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The breakup and atomization of complex fluids can be markedly different than the analogous processes
in a simple Newtonian fluid. Atomization of paint, combustion of fuels containing antimisting agents, as
well as physiological processes such as sneezing are common examples in which the atomized liquid
contains synthetic or biological macromolecules that result in viscoelastic fluid characteristics. Here, we
investigate the ligament-mediated fragmentation dynamics of viscoelastic fluids in three different canonical
flows. The size distributions measured in each viscoelastic fragmentation process show a systematic
broadening from the Newtonian solvent. In each case, the droplet sizes are well described by Gamma
distributions which correspond to a fragmentation-coalescence scenario. We use a prototypical axial step
strain experiment together with high-speed video imaging to show that this broadening results from the
pronounced change in the corrugated shape of viscoelastic ligaments as they separate from the liquid core.
These corrugations saturate in amplitude and the measured distributions for viscoelastic liquids in each
process are given by a universal probability density function, corresponding to a Gamma distribution with
nmin ¼ 4. The breadth of this size distribution for viscoelastic filaments is shown to be constrained by a
geometrical limit which can not be exceeded in ligament-mediated fragmentation phenomena.
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Fragmentation of a viscoelastic jet or sheet is a funda-
mental component of many industrial and biological
processes [1,2]. One important metric of a fragmentation
process is the final droplet size distribution, and under-
standing the role of material properties (e.g., fluid viscosity
and relaxation time) on the polydispersity of such distri-
butions is of crucial importance [3,4].
The process of liquid fragmentation has fascinated

scientists from ancient [5] to modern times [6–8].
Recent studies [7,9–11] have shown that old paradigms
for understanding disintegration of Newtonian liquids,
based on either cascade theory [12] (leading to log-normal
size distributions) or maximum entropy theories [13]
(leading to Poisson size distributions) do not adequately
capture all physical aspects of these processes. Villermaux
et al. [10] show that the atomization process for Newtonian
liquids can be precisely described by a fragmentation-
coalescence scenario [14]. The final droplet size distribu-
tion is a Gamma distribution in which the probability
density function (PDF) for a given droplet size [7] is
given by

pðx ¼ d=hdiÞ ¼ Γðn; xÞ≡ ½nn=ΓðnÞ�xn−1e−nx; ð1Þ

where hdi is the mean or average size [15]. The scale factor
n determines how narrow the size distribution is; large
values of n indicate a narrow distribution and small values
of n describe a broader distribution.

In complex fluids, studies of many capillary-related
phenomena have shown interesting and counterintui-
tive elastic effects [17–19]. However, there is a paucity
of fundamental knowledge regarding the dynamics of
fragmentation. Experimental studies [20–26] have shown
that addition of viscoelasticity can inhibit fragmenta-
tion and results in higher values of the average diameter
hdi for viscoelastic liquid droplets. Keshavarz et al.
[27] have developed a model predicting the evolution
in hdi as a function of dimensionless parameters
such as the Ohnesorge (Oh≡ η=

ffiffiffiffiffiffiffiffiffiffiffi
ρσR0

p
) and Deborah

(De≡ τE=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
ρR3

0=σ
q

) numbers which characterize viscous

and elastic effects in the spray process. Here, η is the shear
viscosity, σ is the surface tension, and τE is the character-
istic relaxation time for the viscoelastic liquid. The model
predicts a slow, logarithmic growth of hdi with De, which
agrees with experimental spray measurements. However,
none of these studies address the role of viscoelasticity on
the distribution of droplet sizes. The few attempts in the
literature to address the size distributions for polymeric
liquids [28,29] base their assumptions on older para-
digms [12,13].
The dramatic change in the inertioelastic breakup of a

liquid jet during air-assisted atomization is illustrated in
Fig. 1. As previously noted [30], the large scale features
remain unchanged, but the addition of a polymer results in
finer scale structures such as atomized droplets that remain
connected to the core jet by thin viscoelastic ligaments.
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The lifetime of these ligaments depends on the extensional
viscosity of the fluid, and it is well known that adding dilute
amounts of a high molecular weight flexible macromol-
ecule to a Newtonian solvent will keep the shear viscosity
almost unchanged, whereas the extensional viscosity will
increase dramatically [31,32].
We have used four different dilute polymeric solutions

and three different canonical atomization processes. Table I
summarizes the material properties of these fluids.
All four solutions are made by dissolving small

amounts of poly(ethylene oxide) (PEO) of different average
molecular weights (300 kg=mol and 1000 kg=mol) in a
water-glycerol (60%–40% wt.) solvent. The coil overlap
concentrations are, respectively, c� ¼ 0.28% and 0.14% for
the 300 K and 1000 K solutions. An important measure
for these fluids is the time scale characterizing the chain
unraveling process in an elongational flow [33], referred to
as the elongational relaxation time (τE). We show in the
Supplemental Material [34] that, beyond a critical strain
rate (_ϵ≳ τ−1E ), the extensional viscosity of these solutions
increases dramatically. This critical strain rate varies with
the molecular weight and concentration [38–40]. It can
easily be exceeded in the final stages of atomization in
which capillary-driven pinch off processes lead to thin
threads ½RðtÞ → 0� and extremely high values of the local
strain rate _ϵðtÞ ∼ −2 _R=RðtÞ. Thus, the enhanced exten-
sional viscosity of a dilute solution will inhibit the
capillary-driven thinning of liquid ligaments and may
retard the subsequent atomization process.
To illustrate the fragmentation-coalescence process, we

show, in Fig. 2(a), the break up of a single fluid filament
(drawn rapidly out of a bath of fluid) into a set of droplets.
This process is a capillary-dominated phenomenon
between the neighboring liquid blobs that initially emerge
on the ligament (shown as magenta circles). The geometry

of the precursor liquid thread sets the size distribution of
these initial blobs. Knowing that the geometry of the initial
ligaments determines the final droplet size distribution in a
Newtonian spray [7], we analyzed the droplet size distri-
bution for the Newtonian solvent and all four viscoelastic
solutions, gathering a set of almost five thousand droplets
for each liquid. In Fig. 2(b), we show the PDF for the
Newtonian solvent and for all four viscoelastic test fluids
(corresponding to 0.2 ≤ De ≤ 10). Remarkably, the visco-
elastic solutions show a universal behavior which is
independent of both the molecular weight and the concen-
tration of the dissolved polymer. All show a size distribu-
tion that is well described by a Gamma distribution;
however, the polymer solutions have a much broader size
distribution. The viscoelastic data are characterized by a
Gamma distribution with n ¼ 4 (compared to n ¼ 6 for the
Newtonian solvent). As in the Newtonian case, the corre-
sponding best fit from a log-normal distribution fails to
correctly capture the probability distributions at large sizes
(identical trends are obtained in atomization tests with paint
“resins”; see the Supplemental Material [34] for details).
For Newtonian fluids, Villermaux and co-workers

[10,11,41] show that the value of n characterizing the final
Gamma distribution is determined by the smoothness of the
initial ligaments when they detach from the core liquid jet.
The index n is a measure of the corrugation in the initial
ligaments which the final spray of droplets inherits in its size
distribution. They show that the value of n can be predicted
just by the geometrical shape of the initial ligament

n≡ hdi20=ðhd2i0 − hdi20Þ; ð2Þ

in which h…i indicates a number average and di ¼ 2ri are
the diameters of the protoblobs that one can fit in the profile
of the ligament at the instant of pinch-off from the core liquid
jet [shown with magenta circles in Fig. 2(a) and by the
dashed circles in Fig. 3(c) below]. A very uniform ligament
at t ¼ 0 leads to a very large value of n and, consequently, a
very narrow final droplet size distribution. By contrast, a
highly corrugated initial ligament in which fluctuations in
the local blob diameters are large leads to smaller values of n
and broader size distributions.
The universal decrease in the values of n for viscoelastic

sprays arises from the high extensional viscosity which
changes the geometry of initial ligaments from smooth to
more corrugated shapes. Tracking the geometry of ligaments
in atomization is an ongoing visualization challenge.
A much simpler test is an axial “step-strain” test, consisting

(a)

(b)

FIG. 1. Snapshot of the liquid jet in the air-assisted atomization
for (a) the Newtonian solvent and (b) the viscoelastic solution
(PEO-300 K-0.01% wt. in the solvent).

TABLE I. Properties of the viscoelastic test fluids.

Mw c=c� η0½mPa · s� τE½μs� L De Oh

300 K (0.036, 0.36) (3.21, 3.32) (60, 360) 27 (0.2, 1.3) 0.04
1000 K (0.07, 0.37) (3.22, 3.31) (996, 2800) 50 (3.6, 10) 0.04
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of a liquid sample confined between two cylindrical plates
which are then separated at relatively high stretch rates.
The dynamics of fragmentation can be properly replicated
through such a test [41], and we use this geometry to
study the configuration of viscoelastic ligaments at short
times after separation from the liquid core. Figure 3(a)
shows a montage of images for the PEO 300 K solution

(c=c� ¼ 0.36). The fast dynamics of the initial capillary
thinning forms capillary waves on the ligament as soon as it
separates from the liquid cusps that develop due to the strong
squeezing flow in the necks of the ligaments. In contrast to
Newtonian liquids (where capillary thinning rapidly leads to
droplet pinch off), in viscoelastic ligaments, the squeezing
flow leads to a localized high strain rate in the neck and the
elongating liquid elements resist pinch-off due to the
enhanced extensional viscosity [17]. This localized elonga-
tional flow leads to a highly corrugated beads-on-a-string
morphology [17,18,42,43]. The viscoelastic ligament in
Fig. 3(c) has a more corrugated shape compared to the
corresponding Newtonian case, and axial variations in
the diameter of local blobs diðzÞ are much larger than the
corresponding Newtonian case. As shown in Fig. 3(b), the
distribution of blob sizes can be determined by identifying
space filling spheres located at positions where the wavy
profile is locally a peak or a trough; thus, the radius of the ith
blob is ri ¼ r0 þ ξi in which r0 is the radius of the
undisturbed ligament, and ξi is the deviation of the peak
(ξi > 0) or trough (ξi < 0). The resulting values of n are
calculated using Eq. (2) and show a drastic decrease from
n≃ 51 for the Newtonian solvent to n≃ 4 for the visco-
elastic solution [44]. These changes in the distribution of
corrugations are triggered in all of the viscoelastic fluids,
regardless of either polymer concentration or molecular
weight, because of the divergent nature of the local strain
rate _ϵðtÞ in the necking filament, which ultimately induces
coil-stretch transition in all of the polymer solutions studied.
To understand the universal saturation in the atomization

behavior (n → 4), we investigate the origins of the corru-
gations. Interfacial disturbances on a ligament can be
generated from a combination of capillary and shear
instabilities. The resulting ligament profile deviates from
purely cylindrical rðzÞ ¼ r0 by wavelike modulations of an
arbitrary form [45,46] that change the distribution of the
initial blobs in a ligament from a monodisperse distribution
(ri ¼ r0 and n → ∞) on a perfectly smooth cylinder to
broader distributions (ri ¼ r0 þ ξi) with progressively

(a)

(b)

FIG. 2. (a) Images from the fragmentation process for a New-
tonian ligament (with the index n ¼ 8). The coalescence of the
neighboring blobs in the ligament at t ¼ 0 (magenta circles on the
left image) results in the final distribution of droplet sizes at
t ¼ 25 ms. (b) Droplet size distributions for all tested liquids in
the air-assisted atomization process. For each fluid we specify the
values of Ohnesorge and Deborah number, fOh;Deg:(black
squares)fOh ¼ 0.04; De ¼ 0g, (cyan triangles)f0.04; 0.2g, (blue
triangles)f0.04; 1.3g, (magenta circles)f0.04; 3.6g, (red circles)
f0.04; 10.0g. Solid lines areGamma distributions forn ¼ 6 (black)
and n ¼ 4 (red).

(a) (b) (c)

FIG. 3. (a) Sudden stretch experiment for a viscoelastic solution at high strain rates ( _̄ϵ≃ 120 s−1). (b) Schematics of a cylindrical
ligament with initial radius r0 corrugated by perturbations with similar wavelengths but varying amplitude ξ. (c) Ligament profiles for
the Newtonian solvent (blue curve) compared with the viscoelastic solution (red curve) at the breaking point from the liquid
hemispherical reservoirs (t ¼ 0). The dashed circles indicate the local protoblobs inside each ligament.
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lower values of n. The amplitude of the perturbations can
not exceed the radius of the ligament (thus, −r0 ≤ ξi ≤ r0),
and due to the random wavy nature of corrugations, we also
expect hξii ¼ 0. Upon substituting these expressions,
Eq. (2) simplifies to n ¼ r20=hξ2i i. The geometrical con-
straint jξij ≤ r0 gives a minimum value of nmin ¼ 1. To
reach such a small value of nmin ¼ 1, the number of
protoblobs in the ligament has to vary as the corrugations
develop prior to the onset of fragmentation or coalescence
[t ¼ 0 in Fig. 3(a)]. Although this is mathematically
possible, we have never observed anything less than
nmin ¼ 4, which suggests that the number of protoblobs
N is constant during the development of corrugations, not
only in the sudden stretch test, but also in all our other
atomization geometries. Assuming a constant number of
protoblobs prior to the onset of coalescence, we consider
conservation of volume inside the isolated ligament
and impose an additional constraint on the third moment
of the blob radii distribution, giving hr3i i ≤ ð3=2Þr30 [47].
Substituting ri ¼ r0 þ ξi, this new constraint can be sim-
plified to 3r0hξ2i i þ hξ3i i ≤ ð1=2Þr30. By introducing a new
dimensionless amplitude parameter (−1 ≤ αi ≡ ξi=r0 ≤ 1),
the constraints on the initial blob size distributions can be
rewritten compactly in the form:

hαii ¼ 0∶ random wavy nature of corrugations; ð3aÞ
3hα2i i þ hα3i i ≤ 1=2∶ conservation of volume: ð3bÞ

Recognizing that n ¼ 1=hα2i i, the last constraint in
Eq. (3) can be rewritten as minf6=ð1 − 2hα3i iÞg ≤ n.
The minimum value of the function 6=ð1 − 2hα3i iÞ will,
thus, set the minimum for the index n. This minimum
is obviously achieved when hα3i i attains its most negative
value, also subject to Eq. (3a). Introducing a simple vari-
able transformation of αi ¼ cosðθiÞ, we can rewrite
hα3i i ¼ hcos3ðθiÞi ¼ ð1=4Þh½cosð3θiÞ þ 3 cosðθiÞ�i. Using
the first condition in Eq. (3), this reduces to hα3i i ¼
ð1=4Þhcosð3θiÞi, which lies between −1=4 and þ1=4.
Thus, it is clear that the exponent n can not be lower than
a minimum value of nmin ¼ 6=ð1 − 2hα3i iÞ ¼ 4. This proof
is consistent with earlier scaling arguments that the geo-
metric roughness of the initial ligaments will reach a
saturation limit which is set by geometry and volume
constraints [48].
We also performed similar tests in two other ligament-

meditated fragmentation processes. First, we studied drop
impact experiments in which a liquid drop (D ∼ 4 mm)
impacts on a small target of comparable diameter at high
Weber numbers (We ¼ ρV2D=σ ≳ 400). As shown in
Fig. 4(a), following impact, a curtain of liquid expands
outwards from the target and finally bursts into a set of
droplets. We also considered jet impact atomization
consisting of two identical liquid jets that collide at a
fixed angle [shown in Figs. 4(b)–4(i)] [49]. Villermaux and

co-workers [50,51] have shown, for Newtonian fluids, that
ligament-meditated fragmentation also occurs in these
types of atomization. Droplet visualization shows that
viscoelasticity again leads to larger numbers of both big
and small drops [Figs. 4(a-ii) and 4(b-iii)], whereas in the
Newtonian case, the drop size distributions is narrower. A
summary of the measured breadth of the droplet size
distributions for these two new tests, along with data from
air-assisted atomization is shown in Fig. 4(c). We show the
values of the Sauter mean diameter (SMD≡P

d3i =
P

d2i )
computed directly from the measured droplet size distri-
butions and normalized by the average diameter (hdi)
versus the measured values of n obtained from fitting
Gamma distributions to the measured PDF for each experi-
ment (each consisting of N ≥ 5000 droplets). For a Gamma
distribution SMD=hdi ¼ 1þ 2=n, and the solid line in
Fig. 4(c) shows this analytical prediction compared with the
experimental measurements. In all three flows, the addition
of viscoelasticity decreases the value of n from that
observed in the same flow for a Newtonian fluid. Even
for weakly elastic polymer solutions with relaxation times
as low as 60 μs, the size distributions universally approach
n ¼ 4 in each flow.

(a)

(b) (c)

FIG. 4. (a) Fragmentation after drop impact on a small target.
Montage of images for (i) the Newtonian solvent and (ii) a
polymer solution (PEO 300 K). (b) Snapshots of the droplets
captured after fragmentation by jet impact atomization (i) for
(ii) the Newtonian solvent and (iii) viscoelastic solution. (c) Sum-
mary of the measured values of the dispersity SMD=hdi in three
different fragmentation processes for both the Newtonian solvent
(blue) and the viscoelastic (denoted V.E.) solutions (red) com-
pared with the theoretical prediction (solid line).
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Our results indicate that this viscoelastic broadening
mechanism is driven by the local dynamics of the strong
extensional flow in the filament necks. Although viscoe-
lasticity monotonically increases the average droplet size
hdi [27], the distribution of sizes about the mean value are
uniquely determined by a broad Gamma distribution with
n ¼ 4. This geometrical limit is triggered by the enhanced
elongational viscosity experienced during the capillary
pinch-off process (provided that the concentration of the
microstructure is above the “infinite dilution limit” [52])
and results in highly corrugated ligaments. The final size
distribution is constrained entirely due to geometry and
conservation of volume. Recognizing this bound is essen-
tial in many processes such as emulsification, spray
painting, and even biological processes such as pathogen
transfer resulting from violent expiration [53].
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