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We elucidate the physics underlying the birth, evolution and breakup of ligaments on a rim
bounding an unsteady liquid sheet. This rim destabilizes into corrugations that can grow
into ligaments, which in turn, break into secondary droplets via end-pinching. Combining
experiments and theory, we show that not all corrugations can grow into ligaments.
The number of corrugations is captured by linear instability coupled with nonlinear rim
thickness self-adjustment (Bond number = 1 criterion, Wang et al. (Phys. Rev. Lett., vol.
120, 2018, 204503)) and scales as N, ~ We** with Weber number, We. The number of
ligaments scales as N, ~ We*/8. The growth of a ligament is governed by the competition
between the constraint imposed by the geometry of the local rim-ligament junction;
the local force balance including the fictitious force from the continuously decelerating
rim; and the global rim mass conservation constraint. The temporal evolution of the
average width of ligaments is predicted. Key to understanding the ligament population,
a minimum distance between two corrugations is required to enable their actual transition
into ligaments. By predicting this minimal distance, we derive the evolution of the number
of ligaments. We show that droplets are shed, one at a time, following a chaotic dripping
end-pinching regime independent of We. Finally, the number of droplets shed per unit
of time decreases over time and scales as S; ~ We*/*; while the volume shed per unit of
time increases over time and is independent of We. Theoretical predictions are validated
without fitting parameters.
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1. Introduction

An important class of fragmentation processes forming spray in nature, industry
and health is unsteady with droplets shed continuously and with properties varying
over time (Yarin 2006; Traverso et al. 2013; Bourouiba, Dehandschoewercker &
Bush 2014; Gilet & Bourouiba 2014,2015; Josserand & Thoroddsen 2016; Lejeune,
Gilet & Bourouiba 2018; Wang & Bourouiba 2018; Bourouiba 2020). The entire
sheet-mediated fragmentation of such unsteady systems can be summarized into four
steps: (i) a fluid bulk (jet or drop) transforms into a sheet expanding and then
retracting with time-varying deceleration; (ii) destabilization of the rim bounding the
sheet with formation of corrugation on it; (iii) corrugation to ligament transition;
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FIGURE 1. (a) Schematic diagram of canonical unsteady fragmentation upon drop impact on a
surface of comparable size, d,, to that of the impacting drop, dy. (b) Unsteady fluid fragmentation
is described in four steps: (i) sheet evolution; (ii) rim destabilization; (iii) corrugation to ligament

transition; (iv) ligament end-pinching and droplet ejection. Key physical quantities for each step
of the fragmentation are listed on the right and labelled in the diagram.

(iv) droplet shedding from the ligament, one droplet at a time, via end-pinching (Wang
& Bourouiba 2018) (figure 1).

In this study, we elucidate the fundamental mechanisms of selection of corrugations
that eventually grow into ligaments to shed droplets via end-pinching, one drop at a time.
The link between the unsteady sheet evolution and the rim destabilization was established
in Wang et al. (2018¢c) and Wang & Bourouiba (2020a,b), while the link between the
ligaments and secondary droplets was elucidated in Wang & Bourouiba (2018). Despite
recent advances, fundamental questions remain open:

(i) What governs the transition from a corrugation to a ligament? In particular, why do
some corrugations on an unsteady rim grow to shed a drop, while others do not?
(i1) Once a corrugation grows, what sets its growth rate? In particular, can linear
instability analysis rationalize its growth?
(iii)) What determines the population average size and number of ligaments on the
unsteady rim at a given time?
(iv) Why does a ligament continuously shed secondary droplets via end-pinching,
instead of growing into a long liquid jet?
(v) What sets the time-varying shedding of secondary droplets from the ligaments?

Addressing these questions is critical to gain insight into the spray formed. To do so,
we focus on a canonical unsteady sheet fragmentation system upon drop impact on a
surface of diameter d,, of comparable size to that of the impacting drop, dy, forming a
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two-dimensional (2-D) axisymmetric horizontal sheet (figure 1). We start by reviewing
the existing theoretical framework of unsteady sheet fragmentation (§ 2), then introduce
the precise measurements pertaining to ligament dynamics obtained with our especially
developed set of algorithms (§ 3).

2. Background to unsteady sheet fragmentation
2.1. Sheet evolution

Unsteady sheet dynamics in the air upon drop impact on a small surface of comparable
size to that of the drop was studied in prior works (Rozhkov, Prunet-Foch & Vignes-Adler
2002; Villermaux & Bossa 2011; Vernay, Ramos & Ligoure 2015; Wang & Bourouiba
2018). Here, we chose the characteristic length scale as impacting drop diameter, dy, and
the characteristic time scale as the capillary time, 7., = «/p§2y/70o, where p and o are
the fluid density and surface tension, respectively, and §2, is the impacting drop volume.
Thus, the non-dimensional variables are

rR=_, 7= py=_" = (2.1a—d)
= —, = , = s = —, da—
dO Tcap dO/ Tcap dO

where, r is the radial position in the sheet, 7 is time, u is the sheet radial velocity and A
is the sheet thickness (figure 1). Wang & Bourouiba (2017) proposed and validated the
spatio-temporal thickness h(r, t) and velocity u(r, t) profiles of the thin 2-D sheet, which
in non-dimensional form, reads

T~/ 6We

, (2.2a,b)
6asR? + a,R*T~/6We + a,RT*We

R
URT)=- and HR.T)=

where ay, a, and a3 are constant coefficients derived and validated in Wang & Bourouiba
(2017). We = puidy/o is the impact Weber number, where u, is the impacting drop
velocity.

Wang & Bourouiba (2018) showed that the droplets are continuously shed from
the thin sheet with most being ejected prior to maximum radial expansion. Wang
& Bourouiba (2020b) showed that the sheet dynamics incorporating unsteadiness and
continuous droplet shedding is governed by a non-Galilean Taylor—Culick’s law, which,
in non-dimensional form, reads

R, 2\’ B
—6HR, T) (7= —R) +(2-2) =0, 2.3)
T 7
where H(Ry, T) is the sheet thickness at the rim given by (2.2a,b) and R; = r,/d, is the
sheet radius. Wang & Bourouiba (20200) also derived and validated the approximate
analytic solution

Ry(T) 3 P
=Y(T) = 0.15(T — T,)) — 0.4(T — T,)> + R,
We (2.4)

withT,, =043 and R, =R,/vVWe=0.12,

where R,, is the maximum radius of the sheet in the air and T, is the time when this
maximum radius is reached.
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2.2. Rim destabilization and fluid volume shed

The critical first link between the sheet evolution and the ligaments that shed
secondary droplets via end-pinching is the rim destabilization into corrugations. Due to
mathematical complexity, traditional theoretical studies of rim destabilization conducted
linear instability analysis, examining whether the Rayleigh—Plateau instability (Rayleigh
1878; Deegan, Brunet & Eggers 2008; Roisman 2010; Zhang et al. 2010; Agbaglah,
Josserand & Zaleski 2013; Agbaglah & Deegan 2014) or the Rayleigh—Taylor instability
(Taylor 1950; Villermaux & Bossa 2011; Peters, Meer & Gordillo 2013) dominates the rim
destabilization. Recent studies via numerical simulation (Roisman 2010; Agbaglah et al.
2013) showed that the nonlinearity plays a key role in the rim destabilization. To elucidate
and quantify the linear and nonlinear effects at first order, we (Wang & Bourouiba 2018)
showed that the rim initially destabilizes into small corrugations due to the interplay of a
coupled instability where both acceleration and interfacial constraints on the rim play key
roles. However, when the corrugations grow to a certain size, nonlinear effects dominate,
associated with an instantaneous self-adjustment of the rim thickness, b, for it to remain
equal to the local capillary length, £., defined based on the instantaneous rim deceleration,
75, by L. = /o /(p(—r;s)), where p and o are the density and surface tension of the fluid,
respectively. Namely, the rim thickness is selected to maintain a local and instantaneous
Bond number Bo = pb*(—#;)/o = 1. Such a Bo = 1 constraint on the rim thickness is
robust and independent of the impact Weber number. Using the Bo = 1 criterion, Wang
& Bourouiba (2020a) showed and validated that the rim thickness b scales as We™/* with
the approximate analytic expression, in non-dimensional form,

B(T) = 5 = We ' *W(T)  with ¥ (T) = —0.68T° +0.94T +0.18.  (2.5)
0
Note that the coefficients of (2.5) are theoretically derived, not fitted. The universal Bo = 1
criterion governing the rim links the unsteady non-Galilean sheet evolution (2.3) with
the fluid shedding in the form of ligaments and droplets. Wang & Bourouiba (2020a,b)
showed and validated that the volume shed from the rim per unit of time, and radian, g,,,,
is determined by the mass balance between the fluid entering the rim per unit of time,
and radian, ¢;,, and continuous self-adjustment of the rim thickness to balance inertial and
capillary forces via the unsteady local Bo = 1 criterion (Wang et al. 2018c¢), such that

d
Q(mt(t) = {in () — Z (;bzrs) with
! (2.6)

(o

Gin (1) = ph(rs, Dlu(ry, t) — 7lry(1) and b= —,
p(_rs)

where r(¢) is given by (2.4), and h(ry, t) and u(ry, t) are the sheet thickness and velocity
profiles evaluated at the rim, i.e. at r = r; (Wang & Bourouiba 2020b). It was shown
(Wang & Bourouiba 2020a) that g,,, is in fact independent of We over the capillary time
scale 7.4, with the approximate analytic expression, in non-dimensional form,

Gout
3
dy/Teap

Note here too that the coefficients were theoretically derived, not fitted. We show later
(§ 6) that such volume shed by the rim per unit of time, ¢,,;, is in fact the key determinant
in the selection of corrugations that can eventually grow into ligaments and shed droplets.

Qou(T) = = 0.15T + 0.03. (2.7)
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2.3. Droplet ejection

Riboux & Gordillo (2014) stated that both the size and speed of the droplets shed from
expanding sheets are equivalent to the size and speed of the expanding rim, respectively.
Wang et al. (2018c¢) showed that the properties of secondary droplets are, in fact, governed
by the end-pinching of ligaments, shedding one drop at a time, with population average
diameter and speed set by the ligaments, rather than the rim. Two universal relations
between the ligaments and droplets were established (Wang et al. 2018c¢). First, the ratio
of the diameter, d, of each secondary droplet with the width of its ligament of origin,
w, is d/w ~ 1.5, which remains constant throughout the sheet fragmentation, and is
independent of We. Second, the ejection speed of each secondary droplet, u,, is equal
to the tip speed of its ligament of origin, u,, one necking time, .., prior to end-pinching,

namely
. pw?
Md([) = Mg(t — tneck) with Lheck = 3.2 8_ (28)
o

2.4. Inviscid regime

Here, we note that the unsteady sheet fragmentation theory including that of the dynamics
of the sheet (§2.1) (Wang & Bourouiba 20200), the rim (§2.2) (Wang et al. 2018¢)
and the ligaments (this paper), is developed for the inviscid regime governed by the
balance between fluid inertia and surface tension. Wang ef al. (2018¢) showed that
when the Reynolds number of the rim Re, = v,b/v < 6+/2, viscous effects mitigate rim
destabilization, as well as ligament growth and breakup. Here, b is the rim thickness, v is
the fluid kinematic viscosity and v, = 4/0/pb is the characteristic speed of corrugation
growth. For Re, = v,b/v < 6+/2, the Bo = 1 criterion of the rim no longer holds. Thus,
the boundary conditions at the rim that determine the ligament dynamics, such as the
total volume rate shed by the rim ¢,,,, would differ from (2.7). An extension of the theory
combining inertia, viscosity and surface tension beyond what is discussed in this paper,
would be required in this regime for capturing and predicting the ligament evolution.

3. Experimental approach
3.1. Experimental conditions

For each experiment, an impacting drop of diameter, d,, is released by a needle from
different heights to set different impacting speeds, u,. Two high speed cameras are used
to record the experiments from side and top views. The diameter and impacting speed
of the drop are directly measured from the side view. The frame rate of the top-view
and side-view cameras are 20000 and 8000 frames per second (f.p.s.), respectively.
The pixel resolution of videos recorded from top and side views are ~50 pm pixel
and ~30 pmpixel ', respectively. Drops are made of de-ionized water and Nigrosine
dye of concentration of 1.2 g1™', with density p = 1.0 x 10> kgm™>, surface tension
o =72 x 107> Nm™! and kinematic viscosity v = 1.0 x 107® m? s~!. The surface of the
rod is made of stainless steel with contact angle range between 52° and 81° (McMaster 304
Stainless steel with 000-Grit sand-paper polishing). The diameter of the rod is selected
to ensure a rod-to-drop size ratio, 1.4 < n =d,/dy < 1.9, within the range ensuring a
horizontal sheet and negligible effect of surface stresses (Wang & Bourouiba 2017). To
confirm the robustness of experimental results, as well as to obtain standard deviations, 28
videos are taken for each group of centred impact experiment. Two dimensionless groups
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Fluid  do(mm)  up(ms™) We Re (x10%) Ny Rod diameter

Water 4.35+0.05 2.83+001 484=£9 1.24£0.02 28 d,=63mm,n =145
339+0.01 679+11 147+£0.02 28
4.00£0.01 963+£17 1.73£0.03 28

TABLE 1. Summary of the experimental conditions used for water drop impacts on a rod,
including the impact drop diameter, dy, impacting speed, u(, and associated We = pu%do /o and
Re = updy/v, where p = 1.0 x 103 kgm_3, v=1.0x10"°"m?2s" ! and 0 = 72 mNm~!, are
the density, kinematic viscosity, and surface tension of the water drop, respectively. Neyp is the
number of experiments carried out for each group. d, is the diameter of the impact rod. 7 is the
ratio of the diameter of the surface, d,, with that of the impact drop, do.

Step 1: Ri-m—ligament system  Step 2: Rim-ligament separation Step 3: Ligament tracking

FIGURE 2. Key steps of our AIP algorithms: (@) detection of inner and outer contours of the
rim-ligament system; (b) morphological analysis of the rim—ligament system and the separation
of the ligaments from the rim. The inset illustrates the high accuracy of the automatic separation
between the rim and the ligaments conducted; (c) the ligament-tracking algorithm links the
ligaments detected at different frames to form their trajectories.

relevant to our impact conditions are the Weber number, We = puld, /o, and the Reynolds
number Re = uydy/v, respectively. Detailed experimental conditions are summarized in
table 1.

3.2. Advanced image processing algorithms

Due to the rich complexity of the corrugation and ligament dynamics (figure 1), we used
especially developed advanced image processing (AIP) algorithms (Wang & Bourouiba
2020b) to measure a range of key quantities. The work flow and validation of our AIP
algorithms start with a first step of detection of the inner and outer contours of the
rim—ligament system (figure 2a). The second step is the separation of the ligaments from
the rim based on local morphological analysis (figure 2b). With the accurate rim—ligament
separation, the AIP algorithms can capture the global (population) information of
ligaments along the rim directly and automatically, including their number and population
average size evolution over time. Finally, each ligament on the rim is tracked over time,
linking its size and position at different times throughout the entire sheet evolution
(figure 2c¢). The detailed measurements of key ligament dynamics quantities are described
in subsequent sections.
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(@) Radial line , (b) Ligaments
N Local maximum

FIGURE 3. Illustration of the algorithms detecting the local protrusions and corrugations on
the rim. (a) Inner and outer contours are detected. The local distance between two contours is
calculated from the difference in radial positions of the inner and outer contours. The circle dots
correspond to the local maxima of distances detected. (b) The detected local maxima capture the
local protrusions on the rim.

Outer contour
Inner contour

b: rim thickness Corrugations

4. Corrugations versus ligaments

To quantify the dynamics of ligaments on the rim, we first need to define precisely what
a ligament actually is, and how it differs from a corrugation. We define a ligament as a
growing protrusion on the rim that increases in volume over time. Only those elongated
ligaments, rather than the short-bulged corrugations of fixed volume, eventually shed
drops (figure 3b). Thus, the temporal evolution of the properties of the secondary droplets,
including their size, speed and number shed per unit of time depends on the properties
of ligaments at that time, rather than that of the corrugations. By observation, we can
clearly see that each ligament grows from an initial corrugation on the rim, while not all
the corrugations on the rim can evolve into ligaments. The ligaments are a subset of the
corrugations and a mechanism selects for the corrugations to eventually grow to become
ligaments. We first review the mechanism underlying the growth of initial corrugations.

4.1. Corrugations and rim destabilization

As discussed in §2, initial corrugations are formed by rim destabilization, the onset
of which is governed by a coupled Rayleigh—Plateau (RP) and Rayleigh—Taylor (RT)
instability. When the corrugations grow to a certain size, nonlinear effects dominate,
associated with a self-adjustment of the rim thickness to maintain a local and instantaneous
Bond number Bo =1 (§2.2). However, during the entire sheet fragmentation, new
corrugations continuously form on the rim. Even though the rim is governed by the
Bo =1 criterion, a nonlinear dynamics, the formation of new corrugations on the rim at
each time is well captured by a coupled Rayleigh—Plateau and Rayleigh—Taylor instability,
the dispersion relation of which, for Bo = 1, approaches that of the Rayleigh—Plateau
instability. This is consistent with the results in the literature (Deegan et al. 2008; Roisman
2010; Zhang et al. 2010; Agbaglah et al. 2013).

Prior studies reported factors that can influence the dispersion relation of the instability
of the rim, including the attachment of the expanding sheet to the rim (Roisman et al.
2007; Agbaglah et al. 2013), and the rim thickening during the sheet evolution (Zhang
et al. 2010). Here, the rim thickness is measured by contour detection (figure 3b). The
sheet thickness h(r, t) is measured using light absorption, with the intensity response
of Nigrosine-dyed liquid to the liquid thickness quantified (Wang & Bourouiba 2017)
and shown to follow Beer-Lambert’s law of absorption & = € log(ly/I), where I is the
background light intensity, I is the intensity of light after passing through the dyed
liquid film, € is the fluid absorptivity based on dye property and concentration, which
we calibrated.
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FIGURE 4. (a) Time evolution of the ratio, «(¢), of the sheet thickness at the rim, i(ry, ), with
the rim thickness b(#) for impact We = 679 and rod-to-drop size ratio n = 1.45, showing that
k(t) < 1 during the entire sheet evolution. () Time evolution of the instability time scale, tj,
of the fastest-growing mode of the coupled RP-RT instability of the rim, compared with the rim
thickening time scale, tj,, based on both the volume influx entering the rim and the stretching
of the rim length (sheet perimeter) for the same experimental condition as (a). It shows that the
instability time scale is much slower than the actual thickening.

Figure 4(a) shows that the ratio of the sheet thickness at the rim, h(ry, ¢), with the rim
thickness, b(t), remains much smaller than 1 during the entire sheet evolution. In this
regime, prior numerical work (Agbaglah et al. 2013) showed that the sheet attachment
to the rim has a negligible effect on destabilization. Namely, the rim can be considered
as a standalone cylindrical liquid column. Figure 4(b) shows the time evolution of the
measured rim thickening time scale 7, = b/b, the ratio of the rim thickness over its rate of
change, compared with the time scale of the fastest-growing mode of the Rayleigh—Plateau

instability, 7;; = 0.343,/pb3/(80) based on the instantanecous measured rim thickness.
Figure 4(b) shows that, during the entire sheet evolution, 7, > 7;,. Even at early time, the
rim thickening time scale is still twice as large as the instability time scale. Thus, the rim
can be considered as quasi-static for the purpose of analysing the local dynamics of onset
of rim instability over a given time snapshot.

Based on figure 4, the average distance between the corrugations on the rim should be
equal to the wavelength of the fastest-growing mode of the coupled RP-RT instability,
which for Bo = 1, is close to that of the Rayleigh—Plateau instability (Wang et al. 2018c¢):
Arp = 9(b/2) = 4.5b (Rayleigh 1878). Thus, the total number of corrugations on the rim
would be
2nry  4nR(T)
Arp 9B(T) ’

where R; = ry/dy and B = b/d, are the dimensionless sheet radius and rim thickness,
respectively, non-dimensionalized by the impacting drop diameter dy. The evolution of
R, (T) and B(T) were derived in Wang & Bourouiba (2020a,b) and recalled in § 2.1.

The experimental measurement of the number of corrugations was conducted by
detecting and enumerating the number of protrusions, namely, the local maxima of
distance between inner and outer contours (figure 3a) obtained for each azimuthal angle,
0, along the contour, from —m to t. However, we note that the pixelization of the image, as
well as errors in local contour detection can generate artificial local maxima. To guarantee
accurate detection of local maxima free of spurious measurements, we consider a local
maximum to be a true protrusion if the local rim thickness of the local maximum is larger

N(T) = (4.1)
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than the averaged rim thickness along the entire rim plus the standard deviation of the rim
thickness. In addition, we also track each local maximum and capture its evolution over
time at a frame rate (20 000 f.p.s.) that is larger than the corrugation growth or decay rate.
Thus, if the trajectory of a local maximum only persists for one frame, such a maximum
is also discarded from the corrugation count, as it is considered spurious.

A precise measurement for the number of ligaments on the rim is also required. A
manifest feature of a ligament distinct from a corrugation is that it eventually sheds
droplets. However, this cannot be used as a criterion to count the number of ligaments.
Indeed, the shedding of a droplet from a ligament occurs only in one instant, without
information about its history and persistence prior and post shedding. Instead what clearly
distinguishes a ligament from a corrugation is that a ligament is a growing protrusion
with increasing volume over time. Note that with a volume increase, given the fictitious
inertial force, ligaments are also characterized by an increasing length (between droplet
shedding events). A corrugation can also be measured to occasionally deform and increase
in length, but not increase in volume. We can summarize the fate of corrugations in three
scenarios:

(i) A corrugation can transition immediately into a ligament upon formation, by
increasing in volume.

(i1) A corrugation can maintain a constant volume, remaining a corrugation throughout
its lifetime, before either disappearing, or being absorbed by neighbouring drifting
ligaments.

(iii) A corrugation can remain a corrugation of constant volume for an extended period
of time, and then suddenly transition into a ligament, i.e. increase in volume.

Given the above definitions, a precise measurement of the number of ligaments over
time consists in measuring the number of protrusions on the rim that are increasing in
volume at that time. Our AIP algorithms track all protrusions on the rim and examine the
time evolution of their volume and length. At each time, based on the tracking results, a
protrusion with increasing volume is classified as a ligament at that time. Those without
change in volume are classified as non-growing, i.e. corrugations.

Figure 5(a) shows the time evolution of the measured number of corrugations (including
ligaments), compared to the prediction (4.1), which captures the data very well. However,
as discussed earlier, not all corrugations can evolve into ligaments (figure 5b). By
observation, the physical picture that emerges is that the number and size of ligaments
on the rim are constrained by the available fluid volume shed by the rim per unit of time.
Indeed, figure 5(b) shows the measured time evolution of the number of ligaments, N,
growing on the rim, compared with the measured number of corrugations, N,, for We =
679. The number of ligaments is systematically smaller than the number of corrugations,
consistent with a restriction on corrugation growth into ligament. Thus, the number of
ligament, as well as other properties of ligaments, cannot be captured by linear stability
analysis as we discuss next.

4.2. Linear stability analysis does not govern ligament growth

Figure 6(a) shows a schematic diagram of the growth of a perturbation on the rim based
on linear stability analysis. The evolution of the perturbation could be governed by the
fastest-growing mode growth rate of the instability. As discussed in § 2.2, when the rim
thickness is governed by the Bo = 1 criterion, the initial growth of a corrugation is
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FIGURE 5. (a) Time evolution of the number of corrugations, including ligaments, on the rim,
compared with the prediction (4.1) from the wavelength of the fastest-growing mode of the
Rayleigh—Plateau instability for different Weber numbers. (b) Time evolution of the measured
number of ligaments, compared with the measured number of corrugations as shown in (a)
for We = 679. The number of ligament is systematically smaller than that of the corrugation,
indicating, at each time, that not all corrugations can grow into ligaments. Error bars indicate the
standard deviation from 28 experiments for each condition (table 1).
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FIGURE 6. (a) Schematic diagram of corrugation growth based on linear stability analysis. The
corrugation width is half of the wavelength of the fastest-growing mode of the linear instability,
and the length is the amplitude of the perturbation, following an exponential growth. (b) Time
evolution of the measured population mean width of a single ligament for impact We = 693,
compared with the prediction (4.3a,b). (c) Time evolution of the measured population average
length of ligaments for We = 693, compared with prediction (4.3a,b). The ligament length is
normalized by the initial measured length of the ligament £, which can be considered as the
initial amplitude of the rim’s perturbation. Time is non-dimensionalized by the local capillary

time, 7, = /b3 /80, based on the local rim thickness around the ligament.
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| 8o [ o
~ 4.5b and WRp = 0.343 W ~ ﬁ7 (42a,b)

where b is the rim thickness, in which case, the width of the corrugation is Agp/2 and its
length (figure 6) reads as

governed by

don — 27
=07

[\SRIRN

Pl
W= g =23b and £ = fyexp (wgpl) (4.3a,b)

where £, is the initial perturbation amplitude (figure 6a). Figures 6(b) and 6(c) show
that the predictions from linear instability theory (4.3a,b) systematically overestimate
the ligament width and length. Such disagreements between predictions and experiments
confirm the invalidity of linear stability analysis for the prediction of the ligament growth,
the result of a nonlinear process. Indeed, when a corrugation grows into a finite size,
detailed analysis of the forces acting on the ligament attached to the rim becomes required.

5. Local dynamics of the growth of a single ligament
5.1. Literature review of single jet dynamics

Prior jet studies focused on jets emitted from a solid orifice or nozzle with fixed flow rate.
Figure 7(a) shows a schematic diagram of a jet emanating from a fixed orifice of inner
diameter, w, with flow rate, ¢,. Due to its cylindrical shape, the ligament would be subject
to the Rayleigh—Plateau instability. Taking an initial perturbation of amplitude 8, and
the fastest-growing mode of the Rayleigh—Plateau instability wgp = 0.343,/80/(pw?), the
time evolution of the perturbation amplitude would read

5(1) = 8 exp (wrpt). (5.1)

Assuming the ligament breaks up at the time when the perturbation amplitude reaches the
radius of the ligament, the time of instability growth is

1 w ows o w
fyreae = ——In —- =291,/ 210 2. 52
break = 5, 8o 25, (5-2)

Assuming that the fluid entering the jet has a constant speed, v,, the breakup length of the
ligament is

2
puiwy, W
o 280

(5.3)

gb = V¢ preak = 1.03w

However, the above derivation neglects the retraction of the tip of the ligament due to
surface tension and the body forces exerted on the ligament, such as gravity or a fictitious
force when the ligament is in a non-Galilean frame of reference.

A more physically sound model for the jet ejection from a solid orifice can be derived by
choosing the control volume as the jet’s tip on which mass conservation and momentum
balance are applied. Remaining in the reference frame of the orifice, and taking the fluid
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FIGURE 7. (a) Schematic diagram of a jet emanating from an orifice. (b) Schematic diagram
for a classic ligament analysis, selecting a control volume at the tip of the ligament (§ 5.1).

speed, v, entering the jet to be constant and taking a constant average jet width away from
the tip, mass conservation at the tip reads

dm dz
— = pA - —, 5.4
dar p (Ue dt) (5.4)

where A = (1t/4)w? is the jet’s cross-sectional area, z is the position of the tip and dz/d¢
is the tip velocity. The momentum balance at the tip reads

d dz dz
T (ma> = mg — mwo + pA + pAv, <Ug - a) , (5.5

where g is the body force exerted on the ligament and p is the curvature pressure in the jet.
Assuming a cylindrical shape, p = 20/w. By substituting (5.4) into (5.5) and rearranging
gives

d’ dz\> 1
md—tf — pA (vz - d—j) + Enwo —mg = 0. (5.6)
With the physical restriction of the solid wall, the width of the jet emanating from the
orifice is equal to the diameter of the orifice, which is known. Thus, with the initial
position and volume of the tip, we can directly derive the evolution of the growth of the
jet. However, the base of the ligaments growing on the rim does not have a fixed width.
The ligament width remains unknown. Namely, during its deformation, both the length,
¢, and width, w, change over time. Thus, the prediction of ligament dynamics requires
elucidating the local rim-ligament dynamics discussed next.

5.2. Modified theory of ligament growth on a rim

5.2.1. Physical picture

What is the criterion by which an initial perturbation/corrugation can grow into a
ligament? Figure 8 shows the typical steps of growth of a corrugation into a ligament. We
can see that at first, due to rim destabilization governed by the coupled Rayleigh—Plateau
Rayleigh—Taylor instability (§4.1), an initial perturbation (figure 8ai) gradually grows
thicker to become a corrugation (figure 8aii) of which the protruded height, /., is on
the same order of magnitude as that of the rim thickness.

We analyse the ligament dynamics in the reference frame of the rim. Recall that,
during the entire unsteady sheet fragmentation, the rim is continuously decelerating due
to the pull of surface tension acting on the rim at the rim—sheet junction, with the rim
acceleration, 7, following the Bo = pb*(—7;)/o = 1 criterion (§ 2.2) (Wang et al. 2018¢).
Thus, the reference frame of the rim is a non-Galilean frame, where the rim acceleration,
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(a) (b)
@ (if) (iii) (i)

viii)  (¢)

FIGURE 8. (a) Sequence illustrating the growth of a ligament from initial perturbation to a
corrugation that is finally pulled away from the rim to form a long ligament in the reference
frame of the rim. Time increment between images is 0.5 ms. Scale bar is 0.5 mm. (b) Schematic
diagram of the model of ligament growth from corrugation without solid-boundary constraints
at its root (§ 5.2.2). (¢) Schematic diagram of the reduced model of ligament dynamics (§ 5.2.3).

7y, 1s a fictitious body force, f., acting on the rim in the direction opposite to that of the
rim’s acceleration. The rim continuously decelerates, with an acceleration vector pointing
radially inward toward the centre of the sheet. Thus, the fictitious force points radially
outward: f, = —7%, which pushes the fluid outward, away from the rim.

When the mass of the corrugation m, grows further, such a fictitious outward
force, myf, = my,(—7;), becomes eventually larger than surface tension, the fluid in the
corrugation is pulled away from the rim (figure 8aiv) and becomes an obtuse protrusion.
After that, under the effect of both surface tension and the acceleration force, the
protrusion deforms further into an elongated ligament (figure 8a v). When the ligament
is formed, its tip grows into a bulged shape due to surface tension (figure 8a vi). Finally,
after the bulge forms, the neck between the bulged tip and the root of the ligament appears,
and exacerbate until the tip breaks away into a secondary droplet.

5.2.2. Full model of ligament growth

The difficulty of the analysis of ligament dynamics lies in the complex deformation
of its shape due to capillary forces. Figure 8(b) shows a schematic diagram of ligament
growth on a rim. For simplicity, we assume that during its growth, the ligament remains
axisymmetric and cylindrical. We define r as the radial direction along the width of the
ligament, and z as the direction of the ligament length which is perpendicular to the rim.
We define v, as the speed of fluid emanating from the rim into the ligament during its
growth. By choosing a control volume around the entire ligament, mass conservation reads

dm( d 'O , T,

— = — PA(z, 1) dz = pqe(1) = pA(0, v, (1)  withA(z, 1) = —w(z, 1), (5.7)
dr dr Jo 4

where w(z, t) and A(z, t) are the local instantaneous width (diameter) and cross-sectional

area of the ligament at height z and time ¢, respectively. £(7) is the instantaneous total

length of the ligament at time 7. g, (¢) is the instantaneous rate of fluid volume entering the
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ligament, expressed by the product of the cross-sectional area of the ligament, A(0, #), and
the fluid influx speed, v, (¢). In addition, momentum balance at the ligament gives

£(1)

- PA(z, Du(z,Ndz= pqeve  —1w(0, o +pA0, 1)+ m(—=r,) , (5.8)
dr 0 —— ——

— momentum influx surface tension fictitious force
mertia

where u(z, 1) is the fluid velocity profile in the ligament along the z-direction; pg,v, is
the momentum influx entering the ligament; mw(0, ¢)o is the surface tension force acting
on the root of the ligament pulling it toward the rim; pA(0, ¢) is the pressure force acting
on the root cross-section, A(0, ¢), of the ligament, induced by the local curvature there.
Such a term was initially neglected by prior studies aiming to predict the retraction speed
of ligament tips (Keller 1983; Clanet & Lasheras 1999), but was subsequently shown
experimentally to be important in the dynamics of a cylindrical liquid column (Hoepffner
& Paré 2013). Here, m(—7r;) is the fictitious body force introduced by the non-Galilean
frame of the rim (Wang & Bourouiba 20200).

The mass and momentum balance equations (5.7) and (5.8) are still not closed.
First, the speed v, of fluid entering the ligament remains unknown. Second, with no
physical constraint, the width of the ligament, w(z, f), on the rim remains unknown. It
is non-uniform along the ligament height, z, and also changes with time ¢. Third, the fluid
velocity profile, u(z, t), in the ligament remains unknown as well.

Assuming v, to be known, which we will discuss in § 5.4, the fluid velocity profile u(z, t)
in the ligament can be determined by continuity

0 0
—A(z, 1) + —[A(z, Hu(z, )] = 0. (5.9)
ot 0z
The kinematic boundary condition at the free surface of the ligament gives
D[ (z,0/2]=0 (5.10)
—\r — w(Z, =V, .
Dr ‘

where D/Drt is the material derivative in cylindrical coordinates. To determine the full
geometric evolution of the ligament, the full system (5.7)—(5.10) would have to be
solved numerically. However, to gain physical insights and tractable predictions, we next
reduce further the model to capture the leading-order geometric evolution of the ligament
analytically.

5.2.3. Reduced analytical model of ligament growth

The core insight is that the variation of thickness along the ligament is actually small
(figure 8a). Here, we thus neglect the variation of the ligament width w(z, ) along its
length (figure 8c). The ligament, thus, becomes approximately a cylinder of uniform width
w at each time. Physically, the uniform width can be considered to be the width of the
original ligament averaged along its central axis (figure 8c)

4 . 1 [l
W(t) = | —A(r) withA(t) = —/ Az, 1) dz, (5.11)
n e Jo

where A(7) is the average cross-sectional area of the ligament along its central axis. For
reduced cumbersomeness, we drop the symbol ™’ from w and A hereafter; w(z) now
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represents the average width along the ligament, which depends only on time. The mass
of the ligament is thus

(1) 7T
my(t) = / pA(t)dz = ,OZWZ(Z‘)E(I), (5.12)
0

which reduces the mass conservation equation (5.7) to

de  2¢dw

d /m , T,
S (G =a=7wv = 4+ = (5.13)
The continuity equation can then be simplified to
EA(t) —I—A(t)iu(z, Nn=0 = dw + W ou =0. (5.14)
dr 0z dt 29z
Using (5.13) and (5.14),
%Z_Ed_wzl<%_w>. (5.15)
0z wdr £\ dt

Since both ¢ and v, are independent of z, we take the integral over z on both sides of (5.15),
which gives

=2 (L +u(0, 1) (5.16)
ulz, - - . s b))y .
¢ e\ar )T

where u(0, 7) is the fluid velocity at the root of the ligament, equal to the speed of fluid
entering the ligament, namely, u(0, t) = v,(¢).

Under the uniform-width approximation we made, the variation of the ligament
width along its length is neglected. Thus, the kinematic boundary condition (5.10) that
governs the free surface become trivial. Finally, the momentum balance (5.8), based on
uniform-width approximation, simplifies to

d (@ xn 1 .

o pzwz(t)u(z, 1) dz = pgqeve — Tw(t)o er‘—‘TrW(t)2 + my(—F), (5.17)
0

where the curvature-induced pressure at the root of the ligament is approximately p =

20 /w(t). Using (5.12), (5.14), and (5.16), the momentum balance can be re-written, after

algebraic manipulation, as

N dE) _ 29 L oive (5.18)
— = = - - — —r)L. :
a\ar )TV TG ) T ow

Therefore, using the uniform-width approximation, we arrive at a reduced theoretical
model to capture the leading-order evolution of ligament growth on the rim, which,
combining mass conservation and momentum balance, reads

de | 2dw _
w0
(5.19)
RN deY 40 o e
ar\ar 7)) T\ T pw Tt

Compared to the original full ligament dynamics model (5.7)—(5.10), which involved four
partial differential equations, the reduced model (5.19) only involves two coupled ordinary
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differential equations, which ensures tractability. Before solving (5.19), we first examine its
dynamics. In particular, we elucidate under which conditions can a corrugation elongate
into a ligament.

5.2.4. Dynamical criterion for elongation of a corrugation
We first examine the case where no fluid enters the root of the corrugation, namely
vy = 0. In this case, the reduced model can be further simplified to

d 2 2
a(W@):O, WZZQZ,
— 4 (5.20)
dr? pow v P

where £2, is the initial volume of the corrugation. Based on mass conservation w>{ = £2,,
the ligament width can be expressed as

$2,/¢. (5.21)

Substituting into the momentum equation leads to

. 4o
VO — (=2F)] = ———. 5.22
[ — (=2r)] Vi (5.22)

Such an equation, in fact, has a critical dynamical property. Taking,

=27, and B = , (5.23a,b)
o2
and noting that both « and g are positive, (5.22) becomes
Vil —a) = —p. (5.24)

We first examine the case without the fictitious force associated with the rim deceleration
on the corrugation, namely the case « = 0. In this case, (5.24) becomes

Vil =—-B <0. (5.25)

Since ¢ and w are the length and width of the ligament, respectively, which are positive,
the above equation gives £ < 0. Since the initial stage of the hgament formation without

volume influx should have zero initial growth speed, namely E(O) = 0, then, the case of
no fictitious force with associated £ < 0 implies that the corrugation cannot elongate into
a ligament.

However, the interesting dynamics of (5.24) arises when o # 0, i.e. the fictitious force
acts on the corrugation. In this case, the ligament can grow only if the initial length and
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width of the corrugation satisfy a certain dynamical criterion. We can rewrite (5.24) as

(= kP +a. (5.26)

NG

Recalling the definition of « and 8 from (5.23a.,b),

. B? 20\ 1
>0 ife>— = - —, (5.27)
o /O(_rs) Q[

which shows that, for a corrugation of initial growth speed £(0) = 0, if its initial length
€(0) > B?/a?, then its growth acceleration is positive, £ > 0, with a length increase rate
£>0. Otherw1se if £(0) < B2/a?, then the ligament length further decreases with £ < 0.
Therefore, 8% /a? is the critical length that a corrugation has to reach to trigger its transition
to an elongated ligament in the absence of fluid feeding the corrugation from the rim.
Given that £2, = w?£, we can also re-write the criterion (5.27) as

we s (2 ’ s (5.28)
o(=7y) (=) .

Based on the local rim criterion of Bo = 1 (Wang et al. 2018¢) (§ 2.2) with

o
—F = —, 5.29
I Py (5.29)
the final expression for the elongation criterion, (5.28), is
wl > 2b*. (5.30)

In sum, if the initial size of a corrugation satisfies (5.30), even if no fluid feeds it from
the rim, the corrugation can deform and elongate, under the fictitious force acting on it in
the reference frame of the decelerating rim. Similarly, if the initial size of the corrugation
does not satisty (5.30), the corrugation is pulled back by surface tension force and cannot
elongate, remaining a blob of comparable height to that of the rim (figure 1a). With this
key insight, it is critical to examine now whether corrugations satisfy (5.30).

5.2.5. Size of initial corrugations for a rim of fixed volume

As described in § 4.1, the initial growth of corrugations on the rim is governed by the
interplay of coupled Rayleigh—Plateau and Rayleigh—Taylor instabilities. When the local
Bond number of the rim equals 1, the coupled instability wavelength approaches that of the
Rayleigh—Plateau instability. Due to such rim destabilization, even without fictitious force
acting on corrugations, it remains energy-favourable for the rim to transition into spherical
drops of diameters set by the wavelength of the instability’s fastest-growing mode

gdf —WRP = d, = 1.89. (5.31)
As shown in figure 4(b), the rim’s thickening time scale, t;,, from injection of fluid from the
sheet is much larger than its instability time scale, t;,. Thus, we take the rim thickness, b, to

be quasi-constant for the purpose of the analysis of the corrugation dynamics (Agbaglah
et al. 2013; Li et al. 2018). Therefore, the maximum size of a corrugation growing on
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the rim would be of diameter d. &~ 1.89b. Taking an initial corrugation of width, w =
d. = 1.89b, and length ¢ = d. — b = 0.89b, the product of the width and length of the
maximum size of the initial corrugation (5.30) gives

wl = 1.895 0.89b = 1.68b> < 2b?, (5.32)

which does not satisfy the criterion enabling corrugation elongation (5.30). This
conclusion shows that without fluid injection from the sheet into the rim and rim shedding,
the corrugation due to initial linear rim destabilization alone can only remain a short bulge
but cannot elongate into a long slim ligament nor can it grow. This exactly explains why
not all corrugations can grow into ligaments: sufficient fluid injection into corrugations,
vy # 0, and the fictitious force, are both necessary.

5.3. Verification of the modified theory of ligament growth: measured v,

Using the uniform-width ligament approximation, a reduced model describing the
leading-order ligament dynamics on the rim was developed. In (5.19), the speed v, of
fluid entering the ligament remains unknown. We will determine it in § 5.4. Here, we first
validate the reduced model (5.19) based on the measured v,.

Figure 9(a) shows the time evolution of the measured and predicted rim deceleration
during the sheet evolution (Wang & Bourouiba 20205). We first take the measured rim
deceleration (—7;). The inset of figure 9(a) illustrates the experimental measurement of
ligament size. Figure 9(b) shows the measured time evolution of the volume, £2,, of a
single ligament on the rim, which continuously increases over time. Time ¢, is the time at
which the corrugation is first detected by the algorithm. Time ¢, is the time at which the
ligament finally fragments, via end-pinching, into a secondary droplet. The remaining part
of the ligament after end-pinching is considered as a new corrugation, and may or may not
grow back into a ligament. The measured fluid volume rate, g,, entering the ligament can
be obtained by taking the derivative of the ligament volume at each time, such that

d

_ qe
o (/4w?

Figures 9(c¢) and 9(d) show the time evolution of the measured width, w, and length £, of
a ligament during its growth, compared with the predictions of w and ¢ from the reduced
model (5.19) and the measured volume rate, ¢,, (measured from figure 9b). The prediction
captures very well both the length and width evolution of the ligament.

Figure 10 shows the comparison between the measured time evolution of the ligament
growth and the prediction from our reduced model (5.19) for different ligaments growing
on the rim at different times of the sheet evolution, and for different impact We. We
used the measured volume influx, ¢g,, by the AIP algorithms (figure 10a—c) to evaluate
the geometric evolution of each single ligament. The predictions of the ligament length
(figure 10d—f) and width (figure 10g—i) capture the data very well. This confirms that
the reduced model (5.19) successfully captures the key ingredients of the universal local
dynamics of ligament evolution on an unsteady rim, independent of the impact We.

5.4. Fluid speed entering the ligament: v,

We confirmed the accuracy of the reduced model predicting the ligament evolution on an
unsteady rim when imposing a measured speed of fluid, v,, injection into the ligament
(§5.3). The fluid injection speed, v,, is the last unknown quantity. In fact, once a transition
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FIGURE 9. (a) Time evolution of the measured and predicted dimensionless rim deceleration
—R; throughout the sheet evolution. The deceleration is non-dimensionalized by dy/ Tczap’ where
dp is the impacting drop diameter and 7., is the capillary time. We = puédo /o is the impact
Weber number. The time window shown is that over which the ligament shown in (b,c,d)
elongates. The inset illustrates the experimental measurement of the ligament length and average
width. (b) Time evolution of the measured volume of one ligament based on our AIP algorithms.
11 is the time of onset of corrugation growth. 7, is the time of ligament breakup into a secondary
droplet. (¢,d) Time evolution of the measured length (c¢) and average width (d) of the ligament,
compared with our predictions using the measured volume rate, g¢, from (b), which captures
the data of both ligament length and width very well, showing the ability of our reduced model,
(5.19), to capture the ligament dynamics very well.

occurs to introduce curvature at the foot of the corrugation (figure 11a), the fluid volume
rate entering the ligament of an evolving rim is prescribed locally.

5.4.1. Fluid speed from the rim into the rim—ligament junction: v,

Figure 11(a) shows a schematic diagram of the shape of a ligament at its root where it
connects to the rim. We select the rim-ligament junction as a control volume that is in
the non-Galilean reference frame of the rim. We take the fluid velocity entering from the
rim to the junction to be v, and the fluid speed entering the ligament from the junction
to be v,. Since both the ligament and the rim are cylindrical and perpendicular to each
other, a meniscus-shape free surface connects them. Taking the radius of curvature of the
meniscus at the ligament root to be r. (figure 11b), the associated local suction pressure
is Ap = o /r.. The local dynamics at this junction is faster than the motion of the sheet:

one evolves on the local time 7, ~ /pb?/o, while the other evolves on the sheet time
scale T4 ~ 1/pd8 /o, with 7, K 7.4, given that b < dy. We can thus consider v, to be
constant in what follows. We determine the speed v, of the fluid entering the junction
from the rim, by applying a steady Bernoulli equation between two points (figure 11):
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FIGURE 10. (a—) Time evolution of the measured volume of various ligaments for different
impact We. The other two rows show the time evolution of the ligament length (d—f) and width
(g—i) for the corresponding single ligament volume evolution shown in (a—c). Based on the
measured injection volume rate, g¢, for each ligament, the predictions of the ligament width,
w, and length, £, are in very good agreement with the data. This confirms the ability of the
reduced model (5.19) to capture the geometrical evolution of ligament growth on unsteady rims.
(a,d,g) We = 484, (b,e,h) We = 679 and (c, f,i) We = 963.
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Radius of curvature , k &
rRwW

=693 at =04z,

s - 5 We
ﬁ T ,/ \\ N N — —
b1 v v, \‘\‘(ll)l Rim 7
------ L =—— b e e ¢
1 9p 9p ] ()
A 4 1 1

In the reference frame of the rim

FIGURE 11. (a) Schematic diagram of the ligament’s root where the curvature is associated with
suction of fluid emanating from the rim into the ligament. (b) Experimental observations of the
roots of different ligaments growing on the same rim at the same time, for different impact We.
The circles fit the curvature of the roots set by the width of the ligaments. Scale bar is 0.5 mm.
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(1) in the rim where the curvature-induced pressure is 20 /b; and (ii) in the junction close
to the boundary between the rim and the junction, where the curvature-induced pressure
is 20/b — o /r.. This reads

20 1 , 20 o 20
— =PVt —— = U=

. 5.34
b 2 b r. O ( )

The mechanism that induces flow from the rim into the ligament—rim junction is distinct
from that inducing flow from the ligament-rim junction into the growing ligament. The
latter is discussed next.

5.4.2. Fluid speed from the rim—ligament junction into the growing ligament

The curvature-induced pressure in the ligament is 20 /w, would be higher than that
of the junction, if we consider w ~ O(b). Hence, the rim’s deceleration is critical in
enabling flow, against such curvature, from the rim-ligament junction into the ligament.
In particular, in the non-Galilean frame of motion of the rim, the fictitious body force,
—T;, acts on the control volume — selected to be the junction — pulling fluid away from
the junction into the growing ligament (figure 11a). Similarly to § 5.4.1, to determine the
flow speed entering the ligament from the junction, we apply Bernoulli’s law from point
(1) in the rim where the curvature-induced pressure is 20/b; and now point (iii) in the
ligament, where the curvature-induced pressure is 20/b (figure 11a). However, considering
the potential associated with the fictitious body force —7;, we take the central line of
the rim as the ground (reference) level of such potential. Since the force acts along the
direction of the ligament growth, the potential of the force at point (iii) in the ligament
should be negative and equal to —p(r. + b/2)(—7;). Thus, we obtain

20 L 22 +2) i (5.35)
p =Pt el ety Fy)s .

from which, the fluid speed from the rim—ligament junction to the ligament is

. do (1 1
V= \/(21’0 + D) (—ry) + — (— — —>. (5.36)
p \b w

Based on the Bo = 1 criterion governing the rim’s self-adjusting thickness (Wang et al.
2018¢), we can link the rim’s deceleration, 7;, to its thickness, b, with (—7,) = o /pb®.

Thus, v, reads
200 (r, 5 b
= /—|—+==—2—). 5.37
Vg \/,Ob (b + ) W) (5.37)

In the derived expressions for v, and v, all quantities are known except for the local
curvature radius at the foot of the ligament, r.. From observations, e.g. figure 11(b), the
radius of curvature r. ~ w. Figure 12 shows the time evolution of the measured influx
speed v, of fluid entering a ligament (appendix A), compared with our predicted, vy,
from (5.37), taking r. = w and for various impact We. The prediction captures the data
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FIGURE 12. Time evolution of the measured volume influx speed into various ligaments,
compared with prediction (5.38a,b). The prediction captures the data very well for each ligament
and for all We. (a) We = 484, (b) We = 679 and (c) We = 963.

very well. Thus, the final validated predictions for local dynamics linking the rim and a

ligament is
20 20 (w 5 2b
= [— and v,=[— |-+ ——], (5.38a,b)
oW pb\b 2 w

with b given by (2.5). Recall that the validated prediction (5.38a,b) of fluid speed entering
the ligament, v,, is based on the reduced ligament growth model (5.19), with constant
average width.

5.5. Closed governing equation of the ligament dynamics on an unsteady rim

Having derived the prediction for v, (5.38a,b) and ensured its experimental validation
(§5.4.2), we can now entirely predict the evolution of a growing ligament on an unsteady
rim. The closed system governing such dynamics is

Ed dﬁ_'_ ds 40+2( )0
—|—4+v)=v|lv—-—)—— —i)e,
de\dr " AT dt) pw
d¢ 2¢d 2 5 2b
S and v= [ (2422, (5.39)
dr w dt pb\b 2 w
B 1 Eis i
0= = TN
p(_rx)

where the rim deceleration, 7, was determined in Wang & Bourouiba (20200) and recalled
in (2.4). This system is closed and can thus fully determine £ and w. Figure 13 shows the
time evolution of the measured width, w, and length, £, of ligaments for different impact
We. These measurements are compared with two predictions: (i) where the value of vy is
deduced from measurements of volume influx, g,, (5.33) (as was shown in figure 9); and
(i1) where we use the prediction of v, from (5.38a,b). The predictions capture the data
very well. In sum, we elucidated the dynamics driving the onset of the transition from
a corrugation to a ligament, and the subsequent dynamics governing the elongation and
growth of such ligament when coupled to an unsteady rim feeding it fluid via deceleration.
We can now turn to the prediction of the properties of the population of ligaments.
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FIGURE 13. Time evolution of the measured ligament width (a—c) and length (d—f), compared
with our predictions derived from (5.39). Our predictions are in excellent agreement with the
data. (a,d) We = 484, (b,e) We = 679 and (c, f)We = 963.

6. Population dynamics of ligaments on an unsteady rim

The single ligament dynamics (§ 5) accounted for the details of the initial corrugation,
its ability to transition into an elongated ligament (§ 5.2.4) and the dynamic evolution
of such ligament if created (§5.5). The population dynamics of ligaments will enable
us to determine how many ligaments grow to shed a drop on the rim over a given time
window and a given number of available corrugations and fluid volume in the rim, and how
the properties of the ligament population evolve over the entire unsteady sheet evolution.
We first elucidate and predict the temporal evolution of the population mean width of
ligaments, important to gain insights into the droplets shed (Wang & Bourouiba 2018). In
this section, unless noted otherwise, w denotes the population average width of ligaments,
rather than the width of a single ligament as used in § 5.

6.1. Population mean width of ligaments for a fixed rim length

To enable the sustainability of the growth of a given ligament, the lower bound of the rate
of fluid volume injection into the rim-ligament junction, g, (figure 11a) should equate to
the rate of fluid volume injection from the rim-ligament junction into the ligament, g,
namely 2¢q, = g,. Associated mass conservation can be expressed as

T2 T o,
2 Zb(t) vp (1) = 2q,(1) = qo(2) = ZW () v (). (6.1)

Substituting (5.38a,b) governing v, and v, into (6.1) gives

\ Sb(n) 220 N
w (t)\/ o~ i =20 = w0~ 116b0), (6.2)

which states that mass conservation at the rim-—ligament junction imposes for the
population mean width of ligaments, w, to be proportional to the rim thickness, b.
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FIGURE 14. (a) Measured time evolution of the ratio of the ligament’s population average width
w with the rim thickness b, which is independent of the impact We and increases over time.
The dashed line shows that the prediction from mass conservation (6.2) captures the order of
magnitude of w/b, but misses its temporal evolution. The solid line shows that the prediction
(6.15) involving the rim stretching and contraction captures the data very well. The inset shows
the time evolution of w, compared with b for We = 693. (b) Measured time evolution of the
population average width (W) of ligaments on the rim, normalized by We™!/4, compared with
the prediction (6.17), which captures the data very well. The inset shows the non-normalized
evolution of (W). Error bars indicate the standard deviation of 28 experiments for each condition
(table 1).

Figure 14(a) shows that the time evolution of the ratio of the ligament width, w, with
the rim thickness, b, collapses on a single curve, showing independence from impact
We. Moreover, this ratio increases over time, distinct from prediction (6.2). The constant
ratio prediction w/b = 1.16 (6.2) captures nevertheless the order of magnitude of the
data, evolving from approximately 1 to 1.25. Thus, at first order, mass conservation at
the rim—ligament junction (figure 14a) does capture the physical link between the rim
thickness and the ligament width.

A last missing ingredient from our description is in fact the dynamics of the unsteady
rim, which stretches, when the sheet expands (figure 15a), and contracts, when the
sheet retracts (figure 15b). In the next section, we discuss how the rim stretching and
contraction affect v, and v,, and the resulting population average ligament width w, and
the inter-distance A between ligaments on the unsteady rim.

6.2. Effect of the rim stretching and contraction on the ligament population

When the sheet expands and the rim stretches, everything else being equal, less fluid
becomes available to feed the rim—ligament region (figure 15a). Similarly, when the sheet
retracts, and the rim contracts, more fluid is available to feed the rim—ligament region
(figure 15b). In each of the stretching and contraction regime, how are v, and v,, and the
resulting ligament dynamics, affected precisely?

To answer this question, we take a control volume (CVII) shown in figure 15 and
apply mass conservation. As discussed in § 5.4, the curvature-induced depression at the
rim—ligament junction induces the fluid to flow toward the foot of the ligament at flow
speed, v,. However, the volume rate of fluid exiting the rim to feed the rim—ligament
foot region is g, = (1/4)b*v, if and only if the control volume II has a fixed boundary
on both ends. However, as stretching or contraction of the rim occurs, the boundaries of
CVII evolve at a relative velocity v. with respect to the centre line of CVII (figure 15).
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FIGURE 15. Schematic diagram of the rim between two adjacent ligaments defined as control
volume II (CVII) (grey area). (@) Shows the change in control volume II when the rim is
stretching, during the phase of sheet expansion. (b) Shows the change in control volume II when
the rim contracts, during the phase of sheet retraction.

By symmetry, the velocity of the boundaries on both ends of the centre of CVII are
equal in magnitude, but opposite in direction. If less volume is available to feed ligament
growth during a given time window of the rim stretching, there must exist a minimal
distance, A,,, between two adjacent ligaments, that can support the growth of these two
nascent ligaments. This minimal distance must be determined by the ability of the fluid
volume rate feeding the ligament—rim foot region to balance the curvature and inertially
induced growth of the nascent ligament (§§ 5.4.1-5.4.2). In what follows we aim to predict
such minimum distance, 4,,, and its coupling with the average width, w, of the growing
ligaments it separates.

Upon sheet expansion and retraction, the stretching rate of the rim, wy, defined as the
rate of change of the arclength of the rim per unit arclength, reads

d (2 ()] = 7s(1)
) 4 2Ol =

Wy (1) = (6.3)

where 7, (2.4) is the radius of the expanding sheet, and 7 is its time derivative. Then, the
velocity of the boundaries at the two ends of CVII is

A0 _ 1O
V(1) = wy(2) > T an

A1), (6.4)

where the positive direction of v, is defined as the direction aligning with the flow speed
vy, (figure 15). Using (5.38a,b) and (6.4), the momentum flux ¢, entering the rim-ligament
junction, incorporating the rim’s stretching/contraction, is

= TR0, — ) = 18 20__ 10
g(1) = LU D)W, — v) = 4b<t)[ Pl M@A(n] (6.5)
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As foreseen, (6.5) shows that during sheet expansion, and associated rim stretching, 7; > 0,
the volume flux g, entering the rim-ligament junction decreases, while it increases during
sheet retraction, and associated rim contraction, 7, < 0 (figure 15).

In addition, the full mass conservation at the rim-ligament connecting junction should
also consider the volume change in the junction. Namely, the modified mass conservation
at the junction (figure 15) should read

d

EQ’(I) = 2q,(1) — q.(0), (6.6)
where £2; is the volume of the junction, which can be separated into three parts
(figure 15b) The part of volume £2; in the rim determined by the rim thickness b.
The actual volume of the junction that changes with the width of the ligament is £2; =
21 + $£2j, where £2;; is the middle region of the rim-ligament junction which has the
same cross-sectional area as that of the ligament. £2), is the transition region from the
rim to the ligament assumed to have the radius of curvature . ~ w. The volume of the

rim—ligament junction can be expresses as
T 3 TN 3 3
20 = 210 + 2p() = w0 +2 (1- Z) WO~ 12080, (6.7)

Substituting (5.38a,b), (6.4) and (6.7) into the mass conservation equation at the
rim-ligament junction (6.6), and recalling that g, = (1t/4)w?v, and g, is given in (6.5),

ﬂ ) 20 1n) . w5 2b()
WG =2 ([)( ) J(nﬁ(’)) ()\/ b(r)<b<t>+ w(t))‘

(6.8)

The physical picture from (6.8) is that the population average width of growing ligaments
is set by the ability of the available fluid volume in the rim, over the minimal arc distance
A, to sustain fluid suction imposed by the local curvature and fictitious acceleration force
in the rim-ligament junction. In fact, this mass balance constraint sets both the average
ligament width w, and the minimal inter-ligament distance, 4,,, between two adjacent
corrugations that actually can grow into ligaments.

To completely determine both w and 4, with a closed system, one last constraint needs to
be recalled. As summarized in § 2.2, Wang & Bourouiba (2020a,b) showed and validated
that the volume shed from the rim per unit of time, and radian, g,,, is determined by
the mass balance between the fluid entering the rim per unit of time, and radian, ¢;,, and
continuous self-adjustment of the rim thickness to balance inertial and capillary forces via
the unsteady local Bo = 1 criterion (Wang et al. 2018¢). The expression of ¢,,; (2.6) shows
that the total fluid volume shed, per unit of time and radian, by the rim into all growing
ligaments is prescribed by the global mass conservation of the rim; while the volume
injected, per unit of time, into each ligament is prescribed, by the local mass conservation
at the rim—ligament junction (6.8). Therefore, with minimal inter-ligament distance A,,
between two adjacent ligaments, the average volume shed by the rim available for each
ligament is constrained by

Gour (1)
ry(1)
where q,,;(t)/r,(t) is the volume shed by the rim per unit of time and arclength, and
thus ¢,, is the total fluid volume shed, per unit of time, by the rim over a critical

qa, (1) = An (1), (6.9)
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arclength distance A4, separating two adjacent ligaments. Combining these global and local
mass conservation constraints, the minimal distance, 4,,, between two adjacent growing
ligaments that can sustain their growth is governed by ¢,, = ¢,, namely

out 2 2b
Gou®) ) = 1, (f)—CIe(f)——W()\/ id (W“)+ ﬁ) (6.10)

rs(1) b(r) \ b(1) w(1)

where ¢, is the volume injected per unit of time from the rim into the ligament, sufficient
to support the growth of such ligament (figure 15). In sum, if the distance between two
adjacent corrugations is smaller than A,, determined by (6.10), they cannot grow into
ligaments. Thus, we can consider A4,, to be, in fact, the average distance between relevant
ligaments that can eventually shed droplets.

Combining the local mass conservation at the junction, (6.8), with the mass
conservation of the rim, (6.10), the system that governs both the ligament width, w, and
the critical inter-ligament distance, A,,, is

= 2<>dw—2b2<)( 20 —lf‘Y(t)Am<t>> ()\/ e (3 e )

dr ow(t)  2rs(t) b() \ b(1) w(t)
CIoul(t) _r 20 M é B w
@ =g )\/ b0 (b(r) 2T w0 )

(6.11)

We discuss the derivation and validity of the resulting prediction of 4,, in § 6.5 and the
corresponding prediction of the population average ligament width, w next in § 6.3.

6.3. Population average ligament width for a dynamic rim in stretching or contraction

To solve (6.11), we introduce o () = w(¢)/b(t) as the ratio of the ligament width w with the
rim thickness b. Substituting o () into (6.11) and rearranging (appendix B), the governing
equation for the ligament-to-rim size ratio « is

14.4 d (] 1 |20 5 (4 Fb? g g ith B )y 5 5
——[abl = — .| — — a -« wi =,/0?+ —a —2.
. dt a2\ pb 8Gou 2

(6.12)

As mentioned in § 2, the sheet radius r;, the rim thickness b, and ¢,,, are all already
determined (Wang & Bourouiba 2020a,b). Thus, (6.12) becomes the governing equation
of a(¢), which, in non-dimensional form, reads

14.4 d [aB] LT, TR, B 4 4 6.13)
—_— = —\/ = - - .
n dT a’?V 3B SQout ,

where the characteristic length scale is the impacting drop diameter dy, and the
characteristic time scale is the capillary time 7., = /p§20/7o, with £, = ndg /6 the
impact drop volume (Wang & Bourouiba 20205b).
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As summarized in § 2, the sheet radius was shown to scale as «/ We. The rim thickness,
B, to scale as We~!/4, and the volume rate shed by the rim Q,,, to be independent of We.
Recall that

R, = ~/WeY(T) and B(T) = We '*w(T), (6.14a,b)
with Y(T) in (2.4) and ¥ (T) in (2.5), as well as Q,,, in (2.7), all determined universal
function independent of We. Substituting (6.14a,b) into (6.13), we show that (appendix B)

the governing equation (6.13) is nearly independent of We and can be expressed
approximately as

3 —d 1 nyw? >
SﬁdT[alp] =~ [2 (1 S0 ¢ ,3) o /3]. (6.15)
Concerning the initial condition of (6.15), although the initial ligament-to-rim size ratio
«(0) is not known, the initial rate of change of the ratio should be zero when the ligament
starts to evolve, namely «(0) = 0, as verified by our data (figure 14a). With the initial
condition & (0) = 0, the governing equation of « (6.15) can be solved numerically.

Since both the governing equation and initial condition of «(7) are independent of We,
the solution of « is also independent of We, consistent with our data (figure 14a). The
solid line in figure 14(a) shows that the prediction of «, solved from (6.15) captures our
data very well. To gain tractability, we also derive an approximate analytic solution of
o(T) (appendix C.1) as

a(T) = 0.32T% + 0.24T + 0.92, (6.16)

independent of We and with all the coefficients constant and theoretically derived, not
fitted. Then, the population mean ligament width W, in non-dimensional form, gives

W(T) = a(T)B(T) ~ We /4, (6.17)

with «(T) given by (6.16) and B(T) by (2.5) solved in Wang & Bourouiba (2020a).
Since the ligament-to-rim size ratio « is independent of We, and the rim thickness scales
as We™!/* (6.14a,b), the population mean width of ligaments W should also scale as
We~!/4, consistent with our data (figure 14b). The solid line in figure 14(b) shows that
our prediction (6.17) captures the data very well. The approximate analytic solution of the
average ligament width, W(T), is derived (appendix C.2) to be

W(T) = We™/*®(T) with &(T) = —0.337% + 0.94T + 0.16, (6.18)

where @(7) is a universal time evolution function independent of We, with all the
coefficients constant and theoretically derived, not fitted.

6.4. Average speed, vy, and volume rate, q,, entering each ligament on the rim

With the population average width of ligaments, w, determined, we can also predict the
average speed, vy, and volume rate, ¢,, of fluid entering each ligament on the rim. Based
on (5.38a,b), the average speed, v, entering each ligament, in non-dimensional form, is

v == [ L (M L 2B<T>> _ B )
‘ B do/Teap B 3B(T) \ B(T) 2 W(T) - \/W’ .

where B(T) = \/ozz(T) + Sa(T)/2 — 2 is defined in (6.12). Since the ligament width W
(6.17) scales as We~'/* and o (6.16) is independent of We, the fluid speed entering each
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FIGURE 16. (a) Measured time evolution of population average fluid speed, V;, entering each
ligament on the rim for different impact We. The solid line shows that our prediction (6.19)
captures the data very well. (b) Measured time evolution of population average fluid volume,
Qy, entering each ligament on the rim for different impact We. Normalized by We=3/%, all data
collapse on a single curve. The solid line shows that our prediction (6.21) captures the data very
well. Error bars indicate the standard deviation of 28 experiments for each condition (table 1).

ligament scales as V,(T) ~ We'!/®, a very weak dependence on We, consistent with our data
(figure 16a). The solid line in figure 16(a) shows that the prediction (6.19) captures the data
very well. The approximate analytic solution of average fluid speed, V,(T), entering each
ligament is derived (appendix C.3) to be

Vo (T) = We'Br(T) with I'(T) =T* —0.9T + 1.3, (6.20)

where I"(7) is a universal time evolution function independent of We, with all coefficients
constant and derived, not fitted. Recalling that ¢, = (7t/ 4)ywv,, the average volume rate,
q., entering each ligament on the rim, in non-dimensional form, reads

_ A _Typ = yen
Qu(T) = Tt 4W (T)Ve(T) 4ﬁW (1)B(T), (6.21)

where B(T) = \/ocz(T) + S5a(T)/2 — 2. Since the ligament width W(T) (6.17) scales as
We='/* and « (6.16) is independent of We, the fluid volume rate entering each ligament
scales as Q,(T) ~ We™*/8, consistent with our data (figure 16b). The solid line in
figure 16(b) shows that the prediction (6.21) captures the data very well. The approximate
analytic solution of the average volume rate, Q,(7T), entering each ligament is derived
(appendix C.4) to be

Qu(T) = We B x(T) with x(T) = 0.23T% + 0.37T + 0.02, (6.22)

where x(7T) is a universal time evolution function independent of We, with all the
coefficients constant and theoretically derived, not fitted.

6.5. Average distance between ligaments and number of ligaments

Having derived and validated a closed form prediction for w, we now turn to the minimal
distance, 4,,, separating the adjacent growing ligaments on the rim. Using (6.10), 4,, can
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FIGURE 17. (a) Measured time evolution of the average distance, A(T), between ligaments on
the rim for different impact We. Normalized by We!/8, all data collapse on a single curve. The
solid line shows that the prediction (6.24) of the minimal inter-ligament distance A,, captures
the data very well. (b) Measured time evolution of the number of ligaments, N (7) on the rim
for different impact We. Normalized by We>/3, all data collapse on a single curve. The solid line
shows that prediction (6.26) captures the data well. Error bars indicate the standard deviation of
28 experiments for each condition (table 1).

be directly derived as

(6.23)

2
) < OO / 20 <w(t) i 2b(t)>'

490\ pb() \b(®) 2 w()
Using the impacting drop diameter d, and the capillary time scale 7., the minimal
distance between ligaments, in non-dimensional form, is

A TR,(T)
AT =2 = 7
( ) do 4\/§Qout(T)

where B(T) = \/ a%(T) 4+ 5a(T)/2 — 2. With the sheet radius R, (2.4), the ligament width
W (6.17), the volume rate shed by rim Q,, (2.7) and « (6.16) all determined, the
prediction of A4,,(r) is expressed explicitly by (6.24). Figure 17(a) shows the measured
average distance A between the ligaments on the rim, compared to the prediction (6.24)
of minimum distance A,,, which are in very good agreement. The approximate analytic
solution of minimal distance, A,,(T), between ligaments is derived (appendix C.6) to be

W¥(T)B(T), (6.24)

An(T) = We'B(T)  with &(T) = —0.787% 4+ 0.82 + 0.07, (6.25)

where £(T) is a universal time evolution function independent of We, with all the
coefficients constant and theoretically derived, not fitted. Note that the minimal distance
A, sets the lower bound for the distance between ligaments on the rim.

6.6. Prediction of the number of ligaments on the rim

Based on the local dynamics of a single ligament (§ 5.2), we have learned that the growth
of a ligament requires an initial corrugation on the rim where the fluid from the rim can
collect. However, this is not enough. Based on mass conservation at the rim and junction
(8§ 6.1), the growth of such ligament set by its local force balance, also requires sufficient
volume shed by the rim to support the elongation and growth of the ligament in both
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phases of stretching and contraction of the rim. Therefore, the number of ligaments, N,, is
restricted by both the number of corrugations N., and the minimal distance, A,,, between
them to provide sufficient fluid volume to sustain their growth. Based on (4.1), R,(T) (2.4)
and B(T) (2.5), the number of corrugation N, ~ We*/4.

Based on the minimal inter-ligament distance A,, (6.24), the number of ligaments is,

27R,(T) (_ 2Tthm(T)>  8v/30,u(T)
AT " 0uT) ) T WRDAT)

where 5(T) = \/oﬂ(T) + 5a(T)/2 — 2. Since both Q,,,; (2.7) and « (6.16) are independent
of We, and W ~ We~'/* (6.17), the number of ligaments N, ~ We*/® consistent with our
data (figure 17b). The solid line in figure 17(b) shows that our prediction (6.26) captures
our data well. The approximate analytic solution of the number of ligaments, N,(T), on
the rim is derived (appendix C.5) to be

N(T) = We**O(T)  with ©(T) = —14.17° + 19.37% — 10.3T + 4.3, (6.27)

N(T) = ~ We/8, (6.26)

where @ (T) is a universal time evolution function independent of We, with all the
coefficients constant and theoretically derived, not fitted.

In sum, the lower Weber dependence of the number of ligaments N, ~ We¥/® than that
of the number of corrugations N. ~ We*/* is consistent with the systematically smaller
N, compared to N, (figure 5b). The number of ligaments is indeed constrained by the
minimal inter-ligament distance 4,, (6.24), enabling sufficient volume injection from the
rim to support elongation of an existing corrugation. In fact, the average ligament distance
A= A,

6.7. Physical insights underlying the evolution of the ligament population on the rim

We showed that the closed model (6.11), involving the rim stretching and contraction,
captures all key properties of the ligament population on the rim very well. Beyond
the quantitative predictions, here, we summarize the key physical insights gained on the
dynamics governing the time evolution of the ligament population on the rim.

The ligament growth on the rim requires fluid volume injection from the rim. As
summarized in § 2, the total volume shed by the rim, ¢,,, (2.7), per unit of time increases
over time. Namely, the fluid volume available for all ligaments increases over time.

However, the volume entering each ligament, ¢,, per unit of time is distinct from the
total volume shed by the rim, g,,, per unit of time. The latter is governed by a global
mass conservation at the rim (2.6), while the former is determined by the local mass
conservation at each local rim-ligament connecting junction (figure 11).

At first order, the volume rate ¢, entering one ligament is equal to the volume rate, 2,
(6.5), entering one junction from the rim, namely,

T
qe ~ 2q, = Ebz(vh — ). (6.28)

Due to the rim stretching and contraction, associated with the sheet expansion and
retraction, the relative velocity entering the junction, v, — v,, at first order, increases over
time. In addition, the rim thickness, b (2.5), also increases over time. Thus, the volume
entering each ligament, g,, per unit of time should increase over time, as confirmed by our
prediction (6.22) and data (figure 16b).

The volume entering the ligament, ¢,, per unit of time is also equal to the fluid speed
v, entering the ligament multiplied by its cross-sectional area, namely, g, = (1t/4)wv;.
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As discussed in § 6.3, the fluid speed v, entering the ligament is imposed by the balance
of local curvature at the rim-ligament junction and the fictitious force associated with the
rim deceleration, which, recall (5.37), reads

v = \/ @wtb) (i) + 2 (1 - 1) ~ b=y = |2 (6.29)
p \b w pb

At first order, the ligament width, w, is close to the rim thickness, b, thus the fluid speed
entering the ligament mainly depends on the rim deceleration. Since the rim deceleration
decreases over time, the fictitious force pushing the fluid into ligaments also decreases over
time. Although the rim thickness increases over time, based on the Bo = 1 criterion, the
decrease of rim deceleration dominates. Thus the fluid speed, v,, entering the ligament, at
first order, should slightly decrease over time, as confirmed by our prediction (6.19) and
data (figure 16a).

Since the volume entering a ligament, g,, per unit of time increases over time, while the
fluid velocity, v, entering the rim decreases over time, the ligament width,

w~ |2 (6.30)
vy

continuously increases over time as confirmed by our prediction (6.17) and the data
(figure 14b). In sum, the increase of the population average ligament width, w, throughout
the entire fragmentation is caused by the increase of volume rate, g,, entering each
ligament while the fluid speed, v,, entering the ligament slightly decreases. The former
is due to the rim stretching and contraction effect as well as the increase of rim thickness,
and the latter is due to the reduced fictitious force associated with the decrease of rim
deceleration throughout the sheet evolution.

Since both the total volume shed by the rim, g,,, per unit of time and the volume
entering each ligament, g,, per unit of time increase over time, the evolution of the number
of ligaments, namely the ratio of 2mq,,/q., should depend on,

; d 2 ou ou .Ou ]
NZ:—(&> —25? ’(q ’—@), (6.31)
dr \ qe qe \Gou G

the competition of the normalized increase rate of ¢,, and g,. The prediction (6.26) and
data (figure 17) shows that the number of ligaments decreases over time, which indicates
that the normalized increase of the volume rate, g,, entering each ligament in (6.31) takes
over.

Here, we note that understanding the time evolution of the population average width and
the number of ligaments is critical to elucidate the properties of secondary droplets shed,
which we discuss next.

7. Secondary droplets shedding from ligaments

Having elucidated and derived experimentally validated predictions of ligament width
and number, we now turn to the mechanism that govern the shedding of secondary droplets
from growing ligaments. Wang & Bourouiba (2018) showed that the shedding of secondary
droplets is governed by end-pinching, shedding one drop at a time. To quantify the final
droplet size and speed distributions, the critical ingredients are (i) the shedding rate s,: the
number of droplets shed per unit of time, and (ii) the shedding volume rate ¢,: the volume
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in the form of droplets shed per unit of time. Before we quantity these two, we first attempt
to answer two critical questions:

(1) Why do ligaments shed droplets via end-pinching, instead of growing into long
liquid jets that break into numerous droplets at once?

(i1) Does the end-pinching mechanism dominate the ligament breakup for all impact
Weber numbers?

7.1. Ligament breakup into secondary droplets via end-pinching

We first review the case of fluid ejection from a fixed orifice at a constant rate. When the
volume rate of fluid ejected from the orifice is small, the fluid out of the orifice forms a
droplet that remains attached to the orifice due to capillary forces. Until the body force of
the droplet becomes larger than surface tension, Drops of the same mass detach from the
orifice via end-pinching at a constant frequency, known as periodic dripping. When the
jet volume rate of ejection is large, the fluid forms a continuous liquid jet that breaks into
a sequence of droplets via Rayleigh—Plateau instability, known as jetting.

In fact, for an inviscid fluid, where the Ohnesorge number Oh = u/./pwo < 0.1,
prior studies (Martien et al. 1985; Clanet & Lasheras 1999) showed that there exists an
intermediate regime between the periodic dripping and jetting, known as chaotic dripping,
where the detachment of the drop remains close to the orifice via end-pinching, but both
the mass and frequency of the detachment become quasi-periodic or even chaotic.

We can consider the ligament growth on the rim to be analogous to a jet ejected from an
orifice. Figure 18(a—c) shows the snapshot for the ligaments and secondary droplets shed at
different times during the sheet fragmentation. We can clearly see that the droplets detach
from the ligaments close to the rim via end-pinching, but do not attach to the rim. The
droplets also do not detach at constant frequency. Thus, by observation, the ligaments on
the rim are in a chaotic dripping regime. To verify this, we conduct a quantitative analysis.

By choosing the control volume at the tip of the fluid ejected from the orifice as
summarized in § 5.1, Clanet & Lasheras (1999) provided a criterion for the upper bound
of the periodic dripping. The physics underlying the criterion for periodic dripping is that
if the retraction distance of the bulged tip prior to breakup is smaller than the travelling
distance of the fluid ejected from the orifice, the tip remains attached to the orifice and
drips. Mathematically, a critical Weber number for the fluid ejection from the orifice can
be derived, in non-dimensional form, to read

1/2)2
Wel = 4 {1 + KBo} — | (1 + KBo?)" — 1] } with K = 0.186,  (7.1)

where K is theoretically derived (Clanet & Lasheras 1999). Bo, and We, are the
jet/ligament Bond and Weber numbers, respectively, for the fluid ejection from an orifice,
which are defined as

2 2
PEWo  and  We, = LYY (7.2a,b)
o o

BO@ =

where w, is the width of the orifice, v, is the ejection speed of fluid from the orifice and g
is the body force exerted on the fluid. Now, we consider the ligaments in the non-Galilean
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FIGURE 18. (a—c) Snapshot of ligaments and droplets shed at different times during sheet
evolution. (d) Comparison of the time evolution of the critical Weber number Wezp) (7.5)
and the average Weber number, We; (7.6), for the fluid entering the ligament throughout the
fragmentation. The inset shows the ratio of We,/ Wefzp). (e) Measured time evolution of the
shedding rate, Sy, of secondary droplets for We = 679, non-dimensionalized by 1/7.qp. The
prediction (7.7) of the shedding rate is obtained from multiplication of the average shedding
rate of each ligament and the number of ligaments. The solid line shows the prediction (7.8)
based on the fastest-growing mode of the Rayleigh—Plateau instability, which overestimate the
shedding rate. The inset of (e) shows that the average length of ligaments on the rim increases

over time. (a) t = 0.27.4p, (b) t = 0.47¢4p and ()t = 0.67p.

reference frame of the decelerating rim. We, and Bo, defined in (7.2a,b) become

o > 2
Boy = PEY nd W, = PO (7.3a,b)
o o

where now w is the population average ligament width, 7 is the rim deceleration, and v,
is the fluid speed entering the ligament. Using the Bo = 1 criterion of the rim, the Bond
number, Bo,, for the fluid entering the ligament can be re-expressed by

Lo _pe e, o

Bo — =
¢ o o pb* b2

which is independent of the impact We. Based on (7.3a,b), this indicates that the critical
local ligament Weber number, Weép), for periodic dripping is also independent of the
impact We and reads

2
we” =4 {1+ Ko* —[(1 = Ka) +1]"}) with K = 0.186. (7.5)

The quantification of the criterion for the upper bound of the chaotic dripping
with jetting remains difficult (Coullet, Mahadevan & Riera 2005) and has no explicit
expression. However, it was shown experimentally (Ambravaneswaran et al. 2004) that,
for an inviscid fluid where the Ohnesorge number Oh = u/,/pwo < 1072, which is our
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case, the measured critical local ligament Weber number, Wefgc), of the criterion for the

upper bound of chaotic dripping is around 10 times that of the periodic dripping, Weip)
(7.5).
Using the expression of v, (6.19) and w (6.17), the average Weber number, We,, for the

fluid entering the ligaments on the rim, in our system, is

2
PUIW 1 5 2 5
We, = Of :6WVf:6aB§(a+§—a):2(0124—505—2 , (7.6)

which is also independent of the impact We; w is non-dimensionalized by dy and v, is
non-dimensionalized by dy/ ..y, Where 7., = /p§20/0 = \/pdy /6 is the capillary time.
Figure 18(d) compares the time evolution of the critical Weber number of the ligament
Wei“) (7.5) with the average Weber number We, (7.6). The two remain of the same order of
magnitude. The inset shows the ratio We, / Weép) within O(1) — O(10) throughout the sheet
evolution, indicating that the ligaments remain in the chaotic dripping regime, consistent
with our observations (figure 18a—c).

Here, we note that the calculation of the average Weber number (7.6) of fluid entering
the ligament is in fact an idealized case that maximizes this value. Since the number of
corrugations is systemically larger than that of ligaments, the probability of fluid shed
from the rim to be continuously injected into one ligament is low. In practice, the fluid is
ejected into different corrugations at different times. This further maintains the ligaments
in the regime of chaotic dripping, rather than allowing them to grow into long liquid jets.

Note also that throughout the sheet evolution, the ratio of We,/ Weép) increases over time,
indicating that the ligament has a gradual transition to upper bound of the chaotic dripping
with jetting, which is consistent with our observation (figure 18d) and measurement
of ligament length growth (figure 18e-inset). However, the limited growth maintains
shedding in the chaotic dripping regime, where secondary droplets are shed from the tip
of ligaments, via end-pinching, one drop at a time.

Hence, recalling the question at the beginning of this section: why do ligaments shed
droplets via end-pinching while not forming long liquid jets? The average Weber number,
We,, of the fluid entering the ligament is in the regime of chaotic dripping, where the
ligament cannot grow into a long liquid jet prior to breakup. Since both the critical Weber
number, Weff’) (7.5), and the average Weber number, We, (7.6), for the fluid entering the
ligament are independent of the impact We, the regime of secondary droplet shedding
governed by chaotic end-pinching mechanism remains valid for all different impact We.

7.2. Shedding rate of secondary droplets

We now turn to the shedding of secondary droplets. For each fragmentation experiment,
the ejection of secondary droplets is discontinuous, which makes the measurement of
ejection rate delicate. Thus, sufficient repetition of experiments under same impact
conditions is required (table 1). We first examine the shedding rate s,: the number of
droplets shed per unit of time.

The instantaneous shedding rate of secondary droplets during sheet evolution can be
decomposed as the product of the instantaneous number of ligaments and the average
instantaneous shedding rate of secondary droplets from each ligament, namely,

$a(t) = Ne(1) - Sea(1), (1.7
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where N,(7) is the number of ligaments and s,,(?) is the average droplet ejection rate from
a single ligament. The prediction of the number of ligaments was discussed in § 6.6. Here,
we focus on predicting the average shedding rate of droplets from each ligament.

As discussed in § 7.1, the ligaments on the rim are in the regime of chaotic dripping with
end-pinching mechanism shedding one drop at a time from the tip of the ligament, instead
of breakup as a long liquid jet. If the breakup of the ligaments on the rim was governed
by the Rayleigh—Plateau instability, the shedding rate of droplets from each ligament s,
would be equal to the growth rate of the instability’s fastest-growing mode, namely,

5 = wr(t) = 0343 |0~ | © 78
Sea(t) = wrp(t) = 0. pw3(t)N owi(0) (7.8)

where w is the width of the ligament. Figure 18(d) shows the time evolution of the
measured non-dimensional shedding rate, S; = s,/(1/7.4), compared with the prediction
(7.7) using (7.8), which overestimates s,(¢) during the entire sheet evolution. This confirms
that the ligaments on the rim do not break up as a continuous liquid jets/ligaments.

In fact, the droplet shedding via chaotic end-pinching indicates that the shedding rate, s,
is also constrained by the volume rate shed by the rim. Namely, the frequency of droplets
shed from a single ligament also depends on how quickly the amount of fluid injected from
the rim into the ligament can form a droplet. Recall that the average volume rate shed by
the rim into a single ligament is

T oo
qe(t) = i (D (). (7.9)

The average volume of a secondary droplet shed by a single ligament at a given time
is 2,4(t) = nd®(t)/6, where d(f) is the average diameter of droplets shed. Wang &
Bourouiba (2018) showed that, for end-pinching, the ratio of the population average
diameter of droplets with the population average width of ligaments remains constant,
n =d/w = 1.5, during the entire sheet evolution. Thus, the average volume of secondary
droplets shed at time ¢ is

9
Q2u(t) = —[1L5wO] = —w (). (7.10)
6 16
The time scale over which this volume enters the ligament is
2.4(t 9mtw3 (1) /16 Ow(t 2.25 3(¢
o (t) = a(t) _ JTZW()/ _w® _ /pW()’ (711)
() W (Ov (/4 dv()  BOY 20

where (5.37) was used and B = /a? + 5a/2 — 2. The average width of a ligament, w,
and the ligament-to-rim size ratio « = w/b were predicted and validated in § 6. When
sufficient fluid is shed from the rim into the ligament, it takes additional time for the
ligament to break up into a droplet via end-pinching. The necking time scale of a single

ligament during end-pinching was reported in Wang & Bourouiba (2018) to be

Toect (1) = 3.2,/ %:t) - 1.6,/%;@. (112)

Thus, the average shedding rate of droplets from a single ligament reads

o 1 B 1 20 7.13
Sea(t) = To () + Toa(t) 1.6 +2.25/8()\ pw3 (1) (7.13)
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FIGURE 19. (a) Measured time evolution of the shedding rate S, of secondary droplets during
unsteady fragmentation for different impact We. Normalized by We3/4, all data collapse on
a single curve. The solid line shows that the prediction (7.15) captures the data well, except
at the early time when the rim has not destabilized to trigger the shedding of droplets yet.
(b) Measured time evolution of the cumulative volume partition of secondary droplets shed
during fragmentation for different We. The volume is normalized by the impacting drop volume
Vo. All data collapse onto a single curve, indicating independence from We. The inset shows
the time evolution of the droplet shedding volume rate Q;. The solid line shows that both
predictions (7.17) and (7.21) capture the data well. Error bars indicate the standard deviation
of 28 experiments for each condition (table 1).

Using (7.7), the total shedding rate of droplets from all ligaments, in non-dimensional

form, is
” N(T I
SuT) = —2 =Ny — o ALY
1/ Ty To + Toet | 16+2.25/B(T)\ 3W3(T)

Using the number of ligaments N, (6.26) gives the final expression of the number of
secondary droplets shed per unit of time during unsteady fragmentation

8 Qour(T) ~ We3/4

~ 1.68(T) +2.25 WA(T) ’ (715)

Sa(T)

where B(T) = \/ a*(T) 4+ 5a(T)/2 — 2. Since the volume rate shed by the rim Q,,,(T)
(2.7) and «a(T) (6.16) are both independent of We, and the population average ligament
width W(T) scales as We~!/4, the shedding rate S,;(T) scales as We*/*, consistent with our
data (figure 19a). The solid line in figure 19(a) shows that the prediction (7.15) captures
the data well.

We note that the prediction (7.15) of the shedding number rate Sy(7) decreases over
time (figure 19a), while the data show an increase at early time. This is because, at early
time and low We, the rim has not yet destabilized into corrugation, thus no or only few
droplets shed at that time. The prediction of the first time of droplet shedding for different
impact We requires additional analysis of rim destabilization, which is beyond the scope
of this paper, focusing on the ligament dynamics. Hereafter, we focus on the shedding rate
where the rim has fully destabilized into corrugations, during which the prediction (7.15)
captures the data very well. The approximate analytic expression of the shedding number
rate is derived (appendix C.7) to be

S,T) = 03We*d~2(T)  with &(T) = —0.337% + 0.94T + 0.16, (7.16)
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where the coefficients are constants theoretically derived, not fitted. @ (T) was introduced
in (6.17). Having determined the shedding number rate, s,, of secondary droplets, the last
quantity of interest is the shedding volume rate, g,, namely, the volume of droplets shed per
unit of time. Since the average volume of each droplet is given by (7.10), and the shedding
number rate is determined by (7.15), the shedding volume rate of secondary droplets can
be directly derived as g, = 2,454, which, in non-dimensional form, is

Qu(T) = S 2W3(T)S (T) = LQ (T) (7.17)
T andd 1, 32 ST 6B(T) +2.25 '

Since both Q,,,(T) (2.7) and B(T) (6.12) are independent of We, thus Q,(T) (7.17) is
also independent of We, consistent with our data (figure 19b-inset). The solid line in
figure 19(b)-inset shows that the prediction (7.17) captures the data well. The approximate
analytic solution of shedding volume rate Q, is derived (appendix C.8) to be

27
0.(T) = %Qb(T) with @ (T) = —0.3372 4 0.94T + 0.16, (7.18)
where the coefficients are constants theoretically derived, not fitted. @ (T') was introduced
in (6.17). Then, the cumulative volume of secondary droplets shed during fragmentation
can then be derived, in non-dimensional form, as

V(T = —/TQ dT—/T 2.25 0, (T)dT (7.19)
T T omdd T Sy U T Jy 16842257 ' ‘

Using the same volume scale, the impacting drop volume £, = ndy/6, in
non-dimensional form, reads

2 1
Vo= 20— 7.20
T ondd 12 (7.20)

Thus, the time evolution of the cumulative volume fraction of secondary droplets shed
throughout the sheet evolution is

V(T) T T 2925
=12 ar=| —== __0,.(T)dT, 721
Vo /0 Qu /0 1.6ﬂ+2.25Q‘ (1) (721)

which is also independent of We, consistent with our data (figure 19b-inset). The solid
line in figure 19(b-inset) shows that the prediction (7.21) captures the data well. The
approximate analytic solution of the cumulative volume fraction shed in the form of
secondary droplets is derived (appendix C.8) to be

Vu(T)
Vo

T
/ ®(T)dT = —0.117° + 0.47T* + 0.16T7, (7.22)
0

where the coefficients are constants theoretically derived, not fitted. @ (T') was introduced
in (6.17).

Here, we note that the shedding volume rate g, of secondary droplets was shown to
continuously increase over time, while the shedding rate, s, of droplets, after onset of
rim destabilization, continuously decrease over time, opposite to the shedding volume
rate. The increase of the shedding volume rate, Q,, of secondary droplets is physically
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reasonable since both the total volume rate shed by the rim Q,,, (2.6) and the volume rate
entering each ligament, Q, (figure 16b), increase over time.

However, the decrease of shedding rate, s,, can appear counter-intuitive. The physical
reason for it is the increase of the average volume of secondary droplets over time. As
discussed in § 6.7, the increase of the volume rate entering each ligament also leads
to the increase of the average width of ligaments, w. Therefore, even though the total
shedding volume of secondary droplets per unit of time increases over time, the volume
and therefore time required to form each droplet, §2,, also largely increase due to the
increase of the ligament width w. The evolution of the shedding rate, s,, is determined by
the competition of the increase rate of shedding volume rate, g, with that of the average
ligament width, w, namely,

S'FE(‘](’):ﬂ(@_QM):‘” (ﬁ_sv_V). (7.23)
dr \ $2.4 24 \qs R £2ed \qa w

The normalized increase rate of the average droplet volume £2,, (7.10) is larger than that
of the shedding volume rate g, (7.17). Thus, the shedding rate, s,, continuously decreases
over time throughout the unsteady sheet evolution.

In sum, the secondary droplet shedding from ligaments was verified to be governed
by end-pinching with a shedding rate of secondary droplets constrained by the volume
rate entering the ligament due to rim’s stretching and contraction, subject to local and
global mass constraints of the entire sheet evolution, governed by the sheet velocity and
thickness profiles (Wang & Bourouiba 2017), the non-Galilean Taylor—Culick’s law (Wang

& Bourouiba 2020b) and the Bo = 1 criterion of the rim thickness (Wang et al. 2018c;
Wang & Bourouiba 2020a).

8. Robustness of the prediction of ligament growth and breakup

To further verify the robustness of our model prediction of the growth and breakup of
ligaments, we conducted the experiments using another fluid with different properties.
The fluid selected is Dimethyl sulfoxide (DMSO), a common polar aprotic solvent that
can dissolve both polar and non-polar compounds. Similar to water, Nigrosine dye can

be dissolved in DMSO, used at the same concentration of 1.2 g1~'. We conducted 30
experiments with DMSO with the same impact conditions, so as to ensure robustness of
the experimental data.

The detailed fluid properties and impact conditions of DMSO are given in table 2.
The surface tension of Nigrosine-dyed DMSO o =42 4+2 mNm™! is measured by
tensiometer, close to o = 43.64 mN m~! of pure DMSO given in the literature. Compared
to water, DMSO has a relatively larger density and smaller surface tension. The resulting
capillary length d ~ /o /pg and the drops generated from the same needle size are
smaller. The dynamic viscosity of DMSO is approximately twice that of water, but remains
within the regime of validity of the rim’s Bo = 1 criterion Wang et al. (2018c). Wang &
Bourouiba (2020b) showed that the time evolution of the non-dimensional sheet radius
R;/dy of DMSO matches the prediction of unsteady sheet dynamics under the inviscid
regime. Thus, the dynamics of impact with DMSO is in the regime of validity of our
inviscid theory.

Figure 20(a) compares the snapshots of unsteady sheet fragmentation upon impact of
DMSO drops and water drops at the time of maximum sheet radius 7, = 0.437,,,, which
shows no difference qualitatively in fragmentation patterns. Figure 20(b—d) shows the time
evolution of the number of ligaments N,, the population average width of ligaments (W),
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Fluid 0 o 1% do uo We Re Nexp
(gem™3) (mNm~!) (mPas) (mm) (ms~h) (x10%)
DMSO 1.1 4242 20 3754006 297+0.02 872+22 623+0.1 30

TABLE 2. Summary of the property of the other fluid (Dimethyl sulfoxide, DMSO) used in this
study, and its initial conditions and associated non-dimensional number. DMSO has a dynamic
viscosity close to that of water, while its surface tension is approximately 42 mNm~!. 30
experiments with the same impact condition are conducted. Impact target diameter is d, = 6 mm,
giving to the drop-to-target size ratio n = 1.6.

and the shedding rate of secondary droplets S,, respectively. Normalized by the associated
We dependence predicted by the theory, the data of DMSO for all three quantities collapses
on the data of water and is well captured by the prediction, except for the initial time
of shedding. Note that for the data of DMSO, both the impacting drop size and surface
tension are varied compared to water. Thus, the collapse of data from different groups
of experiment of water and DMSO confirms that, in the inviscid regime, the ligament
dynamics is robust and governed by our theory as presented in prior sections.

We note that here the shedding prediction, as mentioned in § 7.2, assumes that ligaments
exist on the rim at the beginning of the sheet expansion. However, in reality, it takes time
for the rim to destabilize into corrugations and additional time for corrugations to grow
into ligaments, the sum of which leads to the first time of droplet shedding. We expect that
given the rim’s Bo = 1 criterion, the rim thickness » would decrease with We. Thus, the
capillary time of rim destabilization t, = /pb3/8/c would decrease with We. Namely, it
would take less time for the rim of a high We impact to shed droplets which is what we
observe. In addition, figure 20(d) shows that the first time of droplet shedding (7; = 0.2)
of DMSO at We = 872 is even larger than that (7; = 0.15) of water at We = 484, the
reason for this delay is the corona splash that occurs at very early time of impact (before
impact time T;,, = do/uy), which arises for low surface tension fluids at ambient pressure
(Scheller & Bousfield 1995). The prediction of the first time of shedding 7; is beyond the
scope of this paper.

9. Conclusions

We presented the results of a combined theoretical and experimental investigation of
what governs the birth, growth and breakup of the ligaments protruding from the rim of a
canonical unsteady sheet in fragmentation upon drop impact on a surface of comparable
size to that of the impacting drop. Throughout the sheet expansion and retraction, the
rim continuously destabilizes into corrugation. Some of the corrugations can grow into
ligaments that finally break into secondary droplets, shedding one drop at a time via a
mechanism of end-pinching, and some corrugations do not. One of the core questions that
we answer in this paper is why some corrugations grow and eventually shed drops while
others do not?

We showed that the corrugations are shaped at onset by the rim destabilization
governed by combination of the coupled Rayleigh—Plateau and Rayleigh—Taylor (RP—RT)
instability, and nonlinear self-adjustment of rim thickness governed by the criterion of
local Bo =1 (2.5) (§2.2). The latter imposes that the rim thickness remains equal to
the local and instantaneous capillary length defined with the deceleration of the rim
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FIGURE 20. (a) Snapshot of unsteady sheet fragmentation upon impact of a drop of DMSO
and water at the time of maximum sheet radius 7}, with no notable difference in fragmentation
phenomenology. (b—d) Measured time evolution of () number of ligaments Ny, (c¢) population
average width of ligaments (W) and (d) shedding rate S; of secondary droplets during
fragmentation of DMSO, compared with that of water. Normalized by the associated Weber
dependence, all data collapse onto a single curve, captured very well by the theoretical prediction,
except for the shedding rate at early time. Error bars indicate the standard deviation of all
experiments for each condition (tables 1 and 2). (e) Distinct from water, the DMSO drop impact
consistently generates corona splash at very early time t < Ty, = do/up of fragmentation.
During corona splash, the initial rim and ligaments growing on it break and detach from the
sheet along the edge (see snapshot at 7 = 0.024). Meanwhile, a new smooth rim forms around
the sheet free of corrugations and ligaments. More time is then needed to re-destabilize this new
rim into ligaments and droplets. This explains why the time of regular shedding — not accounting
for prompt splash which is another fragmentation mechanism than that considered here — for
DMSO in (d) is systematically larger than shedding from water impacts. Scale bars are 3 mm.

(Wang et al. 2018c). When Bo = 1, the wavelength of the coupled RP-RT instability
approaches that of the Rayleigh—Plateau instability. Thus, the number of corrugations
on the rim is equal to the total perimeter of the sheet divided by the wavelength of the
fastest-growing mode of the instability, namely N = 27r,/Azp and scales as N. ~ We*/*

with Weber number, We.
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However, we showed that the number of corrugations that become ligaments and shed
secondary droplets — via end-pinching — is systematically smaller than that of the total
corrugations. In other words, the ligaments are a subset of the corrugations and their
number which we show to scale as N, ~ We*® cannot be rationalized by linear stability
analysis. Instead, their number is governed by the competition between the constraints
imposed by the local rim—ligament junction geometry; its local force balance including
the fictitious force from the decelerating rim; and the global rim mass conservation
(figure 11). Deriving a reduced theoretical model of local dynamics of a ligament with
an approximately uniform width attached to an unsteady rim, we obtain theoretical
predictions of the temporal evolution of such ligament width, w, and length, € (§ 5.5). The
predictions capture the data very well (figure 13). The insights gained from this predictive
modelling paint the following physical picture: The volume rate entering a ligament and
the speed at which the fluid enters are constrained by a combination of (i) local geometry
of the rim-ligament junction imposing a local curvature-induced pressure governing the
input of fluid from the rim—ligament junction into the ligaments; and (ii) the balance of
local forces at that junction, including the time-varying fictitious force associated with
the rim deceleration, and mass conservation (§ 5.4). We validated our explicit prediction
of the fluid speed v, entering the junction from the rim ((5.34) and § 5.4.1) and, more
importantly, the fluid speed entering the ligament from the junction v, ((5.37) and § 5.4.2),
that both capture the data very well.

Apart from the local dynamics of a single ligament we also tackled the global
dynamics of the population of ligaments on the rim. We discovered that the stretching and
contraction of the rim due to the expansion and retraction of the sheet have leading-order
effects on local mass conservation at the rim—ligament junction (figure 15). Based on
this analysis, we predicted the ligament population average width, W which is showed
to increase over time and to scale as W ~ We~!/* ((6.18) and § 6.3), similarly to the rim
thickness B. We also showed that key to understanding the ligament population, a critical
minimum distance between two corrugations is required to enable their actual transition
into ligaments. We predicted this distance 4,, ((6.25) and § 6.5) separating two growing
ligaments that can actually sustain sufficient fluid influx to eventually shed a droplet,
thereby predicting the evolution of the number of ligaments. These predictions validated
by the experimental data, confirmed that the number of ligaments is indeed constrained
by the volume shed by the rim, ¢,,,, per unit of time, hence, only a subset of corrugations
can achieve sustained growth into a ligament that is capable of eventually shedding a
secondary droplet.

Moreover, we show that the volume shed by the rim and the volume entering each
ligament per unit of time increase over time ((6.21) and § 6.4). This is done by combining
local mass conservation at the rim-ligament junction ((6.8) and § 6.2) with global mass
conservation at the rim imposing that the total volume shed by the rim per unit of time
satisfies the rim’s Bo = 1 criterion (Wang & Bourouiba (2020a) and (6.10)).

We showed that for such canonical sheet expansion and retraction, valid for most
relevant ranges of impact We, the regime of droplet shedding from the ligaments is in
a chaotic dripping mode (§ 7.1), shedding one droplet at a time — via end-pinching — rather
than multiple droplets at a time in the form of a jet-like Rayleigh—Plateau destabilization.
This chaotic end-pinching mode of droplet shedding is imposed by the local dynamics
of the ligament-rim coupling and is robust and independent of the impact We. We also
discovered that the shedding rate, S,, the number of droplets shed per unit of time,
decreases over time, while scaling as S; ~ We**. It is in fact also constrained by a
combination of time scales originating from the increase of ligament thickness over time
((7.15) and § 7.2): the diameter of the droplets shed increase over time, proportionally to
the ligament width, however, the time needed for shedding larger and larger droplets via
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end-pinching becomes longer and longer with an increasing time for the critical volume
of the droplet leading to pinch-off to be reached and increasing necking time. In other
words, although the fluid volume entering each ligament from the rim-ligament junction
increases over time ((6.21) and § 6.4), due to the increase in time of formation of the
droplets of increasing volume, the shedding rate has to decrease over time ((7.16) and
§7.2). The resulting droplet shedding volume rate, Qg , turns out to be independent of
We. Finally, the robustness of our theoretical predictions was shown with comparison to
impacts with different fluids and initial impacting drop size as discussed in § 8.

In sum, in this study we elucidated the physics underlying the birth, evolution, and
breakup of ligaments on unsteady rims bounding unsteady sheets throughout their
evolution. In particular, we answered the questions posed in § 1 and showed the importance
of the subtle interplay between local and global constraints of this canonical unsteady sheet
evolution in shaping the regimes of ligament evolution and the resulting spray droplets they
shed. All results obtained were derived and validated experimentally, with high-precision
measurements and without fitting parameters. The fundamental insights gained in this
study, enable us to significantly progress toward a robust closed-form prediction of spray
droplet sizes and speeds from unsteady sheet fragmentation, important for a wide range of
natural, health, and industrial applications.
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Appendix A. Measurement of vy at the rim-ligament junction

Figure 21(a) shows the time evolution of the volume of one single ligament growing
on the rim throughout the entire sheet evolution. Each sudden decrease of the curve
corresponds to the ligament breakup and ejection of a secondary droplet. However, such
sudden decrease prohibits us from calculating the time evolution of the volume rate
entering the ligament throughout its entire growth. Consequently, we can only measure
the volume rate between each breakup of the ligament.

Since the sudden decrease of the ligament volume is due to the ejection of a secondary
droplet, the missing volume of the ligament at each decrease is equal to the volume of the
secondary droplets ejected by the ligament. Using the droplet-ligament linking algorithms
(Wang & Bourouiba 2018), we can track each ejected secondary droplets in the air and link
it back to its ligament of origin (figure 95). Based on the tracking results, we can easily link
the corresponding secondary droplets for each single ligament at each volume decrease
event. By adding the instantaneous volume of a single ligament with the volume of the
shed secondary droplets, we obtain the time evolution of the cumulative volume $£2/(f)
emanating from the rim into the ligaments. Mathematically, such cumulative volume can
be expressed as,

NG
20t = 2:(t) + Y _ (20, (A1)

n=1
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FIGURE 21. Time evolution of the measured volume of a single ligament which grows on the
rim for a long time. The jump in the volume indicates the time of breakup of the ligament
tip to form a secondary droplet. (b) Illustration of the advanced image processing algorithm
that link the shed droplet with its original ligament at each breakup. (c) Time evolution of the
modified measured volume of a single ligament, by adding the volume of the droplet shed at
each shedding event. A continuous and smooth volume evolution of the ligament is obtained.
And a long time evolution of the volume influx from the rim to this ligament can be obtained
by taking the derivative of this modified measured volume. (d) Time evolution of the measured
volume influx speed from the rim to the ligament, compared with the prediction of the influx
speed based on the Bernoulli’s suction constraint (5.37) and using the radius of curvature as the
width of the ligament. Good agreement between the prediction and the experimental data.

where £2,(¢) is the instantaneous volume of the ligament growing on the rim. (£2,),
is the volume of the nth secondary droplet ejected by the ligament. N(¢) is the total
number of droplets ejected by time t. Figure 21(c) shows the time evolution of the
measured cumulative volume, §2/(7), emanating from the rim into the same ligament as
shown in figure 21(a). It shows that each sudden decrease of the instantaneous ligament
volume is very well captured and compensated by the volume of the secondary droplet
just shed. This confirms the high accuracy of our ligament—droplet linking algorithms.
Since the cumulative volume entering the ligament, £2,, continuously increases, by taking
its derivative, we obtain the time evolution of volume rate, ¢,, entering the ligament
throughout its entire growth. Then, as expressed in (5.33), the fluid speed, v,, entering
the ligament can be calculated by dividing g, with the cross-sectional area of the ligament
A = mw?/4.

Appendix B. Population mean width of ligaments

In § 6.2, we derived that the governing equation that determine both the population mean
width of ligament w and the minimal internal distance A,, between two corrugations that
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can grow into ligaments is

ey -4”0<-3L—1hmnm)—wo/2“<M”+__%Q)

pw(t)  2r,(1) b(r) \ b(1) w(n)

Gout (1) o w(t) 2b(1)
no 0= ”me<ma+__$6>

B1)
where ¢,,; is the volume shed by the rim per unit of time and radian, b is the rim thickness
and r,(t) is the sheet radius, all of which are known quantities that was determined in Wang

& Bourouiba (2020a,b). In (B 1), the ligament width w and the minimal internal distance
Ay, are still coupled.

B.1. Full solution of mean o« = w/b

Here, we show the critical steps of mathematical derivation to decouple and obtain the
governing equations for both w and A,, separately and thus derive the analytic solution for
each.

We first divide w? on both side of the first equation in (B 1), which gives

14.4 dw b? 200 17 20 (w 5 2b
=2— | [= -2 - /5 (= +> - ). (B2)
wodr w? ow 2 ob\b 2 w

To simplify (B 2), we take o« = w/b. Substituting « into (B 2) gives

144d[ bl 2 20 lr's/l 20 +5 2 B3)
=—\|/— == ]-/—la+==—).
t dr a? pba 2, ob 2 «

Based on the second equation of (B 1), we can obtain the explicit expression of A, as a
function of « as

nwraw? (20 (w5 2b J'trsb2 20 5 2
A = — |-t ——= o’ at+=—=|. (B4)
4o \ b\ b 2 w 4G s ,ob 2 «

Substituting (B 4) into (B 3) and re-arranging gives

14.4 d (b 1 |20 (1 TFb? 24 24 ith |, n 5 5
——[ab] = — | — o — o wi =.Ja?+ —a—2.
nt dr a2\ pb 8Gour 2

(B5)

Recall that the rim thickness b, the sheet radius r((¢) and ¢,,, are all determined (Wang &
Bourouiba 2020a,b). Thus, (B 5) becomes the governing equation for the ligament-to-rim
size ratio @« = w/b. We introduce the characteristic length scale as the impacting drop

diameter d, and the characteristic time scale as the capillary time 7., = +/0$2o/mo, with
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FIGURE 22. (a) Full prediction of ligament-to-rim size ratio @« = w/b governed by (B 9) for
different We. For the intermediate-We range 250 < We < 10000 of common fragmentation
processes (Wang & Bourouiba 20200), the variation due to the We-dependence is only within
5%. (b) Full prediction of o governed by (B 10), compared with the analytic approximate
solution expanded to O(T?) (C 2), which are in good agreement.

2o = 7d; /6 the impact drop volume (Wang & Bourouiba 20205). The non-dimensional
form of (B 5) reads

144d[B]_ 1 1 5 (4 7R,B> p p B6)
x a7 T 52\ 3B 80, “ Pl

Rearranging and multiplying ~/3B on both sides gives

14.433d B_121n1é ) B
— Hw[05]_W o) —a?B|. B7)

8 QOM[

As shown in § 2, the sheet radius scales as +/We. The rim thickness B scales as We™!/4
and the volume rate shed by the rim Q,,, is independent of We. Introducing

R, = VWeY(T) and B(T) = We "W (T), (B 8a,b)

with Y(T') (2.4) and @ (T) (2.5), as well as Q,,,; (2.7), are all determined universal function
independent of We. Substituting (B 8a,b) into (B 7) gives

1 nyy?

8We 3/sf [alI/] 5 [2 (1 T azﬁ) _ azﬂ]’ (B9)
where the terms on the right-hand side have no explicit dependence on the impact We,
only the derivative term on the left-hand side has an explicit dependence on We=3/8, Using

the initial condition as discussed in § 6.3 «(0) = 0, (B 9) can be solved numerically.
Figure 22 shows the full prediction of «(7) solved from (B 9) numerically for different
impact We. However, for the intermediate-We range 250 < We < 10000 of common
fragmentation phenomena (Wang & Bourouiba 2020b), the variation of the solution of
« is only within 5 %, which indicates that the derivative term on the left-hand side of (B 9)
indeed has a weak Weber dependence. Thus, we can approximate the coefficient of the
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derivative term as a constant 8We—3/® & 0.6. Thus, the tractable governing equation of the
ligament-to-rim size ratio « finally reads

3 —d 1 nyw? 5 , 5
gﬁd—T[alI/] = |:2 (1 ~ 30, a ,3) —a ,3] with 8 = /o + 7% -2,
(B 10)
which is independent of We. With the initial condition «(0) = 0 being also independent

of We, the solution «(?) is also independent of We as confirmed by our data (figure 14a).

Appendix C. Approximate analytic expressions: ligament dynamics

C.1. Ligament-to-rim size ratio®« = w/b

Now, we attempt to obtain the approximate analytic solution of (B 10) using power series
method. Consistent with approximate solution of the sheet radius R;(7") we take the power
expansion of «(7') at the time when the sheet reaches its maximum radius, 7,, = 0.43, to
the order O(T?)

a(T) = ag + (T = T,,) + or(T = T,,)* + O(T?), (Ch

where o, o and o, are constants to be determined. Based on the power series method, we
substitute (C 1) into (B 10) and re-arrange and combine the terms with the same power of
T. o, oy and «; should take values that ensure that the prefactor of each power of T term
is zero. After algebraic manipulation, the three constants can be determined as «p = 1.1,
o) = 0.54 and o, = 0.35. The approximate analytic solution for the ligament-to-rim size
ratio « is thus

a(T) = 0.35T% 4 0.24T + 0.93. (C2)

Figure 22(b) shows that the approximate analytic expression (C2) to order O(T?)
captures the full prediction of the ligament-to-rim size ratio o well.

C.2. Population average ligament width: w

Based on the solution of «(7") (C2) and B(T) (2.5), the population average ligament width,
in non-dimensional form, reads

W(T) = a(T)B(T) = We Y*®(T) with &(T) = «(T)¥ (T), (C3)

where @ (7)) is a universal function independent of We. However, both the approximation
expression of «(7T) (C2) and ¥ (T) (2.5) are expanded to O(T?), indicating that @ (T)
becomes a fourth-order O(T*) power series expansion. In fact, we can truncate the
expansion of @ (7T) to the order O(T?)

&(T) = by + b, T + b, T°. (C4)

Substituting (C2) and (2.5) into (C 3), we obtain the value of by = 0.16, b; = 0.93 and
b, = —0.34. Figure 23(a) shows that the approximate analytic expression (C4) to order
O(T?) is very close to the expansion (C 3) to order O(7T*), and captures the full prediction
(6.17) of the population average ligament width, W, very well. Thus, the final approximate
solution for the population average ligament width W reads

W(T) = We™*@®(T) with &(T) = —0.34T* + 0.93T + 0.16. (C5)
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FIGURE 23. (a) Full prediction of the time evolution of the normalized population average
ligament width @ (T) = W/We~!/4 governed by (C 3), compared with the analytic approximate
solution expanded to O(T* (C4) and expanded to O(T?) (C5), all of which are in good
agreement, indicating the expansion to O(T?) is sufficient. (b) Full prediction of the time
evolution of the normalized average speed entering single ligaments I'(T) = V;/We!/8,
compared with the analytic approximate solution expanded to O(T?) (C8) and by taking time
average (C9), which are all in good agreement.

C.3. Average fluid speed entering single ligaments: v,

Recalling (6.19) and using the expression of S(T) (B 5) and W(T) (6.17), the average fluid
speed, V,(T), entering single ligaments on the rim, in non-dimensional form, reads

Vo (T) = We'B I (T) with I'(T) = % and B =,la?+ goz —2, (C6a,b)

where I"(T) is a universal function independent of We. Since all terms (C 6) are known,
we take the Taylor expansion of (C 6) at the time of maximum sheet radius 7,, = 0.43, to
the order O(T?), which gives the power series expression

L(T) =co+ci(T—Tp) + (T — T,)* + O(T),
1 d (C7)
WlthCl:——r‘;:(T:Tm), i:O,1,2,...,
i1 dT"
which gives the values of ¢y = 1.1, ¢; = 0 and ¢, = 1.0. Figure 23(b) shows that the power
series expression (C7) captures the full prediction (6.19) of the average fluid speed v,
entering single ligaments well. Thus, the final approximate analytic solution for the fluid
speed V, reads

Vo (T) = We'®I'(T) with I'(T) =T> —0.9T + 1.3. (C98)

In addition, since both the full prediction and the data (figure 16a) show that the average
fluid entering single ligament is approximately constant, thus, we can further simplify the
approximate solution by taking the time average of the full prediction (C 7) throughout the
fragmentation, which gives

Vo (T) ~ 1.2We'’8, (C9)

which also captures the full prediction well at first order (figure 23b).
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FIGURE 24. (a) Full prediction (C 10) of the time evolution of the normalized population
average volume rate x (7) = Q/We /8 entering single ligaments, compared with the analytic
approximate solution expanded to O(T?) (C 12), which are in good agreement. (») Full prediction
(C 13) of the time evolution of the normalized number of ligament ® (T') = N;/ We3/8, compared
with the analytic approximate solution expanded to O(T?) (C 15) and to O(T?) (C 15). Only the
approximate solution expanded to O(T?) (C15) captures the full prediction (C 13).

C.4. Average volume rate entering single ligaments: q,

Recalling (6.21) and using the expression of S(T) (BS5) and W(T) (6.17), the average
volume rate, Q,(7T'), entering single ligaments on the rim, in non-dimensional form, reads

Qu(T) = WeBx(T) with x(T) = Lq>3/2(T)ﬁ(T) and B =, a2+ éa -2,
43 2

(C10)

where x (T) is a universal function independent of We. Since all terms (C 10) are known,
we take the Taylor expansion of (C 10) at the time of maximum sheet radius 7;, = 0.43, to
the order O(T?), which gives the power series expression

x(T) =1y + 1L(T —T,) + L(T — T,)* + O(T"),
hpold 0.1.2 (1
.t [ — T:Tm ) | = 9 Ly Ly e 0oy

W mar X ), i

which gives the derived values [, = 0.22,[; = 0.56 and [, = 0.23. Figure 24(a) shows that
the power series expression (C 11) captures the full prediction (6.21) of the average volume
rate O, entering single ligaments well. Thus, the final approximate analytic solution for the
average volume rate entering single ligaments, Q,, is

Qu(T) = We™*Bx(T) with x(T) = 0.23T* + 0.37T + 0.02. (C12)

C.5. Number of ligaments on the rim: N,

Recalling (6.21) and using the expression of B(T) (BS5) and W(T) (6.17), the number of
ligaments, Q,(T), on the rim, in non-dimensional form, reads as

No(T) = We**e(T)  with O(T) = % and B =,a?+ %a —2, (C13)
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where @ (T) is a universal function independent of We. Since all terms in (C 13) are known,
we take the Taylor expansion of (C 13) at the time of maximum sheet radius 7;, = 0.43, to
the order O(T?), which gives the power series expression

O(T) = my +m(T — T,) + my(T — T,)* +m3(T — T,,)° + O(T"),

h Ld 0,1,2,3 (1
.t l = Py T = ms J = 9 9 9 9 *

with m N dr x( ), i

leading to derived values of my=2.3, m =—1.5 my=1.1 and m; = —14.1.

Figure 24(b) shows that the power series expression (C 14) captures the full prediction
(6.21) of the number of ligaments N, well. However, the power series expression of N,(T)
to the order O(T?) is not sufficient to capture the full solution (figure 24b). Thus, the final
approximate analytic solution of the number of ligaments N, reads

No(T) = We**e(T)  with O(T) = —14.1T° + 19.37> — 10.3T + 4.3. (C15)

C.6. Minimal distance A,, separating the growing ligaments on the rim

Recalling (6.24), and using R; (2.4), Q,u; (2.7), W (C4) and B (B 5), the minimal distance,
A, (T), separating the growing ligaments, in non-dimensional form, reads

3/2
An(T) = We'Be(T)  with &(T) = ”Y(A‘T\)/q;ng;’f () and B=,/a®+ %(x - 2,6
(C16)

where &£(7T) is a universal function independent of We. Since all terms in the expression
of £(T) (C16) were determined, we take the Taylor expansion of (C 16) at the time
of maximum sheet radius T,, = 0.43 to the order O(T?), which gives the power series
expression of the minimal distance £(7T) as

E(T) = no+n(T = T,) + no(T = T,))* + O(T?),

1 d (C17)
withn,=-—T=T,), i=0,1,2,...,

i1dT"

which gives the value of ng = 0.28, n; = 0.15 and n, = —0.78. Figure 25(a) shows that
the power series expression (C 17) expanded to the order O(T?) capture the full solution of
the minimal distance A,, very well. Thus, the final approximate analytic solution for the
minimal distance A,, separating the ligaments reads

A (T) = We'Be(T)  with £(T) = —0.787% 4+ 0.82 + 0.07. (C18)

In addition, we take the ratio of the minimal distance A,,(T) (C18) with the rim
thickness B(T) (2.5), giving

AnT) _ WeSE(D) 5D

B(T)  We 'A@(T) w(T)’ €19)

which scales as We /3. The ratio of £(T) with ¥ (T) is shown to be approximately constant
as confirmed by our data (figure 25b). The solid line in figure 25(b) shows that the
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FIGURE 25. (a) Full prediction (C 16) of the time evolution of the normalized minimal distance
separating the growing ligaments on the rim &(T) = A,,(T)/We'/3, compared with the analytic
approximate solution expanded to O(T?) (C 18), which are in very good agreement. (b) Measured
time evolution of the ratio of the minimal distance A,, with the rim thickness B for different
impact We. Normalized by We?/8, all data collapse on a single curve. The solid line shows that
the full prediction (C 19) captures the data well and is approximately constant at first order (C 20).

prediction (C 19) captures our data well. Taking the time average of the prediction (C 19)
throughout the fragmentation gives,

An(T)
B(T)
which also captures the data well at first order (figure 25b). Recall that the ratio (C 20)
was used to simplify the governing equation of the sheet dynamics in Wang & Bourouiba
(2020b), which leads to the non-Galilean Taylor—Culick’s equation governing the sheet

radius R, (T). Here, we derived and validated such ratio to prove the closure of the full
theory.

~ 0.56We’/8, (C20)

C.7. Number of droplets shed per unit of time: sy

Recalling (7.15) and using Q,,(T) (2.7), W(T) (C5) and B(T) (BS5), the number of
droplets shed per unit of time, the shedding rate S,(7’), in non-dimensional form, reads

- 8 Qou(T) / 5
w3 _ B 5
Sq(T) = We’*¢(T)  with ¢(T) = 6B $225 &) and B = |a>+ Ja 2.

(C21)

Since both Q,,,,(T) and @ (T) increase over time, we introduce the expression

_ 8 Qaut(T) . _ > § _
o) =T 1225 o A=y tia—2 (€22)

which is shown to be approximately constant over time (figure 26a-inset). Taking the time
average of o(7) throughout the sheet evolution gives o(T) ~ 0.3. Thus, the approximate
expression for the shedding rate, Sy, finally reads

S(T) = We**¢(T)  with ¢(T) = 0.30 (T, (C23)

where @ (T) was given in (C5). Figure 26(a) shows that the approximate solution (C 23)
captures the full prediction of the shedding rate S, (7.15) very well.
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FIGURE 26. (a) Full prediction (C21) of the time evolution of the normalized number
of droplets shed per unit of time ¢ = S;/We®/*, compared to the analytic approximate
solution (C23). The inset shows that expression o(7") (C22) remains constant throughout the
fragmentation. (b) Full prediction of the volume rate, Oy (C24) (inset), and the cumulative
volume fraction, V;/Vy (C27), shed in the form of secondary droplets, compared with their
approximate analytic solutions (C 26) and (C 28), respectively.

C.8. Volume rate Q, of shedding and cumulative volume $2, shed as droplets

Recalling (7.17), the volume shed in the form of secondary droplets per unit of time, Q,,
in non-dimensional form, reads

0T) = —22 0,(T) withp = o> + 20 —2 (C24)
i« =T 6p 12252 Withp = oo+ 70 =2

In appendix C.7, we showed that (figure 26a-inset)

8  Qu(T) _
1.68 +2.25 &(T) 0.3. (€25)

o(T) =
Thus, the shedding volume rate Q, can be re-expressed by

9 27
T)=—o(1)®(T) = —o(T), C26
Qd()32Q()()320() (C20)
where @(7') was given in (C5). The inset of figure 26(b) shows that the approximate
solution (C 26) captures the full prediction of the shedding volume rate Q,(T") (7.17) very
well. Then, recalling (7.21), the cumulative volume fraction shed in the form of secondary
droplets throughout the sheet evolution is

V,(T) /T 81 /T /T
=12 0,dT = — | &(T)dT ~ & (T)dT. (C27)
Vo 0 80 0 0

Using the expression of @ (T) (C5), the approximate solution for the cumulative volume
fraction shed in the form of secondary droplets reads

V(T
% — 01173 + 0.46T2 + 0.16T, (C28)
0

where all the coefficients are derived not fitted. Figure 26(b) shows that the approximate
solution (C 28) captures the full prediction (7.21) very well.
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