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Turning operation is one of the most used operations at various industries and obtaining desired machined surface quality
is one of the important concerns of researchers. In this investigation the effects of using copper oxide nano-fluid as
compared with conventional fluid (soluble oil) as coolant and lubricant on surface integrity of machined surface of heat
treated cold work tool steel (AlSI O1) as workpiece has been investigated. So cutting speed and tool’s feed rate have been
considered as input variables and surface roughness, created white layer thickness and density of generated surface cracks
have been considered as output parameters and regarding full factorial method of design of experiments a set of experiments
for each kind of coolants has been designed and performed. The results have been shown that adding copper oxide nano
particles as equa as 1% in volume to deionized water as base fluid decreases the amount of machined surface roughness as
compared with using soluble oil. Also using the prepared copper oxide nano-fluid decreases the amount of created white
layer thickness and density of generated surface cracks on machined surfaces as compared with soluble oil.
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1 Introduction

Industry development and the application of new
methods to improve the production process, requires
extensive study in various fields, including machining
process. It can be said that the main purpose of
production is to minimize production time, cost of
production and energy®. In this regard, the cutting
fluids play an important role and prevent metal-metal
contact in metal working operations and reduce the
friction between the surfaces of the tool and the
workpiece by lubrication. The cutting fluids separate
the surfaces in contact with each other, by creating a
film on the surfaces and thus reduce friction and
wear®, The cooling ability of cutting fluids helps to
control the temperature of the tool, the workpiece and
the chip. On the other hand, the cutting fluids can
wash and remove the generated chips. Also,
application of cutting fluids can be useful in
increasing the tool life and corrosion resistance, and
in decreasing energy consumption of machine®.

In order to increase the machining performance,
various methods for controlling environmenta
pollution have been developed, including the
minimum quantity lubrication (MQL)® cryogenic
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cooling®, emulsion cooling’, and solid lubrication®.
The method of coolant deliver to the cutting location
and the nozzle position is as important as cooling and
the cooling technique’.

Today, the use of nano-technology in various
sciences and industries has generated many advances in
various fields. In the fidd of machining, nano-
technology has aso been introduced in the form of
cutting nano-fluids and coated tools with nano-particles.

Cutting nano-fluids are prepared by distributing solid
nano-particles in base fluids such as water, oil and
ethylene glycol. In this method, increasing thermal
conductivity is the main idea for improving the heat
transfer ability of cutting fluid. The therma conductivity
of solid particles is greater than the fluid. For example,
therma conductivity of copper is approximately 700
times more than water and 3000 times more than engine

ail, a ambient temperature ® *°,

Suspended nano-particles have a significant effect
on the base fluid's thermal properties. In recent years,
many studies have been carried out on the thermal
properties of nano-fluids, and amost al of them have
confirmed the benefits of using them™ 2. The
presence of nano-particles in the base fluid increases
the thermal conductivity, the heat transfer coefficient
and the viscosity of cutting fluids"™.
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Turning is one of the main operations of the
manufacturing industries'. These operations are used
to make cylindrical parts such as shafts, pins and
screws. Due to the direct contact of the tool and the
workpiece in this process, the generated heat in this
process is so much®. Usually, at lower cutting speeds,
regarding the generation of high friction, the use of
lubricants and at higher cutting speeds, due to the
generation of high amount of heat, the use of coolant
isessential.

Sarhan et al.®, used two types of lubricants,
mineral oils and cutting nano-fluid (prepared by
adding SiO, nano-particles to base fluid (minera oil)
as much as 0.2% in weight) in milling process.
According to their results, a significant reduction in
power consumption of machine, machining forces and
special energy of machining was occured by using
shear cutting nano-fluid. Vasu and Reddy"’, studied
the machining ability of Inconel aloy in different
lubrication conditions including dry, minimum
quantity lubrication and using cutting nano-fluid
(Al203 nano-particles distributed in oil). They resulted
that the best results in the case of machining forces,
surface roughness, tool wear and temperature
distribution, was obtained using cutting nano-fluid by
adding Al;O3 nano-particles to oil as much as 6% in
weight, as lubricant. Sayuti et al.'®, studied the milling
of aerospace duralumin AL-2017-T4. According to
their results, the use of cutting nano-fluid leads to
better surface quality and lower machining power.
They dso found the optimum amount of nano-
particles added to the base fluid to achieve better
surface quality and lower machining power. Nam
et al.”®, used cutting nano-fluid in the case of
minimum quantity lubrication in micro drilling of the
aluminum workpiece. The researchers concluded that
the use of cutting nano-fluid in this process reduces
the required force and torque for drilling. Nam et al.?,
added nano-particles of diamond to base fluid
(paraffin oil and vegetable oil) and prepared cutting
nano-fluid. They used the prepared cutting nano-fluid
in the micro drilling process with minimum quantity
[ubrication and concluded that with the use of this
cutting nano-fluid, the amount of required force for
drilling is reduced significantly. Also, the use of
paraffin oil as a base fluid is more effective than
vegetable oil. Sayuti et al.”’, investigated the
application of SiO, nano-particles distributed in base
fluid (coconut ail), as cutting nano-fluid in the milling
process. According to their results, the machining

force, machined surface roughness, and the
temperature of the machining area are reduced by
using cutting nano-fluid. Sarafraz et al.”?, used carbon
nano tube agueous nano-fluid as a coolant inside the
micro-channel and examined the performance of
copper-made heat sink with rectangular micro-
channel. They investigated the influence of heat flux,
fluid flow rate and mass concentration of nano-fluid
on the local and average heat transfer coefficients,
fouling thermal resistance, overall thermal resistance
and local (axial) temperature. They found that higher
heat transfer coefficient and lower temperature profile
inside the heat sink is obtained in the case of using
nano-fluid in comparison with the base fluid (water).
Nakhjavani et al.”, produced silver nano-particles by
green synthesis method using green tea leaves which
is cost-effective and available and provides condition
to control the average nano-particle size. According
their results, the small particles have higher thermal
and antimicrobial performance. Sarafraz and
Hormozi®*, quantified the forced convective and
nucleate flow boiling heat transfer coefficient of
Al,O; water based nano-fluid. Nikkhah et al.”,
quantified convective boiling heat transfer coefficient
of spherical CuO (I1) nanoparticles dispersed in water
inside the vertical heat exchanger. Sarafraz et al.”,
compared flow boiling heat transfer coefficients of
de-ionized water and copper oxide water-based
nanofluids at different operating conditions. Sarafraz
et al.”’, quantified the pool boiling heat transfer
coefficient (HTC) of functionalized carbon nano-tube
(FCNT) and non-functionalized carbon nano-tube
(CNT).

In this research, the effects of usng copper oxide
cutting nano-fluid as coolant and lubricant in turning of
AlISI O1 cold work tool stee on machined surface
integrity including surface roughness, generated white
layer thickness and surface cracking density in different
cutting speeds and tool’ s feed rate, was studied.

2 Experiments

The JCL 6050 CNC lathe machine was used to
perform experiments. Figure 1 shows the used
machine in this study. Some specification of the used
CNC machine was according to Table 1.

The workpiece material was AlSI O1 cold work
tool steel which was shown at Fig. 2. The dimensions
of workpiece were aso shown at Fig. 2. Chemical
composition of workpiece material was according to
Table 2, while the workpiece hardness was 61 HRC.



SHABGARD et al.: STUDY ON INFLUENCE OF COPPER OXIDE NANO-FLUID IN TURNING OF AISI O1 STEEL 79

Thetool used in this study was a multi-layer coated
diamond shape blade with Sandwich Standard of
DNMG 150406-QM, Grade 4225. The blade was
shown in Fig. 3, while other features of the tool are
shownin Table 3.

Fig. 1 — CNC lathe machine.

Fig. 2— The workpiece and its dimensions.

In this study, two kind of cutting fluid (soluble oil
and copper oxide cutting nano-fluid) was used in
order to lubrication and cooling of workpiece
and tool.

In order to prepare the copper oxide cutting nano-
fluid, the copper oxide nano- particles was added to
the base fluid (deionized water) as suspended
particles. The average diameter of nano-particles was
40 nm while their volume percent at cutting nano-
fluid was 1%. In order to prevent from deposition of
nano-particle and aso for homogenous and uniform
distribution of nano-particles, an ultrasonic device
(J. P. S model, 120 watts) and a magnetic stirrer
(the AlfaeHS-860 model) has been used in the
preparation of cutting nano-fluid. Table 4 shows some
characteristics of copper oxide nano-particles.

In this study, considering the cutting speed and
tool’s feed rate each one in three levels, according to
Table 5, as input parameters and surface roughness,
recast layer thickness and surface cracks density as
output parameters, 9 tests were designed based on a
full factorial method. So, for two cutting fluid types
(soluble oil and copper oxide cutting nano-fluid), 18
experiments were carried out. The fixed parameters of
the machining process are also given in Table 6.

In order to measure the roughness of the machined
surface of samples, a Mahr Marsurf PS1 surface
profilometer with 0.8 mm cut-off length and 2 mm tip
radius. The machined surface roughness was
measured from five different positions of the

Fig. 3— Used blade in experiments.

Table 3— The used tool specification.

Iso DNMG 150604-QM
Table 1 — Specification of CNC lathe machine. Fixing hole diameter 5.156 MM
Specification Amount Hand N
Spindle speed range 45-3500 rpm Coating MTCVD
Spindle engine power 15 Kw Clearance angle major 0deg
Machine weight 3200Kg Insert included angle 55 deg
Machine dimension 2780%x1625x1948 mm Grade 4225
Table 2— Chemical composition of workpiece.
Element Fe c iS nM rc P oM S
Wt (%) 96.906 0.9 0.36 1.05 0.67 0.026 0.071 0.017
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machined surface at each machining condition and
their average was considered as the value of surface
roughness (SR).

Scanning electron microscope (Cam Scan MV 2300
model) was used to measure the created recast layer

Table 4 — Characteristics of copper oxide
nano-particles.

Details Copper Oxide (CuO)
Purity 99%
Color black
Average particle size (APS) 40 nm
Specific surface area (SSA) ~20 m¥g
Morphology nearly spherical
Bulk density 0.79 g/cm®
True density 6.4g/m’
Table 5— Variableinput parameters and their levels.
parameters Level 1 Level 2 Level 3
Cutting speed (V) 30 50 70
(m/min)
Feed rate (F) 0.08 0.1 0.12
(mm/rev)

Table 6 — Fixed parameters of machining process.

parameters Amount
Cutting length 15 mm
Cutting fluid flow rate 20 liters per minute
Number of passes per sample 3 pass
16 (a)
1.2 O
E * ! # copper oxide
2 08 ez ] cutting nano-
= fluid
04
M conventional
0 fluid

0 20 40 60 80
Cutting speed (m/min)

2
1.6
12 v
0.8
0.4

0

Ra (um)

0 20 40

INDIAN JENG MATER SCI, JUNE 2020

thickness on machined surface and also to measure
the density of the generated surface cracks. In each
sample, at five different points of the machined cross-
section, the thickness of the created recast layer was
measured and their average was selected as the recast
layer thickness. Also in order to study the generated
surface cracks on machined surface, the density
surface crack which is defined as the total length of
cracks (cm) in a unit area (cm?), was used to estimate
the cracking severity. For this purpose, the total
length of the cracks in a 1000X magnification SEM
images was measured and then this total length
divided by the area of the images.

3 Resultsand Discussion

In this investigation, the effects of using copper
oxide cutting nano-fluid as lubricant and coolant as
compared with conventional fluid (soluble oil) on
machined surface roughness, recast layer thickness
and density of surface cracks were studied in turning
of AlSI O1 cold work tool steel.

3.1 Surface Roughness

Figure 4 shows the effect of cutting speed on
machined surface roughness for two types of cutting
fluid at different feed rates. Regarding Fig. 4, it is
observed that the surface roughness of the samples
machined with copper oxide cutting nano-fluid is less

1.6 (b)
]
1.2 *
£ ' & copper oxide
2 08 cutting nano-
& fluid
0.4 )
M conventional
0 fluid
0 20 40 60 80
Cutting speed (m/min)
(c)
+ copper oxide
cutting nano-
fluid
M conventional
fluid
60 80

Cutting speed (m/min)

Fig. 4 — Effect of cutting speed on machined surface roughness for two types of cutting fluid (a) F= 0.08 mm/rev, (b) F= 0.1 mm/rev and

(c) F=0.12 mm/rev.
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than the soluble oil. It can be explained by the high
thermal conductivity and the anti-friction and anti-
wear properties of copper oxide cutting nano-fluid.
The copper nano-particles in the cutting fluid reduce
the friction coefficient between the surface of the
blade and the chip, thus improve the chip flow and
reduce the probability of occurrence of the built up
edge (BUE) phenomenon, which is one of the causes
of increasing surface roughness™ '°. Also, the decrease
in machined surface roughness in the case of using
copper oxide cutting nano-fluid can be attributed to
the reduction of the cutting region temperature due to
the higher heat transfer coefficient of copper oxide
cutting nano-fluid. Reducing the cutting region
temperature also reduces the tool wear rate. The
reduction in tool wear rate prevents from increasing
of machined surface roughness induced by changing
the radius and the geometry of the cutting edge (ideal
surface roughness). In addition, due to the reduction
of machining forces (by decreasing tool wear rate),
the vibrations in the components of the machine tool
and therefore the normal machined surface roughness
is decreased™.

Also, as shown in Fig. 4, the machined surface
roughness decreases firstly, but then increases by
increasing cutting speed in all feed rates. The relative
temperature is increased by increasing the cutting
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leads to a decrease in the hardness of the workpiece
and this occurrence, improves the cutting conditions
and reduces the machined surface roughness.
However, with a further increase in cutting speed, the
temperature of the cutting region is more increased,
the temperature and the high friction between the
blade and the chip leads to occurrence of the built up
edge (BUE), an increase in tool wear and
inappropriate chip flow, and thereby increasing the
machined surface roughness. Figure 5 shows the
effect of tool's feed rate on machined surface
roughness for two types of cutting fluid at different
cutting speeds. As shown in Fig. 5, and as previously
mentioned, the surface roughness of the samples
machined using copper oxide cutting nano-fluid is
less than the soluble oil. Using copper oxide cutting
nano-fluid leads to lower machining force and
prevents from generation of built up edge on blade
and reduces the tool wear and system vibrations and
therefore decreases machined surface roughness,
regarding the influence of nano-particles in reduction
of temperature and friction coefficient in the
interfaces of the tool-workpiece and tool-chip.

Also, as shown in Fig. 5, increasing tool's feed
rate, leads to higher machined surface roughness. This
phenomenon can be justified by Eq. (1)°.

speed up to 50 m/min. increasing relative temperature R, = 0.0321 x f ¥r (D
L6 (a) 6 (b)
1.4 HE B 1.4
— & ' _ o
E 1.2 H ¢ @ copper oxide £ 1.2 i © copper oxide
= PN cutting nano- 2 , cutting nano-
s 1 fluid g 1 fluid
0.8 B conventional 0.8 ' B conventional
06 ! fluid 06 ! fluid
0.05 0.1 0.15 0.05 0 0.15
Tools feed rate (mm/rev) Tools feed rate (mm/rev)
1.6 (c)
14 !
T 12 , @ copper oxide
= m cutting nano-
e 1 ry fluid
08 M conventional
0.6 fluid
0.05 0.1 0.15

Tools feed rate (mm/rev)

Fig. 5 — Effect of tool’s feed rate on machined surface roughness for two types of cutting fluid (a) V=30 m/min, (b) V=50 m/min and

(c) V=70 m/min.
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where, the f is feed rate, r istool tip radiusand R is  fluid a various tool's feed rate, and Fig. 7,

ideal surface roughness. demonstrates the effect of the tool’s feed rate on
generated recast layer thickness for two types of
3.2 Recast Layer Thickness cutting fluid t different cutting speeds. As shown in

Figure 6 shows the effect of cutting speed on  Figs 6 and 7, using copper oxide cutting nano-fluid
created recast layer thickness for two types of cutting  leads to lower recast layer thickness as compared with
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e
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Fig. 6 — The effect of cutting speed on generated recast layer thickness for two types of cutting fluid (8) F= 0.08 mm/rev,
(b) F= 0.1 mm/rev and (c) F= 0.12 mm/rev.
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Fig. 7 — Effect of the tool’s feed rate on generated recast layer thickness for two types of cutting fluid () V= 30 m/min,
(b) V=50 m/min and (c) V=70 m/min.
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the use of soluble oil as lubricant and coolant. Also,
according to Figs 6 and 7, the generated recast layer
thickness is increased by increasing cutting speed and
tool’ s feed rate. The temperature increases in the tool-
workpiece and tool-chip interfaces so that exceeds the
melting temperature, by increasing cutting speed and
tool’s feed rate and at the end of machining process,
the molten material is cooled quickly in contact with
the coolant and air, and reattached on workpiece
surface which increases recast layer thickness. Also
the temperature of more thickness of workpiece
exceeds the austenite temperature by using higher

Recast layer thickness

SEM MAG: 500 x DET: SE Dutector

DATE: 1208116 200 um
Device: TSS136MM

HV: 20,0 kv
VAC: HiVac

Vega OTescan
Digital Microscopy Imaging VAC: Hivac
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cutting speed and tool’ s feed rate, so the thicker recast
layer is created on machined surface™.

While, non-equilibrated freezing of molten material
and generated recast layer thickness are lower in the
case of using copper oxide cutting nano-fluids due to
its higher heat transfer and anti-friction properties.
Figure 8 and 9 are samples of SEM pictures of
machined surfaces which compares the generated
recast layer on machined surface in the case of using
copper oxide cutting nano-fluid and soluble oil as
coolant and lubricant at different machining
conditions.

Recast layer thickness

SEM MAG: 500 x
HY: 200KV

DET: SE Delector
DATE: 120416 200 um
Device: TSS136MM

‘Vega CTescan
Digital Microscapy imaging

Fig. 8 — A sample of SEM pictures of machined surfaces which shows the generated recast layer on machined surface at V=30 m/min,
F=0.12 mm/rev (a) using copper oxide cutting nano-fluid and (b) using soluble ail.

Recast layer thickness

Fig. 9 — A sample of SEM pictures of machined surfaces which shows the generated recast layer on machined surface at V=70 m/min,
F=0.08 mm/rev (a) using copper oxide cutting nano-fluid and (b) using soluble ail.
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3.3 Density of Surface Cracks shows the effect of tool’s feed rate on the density of

Figure 10 shows the effect of cutting speed on  created surface cracks for two types of cutting fluids
density of created surface cracks for two types of gt different cutting speeds. As shown in Figs 10 and
cutti ng fluids at different tool’ s feed rates, and Flg 11 11, density of created surface cracks is lower by the
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= "é“ * ¢ cutting nano- -g £ * cutting nano-
E_&: 0.2 fluid 3 -..'_“:" 0.2 fluid
w ™ o
6= 01 H conventional 2. 0.1 H conventional
g o - fluid Z 0 fluid
Q
a 0 20 40 60 80 Q 0 20 40 60 80
Cutting speed (m/min) Cutting speed (m/min)

E 0.5 - (c)

S 0.4 il

@ B o |

8= 03 ¢ * # copper oxide

5 § cutting nano-

b3 02 fluid

°

Zz 01 H conventional

v .

£ o ! fluid

a

0 20 40 60 &0
Cutting speed (m/min)

Fig. 10 — Effect of cutting speed on density of created surface cracks for two types of cutting fluids (a8) F= 0.08 mm/rev, (b) F= 0.1
mm/rev and (c) F= 0.12 mm/rev.
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Fig. 11— Effect of tool’s feed rate on the density of created surface cracks for two types of cutting fluids () V= 30 m/min, (b) V=50
m/min and (c) V=70 m/min.
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Fig. 12 —The generated surface cracks on machined surfaces at at V=30 m/min, F= 0.08 mm/rev (@) using copper oxide cutting nano-

fluid and (b) using soluble ail.

Surface cracks

SEM MAG: 1.00 kx

DET: 5E Detoctor

SEM MAG: 2.50 lot

HV: 200KV
VAC: HiVac

DATE: 120816 100 um
Davice: TS51380M
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Diglal Microscopy Imaging VAC: HiVac

Surface cracks

DET: SE Dalactor
DATE: 12/08/18 100um
Device: TSS1360MM

Vega STescan
Digital Microscopy imaging

Fig. 13 — The generated surface cracks on machined surfaces at at V= 50 m/min, F= 0.1 mm/rev (a) using copper oxide cutting

nano-fluid and (b) using soluble oil.

use of copper oxide cutting nano-fluid as compared
with soluble oil. The molten material is cooled very
quickly in contact with the air and cutting fluid and is
frozen unbalanced and reattached on machined
surface, which contain very high thermal stresses.
If the amount of these stresses (which are tensile
mostly) is higher than the failure strength of the
re-frozen materias, they cause the formation of
fine-grained cracks that extend to the depth of the
workpiece vertically. As stated above, using copper
oxide cutting nano-fluid due to its higher heat
transfer and anti-friction properties, leads to lower
generated recast layer thickness, lower created
thermal stresses on the recast layer, resulting in a
decrease in the density of the surface cracks. Figures
12 and 13, show the generated surface cracks on

machined surfaces in the case of using copper oxide
cutting nano-fluid and soluble oil as coolant and
lubricant. Also, according to Fig. 10 and 11, the
density of surface cracks is increased, relatively, by
increasing cutting speed and tool’s feed rate. The
density of surface cracks depends to the thickness of
the created recast layer, and its variation is similar to
the variation of recast layer thickness™. The thickness
of recast layer isincreased by increasing cutting speed
and tool’s feed rate, consequently, the density of the
surface cracks increases.

4 Conclusions

The results of this study showed that the use of
copper oxide cutting nano-fluid as coolant and
lubricant in the range of machining parameters of this
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research in different machining conditions of the AlS

o1

cold work tool steel, improves the surface

integrity of machined surface as follows:

(i)

(i)

(iii)

(iv)

v)

The use of copper oxide cutting nano-fluid as
compared with conventional cutting fluid
reduces machined surfaces roughness as
much as 18.5% in average at different
machining conditions.

The machined surface roughness is reduced
by increasing the cutting speed up to 50
m/min, but further increasing of cutting
speed, leads to higher machined surface
roughness due to the occurrence of the built
up edge on blade surface.

The machined surface roughness is increased
by increasing tool’'s feed rate, in all
machining conditions.

The use of copper oxide cutting nano-fluid as
coolant and lubricant leads to lower recast
layer thickness and density of surface cracks
on machined surfaces as compared with
conventional cutting fluid

The recast layer thickness and density of
surface cracks are increased by increasing
cutting speed and tool’ s feed rate.

References

1

AW

Neugebauer R, Drossel W, Wertheim R, Hochmuth C & Dix
M, Procedia CIRP, 1 (2012) 3.

Shokoohi Y, Khosrojerdi E & Shiadhi B H R, J Cleaner
Prod, 94 (2015) 330.

Bartz W J, Lubrication Eng Illinois, 57 (2001) 13.

Weinert K, Inasaki |, Sutherland J & Wakabayashi T, CIRP
Annals-Manuf Tech, 53 (2004) 511.

Yanl, Yuan S& LiuQ, ChinJMech Eng, 25 (2015) 419.

6
7

11
12
13
14
15
16

17
18

19
20
21
22
23

24
25

26

27

Khan A A & Ahmed M I, J Mat Proc Tech, 196 (2008) 149.
Bermingham M, Paanisamy S, Kent D & Dargusch M, J
Mat Proc Tech, 212 (2012) 752.

KrishnaPV & Rao D N, Int J Mach Tools Manuf, 48 (2008)
1131.

Wong K V & Castillo M J, Adv Mech Eng, 2 (2010) 1.
Shekarian E, Tarighaleslami A H & Khodaverdi F, J Middle
East Appl Sci Tech, 15 (2014) 776.

Li X, Zhu D, Wang X, Wang N, Gao J & Li H,
Thermochimica Acta, 469 (2008) 98.

Choi S, Zhang Z, Yu W, Lockwood F & Grulke E, Appl
Phys Let, 79 (2001) 2252.

Nasr M R J, Shekarian E, Tarighaleslami A H, Khodaverdi F
& Pourazar M B, Iran J Chem Eng, 80 (2015) 64.

Sodavadia K & Makwana A, Int J Adv Mech Eng, 4 (2014)
55.

Lawa S, Choudhury | & Nukman Y, Int J Mach Tools Man,
52 (2012) 1.

Sarhan A A D, Sayuti M & Hamidi M, Int J Adv Manuf
Technol, 63 (2012) 505.

VasuV & Reddy G PK, P | Mech Eng, 225 (2011) 3.

Sayuti M, Sarhan A A D, Tanaka T, Hamdi M & Saito Y, Int
J Adv Manuf Technol, 65 (2013) 1493.

NamJS, LeePH & Lee SW, Int J Mach Tools Manuf, 51
(2011) 649.

NamJS, LeePH & Lee SW, Int J Mach Tools Manuf, 51
(2011) 649.

Sayuti M, Erh O M, Sarhan A A & Hamdi M, J Clean Prod,
66 (2014) 655.

Sarafraz M M, Nikkhah V, & Arya A, Appl Therm Eng,
123 (2017) 29.

Nakhjavani M , Nikkhah V, Sarafraz M M, Shoja S&
Sarafraz M , Heat Mass Transf, 53 (2017) 3201.

Sarafraz M M & Hormozi F, Period Polytec, 58 (2014) 137.
Nikkhah V, Sarafraz M M & Hormozi F, Chem Biochem Eng
Q, 29 (2015) 405.

Sarafraz M M, Hormozi F, Peyghambarzadeh S M & Vaeli
N, J Appl Fluid Mech, 8 (2015) 651.

Sarafraz M M, Hormozi F, Silakhori M & Peyghambarzadeh
S M, Appl Thermal Eng, 95 (2016) 433.



