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ABSTRACT 

 

Minimum quantity lubrication (MQL) is a sustainable manufacturing technique 

that has replaced conventional flooded lubrication methods and dry machining. In 

the MQL technique, the lubricant is sprayed onto the friction surfaces through 

nozzles through small pneumatically-operated pumps. This paper presents an 

investigation into the flow behavior of the lubricant and air mixture under certain 

pressures at the tip of a nozzle specially designed for MQL. The nozzle used is an 

MQL stainless steel nozzle, 6.35 mm in diameter. Computational fluid dynamics 

is used to determine the flow pattern at the tip of the nozzle where the lubricant 

and compressed air are mixed to form a mist. The lubricant volume flow is 

approximately 0.08 ml/cycle of the pump. A transient, pressure-based, three-

dimensional analysis is performed with a viscous, realizable k-ε model. The 

results are obtained in the form of vector plots and flow fields. The flow mixing at 

the tip of the nozzle is wholly shown through the flow fields and vector plots. This 

study provides an insight into the flow distribution at the tip of the nozzle for a 

certain pressure to aid modifications in the design of the nozzle for future MQL 

studies. It attainable aids to determine the correct pressure for the air jet at the 

nozzle tip. 
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INTRODUCTION 

 
Minimum quantity lubrication (MQL) is an innovative machining technique alternative 

to conventional flooded cooling/lubrication as well as the ideal dry lubrication 

technique (Sapian et al., 2010). Adapting MQL as a substitute to conventional metal 

working fluids means addressing the concerns related to metal working fluid 

applications (Thakur et al., 2009). These issues are related to the economic, ecological 

and occupational costs of exposure to these metal working fluids. The costs associated 

with the use of conventional metal working fluids amount to about 7 to 17% of the total 

machining cost (Weinert et al, 2004) in comparison to the tool cost that ranges from 2 to 

4% of the total machining cost (Rahman et al., 2012). The MQL method is part of the 

global sustainable manufacturing concept (Nageswara et al., 2008). Due to the rapidly 

increasing global interest in sustainable manufacturing, there is a surge in interest in dry 

machining due to the growing concern regarding the cost of purchasing cutting fluids 

along with its management (Skerlos et al., 2008). However, the most common 
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restrictions to the use of dry machining are the costly tools and non-retrofitting 

equipment (Bounekri and Shaikh, 2012). Most of the studies and investigations so far 

carried out on dry machining are mainly related to the special tools and coatings used to 

assist in the dry conditions (Kobayashi et al., 2005; Klocke and Eisenblatter, 1997; 

Machado and Wallbank, 1997; Nouri et al., 2003; Reddy and Rao, 2006; Shen, 1996; Su 

et al, 2006). While dry machining can be an ideal substitute to conventional flooded 

machining, manufacturers are still concerned about lubrication, tool life, product 

deformation due to thermal effects, etc. (Davim et al., 2007; Itoigawa et al., 2006; Sun 

et al., 2006). In these circumstances, MQL serves as a better alternate. The application 

of the MQL technique in machining leads to a significant reduction in machining costs 

(Weinert et al., 2004). MQL can be defined as one of the techniques of sustainable 

manufacturing that has proven to be safe for the environment, results in less 

occupational exposure to the economic (Park et al., 2009). The use of a minimized 

quantity of metal working fluids is a direct indicator of sustainable 

manufacturing (Rahman et al., 2012). In the present study, a three-dimensional transient 

flow phenomenon is investigated through a commercial nozzle specially designed for 

MQL flow. The analysis of the spray nozzle flow is studied at the tip of the nozzle, 

where compressed air mixes with droplets of the commercial cutting lubricant designed 

for MQL thus forming a mist.  

 

METHODS AND MATERIALS 

 
The pressurized air carries the mist to the desired location. The pressure of the air at the 

tip of nozzle necessary to transport the mist, where air-lubricant mixing takes place, 

needs to be investigated. The air-lubricant mixture is carried to the friction zones via 

nozzles that are supplied with lubricant via small pneumatically-operated pumps. The 

lubricant is pushed through a capillary tube within another tube, through which the 

pressurized air is supplied, and mist is carried to the tool-workpiece interface where this 

mixture is sprayed in the form of mist. The present study is conducted to investigate the 

flow behavior of the lubricant and air mixture at the tip of a nozzle that is specially 

designed for MQL. The nozzle used is an MQL stainless steel coaxial nozzle, 6.35 mm 

in diameter, with a polyurethane tubing 3.175 mm outer diameter. Computational fluid 

dynamics is used to determine the flow pattern. A standard MQL nozzle is modeled for 

the study. The lubricating medium is taken as a mixture of compressed air and lubricant. 

The properties of the mixture are shown in Table 1. 

 

Table 1. Mixture Properties 

 

Description Value 

Compressed air pressure (MPa) 0.1378 

Air viscosity (kg/m-s) 1.7894 x 10
-5

 

Air density (kg/m
3
) 1.225 

Lubricant viscosity (kg/m-s) 0.01 

Density of lubricant (kg/m
3
) 890 

Lubricant volume flow rate (kg/s) 0.0004 

 

The ANSYS-FLUENT solver is used for the computational study. The mixture 

of compressed air and lubricant are modeled as a multiphase volume of fluid, in a 

viscous, standard k- model. This model is the most suitable for fully turbulent flow, 
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taking into account an enhanced wall treatment. Most nozzle flows are modeled with 

this k- model (Reddy and Rao, 2006; Thakur, Ramamoorthy and Vijayaraghavan, 

2009). Air is set as the primary phase and lubricant is defined as the secondary phase. 

The mass fraction of the lubricant is assumed to be constant throughout the compressed 

air. 

 

NOZZLE DESIGN AND MODELING 

 
Figure 1 shows the stainless steel nozzle with the conical spray tip used for the MQL 

system. The nozzle consists of a polyurethane capillary coaxial tube and stainless steel 

tube fitted with an external nozzle tip made of copper. The tube assembly is provided 

with a flow director near the tip of the assembly. The lubricant is supplied to the nozzle 

via small pneumatic pumps provided with a flow regulator, and is then carried to the 

cutting zone. Compressed air is supplied trough the stainless steel tube. Lubricant is 

usually mixed with a small amount of compressed air to create the air-lubricant spray at 

the tip of the nozzle. This spray is then dispensed to the friction interface of the tool and 

workpiece via the compressed air. The present study is conducted to investigate the flow 

behavior of the lubricant and air mixture at the tip of a nozzle. Computational fluid 

dynamics is used to determine the flow pattern. The nozzle tubing arrangement is shown 

in Figure 2. 

 

 
 

 

Figure 1. Stainless steel nozzle used for MQL 

 
 

 
 

Figure 2. Schematic and sections of the nozzle 

 

The stainless steel tube has a 6.35 mm outer diameter and is 305 mm long, while 

the polyurethane tube has an outer diameter of 3.175 mm and a length of 317.5 mm. A 

three-dimensional model of the nozzle is developed using computer aided design 

software. The mixing of the two fluids takes place outside the nozzle. As the mixture is 

formed just at the nozzle tip, therefore only the nozzle tip is modeled. An enlarged view 

of the nozzle tip cross-section is shown in Figure 3. A three dimensional solid model of 

the nozzle tip is shown in Figure 4. 
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Figure 3. Cross-section of the nozzle tip. 

 

 
 

Figure 4. Three-dimensional structural model of the MQL nozzle tip. 

 
An unstructured mesh with tetragonal elements is used with a minimum edge 

length of 0.055 mm. The meshed domain is shown in Figure 5. The skewness of the 

tetragonal elements and the respective number of cells are presented in Figure 6. 

According to this graph, the maximum skewness is below 0.3, with 1.6% of the total 

number of elements. Thus it shows that the mesh quality is appropriate for the 

simulation. The nozzle is modeled for a balanced mass flow rate within the domain. 

Smaller mesh sizes are selected to determine the convergence in the lubricant flow 

section. 

 

 
 

Figure 5. Mesh domain of the nozzle. 
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Figure 6. Skewness of tetragonal elements versus the number of elements. 

 

RESULTS AND DISCUSSION 

 
The flow behavior of the compressed air and lubricant is studied. The flow is modeled 

using the ANSYS-FLUENT solver without air. Figure 7 shows the velocity vectors and 

contours of the volume fraction for the lubricant without any compressed air supply. It 

can be seen that the maximum velocity of the lubricant is 0.757 m/s, which is very small 

for carrying the lubricant to the cutting zone. Oil condenses just after exiting the nozzle 

tip in the form of droplets. Hence the compressed air is used as the spraying medium. 

The position of the lubricant drops from the nozzle tip is plotted against volume fraction 

in Figure 8. It can be observed that the lubricant only covers a small distance of 1.5 mm 

from the tip of the nozzle. The small distance between the nozzle tip and the tool-

workpiece interface results in an interaction with chips. Therefore, in order to produce 

an aerosol spray that carries the lubricant to the tool-work-piece interface, compressed 

air is supplied to the nozzle.  

 

 

    
 

                 (a) Velocity vector                              (b) Contours of volume fraction 

 

Figure 7. Velocity vector and volume fraction contour for flow of lubricant drops. 
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The compressed air flow is simulated with the lubricant drops outside of nozzle. 

The velocity vectors and contour plots for the mixture flow are shown in Figure 9. The 

velocity vector creates eddies in the nozzle when compressed air exits. The lubricant is 

dispersed with compressed air and becomes mist. After a certain distance, the lubricant 

is completely mixed with the compressed air forming a spray, therefore only one phase 

(air) exists. The required spray strength depends on the pressure of the air. Figure 9 

shows that the average velocity of the air-lubricant mixture is 600 m/s, which is large 

enough to carry the lubricant to the cutting zone. Oil drops mix with the compressed air 

forming an aerosol spray. 

 

   
 

Figure 8. Position of lubricant drops from the nozzle tip. 

 

     
 

               (a)  Velocity vectors                              (b) Contours of volume fraction 

  

Figure 9. Velocity vector and volume fraction contour for compressed air-lubricant 

mixture. 

 

Path lines for the flow of the lubricant drops are shown in Figure 10. These path 

lines clearly show that the lubricant drops travel some distance before the mist is 

formed. When air is supplied to the nozzle, the distance travelled by the lubricant is 

increased to approximately 5–6 mm (Figure 11), after which the lubricant fraction in the 

aerosol becomes negligible. This distance is important with respect to the effective 
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dispersion of the spray. The rise in volume fraction at 12.5 mm is mainly due to the 

formation of eddies in the simulation, resulting in the oil volume fraction increasing at 

that location. This is not a point of concern as the nozzle distance in the machining 

setup is no more than 5–6 mm, and consequently this phenomenon will not cause any 

problems.  

 

 

 
 

Figure 10. Path lines of compressed air-lubricant mixture. 

 

 
 

Figure 11. Position of the transported lubricant drops. 
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 CONCLUSION 

 
A 3-dimensional study with a commercially available MQL nozzle is carried out in 

order to determine the flow pattern of an aerosol mixture formed with a combination of 

lubricant droplets and compressed air. The pressure of the air plays a vital role in 

forming a uniform mist with the lubricant. In this case, the air pressure is sufficient to 

transport the lubricant droplets a certain distance in the form of a mist. The formation of 

the mixture at the tip of the nozzle is shown through flow fields and vector plots. This 

study provides an insight into the flow distribution at the tip of the nozzle for a certain 

pressure to help carry out modifications on the design of the nozzle for future studies in 

MQL, as well as determine a more efficient operating pressure for the air jet. Further 

research with different operating pressures and mesh sizes may be conducted in order to 

establish the range of required operating pressures. 
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