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Abstract Dissipation of the cutting heat through the cutting
tool assisted by the heat pipe is a new cooling method in metal
cutting. However, as an important indicator to evaluate the
cooling performance, the heat partition in the cutting process
for the heat pipe cutter has not been reported in the previous
publications. This investigation is concermned with the estima-
tion of the amount of heat flowing into the heat pipe cutter and
that dissipated by the heat pipe. The aim is to characterize the
heat partition of the heat pipe cutter and thus evaluate its
cooling performance. Experimental results are presented of
temperature measurements at the accessible positions on the
cutter during orthogonal cutting. With these measured temper-
atures, the finite different methods and an inverse procedure
are utilized to solve the heat flux loaded on the tool-chip
interface and the amount of heat flowing into each part of the
heat pipe cutter. It is shown that the installation of the heat pipe
increases the heat flowing into the tool; however, much greater
amount of heat can be dissipated by the heat pipe; this results in
the reduction of the temperature at tool—chip interface.

Keywords Cutting tool - Heat pipe - Cutting heat - Heat
partition - Inverse method

Nomenclature

Ly The heated length in the evaporator section
of the heat pipe (in millimeter)

L, The cooling length in the condenser section
of the heat pipe (in millimeter)

@ The bending angle (in degree)

Tw Temperature of the recycled water used in the

cooling system (in Kelvin or degree Celsius)
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w(?)

V(1)

Tn[w(0)]

In(Wn)

Cutting speed (in meters per minute)

Depth of cut (in millimeter)

Feed (in millimeters per revolution)
Temperature (in Kelvin or degree Celsius)
Thermal conductivity (in watts per meter:
Kelvin)

Density (in kilograms per cubic meter)
Specific heat (in joules per kilogram-Kelvin)
Intensity of inner heat source (in watts per
cubic meters)

Surface convective heat transfer coefficients
(in watts per square meter-Kelvin)

The surface heat transfer coefficient between
the heat pipe condenser and the recycled
water (in watts per square meter-Kelvin)
Heat flux loaded on the tool—chip interface
(watts per square meter)

The measured temperature reading at the
locations (X,,;, V., z) of the cutter (in Kelvin
or degree Celsius)

The simulated temperature at the location
(Xm> Yms» Zm) With respect to the assumed
heat flux magnitude w(#) (in Kelvin or
degree Celsius)

The least square error between T, (w,,) and
Y, (1)

Cutting time (in second)

Number of measured temperature extracting
points

The work done in the secondary deformation
zone along the tool rake face (in joule)

The force component along the rake face,
(in newton)

The chip thickness ratio

The rake angle (in degree)

The main cutting force (in newton)
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Fy The axial cutting force (in newton)

A The tool—chip contact area on the insert

(in millimeter)

The rate of the heat stored within the

control volume (in joules per second)

qx The heat conduction rate entering

the control volume from x direction

(in joules per second)

The heat conduction rate existing the

control volume from x direction (in

joules per second)

Eqy The heat generated within the control
volume (in joules per second)

E stored

Gx+dx

(T""'=T")  The temperature variation between the
increment n+ / and n

Om The amount of heat stored in the
toolholder (in joule)

S, The total time increment

E, Total number of the grids of the
toolholder

Ohp The amount of heat dissipated by the
heat pipe, (in joule)

Ve The volume of water used in the
cooling system, (in cubic millimeter)

E The rate of the heat dissipated through

the surface of the heat pipe condenser
(in joules per second)

I} The heat partition coefficient entering
into the cutting tool due to frictional
heat source

Ry The ratio of the heat dissipated by
the heat pipe to the heat flowing into
the cutting tool

Ry, The ratio of the heat retaining in the
toolholder to the heat flowing into
the cutting tool

1 Introduction

Metal cutting is associated with high cutting temperature
and hence the thermal aspects of the cutting process have
serious consequences for both the tool and workpiece [1]. In
order to rapidly remove the cutting heat from the cutting
zone, the flooded cooling method is usually utilized in
traditional metal cutting. However, since the usage of cut-
ting fluid seriously degrades the environment quality and
increase the cost of machining, the reduction of convention-
al amounts of cutting fluid is strongly required in modern
manufacturing processes [2]. Investigation of new type of
green cooling method has been one of the emerging topics
related to production engineering in recent years [3].

@ Springer

The cutting tool assisted by heat pipe cooling presents an
effective choice of green cooling in the cutting process. A
heat pipe is a highly efficient heat conductor in which the
latent heat of evaporation is used to transport great amount
of heat in the presence of only small difference in temper-
ature. In addition, the heat pipe can operate without the need
for external power supply [4]. These unique properties sug-
gest that the heat pipe should be an ideal device for remov-
ing the heat from a cutting tool.

In recent years, the investigation related to the cutting
tool with heat pipe cooling has been carried out. Jen et al.
have carried out the experimental and numerical investiga-
tion to verify the feasibility and effectiveness of heat pipe
cooling in drilling operations; the results demonstrated that
using a heat pipe in the drilling process can effectively
extend the tool life of the drill [5-7]. Judd et al. [8] devel-
oped a turning tool with a round heat pipe embedded in the
toolholder and experimentally demonstrated that the heat
pipe helps to reduce the thermal elongation of the toolhold-
er. By using the experimental method and finite element
analysis, Haq and Tamizharasan [9] found that the installa-
tion of a heat pipe in the toolholder decreases the tempera-
ture at tooltip. Chiou et al. [10] also numerically verified
that the cutting temperature can be reduced by using a
turning tool with a heat pipe embedded in its insert. The
similar conclusion could be found in the work carried out by
Chou and Liu [11]. Based on the inverse heat conduction
method, the author and co-researchers [12] have quantita-
tively investigated the tool—chip interface temperature of the
cutter with a flat heat pipe attached on the insert rake face.
The calculated results also show that the tool—chip interface
temperature could be reduced for the cutter with heat pipe
cooling.

As for the heat pipe cutter, external cooling will decrease
its total thermal resistance and modify the heat partition of
the rake face heat source. Cooling will affect cutting tem-
perature in two ways. On one hand, cooling enhances the
heat dissipation of the tool, which reduces the tool surface
temperature. On the other hand, cooling will increases the
heat flowing into the tool and hence increases the cutting
temperature [13]. Therefore, determination of the heat par-
tition of the heat pipe cutter is of particular interest to
understand the effect of external cooling on the cutting
temperature, but the relevant research has not been found
in previous literatures.

This paper explores the characteristics of the cutting heat
partition for the turning tool with heat pipe cooling. The
focus of this work is to quantitatively estimate the amount of
heat flowing into the cutting tool and that dissipated by the
heat pipe. To achieve this, a combination of experiment
measurements and numerical analysis was adopted. The
temperatures at the accessible locations on the cutting tool
were measured experimentally using the artificial
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thermocouple method. With these measured temperatures,
the finite different methods and an inverse procedure are
utilized to solve the heat flux loaded on the tool—chip
interface and the amount of heat flowing into each part of
the cutting tool. The results in turning of AISI-1045 steel in
different cutting speeds are presented.

2 Experimental details
2.1 The cutter with heat pipe cooling

The common cutter and the cutter with heat pipe cooling used
for the investigation are shown in Fig. 1. The common cutter
used for the investigation is constituted by a P10 carbide (WC—
15 %TiC—-6 %Co) insert, an insert fixture and a toolholder. The
cutter with heat pipe cooling was designed and fabricated
based on the common cutter. To install the heat pipe, a blind
hole with a diameter of 6 mm and depth of 18 mm, which
locates at 2 mm away from the tool tip, was EDMed in the
insert. To reduce the thermal contact resistance between the
heat pipe and the blind hole in the insert, the contact surface of
the heat pipe was polished and the high-thermal conductivity
grease was applied to the contact surface. In addition, the
condenser section of the heat pipe was deviated from the
toolholder to prevent the heat transfer between them.

The heat pipe used in this cutter was a round copper—
water heat pipe with a diameter of 6 mm and length of
150 mm. The thickness of the heat pipe was 0.65 mm, and
there were 55 straight grooves with a depth of 200 um and
width of 150 wm in its inner wall. In order to obtain the best
heat transfer performance, the using parameters of the heat
pipe in water cooling condition were optimized before the
design of heat pipe cutter, given as follows: the heated
length in the evaporator section L,=18 mm, the cooling
length in the condenser section L.=20 mm, the bending
angle a=5°, and the temperature of the water used for
cooling T,,=75 °C [14].

Fig. 1 Schematic illustration of
a common cutter and b the
cutter with heat pipe cooling

The P10 carbide insert of these cutters has a specific heat
of 208 J/kg'K and a density of 11,700 kg/m>, respectively,
while those of the toolholder and insert fixture are 473 J/
kg'K and 7,801 kg/m’, respectively. The temperature-
dependent thermal conductivity of the insert and the tool-
holder are listed in Tables 1 and 2, respectively.

2.2 Experimental setup

The test setup used in the cutting experiments is shown in
Fig. 2a. The cutting tests were conducted on a CNC turning
lathe and performed dry. As for the heat pipe cutter, a recycled
water cooling system was mounted on the condenser section
of'the heat pipe to remove the cutting heat and calorimetrically
measure the cutting heat dissipated by the heat pipe. The
cooling system consists of a recycled water container, a ther-
mos container, two insulation hoses, and a submersible pump.
The volume and the initial temperature of the water used in
this system were 1 L and 75 °C, respectively, and the water
flowing rate was fixed as 0.5 L/min.

The stand-alone temperature measurement system used in
the cutting test constituted six artificial K-type thermocouples
and a NI temperature acquisition module 9213. The schematic
illustration of the temperature extracting positions on the
cutters is shown in Fig. 2b. As for the common cutter, TC1
and TC3 are both on the rake face of the insert with TC1 close
to and TC3 away from the tool tip, the position of TC2 locates
on the flank face of the insert, and TC4 is placed on the
toolholder. As for the heat pipe cutter, TC1 and TC2 are
located on the insert rake face and flank face, respectively,
while the TC3 and TC4 are placed on the evaporator section
and condenser section of the heat pipe, respectively. In addi-
tion, TC 5 and TC6 locate in the recycled water container and
the thermos container, respectively, as shown in Fig. 2a. A
typical sample of the measured temperature at TC1, TC2,
TC3, and TC4 on the heat pipe cutter and the measured
temperature at TC5 and TC6 in the recycled water cooling
system are presented in Fig. 3a, b, respectively.

tool holder
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Table 1 Temperature-dependent thermal conductivity of the P10 carbide insert

Temperature (°C) 20 300 500
Conductivity (W/m-°C) 335 31.6 29.8

700 900 1,000 1,100 1,200
28.6 29.2 29.1 27.9 26.6

In order to compute the cutting power and further solve
the amount of heat generated in secondary deformation zone
in the cutting process, the cutting force was also measured in
the cutting test. A Kistler cutting force dynamometer model
9265-A1 was used to measure the three-component cutting
force. A typical cutting force sample is shown in Fig. 3c.

In addition, with the purpose of defining boundary condi-
tion at the tool—chip interface on the thermal model of the
cutter, the coating method was applied to measure the actual
tool—chip contact area on the insert in cutting process. Accord-
ing to this method, a layer of black paint with strong adhesive
ability and a high melting point of 600 °C was evenly coated
on the rake surface of the insert prior to the actual cutting test.
After machining, the black paint on the tool-chip contact area
would be scraped off, and the tool-chip interface can be
measured and recorded by a tool microscope with video
camera. A typical image of the tool—chip interface taken by
the coating method is presented in Fig. 3d.

The workpiece used in the experiment was an AISI-1045
steel cylindrical rod with a length of 500 mm and a diameter
of 100 mm. The experiments were conducted by varying the
cutting speed v, from 100 to 300 m/min with the fixed
cutting depth a,=1.6 mm and feed rate /=0.15 mm/rev.
For all cut, the cutting time #. was kept constant as 200 s.

3 Solution of heat flux on tool-chip interface
3.1 The 3D thermal model of cutters

The 3D thermal models of the common cutter and the heat
pipe cutter were developed for the temperature simulation
based on the predefined heat flux on the tool—chip contact
area. Figure 4 shows the schematic view of the thermal
models. By using temperature-dependent thermal proper-
ties, the 3D transient heat diffusion equation of these models
in Cartesian coordinates can be written as:

T 0T 0T c OT
st ot o2 DL (1)
Ox oy Oz k kot
Where T'is the temperature (in degree Celsius), k the thermal
conductivity (in watts per meter-Kelvin), go the intensity of

inner heat source (in watts per cubic meter), p the density (in
kilograms per cubic meter), and c the specific heat (in joules
per kilogram-Kelvin).

As for the common cutter, the initial condition is:

T(x,,2,0) = T (2)
The boundary condition is:

oT

_ka_n_h(T_Too) (3)

In Egs. 2 and 3, T, is the ambient temperature (in degree
Celsius), 07/6n the derivative of the temperature along the
outward drawn normal to the surface, and % the convective
heat transfer coefficients at the surface (in watts per square
meter-Kelvin).

As for the cutter with heat pipe cooling, the initial con-
dition is:

Ty, (heat pipe)
T+ (other components)

T(x,,2,0) = { (4)

Where T, is the initial temperature of the recycled water
in the cooling system.
The boundary condition is:

—ké—T _ { hes(Tes — Ty) (surface of the heat pipe condenser)

6n | h(Ts — Tx) (surface of other components)

(5)

Where /. is the surface heat transfer coefficient between
the heat pipe condenser and the recycled water. T is the
surface temperature of the heat pipe condenser. The rela-
tionship between /., and T, can be obtained from the heat
pipe performance test [14], as shown in Fig. 5a.

The heat pipe was modeled as an entity with given
physical and thermal properties, the effect of temperature
on the effective thermal conductivity of the heat pipe is
shown in Fig. 5b [14].

For both cutters, the boundary condition in the tool—chip
contact area is:

oT
k _

—ks, =0 (6)

Table 2 Temperature-dependent thermal conductivity of the tool-holder and the insert fixture

Temperature (°C) 20 100
Conductivity (W/m-°C) 53.7 51.9

200 300 400 600
48.5 45.0 41.5 34.6
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Fig. 2 Schematic illustration of
a experimental setup and b
temperature extracting positions
on the cutters

Here w(?) is the heat flux loaded on the tool—chip inter-
face (in watts per square meter).

The tool—chip interfaces in these thermal models were
defined according to the experimental measured results in
Section 2.2. The thermal models were calculated by the soft-
ware ABAQUS 6.8, and all case of the simulations were based
on a constant time increment of 1 s for a cutting time of 120 s.

3.2 The inverse procedure

The solution of above models represents a direct problem, in
which the heat flux loaded on the tool—chip interface must be
predefined. Unfortunately, the heat flux over the tool-chip
interface is difficult to obtain directly in the turning process.
In this work, based on the measured temperature on the
accessible positions of the cutter in cutting process, the
unknown effective heat flux w(#) on the tool—chip interface

Fig. 3 The typical sample of a

. — ———————— b
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m cutter with heat pipe cooling

in steady cutting was solved by an inverse algorithm. As-
suming the distribution of heat flux on tool—chip interface is
uniform, the objective function of the inverse procedure can
be described as follows:

) fe 4 T [Xmy Vs Zmy £, w(t)]
J[W(t)]t/omzl A
- {Tw(t)] — Y, ) dt (7)
m=1

t=0

Here, Y(X,., Yy Zm> 1)=Y,,(¢) is the temperature readings
using thermocouple taken at the appropriate locations (x,,,
Vm»> Zm) On the cutters, T1x,,, Vi, Zm W(O]=T,,[w(?)] is the
simulated temperature at the same locations with respect to
the assumed heat flux magnitude w(¢), ¢, denotes the cutting
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insert fixture

insert fixture

chip interface

a b

Fig. 4 The finite different models of a the common cutter and b the
cutter with heat pipe cooling

time, and M denotes the number of measured temperature
extracting points.

By optimizing the unknown heat flux w(¢) on the thermal
model to minimize the objective function J[w(?)], the effec-
tive heat flux on the tool—chip interface can be determined.
In this work, the conjugate gradient method was utilized in
the optimizing procedure. The corresponding optimizing
algorithm was programmed by FORTRAN, and the data
transformation between the optimizing code and ABAQUS
6.8 was established to solve above an inverse problem.

4 Solution of the heat flowing into each parts of the
turning tool

4.1 The amount of heat generated in secondary deformation zone

Heat generation at the secondary deformation zone is mainly
due to the friction in the tool—chip sliding contact. In this
study, since the tool employed has a 0° inclination angle and
0° lead angle, with a depth of cut sufficiently larger than the
feed and the tool nose radius, it is reasonable to apply
orthogonal cutting mechanics for the heat source analysis.
According to the orthogonal cutting model developed by

done in the secondary deformation zone along the tool rake
face is calculated by the following equation:

Or = (Fyvc/Aha) L (8)

Where F, is the force component along the rake face (in
newton), v, the cutting speed (in meters per second), Ay, the
chip thickness ratio, and ¢ the cutting time. The force F,
could be calculated as follows:

©)

Wherery, is the rake angle; F, and Fy is the main cutting
force (in newton) and axial cutting force (in newton), re-
spectively, which could be obtained from the cutting force
measurement test.

F, = Fcsinyy — Frcosy,

4.2 The amount of heat flowing into the cutting tool

Based on the effective heat flux magnitude w(#) solved by
the inverse procedure, the amount of heat flowing into the
cutters through the tool—chip interface could be calculated
as:

fc
0 - / Ww(t) - Acd (10)
0
Here, ¢, is the cutting time and A is the tool—chip contact
area on the insert.

4.3 The amount of heat retaining in the toolholder

Based on the simulated results of the thermal models, the
amount of heat retaining in the toolholders could be solved.
The schematic illustration of the heat exchange of a hexahe-
dral control volume in the toolholder is presented in Fig. 6.
According to the first law of thermodynamics, the rate of the
heat stored within the control volume E,.q is calculated by
following equation:

Egored = qx + Gryax + qy + Qy+dy T Gzva- + q: + Eq

— n+1 n

Shaw [15], the amount of heat generated due to the work = puCh AxAyAz(T" — T") / At (11)
Fig. 5 The effect of a b
temperature on a the surface = 12 20.0
heat transfer coefficient of the g ‘E 1751
heat pipe condenser and b € 10r g 15'0
effective thermal conductivity 3 gl 2 i
of the heat pipe [14] 20 8 5 1251

S 6 £ £ 1000

5=, 22 75

(=] B (=}

2= 2% sof

o oL 3]

£ L 25|

> w

(2] 0 1 1 1 1 0.0 | | | |

75 76 77 78 79 80 75 80 85 90 95 100
Temperature(°C) Temperature(°C)
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Fig. 6 Schematic illustration of the heat exchange of a control volume
in the toolholder

Where, ¢, ¢,, and ¢q., denote the heat conduction rate
entering the control volume from x, y, and z directions,
respectively, while g+ 4y, §)+qy» and g.. 4. denotes the heat
conduction rate existing the control volume from x, y, and z
directions, respectively. £, is the rate of the heat generated
within the control volume. py, is the density of the toolhold-
er, ¢y, the specific heat of the toolholder, and (7" '~T") is
the temperature variation between the increment n+ / and ».
According to Eq. 11, the amount of heat retained in the
toolholder Qy, could be obtained from the simulated result
of the thermal model, Qy, is given by following equation:

Sn—1 En—1

On = Z Z E:torediAt
n=0 i=0

Sn—1 En—1

=D > puen- (AGAyAz) (T =T (12)
n=0 i=0

Where S,, denotes the total time increment, E, the total
number of the grids of the toolholder, and i is the number of
the grid.

4.4 The amount of heat dissipated by the heat pipe

Both the calorimetric method and the numerical method
were utilized to measure the amount of heat dissipated by
the heat pipe Oy, in this study. The calorimetric method is
based on the temperature measurement experiment in the
Section 2.2. Assuming that the temperature variations at the
positions of TC5 and TC6 in Fig. 2a are ATs and AT,
respectively, Op, can be calculated according to following
equation:

thsz'Vw'CW~(AT5+AT6)/2 (13)

Where p,, is the density of water, V, the volume of water
used in the cooling system, and ¢y, the specific heat of water.
Based on the simulated results of the thermal models of
the heat pipe cutter, Oy, also can be solved. The schematic

illustration of the heat exchange of a control volume at the
surface of the heat pipe condenser is presented in Fig. 7.
According to the first law of thermodynamics, the rate of the
heat dissipated through the surface of the heat pipe condens-
er E; is calculated by following equation:

Es = gy + Gryar + qy + Qy+ay T 4z — Estored + Eq

= he AYAY(T? — Ty)/ At (14)

Where, A is the surface heat transfer coefficient between
the heat pipe condenser and the recycled water and Ty, is the
temperature of the water.

Based on Eq. 14, the amount of heat dissipated by the
heat pipe Oy, can be calculated according to following
equation:

Sn—1 Hn—1

th = Z Z EsinAt
i=0

n=0
Sn—1 Hn—1

= Z Z hes - (Ax; Ayy) - (T} — T) (15)
n=0 i=0

Where S,, denotes the total time increment, H,, the total
number of the grids of at the surface of the heat pipe
condenser, and i is the number of the grid.

5 Result and discussion
5.1 The heat flux and temperature at tool—chip interface

As described in Section 3.2, with the measured temperatures
at the accessible positions on the cutter, the effective heat
flux magnitude and the temperature at tool—chip interface
can be solved based on the inverse procedure. As for the
heat pipe cutter, the temperature obtained at TC1, TC2, and
TC3 were used to establish the objective function of the
inverse procedure, while the temperature measured at TC4

hy (W/m>K) heat transfer s

z
.
y
g X

Fig. 7 Schematic illustration of the heat exchange of a control volume
at the surface of the heat pipe condenser
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Heat flux magnitude (W/mm 2)

40|
20 | Common cutter
---------- Cutter with heat pipe cooling
o 1 1 I I b
0 40 80 120 160 200

Cutting time (s)

Fig. 8 The solved tool—chip interface temperature at the cutting time
of 200 s and the estimated heat flux on the tool-chip interface in
cutting process for two cutters. (v.=200 m/min, a,=1.6 mm, f=
0.15 mm/rev)

was used as the purpose of verification. As for the common
cutter, the temperature obtained at TC1, TC2, and TC4 were
used to establish the objective function, while the tempera-
ture measured at TC3 was used as the checking temperature.

The estimated heat flux of the common cutter and heat pipe
cutter at the cutting speed v.=200 m/min are shown in Fig. 8b.
It can be observed that the solved effective heat flux magni-
tude w(7) for both cutters increase slightly with the cutting time

in a steady cutting process, but the w(¢) for the common cutter
is lower than that of heat pipe cutter. The solved temperature
fields of the cutters at £,=200 s with respect to the estimated
heat flux are reported in Fig. 8a. It can be learned that the tool—
chip contact area of the cutters have the highest temperatures.
The maximum temperature at the tool—chip interface 7, for
the common cutter is 1,021 °C, while that for the cutter with
heat pipe cooling is 910.8 °C.

The comparison of the measured and estimated tempera-
ture at TC1, TC2, and TC3 of the heat pipe cutter at the
cutting speed v.=200 m/min is illustrated in Fig. 9a—c,
respectively. It can be seen from these figures that they are
in good agreement. The relative error at TC1, TC2, and TC3
is calculated as E71=3.84 %, E;»=5.59 %, and E3=4.91 %,
respectively, where E7,, is defined as:

b

In order to verify the accuracy of the present inverse
algorithm, the temperature at TC4 is calculated by using
the estimated heat flux. The comparison of the measured
and calculated temperature at TC4 is plotted in Fig. 8d. The
relative error is calculated as Ep=2.12 %.

The measured and estimated temperatures at TC1, TC2,
and TC4 of the common cutter at the cutting speed v.=
200 m/min are illustrated in Fig. 10a—c, respectively. The
comparison of the measured and calculated temperatures at
TC3 is plotted in Fig. 10d. The relative errors at TC1, TC2,
TC3, and TC4 are calculated as E71=4.12 %, E;»=3.02 %,

Tn(t) — Yu(2)
Yu(2)

Etm (16)

) /200] x 100%

Fig. 9 The measured and a b
estimated temperature of the 600 600
heat pipe cutter at a TC1, b
500 |- 500 |-
TC2, ¢ TC3, and d the - e ] _
measured and calculated % 400 1= % 400 -
temperatures (using estimated E 5
heat flux) at TC4. (v.=200 m/ S 300 S 300
1 = — =3 aQ PO s
min, a,=1.6 mm, /=0.15 mm/ E 200l E 200 |
rev) —— TC 1_Simulated —— TC 2_Simulated
100+ TC 1_Measured 10F TC2_Measured
0 1 1 1 1 0 1 1 1 1
0 40 80 120 160 200 0 40 80 120 160 200
Time(s) Time(s)
C o d 600
500 |- —— TC 3_Simulated 500 |- —— TC 4_simulated
B 1 TC 3_Measured P I TC 4_Measured
o o
$ 400 $ 400
2 2
© ©
5 300 - 5 300 -
g g
g 200 - & 200 -
100 |- 100 |-
0 1 1 1 1 0 1 1 1 1
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Time(s) Time(s)
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Fig. 10 The measured and b
> a
estimated temperature of the 600 600
common cutter at a TC1, b
TC2, ¢ TC4, and d the 500 500 -
measured and ca}culatefi © 400 © w0l
temperatures (using estimated 2 e
heat flux) at TC3. (v.=200 m/ T 300 | T 300
. [ [
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En=5.11 %, and E3=5.62 %, respectively. This implies
that the present estimated heat flux is indeed the actual
drilling heat flux since the residual between the checking
and measuring temperatures are always within the reliable
range.

Figure 1la presents the effect of cutting speed on the
average heat flux magnitude w between the cutting time 100
to 200 s, where w is defined as follows:

200

W= > w(t)|/100

t=100

(17)

According to Fig. 11a, it can be seen that the value of w
increase with the cutting speed for both cutters, generally, w for
the cutter with heat pipe cooling is higher than that of common
cutter, especially in high-speed region, 250-300 m/min.

The effect of the cutting speed on the maximum tempera-
ture at tool—chip interface 7., for two cutters is presented in
Fig. 11b. It shows that T, for both cutters increase gradually

Fig. 11 The effect of the

with the cutting speed increase. Generally, T, of the com-
mon cutter is found to be significantly higher than that of heat
pipe cutter in all cutting speeds. This implies that the heat pipe
has a good cooling effect and it can be also found in Fig. 11b
that the T}, of the common cutter is in good agreement with
that reported by Zhou [16], who reported a similar cutting
temperature trend using the tool work thermocouple method
in the same cutting condition. This validates the accuracy of
the inverse method used in this study.

5.2 Heat partition into each part of the cutters

The heat partition into the cutting tool due to frictional heat
source at the secondary deformation zone, (3, is defined as
follows:

B=0/0r (18)

Here, O is the amount of heat generated in secondary
deformation zone, which can be obtained from Eq. 8§ stated

A a b

cutting speed on a the average 150 a 1,400
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Fig. 12 The effect of the cutting speed on the heat partition to the
cutting tool due to frictional heat source

in Section 4.1; O, is the amount of heat flowing into the
cutting tool, which can be solved by Eq. 10 stated in Sec-
tion 4.2. The effect of cutting speed on 3 for the common
cutter and heat pipe cutter is presented in Fig. 12. It shows
that the value of (3 decrease with the cutting speed increase
for both cutters. This may be due to the fact that the shorter
contact time between the tool and chip in higher cutting
speed results in the reduction of cutting heat conducted into
the tool. Furthermore, it can be also observed in Fig. 12 that
the value of 3 for the heat pipe cutter is higher than that for
the common cutter in all cutting speed. This means that the
installation of the heat pipe increase the amount of heat
flowing into the tool, which may be attributed to the relative
lower thermal resistance of the heat pipe cutter.

As for the heat pipe cutter, the ratio of the heat dissipated
by the heat pipe to the heat flowing into the tool, Ryy, is
defined as follows:

th - th/ O

Here, Oy, is the amount of heat dissipated by the heat
pipe in cutting process. The Oy, obtained from the numer-
ical method and calorimetric method stated in Section 4.4, is
shown in Fig. 13a. It is found that the numerical results have
a good agreement with the calorimetric measured results in
all cutting speed. This also validates the reliability of the
thermal model of the heat pipe cutter.

(19)

Cutting speed (m/min)

Fig. 14 The effect of the cutting speed on the ratio of the heat
retaining in the toolholder to the heat flowing into the cutting tool for
the common cutter and heat pipe cutter

Figure 13b presents the effect of cutting speed on Ry, It
shows that Ry, slightly decrease with increasing cutting
speed from 100 to150m/min, and increase gradually with
cutting speed within the high-speed region, and reaches
42 % at 300 m/min. This means that 42 % of the cutting
heat following into cutting tool can be dissipated through
the heat pipe embedded in the cutting tool at the cutting
speed of 300 m/min.

The ratio of the heat retaining in the toolholder to the
heat flowing into the cutting tool, Ry, is defined as
follows:

Rth = ch/Qt (20)

Here, Oy, is the amount of heat retaining in the toolhold-
er, which can be calculated from Eq. 12 stated in Section 4.3.
The effect of the cutting speed on Ry, is presented in Fig. 14.
It is observed that Ry, for the common cutter is more than
90 % in all cutting speed, while that for the heat pipe cutter
is much lower, only keep at 56—60 %. This implies that the
heat pipe embedded in the cutting tool significantly reduces
the heat retaining in the toolholder, especially in high cutting
speed. It is can hence supposed that the installation of the
heat pipe helps to reduce the thermal elongation of the
toolholder.

Fig. 13 The effect of the
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6 Conclusions

Based on the results and discussions presented in this paper,
it can be concluded that:
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