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Using Micro-Particle Image Velocimetry (µPIV), the convective flow inside a silicone oil droplet was investigated in
details during its formation in coaxial capillaries under co-flow in a water/glycerol mixture continuous phase. The
analysis of µPIV measured flow field revealed that two characteristic flow areas exist in the droplet in formation: an
inflow zone and a circulation zone. The intensity of vortex flow in these zones was estimated by calculating the average
angular velocity of these vortices under the condition of no shear for different dispersed phase and continuous phase
flow rates and for different viscosity ratios between the two phases. The evolution of the vortex flow pattern inside the
droplet was investigated thoroughly all the way from the step of their formation to the step of free-moving droplet. The
results of this study are important for understanding the mixing processes inside the droplet at different stages of its
formation.

I. INTRODUCTION

The dynamic behavior of droplets under various flow condi-
tions has attracted the attention of researchers for many years,
since the classical works of Rayleigh1 and Taylor2. A re-
newed interest in these studies arose with the development of
microfluidic technologies aiming at producing monodisperse
microdroplets. The excellent optical access that they provide
made it possible to study the formation of droplet under con-
finement3–14, as well as to use new experimental techniques,
such as Micro-Particle Image Velocimetry (µPIV)15–23. The
dynamic response of microdroplets is controlled by a set of
parameters such as flow rates, capillary forces, rheological
properties of dispersed and continuous phases, etc. Due to
the high surface to volume ratio, heat transfer between micro-
droplets and the continuous phase is quite efficient. For the
same reason of high surface-to-volume ratio, the heat trans-
fer between the continuous phase and the microsystem is also
very good, which results in an excellent control of the tem-
perature in these systems. Using a microdroplet as a microre-
actor leads to a number of advantages over a microchannel
filled with the reacting media24–30. On the foremost is the
faster mixing of liquids achieved inside the microdroplet com-
pared to the sluggish diffusion of species in the microchannel.
Hence, microdroplets were used in chemical and biological
analysis31–34, synthesis of solid microparticles 35–37, cytome-
try38–44, screening disease, etc. Such a wide diversity of appli-
cations for microdroplets poses new challenges, which imply
that the peculiarities of fluid flow in a microdroplet have to be
well known. Solving for these problems requires first to un-
derstand the dynamics of flow pattern in a microdroplet during
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formation. It should be noted that various applications require
different flow patterns within the droplet. For instance, an in-
tense vortex flow within a microdroplet can accelerate chem-
ical reactions due to the efficient mixing of reagents. On the
other hand, this flow character could destroy some biological
objects like cells. Therefore, the study of the flow pattern in
a microdroplet under different flow conditions is an important
challenge45.

With regard to microfluidics, the peculiarities of fluid mo-
tion in a microdroplet when flowing in microchannels of dif-
ferent shapes as well as during its formation in various de-
vices are of special interest. Several papers are focused on
the study of fluid motion in a microdroplet while flowing
in a rectangular microchannel. It was shown that in such
channels a rather complex vortex flow can be generated in a
microdroplet, which structure depends on capillary number
Ca = ηcUc/σ , where ηc and Uc are respectively the viscosity
and the average velocity of the continuous phase, and σ the
interfacial tension46–52. In particular, for a slightly stretched
droplet with a relative length of β = A/w = 1.4 (A is the
largest droplet size and w the cross section dimension of the
microchannel) two critical capillary numbers, separating the
flow structure into three types were identified48: (i) a pair
of elongated counterrotating vortices is formed near the side
walls of the rectangular channel at small capillary numbers,
as well as two pairs of counterrotating vortices in the central
droplet crossection, (ii) a small increase in capillary number
leads to only two outer vortices, and (iii) a further increase
in capillary number results in reduction of the last vortices
shifting them towards the channel axis. The flow pattern of
longer droplets (β > 2) slightly changes47. If a similar sym-
metric pair of vortices is observed at small capillary numbers,
increasing the capillary number leads to the formation of an
additional pair of vortices at the caps of a droplet, i.e. the two-
vortex flow structure transforms into a system of six vortices.
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FIG. 1. Schematic drawing of the co -flow microdevice.

The critical capillary number corresponding to this process
depends on the viscosity ratio of the fluid components. No-
tice that each pair of counterrotative symmetric vortices in the
two-dimensional mid-plane of a droplet reflects the existence
of a three-dimensional toroidal vortex.

When a droplet moves along a curved microchannel, the
vortex pattern inside the droplet becomes more complicated.
This is due to the so-called Dean vortices, which are formed
due to the inertial forces53 and affect significantly the droplet
shape and flow topology in its whole volume54–56. In particu-
lar, the vortex structure becomes considerably asymmetric.

Of particular interest is the study of the evolution of the
vortex structure within a microdroplet during its formation
in different geometries i.e., in a T-shaped capillary, flow-
focusing or co-flow microchannels, in which the flow pat-
terns are significantly different. In the work of57, the flow
field in a microdrop during its formation in a flow-focusing
junction was studied by µPIV measurements at fixed ratios
qd = Qd/Qc = 0.2 and ηd/ηc = 0.2 of flow rates Qd and
Qc and viscosities ηd and ηc of the dispersed and continu-
ous phases, respectively. It was shown that in this case a pair
of symmetrical counterrotating vortices emerges, whose rota-
tion axes are opposite to those of the detached microdroplet
moving freely in microchannel. A similar system was stud-
ied numerically in58. A pair of symmetric vortices emerging
at early stage of microdroplet formation was revealed as well.
Attention was paid to the fact that a flow pattern in a micro-
droplet in formation in the flow-focusing junction and co-flow
microchannels may depend on wetting of capillaries by the
dispersed phase59. The circulation was less intensive in the
surfactant-laden flow-focusing device60. For the same sys-
tem, the flow fields in the jetting mode at small and large cap-
illary numbers were investigated as well61. The vortex flow
inside a microdroplet during its formation in a capillary co-
flow was investigated in more details in62 by means of µPIV
method. It was found that vortex intensity in this case does not
depend on the flow rate of the dispersed phase, but strongly
depends upon interfacial tension, viscosity, and flow rate of

the continuous phase. Flow patterns in a microdroplet dur-
ing its formation in a T-shaped capillary was studied in63,64.
For a significantly different dispersed and continuous phases
flow rates (qd = 0.001), a single vortex formation was ob-
served, which intensity increases and reaches a maximum be-
fore droplet detachment. The mixing efficiency of droplet for-
mation in different T-junction microchannels was also studied
numerically65.

In spite of existing studies, many questions remain open.
For co-flow microchannels, the peculiarities of the vortex in-
tensity and size evolution during microdrop formation at dif-
ferent times require a detailed study. In particular, the corre-
lation between the cross-section area of a neck generated dur-
ing microdroplet formation36,66,67 and the vortex flow pattern
in the droplet is still not a fully solved problem. The issue of
the interrelation of vortex structures both during microdroplet
formation and after its detachment requires attention as well.
In the present work, the above-mentioned problems are con-
sidered for the first time in co-flow microchannels. The vortex
flow in a microdroplet during its formation and after detach-
ment is studied by means of µPIV measurement for differ-
ent flow rates of the dispersed and continuous phases. Ex-
perimental data are analyzed using the free software package
PIVlab68, implemented on the basis of MATLAB®as well as
a simple theoretical model for pure swirling flow excluding
shear flow contribution.

II. EXPERIMENTAL

A. Microfluidic system and materials

The schematic drawing of the microfluidic system used in
this work is depicted in Fig. 1 where a PEEK T-junction was
used to promote the co-flow. A silica capillary with inner
and outer diameters din

d = 150 µm and dout
d = 360 µm, re-

spectively, was inserted into the left side of the T-junction
and used for supplying the dispersed liquid. The continuous
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FIG. 2. Typical raw image of the droplet with seeded particles.

TABLE I. Continuous phase parameters.

Continuous Glycerol volume Kinematic Viscosity
phase number fraction, vol. % viscosity, cSt ratio, m

1 80.27 94 0.053
2 87.45 217 0.023
3 92.7 445 0.011

medium was fed through the orthogonal port of the T-junction
into a coaxial PTFE outer capillary with an inner diameter of
din

c = 1.06 mm. Fluid flow rates were controlled by means of
two syringe pumps (Cetoni, neMESYS 290N).

To minimize optical distortions due to the difference of in-
dex of refraction between the PTFE and air and also caused by
the cylindrical shape of the external PTFE capillary, the latter
was tightly inserted into a PDMS slab with a cylindrical chan-
nel of diameter equal to 1.06 mm (Fig. 1). The PDMS slab
was produced using the SYLGARDT M 184 kit (Dow Corn-
ing), a material often used for microfluidics microsystems.
Due to its high transparency and planar outer surface, such
a slab made it possible to significantly reduce optical distor-
tions. The length of the inner silica capillary was adjusted
so that its tip is located inside the PDMS slab to generate a
co-flow of the dispersed and continuous fluids (See Fig. 1).

Low-viscosity silicone oil with kinematic viscosity of 5 cSt
(Dow Corning, USA) has been used as the dispersed fluid.
The continuous phases were mixtures of distilled water and
glycerol. Their volume fractions and kinematic viscosities are
presented in Table I along with the dispersed to continuous
phases’ viscosity ratios (m = ηd/ηc). The interfacial tension
σ between silicon oil and water/glycerol mixture weekly de-
pends on glycerol concentration69,70. Its mean value is about
30 mN/m. The experiments were carried out at ambient tem-
perature.

For µPIV measurements, silicon oil was seeded with hy-
drophobic polyethylene microspheres of 1-4 µm (Cospheric,
United States) at a concentration of 0.05 wt.%. The micro-
spheres were supplied as a dry powder. The polyethylene par-
ticles were dispersed homogeneously in silicone oil with an
ultrasonic homogenizer (Bandelin, Sonopuls UW 2200).

B. µPIV measurements

We used a Nikon Eclipse TS100 inverted microscope with a
10x/0.25 objective and a Phantom Miro LAB 3a10 high-speed
camera with frame rates between 160–1600 fps which corre-
sponds to interframe time in the range of 0.625 to 6.25 ms.
The exposure time of the measurements was of 5 µs. The
camera resolution was 1280x800 pixels, which allowed to
cover the channel length of 1.7 mm, which corresponded to
the pixel physical resolution of about 1.3 µm. But since we
used these seeding particles for back-light illumination, the
fact that some particles are smaller this resolution did not im-
pact the results of the cross-correlation used for the calcula-
tion of the vector field. Fig. 2 shows a typical raw image
of the seeded droplet during its formation. It can be seen
that the upper and lower parts of the inner and outer capil-
laries are in the focal plane of the microscope and that the
distance between them is the same which indicates coaxial-
ity of the capillaries. This setup allowed investigating flow
patterns in the central section of the droplet. It is worth not-
ing that the depth of field (focal plane thickness) of our op-
tical set-up is very thin. In the case of volume illumination,
it can be estimated as71 δz =

nλ0
NA2 + ne

NA·M , where n is the
refraction index between the objective and the microfluidics
device, λ0 the mean wavelength of white light (on average
550 nm), NA the numerical aperture, i.e. 0.25 for our ob-
jective, M the total magnification of the system (×10 for our
objective), and e the smallest distance that can be resolved
by the camera on the image plane of the microscope (pixel
resolution). The first term in this relationship corresponds to
the depth of field resulting from diffraction effects, and the
second term to contribution from geometrical effects. As a re-
sult, the depth of field is 14 µm, what is more than an order
of magnitude lower than the droplet size. This ensures that by
focusing in the mid-plane, off focus particles will have simi-
lar velocity than in-focus particles and will not perturbed the
accuracy of the measurement. The obtained images were ana-
lyzed using the free software package PIVlab68 implemented
in MATLAB®package.

Note that µPIV analysis of droplet formation is a rather
complex and time-consuming procedure. This is attributed
both to high velocity gradients in a droplet and to spatial vari-
ations in its size and shape. During droplet formation it is nec-
essary to control the time step as well as the investigated area
not only for each experiment, but also for each time moments
within the same experiment since the instantaneous flow field
needs to be measured.

Before data-processing procedure, the Contrast Limited
Adaptive Histogram Equalization filter (CLAHE)72 has been
used for increasing the readability of the image data. For the
cross-correlation part of analysis, the iterative Fast Fourier
Transport (FFT) approach was applied15,73. To do that, the
mean displacement of the seeding particles has been calcu-
lated first based on an Interrogation Area (IA) of 64x64 pix-
els. Then, the initial IA was divided into smaller 32x32 IA’s,
which initial value was taken as the displacement calculated in
the previous step and then calculated again for these smaller
IA and deformed according to the local velocity gradients in
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(a)

(b)

FIG. 3. Flow patterns in the silicon droplet’s central longitudinal sec-
tion: (a) modulus of the velocity vector field, (b) LIC visualization of
streamlines for (i) the original velocity field u, (ii) velocity perturba-
tions u′1, (iii) velocity perturbations u′2, and (iv) high-passed velocity
perturbations u′.

the image. The intensity peak of the correlation matrix in-
side each interrogation area was determined with Gaussian
2x3 point fit function. Note that in the velocity range between
1 to 20 mm/s used in our experiments the relative uncertainty
of displacement measurements15,74,75 of the particle image en-
sembles within IA was ranged from 2 to 6%.

C. Flow field visualization

Analysis of raw images with seeded particles allows deriv-
ing two-dimensional velocity vector field u = (ux,uy) in the
central longitudinal section of a droplet which is in the focal
plane of the inverted microscope. Fig. 3a shows the field of
velocity values in the droplet, coded with a color scale in the
laboratory frame of reference. It can be seen that the velocity
field is significantly inhomogeneous. To see flow patterns, the
LIC (Line Integral Convolution) visualization technique has
been applied (Fig. 3b), allowing to analyze the flow structure
in the droplet symmetry plane, cutting it into two halves along
its length76. Fig. 3b(i) presents a flow pattern plotted on the
basis of velocity vectors as calculated from µPIV measure-
ments. This image, however, does not allow to see vortex for-
mations. This is due to the fact that the measured velocity field
includes the droplet translational velocity which is attributed
to increasing droplet size and neck stretching. Subtracting the

average droplet velocity from the measured velocity field al-
lows one to visualize the vortex flow in a droplet. The het-
erogeneity of the velocity field shown in Fig. 3a hinders iden-
tification of flow structure within different areas of the mi-
crodroplet. In the given case, a region with reduced velocity
(zone 1) is formed around the droplet center, while a zone with
increased velocity (zone 2) is created close to the neck. In par-
ticular, at flow rates Qc = 0.1 mL/min and Qd = 0.01 mL/min
of continuous and dispersed phases, the mean velocity vec-
tor in zone 1 is equal to ū1 = 0.0015 m/s while in the zone
2 it corresponds to ū2 = 0.004 m/s. Fig. 3b(ii) shows the
streamlines pattern which corresponds to velocity perturba-
tions u′1 = u− ū1. It can be seen that subtracting the mean
velocity ū1 allows us to identify the vortex flow in the zone
1. On the other hand, the flow pattern corresponding to the
velocity perturbation defined as u′2 = u− ū2, is presented in
Fig. 3b(iii). It reveals an eddy flow near the neck (zone 2),
which is almost invisible in Fig. 3b(ii).

Thus, in the case of a highly inhomogeneous velocity distri-
bution in a droplet, subtracting a certain constant velocity in-
evitably leads to the loss of some information about the vortex
flow in it (cf. Fig. 3b(ii) and 3b(iii)). To solve this problem, we
used a high-pass filter for the original vector velocity field: the
mean velocity over some rectangular subdomain is subtracted
from each part of the total velocity field77. In other words, the
low frequency flow patterns should be removed highlighting
the local velocity patterns as vortices. The high-passed flow
pattern is represented in Fig. 3b(iv). As can be seen, the vor-
tex structures of local velocity disturbances are clearly visible
in both zones.

III. EVALUATION OF VORTEX INTENSITY

Visualization of the vortex flow patterns inside the droplet,
however, does not reveal the vortex intensity. Such a quan-
tification can be made from data obtained from µPIV anal-
ysis, allowing to calculate both the two-dimensional velocity
field u = (ux,uy) of the dispersed fluid and the velocity gra-
dient tensor ∇u = (∂xux,∂yux;∂xuy,∂yuy) where the definition
∂iuk ≡ ∂uk

∂xi
was used here. This flow field is measured in the

plane (x,y) of symmetry of the droplet which contains the axis
of symmetry of the droplet as well as the axis of symmetry of
both capillaries (see Fig 3a). This implies that the velocities
orthogonal to the plane of observation are expected to be zero
due to this axial symmetry of the system. The velocity gradi-
ent tensor ∇u contains complete information about deforma-
tion and rotation behavior of fluid elements inside a droplet.
The traditional way to separate strain and rotation is to decom-
pose the velocity gradient tensor into symmetric and antisym-
metric parts as Dik =

1
2 (∂iuk +∂kui) and Wik =

1
2 (∂iuk−∂kui),

respectively. The symmetric D tensor corresponds to the strain
rate tensor while the antisymmetric W one is called the vor-
ticity tensor.

The dual vector of the vorticity tensor ω =
−(Wyzi+Wxzj+Wxyk) is known as the angular velocity
oriented in the principal direction of strain rate tensor D. In
particular, the simple shear flow ux (y) in (x,y) plane includes
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FIG. 4. Field of flow-type parameter Ψ for Qc = 0.1 mL/min and Qd = 0.005 (a), 0.01 (b) and 0.025 (c) mL/min. The dispersed continuous
phase viscosity ratio is m = 0.023.

(a)

(b)

(c)

FIG. 5. Different stages of the formation of a silicone oil droplet co-
flowing with water-glycerol mixture in coaxial capillaries at Qc =
0.1 mL/min, Qd = 0.01 mL/min, and m = 0.023: (a) droplet growth,
(b) neck formation, (c) droplet detachment. Instants time t are ex-
pressed in seconds.

part of rotation of a liquid element with the angular velocity
ω =− 1

2 ∂yux =− 1
2 γ̇ . So, the curl of a velocity is not suitable

for estimating the vortex flow intensity because it does not
distinguish the pure rotational element of the fluid from a
simple shear flow. To solve this problem, various vortex
evaluation techniques were proposed78–83. The most common
ways of estimating the net rotation intensity of a fluid element
are Q and λci criteria81,82. The first consists of determining
the flow domain of an incompressible fluid with a positive

value of the second invariant Q = 1
2

[
tr(∇u)2− tr

(
∇u2

)]
of

the velocity gradient tensor ∇u. In this area, streamlines form
the closed trajectories corresponding to the vortex flow84. The
greater the value of Q, the larger is the rotational intensity of a
fluid. The second criterion requires solving the characteristic
equation λ 3 +Pλ 2 +Qλ +R = 0 for the eigenvalues of ∇u
tensor, where P = −tr(∇u) and R = −det(∇u) correspond
to the first and third invariants of the tensor. For an incom-
pressible fluid, the first invariant P is zero. According to this
criterion, pure rotation takes place when the eigenvalues are
complex-conjugate λ1,2 = λr ± iλci. In this case the period
of a fluid particle orbit is defined by the imaginary part as
2π/λci

84.

However, in a recent work85 it was proved that the Q and λci
criteria are strongly contaminated by shearing. In addition, in
the general case they do not contain information about the vor-
ticity direction. As a result, a new technique was developed to
estimate the vorticity intensity at a given point, which is based
on drawing the so-called rortex vector85–87. The rortex vector
is a part of the vorticity vector representing the rigidly rotat-
ing vector. This vector is not influenced by shear flow while
its direction matches the vorticity direction and its value is
equal to the doubled angular rotation velocity of the selected
fluid element. The procedure of finding the rortex vector con-
sists of two parts: (i) searching the rotation axis and (ii) deter-
mining the angular velocity of the fluid element in the plane
perpendicular to this vector. Since this paper considers the
two-dimensional flow in the central section of a droplet, the
rotation axis is always perpendicular to the flow plane, so the
problem is limited to calculating the value of the rortex vec-
tor, which corresponds to the angular velocity sought. This
method is based on the following statement: the pure rotation
without shear flow modes (swirling flow) of a fluid element
under consideration takes place if and only if the inequality
gz =− ∂xuy

∣∣
θ

∂yux
∣∣
θ
> 0 takes place at any rotation angles θ

of the reference system. The above inequality is satisfied if
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β 2−α2 > 087, where

α =
1
2

√(
∂uy

∂y
− ∂ux

∂x

)2

+

(
∂uy

∂x
+

∂ux

∂y

)2

β =
1
2

(
∂uy

∂x
− ∂ux

∂y

) (1)

in the laboratory frame of reference. As the angular velocity
of a fluid element, the minimum value of ω = ∂ux

∂y

∣∣∣
θ

is con-

sidered87:

ωrort = ωθ ,min =


β −α, if β > 0 and β 2−α2 > 0;
α−β , if β < 0 and β 2−α2 > 0;
0, if β 2−α2 ≤ 0.

(2)

Using such an approach makes it possible to isolate areas of
pure swirling flow as well as to estimate the angular rotation
velocity of any fluid element.

Let’s consider the relative contribution of shear and rota-
tional flow inside the droplet during formation. For this pur-
pose the flow-type parameter Ψ = (|D|− |W|)/(|D|+ |W|)
was introduced where |D| = (DikDik)

1/2 and |W| =
(WikWik)

1/2 are magnitudes of the strain rate and vortic-
ity tensors, respectively (the repeated indices are implicitly
summed). In the case of pure rotational flow Ψ =−1, Ψ = 0
for pure shear flow, and Ψ= 1 for pure plane extensional flow.
Intermediate values indicate a mixed type of flow. The field of
the flow-type parameter Ψ is presented in Fig. 4 for the fixed
flow rate of continuous phase Qc = 0.1 mL/min and different
flow rates of the dispersed phase Qd = 0.005 (a), 0.01 (b) and
0.025 (c) mL/min during the droplet formation. The time mo-
ment for each Qd value is chosen so that volumes of droplets
are consistent. In this figure, the corresponding velocity vec-
tor field is displayed as well. It follows that in the vortex flow
regions the values of parameter Ψ are ranged between –1 and
0, which indicates the mixed type of flow including both ro-
tational and shear components. It is seen that as the flow rate
of the dispersed phase Qd increases, the contribution of shear
flow in the vortex zones decreases. The evidence of the mixed
type of flow in the vortex zones may be a reason for an incor-
rect estimation of intensity of pure vortex flow. Taking this
into account, we used another method based on the estimation
of the rortex vector values allowing to exclude the shear flow
influence.

IV. RESULTS AND DISCUSSION

A. Stages of droplet formation

Fig. 5 shows evolution of shape and size of a growing
droplet at flow rates Qc = 0.1 mL/min and Qd = 0.01 mL/min,
and viscosity ratio m = 0.023. This process can be subdivided
into the following three stages: (i) droplet growth (Fig. 5a),
(ii) neck formation (Fig. 5b), and (iii) neck rupture and droplet
detachment (Fig. 5c).

(a)

(b)

FIG. 6. Flow patterns in a growing droplet of m = 0.023 for Qc =
0.1 mL/min and Qd = 0.025 mL/min: (a) velocity vector and angular
velocity ωrort fields as vortex zones Sup (blue) and Sdown (red), (b)
LIC representation of streamlines. The color scale indicates magni-
tudes and sign of angular velocity ωrort .

The first stage is the longest part of droplet formation pro-
cess (Fig. 5a), where the motion of the droplet center of mass
is driven mainly by its growth. The second stage is related to
the neck formation. This stage is much faster. In this stage the
droplet volume does not virtually change. During this stage
the droplet starts moving away from the inner capillary under
the action of the flowing continuous phase while the neck is
stretching and thinning (Fig. 5b). The third stage includes the
rupture of the neck and the droplet detachment and its mo-
tion along the outer capillary (Fig. 5c). It can be seen that
right after the detachment the droplet takes a pointed shape at
the neck junction, which then quickly transforms into a steady
shape.
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FIG. 7. Evolution of the vortex flow intensity Iω (a) and vor-
tex flow patterns (b) during drop formation at Qc = 0.1 mL/min,
Qd = 0.025 mL/min, and m = 0.023. The numbers of the flow pat-
terns correspond to the numbers of the circle symbols.

B. Vortex flow patterns during droplet formation

1. Droplet growth stage

Fig. 6 shows typical flow patterns within a growing droplet
and presents the velocity vector field (Fig. 6a) and streamlines
in the LIC presentation (Fig. 6b). Symmetrical counterrotat-
ing vortex rings are observed in the upper and lower parts of
the central longitudinal section of the droplet. The vortex ro-
tates clockwise in its upper part and counterclockwise in the
lower part. It is reasonable to assume that due to the capillary
axial symmetry, a similar flow vortex structure takes place in
an arbitrary central longitudinal cross-section suggesting the
formation a toroidal vortex.

Figs. 6a and 6b illustrate the angular velocity field ωrort of
pure swirling flow calculated according to Eqs. (1) and (2).
The white field in Fig. 6a corresponds to the entire lack of
swirling flow, while the blue and red colors indicate clockwise
and counterclockwise rotation, respectively. These areas are

consistent with the velocity vector field and the shape of the
streamlines, indicating fluid motion along closed trajectories
(Fig. 6b). It is seen that values of the angular velocity ωrort are
distributed inhomogeneously in these areas. For this reason,
the average angular velocities in both of areas Sup and Sdown
were estimated:

ω̄up =
1

Sup

∫
Sup

|ωrort |dS,

ω̄down =
1

Sdown

∫
Sdown

|ωrort |dS.
(3)

Obviously, due to the axial symmetry of the system, the ob-
tained mean angular velocities should be nearly equal, while
the difference between them is due to measurement errors. To
smooth out such errors at any time moment, we introduced the
following mean parameter

Iω =
1
2
(ω̄up + ω̄down) , (4)

which will be named ‘the intensity of the vortex flow’. The
LIC representation of the streamlines (Fig. 6b) shows clearly
that during droplet formation, the corresponding flow field in
it can be subdivided conditionally into the inflow and circu-
lation domains. The boundary between them is represented
by the line including a stop point where elongational flow is
important (see the dotted line in Fig. 6b).

Dependence of vortex flow intensity Iω in a droplet on the
dimensionless time t̃ = t/T is displayed in Fig. 7 (T is the
time at droplet detachment). In this case flow rates of contin-
uous and dispersed phases were taken as Qc = 0.1 mL/min and
Qd = 0.025 mL/min, and the viscosity ratio between the dis-
persed and continuous phase is m = 0.023. Numbers denote
time moments corresponding to LIC representations of flow
patterns given below. It follows from here that in the begin-
ning a vortex-free flow is generated in the growing droplet (see
flow pattern 1 in Fig. 7). As the droplet size increases, a circu-
lation zone occurs where vortex flow intensity Iω sharply in-
creases, reaches a maximum value, and then slowly decreases.
Just before the droplet detachment, the vortex intensity in the
circulation zone drops down, while a new pair of symmetric
vortices is formed in the vicinity of the neck (see flow pat-
tern 5). These vortices will be considered in more details in
sections IV B 2 and IV C.

It is worth noting that at different flow rates Qd of the dis-
persed phase, the size of the circulation zone for the same vol-
ume (Qd1t1 = Qd2t2 = Qd3t3) of growing droplets is variable.
It is observed in Fig. 8 at the given flow rate Qc = 0.1 mL/min
of the continuous phase for three relative flow rates of the dis-
persed phase qd = 0.01, 0.05 and 0.25. It is seen that increas-
ing Qd leads to decreasing area of the circulation zone and, on
the contrary, increasing inflow zone area. Therefore, the ob-
served growth of the inflow zone allows one to conclude that
the flow structure to the left of the stop point is caused mainly
by feeding the drop with dispersed liquid coming from the in-
ner capillary.
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FIG. 8. LIC representation of flow patterns in droplets formed at a given continuous phase flow rate Qc = 0.1 mL/min and different relative
flow rates of the dispersed phase qd = 0.01 (a), 0.05 (b) and 0.25 (c). The viscosity ratio between the dispersed and continuous phase is
m = 0.023.

For a more quantitative investigation of vortices present
during droplet formation, the velocity of the droplet’s front
point as well as flow velocities along the vortex streamlines
were estimated. To do so, we assumed that a droplet takes
a spherical shape at each time. The fluid velocity field in a
droplet is formed due to its feeding by the dispersed fluid as
well as by the motion of the continuous phase which is apply-
ing shear stress on the droplet interface. An increase of droplet
volume affects the radial velocity components, whereas the
flow of continuous phase induces motion of the dispersed fluid
in the tangential direction. Taking into account that the vol-
ume of a growing droplet is equal to Vd (t) = Qdt, its radius
can be estimated as

rd(t) = (kQdt)1/3 , (5)

where k = 3/4π for a spherical droplet. Fig. 9 shows the
measured time dependencies of the droplet radius for four dis-
persed phase flow rates Qd = 0.005, 0.01, 0.025, 0.05 mL/min
and two continuous phase flow rates Qc = 0.1 (Fig. 9a) and
0.2 mL/min (Fig. 9b). It can be seen that increasing the dis-
persed phase flow rate leads to a noticeable decrease of the
droplet formation time T (Fig. 9c, solid curves) and an in-
significant increase of its size rd(T ) at the detachment mo-
ment from the inner capillary (Fig. 9c, dashed curves). The
results obtained are in agreement with the numerical simula-
tions and experimental data from the literature36,63. The intro-
duction of the dimensionless length r̃d = rd/rd (T ) transforms
Eq. (5) to the following dimensionless form

r̃d
(
t̃
)
= t̃1/3, (6)

which is independent of the continuous and dispersed fluid
flow rates. Converting the experimental data in Figs. 9a and
9b to a dimensionless form results in a master curve for
any continuous and dispersed phase flow rates Qc and Qd
(see Fig. 9d). The master curve agrees well with the red
dashed curve obtained from Eq. (6). The experimental data
are slightly below the theoretical predictions after the time
t̃ > 0.6. This is caused by the assumption of spherical droplet
shape. The difference is seen in the inset of Fig. 9d showing

that a small portion of the dispersed fluid (highlighted in red)
is outside the sphere most adjacent to the droplet interface.

The experimental time dependence of the ratio Ũ f p =
U f p/Uc of the droplet’s front point (red dot in the inset) ve-
locity U f p to the average velocity Uc =

4Qc
πd2

c
of the continuous

phase is presented in Fig. 10. It is seen that at the beginning of
the droplet formation the dimensionless velocity Ũ f p is quite
high but then quickly decreases, and before the detachment (at
the moment t̃ ∼= 0.9) this velocity increases again.

Before the neck formation, the motion of the droplet in-
terface is mainly associated with the growth of its volume
(see Figs. 5 and 7). For this time interval, the interface ve-
locity can be estimated from Eq. (5): Ur (t) = drd (t)/dt =
1
3 (kQd)

1/3 t−2/3. Taking into account that the droplet leftmost
point is pinned to the inner capillary, the velocity of droplet
center of gravity along the capillary axis coincides with the
droplet swelling velocity Ur, while velocity of the front point
is equal to U f p = 2Ur. The theoretical dependence of the rel-
ative velocity U f p/Uc, on the dimensionless time corresponds
to the dashed line in Fig. 10 and quantitatively agrees with the
obtained data. This indicates that in a sufficiently wide time
range, the frontal point velocity of the droplet is controlled
by droplet swelling due to the feeding of dispersed fluid into
the droplet. An increase of the frontal point velocity U f p at
t > 0.9T is related to the neck formation and beginning of the
droplet motion under the action of the continuous phase which
applies a shear stress on the droplet interface due to differ-
ences in mean velocities between the droplet and the continu-
ous phase. This process correlates with reduction in the vortex
flow intensity as shown in Fig. 7.

To study the flow velocity of the dispersed fluid in the vor-
tex zones, variations of the tangential velocity Umax

v were ex-
amined in the upper (solid line) and lower (dashed line) parts
of the droplet (Fig. 11b) along the closed streamlines as a
function of the polar angle Θ (Fig. 11a). The polar angles Θ

were counted from points number 1 (see Fig. 11b) in the range
from 0 to 2π along the highlighted arrows. As can be seen, the
vortex flow velocity reaches its maximums at points 1 and 3
corresponding to Θ = 0 and π while minima are observed at
Θ = π/2 and 3π/2 (points 2 and 4). Since the fluid flow pat-
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FIG. 9. Time dependence of measured droplet size for (a) Qc = 0.1 mL/min (open symbols), and (b) Qc = 0.2 mL/min (filled symbols) for
various dispersed flow rates Qd = 0.005 (squares), 0.01 (triangles), 0.025 (diamonds) and 0.05 mL/min (circles); dependencies of droplet
formation time T (left axis, solid lines, circles) and radius rd(T ) (right axis, dashed lines, triangles) on flow rate Qd of the dispersed phase (c);
dependence of dimensionless droplet size rd/rd(T ) on dimensionless time t/T (d). The red dashed line corresponds to Eq. (6). The viscosity
ratio between the dispersed and continuous phase is m = 0.023.

tern in a droplet is axisymmetric, the differences between the
curves presented comes from measurement uncertainties.

Such inhomogeneous behavior of the dispersed fluid veloc-
ity along the closed streamlines is associated with variations
of the continuous fluid velocity along the droplet interface.
Indeed, the increase in flow velocity in the vicinity of point 1
is attributed to its proximity to the wall of the outer capillary,
where the velocity of the continuous phase is much higher
than the average value. As the angle Θ increases, the local ve-
locity of the continuous phase at the interface decreases due
to its deviation from the main flow direction leading to a no-
ticeable decrease in the fluid velocity in the neighborhood of
points 2 and 4. The maximum of local velocity at point 3
can be explained as follows. The dispersed fluid, which is not
involved in the vortex flow near the interface is directed to-

wards the front point and then rushes into the narrowing area
between the two opposite vortices resulting in a local velocity
increase around points 3 (yellow arrows in Fig. 11b ).

The maximum velocity of the continuous phase flow near
point 1 can be estimated as

Umax
c (t)≈ Qc

π
[
r2

c − r2
d (t)

] , (7)

where rc = 0.53 mm is the outer capillary radius (Sec-
tion II A), and the drop radius rd (t) is defined by Eq. (5).
The condition of velocity continuity at the interfacial bound-
ary along the direction of vortex rotation (Fig. 6a) indicates
that the circulating fluid flow in the drop is formed mainly
under the action of the continuous phase flow. The time de-
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FIG. 10. Dependence of the relative velocity of the droplet front
point U f p/Uc with time for Qc = 0.1 mL/min, Qd = 0.025 mL/min,
and m = 0.023. The circle symbols correspond to the measured data
and dashed line stands for the theoretical estimate.

pendence of Umax
c (t) estimated from Eq. (7) is in qualitative

agreement with the experimental measurements of the maxi-
mum tangential velocity of vortex motion Umax

v1 (t) measured
at point 1 in the process of growing droplets for Qc = 0.1 and
0.2 mL/min and different values of Qd (see Fig. 12a and 12b,
respectively): the slopes of the theoretical and approximated
curves are almost identical.

The fact that the velocity Umax
c (t) is above the velocity

Umax
v1 (t) is explained by the existence of a pure shear flow

layer between vortices and droplet interface (Fig. 4). Such a
layer leads to a reduction of tangential velocity in the vortic-
ity area. Therefore, the flow rate Qd of the dispersed phase
is basically responsible for the radial velocity of the droplet
interface which is related to a volume increase, while the flow
rate Qc of the continuous phase influences the velocity of the
vortex flow. It becomes clear from here that the vortex flow
in a droplet should occur when the tangential velocity, influ-
enced by the continuous phase velocity, dominates over the ra-
dial components. Introducing parameter Ω =Ur/Umax

c , it can
be concluded that the dominating role in flow pattern forma-
tion in a droplet at Ω� 1 is played by the continuous phase,
whereas motion of the dispersed fluid at Ω∼ 1 is determined
by the droplet volume growth.

Fig. 13 presents time dependences of intensity Iω(t) of
pure vortex flow (left axis), and Ω(t) parameter calculated
from the µPIV (right axis), flow field measurements for Qc =
0.1 mL/min and different relative flow rates of the dispersed
phase qd =Qd/Qc, and a dispersed and continuous phases vis-
cosity ratio m= 0.053. It can be concluded that the vortex-free
flow occurs for Ω < 0.5, whereas for Ω > 0.5 vortex-free flow
takes place in the droplet. It can be seen that the vortex-free
flow is formed during a certain initial time interval, which be-
comes longer while increasing the relative flow rate qd of the
dispersed phase (see Fig. 13).

Fig. 13 shows that the average vortex angular velocity

0 /2 3 /2 2

0

0.5

1

1.5

2

2.5

(a)

(b)

FIG. 11. Tangential velocities versus polar angle Θ (a) along the
upper and lower vortex streamlines indicated by the red lines (b). The
solid and dashed lines correspond to the upper and lower vortices,
respectively.

Iω changes weakly in time with regards to the mean value
Iω ≈ 3 s−1 indicated by the horizontal line inherent to Qc =
0.1 mL/min. This is observed especially at small flow rates of
the dispersed phase, corresponding to Ω < 0.1 (Figs. 13a and
13b). In particular, for Qc = 0.1 mL/min and Qd = 0.05 and
0.1 mL/min, the parameter Iω weakly differs from the value of
3 s−1. Apparently, the greater the parameter Ω is, the larger
is the decrease in vortex flow intensity with droplet growth
(Fig. 13c and 13d). Fig. 14 illustrates the influence of the
dispersed and continuous phase viscosity ratio m on the evo-
lution of the vortex flow intensity Iω(t) for different flow rates
Qc and Qd for m = 0.023 and 0.053. It is seen that the in-
tensity of pure swirling flow depends only weakly on the flow
rate Qd of the dispersed phase and stay within measurement
uncertainty. But the intensity of pure swirling flow is deter-
mined by the flow rate Qc of the continuous phase. During
droplet formation a linear relation between the average vor-
tex rotation rate Iω and the continuous phase capillary num-
ber Cac = ηcUc/σ was observed at different viscosity ratios
m = 0.011, 0.023 and 0.053 (see Fig. 15). This is followed
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FIG. 12. Time dependence of Umax
c velocity given by Eq. (7) (solid

lines) and the measured Umax
v velocity in the droplet (circle symbols

and dashed lines) for Qc = 0.1 (a) and 0.2 mL/min (b) at Qd = 0.005
(black) and 0.01 mL/min (red).

by the decrease of Iω with decrease of m (increase of ηc) at a
given capillary number.

To estimate the angular velocity ωrort (t) of the pure
swirling flow during droplet growth, we supposed that the lin-
ear velocity of the vortex outer face is (i) proportional to the
maximum velocity Umax

c of the continuous phase (cf. Eq. (7))
and (ii) inversely proportional to the current droplet radius
rd (t). Taking into account Eq. (5) one obtain

ωrort (t)∼
Umax

c (t)
rd (t)

∼ Qc

rd(t)
(
r2

c − r2
d(t)
) . (8)

This time dependence is plotted in Fig. 16 for m = 0.023,
Qc = 0.1 mL/min and three flow rates of the dispersed phase:
Qd = 0.005, 0.01 and 0.05 mL/min. As can be seen from

this figure, the angular velocity ωrort (t) is very slightly de-
pendent on the flow rate Qd and of the time in the time inter-
val 0.2 < t/T < 1 which agrees with the experimental results
presented in Figs. 13 and 14. This effect can be explained as
follows. Droplet growth is accompanied by an increase in ve-
locity of the continuous phase between the droplet interface
and outer capillary. In turn, this leads to an increase in lin-
ear velocity along the vortex streamlines (Fig. 12) and, conse-
quently, an increase in vortex angular velocity. On the other
hand, the growth of the droplet induces a decrease in the vor-
tex angular velocity due to an increase in the vortex size. From
the obtained results, it follows that for Ω < 0.1 (see Fig. 13)
the reduction of the angular velocity due to the growth of the
droplet is balanced by an increase in velocity of the contin-
uum medium. As a result, vortex flow intensity during droplet
growth almost does not change.

2. Neck forming stage

It was noted above that additional symmetric vortices are
formed in the inflow zone of the droplet at the stage of neck
formation. They can be seen in Fig. 17a as closed streamlines
in the LIC representation at t̃ = t/T = 0.992 for the contin-
uous and dispersed phase flow rates Qc = 0.1 mL/min and
Qd = 0.025 mL/min, respectively. The angular velocity fields
ωrort of the pure swirling flow between inflow and circulation
zones are presented in Fig. 17b as the colored spots: the red
one corresponds to the clockwise rotation while blue color re-
flects the counterclockwise rotation. It is seen that areas and
intensity of the vortices in the inflow zone close to the inner
capillary are visibly larger and directions of their rotation are
opposite to those of the circulation zone.

Fig. 18 shows the time dependence of the average rotational
velocity Iω of vortices in the circulation (black line) and inflow
(red line) zones for Qc = 0.1 mL/min, Qd = 0.025 mL/min for
a dispersed and continuous phase viscosity ratio m = 0.023.
The numbers correspond to the presented flow patterns. It is
seen that the neck formation results in appearance of vortex
flow in the inflow zone. This is accompanied by a sharp in-
crease in the average rotation velocity Iω and a simultaneous
attenuation of the vortex flow in the circulation zone just be-
fore the droplet detachment.

C. Vortex flow patterns after droplet detachment

Fig. 19 shows the time evolution of the pure swirling flow
intensity Iω in a droplet right after its detachment. As earlier,
the parameter Iω was estimated from Eqs. (2) and (3). The
upper inset indicates the vortex zones in the upper Sup and
lower Sdown parts of the droplet. It can be seen that directions
of their rotation correspond to vortices observed in the inflow
zone before the neck rupture (cf. Fig. 17). The flow patterns
presented correspond to the numbered time instants. As can
be observed, at the initial time (image 1) the vortices are lo-
cated in front of the ruptured neck and were formed during
the preceding stage of the neck formation (see Figs. 17 and
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FIG. 13. Evolution of the vortex flow intensity Iω (circle symbols, left axis) and Ω parameter (dashed line, right axis) in a process of droplet
formation for Qc = 0.1 mL/min and different relative flow rates of the dispersed fluid: qd = 0.05 (a), 0.1 (b), 0.25 (c) 0.5 (d). Dispersed and
continuous phase viscosity ratio m = 0.053. The dashed red line corresponds to Iω = 3 s−1.

18). A sharp protrusion remains at the droplet’s interface im-
mediately after the droplet detachment. It leads to a jump of
capillary pressure caused by high local curvature on the free
droplet interface. Under this relatively high pressure, the vor-
tex regions are shifted towards the central part of the droplet
(images 2–6). This is accompanied by a sharp decrease in the
intensity of the vortex flow with the droplet shape converg-
ing to a steady form. This process lasts for one-tenth of a full
droplet formation time.

Due to the high speed process, it is appropriate to consider
the evolution of the vortex flow intensity Iω in logarithmic co-
ordinates (see Fig. 20, left axis). It is seen that this process can
be divided into three stages. In the first stage, there is an in-
tensive damping of the vortices, which were born during neck
formation, including their displacement along the droplet in-

terface. A weak growth of Iω parameter is observed during
the second stage while its attenuation can be seen at the third
stage. Note that observation of the vortex flow at stage III
is limited by the finite microscope field of view (see Fig. 2).
Nonetheless, it is reasonable to suggest that outside this re-
gion, the vortex angular velocity reaches a steady-state value.
It is worth noting that the decay of the vortex intensity dur-
ing the first stage is linear in logarithmic coordinates which
indicates a power dependence on time,

I(I)
ω ∼ t̃−n. (9)

Fig. 21 shows the variations of index n in Eq. (9) with the
dispersed phase flow rate Qd at two flow rates of the continu-
ous medium, Qc = 0.11 and 0.23 mL/min, as well as with two
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FIG. 14. Evolution of vortex flow intensity Iω during droplet formation at (a) m = 0.023 for Qc = 0.2 (triangles) and 0.1 mL/min (circles) with
Qd = 0.01 (open symbols) and 0.005(filled symbols) mL/min and (b) m = 0.053 for Qc = 0.23 (triangles) and 0.114 mL/min (circles) with
Qd = 0.023 (open symbols), 0.0114 (filled symbols) mL/min. The dashed red lines correspond to mean vortex angular velocities at different
flow rates of the continuous phase.
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FIG. 15. Dependence of vortex flow intensity Iω during droplet for-
mation at Ω < 0.1 on the capillary number Cac of the continuous
phase for different viscosity ratios: m = 0.053 (squares), 0.023 (tri-
angles), and 0.011 (circles).

values of the droplet relative viscosity m = 0.023 and 0.053.
It can be concluded that n does not depend on Qd and Qc but
increases with m: n = 0.49 and 0.61 for m = 0.023 and 0.053,
respectively.

For a better understanding of the observed vortex behav-
ior right after droplet detachment from the inner capillary,
we have analyzed the corresponding (i) droplet deformation
behavior shown in Fig. 20 (right axis) and (ii) the evolution
of the relative velocity

(
U f p−Uc

)
/Uc of its front point pre-

sented in Fig. 22. The droplet deformation was defined as
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FIG. 16. Dependence of angular velocity ωrort on time calculated
with Eq. (8) at Qc = 0.1 mL/min and Qd = 0.005 (solid curve), 0.01
(dashed curve) and 0.05 (dotted curve) mL/min .

its aspect ratio D = B/A of the maximal distances between
the droplet interface points in the horizontal A and vertical B
directions (see inset in Fig. 20). It can be seen that just af-
ter droplet detachment from the inner capillary (stage I) the
deformation parameter D increases logarithmically with time,
D∼ lg

(
t̃−1

)
. Then D levels off reaching a steady-state value

at the stage III.
On the other hand, since the shape of the interface in the

vicinity of the front point is almost unchanged, it could be
estimated that velocity U f p corresponds to the droplet velocity
as a whole. Fig. 22 shows that at stage I the drop’s relative
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FIG. 17. LIC representation of streamlines at time t = 0.992T corre-
sponding to the neck formation (a) and angular velocity field ωrort of
the pure swirling flow (b) for Qc = 0.1 mL/min, Qd = 0.025 mL/min,
and m = 0.023.

velocity is negative due to the fact that its velocity is lower
than the average velocity of the continuous medium Uc just
after droplet detachment. Therefore we can conclude that the
change of vortex flow intensity during the first stage is caused
by an acceleration of the droplet. This is accompanied by the
displacement of the vortices towards the droplet poles under
the action of the above mentioned capillary pressure which
arising just after detachment (see Fig. 19, image 1). Thus, in
spite of high initial intensity of the vortex flow Iω decreases
more than four times for a short time interval (see Fig. 20).

At the beginning of the second stage, the vortices almost
reach the droplet poles (see Fig. 19, image 6). At this stage
the droplet velocity exceeds the average velocity of the con-
tinuous phase. As a consequence, the vortex intensity Iω is
conditioned now by the droplet interaction with the flowing
continuous phase. The observed increase in droplet velocity
at stage II may be caused by the fact that part of the energy
released after the neck rupture increased the droplet’s kinetic
energy. During the third stage, the droplet reaches a steady-
state shape. Its relative velocity and vortex intensity gradu-
ally decrease. Additional experiments have shown that small
changes in flow rates of the dispersed and continuous fluids
do not lead to any qualitative deviations from the revealed pe-
culiarities of the vortex flow behavior in the droplet.
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FIG. 18. Evolution of the vortex flow intensity Iω in the inflow (cir-
cles) and circulation (triangles) zones (a) and flow patterns (b) at the
stage of the neck formation at points 1, 2 and 3 for Qc = 0.1 mL/min,
Qd = 0.025 mL/min, and m = 0.023. The numbers of the flow pat-
terns correspond to the numbers of the triangle symbols.

V. CONCLUSION

A comprehensive study of flow pattern development inside
a Newtonian droplet has been carried out during its formation
in co-flowing geometry in a Newtonian continuous phase in
the coaxial capillaries. Each stage as (i) droplet growth, (ii)
neck formation, and (iii) droplet detachment were studied se-
quentially. It was found that during the process of droplet for-
mation the flow pattern represents a superposition of shear and
swirling types of flow, whose contribution depends on flow
rates of the different phases. The vortex flow intensity param-
eter Iω , corresponding to average angular velocity of the pure
swirling flow and excluding contribution of shear flow, was
introduced for a quantitative analysis of experimental data.

In a growing droplet, the flow pattern can be divided into
two domains: the inflow zone (near the inner capillary) and
the circulation zone (front part of the droplet). The greater the
relative flow rate of the dispersed phase, the larger the inflow
zone area is. It was found that flow rate Qd of the dispersed
phase determines the flow patterns in the inflow zone as well
as the droplet growth velocity while the flow rate Qc of the
continuous phase determines mainly the intensity and flow
structure within the circulation zone. The circulation zone
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FIG. 19. Evolution of intensity Iω (a) and vortex flow patterns (b)
immediately after droplet detachment from the inner capillary at
Qd = 0.005, Qc = 0.1 mL/min for a dispersed and continuous phase
viscosity ratio m = 0.023. The numbers of the flow patterns corre-
spond to the numbers of the circle symbols.
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FIG. 20. Evolution of vortex flow intensity Iω (circles, left axis) and
strain parameter D (squares, right axis) just after droplet detachment
from the inner capillary at Qd = 0.005 mL/min, Qc = 0.1 mL/min
and m= 0.023. The vertical dased lines correspond to the boundaries
between the three stages of the process.
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FIG. 21. The dependence of index n on the dispersed phase flow
rate Qd for different flow rates of the continuous phase: Qc = 0.11
(filled symbols) and 0.23 mL/min (empty symbols) for two dispersed
and continuous phase viscosity ratio : m = 0.023 (circles) and 0.053
(triangles).
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FIG. 22. Evolution of the relative velocity (U f p −Uc)/Uc of the
frontal point just after droplet detachment from the inner capillary at
Qd = 0.005, Qc = 0.1 mL/min and m = 0.023. The vertical dashed
lines correspond to boundaries between the three stages of the pro-
cess.

stabilises when the velocity of the continuous phase in the
gap between the droplet and outer capillary inner wall dom-
inates significantly over the growth droplet velocity. Other-
wise, there are no vortices inside the droplet. In the inflow
zone, vortices do not appear before the beginning of the neck
formation. Their intensity is almost time-independent. In this
stage, an increase in vortex intensity due to the increment in
velocity of the continuous phase in a gap between droplet and
outer capillary is balanced by its reduction due to growth of
vortices. At the same time, vortex flow intensity increases lin-
early with an increase of the capillary number of continuous
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medium. The increase in the droplet relative viscosity leads to
increase in the vortex average angular rotation rate.

At the stage of neck formation, the area and intensity of
the vortex flow in the circulation zone shrinks, while a new
pair of vortices appears in the inflow zone. The rotation di-
rection of the newly-born vortices is opposite to rotation of
the corresponding vortices in the circulation zone. At the time
instant of droplet detachment, the circulation zone disappears
completely, whereas the vortices in the inflow zone further de-
velop.
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