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Experimental study of low inertia vortex rings in shear-thinning fluids
O. Bentata,1 D. Anne-Archard,2 and P. Brancher2
1Laboratory of Aeronautic and Propulsive Systems (LAPS), Université des Sciences et de la Technologie d’Oran
 Mohamed Boudiaf, USTO-MB, BP 1505, El M’Naouar, 31000 Oran, Algeria
2Institut de Mécanique des Fluides de Toulouse (IMFT), Université de Toulouse, CNRS, Toulouse, France

The present work investigates experimentally the dynamics of vortex rings in shear-thinning fluids at 
low generalized Reynolds numbers, with a focus on the range from 300 down to 30. The experimental 
apparatus consists of a vertical cylinder-piston system with the lower part immersed in a tank filled 
with the liquid. Particle image velocimetry is used to analyze the influence of the non-Newtonian 
nature of the fluid on the generation, propagation, and eventual dissipation of vortex rings. The results 
show that shear-thinning controls the generation phase, whereas the vortex ring subsequent evolution 
is independent of the power-law index. In particular, it is found that the final dissipation stage is char-
acterized by a flow dynamics which tends ultimately to a regime at a constant viscosity corresponding 
to the Newtonian plateau. This reveals the role of the Carreau number and of the Reynolds number 
based on this specific viscosity as relevant control parameters for this last stage. 

https://doi.org/10.1063/1.5048841

I. INTRODUCTION

Vortex rings are ubiquitous coherent structures that are
observed in numerous industrial, biological, and natural phe-
nomena. Many examples can be found in nature, like in the
wake of birds and fishes,1 or in the human heart follow-
ing the discharge of blood into the ventricles.2 Vortex rings
are known to propagate by self-induction, as shown by the
smoke rings expelled by experienced smokers, and to transport
mass, momentum, and heat. Therefore, they are of funda-
mental importance in specific industrial contexts. They are
produced by moving blades in industrial mixing systems,3,4

or in internal combustion engines and injection systems.5 It is
most likely that all the potentialities of vortex rings have not
been explored yet and new applications are appearing regularly
(see, for instance, An et al.6 for the freezing of vortex rings
and the possible use of this process for bioencapsulation).

At the laboratory scale, vortex rings can be generated
experimentally by different techniques. The most common
method is the impulsive ejection of a volume of fluid by a
piston-cylinder device into a quiescent environment, a tech-
nique that has been widely used in the last decades.7–10 The
translation of the piston in the cylinder during a finite time pro-
duces an impulsive jet flow whose shear layer vorticity rolls
up into a toroidal structure to form a vortex ring. During this
formation phase, the piston diameter, the piston velocity, and
the length of the piston stroke control the development of the
boundary layer within the tube, the vorticity profile at the exit,
and therefore the structure of the vortex ring. When inertia
dominates, the vortex ring detaches itself from the tube exit
and propagates under the influence of its self-induced veloc-
ity field. In this post-formation phase, the vortex ring slowly
thickens by viscous diffusion and entrainment of ambient fluid
before an eventual transition to turbulence at large Reynolds
numbers.

The dynamics of vortex rings have been extensively
studied, starting from the pioneering work of Helmholtz,11

Kelvin,12 and Thomson13 in the second half of the nineteenth
century. Many studies have focused on the characterization
of the vortex ring structure, in terms of diameter, circulation,
core size, and propagation speed, depending on the operat-
ing conditions of vortex ring generation.8,14–21 It has been
shown that successive vortex rings are produced for large
piston stroke to diameter (Lp/Dp) ratios, according to a mech-
anism related to the Kelvin-Helmholtz instability of the jet
exiting from the tube, whereas small stroke ratios generate a
single vortex ring.22 The stability of vortex rings has been an
axis of active research over the past forty years.7,9,10,23–25 The
instability of vortex rings is related to the three-dimensional
elliptic instability which is activated in vortices subjected to
a strain field and characterized by an azimuthal deformation
of the ring. In particular, it has been observed that vortex
rings were stable for Reynolds numbers Re = ρUD/η < 600,
where U and D denote the propagation speed and the diameter
of the ring, respectively, with η being the dynamic viscos-
ity of the fluid.7 The extreme varieties of issues discussed
in the study of vortex rings is summarized by Saffman:26

“The vortex ring is a complete problem of fluid mechan-
ics” (see also the recent reviews by Meleshko et al.27 and
Velasco Fuentes28 for an historical and artistic perspective,
respectively).

Despite this rich literature, only few studies have been
carried out on vortex rings in non-Newtonian fluids, with
the notable exception of the experiments by Palacios-Morales
and Zenit,29 who studied both the influence of shear-thinning
(power-law index n) and of the piston stroke-to-diameter ratio
Lp/Dp. The study was conducted for a generalized Reynolds
number in the range 140-600 (or 200-1000 with our defini-
tion for the Reynolds number, see Sec. II), and the authors
found that the vortex circulation decreases with the power
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index n. The authors observed that while the initial diam-
eter of the vortex ring does not depend on the rheological
properties, shear-thinning vortices tend to expand in the radial
direction after some discharge time, and the travel velocity is
reduced.

Most of the other studies concerned with vortices in non-
Newtonian fluids are devoted to the different regimes in the
flow past a cylinder. These studies focused on how shear-
thinning properties affect the transition Reynolds numbers
between these regimes. In order to study the influence of
elasticity while taking into account a shear-thinning behav-
ior, Coelho and Pinho30 showed that a generalized Reynolds
number Re∗ could be defined based on the viscosity at a char-
acteristic shear rate such that its value at the onset of laminar
vortex shedding matches the Newtonian one. Chandra and
Chhabra31 studied the flow over a semi-circular cylinder. They
showed that a shear-thinning behavior delayed the onset of the
laminar vortex shedding regime, but they also brought out a
complex role of the power-law index with a non-monotonic
evolution of the critical Reynolds numbers. The same was
observed by Rao et al.32 in the case of a confined circular cylin-
der. Sahu et al. examined the same issue for a square cylinder
in an infinite medium33 and in a confined domain.34 Vortices
are also observed in the flow through a sudden expansion. In
this case, the shear-thinning properties delay the onset of the
different regimes (vortex formation, asymmetry, etc.) with a
relatively monotonic influence of the power-law index.35,36

Another example is the study of a hairpin vortex in a wall-
bounded flow by Zhen et al.,37 for a Reynolds number range
(4000–8000) higher than for the present study. The authors
observed that shear-thinning properties decreased the produc-
tion of vortex kinetic energy, increased the viscous dissipation,
and delayed the transition to a turbulent state.

In this context, the aim of the present study is to pro-
vide with a better understanding of the global dynamics of
vortex rings in shear-thinning fluids at low Reynolds num-
bers. More particularly, the present work focuses on the gen-
eration, detachment, and subsequent evolution of a single
vortex ring for generalized Reynolds numbers between 30
and 300. Particle Image Velocimetry (PIV) has been used to
get qualitative and quantitative results on the flow dynamics.
Section II describes the experimental setup and the measure-
ment techniques. Experimental results are shown and analyzed
in Sec. III. Conclusions are presented in Sec. IV.

II. EXPERIMENTAL SETUP
AND MEASUREMENT TECHNIQUES

A schematic diagram of the experimental device is pre-
sented in Fig. 1. The vortex rings were generated using
a piston-cylinder system. The cylinder was vertical and
immersed in the fluid down to a depth of 4 × Dp, where
Dp is the internal diameter of the cylinder. The piston
was entrained by a step motor driven by a computer. Vor-
tex rings were produced by translating the piston from a
height Z i to a height Z f (corresponding to a stroke length
L = Z f − Z i) with a given velocity Vp. Acceleration and
deceleration phases were short enough so that Vp could be
considered as constant during the displacement. The mini-
mum time interval between two experiments was fixed to at
least 20 min in order to let the fluid come to rest before the
start of a new sequence. In this study, the final position of
the piston is chosen to be at the exit section of the cylinder.
The vertically downward z-axis coincides with the centerline
of the cylinder, and the nozzle exit plane marks the origin
z = 0.

The internal and external diameters of the cylinder are
Dp = 21 mm and 25 mm, respectively. The immersed end of
the tube was shaped to form a wedge with a tip angle θ = 45◦

on the outer wall (Fig. 2). The dimensions of the tank were
L × W × H = 24 × 24 × 60 cm3. Solutions of xanthan gum
(G1253, Sigma-Aldrich) were used as shear-thinning fluids.
They were prepared by dispersing the polymer in distilled
water and then left under mild stirring for 24 h before use. Two
concentrations were used: 0.02% (X1) and 0.04% (X2). Rheo-
logical characterisations were conducted on a Mars III rheome-
ter (Thermo Sc.) equipped with a cone and plate geometry
(60 mm diameter, 2◦ angle). Xanthan solutions exhibit non-
Newtonian shear-thinning behavior with a Newtonian plateau
for the low shear rates. Measurements of elastic (G′) and vis-
cous (G

′′

) modulus confirmed that elasticity was negligible for
both solutions: the ratio of G′ to G

′′

was 0.1 at 0.01 Hz and 0.46
at 1 Hz for X2 fluid. No measurements were possible beyond
1 Hz because of too strong inertia effects in these low-viscosity
fluids.

A Carreau-Yasuda model was fitted on the dynamic
viscosity data,38

η = η0
[
1 + (λγ̇)a ] n−1

a , (1)

FIG. 1. Sketch of the experimental setup.



FIG. 2. Piston-cylinder system for vortex ring generation.

where η0 is the dynamic viscosity of the Newtonian plateau
and n is the classical power-law index for the shear-thinning
region. Parameters were adjusted on the shear rate range
[0.01 s−1; 300 s−1], and values are reported in Table I. Also
reported are the quantities k = η0λ

n−1 and γ̇0 = 1/λ which
are the consistency (power-law region) and the shear rate for
transition between Newtonian and shear-thinning behaviors,
respectively.

The two xanthan solutions exhibit a Newtonian plateau
for low shear rates and a shear-thinning behavior for higher
ones. The transition occurs for the critical shear rate γ̇0 = 1/λ,
where λ can be interpreted as a characteristic time of the fluid.
The Carreau number Cr is defined as the product of λ by a
characteristic shear rate of the flow.39,40 Using the wall shear
rate in the cylinder for a power-law fluid,41 the Carreau number
writes

Cr = λ

(
3n + 1

n

)
2Vp

Dp
. (2)

Note that the Newtonian case corresponds to Cr = 0. Cr values
are reported in Table II. It can be noticed that the wall shear rate
during injection is expected to be higher than the value used
for the Cr calculation since the profile in the cylinder is not
established (see Sec. III A). Therefore, the Carreau number is
systematically underestimated. Since Cr is significantly higher
than 1, even in the case Re = 30, it can be affirmed that the fluid
is actually characterized by a shear-thinning behavior during
the injection phase for all the cases studied here.

TABLE I. Rheological parameters of the test liquids.

Fluids (%) η0 (Pa s) n (�) λ (s) a (�) γ̇0 (s�1) k (Pa s�n)

X1 (0.02) 0.0081 0.76 2.1 3 0.48 0.0068
X2 (0.04) 0.023 0.65 2.06 1.1 0.49 0.0178

TABLE II. Values of the Carreau number for the present parametric study.

Re 30 60 90 200 300

X1 (0.02%) 7.4 12 19 32 42
X2 (0.04%) 13 22 30 61 81

A mineral oil (Marcol 82, Exxon Mobil) was used as a
Newtonian reference fluid for comparison (with a viscosity
of 0.03 Pa s at 20 ◦C). Experiments were performed at room
temperature, and the viscosity changes were compensated by
the adjustment of the piston velocity.

For the Newtonian case, the Reynolds number Re
= ρVpDp/η is defined from the operational conditions for
the piston in the cylinder, where η is the dynamic viscos-
ity of the fluid. A generalized Reynolds number is used for
shear-thinning fluids, which is based on the extension to power-
law fluids of the classical friction rule in cylindrical tubes
f = 16/Re,41

Reg = 81−n
(

4n
3n + 1

)n ρV2−n
p Dn

p

k
. (3)

The choice of this generalized Reynolds number as a control
parameter of the vortex ring generation process is consis-
tent with the previous observation that the fluid has a shear-
thinning behavior during the injection phase (Carreau number
larger than unity for all the cases studied here). The stroke-
to-diameter ratio Lp/Dp was set to 3, which is an intermediate
value sufficient to generate a vortex ring while ensuring that
only one vortex ring is produced.22,42 Lengths and veloci-
ties are nondimensionalized by Dp and Vp, respectively. The
dimensionless quantities are hereafter identified by a super-
script ∗. Time is consequently non-dimensionalized by Dp/Vp.
Therefore, t∗ = Lp/Dp = 3 corresponds to the stopping time of
the piston, which starts moving at t∗ = 0.

A Particle Image Velocimetry (PIV) technique was used
to determine the velocity field. The PIV system was com-
posed of a CCD camera (PCO 2000, 2048 × 2048 pixels)
and a Nd-YAG laser (Quantel Twin CFR 200, 200 mJ) gen-
erating a laser sheet. The laser and camera were controlled
via a synchronizing unit, designed in the laboratory, which
receives a trigger signal from the piston when it starts. The
laser sheet was carefully positioned in a vertical diametrical
plane of the cylinder and orthogonal to the tank wall. The cam-
era axis was horizontal and perpendicular to the laser sheet.
The fluid was seeded with Orgasol polyamide spheres of 60 µm
diameter. Velocity fields were computed using the PIVIS soft-
ware developed in the laboratory.43 The algorithm is based on
a 2D FFT cross-correlation function implemented in an itera-
tive subpixel interpolation scheme. The flow was analyzed by
cross-correlating 50% overlapping windows of 32× 32 pixels.
This procedure yields velocity field of 127 × 127 vectors and
a spatial resolution of 0.64 mm, based on the cross-correlation
window size. Data were analyzed to check that no peak-locking
phenomenon was present.

The velocity field quality was improved by performing
the two following operations: (i) a preprocessing of the images
before PIV calculation (correction of gray levels and subtrac-
tion of the local average level of gray) and (ii) an averaging
of the velocity fields obtained for five realizations of the same
sequence. Moreover, false vectors were identified by compar-
ing average and instantaneous velocity fields, and they were
removed for a second averaging stage.

PIV measurements provided the radial (V r) and vertical
(or axial, V z) components of the velocity field. The azimuthal
velocity component V θ was zero because of the rotational



symmetry. These data were used to compute the azimuthal
vorticityω = V r ,z − V z ,r . The shear rate γ̇ was computed from
the components of the strain rate tensor D = 1

2 (∇V + ∇VT ).
Its general form is γ̇ = [2 tr(D2)]1/2, where tr denotes the
trace. Assuming axisymmetry, the computation of the shear
rate in a plane containing the axis of symmetry requires
only the radial and axial components of the velocity field,
γ̇ = [2 V2

r,r + 2 V2
r /r

2 + 2 V2
z,z + (Vr,z + Vz,r)2]1/2.

The vortex ring position was defined by the vertical loca-
tion Z∗(t) of the point where the axial velocity on the axis
V ∗z (r∗ = 0, z∗) is maximum. Then one can define a relative
frame of reference based on the propagation speed of the vortex
ring. In this relative frame of reference, the vortex ring diameter
D was measured as the distance between the two stagnation
points at the center of the closed instantaneous streamlines
around the vortex ring core. It is noteworthy that this charac-
terization method exclusively based on the velocity field avoids
the classical problems associated with the post-processing of
the vorticity field, whose signal-to-noise ratio usually makes
difficult the detection of the vortex core center in a robust and
objective way.

III. RESULTS
A. Velocity at the cylinder exit during the vortex
ring generation

The time evolution of the axial velocity profiles near the
cylinder exit (z∗ = 0.1) is presented in Fig. 3 for a vortex ring
generated in the X2 fluid. When the piston starts, the velocity
profile is flat (t∗ = 0.93) and then progressively tends toward
a Poiseuille profile. The theoretical maximum value of axial
velocity corresponding to the exact steady solution for the
present fluid (n = 0.65) is equal to 1.79. This theoretical value
is almost reached at t∗ = 1.87. As the piston approaches the exit
section, the trend is reversed and the jet flow at the exit tends
toward a top-hat velocity profile (t∗ = 2.58 and 2.81). Once the
piston has stopped (t∗ > 3), the velocity profile quickly goes
to zero. Outside the cylinder (r∗ > 0.5), a counter-flow can be
observed at the beginning of the piston movement (V ∗z < 0 for

FIG. 3. Time evolution of the axial velocity profile near the cylinder exit
(Z∗ = 0.1) for fluid X2 (n = 0.65) at Reg = 90. (Note that the symbols do not
mark the data points but are only used to distinguish between the different
curves.)

FIG. 4. Influence of the power-law index n on the axial velocity profile near
the cylinder exit at a given time t? ' 2.56± 5% (Re = Reg = 90). (Note that the
symbols do not mark the data points but are only used to distinguish between
the different curves.)

t∗ = 0.93). This phenomenon is reversed at later times, and the
entrainment of fluid at the cylinder periphery is then observed
in the jet direction. It is noteworthy that the velocity profiles
at a given time overlap as expected for the different Reynolds
numbers in the range studied here (data not shown).

The influence of shear-thinning is illustrated in Fig. 4,
which presents axial velocity profiles for two different shear-
thinning fluids X1 (n = 0.76) and X2 (n = 0.65) and for
the Newtonian reference case. As expected, the velocity pro-
files are flatter as n decreases. It can be noted that the
power-law index n has a greater influence on this unsteady
situation than on the steady Poiseuille case: the maximum
values for the V (n)

z /V (n=1)
z ratio are 0.866 and 0.845 for

n = 0.76 and 0.65, respectively, in the present case, to be com-
pared to 0.93 and 0.895 for the theoretical steady Poiseuille
profiles.41

B. Vorticity field and instantaneous streamlines

The time evolution of the vorticity field associated with
the generation and propagation of the vortex ring is presented
in Figs. 5 and 6 for the Newtonian reference case and for the X1
fluid, respectively. The instantaneous streamlines in the frame
of reference moving with the vortex ring are superimposed to
the vorticity field for t∗ > 3 (once the vortex ring has detached
from the cylinder exit). Vorticity computation being based on
velocity gradients, experimental errors from the PIV measure-
ments are exacerbated, but we chose not to smooth out (nor
symmetrize) the fields. This allows the level of error to be at
least approximately inferred from the figures.

The observation window in Figs. 5 and 6 is the same
for the different cases, namely, between z∗ = 0 and z∗ = 3.5
and between r∗ = −1.75 and r∗ = +1.75. For both Newtonian
and shear-thinning fluids, one can observe the formation of
an axisymmetric coherent structure associated with the ejec-
tion and roll-up of the vortex sheet generated at the boundary
layer on the inner side of the cylinder. It is noteworthy that no
azimuthal instability has been observed for the present range
of Reynolds numbers, regardless of the nature of the fluid (in
a Newtonian fluid, such instabilities are actually expected to



FIG. 5. Time evolution of vorticity
field and instantaneous streamlines in
the vortex ring frame of reference for
the Newtonian case (Re = 60).

be inactive for Re < 6007). Therefore, the vortex rings are
expected to be intrinsically axisymmetric, at least within exper-
imental errors. This point can be checked in Figs. 3–6 that
display both parts of the symmetry plane. The observed sym-
metry is not a full guarantee of axisymmetry, but it gives some
reasonable confidence in the structural axisymmetry of the
flow.

In the Newtonian case at Re = 60 (Fig. 5), the vortex
ring propagates across the observation windows at a constant
speed. The same behavior is observed for the shear-thinning
fluid at generalized Reynolds numbers from 200 down to 90
(Fig. 6). By contrast, the scenario is different at lower Reynolds
numbers in the shear thinning case (Reg = 60 and Reg = 30,
Fig. 6): the vortex ring slows down and eventually stops while

FIG. 6. Time evolution of vorticity
field and instantaneous streamlines in
the vortex ring frame of reference for
the X1 fluid (n = 0.76) at different
generalized Reynolds numbers.



FIG. 7. Time evolution of the vortex ring position in the X2 fluid (n = 0.65)
for different Reynolds numbers.

its diameter increases. These points are examined in detail in
the next sections.

C. Vortex ring propagation

Figure 7 presents the time evolution of the vortex ring ver-
tical position Z∗ for the X2 fluid (n = 0.65) and for generalized
Reynolds numbers from 300 down to 30. The vortex ring posi-
tion has been observed to evolve monotonously in the present
range of Reynolds numbers. In a first stage, the propagation is
similar for all Reg and coincides with the piston velocity (slope
1 with the present scaling). For the largest Reynolds numbers
(200 and 300), the vortex ring later reaches a quasi-constant
propagation speed, close to half the piston velocity (dashed
line with slope 1/2 in Fig. 7). As for Newtonian vortex rings,
this velocity is controlled by the inertial scales, namely, the
piston diameter and velocity, and is therefore expected to be
independent of the Reynolds number in the inertial regime.
This is different when the flow approaches the viscous regime,
as seen in the present study for Reynolds number 90 and lower.
The vortex ring progressively slows down before it eventually
stops at a distance which decreases as the Reynolds number is
lowered.

The influence of the rheological nature of the fluid on this
dynamics at low Reynolds numbers is illustrated in Fig. 8. At
Re = 90 [Fig. 8(a)], the first stages are similar for all fluids.
During the formation phase around t∗ = 3, the vortex ring
advances with the piston velocity (slope 1). For this Reynolds

FIG. 9. Evolution of the vortex ring diameter as a function of its axial position
in fluid X2 (n = 0.65) for different Reynolds numbers.

number, the flow has some inertia and this generation phase
is followed by a propagation of the vortex ring at a similar
speed close to half the piston velocity (slope 1/2), as classically
observed at least in Newtonian fluids.20 After t∗ ∼ 6, viscous
cross-diffusion alters the circulation of the vortex ring. For this
reason, the vortex ring begins to decelerate in all cases but in
a way which seems to differ with the power-law index.

This last trend is more noticeable at a lower Reynolds
number of 30 [Fig. 8(b)], for which the last stage of the vor-
tex ring evolution is visible in the measurement window. For
this relatively low Reynolds number, the generation process is
almost instantly followed by a deceleration phase after t∗ ∼ 4,
whose rate is affected by the power-law index: the shear-
thinning nature of the fluid tends to slow down the vortex ring,
which reaches shorter distances for decreasing values of n.
Palacios-Morales and Zenit29 observed a similar trend in their
experiments, namely, more important slowdown and shorter
propagation distances for decreasing Reynolds numbers and/or
power-law index. It should be noted that reducing the rheol-
ogy of the different fluids solely to the power-law index may be
misleading since the diffusion regime analyzed here coincides
with a decay of the shear rate. The shear rate is expected to
decrease eventually below the critical value γ̇0, and therefore,
the subsequent dynamics of the vortex ring tends ultimately to
become Newtonian in nature, with a constant viscosity cor-
responding to the value η0 of the Newtonian plateau (see
Sec. III E for a further discussion on this point).

FIG. 8. Time evolution of the vortex
ring position for different fluids at Re
= Reg = 90 (a) and 30 (b).



FIG. 10. Evolution of the vortex ring diameter as a function of its axial
position for different fluids at Re = Reg = 30.

D. Vortex ring size

The evolution of the vortex ring diameter as a function
of z∗ is displayed in Fig. 9 for the X2 fluid (n = 0.65) and
for generalized Reynolds numbers from 300 down to 30. In a
first stage, the vortex ring diameter for all Re is approximately
constant around the same mean value close to the cylinder
diameter. For the largest Reynolds numbers (200 and 300), the
vortex ring diameter slowly increases but remains of the order
of the cylinder diameter. At lower Reynolds number (90 and
below), the evolution is radically different. The vortex ring
undergoes a dramatic increase in its size as it slows down and
eventually stops. This increase in diameter is more pronounced

when the Reynolds number is lower, corresponding to shorter
propagation distances.

The influence of the rheology on this phenomenon is illus-
trated in Fig. 10, which displays the evolution of the vortex
ring diameter for different fluids for a Reynolds number of 30.
The initial stage of the vortex ring evolution shows no influ-
ence of the power-law index on the diameter, until z∗ = 1. By
contrast, once the vortex ring has propagated over approxi-
mately one diameter, the evolution differs from one fluid to
another. As previously, there is a direct correlation between
the slowdown of the vortex ring and the increase in its diam-
eter. A smaller power-law index seems to promote the growth
of the vortex ring, which displays larger and quicker diameter
growths for decreasing values of n (as pointed out at the end
of Sec. III C, recall however that reducing the rheology to the
power-law index only may be misleading). It is noteworthy
that Palacios-Morales and Zenit29 made similar observations
in their experiments.

E. Shear rate field

With a view to deepening the analysis, the spatial distri-
bution of the shear rate in the X2 fluid is displayed in Fig. 11
for different times at Reg = 200, 90, and 30. Shear rate compu-
tation being based on velocity gradients, experimental errors
from the PIV measurements are exacerbated, but we chose
not to smooth out (nor symmetrize) the fields. This allows
the level of error to be at least approximately inferred from
the figures. The shear rate of transition between the Newto-
nian plateau and the shear-thinning behavior is γ̇0 ∼ 0.5 s−1

(see Table I), and therefore the non-Newtonian regions are

FIG. 11. Time evolution of the shear
rate field and instantaneous streamlines
in the moving frame of reference, for the
X2 fluid (n = 0.65) at Reg = 200 (a), 90
(b), and 30 (c).



FIG. 12. Comparison of the evolution
of the vortex ring position (a) and diam-
eter (b) for the X2 fluid at Reg = 60 and
in the Newtonian case at Re = 60 and
Re = 30.

highlighted in red and yellow with the present colormap. The
gray levels correspond to a Newtonian behavior associated
with the constant viscosity plateau for shear rates lower than
γ̇0. As observed in Figs. 11(a) and 11(b), the whole flow asso-
ciated with the generation and propagation of the vortex ring
at Reg = 200 and 90 is subjected to shear-thinning, at least
for the times displayed. This non-Newtonian behavior is ini-
tially the most pronounced in the shear layer emanating from
the boundary layer detaching from the cylinder inner wall,
before becoming progressively more prominent at the front of
the developing vortex ring. By contrast, there is a minimum
of shear rate on the axis between the vortex centers, where
cross-diffusion of vorticity takes place.

For these large values of Reynolds number, the shear-
thinning behavior of the fluid and the subsequent large spatial
variations of viscosity have no significant influence on the vor-
tex ring propagation, whose speed can be qualitatively inferred
from Figs. 11(a) and 11(b) to approximately half the piston
velocity, and is therefore similar to the Newtonian reference
case (see also Sec. III C). Indeed, even if viscosity displays
strong variations in the vortex ring, the flow is dominated by
inertia: since the propagation speed does not depend on viscos-
ity for Newtonian vortex rings at large Reynolds numbers, it is
consistent that the spatial variations of viscosity do not affect
the vortex ring velocity for these inertia-dominated cases.

The scenario is radically different for Reg = 30. During the
generation phase [see Fig. 11(c) for t∗ = 2], shear-thinning is
present in the shear layer of the impulsive jet at the exit of the
cylinder (which justifies the present choice of the generalized
Reynolds number Reg as a control parameter for the vortex
ring generation). But inertia is low at such a Reynolds num-
ber: the vortex ring instantly slows down, the shear rate rapidly
decreases below the critical value γ̇0 ∼ 0.5 s−1, and viscosity
reaches the constant value η0 associated with the Newtonian
plateau. For t∗ = 4 and later, the whole flow therefore behaves
as a Newtonian fluid. It is then expected that the last stage of
the vortex ring before complete viscous dissipation is free of
non-Newtonian effects and that the associated dynamics corre-
sponds to a more relevant Reynolds number Re0 = ρVpDp/η0

which might be significantly different from the generalized
Reynolds number Reg defined initially.

This conjecture has been confirmed by analyzing the end-
of-life dynamics of a vortex ring generated in the X2 fluid
at a generalized Reynolds number of 60. Its trajectory after
t∗ ∼ 5 is very different from that of a Newtonian vortex
ring generated at the same Reynolds number [see Figs. 12(a)

and 12(b)]. But if the Reynolds number of the non-Newtonian
vortex ring is now defined with the viscosity corresponding to
the Newtonian plateau (here Re0 ∼ 22), then the comparison
with the evolution of a Newtonian vortex ring generated at a
similar Reynolds number (Re = 30) is much more adequate.
This result illustrates the fact that the end-of-life of shear-
thinning vortex rings reaches ultimately a diffusion regime at
a constant viscosity corresponding to the Newtonian plateau.

In that context, the influence of the rheology on the time
evolution of the vortex ring position as displayed at Reg = 30
in Fig. 8(b), for instance, can now be interpreted more clearly.
The shear rate of the X2 fluid is observed to fall below the
critical value γ̇0 after t∗ ∼ 4 [Fig. 11(c)]. The same holds for
the X1 fluid (data not shown). For this reason, the subsequent
vortex ring evolution after this time is Newtonian in nature, at a
constant viscosity η0. At that stage, the generalized Reynolds
number Reg used as a control parameter for the generation
process is no more relevant and should be replaced by the
Reynolds number Re0 based on η0. In the present case corre-
sponding to Reg = 30, this Reynolds number Re0 is equal to 23
and 14 for the X1 and X2 fluids, respectively. The difference
between the decelerations observed in Fig. 8 is therefore due
to the difference between the values of the Reynolds number
Re0, vortex rings diffusing and stalling sooner for lower Re0.

IV. DISCUSSION AND CONCLUSIONS

This study presents an experimental investigation of the
dynamics of vortex rings generated by using a piston-cylinder
device in shear-thinning fluids. PIV measurements and sub-
sequent post-processing were performed in order to study the
influence of the non-Newtonian behavior of the fluid. More
particularly, experiments at low Reynolds number allowed for
the experimental observation and physical analysis of the flow,
from the generation phase up to the eventual dissipation of the
vortex rings.

In the generation phase, the observations showed that
shear-thinning controls the velocity profile of the jet at the
cylinder exit. It is noteworthy that this result can be inferred
from the Carreau number, which is always larger than unity in
the present study. This justifies the present choice of the gen-
eralized Reynolds number Reg (based on the solution for flows
of power-law fluids in cylindrical ducts) as a relevant control
parameter for the vortex ring generation. After the generation
phase for large Reynolds numbers, vortex rings propagate due
to self-induction: viscosity plays no determinant role in that



process and, consistently, spatial gradients and shear-thinning
do not influence the propagation either. Therefore, the prop-
agation speed is independent of the Reynolds number and of
the power-law index, at least as long as the regime is inertial.
Because of vorticity cross-diffusion on the axis, the circulation
of the vortex ring is expected to decrease progressively, lead-
ing the vortex ring to slow down. This phase is characterized
by a global decrease in the shear rate which eventually falls
below the critical value γ̇0: the shear rate in this final stage
ultimately reaches the Newtonian plateau, corresponding to
a constant viscosity η0. The whole flow therefore behaves as
for a Newtonian fluid with this specific viscosity and with an
effective Reynolds number Re0 which is significantly lower
than the initial generalized Reynolds number Reg used as a
control parameter of the experiment. The results showed that
the vortex ring end of life is indeed that of a Newtonian vortex
ring at a Reynolds number based on the viscosity η0 of the
Newtonian plateau. This Reynolds number Re0 = ρVpDp/η0,
which is known a priori, plays therefore the role of another
control parameter in the description and analysis of the last,
dissipative, phase of the vortex rings in shear-thinning fluids.
Finally, the time at which the transition from shear-thinning to
the Newtonian plateau occurs depends on the initial level of
shear rate compared to the critical shear rate γ̇0. Therefore, the
time and position of the slowdown and of the ultimate New-
tonian dissipation phase are also controlled by the Carreau
number.
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APPENDIX: SCALING LAW FOR THE VORTEX
RING POSITION

Following one referee’s suggestion, we have tested a scal-
ing of the form Z∗Rem

g for the time evolution of the vortex ring
position displayed in Fig. 7. The best fit for the low Reynolds
numbers 30, 60, and 90 using this change of variable was
obtained for m ∼ −0.4 (data not shown). This result cannot be
linked to any obvious scaling law (like a viscous one, which
would correspond to m = −1), and more importantly, it was
not possible to find a satisfactory fit for all Reynolds numbers.
This lack of a well-defined scaling law is probably due to the
different physical regimes that should be taken into account:
a propagation stage (which is expected to be mainly inertial
and therefore Reynolds-independent) followed by a diffusion
phase (which depends on the Reynolds number based on the
viscosity of the Newtonian plateau). Therefore, this last stage
depends also on the Carreau number, which compares a char-
acteristic shear rate of the flow to the transition shear rate
between the Newtonian plateau and the shear-thinning region.
In this context, a scaling law for the position only and based
solely on the Reynolds number is not expected to be found.
A more complex form of the scaling law could be sought,
but the present paper focuses on low Reynolds numbers (the
final diffusive stage of the vortex rings at Reynolds numbers

200 and 300 is not quantitatively available with the experimen-
tal setup used in the present study), and this range of Reynolds
numbers is certainly too limited in the hope of finding a robust
and convincing scaling law.
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variable,” Ph.D. thesis, University of Pierre and Marie Curie, Paris 6, France,
2006.

6D. An, A. Warning, K. G. Yancey, C. T. Chang, V. R. Kern, A. K. Datta, P. H.
Steen, D. Luo, and M. Ma, “Mass production of shaped particles through
vortex ring freezing,” Nat. Commun. 7, 12401 (2016).

7T. Maxworthy, “The structure and stability of vortex,” J. Fluid Mech. 51,
15–32 (1972).

8B. N. Didden, “On the formation of vortex rings: Rolling-up and production
of circulation,” Z. Angew. Math. Phys. ZAMP 30, 101–116 (1979).

9A. Dazin, P. Dupont, and M. Stanislas, “Experimental characterization of
the instability of the vortex rings. Part I: Linear phase,” Exp. Fluids 40,
383–399 (2006).

10A. Dazin, P. Dupont, and M. Stanislas, “Experimental characterization of
the instability of the vortex rings. Part II: Non-linear phase,” Exp. Fluids
41, 401–413 (2006).
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