Experimental and model studies of various size water droplet impacting on a hydrophobic surface 
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Abstract
Droplet impact on a hydrophobic surface is considered and the influence of the droplet volume on the impact characteristics is analyzed. Pressure variation and the characteristics of the droplet in the spreading and retraction cycles are numerically predicted incorporating the conditions adopted in the experiments. The level set model is adopted in predicting the dynamics of the impacting droplet on the hydrophobic surface. The impacting droplet motion is recorded using the high speed recording system. It is found that the numerical predictions of the impacting droplet shape and height ratios during the spreading and the contraction cycles are in good agreement with those of the experimental data. It is found that, increasing droplet volume increases the peak pressure in the droplet fluid upon the impact. Also, the transition period of the droplet on the hydrophobic surface increases with increasing droplet volume. The maximum height of the droplet remains larger for large volume droplets in both spreading and retraction cycles. Increasing droplet volume enhances the droplet wetting diameter on the hydrophobic surface during the spreading and the retraction periods. The rate of peak velocity of the spreading surface of the droplet is faster for small volume droplet as compared to that of the large volume droplet. The ratio of spreading period over the retraction period of the droplet remains small for the small volume droplets.
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Introduction
The behaviour of liquid droplets is strongly influenced by the wetting state of surfaces. As contact angle hysteresis changes from small to large values, droplet rolling replaces with sliding on the hydrophobic surface. This becomes important for self-cleaning application of surfaces. The generation of the hydrophobic wetting state with variable contact angle hysteresis has many challenges due to arrangement of surface texture morphology. The wetting state of surfaces depends on their texture geometry and surface free energy. The hierarchical arrangement of the texture topology becomes necessary to create air pockets between micro/nanopillars on the hydrophobic surface. Self-cleaning of hydrophobic surfaces by a rolling water droplets was presented previously1,2, and it was successfully demonstrated that the water droplet cleans the hydrophobic surfaces effectively. The natural cleaning of surfaces takes place by rainfall and the impacting droplets on to the surfaces play an important role in the cleaning process via spreading and retraction cycles. Depending on the droplet volume and the wetting state of the surfaces, the impacting droplet behavior changes such that droplet transition time on the surface can be shortened or extended.3,4 This behavior influences the cleaning characteristics of the surface. Since the impacting droplet rebounds on the hydrophobic surfaces, these surfaces can be utilized in the cleaning purposes and impacting droplet can be removed from the surface in rebounding stage.

The hydrophobicity (or wetting state) of surfaces can affect the dynamics of droplet impact in various dimensions. It influences parameters such as droplet impact pressure, droplet volume, droplet vertical height, droplet roundness, restitution coefficient, droplet surface velocity and hydrophobic characteristics, such as contact angle and hysteresis.5,6,7 Hence, critical examination of the influence of these parameters during the spreading/retraction onto hydrophobic surface becomes necessary. Furthermore, the dynamics of impacting droplet becomes important for the spreading rate of droplet on the hydrophobic surface and the conditions resulting in large spreading rate can be utilized for self-cleaning. Similarly, impacting droplet penetration into the porous surfaces remains critical for biomedical applications where the chemical reaction(s) remains important towards identifying the chemo-biological activities in the droplet fluid.8 Hence, the wetting state of the impacting surface, droplet kinetic energy, and the spreading rate of the droplet over the impacting surface are the most influencing parameters in biomedical applications. In addition, depending on the texture characteristics, the protruding pores structures can form a small occlusion, which can cause rupturing of lamella of the impacting droplet.9 The impacting droplet behavior changes as the droplet impacts onto the grooved surfaces; in this case, depending on the pitch size of the grooves, the wetting state changes from Cassie and Baxter to Wenzel states while modifying the droplet characteristics on the surface.10 The rebounding of the droplet impact alters as the pitch of the microgrooves changes despite the fact that wetting state of the surface is maintained.11,12
Previous numerical studies on droplet impact provide useful information on droplet behavior upon its impact on hydrophobic surfaces. The predictions demonstrated that droplet spreading diameter increases with Weber number and inertia force suppresses the influence of surface tension and wall adhesion.13 Molecular dynamics simulations also provide useful information on interfacial properties, which are particularly important for nano-size impacting droplets. Such simulations demonstrate that the dimensions of the gaps and height of pillars at the droplet interface have a more profound effect on the impact phenomenon as compared to that of the area of pillars.14 Introducing particle hydrodynamic model for the simulation of droplet impacting on to elastic surfaces appears to give reasonably good results, which can be comparable to those obtained from the experiments.15 However, the applicability of the model needs to be improved covering the various wetting states of hydrophobic surfaces having large texture patterns. Although impacting droplet dynamics on hydrophobic surfaces are investigated previously8,10,16, the main focus was to examine the droplet spreading on the hydrophobic surfaces and the influence of the droplet size on the impacting characteristics is left for the future study. The droplet volume plays a major role for impacting droplet spreading/retracting and rebounding on the hydrophobic surfaces. Since the balance between pressure, surface tension, and viscous forces governs the behevior of impacting droplet, the droplet volume becomes one of the critical parameters that determine the impacting droplet characteristics such as droplet roundness, pressure variation inside droplet, and droplet spreading and/or retraction rates. Consequently, in the present study, the droplet impact on to the hydrophobic surface is considered and the influence of the droplet volume on the dynamics of the impacting droplet is examined. The impacting droplet behavior is simulated numerically, and findings are compared with the experimental data obtained from the high speed recording system. The wetting state of the glass surfaces are modified through hydrophobizing via coating by the functionalized nano-silica particles. The wetting and texture characteristics of the coated surfaces are also analyzed in detail.

Numerical modeling
The conservation equations for incompressible flow is considered when formulating the impacting droplet properties. The continuity equation can be expressed as:
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where  is velocity vector.
The momentum equation yields:

            (2)









where: is density,  is velocity vector, is acceleration vector due to gravity, is gauge pressure, is surface tension,  is curvature,  is Dirac-Delta function,  is friction source term and is time.

The level set equation for two-phase flow can be expressed as17:

                                                                                  (3)





where: is level-set function,  is velocity vector, is re-initialization parameter, is the parameter that controls interface thickness, and is time.

Incorporating the level-set function, the properties of fluids such as density, viscosity, contact resistance and thermal conductivity of air and water are scaled according to rule of mixtures, which yield:

                                                              			                               (4)
The energy equation for heat transfer within fluid and underlying substrate is:

                                                                                             (5)




where: is specific heat capacity,  is temperature, is thermal conductivity, and is time.

Initial and boundary conditions

As depicted in Figure  1, the droplet is considered to be initially at rest and, then, undergoes free fall under the gravity from the initial free fall height. In the simulations, three droplet volumes are considered, i.e. 20 µL, 30 µL and 40 µL. The initial velocity is imposed on the droplets in order to reduce computational time associated with droplet flight prior to the impacting. The initial temperature () of the droplets and surrounding air is assumed to be 300 K, which is the typical temperature observed during winter rainfall in Kingdom of Saudi Arabia. Due to solar radiative heating of surfaces, the initial temperature of the substrate surface is considered to be slightly higher than rain droplet temperature, i.e. 304 K. Therefore, the initial conditions used for the current analysis can be expressed as:
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Figure 1. A schematic view of a droplet impact under gravity free fall and boundary conditions.

For the droplet fluid Figure 1, the interface between the droplet and surrounding air is considered to be free boundary within the computational domain. The pressure outlet is defined at the boundaries of the air sorrounding droplet (Figure 1). The substrate surface (Figure 1) is considered to be wetted wall in which the contact angle between droplet, air and wall is defined. Thus, the boundary conditions used can be expressed as:

                                                              (pressure outlet)                                           

                                                         (slip at wetted wall)                                  
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where:  is surface tension of fluid,  is boundary path,  is unit vector normal to the surface,  is unit vector normal to the contact line,  is the dynamic contact angle,  is Dirac-Delta function,  is slip length, and  is time. The dynamic contact angle is implemented based on the quasi-dynamic model provided in previous studies.18,19
For the heat transfer, thermal contact resistance is defined at the droplet-substrate interface (Figure 1) in which the area of droplet-substrate interaction is made to have higher contact resistance due to the presence of micro-poles on textured hydrophobic surface. While, other boundaries (Figure 1) are thermally insulated. Therefore, the boundary conditions used for the analysis can be expressed as:

                                                          (thermal insulation)                           

                                (contact resistance at substrate surface)        
Numerical implementation




COMSOL multi-physics code20 is used to model the impact of droplets on to the hydrophobic surface using the initial and boundary conditions presented through Eqs. 5-12. The numerical accuracy of the scheme is limited by the time step size, mesh size and level-set parameters adopted. Hence, the time step as small as 10-8 s is adopted for the numerical solution to ensure convergence of the time derivatives. Second-order Euler backward difference scheme is used to discretize the time derivatives in the flow and the energy equations. With the level-set approach, the droplet interface is treated implicitly such that numerical convergence is achieved with a highly dense regular mesh having initial droplet geometry as shown in Figure2. However, the location of initial droplet interface need to have a sufficiently fine meshes and the level-set parameters ( and ) need to be properly set towards effectively capturing the movement of droplet within the fixed mesh. Based on the usual practice, the re-initialization parameter () is set to be equal to the maximum velocity of flow (0.6 m/s); while the interface thickness () is taken as half of the maximum element (edge) length. As demonstrated in Figure 3, the grid independent solution is obtained with 28,406 triangular quadratic elements having an average quality of 0.9437. The level set method has some limitations on conservation of mass. Therefore, for the present study, mass balance was checked during the analysis and it was ensured that the change in droplet mass during impacting is negligible. The properties of droplet fluid (water) used in the simulations are given in Table 1.
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Figure 2. (a) computational domain meshed with 28,406 triangular quadratic elements; (b) finer mapped mesh at droplet interface; (c) refined mesh close to solid surface interface.

(a)
(b)
(c)
(d)

Figure 3. (a) center line along which grid independence test is conducted; (b) normalized velocity, (b) normalized pressure; and (c) temperature with mesh size for 20 µL droplet.





Table 1. Material properties used in the simulations.
	Parameter
	Droplet
	Air
	Hydrophobic Substrate

	
Density, (kg/m3)
	

	1.2
	7800

	
Viscosity,(Pa s)
	

	1.813x 10-5
	-

	
Surface tension,(N/m)
	0.07275
	-
	-

	
Specific heat capacity, (J/kgK)
	

	718
	502

	
Thermal conductivity, (W/mK)
	

	0.025
	16

	
Thermal contact resistance, (K m2/W)
	-
	-
	27.76










Some useful definitions are introduced interpreting the results predicted. In this case, the Capillarity time is defined as   , where m is mass and σ is surface tension. The pressure head is defined through , where ρ is density and  is impact velocity. Weber and Reynolds numbers of impacting droplet:  and , where: is droplet radius,  is dynamic viscosity. The data and the dimensionless numbers used in the simulations are given in Table 2.

Table 2. Water droplet data used in the analysis.
	Case
	Droplet radius (mm)
	Impact heigth(mm)
	Impact velocity(m/s)
	Contact angle (°)
	We
	Re

	1
	1.684
	20
	0.62
	135±3
	8.8713
	2128.168

	2
	2.526
	20
	0.56
	135±3
	10.8560
	2878.196

	3
	3.368
	20
	0.56
	135±3
	14.4747
	3837.595




Experimental
The glass plates with 30 mm wide (width), 60 mm long (length), and 1 mm thickness were used; hydrophobizing via depositing the functionalized silica particles onto the plate surfaces. The nano-silica particles were synthesized incorporating the method reported in the early study 21,22. The nano-size silica particles were produced through synthesizing process with tetraethyl orthosilicate (TEOS), 3-aminopropyltrimethoxysilane (AMPTS), isobuthytrimethoxysilane (OTES), ethanol, and ammonium hydroxide.21,22 In the process, the mixture of 14.4 mL of ethanol, 1 mL of ultrapure water, and 25 mL of ammonium hydroxide were stirred for 12 minutes. Upon completing the string process, 1 mL TEOS diluted in 4 mL ethanol was added to the mixture. Following 25 minutes after this process, 0.5 mL of TEOS diluted in 4 mL ethanol was extra added. After 5 minutes, a modifier silane molecule in molar ratio of 3:4 was included with respect to the second edition of TEOS. The final mixture was stirred for 18 hours at room temperature. The mixture was, later, centrifuged and washed with ethanol to remove the reactants residuals. The solvent casting method was used to coat the glass surfaces with functionalized silica particles. After the coating, the contact angle of the surface is about 135°  2º with contact angle hysteresis of 3º 1º. The surface morphologies and texture characteristics of the nano-silica particles coated surfaces were analyzed incorporating characterization tools. 
A goniometer (Kyowa, model DM 501) was utilized for the measurement of the droplet contact angle. In the measurements, the droplet volume was controlled by an automatic dispensing system with resolution of 0.1 L. The droplet contact angles were measured after one to five seconds of droplet deposition on the surface.23 The dynamic response of the impacting droplet was recorded five times using a high-speed recording system (SpeedSense 9040) to secure the repeatability of droplet data. Based on repeatability of the data, it was noted that the error related to the measurement was in the order of 3%. 

Results and discussion
Impacting droplet dynamics on to hydrophobic surfaces are examined and the droplet characteristics such as pressure rise in the droplet fluid, spreading/retraction rates, transition time, and droplet height are predicted. The simulations are compared with those obtained from the experiments.
The glass surfaces are hydrophobized via depositing nano-sized silica particles. Figure 4(a) shows SEM image of the silica particles coated surface. The nano-size silica particles are located close to each other while forming cluster-like structures. The nano-size particles are spherical in shape with average size of about 30 nm. The agglomeration of the particles causes small size voids-like textures between the clusters. The void-like textures are randomly oriented and locally distributed on the surface. The agglomeration of the nano-silica particles is attributed to the modifier silane, which gives rise to side reactions due to the condensation of silane on to the silica particle surface [24]. Figure 4(b) shows line scan of the coated surface obtained from atomic force microscopy with the tapping mode. The surface possesses desired hills-like texture morphology due to the presence of the agglomerated particles. The line scan demonstrates that nano-size particles are closely spaced and the average void-like texture spacing and depth are about 1 µm and 80 nm, respectively. Consequently, the voids-like texture is shallow and does not extend over large area of the surface. The average roughness of the coated surface is about 85 nm. The roughness parameter, which is determined from the ratio of pillars area over the projection area, is about 0.52.  The surface contact angle is determined using the sessile droplet method based on procedures adopted in early work.23 The contact angle is measured as 135º  2º and hysteresis is 3º  1º. The contact angle measurements are repeated at several locations on the surface and the variation of the contact angle and hysteresis is found to be less than 2%. Consequently, the coated surface demonstrates almost uniform wetting characteristics with Cassi and Baxter state. 
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Figure 4. (a) SEM micrograph of nano-size silica particles deposited surface; (b) atomic force microscopy image and line scan of silica particles deposited surface.











Figure 5(a) and 5(b) show the impacting droplet geometries (shapes) predicted from the simulations and obtained from the experiments. It can be observed that the predicted droplet shapes agree well with those obtained from high speed recording system. The small differences are associated with the numerical errors, such as roundoff errors. Nevertheless, the differences in the figures are very small. Figure 6(a) and 6(b) show the predicted normalized pressure (, where  is peak pressure within droplet,  is the air pressure in droplet environment,  is the droplet fluid density,  is the droplet impacting velocity) variation inside the droplet with normalized time (, where  is the capillary time and it is , where  is the droplet mass and  is the surface tension of the fluid) for two droplet volumes, respectively. The peak pressure occurs at the point of impact and it decays gradually as the droplet spreads on the hydrophobic surface. The droplet continues spreading on the surface up to 16.1 ms at which pressure in the droplet reduces significantly. The capillary time for 20 µL droplet is about 16.6 ms. Hence, the spreading duration becomes similar to the capillary time. During the spreading period, the droplet geometry undergoes regular deformation forming a flat disk-like shape. In the initial period of spreading, the pressure variation in the liquid can trigger the surface tension waves.24 The pressure inside the impacting droplet can be influenced temporarily by the surface tension waves as the traveling and reflecting waves from the droplet surface are in phase. The formation of surface tension waves is related to the deformation of the droplet upon its impact onto the surface. Hence, temporary expansion and contraction of the droplet, due to puddling, causes alteration of the droplet circumference during the spreading and the retraction cycles. As the droplet remains unbroken during the spreading and retraction cycles, the force balance between surface tension and pressure forces results in temporal deformation of the droplet. Hence, the normalized maximum pressure changes inside the droplet, particularly in the retraction-mode (Figure 6(a) and 6(b)). As the retraction period is completed, rebounding of the droplet is initiated from the hydrophobic surface. The fluid pressure inside the droplet changes to reshape the droplet towards the spherical geometry. In the case of large volume droplet (Figure 6(b)), the temporal variation of the pressure inside the droplet during the spreading and the retraction cycles causes the droplet shape to change. This is because, the surface tension waves reflected from the droplet-free surface alters the local pressure change in the droplet fluid. This behavior is more apparent for the case of the large droplet volume (Figure 6(b)). During the droplet spreading period on the surface, the normalized pressure reduces rapidly first, and the decay becomes gradual as time progresses. This behavior remains true for all the droplet volumes considered. However, as the droplet reaches the end of the contracting period, normalized pressure increases sharply; hence, the droplet geometry changes towards horizontally elongated disk-like shape. The droplet does not break into small droplets for the volume 20 µL. The surface tension force, which is generated due to the reformation of the droplet shape, enhances the pressure inside the droplet. Hence, the pressure in the droplet fluid forms a peak as the droplet shape changes drastically, which can be observed at the onset of rebounding. In the case of the large volume droplet (40 µL), droplet breaks into two closely spaced small droplets in the retraction period. However, these droplets join to form a single droplet towards the end of the retraction cycle.  This in turn results in a single rebounding droplet of the large volume. The peak pressure inside the rebounding droplet becomes slightly less for the large volume droplet than that of the small volume droplet. Nevertheless, the maximum peak pressure upon impact remains larger for the large volume droplets, i.e. impact pressure attains large values for the large volume droplets. Figure 7(a) shows the pressure contours inside the impacting droplet for various volume of droplets during the spreading cycle while Figure 7(b) shows the pressure contours in the impacting droplet during the retraction cycle. The peak pressure attains large values upon impact and it reduces as the droplet spreads on the hydrophobic surface. During the retraction period, the droplet geometry changes from a single lob appearance to two lobs appearance prior to rebounding. In both spreading and retraction phases, the small size droplets do not break up rather remains a single droplet on the hydrophobic surface. The peak pressure remains larger in the spreading period as compared to that of the retraction period.
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Figure 5. (a) droplet deformation after impact at t=10.2 ms obtained from: (i) simulations and (ii) experiments; and (b) droplet deformation after impact at t=15 ms: (i) simulations and (ii) experiments.
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Figure. 6. Normalized pressure with normalized time during spreading, retraction and rebounding cycles of impacting droplet: (a) 20 µL droplet; and (b) 40 µL droplet.
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Figure 7. (a) Pressure counters inside droplets with different volumes and for various normalized time during spreading cycle. Pressure bar is in Pa (gage).
[bookmark: _Hlk27410521]
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Figure 7. (b) Pressure counters inside droplets with different volumes and for various normalized time during retraction cycle. Pressure bar is in Pa (gage).





Figure 8 shows the normalized maximum droplet height (,  corresponds to the droplet maximum height and  represents the capillary length, which is , where f is the specific weight of the fluid) with normalized time (t/c, where  is the capillary time, m being the droplet mass and  is the surface tension) for three volumes of the impacting droplet on hydrophobic surface. Since the normalized time is associated with the droplet mass (i.e. t/c, where ), the small volume droplet results in a smaller normalized time than that of the large volume droplet. Hence, the normalized time scale for the droplet impact changes with the droplet volume. As the droplet volume increases, the normalized maximum droplet height becomes large during the droplet spreading period; however, the maximum droplet height becomes large for the small droplet volume during the retraction period. Hence, the vertical length of the droplet increases during the retraction period, which is more apparent for the small volume droplet. This behavior can be explained in terms of the energy dissipated during retraction of the droplet; in this case, energy dissipated due to contact line friction, viscous losses and shape recovery. The energy losses from the time of the maximum droplet spreading to end of its retraction becomes less for the small volume droplets. It should be noted that the energy dissipated due to friction at the interface between the droplet and surface depends on rate of fluid strain and wetted area during the retraction cycle. The wetted area becomes small for the small volume droplet; therefore, the order of magnitude of the frictional energy dissipation becomes small. The energy dissipated due to shape recovery via volumetric evaluation of the droplet during the retraction cycle is associated with , where  is the droplet volume, which remains constant during retraction, and  is the pressure variation during the droplet retraction. Hence, the energy dissipated by the small volume droplet due to both friction and volume reshaping remains less as compared to those of the large volume droplets. The transition period, covering the total duration up to the droplet rebounding, for the small volume droplet (i.e. 20 µL) is considerably smaller than that of the large volume droplet (i.e. 40 µL). Thus, the spreading and retraction periods of the droplet is larger for the larger volume droplets. Although the energy dissipated by the droplet on the hydrophobic surface remains high for large volume droplet, the rebounding height remains higher because the gravitational potential energy (prior to impact) is greater for the large volume droplets. Hence, the energy dissipated during the transition period of the droplet does not notably influence the overall droplet gravitational potential energy upon rebounding.
Figure 9 shows the droplet wetting diameter on the hydrophobic surface with normalized time (t/c) for different droplet volumes. The temporal variation of the wetting diameter of the impacting droplet shows different behavior as the droplet volume changes. The size of droplet wetting diameter attains larger values for the large volume droplet (40 µL) as compared to that of the small volume droplet (20 µL). This indicates that the large volume droplets expand rapidly on the hydrophobic surface upon the impact. The droplet spreading and retracting times on the surface changes with the droplet volume; in this case, increasing droplet diameter results in extension of the droplet spreading and retracting periods. This influences the droplet rebounding period such that increasing droplet volume from 20 µL to 40 µL enhances the redounding period almost twice. Moreover, the droplet spreading duration remains shorter than the retraction duration. This is true for all droplet volumes considered. The extension of the retraction duration is associated with the energy dissipation due to friction at the liquid-solid interface and the work done due to reshaping of the droplet under the volumetric reforming during the retraction period.
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Figure 8. Temporal variation of droplet maximum height during impact for various droplet volumes.
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Figure 9. Temporal variation of droplet wetting diameter for various droplet volumes.

Figure 10 shows the temporal behavior of the impacting droplet height ratio, which is defined through the droplet initial height prior to impact over the droplet height during spreading and retraction periods.  In addition, the experimental data for the droplet height ratio are provided in Figure 10. It can be noted that predictions of the height ratio with time agree well with those of the experimental data. Small differences, particularly in the retraction period is associated with the simulation and experimental errors. Nevertheless, the differences are small. Moreover, the droplet height remains almost steady during the spreading period for all droplet volumes. However, the droplet height increases steadily during the retraction cycle. The energy dissipation due to friction, volumetric deformation and viscous losses changes with time due to the temporal variation of the wetting diameter of the droplet (Figure 9). This non-linear behavior with time does not significantly influence the droplet height variation during the spreading and retraction cycles. In addition, during the long transition period (spreading and retraction periods), the temporal behavior of the droplet height ratio changes, i.e. increasing droplet volume causes extended transition period on the hydrophobic surface and the rise of the droplet height ratio becomes gradual. Figure 11 shows the temporal variation of the normalized droplet spreading velocity for three droplet volumes. The spreading velocity represents the ratio of the droplet front velocity to its initial impact velocity. Even though the peak spreading velocity remains almost same for all droplet volumes, the occurrence of the peak velocity differs. In all cases, the peak of the spreading velocity occurs during the droplet spreading period. However, once the retraction period is initiated, the direction of the velocity changes and it takes the negative values. Moreover, the peak value of the retraction velocity becomes less than the spreading velocity. This behavior can be explained in terms of droplet kinetic energy loss during spreading and retraction cycles due to frictional energy dissipation, viscous energy dissipation and volumetric deformation (evolution). This influence results in gradual decrease of the retraction velocity beyond its peak value, which is more apparent for the large volume droplet (40 µL). Consequently, the large volume droplets respond relatively slow to the dynamic behavior on the surface. This is attributed to the prolonged transition duration of the droplet on the surface, which causes gradual decay of the retraction velocity on the hydrophobic surface. The normalized retraction periods of droplet due to different volumes are: 1.4497 for 20 µL droplet, 2.3436 for 30 µL droplet, and 3.6731 for 40 µL droplet. However, the normalized spreading periods are: 0.9664 for 20 µL droplet, 1.4855 for 30 µL droplet, and 2.1355 for 40 µL droplet. The ratio of spreading period over the retraction period (dynamic time ratio) demonstrates that increasing droplet volume lowers the dynamic time ratio, i.e. it is 0.67 for 20 µL droplet, 0.63 for 30 µL droplet, and 0.58 for 40 µL droplet. On the other hand, the spreading period for 20 µL droplet is 0.45 of the spreading period for 40 µL and the retraction period for 20 µL droplet is 0.69 of the contraction period for 40 µL. This behavior is also true for 30 µL droplet. Consequently, increasing droplet volume lowers the ratio of the retraction period over the spreading period and non-linear behavior is observed with the spreading and retraction periods of the droplet with the droplet volume.

[bookmark: _Hlk27410564][image: ]
Figure 10. Ratio of instantaneous-to-initial droplet position (instantaneous coefficient of restitution) during spreading and retraction cycles for various droplet volumes.
[bookmark: _Hlk27410574][image: ]
Figure 11. Temporal variation of maximum droplet velocity during spreading and retraction cycles for various volumes.

Conclusions
[bookmark: _Hlk14364929]The droplet impact on a hydrophobic surface and the influence of the droplet volume on the impacting characteristics are examined. The pressure variation inside the droplet and the characteristics of the droplet in the spreading and retraction cycles are simulated using the level-set model while incorporating the experimental conditions. The impacting droplet motion is recorded using the high speed recording system and the numerical predictions are compared to those obtained from the high speed data. The glass surface is hydrophobized through deposition of functionalized nano-size silica particles. This resulted in a surface contact angle of about 135º  3º with the hysteresis of 3º. The uniform wetting state of the surface is ensured and the variation of contact angle along the entire hydrophobized surface is measured within 2%. The findings revealed that numerical prediction of the droplet behavior and height ratio agree well with those obtained from the experiments. The peak pressure increase remains high as the droplet volume increases. The pressure inside the droplet reduces gradually in the spreading cycle and some pressure peaks are observed in the retraction cycle.  Upon rebounding of the droplet, the force balance between the pressure and the surface tension reshaped the droplet towards the spherical volume. This causes some small pressure oscillation with time in the droplet. The droplet vertical height reduces sharply in the spreading cycle and it increases with some fluctuations in the retraction cycle. This behavior is related to the pressure variation in the retraction cycle of the droplet. The maximum height of the droplet remains larger for large volume droplets in both spreading and retraction cycles. Increasing droplet volume enhances the droplet wetting diameter on the hydrophobic surface during the spreading and the retraction periods. Hence, the impacting droplet transition time extends with increasing droplet volume. The peak spreading velocity of the impacting droplet becomes independent of the droplet volume; however, the decay rate of the peak spreading velocity is faster for the small volume droplet. Similarly, in the retraction period, the decay rate of the spreading velocity is faster for the small volume droplet. The ratio of the retraction period over the spreading period attains low values for the small volume droplets and the spreading and retraction periods of the droplet behaves in a non-linear form with the droplet volume. The present study provides detailed analysis of the impacting droplet characteristics and gives insight of the influence of the droplet volume on the impacting droplet behavior.
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