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Abstract In this paper, an inverse matching method with a
foil/workpiece thermocouple is used to determine the global heat
flux distribution and energy partition in the workpiece when
grinding under oil lubrication. Low-pass filtering and sampling
frequency of the temperature measurement in the inverse
matching method are of particular importance, given fast varia-
tions of the heat flux at the wheel-workpiece interface. In the
inverse method, low-pass filtering and sampling have a negligi-
ble influence on the average heat flux but not on the maximum
heat flux. The mean heat flux in the region of positive heat flux
and the partition ratio are determined under no-burn and burn
grinding conditions. The new heat flux distribution estimated by
a scalene triangle in the grinding zone and an exponential func-
tion in the convective cooling zone is in very good agreement
with the test temperature profiles.

Keywords Grinding . Temperature . Thermocouple . Heat
flux distribution

1 Introduction

Grinding is widely used in the industry for manufacturing com-
ponents requiring a very precise surface finish. However, it
requires a very high specific energy compared to other

conventional machining processes. Almost all of the energy is
converted into heat in the grinding zone between the wheel and
workpiece which causes a temperature rise. Therefore, an un-
controlled grinding process and high temperatures result in ther-
mal damage to the workpiece (such as burnings, cracks, soft-
ening, or re-hardening of the surface layer) [1, 2]. It also accel-
erates the grinding wear, leading to a decrease of the grinding
wheel performance [2]. Thus, research into the temperature
generated in grinding is very important andmanymethods have
been developed to measure the temperature in the contact zone
[3, 4] and to determine the thermal balance under varying grind-
ing conditions [5, 6]. The temperature measurement from an
inverse method is used to identify the heat flux distribution in
the grinding zone. [6] Parabolic, triangular, or uniform heat
fluxes are commonly used to estimate the maximum back-
ground temperature provided that the partition coefficient is
well known. However, this is not necessarily the case in wet
grinding. Guo and Malkin [7, 8] studied three inverse heat
transfer methods (temperature matching, integral, and sequen-
tial methods) with an embedded thermocouple to determine the
heat flux distribution and convection heat transfer coefficient.
Carvahlo et al. [9] proposed a more accurate solution by the
conjugate gradient method of function estimation. Kim et al.
[10] used a sequential method to determine the heat flux distri-
bution in creep feed grinding, demonstrating that the scalene
triangle model is better than the uniform and right-angled trian-
gle models. The main drawbacks of these inverse methods with
embedded thermocouple are as follows:

– Failure of the sequential method to estimate accurately
the peak of the triangular heat flux distribution with sim-
ulated temperature measurements [9]

– Measurement uncertainty regarding the position of the
junction in relation to the ground surface, which is often
ignored in estimating the heat flux.
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– Higher measured temperature due to the disruption of the
heat conduction around the thermocouple junction [11]

– A large number of temperature responses close to the
ground surface are needed to approximate the tempera-
ture gradient by a finite difference and to determine the
distance between ground surface and junction.

Recently, Pang et al. [12] proposed a Rayleigh curve heat
flux distribution in cylindrical grinding that differs greatly
from the typical triangular heat flux distribution in the grind-
ing zone.

In this study, the heat flux distribution in a wet grinding
(neat oil) inverse method is determined using a method devel-
oped by Guo and Malkin [7]. To apply this method, a single
temperature signal is needed at a set depth below the ground
surface. The temperature was measured with a single-pole
foil/workpiece thermocouple, given the short time constant
and measurement directly at the wheel-workpiece interface
[13–15]. Before calculating the heat flux shape, the raw signal
had to be filtered due to the many temperature flashes and
electrical noise. The effect of filtering and sampling on the
heat flux distribution was thus investigated, and an acceptable
signal processing method was chosen. To get a heat flux dis-
tribution permits to determine the maximum and the mean of

the heat flux, the position of the maximum heat flux, as
well as the partition ratio. Three heat source profiles
were then tested using a set level of heat flux: right-
angled triangular, scalene triangular, and scalene follow-
ed by exponential cooling. Those profiles were applied
to estimate the workpiece temperature in the grinding
zone and compared to test temperature measurements.
Lastly, to determine the most consistent settings for
the third heat flux model, temperatures predicted by
the model were correlated to test temperature
measurements.

2 Symbols and abbreviation

[C] cji matrix

ap μm Nominal depth of cut

aed μm Depth of dressing cut

b m Width of cut

Cp J kg−1 K−1 Specific heat capacity

Dmax % (lmax/lg) × 100

Fig. 1 Grinding of a plane
surface

Fig. 2 Heat flux discretization
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f Hz Frequency

fco Hz Cutoff frequency

fs Hz Sampling frequency

hc W m−2 K−1 Heat convection coefficient

K0 Modified Bessel function second degree,
order zero

lc m Length of cooling domain

lg m Geometric contact length

lhf m Length of positive heat flux

lmax m Distance between maximum heat flux
and cooling domain

lr m Actual contact length

Pt W Grinding power

Qw W Heat part conducted into the workpiece

qw(ξ) W m−2 Heat flux distribution into the workpiece

qc W m−2 Minimum of heat flux in the cooling part

qwm W m−2 Mean heat flux

Tw °C Background temperature

Ud Overlap ratio

Vs m s−1 Wheel speed

Vsd m s−1 Dressing wheel speed

Vw m s−1 Workpiece speed

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λρCð Þw

p W s−1/2 K −1m−2 Workpiece material thermal effusivity

αw m2 s−1 Workpiece material thermal diffusivity

λw W m−1 K−1 Workpiece material thermal
conductivity

ξ m Local coordinate in x-direction

ρ kg m−3 Mass density

β Constant

τc s Time constant

3 Inverse method to deduce heat flux in grinding

Considering the workpiece a semi-infinite body and the mov-
ing heat flux theory [16], the quasi-steady-state temperature
distribution between two coordinates (d and c) (Fig. 1) is
given by Eq. 1 [7]

Tw x; zð Þ ¼
Z c

d

qw ξð Þ
πλw

exp −
Vw x−ξð Þ
2αw

� �
K0

Vw

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x−ξð Þ2 þ z2

q

2αw

2

4

3

5dξ ð1Þ

Coordinates d and c correspond to the input/output domain.
In Eq. 1, qwt(ξ) is the local heat flux distribution on the top of
the workpiece.

Table 2 Grinding parameters

Grinding parameters

Vs (m s−1) 32

Vw (m s−1) 0.033

ap (μm) 20–40-60

Flow rate (L min−1) 44

Wheel Aluminum oxide
Grit mesh size = 60
Average grain diameter = 253 μm

Dressing Single point
Ud = 3
Vsd = 32 m s−1

aed = 10 μm

Table 1 Thermophysical properties of 32CrMoV12-9 between 0 and 300 °C

32CrMoV12-9

0 °C Average 300 °C

Thermal conductivity (W mK−1) 49 45 49

Thermal diffusivity (m2 s−1) 1.37 × 10−5 1.17 × 10−5 9.60 × 10−6

Density (kg m−3) 7860 7790 7720

Specific heat capacity (J K−1 kg−1) 442 506 570

Fig. 3 Raw signal vs. filtered signal with fco = 100 Hz (ap = 60 μm,
Vw = 0.033 m s−1, Vs = 32 m s−1, oil lubricant)
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The heat flux distribution on the segment [d, c] is
divided into n equal segments in each of which the heat
flux is approximated by constant qi. The steady-state
temperature distribution is given by Eq. 2 [7] (Fig. 2)

Tw x; zð Þ ¼ ∑
n

i¼1

qi
πλw

Z ξiþ1

ξi

exp −
Vw x−ξð Þ
2αw

� �
K0

Vw

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x−ξð Þ2 þ z2

q

2αw

2

4

3

5dξ

ð2Þ
Using n test temperature points in the sum in Eq. 2 and

considering n equally spaced points, xj (j = 1, 2,…, n), an n-
simultaneous system of n unknowns is obtained [7]

T j ¼ ∑
n

i¼1
cjiqi with j ¼ 1; 2;…; n ð3Þ

where cji is expressed by [7]

cji ¼
Z ξiþ1

ξi

1

πλw
exp −

Vw x j−ξ
� �

2αw

� �
K0

Vw

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x−ξð Þ2 þ z2

q

2αw

2

4

3

5dξ j ¼ 1; 2:::nð Þ

ð4Þ

Once such grinding parameters as depth of cut, workpiece
speed, grinding wheel speed, and thermophysical properties
are set, matrix [C] may be calculated. The n discrete heat
fluxes, {q} = {q1, q2,…, qn}, are obtained by matrix inversion
(Eq. 5), and n equally spaced temperature measurements,

{T} = {T1, T2,…, Tn}, are expressed as follows [7]:

qf g ¼ C½ �−1 Tf g ð5Þ

where [C] is the matrix composed of the term cji.
With this method, a heat flux distribution with a single

temperature measurement at a given depth (z) can be used.

3.1 Test setup and grinding parameters

The workpiece material is 32CrMoV12-9 alloy steel. A
foil/workpiece thermocouple consisting of a Constantan
foil insulated by two mica sheets is inserted between
two parts of the 32CrMoV12-9 steel block [14, 17, 18].
Since one electrode is the workpiece and the other the
Constantan foil, it is called an “intrinsic thermocouple.”
The Constantan foil is 25 μm thick and 2 mm wide. The
thermocouple output voltage is amplified by a signal con-
ditioning extension (SCXI-1100) with cold junction com-
pensation and sampled at 1.25 MHz by a NI 6071-E data
acquisition device [19]. The high sampling rate allows us
to monitor the stability and the quality of the junction
during grinding. Lefebvre et al. [19] showed that the max-
imum background temperature to be measured can thus be
estimated, but roughly due to the uncertainty in the nor-
mal heat flux at the junction after grinding by grits. In this
study, the contact time between the thermocouple junction
and the wheel is long (>50 ms) and the work speed is
slow (<50 mm s−1). Consequently, the transparency error
of the sensor on the maximum background temperature is
estimated (with a finite element model) to be about 5%.
The time constant of the foil/workpiece thermocouple is a
few milliseconds for longitudinal loading, whereas the

Positive heat 

flux domain

Cooling domain

Aberrant negative values

Fig. 4 Heat flux after 10 kHz vs. 100 Hz low-pass filtering (fs = 122 Hz)

Fig. 5 Heat flux with 1000 Hz vs. 122 Hz sampling frequency
(fco = 100 Hz)
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time constant associated with local junction heating by
active grits is only a few microseconds [14, 19]. Since
the minimum contact time is 85 ms in this study, the error
due to longitudinal thermal inertia can be ignored.

For the inverse method, the z-coordinate was set to
1 μm since the junction is just below the wheel-
workpiece-lubricant interface. A realistic order of magni-
tude for junction thickness based on actual chip thickness
and surface roughness is about 1 μm.

The thermophysical properties of the material are given in
Table 1.

To take into account the variation in thermal proper-
ties with temperature, an average between 0 and 300 °C
was used to minimize the error on the heat flux.

In this study, grinding parameters that were kept constant
include workpiece speed (Vw = 0.033 m s−1) and wheel speed
(Vs = 32 m s−1). Table 2 shows the grinding parameters. In this
table, the grain size is determined by the size of mesh of a
sieve through which the grain can pass.

For the tests, the lubricant flow rate was 44 L min−1 with a
jet speed of 11 m s−1.

3.2 Effect of temperature filtering on heat flux distribution

The temperature signal has two components: tempera-
ture flashes due to the grinding grits and a background
temperature [14] (Fig. 3). The background temperature
is that of interest for thermal damage to the workpiece.
The composite signal must thus be filtered (generally
with a low-pass filter) to remove the temperature
flashes. Since earlier studies found that the temperature
distribution is very sensitive to filter parameters and the
heat flux may depend slightly on those chosen, a

preliminary study was conducted on the effect of filter-
ing on the heat flux distribution.

Figure 3 shows the temperature distribution after low-pass
filtering with a cutoff frequency (fco) = 100 Hz. The resulting
signal closely approximates the background temperature. The
cutoff frequency was thus set to 100 Hz for the study. The
most appropriate filter parameters had to be chosen to deter-
mine the influence of the filtered temperature on the heat flux
shape.

In an investigation by Zhu et al. [20], temperatures
measured in the workpiece subsurface were found to be
consistent with a triangular heat flux (close to a triangular
shape over approximately the contact length) followed by
a negative heat flux area corresponding to a cooling zone.
The most appropriate filter parameters are thus the ones
resulting in a heat flux distribution with two distinct, well-
separated domains.

Figure 4 shows the heat fluxes after filtering with
fco = 10 kHz and fco = 100 Hz and with a sampling
frequency (fs) = 122 Hz. As observed in Fig. 4, the heat
flux obtained with fco = 10 kHz has aberrant values,
several negative values in the middle part of the contact
length, and a poorly defined cooling part. On the other
hand, the filtered signal with fco = 100 Hz has a posi-
tive heat flux domain nearly triangular in shape and a
more distinct cooling part.

The influence of filtering on the average positive heat
flux also required a study. To determine the energy parti-
tion to the workpiece, the average heat flux (qwm) con-
ducted into the workpiece is needed. It is thus crucial to
know whether filtering parameters (i.e., cutoff and sam-
pling frequencies) affect the average heat flux and the
heat flux distribution at the wheel-workpiece interface.

Table 3 Average and maximum heat flux vs. low-pass filtering frequency (fs = 122 Hz)

Filter frequency Raw Average Standard deviation

100 500 1000 5000 10,000 50,000 100,000

Average heat flux (W mm−2) 8.15 8.14 8.13 8.23 8.23 8.31 8.39 8.01 8.20 0.11

Maximum heat flux (W mm−2) 28.7 31.7 33.1 36.3 36.9 36.4 37.4 39.9 35.05 3.6

Table 4 Average and maximum
heat flux vs. sampling frequency
(fco = 100 Hz)

Sampling frequency Average Standard deviation

122 1000 3054

Average heat Flux (W mm−2) 8.15 8.64 8.6 8.47 0.25

Maximum heat Flux (W mm−2) 28.7 30.4 31.7 30.22 1.5
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Figure 5 shows the heat flux distribution for fs = 1000 Hz
and fs = 122 Hz, with fco = 100 Hz.

Sampling at 122 Hz gave a smoother heat flux shape; how-
ever, it gives about 15 points in the contact length. Using a
1000 Hz sampling (about hundreds of heat fluxes, qi) enables
to obtain a better heat flux resolution.

To complete the preliminary study on filtering, eight
low-pass filters were tested with fs = 122 Hz. It can be
concluded from the results that the average heat flux
obtained by the inverse method is independent of the
cutoff frequency (Table 3). A too low sampling frequen-
cy tends to result in a slightly underestimated average
heat flux, while higher ones do not give more precise
results but considerably increase computation time
(Table 4).

All tests presented below thus use 100-Hz low-pass
filtering and a sampling frequency of 1000 Hz. Since
Tables 2 and 3 reveal that the maximum heat flux is

sensitive to signal processing, however, only the average
heat flux was considered in this study.

4 Heat partition ratio and heat flux distribution
under an oil lubricant

The heat partition ratio (Rw) in grinding has been inves-
tigated in many studies [1, 4, 18, 20]. It is widely
acknowledged that the overall grinding power is divided
between the workpiece, grinding wheel, lubricant, and
chips. Lavine et al. [21] show that relatively little ener-
gy is dissipated into the chips. Grinding energy is thus
mainly divided into the grinding wheel, workpiece, and
lubricant.

The partition coefficient (Rw) is defined by the fol-
lowing expression:

Rw ¼ Qw

Pt
ð6Þ

where Pt = FtVs with Ft as the tangential grinding force and
Vs as the wheel velocity.

By using this coefficient, a good approximation of the max-
imal temperature rise (Tmaxi) in the grinding zone can be ob-
tained with the tangential force (or power measurement)

Tmaxi ¼ β
RwF tV s

b
ffiffiffiffi
lg

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λρCð ÞwVw

p ð7Þ

where β is equal to 1.13, 1.06, and 1.2 for uniform, trian-
gular, and square heat flux distributions, respectively.

The inverted heat flux distribution (Fig. 5) is calculated
from the temperature distribution.

Table 5 Rw for different grinding
conditions Burning ap (μm) F′t (N mm−1) qwm (W mm−2) Vs (m s−1) Twmax (°C) lg (mm) Rw (−)

No 20 1.38 ± 0.1 6.16 32 169 2.8 0.40 ± 0.02

No 20 1.44 ± 0.1 6.27 32 174 2.8 0.40 ± 0.02

No 40 2.90 ± 0.1 10.6 32 290 3.3 0.38 ± 0.02

No 40 2.54 ± 0.1 8.95 32 250 3.3 0.39 ± 0.01

No 60 3.55 ± 0.2 8.80 32 299 4.8 0.41 ± 0.02

Yes 60 6.75 ± 0.7 25.9 32 792 4.8 0.62 ± 0.06

Yes 60 6.15 ± 0.7 22.9 32 792 4.8 0.69 ± 0.07

Yes 60 6 ± 0.7 23.7 32 804 4.8 0.65 ± 0.08

Yes 60 6 ± 0.7 22.1 32 771 4.8 0.69 ± 0.08

Fig. 6 Average heat flux in the grinding zone (fco = 100 Hz and
fs = 1 kHz)
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4.1 Mean heat flux and partition ratio

The average heat flux is obtained by integration of the positive
part of the heat flux distribution (Fig. 6). As mentioned earlier,
this positive part roughly corresponds to the contact length.

Average grinding forces were measured using a Kistler
dynamometer. To be certain to acquire only net grinding
forces, fluid forces were subtracted from the total forces by
recording the forces in a spark-out pass with zero depth of cut.
An average heat transfer coefficient (Rw) is then obtained from
Eq. 6.

4.2 Test results

For the five first passes, an initial dressing was made. For the
last four rows of Table 5, there was no dressing and burn thus
occurs.

The partition ratio (Rw) is clearly higher for burning passes,
rising from about 0.4 for passes with no burn to about 0.66 for
passes with thermal damage. This increase of about 65% can
be explained by the rise in background temperature to a max-
imum of about 800 °C, higher than the boiling point of the
lubricating fluid (300 °C), which thus lost its efficiency.

Fig. 7 Heat flux distribution for
different depths of cut

Fig. 8 Heat flux distribution with
a 4-ms running average filter
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Figure 7 presents several heat fluxes obtained by the in-
verse method described earlier. In the cooling part, the mini-
mum heat flux is similar in all tests. It can also be seen that
burning leads to increased depth of cut. The positive heat flux
part is clearly longer for “ap = 60 μm burn” than for
“ap = 60 μm.” This can be explained by thermal expansion
of the workpiece due to the high temperature in the grinding
zone (800 °C).

The heat flux distribution in Fig. 7 appears approximately
triangular in shape. The variation in the test heat flux is due to
the small variation in background temperature after 100-Hz
low-pass filtering, as seen in Fig. 3. Adding a 4-ms running
average filter results in a more triangular heat flux shape (see
Fig. 8). The position of the maximum heat flux is thus clearly
identified without significantly changing its position and
value.

4.3 Positive heat flux length and position of the maximum
heat flux

In Fig. 9, the temperature distribution is on the same scale
as the heat flux. The length of the positive heat flux (lhf)
is represented. It appears that lhf is slightly shorter than
the real contact length (temperature spikes are following
the end of lhf). It is in accordance with Rowe et al. [22]
who shows that the real contact length is longer than the
geometrical contact length. At the end of the contact, the
number of the active grits is decreasing and the local heat
flux conducted to the workpiece from the active grits is
not sufficient to compensate the cooling due to the
lubricant. That is why the real contact length defined by
temperature spikes is longer than the length of positive
heat flux.

Fig. 9 Heat flux distribution with
100-Hz low-pass filtering
(fs = 1 kHz) compared to the
temperature distribution with
1 kHz low-pass filtering

Table 6 Contact length, positive heat flux length, maximum heat flux position, and minimum heat flux convective coefficient for different depths of
cut

Burning ap (μm) lg (mm) lhf (mm) dmax (%) hcmax (kW m−2 K−1)

No 20 2.79 2.61 69.2 24.7

No 20 2.79 2.69 69.8 26.2

No 40 3.33 3.25 81.1 29.4

No 40 3.33 3.29 83.2 30.2

No 60 4.83 4.65 80.6 17.8

Yes 60 4.83 5.30 76.0 4.1

Yes 60 4.83 6.00 75.6 4.0
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In Table 6, the geometric contact length (lg) and the length
of positive heat flux (lhf) are compared. For tests without burn,
lhf is less than 10% shorter than lg. These results show that
with these grinding conditions, the approximation of the heat
source length by the geometric contact length was a good fit.

The position of maximum heat flux on the contact length
was also investigated. This position is determined based on
the distance between the maximum heat flux and the position
where the heat flux become negative. It is expressed as a
percentage of lg. The maximum heat flux falls between 69.2
and 83.2% for tests with no burn and between 76 and 87% for
tests with burn. The position of the maximum heat flux is
more difficult to determine for tests with burn. Later in the
study, an average dmax of 75% (±6%) is used for modeling
tests with no burn.

4.4 Cooling region

The cooling heat flux in the grinding zone is often modeled by
a constant convection heat transfer coefficient (CHTC) out-
side the grinding zone. Based on the finite difference method

and embedded thermocouple measurements, Shen et al. [23]
proposed, in addition to the triangular heat flux distribution, a
linearly varying CHTC in the grinding zone. Using the present
method, heat flux convective coefficient (hc) is calculated for
each grinding pass in the cooling domain. Table 5, with the
same grinding parameters as in Table 4, shows that the max-
imum hc is roughly 20 kW m−2 K−1, consistent with values in
the literature.

However, this coefficient is often taken as constant. In
Fig. 10, hc first peaks and then tapers off toward zero. The
average hc would thus be an inaccurate approximation. The
goal of this study is to propose a model that takes this hc
profile into account and fit the cooling part, given the oil
lubricant.

The cooling part was obtained by fitting an exponential
function (Eq 8) as shown in Fig. 11

qcooling xð Þ ¼ −qce
−

x− le−d1ð Þ
Vwτc

� �
ð8Þ

where τ is the time constant and d1 is the position of the
maximum convective heat flux

Fig. 10 Heat convective
coefficient in the cooling part for
grinding conditions ap = 60 μm,
Vw = 0.033 m s−1, Vs = 32 m s−1,
and oil lubricant at 40 L min−1

Fig. 11 Fitting of the heat flux
cooling part for a grinding test
with ap = 60 μm,
Vw = 0.033 m s−1, Vs = 32 m s−1,
filtering cutoff
frequency = 100 Hz, and oil
lubricant = 40 L min−1
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d1 ¼ qclmax

2qw
ð9Þ

For each test, the best value of qc and τ was obtained by a
least-squares refinement and is shown in Table 7.

5 Validation of the heat flux distribution model

In this section, it is shown that with a model heat flux,
reliable partition ratio (Rw), tangential force measure-
ment, and mean values of maximum cooling heat flux
(qc) and cooling time constant (τc), the temperature dis-
tribution for 32CrMoV12-9 steel under oil lubrication
can be estimated.

5.1 Heat flux models

To validate the heat flux model obtained with the in-
verse method, the quasi-steady-state numerical tempera-
ture (obtained using the analytical solution of the mov-
ing heat source) is compared to the test temperature.

Three heat flux distributions (qw(x)) are tested to de-
termine the temperature profile:

– Right-angled triangle (rat) heat flux without convective
cooling, qw-rat(x)

– Scalene triangle heat flux (sct) without convective
cooling, qw-sct(x)

– Scalene triangle heat flux with exponential convective
cooling (sct-conv), qw-sct-conv(x)

In Table 8, the first and second distributions are re-
spectively the right-angled triangle and scalene triangle
heat fluxes tested and their respective equations. Note
that those two types of heat flux ignore the cooling
domain. The third row of Table 6 presents the scalene
heat flux distribution with convective cooling.

Models are matched using the mean heat flux (qwm) de-
fined as

qwm ¼ Rw
F t V s

b lg

Table 8 The different heat flux distributions and their representative function

Eq 1

Eq 2

Eq 3

Table 7 Values of qc and τc for tests with no burn

Burning ap (μm) qc (MW m−2) τc (s)

No 20 2.0 0.08

No 20 2.1 0.09

No 40 2.6 0.08

No 40 3.0 0.07

No 60 2.7 0.10
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where Ft is the tangential force, blg is the geometric wheel-
workpiece contact surface, and Rw is the partition ratio, equal
to 0.4 and identical for the tests with no burn.

This mean heat flux density (qwm) is the same for all three
models.

The position of the maximum heat flux in the scalene dis-
tribution (Table 8, row 2) was determined by applying the
inverse heat transfer analysis previously described to the test

results, taking the average dmax of all tests. As explained ear-
lier, dmax = 75% is taken for lmax = 3.62 mm. Results are
presented in Fig. 13a–c). Figure 9 and Table 8 show that qc
is apparently the same for the various test heat fluxes. An
average qc of 2.5 MW m−2 and constant cooling time (τ) of
0.88 s are thus taken to determine the convective heat flux
function, qcooling(x). The position of the maximum heat flux
is the same as in the simple scalene triangle distribution

a b

c

Fig. 13 Test results compared to
temperatures estimated by a heat
flux model of type. a Right-
angled triangle. b Scalene
triangle. c Scalene triangle with
convective cooling

Fig. 12 Heat flux model diagram
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(Table 6, row 2). The resulting model is represented in Table 8,
row 3.

To clarify, all values in Table 8 are shown in Fig. 12.

5.2 Comparison between test temperature measurements
and model estimates

Using the right-angled triangular heat flux, the maximum
temperature is underestimated by about 30 °C. The
cooling part is much higher, however, than on the test
curve (Fig. 13a). The scalene triangle heat flux provides
a slightly better maximum temperature estimate, but the
cooling part is still much higher than the test curve
(Fig. 13b). Lastly, the workpiece temperature estimated
using a scalene triangle with convective cooling fits the
test temperature profile very closely along the temperature
rise, at the peak and along the cooling phase (Fig. 13c).

A major source of error in the correlation is uncertainty
associated with the origin of the two curves (model and
tests) on the X-axis. To correct this problem, the position
of the analytical heat source is adjusted along the time
axis using a least-squares method (Fig. 14).

Table 9 summarizes the correlation between model es-
timates and test measurements for tests with no burn. The

correlation coefficient always exceeds 0.99 with a maxi-
mum difference of about 25 °C. The results prove that this
type of heat flux shape provides suitable temperature es-
timates. It may thus be concluded that the scalene triangle
heat flux followed by a decreasing exponential function to
model convective cooling can be used to predict the tem-
perature distribution in grinding 32CrMoV12-9 steel un-
der an oil lubricant.

5.3 Flowchart of heat flux modeling and validation

The flowchart (Fig. 15) sums up the heat flux modeling
methodology and its validation.

6 Conclusion and remarks

This work shows that in grinding, the use of an inverse
method to determine the heat flux distribution with a
foil/workpiece thermocouple is achievable and gives con-
sistent results.

& Temperature measurements must be filtered before
using them in the inverse method. This filtering affects
the shape of the heat flux obtained, but the average
heat flux derived from the inverse method is indepen-
dent of the cutoff frequency.

& The inverse method combined with the test setup re-
sults in a partition coefficient Rw equal to 0.4 for tests
with no burn and 0.65 for tests with burn, proving that
the lubricant is effective directly at the wheel-
workpiece interface when the temperature is lower
than the lubricant’s boiling point.

& The method also yields results fitting test variations in
the heat transfer coefficient in the convective cooling
domain

& The scalene triangle model with exponential cooling
best fits test temperature results.

This study has shown that this type of heat flux model
can be used to predict accurately the temperature distribu-
tion in the grinding zone of 32CrMoV12-9 steel under
lubrication. Values of qwm, qc, τc, dmax, and Rw obtained
with the inverse matching method from the foil/workpiece
thermocouple may change depending on the workpiece
material and grinding conditions. However, the entire
methodology could perfectly well be used under other
grinding conditions to evaluate the effectiveness of the
grinding process and the onset of the grinding burn. The
method also makes it possible to reliably predict the
temperature distribution during grinding without any
temperature sensors by measuring grinding power for
industrial environments.

Fig. 14 Model adjusting on abscissa axis

Table 9 Correlation between model and temperature measurements for
tests with no burn (Vw = 0.033 m s−1, Vs = 32 m s−1, 100-Hz low-pass
filtering, and oil lubricant at 40 L min−1)

Burning ap (μm) R2 Δmax (°C)

No 20 0.993 13.2

No 20 0.994 17.2

No 40 0.997 20.5

No 40 0.997 33.9

No 40 0.994 20.2

No 60 0.998 26.9
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