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Abstract

The manipulation of a discrete liquid droplet or a group of droplets with or without
the deformation of the liquid-vapour interface in the presence of an externally stim-
ulating field is an integral part of Lab-On-Chip devices, which in turn determines
the performance of target applications. A detailed appraisal of the underlying rich
physics associated with the deformation and/or disruption of the continuous two-
phase interface and the behaviour of the contact line during the actuation of a
droplet over an open surface or inside a closed channel, engendered in the presence
of an external force, apparently contribute towards enhancing the efficacy of numer-
ous microfluidics applications. In this regard, a plethora of complex hydrodynamic
features during actuation, mixing, merging, or splitting of discrete droplets have
been unfurled by the scientific community over the past years. However, owing to
the growing demand for microfluidics platforms in a host of cutting-edge engineering
and biomedical applications, it has become necessary to assess the existing or novel
droplet-based physical systems more comprehensively. Thanks to the advancement
of high-speed visualization tools and computational techniques, the latter task has
become easier nowadays. The present thesis work draws enormous motivation from
the aforementioned observations and makes an honest attempt to uncover the rich
physics associated with the behaviour of single liquid droplets in the presence of ex-
ternal potentials, such as electric field, magnetic field, imposed inertia, etc., in a few
interesting and unexplored physical systems. The problems addressed within the
scope of the present thesis include the growth dynamics of a droplet from a yarn,
softness mediated magnetowetting of sessile ferrofluid droplets, electric-discharge-
mediated atomization of a conducting sessile droplet, and impact dynamics of vis-
cous droplets on a superhydrophobic surface. Overall, the focus has been laid on
experimentally characterizing the temporal evolution of the shape and contact line(s)
during the growth/deformation phase of a droplet and the subsequent atomization
dynamics of the primary droplet. Apart from the externally applied field, the effect
of thermophysical properties of the liquid and properties of the substrate in contact
have also been characterized during the systematic experimental investigation of the
aforementioned systems. High-speed imaging/videography techniques are used pri-
marily to analyze the intricate physical details of the systems under consideration.
Also, the experimental results are strengthened by scaling analysis and numerical
simulations. The comprehensive experimental analysis of each system unveils several
interesting hydrodynamic features, such as liquid jet formation, crown formation,
bursting ejecta sheet, lamella ejection, capillary pinch-off, high-speed hair-like jets
emanating from a parent droplet exposed to different external stimulations. The
aforementioned flow morphologies contribute enormously towards the effective at-
omization of the parent droplet, desirable for many microfluidics applications. The
contributions from this thesis work are expected to pave the way for several new
research avenues in microfluidics.
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the magnetic field. The scale bars are shown in the first image of each

row. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
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4.4 Time-averaged behavior of different parameters related to the defor-

mation of a FF droplet of 3 µL volume when dispensed atop three

substrates of different elasticity (E) and subjected to an axial mag-

netic field B = 450 mT (Bom = 131). Plot (a) corresponds to the

change in dynamic contact angle, θ∗d, whereas plot (b) corresponds to

the change in the contact diameter, d∗c of the droplet. The colored

regimes around the trajectory in plot (b) corresponds to the error bars

derived from repeated events. (c) Variation of the temporal variation

of the aspect ratio, AR, corresponding to the events of Figure 4.3.

The non-dimensional scale for time is the splitting time, ts, whereas

the equilibrium value of the contact angle, θeq, and diameter deq, be-

fore the introduction of the magnetic field have been used as a scale

for non-dimensionalizing the concerning quantities. . . . . . . . . . . 75

4.5 Schematic representation of the force balance at the interface between

the magnetizable liquid medium (1) and non-magnetizable surround-

ing (2). The same has been written as FHD boundary condition in

Eq. 4.2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.6 (a)-(c) Variation of contact angle (θd or θ∗d) and contact radius (rc or

r∗c ) at a higher temporal resolution shows distinct stick-slip pattern

during magnetowetting of a sessile FF droplet on an apparently rigid

substrate (E =1.5 MPa). The other experimental conditions are,

φ0 = 3 µL, Bom = 131, B = 450 mT. The non-dimensional time

scale is derived using the splitting time, ts. (d) Shows position of

measurement of left (θLd ) and right (θRd ) contact angles for this study. 79
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4.7 Variation of contact angle (θd or θ∗d) and contact radius (rc or r∗c ) of a

FF droplet as a function of time for soft solids in presence of magnetic

field. Plots (a and b) and (c and d) correspond to two soft substrates

of elastic moduli, E = 0.06 MPa, and E = 0.02 MPa, respectively.

The other experimental conditions are, φ0 = 3 µL, Bom = 131, B =

450 mT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.8 Temporal evolution of the (a) apparent contact angle and contact ra-

dius, (b) aspect ratio, during magnetowetting on a rigid glass substrate. 83

4.9 Schematic representations of (a) stick-slip and (b) stick-break mech-

anisms during elastocapillary mediated magnetowetting events [252]. . 84

4.10 Average values of first potential energy barrier, U1, derived using Eq.

4.4 for PDMS coated glass substrates with different elastic moduli, E. 85

4.11 (a) Variation of receding contact angle (circle), dynamic contact angle

at the end of primary pinning phase (diamond) as well as just prior to

splitting (filled triangle) with the substrate stiffness (E). (b) Droplet

splitting time, ts, corresponding to different elastic moduli (E) of the

underlying substrate. . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

4.12 The temporal evolution of the interface of a FF droplet prior to split-

ting in the presence of a magnetic field. Images (a)-(f) in row (i), (ii)

and (iii) show the necking dynamics associated with different sub-

strate having elastic moduli, E = 1.5, 0.06, and 0.02 MPa, respec-

tively. The other experimental conditions are, φ0 = 3 µL, B = 450

mT, and Bom = 131. The beginning of time, t = 0, is considered the

instant of droplet splitting, whereas the frames before that have been

shown as negative in the time scale for convenience. The images are

captured at a frame rate of 2000 fps. . . . . . . . . . . . . . . . . . . 88
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4.13 Variation of splitting ratio, S.R [= volume of daughter droplet (φd)/

volume of residual droplet (φr)] with the substrate elasticity (E).

The plot also shows the variation of the ratio of the daughter droplet

volume to the volume of parent droplet (φr) along the right-hand side

axis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

5.1 Schematic diagram of the experimental set-up. Image (a) shows an

isometric view where a droplet is dispensed upon a thin PDMS film

coated on an ITO-glass substrate. A pointed Pt wire connected from

the top of the droplet acts as the anode. The different layers of the

isolator-cathode-isolator substrate composed of PDMS-ITO-glass are

shown as an inset in the image (b). (c) Shows the photographic side

view of an experiment from which the position of the droplet and Pt

anode can be visualized. The notation he indicates the distance be-

tween the droplet base and anode. A high-speed camera has followed

the spatiotemporal evolution of the concerned hydrodynamic features,

and a light source provides the illumination positioned opposite the

camera. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

5.2 (a)-(f) Schematics of the mode 1 and mode 2 of bubble formation

after discharge in the droplet. (a) also showing the experimental

footage of the discharge covering the droplet. (g)-(n) experimental

snapshots of bubble formation inside a DI-water droplet (solution

4, Table 5.2) in mode 1. The red arrow on the image (h) marks the

onset of bubble formation. (o)-(v) show the bubble formation inside a

droplet of glycerol (65%) and water (35%) mixture (solution 7, Table

5.2) in mode 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
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5.3 (a)-(f) Show growth dynamics of a cavitation bubble after discharge

inside a highly viscous drop of glycerol (80%)-water (20%) mixture

(solution 9, Table 5.2) post-discharge. The droplet volume is 5 µL,

whereas the electric potential applied is ψ = 500 V (Ψ = 16.98

kV/cm). Plot (g) shows the temporal variation of the cavitation

bubble radius (rb) oscillating inside a highly viscous liquid. . . . . . . 105

5.4 Distribution of the electric field vector and equipotential lines when

a potential, ψ = 400 V is applied to a droplet of radius, rd = 1 mm,

for different position of the electrode, h∗e = (a) 0.05, (b) 0.4, (c) 1.2,

and (d) 1.65. The colored plots underneath each column represent

the enlarged view of the two boxed areas (in each plot), which show

the electric field distribution (surface plot) within the dielectric layer.

The non-dimensional electrode distance is, h∗e = he/rd. . . . . . . . . 108

5.5 (a) Schematic diagram showing the locations (A-I ) in the dielectric

layer, which is considered for the other plots. (b) The resulting field

intensity (Ψ) inside the dielectric layer at the locations indicated in

the image (a) when ψ = 400 V and the location of the electrode (h∗e)

is varied. (c) The variation of field intensity at location E, ΨE, (and

C in the inset, ΨC) with h∗e for liquid droplets of different radius (rd),

while the electrode diameter is kept same (0.150 mm). (d) Exper-

imental points showing different regimes, namely, jetting, crowning,

and bursting, at the different applied electric fields, Ψ , with the vari-

ation in h∗e. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
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5.6 Sequence of jet formation due to the electric discharge inside a droplet

(solution 5, Table 5.2) and subsequent breakup of the jet ejecting

secondary droplets. Images (a)-(j) show the growth of the jet, in

which image (j) shows the pinch-off region, the area marked between

the arrows indicating neck formation phenomena. Images (k) and (l)

show the second pinch-off event along with the separated secondary

droplets. The other experimental conditions are, ψ = 1000 V, Ψ =

20.86 kV/cm, φ0 = 5 µL, Cs = 1.0 M, and η = 0.886 mPa s. The

broken yellow line shown in image (a) has been considered as datum

during the jet height and velocity measurement. . . . . . . . . . . . . 110

5.7 (a)-(l) Sequence of liquid jet formation due to the electric discharge

inside a droplet (solution 4, Table 5.2) and subsequent breakup of

the jet ejecting secondary droplets after discharge. The first pinch-off

event is marked by the arrows in image (e), while the pair(s) of arrows

in images (g,i) mark(s) different breakup events of the liquid jet. The

other experimental conditions are, ψ = 800 V, Ψ = 13.51 kV/cm, φ0

= 5 µL, Cs = 0.5 M, and η = 0.887 mPa s. The broken yellow line

on image (a) represents the datum. . . . . . . . . . . . . . . . . . . . 111

5.8 Continued on the following page. . . . . . . . . . . . . . . . . . . . . 114
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5.8 Images (a)-(f) show the time evolution of a jet originating from a

droplet with moderate viscosity subjected to an electric discharge.

Experimental conditions are, ψ = 500 V (Ψ = 7.06 kV/cm), φ0 =

5 µL, Cs = 0.1 M, and η = 6.88 mPa s. Images (g)-(l) show the

time evolution of the jet formed when a very high viscosity droplet

is subjected to an electric discharge. The experimental conditions

are, ψ = 500 V (Ψ = 9.19 kV/cm), φ0 = 5 µL, Cs = 0.1 M, and

η = 66.96 mPa s. The arrows mark the position of jet breakup at

different instants. Image (m) schematically describes the underlying

mechanism of the breakup of a viscous jet and subsequent formation

of secondary droplets from the jet. Image (n) shows characteristic

trajectories of three different positions of a viscous thread, namely,

the tip of thread (�), the tail of unbroken thread (•), and neck (N) for

droplets of different viscosity (represented by different colours as well

as symbols). The broken lines differentiate the time of occurrence of

events. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
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5.9 The plot (a) shows the variation in the non-dimensional jet height

(h∗j) before the first breakup with time (τ = t/tvis) when electric dis-

charge is instigated inside the droplets of different viscosity (solutions

5, 6, 8, and 9, Table 5.2). Here, tvis = ηL/γ is the viscous time-scale

corresponding to the experimental conditions. The plot in the inset

shows the merging trend of the experimental data points following a

unified scaling law, h∗j = aτ bOhc, with coefficients: a = 20.169±1.582,

b = 0.436 ± 0.047, and c = 0.781 ± 0.060. The plot (b) shows the

variation in the normalized spacing of the secondary droplets - ex-

perimental (λ/r) and theoretical (λmax/r) with Oh, where λ and r

are the average spacing and radius of secondary droplets, obtained

from experiments, while λmax is obtained from the theoretical anal-

ysis. Here, λmax signifies the wavelength of the fastest-growing dis-

turbance responsible for the breakup of the thread. The Oh number

is calculated based on the initial equilibrium radius of the primary

droplet (rd). The experimental conditions are ψ = 500 V (all three

cases, except for solution 5, where ψ = 1000 V), φ0 = 5 µL, and Cs =

0.1 M. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

5.10 Images (a)-(i) show the time evolution of the interface of a drop of

KCl solution (solution 4, Table 5.2), subjected to an electric field

discharge, leading to the formation of a liquid crown. Experimental

conditions are, ψ = 1000 V, Ψ = 9 kV/cm, φ0 = 5 µL, Cs = 0.5 M, and

η = 0.887 mPa s. Images (c),(f) show the positions of measurement of

the crown height, hc, with respect to a datum marked by the broken

yellow line, and neck diameter (or radius), dc (or rc), respectively. . . 120
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5.11 Images (a)-(l) show the spatiotemporal evolution of a high-viscosity

droplet of aqueous KCl solution and glycerol mixer (solution 7, Table

5.2) subjected to an electric discharge. Experimental conditions are,

ψ = 800 V, φ0 = 3 µL, Cs = 0.1 M, and η = 18.25 mPa s. Image

(a) shows the initial shape of the drop prior to discharge, images

(b),(c) show propagation of discharge within the drop and initiation

of crown formation, images (d)-(g) show the expansion of the crown,

and images (h)-(l) show the sealing and collapse of the crown. Images

(f),(l) show the positions of measurement of the crown height, hc,

with respect to a datum marked by the broken yellow line, and neck

diameter (or radius), dc (or rc), respectively. . . . . . . . . . . . . . . 122

5.12 Images (a),(c) represent the contour of the liquid-air interface of the

crown for a low (Oh = 0.003) and a high (Oh = 0.056) viscosity

droplet, respectively. Here, a set of different symbols, namely, circle,

square, and triangle filled and bordered with black, blue, and green

colour, respectively, are used to depict the previously mentioned three

distinct stages of crown evolution, namely, the droplet before electric

discharge, the crown formation, and expansion, and finally the seal-

ing and collapse of the crown, with the help of contours. The blue

arrow pointing towards the left indicates the direction of expansion

of the crown, while the green arrow pointing rightward indicates the

direction of crown sealing. Plots (b) and (d) show the rate of change

of the neck radius, rc, corresponding to the crown formation events

shown in Figures 5.10 and 5.11, respectively. . . . . . . . . . . . . . . 124
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5.13 The snapshots show the spatiotemporal evolution of a liquid drop of

high electrical conductivity (1 M) and low viscosity (η = 0.886 mPa

s) subjected to an electric field discharge. The other experimental

parameters are, ψ = 1200 V, Ψ = 60 kV/cm, and φ0 = 5 µL. The

yellow broken line on image (a) shows the position of the datum. The

frames are captured at a rate of 10000 frames per second. . . . . . . . 126

5.14 The snapshots show the spatiotemporal evolution of a liquid drop

of moderate viscosity (solution 6, Table 5.2) and low electrical con-

ductivity (0.1 M) subjected to an electric field discharge. The other

experimental parameters are, ψ = 800 V, Ψ = 16 kV/cm, and φ0 =

5 µL. The yellow broken line on image (a) shows the position of the

datum. The frames are captured at a rate of 10000 frames per second. 128

5.15 The snapshots show the spatiotemporal evolution of a liquid drop of

high viscosity (solution 9, Table 5.2) and low electrical conductivity

(0.1 M) subjected to an electric field discharge. The other experiment

parameters are, ψ = 500 V, Ψ = 18.9 kV/cm, and φ0 = 5 µL. The

yellow broken line on image (a) shows the position of the datum. The

frames are captured at a rate of 10000 frames per second. . . . . . . . 129

5.16 (a)-(f) Dynamics of microjetting for a DI-water droplet (solution 3,

Table 5.2). The yellow broken circle in image (b) indicates the in-

cipience of microjet formation. (g) Dynamics of microjetting for a

droplet of glycerol (50%)-water (50%) mixture (solution 6, Table 5.2). 131
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5.17 Different regimes of electric-discharge-induced droplet atomization,

namely, jetting (square-red), crown formation (circle-blue+cyan), burst-

ing (triangle-olive), and jetting + bursting (diamond-purple) with the

variation in the electric field intensity, expressed in terms of the elec-

tric bond number (BoE) and the molar concentration of KCl in the

droplet (Cs). The rectangular dashed region marked is shown in an

enlarged view in the right-hand side plot. The approximate borders

are indicated with broken lines and coloured/hatched regions. . . . . 133

5.18 Schematics (a)-(c) show the different locations of electric field dis-

charge observed (zone with a red circle with a “+′′ sign at the centre)

with respect to the geometric centre of the droplet (zone with a black

circle with a “+′′ sign at the centre) during the experiments. The

dimensionless distances between these two points in the vertical and

horizontal planes are denoted as δz, and δx, respectively. The plot (d)

shows the occurrence of liquid jetting (A), crown formation (B), and

bursting (C ) in the (δx, δz) plane. The broken line between the re-

gions B and C divides the two regimes. The error bars are due to the

uncertainty in determining the centre for both the electric discharge

and droplet. The red broken circle marks the area shown in the inset. 134

6.1 Schematic diagram of the experimental set-up. . . . . . . . . . . . . . 144

6.2 (a)-(d) Schematics of different steps involved in the surface prepara-

tion method by flame deposition of candle soot. . . . . . . . . . . . . 146

6.3 The surface morphology of the superhydrophobic surface prepared

from candle soot nanoparticles as viewed in scanning electron mi-

croscopy (SEM) at (a) 5000 x and (b) 50000 x. The scale bars in (a)

and (b) represent 1 µm and 100 nm, respectively. The morphology

of the surface is similar to the Iqbal et al. [379], indicating a similar

nanometric roughness. . . . . . . . . . . . . . . . . . . . . . . . . . . 147
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6.4 Spatiotemporal evolution of the interface of droplets of (a) DIW

(Oh = 0.003) (b) Gly65 (Oh = 0.062), and (c) Gly80 (Oh = 0.23)

solutions after impacting the superhydrophobic surface with differ-

ent velocities mentioned in the first column. The second column

shows the instants just before droplet impact, referred to as t = 0

ms, whereas the subsequent columns show the interface’s evolution

post-impact. The scale bars represent 1 mm in all the images. . . . . 149

6.5 (a) Temporal evolution of the spreading ratio, β = r(t)/R0, in the

case of a water droplet (Oh = 0.003) impacting the surface at We ≈

4, 19, 36, 70, 101, and 160. (b) Spreading ratio, β, and (c) non-

dimensional droplet height, hd/R0, as a function of time for different

viscosity droplets (Oh = 0.003, 0.023, and 0.062) impacting the sur-

face at We ≈ 36. The colored rectangular regions in (b) and (c) mark

the transition zones between the spreading and retraction regime for

different events considered. The dash-dotted lines in (b) mark the

contact time for different events. The arrows in (c) mark the point

of pinch-off. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

6.6 We−Re map showing different regimes during the impact of viscous

droplets on a superhydrophobic surface. The various experimental

liquids are represented with different symbols, whereas the colored
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bound, partial rebound, receding breakup, splashing, and complete

pinning. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

6.7 Temporal evolution of the spreading ratio, β/βmax of (a) DIW (Oh =

0.003), (b) Gly50 (Oh = 0.023), (c) Gly65 (Oh = 0.062), and (d)

Gly80 (Oh = 0.23) droplets for different impact We. . . . . . . . . . 153
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6.8 Variation of the (a) maximum spreading radius (rmax), and (b) maxi-

mum spreading ratio (βmax) with the impact We for different viscosity

liquids. Variation of the maximum spreading ratio, βmax (c) with the

impact We, when the theoretical scaling law, βmax = We
1
2 is ap-

plied and (d) with the impact Re, when the theoretical scaling law,

βmax = Re
1
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Gly65 (Oh = 0.062), and (d) Gly80 (Oh = 0.23) droplets for different
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6.11 (a) Retraction velocity, vrec, of the contact line V/S height of the
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rate, (β̇/βmax) (R0/V0), V/S the We, following the Taylor-Culick law
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6.14 Sequential snapshots depicting the dynamics of (a) receding breakup

and (b) splashing during the impact of water droplets on the CSNPs

coated superhydrophobic surface. The dashed yellow line marks the

datum’s position, while the broken red circle in (b) shows the gen-

erated secondary droplets as the droplet is spreading. The impact

velocities in (a) and (b) are 2.2 and 2.8 m/s, respectively. Schematic

of (c) prompt splash and (d) lamella ejection event. . . . . . . . . . . 163

6.15 (a-d) Size distribution (d/D0) of secondary droplets during splashing

at different impact velocities and liquid viscosity. (e-f) Probability

distribution functions, P (D), corresponding to the size distribution in

(a-d). The continuous red line indicates the fitting of the experimental

data with a log-normal distribution. . . . . . . . . . . . . . . . . . . . 165

6.16 Variation of the (a) mean size [i.e., Sauter mean diameter, d32] of the

droplet, expressed in a non-dimensionalized form, i.e., d32/D0, as a

function of the We and Re. The red dashed line is derived from Eq.

6.9. (b) No. of droplets, Nd as a function of the impact We. . . . . . 167

6.17 (a) We-Re regime map showing complete rebound, partial rebound,

and splashing regimes during the impact of water droplets on various

soot-coated superhydrophobic surfaces. Variation of (b) maximum

spreading ratio and (c) retraction rate with the We for the impact
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(d) Schematic depicting the proposed mechanisms of the complete
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B.1 (a) Schematic of an axisymmetric drop attached to a capillary with all

the spatial and angular variables defining the shape at each instant.

(b) Comparison between the numerically obtained droplet shape (yel-

low curve) with the droplet shape obtained experimentally by fitting

the former upon the latter. The axisymmetric equations can describe

the shape well, as the yellow curve fits the experimental shapes com-

pletely. The experimental conditions encountered are, QTwn20 = 8.68

×10−11 m3/s, We = 5.03 ×10−8, Oh = 0.0063, and Fr = 5.73 ×10−4. 231

C.1 Schematic representation of the force balance at the interface between

the magnetizable liquid medium (1) and non-magnetizable surround-

ing (2). The same has been written as FHD boundary condition in

Eq. C.2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 235

C.2 Temporal variation of the (a) dynamic contact angle, θd, and (b)

contact radius, rc during the evaporation of FF droplets (φ0 = 3

µL) in absence of magnetic field dispensed atop three substrates with

different elastic moduli, E = 1.5, 0.06, and 0.02 MPa. The time scale

has been non-dimensionalized with the evaporation time scale, (te).

The magnetowetting behavior of the same FF droplets is shown in the

inset for B = 450 mT (Bom = 131). (c) Shows the variation of mass

of FF droplets during evaporation on substrates of different stiffness. 238
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D.1 Image (a) shows the equilibrium configuration of a conducting sessile

droplet resting on an isolator-substrate pair. The notations rd and

θeq denote the radius of the droplet and equilibrium contact angle,

respectively. Image (b) shows the droplet in equilibrium when a po-

tential difference (ψ) is applied between the flat bottom (blue colour)

and pointed top electrodes. The notation θa0 corresponds to the ad-

vancing contact angle of the drop due to electric stress accumulated

at the contact line. The plot (c) shows the variations in interfacial po-
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energy of the dielectric layer under electric field (Ee), and the total

energy (Et) with the variation in the droplet volume (φ0), obtained

from both experimental as well as theoretical analysis, for a droplet
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D.2 The computational domain for the numerical simulations. . . . . . . . 244

D.3 Image (a) schematically shows the different stages of the instability

of an infinite cylindrical jet leading to the generation of secondary

droplets. The plot (b) shows the dispersion curves (σ vs. x) in which

the effect of viscosity on the capillary instability of an infinite cylinder

has been shown. The red coloured solid lines for, J = 2.74 and J =

12.22, are associated with solutions 8 and 9 in Table 5.2. The broken

lines show the variation of σ for a range of viscosity values. Plot (c)

shows the variation of λmax/r with J derived from Eqs. D.6 and D.7,

as shown by the continuous lines. The red symbols correspond to
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E.1 Maximum spreading ratio, βmax, variation with the impact (a) We,

when the theoretical scaling law, βmax = We
1
2 is applied and (b) Re,

when the theoretical scaling law, βmax = Re
1
4 is applied. . . . . . . . 247
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Chapter 1

Introduction

“There is Plenty of Room at the Bottom”

- Richard P. Feynman, 1959

“Be less curious about people and more curious about ideas”

- Marie Curie, 1937

Liquid droplets play a major role in numerous natural as well as industrial pro-

cesses. While they form the backbone of almost all the life-saving processes of living

beings, the mesmerizing beauty of the events of liquid drops interacting with the liv-

ing or non-living beings has been captured eloquently by poets and artists for ages.

Apart from that, many industrial processes, such as those involving drying, print-

ing, melting, and casting, largely depend on the cumulative behaviours of the liquid

droplets. Interestingly, with the advent of industrial processes or medical sciences,

miniaturized devices such as Lab-on-a-Chip (LOC) [1] or Organ-on-a-Chip (OOC)

[2] platforms (e.g., lung-on-a-chip, heart-on-a-chip etc.) have garnered remarkable

appreciation for the last couple of decades. Many of these devices or techniques rely

on the behaviour of small and discrete liquid volumes during their operation, which

comes under the purview of microfluidics [1–3].

One of the primary objectives in microfluidics is to achieve precise manipulation

of discrete liquid volumes (10−6 to 10−18 liters) by either passive (e.g., geometrical

modifications of the substrate) or active control techniques (e.g., use of external po-

tential fields such as electric, magnetic, optical) [3]. Also, the liquid droplets can be
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deposited, merged, split, or mixed by using these active or passive actuation tech-

niques, which further act as a backbone of a host of cutting-edge technologies, such

as chemical microreactors, bioanalytic microsystem for cells in high throughput ex-

periments, or as an electric or magnetic microlens, etc. Apart from actuation mode

(passive or active), the individual droplets’ interaction with the surrounding surfaces

is another crucial aspect of microfluidics systems. The latter aspect becomes crucial

when the contact line’s wetting dynamics (CL) serve as a driving mechanism in in-

dustrial processes such as self-cleaning, anti-icing, or rapid condensation, etc. In this

regard, two major focus areas have been developed in microfluidics: (i) droplet-based

microfluidics and (ii) digital microfluidics, based on the interaction of single liquid

droplets with the surface [3]. Briefly, in droplet-based microfluidics, discrete liq-

uid volumes are generated and manipulated inside micro-channels or micro-devices.

Here the generated miniature droplets are dispersed in a secondary phase comprised

of immiscible fluids. On the other hand, in digital-microfluidics, the liquid drops are

maneuvered across surfaces in an unconfined environment, and the immiscible phase

is often replaced by air. It is to note that passive and active actuation techniques

are used to actuate liquid droplets in both droplet-based and digital microfluidics,

as mentioned previously. The broad objective of the present thesis work resonates

strongly with the fundamentals of digital microfluidics, which shall be discussed

shortly [3].

Although there are several passive techniques for manipulating liquid droplets

in digital microfluidics platforms, the active manipulation techniques, specifically

the use of external fields such as electrical, magnetic, optical, or acoustics, are more

regularly used for the same purpose [3]. On a similar note, we can broadly categorize

the dynamics of liquid droplets during external field-induced manipulation in two

focus areas: firstly, the interaction of the liquid droplets with the adjacent surface,

and secondly, the behaviour of the liquid-vapour interface in the presence of exter-

nal stimulations. The interaction between the molecules of the contact line and the

surface in contact strongly affects the ensuing hydrodynamics during droplet actu-

ation. This desirable/undesirable interaction is manifested in the form of contact

line resistance (friction) and/or contact angle hysteresis (CAH), thereby felicitat-

ing/hindering the movement of the contact line. This aspect is generally considered

under the purview of the wettability of the surface in digital microfluidics. On the

other hand, the deformation or the spatiotemporal evolution of the liquid-vapour

interface of a sessile or suspended droplet in the presence of an external field is the
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backbone of many industrial processes [4–8]. For example, the deformation of a ses-

sile liquid droplet in an externally applied electric field often results in the formation

of a Taylor cone configuration, which, in turn, can engender numerous secondary

droplets via tip-streaming [4]. Interestingly, such extreme deformations of the con-

ducting liquid droplets, mediated by the formation of the Taylor cone, can be a host

of several cutting-edge applications, including electrospinning, electrospraying, to

name a few. Again, during ink-jet printing, the spreading behaviour of each droplet

determines the quality of the print, which can further be manipulated by applying

external electrical fields. Similarly, the fluid flow resulting from the deformation

and fragmentation of tin microdroplets by a laser pulse controls the illuminance of a

EUV light source, thereby affecting the high throughput in microchip manufacturing

by EUV-nanolithography [5]. Interestingly, in the ongoing COVID-19 pandemics,

scientific communities have proved that the deformation leading to the bifurcation

and the transportation of the Novel Coronavirus or SARS-CoV-2 carrying respi-

ratory (nano)droplets is one of the prime sources of the community spreading [7].

These respiratory droplets are generated as we speak or exhale, which become much

smaller after evaporation in air and thus, can stay longer in the surrounding medium,

thereby acting as an airborne source of virus transmission [7, 8]. These examples

establish that elucidating the rich physics associated with the deformation of the

liquid-vapour interface of a droplet experiencing external stimulation is of paramount

importance for enhancing the efficacy of various digital microfluidics platforms as

well as for understanding the criticalities of several life-saving processes. Notably,

the advent of high-speed imaging techniques and numerical simulation tools has

helped enormously in analyzing the aforementioned intricate details of the micron-

scale events, as reflected in several recent studies [9].

Overall, the deformation of liquid volumes engendered by externally applied

fields, influenced by substrate wettability and liquid properties, can manifest into a

host of intriguing physical phenomena. The latter sentence is the driving mechanism

in many existing engineering applications, including some state-of-the-art applica-

tions such as laser-induced breakdown spectroscopy (LIBS) [10]; needle-free injection

technology [11], gas dynamic virtual nozzle (GDVN) [12, 13], etc. The present dis-

sertation aims to analyze intriguing and complex fluid flow configurations involving

droplet-substrate interaction by performing extensive experimentation and subse-

quent theoretical analysis. The importance of understanding such complex and

physically rich systems will be further detailed in Section 1.2 through an extensive
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𝜃𝑒𝑞𝜃𝑒𝑞

Figure 1.1: (a) Different wetting conditions encountered by a sessile droplet atop a
solid surface, defined in terms of the equilibrium contact angle (θeq). (b) Components
of surface tension namely, γ (liquid-vapour), γsg (solid-vapour), and γsl (solid-liquid),
for a sessile droplet on a solid surface, following the Young-Lipmann Law.

literature survey, based on which the objectives of this thesis work will be discussed

in Section 1.3. In the following section, a few necessary concepts of substrate wetta-

bility are discussed briefly, which play a significant role in shaping the desired flow

morphologies.

1.1 Wetting states of a sessile droplet on a solid

surface

The affinity of liquids to stay in contact with a solid surface is known as wettability.

Some surfaces exhibit a strong affinity for water, known as hydrophilic surfaces,

while there exist surfaces that tend to have lower affinity for the former, exhibiting

hydrophobicity. In the study of digital microfluidics, understanding the wettability

of the surfaces involved is of utmost priority, as it, in turn, affects the dynamics

of droplet manipulation. When a droplet is gently deposited on a solid surface,

depending upon the wettability of the surface, it can assume any of the configurations

shown in Figure 1.1(a). As shown in Figure 1.1(a), the degree of wettability of a

surface can be characterized by the macroscopic angle between the solid surface

and the liquid-vapour interface at the point of intersection of them, known as the
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equilibrium contact angle (θeq). In the wetting studies, when θeq ≤ 90◦, the surface

is known as hydrophillic surface, having a strong affinity for water. On the other

hand, a sessile water drop on a hydrophobic surface assumes nearly a spherical shape

(θeq ≥ 90◦) and does not spread, as shown in Figure 1.1(a). The shape of the droplet,

in both the hydrophilic and hydrophobic surfaces, can be described by considering

force balance among the three phases (solid, liquid, and vapour), popularly known

as the Young-Dupré equation, as follows:

γsg = γsl + γ cos θeq, (1.1)

where, γsl, γsg, and γ represent the solid-liquid, solid-vapour, and liquid-vapour in-

terfacial energies, respectively [refer to the schematic Figure 1.1(b)]. When θeq ≤
90◦, Eq. 1.1 suggests that, γsg − γsl ≥ 0, thereby facilitating the spreading of a

water drop. Again, when θeq ≥ 90◦, we find that, γsg − γsl ≤ 0, which hinders the

droplet spreading. As such, by tuning the surface energies of a solid surface with

the help of chemical treatments, the wettability of the surface can be altered very

easily.

Interestingly, Eq. 1.1 is only applicable to ideally smooth and chemically homo-

geneous surfaces. On the other hand, the surface roughness or in-homogeneity can

also affect the macroscopic wetting behaviour of a solid surface. Notably, with the

help of chemical patterning or lithography techniques, different kinds of microstruc-

tures can be built on an initially flat surface, thereby altering the wettability of the

surface. On these rough surfaces, depending upon the thermophysical properties of

the liquid, two primary wetting states can be observed: (i) Cassie-Baxter [Figure

1.2(a)] and (ii) Wenzel [Figure 1.2(b)]. In the former one, there exists an air gap be-

tween the surface and droplet, and the liquid hardly wets the micro-/nano-structures

or roughness, as shown in Figure 1.2(a) [14], while the liquid impregnates the surface

topography in the latter case [15]. In the Cassie-Baxter state, the droplet sits on the

top of the microstructures, where the apparent contact angle (APCA), θ∗, is related

to the equilibrium contact angle, θeq as follows:

cos θ∗ = fs(cos θeq + 1)− 1. (1.2)

Here, fs and 1-fs are the areal fraction of the solid and liquid interfaces under-

neath the drop, respectively. Interestingly, in digital microfluidic applications, this
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𝜃∗

Cassie-Baxter Wenzel

(a) (b)

Figure 1.2: Wetting states for a hydrophobic rough surface: (a) Cassie-Baxter wet-
ting state, and (b) Wenzel wetting.

air-entrapped Cassie-Baxter state, or alternatively fakir state facilitates easy gliding

of the droplets along the surface, due to very high slip length.

Again, the apparent contact angle, θ∗, for a droplet in Wenzel state is given by,

cos θ∗ = rf cos θeq, (1.3)

where rf is the ratio of the actual wetted area to the projected area (the one circum-

scribed by the contact line). It is to note that, Eqs. 1.1-1.3 is applicable when the

radius of the droplet is substantially larger than the characteristic lengths of surface

heterogeneities. Furthermore, several metastable wetting states can be found other

than the aforementioned states for a droplet resting on a rough surface as indicated

by the multiple minima points on the Gibbs energy curve shown in Figure 1.3(a)

[16, 17].

Although the Eqs. 1.1-1.3 provide the sole value of the apparent contact an-

gle for specific combinations of liquid, solid and gaseous phases, multiple different

contact angles can be seen during the experiments, even for atomically flat surfaces.

This is argued to be an artefact of the long-range interactions between the liquid

molecules at the air-water-solid three-phase contact line (TPCL) and the molecules

comprising the solid surface. The maximum contact angle exhibited by a liquid

droplet on a solid surface is generally termed as advancing contact angle (θadv),

whereas the smallest one is referred to as receding contact angle (θrec). The presence

of the θadv and θrec becomes significant during droplet sliding along an inclined plane

as shown in Figure 1.3(b). This difference between the θadv and the θrec is known

as the contact angle hysteresis (δθ), which can be attributed to the pinning of the

TPCL in the surface roughness or defects. The pinning results in a potential energy
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Figure 1.3: (a) The Gibbs energy curve for the liquid droplets resting on a rough
surface, with several minima points. (b) Advancing (θadv) and receding contact
angle (θrec) for a droplet sliding along a tilted surface (α).

barrier (U), which is to be surpassed by the contact line during motion. The general

expression for the contact angle hysteresis is as follows:

δθ = θadv − θrec =

(
8U

γR0

) 1
2

f(θeq), (1.4)

where, R0 is the initial radius of the droplet prior to deposition on the surface and

f(θeq) happens to be the function of the equilibrium contact angle, as earmarked by

Whyman et al. [18].

In general, a superhydrophobic surface is expected to exhibit low δθ and high θeq

(or high θ∗) in order to facilitate easy droplet maneuvering in digital microfluidics.

1.2 Review of literature

As mentioned previously, the nature and extent of the deformation of the liquid-

vapour interface, engendered by external stimulations, such as electric, magnetic,

optical, or gravity, is a key driving mechanism in numerous industrial processes, in-

cluding ink-jet printing [19], self-cleaning [20], evaporation [21], among many others.

Each attribute is discussed in the following sections.
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1.2.1 Dynamics of liquid droplets in the presence of gravi-

tational field

The formation and breakup of liquid drops are seen abundantly in most of the free

surface flows. A plethora of engineering and medical applications, starting from

inkjet printing to DNA sampling [22, 23] rely on the processes of generation of

droplets at a nozzle or an orifice. As such, the formation of drops from vertical

capillary tubes has been studied experimentally and computationally by many re-

searchers, where they have identified two modes of drop formation, namely dripping

and jetting [24]. Formation of a slender neck prior to the incipience of a drop, the

evolution of the most unstable wavelength along the jet, and the transition from

the dripping to the jetting regime and vice versa due to change in the viscosity or

surface tension of the medium or the fluid are some of the most crucial dynamics

obtained from the previous studies [24–27]. The relevant studies have shown that

the breakup of the liquid jets, and subsequent production of secondary droplets, due

to the most unstable wavelength, is an artifact of the imbalance between the inertial

and capillary forces. On the other hand, the same necking dynamics are seen even

in the absence of flow in situations like a drop detaching from a ceiling. However,

gravity becomes a dominating factor in determining hydrodynamics in the absence

of flow [28].

In contrast, high-speed jets, emerging out of a liquid surface, ascending in air

and subsequent generation of secondary droplets from the jet is one of the most

common and striking phenomenon elucidated at the beginning of the 20th century

by Worthington [29], where observations were made by allowing a liquid drop to hit

upon a horizontal plate. Worthington and Cole [30, 31] reported another experi-

mental evidence of jet formation made by dropping a solid sphere in a pool of liquid,

and they concluded that the jet arises due to the collapse of air-filled cavities. Also,

the impact of a drop on a liquid interface [32–39] is commonly accompanied by the

ejection of columnar jets whose velocities can be larger than that of the impacting

drop at some instant. Jet emerging from the free surface of a sparkling drink, e.g.,

champagne, is another instance of a Worthington jet, which appears due to bubbles

bursting at the liquid interface [40–43]. Radially focused capillary waves [44, 45] or

Faraday waves [46–48] also give rise to jet in axial direction, where surface tension

plays the most crucial role. On the other hand, pressure waves engendered by the

sudden deceleration inside the bulk liquid [49–51] also produce liquid jet from the
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free surface, wherein the inertial force initially produced governs the jet dynamics.

While many existing studies have not considered gravity’s effect in their analyses,

the latter can be a defining parameter in a few critical conditions. For example,

Borthakur et al. had shown that gravity affects the trajectory and breakup charac-

teristic of a jet issued in a direction perpendicular to gravity [52].

During the impact of a drop on a surface, another beautiful hydrodynamic
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Figure 1.4: Schematic of different regimes originating from a droplet impact on a
solid surface.

feature, known as splashing, appears, which was first discussed eloquently in the

literature entitled a study of splashes [53]. The literature clearly states that the

resulting sequence of events following an impact is entirely dependent upon the var-

ious independent factors such as a combination of the surface and the drop and their

properties, the velocity of the impacting object and impact angle, etc. Although

people observed splash crown formation centuries back, the critical hydrodynamic

features like splash dome formation, early surface sealing, etc., would have remained

unnoticed to naked eyes if it would not have been the development of high-speed

photography [54, 55]. To analyze the details while an object hits a liquid sur-

face displacing the fluid below, one can approximate the former as a locally flat

object. The initial dynamics of splashing can then be solved as Wagner problem
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[56, 57]. However, the finer details of the splashing, such as the exact shape of the

splash, the reason behind the breakup of the splash to secondary droplets, number

of secondary droplets, buckling instability, and surface sealing are some of those

parameters challenging to predict, and researchers are still striving to solve them

theoretically [38, 58, 59]. Recently, Marston et al. [60] captured the buckling insta-

bility prior to surface sealing of the crown in a mesmerizing way with the help of

high-speed photography. The study revealed the unstable wavelengths responsible

for the ribbon-like structures during buckling instability, initially observed by May

[61]. Whether be it the formation of jets or splash crown, gravity can affect the

preceding events such as the cavity formation and collapse dynamics.

On a similar note, droplet impact on a solid surface also results in a host of

flow morphologies as shown in Figure 1.4. The liquid droplet starts spreading once

it touches the solid surface and subsequently reaches its maximum extent. The

droplet then retracts itself back and can produce liquid jets, splash crown, or ejecta

sheet, leading to the atomization of the parent droplet. The occurrence of different

regimes depends on several factors, including the property of the liquid droplet and

solid surface, impact speed, and direction [38]. Apart from imparting the desired

velocity to the impacting object, gravity can be a defining factor in the temporal

evolution of the associated flow morphologies.

1.2.2 Droplet dynamics in electric field

Deformation and breaking of drops during thunderstorms, chaotic behaviour of jets,

and drops during inkjet printing are examples of deformation of a fluid interface

under an external electric field. The fate of discrete droplets placed in an electric

field depends on the electrohydrodynamic (EHD) stress generated at the interface

of the drop and surrounding medium. This instability of an interface between an

electrically conducting liquid droplet confined by another medium is explained in

the seminal work from Lord Rayleigh [62], which provides the criteria for maxi-

mum charge a liquid mass can hold before its deformation. Experiments of Macky

[63] established an instability criterion for conductive droplets in an electric field,

which was further supported by Taylor [4] with his theoretical model. The unstable

drop after attaining a critical charge generates secondary droplet from its conical

tip which is known as EHD tip streaming or cone-jetting phenomenon as shown in

Figure 1.5(b) [4, 64]. Often referred to as electrospraying [refer to Figure 1.5(a)],
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Figure 1.5: (a) Formation of Taylor cone from a droplet at the end of a capillary
tube in an electric field. (b) Taylor cone formed from a sessile droplet [4]. (c)
Electrowetting-on-dielectric of a sessile droplet placed atop a conducting substrate-
dielectric layer pair in an external electric field.

this streaming phenomenon can be seen abundantly in various natural as well as

industrial processes, starting with the ejection of streams of small charged drops

from pointed tips of raindrops in thundercloud [65] to the immensely popular mass

spectroscopy [66], used for assaying large biomolecules. With the help of numerical

simulations, Collins et al. [67] had shown that even a liquid droplet suspended in a

lighter medium could exhibit tip streaming in a uniform electric field. Furthermore,

Brosseau and Vlahovska [68] reported the events of equatorial streaming in the pres-

ence of an external electric field. The study showed that the streaming results from

an interfacial instability at the stagnation line of the EHD flow, which creates a

sharp edge.

Again, the EHD stresses acting at the contact line of a conducting sessile droplet

may increase the wettability of the underlying substrate, a phenomenon known as

electrowetting (EW). Lippmann [69] was among the pioneers to identify the under-

lying rich physics of the EW process through his seminal contribution to the theory

of electrocapillarity. The formulation uncovered the reasons behind the capillary
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depression of mercury when in contact with electrolyte solutions in the presence

of an external electric field [70]. Later, interesting behaviours of the electrically

conducting liquid droplets on different types of surfaces under the influence of alter-

nating (AC) or direct (DC) current electric fields were explored [71–73]. Much later,

Taylor [4] unveiled the role of EHD stresses originating from the accumulation of the

induced charges at the droplet-substrate interface as the significant reason behind

the change in the equilibrium contact angle of the liquid droplet during electrowet-

ting. Interestingly, the term electrowetting was coined by Beni, and Hackwood [74]

in 1981, much later after its discovery, while they employed the former to design

display devices.

In recent times, the EW processes have been employed as a model prototype to

study the field-induced deformation or actuation of soft and deformable multicom-

ponent and multiphase microsystems [75, 76]. However, after the invention, for an

extended period, the applicability of the EW processes was rather limited because,

in most of the situations, the droplets composed of electrolytes were placed on one

of the electrodes, which caused electrolysis [76]. The utility of the EW processes

escalated only after the introduction of the concept of electrowetting-on-dielectric

(EWOD) [77]. The EWOD setup proposed the placement of the droplet on a hy-

drophobic insulating isolator, which in turn was placed on the electrode substrate

[78]. In a typical EWOD setup, the electric field is applied through an external

circuit in which the bottom substrate acts as one of the electrodes, while an electri-

cally conducting wire, touching the droplet from the top acts as the other electrode

as shown schematically in Figure 1.5(c). The placement of the thin hydrophobic

isolator between the droplet and the substrate electrodes in the EWOD setup helps

in (i) arresting the electrolysis, (ii) making the process reversible, (iii) developing

enough EHD stresses for rapid EW [79], and (iv) tuning the electrical, thermal, and

surface properties of the isolator to develop a diverse range of applications [80].

In the recent past, the electrowetting processes have been employed for microscale

mixing [81, 82], reactors [83], energy harvesting [84, 85], droplet actuation [86], elec-

tronic displays [87, 88] and Bio-MEMS devices [89], among others. In particular,

the hydrodynamic, elastic, and interfacial properties of the isolator have been found

to influence the electrocapillarity of the droplet significantly. For example, while the

superhydrophobic isolators composed of nanowires or nanorods showed a reversible

EW [90, 91], a reverse EWOD process of a large number of microdroplets could har-

vest high-density power [92] by converting mechanical energy into the electrical one
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[93, 94]. Interestingly, many recent works have shown that the energy storage and

dissipation at the TPCL of the advancing front of a microdroplet, undergoing EW,

can provide additional control over the ensuing EW dynamics [94, 95]. In particular,

the elasto-capillary effects at the soft and deformable isolators or viscous dissipation

on the liquid isolators could develop EW processes having reversible to transient re-

sponses important for various optoelectronic applications. In this direction, the EW

of a microdroplet on a strongly slipping surface is an interesting system where the

contact-line shows interesting motions captured by Kumar et al. [6] in their recent

study. They coined the name of the process as electrowetting-on-liquid or EWOL

as the slipping surface used in this case was water. In the electric field’s presence,

the drop showed lateral movement and oscillation, whereas, in the presence of a

magnetic field alongside the electric field, Lorentz force rotated the drop both in

anti-clockwise and clockwise directions. The above discussions further strengthen

the previous claim of the utility of electric field-mediated droplet deformations in

many industrial processes.

1.2.3 Droplet dynamics in magnetic field

In the presence of a magnetic field, both uniform and non-uniform, the interface of a

paramagnetic liquid volume exhibits shape deformation, which may even lead to the

disintegration of the liquid interface. Such an instability developed in the air/fluid

interface also leads to beautiful patterns, and the artists, with their craftsmanship,

have been honouring these instabilities for decorative purposes for decades. These

instabilities originating from the imbalance between the magnetic force and liquid

surface tension are known as magnetohydrodynamics (MHD) or ferrohydrodynamics

(FHD) [96, 97]. The shape deformation of the liquid interface further depends on

the size, confinement configuration, and the relative direction of the applied mag-

netic field, which has been studied extensively in the past [96–100]. In this regard,

Figure 1.6(a) illustrates the so-called normal field instability of a ferrofluid layer

with an air interface, known as Rosensweig instability [98, 101]. In contrast, a fer-

rofluid layer confined between two parallel plates, under the effect of a magnetic

field in a direction normal to the surface of the ferrofluid, engenders a Labyrinthine

pattern [99, 102, 103] as shown in Figure 1.6(b). Interestingly, the deformation and

associated dynamics of a paramagnetic interface are the backbones of a plethora of

engineering applications such as shock absorbers, heat transfer fluids in loudspeakers
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[103], magnetocaloric pumps and heat pipes, bearing lubricants [104], microfluidic

pumps and valves [105], microfluidic actuators and devices [106], stepper motors

[107], accelerometers, and inclinometers in sensor applications [108], separation pro-

cesses [109], catalytic reaction supports [110, 111] and leak-proof seals for pneumatic

and hydraulic micro-actuators [112] and water purification [113], among many oth-

ers.

In the study of the magnetic field-induced deformation, ferrofluids play a sub-

Figure 1.6: Formation of (a) Rosensweig instability and (b) Labyrinthine instability
on the liquid-vapour interface of a ferrofluid layer in the presence of a magnetic field.
Image taken from [103].

stantial role, which is generally a colloidal suspension of magnetic nanoparticles. To

be precise, ferrofluids contain nanoparticles whose size is less than 10 nm, thereby

allowing the carrier liquid (oil or water) to retain its fluidic nature and exhibit defor-

mation in a magnetic field. Notably, an isolated ferrofluid droplet in a magnetic field

can be actuated precisely and easily over a surface in the non-contact mode, thereby

giving rise to several interesting dynamics. Each magnetic nanoparticle constituting

the ferrofluid behaves as a magnetic dipole and aligns itself in the magnetic field’s

direction very quickly. Hence, it becomes easier to position the droplet precisely

along any surface. Due to the very fact mentioned above, the ferrofluid droplets can

be considered a potential host for many digital microfluidics applications such as

mixing, merging, splitting of magnetic droplets, or in targeted drug delivery [114–

116]. Numerous studies have explored the actuation of discrete ferrofluid droplets

atop substrates of different wettability and topography, depending on the targeted

applications [100, 114, 117–120]. For example, Egatz-Gómez et al. [100] showed

that ferrofluid drops resting on a superhydrophobic surface can also be displaced,
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merged, and split with the application of a magnetic field. Most recently, Kumar

et al. [6] reported both anti-clockwise and clockwise rotation of non-magnetic oil

droplets over a slippery surface upon the application of both electric field as well as

the magnetic field in a perpendicular direction to each other.

Another interesting aspect of ferrofluid droplets experiencing magnetic stimula-

tion is the significant shape deformation and subsequent disintegration of the in-

terface. The contact angle of the drop evolves continually (decreases or increases)

in the presence of the magnetic field, owing to the excess magnetic stress at the

TPCL, popularly known as magnetowetting, a term bearing similar significance as

that of electrowetting [114, 115, 121]. Nguyen [115] has shown that a sessile droplet

in a non-uniform magnetic field can even exhibit Rosensweig instability. Again, a

sessile paramagnetic droplet gets bifurcated multiple times beyond a critical mag-

netic intensity and subsequently shows dynamic and switchable self-assembly [122].

On the other hand, Kumar et al. has reported the actuation of magnetic salt-based

ferrobots on a liquid surface and subsequent self-assembly induced by splitting of

the droplet [123]. Further, Jamin et al. [124] studied the quasistatic and dynami-

cal behaviour of capillary origami of a ferrofluidic droplet whose shape is strongly

dependent on the applied uniform magnetic field and also the onset of overturning

instability beyond a threshold value of the external magnetic field. The relevant phe-

nomena have further been explored in a plethora of engineering applications such

as ferrofluidic droplet generation [125, 126], droplet manipulation over functional

substrates [114, 117–120], static and dynamic self-assembly [122, 127], cell assem-

bly, and tissue engineering [103, 119], magneto-capillary origami [128], mechanical

sealing and acoustics [112], and water purification [113], among many others.

1.2.4 Drop shaping and atomization by intense energy de-

position

The shape evolution of the liquid droplets irradiated by a laser pulse during the

EUV nanolithography or laser-induced breakdown spectroscopy process affects the

desired outcome. The underlying driving mechanism of such processes lies in the

shape optimization or atomization of the liquid interface by depositing intense en-

ergy inside the droplet or directly at the interface between the drop and the sur-

rounding medium. The energy supplied to the droplet or the interface via optical,
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electrical, or acoustic methods can also engender a plethora of interesting flow mor-

phologies such as jetting, splashing, bursting ejecta sheet, forward and backward

plumes, partial or complete atomization, etc. The concerned energy deposition in-

side the droplet often engenders cavitation bubbles alongside the shock waves and

plasma formation. These cavitation bubbles undergo rapid expansion and collapse,

thereby releasing the excess energy as shock waves. The interaction of the shock

waves and vapour bubbles inside the droplet further determines the course of the

hydrodynamic features and the fate of the droplet interface. Similarly, the plasma

formed at the interface also interacts with the liquid matter of the droplet and can

engender several interesting metastable hydrodynamic features. For example, laser

ablation of soft tissues is often replicated by illuminating a liquid drop with intense

laser energy. The resulting hydrodynamics are characterized to obtain a quantita-

tive overview of the material expulsion process from the drop [129]. Similarly, the

collapse of a cavitation bubble near a drop surface also results in fine jetting from

the surface. An earlier study by Blake and Gibson [130] reported the formation of

jets or spikes due to the collapse of a single cavitation bubble near a free surface,

engendered by a transient laser pulse. Previously, Gibson et al. [131] had explained

the dynamics of jetting near three different types of surfaces due to the collapse of

cavitation bubbles produced by an electrical spark.

Thoroddsen et al. [43] reported the evolution of cylindrical liquid sheets and

spray, emanating from the free surface of the sessile drop when exposed to a laser

pulse target from below. Depending on the focal point of the laser and the ther-

mophysical properties of the experimental fluids, several metastable hydrodynamic

features are observed, including larger spray or jetting [43]. The liquid interface also

exhibited the high-speed microjetting phenomenon due to the interaction between

the shock-wave and the micron-sized bubbles underneath the apex of the sessile

droplet [43]. Previously, Fletcher and Palankar [132] had also reported high-speed

microjets relevant in needle-free surgical processes or soft tissue incision. The study

showed that the collapse of a vapour bubble, engendered by an electrical spark, in

a micro-nozzle configuration could produce pulsed liquid microjets of 30 µm diam-

eter, propagating at a velocity as high as 90 m/s. The succeeding studies showed

that such high-speed microjets could be used in various medical applications such as

intravascular injection [133], drug delivery [134], electrosurgery [135], etc., to name

a few.

Interestingly, the collapse of cavitation bubbles generated during electric dis-
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Figure 1.7: Drop shaping by laser pulse impact as described in Klein et al. [5].

charge inside a centimeter size drop can induce jetting as well as splashing, even

in a microgravity environment, as reported by Obreschkow et al. [136]. The study

showed the formation of counter-jets and micro-jets at the liquid interface, even in

the weightlessness condition. Surprisingly, micro-jets and counter-jets are formed

even if the cavitation bubble undergoes expansion and collapse inside a liquid jet,

as shown by Robert et al. [137]. However, they have used pulsed laser energy to

generate the cavitation bubble and experimented in normal gravity conditions, un-

like Obreschkow et al. [136]. Furthermore, the interaction between the shock wave

and the cavitation bubbles inside a droplet may also engender liquid jets within the

bubble [138, 139]. However, the jet dynamics depend on the interacting shock wave

profile, the initial bubble shape, the initial bubble size, and the bubble arrangement,

as earmarked in the study. Although the underlying mechanism of overpressure cre-

ation is pretty much different in all of the aforementioned jetting scenarios, the

overall dynamics of jet growth and disintegration have striking similarities to that

of the Worthington jet discussed in Section 1.2.1.

Apart from jetting, laser ablation of liquid drops produces cylindrical liquid

sheets [43, 60], similar to the splash crown formed during the impact of a liquid

drop as discussed in Section 1.2.1. For example, Thoroddsen et al. [43] reported

that the liquid sheets originating from a sessile droplet after the deposition of pulsed

laser energy exhibited similar sealing mechanism and buckling instability prior to
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the closure of the crown [9]. Marston et al. [60] showed that the ejecta sheets dome

over the free surface of the sessile droplet during free surface ablation, similar to that

of the regular crown, and subsequently undergoes rupturing due to hole nucleation

and propagation. Interestingly, the crown sealing and ejecta sheet disintegration

dynamics remain unaltered even at reduced ambient pressure [60].

Furthermore, the temporal evolution of the intriguing hydrodynamic features

discussed above, primarily liquid jets and crowns or ejecta sheets, also contributes

towards the material ejection and effective atomization of the droplet. As we know,

the efficiency of liquid droplet atomization and material expulsion are amongst the

few critical parameters relevant to a series of industrial processes, specifically those

targeting enhanced heat, mass, and momentum transfer via atomization. In this re-

gard, the best example is the shattering of raindrops as they descend towards earth,

a phenomenon seen ubiquitously in nature [140, 141].

A few early studies involving drop fragmentation by laser irradiation of monodis-

perse droplets showed that the partial fragmentation of the large droplets finally

resulted in a thin liquid film surrounding the high velocity fragmented droplets,

resembling a jellyfish [142–144]. On a similar note, Avila and Ohl [145] studied

the dynamics of the cavitation bubble inside a liquid drop and their contribution

towards droplet fragmentation. They have demarcated several atomization regimes

based on the initial drop size and laser energy input and subsequently calculated

the efficiency of atomization for each regime. Recently, Stan et al. [146] studied

shock wave mediated explosion dynamics of liquid droplets and jets. They have

developed a theoretical model of explosion dynamics to predict the adverse effect

of the explosion on liquid samples during XEFL experiments. Apart from that,

Snyder and Reitz [147] developed a new controlled atomization mechanism by fo-

cusing gas microjets from the underneath towards a liquid film, which produced

secondary droplets as small as 20 µm in size. Many cutting-edge technologies such

as atomization of micro-liter volume drop during liquid chromatography based on

laser-induced breakdown spectroscopy (LIBS) [10] or drop shaping by laser in EUV

nanolithography process [5, 148] [refer to Figure 1.7] or laser-induced forward trans-

fer processes or laser ablation of soft tissues [129] etc., have intrigued the scientific

community to explore the concerned fragmentation regimes further in a thorough

manner.
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1.3 Motivation and objectives

In view of the literature presented above, it is seen that a large portion of the mi-

crofluidics applications is based on the deformation of the liquid-vapour interface and

subsequent atomization of a discrete droplet with or without an external field. In

these processes, surface tension force always tries to resist the motion of the contact

line or keep the interface intact. On the other hand, the externally applied potential

(such as gravity, electric field, magnetic field) imparts instability to the interface

and the contact line. As a result, the combined effect of substrate wettability and

the magnitude and type of externally applied potential field can engender a host of

interesting and complex hydrodynamic features suitable for numerous applications.

Formation of the high-speed liquid jet, microjet, liquid crown, stable and unstable

ejecta sheet, pinch-off, bursting, or atomization are a few most frequently observed

and exhaustively studied flow morphologies in the aforementioned scenarios.

Despite the wealth of information available about the deformation dynamics

of discrete liquid droplets in various scenarios enumerated above (Sections 1.2.1-

1.2.4), there exists numerous unexplored areas capable of opening new avenues in

microfluidics research. For instance, the growth dynamics of liquid droplets exhibit a

different pattern on a wettable nozzle than that of a non-wettable solid nozzle [149].

However, the temporal evolution of the interfacial dynamics of a droplet formed on

a porous, wettable nozzle has remained an open question in the literature. Similarly,

the effect of increasing electric potential beyond the threshold of EWOD phenomena

on the dynamics of the sessile droplet is, heretofore unknown in the open literature.

Nonetheless, a complete understanding of the coupling between the external field

and droplet behaviour is necessary to expand the horizon of microfluidics. The

current thesis draws enormous motivation from the latter fact, wherein the central

objective is to unfurl the intriguing details of some of these long-standing questions

through rigorous experimentation and complementary theoretical analyses.

To address a few of the concerned open questions enumerated earlier, the follow-

ing objectives have been finalized for the present thesis work.

• To study the capillary flow-mediated dynamics of liquid droplet generation

from a yarn.

• To study the magnetowetting dynamics of sessile ferrofluid droplets on soft

surfaces.
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• To study the electric-discharge-mediated hydrodynamics of sessile liquid droplets.

• To study the impact dynamics of viscous liquid droplets on a soot-coated

superhydrophobic surface.

Notably, we have chosen the above objectives to fit into the present thesis’s central

theme mentioned earlier. Herein, an honest attempt has been made to unfurl the

fundamental physics of the systems under consideration in the objectives, with an

expectation of furthering the existing knowledge and bridging the literature gaps

in the respective systems. These microdroplet-surface-external field interactions

leading to the atomization of the primary droplet governs applications ranging from

condensation, frosting/icing, water harvesting, thermal management, and aerosol

transport in the form of enhanced heat, mass, and momentum transfer.

1.4 Thesis overview

The remainder of the work discussed in this thesis is organized in the following

chapters:

Chapter 2 presents the details of the high-speed imaging system and correspond-

ing image-processing methods. The different components of the high-speed imaging

technique, their capabilities, and corresponding calibration methods are discussed.

Further, the different steps comprising the in-house image processing method are

also discussed.

Chapter 3 presents a detailed appraisal of droplet growth dynamics during the

capillary flow-driven droplet generation process from a yarn. The various stages of

droplet growth are elucidated, and the effect of the thermophysical properties on

the concerned process is also discussed. The experimental results of droplet growth

dynamics are also validated with unified scaling laws.

Chapter 4 explores the effect of substrate elasticity on the magnetowetting dy-

namics of sessile ferrofluid droplets. The droplet’s contact line exhibits different

dynamics on substrates of different elasticity in a similar magnetic environment.

While on the rigid substrate, the contact line experiences stick-slip dynamics, on

the soft substrates, the contact line experiences the pinning effect. The substrate

elasticity is also found to affect the dynamics of secondary droplets produced during

magnetowetting.
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Chapter 5 focuses on elucidating different hydrodynamic features, namely, liquid

jet, crown, and bursting ejecta sheet, engendered by the deposition of discharge

energy within a sessile droplet resting atop a polymer layer. Due to the dielectric

discharge inside the droplet, cavitation bubbles are produced within the droplet,

which subsequently undergoes expansion and collapse, resulting in acoustics pressure

waves. A complex interaction of the pressure waves and cavitation bubbles drives

the observed hydrodynamic features. A couple of regime maps based on several

characteristics parameters are also proposed.

Chapter 6 discusses the impact dynamics of viscous droplets on a candle soot-

coated superhydrophobic surface. Here, the dynamic wetting behaviour of the tar-

get surface is evaluated in terms of the spreading and retraction dynamics, droplet

rebound, contact time, and liquid splashing behaviour of the liquid droplets. Addi-

tionally, the water-repelling behaviour of the bare soot-coated surface is compared

and contrasted against several existing superhydrophobic surfaces.

Chapter 7 concludes the works presented in the thesis, along with the recom-

mendations for future work.
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Chapter 2

High-speed visualization and

image processing

“The best and most beautiful things in the

world cannot be seen or even touched. They must be felt with the heart”

- Helen Keller, 1891

2.1 High-speed imaging system

The previous chapter highlights that the deformation of the liquid volumes in the

presence of an external field is one of the crucial factors affecting the efficiency

of many microfluidics applications. As such, it is essential to elucidate the intri-

cate dynamics of the deformed liquid-vapour interface and the three-phase contact

line, both qualitatively and quantitatively, in a precise and systematic way. In this

regard, high-speed visualization techniques offer a systematic way to capture and

analyze the concerned dynamics of liquid droplets. The basis of the aforementioned

claim is much realized by looking at some of the phrases such as making the invisible

visible, seeing is believing, seeing the unseen, or capturing the moment etc., coined

to describe the beauty and capability of the high-speed or slow-motion movies [54].

Notably, the groundbreaking advancements in the field of high-speed visualization

and image analysis algorithms, specifically the incorporation of machine learning

or artificial intelligence algorithms in recent years, have contributed enormously to-
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wards the detailed experimental realization of many complex physical systems in

microfluidics. Apart from the microfluidics and bioscience applications, high-speed

imagining techniques are also regularly used in several other industrial applications

such as vehicle crash testing, airbag deployment, machine vision technology for pack-

ing and sorting, high-speed impact and materials testing, sport science, ballistics,

and (nuclear) detonation and explosions [54]. However, in this chapter, the rele-

vancy of these imaging techniques shall be discussed in the purview of microfluidics

research. The currently adopted flow visualization techniques in the microfluidics

research community primarily include high-speed flash photography, shadowgraphy,

and schlieren imaging, high-speed videography, digital holography, digital color inter-

ferometry, confocal microscopy, 4D-confocal reference-free traction force microscopy

(cTFM) [150], high-speed particle tracking velocimetry (2D-PTV, 3D-PTV), high-

speed particle imaging velocimetry (PIV, µ-PIV, or n-PIV), planar laser-induced

fluorescence (PLIF), etc., to name a few [54]. Each of the aforementioned tech-

niques and their combinations offers a vast range of imaging capabilities starting

from the motion of individual droplets or bubbles to turbulent jets [54]. Never-

theless, to cater to the demand for more comprehensive experimental realization of

flow physics in the microfluidics research community, there is a continuing need to

improve the current high-speed visualization techniques and identify several other

potential avenues in both the visualization and image analysis domain.

Generally, high-speed photography and videography techniques are far more

preferred to the other imaging tools (namely confocal or PIV imaging techniques)

mentioned above, considering the complex physics and fast-paced dynamics of droplets,

in analyzing most of the droplet-based and digital microfluidics systems [54, 152].

For instance, one of the most seminal contributions in the field of high-speed photog-

raphy is the formation of a milk coronet or milk crown during the impact of a milk

droplet on a plate covered with a thin layer of milk [see Figure 2.1(b)], was captured

by Harold Edgerton in 1936 using flash photography [151]. This same phenomenon

was initially reported in the pioneering work of Worthington in 1877, where he used

a 3-µs spark plug illumination [see Figure 2.1(a)] to capture the crown formation

during liquid droplet splash [29]. Notably, Edgerton is known as the father of mod-

ern flash photography. In the flash photography method, the fundamental concept

is to freeze the motion of the focused object at the desired instant with the help

of stroboscopic or flash lighting and simultaneously capturing the same with high-

speed cameras for subsequent analyses. The frames captured at different instants
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(a) (b)

Figure 2.1: (a) Crown-shaped splash captured by Worthington [29] using spark
illumination during the impact of a water droplet on a layer of milk mixed with water.
(b) High-speed flash photography of a milk drop coronet captured by Edgerton [151],
the pioneer of modern stroboscopic imaging. Here the milk drop impacts a thin layer
of milk deposited atop a solid surface. The crown shape in both the cases, (a) and
(b), is aided by the liquid surface tension.

from several reproducible events are then combined to obtain sequential images of

the concerned process. As an example, Döring [153] successfully recorded sequential

images of a drop-on-demand (DOD) drop formation event using the flash photogra-

phy, and the subsequent superimposition of 100 such images revealed the key stages

of the concerned process. However, the efforts failed to represent the entire event

of drop formation. In a similar line, Chen and Basaran [154] carried out continuous

recording of drop formation events by using an ultra-fast digital imaging system and

successfully demonstrated some interesting facts such as the effects of ink properties

on the ejected liquid length. Furthermore, Song et al. [155] have developed a drop

growth monitoring and drop volume measurement system based on the image drop

analysis (IDA) method with charged coupled device (CCD), as an improvement over

the already existing drop analyzing technologies (DAT) such as fiber drop analyzing

(FDA) method, capacitive drop analyzing (CDA) method, etc., important to several

industrial processes namely environmental quality monitoring, food technology, and

related industries. Again, Dong et al. [156] developed a set-up composed of a CCD

camera and short flash (pulsed laser duration 20 ns) for visualizing key stages of

DOD drop formation events with a temporal resolution of 1 µs and spatial resolu-

tion of 81 µm/pixel. The latter study’s most significant feature was the use of the

delay effect for the camera and laser pulse relative to the drop generation from a

printhead, which was adjusted with the help of a push-mode piezoelectric transducer
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(a)
(b)

Figure 2.2: (a) The high-speed Photron fastcam mini UX camera, and (b) Navitar
zoom lens, used in the current set-up.

attached to the printhead and a delay generator. In a related study, Hutchings et al.

[152] employed a stroboscopic imaging technique comprised of nanosecond duration

flash (∼ 20 ns laser pulse), alongside an in-house image analysis code (PEJET ), in

order to explore the jet and drop dynamics near the print head of an ink-jet printing

machine, specifically the spatiotemporal evolution of the shape, length and volume

of jets. The image capturing techniques used in these studies successfully elucidated

the key events of droplet generation from a printhead or a nozzle effectively, thereby

improving the efficacy of the related industrial processes.

The existing literature reveals that the dynamics of the liquid drops or jets have

mostly been investigated using stroboscopic (or flash) photography, which superim-

poses images taken at different instants of reproducible events of droplets or jets to

analyze the associated dynamics. However, the images taken by the stroboscopic

(or flash) photography method fail to show an accurate account of the temporal

evolution of the entire process, specifically those involving a sudden change of flow

rates or any intermediate/sudden external perturbation leading to instantaneous

interface deformation of droplets or jets. In this regard, the high-speed videogra-

phy technique appears to be more convenient, wherein the entire process of interest

is captured in the form of a high-quality video. Subsequently, the captured video

frames are restored, and quantitative data are extracted using the image process-

ing algorithms. Most of the experimental realizations of this thesis work primarily

use a high-speed complementary metal-oxide semiconductors (CMOS) device and a

macro zoom lens to capture videos during the experiments. The high-speed camera

used in the present experimental endeavours is built by Photron® (Fastcam Mini
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Figure 2.3: Schematic representation of the various terminologies associated with
high-speed visualization techniques, namely frame rate, interframe time, exposure
time and illumination time in a series of successive frames [image inspired from
[54]]. (a) It shows the process of recording experiments aided by continuous illumi-
nation and an exposure time shorter than the interframe time, which helps freeze
the motion of the object without motion blur. (b) Shows the process of recording
high-speed events when several pulsed illuminations decide effective exposure. This
video recording method allows flexibility to arbitrarily set the exposure time, up to
a maximum limit equal to the interframe time.

UX100) and the macro zoom lens built by Navitar® (18-108 mm F/2.5) [see Fig-

ure 2.2]. Again, the background is continuously illuminated by a cold LED light

source of high intensity (Phlox®, 130000 lux). The external trigger for controlling

the high-speed camera has been built in-house and is controlled manually during

the experiments. If not mentioned explicitly, the same high-speed system will be

used in all the experiments of this thesis.

It is of utmost importance to accurately define and characterize a few control

parameters in order to obtain a high-speed video of excellent quality both in terms of

resolution and contrast, before conducting the experiments. The control parameters

considered in general are: frame rate, interframe time, exposure time, illumination

time, which are depicted schematically in Figure 2.3 to aid the reader. Firstly, the

frame rate is defined as the number of frames taken per unit time, and the units are

generally given in frames per second (abbreviated as fps hereafter). For example, 1

Mfps represents 1 million frames per second. The Fastcam Mini UX100 high-speed

camera used here can record up to a maximum frame rate of 800,000 at a resolution

of 640 × 8 pixels. Also, the concerned high-speed camera is capable of recording at
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full resolution, 1280 × 1024 pixels (equivalent to 1.3 megapixels), up to a frame rate

of 4000 fps [157]. However, an increase in the frame rate is always compensated by

a lower resolution of the acquired images or videos due to the limited throughput of

the existing high-speed imaging systems. For example, if the frame rate is increased

from 4000 fps to 40,960 fps, the screen resolution is decreased from 1280 × 1024

pixels to 1280 × 120 pixels. In this regard, the interframe time is defined as the

time difference between two consecutive frames, and hence it can be defined as a

reciprocal function of the frame rate. The current high-speed camera (Fastcam Mini

UX 100) can have a minimum interframe time of 234 ns considering the maximum

frame rate of 800 kfps. Again, the exposure time is defined as the time period (in sec-

onds) for which the lens or the sensor is exposed to the object and can be controlled

by varying the shutter speed and aperture. Notably, the shutter speed (exposure

time) is independent of the frame rate. As a thumb rule of high-speed imaging, the

exposure time is expected to be equal to or less than the interframe time to get an

optimal temporal resolution and avoid motion blur. Apart from the shutter speed,

by controlling the pulse length of the illumination source, i.e., the illumination time,

the exposure time can be set in some specific high-speed cameras.

In essence, prior to choosing a high-speed imaging system for experimentation,

it is essential to carry out a detailed appraisal of the system’s sensitivity, actual (!)

resolution, time-scale, shutter speeds, triggering options, and backlighting condition

[54], in relation to the problem under study. Notably, the frame rate for capturing

a fast-paced event can be determined from the relevant time-scale. Versluis [54] has

mentioned the following equation for determining the optimum frame rate, f :

f =
NU

L
, (2.1)

where, N is the required number of samples (≈ 5 - 10) based on the Nyquist sampling

theorem, U and L are the characteristics velocity and length scale of the high-speed

event, respectively. In the context of microfluidics where the characteristics length,

L is very small and U is in the order of mm/ms or µm/µs, Eq. 2.1 suggests that a

high frame rate, f and consequently, smaller interframe time is needed for capturing

the hydrodynamics of the droplets. In nearly all the experimental works carried out

as a part of this thesis work, 10000 fps to 12500 fps frame rate of the high-speed

camera has been used, with a few exceptions, which shall be mentioned explicitly in

the experimental methodology section of each chapter. Furthermore, the short ex-
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posure time can be achieved by controlling the shutter speed of a high-speed camera.

Notably, the Fastcam Mini UX 100 camera comes with a global electronic shutter,

which can be adjusted to have a shutter speed as low as 1 µs with the associated

software. For each experiment, the shutter speed is estimated from the relation,

shutter speed ≤ 1
fps

(used just as a thumb rule, although shutter speed is not re-

lated to the frame rate as mentioned above) to obtain images with better spatial

and temporal resolutions. The shortest shutter speed employed in this work is 80

µs while recording the phenomenon at 12500 fps. Also, to compensate for the loss

in signal level due to low shutter speed and to nullify any smearing appearance of

the desired object, high intensity LED backlight (130000 Lux) has been used in the

experiments.

Moreover, keeping in mind that one of the main purposes of using high-speed

imaging techniques in microfluidics flow visualization is to measure the dimensions

too ephemeral to human eyes precisely, the aspect of magnification must be consid-

ered before experimentation, alongside the exposure settings. To elucidate the con-

cerning dynamics of droplets, both in spatial and temporal front, a macro zooming

lens is used in this work. However, too high magnification may lead to oversampling

(denser spatial sampling), a shortened field of view, and lower image brightness

[54]. Versluis [54] has suggested criteria for optimum magnification of a high-speed

imaging system, based on the spatial Nyquist criterion, such that:

Magnification > 2rp/Rs, (2.2)

where rp is the pixel size of the CMOS sensor located in the image plane, and Rs is

the desired spatial resolution, based on Rayleigh criterion [158]. It is to note that

the CMOS sensor of the high-speed camera used in this study has a 10 µm pixel

pitch. Equation 2.2 suggests that the system’s optimum magnification must be de-

termined based on the spatial resolution of the object of interest and available light

intensity to avoid both undersampling and oversampling. This further strengthens

the previous claim regarding correct scaling for both length and velocity to obtain

high contrast, high-resolution flow image.

Apart from the criteria mentioned above, triggering plays a key role during

high-speed imaging experiments. Although this work completely resorted to man-

ual triggering using a trigger switch, both pre-triggered and post-triggered acquisi-

tion techniques have been employed, depending upon the nature of the phenomena.
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In the post-triggered acquisition method, the image frames are recorded just after

the trigger button is pushed, and the trigger signal is termed as start trigger in

this case. However, one might be interested in recording the conditions preceding

the concerned event. In that situation, the pre-triggered acquisition technique is

adopted, wherein the frames are already collected from the instances prior to trig-

gering. In this triggering mode, termed as end trigger method, the software stores

the image data in buffer memory and overrides the existing data once the trigger

is pushed. The current high-speed camera facilitates both these triggering modes

[157] alongside three other modes: center, manual, and random. Each of these

modes offers different advantages and can be used according to the flow phenomena

of interest. The high-speed imaging system used herein allows image data transfer

conveniently, even during acquisition, to any hard drive or flash drive attached, with

the help of a fast gigabit ethernet interface.

Apart from the high-speed imaging system, the microscale events having a com-

paratively larger temporal scale are captured using a high-quality camcorder (make:

SONY) in this thesis work. Even though the camcorder offers a lower frame rate (25

fps) during the experiments compared to the high-speed cameras, the backlighting

has been kept similar to that of the former. The camcorder’s calibration is com-

pleted using a known length in the image to determine the relationship between the

real length and image pixel, which is 0.057 ± 0.001 mm/pixel.

Overall, a systematic and high-quality image acquisition technique is an integral

part of the high-speed experiments to get an insight into the many intriguing phys-

ical phenomena. As such, sincere effort has been given towards the same in this

dissertation work. This has further helped in the acquisition of high-resolution and

high-contrast experimental videos and images, which can be directly used in the

image processing algorithms without any manipulation or beautification, a common

malpractice in the scientific community [159, 160].

2.2 Image processing method

This section provides a detailed appraisal of the image processing methods and al-

gorithms used in the current work for extracting quantitative information from the

rendered high-speed videos. It is to note that the aforesaid image processing term

bears the opposite meaning when compared with the digital image editing process.
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However, both the terms are often used interchangeably among the mass, and hence

it will be beneficial to distinguish between them beforehand. Digital image editing

or digital imaging is the process of manipulating or beautifying digital images using

an existing software program such as Adobe Photoshop or Photoscape, which is

considered malpractice or misrepresentation in the scientific community [159, 160].

In contrast, image processing methods in the scientific research refers to the pro-

cess of extracting quantitative information such as dimensions, coordinates, or any

other measurements from the pixel values of the acquired digital images, using any

available algorithms [161–163] or image processing software such as ImageJ/Fiji

[162, 164], MATLAB [165], ImageMagick [166], among many others. These image

processing softwares primarily offer comprehensive and well-documented software

libraries, enabling easy and smooth implementation of the existing algorithms and

synchronization with the new algorithms for the developers and scientists. One of

the key features of the image processing software, which set them apart from the con-

ventional image editing software, is the support for scripting in many conventional

(C /C++/Java) and advanced (Python/Julia) languages. In addition, many new

platforms such as JuliaImages [167, 168], scikit-image [169], Insight Toolkit (ITK)

[170], and OpenCV [171], etc., are currently offering basic and advanced image pro-

cessing techniques with complete flexibility of scripting and adding new algorithms.

In this thesis work, the open-source ImageJ (or Fiji) software [164] is used pri-

marily for image processing of the experimental footage. Apart from being one of

the most trusted and overly used software in scientific research since its inception,

the other key features of ImageJ [164] include: (i) interactive and ready to use tools

for visualizing, analyzing, editing, and image stacking; (ii) readily available plugins;

(iii) availability of a macro-language interpreter, thereby enabling processing of a

large block of codes over a group of images, and (iv) easy to store output data. Here,

the desired image processing is completed in two stages: firstly, the digital process-

ing of the experimental images is completed with the available tools and algorithms

in ImageJ [164]. In the second stage, the extracted coordinate-pixel (X, Y , and I)

data from the processed image of the first stage are used as input to an in-house

C++ code. Subsequently, quantitative information has been obtained for further

analyses. However, before going into the details of the current image processing

method, the reason behind adopting such a detailed procedure while analyzing the

dynamics of liquid drops is discussed below.

Most of the existing image processing methods for liquid droplet dynamics are
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(a) (b)

ImageJ

Edge detection

Figure 2.4: (a) Experimental image of a liquid droplet hanging from a surface. (b)
The contour of the droplet after applying the edge detection tool in ImageJ [164].

generally useful when stroboscopic or flash photography techniques are used during

the experiments. Fundamentally, in these studies, the use of flash or pulsed lighting

results in a highly contrasted image quality, without any central white region [refer

to Figure 2.4(a)]. As such, the direct thresholding algorithm of ImageJ or any other

image processing software can be applied successfully for edge detection purpose.

However, in the current situations where continuous lighting is used during high-

speed videography technique, a central white region is formed in the acquired images

as shown in Figure 2.4(a). The white region is formed when the bright backlight

passes straight through the central drop area instead of being refracted away from

the optical path [172]. This situation worsens in case of continuous LED backlight-

ing and results in a misleading contour if not suppressed using a strong algorithm

as shown in Figure 2.4(b).

The present study considers an image processing technique based on a coupling

between open-source software ImageJ [164] and in-house C++ code. The videos of

the time-dependent dynamics obtained experimentally, usually when converted to

images, become huge in number. The macro management feature of ImageJ enables

the management of such a huge number of files and processes them simultaneously.

The pixel values obtained after processing the images by user-written macros are

then rearranged and processed further by the in-house code in order to obtain the

quantitative information of different features.

The workflow of the existing ImageJ commands used in the macros related to

this thesis work is discussed below and also shown schematically in Figure 2.5.

1. Unsharp masking: This increases the ability to show local contrast by sup-
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Figure 2.5: Flow chart depicting the various stages of the image processing method
considered in this thesis work.

pressing the overall brightness range of the image. The suppression is done by

first printing a mask image, slightly out of focus, onto another negative. This

negative is developed and then placed on the original image to make the final

print. This superposition reduces the exposure in the bright areas so that the

detail can be obtained.

2. Making binary: The use of Make Binary command to a selected image or a

slice of the image converts it to black and white by applying a predetermined

threshold level. Making an image binary is necessary because the subsequent

commands like Fill Holes and Outline are applied successfully only once it is

made binary.

3. Fill holes: Any pixel that is part of a hole is OFF (i.e., part of the back-

ground) but is surrounded by ON pixels. For boundary representation, that

means the pixel is within a boundary. For pixel representation, it means that

it is not connected to other pixels that eventually form a path to the edge of

the field of view. This feature enabled us to nullify the presence of bright cen-

tral regions found in original images and fills it with black color, i.e., making

it a part of the object, which is further useful in obtaining a proper edge of
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the droplet.

4. Outline: In order to analyze the time-variant dynamics of the drops such

as neck radius, length, etc., detection of the exact edge of the drop is highly

desirable. This step facilitates easy tracking of the drop outline from the rest

of the pixels.

5. Crop image: To remove unnecessary parts of an image, two commands,

namely (i) make rectangle and (ii) clear outside are used in sequence. This

has helped in obtaining a rectangular region of interest (ROI ) around the drop

and removing the undesired pixels.

6. XY Coordinates: For obtaining quantitative data from the black and white

image files obtained from the previous step, i.e., the outline of the drop, Save

XY Coordinates. . . command is used. This command writes the X and Y

coordinates of each pixel of the active image file along with the intensity (I)

values to a text file. Ideally, for a grayscale image, the pixel values assigned

to the drop edge and the background should be 0 and 255, respectively, which

may, however, deviate at some points if not made binary beforehand.

All the steps discussed above, as well as the finally obtained drop shape, is shown

in Figure 2.6(a). The arrows in Figure 2.6(a) indicate the sequence of execution

of the steps (1)-(6) discussed previously. Figure 2.6(a) shows the image obtained

experimentally, while the final drop outline is shown in Figure 2.6(d). Notably, the

present image processing method, comprised of the steps (1)-(6) mentioned above,

has successfully extracted the outline of even a low contrast image. The signifi-

cant contribution of the above method lies in eliminating the central white region

and subsequently, extracting the actual edge of the droplet without detecting any

internal edges arising from the white reflection unlike in Figure 2.4. As such, the

method can be put forward as an alternative image processing method, specifically

for applications involving high-speed videography techniques.

In the second stage of the current image processing method, the X and Y coordi-

nates obtained in stage 1 are processed with the help of an in-house C++ code [refer

to Figures 2.5 and 2.6(b)], for the calculation of concerned droplet/jet dimensions

and volumes. The total volume of the droplet can be obtained from the acquired 2D

image by adding the volumes of all the cylindrical cross-sections considered along

the vertical axis [refer to the leftmost panel of Figure 2.6(b)]. The volume of a
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Figure 2.6: (a) Shows the different stages (in sequence) of the image-processing
method adopted in this thesis work for the analysis of the high-speed events in
in ImageJ [164]. (b) Shows the calculations of different quantitative parameters,
namely volume, length, and radius of a deforming droplet.

cross-section having unit height, hi (= 1 pixel in the vertical axis), and diameter

(di) equal to the width of the slice is (calculated from the two extreme horizontal

points considered along the same plane), φi = π
4
d2ihi and as such, the total volume

is calculated as shown below, i.e.,

φtotal =
n∑
i=1

φi =
n∑
i=1

π

4
d2ihi, (2.3)

where i ∈ [1−n] indicates the number of slices considered along the vertical axis. As

a result, it is possible to identify the temporal evolution of the droplet/jet volume

from Eq. 2.3 within the complete time-period. Apart from the evolution of the

droplet volume, the algorithm can successfully capture the disintegration of the

parent droplet/jet, specifically the pinch-off phenomena, which is one of the key

stages of DOD drop formation events. Further, a few other important parameters
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associated with droplet (or jetting) dynamics, such as length of the droplet (or

jet), any radial dimension [including the details of the necking event during droplet

generation process as shown in Figures 2.7 and 2.8], or aspect ratio, etc. as shown

in the middle and right panels of Figure 2.6(b). The aforementioned method has

been employed effectively for calculating the volume of a droplet from a 2D image

in many studies [152, 156]. It is to note that, if not mentioned specifically in the

concerned chapter, the volume of the droplet and jets will be calculated with this

method in the following experimental studies. Unlike the previous studies where

the droplet volume is obtained from a spherical cap approximation, the use of the

present method helps in eliminating the possible occurrence of any errors arising out

of deviation in the droplet shape.

Apart from the above, the in-house code can reliably calculate the total surface

area (A) of a droplet or any object of interest (up to micron-scale) from the captured

experimental images. Later from the calculated surface area, it is possible to obtain

the equivalent diameter of the droplet (or object) as follows:

d =

√
4A

π
. (2.4)

This method is successfully applied for calculating the equivalent diameter of the

secondary droplets in all the studies involving droplet disintegration in the subse-

quent chapters. Specifically, this proposed method has been fruitful in calculating

the secondary droplet size engendered by splashing in Chapter 6. However, during

the measurement of the diameter of the out-of-focus droplets, additional masking is

applied in the concerned areas, apart from applying the aforementioned steps (1)-

(6). In the coming section, the present method will be validated through comparison

with some experimental results to ensure its robustness and universality.

2.3 Validation of the image processing method

The robustness of the aforementioned image processing technique is shown with a

sample experiment of droplet dripping from an orifice. The experiments of droplet

dripping are among the most critical phenomena of microscale fluid flow, wherein

the liquid-vapour interface experiences singularity as the dynamics approaches the

pinch-off. Figures 2.7(a)-2.7(l) shows the spatiotemporal evolution of the interface

TH-2590_156103041



2.3 Validation of the image processing method 37

Figure 2.7: Droplet growth at the exit of an orifice near pinch-off. The scale bars
shown on the right-hand side correspond to 1 mm.

z*

z*z*

r *

z*

Figure 2.8: Contour of the droplet interface as extracted by using the current image
processing method, corresponding to Figure 2.7. The zoomed view shows the necking
phenomenon in detail.
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𝑧
∗

𝜏

Figure 2.9: Temporal evolution of the droplet length for the events near pinch-off,
corresponding to Figure 2.7.

of a water droplet hanging from an orifice or nozzle. The instant of droplet pinch-

off is considered as t = 0 [which is expected to be in between Figures 2.7(j) and

2.7(k)], and the time post-breakup is represented in a negative scale. Interestingly,

such a complex evolution of the interface, including the singularity near pinch-off, is

excellently captured by the current image processing technique, as shown in Figure

2.8 [zoomed view in the inset]. In Figure 2.8, the differently coloured curves refer

to different instants of droplet growth, whereas the length (z∗) and the radius r∗ of

the droplet is shown in the vertical and horizontal axis, respectively. Herein, the

starred counterparts of the variables (z and r), i.e., z∗ = z/rnozzle and r∗ = r/rnozzle,

indicate the non-dimensional droplet length and radius, respectively, where, rnozzle

refers to the exit diameter of the nozzle or orifice.

Furthermore, several important facts regarding events near droplet pinch-off

can be corroborated from Figure 2.8. Firstly, the spatiotemporal evolution of the

droplet interface shows that the length and volume change slightly near the pinch-

off. In contrast, the neck of the hanging droplet (the minimum radius along the

interface) shrinks rapidly till the instant of pinch-off. Both of these observations

agree strongly with that of the existing studies [154]. Again, Figure 2.9 shows the

temporal variation of the droplet length corresponding to the events in Figure 2.7.
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Here, the time-scale is expressed in the non-dimensional form, τ = (t − tb)/tcap,

along the horizontal axis. The term, t− tb refers to the time remaining for breakup,

with tb being the instant of breakup and tcap =
√
ρr3nozzle/γ is the capillary time

considering the properties [ρ and γ signify the density and surface tension of the

droplet]. The plot reflects the meager rate of increment in droplet length, confirming

the aforementioned claim.

In essence, Figures 2.7-2.9 and the corresponding discussions highlight the effi-

ciency and accuracy of the present image processing method in extracting necessary

quantitative information from the rendered high-speed images. Unless mentioned

explicitly in the corresponding chapters, the aforementioned method is followed reli-

giously in this thesis work. Also, the results obtained during the experiments in the

following chapters will further strengthen the claim regarding the very high efficacy

of the proposed method.

2.4 Summary

The present chapter reports the image processing technique adopted throughout the

thesis for extracting quantitative information from the captured experimental im-

ages. A brief description of the different components of the high-speed visualization

system considered in this thesis work and their calibration technique is also provided

in this chapter. Apart from that, the use and the capability of the open-source im-

age processing software ImageJ and the in-house C++ code is also discussed in the

context of the experimental studies of this thesis work. The proposed method can

capture even micron-scale resolution both in temporal and spatial front, as shown

through the validation with the experimental results. The capabilities of the con-

cerned image processing technique shall be explored in the following chapters of this

thesis work.
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Chapter 3

Experimental characterization of

the growth dynamics during

capillarity-driven droplet

generation

“The science of today is the technology of tomorrow”

- Edward Teller, 1962

3.1 Introduction

The transmission of liquids through the porous network of the naturally abun-

dant, as well as the synthetic objects, is a ubiquitous phenomenon and has been

studied extensively both by the researchers and industrialists since ages [173–179].

Specifically, the immense potential of spontaneous capillary flows (SCF) in trans-

porting liquids through the porous networks of yarns, without the use of external

pumping, have been put into use in numerous industrial and day-to-day applica-

tions, which primarily encompass textile [180, 181], and mold preparation industries

The contents in this chapter have been published as Sarma, B., Shahapure, V., Dalal, A.
and Basu, D. N. (2019) “Experimental characterization of the growth dynamics during capillarity-
driven droplet generation”, Physical Review E, vol. 100, p.- 013106.
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[182], biomedical devices [183–185], forensic laboratories [186, 187], household dry-

ing [188, 189], coating processes, etc. The wicking ability of the constituent yarns

emerges out to be one of the most influential parameters for the successful operation

of these devices and processes, as has been envisaged in several experimental and

analytical studies [175, 190–195].

Drop formation from a nozzle or orifice is another interesting hydrodynamic phe-

nomenon with a wide and varied range of uses, such as inkjet printing [196, 197],

spray formation [198, 199], DNA microarray deposition [200], microencapsulation

[201, 202] etc. The rich underlying physics associated with the dynamics of growth

and breakup of a liquid drop from a nozzle/orifice has been explored exhaustively

with experimental [203–206] and computational techniques [27, 207–210] over the

last few decades. Two contrasting modes of drop formation dynamics, namely drip-

ping and jetting, [206, 211], have been identified with the help of High-speed visual-

ization techniques and subsequent image processing [54, 212]. One of the pioneering

attempts to capture the bifurcation process of pendant drops was reported by Hauser

et al. [213] and was reproduced a decade later by Peregrine et al. [214]. In recent

years, owing to the advancement of High-speed imaging techniques, researchers have

been able to visibly explore many intricate physics of drop formation and breakup,

the crucial dynamics in the vicinity of pinch-off [210, 215] in particular, which re-

mained unfathomed only till the last decade. Such advanced experimental tools

and methods have immense contributions in uncovering the relevant phenomenon,

leading to some wonderful recent efforts, such as the formation of a drop from a wet-

table nozzle [149], tilted nozzle [216], droplet formation in dense suspension [217]

etc., which has high relevancy with the industrial processes. An additional discus-

sion on the dynamics of drop formation is given in Section 1.2.1 of Chapter 1.

In essence, it is very much evident that numerous research works have separately

explored drop formation in nozzles and wicking in yarns. However, few systematic

studies exist towards elucidating the rich physics of droplet generation by wicking in

the porous network of a yarn. In this chapter, an honest attempt has been made to

bridge this gap by unveiling the dynamics of drop formation from an unwoven yarn

under varying flow conditions. A simple experimental arrangement constructed by

using a yarn, as shown in Figure 3.1, serves the purpose of addressing many new

aspects in the regime of drop dripping that have heretofore been unexplored. The

prime focus of this chapter is a systematic experimental investigation of the dynam-

ics of the three-phase (air-liquid-yarn) contact line during droplet growth in a yarn
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under the effect of gravity and interfacial forces. By bringing the yarn in contact

with the liquid in a reservoir, a flow field can be established owing to the continuous

wicking of the liquid in the available porous network. Once the yarn is saturated,

the continuously incoming liquid generates a bulb of liquid mass at the freely hang-

ing end, which develops in volume with time. The contact line of the droplet with

the yarn has distinct vertical motion during the entire growth period, which can

subsequently be classified into multiple regimes. With the help of video-graphic

techniques, the interfacial dynamics in each of these regimes have been captured

eloquently. The subsequent image processing and data analysis of the captured

videos lead to a unified description of the underlying physical phenomena in terms

of the competing forces controlling the droplet contact line’s dynamics. This kind of

distinct vertical motion of the contact line is ubiquitously seen during the capillary

rise of a liquid in a wettable tube [218] or porous material [219] or droplet sliding

along a wettable surface [220] as well as in the rare case of drop formation in a wet-

table nozzle [149] while being a rarity during the drop generation from non-wettable

nozzles [203, 221, 222].

3.2 Experimental method and materials

Figure 3.1 shows the schematic of the experimental set-up developed for this chapter,

which involves a yarn hanging from an infinite liquid reservoir. A filament type yarn

with an average diameter in the range of 1.5 ± 0.08 mm in the as-procured condition

plays the role of the droplet generator, and a microtip of 1000 µL volume behaves as

the infinite fluid reservoir, constantly supplying the fluid necessary for drop forma-

tion. The yarn consists of 4 fibers or filaments, having an average diameter in the

range of 0.86 ± 0.03 mm. The surface of the yarn has been examined with the help

of scanning electron microscopy (SEM) as shown in Figure 3.2, which reveals the

underlying porous network facilitating liquid flow through the yarn. All the yarns

are cut out at a length of 40 mm from a large roll of the same and checked for length

and diameters using an optical microscope (Leica DM 2500M) before using in the

experiments. For each set of experimental conditions, a separate pair of reservoir

and yarn has been used. The liquid level at the reservoir has been kept constant for

each experimental cycle to nullify the effect of variation in the hydrostatic pressure

on the capillary flow rate. Special attention has also been given while placing the
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Figure 3.1: Schematic diagram of the experimental set-up with all the components.

yarn in contact with the reservoir to ensure that the capillary penetration occurs

only due to the transplanar wicking mode, while the rest of the wicking modes re-

main suppressed [192]. Moreover, a simple knot has been provided in the yarn at

the end dipped in the liquid reservoir to prohibit any sidewise leakage and obtain

drop formation only due to capillary flow within the yarn.

The experiments have been carried out for four different liquids, namely DI-

water (DIW, Merck Millipore, grade I, resistivity 18.2 MΩ cm at 25◦C), hexadecane

(Hexd), 60% glycerol (aqueous) solution (Gly60) and 2% Tween 20 solution in DI-

water (Twn20). The relevant thermophysical properties, namely viscosity, surface

tension, and density of each of the experimental fluids, have been measured with

the help of a rheometer (PHYSICA MCR 101; Aanton Paar), tensiometer (DY-300;

Kyowa), and density meter (Aanton Paar; DMA 4500) respectively and are enlisted

in Table 3.1. The working fluids are chosen in such a way that the working range

of viscosity and surface tension spans across a wide range.

The video recordings of the experiments have been carried out with a digi-
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Figure 3.2: SEM images of the yarn surface with different magnifications (a) 130x;
(b) 275x; and (c) 600x showing the capillary networks.

Table 3.1: Properties of experimental fluids.

Liquid Density Viscosity Surface Tension

(ρ, kg/m3) (η, mPa s) (γ, mN/m)
DIW 1000.0 1.0 72.0
2% Tween 20 sol. 1000.34 1.04 36.3
40% DIW + 60% Gly. 1165.4 12.75 69.5
Hexadecane 770.0 3.0 27.0

tal camera (Cybershot DSC-HX100v, SONY Crop. Japan) at a frame rate of 25

frames per second. A bright LED Light (Phlox, 130000 Lux) placed opposite to the

recorder, as shown in Figure 3.1, provides continuous back-lighting in all the ex-

perimental conditions. This arrangement ensures a sharp contrast of the interfaces

relative to the background. The recorded images are then stored in a PC for sub-

sequent image processing and analysis. An open-source image processing software

ImageJ [164] has been used for the analysis of the captured experimental images.
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Table 3.2: Experimental conditions during droplet generation from a yarn.

Flow rate Q× 1011 (m3/s) We× 109 Oh× 103 Fr × 105

QDIW 56.8 ± 5 1078.7 ± 100 4.3 375.10 ± 10
QTwn20 8.68 ± 0.3 50.31 ± 3 6.33 57.32 ± 5
QHexd 2.06 ± 0.2 2.90 ± 0.1 24.1 13.6 ± 2
QGly60 0.63 ± 0.07 0.16 ± 0.03 51.7 4.2 ± 0.3

The fluid properties expected to influence the dynamics of drop formation are

surface tension (γ), density (ρ), and viscosity (η) of the penetrating fluid, which

further can be clubbed together to form the following set of non-dimensional num-

bers: We, Fr, and Oh, pertinent to the physics involved in this study. Here, the

Weber number, We = ρv2avgL/γ signifies the relative importance of the inertia force

to the capillary force, the Froude number, Fr = vavg/
√
gL, signifies the relative

importance of inertia force to the gravitational force, and the Ohnesorge number,

Oh = η/
√
ργL, expresses the relative importance of viscous force over the inertial

force and capillary force. Herein, the yarn’s radius, ry, has been scaled as the char-

acteristic length, L, and the average flow velocity, vavg (= Q/πr2y) has been scaled

as the characteristic velocity while calculating the non-dimensional numbers. Q is

the average flow rate of the penetrating fluid through the porous network, measured

by the volumetric fluid measurement method. Table 3.2 enlists the values of the

non-dimensional numbers along with the corresponding flow rates.

3.3 Results and discussion

This section presents a detailed appraisal of the contact line and interfacial dynamics

associated with the generation of a droplet from a yarn. For the experimental

conditions listed in Table 3.2, spontaneous capillary flow within the yarn’s porous

network engendered the formation of a droplet, which grows in time due to the

accumulation of the continuously incoming mass of liquid at the free end of the

yarn. This growing fluidic bulb experiences a series of changes in geometry, starting

with the barrel-shaped at the beginning to the pear-shaped prior to the detachment,

alongside the associated contact line movements. The plethora of events, as depicted

sequentially in Figure 3.3, starts with the growth of the droplet in both radial and
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axial directions, which is followed by the downward motion of the liquid bulb until it

reaches the free end of the yarn, where it finally detaches, yielding a parent droplet

and a satellite one.

In order to elicit and quantify the growth history of the droplet, the present

Figure 3.3: Schematic diagram of the different stages involved in drop formation
from a yarn namely, (a) growth (radial and axial), (b) motion, (c) necking and (d)
detachment. The yellow arrows show the sequence of the occurrence of the events.
The two red arrows in (a) show the position of two points of interest, namely, tip
and bottom, referred for describing the growth dynamics of the droplets in yarn.
The variables ld and rd, shown in (b) with respective positions of measurements,
represent the droplet’s length and radius, respectively. The red dashed line drawn
in the yarn’s free end in (b) represents the datum’s position, z = 0, considered for
various measurements during the study.

discussion considers the spatiotemporal evolution of the trajectory of two points

around the droplet, naming them as tip and bottom as shown in Figure 3.3(a).

The tip, referred to as ztp, corresponds to the TPCL of the droplet with the yarn,

whereas the bottom-most point of the droplet along the yarn is named as the bottom

(represented as zbt). The relative positioning of these two points from the datum,

i.e., z = 0, has been used to quantify the droplet’s movement and location along

TH-2590_156103041



48
Experimental characterization of the growth dynamics during capillarity-driven droplet

generation

the yarn’s axial direction. It is to note that the free end of the hanging yarn has

been considered as the datum [refer to Figure 3.3(b)] for the ease of referencing

and quantifying the trajectories. The exact location of ztp has been identified in a

two-step process: firstly, the raw images are converted into binary images in ImageJ

software [164], which helps in marking the exact pixels representing the tip in the

zoomed view of the binary images. Next, the position of the TPCL is visually

tracked down, which is indicated by the change or movement in the intensity of the

pixels between two consecutive images considered. Similarly, to track the dynamics

of the shape change, the maximum radius of the droplet at each instant is found

to be of paramount importance, and it has been identified schematically in Figure

3.3(b) by a variable rd. Further, the length of the droplet has been deduced as the

difference in position between the tip and bottom at each instant, i.e., ld = ztp− zbt.
In what follows, the temporal evolution of the trajectories of the ztp and zbt, as

well as the droplet radius rd, have been explored for a wide range of experimental

conditions [listed in Table 3.2] to elucidate the growth dynamics of the droplet and

also the different transitional regimes in Sections 3.3.1 - 3.3.5.

3.3.1 Growth dynamics of water droplets

Figure 3.4 shows snapshots of the spatiotemporal evolution of the interface and the

contact line of a water droplet during its growth from a yarn. Herein, the instant

of the detachment of the previous drop has been considered as t = 0 in the physical

timescale, which acts as a reference for the subsequent snapshots. Also, the position

of the tip (ztp) at each instant is marked by the red arrows, a convention followed

meticulously in the remainder of the chapter. It can be inferred from Figures 3.4(a)-

3.4(c) that, at the onset, the contact line of the water drop, i.e., tip starts moving

upward, along with the continued radial expansion of the droplet resulting in a

growing bulb. The upward movement of the tip also results in augmentation in the

length of the droplet. Both this radial and axial expansion leads to a consequent

increment in the contact angle of the droplet, thereby changing the shape of the

droplet from barrel shape at the onset to the pear shape as seen in Figure 3.4(c).

However, as soon as the value of the contact angle reaches saturation (approximately

10◦), the upward movement of the tip gets arrested, indicating the beginning of the

second phase [refer to Figure 3.4(c)]. The delicate balance between the surface

energy and the gravitational energy determines this saturation contact angle and
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Figure 3.4: Spatiotemporal evolution of the droplet interface during the generation
of a water droplet from a yarn. The corresponding experimental conditions are, We
= 1.078 ×10−6, Oh = 0.0043, Fr = 3.76 ×10−3. The red arrows mark the position
of the TPCL of the droplet (ztp) at different instances, whereas the yellow dashed
lines in the snapshots refer to the location of the datum. The scale bar shows 1 mm
in length. The events have been recorded at 25 frames per second using a SONY
camcorder.

the shape of the interface at each instant. This first stage of the droplet growth has

been coined as radial growth stage (referred as RG hereafter), owing to the relatively

higher rate of radial expansion in comparison to the axial expansion, which shall be

discussed elaborately in the subsequent sections.

At the beginning of the second stage, the tip starts dwelling at its maximum

position, whereas the bottom starts moving away from the datum, z = 0, as seen in

Figures 3.4(d) and 3.4(e), accommodating the continuously incoming mass of liquid.

The dynamics result in a significant increase in the droplet’s total length, although

the interface of the droplet continues to be pear-shaped. This second stage having

a higher rate of expansion in the axial direction can be termed as axial growth stage
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(referred to as AG hereafter). The continuous radial and the axial expansion results

in a continuous enhancement in the droplet volume till the moment it attains a

critical volume [discussed separately in Section 3.3.4], beyond which the gravitational

pull is able to overcome the resisting forces (namely, capillary forces at the contact

line). This initiates a sliding motion of the bulbous mass in the downward direction,

as seen in Figures 3.4(f)-3.4(l), which persists till the detachment of the droplet

from the yarn. Compared to the previous two stages, this stage has a significantly

longer time span during the growth of the drop, named as motion stage. In one of

the following subsections, it will be shown quantitatively that during this stage, the

change in the droplet volume is minimal, whereas it bears the distinct sign of the

movement of the contact line, which again justifies the term coined to this stage.

An account of the temporal variation in the positions of the tip (circle) and
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Figure 3.5: (a) The temporal variation of the position of the tip, ztp and bottom, zbt
points during the growth of a water drop. (b) The variation of length, ld, and radius,
rd of a water drop during its growth stage. Position of the tip and bottom below the
datum, i.e., z = 0 (yellow dashed line in Figure 3.4), is considered negative, while
the position above it has been considered as positive. The dashed vertical lines
delineate the three stages of drop growth in both (a) and (b). The corresponding
experimental conditions are, We = 1.078 ×10−6, Oh = 0.0043, Fr = 3.76 ×10−3.
The uncertainties in the measurement of the position of the respective identities at
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bottom (diamond) helps in capturing the dynamics of the contact line, as well as easy

delineation of the above mentioned three stages as seen in Figure 3.5(a). Each of the

three stages is found to have distinct characterizing slopes, with the corresponding

points of inflection marking the transition from one stage to the other. With the tip

climbing upward and the bottom of the droplet dwelling at the datum, i.e., zbt = z =
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0, the accumulated fluid mass expands radially in the first regime, exhibiting a time

period of approximately 20 s in all the experiments done with water as the working

fluid. As calculated from the experimental data plotted in Figure 3.5(a), the contact

line reaches a maximum velocity of approximately 0.3 mm/s while climbing upward.

Although a sharp change in the slope is present in the trajectory of ztp as it enters

the second stage, the transition of zbt appears to be noticeably smoother [see Figure

3.5(a)]. The pinning of the tip at its maximum position (zmaxtp ) is the characteristic

feature of this second regime, which seems to have a time period of approximately

15 s. Figure 3.5(a) further reveals the continuous movement of the bottom, veering

away from the datum during this AG stage. The depinning of the tip happens as

soon as the weight of the continuously growing bulb overcomes the resisting forces.

In Section 3.3.4, the theoretical modelling of this critical volume of the growing

droplet is shown through a delicate force balance between the driving and resisting

forces. Although the trajectory of ztp further experiences a sudden change in the

slope at the beginning of the third stage, however, it moves in a near synchronous

manner with the trajectory of zbt as the dynamics of the third stage evolves. The tip

starts sliding towards the datum, i.e., the end of the yarn, and the bottom keeps on

moving away from the yarn end as shown in Figure 3.5(a). The differently coloured

zones represent the extent of a particular regime, whereas the common boundary

marked by the dashed line signifies the borderline of transition between the three

different regimes.

Furthermore, for a systematic investigation of the temporal evolution of the

interface, the temporal variation of the radius, rd and the length, ld of the droplet is

considered in Figure 3.5(b). Notably, both the curves hint towards the presence of

three distinct regimes of droplet growth. While the different regimes are prominent

along the curve of ld due to the presence of sharp changes in its slope, the curve of

rd has a relatively smoother transition from one regime to the other. Qualitatively,

both rd and ld increase continuously due to the incoming fluidic mass accumulation.

However, the radial expansion rate slows down as the dynamics progress towards

detachment, as reflected from the continually decreasing slope of the rd curve at each

stage. Interestingly, the time period of occurrence and transition of the dynamics

of both the movement of the contact line and the interfacial shape change coincides

with each other for all the stages during the droplet growth as seen in Figures 3.5(a)

and 3.5(b). This mutual dependence between the contact line movement and shape

change dynamics has further been extended for the growth of more viscous liquids
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(than water) in the following subsection.

3.3.2 Effect of enhanced viscosity of the penetrating fluid

This section explores the effect of an increase in the penetrating fluid’s viscosity on

the growth dynamics of a droplet from a yarn. An increase in viscosity is achieved

by allowing capillary penetration of different experimental fluids, as enlisted in Ta-

ble 3.1, with viscosity ranging from 1.04 mPa s to 12.75 mPa s. As confirmed by

Washburn’s law of wicking [173, 223] as well as its modified versions for different

porous structures [195], viscosity is a key parameter that affects both the satura-

tion limit and the wicking rate, and even the slightest increase in viscosity of the

penetrating fluid can slow down the rate of wicking to a great extent owing to the

increment in the viscous drag within the capillary network [195]. The reduction in

flow rate further delays the growth rate of the droplet. The spatiotemporal evolu-

tion of the liquid-air interface along with the movement of the contact line during

the growth of a viscous droplet is shown in Figure 3.6. The representative snap-

shots of Figures 3.6(A)-3.6(L) in row (i) correspond to the generation of a droplet of

tween 20 solution, whereas the snapshots 3.6(A)-3.6(L) in row (ii) show the growth

of a hexadecane droplet on a yarn. The red arrows mark the tip of the droplet in

Figure 3.6. The movement of the tip along the yarn for both the liquids suggests

the presence of all the three regimes encountered previously in the case of water

droplets. However, a one-to-one comparison of the snapshots reveals that the onset

of each regime and the transition from one regime to another is significantly delayed

in the physical timescale, as the viscosity of the imbibing fluid is increased even by

a marginal amount.

Figure 3.7 shows the time-varying trajectories of ztp and zbt during the growth

of both the droplets shown in Figure 3.6. The two different colors (magenta and

blue) of the corresponding symbols (circle and diamond) signify the two different

experimental fluids tween 20 solution (Twn20) and hexadecane (Hexd), respectively.

It can be discerned that even with the slightest increase in the viscosity value, the

incipience of each stage of droplet growth is delayed, thereby further delaying the

transition from one regime to the other, as claimed previously. For example, in case

of tween 20 solution, the end of the RG stage and transition to the AG stage takes

place approximately at 50 s, whereas for, hexadecane the corresponding instant

marks only the beginning of the RG stage in the physical timescale. The interfa-
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Figure 3.7: The temporal variation of ztp and zbt for two experimental fluids (marked
by different colours), namely, Tween20 and Hexadecane, during droplet growth in
a yarn [corresponding to Figure 3.6]. The differently colored dotted vertical lines
delineate all the three stages seen during the drop growth period.

cial shape change of the droplet is also expected to follow the delayed transition

regimes. Notably, the droplet’s shape in all the experimental conditions follows the

Young-Laplace equation, as shown in Section B.1 of Appendix B.

3.3.3 Self-similar contact line and interface profile evolution

A cumulative appraisal of the dynamics of the contact line during the growth of the

droplet encompassing all the experimental conditions can be drawn by represent-

ing the trajectory in a non-dimensional framework of ztp as shown in Figure 3.8(a).

The non-dimensionalization of both ztp and t has been done with the help of the

maximum value of the corresponding identities, i.e. z∗tp = ztp/z
max
tp and t∗ = t/ttotal,

wherein ttotal is the total time taken for the generation of one drop in each experi-

mental cycle and zmaxtp is the maximum value of ztp within that time period, ttotal. It

is to note that ttotal signifies the total time span observed for each experiment cal-

culated from the beginning of the RG stage to the final detachment of the droplet

from the yarn. This kind of unique non-dimensionalization helps in extracting in-

formation regarding the rate of evolution of each dependent variable over a unit
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Figure 3.8: (a) The variation of the non-dimensional tip position, z∗tp with non-
dimensional time t∗ is plotted in a log-log scale for all the experimental conditions.
The vertical shaded regimes correspond to the transition regimes separating the
three stages of drop growth. Plots (b) and (c) compare the experimental data of z∗tp
with the derived asymptotic relation (dashed-dotted line), Eq. 3.5, for water (DIW)
and 60% glycerol (Gly60) solution, respectively.

time span and one-to-one comparison of each relevant quantity in different experi-

mental conditions. Figure 3.8(a) shows the variation of z∗tp with t∗ in a log-log scale

for all the experimental conditions studied herein. The presence of three distinct

regimes during the droplet growth becomes evident from Figure 3.8(a), wherein all

the non-dimensional profiles of z∗tp collapsed to a single trajectory, despite starting

from different initial instants. This hint towards self-similarity in the contact line

profile evolution in the later stages of the droplet growth period, specifically in the

motion stage, irrespective of the initial conditions. Another important observation

from Figure 3.8(a) is the presence of two shallow windows for the transition of the
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contact line dynamics from one regime to another, marked by two differently hashed

zones. A qualitative assessment of the data reveals that the RG-to-AG transition

of the contact line dynamics takes place within the first 20-30% of the total time

span for the experimental conditions studied herein. The second transition window

appears in 45-55% of the total time taken for droplet growth, where the dynamics

transform from the AG stage to the motion stage.

The self-similarity between the temporal dynamics of the contact line during the

motion stage can be modeled by considering the competing forces during the period,

namely, capillary force, viscous drag, and gravity. The capillary force at the tip can

be expressed as [224], Fc = 2πγry cos θc, whereas the viscous force on the droplet

appears as, Fv = −2πηlwt
v

ln
(
rd
ry

) [149, 225]. Herein, v, θc, and lwt signify the verti-

cal velocity of ztp, contact angle, and wetted length of the yarn, respectively. The

viscous drag has been derived after solving the momentum conservation equation

in cylindrical coordinates for the droplet, subjected to the boundary conditions of

zero vertical velocity (vz) along the outer surface of the yarn (r = ry) and equals

to the velocity of the drop at its interface (vz = v and r = rd), and deriving the

shear-stress term as, η dvz
dr
|r=ry = − ηv

ry ln
(
rd
ry

) , where dvz
dr

is the velocity gradient along

the radial direction (r). The shear stress acts over the surface around the cylindri-

cal yarn, 2πrylwt, resulting in the viscous friction force, Fv during the movement

of the droplet. Considering the gravitational force as, Fg = mg, where m is the

instantaneous mass of the liquid drop, the governing equation can be written in the

following form:

d(mv)

dt
= 2πγry cos θc ± 2πηlwt

v

ln
(
rd
ry

) −mg. (3.1)

The mass of the drop can be expected to increase linearly with time, i.e. m =

ṁ(t− t0), where ṁ is the mass flux and t0 refers to the beginning of the RG stage.

However, qualitative analysis [refer Section 3.3.4] of the experimental data clearly

shows that the change in the mass of the droplet is negligible in the motion stage, and

as such, the droplet mass is considered to be constant in this stage. By introducing

the following dimensionless characteristic variables;

l∗wt = lwt
L
, t∗ = t

τ
,m∗ = m

ρL3 , v
∗ = v

vavg
= v

L
τ

, (3.2)
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where, L = ry and τ = ttotal are the characteristic length and time scale, respectively.

Substituting the dimensionless characteristic variables from Eq. 3.2, Eq. 3.1 can be

converted to the following non-dimensional form:

d(m∗v∗)

dt∗
=

2π cos θc
We

± 2π

Re ln
(
rd
ry

)v∗l∗wt − 1

Fr2
m∗. (3.3)

Here, the Weber number, We and Froude number, Fr bears the same definition

as discussed in Section 3.2. The Reynolds number, Re signifies the balance between

the inertia force and the viscous force and defined as, Re = ρvavgL/η with vavg being

the characteristic velocity scale as seen in Eq. 3.2. Interestingly, Eq. 3.3 bears the

same form of the governing equation as mentioned in Chang et al. [149] for droplet

formation in a wettable nozzle. Substituting Oh = We1/2

Re
, in Eq. 3.3, Eq. 3.4 is

obtained in terms of the non-dimensional numbers considered herein, as:

d(m∗v∗)

dt∗
=

2π cos θc
We

± 2π

We1/2

Oh
ln
(
rd
ry

)v∗l∗wt − 1

Fr2
m∗. (3.4)

Equation 3.4 shows the important non-dimensional groups, namely We, Fr and

Oh, necessary for determining the scaling law for z∗tp with respect to time, t∗ during

the downward movement of the drop. A regression analysis [see detail in Section B.2

of Appendix B] of all the experimental data sets suggests the following co-relation

between z∗tp and t∗:

z∗tp = 1−
(
We0.633Oh0.407

Fr1.116
exp(4.232t∗)

)
. (3.5)

An account of the exponents of the non-dimensional groups of Eq. 3.5 reflects

that the gravity force dominates the temporal dynamics of the contact line, ztp in this

third regime. Although surface tension tries to resist the droplet motion, its effect

appears to be weaker than the weight of the droplet as soon as it starts descending

along the yarn. The asymptotic relation between z∗tp and t∗ gives a good agreement

with the experimental data as seen in Figures 3.8(b) and 3.8(c), which shows the

temporal evolution of z∗tp in the motion stage for water and 60% glycerol solution,

respectively. The scaling law reported above (Eq. 3.5) has a good resemblance

with the asymptotic relation proposed by Chang et al. [149]. However, the latter
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Figure 3.9: (a) Linear plot of variation of non-dimensional radius, r∗d with non-
dimensional time, t∗ of a continuously growing droplet at different experimental
conditions corresponding to Table 3.2. Logarithmic plots of r∗d with t∗ exhibit the
good agreement between the derived scaling law (dashed-dotted line ), Eq. 3.6, and
the experimental data for (b) water and (c) 60% glycerol solution, respectively.

has shown a parabolic fit of the position of the contact line of the droplet while it

descends along a wettable nozzle, whereas an exponential decrease of z∗tp has been

observed in this study.

Furthermore, the spatiotemporal evolution of the interface of the droplet during

its growth can be well understood by plotting the variation of the non-dimensional

radius, r∗d with time, t∗ as shown in Figure 3.9(a). Herein, the physical timescale

has been non-dimensionalized as discussed previously, whereas the maximum values

of the droplet radius, rmaxd over the considered time span, ttotal has been used as

the scale for non-dimensionalization of the radius. Figure 3.9(a) clearly shows that,

irrespective of the experimental conditions, all the profiles of r∗d follow a similar kind
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of asymptotic trajectory during the growth period. However, the vertical shift of

the profiles can be attributed to the variations in their thermophysical properties.

Also, the initially-separated profiles converge beyond a specific time instant, as seen

in Figure 3.9(a). A quantitative assessment of the experimental data reveals that

the profile converges approximately at 55% of their total time period, which is also,

coincidentally, the transition point of the contact line dynamics from the AG stage

to the motion stage. Till this transition point, the radius of the droplet grows to

nearly 90%-95% of its final value. Hence the third stage involves very little change

in the radius as well as the droplet volume, which also strengthens the previous

claim that the mass of the droplet remains nearly constant during that period.

Again, the claim regarding the universal droplet growth dynamics can further

be strengthened by proposing a scaling law for r∗d, specifically in the first two stages

of growth dynamics in terms of the non-dimensional groups: We, Oh and Fr. The

regression analysis [see detail in Section B.2 of Appendix B] of the experimental

data of r∗d suggests the following asymptotic scaling law:

r∗d = 1−
(
Fr0.670Oh0.122

We0.281
exp(−3.410t∗)

)
. (3.6)

The inversely proportional relationship between the We and r∗d in Eq. 3.6 signi-

fies the logical trend of a fluid with higher surface tension trying to hold a droplet of

greater radius. The asymptotic relation of Eq. 3.6 also suggests that the capillary

force dominates the gravity force during the first stages of growth, and this results in

the upward movement of the tip, as well as higher radial expansion in the initial pe-

riod, as discussed previously. As per Eq. 3.6, the rate of change of the droplet radius

will be more in the initial periods, which eventually slows down, and finally, the ra-

dius of the droplet will remain nearly constant, which coincides with the observation

in Figure 3.9(a). The good agreement between the experimentally measured data

and theoretical prediction can be seen in Figures 3.9(b) and 3.9(c) plotted for two

fluids, water, and 60% glycerol solution, respectively. It is to note that the scaling

relation [Eq. 3.6], differs greatly from the scaling law, D∗d = (4 + 6t∗)(1/3) obtained

in case of generation of a droplet from an orifice under constant flow condition [27].

The latter takes care of the growth of a spherical droplet constantly adhering to a

nozzle exit, in contrast to this study where the droplet undergoes changes from the

barrel to pear-shape, and is never spherical. Equation 3.6 has been derived in the
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purview of this difference in basic assumption, considering the contributions of the

thermophysical properties of the experimental fluids.

3.3.4 Estimation of critical volume required for sliding

The critical volume, φcrsl , of the droplet, which is nothing but the maximum volume

attained by the droplet prior to the beginning of downward sliding from its maxi-

mum position, has a direct effect on the final volume of the detached droplet. The

instant of occurrence of φcrsl is the point of transition between the second and the

third stage. As estimated previously, rd attains nearly 90-95% of its final radius,

whereas ld reaches nearly 80% of its total length till the end of the second stage. Ap-

proximating the droplet shape with an annular cylinder, i.e., φcrsl ∼ ZR2 ∼ lcrd (rcrd )2,

it can be estimated that the droplet volume nearly attains 70%-80% of its total

volume (i.e., the volume of the detached primary droplet) just before initiating the

downward motion in each experimental conditions. Here, rcrd and lcrd represents the

critical radius and the length of the droplet at the instant of measurement of φcrsl ,

respectively.

By considering the delicate balance between the driving and the resisting forces,

φcrsl can be estimated theoretically. Along with the driving force, Fg and the resisting

force, Fc, mentioned in Section 3.3.3, the capillary force due to the presence of a

liquid film along the yarn, Ffc, has also been considered as another resisting force

while estimating φcrsl . However, the viscous drag, Fv, has not been considered herein

due to the negligible velocity of the interface at the onset of sliding motion. The

AG-to-motion stage transition occurs once Fg just overcomes the static friction of-

fered by Fc and Ffc for a droplet of volume φcrsl . Notably, both the resisting forces are

larger when the surface tension is higher. The resisting force due to the liquid film

also depends upon the droplet wetting length, lwt, and becomes large with higher

film thickness.

The discussed force balance, shown schematically in Figure 3.10, can be written

as;

Fg = Fc + Ffc. (3.7)

The gravitational force experienced by the drop can be rewritten as, Fg =

ρgφcrsl = 4π
3

(rcrd )3ρg assuming the droplet to be spherical in shape for simplifying

the calculations. The capillary force due to the liquid film [226] can be written as,
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Figure 3.10: Force balance in case of a drop continuously growing on a yarn just
prior to the initiation of sliding motion. The different geometrical parameters of the
drop considered in the force balance are shown with dimensional arrows. Fg is the
gravitational pull experienced by the droplet due to its weight, Fc is the capillary
force along the contact line, and Ffc is the capillary force due to the liquid film
acting along the wetting length lwt.

Ffc = γlwt, where, the wetting length, is lwt = 2ζsll r
cr
d , with ζsll as the fitting param-

eter that takes into account the deviation of the droplet shape from the spherical

shape. The final form of the Eq. 3.7 can be found as follows;

4π

3
(rcrd )3ρg − 2γζsll r

cr
d − 2πγry cos θc = 0. (3.8)

The cubic equation, Eq. 3.8 with positive polynomial discriminant has the single

real solution as follows,

rcrd =
3

√√√√3L2
capry cos θc

4
+

√(
3L2

capry cos θc

4

)2

−
(
ζsll L

2
cap

2π

)3

+
3

√√√√3L2
capry cos θc

4
−

√(
3L2

capry cos θc

4

)2

−
(
ζsll L

2
cap

2π

)3

, (3.9)
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where Lcap =
√
γ/ρg is the capillary length. Based on the value of the critical ra-

dius, rcrd , obtained from Eq. 3.9, the theoretical critical volume, φcrsl = 4π
3
ζslφ (rcrd )3 can

be calculated where ζslφ is a geometric pre-factor taking into account the deviation

of φcrsl from its actual drop volume [226]. A critical comparison of the experimen-

tal data with the theoretical volume data shows that irrespective of the different

thermophysical properties of the experimental fluids, the value of ζslφ is fixed at,

ζslφ = 0.7 ± 0.15. Also, the fitting parameter, ζsll accounting for the wetting length

comes out to be close to each other for different experimental conditions and found

to be in the range of, ζsll = 0.57 ± 0.13. The consideration of the geometric pre-

factor and fitting parameter nullifies the deviation in the φcrsl , appearing as a result

of considering the droplet to be spherical in shape.

3.3.5 Dynamics of droplet detachment: Static pinch-off

The dynamics of the growth stage comes to an end as soon as the tip reaches the end

of the yarn and the detachment phase of the droplet begins. Owing to the low flow

rate of the penetrating fluid through the capillary network of the yarn, i.e., extremely

small We conditions (of the order of 10−9), the dynamics of detachment adheres to

the laws of the static pinch-off regime, wherein, the subsequent outcomes such as

the size of the detached primary droplet (φpin), the volume of the remnant fluid after

the breakup, etc. solely depends on the competition between the gravitational force

and the capillary force (2πγry) [227]. As reported by Harkins and Browns [227],

in the static-pinch-off regime, the detached primary droplet volume, φpin, can be

determined as follows:

φpin = ζpin
(

2πγry
gρ

)
, (3.10)

where, the Harkins-Brown compensation factor, ζpin is defined as the ratio of the

volume of the primary droplet detached from the nozzle, φpin, to the maximum

volume of the liquid balanced by the capillary force at the nozzle exit (the term

within bracket in the R.H.S. of Eq. 3.10). Conventionally, expressed as, ζpin =

f(r/(φpin)1/3), the compensation factor assumes different forms and numerical values

depending upon the nozzle and the liquid pair and thereby ensuring that post-

detachment, a fraction of the total volume remains attached to the nozzle exit.

Figure 3.11 shows the experimentally measured drop volumes for four different

liquids listed in Table 3.1, which are being designated by the corresponding We as
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Figure 3.11: Comparison between the experimentally and theoretically (obtained
from the correlation, Eq. 3.10, proposed by Harkins and Browns [227]) measured
primary droplet volume.

listed in Table 3.2. The volume of the released drop decreases sharply with a decrease

in We, as seen in Figure 3.11, which demonstrates that higher surface tension force

can hold a larger drop volume prior to pinch-off. A suitable fitting method shows

that ζpin = 0.67 allows us to adhere to the lowest limit of experimentally measured

volumes for the entire range of We explored in this study, as shown by the lowermost

solid line (with symbols) in Figure 3.11. The uppermost curve corresponds to the

maximum volume of the hanging drop that the yarn can support, i.e., ζpin = 1, which

is nothing but the weight of the ideal drop as determined by Tate’s law [228]. In the

absence of a unique value of ζpin in literature, the current approach of representing

the measured data via a range of parameters (0.67-1.0) seems to be the only viable

option and hence has been adopted in the present analyses. If the surface tension of

fluid is known beforehand, the reported values of the compensation factor may help

in predicting the final volume of a droplet detached from a yarn.
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3.4 Summary

This chapter reports a novel qualitative assessment of the dynamics of the generation

and detachment of a droplet from a yarn under different experimental conditions.

A simple drop generation facility has been engendered by the continuous capillary

flow within the yarn, facilitating a comparison of the present system with the ex-

isting methods of drop formation from a capillary tube. Depending on the relative

positioning of the contact line, the complete growth cycle of a Newtonian droplet

on a yarn can be divided into three distinct regimes, namely radial growth, axial

growth and motion. The contact line dynamics during the motion stage are found

to be self-similar irrespective of the initial experimental conditions, which can be

described by an asymptotic scaling relation based on the combined effect of driving

and resisting forces. The scaling relation suggests that gravity force dominates upon

the capillary forces during the third stage. Another asymptotic relation has been

proposed for the evolution of the radius of the droplet during its growth. By using

a number of fluids spanning across a wide range of viscosity, it is found that for

the macroscale contact line dynamics occurring over a physical time scale, viscosity

plays the role of rate limiter. Furthermore, the meager flow rates during the experi-

ments directed the dynamics of drop formation in the static-pinch-off regime. This

chapter’s findings may stimulate further investigations on the dynamics of growth

of a droplet generating from a yarn with different chemical and physical textures.
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Chapter 4

Magnetowetting dynamics of

sessile ferrofluid drops on soft

surface

“...by the help of microscopes, there is nothing so small, as to es-

cape our inquiry; hence there is a new visible world discovered to the

understanding..”

- Robert Hooke, 1665

4.1 Introduction

With the advent of the droplet microfluidics [3, 229, 230], ferrofluid (FF) based

technologies [103, 115, 116, 231–234] have garnered remarkable appreciation as a

wireless mechanism of droplet manipulation over its conventional counterparts (e.g.,

mechanical, electrical, optical, acoustic) owing to a list of prodigious advantages,

specifically precise and smooth control of discrete liquid volumes as well as no un-

necessary heat generation, exhibited by the former, thereby making it a suitable

host for numerous cutting-edge technologies. In general, the interface of a sessile FF

The contents in this chapter have been published as Sarma, B., Shahapure, V., Dalal, A. and
Basu, D. N. (2020) “Magnetowetting dynamics of sessile ferrofluid drops on soft surfaces”, Soft
Matter, vol. 16, pp.- 970-982.
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droplet, submitted to a magnetic field acting in a specific direction, exhibit remark-

able deformation as explored in several studies [114, 122, 235–239], succeeding the

pioneering work of Cowley and Rosensweig [98, 240]. A detailed discussion on the in-

stability and subsequent deformation dynamics of ferrofluid/paramagnetic droplets

in the presence of a magnetic field is already presented in Section 1.2.3 of the the-

sis. Notably, the deformations often alter the wetting behaviour of the magnetic

droplets depending upon the direction of application of the magnetic field as well

as the wettability of the underlying surface [114, 241–243]. Recently, Banerjee and

Sen [243] experimentally demonstrated the decrease of the apparent contact angle

of a FF droplet, engendered by the significant interfacial deformation, eventually

leading to the bifurcation of the parent droplet in a vertically varying non-uniform

magnetic field.

In this regard, most of the existing reports on the aforementioned magnetowet-

ting behaviour of sessile droplets are primarily restricted to rigid substrates. In

contrast, a sessile droplet dispensed atop a soft, deformable surface inherently in-

duces a capillary deformation, popularly called a wetting ridge [21, 244–249]. The

kind of deformation emanates from the combined influence of the unbalanced nor-

mal component of the capillary force and the Laplace pressure distribution within

the droplet, with an inherent length scale, hwr, dependent upon the ratio of the sur-

face tension of the liquid (γlg) to the elastic modulus (E) of the underlying surface

[21, 244–249], i.e., hwr ∼ (γlg sin θeq)/E. However, for a small substrate thickness-

to-droplet length scale ratio, one can neglect the effect of Laplace pressure on the

deformation of the film [245–247]. In such a scenario, the presence of a wetting

ridge near to the TPCL intrinsically modifies the macroscopic spreading /dewetting

behaviour of the drops on a viscoelastic surface, by incorporating some complex dy-

namics such as inertial spreading, viscoelastic braking, stick-slipping, stick-breaking

as reported previously [247, 250–252]. Interestingly, the aforementioned modified

wetting dynamics of a sessile droplet on viscoelastic surfaces can be manifested to

acquire desired applicability in numerous processes or technologies, including droplet

evaporation [253, 254], droplet impact [255], electrowetting [256], droplet transporta-

tion [257], durotaxis [258], adhesives [259], highly stretchable synthetic materials

[260] etc. to name a few. For example, Lopes and Bonaccursor [253, 254] reported

that the enhanced softness of the underlying substrate accelerates the evaporation

of both water and nano-suspension drops, thereby changing the particle deposition

pattern in the latter event. Again, Dey et al. [256] experimentally characterized the
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(a)

(b)

H

(c)

Figure 4.1: (a) Schematic of the experimental set-up for investigating the magne-
towetting behaviour of sessile ferrofluid (FF) drops dispensed atop a PDMS coated
glass substrate. The magnet and the drop are positioned co-axially to avoid any
lateral deformation. (b) shows a zoomed view of the FF droplet along with all the
components of the surface tension (γij) and equilibrium parameters (radius, req and
contact angle, θeq) in the absence of a magnetic field. Here, i, j signify the solid
(s)-liquid(l), liquid-vapour(g) and solid-vapour components of the surface tension.
(c) Schematic of the surface deformation near the TPCL on a soft surface. The
red dashed-dotted line indicates the position of the solid-liquid-air interface prior to
the deposition of the liquid drop, whereas the vertical yellow dotted line shows the
height of the wetting ridge (hwr) formed above the free surface.
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slower electrospreading dynamics of the contact line of a sessile droplet triggered

by substrate deformation. Recently, Biswas et al. [257] demonstrated magnetic

field-mediated propulsion of non-magnetic droplets in a soft deformable platform

impregnated with magnetic beads. The prime focus of the aforementioned work

revolves around the topography induced propulsion of droplets of different volumes,

whereas the effect of the wetting ridge on the motion was in hindsight.

As observed, the mutually inclusive relationship between the magnetic field in-

duced spreading/dewetting of a drop, and the surface deformation induced interfacial

interactions on a soft elastomer film, has heretofore been unexplored. Emulating the

magnetowetting set-up of Banerjee and Sen [243], as shown in Figure 4.1, the dy-

namics of the continuously evolving interface as well as the three-phase contact line

near to the solid substrate have been explored by performing a set of experiments

on different substrates. Specifically, the prime concern is to bring out the change

in the magnetowetting behaviour of a paramagnetic sessile drop as the elastic na-

ture of the underlying substrate changes. Nonetheless, understanding is crucial for

paving a new way for the yet unexplored paradigm of elastocapillarity mediated

magnetowetting dynamics.

4.2 Experimental section

4.2.1 Materials

A water-based FF, EMG 408, purchased from Ferrotec (USA), has been used in

this study. The concentration of the magnetite (Fe3O4) nanoparticles (average

diameter ∼ 10 nm) is 1.2% by volume (5.4% by weight) and the initial magnetic

susceptibility (χ) is 0.5. The thermophysical properties of the FF are: density (ρ) =

1070 kg/m3, surface tension (γlg) = 60 mN/m, and viscosity (η) = 2.0 - 5.0 mPa.s

[as per the product data-sheet given]. The magnetization of the ferrofluid saturates

at a flux density of 6.6. mT. The PDMS (Polydimethylsiloxane, Sylgard 184) and

hexane (analytical grade) are procured from Dow Corning (Wiesbaden, Germany)

and Sigma-Aldrich, respectively. The rectangular rare earth Neodymium magnets

(N52) (dimensions: 10 mm × 20 mm × 2 mm) are purchased online. The glass

slides are purchased from JSGW, India (Micro slides). Milli-Q grade water has been

used for all the cleaning processes during the experiments.
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4.2.2 Methods

4.2.2.1 Surface preparation.

The elastomeric hydrophobic substrates are prepared by coating the plain glass slides

(dimension: 12 mm × 12 mm × 1 mm) with thin films of PDMS having different

elastic modulus (E). Prior to coating, the glass micro-slides are cleaned following

a standard procedure discussed in Section A.2 of Appendix A. The stiffness of the

films is varied by mixing the base (oligomer) and the curing agent (cross-linker) in

three different weight ratios, namely 10:1, 30:1, and 50:1. It is well known that

an increase in the oligomer content results in a decrease in the stiffness of the thin

films, which in the present case varies from 1.5 MPa to 0.02 MPa [253, 254, 256]

[see Table 4.1]. The degassed prepolymer mixture is further mixed with the solvent

(hexane) in the ratio of 110:10:1. Subsequently, the final solution is spin-cast on the

previously cleaned glass slides with a spin coater (SPIN NXG P1, Apex. India. Pvt.

Ltd.). The coated glass slides, when allowed to cure overnight in a vacuum oven

(Spac-N-Service Pvt. Ltd., India) at 100 ◦C, result in a thin transparent PDMS film.

The spin coating of the substrates has been carried out in two steps: after pouring

the prepolymer, the substrate is rotated at 500 rpm for 30 s initially and later on at

5000 rpm for 70 s with an intermediate acceleration of 2500 rpm/s2. The thickness

of the films (hf ) thus prepared are measured with the help of a surface profilometer

(Dektak 150 surface profiler, Veeco Instruments), which is shown in Table 4.1. Also,

the prepared surfaces exhibit an average surface roughness of 1 ± 0.5 nm when

measured in atomic force microscopy (Bruker, Innova). Furthermore, the wetting

behavior of the fabricated surfaces, in the absence of a magnetic field, has been

examined by measuring the equilibrium (θeq), as well as advancing/receding (θA/θR)

contact angles in a contact angle goniometer (Apex India) [see Table 4.1]. It is to

note that the values of different parameters in Table 4.1 represent an average value

derived from 5 different measurements corresponding to each elastic modulus. The

cured substrates are preserved in the vacuum desiccators if not used immediately in

experiments.

4.2.2.2 Magnetowetting experiments.

The schematic of the experimental set-up is shown in Figure 4.1(a), where a FF

droplet resting atop a PDMS coated glass substrate is experiencing a vertical mag-
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Table 4.1: Properties of differently crossed-linked elastomer films: Young’s Modulus
(E) and thickness (hf ) (row (i) and (ii)]; equilibrium contact angles (θeq), advancing
(θA) and receding contact angles (θR) of a 3 µL ferrofluid droplet on polymeric films
of different elasticity in the absence of magnetic field [row (iii)-(v)].

Properties Sylgard (10:1) Sylgard (30:1) Sylgard (50:1)
E[253, 254, 256] (MPa) 1.5 0.06 0.02
hf (µm) 2.1 ± 0.2 2.8 ± 0.15 1.6 ± 0.3
θeq (◦) 108 ± 1.1 112 ± 1.5 114 ± 2.1
θA (◦) 103.2 ± 3.5 109.5 ± 2.1 116.5 ± 1.8
θR (◦) 61.1 ± 3.5 45.2 ± 4.5 35.2 ± 3.9

netic pull. In the first step, a FF droplet of known volume is dispensed, φ0, on

the PDMS prepared substrate with the help of a micropipette. Subsequently, the

permanent magnet is placed directly above the droplet at a known height (H), mea-

sured from the surface of the underlying substrate. The vertical movement of the

magnet to a specific height is facilitated by a movable arm protruding from a fixed

stand and a scale attached to the stand. Again, the droplet and the magnet are

placed co-axially to avoid any asymmetric deformation in the droplet shape, in all

the experiments. Herein, the behaviour of a FF droplet of initial volume, φ0 =

3 (± 0.2) µL, on PDMS coated substrates with different stiffness (E = 1.5, 0.06,

and 0.02 MPa) is observed and analyzed, while the magnet is placed at the height

of, H = 4.7 mm from the substrate surface. Figure 4.2 shows the variation of the

applied magnetic field along the vertical axis indicating a non-uniform behaviour.

The dynamics of shape evolution are recorded by a video-graphic technique which

is discussed in detail in the next section. Also, the identical experiments have been

performed at least five times to ensure the repeatability of the observed phenomena

and analyzed data in each experimental condition.

4.2.2.3 Video-graphic and image processing technique.

The complete shape evolution of the droplet is recorded with a digital camcorder

(SONY) at a frame rate of 25 fps. The background is continuously illuminated by

a high intensity LED light (Phlox, 130000 lux) that further enhances the quality

of the captured videos by enhancing the contrast. Additionally, the fast events

of droplet splitting are captured in a high-speed camera (FASTCAM Mini UX100
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Figure 4.2: Magnetic flux density (B) as a function of the vertical gap (H, also
denoted as z here) between the magnet and the PDMS coated glass substrate.

model, Photron, USA, Inc.) fitted with a zoom lens (Navitar Macro zoom, 18-108

mm F/2.5). By using a shutter speed of 0.2 ms, the high-speed events are recorded

at 2000 frames per seconds, achieving a resolution 1280 × 1084 pixels. The positions

of both the camera and light are shown schematically in Figure 4.1(a).

Further, the captured videos and images are analyzed for deciphering the tempo-

ral dynamics of the droplet with the help of an open-source image processing software

ImageJ [164] and an in-house image processing code. The image processing method

is discussed in detail in Chapter 2.

4.3 Results and discussion

In this section, a detailed appraisal of the dynamic wetting behaviour of FF droplets,

experiencing a vertical magnetic pull, on PDMS surfaces with different stiffness is

presented. Considering the smaller volume of the sessile droplet (φ0 = 3 µL) the

effect of gravity can be neglected with convenience, as L < Lcap, leading to Bog <<

1. Here, L = req (≤ 1 mm) is the characteristic length scale, req is the equilibrium

radius of the dispensed droplet, Lcap (=
√
γlg/ρg)= 2.73 mm is the capillary length

scale, and Bog (= ρgL2/γlg) is the gravitational bond number signifying the balance

between the gravity force and surface tension force. On the other hand, to signify

the dominance of the driving magnetic force over the resisting surface tension force,

the magnetic Bond number defined as, Bom = (χmφ0|
−→
∇B2|)/(µ0πγlgL) (= 131) is

TH-2590_156103041



72 Magnetowetting dynamics of sessile ferrofluid drops on soft surface

F
igu

re
4.3:

S
h
ap

e
evolu

tion
of

ferrofl
u
id

d
rop

lets
d
u
rin

g
m

agn
etow

ettin
g

on
th

e
th

ree
d
iff

eren
t

P
D

M
S

coated
glass

su
b
-

strates
w

ith
elastic

m
o
d
u
li

(E
)

(i)
1.5,

(ii)
0.06,

an
d

(iii)
0.02

M
P

a,
resp

ectively.
T

h
e

oth
er

ex
p

erim
en

tal
p
aram

eters
are,

φ
0

=
3
µ

L
,
B

=
450

m
T

,
an

d
B
o
m

=
131.

T
h
e

volu
m

e
con

cen
tration

of
th

e
n
an

op
articles

is
1.2%

.
A

n
on

-d
im

en
sion

al
tim

e
scale,

t ∗,
h
as

b
een

con
sid

ered
to

sh
ow

th
e

p
rogress

of
th

e
d
y
n
am

ics,
w

h
ere

t ∗
=

0
corresp

on
d
s

to
th

e
m

om
en

t
of

in
tro

d
u
ction

of
th

e
m

agn
etic

fi
eld

.
T

h
e

scale
b
ars

are
sh

ow
n

in
th

e
fi
rst

im
age

of
each

row
.

TH-2590_156103041



4.3 Results and discussion 73

considered herein. Here, χm is the initial magnetic susceptibility, B is the induced

magnetic flux density (corresponding to H = 4.7 mm), µ0 (4 π × 10−7 N/A2) is the

permeability of free space. The higher value of Bom in comparison to Bog, further

strengthens our previous claim regarding negligible effect of gravity.

On the other hand, by considering the microscopic softness parameter, γlg/ER

[261, 262], the prepared elastomeric surfaces of different stiffness can be divided in

two categories: rigid and soft surface. Assuming, R to represent any macroscopic

length scale (∼ mm), preferably, R = req, for a substrate with E = 1.5 MPa =

O[106Pa], O[γlg/ER] ∼ 10−6, thereby placing it in the limit of (apparently) rigid

surface [261, 262]. However, as we lower the stiffness of the substrates by two

orders, i.e., E ∼ O[104Pa], O[γlg/ER] ∼ 10−3, indicating their enhanced softness.

The latter surfaces with reduced stiffness are popularly known as soft surfaces in

literature [261, 262]. The aforementioned distinctions shall be referred frequently in

the subsequent discussions.

4.3.1 Shape evolution of a FF droplet during magnetowet-

ting: The macroscopic events

Figure 4.3 depicts the temporal evolution of the shape of FF droplets dispensed

atop substrates of different stiffness while experiencing a similar magnetic environ-

ment. Each row of the image sequence corresponds to the events associated with

substrates of different elasticity arranged in decreasing order from top to bottom.

As mentioned previously, the rectangular magnet positioned at a height, H= 4.7

(Bom = 131, B = 450 mT) mm from the solid surface, engenders a non-uniform

magnetic field in the axial direction (B) as shown in Figure 4.2. Notably, due to

the magnet’s physical dimensions, the magnetic field in the radial direction across

the width of the droplet (Bx, By) can be considered uniform. The beginning of the

physical time scale, t = 0 is considered just before introducing the magnet. Again,

the dynamics of shape evolution are considered to be accomplished when the par-

ent droplet bifurcates itself to generate a daughter droplet, designated as splitting

time, ts. The deformation dynamics of the FF droplet in Figure 4.3 are shown in a

non-dimensional time-scale, t∗ (= t/ts ) to facilitate one to one comparison of the

concerned events in different experimental conditions.

The image sequence shown in Figure 4.3(a-l) in row (i) corresponds to the tem-
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poral evolution of interfaces of a sessile FF droplet during magnetowetting on a rigid

surface (E =1.5 MPa). The corresponding time period, ts of evolution, is approxi-

mately 13.6 min. It can be discerned that the droplet continuously elongates in the

direction of increasing magnetic flux density (B) till the moment of bifurcation. The

sessile spherical drop evolves through a plethora of intermediate shapes, including

cusp formation at the apex in the initial moments [Figures 4.3(e) and 4.3(f)] till the

spiked cone-type formation at the final instants [see Figure 4.3(i-l)] engendered by

the magnetic field. Notably, this journey of shape evolution leading to the splitting

of the droplet is accompanied by the continuous reduction of the (apparent) dynamic

contact angle, θd (or θ∗d) and the contact diameter, dc (or d∗c) as depicted clearly in

Figures 4.4(a) and 4.4(b). The equilibrium value of the contact angle, θeq [refer to

Table 4.1], and contact diameter, deq are considered as a scale to non-dimensionalize

θd and dc, respectively, while the standard deviations from repeated experiments

are shown as error bars. As seen in Figure 4.4(a), θ∗d approximately reduces by 35%

of its initial equilibrium angle (θeq) during magnetowetting on an apparently rigid

surface. Interestingly, Banerjee and Sen [243] also reported a similar trend of θ∗d
during magnetowetting on a substrate with a similar elastomeric composition (10:1

mixing ratio of base and cross-linker). However, contrary to the linearly decreasing

trend observed in Figure 4.4(b), they reported that the contact diameter d∗c remains

constant throughout the time period of evolution while using a FF with similar

thermophysical properties (EMG 408).

Further, while following the trajectory of θ∗d corresponding to E = 1.5 MPa, it is

found to exhibit three different slopes comprising of initial sharp decrease, followed

by a nearly constant period and finally the zone of linear decrease just prior to

the bifurcation. The distinct transitions mentioned above clearly hint towards the

possible existence of different driving mechanisms in all three regimes that shall be

unfolded in the subsequent sections. Although not apparent in Figures 4.3 and 4.4,

the θd remains constant when the dynamics of deformation approach splitting, as

discussed separately in Section 4.3.3.

Next, The deformation history of a FF droplet dispensed atop soft surfaces

(E < 1.5 MPa) is shown through the time-lapse image sequence of row (ii) and

(iii) in Figure 4.3. It is to note that the imposed magnetic field is identical to the

experimental realization described in the previous paragraphs, i.e., Bom = 131 (B

= 450 mT). Figure 4.3(a-l) in row (ii) corresponds to the soft surface having elastic

modulus, E = 0.06 MPa, whereas, the elastomeric substrate corresponding to image

TH-2590_156103041



4.3 Results and discussion 75

0 . 0 0 . 2 0 . 4 0 . 6 0 . 8 1 . 0
0 . 4

0 . 6

0 . 8

1 . 0

t *

   E  =  1 . 5  M P a
   E  =  0 . 0 6  M P a
   E  =  0 . 0 2  M P a

��� d
( a )

0 . 0 1 0 . 1 1

1

2

A R 
(= 

h d/d
c )

Spl
itti

ng
t *

( c )

0 . 0 0 . 2 0 . 4 0 . 6 0 . 8 1 . 00 . 6

0 . 7

0 . 8

0 . 9

1 . 0

d�� c

t *

( b )

Figure 4.4: Time-averaged behavior of different parameters related to the deforma-
tion of a FF droplet of 3 µL volume when dispensed atop three substrates of different
elasticity (E) and subjected to an axial magnetic field B = 450 mT (Bom = 131).
Plot (a) corresponds to the change in dynamic contact angle, θ∗d, whereas plot (b)
corresponds to the change in the contact diameter, d∗c of the droplet. The colored
regimes around the trajectory in plot (b) corresponds to the error bars derived from
repeated events. (c) Variation of the temporal variation of the aspect ratio, AR,
corresponding to the events of Figure 4.3. The non-dimensional scale for time is
the splitting time, ts, whereas the equilibrium value of the contact angle, θeq, and
diameter deq, before the introduction of the magnetic field have been used as a scale
for non-dimensionalizing the concerning quantities.

sequence (a-l) in row (iii) has elastic modulus, E = 0.02 MPa. The time periods

of splitting, ts, are found as 14.6 min and 14.2 min for the events of rows (ii) and

row (iii), respectively. As seen clearly, the evolution of the interface goes through a

similar passage of elongation and shape deformation, leading to the splitting of the

parent droplet even for the soft substrates. However, an individual comparison of

the droplet shape in row (i), (ii), and (iii) at each instant reveals a few interesting

observations. For example, within the initial 30% of ts, the droplet transforms into
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an elliptical shape from the initial spherical shape for rows (i) and (ii), whereas, for

the softest substrate in row (iii), the droplet attains a dome shape within the same

time, succeeded by the formation of pyramidal shape for a small duration as seen

in Figure 4.3(e). Again, for t ≥ 0.5ts, a cusp-like formation is observed in the apex

of the droplet, which further elongates with time in all the experimental conditions

of Figure 4.3. However, the extent of this elongation decreases with the decreasing

stiffness of the underlying substrate.

Figure 4.4(a) further depicts the gradual decrement of θ∗d during magnetowet-

ting on soft substrates. However, the concerned trajectories (for E = 0.06 and 0.02

MPa) are devoid of any distinct transition in slopes as one moves along the temporal

scale. Notably, the extent of reduction of the θ∗d (or θd) within the complete cycle

of magnetowetting is maximum (≈ 70%) for the softest substrate (E = 0.02 MPa).

On the other hand, as seen in Figure 4.4(b), d∗c (or dc) remains nearly constant

or pinned for most of the time period (t ≈ 0.8ts) of evolution, as the softness of

the underlying substrates is increased. These newly found aspects of FF droplets’

dynamic wetting behaviour on soft substrates further indicate that the reduction of

substrate stiffness can be a great tool for enhancing the wettability of elastomeric

surfaces in the presence of a magnetic field.

Another interesting observation that can be made from Figures 4.4(a) and 4.4(b)

is that both θ∗d and d∗c behave in a near synchronous manner for the soft substrates,

whereas the temporal evolution dynamics of the concerned quantities are different

on an apparently rigid substrate. The noticeable collapse of the time-varying trajec-

tories of the aspect ratio, AR = hd/dc, in Figure 4.4(c) for both soft surfaces further

strengthens our claim. Interestingly, the trajectory of AR exhibits an opposite trend

during magnetowetting in the rigid surface, as evident in Figure 4.4(c). Intrigued

by the aforementioned differences, a thorough investigation has been carried out in

the following sections to explore the driving mechanisms of the contact line motion

and shape evolution under the influence of substrate elasticity.

However, prior to elucidating the events near TPCL, a brief note on the macro-

scopic forces dominating the events of shape deformation and splitting in the pres-

ence of a magnetic field is worth mentioning. As the applied magnetic field is higher

than the saturation magnetization (Ms) of the FF (B > µ0Ms = 6.6 mT), all

the magnetic dipoles reorient themselves in a direction parallel to the magnetic field

within a very short time-scale [263]. Subsequently, the suspended magnetic nanopar-

ticles migrate towards the high magnetic intensity region, which is countered only
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by thermal diffusion [98]. Although not apparent due to the high concentration of

magnetic nanoparticles in the present image sequence of Figure 4.3, Banerjee and

Sen [243] in their study has brilliantly shown that the paramagnetic beads prefer to

move towards the apex of the droplet and get accumulated in due course of time.

The same can be corroborated from the initial cusp like formation in Figures 4.3(e)

and 4.3(f), similar to that reported by Tokarev et al. [264] in case of magnetic

nanorods. The magnetic interaction increases as more particles migrate towards the

apex, continuously deforming the interface. This elongated cluster of nanoparticles

bounded by a liquid-gas interface finally develops necking, leading to the splitting

of the droplet once the magnetic stress (pn = µ0M
2
n/2) across the interface over-

comes the resisting surface tension force, which is shown schematically in Figure 4.5

[also refer to Section C.1 of Appendix C]. Here, pn is the normal magnetic traction

dependent on the normal component of magnetization, Mn. By combining the con-

tribution of this normal magnetic pressure, pm, along with the capillary pressure

(pc = 2κγlg), acting at an interface of curvature κ, between the magnetizable drop

and non-magnetizable surrounding medium [also refer to Section C.1 of Appendix

C], an augmented magnetic Bernoulli equation [98, 240, 241] can be formulated as

shown below:

p∗ + ρghintf +
ρv2intf

2
− pm = const. (4.1)

subjected to the boundary condition,

p∗ + pn = p0 + pc. (4.2)

Here, vintf , hintf and n represents velocity, elevation, and unit vector normal to the

interface, respectively. Also, the additional pressure terms from Eqs. 4.1 and 4.2

are: fluid magnetic pressure, pm = µ0

H∫
0

MdH, pressure of the surrounding non-

magnetic fluid, p0, and modified pressure, p∗ (= p(ρ, T ) + pm + ps) representing the

combined effect of thermodynamic pressure (p(ρ, T )), magnetorestrictive pressure

(ps) as well as the fluid magnetic pressure (pm). A further simplification of Eq. 4.1

[also refer to Section C.1 of Appendix C] clearly indicates the continuous elongation

of a water-based FF droplet in a non-uniform magnetic field.

Again, the total energy, Et, of a FF droplet in a magnetic field receives an ad-

ditional contribution from the magnetic energy (Em) along with the surface energy

(Es =
∑
γijdAij). Here, i, j represents the three different components of surface
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Figure 4.5: Schematic representation of the force balance at the interface between
the magnetizable liquid medium (1) and non-magnetizable surrounding (2). The
same has been written as FHD boundary condition in Eq. 4.2.

tension, and dA is the interfacial area under consideration. In general, for a contin-

uously deforming droplet, the magnetic energy, Em = −µ0φ0MH
2

, also gets modified

at each time instant, where M is the effective magnetization, and H is the effective

magnetic field. Taking the demagnetization coefficient (D) into account, the effective

magnetization, M = κH
(1+κD)

behaves as a geometry dependent parameter. However,

in the process of maintaining a minimum Gibbs free energy state of the system, the

droplet responds to the change in the Em by lowering the apparent contact angle,

θd [243]. A detailed appraisal on the dynamics of contact angle and contact radius

of a continuously deforming droplet on different soft surfaces is presented in the

following sections.

4.3.2 Dynamics of the three-phase contact line: Stick-slip

vs pinned state

4.3.2.1 Stick-slip dynamics.

In the process of unveiling the mechanisms at work near the TPCL during mag-

netowetting on substrates with different stiffness, the temporal variations of the

dynamic contact angle, θd (or θ∗d), and contact radius, rc (or r∗c ) corresponding to
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Figure 4.6: (a)-(c) Variation of contact angle (θd or θ∗d) and contact radius (rc or
r∗c ) at a higher temporal resolution shows distinct stick-slip pattern during magne-
towetting of a sessile FF droplet on an apparently rigid substrate (E =1.5 MPa).
The other experimental conditions are, φ0 = 3 µL, Bom = 131, B = 450 mT. The
non-dimensional time scale is derived using the splitting time, ts. (d) Shows position
of measurement of left (θLd ) and right (θRd ) contact angles for this study.

the events of Figure 4.3 are considered again. Figure 4.6 depicts a detailed appraisal

of the concerned parameters associated with the phenomena shown in row (i) of

Figure 4.3. It can be discerned that on an apparently rigid substrate (E = 1.5

MPa), the contact line recedes in a stick-slip fashion during the complete cycle of

deformation and splitting. The rc (or r∗c ) varying with steps and terraces at reg-

ular intervals whereas, discrete jumps in the θd (or θ∗d) within the same intervals

can be observed clearly in Figure 4.6(a), identified as the characteristic feature of

stick-slip motion in literature [252, 265]. The overall dynamics of the TPCL can

further be demarcated in two distinct zones as follows: initially, the contact angle

decreases gradually, whereas the radius remains pinned at its equilibrium value, req,

while experiencing the vertical magnetic pull. During this initial pinning phase of

short duration of nearly 50 s (tp = 0.08ts), θd decreases approximately by (∆θd)

30◦ [calculated from Figure 4.6(b)] attaining the receding contact angle, θR, while
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the radius remains pinned at 0.74 mm as derived from Figure 4.6(c). This primary

pinning phase is analogous to the constant contact radius (CCR) evaporation mode

observed during droplet evaporation on soft substrates [253, 254]. Further, this ini-

tial sticking phase is followed by a slip-phase with a sudden decrease in rc (∆rc =

0.022 mm), whereas θd (or θ∗d) initially stagnates and increases slightly afterwards

approximately by 6◦ (∆θd). The contact angle tries to recover the initial equilib-

rium configuration (θeq) with this jump, however, reaches a new equilibrium state

instead. Shanahan and Sefiane [266] earmarked that this new equilibrium arises as

the surface has previously been in contact with the liquid drop during the stick phase

and may have retained some molecules of the liquid either by physical retention or

adsorption, thereby altering the wettability of the surface. Notably, during the suc-

cessive stick-slip cycles, the CL tries to recover this new equilibrium contact angle

during each jump, thereby further strengthening the claim of Shanahan and Sefiane

[266]. Also, after each jump, θd approximately decreases to the receding angle, θR.

However, for the initial cycles, 0.08ts ≤ t ≤ 0.50ts (or 58 s ≤ t ≤405 s), the jump

in θd (∆θd ≈ 7◦ -10◦) is comparatively smaller than the rest of the cycle, t > 0.50ts

(∆θd ≈ 14◦ -17◦). These characteristic stick-slip cycles, periodic with a time period,

τ ≈ 100 s, are distinctly present during the magnetowetting cycle, except for the

last few cycles.

A few distinguishing features of the stick-slip cycles on apparently stiff surface

are as follows: the slip distance in all the cycles is approximately same, i.e., ∆rc =

0.018-0.022 mm [except for the 4th slip in Figure 4.6]. Secondly, the slip events oc-

cur coherently throughout the cycle of magnetowetting. The same becomes evident

after comparing the instants of occurrence of jump in the main plot of Figure 4.6(b),

showing the time evolution of left contact angle, θLd and the plot in inset showing the

evolution of right contact angle, θRd [refer to Figure 4.6(d) for measuring positions].

The observations corroborate the fact that the contact line remains pinned across its

entire perimeter (i.e., no local pinning) and recedes smoothly during the complete

deformation cycle. Further, these stick-slip dynamics of the CL, delineated with all

the transition zones [pinning→ stick-slip (small ∆θd)→ stick-slip (large ∆θd)] have

successfully been reproduced during all the experimental realizations with identi-

cal experimental conditions. Also, approximately same slip distance (0.018-0.024

mm) is observed for different experimental realizations, which comprehends the ro-

bustness of the experimental arrangements and ensuing magnetowetting dynamics.

Notably, the stick-slip events of the CL on a PDMS coated (apparently) stiff surface
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Figure 4.7: Variation of contact angle (θd or θ∗d) and contact radius (rc or r∗c ) of a
FF droplet as a function of time for soft solids in presence of magnetic field. Plots
(a and b) and (c and d) correspond to two soft substrates of elastic moduli, E =
0.06 MPa, and E = 0.02 MPa, respectively. The other experimental conditions are,
φ0 = 3 µL, Bom = 131, B = 450 mT.

are analogous to the events of receding contact line on rigid textured surfaces or

chemically heterogeneous surfaces [267].

4.3.2.2 Pinning dynamics.

On the other hand, replacing the apparently rigid substrate with a soft one results

in a transition from the stick-slip motion to a nearly pinned motion of the CL as

depicted in Figure 4.7. Figures 4.7(a) and 4.7(b) show the temporal variations in θd

(or θ∗d) and rc (or r∗c ) during magnetowetting on a soft substrate with elastic moduli,

E = 0.06 MPa, whereas, Figures 4.7(c) and 4.7(d) show the dynamics of TPCL on

the softest substrate (E = 0.02 MPa). The rest of the experimental parameters

correspond to that of Figure 4.2 and relevant discussions. It can be discerned that

the propensity of stick-slip is greatly suppressed, while the extent of the primary

pinning phase increases remarkably with a decrease in the stiffness of the underlying
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substrate. Figures 4.7(a) and 4.7(b) show that for an soft surface with E = 0.06

MPa, the initial pinning phase has time period, tp ≈ 100 s (0.13ts), accompanied

by a sharp decrease (increase) in θd (∆θd ≈ 35◦). However, the dynamic contact

angle does not reduce to the receding contact angle, θR at the end of the primary

pinning regime, unlike the case of an apparently rigid substrate as mentioned in Sec-

tion 4.3.2.1. The relation between the θR and substrate stiffness shall be explored

separately in Section 4.3.2.3. Further, a subsequent increase in the contact angle,

(∆θd ≈ 3◦) as well as a step decrease in, rc (or r∗c ) by 0.025 mm also indicates a slip-

like behaviour. Interestingly, once the first slip is over (t > 0.13ts), the dynamics

enter in the secondary pinning regime, which extends over the rest of the evolution

period of drop deformation up to droplet splitting. Although, another slip event is

observed in between two prolonged pinning phases in this second regime [refer to

Figures 4.7(a) and 4.7(b)], however, this is not evident in a few other experiments

with identical conditions. The aforementioned characteristics mark the transition

from stick-slip dynamics to a new pinning mechanism of the CL engendered by the

reduced stiffness of the substrate.

A further reduction in the stiffness of the underlying soft substrate to E = 0.02

MPa, significantly enhances the time period of primary pinning, which may even

extend up to half of the total droplet deformation cycle (tp = 410s ≈ 0.5ts) as seen

in Figures 4.7(c) and 4.7(d). This prolonged pinning of the CL is also accompa-

nied by a greater reduction of the associated contact angle, θd = 60◦ (∆θd ≈ 45◦).

Subsequently, an instantaneous jump in the contact angle (∆θd ≈ 15◦) and a slip

in radius (∆rc ≈ 0.030 mm) is seen, thereby indicating a slip-like behavior of the

CL, succeeded by a secondary pinning phase extending up to the splitting of the FF

droplet. Notably, the larger jump in θd confirms the presence of a larger pinning

force or obstacle hindering the motion of the CL. In a few different experimental real-

izations (not reported herein), the CL is found to be in the pinned state throughout

the deformation cycle, whereas a more gradual decrease in θd is observed. Interest-

ingly, the intermediate slip events in the less elastic substrates are accompanied by

a larger slip distance (∆rc ≈ 0.030-0.035 mm). Further, the decrease in the contact

radius, rc, is found to be only 4% of the initial equilibrium radius (req), as also seen

in Figure 4.4(b). When compared with a completely rigid surface like glass, where

the rc reduces nearly by 70% within the time period of splitting [refer to Figure

4.8(a)], the aforementioned observations bear the characteristics of strong pinning

of the CL on the soft substrates. Interestingly, this greater reduction in the rc during
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Figure 4.8: Temporal evolution of the (a) apparent contact angle and contact radius,
(b) aspect ratio, during magnetowetting on a rigid glass substrate.

magnetowetting on a completely rigid glass surface is analogous to an apparently

rigid PDMS surface (E = 1.5 MPa). However, the trajectory of the dynamic contact

angle, θd, depicts a different temporal evolution on glass with a point of minima,

as shown in Figure 4.8(a), unlike polymeric PDMS surfaces. It can be anticipated

that the higher surface energy, leading to higher wettability of the glass surface,

is responsible for the presence of a minimum point during magnetowetting on the

former. The variation of the aspect ratio, AR, follows a similar trend to that of

polymeric surfaces as apparent from Figure 4.8(b). The magnetowetting of a FF

droplet on a rigid glass surface is shown for comparison with soft surfaces and shall

not be discussed further. The stronger pinning of the CL on soft substrates shall be

argued in the next section.

4.3.2.3 Multiscale aspects of contact line transition.

The foregoing discussion regarding the changing dynamics of the CL with the stiff-

ness of the underlying substrate, thereby affecting the ensuing magnetowetting re-

sponse of a FF droplet, can be assessed in the purview of elastocapillary medi-

ated wetting dynamics of droplets on soft substrates. In general, soft surfaces

promote the growth of wetting ridge in comparison to apparently rigid surfaces

[21, 244–249]. As a result, the extent of elastocapillary deformation on the former

(O[γlg sin θeq/E] ∼ 10−6 m) is much higher than the latter (O[γlg sin θeq/E] ∼ 10−9

m). Apart from favouring the growth of large size wetting ridge, soft surfaces further

accommodate cusp bending, thereby facilitating enhanced pinning in many physical
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(a)

(b)

Figure 4.9: Schematic representations of (a) stick-slip and (b) stick-break mecha-
nisms during elastocapillary mediated magnetowetting events [252].

scenarios [252].

The aforementioned critical aspects suggest that the repeated stick-slip cy-

cles observed in Figure 4.6 is an artifact of weak pinning of the CL to the wetting

ridge [252] on apparently rigid surfaces. Park et al. [252] demonstrated through

direct visualization that the weak pinning of the CL is a consequence of moderate

growth of the wetting ridge, thereby promoting early depinning. The CL slips from

its non-equilibrated position and subsequently forms a new wetting ridge within a

pinning-depinning cycle as depicted schematically in Figure 4.9(a). The ease of pin-

ning and depinning of the CL from the wetting ridge further facilitates many such

stick-slip cycles as seen in Figure 4.6. In contrast, the prolonged pinning dynamics

on soft surfaces, as seen in Figure 4.7, is a manifestation of strong pinning of the

CL to the wetting ridge [252]. The depinning event in such situations is generally

accompanied by a large jump in the contact angle. Such large jumps are commonly

present in all the experimental realizations of magnetowetting on substrates with E

= 0.02 MPa. Subsequent to the depinning, as the CL initiates the formation of a new

wetting ridge, the secondary pinning begins, a phenomenon known as stick-breaking

[252]. The prolonged pinning regimes, along with the larger reduction in the θd, are

further boosted by the enhanced cusp bending in the case of large wetting ridges
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on soft surfaces as reported previously [252, 268]. A schematic representation of the

same is shown in Figure 4.9(b).

In a different perspective, the depinning events are always associated with an in-
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Figure 4.10: Average values of first potential energy barrier, U1, derived using Eq.
4.4 for PDMS coated glass substrates with different elastic moduli, E.

trinsic energy barrier (U) determined by the extent of pinning of the CL, as explored

in the context of numerous spreading [256, 265, 269] or receding events [253, 254]

on soft substrates. During the magnetowetting, the droplet elongates in response to

the non-uniform magnetic field, which in turn is compensated by a decrease in the

contact angle, thereby minimizing Gibbs free energy (G) [243]. However, on elas-

tomeric substrates where the CL is pinned to a wetting ridge, the decreasing contact

angle further modifies the liquid angle, θl [refer to Figures 4.1 and 4.9], thereby dis-

turbing the capillary equilibrium. This lack in capillary equilibrium is the source of

excess free energy, δG (expressed as per unit length of the TPCL). Shanahan [270]

proposed that for a spherical cap-shaped droplet evaporating in stick-slip mode, as

soon as δG overcomes the potential energy barrier, U (expressed as per unit length

of TPCL), the triple line jumps to a new equilibrium position. Later, the same

theory has been validated by Shanahan and his co-workers for nanosuspension drop

evaporation [271], and evaporation of droplets strongly pinned to substrates [272].

As derived by Shanahan [270], the excess Gibbs free energy per unit length of the
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TPCL can be written as:

δG =
γlgr(δθ)

2

2(2 + cos θeq)
(4.3)

where, r is the radius of the droplet just prior to the jump, θeq is the equilibrium

contact angle, and δθ is the jump angle during the slip phase. Equation 4.3 can

be used for obtaining the maximum free energy (δGmax) required to overcome the

energy barrier (U) associated with each stick-slip cycle. To have a more reliable

account of (δGmax), recently Oksuz and Erbil [273] modified Eq. 4.3 in terms of

known contact angles, i.e. δθ = θeq − θmin−1, which calculates the first potential

energy barrier, U1 as shown below:

U1 = δGmax =
γlgr0(θeq − θmin−1)2

2(2 + cos θeq)
(4.4)

where, r0(= req) is the equilibrium contact radius, and θmin−1 is the dynamic con-

tact angle at the end of primary pinning phase. By considering the droplet to be

nearly spherical, the value for the first potential energy barrier, U1 (expressed as per

unit length of TPCL), can be roughly estimated for all the three surfaces from the

available experimental data corresponding to Figures 4.6 and 4.7. For the surfaces

with elastic moduli, E = 1.5, 0.06 and 0.02 MPa, the value of U1 comes out to be

39.6 × 10−7, 45 × 10−7, and 100 × 10−7 J/m, respectively. Again, for all the repeti-

tions in each experimental condition, the average value of the first potential energy

barrier is found as, U1,1.5 = 34(±8)× 10−7 J/m, U1,0.06 = 60(±15)× 10−7 J/m, and

U1,0.02 = 125(±25) × 10−7 J/m, where the corresponding surfaces are indicated by

the 2nd subscript in U1,E. The aforementioned values, shown graphically in Figure

4.10, comprehend that the CL requires higher energy to overcome the first pinning

regime on soft surfaces, thereby indicating a stronger pinning on the same. It further

strengthens our claim regarding the prolonged primary pinning phase observed in

the softest substrate [refer to Figure 4.7 and corresponding discussion].

Furthermore, the evolution of the first potential energy barrier (U1) with the

substrate stiffness is also inherently associated with the receding contact angle, θR.

As depicted in Figures 4.6 and 4.7, the different receding contact angles lead to

different transition times from the initial pinning phase to the subsequent phases.

On the apparently rigid substrate (PDMS 10:1) θR ≈ 63◦ (circle) as shown in Figure

4.11(a) and once the dynamic contact angle, θd attains θR, the dynamics enter in

the stick-slip regime preceded by a depinning from the wetting ridge. In contrast,
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Figure 4.11: (a) Variation of receding contact angle (circle), dynamic contact angle
at the end of primary pinning phase (diamond) as well as just prior to splitting
(filled triangle) with the substrate stiffness (E). (b) Droplet splitting time, ts,
corresponding to different elastic moduli (E) of the underlying substrate.

for the softest substrate (E = 0.02 MPa), the θR (≈ 35◦) is found to be the smallest

from the contact angle measurements done in the absence of a magnetic field. How-

ever, unlike the dynamics on apparently rigid surfaces, the θd does not reduce to

θR at the end of the primary pinning phase for the soft substrates. This statement

is comprehended by the substantial difference between the θR (circle) and the θd at

the end of the primary pinning phase (diamond) for the soft substrates as shown

in Figure 4.11(a). This difference can be attributed to the early depinning of the

CL from the wetting ridge. Karpitscha et al. [268] reported that there is a critical

bend angle, ϕ (= θeq − θd) associated with the formation of wetting ridge, where

the former is inversely proportional to the substrate elasticity [268]. Once the θd

reaches the saturation angle of wetting ridge, ϕcrit, triggered by the magnetic pull,

any further forcing enables the dynamical depinning of CL. However, as the CL

starts forming a wetting ridge in the new equilibrium position, a gradual decrease

of the θd is observed from its new equilibrium value. Interestingly, for the soft sub-

strates, θd attains (filled triangles) the value of θR as the dynamics progress towards

splitting [refer to Figure 4.11(a)]. The outcomes signify that the θR plays a major

role in the dynamics of the splitting of the FF droplet. The θd reduces to the θR

through multiple depinning events in soft substrates, thereby increasing the time

period of droplet splitting as seen in Figure 4.11(b). In contrast, for rigid surfaces,
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the θd reaches the θR in a very early stage resulting in the smallest splitting time,

ts as shown in Figure 4.11(b).

Figure 4.12: The temporal evolution of the interface of a FF droplet prior to splitting
in the presence of a magnetic field. Images (a)-(f) in row (i), (ii) and (iii) show the
necking dynamics associated with different substrate having elastic moduli, E =
1.5, 0.06, and 0.02 MPa, respectively. The other experimental conditions are, φ0 =
3 µL, B = 450 mT, and Bom = 131. The beginning of time, t = 0, is considered
the instant of droplet splitting, whereas the frames before that have been shown as
negative in the time scale for convenience. The images are captured at a frame rate
of 2000 fps.

4.3.3 Effect of substrate elasticity on droplet splitting dy-

namics.

As discussed previously, the continuous elongation of a FF droplet in a non-uniform

magnetic field further leads to the splitting of the parent droplet. In this section,

the effect of the substrate stiffness on the dynamics of the splitting of a FF droplet

is explored. The corresponding events in the vicinity of splitting are recorded with a

high-speed visualization system, as mentioned in Section 4.2.2.3. Figure 4.12 shows
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the temporal evolution of the interface of a FF droplet on three different surfaces

with elastic moduli, E = 1.5, 0.06, and 0.02 MPa in row (i), (ii), and (iii), respec-

tively. The other experimental parameters correspond to Figure 4.3. The instant of

splitting is considered t = 0 ms, whereas the instants prior to it have been shown

on a negative scale for the reader’s convenience. The image sequence in Figure 4.12

clearly shows that, as the dynamics approach splitting, the initially elongated spike

develops necking [see columns (d) and (e)], which connects the parent droplet to

the to be formed daughter droplet. Any further shrinkage of the neck subsequently

splits the parent droplet to a daughter droplet, a satellite droplet, and a residual

volume of FF as depicted in the final column of Figure 4.12. The break-up of the

neck in this study is analogous to the end-pinching dynamics observed during drop

impact phenomena [38]. As evident from Figure 4.12, the dynamic contact angle

remains constant at, θd = 68.2◦ ± 4.5◦, 53.13◦ ± 3.8◦, and 45.1◦ ± 2.5◦ on substrates

with elastic moduli, E = 1.5,0.06, and 0.02 MPa respectively when the dynamics

approach splitting during magnetowetting. Figure 4.12 also hints about the possi-

ble size variation of the daughter droplet with decreasing stiffness of the underlying

substrate, which shall be discussed in the next paragraph.

In order to elicit and quantify the effect of substrate softness on the splitting

0 . 0

0 . 2

0 . 4

0 . 0

0 . 2

0 . 4
� d

 /� p

0 . 0 6

 � d  / � r
 � d  / � p

� d
 /� r
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Figure 4.13: Variation of splitting ratio, S.R [= volume of daughter droplet (φd)/
volume of residual droplet (φr)] with the substrate elasticity (E). The plot also
shows the variation of the ratio of the daughter droplet volume to the volume of
parent droplet (φr) along the right-hand side axis.
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dynamics, the variations in the ratio of the volume of the daughter droplet (φd) to

that of the residual droplet, φr, i.e., splitting ratio, S.R (= φd/φr) with the sub-

strate elasticity are analyzed, and the results are presented in Figure 4.13. It can

be discerned that the splitting ratio, S.R, decreases with an increase in the sub-

strate’s stiffness, considering the other experimental parameters are the same. The

effect of the stiffness on the ratio of the volume of the daughter droplet (φd) to

that of the parent droplet (initial volume), φp is also analyzed and shown in Figure

4.13. The results indicate that for a fixed initial volume (φ0 or φp), the size of the

produced daughter droplet increases with an increase in the underlying substrate’s

softness during magnetowetting of FF droplets provided the magnetic field is iden-

tical in each case. Again, it has been observed that for a fixed initial volume and

identical magnetic field, the magnetic interaction is predominant on an apparently

rigid substrate as compared to that for a softer substrate. On the other hand, the

prolonged pinning of the CL in the soft substrates promotes greater deformation of

the interface resulting in a larger curvature near the neck region as apparent from

Figure 4.12. As such, the surface tension generates a greater resistance to pinch-off

or splitting in soft substrates. Possibly, the competition between the two aforemen-

tioned dominating factors results in a larger drop size with decreasing stiffness of

the substrate for a fixed volume of the parent droplet. Notably, the volume of the

satellite droplet is much lesser in comparison to the volume of the parent or daughter

droplet, and hence the mass loss arising out of it during the magnetowetting cycles

can be neglected easily. Furthermore, the secondary droplet volume corresponding

to the φd and φr is measured using the in-house image processing method discussed

in Chapter 2. It is to note that, in measuring the φr, the present image processing

method is preferred to the conventional spherical cap approximation of sessile liq-

uid droplets, thereby nullifying the possible occurrence of any errors arising out of

deviation in the droplet shape.

Notably, in this study of magnetowetting, the effect of evaporation on the mag-

netowetting dynamics of the FF droplet is not considered, as the time scale of

evaporation is much higher than the time-scale of deformation and splitting. Some

additional comments regarding evaporation of FF droplet has been provided in Sec-

tion C.2 of Appendix C. Furthermore, all the PDMS coated surfaces used in this

study have approximately similar surface energy values [see discussion in Section

C.3 of Appendix C], thereby indicating that the observed dynamics are engendered

by the surface elasticity and magnetic field interactions.
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4.4 Summary

The magnetowetting behaviour of sessile ferrofluid droplets on elastomeric surfaces

with different stiffness is investigated in this chapter. The non-uniform magnetic

field engenders deformation and splitting of the ferrofluid droplet, which is greatly

influenced by the substrate’s softness. It is found that the decrease in the dynamic

contact angle is maximum on the softest substrate, while the contact line remains

pinned. Again, for an apparently rigid substrate, the contact radius decreases almost

linearly, whereas the decrease in the contact angle appears to be lower than that of

soft substrates. The contact line experiences transition from stick-slip on rigid sur-

faces to pinned motion on soft surfaces, favoured by the presence of a large wetting

ridge and smaller receding contact angle on the latter. Again, the splitting time

and splitting ratio (the ratio of the daughter droplet volume to that of the residual

droplet) increases with an increase in the softness of the underlying substrate. In

the long run, the study unfurls a few interesting aspects of static magnetowetting

behaviour of sessile FF droplets mediated by the substrate stiffness, which is ex-

pected to foster the research in the burgeoning field of solid capillarity and also to

identify the most important new avenues for future investigations.
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Chapter 5

Electric-discharge-mediated

jetting, crowning, bursting, and

atomization of a droplet

“It is, indeed an incredible fact that what the human mind, at its

deepest and most profound, perceives as beautiful finds its realization in

external nature....What is intelligible is also beautiful.”

- Subrahmanyan Chandrasekhar, 1979

5.1 Introduction

Electric field discharge during lightning [274] or generation of the electric arc at

the contact of a charged insulator with a conductor [275] has been among the very

intriguing natural phenomena that fascinated researchers for ages. Over the years,

a great deal of attention has been given to comprehend such phenomena because

they can be useful in various applications such as triboelectric energy harvesting

[276], mixing [277, 278], gas-discharge lamps, or ionizing tubes [279], among others.

The contents in this chapter have been published as Sarma, B., Kumar, S., Dalal, A., Basu,
D. N., and Bandyopadhyay, D. (2021) “Electric-Discharge-Mediated Jetting, Crowning, Bursting,
and Atomization of a Droplet”, Physical Review Applied, vol. 15, p.-014005.
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Interestingly, confining an electric discharge inside a microfluidic system may con-

vert the electrical energy into the mechanical one to emerge a number of fascinating

fluid dynamical phenomena such as splashing, crowning, jetting, or bursting. In

similar lines, of late, extensive research activities have been observed in exploring

the physics associated with the deformation and disintegration of droplets with the

help of various external fields such as the electric, magnetic, or laser excitations

[5, 280, 281].

The studies on the splashing, crowning, jetting, or bursting of fluids have started

long back [32, 38, 282]. For example, the pioneering contributions from Worthington

[29] have uncovered the possible flow morphologies assumed by an impacting liquid

droplet on a solid surface. Later, the jetting or splashing during the impact of a

liquid or solid object on a fluid medium is found to accompany the formation of a

crown or umbrella flow morphologies [38, 53, 61]. Subsequently, in recent years, with

the development of characterization facilities [54], the physics associated with the

formation of a jet, crown [9, 38, 283], or fragmentation of a droplet [284] have been

extensively explored. Importantly, in the present era of microscale devices, the frag-

mentation of the droplets, jets, or crowns into the miniaturized forms have shown

their relevance in enhancing mass, momentum, and heat transport [141, 285]. Such

explorations have contributed significantly in the developments of cutting-edge ap-

plications such as superhydrophobic surfaces [286], droplet microfluidics [82], spray

painting, atomization of propellants [287], nebulizers, sprinklers [288], distributors

[289], and inkjet printing [19].

However, the field-induced splashing, crowning, jetting, or bursting are found

to be very different from the similar phenomena observed during the impact of an

object on a liquid surface. In this direction, recently, such phenomena have been

explored under the influence of various external triggers such as electric field [136],

photonic excitations [5], thermal gradient [290], or shock waves [139]. For exam-

ple, the expansion and collapse of a vapour bubble produced by an electric spark

in an electrolyte solution are found to generate a pulsed liquid micro-jet of 30 µm

diameter having a peak velocity of 90 m/s, aiming its use as an intravascular injec-

tion during microsurgeries [132]. Similarly, the cavitation bubbles generated during

electric discharge inside a macroscopic droplet in a microgravity environment have

been found to induce jetting and splash [136]. Again, Karri et al. [291] showed

that an oscillating and collapsing cavitation bubble positioned near a liquid sur-

face and co-axially to a cylindrical hole engenders jetting and sprays via breakup of
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the jets. The advancement in the imaging techniques has enabled a more effective

characterization of these events of drop-shaping or drop breakup to the jet, crown,

and atomized droplets using laser pulse or x-ray pulse [60, 145, 146]. Importantly,

the miniaturization of the droplets during laser-induced breakdown spectroscopy

(LIBS) [10], lithography [148], or laser ablation [129] is among the already existing

commercial processes.

Fundamentally, the origin of diverse flow morphologies during the drop impact,

splashing, or breakup can be attributed to various factors, which include the sur-

face and bulk properties of the impacting object [283, 292], velocity, and angle of

attack of the impacting object [293], and the texture and roughness of the surface

on which the impact takes place [294]. Despite their diversified origin, the crowns

or jets are ejected during the impact of a solid or liquid object in a bulk fluid due to

a substantial axial pressure gradient created at the crown- or jet-base [48, 50, 60].

For example, the transfer of the inertial force of the impacting droplet in the liquid

medium is the primary reason for forming axial columnar jets on a deformable liquid-

air interface [37, 38]. The progress in the domains of stability analysis [295, 296] and

computational fluid dynamics [293, 297] in the past few decades have also helped in

unfurling several critical aspects of flow dynamics associated with crown formation,

crown-sealing, buckling, ejecta-sheet formation, or pinch-off.

In view of this background, it is proposed that the confinement of electric-

discharge inside a sessile droplet can be one of the very simple but interesting ways

for splashing, crowning, jetting, or fragmentation of the same. The experiments are

performed in a set-up resembling the electrowetting-on-dielectric (EWOD) [6, 298]

in which a droplet has been placed on an electrode-isolator pair while a pointed

electrode is inserted into the drop from the top to confine the discharge inside the

droplet, as schematically shown in Figure 5.1(a). A series of experiments have been

performed to identify the pathways to control the electric field discharge location

by tuning the electrode distance, the magnitude of the externally applied electric

field, viscosity, electrical conductivity, and surface tension of the droplet. Both the

experiments and simulations uncover that the location of the pointed anode in the

droplet, alongside the separation distance of electrode from the base of the droplet,

can be some crucial factors in varying the location of discharge, which eventually

leads to the metastable liquid jets, crowns, microthreads or microdroplets. The roles

of the electric field, inertial, viscous, and surface tension forces in predicting the ex-

perimentally measured time scales along with the energy conversion efficiencies of
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Figure 5.1: Schematic diagram of the experimental set-up. Image (a) shows an
isometric view where a droplet is dispensed upon a thin PDMS film coated on an
ITO-glass substrate. A pointed Pt wire connected from the top of the droplet
acts as the anode. The different layers of the isolator-cathode-isolator substrate
composed of PDMS-ITO-glass are shown as an inset in the image (b). (c) Shows
the photographic side view of an experiment from which the position of the droplet
and Pt anode can be visualized. The notation he indicates the distance between
the droplet base and anode. A high-speed camera has followed the spatiotemporal
evolution of the concerned hydrodynamic features, and a light source provides the
illumination positioned opposite the camera.

the different processes have also been reported. The proposed methodology can

be employed as an alternative technique to disintegrate the macroscopic droplets

into the microscopic ones for improved heat, momentum, and mass transport in

various microfluidic applications including, but not limited to, inkjet printing [19],

electrospraying [219], tissue ablation [299], or electroporation [300] etc.

5.2 Experimental method and materials

5.2.1 Experimental procedure

The experimental procedure is schematically shown in Figure 5.1(a). In this set-

up, with the help of a micropipette, a 5 µL droplet is placed on a PDMS (poly-
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dimethylsiloxane, Dow Corning, India, SYLGARD® 184 kit) coated ITO-glass sur-

face (Indium-tin oxide, MG Super Lab, dimension: 12.5 mm × 12.5 mm × 1.1 mm).

The PDMS layer acts as the dielectric isolator between the ITO cathode and con-

ducting droplet, while the glass layer acts as a bottom isolator, as shown in Figure

5.1(b). The droplet is connected to the electric field with the help of a platinum

(Pt) wire anode (dia. 150 µm, Surgeon Sons, India) from the top, as shown in

Figures 5.1(a) and reffig:1(c). The electrodes are connected to a DC power source

(SES Instruments Pvt. Ltd., range: 0 - 1500 V) to generate the electric field (Ψ)

across the electrodes placed at a distance he apart. Here, a high voltage is directly

supplied to the electrodes instead of slowly ramping of voltage. Notably, along with

the applied potential (ψ), the anode’s location is another critical parameter affecting

the strength of the discharge and the ensuing hydrodynamics. The gap between the

anode and dielectric is maintained with a vertically moving platform, thereby gen-

erating an electric field of desired intensity. Besides, to maintain symmetry, special

care has been taken to place the electrode near the central portion of the droplet

with respect to the horizontal XY-plane, as shown in Figure 5.1(a). The repeata-

bility of the results under varied conditions has confirmed the robustness of the

proposed experimental set-up. It may be noted here that the Pt-anode is cleaned

after each experiment to enhance the repeatability of the results. Further, to control

the variations in the initial volume (φ0) of the dispensed droplets, the microtips at-

tached to the micropipette are replaced after dispensing every drop. The dynamics

of atomization are captured with a high-speed camera for subsequent analysis, as

discussed in Section 5.2.4. Unless stated otherwise, the electric discharge is gener-

ated across a 5 µL droplet of electrical conductivity 13.18 mS/cm with the help of

a 500 V electric field potential applied through the electrodes.

Table 5.1: Properties of DI water and PDMS [301].

Liquid DI-water PDMS
Density (ρ, kg/m3) 997.05 970
Viscosity (η, mPa s) 0.890 3500
Conductivity (σs, mS/cm) 5.6×10−5 2.5×10−13

Surface tension (γ, mN/m) 72.1 21
Dielectric Constant (ε) 80.0 2.65
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5.2.2 Dielectric substrate preparation

The PDMS film is spin-coated on the ITO-glass to prepare the isolator-cathode-

isolator (PDMS-ITO-glass) base substrate, as shown in Figure 5.1(b). For this

purpose, initially, the ITO-coated glass slides are cleaned following the standard

procedure [refer to Section A.1 of Appendix A]. Simultaneously, the pre-polymer

is prepared by mixing the PDMS (properties in Table 5.1) and the curing agent

in the weight ratio of 10:1 before degassing the mixture. The resulting solution is

then mixed with hexane (analytical grade, Sigma-Aldrich) in the ratio of 110:10:1.

Following this, the solution is spin-casted with a spin coater (SPINNXG - P1, Apex

India Pvt. Ltd.) on the ITO coated glass substrate. After that, the films are cured

overnight at 100◦C in the vacuum oven (Spac-N-Service Pvt. Ltd., India). Spin

coating at 2500 rpm with an acceleration of 5 m/s2 and duration of 120 s resulted

in a thin polymer film of thickness, h ∼ 1 (± 0.1) µm, on the ITO glass [302].

The thickness of the films and the surface roughness are measured with the help

of a surface profilometer (Dektak 150 surface profiler, Veeco Instruments Inc.) and

atomic force microscopy (Bruker, Innova), respectively. The transparent dielectric

films thus prepared has a surface roughness in the nanometer range (∼ 2 ± 0.5 nm).

The hydrophobic nature of the surfaces is confirmed by measuring the equilibrium

contact angle, θeq [see Table D.1 of Appendix D] of DI-water droplets in a goniometer

(Apex India). The dielectric substrates are preserved in the vacuum desiccators if

not used immediately in experiments.

5.2.3 Droplet preparation

Different types of fluids are used to prepare the droplets for the experiments, as

listed in Table 5.2. The base fluid is chosen to be the de-ionized (DI) water (Merck

Millipore, grade I, resistivity 18.2 MΩ cm (at 25◦C) and the physical properties of

the same is shown in Table 5.1. The viscosity of the droplet is tuned by mixing

glycerol (Merck, 98% pure), while the electrical conductivity of the droplet is varied

by mixing KCl (Sisco Research Laboratories Pvt. Ltd., Mumbai) into the solutions.

In order to prepare droplets of the glycerol-water mixture with a known electrical

conductivity, salt solutions of glycerol and water are prepared separately beforehand

and then mixed at different volumetric ratios, as per the requirement of the experi-

ments. The concentrations of the salt solutions (Cs) for different samples are listed
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in Table 5.2. The solutions are categorized as low (η ≤ 1 mPa s), moderate (1 mPa

s < η ≤ 10 mPa s), and high viscosity (η > 10 mPa s), depending upon the volu-

metric ratio of glycerol and DI water present in the droplet. Table 5.2 enlists the

values of viscosity, surface tension, density, and conductivity of the solutions used

in the experiments. These are measured by using rheometer (PHYSICA MCR 101;

Aanton Paar), tensiometer (DY-300; Kyowa), density meter (Aanton Paar; DMA

4500), and conductivity meter (Orion 3-star conductivity benchtop model, Thermo

Scientific), respectively. The conductivity meter has been calibrated against the

standard solution of 0.1 M KCl each time before the measurements are made.

5.2.4 Imaging and experimental analysis

The dynamics of fast-paced atomization events are reordered using the high-speed

videography technique, which is deemed more reliable than conventional flash pho-

tography methods. The dynamics of the droplet during and after the electric dis-

charge are captured with a high-speed video camera (Photron, FASTCAM Mini

UX100) fitted with a zoom lens (Navitar Macro zoom, 18-108 mm F/2.5) with a

recording speed ranging from 4000 to 10000 frames per second (fps). The short-

est shutter speed employed is 80 µs while the phenomenon is captured at 10000

fps. The frame speed and resolution are optimized based on the inherent time and

length scales of each phenomenon reported. A high-intensity LED light (Phlox,

130000 lux) continuously illuminates the background, which enhanced the quality

of the captured videos by boosting the contrast. Images are analysed with the help

of open-source software ImageJ [164]. The other details of imaging and subsequent

analysis can be read in Chapter 2.

5.3 Results and discussion

The experimental set-up described previously in Section 5.2.1 [refer Figure 5.1(a)]

ensures the formation of a charging multilayer capacitor when a DC electric field is

generated across the droplet with the help of the Pt anode and ITO cathode. The

magnitude of the capacitance due to the presence of the approximately 1 µm PDMS

film is determined to be about, C = ε0εpA/h = 5.28 nF, where ε0, εp, and A denote

the permittivity of free space, dielectric constant, and area of the PDMS film, re-
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spectively. In such a scenario, when the electric field intensity is increased beyond

a threshold value (Ψ ≥ Ψcric), the dielectric barrier of the PDMS film breaks down,

leading to an electric field discharge through the droplet. This critical electric field,

Ψcric, for this discharge, is found out after performing a series of experiments, as

discussed separately in Section 5.3.7.1. The electric discharge is facilitated by the

sub-millimetric gap between the electrodes (he ≤ 1 mm), while the electric potential

(ψ) has been varied between 400 - 1200 V. Interestingly, the dielectric breakdown is

analogous to the flash produced in the high voltage electricity supply wires in the

presence of water droplets (pollutants) due to the degradation of the electrical insu-

lation [305, 306]. The phenomenon is also comparable to the useful dielectric barrier

discharges (DBDs), routinely used in the ozone generation, incoherent excimer ul-

traviolet sources, greenhouse gas recycling, and synthetic jet actuation [307, 308].

Importantly, the experimental parameters and thermophysical properties, which

are of paramount importance for the present experiments, are electric field potential

(ψ), initial radius (rd), surface tension (γ), density (ρ), and dynamic viscosity (η) of

the droplet. These parameters can further be clubbed together to form the following

set of non-dimensional numbers: Capillary number, Ca =
ηV

γ
, Ohnesorge number,

Oh =
η√
ργL

, and Electric field Bond number, BoE =
ε0εprdΨ

2

γ
. The Ca signifies

the relative strength of the viscous over surface tension force, Oh signifies the rela-

tive strength of the viscous force over the combined influence of inertial and surface

tension forces, and BoE signifies the dominance of the electric field force over the

surface tension force. In this study, the radius of the droplet, rd, is considered as the

characteristic length scale, L, whereas the maximum velocity of the corresponding

hydrodynamic feature (namely, crown, jet, or bursting) has been considered as the

characteristic velocity, V . The maximum velocity has been estimated by considering

the first few frames (roughly four) of the evolution of the respective hydrodynamic

features just after their emergence. Here, in all the experimental realizations, t = 0

is assigned to the frame just prior to discharge, a convention followed throughout

the chapter. It is to note that the effect of the initial contact angle (or equilibrium

contact angle, θeq) of the droplet on the hydrodynamics observed has not been con-

sidered in this study. A separate discussion on the same given in Section D.1 of

Appendix D.

Further, in Section D.2 of Appendix D, an order of magnitude analysis of the

different forces for a sessile droplet deforming under the influence of the electric field
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is shown in detail. The study reveals that, during the electric-discharge, the magni-

tude of the gravitational force is significantly smaller than the capillary and electric

field forces under the proposed experimental conditions [309]. Thus, the dimension-

less numbers associated with the gravitational force have not been considered in the

present study. In what follows, the salient features of the post-discharge electrohy-

drodynamic behaviours with the variations in the electric field intensity alongside

the viscosity, surface tension, and the electrical conductivity of the droplet are dis-

cussed thoroughly.

5.3.1 Initial dynamics of discharge and generation of cavi-

tation bubbles

5.3.1.1 Dielectric barrier discharge

The electric field discharge due to the local breakdown of the dielectric film, beyond a

critical intensity (Ψ ≥ Ψcric), helps in confining a significant amount of energy inside

the droplet fluid. Such discharges are supplemented by the production of plasma

channels in the droplet with the occurrence of visible flashes, as shown in Figure

5.2(a). In a way, the intensity of flash can be treated as an indicator of discharge

strength. However, the exact location of discharge is not only difficult to trace, but

also the sequence of events after the discharge does not show up the same degree of

repeatability even when the experimental conditions remain similar. Interestingly,

a series of experiments and simulations uncover that the initial positioning of the

anode is one of the crucial factors in fixing the location of discharge. Post-discharge,

the plasma channels manifest within a brief time span (tdisc) before expanding either

to a critical size to form a local nucleus or bridge the gap between the electrodes.

Notably, the discharge and plasma formation have a timescale much lower than

the hydrodynamics of droplet actuation. Thus, during the experiments, multiple

discharge cycles are also a possibility within the droplet in contrary to the events of

spark discharges [136, 310]. An evaluation of the specific input energy for discharge,

Ed/m, can be compared with the specific energy of the ejected mass (Ek/m) to

calculate the mechanical energy conversion efficiency of the reported hydrodynamic

phenomena.
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Figure 5.2: (a)-(f) Schematics of the mode 1 and mode 2 of bubble formation after
discharge in the droplet. (a) also showing the experimental footage of the discharge
covering the droplet. (g)-(n) experimental snapshots of bubble formation inside a
DI-water droplet (solution 4, Table 5.2) in mode 1. The red arrow on the image (h)
marks the onset of bubble formation. (o)-(v) show the bubble formation inside a
droplet of glycerol (65%) and water (35%) mixture (solution 7, Table 5.2) in mode
2.
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5.3.1.2 Dynamics of bubble formation

Previous studies indicate that such dielectric breakdown by electric field discharge

favours the formation of single or multiple cavitation bubbles inside the droplet

[136, 311]. However, the origin of the cavitation bubbles in the discharge cycles host a

complex physics, as argued by several existing literature [311, 312]. In particular, the

thermal model is found to be most relevant to the present experimental observations

[136, 312], which suggests that the bubbles are generated by the localized heating of

the liquid volumes through the rapid flow of electrical current near the discharge hot-

spots. The intensely localized electric field of large power density at the tip of the

sharp anode, as well as the microscale asperities in the cathode, generate discharge

channels, which in turn facilitates local heating of liquid to nucleate several bubbles

of high thermal energy [312] and subsequently the multiple hot-spots. Consequently,

the thermally simulated bubbles trigger observed hydrodynamic phenomena. This

is in stark contrast to the situations that arise with the use of pulsed laser [5, 145] or

thermal excitation [313], or electric spark [136, 310], which facilitate the formation

of a single isolated bubble within a sessile or suspended droplet.

Notably, the experiments conducted for the present study show two distinct

modes of discharges and subsequent cavitation bubble formations, (i) from the tip

of the anode or (ii) from the physical or chemical heterogeneities of the cathode

as depicted schematically in Figures 5.2(a)-5.2(f). In the mode 1, the bubbles are

ejected as a cluster from the sharp tip of the anode and pushed towards the cathode

at a velocity of approximately 1 m/s. After hitting the cathode, the cavitation

bubbles randomly bounce back to the liquid-gas interface, often after coalescing, to

cause the reported hydrodynamic phenomena. The path in the schematic images,

a→ b→ c→ f , depicts this mechanism wherein the arrows mark the direction of the

movement of bubbles and their coalescence within the droplet. The corresponding

experimental visuals are shown in Figures 5.2(g)-5.2(n), where the electric discharge

is generated within a 5 µL conducting droplet (solution 4, Table 5.2) at an electric

field intensity, Ψ = 13.2 kV/cm. The red arrow on Figure 5.2(h) indicates the onset

of bubble ejection. In this mode, the discharge cycle is completed within, tdisc =

13 ms [up to Figure 5.2(m)]. Figure 5.2(n) shows a collection of coalesced bubbles

within the droplet after multiple discharge cycles in the case of droplets with high

electrical conductivity.

On the other hand, the mode 2 has been schematically depicted by the path
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t = 0 ms 0.3 ms 0.8 ms

0.9 ms 1.1 ms 1.3 ms

(a) (b) (c)

(d) (e) (f)

(g)0.5 mm

Figure 5.3: (a)-(f) Show growth dynamics of a cavitation bubble after discharge
inside a highly viscous drop of glycerol (80%)-water (20%) mixture (solution 9,
Table 5.2) post-discharge. The droplet volume is 5 µL, whereas the electric potential
applied is ψ = 500 V (Ψ = 16.98 kV/cm). Plot (g) shows the temporal variation of
the cavitation bubble radius (rb) oscillating inside a highly viscous liquid.

a → d → e → f , in Figure 5.2, wherein the bubbles are preferably generated

near the cathode before they undergo expansion and collapse. The experimental

snapshots in Figures 5.2(o)-5.2(v) show such bubble formation after discharge in

a 5 µL droplet of glycerol (65%) and water (35%) mixture (solution 7, Table 5.2)

when, Ψ = 13.51 kV/cm. The discharge hot-spots can be identified by the bright

flashes in Figure 5.2(p). The expansion and collapse of the cavitation bubbles can

be followed in Figures 5.2(p)-5.2(s). Prior art suggests that the case shown in Figure

5.2(s) can cause release of acoustic pressure waves (APW) or shock waves [136, 137,

313, 314], which reflect back and forth inside the liquid volume to stimulate the

phenomena exhibited. Previous studies also indicate that such confined movements

of the pressure waves result in the secondary cavitation, as seen in Figure 5.2(t)

[136, 313]. In a way, microbubbles or secondary cavitation bubbles are generated

via the multiple excitations of the pre-existing nuclei, e.g., dissolved gas and/or

impurities, in the liquid volume, as the APW redistribute their energy after reflecting

at boundaries [146, 315]. The multiple reflections of APWs further facilitate the

formation of a large cluster of these secondary bubbles within one discharge cycle

in the droplet [136, 315]. This is marked by the comparatively darker interior of the

droplet [comparing Figures 5.2(o) and 5.2(v)] after 3 discharge cycles at t = 89.5

ms.

The lifetime of the secondary cavitation bubbles (tsecosc) is higher than the lifetime

of primary ones (tpriosc). This can be found out by considering the Rayleigh collapse

time [316], tpricoll, of the latter, defined as the time required for a bubble at maximum
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radius, rmaxb , to shrink to its next minimum, rminb (= 0), in a liquid of density ρ

under the static pressure, Pstat. Thus, for a water vapor bubble, the collapse time

is as follows:

tpricoll = 0.915 rmaxb

√
ρ

Pstat − Pv
, (5.1)

where, Pv is the non-negligible water vapor pressure opposing the outer static pres-

sure, Pstat. Considering, Pstat = 100 kPa under atmospheric conditions and Pv =

3.2 kPa, water vapor pressure at 25 ◦C, the time-period for the collapse of a, rmaxb

= 1 mm, bubble is, tpricoll ∼ 0.11 ms, leading to tpriosc(= 2tpricoll) ∼ 0.22 ms, a value

closer to the experimentally observed values (≈ 1.0 ms) in Figures 5.2(p)-5.2(s).

However, the difference in the magnitude of both experimentally and theoretically

observed values of tpriosc arise from not considering the effect of viscosity and multiple

bubble interaction during the analysis of the concerned phenomena. In contrast,

the secondary cavitation bubbles are seen to have a lifetime, tsecosc ∼ O [102 ms], for

the highly viscous case shown in Figures 5.2(o)-5.2(v). It may be noted here that

rmaxb of the microbubbles are in the range of 0.1 mm to 1 mm, whereas the primary

cavitation bubbles can expand to a size equivalent to the droplet.

Further, for highly viscous droplets (solution 9, Table 5.2), the primary cavita-

tion bubble is not able to shrink to, rminb = 0, after one oscillation cycle [see Figures

5.3(a)-5.3(d)]. This can be linked with the lower discharge energy and enhanced vis-

cous dissipation within the droplet. However, the bubble radius reaches new maxima

in the next few cycles, as can be seen in Figure 5.3(g). Figure 5.3(g) clearly shows

a damping behaviour as the bubbles oscillate in the viscous surrounding. The rb(t)

is tracked only up to three discharge cycles beyond which the spatial resolution of

the experimental images makes it difficult to track. Interestingly, similar behaviour

has been reported recently for cavitation bubbles in an elastic matrix [317].

The discussions above also highlight the limits of the present experimental set-up

to provide a comprehensive picture of the underlying physical processes associated

with the discharge cycles and subsequent oscillatory behaviour of the cavitation bub-

bles [318]. This is because, the proposed experimental set-up is equipped to capture

the time scales of hydrodynamics features (thydro), which is much larger than the

discharge or oscillatory ones, tdisc < tpriosc � thydro. Thus, it has become possible to

elucidate several characteristic features of discharge-mediated jetting or crowning or

bursting dynamics, as discussed in the following sections.
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5.3.2 Overview of the fragmentation regimes

The EHD features reported here, namely, jetting, crowning, and bursting, have been

engendered by electrical discharge in the liquid droplet. In the “jettin” regime, a

series of smaller volumes of the liquid masses are ejected from the main droplet

matrix. On the other hand, “bursting” of the sessile droplet is an intense and

fast phenomenon, which completely disrupts the cohesive forces of the droplet to

eject the entire mass in the form of fine sprays of liquid droplets in a split-second.

The “crowning” can be considered as an intermittent regime with the formation

of metastable liquid sheets from the drop-matrix during ejection, followed by the

ejection of droplet masses before the collapse. Importantly, during the multiple

discharge cycles, there exists a possibility of witnessing a combination of the EHD

features when the other experimental conditions are kept similar. The experiments

reveal that the droplet volume, viscosity, electrical conductivity, and field intensity

are crucial factors to fine-tune the thermodynamics and kinetics of such jetting,

crowning, bursting, and mixed regimes. For example, one can manifest all the

regimes simply by tuning the intensity of the applied electric field while keeping

other parameters the same [detailed discussion in Section 5.3.7.1]. Further, the

kinetics of such phenomena can be tuned by changing the viscosity of the droplet.

In what follows, it is shown that even the location of the anode [expressed in terms

of the vertical distance between the electrodes, h∗e = he/rd] plays a crucial role in

deciding the type of EHD pattern that emerges.

For this purpose, in order to anticipate the post-discharge EHD scenario, some

simulated results are shown in Figures 5.4 and 5.5, on the distribution of electric

field at the instant of application, before discharge. The details of the geometry,

meshing, governing equations, boundary conditions, and solution procedure of the

simulations have been provided in Section D.3 of Appendix D. In particular, the

simulations uncover the distribution of the equipotential lines and field vectors at

different locations of electrode-droplet geometry. It is worth noting here that the

droplet’s conducting nature favours the formation of a capacitor-like configuration

with the dielectric layer sandwiched between the electrode pairs to concentrate the

EHD stress mostly across the former. The contours with vectors in Figures 5.4(a)-

5.4(d) show such electric field distribution in the entire droplet-electrode set-up.

Further, the magnified pairs of contours at the bottom show the same in the dielectric

layer under the anode and the TPCL (identified with the help of differently coloured
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(c) (d)

(a) (b)

Figure 5.5: (a) Schematic diagram showing the locations (A-I ) in the dielectric
layer, which is considered for the other plots. (b) The resulting field intensity (Ψ)
inside the dielectric layer at the locations indicated in the image (a) when ψ = 400 V
and the location of the electrode (h∗e) is varied. (c) The variation of field intensity at
location E, ΨE, (and C in the inset, ΨC) with h∗e for liquid droplets of different radius
(rd), while the electrode diameter is kept same (0.150 mm). (d) Experimental points
showing different regimes, namely, jetting, crowning, and bursting, at the different
applied electric fields, Ψ , with the variation in h∗e.

boxes). Figure 5.4(a) shows that when the anode tip is very close to the cathode, the

field intensity is highest at the dielectric layer just under the tip. On the other hand,

Figures 5.4(b,c) show that, with the increase in the gap between the electrodes, not

only the effective intensity of the electric field within the dielectric layer decreases

but also the zone of maximum field intensity shifts towards the TPCL. Importantly,

Figure 5.4(d) shows that if the electrode is placed outside the droplet, the field

intensity at the thin dielectric layer decreases drastically both under the anode as

well as at the TPCL.
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1.4 ms 1.9 ms 2.8 ms 3.0 ms 3.8 ms 6.4 ms

(g) (h) (i) (j) (k) (l)

t = 0 ms 0.1 ms 0.2 ms 0.4 ms 0.7 ms 1.0 ms

(a) (b) (c) (d) (e) (f)

1 mm

tip

(1)

(2)(3)

bubble

Figure 5.6: Sequence of jet formation due to the electric discharge inside a droplet
(solution 5, Table 5.2) and subsequent breakup of the jet ejecting secondary droplets.
Images (a)-(j) show the growth of the jet, in which image (j) shows the pinch-off
region, the area marked between the arrows indicating neck formation phenomena.
Images (k) and (l) show the second pinch-off event along with the separated sec-
ondary droplets. The other experimental conditions are, ψ = 1000 V, Ψ = 20.86
kV/cm, φ0 = 5 µL, Cs = 1.0 M, and η = 0.886 mPa s. The broken yellow line
shown in image (a) has been considered as datum during the jet height and velocity
measurement.

The results shown in Figure 5.4 are further extracted for a better analysis

in Figure 5.5, wherein Figure 5.5(a) schematically shows the locations A–I at the

dielectric layer at which the data are extracted. Figure 5.5(b) shows the variation

in the field intensity at some of these different locations (x) at different electrode

distances, he (or h∗e). The figure suggests that for h∗e = 0.05, the field intensity

(Ψ) is highest under the anode (location E ), whereas, beyond h∗e = 1.0, the field

intensity becomes highest at the TPCL. The plots in Figure 5.5(b) speak about the

presence of two distinct regimes. For h∗e < 0.3, the electric field is concentrated at

the center of the droplet footprint (location E ), which favours the formation of a

strong discharge channel between the electrodes originating from a single discharge

hot-spot. Such a discharge may favour the bursting of the droplet, as depicted in

Figure 5.5(d). Further, Figure 5.5(d) shows that for h∗e > 0.4, the electric field

distribution may favour the formation of multiple discharge hot-spots in the wetted
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area of the droplet, which may lead to the jetting regime. In the intermediate

zone, 0.3 < h∗e < 0.4, one can observe both crown and jet formation, as depicted

in Figure 5.5(d). In essence, the results from the simulation and experiments show

a strong correlation between the pre-discharge electric field distribution and the

observed EHD regimes, as summarized in Figure 5.5(d). Furthermore, the size

of the droplets also affects the effective electric field at different positions of the

electrode. The electric field strength at two locations of the dielectric layer, ΨC and

ΨE, for different droplet sizes, are shown in Figure 5.5(c). The plots clearly show

that as the droplet size decreases, the electric field’s strength increases at all the

locations, thereby facilitating the bursting or liquid crown formation events.

1.9 ms 2.5 ms 2.9 ms 5.8 ms

t = 0 ms 0.1 ms 0.2 ms 0.5 ms

1.1 ms 1.4 ms 1.5 ms 1.8 ms

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

(e) (f) (g) (h)

(i) (j) (k) (l)

1 mm

tip

(1)

(2)(3)

Figure 5.7: (a)-(l) Sequence of liquid jet formation due to the electric discharge
inside a droplet (solution 4, Table 5.2) and subsequent breakup of the jet ejecting
secondary droplets after discharge. The first pinch-off event is marked by the arrows
in image (e), while the pair(s) of arrows in images (g,i) mark(s) different breakup
events of the liquid jet. The other experimental conditions are, ψ = 800 V, Ψ =
13.51 kV/cm, φ0 = 5 µL, Cs = 0.5 M, and η = 0.887 mPa s. The broken yellow line
on image (a) represents the datum.

5.3.3 Jetting regime

The discharge mediated spatiotemporal evolution of a liquid jet originating from

the free surface of a droplet (solution 5, Table 5.2) is presented in Figure 5.6. The

results suggest that the mechanism of formation of such liquid jets are markedly
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different from the ones observed due to the collapse of surface waves in atomization

experiments [319]. However, the dynamics of the jet breakup are much akin to that

of the reported work. Figure 5.6(b) shows that post-discharge, bubbles are generated

at the hot-spots (small white regions) immediately under the air-water interface of

the droplet. The expansion and subsequent collapse of the bubble(s) stimulate the

upward motion of the liquid jet [133, 136, 137]. Interestingly, the issuance of three

jets is shown in Figure 5.6(c) marked by numbers 1 – 3, out of which two are growing

along the cathode surface, while the other being released vertically along the anode,

marked as 1. The experimental conditions ensure that multiple discharge locations

are generated within the droplet, which in turn generate multiple bubbles with a

lifetime of tpriosc < 100 µs, as indicated by the frames of Figure 5.6. While the rapid

expansion of these hot-bubbles helps in creating the jets in all the directions, the

anode helps one of the jets (1) to climb against gravity, as shown in Figures 5.6(c)-

5.6(j). The maximum upward velocity of the jet has been found out as vj ∼ 2.5 m/s

(suffix j refers to jetting phenomena). The jet simultaneously develops a bulbous

tip [refer Figure 5.6(f)] while climbing up the electrode. The size of the tip increases

until the jet reaches the maximum height [Figure 5.6(j)] before it separates from the

body of the primary jet as a result of end-pinching (marked by arrows) to form an

isolated bulbous secondary droplet. After the bulbous secondary droplet is pinched-

off, the remainder of the jet traces back towards the liquid surface under the action

of the capillary force. Subsequently, another pinch-off is also seen near the jet base

in Figure 5.6(k), giving birth to an additional secondary droplet [Figure 5.6(l)].

However, it will not be appropriate to assume that these discharge mediated jets

always ascend along the anode while moving upward. Even though the positioning

of the anode is critical, the emergence of the jet is dependent on the location of

the discharge [see Section 5.3.7.2] and subsequent cavitation bubble dynamics [see

Section 5.3.1]. In Figure 5.7, a situation is presented wherein the jet is not following

the anode. Here discharge is generated within the droplet (solution 4, Table 5.2)

with the help of an electric field, Ψ = 13.51 kV/cm. Again, post-discharge, the

formation of multiple jets, numbered as 1 - 3, are shown in Figure 5.7(d). The

distinguishable primary jet, numbered as 1, has similar characteristics to that of the

same shown in Figure 5.6, with capillary pinch-off [refer to Figures 5.7(e) and 5.7(g)]

being the predominant mechanism droplet generation from an upward-moving jet.

However, in later instances, after the generation of a couple of secondary droplets,

the retracting jet is further disintegrated into multiple droplets, as shown in Figures
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5.7(i)-5.7(l). The jet breakup locations are marked with arrows. The maximum jet

velocity for this case is found to be vj ∼ 1.5 m/s.

The breakup of the liquid thread during the jet formation follows the end-

pinching mechanism identified by Stone et al. [320] and Vukasinovic et al. [319]. The

similarity in the order of magnitude of the Ca (ηvj/γ ≈ O[10−3]×O[100]/O[10−1] ∼
10−2) also allows us to make an analogy with this already proposed mechanism.

Briefly, the impulse from the cavitation bubbles collapsing inside the droplet pushes

the liquid-air interface with a high momentum to form the jet. The fluid near the

liquid-air interface ascends faster than the fluid near the jet base or contact line due

to less frictional resistance. Subsequently, the growing bulbous front moves away

from the remainder of the jet at a much faster rate causing a gradual reduction

in the neck radius and eventual pinch-off to form the secondary droplet. In this

scenario, the necking of the jet grows further since the higher capillary pressure in

the regions of smaller radius forces the fluid to move towards the bulbous tip with

a lower capillary pressure, as explained previously by Stone et al. [320]. The time

scale for the post-discharge jet breakup ∼ 1.5-3 ms matches with the theoretical

capillary timescale, tcap ∼
√
ρr3j/γ ∼ O[10−3 s], where rj is the radius of the jet

[23]. Considering the jets to be near-cylindrical one, the mass of the jets prior to

secondary droplet generation can be evaluated as, mj = 1.4×10−7 kg, and 1.2 ×10−7

kg, corresponding to Figures 5.6 and 5.7, respectively. Accordingly, the maximum

(average) kinetic energy of the jets is found to be, Ej
k = mjv

2
j/2 ∼ 4.7 × 10−4

mJ (3.13 ×103 mJ/kg) and 9.0 ×10−5 mJ (7.5 ×102 mJ/kg) respectively, depicting

an (average) energy conversion efficiency of, ∼ 0.35-0.6%, for the electric discharge

mediated jet formation.

The size of the secondary droplets is found to be in the range of 0.2 - 0.5 mm.

One significant observation for the jet breakup is the deviation from the Plateau-

Rayleigh instability through the magnification of the capillary waves [321]. In a

way, the elongated liquid jet generated after discharge breaks via the end-pinching

mechanism to form the secondary droplets while the remaining part of it recoils

back towards the primary droplet. It is well known that for the capillary instability

to grow, the wavelength (λ) of disturbance has to be more than the circumference

(2πrj) of the jet, i.e., λ/rj ≥ 9 [322, 323]. The liquid jets shown in Figures 5.6

and 5.7 have aspect ratio, AR = L/rj = O(6) − O(9), where L is the maximum

length of the liquid jet. Thus, the length scale is found to be much smaller than

the length required for the growth of the conventional Plateau-Rayleigh modes.
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Figure 5.8: Continued on the following page.
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Figure 5.8: Images (a)-(f) show the time evolution of a jet originating from a droplet
with moderate viscosity subjected to an electric discharge. Experimental conditions
are, ψ = 500 V (Ψ = 7.06 kV/cm), φ0 = 5 µL, Cs = 0.1 M, and η = 6.88 mPa s.
Images (g)-(l) show the time evolution of the jet formed when a very high viscosity
droplet is subjected to an electric discharge. The experimental conditions are, ψ =
500 V (Ψ = 9.19 kV/cm), φ0 = 5 µL, Cs = 0.1 M, and η = 66.96 mPa s. The ar-
rows mark the position of jet breakup at different instants. Image (m) schematically
describes the underlying mechanism of the breakup of a viscous jet and subsequent
formation of secondary droplets from the jet. Image (n) shows characteristic tra-
jectories of three different positions of a viscous thread, namely, the tip of thread
(�), the tail of unbroken thread (•), and neck (N) for droplets of different viscosity
(represented by different colours as well as symbols). The broken lines differentiate
the time of occurrence of events.
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Importantly, apart from the formation of the regular jets, an array of microjets also

appears along the liquid-air interface after the discharge, which has a significant

contribution towards the effective atomization or mass loss. A dedicated section

[see Section 5.3.6] is presented later to discuss the dynamics of microjets during

electric discharge mediated atomization.

5.3.3.1 Dynamics of viscous jets

Figure 5.8 shows that the dynamics of the jets can be significantly affected by the

viscosity of the droplet. The high-viscosity droplet electrowets in the pre-discharge

phase before forming the jet after the discharge. Figures 5.8(a)-5.8(f), and 5.8(g)-

5.8(l) show the evolution of liquid jets of two different viscosities (solution 6 and

solution 9, Table 5.2). The cylindrical jets, for Oh = 0.022 and 0.21, move upward

for a considerably longer time as compared to the previously shown less viscous

jets in Figures 5.6 and 5.7. However, for Oh = 0.022, the liquid jet continuously

develops a bulbous tip until about 12 ms, as shown in Figure 5.8(d). The stages are

composed of jet ascending, bulbous tip formation, jet breakup at the base, capillary

thinning (necking), end-pinching, and Plateau-Rayleigh instability, as schematically

described in Figure 5.8(m). The arrows shown in Figure 5.8(d) indicate the first

breakup of the liquid jet at its base. Figure 5.8(e) shows the separation of the bul-

bous tip from the jet through capillary pinch-off before moving upward, while the

separated jet in the middle [neck to tail, Figure 5.8(m)] retracts downward. It devel-

ops a dumbbell-shaped intermediate structure to relax the high surface curvatures

generated near the breakup points. Finally, the intermediate dumbbell-shaped flow

morphology undergoes disintegration to form two more secondary droplets due to

the Plateau-Rayleigh instability. The size of the secondary droplets is in the range

of 0.4 - 0.6 mm, which helped in estimating the mass of the liquid jet to be ∼ 1.34

× 10−6 kg. The maximum kinetic energy of the jet is found to be ∼ 2.5 × 10−3 mJ

(1.90 ×103 mJ/kg), yielding an energy conversion efficiency of ∼ 1.44% for an input

energy, Ed ≈ 1.32× 105 mJ/kg.

Again, increase in the viscosity by an order (Oh = 0.21), results in the formation

of a long but slender jet, as seen in Figures 5.8(g)-5.8(l). The jet thins while moving

upward and subsequently disintegrate into parts, as shown in Figure 5.8(i). The

absence of the bulbous tip in a highly viscous jet is a substantial difference from

the previous experimental realizations. In this case, the highly viscous jet attains
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a maximum velocity of ∼ 4.7 m/s. The arrows in Figure 5.8(j) mark the point of

detachment of the jet from its base. The secondary drop formation due to Plateau-

Rayleigh instability becomes more prominent after this point, as shown in Figures

5.8(k) and 5.8(l). The typical size of the secondary droplets is found to be ∼ 0.2-0.35

mm.

Notably, Vukasinovic et al. [319] have previously shown that the first breakup

point for an upward moving viscous jet appears at the base of the jet before under-

going various instabilities to form secondary droplets. The same phenomenon has

been observed in Figures 5.8(a)-5.8(f). The Plateau-Rayleigh instability has been

found to dominate once the thread is detached from the base. However, a further

increase in the viscosity by an order (Oh = 0.022 to 0.21) accelerates the thinning

of the emerging cylindrical jet from the base, which in turn favours the growth of

the capillary instabilities from the very beginning owing to the very high aspect

ratio of the latter (AR ∼ 100). As a result, the first breakup of the jet takes place

simultaneously with its detachment from the base, before multiple equally spaced

secondary droplets are generated within a few milliseconds. Figure 5.8(n) traces the

trajectories of three characteristic points during the shape evolution of the viscous

liquid jets, namely, the tip, tail, and neck, as indicated in the schematic, Figure

5.8(m). In this plot, the point, t = 0, marks the instant prior to discharge while the

surface of the isolator is considered as hj = 0, to make the distance absolute. The

three different colours depict three cases with different viscosity values whereas, the

different symbols, namely square box (�), circle (•), and triangle (N) refer to the

tip of the thread, the tail of the unbroken thread, and neck positions, respectively.

The vertical broken lines demarcate the aforementioned events observed during the

shape evolution of the viscous jets after discharge.

Figure 5.8(n) exhibits a few exciting observations for the discharge mediated jet

formation. Firstly, the initial slopes (t < 2 ms) of the trajectories indicate an early

acceleration of the jets. This also hints about the inertia-dominated jet dynamics

immediately after the discharge. For the high viscosity solutions (Oh ≥ 0.1), the

acceleration continues until the first breakup point, and Plateau-Rayleigh instability

takes place immediately after its detachment from the base. Also, the rapid thinning

of the jet facilitates the growth of unstable wavelengths to generate a greater number

of secondary droplets. However, for moderate viscosity of the droplet (Oh = 0.022),

the slope of the jet trajectory decreases after the initial inertia dominated phase

(t < 2 ms), indicating slower jet dynamics and thinning. Comparing the dynamics
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Figure 5.9: The plot (a) shows the variation in the non-dimensional jet height (h∗j)
before the first breakup with time (τ = t/tvis) when electric discharge is instigated
inside the droplets of different viscosity (solutions 5, 6, 8, and 9, Table 5.2). Here,
tvis = ηL/γ is the viscous time-scale corresponding to the experimental conditions.
The plot in the inset shows the merging trend of the experimental data points
following a unified scaling law, h∗j = aτ bOhc, with coefficients: a = 20.169 ± 1.582,
b = 0.436 ± 0.047, and c = 0.781 ± 0.060. The plot (b) shows the variation in the
normalized spacing of the secondary droplets - experimental (λ/r) and theoretical
(λmax/r) with Oh, where λ and r are the average spacing and radius of secondary
droplets, obtained from experiments, while λmax is obtained from the theoretical
analysis. Here, λmax signifies the wavelength of the fastest-growing disturbance
responsible for the breakup of the thread. The Oh number is calculated based
on the initial equilibrium radius of the primary droplet (rd). The experimental
conditions are ψ = 500 V (all three cases, except for solution 5, where ψ = 1000 V),
φ0 = 5 µL, and Cs = 0.1 M.

of jets for the less viscous (see Figures 5.6 and 5.7) and more viscous (see Figure

5.8), it can be inferred that the electric discharge can generate thinner and longer

liquid jets in the latter situation. Also, as observed, the propensity of the generation

of both high aspect ratio jets, AR ≥ O(15), and secondary droplets increases with

the increase in viscosity of the droplet. The broken line demarcates the region of

Plateau-Rayleigh instability for jets of different viscosity in Figure 5.8(n). Herein,

the results from a single experimental realization are shown to give a qualitative

overview of the viscous jet dynamics.

The experiments further confirm that the increase in the experimental solution’s

viscosity kinetically stabilizes the liquid jet, which in turn facilitates its elongation

in the vertical direction. Consequently, the elongated jets favour the growth of capil-

lary waves to form multiple secondary droplets after the first one is formed following
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the end-pinching mechanism. Importantly, for the systems under consideration, a

pair of jetting regimes can be elucidated from the magnitude of the Ca to differ-

entiate the underlying mechanism of secondary droplet formation. For example,

when Ca � 1, for the experiments shown in Figures 5.6 and 5.7, fast-moving jets

can generate bulbous secondary droplets through capillary pinch-off, indicating the

dominance of inertia over the surface tension force. In comparison, an increase in the

viscosity of the droplet prompts the appearance of the other regime corresponding

to Ca ≥ 1, where the jets initially detach from the base before the dominance of

the capillary force over the inertia helps in breaking them into multiple secondary

droplets via Plateau-Rayleigh instability.

The temporal variations in the jet height, hj, until the instant of the first

breakup for solutions having different viscosity is shown in Figure 5.9(a). Here, τ

is the non-dimensional time scale derived as, τ = t/tvis = t/(ηL/γ), with tvis being

the visco-capillary time-scale [324] and h∗j = hj/rd is the non-dimensional jet height.

The figure confirms that, with an increase in the solution viscosity, the resulting liq-

uid jets become faster, accompanied by continuous thinning. Interestingly, all the

non-dimensional plots collapse into a single curve as shown in the inset of Figure

5.9(a) following the unified power law, h∗j ∝ aτ bOhc. The regression analysis of the

experimental data gives the coefficients as: a = 20.169 ± 1.582, b = 0.436 ± 0.047,

and c = 0.781 ± 0.060. Notably, the strong dependency of the jet height on the

Oh is reflected from the magnitude of the coefficient c, which further explains the

reason behind the elongated jets observed in high viscosity. Again, Figure 5.9(b)

shows the variation in the normalized spacing of the secondary droplets, λ/r, with

Oh in which the experimental and theoretical values are plotted in blue and olive,

respectively. The details of the theoretical treatment to calculate the most unsta-

ble wavelength (λmax) have been provided in Section D.4 of Appendix D. The plot

suggests that λ/r increases monotonously with an increase in viscosity of the pri-

mary droplet, which is in good agreement with the theoretical predictions from the

Plateau-Rayleigh instability of viscous jets [96, 325].

5.3.4 Crown formation regime

Figure 5.10 shows a sequence of images of liquid crown formation when a 5 µL

droplet of 0.5 M KCl solution (solution 4, Table 5.2) is exposed to a discharge of

energy, Ed ≈ 5.28 × 105 mJ/kg. The figure suggests three stages of crown forma-
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t = 0 ms 0.5 ms 1 ms

1.5 ms 2.0 ms 2.5 ms

3.0 ms 3.5 ms 4.5 ms

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

1 mm

Datum

𝒅𝒄

𝒉𝒄

Figure 5.10: Images (a)-(i) show the time evolution of the interface of a drop of KCl
solution (solution 4, Table 5.2), subjected to an electric field discharge, leading to
the formation of a liquid crown. Experimental conditions are, ψ = 1000 V, Ψ =
9 kV/cm, φ0 = 5 µL, Cs = 0.5 M, and η = 0.887 mPa s. Images (c),(f) show the
positions of measurement of the crown height, hc, with respect to a datum marked
by the broken yellow line, and neck diameter (or radius), dc (or rc), respectively.

tion, (i) onset with a cohesive failure of the droplet after discharge, (ii) formation

and expansion of liquid-sheet to form a crown, and (iii) secondary droplet genera-

tion from the rim of the crown before complete sealing and collapse. In the first

stage, the cavitation bubble formed due to the discharge is expected to undergo a

rapid expansion to cause a cohesive failure of the droplet, as observed in Figures

5.10(a) and 5.10(b). Here, it can be intuitively argued that the rupturing of the

liquid-vapor interface takes place at a later stage of bubble expansion, thus creating

a lower pressure difference between the bubble interior and surrounding air at the

time of rupture. This further favours the formation of a crown, analogous to the

phenomenon reported by Avila and Ohl [145] in their work on laser-induced droplet

TH-2590_156103041



5.3 Results and discussion 121

fragmentation.

In the second stage, the cylindrical liquid sheet stretches vertically as well as

expands in a radially outward direction, as seen in Figures 5.10(b)-5.10(d). The

liquid sheet expands until 1.5 ms, which is continually opposed by the capillary

forces. While stretching, the sheet progressively develops a liquid rim as well as

thin ligaments due to continuous accumulation of fluid mass, as visible in Figures

5.10(b) and 5.10(c), in a similar fashion to that of liquid splash events [31]. The

liquid rim grows in size with time before experiencing capillary instability leading

to the formation of an array of ligaments at the periphery, as seen in Figure 5.10(d).

The ligaments further generate secondary droplets via capillary pinch-off, which are

ejected away from the rim. The experiments uncover that the maximum velocity of

the liquid sheet during the early expansion phase reaches vec ∼ 0.8 m/s.

In the third stage, the sheet starts collapsing or shrinking towards a common

centre under the effect of surface tension, as shown in Figures 5.10(e)-5.10(i). One

significant observation of this collapsing phase is the formation of a necking regime,

which continuously shrinks till the total collapse of the crown, marked by the red

arrows in Figure 5.10(f). Figures 5.10(c) and 5.10(f) indicate the definitions of the

height (hc) and diameter (dc) of crown (also referred as neck diameter) as it ap-

proaches sealing phase. The temporal variations in the neck radius further reflect

the characteristics of the collapsing phase of the crown, which shall be discussed

in the context of Figure 5.12. The maximum shrinking velocity of the liquid sheet

is ∼ 1 m/s. Experiments uncover that the typical time scale for the expansion

phase, ≈ 1.5 ms ≈ 0.3tsheet, is substantially lesser than the collapsing phase, ≈ 4

ms ≈ 0.7tsheet, indicating the dominance of capillary forces over the inertial force

within the lifetime of the liquid sheet (tsheet) forming the crown. The aforemen-

tioned features have also been reported during crown formation by laser irradiation

or thermal exposure [145, 326].

The experimental timescale associated with the crown formation can be obtained

from the balance of driving electric field force and restoring viscous and capillary

forces. For example, the theoretical time scale, texp =
(
ε0εprdΨ

2

γ

)(
ηL
γ

)
= BoE tvis =

3.25 ms, is found to be in close agreement with the experimentally observed time pe-

riod of the inertia driven expansion phase (1.5 ms) of the crown regime. Here tvis is

the visco-capillary time scale related to the initial expansion of the crown. Similarly,

the timescale for the collapse of the crown is obtained from the interplay between

the driving inertial force to the restoring surface tension force. The timescale for
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t = 0 ms 0.1 ms 0.2 ms

0.3 ms 0.6 ms 0.7 ms

0.9 ms 1.1 ms 1.2 ms

1.4 ms 1.6 ms 1.8 ms

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)
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Thick 

rim

Figure 5.11: Images (a)-(l) show the spatiotemporal evolution of a high-viscosity
droplet of aqueous KCl solution and glycerol mixer (solution 7, Table 5.2) subjected
to an electric discharge. Experimental conditions are, ψ = 800 V, φ0 = 3 µL, Cs =
0.1 M, and η = 18.25 mPa s. Image (a) shows the initial shape of the drop prior
to discharge, images (b),(c) show propagation of discharge within the drop and
initiation of crown formation, images (d)-(g) show the expansion of the crown, and
images (h)-(l) show the sealing and collapse of the crown. Images (f),(l) show the
positions of measurement of the crown height, hc, with respect to a datum marked
by the broken yellow line, and neck diameter (or radius), dc (or rc), respectively.
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such a process is evaluated as [145], tcap =
√

1/6(ρr3c/γ)1/2, where tcap corresponds

to the time required for a fluidic crown of neck radius, rc to retract itself towards a

common centre, thereby converting the surface energy to the inertial one. Substi-

tuting the necessary values, tcap is obtained as (≈) 2 ms, which agrees closely with

the experimental value (2.5 ms). In addition, the typical dimensions and physical

properties of the droplet, L = O [10−3 m], v = O [100 m/s], ρ = O [103 kg/m3], γ =

O [10−1 N/m], ψ = O [103 V] and η = O [10−3 Pa s] lead to, BoE = O [103], and Ca

= O [10−2], which endorses the dominance of electric field and surface tension forces

over the inertial one in this breakup regime.

In the experiment shown in Figure 5.10, the average height of the liquid sheet

composing the crown wall, hc is ∼ 2 mm, at the end of expansion stage [refer Fig-

ure 5.10(d)]. Again, the velocity of retraction of the liquid sheet, vrc is found to

be ∼ 0.9 m/s, which helps in obtaining the thickness of the sheet, δ ≈ 0.2 mm,

from the force balance expression proposed by Taylor [327], vrc =
√

2γ/ρδ. There-

fore, the mass of the crown can be evaluated as, mc ∼ 2πρδhcrc ∼ 4.95 × 10−6 kg,

where rc is the hollow-radius of the crown [43]. The kinetic energy corresponding

to the maximum expansion velocity of the crown (vec ∼ 0.8 m/s) is found to be,

Ec
k ∼ mc(v

e
c)

2/2 ∼ 2.08 × 10−3 mJ (4.16 × 102 mJ/kg), which is ∼ 0.1% of the

discharge energy, Ed = 5.28 × 105 mJ/kg. Furthermore, the average diameter of

the secondary droplets generated through this breakup mode is ∼ 0.3 mm, which

is ∼ 10% of the initial drop diameter. The experiments suggest that the electric

discharge within a liquid droplet can disturb the restoring influence due to the sur-

face tension force to develop a crown morphology with a higher surface to volume

ratio and irregular shape. Even such irregular crown can be made more regular by

enhancing the droplet viscosity, as shown in Figure 5.11 in the following Section

5.3.4.1.

5.3.4.1 Crown dynamics at higher viscosity

The shape evolution of a droplet with higher viscosity, for a discharge energy of,

Ed ≈ 4.82 × 105 mJ/kg (solution 7, Table 5.2) is presented in Figure 5.11. The

enhancement in viscosity from 0.887 mPa s to 18.25 mPa s is achieved by adding

glycerol to the aqueous solution of KCl while maintaining the conductivity identi-

cal to the base solution (σs = 13.18 mS/cm). The experiments suggest that the

overall dynamics of the aforementioned three stages remain very similar regardless
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(d)

(b)

(c)

(a)

Figure 5.12: Images (a),(c) represent the contour of the liquid-air interface of the
crown for a low (Oh = 0.003) and a high (Oh = 0.056) viscosity droplet, respec-
tively. Here, a set of different symbols, namely, circle, square, and triangle filled
and bordered with black, blue, and green colour, respectively, are used to depict the
previously mentioned three distinct stages of crown evolution, namely, the droplet
before electric discharge, the crown formation, and expansion, and finally the seal-
ing and collapse of the crown, with the help of contours. The blue arrow pointing
towards the left indicates the direction of expansion of the crown, while the green
arrow pointing rightward indicates the direction of crown sealing. Plots (b) and (d)
show the rate of change of the neck radius, rc, corresponding to the crown formation
events shown in Figures 5.10 and 5.11, respectively.

of the viscosity of the droplet. The phenomenon initiates with a cohesive failure of

the droplet due to discharge [see Figures 5.11(a)-5.11(c)] before the formation and

expansion of crown with a rim decorated with spikes [see Figures 5.11(d)-5.11(g)]

takes place. Such elongated spikes are characteristics of the Richtmyer-Meshkov

instability, observed during large initial acceleration of a liquid sheet [328]. Early

ejection of liquid mass is also observed due to the breakup of some of these spikes
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via capillary instability of threads [see Figures 5.11(e) and 5.11(f)].

The expansion of the crown up to ∼ 0.9 ms also favours the formation of a rim,

as shown in Figures 5.11(d)-5.11(g). The unstable rim subsequently generates thick

ligaments, which again undergo capillary breakup to generate secondary droplets

during the expansion stage. The size of the secondary droplets generated by the

stable viscous sheet ranges from 0.1 to 0.4 mm. Further, a quantitative analysis of

the frames from the early expansion stage of Figure 5.11 indicates that the maximum

velocity of expansion of the crown, vec , is ∼ 2.0 m/s. The sheet starts retracting at

∼ 0.9 ms, indicating the onset of the sealing and collapse stage, accompanied by

the movement of the TPCL towards the anode, as shown in Figures 5.11(h)-5.11(l).

Notably, this movement of the contact line is not prominent during the collapse of

less viscous liquid sheets [refer to Figure 5.10]. However, such TPCL retraction for

more viscous droplets favours the formation of a necking region below the thicker

rim, as shown by the red circle and arrows in Figures 5.11(k) and 5.11(l). Here, a

prolonged sealing and collapsing phase (≈ 0.8tsheet ≈ 3 ms) is observed, owing to the

significant viscous resistance against the fluid motion for these activities. Although

not shown in Figure 5.11, beyond 1.7 ms, the crown collapses progressively due to

the influence of the surface tension force [145].

It may be noted here that, neglecting any loss of liquid mass during the early

expansion phase, the calculated velocity of crown expansion (vec , is ∼ 2.0 m/s) cor-

responds to an average kinetic energy of 2.01× 103 mJ/kg, which is ∼ 0.45% of the

total discharge energy from the electric field. Thus, a strong viscous force confines

more discharge energy to develop a more stable crown, as shown in Figure 5.11.

More importantly, an increase in the magnitude of the viscosity (η ∼ O[10−3] →
η ∼ O[10−1]) of the droplet raises both Ca (approximately O[100]) and Oh (approx-

imately O[10−1]) by two orders of magnitude as compared to the less viscous case,

which corroborates the dominant role of viscosity on the hydrodynamics and the

presence of a kinetically controlled crown formation.

Figures 5.12(a) and 5.12(c) show the contours of the outer wall of the liquid-air

interface of the initial droplet and the crown after the electric discharge, extracted

from the time-resolved images presented in Figures 5.10 and 5.11, respectively. For

brevity and clarity, only half cross-section of the droplet is shown in the concerned

plots. Here, a set of different symbols, namely, circle, square, and triangle filled and

bordered with black, blue, and green colour, respectively, are used to depict the pre-

viously mentioned three distinct stages of crown dynamics with the help of contours.
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The plots 5.12(a) and 5.12(c) suggest that in the post-discharge phase, the crown

grows in all the three radial (r), vertical (z), and azimuthal directions (considering

the liquid sheet as an annular cylinder, the angular direction is termed as azimuthal,

θ). The contours in Figure 5.12(c) distinctly exhibit the motion of TPCL for the

highly viscous liquid sheet. The TPCL is forced to move away from the centre of

the droplet in the expansion phase, whereas it retracts itself back to the centre in

the sealing phase under the effect of surface tension force. Interestingly, this kind

of distinct contact line motion is absent in less viscous liquid sheet, as shown by

the contour in Figure 5.12(a). The various stages of crown dynamics can further

be deciphered by the distinct change of slope in the trajectory of neck radius, rc in

Figures 5.12(b,d). For example, the maximum value of the necking regime indicates

the end of the expansion stage at 1.5 ms for the less viscous case. Also, for the high

viscosity droplet, it is not possible to measure the neck-radius beyond 1.7 ms as the

neck merges with the rim. However, it has a substantially larger time scale for the

sealing and collapsing phase (approximately 3 ms) in comparison to the expansion

phase.

5.3.5 Bursting regime

Apart from the crown formation and jetting, the liquid droplets can also burst into

numerous smaller ones under the influence of an intense electrical discharge. No-

tably, a droplet with higher electrical conductivity (Cs ≥ 0.5 M) can promote such

catastrophic bursting mode under a high field intensity discharge. Importantly, sim-

ilar fragmentation of a droplet has previously been observed only for high-intensity

pulsed laser or x-ray exposures [142, 145, 146].

Figure 5.13 shows the spatiotemporal evolution of the droplet during a dis-

charge mediated bursting. The discharge is confined within a 5 µL droplet of 1 M

KCl solution (solution 5, Table 5.2) by applying a field of intensity, Ψ = 60 kV/cm,

having a specific discharge energy, Ed ≈ 7.60 × 105 mJ/kg. Figures 5.13(a) and

5.13(b) show that in a timespan of t < 1 ms the discharge is translated into rapidly

expanding cavitation bubbles, which in turn cause the bursting of the droplet, as

shown in Figure 5.13(c). The bursting is indicated by the production of a fine mist

along with unstable liquid sheet(s), which eventually ejects an array of minuscule

secondary droplets. The liquid sheet is also found to accelerate radially outward

with an expansion velocity of approximately 20 m/s along with the formation of
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thin ligaments of fluid attached to a growing rim, as shown in Figures 5.13(d) and

5.13(e). Figure 5.13(f) shows that the thin liquid sheet and fluid ligaments eventu-

ally rupture and eject secondary droplets of size ranging from 0.1 mm to 0.5 mm.

After formation, the secondary droplets are ejected away radially at an average speed

of approximately 4 m/s. The average kinetic energy of the bursting ejecta sheet is

found to be approximately 1 mJ for this less viscous droplet of mass, 5.21 × 10−6

kg, leading to the efficiency of approximately 27.5%.

Figure 5.14 shows the bursting dynamics of a moderately viscous liquid droplet

(solution 6, Table 5.2) at an applied field intensity of, Ψ = 16 kV/cm. The initial

dynamics of discharge generation and subsequent unstable sheet formation for the

viscous droplets are analogous to the previously discussed less viscous (DI-water)

case in Figure 5.13. Briefly, for the moderately viscous case in Figure 5.14, the liquid

sheet moves radially outward at an (maximum) expansion velocity of approximately

10 m/s when the Ed ≈ 3.01×105 mJ/kg. Notably, the liquid spikes generated along

the growing rim of the liquid sheet are more prominent in this case than in the

less-viscous situation. With the progress in time, the liquid droplets are ejected in

the form of fine sprays from the sheet, while the liquid rim becomes much thicker,

as shown in Figures 5.14(b)-5.14(f). Importantly, a larger viscous resistance also

increases the lifetime of the unstable liquid sheet to 1.5 ms.

Subsequently, the unstable sheet collapses into the liquid rim [see Figures 5.14(g)

and 5.14(h)], which finally disintegrates into an array of secondary droplets undergo-

ing a Plateau-Rayleigh instability, as seen for the less-viscous droplet. Considering

the expansion velocity of ∼ 10 m/s, a discharge efficiency approximately 18% is

found in this case, while observing a complete disintegration of the parent droplet

into secondary droplets with a size range of approximately 0.05 mm-0.5 mm. Fig-

ure 5.15 shows the bursting dynamics of a high viscosity liquid droplet (solution 9,

Table 5.2) at an applied field intensity of, Ψ = 18.9 kV/cm, having Ed ≈ 1.09× 105

mJ/kg. While the initial dynamics of sheet formation and breakup remain similar

to the previous two cases (Figures 5.13 and 5.14), the fluid ligaments are found to be

prominent for a much longer period until 2.4 ms. The viscous resistance kinetically

stabilizes the liquid sheet and the rim to delay the growth of large-scale perturba-

tions and subsequent disintegration into the secondary droplets. Further, Figures

5.13 - 5.15 suggest that the diameter of the fluid ligaments reduces with the increase

in the viscosity of the liquid droplet. The discharge efficiency for the present scenario

is found to be approximately 30% by considering the maximum expansion velocity
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of the liquid sheet, approximately, 9 m/s and ignoring any early mass loss.

0.1 ms 0.2 ms

0.3 ms 0.4 ms 0.5 ms

t = 0 ms

(a) (b) (c) 

(d) (e) (f) 

1 mm (g) 

Figure 5.16: (a)-(f) Dynamics of microjetting for a DI-water droplet (solution 3,
Table 5.2). The yellow broken circle in image (b) indicates the incipience of microjet
formation. (g) Dynamics of microjetting for a droplet of glycerol (50%)-water (50%)
mixture (solution 6, Table 5.2).

5.3.6 Dynamics of microjetting

Apart from the jetting, crowning, and bursting of droplets, the formation of microjets

is also seen in the post-discharge scenario, as shown in Figure 5.16. Previously,

Thoroddsen et al. [43] have reported the formation of microjets in the context of

laser-droplet interaction, when the focal point of the laser pulse has been well inside

the liquid phase. Figure 5.16(b) shows that confining an electric discharge in a

droplet can also engender such liquid jets from the top of the droplet, as marked by

the yellow broken circle. Such jets are expected to form as a result of the interaction

of the pre-existing thermal bubbles [see Figure 5.16(a)] with the APWs immediately

after discharge. This proposed mechanism can be backed by several experimental

observations from the present study as well as drawing an analogy with the microjets

reported by Thoroddsen et al. [43]. Firstly, these fine jets often emerge from the

apex area of the liquid-air interface, where the probability of finding smaller bubbles

is maximum [see Figures 5.16(a) and 5.16(b)]. These pre-existing bubbles act as

nuclei of microjet generation after absorbing the energy of the high-pressure waves

released during the discharge [refer to Figure 5.16(b)]. As such, the underlying

mechanism of these microjets generation is markedly different from those regular jets
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132Electric-discharge-mediated jetting, crowning, bursting, and atomization of a droplet

discussed in Section 5.3.3, where the latter is produced by the pressure waves from

the collapse of cavitation bubbles. Interestingly, these microjets disappear during

discharge in a fresh droplet or if the bubbles are removed with a syringe prior to

discharge [43]. Although, the development of one single microjet is shown in Figures

5.16(a)-5.16(f), they can appear in large numbers, as shown in Figure 5.16(g), from

a more viscous droplet (solution 6 Table 5.2). The experiments uncover that the

velocity of such microjets ranges from 5 m/s to 30 m/s, where the velocities of

the viscous jets are comparatively higher. Further, these microjets can generate

droplets as small as 10 µm. In a way, the APW mediated microjets contribute

towards the effective atomization of the droplets during dielectric discharge. A

detailed characterization of these microjets with the help of experiments is kept as

future scope of research.

5.3.7 Characterization of hydrodynamics

5.3.7.1 Effects of electric field intensity and salt concentration

Figure 5.17 shows the possibility of different electric discharge induced flow mor-

phologies, namely, jetting (square-red), crown formation (circle-blue+cyan), burst-

ing (triangle-olive), and jetting + bursting (diamond-purple), with the variation in

the electric field intensity, expressed in terms of the electric bond number (BoE)

and the molar concentration of KCl in the solutions (Cs). Here, jetting+bursting is

the mixed regime, where both the phenomena have been observed during discharge

cycles. The plot suggests that for BoE > 0.7, the droplet undergoes bursting at

all concentrations, as indicated by the blue dashed line. Further, the propensity

of droplet bursting at lower electric fields, BoE < 0.7, increases with the salt con-

centration beyond 0.1 M. In contrast, a lower salt concentration (Cs < 0.1 M) and

field intensity BoE < 0.35) is seen to favour jetting phenomena. The regimes can

be understood clearly from the right-hand side plot, which is the enlarged view of

the dashed rectangular regime.

Further, in the intermediate field intensity, 0.35 < BoE < 0.7, the crown

formation regime can be seen at 0.1 M, 0.5 M, and 1.0 M salt loading. For 0.1

M concentration, the transition from crowning to bursting is marked by a blue-

coloured-hatched rectangular zone, while the transition from jetting to crowning is

marked by a white-coloured regime in the right-hand side plot. Importantly, the
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Figure 5.17: Different regimes of electric-discharge-induced droplet atomization,
namely, jetting (square-red), crown formation (circle-blue+cyan), bursting (triangle-
olive), and jetting + bursting (diamond-purple) with the variation in the electric
field intensity, expressed in terms of the electric bond number (BoE) and the molar
concentration of KCl in the droplet (Cs). The rectangular dashed region marked is
shown in an enlarged view in the right-hand side plot. The approximate borders are
indicated with broken lines and coloured/hatched regions.

plot also shows that for Cs = 0.1 M, all the flow morphologies can be obtained

simply by tuning the electric field intensity, Ψ (or Bond number, BoE), while keep-

ing other parameters constant. The plot also highlights that the drops with 0.1 M

salt loading may exhibit all the flow morphologies with the variation in the electric

field intensity (or BoE), whereas the droplets with more than 0.5 M salt are akin to

bursting only. It is also observed that all the phenomena are absent below BoE =

0.032 (Ψ ≤ 3 kV/cm), which ensures the necessity of critical electric field inten-

sity (Ψcric or critical bond number, BocricE ) to cause the dielectric breakdown of the

PDMS layer and subsequent electric discharge. The shaded brown regime marks

the boundary of BocricE for different experimental fluids, which has been obtained

with the help of control experiments. Furthermore, for the experimental solution

with salt concentration, Cs = 0.01 M (solution 1, Table 5.2), none of the discussed

hydrodynamic features are observed within the range of electric potential studied

herein. Instead, the droplet with the aforementioned conductivity is seen exhibiting

general EWOD dynamics, which further illustrates the role of solution conductivity
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in the dielectric-discharge-induced droplet deformation process.

5.3.7.2 Effect of the position of occurrence of electric discharge

(a)

(b)

(c)

(d)

Figure 5.18: Schematics (a)-(c) show the different locations of electric field discharge
observed (zone with a red circle with a “+′′ sign at the centre) with respect to the
geometric centre of the droplet (zone with a black circle with a “+′′ sign at the
centre) during the experiments. The dimensionless distances between these two
points in the vertical and horizontal planes are denoted as δz, and δx, respectively.
The plot (d) shows the occurrence of liquid jetting (A), crown formation (B), and
bursting (C ) in the (δx, δz) plane. The broken line between the regions B and C
divides the two regimes. The error bars are due to the uncertainty in determining
the centre for both the electric discharge and droplet. The red broken circle marks
the area shown in the inset.

Apart from the electrical conductivity, viscosity, and field intensity, the position

of occurrence of the electric discharge appears to be another critical parameter, di-

rectly influencing the formation of a liquid jet (A), liquid crown (B), or bursting (C)

phenomena, as shown in Figure 5.18. For this purpose, initially, the best 30 experi-

ments are selected in which the geometric center of the droplet and the center of the

discharge are identified from the experimental snapshots, along x and z axes, with

the help of the image-processing software ImageJ [329]. Thereafter, the normaliza-

tion of the distances is done by the radius of the droplet prior to discharge (rd).
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Combining all these parameters into the dimensionless parameters in space (δx, δz),

each of the performed experiments has been assigned to one of the three categories

(A, B, or C), as shown in Figure 5.18. Figures 5.18(a)-5.18(c) schematically depict

the probable positions of the electric field discharge observed (zone with a red circle

with a ‘+′ sign at the center) during the experiment with respect to the geometric

center of the droplet (zone with a black circle with a ‘+′ sign at the center). The

normalized distances between these two points in the vertical and horizontal planes

are denoted as δz and δx, respectively. The experimental results suggest that a su-

perimposition of the electric field discharge center and the droplet’s geometric center

always results in the formation of the crown or bursting ejecta sheet. In contrast,

the deviations in the discharge locations from the droplet’s geometrical center lead

to the jetting phenomenon. The probability of jetting is enhanced with the increase

in the distance between the discharge and the droplet center in either direction, as

shown in Figure 5.18(a), where the probable discharge locations are marked with a

red circle. The aforementioned claim can be correlated with the multiple discharge

hotspots along the cathode, as discussed previously in Sections 5.3.1 and 5.3.2. The

region δx > 0.035 is found to be the possible region of jetting dynamics, while for

the region 0 < δx ≤ 0.035, it is difficult to distinguish between the crown formation

and droplet bursting, as shown by the inset in Figure 5.18(d).

5.3.8 Comparison with existing methods and target appli-

cations

In the current study, the sessile droplet exhibited the formation of liquid jets when

exposed to a lower intensity discharge. Similar studies have been carried out in the

recent past to engender liquid jet from a free surface initially at rest by creating

overpressure at the jet base. In this regard, Fletcher and Palanker [132] report the

formation of liquid jets created by electric discharge induced vapour bubble, which

is then successfully used for incision of soft tissues. The study suggests that a jet of

30 µm diameter can reach a velocity of 90 m/s at an energy conversion efficiency of

∼ 10%, about an order of magnitude higher than the one proposed herein. Similarly,

Avila et al. [330] have shown the formation of high-speed microjets mediated by

the spark-induced cavitation bubble at an efficiency of approximately 2%-5%, much

closer to the efficiency reported by us (∼ 0.35%-2%). Further, Tan et al. [331] could
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Table 5.3: Comparison between the current study and recent experimental studies
for liquid-jet generation.

Study. Method of jet generation vj (m/s) Ek (µJ)
Tomita [332] Ultrasound 0.48 - 2.2 ∼ 0.02 - 0.08
Avila et al. [330] Spark energy up to 400 up to 15
Delrot et al. [338] Laser pulse 4 - 7 NA
Onuki et al. [339] Impulsive force 2 - 15 NA
Current study Dielectric discharge energy 1.5 - 4.8 1.35 - 11

form liquid jets by accelerated Rayleigh waves, while Tomita [332] has shown the

characteristics of the jetting using an ultrasound source of intensity, I = 220 W/cm2

with an exposure time of 3 - 5 ms, at an efficiency of < 1%. Notably, the velocity

of the liquid jets reported by the latter study (0.48-2.2 m/s) matches closely to that

of this study [see Table 5.3]. Apart from the above examples, several other studies

have reported the dynamics of the liquid jets emanating from a free surface by using

pulsed laser [136, 137], shock waves [291, 310] or blast waves [333]. In Table 5.3,

different parameters of the jetting events of this study are compared with that of

a few recent literatures, wherein the reported jet velocity or the kinetic energy is

much closer to that of the former. Notably, the creation of overpressure beneath the

free surface enables liquid jetting in the absence of nozzles or any liquid reservoirs as

discussed above, which is in stark contrast to the jetting observed in electrospinning,

electrospraying, or gas dynamic virtual nozzles (GDVN) [4, 12, 13, 334–337]. Also,

the latter methods [4, 12, 13, 334–337] have been used extensively for continuous

production of secondary droplets from an emerging liquid jet, unlike the proposed

method.

The prior art also reports that the dielectric breakdown of a discrete liquid vol-

ume can lead to interesting hydrodynamic features such as jet, counter jet, crown,

ejecta sheet, or plumes, to name a few [5, 43, 136, 145, 340]. In this regard,

Obreschkow et al. [136] have reported that the confinement of an electric spark

induced cavitation bubble inside a centimetric droplet can produce jets, counter jet,

and splash, which is similar to that of this study. The study shows that the microjet

speed can go beyond 50 m/s with an efficiency of 30% - 50%. A disruption efficiency

of > 30% for the bursting mode has also been discussed for the present study on a

similar note. Further, Thoroddsen et al. [43] have studied the formation of spray
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and microjets from sessile liquid droplets mediated by intense 30 mJ/pulse laser

energy for approximately 7 ns. They report that the tip of the disruption sheet

can acquire a speed of approximately 1400 m/s leading to the formation of laser

crown at an efficiency of approximately 20%, again similar to that of the present

study. Furthermore, Avila and Ohl [145] have reported the fragmentation of acous-

tically levitated water droplets exposed to a single laser-induced cavitation bubble.

The dynamics of the rapid atomization and the unstable sheet formation regimes

mentioned in the concerned study [145] have a striking similarity with the bursting

mode discussed in this study. The corresponding energy conversion efficiency (laser

energy → bubble energy) is approximately 0.35% for the rapid atomization mode

and approximately 7% for the coarse fragmentation regime, as shown in the study

[145]. Again, the stable sheet fragmentation mode of Avila and Ohl [145] has similar

dynamics to that of the crown-formation regime in this study, which is reported

to have an energy efficiency of nearly 1%-3%, a value much closer to this study.

Interestingly, Vogel et al. [340] have previously reported the maximum energy con-

version efficiency of 10% for nanosecond laser pulses. Furthermore, Klein et al. have

observed drop deformation and fragmentation by using a plasma propulsion tool to

accelerate the flow in a levitated liquid droplet [5, 341], a set-up specifically designed

for EUV nanolithography applications. In another unique study, James et al. [48]

have reported the formation of a polydisperse spray from a sessile droplet of volume

100 µL due to its exposure to substrate vibration near resonance.

Thus, from the aforementioned discussion, it is apparent that the efficiencies of

the various processes reported for the present method are rather competitive, if not

similar or superior to the processes available so far. However, such comparative

studies are to be explored under the perspective of the differences in the underlying

mechanisms involved with the methodologies associated with light, sound, electric

field, or others.

5.4 Summary

In this chapter, bursting, crown or jet formation, and atomization phenomena are

observed when electric-discharge is confined at the base of a sessile droplet. Em-

ulating an EWOD set-up, a hemispherical droplet is placed on a cathode-isolator

platform while a pointed anode from the top stimulates the discharge inside the drop.
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Beyond a critical intensity of the applied electric field, the dielectric layer under the

droplet suffers breakdown to generate the discharge. Within a few milliseconds, the

electric-discharge stimulates crown or jet formation or bursting of the droplet. A

lower (higher) salt loading in the droplet at lower (higher) field intensity leads to the

jetting (bursting). The crown formation happens only for an intermediate window of

salt loadings and electric field intensities. The energy conversion efficiency is found

to be approximately 25% - 30% for droplet bursting, while the same is approximately

1% for jet or crown formation. The experiments and simulations uncover that the

location of pointed-electrode in the droplet and the separation distance of electrodes

can be among the crucial factors in varying the discharge location, leading to the

aforementioned flow morphologies. Further, the interplay between surface tension,

viscous, and electric field forces inside the droplet plays a crucial role in engendering

the flow patterns. The set-up transiently shows up the formation of end-pinching

of jets, microjets, high-aspect-ratio liquid threads, upward-moving jet, liquid spikes

riding on a crown-rim, and the capillary breakup of jets. Such electric discharge

mediated droplet disintegration resembles closely the previously reported laser or

plasma induced phenomena. In the near future, alongside exploring the complex

but interesting fundamental aspects of such discharge mediated EHD of drops, the

possibility of applications of the same in inkjet printing [19], electro-spraying [219],

droplet miniaturization, tissue ablation [299], electroporation [300] or biomedical

devices [132] can also be explored.
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Chapter 6

Interfacial dynamics of viscous

droplets impacting a

superhydrophobic candle soot

surface: Overview and comparison

“Those who dedicate their actions to God, abandoning all attachment,

remain untouched by sin, just as a lotus leaf is untouched by water”

- Bhagavad Gita, Chapter: 5, Verse: 10

6.1 Introduction

The extremely water repelling behavior of the lotus leaves (Nelumbo nucifera) [342],

elephant ear leaves (Colocasia affinis) [343], or cicada wings [344] have been intrigu-

ing the researchers for a long time due to their inherent abilities such as self-cleaning

[344–346], de-icing, anti-fogging [347], antimicrobial activity [348, 349], and anti-

reflectivity [350]. Fundamentally, the embedded micro-/nano-structures in these

natural surfaces favor the formation of a thin air cushion between the liquid vol-

ume and the surface, thereby maintaining a critical contact, known as Cassie-Baxter

The contents in this chapter is under review in Langmuir.
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Interfacial dynamics of viscous droplets impacting a superhydrophobic candle soot

surface: Overview and comparison

state (CB state henceforth), between the two [14, 351, 352]. However, depending

upon the spatial configurations of the structures, the initial conditions, and the ther-

mophysical properties of the liquid volume, the liquid-vapor interface may penetrate

the air-gap between the structures, thereby marking a transition to a new wetting

state, known as Wenzel (W state henceforth) configuration [15, 351, 352]. This

fundamental knowledge has further been extended to engineer numerous synthetic

superhydrophobic surfaces (SHPs) targeting specific applications which include, but

not limited to, self-cleaning [344, 346], anti-icing [353–355], anti-sticking [356], ma-

rine fouling [357], drag reduction [358], oil-water separation [359], fog-harvesting

[20, 360], sensory devices [361], and green engineering [362, 363].

Notably, there exist several standard methods based on photolithography, spray

coating by non-wetting chemicals, template methods, wax solidification, polymer-

ization, sublimation, electrospinning, sol-gel processing, electrochemical methods,

hydrothermal synthesis, layer-by-layer deposition, and one-pot reactions, etc., to

impart extreme water-repelling properties to an otherwise regular flat surface [364–

366]. Although each of the above methods has several advantages such as uniform

coating, durability, and robustness, they also exhibit a certain number of limitations

such as the requirement of sophisticated instruments, multistep procedures, appli-

cability to specific materials, etc. [366]. Interestingly, a recent analytical report

published by Mordor intelligence in 2018 has projected an increase in the demand

for superhydrophobic coatings at the rate of 25.6% of the compound annual growth

rate (CAGR) in the period 2019-2024 [367]. Also, for regular outdoor/household

activities, one generally prefers low-cost and extremely durable superhydrophobic

surfaces. The latter two sentences, when considered together, hint towards the

necessity of developing some cost-effective and rapid fabrication techniques for pro-

ducing robust and durable superhydrophobic surfaces.

The facile fabrication methods, such as flame deposition of carbon soot nanopar-

ticles (CSNPs), resulting from the incomplete combustion in a burning paraffin can-

dle [368–374] or lamp wick soaked in rapeseed oil [375], have been found effective

in converting a smooth surface to a superhydrophobic surface. The soot particles

agglomerate to form a fractal network on the top of the glass slide upon deposition,

thereby imparting the roughness favoring superhydrophobicity [368, 370, 375–378].

However, the fractal networks are fragile in nature in these bare soot-coated SHPs

due to weak inter-particle interactions and thus suffer from durability and robustness

issues in self-cleaning applications [368, 370, 375–378]. The aforementioned limita-
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tions are tackled by using additional coatings [368], calcination processes [376], or

binder layers [377, 378]. For example, Deng et al. [368] coated the soot particles

with a silica shell by chemical vapor deposition (CVD) of tetraethoxysilane (TES)

in the presence of aqueous ammonia solution and subsequently removing the CSNPs

via calcination at 600◦C, before the deposition of semi-fluorinated silane atop the

hollow silica shells using CVD. Similarly, Liu et al. [376] prepared a transparent,

robust, and thermally stable PDMS-derived soot-coated SHPs by exposing it to cal-

cination in a muffle furnace. While the additional processes increase the durability

of the SHPs and favor the target applications, they also add complexity and increase

the overall cost and production time [refer to Table 6.1]. Most recently, Iqbal et al.

[379] have introduced an easy, cost-effective, facile technique of carbon-soot coated

superhydrophobic surface preparation [379]. Instead of using the soot as a tem-

plate for surface roughness, authors have brilliantly used bare soot particles after

embedding them in a PDMS layer to achieve desired robustness, stability, and super-

hydrophobicity [379]. However, only the physicochemical [379], and static wetting

characteristics (in terms of the equilibrium contact angle, θeq) have been analyzed in

the concerned study [379]. The aforementioned discussions highlight two important

aspects in the case of low-cost soot-based SHPs: firstly, although there exists a huge

number of soot-based non-wetting surfaces, the majority of them need a complex

fabrication technique to achieve durability and robustness. Secondly, due to the

latter fact, bare soot coated SHPs have remained poorly understood regarding the

dynamic wetting behavior, unlike the multifunctional/structured SHPs [368–374],

thereby limiting their use in self-cleaning applications. In this chapter, an honest

attempt has been made to bridge the gap mentioned above by exploring the dynamic

wetting behavior of a bare soot-coated surface. To complete the task at hand, the

non-wetting surface prepared by Iqbal et al. [379] has been chosen from the lot, as

it fits strongly to the proposed criteria of a low-cost and durable SHPs.

Notably, for a long time liquid drop impact method is considered as an effective

method to elucidate the dynamic wetting characteristics of a superhydrophobic sur-

face [37, 114, 381, 382]. With the use of appropriate experimental conditions, the

aforesaid method can unravel several crucial aspects of the SHPs, including impale-

ment resistance [37, 114], CB-to-W state transition [352], dynamic contact angle

hysteresis (CAH ) [383], zipping effect [384], and slip length [385], to name a few.

The aforementioned critical insights obtained from droplet impact studies further

help in design optimization and operation of a host of cutting-edge applications
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such as ink-jet printing [19, 386], spray painting, and spin-coating [38, 387], DNA

microarray deposition [388, 389], pesticides deposition [390, 391], bloodstain pattern

analysis [392, 393], and surfactant selection [394], to name a few. In this regard,

extensive research has been done on the impaction dynamics of liquid droplets on

different superhydrophobic surfaces by experimental [369, 383, 395–407], numerical

[408, 409], and analytical [38, 405, 410] methods. Briefly, a liquid droplet with an

initial diameter, D0 (or radius, R0) starts spreading immediately after impacting

a non-wettable solid surface at an impact velocity, V0, thereby redistributing its

kinetic energy partly to interfacial energy and, subsequently, retracts itself back

after reaching a maximum extent (rmax) [38, 369, 383, 395–410]. A plethora of

regimes can be observed during the retraction phase, including deposition, com-

plete rebound, partial rebound, bubble entrapment, splashing, or sticking, depending

upon the impact parameters and thermophysical properties of the liquid droplets

[38, 369, 383, 395–410]. Furthermore, depending upon the topography and rough-

ness of the prepared SHPs, CB-to-W state transition can be observed in certain

impact conditions, which, in turn, favors the transition between the aforementioned

events of the retraction phase. The outcomes of these spreading and retraction

phases can be expressed in terms of a few desirable parameters, namely, coefficient

of restitution (ε), spreading factor (β), contact time (tc), and secondary droplet size

(d).

Herein, the impact dynamics of viscous liquid droplets on the CSNPs coated

superhydrophobic surface is studied in a simple experimental set-up, as shown in Fig-

ure 6.1. The present study makes a humble attempt to elucidate two primary aspects

through rigorous experimentation: (i) detailed appraisal of the impact dynamics of

different liquids on the target surface in terms of key parameters and (ii) quantitative

comparison of these dynamics with some existing and widely used superhydrophobic

surface. These aforementioned objectives are taken care of by considering droplets

with thermophysical properties spanning across a wide range [see Table 6.2] and a

large set of impact velocity. The impact dynamics are evaluated by considering the

variations in different spreading and retraction parameters (ε, β, tc, d) with experi-

mental conditions, expressed in terms of relevant non-dimensional numbers, namely,

Weber (We), Reynolds (Re), and Ohnesorge (Oh) number. Here, the Weber num-

ber, We (= ρV 2
0 R0/γ), signifies the relative strength of the inertia force to the sur-

face tension force, and the Reynolds number, Re (= ρV0R0/µ), signifies the relative

importance of the inertial force to the viscous force. Again, the effect of liquid viscos-
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Figure 6.1: Schematic diagram of the experimental set-up.

ity is expressed in terms of the Ohnesorge number, Oh (=
√
We/Re = µ/

√
ρR0γ),

which indicates the relative importance of the viscous force over the surface ten-

sion and inertial forces, with γ, µ, and ρ denoting surface tension, viscosity, and

the density of the droplet, respectively. We finally complete the characterization by

carrying out a quantitative comparison of a few crucial parameters (ε, β, tc) on the

present CSNPs based surface to that of a few existing superhydrophobic surfaces

[369, 383, 395–403] in similar experimental conditions. Interestingly, in the case of

the impact of water droplets, the CSNPs coated surface does not exhibit the partial

pinning/partial rebound regime, unlike the silica-coated SHPs [369–374], which is

one of the most significant contributions of this study. Further, the proposed sur-

face exhibit splashing for moderately viscous solutions (up to 8 fold higher viscosity

than that of DI-water) at high impact velocity. These results and corresponding

discussions highlight the strength of the present candle soot coated, cost-effective,

superhydrophobic surfaces.

TH-2590_156103041



6.2 Experimental methods and materials 145

6.2 Experimental methods and materials

6.2.1 Experimental set-up

The experimental set-up is shown schematically in Figure 6.1, wherein liquid droplets

engendering from a needle are allowed to hit freely on a superhydrophobic surface

kept underneath, from different heights (h). The drops (D0 = 2.1 ± 0.3 mm) are

generated at the free end of the needle (size 24G) of a syringe attached to a vertically

movable arm. The distance, h, between the superhydrophobic surface and the needle

is adjusted by displacing the movable arm of the vertical stand to explore a range of

impact velocities (V0 = 0.19-3.2 m/s) during the experiments. Notably, four different

experimental fluids; namely, DI-water (DIW), 50% glycerol solution (Gly50), 65%

glycerol solution (Gly65), and 80% glycerol solution (Gly80), have been used in

this study to get a detailed appraisal of the effect of liquid viscosity on the impact

dynamics. The complete details of the thermophysical properties are listed in Table

6.2, which also shows the corresponding experimental conditions in terms of the

Weber number (We), Reynolds number (Re), and Ohnesorge Number (Oh). The

broad range of the We (≈ 0.64-221) and Re (≈ 13.7-4187.5), as enlisted in Table

6.2, ensures a detailed wetting characterization of the concerned superhydrophobic

surface in this study.

6.2.2 Superhydrophobic surface preparation

The specified CSNPs based superhydrophobic surfaces are prepared following the

protocol similar to Iqbal et al. [379]. The glass micro-slides are initially cleaned fol-

lowing the protocol mentioned in Section A.2 of Appendix A. In the next step, the

pre-polymer is prepared by mixing the PDMS [properties in Table 5.1 of Chapter 5]

and the curing agent in the weight ratio of 10:1 and subsequently degassed using a

vacuum pump. The resulting solution is then mixed with hexane (analytical grade,

Sigma-Aldrich) in the ratio of 110:10:1 and degassed again to remove any residual

bubble. Afterward, the solution is spin-casted on the glass slides with a spin coater

(SPINNXG-P1, Apex India Pvt. Ltd.). A frequency of 1500 revolutions per minute

and a duration of 20 s is chosen for operating the spin-coating instrument to obtain

a thin film of PDMS on the glass slides [thickness of the film ∼ 3.5 ± 1 µm]. Sub-

sequently, the coated glass slide is exposed to a candle flame (for approximately 3
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surface: Overview and comparison

Figure 6.2: (a)-(d) Schematics of different steps involved in the surface preparation
method by flame deposition of candle soot.

min) to deposit the CSNPs on the top of the PDMS thin film. While a fraction of

the nanoparticles is embedded into the PDMS film, the loosely attached CSNPs are

removed from the substrate with the help of a high-speed water jet once the flame

deposition is over. The fresh CSNPs coated glass slides are then stored in vacuum

desiccators if not used immediately. The different stages of the superhydrophobic

surface preparation are shown schematically in Figures 6.2(a)-6.2(d).

It is to note that the hexane ratio, spin-coating rpm, and duration have been

changed slightly from the reference study [379], keeping in mind the in-house fab-

rication capability. Despite the differences mentioned previously, a static contact

angle of θeq > 155◦ [measured using a contact angle goniometer (Apex India)] and

a roll-off angle of θroll ∼ 1− 2◦ for all the viscous liquids is observed on the surface

at hand [See Table 6.2]. Furthermore, Figures 6.3(a) and 6.3(b) suggest that the

resulting surface morphology, obtained from the field emission scanning electron mi-

crograph (FESEM), of the soot coated surface at hand, resembles entirely even at

the nanometer length scale with that of the Iqbal et al. [379]. Fundamentally, the

carbon soot forms a uniform coating over the surface with aggregates visible on the

nano-scale. The cohesive forces in the soot molecules tend to drive the carbon atoms
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(a) (b)

Figure 6.3: The surface morphology of the superhydrophobic surface prepared from
candle soot nanoparticles as viewed in scanning electron microscopy (SEM) at (a)
5000 x and (b) 50000 x. The scale bars in (a) and (b) represent 1 µm and 100
nm, respectively. The morphology of the surface is similar to the Iqbal et al. [379],
indicating a similar nanometric roughness.

Table 6.2: Thermophysical properties of the experimental fluids, equilibrium contact
angle, and experimental conditions.

Soln. DIW Gly50 Gly65 Gly80
ρ (kg/m3) 997.05 1128.7 1168.3 1207.9
η (mPa s) 0.890 6.88 18.25 66.90
γ (mN/m) 72.1 70.1 68.7 65.3
θeq (◦) 160 ± 1 159.1 ± 1.1 158.4 ± 1.2 157 ± 1
V0 (m/s) 0.2 - 3.2 0.2 - 3.2 0.2 - 3.06 1.88 - 3.31
We 0.64-169 1.0-175 0.74-178.42 70.27-221
Re 261.39-4187.48 43.36-558.53 0.74-178.42 36.5-65.07
Oh 0.003 0.023 0.062 0.23

to form agglomerates with free-hanging structures [see Figure 6.3(b)], which is simi-

lar to the fractal network of CSNPs reported in previous studies [368, 379]. Hence, it

can be concluded that once the similar roughness level is assured through adequate

deposition of the CSNPs on a target surface, the amount of hexane initially used for

spin-coating of the PDMS film becomes unimportant. The other physicochemical

characteristics of the surface can be read elsewhere [379].
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6.2.3 Imaging technique

The impact dynamics are studied with the help of a high-speed videography tech-

nique, as discussed in Section 2.1 of the thesis. A framing rate of 12500 frames

per second and a shutter speed of 80 µs are used during the experiments to ob-

tain high-definition videos. The desired quantitative information is extracted from

the captured images through a novel image processing technique described in Sec-

tions 2.1 and 2.2 of Chapter 2. Notably, during the size measurement of secondary

droplets, a background subtraction process is performed in ImageJ to obtain a sharp-

ened version of the original image, thus minimizing the size error. Afterward, the

surface area (A) of the secondary droplet is measured to obtain the radius of the

same, as d =
√

4A
π

. The method has successfully measured droplet sizes within the

pixel limit (greater than 25-40 µm pixel−1). Also, the counting of the produced sec-

ondary droplets is performed by visual inspection in a side-view set-up (marginally

tilted to reduce projection error).

6.3 Results and discussion

6.3.1 Overall temporal dynamics post impact

In this section, a summary of the characteristic events during droplet impact on the

superhydrophobic surface has been presented. The interfacial dynamics of droplets

of three specific experimental solutions (DIW, Gly65, and Gly80) on impacting the

SHPs at different velocities (V0) is shown in Figure 6.4. After touching the surface

at t = 0 ms, the droplet spreads upto rmax in all the experimental conditions [see

Figure 6.4(a)]. The shape of the droplet in the late spreading stage can be approx-

imated by a puddle at small V0 or a liquid sheet bounded by a thick rim at high

V0 [405]. Immediately, from its maximum spreading state, the droplet retracts itself

back and consequently, either lifts itself up completely [complete rebound, Figure

6.4(a)] or partially [partial rebound, Figure 6.4(b), V0 = 2.50 m/s] or even may

stick to the surface [complete pinning, Figure 6.4(c)], depending upon the impact

conditions. In the spreading regime (or R1 regime), rmax is determined by the

balance between the competing energies namely, kinetic energy (Ek) and capillary

energy (Es) [406]. As a result, nearly similar spreading dynamics of the droplet

have been observed in all the experimental conditions as shown in Figures 6.4(a)-
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1.36 2.48 6.72 16.4 25.840 ms

(a) Oh = 0.003 

(b) Oh = 0.062 

We = 3.2

We = 35.9

We = 102

We = 3.8

We = 55.4

We = 129

Columnar 

jet

Splashing

Partial 

rebound

𝒓𝒎𝒂𝒙

(c) 𝑈0 = 2.54 m/s, We = 128.4, Oh = 0.230 

Complete

Rebound

Complete

Rebound

Figure 6.4: Spatiotemporal evolution of the interface of droplets of (a) DIW (Oh =
0.003) (b) Gly65 (Oh = 0.062), and (c) Gly80 (Oh = 0.23) solutions after impacting
the superhydrophobic surface with different velocities mentioned in the first column.
The second column shows the instants just before droplet impact, referred to as t =
0 ms, whereas the subsequent columns show the interface’s evolution post-impact.
The scale bars represent 1 mm in all the images.

TH-2590_156103041



150
Interfacial dynamics of viscous droplets impacting a superhydrophobic candle soot

surface: Overview and comparison

R 2R 1

0 4 8 1 2 1 60

4

8

  O h  =  0 . 0 0 3
  O h  =  0 . 0 2 3
  O h  =  0 . 0 6 2

h/R
�

t  ( m s )

( c )

0 4 8 1 2 1 60

1

2
( b )

t m a x t c 2 t c 1 t c 3

t  ( m s )

�

0 4 8 1 2 1 60

2

4
�  W e  ~  7 0

 W e  ~  1 0 1
 W e  ~  1 6 0

 W e  ~  4
 W e  ~  1 9
 W e  ~  3 6

( a )

t  ( m s )

Figure 6.5: (a) Temporal evolution of the spreading ratio, β = r(t)/R0, in the case
of a water droplet (Oh = 0.003) impacting the surface at We ≈ 4, 19, 36, 70, 101,
and 160. (b) Spreading ratio, β, and (c) non-dimensional droplet height, hd/R0, as
a function of time for different viscosity droplets (Oh = 0.003, 0.023, and 0.062)
impacting the surface at We ≈ 36. The colored rectangular regions in (b) and (c)
mark the transition zones between the spreading and retraction regime for different
events considered. The dash-dotted lines in (b) mark the contact time for different
events. The arrows in (c) mark the point of pinch-off.

6.4(c), although the spreading extent, rmax, can vary with the liquid viscosity and

the impact velocity as shown in Figures 6.5(a) and 6.5(b). Figure 6.5(a) shows the

temporal evolution of the contact radius, r(t), in terms of the instantaneous spread-

ing factor, β = r(t)/R0, for a droplet impacting the SHPs at the initial conditions:

We ∈ [4 − 160], Re ∈ [12 − 5000], Oh = 0.003. It can be discerned that, as We

increases, the droplet spreading extent βmax = rmax/R0), increases monotonically

for a specific liquid [e.g., βmax|(We=160) = 4× βmax|(We=4)]. Figure 6.5(a) also shows

that an increase in the impact We, substantially reduces the maximum spreading

time, tmax [e.g., tmax|(We=160) = tmax|(We=4)/3]. Again, Figure 6.5(b) shows the vari-
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ation of β in time for different droplet viscosity (Oh = 0.003, 0.023, and 0.062)

and We ≈ 36, which suggests that at a specific impact velocity, β increases with an

increase in the liquid viscosity. Notably, the height of the liquid droplet, hd, exhibits

a decreasing trend with an increase in the liquid viscosity as shown in Figure 6.5(c),

complementing the observations in the latter sentence.

On the other hand, in the retraction regime (or R2 regime), the capillary force
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Figure 6.6: We − Re map showing different regimes during the impact of viscous
droplets on a superhydrophobic surface. The various experimental liquids are rep-
resented with different symbols, whereas the colored zones depict different hydro-
dynamic features, namely, complete rebound, partial rebound, receding breakup,
splashing, and complete pinning.

imparts the motion to the contact line of the droplet, thereby enabling depinning of

the latter from the micro-/nano-gaps between the heterogeneous structures of the

surface. However, this dewetting event of the TPCL is also greatly influenced by

the viscous dissipation (Ev) within the droplet, which, in turn, affects the hydrody-

namics of the metastable phases, such as cavity formation, singular jet formation,

columnar jet formation, splash, etc. For example, at low V0 (= 0.44 m/s) and low

η (Oh = 0.003), the formation of singular jet and subsequent, symmetric droplet

rebound is observed [refer to Figure 6.4(a)]. In contrast, for high η (and V0 = 0.44

m/s), the formation of singular jet is suppressed [refer to Figure 6.4(b)]. Similarly,

for a low viscosity droplet, liquid splashing appears at V0 = 2.5 m/s as shown in
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Figure 6.4(a), which is completely suppressed at higher viscosity (for Oh = 0.062

and 0.23), while keeping other experimental conditions similar to the above.

Notably, the aforementioned plethora of transitions in hydrodynamic features

during the retraction phase can be well described by a non-dimensional regime

map of We − Re as shown in Figure 6.6. Herein, the transition between differ-

ent metastable phases with the We, for a specific liquid and the Oh, is marked

by different symbols and color codes. Furthermore, the transitions from the “CB”

(total rebound) state to the “W” (partial rebound or complete pinning) state is also

demarcated in Figure 6.6. One of the interesting observations corroborated from

this regime map is the absence of the partial rebound regime for water droplets

impacting the soot-coated surface in the range 15 ≤ We < 60, which is contrary to

the previous observations of Deng et al. [369] on the similar fractal surface. This

aspect has been discussed in detail in Section 6.3.7 later. Similarly, the regime map

also successfully demarcates the transition from the rebound regime to the splashing

regime via the receding breakup regime. Notably, a similar kind of We − Re based

regime map has rarely been reported for droplet impaction on bare soot-coated

SHPs, previously.

In essence, the deformation of the droplet in both the R1 and R2 regime are

primarily governed by the conversion between the kinetic energy (Ek) and surface

energy (Es) [396, 406]. Assuming, ṙ as the velocity of the TPCL, ρṙ2/2 and kγr2/φ0,

represent the Ek and Es per unit volume, with k being the geometric constant.

Hence, the total energy per unit volume, Et(= Ek + Es), is

Et =
1

2
ρṙ2 +

kγr2

φ0

, (6.1)

where, φ0 is the initial volume of the impacting droplet. Assuming a negligible

energy loss in the R1-regime, energy minimization leads to,

r̈ +
2kγr

ρφ0

= 0. (6.2)

Equation 6.2 represents the simple harmonic oscillator, whose angular frequency

of the oscillation (ω) is,

ω =

√
2kγ

ρφ0

=

√
2kγ

m
, (6.3)
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where m (= ρφ0) is the mass of the droplet. Therefore, the corresponding harmonic

timescale (th) of oscillation is, th ∼
√
m/γ. Notably, th has been found to represent

the key impact dynamics more comprehensively in both the spreading and retraction

phase [406]. If not mentioned exclusively, the th scaling will be used religiously in

the rest of the text, with the pre-factor being adjusted from the experimental data.

6.3.2 Dynamics of droplet spreading
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Figure 6.7: Temporal evolution of the spreading ratio, β/βmax of (a) DIW (Oh =
0.003), (b) Gly50 (Oh = 0.023), (c) Gly65 (Oh = 0.062), and (d) Gly80 (Oh = 0.23)
droplets for different impact We.

Figures 6.7(a)-6.7(d) show the temporal evolution of the normalized spreading ratio,

β/βmax, for different viscosity droplets, at specific impact conditions (We). Inter-

estingly, upon normalizing the physical time-scale (t) with the th, i.e., τ = t/th, the

trajectories of β/βmax collapse to a single curve in the spreading stage for all the We
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at a specific viscosity (Oh = 0.003). Also, the spreading and retraction regimes can

be well demarcated (dashed-dotted line) upon using the appropriate scaling (th).

The aforementioned observations further strengthen the previous claims that the

dynamics are primarily governed by the energetics of Ek and Es.

Notably, the maximum spreading radius, rmax, and the corresponding ratio,
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Figure 6.8: Variation of the (a) maximum spreading radius (rmax), and (b) maximum
spreading ratio (βmax) with the impact We for different viscosity liquids. Variation
of the maximum spreading ratio, βmax (c) with the impact We, when the theoretical

scaling law, βmax = We
1
2 is applied and (d) with the impact Re, when the theoretical

scaling law, βmax = Re
1
4 is applied.

βmax, have been established as one of the crucial parameters to study impact dy-

namics of droplets on solid surface[38, 369, 396–410], which appears to be a function

of the We, as shown in Figures 6.8(a) and 6.8(b). Although, previous studies have

shown that, βmax = We
1
2 or We

1
4 (in the capillary regime) or βmax = Re

1
4 or Re

1
5

(in the viscous regime), these independent correlations haven’t been able to fit the
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Figure 6.9: Comparison of the experimental data (βexpmax) of maximum spreading for
different viscosity droplets to the theoretical data (βthomax) obtained from Eq. 6.4.

present experimental data convincingly, as shown in Figures 6.8(c) and 6.8(d) [how-

ever, some of the scalings, such as, Re
1
4 might follow the experimental data in the

very high viscosity limit as shown by Zhao et al. [370], see the discussion in Section

E.1 of Appendix E]. Instead, Figures 6.8(a) and 6.8(b) show that the scaling of rmax

and βmax with the We, religiously follows the correlation proposed by Gordillo et

al. [405], represented as:

2 We−1 r2max + 0.45 λ Re−
1
2 r

5
2
max − 0.45 = 0, (6.4)

where λ (= 0.4) is a free constant signifying the friction factor between the droplet

and the superhydrophobic surface and additionally accounts for slip length in the

case of SHPs. The value of λ has been adjusted experimentally to absorb all the

assumptions in deriving Eq. 6.4 [405]. Notably, λ = 0 represents the Leiden-

frost conditions [405]. Interestingly, Eq. 6.4 is equivalent to the widely accepted

theoretical framework of Laan et al. [392], based upon the spreading parameter,

P ≡ f(We Re−
2
5 ) [405]. The strong correlation between the experimental data

(βexpmax) and the theoretical prediction (βthomax) of Eq. 6.4 is apparent from Figure 6.9.

It is worth mentioning that Eq. 6.4 has been derived based on the mass, and the
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momentum conservation for a spreading liquid sheet [405]. Figure 6.9 also suggests

that the proposed formulation sightly underestimates the experimental data in the

low We regime (We < 30). This difference originates from the initial assumption

by Gordillo et al. [405] in which a lamella is considered to be formed at the base

of the droplet at t = te. However, for the low We regime, the elastic deformation

of the droplet leads to a puddle-like shape during spreading, rather than a liquid

sheet. Again, the model has successfully predicted the spreading extent of viscous

liquids even at high We. This stems from the fact that Gordillo et al. [405] assumed

a boundary layer flow within the lamella considering the shear affected thickness, δ

as, δ =
√
t/Re, instead of considering δ to be equal to the sheet thickness or its half

as that of many existing studies. Also, the presence of the factor λ, representing slip

conditions, makes Eq. 6.4 a robust theoretical formulation, suitable across a vast

range of surface conditions and liquid properties.

6.3.3 Dynamics of droplet retraction

During droplet impact on a superhydrophobic surface, the retraction regime can ex-

hibit a plethora of hydrodynamic features, such as air cavity formation, singular and

columnar jet ejection, splashing and droplet fragmentation, etc., as seen in Figure

6.4. These characteristic features are greatly influenced by continuous depinning

of the TPCL from the inner spaces of the micro-/nano-structures of the superhy-

drophobic surface [406]. Such behavior of the contact line can be well understood

from the retraction rate, β̇ (negative values), as well as the retraction velocity, vrec

as shown in Figure 6.10.

In Figures 6.10(a)-6.10(d) the normalized retraction rate, β̇R0/V0, is plotted

as a function of time, τ , for different impact velocities and liquid viscosity (the

negative values of β̇ indicates the retraction rate). Notably, the concerned time

evolution of β̇ reveals a few characteristic features of the retraction dynamics of the

deformed droplets on a superhydrophobic surface: firstly, while for the lower impact

speeds β̇ suddenly increases towards the end of dynamics, for higher impact speeds

(∼ We ≥ 60), the trajectory of β̇R0/V0 goes upward (towards, β̇ = 0) after reaching

a point of minima. This trend has been observed for all the liquid viscosities as

seen in In Figures 6.10(a)-6.10(d), which can be attributed to the CB-to-W tran-

sition at higher impact speed [406]. Secondly, the retraction rate is much higher

(negative values of β̇ in Figure 6.10) for low (Oh ≤ 0.003) and moderate viscosity
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Figure 6.10: Temporal evolution of the normalized retraction rate [negative values
of β̇R0/V0] of (a) DIW (Oh = 0.003), (b) Gly50 (Oh = 0.023), (c) Gly65 (Oh =
0.062), and (d) Gly80 (Oh = 0.23) droplets for different impact We.

droplets (0.003 ≥ Oh ≤ 0.05) than that of the high viscosity solutions (Oh ≥ 0.1)

[407, 411]. The aforementioned characteristics hint towards the existence of two

different regimes based on liquid viscosity: inertial regime and viscous regime, as

discussed by Bartolo et al. [411].

Furthermore, the retraction of a deformed droplet from its maximum position,

rmax, can be compared to the retraction of a thin liquid sheet with a velocity, vrec,

following the Taylor-Culick law, i.e., vrec =
√

2γ/ρhf [412, 413]. Here, hf is the

thickness of the liquid film at r = rmax. As such, the velocity of retraction is in-

versely proportional to thickness of the film at t = tmax, i.e., vrec ∼ (hf )
−1/2. Figure

6.11(a) reflects the strong agreement between the experimental retraction velocity

of the TPCL and the h
−1/2
f law, where vrec is defined by vrec ≡ avg[ ˙r(t)]. A slight

deviation of the experimental vrec from the proposed theory at low hf (i.e., high V0),
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can be attributed to the disintegration of the sheet during splashing.

Interestingly, substituting hf from the mass conservation (i.e., πhfr
2
max ≈ 4

3
πR3

0)
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Figure 6.11: (a) Retraction velocity, vrec, of the contact line V/S height of the liquid
film, hf , at maximum spreading. (b) Normalized retraction rate, (β̇/βmax) (R0/V0),
V/S the We, following the Taylor-Culick law (red-solid line) [412, 413].

in the Taylor-Culick law results in:

vrec =

√
3γ

2ρR3
0

rmax =⇒ vrec
rmax

=

√
3

We

V0
R0

. (6.5)

Equation 6.5 expresses the retraction rate as a function of the We. Substituting,

the retraction rate, vrec/rmax = β̇/βmax in Eq. 6.5, Eq. 6.6 is obtained as follows:

(
β̇

βmax

)(
R0

V0

)
=

√
3

We
. (6.6)

The normalized retraction rate from Eq. 6.6 strongly agrees with the present ex-

perimental results as shown in Figure 6.11(b), where β̇/βmax is defined as β̇/βmax ≡
avg[ ˙β(t)]/βmax. This inverse dependency of the retraction rate on the We is a char-

acteristic of the inertial regime of retraction [411]. The integral relationship of the

spreading and retraction dynamics with We further hints towards the dependency

of the resulting hydrodynamic features on the We, as discussed in the following

sections.
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6.3.4 Contact time dynamics
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Figure 6.12: Variation of the (a) normalized contact time, τc, with the We for differ-
ent liquids. (b) Normalized contact time, τc(= tc/th), as a function of We and Re.
(c) Contact time, tcV0/R0 as a function of We for different superhydrophobic sur-
faces. (d) Maximum spreading ratio, βmax V/S We for different superhydrophobic
surfaces.

Analysis of contact time (tc) during droplet impact is very important for industrial

processes, specifically those involving cooling and nucleation dynamics [414]. The

contact time, tc, is defined as the time period from t = 0 to the instant of lift-off

of the droplet from the surface and hence, tc = tmax + trec, where, trec is the total

time-period of retraction dynamics. Figure 6.12(a) shows the variation of the non-

dimensional contact time τc(= tc/th) with the impact We for liquids of different

viscosity. It can be discerned that with an increase in the We, τc increases mono-

tonically for all the liquid viscosities. For instance, during the impact of a viscous

droplet (Oh = 0.062) on the candle soot coated surface τc increases nearly by four
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folds as the We increases from We ∼ 4 to We ∼ 179 [i.e., τc|(We≈179) = 4×τc|(We≈4)].

Again, at a specific impact We, τc increases with an increase in the liquid viscosity

(Oh), which can be attributed to the slower retraction rate of the TPCL along the

surface as discussed in the previous section. Notably, a regression analysis of the

experimental data by considering the effect of both We and Re results in a total

collapse of the data from Figure 6.12(a) to a single master curve as seen in Figure

6.12(b), following the unified scaling, τc ∼ f(P ), wherein, P ≡ f(WeRe−
2
5 ), bears

the previous definition of spreading parameter P [392]. Here, most of the data points

correspond to the viscous regime, i.e., P >> 1, considering the definition of P by

Laan et al. [392]. The spreading parameter, P , dependent form of the contact time

further infers to the We and Re dependent spreading and retraction dynamics and

the veracity of the harmonic time-scale (th). Interestingly, by considering the inertial

time scale R0/V0 to non-denationalize the contact time, Xie et al. [415] has shown

that for the impact of viscous nanodroplets the contact time follows a scaling based

on the We and Re as, f(We
2
3Re

−1
3 ), which is quite similar to the scaling obtained

above for the impact of viscous microdroplets.

Figure 6.12(c) shows a comparison of the contact time for impact of water

droplets (DIW) on different superhydrophobic surfaces [369, 383, 396–399, 401].

For the sake of brevity and clarity, the convective time scale (R0/V0) of the previous

studies is used in Figure 6.12(c) instead of the th. The figure suggests that, for

a specific set of thermophysical properties, the non-dimensional contact time tcV0
R0

increases monotonically with the We for all the surfaces similar to that shown in

Figure 6.12(a), and can be approximated by,

tcV0
R0

∼ aWe
1
2 , (6.7)

where, a is the fitting constant equal to 2.75 ± 0.1 for the CSNPs coated current sur-

face [black dashed-dotted line in Figure 6.12(c)]. Notably, Eq. 6.7 can be extended

for all the surfaces as seen in Figure 6.12(c), however, with different empirical con-

stants [e.g., a = 1.75 ± 0.03 (blue line), and 1.15 ± 0.1 (red line)]. This difference

in the empirical constant of Eq. 6.7 is, however, a bit unexpected as the variation

of the maximum spreading factor, βmax, is nearly the same for all these surfaces, as

shown in Figure 6.12(d). On the other hand, the difference in the contact line’s re-

traction rate on the CSNPs coated surface from that of the other textured/irregular
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SHPs can be a probable cause of the lacuna mentioned above. Interestingly, the

contact time during the impact of a water droplet on the current CSNPs coated

surface closely resembles that of the Leidenfrost impact [396] as shown in Figure

6.12(c), thereby indicating a higher degree of superhydrophobicity of the former.

6.3.5 Droplet rebound dynamics

1 0 - 1 1 0 0 1 0 1 1 0 20 . 1

1

W e

�

W e c 2W e c 1 ( b )

 [ 3 8 3 ]
 [ 3 9 8 ]
 [ 3 9 9 ]
 [ 4 0 2 ]
  ~  W e - 0 . 3 5

  ~  W e - 0 . 5 5
 D I W
 G l y 6 5

0 1 2

0 . 4

0 . 8
 D I W
 G l y 6 5

�

V 0  ( m / s )

( a )

Figure 6.13: Variation of the (a) coefficient of restitution, ε with the impact velocity,
V0 for liquids of different viscosity. (b) Comparison of the rebound coefficient, ε, for
different superhydrophobic surfaces as a function of impact We.

Droplet rebounding from a superhydrophobic surface is another interesting phe-

nomenon, which occurs if the droplet’s initial kinetic energy is sufficient to com-

pensate for the dissipated energies (surface friction and viscous dissipation) during

retraction. As such, there exists a threshold velocity of rebound defined as [370],

vcrre = 9η
8ρR0

(≈ O[10−3 − 10−1] m/s), in order to overcome the pinning (partial and

complete) of the TPCL. The rebound dynamics is usually characterized by the co-

efficient of restitution (ε) [370], defined as the ratio of the velocity after the droplet

impact to the initial impact velocity, i.e., ε = v
′
/V0 =

√
h′/h (discarding both mass

loss and drag). Here, h
′

is the height reached by the primary rebounding droplet

after its first rebound. Figure 6.13(a) shows the variation of the ε with the V0 for

two experimental fluids namely, DIW (Oh = 0.003), and Gly65 (Oh = 0.062). As

seen, for all the rebound events, ε < 1, thereby indicating energy dissipation dur-

ing contact line retraction. Apparently, the ε decreases with the increase in the

V0, which can be attributed to the enhancement in the droplet deformation and
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vibration, leading to higher loss at the high impact velocity [370]. Furthermore, the

viscous dissipation increases with an increase in the viscosity of the droplet, and as

such, ε should be less for a high viscosity droplet, even at the same V0 as shown in

Figure 6.13(a).

Again, for comparing the performance of the current CSNPs coated superhy-

drophobic surface, the variation of the ε with the We is plotted for different super-

hydrophobic surfaces [369, 383, 396–399, 401] in Figure 6.13(b). Surprisingly, the

present surface exhibits a higher value of the ε for all the We, in comparison to other

SHPs. This difference in the magnitude of ε is more prominent in the moderate and

the high We regime as apparent from Figure 6.13(b). The closeness (slightly higher)

in the magnitude of the rebound coefficient on differently textured/disordered SHPs

in similar experimental conditions further infers to the competitive or at par [when

compared to SC-CNT coated surface [402]] water-repelling behavior of the current

CSNPs coated surface.

Figure 6.13(b) also hints towards the presence of three distinct transition regimes

as the impact velocity increases, marked by the patterned zones at We = Wec1

and We = Wec2. Apparently, for We < Wec1, ε ∼ 1, thereby indicating a com-

pletely elastic collision between the droplet and the surface and meager deforma-

tion. As the We increases beyond Wec1, the deformation of the droplet increases,

resulting in the Worthington jet and, in turn, secondary droplets. The ε in this

regime (Wec1 < We < Wec2) varies according to the scaling: ε ∼ bWe−0.35, where,

b = 1.17 ± 0.03 is the fitting coefficient. Again, in the third regime, We > Wec2,

the ε varies as per the scaling law ε ∼ cWe−0.55 as shown by the blue dashed line

in Figure 6.13(b). Here the fitting coefficient c = 2.75 ± 0.07. In this regime, the

momentum before impact is distributed among the secondary droplets, generated

either from a columnar jet or splashing. As a result, one observes low ε due to sub-

stantial deformation of the droplet post-impact. The aforementioned scaling laws

match closely to the ones proposed by Aria and Gharib [402] for CNT-based SHPs.

6.3.6 Splashing dynamics

The splashing of a droplet impacting a dry/wet surface is one of the most sought-

after modes of droplet atomization. A brief introduction of this regime has previously

been put forward in the context of Figures 6.4(a) and 6.6, which sheds light on two

prime aspects: (i) there exists a critical impact velocity, vcrsp (or Wecrsp) beyond which

TH-2590_156103041



6.3 Results and discussion 163

(a) We

= 80

(b) We

= 127

Receding

breakup

Splashing

0.64 mst = 0 ms 2.8 ms 7.44 ms 11.84 ms

(c) 
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Figure 6.14: Sequential snapshots depicting the dynamics of (a) receding breakup
and (b) splashing during the impact of water droplets on the CSNPs coated super-
hydrophobic surface. The dashed yellow line marks the datum’s position, while the
broken red circle in (b) shows the generated secondary droplets as the droplet is
spreading. The impact velocities in (a) and (b) are 2.2 and 2.8 m/s, respectively.
Schematic of (c) prompt splash and (d) lamella ejection event.

splashing regime is observed, (ii) for high viscosity droplets splashing is suppressed.

However, before indulging in further details, it will be better to define the splashing

and non-splashing behaviors for brevity and clarity. Previous reports have divided

the splashing event on solid surfaces into two major categories: (a) prompt splash

and (b) corona splash. In the prompt splash event, secondary droplets are generated

from a lamella, ejected from the droplet base at time te [lamella ejection time; see the

schematic in Figures 6.14(c) and 6.14(d)]. Again, during corona splash, secondary

droplets are ejected from a vertically displaced lamella, wherein the aerodynamic lift

force is dependent on the surrounding gas pressure [38, 403, 416]. Notably, corona

splash is prominent during liquid droplets’ impact on partially wetting smooth sur-

faces. In contrast, the rough surfaces, similar to the surface at hand, are expected

to promote the prompt splashing dynamics [38, 403, 416]. Apart from the prompt

splash, nonwetting surfaces also exhibit receding breakup, in which as the liquid

sheet retracts from rmax, the liquid fingers that have already been formed at the

outer rim disintegrates themselves from the rim and engenders several secondary

droplets [38]. Figure 6.14(a) and 6.14(b) show the event of receding breakup and

prompt splashing to clarify the picture further, wherein secondary droplets are seen

at a much later stage after the generation of the lamella during the receding breakup
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mode. In this study, as the impact velocity increases for water droplets, it passes

through the receding breakup stage (60< We <100) to enter the prompt splashing

stage [see Figures 6.6 and 6.14]. Here onward, the focus is shifted on analyzing

the characteristics of the prompt splash event, and following the logic of the above

discussion, the receding breakup mode of a droplet during impact is identified as

the non-splashing behavior.

Inline to the above discussions, there exist several splashing criteria for droplets

impacting rough surfaces [38], which aims to unfurl the critical velocity needed for

splashing, i.e., vcrsp (or Wecrsp). The most generalized formulation regarding the splash-

ing threshold during the vertical impact on a rough surface is We
√
Re = K, where

the parameter K is to be found empirically from the experimental data [38]. For sim-

ilar impact parameters, the threshold value ofK is generally lesser for rough surfaces,

indicating more splashing. Most recently, Quintero et al. [416] discussed that the

splashing criteria can be derived by considering the time evolution of the thickness

of the rim bordering the lamella, after its ejection at time t∗e. Here, t∗e is the non-

dimensional lamella ejection time, defined as, t∗e = te/(R0/V0) [416]. Notably, in the

limit of Re
1
6Oh

2
3 < 0.25, the ejection time, t∗e can be predicted as, t∗e = 1.05We−2/3

[416]. In the current experiments, splashing is observed for the impact of water

and 50% glycerol solutions (gly50) at experimental conditions, Wecrsp > 100 and

Wecrsp > 160, respectively, which satisfies the condition, Re
1
6Oh

2
3 < 0.25. As such,

the theoretically obtained lamella ejection time, te ≈ 0.01-0.02 ms, matches closely

with the experimental data (te < 0.08 ms) for both water and 50% glycerol so-

lutions. The rim of this ejected lamella further experiences capillary instabilities

as the droplet spreads along the rough surface, consequently generating numerous

secondary droplets at the same time. In the coming section, the variation of these

secondary droplets’ size and number with the impact conditions will be discussed,

which are of utmost importance in pathogen removal or self-cleaning processes.

6.3.6.1 Size of the secondary droplets

Numerous small droplets or secondary droplets are generated due to splashing, whose

size (d) spans across a wide range, as shown in Figure 6.4(a) (V0 = 2.5 m/s). Fig-

ures 6.15(a)-6.15(d) show the normalized size distribution (d/D0) of the secondary

droplets for different impact velocities. As shown in the figure, the distribution can

be fitted with a log-normal function, whose corresponding probability distribution
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[P (D)] is defined as follows:

P (D) =
1

dσd
√

2π
exp

(
−(ln d− 〈d〉)2

2σ2
d

)
, (6.8)

where, 〈d〉 and σd represent the mean and the standard deviation, respectively,

defining the distribution characteristics. Notably, Shaikh et al. [417] has previously

shown the relevance of this kind of log-normal distribution for secondary droplet

size for immiscible impacts of droplets onto millimetric films. The similar distri-

bution pattern of the secondary droplet sizes in both the present study and the

previous study of droplet impact on a wet film can be attributed to the underly-

ing mechanism of droplet generation by fluidic ligament fragmentation, which is, in

general, a cascade-like event [417, 418]. Interestingly, for all the impact velocities

and liquid viscosity exhibiting splashing, the resulting size distributions of d always

conform to the log-normal distribution, as shown in Figures 6.15(a)-6.15(d). The

corresponding normalized probability densities, P (D), also apparently adhere to the

log-normal distribution, as shown in Figures 6.15(e)-6.15(h). The distributions of d

and P (D) in Figure 6.15 further indicate that the mean shifts towards lower values

as the impact We increases. Also, for a nearly equal impact velocity, a larger mean

of the size distribution is obtained if the viscosity of the droplet is increased.

Furthermore, considering the disintegration of the ligaments originating from the

liquid rim as the dominant mechanism of droplet generation during liquid splash, it

can be intuitively argued that both the surface tension as well as viscous boundary

layer within the liquid rim will affect the droplet size distribution [404, 417–419].

As such, it can be intuitively argued that both the We and Re should appear in the

empirical correlation of time-averaged secondary droplet size, such that:

d32/D0 = f(We,Re) ∼ C2WedRee, (6.9)

where, C2, d, and e are the empirical constants. Notably, the Sauter mean diameter

(d32) is considered as the representative of the secondary droplet size, defined as

follows:

d32 =

∑Nd
i=1 nid

3
i∑Nd

i=1 nid
2
i

, (6.10)

where, di is the diameter of the ith secondary droplet and Nd is the total number of
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Figure 6.16: Variation of the (a) mean size [i.e., Sauter mean diameter, d32] of the
droplet, expressed in a non-dimensionalized form, i.e., d32/D0, as a function of the
We and Re. The red dashed line is derived from Eq. 6.9. (b) No. of droplets, Nd

as a function of the impact We.

secondary droplets. A thorough regression analysis results in the following empirical

constants: C2 = 8.641±10.2, d = −0.6±0.198, and e = −0.107±0.039. Interestingly,

apart from the scaling law in Eq. 6.9, the empirical constants are also similar to

that of the scalings proposed by Han et al. [419] during droplet impaction on a

heated surface. The aforesaid observations infer that the ligament breakup is the

dominant mechanism for secondary droplet production during splashing in both

situations. Figure 6.16(a) shows that all the experimentally obtained droplet size

during splashing, across viscosity and impact velocities, collapse to a single curve

following the scaling in Eq. 6.9, thereby validating the current empirical correlation.

The inverse dependency of the mean droplet size (d32/D0) on the We refers to the

fact that, with an increase in the impact velocity, smaller secondary droplets are

produced in the splashing regime. Again, the experiments show that the number

of secondary droplets (Nd) increases monotonically with the increase in the impact

velocity at a specific viscosity [see the note regarding no. of secondary droplets in

Section E.2 of Appendix E]. Figure 6.16(b) strongly corroborates the aforementioned

claim, wherein two different linear scaling laws are seen at two different viscosities.

For the splashing of DIW droplets on the current CSNPs coated superhydrophobic

surface, the suitable scaling is found as Nd = 0.63 We−27.8, whereas the scaling law

regarding the number of secondary droplets produced after splashing of 50% glycerol-

water droplets on the same surface is found as Nd = 0.8 We− 122.75. Notably, the

slopes of the two theoretical curves (dashed line) in Figure 6.16(b) have a meager
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difference in their numerical values, thereby validating the dominance of ligament

breakup mode during splashing of viscous droplets.

6.3.7 Partial rebound dynamics

( d )( c )
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�
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Figure 6.17: (a) We-Re regime map showing complete rebound, partial rebound,
and splashing regimes during the impact of water droplets on various soot-coated
superhydrophobic surfaces. Variation of (b) maximum spreading ratio and (c) re-
traction rate with the We for the impact of water droplets on different soot-coated
superhydrophobic surfaces. (d) Schematic depicting the proposed mechanisms of
the complete rebound and partial rebound regime.

The existence of the partial rebound phenomenon during droplet impact on a

superhydrophobic surface is a critical factor affecting the design of the same. Dur-

ing the partial rebound regime, which succeeds the complete rebound regime, the

elongated liquid droplet is disintegrated at the end of the retraction phase and sub-

sequently bounces off the surface leaving behind a considerable liquid volume (see

the experimental snapshots corresponding to U0 = 2.50 m/s in Figure 6.4(b). Fun-
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damentally, the partial rebound event indicates the (partial) Cassie to Wenzel tran-

sition, wherein the liquid-air interface of the droplet impales the superhydrophobic

coating. Therefore, different methodologies have been adopted to inhibit the afore-

said impalement transition to increase the robustness of the concerned SHPs. In the

case of silica-based SHPs used in previous studies[369–374], for the impact of water

droplets on the same, partial rebound event is reported to occur in the range ∼ 15

≤ We <60 [shown with the help of shaded area in Figure 6.17(a)]. Deng et al. [369]

suggested that the local CWT is the driving mechanism for the occurrence of the

partial rebound regime in their study. Remarkably, for the present CSNPs coated

SHPs, no partial rebound (or partial pinning) is ever seen during the impact of water

droplets up to We ≈ 125. Instead, in this study, the dynamics of droplet impact

directly enter from the complete rebound state to the splashing state as shown in

Figures 6.6 and 6.17(a). This contrasting behavior is quite significant as both the

present CSNPs coated SHPs and the referred silica-coated SHPs [369] have identical

surface morphology [refer to Figure 6.3]. While the debate regarding the origin of

this partial CWT in the case of superhydrophobic surfaces is still ongoing, gener-

ally, the aforesaid transition is elucidated in terms of the competing wetting and

anti-wetting pressures during droplet impact. The relevant wetting pressures are

the dynamic pressure, PD (= 0.5ρU2
0 ) [420], originating from droplet inertia and the

water hammer pressure, PEWH (= kρCU0) [420], emanating from the instantaneous

compression of the liquid at the contact stage. The effective water-hammer pressure,

PEWH dominates the early stages of droplet impact, which subsequently releases its

shock energy after overtaking the moving liquid-air interface of the droplet. Con-

sequently, the dynamic pressure, PD, dominates the dynamics of droplet spreading

later. Notably, the prefactor k can assume a broad range of values, depending upon

the complex interaction between the solid surface and liquid front, ranging from

0.2[420] to 0.002[421]. Also, both PD and PH increase monotonously with an in-

crease in the impact velocity, U0. Considering the velocity of sound in water, C ≈
1497 m/s, for the complete range of impact velocity of water droplets (U0 = 0.2-3.2

m/s, Table 6.2), PD ranges from 0.02 kPa to 5 kPa and PH ranges from 72 kPa to 1.1

MPa (considering k = 0.2). Again, the droplet can impale the coating only when

the combination of these two wetting pressures exceeds the anti-wetting pressure

or capillary pressure (PC), i.e., PD + PH > PC . Deng et al. [369] suggested that

impalement of droplets on a fractal type rough SHPs predominantly occurs via the

depinning mode, wherein the liquid interface constantly slides along the micro/nano-
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structures beyond the material advancing contact angle (θadv). Considering a pore

size of rp in the superhydrophobic surface, the anti-wetting pressure is defined as,

PC = −2
√

2γ cos θadv/rp [369, 370, 420]. The anti-wetting pressure changes consid-

erably with the change in pore spacing, rp and intrinsic wettability of the material

(θadv).

With the definitions of wetting and anti-wetting pressures put in place, the non-

impaling phenomenon of the water droplet on the CSNPs coated SHPs is expected

to be originated from the dense network of the soot nanoparticles as shown in Fig-

ure 6.3. In the velocity range (U0 = 0.95-1.9 m/s, or We = 15-60) corresponding

to the partial rebound regime shown by Deng et al. [369], PD varies from 0.5 kPa

to 1.76 kPa, and PH varies from ∼ 340 kPa to ∼ 675 kPa. To avoid impalement,

PC > 675 kPa on the proposed CSNPs coated surface. Considering, θadv ≈ 161◦,

the corresponding spacing between the protrusions is roughly calculated as rp ∼
0.2 µm, which matches approximately the surface topology shown in Figure 6.3.

Deng et al. [369] argued that, the liquid-air interface partially impales the coating

via depinning mode beyond a threshold impact velocity (U cr
pin or Wecrpin) and the

corresponding penetration depth increases with an increase in the impact velocity

[369, 422]. The liquid-air interface occupies the inner spaces of the overhangs after

displacing the air [shown schematically in the right panel of Figure 6.17(d)] during

the spreading stage, and as a result, the contact line experiences enormous resis-

tance once it reaches the wetted area during the retraction, consequently leading

to the bifurcation of the parent droplet [369]. This dynamic wetting state can be

termed as the mixed Cassie-Wenzel state [422]. On the other hand, the absence of

the partial rebound phenomena in this study is anticipated to have originated from

a larger value of PC restricting the liquid front from touching the inner overhangs

of the fractal network as depicted schematically in the left panel of Figure 6.17(d).

This state of the dynamic wetting behavior can be termed as the metastable Cassie

state [369]. As a result, even though the droplet elongates to some extent at the

end of the retraction stage, the contact line successfully pulls itself upwards, leading

to a complete rebound situation. The impact dynamics in this concerned regime

are analogous to the partially penetrated bouncing (PPB) regime indicated by Kwon

and Lee [423]. However, the slightest penetration on the surface at hand has to be

verified through control experiments.

The contrasting dynamic wetting behavior between the two nearly identical su-

perhydrophobic surfaces can be convincingly argued to have emanated from the
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additional silica layer on the surfaces engineered by Deng et al. [368, 369]. The

difference in the top-coatings leads to the change in the overall fractal network,

which may have affected the fractal dimensions of the surfaces [424, 425] and conse-

quently altering the static and dynamic wetting behavior of the impacting droplets.

In this regard, the comment of Malavasi et al. [426] regarding the role of surface

chemistry in the dynamic wetting behavior can also be invoked. Interestingly, the

absence of partial rebound behavior also results in a higher retraction rate (β̇) of

the TPCL in the bare CSNPs coated SHPs in comparison to the silica-coated SHPs

[369], as shown in Figure 6.17(c). It is to note that, to avail a one-to-one com-

parison with Deng et al. [369], the definition proposed by the former is considered

for calculating the retraction rate, i.e., β̇ ≡ max(−dD/dt)/dmax. The additional

viscous dissipation within the porous structures during the retraction phase can be

considered the primary reason behind the substantial difference in β̇. Interestingly,

the variation of the maximum spreading ratio, βmax along with the We, is nearly

similar in all the different SHPs as shown in Figure 6.17(b). However, the partial

rebound regime’s aforementioned interesting behavior should be explored in the near

future, considering all the possibilities with more sophisticated experimentation to

further the knowledge of low-cost SHPs. The absence of impalement of the target

superhydrophobic surface during the impact of low viscosity droplets is one of the

significant contributions of this study.

6.4 Summary

This chapter shows that a simple fabrication method of flame deposition of carbon

soot nanoparticles on a PDMS-derived surface can produce a superior quality su-

perhydrophobic surface. Although the static wetting characterization has previously

been carried out elsewhere [379, 427], it is essential to elucidate the dynamic wetting

behaviour of the surface at hand to use it in different processes, specifically in out-

door applications. As such, a detailed appraisal of the impact dynamics of viscous

droplets on the produced surfaces is carried out in this study. Here, the impact

dynamics are characterized in the purview of the temporal evolution of several vital

parameters, which include spreading ratio, contact time, coefficient of restitution,

splashing parameter, and size of the secondary droplets engendered by splashing.

The produced surface retains its superhydrophobicity even at higher viscosity (up
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to 20 times the viscosity of DI-water) and high impact velocity (up to V0 = 2.4 m/s

at Oh = 0.062). Remarkably, for the impact of water droplets, the present surface

does not exhibit partial rebound dynamics, unlike a host of existing SHPs of similar

topology. However, beyond a threshold impact velocity (V0 ≥ 3.0 m/s) and viscos-

ity (Oh ≥ 0.062), a permanent Cassie-Baxter state to the Wenzel state transition

is observed. The dynamics of contact time, rebound, and splashing are a function

of the impact velocity and liquid viscosity. The number of secondary droplets in-

creases monotonically during splashing, with an increase in the impact velocity, and

is inversely proportional to the liquid viscosity. Again, the secondary droplets’ mean

size decreases with an increase in the impact velocity and increases with an increase

in the liquid viscosity. Finally, the current CSNPs coated superhydrophobic surface

is compared and contrasted against the existing superhydrophobic surface regard-

ing the critical droplet impact parameters mentioned previously. Considering the

experimental data of contact time, spreading ratio, and restitution coefficient asso-

ciated with the impact of DI-water droplets on various superhydrophobic surfaces,

the current CSNPs coated surface exhibits superior or comparable water-repelling

behaviour. Such inspiring results are expected to establish the studied surface as

a strong candidate for utilizing it as an affordable and easy to fabricate superhy-

drophobic coating in industrial applications, specifically in outdoor coatings.
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Chapter 7

Conclusions and scope of future

work

7.1 Conclusions

In the present thesis work, an experimental investigation and subsequent charac-

terization of the different microfluidics systems involving droplets have been carried

out. Specifically, the thesis work focuses on elucidating the dynamics of deforma-

tion and subsequent atomization of the liquid-vapour interface of a droplet in the

presence of several different kinds of external stimulations. In this regard, four sep-

arate physical systems are explored, wherein the primary driving potentials acting

on the liquid droplets are electric field potential, magnetic potential, gravitational

potential, and imposed inertia. Apart from the magnitude of the external fields, the

present work considers the effect of the substrates’ wettability and elasticity and the

thermophysical properties of the experimental fluid while elucidating the dynamics

of the liquid droplets in different physical systems. Notably, the characterization of

the droplet dynamics is carried out by considering the spatiotemporal evolution of

different parameters associated with the three-phase contact line, (apparent) con-

tact angle, and droplet geometry during the experiments. Additionally, the process

of secondary droplet generation has also been characterized as per the requirement

of the study. The experimental results from each chapter are also complemented

by theoretical analysis based on non-dimensional numbers and also by numerical

simulations if required. The excellent agreement between the experimental results
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to the theoretical scaling laws elucidates the driving mechanisms of the concerned

rich physical systems and also reflects the robustness of the experimental methods.

In this chapter, the important findings of each chapter are summarized below.

All the experimental studies are conducted using a high-speed visualization sys-

tem, as discussed in Chapter 2. A novel image processing technique has also been

developed to extract desired quantitative information from high-speed experimental

videos. The main conclusions from Chapter 2 are as follows:

• A high-speed videography system, comprised of a high-speed camera, zoom-

ing lens, and high-intensity backlighting, is chosen to carry out experimental

investigations in this thesis. Additionally, a number of selection criteria associ-

ated with essential parameters of the high-speed imaging system are discussed

and defined in the purview of the current thesis work. The concerned parame-

ters are frame rate, interframe time, exposure time, shutter speed, illuminance

time, magnification, triggering mode, among many others.

• A novel image processing method is developed by combining the image process-

ing tools of ImageJ [164] and an in-house C++ code. The aforesaid method has

been able to nullify the shortcomings of the high-speed videography method,

precisely the issue of the central white regime in the acquired images. The

code has been validated against several experimental images.

A yarn-based droplet generation system is discussed in Chapter 3. The spontaneous

capillary flow of the liquids through the yarn’s tortuous network facilitates the for-

mation of a liquid droplet at the freely hanging end of the yarn, which has been

explored in a simple, yet robust experimental setup. Various experimental fluids

are chosen with a broad range of thermophysical properties to elucidate the univer-

sality of such a capillary flow-mediated yarn-based droplet generation system. A

detailed appraisal of the droplet’s contact line dynamics is presented, which further

helped demarcate different growth regimes and compare the dynamics to existing

drop-on-demand systems comprised of solid no-wettable capillary tubes. The salient

conclusions from the chapter are as follows:

• Based on the spatiotemporal evolution of the three-phase contact line, the dy-

namics of the droplet growth can be divided into three distinct stages, namely

radial growth, axial growth, and motion. During the radial growth stage, the

radius of the drop expands rapidly with a relatively moderate rate of increase
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in its length. The tip (or TPCL) of the drop moves upward in this stage, while

the bottom remains fixed approximately at z = 0. A relatively high rate of

increment of the droplet length and a relatively lower rate of radial expansion

the characteristics of the second stage, i.e., axial growth stage. Here, the tip

of the drop remains fixed to its position till the end of the stage, with the bot-

tom point continuously moving away from the datum. The second stage comes

to completion on the droplet reaching a critical volume, thereby enabling it

to overcome the resisting forces preventing it from sliding downwards. The

aforementioned three stages, seen during droplet growth in a yarn, are rarely

observed in the conventional capillary tube-based drop generation systems.

• The contact line dynamics during the motion stage appear to be self-similar,

irrespective of the initial experimental conditions. This universal behaviour of

the TPCL can be described by a scaling law based on the driving and resisting

forces. The scaling law suggests that the gravity force dominates the capillary

forces during the motion stage.

• Furthermore, another self-similar behaviour is observed for the temporal evo-

lution of the droplet radius in the radial growth and axial growth stage. The

derived asymptomatic relation suggests that the surface tension force domi-

nates the droplet’s growth rate during the initial two stages, which, in turn,

controls the final droplet volume. By using a number of different fluids span-

ning across a wide range of viscosity, it is found that for the macroscale contact

line dynamics occurring over a physical timescale, viscosity plays the role of

rate limiter.

• The critical volume required for the drop to initiate sliding is 65%-75% of

the final drop volume after pinch-off, a value deduced from the quantitative

analysis of the experimental images, as well as obtained theoretically. The

contact line’s movement is found to be similar to that of drop formation in a

wettable nozzle [149].

• The low flow rates during the experiments direct the dynamics of drop forma-

tion in the static-pinch-off regime.

The findings of this study may stimulate further investigations on the dynamics of a

droplet generating from a yarn with different chemical and physical textures. Also,
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more experiments with liquids having wider ranges of the relevant properties, in-

cluding nonwetting fluids, can be performed to extend the validity of the proposed

asymptotic relations. Moreover, careful numerical simulations may shed light on

understanding the dynamics of drop formation in many naturally observed and syn-

thetic hierarchical porous structures.

In Chapter 4, a detailed appraisal of the magnetowetting dynamics of paramag-

netic droplets resting atop a soft viscoelastic surface is discussed. While the magnetic

field’s effect on the wetting dynamics of the sessile magnetic droplets has been dis-

cussed exhaustively in the previous studies, this chapter unravels that the enhanced

substrate elasticity further alters such wetting dynamics. In a non-uniform mag-

netic field, the droplet’s morphological evolution may even lead to irreversible shape

change and, subsequently, engender secondary droplets by splitting. By considering

the temporal evolution of the contact angle and the TPCL during magnetowetting

on soft-substrates different regimes have been explored. Some of the significant

conclusions from the experiments in Chapter 4 are:

• The (apparent) contact angle decreases due to the continuous elongation of

the sessile droplet in a direction parallel to the magnetic field. During mag-

netowetting on a rigid substrate, the contact angle decrease appears to be

lesser than that of the soft substrate. On the other hand, the contact line

motion is often restricted on the soft-substrate due to enhanced pinning aided

by substrate compliance. Contrarily, on the rigid substrates, the contact line

experiences less hindrance during the magnetowetting period.

• The contact line exhibits stick-slip motion on an apparently rigid surface,

whereas, in the case of a soft surface pinning dynamics are observed. The

pinning dynamics are controlled by the stick-break mechanism of the large

wetting ridge formed on soft substrates during magnetowetting. An energy

budget analysis of the Gibbs free energy for overcoming resistance offered by

the wetting ridge on soft substrates agrees well with our experimental results.

• Due to the dominant pinning dynamics on soft surfaces, the initial pinning

period increases considerably compared to rigid substrates. Also, the time

period of magnetowetting increases significantly with an increase in the soft-

ness of the underlying substrate in the presence of a magnetic field of similar

strength.
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• The extreme elongation of the magnetic droplet in the non-uniform magnetic

field eventually leads to the primary droplet’s bifurcation, thereby resulting

in secondary droplets. The secondary droplet size increases as the surface’s

softness increases, indicating a higher mass transfer rate at a similar magnetic

environment.

The present study can be extended to see the effect of a higher magnetic field and

explore the contact line motion in related cases. The study is highly relevant to the

magnetic droplet printing applications or applications involving ferrofluid droplet

generation.

Chapter 5 presents an experimental investigation of a system wherein intense

electrical energy has been deposited inside a sessile droplet. The confinement of the

shock waves inside the droplet resulted in some awe-striking hydrodynamics, namely

the formation of liquid crown, long slender jet, and the explosion of the droplet.

The results corroborate that a variation of the electric field can shift the dynamics

from one regime to another. Again, the change in thermophysical properties of the

droplet, namely viscosity, and conductivity, also lead to a change in hydrodynamics.

The study reports a novel method for controlling such violent dynamics to make it

worthwhile for many industrial processes. The primary conclusions obtained are as

follows:

• Emulating an EWOD setup, the droplet sitting on a cathode-isolator pair is

integrated with an anode from the top to confine the discharge in the liquid.

Beyond a critical field intensity, the dielectric breakdown generates a discharge

in the form of releasing localized light and/or thermal energies, which in turn

causes actuation, expansion, and collapse of cavitation bubbles in the droplet.

Subsequently, several discharge-mediated hydrodynamics, such as bursting,

jetting, and crown formation, have been observed. The crowns are charac-

terized by the formation of a metastable cylindrical liquid sheet topped by

a developed rim decorated with periodic liquid spikes. On the other hand,

the liquid jets show an upward movement before breaking into an array of

secondary droplets. Further, in comparison to the previously reported laser-

based setups [5], a simpler, as well as economic (in terms of the mechanical

energy conversion efficiency) alternative of bursting of a droplet into an array

of microdroplets in a few milliseconds, is proposed in this chapter [43]. Con-

ditionally, a host of interesting flow morphologies are observed, which include
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high-aspect-ratio microjets, end-pinching of a liquid jet, high-aspect-ratio liq-

uid spikes riding on the rim of a crown, and the capillary breakup of a liquid

jet, among others. The energy conversion efficiency of bursting is approxi-

mately 25%-30%, while the same has been less than 2% for the jetting or

crown formation.

• The simulations uncover that the location of dielectric breakdown under the

droplet can be one of the important factors for developing different flow mor-

phologies. For example, a bursting phenomenon can be expected at high field

intensity when the breakdown is immediately under the anode (i.e., at the

center of the droplet-base). In contrast, jetting (crowning) can be observed

at lower (intermediate) field intensities when the breakdown occurs near the

droplet’s three-phase contact line. The deviation of the discharge location

from the center-of-gravity of the droplet is another factor found to decide the

type of flow morphology observed after discharge. Interestingly, the transition

of flow morphologies can be done by tuning the thermodynamic factors such

as the applied electric field intensity and/or the droplet size and the kinetic

parameters such as the electrical conductivity and/or viscosity of the droplet.

While a higher electrical conductivity (≥ 0.5 M) and field intensity (> 15

kV/cm) facilitate bursting, a lower field intensity leads to the crown forma-

tion or jetting. Again, for a given field intensity and conductivity, different

flow morphologies can be obtained by tuning the droplet’s viscosity. The the-

oretical and experimental timescales for the discharge mediated formation and

sealing of liquid-crown, formation, and the breakup of a jet, and bursting of

the droplet are discussed based on the balances of the electric field, surface

tension, and the viscous forces.

• During the jetting, in the front, the bulbous secondary droplet is formed fol-

lowing the well-known end-pinching mechanism [320] while the rest of the jet

breaks following the Plateau-Rayleigh instability (primarily in case of viscous

jets). About five-to-ten-fold miniaturization of the primary droplet is observed

during such a process. In contrast, the bursting of the droplet leads to ap-

proximately thirty-to-forty-fold miniaturization, highlighting the potential of

the proposed method in the development of liquid sprays or atomizers.

• The droplet atomization strategy proposed here is competitive, if not similar
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or superior, to the processes available, in terms of energy efficiency. How-

ever, such comparative studies are to be explored considering the difference

in underlying mechanisms involving light, sound, electric, or magnetic fields.

Also, the overall efficiency of the current method is to be compared and con-

trasted against some of the commonly employed droplet atomization tech-

niques [4, 12, 13, 334–337]. In the near future, alongside exploring the fun-

damental and applied aspects of the proposed phenomenon, the applications

of the same for inkjet printing [19], electro-spraying [219], droplet miniatur-

ization, tissue ablation [299], electroporation [300] or biomedical devices [132]

can also be explored.

In chapter 6, a detailed experimental investigation of the dynamic wetting behaviour

of candle soot coated superhydrophobic surface is presented. The flame deposition

of carbon soot nanoparticles (CSNPs) on a thin PDMS film-coated hydrophobic

surface ensures the formation of a fractal network of CSNPs and results in extreme

water repellency. The static wetting characteristics of such types of surfaces have

been studied beforehand [379]. The dynamic wetting behaviour of the target surface

is ensured through the analysis of the impact dynamics of viscous droplets on the

proposed surface. The significant outcomes of the study are listed below:

• During the impact of water droplets on silica-coated SHPs, Deng et al. [369]

and subsequent studies [370–374] have observed the partial rebound behavior

within the experimental range 15≤ We ≤60, preceding the splashing regime.

In this study, with bare soot-coated SHPs, no such pinning regime has been

observed within the same experimental range. Instead, in the latter study, the

droplet impact dynamics directly enter the splashing regime from the complete

rebound regime. Notably, the partial pinning regime is the indicator of the

Cassie-to-Wenzel transition in droplet impact and is considered undesirable

for self-cleaning applications. This difference in the wetting behavior further

affects the retraction dynamics of the droplet contact line on both bare and

silica-coated, CSNPs based superhydrophobic surfaces, resulting in a slower

retraction rate in the latter.

• With an increase in the liquid viscosity, the complete rebound events are sup-

pressed, and partial rebound (or partial pinning) phenomenon is observed.

For very high viscosity droplets, post-impact, the dynamics are shifted from
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the Cassie-Baxter mode to the Wenzel mode, thereby resulting in enhanced

pinning during droplet retraction.

• Both the spreading and retraction rate of the contact line decreases with an

increase in the liquid viscosity. On the other hand, the maximum spreading

ratio increases with an increase in the impact speed. Further, the droplet’s

retraction rate follows the Taylor-Culick prediction for all the impact velocities

studies herein.

• The contact time, defined as the time from the instant of impact to the instant

the droplet lifts itself, increases with an increase in the Weber number. Again,

for similar experimental conditions, the contact time is substantially higher

for viscous droplet impact than that of the less viscous droplet. Additionally,

the contact time exhibits a strong dependency on the spreading parameter for

all liquids with different viscosity, expressed through a scaling law based on

non-dimensional parameters We and Re.

• When the liquid velocity is increased beyond a threshold limit, the prompt

splashing of the impacting drop is observed in the case of less viscous solutions.

In this regime, the mean size of the secondary droplets engendered reduces with

an increase in the Weber number. In contrast, the splashing of viscous droplets

produces secondary droplets of larger mean size than that of the less viscous

droplets in similar experimental conditions. Besides, the number of secondary

droplets increases with an increase in the We, whereas, tend to decrease with

an increase in the liquid viscosity in similar impact conditions.

• The current CSNPs coated superhydrophobic surface shows similar or com-

petitive, if not superior, water-repelling behaviour to the existing superhy-

drophobic surfaces. This is determined based on the comparison of restitution

coefficient, contact time, spreading ratio, and retraction rate for different su-

perhydrophobic surfaces during the impact of water droplets.

The studied CSNPs coated non-functionalized superhydrophobic surface shows ex-

treme water-repelling behaviour. Surprisingly, the surface retained its superhy-

drophobicity even at very high velocity and viscosity (up to 20 times higher than

that of DI-water), as shown by the dynamic wetting characteristics. As such, it

can be a viable alternative to the family of outdoor superhydrophobic coatings.
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Again, considering the comparatively easier one-step fabrication method as well as

lower fabrication cost, the current CSNPs coated surface can be a great choice for

applications aiming at low-cost superhydrophobic/superamphiphobic surfaces.

7.2 Scope of future work

The present dissertation work experimentally investigates a few interesting physical

systems in the purview of digital microfluidics. The current work makes an honest

attempt to provide a detailed appraisal of the physical systems under consideration

by considering different parametric studies. However, many potential areas are yet

to be explored in the physical systems considered in this thesis work. In this regard,

a few possible extensions that may form the basis of future research are mentioned

as future scope below:

• The yarn-based droplet generators are expected to behave differently for non-

wetting fluids, thereby exhibiting additional dynamics of droplet growth. Also,

the yarn can be functionalized with external coatings, and the dynamics of

droplet growth can be studied in detail.

• The combined effect of substrate elasticity and nanoparticle concentration

on the soft magnetowetting phenomenon can shed light on the transition of

the contact line dynamics from stick-slip to stick-break mode. Besides, the

strength, as well as the direction of the applied magnetic field, can introduce

additional dynamics during magnetowetting.

• The dielectric-discharge-mediated droplet breakup dynamics can be explored

further considering the effect of the substrate wettability. Moreover, the effect

of the anode size and its orientation can be assessed to provide full control of

the ensuing hydrodynamic features. Also, the effect of the droplet volume and

the dynamic contact angle of the droplet on the observed hydrodynamics can

be an interesting aspect to be explored in the near future.

• The experimental fluids employed in this thesis work are mostly Newtonian

fluids. Again, a wide variety of non-Newtonian fluids are ubiquitously used

in a plethora of applications. Generally, the viscosity of the non-Newtonian

fluids depends on the applied shear rate or the shear rate history. Hence,
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it can be envisaged that such a shear rate-dependent viscous behaviour of

the experimental fluids may alter the ensuing flow morphologies in all the

physical systems discussed in this thesis. Furthermore, the velocity of the

ejected secondary droplets from the rim of the expanding droplet can also be

explored in future works with the help of state-of-the-art instruments such as

micro-PIV or 4D-confocal microscopy.
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[224] Lorenceau É., Clanet C., and Quéré D. (2004) ‘Capturing drops with a thin

fiber’, J. Colloid Interface Sci., vol. 279(1), pp. 192–197.

TH-2590_156103041



REFERENCES 203

[225] Yarin A.L., Liu W., and Reneker D.H. (2002) ‘Motion of droplets along thin

fibers with temperature gradient’, J. Appl. Phys., vol. 91(7), pp. 4751–4760.

[226] Weyer F., Duchesne A., and Vandewalle N. (2017) ‘Switching behavior of

droplets crossing nodes on a fiber network’, Sci. Rep., vol. 7(1), p. 13309.

[227] Harkins W.D. and Brown F. (1919) ‘The determination of surface tension (free

surface energy), and the weight of falling drops: The surface tension of water

and benzene by the capillary height method.’, J. Am. Chem. Soc., vol. 41(4),

pp. 499–524.

[228] Tate T. (1864) ‘Xxx. on the magnitude of a drop of liquid formed under

different circumstances’, Philos. Mag., vol. 27(181), pp. 176–180.

[229] Whitesides G.M. (2006) ‘The origins and the future of microfluidics’, Nature,

vol. 442(7101), p. 368.

[230] i Solvas X.C. and DeMello A. (2011) ‘Droplet microfluidics: recent develop-

ments and future applications’, Chem. Commun., vol. 47(7), pp. 1936–1942.

[231] Odenbach S. (2003) ‘Ferrofluids—magnetically controlled suspensions’, Col-

loids Surf. A, vol. 217(1-3), pp. 171–178.

[232] Bormashenko E., Pogreb R., Bormashenko Y., Musin A., and Stein T. (2008)

‘New investigations on ferrofluidics: ferrofluidic marbles and magnetic-field-

driven drops on superhydrophobic surfaces’, Langmuir, vol. 24(21), pp. 12119–

12122.

[233] Latikka M., Backholm M., Timonen J.V., and Ras R.H. (2018) ‘Wetting of fer-

rofluids: Phenomena and control’, Curr. Opin. Colloid Interface Sci., vol. 36,

pp. 118–129.

[234] Katsikis G., Breant A., Rinberg A., and Prakash M. (2018) ‘Synchronous

magnetic control of water droplets in bulk ferrofluid’, Soft matter, vol. 14(5),

pp. 681–692.

[235] Sero-Guillaume O., Zouaoui D., Bernardin D., and Brancher J. (1992) ‘The

shape of a magnetic liquid drop’, J. Fluid Mech., vol. 241, pp. 215–232.

TH-2590_156103041



204 REFERENCES

[236] Chen C.Y. and Cheng Z.Y. (2008) ‘An experimental study on rosensweig in-

stability of a ferrofluid droplet’, Phys. Fluids, vol. 20(5), p. 054105.

[237] Zhu G.P., Nguyen N.T., Ramanujan R.V., and Huang X.Y. (2011) ‘Nonlinear

deformation of a ferrofluid droplet in a uniform magnetic field’, Langmuir,

vol. 27(24), pp. 14834–14841.

[238] Lee C.P., Yang S.T., and Wei Z.H. (2012) ‘Field dependent shape variation

of magnetic fluid droplets on magnetic dots’, J. Magn. Magn. Mater., vol.

324(24), pp. 4133–4135.

[239] Vieu T. and Walter C. (2018) ‘Shape and fission instabilities of ferrofluids in

non-uniform magnetic fields’, J. Fluid Mech., vol. 840, pp. 455–497.

[240] Cowley M. and Rosensweig R.E. (1967) ‘The interfacial stability of a ferro-

magnetic fluid’, J. Fluid Mech., vol. 30(4), pp. 671–688.

[241] Manukyan S. and Schneider M. (2016) ‘Experimental investigation of wetting

with magnetic fluids’, Langmuir, vol. 32(20), pp. 5135–5140.

[242] Rigoni C., Pierno M., Mistura G., Talbot D., Massart R., Bacri J.C., and

Abou-Hassan A. (2016) ‘Static magnetowetting of ferrofluid drops’, Langmuir,

vol. 32(30), pp. 7639–7646.

[243] Banerjee U. and Sen A. (2018) ‘Shape evolution and splitting of ferrofluid

droplets on a hydrophobic surface in the presence of a magnetic field’, Soft

matter, vol. 14(15), pp. 2915–2922.

[244] Extrand C. and Kumagai Y. (1996) ‘Contact angles and hysteresis on soft

surfaces’, J. Colloid Interface Sci., vol. 184(1), pp. 191–200.

[245] Pericet-Camara R., Auernhammer G.K., Koynov K., Lorenzoni S., Raiteri R.,

and Bonaccurso E. (2009) ‘Solid-supported thin elastomer films deformed by

microdrops’, Soft Matter, vol. 5(19), pp. 3611–3617.

[246] Style R.W. and Dufresne E.R. (2012) ‘Static wetting on deformable substrates,

from liquids to soft solids’, Soft Matter, vol. 8(27), pp. 7177–7184.

[247] Style R.W., Boltyanskiy R., Che Y., Wettlaufer J., Wilen L.A., and Dufresne

E.R. (2013) ‘Universal deformation of soft substrates near a contact line and

TH-2590_156103041



REFERENCES 205

the direct measurement of solid surface stresses’, Phys. Rev. Lett., vol. 110(6),

p. 066103.

[248] Squires T.M. (2013) ‘Drops on soft surfaces learn the hard way’, Proc. Natl.

Acad. Sci. U.S.A., vol. 110(31), pp. 12505–12506.
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Appendix A

Cleaning methodology of glass

substrates

A.1 Cleaning process of ITO-coated glass

ITO-coated glasses are initially sonicated with a soap solution for 30 min and af-

terward rinsed with DI-water for 4-5 min. The substrates are then sonicated with

acetone and isopropyl alcohol consecutively each for 15 min. The ITO-coated glasses

are then dried with nitrogen before placing it in an oxygen plasma chamber for 20

min (power: ∼ 1 W, ∼ 350 V, and 3 mA). The freshly cleaned ITO substrates are

then spin-coated with the PDMS solution.

A.2 Cleaning process of glass micro-slides

Glass micro-slides are usually cut in the desired size (usually in 15 mm × 15 mm)

before soaking them in detergent solutions for 30 min. After that, hard brushing is

done on pre-soaked glass slides (usually 200 strokes/2 min of brushing) and subse-

quently sonicated in the same detergent solution for 15 min. Next, the sonicated

slides are boiled in in a bath of acetone (60 ml) at 100◦C for 10 min and subsequently,

in a bath of ethanol (60 ml) for boiling again at 100◦C. Later on, the glass slides

are subjected to sonication on the same ethanol for 15 min. Afterward, they are

rinsed in DI-water for 1-2 min and subsequently boiled in 5:1:1 (H2O : NH3 : H2O2)
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230 Cleaning methodology of glass substrates

solution for 15 mins. The glass slides are again rinsed with DI-water for 4-5 min in

the last step. These cleaned glass micro-slides are then dried with N2 and put to

use before contamination occurs.
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Appendix B

Droplet on a yarn

B.1 Estimation of the drop shape

Figure B.1: (a) Schematic of an axisymmetric drop attached to a capillary with
all the spatial and angular variables defining the shape at each instant. (b) Com-
parison between the numerically obtained droplet shape (yellow curve) with the
droplet shape obtained experimentally by fitting the former upon the latter. The
axisymmetric equations can describe the shape well, as the yellow curve fits the ex-
perimental shapes completely. The experimental conditions encountered are, QTwn20

= 8.68 ×10−11 m3/s, We = 5.03 ×10−8, Oh = 0.0063, and Fr = 5.73 ×10−4.

In Chapter 3, although drop formation has been engendered by a flow field with a

low flow rate, the well-established Young-Laplace equation could predict the shape of
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232 Droplet on a yarn

the drop at all three stages of droplet growth mentioned previously. The differential

equations that define the axisymmetric shape of a growing drop attached to the yarn

are as follows [149];
dr

ds
= cos(θ), (B.1)

dz

ds
= sin(θ), (B.2)

dθ

ds
= 2κ0 − (

1

L2
cap

)z − sin(θ)

r
, (B.3)

with the initial conditions prescribed as;

r(0) = 0; z(0) = zmin and θ(0) = 0 .

As shown in Figure B.1(a), s represents the arc length, κ0 is the curvature at the

apex, zmin is the position of the apex, and Lcap is the capillary length as defined previ-

ously. The droplet shapes obtained after solving Eqs. (B.1)-(B.3) numerically when

fitted over the experimentally generated droplet shapes, shows good match as shown

in Figure B.1(b), wherein the yellow curve is the shape of the interface obtained nu-

merically. Figure B.1(b) corresponds to the different stages of growth of a drop of

tween 20 solution from a yarn with experimental conditions, QTwn20 = 8.68× 10−11

m3/s, We = 5.03× 10−8, Oh = 0.0063, and Fr = 5.73 ×10−4. Also, as ascribed in

Chang et al., [149] the contact angle has not been considered as boundary conditions

due to the prevalence of contact angle hysteresis between the advancing and receding

contact angle while moving along the yarn. Further, the good agreement between

the experimental data and theoretical prediction also confirms the universality of

the Young-Laplace axisymmetric equations describing the interfacial shape change

of a drop growing in a yarn.

B.2 Details of regression analysis

By having a closer look in the Figure 3.8(a), the relationship between z∗tp and t∗ in

the motion stage can be defined as below:

z∗tp = 1− [WeaOhbFrcexp(dt∗)], (B.4)
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where, a, b, c, and d are experimentally fitted constants. The regression analy-

sis is carried out using the Levenberg-Marquardt algorithm, which is being popu-

larly used in many industrial optimization processes, including the pendant drop

shape optimization routines [428]. This nonlinear least-square optimization algo-

rithm combines the speed and the accuracy of both Gauss-Newton optimization and

the Steepest Descent Method and optimizes the iterations by considering the mini-

mization of the sum of the squared residuals between each experimental data point

and corresponding theoretical data point [429, 430]. The parametric convergence

criteria have been set as 1E−8 for the present regression analysis, which resulted in

38 iterations for evaluation of the constants of Eq. B.4. The regression analysis of

the experimental data resulted in the following equation,

z∗tp = 1−
(
We0.633Oh0.407

Fr1.116
exp(4.232t∗)

)
. (B.5)

The standard values of the fitted coefficients in Eq. B.5 are, a = 0.633 ± .031,

b = 0.407 ± .015, c = −1.116 ± .064, and d = 4.323 ± 0.109. The corresponding

values of the regression coefficient, R2, and the mean squared error (MSE) are found

out to be 0.930, and 0.009, respectively.

A similar type of regression analysis has been carried out for obtaining the scaling

relation, Eq. 3.6, between r∗d and t∗. The values and range of the fitted coefficients

a, b, c, and d, in case of Eq. 3.6 are found out to be, 0.281 ± .022, 0.122 ± .008,

0.670±.048, and −3.410±0.045, respectively. The value of the regression coefficient,

R2, is 0.963, whereas, the MSE is found out as 0.0001.
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Appendix C

Soft magnetowetting

C.1 Magnetic Bernoulli equation

Figure C.1: Schematic representation of the force balance at the interface between
the magnetizable liquid medium (1) and non-magnetizable surrounding (2). The
same has been written as FHD boundary condition in Eq. C.2.

The process of continuous elongation by elevating the apex for water-based FF
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droplets, surrounded by a non-magnetizable medium, in a non-uniform magnetic

field can be explained with the help of augmented magnetic Bernoulli equation

[98, 240, 241] as written below:

p∗ + ρghintf +
ρv2intf

2
− pm = const, (C.1)

subjected to the boundary condition,

p∗ + pn = p0 + pc, (C.2)

where, ρ is the density of the ferrofluid, vintf is the velocity, and hintf is the height

of the interface and n is unit vector normal to the interface.

Equations C.1 and C.2 have been derived considering a sessile FF droplet continu-

ously evolving in a magnetic field of strength, H and following the basic assumptions

of incompressible, inviscid, and isothermal flow. Here, pm = µ0

H∫
0

MdH, is the fluid

magnetic pressure, with M being the magnetization corresponding to and parallel

to the field H, pn = µ0M
2
n/2 is the magnetic normal pressure with Mn representing

the normal component of magnetization, pc = 2κγ is the capillary pressure acting at

an interface of curvature κ, p0 is the pressure of the surrounding nonmagnetic fluid

and p∗ = p(ρ, T ) + pm + ps is the modified pressure combining the effect of thermo-

dynamic pressure, p (ρ, T ), magnetorestrictive pressure, ps, and the fluid magnetic

pressure, pm. The permeability of vacuum has the value of, µ0 = 4 π× 10−7 N/A2.

The direction of all the pressure components is shown schematically in Figure C.1.

In the present study, substituting vintf = v1intf = v2intf = 0 and p1 = p2, consid-

ering a stationary droplet, into the magnetic Bernoulli equation, Eq. C.1, Eq. C.3

is obtained as below,

h2intf − h1intf =
µ0HM

ρg
, (C.3)

where,

M =
1

H

H∫
0

MdH =
1

H

H∫
0

χHdH. (C.4)

Here, M represents average magnetization in the direction of the non-uniform field,

and χ is equal to the initial magnetic susceptibility. Equation C.3, with a positive
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right-hand side for water-based FF droplets, clearly explains the continuous elonga-

tion and ascent in the sessile condition, which finally triggers splitting of the droplet.

To add further, the magnetic surface force density at the interface can be calcu-

lated by introducing a surface stress tensor, Tm, as below,

tnn = nTmn = pm + pn = µ0

H∫
0

MdH + µ0M
2
n/2. (C.5)

The surface stress tensor is useful for obtaining the elongation of the FF droplet,

where the former is a function of both the magnetic field strength and magnetization

of the FF as shown in Eq. C.5. Notably, the stress tensor is primarily directed away

from the magnetizable medium towards the non-magnetizable medium in the case

of water-based FF’s.

C.2 Evaporation of ferrofluid droplets

The temporal variations in dynamic contact angle, θd and contact radius, rc is shown

in Figures C.2(a) and C.2(b) for evaporation of a 3 µL FF droplet on substrates

with different elasticity (E = 1.5, 0.06, and 0.02 MPa) in the absence of magnetic

field. The temporal scale has been non-dimensionalized with the evaporation time

scale, (tevap = 35 min). Further, to aid the reader, the variations of θd and rc

during magnetowetting on same substrate [corresponds to Figure 4.3 in the main

manuscript, i.e., B = 450 mT and Bom = 131] is plotted in the inset of Figures

C.2(a) and C.2(b). It can be discerned that the variations in the concerned quantities

are quite sharp during magnetowetting, whereas the contact line dynamics during

evaporation has comparatively slower dynamics. The change in the mass of the

droplet is also negligible within the time scale of deformation and splitting, as shown

in Figure C.2(c). This further strengthens the previous claim regarding the negligible

effect of droplet evaporation on the dynamics of magnetowetting observed for the

present set of experimental data.
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(a) (b)

(c)

Figure C.2: Temporal variation of the (a) dynamic contact angle, θd, and (b) contact
radius, rc during the evaporation of FF droplets (φ0 = 3 µL) in absence of magnetic
field dispensed atop three substrates with different elastic moduli, E = 1.5, 0.06,
and 0.02 MPa. The time scale has been non-dimensionalized with the evaporation
time scale, (te). The magnetowetting behavior of the same FF droplets is shown
in the inset for B = 450 mT (Bom = 131). (c) Shows the variation of mass of FF
droplets during evaporation on substrates of different stiffness.

C.3 Comparison of surface energy

The magnitudes of the surface energy for all the three surfaces (10:1, 30:1, and 50:1

PDMS film), considered in Chapter 4, are listed in Table C.1. The table highlights

a meager difference in the surface energies (γsv) between the surfaces with different

stiffness. The previous observation implies that changing the PDMS base to cross-

linker ratio does not significantly alter the surface energy. In contrast, the stiffness

decreases nearly by three orders. Therefore, it can be concluded that the differences
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in the contact line and contact angle dynamics between the soft and apparently

rigid substrates originate from the changing stiffness of the underlying substrate.

Notably, a rigid glass surface has a substantially higher surface energy value than

the PDMS film-coated substrates, as shown in Table C.1.

Here, the surface energy is measured using the most popular Owens-Wendt

method [431]. In this method, an unknown surface’s surface energy is measured by

using a few referencing liquids with known liquid-vapour surface tension components

(dispersive and polar parts). The probing liquids for surface energy measurements

of this study are water, glycerol, and ethylene glycol with surface tension values

(γsv) as listed in Table C.2.

Table C.1: Surface energy of different substrates measured by Owens-Wendt method.

Substrate γsv (mN/m)
Glass 63.9 ± 2.25

10:1 PDMS surface (E =1.5 MPa) 10.71 ± 1.27
30:1 PDMS surface (E =0.06 MPa) 9.47 ± 0.65
50:1 PDMS surface (E =0.02 MPa) 7.02 ± 1.45

Table C.2: Surface tension of probing liquids with respective polar and dispersive
components.

Liquid γlv (mN/m) γDlv (dispersive) γPlv (polar)
Water 72.8 21.8 51.0

Ethylene glycol 47.7 30.9 16.8
Glycerol 63.4 37.0 26.4
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Appendix D

Discharge-driven droplet

atomization

D.1 Effect of contact angle

The equilibrium contact angle (θeq) of the experimental fluids on the prepared PDMS

film-coated ITO-glass substrates are shown in Table D.1. It can be inferred that

θeq does not vary substantially for different compositions of the salt concentration

and viscosity. The maximum value of the θeq (= 110.7 ± 6) is seen in case of 1.0

M aqueous solution (solution 5). Further, the values of the θeq in Table D.1, clearly

supports the aforementioned claim [in Section 5.3 of Chapter 5] that the dynamics of

jetting, crowning, and bursting are not much influenced by the equilibrium contact

angle (or initial contact angle). On the other hand, we believe that the observed

hydrodynamics are greatly influenced by the advancing contact angle [θa0, refer

to Figure D.1(b) for definition] prior to discharge. This can be attributed to the

discharge-assisted spreading of the droplet [276], leading to a change in the contact

angle in most cases. The spreading of the droplet is prominent in the case of viscous

glycerol-water droplets. However, a detailed appraisal of the effect of the θa0 on the

observed discharge-assisted hydrodynamics is beyond the scope of this study.
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Table D.1: Equilibrium contact angle, θeq (in degrees), of the experimental solutions.

Solution θeq
Solution 3 108.6 ± 3.5
Solution 4 107.9 ± 5
Solution 5 110.7 ± 6
Solution 6 107.4 ± 7
Solution 7 105.2 ± 5
Solution 8 108.9 ± 3
Solution 9 106 ± 6

(a)

𝜃𝑒𝑞

𝑟𝑑

𝝍

(b)

𝑟𝑑 𝜃𝑎0

(c)(c)

0

Figure D.1: Image (a) shows the equilibrium configuration of a conducting sessile
droplet resting on an isolator-substrate pair. The notations rd and θeq denote the
radius of the droplet and equilibrium contact angle, respectively. Image (b) shows
the droplet in equilibrium when a potential difference (ψ) is applied between the
flat bottom (blue colour) and pointed top electrodes. The notation θa0 corresponds
to the advancing contact angle of the drop due to electric stress accumulated at
the contact line. The plot (c) shows the variations in interfacial potential energy
(Es), gravitational potential energy (Eg), the potential energy of the dielectric layer
under electric field (Ee), and the total energy (Et) with the variation in the droplet
volume (φ0), obtained from both experimental as well as theoretical analysis, for a
droplet configuration as shown in the image (b).

D.2 Comparison of different potential energy

Figure D.1(a) shows the equilibrium state of sessile drop resting on an isolator-

substrate pair in the absence of electric field. The shape of the drop is assumed to
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be a sphere cut by a solid plane at the bottom, as previously discussed by Shapiro

et al. [309]. With the help of geometrical analogy the different interfacial areas

have been evaluated as, Als = πr2d sin2 θeq and Alg = 2πr2d(1 − cos θeq), where the

subscripts l, s, and g denote liquid, solid, and gas phases, respectively and Aij

represents the interfacial area. Here, the notations rd and θeq indicate the radius

of the sessile droplet (spherical shape approximation) and its equilibrium contact

angle, respectively.

Assuming the interfacial/surface tension values to be constant, the potential

energy, (Es) can be calculated as [309],

Es = (γls − γsg)Als + γlgAlg = πr2dγlg(2− 3 cos θeq + cos3θeq), (D.1)

where, γij refers to the surface tension coefficients with units of energy per unit area.

Further, the gravitational potential energy, Eg for the sessile drop shown in Figure

D.1(a) is given by,

Eg =
2π

3
ρgr4d sin6 θeq(3 + cos θeq), (D.2)

where g is the acceleration due to gravity. Again, the application of the electric

field to a droplet resting on a solid dielectric layer generates Maxwell’s stress at the

TPCL because the dielectric layer acts as a charging capacitor, as shown in Figure

D.1(b). The corresponding electrical energy (Ee) stored in the solid dielectric layer

is calculated as,

Ee =
ε0εpψ

2Als
2h

, (D.3)

where the notations, ε0, εp, ψ, Als and h denote the permittivity of the free space,

the dielectric constant of the solid, applied electric potential, solid-liquid interfacial

area, and thickness of the dielectric layer, respectively. Therefore, the total energy

Et of the system shown in Figure D.1(b) is,

Et = Es + Eg + Ee. (D.4)

Equations D.1 - D.4 are solved for different volumes of the droplet (φ0) ranging

from 1 µL to 10 µL considering θeq = 100◦, ψ = 300 V. The theoretical values

obtained for Es, Eg, Ee, and Et have been shown as the solid lines in Figure D.1(c).

The Es, Eg, Ee, and Et are also evaluated experimentally by noting down the
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change in the θeq, and rd for the droplets having, φ0, in the range of 1 µL - 10 µL.

The symbols in Figure D.1(c) depict the experimental results, which are in close

agreement with the corresponding theoretical values. The figure suggests that the

contribution from the gravitational force is significantly less while the electric field

force dominates over the other forces especially when, φ0 < 5 µL. Thus, the droplet

volume used in the reported experiments is 5 µL, unless stated otherwise, and in

the subsequent analysis the effect of gravity has not been considered.

12 mm

1 µmPDMS film

150 µm

ℎ𝑒

Air

Conducting

droplet

Pt electrodeBC:  ψ = 400 V

𝜃𝑒𝑞 = 110.7°

𝑟𝑑 = 1 mm

BC:  𝒏 ∙ 𝑫 = 0

BC:  ψ = 0 V

5
 m

m

Figure D.2: The computational domain for the numerical simulations.

D.3 Numerical simulation of electric field

Considering the irrotational electric field, Ψ, to follow the field, Ψ = −∇ψ, the

Gauss’s law can be written in the following form, in which ψ is the electric potential

applied,

∇ ·D = qv, (D.5)

where, D represents the electric displacement field, defined as, D = ε0Ψ +P (P is

polarization vector field), for a dielectric medium and qv is the charge density.

Equation D.5 is solved by using the finite element method (FEM) in a commercial

software COMSOL MultiphysicsTM 5.0 (Electrostatic Module) for a 2-D geometry

shown in Figure D.2. The governing equation [Eq. D.5] is solved using the boundary

conditions discussed next. The electric potential boundary conditions, ψ = 400

and ψ = 0, are used at the Pt electrode (anode) and the cathode, respectively.

The zero charge [i.e., n · D = 0] boundary condition is used at the rest of the

boundaries. The domain is discretized with nearly 70000 triangular elements, which

is obtained through the grid independence test. Second-order elements are used
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for the discretization of the electric potential. The Multifrontal Massively Parallel

Sparse direct solver (MUMPS) has been used for solving the governing equation.

The corresponding results are discussed in the context of Figures 5.4 and 5.5 in

Chapter 5.

D.4 Instability of viscous jets

𝜆 = 2𝜋/𝑘

𝑧
r 𝑟(z)

Perturbed jetUnperturbed jet Secondary droplets

𝑟0

(a)

(I) (II) (III)

(c)(b)
(b)

Figure D.3: Image (a) schematically shows the different stages of the instability of
an infinite cylindrical jet leading to the generation of secondary droplets. The plot
(b) shows the dispersion curves (σ vs. x) in which the effect of viscosity on the
capillary instability of an infinite cylinder has been shown. The red coloured solid
lines for, J = 2.74 and J = 12.22, are associated with solutions 8 and 9 in Table
5.2. The broken lines show the variation of σ for a range of viscosity values. Plot
(c) shows the variation of λmax/r with J derived from Eqs. D.6 and D.7, as shown
by the continuous lines. The red symbols correspond to solutions 8 and 9 in Table
5.2.

The instabilities of the viscous jets have been shown previously by Chandrasekhar

[96] with the help of theoretical analyses in his monograph. The same theoretical

framework is employed to explain the experimental observations of viscous jet bi-

furcation in Chapter 5. For this purpose, the equation for a continuously deforming

perturbed surface is considered [shown in Figure D.3(a)] as, $ = r0 + εei(kz+mφ), to

TH-2590_156103041



246 Discharge-driven droplet atomization

obtain the following dispersion relations [Eqs. D.6 and D.7], formulated by Chan-

drasekhar [96], and subsequently, identify the dominant wavelength (λmax) of the

instability of cylindrical jets,
σr2

ν
= x2 − y2, (D.6)

2x2(x2 + y2)
I ′1(x)

I0(x)

[
1− 2xy

x2 + y2
I1(x)

I1(y)

I ′1(y)

I ′1(x)

]
− (x4 − y4) = J

xI1(x)

I0(x)
(1− x2). (D.7)

Here, $ being the horizontal distance from the jet axis, z is the direction of the

axis of the jet, ε is a function of time defined as ε = ε0e
σt, r0 is the radius of the

unperturbed cylinder, k is the wavenumber of the perturbation in z-direction, and

m is an integer having any real value. Further, σ is the growth rate, x = kr, is the

wave number, J = γ
ρr3

( r
2

ν
)2 = γr

ρν2
, is the additional parameter arise out of the effect

of viscosity, and In are the modified Bessel functions of first kind. The dispersion

curves (σ vs. x) in Figure D.3(b) suggest that as the viscosity values are increased

(decreasing J) the magnitude of the maximum growth rate (σmax) is reduced and

shifted towards smaller values of x. Figure D.3(c) shows the variation in the λmax/r

with J obtained from the dispersion Eqs. D.6 and D.7 [325]. The theoretical values

of λmax/r are in close agreement with the experimental values of λ/r as shown in

Figure 5.9 in Chapter 5.
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Appendix E

Droplet impaction on a

superhydrophobic surface

E.1 Comparison of the spreading parameter
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Figure E.1: Maximum spreading ratio, βmax, variation with the impact (a) We,

when the theoretical scaling law, βmax = We
1
2 is applied and (b) Re, when the

theoretical scaling law, βmax = Re
1
4 is applied.

The maximum spreading diameter, rmax of liquid droplets impacting wetting/non-

wetting surfaces, is crucial for many practical applications. Many theoretical laws

are available for defining the maximum spreading parameter, such as, βmax = We
1
2
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and βmax = Re
1
4 for the impact of droplets. However, these independent laws are

found insufficient in explaining the concerned experimental observations [refer to

Figure 6.8] of Chapter 6 convincingly. This can be attributed to the fact that the

dynamics of the spreading (and retraction) regime is primarily dependent on the

three competing forces: inertial, capillary, and viscous force. As such, a crossover

regime is expected between the limits of the capillary regime and viscous regime

[392]. In this similar note, Laan et al. [392] have proposed a theoretical model for

predicting the maximum extent of spreading after considering the spreading param-

eter P (≡ f(We Re−
2
5 )) as,

(
Dmax
D0

)
Re−

1
5 = P

1
2

A+P
1
2

. The above model approaches

the limit of viscous regime asymptotically when P >> 1. A similar result is also

shown by Zhao et al. [370], where the scaling law, βmax = Re
1
4 is shown to follow

the experimental results in the limit of very high viscosity (η > 82 mPa s). Hence, it

has been previously claimed that these independent laws do not agree well with the

concerned experimental results [Figure 6.8] within the limit of viscosity values con-

sidered in Chapter 6. Interestingly, the scaling law of Gordillo et al. [405], based on

the conservation of mass and momentum fluxes of a spreading rim, agrees strongly

with the experimental data as shown in Figure 6.9 of Chapter 6.

2 We−1 r2max + 0.45 λ Re−
1
2 r

5
2
max − 0.45 = 0, (E.1)

where λ (= 0.4) is a free constant signifying the friction factor between the droplet

and the superhydrophobic surface and accounts for slip length in the case of SHPs.

The value of λ has been adjusted experimentally to absorb all the assumptions in

deriving the Eq. E.1 [405]. Another noteworthy point regarding Eq. E.1 is that

herein the continuously developing viscous boundary layer has been considered to

analyze the dynamics of the liquid sheet bounded by a rim, whereas the existing

studies considered a fixed height of the boundary layer, thereby imparting error to

the viscous dissipation term [370]. Hence, the theoretical values obtained from Eq

E.1 are compared with the experimental data of Figure 6.8 in Chapter 6. Interest-

ingly, Gordillo et al. [405] have shown that Eq. E.1 can be made equivalent to the

spreading parameter based expression of Laan et al. [392], considering rmax = Re
1
5f .

The aforementioned discussions further highlight the universality of Eq. E.1.
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E.2 Total number of secondary droplets from splash-

ing
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Figure E.2: (a),(b) Comparison between the two representative methods of sec-
ondary droplet counting, namely: number of droplets in the current frame and total
number of droplets.

This section discusses an essential concept regarding the counting of secondary

droplets engendered by liquid droplet splashing, which positively refers to the total

number of secondary droplets generated from the beginning of impact (t =0) to the

end of the droplet retraction process (t = tc). Generally, there are two different

secondary droplet counting approaches: the number of droplets in the current frame

and the total number of droplets. In the first method, the total number of droplets is

added from each frame (even if they are out of frame) to give a cumulative overview.

In the latter concept, one considers the secondary droplets detected within the frame

at a specific time instant. As shown in Figure E.2, both these concepts offer different

perspectives in elucidating splashing scenarios. In the concerning figure, the data of

secondary droplets engendered from splashing are shown from two different incidents

(two different impact velocities) to elucidate the differences in the aforementioned

two approaches. In Figure E.2(a), it is seen that at t ≈ 9 ms, both the total number

and the number of secondary droplets in the current frame matches exactly, high-

lighting the fact that all the secondary droplets generated at this moment are within

the recording area. However, at the instant t = 16.24 ms, the number of secondary

droplets at the relevant frame is slightly lower than the total number of secondary

droplets. This is because a few of these secondary droplets have moved out of the
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recording area, whereas the total number of droplets is still the same as that of

the previous frame. The difference between the total number and no. of secondary

droplets in the current frame increases as the time increases, as secondary droplets

are newly generated in these instants. However, more number of secondary droplets

move out of the recording area owing to their high ejection velocity.

Figure E.2(b) sheds more light on the aforementioned concept. Here, the record-

ing is performed at a higher magnification, which simultaneously reduces the field

of view. As such, the secondary droplets move out of the recording frame faster.

Consequently, the difference between the total number and number of secondary

droplets in the current frame becomes more prominent. In that scenario, both these

definitions are bound to offer different perspectives regarding the mean size of the

spray of secondary droplets. The situation becomes more critical as the impact ve-

locity increases in the splashing regime. The secondary droplets ejected from the

rim acquire high velocity and rapidly move out of the recording frame. In Chapter

6, the concept of the total number of droplets [i.e., the number of droplets are added

from each frame, even if they move out of frame in the next instant] to describe the

size distribution of the secondary droplets, which eventually gives more flexibility

in the high-speed recording process and offers a wholesome perspective of splashing

dynamics [see the corresponding discussion in Section 6.3.6 of Chapter 6].
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