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Chapter

Kerosene-Water Multiphase Flow 
in Vertical and Inclined Pipes
Faik Hamad, Nadeem Ahmed Sheikh and Muzaffar Ali

Abstract

This chapter presents the volume fraction distribution of kerosene-water two-
phase flow in vertical and inclined pipes. The study of liquid-liquid two-phase flow 
is very significant to oil industry and many other processes in industry where two 
liquids are mixed and flow together. Pitot tube and optical probes are used for the 
measurement of velocity of water and volume fraction. The experimental measure-
ments of the local parameters demonstrate that the single-phase and two-phase 
flows reached the fully developed axisymmetric conditions at L/D ≥ 48 (L, pipe 
length; D, pipe diameter). The results also showed the severe asymmetry distribu-
tions of the volume fraction at the entrance region (L/D = 1) downstream the bend 
and in the inclined pipe. The comparison of volume fraction profiles with void 
fraction profiles indicated a significant difference in their shapes. The results also 
showed that the kerosene accumulated at the upper wall of the inclined pipe and the 
distribution improved by increasing the volumetric quality.

Keywords: volume fraction, kerosene-water two-phase flow, vertical and inclined 
pipes, optical probe, pitot tube

1. Introduction

Multiphase flows are important for the design of steam/water flow in steam 
generators, jet engines, condensers, extraction and distillation processes, gas and 
oil mixture in pipelines, and refrigeration systems. The mixture of two immiscible 
liquids is characterized by the existence of interfaces between the two fluids, associ-
ated with a discontinuity of properties across the interface. The single-phase flow 
is traditionally classified into laminar, transitional, and turbulent flows according 
to the flow Reynolds number. The two-phase flow in vertical pipe can be classified, 
according to the geometry of the interfaces.

The primary condition for all two-phase flows is specified by the volumetric 
quality β, which is defined as:

  β   =     
 Q  d  
 _ 

 Q  c   +  Q  d  
    (1)

where   Q  d    is the flow rate of the dispersed phase and   Q  c    is the flow rate of the 
continuous phase.

For a pipe of radius R, the corresponding (area averaged) superficial velocities 
are defined as:
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Continuous phase superficial velocity:

     ̄  U    cs     =     
 Q  c   _ 

π  R   2 
    (2)

Dispersed phase superficial velocity:

     ̄  U    ds     =     
 Q  d  

 _ 
π  R   2 

    (3)

For both gas-liquid and liquid-liquid flow systems, the continuous phase is 
usually water.

In spite of the large number of published work in multiphase flow area, the 
publication on using local probe measurements for liquid-liquid flow is very 
limited compared to the gas-liquid two-phase flow. The purpose of this chapter is to 
publish some data on volume fraction profiles for liquid-liquid flow in vertical and 
inclined pipes. The following data are presented in this chapter: (i) the void fraction 
distribution for gas-liquid two-phase flow in vertical pipe, (ii) the volume fraction 
distribution for flow development of kerosene-water flow in vertical pipe, and (iii) 
the volume fraction distribution for the fully developed kerosene-water flow in 
vertical and inclined pipes.

2. Void fraction/volume fraction definition

Most experimental results for the void fraction α (volume fraction for liquid-
liquid flow) have been obtained by a point sensor, which was used to discriminate in 
time between the two phases. Experimentally the void fraction α has been evaluated 
from the time record from such a probe as:

  α   =     
∑ Δ  t  d  

 _ 
T

    (4)

where  ∑ Δ  t  d    is the time the probe is located in the dispersed phase and T is the 
total sampling time used for record. It should be noticed that in many investiga-
tions, reference is made to the (average) void fraction    ̄  α  . The proper reference 
would have been the volumetric quality (β) obtained for gas-liquid systems by the 
quick closing valve method, X-ray or neutron techniques. For liquid-liquid systems, 
β can be obtained by measuring the two flow rates   Q  d    and   Q  c   .

Experimental studies of the phase distributions in concurrent two-phase upflow 
in vertical pipes present a complex picture that has not yet been systematically 
evaluated. The common flow patterns for vertical upward flow, in which both 
phases flow upwards in a circular tube, are shown in Figure 1. As the volume flow 
rate of gas increased for constant water flow rate, the flow patterns would vary. The 
following types of flow patterns can be found in vertical pipes:

i. Bubbly flow: bubbles of gas or liquid in a continuous liquid phase appear, 
and the size of the bubbles can be very small or large.

ii. Slug flow: in this type a bullet-shaped plug of gas is formed from many 
bubbles concentrated in one part to make larger bubbles, which approach the 
diameter of the pipe. The liquid phase is in continuous flow.

iii. Churn flow: braking down of large vapor bubbles in plug flows form the 
churn flow. This is a highly oscillatory flow, and there is tendency for each 
phase to be continuous with irregular interfaces.
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iv. Annular flow: the liquid forms a film around the wall of the tube. The gas 
phase flows in the centre.

3. Gas: liquid void fraction distribution in vertical pipes

A significant number of measurements have been made for upflow in vertical 
pipes. Several investigators, e.g. Malnes [2], Serizawa et al. [3], Michiyoshi and 
Serizawa [4], Wang et al. [5] and Liu and Bankoff [6], have observed the peaking 
phenomenon of the local void fraction near the wall as shown in Figure 2. Some 
investigators, such as Van der Welle [7], Moujaes and Dougall [8] and Johnson and 
White [9], have observed a maximum void fraction at the centreline as shown in 
Figure 3. Other researchers, such as Nakoryakov et al. [10], Spindler et al. [11] and 

Figure 1. 
Flow patterns in vertical upward flow in a pipe [1].

Figure 2. 
Void fraction distributions for air-water upflow in a pipe with a continuous phase mean velocity = 1.03 m/s, 
Z/D = 30. A–D are bubbly flow, and E and F are slug flow [3].



Advances in Microfluidic Technologies for Energy and Environmental Applications

4

Liu [12], observed both wall and centreline peaking void fraction distributions 
for two-phase flow. The actual void fraction distribution configurations have been 
found to depend on the initial conditions: bubble size and flow rates, physical 
properties of the fluids, and the test section condition geometry.

4. Liquid: liquid volume fraction

Compared to the large number of publications on gas-liquid flows, less work 
have been published on liquid-liquid flows.

Most of the papers on liquid-liquid mixture flow were published by research 
group at the University of Bradford ([13, 14]; Hamad et al. [15]; Hamad and Bruun 
[16]). Most of these papers focused on the development of optical techniques 
for kerosene-water upward flow in vertical pipes. However, Farrar and Bruun 
[13] highlighted the problem of the severe asymmetry, and the swirl generated 
upstream the inlet due the existence of 90o bend as part of the experimental 
facility.

Zhao et al. [17] used a double-sensor conductivity probe to measure the local oil 
phase fraction distribution for flow in a vertical pipe at L/D = 72. They found that 
the volume fraction profiles were uniform for β < 9.2% and changed into wall peak 
for β > 9.2%. The local oil phase fraction profiles at (a) constant water flow rate 
(Jw = 0.33 m/s) and (b) constant oil flow rate (Jo = 0.066 m/s) are given in Figure 4.

A comprehensive experimental data on kerosene-water two-phase flow were 
published by Hamad et al. [18, 19] and Hamad et al. [20] in vertical and inclined 
pipes. A summary of the results from each paper is given in the following sections.

4.1 Development of kerosene-water flow in vertical pipe

Hamad et al. [18] studied the flow development in a vertical pipe of 77.8 mm 
inner diameter and 4500 mm length downstream of a 90o bend experimentally 
at L/D = 1, 16, 38 and 54 using the experimental facility in Figure 5. Single-phase 
(water) flow measurements were made to check the establishment of fully devel-
oped symmetrical flow conditions. Figure 6 shows the radial distribution of axial 
velocity in the plane parallel to the bend at different L/D ratios. Two values of     ̄  U    ws    

Figure 3. 
Void fraction distributions for air-water upflow in a pipe with different flow rates, Z/D = 42.5. A–D are 
bubbly flow, and E and F are transitional flow [9].
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are used (0.44 m/s (Re = 33,800) and 0.77 m/s (Re = 60,000)). The results show 
that water velocity distributions become fully developed at L/D > 48. The empirical 
power law velocity distribution given in Eq. (5) for single-phase turbulent flow  
[21, 22] was also included in Figure 6 to confirm the accuracy of the measurements:

    ̄  U     =      ̄  U    cl     (1 − r / R)    1/n   (5)

Then, the kerosene was introduced to perform volume fraction measurements 
using optical probe [14] at four different axial positions at L/D = 1, 16, 38 and 54 
downstream of the pipe bend. Three different flow conditions are considered: 
Case 1: water superficial velocity,     ̄  U    ws    = 0.44 m/s, and volumetric quality, β = 9.2%; 
Case 2:     ̄  U    ws    = 0.44 m/s and β = 18.6% and one high     ̄  U    ws    condition; and Case 3:     ̄  U    ws    = 
0.77 m/s and β = 18.6%. For Case 1, the axisymmetric distribution is very poor at 
L/D = 1 (Figure 7(a)) with high volume fraction values of 20% near the inner side 
of the bend to the lower value near the outer wall of the bend of 4%. For Case 2, 
increasing β to 18.6% for the same     ̄  U    ws    (Figure 7(a)) improves the axisymmetric 
distribution across the pipe. For Case 3, the axisymmetric distribution improved 

Figure 4. 
Oil volume fraction profiles at (a) constant water flow rate (Jw = 0.33 m/s) and (b) constant oil flow rate 
(Jo = 0.066 m/s) [17].

Figure 5. 
Schematic diagram of two-phase flow experimental facility [18].
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Figure 7. 
Volume fraction distributions at different (a) L/D for     ̄  U    ws    = 0.44 m/s and β = 9.2% (solid symbols) and 
18.6% (open symbols) [18], (b) L/D for     ̄  U    ws    = 0.77 m/s and β = 18.6% [18].

Figure 6. 
Local single-phase velocity distribution at different L/D ratios for average water velocity = 0.44 m/s (solid 
symbols) and 0.77 m/s (open symbols). The power law velocity distribution (solid line) is also included [18].
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further by increasing     ̄  U    ws    for the same β (Figure 7(b)). The main conclusion is 
that the axisymmetric becomes better for higher β and     ̄  U    ws   . The change in volume 
fraction distribution may be attributed to the improvement of the mixing process 
of the kerosene with water which acts against the effect of the buoyancy force and 
the centrifugal force at the outlet of the bend. However, the distribution becomes 
nearly symmetrical at L/D = 16. There appear to be no significant differences 
between the distributions at L/D = 38 and 54, which suggests that fully developed, 
symmetrical condition was achieved.

4.2 Fully developed flow of kerosene-water flow in vertical pipe

Hamad et al. [19] studied the flow of kerosene-water upward flow in a vertical 
pipe at (L/D = 54) using optical probes. The effects of     ̄  U    ws    and β on radial volume 
fraction distribution [α(r)] of two-phase flow parameters were investigated.

The local volume fraction is calculated from the output of the leading sensor 
of the dual optical probe by determining the average drop residence time using 
the procedure described in Hamad et al. [14]. Comprehensive measurements 

Figure 8. 
Volume fraction profiles for different (a)     ̄  U    ws    and β = 4.6, 9.2 and 18.6% [19], (b)     ̄  U    ws    and β = 28.2, 38 and 
47% [19].
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of α(r) were performed for a number of β values in the range of 4.6–47% and 
constant     ̄  U    ws    of 0.29, 0.44, 0.59, 0.69 and 0.77 m/s. The α(r) profiles have 
been plotted together for various values of     ̄  U    ws    for each value of β as shown in 
Figure 8(a) and (b).

Figure 9. 
The effect of pipe inclination on volume fraction distribution (a) (Usw = 0.29 m/s, β = 9.2%) [20], (b) 
(Usw = 0.29 m/s, β = 18.6%) [20]. (c) the α(r) distribution from Vigneaux et al. [24].
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As the α(r) profile primarily reflects the kerosene content in the mixture flow, it 
follows that the related α(r) profile sets for β = 4.6%, 9.2%, 18.6%, 28.2%, 38% and 
47% are centred around these values. The graphs also show distinct variations, both 
within each β group and between groups with different β values.

The results from Figure 8(a) and (b) show that increasing     ̄  U    ws    with low β 
(<20%) will change the α(r) profiles from convex shape with peak at the pipe 
centreline to flat shape and then to concave shape with peak near the wall. For 
moderate β (20–40%), the α(r) profiles have a concave shape for different     ̄  U    ws    with 
peak near the wall which has high values for higher     ̄  U    ws   . In the case of β ≈ 50%, the 
α(r) profile shapes are flat for the two cases in Figure 8(b).

The α(r) profiles from centreline which peaked to uniform to wall peaked and 
then to uniform can be attributed to the change in lift force due to the change in 
drop diameter, slip velocity and radial velocity distribution of both phases. The 
present finding is supported by the results for liquid-liquid flows from Zhao et al. 
[17] and Hua et al. [23] for the same range of     ̄  U    ws    and β.

4.3 Kerosene-water flow in inclined pipe

Hamad et al. [20] used an optical probe to study the kerosene-water flow 
inclined at 5o and 30o from vertical at L/D = 54. The volume fraction was measured 
for     ̄  U    ws    = 0.29 m/s and β = 9.2% and 18.6%.

Figure 9(a) shows the radial  α (r)   distributions of the volume fraction, α(r) for 0o, 
5o and 30o inclination angles at     ̄  U    ws    of 0.29 m/s and two values of β = 9.2 and 18.6%.

The results in Figure 9(a) and (b) show that the inclination has a significant 
influence on the distribution of α(r). The kerosene drops were separated from the 
water accumulated at the upper zone of the pipe due to the gravity effect. The effect 
of increasing β in an inclined pipe leads to dispersion of the drops to the lower zone 
of the pipe due to the recirculation cells of the moving droplet swarms.

The present results are supported by the findings reported by Vigneaux et al. [24] 
and Flores et al. [25]. Figure 9(c) presents the two sets of experimental data reported 
by Vigneaux et al. [24] in a pipe inclined at 15o from vertical. In the first case, 
β = 23%, and Usw = 0.27 m/s, and in the second case, β = 40%, and Usw = 0.21 m/s.

5. Conclusion

The results on void fraction profiles from literature show the complexity of the 
flow behaviour. It is reflected in different types of profiles due to the local interac-
tion between the bubbles and the continuous phase. This may be attributed to the 
various forces at interface between the phases including drag, lift and virtual force 
as well as the size of bubbles and compressibility effect. In contrast, the volume 
fraction profiles for liquid-liquid two-phase flow have similar shapes. This behav-
iour may be attributed to smaller drops, smaller density ratio, smaller slip velocity 
and the incompressible nature of the liquids.

The results show that fully developed condition for liquid-liquid flow can be 
achieved at lower L/D compared to gas-liquid flow. This is due to incompressible 
nature of liquid drops which have the same volume compared to the gas bubbles 
which expand continuously due to the pressure drop in flow direction.
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Heat Transfer and Fluid 
Flow Investigations in PDMS 
Microchannel Heat Sinks 
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Abstract

Polydimethylsiloxane (PDMS), due to its remarkable properties such as optical 
transparency and ability to easily mold, is one of the most popular polymers used in 
micro- and nanofluidics. Furthermore, 3D printing technology due to its low cost 
and simplicity is also gaining a great interest among the microfluidic community. 
In this work, the potential of 3D printing is shown to produce microfluidic devices, 
their ability for studying flows and heat transfer of nanofluids, and their applica-
bility as a heat sink device. The low-cost fused deposition modeling 3D printing 
technique was combined with a PDMS casting technique for the microfluidic device 
fabrication. The potential of this technique was experimentally demonstrated by 
fluid flow and heat transfer investigations using different fluids, such as distilled 
water-, alumina (Al2O3)-, and iron oxide (Fe3O4)-based nanofluids. The simplic-
ity, low-cost, and unique features of the proposed heat sink device may provide a 
promising way to investigate nanofluids’ flow and heat transfer phenomena that are 
not possible to be studied by the current traditional systems.

Keywords: microfluidics, 3D printing, microchannel heat sinks, nanofluids,  
heat transfer, electronics cooling

1. Introduction

The continuous investigation on strategies for size reduction while maintaining, 
or even increasing, power of technological devices demands cooling systems with 
higher thermal efficiency and smaller sizes. One approach relied on the modifica-
tion of heat sinks by incorporating microchannels to increase the heat exchange 
surface. Despite being a well-adopted strategy, its complex configurations proved 
to be difficult to manufacture [1, 2]. Other strategies focused on the type of the 
used fluids for the cooling process. Dielectric fluids [1, 3], two-phase fluids [3, 4], 
and nanofluids (NFs) [5–8] have been thoroughly investigated. Among these three, 
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the nanofluids, which are fluids comprised of particles, with size ranging from 1 
to 100 nm, suspended in a base fluid, have been reported as presenting a better 
thermal conductivity than the base fluid [8, 9]. Nevertheless, some challenges 
regarding their usage, such as agglomeration, long-term stability, and high-costs, 
still need further investigation [8, 10–12]. The most commonly used nanoparticles 
(NPs) for NFs are metallic, such as Cu, Ag, Au, and Fe, or non-metallic such as 
Al2O3, CuO, TiO2 SiC, and carbon nanotubes. Many authors reported that the heat 
transfer of NFs is influenced by several factors such as shape, dimensions, volume 
fractions in the suspensions, and the thermal properties of the particle materials 
[11, 13, 14]. Therefore, enhancement in heat transfer was also reported, but only for 
small concentrations of NPs [8, 9].

Abareshi et al. [15] have evaluated the thermal conductivity of nanofluids with 
different volume fractions of Fe3O4 NPs, at different temperatures. The thermal 
conductivity was reported to increase up to 11.5% for a volume fraction of 3 vol% 
at 40°C. Xia et al. [16] have investigated the heat transfer coefficient of nanofluids 
using TiO2 and Al2O3 NPs, with different volume fractions. For a volume fraction 
of 1%, the heat transfer coefficient was significantly increased for both nanofluids, 
compared with deionized water. Gavili et al. [17] have studied the thermal con-
ductivity of ferrofluids with Fe3O4 particles of approximately 10 nm in diameter, 
suspended in deionized water. With the application of a magnetic field, the thermal 
conductivity was increased up to 200% for a 5% volume fraction. Kim et al. [18] 
have investigated the thermal conductivity of alumina- and distilled water-based 
nanofluids, with concentrations of 0.5, 1, and 2 wt%. The conductivity was found 
to increase with the increasing of the NPs concentration. Al-Rjoub et al. [19] have 
tested four cooling liquids: deionized water; distilled water; borax buffer; and Al2O3 
NPs solution, on a microscale heat exchanger. It was found that the deionized water 
has presented the lowest heat removal capacity, while the Al2O3 solution showed the 
highest capacity, corresponding to about 69% increase.

The majority of microchannel heat sink devices that can be found in literature were 
fabricated in silicon, due to its thermal conductivity. However, the fabrication process 
of those devices can be laborious and needs extremely expensive facilities. Novel, 
fast, and low-cost fabrication techniques have been developed by means of different 
kinds of polymers [20–22]. PDMS is a silicone elastomer with a set of properties that 
make it suitable for many applications and is a popular choice for microfluidic devices 
fabrication [21, 22]. Besides being cheaper than the monocrystalline silicon, it presents 
a low elasticity change versus temperature, high thermal stability, chemical inertness, 
dielectric stability, shear stability, high compressibility, and hyperelasticity [23–27]. 
Moreover, it is non-toxic and biocompatible [25, 27–29]. PDMS devices can be manu-
factured by simple techniques at room temperature, such as replica molding.

The 3D printers are gaining an increased attention by both academic and 
industrial community to produce microdevices and models at an extremely low 
cost. Some successful applications can already be found in lab-on-a-chip tools [30], 
microfluidics [31, 32], and biomedical in vitro devices [27, 32–34]. There are differ-
ent kinds of printing methods such as the Fused Deposition Modeling (FDM) and 
stereolithography [32]. Among those methods, the most popular, simple method 
with the lowest cost is the FDM technology [32]. For this reason, the FDM process 
was combined with a PDMS casting technique to produce a PDMS microfluidic 
device. Hence, the main objective of this work is to show the potential of a FDM 3D 
printer to produce microfluidic devices and their potential to be used to perform 
flows and heat transfer studies of nanofluids. To demonstrate the potential of this 
technique, fluid flow and heat transfer studies were performed by using different 
fluids such as distilled water-, alumina (  Al  2    O  3   )-, and iron oxide (  Fe  3    O  4   )-based 
nanofluids with concentrations of 1 and 2.5%.
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2. Materials and methods

This section describes the experimental protocol to develop the nanofluids and the 
fabrication process to produce the heat sinks, as well as the used experimental setup.

2.1 Nanoparticles preparation

Two different types of NPs were used on the flow and heat experiments: alumina 
oxide (  Al  2    O  3   ) NPs acquired from Sigma Aldrich (ref. 702,129, Sigma Aldrich) and 
iron oxide (  Fe  3    O  4   ) NPs synthesized on our laboratory by co-precipitation. This last 
method allows to produce magnetic iron oxide NPs in a cost-effective way and is 
appropriate for mass production. The   Al  2    O  3    NPs had a size inferior to 50 nm, while 
the synthesized   Fe  3    O  4    NPs had an average size of 11 ± 2 nm.

The co-precipitation was initiated with the preparation of the precipitation 
agent by adding 0.01 g of cetrimonium bromide (CTAB), diluted in 3 mL of 
distilled water, to 20 mL of ammonium hydroxide ( N  H  4   OH ). Hereinafter, a ferrous 
solution was prepared by diluting 7.78 g of iron(III) chloride ( Fe  Cl  3   ) and 4.06 g 
of iron(II) chloride ( Fe  Cl  2   ) in 20 mL of distilled water, in an ultrasonic bath. The 
solution was subsequently mechanically stirred at, approximately, 1500 rpm. The 
precipitation solution was then added, dropwise, to the ferrous solution under 
stirring, on a laminar flow cabinet. The co-precipitation occurred according to the 
following equation:

    Fe  Cl  2   . 4  H  2    O   (l)    + 2Fe  Cl  3   . 6  H  2    O   (l)    + 8N  H  4     (OH)    (aq)     
                                     =  Fe  3     O  4     (s)    + 8N  H  4    Cl   (aq)    + 20  H  2    O   (l)     (1)

To conclude the process, the NPs were washed several times with distilled water 
with the assistance of a strong magnet.

Figure 1 shows the synthesized NPs and the representative transmission elec-
tron microscopy (TEM) image. A detailed description of this process can be found 
at Cardoso et al. [35].

Despite the TEM images show the aggregates of   Fe  3    O  4    NPs, in the NF, they were 
stable and non-aggregated for a period of time after 10 min of ultrasonic bath.

The NPs show a normalized magnetization of ~69 emu.g 1 at ~10 kOe, which 
corresponds to the saturation magnetization, and also show a superparamagnetic 
behavior with an extremely low coercivity of 1.6 Oe [35–37].

Figure 1. 
Magnetic iron oxide NPs and representative TEM image, adapted from [35, 36].



Advances in Microfluidic Technologies for Energy and Environmental Applications

4

2.2 Fabrication of the heat sink microchannel

The heat sink microchannel device was produced based on a scaffold-removal 
technique [25]. First, the molds were drawn by using the Autodesk Inventor® 
software and then printed at the FDM 3D printer Ultimaker 2+ (Ultimaker, 
Netherlands). The first mold was printed with acrylonitrile butadiene styrene 
(ABS), whereas the second one was printed with polylactic acid (PLA). The fabrica-
tion of the molds was performed with a nozzle with a diameter of 0.4 mm, whereas 
the layer resolution was about 100 μm. The main dimensions of the ABS master 
mold can be found in Figure 2.

Once the 3D models were printed, PDMS was prepared by adding a PDMS cur-
ing agent into the pre-polymer with a mixing ratio of 1:10. The PDMS was poured 
onto the PLA mold with the ABS master mold inside it. Once the PLA mold was 
filled with PDMS, the elastomer was cured at room temperature for about 1 day. 
Finally, the PDMS was removed from the PLA mold and immersed in an acetone 
bath to remove the ABS for approximately 24 h. Figure 3 shows the schematic dia-
gram of all the main steps to produce the PDMS heat sink device. The overall cost to 
fabricate the PDMS heat sink device is about 3.8 €. This cost includes the printing of 
the ABS master mold (∼1 €) and PDMS casting process (∼2.8 €).

Notice that after the PDMS curing process, small holes were made below the 
inlet and outlet to insert the thermocouples (type K). Figure 4 shows the PDMS 
heat sink microfluidic device used in the flow and heat experiments.

2.3 Experimental procedures

The PDMS heat sink was placed on top of a hot plate controlled by a 9400- 
temperature controller (CAL Controls). The temperature of the plate was set 
to 60°C, whereas the flow rate of the fluids was controlled by a syringe pump 
(Harvard) connected to the inlet of the heat sink. The temperature at the entrance 
and exit of the device was acquired through a data acquisition instrument con-
nected to the thermocouples of the device. Wood and polystyrene blocks were used 
to minimize the heat losses. Figure 5 shows a schematic diagram of the experi-
mental setup. The flow of the   Fe  3    O  4    nanofluid was analyzed by optical microscopy 
at a flow rate of 10 μL/min. Note that the temperature measurements presented 

Figure 2. 
Schematic representation of the main dimensions of the ABS master mold.
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an uncertainty of ±1°C. The thermographic studies were performed with distilled 
water at a flow rate of 1, 5, 7.5, 10, and 15 mL/min and a thermographic camera 
Onca-MWIR-InSb (Xenics Infrared Solutions). The setup and calibration proce-
dures of the camera were performed as in Teodori et al. [38]. Images, with a resolu-
tion of 150px × 150px, were taken with a frame rate of 1000 fps.

To evaluate the influence of the nanofluids properties in the heat sink microfluid 
device, the tests were performed using distilled water,   Fe  3    O  4    at a concentration of 1 
and 2.5%, and   Al  2    O  3    at the same concentrations. All the fluids were set to a flow rate 
of 1 up to 30 mL/min.

2.4 Heat transfer calculations

The properties of the nanofluids were obtained taken into account fundamental 
equations described on previous studies [39, 40]. The thermal conductivity of the 

Figure 3. 
Schematic representation of main steps to fabricate the PDMS heat sink.

Figure 4. 
PDMS heat sink microfluidic device with the inserted thermocouples.
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nanofluid was obtained according to the Maxwell model described by the following 
Equation [39, 40]:

   K  nf   =  K  bf   (  
 K  p   + 2  K  bf   + 2φ ( K  p   −  K  bf  ) 

  __________________  
 K  p   + 2  K  bf   − 2φ ( K  p   −  K  bf  ) 

  ) ,  (2)

where   K  nf    is the nanofluid thermal conductivity,   K  p    is the NPs thermal conduc-
tivity,   K  bf    is the base fluid thermal conductivity, and φ is the NPs concentration.

The nanofluid density and heat capacity were calculated through the weighted 
average of the individual properties of both the NPs and base fluid. The first is 
expressed by Eq. (3) [14, 41] and the latter by Eq. (4) [11, 14].

   ρ  nf   =  ρ  p   φ +  ρ  bf   (1 − φ) ,  (3)

   c   p  nf     = φ  ρ  p    c   p  np     +  (1 − φ)   ρ  fb    c   p  bf       (4)

In the abovementioned equations,   ρ  nf    represents the nanofluid density,   ρ  p    the 
particle density,   ρ  bf    the base fluid density, and   c   p  np      and   c   p  bf      the specific heat capacity 
of the NPs and of the base fluid, respectively.

The nanofluid viscosity was determined through the equation proposed by 
Batchelor [42]:

    μ  nf   =  (1 + 2.5φ + 6.2  φ   2 )   μ  fb   ,  0 < φ < 10%                      [5]

where   μ  nf    is the nanofluid viscosity and   μ  fb    the base fluid viscosity. This equation 
brings in a quadratic dependence with the volume fraction, which provides a better 
representation of the interaction between the particles on the fluid.

Within the microfluidic device, the heat transfer will occur by convection inside 
the microchannels and by conduction in the walls between them. Consequently, the 
mathematical approach that better allowed the evaluation of the heat transfer was 
described by Ma et al. [10]. The convection heat transfer coefficient was calculated 
by iterations using the following equations:

  h =   Q
 ___________________  

N ( A  b   + 2η  A  l  )  ( T  b   −  T  avgf  ) 
  ,  (5)

Figure 5. 
Schematic representation of the experimental setup.
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   m  i   =  √ 
_

   2  h  i−1   _ 
 k  PDMS   .  w  p  

    ,  (6)

   η  i   =   th ( m  i    z  c  )  _  m  i    z  c    ,  (7)

where   A  b    represents the area of microchannel bottom,   A  l    the area of microchan-
nel sidewall,   T  avgf    the average temperature of the fluid,  η  the fin efficiency,   w  p    the 
average width of fin, and   z  c    the height of the channel. The main dimensions of 
the heat sink are illustrated in Figure 2. The heat transfer rate,  Q  , represents the 
amount of heat energy taken by the fluid when it flows through the channels and is 
given by Eq. (9). This parameter was obtained for each mass flow rate,   m ̇   , after the 
temperature at the inlet,   T  in   , and at the outlet,   T  out   , were measured.

  Q = q  ρ  f    c  pf   ( T  out   −  T  in  ) ,  (8)

where  q ,   c   p  f     , and   ρ  f    is the volume flow rate, specific heat capacity, and density of 
the working fluid, respectively.

3. Results and discussion

In this section, the obtained results are presented and discussed. The tempera-
ture measurements and the known properties of the materials were used to calcu-
late the parameters described on the previous section. Using those parameters, the 
influence of the environment conditions and of the fluid properties in heat transfer 
was analyzed.

3.1 Influence of the nanofluid properties

As described previously, the prepared nanofluids with iron oxide (  Fe  3    O  4   ) and 
alumina (  Al  2    O  3   ) NPs were used to verify the thermal properties influence of the 
nanofluids in the heat transfer performance of the developed PDMS heat sink device.

Figure 6 shows the temperature difference between the inlet and the outlet 
as the tested nanofluids flow through the proposed PDMS heat sink. Overall, it is 
possible to conclude that both tested nanofluids present a bigger temperature dif-
ference between the inlet and the outlet in comparison with distilled water. Hence, 
these measurements indicate that the amount of heat energy absorbed by both 
nanofluids was bigger than that absorbed by the distilled water. In addition, the 
amount of heat absorbed by the nanofluids was found to be bigger for smaller flow 
rates, as shown in Figure 6. These results corroborate the measurements performed 
by Chein and Chuang [43], where they have investigated the heat performance of 
nanofluids with CuO NPs in a microchannel heat sink. These results also show that 
the flow rate affects the amount of heat absorbed by the nanofluids.

In Figure 7, an increase of the convective heat transfer coefficient was regis-
tered on both nanofluids, in comparison to the base fluid. The increase was more 
pronounced for the alumina nanofluid due to the greater stability of the nanofluid 
and bigger thermal conductivity of these kind of NPs [6]. By increasing the convec-
tive heat transfer coefficient, an increase of the heat transfer rate is expected. In 
Figure 8, it is possible to observe an increase in the heat transfer rate for both tested 
nanofluids in comparison with distilled water. From these results, it is also possible 
to conclude that for both nanofluids, the convective heat transfer coefficient and 
heat transfer rate increase with the flow rate, which agrees with the results obtained 
by Wen and Ding [44].
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Figure 7. 
Convective heat transfer coefficient of distilled water, alumina, and iron oxide nanofluids as the function of the 
flow rate.

Figure 9 compares the convective heat transfer coefficient for two different con-
centrations of NPs, i.e., 1 and 2.5% of both   Fe  3    O  4    and   Al  2    O  3   . From a macroscopic 
view, it was noted a better dispersion for the nanofluids containing 1% of NPs. In 
addition, by increasing the concentration, the heat transfer was not enhanced. In 
fact, it was noted a decrease of the convective heat transfer coefficient when the 
concentration of NPs was increased to 2.5%. Although these results are somewhat 

Figure 6. 
Temperature difference between the inlet and the outlet for the tested nanofluids at the proposed PDMS heat 
sink microfluidic device.
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paradoxical, other researchers, such as Wen and Ding [45] and Putra et al. [46], 
have reported similar results. The main possible reasons for the seen heat transfer 
deterioration include both the aggregation and sedimentation of the NPs. However, 
the possible reasons and mechanism attributed to such phenomena require further 
research. Currently, our group is carrying out both experimental and numerical 
work to identify the exact causes for such phenomena.

3.2 Optical and thermal imaging analyses

The biggest advantage of the developed PDMS heat sink device is the ability to 
visualize the flow phenomena happening inside the microchannels. By using a high-
speed video microscopy system, it was possible to visualize several flow phenomena 
of the nanofluids such as the formation, growing, and breakdown of NPs clusters 
(see Figure 10). From these observations, it was concluded that one of the main 
causes for the formation of the clusters was the high roughness of the PDMS surface 

Figure 8. 
Heat transfer rate of distilled water, alumina, and iron oxide nanofluids as the function of the flow rate.

Figure 9. 
Convective heat transfer coefficient of nanofluids as the function of the flow rate, for two different 
concentrations of alumina and iron oxide NPs.
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channels (Figure 11). This verified roughness was caused by the ABS master mold 
fabricated by the FDM 3D printer. In order to improve the surface roughness, the 
ABS master molds should undergo an acetone vapor treatment before performing 
the PDMS casting procedure. More detailed information about this method can be 
found elsewhere [27].

Another interesting advantage of this PDMS microfluidic device is the ability to 
visualize both the flow and thermal performance of the system by using a thermo-
graphic camera, as shown in Figure 12. Notice that the temperatures acquired were 
from the surface of the heat sink device and not directly from the working fluid 
flowing in the microchannels. In fact, PDMS is transparent to visible radiation but 
partially opaque to the infrared (IR) radiation. Hence, to obtain the temperatures 
more closely related to the working fluids flowing through the microchannels, 
the thickness of the upper walls should be reduced in future experiments. A very 
interesting observation was the ability to detect bubbles that are likely to happen 
in microfluidic devices. In Figure 13, it is possible to visualize a bubble within the 
microchannel and the thermal performance of the heat sink device.

3.3 Limitations and future directions

In this study, a microchannel device was successfully manufactured and used 
in microfluidic essays. Nevertheless, some limitations arose throughout the work. 
Despite the advantages of using PDMS, some properties of the material, such as 

Figure 11. 
Optical image of the surface roughness of the heat sink device used in this study.

Figure 10. 
Optical images of the formation, growing, and breakdown of a cluster of NPs.
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the low conductivity and partial opacity to the infrared (IR) radiation, were not 
favorable for the experiments. Also, the walls of the heat sink were rough due to the 
ABS master mold used in the fabrication technique, and the thickness should be 
reduced. The stability of the nanofluids has yet to be optimized since the deposition 
of NPs was detected on the heat sink walls. Future works will aim to improve of 
those limitations.

4. Conclusion

The main objective of this work was to show the potential of a PDMS heat 
sink microfluidic device to perform flows and heat transfer studies of nanofluids. 
The PDMS heat sink device was produced by using the FDM 3D printing process, 
combined with a PDMS casting technique. This fabrication process allowed to 
manufacture devices in an easy, low-cost, and reasonable reproductively way. To 
demonstrate the potential of the produced PDMS heat sink device, fluid flow and 
heat transfer studies were performed by using two different nanofluids, i.e., alumina 
(  Al  2    O  3   )- and iron oxide (  Fe  3    O  4   )-based nanofluids with concentrations of 1 and 
2.5%. Overall, it was found that the thermal performance of the working nanofluids 

Figure 12. 
Temperature gradient analyzed through the thermographic camera at three different instants: t = 0 s; t = 60 s, 
and t = 120 s.

Figure 13. 
Formation of a bubble at the entrance of the microchannels, which affects the thermal performance of the 
microfluidic device.



Advances in Microfluidic Technologies for Energy and Environmental Applications

12

is in good agreement with several past studies. For instance, it was noted that the 
heat energy absorbed by both nanofluids was higher than that absorbed by the 
distilled water. In addition, it was found that the flow rate affects the amount of heat 
absorbed by the nanofluids. However, the most interesting and unique results were 
the optical and thermal imaging results. These results were only possible due to the 
optical transparency of the PDMS heat sink device. Hence, by using this device, 
it was possible to visualize several flow phenomena of the nanofluids such as the 
formation, growing, and breakdown of NPs clusters. From these latter observations, 
it was possible to conclude that one of the main causes for the formation of the 
clusters was the high roughness of the PDMS surface channels caused by the surface 
roughness of the ABS master mold fabricated by the FDM 3D printer. This drawback 
can be overcome by performing an acetone vapor treatment before performing 
the PDMS casting. Overall, the simplicity, low-cost, and unique features of the 
proposed PDMS heat sink microfluidic device may prove a viable alternative tool to 
investigate nanofluids flow and heat transfer phenomena that are not possible to be 
performed by the current traditional systems.

Acknowledgements

This work was supported by Fundação para a Ciência e a Tecnologia (FCT) 
under the strategic grants UID/EMS/04077/2019, UID/EEA/04436/2019, and UID/
EMS/00532/2019. The authors are also grateful for the funding of FCT through 
the projects POCI-01-0145-FEDER-016861, POCI-01-0145-FEDER-028159, 
NORTE-01-0145-FEDER-029394, and NORTE-01-0145-FEDER-030171, funded 
by COMPETE2020, NORTE2020, PORTUGAL2020, and FEDER. The authors 
also acknowledge FCT for partially financing the research under the framework 
of the project UTAP-EXPL/CTE/0064/2017, financiado no âmbito do Projeto 
5665-Parcerias Internacionais de Ciência e Tecnologia, UT Austin Programme. Ana 
S. Moita also acknowledges FCT for her contract int the context of the recruitment 
programme FCT Investigator (IF/00810/2015) and exploratory project associated 
with it.

Conflict of interest

The authors declare no conflict of interest.

Nomenclature

A area
cp heat capacity
h convection heat transfer coefficient
K thermal conductivity
N number of microchannels
q volume flow rate
Q heat rate
R resistance
Rt thermic resistance
T temperature
wp average width of fin
zc height of the channel
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Greek symbols

η fin efficiency
μ viscosity
φ nanoparticle concentration
ρ density

Subscript

b microchannel bottom
bf base fluid
ext. exterior
f fluid
in inlet
l microchannel sidewall
nf nanofluid
out outlet
p nanoparticles
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Application of Nanofluids in MQL 
and MQCL for Sustainable Cutting 
Processes
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Abstract

Recently, there has been growing attention to nanofluids, especially in industry. 
More and more people nowadays see nanoparticle applications in various fields such 
as automotive, agriculture, medicine, machining, and so on. The addition of differ-
ent nanoparticles to fluids has shown enormous advantages, particularly for improv-
ing the efficiency and therefore lowering the energy consumption of processes for 
addressing a wide range of global challenges related with energy and environmental 
problems. Nanoparticles are of great scientific interest as they are in that nanofluid 
with unusual effects, and ultra-small sizes will be a new area for researchers and 
definitely offer novel mechanisms and technologies in the future. In this chapter, the 
authors will mainly present the characteristics as well as latest advances in applica-
tions of nanofluids in machining practices. Nanoparticle additives contribute to 
reduce friction coefficient, lower the energy consumption, and significantly extend 
tool life by lowering thermal stress, from which the surface quality of manufactured 
parts improves. Moreover, the nanoparticle application in some of the green tech-
nologies as MQL and MQCL using vegetable oils not only brings out superior cooling 
and lubricating properties and minimizes the use of cutting fluids, but also creates 
new solutions for machining, especially for difficult-to-cut materials.

Keywords: nanoparticles, nanofluid, sustainable cutting, MQL, MQCL,  
hard machining, vegetable oil, metal cutting

1. Introduction

Climate change has become the most growing concern of people around the 
world. The rapid increase of population consequently leads to the use of more 
natural resources and giving out of more waste. The pollution in air, water, and food 
causes many serious human diseases. Accordingly, environmental laws are continu-
ously tightening up to protect our Earth. Being a part of the production chain, 
manufacturing engineers are demanded not only to produce the products to meet 
the growing demand for higher quality and productivity but also to be responsible 
for achieving the sustainability in manufacturing. In metal cutting industries, the 
used cutting fluids after using for cooling and lubricating the contact zone con-
tribute the largest amount of disposal (around 30%), which finally ends up as the 
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contamination in the rivers leading to the water pollution [1]. Therefore, it is neces-
sary to find the solutions to reduce or eliminate the usage of coolants. Over some last 
decades, there were numerous studies concerning the reduction of coolant usage in 
machining, and dry cutting processes, the truly environmental-friendly method, 
had drawn most attention and brought out the obvious cost benefits derived from 
the elimination and treatment of cutting fluids. However, the selection of the proper 
cutting tools or inserts plays a very important role to ensure the proper tool life and 
high precision and accuracy of machined parts [2], and it also causes a strong influ-
ence on technological and economic characteristics. Recently, to meet the continu-
ously increasing demand for cutting difficult-to-cut materials having high-graded 
mechanical properties and high hardness, the tools with geometrically defined cut-
ting edges are directly used for machining the heat-treated materials, with the typi-
cal hardness of 45–70 HRC [3]. These processes are called hard machining, which 
has become the research trend in mechanical applications due to high productivity 
and accuracy. Up to now, people have seen hard machining more in metal cutting 
field, and therefore many of traditional grinding processes have been replaced. The 
new approach not only provides the alternative solution for cutting hard materials 
but also improves the cutting performance, significantly reduces coolant usage, and 
has low machine tool investment. On the other hand, the thermal shock caused by 
the use of cutting fluids must be seriously considered to avoid the insert breakage, 
so the flood cooling is not usually used for hard machining processes, especially for 
interrupted cutting. Furthermore, the enormous heat and high forces arising from 
cutting zone are the most challenging problems of hard cutting processes, which 
always demand the appropriate uses of high-graded cutting tools like coated carbide,  
ceramic, polycrystalline cubic boron nitride (PCBN), and diamond inserts [2, 4, 5]. 
Accordingly, minimum quantity lubrication (MQL) technique was proposed and 
proven to use and exhibited the promising results in some last decades [1, 6, 7]. 
The cutting fluids in forms of oil mist are directly sprayed to cutting zone, so the 
lubricating effect is very high to decrease the friction coefficient, from which 
cutting forces, cutting temperature, and tool wear reduce significantly, and tool life 
is extended. Interestingly, the minimal use of cutting fluid makes MQL an environ-
mental friendly technique, and the vegetable oils can be used for hard cutting, which 
contributes to protect environment [8]. The main drawback of MQL method is the 
low cooling effect, which limits the applicability and cutting performance of hard 
machining [9, 10]. In order to develop MQL technique, there have been many studies 
proposing the very promising solutions to enhance the cooling performance, which 
includes MQL using nanofluids, minimum quantity cooling lubrication (MQCL), 
and MQCL using nano additives. In this chapter, the authors mainly discuss the 
latest studies on those up-to-date techniques used in hard machining processes.

This chapter is divided into five sections. Section 1 of the chapter provides the 
literature review of new development of MQL and MQCL technology using nano-
fluids for sustainable cutting processes. Section 2 is dedicated to hard machining 
under MQL condition using nanofluid. Section 3 describes the application of MQCL 
condition based on the new approach for hard cutting processes. Section 4 contains 
the latest advances on the utilization of nano additives for improving MQCL hard 
machining performance. Finally, Section 5 draws out the conclusions and some 
suggestion for future work.

2. Hard machining under MQL condition using nanofluid

Using nano additives suspended in MQL based fluids has opened a new 
approach for machining difficult-to-cut materials and is also an up-to-date research 
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topic gaining the growing concerns, especially for encountering climate change. 
There are many types of nanoparticles, such as Al2O3, MoS2, SiO2, ZrO2, CuO, TiO2, 
CNT, ND, and so on, proven to use for improving the tribological property, thermal 
conductivity, and viscosity [11].

2.1 The improvement of cutting performance

In order to apply this technique in machining practice, the parameters of MQL 
(the based fluid, air pressure, flow rate) and nanofluid (the type, size, and con-
centration of nanoparticles) are needed to study and optimize, because they have 
strong effects on the cutting process. If the inappropriate values of each parameter 
are chosen, the little effectiveness and even the negative influence may occur in 
machining responses.

Li et al. [12] investigated MQL grinding process for Ni-based alloy using six 
different types of nanofluids. The results indicated that the viscosity and thermal 
conductivity of nanofluids significantly improve when compared to the base 
fluids. The authors also pointed out that CNT nano additives exhibit the highest 
heat transfer coefficient. Hence, the cutting temperature and forces decrease. 
Another observation done by Ali et al. [13] indicated that the viscosity of Al2O3 and 
TiO2 nano-lubricants increases while their kinematic viscosity decreases slightly. 
Through the experiments, the coefficient of friction, power consumption, and wear 
rate much reduced due to the rolling performance together with the formation of 
tribo-films created by Al2O3 nanoparticles. Moreover, the technical specification 
and concentration of nanoparticles play a very important role and strongly influ-
ence on the machining responses. For finish cutting, the nanoparticles with smaller 
grain size and higher concentration should be used to improve the surface quality 
and reduce the cutting forces [11]. Pashmforoush and his co-authors [14] reported 
that the big improvement in surface roughness in grinding process of Inconel 738 
super alloy is about 62.16 and 36.36% compared to those of dry and flood condi-
tions, respectively. The enhancement of lubricating effect was also reported in 
milling under MQL using MoS2 nanofluid, from which the friction coefficient 
reduced to extend the tool life and improve the surface quality [15]. The presence 
of nanoparticles in MQL based fluid not only improves the cooling and lubricating 
effects but also brings out the better cutting performance for machining difficult-
to-cut materials. Moreover, this approach will successfully replace the dry and flood 
conditions, which fulfill the technological, economic, and environmental require-
ments, suitable for modern manufacturing. The performance investigation of end 
milling of SKD 11 steel using HSS tools under nanofluid MQL was done in [16]. The 
experiments are set up and shown in Figure 1. The cutting condition includes the 
three values of cutting speeds of 18, 24, and 30 m/min, feed rate of 0.01 mm/tooth, 
and axial depth of cut of 3 mm. The diameter of end mill is 10 mm. Al2O3 nano 
additives (0.5 wt%.) are enriched in emulsion and soybean-based oil.

Through experimental results, the cutting force components Fx, Fy, and Fz when 
changing the cutting speeds and based fluid are shown in Figures 2–4. Under NFMQL 
with emulsion-based oil, the cutting forces Fx, Fy, and Fz reduce with the increase of 
cutting speed from 18 to 30 m/min. At a cutting speed of 30 m/min, the comparison 
between emulsion and soybean oil is made to find out the effect of the based fluid on 
machining responses. It can be clearly seen that the cutting forces reduce due to the 
better lubricating performance of soybean oil compared to emulsion fluid.

In addition, the tool life under NFMQL using soybean oil much improves and 
is over two times longer than that under the case using emulsion fluid (Figure 5). 
The investigation of tool wear is shown in Figures 6–8. They clearly reveal that 
notch wear and flank wear on HSS end mills increase with the rise of cutting 



Advances in Microfluidic Technologies for Energy and Environmental Applications

4

speeds from 18 to 30 m/min under MQL using emulsion. In addition to that, the 
burn marks caused by heat deterioration develop. It can be explained that SKD 11 
tool steel has extremely high wear-resistant properties due to a high carbon and 
chromium (12% chrome) in chemical composition, from which it is grouped in 
difficult-to-cut material. In increasing the cutting speed from 18 to 30 m/min, 
MQL with emulsion-based fluid did not provide sufficient lubricating effects, so 
cutting temperature increased rapidly to damage end mills. In contrast, soybean 
oil has higher viscosity than that of emulsion, and the presence of Al2O3 nanopar-
ticle additives contributes to improve the cooling and lubricating performance. 
Therefore, soybean oil-based nanofluid exhibits the superior lubricating effects 
to reduce friction coefficient in the cutting zone due to the easier formation of oil 

Figure 1. 
Experimental setup [16].

Figure 2. 
The relation of cutting speeds and nanofluids to the cutting force Fx [16].
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mist. In this study of end milling process of SKD 11 steel before heat treatment, 
cutting heat did not exceed the ignition temperature of soybean oil. That is the 
main reason why MQL using soybean-based nanofluid is better in this situation. 
Furthermore, Al2O3 nanoparticles with nearly sphere morphology suspended in oil 
mist as “the rollers” play an important role in improving cooling and lubricating 
effects. From those reasons, notch wear and flank wear on HSS end mills at cutting 
speed Vc = 30 m/min significantly reduce. Notch and flank wear lands after 85 min 

Figure 3. 
The relation of cutting speeds and nanofluids to the cutting force Fy [16].

Figure 4. 
The relation of cutting speeds and nanofluids to the cutting force Fz [16].
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Figure 7. 
Notch wear and flank wear (Vc = 24 m/min, emulsion-based nanofluid) [16].

Figure 5. 
The relation of cutting speeds and nano-cutting fluids to the tool life [16].

Figure 6. 
Notch wear and flank wear (Vc = 18 m/min, emulsion-based nanofluid) [16].

of cutting are even lower than those of the case with MQL using emulsion-based 
nanofluid after 40 min of cutting (Figures 8–9). The significant reduction of burn 
marks indicates that the cooling and lubricating performance of soybean-based 
nanofluid is better and also suits for sustainable production due to the use of 
vegetable oil. Hence, tool life of end mill increases to 85 min even at cutting speed 
of 30 m/min, which is also higher than the manufacturers’ recommendations [16]. 
According to ISO 8688-2:1989 (en) [17], the cutting speed for soft steels using 
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normal HSS end mills is recommended about 30–35 m/min, but for difficult-to-cut 
steels like SKD 11, with hardness 200–250 HB, the cutting speed must be reduced 
to 14–18 m/min to ensure the proper cutting performance and tool life [18]. 
Moreover, the cutting speed also increases from 18 to 30 m/min by using MQL 
emulsion-based nanofluid, which reveals the better cooling and lubricating effects 
compared to the pure fluids.

2.2 The important parameter of MQL nanofluid

The concentration parameter of nanoparticles enriched in based fluids is among 
the most influential on machining outputs and costs, so it had been much studied 
to find out the appropriate and optimized values. Garg et al. [19] investigated 
the concentration effect of nanoparticles on micro-drilling process under MQL 
condition. The experimental results indicated that this parameter caused the 
significant reduction of drilling torque and power consumption. In the study of 
Lee et al. [20], the proper concentration of diamond nanoparticles was found with 
0.05 wt%, from which the reduction of friction coefficient was observed by 23%. 
The authors concluded that diamond nanofluid provided the excellent anti-wear 
and lubricating effects. Zhang et al. [21] studied the concentration parameter of 
MoS2 and CNT nano additives in MQL grinding. The improvement in lubricating 
performance contributes to increase surface quality. Furthermore, hybrid MoS2-
CNT nanofluids provided the superior cooling lubrication compared to that of the 
fluid with a single type of nanoparticles. Luo et al. [22] studied Al2O3 nanoparticles 
enriched in MQL based fluid and concluded that Al2O3 nanofluid exhibited good 
resistant ability for high temperature. Then, the cutting temperature is not high to 
cause the reduction of wear rate, which is much smaller than that of dry condition. 
Yıldırım et al. [23] had done the study of MQL turning process of the difficult-to-
cut steel Inconel 625 using hBN nano additives. The better lubricating performance 

Figure 8. 
Notch wear and flank wear (Vc = 30 m/min, emulsion-based nanofluid) at 40 min [16].

Figure 9. 
Notch wear and flank wear (Vc = 30 m/min, soybean-based nanofluid) at 85 min [16].
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and surface roughness are reported from the obtained results, which led to reduce 
friction coefficient and wear rate. The authors also concluded that the optimal 
hBN nanoparticle concentration was 0.5 wt%. The experimental study on Al2O3 
nanoparticle concentration used as MQL based fluid in hard milling had been done 
by using ANOVA analysis and response surface methodology (RSM), from which 
the research direction was made for optimizing the concentration variable [24]. 
Figures 10–11 show the response surface plots of the relation of surface roughness 
and cutting force versus nano concentration (np), cutting speed Vc, and feed rate F. 
It can be clearly observed from Figure 10 that, for better surface roughness, the 
low value of nanoparticle concentration about 0.5 wt% is more preferable than the 
larger ones (1.0 and 1.5 wt%). In contrast, the larger concentration (about 1.0 and 
1.5 wt%) contributes to reduce the cutting forces and cutting temperature signifi-
cantly when compared to the lower one (0.5 wt%.). From those, the wear rate much 
reduces by increasing the concentration of Al2O3 nanoparticles to 1.0–1.5 wt%, so 
the tool life prolongs (Figures 12–15). Accordingly, the nanoparticle concentration 
must be chosen not only to ensure the good tool life but also to maintain the high 
surface quality.

From Figure 13, the chip colors are well matched with the reduction of cutting 
temperature. The dark purple and blue colors in the case of using np = 0.5 wt% 
change to brown and dark straw one in the case of using np = 1.0–1.5 wt%, which 
indicates that cutting temperature decreases [25]. It can be concluded that the 
decrease of coefficient of friction and generated heat is reported by increasing 

Figure 11. 
Response surface plots of cutting force Fz versus nano concentration and cutting speed (a), and nano 
concentration and feed rate (b) [24].

Figure 10. 
Response surface plots of surface roughness versus nano concentration and cutting speed (a), and nano 
concentration and feed rate (b) [24].
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the concentration parameter of Al2O3 nanofluid, leading to reduce cutting forces 
and wear rate and prolong the tool life (Figure 14). From Figure 15, it clearly 
reveals that during the first 40 min, the values of surface roughness are higher 
when utilizing the high nanoparticle concentration (1.0–1.5 wt%). After that, the 

Figure 12. 
Wear on flank face under MQL using soybean-based nanofluid at 80 min using different nano concentrations: 
(a) 0.5 wt%, (b) 1.0 wt%, and (c) 1.5 wt% [24].
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Figure 13. 
Chip colors and micrographs with different Al2O3 nanoparticle concentrations (at 80 min): (a) 0.5 wt%, (b) 
1.0 wt%, and (c) 1.5 wt% [24].

rate of reduction of surface roughness values rapidly increases, which is contrary 
to the case of using 0.5 wt%. It is the novel observation obtained from the valida-
tion experiments, which is conducted until the tool life ends to see the actual 
phenomena after receiving the ANOVA and RSM results. Interestingly, the tool 
life in the case of soybean-based nanofluid 1.5 wt% is equal to that of emulsion-
based nanofluid 0.5 wt%. It provides an important technical guide to enlarge the 
applicability of vegetable oil-based nanofluid in hard cutting processes as well as 
maintains its environmental-friendly characteristics.

However, each type of nanoparticles has its own specific morphology and 
property, so the appropriate or optimal concentration parameters are different [26]. 
This is the up-to-date research topic. Accordingly, more investigations are needed 
to make and build up the technical guides for manufacturers in machining practice, 
even though many studies have been done to optimize these variables. In order to 
develop MQL method, minimum quantity cooling lubrication (MQCL) has been 
considered as another promising approach to solve the low cooling performance, 
the main MQL drawback. It is also the newest research topic, which is discussed in 
Sections 3 and 4.

Figure 14. 
Tool life with different Al2O3 nanoparticle concentrations [24].
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3. Hard machining under MQCL condition

The large amount of heat generated from hard cutting is always the big chal-
lenge for selecting cutting tools and cutting condition while ensuring the technical 
requirements, productivity, and proper manufacturing cost. Hence, providing 
appropriate cooling and lubricating effects to cutting zone plays a vital role in 
the development of hard machining processes. The applicability of those can be 
enlarged to some or all of the traditional grinding processes. MQCL technique has 
been proposed and developed to fulfill the cooling and lubricating requirements 
and is also a solution for improving MQL method. Up to now, MQCL has drawn 
much attention and has been studied in recent years. Maruda et al. [27, 28] made the 
study on MQCL parameters using emulsion-based fluid in hard turning process. 
The obtained results indicated that emulsion oil mist formed under MQCL condi-
tion plays an important role for improving the cooling lubricating performance in 
the cutting zone and increasing the cutting condition. The formation of tribo-films 
tends to occur easily with the droplets with smaller size, which help to decrease 
the coefficient of friction, cutting forces, and wear rate [29, 30]. The better cool-
ing and lubricating effects of MQCL technique also reflect through the chip shape 
and the reduction of chip thickening coefficient [31]. Pervaiz and his co-authors 
[32] studied MQCL performance in the turning process of difficult-to-cut mate-
rial Ti6Al4V. The author concluded that cutting forces and tool wear reduced and 
surface quality improved when compared to dry and flood conditions. It reveals the 
better cooling and lubricating effects of MQCL technique. Krolczyk together with 
his co-authors [33] investigated the parametric and nonparametric description of 
the surface topography under dry and MQCL conditions using emulsion-base fluid. 
The study results showed that the nozzle distance causes the strongest influence on 
droplet diameter. The most outstanding finding of this research is that parameters 
can be chosen for oil mist formation in a certain time, which is enough for creating 
cooling and lubricating effects and then evaporating due to generated heat from 
the cutting zone. Based on a brief review, it can be clearly seen that there is little 
information of MQCL technique and most of the studies relied on the based fluid 

Figure 15. 
Surface roughness Ra with different Al2O3 nanoparticle concentrations [24].
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Figure 17. 
KEYENCE VHX-6000 digital microscope for studying machined surface topography.

having cooling effect like emulsion oil to form MQCL method. The use of a real 
cooling method assisted to MQL technique to form MQCL condition is a novel 
approach. In this section, the author presents the newest advances in using the 
principle of Ranque-Hilsch vortex tube for separating a compressed gas into hot and 
cold streams from ordinary air [34], in that the cold stream is used to create cooling 
effects combined with MQL method to form MQCL [35]. The deep study on hard 
milling of SKD 11 steel (52–60 HRC) in terms of surface quality under MQCL con-
dition was done, and the results were compared to dry and MQL conditions. From 
Figure 16, hard milling under MQCL method brought out better surface roughness 
than those under dry and MQL conditions. The main reason is that MQCL tech-
nique provides sufficient cooling and lubricating effects, especially cooling effect, 
which helps to reduce the cutting temperature and tool wear.

KEYENCE VHX-6000 Digital Microscope (Keyence Corporation, Osaka, Japan) 
was utilized for studying surface microstructure and surface profile (Figure 17). The 

Figure 16. 
The average values of surface roughness Ra under different cooling and lubricating conditions (cutting speed 
Vc = 110 m/min, feed rate F = 0.012 mm/tooth, depth of cut d = 0.12 mm, hardness of 56 HRC) [35].
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machined surfaces under different cooling and lubricating conditions are investi-
gated (Figures 18–22). The white layer and burn marks significantly reduced under 
MQL and MQCL conditions compared to dry cutting because of cooling and lubri-
cating enhancement. The burn marks under MQCL condition are less than those 
under MQL method due to better cooling performance (Figures 19(a), 20(a)). In 
addition, compared to dry and MQL conditions, the compression of machined sur-
face observed from the surface profile much reduces (Figures 18(b), 19(b), 20(b)).

Figure 18. 
Surface microstructure (a) and profile (b) under dry condition [35].

Figure 19. 
Surface microstructure (a) and profile (b) under MQL condition [35].

Figure 20. 
Surface microstructure (a) and profile (b) under MQCL condition using pure emulsion-based fluid [35].
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4. MQCL hard machining using nanofluids

The nanofluids used for MQL are successfully proven to be an alternative 
solution for difficult-to-cut materials while maintaining its environmental 
friendly property. Based on this idea, the use of nano additives in MQCL 
method will bring out the promising solution to increase the hard machining 
performance. The study of surface quality under MQCL using MoS2 nanofluid 
for hard milling is the first attempt to investigate the cooling and lubricating 
effects [35]. From the obtained results, the values of surface roughness Ra under 
MQCL using nanofluids are lower than those of dry and MQL conditions. By 
using MoS2 nanoparticle concentration of 0.2 and 0.5 wt%, surface roughness is 
even slightly better than that of MQCL with pure fluid, but the Ra value rapidly 
increases when increasing the concentration to 0.8 wt%. It can be explained that 
the morphology of MoS2 nanoparticles is ellipsoidal with the low friction coef-
ficient up to 0.03–0.05 or even lower [36], by which the better lubricating effect 
contributes to improve the surface quality. On the other hand, nanoparticles pos-
sess the large surface area, which remain on the machined surface to form a thin 
protective film, which amplifies with the increase of MoS2 nanoparticle concen-
tration [37]. Furthermore, it also contributes to form MoS2 tribo-film easily [29], 

Figure 21. 
Surface microstructure (a) and profile (b) under MQCL condition using emulsion-based nanofluid of MoS2 
0.2 wt% [35].

Figure 22. 
Surface microstructure (a) and profile (b) under MQCL condition using emulsion-based nanofluid of MoS2 
0.5 wt% [35].
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which can be observed from the so-called microbubbles on the machined surface 
(Figures 21–22). The protective film reduces and disappears when increasing the 
concentration to 0.8%, which causes the negative effect on surface quality [37]. 
Moreover, the white layer and burn marks are much reduced due to superior 
cooling and lubricating performance under MQCL condition using nanofluid. 
From those, the hard machining ability of normal carbide tools improves sig-
nificantly and is about 157% higher than manufacturer’s recommendations [38, 
39]. It is the most outstanding finding of this research, and also the proper MoS2 
nanoparticle concentration in emulsion-based fluid was reported about 0.2 and 
0.5 wt%, which provides a very important technical guide for further researches 
and manufacturers. More investigations are necessary to be made for building up 
technical guidelines and optimizing nanofluid parameters.

5. Conclusion

The application of nanofluids continues to receive growing attention in basic 
science and machining technology. As shown, nano additives in based fluid of 
MQL and MQCL methods improve the cooling and lubricating effects as well 
as tribological property, thus increasing the cutting performance, especially for 
difficult-to-cut materials. It brings out the alternative solutions for improving 
productivity and reducing manufacturing cost. From those, the applicability MQL 
technique having environmental friendly characteristic has been enlarged in hard 
machining. Furthermore, the use of different types of vegetable oils can fulfill 
the cooling and lubricating performance by suspending nanoparticles, which is 
an interesting research topic and exhibits very promising results. On the other 
hand, MQCL has been considered as another approach for MQL development to 
overcome the low cooling effect. In this chapter, Ranque-Hilsch vortex tube, a real 
cooling method, used for creating cooling effect from ordinary compressed air 
rather than other gas sources to form MQCL method, is the first attempt applied 
to hard cutting processes. Also, nano additives enriched in MQCL-based fluids 
are the latest advances in the field of studying MQL and MQCL techniques. The 
parameters of nanofluid, such as types and size of nanoparticles, concentra-
tion, and based fluid, play a key role in successful applications in metal cutting 
practice, and more studies are needed to make further development and optimize 
those variables. Those superior cooling and lubricating methods presented in 
this chapter will contribute to the solutions to reduce/eliminate the cutting fluids 
and replace dry and wet conditions. It is suitable for protecting our environment 
and aims for a sustainable production. In the future work, more attention will be 
paid on other types of nanoparticles, concentration, and parameters of MQL and 
MQCL methods.
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Acronyms and abbreviations

d depth of cut (mm)
Vc cutting speed (m/min)
F feed rate (mm/tooth)
F cutting force (N)
HSS high speed steel
hBN hexagonal boron nitride
CNTs carbon nanotubes
MQL minimum quantity lubrication
MQCL minimum quantity cooling lubrication
NFMQL nanofluid minimum quantity lubrication
ND nanodiamond
NF nanofluid
NFs nanofluids
NP nanoparticle
NPs nanoparticles
ANOVA analysis of variance
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