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Abstract: The rising of an oil drop in a non-Newtonian viscous solution is studied experimentally. In
this case, the shape of the ascending drop is strongly affected by the non-Newtonian properties of
the surrounding liquid. We found that the so-called velocity discontinuity phenomena is observed
for drops larger than a certain critical size. Beyond the critical velocity, the formation of a long
tail is observed, from which small droplets are continuously emitted. We determined that the
fragmentation of the tail results mainly from the effect of capillary effects. We explore the idea of
using this configuration as a new encapsulation technique, where the size and frequency of droplets
can be well predicted.
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1. Introduction

The problem of encapsulating droplets of fluid has important implications in the fields of
bioengineering and medical research, for instance to encapsulate cells [1]. With the development of
microfluidics and lab-on-chip technology to perform analysis on different fluids, the dynamics and size
of such droplets has to be well controlled [2–4]. Several techniques have been used to perform such
encapsulation, for instance using a T-junctions device [5,6]. To be able to perform such encapsulation
at a larger scale in a controlled matter is still to be achieved.

Here we study a new alternative technique to encapsulate oil drops by using the non-Newtonian
properties of the surrounding liquid. In the case of an object rising or falling in a non-Newtonian
fluid, new and unexpected phenomena appear in comparison with the Newtonian case. The flow
surrounding the object can be highly modified, due to the viscoelastic properties of the fluids [7–13].
In the case of a bubble or a drop, a jump discontinuity in its ascending velocity has been observed at a
given volume [14–18], as well as a negative wake forming at the rear, creating a modification of the
bubble shape, with the appearance of a cusped shape [14,19–21]. These features are the result of the
normal stress at the interface of the bubble/drop and the surrounding liquid.

In the case of a drop, a recent study has shown that the cusp of the drop can undergo an instability
over a critical volume, where a formation of a long tail appears [19]. They reported that in the case
where the drop is Newtonian, a small tail grows, while in the case were the drop is constituted of a
viscoelastic fluid, this growth is much larger, over few time the size of the drop. Once the tail is big
enough, a second instability occurs, resulting in the tail fragmenting into smaller droplets.

However, a precise study of the dynamics of the breakup of the tail, in the case of a Newtonian
drop, has yet to be performed. In this article we present results on the formation of droplets behind an
oil drop (Newtonian) rising in a water-polyacrylamide solution (non-Newtonian). First we present the
experimental set-up and a characterization of the fluids we used. Then we present the experimental
observations, and the different regimes of breakup that were observed. Finally we discuss different
aspects of the droplets formations, by relating the velocity and volume of the main drop, the size of
the tail appearing behind the drop and the size and frequency of formation of the droplets.
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Figure 1. (a) Scheme of the experimental set-up. In a vertical glass column with a square base of
6 cm side width and a height of 60 cm, we place a non-Newtonian fluid. An oil drop is injected at the
bottom of the column using a plastic syringe. The images are recorded using a fast speed camera (200
fps), and the set-up is backlit using a LED panel. Behind the drop, we observe formation of droplets.
(b) Table compiling the properties of the two fluids used. Since the oil drop has a lower density and
a Newtonian behaviour, it will rise in the surrounding fluid consisting in a water-polyacrylamide
solution, which is denser and has shear-thinning and viscoelastic properties.(c) Flow curve (measured
viscosity η as a function of the shear-rate γ̇) for the two fluids used. The diamonds represent the oil
drop (Newtonian), the squares the polyacrylamide solution (Shear-thinning). γ̇exp is the shear-rate
observed in our experiment and the dashed line corresponds to the power-law fit. (d) Elastic modulus
G’ (full squares) and viscous modulus G” (empty squares) as a function of the oscillation frequency for
the polyacrylamide solution. A viscoelastic behaviour appears. The relaxation time, τr, is estimated
from the frequency at which the two modulus are the closest.

2. Experimental set-up and test fluids

The experimental setup consists in a vertical glass column of a height 60 cm (Figure 1a). This
column is square based with a side width of 6 cm. The setup is filled with a non-Newtonian
water-polyacrylamide solution. Alimentary corn oil is injected at the bottom of the column using
a plastic syringe with a volume capacity of 5 mL. The set-up is backlit with a LED panel. A fast
speed camera (SpeedSence, Phantom) films the rising at a frequency of 200 frames per seconds with a
resolution 1632×1200 during 10 seconds. The camera is placed at mid height of the column and films
a zone of about 12 cm high. At this point the drop moves at its terminal speed. The scale ratio of the
images is of 110 pixels per centimeter, and we measure the diameter, height and position of the drop
with a precision of about 2 pixels, so the error is estimated to be smaller than 5 percent for the drop
velocity and volume (see section 3).

The properties of the two fluids used are presented in Figure 1b. The drop consist in an alimentary
corn oil, characterized as Newtonian. For the surrounding fluid, we used a solution composed of a
50% weight solution of water and glycerol (1 kilogram each) in which we added 10 grams of industrial
polyacrylamide (Paam, Separan) which are long chains of polymer. The density was measured using a
flask with a precise volume of 25 mL which was filled with the different fluids and weighed.
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Figure 2. (a) Position of the front of the drop as a function of time. This example corresponds to
Figure 3e. We observe that the rising velocity U stays constant over the 12 cm experiment height. (b)
Rising velocity U of the drops, as a function of the volume V. We observe a small velocity jump at the
moment of the tail appearance for a critical volume Vc = 0.13mL and a critical velocity Uc=0.46 cm.s−1.

Both fluids were characterized using a rheometer (HR, TA Instruments), and we performed two
types of tests. We used a plane-plane geometry with a gap of 1 mm, at a fixed temperature of 25 C◦

and we performed a “flow curve” test, varying the shear rate and measuring the viscosity. The shear
rate γ̇ is varied from 0.01 to 100 s−1 with 5 points per decade, with an averaging time of 30 s for each
point, and with back and forth variation for reproducibility (going from low shear rate to high, and
then reverse). The results are presented in Figure 1c. We observe that the corn oil is Newtonian, with
a viscosity ηoil ≈ 0.06 Pa.s. Important fluctuations are present at low shear rates γ̇, coming from the
precision of the apparatus which is inaccurate for low shear rates at low viscosity. The non-Newtonian
fluids, presents clearly a shear-thinning behavior, as the viscosity ηPaam (red squares) decreases with the
shear rate γ̇. In our case, we will see later that the shear-rate we will use varies between γ̇ = 0.22 s−1

and γ̇ = 0.42 s−1. In this zone, the viscosity follows a power law : η = Kγ̇n−1, where n = 0.87 and
K = 1.10 as represented in Figure 1c. This exponent n being close to 1 (Newtonian behaviour for n = 1)
indicates that the shear-thinning is insignificant in our experiment. The important decrease in viscosity
η will appear for shear-rates γ̇ higher than those relevant here.

For the non-Newtonian solution, an oscillatory test was also performed. A deformation of 3%
was imposed, and the frequency of oscillation was varied from 0.01 to 100 s−1 during two periods for
each point. With these measurements, the elastic G′ (empty symbols) and viscous modulus G′′ (filled
symbols) are obtained. We observe a viscoelastic behavior, where the elastic property is dominant at
low shear rate. This is in agreement with what has already been observed for such polymer solutions
[22]. The relaxation time can be approximated as the time where the two modulus are equals. This is
represented in Figure 1d as fr, and we estimate the relaxation time τr = 1/ fr = 10 s.

3. Experimental observations : Different regimes

The experiment is performed by injecting oil at the bottom of the fluid column, using a plastic
syringe. The oil volume V is not measured a priori, instead it is estimated by image analysis,
considering that for small drops, the volume corresponds to the one of a sphere of diameter D :
V = πD3/6 (Figure 3a), and for the bigger ones it is the sum of a cone of height H and a hemisphere
of diameter D : V = πD2H/12 + πD3/12 (Figure 3b-e). To insure good statistics, we reproduce the
experiment 50 times and varying the volume V from 0.01 to 0.47 mL. Also by image analysis, we detect
the position of the front of the drop to determine its velocity. Figure 2a presents the evolution of the
vertical position z of the front of the drop as a function of time t for a drop of volume V = 0.36 mL. For
all cases, we observe that the vertical position is linear in time t; the rising velocity U is then computed
by a simple linear regression. Figure 2b shows the rising velocity U of the drop as a function of its
volume V. The rising velocity increases slowly with the volume until it reaches a critical volume
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Figure 3. Different regimes observed : (a) Before the tail appears ; (b) At the critical volume Vc=0.13 mL
where there is the tail appearance. We can see very small droplets appearing behind the tail of the
main drop ; (c-d-e) Instability for different volumes. We can observe that the tail length L, the width of
the tail w, the distance between two droplets λ and the droplets diameter d increases with the volume.
Those are defined in (e) and this will be discuss in detail in section 4.

(Vc=0.13 mL). At this volume, a small velocity jump is observed and a tail appears at the rear of
the drop. This velocity jump has already been reported in literature as the velocity discontinuity
[14–18]. This appears for bubbles and drops rising in a viscoelastic surrounding fluid, and is directly
linked with the appearance of a negative wake behind the bubble/drop. Above the critical volume
Vc, the rising velocity U increases more rapidly with the volume V. Considering the non-Newtonian
properties of the surrounding fluid (shear-thinning and viscoelastic), it is not possible to predict the
shape of the curve over this critical volume, but many other experimental examples have reported
similar behavior for drops or bubbles [14,19–21,23].

In terms of dimensionless numbers, it is common to use the Reynolds number Re and the Deborah
number De. The Reynolds number compares the inertial forces of the flow with the viscous forces
: Re = ρUD/η = ρUD/Kγ̇n−1, where ρ is the density of the surrounding fluid, U the velocity of
the drop, D the diameter of the drop and η the viscosity. In our case, the fluid is shear thinning, so
the viscosity changes with the shear rate. A common way to account this problem is to define the
shear-rate as the ratio of velocity and diameter of the drop γ̇ = U/D, and to use this in the rheological
measurements using the formula η = Kγ̇n−1 where n = 0.87 and K = 1.10 (see section 2) We obtain
finally a modified Reynolds number scaling as Re = U2−nρDn/K (see for instance [24]). This gives
us a Reynolds number varying from 5×10−3 to 2.39. This small Reynolds number shows that inertial

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 May 2018                   doi:10.20944/preprints201805.0444.v1

Peer-reviewed version available at Fluids 2018, 3, 54; doi:10.3390/fluids3030054

http://dx.doi.org/10.20944/preprints201805.0444.v1
http://dx.doi.org/10.3390/fluids3030054


5 of 12

effects are negligible. The Deborah number compares the viscoelastic relaxation time scale and the
observation time scale : De = τr/τo. We can define the observation time scale as the inverse of the
shear rate : τo = 1/γ̇ = D/U. For the relaxation time scale, we can estimate it as the time where
there is the crossover between the elastic modulus G′ and the viscous modulus G′′ (see section 2). We
measure this relaxation time as τr = 1/ fr = 10 s. In our experiment, we have the Deborah number
varying from 2.2 for the largest drops to 4.2 for the smallest ones. This value being larger than one,
indicates that we will have important elastic effects appearing.

Figure 3 shows the different regimes of the drops as the volumes V increases. First, at small
volumes (Figure 3a, the scale is reported on this image and is the same for all), the drop is spherical
and no significant shape alterations are detected. When the drop reaches the the critical volume Vc

(Figure 3b), a tail appears. According to Ortiz et al. [19] and Zenit & Feng [17], the appearance of
the tail coincides with the formation of a negative wake. This tail will undergo a capillary instability
where droplets are produced. At the critical volume, the tail is very small as are the droplets released.
For the rest of the article we will use the term droplets for the liquid released behind the tail and drop
for the main one. When the volume is increased (Figure 3c-e), we observe that the tail grows bigger
in length L and width w, as well as the droplets diameter d and the distance between two droplets
λ. Those values are defined in Figure 3e which correspond to the drop in Figure 2a. One important
fact to note is that the volume the original drop V is not constant since it releases droplets. This will
be more discussed in section 5. Note that secondary smaller droplets appear for the biggest drops
(V > 0.25 mL, Figure 3e). The formation of such droplets has been discussed previously in [25]. In this
article we will focus on the main droplets formation.

4. Droplet formation

4.1. Tail size
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Figure 4. (a) Tail length L as a function of the velocity of the drop U. We see clearly a critical velocity
Uc where the tails appears (corresponding to a critical volume Vc). The tail length grows linearly with
the speed of the drop (dashed line). (b) Tail aspect ratio L/w as a function of the drop velocity V. The
tail has a very elongated shape.

From the images the size of the tail behind the drop can be readily measured. We can obtain its
width w and its length L, defined in Figure 4e.

Since we observe the drop in a terminal condition, we do not observe the initial formation of the
tail. As for the volume of the drop, the length L and width w of the tail might change during the rising,
since droplets are emitted, but once again, we did not observe a significant diminution of either the
length or the width of the tail over the height of the camera window (12 cm). We measured the length
L and the width w once the tail was fully visible in the images. Figure 4a shows the length of the tail as
a function of the velocity of the drop U. We observe that under a critical velocity Vc, the tail does not
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appear. The length of the tail and the drop velocity U are linearly related, from a length of 0.5 cm up
to 3.6 cm, with a slope of 1.5 s (dashed line, Figure 4a). We will, discuss the value of this slope in the
discussion section.

Figure 4b shows the tail aspect ratio L/w as a function of the drop velocity U. This aspect ratio
is between 10 (for the drop at the transition), up to 50 for the largest drops. This shows that the tail
is very long compare to its width, the width being for the smallest tail of about 0.035 cm to 0.075 cm
for the biggest one. The fact that the curve increases, show that the tail will grow more rapidly with
the velocity U in length L than in width w. This is physically intuitive, as the main driving force for
the length of the tail is the strong non-Newtonian behaviour of the fluid, while the width of the tail is
controlled by interfacial forces that are much smaller (as discussed in section 5).

4.2. Emission period and wavelength
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Figure 5. (a) Period of emission ∆te of the droplets (average time between two droplets appearance),
as a function of the drop velocity U. Except close to the critical volume, this period seems roughly
constant (dashed line, ∆te = 0.27 s), which corresponds at a frequency of emission fe of 3.37 Hz. (b)
Wavelength λ (average distance between two droplets), as a function of the drop velocity U. The
dashed line represent the linear adjustment.

In Figure 3b-e we observe that the breakup of the tail is very regular in terms of spatial position
(wavelength λ), and since the drop and the tail rises at a constant velocity, it is also regular in emission
period ∆te (for a given volume and velocity).

The Figure 5a shows the average time ∆te (or emission period) between two droplets emitted,
as a function of the velocity of the drop. Except at the critical velocity Vc, the period of emission of
droplets ∆te is roughly constant and has a value contained between 0.2 and 0.3 seconds. This results
from a competition between the width w of the tail and the velocity U of the drop. For small velocity,
the tail is thinner, so would tend to break more easily, and at higher velocity, the drainage of the tail is
more rapid, which also helps the breakup. At the end, the time between two droplets emitted will be
roughly the same for all velocity.

Figure 5b shows the average distance between two droplets λ, as a function of the velocity of the
drops U. This distance increases importantly with velocity, which is in agreement with the constant
emission period ∆te : since the tail velocity increases with the volume (and the drop velocity), and
the emission time between two drops is almost constant, this implies that the distance between two
drops will increase with the velocity of the drop. We have a linear relation between λ and U for the
drops over the critical volume Vc, with a slope of ∆te ≈0.27 s (dashed line, Figure 5b), which is in
accordance with Figure 5a. We can compute the frequency of emission of the droplets, if we assume
that the velocity is constant during one run, which gives us fe = 1/∆te ≈ 3.37 s−1.
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Figure 6. (a) Mean volume of the droplets Vd as a function of the volume of the drop V. We observe an
important increase which is coherent with Figure 3. The dashed line represent the linear regression that
will be used in section 5. (b) Droplet diameter d divided by the tail width w as a function of the drop
velocity U. We observe that except for the critical case, the diameter of the droplets is always bigger
than the tail width.

4.3. Droplet size

We also analyse the size of the droplets created behind the principal drop. Once again, we observe
that the size of the droplets is constant over the course of one experiment (for one given drop volume
V). The contrast being better for the droplets than the drop, the uncertainty on the diameter gets to
about 1 pixel, but is still important in comparison with the droplet diameter. To reduce the error, we
measure the diameter for 10 different droplets, which decrease significantly the error, down to an
estimated 5 percent. We used the same method to estimate the width of the tail, measuring the width at
different heights and then averaging. Note also that we only consider the large droplets; the secondary
smaller droplets were not measured. The Figure 6a shows the average volume of the droplets Vd
as a function of the volume of the main drop V. The volume of the droplets Vd has been computed
assuming that the droplet is a sphere : Vd = 4/3π(d/2)3, where d is the diameter of the droplets (see
Figure 3e). We observe that the volume of the droplets increase linearly with the volume of the drop,
the bigger the drop, the bigger are the droplets. The dashed line represent a linear regression, that will
be discussed in the discussion.

The Figure 6b shows the normalized droplet diameter d/w as a function of the velocity of the drop
U. We observe that this ratio increases with the velocity, and most of all, its value is always larger than
one (except for one point at the transition), which means that the droplets are larger then the tail before
it breaks. This can be explained by a simple mass conservation argument. The volume of oil before
the break corresponds to the volume of a column of width w and height λ (for one wavelength), and
also to the volume of one droplet of diameter d. We can write this volume as Vd = π/4λw2 = 1/6πd3.
Therefore,

d2

w2 = 3/2
λ

d
(1)

Considering that the distance of between two droplets is much bigger than the size of the droplet
except at the critical volume (see Figure 3), we have λ/d > 1, and so the diameter of the droplet d will
be bigger than the width of the tail w.
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5. Discussion

5.1. Tail apparition

We observe that a tail appears behind the drop for a volume larger than the critical one Vc =

0.13 mL. This critical volume correspond to a discontinuity in velocity (Figure 2b), and discontinuity
also corresponds to the appearance of a negative wake behind the drop. This discontinuity and negative
have been already studied in various cases, for bubbles [14–16,18–21], and for drops [11,17,19]. In
some of these works particle image velocimetry technique is used to show the existence of this negative
wake. The negative wake results directly from the viscoelastic behaviour of the surrounding fluid.
The bubble displacing the fluid vertically will create a counter flow behind it. This phenomena only
appears if the rising velocity is large enough. For smaller bubbles/drops,considering that the fluid is
viscous, the flow is in a laminar regime, and the bubble will have a round shape, controlled by the
capillary forces.

The main difference between the drop case and the bubble case is that the interfacial tension
between the air and the fluid is larger than in the case of two liquids. The bubble shape will then
remain the same over the course of the experiment (except in the case of other instabilities appearing
[23]), while in the case of a drop, this interface is more deformable, and the tail will be able to grow
due to the negative wake [19]. Since the velocity increases with the volume (Figure 2b), the negative
wake will also be more important and the tail length L will rise (Figure 4a). Its width w will also grow
with the volume V, but slower than its length (Figure 4b). This is due to the fact that the drag effect (or
negative wake) is confined laterally in a small zone behind the drop, so the horizontal extension will
not be large (see PIV in [19]).

5.2. Tail breakup

In our experiment, the drop is made of oil which is Newtonian. For the case where the drop is
non-Newtonian, the tail can grow more, due to its elongational viscosity [19]. The breakup is then
observed at a much bigger distance from the bubble. In the Newtonian case, the non-Newtonian
surrounding fluid will create an elastic pressure on the tail, and will then break it into smaller droplets.
This droplet emission will occur at the end of the tail at a distance going from 0.5 to 3.6 cm. This
distance (which corresponds to what we called the tail length L) will vary linearly with the velocity U,
with a slope of 1.5 s (dashed line, Figure 4a).

This type of thread breakup is similar to the Rayleigh-Plateau instability [25,26]. In the case of a
thin thread of liquid flowing in an other fluid (gas or liquid), a natural destabilisation occurs and the
thread destabilizes in droplets. This rupture comes from capillary effects. The temporal evolution of
this rupture is hard to predict, as it has to take into account the velocity of the fluid inside the thread
(the tail in our case). We do not have access to this velocity, and is hard to predict since it results from a
the negative wake. We observe that the time between two consecutive droplets emission ∆te does not
depend on the velocity of the drop U (Figure 5a), and since the drops rises at constant velocity, there
the distance between two droplets emitted λ will increase linearly with the velocity U. Given that the
wavelength λ is bigger than the tail width w, the diameter of the droplets d will be larger than the tail
width w, except for the bubble at the critical volume (Figure 6b and Equation 1).

A typical way to describe such type of instabilities is to look at the capillary number and capillary
length. The capillary number describes the ratio between the capillary forces and the viscous forces
: Ca = ηU/σ, where σ is the interfacial tension between the two fluids. In our case, we have a
proportionality between the wavelength of emission λ, and the velocity U. The viscosity will not
change significantly at the tail surrounding : the velocity field is damped by viscosity effects, and the
shear-thinning power law for the fluid is small (n = 0.87, Section 2) in the shear-rates considered. We
then have a direct proportionality between the capillary number Ca and the wavelength λ :
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λ = ∆teU = k.Ca (2)

where k is a constant coefficient with the dimension of a length, which implies that k = ∆teσ/η. An
important dificulty is to evaluate the interfacial tension σ. This is not a trivial problem and we do not
have the means to measure this interfacial tension. However, we can assume that it is of the order
of magnitude of the interfacial tension between water and oil, which has been measured in [27] and
its value is σ ≈ 35 mN/m. By taking η ≈ 0.9 Pa.s, we obtain that k ≈ 1.05 cm. The capillary length
can be defined as lc =

√
σ/∆ρg, where ∆ρ is the density difference between the two fluids, and g is

the gravitational acceleration. When computed, we obtain lc ≈ 1.29 cm. We observe that this is the
same order of magnitude than k for our experiment. Therefore k ≈ lc, which indicates that, indeed,
the breakup of the tail results from capillary instability. Clearly, lc and k are not identical, k being
30 % smaller than lc. The calculation of lc does not take into account the viscoelastic properties of the
surrounding fluid, and also that the interfacial tension is not measured directly. Nevertheless, these
scaling arguments indicate that indeed the tail is fragmenting mainly as a result of capillary instability
and the viscoelastic effects are secondary. Although there have been some studies that have addressed
the effects of viscoelasticity in the fragmentation process of a filament [28,29] the present case (the
instability of Newtonian filament immersed in a viscoelastic liquid) has not been yet addressed.

5.3. Volume Loss

It is important to evaluate the role of volume change for the main drop, resulting from the droplets
emitted at the tail. In all cases, we assumed that the drop volume V was constant. This assumption is
supported by two facts. First, in Figure 2a, the bubble rises at a constant velocity, which would not
have been the case if the volume had varied significantly. Secondly, Figure 6a show that the volume of
the droplets Vd, is remains smaller than 0.65 percent of the main drop volume, for the largest drops. In
this case, only 20 droplets are emitted over the experiment, which makes (in the worst case scenario) a
volume loss around 13 percent of the initial drop volume.

However, the question of the volume change can have an important impact, especially considering
possible applications. A simple model is proposed, to predict the volume of the droplets in an infinitely
long liquid column. First, by using the linear regression in Figure 6a, we can predict the volume of a
droplet knowing the volume of the main drop. Then, assuming that the emission frequency of droplets
is constant fe = 3.37 s−1 (Figure 5a), we can write the following differential equation for the volume
change :

dV
dt

= − feVd = − fe(α.V + β) (3)

where α = 9.2× 10−3 and β = −1.2× 10−3 mL are the slope and intercept of the dashed line in
Figure 6a. Integrating, we obtain

V(t) = V0exp(− fe.α.t) +
β

α
(exp(− fe.α.t)− 1) (4)

where V0 is the initial drop volume (taken to be 0.5 mL). This expression, if used carelessly, will predict
a negative volume value for long times; however, one must consider that the droplets will no longer be
emitted once the volume V(t) reaches the critical volume (Vc =0.13 mL). The drop will then rise with
a constant volume Vc and a constant velocity Uc ≈ 0.46 cm.s−1. Figure 7a shows the volume evolution
V(t) as a function of time t. The critical volume Vc is reached at a time tc = 28.5 s.

We can use a linear regression between the volume and the velocity over the critical volume in
Figure 2b which gives U(t) = 7.6V(t)− 0.52. Figure 7b shows the velocity of the drop U, as a function
of time t, the velocity decreases from 3.3 cm.s−1 to Uc =0.46 cm.s−1. This is clearly only a first order
approximation, since the relation between the volume and velocity is most likely non linear. It allows
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Figure 7. (a) Volume V evolution as a function of time t. The critical volume Vc = 0.13 mL is reached
after a time tc = 28.5 s. (b) Velocity of the droplet U as a function of time t. (c) Velocity of the droplet U
as a function of time t. (c) Position of the droplets zd as a function of time t. The size of the markers
represents the volume of each droplet.

us to continue the integration. We can then compute the position z(t) of the drop as a function of time
as :

z(t) =
∫ t

0
Udt′ =

∫ t

0
(7.6V(t)− 0.52)dt′ (5)

For simplicity, we will not write down this integral (it implies exponential integrals). Figure 7c
shows the position of the droplets emitted zd, as a function of time t. The droplets are emitted every
∆te = 0.27 s, and the marker size is proportional to the volume of the droplets. The drop will reach its
critical volume at a position zc = 47.6 cm, and then will rise at its constant velocity, without emitting
new droplets. The volume of the droplets emitted will vary from Vd = 0.0034 mL at the beginning,
and will tend to 0 when we approach the critical volume.

This simple model gives us an order of magnitude of what should be expected in terms of time tc

and height zc for the bubble to reach its critical volume Vc. This is in agreement with what was shown
before : tc is much bigger than the time of our experiment (10 s), and zc also much bigger than the
12 cm where we observed the rise, so the model holds some consistency. This could be used to predict
droplets encapsulation in other cases, considering a tall enough column.

6. Conclusion and perspectives

In this article, we investigated the instability occurring at the tail of an oil drop rising in a
viscoelastic fluid. We observe that this leads to the formation of small droplets, that can be controlled in
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size. It is interesting to note that the practical implications of such behaviour (cusp and tail formation
with fragmentation) had not been discussed previously. In this article, we use the results of a particular
case (two specific fluids), but the understanding of the process can be generalized for other fluid
systems. We plan to further pursue this idea in the future.
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