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Abstract

:

The jetting phenomenon associated with droplet impact upon a hydrophilic micropillared substrate was analyzed in detail using a high-speed camera. Viscosities of the fluids were varied using differing concentrations of glycerol in deionized water. This paper aims to connect similarities between this form of capillary jetting and another well-known jetting phenomenon from the bubble bursting. Both experience a cavity collapse when opposing fluid fronts collide which causes a singularity at the liquid surface, thus leading to the occurrence of jetting. Following processes used to define scaling laws for bubble bursting, a similar approach was taken to derive scaling laws for the dimensionless jet height, jet radius, base height, and radius of the jet base with respect to dimensionless time for the jetting phenomenon associated with the droplet impact. The development of a top droplet before the breakup of the jet also allows the examination of a scaling law for the necking diameter. We find that with the proper scaling factors, the evolution of the jet profile can collapse into a master profile for different fluids and impact velocities. The time dependence of the necking diameter before the jet breakup follows the power law with an exponent of ~2/3. Contrastingly, for other jet parameters such as the radius and height, the power law relationship with time dependence was not found to have a clear pattern that emerged from these studies.
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1. Introduction


Droplet impact is omnipresent and has been observed in both natural and industrial processes. The collision of the liquid droplet and a surface leads to diverse outcomes, such as spreading, partial rebound, deposition, and jetting, just to name a few. In recent years, people have observed that a rapid, thin jet can emerge following the droplet impact on hydrophobic substrates within a range of impact velocities and fluid viscosities [1,2,3]. The thin jet then breaks up to emit one or multiple satellite droplets that are much smaller than the initial impacted droplet. More recently, our lab has discovered that jetting can occur on micropatterned hydrophilic substrates as well [4]. We have also found that the jet occurring during the receding phase of the droplet impact is caused by the collapse of an air cavity in the center of the droplet, which is congruous with other published research on hydrophobic surfaces. In fact, such jetting phenomenon caused by the inertial focusing capillary flow has also been observed in many other situations [5], such as droplet impact on a liquid, bubble bursting, and droplet pinch-off. The work by Eggers and Villermaux details these mechanisms associated with jetting for many cases [6]. The dynamics of the jet plays an important role in nature and a few engineering applications including aerosol dispersion at the sea surface, additive manufacturing technologies, and the food industry [7,8,9]. Therefore, it is of significance to study the jet dynamics associated with droplet impact on a solid surface.



Many works have been published on the study of jetting, dating back as early as 1876 when Worthington first published findings about droplet impact on a horizontal plate [10]. Only in the last couple of decades, however, has technology such as high-speed cameras allowed further examination into the minute details associated with the formation of a jet [11]. Jetting on a hydrophobic substrate has been well studied and has been found to occur in a certain range of the Weber number for most cases. Following the impact of the droplet on the hydrophobic surface, the droplet spreads and then recoils due to surface tension forces pulling the lamella of the droplet back towards the center. An air-filled cavity is then formed, the shape and decrease in size of which can be described by the Rayleigh–Plesset equation [12]. The edge of the cylindrical-shaped cavity then continues to close in and the collision of the inertially focused fluid fronts results in the occurrence of the singularity leading to ejection of a violent jet. Bartolo [13] was one of the first researchers to report on these phenomena with findings that impact of the droplet on a superhydrophobic surface was found to cause a jet that possessed an axial velocity up to 40 times greater than the impact velocity of the droplet on the substrate. This jetting and droplet emission initiated from droplet impact on the hydrophobic surface has also been observed on many other surfaces, such as hydrophilic substrates [4], natural surfaces [14], razor blades [15], liquid surfaces [16], and oblique hydrophobic substrates [17], and, more recently, discovered to occur on fine mesh [18].



It is well known that the bursting of a gaseous bubble at the liquid surface also produces a jet. As the bubble rises to the surface of a fluid, the previously closed cavity opens at the surface, thus propagating a capillary wave. This capillary wave then oscillates downwards, causing inertial capillary focusing located at the bottom of the bubble cavity, resulting in an eruption of a jet followed by emission of one or multiple satellite droplets due to the breakup of the jet. Ghabache et al. [11], ref. [19] reported on the self-similarities that lead to collapse of the air cavity, thus inducing jetting, and how these properties affect the size of the top droplet. Gañán-Calvo [20] examined the conversion of energy during the jet formation in the bubble bursting and proposed the scaling laws for the axial velocity of the fluid immediately after jet formation and the droplet size of the top satellite droplet from the jet breakup. Brasz et al. [21] and Lai et al. [22] presented an in-depth analysis of the jet evolution following bubble bursting, deriving multiple scaling laws that collapse the jet profile over time governed by the Laplace number. These published results, amongst many other papers, detail the multiple facets of jet dynamics for bubble bursting and droplet impact on many substrates as we understand it today.



In this study, we carried out experiments using millimeter-sized droplets of different fluids hitting a micro-structured hydrophilic surface with different impact velocities. We aim to connect similarities between jetting from the droplet impact and the jetting induced by the bubble bursting. A high-speed camera was used to record the evolution of the jet including initial emergence, rapid growth, and final breakup. An in-house developed MATLAB tool was utilized to process the captured images for automatic measurement extraction of the jet profile, jet speed, and size and speed of any satellite droplets. Scaling laws for the evolution of the jet profile were found by analyzing our collected data over a range of viscosities and impact velocities. These scaling relations were derived by tracking different jet characteristics over time involving dimensions such as the jet tip, base, and necking of the jet. Jet evolution was also characterized by the energy analysis of the initiation and breakup of the jet following the cavity collapse.




2. Materials and Methods


2.1. Experimental Setup and the Substrate


To capture the droplet impinging upon the hydrophilic substrate, a staging setup was implemented, as seen in Figure 1a. The videos of droplet impaction were taken using a Phantom Miro M310 high-speed camera placed horizontally in line with the staging setup to view the profile of the droplets. The frame rates used for data analysis were 11,000 and 18,000 fps. A LED backlight was used to better view the edges of the droplet profile and, in some cases, was adjusted to better view the air cavity as the droplet lamella receded. The droplets were dispensed using a 5 mL Luer-Lock plastic syringe connected to a New Era Pump Systems NE-1000 pump that was programmed to release a 10 µL droplet each time. The initial diameter of the droplet was measured as Di = 2.7 mm. Droplets were dispensed from various heights ranging from 120 to 700 mm, which equated to an impact velocity ranging from Ui = 0.49 to 1.17 m/s [4]. All experiments were conducted at standard ambient conditions corresponding to a temperature of 298 K and pressure of 100 kPa.



The hydrophilic substrate on which the droplets were impacted was a silicon wafer surface. Micropillars on this surface were created using microfabrication processes such as deposition, photolithography, etching, and lift-off. The micropatterned surface had pillars which possessed a spacing s of 21 µm, diameter d of 52 µm, and height h of 120 µm. To include a larger range of fluid viscosity and impact velocity, pillar heights of 100 µm were also included in the data analysis. Images of differing perspectives of the silicon wafer surface can be found in Figure 1b,c. Characterization of the silicon surface was completed using a Nikon MM-40 microscope connected to a Nikon DXM 1200 digital camera.




2.2. Fluid Properties and Dispensation


Investigating the effects of viscosity on jetting involved the creation of several solutions at different volume percentages of glycerol to water. The volume percent of glycerol ranged from 0 (DI water) to 55%. In the text and figures, G is used to represent the abbreviated description of the referenced glycerol–water solution. Volume percentages of glycerol were chosen to cover a broad range of viscosities from low cases, such as DI water, to very viscous cases such as the 55% G solution. Testing the DI water allowed us to be able to compare our results with those found in previous research studies. Mid-range viscosities were taken at random while the high viscosity solution, 55% G, was found, thus far, to be the threshold beyond which the jetting phenomena of interest did not occur. Table 1 below details the fluid properties recorded for each solution used for droplet impact testing. Included are values for density (ρ), surface tension (σ), dynamic viscosity (μ), static contact angle (θ), and Ohnesorge number (  O h = μ /   σ ρ  D i     ).



Collection of each droplet video was completed by ensuring the wafer was properly placed in the camera frame on the staging platform, starting the video, and immediately dispensing the droplet from the syringe at the specified height. After the video was captured for a single droplet, the wafer was then cleaned using IPA (isopropanol alcohol), rinsed with DI water, and dried on a hot plate set to the lowest heat setting. This process was then repeated for many different viscous solutions and impact heights.





3. Results and Discussion


3.1. Jetting Phenomena


Jetting is studied through characterization of its evolution over time. Once a droplet impacts the hydrophilic substrate, the droplet spreads. During spreading, the droplet forms a torus shape and then, once reaching a maximum spreading diameter, begins to recoil. The lamella of the droplet then recedes, with the flow focusing inwards radially, until the liquid walls of the cavity collide, thus resulting in the singularity that initiates the vertical jet. The jet then grows in the axial direction, stretching due to the inertial forces pushing against gravity. Due to surface tension forces fighting this axial growth, a blob forms at the top of the jet and grows in size. At the connection point of this blob to the main jet, the radius of the jet grows thinner, referred to as necking, until eventually the top droplet breaks away. This top droplet, also referred to as a satellite droplet, can grow and break away multiple times in one instance of jetting. An example of this jet evolution can be found in Figure 2. Some common dimensionless numbers used to describe fluid properties and their effects on the presence of a jet are the Weber (  W e   =   ρ  U i 2   D i  / σ  ) and Ohnesorge numbers. Ui describes the initial impact velocity. The Ohnesorge number shares a relation with the Weber number by   O h =   W e   / R e  , where Re is the Reynolds number (  R e = ρ  U i   D i  / μ  ). Both are useful in relating viscous and surface tension forces in the discussion of jet dynamics. Over all experiments, Oh ranged from 0.0023 to 0.023, We from 9 to 65, and Re from 146 to 3281 for viscosities ranging from 0 to 55% glycerol by volume.



To characterize the jet, a nondimensional process was desired to find the scaling laws for various jet dimensions. The extracted dimensions for each stage of jetting included the radius of the top drop rj, maximum jet height zj, radius of the jet base rb, and height of the jet base from the first frame zb as shown in Figure 3. An extra variable, nr, which refers to the necking diameter, was added to further detail the jet breakup. To automate the process of extracting these dimensions from each frame, a MATLAB program was developed. Videos from the droplet experiments were separated frame by frame where each frame represented the profile of the droplet for 1/11,000th of a second, which is the inverse of the video frame rate 11,000 fps. Importing the frames into the program, the images were then cropped and binarized, and the boundaries of the bodies in the image were traced. These data were then refined to eliminate noise inside the droplet and any extraneous bodies found by the program in the individual images. Then, the number of data points extracted was reduced to clean up the profile border so the dimensions could be isolated using further program processing.



To find the scaling factor for each jet dimension, nondimensionalized lengths and time were used to derive a power law, and therefore scaling factor. Jet dimensions were normalized by the capillary length, treated as the characteristic length in this system (   l  c a p   =   σ / ρ g    ). The time for all jet scaling was taken as (t − tc)/τ, where tc represents the time at cavity collapse before jetting occurs and τ is the capillary time constant     ρ  R i 3  / σ    . The exception for this was analysis of the necking diameter, where the nondimensionalized time was taken as (tb − t)/τ, where tb was the time at breakup when the top droplet separates from the jet. After plotting these normalized dimensions extracted from the jet profiles, a power curve fit of the data revealed the scaling factor (SF) for each measurement. From the works of Bartolo and others [13,21,22], we find that the development of self-similarities among profiles following jet evolution has a time dependence of ~2/3, giving us a general scaling factor to base our results upon. If the scaling factor of 2/3 holds for all jet dimensions upon the micropatterned hydrophilic substrate, this implies the jet dynamics hold many similarities to jetting phenomena observed on many other substrates such as bubble bursting near a free surface and superhydrophobic surfaces.




3.2. Trends in Jet Evolution


In numerical simulations of a bubble bursting jet, researchers have shown that the jet profile exhibits excellent self-similarity and collapses into one to two master curves after rescaling the dimensions of the jet with the characteristic length [21,22]. In order to see if such self-similarity exists in our case, we rescale the jet dimensions with the self-similar length scale (σ/ρ)⅓|t − tc|SF, where SF is the scaling factor. SF can be found using the method mentioned previously, i.e., the curve fitting of data of the dimensionless jet dimensions (e.g., rj/lcap, zj/lcap, rb/lcap) versus dimensionless time (t − tc)/τ [21]. Figure 4 shows an example of the typical plots of dimensionless jet dimensions versus dimensionless time for a droplet of 40% G by volume with an impact velocity of 0.7004 m/s (We = 21.7, Re = 467.7). The scaling factor is extracted using the power law fit for each jet dimension. The jet height grows much faster than the radius of the jet tip, whereas the jet base radius stays nearly constant. It is worth noting that the scaling factor for each jet dimension deviates from 2/3 which is found in a bubble bursting jet [21], among other substrates. Figure 5a,b plot the time evolution of the original jet profile and rescaled jet profile, respectively. It can be seen from Figure 5b that the evolution of the jet profile does collapse into a narrow range. Therefore, the jet shape in our study also exhibits self-similarity during the growth, which means that the jet dynamics is governed by capillary–inertial self-similar dynamics.



To study how the viscosity affected the growth of the jet after impact, this process was then repeated for many droplet impact heights and various solutions to create a database of scaling factors for each extracted jet dimension. Table 2 relates the average scaling factor for each dimension over a range of velocities for each studied solution viscosity. As displayed in Table 2, no clear pattern was found in our experimental data compared with the jet evolution from the bubble bursting. Overall trends in the scaling factor exhibited low values for the jet tip radius which had an SF between 0.1 and 0.25. Jet height grew much more quickly with an average scaling factor of 0.7–1.0. The radius of the jet base was not found to change much with respect to time, and an average scaling factor of 0.01–0.04 was found in this case. We also discovered that the jet dimension scaling, along with the occurrence of a jet after droplet impact, was much more consistent among more viscous solutions that were created in our lab, mainly 40% glycerol by volume or above. The less viscous solutions, such as DI water and <10% glycerol, were found to have much less consistent jet formation and also yielded outlier results when determining a scaling factor for the jet dimensions. For example, a scaling factor of ~6.96 was found for the radius of the jet tip in DI water, far from any other results determined from more viscous fluids.



Discrepancies of the scaling factors between our study of droplet impact and other studies conducted for bubble bursting can be explained by the different situation leading to the singularity following the cavity collapse in the droplet impact and bubble bursting. For the droplet impact, the surface tension forces pull the rim of the spreading torus-shaped droplet back towards the center during the recoiling stage, causing the fluid to experience almost pure radial flow inwards before the occurrence of the singularity. Contrarily, in bubble bursting, the bubble experiences propagating capillary waves that eventually collide and cause the bubble to burst, therefore initiating the singularity that leads to jetting. Additionally, the shape of the velocity profile of the flow across the jet during its growth is different for the jet following droplet impact and the bubble bursting jet. In the case of bubble bursting, it has been proven that the velocity profile across the jet follows a parabolic shape, as detailed in [23]. Contrastingly, in the case of a Worthington jet, such as the jetting observed in our experiments, the flow was found to be uniform across the jet, as discussed in [24]. Due to the concentration of the velocity in the jet following droplet impact being uniformly upwards, this could explain why the scaling factors for jet height that we found across the differing viscosities exhibited a scaling factor of ~1.0, much larger than the bubble bursting counterpart of ~2/3. The same reasoning can possibly explain the much smaller SF found for the jet tip radius since the parabolic velocity profile of the bubble bursting is the highest in the center of the jet, thus allowing the growth of the top droplet to be much faster, an SF of ~2/3, in comparison to our findings of 0.1–0.25.




3.3. Breakup of the Jet


The breakup of the jet in our experiments always takes place at the jet tip, detaching one drop at a time. The breakup occurs as a result of the competition between the capillary retraction of the jet tip, the forming of a blob, and a pressure-driven flow from the cylindrical jet toward the bulbous end [24]. As the jet is stretched inertially, a neck is gradually developed at the connection between the jet and the blob and eventually ruptures, pinching off one or more satellite droplets, as shown in Figure 6. Figure 7 shows the dimensionless necking radius nr/lcap versus dimensionless time (tb − t)/τ leading to the jet breakup following the impact of a 40% G solution droplet with an impact velocity of 0.7004 m/s (We = 21.7, Re = 467.7). It is clear that the decrease in the necking radius follows a power law dependence on time with the scaling factor of 0.62. We apply the same process for all glycerol–water solutions and find the scaling factor in the range of 0.6–0.85, as shown in Table 2. As the scaling factor is close to 2/3, the jet breakup is controlled by a balance between surface tension and inertial forces [6]. The scaling factors found from our experiments for the necking radius are in general agreement with previously published results from bubble bursting and droplet impact on hydrophobic substrates such as the works of [13,21,25].




3.4. Jet Velocity and Satellite Droplet Size


When analyzing the jet dynamics associated with the bubble burst, Gañán-Calvo [20] proposed relating the surplus of mechanical energy to the initial jet speed and size of the satellite droplet following jet breakup. In his analysis, the initial jet speed and satellite droplet size were related to a scaling variable φ = (Oh*/Oh − 1)Oh−1, where Oh* is the critical Ohnesorge number beyond which jetting was not found to occur. The Oh* previously found in our lab was ~0.028 [4]. Using the scaling relations proposed by Gañán-Calvo, we constructed plots to explore any further similarities between the jet initialized by the droplet impact and the bubble bursting jet.



Figure 8 details the comparison of the axial jet velocity immediately after jet initiation with the scaling variable φ. Here, the initial jet velocity V is normalized by the visco-capillary velocity Vµ = σ/µ. In Figure 9, an energy analysis is shown comparing the ejected top droplet radius, R, and nondimensionalizing it by lµ = µ2/ρσ. In the paper by Gañán-Calvo [20], the scaling factors for axial velocity and droplet radius were found to be −3/4 and 5/4, respectively. From our data analysis, the scaling factors for axial velocity and droplet radius were determined to be −0.43 and 1, respectively. Comparing these two sets of values shows that the scaling of these parameters by energy analysis seems to be relatively similar for both droplet impact and bubble bursting. Again, it was found that as viscosity increased, the similarity and repeatability of the results also increased. An explanation for why these scaling coefficients are much closer than the jet growth scaling could be the time at which the data are extracted, the beginning and end of the jet growth. With the velocity analysis, the only velocity extracted is the initial velocity where the jet growth has not experienced much change. Similarly, with the top droplet analysis, the satellite droplet has already broken away from the jet and therefore the radius of this detached droplet has lessened dependency on the jet growth thereafter.



Finally, we related the normalized ejected droplet radius to the normalized initial axial jet velocity, as shown in Figure 10. In [20], these two nondimensionalized lengths were found to have a dependence of −5/3. From our data, we found a dependence of −1.69 but only for more viscous fluids. For less viscous fluids, classified in this case as solutions containing < 40% glycerol by volume, the dependency was found to be up to −3.0. For viscous solutions, this seems to be in good agreement with the results from Gañán-Calvo [20].





4. Conclusions


In studying the jet dynamics of droplet impact on a hydrophilic substrate, we discovered some key differences and similarities in the jet evolution and breakup in comparison with the jet induced by bubble bursting. Both fluid viscosity and impact velocity were varied in our experiments. The jet height was found to follow a power law for time with a factor from 0.73 to 1.1, jet tip radius with a scaling factor of 0.11–0.24, and base radius of the jet with a 0.02–0.5 scaling factor. These scaling factors are different than the typical scaling factor of ~2/3 obtained from the bubble bursting jet and more hydrophobic substrates. Comparatively, the necking radius of the jet during the breakup process followed a power law dependence on time with a scaling factor ranging from 0.6 to 0.85, which is close to the expected 2/3 scaling factor found from the jet breakup in bubble bursting. While no clear pattern was found when analyzing the scaling of the other jet dimensions besides the necking radius, we have shown that the jet following droplet impact also exhibits self-similar behavior, as the evolution of the jet profile can collapse into a master profile for different fluids and impact velocities using these scaling relations for jet dimensions. The current explanation that we suggest from these data is that for the micro-structured hydrophilic substrate, inertial forces during the collapse of the air cavity in the recoiling phase of the droplet cause a much faster jet growth while slowing the growth of both the jet tip and base radius. Due to the jet velocity profile being nearly uniform following droplet impact and parabolic in nature following bubble bursting, viscous forces have a lessened effect on the axial jet velocity in the case of droplet impact on our substrate. This is a possible explanation for the faster growth of the jet height and slower growth of the bulbous end at the top of the jet. Upon further analysis using an energy balance for jet initialization, we found that the dependences of the dimensionless initial jet velocity and the radius of the first ejected satellite droplet on the nondimensional variable φ = (Oh*/Oh − 1)Oh−1 are V/Vμ~φ−0.43 and R/lμ~φ1.0, respectively. The scaling factors are in good agreement with the findings from the bubble bursting jet.
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Figure 1. (a) Experimental setup of high-speed camera and staging area, (b) digital rendering of micropillars with diameter, spacing, and height, (c) image of micropillared surface from above taken with a microscope, and inset of side profile of sessile droplet on wafer surface. 
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Figure 2. Images showing a typical jet evolution versus time for three different fluids. Top row: 55% G solution (Oh = 0.023, Ui = 0.754 m/s, We = 26.9, Re = 223.9), middle row: 37.5% G solution (Oh = 0.0089, Ui = 0.741 m/s, We = 23.9, Re = 553.4), bottom row: 10% G solution (Oh = 0.0029, Ui = 0.741 m/s, We = 21.4, Re = 1580.3). 
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Figure 3. Image of jet dimensions that were extracted with labels. 
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Figure 4. Log–log plot of dimensionless jet measurements versus dimensionless time of droplet of 40% G solution (Ui = 0.7004 m/s, We = 21.7, Re = 467.7) for jet tip radius (with power law fit rj/lcap~((t − tc)/τ)0.12), jet height (with power law fit zj/lcap~((t − tc)/τ)0.97), and base radius (with power law fit rb/lcap~((t − tc)/τ)0.02). 
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Figure 5. (a) Droplet profiles detailing jet evolution versus time with no scaling applied, (b) same droplet evolution but with scaling applied to show curve collapse. The 35% G solution (Oh = 0.0077, Ui = 0.5943 m/s, We = 15.2, Re = 504.3). Time between curves is 0.091 ms. 
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Figure 6. A more detailed image of the necking and jet breakup over time for 50% G solution (Oh = 0.017, Ui = 0.7004 m/s, We = 22.6, Re = 280.2). For scaling of the necking diameter, t = 0 when the satellite droplet breaks away from the jet tip. 
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Figure 7. Log–log plot of dimensionless necking radius nr/lcap versus dimensionless time (tb − t)/τ for 50% G solution (Oh = 0.017, Ui = 0.7004 m/s, We = 22.6, Re = 280.2). The dashed line is the power law fit, nr/lcap~((tb − t)/τ)0.60. 
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Figure 8. Dimensionless axial jet velocity V/Vµ as a function of φ with the power law fit V/Vµ~φ−0.43 for multiple solutions of glycerol volume percentages ranging from 0 to 55%. 
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Figure 9. Dimensionless satellite droplet radius R/lµ as a function of φ with the power law fit R/lµ~φ1.0 for multiple solutions of glycerol volume percentages ranging from 0 to 55%. 
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Figure 10. Dimensionless satellite droplet radius R/lµ as a function of the dimensionless axial jet velocity V/Vµ for more viscous solutions with >40% G with the power law fit R/lµ~(V/Vµ)−1.69. 
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Table 1. Measured fluid properties of glycerol–water solutions used for experimentation.






Table 1. Measured fluid properties of glycerol–water solutions used for experimentation.





	% Glycerol by Volume
	Density ρ (kg/m3)
	Surface Tension σ (mN/m)
	Viscosity µ (mPa·s)
	Contact Angle θ (°)
	Oh





	0 (DI water)
	997
	72
	0.96
	51.4
	0.0023



	25
	1070
	69.5
	2.3
	47.1
	0.0051



	35
	1100
	69
	3.5
	46.4
	0.0077



	40
	1113
	68
	4.5
	43.9
	0.01



	50
	1141
	67
	7.7
	48.5
	0.017



	55
	1155
	66
	10.5
	49.4
	0.023
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Table 2. Average scaling factor of the power law fit for each G+W solution extracted by nondimensionalization of droplet profiles for solutions of medium viscosity.
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	% Glycerol by Volume
	rj
	zj
	rb
	nr





	DI water
	6.9574
	0.8423
	0.5030
	0.6354



	35
	0.1145
	1.0061
	0.0414
	0.5902



	37.5
	0.2390
	1.1130
	0.0200
	0.7729



	40
	0.1471
	0.9846
	0.0190
	0.6209



	50
	0.2130
	0.7305
	0.0520
	0.8504



	55
	0.1486
	0.9087
	0.2266
	0.6395
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