4.28: Grinding wheel surface after dressing (left) and after grinding experiments
with 8× single-jet nozzles of dnoz = 3.0mm with a volume flow of 24l/min (right).
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Figure 4.29: Grinding wheel surface after grinding experiments with 1× single-jet nozzles
of dnoz = 1.5mm on the left side with a volume flow of 3l/min. Transition from region of
coolant supply (left) to right side far from coolant supply (right).

4.3

Temperature measurement in the cylindrical
grinding process

This section is partly published in a conference proceeding [16]. A novel method is
presented to enable the temperature measurement below the surface of a rotating
workpiece during the grinding process to examine the heating and cooling gradients
during a single workpiece rotation.

4.3.1

Experimental set-up and workpiece preparation

The temperature measurement experiments are conducted on the Studer S31 grinding machine. To implant the temperature measurement equipment, the workpiece
geometry is adapted to a hollow cylinder with an outer diameter of 76.3mm, as
shown in Figure 4.30, left side. The geometry and its inner diameter are constrained by the bending radius of the quartz fibre and its handling. The workpieces
are through hardened under a protective gas to about 61 HRC. To position the fibres in the workpiece, 0.5mm diameter blind boreholes of three different depths are
machined into the cylinders in a certain distance. The different depths are chosen
to re-use the workpiece after a grinding process with repositioning of the fibre. To
machine the boreholes, the EDM drilling process with the GFMS AgieCharmilles
Drill 300 machine is applied, which allows extreme aspect rations for very fine
diameters. Three through boreholes are positioned opposite of the boreholes with a
diameter of 1mm.
To transmit the thermal radiation from the workpiece to the measurement device,
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Figure 4.30: Workpiece with positions of fibre and coupling to pyrometer and annealing
colours on actual workpiece surface (left), grinding process and coolant supply (right).

a coupling between the rotating quartz fibre of the workpiece and the stationary
part of the instrumentation is developed and constructed. One end of the optical
fibre is positioned into a 0.5mm diameter bore hole as shown in Figure 4.30, while
the other end is fixed into the rotating side of the coupling, where it is aligned with
the static fibre of the pyrometer. During the grinding experiments the workpiece is
clamped into a three jaw chuck.
The feed rate is set to vf = 0.4mm/min, which refers to a specific material removal
rate of Q0w = 1.2mm3 /(mm · s). The workpiece circumferential velocity is vw =
0.3m/s at 75/min. Fine dressing parameters are used with 2× A.1 and 2× A.2
according to Table 4.2. Either dry grinding or V̇ = 1.0l/min of the emulsion is
supplied on the left side of the workpiece, as shown in Figure 4.30, top right. An
individual dnoz = 3.0mm single-jet nozzle is used and mounted vertically in a height
of 70mm above the grinding gap. The experiments are repeated for each of the
three holes for a total cut of 1mm in the radius. The annealing colours of the
ground workpiece refer to high temperatures, as shown in Figure 4.30.
The infrared radiation in the holes is treated as grey body radiation, which is transmitted by coated quartz fibre of 440µm diameter to the two-colour pyrometer, a
FIRE-3 by energy engineering Aachen GmbH. The tips of the quartz fibres are
polished before usage. The set-up is tested by using a defined and constant heat
source in front of a centred rotating fibre with the coupling. The standard deviation
is measured with 12.3◦ C at an average temperature of 363.7◦ C during 10s of measurement time at 96rpm with a sampling rate of 10000 Hz. The deviation originates
from losses due to the coupling of the two fibres, where the influence of the rotation
is small. In comparison the deviation without rotation is 11.1◦ C at an average temperature of 364.3◦ C. The signal is amplified according to the desired measurement
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range by factors between 107 −109 . The noise of the signal is temperature dependent
and higher for low temperatures, where the infrared signal is weaker.

4.3.2

Temperature gradient in the workpiece during
a grinding process

Most common fine grinding processes are multi-pass with lowering feed speeds from
rough to fine grinding. The super-position of the induced heat of every circulation
can lead to an increase of the sub-surface temperature and possible unwanted microstructural changes, if the cooling rate of each rotation is too low due to insufficient
fluid supply. In existing experimental set-ups, only the maximum temperature is
evaluated, but not the temperature gradient in the workpiece itself. In the presented
work the evolution of the workpiece temperature is shown during a single evolution
and for decreasing distance to the surface.
Figure 4.31 shows the temperature progression during a grinding cycle, where the
black curve represents the Savitzky-Golay-filtered [159] signal over the fifth order and
a frame size of 499 values. A sampling rate of 2000 Hz is used equal to 0.11−0.12mm
arc length on the workpiece surface or ≈ 0.2◦ per sample. The graph shows the
periodic temperature rises due to the revolutions of the workpiece and multiplepasses of the sensor over the grinding gap. In this process, a maximum temperature
of 600◦ C at 1.0mm below the workpiece surface is measured. The distance of the
sensor to the surface is decreasing with every rotation. After the finished grinding
process, the temperature declines due to convection air and radiation, as shown in
the figure. The signal noise increases with decreasing temperature.

Figure 4.31: General temperature profile in the workpiece. Graph starts at temperatures
of about 350◦ C during grinding process followed by the cool down.
Raw signal from pyrometer (blue) and Savitzky-Golay filtered signal (black) [16].
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4.3.3

Evaluation of a single rotation

At the rotational speed of 75/min one revolution takes 0.8s and provides at 2000 Hz
1600 measurement points or a resolution of ≈ 0.2◦ . In Figures 4.32 till 4.34 the heating and cooling curves for three different sensor positions, namely 1.5mm, 1.0mm
and 0.5mm below the surface are shown, referring to the last grinding periods indicated by a red box in Figure 4.31. Each arc represents one revolution of the
workpiece starting with the pass of the sensor over the grinding gap, which is from
point 1 to point 2, when the heat is conducted from the surface to the sensor. Point
3 represents the end of the cooling phase before the next grinding pass. The x-axis
is a relative time of the showed section. The progression of the temperature curves
as well as the values do differ, with increasing gradients and temperature values for
closer position to the surface.

Figure 4.32: Heating and cooling cycles for a measurement depth of 1.5mm below the
surface of the workpiece showing the temperature signal at 2000 Hz (blue) and
Savitzky-Golay filtered signal (black) [16].

In Figure 4.35 the heating and cooling rates are calculated. Heating rates above
11000K/s at 0.5mm and 265K/s in 1.5mm distance from the surface are calculated.
The cooling rates are between 50−15× lower. Two effects cause the different cooling
rates. On the one hand close to the surface is less material and thus the thermal
inertia of the material is lower. On the other hand, if the absolute temperature
value is lower also the heat convection is lowered.
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Figure 4.33: Heating and cooling cycles for a measurement depth of 1.0mm below the
surface of the workpiece showing the temperature signal at 2000 Hz (blue) and
Savitzky-Golay filtered signal (black) [16].

Figure 4.34: Heating and cooling cycles for a measurement depth of 0.5mm below the
surface of the workpiece showing the temperature signal at 2000 Hz (blue) and
Savitzky-Golay filtered signal (black) [16].
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Figure 4.35: Heat and cooling rates for different distances from the workpiece surface at
the defined positions 1 − 3 as indicated in Figures 4.32 till 4.34 [16].

4.3.4

Conclusions from the measurements

In-process measurement of the workpiece sub-surface temperature helps to improve
the understanding of the heat flux, circumferential gradients, heat distribution and
heating rates in the workpiece. Microstructural changes and their evolution can be
determined by the knowledge of heating and cooling rates depending on the distance
to the surface as well as the impact into the depth of the workpiece. In contrast to
the simulation of a whole workpiece, only single measurement points are evaluated
within a transient progression. On the other hand, these measurements can help
to validate the modelling of the grind hardening process based on thermal finite
element simulations.
Compared to single-pass grinding, multi-pass cylindrical grinding shows a distinctive
temperature profile below the workpiece surface with high heating and cooling rates
during one revolution. The thermal load varies increases by factor 50 from 1.5mm to
0.5mm below the surface for moderate process parameters and low coolant supply.
The global heating rates calculated over the whole grinding process, which is shown
in Figure 4.31, are with 5 − 11K/s essentially lower. Temperatures far above 400◦ C
are measured in more than 1.5mm depth of the material during the process, which
might influence the microstructure in the sub-surface of the workpiece depending
on the material. Therefore, a uniform and sufficient coolant supply is essential to
avoid these temperature gradients during one rotation.
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Fluid Dynamics in Cylindrical
Grinding
In this chapter the fundamental flow conditions for the fluid supply of the cylindrical
grinding process are named and investigated. First the airflow, which is induced by
the rotational movement of the grinding wheel, is described with CFD single-phase
flow simulations. As the next step, the interaction with the free coolant jet is
determined to describe the adherence to the grinding wheel. To study the grinding
gap filling with the coolant, a visual observation of the flow in the grinding gap is
conducted.

5.1

Theoretical consideration of the airflow around
the grinding wheel

The airflow around the rotating grinding wheel is induced as a boundary layer flow
of adjacent air layers. There are three basic flow zones, which superimpose to the
resulting flow conditions:
 lateral flow on the sides of the grinding wheel
 face flow over the faces of the grinding wheel
 internal flow in the porous regions of the grinding wheel

Lateral and face flow
A geometry similar to the rotating grinding wheel is discussed in literature as rotating discs in a fluid at rest. Schlichting and Gersten [177] give an exact solution of
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the Navier-Stokes equations at the side faces of a flat rotating disc of infinite radius.
At the surface boundary the no-slip condition and the viscosity induce a flow field
in the medium. Driven by the centrifugal forces, the fluid is carried outwards to the
edge, while new fluid elements are continuously pulled onto the disc from the axial
side to follow the flow, as shown in Figure 5.1, left side.

Figure 5.1: Streamlines and profiles of the flow of a rotating disc in a fluid at rest by
Schlichting and Gersten [177] (left). Development of a turbulent boundary layer flow
profile at a plate flow with transition from laminar to transient at the transition point
(TP) based on Sigloch [183] with u∞ as the free stream velocity, δl,t,u the laminar,
turbulent and laminar viscous sublayer thickness and xl,t the laminar and turbulent
boundary layer length (right).

The profile of the boundary layer is shown in Figure 5.1, right side, whereas in case
of a moving surface the highest velocity is close to the wall. The boundary layer
thickness is defined by the distance of the wall to the point of 1% difference to
the free flow velocity, which is referred to 0.99 · u∞ in the figure. First a laminar
boundary layer flow profile develops up to a transition zone. In the increasing
laminar boundary thickness δl , a transition into a turbulent boundary layer δt takes
place, which results in three dimensional interchange and increased heat transfer.
As the viscous forces are determinant in the close wall regions, a laminar, viscous
sublayer δu is formed and can be calculated depending on the Reynolds number [183]:
0.526
δgw = √
·r
5
Re

(5.1)

While r is the reference radius along the wheel and Re the Reynolds number at the
face of the grinding wheel. The maximum is reached at the edge of the radius of
the grinding wheel and can be calculated with the Reynolds number of the airflow:
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rgw · vc
= 8330 000
νair
= 0.526 · Re−1/5
· rgw = 8.6mm
gw
Regw =

δgw max

(5.2)
(5.3)

The critical Reynolds number is given with Regw cr = 2·105 ...3·105 [183]. Therefore,
the applied rotational speed used in the experiments, leads to turbulent airflow
conditions in the boundary layer. The gradient of the turbulent airflow profile is
considerably steeper, as shown in Figure 5.1.
Furthermore, the drag depends only for turbulent flow conditions on the surface
roughness. A possibility for comparison is the equivalent sand-grain roughness,
which was introduced by Nikuradse. Adams et al. [1] show an algorithm relating
the measurable arithmetic average roughness Ra with the equivalent sand-grain
roughness , which is used in the CFD simulations:

 = 5.863 · Ra

(5.4)

Grinding wheels are running in a semi-enclosure due to safety restrictions. A description of a rotating disc in an enclosure is given in Sigloch [183]. It is demonstrated,
that the effect on the boundary layer can be neglected for distances to the wall
in the order of several δgw max . The investigated geometry provides a distance of
27 − 41mm on the sides of the grinding wheel. With the help of CFD simulations
the influence of the whole enclosure is evaluated, as shown in Chapter 5.3.2.
The face flow of the grinding wheel is also a boundary layer flow. With the centrifugal
forces, the air is moving away from the grinding wheel surface and generates a low
pressure field. Fluid is sucked from the lateral flow into the centre. A visualisation
based on the CFD simulations is given in Chapter 5.4.1.

Combined airflow
The used grinding wheel is characterised by a high porosity. Vadasz [207] defines
a porous medium as a two-phase system, while one solid and one fluid phase are
present and interconnected. The flow through a porosity can generally be described
by the Darcy model, which takes the pressure field, the permeability of the porous
matrix as well as the dynamic viscosity and density of the fluid into account. Here,
the fluid phase is characterised by a multiphase flow, while some of the flow in
the grinding gap is transported by the porosity. In the simulations this effect is
approximated with a defined distance between grinding wheel and workpiece.
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The face flow of the grinding wheel cannot be described analytically in combination
with the side flow, which determines the non-uniform flow distribution along the
grinding wheel width. To determine the influence of the airflow on the grinding
process, knowledge about the 3D face flow is eminent. The tangential, radial and
axial flow direction influence the coolant jet impingement and thus the efficiency
of cooling dependent on the axial position over the width of the grinding wheel.
Numerical flow simulations are the next step to analyse geometries including the
workpiece and an enclosure.

5.2

Set-up of the CFD simulations

To introduce the CFD simulations first the workflow is presented and explained,
as used in the whole thesis for all numerical simulations. The following steps are
necessary in accordance to Tu et al. [201]:

Step 1: Geometry definition and generation of mesh
Step 2: Physical model and fluid properties
Step 3: Specification of boundary conditions
Step 4: Numerical solution with CFD solver and governing equations
Step 5: Post-processing and evaluation of results

5.2.1

Geometry definition and generation of mesh

The simulation geometry is based on the grinding test-rig of the Studer S31 grinding
machine, which is described in Chapter 4.1 and shown in Figure 5.3, left. The
CFD-model is the negative shape, embedded in a cylindrical surrounding of 1000m
width and 1500mm diameter, as indicated in Figure 5.5. Different to the grinding
conditions, a gap between the grinding wheel and workpiece of dgap = 300µm is
introduced. With this space the fluid transport zone of the porous grinding wheel is
reproduced. The distance is chosen in the magnitude of the grain size of the grinding
wheel. A defined distance is used in experiments [49, 155] or CFD simulations [120]
to represent the grinding gap space. The workpiece side is formed similar to the
calculated geometrical contact length between workpiece and grinding wheel.
The preparation of the mesh is the most time consuming step in the preparation [201]. The mesh is defined by the element type, element size and distribution.
Within this simulation the most crucial elements are regions of high gradients, i.e.
the grinding wheel surface and the grinding gap. In order to resolve the near wall
122

5.2. Set-up of the CFD simulations

behaviour, the size of the first layer is important. Within the meshing tool, so
called prism inflation layers are generated on the wall surface. The thickness y is
dependent on the fluid speed, physical properties and geometrical conditions and
described with the normalised distance y + .

Calculation of the wall layer: Modified low-Re models, like the k − ω model,
can resolve the whole boundary layer till the wall, having set the first cell centre
placed in the viscous sublayer with y + = 1. Otherwise high-Re models, like the
standard k −  model, apply wall functions to model the flow in the near wall region,
setting the first grid size to 30 < y + < 300 into the log-law region, which can save
computational time. Wall functions cannot be applied with layer separation. The
calculation of y + is similar to the following approach [146], which is based on the
flat-plate boundary layer theory of White [223] with the definition of y + :

y+ =

y · uτ
y + · νair
→y=
νair
uτ

(5.5)

The friction velocity uτ is defined by the wall shear stress τw and density:
r
uτ =

τw
ρair

(5.6)

While the wall shear stress itself is related with the skin friction coefficient Cf :

τw =

1
Cf · ρair · u2∞
2

(5.7)

The skin friction coefficient depends on the Reynolds number and thus geometry
and flow speed u∞ , while here the 1/7 power law is used for 5 · 105 < Re < 107 with
a flat-plate approximation for the first step:
1

Cf = 0.0576 Red5

(5.8)

The equations can be solved from 5.8-5.6 for the thickness y in Equation (5.5).
Online-tools are available for the calculation [158]. For the airflow of the grinding
wheel, y + values are calculated for characteristic length of Lchar = π · dgw = 1.571m,
vc = 50m/s and properties of air with density ρair = 1.205kg/m3 and dynamic
viscosity µair = 1.82 · 10−5 kg/(m · s) as shown in Table 5.1. The Reynolds number is
calculated with Regw = 5.2 · 106 . These values are only an estimation and starting
point, as some parameters are depending on the actual flow conditions. Within
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ANSYS CFX-Post the calculated y + values are evaluated and possible refinements
of the mesh applied, to maintain y + = 1. In particular, in critical regions and to
calculate heat transfer and pressure drop, the thickness of the boundary layer is
eminent.
Table 5.1: Wall distance for different y + values according to [158].

y+

1

30

50

300

y1

8.0 · 10−3 mm

2.4 · 10−1 mm

4.0 · 10−1 mm

2.4 · 100 mm

Two problems are analysed, the mesh fineness and the ambient size. The results are
shown in Chapter 5.3:

Mesh independence study: First the independence of the solution from the
mesh size is proven. The most critical zone is the grinding gap. For the determination of the flow conditions in the grinding gap, in best practice at least 15 − 20 cells
are pursued, as shown in Figure 5.2. In this region the highest pressure changes
occur, whereas in further simulations the coolant fluid flow is investigated. However, the cell size also depends on y + height and velocity gradients. A skewness
< 85 and orthogonality > 15 are two important measurements to evaluate a mesh,
to maintain the cell angles and aspect ratios in a suitable range for the calculations.
The simulations are done with two rotating cylinders in calm air without a grinding
wheel enclosure. Last but not least, the size of the ambient is increased until no
changes in the investigated region of the grinding gap are noticeable. Within the
mesh convergence study the discretisation error is estimated, while a compromise of
mesh fineness and computational costs is targeted.

Influence of enclosure: Many studies investigate the influence of a so called air
scraper within CFD simulations, but not the possible influence of an enclosure on
the coolant supply into the grinding gap. Figure 5.3 shows on the left side the
enclosure based on the grinding machine design and on the right side a very much
simplified geometry with a lower number of cells in the mesh. The flow conditions
are compared and possible simplifications considered for the simulations.

Simulations with coolant
In Figure 5.4 the CAD drawings are shown indicating the nozzle position and grinding hood. The workpiece contains a mesh as a second body with interfaces to the
fluid. The used grinding enclosure design is based on the findings of the mesh study,
where different designs are tested.
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Figure 5.2: Geometry used for the mesh study. The grinding wheel and workpiece are
rotating cylinders in a large cylindrical ambient (left). Mesh elements in sectional view
with detail of grinding gap (right).

Figure 5.3: Different enclosure geometries (grey) with the slightly simplified Studer S31
based design (left) and a simple wall without side panels (right) in oblique view.
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Figure 5.4: Geometry for multiphase coolant flow simulation.

Geometry of nozzles: The used nozzle geometries are described in Chapter 3.1.1.
The positions are set according to the experiments, which are described in Chapter 4.1. The same flow parameter and nozzle configurations as in the experiments
are used, as listed in Table 4.3. Similar to the grinding experiments is the coolant
nozzle position and orientation of 15◦ tangential to the grinding gap. With a simple
geometry of eight cylinders, the lower exits are defined as either a coolant inlet or
wall in the boundary conditions.

5.2.2

Physical model and fluid properties

Together with the boundary conditions, a definition file is generated in ANSYS
CFX-Pre, which includes the initial conditions. The model is defined based on the
data presented in Table 5.2. Standard physical properties from the ANSYS CFX library are used for air. The coolant is based on water, while all known and measured
properties of the emulsion are adapted based on Table 3.3. As a turbulence model
the two-equation shear stress transport (SST) from Menter’s model is applied [201],
as high gradients are expected. According to Zuckerman and Lior [236] the SSTturbulence model is also favourable for the impingement of jets. Basically, the
approach is a combination of k − Ω close to the wall and k −  in the free shear
regions. The boundary wall flow is resolved, but also the possible flow separation
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is taken into account. Furthermore, the modification by Kato and Launder is activated, which deals with artificially overproduced turbulence of the model [189].
Chips from cut material are not considered, as the influence on flow is negligible.
As most flows are unsteady, transient simulations help to track the fluctuations of
the flow field during time. Here, a steady state simulation is chosen, while the results
are expected to match a averaged transient solution. A transient solution is very
time demanding as the time step has to be defined very small to reach low Courant
numbers, due to the small grinding gap, respectively mesh size and high gradients
in flow speeds and heat fluxes.
Table 5.2: Physical model and fluid properties for the flow simulations.

Setting

Option
3D multiphase flow simulation

Time dependency

Steady state

Type

EULER-EULER, homogeneous model, FVM

Fluid medium I

Air ideal gas, T0 = 25◦ C

Fluid medium II

Coolant, incompressible, T0 = 25◦ C, Table 3.3

Solid medium

Steel 1.2842, T0 = 25◦ C, Table 3.1

Morphology

Continuous fluid

Model

Homogeneous

Fluid class

Viscous fluid

Flow regime

Turbulent

Turbulence model

Shear Stress Transport (SST)

Compressibility

Compressible

Surface Tension Model

Continuum Surface Force, Primary Fluid: Coolant

Buoyancy model

Buoyant, reference density: air

Heat model

Thermal energy including viscous work term

5.2.3

Specification of boundary conditions

Table 5.3 summarises the used boundary conditions according to the geometry shown
in Figure 5.5 from CFD-Pre with the workpiece highlighted. The grinding wheel and
the workpiece are for the air flow simulations not modelled as solid bodies, but
boundary conditions.
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Figure 5.5: Overview of the geometry of the flow simulation model in oblique view. The
blue arrows indicate the system boundaries of the surrounding orthogonal to the surfaces.

128

5.2. Set-up of the CFD simulations

Table 5.3: Boundary conditions for the airflow simulations.

Region
General

Properties
ambient pressure

1atm

ambient temperature

25◦ C

wall, no slip condition

rough wall

wall roughness

100µm

rotational speed (z-axis)

ωgw = 1910/min

wall, no slip condition

rough wall

wall roughness

10µm

rotational speed (z-axis, shifted)

ωwp = −146/min

Gap size

distance workpiece-grinding wheel

dgap = 300µm

Enclosure

wall, free slip condition

smooth wall

opening pressure

popen = 0 atm

Grinding wheel

Workpiece

Opening

The additional boundary conditions for the multiphase flow simulations with coolant
are shown in Table 5.5. The workpiece is modelled as a solid body. During the
grinding process multiple grains intrude at the same time in the workpiece material. Therefore, a statistically uniform heat introduction into the workpiece over the
grinding gap contact area is assumed for the heat source. Heat transfer is enabled
between the solid and the air/coolant-fluid phase interphase. The grinding wheel
is modelled as an adiabatic wall, as typically low heat portions are received. Additionally, the size and velocity provide a huge heat sink and fast cooling, especially
with the on the surface directed coolant.

Heat flow distribution: Based on Figure 2.2, a heat balance is given in Table 4.1. The estimated spindle power Ps,a = 3.14kW origins from calculations of
the StuderTechnology [55] software. In a further step, based on this spindle power,
the heat flow into the workpiece during the grinding process is estimated for the
simulation model, to serve as a boundary condition. As an estimation of all shares
is not in the scope of the thesis due to its immense amount of research, the goal is
an estimation of the correct order of magnitude in a range of ±25%.
The spindle power is converted mainly into heat, besides the losses from the power
unit, the friction of the rotating grinding wheels with the air flow and potential
energy in the lattice, which is considered to be low in the range of 5%. All ploughing, sliding and about 55% of the chip formation energy go as heat into the workpiece [130], while the formation energy is difficult to estimate. After all, it is as129
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sumed, that about 90% of the spindle power is introduced into heat Q̇tot = 0.9 · Ps,a
into the process. This total thermal energy Q̇tot is shared between the workpiece
Q̇wp , the coolant Q̇M W F , the grinding wheel Q̇gw , the chips Q̇c , the ambient air due
to convection Q̇air and to the ambient due to radiation Q̇rad . In order to acquire
the heat input for the simulation, these heat fluxes have to be divided. The heat
origins from the interaction of the grains with the workpiece surface, where the heat
does distribute. In the simulation there is no physical contact between the grinding
wheel and the workpiece. According to Hadad et al. [78] Al2 O3 grinding wheels
with the use of MWFs account for a heat introduction of 36% into the workpiece.
This value does depend on various parameter including the dressing, process, grinding wheel properties and workpiece material. The largest unknown heat sink is the
coolant, as it has been already discussed in the previous chapters. Therefore, further
assumptions are made.
 Q̇gw : the heat input into the grinding wheel is defined with 40% from Q̇tot and
is considered with a constant temperature boundary condition
 Q̇c : the heat flux by the chips is estimated with data from Table 4.1 and 3.1;
for a width of the workpiece of lwp = 60mm a material rate of 86.4mm3 /s is
considered to increase by 1000K in temperature, the extracted heat flux is in
the range of 310W
 Q̇rad : the radiation of the heat from the warm workpiece is due to computational power not included and defined with 10% from Q̇tot
 Q̇air : the air ambient heat flux is considered by the simulation as convective
heat flux to air

In the following Table 5.4 the heat flux distribution is summarised. The input
condition heat flux Q̇bc is estimated with:

Q̇bc = Q̇tot − Q̇gw − Q̇c − Q̇rad ≈ 1000W

(5.9)

As the simulations are conducted as steady state simulations, the simulated time of
the process is longer than the actual grinding time. Therefore, in contrast to the
estimation a lower heat flux of Q̇bc.sim = 600W is used in the simulations, which is
based on different simulation tests and improves the stability of the simulations, for
example due to lower coolant temperatures. The heat distribution is not expected
to change, which was confirmed in simulation tests. The heat flux is considered as
a heat source on an area, which refers to a power density of 2.0 · 107 W/m2 on the
grinding gap area of 60mm · 0.5mm. In the simulation model, the resulting heat flux
into the workpiece is calculated, while the convective heat transfer into the coolant
and air are considered.
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Table 5.4: Heat balance of the grinding process with estimated shares and the definition
of the boundary condition. bc - boundary condition

Property

Variable

Value

Unit

Share

Ps,a

3.14

kW

Total introduced heat

Q̇tot

2826

W

100%

Into chips

Q̇c

≈ 310

W

≈ 11%

Into grinding wheel

Q̇gw

≈ 1130

W

≈ 40%

Radiation

Q̇rad

≈ 283

W

≈ 10%

Heat flux bc defined

Q̇bc

1000

W

≈ 35%

Into workpiece

Q̇wp

simulated

Into coolant

Q̇M W F

simulated

Into air

Q̇air

simulated

Power input estimation
Spindle power [55]
Heat fluxes distribution

Heat fluxes simulation

Table 5.5: Additional and adapted boundary conditions for multiphase flow.

Region
Nozzles inlets

Properties
active: coolant inlet

volume flow

even flow speed distribution

Nozzles cylinders
Workpiece

inactive: wall, free slip condition

smooth wall

wall, free slip condition

smooth wall

solid body, solid motion, rotation

ωwp = −146/min

mesh connection for conservative heat flow

Grinding gap

wall adhesion, contact angle

51◦

heat source over area distributed

600W

based on StuderGrind software

3.333 · 107 W/m2
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5.2.4

Numerical solution with CFD solver and governing
equations

The governing equations in CFD are based on the unsteady Navier-Stokes equations
for the conservation of mass, momentum and energy. The ANSYS CFX-Solver
Theory Guide, implemented in the software, presents these equations in 3D, Euler
and stationary frame in their differential and conversation form:
 Continuity equation: Mass conservation of the fluid is defined as

∂ρ
+ ∇ · (ρ u) = 0
∂t

(5.10)

with ρ as the density, t as time and u as the vector of the velocities in x, y, z
directions.
 Momentum equation: This equation is defined according to Newton’s second law of motion and includes body and surface forces, while the sum of the
forces equals the change of momentum

∂ρ u
+ ∇ · (ρ u ⊗ u) = −∇p + ∇ · τ + S M
∂t

(5.11)

with p as the pressure and S M as a term for the external momentum sources.
τ is the stress tensor, which is related to the strain rate with


2
T
τ = µ ∇ u + (∇ u) − δ ∇ · u
(5.12)
3
while µ is the molecular dynamic viscosity and δ the Kronecker delta function.
 Energy conservation: According to the first law of thermodynamics equals,
the change of energy is the sum of added heat and work done by the fluid,
including thermal conductivity, diffusion, viscous dissipation and chemical reactions and volumetric heat sources. The total energy conservation equation
is therefore

∂(ρ htot ) ∂p
+
+ ∇ · (ρ u htot ) = ∇ · (λcon ∇T ) + ∇ · (u · τ ) + u · S M + SE (5.13)
∂t
∂t
with λcon as the thermal conductivity and T the temperature. The total
enthalpy htot is related with the static enthalpy hent (T, p) with htot = h+1/2 u2 .
In most flows the viscous work term ∇·(u·τ ), which models the internal heating
by the viscosity of the fluid, can be neglected. SE defines an external energy
source or sink.
 Heat flux in wall region: The calculation of the heat flux between the wall
of the solid, i.e. the workpiece surface, and the fluid, i.e. the coolant-air flow,
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is given with
qw =

ρ cp u∗
(Tw − Tf )
T+

(5.14)

with Tw the wall and Tf near-wall fluid temperature, cp fluid heat capacity
1/4 1/2
and u∗ , which is an alternative velocity scale u∗ = Cµ kT calculated with a
model constant Cµ and the turbulent kinetic energy kT . The non-dimensional
temperature T + is calculated depending on the applied wall functions. The
wall heat transfer coefficient depends on these variables, which are considered
in the simulation.
 Conjugate heat transfer: In solid domains the conservation of energy accounts for the heat transport due to solid motion, conduction and volumetric
heat sources

∂(ρS hS )
+ ∇ · (ρS uS hS ) = ∇ · (λcon.S ∇T ) + SE
∂t

(5.15)

with ρS , hS and λcon.S as enthalpy, density and thermal conductivity of the
solid, SE as an volumetric heat source and uS as the solid velocity. In conjugate
heat transfer, these are coupled with the convective heat transfer due to the
surrounding fluids.
 Additional terms for turbulence: In the proposed simulations a twoequation system, the SST model, is used for the modelling of turbulence based
on the Reynolds-averaged Navier-Stokes (RANS)-equations, which give a statistical description of the turbulent flow and dissipation. The turbulent eddyviscosity µT = ρ · kT /ωT is related to the turbulent kinetic energy kT and
turbulent frequency ωT , while a limiter to the formation of the eddy-viscosity
is introduced. These considerations influence upon other terms the turbulence
kinetic energy, frequency and wall function.
 Volume fractions: For multiphase flows in the homogeneous Euler-Euler
model only one set of equations for momentum, enthalpy and continuity is
solved with a single pressure field for all phases. The volume fraction of coolant
is defined by the volume share of the coolant to the whole volume and an interphase drag coefficient is used:

φM W F =

VM W F (element/domain)
V(element/domain)

(5.16)

ANSYS CFX uses coupling in the solution strategy. This means, all hydrodynamic
equations for velocity and pressure are solved in a single system under a fully implicit
discretisation. Therefore, the solution maintains scalable, as the solution time per
node is about constant. For the time scale calculation the mode automatic is
chosen. It does depend on a length and velocity scale and takes other gradients as
for example for heat transfer into account.
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Neglected effects:
 Heat transfer between workpiece and grinding wheel: To model the
grinding gap, a distance between the workpiece and the grinding wheel is
implemented according to the state of the art and due to the technical abilities
and problems to model a sliding contact within ANSYS CFX. The gap allows to
evaluate the coolant flow, which is influenced by the rotating grinding wheel,
air flow and nozzle. There is no direct contact between the workpiece and
grinding wheel and therefore no conductive heat transfer between these bodies.
The general heat share to the grinding wheel is considered in the boundary
conditions.
 Lubrication: Due to the gap between workpiece and grinding wheel, there
is no direct lubrication measure between these components, respectively the
grain workpiece interactions. The distribution of the coolant in the grinding
gap gives an indication where lubrication occurs under grinding conditions.
Low coolant volume fractions can also induce burn provoked by the higher
friction, in particular for high greasing lubricants. In the used experimental
set-up, the coolant is based on an emulsion and therefore has relatively low
lubrication abilities.
 Porosity of the grinding wheel: The gap between the workpiece and grinding wheel is an analogy for the transport capacity of the porosity. There is a
small influence on the distribution of the coolant fluid in the grinding gap, as
the porosity does influence the axial flow movement. On the other hand, the
main coolant distribution is determined above the grinding gap.
 Chips: In the simulation neither chips nor grinding swarf are considered, as
their influence is small and the grinding geometry kept constant. Furthermore,
the flow would be influenced after passing the grinding wheel and the impact
on the heat balance is considered.

Convergence criteria: One of the essential criteria of a CFD model, beside stability of the flow and scalar field, is convergence after a certain amount of iterations.
It is defined by the trend of the result to reach the exact solution, if the lattice spacing goes to zero [179]. As the mesh cannot be made infinitesimally small, an abort
criterion is defined by an established convergence criteria. This can be a root-meansquare (RMS) of the residuals for the variables of interest e.g. pressure, momentum
or heat transfer below a certain value [201]. In the iterative solution the residual is
measured from the local imbalances of each control volume at every iteration [112].
The residual level, which can be achieved, depends on the complexity of the problem.
Higher uncertainties and residual levels appear in particular for high gradients of
speed or heat fields, complex geometries or multiphase-flow. Typically in technical
applications, RMS values below 10−4 or 10−5 are acceptable [116]. While 10−4 is
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considered loosely converged, 10−5 is already considered well converged [112]. Values
below 10−5 or even 10−6 are not always reached within a simulation.
In the conducted simulations a RMS of the momentums between 10−4 and 5 · 10−4 is
aimed for multiphase flow problems, as for one-phase simulations the goal is a RMS
below 10−4 . The RMS for the continuity of P-mass, respectively P-vol, are typically
lower. In cases for transient simulations lower RMS can be achieved. Monitoring
points are set, which are the pressure or the velocity in a certain position, for example
the grinding gap, to observe the convergence and possible fluctuations and to judge
the end of the simulation. In the multiphase flow simulations with heat transfer,
additional monitor points in the sub-surface of the workpiece are used to observe the
temperature development till a plateau is reached. One multiphase flow simulation
last about 5 − 20hrs depending on the nozzle configuration.

5.2.5

Post-processing and evaluation of results

Contour plots, stream lines and calculations of flow properties at boundaries or
defined geometries are done with ANSYS CFX-Post to evaluate and illustrate the
simulation results. Properties like flow rates or heat exchange rates in certain areas
can be deduced by the use of functions. Furthermore, data can be exported or
presented within charts.

Workstation and software: The calculations are performed on a HP Z8 server
workstation with two 12-core Intel Xeon E5-2687W v4 @3.00GHz CPUs, 192GB
DDR3 ECC RAM, Samsung NVMe SSD and a NVIDIA Quadro P4000 graphic card
via remote access. The preparation of the geometry is done with SolidWorks
2018/2019. For the CFD simulations ANSYS CFX versions 19.2/19R2 are utilised
in the workbench environment with the included meshing tools. About 150GB of
RAM are for the mesh consisting of 83 million elements, while about 5 million are
used for the solid body of the workpiece. The homogeneous model therefore has to
be used, as the performance is not available to solve both phases separately.

5.3

Mesh study

The geometry of the rotating grinding wheel and workpiece without coolant nozzles
is used to perform a mesh study to define a suitable density of cells. The focus is on
the grinding gap, where the highest gradients of the flow are expected. Consequently,
the size of mesh and the size of ambient is changed.
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5.3.1

Mesh fineness

In Figure 5.6 the development of different monitoring points, namely the velocity
and total pressure in the grinding gap, is presented for an increasing number of
elements. The evaluation is given for the centre point in the grinding gap as well as
an average value along the width of the workpiece for the position x = [10, 50]mm.
Both values do stabilize from element numbers above 53 million. Increasing mesh
sizes lead to significantly increased simulation times. The general used mesh settings
are given in Table 5.6.

Figure 5.6: Monitoring points within the grinding gap for increased mesh density in the
grinding gap for centre value and over a width of x = [10, 50]mm averaged values.

The orthogonal angle, expansion factor and aspect ratio of the mesh are approved
’ok’ by the solver. The RMS of the residuals of the momentums are below 10−4 ,
which is the defined convergence criteria, whereas the one of mass is below 10−5 .

5.3.2

Ambient size and enclosure

Figure 5.7 shows the influence on the flow velocity by different enclosures compared
to the situation without enclosure. Even with a distance of 5 − 7mm to the grinding
wheel, the airflow is influenced in the grinding gap. Figure 5.8 compares the pressure
contours on the grinding wheel, as seen through the workpiece. On the left side,
the situation without enclosure is shown. As the centre peak of the flow velocity
is lowered with an enclosure, also the pressure on the grinding wheel due to the
airflow is lower, as shown in the right side of the figure. Therefore, an enclosure is
implemented in the simulations, as it possibly affects the coolant distribution into
the grinding gap.
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Table 5.6: General mesh settings.

Expansion rate:
Defeaturing size:
Number of cells between walls:
Proximity function:

1.1
3µm
20
walls and edges
element types

Tet4:

4 Node Linear Tetrahedrons elements

Wed6:

6 Node Linear Wedge (Prism) elements

Hex8:

8 Node Linear Hexahedron elements (solid)
inflation layer

Height of first cell:
Maximum number of layers:
Aspect ratio:
Location:
Total number of elements:
Simulation time:

2µm
7
2.5
all moving walls
53 million
≈ 1.5h
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Figure 5.7: Velocity contour plots in x-y-plane for different enclosures.
A: no enclosure, B: similar to Studer S31 with constant distance,
C: symmetrical and D: simplified shield. Only version C has side panels.

Figure 5.8: Pressure contours on the grinding wheel.
Without enclosure (left), with enclosure type B (right).
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Furthermore, different ambient sizes are tested, with the results shown in Figure 5.9
together with the influence of the enclosure. Due to the enclosure, the velocities and
pressures in the grinding gap are lower. The type of the grinding wheel enclosure
as well as the increased or lowered ambient size had no significant influence on the
result. Therefore, the ambient outer diameter is maintained at 1500mm.

Figure 5.9: Monitoring points in the grinding gap of total pressure and velocity for
increased mesh density.

5.4
5.4.1

Results of CFD simulations
Airflow field

In Figure 5.10 the free airflow on the wheel surface is shown in a velocity vector
plot from the x-z-plane. Three characteristics are noticeable. First, the flow velocity
profile is lowering with increasing distance from the surface. Secondly, there is an
axial flow from the side faces of the grinding wheel into the centre and a radial flow
component away from the surface. And finally the close to the wall axial flow profile
is uneven, but rather having a peak in the centre. This peak is influenced by the
enclosure, as discussed in the previous paragraph.
Referring to the theoretical explanation of the flow of a rotating disc in the beginning
of this chapter, Figure 5.11 present the streamlines of the airflow to the side faces of
the grinding wheel from distance and over the edge to the lateral flow region, i.e. the
grinding surface. In the side view it is shown, that the fluid is moving away from the
lateral surface of the grinding wheel, while new fluid is continuously moving from
the side of the grinding wheel.
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Figure 5.10: Velocity vectors of the airflow over the grinding wheel in x-z-plane.

Figure 5.11: Streamlines of the flow of a rotating grinding wheel and workpiece in a fluid
at rest. The air is sucked from the side faces to the lateral centre, whereas the fluid is
moving away from the surface, as shown in the side view.
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Conclusions
With these CFD simulations, the airflow is shown and investigated. Within a mesh
study, the fineness and the ambient size are evaluated. The resulting mesh serves
as a base for the coolant flow simulations. The general flow structure is analysed
and corresponds to the theoretical considerations and the state of the art. The
velocity distributions in the outer and central regions of the grinding wheel surface
are shown. The influence of the enclosure is measurable and is considered in the
simulations with coolant fluid.

5.4.2

Results from the coolant flow simulations

The CFD simulation of the two-phase coolant jet impingement on the rotating grinding wheel with heat transfer is much more demanding and complex. A fully 3D model
is investigated to evaluate the distribution of fluid along the grinding wheel width.
As outlined in Chapter 2.4.3, the accuracy of this kind of simulation is much lower
compared to single-phase simulations. Especially absolute values are more difficult
to interpret, while the comparison between two flow conditions is more trustful.
General conclusions are drawn, depending on the nozzle exit and flow conditions in
the grinding gap. The goal of the simulations is to predict the differences as well
as the possibilities of different coolant supply conditions. From the 3D multiphase
coolant flow simulations, the following properties are evaluated:
 volume flow through the grinding gap
 heat flux from the workpiece to the coolant
 temperature of workpiece surface and sub-surface

Based on these observations the gradients and influence regions of the coolant distribution of single-jet nozzles are compared. For multi nozzle configurations the
distribution and uniformity are evaluated. Furthermore, the general flow behaviour,
adhesion on the workpiece and grinding wheel are observed. Figure 5.12 defines the
analysed regions. The data from the simulations is in Chapter 6 compared to the
experimental data.
Figures 5.13 to 5.16 show the iso-surface plots of the coolant volume fraction of 10%
for the different nozzle configurations and flow rates in the top row and the workpiece
surface temperatures in the bottom row, based on the experiment numbers according
to Table 4.3. In Figure 5.13 the two 4× nozzle configurations with different nozzle
diameters and volume flows are shown. The volume fraction in the grinding gap of
experiment 4 is lower and not as uniform as for the higher flow rate. A simulation
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Figure 5.12: Situation of analysed regions of the simulations.

without coolant similar to a dry grinding process is shown in the temperature plots,
where the heat transfer is limited to the airflow. In the centre plot the temperature
distribution is not as uniform compared to the right one similar to the volume
fraction plot.
Figure 5.14 and 5.15 present the results for two 1× and one 2× nozzle arrangement
for different diameters. The general profiles for the lower and higher flow rates
provided by the smaller and larger nozzle diameters are similar, while the influence
region differs for both plots. The temperatures are much higher for the lower flow
rates, as the bulk cooling apparently is more eminent for the higher flow rates. This
is assumed by the lower temperatures on the top of the workpiece.
Finally, referring to Figure 5.16, uniform cooling conditions are established by the
use of 8× single-jet nozzles. For all cases the bulk cooling over the workpiece is
increased, as a higher share and value of the fluid flow does not enter the grinding
gap. Actually, the rotating direction brings the heated workpiece right into the
target of the coolant supply to cool down the workpiece. The heated zone gets
therefore lowered surface temperatures before the next grinding cycle starts. The
lowest temperatures are achieved with dnoz = 3.0mm.
Within Table 5.7, average values referring the grinding gap are presented. The
coolant gap flow V̇sim.g is calculated in ANSYS CFX-Post and set in relation with
the supplied flow vM W F and the flow share V̇sim.g /V̇ . The highest gap flow shares
are achieved with the individual single-jet in the centre region, where about 80% of
the supplied coolant flow is transported through the gap. When comparing the two
different volume flows of 12222221, the lower flow rate is not sufficient to reach the
grinding gap as the gap flow share is very low. The airflow drags the fluid against
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Figure 5.13: Frontal view of iso-surface of coolant volume fraction of 10% for different
nozzle configurations and transparent workpiece (top row) and inclined back view of
temperature distribution on the workpiece with a transparent grinding wheel (bottom row).
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Figure 5.14: Frontal view of iso-surface of coolant volume fraction of 10% for different
nozzle configurations and transparent workpiece (top row) and inclined back view of
temperature distribution on the workpiece with a transparent grinding wheel (bottom row).
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Figure 5.15: Frontal view of iso-surface of coolant volume fraction of 10% for different
nozzle configurations and transparent workpiece (top row) and inclined back view of
temperature distribution on the workpiece with a transparent grinding wheel (bottom row).
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Figure 5.16: Frontal view of iso-surface of coolant volume fraction of 10% for different
nozzle configurations and transparent workpiece (top row) and inclined back view of
temperature distribution on the workpiece with a transparent grinding wheel (bottom row).
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the workpiece, as seen in Figure 5.16.
Table 5.7: Simulation results for flow rates with single-jet nozzles. All properties refer to
grinding gap. V̇sim.g is the gap flow from the simulation. Settings based on the grinding
experiments in Chapter 4, Table 4.3.

Number

Nozzle

V̇

vM W F

rvel

V̇sim.g

V̇sim.g /V̇

Configuration

[l/min]

[m/s]

[−]

[l/min]

[−]

0

00000000

0

-

-

-

-

1

10000000

3.0

29.8

0.60

1.8

0.6

2

00020000

3.0

16.8

0.34

2.4

0.8

3

10002000

7.5

26.8

0.54

4.9

0.7

4

10202020

8.0

12.5

0.25

4.4

0.6

5

12222221

8.0

6.3

0.13

1.8

0.2

6

12222221

24.0

18.8

0.38

10.4

0.4

7

30000000

6.0

14.9

0.30

2.5

0.4

8

00030000

6.0

14.9

0.30

5.7

1.0

9

30003000

12.0

14.9

0.30

6.7

0.6

10

30303030

16.0

9.9

0.20

7.5

0.5

11

33333333

24.0

7.4

0.15

7.3

0.3

Table 5.8 evaluates the heat transfer and temperatures of the workpiece. The wall
heat flux share for the grinding gap qgap.share and the whole workpiece surface without
the grinding gap qbulk.share are calculated based on the area integral wall heat flux
from ANSYS CFX-Post. The Nusselt number for the grinding gap is calculated based
on Equations (2.10) and (2.11) with λcon.M W F = 0.6069W/(m · K) and an area of
Agap = hgap · wwp = 30mm2 . The reference length is chosen with L = wwp = 60mm
as the width of the grinding gap. Finally, the grinding gap average heat flux and
surface temperature are used. The total surface area of the workpiece without the
grinding gap is Abulk = 16924mm2 , which is 564 × Agap . To compare the heat flux
shares between the grinding gap and bulk workpiece, the much higher area has to
be considered. Despite the highest temperatures and the supplying of the coolant
into the grinding gap, the highest share of energy is taken from the workpiece in the
bulk region. It is clear, that the coolant is apparent above and below the grinding
gap. With these estimations the bulk cooling has not to be underestimated, but it
is also the highest close to the grinding gap, which needs a well balanced and placed
coolant supply in the grinding gap region. The bulk temperatures on the surface are
in the range of 40 − 172◦ C, while the not cooled workpiece is 380◦ C. Typically, the
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coolant reaches the workpiece till the end of the grinding process, while a fluid film
will remain and cool the workpiece after the grinding process. From the experience
of the experiments, the workpieces with only one nozzle are warm after the grinding
process, in case of experiment 1 very hot. A workpiece ground without coolant is in
the range of a few hundred ◦ C. The surface integrity, and in particular the residual
stresses, are defined by the highest process temperature and its impact time.
Table 5.8: Simulation results for heat transfer with single-jet nozzles. Properties refer to
grinding gap or whole workpiece surface without grinding gap. Settings based on the
grinding experiments in Chapter 4, Table 4.3.

#

Nozzle

V̇

qgap.share

Tgap.av

N ugap

qbulk.share

Tbulk.av

Configuration

[l/min]

[−]

[◦ C]

[−]

[−]

[◦ C]

0

00000000

0

0.02

894

42

0.98

380

1

10000000

3.0

0.06

578

208

0.94

172

2

00020000

3.0

0.10

456

380

0.90

93

3

10002000

7.5

0.12

467

475

0.88
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4

10202020

8.0

0.10

406

537

0.90

71

5

12222221

8.0

0.09

416

444

0.91

48

6

12222221

24.0

0.11

363

689

0.89

44

7

30000000

6.0

0.08

486

335

0.92

99

8

00030000

6.0

0.08

468

350

0.92

87

9

30003000

12.0

0.12

413

518

0.88

68

10

30303030

16.0

0.12

371

653

0.88

48

11

33333333

24.0

0.11

368

629

0.89
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Volume fractions in steady state and transient simulations: The volume
fraction can be interpreted by an air-coolant mixture. The properties in the elements
are calculated based on the composition, which influences the heat transfer in the
grinding gap. The results of the steady state simulations are comparable to averaged
solutions of transient simulations. For the illustration, a transient simulation can
be compared with high-speed imaging, as the flow field is resolved in time and
space. In contrast to that, steady state simulations do compare with a long time
exposure photograph, similar to an averaging of a transient simulation. In the used
homogeneous model, both phases are resolved in one flow field by their volume
fractions. The relatively low volume fractions arise from different reasons. The
break-up of the jet, which is time averaged, delivers a physical explanation, as shown
148

5.5. Coolant jets in grinding

in Figure 2.16. Contributing to that is the use of RANS-equations in turbulence
models, as vortexes and boundary layers are not resolved. Additionally, artificial
diffusion is generated due to numerical rounding, which is minimised by the use of
high resolution schemes.

5.5

Coolant jets in grinding

5.5.1

Flow regime and properties

The flow regime of the coolant jet has a big impact on its adhesion to the grinding wheel and thus the transport into the grinding gap as shown in Chapter 5.5.2.
Therefore, the correct choice of the flow parameters and nozzle geometry are eminent, as the flow regime determines the possible effect on cooling, lubrication and
flushing of chips in the grinding gap.
Figures 5.17 and 5.18 show coolant jets for increasing pressures, respectively flow
rates and jet velocity. The high-speed camera set-up is described in Chapter 3.2.1
and used at a frame rate of 12000f ps. Therefore the exposure time of one image
is about 1/12000s = 0.83µs. Both nozzles are of round cross-section, while the
diameter and straight section for the outflow zone are different. The first nozzle is
reamed in order to improve the inner flow surface. While for very small pressures
small waves are already noticeable, at a pressure of pnoz = 1.75bar a break-up wave
and droplets are visible with a wide dilatation of the jet. Increasing pressure leads
to atomisation of the fluid. The behaviour of the shown nozzle produced with the
selective-laser-melting process is different, as the roughness of the inner surface is
much higher with Ra > 15µm and the geometry is different. For the lowest pressure,
single droplets are formed, while the dilation is lower for higher pressures in relation
to the outlet diameter. The break-up and in particular atomisation comes along
with the mixture with air. In any case the flow can only be considered steady in
time and space for coherent jets. If the jet breaks up or is converted into a spray,
the flow is unsteady.

5.5.2

Interaction between grinding wheel and coolant jet

High-speed imaging is a versatile tool for the qualitative determination of the interaction of the coolant jet with the grinding wheel and the influence of the airflow. In
this chapter are still images from high-speed records for two different view angles of
the grinding wheel presented. The frame rates are in the range of 12000 − 13000f ps,
which relates to exposure times of 0.83 − 0.77µs.
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Figure 5.17: High-speed imaging (12000fps) from a coolant jet of a reamed round nozzle.
Different flow regimes from waves till atomisation (left to right).
Nozzle length lnoz = 50mm, nozzle diameter dnoz = 6mm, sharp edges at aperture.

Figure 5.18: High-speed imaging (12000fps) from a coolant jet of a SLM round nozzle.
Different flow regimes from droplets, waves and droplets till atomisation (left to right).
Nozzle length lnoz = 10mm, nozzle diameter dnoz = 2mm, sharp edges at aperture.
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Side view
In the Figures 5.19 and 5.20 the tangential flow of the coolant jet is shown for two
different cutting speeds and three different coolant jet exit speeds. In Figure 5.19
the circumferential velocity is lowered to vc = 10m/s, while for the lowest flow rate
the coolant attaches to the grinding wheel as described by the Coandă effect. The
coolant flows along the grinding wheel and is partially sucked in the porosity. When
the jet speed is increased, the jet flow regime changes with the exit speed. The
coolant is not anymore fully attached to the grinding wheel as shown in the centre
figure, as part of the coolant flows straight all over the grinding wheel. Further
increase of the exit speed changes the flow regime of the coolant jet to droplets. In
that case most of the coolant is repelled from the grinding wheel.

Figure 5.19: Coolant jet adhesion and deflection on grinding wheel with vc = 10m/s
under tangential nozzle orientation, at (12000fps).
Nozzle length lnoz = 50mm, nozzle diameter dnoz = 6mm, sharp edges at aperture.

If the circumferential speed of the grinding wheel is increased to vc = 50m/s, the
deflection increases. The coolant is entirely repelled from the grinding wheel for
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the lowest coolant flow speed, while the middle flow rate apparently has better
adherence to the grinding wheel compared to the lower wheel speed. The highest
flow rate otherwise has less adherence to the grinding wheel, as literally all coolant
is repelled by the grinding wheel airflow and speed.

Figure 5.20: Coolant jet adhesion and deflection on grinding wheel with vc = 50m/s
under tangential nozzle orientation, at (12000fps).
Nozzle length lnoz = 50mm, nozzle diameter dnoz = 6mm, sharp edges at aperture.

Front view
For low flow rates the airflow can be visualised using the coolant jets as shown in
Figure 5.21. The flow direction of both outer coolant jets is shifted into the centre
line and away from the lateral face of the grinding wheel due to the described radial
and side airflow.
In Figure 5.22 three different flow situations are shown in front view. In the left and
middle images a volume flow of V̇ = 13l/min is shown applied by two and eight
nozzles. For the lower flow speeds by the eight nozzles, the coolant is completely
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Figure 5.21: Coolant jet adhesion and deflection on grinding wheel with vc = 50m/s
under 45◦ nozzle orientation, front view (left) and oblique view (right), for 3 nozzles.
Nozzle length lnoz = 150mm, diameter dnoz = 1.5mm, sharp edges, low volume flow.

repelled from the grinding wheel. If the flow rate is increased, the coolant can
impinge on the grinding wheel. Also, the width of the coolant zone on the grinding
wheel is much larger than the nozzle outlet diameter, as shown in the right side.
The complete wheel width of wgw = 63mm appears to be flooded by coolant despite
a total nozzle exit width of only 8 · 3mm = 24mm.
As known from the useful flow considerations, the flow delivered into the grinding
zone is eminent for the possible process performance. Correspondingly, the adherence of the coolant flow to the grinding wheel is necessary for the supply and
efficiency of cooling. Exit speed, respectively velocity ratio, flow regime and position
play an important role to assess the coolant supply.

5.6

Flow observations in the grinding gap

The goal of this investigation is the understanding of the coolant supply into the
grinding gap. Testing different coolant volume flows for various nozzles, the grinding
gap filling as well as the axial distribution of the coolant flow along the width of
the grinding wheel are investigated. In particular for single-jet nozzles, the region
of influence is tested for different diameters and positions, to assess the capability of
single-jet nozzles to provide a uniform coolant supply. On the other hand, the use
of different nozzle types with the same volume flow rate show the mere influence of
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Figure 5.22: Coolant jet adhesion and deflection on grinding wheel with vc = 50m/s
under 45◦ nozzle orientation, front view, for 2×, respectively 8× nozzles at (13000fps).
Nozzle length lnoz = 150mm, nozzle diameter dnoz = 3.0mm, sharp edges at aperture.

the nozzle cross-section on the coolant supply.

5.6.1

Set-up and evaluation

The set-up is described in Chapter 3.1.3, the image acquisition settings are explained
in Chapter 3.2.2 and in Chapter 3.1.1 the used nozzle types are shown. The total
observation field includes, beside the grinding gap area, the zone before and after
the grinding contact, where the coolant is entering, respectively leaving, from the
contact zone. Furthermore, the sides are visible showing excess coolant flow passing
by the grinding contact zone. The following steps are taken in MATLAB to evaluate
the coolant flow in the grinding gap:

1. read images, save data in a structure array and convert them into grey image
with a value range of [0, 1] in the data type format double
2. averaging from three consequent images, as base for further investigations
3. mean value calculation of the grey values for every column of 361 pixels,
results in a distribution along width of grinding wheel for x = [0, 61.75]mm
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4. noise removing respectively zero-level definition and removing of non-uniform
illumination, by subtracting the values of the pictures without coolant supply
5. scaling of the distributions of the illumination by dividing with the highest
value from all pictures resulting in a range of [0, 1]
6. Savitzky-Golay smoothing with polynomial of 3rd order is applied [159]

Figure 5.23 illustrates the conversion from grey value intensities to the specific volume flow distribution. The mean of the three images of the given flow conditions is
presented on top of the figure, while on top of the graph the positions and sizes of
the used coolant nozzles are indicated. On the left side the distribution of ivis.g (x)
of each column is shown. The values are given as the corrected and normalised
intensity mean values [0, 1] along the width of the grinding gap.

Figure 5.23: Distribution of the coolant flow in grinding gap for a 00010000 configuration
with V̇ = 2l/min. Mean of three images and improved contrast (top). Intensity plot (left)
and the converted specific volume flow rate, Savitzky-Golay smoothing (right).

For further investigations, the integral of the intensity Ivis.g is related with the known
volume flow V̇ for the presented reference case of one single-jet nozzle. The comparison factor fvol is defined by assuming a supply of fcor (ref ) = 95% of the volume flow
into the grinding gap. Despite this assumption is made for an individual single-jet
nozzle, positioned in the centre region, some coolant flow will bypass the grinding
gap by the sides and over the top of the Plexiglas. In case of an underestimation,
the correction factor is equally underestimated and the actual gap flow higher. If
the gap flow is overestimated, also the correction factor is overestimated. Both cases
would not have an influence on the flow distribution but rather on the absolute values. However, the distribution of the coolant flow is the most important evaluation
in this experiment, while the absolute values are estimated in the correct order of
magnitude.
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The specific integral of the intensity ivis.g.av = Ivis.g /wpix is then put in relation with
the specific volume flow:

fvol =

V̇vis.g.av (ref ) · fcor (ref )
ivis.g.av (ref )

(5.17)

while V̇vis.g.av = V̇vis.g /wgw is the average specific volume flow in [l/min/mm], with
wgw the width of the grinding wheel. By the use of the factor fvol it is possible to
convert the corrected intensity into the specific flow per mm in the grinding gap,
as shown in Figure 5.23, right side, where the volume flow distribution is shown.
0
The integral of the volume flow V̇vis.g
over the width of the grinding wheel is the
total volume flow in the grinding gap V̇vis.g from the visual observation. To compare
the total volume flows a new factor fvol.g is introduced. This factor refers to the
integrals of volume flow V̇vis.g and intensity Ivis.g and is also defined to the reference
example from the 00010000 nozzle configuration in relation to the grinding wheel
width in [mm] instead of the number of pixels.

V̇ (ref ) · fcor (ref )
Ivis.g (ref )

(5.18)

V̇vis.g = fvol.g · Ivis.g

(5.19)

V̇vis.g.f ill = V̇vis.g /V̇vis.g.max

(5.20)

V̇vis.g.share = V̇vis.g /V̇vis

(5.21)

fvol.g =

The absolute value of the flow into the gap V̇vis.g is considered as the useful flow
share by Jackson et al. [97], while the maximum filling is related to the maximum
0
measured value in the experiments V̇vis.g.max = fvol.g · V̇vol.g.max
· wgw = 4.9l/min. A
further evaluation includes the filling of the grinding gap V̇vis.g.f ill , which is the ratio
of the observed coolant flow in the gap to the maximum filling. The total flow share
V̇vis.g.share is the ratio of the observed flow in the grinding gap to the measured flow
from the experiment. A reasonable specific flow rate according to the graphs and
0
experience values is set to V̇vis.g.min
= 0.045l/min/mm, which adds up to a volume
flow into the grinding gap of V̇vis.g.min = 2.8l/min. Depending on the chosen nozzle,
the supplied flow rate is much higher as typical values of the supplied coolant flow
are in the range of V̇ = 15 − 30l/min.

5.6.2

Results of the flow distribution in the grinding gap

Figures 5.24-5.26 show progressions of the coolant distribution in the grinding gap
for different flow rates and nozzle cross-sections in comparison. None of the graphs
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show a perfect uniform distribution of the coolant in the grinding gap. There is
always a lower flow distribution to the sides. This might be due to the flow of the
coolant over the open sides or the air flow of the grinding wheel.
Figure 5.24 left side compares different individual nozzles from dnoz = 1.5mm to
dnoz = 3.0mm. The region of influence is clearly defined and its size is a few times
the nozzle outlet diameter. The smallest regions of influence are observed for the
dnoz = 2.0mm nozzle. On the right side 4× nozzle configurations with a distance
of 14.0mm are shown. Again the dnoz = 2.0mm has the lowest gap filling with
comparable volume flows. In case of the dnoz = 3.0mm nozzles the doubling of the
volume flow has a rather small influence on the result, while the profile is less wavy.

Figure 5.24: Influence of nozzle diameter and volume flow on calculated specific grinding
gap filling profile from visual observation. Individual nozzles (left) vs. 4× nozzle
configuration (right). The numbers refer to Table 5.9. Savitzky-Golay smoothing applied.

Figure 5.25 compares four different single-jet nozzle combinations of dnoz = 1.5mm
in the left and dnoz = 3.0mm in the right diagram. The flow rates are comparable
and about constant per nozzle. First of all, the distribution is apparently smoother
for the larger diameter. When employing one individual single-jet nozzle on the
left side, the region of influence is much wider in case of dnoz = 3.0mm, while the
velocity ratio is with rvel = 0.15 compared to rvel = 0.44 much lower. The 4× nozzle
configurations with 14mm distance provide an uniform filling of the grinding gap,
while the profile of dnoz = 3.0mm is smoother. The use of 8× nozzles with the
doubled flow rate has not a huge impact on the observed gap flow profile.
In Figure 5.26 a 33333333 nozzle configuration is compared with a 2× Loc-Line
nozzle. The coolant flow in the gap within the single-jet nozzles differs only between
5 − 15% despite provided flow rates between V̇ = 12 − 40l/min, which correlate
to an velocity ratio of rvel = 0.07 − 0.25. The minimum estimated gap flow rate
0
V̇vis.g.min
is obtained for almost the whole width of the grinding wheel. A hypothesis
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Figure 5.25: Influence of nozzle configuration on observed specific grinding gap filling
profile. dnoz = 1.5mm (left) vs. dnoz = 3.0mm configurations (right) with about constant
volume flow rate per nozzle. Savitzky-Golay smoothing applied.

to explain this behaviour is the region of influence, as shown in Figure 5.24, right
side. Higher flow speeds locally increase the gap filling to the possible maximum,
which is limited as seen between the purple and yellow curves. A further increase
of the flow speed does not increase the gap filling, possibly due to the flow regime.
The behaviour of the Loc-Line nozzles is different. Despite the higher maximum
flow rate, the velocity ratios are significant lower rvel = 0.02 − 0.12. There is a
strong relation between the supplied volume flow V̇ = 12 − 64l/min and the filling
of the grinding gap. With the lowest flow rate no sufficient filling of the grinding
gap is achieved, which is probably due to the airflow of the grinding wheel. From
V̇ = 16l/min a similar flow distribution to the single-jet nozzles is provided. With
increasing flow rates the gap filling is still increasing. The maximum supply of the
nozzles was limited by the machine set-up.
Within Table 5.9, an overview of important parameters is given. The maximum
achieved velocity ratios are about 50%, while for the Loc-Line and flat-nozzles a
maximum value of 25% is reached. Typical values for Loc-Line nozzles in industrial
practise are below 10%. Within the experimental set-up the supply is limited to
the shown values. As indicated by Ott [160], if the coolant flow can attach to the
grinding wheel and reach the grinding gap, the fluid is accelerated by the grinding
wheel to the cutting speed. To judge the distribution of the coolant due to the
single-jet nozzles, the active width wact.noz of the coolant nozzles is calculated by
the sum of the diameters dnoz of the active nozzles nnoz over the width of the grinding
wheel with:

wact.noz = (nnoz · dnoz )/wgw
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Figure 5.26: Influence of nozzle type on calculated specific grinding gap filling profile
from visual observation. 33333333 single-jet nozzle configuration (left) vs. 2× Loc-Line
nozzle (right) with different volume flows. The numbers refer to Table 5.9.
Savitzky-Golay smoothing applied.

Furthermore, the V̇vis.g(>0.045) represents the ratio of the width of the grinding wheel
0
= 0.045l/min/mm to the whole width. Values of
with a gap filling over V̇vis.g.min
90%, which represents a sufficient gap filling along over 90% of the grinding wheel
width, are accomplished with dnoz = 3.0mm single-jet nozzles having an active
width wact.noz of only 19%. To assess the efficiency of the nozzles, the share of fluid
supplied to the grinding gap is eminent in relation to the total supplied volume flow.
With V̇vis.g.share values of less than 20% for sufficient filling rates, most of the coolant
is not supplied into the grinding gap, which agrees well with Engineer et al. [50].
The average filling of the grinding gap V̇vis.g.f ill is shown in the last column. For
a sufficient coolant supply, which is here defined with V̇vis.g(>0.045) , a higher filling
would indicate an oversupply of coolant into the grinding gap. These values do not
account for the uniformity of the coolant distribution, which is shown in the graphs.
In general, with increasing flow rates of one particular nozzle, the gap flow share
decreases V̇vis.g.share , while for the single-jet nozzles also the gap filling V̇vis.g.f ill can
decrease slightly.
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Table 5.9: Overview of the achieved parameters of the grinding gap filling of the
conducted experiments for different nozzles and flow rates.

wact.noz

V̇

vM W F /vc

V̇vis.g(>0.045)

V̇vis.g.share

V̇vis.g.f ill

[−]

[l/min]

[−]

[−]

[−]

[−]

10101010

0.10

4.8

0.24

0.45

0.56

0.54

2

10101010

0.10

8.5

0.42

0.49

0.32

0.55

3

10101010

0.10

11.4

0.57

0.39

0.23

0.53

4

11111111

0.19

11.0

0.27

0.69

0.27

0.59

5

11111111

0.19

16.0

0.40

0.63

0.18

0.58

6

11111111

0.19

20.5

0.51

0.53

0.13

0.56

7

20202020

0.13

10.7

0.30

0.00

0.15

0.32

8

20202020

0.13

16.0

0.45

0.00

0.12

0.38

9

20202020

0.13

20.0

0.56

0.00

0.10

0.41

10

22222222

0.25

13.0

0.18

0.00

0.13

0.35

11

22222222

0.25

16.0

0.22

0.00

0.12

0.38

12

22222222

0.25

24.0

0.34

0.00

0.09

0.44

13

22222222

0.25

37.0

0.52

0.07

0.07

0.50

14

30303030

0.19

12.0

0.15

0.91

0.27

0.66

15

30303030

0.19

16.0

0.20

0.92

0.20

0.66

16

30303030

0.19

24.0

0.30

0.78

0.13

0.63

17

33333333

0.39

12.0

0.07

0.83

0.26

0.64

18

33333333

0.39

16.0

0.10

0.96

0.21

0.68

19

33333333

0.39

24.0

0.15

0.95

0.14

0.67

20

33333333

0.39

40.0

0.25

0.91

0.08

0.64

21

Loc-Line 3x

0.85

13.0

0.03

0.86

0.25

0.67

22

Loc-Line 3x

0.85

16.0

0.04

0.88

0.21

0.69

23

Loc-Line 3x

0.85

24.0

0.06

0.91

0.15

0.73

24

Loc-Line 3x

0.85

67.0

0.18

0.96

0.06

0.79

25

Loc-Line 2x

0.90

12.0

0.02

0.00

0.15

0.36

26

Loc-Line 2x

0.90

16.0

0.03

0.89

0.20

0.65

27

Loc-Line 2x

0.90

24.0

0.05

0.93

0.16

0.76

28

Loc-Line 2x

0.90

64.0

0.12

1.00

0.07

0.85

29

Flat-nozzle

1.00

13.0

0.05

0.67

0.22

0.58

30

Flat-nozzle

1.00

16.0

0.06

0.78

0.20

0.64

31

Flat-nozzle

1.00

24.0

0.09

0.86

0.14

0.67

32

Flat-nozzle

1.00

64.0

0.24

0.94

0.06

0.73

#

Config

1
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Chapter 6
Correlations between Coolant
Supply and Surface Integrity
In this chapter four points are discussed: First, the impact of a single coolant nozzle
on the surface of the workpiece is investigated and compared to multi nozzle arrangements. Secondly, relations between roughness and residual stress measurements are
evaluated. Subsequently, the experiments and the CFD flow simulations are compared and finally, results from industrial like grinding cycles are shown and used
to prove the capability of the concept of single-jet nozzles in grinding applications,
without compromising surface quality.

6.1

Impact of a single-jet coolant nozzle on the
surface

6.1.1

Grinding test to define coolant dependent grinding
wheel wear

The final surface quality in grinding and the roughness of the workpiece in particular
depends on various parameters, while the main ones are related to:
 material removal rate
 grinding wheel properties
 dressing method and parameters
 workpiece material
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Besides that, the coolant supply situation has a huge impact, while the following
parameters are relevant for the presented principle:
 volume flow rate and velocity ratio
 distribution of coolant by nozzle cross-section (here: diameter and distance)
 nozzle orientation
 coolant type

Therefore, to predict the final surface quality, deep specific knowledge about the
machine and the process is necessary. Furthermore, the whole coolant supply conditions have to be considered. To build a comprehensive theoretical model for the
final surface roughness distribution, many assumptions and simplifications are unavoidable. In particular 3D models of the coolant distribution are rare and usually
limited to basic cross-sections of the nozzle. In any case, even if a holistic model
is available, the gathering of all parameters is time consuming. Thus, in order to
evaluate the possible roughness distribution along the workpiece axis for a given
process, the following steps are proposed to optimise a single-jet coolant nozzle for
a uniform coolant supply.

1. test grinding/dressing parameters:
 only rough grinding without spark-out
 high total feed
 fine dressing parameters

2. grinding with the given set-up and providing a sufficient amount of coolant
 examine the minimum possible roughness under good cooling conditions
 favourable residual stress distribution
 uniform profile for roughness, residuals stresses and other parameters

3. optional, based on a dry grinding experiment to determine the maximum
roughness of the given process
4. grinding test with an individual single-jet nozzle on various positions, i.e. edge
and centre region, to determine the influence region of the coolant and the
distribution in the grinding gap
(a) determine influence region by roughness and residual stress profiles
(b) different nozzle diameters, orientations and volume flows are possible
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(c) at this point CFD simulations of the coolant flow can be used for parameter studies
5. based on the investigated regions of influence
(a) composition of various nozzles by a composition and minimum value curve
(b) define necessary distances of the nozzle configuration to achieve uniform
roughness profiles
(c) grinding test with the calculated nozzle configuration
(d) evaluate the uniformity and absolute values of the roughness and other
workpiece surface parameter
6. the effects on the roughness need to be clear and distinctive in the profile,
otherwise an adaptation of the parameters is necessary

The use of an individual single-jet nozzle on a wide grinding wheel provokes an
non-uniform coolant situation. While close to the position of the nozzle a sufficient
coolant supply is expected, in a certain distance from the coolant nozzle position
the coolant supply becomes insufficient. In these experiments real coolant supply
conditions are determined. Besides the flow through gap the bulk flow over the
workpiece is included, which also accounts for the cooling of the whole workpiece.
Using grinding parameters without fine grinding and spark-out increases the visibility of the influence region. Furthermore, it is assumed, that under normal grinding
conditions the surface, including the distribution of the roughness, is equal or better
with fine grinding and spark-out.

6.1.2

Region of influence in roughness profile

Figure 6.1 shows two graphs with two different single-jet nozzle configurations positioned in the left with dnoz = 1.5mm and dnoz = 3.0mm or centre region of the
workpiece with dnoz = 2.0mm and dnoz = 3.0mm. The coolant flows are doubled
for the larger nozzles. To set the influence region with the outlet diameter of the
nozzle in relation, on the top of the graphs the nozzles are shown with their position
and diameter. A lower roughness value is considered as a better coolant supply
condition.
The comparison of the two different coolant nozzles supplying on the left side shows
significant differences in the level of the roughness. The higher flow rate generates
much lower roughness values over the whole profile. A difference of the maximum
roughness values of about 0.18µm is calculated. For the small diameter, a linear fit
is applied, while the larger nozzle is approximated with a second order polynomial
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fit of the form pf it (x) = p0 · x2 + p1 · x + p2 by using the in MATLAB implemented
function polyfit. The calculated parameters are presented in Table 6.1. The velocity
ratio is about 0.6 for the smaller and 0.3 for the larger nozzle. In the case of the
coolant supply in the centre region by a dnoz = 2.0mm and dnoz = 3.0mm nozzle, the
velocity ratio is rvel ≈ 0.3 for both cases. Due to the scaled y-axis, the differences
are increased, but cannot be judged due to their small values. The larger diameter
produces a wider profile. The minimum roughness is smaller for both compared to
the left position of the nozzle, where more fluid is deflected away from the grinding
gap.

Figure 6.1: Roughness profiles of single-jet nozzles with two diameters on left side,
respectively in the centre region. Moving average of roughness profiles represented with
circles, step size 0.8mm, dashed lines represent the linear fit or second order polynomial
fit curves and the green line represents the minimum roughness profile by the fitting
curves and maximum defined roughness value. Thin dashed lines represent an upper and
lower threshold of the moving average on the left and of the minimum values in the right.

6.1.3

Combination of influence regions for uniform coolant
supply

It is shown, that the regions of influence are larger than the single-jet nozzle diameter. In the next step these fitting curves are combined according to the number of
nozzles, and a minimum curve is drawn. In Figures 6.2 and 6.3 two examples are
shown for different nozzle diameter of 4× and 8× configurations. Comparing the
red dashed lines with the blue circles, all curves are within the defined thresholds of
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Table 6.1: Fitting parameter for 1st and 2nd order polynomial fits in MATLAB
with polyfit for the roughness curves of individual nozzles.

pf it (x) = p0 · x2 + p1 · x + p2

General equation
Nozzle

Position

p0

p1

p2

Ø1.5mm

left side

0

+0.00452

+0.34311

Ø2.0mm

centre region

+0.00029

−0.01450

+0.49489

Ø3.0mm

left side

+0.00005

+0.00094

+0.33097

Ø3.0mm

centre region

+0.00011

−0.00554

+0.40538

the simulated roughness standard deviation sk.M C = 0.017µm, which is calculated
in Chapter 3.3.3.
In Figure 6.2 the small nozzles are compared. Here, for the 4× configuration the
left nozzle influence region had to be used, as the single nozzles roughness values are
about 0.05µm lower. On the other hand, for the 8× configuration the centre region
nozzle curve fit agrees well with the measured profile, but not the nozzles on the
edge. Apparently the amount and distribution is too low for the 4× configuration, to
reach the minimal possible roughness of 0.3µm. Furthermore, the measured profile
is smoother than the calculated, as the spaces between the nozzles are apparently
supplied better.

Figure 6.2: Roughness profiles for 4× and 8× small nozzle arrangements represented by
the blue circles as the moving average values, step size 0.8mm. Dashed red lines
represent the second order polynomial fit curves of the individual nozzles and the green
line represents the minimum roughness profile by the composition of the polynomial fits.
Thin dashed lines represent an upper and lower threshold of the moving average.

The measured and composed roughness profiles for the dnoz = 3.0mm nozzles agree
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well, as shown in Figure 6.3. The increasing roughness values in the 4× configuration
in the left side is again in the range of 0.05µm and probably due to the large distance
between the nozzles. Potentially the influence of the grinding wheel, workpiece
material or airflow plays a role.

Figure 6.3: Roughness profiles for 4× and 8× large nozzle arrangements represented by
the blue circles as the moving average values, step size 0.8mm. Dashed red lines
represent the second order polynomial fit curves of the individual nozzles and the green
line represents the minimum roughness profile by the composition of the polynomial fits.
Thin dashed lines represent an upper and lower threshold of the moving average.

These examples show the capabilities of the proposed procedure. Several optimisations are possible concerning the flow rates, nozzle diameters, distances and orientation, which are also constraints given by the availability and machine options.
In comparison to the roughness values, the evaluation of the residual stresses is less
suitable in terms of absolute numbers as they can vary between workpieces. The
comparison of the effect on the profile is still possible.

6.2

Relation between residual stresses and roughness

A relation between surface roughness and residual stresses is expected, due to their
similar impact factors. As the mechanical load due to the grinding process is assumed constant for all experiments and along the workpiece axis, the coolant distribution is the only variable. Referring to a emulsion with a low concentration of oil,
the cooling outweigh the lubrication effects. In the following figures the roughness
and residual stress distributions are opposed in one graph for different coolant nozzle configurations. The scaling is set on the basis of one graph. Figure 6.4 and 6.5
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show the distributions for one individual single nozzle in the left, respectively in the
centre region. For the left nozzle position the residual stresses decreases after a peak
of about 700M P a, while the roughness remains high. The gradients for the centre
region coolant supply are very similar including the influence region of the coolant
supply.

Figure 6.4: Roughness measurement in comparison to residual stress profile,
step size 0.8mm. Coolant supply by one individual single-jet nozzle in the left.

Figure 6.5: Roughness measurement in comparison to residual stress profile,
step size 0.8mm. Coolant supply by one individual single-jet nozzle in the centre region.

Two and four nozzle times configurations are shown in Figure 6.6 and 6.7, which
reveal a similar profile. For the 2× nozzle arrangement the differences of the roughness are in the order of 0.05µm and the residual stresses between 0−400M P a, while
the 4× nozzle arrangement shows about the half of the absolute deviations. Both
profiles are similar in their general behaviour. Configurations for uniform coolant
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conditions are shown in Chapter 4 for roughness in Figure 4.5, residual stress in
Figure 4.12, FWHM-values in Figure 4.16 and for hardness in Figure 4.17. In all
cases a straight profile of the evaluated values is achieved.

Figure 6.6: Roughness measurement in comparison to residual stress profile,
step size 0.8mm. Coolant supply by two single-jet nozzles.

Figure 6.7: Roughness measurement in comparison to residual stress profile,
step size 0.8mm. Coolant supply by four single-jet nozzles.

6.3

Combination of the results from CFD simulation and experiments

In this chapter the measured parameters of the roughness, residual stresses and
FWHM values of the reflection peaks are opposed with the numerical calculated
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temperature profiles 0.01mm below the surface and volume flow fraction of the
coolant in a distance to the workpiece surface of 0.01mm in the grinding gap. In
contrast to the single-point measurement presented in Chapter 4.3, with the simulations the whole temperature profile can be evaluated. The following relations are
assumed:
 roughness is influenced by the availability of coolant - Figure 6.8
 residual stresses are related with the workpiece temperatures - Figures 6.9-6.12
 FWHM values of the reflection peaks are related to the inverse temperature
profile - Figures 6.13-6.14

The following figures show normalised curves for better comparison of the distributions. The focus is led on the graphs with 1 − 4× coolant nozzle configurations,
which show higher gradients.

Figure 6.8: Comparison of the roughness measurement with the volume fraction profile
from the CFD simulation, step size 0.8mm. Both curves are normed to [0, 1].
Coolant supply by two single-jet nozzles.

In general, the graphs with an individual nozzle show the best agreement, as the
differences are higher for the normalising. Important to mention are the similar
influence regions for the single nozzle graphs, which allows to support the modelling
with CFD simulation results.

Reasons for the associated values
Low roughness values and residual stresses as well as high FWHM values are associated with good coolant supply to the grinding zone. The basic gradients of their
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Figure 6.9: Comparison of the residual stress measurement with the temperature profile
from the CFD simulation, step size 0.8mm. Both curves are normed to [0, 1].
Coolant supply in the centre region.

Figure 6.10: Comparison of the residual stress measurement with the temperature profile
from the CFD simulation, step size 0.8mm. Both curves are normed to [0, 1].
Coolant supply by two single-jet nozzles.
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Figure 6.11: Comparison of the residual stress measurement with the temperature profile
from the CFD simulation, step size 0.8mm. Both curves are normed to [0, 1].
Coolant supply by two single-jet nozzles..

Figure 6.12: Comparison of the residual stress measurement with the temperature profile
from the CFD simulation, step size 0.8mm. Both curves are normed to [0, 1].
Coolant supply by four single-jet nozzles.
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Figure 6.13: Comparison of the FWHM values of the reflection peaks with the inverse
temperature profile from the CFD simulation, step size 0.8mm.
Both curves are normed to [0, 1]. Coolant supply in the centre region.

Figure 6.14: Comparison of the FWHM values of the reflection peaks with the inverse
temperature profile from the CFD simulation, step size 0.8mm.
Both curves are normed to [0, 1]. Coolant supply by two single-jet nozzles.
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curves along the grinding gap referring to the workpiece axis are similar. But the
mechanisms are different. While the lubrication effects are only effective in the actual grain-workpiece interaction, the cooling effects are dependent on the amount
of coolant on the surface, but also the relative velocities. Furthermore, as shown in
pictures and in the results of the CFD simulations in Chapter 5.4.2, there can be
effective bulk cooling of the workpiece due to oversupply of coolant, which lowers the
thermal impact. In fact, as observed in the experiments, the coolant can surround
the whole workpiece and lower the workpiece temperature during one rotation. In
Chapter 4.3.2 the increasing temperatures with no or low coolant supply are shown,
as they increase with every rotation. Therefore, the thermal impact is harder to
predict than the possible lubrication effects.
As mentioned before, the roughness results from a combination of effects due to
grinding wheel wear and coolant dependent contact conditions. The influence of
the lubrication is considered much lower than the coolant effects of water based
emulsions. A grinding temperature Tg dependent wear model is provided by Usui
et al. [206], which calculates the wear rate by:
B
−
dW
= K · Fc (t) · vc · e Tg
dt

(6.1)

where K is the wear factor and B a constant based on the Arrhenius equation.
Therefore, an increasing temperature provokes increasing wear, while the temperature factor aims exponentially to 1. With a sufficient coolant supply, the thermal
induced wear or more precise wear rate is reduced by the lowering of the in the
grinding zone present temperatures. As shown in the next chapter, many grinding
cycles without intermediate dressing are possible, if sufficient coolant is supplied and
thus the wear reduced.
Due to the size and weight of the grinding wheel, the wear mechanisms of the
grains are not investigated in detail with a microscope. Visual observations with
a 3× magnification are presented in Chapter 4.2.3. To answer the question of the
roughness increase due to wear increase, the following assumption is made. As
low roughness values are associated with fine dressing parameters using low feed
and high overlapping rate, the grain protrusion is reduced and the maximum feed
limited. The free pores of the grinding wheel provide space for sufficient coolant, but
also to transport chips with the coolant out of the grinding zone. During the grinding
process these pores get filled with chips and thus clogged. Together with the surface
wear of the grains to wear flats, the sliding energy is increased, as described in
Chapters 2.1.2 and 2.1.5. With the increasing heat introduction into the workpiece
and grinding wheel, the wear of the grains of the grinding wheel surface increases,
which can lead to rougher grinding wheel surface exceeding the conditioning through
dressing. If the thermal limits are exceeded, the wear rates and the break outs
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increase, which finally lead to a rougher workpiece surface and deeper roughness
profiles.
Figure 6.15 presents an overview of the discussed results for the example of an individual single-jet nozzle of Ø 3.0mm in the centre region. All shown measurements,
which are surface roughness, residual stress, flow in the grinding gap, grinding wheel
cleaning and the temperature distribution from the CFD simulations, indicate a
clear influence region much larger that the nozzle itself, which is visualised for each
section true to scale and position.

Figure 6.15: Overview of the conducted measurements for the coolant supply of an
individual Ø 2.0mm single-jet nozzle in the centre region.

6.4

Industrial grinding process application

In this chapter, the industrial use of the single-jet nozzle arrangements is assessed
to produce uniform surface properties. Therefore, grinding tests with higher feed
rates and the complete grinding cycle from rough to fine grinding and spark-out are
conducted. A further developed nozzle is used, which consists of 15× dnoz = 2.5mm
nozzles with a distance of 5.0mm, while 12× nozzles supply into the grinding gap. It
is produced with additive manufacturing to build a flow optimised inner geometry.
In Figure 6.16 the residual stress profiles are shown for an increased constant material
removal rate of Q0w = 2.16mm3 /(mm · s) at 150%.c without fine grinding. The
volume flow rate is set to 15l/min. These increased grinding conditions produce
higher variations in the residual stresses on the surface. Depth profiles do not
reveal further anomalies. In comparison in Figure 6.17 the material removal rate
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is increased further to Q0w,a = 3.88mm3 /(mm · s) at 250%. However, with the
two step fine grinding and spark-out using material removal rates as low as Q0w,b =
1.36mm3 /(mm · s) and Q0w,c = 0.58mm3 /(mm · s), compressive stresses with a
uniform and smooth profile over the width of the workpiece are achieved on the
surface. The proportion of the supplied coolant to the induced heat impact does
increase accordingly with the lower MRRs. The depth profiles do not show grinding
burn, which is most probable during the rough grinding process. The final surface
integrity is established by the last finishing step. Therefore, the coolant flow has
to be high enough to prevent grinding burn in the rough grinding cycle, while in
the fine grinding process the temperatures need to be maintained low enough to
achieve the desired residual stress profile. In some cases, the process design may
allow limited surface damage, if the last grinding steps are able to remove it and
accomplish the planned surface quality.

Figure 6.16: Residual stress measurements for a 12× single-jet coolant nozzle at 150%.c
and 15l/min, step size 0.2mm. Three repetitions of the experiment (red, blue, yellow).

As mentioned before, the accumulation of chips in the pores of the grinding wheel is
not entirely avoidable, even under sufficient coolant supply. The tolerable clogging
is one threshold to define the necessary dressing cycle sequence. In Figure 6.18 two
nozzles types are compared by their residual stresses after a different experimental
plan. The workpieces are ground several times without dressing, but using fine
grinding and spark-out. The grinding parameters are:
 Q0w,a = 1.44mm3 /(mm · s) referring to 100% with fine grinding and spark-out
 feed of 0.3mm per grinding cycle with 55 cycles
 44 × 0.3mm feed with V̇ = 30l/min
 11 × 0.3mm feed with V̇ = 15l/min
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Figure 6.17: Residual stress measurements for a 12× single-jet coolant nozzle at 250%
and 15l/min, step size 0.8mm. Three repetitions of the experiment (red, blue, yellow).
Dashed lines show moving average with three passes.

The absolute value of the two different workpieces cannot be compared, but their uniformity. The single-jet nozzles provide a smoother profile compared to the Loc-Line
type nozzle, which shows a decrease towards the edges.

Figure 6.18: Residual stress measurements for a 12× single-jet coolant nozzles and a
Loc-Line nozzle, step size 0.2mm, after in total 55× grinding cycles without dressing.
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Conclusion and Outlook
To this day, in many universal grinding machines non optimised coolant nozzles are
used, due to their low acquisition cost, fast availability, modularity and flexibility
for different grinding problems. But they come with many drawbacks too, which
are against the principles of a process adapted coolant supply known from literature
and industrial praxis. These nozzles usually provide low coolant flow speeds as
well as undefined and non repeatable orientations, as they are dependent on the
adjustment of the current machine operator. With such a set-up, the potential of
the grinding machine and its process, cannot be reached, which results in lower
process performance and finally higher running cost compared to optimised nozzles.
In the presented work this trade-off is addressed. With the use of single-jet coolant
nozzles, the impact of the coolant supply in cylindrical plunge grinding is investigated. Therefore, different single-jet round nozzles with a diameter between 1.5mm
and 3.0mm are employed along a 60mm wide workpiece. A prototype nozzle is
realised to allow fast switching between different coolant nozzle configurations using
between one and eight nozzles at the same time. Based on the results, a coolant
nozzle composition is proposed to provide high flow speeds without increased volume
flows and a precise coolant delivery into the grinding gap. Many tasks in universal
grinding machines can be processed with such an adaptive coolant nozzle. To assure the uniformity of the coolant supply along the width of the workpiece with the
large distances between the single-jet nozzles, in total four main investigations are
presented, which are focussed on the gradient along the workpiece axis:
 workpiece integrity, emphasis on roughness, residual stress and hardness
 impact of the grinding process on the clogging of the grinding wheel
 grinding gap flow for various nozzle configurations and volume flows
 3D multiphase CFD simulations with heat transfer
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Workpiece integrity: A grinding cycle without fine grinding nor spark out is
chosen to improve the visibility of the impact of the coolant. The surface roughness,
residual stress and hardness profiles are for these experiments the most important
measures to judge the grinding quality. Different to industry and ISO standard,
the roughness is calculated for segments according to the appropriate cut-off length
of λc = 800µm to show its progression and dependency on the coolant supply.
Comparably the residual stress and hardness measurements are evaluated.
With this representation, the roughness profiles of individual single-jet nozzles are
determined to characterise their influence region on the workpiece surface. The
influence region is described by polynomial fits and much wider than the diameter
of the nozzle itself, due to the distribution of the coolant in front of the grinding gap.
The composition of these influence regions shows good agreement with the grinding
tests. A distance of 7mm is found to be sufficient for a uniform roughness and
residual stress distribution. The roughness and residual stress profiles itself are very
similar in their progression for different coolant nozzle configurations. Additional
grinding tests are conducted to confirm these results with similar single-jet nozzles,
but using industrial standard parameters and even increased material removal rates
and or less coolant flow. No specific non-uniformities are observed.
Furthermore, an experimental set-up is presented to measure the temperature below
the workpiece surface using a two-colour pyrometer to visualise the temperature development. Very high temperatures in 0.5mm depth below the surface are recorded
and very high heating rates of more the 11000K/s during one revolution are calculated.

Grinding wheel clogging: To evaluate the grinding wheel pore cleaning ability
of the individual coolant jets, an image processing tool based on surface images
is developed, to describe the grinding wheel surface conditions after the grinding
process. With this tool, the cleaning of the spaces between the individual coolant
nozzle jets is described, which would limit the use of single nozzles, as the dressing
cycles would increase. When individual nozzles are used, the influence region can
be defined and separated between a cleaned or clogged grinding wheel and smeared
surfaces. The span of the cleaned wheel width is typically 3 − 4× higher than the
nozzle diameter. Therefore, the use of these nozzles does not increase the dressing
cycles. This result was further validated in dressing cycle tests.
The use of artificial intelligence can help to further improve the differentiation of
the different grinding wheel conditions.

Grinding gap coolant flow: To understand the coolant flow distribution in the
grinding gap, experiments and simulations are done. Within a new experimental
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set-up, the workpiece is replaced by a Plexiglas tube to enable the actual flow observation in the grinding gap. The image evaluation allows to describe the distribution
of the coolant in the grinding gap, including the amount for different cooling nozzles
and flow rates. It is visualised and further evaluated, that the nozzle type and size
does influence the dependency of the gap filling on the provided volume flow. Here,
the single-jet nozzles showed a low difference for increasing volume flow, contrary to
the Loc-Line nozzles. The flow share through the grinding gap is depending on the
exit area and shape. The velocity ratios between flow and cutting speed are in the
range of 0.02 − 0.50, while the high values are only achieved by the single-jet nozzles. These values are still much lower than the reported values in literature, which
assume ratios of 0.80 − 1.00. It is proposed to keep these rules more flexible and
adaptable on the grinding process, which includes the differentiation between cylindrical and flat grinding. In particular, the used nozzle and their exit cross-section
have a high impact. There is no one-for-all applications coolant nozzle.
To measure the velocity profile of the coolant within the grinding gap, high-speed
imaging is necessary. Due to the high cutting speeds of vc = 50m/s and small
grinding gap height, short exposure times and bright illumination are necessary.
There was no light source as compact and bright enough available at the time to
cope with these needs, which might be improved in a further set-up.

3D multiphase CFD simulations: ANSYS CFX is used to present full 3D multiphase coolant flow simulations, which are used to understand the heat evolution and
coolant distribution in the workpiece. Starting with an examination of the airflow,
the significance of the enclosure is assessed, to define the simulation geometry. With
a heat source placed into the grinding gap, the cooling effect due to different nozzle
configurations is explored. It is shown, that the cooling outside the grinding gap
is eminent and has a high share of the total cooling. In contrast to the useful flow
rate, an active flow, which includes the bulk cooling of the workpiece, should be
considered.
However, in contrast to the workpiece, the grinding wheel modelling is limited to an
adiabatic boundary condition and not a porous body, due to the available computing
power and in particular RAM storage limits. A further optimisation of the mesh and
increased computational power might help to overcome this and even allow transient
simulations.
Multiphase flow simulations are delicate in general and particularly in the shown
cases to model the turbulent flow, high thermal and kinetic gradients, and the impingement of coolant jets on the rotating grinding wheel. The flow regime has to be
known and possibly verified by the use of high-speed imaging. As for all models and
simulations it applies, that the further the problem moves away from the boundary
conditions or the less exact they are, the less reliable are the results. Therefore, for
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greater changes of the boundary conditions, e.g. coolant type, geometry or process
parameter, the simulation results have to be compared with corresponding experimental data.

Combination of experimental and simulation results: Finally, the experimental work is compared with the results of CFD simulations. The distribution
of the measured residual stresses agree well with the simulated temperature distribution below the workpiece surface. Assuming constant mechanical stresses, the
thermal impact leads to residual stress changes and increased wear, which is measured with the influence on roughness. A model based prediction of the absolute
values of residual stresses is apparently not possible. In the experiments a high
influence of the material itself was observed. The effect of the expanded influence
region of the coolant supply is not primarily caused by the expansion of the fluid jet
after leaving the nozzle. Due to the squeezing of the coolant in front of the grinding
gap and limited transport capacity per unit width, the coolant distributes along the
grinding gap and is accelerated in a certain range by the grinding wheel through the
grinding zone.
The presented arrangements of single-jet nozzles with large distance allowed a successful machining of the workpiece under the given grinding parameters. Changes of
the cross-section show a huge impact on the surface with different cooling efficiencies. With the known profiles of the impact regions, a modular nozzle consisting of
several single-jet nozzles can be build, to cover the whole grinding width. Changes
of the nozzle, orientation, coolant flow or other boundary conditions will affect the
influence region of the nozzle. By repeating only a few experiments, these parameter can be determined for a new set-up, as presented for the investigated example.
Therefore, the optimisation of the distance depends on the possible coolant exit
speeds and volume flows on the actual grinding machine. Additionally, with the
CFD simulations this process can be supported. Depending on the change of the
boundary conditions, the number of experiments can be reduced further.
Regarding optimisation of the coolant supply by improving the energy efficiency of
a machine tool, considerations of the coolant distribution gain more importance.
Lower coolant flow rates decrease the buffer for wrong nozzle orientations with the
risk of not sufficiently supplying the grinding gap. But, the reduction of coolant use
shall not compromise quality. Thus, a system to enable a reliable and repeatable
nozzle orientation is necessary. With lower coolant flows the whole thermal management of the machine might be influenced. This shifts the importance to compensate
instead of tempering, which becomes more important with modern machines. A
change of the medium to oil would invert the cooling and lubrication properties
of the medium. Therefore, the proposed experiments and simulations have to be
adapted to the different physical properties of the medium.
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Finally, with all that experience combined, an expert system can be established.
Similar grinding problems can make use of the same parameter, which are the nozzle
configuration with distance and diameter of the nozzles, volume flow, respectively
exit speed and coolant medium.

Application potential of this work
Based on the presented results, the application of single-jet nozzles with large distances is justified. The presented concept can bring advantages in some areas.
First of all only a precise, repeatable and known coolant supply enables the use of
Industry 4.0 and the build of the digital twin of a manufacturing process. With
that, the understanding of the process grows, the process stability can be improved
and the coolant supply becomes demand oriented. All that needs rethinking and
change of the mindset. The experience of the machine operator becomes more valuable in the preparation and training of the machine. Furthermore, problems and
small changes need to be identified in a more automated system.
A fast measurement technique, which can be implemented in the production line
is the Barkhausen noise analysis. After the extensive investigations with the X-ray
diffractometer, the results can be transferred, as a training base for the comparative
Barkhausen noise measurements. Even though, Stresstech [192] claims fast residual
stress measurements with the new XStress DR45, which is designed for the use in
the production line, the measurements are still point measurements and would not
allow an evaluation along the workpiece axis. However, the residual stress profile can
be determined from the roughness measurement under the specified process design.
The presented prototype was designed for the fast switching between single-jet nozzles configurations to allow the different evaluations. In an industrial use, AM would
be recommended to further optimise the coolant flow profile, due to the given flexibility in the geometrical design. In a collaboration with the Fritz Studer AG a
new kind of nozzle is developed for industrial use. The flow geometry is optimised
with AM and different nozzle configurations are possible, due to its modular design. With that the type Loc-Line nozzles shall be replaced to allow a precise and
optimised coolant supply.
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