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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Contact angle of 75.3̊ for machining 
cutting fluid and 92.8̊ for distilled water. 

• Drop spreading behaviour of both fluids 
on WC-10wt%Co evaluated by level set 
method. 

• Results showed a good agreement be-
tween the numerical and experimental 
drop shape. 

• Exponential dependency with a 
spreading factor of approximately t1/2. 

• Initial spreading stage controlled by 
balance between inertial and capillary 
forces.  
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A B S T R A C T   

WC-Co cutting tools performance under demanding cutting conditions largely depend on the efficiency of the 
cutting fluid, mainly its ability to remove heat and reduce friction, both highly dependent on the wettability and 
drop spreading behaviour of the fluid. In this context, this study focuses on the spreading behaviour of machining 
cutting fluid and water in WC-10 wt%Co cutting tools surface. Contact angles were experimentally measured and 
then used for performing numerical simulations by the level set method. A contact angle of 75.3̊ and 92.8̊ were 
measured for the machining cutting fluid and distilled water, respectively, and coincident values were found by 
numerical simulation, as well as a strong agreement in the drop shape. It was also possible to observe that 
machining cutting fluid has a lower spreading time than water, due to a lower contact angle and higher viscous 
dissipation, allowing to reach equilibrium phase sooner. Also, the machining cutting fluid presents a higher drop 
radius than water, meaning a 24.2% contact area increase over 50 ms of spreading time. Furthermore, numerical 
simulation showed that the drops spreading over the capillary-inertial time, at the early stage of spreading, 
follow an exponential dependency with a spreading factor of approximately t1/2, which indicates that the initial 
spreading of both drops is driven and controlled by the balance between inertial and capillary forces. This work 
intends to contribute to the knowledge on the phenomena that drive the drop spreading behaviour on WC-10 wt 
%Co cutting tools, being the development of numerical models to predict this behaviour of utmost importance, 
since it can lead to the development of novel surface improved tools, with an enhanced lubrification effect and 
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heat removal capacity closer to the cutting zone during machining processes, and consequently allowing an 
improvement in the tribological and cutting performance of these tools.   

1. Introduction 

Spreading of a liquid drop over solid surfaces is an interesting phe-
nomenon from both fundamental and applied viewpoints, often 
encountered in several fields of science and engineering, and playing an 
important role in several industrial applications, such as rain drops on 
automobile windshields, inkjet and metal deposition in manufacturing 
processes, internal combustion engines, spray cooling of electronics, 
spray coating and painting for various applications, and lubrication/ 
cooling in machining processes [1–3]. 

Despite its apparent simplicity, the behaviour of a drop spreading on 
a solid surface is a very complex problem, that has been described by 
Rioboo et al. [4] as a sequence of four successive phases: kinematic, 
spreading, relaxation and wetting/equilibrium. Indeed, the wetting of a 
solid by a liquid concerns scales from the capillary length to the Van der 
Waals forces and remains only partially understood due to the intricate 
interaction between droplet and surface [5,6]. When a liquid drop 
contacts a wettable surface, the liquid spreads over to minimize the total 
surface energy, being the first instants of spreading very fast (some 
milliseconds for millimeter sized water drops), while it takes a much 
longer time for viscous liquids to completely spread [7]. The important 
factors governing the drop dynamics on a solid surface are the liquid 
properties (surface tension, viscosity and density), the surface charac-
teristics (roughness and contact angle), the drop size and impact ve-
locity, the surface inclination and the surrounding pressure [8,9], as 
shown in the experimental investigations performed by Šikalo et al. 
[10–12] with liquids of different surface tensions and viscosities (e.g., 
isopropanol, water and glycerin), where the drop volume, surface 
inclination and impact velocity had a significant effect on the drop dy-
namics and regimes of drop impact. 

The wetting behaviour of liquids on a surface depends on which 
forces are resisting to deformation and, generally, follows an exponen-
tial law, where the value of the exponent depends on inertia, viscosity 
and surface wettability [7,13,14]. The most popular exponential law, 
which relates the radius of the wetted area (r) with time (t) is the Tan-
ner’s law (Eq. 1), with n = 1/10 [15–17]. 

r (t) ∼ tn (1) 

Tanner’s law is suitable to predict spreading behaviours in which 
surface tension is balanced by viscosity. Depending on the different 
contributions of viscosity, surface tension, inertia and gravity, different 

evolutions have been reported: n = 0.1, n = 0.14, n = 0.16, n = 1/8, 
n = 1/7, n = 1/2 [7,17]. For the early stage of spreading, particularly 
for low viscosity fluids, such as water, it is well known that the growth of 
droplets diameter, upon wetting, follows a power law with an exponent 
of approximately 1/2, due to the balance between inertial and capillary 
pressure [13,15]. 

In addition to experimental investigations, several numerical studies 
on the spreading of a liquid drop over solid surfaces have been reported 
in literature, being different numerical methods available for evaluating 
the evolution of the fluid interface, along with ways to implement 
moving contact line models (see [18] for a detailed review article on this 
subject). For example, the level set method, originally proposed by 
Osher and Sethian [19], is an implicit method to capture the moving 
front. The basic idea is that the front location is given as the zero level set 
of an auxiliary field defined over the domain of interest. This method 
was used by Cheng et al. [20] to develop a transient two-dimensional 
axisymmetric model for numerical investigation of drop spreading and 
heat transfer on hot substrates that was validated with experimental 
data. It was found that the predicted drop spreading radius agrees quite 
well with the experimental data and that the drop spreading rate will 
increase with increasing impact velocity, surface tension and initial 
radius, or decreasing equilibrium contact angle and liquid viscosity. 
Zhang and Yue [21] developed a level-set method in the finite-element 
framework, being the predicted contact line dynamics able to match the 
Cox theory very well. Furthermore, their method can be easily modified 
to compute contact angle hysteresis. Hashemi et al. [22] simulated the 
spreading of droplets in contact with solid substrates on 
three-dimensional computational domains and compared the results 
with experimental data in order to validate the model. Other method, 
the volume of fluid method, which uses the volume fraction of the traced 
fluid to track the interface position was employed by Russo et al. [23] to 
develop a numerical model capable of accurately simulate the drop 
impact on spatially nonuniform wettability patterns of any foreseeable 
design. Seksinsky and Marshall [24] combined the level-set volume of 
fluid method for droplet impingement on a flat surface at low drop 
Reynolds numbers and validated the computational predictions with 
existing experimental data. Results showed that the surface area over 
which the drop spreads increase with the increase in Reynolds number. 
Shang et al. [25] proposed a three-dimensional front tracking method 
that integrates the generalized Navier boundary condition to model the 
moving contact line of droplets on a solid surface. This method employs 
a discrete set of linked Lagrangian markers to represent the interface and 

Nomenclature 

WC Tungsten Carbide 
Co Cobalt 
r Radius of wetted area (m) 
t Time (s) 
Ra Arithmetric average surface roughness (µm) 
u Fluid velocity (m/s) 
γ Reinitialization parameter 
ϵ Thickness of the interface between the two fluids (m) 
F Level set function 
ρ Density (kg/m3) 
µ Dynamic viscosity (Pa.s) 
g Gravitational acceleration (m/s2) 
Fσ Force due to surface tension (N/m3) 

σ Surface tension (N/m) 
I Identity matrix 
nint Interface normal 
δ Dirac delta function associated to the interface 
Kn Viscous stress 
β Slip length (m) 
θ Contact angle (̊) 
r/R0 Spreading factor 
τ Capillary-inertial time (s) 
α Exponent value 
C Coefficient 
We Weber number – ρu2D/σ 
Re Reynolds number – ρuD/μ 
D Drop diameter before impact (m)  
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the contact line position is updated according to either the fluid velocity 
at the contact line or the contact angle. The simulation of a sessile drop 
showed good agreement with the analytic solution, with errors of less 
than 0.4%, and a numerical convergence test indicated convergence of 
the surface tension calculation and the contact line model. The front 
tracking method was also used by Muradoglu and Tasoglu [26] to 
evaluate the impact and spreading of glycerin droplets on wax and glass 
substrates, being the numerical results in a good agreement with the 
experimental data. Finally, the diffuse interface method can also be used 
to evaluate the spreading of a liquid drop over solid surfaces. Shahmardi 
et al. [27] employed this method to propose a fully Eulerian hybrid 
immersed-boundary phase-field model for simulating contact line dy-
namics on any arbitrary geometry, being the suggested algorithm 
capable of modelling both static and dynamic contact angle boundary 
conditions with possibly slip velocity at the wall. The numerical tests 
reported in this study validate the algorithm against different results 
from the literature on wetting and two-fluid systems. Liu et al. [28] 
investigated the maximal spreading ratio of an impacting compound 
drop at moderate Reynolds and Weber numbers on a hydrophobic 
substrate by using a ternary-fluid diffuse-interface method. The maximal 
spreading ratio of the compound drop was found to depend on the 
volume fraction of the inner drop, the surface tension ratio, the Weber 
number and the flow regime. 

Machining cutting fluids have been widely used in industry to ach-
ieve longer tool life and greater dimensional accuracy, through the high 
cooling capacity and enhanced lubricating ability of the fluid, that al-
lows to dissipate about 96% of heat generated in the workpiece and 
cutting tool by forced convection [29,30]. The use of machining cutting 
fluids helps reducing machining costs in four ways [31]: first, reduce the 
cost of the tool as a direct result of reducing tool wear; second, increase 
production rates, since higher machining speeds can be achieved when 
using cutting fluids; third, the use of fluids reduces labour cost indi-
rectly, by eliminating downtimes; finally, reduces energy consumption 
as a result of reducing the frictional forces between the tool and chips, 
and the tool and workpiece by lubricating these surfaces. In addition to 
these, there are other less important roles for machining fluids, such as 
facilitating chip removal and rust protection for the workpiece, cutting 
tool, and machine [30]. 

In this sense, the understanding of drop spreading over cemented 
carbide surfaces, namely WC-Co (the most commonly used material for 
cutting tools due to the inherent high hardness and toughness, and wear 
resistance [32–34]), and consequent ability to enhance theses surfaces 
wettability is undoubtedly valuable, since a good surface wettability is 
beneficial for the tribological and cutting performance of these tools [35, 
36]. Yin et al. [37] studied the physiochemical properties and the 
lubrification effect of six base oils in MQL milling of AISI 1045. It was 
found that the contact angle decreases with the decrease in surface 
tension and that a large wetting area decreases surface roughness of the 
workpiece and milling force, as well as leading to an improvement in the 
workpiece surface quality. Wang et al. [38] simulated the spreading and 
wetting behaviour of microdroplets in a textured tool surface with 
controllable structure and conducted turning experiments of the tools 
with six different textures in aluminium alloy 6061-T6. Results showed 
that the texture can change the spreading state on the tool surface, and 
the lubricating fluid can effectively enter in the texture and tend to flow 
along the direction of the groove. 

The aim of this work was to evaluate experimental and numerically 
the early-stage drop spreading behaviour of two different fluids, water 
and machining cutting fluid, on WC-Co cutting tools surface in order to 
better understand this phenomenon. The time evolution of the spreading 
radius, r(t), was analysed, as well as the time for the complete spreading 
of the drop and discussed with the results found in the literature. The 
shape of the drop simulated by the level set method was also compared 
with the experimental measurements. 

2. Experimental work 

In this study, WC-10 wt%Co substrates with an arithmetric average 
roughness (Ra) of 0.69 ± 0.13 µm were used for wettability evaluation 
of two different fluids, distilled water and machining cutting fluid (5% 
volume concentration). These substrates were produced by Palbit S.A., 
being the microstructure presented in Fig. 1. Roughness measurements 
were performed with Mitutoyo Surftest SJ-210 portable surface rough-
ness tester, using surface ISO 1997 standard, with a diamond tip radius 
of 2 µm and 60◦ angle. A total length of 1.25 mm was used for the 
measurement, being 1.00 mm of evaluation length and a cut-off of 
0.25 mm with a measurement speed of 0.25 mm/s. A total of 10 mea-
surements were made for each sample. 

Before performing the wettability measurements, the WC-Co sub-
strates were ultrasonically cleaned for 2 min in ethanol. The contact 
angles were studied by sessile drop method using an optical tensiometer 
(OCA 15 plus, Dataphysics, Germany), at room temperature (≈ 20℃), 
using 5 µL of fluid dispensed by a micrometric syringe. The determina-
tion of contact angles was done with DataPhysics SCA—software using 
the Laplace–Young’s method, after fitting drop outline to the recorded 
images. For these measurements, five contact angle readings were made 
for each fluid at 140 ms (necessary time for drop stabilization) and the 
behaviour of the drop was video recorded with a frame rate of 50 frames 
per second at a resolution of 768 × 576 pixels. 

For numerical simulation purposes, the surface tension and dynamic 
viscosity of machining cutting fluid were assessed at room temperature 
(≈ 20℃) and are presented in Table 1. Surface tension was determined 
by pendant drop method with the same equipment used for wettability 
measurements and dynamic viscosity was measured with a Brookfield 
STS-2011 rotational viscometer at a shear rate of 132 s− 1 with a TL5 
turning spindle for a sample volume of 6.7 ml. 

3. Numerical simulation 

3.1. Mathematical model and fluids properties 

For the numerical simulations performed in this study, COMSOL 
Multiphysics software was used to evaluate the spreading behaviour of 
water and machining cutting fluid drops over a period of time. To track 
the position of the interface (free surface) between two immiscible 
fluids, in this case water and air, and machining cutting fluid and air, a 
level set method was used. Thereby, the governing equation is presented 
in Eq. (2). 

∂F
∂t

+ u.∇F = γ∇.

(

ε∇F − F(1 − F)
∇F
|∇F|

)

(2) 

Fig. 1. WC-10 wt%Co substrates microstructure.  
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In this equation, u (m/s) represents the velocity field, γ (m/s) the 
reinitialization parameter and ϵ (m) the thickness of the interface be-
tween the two fluids, which is taken as half of the length of the mesh 
element. The level set function, F, is a scalar function which sets the 
interface shape of the element. If F is equal to 1 the elements which 
discretize the domain are set to fluid, while if F is 0 the corresponding 
region of the domain is set to be occupied by air. Only at the interface 
between the two fluids, the level set function varies smoothly from 0 to 1 
[39]. 

Since there is no remesh, the properties of the domains are depen-
dent of the value of the level set function. Therefore, the density, ρ (kg/ 
m3), and the dynamic viscosity, µ (Pa.s), are computed by Eqs. (3 and 4), 
respectively. The properties of water, machining cutting fluid and air are 
summarized in Table 1. 

ρ = ρair +(ρfluid − ρair)F (3)  

µ = µair +(µfluid − µair)F (4) 

To compute mass and momentum conservation, COMSOL Multi-
physics software was also used. The fluids are assumed to be Newtonian 
and incompressible with no phase change. Under isothermal condition 
and in the absence of any surfactant, the surface tension is constant and 
uniform at the interface between the two fluids. In such conditions, the 
velocity field u and the pressure P satisfy the classical one-fluid formu-
lation of the Navier–Stokes equations [7]: 

∇.u = 0 (5)  

ρ
(

∂u
∂t

+ u.∇u
)

= − ∇P+∇.
(
μ
(
∇u+(∇u)T ) )+ ρg+Fσ (6) 

In Eq. (5), the mass conservation is obtained by setting the diver-
gence of the velocity field as zero and the momentum conservation, 
describing the balance of forces acting on the fluid, is expressed by Eq. 
(6), where g (m/s2) is the gravitational acceleration and Fσ (N/m3) the 
force due to surface tension, which is computed according to Eq. (7): 

Fσ = ∇.
(
σ
(
I −

(
nintnT

int

) )
δ
)

(7)  

where σ (N/m) represents the surface tension, I the identity matrix, nint 
the interface normal and δ the Dirac delta function associated to the 
interface, that is nonzero only at the interface between the two fluids 
[39]. 

3.2. Geometrical definition and boundary conditions 

The simulation was performed considering an axial-symmetry of the 
fluid drop and air domain. Therefore, in Fig. 2 is illustrated half of a fluid 
drop, which radius is approximately 1.06 mm (5 µL volume), and the 
surrounding air at the initial state. 

Fig. 2 also represents the boundary conditions used in the numerical 
model. It is imposed an open boundary condition on the outside 
boundaries of the air domain, to describe that these boundaries are in 
contact with a large volume of fluid [39], setting the vanishing of 
viscous stress (Kn = 0) [42]. The bottom boundary is set as a wetted wall 

boundary condition. This condition does not let the fluid flow through 
the boundary, by setting the normal component of velocity field as zero. 
Also, at this boundary, a Navier Slip boundary condition is added, which 
is a frictional force, where µ represents the fluid viscosity, β (m) the slip 
length, which is taken as the mesh element size, and u the fluid velocity 
field. The last boundary condition, set at this boundary, is the equilib-
rium contact angle, which adds a force due to the surface tension 
contribution at the wall. In addition, in Fig. 2, is also illustrated the 
initial conditions for the level set function, where the fluid drop is 
defined with a scalar value of 1 and its surrounding domain as 0 (air). 
The initial velocity field is also set as zero for all the domains. 

The domains are discretized with triangular elements only, with a 
maximum element size of 31.80 µm, which resulted in a total of 38388 
elements. Regarding skewness parameter, as a measure of elements 
quality, this has an average value of 0.94, for all the domains, and a 
minimum value of 0.57. This parameter indicates how close the ele-
ments are from their ideal shape, being the higher quality obtained for 
skewness values closer to 1. 

4. Results and discussion 

4.1. Experimental results 

The results obtained from sessile drop measurements with distilled 
water and machining cutting fluid are presented in Fig. 3a) and b), 
respectively. Due to uncertainty associated with the frame rate of the 
video recorded, it was established that the contact time (t = 0 ms) cor-
responds to the first frame where any visual changes are observed. In 
this sense, the spreading behaviour was evaluated until 140 ms of 
spreading time was achieved. 

A contact angle of 92.8̊ ± 2.6̊ and 75.3̊ ± 2.3̊ was measured for 
distilled water and machining cutting fluid, respectively, at t = 140 ms 
(Fig. 3) of spreading time, allowing to conclude that the cutting fluid 
presents a higher wettability for the WC-10 wt%Co substrates, being this 
behaviour in accordance with literature [43]. These contact angle values 
were then used in the numerical simulation. In Fig. 3, it is possible to 
notice that the drop spreading is a very fast phenomenon, being needed 

Table 1 
Properties of water, machining cutting fluid and air at 20℃.  

Property Symbol Fluid Value 

Dynamic viscosity µ water 1.002 × 10− 3 Pa.s[40] 
cutting fluid 1.566 × 10− 3 Pa.s 
air 1.825 × 10− 5 Pa.s[41] 

Density ρ water 998.2 kg/m3[40] 
cutting fluid 975 kg/m3 

air 1.204 kg/m3[41] 
Surface Tension σ water/air 0.0728 N/m[40] 

cutting fluid/air 0.0441 N/m  

Fig. 2. Geometrical representation of the model and its boundary conditions at 
initial state. 

Fig. 3. Contact angle evolution of the WC-10 wt%Co substrates: a) distilled 
water and b) machining cutting fluid. 
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only around 20 ms to achieve a drop shape similar to the one in equi-
librium state. It is also possible to notice that the machining cutting fluid 
drop reaches equilibrium faster than the distilled water drop. These 
observations are in strong agreement with the numerical simulations 
performed in this study and with the literature, since it is reported that 
the spreading time (i.e. the necessary time to achieve equilibrium phase) 
increases with the increase in contact angle [7,13,44]. 

4.2. Numerical simulation results 

The numerical simulation was performed, for both fluids, until 
140 ms of drop spreading was reached. Fig. 4 illustrates the evolution of 
spreading behaviour of the machining cutting fluid drop shape 
(θ = 75.3̊) for several time steps, where the colour legend is related to 
the level set function, which sets which fluid occupies each mesh 
element. The time steps are non-regular, in order to show particular 
events observed during spreading. 

Initially, when the cutting fluid drop touches the wall, the formation 
of a “neck” occurs (t = 1.23 ms). Then, the top of the drop starts moving 
due to the appearance of a capillary wave induced by the initial impulse 
generated at the contact line, causing an elevation of the top of the drop 
until a maximum drop height of approximately 2.50 mm at t = 6.56 ms, 
which is 18.13% more than the initial drop diameter, as shown in  
Fig. 5a). This behaviour is in accordance with numerical simulations 
previously reported in literature [7,45]. Consequently, combined with 
the displacement of the contact line, the drop is elongated into two 
orthogonal directions, resulting in the generation of a pinch event 
(t = 9.73 ms), that leads to a maximum spreading radius of approxi-
mately 1.74 mm, 63.98% more than the initial drop radius, at 
t = 11.25 ms, as depicted in Fig. 5b). Due to the capillary wave origi-
nated by the coalescence of the pinch event, a second pinch event is 
formed at t = 12.10 ms. These pinch events are responsible for the 
contact line oscillations shown in Fig. 7, at both early and final stage of 

spreading [46]. Between t = 80 ms and t = 140 ms the spreading radius 
variations are negligible, being differences in the drop shape hardly 
identifiable, as it can be visualized in Fig. 4 and confirmed by the 
experimental results depicted in Fig. 3. 

The spreading behaviour evolution for the water drop shape with a 
contact angle of 92.8̊ is illustrated, for several time steps, in Fig. 6. Once 
again, the time steps are non-regular, in order to show particular events 
observed during spreading. 

Similarly, to the spreading behaviour of cutting fluid, the water drop 
forms a “neck” when the drop touches the wall (t = 1.20 ms). Then, the 
top of the drop starts moving due to the appearance of a capillary wave 
induced by the initial impulse generated at the contact line, leading to a 
maximum drop height of approximately 2.40 mm at t = 5.04 ms, which 
is 13.15% more than the initial drop diameter, as shown in Fig. 5a). 
Therefore, combined with the displacement of the contact line, the drop 
is elongated into two orthogonal directions until it reaches the 
maximum spreading radius of approximately 1.71 mm, 61.16% more 
than the initial drop radius, at t = 10.08 ms (see Fig. 5b). It is also 
possible to notice that due to the presence of capillary waves, more 
oscillations in the drop shape occur than in comparison with the drop 
shape evolution for machining cutting fluid. 

Fig. 5 depicts the drop height and radius evolution for water and 
machining cutting fluid over 50 ms of spreading time. It is possible to 
observe that the cutting fluid drop achieve its maximum drop height and 
radius at a later spreading time than water. This phenomenon can be 
explained by the lower surface tension of the machining cutting fluid. As 
it is known, the Weber number determines the maximum diameter of the 
drop, so as it increases it takes longer to achieve the maximum drop 
height and consequently maximum drop radius, because the initial im-
pulse transmitted to the drop is decreased [3,47]. Also, the machining 
cutting fluid presents a higher drop radius than water, meaning a 24.2% 
contact area increase over 50 ms of spreading time, since a small contact 
angle increases the wetting area, which leads to an enhanced 

Fig. 4. Spreading behaviour evolution of a machining cutting fluid drop on a surface with a contact angle of 75.3◦ for several time steps.  
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lubrification effect and heat removal capacity during machining pro-
cesses, and consequently allowing an improvement in the tribological 
and cutting performance of WC-Co cutting tools [37,48,49]. 

One parameter that is very important in drop dynamics is the 
spreading factor (r/R0), that is usually given by the ratio between the 
radius of the drop at a determined moment of time and the initial drop 
radius. Looking more closely to the initial stage of spreading, the growth 
of the spreading factor collapses into an approximately t1/2 exponential 
law (see Fig. 7), indicating that the initial spreading behaviour of the 
fluids studied in this work is driven and controlled by a balance between 
inertial and capillary forces, which is in accordance with results reported 
in literature [4,7,15]. In Fig. 7, the spreading factor log-log plot is pre-
sented as function of time normalized by the capillary-inertial time (τ). 
Therefore, the spreading factor over time can be approximated by Eq. 
(8), where α is the exponent value, C is a coefficient, and the 
capillary-inertial time can be calculated by Eq. (9). 

r
R0

= C
(t

τ

)
α (8)  

τ =

̅̅̅̅̅̅̅̅̅̅̅̅̅

ρ R3
0

σ

√

(9) 

An exponent value of 0.539 and 0.503 was obtained for cutting fluid 
and water, respectively, while the coefficient C is approximately 1.161 
and 0.968, respectively. These results are very satisfactory for both cases 
and are in agreement with literature, where it is reported that α and C 
decrease with the increase in contact angle [13]. 

As seen in Fig. 7, wetting has a significant effect on the spreading 
rate. From literature, it is expected an increase in spreading time when 
increasing the contact angle [7,44]. Indeed, the spreading factor curve 

of water is more shifted to the right, meaning that the spreading time 
increases, since it presents a higher contact angle than the machining 
cutting fluid. Also, in Fig. 7, the four different stages of drop dynamics 
are observable. In the kinematic phase, the spreading factor remains 
practically unaltered and both fluids present the same behaviour, being 
the differences between them negligible. This phase ends when the drop 
starts moving radially and mainly not vertically. As the spreading phase 
begins, other parameters such as the diameter of impacting drop, ve-
locity, surface tension, density and viscosity start to influence the 
spreading process. During the later stage of this phase, surface tension 
plays a prominent role in undermining the maximum spread that the 
drop can achieve. After spreading to its maximum radius, the drop enters 
in the relaxation stage, where it may start receding (in this case several 
relaxation cycles occur for both fluids) before reaching the equilibrium 
phase [3,4,9]. It is important to notice that for the water drop, the 
relaxation time lasts until the end of the evaluated time (140 ms) and the 
spreading factor variations are higher and more frequent, allowing to 
conclude that the equilibrium phase may not yet been reached. This is 
due to the fact that Reynolds number is responsible for controlling the 
time it takes for the drop to reach equilibrium phase and, since the water 
has lower dynamic viscosity, which increases Reynolds number in 
comparison with cutting fluid leading to a higher necessary time to 
achieve the equilibrium phase due to a lower viscous dissipation [3,44]. 

Fig. 7 also allows to conclude, that the spreading factor features 
oscillations in the very initial stage of spreading and after reaching the 
maximum spreading factor. These oscillations are due to capillary 
waves, which travels from the contact line to the top of the fluid drop, as 
previously explained. 

Beyond the analysis of the numerical results for the spreading 
behaviour, the drop shape of the fluids at t = 140 ms was also analysed. 
For this purpose, the shape of the numerical drops was compared with 
the shape of the experimental one measured by sessile drop method, as 
shown in Fig. 8. This comparison showed a good agreement between the 
numerical and experimental results with only a small difference found, 
that can be attributed to the error associated to the contact angle mea-
surements. These results show that is possible to accurately predict the 
drop shape evolution for machining cutting fluid and water droplets, 
leading to a better comprehension of the spreading behaviour on WC-Co 
cutting tools surface. 

5. Conclusions 

In the present study, the level set method was used to perform nu-
merical simulations in order to evaluate the spreading behaviour of two 
fluids, machining cutting fluid and water, on WC-10wt%Co surface. The 
contact angle used in the numerical simulations, was first experimen-
tally measured by the sessile drop method. A contact angle of 75.3̊ and 
92.8̊ were measured for the machining cutting fluid and distilled water, 
respectively, at t = 140 ms of spreading time, allowing to conclude that 
the cutting fluid presents a higher wettability. It was also possible to 
observe that the machining cutting fluid drop reaches equilibrium faster 
than the distilled water drop, being these observations in strong agree-
ment with the numerical simulations results performed in this study and 
with the literature. 

Numerical simulations showed that machining cutting fluid has a 
lower spreading time than water, due to lower contact angle and higher 
viscous dissipation, allowing to reach equilibrium phase sooner. Also, 
the machining cutting fluid presents a higher drop radius than water, 
meaning a 24.2% contact area increase over 50 ms of spreading time, 
which will lead to an enhanced lubrification effect and heat removal 
capacity during machining processes. Moreover, the drop spreading 
over the capillary-inertial time, at the early stage of spreading, showed 
an exponential dependency with a spreading factor of approximately t1/ 

2, more precisely 0.539 and 0.503 for cutting fluid and water, respec-
tively. The approximation with this specific exponential law allows to 
conclude that the initial stage of spreading may be governed and 

Fig. 5. a) drop height and b) drop radius evolution for water and machining 
cutting fluid over 50 ms of spreading time. 
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controlled by the balance of inertial and capillary forces. 
This study results show that is possible to accurately predict the drop 

shape evolution for machining cutting fluid and water droplets on WC- 
10wt%Co surface, being the numerical and experimental drop shape for 
both fluids in strong agreement. In this sense, this work allows to 

strengthen the basic understanding of drop spreading behaviour on WC- 
Co cutting tools, as well as predict the fluid behaviour depending on the 
physical properties, since it allows concluding that fluids with smaller 
contact angle have a larger spreading area, which will lead to an 
increased lubrification effect and ability to remove more heat and closer 
to the cutting zone, and consequently an enhancement in the tribolog-
ical and cutting performance of these tools. 
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Fig. 6. Spreading behaviour evolution of a water drop on a surface with a contact angle of 92.8◦ for several time steps.  

Fig. 7. Spreading factor as a function of the normalized capillary-inertial time, 
collapsing in an approximately t1/2 exponential law. The four different phases 
of drop impact dynamics are also presented. 

Fig. 8. Drop shape comparison between the numerical and experimental re-
sults of a) cutting fluid and b) water at 140 ms of spreading time. 
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[48] B. Guimarães, C.M. Fernandes, D. Figueiredo, O. Carvalho, F.S. Silva, G. Miranda, 
Effect of laser surface texturing on the wettability of WC-Co cutting tools, Int. J. 

Adv. Manuf. Technol. 111 (2020) 1991–1999, https://doi.org/10.1007/s00170- 
020-06155-3. 

[49] Y. Zhang, C. Li, M. Yang, D. Jia, Y. Wang, B. Li, Y. Hou, N. Zhang, Q. Wu, 
Experimental evaluation of cooling performance by friction coefficient and specific 
friction energy in nanofluid minimum quantity lubrication grinding with different 
types of vegetable oil, J. Clean. Prod. 139 (2016) 685–705, https://doi.org/ 
10.1016/j.jclepro.2016.08.073. 
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