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Upon drop impact on a surface of comparable size to that of the drop, a sheet is produced
that evolves freely in the air, bounded by a rim from which ligaments and droplets are
continuously shed. This process is a canonical example of unsteady sheet fragmentation.
The sheet dynamics is coupled with continuous ligament and drop shedding (Wang &
Bourouiba, J. Fluid Mech., vol. 848, 2018b, 946-967; Wang & Bourouiba, J. Fluid Mech.,
vol. 910, 2021h, A39) and is governed by a nonlinear non-Galilean Taylor—Culick law
(Wang & Bourouiba, 2022 (in press)). Here, we report the results of a combined theoretical
and experimental study of the partition and temporal evolution of mass, momentum and
energy in each part of the system composed of sheet, rim, ligaments and drops. We
elucidate and derive analytical predictions, without fitting parameters, of the temporal
evolution of the fractions of volume/mass, momentum and energy in each sub-part of
the system: from sheet, to rim to fluid shed. We show that their temporal evolution and
partitioning are independent of impact conditions. Interestingly this implies, for example,
that the fraction of initial drop volume shed from an impacting drop is independent of the
initial energy (or Weber number) of impact. We validate our predictions against precise
measurements. Finally, we show that the partition laws for this unsteady fragmentation
system are robust to changes of fluid properties (viscosity, surface tension and density).
We provide the ranges of validity of our partition law on a Weber—Reynolds numbers
regime map.

Key words: aerosols/atomization

1. Introduction

Fluid fragmentation selects the sizes of the emitted spray droplets (Rein 1993; Yarin
2006; Josserand & Thoroddsen 2016). An important class of sheet-mediated fragmentation
systems in nature, industry and health are unsteady or require a transition through an
unsteady state, where droplets are continuously generated with statistical properties that
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Figure 1. (a) Schematic diameter of canonical unsteady fragmentation upon drop impact on a rod of
comparable size, d,, to that of the impacting drop, dp. (b) Snapshot of unsteady sheet upon drop impact on
a rod with definition of key physical quantities of the fluid system involved.

vary over time (Wang & Bourouiba 2018b). This temporal variation governs the spray
size and speed distributions, important for a range of applications involving the dispersal
or deposition of chemical or biological compounds (Traverso et al. 2013; Bourouiba,
Dehandschoewercker & Bush 2014; Gilet & Bourouiba 2014, 2015; Wang & Bourouiba
2018a; Bourouiba 2021a,b).

One canonical example of unsteady sheet fragmentation is that created from a drop
impact, with diameter dp, on a surface, or rod, of comparable size, d,, to that of the drop.
Such a phenomenon has been extensively studied in the literature (Rozhkov, Prunet-Foch
& Vignes-Adler 2002, 2004; Villermaux & Bossa 2011; Vernay, Ramos & Ligoure 2015;
Wang & Bourouiba 2017), with associated studies of impacts on infinite surfaces (Yarin &
Weiss 1995; Clanet et al. 2004; Eggers et al. 2010; Lagubeau et al. 2012; Lee et al. 2016;
Riboux & Gordillo 2016) and other studies focusing on the associated rim destabilization
(Roisman & Tropea 2002; Rozhkov et al. 2004; Roisman, Horvat & Tropea 2006; Zhang
et al. 2010; Villermaux & Bossa 2011; Agbaglah, Josserand & Zaleski 2013; Peters, van der
Meer & Gordillo 2013). The impact transforms the bulk drop fluid into a sheet (figure 1a)
radially expanding and then retracting in the air, while being bound by a bulge, a rim,
that continuously destabilizes into droplets (figure 15). When the impact Reynolds number
Re = updp/v is high, the impact dynamics on a rod of comparable size, d,/dy < 1.9 (Wang
& Bourouiba 2017), can be considered as inviscid and is governed by the balance between
the fluid inertia and surface tension, namely, the impact Weber number, We = puédg /o,
where ug is the drop impact speed, p is the fluid density, v is its kinematic viscosity and o
is its surface tension.

With especially developed advanced image processing (AIP) algorithms, we (Wang
& Bourouiba 2018b) showed that the fluid shedding from the rim is continuous and in
fact, has a leading-order effect on the sheet’s temporal evolution (Wang & Bourouiba
2022). This effect was captured by a non-Galilean Taylor—Culick law, with a peculiar
property of time-to-peak invariance: the maximum radius of the sheet is reached at a
fixed dimensionless time 7, = f,/Tcqp, independent of impact Weber number and with
Ty = 0.43, with tqp = 4/ pS20/ 70, 20 = nd8/6 as the impacting drop volume, and dj
the drop diameter. This invariance is robust for the dynamics examined over the capillary
time scale, Teqp.
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Figure 2. Snapshots of unsteady fragmenting sheets upon drop impact on small rods of comparable size at
time t = 0.2t for two different impact We, where t.,p = /0$20/7o is the capillary time and £2¢ = nd8/6
is the impacting drop volume. The impacting drop diameter for both cases is dp = 4.35 mm. More, though
smaller, droplets are generated at higher impact We. However, it is unclear if the volume fraction (volume shed
over initial drop volume) increases with We. This and other related questions of partition of volume, mass,
momentum and energy are the focus of this paper.

Figure 2 shows a snapshot of two fragmenting sheets upon impact of drops of the same
size, but with different impact We. Note that the drops are impacting surfaces of identical
rod-to-drop size ratios of n = d,./dy ~ 1.5, which ensures inviscid sheet dynamics in the
air (Wang & Bourouiba 2017). From observation, it would appear as if fragmentation with
a higher We would lead to more spray, with smaller droplets. However, in light of the
subtleties that unsteadiness introduces (Wang & Bourouiba 2018b), this and other basic
questions are in fact still open. These include:

(1) How does the volume/mass fraction of fluid shed throughout the fragmentation vary
with impact We or impact energy (§ 5.2)?

(i1) What governs the temporal evolution of the partitioning of volume/mass (§5),
momentum (§ 6) and energy (§ 7) in the sub-parts of the system — sheet, rim and
fluid shed forming the ligaments and droplets? In particular, how does the temporal
evolution of volume/mass, momentum and energy change with impact We or energy?

(iii)) What are the resulting insights gained on dissipative mechanisms in this canonical
unsteady fragmentation system (§ 8)?

In this study, we combine experiments and theory to answer the above questions. We
derive analytical predictions, without use of fitting parameters, of the temporal evolution of
the volume/mass, momentum and energy in each sub-part of the fragmenting system: from
sheet, to rim to fluid shed in the form of ligaments and droplets. We validate the predictions
against precise measurements for each part. The robustness and regime of validity
(We—Re map) of the predictions derived are examined with experiments with varying fluid
properties and impact conditions (§ 9). We start by reviewing our experimental approach
(§ 2) and then the existing theoretical framework of unsteady fragmentation (§§ 3 and 4).

2. Experimental approach and image processing algorithms
2.1. Experimental approach

We used two high-speed cameras to simultaneously capture both side and top views of
the impact. The frame rates of the top-view and side-view cameras were 20 000 and 8000
frames per second (fps), respectively. An impacting drop was released from a needle at
different heights, selecting a range of impacting speeds, ug. We measured the impact
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Fluid do (mm) up (ms™1) We Re (x10%) Nexp Rod diameter

Water 4.35+0.05 1.68 +0.01 170 &£ 3 7.3+£0.1 15 dr =63 mm, n =145
2.06 £0.01 254 +4 9.0£0.2 15
2.25£0.01 306+ 5 9.8£0.2 20
2.52£0.01 384 +7 10.1+0.2 20
2.83 £0.01 484 +£9 124+0.3 28
3.39£0.01 679 £ 11 14.7+£0.2 28
4.00 £ 0.01 963 £ 17 173 £0.3 28

Table 1. Experimental conditions used, including the impact drop diameter dp, the impacting speed, up, and
associated We = puldo/o and Re = ugdo/v, where p = 1.0 x 10° kgm ™3, v =1.0x 107 m? s~! and 0 =
72 mN m~! are the density, kinematic viscosity and surface tension of the water drop, respectively. Here, Nexp
is the number of experiments per condition.

speed directly from the side high-speed recordings. The drops impacted stainless-steel
cylindrical rods of comparable size to that of the impacting drops to ensure formation of a
horizontal inviscid expanding sheet in the air (Wang & Bourouiba 2017).

For most of this paper, we present results of a de-ionized water drop with nigrosin
dye of concentration 1.2 g 17!, with density p = 1.0 x 10> kg m™3, surface tension o =
72 x 1073 N-m~! and kinematic viscosity v = 1.0 x 107% m? s~!. Fluids with different
properties were used to assess the robustness and regime of validity of the predictions.
These included glycerol-water to vary viscosity and dimethyl sulfoxide (DMSO) to vary
surface tension. The ranges of the impact Weber and Reynolds numbers were selected to
examine the regimes of validity of predictions. These details are discussed in § 9. Each
group of experiments was repeated at least 15 times (table 1) with detailed experimental
conditions summarized in tables 1 and 2.

2.2. Advanced image processing (AIP) algorithms

As described by Wang & Bourouiba (2022), we developed multi-step AIP algorithms to
capture all key physical quantities of the sheet, rim, ligaments and secondary droplets listed
in figure 1(b). These were well captured by our AIP algorithms despite their complex
change in morphology and topology over time. For the expanding sheet, we detect the
boundary between the sheet and the rim as the contour of the sheet. The radius of the
sheet, r,, can then be captured by measuring the total area, A, within the sheet contour and
calculating, ry = +/A,/7 (figure 3a). The sheet spatio-temporal thickness profile, a(r, 1),
was derived and validated via light absorption, and the sheet velocity profile, u(r, ), was
derived and validated by particle tracking velocimetry (Wang & Bourouiba 2017). With
these quantities determined, the fluid volume, momentum and energy in the sheet are
quantified experimentally.

We note that, beside water, nigrosin can also be dissolved in other liquids. Table 2
includes some of these: glycerol-water mixture and DMSO. Nigrosin dye at concentration
1.2 g 17! was added to these liquids. Figure 3 shows that the absorption of the different
nigrosin-dyed liquids follow the Beer—Lambert law of absorption well, with

log(1/ly) =ch = h = —% log(1/1y), 2.1

where Ip is the background light intensity and / is the intensity of the light transmitted
through the dyed liquid of a given thickness A. Here, ¢ is the liquid absorptivity.
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Fluid pgem™3) o (mNm™') p(mPas) do(mm) up(ms™') We Re(x10%) Ny Rod diameter
DMSO 1.10 4242 2.0 3.76 1.46 210 3.02 10  d-=6mm,n=159
3.79 1.76 307 3.67 10
3.80 2.44 593 5.10 20
3.75 2.97 872 6.23 30
Glycerol (50 %) 113 69 + 2 52 4.08 3.24 677 2.95 20  d,=63mm,n=157
Glycerol (70 %) 118 67 £2 20 4.02 3.49 862 0.91 15

Table 2. Properties of fluids used in this study, with corresponding initial conditions and associated Weber, We, and Reynolds, Re, numbers. Glycerol-water mixtures were
used to vary viscosity, with the percentage indicating mass fraction. DMSO was used to vary surface tension. The impact target diameters used were chosen to ensure
drop-to-target size ratios, 1, between 1.4 and 1.9, which ensures horizontal sheet expansion and negligible surface stresses.
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Figure 3. (a) Sheet contour detection and the light absorption method using nigrosin-dyed liquid to measure
the sheet thickness. (b) Calibration curves mapping liquid sheet thickness to transmitted light intensity ratio
1/I for different fluids laden with nigrosin dye of concentration 1.2 g 1=!. Here, I is the intensity of the light
transmitted through the fluid sheet, while [y is the background light intensity. WB2017 indicates data from
Wang & Bourouiba (2017), while WB2021 indicates data of the present study.

The measured fluid absorptivity of dyed liquid water ¢ = % pwm ™! matches that measured
by Wang & Bourouiba (2017), which further supports the robustness of this light
absorption methodology for sheet thickness measurements. Glycerol-water mixtures of
the same nigrosin concentration also have similar fluid absorptivity c¢ to that of water,
while DMSO with the same nigrosin concentration has a slightly larger fluid absorptivity
c= ﬁ um_l.

For the rim and ligaments, we first detect the inner and outer contours of the
rim—ligament connection. By setting the extruded parts to be the ligaments, our
AIP algorithms can systematically and precisely separate the ligaments from the rim
(figure 4a). Upon separation, the thickness of the rim, b, is measured locally at each
angular position and averaged along the rim. The length of each ligament, ¢, is measured as
the curvilinear distance from its root to its tip. The width of each ligament, w, is measured
locally at each cross-section and averaged along the centreline of the ligament (inset of
figure 4a). The volumes of the rim and ligaments are measured by assuming axisymmetric
cross-sections. The tips of the ligaments detected at each frame are linked together by our
ligament-tracking algorithms (Wang & Bourouiba 2018b) enabling to track the evolution
of each ligament throughout the sheet evolution — expansion and retraction — and measure
their tip velocity. The rim’s velocity is measured by taking the derivative of the sheet
radius. With the geometry and velocity of the rim and ligaments determined, the fluid
volume, momentum and energy in the rim and the ligaments are quantified experimentally.

For the secondary droplets, their sizes and positions are detected at each frame
(figure 4b) and linked into trajectories (figure 4c¢) by our droplet-tracking algorithms
(Wang et al. 2018). The initial time of formation of each trajectory is the time at which
the droplet is shed. The ejection speed of a droplet is its speed at time of shedding.
With the size, speed and shedding time of each droplet, the cumulative volume shed,
£24, as well as the associated momentum and energy of the droplets shed throughout
the fragmentation, are quantified experimentally. Finally, note that the accuracy of the
AIP algorithms was established by Wang & Bourouiba (2022), who showed that the fluid
volume in all sub-parts of the fragmentation system sum up, at all times, to the initial
volume of the impacting drop §2p. The AIP algorithms, used here as well, capture both
cumulative and instantaneous volume conservation.
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Figure 4. Key steps of our AIP algorithms, including (a) contour detection of the rim and ligaments and their
separation; and secondary droplet (b) detection and (c) tracking.

3. Review of unsteady sheet evolution
3.1. Dynamics of rim destabilization and thickness

A number of prior studies have focused on rim destabilization via linear stability analysis
(Roisman & Tropea 2002; Zhang et al. 2010; Villermaux & Bossa 2011; Peters et al.
2013). It was shown that the rim initially destabilizes into small corrugations due to a
local interplay of interfacial (Rayleigh—Plateau) and inertial (Rayleigh—Taylor) instabilities
accounting for the continuous deceleration of the rim (Krechetnikov & Homsy 2009; Wang
et al. 2018). However, upon fragmentation, the fluid shed from the rim is in the form of
ligaments (rather than small-amplitude corrugations). Here, nonlinear effects dominate
(Roisman, Berberovi & Tropea 2009; Agbaglah et al. 2013; Wang et al. 2018) and linear
instability predictions consequently no longer capture the observations. Wang et al. (2018)
showed that, in fact, the non-Galilean frame of the rim with time-varying deceleration
imposes an instantaneous self-adjustment of the rim thickness, b, which remains equal
to the local and instantaneous capillary length as defined by the instantaneous sheet
acceleration, 7. This can be expressed as

2 _..
Bo= PN [T 3.1)
o p(_rs)

where Bo is a local and instantaneous Bond number. Such self-adjustment of the rim
thickness governed by the Bo = 1 criterion indirectly determines the volume of fluid
continuously shed from the rim during unsteady fragmentation. Here, we note that fluid
shedding from the rim of a stationary sheet, such as a Savart sheet upon impact of a
continuous liquid jet (Savart 1833; Clanet & Villermaux 2002), is clearly not governed
by the (3.1) constraint. Gordillo, Lhuissier & Villermaux (2014) reported another fluid
shedding mechanism for such stationary sheets, determined by the Taylor—Culick speed
recession and cusps forming along the sheet, leading to a shedding velocity vy ~ ug/5,
where ug is the impact velocity of the liquid jet. Figures 1(b) and 2 show that the
contour of the liquid sheet in unsteady fragmentation is nearly circular in contrast to
the cusp-containing shape of stationary sheets (Gordillo er al. 2014). In the interest
of concision, details on how rim deceleration induces fluid shedding during cusp-free
unsteady sheet fragmentation discussed by Wang & Bourouiba (2021) are not repeated
here.

935 A29-7


https://doi.org/10.1017/jfm.2021.625

https://doi.org/10.1017/jfm.2021.625 Published online by Cambridge University Press

Y. Wang and L. Bourouiba

3.2. Non-Galilean Taylor—Culick’s law for the sheet radius, rs(r, t)

Wang & Bourouiba (2018b) showed that droplets are shed continuously during the sheet
evolution — expansion and retraction — with most shedding, in fact, occurring prior to the
sheet’s maximum extension. Using our AIP algorithms, we (Wang & Bourouiba 2022)
showed that the fluid shed from the rim has a leading-order effect on the sheet evolution,
namely, the unsteady sheet evolution is coupled with the fluid shedding and resulting
droplet fragmentation during the entire process. Wang & Bourouiba (2022) derived a
modified theory of unsteady sheet evolution which incorporated the coupled inertial and
fluid shedding effects, leading to the following governing equation for the sheet radius,
re(r, 1):
(ars) = qin — Gouts
(pars)ris — pqin(Wu(rs, t) — rs) + pqourve + 20rs = 0, (3.2)
with a = 7tb? /4 and qin (1) = h(ry, Dry(0) (u(r, 1) = 75),

where (-) is the derivative with respect to time, the sheet velocity profile is u(r, 1) = rg/t
(Wang & Bourouiba 2017), a is the cross-sectional area of the rim, g;, is the volume rate —
volume per unit of time and unit radian — entering the rim, g, is the volume rate of fluid
shed from the rim per unit of time and radian, and vy is the speed of fluid leaving from
the rim into the ligaments in the reference frame of the rim. Based on the self-adjustment
of the rim thickness governed by the Bo = 1 criterion, the volume rate g, is directly
determined by mass conservation in (3.2). In addition, Wang & Bourouiba (2022) showed
that the fluid outward speed v; is determined by the local dynamics of the ligament—rim
junction. With Bo = 1 and vy determined, the governing equation of unsteady sheet radius
is shown to reduce to

s .\2 B!
_ph(ry, 1) (7 —5) +(2- 7) o =0, (3.3)
referred to as a non-Galilean Taylor—Culick law, due to its similarity with the classical
Taylor—Culick relation, but with an additional term —mo /7 shown to incorporate the
unsteadiness, inertial and shedding effects.

By choosing the characteristic length scale to be the impacting drop diameter, dp, and

the characteristic time scale to be the capillary time, T¢qp = +/0$20/70 =/ ,odg /60, the
non-dimensional time 7', sheet radius Ry and thickness H are

t Ty h
T = , Ry=— and H=—. (3.4a—c)
Teap do do
Thus, the non-dimensional form of (3.3) reads
R 2
s : T
—6H(R,, T) (7 - RS> + (2 - 7) —0, (3.5)

where H(R;, T'), the sheet thickness at the rim, is
B T~/ 6We
" 6a3R,(T)? + arRy(T)2T/6We + a\Ry(T)T2We

where ay, ar and a3 are the constant coefficients of the sheet thickness profile that was
derived and validated by Wang & Bourouiba (2017).

935 A29-8
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3.3. Time-to-peak invariance

Armed with (3.5), a nonlinear equation, Wang & Bourouiba (2022) revealed and validated
that the unsteady sheet dynamics has a peculiar property of invariance of time-to-peak:
the evolution of the sheet radius, R,(T), over dimensionless time 7 non-dimensionalized

by the capillary time scale 7.4, is independent of impact We or energy. Namely, the sheet
radius, Ry(T), is expressed as

Ry(T) = ~/WeYy(T), (3.7)

reaches its maximum value at a time 7, = 0.43 independent of the impact We or energy,
with an approximate analytical expression of Yy(7') derived to be

Yo(T) = 0.15(T — T),)? — 0.4(T — T,))* + R,
(3.8)
with T}, = 0.43 and R,, = R/~ We = 0.12.

In the remainder of this paper, we show that such a property of time invariance has
important implications for the temporal evolution of volume/mass, momentum and energy
of the fluid system and their partition in its sub-parts: from sheet, to rim to fluid shed.

4. Dependence of sheet and rim thickness on We

Using the sheet radius, r(¢), and non-Galilean Taylor—Culick’s law (3.3), the volume of
fluid shed per unit of time and radian — volume rate — by the rim is directly derived from
mass conservation at the rim (3.2) to read as

Gour = Gin - (ary) : 4.1)
—— ——
rate of volume entering the rim  rate of change of the rim’s volume
Using (3.2), gour can be expanded to read
h(ry, ) (rs ) d (”bZ ) 4.2)
=h(rg, Org | — —rFs) — — (=b7rs ) . .
qout N N P N dl 4 s

Thus, the two fundamental quantities required to determine the volume transfer between
the sheet, the rim and the fluid shed from the rim are the sheet thickness at the rim, A(ry, 1),
and the rim thickness, b(¢). Using (3.6) and (3.7), H(R;, T) = h(rs, t)/dg reads

Jer

6a3Yo(T)3 + v/6a,Yo(T)°T + a\ Yo(T)T?
(4.3)

HR,,T) = %¢(T) where @ (T) =

where aj, ap and a3 are the coefficients of the sheet thickness profile derived by (Wang
& Bourouiba 2017) and Yo (T) is the universal function of sheet radius, which are all
known and independent of We. Equation (4.3) gives that the sheet thickness at the rim

scales as We™ !, so that H(R,, T) We follows a time evolution function & (T), independent
of We. Figure 5(b) shows the measured time evolution of H(Ry, T) for different We,
normalized by We™!, with all curves collapsing on a single curve. The solid line shows
that the prediction (4.3) captures the data well. We quantify the agreement between data
and theory, showing the ratio of the measured to predicted quantity, for each We, in the
figure insets (e.g. figure 5b). Here, the ratio remains close to one for the entire dynamics,
which confirms the good agreement between prediction and measurement. In addition,
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Figure 5. (a) Measured time evolution of the sheet thickness at the rim, H(Ry, T), non-dimensionalized by
the impacting drop diameter, dy, from 28 repeated experiments (different colours) for We = 679. The solid
line shows the mean of 28 experiments. (b) Measured time evolution of sheet thickness at the rim, H(Ry, T),
for different impact We. Normalized by We™! all data collapse on a single curve. The solid line shows that
the prediction (4.3) of H(R;, T), captures the data well. Error bars indicate the standard deviation across all
repeated experiments for each group. The inset shows that the ratio of the measured data with the prediction
remains equal to one during the entire fragmentation, which indicates good agreement between prediction and
measurements.

figure 5(a) shows the measured time evolution of H(Ry, T) from all 28 experiments (see
table 1) for We = 679, all of which follow a similar trend, which indicates a reproducibility
of the experiments. We note that each curve in figure 5(b) represents the mean of all
experiments for a given experimental condition. The confidence interval (error bar) in
figure 5(b) indicates the standard deviation across all those experiments. Unless specified
otherwise, the same convention regarding computation and rendering of error bars in the
figures is used throughout the remainder of the paper.

The rim, b(t), governed by the Bo = 1 criterion (§ 3.1), maintains its thickness equal
to the instantaneous capillary length associated with the instantaneous rim acceleration.
Figure 6(a) shows that the rim acceleration can be well captured by the full prediction
of the non-Galilean Taylor—Culick law (3.5). Similar to the sheet radius Ry (3.7), the

rim acceleration R; also scales as v/ We. Using (3.1) and (3.7), the non-dimensional rim
thickness, B(T) = b(T)/dy, reads

B(T) = (—6R(T))"V/? = U(T) with W (T) = [—6Yy(T)]~ /2, (4.4)

Wel/4
which scales as We—1/4. The measured time evolution of the dimensionless rim thickness,
B, for different We, normalized by We™!/4, collapse on a single curve (figure 6b). The
solid line shows that the prediction (4.4) of the rim thickness B(T") captures the data very
well. Note that the rim thickness scaling as B ~ We!/# from the Bo = 1 criterion coupled
with the shedding assumption happen to coincidentally emerge as scaling for the rim’s
thickness when also assuming no shedding from the rim (Villermaux & Bossa 2011).
Thus, the validity of this scaling does not inform about shedding. The cumulative volume
of fluid shed from the rim was however shown to remain of the same order of magnitude
as the rim’s volume throughout the sheet dynamics (see Wang & Bourouiba (2022) and
figure 100).

We have now recalled the derived equations governing the sheet evolution: that of the
sheet radius, R;(T), the sheet thickness at the rim, H(Ry, T'), and the rim thickness, B(T),
and we have shown how each quantity scales with We. We now leverage these results
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Figure 6. (a) Measured time evolution of the rim deceleration, —R;, non-dimensionalized by the acceleration
scale, dy/t>,,. When normalized by +/We, all data collapse on a single curve. The solid line shows that the

cap* »
full prediction of Ry from (3.5) captures the data well. (b) Measured time evolution of the rim thickness, B,

non-dimensionalized by dy. When normalized by We™'/4, all data collapse on a single curve. The solid line
shows that the prediction (4.4) captures the data well. Error bars in both panels (@) and (b) indicate the standard
deviation across all repeated experiments in each group of experimental conditions. Both insets show the ratio
of the measurement to prediction of the relevant properties. These remain close to one, which indicates a good
agreement between prediction and data.

to determine and verify the temporal evolution of the volume/mass partitioning in each
sub-part of the fluid system: the sheet, the rim and the fluid shed from the rim, which

forms the ligaments and droplets. Hereafter, unless noted otherwise, the sheet includes the
sheet in the air, as well as the fluid on the rod. The fluid shed from the rim includes both
the ligaments and ejected secondary droplets.

5. Volume/mass partitioning in the sub-parts of the system
5.1. Volume/mass fraction in the rim
Taking the rim to be cylindrical, its dimensional volume, $2,iy,, is

T2
$vim (1) = Zﬂrs(t)zb @), (5.1)

which in dimensionless form is

Vyim(T) = 92—3/2“ = TRADBAY = Tro(mwR D), (52)

0

where the expressions of sheet radius (3.7) and rim thickness (4.4) were used. In addition,
the impacting drop volume $2¢ = T[dg /6 is non-dimensionalized as

20/2m 1
Vo= —F5—=—. 5.3
TTE T (53)
Thus, the volume fraction in the rim becomes
Vyim (T
%() — 3nYy(TW(T), (5.4)
0

so the evolution of the fluid volume fraction in the rim governed by the Bo = 1 criterion
is clearly independent of We. This is indeed verified by our data (figure 7a).
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Figure 7. (a) Measured time evolution of the volume fraction in the rim, V., (T)/Vy, for different impact
We. All data collapse on a single curve, showing independence from We. The solid line shows its prediction
(5.4). The inset shows the ratio of measured data and prediction, which remains close to one, indicating
good agreement between predictions and data. (b) Measured time evolution of the rate of change of the rim
volume V,,, for different We, which also collapse on a single curve and is well captured by our prediction
(5.7). The inset shows the difference between measurement and prediction, which is close to zero, indicating
good agreement between prediction and data. Error bars indicate the standard deviation across all repeated
experiments in each group.

5.2. Volume/mass fraction in the fluid shed from the rim: ligaments and droplets

In terms of fluid shed from the rim, in the form of ligaments and droplets, the key quantity
is the fluid volume shed from the rim per unit of time, Q,,;, which from the rim’s mass
conservation, (3.2), is

Qout(T) = Qin(T) — Vyim(T). (5.5)

To derive an explicit expression, we next determine the volume entering the rim per unit of
time and radian, Q;,(T), and the rate of change of the rim’s volume, V,;,,(T), separately.

5.2.1. Rate of change of volume fraction in the rim: Vip,
From (5.1), the rate of change of the rim volume over time is

. d T
Lan() = 7 [ 270 (56°0)) ] (5.6)
and in non-dimensional form is

' _Qrim/zn_i E 2
V1) = == 7 [ S Yomw?@). (5:7)

which is also independent of We as verified by our data, that is well captured by our
prediction (5.7) (figure 7b).

5.2.2. Volume fraction entering the rim
We start with the rate of volume injection into the rim from the sheet per radian, g;,(?),
which was expressed in (3.2). In non-dimensional form, it reads

_ Yin _ Ry(T) ;
Oin(T) = ——— = H(R;, T)R\(T) T~ Ry(T) ). (5.8)

d(?; / Tcap
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Figure 8. (a) Measured time evolution of the rate of volume entering the rim per unit radian, Q;,, for different
impact We, which all collapse on a single curve, indicating independence from We. The solid line shows that
our prediction (5.11) captures the data well. (b) Measured time evolution of the cumulative volume fraction
entering the rim, V;, = §2,,(T)/$20, is also independent of We and is well captured by our prediction (5.13)
(solid line). Both insets show that the ratios of measurement to prediction remain close to one, which indicates
good agreement between prediction and data. Error bars indicate the standard deviation across all repeated
experiments in each group.

Using the sheet radius expression (3.7) and the sheet thickness at the rim, (4.3) reads

(YO(T) Yo(T)
T

1
Qin(T) = —P(T)WeYo(T)

e - Yo(T)) ,

(5.9

— Y’o(T)) = @ (T)Yo(T) (

which is interestingly also independent of impact We . This expression, (5.9), is an explicit
form of the volume entering the rim per unit of time and radian, Q;,(T). It can be further
simplified using (3.5) to

R(T) 5o o
— Ry(T) = with a =

o
T VHR, T) 6

Substituting (5.10) into (5.9) gives

Qin(T) = ay/H(Ry, T)Ry(T) = a/ @ (T)Yo(T). (5.11)

The solid line in figure 8(a) shows that our prediction (5.11) captures the data well.
The non-dimensionalized cumulative volume entering the rim from the sheet is thus

(5.10)

T T
Vin(T) = / Oin(THdT = / a/® (T Yy(T")dT . (5.12)
0 0

Normalized by the impacting drop volume V), the fraction of cumulative volume entering
the rim is

. T
@ - 12/ a/®(T)Yo(T') dT’, (5.13)
0 0

which is also independent of the impact We as verified by the data in figure 8(b). Thus,
at each instant of dimensionless time, the cumulative volume fraction emanating from the
sheet into the rim, with respect to the impacting drop volume is, in fact, independent of
We.
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Figure 9. (@) Measured time evolution of the volume rate shed per radian from the sheet into the rim for
different impact We. All data collapse on a single curve, which indicates independence from We. The solid and
dashed lines show the full prediction (5.14) and the approximate explicit expression (5.15) of Q. respectively.
The inset shows that the ratio of the measured data and prediction remains close to one, which indicates
good agreement between prediction and data. (b) Measured time evolution of the cumulative volume fraction
Vout (T)/Vy shed from the rim into ligaments—droplets, for different We, is also independent of We and is
well captured by its full prediction (5.17), as well as the approximate expression (5.18). The inset shows the
difference between measured data and prediction, which remains close to zero, indicating good agreement
between prediction and data. Error bars indicate the standard deviation across all repeated experiments in each

group.

Having determined the volume entering the rim per unit of time and radian, Qj,, with
(5.11), and the rate of change of rim volume, V,;,,, with (5.7),

nd

Qout(T) = oy @(T)Yo(T) — Zd—T[Yo(T)‘I’z(T)], (5.14)

where « is the constant given in (5.10). Since both Q;, and Vrim are independent of We, the
volume shed per unit of time and radian from the rim, Q,,;, is also independent of We. This
is verified by our data in figure 9a, which are very well captured by our prediction (5.14)
(solid line). In addition, the volume rate shed, Q,,, appears to monotonically increase with
time at a nearly constant rate. Taking this functional form (see § A.4) would read

Qout = po + p1(T — Ty, (5.15)

where T, = 0.43 is the time of maximum sheet radius (Wang & Bourouiba 2022), pg =
0.09 is the volume shed per unit of time and radian at 7, and p; = 0.15 is the approximate
increase rate of the volume rate shed throughout the sheet evolution. Note that p; and p;
are not fitted but both are derived theoretically in § A.4.

From the prediction of volume rate shed, Q,,;, we can directly determine the time
evolution of the non-dimensionalized volume in the ligaments and droplets shed from
the rim,

T T
Vout=/ Qour(T') AT’ =/ ay @ (T)Yo(T) dT" — ;YO(T)‘I/Z(T)- (5.16)
0 0

Normalized by the impacting drop volume V), the fraction of volume shed from the rim
gives

T
f;’“’ - 12/ ay/D(T)Yo(T) AT — 3nYo(T)WA(T), (5.17)
0 0
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which can be shown (see § A.4) to reduce to

Vf)ut
Vo

Figure 9(b) shows that both the full prediction (5.17) of the time evolution of measured
cumulative volume shed from the rim normalized by §2( and its approximate explicit form
(5.18) capture the data very well for all We. Interestingly, the resulting cumulative volume
fraction shed amounts to 70 % of the original drop volume, regardless of impact energy.

Recalling our first question in §1:How does the volume fraction of fluid shed
throughout the fragmentation vary with impact We or impact energy? We have shown
that

= 12po(T — Tyn) + 6p1(T — Tpn)*. (5.18)

(1) the temporal evolution of the dimensionless rate of volume shed from the rim,
Qout(T), to form ligaments and droplets, is approximately linearly increasing over
time; and

(i1) that the volume fraction of fluid shed, Q,,s, from the rim at each instant and
cumulatively, V,,, are both also independent of the impact We or impact energy.

In sum, the fractions of impacting drop volume shed at any given time and cumulatively,
are, in fact, both independent of the impact We or energy. A resulting 70 % of the impacting
drop volume/mass is shed, regardless of impact energy, by the dimensionless time 7" = 0.7,
up to which point the sheet conserves its integrity free of inner punctures. Beyond that
time, the sheet can punctures around the solid surface of the rod, depending on its surface
properties, and particularly for higher impact We, since the sheet thickness monotonically
decreases with the impact We (Wang & Bourouiba 2017). For example, the measured sheet
thickness around the edge of the rod at T = 0.7 for We = 963 is less than 20 wm. This
rupture of sheets around the edge of the solid surface from which they emanate along
with collision of rims were reported and studied in prior work (Villermaux & Bossa 2011;
Lejeune, Gilet & Bourouiba 2018; Néel, Lhuissier & Villermaux 2020).

5.3. Volume/mass fraction in the sheet and summary of volume/mass partitioning

With the fraction of cumulative volume having entered the rim V;,,(T) at time T determined
in (5.13), the fraction of impacting drop volume remaining in the sheet at that time 7 is

: T
v _ oy Ve® 12/ /@ (T)Yo(T') dT, (5.19)
Vo Vo 0

which is clearly independent of We (figure 10a). In sum, we have discovered that the
volume fractions in the sheet, Vs, in the rim, V,;;,, and in the fluid shed from the rim
in the form of ligaments and droplets, V,,;, are in fact all independent of impact We.
This is verified by the summary of all measured volume fractions in the fluid system
(figure 10b). When examining the effect of volume shed from the rim on the sheet
evolution, the cumulative volume shed should be compared with the instantaneous rim
volume rather than the total impacting drop volume. This is because the dynamics of the
rim is derived from control volume theory, with the rim being the control volume. Hence,
although the cumulative fluid shedding amounts to approximately 20-30 % (figure 10b)
of the impacting drop volume, the cumulative volume shed from the rim is in fact of the
same order of magnitude as that of the rim at any given time during most of the sheet
expansion (figure 10b). We therefore cannot neglect shedding. Doing so would amount to
an overestimation of the rim’s volume by 100 %.
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Figure 10. (@) Measured time evolution of the volume fraction in the sheet, Vi = 24(T)/$20, including
the sheet in the air and on the rod, for different We. All data collapse on a single curve, which indicates
independence of the the mass fraction in the sheet (air and rod) from We. The solid line shows that the prediction
(5.19) matches the data well. The inset shows that the ratio of measured data to prediction is close to one, which
indicates a good agreement between prediction and data. (b) Measured time evolution of the volume fractions in
different sub-parts of the system. For each sub-part, the data for different We collapse on a single curve, which
indicates independence from We. The solid lines show the predictions of the volume fractions in each sub-part
are in good agreement with the data and recovering the total impacting drop volume, $2y. This confirms that
the cumulative volume shed, at a given time, from the rim remains of the same order of magnitude as the
instantaneous rim volume.

Finally, given incompressibility, the mass fractions in each part of the fluid system —
sheet, rim and ligaments—drops shed — are immediately deduced from the volume fractions
derived above, by simply multiplying volumes by the fluid density p. The mass fractions

in each sub-part are thus also all independent of impact We.
In the next sections, we turn to the momentum and energy partitioning in each sub-part
of the system.

6. Momentum partitioning in each sub-part of the fluid system
6.1. Fraction of momentum in the rim

We now examine the evolution of the momentum in each sub-part of the system. Starting
with the rim, its momentum is

Prim(®) = p2yim (D) 75(1), (6.1)
and in dimensionless form reads
rim/ 27T 1 . bl .
Prn(D) = L2 _ Ly, (DR = VW Vo (DWADYo(T),  (62)
/Od()/fcap 12 4

where (5.4) and (3.7) were used. Equation (6.2) explicitly depends on +/We. The
non-dimensional impacting drop momentum, py = 2oug is

2 2 1
Po=" 3”0/ T_ We. 6.3)
pd()/fcap 12\/6
Thus, the momentum fraction in the rim is

Prim (T)
Py

= 3J6nYo(T)W(T)Y(T), (6.4)
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Figure 11. Measured time evolution of (a) the fraction of momentum in the rim and (b) the cumulative
momentum fraction shed from the rim for different impact We. All data collapse on a single curve, which
indicates that both the fraction of momentum in the rim and the fraction of momentum shed from the rim
are independent of We. The solid lines show that our predictions (6.4) and (6.11) capture the data very well.
Both insets show that the difference between measured data and prediction remains zero, which indicates
good agreement between prediction and data. Error bars indicate the standard deviation across all repeated
experiments in each group.

which is independent of We as verified by our data (figure 1la). The solid line in
figure 11(a) shows that our prediction of fraction of momentum in the rim, (6.4), captures
the data very well and is independent of We.

6.2. Fraction of momentum in the fluid shed: ligaments and droplets

Turning to the momentum in the ligaments—droplets sub-parts of the system, consider the
rate of volume shedding from the rim, g,,,, per radian. The associated rate of momentum
shedding from the rim into the ligaments—droplets, p,,, per radian, is then

Pout (1) = pGou(D[7Fs(1) + ve(D)], (6.5)

where vy (¢) is the fluid speed shed from the rim in the reference frame of the rim. Based on
the local dynamics of the ligament growth, Wang & Bourouiba (2022) derived and verified
that the rate of momentum shed from the fluid ejected at speed, v, can be approximated
to be

1.347 66
PGour(B)ve(t) = PRI ——507s(). (6.6)

Using the scale of momentum change rate per radian as ,od4 / rcap, the dimensionless
momentum shed from the rim per unit of time is

: pom 1347
PauD) = 2575 = = Quu(DR(T) + == Ry(D). 6.7)
cap
Using (3.7), (6.7) becomes
. 1.34n
Pour(T) = /W [Qom(T) o) + S Yo(T):| 6.8)

Wang & Bourouiba (2022) showed that the fluid speed vy shed from the rim in the
reference frame of the rim is much smaller than the rim velocity 7. Thus, the contribution
of the second term in the bracket of (6.8) is much smaller than the first term. For the
intermediate-We range, 250 < We < 10*, over which common fragmentation processes
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occur (Wang & Bourouiba 2022), the variation caused by We on the value of the bracket
is within 10 %, a weak We-dependence. Without loss of generality, the Weber-dependent
coefficient of the second term in the bracket can be approximated to take the average value
in the intermediate- We range, 1.341w/ (6We/3) ~ 1/56. Thus, the momentum partition of
the fluid shed from the rim is approximately

Pou(T) % N'We | Q1) ¥o(T) + 2-¥o(D)]. (6.9)

Taking the integral of Pom with time, the cumulative momentum shed from the rim, which
is transferred into the combination of ligaments and droplets, is thus

T
Pou(T) = V' We /0 [ Qo (T Yo(T") + Z¥o(T) | aT, (6.10)

which, similar to P,;;,, is also proportional to /We. Thus, the fraction of cumulative
momentum shed from the rim at a given time T is

T
Fon® _ / [CouTHYoT'y + Z-¥o(TH] dT", (6.1)

Py 0 56
which is independent of the impact We.

Figure 11(b) shows the measured time evolution of the cumulative momentum fraction
shed from the rim into the ligaments and droplets. At each time, the cumulative momentum
is measured by accounting for the momentum of all ligaments along the rim and the
cumulative momentum of secondary droplet shed up to that time. In addition, during the
shedding, the growth of ligaments is restricted by surface tension. Thus, we also account
for the momentum lost due to surface tension as part of the cumulative momentum shed
from the rim. The experimental measurement of the cumulative momentum shed from the
rim is thus

N(@) M) ¢ N(@)

ot (1) =" pLuOun(®) + Y p2am (g (1) + /0 > gown(r@ ¢, (6.12)
n=1 m=1 n=1

where N(7) is the number of ligaments at time ¢, and 2y, (f) and u;,(¢) are the volume and
average velocity of the nth ligament at time #, respectively. Here, N () is the total number
of droplets shed at time 7, while M(¢) is the total number of droplets shed by time . The
8£24m (1) and ugy, (1) are the volume and velocity, respectively, of the mth droplet shed before
time #. The w,(¥) is the width of the nth ligament and wow,(#)/2 is the surface tension
force acting on that ligament at time #. All the quantities in (6.12) are measured with high
precision by the AIP algorithms, as described in § 2.2.

Figure 11(b) shows that the measured time evolution of the cumulative momentum
fraction in the fluid shed from the rim, in the form of ligaments and drops, (6.12), for
different impact We. All data collapse on a single curve, which shows that the fraction of
momentum in the fluid shed from the rim is indeed independent of We and is very well
captured by our prediction (6.11) (solid line).
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6.3. Fraction of momentum in the sheet

By analogy to the mass analysis in § 5, the momentum of the sheet, which includes both
the part in the air and on the rod, is

t
ps(t) = po — pin(t)  with p;, (1) = / 270 pqin({u(rs, ') dr, (6.13)
0

which is the difference between the impacting drop momentum and the momentum
entering the rim. Non-dimensionalized by the momentum scale per radian ,odg /72,

ps/2T

T
T = Py — P;j,(T) with P;,,(T) = / Oin(THU(R,, T)YdT'.  (6.14)
d()/ 0

Py(T) =

cap

Using the expression of Q;,(T) (5.11), the sheet velocity profile U(Ry, T) = Ry/T and the
sheet radius of R (3.7), the cumulative momentum entering the rim P;,(T) becomes

T / 7
Pin(T) = v/We / aﬁyg(m dr’. (6.15)
0

The fraction of cumulative momentum entering the rim at time 7" is

Pin(T) _ 12\/—/ «/<P(T

Py

Y5(T)dT', (6.16)

which is independent of the impact We as verified by the data (figure 12a). It shows that
the measured cumulative momentum entering the rim approaches the impacting drop
momentum Py, which shows that no momentum is lost in the sheet. The solid line in
figure 12(a) shows that the prediction (6.16) captures the data at first order. However, a
small but systematic offset from the data is observed. To understand the origin of the gap,
we examine the rate of momentum injection into the rim per unit of time,

amV‘pT(T)

Pin(T) = Y3(T). (6.17)

Figure 12(b) shows the momentum rate entering the rim for different We. Normalized by
+/We, all data collapse on a single curve and is well captured by our prediction (6.17) at late
time. However, the prediction deviates slightly from the data at early time. This indicates
that a second-order effect, not captured by our first-order sheet dynamics theory (Wang &
Bourouiba 2022), takes place at early time. We leave to future work the deciphering of the
physics underlying the early-time, second-order effect of the crushing of the drop.

Thus, the fraction of the momentum in the sheet with respect to the impacting drop
momentum can be expressed as

PAD) _ mm_l_lzf/ J@(T
0

Y2(T')dT, (6.18)

which is also independent of We as verified by the data (figure 13a), which is captured,
at first order by our prediction (6.18). Note that given that the prediction (6.16) slightly
underestimates the cumulative momentum, P;,, entering the rim from the sheet, the
prediction (6.18) is expected to slightly overestimate the momentum in the sheet. These
slight deviations arise from second-order effects at early crushing time, not captured by
our sheet dynamics theory.

935 A29-19


https://doi.org/10.1017/jfm.2021.625

https://doi.org/10.1017/jfm.2021.625 Published online by Cambridge University Press

Y. Wang and L. Bourouiba

a) 1.0 T T T T T — b - - v
(@ We =484 ' ®) 0.12 } 20
0.0}
\%’ 0.08
2 006}
af
0.04
We =679
0.02} - We=963
— (6.17)
0 01 02 03 04 05 06 07

T=t/ Teap

Figure 12. (a) Measured time evolution of the cumulative momentum fraction entering the rim from the sheet
Pi,(T)/ Py for different impact We. All data collapse on a single curve, which shows the independence from
We. The measured cumulative momentum entering the rim approaches the impacting drop momentum, which
shows that no momentum is lost in the sheet. The solid line shows that the prediction (6.16) matches the data
at first order, but with a slight underestimation. The inset shows the difference between the measured data
and the prediction. (b) Measured time evolution of the rate of momentum fraction P;, entering the rim, which
is proportional to /We. The solid line shows that the prediction (6.17) captures the data at first order, but
with small underestimation at early time, which leads to the deviation of the prediction from the data in panel
(a). The inset shows the ratio of measured data with prediction. Error bars indicate standard deviation across
repeated experiments in each group.
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Figure 13. (a) Measured time evolution of the momentum fraction in the sheet Ps/Pg for different We. All
data collapse on a single curve showing independence from We. The prediction (6.18) (solid line) captures
the data at first order, but with a slight overestimation, consistent with the underestimation of P;,(7)/Po in
figure 12(a). (b) Measured time evolution of the cumulative surface tension force P, acting on the rim for
different We, normalized by the impacting drop momentum Py. All data collapse on a single curve, which shows
independence from We, and is well captured by our prediction (6.21). Both insets show the difference between
measured data and prediction. Error bars indicate the standard deviation across all repeated experiments in each

group.

6.4. Momentum balance across the sub-systems: sheet, rim and fluid shed

We have now verified that the fractions of momentum in each sub-part of the fragmenting
fluid system are independent of We. However, distinct from volume/mass partitioning, the
sum of the momentum in each sub-part does not recover the impacting drop momentum,
Py. Instead, the total momentum summed over all sub-parts decreases over time due to
surface tension forces acting on the rim, which reduces the momentum of the rim and the
fluid shed from the rim. The cumulative surface tension force acting on the rim at a given
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Figure 14. The partition of momentum fractions in each sub-part of the fluid system is independent of We. The
small derivation of total momentum from unity originates from a second-order effect on the sheet dynamics at
early time (as shown in figure 12b).

time ¢ (impulse) is

t
po (1) =/ dnory(t) dr, (6.19)
0
and in non-dimensional form reads
2 T T
P, (T) = ij - / “R(T)dT' = +/We / —Yo(T)dT',  (6.20)
pd()/ Tcap 0o 3 0o 3

where (3.7) was used. The fraction of initial drop momentum, Py, taken up by this force
by time T is

T
P _ / 46y (T dT’, (6.21)
Py 0

which is also independent of We as verified by the data (figure 13b), and is very well
captured by our prediction (6.21) (solid line in figure 135).

Finally, figure 14 shows that, incorporating the impulse of the surface tension force,
the total momentum recovers most of the initial momentum of the impacting drop at first
order. In addition, the figure shows that the fractions of impacting drop momentum in each
sub-part of the fluid system, as well as the cumulative impulse of the surface tension force,
all follow universal time functions, which are independent of the impact We or energy.

7. Energy partitioning in each sub-part of the fluid system

We have determined that both the mass and momentum fractions in each sub-part of the
fluid system are independent of impact We. We here turn to the energy. The total energy of
the impacting drop includes its kinetic and surface energy, namely,

ey = e](‘) + ey = %p.Qou(z) + ndga, (7.1)

which in non-dimensional form is

E eo/2m 1 <We+1)NWe (72)
O pdyr, 12\ 12 144° '
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Figure 15. (@) Measured time evolution of the fraction of total energy taken up by the rim’s kinetic energy
Eiﬁi(T) /Ey for different impact We. All data collapse on a single curve showing independence from We. The
solid line shows that our prediction (7.5) captures the data well. (b) Measured time evolution of the fraction

of energy taken up by the rim’s surface energy E® (T)/Ey, for different impact We. Contrary to the kinetic

rim
energy, the fraction of the rim’s surface energy depends on the impact We, which is also captured well by

our prediction (7.8). Both insets show that the difference between measured data and prediction remains zero,
which indicates good agreement between the prediction and data. Error bars indicate the standard deviation
across all repeated experiments in each group.

For the intermediate-We range 250 < We < 10*, where most common fragmentation
occurs (Wang & Bourouiba 2022), the kinetic energy of the impacting drop is much larger
than its surface energy. Thus, for the sake of brevity, we approximate the total energy of
the impacting drop to its kinetic energy hereafter.

7.1. Fraction of energy in the rim

The energy of the rim can be separated into two parts, the kinetic energy and surface
energy. Knowing the rim mass, m,,, and velocity, 7, the rim Kinetic energy is

k

erjm(t) = %pgrimr‘sz- (7.3)

Thus, the non-dimensional form of this energy per unit radian reads

k
et /2w 1 B .

Bl (T) = ~HEZ = SWe | 2Y0(Dw(D) | ¥o?, (74)
/OdO/Tcap

where (5.1), (3.7) and (4.4) were used. Equation (7.4) has an explicit dependence on impact
We. When normalized by the impacting drop energy, Eo, the fraction of total energy taken
up by the rim’s kinetic energy is

EX. .
i 187 [Yo(T)W2(T)]¥o>, (7.5)
0

which is independent of impact We as verified by the data (figure 15a), and is very well
captured by our prediction (7.5) (solid line).
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Turning to the surface energy of the rim, consider the rim to have a cylindrical shape.
Its surface energy is
e (1) = 2mrg(nb)o. (7.6)

rim

In non-dimensional form, its surface energy per radian thus reads

e /2n T B .. _
Eyyp(T) = 8 —— = < RB = gWel/“[—&/o(T)] 12y,(T), (7.7)
'OdO/Tcap

where the expressions for the rim thickness B (4.4) and the sheet radius R, (3.7) were used.
Equation (7.7) has an explicit dependence on We'!/%.

When normalized by the total impact energy, Ep, the fraction of total energy stored in
the rim’s surface energy is

ES. (T .
%() = 24 We 3/ [—6Yy(T)] /Yy (T), (7.8)
0

which has an explicit dependence on We3/4 distinct from the energy fraction in the
form of the rim’s kinetic energy, which was shown to be independent of the impact
We. Figure 15b shows the measured temporal evolution of the fraction of total energy
in the rim’s surface energy and shows that it is captured very well by our prediction
(7.8). Comparing figures 15(a) and 15(b), the magnitude of the surface energy of the
rim is approximately half that of the kinetic energy and accounts for less than 5% of
the total impacting drop energy. This confirms that the surface tension force and energy
corresponding to the rim can be considered as negligible in the unsteady fragmentation.

Note that the effect of the surface energy of the rim was not reflected in the governing
equation of the sheet radius (3.5). In fact, the surface tension force acting on the rim
per radian, 2ryo, given in the momentum balance equation (3.2) only corresponds to the
surface energy of the evolving sheet. Analogous to the surface tension force of the capillary
hydraulic jump problem (Bush & Aristoff 2003), the surface tension force corresponding
to the surface energy of the rim, associated with the curvature of the rim, would scale as
ob. It would thus have a distinct We-dependence from that of the dominant sheet surface
tension force or,, as well as other terms in the governing equation (3.5) as confirmed in
(7.8). Finally, given that for most impacts of interest b < ry, this surface tension force
corresponding to the rim’s contribution is expected to be negligible.

7.2. Fraction of energy in the fluid shed: ligaments and droplets

Based on the rate of fluid volume shed from the rim, g,,;, the rate of energy feeding the
fluid shed, per radian, is

Cout (1) = 3 PGour D[Fs() + ve (D12, (7.9)

where 7 is the rim velocity and vy is the outflux speed shed from the rim. As mentioned
in § 6, 7y is much larger than vy. Thus, the rate of kinetic energy passed on the fluid shed
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is approximately

Cout(®) ~ 5 pGourOFs* (1) + pGous DV (OFs(0). (7.10)
Using the approximate expression for pq,:ve, (6.6), gives
1 1. 3411
Cour (1) ~ E;OQOut(t)rs (0 + 375 0115 (1), (7.11)
which in non-dimensionalized form reads
. Cout 2 1.347
Eou(T) = Tc‘ap onut(T)R (T + We 3/8R (T)Ry(T). (7.12)

As discussed in § 6.2, the Weber-dependent coefficient of the second term in the bracket
can be approximated to take an average value in the intermediate-We range, which gives

1.347/(6We/®) ~ 1/56. Thus, the energy of the fluid shed from the rim is approximately

. €out 1 ) T .
Eou(T) = 5— = = Qour(T)Rs"(T) + -Rs(T)Rs(T). (7.13)
pdy/t3, 2 56
Using the expression of the sheet radius Ry, (3.7), gives
. 1 ; T ;
Equ(T) = 5We | Qou(DYo (1) + S ¥o(DYo(D)] (714)
The cumulative fraction of total energy injected into the shed fluid at time 7 is thus
Eou(T T
ogé ) / 72 [Qouz(T/)YO (T) + Yo(T/)Yo(T’)] dr’, (7.15)
0

which is independent of the impact We as confirmed by our data (figure 16a). Here,
experimental measurement of the cumulative kinetic energy shed from the rim is obtained
from the measured volume rate, g,,s, shed from the rim and the measured outflux speed
vy using the AIP algorithms.

To confirm the accuracy of the measurements, the fluid shed from the rim becomes the
ligaments and the cumulative secondary droplets. Thus, the total energy of the ligaments
and the cumulative secondary droplets shed from the rim, including both the kinetic and
surface energy, should be equal to the kinetic energy shed from the rim. Namely,

Cour(t) = &0 (1) + €0, (D) + €y (1) + €10 (D), (7.16)
NG NG
with e, (1) =Y 3 PR (UG, (1), gy (t) =Y o A1), (7.17a,b)
n=1 n=1
M) N ()
and e, (= 3 PRam (D0, (1), €y () =D T A (D), (7.18a,b)
m=1 n=1

where Aj, is the surface area of the nth ligament and Ay, is the surface area of the
mth droplet. Other quantities were introduced in (6.12). Figure 16(b) shows the measured
temporal evolution of the fraction of total energy in the ligaments and the cumulative
droplets with respect to the impacting drop energy Ep. It shows that the total energy of
the ligaments and droplets is very well captured by our prediction (7.15). Thus, the kinetic
energy shed from the rim is indeed converted to the energy required for the formation
of the ligaments and droplets. Note that matching also confirms the accuracy of our AIP
algorithms.

935 A29-24


https://doi.org/10.1017/jfm.2021.625

https://doi.org/10.1017/jfm.2021.625 Published online by Cambridge University Press

Mass, momentum and energy partitioning in unsteady fragmentation

(a) 3 Wé = 484' ’ " = ‘f_‘,, (b) Cumulatlve droplets shed ! _C
0.20 =679 R 0.15} © Ligaments P it
(VgeIZS )963 : o
2015t M
5 0100
Lu% 0.10} I
L
= g
Eematsb="1 | 0.05}
0 02 04 06 :
i i i i i A T i i i i " i
0 01 02 03 04 05 06 07 0 01 02 03 04 05 06 07

T:t/‘rmp T:t/rcap

Figure 16. (a) Measured time evolution of the rate of kinetic energy of fluid shed from the rim for different
impact We normalized by impact energy Ep. All data collapse on a single curve, which shows independence
from We. The solid line shows that the prediction (7.15) captures the data well. The inset shows the difference
between measured data and prediction remains zero, which indicates good agreement between prediction and
data. (b) Measured time evolution of the fractions of total energy of the ligaments and total energy of the
cumulative droplets shed over time, for We = 679. Error bars indicate the standard deviation across repeated
experiments in each group.

7.3. Fraction of energy in the sheet

The energy of the sheet — both on the rod and in the air — includes two parts, the kinetic
energy due to the fluid motion in the sheet and the surface energy. We will start with the
kinetic energy. Similar to the mass and momentum of the sheet, the sheet kinetic energy
can be evaluated as

t
) 1
0 = e~ e with ) = [ J2mpgut e 2dr. (119
0
which is the total impacting drop energy, eg in (7.1), minus the cumulative energy that has
entered the rim at time #, e;,(¢). In non-dimensionalized form, it reads

es/2

T
. 1
EX(T) = = Ey — Ein(T)  with E;(T) = / 5 Qin(THU(Rs. T')2dr’.
0

/ Teap
(7.20)

Using the expression of Q;, (5.11), the sheet velocity profile U(Ry, T) = Rs/T and the

sheet radius Ry (3.7), the cumulative energy entering the rim becomes

Ein(T) = We / Y3(T )dT'. (7.21)
Normalized by the impacting drop energy Ej,
T «/

’”( ) _ =72 / YO (T, dT’, (7.22)

which is independent of We as confirmed by the data (figure 17a). It shows that the
measured cumulative energy entering the rim approaches that of the impacting drop
energy, Eg, which shows that no energy is lost in the sheet prior to entering the rim.
However, similar to the cumulative momentum entering the rim, a small systematic gap
between the data and the prediction is observed accounting for approximately 15 % of the
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Figure 17. (a) Measured time evolution of the fraction of cumulative energy entering the rim from the sheet
Ei,/Ey for different impact We. All data collapse on a single curve, which indicates independence from We.
The measured cumulative energy entering the rim approaches to the impacting drop energy, which indicates no
energy loss in the sheet. The solid line shows that the prediction (7.22) captures the data at first order, but with
certain underestimation, consistent with that of the cumulative momentum P;,, / Pg entering the rim (figure 12a).
The inset shows the difference between measured data and prediction. (b) Measured time evolution of the rate
of energy injection into the rim Ej,, normalized by We to which E;, is proportional. The solid line shows that
the prediction (7.23) deviates slightly from data at early time, which leads to the offset in panel (a). The inset
shows the ratio of measured data with prediction. Error bars indicate the standard deviation across repeated
experiments in each group.

total impacting drop energy Ep. To understand the origin of the gap, consider the energy
entering the rim per unit of time:

. 1 vo(T

Ein(T) = Weza T( )Y3(T) (7.23)
which deviates from the data slightly at the early time (figure 17b). This is consistent
with the cumulative momentum entering the rim (figure 12b), which confirms that a
second-order effect, not captured by our first-order sheet dynamics (Wang & Bourouiba
2022) theory, takes place at early impact time.

Thus, the partition of the kinetic energy in the sheet with respect to the impacting drop

energy becomes

EPT) _ | En) _ / J—
Ey Eop

which is independent of We as confirmed by the data (ﬁgure 18a). Since the fraction of

cumulative energy entering the rim is underestimated by 15 % (figure 17a), the kinetic

energy in the sheet is overestimated by 15 % (figure 18a).
Taking a two-dimensional (2-D) horizontal sheet, the surface energy of the sheet is

YT dr, (7.24)

e (1) = 201 (ry)?, (7.25)
and in dimensionless form reads
(S) 2
. 2 1 We
E® = 5/ L 05(“) = R = —Y2(T), (7.26)
pd / cap IOd / cap 6 6

where R, (3.7) was used. Normalized by the impacting drop energy, Ey, (7.2),
(s)

Ey

= 24YX(T), (7.27)
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Figure 18. Measured time evolution of the fraction of energy in the sheet with its (a) kinetic energy, Eka) /Eo,
and (b) surface energy, E§“) /Ep, for different impact We. All data collapse on a single curve, which indicates
independence from We. The solid line in panel (a) shows that the prediction (7.24) captures the data at first
order, but with certain overestimation, consistent with the underestimation of Ej, /Ey in figure 17(a). The solid
line in panel (b) shows that the prediction (7.27) captures the data very well. Both insets show the difference
between measured data and prediction. Error bars indicate the standard deviation across repeated experiments
in each group.
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Figure 19. (a) The fractions of energy in each sub-part of the fluid system are all independent of We. (b)
Measured time evolution of the energy loss in the system as shown in panel (a). The solid line shows the
prediction (8.8) of energy loss in the rim, which accounts for 30 % of the original impacting drop energy. The
remaining gap in predicted energy loss, of 15 %, in the system is due to a second-order mechanism occurring
at early time (seen in figure 17b). The inset shows the difference between measured data and prediction. Error
bars indicate the standard deviation across repeated experiments in each group.

which is also independent of We as confirmed by figure 18b. Thus, the energy fraction of
the sheet, including both the kinetic and surface energy, is independent of We.

In sum, except for the surface energy of the rim, the fractions of energy in each sub-part
of the system from sheet to rim to fluid shed are all independent of impact We, which is
very well captured by our predictions (figure 19a). The rim surface energy contribution
is less than 5% of the impacting drop energy. Thus, the sum of the contributions of
the energy of the sheet, rim and fluid shed remain mostly independent of impact We
(figure 19a).

8. Energy dissipation throughout the unsteady fragmentation

In the above, we discovered that the fractions of energy in each sub-part of the system
are independent of We. When summing all the contributions, we do not recover the total
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impacting drop energy, with 45 % of the impacting drop energy lost (figure 19a). In this
section we discuss where this takes place.

Recall that we found only a 15 % difference between the predicted energy contributions
of each sub-part of the fluid system and the measurements, and that this difference
originates from the early dynamics of the sheet (§ 7 and figures 17 and 18). To arrive
at a gap of 45 % of total energy (figure 19a), we need to account for another 30 %.

First, considering the sheet on the rod, Wang & Bourouiba (2017) showed that the
dynamics of the sheet is inviscid throughout its evolution, when the rod-to-drop size ratio,
n, is within 1.4 < n < 1.9. Indeed, in this range, the energy dissipation on the rod is
negligible and Wang & Bourouiba (2017) verified that the cumulative energy leaving the
edge of the rod throughout the entire dynamics recovers the impacting drop energy. Thus,
the loss of energy shown in figure 19(a) does not occur on the rod for the regimes of
1.4 < nn < 1.9 impacts considered in this study.

Second, considering the sheet in the air, the energy is also conserved. Wang &
Bourouiba (2017) showed experimentally and validated that the sheet is governed by an
inviscid equation with an inviscid velocity profile, u(r, t) = r/t, followed by each fluid
parcel emanating from the edge of the rod, moving radially in the sheet at constant speed.
Note that a demonstration of energy conservation in the sheet is given in Appendix B.1

Given that energy is conserved on the rod and in the sheet in the air, and that the energy
of the fluid shed from the rim is all converted to the total energy of the ligaments and
droplets, as shown in figure 16(a), thus loss of energy can only be accounted for in the
rim. In the prior literature, Taylor (1959) and Culick (1960) studied steady sheet evolution
under capillary forces and discovered that the governing equation for the sheet radius, or
rim velocity, is based on a momentum balance at the rim, rather than an energy balance, the

two approaches leading to discrepancy of the order of a factor of /2 for the prediction of
the retraction speed. By analogy, for unsteady sheet evolution, Wang & Bourouiba (2022)
derived the governing equation for the sheet radius based on momentum balance at the
rim as well. To discuss the implications of this momentum balance, we here attempt to
quantify the loss of energy implied by the corresponding momentum balance used.

An intuitive approach to predict the energy loss in the rim is to consider the dynamics
in the moving reference frame of the rim. In the non-Galilean reference frame of the
decelerating rim, the rim is stationary, but subjected to a fictitious force associated with
the rim’s inertia mry. The energy entering the rim per unit of time becomes

e = 3pQ@mr)h(ry, Dlutry, 1) = 1. 8.1)
Given that obviously the rim is fixed in the moving reference frame of the rim, its kinetic
energy and the work done by the capillary force and the fictitious force on the rim are both

null. Thus, the energy lost in the rim per unit of time is simply él(rrl), the energy entering
the rim per unit of time in the same reference frame, namely

ey = &) = Lp@urph(ry, Dlury, 1) — 51> = Linlu(ry, 1) — 7312 (8.2)

Physically, ej; originates from the energy loss due to the sudden reduction of fluid speed
upon fluid rim entry. Indeed, prior to entering the rim, the fluid parcel speed is u(ry, ),
while it becomes the rim’s speed when reaching the rim, 7y, with a leading sudden speed
reduction Au = u(rs, t) — rs. Thus, over each unit of time, the associated energy loss is

el = smAW = Imlu(rg, 1) — F%, (8.3)

which recovers what we derived in (8.2). In sum, we recover that the energy loss is indeed
in the rim due to the sudden velocity reduction when a fluid parcel enters the rim from
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the sheet. Note that a more complete demonstration of energy loss at the rim is given in
Appendix B.2.

Having quantified the energy loss in the rim without shedding, the energy loss in the
rim with shedding can be directly expressed in the reference frame of the rim as

1 . 1
el = e(r) e(()ru)t = —p2ngin)[urs, 1) — rs]2 - _p(ZT[CIout)U%,
2 2 (8.4)

. ) d /7
with g, = h(rg, Drslu(rs, t) — 7] and gour = qin — a (szrs) .

Wang & Bourouiba (2022) showed that the relative velocity of fluid entering the rim
u(rg, t) — ry is approximately four times larger than the outflux speed v, in the reference
frame of the rim, and that the rate of fluid volume entering the rim, g;;,, per radian, is also
systematically larger than the rate of fluid volume shed from the rim, ¢,,;. The second term
contribution in (8.4) is less than 5 % of the first term, thus negligible. Hence, the energy
loss in the rim per unit of time accounting for continuous shedding reads

éls = ApQ@ralulry, ) — i1 with gin = pQur)h(ry, Dlulrs, ) =15l (8.5)
In non-dimensional form, (8.5) can be simplified to read

ers/2m
pdy/T3

E(T) = (8.6)

R(T) . 2 &2 0T
()_R(T)} :%HQ(R( ;)’

Qm( )[

cap

where the sheet velocity profile U(Ry, T) = R,/T and the non-Galilean Taylor—Culick law
(5.10) were used. Here, o« = /(2 — w/7)/6 defined in (5.10). Using (4.3) and (5.11) gives

a/P(DYy(T) o  Yo(T)

Ei(T W = —We : 8.7
w() = & (T) 2 /DT ®7
The fraction of initial energy ending up being lost in the rim, over time 7', reads
Ei(T T YT
B _ 72/ A0 ap (8.8)
Eo 0o V()

The solid line in figure 19(b) shows that the prediction (8.8) of loss in the rim accounts
for up to 30 % of the original impact drop energy, Ey. Given that the full energy loss of the
system is 45 % (figure 19a) of the original energy, the remaining 15 % is in fact consistent
with the deviation between the theoretical and measured energy in the sheet (figure 18a).
Here, we note that the measured cumulative energy, E;,, entering the rim approaches that
of the impacting drop energy, Ey, (figure 17a). Thus, the 15 % energy is neither lost from
surface stresses on the surface nor in the sheet in the air, but at the entrance of the rim due
to a second-order mechanism pertaining to the early time of impact, not captured by our
theory focused on the dynamics on the order of the capillary time.

In sum, we note that the above analysis enabled us to elucidate the regions and times
of energy loss in this canonical sheet-mediated unsteady fragmentation. Most of which
(30 %) is lost in the rim continuously, while a smaller portion (15 %) is due to early impact
dynamics. Nevertheless, this approach cannot identify the exact physical mechanism
responsible for the energy loss at the rim. This can be captured by a combination of
regular shear viscosity dissipation, eddy viscosity or just the conversion of forward
one-dimensional (1-D) momentum into three-dimensional circulation within the rim,
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none of which are captured by our 1-D model of the radial dynamics, which ignores,
by construction, the detailed physics in the control volume, i.e. the rim. Elucidating the
exact mechanism(s) of dissipation in the rim and their relative contributions would require
detailed local quantifiable flow visualizations of the dynamics in the rim revealing the key
ingredients of this unsteady nonlinear system.

9. Robustness of the inviscid unsteady partition theory
9.1. Comparison with the experiments using fluids of various properties

To verify the robustness of our prediction of partition of volume/mass, momentum and
energy, in unsteady fragmentation, we conducted experiments using fluids of different
properties (table 2). We used glycerol-water mixtures to vary the fluid viscosity and
DMSO to vary the fluid surface tension. As shown in §§4-7, all predictions are derived
based on the Bo = 1 criterion that governs the rim dynamics (§ 3.1) and the non-Galilean
Taylor—Culick law that governs the sheet dynamics (§ 3). These two conditions hold for
impact We and Re that are much larger than unity so as to ensure early onset of shedding
and inviscid regimes of sheet dynamics, respectively. Regarding the regime of validity of
the Bo = 1 criterion for rim thickness self-adjustment, we showed in prior work that it is

robust for local rim Re : Re = Job/pv? < 62 (Wang et al. 2018).
For low-impact We, the rim thickness B ~ We~1/4 (4.4) becomes thicker. Thus, the

capillary time of the rim 1, = 1/ pb3 /80, characteristic of rim destabilization, increases,
which results in the delays of fluid shedding from the rim. Riboux & Gordillo (2015)
showed that rim destabilization ceases when the ratio of the rim capillary time to the
rim-thickening time 7, = b/b is larger than 0.1, namely 7,/7;, > 0.1, where the Bo = 1
criterion is also violated.

Figure 20(a) compares snapshots of unsteady sheet fragmentation upon impact of a drop
of water, DMSO and glycerol (50 %)-water (50 %) mixture at the time of maximum sheet
radius T, = 0.4374,. This comparison shows no qualitative difference in fragmentation

patterns. The impact conditions for all three fluids lie in the regime Re = Vob/pv? >
6+/2 where the Bo = 1 criterion holds, as confirmed in the inset of figure 20(b). The time
evolution of sheet radius for all three fluids also follows the non-Galilean Taylor—Culick
law (figure 20b). Figure 20(b) shows the time evolution of the volume fractions of fluid
in the sheet, in the rim and shed from the rim throughout the entire fragmentation for the
three different fluids. For each quantity, the data of all three fluids collapse on a single
curve and are well captured by our prediction (solid lines), which confirms the robustness
of our prediction for the partition of unsteady fragmentation as long as Bo = 1 (3.1) and
the non-Galilean Taylor—Culick law of sheet expansion are both satisfied.

9.2. Regime map in terms of We and Re where the partition theory holds

When fluid viscosity is sufficiently large for the local Reynolds number of the rim to satisfy
Re < 642, droplet shedding ceases throughout the entire sheet evolution. Figure 21(a)
compares the unsteady fragmentation phenomena upon drop impact for increasing fluid
viscosity. As seen in the figure for the glycerol (70 %)-water (30 %) mixture, the
cumulative volume fraction, §2,,,/52o, of fluid shed from the rim becomes systematically
smaller than that of the other two lower viscosity mixtures used. We note that the sheet
radius normalized by +/We for the glycerol (70 %)-water (30 %) mixture is systematically
smaller than that for the other lower viscosity cases. This is not due to suppression

935 A29-30


https://doi.org/10.1017/jfm.2021.625

https://doi.org/10.1017/jfm.2021.625 Published online by Cambridge University Press

Mass, momentum and energy partitioning in unsteady fragmentation

(a) - y -
Water . DMSO . - Glycerol (50 %)
. dy=4.35 mm dy=3.75mm_ "’ dy=4.08 mm
. " We=679 - “ We=872 We = 672
— . - o
* 5Smm . 5 mm * 5mm
() ©12
0.12 o Total
0.10} 0 Water e =679 1.0t G
] DMSO e = 872
7 Gly. (50 %) We =672 |
o 0.08} —(3.%) e 0.8
= 2.0 g
0.06} : < 0.6f
=, -~ Water We = 679
= 0.04+ ¥ 0.4} DMSO  We=872
' - Gly. (50 %) We = 672
0.02} 0.2+
"o 0.2 04 0.6 - .
0 0.1 02 03 04 05 06 0.7 038 0 0.1 02 03 04 05 06 07
T= t/tcap T= t/Tmp

Figure 20. (a) Comparison of snapshots of unsteady fragmentation upon drop impact using three fluids (water,
DMSO and glycerol (50 %)—water (50 %) mixture) at the time of maximum sheet radius 7, = 0.437. It
shows no notable difference in fragmentation phenomenology. Full details of impact conditions and fluid
properties for each fluid are given in tables 1 and 2. (b) Measured time evolution of the sheet radius throughout
the entire fragmentation for different fluids is well captured by the non-Galilean Taylor—Culick law (3.5). The
inset shows that the rim thickness for different fluids follows the Bo = 1 criterion (3.1). Error bars indicate the
standard deviation across all repeated experiments for each group. (¢) Measured time evolution of the volume
fractions in different sub-parts of the system during fragmentation for different fluids. For each sub-part, the
data for different fluids collapse on a single curve, and are well captured by the prediction, which indicates
robustness of the theory.

or reduction of shedding. The reduction of fluid shedding would in fact increase the
maximum radius of the sheet (Wang & Bourouiba 2022) due to less momentum and mass
losses from the rim (figure 21b). However, viscous surface stresses T ~ u‘;—”; on the rod

surface increases with p, which result in the reduction of the momentum entering the rim
in the first place. We can confirm support for this effect with the departure of the sheet
thickness and velocity profiles form the inviscid limit as well. Here, u(r, ¢) is the sheet
velocity profile and z is the direction along the sheet thickness.

Systematic experimental results shown in figures 20 and 21 confirm that the We
independence of partitioning of the volume/mass, momentum and energy in each sub-part
of the fragmentation system holds if and only if the Bo = 1 criterion holds at the rim and
the sheet radius continues to be governed by the non-Galilean Taylor—Culick law, where
viscous effects are negligible. Recall that the validity of the rim’s Bo = 1 criterion is for
Re > I?ec = 6«/5 (Wang et al. 2018). For the rim’s local Bo = 1 to be ensured,

Repin = %b’”’” > Re. = 6v/2 ©.1)
has to hold, where b,,;, is the minimum thickness of the rim during the fragmentation.
Physically, the rim thickness should grow from zero at the very beginning of the impact.
The fluid emanating from the sheet rapidly thickens the rim. Thus, it is reasonable to use
the asymptotic value of the rim thickness at ¢ = 0, derived based on the Bo = 1 criterion
(4.4), as the minimum rim thickness during fragmentation (thickness increases over time
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Figure 21. (a) Comparison of sequential snapshots from unsteady fragmentation upon drop impact using fluids
from low to high viscosity. Fragmentation in the most viscous case is clearly reduced compared with the less
viscous cases. (b) Measured time evolution of the sheet radius for the three cases is shown in panel (a). The radii
temporal evolution collapse for the two fluids of lower viscosity. Viscous effects clearly start affecting the sheet
radius evolution in the third case. The inset shows that data for the first two cases follow the Bo = 1 criterion
(3.1), while the data for the third case do not. (¢) The evolution of the volume fractions of fluid shed from the
rim remains essentially inviscid, matching the prediction (5.17) assuming a non-Galilean Taylor—Culick law of
evolution of the sheet and the rim’s Bo = 1 criterion, the volume fractions shed from the rim collapse on a
single curve, while the impact for the fluid of higher viscosity clearly deviates and shows a smaller cumulative
shedding. Error bars indicate the standard deviation across all repeated experiments for each group.

as seen in figure 6b), which gives
bmin = 0.2We™ 4 dj. 9.2)
Substituting (9.2) into (9.1) gives
I?em,'n = %Wel/8 = V0.2ReWe /8 > 64/2. 9.3)
Thus, the regime of validity of the local instantaneous Bo = 1 rim criterion reads

-5/8 _ 672

ReWe
/0.2

~ 19.0. 94
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Having quantified the effect of viscosity on the partition theory of unsteady
fragmentation, we shift our focus to the effect of impact We on the fragmentation.
Figure 22(a) compares the sheets and fragments upon drop impact for different impact
We. As the impact We decreases, fluid continues to be shed from the rim for We >
250, where the Bo =1 holds (inset of figure 22b) and the sheet radius follows the
non-Galilean Taylor—Culick law (figure 22b). However, for We as low as 170, both
the Bo = 1 criterion and the non-Galilean Taylor—Culick law no longer hold (inset of
figure 21b). Consequently, the cumulative volume fraction, $2,,,/$2¢, of fluid shed from
the rim becomes systematically smaller than that of the We > 250 regime (figure 22b).
However, the reduction of fluid shed from the rim for low We is not due to viscous effects.
For We = 170, from table 2, we have that

ReWe ™% ~ 297 > 19, 9.5)

which satisfies the criterion (9.4) for a negligible viscous effect. The absence of shedding,
which leads to a violation of the rim’s Bo = 1 criterion, is at play here. This violation
is associated with a rim thickening that delays its destabilization: as We decreases, the
rim thickness B ~ We™!/% increases, leading to the increase of the rim capillary time,
1, = /pb3 /80, which delays rim destabilization and associated shedding into droplets.
Furthermore, Riboux & Gordillo (2015) showed that instead of merely delaying rim
destabilization and droplet ejection, droplet ejection ceases when the ratio of the rim
capillary time to rim-thickening time becomes larger than 0.1, i.e. 7, /75 > 0.1. Choosing

the characteristic length scale to be dp, and the characteristic time scale 7.4 = / pdg /60,
this rim stabilization criterion reads

—~ =b,/=—==B,/>B>0.1. (9.6)
T 8o 4

When the rim destabilization is impeded, no fluid is shed from the rim: the rim thickness
B used in (3.1) is no longer determined by the local instantaneous Bo = 1, but by mass
conservation at the rim, namely,

d ~ .
dt (%bzrs) = qin(t) = h(ry, D) (u(rs, 1) = F)r (D), ©.7)

recalling that g, (¢) is the volume rate entering the rim per unit radian, r¢(¢) is the sheet
radius, and u(rs, f) and h(rg, t) are the sheet velocity and thickness profiles (Wang &
Bourouiba 2017). We denote the rim thickness b (4.4) determined by the Bo = 1 criterion,
while we denote the rim thickness derived from mass conservation at the rim as b. The
sheet radius ry(¢) used in (9.7) should be based on the sheet dynamics assuming no
shedding from the rim. However, for simplicity, we continue to use the prediction of r(#)
(3.8) based on the non-Galilean Taylor—Culick law to estimate the rim thickness with no

shedding at first-order correction. Taking the characteristic length scale dp and time scale

Teap = ,/,odg /60, the rim thickness without shedding, in non-dimensional form, reads

~ 4 T / / 1/2 4 1/2
B(T):{nRS(T)/O Qin(T)dT} :{nRS(T)Vi"(T)} , 9.8)

where V;,(T) is the cumulative volume entering the rim per unit radian as derived in
(5.12). Figure 23(a) shows the time evolution of the rim thickness for We = 170 where
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Figure 22. (a) Sequential snapshots of sheet upon drop impact for different impact We. Droplet shedding
during sheet expansion takes place as long as We > 170. (b) Measured time evolution of sheet radius for the
four cases shown in panel (a). Data for all cases of We > 250 collapse on a single curve and are well captured by
the non-Galilean Taylor—Culick law (3.5). Data for We = 170 deviate. The inset shows that data for all cases of
We > 250 continue to follow the Bo = 1 criterion (3.1), while the data for We = 170 do not. (c) Measured time
evolution of the volume fractions of fluid shed from the rim. For all cases of We > 250 where the sheet radius
follows the non-Galilean Taylor—Culick law and the rim follows the Bo = 1 criterion, the volume fractions shed
from the rim collapse on a single curve and are well predicted by (5.17). However, for We = 170, the volume
fraction of fluid shed from the rim (including the cumulative droplet volume seen in the inset) are systematically
smaller than those for We > 250. Error bars indicate the standard deviation across all repeated experiments for
each group.

no fluid is shed from the rim. Using R(T) (3.8) and V;,,(T) (5.12), the prediction of rim
thickness omitting shedding matches the experiments best, compared with the prediction
based on the shedding-conditional rim’s Bo = 1 criterion. Since V;,(T) is 1ndependent of
the impact We and the sheet radius Ry(T) = +/ WeYy(T), the rim thickness B(T) based on
mass conservation at the rim also shows

. 1 , 4 172

B(T) = W@(T) with ©(T) = { Yo m(T)I 9.9)
which scales as We™!/#, consistent with the rim thickness B(T) (3.1) based on the Bo =
1 criterion as discussed in §4. Here, ®(T) is a universal function independent of the
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Figure 23. Measured time evolution of the rim thickness for We = 170 for which the fluid shed from the rim
ceases. The prediction of E(T) (9.8) based on mass conservation at the rim (solid line) matches the data better
than the prediction of B(T) (3.1) based on the Bo = 1 criterion (dash line). The inset shows the time evolution
of the function I7(7) (9.10) which remains approximately constant. (b) Phase diagram of the regime where
the We independence property of partitioning of volume, mass, momentum and energy in each sub-part of the
unsteady fragmentation system holds. The solid lines show the theoretical prediction for the boundary of the
regime.

impact We. Substituting (9.9) into (9.6) gives

1 . 3.
—We3/8n(T) > 0.1 with I1(T) = &(T) Z@(T)’ (9.10)

where I1(T) is independent of the impact We. The inset of figure 23(a) shows the time
evolution of [1(T) based on the prediction of @ (T) (9.9). Except at very early time
T < 0.0574p, T1(T) remains approximately constant during the entire evolution. Without
loss of generality, we take the time average of IT(T), which gives IT = 0.78 (inset of

figure 23a). Substituting /7 = 0.78 into (9.10), the criterion for the regime where the rim
thickening prohibits fragmentation can be re-expressed in terms of the impact We as

7
We/® < 01 = 7.8 = We < We, = 7.88/3 ~ 240, 9.11)

which is consistent with the experiments shown in figure 22, and also the upper boundary
(We = 250) of the lower Weber regime (Wang & Bourouiba 2022).

Using all the above, we construct a regime diagram (figure 235), which shows the phase
diagram in terms of impact We and Re for the regime where the predictions of partitioning
and their We independence hold. The blue circles indicate the experiments that follow the
prediction, while the red squares represent the experiments that do not. The theoretical
boundaries derived based on the viscous effect (9.4) and rim-thickening effect (9.10)
are shown. They capture the boundaries of the experiments well. The boundaries of this
regime of validity are determined by ReWe /8 > 19 for which the viscous effect at the rim
is negligible and We > 240 for which the rim-thickening effect on the rim destabilization
is negligible.

10. Conclusion

We presented the results of a combined theoretical and experimental investigation of
how the volume/mass, momentum and energy transfers from the sheet, to rim to fluid
shed from the rim during a canonical unsteady sheet fragmentation upon drop impact
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on a surface of comparable size to that of the impacting drop. We combined the
non-Galilean Taylor—Culick law that governs the sheet evolution in the air, the unified
velocity and thickness profile of the sheet, and the universal rim destabilization that leads
to a self-adjustment of the rim’s thickness to maintain a Bo = 1 criterion to predict
and validate thes temporal evolution of mass/volume, momentum and energy in each
sub-part of the fragmentation system: from sheet, to rim to fluid shed. All predictions are
derived without fitting parameters and validated against detailed measurements done with
especially developed advanced image processing algorithms that enabled measurement
with unprecedented precision.

We derived and verified experimentally that the temporal evolution of the fraction of
volume/mass of the fluid shed from the rim during the entire unsteady fragmentation
is in fact independent of impact We or energy (§5.2 and figure 9b). In addition, the
temporal evolutions of the fractions of volume/mass (§5 and figure 10b), momentum
(§ 6 and figure 14) and energy (§ 7 and figure 19a) in each sub-part of the system are
also independent of impact conditions: over the same dimensionless time interval, the
volume/mass, momentum and energy redistribute among the sheet, the rim and the fluid
shed in a manner that is indifferent to the impact energy.

The detailed analysis of the partition of volume/mass, momentum and energy enabled
us to clarify the energy dissipation and the interplay between the complementary insights
gained from energy and momentum analyses of this fluid system (§ 8). We showed that a
loss of 45 % of the original impact energy occurs regardless of impact energy (figure 19).
An energy loss of 30 % occurs universally in the rim upon the rapid deceleration of fluid
parcels that continuously enter the rim from the sheet, while the remaining 15 % is lost in
the early dynamics of the sheet formation, on a time scale of the order of the impact time
scale. We confirm that these losses are not due to stresses on the surface on which the drop
impacts; what physical mechanism causes this loss remains a open question.

We showed that the time evolution of volume, momentum and energy partitioning in
each sub-part of the unsteady fragmentation system examined here, is robust to change
of fluid properties in the inviscid and inertia-dominated limits of impacts. We showed
that if and only if the rim’s Bo = 1 criterion holds with the non-Galilean Taylor—Culick
law governing the sheet dynamics, the partitioning of volume, momentum and energy
in each sub-part is independent of We and associated impact conditions. In terms of the
impact We and Re, the criterion for negligible viscous effects at the rim is derived as

ReWe™>/8 > 19 and the criterion for negligible thickening effect at the rim is We > 240.
These two predicted criteria form the boundaries of the regime where the partition law
holds and captures the experimental data. Outside of these ranges of We—Re values, with
Re and We that are too low, viscous (Wang & Bourouiba 2018a) and thickening effects
(Agbaglah et al. 2013; Riboux & Gordillo 2015) at the rim can mitigate rim destabilization,
prohibiting fluid shedding from the rim, which violates the Bo = 1 criterion.

In sum, in this study, we elucidated the core physical constraints and associated universal
laws of temporal evolution and partitioning of volume/mass, momentum and energy in
unsteady sheet-mediated fragmentation. The results provide a quantitative benchmark
for robust validation of models for a large class of atomization and spray processes
from unsteady sheets and impacting drops. The fundamental insights gained are critical
for the accurate modelling of sheet-mediated fragmentation, important for prediction,
control and optimization of sprays in a wide range of health, environmental and industrial
applications.
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Figure 24. (a) Full prediction of the time evolution of the sheet thickness at the rim (A1), compared with its
approximate analytic expression (A2). (b) Full prediction of the time evolution of the volume rate Q;, entering
the rim using the full expression (A3), compared with its approximate analytic expression (A4) expanded to
different orders.
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Appendix A. Approximate analytic expressions
A.l. Sheet thickness at the rim
The sheet thickness H(R;, T) at the rim in the dimensionless form is derived from

V6T
6a3F(T)3 + ~/6a,F(T)2T + a) F(T)T?’
where aj, ap; and a3 are the fixed coefficients of the sheet thickness profile (Wang &
Bourouiba 2017). Here, @ (T) is the universal evolution function of the sheet thickness at

the rim, independent of the impact We. We expand @ (7T") with a Taylor expansion at the
time of maximum radius 7}, = 0.43 to the order of O(T?),

D(T) = fo + B1(T = T) + Bo(T = T)?
. 1 d _ , (A2)
with g; = Eﬁcb(T: m), 1i=0,1,2,...
which gives the values of By = 3.2, B; = —3.6 and B, = 0.36. Figure 24(a) shows the
full prediction (A2) as the sheet thickness at the rim is in good agreement with the power
series expression (A2) expanded to order O(T?), which is an order sufficient to capture the
full prediction.

(A)

H(R;, T) = %CD(T) where @ (T) =

A.2. Volume influx from the sheet to the rim

The volume influx rate, Q;,(T), in (5.11) entering the rim per radian in dimensionless form
is
2—m7/7

Oin(T) =ay/o(M)Yo(T) witha = % (A3)
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Figure 25. () Full prediction of the time evolution of the rim deceleration, Ry, compared with the approximate
analytic expression (A6) expanded at 7, = 0.43 to different orders. (b) Full prediction of the time evolution of
the rim thickness B (A5), compared with the approximate analytical expression (A7) expanded to order O(T?)
around different times. The inset shows the time at which the instantaneous increase rate ¥ (T) of the rim
thickness is equal to its time-averaged value.

The approximate power series expression of Qj,(T) via Taylor expansion of (A3) at the
time of maximum radius 7, = 0.43 gives

Qin(T) = mo + my (T = T) + ma(T — Tp)* + m3(T — T)°
Wlthmi: l_Vﬁan(T:Tm)’ 120,1,2,3...
which gives the values of mgy = 0.11, m; = —0.08, my =0.38 and m3 = 0.42.
Figure 24(b) shows the prediction of the time evolution of the volume rate Q;, entering the
rim using the full expression (A3), compared with the approximate analytical expression
(A4). Note that the data are well captured only with the o(T3) expansion and not with the

o(T?).

A.3. Rim thickness and its volume
Based on the Bo = 1 criterion, the rim thickness B(T') in dimensionless form is

1 . 1
— ; —[— —-1/2
B = Wel/4l1/(T) with U (T) = [—6Yo(T)] , (AS5)
which is fully determined by the rim deceleration Ry (7). With the original expression of
the sheet radius, which is expanded to the order of O(T?), the expression of the sheet
acceleration only has terms on the order of O(T’), namely,

R, .
= Yo(T) = 6b3(T — Tn) + 2D, (A6)
v We "
where b3 = 0.15 and by = —0.41 are given by (3.8). Figure 25(a) shows that the
approximate analytic expression (A6) captures the full prediction of the normalized rim
acceleration Yy at later time, but largely deviates from the full solution at early time. In
fact, the power series expansion of Yb has to be expanded at T = T, to order 0(T4) to
capture the full prediction (solid line in figure 25a).
For the rim thickness ¥ (T'), the situation improves if we take its expansion at another
time. The full solution of the rim thickness shows that the rim thickness increases
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Figure 26. (a) Full prediction of the time evolution of the rate of change of rim’s volume Vyims compared
with the approximate analytic expression (A9). (b) Full prediction of the time evolution of the volume rate,
Qour, (inset) and fraction of cumulative volume, V,,,;/Vo, shed from the rim, compared with their approximate
analytic expressions (A11) and (A12).

over time. To obtain an accurate approximate solution with a low-order expansion, we take
the expansion at a time where the instantaneous increase rate of the rim thickness is equal
to the time-averaged increase rate, which is around 7' = 0.3 (figure 25b-inset). Taking a
Taylor expansion (A5) at T = 0.3 gives a power series expression of the rim thickness as

U (T) = co+ c1(T = 0.3) + c2(T — 0.3)?
. 1 d ; (A7)
withe; = =——W¥ (T =0.3), i=0,1,2...
i1 dT!
which gives the values cop= 0.4, ¢y =0.54 and c¢; = —0.68 derived, not fitted.
Figure 25(b) shows that the power series expansion at 7 = 0.3 to order O(T?) is sufficient
to capture the full prediction, compared with the expansion at 7, = 0.43 at the same order.
Based on the rim thickness B(T) and sheet radius R¢(T), the rate of change of rim’s
volume per radian V,, is expressed by

v, =4 gy D .G A8
”m_d_TTS()()_d_TZO()()' (A8)

Taking a Taylor expansion (A8) at 7,, = 0.43 gives a power series expression of the rate
of change of rim’s volume as

2
. b
Viim = -1 + na(T = T) + n3(T — To)? + na(T — T)3]. (A9)

Using (3.8) and (A7), we can derive the values n; = 0.05,np = —0.6,n3 = —0.6 andng =
2.52. Figure 26(b) shows that the power series expansion (A9) captures the full solution of

Vyim very well.

A.4. Volume outflux shed from the rim

With the volume influx Q;, entering the rim and the rate of change of the rim volume V,,,
the volume outflux Q,,; shed from the rim per radian in non-dimensional form is

Qour = an/D(T)D(T) + ;%mmwzm] witha =/ # (A10)
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The full prediction (figure 9a) shows that Q,,,(T) increases with time at an approximate
constant rate. Thus, it is sufficient to approximate Q,,;, to first order, as

Qour = po +p1(T = Tp). (ALl)

Using power series of Q;, and Vrim as given by (A4) and (A9), respectively, we can directly
derive pg = 0.09 and p; = 0.15. The inset of Figure 26(b) shows that (A11) captures the
full prediction (A10) well.

Taking the integral of (A11) over time 7, the fraction of cumulative volume shed from
the rim gives

Vout
Vo

Figure 26(b) shows that the power series expression, (A12), captures the full solution very
well.

= 12/ Qousr(T) AT = 12po(T — Ty) + 6p1 (T — T). (A12)
0

Appendix B. Mathematical derivations for the energy analysis
B.1. Energy conservation in the sheet

For the sheet in the air, taking it to be a 2-D horizontal slender-body, Wang & Bourouiba
(2022) derived the unified velocity, u(r, t), and thickness, h(r, t), profiles that satisfy
the mass and momentum conservations of the sheet. Without loss of generality, taking
the control volume of an annulus between the radial positions r and r 4 dr in the sheet,
the mass and momentum conservations can be expressed in differential form as

9 9
—(ph — (phur) =0
at(p r) + 8r(p ur)

0 0 ) u ou ’

at(phur) + ar(;ohu r)=0— ” + uar =0
where the first term in each equation is the rate of change of mass and momentum per
radian in the control volume and the second term in each equation is the net outflux of
mass and momentum across the control volume. The unified velocity and thickness profiles
of the sheet (Wang & Bourouiba 2017) are solutions of these two equations. To examine
whether the energy is conserved in the sheet, consider its rate of change in the control
volume:

(BI)

=9 (Lo U2 onur) + phur 2™ (B2)
= — | zphu“r | = = |u—(phur ur— |,
P \2” 2 "o’ P
while the net outflux of energy across the control volume is
I ad 1h3 1 8(h2)+h28u (B3)
=—|= rl=—-|u— r r—|.
275 (27 2 Mo TP,
Adding (B2) with (B3) gives
1 [0 a 1 ou ou
L+hL=—u|—(ph —(phu* ~phur | — +u— ) =0, B4
1+ 1D 2u[at(;o ur)+ar(pur)]+2p W(at+”ar) (B4)

where the second equality holds based on momentum balance (B1). This indicates that the
energy is conserved in the sheet.
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B.2. Proof of energy loss in the rim from momentum balance at the rim

Here, we consider the case without fluid shedding from the rim. In this case, we can use
the analogy of a mass—spring system, where the rim is the mass and the sheet is the spring,
with the capillary force as the restoring force. In this analogy, the surface energy of the
sheet is the equivalent potential energy of the restoring force. Considering mass and energy
conservations reads

dm

- = ,O(ZTEFS)/’I(FS, t)[u(r& t) — rsl,

dr
dr1 1 (BS)
5 [Emm)z + 2o—<m3>] = S PQurh(rs, Dlu(rs, 1) — relu® (s, 1),

where m(¢) is the rim mass. The first term in the parentheses on the left-hand side of the
second equation is the kinetic energy of the rim, while the second term is the surface
energy of the sheet — the potential energy of the restoring capillary force. Distinct from the
simple spring—mass system, the sheet also continuously injects energy into the rim, which
is accounted for with the term on the right-hand side of the second equation.

Now, if we return to the momentum balance at the rim without shedding, it reads

%(mr's) = pQuryh(rs, Du(ry, 1) — rslu(ry, 1) — 4nors, (B6)

where the term on the left-hand side is the rate of change of the rim’s momentum. The first
term on the right-hand side is the momentum entering the rim per unit of time. The second
term is the surface tension force acting on the rim. The energy equation, corresponding to
this momentum balance at the rim, can be explored by multiplying both sides of (B6) by
rs and re-arranging to read

d[1 ) D) . . 5 .
a Em(rs) +2nory | + Em(rs) = p2mrg)h(rs, Du(rs, 1) — rslu(rs, H7s. (B7)

The factor for the 7y term on the right-hand side of (B7) can be simplified using
Fy = qu(rs, 1) — su(rs, 1) + s = Ju(rs, 1) — 3lurs, 1) — ]+ 375, (B3)

which leads to a modified balance equation of (B7),

d 1 -\2 2 1 - 12 1 2
a Em(rs) + ZTEGFS + Em[u(rb n—rgl" = Ep(znrs)h(rs’ Dl u(rs, 1) — rglu”(rs, 1),

eis
(B9)
where mass conservation in (B5) was used.
Compared with the energy conservation equation (BS5), the additional term in (B9) from
the momentum balance equation is an energy loss term:

ey = smlu(rs, 1) — 1> with i = pQurg)h(rs, Olulry, 1) — ryl, (B10)

which is positive since m > 0 as the fluid continuously enters the rim from the sheet in
both extension and retraction.
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