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The formation process of vortex rings in a viscoelastic liquid is studied experimen-
tally considering a piston-cylinder arrangement. Initially, a vortex ring begins to
form as fluid is injected from the cylinder into the tank in a manner similar to that
observed for Newtonian liquids. For later times, when the piston ceases its motion,
the flow changes dramatically. A secondary vortex with reversed spinning direction
appears and grows to be as large in size as the original one. The formation process
is studied by contrasting the evolution with that obtained for Newtonian liquids with
equivalent Reynolds numbers and stroke ratios. We argue that the reversing flow,
or negative vortex, results from the combined action of shear and extension rates
produced during the vortex formation, in a process similar to that observed behind
ascending bubbles and falling spheres in viscoelastic media. C 2015 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4919949]

Vortex rings are fluid structures which have been studied extensively1 due to their prevalence
in many natural phenomena and engineering applications. They can be readily observed during
outflow of starting jets such as those in automobile exhaust systems2 and outburst volcanoes3. A
wide variety of engineering applications uses vortical properties in innovative design such as fire
extinguishing,4 submarine propulsion,5,6 weaponry,7 and even umbrellas.8

For the particular case of biological flows, some researchers have shown that the formation of
vortex rings is very important in the efficiency of propulsion of some aquatic animals.9–11 The circu-
lation of the vortex rings that are produced as the blood passes through heart valves has been pro-
posed as a measure of the heart performance.12 It is important to point out that in many biological
flows, and also numerous industrial applications, the fluids have non-Newtonian behavior. Such a
rheology can modify the flow in a significant manner. Despite the general importance of vortical flows,
only a handful of fundamental studies has addressed the effect of non-Newtonian liquid properties.
Coelho and Pinho13,14 studied the vortex shedding behind a cylinder in cross-flow for the case of
shear-thinning viscoelastic (VE) flows. They found that the shedding frequency is increased because
of shear-thinning effects. Böhme et al.15 studied the vortex breakdown of torsionally driven cavities
for shear-thinning liquids. They found that the critical Reynolds number for which the breakdown is
observed is reduced; this result is attributed to the thinning nature of the fluid. Goddard and Hess16

observed that the elastic “turbulence” phenomena could appear at low Reynolds numbers considering
non-Newtonian polymeric solutions. Torralba et al.17 observed flow vortical instabilities in a verti-
cal tube driven by an oscillating pressure. They argued that the formation of vortices in the system
was a result of the elastic properties of the liquid. For the particular case of vortex rings, the first
study that addressed the influence of non-Newtonian rheology is that of Palacios-Morales and Zenit.18

They investigated the formation and evolution of vortex rings in a piston-cylinder apparatus using
different shear-thinning liquids, with negligible elastic effects. They found that the vortex circulation
decreases with the thinning nature of the liquid (power index n), while keeping the Reynolds num-
ber constant. More recently,19 studied the formation of vortex rings in a wormlike micellar solution
generated in an oscillatory vertical pipe flow. In their case, the fluids were both shear thinning and
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viscoelastic. They observed significant differences in the flow structure between Newtonian and visco-
elastic fluids, attributed to the elasticity of the liquid. In particular, they studied the transition from
rectilinear-laminar flow to more complex vortical flows in the pipe which were generated depending
on the Deborah and Weissenberg numbers as well as the driving conditions.

In the present study, we extend our previous work18 to investigate the effect of viscoelasticity
on the formation of vortex rings. In particular, we focus our study to the early stages of vortex
formation and the properties of the ring in an impulsively started flow, which, to our knowledge, has
not been reported in the literature. We found that the properties of the ring are modified substan-
tially if viscoelastic effects are present. We observed the formation of “negative rings:” coherent
structures with reversed spinning direction (with respect to the Newtonian case). We argue that the
process that leads to the formation of these rings is similar to that observed around spheres and
bubbles where “negative wakes” appear when viscoelastic effects are important.20–22 We believe
that the study of such “simple” flows in viscoelastic media could be of value to further understand
more complex non-Newtonian flow phenomena.23 The objective of the present communication is
to report these new findings. Therefore, we focus only on a limited range of parameters where the
phenomena are observed. A more detailed and comprehensive study will be reported elsewhere.

The experimental setup is a classical piston-cylinder arrangement: vortex rings were generated
by moving a piston which pushes a column of liquid inside a horizontal cylinder. It is described
in detail in Section I of the Supplementary Material.25 The Supplementary Material also provides
a detailed description of the measurement uncertainties (in Sec. I) and details of the parameters
considered in the PIV system (in Sec. II). The prescribed inputs for the experiment were the
maximum piston velocity, Up, and the total displacement, L. All results are shown in terms of a
dimensionless time, defined as t∗ = tŪp/D0, where Ūp is the mean piston velocity and D0 is the
cylinder inner diameter.

Two liquids were used: a shear thinning viscoelastic aqueous polymeric solution (VE liquid)
and a Newtonian water-glycerol solution (N liquid). The VE liquid was prepared following the
procedure used by Velez-Cordero et al.:26 a small amount of a commercial polyacrilamide
(0.15% wt., powder, Sigma Aldrich) was slowly dissolved into a 50%/50% wt. of water and glycerol
mixture. Once the liquid was prepared, it was characterized by conducting steady shear measure-
ments with a rheometer (Anton Paar, cone-plate, diameter of 49.97 mm, 23◦, 10% constant strain).
This liquid showed both shear-thinning viscosity and appearance of first normal stress difference.
Details of the rheological characterization of this fluid can be found in Section III of the Supplemen-
tary Material.25 The liquid was found to have a power index n = 0.63 and a consistency coefficient
m = 0.409 Pa sn, according to a power law model. From the fit to a Maxwell-type model, a mean
relaxation time, λ = 0.63 ± 0.08 s was found.

The Newtonian liquid was prepared to match the Reynolds number, as close as possible, for
the two flows. First, a water-glycerol mixture was prepared such that the shear viscosity, µ, had the
same order of magnitude as the consistency index, m, of the VE fluid. We considered a mixture of
a 20%/80% wt. of water and glycerol. Its viscosity, also measured with the rheometer, was constant
µ = 0.073 Pa s, over the range of shear rates relevant to the flow, as discussed in Section III of the
Supplementary Material.25

Following Ref. 18, the Reynolds number was calculated considering an effective viscosity at a
characteristic shear rate γ̇ = 2Up/D0, leading to

Re =
21−nρU2−n

p Dn
0

m
, (1)

where ρ is the fluid density. Using a 25 ml pichnometer, we measured ρVE = 1125 kg/m3 and
ρN = 1208 kg/m3.

Then, a certain piston velocity was chosen for the VE fluid (Up = 15 cm/s). Considering
Eq. (1), we obtained ReVE = 21.8. From this value, the piston velocity was calculated for the New-
tonian experiment considering n = 1 and m = µ to match ReN = ReVE, to result in Up = 9 cm/s.
Considering these parameters, we were able to obtain ReN = 29.0. Clearly, both Reynolds numbers
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are closely matched. Hence, in both cases, the ratio of inertial to viscous effects is the same. There-
fore, all the differences observed in the vortex formation process can be attributed to either shear
thinning or viscoelastic effects.

To assess the importance of viscoelastic effects in the flow, we can construct a dimensionless
parameter that compares the relaxation time, λ, to the characteristic flow time (tflow = D0/Up). The
ratio is the so-called Deborah number,

De =
Upλ

D0
. (2)

For the VE-fluid, De ≈ 5. Therefore, we can assert that the elastic effects in the formation of the ring
in the VE liquid are significant.

Experiments were conducted for different values of the nominal stroke ratio L/D0, keeping the
same Reynolds number. However, we opted to only focus on one particular stroke ratio: L/D0 = 4.
In this particular case, we observe the formation of single vortex rings for the Newtonian liquid.
Therefore, we can focus only in the behavior of isolated rings. As it has been widely reported (see,
for instance, Ref. 27), for smaller stroke ratios, the rings do not reach their maximum possible size;
for larger ratios, on the other hand, a trailing jet is left behind the ring. Note, however, that there are
no previous reports on the properties of vortex rings at such small values of the Reynolds number
for Newtonian liquids.

Figure 1(a) (and corresponding Multimedia view) shows a time sequence of the velocity
v⃗ = (u, v) and vorticity ω∗ fields for the Newtonian case. The fluid velocity profile, u, along the
vortex axis (y = 0) is shown for different time instants in Fig. 2(a). In this case, the ring forms
in a similar manner as what has been widely reported,27 for Re ∼ O(1000), despite the fact that
the Reynolds number is smaller. For early times, t∗ < 3, the piston is moving at a constant speed.
The fluid is being expelled by the piston to form the vortex ring. The fluid velocity, u, decreases
with distance from the tube, as expected. When the piston begins its deceleration, t∗ ≈ 3, the fluid
velocity near the tube exit, x = 0, begins to decrease. The motion of the fluid beyond the exit
continues, as the vortex continues to move and form. At t∗ = 4.0, the ring separates from the nozzle,
which coincides with the time piston has stopped. For this time, the fluid velocity at x = 0 is also
very small. For later times, t∗ > 4.0, the ring simply continues to move at constant speed and shape.
The velocity profile does not evolve significantly as the ring moves forward.

In sharp contrast, for the VE fluid, significant differences are readily observable during the
entire formation process as illustrated in Fig. 1(b) and its corresponding Multimedia view. First, the

–

–

FIG. 1. Time evolution of the velocity and vorticity fields for the formation of a single vortex ring. (a) First row, N-liquid;
(b) second row, VE liquid. In both cases, t∗= [3.63,3.85,4.06,4.27], from left to right. L/D0= 4, Re≈ 25, and De≈ 5.0 (for
the VE-liquid). Vorticity is shown in dimensionless terms, ω∗=ωUp/D0. Note that the scale is different for both fluids. Both
horizontal and vertical distances are normalized using D0. (Multimedia view) [URL: http://dx.doi.org/10.1063/1.4919949.1]
[URL: http://dx.doi.org/10.1063/1.4919949.2]
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FIG. 2. Liquid velocity, u, along the axis of the vortex ring (y = 0) for (a) N-fluid and (b) VE-fluid. For both cases, L/D0= 4,
Re≈ 25. Note that x = 0 represents the tube exit. The velocity is normalized by UP.

size and strength (as quantified by the diameter and circulation) of the initial ring are smaller. This
is in accordance with Palacios-Morales and Zenit18 who reported significant reductions in size when
inelastic-shear-thinning fluids were used. However, for the liquid used here, the size of the vortex
is even smaller, about half the size of the Newtonian ring. The velocity profile along the flow axis
is similar to the Newtonian case for early times (t∗ < 3.0), when the piston is moving at a constant
speed. Around the time when the piston has started to slow down (t∗ ≈ 3.0), the velocity at the
center decreases significantly. Also, the extent over which the fluid motion is observed outside the
tube is shorter than in the Newtonian case, as observed in Fig. 2(b). The most striking difference in
the formation process in between the two liquids is the appearance of a secondary vortex ring, in
front of the original one. The first indication of this new structure is clearly observed in Fig. 1(b),
first image on the left, corresponding to t∗ = 3.6. Correspondingly, in Fig. 2(b), the velocity profile
for approximately the same time shows a change in trend: an inflection point appears at around
x/D0 ≈ 1.5. This new vortex ring has a rotation direction which is, in fact, opposite to that of the
original ring that was forming at the exit of the tube. At approximately the time when the piston
has come to a complete stop, t∗ ≈ 4.0, the “negative” vortex has fully formed and propagates in the
opposite direction to that of the original fluid jet. The velocity profile clearly shows that the velocity
in the flow axis is negative for t∗ > 4.0. During the formation of the negative vortex, the size and
strength of the initial ring decrease and it eventually disappears completely. It is important to note
that u ≃ 0 beyond x/D0 ≃ 2.5 for the VE case and L/D0 = 4, i.e., the primary vortex does not travel
in the x direction beyond this point.

To understand why the negative vortex forms in the VE-fluid, it is interesting to calculate the
extension and shear rates of the flow. Figure 3 shows the field of extension rate in the direction of
the vortex motion (∂u/∂x) and the shear rate in the perpendicular direction (∂u/∂ y), for a particular
time (t∗ = 3.6), which is during the period when piston is slowing down. In the Newtonian case,
there are large portions of fluid being sheared as a result of the forward-moving fluid, as shown
in Fig. 3(a). At the exit of the tube (x = 0), a region of positive but weak extension rate is clearly
identified, Fig. 3(b), which results from the fact that the fluid being issued out of the tube is at a
smaller speed than that in the vortex. This feature can also be observed in Fig. 2(a). For longer dis-
tances (not shown), the extension rate becomes negative, as the fluid within the vortex “pushes” the
stagnant fluid. For the VE-liquid, a significant amount of shear can be observed, above and below
the ring center, as shown in Fig. 3(c), but it is confined within a smaller axial region (0 < x/D0 < 1).
In sharp contrast with the Newtonian case, for the VE-liquids, there is a thin region at the exit of
the tube where large extension rate is observed as shown in Fig. 3(d). Most notably, right in front of
the vortex, a region with negative extension rate appears. In this region, the fluid motion from the jet
issuing from the tube is most likely hindered by viscoelastic effects.

As it is often discussed, when a viscoelastic fluid is sheared, an elastic stress appears in the
direction perpendicular to the shearing motion.28 In the case of the vortex ring formation, the elastic
stress may be affecting the flow in two different manners. First, the size of the vortex ring may be
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c d

ba

FIG. 3. Color maps of shear (∂u/∂y) and extension (∂u/∂x) rates for the N-liquid ((a) and (b)) and the ((c) and (d))
VE-liquid, respectively. For both cases, L/D0= 4 for t∗= 3.6. The rates are given in units of D0/Up.

constrained by the appearance of a elastic force at a certain distance from the tube. Such force, on
the other hand, induces the appearance of a jet in the reversed direction as the fluid reacts to this
additional stress. The combination of the large extension rate and the shear-induced elastic stress
gives rise to the formation of a new vortical structure which has a reversed direction with respect to
the initial vortex issuing from the tube, as clearly depicted in Fig. 1(b). Once the negative vortex is
formed, it interacts with the initial one. Since the vorticity of the original vortex is opposite to that of
the negative one, the former disappears completely in a brief time period. This process strengthens
the negative vortex which continues to move backwards towards the tube. Eventually, the rotating
motion is dissipated by viscous effects.

It is interesting to note that the flow field generated in these early stages of the vortex formation
resembles that observed around particles and bubbles in viscoelastic media. In such a case, the
fluid is also exposed to both extension and shear. The combined effect of both flow types contrib-
utes to the appearance of negative wakes, as reported by many investigations (see, for instance,
Refs. 20–22). For the particular case of particles moving in viscoelastic media, Mendoza-Fuentes
et al.21 studied conditions for the appearance of a negative wake in the rear of a sphere. They found
that the extension rate and the strain-hardening nature of the fluid were the dominant mechanisms
to observe a reversed wake. In the case of vortex ring formation, the flow is not affected by the
presence of a solid interface. Therefore, we can argue that this flow may be “simpler” to assess the
conditions to determine the appearance of the reversed or negative flow.

Finally, to characterize the vortex ring formation, we measured the circulation of the vortex
rings in both cases. Considering the scheme proposed by Gharib et al.,27 the circulation of the
vortices is quantified by considering

Γ =


A

ωzdA, (3)

where ωz is the fluid vorticity greater than a certain threshold value and A is the area of the flow
where ring appears. In our case, we define the vortex rings as the regions where ωz > 0.5 s−1, which
corresponds to 1.6% of the maximum vorticity.

Figure 4 shows the measurement of circulation as a function of time for the two liquids consid-
ered in this investigation. For the Newtonian case, Fig. 4(a), the circulation gradually increases as
the piston moves, continuously increasing even after the piston has reached a steady speed. When
the piston begins to slow down, the circulation begins to decrease. When the piston has stopped
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FIG. 4. Vortex ring circulation, Γ, as a function of time. (a) Newtonian liquid and (b) viscoelastic liquid. L/D0= 4.0,
Re≈ 25, and De= 4.9. Measurements obtained from both top and bottom sections of the vortex rings.

completely, the circulation is observed to decrease monotonically in time. Since the Reynolds num-
ber is small, it is not possible to know if the ring has reached its saturated state. Nevertheless, the
process is similar to what has been previously reported for Newtonian flows for larger Reynolds
numbers.24,27 For the case of the VE-fluid, we observe that, in a similar manner to the Newtonian
case, the circulation of the first vortex increases with time as the piston accelerates. In this case,
after the piston has reached a steady velocity, the circulation grows but at a significantly smaller
rate. The circulation is also smaller than that measured in the Newtonian liquid. The reduction of
vortex circulation is in agreement with Palacios-Morales and Zenit,18 who measured the effect of
shear thinning viscosity on the circulation of single vortex rings. However, for the case shown here,
the reduction of vortex circulation is even larger than that found by Ref. 18. There are two possible
causes: first, the Reynolds number in the present case is much smaller; second, the viscoelastic
nature of the flow affects the circulation and vorticity conservation. Note that the value of the
circulation achieved by the Newtonian vortex is similar to that measured by Ref. 24, for a flow with
Re ≈ 150; therefore, we can conclude that the viscoelasticity of the liquid is playing a more relevant
role in the reduction of circulation. When the piston begins to decelerate, the vorticity begins to
decrease, in a similar manner as in the Newtonian case.

Now, if the vorticity produced on the tube walls is not feeding the leading vortex ring, where
is it going? We can argue that there is a fraction of the resulting stress being stored as elastic stress
in the liquid. Before the piston ceases to eject fluid form the tube, as shown in Fig. 4(b), the flow
reverses, as explained above, and a new vortex is produced. The negative vortex rapidly increases
its circulation, as the main vortex is quickly damped. Briefly after the piston has stopped its motion
completely, the negative vortex rings reached a maximum circulation (again, of opposite sign). As it
moves backwards, it interacts with the tube and slowly dissipates for posterior times. It is interesting
to note that the maximum circulation attained by the negative vortex is of the order of the circulation
reduction of the main initial vortex (compared to the Newtonian value).

It is interesting to note that for this flow, the strong shear at the piston exit during the formation
of the ring may induce the propagation of viscoelastic shear waves.29 It has been reported that for
the particular case of viscoelastic fluids, such waves propagate more effectively than in Newtonian
liquids. Such difference in propagation may induce some of the flow features reported here.

In summary, we report the appearance of a “negative” vortex ring which results from the visco-
elastic nature of the fluid in the process of forming a vortex ring. Although the appearance of flow
reversal in other viscoelastic flows has been previously documented, the case of backward spinning
vortices has not been reported to date. Due to the simplicity of this flow, we feel that it could serve
as a benchmark test to fully understand the flow-reversal phenomena in viscoelastic flows. In this
particular report, we have only reported the flow phenomena and proposed a phenomenological
description of the process for a particular value of the stroke ratio. It would be interesting to further
study this flow by varying the amount of elasticity of the liquid (vary the Deborah number). We
expect the flow to slowly transition from Newtonian to fully viscoelastic as the Deborah number
increases. It would also be interesting to increase the value of the Reynolds number, by keeping
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the Deborah number constant, to observe if the condition to generate single vortex rings27 is also
affected by viscoelastic effects. Furthermore, it would interesting to understand the vorticity conser-
vation of the flow when viscoelastic effects are relevant. To our knowledge, such analysis has not
been explored in detail in the specialized literature. We plan to continue exploring these ideas in
the future. Gaining a deeper understanding of these issues may be relevant to further understand the
nature of elastic turbulence and viscoelastic drag reduction.
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