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Abstract: Digital in-line holography (DIH) quantifies the fragments formed when a drop impacts
a thin film. High-speed recording allows for quantification of transient dynamics. For the viscous

liquids investigated here, a multimodal size distribution is observed.
OCIS codes: (090.1995) Digital holography; (100.6890) Three-dimensional image processing; (120.0120) Instrumentation,
measurement, and metrology.

1. Introduction

The impact of drops on liquid surfaces has been widely studied with recent reviews provided by [1-3]. Despite the
large body of work, limited measurements of secondary fragment properties (size, velocity, mass fraction) have been
performed [4-7]. This is likely due to the inherent challenges in the measurement of micron sizes particles in
transient, multiphase environments. For these applications, we have recently proposed a high-speed (20 kHz) digital
in-line holography (DIH) methodology [7]. Particular advantages of this technique includes (1) measurement of all
particles within a three-dimensional (3D) measurement volume enabling rapid quantification of flow statistics, (2)
ability to accurately track particles over time enabling quantification of fragment temporal properties (trajectory,
velocity, and formation time), and (3) accurate measurement of size-velocity correlations enabling quantification of
mass flow rates. In [7] these techniques were applied to investigate the impact of single water drops on thin films of
water. As discussed in [8, 9], it is well known that increased liquid viscosity can dramatically alter the observed
breakup phenomena, and in this work the high-speed DIH methodology is applied to quantify viscous effects.

2. Experimental configuration

The experimental configuration is similar to our previous work [7] and is shown in Fig. 1(a). The output of a CW
laser at 532 nm is spatially filtered and telescopically expanded before propagating through the splash created by the
impact a liquid drop on a thin film of liquid. The resulting diffraction patterns are imaged through a long-distance
microscope (Infinity K2/Distamax with CF1 objective) onto a high-speed CMOS sensor (Photron SA-Z
monochrome camera, 1024 x 1024 pixels, 20 um pixel pitch, 12-bit ADC depth). Fig. 1(b) shows one example
image from a 20 kHz DIH video recording.

To investigate viscous effects, 6 different liquid mixtures were investigated, with the measured material
properties given in Table 1. Surface tension, o, was quantified with the Du Noily ring method. Viscosity, v, was
measured with u-tube viscometers. Mass fraction and density, p, were determined from the measured mixture
volumes along with the known single component densities. To vary the impact velocity, the syringe tip shown in
Fig. 1(a) was positioned at three separate fall heights (720, 1000, and 1500 mm). In all cases, the liquid film
thickness, %, was equal to 2.35 mm. Initial drop diameters, d,, were between 1.8 to 2.6 mm giving a non-dimensional
film thickness, 0= h/d, between 0.9 to 1.3. Finally, to quantify experimental variability, forty high-speed DIH
videos were recorded for each material at each fall height.
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Fig. 1 (a) Experimental configuration for kHz rate DIH measurement of drop impact, and (b) an example hologram.




3. Data processing Table 1. Liqllid material properﬁes

} ) mass fraction (%) surface tension, viscosity, v density, p

Each high-speed DIH video was H,O  methanol  glycerin 6 [mN/m] [cSt] [kg/m3]
processed in the manner briefly 88 - 12 67.5+0.7 1.34+0.01 1020
described here and described in 72 - 28 62.4£0.7 2.18£0.01 1070
detailed i . h video fi - 85 15 26.6+0.4 1.54+£0.26 840

etailed in [7]. First, each video frame B 67 33 200402 2941 0.02 930
was processed to measure the 3D 26 18 56 44.4+0.1 2.74+0.25 990
position and in-plane size of all 100 - -- 758+0.1 1.0 (assumed) 998

fragments within the field of view.

Next, frame-to-frame matching was used to find an initial approximation of the 3D particle trajectories. Finally, a
regression-based multiframe tracking algorithm (RMT) was used to link together similar trajectories in an attempt to
track each particle along the entirety of its trajectory. To address the uncertainty caused by the depth of focus
problem [10], trajectories were fit to smooth models (quadratic in x and y and linear in z).

4. Results and discussion

Fig. 2 shows an example DIH video after processing in the manner described. Here 1 is the non-dimensional time
given by t = (t-tp)vo/dy where ¢ is the dimensional time, #, is the impact time, v, is the impact velocity, and d, is
diameter of the initial drop. These images reveal that the kHz DIH method is able to accurately quantify a vast
majority of the fragments observed in this example.

The measured fragments from all forty videos recorded at the condition shown in Fig. 2 were used to construct
the size probability density shown in Fig. 3(a). Interestingly, the size distribution appears to be multimodal as
highlighted by the two best-fit log-normal components shown in red and blue in Fig. 3(a). This is likely caused by
separate particle formation mechanisms in the ejecta sheet and crown as discussed in [8, 9]. We believe this may be

the first time that such multimodal behavior has been quantified.
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Fig. 2 Example DIH results for the 72% H20-28% glycerin solution at a fall height of 1500 mm, (top) numerically refocused holograms overlaid with the
measured fragment in-plane positions, sizes, and velocities, (bottom) the corresponding out-of-plane positions and velocities.
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Fig. 3 Summary of measured fragment properties, (a) fragment size probability density for the 72% H,0-28% glycerin solution at a fall height of
1500 mm, (b) mean diameter for all conditions investigated, and (c) the mass ratio of the fragments to the initial drop mass. Uncertainty bars in (b) and (c)
show the standard deviation of the quantities measured from each high-speed DIH video.

Fig. 3(b) summarizes the mean diameter, d, measured for all liquids and fall heights investigated here. Results
are plotted as a function of the K-number, given by K = We-Oh™*, where We = pvy’dy/c is the Weber number and
Oh = vp'*/(dyo)"* is the Ohnesorge number. In the literature, [1-3] the K-number is often suggested as the
appropriate non-dimensional grouping for the investigation of drop impact. For example, Okawa et al. [5] measured
the secondary fragments from the impact of a water drop on a thin film of water and for §<0.2 found that
dldy = 0.07 independent of K. The results in Fig. 3(b) generally agree with this finding, although there does appear to
be a small increase in mean diameter with increased K. This suggests that viscous effects, not considered by Okawa
et al. [5], may have some effect on the measured mean diameters and more work is warranted.

Finally, Fig. 3(c) summarizes fragment mass ratio calculated as the total volume of all measured secondary
fragments divided by the volume of the initial drop. Once again the results generally agree with the correlation
proposed by Okawa et al. [5] in their investigation of water drops. This appears to confirm that the K-number is an
appropriate non-dimensional group which accounts for viscous effects. On the other hand, the significant scatter in
the results does suggest that more investigation may reveal detailed trends which are not clearly revealed in these
figures.
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