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A Heat Transfer Model Based
on Finite Difference Method
for Grinding
A heat transfer model for grinding has been developed based on the finite difference
method (FDM). The proposed model can solve transient heat transfer problems in grind-
ing, and has the flexibility to deal with different boundary conditions. The model is first
validated by comparing it with the traditional heat transfer model for grinding which
assumes the semiinfinite workpiece size and adiabatic boundary conditions. Then it was
used to investigate the effects of workpiece size, feed rate, and cooling boundary condi-
tions. Simulation results show that when the workpiece is short or the feed rate is low,
transient heat transfer becomes more dominant during grinding. Results also show that
cooling in the grinding contact zone has much more significant impact on the reduction
of workpiece temperature than that in the leading edge or trailing edge. The model is fur-
ther applied to investigate the convection heat transfer at the workpiece surface in wet
and minimum quantity lubrication (MQL) grinding. Based on the assumption of linearly
varying convection heat transfer coefficient in the grinding contact zone, FDM model is
able to calculate convection coefficient from the experimentally measured grinding tem-
perature profile. The average convection heat transfer coefficient in the grinding contact
zone was estimated as 4.2� 105 W/m2-K for wet grinding and 2.5� 104 W/m2-K for MQL
grinding using vitrified bond CBN wheels. [DOI: 10.1115/1.4003947]

1 Introduction

The energy required to remove a unit volume of work-material
for grinding is very high. Virtually all this energy is converted to
heat, which can cause high temperatures and thermal damage to
the workpiece such as grinding burn, phase transformations, unde-
sirable residual tensile stresses, cracks, reduced fatigue strength,
thermal distortion, and inaccuracies [1]. Workpiece thermal dam-
age is the major limitation to increase the material removal rate in
grinding.

A considerable research effort has been devoted to both theoret-
ical and experimental aspects of heat transfer in grinding. The
classic thermal analysis of moving heat source and the tempera-
ture at sliding contacts was studied by Jaeger [2]. The application
of Jaeger’s moving heat source solutions to heat transfer problems
in grinding was first proposed by Outwater and Shaw [3], whereby
the grinding contact zone is approximated as a heat source moving
along the surface of the workpiece. Outwater and Shaw [3]
assumed that grinding heat is mainly generated at the shear plane,
and thus the grinding temperature can be calculated by matching
the average temperatures on the shear plane. Hahn [4] considered
the frictional rubbing forces on the clearance surface and
neglected cutting forces on the rake surface in the model. Snoeys
et al. [5] and Malkin [6] both presented a comprehensive literature
review of early research work on the prediction of workpiece sur-
face temperatures in dry grinding without significant convective
heat transfer.

Takazawa [7] considered the partitioning of energy over the
grinding contact zone based on the grinding wheel bulk thermal
properties. Similar contact zone thermal model was also proposed
by Rowe et al. [8]. Shaw [9] considered both real and apparent
contact areas, and used an area ratio factor to correlate grain prop-
erties with such a model.

Hahn [10,11] developed the heat transfer model for grinding
based on the microscale thermal transport phenomenon at the

grain-workpiece interface. Several other grain scale grinding heat
transfer models have been developed [12–14]. Lavine [15] com-
bined the grain-scale or microscale and wheel/workpiece macro-
scale thermal analysis for grinding. The wheel and grinding fluid
were considered to be a composite solid moving at the wheel
speed. It predicted the convective heat transfer coefficient on the
workpiece surface, the fraction of energy entering the workpiece,
and the workpiece surface temperature. In the following research
work by Lavine and Jen [16,17], the heat transfer into abrasive
grain, grinding fluid and workpiece are modeled separated by
introducing local heat transfer coefficients, and the separate mod-
els are coupled by matching the temperature at the workpiece-
fluid interface and the workpiece-grain interface. The model was
further extended to account for the variation of the heat fluxes
along the grinding contact zone in down grinding with large Pec-
let number [18]. Later a similar thermal model for up grinding
[19] was developed to compare the workpiece temperature rises in
up grinding and down grinding, and to explore the effect of the
location of heat generation. Ju et al. [20] developed a comprehen-
sive heat transfer model for grinding that covers both up surface
grinding and down surface grinding without the assumption of
large Peclet number. Lavine’s model [18,19] differs from Ju’s
[20] in how the shear plane and grain geometry are modeled, and
the assumption that if there is conduction in the direction of
motion in the workpiece.

Temperature measurements in the workpiece subsurface during
grinding indicated that the triangular heat source is more accurate
than the rectangular one [21]. Analytical investigations by Guo
and Malkin [22] indicated that energy partition (ratio of the
energy entering the workpiece) is approximately constant along
the grinding contact zone for regular down grinding, but varies
greatly along the grinding contact zone for regular up grinding
and both up creep-feed grinding and down creep-feed grinding.

Based on the measured surface temperature, the inverse heat
transfer method was first applied by Guo and Malkin [23,24]
to estimate the heat flux and local convective heat transfer
coefficient on the workpiece surface. Inverse heat transfer mod-
els have been further studied extensively in grinding processes
[25–27].
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Most of the thermal models for grinding have assumptions such
as the steady-state condition, semi-infinite workpiece size, and ad-
iabatic boundary condition (except for the heat flux in the grinding
contact zone) on the workpiece surface. Both the finite element
method (FEM) and the finite difference method (FDM) can over-
come these constraints. Guo and Malkin [28] has developed a
FDM based heat transfer model for grinding to study the transient
grinding temperature and shown that the workpiece temperature
rises rapidly during the initial wheel-workpiece engagement, sub-
sequently reaches a quasi-steady state value if the workpiece is
sufficiently long, and further increases in the final wheel-work-
piece disengagement. The FEM has been applied to simulate the
workpiece grinding temperature and analyze the phase transfor-
mation and thermal stress on ground surface [29–33].

In this study, a heat transfer model based on the FDM is devel-
oped to study the thermal aspects in grinding. In addition to the
transient heat transfer problem as Guo and Malkin [28] has
already studied, the main goal of this study is to investigate the
convection heat transfer boundary conditions. More accurate con-
vection heat transfer information can improve the prediction of
grinding temperature (background temperature). The FDM heat
transfer model is introduced in Sec. 2 and validated by comparing
with the solution of the traditional heat transfer model in Sec. 3.
Effects of workpiece dimension, feed rate, and cooling boundary
conditions are studied using the FDM heat transfer model in Secs.
4 and 5. In Sec. 6, the FDM heat transfer model is further applied
in the grinding experiment to estimate the energy partition and
convection heat transfer coefficient.

2 Finite Difference Heat Transfer Model

In FDM the computation domain is subdivided into small
regions and each region is assigned a reference point. In this
study, the computation domain is the workpiece, as shown in
Fig. 1(a). The node is at the center of the region, and designated
by indices (m,n), as seen in Fig. 1(b). The grid size is defined as
the distance between the two adjacent nodes. In this study, the
uniform grid size is used, i.e., Dx ¼ Dz. The moving heat source
is assumed to be triangular.

2.1 Governing Equation. The computation domain is char-
acterized in terms of a nodal network. The governing equation
and boundary conditions can be transformed to the finite differ-
ence form. The 2D heat transfer governing equation is:
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where a is the thermal diffusivity of the workpiece. Using the fi-
nite difference discretization, Eq. (1) for the nodes (m,n) (as
shown in Fig. 1(b)) can be expressed as
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Considering the uniform mesh (Dx ¼ Dz), Eq. (1) can be rear-
ranged as following:
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2.2 Boundary Conditions. In FDM, either the full grid or
half grid can be used at the boundary. The half grid has the
advantage of direct expression of the boundary node temperature,
while the full grid requires less computation time. In this study,
the full grid at the boundary was adopted. The surface grinding
configuration is shown in Fig. 2(a). As seen in Fig. 2(b), six

Fig. 1 Illustration of nodal network: (a) mesh of the computation domain (workpiece) and (b) close-up view of the nodal
network

Fig. 2 Illustration of the boundary conditions: (a) surface
grinding process and (b) the corresponding BCs
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boundaries, the leading edge (BCleading_edge), grinding contact
zone (BCcontact), trailing edge (BCtrailing_edge), front (BCfront), back
(BCback), and bottom (BCbottom) side of the workpiece need to be
considered. Finite difference equations for these boundary condi-
tions (BCs) can be derived by energy conservation and the derived
equations are summarized in Appendix A.

2.3 Surface Temperature. Since the full grid was used at
the boundary, the temperature on the ground workpiece surface,
Ts, needs to be derived using the energy balance method. Finite
difference equations for the top surface temperature prediction are
presented in Appendix B.

3 Validation of Finite Difference Thermal Model

The FDM heat transfer model can calculate the evolution of
temperature within the workpiece which makes it capable to han-
dle the transient heat transfer problems in grinding. To validate
the FDM heat transfer model developed in this study, the results
of the FDM model are compared with the solution of the tradi-
tional heat transfer model [21,23,24].

The FDM heat transfer model was first applied to simulate the
spatial and temporal temperature distribution of grinding Dura-
Bar 100-70-02 ductile iron workpiece (with length L¼ 50 mm and
thickness H¼ 10 mm), which is the commonly used camshaft ma-
terial in automotive industry. The grinding parameters and work-
material properties are listed in Table 1. The triangular moving
heat source, as shown in Fig. 2(b), with an average heat flux of 40
W/mm2 and a width of contact length lc¼ 1.33 mm was used. All

the other BCs are set to be adiabatic, identical to the assumption
for the traditional heat transfer model.

The spatial distributions of temperature field in the workpiece
at time t¼ 0.15, 0.40, 0.65, 0.90, and 1.15 s are shown in Fig. 3.
The time t¼ 0 s is defined at the start of wheel contacting the
workpiece. A similar pattern of the temperature field with high
temperature region of about 480�C is observed beneath the mov-
ing heat source and propagating along the x-axis.

The temporal and spatial distributions of temperature on the
ground surface are plotted in Fig. 4. There are three regions, cut-
in, steady-state, and cut-out. In the cut-in region, the workpiece
peak temperature rises rapidly when the grinding wheel first
engages with the workpiece. In the steady-state region, the work-
piece surface temperature profile reaches a stable status. The peak
temperature maintains at about 480�C, the same level of peak
temperature as shown in Fig. 3. As the wheel disengages from the
workpiece, due to the boundary condition, the peak temperature
increases to 550�C and higher for a short period of time in the cut-
out region. The transient heat transfer during the cut-in and cut-
out regions has been previously studied by Guo and Malkin [28].
This simulation results also indicate that a steady-state region
exists if the workpiece is long enough.

The steady-state FDM heat transfer solution is compared with
that of the traditional heat transfer model. As shown in Fig. 5, the
FDM surface temperature profile at t¼ 0.625 s (steady-state
region) is plotted against the results from the traditional heat
transfer model [21,23,24]. The x-axis is the dimensionless dis-
tance, x/l, where x is the local coordinate with original point at the

Table 1 Summary of the parameters used in the simulation

Wheel diameter, ds 177.8 mm
Depth of cut, a 10 lm
Wheel speed, vs 30 m/s
Feed rate, vw 2400 mm/min
Thermal conductivity of workpiece, kw 63 W/m-K
Thermal diffusivity of workpiece, aw 16.3� 10�6 m2/s
Average heat flux 40 W/mm2

Fig. 3 Temporal and spatial distributions of the workpiece
temperature (L 5 50 mm and H 5 10 mm)

Fig. 4 Temporal and spatial distribution of the grinding tem-
perature at the workpiece surface (L 5 50 mm, H 5 10 mm, and
vw 5 2400 mm/min)

Fig. 5 Comparison of steady-state surface temperature profile
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center of the grinding contact zone and l¼ lc/2. The results match
very well except for a small deviation (less than 10�C) at the far
trailing edge (x/l<�25). This discrepancy is because the FDM
model uses a workpiece with a finite dimension, while the tradi-
tional model has an assumption of semiinfinite body.

The temperature rise in the z-direction is also compared. As
shown in Fig. 6, very good match of the FDM and traditional heat
transfer model results with less than 5 �C discrepancy is observed.
This further validates the FDM heat transfer model developed in
this study.

4 Effects of Workpiece Dimension and Workpiece

Velocity

The effects of workpiece dimensions (length and thickness) are
investigated in this section. All the boundary conditions are set to
be adiabatic except for the moving heat source in the grinding
contact zone, and all the parameters used are listed in Table 1
unless otherwise specified.

4.1 Effect of Workpiece Length. As discussed in Sec. 3,
when the workpiece is long, a steady-state region exists. However,
if the workpiece is short, the whole process would become a tran-

sient heat transfer problem. An example when the length of the
workpiece (L) is shortened (from 50 mm as in Sec. 3) to 5 mm
(with same thickness H¼ 10 mm) is shown in Fig. 7. The peak
temperature at the workpiece surface continues to rise until the
grinding wheel disengages with the workpiece. No steady-state
can be reached during the whole process.

4.2 Effect of Workpiece Thickness. The thickness of the
workpiece mainly affects the temperature rise along the z-direc-
tion in the workpiece. The distribution of steady-state grinding
surface temperature in the z-direction for H¼ 1, 2, 5, and 10 mm
and L¼ 50 mm are shown in Fig. 8. The temperature profile of
thick workpiece (H¼ 5 and 10 mm) is almost identical to the tra-
ditional heat transfer model which assumes semiinfinite work-
piece size. However, the discrepancy starts to show when H � 2
mm. Also, the thinner workpiece has higher surface temperature
because the heat cannot be dissipated in the z-direction.

4.3 Effect of Workpiece Velocity. The workpiece velocity
(feed rate) vw has similar effect as the length of the workpiece
because both parameters affect the time scale of heat transfer. For
example, as shown in Fig. 9, under the same workpiece size
(L¼ 50 mm and H¼ 10 mm), when vw is small (vw¼ 240 mm/
min), the transient heat transfer becomes dominant and the peak
surface temperature continues to rise during the whole grinding
process. The overall temperature is also much higher compared to

Fig. 6 Comparison of temperature rise along the z-direction
(at x/l 5 0)

Fig. 7 Effect of the workpiece length (L 5 5 mm, H 5 10 mm,
and vw 5 2400 mm/min)

Fig. 8 Effect of the workpiece thickness (L 5 50 mm and
vw 5 2400 mm/min)

Fig. 9 Effect of the workpiece velocity (L 5 50 mm, H 5 10 mm,
and vw 5 240 mm/min)

031001-4 / Vol. 133, JUNE 2011 Transactions of the ASME

Downloaded 07 Aug 2011 to 141.212.213.57. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



the results of the workpiece with the same size (Fig. 4) due to the
prolonged period for heat conduction.

5 Cooling (Boundary Condition) Effects

An advantage of the FDM grinding heat transfer model is the
capability to study the impact of different convective cooling
conditions in the leading edge, grinding contact zone, and trail-
ing edge. The adiabatic surface boundary condition (except for
the heat flux in the grinding contact zone) is assumed in the tra-
ditional heat transfer model. In real life, the boundary condi-
tions can be very complicated, especially when the cutting fluid
is applied. In this study, cooling in the three regions (leading
edge, grinding contact zone, and trailing edge) are analyzed and
discussed.

The range of convection heat transfer coefficient (h) for free
convection is from 10 to 103 W/m2-K, while for forced convection
and convection with phase change ranges from 102 to 105 W/m2-K
[34]. Jin et al. [35] reported that the h within the grinding contact
zone can be very high, about 2,90,000 W/m2-K for the water-based
cutting fluid and 23 000 W/m2-K for oil-based cutting fluid. In this
study, h is assumed to range from 103 to 105 W/m2-K for forced
convection and convection with phase change. All the other param-
eters used in this section are the same as in Table 1.

5.1 Leading Edge. Assuming there is no convection cooling
in the grinding contact zone and the trailing edge, while the lead-
ing edge has h of 103, 104, and 105 W/m2-K, the steady-state sur-
face temperature profile is shown in Fig. 10. The effect of cooling
in leading edge is minimal. Under high cooling rate with

h¼ 105W/m2-K in the leading edge, the peak temperature is
reduced by only about 5%.

5.2 Trailing Edge. By imposing h¼ 103, 104, and 105 W/
m2-K in the trailing edge and assuming there is no convection
cooling in the leading edge and grinding contact zone, the steady-
state workpiece surface temperature profiles are shown in Fig. 11.
Cooling in the trailing edge has a significant impact on the tem-
perature profile. But it only influences the trailing edge, not the
grinding contact zone or the leading edge. The peak temperature
remains about the same as that in the case of cooling in the lead-
ing edge.

5.3 Grinding Contact Zone. For h¼ 103, 104, and 105 W/
m2-K in the grinding contact zone and assuming there is no con-
vection cooling in the leading and trailing edges, the correspond-
ing steady-state workpiece surface temperature profile is shown
in Fig. 12. Efficient cooling in the grinding contact zone has a
significant impact on the peak temperature and trailing edge tem-
perature. This observation confirms that cooling in the grinding
contact zone is critical in the reduction of peak grinding
temperature.

6 Application

In this section, the FDM heat transfer model is used to estimate
the energy partition and convection heat transfer coefficient in
CBN grinding of cast iron under different cooling conditions.

6.1 Experimental Setup. Experiments of straight surface
grinding without crossfeed were conducted on an instrumented
Chevalier Model Smart-B818 surface grinding machine with 1.5
kW spindle power. The experimental setup is shown in Fig. 13(a).
The vitrified bond CBN grinding wheel (Universal Abrasive
VB126-J160-VT2W19) is about 177.8 mm in diameter and 12.7
mm in width. The surface speed of the wheel (vs), the feed rate
(vw), and the depth of cut (a) were set at 30 m/s, 2400 mm/min,
and 25 lm, respectively. The work-material was Dura-Bar 100-
70-02 ductile iron with 63 W/m-K thermal conductivity (kw) and
1.63� 10�7 m2/s thermal diffusivity (aw). The workpiece was 57
mm in length along the grinding direction and 6.5 mm in width.

Grinding experiments were conducted under dry, wet, and
MQL conditions. For wet grinding, the water-based Cimtech 500
synthetic grinding fluid at 5 vol. % was used. MQL grinding, as
shown in Fig. 13(b), utilized a special fluid application device pro-
vided by AMCOL (Hazel Park, MI). The soybean oil was used for
MQL application. The flow rate was 5400 ml/min for wet grinding
and 5 ml/min for MQL grinding.

Fig. 10 Effect of cooling in the leading edge (surface
temperature)

Fig. 11 Effect of cooling in the trailing edge (surface
temperature)

Fig. 12 Effect of cooling in the contact zone (surface
temperature)

Journal of Manufacturing Science and Engineering JUNE 2011, Vol. 133 / 031001-5

Downloaded 07 Aug 2011 to 141.212.213.57. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



The normal and tangential grinding forces were measured using
a Kistler Model 9257A piezoelectric dynamometer. The work-
piece grinding temperatures were measured by the embedded ther-
mocouple method—with an epoxied thermocouple [36] in a blind
hole as shown in Fig. 13(c). In this method, the epoxy is used to
affix the embedded tip of a thermocouple to the end of a blind
hole inside the workpiece. During grinding, the thermocouple
junction is exposed and bonded to the workpiece by smearing of
the work-material, thereby providing a direct contact and mea-
surement of temperature at the workpiece surface. The tempera-
ture and grinding force data were collected at a sampling rate of 5
kHz. After each grinding pass, the workpiece was allowed to cool
to the initial temperature before the next pass was taken.

6.2 Energy Partition Prediction. In grinding, heat is gener-
ated through friction and plastic deformation at three locations:
grain-workpiece interface, grain-chip interface, and workpiece-chip
shear plane. For simplicity, the heat will be thought of as being gen-
erated at grain-workpiece interface [16], and this heat instantane-
ously conducts into the workpiece and the wheel. Once the heat
enters the workpiece, it may either remain in the workpiece (qwork-

piece) or be removed by convection to the cutting fluid (qf-w) [17–19],
and similarly the heat which conducts into the grinding wheel may
either remain in the grinding wheel (qwheel) or partially be removed
by the cutting fluid (qf-g). According to Lavine and Jen [16], the heat
transferred from the grain to the fluid is not very significant, and in

this study, the heat transferred from the workpiece to the fluid (qf-w)
is of the most interest.

The energy partition is defined as the fraction of the heat enter-
ing the workpiece. The FDM heat transfer model solves the tem-
poral distribution of the temperature in the workpiece, rather than
giving just a steady-state solution. Therefore, the temperature
response measured by the thermocouple, which is in the time do-
main, can be directly matched to the results calculated from the
FDM heat transfer model.

Given the total heat generated in the grinding contact zone (qtotal),
to calculate the energy partition it is necessary to find the heat flux
into the workpiece, which is assumed to have a triangular distribu-
tion over the grinding contact length lc. The qtotal is assumed to
be partitioned among the grinding wheel (qwheel), the workpiece
(qworkpiece), and the cutting fluid (qf-wþ qf-g)

qtotal ¼ qwheel þ qf�g

� �
þ qworkpiece þ qf�w

� �
¼ Ftvs

bwlc
(4)

where Ft is the tangential grinding force and bw is the width of the
workpiece or the wheel, whichever is less.

In dry grinding, there is no heat carried away by the cutting flu-
ids; therefore

qtotal ¼ qwheel þ qworkpiece ¼ qwheel þ edryqtotal (5)

where edry ¼ qworkpiece

�
qtotal is the energy partition into the work-

piece under dry condition.
In wet and MQL grinding, the heat also enters into the cutting

fluid, thus

qtotal ¼ qwheel þ qf�g

� �
þ qworkpiece þ qf�w

� �
¼ qwhf þ qwf

qwhf ¼ qwheel þ qf�g

qwf ¼ qworkpiece þ qf�w ¼ ewfqtotal ¼ ewqtotal þ qf�w

(6)

where qwhf is the heat remaining in the wheel plus the heat enter-
ing the fluid through wheel-fluid interaction, qwf is the heat
remaining in the workpiece plus the heat entering the fluid
through workpiece-fluid interaction, ewf ¼ qwf=qtotal and
ew ¼ qworkpiece

�
qtotal are the energy partition into the workpiece

(before and after the heat enters the fluid) under the wet/MQL
condition.

The energy partition in dry, wet or MQL grinding can be solved
using the temperature matching method [21]. In this method, by
adjusting the qworkpiece, the predicted surface temperature profile
is matched to the measured temperature using least square method
(finding the least square error between the predicted and measured
temperature profiles). Once the qworkpiece is found, the energy
partition into the workpiece can be determined (edry or ew

¼ qworkpiece

�
qtotal). The energy partition values in Table 2 [37]

were estimated by temperature matching method using the tradi-
tional heat transfer model [21]. The same results with less than
0.1% discrepancy can also be obtained using the proposed FDM
heat transfer model by imposing the adiabatic BCs on all the
workpiece surfaces except in the grinding contact zone, as shown
in Fig. 14. The only difference is that the temperature matching
was done in the time domain instead of in the space domain. The

Fig. 13 Experimental setup: (a) overview, (b) MQL fluid deliv-
ery device, and (c) illustration of grinding temperature
measurement

Table 2 Grinding parameters and corresponding energy partition results [37]

Cutting fluid
application

Flow rate
(ml/min)

Depth of
cut (lm)

Feed rate
(mm/min)

Energy partition
(edry or ew)

Dry – 25 2400 68.7%
MQL (soybean oil) 5 53.8%
Wet (5 vol. % Cimtech 500
synthetic grinding fluid)

5400 13.2%
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energy partition into the workpiece is 69% for dry grinding, 54%
for MQL grinding, and 13% for wet grinding. The reduced energy
partition values in MQL and wet grinding are attributed to the
convection cooling at the workpiece surface (qf-w).

In Figs. 14(b) and 14(c), the deviation from the experimental
measurements and FDM results is evident under the wet and
MQL conditions due to the assumption of adiabatic BCs in the
leading edge and trailing edge. This problem can be solved by
using the appropriate boundary conditions. The FDM heat transfer
model is further developed in Sec. 6.3 to estimate the convection
heat transfer coefficient in the grinding process.

6.3 Convection Heat Transfer Coefficient Prediction. The
FDM heat transfer model can be used to estimate the convection

heat transfer coefficient at the workpiece surface in the critical
grinding contact zone and the trailing edge. The convection heat
transfer coefficient instead of the qworkpiece is the variable adjusted
to minimize the discrepancy between the FDM predicted and
experimentally measured surface temperature. Therefore, in this
case the heat flux qwf (the heat remaining in the workpiece plus
the heat enters the fluid through workpiece-fluid interaction)
becomes the input for the FDM model. In order to estimate the
heat flux qwf from the experiment, an assumption was made for
this model: the energy partition ratio between the workpiece and
the grinding wheel in dry condition remains the same as in wet
and MQL condition before the heat was transferred to the cutting
fluid, meaning that qworkpiece=qwheel ¼ qwf=qwhf . Based on this
assumption, edry ¼ ewf and qwf ¼ ewfqtotal ¼ edryqtotal for wet and
MQL grinding. Thus, as long as edry is known, the heat flux input
qwf for the FDM heat transfer model can be found. This assump-
tion may not be perfect; however, it is the first step to enable the
analysis, and it can be further improved by establishing better
assumptions in the future research.

For wet and MQL grinding, the heat flux into the fluid through
workpiece-fluid interaction can be expressed as

qf�w ¼
ðl

�l

h xð Þ Ts xð Þ � Ta½ �dx (7)

where Ta is the fluid (or ambient) temperature.
The actual depth of cut in the grinding contact zone decreases

from the leading edge side to the trailing edge side for down
grinding. This creates the nonuniform flow channel, leading to
nonuniform convective cooling. As shown in Fig. 15, the convec-
tion heat transfer coefficient in the grinding contact zone, hcontact,
is assumed as a linear function.

hcontact xð Þ ¼ h1 þ
h2 � h1

lc
xþ lc

2

� �
(8)

where h2 ¼ max hcontact xð Þ½ �,h1 ¼ min hcontact xð Þ½ �, and x is the local
coordinate with original point at the center of the grinding contact

Fig. 14 Temperature matching results: (a) dry grinding, (b) wet
grinding, and (c) MQL grinding

Fig. 15 Assumption of convection heat transfer coefficient
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zone. The average convection heat transfer coefficient in the
grinding contact zone, hcontact, is defined as

hcontact ¼
h1 þ h2

2
(9)

The convection heat transfer coefficient in the trailing edge,
htrailing, is assumed to be uniform. At x¼�l, the convection heat
transfer coefficient is assumed to be the same at the trailing edge
as at the end of the grinding contact zone, where the actual depth
of cut is close to zero. Therefore

htrailing ¼ h1 (10)

According to Sec. 5, cooling effect in the leading edge is negligi-
ble. Hence BCleading_edge is set to be adiabatic. The other three
boundaries, BCback, BCfront, and BCbottom, are all set to be adia-
batic. A triangular heat source with an average heat flux of
qwf=bwlc is used.

By matching the measured temperature profile to the calculated
temperature from the FDM heat transfer model, the convection
heat transfer coefficient in the grinding contact zone (hcontact) and
in the trailing edge (htrailing) can be solved. The temperature
matching results are shown in Fig. 16. The estimated convection
heat transfer coefficient values for wet and MQL grinding are
summarized in Table 3. The convection heat transfer coefficient

in the grinding contact zone is much higher than that in the trail-
ing edge for both cases. This is expected because of the much
higher fluid velocity in the grinding contact zone. Wet grinding
has much higher convection heat transfer coefficient than MQL
grinding both in the grinding contact zone and the trailing edge.

Compared to Fig. 14(b), the wet grinding temperature profile
with the linearly varying convection heat transfer coefficient in
the grinding contact zone as shown in Fig. 16(a) gives a very
good matching between the FDM predicted and experimentally
measured temperature profiles, especially in the trailing edge.
For MQL grinding, as seen in Fig. 16(b), the matching of tem-
perature profiles in the trailing edge is not ideal. This indicates
that the convection heat transfer coefficient in the trailing edge
may not be uniform under MQL condition. The calculated tem-
perature profile with a high htrailing matches with experimental
measurements very well in the trailing edge near the grinding
contact zone, but not in the trailing edge away from the grind-
ing contact zone. The calculated temperature profile with a zero
htrailing has a better match in the trailing edge away from the
grinding contact zone. This is because MQL only provided
some cooling in the trailing edge near the grinding contact zone
and the convection heat transfer is very poor in trailing edge
region further away from the grinding zone due to the low
MQL flow rate (the cutting fluid may not completed cover the
workpiece-wide trailing edge as observed). Therefore, the actual
convection heat transfer in the trailing edge for MQL grinding
is also nonuniform and needs further study.

7 Conclusions

A FDM based heat transfer model for grinding, which is more
capable and flexible when dealing with transient heat transfer and
different boundary conditions, was developed and validated by
comparing with the traditional heat transfer model. The FDM heat
transfer model was used to study effects of workpiece size, work-
piece velocity (feed rate), and cooling in the leading edge, trailing
edge and grinding contact zone. Simulations results showed that
transient heat transfer occurred in the cut-in and cut-out regions
even though the steady-state can be reached during the process,
and when the workpiece was short or the feed rate was low, the
transient heat transfer effect was more significant. Results also
showed that the thickness of the workpiece could influence the
temperature profile along the z-direction in the workpiece. In addi-
tion, from the simulation results it was concluded that cooling in
the leading edge was insignificant; cooling in the trailing edge
helped to cool the workpiece but could not reduce the peak tem-
perature; and the most efficient cooling occurred in the grinding
contact zone.

The FDM heat transfer model was further applied in the grind-
ing experiments to estimate the energy partition and the convec-
tion heat transfer coefficient. Due to the fact that the actual depth
of cut in the grinding contact zone decreases from the leading
edge to the trailing edge for down grinding, which forms a non-
uniform flow channel, an assumption of linearly varying convec-
tion heat transfer coefficient in the grinding contact zone has
been proposed. Based on this assumption, the estimated average
convection heat transfer coefficient in the experiment is
4.2� 105 W/m2-K for wet grinding and 2.5� 104 W/m2-K for
MQL grinding.

Fig. 16 Convection heat transfer coefficient prediction: (a) wet
grinding and (b) MQL grinding

Table 3 Predicted convection heat transfer coefficient

Cutting fluid
application

h2

(W/m2-K)
hcontact

(W/m2-K)
htrailing

(W/m2-K)

MQL (soybean oil) 3.9� 104 2.5 �104 1.0� 104

Wet (5 vol. % Cimtech 500
synthetic grinding fluid)

7.4� 105 4.2� 105 9.5� 104
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Appendix A: Boundary Conditions

For the boundary condition in the grinding contact zone, as
shown in Fig. 17, by considering the heat conduction between the
nodes, heat flux from the wheel-workpiece interface, as well as
the forced convection or convection with phase change within the
grinding contact zone, the energy conservation gives

qðm�1;1Þ!ðm;1Þ þ qðmþ1;1Þ!ðm;1Þ þ qðm;2Þ!ðm;1Þ þ q00A

¼ qcpVo
@T

@t
þ GcontactA Tm;1 tð Þ � Ta

� � (A1)

where q is density, Cp is the specific heat capacity of workpiece,
Ta is the fluid (or ambient) temperature, Tm,1 is the temperature at
the node (m,1), and q00 is the heat flux into the surface boundary.
Assuming the depth is equal to the unit length, Vo ¼ DxDz is the
volume of the grid and A ¼ Dx is the surface area of the boundary
between the grids. Gcontact is the combined heat transfer coeffi-
cient, defined as

Gcontact ¼
1

hcontact

þ Dz

2k

� ��1

(A2)

where hcontact is the convection heat transfer coefficient in the con-
tact zone and k is the thermal conductivity of the workpiece. The
heat flux terms in Equation (A1) can be expressed as

qðm�1;1Þ!ðm;1Þ ¼ kDz
Tm�1;1 tð Þ � Tm;1 tð Þ

Dx

	 

(A3)

qðmþ1;1Þ!ðm;1Þ ¼ kDz
Tmþ1;1 tð Þ � Tm;1 tð Þ

Dx

	 

(A4)

qðm;2Þ!ðm;1Þ ¼ kDx
Tm;2 tð Þ � Tm;1 tð Þ

Dz

	 

(A5)

where Tm�1,1, Tmþ1,1, Tm,2 are the temperatures at the adjacent
nodes.

Equation (A1) can be rewritten as

Tm;1 tþDtð Þ¼ Dxð Þ2

aDt
Tm�1;1 tð ÞþTmþ1;1 tð ÞþTm;2 tð ÞþGcontactDx

k
Ta

	 


þ 1�3
Dxð Þ2

aDt
� Dxð Þ2

aDt

GcontactDx

k

" #
Tm;1 tð Þ

þ Dxð Þ2

aDt

q}Dx

k
(A6)

For the BC in the leading edge, there is no heat flux; therefore, the
BCleading_edge can be derived by modifying Eq. (A6)

Tm;1 tþDtð Þ¼ Dxð Þ2

aDt
Tm�1;1 tð ÞþTmþ1;1 tð ÞþTm;2 tð ÞþGleadingDx

k
Ta

	 


þ 1�3
Dxð Þ2

aDt
� Dxð Þ2

aDt

GleadingDx

k

" #
Tm;1 tð Þ (A7)

where

Gleading ¼
�

1
hleading

þ Dz
2k

��1

and hleading is the convection heat transfer coefficient in the lead-
ing edge.

All the other boundary conditions (BCtrailing_edge, BCback,
BCfront, and BCbottom) are very similar to Eq. (A7). Note that, if
the adiabatic boundary is imposed, all the BCs will still hold by
simply setting the convection heat transfer coefficient (hcontact,
hleading, htrailing, hfront, or hback) to zero.

Appendix B: Surface Temperature

As seen in Fig. 18, the energy conversation at the surface
(within the contact zone) gives (assuming the depth is equal to the
unit length)

q}A ¼ qsurface! m;1ð Þ þ hcontactA Ts
m;1 tð Þ � Ta

h i
(B1)

q}Dx ¼ kDx
Ts

m;1 tð Þ � Tm;1 tð Þ
Dz=2

	 

þ hcontactDx Ts

m;1 tð Þ � Ta

h i
(B2)

Ts
m;1 tð Þ ¼ q}Dz=k þ 2Tm;1 tð Þ þ hcontactDzTa=k

2þ hcontactDz=kð Þ (B3)

Fig. 17 BC within the contact zone
Fig. 18 Interpretation of the surface temperature (contact
zone)
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where Ts
m;1 is the interpreted surface temperature next to the node

(m,1).
Similarly, the surface temperature in the region of leading and

trailing edges can be expressed as following, respectively.

Ts
m;1 tð Þ ¼ 2Tm;1 tð Þ þ hleadingDzTa=k

2þ hleadingDz=k
� � (B4)

Ts
m;1 tð Þ ¼ 2Tm;1 tð Þ þ htrailingDzTa=ka

2þ htrailingDz=k
� � (B5)
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