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The formation of drops of a complex fluid, for instance including dissolved polymers and/or solid particles,
has practical implications in several industrial and biophysical processes. In this Letter, we experimentally inves-
tigate the generation of drops of a viscoelastic suspension, made of non-Brownian spherical particles dispersed
in a dilute polymer solution. Using high-speed imaging, we characterize the different stages of the detachment.
Our experiments show that the particles primarily affect the initial Newtonian necking by increasing the fluid
viscosity. In the viscoelastic regime, particles do not affect the thinning until the onset of the blistering in-
stability, which they accelerate. We find that the transition from one regime to another, which corresponds to
the coil-stretch transition of the polymer chains, strongly depends on the particle content. Considering that the
presence of rigid particles increase the deformation of the liquid phase, we propose an expression for the local
strain rate in the suspension, which rationalizes our experimental results. This method could enable the precise
measurement of local stresses in particulate suspensions.

Many industrial processes and natural phenomena involve the fragmentation of a fluid into droplets [1-4]. For
applications as diverse as inkjet printing, bioprinting and other droplet deposition techniques [5-8], as well as in the
study of airborne disease transmission [9, 10], the fluid is often complex, loaded with particles, bubbles, cells, as well
as dissolved polymers or proteins. The heterogeneity and the granularity of complex fluids lead to a complex rheology.
Commonly, such real-life fluids exhibit viscoelasticity, like polymer solutions, which for instance can be used in
living tissue engineering [11], and coating layers of photovoltaic panels [12]. Past studies have mostly considered the
formation of droplets from homogeneous fluids, both Newtonian and non-Newtonian [2, 13—17], and the influence
of a dispersed phase — such as solid particles — remains poorly quantified. In particular, the interplay between a
non-Newtonian interstitial fluid with suspended particles remains elusive.

The formation of drops of suspensions is expected to be primarily influenced by the rheology of the interstitial
fluid and by the properties of particles. For simple flows of spherical particles that remain small compared to the
length scale of the flow, increasing the solid volume fraction ¢ is known to increase the shear viscosity n [18, 19].
However, rheology becomes a tricky problem for more complex types of deformations such as the elongational flows
encountered during drop formation. The size of the particles also plays a role when it is comparable to the scale of the
flow [20-31]. This necessarily happens during drop detachment [32] since the thickness of the liquid neck eventually
vanishes. Different studies with non-Brownian, Newtonian suspensions have revealed that in the first moments of the
detachment of a pendant drop, the evolution of the minimum diameter of the neck Ay, evolves like in the case of a
pure homogeneous fluid having the same effective viscosity as the suspension, independently of the particle size [32—
37]. Then, when hp;, falls below a certain limit that depends on the particle size and the solid fraction, the thinning
accelerates because of discrete particulate effects [38].

The pinch-off of a viscoelastic fluid, such as a polymer solution, is more complex because the thinning involves
additional elastic forces [39, 40]. At the time when the liquid should break up, the polymer opposes the rupture
with an elastic stress. The neck then turns into a filament that stretches as the polymer chains are elongated in the
extensional flow. Then, the minimum diameter h;, decreases exponentially [41], whereas, for a Newtonian fluid,
its decay would follow a power-law [42]. This thinning experiment constitutes a classical method for quantifying
the viscoelasticity of the liquid since it enables a direct measurement of the polymer characteristic time )y, which
translates the relaxation of the elastic strain when the applied stress is released [39, 43, 44]. The addition of particles
modifies the local viscous stress acting on the polymer chains, and thus the rheology of the viscoelastic fluid. Since the
filament becomes vanishingly small, discrete particulate effects are expected to play a role on the thinning dynamics
and on the final breakup into satellite droplets. However, these couplings remain unknown. The goal of this Letter is
to describe and clarify the interplay between the viscoelasticity and dispersed particles.

The suspensions used in this study consist of solid particles dispersed in a viscoelastic interstitial liquid at a volume
fraction ¢. The spherical and monodisperse polystyrene particles (Dynoseeds TS from Microbeads) have a density
pp = 1057kg m~3, and we used batches of different diameters d ranging from 20 pm to 140 pm. The viscoelastic
interstitial fluid is a mixture of water (74%), glycerol (25%) and polyethylene oxide (1%) with a molar weight of
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FIG. 1. Detachment of drops of a viscoelastic liquid (74% water, 25% glycerol, 1% PEO300) with and without particles. In the
first picture of each row, the neck width is 1 mm. The time stamps display the time to the viscoelastic transition ¢ — t.. (a) Polymer
solution only, (b) ¢ = 40% of particles of diameter d = 20 wm, (c) ¢ = 40% of particles of diameter d = 140 pm.

300 kg/mol (PEO, from Sigma Aldrich) whose density matches that of the particles. To quantify the effect of the
heterogeneities brought by the particles, we also performed experiments using equivalent fluids with larger glycerol
concentrations [45]. Their composition is chosen so that their shear viscosity matches that of a suspension of volume
fraction ¢eq [28, 34]. The pinch-off experiment consists in slowly extruding the suspension through a nozzle of
outer diameter ~y = 2.75 mm using a syringe pump (KDS Legato 110). Outside the nozzle, a pendant drop swells
and eventually detaches under its own weight. The thinning dynamics are recorded at 10,000 fps using a high-speed
camera (Phantom VEO 710L) equipped with a macro lens (Nikon 200mm f/4 Al-s Micro-NIKKOR) and a microscope
lens (Mitutoyo X2). The drop and the neck are backlit with a LED panel (Phlox) to clearly distinguish its contour,
which we detect using the software ImageJ and a custom-made routine.

Fig. 1(a)-(c) show examples of the evolution of the liquid neck that connects the drop to the nozzle for three different
configurations: particle-free interstitial liquid [Fig. 1(a)], 20 um particles [Fig. 1(b)] and 140 um particles [Fig. 1(c)].
In the two last cases, the solid volume fraction is ¢ = 40%. Each series of pictures begins when the neck is 1 mm thick.
The pictures on the left show the neck in the Newtonian regime at early times, whereas the pictures on the right show
the filament in the viscoelastic regime at late times. The transition between one regime to the other occurs at time
t.. In the following, we define the origin of time at ¢ = ¢, so that ¢ — ¢, = 0 corresponds to the transition between
the two regimes. In the pure liquid case, shown in Fig. 1(a), the neck quickly thins down and turns into a filament,
which keeps thinning down until it breaks. The whole process takes a few tens of milliseconds. Shortly before the
break-up, the filament undergoes a blistering instability which produces several tiny droplets [23]. Adding ¢ = 40%












the boundaries. In order to describe the confinement effects due to the geometry of the neck, we add a geometrical
parameter . We can then write the expression of the local strain rate in the liquid phase:

E'Ioc =¢ (1 - ¢/¢c)_a . (5)

We now consider the microscopic interactions between particles and polymer chains. The transition to the vis-
coelastic thinning regime corresponds to the coil-stretch transition of the polymer chains [41], which unwind when the
strain rate of the solution reaches the critical value &. ~ 1/27, [49]. The Zimm relaxation time, 7, ~ noR," / (ks T),
is the relaxation time of the coiled polymer chain, with R, its radius of gyration. Therefore, if we assume that the
polymer chains between particles experience the local strain rate corresponding to Eq. 5, it means that for ¢ > 0 the
coil-stretch transition occurs when €j,c = €, although €. < €.9. €. can be measured directly in the case ¢ = 0, and
we obtain:

5.c = E'c,O (1 - ¢/¢c)a (6)

Fig. 4(c) reports the ratio £./é. ¢ as a function of the volume fraction ¢ for different particle diameters. For particles
up to 40 um the experiments are captured by the simplest version of Eq. (6) where o = 1. For larger particles, the
value of « that best fits the data decreases: o = 0.75 for d = 80 um and o = 0.45 for d = 140 um. Since we
expect « to describe the geometry of the flow at the neck, it should only depend on the ratio of the two length scales
present in the system: the width of the neck at the transition h. and the diameter of the particles d. We expect « to be
a function of d/h, such that « — 1 for d < he and a — 0 for d > h,. Fig. 4(c) shows that for d ~ h., we measure
a value of €, that is greater than expected. In that case, at the scale of the particles, the liquid phase is bounded by
the particles but also by the free surface [Fig 1(c)]. This confinement reduces the space around which the particles
can move, and probably changes the local strain rate. However, this effect of confinement is only a supposition and it
deserves a dedicated study.

In conclusion, we have characterized the effect of particles on the thinning of viscoelastic dilute polymer solutions.
By comparing the viscoelastic suspensions with equivalent fluids having the same shear viscosity, we have demon-
strated that particles only affect the Newtonian regime by increasing the shear viscosity. We found that the viscoelastic
thinning regime is not affected by particles and only controlled by the interstitial fluid. However, particles drastically
change the transition from the Newtonian to the viscoelastic regime. As the neck thins down, the strain rate € in the
suspension increases. Because particles are rigid, coiled polymer chains between them experience a local strain rate
€loc, Which is larger than €. When &€, becomes comparable to the Zimm relaxation time 7,, the chains unwind and the
flow becomes viscoelastic. Around the transition, € follows a self-similar dynamic whose relevant scale is the critical
strain rate .. If the particle size is comparable to that of the neck (d ~ h.), confinement effects make the motion of
the particles more constrained, which increases the value of €.. The output of this study goes beyond the pinch-off of
viscoelastic suspensions as this model experiment enables a direct measurement of the local strain rate in the liquid
phase of a granular suspension, a great challenge in the rheology of suspensions [19].
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I. SUSPENSIONS AND EQUIVALENT FLUID

The particles are dispersed in a mixture of water (74% w/w), glycerol (25% w/w) and polyethylene oxide with a
molar weight of 300 kg/mol (PEO, 1% w/w, from Sigma Aldrich). The water/glycerol mixture has a shear viscosity
of np = 1.9 mPa.s, a surface tension v = 68 =2mN.m~! and a density p = 1059 = 3kgm~3. The polystyrene particles
of density p ~ 1057 & 3kg.m 2 are neutrally buoyant in the mixture over the timescale of an experiment. The volume
fraction is defined as the ratio of the volume of particles to the total volume, ¢ = V,/Vis; and is varied in the range
0% to 40%.

The equivalent fluid to a given suspension of volume fraction ¢cq is defined as the water-glycerol-PEO mixture with
the same PEO content and a water-to-glycerol weight ratio chosen so that its shear viscosity is equal to that of the
suspension. The composition of the equivalent fluids used in the present study is summarized in Table I.

teq (%) |Water (%) |Glycerol (%) |PEO300 (%)
0 74 25 1
10 69 30 1
20 59 40 1
30 47 52 1
40 33 66 1

TABLE 1. Mass composition of the equivalent liquids. The first line describes the interstitial fluid in the suspension.

II. VIDEOS

The snapshots in Fig. 7?7 are extracted from three videos available in supplemental materials:
e Interstitial_fluid.avi;
e 20um_40%.avi;
e 140um_40%.avi.

The videos are slowed down 1000 times. The nozzle at the top of the image is 2.75 mm wide.

III. CONTOUR DETECTION AND PROCESSING

The image processing used to extract the time evolution of the minimal diameter h,;, is done in two steps. First,
the contour of the drop and the ligament is detected on each frame of the video using a thresholding method with
ImageJ. We obtain an array of points representing the 2D position of that contour. In a second time, a custom-made
Python routine translates the contour of the neck into the thickness profile h(z,t).

Fig. 1 shows several thickness profiles at different time, regularly spaced by At = 3 ms. The neck width A, (t) is
defined as the global minimum of h(z,t) in the Newtonian regime. In the viscoelastic regime, the wide and constant
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minimum of h(z,t) defines hmin(t). By comparing the results of this automatic processing to the direct measurement
of Amin on the video, we find a maximum error of 2 pixels, i.e., around 10 pm.
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FIG. 1. Thickness profiles for the thinning of the interstitial fluid, corresponding to Fig. 1(a) in the main article. The time
step between two profiles is constant and equals 3 ms. The circles represent the neck width Amin in the Newtonian regime.

IV. REPRODUCIBILITY OF THE THINNING EXPERIMENTS

Achieving reproducibility can be a significant challenge when dealing with dense suspensions. However, since we
considered dilute and moderate volume fraction (¢ < 40%), the reproducibility of the thinning experiments is not
an issue here. For instance, Fig. 2 reports the thinning dynamic h = f(t — t.) for ten realizations of the same
experiment, in this case, the pinch-off of a suspension drop containing a solid fraction ¢ = 40% of 140 um particles.
The small variations observed between the different realizations can be understood since the suspension remains
dilute (¢ < 40%) and the particles small enough compared to the system. The example presented here holds for other
suspensions considered in this study and confirms the reproducibility of our experiments.
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FIG. 2. Time evolution of the minimal diameter hmin for ten realizations of the same thinning experiments for a suspension
with ¢ = 40% of 140 um particles. Each color refer to a different realization.



