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ABSTRACT The heat transfer process is a critical topic in the field of cutting and grinding machining, playing a
vital role in reducing machining temperatures and improving machining quality. In these operations, heat transfer is
generally characterized by specific parameters, including the energy distribution coefficient and the convective heat
transfer coefficient. These parameters affect the magnitude and direction of energy flow in the heat transfer process,
directly impacting cutting and grinding temperatures. However, comprehensive reviews summarizing current studies
on heat transfer processes are lacking. To effectively control heat transfer, thereby managing cutting/grinding
temperatures while improving workpiece surface quality, it is essential that we understand how machining
parameters, material properties, and cooling methods influence the heat transfer, and this knowledge is critical for
guiding the practical production. This paper analyzes and summarizes heat transfer process parameter models in
cutting and grinding operations. First, the study examines energy flow and distribution ratios during cutting and
grinding processes, classifying and summarizing various energy partition coefficient models based on different
research methods. Second, convective cooling mechanisms in cutting and grinding machining are analyzed,
summarizing models of convective heat transfer coefficients. The paper then reviews the practical application of
these models, highlighting the influence law of each factor on the models. Finally, the most widely recognized and
accurate models of heat transfer process parameters are summarized and identified, analyzing the mechanisms by
which different factors alter these parameters. Based on current challenges in heat transfer process parameter
research, the paper proposes possible future research directions. The goal is to provide theoretical guidance and
technical support for advancing research in heat transfer and improving thermal control in machining.
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substantial amount of heat that accumulates in the
machining area [5-7]. Excessive heat buildup and

1 Introduction

surface

Thermal damage during machining is one of the main
factors limiting the productivity of the workpiece and
the quality of the finished product [1]. In industries
such as aerospace and toolmaking, machining
accuracy and workpiece performance are critical [2—4].
However, operations such as turning, drilling, milling,
and grinding generate heat due to the interaction of
various parts. In particular, grinding produces a
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rising temperature negatively affect the
quality and performance of the workpiece and may
even reduce the lifespan of the cutting tool or
grinding wheel [8-10].

A portion of the energy input into the machining
area is converted into heat through the interaction
between the tool and the workpiece. This heat is
transferred between different parts in the machining
area via the contact interface. During this process,
the amount of heat transferred to each part
continuously varies due to multiple influencing factors
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[11,12]. Aiming to better understand and investigate
the mechanisms and variations in heat transfer,
specific parameters are used to represent the process.
In cutting and grinding machining, most of the
generated heat is mainly transferred to the workpiece.
In non-dry machining processes, the coolant also
absorbs a considerable portion of the heat due to its
effective cooling properties [13,14]. Therefore, two key
heat transfer process parameters are used: the energy
distribution coefficient (EDC) for measuring the
amount of heat transferred into the workpiece and
the convective heat transfer coefficient (CHTC) for
measuring the heat transfer capacity of the fluid. The
EDC quantifies the proportion of energy transferred
into the workpiece relative to the total energy input
into the machining area [15-17]. Aiming to control
the surface temperature of the workpiece during
machining and ensure quality, the heat transferred to
the workpiece should be minimized (that is, the EDC
should be reduced) [18]. Through the construction of
a model, the influencing factors of the EDC can be
identified and adjusted to reduce its value effectively
[19,20]. The CHTC characterizes the efficiency of heat
exchange between a fluid and a solid surface. In non-
dry machining, coolant removes heat from the
machining area through thermal convection with the
workpiece, tool, or grinding wheel. In addition, high-
speed rotation of the workpiece or machining tool can
enhance convective heat transfer due to airflow
effects. The solution of CHTC is also notably complex
due to the influence of machining parameters,
workpiece material, coolant type, and flow rate,
affecting the efficiency of convective heat transfer
[21,22]. Simultaneously, excessive use of coolant raises
environment and health concerns [23-25]. Aiming to
address these concerns, researchers have explored
alternative lubrication methods, such as the minimum
quantity lubrication (MQL) [26-28] and nanofluid
minimum quantity lubrication (NMQL) [27,29,30],
which  further complicate the modeling and
calculation of CHTC. However, constructing accurate
CHTC models enables effective evaluation of
convective heat transfer within the machining zone
and helps identify strategies to enhance CHTC,
thereby reducing heat accumulation, particularly in
the grinding zone [31-33].

The study of heat transfer process parameters is
conducive to an in-depth understanding of the laws of
heat transfer in the machining area and control of the
influencing factors, which is of great significance for
the control of temperature in the machining process.
The EDC reflects the proportion of heat transferred
to the workpiece, and the CHTC reflects the heat
carried away by the cutting fluid, all of which have a
direct influence on the temperature change in the
machining zone [34-36].

Domestic and international researchers have
extensively studied the heat transfer process
parameters, as shown in Fig. 1. In the machining
process, the main energy source is supplied by the
machining tool or grinding wheel. The contact area
between the tool and the workpiece becomes a major
heat source, generating a substantial amount of heat
that accumulates in the machining area [37-39].
Therefore, when studying the heat transfer process,
establishing a heat source model within the machining
area, commonly represented as either a triangular or
rectangular heat source, is necessary [40-42]. Heat
generated during machining is distributed among
several destinations, including the workpiece, the tool
or grinding wheel, the coolant, and the chips. The
amount of heat dissipated through other methods is
relatively small. Therefore, most researches typically
assume that the heat generated in the machining zone
is transferred only to the following components: the
workpiece, the grinding wheel or tool, the coolant,
and the debris [43].

The energy transferred to the workpiece is a
primary focus of study, and its proportion relative to
the total energy input into the machining area is
defined as the EDC. Two main approaches to
determining this coefficient are as follows: theoretical
analysis or a combined approach with experiments.
Models established through theoretical analysis
typically do not require experimental data. These
models include analytical methods that consider
factors such as abrasive grain—workpiece contact
[44,45] and the physical properties of materials [46].
The required parameters for these models are inherent
to the workpiece or machining tool, along with
standard machining parameters, which can be used
for simulation and model computation. By contrast,
models that incorporate experimental data require not
only inherent material and process parameters but
also certain values that must be obtained through
experimental measurements [47,48]. For instance,
models that consider surface temperature rise of the
workpiece or the CHTC depend on experimentally
measured surface temperature data and CHTC values
during machining to construct the model [49,50].
CHTC modeling aims to facilitate energy transfer to
the cooling fluid. The difficulty of model construction
lies in the complexity of fluid changes during
processing and the variety of cooling methods with
technological advancements [51-53]. The model is
constructed based on different ideas. One category
focuses on fluid flow, considering factors such as
hydrodynamics, different Péclet numbers, particle
contact conditions, and other models. The other
category considers the boiling state of the fluid,
because varying levels of cam cause the fluid to
transition between different boiling states, namely, no
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boiling, nucleate boiling, transition boiling, and film
boiling, which notably impact model construction
[28]. Additionally, with the emergence of new cooling
methods such as MQL, parameters such as the
number of cooling droplets [54,55] and the diffusion
area [27,56,57] must be considered.

The research framework is shown in Fig. 2, focusing
on the study of heat transfer process parameters in
machining, specifically, the EDC and CHTC. The two
coefficients are investigated across different machining
modes, including cutting (turning, milling, and
drilling) and grinding. Among these modes, grinding
typically generates more heat due to its larger contact
area, making it more prone to thermal damage
[58,59]. Therefore, EDC and CHTC have been studied
more extensively and carefully in the context of
grinding. Aiming to investigate heat transfer process
parameters across different machining modes,
researchers have adopted different ideas and proposed
a variety of models. This study compiles and
summarizes these models and their applications,
aiming to address current problems in heat transfer
research and provide valuable references for future
studies.

History of the development of thermal process coefficient modeling [4,8,36,42,49].

7\ the grinding zone [36] Workpiece /
________ — ~_ _ _ _ _ O TV _-
In response to existing challenges, this stud
b
presents future research directions for the heat

transfer process in cutting and grinding machining.
By summarizing the EDC and CHTC models and
their applications, the influence of grinding
parameters, grinding wheel parameters, workpiece
physical parameters, cooling methods, and other
factors on heat transfer process parameters, as well as
the underlying influence mechanisms, are revealed.
The classification emphasizes high-precision models
developed under various conditions and analyzes how
each factor affects the heat transfer process. The goal
is to provide theoretical guidance and technical
support for advancing the understanding of heat
transfer mechanisms, ultimately contributing to
improved workpiece quality and processing efficiency.

2 Energy distribution mechanisms and
models

In the machining process, excessive heat is generated
due to material deformation, contact friction and
other factors, and is transferred to various parts of



4 Front. Mech. Eng. 2025, 20(3): 22

Heat

transfer

process
oefficien

Fig. 2

the processing area. The fraction of heat transferred
to the workpiece substantially affects its temperature,
making this proportion a key focus in the study of
heat transfer process parameters. This proportion is
referred to as the EDC Ry. The study of Ry is a
prominent research topic domestically and interna-
tionally, with many scholars exploring it using
different methods.

The EDC is a complex variable to determine;
however, its fundamental definition is the ratio of the
energy transferred to the workpiece to the total
energy input in the machining area. Therefore, the
EDC of the workpiece is expressed as follows:

Qw
Ry =—, 1
” 1)
where ¢, represents the heat transferred to the
workpiece and ¢ is the total heat input to the
machining area, which is closely related to factors
such as machining power. The following section

Review narrative logic.

provides an overview of EDC values for different
machining methods.

2.1 Turning

Turning is a common metal cutting process widely
used in machinery manufacturing, automotive
industry, and other fields. This process plays a
particularly important role in the production of
precision parts [60]. During turning, most of the heat
is generated by friction between contact surfaces,
while plastic deformation of the workpiece material
also contributes to heat generation [61-63]. The high
temperatures and heat distribution within the cutting
zone are key factors influencing tool wear and overall
machining quality [64]. The heat distribution among
the cutting tool, chip, and workpiece is primarily
determined by the relative thermophysical properties
of the tool and workpiece materials [65,66]. The
following section presents and summarizes reported
EDC models for the cutting process.
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2.1.1
methods

Multi-system calculation based on analytical

In 2005, Quan and He [67], using an analytical
method, assumed that all the cutting deformation
work is converted into heat, with no heat lost to the
external environment, and that the heat at the
contact surfaces is uniformly distributed. As shown in
Fig. 3, let R; represent the proportion of heat flowing
to the chip from the shear surface, Ry the proportion
of heat flowing to the workpiece from the tool—chip
interface, and Rj3 the proportion of heat flowing to the
workpiece from the tool-workpiece interface.

Workpiece

Fig. 3 Heat sources and heat distribution in the
cutting zone.

For orthogonal free dry cutting, the EDCs for
energy distribution are as follows:

1

Ri=—F"—, (2)
alAh
1+1.328
’UChD
a2 (leA] k) — 05 + 0}

Ry = =
ltA 0.3771;

3)
kft + kW\/'UChlf/ (4(12):|

where a; and ap are the thermal diffusivity of the
workpiece material at different temperatures, Ay is
the cutting deformation coefficient, v, is the cutting
speed, hp is the cutting thickness, ¢ is the cutting
heat generated per unit of time at the tool-chip
interface, l is the tool-chip contact length, 6 is the
initial temperature of the tool, 6 is the average
temperature of the shear surface, k is the thermal
conductivity of cutting tools, k, is the thermal
conductivity of the workpiece material, A; is the
tool—chip contact area coefficient, and v, is the chip
flow rate.

Determining the values of parameters such as heat
flow density and friction on the rear blade face is
difficult; thus, these values are often ignored in
practical calculations.

q2

2.1.2 Based on infinitesimal element

In 2021, Zhao et al. [68] introduced the concept of
tool—chip contact infinitesimal element and developed
a time-varying tool-chip EDC prediction model for
coated tools. They clarified the time-varying effect of
tool—chip heat distribution coefficients and revealed
the coupled effects of tool coating thickness, tool
coating, tool substrate, and the thermophysical
properties of the workpiece. Additionally, they
examined the influence of intermittent milling and
machining speed on heat distribution at the tool-chip
interface.

As shown in Fig. 4, the infinitesimal element model
of the cutting process using a coated tool is taken as a
semi-infinite body, based on the principles of energy
conservation and the Block criterion. At a given
moment %, the tool-chip contact infinitesimal element
is also considered a semi-infinite body. The coated
tool is assumed to maintain perfect thermal contact
with the chip, indicating no additional thermal
resistance at the interface. Furthermore, the materials
are considered isotropic with constant physical
properties, and no internal heat generation occurs
within either the coated tool or the chip. Under these
assumptions, the time-varying distribution coefficient
of the tool—chip interface for the coated tool can be
calculated as follows:

A(xlv km )‘Cv ksv )‘Sv t)
A(21, ey Aoy ks, Asy 1) + 3[2B (ks Aws 1))
(4)

Rchip(t) =

where
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Fig. 4 Coated tool cutting and machining of
infinitesimal element.

Chip
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is the time-varying coefficient considering the coating
thickness z;, the coating thermal conductivity k., the
coating thermal conductivity rate A., the substrate
thermal conductivity ks, and the substrate thermal
conductivity rate As, while

2 [tAw
B(kw, Ay, t) = . P
w T

is the time-varying coefficient considering the
workpiece thermal conductivity k, and the workpiece
thermal conductivity rate Ay.

2.2 Milling

Milling is mainly used to remove material and shape
the workpiece to the desired dimensions. The heat
generated during the milling process mainly originates
from the friction between the tool and the workpiece
surface. This heat directly affects tool wear and
durability, as well as the machining accuracy and
surface quality of the workpiece [69].

Komanduri and Hou [70] presented an analytical
model of orthogonal cutting to determine energy
distribution. They also confirmed the relationship
between energy distribution in the main shear zone in
orthogonal cutting for different materials and cutting
conditions and the heat number Ny, = huvea !,
where h, is the undeformed chip thickness and a is
the temperature diffusion coefficient of the workpiece
material. To this day, research on the EDC in milling
processes has mainly focused on the development of
empirical models for determining energy distribution
during cutting.

In 2012, Solter and Gulpak [71] discretized the
grinding arc into four domains V; and determined the
heat flux from the workpiece by iteratively applying
an inverse process. They assumed that the associated
cutting power remained approximately constant
within each domain.

As shown in Fig. 5, assuming that 100% of the
spindle’s effective power is converted into mechanical
energy, the proportion of energy R, dissipated to the

Infrared
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Y¢>
I
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g G i Y la
e W I
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Q L YYY
Ve q
—\ i

| Power analyzer

Fig. 5 Experimental setup [71].

workpiece within the domain €2; can be calculated as
follows:

qui

Pel.meas.i

Ry = ) (5)
where A; is the area of region €; and P ieas; is the
effective spindle power.

2.3 Drilling

Drilling is mainly wused for creating holes in
workpieces. In the drilling process, when the drill bit
contacts the workpiece material, friction generates a
substantial amount of heat, especially at high drilling
speeds [72,73]. During the stripping and movement of
chips, the friction between the chips, drill bit, and
workpiece also generates heat [74]. Furthermore, the
heat flowing into the tool is unfavorable for surface
processing in plough-slip [75].

In 2016, Cuesta et al. [76] proposed a model based
on a new experimental approach to determine the
difference in heat transfer to the workpiece between
dry and lubricated drilled holes. The temperature of
the sidewall of a drilled hole depends on the heat
distribution between the chip and the workpiece. The
heat flow in the drilled hole can be considered as an
instantaneous transfer to the surface drilled, which is
then propagated by conduction. As shown in Fig. 6,
the heat in the workpiece can be approximated as a
cylindrical annulus. Therefore, the heat transferred to
the workpiece is as follows:

G = meT = Lp(x/4)(d3 — d3)eT, (6)

where ¢ is the specific heat capacity, AT is the
temperature rise, L is the depth of the borehole, d; is
the borehole diameter, dp is the diameter of the
heated cylinder, and p is the density.

Assuming that all work is converted to heat, the
heat produced during drilling (g) is calculated as
shown below.

¢ =W = (n/4)- d<21r111 - LK, (7)

where Kj is the ratio of cutting force to cutting cross-
sectional area, dgq is the diameter of the drill bit,
and the proportion of energy entering the workpiece
can be calculated from the definition. Subsequently,

qw _ p(d3 — d7)cATax f-2 ()
qt - 8Mz ’

Ry, =

where f, is the feed per tooth, z is the number of
teeth, and M, is the torque.

Studies on modeling the EDC coefficient of
proportionality in planning and boring machining are
limited, and no relevant models currently exist; thus,
they will not be discussed further in this study.
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Table 1 provides a summary of the factors influencing
the EDC model in cutting machining.

2.4 Grinding

Grinding is a machining process suitable for finishing
high-hardness materials and is generally the final
process for important components. Therefore,
ensuring that components of acceptable quality are
produced is crucial [77,78]. For some materials,
thermal damage is a major limiting factor in
improving removal rates while maintaining surface
quality [79,80].

Simultaneously, during grinding, material is
removed by a large number of abrasive particles with
a substantially shallow depth of cut. Negative cutting
angles result in higher energy consumption per unit
volume of material removed compared to other
cutting processes, such as milling and turning [81-83].
A schematic of the heat sources generating heat
around the abrasive grits is shown in Fig. 7. Heat is
generated at the following three locations [84]:

(a) Grain wear flat—workpiece interface, AB

Schemes employed to calculate (a) heated volume and (b) removed material [76].

(b) Shear surface, BC

(c) Abrasive grain and Grinding debris contact
interface, BD

The EDC for the grinding process has been studied
by many scholars domestically and internationally. In
their investigations, some scholars have derived
models based on the grinding wheel’s abrasive grains,
such as the single-grain model and the abrasive
grains—workpiece contact model [85], among others.
Other scholars combine experimental research,
consider the physical properties of the processed
material, or measure grinding temperatures through
grinding experiments to derive energy distribution
models. Additionally, some researchers have explored
convection heat transfer, heat-source inclination, and
other factors to conduct an in-depth study of the
model. Below are the EDC models that have been
reported or introduced in the grinding process.

2.4.1 Based on a single grain of grinding wheel

The EDC model for grinding, based on the contact

Table 1 Modeling of EDC in cutting operations
Processing Model cat Ref Basis of th del Machining Cooling lMoldf.l Model
method odel category hielerence asis of the mode tools condition Carzlslual‘téon accuracy
Turning Multi-system  Quan and The following assumptions are presented: YT15 tools, - 9.5%—20.0% -
calculation based He [67] the cutting deformation work is converted alumina-
on analytical into heat, no heat is transferred to the based
methods outside world, and the heat is uniformly ceramic tools
distributed on the contact surface. A
planar heat source model is used
Based on Zhao The concept of infinitesimal element in  Coated tools - 37.65%—62.14%  56.52%
infinitesimal et al. [68] tool—chip contact is proposed
element
Milling Based on Solter and The cutting arc is discretized into four Sandvik Dry milling 9%—46% -
different regions Gulpak  domains. Assuming that the associated R390-11 T3
of the cutting [71] cutting power is approximately constant 0S8E-PL 1010
contact arc in each domain, 100% of the effective
power of the spindle is converted into
mechanical energy
Drilling Consider a Cuesta  Drilling heat flow is considered to be an TiAIN Oil 6.5%—7.8% for oil -
circular heat et al. [76]  instantaneous transfer to the surface coated  lubrication/dry lubrication (max);
zone being drilled, propagated by conduction, carbide tools drilling 20% for dry

with all work converted into heat

drilling
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Fig. 7 Grain grinding process.

between a single abrasive grain and the workpiece,
was first proposed by Rowe [84] to measure the
thermal attributes of a single abrasive grain through
grinding tests. The proportional model of heat
distribution for a single abrasive grain is applicable to
normal and slow-feed grinding processes, regardless of
the grinding process parameters and cooling methods.

GUO et al. [86] constructed a numerical calculation
model for the profile grinding temperature, using the
distribution of a triangular heat source within the
grinding arc and simplifying the one-dimensional heat-
conducting process. This model was also based on the
theoretical analysis of the continuous grinding
temperature of a plane. Therefore, the abrasive
particle was modeled as a truncated cone.

On this basis, Guo [87] conducted a theoretical
discussion and experimental analysis of the profile
grinding temperature. Using this model, the
proportion of energy entering the workpiece material
in the ordinary flat grinding processing zone can be
calculated, as shown in Fig. 8. The conical abrasive
grain moves along the surface of the workpiece with a
velocity of u. The grinding heat is conducted along
the contact surface Ay =mrZ between the abrasive
grain and the workpiece, and is transferred to the
grain, the workpiece, and the coolant. The proportion
of heat transferred to the workpiece at the initial
moment is Rgry, while the remaining heat is
transferred to the abrasive grain. The maximum
temperature rise at the abrasive grain—workpiece
contact surface is Tymax.

-,

Z  Abrasive
A
Coolant

S ST NI S

Ryy— R \

W

dry

Workpiece —p

Fig. 8
grinding.

Heat distribution model for single grain

Ty = 1.13 L~ Far) (L:)m 1
g (lcpc)glg/2 Vs FOA”

[ VPragle 1/2
C - < QA()IJS ) ’
where the subscript g refers to the abrasive grain, and
ag represents the thermal diffusivity of the abrasive
grain. The function y is the geometry coefficient of a
single grain, defined as y = diy/d,. A is the ratio of
the total wear area of the protruding abrasive grains
on the grinding wheel surface to the total area of the
grinding wheel. Additionally, r, denotes the radius of
the top of the conical abrasive grains.

When the coolant enters the grinding wheel
aperture, its running speed matches that of the
grinding wheel. At this time, the contact surface
between the workpiece, as well as the highest

temperature rise of the machined surface, are Thyax
and Tymax, respectively.

(Rdry - Rw)qt li 1/2 1
(kpc)fl/z vs) 1—A’

qut lc 1/2
= 1.0671/2 (—) ,
(kpc)w ™ \Vw
where the subscripts f and w denote the coolant and
the workpiece material, respectively.

Assuming that the maximum temperature rise at
the contact surface between the workpiece and the
abrasive grain, the contact surface between the
workpiece and the coolant, and the machined surface
of the workpiece are all equal (i.e., Tymax = Tnax =
Twmax), the heat distribution ratio of the heat
transferred into the inner part of the workpiece
material, Ry, can be calculated as follows [86,88]:

9)

Timax = 1.06 (10)

TW max

(11)

-1

1/2
Ry = 1+Q<§—S) } : (12)
g kpo)s” (kpe)y”?
Q=094 4 PGt (1 - A). 13
Ve O+ (kpc)i/Q( ) (13)

When the temperature of the grinding arc exceeds
the boiling point temperature of the coolant, the
coolant enters the bubble nucleation boiling state,
enhancing the convective heat transfer capacity.
However, when the temperature of the grinding arc
exceeds 130 °C, the coolant in the arc area is
transitions into a film boiling state, notably reducing
its heat transfer capacity. At this point, the coolant
loses its ability to transfer heat and cool the system.
In typical grinding processes, the grinding tempera-
ture in the contact arc zone can exceed 130 °C,
thereby causing (kpc)s = 0. The single grain heat
distribution ratio model does not consider the energy
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carried away by the chips. The melting energy of steel-
like metal materials is approximately 6 J/mm3, which
is equivalent to 45% of the chip energy. Therefore,
the proportion of heat removed by the chip, R, can
be calculated as follows:

Ry, = 0.45€e5ch ~ §7

es es

(14)

where ey, is the specific chip formation energy and e
is the specific grinding energy.

Considering the heat carried away by the chips and
subtracting the proportion of this heat, the model for
the heat distribution ratio of a single grain gives the
proportion of energy entering the workpiece, Ry, for
ordinary flat grinding as follows [89]:

Ry(aB) = Rw(er)

(o) prostieano(f ]

In 2010, Xu et al. [90] improved the traditional
heat-source model by integrating the heat transfer
process, the end surface temperature of single wear
grains, and a one-dimensional heat transfer model to
analyze the dynamic effects of grinding on heat
transfer. They then studied the energy distribution
ratio. As shown in Fig. 9, the wear grains are
assumed to be cylindrical, and thermal convection
between the sides of the grains and the surrounding
air is neglected. Under these conditions, the heat
transfer state of the wear grains can be modeled as a
semi-infinite cylindrical unsteady state with one-
dimensional heat transfer, subject to the first
boundary condition.

(kpe)s'®

1+0.94
(kpe)w/?

Fig. 9
particle.

Heat transfer model of a single wear

In time ¢, the heat transfer is g, per square meter,
and then the heat transferred to the workpiece is
calculated as follows:

Gw = ¢ — @unR? = Fyogto — 2b E(t9a —0o)nR?,  (16)
V n

where Fi is the tangential grinding force, b is the heat
storage coefficient, 6y is the average temperature of

the abrasive grain, and 6, is the surface temperature
of the workpiece. Introducing the empirical formula
for the grinding force Fi, the EDC is given by the
following:

20, — 0p) /TR

R,=1- .
Clv;mﬂ/zv% af,+l/4dbl./4

(17)

Based on Eq. (17), Ry is influenced by the thermal
properties of the wear grain and the coating material,
as well as by the mechanical properties of the coating
material and the grinding parameters.

2.4.2 Considering abrasive grain—workpiece contact
In 2001, Rowe [84] studied the heat-source modeling
using an inclined heat-source model, as shown in
Fig. 10. In this model, the total heat directed toward
the contact zone is divided into four directions, with
the proportions of heat in each direction summing up
to the total heat.

-+ /
Vy ‘. Grinding wheel //
[N >
Yt " Inclined heat source
Heat flux Workpiece
Fig. 10 Inclined heat source. The contact zone is

represented by a straight line at an angle @ to the
direction of movement.

¢ = Qw + Gs + gen + 4r, (18)

1 = Ry + Ry + Ren + Ry, (19)

where ¢ is the heat flow to the abrasive grain, g is
the heat flow to the chip, and ¢ is the heat flow to
the coolant. Ry = ¢w/ g, and so on.

After rearrangement, the heat absorbed by the
workpiece and the grain can be determined.

Gws = Qw + Gs = G — Gen — G- (20)

The heat of the abrasive chips, ¢, and the heat of
the fluid, ¢, can be estimated based on the processing
conditions. The temperature of the abrasive chips is
assumed to be slightly below the melting
temperature, and the fluid is divided into boiling and
non-boiling cases. For the non-boiling case, the
temperature in the contact region is approximately
two-thirds of the maximum temperature. Therefore,
based on the model of Hahn [84], the workpiece-grain
particle energy distribution ratio, Ry, can be
obtained as follows:
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-1
- k
Rys = d =14+ —— . (21)
Gw + Gs rovs(kpc),,

Rys depends on the thermal conductivity of the
abrasive particles k,, the thermal properties of the
workpiece S, = /(kpc),, the rotational speed of the
grinding wheel v, and the radius of the particles to
wear 1y. The total wear area increases with the wear
of the grinding wheel. Therefore, the radius of wear
will also increase as the grinding wheel is used.

In 2018, Guo [87] analyzed the temperature in
profile grinding theoretically and experimentally. As
shown in Fig. 11, during the grinding process with an
integral grinding wheel, the closed area between the
grinding wheel and the workpiece (i.e., between B and
E) makes it difficult for the coolant to penetrate,
preventing effectively cooling. Therefore, most of the
grinding heat is carried away by the workpiece and
the grinding wheel. The high temperature in the
grinding contact arc area causes the coolant to enter
a film boiling state, losing its cooling capability.
Therefore, the proportion of grinding heat removed
by the coolant is assumed to be Ry = 0.

Axis of the grinding wheel

Workpiece

Fig. 11 Schematic of molded grinding process.

Subtracting the heat carried away by the chips, the
ratio of energy transferred to the workpiece is as
follows [84,87]:

Rw = ng(l - Rch)

(-3
eZ

Rowe [84] proposed an energy distribution ratio
model for surface grinding based on the contact
between the workpiece and the abrasive grits,
combined with the heat transfer coefficient. The
schematic of the abrasive grain grinding process is
shown in Fig. 12. During the grinding process, the
wear planes of the abrasive grains generate heat,
which is partly transferred to the workpiece and
partly to the abrasive grains. Rowe correlated the
theoretical model for the predicted distribution ratio

-1

k
1+ £

_— 22
(rove)/ (kpe)!? 22)

with experimental results, which led to the
development of an effective model applicable to cubic
boron nitride (CBN) and aluminum oxide abrasives.
Based on the solution provided by the circular heat-
source model for a semi-infinite body, as shown in
Fig. 13(a), the heat transfer coefficient of the
workpiece, hy, was obtained.

Abrasive grain
0
Chip
Gen 9.
a, Wear surface
Shear plane ¢
9w

Workpiece

Fig. 12 Generation and transfer of heat in the
plane of contact between abrasive grain and
workpiece.
2r,
VS
- l Gwe Grain protrusion on a
YYvyYY semi-infinite body
Workpiece M %
-
2r,
(a) (b)
Fig. 13 (a) Modeling of the workpiece tempera-

ture rise under a grain. (b) Grain modeled as a
stationary semi-infinite body.

1/2 1/2
hy = (kpe)/ e 1”;2/ . (23)
0.974ry
As shown in Fig. 13(b), the abrasive grain is
assumed to be a stationary object that is continuously
subjected to a steady circular heat flux during
grinding. The abrasive grain is treated as an
infinitesimal protrusion on a semi-infinite object.
Based on this model, the heat transfer coefficient A, of
the abrasive grain can be determined.
k 1 . 1
he = QTET [m — ierfc (;)] ,

g

(24)

where the time constant 7 = (agl./r3vs)/2.

By incorporating the two heat transfer coefficients
into the transient EDC model, the proportion of
energy transferred to the workpiece material at the
modified transient moment can be obtained as
follows:
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1
Ry, =(1- Rch)m
1
=(1- Rch)il n hg/ oo
6 0.974k 1
~|1—-—) |1 g 25
( es) " (7“01/5)1/2(k:pc)‘%v/2 o(7) (25)
1 4T
A1) =1+ — ENG
—1
Ll (50
1 1
—erf (E) (1 + @) . (26)

The heat transfer coefficient of the abrasive grain,
hy = ky/m, and the time constant 7z approaches
infinity when the heat transfer reaches a steady state.
At this point, in the steady state, the proportion of
energy transferred to the workpiece material in the
closed region between point B and point E is as
follows:

6 0.974k -
€s (rovs) ™~ (kpc)w

In their model of abrasive grain and workpiece
contact, as shown in Fig. 14, Li and Zhao [91]
indicated that the nominal contact area between the
grinding wheel and the workpiece is denoted by A,
while the actual contact area is Ar. According to the
linearized model, the energy FE, entering the
workpiece per unit of time due to thermal convection
is as follows:

(¢p) b B Ombs
= (Vwbslp)w = D)

(27)

: [2(kpcp)wvwlc} 1/2»
(28)

By =

where ¢, denotes the mass constant pressure specific
heat capacity, 0, is the temperature, b, is the
grinding width, a, is the grinding depth, and (kpcp)w
is related to the thermal properties of the workpiece.

Grinding wheel

Workpiece v  Abrasive grain

Fig. 14
workpiece.

Contact of the grinding wheel with the

The energy E; entering the grinding wheel per unit
time due to thermal convection is as follows:

7(Cp)s‘9m Ar _
Bo=—y— w7y b

1 Ap 1Y
:§0mb {2(1@00,))5 - Vg - 71} . (29)
The resulting EDC coefficients are presented as
E 1
R= = = . (30)
Ew + Es I (k:pcp)s & @ 1/2
(kpcp), vw \ A ),

For flat grinding, (ve/v)(Ar/A)s = 1. Thus, the
EDC of energy distribution under flat grinding
conditions is computed as follows:

1
[+ (kpep), / (kpep) ]2

When the effect of the coolant is considered, the
energy transferred to the grinding wheel is equal to
the sum of the energy imparted to the abrasive
particles and the energy transferred to the coolant on
the surface of the wheel. Therefore, under wet
grinding conditions, the proportion of energy
transferred to the grinding wheel is as follows [92]:

R= (31)

R,  E,
"Ry+Rs E,+E

-1
(kpep), Us @ (kpep)g Us
t \/ (kpo).y U ( A > i \/ (hpeo)., vw} ’

where (kpcp)s is related to the coolant and (kpcp)s is
related to the abrasive grains on the surface of the
grinding wheel.

R

(32)

2.4.3 Considering the surface temperature of the
workpiece

In the grinding process, the surface temperature rise
of the workpiece can be measured to calculate the
amount of heat absorbed by the workpiece [93,94].
This measurement serves as the basis for calculating
the proportion of energy distribution during the
grinding process.

For example, Rowe [84] obtained the energy distri-
bution ratio by relating the maximum background
temperature to the heat entering the workpiece based
on the Jaeger solution for a sliding heat source and
corrections for different flux distributions.
em

(kpc)y,vwle - —,

“ (33)

T
Ry = =b-
C
where 6, is the maximum background temperature.
The value of C depends on the shape of the heat
source and the value of the Péclet number.
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When the Péclet number is high, the C value is
shown in Table 2.

Table 2 Value of coefficient C'

Heat Coefficient Position of maximum temperature
distribution C X/ L [84]

Uniform 3.540 1

Triangular 3.304 0

In 2011, Hadad et al. [95] investigated the tempera-
ture and energy distribution during MQL grinding.
The experiments were conducted using CBN and
Al,O3 grinding wheels. As shown in Fig. 15, the
experiment treats the contact zone as a strip heat
source of length [, which moves along the surface of
the workpiece with a velocity vy to calculate the
temperature of the contact zone.

Strip heat source
moving at velocity v;

Fig. 15 Moving band heat source on the semi-

infinite surface with a length of I, = 21 [95].

An assumption is that the contact zone heat is
transferred to the workpiece, grinding wheel, chips
and coolant during the grinding process (Fig. 16).
Based on the assumption of a triangular heat-source
distribution in the z—z plane, the temperature rise of
the workpiece is as follows:

1./2
To(z, 2) :anWW /4 /QCXp [~ Vie(z — a)/ (22)]

Ky {;:[—f; [(:v —a)’+ 22} 1/2} fla)da, (34)
where fla) = 1 + 2a/l. is the triangular heat-source
distribution and K is the Type II zero-order modified
Bessel function.

The maximum temperature rise Ty of the
workpiece during grinding was measured in the
experiment, and the total energy input can be
calculated by measuring the tangential grinding force
as g as shown below:

RV
qt = blc )

(35)

where [} is the tangential grinding force, b is the
workpiece width, and . is the actual grinding contact
length.

Therefore, calculating the energy distribution of the

Rt

c]

Grinding wheel

MQL oil mist
qwheel

v~ Leading edge

Trailing edge q“"_.
york
Vfl
qwor
Workpiece K

Fig. 16 Schematic of heat flow distribution in
the grinding wheel zone [95].

workpiece by evaluating the maximum temperature
rise Tmax iS possible.

_ Bawor/ "1

Tmax
heVi”

: (36)

where ky, denotes the thermal conductivity of the
workpiece, ay, is the heat diffusivity of the workpiece,
and f denotes a constant related to the shape of the
heat source (8 = 1.06 for triangularly distributed heat
sources).

In 2021, Peng et al. [96] investigated the height of
the energy distribution ratio and its changing law by
high-speed grinding of nickel-based high-temperature
alloys. As shown in Fig. 17, for high-speed grinding,
an inclined triangular heat-source is more appro-
priate, and the angle @ between the line of motion
and the plane of the belt source can also more
accurately represent the amount of moving heat, the
maximum grinding temperature rise Ty.x on the
contact workpiece surface based on the one-
dimensional conduction sliding heat-source theory can
be expressed as [37,97]

q
Tmax:CO'l' 0

3 e (37)

where () is the parameter factor in the circular
moving heat-source model. B, =./(kpc),. For the
value of Cj [97], the shape of the heat flow density
distribution = during the grinding process is
approximately triangular. The sliding heat-source
solution gives a value of Cy approximately equal to 1.

Therefore, the energy distribution ratio Ry to the
workpiece can be simply calculated using the
measured grinding surface temperature Tg:

T, —1Th) - h
R, = (T 0) o’
qt Gt qt

ﬂw Uy
hw = 1/ 75>
cV i

QW _ Tmax hW
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where Tj is the ambient temperature. Ty = 20 °C, and
ho is defined as the heat transfer factor, which is
determined by the thermal properties of the
workpiece, the speed of movement of the heat-source,
and the contact geometry.

X=0"" Heat source on inclined
«— Workpiece surface

Z=0
D
—V
lc

Fig. 17 Grinding contact for deep grinding is
accurately represented as a heat source moving into
the surface at an angle .

In 2018, Ding et al. [98] investigated the
temperature and energy distribution in the cylindrical
grinding process under various process and
thermophysical parameter conditions. They used a
physical model-based approach, combined with finite
element simulation and experimental validation. The
research emphasized the effect of workpiece speed on
energy distribution.

Temperature modeling was conducted using a
moving tilted triangular strip source temperature
model, based on the Jaeger model:

T 8053,(1

/(mlc)V/ (2a) (—u) (u)
: u - exp(—u) - ko(u)du
mklcva  Jav, ) 2a0) ’

doveqr /(mlc)'// (2a)
T[]{JZCZ/W T,/ (200,)

exp(—u) - ko(u)du. (39)

The model for calculating the energy distribution of
the workpiece, based on the maximum temperature of
the workpiece, can be expressed as follows:

(z=l)v/ (20)
kl/ u?-exp(—u) -ko(u)du

Ry = Thax - Prlmt
v/ (2exy,)

(x—l)v/ (20n)
+ kz/ u-exp(—u) - ko(u)du
zv/ (200,)

(z—=lo)v/ (20)
+k3/ exp(—u) - ko(u)du| o .
zv/ (200,)

(40)

In 2003, Li and Zhao [91] stated that the heat
transferred to the workpiece during the grinding
process notably affects the temperature of the
grinding zone and referred to the energy distribution
model. In 2019, Zhang et al. [99] applied this model
to the MQL grinding of Ti-6A1-4V. The density of
heat flow into the workpiece during grinding is as
follows:

Gw VsFt l/sFt
= = ‘R= ‘R 41
q o 4t bl, by/day (41)

The energy scaling factor can be expressed as shown
below.

k 1/1/2
Lemaxv (42)
wa/ e al"

R =
where 0., is the peak rise of temperature.

2.4.4 Based on material physical parameters

Mao et al. [100] considered various factors to re-
evaluate the heat distribution ratio into the
workpiece. On this basis, Rowe [97] conducted a
thermal analysis of efficient deep grinding to explore
optimal working conditions for the process.

In this analysis, the heat in the grinding zone is
assumed to flow in the following four directions:
workpiece, grinding wheel, chips, and fluid. The total
heat flow is as follows:

¢t = qw + gs + gen + a1 (43)

The heat flow to the workpiece, grinding wheel,
fluid, and chips can be expressed in terms of
convection/conduction factors [101]. This heat flow is
related to the maximum contact temperature Tiax.c
and the fluid burnout temperature T3, while the heat
of the chips g, is related to the average temperature
of the workpiece T, but not to the melting
temperature of the workpiece material T5.

Qw = thmaxfcv

s = hsTmaxf(n

qf = thmaxfc|Tmax_c<Tb:

en = henT (44)
An assumption is that the heat flowing into the

chip enables it to reach the critical temperature for

melting; thus,

ApUy

e 1)

Gch = PwaTw

The heat flow into the coolant ¢ requires suitable
experimental data. Two main types of coolant are
available: pure oil and oil-in-water emulsion. For the
oil-in-water emulsion, ¢ = 0 is assumed under boiling
conditions [97]. During the grinding process, the
temperature in the grinding zone is typically high and
can easily reach the boiling point of the coolant. At

this time, the coolant and the surface of the
workpiece form an insulating layer due to
vaporization, notably reducing the heat transfer

between the coolant and the workpiece surface [102].
Therefore, the heat flow density transferred to the
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coolant is assumed to be zero, denoted as ¢ = 0.

Based on Hana’s distribution model, the grinding
wheel and the workpiece are regarded as a subsystem,
and the total heat of the grinding wheel and the
workpiece is qws = ¢w + ¢s. Thus, the “workpiece—
grinding wheel” distribution ratio Rys is defined as
shown below.

0.974k, }

Rws - I = 1+ —/—/——=
qw T gs \/ (kpC)WTo’US

The following represents the heat flow into the
workpiece during grinding.

(46)

qw = RWS (qt — {qch — qf)
—1
0.974k, (Ftus
(kpc)yrovs lb

By substituting the above heat model of the
workpiece, the proportion of energy flowing into the
workpiece can be obtained.

=1+ — pwewTw——

P Coy Tog 22
n |y 097ak, - ands
v (kpc),rovs Fyvs

\/apdsb

(48)

Based on the equation, the model fully considers
several factors. By incorporating these effects, the
model extends its range of applicability and has
become a commonly used method for calculation.

Ramanath and Shaw [103] proposed a method to
calculate the energy distribution ratio between the
workpiece and the grinding wheel. As shown in Fig.
18, during a surface grinding operation, they assumed
that the grinding wheel behaves as a perfect adiabatic
body, with all the heat flowing into the workpiece. By

ks, (pe);

Fy (kpe),,

Fig. 18
tion.

Two-dimensional surface grinding opera-

applying the Jaeger solution to Fig. 18, the average
working temperature over the grinding wheel-work-
piece contact arc can be easily obtained.

Assuming that the average surface temperatures of
the workpiece and the grinding wheel in the grinding
zone are equal, the EDC between the workpiece and
the grinding wheel is as follows:

(kpc),

Rws = |1+
(kpc),,

(49)

However, the model applies only to the energy
distribution between the grinding wheel and the
workpiece. The model does not involve the speed and
grinding parameters of the grinding wheel, nor does it
consider changes in the temperature gradient or the
grain shape of the wheel. Therefore, this model can
only provide an approximate energy distribution
ratio.

Kohli et al. [104] investigated the energy distribu-
tion of workpieces during grinding with aluminum
oxide and CBN grinding wheels. The grinding
temperature is typically calculated using either a
rectangular (uniform) heat flow density distribution
or a triangular heat flow density distribution. While
results from both models show only a small difference,
the internal temperature distribution remains largely
the same. As shown in Fig. 19, the triangular heat-
source mode was found to be highly relevant after the
study because it provides better correlation between
the measured and calculated temperatures.

v, =
-— 1.
Workpiece

- —atll”

Rectangular heat source

Triangular heat source

Fig. 19 Illustration of plunge grinding and heat
flux distributions.

The energy input to the workpiece was calculated
analytically by matching the calculated temperature
with the measured temperature. The energy
distribution was then obtained by dividing the input
workpiece energy by the measured net grinding



energy. Additionally, the effective number of grains
was incorporated into the grinding energy distribution
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as follows:
Ry, = ql _ Rws : chh (51)

model. By equalizing the maximum temperatures of
the workpiece and the abrasive grains at their
interfaces, the energy distribution of the workpiece for
the triangular heat-source distribution was obtained
as follows:

-1
kpo) s
RO e yanGa|

Ry, =
2(kpc

1+ 1.06 (50)

)w U

where G, is the number of active abrasive grains per
unit area on the surface of the grinding wheel, Ag is
the average single-grain workpiece contact area
corresponding to the cross-sectional area of the cone,
and the value of Ay corresponding to the measured
value of R, can be obtained by calculation. The
function f(€) considers that the cross-sectional area of
the abrasive grain is larger than the contact area
between the abrasive grain and the workpiece.

2.4.5 Slicing multiple energy distribution
subsystems

In 2006, Jin and Stephenson [105] proposed a
comprehensive method to analyze the energy

distribution ratio R, of the workpiece, establishing
the energy distribution relationship between the
workpiece, abrasive, abrasive fluid, and grinding chip

LB )

Chip formation
Sliding friction
Plastic deformation

q Rws + chh - Rws : chh ( - #) 7

where h¢ is the convection coefficient of the coolant.

9w hy
Y gwtas  hw+hs
Qw I

Ryeh = (52)

CIw+th - hw+hch’

where hg, is defined as the heat transfer coefficient of
the chip.

In 2012, Hadad and Sadeghi [106] investigated the
thermal analysis of the MQL grinding process. They
introduced a new method for calculating the grinding
temperature and workpiece energy distribution during
the MQL grinding process by examining the grinding
wheel and workpiece as a system.

In the model (Fig. 20), heat is assumed to be
generated at the grinding wheel-workpiece interface
(global scale) and within the workpiece. The two
mechanisms of heat generation are friction and plastic
deformation. Three heat-source locations are available
in the grinding process: the contact surface between
the abrasive grit and the workpiece, the contact
surface between the abrasive grit and the chip, and
the shear surface between the workpiece and the chip.

As shown in Fig. 21, the total heat flux ¢ generated
by grinding is instantaneously transferred to the chip

Genip — Rchlpqlutal

Gus = R

(Wheel—workpiece system)

l Guork = RuGus

Guorks = RuGuork

Fig. 20

Gunest = Rs ‘

qmql = qulqwork

MQL/fluid

Schematic of heat flux partitioning during grinding process [106].
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V, s
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. s | 05 02800 2
l—»i qmql
Gwork

" 4

Gworkp

Workpiece

Fig. 21
face [106].

Heat transfer in grain—workpiece inter-

and to the system of the workpiece and grinding
wheel.

Gt = qc + Qw-g- (53)

Within the system of workpieces and grinding
wheels, heat flows into the workpiece and the
grinding wheel, where ¢v.q = gv + ¢s. The heat inflow
into the workpiece, removed by the coolant, is
subtracted, leaving the actual heat transferred to the
workpiece. For the circular contact, the speed
between grinding wheel grain and workpiece is
assumed to be consistent with the grinding wheel
speed. By considering the heat distribution ratio, the
proportion of heat transferred to the workpiece can be
obtained as follows:

-1

0.974k 1
= ; (54)

Vkpo), - (bi/2) - Ve F

where F'is the transient function, and Black gives an
approximate computational model F. The 1t is
modeled as a dimensionless time and [y is the average
diameter of the wear plane.

F=1- exp(—%) ,

__ <4agzc)1/2
laVe
In 2012, Zhu et al. [107] indicated that existing
grinding temperature models generally assume that
the effective contact radius of the abrasive grain is a
constant, resulting in poor prediction accuracy.
Aiming to address the modeling accuracy, an
enhanced model that considers the geometry and
distribution of abrasive grains is proposed. As shown
in Fig. 22, a single abrasive grain is regarded as a
cone, providing the heat diffusion coefficient of the
grain as shown below.

Ry= |1+

(55)

Oy = —>—.
g
PgClq

(56)

Comcal grain ) j\@' N B @
I2r0 @
= 050
\Q>/ v v
Workpiece
(@) (b)

Fig. 22 (a) Schematic of conical grain. (b)
Orderly arrangement of cross-array model [107].

The effective contact radius of the abrasive grains
varies considerably depending on the depth of cut and
the cone angle of the abrasive grains. Therefore,
treating it as a constant for estimation is unreaso-
nable and introduces some error. Based on the model
shown in Fig. 22, the calculation model for the
effective contour radius, considering different depths
of cut and variable taper angles, is 1 = a,'tan(6/2),
which, when incorporated into the existing EDC,
yields a more reasonable model of Ry.

-1

4k, 1
Rue = |1+ 0.97 (57)
Bw/ap - tan(0/2) F
In 2016, Jin et al. [108] divided the heat
distribution in the grinding zone into multiple

systems, derived the EDC for each system based on
the existing models. They then derived the EDC
model for the workpiece based on existing models.
Previous grinding models mainly focused on plane
grinding, with the complexity of gear grinding, the
point-source temperature rise solution was further
developed. As shown in Fig. 23, this model accounts
for the non-uniform heat sources occurring within the
grinding zone for three-dimensional involute shapes.
Thus, the model allows for the calculation of grinding

“

(a) (b)

Fig. 23 Distribution of the heat flux density at
the three-dimensional involute shape grinding zone
(a) along the tooth profiles and (b) along the contact
length [108].
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temperatures and an analysis of how the energy
distribution ratio of the workpiece changes along the
gear tooth profiles under different grinding conditions.
The energy distribution ratio Rys between the
workpiece and the grinding wheel was obtained based
on Hahn’s model, and the energy distribution ratio
Ryen between the workpiece and the chips was
obtained based on Stephenson and Jin’s model.

hw i
chh(gi) = h (5) = ! ;

i hc i i i
('5 ) + h(é) 14+ 0.753 Vs(fl)ta(fl)

QY

(58)

where o = ky/(pwey) is the thermal diffusivity of the
abrasive chips, y is the shear strain in the chip
formation zone, and t,(&) is the undeformed chip
thickness.

Combining the above sub-models, the EDC for the
workpiece can be derived as follows:

Ry (&) = v _ Rys(&i) Rwen (&)

qt

.{Rws(fi)JrRWch(ﬁi)—Rws (&) Rwen (&) - {1_ :;((&;))Hly
(59)

where £ is the roll angle.

2.4.6 Considering convective heat transfer

In 2002, Jin et al. [101] investigated the combustion
threshold for efficient deep grinding. Based on
thermal modeling of deep grinding conditions, they
derived the theoretical expression for the workpiece
burning threshold by comprehensively considering the
grinding parameters, grinding wheel conditions,
thermal properties of the workpiece and abrasive
grains, as well as the convective heat dissipation of
the grinding coolant and chips.

On this basis, Yang et al. [109], in their study of
nanoparticle spray cooling, found that nanofluids play
a major role in heat dissipation within the grinding
zone, with the convective heat transfer of the
nanofluid carrying away most of the heat. They
developed a mathematical model for R, by
calculating the CHTC of the grinding wheel,
workpiece, coolant, and chips, without the need to
directly measure the grinding zone temperature.

Rowe [110] improved the thermal model by
considering the effect of convective heat transfer in
different states of the coolant on the energy
distribution. He developed a division expression that
distinguishes between the wupper and lower
boundaries, enhancing the modeling of heat flow
distribution between the grinding wheel and the

workpiece. In wet grinding, if the liquid film boiling
temperature is exceeded, then the coolant no longer
serves as an effective heat sink in the grinding zone.
In the calculation process, as shown in Fig. 24, the
energy distribution ratio between the grinding wheel
and the workpiece is calculated based on a simple two-
slider model. However, after further consideration, the
chips and the coolant, as heat dissipation compo-

nents, have no substantial effects on the calculation of
R.

V,

T Workpiece
] [
i Grinding

wheel
(1-R)q

Fig. 24 Energy distribution between the grinding
wheel and the workpiece.

The grinding wheel and the workpiece can be
regarded as two sliders. After considering the density
and nature of the heat flow in the grinding wheel and
the workpiece, an assumption is that both are
affected by the sliding heat source. Considering these
factors, the energy ratio of the workpiece can be
determined.

1

[vg (kpe),
L+ vy (kpc),,

If the energy from the convection of chips and
coolant is considered, then the predicted distribution
ratio is reduced and the EDC can be corrected as
shown below.

R=FR (1— L”Cf).

€c

Rws = (60)

(61)

Typical values of e. are 6 J/mm3, and the value of
et is 0 when fluid boiling occurs, leading to an
increasingly substantial effect of chips at relatively
low specific energies.

RzR’(l—g).
€c

In 2022, Zheng et al. [111] considered the role of
coolant in the grinding process and established an
improved external wet grinding temperature model
that accounts for the lubricating effect of the coolant,
building on previous models. The model determines
the EDC of the workpiece through the relationship
between the EDC of different subsystems. As shown
in Fig. 25, the schematic illustrates cylindrical

(62)
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Bearing track

Fig. 25
[111].

grinding and the heat distribution within the grinding
zone.

The energy ratio Ry flowing into the workpiece can
be calculated by the following relation [108].

1 1 he 17!
RW = 1= 3
|:Rws + chh < hw>:|
where hs is the CHTC of the coolant, hy, is the CHTC
of the workpiece, and Rys and Ry, are the energy
distribution ratios of the workpiece-grinding wheel
and the workpiece—chip, respectively.

(63)

1
Rys = 141> S T)]_l, (64)
P —exp (=T
Bw\/TOVs P 2
1.328 w sgmax
wch a ’Y/ (V de ) (65)

- 14+ 1.328 OéW’Y/ (Vsagmau()7

where the dimensionless number 7 is given by

T = [k’sl/Qlc(pscs)fl/Q/(Tng)T/Q, k, is the thermal
conductivity of the grinding wheel, ps is the density of
the grinding wheel, and ¢ is the specific heat of the
grinding wheel. The shear strain is defined as
~v = cosf/[sin p - cos(¢ + 0)], where  and ¢ are the half
of the grinding tip angle and the shear angle,
respectively, and dgmax is the maximum undeformed
chip thickness.

2.4.7
whole

Grinding wheel and fluid composite as a

In 2000, Guo and Malkin [88] proposed a quantitative
method for calculating grinding temperature and
workpiece energy distribution. Aiming to analyze heat
transfer during the grinding process, they approxi-
mated the heat transfer problem in two dimensions

Injector

A
Y
i
e\
<
e

(b)

Cylindrical grinding model. (a) Schematic of cylindrical grinding. (b) Heat flux distribution diagram

by considering straight-face plunge grinding, as shown
in Fig. 26. The contact between the grinding wheel,
fluid, and workpiece was simplified as two planar
contact surfaces, and the heat source was modeled as
a suitable rectangular heat source.

Composite
V, .
J Uniform heat source

YYVVVVVY

Triangular heat source

_—

TV

Workpiece K

Fig. 26
model.

Hlustration  of

temperature-matching

This method of estimating energy distribution is
based on matching the temperature in the grinding
area. Therefore, the grinding wheel and fluid are
considered as a composite material. Assuming that
the energy distributed to the workpiece along the
grinding zone remains constant, the energy
distribution in the workpiece can be calculated as
follows:

n_ (kpcv), } ’

(kpcv),, (66)

where k is the thermal conductivity and p. is the
volume-specific heat. The subscript ¢ represents the
composite and w represents the workpiece.

The thermal properties of the wheel-liquid
composites are unknown and the location of the
maximum temperature varies. Thus, this relatively
simple model can only be used for qualitative analysis
of the energy distribution.
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Lavine [112] presented a simple analytical model for
heat transfer between the grinding wheel, workpiece
surface, and coolant, predicting the proportion of
energy entering the workpiece. As shown in Fig. 27,
the grinding zone is modeled as a two-dimensional
region. Assuming that the coolant fills the thermal
boundary layer pores and remains stationary relative
to the grinding wheel, the grinding wheel is
considered as a composite material comprising coolant
and abrasive grains, with their combined properties
determining the overall properties of the wheel.

Composite solid

; L@

q. f i

: X qw é

I z !

— !
Vw 4 Workpiece

I(x)

Fig. 27 Model of the grinding zone.

The total heat generated is divided into two parts:
the heat conducted to the workpiece and the heat
entering the complex comprising the grinding wheel
and the fluid. The proportion of energy transferred to
the workpiece is then given by the following;:

V (kpcpV),

(kpcpV),,

R= |1+ (67)

The ratio of the actual contact area of the grinding
wheel to the nominal contact area of the workpiece,
namely Agr/A, is much less than 1 for the grinding
wheel and equal to 1 for the liquid film. The
proportion of energy allocated to the workpiece is

then calculated as follows:
(kpc)fl/s
+ \/(kpc)wuw

1+\/(kpc)guSAR
(kpc),vwA

Kim et al. [113] investigated the heat flow density
distribution and energy distribution in the workpiece
during creep feed grinding. On this basis, they
measured the surface temperature of the workpiece
and used inverse analysis to determine the energy
distribution value. These results were the compared
with those calculated using the moving heat-source
theory. The analysis was conducted separately under
different working conditions for down grinding and up
grinding (Fig. 28).

The energy distribution in the workpiece can be

Ry = (68)

Vs
\ Down grinding

Down grind
fluid application

v,
Up grinding/

Up grinding
fluid application

Fig. 28 Illustration of up and down grinding and
thermal model.

easily obtained by modeling the grinding zone as a
band heat source moving at the wheel speed along the
workpiece surface. This approach involves calculating
the maximum surface temperature at the interface on
one side of the composite and assuming a sufficiently
large Péclet number, such that heat conduction in the
direction of motion can be neglected.

(kpc) vs ]

1+ (69)

T (kpc)y vw

Takazawa [114] considered the thermal parameters
of the grinding wheel and the workpiece, treating
them as a composite heat conductor. The grinding
process was modeled as two contact heat conductors
moving at different speeds. A one-dimensional heat
conduction model was then used to calculate the
percentage of heat transferred to the workpiece as
follows:

1

(Pe>5),
(kpo)s vs
(kpc)y, Vw

1

Y AT

(re)y Y

In 2017, Yin and Marinescu [115] modeled the
grinding zone as a heat source, assuming that most of
the heat is transferred to the workpiece, while the
remaining energy is carried away by the grinding
wheel, abrasive fluid, and chips. Based on Lavin’s
model [116], they assumed that the grinding wheel is
a composite of coolant and wheel, with the heat
entering the wheel denoted as ¢s.

1+

Ry = (70)

(Pe < 5).
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,Tmb AR
qs = 7\/ Q(k’PC)S : USTZQ

where Ty, is the melting point of the workpiece and
Ag is the contact area of the abrasive grains.

Based on Malkin’s study, the energy imparted to
the abrasive chips can be calculated using the specific
energy of the abrasive chips.

_ €c MRR _ PwaTmbapr _ prmeap'Uw
T TV T b Japds | Japds

where d; is the diameter of the grinding wheel. MRR
is the material removal rate.

An assumption is that most of the heat is
transferred to the workpiece and the coolant.
Therefore, the heat involved in the heat transfer
process comprises the heat flow density ¢, of the
workpiece and the convective heat flow density ¢ of
the coolant. The energy distribution can then be
expressed as follows:

(71)

(72)

ZQW +Qf -1
qt Gt

_QC+qS:1_ 1

FyVs

by/apds

pwchmapr Tmb
7\/@ + 5 \/Q(kpc)SVsB\/apds .

wa

(73)

This energy distribution equation considers the
effects of workpiece feed rate, depth of cut, equivalent
grinding wheel diameter, tangential grinding force,
and the physical and thermal properties of the
grinding wheel and the workpiece on Ry This
equation also considers the cooling effect of the
coolant, and the results for the tangential grinding
force F; reflect the effect of the coolant.

2.4.8 Considering heat source tilt angle
In 2001, Jin et al. [117] conducted a thermal study of
high-efficiency deep grinding (HEDG) investigated
the relationship between workpiece energy distribu-
tion and grinding parameters. They developed an
analytical model for deep grinding that considered the
influence of the inclination angle of the heat-source
plane on its direction of motion. Under HEDG
conditions with a large Péclet number, the inclination
angle substantially affects the temperature of the
grinding zone, which cannot be ignored. Therefore,
they developed an analytical thermal model for deep
grinding conditions that incorporates the effect of the
inclination angle.

Using the tilt-shift heat-source planar model, the
average heat flow of the workpiece can then be
obtained as shown below.

Omax(€p), Vw sin @
qw =

- Qerf[l/w sin ¢ - (t0/4a)1/2} '

(74)

The average heat flow of the composite solid is

gc = (Omax/1.128)\/vsl~1(kpc).. Based on the defini-
tion, the EDC considering the inclination of the heat
source is given as

-1
2(kpe)e* v/ 1) ez
R=11 cerf| vy, : .
{ * 1.128(cp),, w sing P sy dovy

(75)

Table 3 further summarizes the factors influencing
the EDC model in grinding processing.

3 Convection heat transfer mechanism
and modeling

Convection heat transfer is a complex process that
involves thermal conduction and convection. This
process occurs when a fluid is in direct contact with a
solid surface, a relative motion exists between the
fluid and the wall, and a temperature difference
emerges. Owing to fluid viscosity, in the flow through
the solid surface, by the influence of frictional
resistance will be formed on the solid surface with a
large velocity gradient of the boundary layer. Several
factors affect convective heat transfer, including the
properties of the fluid, the nature of fluid flow, and
the characteristics of the heat transfer surface
[118,119].

The cooling effect provided by the coolant plays a
crucial role in the machining process. Therefore,
accurately determining the CHTC is essential for
calculating surface temperature in non-dry machining
processes [120]. However, predicting or solving for the
CHTC is challenging due to variability in processing
parameters, uncertainties in the physical parameters
of materials, and differences in fluid properties
[121,122].

3.1 Turning

In the turning process, cutting fluid cooling is one of
the most commonly used methods for temperature
control. Additionally, the high-speed rotation of the
workpiece or tool generates strong convection heat
transfer with the surrounding air, which plays a
crucial role in effectively reducing the workpiece
temperature.

In 2023, Yin et al. [123] constructed a model of the
CHTC during the turning of slender shafts, aiming to
improve the machining accuracy. During the cutting
process, the end face and surface of the slender shaft
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Table 3 Modeling of EDC in grinding
Model category  Reference Basis of the model Grlﬁdmg Cooling condition Model calculation Model
wheel results accuracy
Based on a single  Guo et al. Distribution of heat sources in right- Aluminum  Soluble oils, cold Aluminum oxide Maximum
grain of grinding [87] angled triangles and simplification of oxide/CBN  air and ester oils grinding wheel is error: 40%
wheel one-dimensional heat-conducting  grinding wheel 73%—77%:
processes based on the theory of CBN grinding wheel is
continuous grinding temperatures in 67%—70.5%
planar surfaces
Qiu Consideration of heat carried away Seeded gel Dry grinding 76.5%—84.4% -
et al. [89] by chips, improved based on a single (SG;
particle distribution model 3SG80KV)
Xu Combining the heat transfer process, Cup grinding  Wet grinding 6.8%—8.6% 16%—22%
et al. [90] the end face temperature of wheel

individual wear grains, and a one-
dimensional heat transfer model to
analyze the dynamic effect of
grinding on the heat transfer process
and study the energy distribution

ratio
Considering Rowe [84] The chip temperature is close to, but  Aluminum Casting cooling
abrasive grain not greater than, the melting oxide/CBN
workpiece contact temperature, and the average grinding wheel

temperature in the contact area is
approximately two-thirds of the
maximum temperature
Guo et al.  Based on the theory of continuous Aluminum  Soluble oil, cold

Aluminum oxide -

(87] grinding temperature of flat surfaces, oxide/CBN  air, and ester oil grinding wheel is
the coolant does not provide grinding wheel cooling 80%—84.5%;
sufficient cooling in a closed area CBN grinding wheel is
79%—-83%
Rowe [84] The abrasive grain, considered as a  Aluminum Dry grinding Aluminum oxide -

stationary object, is regarded as a oxide/CBN

grinding wheel is

protrusion of infinitesimal depth on a grinding wheel 65%—-80%;
semi-infinite object CBN grinding wheel is
35%—50%
The time constant reaches infinity Aluminum Dry grinding - -
when heat transfer enters a steady-  oxide/CBN
state grinding wheel
Liand  Using a linearized model in unit time - Dry grinding - -
Zhao [91]
Considering the Rowe [84] Relating the maximum temperature  Aluminum Dry grinding Aluminum oxide 13%—20%
surface to the heat entering the workpiece  oxide/CBN grinding wheel is
temperature of the using the Jaeger solution for sliding grinding wheel 50%—-80%;
workpiece heat sources and corrections for CBN grinding wheel is
different flux distributions 25%—43%
Hadad Consider the contact zone as a Aluminum Dry grinding/ Aluminum oxide 5.4%-15.4%

et al. [95] banded heat source moving along the oxide/CBN MQL/wet grinding grinding wheels MQL
surface of the workpiece at the speed grinding wheel grinding is 73%—77%;

of the workpiece

dry grinding is

approximately 82%; wet
grinding is below 36%;
CBN grinding wheel
MQL grinding is 52%;
dry grinding is below
14%; wet grinding is
approximately 46%

Peng Calculation of the maximum grinding Electroplated Dry grinding/wet

Dry grinding is -

et al. [96] temperature rise of the contact CBN grinding grinding 28%—-39%; wet grinding

surface based on a one-dimensional wheels
conduction sliding heat-source theory
using a triangular heat source
Ding Physical model-based approach and CBN vitrified  Dry grinding

et al. [98]  moving inclined delta belt source  bond grinding
temperature model, derived by finite wheel
element simulation and experiments
Based on material Mao Considering the change in various Aluminum Wet grinding
physical et al. [100]  physical property parameters at oxide/CBN
parameters different temperatures grinding wheel

Ramanath Assuming that the grinding wheel is - -
and Shaw a perfect adiabatic body and all the
[103] heat flows into the workpiece, the
energy distribution at the contact of
the grinding wheel is even

is below 12%

30%—-50% -

51%—-70% -

Kohli Matching calculated temperature to  Aluminum - Aluminum oxide -
et al. [104] measured temperature using oxide/CBN grinding wheel is
triangular heat flow density grinding wheel 60%—75%;
distribution CBN grinding wheel is

20%
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(Continued)
Model category  Reference Basis of the model Grinding Cooling condition Model calculation Model
wheel results accuracy
Slicing multiple Jin and  Interlinking the energy distribution CBN grinding Mineral oil cooling 51%—83% -
energy distribution Stephenson relationship between the workpiece, wheel
subsystems [105] the abrasive, the coolant, and the
grinding chip
Hadad and  An assumption is that the heat is Aluminum MQL 55% -
Sadeghi generated at the grinding oxide/CBN
[106] wheel-workpiece interface and inside grinding wheel
the workpiece, with circular contact
between the grinding wheel particles
and the workpiece, and at a speed
consistent with the rotational speed
of the grinding wheel
Zhu Considering the geometry and CBN grinding Dry grinding/oil- 38%—55% 13.8%-21.6
et al. [107] distribution of abrasive grains, wheel based coolant %
individual grains are regarded as
cones
Jin Extension of the point source SG grinding Dry grinding 65%—85% -
et al. [108] temperature rise solution to obtain a wheel (3SG46-
model of the kinematic non-uniform  H12VSP)
heat-source occurring in the grinding
zone of a three-dimensional involute
shape
Considering Yang Nanofluids are the main medium for - Dry grinding/ - Less than
convective heat et al. [109] heat dissipation in the grinding zone spray cooling/ 7. 7%
transfer nanoparticle jet
spray cooling
Rowe [110] Calculations based on a simple two- - - - -
slider model considering the effect of
convective heat transfer on energy
distribution for different boiling
states of the coolant
Correction of the coefficients - - 54%—-87% -
considering the convective heat
transfer between chips and coolant
Zheng Solving the EDC model of a Aluminum  Dry grinding/wet Wet grinding is -
et al. [111] workpiece through the relationship oxide grinding grinding 32.3%—-34.1%; dry
between the EDCs of different wheel grinding is 45.3%—-47.9%
subsystems
Grinding wheel Guo and Approximating the heat transfer Aluminum Wet grinding Aluminum oxide -
and fluid Malkin [88]  problem in two dimensions and oxide/CBN grinding wheel is
composite as a considering the grinding wheel and grinding wheel 60%—70%;
whole the fluid as a composite material CBN grinding wheel is
20%
Lavine [112] The following assumptions are Aluminum Wet grinding - -
presented: the fluid fills the entire oxide grinding
pore space within the thermal wheel
boundary layer, the fluid is at rest
relative to the grinding wheel, and
the grinding wheel is viewed as a
composite of the coolant and abrasive
grains
Kim By measuring the resulting workpiece ~Aluminum Wet grinding  Down grinding is 3%; up -
et al. [113] surface temperature, the energy  oxide grinding grinding is 4.5%
distribution value is obtained via wheel
inverse analysis
Takazawa Viewing the grinding wheel and the - - - -
[114] workpiece as a composite heat
conductor and the grinding process as
two contact heat conductors moving
at different speeds, a one-dimensional
thermal conductivity model is used
Yin and  Assuming that the grinding wheel is - Wet grinding About 85% 6.94%—-14.87
Marinescu  a composite of the coolant and the %
[115] grinding wheel, most of the heat is
conducted to the workpiece and the
coolant
Considering heat Jin The EDC is analyzed by considering - - 50%—60% -
source tilt angle et al. [117]  the inclination effect of the heat-
source plane on the direction of
motion
experience relative motion with the surrounding air, hi =28 (1 +V 0.45u) , (76)

leading to convective heat transfer.
For the slender shaft end face, the CHTC hy is
calculated as follows:

where u is the linear velocity of the ambient air
around the circumferential end face, which can be
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calculated using the spindle speed n and the diameter
d of the slender shaft end face. v = mdn,/60000.

For elongated axial circumferential surfaces, the
forced CHTC hy can be calculated using the Nusselt
equation, which is given by:

hy = 1000 - Nu - ks / d, (77)

where k, is the thermal conductivity of air. The
Nusselt number Nu is calculated as follows:

0.664Re'/>Pr'/?  (Re < 10°),
N = {0.037Re4/5Pr1/3 (Re > 10°), (78)
where Re is the Reynolds number and Pr is the
Prandtl number of the flowing air.
3.2 Milling
Milling is an intermittent process; therefore, air
convection also facilitates effective cooling of the tool
between machining intervals [124].

3.2.1 Based on fluid mechanics

In 2022, Chen et al. [125] used an analytic approach
to model convective heat transfer in tools. Milling, as
an intermittent cutting process, allows the tool to
cooled through convective heat transfer with the
surrounding air when the cutting edge is not in
contact with the workpiece [126].

Nu - kg
h(] = T, (79)
where D is the diameter of the milling cutter.
The average Nussle number Nu is
Nu = 0.318 Re?-5", (80)

where Re, is the dimensionless rotational Reynolds
number,

OD?p,
2p

Re, = , (81)
where 2 is the cylinder angle, p, is the air density,
and u is the dynamic viscosity of air, and the physical
parameters of air are shown in Table 4.

3.2.2 Considering air thermal circulation

In 2004, Wang et al. [127] analyzed the CHTC on the
surface of a wave-shaped flute milling cutter blade
during face milling by integrating principles from heat
transfer, fluid mechanics, and cutting theory. As
shown in Fig. 29, during face milling, the rotating
cutter induces high-speed tangential motion of the
surrounding air along the outer edge of the cutter
disk, resulting in a phenomenon known as thermal

Table 4 Physical parameters of air

Parameter Value Unit

K 0.024 W/(m-°C)

Pa 1.29 kg/m3

u 1.983 x 105 kg/(m's)
Fig. 29 Schematic of face milling.

circulation. Considering the complexity of the heat-
source flow problem, the CHTC is assumed to be
uniform along each convection boundary of the
milling cutter. Additionally, the air adjacent to the
milling cutter disk is considered an incompressible
Newtonian fluid with constant physical properties, no
internal heat source, and negligible heat dissipation
from viscous friction. Moreover, another assumption
is that the air at the wall of the milling cutter disk is
in the exuberant turbulence zone.

The layer of air adhering to the wall of the rotating
disk moves with a linear velocity v along the outer
edge, undergoing uniform circular motion. This flow
condition closely resembles to the fluid flow around a
single tube. Therefore, the Reynolds number of the
air can be expressed as follows:

nd’n

Re — .
“~ 6o0u

(82)

The air becomes turbulent at normal operating
speeds near the knife plate against the wall; thus,
airflow is assumed to remain consistently in a
turbulent state. The CHTC at the knife plate against
the wall is given as follows:

ke (nD2n\"
h*CE( 60v ) ’

(83)

where D is the diameter of the cutter, ks is the
thermal conductivity of the fluid, and C and m are
coefficients to be determined based on the Re
criterion.

3.3 Drilling

The drilling process typically occurs deeper within the
workpiece, making it more difficult for the cutting
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fluid to reach the machining area, which notably
affects the cooling efficiency [128,129]. Drilling is
generally a fast process and is therefore suitable for
analysis under transient situations. Moreover,
different regions of the drill experience varying
cooling effects [128].

3.3.1 System transient heat transfer

In 2012, Kurgin et al. [130] investigated the CHTC
under MQL lubrication during hole reaming. The
reaming and drilling processes is typically remarkably
rapid, and the system is transient. The capacitance
method can be used to solve for the transient CHTC.
Assuming no temperature gradient exists within the
object, the capacitance equation is as follows:

T, —Teo < hAf)
0 =exp| ———t ],

= 4
Ty — T pcV (84)

where Ty is the temperature at moment ¢, T, is the
initial temperature of the object, Ty is the convective
ambient temperature, Af is the convective surface
area, and V is the volume.

The Biot number must be calculated to determine
the presence of internal temperature gradients. The
results of the total capacity analysis are valid when
the Biot number is less than 0.1. The Biot number is
calculated as follows:

h(V/A)

2L 2o,

: (85)

where k is the thermal conductivity of the object.

3.3.2 Zoned heat transfer analysis in drilling tools

In 2017, Pontes et al. [131] investigated the CHTC of
the cutting fluid over the auger complex to effectively
model the temperature at the tool tip. As shown in
Figs. 30 and 31, heat exchange can be idealized into
four regions during the drilling process. The
maximum heat removal occurs in the second region,
where the drilling tool and cutting fluid are in
contact. Under steady-state conditions, where all heat

4 Cutting fluid
). 4

< R | R, R3( R,

L Drilling rotation Collet

Workpiece

Fig. 30
regions [131].

Modelling of drill tool in four different

%/ Nozzle

Cutting fluid

Workpiece

Fig. 31
process [131].

Schematic representation of the drilling

transferred to the drill is expected to be exchanged
with the cutting fluid, the average temperature of the
drill surface in contact with the cutting fluid is
calculated as follows:

1
Ty=—

= TdA.
Ag Ja,

(86)
Once the average drill surface temperature Ty is
identified, the average CHTC is calculated as follows:

qf

h=——
Ae(Tq — T)

(87)
where Tt is the temperature of the cutting fluid.
Studies focused on modeling CHTC in planning and
boring machining are few, and no relevant models
have been established. Therefore, these topics will not
be discussed further herein. Table 5 provides a
summary of the factors that influence the modeling of
CHTC in cutting operations.
3.4 Grinding
Compared to cutting, grinding generates more
frictional heat due to the intense friction between the
abrasive grains and the workpiece. This heat tends to
accumulate in the grinding zone, potentially causing
burns on the workpiece and damaging the grinding
wheel. Therefore, the cooling effect provided by the
coolant is critical in the grinding process [132]. The
convective heat transfer of the coolant is a primary
mechanism for dissipating heat in the grinding zone,
especially during coolant flooding, where most of the
heat is carried away through the coolant [133].
Therefore, in non-dry grinding, determining the
CHTC is a key factor in predicting the workpiece

surface temperature and controlling machining
quality [134].
However, excessive use of coolant has many
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Table 5 Modeling of CHTC coefficients in cutting operations
Eg%%essmg Model category  Reference Basis of the model Matcgglr; me ngg}glfn Model calculation results aggﬁf:éy
Turning Distinguishing Yin The workpiece is an Carbide  Dry cutting The rotating end face of -
workpiece et al. [123] elongated shaft, and the cutting tools the slender shaft is 6.17 x
convection surfaces different surfaces are 105 W/(mm?-K);
considered separately the rotating surface is
4.526 x 1075 W/(mm?-K)
Milling Based on fluid Chen Analytical method, Carbide four- Dry milling - -
mechanics et al. [125]  considering convective  flute milling
heat transfer with air cutter
Consider air Wang Combining heat transfer, Wave edge Dry milling - -
thermal circulation et al. [127] fluid dynamics, and ~ milling cutter
cutting theory, the heat
bypass problem is
considered, assuming that
the CHTC is equal for
each convection boundary
of the milling cutter
Drilling System transient Kurgin The heat transfer process - MQL 22-300 W/(m?-°C) When the
heat transfer et al. [130]  is remarkably fast and Biot number
transient, assuming the is less than
absence of temperature 0.1, the error
gradient inside the object is within 5%
Zoned heat transfer ~ Pontes  Dividing the drill bit into ~ Steel core ~Cutting fluid ~ 3270-5190 W/(m?-K) -
analysis in drilling et al. [131] four heat exchange zones, drilling tools lubrication
tools all heat transferred to the
drill bit is expected to
exchange with the cutting
fluid
disadvantages [135], and in high-speed grinding, without considering the boiling convection heat

breaking through the air barrier layer and effectively
reaching the grinding zone for cooling is difficult for
the coolant [136,137]. Therefore, researchers have
developed a variety of cooling methods such as MQL
[138,139] and NMQL [140,141]. Owing to the diversity
of cooling methods and the variability of machining
conditions, determining the CHTC becomes a
complex problem [142]. Researchers have used a
variety of approaches to derive different CHTC
models, including those that consider factors such as
boiling states of the fluid, particle contact conditions,
different grinding zones, and those based on
hydrodynamics, statistical theory, energy distribution.

3.4.1 Considering the fluid boiling state

In 2019, Zhang et al. [99] investigated the grinding
process of low-temperature air nanofluid MQL
lubrication and established a CHTC model based on
the theory of boiling heat transfer and conduction.
Notably, the boiling heat transfer process in the
grinding zone can be divided into four stages: natural
convective heat transfer, nucleate boiling heat
transfer, transition boiling heat transfer, and film
boiling heat transfer. The effect of grinding
temperature on the heat transfer coefficient is shown
in Fig. 32, demonstrating the four boiling stages of
the cooling medium.

In a natural convection state, the coolant does not
boil, and nanofluid convection heat transfer becomes
the main heat transfer mode. Yang et al. [143]
investigated the CHTC under MQL conditions

transfer coefficient. When the nanofluid is injected
into the grinding zone, the ejected nanofluid is
discretized into N; droplets, each with a volume V;
per unit time as follows:

n 1 1 1
2tanf, \ cosf,
-1
PR B S S S
3 tan26,, \ cos 6, ’

Vi=r

surf ’

v nd} (88)
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where Q' is the nanofluid supply during the grinding
time, 7yyf is the diffusion radius of a single droplet, N
is the droplet volume, t is the total grinding time, ay
is the length of the workpiece, V] is the volume of a
single droplet, dy is the diameter of the sphere of a
single droplet, and 6, is the contact angle.

Therefore, the CHTC for the natural convection
state is introduced as follows:

NiepVi
3

hp1 = + hl, (89)

surf
where ¢ is the droplet specific heat capacity, p; is the
nanofluid density, Ty is the saturation temperature,
and A} is the room temperature air CHTC.
When the boiling state of the coolant is considered,
as shown in Fig. 32, the CHTC reaches its maximum
value at the endpoint of nucleated boiling, which
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marks the starting point of transitional boiling heat
transfer. At this point, the CHTC can be calculated
as follows:

(hea + a1(Ts — )] Q' ;1
nrgurf(TUQ - T‘l)

hya = + hy, (90)
where hg, is the latent heat of vaporization and T is
the nanofluid temperature.

When the nanofluid enters the film boiling state,
the endpoint of transitional boiling marks the starting
point of film boiling. At this stage, the CHTC is
calculated as follows:

:NlQ'm [he, + a(Ts — 7))

I
8 blc(TnS - ,Tl)
0.084/In(We/35 + 1
. {0.0Z?exp[ (BI.S/ )}
90
0.21k4B - — h!
+ d cxp( We+1)}+ a
d 2
We = P OVn7
o
- (91)
Po—po , 16Q’
2 12
S RS i Np—)
1+e¢
Cv(Tm - Te)
B=——
hfa ’
le = v/apds,
kd - kv )
Cy vy

where p, is the pressure inside the nozzle, py is the
atmospheric pressure, v is the droplet jet velocity
along the nozzle direction, v, is the droplet vertical
impact velocity on the heat transfer surface, ky is the
thermal conductivity of the steam, wu, is the steam
kinetic viscosity, ¢, is the mass heat capacity of the

Schematic of the influence of grinding surface temperature on heat transfer coefficient [99].

steam, 6 is the droplet jet and the horizontal
direction of the angle, and o is the surface tension.

In 2023, Liu et al. [144] analyzed the heat transfer
behavior of the liquid film at the interface of the low-
temperature cold air MQL-lubricated grinding
wheel-workpiece. They further established a CHTC
model based on the liquid film flow heat transfer
process within the grinding zone. As shown in Fig. 33,
the total liquid film heat transfer ¢ in the grinding
zone comprises the liquid film flow heat transfer ¢
and the heat transfer from the boiling bubble group
b-

For the total heat of the liquid film, the energy
input into the grinding zone is assumed to be
completely converted into the heat generated during
the interaction between the grinding wheel and the
workpiece.

Qt:Fm'lc:Fx'\/dsap~

For the boiling bubble heat exchange, the liquid
film in the nucleate boiling state is assumed to form
spherical bubbles on the workpiece surface. Applying
the Fritz formula, all the bubbles, from the nucleation
of the gas to their growth and detachment, contribute
to the total heat absorbed, denoted as Q.

(92)

3

nd
Qb = NywloCopa—22,

: (93)

where (}, is the latent heat of the bubble, taken as
384.3 kJ/kg. dy, is the diameter of a single bubble, p,
is the density of the air, and N, is the number of
nucleation sites (per unit area) on the superheated
surface.

The CHTC of the flowing liquid film can be
modeled by substituting the parameters into the
relevant calculation equation as follows:
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(94)

In 2014, Mao et al. [145] established a mathema-
tical model for the heat transfer coefficient in the
MQL grinding zone, based on the atomization
mechanism and the varying heat transfer characteris-
tics exhibited of droplets at different wall tempera-
tures. Aiming to simplify the calculation, an
assumption is that a constant heat flow is applied to
a small unit of the grinding surface within a unit time
step. The droplets are further assumed to penetrate
the air barrier and vapor layer surrounding the
grinding wheel, entering the small contact area for
effective heat transfer. The heat transfer on the
surface is assumed to occur through convection for
the air, while the droplets transfer heat through
heating and boiling. Given the small diameter of the
droplets, they are assumed to reach the wall
temperature instantaneously upon contact with the
heat transfer surface.

No boiling heat exchange. The heat transfer in
this region is divided into two components: convective
heat transfer between the air and the wall, and
heating heat transfer of the liquid droplets. By
applying the Nusselt number calculation equation, the
CHTC for the air to the wall is as follows:

ha = 0.906Re"/2Pri/3, 171 (95)

The heat transfer coefficient h for droplet heating is
as follows:

c1mo(tw — t1)

h =
tw*tl

: (96)

where my is the mass of the droplets involved in the
heat transfer and # is the initial temperature of the

Nucleate boiling and flow heat transfer process of flowing liquid film in the grinding zone.

droplets.
The total heat transfer coefficients are presented as
follows:

h = ha+ h. (97)

In the non-boiling zone, the heat carried away by
MQL cooling and the wall temperature are
approximately linear. Therefore, the heat transfer
coefficient in this region can be approximated as a
constant value.

Nucleate boiling heat transfer and transition
boiling heat transfer. In the nucleate boiling zone
and the transition boiling heat transfer zone, the
change in heat transfer is highly complex, and the
relationship between wall temperature becomes non-
linear. However, the spray heat transfer and wall
temperature follow a parabolic distribution, reaching
a maximum at the critical heat flow density at the
maximum value. The critical heat flow density is as
follows:

dmax = N1 [hga + c1(ts — 01)] @ + ¢
b 98
q = O.906Rel/2Pr1/37(tw — 1), (98)

where ¢/ is the air convection heat transfer and ¢ is
the liquid mass flow rate.

Assuming that all droplets sprayed onto the heat
transfer surface are evaporated and that N is 1, it
can be simplified as follows:

Gmax = I:hfd + cl(ts - tl)] e+ q;; (99)

Therefore, the heat transfer coefficient at the
critical heat flow density is calculated as follows:

qmaX

tw_tl.

(100)

hmax =
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Stabilized film boiling heat transfer. The heat
transfer in this area includes the following three
components: heat transfer between liquid droplets and
the hot surface, convective heat transfer between the
airflow and the hot surface, and the heat transfer of a
single droplet hitting the high-temperature wall,
which can be expressed as follows:

nd3
ga = —p1 [hea + a(ts — 1))

6
0.084/In(We/ 35 + 1)]

Bl5

. {0.027 - exp [

-90
21k4B - —_—
+0.21kq eXp(We—i—l)}’

where We is the Weber number; We = p;dv? / o. Also,
we have B = ¢, (tw — ts)/ hta and kq = ky/ (copty)-

(101)

High-temperature surface heat transfer due to
droplet collision per unit area per unit time:
6Q1
q,1, =qalV1 = %Fdo;p (102)

where S is the area covered by the nozzle jet and dj is
the droplet diameter.

The convective heat exchange between air flow and
wall surface is calculated as follows:

" o__ 1/2p,.1/3 A

q) = 0.906 Re'/* Pr T(tw —to). (103)

Consequently, the CHTC in the boiling zone of the
stable film state is presented below.

@ +a
hp = ——2. 104
b e — to (104)
3.4.2 Based on fluid mechanics

In 2024, Gupta and Yadav [22] employed computa-
tional fluid dynamics to develop a mathematical
model for the CHTC of the coolant. They analyzed
the total heat generated in the grinding zone and its
distribution among the grinding wheel, workpiece,
fluid, and chips. The heat flow to the fluid, denoted
as ¢, is expressed as follows:

qf = hf : Tmax =qt — (QW +gs + th)» (105)

where the total heat ¢ depends on the speed ratio,
grinding depth, grinding wheel, workpiece material,
and diameter.

Vw 372 71/2
qt = V*ap/ ds/ Fom,
't

Bw [vp
w = ~ Al 7 TmaX7
=G\ L

kg
Qw )
6w vV Talt

s =

peavy,
le

Gch = *Lch; (106)
where Fyp, is the specific main grinding resistance.

In 2017, Yang et al. [146] investigated micro-scale
cranial grinding under various cooling conditions and

developed a CHTC model based on fluid dynamics.

h = 0.023kng(2uobo ) **n~ 08 PrP / (2by), (107)

where kyr is the thermal conductivity of the fluid, v is
the exit velocity, by is the half-width of the nozzle
exit cross-section, and # is the kinematic viscosity of
the fluid. After transformation, h can be modified as
follows:

b= 105.6K0p05 0/ 104, (108)
where pys is the fluid density, ¢y is the specific heat
capacity of the fluid, and y; is the dynamic viscosity
of the fluid.

In 2003, Jin et al. [147] estimated the CHTC using
a fluid dynamics and thermal model fit. When the
coolant enters the grinding area, the temperature
distribution of the cooling medium within the thermal
boundary layer is shown in Fig. 34(a). Assuming the
surface temperature of the workpiece is uniform and
constant at Ty, the coolant temperature outside the
thermal boundary layer is also set as Ty. As shown in
Fig. 34(b), J; denotes the thickness of the thermal
boundary layer at position z. An assumption is that
the flow rate of the coolant is equal to the peripheral
speed of the grinding wheel. At the surface of the
workpiece, the heat flow ¢ is expressed as shown
below.

d, _
= y
u‘l g
— L —
H
T, _
y 5 sl u
X T\\ ! - ‘I"Z
T 1 T, 2
7 dg,, = —kdxdT/dyl,

(a) (b)

Fig. 34 (a) Thermal boundary layer of the
coolant on the workpiece surface. (b) Control volume
within the grinding zone for energy balance [147].

(109)

Solving for the CHTC, h., requires a coolant
temperature gradient at the workpiece surface, while
the internal temperature distribution of the coolant,
Tw and T, is related as follows:
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T-Ty 3y 1[(y Y
oot -2t a(a): o
where ¢ is the thickness of the coolant film in the
grinding zone.

By solving the integral equation with appropriate
boundary conditions, the fluid mass flow is
determined, from which the pressure gradient is
derived. Then, through energy balance, the thermal
boundary thickness J; is obtained as follows:

Ay + Agb? + As87 + ArSy + Ag = 0, (111)

where Ag = —2a(Tx —
2

24
A3=%(ﬁ:%)+%[Tw+§(Tw—Tw) (To —To)
and A4 = 2412,% )

This condition leads to four solutions, wherein only
one fits the thermal boundary thickness range from
which the CHTC h, can be derived.

In 2009, Lin et al. [148,149] investigated the CHTC
of a fluid using fluid dynamics theory and an
analytical model to describe heat transfer in the
grinding zone under different grinding conditions.
They developed an analytical model for calculating
the CHTC by coupling fluid dynamics with heat
transfer theory. As shown in Fig. 35, a schematic
illustrates the heat transfer between the grinding
wheel and the workpiece under typical surface
grinding conditions.

Grinding:wheel

Gen + qx

Workpiece

Fig. 35 Illustration of fluid application in surface
grinding [148].

First, semi-empirical equations based on the theory
of heat conduction in solids yield the following:

Nu = 0.664Re"/? Prt/3, (112)

where Re = pvayle/ps, Pr = psCi/ks, and Nu = hel./
ks.
Combining the above equations, the CHTC A is
then derived as follows:

(113)

where v,, is the average velocity of the fluid through
the grinding zone. G is a constant related to density,
temperature, and the friction coefficient.

G = 0.664p"/2CL/3 =15,
le = [8R2F) (ks + ky)ds + ady] /2,

r n

(114)

where R, is the roughness factor.

3.4.3 Adoption of the backpropagation method

In 2022, Jin et al. [150] established a backpropagation
calculation method to determine the distribution of
fluild CHTC in the grinding zone under deep-cut
grinding conditions. This method is based on
measured grinding temperature signals and a circular
contact moving heat-source model.

By considering the energy distribution of heat flow
in the grinding zone—among the workpiece, grinding
wheel, grinding chips, and grinding fluid —the tem-
perature distribution obtained through actual
measurement can be used for inverse analysis to
deduce the heat flux density distribution across these
subsystems. This process leads to the introduction of
the CHTC in the grinding zone, as illustrated in
Fig. 36.
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wheel Vs
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v o,
(0] X, x
T A, z)
Fig. 36 Schematic of the contact zone for
grinding wheels.
1 1 1
he(x;) = hy(z)) | =—— — — — —— + 1| . (115
( Z) W( Z) Rw(Iz) Rws chh(l'i) ( )

Gao et al. [151] improved the model for calculating
the CHTC in vertical axis surface grinding, based on
the research of Hideo Fukui in Japan. They analyzed
the grinding temperature using an analytical method
and obtained the temperature distribution along the
depth direction of the surface by measuring
temperatures at various depths within the workpiece
surface layer. This data was then used to derive a
formula for calculating the grinding CHTC.
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The amount of heat convected outward from a
surface is proportional to the temperature difference
between the surface and the surrounding fluid, as well
as the heat transfer area. For a one-dimensional heat
conduction problem, the heat flux through a surface
can be determined from the basic definition of heat
conduction, and applying the law of conservation of
energy yields the following expression:

orT

h=k—

0z ZZO(TW -

Tyt (116)

The temperature gradient near the surface and its
surface temperature are difficult to determine
directly. However, they can be measured by
measuring the temperature of the surface layer of the
workpiece at different depths, allowing for the
determination of the temperature distribution along
the depth direction of the object, and subsequently,
the required parameters. Let the temperature
distribution of the surface layer of the object follow a
parabolic distribution.

T(2) = Ag+ A1z + Ag2?, (117)
where Ay, A1, and Ay are coefficients to be
determined.

Ty = T(2)],—o = Ao.

%Z - Ay, (118)

Considering Eq. (117), we have

h=kA;(Ay —T)~". (119)

When the three-point method is used to measure
the surface temperature of the workpiece today, the
coefficients Ayp and A; and are determined using the
following equation:

212 212
Ao = (23 — zi)(zz —21) 1 (22 — zi)(zz — z'g)T2
Z1 %
EEEy —l
Av=- (22 —Z;)Jr(z?— zl)T1 + (23 —zzgg)Jr(zZ;— zl)T2
2o+ 2
(- 222)(231* 21)T3‘
(120)
3.4.4 Based on the Péclet number

Lavine and Jen [152] assumed that the heat flow in
the grinding zone is uniform and that the coolant fills
the intergranular pores. They further assumed that
the coolant is stationary relative to the grinding
wheel and can be treated as a moving “semi-infinite

solid”. By neglecting heat transfer in the direction of
motion, the fluid is assumed to be in an unboiled
liquid state with a depth greater than the thermal
boundary layer thickness. Based on the large Péclet
number of the coolant (typically of the order of 10° or
greater), the heat transfer coefficient of the fluid is as
follows:

he(z) = y/m(kpep)vs/ (4z), (121)
where z is the distance from the grinding zone.

In 2015, Vinay and Srinivasa Rao [153] briefly
analyzed the temperature destination in the grinding
zone, as shown in Fig. 37. They also calculated the
CHTC of the grinding fluid based on the motion
characteristics during the grinding process, as shown
below.

Workpiece

Fig. 37
zone [153].

ﬁW l/S
e =007

where C'is the correction factor and depends on the
dimensionless Péclet number Pe, according to Rowe

[97):

Heat transfer paths within the contact

(122)

1.06, if Pe > 10,
. P
=399 Jor 76 if 0.2 < Pe < 10, (123)
7:
0.76, if Pe < 0.2.
3.4.5 Differences in fluids in different areas of the

grinding zone

In 2008, Shen [154] estimated the CHTC during the
grinding process using the finite difference method for
grinding heat modeling. Considering the complexity
of the actual boundary conditions in the grinding
process, different regions were analyzed and discussed
in detail. The planar grinding configuration is shown
in Fig. 38. The actual depth of cut in the grinding
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zone decreases from the leading edge to the trailing
edge, resulting in uneven convective cooling, the
leading edge, contact zone, and trailing edge of the
workpiece are considered separately. The grinding
zone CHTC hgontact is assumed to be a linear function,

\‘\4
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wheel
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Workpiece
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Fig. 38 Illustration of the boundary conditions
(BCs): (a) surface grinding process and (b) the
corresponding BCs. (c) Assumption of convection
heat transfer coefficient.
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as presented in Fig. 38:

ha —h le
hcontact(m) = hl + 2 I ! (ZE + 5) P

(124)

where h; = max[heontact(z)] and hy = max[heontact(z)]. =
is the local coordinate of the origin at the center of
the grinding zone.

Assuming that the CHTC at the trailing edge is
uniform, the CHTC between the trailing edge and the
end of the contact zone does not vary. Therefore, at
the trailing edge: Airailing = hu.

The cooldown effect of the
negligible; therefore, heading = 0.

leading edge is

3.4.6 Based on particle contact conditions

In 2013, Zhu et al. [107] proposed an improved
temperature calculation model that considers the
geometry and distribution of abrasive grains to
improve model accuracy. Considering the effects of
abrasive grain geometry, size, and concentration, the
CHTC model was modified to propose a calculation
model based on cross-arrays of grains. Assuming that
the abrasive grains on the surface of the grinding
wheel are arranged in an orderly manner according to
a cross-array pattern, as shown in Figs. 22 and 39,
and that the abrasive grains are modeled as cylinders
with the same diameter, a new calculation model for
the CHTC of the grinding surface of the workpiece is
derived based on the multirow bundle heat transfer
model for the outward flow of the fluid, as follows:

Nu~kf Nu-kf Nu~kf
he = = = , 125
T L. dgN dgl Ly " (125)
where L. is the characteristic length, d; is the

equivalent mean abrasive grain diameter, and L, is
the mean particle spacing.

If the coefficients are integrated into the model by
taking the average grain spacing to be approximately
1.5 times the grain spacing in the grinding wheel, and
using the semi-empirical equations for the forced
convection theory, the model for calculating the
CHTC can be then rewritten as follows:

Cylinderigrain

Fluid O‘ :dg ‘OOO A
00/ 127, -
O o o°
%0 o° )
W ( !
\ A |
Workpiece
(b)

(a) Before and (b) after of the equivalent average grain diameter [107].
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0.664ve/* Ly *ke

ht = ———7575>
Uf1/6a§/5dé/21(1:/2

(126)

where af represents the thermal diffusion coefficient of
the fluid.

3.4.7 Considering the fluid flow state
Zhang and Rowe [155,156] studied the role of fluid
convection in cryogenic grinding around 2020.
Convective heat transfer models typically assume that
the fluid flows over the workpiece surface in a laminar
flow state within the grinding zone. However, in
reality, the fluid is mechanically agitated due to the
constraints of the abrasive material, making the
assumption of steady laminar flow problematic.
Therefore, the CHTC in various cases is investigated
based on the different flow states of the fluid.
Laminar flow modeling. When the fluid state in
the grinding zone is determined to be laminar flow,
the CHTC is obtained based on the assumption that
the fluid flows through a smooth surface, as follows:

4

he = g G ORI, (127)
Turbulent flow modeling. The results revealed
that the fluid in the grinding zone behaves
turbulently. This assumption is highly realistic

because the fluid is vigorously agitated by the high-
speed particles in the limited pore space between the
grinding wheel particles. Turbulence helps bring the
cooling fluid closer to the working surface by reducing
the laminar boundary layer. As shown in Fig. 40, the
dashed line shows the typical fluid temperature
distribution. Therefore, the calculation of CHTC,
considering turbulent flow, is modeled as follows:

1 5 _ _
he p4/ Cf1/317 7/15l€f2/31/;1/5lC /5,

~ oh (128)

Fluid—wheel model. The boundary layer of the
fluid is completely eliminated, and the fluid is

Velocity boundary
layer in fluid
y Temperature boundary
layer in fluid

\ Fluid temperature
-— profile
<~ g

Fig. 40
on the grinding work surface.

assumed to maintain a zero-temperature rise to the
workpiece surface, at which point the maximum
CHTC will be produced, indicating an impossible
limiting assumption. The following assumptions are
also presented: the fluid entering the grinding contact
zone is at zero-temperature rise above room
temperature, the fluid passes through the workpiece
at wheel speed, and a thermal boundary layer is
established in a solid with Theat transfer
characteristics of the fluid. Thus, the CHTC is as
follows:

he= kg Pe PP, (129)
In 2016, Wang [157] expressed the convective heat
transfer problem in terms of a set of convective heat
transfer differential equations and definite solution
conditions. As shown in Fig. 41, when the grinding
fluid first enters the grinding zone, it can be
approximated as a laminar flow with velocity v over
the workpiece surface. However, as the flow distance x
increases, the flow transitions toward turbulence.

In the laminar flow state, the boundary layer
integral equation system is used to solve for the
CHTC. The average CHTC can then be obtained by
averaging the local CHTC integrals over the length [
under the condition of Pr = 1:

_ k .
he = O.664l—fRel/2Pr1/3. (130)

The temperature distribution is inhomogeneous over
the entire length of the grinding arc; thus, the
average CHTC is two-thirds localized CHTC.

he = 0.4427?1%@1/2137«1/3,

C

SZC
Re = P (131)
Ui
Crn
pr=""
r T

The same method is applied in the case of turbulent
flow. When the laminar flow section is notably short

Velocity boundary
layer in fluid
Temperature boundary
layer in fluid

Fluid temperature
profile

> x

(a) Laminar flow model or cooling on the grinding work surface. (b) Turbulent flow model for cooling
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due to high fluid velocity, approximating the
boundary layer as being fully turbulent, the average
heat transfer coefficient is calculated as follows:

he = 0.0247?1%64/5137“1/3.

C

(132)

If the laminar flow section is not negligible and the
combined laminar and turbulent flows are considered,
then the average heat transfer coefficient along the
grinding arc length for the mixed boundary layer is
given as follows:

2k
T3l

he |0.664Re!/2 + 0.037(Re/” — Rel/®)| Pri/2,

(133)

The critical Reynolds number Re). is influenced by
the degree of disturbance in the incoming flow and
the roughness of the wall surface. During the grinding
process, factors such as the jet pressure of the
grinding fluid, the jet speed, the particle size of the
grinding wheel, and the surface roughness of the
workpiece all affect the value of the critical Reynolds
number.

3.4.8 Based on statistical theory

During MQL grinding, surface heat transfer is highly
nonlinear due to the large temperature gradient on
the grinding surface, the complex kinematic
characteristics of the spray, and the random
distribution of droplet sizes [158,159].

In 2021, Yang et al. [143,160] investigated the
atomization mechanism of nanofluid aerosol cooling
and statistically analyzed the probability density of
droplet sizes in the grinding zone. They used
mathematical and statistical methods to analyze the
effective heat transfer droplets within the nanofluid
aerosol jet during grinding. Based on this analysis, a
theoretical model for the CHTC of nanodroplets was
established by calculating the heat transfer
coefficients of the nanofluid jet and the accompanying
high-pressure gas jet.

Schematic of the process of boundary layer development in fluid swept flat plate flow [157].

As shown in Fig. 42, when an aerosol droplet
impinges on the grinding zone, it can rebound,
diffuse, and splash. The rebound and crown droplet
splash do not effectively contribute to heat transfer.
The most effective heat transfer occurs when the
droplet impinges on the surface of the heat source and
diffuses along the surface, forming a liquid film. The
critical Weber number that determines the effective
droplet impact pattern is given by 2.0 x 10% x La0-2
< We < 2.0 x 104 x La—14, where La is the Laplace
number.

b —}
We>2.0 x10*x La™*

max

0 20 40 60 80
Initial droplet diameter D/um

100

Fig. 42 Probability distribution of the mist

droplets [160].

Assuming that the influence of the airflow around
the grinding tool is overlooked, the velocity of the
droplets hitting the solid surface can be taken as the
velocity of the spray outlet. Based on the critical
Weber number, the effective droplet diffusion size can
be derived, that is, Dy < D < Dy, and the ratio
of effective heat transfer droplets can be calculated as
shown below.

D i
Py :/ éDgeXp(f£> dD. (134)
4
Duax 6D D
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For a single cooling droplet, the heat transfer
coefficient hg is presented below.

J = CfmdAT,
_ 44
hs = AT (135)
J = QSA/tS7
where J is the amount of heat transfer for a single
droplet, AT is the heat transfer temperature

difference, ¢q is the heat flow density of a single
droplet heat transfer, t; is the heat transfer time, myq
is the droplet mass, and A’ is the diffusion area of the
droplet.

By integrating over the effective region, the heat
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transfer coefficient for all effective heat transfer
droplets is given by the following;:

D..
v b D

hn = NZ/ jDBCXp<—:) d.D7
Dyuc 6D D

max

(136)

where N, is the number of all droplets.

The CHTC of the gas introduced to high pressure
ha = ka'Nu/be, and the integrated CHTC for MQL
cooling is as follows:

he = hy + ha. (137)

Table 6 further summarizes the factors influencing
the EDC in grinding operations.

Table 6 Modeling of CHTC coefficients in grinding processes
Model category References Basis of the model Grinding Coo.hr.lg Cooling medium Workp}ece Model
wheel condition materials  accuracy
Considering the Yang et al. With nanofluid cooling, nanofluid Spherical Spray Si09 nanofluid Bovine 7%
fluid boiling [143] convective heat transfer is the main  diamond cooling femur
state heat transfer method under natural grinding tools
convection
Zhang et al. CHTC reaches its maximum value SiC vitrified MQL Base oil is KS-1008 Ti-6Al-4V -
[99] at the end point of nucleate boiling bond grinding synthetic grease,
heat transfer, that is, at the wheel additive is Al,O3
beginning of transition boiling heat nanoparticles as
transfer additive to prepare
nanofluids
When the nanofluid is in film
boiling, the endpoint of transition
boiling marks beginning of film
boiling
Liu et al. Based on the flow liquid film heat CBN grinding Dry Lubricants Ti-6A1-4V  8.5%11.6%
[144] transfer law at the interface of the wheel grinding/low
grinding wheel workpiece, the temperature
bubbles formed on the workpiece cold air
surface in the boiling state of the MQL
liquid film nucleus are assumed to
be spherical in shape.
Mao et al. Starting from the atomization WA46 MQL spray  Aluminum oxide GCrl5 -
[145] mechanism, based on the different lubrication nanofluid bearing steel

heat transfer characteristics
exhibited by the droplets at
different wall temperatures

Based on fluid Gupta and Using a computational fluid CBN grinding Wet grinding Kerosene, water Carbon -
mechanics Yadav [22] dynamics approach wheel Steel, Brass,
Aluminum
Yang et al. Based on fluid dynamics, the fluid Spherical NMQL Hydroxyapatite bovine femur 6.5%
[146] is assumed to be turbulent diamond nanofluids
grinding tools
Jin et al. Estimated using hydrodynamic and ~ Aluminum - Water/mineral oil - -
[147) thermal simulations, assuming a  oxide grinding
uniform and constant workpiece wheel
surface temperature
Lin et al. Derived from the coupling of fluid Vitrified bond - Water-based M50 3%—-27%
[148,149] dynamics and heat transfer theory, aluminum coolant
based on solid heat transfer theory oxide grinding
wheel
Adoption of the  Jin et al. Based on the measured grinding  Porous metal - Oil-based grinding Nickel-based -
backpropagation [150] temperature signal and the circular  bond CBN fluids high-
method contact moving heat-source model, grinding wheel temperature
the EDC is inverted through the alloys
GH4169
Gao et al. Analyze the grinding temperature Grinding disc - Water-based brass -
[151] using the analytical method, coolant

through the measurement of the
temperature at different depths of
the workpiece surface, to derive the
temperature distribution of the
object along the surface depth
direction
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(Continued)
Model category References Basis of the model Grlﬁdlng Coo}n}g Cooling medium Workp.lece Model
wheel condition materials  accuracy
Based on the Lavine and The heat flow from the workpiece ~ Aluminum - Water/mineral oil Steel -
Péclet number Jen [152]  into the fluid is uniform, the fluid  oxide/CBN
is stationary relative to the grinding wheel
grinding wheel, and is observed as
a moving “semi-infinite solid”,
based on a large Péclet number
Vinay and  Based on motion characteristics 32A46- Dry - AISI D3 and 5%
Srinivasa during grinding 54J8VBE  grinding/wet AISI H13
Rao [153] grinding
Differences in Shen [154] A grinding thermal model based on Vitrified bond MQL/wet Cimtech 500 Dura-Bar -
fluids in different the finite difference method is used  aluminum grinding  synthetic grinding 100-70-02
areas of the to analyze and explore different oxide grinding solution at 5 vol% ductile iron
grinding zone regions in detail wheel concentration
Based on Zhu et al. Considering the effects of abrasive CBN grinding Dry Oil-based coolant Ti-6A1-4V  7.5%-9.5%
particle contact [107] geometry, grain size, and grain wheel grinding/wet
conditions concentration, the abrasive grains grinding

on the surface of the grinding wheel
are assumed to be arranged in an
orderly manner in a cross-array,
and the abrasive grains are defined
as cylinders with the same
diameter as the grains

Considering the Zhang and Based on the different flow states Green SiC  Wet grinding Oil/water Cemented -
fluid flow state Rowe of fluids, laminar flow, turbulent grinding wheel emulsion carbide YG6
[155,156] flow, and fluid grinding wheels as a

whole are studied separately in
three states

Wang [157] System of differential equations for ~ Green SiC ~ Wet grinding ~ Water-based Cemented 2.0%2.7%
convective heat transfer and grinding wheel coolant carbide YG6
definite solution conditions to
express convective heat transfer
problems
Based on Yang et al. Analysis of effective heat transfer — - SiOy-saltwater Chemical 7.26%
statistical theory [160] droplets in the grinding zone of nanofluid vapor
nanofluid aerosol jets using deposition

mathematical and statistical
methods

diamond

4 Application of heat transfer process
parameters modeling

4.1 Energy distribution coefficient

Rowe [84] investigated the energy distribution and
temperature prediction in the grinding process using
CBN and alumina grinding as examples. By
comparing two different models and demonstrating
the sensitivity of important parameters, the abrasive
grain model aligns more closely with the underlying
reasoning.

The experimental results show that the thermal
contact coefficients, derived indirectly from the
grinding experiments, are notably lower than the
performance values obtained from direct measure-
ments. Therefore, the effective values obtained by
correlating the theoretical model with the grinding
experiments are lower, while the abrasive grain model

demonstrates  better agreement between  the
theoretical and experimental values of thermal
performance.

Qiu et al. [89] studied the grinding heat transfer
process in thread profile grinding and analyzed the
process using two EDC models for two distinct

grinding regions. One model uses a single-particle
energy distribution, while the other uses an energy
distribution model at the abrasive grain—workpiece
interface. At a, = 0.005 mm, the energy distribution
to the ground workpiece reaches 76.5% and 84.4% for
the AB and BC surfaces (Fig. 11), respectively. The
thermal partition Ry(AB) is approximately 8%—-9%
lower than Rw(BE), which is due to the better heat
dissipation conditions in the AB plane compared to
the BE plane.

In 1999, Guo et al. [86] developed a numerical
calculation model for profile grinding temperature
based on the distribution of heat sources in right-
angled triangles within the grinding arc and the
simplification of the one-dimensional heat conduction
process. This model was further supported by the
theoretical analysis of continuous grinding tempera-
ture on a plane. After conducting numerous grinding
tests with conventional aluminum oxide abrasives and
CBN grinding wheels, and using different fluids
(including soluble oil, cold air, and ester oil), the
temperature rise of the workpieces under conventional
and creep-feed conditions was measured. The energy
distribution was obtained by measuring the
temperature, integrating the positive heat flow
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density, and dividing by the grinding power. Notably,
the results indicate that the energy distribution is
influenced by grinding conditions, the type of
abrasive, and the application of the fluid, all of which
can be quantitatively considered by using a single-
grain thermal model.

Ding et al. [98] investigated the temperature and
energy distribution in the cylindrical grinding process
under various process parameter and thermophysical
conditions through finite element simulation and
experimental validation. The results revealed that the
effect of workpiece rotational speed on the energy
distribution to the chip is more pronounced than that
of other grinding parameters. The rational selection of
grinding parameters can notably reduce the energy
distribution into the workpiece, from 80% to a range
of 309%-50%, or even lower. The variation in the
energy distribution ratio under different process
parameters is shown in Fig. 43.

Wang et al. [161] determined the heat flow density
of the workpiece using the finite difference method,
based on measurements of the grinding force and
grinding temperature, which allowed them to obtain
the energy distribution. As shown in Fig. 44, the
results indicate that the feed rate has a more
substantial effect on grinding temperature and energy
distribution compared to other factors. An increase in
feed rate reduces the machining temperature but
results in a considerably higher energy distribution.
Studies have revealed that the energy distribution in
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titanium alloy material TC4 with a vitrified bond
CBN grinding wheel.

Hadad et al. [95] investigated the temperature and
energy distribution in the MQL grinding process. The
thermal performance of MQL grinding was analyzed
and compared with dry grinding and fluid grinding.
The results, shown in Tables 7 and 8, indicate that
the energy distribution for MQL grinding with AlyO3
grinding wheel ranges from 73% to 77%, whereas the
energy distribution for dry grinding is approximately
82%. In fluid grinding with Al,O3 grinding wheels, the
cooling effect of the fluid in the contact zone reduces
the energy distribution to less than 36%. By contrast,
grinding with CBN grinding wheels results in a
notably lower energy distribution to the workpiece
due to the thermal conductivity of the CBN material,
which is 46% in combination with MQL, 52% in dry
grinding, and 14% in fluid grinding.

Zhan and Xu [162] conducted an experimental
study on the temperature and energy distribution in
grinding carbide with vacuum-brazed diamond
grinding wheels. The effects of grinding conditions
such as grinding wheel speed, feed rate, and depth of
cut on the grinding temperature and energy distribu-
tion are shown in Fig. 45. The results indicate that
the grinding temperature measured under different
grinding conditions ranged from 10 to 100 °C. The
energy distribution of dry grinding to the workpiece
was between 35% and 70%.

Li et al. [163] used nanofluids prepared from

dry grinding is approximately 5% when grinding the different vegetable oils as base oils for high-
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Fig. 43 (a)—(c) Variation of energy partition and temperature with different parameters [98].
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Influence of grinding parameters on grinding forces and force ratio: (a) grinding speed; (b) workpiece
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Table 7 Experimental results during grinding with
Aly,O3 grinding wheels

Test Fy/N F/F, Ry, Tnax/°C
Dry 20.0 0.40 0.82 218
MQL(1) 17.3 0.36 0.77 169
MQL(2) 16.0 0.33 0.75 163
MQL(3) 14.8 0.31 0.77 152
MQL(4) 12.5 0.28 0.75 123
MQL(5) 10.5 0.25 0.73 105
Fluid 12.5 0.30 0.36 55
Table 8 Experimental results during grinding with
CBN grinding wheels

Test Fy/N Qw Ry, Tinax/°C
Dry 18 3.2188 x 10¢ 0.52 131
MQL(1) 16 2.7765 x 106 0.48 113
MQL(4) 15 2.6533 x 106 0.46 108
Fluid 15 7.8627 x 10° 0.14 32
temperature nickel-based alloy MQL grinding

experiments and compared the energy proportionality
coefficients of seven vegetable oils for MQL grinding.
The results are shown in Fig. 46, where castor oil-
based MQL grinding demonstrates the highest energy
proportion factor, while palm oil-based MQL grinding
exhibits the lowest energy proportion factor. The
results for the other five vegetable oils were similar,
with values in between the above two. Palm oil is the
best base oil for MQL grinding with an EDC of
42.7%.

Li et al. [164] conducted experiments on the
efficient deep grinding of nickel-based high-
temperature alloys using porous metal-bonded CBN
supergrinding wheels to study the energy distribution
to the workpiece during grinding. The results show
that the energy distribution values for porous metal-
bonded CBN grinding wheels generally range from 2%
to 6%, which is lower than that of conventional

vitrified CBN grinding wheels and alumina grinding
wheels. In comparison, the energy distribution to the
workpiece for conventional vitrified CBN grinding
wheels ranges from 4% to 8%, while for conventional
alumina grinding wheels, this distribution ranges from
25% to 65%.

Hou and Yao [165] studied the grinding process
using fluted grinding wheel grindings and modeled the
temperature distribution of the workpiece under
conditions of periodic heat-source variation. As shown
in Fig. 47, the experiment shows that R, increases
with the feed rate, while Ry decreases as the feed rate
increases. The R, for slotted grinding wheels is higher
than that of non-slotted grinding wheels at feed rates
ranging from 400 to 2000 mm/min. Additionally, the
Ry for slotted grinding wheels is lower than that for
non-slotted wheels. The heat flow density transferred
to the coolant when the grinding wheel is slotted is
not greater than that when the grinding wheel is not
slotted.

Jin et al. [108] analyzed the heat transfer
mechanism in involute gear form grinding, considering

75693

60

493  49.1 488 481 478

42.7

45t

30

Energy ratio coefficient/%

Fig. 46 Ratio coefficients of energy transferred
into workpieces for the seven kinds of vegetable oil
used in MQL grinding [163].

L0 == v, = 100 mm/s—0— Calculated results L0 == a,= 10 um YGS8 L0 —a-a,=10um  YG8

0.9 —®— v, = 150 mm/s—O—Calculated results 0.9 o a,= 15 um v, =23.5m/s 09 r—e— a,= 15 um v, =200 mm/s
é 0.8 _+ v, = 200 mm/s—2— Calculated results é 0.8 —A—a,= 20 um é 0.8 4—a,= 20 um
g —¥— v, = 300 mm/s—V— Calculated results Eo7[ v %~ 30 um 07 [-¥—a,=30 um
207 a a
206 2 051F v/v/v/' 2 05}
m v m Y m Y

0.5} i

v,=23.5m/s 04 04
04 L L L 03 L L L I L 03 1 I L n n n
0 10 20 30 40 50 100 150 200 250 300 350 12 14 16 18 20 22 24 26
Depth of cut a,/um Feed rate v,/(mm-s™) Wheel velocity v/(m-s™)
(a) (b) (©)
Fig. 45 Variation of energy partition as a function of (a) depth of cut (vs = 23.5 m/s), (b) feed rate (v =

23.5 m/s), and (c) wheel velocity (v, = 200 m/s) [162].
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non-grooved wheels on Ry [165].
and analyzing in detail the variation in tooth contact
geometry. The heat effect on the involute tooth form
was investigated using a transient, non-uniform heat-
source moving along a three-dimensional curved
shape. The distribution of the energy distribution
ratio of the workpiece along the involute contact
profile under dry grinding conditions, with different
grinding depths and table speeds, is shown in Fig. 48.

Overall, the energy distribution along the involute
contact profile, from root to tip, gradually decreases
under dry grinding conditions and varies with the
grinding parameters. Increasing the grinding depth
and table speed helps reduce the energy distribution.

Pang et al. [166] investigated thermal models in the
grinding zone by analyzing dry and wet cylindrical
plunge grinding. In studying the EDC coefficient of
energy distribution, the effect of CHTC coefficient
was considered. The analysis was conducted using
two energy distribution models: Rys and Rye, for
workpiece—grinding wheel and the workpiece—chip,
respectively. The results show that v and aq, have
substantial effects on Ry, while v, has minor effects
on Ry. Specifically, Ry, decreases with increasing uf
and increases with rising ap,

Zhu et al. [107] proposed an improved temperature
calculation model that considers the geometry and
distribution of abrasive grains, as well as the
workpiece—wheel energy distribution ratio, considering
the effect of the cone angle during the machining
process. Experimentally, the effective contact radius
of abrasive grains was found to substantially influence
the workpiece—wheel distribution ratio. As shown in
Fig. 49(a), when 7y < 15 um, the predictions of the
two models are similar; however, as 1y continues to
increase, the two models show considerable
differences. Regarding the effect of abrasive geometry,
the cone angle also has a substantial influence on the
workpiece-—wheel distribution ratio. As shown in
Fig. 49(b), at a depth of cut of 5 pm, the Ry value
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profile [108].

increases almost linearly with the taper angle in the
range of 90°-170°. As the depth of cut increases,
especially beyond 25 pm, the sensitivity of Rys to
depth decreases.

Peng et al. [96] investigated the height of the
grinding chip energy distribution ratio and its
variation in the high-speed grinding process of nickel-
based alloys, analyzing changes in the energy
distribution mechanism under wet and dry grinding
conditions were studied. As shown in Fig. 50, which
presents the ratio of grinding temperature and energy
distribution to the workpiece, as well as the heat flow
and heat transfer coefficients under identical grinding
conditions, the grinding temperature at vs = 80 m/s
is substantially higher than at higher wheel speeds.
This finding indicates that the energy distribution
mechanism at vs = 80 m/s differs markedly from that
at higher wheel speeds, possibly due to the presence
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of burnout of the grinding fluid or film boiling
occurring once the threshold temperature is exceeded.

The conclusions show that under wet grinding
conditions, high-speed grinding increases the CHTC
and reduces the energy distribution indications.
However, when the temperature exceeds the
combustion threshold temperature associated with
membrane boiling, the fluid has difficulty in wetting
and cooling the heated surfaces in the grinding region.
This behavior is similar to dry grinding condition,
leading to notable increase in the EDC of the
workpiece. Under “dry” grinding conditions, approxi-
mately 30%-40% of the grinding heat is carried away
by the grinding debris.

Zheng et al. [111] established an improved external
wet grinding temperature model that accounts for the
lubrication effect of the grinding fluid and solved it
numerically. They studied and compared the
temperature variation of alloy steel during cylindrical
wet grinding under different grinding process
parameters, considering the lubrication effect.
Experimental results show that the value of ¢, with
lubrication is larger than that without lubrication,
and the difference between the two gradually
increases with wu. The wvalue of ¢, is directly
proportional to the total grinding heat flow ¢ of the
workpiece and the energy distribution ratio Ry, as
shown in Fig. 51.
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As shown in Fig. 52, the energy distribution ratio
Ry, is higher for a lubricated workpiece compared to
one without lubrication. This finding indicates that,
under lubricated conditions, a greater portion of the
grinding heat flow ¢y enters the workpiece, resulting
in higher grinding temperatures.
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Fig. 52 Heat partition ratio of workpiece at
varying radial infeed rate [111].

Lavine et al. [116] analyzed the grinding wheel
surface in the grinding zone by approximating it as a
thermal composite material comprising abrasive
grains and grinding fluid within its pores. The energy
distribution was calculated by modeling the grinding
zone as a rectangular band of heat sources moving at
the working speed along the wheel surface. The study
concluded that the thermal properties of this
composite solid are difficult to specify and are highly
sensitive to the porosity of the grinding wheel near
the workpiece surface.

Therefore, Kim et al. [113] investigated the heat
flow density and energy distributions of the workpiece
during creep-feed grinding

Ren et al. [167] analyzed and modeled the dynamic
energy distribution in belt grinding, considering the
dynamic characteristics of belt grinding in terms of

grinding effect and heat. The thermal characteristics
of the system were obtained using a combination of
the finite element method and an optimization
algorithm. The dynamic energy distribution during
continuous grinding was then calculated using an
iterative method that considers the heat accumulation
effect in the workpiece.

Validation was conducted using SUS304 and
AAG6061-T6 workpieces, and the results demonstrate
the effectiveness of the proposed method for
calculating dynamic energy distribution. For the
SUS304 workpiece, the validation results are shown in
Figs. 53(a) and 53(b), where the maximum percen-
tage error in the calculated ¢, is 14.3%, and the
maximum error between the calculated and measured
temperatures is less than 32.4 °C. In comparison, for
the AA6061-T6 workpiece, the validation results are
presented in Figs. 53(c) and 53(d), with the
calculated grinding temperature closely following the
trend of the measured temperature and a maximum
error of 17.18 °C.

The dynamic energy distribution for the SUS304
workpiece is shown in Fig. 53(e), while the results for
the AA6061-T6 workpiece are shown in Fig. 53(f).
The results indicate that, unlike traditional grinding
with wheel grinding, the mechanical properties of the
workpiece in belt grinding substantially influence the
energy distribution and the material removal
mechanism. As grinding proceeds, the grinding
temperature softens the workpiece, making material
removal easier. Simultaneously, heat accumulation in
the abrasive grits reduces the cooling capacity of the
belt.

Mohamed et al. [168] improved the estimation of
energy distribution during grinding using surface
roughness measurements. Their experimental findings
demonstrated that surface roughness can serve as an
effective indicator for estimating particle radius. The
average difference between the energy distribution
predicted using this model and the conventional
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method was 7.5%. The results, showing the
relationship between energy distribution and surface
roughness under three different dressing conditions,
are plotted in Fig. 54. Additionally, the energy
distribution values calculated using this method are
compared to those derived from the traditional trial-
and-error method.

Table 9 further summarizes the factors influencing

the EDC in cutting and grinding machining.

4.2 Convective heat transfer coefficient
Liu et al. [144] analyzed the flow liquid film heat
transfer law at the interface of grinding

wheel-workpiece with low-temperature cold air MQL,
based on the evolution law of the physical properties
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Fig. 54 Comparison of heat partition wvs. surface
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of the lubricant and the liquid film heat transfer
mechanism in the grinding zone. They also conducted
verification experiments on the flow liquid film CHTC
and the heat transfer performance of low-temperature
cold air MQL for grinding titanium alloy. The results
show that, under the same lubricant flow rate, the
flow liquid film CHTC &k increases as the cold air
temperature decreases. Under different cold air
temperatures, the theoretical calculated value of the
heat transfer coefficient h; is generally consistent with
the actual measured value, with the model error
ranging from 8.5% to 11.6%.

The theoretical value of CHTC coincides with the
measured value, with an error of 8.5% when the cold
air temperature is —10 °C. Additionally, the experi-
mental surface temperature value of the workpiece
coincides with the trend of the theoretical value, with

Table 9 Factors influencing the EDC
: ; ; Processing parameters
Reference Processing tool \i\fnoikplelc € gotzﬂng Coolant Inf}uegl cmng &b Conclusion
aterlals etno actor Us/(m'sfl) ’Uw/(m'sfl) ap/mm
Rowe [84] Aluminum  AISI52100 Wet TRIM  Depth of grind, 30 0.3 Granular modeling is more
oxide grinding /AISI1055 grinding VHP E200  porosity, appropriate than holistic
wheel/CBN 2% contact area modeling
grinding wheel
Qiu et al. SG 9Mn2V Dry - Grinding 27 15 0, 005, The energy distribution of
(89] grinding depth, grinding 0.01, the ground workpiece
area 0.02 reached 76.5% and 84.4% for
the AB and BC surfaces,
respectively
Guo et al. Aluminum SizNy Wet Soluble Machining 30, 60 150 25, 200, Conventional grinding with
[86] oxide grinding grinding  oils, cold  parameters, 500 resin and CBN-coated
wheel/CBN air and thermal grinding wheels has a lower
grinding wheel ester oils  properties of energy distribution ratio
abrasives and than conventional grinding
workpieces, with alumina grinding
and cooling wheels, which can be reduced
effect of fluids to an even lower level with
in the grinding the use of water-based fluids
zone
Ding et al. Vitrified bond  9Mn2V Dry - Grinding 30, 60, 90, 0.12, 0.06, 0, 017, The influence of the
(98] CBN grinding grinding depth, 120 0.09, 0.24, 0.033, workpiece speed on the
wheel workpiece 0.36, 0.48  0.022 energy distribution to the
speed chip is more pronounced
than other grinding
parameters. Proper selection
of grinding parameters
notably reduces the energy
distribution into the
workpiece from 80% to
30%—-50% or even lower
Wang CBN grinding Titanium Dry - Grinding wheel 20, 25, 30, 1,2,3,4 10, 20, Feed rate has a more
et al. [161] wheel alloy TC4 grinding speed, depth of 35 m/min 30, 40, substantial effect on grinding
cut and 50 pm temperature and energy
workpiece feed distribution than grinding
rate speed and depth of cut
Hadad Aluminum 100Cr6 Dry Water- Types of 30 2000 30 um The high thermal
et al. [95] oxide grinding steel  grinding/M  based  abrasives and mm/min conductivity of CBN
wheel/CBN QL/wet  MQL, Oil- types of grinding wheels can
grinding wheel grinding based MQL coolant effectively reduce the EDC,
and the effect of fluid cooling
is stronger than that of MQL
Zhan and Diamond Cemented Dry - Grinding wheel 14.6-23.5  100-300 1030 Temperature increases with
Xu [162] grinding wheels carbide grinding speed, depth of mm/s pm cutting speed and depth of
YG8 cut, and cut and decreases with
workpiece feed increasing feed
rate Approximately 35%-70% of

the total grinding energy is
transferred to the workpiece
in the form of heat in the
grinding zone
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(Continued)
: ; ; Processing parameters
Reference Processing tool Vl\rlloartléfiﬁlcs N S;‘,zﬂgg Coolant Inf};ls{l(::;ng &P Conclusion
vs/(ms™1) vy/(m's™1) a,/mm
Li et al. Corundum High MQL Castor, Lubricant type 30 3000 10 pm  Castor oil had the highest
[163] grinding wheel temperature soybean, mm/min energy scaling factor, palm
nickel- rapeseed, oil had the lowest energy
based corn, scaling factor, and the other
alloys peanut, five vegetable oils had similar
GH4169 palm and energy scaling factors
sunflower
oil-based
MQL
Liet al. Porous metal High Wet 4% water- Grinding wheel 30-120  600-3600  0.1-1 The range of energy
[164] Bond CBN  temperature grinding based speed, mm/min mm distribution of grinding
grinding wheel  nickel- emulsion workpiece wheels using porous metal-
based speed, depth of bonded CBN is smaller than
alloys cut, grinding that of conventional vitrified
Inconel 718 wheel particle CBN and aluminum oxide
porosity grinding wheels
Hou and Grooved and  42CrMo Wet Water- Grinding 25 400, 800, 20 pum Ry increases with feed rate,
Yao [165] ungrooved grinding based wheel, 1200, 1600, Ry decreases with increasing
grinding wheel coolant grooving 2000, 2400, feed rate, and the heat flow
(95% water  conditions 2800, 3200, density transferred to the
and 5% 3600 coolant when the grinding
cutting mm/min wheel is grooved is not
fluid; greater than when the wheel
Syntilo is not grooved
9954)
Jin et al. SG grinding  20CrMnTi Dry - Grinding 1910 r/min 1200, 2400, 0.1, 0.2, The energy distribution ratio
[108] wheel grinding parameters 3600 0.3 decreases along the involute
mm/min contact profile, from tooth
root to tooth tip, and varies
with the grinding
parameters. Increasing the
grinding depth and table
speed is beneficial for
reducing the energy
distribution
Pang et al. Diamond SiC Dry - Actual contact 20, 60, 100, 0.1 0.008  The effects of v and a, on
[166] grinding wheels grinding/ length, number 140, R, are substantial, the effect
wet of active of v, on Ry is minimal, and
grinding abrasive grains R,, decreases with increasing
and effective v
contact radius
Zhu et al. CBN grinding AISI52100 Wet Mineral oil Taper Angle, 60 0.24 0.017 The taper angle and the
[107] wheel grinding grain size, and effective contact radius of
grain the abrasive grits have a
concentration strong influence on the
workpiece—wheel distribution
ratio
Peng et al. CBN grinding  nickel- Wet 5% water- Grinding 80, 100, 1,3,6,9, 0.03, At high grinding speeds, the
[96] wheel based alloy grinding based parameters 120, 135 12, 15 0.05, higher CHTC of the grinding
GH4169 emulsion 0.08  fluid allows for effective heat
SY-1 transfer to the workpiece.
Burnout occurs when the
CHTC drops to zero, and the
ratio of energy between the
workpiece and the grinding
chips will be notably higher
Zheng Aluminum 9310 alloy Wet Castrol 981 Whether or 90 20 r/min 1.5 The energy distribution ratio
et al. [111] oxide grinding steel grinding not coolant is mm/min Ry is greater for a workpiece
wheel used with lubrication than for a
workpiece without
lubrication
Liet al Aluminum - Wet - Coolant heat 20 0.1 0.01 Excellent agreement with
[116] oxide grinding grinding transfer published data on
wheel performance, conventional and creep-feed
grinding wheel grinding
porosity
Ren et al.  Belt grinding SUS304/A Dry - Mechanical - - - The mechanical properties of
[167] A6061-T6 grinding properties of the workpiece in belt
workpiece, grinding have substantial
grinding effects on the energy
temperature, distribution and the material
and grinding removal mechanism. Energy
time distribution is influenced by

workpiece material, grinding
temperature, and grinding
time
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(Continued)
: : ; Processing parameters
Reference Processing tool Wortkplelc € Cogﬂng Coolant Inf}ue{l cing Conclusion
materials metho actor v/ (m's1) vy/(ms~1) a,/mm
Mohamed Aluminum  AISI 1018 Dry - Roughness of - - - The average difference
et al. [168] oxide grinding steel grinding grinding wheel between the predicted heat
wheel distribution and that

predicted by the traditional
trial-and-error method was
7.5%

an error of 7.7% when the grinding depth is 30 pm
and the cold air temperature is —40 °C.

Gupta and Yadav [22] used the research method of
fluid dynamics to establish a mathematical model for
the convective CHTC of grinding fluids. Through
experimental and simulation studies under different
grinding conditions, they derived the trends of
grinding parameters and the influence of the grinding
fluid’s density, specific heat, conductivity, and
viscosity on the changes in CHTC. Experiments were
conducted using two grinding fluids at different
grinding wheel speeds and grinding depths, and the
results indicated that the CHTC of the grinding fluids
increases with the speed of the grinding wheel and
decreases with the depth of cut. Additional
experiments were conducted under the same
conditions by separately controlling the differences in
the density, specific heat, conductivity, and viscosity
of the grinding fluid. The results showed that changes
in specific heat had a small effect on the coefficient,
while changes in viscosity and conductivity had a
substantial effect on the coefficient. The CHTC
coefficient increased with the concentration, specific
heat, and conductivity of the grinding fluid, and
decreased with the viscosity of the grinding fluid.

Lin et al. [148,149] described the heat transfer in
the grinding region wunder different grinding
conditions based on fluid dynamics and heat transfer
theory. Grinding experiments were conducted on two
material powders separately, and the results are
shown in the table. Notably, the CHTC values can be

remarkably high, substantially exceeding those
previously reported. As shown in Fig. 55, the
60000 ——4,
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Fig. 55

experimental results indicated that the values of
CHTC varied with process parameters, such as the
actual depth of cut and wheel speed, and decreased as
the contact length increased.

Jin et al. [147] used fluid dynamics and thermal
simulations to investigate and estimate the CHTC in
the grinding zone. They concluded that the CHTC is
determined by the grinding wheel speed and the
liquid film thickness in the contact zone, which is, in
turn, affected by factors such as the grinding wheel
speed, porosity, particle size, coolant type, flow rate,
and nozzle size.

The grinding temperatures for deep grinding and
shallow grinding were calculated based on the
estimated CHTC values and compared with the
actual grinding temperatures.

Jin et al. [150] used the inverse method to
investigate the fluid CHTC in the grinding zone
under deep-cut grinding conditions by measuring the
temperature in the grinding zone with the help of the
EDC. The experiment showed that the distribution
pattern of CHTC in the grinding zone under slow-in
deep-cut mode is notably different from that of
conventional shallow grinding. The distribution of
CHTC in the grinding zone is divided into two
curves: in the small interval at the front end of the
grinding zone, the grinding fluid CHTC exhibits an
obvious upward section, while in the main convective
heat transfer zone, the CHTC change is relatively
flat. The contact arc length and feed rate have
minimal influence on the CHTC of the main
convective heat transfer zone, with grinding speed
being the main factor.

\\"‘——\’:j*\,“
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(a) Effect of depth of cut on the convection heat transfer coefficient (cast iron tests). (b) Effect of

depth of cut on the convection heat transfer coefficient (M50 tests) [148,149].
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Gao et al. [151] experimentally determined the
CHTC and its distribution in the contact zone
between the grinding wheel and workpiece during
vertical axis surface grinding. Based on heat
conduction theory and a large number of
experimental results, the grinding temperature follows
a parabolic distribution along the depth direction.
The CHTC was determined by inverting the model
and using the three-point method to measure the
surface temperature of the workpiece.

The CHTC within the contact area between the
vertical axis plane grinding wheel and the workpiece
is unevenly distributed. In dry grinding, the
coefficient demonstrates minimal variations, whereas
in wet grinding, substantial changes occur at different
locations on the contact surface of the grinding wheel.
The installation height of the cooling nozzle has a
greater impact on the cooling effect. Additionally, the
coolant flow rate notable affects h. When the flow
rate is small, the effect is more pronounced. However,
once the flow reaches a certain value, the cooling heat
transfer coefficient increases slowly; that is, the
coolant flow rate is too small, the cooling effect is
poor, while excessive flow rate leads to waste.

Shen [154] estimated the CHTC using a grinding
heat model based on the finite difference method. The
accuracy of the model was verified by comparison
with the traditional semi-infinite workpiece grinding
heat model. The results showed that the effects of free
convection and leading-edge cooling are negligible,
while trailing-edge cooling only affects the trailing-
edge region. The model was further applied to analyze
convective cooling in grinding experiments. The
estimated average CHTC in the grinding contact zone
was approximately 4.2 x 10° W/(m?-K) for wet
grinding and approximately 2.5 x 10* W/(m?.K) for
MQL grinding, whereas the estimated CHTC at the
trailing edge was notably lower.

By matching the measured temperature distri-
butions with those calculated by the FDM heat
transfer model, the CHTC within the grinding zone
(hcontact) and at the trailing edge (Atrailing) can be
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obtained. The CHTC in the contact zone is higher
than at the trailing edge due to the high flow rate.
Additionally, the CHTC in wet grinding is notably
higher than in MQL grinding for the contact zone and
trailing edge. The results for the trailing edge in wet
grinding show good agreement, whereas the results for
MQL grinding at the trailing edge do not match well
due to the low flow rate.

Zhu et al. [107] proposed an improved temperature
calculation model considering the abrasive grain
geometry and distribution. Assuming that the
abrasive grains on the surface of the grinding wheel
are arranged in an orderly manner in a cross-array,
an experimental study was conducted to accurately
assess the effect of abrasive grain geometry (cone
angle, grain size, and grain concentration) on the
CHTC.

Notably, increasing the cone angle leads to a
reduction in the CHTC, as shown in Fig. 56(a), which
can be illustrated by the increasing Reynolds number
with the rising cone angle. As shown in Fig. 56(b), a
large abrasive grain size leads to a small CHTC. This
phenomenon is due to the large grinding wheel size,
which results in a smaller corresponding grinding
wheel pitch than the finer grinding wheel, making it
difficult for the coolant to penetrate into the gap
between the grinding wheel and the workpiece. This
condition results in an increase in the Reynolds
number and a decrease in the CHTC. As shown in
Fig. 56(c), a high abrasive grain concentration leads
to a low CHTC. This finding is equivalent to Fig.
56(b), where a small abrasive spacing results in a high
Reynolds number, leading to a small CHTC.

Zhang and Rowe [155] investigated the modeling of
CHTC for different fluid states and compared the
experimental values with the predicted values. They
compared the predictions of the laminar flow model
with the experimental results, as well as those of the
fluid wheel model. The CHTC predictions from the
turbulent and laminar flow models were compared to
a series of earlier experimental results over a range of
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Fig. 56 (a) Convection heat transfer coefficient against cone angle. (b) Convection heat transfer coefficient

against grain size. (c¢) Convection heat transfer coefficient against grain concentration [107].
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low grinding temperature values. The turbulent flow
model predictions were closer to the actual results.
The turbulent flow model predicted drastically higher
he values than the laminar flow model. However,
below the boiling range, the TFM predictions were

Front. Mech. Eng. 2025, 20(3): 22

models are excessively low, indicating that as the
grinding temperature decreases, the heat transfer
coefficient diminishes, leading to reduced heat
dissipation during the grinding process.

Table 10 further summarizes the factors influencing

still lower than the measured results. At notably low the CHTC coefficient in cutting and grinding
grinding temperatures, the predicted values from both machining.
Table 10 Factors affecting the CHTC coefficients
Reference Processing parameters Processing Workpiece =~ Cooling Coolant Influencing Conclusion
v/ (m-s1) vy /(ms~) q,/mm tool materials  method factor
Liu et al. 30 6 10, 20, CBN Ti-6Al1-4V Low Vegetable  Lubricant The theoretically calculated
[144] 30 grinding temperature oil-based physical values of the heat transfer
wheel cold-air F30-A properties  coefficient ks at different cold air
MQL (density, temperatures are basically in
viscosity, and agreement with the actual
specific heat measured values, with modeling
capacity), errors ranging from 8.5% to
temperature, 11.6%
and flow state
Gupta and 60, 68, 76 1 mm/s 0.5,0.7, CBN Aluminum Wet Water/ Depth of The CHTC increases with
Yadav [22] 0.9, 1.1 grinding grinding  kerosene grind, grinding grinding wheel speed and
wheel wheel speed, decreases with increasing
nature of grinding depth. This value is
grinding fluid  positively correlated with the
specific heat, density, and
conductivity of the coolant, and
negatively correlated with the
viscosity
Lin et al. 36 270 mm/s 0.01-  Vitrified Foundry Wet Water-  Actual depth The value of the convection
[148,149] 0.06 bond iron/M50  grinding based  of cut, wheel coefficient varies with the actual
aluminum coolant speed, and  depth of cut and wheel speed of
oxide contact length  the work and decreases with
grinding increasing contact length
wheel
Jin et al. 18, 30, 60  0.0006, 1, 0.5, Aluminum AIST 1095, Wet Oil, Liquid film The physical properties of the
(147 0.005, 0.3  0.96 oxide  AISI 1010, grinding emulsion  thickness, coolant (viscosity and thermal
grinding  AISI 1020, wheel speed,  conductivity) have a slightly
wheel  AISI 52100 porosity, grain greater influence on the
size, coolant sensitivity than the process
viscosity, and ~ parameters (grinding wheel
nozzle size speed)
Jin et al. 28-50 10-30 0.1-0.7  Porous High- Wet Oil-based Contact arc ~ Changes in contact arc length
[150] mm/min metal bondtemperature grinding  grinding length, Feed and feed rate have a small effect
CBN alloys fluids  rate, grinding on the distribution of CHTC in
grinding rate the main convection heat transfer
wheel zone, and the grinding speed is
the main factor affecting CHTC
Gao et al. - - - Grinding  Copper Wet Water-  Coolant flow The effect of coolant flow rate is
[151] disc grinding based more substantial when the flow
coolant rate is small, and the cooling
heat transfer coefficient increases
slowly when the flow rate is large
to a certain value
Shen [154] - - - Vitrified  Nodular Dry Water- Grinding zone, The flow velocity in the contact
bond cast iron  grinding/ based/oil- coolant flow  zone is high and the CHTC is
aluminum wet based higher than the trailing edge.
oxide grinding/ nanofluids Wet grinding has notably higher
(CBN) MQL CHTC in the contact zone and at
grinding the trailing edge than MQL
wheel grinding
Zhu et al. 60 0.24 0.017 CBN  Ti-6Al-4V Dry Oil-based Energy When the other parameters are
[107] grinding grinding/  coolant  distribution  kept constant and only the Ry
wheel wet ratio value is changed, the maximum
grinding error reaches 22.6%, and a small
change in the Ry value can have
a large effect on the grinding
temperature during the
calculation process
Zhang and - - - - - - - Fluid flow  The predictions of the turbulent
Rowe [155] state flow model are closer to the

actual results. The turbulent flow
model predicted substantially
higher Iy values than the laminar
flow model
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5 Model synthesis evaluation and
parametric impact analysis

Several different models of heat transfer process
parameters are available, and the effect of influencing
factors on the parameters is full of variations. Models
with high accuracy can be effectively identified by
summarizing and evaluating the existing models. By
analyzing the mechanism of the influence of each
factor on the parameters, the change trend of heat
transfer process parameters under the influence of
each factor can also be effectively understood.

5.1 Evaluation of heat transfer process parameters
models
5.1.1 EDC model

In the study of the heat transfer process, a reasonable
choice of different EDC models can effectively reduce
error projection results. Owing to differences in model
construction process, each model adopts different
approaches or methodologies, with varying emphasis
on influencing factors. Therefore, under different
processing conditions, selecting the appropriate type
of EDC model based on the importance of influencing
factors can help minimize modeling errors. The
different models are categorized as shown in Fig. 57.
EDC models can generally be divided into two main
categories  based on  whether  experimental
involvement is required. The first category does not
require experimental data; instead, the models are
constructed using known parameters and pre-

6.94%-14.87%

TEF

Direct calculation

determined processing parameters. For example,
models associated with abrasive grain—workpiece
contact are developed by employing intrinsic
parameters of the grinding wheel and workpiece
(thermal conductivity, specific heat capacity, abrasive
grain radius), along with a preset parameters such as
rotational speed of the grinding wheel. By modeling
the grinding wheel and the fluid as a composite
system, a relatively simple predictive model can be
constructed based on the thermal parameters of the
grinding wheel and the coolant. However, due to
unclear overall thermal characteristics of the
composite, such models are mainly wused for
qualitative analysis of the energy distribution during
the grinding process. This category also includes
partial models based on single particles, material
physical  parameters, slicing multiple energy
distribution subsystems, and considerations such as
heat-source tilt angle. A comprehensive model in this
group is the one developed from the studies of Mao
et al. [100] and Rowe [97], which fully incorporates
the physical parameters of the grinding wheel and the
workpiece, effective contact radius of the abrasive, the
speed of the workpiece and the grinding wheel,
coolant properties, effective grinding force per unit
width, and wheel accuracy. Owing to its broad
adaptability and capability to capture the influence of
multiple factors, this model has become a widely
adopted method for EDC calculation. The EDC
model proposed by Yin and Marinescu [115], based on
the assumption that the grinding wheel and the
grinding fluid are compounded as a whole, also
considers the effects of several factors, including the

5.4%—-15.4%

Experimental
participation

Fig. 57

Classification tree diagram of the EDC model.
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workpiece feed rate, depth of cut, equivalent grinding
wheel diameter, tangential grinding force, physical
and thermal properties of the grinding wheel and the
workpiece, and the cooling effect of the grinding fluid.
This model has the best accuracy among such models,
with errors ranging from 6.94% to 14.87%. The
second category requires experimental participation,
and the required parameters in the model calculation
must be measured experimentally. For example, the
turning energy distribution model based on the
analytical method of multisystem construction
combines the physical and thermal parameters of the
workpiece and tool materials, as well as the measured
temperature during the turning process and the
calculation of the energy distribution of the
subsystems, to obtain the energy distribution of the
workpiece. Moreover, the grinding energy distribution
model, considering the surface temperature of the
workpiece, calculates the density of heat flow into the
workpiece by combining its temperature increase,
which leads to the calculation results. The accuracy of
such models is roughly in the range of 10% to 20%,
and the accuracy of the energy distribution model
derived by Hadad et al. [95], from the maximum
temperature increase of the work-in during grinding,
can be achieved with an error in the range of 5.4% to
15.4%.

5.1.2 CHTC model

CHTC plays a crucial role in the study of heat
transfer during machining. Aiming to control the
temperature of the machining zone, the use of coolant

2%—=7%

Natural
convection

Fluid flow state

is the most common method. As the coolant flow
throughs the machining zone, convective heat transfer
between the continuously flowing coolant and the
surface of the machining zone removes a substantial
amount of heat, effectively lowering the temperature
of the machining zone. Therefore, an appropriate
CHTC model enables more accurate calculation of the
heat carried away by the coolant, thereby minimizing
the errors in predicting the temperature of the
machining zone. Moreover, a well-established
convective heat transfer model helps identify the key
factors affecting the heat transfer efficiency. This
understanding allows for targeted improvements in
the cooling process, effectively reducing thermal
damage caused by untimely heat dissipation in the
machining process.

As shown in Fig. 58, during the machining process,
convective heat transfer includes gases and coolants.
In terms of gas-based convective heat transfer, one
category arises due to natural convective heat transfer
between the tool or workpiece and the surrounding
air. For example, Yin et al. [123] modeled the CHTC
between the workpiece and the air, considering the
heat exchange with the air during the continuous
rotation of the workpiece. Another category involves
the input of cold air into the machining area. This
approach, known as low-temperature cold air cooling
technology, facilitates strong convective heat transfer
between the cold air and the grinding wheel or
workpiece, effectively removing the heat generated in
the machining area.

In terms of convective heat transfer in coolants,
several categories are presented.

8.5%—11.6% 7.5%-9.5%

Fluid boiling state Consideration of other J

processing parameters

Fig. 58

Classification tree diagram of the CHTC model.
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The first category focuses on a model that considers
the flow state of the coolant, highlighting the physical
properties of the coolant itself and the state of the
flow process. Owing to variations in type, density,
viscosity, and other physical parameters, different
coolants exhibit different heat transfer efficiencies. As
the coolant flows through the machining zone, it is
agitated by the rotating tool, which leads to changes
in its flow state and, consequently, its convective heat
transfer efficiency. With the emergence of advanced
cooling methods such as MQL, factors such as droplet
number and droplet diffusion area have gained
importance. Relevant models include those based on
fluid mechanics, those incorporating the Péclet
number, and those that consider the difference of
fluid in different areas of the grinding zone and the
fluid flow state. Among such models, the convective
heat transfer model derived by Wang [157],
considering the flow state and using a system of
differential equations, has a good accuracy with an
error of 2%—7%.

The second category is a model that considers the
boiling state of the coolant. The coolant will change
its boiling state after heat absorption in the
processing zone. Different boiling states will have
varying effects on the convective heat transfer
efficiency. Liu et al. [144] constructed a convective
heat transfer model with an accuracy error of
8.5%—11.6% in low-temperature cold-air MQL
machining, considering the effects of liquid film
boiling.

The third category focuses on a model that
considers other processing parameters. The machining
process is an interconnected and complex process,
with various factors affecting each other. The speed of
the grinding wheel, particle distribution, contact
length, and surface temperature will influence the
heat transfer efficiency of the coolant, for example,
the model based on the particle contact conditions,
and the model using the backpropagation method.
Zhu et al. [107] considered the optimization of
abrasive particle geometry, and distribution of CHTC
calculation model accuracy can achieve errors ranging
from 7.5% to 9.5%.

The various types of models are not completely
independent, and a cross-mixture often exists. In this
paper, the categorization is based primarily on the
main influencing factors.

5.2 Parameter effects and mechanistic analysis

5.2.1 Parameters related to EDC

The main parameters affecting the variation of the
EDC during machining include the depth of grind
(depth of cut), grinding wheel speed, feed rate,

coolant, workpiece material, grinding wheel type, grit
distribution, and geometry.

The grinding depth refers to the depth of the
grinding wheel cutting feed during each grinding
process. When the grinding depth is greater, the
amount of material removed in a single pass increases,
the grinding force increases, and additional heat is
generated by friction and cutting. Thus, when the
grinding depth is increased, additional energy is
consumed in other areas, and the proportion of energy
absorbed by the workpiece is relatively reduced
[108,162]. As for the grinding wheel speed, at high
grinding speeds, higher speeds result in higher cutting
temperatures and more heat generated by friction,
which leads to the transfer of additional heat to the
workpiece surface. Therefore, as the grinding wheel
speed increases, the EDC of the workpiece generally
increases. The effect of feed rate on the EDC is
similar to that of the grind depth in that an increase
in feed rate raises the grinding forces and generates
additional heat. Therefore, the EDC typically
increases with rising feed rate [161,162,165]. However,
a larger feed rate helps to spread the generated heat
quickly over a larger area, reducing the risk of
localized high temperatures and leading to a
reduction in the amount of heat absorbed by the
workpiece. Consequently, a situation in which the
EDC decreases with an increase in the feed rate also
occurs. The coolant increases the heat exchange
efficiency between the workpiece and the grinding
wheel. Thus, minimal heat is absorbed on the surface
of the workpiece, and additional heat is carried away.
Therefore, coolant application is usually effective in
reducing the energy distribution ratio of the
workpiece [95,111,163]. Properties such as thermal
conductivity, hardness, and heat capacity of different
workpiece materials can substantially affect the
absorption and conduction of heat energy. Harder
workpiece materials generally absorb more thermal
energy, while workpieces with higher thermal
conductivity can dissipate heat to other areas more
quickly, thus changing the energy distribution ratio of
the workpiece [167]. Changes in the properties of
different grinding wheels can directly influence their
cutting performance and heat generation. A grinding
wheel with effective thermal conductivity facilitates
the transfer of additional heat to the wheel, reducing
the energy distribution of the workpiece [84,164].
With the development of technology, the use of new
grinding wheels such as heat pipe grinding wheels has
increased [39,169,170]. The high thermal conductivity
of new grinding wheels can effectively change the
proportion of heat transferred to the workpiece [171].
Furthermore, the distribution and geometry of
grinding wheel grits affect the energy distribution.
The coarseness and fineness of the abrasive grains,
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the size of the cone angle, and the unevenness of the
distribution all affect the overall energy distribution
[107].
5.2.2 Parameters related to CHTC

The main parameters affecting the variation of CHTC
during machining include the following: fluid
properties (density, specific heat, viscosity, and
thermal conductivity), flow rate, speed of the grinding
wheel, depth of grinding, parameters of the grinding
wheel (taper angle, size of the abrasive grit, and
porosity), and temperature difference.

Fluid properties mainly affect convective heat
transfer [22]. Dense fluids generally have high heat
capacity and efficient heat transfer characteristics.
The greater the specific heat, the greater the ability
of the fluid to absorb heat, absorbing the heat
between the grinding wheel and the workpiece more
effectively and improving the heat transfer efficiency.
Fluids with high thermal conductivity can efficiently
conduct  heat.  Therefore, when the three
aforementioned factors increase, the CHTC will also
increase. The greater the viscosity of the fluid, the
greater the resistance to fluid flow, making turbulence
less likely to occur and reducing heat transfer
efficiency of the fluid. The flow rate of the fluid also
affects its flow state during the process. A large flow
rate of fluid has a greater capability to carry away
heat, with higher shear and turbulence intensity on
the contact surface, which disrupts the thermal
boundary layer and improves heat transfer efficiency
[151,155]. Cooling methods, such as the more
environmentally friendly MQL, have emerged, but
high-flow cast cooling usually provides better cooling
results in comparison. Although the increase in the
speed of the grinding wheel leads to the generation of
additional heat, the high-speed rotation of the
grinding wheel helps to increase the disturbance of
the fluid, creating stronger turbulence, which, in turn,
enhances the convective heat transfer capability of
the fluid. The influence of the parameters of the
grinding wheel grit on the heat transfer efficiency lies
in the size of the heat transfer area. A large cone
angle results in a large abrasive grain size, a small
abrasive grain spacing, a small porosity, and a
reduced heat exchange area with the fluid, thus
minimizing the CHTC [107]. Temperature difference
is a key factor affecting convective heat transfer
efficiency. A larger temperature difference indicates a
stronger heat transfer driving force. The larger the
temperature difference, the more pronounced the
convective effect of the fluid and the higher the heat
exchange efficiency. Therefore, low-temperature cold-
air cooling technology, which increases the tempera-

ture difference by reducing the air temperature, has a
good cooling effect.

6 Conclusions and prospects
6.1 Conclusions

This paper provides a comprehensive review of EDC
and CHTC models for cutting and grinding
machining, including their specific applications and
scope. In addition, potential directions for grinding
thermal research are introduced to address current
issues related to grinding thermal modeling.

(1) Aiming to solve the EDC model of the grinding
process, the uniform heat-source model or the
triangular heat-source model can be wused. The
triangular heat source closely algins with the actual
working conditions, and the EDC model proposed by
Yin, based on the contact between the abrasive
particles and the workpiece, has a high accuracy,
revealing approximately 6.94%—14.87%.

(2) The study of CHTC requires consideration of
process parameters and fluid characteristics, including
flow velocity, flow rate, boiling conditions, flow state,
fluid type, physical parameters, and injection mode.
Wang proposed a CHTC model based on the
convective heat transfer differential equation system
and fixed conditions, which demonstrated a high
accuracy of approximately 2%-2.7%.

(3) Normally, the higher the speed of the grinding
wheel, the higher the feed rate, and the harder the
workpiece material, the higher the EDC of the
workpiece. Conversely, a better cooling effect and a
higher thermal conductivity of the grinding wheel
result in a smaller workpiece EDC.

(4) The greater the grinding wheel speed, fluid
specific heat, and fluid flow rate, the greater the
CHTC. A high depth of cut, feed rate, fluid viscosity,
and grain size lead to a small CHTC. Simultaneously,
the nozzle position, flow rate, and fluid type also have
substantial effects on the coefficient of variation.

6.2 Prospects

(1) Current modeling studies on EDC and CHTC are
mainly conducted for grinding processes, with a lack
of widely recognized, practical, and reliable models in
the cutting process. Therefore, further research and
exploration of thermal modeling in the cutting process
is urgently needed.

(2) The energy distribution ratio plays a crucial role
in studying workpiece temperature during machining.
However, this coefficient is a complex variable that
cannot be directly measured and is affected by many
factors such as machining parameters, grain shape,
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grinding wheel parameters, coolant, and workpiece
properties. While various models have been developed
using different methods, a convincing, unified theory
is lacking.

(3) The determination of CHTC is crucial for
studying the cooling effect in the machining zone.
However, due to uncertainties in the physical
properties of the coolant, workpiece, grinding wheel,
and other physical parameters, as well as the
difficulty in fully controlling and simulating the real
working conditions in the experiments, the change in
boundary conditions will affect the measurement
results. Additionally, with the introduction of
nanofluids and advanced materials, existing models
may not effectively describe their heat transfer
characteristics. Therefore, further in-depth research
and exploration on this area is still needed.

Nomenclature

Abbreviations

CBN Cubic boron nitride

CHTC Convective heat transfer coefficient

EDC Energy distribution coefficient

HEDG High-efficiency deep grinding

MQL Minimum quantity lubrication

NMQL Nanofluid minimum quantity lubrication

SG Seeded gel

TFM Turbulent flow model

Variables

a1, az Thermal diffusivity of workpiece materials at
different temperatures

Ggmax Maximum undeformed chip thickness

ap Grinding depth

[ Workpiece length

A Nominal contact area

A Diffusion area of the droplet

Ay Average single abrasive particle contact area

A Convective surface area

A; Area of region §2;

AR Actual contact area

Ay Tool-chip contact area coefficient

b Heat storage coefficient

b Grinding width

bo Half-width of the nozzle exit section

c Specific heat capacity

a Specific heat capacity of droplets

Cnf Specific heat capacity of fluids

Cs Specific heat of the grinding wheel

Cy Specific heat capacity of steam

Co Parameter factor in the circular moving heat-

source model

d Diameter of the circular surface
dp Diameter of a single droplet

dy Borehole diameter

dy Diameter of the heated cylinder
dy Diameter of a single bubble
darin Diameter of the drill bit

dg Equivalent average particle diameter
ds Diameter of the grinding wheel
D Diameter of the milling cutter
es Specific grinding energy

€sch Specific cutting energy

Iz Feed per tooth

F Tangential grinding force

Fom Principal grinding resistance

Ga Active abrasive particles per unit area of

grinding wheel surface

h Convective heat transfer coefficient
ho Heat transfer coefficient
h; Convective heat transfer coefficient of air at

room temperature

heh Heat transfer coefficient of debris

hp Depth of cut

he Convection coefficient of the coolant

hg Heat transfer coefficient of the grain

A Heat transfer coefficient of the workpiece

hta Latent heat of vaporization

J Heat transfer of a single droplet

k Thermal conductivity

ka Thermal conductivity of air

ke Coating thermal conductivity

kg Thermal conductivity of grain

kut Thermal conductivity of fluids

k¢ Thermal conductivity of cutting tools

ky Thermal conductivity of steam

kw Thermal conductivity of workpieces

Ky Type II zero-order modified Bessel function

K Cutting force to cutting cross-sectional area
ratio

Contact length

Tool-debris contact length
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Average diameter of the wear plane

Drilling depth

Average particle spacing

Mass of droplets participating in heat transfer
Droplet mass

Torque

Spindle speed

Droplet quantity

Number of nucleation sites (per unit area) on
the superheated surface

Nusselt number

Number of all droplets

Pressure inside the nozzle

Effective spindle power

Atmospheric pressure

Péclet number

Prandt]l number of flowing air

Cutting heat generated at the tool—chip
interface per unit time

Heat transmitted into abrasive grains

Heat transfer rate by air convection

Heat transmitted into debris

Heat flux density of a single droplet during
heat transfer

Heat transferred by cooling medium

Heat flow of the fluid

Heat transmitted to the grinding wheel

Total heat generated in the grinding area
Intensity distribution of heat source flowing
into the workpiece

Grinding power

Supply amount of nanofluid during the
grinding time

Radius of abrasive wear

Apex radius of conical abrasive grain
Diffusion radius of a single droplet

Energy distribution coefficient of the debris
Proportion of heat transferred to the
workpiece at the initial moment

Reynolds number

Critical Reynolds number

Dimensionless rotational Reynolds number
Energy distribution coefficient of the grinding
wheel

Energy distribution coefficient of the grinding

wheel

(&)
2}

ts

T

To
T
Ta
Ty
Tq
Tt

Tgmax

Tmax
Tmaxfc

Ty

Ve

Uch

Un

Us

Energy distribution  coefficient of the
workpiece

Workpiece—grain particle energy distribution
ratio

Area covered by the nozzle jet

Total grinding time

Undeformed chip thickness

Initial temperature of droplets

Heat transfer time

Workpiece temperature rise

Ambient temperature

Nanofluid temperature

Initial temperature

Fluid burnout temperature

Average temperature of the drill bit surface
Temperature of the coolant

Maximum temperature rise at the abrasive
grain—workpiece contact surface

Maximum temperature rise of workpiece
Maximum contact temperature

Saturation temperature

Temperature at time ¢

Workpiece melting point temperature
Convective ambient temperature

average temperature of the workpiece
Tangential velocity of ambient air around the
circumferential end face

Exit velocity

Average velocity of the fluid through the
grinding zone

Cutting speed

Chip flow rate

Jet wvelocity of droplets along the nozzle
direction

Vertical impact velocity of droplets on the
heat transfer surface

Cutting tool or grinding wheel speed
Workpiece velocity

Volume

Volume of a single droplet

Weber number

Distance from the grinding zone

Coating thickness

Number of Teeth

Dimensionless time

Thermal diffusivity of fluids
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Og Thermal diffusivity of abrasive particles

Oy Thermal diffusivity of workpieces

p Constants related to the shape of the heat
source

y Geometric shape factor of a single abrasive
grain

0 Thickness of the coolant film in the grinding
zone

n Kinematic viscosity of fluid

Angle between the mist jet and the horizontal

direction
) Average temperature of the grain
66 Initial temperature of the tool
0 Surface temperature of the workpiece
Om Maximum background temperature
O, Contact angle
és Average temperature of the shear surface
Ae Thermal conductivity rate of coating
As Thermal conductivity rate of the matrix
Aw Thermal conductivity rate of the workpiece
)z Dynamic viscosity of air
e Dynamic viscosity of fluid
y Dynamic viscosity of steam
4 Surface tension
p Density
Pe Volume specific heat
Ps Density of the grinding wheel
Pa Air density
2 Nanofluid density
Puf Fluid density
] Mass flow rate
¢ Roll angle
& Latent heat of the bubble
AT Temperature difference in heat exchange
Ay Cutting deformation coefficient
Subscripts
f Coolant
g Abrasive grain
w Workpiece
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