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Abstract

:

Minimum Quantity Lubrication (MQL) is a cooling and lubrication variant applied, for instance, in drilling processes. In the present approach, a new vibration-assisted drilling process is analyzed, which has considerable potential for manufacturing of extremely hard materials. Within this process, the MQL gas/liquid transport in the presence of a vibrating and rotating twist drill bit in the borehole is to be studied. Multiphase computational fluid dynamics is applied to analyze and optimize the MQL flow. However, applying conventional CFD methods with discretized continuum equations on a numerical grid is challenging in this process, as the vibrating drill bit frequently closes the gap in the borehole, where even dynamic grid application fails. The ability to use an open-source Smoothed Particle Hydrodynamics (SPH) meshless method to analyze the lubrication media flow is carried out to accurately and efficiently address this problem and overcome the severe limitations of conventional mesh-based methods. For a feasibility study of the method, the MQL air phase in the dynamic drill cavity is analyzed by SPH and validated against conventional CFD method results. The present study shows insufficient results of the SPH method, both in terms of solution plausibility and computational cost, for simulation of the problem at hand.
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1. Introduction


Vibration-assisted drilling is a variant of the conventional drilling process for metals in which the twist drill bit has both a rotational and an axial vibrational movement. The addition of an axial vibrational movement in comparison to pure rotating standard drilling has a significant impact on the machinability of difficult-to-cut materials due to the profound difference in the chip formation process. Conventional drilling typically produces long spiral chips, whereas the axial vibration of vibration-assisted drilling determines a periodic breaking up of the forming chip. Therefore, this results in many small chips. The ultimate effects connected to this different machining process are: a lower thermo-mechanical load of the tool, more uniform bore dimensions, and a higher bore surface quality. From these premises, the importance of this technology clearly emerges for improving the effectiveness in machining materials such as Inconel and Titanium, but also Aluminum [1].



Similar to conventional drilling, the vibration-assisted drilling process has to be lubricated and cooled down by delivering Metalworking Fluid (MWF) to the cutting zone. This can be achieved in two different ways: (i) via one or multiple external nozzles or (ii) via internal helical channels [2,3,4]. In this study, the attention has been focused on the internal lubrication/cooling system.



Oil-based liquids have represented the standard choice for cutting fluids. However, more recently, a novel way of lubricating/cooling machining processes has emerged, namely Minimum Quantity Lubrication (MQL). This novel technique presents economic, ecological, and safety advantages [5]. The cutting fluid in MQL is a mixture of air and oil. More precisely, only the strictly necessary amount of oil is added to the air flow to reduce oil consumption while still ensuring adequate lubrication/cooling. Typical oil flow rates for drilling processes using MQL range from 10 mL/h to 200 mL/h [2].



The combination of vibration-assisted drilling and Minimum Quantity Lubrication represents, therefore, a significant improvement in drilling performance. Nonetheless, a detailed investigation of MWF flow in the case of a vibrating drill bit has not been carried out yet. This analysis is particularly important since it can highlight possible optimal operating conditions for relevant parameters, e.g., oil flow rate and air flow rate. The experimental investigation is limited by the difficulty of detecting local flow conditions in narrow gaps and is often restricted to the analysis of non-vibrating free drill bits, i.e., drill bits not in boreholes [3,6,7,8,9]. On the contrary, numerical investigation can overcome this limitation. However, the vibrational movement of the drill bit poses severe challenges to the numerical techniques. Conventional mesh-based techniques are not well suited for dealing with this problem because they require a continuous, complex, and very demanding dynamic meshing and/or re-meshing procedure during the simulation.



A valid alternative to standard numerical techniques is represented by the class of so-called mesh-less or mesh-free methods. Among them, one of the most well-established methods is Smoothed Particle Hydrodynamics (SPH) [10,11,12]. In contrast to mesh-based techniques, SPH offers greater flexibility, as they are not constrained to generate any grid. This task can be difficult and very time-consuming for complex and specifically temporal varying geometries, as in the case of vibrating drill bits. Furthermore, the Lagrangian nature of the method provides a natural adaptation to topology changes and boundary displacements. This feature makes SPH particularly suitable for the simulation of vibration-assisted drilling processes. On the other hand, SPH suffers from some critical aspects. First, enforcement of boundary conditions is not as straightforward as for mesh-based methods, and special measures have to be adopted for this scope. Second, variable resolution cannot be achieved in a simple way. This aspect is of particular importance if large solution gradients are to be accurately solved. Third, the computational cost might be significantly higher than for mesh-based methods. However, this last point applies mainly to problems with static boundaries, SPH not being subject to significant computational overhead due to moving boundaries. Therefore, this issue might not represent a disadvantage concerning mesh-based methods for the problem at hand. Nonetheless, the significant intrinsic computational cost requires appropriate parallelization techniques. In particular, the highly-parallelizable SPH algorithms make the method well suited for Graphics Processing Unit (GPU) computing.



Several studies have been developed using different approaches to the SPH method in the recent past. Fourtakas et al. [13,14] applied the SPH method to investigate the multiphase flow of sediment resuspension in industrial tanks. Aureli et al. [15] analyzed the dam-break flood and compared the results obtained with mesh-based solvers and the SPH method. Hosain et al. [16] implemented a heat transfer model to the SPH method in order to investigate different benchmark cases and compared the obtained results with Finite-Volume method (FVM) simulations. Raizah et al. [17] investigated the thermosolutal convection of a nanofluid inside an annulus with different cavities. Most of the investigations using the SPH method have been dedicated to analyzing the formation of waves and their interaction with different structures in maritime engineering [18,19,20,21,22,23,24,25,26,27,28,29,30,31] and sloshing tanks [32,33]. Manenti et al. [34] presented an overview of SPH applications related to natural hazards connected to rapidly varied flows of water and dense granular mixtures. SPH has already been employed to simulate MWF flow in drilling processes [35,36,37]. However, these studies were limited to non-vibrating drilling and without utilization of MQL. In the present work, the suitability of SPH to deal with coolant/lubricant flow for vibration-assisted drilling processes has been investigated. The challenge of the simulation is the numerical description of the topological change in the flow geometry with a complete closing of the cavity in the vibrating orifice closure. No validation of this specific arrangement can be achieved. However, validation of the code is carried out, and a list of validated cases for the DualSPHysics solver, for instance, for free surface or oscillating flows, is given on the DualSPHysics website at: https://dual.sphysics.org/old-site/index.php/validation/ (accessed on 13 May 2022).



The manuscript describes a feasibility study of the SPH method to analyze a complex flow field in a variable domain, including topological changes (complete closing of the gap between the drill bit and bore ground). Grid-based CFD methods are not suitable for this kind of flow regime. The SPH results aim to show the principal ability of the method to describe the flow. No physical discussion is intended at the present state of the application of SPH to the process. As a first approach to the problem, a single-phase flow consisting of pure air has been addressed, neglecting the presence of the oil phase. Simulations have been carried out employing the open-source SPH code DualSPHysics [38].



The following section presents the numerical setup and the basic mathematical approach of the SPH method. Then, the simulation results of two different cases are presented. In the former, a benchmark case with static boundaries is shown. In this study, SPH is compared to standard mesh-based FVM results obtained by the commercial code Ansys Fluent v19.2. In the latter section, SPH is applied to the case of the vibrating twist drill bit in order to assess the ability of the method concerning the application at hand.




2. Numerical Setup


2.1. SPH Discretization


In SPH, the fluid domain is split into a set of elements, referred to as particles. Each particle represents a portion of the fluid domain and it carries over different quantities, e.g., volume, mass, density, and velocity. The interaction between particles is mediated by a kernel function, which determines the smoothing of the particles and their related physical quantities over a certain region around their locations. Therefore, the value of a specific quantity at a certain point of space can be obtained by a weighted summation of the values of all the particles that lie within the kernel radius around this point, as expressed by the following equation:


  f  ( x )  =   ∑  b  f  (   x b   )     m b     ρ b    W  (  x −  x b   )     



(1)




where  f  represents a generic quantity,    m b    and    ρ b    are, respectively, the mass and density of an SPH particle within the kernel radius, and  W  denotes the kernel function. The kernel  W  is a function of the distance vector between the point of interest and the SPH particle position    x b    and it determines the strength of the different weighting factors associated with each SPH particle in the summation. Typical kernel functions are Gaussian and Wendland functions [39]. The latter presents the advantage of a compact support. For a detailed introduction to SPH approximation and the different properties of kernel functions, the reader is referred to [12,40].



Starting from the SPH discretized convolution integral, it is possible to derive a set of discretized evolution equations for each particle from the fluid governing equations. The discretized continuity equations for a generic particle denoted by the subscript “ a ” reads:


    d  ρ a    d t   =  ρ a    ∑  b     m b     ρ b     (   V a  −  V b   )   ∇ a  W  (   x a  −  x b   )     



(2)




where  V  represents the velocity vector and    ∇ a    is the gradient operator applied to the kernel function with respect to its first variable. The discretized momentum equation is:


    d  V a    d t   = −   ∑  b   m b   (     p b  +  p a     ρ b   ρ a    +  Π  a b    )   ∇ a  W  (   x a  −  x b   )  + g    



(3)




where  p  denotes the pressure,  g  is the gravity vector and    Π  a b     is an artificial viscosity stabilization term proposed by Monaghan [12].



The SPH solver implemented in DualSPHysics is based on the so-called Weakly Compressible SPH (WCSPH) approach. This approach is specifically for incompressible flows. Compressible SPH formulations can be mostly found in software packages for astrophysical applications. However, SPH codes for engineering applications rely almost exclusively on incompressible formulations. Since pressure and, accordingly, density variations across the simulation domain considered in the present study and described in the next section are not relevant, an incompressible approach is suitable to compute accurately the single-phase flow under investigation.



In order to circumvent the demanding solution of a global Poisson equation for the pressure which would be required for an incompressible approach, WCSPH enforces the incompressibility through the following equation of state, known as the Cole equation:


  p = b  [     (   ρ   ρ 0     )   γ  − 1  ]   



(4)




with   b =  c 0 2   ρ 0  / γ  . The quantity    ρ 0    is a reference density,    c 0    is the speed of sound at the reference density, and  γ  is the specific heat ratio. In WCSPH    c 0    is given an artificial value. In order to guarantee small density variations, the artificial speed of sound has to be taken at least 10 times larger than the maximum fluid velocity in the domain [41]. This can result in a significant time-step limitation in high-speed flows due to a large value of the artificial speed of sound. Nonetheless, in most cases, this issue does not cancel out the benefit of not having a global Poisson equation for a large number of particles. Time-integration of SPH discretized equations allows the values of position, velocity and density (pressure) of the particles to be computed at each time step. Various integration schemes can be used for this purpose. In the present study, a symplectic scheme, as implemented in DualSPHysics, has been used. The Dynamic Boundary Condition [42] method implemented in DualSPHysics has been adopted to treat solid boundaries.




2.2. Numerical Details and Operating Conditions


A sketch of the drill bit geometry under investigation is presented in Figure 1. Numerical simulations are performed using only the tip of the drill bit, as presented in Figure 1b. The fluid domain of this geometry consists of three parts: the final portion of the internal channels, the cutting zone, and the flutes. The twist drill bit diameter is 5 mm, whereas the domain length along the x-direction is ~8 mm. The gap between the drill bit tip and the borehole bottom is 120 μm, corresponding to the average distance during the oscillation of the vibration-assisted drilling process. The internal channel diameter is equal to 700 μm.



The rotational movement of the drill bit is not considered. A single-phase of pure air was considered with an inlet velocity of 100 m/s and atmospheric pressure at the outlet section of the flutes. The no-slip condition has been enforced at the walls. Physical properties of air at room temperature have been used. The main geometric dimensions and operating conditions are summarized in Table 1.



The comparison between the open-source SPH code DualSPHysics and the commercial FVM code Ansys Fluent has been performed on a test case with the geometry of Figure 2. The FVM simulation has been performed using one of the steady-state pressure-based solvers available in Ansys Fluent, namely the coupled solver. Second-order discretization schemes and appropriate relaxation factors have been employed. Flow compressibility has been accounted for as well as turbulence using the Reynolds-averaged k-ω SST turbulence model. In detail, a turbulent intensity of 5% has been assumed at the domain inlet, whereas the corresponding condition for ω has been obtained by prescribing a turbulent length scale of 4.9 × 10−5, equal to 7% of the internal channel diameter. The FVM simulation has been performed using a numerical grid consisting of about 2.4 million elements in order to have a number of elements comparable to the number of particles of the SPH simulation, as described further below in this section.



In order to stabilize the numerical procedure, the artificial viscosity stabilization technique provided by DualSPHysics has been enabled. For the same reason, a ramp for the inlet velocity has been adopted. A combination of boundary and initial conditions that gives rise to initial very steep local gradients of the velocity field might cause stability problems. In the current case, without any measurement the velocity would change from the inlet boundary value of 100 m/s to the internal initial value of 0 m/s. A different initialization of the internal field is not a trivial task. Therefore, the most straightforward way to cope with this issue is achieved by letting the inlet velocity value smoothly increase. In detail, an initial inlet velocity of 1 m/s has been fixed, which rises to 100 m/s over a time period of 0.04 s.





3. Results and Discussion


3.1. Benchmark Case with Static Drill Bit


The current section reports the comparison between the open-source SPH code DualSPHysics and the commercial FVM code Ansys Fluent. A resolution of 30 μm has been chosen for the SPH simulation, resulting in an overall number of particles of about 2.6 million. This allows a more meaningful comparison with the results from Ansys Fluent, since the resulting number of SPH particles is comparable to the number of elements of the FVM simulation. A time-marching simulation of 0.05 physical time has been carried out with a Courant number of 0.2. Nearly steady-state results were obtained at the end of the simulation, which required about 10 days of GPU computing. A finer SPH particle resolution would have resulted in a prohibitive computational cost. Figure 3 compares the results obtained by the open-source SPH code DualSPHysics and the commercial code Ansys Fluent, respectively, on a longitudinal section cutting the flutes.



Although SPH is able to capture the regions of recirculating flow, some qualitative and quantitative differences with respect to the FVM results emerge from this comparison. First, the extension of the recirculating regions is significantly smaller in the SPH simulation. These recirculations correspond to the void portions of the fluid domain not occupied by the particles. As it uses the Lagrangian method, the particles tend to flow past the recirculations and not get trapped in them. Compared to Ansys Fluent results, these regions affect a smaller part of the flute cross-section and extend less downstream along the x-direction. From a quantitative point of view, an inspection of the color scales of both the plots indicates the relevant difference regarding the maximum velocity. The SPH simulation is not able to capture the velocity peak located in the narrow gap where the drill bit and borehole bottom are close to each other. This fact can be motivated by the lower local resolution used for the SPH simulation. The impossibility of adopting a variable resolution poses a restriction on the capability of capturing large solution gradients. Another factor, which could play a critical role regarding the solution accuracy, is represented by the turbulence model. While rigorous turbulence modelling is well established for FVM simulations (and, in general, for all mesh-based methods), the treatment of the turbulence is not equally developed in the SPH framework. Though a direct quantitative comparison between the SPH and FVM results has not been derived, and as, of course, the FVM results may be inaccurate to some extent, it still seems that, especially due to the missing particles in the recirculation regions in the SPH simulation results, the qualitative behavior of the SPH solution appears less plausible. Thus, the present study shows some degree of unsatisfactory results of the SPH method both in terms of solution plausibility and computational cost for simulating the problem in question.




3.2. Single-Phase Flow in the Case of Vibrating Drill Bit


The second case is based on the drill bit geometry described in the previous section. Different from the previous case, the drill bit is now allowed to vibrate. The vibration frequency is 25 Hz, whereas the vibration amplitude is 120 μm. This amplitude is equal to the initial thickness of the gap between the drill bit and the borehole bottom. Therefore, it determines a complete closure of this gap during the vibration cycle (solid contact of the drill bit tip and the bore ground). Boundary/initial conditions and geometry have been taken equal to the previous case. An SPH simulation has been performed in order to assess the suitability of this mesh-less method to deal with a vibrating drill bit, as it occurs in vibration-assisted drilling processes.



Different from the SPH simulation with static boundaries, a lower particle resolution equal to 60 μm has been adopted. The decrease in resolution has been necessary due to the higher artificial speed of sound required to obtain a stable simulation for the present case. The speed of sound has been set approximately 30 times larger than the maximum fluid velocity in the domain (previously, it was only 10 times larger), yielding a value of about 6000. Under these conditions, a simulation of three vibration cycles, i.e., 0.12 s, takes about eight days of GPU computing. Adopting half of the resolution, i.e., 30 μm, as performed in the previous section, would have resulted in a prohibitive computational cost due to the severe time step restriction caused by the increased artificial speed of sound.



At the simulation startup, a distinct wall penetration of a few particles has been observed. As already pointed out in the previous section, the simulation startup can represent a critical moment due to the sudden acceleration of the fluid particles initialized to zero velocity. Additionally, the sudden onset of the drill bit vibration can act as an additional source of instability for the simulation. However, after this initial transient, the computation has run steadily until the final simulated physical time without showing this problem anymore.



Figure 4 shows the SPH particles colored by their velocity magnitude at two different time instants. The first time instant shown in Figure 4a corresponds to the moment of maximum opening of the gap between the drill bit and the borehole bottom.



On the contrary, a complete closure of this gap occurs at the second time instant shown in Figure 4b. The main point resulting from this figure is the correct reproduction of the flow dynamics during the vibration cycle. When the gap is open to the maximum possible extent, the air flow rate across the cutting edges reaches its highest value. However, when the gap closes completely, it can be observed that flow stops across the contact regions between the drill bit and the borehole bottom, as no SPH particles along the cutting edges are visible.





4. Conclusions and Outlook


In the present study, the possibility of employing an open-source SPH method to simulate the coolant/lubricant flow in vibration-assisted drilling processes working under MQL conditions was investigated. Despite the advantages over standard mesh-based methods of being free from complex, computationally very expensive and, sometimes, not viable dynamic meshing and/or re-meshing procedures to deal with moving boundaries in complex geometries, the simulation cases performed in this work have highlighted two main drawbacks of the SPH method:




	(i)

	
The first problem relates to the solution accuracy. The comparison with the Finite-Volume-based code Ansys Fluent has shown an unsatisfactory matching of the results. This is mainly due to two reasons:




	
lack of variable particle resolution to capture large solution gradients (because increasing the resolution uniformly would lead to an intractable number of particles) and



	
poorly developed treatment of the turbulence.









	(ii)

	
The second problem of SPH is about the computational cost. Although SPH is not subject to a relevant computational overhead to address the case of moving boundaries, a severe limitation on the time step to preserve the numerical stability has emerged from the second simulation case presented in the current study.









From the analysis shown, it emerges that SPH methods so far are not mature enough to address the problem of the two-phase flow of coolant/lubricant in vibration-assisted drilling processes in all its specific features. Further development work is necessary to overcome the weak points of the method. However, SPH has been attracting many researchers in the last decades, and many groups are currently working on its various deficiencies, e.g., variable particle resolution, turbulence modelling, computational cost. Thus, the present conclusion of this study might be revised, even in the near future, if these developments can be achieved, making it possible to exploit the very powerful features of the SPH method.



A single-phase flow has been considered in the present work. However, the coolant/lubricant in MQL consists of a mixture of air and oil. Therefore, a two-phase flow solver is needed to investigate numerically the MQL in drilling processes. At the current stage, DualSPHysics does not support a two-phase simulation with inlets/outlets, as required by the problem. To the authors’ knowledge, other SPH software packages, which allow two-phase SPH simulations with inlets/outlets, e.g., Pasimodo [35], are, however, limited to low density/viscosity ratios of the two phases and, thus, are not suitable for air/oil mixtures with physical properties that differ by several orders of magnitude.



Another way to tackle the description of the complex two-phase MQL flow in vibration-assisted drilling is to consider only the oil flow while neglecting the air flow. This simplification of the process may contribute at least to clarify the role of the oil phase in the wetting process and lubrication of the cutting zone, specifically in the vibrating case where frequently a surface is to be covered by the lubrication flow mainly coming from the oil. This configuration may be worth studying in future analysis.
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Nomenclature




	
FVM

	
Finite-Volume method




	
GPU

	
Graphics processing unit




	
MQL

	
Minimum Quantity Lubrication




	
MWF

	
Metalworking fluid




	
SPH

	
Smoothed Particle Hydrodynamics




	
WCSPH

	
Weakly Compressible Smoothed Particle Hydrodynamics




	
c0

	
Speed of sound at the reference density (m s−1)




	
f

	
Generic quantity




	
g

	
Gravity vector (m s−2)




	
m

	
Mass of an SPH particle within the kernel radius (kg)




	
p

	
Pressure (Pa)




	
t

	
Time (s)




	
V

	
Velocity vector (m s−1)




	
W

	
Smoothing kernel function




	
x

	
SPH particle position (m)




	
∇

	
Gradient operator




	
γ

	
Specific heat ratio




	
ρ

	
Density of an SPH particle within the kernel radius (kg m−3)




	
ρ0

	
Reference density (kg m−3)




	
Πab

	
Artificial viscosity stabilization term




	
Subscripts a and b stand for different SPH particles
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Figure 1. Sketch of the drill bit: (a) side-view; the internal helical channel is highlighted; the MWF is transported through the internal channel to the cutting zone (b) details of the drill bit tip and flow direction (blue and green arrows) and vibration of the drill bit (red left-right arrow). Dimensions of the numerical domain are presented in Table 1. 
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Figure 2. Geometry of benchmark case for comparison between open-source SPH code DualSPHysics and commercial code Ansys Fluent. (a) full geometry and (b) longitudinal section. 
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Figure 3. Color plots of axial velocity on a longitudinal section of the fluid domain: comparison of results obtained with (a) open-source DualSPHysics code and (b) commercial code Ansys Fluent. 
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Figure 4. SPH particles colored by velocity magnitude at two different time instants of the simulation: (a) maximum opening of the gap between the drill bit and hole bottom and (b) complete closure of the gap, including the drill bit vibration. 
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Table 1. Geometric dimensions of the numerical domain and operating conditions.
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	Parameter
	Value





	Domain length (tip of the drill bit)
	8.0 mm



	Drill bit diameter
	5.0 mm



	Internal channel diameter
	0.7 mm



	Vibration amplitude
	120 µm



	Vibration frequency
	25 Hz
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