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Numerical Analysis of Thermal Characteristics of a Milling Process of
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This paper presents a numerical study on the thermal characteristics of a milling process of titanium alloy with nanofluid
minimum-quantity lubrication (MQL). The computational fluid dynamics (CFD) approach is introduced for establishing the
numerical model for the nanofluid MQL milling process, and estimated temperatures for pure MQL and for nanofluid MQL
using both hexagonal boron nitride (hBN) and nanodiamond particles are compared with the temperatures measured by
thermocouples in the titanium alloy workpiece. The estimated workpiece temperatures are similar to experimental ones, and

the model is validated.
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Fig. 1 Experimental setup

Table 1 Experimental conditions

Workpiece size 48 x 48 x § mm

Tool diameter 16 mm
Axial depth of cut 1.5 mm
Radial depth of cut 4 mm
Tool rotation speed 2,387 RPM

Feed per tooth 0.1 mm/tooth
Pure MQL
Nanofluid type hBN (70 nm)
ND (35 nm)
Nanofluid concentration 0.5 wt.%
Air pressure 0.5 MPa
Flow rate 3 ml/min
Nozzle feed direction angle 90°
Nozzle elevation angle 60°
Nozzle distance 30 mm
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Fig. 2 Machining geometry and mesh in the numerical model
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Table 2 Density and viscosity

Material Density (kg/m®) Viscosity (cP)
Air 1.23 0.018
Pure MQL 832.30 17.24
hBN 839.64 18.22
ND 844.01 17.49
Ti-6Al-4V 4,430 -
Table 3 Thermal conductivity
Temperature Pure MQL hBN ND
(°C) (mW/m°C) (mW/m°C) (mW/m°C)
23 133.76 135.23 135.61
50 128.00 130.64 130.65
70 125.50 127.56 127.56
95 123.68 125.43 125.56
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Table 4 Calculated surface temperatures

Nanofluid Calculated surface temperature (°C)
Pure MQL 49.95

hBN 57.75

ND 66.41

Table 5 Numerical analysis conditions

Workpiece size 48 x 48 mm
Tool diameter 16 mm
Radial depth of cut 4 mm
Tool rotation speed 2,387 RPM
Feed per tooth 0.1 mm/tooth
Multi phase flow model Discrete phase model
Model Energy equation
Solver Simple, 1st order

Turbulence model Realizable k—¢

Pure MQL
Nanofluid type hBN(70 nm)
ND(35 nm)
Nanofluid concentration 0.5 wt.%
Spray flow rate 3 ml/min
Air pressure 0.5 MPa
Nozzle diameter 1.7 mm
Nozzle feed direction angle 90°
Nozzle distance 15 mm
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Fig. 3 Estimated temperature distribution around the milling region
from the numerical model
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Fig. 4 Estimated temperature distributions as the milling process
proceeds

AT A Tz E A A WA Aol 227 5
7¥eE7] Al&keh= AR 3.5 s o]9o]ar, & R A= 655, Al
A QA= 8.5 s= A Alo] &= F7F AIZE 7HAL- 255
2 FYdsit). o] ARF 1HAE 37 oy AR o5l b
o del= AIRht FAskch =3, ko] =gtk AREY
735, A WA Aol el AIRRE 6.4, F #A A= 9.2,
Al H7 = 12.4 solo}. o] 2271 S 5= A 1]
A7 HAS 257t SR ARG g dAsHA] gtk A W
A et T oA DA Ato] AIRE 1AL 285, F R A
Aot Al WA G- Abo] AIZE THALS 3.2 so]tt. o} 7|4 I
7 A WA QAo 7R 2R o] AR 5.5sQ1 At
2] Foff 2%=7F S4%E AR 6.4 so]t.

o= 7t GAdiell 7P g Y1Xell et AAIRE ol
AR A== oxhe] Algte] 48 %7] wjtolth F7}
A WA GAde] 7P RS ol ARt Hd 227t 54
A= 0.9 som, = WA O] ARz 1.2, Al WA
A AR R= 1.9 soloh. thy AR s AR
Xz AL I mm FAo R FH7t v 24| v Ql7] white
2 BA=) E31 Fig. 60 Pure MQL, hBN Nanofluid MQL,
ND Nanofluid MQL®] 7} Z-9-of glojA] & ol &%= S7H
o Ftligto] FoiA qlom AF W pA|siAomiE & At
7F fARRE o 4 Qi

Figs. 59} 6025 7iiE 4s] 71 Al Hebg g5 7H=
o] 454 siA wdlo] A APg AR ATE =59
oF = leu® A o] gido] HEE ekl & 4= qlrk.

F7H4 0 =2 Tables 29} 30 £ & AR
2 AL Table 4o] Z0j%l AAAF Q|2 2t EH of

<L A

£
o
K1
=
i
-z
i)
)
1Y
)
N
ﬁ
il
Kl
B
‘
1
N
5
%
)
e
hu M
o
L



3

ro
Hl
02
ue
OH
o
fol

X M34H 45

April 2017 /257

- Exp. (Temp.1)
< Exp. (Temp.2)
= Exp. (Temp.3)
—FEM (Temp.1)
—FEM (Temp.2)
—FEM (Temp.3)

% 8 & 8

Subsurface Temp. Rise (C)
8 B 8

5

o w

© 05 1 15 2 25 3 35 4 45 5 S5 6 65 7 7.5 8 85 9 95 10 105 11 11.5 12 125 13 135 14 145 15
Time (Sec.)

(a) Pure MQL

- Exp. (Temp.1)
- Exp. (Temp.2)
= Exp. (Temp.3)
—FEM (Temp.1)
—FEM (Temp.2)
—FEM (Temp.3)

& & 8

w
%

G 8B B 8

Subsurface Temp. Rise (C)
5

o «

0 05 1 15 2 25 3 35 4 45 5 S5 6 65 7 75 8 85 9 95 10 105 11 11.5 12 12.5 13 135 14 145 15
Time (Sec.)

(b) hBN nanofluid MQL
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(c) ND nanofluid MQL

Fig. 5 Sub-Surface temperature rises in the cases of pure MQL,
hBN nanofluid MQL and ND nanofluid MQL
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rises in the cases of pure MQL, hBN nanofluid MQL and
ND nanofluid MQL
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