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Experiments were performed using visual and PIV techniques in order to study the appearance of a negative
wake as well as its influence upon the deformation and breakup of droplets rising in viscoelastic fluids. In
this report, Newtonian and viscoelastic drops were injected through different viscoelastic fluids; the defor-
mation of the droplets was then followed and analyzed. In the case of Newtonian drops traveling through
a viscoelastic fluid, a tail appears which later breaks into satellite droplets; a negative wake is present on
the sides of the tail. The viscoelastic drops also exhibit a tail which is more resistant to rupture and the neg-
ative wake appears after the tail; additionally, a bump appears at the tip of the tail which enhances its elon-

gation and determines the onset of breakup.
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1. Introduction

The deformation and breakup of droplets moving in
Newtonian and non-Newtonian fluids is a subject of
importance in various topics, i.e. the flow of blood clots in
veins and arteries (Campo-Deafio et al., 2013), multiphase
flows, oil recovery processes (Hou et al., 2005) and emul-
sions (Matsumura et al., 1993), among many others.
Droplet stability and breakup is crucial in the study of
aerosol distribution, including virus transmission through
saliva (Plog et al., 2020). Moreover, the importance of vis-
coelastic drops and composites cannot be understated in
the field of polymers, paints and coatings (Brinson and
Brinson, 2008), and new materials science (Suhr et al.,
2005).

The deformation of droplets has been studied exten-
sively by many authors (see for example the reviews by
Caswell et al. (2004) and Zenit and Feng (2018)). Also,
particular attention has been given to flow conditions of
simple shear and elongational flows, where the uncom-
mon phenomenon of negative wake is observed (Hassager,
1979; Cherdhirankorn, 2004). In order to understand these
flows, Milliken and Leal developed a four-roll mill which
allows for a controlled elongational flow (Milliken and
Leal, 1991). Cherdhirankon et al. (2004) studied the
deformation of viscoelastic droplets in a viscoelastic
external flow, and Mukerje et al. (2009) analyzed the
deformation of a viscoelastic drop in a Newtonian matrix
under simple shear flow. Given the difficulty of carrying
out measurements of important variables (such as shear
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stress) on deformable droplets, a considerable amount of
work has been carried out using numerical simulations to
study negative wakes (Bush, 1993; Satrape and Crochet,
1994; Joseph and Feng, 1995; Harlen, 2002; Dou and
Phan-Thien, 2003; Frank and Li, 2006; Mendoza-Fuentes
et al., 2009); both experimental and numerical results sug-
gest that the elastic properties of the fluids are responsible
for the negative wake onset.

Nevertheless, there is not enough experimental data on
the deformation mechanism of viscoelastic drops rising
freely through a viscoelastic fluid. More recently, Ortiz et
al. (2016) have found that when a viscoelastic drop travels
through a non-Newtonian fluid the droplet is deformed
and a negative wake appears. This negative wake tends to
stretch the drop by creating a region of uniaxial extension.
Although it is true that the negative wake phenomena is
well documented for solid-spheres (Broadbent and Mena,
1974; Manero and Mena, 1981; Bisgaard, 1983; Mena et
al., 1987; Arigo and Mckinley, 1998; Frank and Li, 2006)
and for bubbles (Hassager, 1979; Kemiha et al., 2006;
Soto et al., 2006; Imaizumi et al., 2014; Fraggedakis et
al., 2016), the interaction between deformable droplets
and negative wakes is still unclear (Ortiz ef al., 2016).

The aim of this work is to study the influence of the neg-
ative wake upon the deformation of a droplet as it rises
through different non-Newtonian fluids.

2. Experimental Setup

The experimental arrangement consists of an acrylic
container of square cross section 150 mm in width and
800 mm height. The container houses the fluid through

which the droplets travel. The droplets were injected indi-
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Fig. 1. (Color online) Experimental Setup. A laser sheet gener-
ated with an Evergreen Laser cuts the middle plane of the drop-
let. Images were taken with a frequency of 15 Hz with a Flow
Sense EO M4 camera. The images were analyzed using a cross-
correlation algorithm.

vidually through an orifice at the bottom of the container
with a 5 ml syringe pump. Their volume varied from 1 to
5 ml

In order to study the influence of the negative wake on
the droplet deformation, a PIV system was used (Dantec
Dynamics™). A laser sheet was generated with an Ever-
green Laser located parallel to the container, cutting
through the middle plane of the drop. The external fluid
was inseminated using silver Dantec Dynamics particles
of 10 um as seeding particles. The images were taken with
a Flow Sense™ EO M4 camera with a resolution of 2048
x 2048. The camera was placed perpendicular to the laser
sheet at 10 cm over the bottom of the container. At this
point the drop travels at its terminal rising velocity but still
keeping its original shape. The images were analyzed with
a cross-correlation algorithm which yielded the flow field
and the final rising velocity of the droplets (details may be
found in Carril (2019)). A general layout of the experi-
mental setup is shown in Fig. 1.

3. Experimental Fluids

The Newtonian droplets were made of commercial
maple honey and of motor oils of various viscosities. In
particular, a SAE 80W-90 Oil was used. For the visco-
elastic droplets, a Poly-isobutylene (0.5% per weight) in a

Table 1. Properties and composition of experimental fluids.

mixture of 51.3% polybutene oil and 48.7% decalin was
used. This fluid has been extensively used in the literature
and was the subject of intensive study several decades ago
(see Volume 52 in 1994 of “Journal of Non-Newtonian
Fluid Mechanics”). The rheological properties of the
external fluid were controlled by changing the polymer
concentration in a distilled water solution; two different
concentrations of poly-acrylamide Separan AP-30 in dis-
tilled water were used (3% per weight and 5% per
weight). These solutions have been extensively used by
our group for many years. The physical properties of the
fluids are listed in Table 1.

The rheological measurements were performed using a
LS-ARES TA Instrument rheometer. A 6 mm @ cone-
plate configuration was used for the oscillatory tests at 25
degrees Celsius. The relaxation time of the viscoelastic
fluids was obtained from measurements of rheological
properties i.e. normal force, shear stress, shear rate (cone-
plate and parallel plates rheometry were used). Relaxation
time can be obtained from the intersection of G’ and G" in
oscillatory measurements and from normal force measure-
ments (N1) and viscosity measurements at low shear rates
in viscometric flows using an appropriate constitutive
equation such as an Oldroyd B. These experimental fluid
properties were previously reported in Manero and Mena
(1981) and Ortiz et al. (2016). The maple honey and the
engine oil have constant viscosities; honey with 7= 0.25
Pa-s and the oil with 77~ 0.02 Pa-s. The non-Newtonian
fluids showed a viscoelastic shear-thinning behavior. The
results are summarized in Figs. 2, 3, and 4. Surface ten-
sion measurements were performed using a Du Nouy ring
with pendant drop method. Surface tension between the
S1 droplet and the surrounding fluids was very similar for
both concentrations (58 mN/m). The capillary number
varied between 0.15 and 0.2 and in every case the Weber
number was close to 0.01. Therefore, the effect of surface
tension was kept as constant as possible whilst inertia
effects were negligible since the density difference
between the droplet and the outer fluid was very small; so
was the rising velocity of the droplet (less than 1 mm/s)
and therefore the characteristic shear rate (around 0.1 s™').
In summary, the dominating forces in the experiments are
mainly viscous and elastic. Therefore, the dimensionless
numbers to be considered are the Reynolds number Re

Number Formulation Density (g /cm3) Relaxation time (s)

| Poly-Isobutylene (0.5%) dissolved in a mixture of polybutene oil 0.903 13.09
(51.3%) and decalin (48.7). This fluid is known as S1A. ’ ’

2 Polyacrylamide (3% Separan AP-30) in water 0.992 0.097

3 Polyacrylamide (5% Separan AP-30) in water 0.997 0.142

4 SAE 80W-90 Oil 0.962 -

5 Maple Honey 1.31 -
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Fig. 2. Rheological measurements for the viscoelastic fluids.
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Fig. 3. Newtonian fluid properties.
and the Weissenberg, Wi.
Figures 2 and 3 show the viscosity of the Newtonian and

viscoelastic fluids used in the experiments, respectively.

Table 2. Experimental conditions for the droplets and outer fluid.
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Fig. 4. Storage modulus G’ and Loss modulus G” as a function
of frequency, for the viscoelastic solutions.

Figure 4 summarizes the Storage and Loss moduli of the
viscoelastic fluids from oscillatory tests, in terms of fre-
quency.

4. Experimental Results

Several different situations were examined, namely:

4.1. Newtonian droplets rising in a viscoelastic fluid

4.2. viscoelastic droplets rising in a Newtonian fluid

4.3. viscoelastic droplets rising in a viscoelastic fluid

Table 2 summarizes the obtained experimental data. All
tests correspond to very low Reynolds number, and the
viscoelastic properties of the inner and outer fluids are
represented by the Relaxation times and Weissenberg
number (Wi and Re defined in the header of the table,
where A is the relaxation time, U the terminal rise velocity,
4 the dynamic viscosity, p the density and L the droplet
diameter).

4.1. Newtonian droplets rising in a non-Newtonian
fluid

Droplet . Droplet Velocity Out;r I?roplet Oqter ﬂuid Dro'plet' Re Wi
fluid Outer fluid volume (m/s) Density diameter viscosity Relaxationtime LUp AU
(ml) (g/lem’) (m) (Pas) (s) Y7, L
SIA 5% wt mixture 1 0.0005 992 0.0112 4.945 13.09 0.00108  0.5570
SIA 5% wt mixture 3 0.0015 992 0.0119 4.945 13.09 0.00358  1.6472
SI1A 5% wt mixture 5 0.0017 992 0.0123 4.945 13.09 0.00425  1.8275
SI1A 3% wt mixture 1 0.0107 997 0.0107 1.094 13.09 0.10453 13.09
S1A 3% wt mixture 3 0.0128 997 0.0158 1.094 13.09 0.18561  10.612
S1A 3% wt mixture 5 0.0173 997 0.0168 1.094 13.09 0.26581  13.447
Oil 5% wt mixture 1 0.0002 992 0.0102 4.945 0 0.00040 0
Oil 5% wt mixture 3 0.0012 992 0.0114 4.945 0 0.00274 0
Oil 5% wt mixture 5 0.0024 992 0.0143 4.945 0 0.00694 0
Oil 3% wt mixture 1 0.0121 997 0.0101 1.094 0 0.11089 0
Oil 3% wt mixture 3 0.0192 997 0.0108 1.094 0 0.18735 0
Oil 3% wt mixture 5 0.0240 997 0.0114 1.094 0 0.24977 0
Korea-Australia Rheology J., 33(3), 2021 285
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Fig. 5. (Color online) Flow field around Newtonian (a) 1 ml and
(b) 5 ml drops (oil engine) in 3% wt Separan solution. The rising
velocity was 0.12x107> m/s with R=0.1x10"" (a) and 0.24x1072
m/s with R=025x10" for (b). The drops’ rising velocity
increases as the volume of the drop increases. The red arrow rep-
resents 0.1x107 m/s, and the same scale is used in subsequent
figures for PIV vector fields.

Newtonian drops injected in the non-Newtonian fluids
adopted a tear-like shape with a tail. For small droplets
below 2 ml volume, a slim and short tail appeared (Fig.
5a). The droplets over 2 ml volume presented a thick and
long tail which breaks into large drops (Fig. 5b). In all of
these cases, a negative wake was present in the flow pro-
file. Note that the negative wake may appear above the tip
of the tail, which contributes to the formation of an elon-
gational flow which does not affect the shape of the New-
tonian drop (Fig. 5b). The red arrow in the bottom of the
image represents a velocity of 0.1x107 m/s.

4.2. Viscoelastic droplets rising in a Newtonian fluid

The initial shape of the injected droplet was spherical,
and evolved into a tear-like shape with a tail that resulted
resistant to rupture. This behavior was observed for drop-
let volumes from 1 to 5 ml. The flow profile consists of
an upward flow around the head and tail (Fig. 6). Some-
times, the droplet presented an oscillatory rising path,
which complicated the PIV measurements. No negative
wake appears since the outer fluid is Newtonian.

4.3. Viscoelastic droplets rising through viscoelastic
media

In order to examine the effect of different elastic and
viscous properties of the surrounding fluid upon the defor-
mation of the rising droplet as well as regarding the posi-
tion of the negative wake in the flow, two different
polymer concentrations were considered. A dilute 3%
Separan solution and a more concentrated 5% solution
were used. The same polymer was used in order to pre-
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Fig. 6. (Color online) (a) Flow field around viscoelastic 5 ml
drop in Newtonian fluid and (b) PIV image before cross correla-
tion analysis. The maximum cross-section diameter of the drop is
1.7 cm (see white arrow in (b)). A similar flow field appears for
all droplets from 1 ml to 5 ml rising through a Newtonian fluid;
and upward flow around the head and tail of the droplet. This
shows that a viscoelastic drop may deform with no negative
wake.

serve the rheological properties other than the viscous and
elastic characteristics. The viscosity was increased
approximately 5 times and the relaxation time by two,
while the Webber number and the Capillary number
remained virtually the same.

4.3.1. 3% Separan solution

The viscoelastic drops injected through a dilute 3%wt
Separan solution presented two different behaviors
depending on their volume. Drops smaller than 2 (ml)
showed tear-like shape and kept this shape all the way up.
An example of the flow field of this type of drops is

(@) (b)

Fig. 7. (Color online) (a) Flow field around a viscoelastic 1 ml
drop in 3% wt Separan solution and (b) PIV image before cross
correlation analysis. The drop keeps the tear-like shape all the
way up despite the presence of the negative wake.

Korea-Australia Rheology J., 33(3), 2021
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Tail
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Fig. 8. (Color online) Viscoelastic 3 ml drop in 3% wt Separan solution. The drop is divided into two sections, head and tail. The head
shows a sphere flow field followed by an upward flow. The tail shows an upward flow. After the tail a negative wake appears.

shown in Fig. 7. shape and later developed a flat tail, which stretched until
During the ascent, droplets over 2 ml volume showed a breaking into drops of different volumes. These droplets
deformed shape. These drops initially had a tear-like are able to stretch considerably.

Flow Profile Droplet shape Flow Profile Droplet shape

Fig. 9. (Color online) Time evolution of a viscoelastic droplet in a 5% wt. Separan solution.

Korea-Australia Rheology J., 33(3), 2021 287
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In order to simplify the flow profile analysis, the droplet
will be divided into two zones: Head and tail (Fig. 8). The
flow around the head of the droplet is similar to that of a
solid sphere falling through a viscoelastic fluid. A nega-
tive wake appears at the end of the tail.

4.3.2. 5% wt Separan solution

All the droplets injected through the 5%wt Separan
solution started with a tear-like shape, and after some time
they adopted a more elongated shape. The flow profile for
all the drops from 1 ml to 5 ml was similar. The velocity
field and drop shape evolution in time is shown in Fig. 9.

At t = 0 s the drop has the typical flow profile of the
tear-like shape bubbles and drops; A dipole-like flow
around the drop’s head, followed by a small negative
wake. At t = 30 s the tail length grew a few centimeters.
Note the presence of a negative wake closely behind the
tip of the tail. The external liquid shows an upward flow
on the sides of the tail. Att= 70 s the drop has stretched
considerably, and the flow profile has started to change.
The negative wake loses intensity while the tail keeps
stretching. Finally the negative wake disappeared at t = 90
s. Nevertheless, the drop kept stretching until breakup.

4.4. Droplet breakup

It was observed that Newtonian droplets (rising in non-
Newtonian fluids) of sufficiently large volume form long
tails that break at the very rear tip, leaving behind a trail
of small, equally sized droplets. On the other hand, vis-
coelastic drops (when sufficiently large) break somewhere
in between the tail, giving place to a couple of drops,

Fig. 10. (Color online) A bulge that formed on the tail of a 6 ml
viscoelastic (SIA 5%) droplet rising in non-Newtonian fluid.
Breakup occurs at the upper neck. This breakup mechanism
required very long tails (and droplet volumes).

which in turn, if sufficiently large, begin to develop their
own tail, successively breaking pairwise (if their volume
is large enough). Small droplets adopt a tear-like shape
and do not develop tails.

Other breakup mechanism was (seldomly) observed,
with very large droplets: A bulge is formed at some point
(or points, if the droplet is large enough) of the tail, and

.......
..........
............

(@)

(b)

©

Fig. 11. (Color online) Flow around a solid droplet for three different types of external fluid: (a) Newtonian external fluid. An upward
flow with no negative wake. (b) non-Newtonian 3% solution (slightly viscoelastic); Note the appearance of the negative wake region
(red zone) and (c) 5% solution showing the appearance of the characteristic zones of the negative wake: Upstream zone (red zone) an
stagnation zone where the flow reverses (green) and the downstream zone which affects the whole length of the tail and continuing

downstream (purple and brown zone).
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breakup occurs at the upper neck. Figure 10 shows the
onset of a viscoelastic droplet breakup of this type. It is
clear from the figure that there exists a velocity gradient
between the bulge’s equator and the upper (and lower)
neck, creating a flow pattern similar to that of a creeping
flow around a spheroid.

In general, when the external fluid is non-Newtonian,
the negative wake causes the formation of long tails,
which develop under the effect of shear and elongational
forces (Ortiz et al., 2016). As the tail gets thinner, elon-
gational forces are subdued by shear forces and surface
tension will induce breakup and formation of satellite
droplets (Skelland and Raval, 1972; Kitamura and Taka-
hashi, 1982; Clasen et al., 2006); once the radius of cur-
vature is small enough, surface tension acts as the
dominant force, causing necking and breakup of the tail.

4.5. Comparison with a solid body

In order to examine the droplet characteristics and the
influence of the negative wake upon it, a solid body
resembling the shape of the elongated droplet was intro-
duced in the flow. The solid body consisted of a nylon
sphere with a cylindrical shaft attached. The shape being
similar to an elongated droplet but with no possibility of
deforming; we may call it a solid droplet. The motion was
then followed using the PIV technique.

The results are shown for the three different types of
fluid. Figure 11 shows the position of the negative wake
with respect to the droplet and its tail for the three types
of fluid considered in the experiments:

a) External Newtonian fluid

b) External non-Newtonian fluid (3% wt Separan Mix-

ture)

c¢) External non-Newtonian fluid (5% wt Separan Mix-

ture)

It may be seen that the position of the negative wake rel-
ative to the body, depends on the elastic properties of the
outer fluid. If the outer fluid is Newtonian, no negative
wake will appear. However, as the elastic properties of the
surrounding fluid are increased, the position of the nega-
tive wake will change accordingly. For the less viscoelas-
tic fluid (Fig. 11b), the negative wake appears downstream
after the tail whilst for the more viscoelastic fluid, it
appears immediately after the head and acts upon the
whole length of the tail. The flow along the tail is essen-
tially an elongational flow and it acts in opposition to the
shear stress caused by the tail being dragged in the direc-
tion of the motion of the droplet. This type of behavior
was previously reported by Ortiz et al. (2016) for visco-
elastic droplets with a long tail and is presently shown for
solid droplets. So it may be inferred that it is not the drop-
let that determines the position or the intensity of the neg-
ative wake; this is strictly determined by the rheological
characteristics of the surrounding fluid. However, if the

Korea-Australia Rheology J., 33(3), 2021
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Fig. 12. (Color online) Flow field around 3 ml (a) Newtonian
drop and 3 ml (b) non-Newtonian drop in 3% wt Separan solu-
tion. In (a) the negative wake is around the tail of the droplet
while in (b) the negative wake appears below the tail of the drop-
let.

droplet is viscoelastic and deformable in nature, the neg-
ative wake causes an elongational stress along the tail of
the droplet and affects the type of breakup of the tail
(Ortiz et al., 2016). In the case of the solid droplet, there
is no possibility of elongation of the tail so the effect of
the negative wake upon the flow is virtually negligible.
This is not the case for a viscoelastic droplet where the
deformation of the tail due to the elongational stresses
competes against the shear stress along the tail. This will
determine the type of tail breakup.

5. Discussion

All the Newtonian droplets injected through viscoelastic
media presented a tail which breaks into droplets of dif-
ferent volumes and a downward flow on the sides of the
tail (Fig. 12a). On the other hand, non-Newtonian droplets
presented an upward flow on the sides of the tail and a
downward flow (negative wake) below the tip of the tail
(Fig. 12b) the droplets of 1ml of viscoelastic fluid pre-
sented a different behavior in the 3%wt and 5%wt Separan
solution. The droplets injected in the 3%wt Separan solu-
tion developed a tear like shape and kept this shape during
the experiment. The drops injected in the 5%wt Separan
solution evolved from tear-like to elongated shape.

Both the 1ml droplets injected in the 3%wt and 5%wt
Separan solution presented a negative wake. In Fig. 13,
we show the flow profile for a 1ml drop traveling up in
the 3%wt Separan solution (Fig. 13a) and 5%wt Separan
solution (Fig. 13b). The flow profile for both drops is sim-
ilar; a dipole-like flow around the head and a negative
wake below the drop. However, the drops injected in the
5%wt Separan solution developed longer tails and the
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Fig. 13. (Color online) Flow field of two viscoelastic 1 ml drops
in (a) 3% wt and (b) 5% wt Separan Mixture. The final rising
velocity of the drops are U= 1x107> m/s for (a) and U= 4.8x10"
’ m/s (b). Droplets rising through the 5% wt Separan mixture
stretch until breakdown unlike the droplet in the 3% Separan
mixture, which keeps is initial shape all the way up.

t ] AR
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Fig. 14. (Color online) Flow field around 5 ml viscoelastic drop

in 5% wt Separan solution. The negative wake disappears after a
while. Nevertheless, the drop keeps stretching until breakdown.

appearance of the negative wake occurred closer to the
head.

Once the drop reached its final shape, the negative wake
eventually disappeared. In Fig. 14 we show the time evo-
lution of the flow profile for a Sml droplet. From t = 50
s to t = 90 s the negative wake became weaker until it dis-
appeared. Once the negative wake disappeared the drop
kept deforming until breakup.

6. Conclusions

These are some results that may be drawn from the
experiments: The negative wake is a nonlinear elastic
response associated with specific forms of the material

functions and is only due to the viscoelastic properties of

290

the external fluid. It may appear regardless of the nature of
the body traveling through it. i.e. whether it is a solid, a
bubble or a droplet. The largest velocities in the negative
wake are concentrated behind the droplet in the region of
extensional flow where the extensional viscosity is large.
This wake structure is bounded by a region of high shear
at the equator of the droplet where shear thinning lowers
the viscosity. The influence of the negative wake, if any,
upon the total drag of the body is very difficult to ascertain
and to evaluate. In the case of viscoelastic droplets rising
through a viscoelastic fluid when a tail appears, the neg-
ative wake may contribute to the elongational stress acting
on the tail but this contribution appears to be very small
compared to the competing shear stress acting along the
tail. Nevertheless this contribution is important for the
final breakup of the tail.

The negative wake is not caused by the droplet defor-
mation; conversely, the presence of a negative wake does
not imply the deformation of the (non-Newtonian) drops.
The negative wake appears to be a consequence of the
external flow viscoelastic properties only.

We found that Newtonian droplets rising through a non-
Newtonian fluid show downwards flow (negative wake)
on the sides of the tail while the viscoelastic drops show
the negative wake behind the drop’s tail.

The smaller drops of 1[ml] injected through the 3%wt
Separan mixture show a negative wake in their flow pro-
file. However, they do not suffer any deformation as they
rise through a non-Newtonian external liquid.

Due to their physical properties, Newtonian fluids do
not exhibit the negative wake phenomenon. Nevertheless,
all the non-Newtonian droplets injected through a New-
tonian fluid shifted from an initial tear-like shape to an
elongated form with a long and resistant tail, similarly to
the case of the viscoelastic drops when they rise through
a non-Newtonian fluid except, for the latter case the break
up system is different (Ortiz et al., 2016). For the appear-
ance of a negative wake, the outer fluid must exhibit both
shear thinning and elastic effects. The position of the neg-
ative wake will depend only on the external fluid visco-
elastic properties, regardless of the nature of the droplet
itself. However, if the latter is of a viscoelastic nature,
elongational effects will affect the type of breakup.
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